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Abstract

We prove curvature-free versions of the celebrated Margulis Lemma. We are interested by
both the algebraic aspects and the geometric ones, with however an emphasis on the second
and we aim at giving quantitative (computable) estimates of some important invariants.
Our goal is to get rid of the pointwise curvature assumptions in order to extend the results
to more general spaces such as certain metric spaces. Essentially the upper bound on the
curvature is replaced by the assumption that the space is hyperbolic in the sense of Gromov
and the lower bound of the curvature by an upper bound on the entropy of which we recall
the definition.
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Introduction

The celebrated Margulis Lemma is the keystone of a beautiful theory of the structure of complete
Riemannian manifolds with bounded sectional curvature. It has two main aspects: the first one is
algebraic and concerns the fundamental group of the manifold, the second one is more geometric



and yields a thin-thick decomposition of the manifold. To be more precise let us state a weak
version of this lemma pertaining to the first aspect (see | L[ I, 1 ] Section 37.3).

Theorem 1.1. There exist constants €(n) > 0 and C(n) > 0 such that, for every complete
Riemannian manifold M whose sectional curvature satisfies —1 < Sect(M) < 0, every point
p € M and every e < e(n), the subgroup T'c(p) of m1 (M) generated by the loops at p of length less
than € is virtually nilpotent. Furthermore, the index of the nilpotent subgroup is bounded above
by C(n).

This statement is a weak version, indeed in the strong one the upper bound on the sectional cur-
vature could be positive, with extra assumption though. A version of this theorem for manifolds
of strictly negative curvature was simultaneously proved by E. Heintze in his habilitationsschrift
of 1976 (see | D.

The history of this result goes back to Bieberbach Theorem (| ]) which describes the discrete
subgroups of the isometry group of the Euclidean spaces and consequently gives a structure
theorem for the flat manifolds and orbifolds. Later, this result was extended to the study of
discrete subgroups of Lie groups by H. Zassenhaus (] ]) and to locally symmetric spaces
by D. Kazhdan and G. Margulis ([ ], using Zassenhaus’ Lemma). Recently there has been
progresses on the question of extending this result to different spaces or curvature conditions:
for example, after a short sketch of proof by J. Cheeger and T. Colding (see | ]) under the
hypothesis “Ricci curvature bounded from below” and a first complete proof of V. Kapovitch, A.
Petrunin and W. Tuschmann ([ |) under the hypothesis “sectional curvature bounded from
below”, V. Kapovitch and B. Wilking (] ]) recently established a Margulis-like Lemma under
the hypothesis “Ricci curvature bounded from below by —(n—1)” instead of “—1 < Sect(M) < 0”
(see also | | for references and a detailed exposition).

This paper is the first of a series of articles devoted to this theme. Here we are interested by both
aspects, algebraic and geometric, with however an emphasis on the second and we aim at giving
quantitative (computable) estimates of some important invariants. Our goal is to get rid of the
pointwise curvature assumptions, as mentioned in the title, in order to extend the results to more
general spaces such as certain metric spaces. Essentially the upper bound on the curvature is
replaced by the assumption that the space is d-hyperbolic (in the sense of Gromov, see | ]
and Section 8.1 of Appendix 8 for precise definitions) and the lower bound by an upper bound
on the entropy which we define below. Notice that & behaves like a distance and it is rather 52
which is curvature-like.

The starting point of the ideas developed in this paper is the prepublication [ ], which
initially concerned the isometric actions of a more limited class of groups on less general types
of spaces, namely fundamental groups of manifolds with sectional curvature o < —1 and with
injectivity radius > ip > 0 (and groups such that any non abelian subgroup with two generators
admits an injective homomorphism into such a fundamental group). Several developments of
the ideas contained in | | were established by G. Reviron (] D), F. Zuddas (| 1,
[ 1), F. Cerocchi ([ 1), F. Cerocchi and A. Sambusetti ([ I, [ ] and | ], this
last paper being devoted to prove Margulis’ properties in the abelian setting) .

Let (X,d) be a (non-elementary) metric space which we assume to be proper, i.e the closed
metric balls are compact. We only consider metric spaces which are geodesic. More precisely, a
geodesic segment is the image of an interval of I C R by an isometric map from I into X. The
space (X,d) is said to be geodesic if any two points of X are joined by at least one geodesic
segment. Let p be a positive (non identically zero) Borel measure. We call (X, d, ) a measured
metric space.

Definition 1.2. Let (X, d, 1) be a metric measured space we define its entropy by

1
Ent(X, d, pi) = liminf — In (u(Bx (2, R)))

where Bx (x, R) is the open ball of radius R around x € X. Furthermore, the entropy is inde-
pendent of x.



In the sequel we will consider a group I' acting by isometries on (X, d) properly and, often,
co-compactly. We recall that the action is said to be proper if for z € X and for all R > 0,
the number of v € T satisfying d(x,vyx) < R is finite; this does not depend on z. In that case,
for any measure p invariant by I' the above definition yields the same number which we call
the entropy of (X, d) and denote by Ent(X,d). If (X,d) is a d-hyperbolic geodesic metric space
and ~ a torsion-free isometry, we define the asymptotic displacement of 7 (sometimes also called
“stable displacement”) by
1
U(y) = kEI—iI-loo %d(xv'ykx)v

this definition does not depend on the choice of z € X. One of our results is the following (see
Proposition 5.10).

Proposition 1.3. For every non-elementary 0-hyperbolic metric space (X,d) and every group
T acting properly by isometries on (X, d), if diam(T\X) < D < +o0, then

S In2 In2
~ L+175+2D ~ 275+ 10D’

Ent(X,d)

where L = inf {{(v) : v hyperbolic element of T'\ {e}}.

Note that in the proof we show that, in the above situation, there always exists an hyperbolic
element v € T'\ {e} which satisfies () < 8D + 109.

Now, let T be a group which is non-elementary (i.e. whose boundary has at least three points)
and X be a finite generating set for I'. The Cayley graph of I" defined by ¥ is a metric space
when endowed with the distance such that the edges have length 1. We say that (I',X) is a
d-hyperbolic group if this metric space is J-hyperbolic. The group I' acts by isometries on this
metric space and the quotient is compact and has diameter 1. The entropy of this metric space
is denoted by Ent(I", X) and is called the algebraic entropy of " with respect to 3. We also define
the algebraic entropy of I" by
Ent(T) = irzlf{Ent(I‘7 )},

the infimum being taken among all finite generating sets 3.

The study of the algebraic entropy of groups with exponential growth has recently made pro-
gresses. When the group acts on a Hadamard manifold the three first authors have proved a
quantitative version of the Tits alternative, see | ] and the references herein.

A corollary of the above Proposition is the following statement (see 5.13),

Corollary 1.4. Let I" be a non-elementary group and ¥ a finite generating set such that (I', X))
is 0-hyperbolic, then

In2
Ent(I,¥) > ———— ..
nill %) 2 510
Remarks 1.5. Once the first version of this article was completed E. Breuillard mentioned to us
his joint work with K. Fujiwara (see, [ ]) which contains an improvement of [ | and
/ [; Corollary 1.4 is then similar to their result.

These two estimates do not provide any lower bound of the algebraic entropy of the group I'.
Indeed, when the generating system varies in order to minimize the Entropy, its hyperbolic-
ity constant may go to infinity. We obtain such a lower bound of the algebraic entropy as a
consequence of our Bishop-Gromov inequality (see Theorems 1.9 and 5.1), namely:

Corollary 1.6. Let ' be a non virtually cyclic Gromov-hyperbolic group then, for every positive
constant M, if there exists a finite system So of generators of T such that (T, Sy) is dp-hyperbolic

and Ent(T', Sy) (60 + 1) < M, then the algebraic entropy of T' and of any finitely generated and

In2
non virtually cyclic subgroup TV of T' is bounded from below by BN (B2 420 MF 1) 12 where
e

N(+) is the function which appears in Theorem 5.19.



This study starts with the simple remark that if two elements, a and b, of a discrete subgroup I' of
the isometry group of a Hadamard manifold X generate a free group and if their displacements
at © € X, that is d(x,az) and d(x,bx), are small, then the entropy of X is big. Hence an
upper bound on the entropy prevents the subgroup of I' generated by the elements with small
displacement at x to be algebraically ”big”. Nevertheless, even in the case of controlled entropy,
free-subgroups or free-semigroups do exist but their generators must have large displacements.
Conversely, if the asymptotic displacements of two independent elements a and b of I are bounded
from below, then there exist bounded powers of a and b which generate a free semi-group (see
Proposition 4.9). This underlines the importance of computing a universal lower bound of the
asymptotic displacements of all the torsion-free elements of the group (see Theorems 1.12 and
5.26).

This can be made effective and the next theorem is in this spirit.

A metric space (X, d) is said to be geodesically complete if all geodesic segments can be defined
on R. Tt is called a Busemann space (see | ], p. 187) if the distance d is convex, that is
if the function d(c(t), ' (t)) is a convex function of ¢ € [0, 1] for two geodesic segments ¢ and ¢/,
affinely reparametrized. We have (see 4.22),

Theorem 1.7. Let (X,d) be a connected, geodesically complete, non-elementary d-hyperbolic
Busemann metric space. Let I' be a torsion-free discrete subgroup of the isometry group of
(X,d). We assume that diam(T\X) < D < 400 and Ent(X,d) < H. For all pairs of elements
a,b of T, if the subgroup generated by a and b is not cyclic, then, for all integers p,q > S(6, H, D)
one of the two semi-groups generated by {a?,b%} or by {aP,b=9} is free.

Here S(9, H, D) is a function of §, H and D which we describe precisely.

In the same spirit we can minimise the normalised volume entropy on certain closed manifolds.
Let us recall that, for a closed Riemannian manifold (M, g), by abuse of language, we denote
by Ent(M, g) the entropy of the metric space (]T/f ,dg,dvg) where g is the pulled back metric on
the universal cover M of M. We then prove the following theorem (see Subsection 7.1 for the
necessary definitions and Theorem 7.10).

Theorem 1.8. Let M be a n-dimensional essential closed manifold, n > 2. Assume that the
fundamental group T' of M is non elementary, torsion free and admits a generating set S such
that T is 0-hyperbolic with respect to S and satisfies Ent(T', S) < H then, for every Riemannian
metric g on M,

Ent(M, g)"Vol(M, g) > C(n,0,H) > 0.

We extend this result to polyhedrons in Theorem 7.18 of Subsection 7.2 (see the begining of
Subsection 7.2 for the notion of Riemannian polyhedrons). This opens the applications to a
wide range of metric spaces some of which are described right after Theorem 7.18, including
CAT(0)-square complexes with hyperbolic fundamental groups as well as higher dimensional
constructions related to cube complexes.

One of the key tools used in proving the main results of this article is a Bishop-Gromov-like
theorem which yields an explicit link between the algebraic and geometric aspects. The next
theorem proves such a Bishop-Gromov inequality in the case of Gromov-hyperbolic metric spaces,
where the hypothesis “Ricci curvature bounded from below” is replaced by the much weaker
(see subsection 3.3) hypothesis “Entropy bounded from above”. The following statement is a
simplification of Theorem 5.1 for the purpose of this introduction.

Theorem 1.9. Let (X, d) be a §-hyperbolic metric space, for every proper action by isometries
of a group T on (X, d) such that the diameter of T\X and the entropy of (X,d) are respectively
bounded by D and H, then, for every x € X

(i) for every I'-invariant measure p on X, for every R > r > %(7D + 40) one has,

u(Bx(@.R) _ . up (R)M (R)G’”’ JSH(R 1)
n(Bx(w,m) ~ r

)
r



(ii) for every R >r > 10 (D + ), the counting measure pl = > ver Oya of the orbit T'x verifies

the inequalities: B
Mg (BX (SU»R)) <3 (R>25/4 eGH(R—gr) )
Mg (BX (l‘, ’/‘))

r
It is possible to reinterpret these Bishop-Gromov-like inequalities (i) and (ii) in terms of the
doubling properties in the sense of Definitions 3.7 (see the comments following the statement
of Theorem 5.1). The second inequality is interesting since the counting measure concerns the
algebraic properties of the group and its geometric action. It thus make the link between the two
aspects of our study and it is somehow a good surprise that, despite the fact that the counting
measure is the most primitive one in this context, strong results could be obtained.

We also remind the reader that the classical Bishop-Gromov inequality for manifolds has been
a revolutionary tool which, in particular, led to compactness as well as finiteness results. In a
forthcoming paper ([ 1), we shall prove finiteness and compactness results for compact
quotients of metric measure spaces satisfying a weak Bishop-Gromov inequality similar to the
above theorem 1.9, these results will be applied in particular to compact quotients of J-hyperbolic
metric spaces with bounded entropy (see the chapter 3 of [ | for a report presenting these
results).

Finally, we mention a result related to the thick-thin decomposition. Let us first give the defini-
tion of an interesting family of groups (see 6.4).

Definition 1.10. Given parameters dg > 0 and i > 0, we denote by Hypp;ac (0, () the set of
non virtually cyclic groups I' which admit a proper, possibly non co-compact, action by isometries
on some 0g-hyperbolic metric space (Xo,dy) such that every torsion-free v € T'\ {e} wverifies

((y) = &p-

Notice that the space (Xo,dp) may depend on I' and that non trivial examples of such groups
are given in the present article. For the sake of simplicity we shall assume, in this introduction,
that T is torsion-free.

In subsection 6.1.2, we compare the class of groups Hypip;ac (00, () with the class of acylindri-
cally hyperbolic groups (with some normalization), proving that this last class is included in
HyDinick (00, €6)-

Now, if T acts on a metric space (X, d) by isometries, we define the pointwise and global systoles
by,

sysp(r) = velrn\f{e}{d(x, yx)}, Sysp(X) = zlg)f({sysF(z)}-

The next theorem is a curvature-free version of the celebrated “collar lemma” for metric spaces.
It shows that, under the hypotheses, if one has a small loop at some point any other independent
loop at this point is long. More precisely (see Theorem 6.26),

Theorem 1.11. Let §o > 0, and e, H > 0, there exists an integer ny depending on §y and
gy only such that, for any (torsion-free) element I' of Hyp ik (00, €5), for any proper action, by
isometries preserving the measure, of T on a connected metric measured space (Y,d, i) whose
entropy is bounded from above by H we have,

(i) (Collar Lemma) if y € Y and o € T* wverify d(y,oy) = sysp(y) < QR}JH, then every v € T’

1
)> Lol syse(y).

which does not commute with o satisfies d > L In(—
o satisfies d(y,vy) > 75 <n,OHSy5F(y

(#) if moreover (Y,d) is path-connected, then

1 - diam
SySF(Y) 2 m (& 4H (T\Y) .

Notice that if the quotient of Y by T is non compact then Inequality (i7) is trivial. Theorem 1.11
is stated in a weak form for the sake of simplicity and the reader is referred to Theorem 6.26 for
a more general statement.



Let us summarize this result by the following sentence: a thin tube is long and has simple
topology. More precise statements on the topology and the structure of thin tubes will be given
in Subsection 6.5. Notice that in the inequality ¢) the right hand side goes to 400 logarithmically
when sysp(y) goes to 0, exactly like in the standard collar theorem. Furthermore, in Theorem
1.11, the metric space (Y,d) is not assumed to be d-hyperbolic. A striking case is when Y is
a manifold which carries a Riemannian metric gy of sectional curvature less than —1, Theorem
1.11 then applies to any other Riemannian metric on Y whose entropy is less than H.

In order to make Theorem 1.11 effective we have to provide a lower bound of £} in terms of the
data. Such lower estimates are given in this article in various situations. One particular case is
when we consider a proper co-compact action by isometries on a d-hyperbolic space for which &
can be taken to be the global systole of the action. The next theorem gives such a bound (see
5.26).

Theorem 1.12. Let (X, d) be a d-hyperbolic, non elementary, geodesically complete, Busemann
space whose entropy satisfies Ent(X,d) < H. Let T' acting properly, co-compactly by isometries
on this space such that diam(T\X) < D. Then, for any torsion-free element v of '\ {e} we
have,

4(ry) > so(0, H, D),

for so(0, H, D) a function of §, H and D which we describe. If furthermore we assume that I' is
torsion-free, we get,
Sysp(X) > so(6, H, D).

This last result is the main step in the proof of Theorem 1.7 and, together with Theorem 1.7,
they are the key tools which lead to effectiveness in Theorem 1.11.

Let us finish this introduction by stating a finiteness/compactness result for Riemannian mani-
folds whose Ricci curvature is bounded from below (Theorems 7.30 and 7.32).

Theorem 1.13. Givenn > 2, D, K,iy > 0 and dg,g( > 0, let us consider the set of Riemannian
n-dimensional manifolds (M, g) which verify the following hypotheses:

(i) the fundamental group Tz of M is torsion-free and belongs to Hypipiac (90, €0),
(ii) Ricy > —(n — 1)K? - g and diam(M, g) < D,
(#ii) the injectivity radius of its Riemannian universal cover (M, g) is bounded from below by ig.

Then, this set contains only finitely many differentiable structures and is a finite union of com-
pacts for the C%*-topology (see Definition 7.51 and Theorem 7.32 for clarifications).

Applications of this last result are finiteness, and rigidity results for Einstein manifolds and
existence of upper bounds for the possible values of their scalar curvature (see Section 7.3.3).

We now describe the plan of this article. Section 2 contains the basic notations. Section 3 con-
tains the definition of the various entropies and several versions of the doubling property which
are compared according to their generality. Section 4 is devoted to describing the techniques
used to produce discrete free groups and free semi-groups of isometries of a d-hyperbolic space,
in particular an adapted version of the Ping-Pong method and the precise study of two kinds
of Margulis constants which (when bounded from below by 16J) guarantee the existence of free
subgroups or free semigroups generated by elements with bounded displacements. Section 5
begins with one of the main tools running all over the paper: a Bishop-Gromov and doubling
property for any d-hyperbolic space which admits a co-compact action of a group of isometries,
see Subsection 5.1. This tool allows to prove lower bounds of the exponential growth of spaces
and groups and several Margulis properties, which yield a lower bound of the asymptotic dis-
placements of all the torsion-free elements of the group. In Section 6 we develop the idea which
we call transplantation of Margulis properties. Grosso modo, the underlying philosophy is that,
if a discrete group acts properly by isometries on a Gromov-hyperbolic space, then it inherits,



from this action, algebraic properties which in turn translate into Margulis type properties when
it acts on another metric measured space whose entropy is bounded. This is the section in which
the interplay between algebraic and topological properties is the most enlightening. Section 7 is
devoted to applications. We first show in Theorem 7.10 that closed manifolds which are essential
and whose fundamental groups are hyperbolic (see the precise statement) have a minimal en-
tropy, for a given volume, bounded away from zero by an explicit constant. We extend this result
to polyhedrons in Subsection 7.2. The end of this section concerns Einstein metrics on manifolds
for which we prove compactness and finiteness results in our context. Finally, in Section 8, we
recall the basic facts about Gromov-hyperbolic spaces and their isometries.
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2 Basic definitions and notations

Definitions 2.1. Let (X,d) be a metric space and T be a group acting by isometries on (X,d),

(i) the space (X,d), is said to be “proper” if every closed ball is compact.

(i) the action of T is said to be “proper” if, for at least one x € X (and then Vx € X ), and
VR > 0, the set of v € T’ such that d(x,vx) < R is finite.

(7ii) the action is said to be “discrete” if it is faithful and if the image of T' (by this action) in
the isometry group of (X,d) is a discrete subgroup (for the topology of uniform convergence
on compact sets).

Remark 2.2. On a proper space (X, d), every faithful action is proper if and only if it is discrete.

The proof of Remark 2.2 will be given in Proposition 8.12.

Except for the results described in Section 3, the metric spaces and the actions that we study
will be assumed to be proper.

Classically, one defines the systole of a Riemannian manifold (Y, h) to be the infimum of the
length of non-homotopically trivial loops. If (Y, h) is viewed as the quotient of its universal
cover (Y, h) by the action of its fundamental group G, the systole coincides with the invariant
inf_ 3 (miny e qey d(z,7z)) of the action of G on (Y, h).

We generalize this notion in the following definitions:

Definition 2.3. Let (X, d) be a metric space, let T' be a group acting by isometries (X, d),

e Vx € X, the pointwise systole of this action is defined by sysp(z) := infgep ey d(, g2),
e the global systole of this action is defined by Sysp(X) := inf e x sysp(z),
e the diastole of this action is defined by Diasr(X) = sup,¢ x sysp(z).
The systole, in the classical sense, of a Riemannian manifold (Y, k) is then the global systole of

the action of its fundamental group on the universal cover (Y, h) of (Y, h), endowed with the
Riemannian distance associated to the pulled-back Riemannian metric h.



Notice that in our situation, contrarily to the Riemannian case, the pointwise systole and hence
the global systole of the action of a group I' on a metric space (X, d) could vanish. One of our
goals will be to find large classes of metric spaces and group actions such that the pointwise and
global systoles of these spaces and actions are bounded by the same positive constant.

In the sequel, except in section 6, for any 6 > 0, we shall consider metric spaces which are
d-hyperbolic in the sense of Gromov. A definition will be given at the beginning of Subsection
8.1. Notice that this definition implies that the space is automatically geodesic and proper. On
such a space we shall also consider any proper action by isometries of a group I' (see Definitions
2.1) which is assumed to be non-virtually cyclic.

Definition 2.4. We note I'* the set T'\ {e}. We also note $,(z) (resp. S,(x)) the set (which
is finite when the action is proper) of v € T such that d(x,vx) < r (resp. d(x,yx) < r), and
we note T,.(y) (resp. T'.(x)) the subgroup of T' generated by X,.(x) (resp. by 3. (x)).

In the sequel we work in the general frame of metric measured spaces (X,d, ). We denote by
Bx(x,r) (resp. Bx(z,r)) the open (resp. closed) ball with centre x and radius » > 0 of the
space (X, d).

A metric space (X, d) is said to be a length space if, ¥(z,y) € X x X, there exists a continuous
rectifiable path from x to y and if d(z,y) is the infimum of the length the paths joining x and y.

In a length space, we call geodesic the image of an interval I C R by an isometric embedding ¢
(i. e. satisfying d(c(t),c(s)) = |t — s|,Vt,s € I). A geodesic is then, by definition, minimizing.
When we restrict I to be [a, b, or [a, +00[, or | — 0o, +00[, this geodesic will be respectively called
a geodesic segment, a geodesic ray, or a geodesic line.

We call local geodesic a map c from an interval I C R in X which is locally minimizing', that is
Vt € I, there exists an € > 0 such that c is a geodesic on the interval |t —¢,t + e[N1.

We will often consider geodesic spaces. A metric space is said to be geodesic if any two points
can be joined by at least one geodesic segment. Several geodesic segments may join two distinct
points x,y: by abuse of notation we will denote by [z, y] anyone of these geodesic segments.

A geodesic metric space (X, d) is said to have the property of geodesic extension if, for all local
geodesic ¢ : [a,b] = X (a # b), there exists ¢ > 0 and a local geodesic ¢ : [a,b+ ] — X which

extends ¢ (i.e. cT[ g = ¢). This space will be said to be geodesically complete if every local

geodesic ¢ : [a,b] = X (a # b) can be extended in a local geodesic ¢ :] — 00, +00[— X. It is worth
recalling that a complete metric space (X,d), which furthermore is geodesic, has the geodesic
extension property if and only if it is geodesically complete (cf. [ | Lemme I1.5.8 (1) p. 208).

On these metric spaces a group I' will act. We will only consider proper actions by isometries
(see the definitions 2.1), which implies, in particular, that I' acts via a representation ¢ : I’ —
Isom (X, d) whose kernel is a finite and normal subgroup of I" and whose image o(T") is a discrete
subgroup of the group Isom(X,d) of isometries of (X, d) (see Lemma 5.8, whose results (i) and
(ii) are valid on general metric spaces); this also implies that the stabiliser Stabr(z) in ' of any
point z is finite. Finally, the quotient space I'\X will be endowed with the quotient distance d
(see definition in Lemma 8.13 (i)).

For such an action of a group I' on a metric space X, a certain number of results that we prove
will be called “Margulis properties”. This means that for each of the problems M; (i = 1,2,3,4)
stated below, we will try to compute explicitly universal constants (i. e. valid on the largest set
M, of metric spaces X, of groups I' and of actions of T).

e Problem M;: Find a set M; and a constant £; > 0 such that, VX € My, Vo € X, T, (x)
is virtually nilpotent.

e Problem M;: Find a set Ms and a constant €5 > 0 such that, VX € My, Diasp(X) > e5.

e Problem Mj: Find a set M3 and a constant £3 > 0 such that VX € M3, Sysp(X) > e3.

1In the case of Riemannian manifolds the Riemannian geodesics are local ones.



e Problem M,: Find a set My and constants g4, Cy, C; > 0 satisfying the following prop-
C
erty: Ve €]0,e4], if R(e) = Cy1n <€0>, then VX € My, Vo € X, if there exists a torsion-

free element o € I'* such that d(z,0x) < ¢, then I'p(.)(y) is a virtually cyclic subgroup
containing o (notice that R(¢) — 400 when ¢ — 0).

Among the group actions to which this work apply, we will consider the action of a discrete group
T, generated by a finite set X, on its Cayley graph Gs(I'). We denote by |v|s the word metric
related to ¥ and dsx, the associated algebraic distance on T (i. e. ds(v,9) := |7 1 gls) as well
as the length distance on the graph Gs(T'). By abuse of language we use the same notation for
these two distances.

The measures p considered in this article are Borel, non-negative and non identically vanishing.
The main examples are the following:

the counting measure #, for discrete sets,

the orbital counting measure pl, = Zyer 0o on the orbit I' - « of a point z, associated to
a proper action of a group I' on a space X, where ¢, denotes the Dirac measure at y,

the 1-dimensional measure induced on the Cayley graph Gs(T'), given by the length of the
edges.

the Riemannian measure dvy on a Riemannian manifold (X, g).

The metric spaces which are our main concern are (except in section 6) the d-hyperbolic spaces in
Gromov sense. We recall their definition and basic properties in the Appendix (section 8). We
only consider d-hyperbolic spaces which are geodesic and proper without necessarily recalling it.
A group I with a finite generating set ¥ is said to be a d-hyperbolic group if its Cayley graph
Gs(I') endowed with the distance ds is d-hyperbolic in Gromov sense.

For a é-hyperbolic space (in Gromov sense) (X, d), we use the symbols 90X to denote its ideal
boundary and LT to denote the limit set of a discrete group I' acting by isometries on X (i. e.
the set of accumulation points in X of any orbit I" - z). Finally an hyperbolic space or group is
called elementary if its ideal boundary has at most two points; similarly, any action of a group
" on an hyperbolic space (X, d) whose limit set has at most two points is called elementary; see
subsection 8.7 for more informations about elementary groups or actions.

In Section 6, we leave the realm of §-hyperbolic spaces to study general metric spaces and focus on
the type of groups whose actions on metric measured spaces still satisfy the Margulis properties
which were proved (in sections 4 and 5) to be valid on §-hyperbolic spaces. On all these spaces the
key invariant, which is a guideline all along this article and replaces the curvature, is the entropy
of a metric measured space. It will be defined, discussed and compared to other invariants in the
next section.

3 Entropy, Doubling and Packing Properties

3.1 Entropies

Definition 3.1. Let T be a group acting on (X,d), we call covering domain a subset K C X
such that Uvel“ v K = X and fundamental domain a covering domain such that v K°NK° =)
for all v € T* (where K° denote the interior of K ). The action of T is said to be co-compact if
there exists a compact covering domain.

Definition 3.2. The entropy of a metric measured space (X,d, p) (denoted by Ent(X,d, p)) is

1
the lower limit (when R — +00) of = In (,u(BX(x,R))). It does not depend of the choice of x.
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This invariant, possibly infinite, gives an asymptotic hence weak information on the geometry
of the metric space (see subsection 3.3), nevertheless it becomes interesting when there exists a
group I acting properly by isometries on (X, d) (and possibly co-compactly) and when we restrict
ourselves to Borel measures p which are invariant by this action. A particular role will be played
by the counting measure pl on the orbit T -z of a point x . Notice that in the co-compact case
the entropy does not depend on the chosen I'-invariant measure, has shown in the

Proposition 3.3. Let (X,d) be a non compact metric space and I' be a group acting properly
and co-compactly on (X,d) by isometries. For every non trivial measure p on X which is
invariant by this action, if there exists some compact covering domain of finite u-measure, then
Ent(X,d, u) = Ent(X,d, ul) for every z € X.

If, furthermore, (X,d) is a length space, then Ent(X,d,u) is the limit (when R — +00) of
% In (M(Bx(x, R)))

Following this proposition we shall use the notation Ent(X,d) instead of Ent(X,d,u) for this
type of measures.

The proof of Proposition 3.3 relies on the two following lemmas.

Lemma 3.4. Let T' acting properly on a metric space (X,d), if the quotient T\X is compact,
then the space (X,d) is proper and every closed ball of radius at least equal to the diameter of
\X is a compact covering domain for this action.

Proof. If I'\ X is compact of diameter D, for all R > D, for all x € X and for all sequence
(Yn)nen of points in the closed ball Bx (x, R), there exists a subsequence (denoted by (¥, )nen)
whose image by 7 converges in (I'\X,d). By definition of the quotient distance d (see Lemma
8.13 (i)) and since Bx(z, R) is a covering domain, there exists a point 3., € Bx(x, R) and a
sequence (7,,)nen of elements of I' such that d(y,,7,, Yoo) — 0 when n — +o0o. Consequently
there exists N € N such that, for all n > N, we have

d(x, v, ) < d(@,yn) + d(Yns Yy Yoo) + AV Yoos T ) < 2R + 1.

The action being proper, this implies that the sequence (v,,),>n take finitely many values, and
hence admits a constant subsequence equal to v € T'. There thus exists a subsequence of (¥, )nen
which converges towards 7y y.,. This shows that the closed ball of radius R > D are compact
covering domains, and hence that every closed ball is compact. O

Lemma 3.5. Let (X, d) be a non compact metric space and I be a group acting properly and co-
compactly on (X, d) by isometries. Let u be a T'-invariant measure and K be a compact covering
domain, then, Vo € X, VR, R’ such that 0 < R’ < R, we have

1(Bx (z, R'))
pL (Bx (z, R 4 diam(K)))

15 (Bx (2, R-R')) < p(Bx (@, R)) < p(K)-ul (Bx (2, R+diam(K)

Proof. The proof which follows is a variation on Proposition 2.3 of | ]. By the definition
of a covering domain, there exists g € I' such that x € g- K. For the sake of simplicity let
K’ := g- K, denoting by X, (z) the set of v € T" such that d(z,yz) < r and D := diam(K) the
diameter of K, the triangle inequality gives:

pBx (@, R) < (Ues,nw 1K) S Y wOK') = u(K) - ik (Bx(z, R+ D).

Y€S R4 (2)

To prove the first inequality of Lemma 3.5, recall that, if u; and uo are two Borel measures on
X, for all Borel set U C X, we have

[ ma(Bx(en) duin(e) = [ (B 10) dpata) &
U X

11



X 2 .
Replacing 1 by pkt and po by 1, equality (1), and the fact that M(Bx(fy x, R’)) = ,u(BX(x,R’))
(thanks to the I'-invariance of d and ) yields

W (Bx (R~ B)) - (B (o, ) = [ u(Bx (2 R)) dul(z) =
Bx (z,R—R’)

/B . ph (Bx (y, B') N Bx (x, R — R')) dp(y) < pi, (Bx (z, R’ + D)) - p(Bx (x, R)) ,

where the last equality follows from the fact that, by definition of a covering domain, for all
y € X, there exists g € I' such that Bx(y, R') C Bx(gx, R’ + D). O

End of the proof of Proposition 3.3: Let us chose a compact covering domain K such that u(K) <
400 and a point z € X, there exists a point 2’ € K and an isometry g € T such that
x = gx’; we set D := diam(K) and chose R = D + 1, so that K C Bx(a',R’). The fact
that pl, (Bx(2/, R+ D)) < 400 for all R > 0 (since the action is proper), input in the second
inequality of Lemma 3.5, has two consequences: on the one hand u(B x (2’ ,R)) < 400 for all
R > 0, on the other hand, if ©(K) vanishes, we would have ,u(BX (2, R)) =0 for all R > 0 and,
as increasing union of Bx (2, R), u(X) would vanish too, which would imply that p is trivial, this
contradicts the hypothesis. We then have p(K) > 0, which implies that u(Bx (2, R')) > 0. In-
puting these two positivity results and the finiteness of 1(K) and of u(Bx (2, R')) in the inequal-

1
ities of Lemma 3.5, we obtain that the lower limits (when R — +o00) of = In (ﬂ(BX («, R))),

of éln (pg, (Bx (2, R))) and of %ln (u£ (BX(a:,R))) coincide. The last coincidence is a con-
sequence of the fact that u},, = u), and that uy, (Bx(ga’, R)) = ul, (Bx (2, R)). This proves
that Ent(X, d, u) = Ent(X, d, ul).

Let us now assume that (X, d) is a length space, then the above properties and Lemma 3.5 imply
that, if % In (,ug (BX (z, R))) has a limit when R — +o0, it is the same for %ln (,u(BX(x, R)))
The existence of such a limit is deduced from the fact that the function R — In (,ug (Bx(z, R+

2D))) is non decreasing and sub-additive, see Property 2.5 of | | for a complete proof. O

Two classical examples:

— The classical notion of Volume entropy of a closed Riemannian manifold (M,g), is defined,
following Definition 3.2, as Ent(M ,dg, dvg), where (M ,g) is the Riemannian universal cover
of (M,g), dj its Riemannian distance and dvg its Riemannian measure. In this case I' is the
fundamental group of M acting by isometric deck transformations on (M ,§). By Proposition
3.3, one can replace, in this definition, dvz by the counting measure p. on any orbit, or by any
other I'-invariant measure .

— The notion of algebraic entropy of a finitely generated group I’ with a finite generating set ¥ . In
this case, the algebraic entropy of I related to X (also called rate of exponential growth or critical
exponent of T related to X) is denoted by Ent(T", X)) and can be defined in two different ways as
follows : either as the entropy of the metric measured space (T, dx, #), where ds; is the algebraic
distance defined in Section 2, or as the entropy of the metric measured space (Gn(I"),ds, u),
where G5 (T") is the Cayley graph of I' associated to X, and dy, and p are respectively the length
distance and the 1-dimensional measure induced on the graph (see Section 2).

A link between these two notions is given by the following classical result. Denote by d, the
geometric pseudo-distance defined on ' by d(y,~") := d(yx, v x), the balls of d,, are well defined
on I', one can then define the entropy of the pseudo-metric measured space (', d,;, #) as the lower
limit, as R — 400, of £ In(#{7 : dx(e,7) < R}). Denoting by Stabr(z) the stabilizer of z in T,
the pseudo-distance induces a distance on I'/Stabr(x) and the entropy of the metric measured
space (I'/Stabr(x),d,,#) coincides with the entropy of (I",dy, #) when Stabp(z) is finite.
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Lemma 3.6. — Let I be any group which admits a finite generating set X and which acts
properly (by isometries) on a metric space (X,d). For all T-invariant measure p on X, for all
r € X, we have

1
Ent(X,d, ) > Ent(X, d, u) = Ent(T, dy, #) > Ent(T, ¥).
nt(X, d, p) > Ent(X, d, p1,,) = Ent(T, #)_Maxaezd(x,m) nt (', X)

Proof. The definitions of pl and of the pseudo-distance d, implying that gl (BX(x,R)) =
#{v:d.(e,7) < R}, the equality Ent(T, d,, #) = Ent(X,d, uL) follows. The triangle inequality
implies that d(z,vx) < M - ds(e,7), where M := Max,¢x d(z,0x), hence that

%m (ug(BX(a;,R))) > %m (# {7 Hds(e,n) < ﬁ}) ;

which, by taking the lower limit when R — +o00, proves the last inequality of Lemma 3.6 (notice
that this result is still valid when Ent(X,d, uL) = +00).

The total measure of X being strictly positive, there exists R’ > 0 such that u(B(z, R')) > 0.
If there exists R such that p(B(z,R)) = +oo, then Ent(X,d, ) = 400 and the inequality
Ent(X,d, ) > Ent(X,d, ul) is trivially verified, hence we shall suppose that VR, u(B(x, R)) <
+00. Formula (1) (where ju; is replaced by pk and us by i) then yields, for all R > 0,

W (Bx (@ B) - n(Bx(o.R) = [ u(Bx(aR) dul(e)
Bx(ZE,R)
=/ py (Bx (y, R)) N Bx (z, R)) dp(y) S/ py (Bx (v, R))) duly),  (2)
Bx (¢,R+R’) Bx (z,R+R')

If d(y,Tz) > R/, then B(y,R') NTz = 0 and puL (Bx(y,R')) = 0; if d(y,I'z) < R/, there exists
g € T such that d(y, gx) < R’ and the triangle inequality ensures that Bx(y, R') C Bx(gz,2R’),
and hence that

N’g (BX(y7 RI)) < /’Lg (BX(gx’ 2Rl>) = Mg (BX(wv 2R/))'

The last equality follows from the I'— invariance of the measure pL and the fact that Bx (g, 2R’) =
g(BX (z, ZR’)). Plugging these two estimates in Inequality (2), we obtain

tiy (Bx (z, R)) - p(Bx (z, R')) < pi (Bx (2,2R)) - u(Bx (z, R+ R')).

Taking the logarithm of both sides, dividing by R + R’ and taking the lower limit of both sides
when R — 400, we deduce that Ent(X,d, u) > Ent(X, d, uL), which ends the proof. O

3.2 Doubling and Packing Properties

Definitions 3.7. Let Cy > 1 and I C|0, 400 be an interval. We consider a metric measured
space (X,d, n) and a point x € X.

(i) (X,d,pn) is said to satisfy the Cy-doubling for all balls centred at x and of radius r € I if

w(Bx (z,2r))

Vrel, 0<u(B , <+ d
r w(Bx (z,7)) 0o an (B (1))

< Cp. (3)

(1) (X,d, ) is said to satisfy the weak Co-doubling around z at the scale ro if it satisfies the
Co-doubling for all balls centred at x and of radius r € [%“, ZTO].

(iii) (X,d, p) is said to satisfy the strong Cy-doubling around z at the scale rq if it satisfies the
Co-doubling for all balls centred at x and of radius r € )0, 2rg].
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If Condition (3) is satisfied for all x € X, we say, in case i), that (X,d,u) satisfies the Co-
doubling for all balls of radius r € I, in case i), that it satisfies the weak Cy-doubling at scale
ro and, in case i), that it satisfies the strong Cp-doubling at scale rg.

In all cases Cy is called the (doubling) amplitude and 7o the (doubling) scale?.

Given a proper action (by isometries) of a group I' on (X, d), the application of these definitions
to the counting measure pl of the orbit of x (introduced after Definition 3.2) will be important
in the sequel. In Lemma 3.15 we shall show that, if there exists some I'-invariant measure
which satisfies a doubling condition, then ul satisfies the same doubling condition (thus this last
condition is weaker). One difficulty though comes from the fact that, for all y € X such that
d(y,T - x) > ro, pL(Bx(y,m0)) = 0. Consequently, the doubling condition (3) does not make
sense for balls centred at y and of radius r < rg; consequently the weak Cy-doubling at a scale
r1 < rg around y does not make sense. For this reason, in the sequel, doubling conditions for
the measure pl will only concern balls centred at o (or at any point of its orbit).

Let us remark that it is not necessary to assume that the action of I" is fixed point-free. Indeed, if
the stabilizer or any point of the orbit of = is not trivial, it is finite by the properness assumption
on the action. We could think of the counting measure as defined by p/,(4) = #(ANTz) for
any A C X; we then have pl = #(Stabp(x)) - u! 5 this implies that ul satisfies the Cy-doubling
condition for all balls of radius r € I centred at x if and only if u does.

For this reason, in the sequel, when we shall consider doubling properties satisfied by the counting
measure this will indifferently refer to p’, or to uL.

Finally, related to doubling conditions, the packing condition can be stated as follows,

Definition 3.8. For all Ny € N* and rg > 0, a metric space (X,d) is said to satisfy the packing
condition with bound Ny at scale rq if, for all x € X, the mazimal number of disjoint balls of
radius 1o/2 included in the ball Bx (x,9r¢) is not greater than Ny.

3.3 Comparison between the various possible hypotheses : bound on
the entropy, doubling and packing conditions, Ricci curvature

Let us start by a general comment. An upper bound on the entropy as well as the weak doubling
condition for the counting measure on an orbit of the action of a group I' makes sense on general
metric spaces. On the other hand, a lower bound on the Ricci curvature concerns, in our context,
mainly Riemannian manifolds. However, even if we restrict ourselves to Riemannian manifolds,
where I' is the fundamental group of a compact manifold acting by deck transformations on its
universal cover, the comparison between all these conditions is roughly summarized as follows :

Comparison 3.9. An upper bound on the entropy is a condition that is strictly weaker than the
weak doubling (around x) of the counting measure of an orbit Tz (cf. Lemma 3.10 (ii)), which is
itself strictly weaker than a packing condition at a similar scale (c¢f. Lemma 3.12), itself weaker
than the weak doubling condition on the Riemannian measure (cf. Lemma 3.1/), itself strictly
weaker than the strong doubling at the same scale (c¢f. Lemma 3.17 and its Corollary 3.18), itself
strictly weaker than a lower bound on the Ricci curvature (cf. Lemma 3.16).

If we furthermore restrict ourselves to comparing the wvarious weak doubling conditions, the
smaller the scale, the stronger the condition (cf. Lemma 3.10 (i)).

It is worth noticing that, in the co-compact case, on a Riemannian manifold (X, g), for any scale
ro, there always exists a constant C' := C(rg, X, g) such that the Riemannian measure satisfies
the weak C-doubling at the scale ¢ := ro(X, g). Similarly, there always trivially exists a constant
H := H(X,g) which bounds from above the entropy of (X, g). However, the idea in this article
is to compute these constants C,rp and H in such a way that they are simultaneously valid on all
the elements (X, d) of a family of metric measured spaces (i. e. independently of (X, d)); a first

2Notice that for A > 0, neither the scale nor the amplitude are changed when the measure is multiplied by .
When the distance is multiplied by A the amplitude remains unchanged but the scale is multiplied by A.
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condition will be said to be strictly weaker than a second one if the family of spaces satisfying the
second one is strictly included in the family satisfying the first one and if the constants appearing
in the definition of the first condition can be (explicitly) computed in terms of those appearing
in the definition of the second condition. The next lemmas makes this philosophy precise.

Lemma 3.10 (Entropy bounded from above versus weak doubling of the counting measure).
For every proper action (by isometries) of a group T on a length space (X,d) such that T\X is
compact with diameter < D, if there exists o € X such that the counting measure ugo of its
orbit satisfies the weak Cy-doubling around xq for at least one scale Ry > D, then

2R1]

3(1+
(i) pgo satisfies the weak Co( [ "o 1 _doubling around xq at every scale Ry > Ro,

(ii) the entropy of (X,d) is bounded from above by Ri InCy.
0

In (ii) the condition “entropy bounded from above” is strictly weaker than the weak doubling
one, as can be seen when considering any lattice I" acting on R™. Indeed, R™ has zero entropy
however the Cp-doubling at scale Ry is not any more satisfied when n is large enough.

Proof. Let us recall that ir(fbo) denotes the set of v € I' such that d(zg,yx9) < 7 and let
R > Ry. From equality (1) (applied for two measures equal to ugo), we deduce that

/ P B AR) il ) = [ (B Ro) 0 B (oo, ) dit (o)
BX Io,R X

this and the fact that « — ,ugo (BX (, 4R0)) is constant on the support of ugo yields

,ugo (Bx(wo,R)) '/Jgo (Bx($0,4R0)) Z Z ,U,go (Bx<’7$0,4R0) ﬁBx(.’Jﬁo,R)). (4)

YES R+ Ry (%0)

o If d(zg,vx0) < |R — 4Rp|, then Bx(vyxo,4Ro) N Bx(xo, R) contains one of the balls
Bx(l'mR) or Bx(’}/l‘o,élRo), thus Mgn (Bx(’y.%'o,4R0) n Bx($O7R)) Z ,ugo (Bx(xo,R())).

o If |R — 4Ry| < d(xo,vx0) < R+ Ro, since we are on a length space, for all € such that
0 < e < Ry— D, there exists a point y(v) € X (chosen for example on an almost minimizing
path from zq to vz, whose length is less than d(zg,~y zo) + €) such that,

1 1
d(zo,y(7)) = 3 [d(x0,v20) + R —4Ro] and d(vxo,y(7)) < 3 [d(xo,y20) — R+ 4Ro +2¢].

We easily check that Bx (y(7), 252 — ¢) is included in Bx (y(7), & [R + 4Ro — d(z0,7 20)] — €),
itself included in Bx (v zo, 4Ro)NBx (o, R). Since there exists g € I' such that d(gzo, y(7)) <
D < Ry — ¢, the intersection Bx (v, 4Ro) N Bx (zo, R) contains the ball Bx (gzo, £2).

For all v € iR+RO(ﬂc0), we thus have pl (Bx(yzo,4Ro) N Bx(wo,R)) > pk, (Bx(xo,%));
plugging this inequality in (4) yields
Hio (Bx (20, R)) - iy (Bx (20, 4R0)) > iy (Bx (o, R+ Ro)) - i, (Bx (0, Ro/2))

fip, (Bx (0, R+ Ro)) < fi, (Bx (0, 4Ry))

Mo (Bx (20, R)) = pf, [B (20, 3 Ro)]
,ugo(Bx(l‘o,R—FkRo))

and thus

< (3, and consequently, for all k €

pih, (Bx (2z0,2R))

N*, < CO2F, which implies on the one hand that
pk, (Bx (20, R)) 0 pk, (Bx (20, R))
3(14 | A&
CO( [RO}) and ends the proof of (i), and on the other hand that the entropy is bounded above

by Ri In(Cp), which ends the proof of (ii) (recall that the entropy does not depend on the choice
0

of the measure by Proposition 3.3). O
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The lemma that follows describes the basic tools to compare doubling and packing.

Lemma 3.11. For every proper action (by isometries) of a group T' on a metric space (X,d),
for every x € X, every integer k > 5 and every r > 0, we denote by NL (r) the mazimal number
of disjoint balls of radius 5, centred on points of the orbit I - x that can be included in the ball
Bx(x,k%). Then, for every I'-invariant measure p, we have

& Brlolb-13) _ o lBr(ep)
A Bx ) S B )

Proof. For sake of simplicity we set N := N,g (r); denote by 1z, . .., yva the centres of a maximal
packing of the ball Bx(x,k%) by disjoint balls of radius § centred on points of I' - 2. By I'-
invariance of 1 and of the distance, p (Bx(viz,5)) = p (Bx(z,%)) for all i, and consequently
N -y (Bx(z, %)) < p(Bx(z,k%)); this proves the right inequality of Lemma 3.11.

If there exists v € I' such that y2 € Bx (z,(k—1)5) NI -z and that yz ¢ UY, Bx (yiz,r),
then the balls of radius , centred on 12, ...,yn(x), vz are disjoint and included in Bx (z, k3).

This contradicts the maximality of the packing by the balls (B x (v x, g)) L<i<n: 1t follows that

By (9:, (k- 1)%) Nz C Uiﬂl(BX ('yix,r)ﬂf~x),
and thus that # (Bx (z,(k—1)5)NT-2) < N # (Bx (z,7) NT - z). This gives

WL (By (k- 1)8))  # (Bx (¢.(k—1)Z)NT - 2)

< 9,
py, (Bx (z,7)) #(Bx (z,r)NT-z)  —
and this ends the proof. O

Lemma 3.12 (Weak doubling of the counting measure versus packing). Let (X,d) be a metric
space satisfying the packing condition with bound Ny at scale 7o and T' a group acting on (X, d)
properly and by isometries. For all x € X, the counting measure ul on the orbit T - x satisfies
the weak No-doubling at scale 2rqy around x.

Proof. Recalling that Nig(r) is the maximal number of disjoints balls of radius % (centred
at points of I' - ) included in Bx(z,9r¢), Definition 3.8 gives Ni(r9) < Np. Then the first
inequality of Lemma 3.11 (with k = 18) implies that, for all r € [rq, 4ro],

L (Bx (,20)] _ i [Bx (2. 5ro)]

r
pl [Bx (x,r)] = ub[Bx (z,70)] < Nig(ro) < No.

The series of examples that follow shows that these various conditions are strictly different.

Examples 3.13. We choose a scale 79 > 0. In each of the following examples we construct a sequence
of Riemannian manifolds (X4, gx) and of groups 'y, acting properly and isometrically on them, such that
the maximal number N*(ro) of disjoint balls of radius ro/2 which are included in a ball of (X4, gx) of
radius 9ro goes to infinity with k. This shows that, for a given Ny and for k sufficiently large, (X&, gx)
does not satisfy the packing condition with bound Ny at scale rq. On the other hand we show that, for
every k, the counting measure pi,’; of the orbit of this action satisfies the weak Co-doubling at scale 2rg
(where Co and o are independent of k).

(1) Let T'x := 1 - Z x k- Z*"" be a lattice acting on (R*,can.) and = € R*, then the measure "
satisfies the weak 2-doubling condition at scale 2ro (for any 7o > 0) around x as soon as k > 8rg.
On the other hand, N*(rg) goes to infinity with the dimension k.

(2) This example generalizes to the case where each (X, gx) is the universal Riemannian cover of a
closed Riemannian manifold (Yk, Jk) whose sectional curvature is between —1 and —K 2 and Ty, is
its fundamental group. A variation on Margulis Lemma shows the existence of €9 > 0 (independent
of k) such that, in each connected component of the set of points where the injectivity radius is
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< €0, there exists a periodic geodesic ¢, of length less than 2¢e0 and whose homotopy class generates
2.y (zk), where xy is the lift of a point T € . Since I'ac,(zk) acts by translation on the lift
cx of & passing through zj, and d(zx,y2r) > 2eo for every v € I'y \ Tz <o (1), the measure py*
satisfies the weak 2-doubling condition at scale ¢ for each ro < g¢ /2. On the contrary, choosing
any z € Xj, when k — 400, if dim(X}) — 400, then the packing parameter N*(ro) goes to 4occ.

In this example, the sequence (Xg, gr)ren= is constructed so that the dimension of X} is fixed
equal to n and that the topology of X becomes more and more complicated when k — +4o00; this
complexity can be estimated (for example) by the Euler characteristic; we fix the scale r¢ to be
any positive number (independent of k).

Let (X, ) be a Riemannian manifold, (X, g) its Riemannian universal cover and I its fundamental
group. For & > 0 small enough, let N(¢) be the maximal number of disjoint balls of radius
e that can be included in (X, g) and let Zy,... Ty be the centres of these balls, then these

centers are a 2¢-lattice in X: indeed, if there exists Z € X such that T ¢ UN<E)B (zi,2¢),
then B (Z,e) N Bx (Zs,e) = 0 for every ¢, in contradiction with the maximality of the packing
(Bx (@, s))fv(f), thus X C UN(E)BY (%;,2¢). We modify the metric § on each ball B(Z;,2¢?) so
that the new metric, still denoted by g, is flat on By(ii,EQ). The lattice R. lifts as a 2e-lattice
R. = {x;}ier of (X, g), globally I'-invariant.

Let (Y,h) be any closed Riemannian manifold, whose diameter is equal to 2ro and two points
v,y such that dy(y,y’) = 2ro. We modify the metric, as above, so that it becomes flat in a
neighbourhood of y; the ball By (y,e®) is then isometric to each ball Bx(z;,&?), which ensures
that the boundaries of the balls Bx (x:,e%) are By (y,e®) are both isometric to the Euclidean
sphere S*~' (%) of radius ¢®. We denote by (Y’,h') the Riemannian manifold with boundary
obtained” by gluing a cylinder C: := [0,] x S"" (¢°) to Y \ By (y,&%), identifying OBy (y,&”)
with {€”} x S"7' (¢%). Let us consider a family (Y/),.; of copies of (Y',h') and let us glue each
Y/ to X \ (User Bx (zi,€%)) identifying Y] = {0} x S"! (¢*) with the connected component
OBx (x,€°) of the boundary of X \ (U,c; Bx (zi,¢”)). If we choose e = e — 0 we then obtain
Riemannian manifolds called (X&, gx)-

We now consider maps fr : X — X, which send Y; onto the ball Bx (x,€}), contracting Y C Y
on x;, sending the generatrices of the cylinder C., C Y; onto the rays of the ball and such that
fx restricted to X \ (U, Bx(wi,e3)) is the identity. The map fi : (X, gx) — (X, g) is then
contracting and, furthermore, there exists a sequence 7 going to zero with k£ such that

Vz,z € X\ (Uier Bx (mi,67)) , dx(fu(@), fr(2)) = dx(2,2) > (1+m) dx, (2,2) —mk . (5)

Let z € X \ (UZGI Bx(wi,e})) and J := {i € I : ; € Bx(,6r0)}. The number of elements of J,
denoted by NS (r0), is the number of elements of 2 ex-lattice in a fixed ball, thus it goes to infinity
when ¢; — 0, hence when k — +o00.

For every i € J, we have Y/ C Bx, (x,9r0): indeed, for any z € Y, there exists 2’ € dBx(x;,&®)
such that dx, (2, 2) < 2ro+¢; and Inequality (5) implies that dx, (z,2") < (14+nx) (dx (2, 2)+m),
which yields

13
dx, (2, 2") < (1+me)(dx (2, 20) + €8 +nx) < (1+ 1) (6r0 + & +mp) < 570

From the three last inequalities and the triangle inequality, we deduce that dx, (z,z) < %ro +
2ro + €7 < 9ro, hence that Y/ C Bx, (z,9r0). As each Y; contains a ball of radius 7o, and as
Y/ NY] =0 when ¢ # j, the maximal number of disjoint balls of radius ro included in Bx, (x, 970)
is at least equal to NE,C (r0)), hence it goes to infinity when k — +oo. Hence, for any choice of the
constants Ny and ro, for k sufficiently large, (Xk,gr) does not satisfy the packing condition with
bound Ny at scale rg.

On the other hand, the above construction being I'-invariant, I" also acts by isometries on (X, gx)
and we have fi(yz) =~ fu(z) for all v € T and x € X; the application fr being contracting, we
deduce that {y: vz € Bx, (z,7)} C{y: 7 fe(z) € Bx(fr(z),r)}. The manifold (X, g) (and the
action of I" on it) being fixed, there exists Cy > 1 such that the counting measure ,u?k@) on the orbit
of fr(z) under the action of I' satisfies u?k(x) (Bx (fx(x),870)) < Co. The previous inclusion shows
that the counting measure ;ﬁ; of the orbit of x € X}, for the action satisfies ,ug (Bx,, (z,8r0)) < Co,
which gives, for all r € [ro, 4r0],

pz (Bx, (@, 2r))

UL (B, @ 7)) = He (Bxa(@,20) < Co.

3The Riemannian metric b’ is only piecewise C'' but it could easily be smoothed out.
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Lemma 3.14 (Packing versus weak doubling). Let (X,d) be a melric space, if there exists a
measure |1 which satisfies the weak Cy-doubling for every ball of radius r € [%),97“0} centred at
every point* x € X, then (X,d) satisfies the packing condition with bound C§ at scale rq.

Proof. Let x € X and consider a packing of Bx (z,9r¢) by N disjoint balls Bx (a;“ 3 ) Amongst
these balls, let us denote by Bx (%07 20) one which has minimal measure, we then have

r
N - u(BX (mio, 50) ) < u(BX(aU,QrO)) < u(BX (X4, 18r0)).
,u(BX (244, 1870) )
M(BX (wim %0) )
Lemmas 3.12 and 3.14 asserts that a weak doubling condition on the counting measure of the

orbit of a point is weaker than the weak doubling condition for any other measure around every
point. It is however interesting to give a pointwise and precise result, this is the

We thus get N < < C’g. O

Lemma 3.15 (Counting measure vs any measure). For any proper action (by isometries) of a
group T' on a proper metric space (X, d), for any x € X, if there exists a T'-invariant measure
which satisfies the Cy-doubling for all balls centred at z, of radius r € [ 70, rl] (where r1 > 7'0),

1 (Bx (, 2r))

< C2 for every r € [ro, 211].
W (Bx (o) = 0 Jor evervr € [rorgn)

then the counting measure u. of T'-x satisfies

Proof. Lemma 3.11, where we choose k = 5, ensures that, for all r € [ro, %7’1], we have

=
83
>
=
NI
2
3]
>
=

3|3
IN
)

~
~—

/1'1; [BX (%271)} < (BX(%% )) ;U'(BX(xvr) .
piy [Bx (z,7)] — u(B (967%)) w(Bx(z,%))  w(Bx(z,r)

E
s
>
&
wlafrolen

since 7,7 and 2 77 belong to the interval [ 70, rl] O]

Lemma 3.16 (Strong doubling versus Ricci curvature bounded below). For all K > 0 and

rog > 0, we set Cy = 2"(cosh(Kro))n71. Let (X,g) be a complete Riemannian manifold such
that its Ricci curvature satisfies, Ric, > —(n — 1)K? - g, then (X, g) satisfies the Co-doubling
condition for all balls of radius r €]0,1q] (independently of their centre).

Proof. Bishop-Gromov’s comparison theorem implies that, for all x € X and all r < rg,

-1 Kr , . n—1
h(Kt dt h(2t dt
Vol, Bx (x,2r) - fo (& sinh(Kt))" A, fOKT(Sm (2t)) o cosh Kyt
Voly Bx (x,7) Jo (& sinh(Kt))" " dt Jo ' (sinh(t))" ™" dt

O

It is easy to find examples of sequences (X , gk) of Riemannian manifolds which all satisfy the

kEN
strong Cy-doubling condition at scale ro (where 80 and 7o do not depend on k) and, nevertheless,
such that the minimum of their Ricci curvature goes to —oo when k goes to +00. One example
can be obtained by gluing two copies of R™ \ B™ on their boundary S*~! by constructing, on
the resulting space, a sequence of smooth Riemannian metrics converging towards the singular

metric obtained by endowing each copy with its Euclidean metric.

It is clear (from Definitions 3.7 (ii) and (iii)) that the strong Cp-doubling condition is stronger
than the weak one (at the same scale, around the same point, with the same amplitude). In fact,
it is strictly stronger by the following results:

4The fact that the measure must satlsfy the Cp-doubling condition for all balls of radius r € [— 91”0} imposes
that for all z € X, the ball Bx(x, -2 3-) has positive measure. This, in particular, excludes the counting measure
of an orbit of a group I' acting properly by isometries when the diameter of I'\ X is greater than rq.
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Lemma 3.17 (Weak vs strong doubling). Let (X,g) be a complete Riemannian manifold, of
dimension n > 2, whose Ricci curvature satisfies Ricg > —(n — 1)K? - g; fix any ro > 0 and set
Co= 1+22"(cosh(Kr0))2n_2. Let (Y, hi) be any sequence of closed n-dimensional Riemannian
manifolds, whose diameters and volumes go to zero when k — +oo. Let X = X#Yy be the
connected sum of X with Yy, then, the metric g, on each Xy being obtained by gluing g and hy,
the corresponding Riemannian measure on (Xy,gx) satisfies the weak Co-doubling condition at
scale ro (for k large enough).

Furthermore, for any ro > 0 and Cy > 1+ 22”(cosh(K7"0))2n72, there exists a choice of the
sequence (Yi, hy) such that all the (X, gx) satisfy the weak Co-doubling condition at scale ro and
none of them satisfies the strong Cy-doubling condition at the same scale.

Corollary 3.18. For any Cy > 22" 4+ 1 and 79 > 0, the weak Cy-doubling condition at scale rg
does not imply any restriction to the topology and the geometry of the balls of radius less than or
equal to 5&. Hence it does not imply any restriction to the local topology and geometry.

Proof of Lemma 5.17. As the Ricci curvature of (X,g) is > —(n — 1)K? - g, it follows from
Lemma 3.16 that, for every rg > 0, the Riemannian measure of (X, g) satisfies the Cj-doubling
condition for all balls of radius r € ]0, 2ry], where C{ = 2”(cosh(2Kr0))n_1.
Let us make the construction of (X, gr) = X#Y) more precise we cut out balls By :=
Bx (z0,7%) C X and Bj, := By, (Yx, %) C Y, of radius ry < 155 Min (inj(X, ¢);inj(Yz, hx)).
We then glue, as in Example 3.13 (3), X \ By and Y3 \ Bj, at the two ends of a cylinder
Ck = [0, 7"3/4] S"=1 (r4) of radius ry. Again, similarly to Example 3.13 (3), we construct a
contractmg map fr : X — X such that there exists a sequence (7x),cy, g0ing to zero when k
goes to +oo, such that dx (fx(z), fx(y)) > dx, (z,y) — nk. Since fi is contracting and onto, we
have

Voly, (Bx,(z,7)) = Volg (fr(Bx,(z,7))) = Voly (Bx (fi(z),r —nk)) . (6)
Now, from the definition of f, there exists a sequence (V}),y, going to zero when k goes to
+00, such that, for all domain A C X,

Volg (fx (A)) = Volg, (AN (X '\ By)) = Voly, (A) = Volg, (Vi \ By,) = Volg, (Ci) = Volg, (A) = V.

From this and the fact that f, is contracting (which implies that fi (Bx, (z,2r)) C Bx (fx(z),2r))
we deduce that

Volg, (Bx,(z,2r)) < Volg (fx (Bx,(x,2r))) + Vi < Volg (Bx (fr(x),2r)) + Vi.

As % and 7 belong to 0, 2r] for every r € [%,2ro], this last inequality and (6) imply that there

exists No € N such that, for all k > No, for all z € X and for all r € [%,2rg], one has

Voly, Bx, (z,2r) < Vol, (Bx (fr(x),2r)) + Vi < Volg (Bx (fr(x),2r))
Voly, Bx, (x,7) ~ Volg (Bx (fe(z),r —nx)) ~ Volg (Bx (fr(z),7/2))

Hence, for all k& > Ny, the Riemannian measure of (X, gr) satisfies the weak Cy-doubling
condition at scale rg around every point € X. This shows the first part of the lemma.

1<(C5)*+1=0o.

Consider any sequence of n-manifolds (Y )ren+ such that each Yy admits® a Riemannian metric
h), whose sectional curvature is < —k2 and whose injectivity radius is > 4ry. Choosing a real
sequence (ex),cy, going to zero when k goes to +oo and verifying Vk, e < diam(Y,hj)~2,
we define the metric hy on Yy by hy := €7 - h}. Constructing (Xy, gx) as a connected sum of
(X,g,%0) and (Yg, hi,yx) as above, we choose a point zj € Y}, at hj-distance of y;, at least 5ry.
For all r < 2rg, we have By, n,)(Tk, 4k 70) = By, ny)(Tk,410) C Y\ By, hence Bx, (w, ex7”) =
By, wy(zk, 1) for every ' < 4rg; this yields
( k> k)

Voly, Bx, (zk,2exr)  Volu, By ny) (@, 2r) fozr sinh™ ! (kt)dt o Dk
Volg, Bx, (zk:exr) Vol By, (xk,r) — [ sinh™H(kt)dt — '

5Up to taking a subsequence, one can verify that the existence of such a sequence of metrics h;c is equivalent
to the existence of a sequence of metrics h}/ whose sectional curvature is < —1 and whose injectivity radius goes
to +o0.
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The doubling amplitude (for balls whose radius is close to zero) then goes to +o0o with k. Hence,
for all Cyp > 1 and rg > 0, and for all k large enough, none of the manifolds (Xy, g) satisfy the
strong Cp-doubling as scale ry around xy. O

Proof of Corollary 3.18. Let (X, g) be a n-dimensional flat torus. As in the proof of Lemma
3.17, we construct (X, gx) as a connected sum of (X, g, zo) and (Y%, hk, yr), where the diameters
and the volumes of the (Y%, hg)’s go to zero when k — +o00. Since there is no restriction on the
topology of Y}, and on the geometry (modulo homotheties) of h;, and as the gluing is made within
a ball of radius much smaller than g3, there is no restriction on the topology and on the geometry
of the balls of X} of radius less than 3%, centred around a point x; € Y3 \ Bj. Nevertheless
Lemma 3.17 (where we make K = 0) shows that, for any ry > 0 and every Cy > 22" + 1, there
exists Ny € N such that (for every k > Np) the Riemannian measure of (Xy, gr) satisfies the

weak Cp-doubling condition at scale . O

3.4 Doubling property induced on subgroups

An important feature of the counting measure on a group, that we will extensively use in the
sequel, is that the doubling condition transfers to subgroups. The next proposition makes this
more precise.

Proposition 3.19. Let T be a group acting properly by isometries on a metric space (X, d). Let
I C T be a subgroup and o € X a point. We then have,

(i) If the counting measure ,u£.0 satisfies the C-doubling condition for all balls of radius r €

[%ro, %7"1] centred around xo (where 0 < 1o < ry) the measure ug; satisfies:

,ug(/) (Ex(xo, 2’1"))
pt! (Bx (wo,7))

Vr € [ro, 1], < 8.

I B 72
/1’300( X(«TO ’I“)) < Ce™ for all r € [%T()a +OO[7 then

(ii) If the counting measure u. satisfies —~—— 22 <
o 1, (Bx (20, 7))

/ .
the measure ugo satisfies

ug; (EX (20, 2r))
1y (Bx (20, 7))

19
Vr € [rg, +o0], < CPesor,

Proof. Let us recall that, for all » > 0, we have denoted by N (r) (resp. NI'(r)) the maximal
number of disjoint balls of radius § contained in the ball Bx (xo, gr), and centred around points
of the orbit I' - zy (resp. of the orbit IV - 2y). Being in I' - z( is more restrictive than being in
Iz, hence we have N}" () < N} (r). Lemma 3.11 applied twice, firstly to the counting measure
ugé on the orbit I - zg, and secondly to the counting measure ugo on the orbit I' - xg, yields

Ha (Bx (w0, 37))
#iy (Bx (z0.3))
fny (Bx (0, 37))  py (Bx (20, 37)) i, (Bx (20, 7))
X )
1.5

= ph, (Bx(z0,37))  pb, (Bx(wo, §7))  ph, (Bx(zo, 57))
e For all r € [rg,71], since 57, g

e, (Bx (w0,2r))

ug;(BX(xo,r)) < N5,(7') < NF(r) <

(7)

5 r and %r belong to [%ro, %rl], the doubling condition, assumed
in (i), satisfied by pL allows to bound from above by C' each term in the last inequality of (7),
pih [Bx (w0, 27)]
Hizg [Bx (20, 7)]
e For all r € [rg, +oo], the hypothesis assumed in (i¢) allows to bound from above each term in
the last inequality of (7) by, respectively, C'e%‘s”“7 Ce? and Cez°". This proves (ii). O

< C? and ends the proof of (4).

which proves that
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4 Free Subgroups

In this section, we only consider torsion-free isometries of a 0-hyperbolic space (X,d) (hence geodesic
and proper by Definition 8.2). To each isometry v of (X,d), we associate its minimal displacement
s(y) = infyer= d(z, vy x) and its asymptotic displacement £(y) = limy, 4 oo %an) (see Definitions 8.18).
If v is hyperbolic, G(7y) is the set of oriented geodesics joining its fized points v~ and v*, and M(vy) is
the union of these geodesic lines (see Definitions 8.25). For the basic properties concerning projections
in hyperbolic spaces the reader is referred to Section 8.2.

The following remark will be useful in all this paper:

Remark 4.1. Let (X,d) be a §-hyperbolic space and v an isometry, then the three conditions
%y is non elliptic”, “y is torsion-free and the action of the group (y) generated by ~ is proper”
and ‘“y is torsion-free and the action of the group (v) is discrete” are equivalent; in the sequel,
we shall thus indifferently use one or the others of these three equivalent hypothesis.

Proof. The fact that the assumptions “proper” and “discrete” (concerning the action of (7)) are
equivalent is due to Lemma 8.12. If « is torsion-free and if the group (v) acts properly on (X, d),
then v is non elliptic by Remark 8.16 (i).

Conversely, if v is supposed non elliptic, then it is hyperbolic or parabolic by Theorem 8.15 and
(by the definition of these notions given before Theorem 8.15) it is torsion-free and, for every
r € X, d(x,v* ) goes to +00 when k — +o0; hence the action of (v) on (X, d) is proper. O

4.1 Ping-pong Lemma

Let (X,d) be a d-hyperbolic space and v a non elliptic isometry. For all z € X we denote by
D, (x) and D’ (x) the Dirichlet domains (respectively open and closed) of the point x for the
action of (), i. e. the subsets defined by":

Dy (x) = {y : Mingez- d(y,7*x) > d(y, )} , D)(x) = {y : Mingez d(y,7"2) = d(y,x)}.  (8)

Let us remark that D, (z) = D’ (z), and that (for all k € Z) D, (vEz) = +* (Di/ (z)) and let us
define the attraction (resp. repulsion) domains U (z) (resp. U (x)) of 7 associated to x by:

U () == Upen D, (7" @) = Upen 7" (D (2)) , U, (z) == Uj,l(a:) . (9)

Let us remark that, by Definition (9), Uy () UUS (x) = Upez- D’ (yPx) and, by taking comple-
ments, one has:

X\ (U (@)U () ={y : VpeZ" Mingezd(y,7" z) < d(y,7" z)}

= {y : Mingez d(y, 7" x) < Minyez- d(y,7* x)} = {y : d(y,z) < Minyez- d(y,7* x)}.
A consequence of this equality and of Definition (9) are the properties:
X\ (U; (z)UUS () = Dy(2), VkeZ* Wk(D;(x)) CU, (x) VU () . (10)

Remark also that, as « is a parabolic or hyperbolic isometry by Theorem 8.15, then Vk &
Z*, y*x #z and x € D, ().

Definitions 4.2. Let us consider two non elliptic isometries a and b of (X, d) and a point x € X,

(i) a and b are said to be in Schottky position with respect to x if the subsets U, (x) UU; ()
and Uy (x) UU," (z) are disjoints.

(ii) a and b are said to be in half-Schottky position with respect to x € X if Ut(z) C X\
(Uy (2) UUF (@) and Uy () € X\ (U (2) UUH(@)).

6The minima in question in the sequel are achieved since the torsion-free and discreteness hypotheses ensure
(by Remark 8.16 (i)) that v is hyperbolic or parabolic, and hence that g*z goes to infinity when k — +oo.
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Proposition 4.3. Let X be a finite set of non elliptic isometries of the Gromov-hyperbolic space
(X,d). If every pair of elements of X is in Schottky position with respect to the same point
x € X, then ¥ generates a free subgroup of the group of isometries of (X,d).

Proof. Every non-trivial relation involving elements of ¥ is written as s{* - s5? ... sPm = e, where
$1,82,...,8m are elements of ¥ such that s; # s;41 for all i € {1,...,m — 1}, and where

P1,P2, - - -, Pm are elements of Z*.
Let us prove by induction that, for all i € {1,...,m}, s7"- s\ ... sbm(2) € U, (2)UUS (). This

7
is true for i = m, since x € Dy, (), and hence sbr (z) € sbr (D, (x)) C Uy, () UUS (x); this
last inclusion is a consequence of (10). We now assume that s -s; ' ... sk (z) € U, (2)UUS (2);
since s; and s;_1 are distinct elements of 3, they are in Schottky position with respect to x,
we then have U, (z) UUS (z) C X\ (U;_l(x) U U;_l(x)) = D,, ,(x), where this last equality
follows from (10). From this and from (10), we deduce that
st st s () € sV (UL (m) U () € sVt (D, (2)) C U, () VU (2),

which proves the induction. It then follows that z = si* - s5?...sPm(z) is an element of
U, (z) UU (x), which contradicts the fact that = € D, (z) (see above) since, by (10), Ds, () N
(U, () UUS (z)) = 0. Consequently, there is no non-trivial relation between elements of ¥. O

Proposition 4.4. Let {a,b} be a pair of non elliptic isometries of (X,d), if a and b are in
half-Schottky position with respect to some point x € X, then {a,b} generates a free semi-group.

Before proving Proposition 4.4, we establish the following lemma.

Lemma 4.5. Let {a,b} be a pair of non elliptic isometries of (X,d), if a and b are in half-
Schottky position with respect to some point x € X, then any product R(a,b) of positive powers
of a and b satisfies R(a,b)x € U () (resp. R(a,b)x € U (x)) if the first factor of the product
R(a,b) is a power of a (resp. of b).

Proof. Tt is sufficient to give the proof when the first factor of R(a,b) is a power of a. Let us
then assume that

R(a,b) = aP°b® ... aP*b% or R(a,b) = aP°b?® ... aPkbI*aPr+1 |

where all p;’s and ¢;’s belong to N*.

We note that b% (z) € b% (Dy(x)) C U, (x), where the inclusion follows for the first equality in
(9). Similarly we show that aP*+1(z) € U (z). As a and b are in half-Schottky position with
respect to x, we also have

al? (U;‘(a:)) C aPi (X\ (Ua_(x) U U;_(l‘))) = qPi (Da(x)) C Ul ()

where the equality and the last inclusion follows from the properties (10) and (9). Similarly we
show that b% (U (z)) C U, (z). Iterating and alternating these two properties, we deduce that
arop®o ... aPrpi(x) and aPob® ... aP*bi* aPr+1(z) belong to U, (r) and this ends the proof. [

End of the proof of Proposition 4.4. We show that, if the semi-group generated by a and b is not
free, one of the two following alternatives is satisfied:

Case 1 : There exists a relation involving a and b which has, after suitable simplifications, the
form R(a,b) = e = idx, where R(a,b) is a product of strictly positive powers of a and b.

Case 2 : There exists a relation involving a and b which has, after suitable simplifications, the form
Ri(a,b) = Ra(a,b), where Ry(a,b) and Ry(a,b) are products of strictly positive powers of
a and b. We leave to the reader to check that we may furthermore assume that the first
letter appearing in Rj(a,b) is different from the first letter appearing in Ry(a, b).
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Lemma 4.5 implies that every product R(a,b) of strictly positive powers of a and b satisfies
R(a,b)z € U} (x) UU, (x). On the other hand the first equality of (10) (and the fact that = €
D.,(z) when 7 is non elliptic) gives x € D,(z)NDy(z) = X\ (U (z) VU, (z) VU, (z) UU; (),
it is not possible to have R(a,b)x = x, hence the relation R(a,b) = e. This takes care of Case 1.
If now R;(a,b) and Ra(a,b) are non-trivial products of strictly positive powers of a and b with
the first letter in Ry (a,b) different from the first letter in Ry (a, b), Lemma 4.5 implies that either
Ri(a,b)z € U (x) and Rz(a,b)x € U, (z), if the first letter of Ry (a,b) is a, or Ry(a,b)z € U} ()
and Rs(a,b)x € US(z), if the first letter of Ry(a,b) is b. This shows that we cannot have
Ri(a,b)x = Ry(a,b)x. This takes care of Case 2 and ends the proof of Proposition 4.4. O

The next proposition generalizes, in the context of isometric actions on a §-hyperbolic metric
space, a result proved by Th. Delzant for hyperbolic groups (see | ], Lemma 1.2, p. 179).

Proposition 4.6. Let (X,d) be a 0-hyperbolic space and a and b two isometries of (X, d).

(1) If there exists a point x € X such that d(aPx,blz) > Max [d(z, aPx), d(z,b%x)] + 26 for all
(p,q) € Z* X Z*, then a and b are in Schottky position with respect to x and the group
generated by a and b is free.

(i) If there exists a point x € X such that d(aPz,b%x) > Max [d(x, aPx), d(x, b%x)] + 25 for all
(p,q) € (Z* X Z*)\ (Z~ X Z™), then a and b are in half-Schottky position with respect to
x € X and the semi-group generated by a and b is free.

Remark 4.7. Any of the hypotheses made in points (i) or (ii) of Proposition 4.6 automatically
implies that a and b are non elliptic and that the point x appearing in these two points is never
fized by any element of (a) \ {idx} and by any element of (b) \ {idx}.

Proof of Remark 4.7. Any of the hypotheses made in 4.6 (i) or (ii) implies that, for all (p,q) €
(Z* x N*) and all (p,q) € (N* x Z*, we have

Max [d(z, aPz), d(x,b%z)] + Min [d(x, aPx), d(x,b%x)] = d(z, dPz) + d(z, blx) > d(aPx,bix)

> Max [d(z, aPx), d(z, b%x)] + 20 .

We deduce that Min [d(x, aPx), d(x,blx)] > 26 for all (p, q) € N*xN*, hence for all (p, q) € Z* xZ*
and thus aPx # x and b%x # x: this proves the second part of the remark. We also deduce that,
for all (k,p) € Z x Z such that p # k, we have d(a*z,aPz) > 26 and d(b*x, bPz) > 26; this shows
that the sequence (akm) N does not admit any Cauchy subsequence, and is thus unbounded (by
the properness of (X, d)); hence a is non elliptic. We similarly show that b is non elliptic. O

Proof of Proposition 4.6. Remark 4.7 ensures that a and b are non elliptic, we can then use the
definitions and results of Section 4.1.

Proof of (i): Let y € U, (z) U U, (x), Definitions (9) shows that there exists k € Z* such that
y € Dj(b*x), which implies that d(y, b*z) < d(y,z). Let us choose this number k. For all p € Z*,
the Quadrangle Lemma 8.3 (ii), applied to the points y, a’x, x and b*z, yields

d(y.x) + d(a¥x, b x) < Max [d(y.bx) + d(x,a?x) ; d(y, aPx) + d(z, b)) + 25

The hypothesis allows then to deduce d(y,z) < Max [d(y,b*z); d(y,aPz)], hence that d(y,z) <
d(y,aPz) for all p € Z*, which in turn implies y € D,(z) = X \ (U, (z) UUS(z)) for all
y € U, (z) UU,! (), hence that U, (z) UU," (z) € X \ (U (z) UUS (x)). Definition 4.2 (i), then
shows that a and b are in Schottky position with respect to x. Proposition 4.3 then ensures that
the subgroup of the isometry group of (X, d) generated by a and b is free.

Proof of (ii): The proof that U;" (z) C X\ (U, (z)UU, (z)) is identical to the proof of (i), except
that we need to choose a random point y € U;’ (x), and consequently assume that k € N*. The
proof that U; (z) € X\ (U, (z) UU,! (2)) is done along the same lines, exchanging the roles of a
and b. From Definition 4.2 (ii),it follows that a and b are in half-Schottky position with respect
to x. Proposition 4.4 then shows that the semi-group generated by a and b is free. O
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Corollary 4.8. Let (X,d) be a 6- hyperbolic space and T' a group acting on (X,d), for ev-
ery pair a, b of elements of I", if there exists some point x € X such that d(aPx,blz) >
Max [d(x, aPx), d(x,b%x)] + 25 for all (p,q) € (Z* X Z*)\ (Z~ x Z™), then the semi-group gener-
ated by a and b is free.

Proof. Let o be the representation from I' to Isom (X, d) associated to the action under consider-
ation; as (by definition of ) vz := o()x for every v € T', the above hypothesis may be rewritten
as d(o(a)Pz, o(b)4z) > Max [d(z, o(a)Pz), d(z, 0(b)%x)] 426 for all (p,q) € (Z* x Z*)\ (Z~ x Z7).
Applying Proposition 4.6, p(a) and o(b) generate a free semi-group. If a and b do not generate
a free semi-group then any non trivial relation between positive powers of a and b maps to a
similar non trivial relation between positive powers of o(a) and o(b), in contradiction with the
fact that o(a) and o(b) generate a free semi-group. Hence a and b generate a free semi-group. [

4.2 When the asymptotic displacement is bounded below

Proposition 4.9. Let (X,d) be a §-hyperbolic space and a and b two isometries such that the
group generated by a and b is a discrete non virtually cyclic subgroup of the isometry group, then
(i) if s(a),s(b) > 136, one of the two semi-groups generated by {a,b} or by {a,b='} is free,

130

m, one of the two semi-groups

(i) if £(a),£(b) > O then, for every integers p,q >
generated by {a?, b} or by {aP,b™1} is free.

Corollary 4.10. For any proper action (by isometries) of a group T' on a §-hyperbolic space

(X, d), for every hyperbolic elements a and b of I" which generate a non virtually cyclic subgroup
130

2 i P pa
Min(0(a) 1(5))’ one of the two semi-groups generated by {aP, b}

of ', for every integers p,q >
or by {a?, b~} is free.
Before proving Proposition 4.9 and Corollary 4.10, we state and prove the following lemma.

Lemma 4.11. Let v be an hyperbolic isometry acting on a d-hyperbolic space (X, d) and verifying
s(y) > L6, let ¢ € G(v) be any oriented geodesic from v~ to v, and let x € M(v), we then
have

(i) d(z,yx) < L(v) + 46,

(ii) if c(ty,) denotes a projection of Y*z on c, then the sequence (t) ey s strictly increasing.

Proof of (ii). By contradiction, assume that the sequence (t), .y is not strictly increasing. As
ty, — Foo when k — Zoo, there exists p € Z such that ¢, < Min (tp,l,tpﬂ). Let us set
6k = d(~v* z,c(ty)), Proposition 8.10 (i) implies that §; < 26 for all k € Z (since ¢ and 7* oc are
two geodesics of G()). We then have the following.

o Ift, <t,_1 <tpy1, then the triangle inequality, Lemma 8.23 (ii), and the hypothesis made
on s(7y) imply that:

tpr1 — tp +20p—1 + 0p1 +0p > d(7P 2, AP x) 4 d(P AP )
2
> d(x,yx) +d(z,v*z) > 2d(z,yx) +s(y) —6 > 3s(y) — 6 > ?55. (11)

As 6), < 26 for all k € Z, we deduce from this inequality that d(c(t,), c(tp41)) > 38 and we
can apply Lemma 8.9 to get:

d(z,yx)+60 = d(/P 2,77 x) + 65 >ty —ty+0pr1 +0, > 2d(x,y2) +5(7) =6 — 25,1,
where the last inequality comes from (11); we deduce that 2s(y) < d(z,vx) + s(y) <
76 + 20,1 < 118, which contradicts the hypothesis on s(7y).
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o If t, <tpy1 <tp_1, exchanging the roles of p — 1 and p+ 1 and using arguments similar to
the previous case we get: 2s(y) < d(z,yx) + s(y) < 76 4+ 20,41 < 114, in contradiction to
the hypothesis on s(7).

This shows that the sequence (tz), ., is strictly increasing. O

Proof of (i). As we saw before, for all k € N* g, 6, < 20, the triangle inequality gives:
d(z,v* z) — 46 < d(z,7* x) — 6g — 0p < |t —to| < d(z,7* ) + 0 + 0 < d(z, 7" 2) +45.

From (ii) we know that the sequence (t;),.y is increasing, we deduce that

k—1
m (L3 (1 S U
kEToo (k} =0 |ti+1 - tl|)> a kgrfoo <k|tk B t0|)> o kgrfoo <kd(1',’}/ $)> B 6(7) ’

which implies that inf;en |ti41 — ti] < £(y). We deduce that
d(z,yz) = iggd(v" z, ) < inf ([tiv1 — il +6i + 0iv1) <€) +49.
]

Proof of Proposition 4.9. Notice that, in the assertion (i) as in the assertion (ii) of Proposition
4.9, the hypotheses imply that a and b are hyperbolic (by Lemma 8.19) because £(a), £(b) > 0 in
both cases (in the case of assertion (i), this is deduced from the inequality £(y) > s(vy) — 9 > 125

proved in Lemma 8.23 (i)). To simplify, let us denote by N the smallest integer strictly greater

136
than Nin(0(a) 20))" We first show that (i) = (i4). Indeed, for every p,q > Ny, the group

(aP,b?) is not virtually cyclic (by the proposition 8.42 (vi)), and s(aP) > ¢(aP) > N1f(a) > 136,
while s(b?) > £(b?) > N1£(b) > 135. Property (i) then implies that one of the two semi-group
generated by {a?,b?} or by {a?,b" 9} is free.

Proof of (i) : Under the hypotheses of (i), the lemma 8.23 (i) proves that ¢(a) > s(a) — ¢ > 12§
and that £(b) > s(b) — & > 126; a consequence is that

Vk e Z*, s(a®) > max (13,12[k]) -6 and s(b%) > max (13,12[k[) - 0; (12)

indeed, this property is satisfied (by hypothesis) when k = £1. When |k| > 2, we have s(a*) >
{(a*) = |k|€(a) > |k| - 120 > 246 and we show in the same way that s(b¥) > |k| - 128 > 246.

a” and a™ (resp. b~ and bT) being the fixed points of a (resp. of b), we denote by ¢, (resp. cp)
one of the oriented geodesics from a~ to at (resp. from b~ to b™). If the limit sets {a™,a™}
and {bT,b} have a common point, they are identical by Proposition 8.42 (i) and are the fixed
points of all the elements of (a, b), which in turn implies, from Proposition 8.42 (ii), that (a,b)
is virtually cyclic which is excluded. Hence {a*,a™} and {b", b~} have no common point.

Proposition 8.11 (ii) then shows that there exist points zg = c4(s9) and z = c4(s() on the
geodesic line ¢, such that, for every sequence (t,), .y going to +oo, there exists a sequence
(€n) ey of strictly positive real numbers, going to zero when n — +o0, such that, for all ¢ € R,

d(ca(t), cp(tn)) = d(cy(tn), z0) + d (20, ca(t)) — 56 — en. (13)

d(ca(t), cp(—tn)) > d(cp(—tn), x() + d (2, ca(t)) — 56 — &y (14)
By eventually changing b in b=! (which changes the orientation of ¢,) hence exchanging xo and
xh, we may assume in the sequel that si < sg.

Let us note yo = ¢,(ro) a projection of xg on the geodesic ¢p. Denote by c¢,(sxk) a projection of

a*zg on ¢, and by ¢,(r,) a projection of b7y, on ¢;. Proposition 8.10 (i), applied to the geodesics

¢, and a® o ¢, (resp. to the geodesics ¢, and b? o ¢,), gives:

Vk,q € Z, d(akxo,ca(sk)) <25 andresp. d(b%o,cp(rg)) < 26. (15)
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For all ¢ € N* and all k € Z*, we consider a sequence (t,),, .y Which goes to +o0o. By hypothesis
s(b) > 134, we can then apply Lemma 4.11, which shows that the sequence n — r, is strictly
increasing. In particular, we have ro < 7, and hence, when n is large enough, d(yo,cb(tn)) =
d(yo, cb(rq)) + d(cu(rq), co(tn)). Applying Lemma 8.8 and the triangle inequality, gives, when n
is large enough,

d(zo, co(tn)) + 28 > d(mo,y0) + d(yo, cu(tn)) = d(b%20,b%y0) + d(yo, cu(rq)) + d(cv(rq), co(tn))

> d(quo,cb(rq)) — 2d(cb(rq), bqyo) + d(yo, bqyo) + d(cb(rq), cb(tn)) )
From the second inequality (15) we deduce:
d(wo, co(tn)) > d(b%0, cy(tn)) — 66 + d(yo, b%yo) - (16)

Applying inequality (13) and the quadrangle inequality (Lemma 8.3 (ii)), we get, when &, is
small enough,

d(zo, b%20) + d(zo, ca(sk)) + d(wo, cp(tn)) — 76 — &, < d(wo,b%20) + d(calsk), co(tn)) — 28
< Max [d(mo,ca(sk)) + d(bqacg, cb(tn)) ; d(quo,ca(sk)) + d(xo, cb(tn))}

< d(b%20, calsk)) + d(wo, cp(tn)) ; (17)

where the last inequality follows from Inequality (16) and from the fact that d(wg,b%wo) +
d(yo,b%yo) > 2s(b%) > 260 by Property (12). When n is large enough, for all ¢ € N* and all
k € Z*, applying the inequality Min [d(mo, quo) , d(zo, akxo)] > Min(s(a¥), s(b?)) > 136 + &,
(which follows from Property (12) and from the fact that n is large), applying Inequalities (17),
(15) and finally the triangle inequality, we deduce that

Max [d(a:o,quo) , d(mo,akxo)] + 26 < d(a:o,bqaro) + d(mo,akxo) — 116 — ¢,
< d(l’o, bq:L’o) + d(zo, ca(sk)) —96 —¢, < d(quo,ca(sk)) — 26 < d(bq:ro, akxo) . (18)

Let us now consider the case where & € N* and ¢ € —N* and where (t,),, oy is a real valued
sequence which goes to +00. Lemma 4.11 and the hypothesis on s(a) ensure that the sequence
k — sp is strictly increasing. We have s < so < s; and then d(gcg,ca(sk)) = d(gcg,xo) +
d(wo, ca(sk)). Inequality (14) and the triangle inequality yields, when n is large enough,

d(ca(sk),co(—tn)) + 58 +en > d(cp(—tn), z() + d (xh, ca(sk))

> d(co(—tn), 25) + d (20, o) + d(x0, Calsk)) > d (co(—tn), x0) + d (0, calsk)) -
From this and from the Quadrangle Lemma 8.3 (ii), when n € N* is large enough, we get
d(xo,b%20) + d (cp(—tn), zo) + d (To, ca(sk)) — 70 — en < d(mo, b%20) + d (ca(sk), co(—tn)) — 20

< Max [d(zo, ca(sk)) + d(blzg, cp(—tn)); d(b9x0, ca(sk)) + d(zo, co(—1y)] - (19)

As Lemma 4.11 and the hypothesis on s(b) ensures that n +— r, is strictly increasing, we
have —t, < r4 < 1o (when n is large), which implies that d(yo,cy(—tn)) = d(yo,cu(rq)) +
d(cb(rq), cb(—tn)). With this equality, Lemma 8.8 and the triangle inequality, we get

d(xo, cp(=tn)) + 26 = d(zo,yo) + d(yo, cb(—tn)) = d(wo, yo) + d(yo, cs(rq)) + d(cv(rq), cb(—tn))

Z d(an yO) + d(yoa bqyO) - 20 + d(Cb(T'q), Cb(_tn)) )

where the last inequality follows from (15). From this last inequality, using the triangle inequality,
the fact that d(yo, b%o) > 136 and (15), we deduce

d(blzo, cp(—tn)) < d(b%xo, byo) + d(b%yo, cb(rq)) + d(cp(rq), cb(—tn)) + d(yo, blyo) — 130

< d(xo,y0) + d(cp(rq), co(—tn)) + d(yo, b%yo) — 116 < d(xo, cp(—ty,)) — 79,
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which implies
d(@o, ca(sk)) + d(b%xo, cy(—tn)) < d(xo, calsk)) + d(@o, co(—tn)) — 70
< d(xo,b%x0) + d (cp(—tn), zo) + d (zo, cal(sk)) — 70 — e .
Plugging this last inequality in (19), we deduce that
d(xo,bx0) + d (zg, co(sk)) — 70 — e, < d(b20, cal(sk))
which yields, using the triangle inequality and estimates (15),
d(zg,blzg) +d (J:o, akxo) — 96 — &, < d(b%xg,a"zo) + 26.

Now, applying the inequality Min [d(z0o,b%20),d(z0,a"z¢)] > Min(s(a”),s(b?)) > 136 + e,
(which follows from property (12) and is valid when ¢, is small enough), we deduce that

Vk,p € N*, Max [d(mo, b)), d(xo, akxo] + 20 < d(qumakxo) .
This last inequality and (18) show that, for all (p,q) € (Z* x Z*) \ (Z~ x Z~), we have
d(b?z0, a*zg) > Max [d(20, b%x0), d(z0, a" 20| + 26 . (20)

Proposition 4.6 (ii) then shows that the semi-group generated by a and b is free. This ends the
proof of (i) and hence of Proposition 4.9. O

Proof of Corollary /.10. If ¢ is the representation I' — Isom(X, d) associated to the action of T’
on (X,d), Lemma 5.8 (v) and (vi) proves that o(a) and o(b) are hyperbolic isometries of (X, d)
satisfying £(o(a)) = €(a) > 0 and £(p(b)) = ¢(b) > 0. As (a,b) is non virtually cyclic and as
the action is proper, Lemma 5.8 (ii) and (vil) guarantees that o(a) and o(b) generate a non

virtually cyclic discrete subgroup of isometries of (X,d). For every p,q > m =
136

Min (€(e(a)), £(2(0)))" Proposition 4.9 (ii) (applied to g(a) and p(b)) implies that o(aP) and

o(b9) (or o(aP) and o(b~7)) generate a free semi-group; eventually changing b in b=, suppose
that o(a?) and p(b?) generate a free semi-group. If a? and b? do not generate a free semi-group
then any non trivial relation between positive powers of a? and b? maps to a similar non trivial
relation between positive powers of o(aP) and o(b9), in contradiction with the fact that o(aP)
and o(b?) generate a free semi-group. Hence a? and b? generate a free semi-group. O

4.3 When some Margulis constant is bounded below:

For every group G and every A, B, S C G, we denote by A-B the image of A X B by the map (v,9) — 7+g
and define (by induction) S* as S*~' . S.

The aim of this subsection is to prove that, for any finite set S of isometries of any é-hyperbolic space
(X, d),which generates a non virtually cyclic group (S) of isometries, if the Margulis constant of S (see
Definitions 4.12) is > C'§, then S'° contains two elements which generate a free semi-group. In the case
where #S = 2, modifying a little the definition of the Margulis constant, we get a sufficient condition
for the group (S) to be free. These two “Margulis constants” are defined as follows:

Definitions 4.12. For any metric space (X, d), denote by Isom (X, d) the group of the isometries
of (X,d) and define

(i) the Margulis constant L(a,b) of a pair {a,b} C Isom(X,d) as the infimum of the function
(z,p,q) — Max [d(x, aPz); d(z,blzx)] for all the (x,p,q) € X X Z* x Z*,

(i) the Margulis constant L*(S) of a finite set S C Isom(X,d) as the infimum of the function
x — Maxyecs d(z,yx) for all the z € X.

Remark that, as L(a,b) < L*({a,b}), assuming a lower bound for L*({a,b}) is a weaker hypoth-
esis than assuming a lower bound for L(a,b).
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4.3.1 When the Margulis constant L* is bounded below:

a) When L* is applied to a pair of isometries

Theorem 4.13. On any d-hyperbolic space (X,d), for every pair {a,b} C Isom(X,d) such that
L*({a,b}) > % 0 and which generates a discrete and non virtually nilpotent subgroup, one has

(i) either Max[l(a),£(b)] > & and one of the semi-groups generated by {a'*, ba**b=1} or by
{a', ba=14b~1} is free,

(ii) or all the elements v € {ab,ab™* ba,ba=',a=tb,a= b~ b~ ta,b=ta='} wverifies £(y) > 26
and one of the semi-groups generated by {(ab)”, (ba)"} or by {(ab)”, (ba)~"} is free,

Before proving this Theorem, let us first establish the two following preliminary Lemmas:

Lemma 4.14. Let (X,d) be a §-hyperbolic space, for any pair {a,b} C Isom(X,d) such that
L*({a,b}) > 36 + Max ({(a),£(b)), for every x € X, the middle points m, (resp. mp) of
any geodesic segment from x to ax (resp. from x to bx) satisfy d(mg,mp) > L*({a,b}) —
(5(¢(a) + £(b)) +30)

Proof. For sake of simplicity, we set L* := L*({a, b}) and D := d(mg, mys); consider any geodesic
¢:[0,D] = X from m, to mp. By Lemma 8.21, we have

d(mg,amg) <36+4L(a) ;  d(mp,bmp) < 30+ £(b)

From this and from the triangle inequality, it follows that d(c(t),aoc(t)) < 2t + 36 + £(a) and
d(c(t),boc(t)) <2(D —t)+ 30+ £(b); by the definition of L*({a,b}), this gives, V¢ € [0, D]:

L* < Max [d(c(t),aoc(t)), d(c(t),boc(t)) | <Max [2t+{(a), 2(D —t) +£(b)] +36 . (21)
Applying this inequality for ¢t = 0 and ¢ = D (and the hypothesis ¢(a), £(b) < L* — 36) yields
)< L*—35§<2D+4(a) and {Lla)<L*—35<2D+4L(b);

these inequalities imply that [¢(b) — £(a)| < 2D, thus that to := (2D + £(b) — £(a)) verifies
0 < tp < D; we may then apply the inequality (21) to ¢t = o and obtain:

L* =36 < Max 2t 4 £(a), 2(D —to) + £(b) | = d(mq,ms) + %(Z(a) + (b)) ,

which concludes. O

Lemma 4.15. Let (X,d) be a §-hyperbolic space, for any finite set S C Isom(X,d) such that
L*(S) > 44, for any positive value e < L*(S)—49 and any point x such that Max,egs d(z,vz) <
L*(S) + ¢, if a € S verifies d(z,ax) = Max,es d(z,vx), then either £(a) > § or there exists
be S\ {a,a=1} such that d(z,bx) > L*(S) — 6 —e.

Proof. If £(a) > ¢, the lemma is proved, we shall therefore suppose that £(a) < 4.
Let us fix geodesic segments [z, a x|, [z, a?z] and [ax, a®x] := a([z,ax]), and a geodesic triangle
A = [z, ax,az], whose sides are these geodesic segments. Let us consider its approximation by a
tripod fa : (A,d) = (Ta,dr) (the construction of this approximation is described before Lemma
8.1); let ¢ be the branching point of this tripod and let us denote by «, 8,y the respective lengths
of the branches [c, fa(a®)], [c, fa(a®x)], [e, fa(x)] of this tripod. By Lemma 8.1, d(z,az),
d(z,a’z) and d(az,a’z) are respectively equal to dr (fa(z), fa(az)), dr (fa(z), fa(a’z)) and
dr (falaz), fa(a’z)) and we deduce that a4+ v = d(z,az) = d(az,a?z) = a+ B (which means
that 3 = v), and that d(x,a?r) = v+3 = 28. A consequence of this and of Lemma 8.20 (i) is
that 28 < a+ 4+ £(a) 4+ 26 and so that

a2

(d(z,ax) —(a)) — 0 > = (L*(S) — 30) > %(5—&—5) .

N —
|

28



Let y be the point of [z, ax] such that d(z,y) = £(§ +¢), then ay is the point of [a z, a®z] such

that d(az,ay) = 1(8 + ¢); it follows from Lemma 8.1 that dr (fa(az), fa(ay)) =10 +¢) <
and that the point fa(ay) is on the branch [¢, fa(a x)] of the tripod. It comes from this (and from

the fact that dp (fa(x), falaz)) > L*(S) > 40 +¢ > dr (falax), falay)) + dr (fa(x), fa(y)))
that

dr (fa(y), falay)) = dr (fa(z), falaz)) —dr (fala), falay)) —dr (fa(z), fa(y))
<L (S)+e—b-¢ .

It follows from Lemma 8.3 (i) that d(y,ay) = d(y,a 'y) < dr (fa(y), falay)) + 35 < L*(S),
there therefore exists some b € S such that d(y,by) > L*(S), and we automatically get that
b ¢ {a,a"1}, the triangle inequality concludes that d(x,bx) > L*(S) — 6 — ¢. O

Proof of Theorem 4.15. We may assume that Max[¢(a),(b)] < § (if not, the Theorem 4.13
is automatically verified); hence we have to prove that, under this assumption, every v €
{ab,ab=1,ba,a='b} verifies £(y) > 26. As L*({a,b}) = L*({a,b'}) = L*({b,a}) = L*({a™1,b})
(because d(z,vx) is always equal to d(x,y~!z)), if the pair {a,b} satisfies the assumptions of
Theorem 4.13, then these assumptions are also satisfied by the pairs {a,b=1}, {b,a} and {a7!,b};
it is thus sufficient to prove that, under the assumptions of Theorem 4.13, if Max[¢(a), £(b)] < §,
then ¢(ab) > 24. By contradiction, let us suppose that £(ab) < 24.

For any ¢ > 0 such that £ < § — Max[{(a), £(b)], let us fix some point z such that

L*({a,b}) < Max [d(z,azx); d(z,bx)] < L*({a,b}) + ¢ .
The above assumptions and the lemma 8.24 then give:
dlaz,bx) <Max[d(z,az); d(x,br)] +66 . (22)

On the other hand, as the hypothesis and the choice of € imply that L*({a,b}) > % 0>4042¢,
the aforementioned choice of x and the lemma 4.15 prove that

|[d(x,ax) —d(z,bx)| = Max [d(z,az); d(z,bx)] — Min [d(z,az); d(z,bx)] <d+2e . (23)

For the sake of simplicity, let us denote by L* the Margulis constant L*({a,b}) and by m, (resp.
by my) the middle point of some geodesic segment from x to ax (resp. from z to bz). From the
assumptions, it comes that L* > 46 > 36 + Max (€(a), K(b)) and, applying Lemma 4.14, that

1 1 9

d(mg,mp) > L* — g(ﬁ(a) + (b)) — 36 > 3 (L* + 3 0 — Min[ﬂ(a),ﬂ(b)]) ) (24)
where the last inequality follows from the assumption L*({a,b}) > 226 > 2! 6 + Max[((a), £(b)].
Let us now consider any geodesic triangle A = [z,az,bx] (with vertices z,ax,bz) and its
approximation by a tripod fa : (A,d) — (Ta,dr) (the construction of this approximation is
described in the beginning of the subsection 8.1); let ¢ be the branching point of this tripod and
let us denote by «, 3, v the respective lengths of the branches [c, fa(a2)], [¢, fa(bx)], [¢, fa(x)],
of this tripod. A consequence of Lemma 8.1 is that fa(mg) and fa(m;) are the middle points of

the sides [fa(x), fa(az)] and [fa(z), fa(bx)] of this tripod; from this, from Lemma 8.3 (i) and
from (24) we deduce that

1 ) .
dr (fa(ma), fa(my)) > d(mg,mp) — 3§ > 3 (L* + 3 J— Mln[ﬁ(ct)l(b)]) . (25)
A consequence of Lemma 8.1 and of (23) and (25) is that

ldr (fa(@), fa(ma)) — dr (fa(@), falms)) | = d(z,ma) — d(z,my)| = %Idmw) — d(z, ba)
<9 e <dr(falma), falm)) :
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it follows that the side [fa(z), fa(az)] := [fa(z), ] U[c, fa(ax)] of the tripod contains fa(m,),
but not fa(mp) and that the side [fa(z), fa(bz)] := [fa(z), c]U][e, fa(bx)] of the tripod contains
fa(mp), but not fa(mg), which proves that fa(mg) (resp. fa(mp)) belongs to the branch
le, fa(ax)] (resp. to the branch Je, fa(bz)]). From this we deduce that

a—7
2

 drle fa(my) = P22

dr(c, fa(ma)) = dr (fa(z), fa(ma)) —dr (¢, fa(x)) = B

(where the proof of the second equality is similar to the proof of the first one), proving by the
way that v < Min(8, «). A consequence of these last equalities, of the fact that fa(mg) (resp.
fa(my)) belongs to two different branches of the tripod, and of the first inequalities of (25) and
(24) is that

=+ e} S = dr (fa(ma), fa(my)) > d(ma,my) = 6 > L* = %(E(a) +(b)) —46.  (26)
As, by Lemma 8.1, d(z,a x), d(z,bx) and d(a x, b x) coincide respectively with dr (fa(z), fa(ax)),
dr (fa(z), fa(bzx)) and dr (fa(ax), fa(bz)), and then with v+4«, v+8 and « + B respec-
tively, we deduce from (22) and (23) that Min(«,8) — 66 < v < Min(«, 8) and Min(a, §) >
Max (o, 8) —d—2 €; plugging these two estimates in (26), and recalling that Max[¢(a), £(b)] < 6—¢
by the choice of €, we get

§+E> 1(1\/Iax(oz,5)—1\/Iin(0¢,ﬂ)) = a+ﬁ—Min(a,ﬂ) > a+6—7—6§: a*7+ﬂ*7_65
2 2 2 2 2 2
zL*—%(é(a)M(b)) —106 > L*—116+¢,

in contradiction with the assumption L* > 22—3 0. Hence the assumption ¢(ab) < 246 is false, and
this proves the first part of Theorem 4.13.

Proof of the second part of Theorem /.13: if the subgroup (a,b) generated by a and b is discrete
and not virtually cyclic, then firstly (a, bab=!) is not virtually cyclic by Proposition 8.42 (v) and
secondly, as (a,b) = (ab,b) is not virtually cyclic, (ab, ba) = (ab, b(ab)b~1) is not virtually cyclic
too by Proposition 8.42 (v). From the first part of Theorem 4.13, we know that

e cither ¢(bab™') = ¢(a) > ¢, and the proposition 4.9 (ii) then implies that one of the two
semi-group generated by {a'*, ba'*b=1} or by {a'* ba=14b1} is free,

e either ¢(b) > §, and the proposition 4.9 (ii) then implies that one of the two semi-group
generated by {b!4, ab**a=1} or by {b**, ab= a1} is free,

e or /(ba) = £(ab) > 24, and the proposition 4.9 (ii) then implies that one of the two semi-group
generated by {(ab)”, (ba)”} or by {(ab)7, (ba)~"} is free. O

Lemma 4.16. Let (X,d) be a d-hyperbolic space, for any pair {a,b} of isometries of (X,d), and
for any point x € X such that d(x,ax) > d(z,bx), if £(a), £(b), £(ab), £(b~'a) and £(b~2a) are
(strictly) bounded above by &, then the middle point m of any geodesic segment from x to ax
satisfies Max[d(m,am); d(m,bm)] < 2L6.

Though it looks similar to Theorem 4.13 (assuming however stronger hypotheses), this Lemma
is original for the point m only depends on a and not on b. This point will be important in

the proof of Theorem 4.17, which extends Theorem 4.13 to the case where the pair of isometries
{a, b} is replaced by any finite set S of isometries.

Proof. Lemma 8.21 and the assumptions prove that
dim,am) <35+ £(a) <46 (27)

It is thus sufficient to prove that d(m,bm) < 2- 8. As {(a), £(b), £(ab) < §, Lemma 8.24 yields

d(az,br) < Max [d(z, ax) ; d(x,bz)] + 131 § =d(z,az) + 1?1 0. (28)
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Similarly, as £(b=1), £(b=ta), £(b~2a) < §, Lemma 8.24 also gives

11
iy

d(b~'z,b ax) < Max [d(z,b'z); d(z,b Lax)] + 5

hence 1
d(z,ar) < Max [d(x,bz) ; d(ax,bz)] + 7 d . (29)

Let us fix geodesic segments [z, az], [z,bz] and [az,bz], and a geodesic triangle A = [z,az, b ],
whose sides are these geodesic segments. Let us consider its approximation by a tripod fa :
(A,d) = (Ta,dr) (the construction of this approximation is described in the beginning of the
subsection 8.1); let ¢ be the branching point of this tripod and let us denote by «, 3, the respec-
tive lengths of the branches [c, fa(a )], [¢, fa(bx)], [c, fa(x)], of this tripod. By Lemma 8.1
d(z,ax), d(x,bz) and d(ax,bx) are respectively equal to dr (fa(x), falax)), dr (fa(x), fa(bz))
and dr (fa(ax), fa(bzx)) and we get:

dz,ax)=v4+a , d(z,bz)=~v+p , daz,bx)=a+p. (30)
The assumption d(z,bz) < d(x,ax) means that 5 < a. A consequence of (30) and (28) is that

B <+ 16§, while (30) and (29) imply that Min(y,a) < 8+ 41 6. We summarize all these
estimates in the inequalities:

min(vy, @) — % 0 < <min (fy+121 d, a) (31)

e First case: if a < 7: Let us denote by m; the middle point of [z,bx], as § < «, one

has 0 < % < % < =, which means that fa(m) and fa(m) both belong to the branch

[e, fa(z)] of the tripod T and satisfy

dr (falm), Fa(m)) = 152 -T2 < Ls

where the last of these inequalities is derived from (31). A consequence of this and of the Lemma

8.3 (i) is that d(m,m1) < 234. On the other hand, applying the assumption and Lemma 8.21, it
comes: d(my,bmy) <30+ €(b) < 44. These two last estimates and the triangle inequality give:

d(m,bm) < d(my,bmq) + 2d(m,my) < 2235 .

e Second case: if a > v: Let us denote now by ms the middle point of [az,bz]; as vy ta

and & +5 are both smaller than «, the points fa(m) and fa(ms) both belong to the branch
[c, fa(ax)] of the tripod T and satisfy

dr (fa(m), fa(mz)) =

Yy+a a+p 11
2 2

because | —v| < 41§ by (31). This inequality and Lemma 8.3 (i) yields d(m,ms) < 124.
The image by a~! of [az,bz] being denoted by [x,a~!bz], whose middle point is m} := a~ma,
Lemma 8.21 and the fact that £(a=1b) = £(b~'a) < & by hypothesis imply that

d(ma,ba" mso) = d(mb,a " bmb) <35+ L(a”tb) < 46 .
Using this last inequality and the aforementioned inequality d(m,msg) < % 6, we get:
23
2
This last estimate, together with (27) and with the triangle inequality gives:

d(m,ba"tm) < d(mg,ba” ma) + 2d(m,ma) < =5 ,

2 1
d(m,bm) < d(m,ba"'m) + d(ba"'m,bm) < ?3 d+d(m,am) < % J.

This upper bound of d(m,bm), together with (27), ends the proof. O
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b) When L* is applied to any finite set of isometries

For any finite set ¥ of elements of a given group G, we denote by ¥7! the set {y:y—-1€X}; &
is said to be “symmetric” if £~ = 3. To any such finite set X, one associates its ”symmetrized
set” S := L UX™!; notice that the groups generated by ¥ and by S = XUX ™! coincide, that their
Cayley graphs verify Gg = Gs;, and thus that their algebraic word distances dg and dy, (associated
respectively to the sets of generators S and ¥, see their definition in section 2) coincide.

Theorem 4.17. Let (X, d) be a 6-hyperbolic space, for any finite symmetric set S of isometries,
if L*(S) > 315, then

(i) there exists v, € S* such that {(vyy) > §

(i) moreover, if the subgroup generated by S is discrete and not virtually cyclic, there ex-
ists o € S such that one of the two semi-groups generated by {vi*, o~vi* o=t} or by

14 __ .
{7t ovg oY s free.

Proof. Arguing by contradiction, let us suppose that ¢(y) < § for every v € S3, let us fix any
point € X and denote by a an element of S such that d(z,az) = Maxgeg d(z, gz). For any
g € S, we have d(z,az) > d(x,gz), and (by assumption) ¢(a), £(g), £(ag), {(g~ta) and £(g~2a)
are (strictly) bounded above by §, Lemma 4.16 then proves that the middle point m of any
geodesic segment from x to ax satisfies d(m,gm) < ?’2—1 0; as this inequality is valid for every
g € S, we deduce that L*(S) < %5, a contradiction with the hypothesis which proves (i).

From (i), there exists v, € S such that £(7,) > &, on the other hand, there exists o € S such
that the subgroup generated by {v,,0} is not virtually cyclic, otherwise (by the Proposition
8.42 (vii)) the subgroup generated by S would be virtually cyclic. By the proposition 8.42 (v),
we deduce that {v,, 07,07 '} generates a non virtually cyclic discrete subgroup. Hence we
may apply the proposition 4.9 (ii) to the pair {v,, 0v,0 '}, which proves that one of the two
semi-groups generated by {v¢*, ov{* o1 or by {~§?, 07614 o1} is free. O

4.3.2 When the Margulis constant L is bounded below:

Let us now assume that a and b are hyperbolic isometries, we then have

Lemma 4.18. If the group {(a,b) generated by a and b is a non virtually cyclic discrete subgroup
of the isometry group of (X,d), then, for all R > 0 such that Mgr(a) and Mg(b) are non empty,
there exists points xo € Mpg(a) and yo € Mg(b) such that d(zo,yo) is the minimum of d(x,y)
among (x,y) € Mp(a) x Mg(b).

Proof. Let us denote by a™ and a™ (resp. b™ and b™) the points in the limit set of a (resp. of b).
Let us assume that there exists a sequence (x,,, ¥y, ) of elements of Mg (a) x Mg(b) which goes to
infinity and such that d(z,,y,) is bounded. In the following we assume that x,, goes to infinity,
the argument would be the same with y,,. In this case, Lemma 8.34 (ii) shows the existence of
a subsequence z,,, which converges to a™ or a~ and, as d(z,,,yn,) is bounded, it follows that
the sequence y,,, converges towards a™ or a~. Lemma 8.34 (ii) shows that the limit of y,, can
only be bt or b~, hence we have {a,at}N{b~,b"} # 0, which implies (by Proposition 8.42 (i))
that {a~,a™} = {b=,b"} and consequently that all elements of the group (a,b) have {a~,a™}
as fixed points set. Then, from Proposition 8.42 (ii) we deduce that (a,b) is virtually cyclic.
This contradicts the hypothesis, then d(x,y) goes to +0o when (x,y) does. This ensures the
existence of a point (zg,yo) € Mr(a) x Mpg(b) where the function (x,y) — d(x,y) achieves its
minimum. O

Clearly, Lemma 4.18 is trivial when Mg (a) N Mg(b) # 0 since then (xq, zo) with 2o € Mg(a) N
Mpg(b) is a solution. It is thus important to have a criterion characterizing those values of R
such that Mg(a) N Mg(b) = 0. This is the goal of the next result.

Lemma 4.19. Let R > 0 be such that Mg(a) and Mg(b) are non-empty. If L(a,b) > R, the
Margulis domains Mg(a) and Mg(b) are disjoints. Conversely, if the Margulis domains Mpg(a)
and Mg (b) are disjoints, then L(a,b) > R.
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Proof. If there exists x € Mp(a) N Mg(b), there exists (p,q) € Z* x Z* such that d(z,aPz) < R
and d(z,b%x) < R. From the definition de L(a,b), this implies that L(a,b) < R.

Conversely, if the Margulis domains Mg(a) and Mg(b) are disjoints, then every point x € X
satisfies © € X \ Mg(a) or x € X \ Mg(b), which implies that, for all p,q € Z*, d(x,aPx) > R or
d(xz,b%z) > R. Taking the infimum, we deduce that L(a,b) > R. O

Theorem 4.20. Let (X,d) be a d-hyperbolic space. Let a and b be two hyperbolic isometries
acting on (X, d) such that the subgroup (a,b) is discrete and non-virtually cyclic. If the Margulis
constant satisfies L(a,b) > 239, we then have the following alternatives:

(i) if £(a),L(b) < 136, the subgroup generated by {a,b} is free,
(ii) if £(a), £(b) > 135, one of the two semi-groups generated by {a,b} or by {a,b='} is free,
(iii) if €(a) < 138 and €(b) > 135, one of the two semi-groups generated by {b,aba=1} or by

{b,ab=ta=1} is free,

(iv) if £(a) > 135 and £(b) < 136, one of the two semi-groups generated by {a,bab='} or by
{a,ba=1b=1} is free.

The proof relies of the following proposition:

Proposition 4.21. Let (X,d) be a 0-hyperbolic space. Let a and b be two hyperbolic isometries
acting on (X, d) such that the subgroup {(a,b) is discrete and non-virtually cyclic. If " the Margulis
constant L(a,b) satisfies L(a,b) — Max[l(a),£(b)] > 106, then a and b generate a free subgroup
of the isometry group of (X,d).

Proof of Proposition 4.21. For the sake of simplicity let ¢y = Maz[l(a),£(b)]. The hypothesis
L(a,b) > 100 + ¢y allows to choose Ry such that 10§ + ¢y < Ry < L(a,b). Let us denote by ¢
any real number such that 0 < e < Rg — (106 4 £p) and define ¢’ > 0 by Ry = 100 4+ ¢y + & +2¢’.
We also set rg := €y + ¢ + ¢, Lemmas 8.32 (ii) and 4.19 implies that M, (a) and M,,(b) are
closed disjoints and non empty sets. Furthermore, from Lemma 4.18, we can choose two points
x9 € My,(a) and yo € M, (b) such that d(xg,yo) is the minimum of d(x,y) when (z,y) runs
through M, (a) x M,,(b). We then fix a geodesic [z, yo] between these two points. Let us first
prove the following property:

Iz € [xo,y0] such that V(p,q) € Z* x Z*, d(z,a’x) > Rp and d(z,b%z) > Ry . (32)

Indeed, one has L(a,b) > Ry, Lemma 4.19 then implies that Mg, (a) and Mg, (b) are closed
disjoints sets containing respectively g and yo. Their intersections with [xg, yo] are then closed
disjoints and non empty whose union cannot be equal to [xg,yo]. Consequently, there exists a
point x € [zg, yo] which is not in Mg, (a) U Mg, (b) and hence satisfies Property (32).

Let us now fix such a point z € [xo,yo] (given by Property (32)). The fact that ¢ Mg, (a),
that z¢ is a projection of x on M,,(a), that a?zo € M,,(a), and Lemma 8.33 imply that

1
Vp € Z* d(z,aPxg) > d(z,z0) > §(R0 —7r) = gé +é. (33)

We choose p and ¢ in Z*. We denote by [z, 2] the segment of the geodesic [zg, yo] between z
and xg and we call [aPx, aPx] the image of this geodesic by a”. Let us choose arbitrary geodesics
[z, aPx], [x0,aPxo] and [x,aPxo]. Inequalities (32) and (33), show that there exist points u, u’
and u”, respectively on the geodesics [z, aPz|, [z, aPxg] and [z, 2], such that d(z,u) = d(z,u’) =
d(z,u") =56 +¢.

“In this Proposition, the hypothesis L(a,b) — Max[{(a),£(b)] > 106, can be replaced by: there does not
exist points z € X and integers p,q € N* which satisfies simultaneously d(z,aPz) < 10§ + Max[¢(a), £(b)] and
d(z,bz) < 106 + Max[£(a), £(b)]. The equivalence between this new statement and Proposition 4.21 follows from
Lemma 4.19 and the beginning of the proof of Proposition 4.21.
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We now consider the triangles A = [z, a?z, aPzg] and A’ = [z, aPx, x0] defined by the above
geodesics and their approximations by the associated tripods fa : (A,d) = (Ta,dr) and fas :
(A’,d) — (Tas,dg) (see Sub-section 8.1); the branching points of these tripods are respectively
denoted by ¢ and ¢’. The length of the sides of the tripod (Ta,dr) (resp. (Tas,drs)) whose ends
are fa(x), fa(aPx) and fa(aPxg) (resp. far(x), far(aPxg) and far(zp)) are denoted by «, 8 and
v (resp. o, 8" and 4'). Finally we denote by ¢} the inverse image in [z, a?(z¢)] by fas of the
branching point ¢’ of the tripod Tas. Lemma 8.35 (iii) ensures that ¢ € M, t25(a) and, as x
belongs to the closure of X \ Mg, (a), one has (from Lemma 8.33)

o =dp (far(x),c) = d(z,ch) — 6 > d(x, Myy426(a)) =6 > = (Ro — 19 — 20) — 0 = 2(5 +¢,

N |

where the last equality follows from the choice of Ry and ry. It then follows that the points
far(u') and fas(u”) both belong to the side [¢/, far(x)] of the tripod (Tas,dr/) and hence that
far(u') = far(u”). The approximation lemma 8.3 (i) then yields d(u/,u") <.

On the other hand, the map fa being an isometry in restriction to each side of A (cf. Lemma
8.1), one has
a+v = d(z,d"v0) > d(z,20) = d(a"z,a’xo) = B + 1,

which ensures that « > ; since we also have a + 8 = d(x, a’z) > Ry, Inequality (32) implies
that

o> s 55 e > daw) = dw) = dr(fa (), fa(w) = dr(fa (o), Ta(u)).

This shows that the points fa(u) and fa(u') are on the side [e, fa(z)] of the tripod Ta and
satisfy fa(u) = fa(u'); from Lemma 8.3 (i) we get that d(u,u’) < §. This last inequality
together with d(u’,u”") < 6 previously proved show that d(u,u”) < 26, by the triangle inequality.
We denote by [z, yo] the segment of the geodesic [z, yo] between x and yy. Replacing a by b and
p by ¢ in the previous argument, we construct geodesics [z, b%z] and [z, b%y,] and points v, v’
and v”, respectively on the geodesics [z, b%x], [z, b%yo] and [z, yo], such that d(x,v) = d(x,v") =
d(z,v") = 26 +¢’. As before we prove that d(v,v”) < 26.

This last estimate, the inequality d(u,u”) < 2§, the triangle inequality and the fact that u”, z
and v” belong to the same minimizing geodesic [zg, yo| yield

d(u,v) > d(u",z) + d(z,v") — d(u,u") — d(v,0") > 56 + 2" — 46 = 6 + 2¢’. (34)
Let us now consider the triangle A = [z,aPz, b%z] and the associated tripod fa : (A,d) —
(Ta,dr), whose sides with ends fa(aPx), fa(b%x) and fa(x) have length denoted by «, 5 and

~ respectively, and we denote by ¢ the branching point of the tripod Ta. From Inequality (34)
and Lemma 8.3 (i), we deduce that

dr (fa(u), fa(v)) >2¢ > 0. (35)

The application fa restricted to each side of A is an isometry (cf. Lemma 8.1), we then obtain:
5
dr (fa(@), fa(w)) = d(w,u) = S0+ &' = d(z,0) = dr (fa(2), fa(v)) -

o If v > 25 +¢/, then fa(u) and fa(v) both belong to the same side [c, fa(z)] of the tripod
T, and hence satisfy fa(u) = fa(v), which contradicts Inequality (35).

o If 36 <y < 30+¢, then fa(u) and fa(v) respectively belong to the sides [c, fa(a’)] and
[e, fa(b9x)] of the tripod Ta, and then

dr (¢, fa(v)) = dr (¢, fa(w)) = dr (fa(2), fa(u)) — dr (fa(2),c) = 25 tel—y<e,

which implies that dr (fa(u), fa(v)) < 2¢’, in contradiction with Inequality (35).
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The only possibility is then that

5
v< =4. (36)

2

On the other hand we have Min(«, 8) = Min [d(z, aPx); d(z, b%x)] — v > Ry — ~, which yields

d(az, b12) = o+ § = Max(a, §) + Min(a, §) > Max(a +7, 8+ ) + Ko — 27,
which, using the definition of Ry and Inequality (36), shows
d(aPz,blz) — Max [d(z, aPz);d(z,b%x)] > Ry — 2y > 106 + € + 2 — 55 > 54.

This last inequality being valid for all (p, q) € Z* x Z*, we conclude by applying Proposition 4.6
(i)- O

End of the proof of Theorem 4.20. We now have the following alternatives:

If ¢(a), £(b) < 136, as L(a,b) > 234, we have L(a,b) —Max[{(a), £(b)] > 106 and Proposition
4.21 implies that the subgroup generated by {a,b} is free.

If ¢(a),£(b) > 130, Lemma 8.23 (i) ensures that s(a),s(b) > 136 and Proposition 4.9 (i)
then implies that one of the two semi-groups generated by {a,b} or by {a,b~!} is free.

If ¢(a) < 136 and £(b) > 138, then f(aba—t) = ¢(b) > 13§ and Lemma 8.23 (i) ensures
that s(b), s(aba~') > 135. Proposition 4.9 (i) then implies that one of the two semi-groups
generated by {b,aba='} or by {b,ab=ta"1} is free.

If ¢(a) > 130 and ¢(b) < 135, exchanging the roles of a and b, the same proof shows that
one of the two semi-groups generated by {a,bab=!'} or by {a,ba='b"1} is free.

O

4.4 Free semi-groups for convex distances

In this subsection we fix § > 0, H > 0 and D > 0 and we study the d-hyperbolic spaces (X, d)
which are Busemann spaces (i. e. the distance d is convex in the sense of Definition 8.36)
endowed with a proper action by isometries of a group I'. We assume that the entropy of (X, d)
and the diameter of '\ X are bounded above by H and D respectively. To these parameters J,
H and D, we associate a function so(d, H, D) > 0 defined by Equality (60).

Contrarily to Subsection 4.3, the goal of the present subsection is to state a result which apply
to every pairs of elements of I" without any restriction on £(a), £(b) or on the Margulis constants
L(a,b) or L*(a,b). The price to pay is a slightly stronger hypothesis on the geometry of the
metric space under consideration.

Theorem 4.22. Let (X,d) be any connected, geodesically complete, Busemann, non elementary
d-hyperbolic space. Let T' be any group acting properly by isometries on (X, d) such that the
diameter of T\X and the entropy of (X,d) are respectively bounded above by D and H. For
every pair a,b of torsion-free elements of I' which generates a non virtually cyclic subgroup, for

136

every integers p,q > m

one of the two semi-groups generated by {a?,b?} or by {a?, b~}

is free.

The proof of this theorem follows from a uniform lower bound of the asymptotic displacement,

whose proof will be given in Theorem 5.26, that we assume here:

Proof. For sake of simplicity, define sg := so(d, H, D). Theorem 5.26 (i) shows that every pair
136

of torsion-free elements a,b € I'* verifies £(a),£(b) > sp; for every p,q > ——, Corollary 4.10
S0

then allows to deduce that one of the two semi-groups generated by {aP,b?} or by {aP, b9} is
free. O
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5 Co-compact actions on Gromov-hyperbolic spaces

In this section, for any fixed positive constants 6, H and D, we are concerned by all the §-hyperbolic
spaces (X, d) (which are geodesic and proper spaces by Definition 8.2) and by every proper action (by
isometries) of a group T on (X, d) such that the entropy of (X, d) and the diameter of '\ X are respectively
bounded above by H and D. Let us recall that T\X is then compact (by Lemma 8.13 (ii)) and that, if T
is torsion-free, its action on X is faithful and fized point free (by Lemma 8.13 (iv)).

Let us recall that 3r(x) := {y € T : d(x,yx) < r} and that I'7(z) is the subgroup generated by 3, (x)
(see Definitions 2.4). When the action of I' on (X, d) is co-compact, we recall that the entropy of (X, d)
can be computed for any Borel I'-invariant measure and is independent of this measure.

5.1 A Bishop-Gromov inequality for Gromov-hyperbolic spaces

By Definitions 3.7, a doubling property concerns balls whose radius lies in a given interval and
whose doubling amplitude Cj is constant. On a general n-dimensional Riemannian manifold, the
classical Bishop-Gromov inequality is a doubling property (for balls whose radius lies in |0, +oo[)
whose doubling amplitude depends on the radius of the balls and on a lower bound Ricp;, of
the Ricci curvature: if one is not aiming for a sharp inequality, when the Ricci curvature is not
supposed to be nonnegative, it can be rewritten:

Vol B(z,2R) -
— Lo - min .
Vol Bz, R) 2" exp (\/(n 1)|Ric |R)

For this reason, in the sequel, for any nonnegative measure u, a doubling property of the kind
p(B(z,2R))
M( B(z, R))
ture, will be called a (generalized) “Bishop-Gromov inequality” (instead of “doubling property”).
The following Theorem proves such a Bishop-Gromov inequality in the case of Gromov-hyperbolic
metric spaces, where the hypothesis “Ricci curvature bounded from below” is replaced by the
much weaker (see subsection 3.3) hypothesis “Entropy bounded from above”.

< Oy e HE where H is a parameter which replaces the lower bound of the curva-

Theorem 5.1. Let (X,d) be any §-hyperbolic metric space, for every proper action (by isome-
tries) of a group T' on (X,d) such that the diameter of T\X and the entropy of (X,d) are
respectively bounded by D and H, then, for every x € X

(i) for every I'-invariant measure p on X, for every r > 3(7D + 46),

n(Bx(z, 5 7))

<14 2eHD s HT and 7#(3)((1‘,27“)) < g 4HD JEHT
p(Bx(x,r)) ~ u(Bx(z,r)) ~
B R 25/4 6HD
and VRZT MS:&GHD <R) (R> EGH(R*%T).
1(Bx (z,7)) r T
(ii) for every r > 10 (D + §), the counting measure jul = Zvel“ 0yg Of the orbit Tz verifies the

inequalities :

put (Bx (z,S1)) 4ol #(Bx(x,2r) NTz) _ s (Bx (z,27))
W (Bx(w,r) " #Bx@nnTy) | w(Bx@r)

L' (B 25/4
and YR >r M <3 (R> eSH(R—3r)
/1’1:; (BX(‘T,T')) r

If one wants to revisit this Bishop-Gromov-like inequality (i) (resp. (ii)) in terms of doubling
(see Definitions 3.7), the second inequality of (i) (resp. of (ii)) says that the measure p (resp.
the counting measure of any orbit of the action of I') satisfies the C'r-doubling property, where
Cp =34 €D ¢ ZHR (rogp. where C = 3%e 2 HR) for all the balls of radius r € [2(7D + 80), R]
(resp. of radius r € [10 (D + §), R)]).

13
< 3teTHT

The first step of the proof of Theorem 5.1 is the following
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Lemma 5.2. On any §-hyperbolic space (X,d), for every R, R’ €]0,+00[, and for any pair of
points z, y such that d(x,y) < R+ R/, there exists a point y' € X such that

1
Bx(z,R)NBx(y,R') C Bx(y',r) , where r = Min (R, R, 3 (R+ R —d(z,y)) +§) .

Proof. As Bx(z,R) N Bx(y,R’) = 0 when d(z,y) > R+ R/, we shall only study the case where
d(z,y) < R+ R'. Even if this means exchanging the names of the points and of the radii, we
may suppose that R’ < R.

— If d(z,y) < R — R’ + 24, the lemma is trivially verified when choosing y' = y, because
r = Min (R, R, LR+ R —dy) + 5) is then equal to R’ and Bx(z, R) N Bx(y, R') C
BX(%R/) = BX(ylar)'

~-If R— R 426 <d(z,y) < R+ R/, let us denote by ¢ = [z, y] any geodesic such that ¢(0) = x
and c(d(z,y)) = y. Let y' := ¢(5 (R— R’ +d(z,y))). For any point z € Bx(z, R) N Bx(y, R'),
Lemma 8.4 gives

d(y', 2) + d(z,y) < Max [d(z, z) + d(y,y) , d(y, z) + d(x,y")] + 6
1 1
< Max |R+ d(x,y) — 3 (R—R’—i—d(m,y)) , R+ 3 (R—R’—i—d(ac,y))} +9;
this implies that d(y,2) < § (R+R'—d(x,y)) +8 = Min (R, R, } (R+ R —d(z,9)) +5). O

The second step of the proof of Theorem 5.1 is the

Lemma 5.3. Under the hypotheses of Theorem 5.1, for every I'-invariant measure p on X, for
every R', R such that 46 < R’ < R, we have

fBX(m,R)\Bx(x,R—%R’) 1(Bx (y, R')) du(y)
u(Bx(z, 3R +6+D))

< p(Bx(w, R+ R)\ Bx(a, R - %R’>)

Proof. In this proof we shall write B(z,r) instead of Bx(z,r) for sake of simplicity. Equation
(1) gives

/ u(B(y,R)) du(y)=/ (B(y, R)NB(z, R)) du(y) S/ 1(B(y, R)) du(y)+
B(z,R) X B(z,R—LR")

+f w(B(y, B)) 1 B(z, R)) du(y) - (37)
B(x,R+R')\B(z,R—3 R’)

For every y € B(z,R+ R') \ B(z,R — 1R’), we have R — R' + 20 < d(z,y) < R+ R and

Min (R, R, L(R+ R —d(z,y) + 5) =1(R+ R —d(z,y)) + 6 < 2 R' + §; then, applying

Lemma 5.2, there exists a point y’ such that

1 3
Bly, R) N B, k) C B(y . 5 (R+ K —d(x,y) +0) < By, TR +9) :
as there exists v € T such that d(y’,~7'x) < D, the triangle inequality gives:

u(Bly, B) N B, R)) < pu(B(y', %R/—‘r&)) <u(B('a, %R’+6+D)) = n(Ba, %R’+6+D))

where the last equality follows from the invariance of the measure and of the distance under the
action of I'. Plugging this estimate in (37), we obtain

1(B(y, R)) du(y) < u(B(:c,ZR’+5+D))/ du(y)

/B(z,R)\B(m,R;Rf) B(z,R+R)\B(z,R— 5 R)

and this ends the proof. O
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The third step of the proof of Theorem 5.1 is the

Lemma 5.4. Under the hypotheses of Theorem 5.1, for every x € X, one has:
(i) for every R', R such that 12(D + §) < R’ < R, we have
P Bx ) _H(Bx(o R+ R)) - (Bx(o R - )
pE (Bx (, %R’)> m (Bx(r,R)> P (BX v, R~ )

(i) for every R', R such that 3(7TD + 40) < R’ < R — D, we have

p(Bx(z, R)) ) § ,u(BX(:c,R+R' +D)) f,u(Bx(x,Rf R/TJFD))
w(Bx(e, 3R)) ~ p(Bx(eR) - p(Bx(e, R BEL))

Proof. In this proof we shall write B(z,r) instead of Bx(x,r) for sake of simplicity.
The measure pL and the distance being T-invariant, we have ul (B(y, R')) = pk (B(z, R')) for
every y € I'z; from this and from the fact that the support of b is I' z, we deduce that

pa (B, R)) - iy (B(2, R) \ B(z, R — ,R,)) pa (B(z, R)) du (y)

/B(z,R)\B(m,R;R/)

1
/ W (Bly R) dpl(y) < b (B, R+ R)\ B(r, R~ JR)).
B(z,R)\B(z,R—%R’)

NE(B(x,%R'+5+D)>épE(B(m,R—kR’)\B( R—fR’)) ( (ﬂc,gR’))

and this proves (i).

Let R” := R’ + D and let y be any point of Bx(z, R) \ Bx(z, R — 3R"); as d(y,T'z) < D, there
exists some v € I such that v (B(z,R” — D)) = B(yxz,R" — D) C B(y',R"), and thus (as the
measure £ is [-invariant), it yields u[B(z, R')] = p[B(z,R” — D)] = (v (B(z,R’ — D))) <
M(B(y, R”)). From this and from Lemma 5.3, we get:

p(Bla, R) - p(Blr, R)\ B, R~ R")) <

/ 1 (Bx (v, B")) du(y)
B(z,R)\B(z,R—1R")

< (B, R+ R")\ Bz, R - 1R”)) u(B

(z, —R”+5+D));
as SR'+6+D=2R +6+ 1D < 3R (because 5 R’ > 1D +4), it comes:

#(B(a, R)) - u(B(x, R)\ Bla, R — 3 Lrn) < u(B(a;, R+R")\B(z,R— % R”)) ~u(B(a:, 5 R’)) ,
and this proves (ii). O

End of the proof of Theorem 5.1. In this proof we shall write B(x, r) instead of Bx (z, ) for sake
of simplicity; when p is any T-invariant measure (resp. when pu = ul), for every R’ > 3(7D + 46)
(resp. for every R’ > 12(D + ¢)), we shall define R” as R’ + D (resp. R” as R’). In both cases,
the result of Lemma 5.4 then writes:

p(Ba.R)) _#(BE R+ ) — (Bl k- 5))
w(B(z 3R))  u(BaR) - p(BaR- %)
p(B(z,R) )

uw(B(z. 3 R))

replace R by k RT”) is that, for every k > 2, one has agy2 —ag—1 > (C+1) (ax — ag—1), and thus

(38)

Let us put C := —1 and ay = p(B(z, k %”) ), a consequence of (38) (where we
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a2 — ar > C (ar, — ap—1). Making the sum of this last inequality for all the integers k € [2,n],
we obtain

2(ant2 — a1) 2 Gpy2 — a3+ apy1 —az > C(an —ar) ,
from which comes that as,, > (%)n_l (ag —ay1) + a1 and, as as — a; > 0 (for the annulus

B(z,k R")\B(z, k RT”) contains a ball B(z, D) of radius D and p(B(z, D)) cannot vanish because
the measure of X = U ery (B(z, D)) is not trivial), a consequence of this is

. 1 , . 1 1 c
H > Ent(X,d) = lim (nR” In (u(B(z,n R )))) = lim <nR” ln(agn)) > = In <2) .

n—-+oo n—-+oo

B(z, R
pB@R)) .,
w(B(z. 3 R))

B(zx, 8 " 5
; making r := R it follows thaut'u (z 5r)) < 142eHE" for everyr23-6(7D+45)

,u(B (33, T))

In the case of the measure ul, as R = R’ =S r we get:

py (B, 7))

i (B(a% 7“))

In the case of any other I'-invariant measure pu, as R = R’ + D = gr + D, we obtain:

For every R’ > 3(7D + 49) (resp. for every R’ > 12(D + §)), this yields

2€HR

)
(resp. for every R’ > 12- 5 (D +9)).

vr > 10(D + )

ot

6
M(B z,37) ) <142HD (8 Hr < 3 HD (S HT

()

This proves the first inequalities in (i) and (ii).

Vr > 2(7D + 45)

=

By iteration, replacing in succession r by r, gr,..., (2)37‘ in these two last inequalities we
finish by proving that the measure pl verifies

1o (B(z, 2r)) 4 (§+4(8)" )
W (Bn) =

and that any other I'-invariant measure p satisfies:

vr > 10(D + 0) < 3te? Hr

Vr (7D + 45) ( (,2r)) < 34 AHD ( +...+(§)4)Hr§34€4HDe§Hr.

w(B(z,7))

This proves the second inequalities in (i) and (ii).

l\D\U‘

Let us now prove the third inequality of (ii): given r, R such that 10 (D+6) <r < R, choosep € N
such that ( ) < E < ( )]DJr ; if p =0, then the third inequality of (ii) is a trivial consequence

of the first inequahty of (i) and of the fact that, in this case, Bx (ac, R) C Bx (m, %r), let us now

. . R+ 6\p+1
suppose that p > 1 and choose ¢ > 0 sufficiently small in order that == < (7)

E , applying the
first of the inequalities (ii) to each term of the following product, we get:

i (Bx(e ) (Bx(eRve)) 'y k(B (o (3) R+€>>) i (Bx (2, (3)" (R +9)))
pe(Bx(wr) = pr(Bx(er) g b (B (e, (3)™

< 3exp <§Hr> ~p1:[13€Xp ((Z)iH(RJﬂs)) <3-3exp (6H(R+ €) (1 - <Z)p> + gHT> .
1=0
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3. (9 it GH(R j— 6 ) <3 (B)"" ommee—tn)
(6 A e - 5
<o () e (otrea (1o gt ) e gar) <s () e '

Now, making ¢ — 0, we get

- 25/4
w (Bx(x.R)) _ (R> (SH(R=37)

ph (Bx (w,7)) "

Let us now prove the third inequality of (i): given r, R such that g(?D +46) < r < R, choose
p € N such that (§)” < & < (%)pﬂ; if p = 0, then (ii) is a trivial consequence of the first
inequality of (i) and of the fact that, in this case, Bx (x, R) C Bx (x, gr), let us now suppose

that p > 1 and choose € > 0 sufficiently small in order that R:‘E < (g)pﬂ, applying the first of

the inequalities (i) to each term of the following product, we get:

p(Bx(@R) _p(Bx(R+e) (B () R+9) (B () (B +9)
w(Bx(z,7)) —  p(Bx(z,r)) o (BX (a, (%)i+1(R+ 5))) 1 (Bx (z,7))
< 3€HDegHr.1.i_[1 3cHD exp ((2)2 H(R+ E)) < 3.3Pe(P+1)HD exp (GH(R +e) (1 - <2>P> + gHT> .

HD 6 plnl(ré?S) 6 plnﬁ}?S) r 6
25/4 6HD
<o ()7 ()" s,
r T

Now, making ¢ — 0, we get

r r

O

Considering any given co-compact action of a group I' on a d-hyperbolic space (X, d) and any
cyclic subgroup I of T', a consequence of revisiting Theorem 5.1 (ii) as a doubling property (see
the few lines after Theorem 5.1) is a universal upper bound N (R) for the number of points of the
orbit IV x which are contained in the ball Bx(x, R) (see Lemma 5.5). The fact that the bound
N(R) grows exponentially with R may look strange for cyclic groups, but the Lemma 8.20 (iii)
proves that, for intermediate values of R, N(R) must depend exponentially on R, and this will
be a fundamental tool in the proofs of the quantitative Tits’ alternative (Theorem 5.6) and of
the lower bound of the systole given by Theorem 5.26.

Let us recall that, to each hyperbolic isometry v and to each point = of a é-hyperbolic space
(X,d), one associates its “displacement radius at 2”7, i. e. R,(x) := Mingen- d(z,7* x) (see
Definition 8.26).

Lemma 5.5. Let (X,d) be any d-hyperbolic (non elementary) space, for any proper action (by
isometries) of a group T on (X,d) such that the diameter of T\X is bounded above by D, for
every torsion-free element v € I'* and for every xo € X such that R,(x¢) > 20(D + §), then

(i) for every p € N*
# {k e€Z:d (xo,’yk 330) < 2P R,Y(JJQ)} < 312 16 Ent(X,d)(2"—1) Ry (z0)

(i1) at any point x € X and for every R > R+ (x)

12 {23
#{keZ:d (x,'yk x) <R} < 312 w " o % Ent(X,d) (R+2d(zo,z))
Ry (o)

40



Proof. First notice that, by Lemma 5.8 (i), v being torsion-free, the action of () on X is faithful.
Let Ry := 20(D + 6). For sake of simplicity, let us write H instead of Ent(X,d). Theorem 5.1

fiy, (Bx (0,2 R))

2 <3P HR < el where C = 3*
/j’zo (BX(:EO’R))

(ii) proves that, for every R > %RO,

andazl—;’H.

Proof of (i). As the inequality (i) is trivially verified when p = 0, we shall suppose that p > 1.
For every ¢ € N, one has 2'R+(z¢) > Ry, we may thus apply the proposition 3.19 (ii) in the case
where I" is the cyclic subgroup generated by «y, which implies that, for every ¢ € N,

#{k € Z:d (wo,v" o) < 27T R, (20)}
#{k € Z: d(zo,7* z0) < 2Ry (z0)}

< 036% a2'R. (z0) )

Making the product for all the integers i € [0,p — 1], we infer that

#{keZ:d (mo,vk a:o) < 2PR.(x0)}
#{k € Z:d(xo,7v* x0) < Ry(x0)}

< o3 e B a2’ —1)Ry(z0) _ g12p o3 H(2"—1) R (w0) , (39)

#{k €Z:d (0,7 m9) <2°R, ()} <

where the first inequality is deduced from the fact that {k € Z : d (z¢, 7" x0) < Ry(z0)} = {0}.

Proof of (ii). For every k € Z*, the triangle inequality and the invariance by 7 of the distance give
d (:ro, 7k zo) <d (a:, vk 1}) + 2d(xo,x), this has two consequences: the first one is the inequality
R+2d(xo,z) > Ry(z)+2d(z0, ) > R,(x0), the second one is the fact that {k € Z : d (z,7* z) <
R} is included in {k € Z : d(w0,7*20) < R+ 2d(zo,2)}; let p be the integer such that
2P71R. (z0) < R+ 2d(zo,x) < 2PR,(z0), from what precede and from (39), we deduce:

#{keZ:d (.Z‘,’}/k ) <R}y <#{keZ:d (Jjo,'yk z9) < 2PR(z0)} < (2”)12% 6 H(2P=1) Ry (o)
The inequality (ii) then comes from this and from the choice of p which implies that 27 <

2R+2d(:170,z)' 0
Ry (o)

5.2 A Tits alternative and lower bounds for the entropies

To each isometry v and to each point x of a §-hyperbolic space (X,d), one associates its displacement
radius at x, i. e. Ry(x) := Mingen~ d(z,v* ) (see Definition 8.26), its minimal displacement s(v) :=
infrex d(z,y x) and its asymptotic displacement £(v) := limp— oo d(z,¥" x)/n (see Definitions 8.18).
Let us also recall that the Margulis domain Mg(y) is the set {x € X : Ry(z) < R} (see Definition 8.29
and Remark 8.30), that v~ and v denote the fived points of vy, that G(7y) is the set of the geodesics
c such that c(—o0) = v~ and c(+o0) = 1, that M(y) is the union of the images of these geodesics,
and that Mmin(7y) is the set of the points where the function x — d(z,vyx) attains its minimum (see
Definitions 8.25).

5.2.1 The alternative: entropy vs asymptotic displacement

Theorem 5.6. For any proper action (by isometries) of any group T' on any (non elementary)
d-hyperbolic space (X, d), if the diameter of the quotient T\X is bounded above by D, let K :=

Min ((15, 1>, then

K
;) either Ent(X,d) > —
(i) either Ent(X,d) > 0’

K 4
(i) or Ent(X,d) < 50 and then £(y) > 3734 Ry e™ 29 KBo for every torsion-free v € T'* (where
Ry :=Max[20 (D + ) , 7204]).
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Example 5.7. Let X be the Cayley graph of the free group I" with 2 generators a, b, endowed
with the following length-structure : any path in the Cayley graph being a concatenation of edges
of types [g,ga™!] or [g, gb™!], its length is computed by deciding that the length of the edges
[9,ga*!] is a and that the length of the edges [g,gb*'] is 8. Let us suppose that 0 < a < 3.
The corresponding length-distance dq g(x,y) between x and y is the minimal length of the paths
joining x to y. As the Cayley graph is a tree, it is clear that (X, da,g) is 0-hyperbolic.

The action of " on the Cayley graph X is the canonical one, by left-translations. The quotient
(T\X, Jaﬁ) being a union of two circles, of respective lengths « and g, its diameter is D =
F(a+p).

When o goes to 0 and f is fixed, then Ent(X,d, g) goes to 400 and we are in the case (i) of

Theorem 5.6 1
When a goes to 0 and § = —, then Ent(X, dn g) goes to 0 and we are in the case (i¢) of Theorem
e

5.6. Moreover, as ¢(a) = a goes to 0, it is coherent that the lower bound given by (i¢) should go

to zero when 2D = « + — goes to infinity. This proves that any lower bound of the ¢(v)’s must
«

depend on a geometric invariant such as the diameter of the quotient.

The following Lemma, though trivial, is often used in the sequel, it is thus necessary for the
sake of clarity and to avoid repetitions. The aim is to prove that, when a group acts properly
on a Gromov-hyperbolic space, most of the properties of this action deduce from the analogous
properties of its image by the representation into the isometry group of (X, d).

Lemma 5.8. On every Gromou-hyperbolic space (X,d), every proper action of a group I" is via
a representation o : I' — Isom(X,d) which enjoys the following properties:

(i) Ker o is a finite normal subgroup of T, consequently all its elements have torsion,
(ii) o(T') is a discrete subgroup of Isom(X,d),

(iii) if the diameter of T\X is bounded, as o(T')\X = T'\X, for the quotient metric, o(T)\X s
compact with the same diameter as '\ X,

(iv) when T\ X is compact, a measure p on X is o(T')-invariant if and only if it is T-invariant;
as a consequence, its entropy is unmoved when the action of I' via o is replaced by the
canonical action of o(T),

(v) for every v € T'*, o(7y) is torsion-free if and only if v is torsion-free; v is hyperbolic if and
only if o(7) is an hyperbolic isometry,

(vi) for every v € T*, £(o(7)) =£(7).

(vii) for every subgroup G of T, if o(G) is virtually cyclic, then G is virtually cyclic.

Proof. (i) is an immediate consequence of the definition 2.1 (ii) of a proper action, which implies
that {y € T : d(z,vyz) = 0} is a finite set. (ii) is directly deduced from Lemma 8.12 and from
the fact that the canonical action of o(I") is faithful and proper.

If '\ X has bounded diameter, it is compact by Lemma 8.13 (ii), properties (iii) and (iv) then
follow immediately. (vi) is derived from the fact that every v € I acts as the isometry o(y). If
" = e then p(y)"™ = idx; conversely o(7)" = idx if and only if 4™ € Ker g, consequently "
(and thus 7) has torsion by (i). As £(o(v)) > 0iff £(y) > 0 by (vi), v is hyperbolic if and only if
o(7) is an hyperbolic isometry by Lemma 8.19; this proves (v).

Proof of (vii): If o(G) is finite, as Kerp is a finite normal subgroup of G by (i), then G is
finite and (vii) is proved in this case. If o(G) is infinite virtually cyclic, there exists an infinite
cyclic subgroup Z with finite index in o(G) (i. e. o(G)/Z is finite); then the subgroup o~ !(2)
is a subgroup of finite index in G (because ¢ induces a one to one map between the quotients
G/o Y(Z) and o(G)/Z). By restriction g : 0~(Z) — Z is a homomorphism whose kernel is the
finite normal subgroup o~!(Z)NKer o = Ker p, in other words, o~ !(Z) is a finite-by-cyclic group,
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and it is a classical result that “finite-by-cyclic” implies “cyclic-by-finite”, i. e. that o~!(Z) is
virtually cyclic®. As G/o~1(Z) is finite, it follows that G is virtually cyclic. O

Lemma 5.9. Under the assumptions and notations of Theorem 5.6, for every torsion-free ~ €
I*, for every xo € X such that R,(xo) > Ry,

(i) there exists a positive integer ko such that R (zo) = d(xo,v" x0) and then

1
Ent(X,d) < —— = kol(y) > 3*12R7(z0) ¢~ 16 Ent(X,d) Ry (o)

— 7500
1
(i1) for every z € X, if Ent(X,d) < 7505’ then
. —20
() - 3712 <5d(3«“072) +3d(2,y Z)) o= %L Ent(X,d) [5d(20,2)+3d(2,y 2)]
Ry(zo) = 2 Ry (o)

Proof. Let ¢ be the representation from T' to Isom(X,d) associated to the action under con-
sideration, Lemma 5.8 proves that the action of o(I') on (X,d) also verifies the assumptions
of Theorem 5.6, in particular o(7) is torsion-free when -~ is torsion-free, E(g(y)) = 6(7) and
R,y (x) = R, (x) for every x € X; therefore, if the conclusions of Lemma 5.9 are satisfied when
the group is o(T"), they are also satisfied when the group is I'. To prove Lemma 5.9, it is thus
sufficient to prove it when I' is a subgroup of Isom(X,d); this is what we shall suppose in the
sequel of this proof.

From Lemma 8.13 (ii), I'\ X is then compact and « cannot be a parabolic isometry by the propo-
sition 8.44 (ii); as v is torsion-free, it is not elliptic (by Remark 8.16 (i)) and therefore is an
hyperbolic isometry by Theorem 8.15.

By Lemma 8.31, there exists points « € X such that R, (z) > Ro. As the action is proper, there
exists an integer ko > 0 such that d(zg,7 2¢) = R, (z0); as the lemma 8.20 (iii) gives, for any
n € N

1
de0r " a0) < R (a0) + (0= 1 ™) 4 5 ) 1o
we get
#{n € N" : d(z0,7"" 20) < 2 Ry(z0)} > # { nEN s (n—1hot(r) < 20 and 45 ﬁ((gg = RW;%)
Ry (z0)In2 R, (z0)
, Ry(z0)] e [ Ry(x0)
sz(lerkoé(fy)} e 80 1) >Mm<2koﬁ(7) ;e 126 ) ; (41)

where the last inequality follows from the fact that, as R, (zg9) > Ry > 7204, one has

}

B (20) In2/(88) _ (Ro(20)/(126) _ Ry (z0)/(126) (ew% - %)_1) > (60 (6720(% ~ 1) _ 1) 1.

On the other hand, property (i) of Lemma 5.5 gives
44k € Z: d(w0,7" w0) < 2R, (zp)} < 312 16 Put(Xd) Ry (@)

Frow this last inequality and from (41) follows:

. [ Ry (z0) Ry (20)
" . - . 1 12 16 Ent(X,d) R+ (z0) 42
in (ko 0) exp ( 125 +1<3 e ) (42)

8The proof of the fact that g’l(Z) is virtually cyclic is direct: indeed, there exists a splitting, i. e. a map
o : 7 — 0~ 1(Z) such that po o =idz (you just have to map the unique generator 7 of Z on any 7' € o~ ({7}).
For every g € 0~ (Z), as (g. Kerg) No(Z) = {a(g(g))}, then g € a(g(g)).Kerg and 971(Z) = 0(Z).Kero =
Ker 0.0(Z), thus the quotient o~ 1(Z)/o(Z)is finite, for it is in one to one correspondence with the finite set Ker p,
consequently o~1(Z) is virtually cyclic.
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1
Proof of (i) : If Ent(X,d) < recalling the existence of a point zp € X such that R, (x¢) >

— 7506’
Ry and that the inequalities Rgﬁ‘)) > 2}% > 30 > 12 In3 are valid in this case, the inequality
(42) gives:
R (o) R, (o) 2Ry(z0)  Ry(z0)
Min [ 70700 5 2¢ 126 | 41 < 31210 Bnt(XdRs(@0) <312, 935 < 126

ko l(y)

R
This proves that k”éfo)) < 31216 Ent(X.d) Ry (20) and ends the proof of (i).
oty

Proof of (ii) : For the sake of simplicity, in this proof, we shall set H := Ent(X,d), R’ := d(x, 2),
A:=d(z,7v z) and R:=3(R' + A) = 3(d(w0,2) + d(z,7 2)).
By Lemma 8.20 (iii), for every k € N*, we have:

d(z,9" 2) < d(z,72) + (k= 1) (7) +49 m <A+ (k—1)£(y)+46 In(k)

In(2) ’

and consequently:

R—-2R —2A
24(v)

1
+1 and -
In

#UCEN*:d(277k3)<R}2#{keN:k< (k)<R+2R'}7

(2) — 8¢

it follows that

R—-2R —2A
((v)

By the definition of R, one has R > d(z,7z) > R,(z), and we are authorized to apply the
inequality (ii) of Lemma 5.5 which (related to the previous inequality, noticing that 2 > 1),

provides:

#{kelZ: d(z,wkz) < R} >Min< , 2.2(R+2R/)/85_1> .

1223
Min (B22B =24 oriaryss) o g2 (BE2RN 02 s pniary (43)
((v) ’ Ry (o)

By the triangle inequality R, (zo) < 2R’ + A thus, by the definition of R, one has 2(R+2R') >

R, (o) 2R+2R)\  In5 ,
22 From th
2R+2R) ( Rz ) = 5 rromtms

and R, (z9) > Rog > 7200 by assumption, we infer the two

10R"+6A > 5R,(x0), and consequently

and from the fact that H <

. o 7500
inequalities:
66 R+2R 65 32 R+2R In3 2(R+2R)
— ———— In2 — H(R+2R — —— In2>12 — In| ————=
128 80 2> HEHIR) . e 2> 1205 n( R, (z0)
which imply that
12 In3
2(R+2R/)/8§>312 <R+(2‘R)I) In2 G%H(R+2R/)
R’Y ZTo
and, putting this estimate in (43), we get that
R—2R =24 _ .y (R+2R\"W opnon
() R“/(xO) 7
as we have seen that R, (zg) < 2R’ + A, this proves (ii) because it proves that
460) > () S 3712 (R+2R\ ™" o~ H(R+2R')
Ro(zo) ~2(R—2R —24) ~ 2 \ R, (z0) '
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Proof of Theorem 5.6. Let o be the representation from I' to Isom(X, d) associated to the action
under consideration, we have already seen (see the beginning of the proof of Lemma 5.9) that, if
the assumptions of Theorem 5.6 are verified when the group is I', they are also verified when the
group is o(T") and that, if the conclusions of Theorem 5.6 are valid when the group is o(T"), they
are also valid when the group is I'. In order to prove Theorem 5.6, it is thus sufficient to prove
it when I is a subgroup of Isom(X, d); this is what we shall suppose in the sequel of this proof.
'\ X is then compact by Lemma 8.13 (ii). For the sake of simplicity, let H := Ent(X, d).

1 1 0 —12
IftH > =0 Min <5, 1) or if £(y) > Max <2500, 105D> > 3T Ry for every torsion-free

element v € I'*) then the theorem 5.6 is trivially proved, this is the reason why, from now on,

1 1
(arguing by contradiction) we shall suppose that H < = Min <(5’ 1) and that there exist

torsion-free elements v € T'* such that £(y) < Max (25600, 10_5D); let us fix any of these
elements, denoted by . By Proposition 8.44 (ii), v cannot be parabolic and, as + is torsion-free,
it is not elliptic by Remark 8.16 (i), thus v is an hyperbolic isometry (by Theorem 8.15) satisfying
¢(y) > 0 (by Lemma 8.19).

As Ry := Max [20 (D +0), 7200], the lemma 8.23 (i) and the upper bound of ¢(y) which has
just been assumed give

B

44
19 ° (44)

1)
= inf d <) +0 <0+ Max (o, 107°D
s(7) nf (z,vx) < €(y)+0 <6+ Max <2500 , 10 > =

Applying Lemmas 8.32 (ii) and 8.31 to the Margulis domain Mg, (), we know that Mg, (v) # 0
and X \ Mg, (7) # 0, a consequence (using the intermediate value Theorem) is the existence of
some point z1 € X and of some kg € N* such that R,(z1) := Mingen- d(z1,7* 1) = R and
d(x1,v* 21) = Ro; Lemma 5.9 (i) then implies that

kol(y) > e, where ¢} :=3712Rye 16H o (45)
Let us denote by k; the smallest integer such that kiko £(y) > 35, (45) implies that

/

1<k1<[35
0

} +1 and (k1 — 1) kot(y) <36. (46)

Let g := y*1%0  the inequality (40) guarantees that

lﬁl(él)) < QTfO + (k1 — 1) ko £(y) + 456 , (47)

d(xy,921) < Ro + (ky — 1) ko £(y) + 46

where the last inequality is deduced from the fact that, by a direct computation using (46) and
the inequalities Ry > 7209 and In(1 +¢) <Int+ 1/¢ when ¢ > 0, one has:

2 Ry
5 PR—
In(k;) <In (1438 ——!0H o) <qn [ 1438 €936
RO RO
5 o R Ry [ 2 In2 R
<In |38 —¢939 371320 93103 720+ 2 (£ 43713) < 2 (4554 20
= Ro € + g Sioms— il o | ge =4 g

As v is hyperbolic, the action of v on X U 8X has exactly two fixed points v~ ,vT € 9X; as
M(g) = M(~) (because v~ and v are also the fixed points of g), and as £(g) = k1 ko £(y) > 34,
Lemmas 8.28 and (47) give:

dlor, M) = dler, (o) < g (dargan) — 1) +36 < 3 (P50 kot ) + 5. a9

For any € > 0, let us fix any geodesic ¢ € G(7) such that the distance from z; to the image of
c is smaller than d(z1, M (7)) + €, let us denote by c(t) a projection of g¥x; onto the geodesic
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line ¢; for every k € Z such that d(c(tk) , c(tk+1)) > 30, a consequence of the inequality (47), of
the lemma 8.9, and of the fact that ¢g=% o ¢ and g~ **1 o ¢ are both geodesics of G(7) is that

L?J + (k1 — 1) kol(y)+516 >d(z1,921) +60 = d(gkxl,gkﬂml) +66

> d(g"xr, e(ty)) + d(c(ty) , eltipr)) +d(e(tier), 6" o) > 2d(@r, M (7)) + d(e(tr) s e(tir1)) -
From this, from (48) and from the definition of k;, we infer that, for every k € Z,

d(c(tr), c(tps1)) < Max (950 + (k1 — 1) ko £(y) + 518 — 2d(x1, M(y)) , 35) =

on 9R
= S50+ (b — D ko £(7) + 516 = 2d(, M()) < = + 548 — 2d(w1, M(7))

the last inequality being deduced from (46). This implies:
VteR Jk €Z suchthat d(c(t), c(ty)) < % Ro+ 276 —d(xzy, M(%)) . (49)

Let us denote by c(#}) a projection of gFoc(ty) onto the geodesic line ¢, as the geodesics ¢ and g*o ¢
both admit v~ and v as endpoints, the proposition 8.10 (i) implies that d(gk oc(tp), c(t%)) <20
and thus that

VkeZ d(g"zi,c(ty)) < d(gFz1,c(ty)) < d(gFzi, " o clto)) + d(g" o clto), c(t},))
< d(z1,c(to)) +26 < d(x1, M(7))+25+¢ .
From this and from (49), we deduce that, for every ¢t € R,

9 8

. k . k

Iglel%d(c(t), g xl) < Iknel%d(c(t),c(tk)) —I—Iilea%d(c(tk), g xl) < T Ry +290+e< ERQ +e .
(50)

Let us now notice that, as « is hyperbolic, Myin(7) is closed and non empty set by Lemma 8.34
(iv). Let us fix any point y € Muyin(y) and projections ¢(t) and ¢(t’) of y and vy (respectively)
onto the geodesic line ¢; applying (50), let us fix ks € Z such that d(c(t), g*? 21) < % Ro+29 6+¢;
we have only two possible cases:

e Case 1: If d(c(t),c(t')) > 39, the triangle inequality and the lemma 8.9 give:

d(y, c(t))+30+d(y, c(t') —d(y, v y) < d(y, c(t))+d(c(t), c(t')+d(y y, c(t') < d(y,vy)+6;

noticing that d(y, c(t')) > d(y, c(t))+d(c(t),c(t')) — 28 > d(y,c(t))+6 (by Lemma 8.8) and
that d(y,vy) = s(y) < % (by (44)) and plugging these two estimates into the previous
inequality, we obtain that d(y, c(t)) < s(v) +6 < 2% + 4. From this, from the definition of
ko and from the fact that 296 + § < % (by definition), we deduce, when ¢ is sufficiently
small, that

- 25
d(z1,97 " y) = d(g" z1,y) < d(g" z1,c(t)) + d(c(t),y) < 1 fo -

As Myin(y) is invariant by 4* for any k € Z, it is invariant by g=*2 and thus g~ %2y €
25
Min (77); a consequence of the last inequality is that d(xl, Mmin('y)) < i Ry and thus

25
Jr € Mpmin(y)  such that  d(z1,2) < a Ry (51)

Let us fix such a point z € Myin(7y) and let us define R := 5d(z1,x) + 3d(z,v x); the
estimates (51) and (44) lead to

125 3 7
= = < _ e R .
R=5d(z1,2) +3d(z,y ) = 5d(z1,2) + 3s(y) < (41 —|—719> R0<25R0
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1
Noticing that R,(x1) = Ry and that (by assumption) H := Ent(X,d) < Teog e may
apply Lemma 5.9 (ii) to the points z; and x, which gives:

¢ 3712 / g\ % 3712 /9o5\ 20
](;O)> 5 (RO> 6—62—5HR> 5 (77) o101 HRy (52)

Case 2: If d(c(t),c(t’)) < 30, let us denote by ¢ (¢”) a projection of yoc(t) onto the
geodesic line ¢, the triangle inequality then gives:

d(c(t),yoc(t)) <|t—t|+|t' =t |+d(c(t”),yoc(t)) (53)

— If |t — 17| < 34, as the geodesics ¢ and o c both admit v~ and v as endpoints, the
proposition 8.10 (i) implies that d(yoc(t),c(t”)) < 26; from this, from (53), and from
the assumptions on d(c(t), c(t')) and on |t' — ¢”|, we get that d(c(t),yoc(t)) < 84.

— If |t/ —¢"| > 34, the lemma 8.9 gives:
d(y,c(t)) +65=d(yy,yoc(t) +65>d(vy,c(t') +|t' —t"[+d(c(t"),yoc(t))

>d(y,c(t) —dly,yy) + |t' —"[+d(c(t"),voc(t)
>d(y,c(t) +t—t'| =25 —s(y) + [t —¢"| +d(c(t”),yoc(t)),
the last inequality being a consequence of Lemma 8.8. Transferring this last estimate

in (53), we obtain d(c(t),yoc(t)) <86+ s(v) < % +86.

In case 2, we therefore always have

Ry Ry

Let us now redefine R := 5d(g"2z1,c(t)) + 3d(c(t),yoc(t)); from the definition of ko
(justified by (50)) and from (54), if ¢ is sufficiently small, we infer the estimate:

40 3 78
- ko —_
R:=5d(g"xy1,c(t)) +3d(c(t),yoc(t)) < 13 Ro+ 9 Ry < 5% Ry . (55)

As g := ~F1ko for every p € Z* we have d(vp(g]” z1), g xl) = (71’ xl,xl), and conse-

1
quently R, (g*? z1) = R,(21) = Ro; as moreover H = Ent(X,d) <

703 by assumption,

we may apply Lemma 5.9 (ii) to the points ¢*2 z; and c(t) and get:

((y) 32 (R - _esgp . 37 (T8 - _102 HRo —34 _102HR
2y = L 3 0 56
e > 5 e e 2 > 5 o e > e ,  (56)

where the second inequality comes from (55) and (as R depends on ¢) is valid because &
has been chosen sufficiently small.

We can now summarize all the cases that we have considered in the whole of this proof : if

— 750

H< ! Min ! 1), either £(7) > Ma 0 105D | > 3" Ry or
— Z e °
5) v 2500’ 5o

Y ] 4 1
](%70) > 3734 o102 HRy 5 3=34 o (_29 . min <(5’ 1) 'Ro) ,

this last inequality being a consequence of the union of (56) and (52). This ends the proof. O
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5.2.2 Explicit universal lower bounds for the exponential growth

In the case where the quotient space I'\ X has bounded diameter, we have the:

Proposition 5.10. For every non elementary §-hyperbolic metric space (X,d), for every proper
action (by isometries) of a group T' on (X,d), if the quotient T\X has diameter bounded above
by D, then

In2

Ent(X.d) > — 2=
(X, d) > oo 0p

On Riemannian manifolds, we noticed (in the subsection 3.3) that the assumption Ricci curvature
bounded from below is much stronger than the assumption entropy bounded from above; hence
Proposition 5.10, being an obstruction to the smallness of the entropy, can be viewed as a
generalised version of the classical obstructions for the Ricci curvature to be almost nonnegative.

Example 5.7 proves that, in Proposition 5.10, the assumption on the diameter is necessary : in
fact let us consider the free group I' with 2 generators a,b and its Cayley graph X endowed
with the length distance dq g defined (in Example 5.7) by deciding that the length of the edges
[g, ga™] (vesp. [g, gb*']) is  (resp.B). If 3 goes to +oo and if « is fixed, we have seen in Example
5.7 that Ent(X, dq, g) goes to 0 and that diam(I"\ X') goes to 400, while (X, d,,g) is O-hyperbolic.

The following lower bound of the Entropy is valid in the case where I'\ X is non compact and in
the case where it is compact with unbounded diameter. However, Example 5.7 proves that one
needs to replace the bound on the diameter by the bound on another geometric invariant, as can
be seen in the next proposition.

Proposition 5.11. For every §-hyperbolic, non elementary, metric space (X, d), for every proper
action (by isometries) of a group T' on (X, d), if there exists L,C > 0 and two hyperbolic elements
a,b e I'™ such that

e (a,b) is not virtually cyclic,
e /(a),l(b) <L,
e d(M(a),M(b)) <C,

In2
then, for any T'- invariant Borel measure p on X, Ent(X, d, ) > mjlﬁ

Corollary 5.12. For every d-hyperbolic, non elementary, metric space (X, d), for every proper
action (by isometries) of a group T on (X, d), if there exists L, R > 0 and an hyperbolic element
a € I'* such that

e V(a) <L,

o there exists x € M(a) such that T'r(z) is not virtually cyclic,

In2
th - jant Borel X, Ent(X.d, ) > ———m8m8M8—.
en, for any I'- invariant Borel measure p on X, Ent(X, d, u) > TS

Theorem 6.35 (ii) allows to re-interpret the parameter R which appears in the assumptions of
Corollary 5.12 as an upper bound of the length of a thin tubular neighbourhood (in I'\ X) of the
image of M (a) by the quotient map X — I'\ X. Thus the geometric meaning of the assumptions

of Corollary 5.12 is that there exists at least one of these thin tubes whose length is bounded
from above.

The lower bound of Ent(X,d) given by Corollary 5.12 must depend on the infimum R of the r’s
such that Ty (x) is not virtually cyclic and must go to 0 when R — +o00.

In fact, revisiting the example 5.7, let us consider the free group I' with 2 generators a,b and
its Cayley graph X endowed with the length distance do s defined (in the example 5.7) by
deciding that the length of the edges [g, g a™!] (resp. [g,gb™?]) is a (vesp.B3). Let us recall that
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(X,dq,p) is O-hyperbolic, and moreover CAT(K) for any K < 0; the a-invariant geodesic ¢, is the
concatenation of the edges ...U[a ¥~ Y a *]Ula% a * 1] ... U[a* !, d¥]U[a¥, o] U... (and
the same for the b-invariant geodesic ¢;), and these two invariant geodesics ¢, and ¢, both contain
the identity element e. We consequently have £(a) = «, £(b) = 8. Notice that e € M(a) = ¢,
and let us fix g = e. If § — 400 and if « is fixed then, on (X, dn g), the infimum R of the r’s
such that I',.(x) is not virtually cyclic is equal to §: in fact I'g(z) is equal to I" and is thus not
virtually cyclic and I',(z¢) = (a) is cyclic for every r € [a, B[. It follows that, for this value of
R = (3, all the assumptions of Corollary 5.12 are fulfilled on (X, d,,g) (except the fact that R
is bounded), in spite of this the entropy is not bounded from below because Ent(X,dq ) — 0
when R := 8 — +o0.

The entropy of a group with respect to a given system of generators being defined in Subsection
3.1, we obtain the

Corollary 5.13. For every non elementary group I', endowed with a finite generator system %
with respect to which T is d-hyperbolic, we have

In2
Ent(T,%) > ——2
nt(l2) 2 57510

Previous estimates in the case of groups acting on Cartan-Hadamard spaces were given in

[ ] and [ ]. In | ], E. Breuillard and K. Fujiwara independently obtained, under
In2
th ti d when § > 1, the i lity Ent(I',%¥) > —————
e same assumptions and when § > 1, the inequality Ent(I',X) > 1001500003 (see | 1,

Corollary 13.2). However, this estimate and our Corollary 5.13 do not provide any lower bound
of the algebraic entropy of the group I'. Indeed, if (X;);en is an entropy-minimizing sequence of
generating systems, the corresponding sequence of hyperbolicity constants of (T, 3;) may go to
infinity. See Corollary 5.17 and Theorem 5.16 (iii) for lower bounds of the algebraic entropy.

Proof of Proposition 5.11. As £(a),£(b) > 0, let N, N’ be the smallest integers such that
(N —1)¢(a) <135 < Nl(a), (N'—1)¢(b) <135 < N'4(b),
we have:
136 < £(a™) <135+ £(a) <136+ L, 135 <L(bN')<136+£(b) <135+L.  (57)

Let us denote by F the subgroup generated by {a’v,b" ,}, it is not virtually cyclic by the propo-
sition 8.42 (vi); applying the corollary 4.10, we get that one of the two semi-groups generated
by {a,bN"} or by {a™,b=N'} is a free one, and thus that the entropy of F' with respect to the
complete system of generators S := {a’¥,a™ ¥, bN/,b_N/} is at least In 2.

For any ¢ > 0, let 29 € M(a) = M(a") and z; € M(b) = M(bN/)) be two points which satisfy
d(xg,x1) < C +¢; let us fix some geodesic [xg, 21] connecting xg and z; and the middle-point m
of this geodesic. As d(zo,aNxo) < (a™N)+46 <176+ L and d(z1,bN 21) < £(bN')+46 <176+ L
by Lemma 4.11 (i) and the estimates (57), the triangle inequality gives:

d(m,a=Nm) = d(m,a¥m) < d(m, xo) + d(zo,aNxo) + d(aNzg,a"m) < C+ 176 + L+ ¢ ;

by a similar proof we get d(m, b_N,m) = d(m, bN,m) < C 4170 + L + . Using Lemma 3.6, we
obtain, for any I'- invariant Borel measure p on X,

Ent(X,d,pn) - (176 + L+ C 4+ ¢) > Ent(X, d, u) - Max [d(m, a*Nm); d(m, b= 'm)

> Ent(F,S) > 1n2

and, when € — 0, this proves Proposition 5.11. O

Proof of Corollary 5.12. Choosing o € M (a) such that T'r(z¢) = (Xr(x0)) is not virtually
cyclic, Corollary 8.43 (iii) then implies the existence of some b € ¥ (z¢) such that (a,b) is not
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virtually cyclic, and Corollary 8.43 (i) then guarantees that (a,bab™!) is not virtually cyclic.
Moreover one has d(M(a), M (bab™')) = d (M(a),b(M(a))) < d(z,b(z¢) < R. Because of this
and of the fact that £(bab=1) = ¢(a) < L, we may apply Proposition 5.11 (where we replace C
by R) to the two hyperbolic isometries a and bab~!, which concludes. O

Before proving Proposition 5.10, let us first prove the

Lemma 5.14. For every Gromouv-hyperbolic space (X, d), every infinite, discrete and co-compact
subgroup T' of the group of isometries of (X,d) contains at least one hyperbolic element v such
that there exists x € X satisfying d(z,~vx) < 8D+105, where D is an upper bound of the diameter
of T\X. A consequence is that the ideal boundary of (X,d) contains at least 2 points.

Proof. The action of I" on (X, d) being proper (by Proposition 8.12), every sequence (7,,),cy
of distinct elements of T' verifies d(z,7,, ) — 400 when n — 4oo (for every € X). This
proves that (X, d) is a unbounded, geodesic and proper space, thus that its ideal boundary 90X
is non empty. Let xy be any fixed origin, § be any point of 0X, and ¢ a geodesic ray such that
¢(0) = zg and ¢(400) = 0. Let us fix € such that 3¢ is the infimum of d(z, gx) — (8D +105) when
g runs in the set {g : d(x,gx) > 8D + 104}; as the action of T is proper (by Proposition 8.12),
this infimum is attained and thus € > 0; moreover, by the choice of ¢, every v € T" such that
d(z,vx) < 8D+100+2 ¢ satisfies automatically d(z, v x) < 8D+100. Let us define R = 3D+5+¢
and denote by x and y (respectively) the points ¢(R) and ¢(2R) of the geodesic ray c¢. As
d(y,Tz) and d(zo,T'z) are bounded above by D, there exists g,h € T" such that d(zg,g9z) < D
and d(y,hx) < D. The triangle inequality then implies that R — D < d(z,gx) < R+ D,
R—D <d(z,hz) < R+ D and 2R — 2D < d(gx, hx) < 2R + 2D; we then have

d(gz,hz) > 2R —2D = R+ D +56 + ¢ > Max [d(z, gz) ; d(z,hz)] + 55+ ¢ .

Lemma 8.24 (which is a variation of the lemma 9.2.3 page 98 of | ]) then implies that either
l(g) >304+¢e€>0,or l(h) >3+ >0,or {(gh) ={(hg) > 2 e >0, which implies (by Lemma
8.19) that (at least) one of the three isometries g, h or gh is hyperbolic; hence there exists an
hyperbolic isometry « (equal to g, h or gh) such that d(xz,vz) < 2R+ 2D = 8D + 10§ + 2¢, and
then we have d(z,vyxz) < 8D + 10§ as proved above. A consequence is that the ideal boundary
contains the two fixed point of this hyperbolic isometry and this ends the proof O

Proof of Proposition 5.10. Lemma 5.14 guarantees that one can fix an element a € I'* such that
a acts as an hyperbolic isometry and that 0 < £(a) < 8D+100. Choose some point xg € M (a). A
result of M. Gromov ([ | Proposition 3.22, whose proof is written for Riemannian manifolds,
but is still valid on path-connected metric spaces”) proves that $op(z0) := {0 € I'* : d(xg, 0x0) <
2D} is a complete system of generators of T', the properness of the action implying the finiteness
of Yop(xg). This proves the existence of some b € Xaop(xg) (possibly elliptic !) such that
(a,b) is not virtually cyclic (otherwise I' would be virtually cyclic by the corollary 8.43 (iii)
and (X,d) would then be elementary by Propositions 8.44 (iii) and 8.44 (iv)). By Corollary
8.43 (i) (a,bab™1)) is not virtually cyclic too; as moreover £(bab=') = f(a) < 8D + 106 and
d(M(a), M(bab™')) = d (M(a),b(M(a))) < d(zo,b(zo) < 2D, we may apply the proposition
5.11 (where L and C are replaced by 8D + 105 and 2D respectively) to the two hyperbolic
isometries a and bab~!, which ends the proof. O

Remark 5.15. Proposition 5.10 could also be deduced from Theorem 5.6, but the proof given

above is much more simple. This stresses the fact that Theorem 5.6 is a more powerful result:
1 1

in fact, if we suppose that the entropy of (X,d) is smaller than 750 Min (5, 1), Proposition

5.10 is a consequence of the fact that there exists a torsion-free v € I'* such that ¢(y) < C(6, D)

while the Theorem 5.6 implies that every torsion-free v € T'* verifies £(vy) > C'(, D).

9n fact, the path-connectedness implies that, for every v € T and every & > 0, there exists a finite set
{yo,y1,.-.,yn} C X such that yo = y, yv = vy and d(yi—1,vi) < € for every i € {1,...,N}. Let us choose
Y0,V1s--->YN € I such that v = e, vy = v and d(y;,7v;y) < D, we then get v = o1 - ... on, where
o; = 71.__11 v; € Xap+e(y) and the finiteness of Y3p(y) proves that Zopy.(y) = X2p(y) when € is sufficiently
small.
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Proof of Corollary 5.13. As seen in the sections 2 and 3.1, the §-hyperbolicity of the group I
(when endowed with the generator system X)) means that its Cayley graph Gx(T'), endowed with
the algebraic distance ds, (defined in the section 2) is a d-hyperbolic metric space. The action
(by left-translations) of T on Gx(T) is isometric and proper, because the balls of (G, dyx) are finite
sets. As X is finite, (Gx(T'), dx) is a proper space and the quotient I'\Gx(T") is a union of a finite
number of circles whose diameter is bounded by D = 1. As I' is non elementary, its Cayley graph
is non elementary too. We can thus apply the Proposition 5.10, which implies that

In2 In2
I = > = .
Ent(I', 30) = Bt (G(D), ds) 2 105505 = 107975

5.2.3 Implicit universal lower bounds for the exponential growth

The results of this subsection are in some sense stronger than the results of the previous subsection
5.2.2 because they provide lower bounds for the algebraic entropy of any non virtually cyclic (eventually
non cocompact) group acting properly on a d-hyperbolic space, in particular they bound from below the
algebraic entropy of any non virtually cyclic subgroup of a §-hyperbolic group (independently of its system
of generators). On the other hand, the results of this subsection are in some sense weaker: in fact, the
lower bounds given in the previous subsection 5.2.2 are explicit while the bounds which will be established
in the present subsection, though universal, cannot be specified, because they all depend on the non explicit
function p — N (p) which appears in the theorem 5.19 of E. Breuillard, B. Green and T. Tao. From this
function, for every values of Co > 1 and of H, D,d > 0, we define the two following universal constants:

Ni(Co) = 3N ([C3] +1) 5 No(& H,D) =N ([32°#P+0] 11) (58)

Let us furthermore recall that, for every A, B C G, we denote by A - B the image of A x B by the map
(v,9) = v-g and define (by induction) S* as S¥~1 . S.

Theorem 5.16. Let (X, d) be any d-hyperbolic (non elementary) metric space, for every proper
action (by isometries) of a group T' on (X,d) such that the diameter of T\X and the entropy of
(X,d) are respectively bounded by D and H, then (denoting by Ny the above universal constant
No(6,H,D))

(i) for any finite symmetric subset S of T' which generates a mon virtually cyclic subgroup,
there exists at least one v, € SN0 such that (v,) > & and there exists o € S such that
one of the two semi-groups generated by {v4*, oyt o™} or by {v{t, oy ot} s free.

(ii) The algebraic entropy'’ of any finitely generated and non virtually cyclic subgroup T’ of T

In2
s bounded from below by ﬁo_’_z.
(i) The algebraic entropy of T is bounded from below b 2
g Py Y BN T3

Given a finitely generated group I', let us recall that, to any choice of a finite system S of
generators of ' corresponds a Cayley graph, which is a metric space when endowed with the
algebraic distance dg. When I' is Gromov-hyperbolic, this metric space is Gromov-hyperbolic
too and we shall denote by §(T', S) its hyperbolicity constant''. We then have

Corollary 5.17. Let T be a non virtually cyclic Gromouv-hyperbolic group then, for every positive
constant M, if there exists a finite system Sy of generators of T such that Ent(T', Sp) (6(T, Sp) +

1) < M, then the algebraic entropy of T' and of any finitely generated and non virtually cyclic
In2

42N ([312 190 M] 1 1) + 2

subgroup T of T is bounded from below by where p — N(p) is the

function which appears in Theorem 5.19.

10Recall that, in the absence of additional specification, the algebraic entropy of a group G is the infimum (with
respect to every finite system S of generators of G) of Ent(G, S).
M'When T is Gromov-hyperbolic, for every finite system S of generators, §(T', S) < +oco.
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Note that E. Breuillard and K. Fujiwara also give a lower bound of the algebraic entropy of an
hyperbolic group and of its non virtually cyclic subgroups, their estimate also depends on the
existence of a generating system Sy of I', however they suppose that §(T', Sg) and the cardinality
|So| of this generating system are bounded above. They can then replace our use of the Bishop-
% < 24(S) — 1, which clearly
implies that Ent(I', Sp) < In (2#(Sp) — 1) (see [ ], Corollary 13.4).

Gromov inequality (Theorem 5.1) by the fact that

Theorem 5.16 is in fact a corollary of the following proposition, which is also valid in the non
cocompact case:

Proposition 5.18. Let (X,d) be any d-hyperbolic (non elementary) metric space, for every
proper action (by isometries) of a group T' on (X,d) if, for every point x € X, the counting
measure pk of the orbit Tz satisfies the Co-doubling condition for all the balls (centered at z) of
radius r € [é To, 7 ro] (where ro > 3L 5 and Cy > 1 are arbitrary constants) then (denoting by
N; the above universal constant Nl(Co))

(i) for any finite symmetric subset S of T' which generates a non virtually nilpotent subgroup,
there exists at least one v, € SN such that Z(WO) > 6 and there exists ’ € S such that one
of the two semi-groups generated by {7§*, ot o1} or by {7t oy oY} s free.

(i) The algebraic entropy of any finitely generated and non virtually nilpotent subgroup T’ of T,
In2

with respect to any finite system of generators of I, is bounded from below by N 12
1

Proof. Let Ny = %Nl =N ([CS’] + 1); let us denote by G = (S) the subgroup generated by S
and by A the set {v € G : d(z,yx) < ro}. By the proposition 3.19, the Cy-doubling condition
assumed for the counting measure pL of the orbit I'z implies that the counting measure u& of
the orbit of G satisfies the condition

#(A-4) _ 18 (Bx(a.20))

c3 .
FA = 1G(Bx(wir) -0

As G := (S) is not virtually nilpotent, the theorem 5.19 then proves that S~ 1 is not contained
in A; there consequently exists some v € SN1 such that d(z,vx) >ro> % é.

If ¢ is the representation I' — Isom(X,d) associated to the action of T' on (X,d), there exists
o(y) € o(SN1) = o(S)M such that d(z, o(y)z ) > ro > 25, As this is valid for every z € X,
we obtain the estimate: L* (Q(S)N{) > rg > 31§, and the theorem 4.17 (where we replace S
by 0(S)N1) then implies that there exists g € p(S)3N1 = p(SN1) such that £(g) > §; there thus
exists v, € St such that o(y,) = g and thus (by Lemma 5.8 (vi)) £(vo) = £(g) > 9.

Now, as (S) is not virtually cyclic, by Corollary 8.43 (iii), there exists o € S such that the
subgroup generated by {v,,0} is not virtually cyclic and, by Corollary 8.43 (i), {7y, cvo0 '}
generates a non virtually cyclic subgroup of I'. Hence we may apply Corollary 4.10 to the pair
{Yo, 0700 1} which proves that one of the two semi-groups generated by {v{*, cv{*o~1} or
by {76, o vg ** 0~} is free. This proves (i).

This also implies that the (algebraic) entropy of the subgroup G’ generated by " := {7{*, o v¢t o
(with respect to the generator system S’) is bounded from below by In2. Let us consider the
metric space G, endowed with the algebraic distance dg associated to the generator system S,
and the faithful action (by left translations) of G’ on G, as this action is proper and dg-isometric,
we can apply the lemma 3.6, which gives

Ent(G, ') In?
> .
Max [ds (e,7$*) 5 ds (e,0v3to=1)] = 14Ny + 2

Ent(G, S) := Ent(G, dg, #) >

Let us now consider any finitely generated and non virtually cyclic subgroup IV of I, and any
finite system of generators X of I, let us denote by S the symmetrized of X, as TV = (S), we
can apply the previous inequality (replacing G by I''), which ends the proof of the proposition
5.18. O
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End of the proof of Theorem 5.16. Theorem 5.1 (ii) proves that, for every point z € X, the
counting measure ul of the orbit I'z satisfies the Cp-doubling condition (with Cp := 3% e's H(D +9))
for all the balls (centered at z) of radius r € [$ Ry, 2 Ry| (where Ry = 20 (D + ) > 21 5). We
may therefore apply Proposition 5.18, while replacing N7 by 3 Ny because

Ni = Ni(Co) = 3N ([CF] +1) =3 N ([312e*0HP] 1) =3 N .

This proves the properties (i) and (ii) of Theorem 5.16. Moreover, if g is the representation
I' — Isom(X,d) associated to the action of I' on (X, d), o(I") is not virtually cyclic, otherwise
(X, d) would be elementary by Propositions 8.44 (iii) and (iv); this implies that I" is not virtually
cyclic and thus that (1) = (44i). O

End of the proof of Corollary 5.17. We apply Theorem 5.16 to the d-hyperbolic space (X,d),
where X is the Cayley graph of T' (associated to the system of generators Sy) and where d is the
canonical extension to this Cayley graph of the word-distance dg, on I" (hence on the vertices of
the Cayley graph). Notice that, in this case, the diameter of I'\ X is equal to 1, the hyperbolicity
constant of (X,d) is §(T, Sp), the entropy of (X,d) is equal to the entropy of (I',.Sp) and is

thus bounded above by . As I is not virtually cyclic, (X,d) is non elementary by

1+ 4(T, So)
Proposition 8.44 (iv) and (iii). Let us consider the action (by left translations) of I" on its Cayley
graph (X, d); as this action is proper, co-compact and d-isometric, we can apply Theorem 5.16 (ii)
M
and (iii), replacing (in this Theorem) D by 1 and Ny(d, H, D) by Ny | 6(T', So), ———=——=~,1 ).
1+0(T, Sy)
The corollary 5.17 then follows.

5.3 Margulis Lemmas for group actions on Gromov-hyperbolic spaces

For every group G and every A, B C G, we shall still denote by A - B the image of A X B by the map
(v,9) — 7 -g and define (by induction) S* as S*7'- 8.

Let us recall that we consider any proper action (by isometries) of any group I' on any J-hyperbolic
(and thus geodesic and proper) space (X, d) such that the Entropy of (X,d) (with respect to at least one
T-invariant measure) and the diameter of T\X are respectively bounded above by H and D. For any
z € X and any r > 0, let us also recall that the subgroup generated by ¥, (x) := {y € I'" : d(z,vz) < r}
s denoted by I'y(x).In the following subsections, making use of the function N(e) which will be defined
in the following Theorem 5.19, given any §, H, D > 0, we shall consider the universal constants

Ro:=20(D+68) , No:=N ([312 e‘“’oH(D“)] + 1) . eo(6,H, D)= 10 (59)
No
s0(8,H,D) =23 2Ry e 3 (No+10) 1BH Ro+6) (60)
5.3.1 A first Margulis Lemma for é-hyperbolic spaces
Theorem 5.19. (E. Breuillard, B. Green, T. Tao, | ] Corollary 11.2) For every p € N*,

there exists N = N(p) € N* (only depending on p) such that the following property holds for
every group G and any finite symmetric system S of generators of G: if there exists some A C G
which contains SNP) and satisfies #(A - A) < p#(A), then G is virtually nilpotent.

The following corollary settles a first Margulis property under a weak doubling assumption at
some scale; it improves a previous corollary of Breuillard, Green and Tao in | ]: in fact
the “packing” hypothesis of | ] (see Definition 3.8) is replaced here by a weak doubling
condition on the counting measure of an orbit of the action of a given group I', this last hypothesis
being weaker than the packing one, as proved in Lemma 3.12, because of the fact that, when
counting the maximal number of disjoint balls Bx (x;, ) included in a bigger one, this number is
greater when we put no condition on the centers x; than when we compel the x;’s to be located
on the same orbit of T'.
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Corollary 5.20. For every data ro > 0 and Cy > 1, on every proper metric space (X,d), for
every proper action (by isometries) of any group I' on this space, and for every xo € X, if the
counting measure ugo of the orbit T'-xzq verifies the Cy-doubling condition for all the balls of radius
r e [%ro, %7"0] centered at the same point o, then the subgroup T ,(z¢) is virtually nilpotent for

0 . .
every 0 < ———=——— (where N(-) is defined in Theorem 5.19).
N (G5 +1)

In the d-hyperbolic case, we deduce the following Margulis Lemma

Theorem 5.21. On any é-hyperbolic space (X, d), for every proper action (by isometries) of any
group T' on this space such that the diameter of T\X and the Entropy of (X,d) are respectively
bounded above by D and H, for every x € X and every r < e9(0, H, D), the subgroup T'.(x) is
virtually cyclic.

Notice that the celebrated original Margulis Lemma was settled for Riemannian manifolds whose sectional
curvature and dimension are bounded; a more recent celebrated result was proved by V. Kapovitch and
B. Wilking ([ ]), in which the above universal constant o of Theorem 5.21 is replaced by another
universal constant depending on a lower bound of Ricci curvature, on an upper bound of the diameter
and on the dimension). With respect to this last result, in Theorem 5.21, we have replaced the bounds on
Ricci curvature and on the dimension by an upper bound of the Entropy (see section 3.3 for a comparison
between all these hypotheses).

In the proof of these two last results, the key role is played first by Theorems 5.1 and 5.19, and
secondly by Proposition 3.19 (i).

Proof of Corollary 5.20. Once admitted Proposition 3.19 (i), the proof follows the one of the
corollary 11.17 of | ]. In fact, let G :=T',(z¢) and S := ¥,(z0), according to Proposition
3.19 (i), the doubling condition assumed on the counting measure of the orbit I' - 2y of I" implies
that the counting measure ufa of the orbit G - z( of the subgroup G verifies

Mfo Bx(l‘oﬂro)] < Mfa [Ex(xo,Qro)] <3 (61)
uS [Bx(zo,ro)] — nS, [Bx(x0,m0)] ~ 0
We then apply Theorem 5.19, where we put p = [C§] + 1 and A := {y € G : d(zg,y20) < 10 };

in fact, taking e} := N"&), the triangle inequality and the hypothesis ¢ < ¢f, guarantees that

SN ey (z0)N®) C A;as A- A C {y € G :d(xo,vzo) < 270}, inequality (61) implies

#(A-A) _ #({yeG:d(xg,yxo) <270}) uSO Ex(xo,Qro)] 5 .
#(A) < # ({v € G:d(xg,vxo) <T0}) - ’ugo Bx(woﬂ"o)] <Cy<p;

Theorem 5.19 then implies that the subgroup G = T',(z¢) generated by S := X, (z0) is virtually
nilpotent. O

End of the proof of Theorem 5.21. T\X is compact by Lemma 8.13 (ii). Let Ry := 20(D + §)
and Cp = 3* e'st H(D +9). under the hypotheses of Theorem 5.21, a consequence of revisiting
Theorem 5.1 (ii) as a doubling property (see comments after this Theorem) is that, for every

b (Bx(z,2 1)
measure pl of the orbit T'z verifies the Cp-doubling condition for all the balls centered at x,
of radius R € [4Ry,2Rg]. As Ny = N ([C§] +1) and £y(6, H,D) = Ro/Ny by (59), the
corollary 5.20 then implies that, for every r < g¢(d, H, D), I'.(x) is virtually nilpotent. If ¢ is the
representation I' — Isom(X, d) associated to the action of I' on (X, d), it follows that o(T'(z))
is virtually nilpotent too, and thus virtually cyclic according to Proposition 8.44 (v); Lemma 5.8
(vii) then guarantees that I'.(z) is virtually cyclic. O

z € X and every R > %RO, one has < 3ev H R hence that the counting

This leads to the following lower bound of the Margulis constant L(a,b) (see Definition 4.12):
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Corollary 5.22. On any 0-hyperbolic space (X, d), for every proper action (by isometries) of any
group T' on this space such that the diameter of T\X and the Entropy of (X,d) are respectively
bounded above by D and H, every pair {a,b} of torsion-free elements of T which does not
generate a virtually cyclic subgroup verifies L(a,b) > o(6, H, D).

Proof. a and b cannot act as parabolic isometries by the proposition 8.44 (ii); as a and b are
torsion-free, they are not elliptic (by Remark 8.16 (1)), they therefore act as hyperbolic isometries
by Theorem 8.15.

For sake of simplicity, let eg := €q(8, H, D); if L(a,b) < &g, there exists € X and (p, q) € Z* x Z*
such that Max[d(z, a?z) ; d(x,blz)] < €9, hence such that (a?,b?) C T'.,(x). As T, (z) is virtually
cyclic by Theorem 5.21, (a?, b?) is virtually cyclic too, and Corollary 8.43 (ii) then implies that
{a, b) is virtually cyclic, in contradiction with the hypothesis. O

5.3.2 A lower bound of the diastole

Definitions 5.23. In any metric space (X,d), for every proper action (by isometries) of any
group T on this space,

e at any point x € X, sysp(z) is the minimum of d(xz,v x) when v runs through the elements
of T* (sysp(x) > 0 when no element v € T* fizes x),

e the r-thin subset'? of X is the open set X, := {x € X : sysp(z) < 1},

e at any point x € X, sysp(x) is the minimum of d(x,~yx) when v runs through the torsion-
free elements of T,

e the torsion-free r-thin subset of X is the open set X = {z € X :sysi(z) <r},

e the r-thick subset of X is the complement of X, in X.

Proposition 5.24. On any connected non elementary 6-hyperbolic space (X, d), for every proper
action (by isometries) of any group T’ on this space such that the diameter of T\ X and the Entropy
of (X, d) are respectively bounded above by D and H, for everyr < eo(d, H, D) (where eo(d, H, D)
is defined at (59)), the (torsion-free) r-thin subset X2 of X is either empty or not connected; in
particular there exists a point © € X such that sysY(z) > €o(6, H, D).

If moreover T is torsion-free, then Diasp(X) > eo(d, H, D).

This Proposition will be generalized to actions on metric measured spaces by Theorem 6.21.
However the present Proposition is more direct and the lower bound it provides is greater than
the one given in Theorem 6.21. This two results are both based on the same Proposition 6.23,
whose statement and proof are given in section 6.

Remark 5.25. When torsion elements are admitted in I', there is no possible universal lower
bound of the diastole (and a fortiori of the pointwise or global systole) under the hypotheses of
Proposition 5.24, as proved by the following example: given any non elementary d-hyperbolic
space (Xg, dp) and any proper action (by isometries) of any group I'g on this space such that the
diameter of T'g\ X and the Entropy of (X, dy) are respectively bounded above by D and H, we
construct the metric space (X, d) as the product of (Xo, dy) with the circle (T, . can) and the

2
group I' as the product of I'y with the group R, of the rotations whose angles are i} (where

k € {0,1,...,n — 1}). For sufficiently small values of ¢, (X, d) is a non elementary 215 + 2me)-
hyperbolic space and the canonical product-action of T on (X, d) verifies all the assumptions of
Proposition 5.24. However, we have Vx sysp(z) = 2w e /n, which goes to zero when € goes to
zero or when n goes to +oo.

12The use of the word “thin” is justified by the results of the section 6.5.
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Proof of Proposition 5.24. By Lemma 8.13 (ii), as the diameter of I'\ X is finite, the action of I'
on (X,dp) is co-compact. Under the assumptions of Theorem 5.24, we may apply Theorem 5.21,
which proves that the subgroup I',-(z) is virtually cyclic for every « € X and every r < e¢(d, H, D).
We may thus apply Proposition 6.23 (ii), where we identify the two spaces (Y, d) and (X, dy) with
(X, d) and the two actions of I' on these two spaces with the action of I' on (X, d) considered here;
Proposition 6.23 (ii) then guarantees that X7 is disconnected or empty for every r < e¢(d, H, D).
Hence X is disconnected or empty and X \ X is not empty, consequently every z € X \ X
verifies sys%(z) > .

If T' is torsion-free, every x € X \ X satisfies sysp(z) = sysp(x) > €9, so Diasp(X) > €. O

5.3.3 A lower bound of the global systole for Busemann spaces

Theorem 5.26. On any non elementary, geodesically complete, 6-hyperbolic, Busemann space
(in the sense of Definition 8.36) (X,d), for every proper action (by isometries) of any group T
on this space such that the diameter of T\X and the Entropy of (X,d) are respectively bounded
above by D and H, one has

(i) £(y) > so(0, H, D) for every torsion-free v € T'*,
(ii) Sysp(X) > so(0, H, D) if T is torsion-free,

where so(3, H, D) is the universal constant defined at (60).

In this Theorem the hypotheses “torsion-free” are necessary, as proved by Remark 5.25.

The hypothesis “6-hyperbolic” is also necessary: in fact, let us consider the Riemannian product
of a fixed compact Riemannian manifold (Y, g) of sectional curvature o < —1 by a circle of length
27 ¢, the systole of the action of its fundamental group I' on its Riemannian universal covering
(Y xR, §g® (dt)z) goes to zero with e, though (Y xR, §g® (dt)z) verifies all the assumptions
of Theorem 5.26 (except the d-hyperbolicity) and though T is a torsion-free subgroup of the
isometry group of (17 xR, g (dt)?).

The hypothesis “diam(I'\X) < D7 is also necessary: in fact let (X, g,,) be a sequence of hyperbolic
surfaces whose diameter goes to 4+oo with n, then their injectivity radius goes to zero and
consequently the systole of the action of their fundamental group I' on their Riemannian cover
(H2, can.) goes to zero, though (H?, can.) verifies all the assumptions of Theorem 5.26 (except
the upper bound of the diameter) and though T is torsion-free.

The hypothesis “Ent(X,d) < H” is also necessary: in fact, let us consider any surface ¥ obtained

by connected sum from two compact pointed hyperbolic surfaces (X1,g1,21) and (X2, g2, x2)

whose injectivity radii at x; and x5 are larger than some fixed 1 > 0: more precisely, for every

positive e << g1 we glue ¥ \ By, (x1,¢) and Xg \ By, (x2,¢) at the two ends of the cylinder

[—1,1] xS', identifying respectively OBy, (z1,¢) and By, (72, ) with {—1} xSt and {1} xS'; we

endow X1\ By, (z1,€) and X5\ By, (72, €) with their hyperbolic metrics g; and go, and [—1,1] xS*
sinh e

with the metric he := (dt)? + be(t)?(df)?, where b.(t) := ——— - cosh(K. t) and where K. is
cosh K,

chosen in order that K. tanh K. = tT; the metric g. on X is obtained by gluing these three
anh e

metrics (this gluing is C! because b.(—1) = b.(1) = sinhe and —b.(—1) = b.(1) = coshe).
Then the surfaces (X, g-) have bounded diameters, sectional curvature ¢ < —1, and injectivity

sinh(e)
di b:(0) < m—F—FF—
radius 7 b (0) Wcosh(l/g)
Riemannian universal coverings (%, §.) is equal to 7 b.(0)) and goes to zero with e, despite the
facts that I is torsion-free, that the diameters of '\ (%, §.) = (%, g-) are uniformly bounded, that

(ENJ, Je) is a CAT(—1) space and is therefore a Busemann space and a dg-hyperbolic space (with

13 the systole of the action of their fundamental group I' on their

1 1 inh inh
> —, we have b.(0) = Smae sinh(e)

13In fact, as K > <
°7 tanhe ~ ¢ coshK.  cosh(1l/¢)

, which goes to zero with e.
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do = In 3, by Corollary 1.4.2 page 12 of | ]). Hence all the hypotheses of Theorem 5.26 are
verified by the actions of I'" on the spaces (X, §.), except the “Entropy bounded” one. In fact
Ent(%, ) — +oo when € — 0 by Theorem 6.26 (ii)).

However, deciding if the hypothesis “(X, d) is a Busemann space” is necessary in Theorem 5.26
is an open problem.

Before proving Theorem 5.26, we shall provide (in Lemmas 5.27 and 5.28) lower bounds of the
distance between the boundary of a Margulis domain Mg(v) and every Margulis domain M, (7y)
such that ¢(7) < e < R. The first Lemma investigate the case where R = Ry := 20 (D + 0), the
second Lemma, using the convexity of the distance, is concerned by the case where ¢ = ¢(v) and
£(y) < R < Ry. These two Lemmas are the keys of the proof of Theorem 5.26: in fact, if € = £(7)
and if g¢ is the lower bound of the Margulis constant given by the corollary 5.22, these Lemmas
provide a lower bound of the distance between M, () and the boundary of M, () which goes to
400 when € — 0 and, as this distance is bounded from above in terms of the diameter, it comes
that e = £(g) cannot be small.

Lemma 5.27. On any non elementary d-hyperbolic space (X,d), for every proper action (by
isometries) of any group T' on this space such that the diameter of T\ X is bounded above by D,
for every torsion-free v € T'*, for every (xo,x) € X X X such that Ry(zo) > 20(D + 0) and
R, (z) < Ry(x), one has

o " C[ R ) o
R (z0) — 65 Ent(X,d)- Ry (o) +14 2

Proof. For the sake of simplicity, let N’ :=

and H := Ent(X,d). By definition of

R, (z), there exists p € N* such that d(z,7” x) = R,(x) and the triangle inequality then gives
d(z,v*P 2) < R, (z¢) + ¢ for every k € Z such that |k| < N’ and for any £ > 0; applying Lemma
5.5 (ii) (which is a corollary of the Bishop-Gromov-like inequality of Theorem 5.1 (ii)) in the case
where R = R, (x) + €, we obtain

sia3
IN' +1< # {k €Z:d(z,v" z) < Ry(z0) + a} <3 (1 +2 d(J:%EOEI))+ Ej Ce T H(Ry(@o)+2d(zo.2)te)
~(Zo

when £ — 0, noticing that Max;cr+ (tﬁ e_(ﬁ/e)t) = 1, we infer the inequalities

12n3 . N .
ON' 4 1< 312 (1 n 2;(52073)5)) T H(Ry (o) t2d(m0,m) < 12 (T HA oIS (142 FEE) ’
v {(Zo

which implies that
d(z,x)

Ry(wo) = g5 R, (z0) +

In(372(2N'+1)) 1

v

24In3 2
eln?2

O

Let us recall that the universal constants €o(d, H, D), Ny and Ry are defined in (59) and that
so(0,H,D) is defined in (60). For the sake of simplicity, we shall use the notations sy for
s0(8, H, D) and g for €q(d, H, D) in the sequel. Though the final aim of Theorem 5.26 is to
prove that the hypothesis £(y) < so(d, H, D) of the following Lemma is false, it is interesting to
investigate what would be the consequences of such an hypothesis when arguing by contradiction.

Lemma 5.28. Under the hypotheses of Theorem 5.206, every hyperbolic element v € T'* such
that ¢(y) < so(6, H, D) admits a y-invariant geodesic line ¢, on which 7y acts by translation of
length £(vy) and, for every r such that €9 /2 < r < Ry and for every x € X such that R (z) >,

— 2 (3 N
the distance from x to the geodesic line c., is bounded from below by Roﬂ 2420,
RO — &0 /2 2 5
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Proof. Let v~ and v be the two points of the ideal boundary which are fixed by . From
Lemma 8.41 follows the existence of a geodesic line ¢, joining v~ to 4* such that, for every
t €R, v (cy(t)) = cy(t+£(7)). A first consequence is that the Margulis domain M, (7) is non
empty for every p > £(7), a second one is that M(,(7) coincides with My, (7y) and contains c..
Let us consider any z such that R,(z) > r and denote by Z a projection of z on the geodesic
line ¢, the geodesic completeness and the lemma 8.39 then prove that the geodesic segment
[Z, 2] can be extended as a geodesic ray (denoted by ¢) whose origin is  and which contains z.
Lemma 8.38 asserts that the function f : ¢ — d(c(t), ¢,) is convex; as f(0) = 0 and as there exists
to = d(Z,x) > 0 such that f(t) =t for every t € [0,to], we have f(t) >t for every t € [tg, +00],
therefore d(c(t), ¢,) = t for every ¢ > 0, and thus ¢(+00) is a point of the ideal boundary which is
different from v~ = ¢y (—00) and from v = ¢, (+00); it then follows from this and from Lemma
8.34 (ii) that c(t) ¢ Mg, () when ¢ is great enough and, by the Intermediate Value Theorem,
there exists a point zo on the geodesic ray ¢ such that R,(xz¢) = Ro. As R,(xz¢) = Ry and
R, (z) = £(7), Lemma 5.27 gives:

Ry
1 3-12 (9| 2 1
d(0, 7) ( ([M]* )) 13 N
> s>+,
Ry 65 H Ry + 14 2 2 5

(62)

where the last inequality is a corollary of the following inequality, which is a consequence of the
assumption £(7) < s, of the definition (60) of sg and of the following direct computation:

Ry
In|3712(2|——"— 1
[ (2] +1) 1Mo +10)(IBH Ro+28/5) _, N
65 H Ry + 14 2 65 H Ry + 14 - 5

When zg € [z, ], the inequality (62) implies that d(z,z) > d(zo,Z) > Ry (3 + %) and proves
the lemma in this case.

From now on we shall therefore suppose that x € [T, x).

By the properness of the action and the definition of R.(zo), there exists kg € N* such that
d(z0,7" 2¢) = Mingez- d(zo,v* 19) = Ro. We shall now prove the inequality:

k‘() ((7) S %Eo . (63)

Arguing by contradiction, let us suppose that ko £(v) > %80 and let us denote by k7 the smallest
element of N* such that kikq £(y) > 36, then

0

where the first property comes from the assumption kg £(vy) > %50 and the second one (which
remains valid when kg £(y) > 39) from the definition of k1. Let h := v*1%0 according to (40) we
have

Ink 46 69
d(wo, hwg) < Ro + (ky — 1) £(y™) + 46 -1 < Ro+ (k1 —1)kol(y)+—5 In{1+— ), (65)
In2 In2 €0

where the last inequality is deduced from (64). As d(Z,hZ) = k1 ko £(7) > 30, Lemma 8.9 gives:
d(ﬂjo, hdfo) > d(xo, i‘) + d(.f, hf) + d(hil?o, hf) —66>2 d(xo, CE) + k1 ko f(’}/) —69;

joining this last inequality to (65) and (62), it comes

1 46 66 3 N
(R()-F1H<1+>+6(5>>d(1}0,x)>(+0) Ro.
2 n €0 2 5

As /Ry < 1/20, as 6/ 9 = Nod/Rp and as Ry > 205, we deduce that

31 3 ) 66 5 No
S m(1r 2N e L (14 22) 13 sy D
20 " T0mn2 n<+1o O)_ln2R0 n<—|—50>—|— Ro T
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this last inequality being false because Ny > 1, the assumption kg £(y) > %50 is false and this
proves (63).

The distance between the two geodesic segments [Z,zo] and [y*0 Z, v¥0 4] being convex (see

Definition 8.36), as © € [Z, zo], we get:

. d(z, ) ) d(z, ) ko -
< Ry(0) < dloi o) < 0D a0 + (1= FED Y atabo)

and, as d(zo, 7" o) = Ry and d(Z,y" &) = ko () < 1 €0 by (63), we infer that

_ 7”—60/2 _ T—€0/2 3 N()
d > —d > Y Sl B (T I
(@2) 2 g =27 (x’xO)—R()(RO—gO/z) <2+ 5

O

Proof of Theorem 5.26. As (i) evidently implies (ii), we only prove (i). If p is the representation
I' — Isom(X,d) associated to the action of I' on (X,d), Lemma 5.8 proves that the canonical
action of o(T") on (X, d) also verifies the hypotheses of Theorem 5.26, in particular (see Lemma
5.8 (v) and (vi)) v is torsion-free if and only if si o(y) is torsion-free and then ¢(o(y)) = £(7).
Therefore, in order to prove Theorem 5.26, it is sufficient to prove it when I' is a subgroup of
Isom(X, d) acting properly, this is what we shall suppose in the whole of this proof.

According to Lemma 8.13 (ii), '\ X is compact and Proposition 8.44 (ii) then implies that every
torsion-free element of I" is an hyperbolic isometry. Arguing by contradiction, let us suppose that
there exists at least one hyperbolic element v € T such that () < sg; let us fix this element.
Proposition 8.42 (ii) proves that, if v~ and 4™ are the points of the ideal boundary which are

fixed by 7, the subgroup I';, := {g el :g({yv ,7v} = {’y_,v‘*‘}} is the maximal virtually

cyclic subgroup containing y. By Lemma 5.28, we can fix a y-invariant geodesic line ¢, which
joins v~ and 4T, on which « acts by translation of length £().

For every € €0, 15551, let us fix any point x such that R, (x) = g9 —¢ (such a point exists because
U(y) < 59 < g9 — € and thus M,_.(y) and X \ M,,_-(v) are both non empty closed subsets of
the connected space X). Let Z be a projection of z onto c,.

For every g € I'y, let us denote by Z, a projection of gz on the geodesic line cy; as g ¥ is located
on the geodesic line g o ¢, which also joins v~ and 7+, we have d(gz, Z,) < 26 according to
Proposition 8.10 (i), which leads to d(z,¢9 %) > d(x,Z4) — d(9Z, Z4) > d(z,T) — 2. Using this
last inequality and the lower bound of d(x,Z) (in terms of r := gy — ) given by Lemma 5.28, we
get

2 5

For any g € I'\ T, Proposition 8.42 (ii) implies that the subgroup generated by v and g is not
virtually cyclic and Proposition 8.42 (v) asserts that the subgroup generated by v and gy g~ *
is not virtually cyclic. Corollary 5.22 then implies that L(y,gvg~') > ¢ — € hence, by Lemma
4.19, the Margulis domains verify M., _.(y) N Me,—(gvg™') = 0. As 2 € M.,_.(y), then
x ¢ Mc,—(gvg~") and we thus have R, ,-1(x) > g9 —e. As 7 acts by translation of length
{(7y) on the geodesic line c., then gy g~! acts by translation of length ¢(v) = ¢(gyg~') < s on
the geodesic line g o ¢,, we can thus apply Lemma 5.28 (where we replace r by €9 — ¢) to the
hyperbolic isometry gvg~! and we get:

Vg €T, d(z,go‘:)Zd(:c,:E)fQ(SZ%(50726) <3+NO)25, (66)

1 3 N,
VgeI'\T, d(z,gz) > d(z,g0cy) > 3 (e0—2¢) (2 + 50) , (67)

By definition of the diameter of I'\ X, one has D > minger d(x, ¢ Z); using inequalities (66) and
(67) (when € — 0) this gives

€0 3 No Ro 3 No RO
D>D (2400 g5 fo (2 N0 o550 50 95 _9p
—2<2+5> o 2N0<2+5) 0> 70 % ’

this contradiction proves that the hypothesis ¢(vy) < so(d, H, D) is never verified, which ends the
proof. O
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6 Transplantation of Margulis’ Properties

In contrast with the statements of section 5, the results of the present section concern the actions of
groups I' on measured metric spaces (Y, d, u) which are no longer supposed to be Gromov-hyperbolic; the
only geometric hypothesis which will be assumed on (Y, d, 1) is the “bounded entropy” one'*. The other
hypotheses are algebraic intrinsic conditions on the groups I', these conditions being inherited from the
existence of a system of generators which endows I' with a structure of hyperbolic group or from the
existence of an action of I" on an hyperbolic metric space admitting some geometric bounds. The aim
of this section is to prove that the actions of such groups on any measured metric space (Y, d, 1) (with
bounded entropy) verify several of the aforementioned Margulis’properties: see Theorems 6.19, 6.21, 6.26,
6.32 and 6.35 for precise statements: roughly speaking the Margulis’properties that we already proved
(in section 5) for the actions of these groups on Gromov-hyperbolic spaces are still valid for the actions
of these groups on any measured metric space. A first version of these ideas was introduced in | ]
but, in [ ] the class of groups I' under consideration was more limited: they were fundamental
groups of manifolds with sectional curvature o < —1 and with injectivity radius > i > 0 and of groups
such that any non abelian subgroup with two generators admits an injective homomorphism into such a
fundamental group.

Notations: Let us denote by I'® the subset of I'* =T\ {e} whose elements are the torsion-free
elements of I (I'® is not a group). For any y € Y and any r > 0, recall that ¥, (y) :== {y € I'"* :
d(y,vy) < r}, (I')(y) being the subgroup generated by X, (y)), that sysp(y) (resp. sysi(y)) is
the minimum of d(y,~yy) when 7 runs through the elements of I'* (resp. through the elements of
I'*); denote by Y, (resp. by Y,°) the set of the y’s in Y satisfying sysp(y) < r (resp. sysp(y) < r).
recall also that Diasp(Y) (resp. Sysp(Y)) is the supremum (resp. the infimum) on Y of the
function y — sysp(y).

For every subsets A and B of a given group I', recall that A - B is the set of the products ab,
where (a,b) € A x B and that A" is defined (from A% = A - A) by iteration of the equality
Ar = AnL. A,

For sake of simplicity, given a co-compact action of a group I' on a metric space (X, dp), we call
“co-diameter of this action” the diameter of I'\X for the quotient-metric dy (see definition in
Lemma 8.13).

Given the positive constants dg, Hy, Do, (), recalling the definition (58) of the universal constant
Ny := Ny(do, Ho, Dy), let us define

In2
My = Mo (60, Ho, Do) :=42Ng+3 ;  ap = ao(do, Ho, Do) := Moo, Ho Do) (68)
M(/) = ]\46((507 HO) = N0(607H07 1) ] Oz6 = Oé6((50, HQ) = 050(50, HQ, 1) ; (69)

ehln?2 136¢ + €/
o = TO(&O,EIO) = m ] nNg = n0(50,€6) = |:560:| (70)

6.1 The classes of groups which are considered here
When a metric space (X,d) is endowed with a proper, co-compact action by isometries of a

group I, recall that its entropy may be computed with respect to any I-invariant measure (see
Proposition 3.3) and is independent of the choice of this measure.

6.1.1 Definitions and first properties

Definition 6.1. Given any real parameters 6o, Hy, Dy > 0, we denote by

14This upper bound on the entropy is a way to fix a limit to the scale: indeed, in the absence of such a rescaling,
it would be impossible to bound from below distances, displacements or systole, for these invariants go to zero
when multiplying the distance d by a factor € going to zero. Among all the hypotheses limiting the scale, the
“bounded entropy one” is the weakest possible, as proved in subsection 3.3 (devoted to comparing the possible
hypotheses).
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o Hypl.iion (00, Ho, Do) the set of groups G which admit a proper action by isometries on some
connected, non elementary, dg-hyperbolic metric space whose entropy and co-diameter are
bounded from above by Hy and Dy respectively,

e Hyp, iion (90, Ho, Do) the set of all non virtually cyclic subgroups T' of groups G belonging
to the set Hypx iion (00, Ho, Do).

Notice that a group G € Hyp) ;o0 (00, Ho, Do) acts co-compactly on some §p-hyperbolic metric
space but that the induced action of a subgroup I' of G is in general not cocompact.

Definition 6.2. Given any real parameters dy, Hy, Do > 0, we denote by

e Hyp .vex (90, Ho, Do) the set of groups G which admit a proper action by isometries on
some connected, non elementary, geodesically complete, Busemann, dg-hyperbolic metric
space whose entropy and co-diameter are bounded from above by Hy and Dqy respectively,

e Hyp.onvex (90, Ho, Do) the set of all non virtually cyclic subgroups T’ of groups G belonging
to the set Hypiovex (005 Ho, Do)-

Definition 6.3. Given any real parameters dg, Hy > 0, we denote by

e Hyp(do, Ho) the set of non virtually cyclic groups G which admit a finite system of gen-
erators So such that G is dg-hyperbolic (with respect the associated algebraic distance dg,)
and such that Ent(G, Sp) < Ho,

e Hyp.,, (00, Ho) the set of all non virtually cyclic subgroups T of groups G belonging to the
set Hyp(do, Ho)-

Notice that subgroups of hyperbolic groups are in general not hyperbolic.

Definition 6.4. Given any parameters oo, ey > 0, we denote by Hypipnia(00,€0) the set of non
virtually cyclic groups T which admit a proper (possibly non co-compact) action by isometries on
some 0g-hyperbolic metric space (X,dy) such that every torsion-free v € T'* verifies £(7y) > €.

To these definitions, for convenience, we add the following one.

Definition 6.5. We define

Hypinick = U HYDipie (90, €0) -
002>0,e,>0

The idea for this definition is to consider groups I' which belong to some Hyp,p;cx (00, £() without
specifying the parameters §y and e, see, for example, Corollary 6.25, Theorem 7.37 and its
Corollaries 7.38, 7.40, 7.41 and Proposition 7.47.

Let us remark that the set of all non virtually cyclic subgroups I' of groups G belonging to
Hypipiek (60, €5) (resp. to Hyppiae) coincides™ with Hyppiac (0o, €6) (resp. with Hypepic)-

Let us now list some properties of the above defined sets of groups:

Lemma 6.6. Given any parameters dg,c( > 0, introduce ng = no(do,ep) as in (70). In every
group T' € Hypyiac (00, €0), for every pair of torsion-free elements a,b € T’ which generates a non
virtually cyclic subgroup, for every integers p,q > ng, one of the two semi-groups generated by
{a?,b?} or by {aP, b~} is free.

Proof. By definition of Hyp,,;. (90,20, there exists some dg-hyperbolic metric space (X, dy) and
a proper action (by isometries) of T' on (X, dp) such that every pair of torsion-free elements
a,b € T verifies £(a), ¢(b) > €f. Corollary 4.10 then implies that, for every integers p,q > ng, one
of the two semi-groups generated by {aP,b?} or by {a?,b~?} is free. O

15The proof is as follows: let G be any non virtually cyclic group which admits a proper action by isometries
on some do-hyperbolic metric space (X, dp) such that every torsion-free g € G* verifies £(g) > €, then, for every
(non virtually cyclic) subgroup I' of G, the induced action of I on (X, dp) satisfies the same properties.
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Lemma 6.7. For every do, Hy > 0, Hypg,, (90, Ho) is a subset of Hyp,cion (90, Ho, 1).

Proof. Let T' be any non virtually cyclic subgroup of some group G € Hyp(do, Hp) By definition
of a §p-hyperbolic group, there exists a finite system S; of generators of G such that the Cayley
graph Gg,(G) of G (endowed with the canonical extension of the algebraic distance dg,, see
definitions in Section 2) is a connected do-hyperbolic metric space whose entropy is smaller than
Hj (see the examples before Lemma 3.6). As G acts properly (by isometries) by left translations
on this Cayley graph and as the diameter of G\Gg (G) is smaller than 1, Propositions 8.44 (iii)
and (iv) then imply that (QSO (G), dso) is a non elementary dg-hyperbolic space. This proves that
G € Hypj tion (00, Ho, 1) and thus that I' € Hyp,4ion (00, Ho, 1). O

It is clear that Hyp(do, Ho) is a subset of Hypg,, (60, Ho), we also get

Lemma 6.8. For every dp, Hy, Do > 0, every I' € Hyp; iion (90, Ho, Do) (and consequently ev-
ery I' € Hypronvex (90, Ho, Do) ) is a non virtually cyclic group. Hence Hyph iion (0, Ho, Do) and
Hyp}onvex (00, Ho, Do) are respectively included in Hyp,ction (00, Ho, Do) and in Hyp,opvex (90, Ho, Do)-

Proof. As T' € Hypj tion (90, Ho, Do), there exists a proper action (by isometries) on some con-
nected, non elementary, dp-hyperbolic metric space (X, dg) whose diameter is bounded by Dy.
Let oo : I' — Isom(X,dy) be the representation associated to this action; as this action is co-
compact (by Lemma 8.13 (ii)) on a non elementary hyperbolic space, go(I") is not virtually cyclic
by Propositions 8.44 (iii) and (iv), and thus T is not virtually cyclic. O

Lemma 6.9. For every do, Ho, Do,y > 0, for any T' € Hyp} iion (00, Ho, Do) U Hyp(do, Ho) U
Hypipicek (00, €0), the action of T on the dg-hyperbolic metric space (X, dy) which is mentioned in
the definitions of these three sets of groups satisfies the two following properties:

(i) every element g € T' acts on (X,dy) as an elliptic or hyperbolic isometry (i. e. none of
these elements acts as a parabolic isometry),

(ii) every torsion-free v € I' acts as an hyperbolic isometry (i. e. £(y) > 0 by Lemma 8.19).
Consequenly these two properties remain valid for every subgroup I of T.

Proof. Let go : I' = Isom(X,dp) be the representation associated to the action of I' on (X, dp);
for every v € I, go(7y) is elliptic if and only if v has torsion (by Lemma 5.8 (v) and Remark
8.16 (i)). Consequently, if T’ € Hyppec (90, €5), for every v € T, go(7) is either elliptic or verifies
(00(7)) = 4(~) > 0 (by Definition 6.4 and Theorem 8.15), thus go(7) is either elliptic or hyper-
bolic (by Lemma 8.19) and this proves properties (i) and (ii) in this case.

Let us now suppose that I' € HypZ.iion(00, Ho, Do) U Hyp(do, Hp): then, as go(I") acts co-
compactly on (X,dp) (by Lemma 8.13 (ii)), for every v € I', po(7y) is a non parabolic isometry
by Proposition 8.44 (ii); this implies that, for every torsion-free v € T, gg(7y) is non elliptic and
non parabolic, thus it is an hyperbolic isometry and it satisfies £() > 0 by Lemma 8.19. O

Lemma 6.10. For every 0o, Ho, Do > 0, Hyp.onvex (90s Ho, Do) is included in Hypp;e (00, So),
where sg := s0(do, Ho, Do) is the universal constant defined at (60).

Proof. Let T be any non virtually cyclic subgroup of any group G € HypZ,, vex (00, Ho, Do), then
G is non virtually cyclic (by Lemma 6.8) and there exists a proper action (by isometries) of G on
some (connected, non elementary) geodesically complete, Busemann, do-hyperbolic metric space
(X, do), whose entropy and co-diameter are bounded from above by Hy and Dy respectively. As
the action of G on (X, dy) satisfies all the hypotheses of Theorem 5.26, it follows from this theorem
that the action of every torsion-free v € G* on (X, dy) verifies £(y) > sg := s0(d0, Ho, Do); hence
G € Hypipiek (%0, So0), and the induced action of I" on (X, dp) is proper, by isometries and still
verifies £(y) > so for every torsion-free v € I'*. This proves that I' € Hyp,p;q (00, So)- O
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6.1.2 Comparison with acylindrical hyperbolicity

The notion of acylindrical action was introduced on trees by Z. Sela and on metric spaces by B.
Bowditch; the following definitions were explicited by D. Osin in | ]:

Definitions 6.11. The action by isometries of a group T' on a metric space (X, d) is acylindrical
if, for every R > 0, there exist positive numbers A = AL, R) and N = N(I', R) such that, for
all z,y € X verifying d(x,y) > A, one has

#{vel: dx,yz) <R andd(y,yy) <R} < N.

A group T is called acylindrically hyperbolic if it admits a non elementary acylindrical action on
some Gromov-hyperbolic space'® .

The hyperbolic spaces involved in Definitions 6.11 are not supposed to be proper, and there
are many qualitative applications in the non proper case. In the following definition, we shall
suppose these hyperbolic spaces to be proper, because we aim at quantitative estimates:

Definitions 6.12. A group T is called properly acylindrically hyperbolic if it admits a non
elementary acylindrical action on some proper Gromov-hyperbolic space. The set of properly
acylindrically hyperbolic groups will be denoted Hyp,., in the sequel.

Every properly acylindrically hyperbolic group admits a non elementary, proper, acylindrical
action on some proper Gromov-hyperbolic space by the

Remark 6.13. Fvery acylindrical action of a group G on a proper metric space (X, d) is proper.

Proof. Let ¢ : G — Isom(X,d) be the representation associated to the action (i.e. gz := o(g)(x)
for every g € G and every x € X; we define I' := o(G).

On the space C(X, X) of continuous maps from X to X, the compact-open topology is metris-
able!” because (X,d) is a metric space which is the increasing union (for all n € N*) of the
compact balls K,, := Bx(zo,n), where g € X. Hence Isom(X,d) is a metric space for the
induced metric. To prove that T' is a closed discrete subset of Isom(X,d), endowed with the
compact-open topology, it is thus sufficient to prove that every converging sequence of elements
of T' is stationary.

Arguing by contradiction, suppose that there exists a converging sequence (7,,), <y of distinct
elements of I'. Let us fix a pair of points x,y € X verifying d(z,y) > A(G,1) and define
Hyy(1) :=={g€G: d(x,gr) <1and d(y,gy) < 1}. As (7,),cy uniformly converges on {xz,y},
there exists n € N such that

Vp € N d(xa/y;l ’yner {E) = d(ﬁYn x77n+p iC) < 1 a“nd d(y7’77_11’7n+p y) < ]-7

and H, (1) is thus infinite, in contradiction with the definition of acylindricity, which implies
that H, ,(1) is finite. We conclude that T" is a closed discrete subgroup of Isom(X,d) and
Proposition 8.12 then implies that the action of T' := o(G) on X is proper. Now, as Ker g is
included in H, ,(1), it is finite and the action of G is also proper. Moreover every element of
Ker g is a torsion one. O

Let us first notice that every group I' which admits a proper co-compact action on some proper
Gromov-hyperbolic space (X, d) is automatically a properly acylindrically hyperbolic group, for
the number of v € T such that d(z,vz) < R is then bounded above independently of x € X,
this bound depending on R, on the group, on its action and on the diameter of I'\X. Hence,
being verified by all the groups that we shall consider, i.e. by all the groups which admit
a proper co-compact action on some proper Gromov-hyperbolic space, the condition “T" is a

6By the corollary 14.4 of | ], the set of acylindrically hyperbolic groups contains the set of hierarchically
hyperbolic groups (the definition of this last set is given, for instance, in [ D-
et dn(f, g) := SUPex,, dx (f(z)7 g(z)), the distance on C'(X, X) which induces the compact-open topology

may be defined as d(f, g) := S 2_"%.
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properly acylindrically hyperbolic group” alone is not a discriminating criterion, and it is thus
not conclusive when one aims at quantitative estimates of geometric constants (as Margulis’
ones) which measure the action of such groups on any metric space, especially since we want
these quantitative estimates (as those given by Theorems 6.19, 6.21, 6.26, 6.32 and 6.35) to be
independent of this space and to be uniformly bounded on a whole class of these groups, .
Hence, in order to compute such universal estimates, it is necessary to bound some of the
parameters involved in Definitions 6.11 and 6.12 independently on I'. In this spirit, there exists
a previous work by K. Fujiwara ([ ], Theorem 14) who established a version of Lemma 6.6,
under stronger hypotheses (see the sequel) and with stronger conclusion, it is the

Theorem 6.14. (K. Fujiwara) Suppose that T’ acts acylindrically on a §-hyperbolic graph X,
with parameters A = A(I',R) and N = N(T', R). Then there exists a constant M, depending
only on ¢, N(I',200), N(T',2000), A(T,200) and A(T",2000) with the following property: suppose
that a,b € T act hyperbolically and assume that, for any p,q € Z\ {0}, [aP,b9] is not trivial then,
for every p,q > M, the subgroup generated by a? and b? is free.

In the same spirit, but aiming to make the estimates independent of I', we define the following
larger class of groups:

Definitions 6.15. Given a constant 0y > 0, a function Ny : 10,400 [ — N*, and any action by
isometries of a group T' on a Gromov-hyperbolic space (X, d), this action is said to be (dg, No(-))-
properly acylindrically hyperbolic if it is non elementary, if (X,d) is a proper do-hyperbolic space
and if, for every R > 0, there exists A > 0 such that, for all x,y € X verifying d(z,y) > A, one
has

#{y el :d(z,vz) <R and d(y,vy) < R} < No(R).

A group is said to be (8o, No(+))-properly acylindrically hyperbolic if it admits a (o, No(+))-
properly acylindrically hyperbolic action on some proper dg-hyperbolic space.

We moreover denote by Hyp,, (507 NO(-)) the set of (8o, No(+))-properly acylindrically hyperbolic
groups.

The following result proves that the hypothesis “T' € Hypiicc(d0,€0)” is weaker than the hy-
pothesis “T" is (09, Ny(+))-properly acylindrically hyperbolic”:

Proposition 6.16. For every (6o, No(-))-properly acylindrically hyperbolic action of a group T on
some proper dg-hyperbolic space (X,d), every torsion-free element v € T verifies £(7y) > €, where
/

216
€ = m- Consequently Hypacyl (507 NO(‘)) C Hypipick (90, €0) and Hypacyl C HyPehiek-

For every choice of the function Ny(-) there exist actions of groups I' on proper 2-hyperbolic spaces
(X, d) which are not (2, No())-properly acylindrically hyperbolic, though they verify () > 1
for every torsion-free element v € I': just consider a sequence (I'y)nen of groups such that
T, := F x G,,, where F is a free group and G,, a finite group such that #G,, > n. Endow each
I',, with the system of generators ¥, := S U G,,, where S is the canonical system of generators
of F'. As the diameter of G,,, with respect to the associated algebraic distance d¢, is equal to 1,
the Cayley graph of (I, ¥,,) is a proper dop-hyperbolic space, with (dp := 2) and, for every pair
x,y of points of this graph, every element v € {1} x G,, verifies d(z,g.z) < 1 and d(y, g.y) < 1.
Hence, for every n > Ny(1), the action is not (dg, No(+))-properly acylindrically hyperbolic. On
the contrary, for every n € N, every torsion-free element v € T';, is a non trivial element of F'x {1}
and thus verifies £() > 1.

Proof of Proposition 6.16. Let T’ be any (dg, No(-))-properly acylindrically hyperbolic group,
there then exist a proper do-hyperbolic space (X, d) and a non elementary action of I" on (X, d)

which verifies, for the value Ay := A(I',2000) of the parameter and for every z,y such that
d(.’lﬁ, y) > AO;

#{geTl: d(z,g.x) <206 and d(y, g.y) <2060} < Ny(20dp) . (71)
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By Proposition 8.42 (iii), I" is non virtually cyclic; moreover the action of I on (X, d) is proper
by Remark 6.13.

We first prove, by contradiction, that none of the elements of I' acts by parabolic isometry.
Suppose that v € T acts on (X,d) by parabolic isometry, it would then admit only one fixed
point v on the ideal boundary 9X; let us fix a geodesic ray ¢ such that ¢(+00) = ~v°°. For the
sake of simplicity, define N := Ny(20dp) and the constant T := sup,c(1, . n} d(c(0), v ¢(0)).

For every t,t' € [Ty, +oo[ such that |t/ —t| > Ao, for all n € Z such that |n| < N, Lemma 8.22
(applied to the parabolic isometry ™) guarantees that

d(c(t),7"e(t)) < 76 <208y and  d(c(t'),y" c(t')) < 76 < 200y -
A consequence of this and of (71) is that
2N+1=#{y":n€Z st. [n| <N} <#{y" :d(c(t),y" c(t)) <2080 and d(c(t'),y" c(t')) < 2050}

<#{geTl :d(c(t),gc(t)) <208, and d(c(t'),gc(t’)) <2050} < No(2080) = N,
a contradiction which proves that none of the elements of I" acts by parabolic isometry.

A consequence of this, of Theorem 8.15 and of Remark 8.16 (i) is that every torsion-free v €
I'* acts on (X,d) by hyperbolic isometry. As £(y) > 0 by Lemma 8.19, we can define I :=

114 16 6o

Z <lIp| <

24() t(y)
where the minimal displacement s(7y) is introduced in Definitions 8.18, we thus can apply Lemma
4.11 (i), which implies that, for every € M () and every p € I, d(z,v? x) < £(yP)+4 5y < 20Jg.
There exist two points z,y of M (v) such that d(x,y) > Ay (one can for instance choose them on
the same geodesic ¢ € G(7)), which thus satisfy the property:

}. For every p € I, one has s(77) > {(v*) = |p|{(y) > % bo,

Vpel d(xz,v?x) <20y and d(y,7"y) <20 .

A consequence is that, for everyp € I, 4 € {g € T : d(x, g.x) < 209y and d(y, g.y) < 20dp}. We
deduce, from this and from (71), that

216,
No(2009) > #{g €T : d(x,g.2) <206 and d(y,g.y) <2080} > #(I) > 2 <2£( 0) B 1> 7
Y
which gives ¢(vy) > ¢(, and, comparing to Definition 6.4, implies that I' € Hyp,y;q (00, €5)-
Now, as every O-hyperbolic space is d-hyperbolic for every § > 0, it is clear, from Definitions
6.12 that, for every I' € Hyp,,1, there exist 6 > 0, a proper d-hyperbolic space (X, d), and an

isometric action of I' on (X, d) verifying the following property: for every R > 0, there exists
A= A(T,R) and N = N(T', R) such that, for all z,y € X such that d(x,y) > A, one has

#{veTl: d(z,yz) < Rand d(y,vy) < R} < Nr(R),

where Np(R) := N(I', R). It follows, by Definition 6.15, that I' € Hyp,.,, (6, Nr(+)) and we just
210

proved that I' € Hypy;« (6, €"), where &’ := Nr(206) + 2

> 0. Hence I' € Hyp,piex- 0

6.2 A first Margulis Property

Definition 6.17. Let T' be a group acting properly, by isometries, on a metric space (Y,d), the
“Margulis invariant” of this action, denoted by Margp(Y,d), is defined by

Margp(Y,d) := sup{r | T'.(z) is virtually cyclic for every x € Y},
where T'.(x) is the subgroup of T' generated by all the v € ' such that d(x,vyx) < r.

The Margulis invariant is generally defined as sup{r | T';-(x) is virtually nilpotent for every x € Y},
the above definition looks different. In fact, the two definitions are equivalent in the cases that
we are considering, as proved by the following
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Remark 6.18. Let I' be a group acting properly, by isometries, on a metric space (Y, d), if I is
torsion-free, then Margp(Y, d) is equal to sup{r | I';(x) is cyclic for every z € Y}, if T is Gromov-
hyperbolic, then Margp (Y, d) is equal to sup{r|T.(x) is virtually nilpotent for every z € Y}.

Proof. Tf T is torsion-free then, by Lemma 8.14, T'.(x) is virtually cyclic if and only if it is cyclic;
this proves the first part of this remark. Now, if there exists a finite system of generators of T,
denoted by S, such that the Cayley graph of I', endowed with the algebraic accessibility distance
ds associated to S (defined at the last page of section 2), is Gromov-hyperbolic, as the canonical
action of I on its Cayley graph is proper, co-compact and by isometries, we can apply Proposition
8.44 (v) which shows that T',.(z) is virtually cyclic if and only if it is virtually nilpotent; this
proves the second part of this remark. O

Given any parameters 0o, Ho, Do,e, > 0, we recall the definitions of ag = (09, Ho, Do) (in
(68)), of oy = a;(do, Hp) (in (69)) and of ro = 19(dp,e) (in (70)). The following results
concern the sets of groups Hyp,(ion (90, Ho, Do), HyPgyt, (90, Ho) and Hypipie (00, £5) introduced
in Definitions 6.1, 6.3 and 6.4 respectively.

Theorem 6.19. Given any parameters do, Ho, Do, e(, H > 0, every proper action (by isometries
preserving the measure) of every group T' on any metric measured space (Y, d, ) whose entropy
is bounded from above by H has the following properties:

(i) If T € Hyp,ction (00, Ho, Do), for every y € Y, the subgroup 'y, 5 (y) is virtually cyclic; in
other words Marg (Y, d) - Ent(Y,d, u) > ag(o, Ho, Do) > 0.

1) If ' € Hyp,,1,(00, Hy), for every y € Y, the subgroup 'y /g is virtually cyclic; in other
YPsub Yy g o/H\Y Yy cy
words Margp (Y, d) - Ent(Y, d, ) > (8o, Ho) > 0.

(iii) If I' € Hypipiek (0, €0), for every y € Y such that ¥,k (y) contains a torsion-free element
(or is empty), the subgroup T, /i (y) is virtually cyclic; in particular, when T is torsion-free,
Marg (Y, d) - Ent(Y, d, i) > r9(d0,€5) > 0.

Remark 6.20. The fact that we can consider only subgroups T' of groups G € Hyp(do, Hp), that
is groups T' € Hypg, (80, Ho), will be important in the next section, in Theorems 7.10 and 7.18
and the application of 7.18 concerning the example of CAT(0)-cube complexes.

Proof of (i). As T is an element of Hyp,;on (%0, Ho, Do), it is a non virtually cyclic subgroup of
some group G € Hyp} tion (90, Ho, Do). The difficult point here is that the existence of an action
of ' on (Y, d, ) does not imply the existence of an action of G on (Y, d, ). Considering the action
of I on (Y, d, 1), let S be the finite subset of I' defined by S := ¥, /5 (y), it is a finite set for this
action is proper. As (by definition) the subgroup generated by S in I' is (S) = I'y,/x(y), and as
S cTl'cG, Ty, u(y) is also the subgroup generated by S in G and, if I'y, /() is not virtually
cyclic, then, as G acts (properly, by isometries) on some connected dp-hyperbolic metric space
(X, doy), whose entropy and co-diameter are bounded (from above) by Hy and Dy respectively,
we may apply Theorem 5.16 (ii) to this action of G and conclude that Ent((S),S) > «y.

From this and from Lemma 3.6 one deduces that

H- % > Ent(Y, d, p) - Maxoes d(y, oy) > Ent((S), S) > aq .
As this is false, ', /g (y) is virtually cyclic by contradiction. O
Proof of (ii). AsT € Hyp,ction (%0, Ho, 1) by Lemma 6.7, (ii) is an immediate corollary of (i). O
Proof of (iii). If ¥, /5 (y) is empty, then I'. /g(y) is trivial and the proposition is proved;
let us thus suppose that ¥, ,r(y) contains a torsion-free element, denoted by 7. Introduce
no = no(do, ;) as in (70). By definition of Hyppi(do, (), there exists some dp-hyperbolic

metric space (X, dp) and a proper action (by isometries) of T' on (X, dy) such that £(,) > &f.
Arguing by contradiction, suppose that ¥, /5 (y) generates a non virtually cyclic subgroup of T,
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then Corollary 8.43 (iii) guarantees the existence of some o € X,/ (y) such that (v,, o) is non
virtually cyclic and one deduces (by Corollary 8.43 (i)) that (v, U'yo o~ 1) is non virtually cyclic;
by Lemma 6.6, one of the two semi-groups generated by {v(°,0v° o1} or by {~g°, 075" 071}
is free.

Now, applying Lemma 3.6 to the action of T' on (Y,d,u) and using the fact that

Max (d(y,’ygo Y); d(y,a’y§”” *1y)) < (no +2)%, we get:

In2 > (ng+2)rg = H(no + 2)%0 > Ent(Y, d, n) Max (d(y,’ygo y); d(y, (Vﬁno 1y))

> Ent ((76°, 075 0 1), {7°, 075" 0 }) > In2,

a contradiction which can be avoided only if ¥, /5 (y) generates a virtually cyclic subgroup of
T. O

6.3 A lower bound of the diastole

Given any parameters 0o, Ho, Do,e, > 0, we recall the definitions of ag = (0, Ho, Do) (in
(68)), of a = a{(do, Hp) (in (69)) and of rg = 7¢(dp,ep) (in (70)). The following Theorem
concerns the sets of groups Hyp, iion (%0, Ho, Do), HyDeup (60, Ho) and Hypyypicx (90, () introduced
in Definitions 6.1, 6.3 and 6.4 respectively.

Theorem 6.21. Given any parameters 6o, Ho, Do, ef, H > 0, every proper action (by isometries
preserving the measure) of a group T' on a connected metric measured space (Y,d, ) whose
entropy is bounded from above by H has the following properties:

(i) If T € Hypactlon(éo,Ho,Do), there exists y € Y such that sysf.(y) > 9¢; in addition, for
every r € ]0, G, Y2 is disconnected or empty.

(i) If T € Hypsub(§0,H0) there exists y € Y such that sysp(y) > %6; in addition, for every

r € }0, A }, Y2 is disconnected or empty.

(i11) If T € Hypypnick (00, 0), there exists y € Y such that sysp(y) > 5%; in addition, for every

H’
T E }O, ’Iﬂ , Y. is disconnected or empty.

If moreover T' is torsion-free, these three results remain valid if we replace sys?(y) by sysp(y)
and the disconnectedness of Y,° by the disconnectedness of Y.

Though Y;? is disconnected (by this Theorem) for the values of r in the interval mentioned above,
its projection ?: on I'\Y may sometimes be connected, see however Theorem 6.32.

When torsion elements are admitted in I', there is no possible universal lower bound of the
diastole (and a fortiori of the pointwise or global systole) under the hypotheses of Theorem 6.21,
as proved by the example given in Remark 5.25; in the same vein, this example also proves
that, sysf(y) and Y,® cannot be replaced by sysp(y) and Y, in the conclusions of this theorem
concerning the case with torsion.

The proof of this Theorem is based on the following Lemma and Proposition:

Lemma 6.22. For every proper action (by isometries) of any group T' on any Gromov-hyperbolic
metric space (X, dy), every hyperbolic element v of T is contained in a unique mazimal virtually
cyclic subgroup.

Proof. Let g : T' — Isom(X,dp) be the representation associated to the action of T on (X, dp).
As 0p(y) is a hyperbolic isometry, Proposition 8.42 (ii) implies that go(y) is contained in a
unique maximal virtually cyclic subgroup G, of go(I') (namely G, = {g € T": g({fy 7‘*‘})

{y7,7*}}). A consequence is that g5 '(G.,) is a virtually cyclic subgroup of ' (by Lemma 5.8
(vii)) which contains «; moreover any other virtually cyclic subgroup G of T' which contains ~
verifies 09(G) C G (because of the maximality of G.,) and thus G C g, (G,). We conclude
that oy 1(Gw) is the unique maximal virtually cyclic subgroup of I" which contains . O
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Proposition 6.23. Let us consider any proper action (by isometries) of any non virtually cyclic
group T' on any connected metric space (Y,d) and every r > 0 such that the subgroup T',(y) is
virtually cyclic at every point y of the “thin” subset Y,°; if the same group I' admits another
proper action (by isometries) on some Gromov-hyperbolic metric space (X, dg) such that T\ X is
compact (or, more generally, such that none of the elements of I' acts by parabolic isometry of
(X,do)), then the action on'Y has the following properties:

(1) for everyy € Y,°, there exists a mazimal virtually cyclic subgroup G(y) of T’ which contains
2 (y); moreover the map y — G(y) is constant on each connected component of Y,2.

(2) the “thin” subset Y,° is empty or disconnected.

Proof. Let go : T' — Isom(X,dp) be the representation associated to the action of T on (X, dp);
for every torsion-free v € I', go(7y) is also torsion-free (by Lemma 5.8 (v)), thus it is an isometry
of (X, dp) which is non elliptic (by Remark 8.16 (i)) and non parabolic (by hypothesis in the non
co-compact case, by Proposition 8.44 (ii) in the co-compact case); hence go(7) is an hyperbolic
isometry of (X,dp) by Theorem 8.15; this implies that ¢(v) > 0 by Lemma 8.19.

Proof of (1) : Forevery y € Y,°, as I';.(y) = (X, (y)) is (by hypothesis) a virtually cyclic subgroup
of T which contains a torsion-free (and thus hyperbolic) element v, Lemma 6.22 guarantees the
existence of a unique maximal virtually cyclic subgroup G(y) of I' which contains ~, and thus
contains ¥, (y) by the maximality of G(y). By continuity of the distance and properness of the
action'® for every y € Y,° and for every %’ in a sufficiently small neighbourhood of y (thus
contained in the open set Y,°), one has X, (y') C X, (y), and consequently G(y') = G(y) by the
maximality of G(y’). The map y — G(y), being locally constant, is constant on each connected
component of Y,2.

Proof of (2) : Suppose that Y,° is non empty. For every y € Y,° and every g € T, as ¥,.(gy) =
g-%.-(y)-g ! and as g- G(y) - g~! is the unique maximal virtually cyclic subgroup of I' which
contains g - 3, (y) - g~1, one gets G(gy) = g-G(y) - g~ L.
If Y,? is connected, G(y) is constant on Y,? and equal to a fixed maximal virtually cyclic subgroup
G, which contains all the subgroups I',.(y) for all the y’s in Y,°. For every y € Y,? and every
g € T, the equality sys?(gy) = sysp(y) implies that gy also belongs to Y,°, and it follows that
g-G-g7t=g-G(y) g7 =G(gy) = G and thus G is a normal virtually cyclic subgroup of T
As G isnormal in T, and as (for every y € Y,°) G contains ¥, (y), which contains some torsion-free
element ~ such that £(v) > 0 (as proved above) then, for every g € T, gy g~ € G and (y,gvg~ %)
is virtually cyclic, thus (using Corollary 8.43 (i)) (v, ¢g) is virtually cyclic, and (v, ¢g) C G by the
maximality of G. As this is valid for every g € I'; it implies that I' = G, in contradiction with
the fact that I' is not virtually cyclic by hypothesis. Hence Y,° is disconnected. O

Proof of Theorem 6.21 (i). AsT is an element of Hyp, ;o (90, Ho, Do), it is a non virtually cyclic
subgroup of some group G € Hyp} iion (00, Ho, Do); as G admits a proper action (by isometries)
on some dp-hyperbolic metric space (X, dy), and as this action is co-compact by Lemma 8.13 (ii)
because G\X has bounded diameter, Proposition 8.44 (ii) implies that none of the elements of
G (and thus none of the elements of T") acts by parabolic isometry of (X, dg). We may apply
Theorem 6.19 (i) which proves that I'.(y) is virtually cyclic for every r < 9% and every y € Y.
As all its hypotheses are verified, we may thus apply Proposition 6.23 (2), which guarantees that
Y? is disconnected or empty.

Choosing now r = 3¢, we obtain that Yo‘jo JH is disconnected or empty and, as Y is connected, it
comes that Y\ YSO/H # () and any point y € Y\ YSO/H verifies sysp.(y) > G

In the case where I' is torsion-free, one has sysf(-) = sysp(-) and Y,? =Y, is disconnected or
empty for every r € ]0, $¢]; in particular there exists y € Y such that sysp(y) > 5. 0O
Proof of Theorem 6.21 (ii). The hypotheses of Theorem 6.21 (ii) imply that one may apply
Lemma 6.7, which proves that I' € Hyp, ;0 (90, Ho, 1), and we end the proof by applying Theo-
rem 6.21 (i). O

18In fact, the properness of the action implies the existence of some S = B(y) > 0 such that
Min,ep\s,.(y) 4y, 7y) > r + B; it follows that, for every ¥’ € By (y, 8/2), one has %, (y') C Er(y)-
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Proof of Theorem 6.21 (iii). AsT € Hypipiec(00,€0), it is non virtually cyclic by definition and it
admits a proper action (by isometries) on some dy-hyperbolic space (X, dp) such that no element
acts as a parabolic isometry (by Lemma 6.9).

Considering now the action of I' on (Y, d), notice that, for every y € Y2 /> one has sys(y) <
ro/H, and there exists a torsion-free element v € X, /5 (y); we may thus apply Theorem 6.19
(iii) which proves that I, /5 (y) is virtually cyclic for every y € Ye /i3 & consequence of this and
of the inclusions Y,* C Y and I'v(y) C 'y yn (y) (for every r < 52) is that I';(y) is virtually
cyclic for every r» < %% and every y € Y,°. As all its hypotheses are verified, we may thus apply
Proposition 6.23 (2), which guarantees that, for every r < %%, Y,* is disconnected or empty and,
as Y is connected, it comes that Y\YTT)/H # () and any point y € Y\Y;Z/H verifies sysp(y) > 3.

In the case where I" is torsion-free, one has sysf(-) = sysp(-) and Y, =Y, is disconnected or
empty for every r € ]O, %0], in particular there exists y € Y such that sysp(y) > 7. O
An important consequence is the following Corollary 6.25, whose assumption (iii) is valid if one

replaces the class Hypp,; by the slightly smaller!? class of groups Hyp,;cc, defined as follows:

Definitions 6.24. Given any parameters dg,e(, > 0, we denote by I:I;i)thick(éo,e{)) the set of
groups I' which admit a proper non elementary (possibly non co-compact) action by isometries
on some 0g-hyperbolic metric space (X, dy) such that every torsion-free v € T'* verifies £(y) > &y.

We then define Hypypiek as Us, >0, >0 HyDipick (90, €0)-

Corollary 6.25. Every metric measured space (Y, d, u) verifies Ent(Y,d, ) > 0 if it admits a
proper action (by isometries preserving the measure) of some group T' which verifies one of the
three following hypotheses:

(i) T is finitely generated and belongs to Hyp,tion (90, Ho, Do) U Hypgy, (80, Ho),

(ii) T' contains at least one torsion-free element and belongs to Hyp, iion (00, Ho, Do), or to
Hypguy(d0, Ho), or to Hypipia,,

(i4i) T' € HyDgpicx-

Proof. As Hypui, (00, Ho) C HyPetion (00, Ho, 1) by Lemma 6.7, it is sufficient to make the proof
in the case where I' € Hyp,tion (00, Ho, Do) U HyDypick-

If we had Ent(Y,d, 1) = 0, we could apply Theorem 6.21 for H arbitrarily close to 0 and infer
that the supremum (for all y € Y') of sys%(y) is infinite. This would imply that I' only has torsion
elements, in contradiction with hypothesis (ii), proving that Ent(Y,d, u) > 0 in this case.

Hypothesis (iii) is stronger than hypothesis (ii): indeed, if T € ijy/pthick7 Gromov’s classification
(see the beginning of subsection 8.7) proves that, as the action of I" on some Gromov-hyperbolic
space (X, dp) is non elementary, then it contains hyperbolic (thus torsion-free) elements. Hence
Ent(Y,d, 1) > 0 under the hypothesis (iii).

Hypothesis (i) is stronger than hypothesis (ii) because, if I' € Hyp,ion (00, Ho, Do) is finitely
generated it is a finitely generated and non virtually cyclic subgroup of a group G which admits
a proper action (by isometries) on some (connected, non elementary) dp-hyperbolic metric space
(X, do) whose entropy and co-diameter are bounded (from above) by Hy and Dg respectively.
We can thus apply Theorem 5.16 (i), which proves the existence, in I', of a torsion-free element
vo € I'. This proves that Ent(Y,d, ) > 0 under the hypotheses (i). O

6.4 A lower bound of the global systole

For every proper action (by isometries) of every group I' on any metric space (Y, d), let us define
the “topological radius” Toprad(y) as the supremum of the values r € RT such that Iy, (y) is
virtually cyclic.

19Indeed, instead of considering non virtually cyclic groups, in Definitions 6.24, we consider groups whose action
on the ad hoc dp-hyperbolic space is non elementary. In the case where this action is not co-compact, this new
hypothesis is slightly stronger than the previous one (see Propositions 8.42 (iii) and 8.44 (iv)).
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For any y € Y the “topological radius” is a local version of the “Margulis invariant” of Definition
6.17 and it verifies

. 1
ylél£ Toprad(y) = 3 Margp (Y, d) .

Using the term “topological radius” for this invariant can be justified by the following obser-
vation: when Y is simply connected and when 7 : Y — Y = I'\Y is the quotient map (and
universal covering of Y), I'y,.(y) coincides with the image (by the homomorphism associated to
the canonical injection) of the fundamental group of the ball By-(m(y),r) of Y in the fundamental
group of Y (see Theorem 6.35 (v)), the topological radius is then the supremum of the r’s such
that the image of the fundamental group of the ball By(m(y),r) of Y in the fundamental group
of Y is virtually cyclic.

Recall that sg := so(do, Ho, Do) is the universal constant defined at (60) and define the function
136
N': R x R — N* by N'(,¢) = [ 3;5

} Given any parameters do, Ho, Do,e{, > 0,

The following Theorem concerns the sets of groups Hyp.nvex (00, Ho, Do) and Hyppick (90, £0)
introduced in Definitions 6.2 and 6.4 respectively, and may be viewed as a generalization of the
celebrated “Collar Lemma”:

Theorem 6.26. Given any parameters 0y, Ho, Do, ey, H > 0, for every element T' of
HyDeonvex (00, Ho, Do) (resp.  of Hypiniek(00,0)), defining the integer n{, := N'(dg,So) (resp.
ng = N'(do,€()), for any proper action (by isometries preserving the measure) of T' on any
connected metric measured space (Y, d, i) whose entropy is bounded from above by H, then

(i) for every e < 5=, at any point y € Y such that sysi(y) < e, Tr(y) is virtually cyclic for
0

1 1 1 1 1
n6H5> — 5n4¢, and Toprad(y) > ;77 In (n{)H5> — 4NHE.

every R < ﬁ In (

(ii) if moreover (Y,d) is path-connected, then*’

. L _4Hdiam(n\Y
ynellf/ sysp(y) > i exp (—4H Sgg[Toprad(y)]) > T, e (T\Y)

iii) (Collar Lemma) if T is torsion-free, if y € Y and o € I'* werify d(y,oy) < e < 5=, then
(iit) ( y y d(y, oy

every v € T'* which does not commute with o satisfies d(y,yy) > i In (

Before proving this Theorem, let us establish two preliminary Lemmas

Lemma 6.27. Let L be a free semi-group with 2 generators v, and 2 endowed with any distance
d invariant by left translations (by anyy € L). For every (I1,1l2) €0, +00[? such that 1y > d(e, 1)
and ly > d(e,72), the entropy of (L,d) (for the counting measure) verifies

1 1
Ent(L,d) > s M , A((1+a)In(1 +a) —al .
nt(L,d) ae]bol,lfoo[ [ ax (11 T L E al1> (( a) In( a)—a na)]

Proof. For every R > 0, define Lg := {y € L : d(e,7) < R}. For every (p1,p2) € (N*)? such that
pili + p2la < R, denote by Ay, p, the set of the elements of L which are products of p; times
~v1 and po times ¥2 (in any order). As L is a free semi-group, one has #(Aplym) = C£11+p2. The
triangle inequality and the invariance of d by left translations imply that A,, ,, C Lr and one
thus gets )
(141 1+ o p1+p2+1/2
#Lp > Chyy, > e ) (Z()Ij)Plfi/l(pQ)Perl/Z ;

20In the following inequalities the first one is trivial when T is virtually cyclic (because Toprad(y) is then
infinite) and the second one is trivial when I'\Y is non compact (because the diameter of I'\Y is then infinite by
Lemma 8.13 (i) and (ii)).
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where the last inequality follows from the property fii—H f(z) dz < L[f(i+1)+ f(i)] when

f(z)=In (”I—Z) For every a €]0, +o0l, define p; = [ﬁ} and py = [ap1]. From the above, as

Titals’ we infel“ that

the respective limits of £ and %2 (when R — +o00) are m and

1
%r_r}lir(g [R ln(#LR)} > I T als [(1+a)ln(l +a)—aln(a)] .

The same inequality holds when exchanging [; and I and this ends the proof. O

Lemma 6.28. Let L be a group with 2 generators v, and 2 such that one of the two semi-groups
generated by {v1,7v2} or by {y1,75 '} is free and let us denote by Lt this free semi-group. For
every proper action of L on any metric space (Y,d), for any L-invariant measure u on'Y and
foranyy €Y, one has:

(i) Ent(Y,d, ). Max [d(y,v1y), d(y,72y)] > In2;

1

—— . e~ Ent(Yid,p)Max[d(y,m ), d(y129)] .
Ent(Y, d, 1) ’

(ii) Min [d(y, 1 y), d(y,729)] >
(iii)  for every v € LT\ {e}, the set of fized points of v is empty.

Proof. Replacing eventually v2 by v5 ! we may suppose that the semi-group generated by 7
and s is a free one. For sake of simplicity, we define H := Ent(Y, d, u).

The action being proper, the stabilizer Staby,(y) of any point y is finite and thus it contains only
elements with torsion. As every element v # e of the free semi-group LT is torsion-free (the
relation 4?7 = e being prohibited), it comes that L™ N Staby(y) = {e} and this proves (iii).
Denote by dx, the algebraic distance on L associated to the system of generators ¥ = {v1,72}
(for a definition of the algebraic distance, see section 3.1). As the number of elements v € LT
such that d(e,v) < n is greater than 2", we deduce that Ent(L,X) > In2. The lemma 3.6 ends
the proof of (i), for it proves that

Ent(Y,d, u) - Max [d(y,v1y) , d(y,v2y)] > Ent(L,X) >In2 .

On L, we consider the pseudo-distance d,, defined by d,(v,7") = d(vy,7 y); as the elements of
LT\ {e} do not have any fixed point, d, is actually a distance when restricted to L*.
Let Iy = d(y,m1y) = dy(e,71) and ly = d(y,72y) = dy(e,72); as the pseudo-distance d,, is
invariant by left-translations, we may apply first Lemma 3.6, and afterwards Lemma 6.27, which
give

H > Ent(Y,d, ) = Ent(Y,d, ;) > Ent(L", dy, #)

> sup {Max( 1 1 >-((1+a)ln(1+a)—alna)},

a€]0,+00] li+aly’ lo+aly

where # is the counting measure of L™ and ,uﬁ is (as usual) the counting measure of the orbit
of the action of L on Y. Choosing a = H; in this last inequality and using the fact that
In(1 +a) > 3, for every a > 0, we obtain: H ¢y > —In(H 1), and thus Hl; > e Hlz,

By the same proof, choosing a = H {5 in the above inequality, we get H ly > e~ 71 Tt follows

1
that Min (I1,12) > T e~ Max(lnl2) and this ends the proof of the part (ii) of the lemma. [

End of the proof of Theorem 6.26. For sake of simplicity, for any ¢ <

1 1 1,7
zg In (7n6Hs) —3MoE

1 /e
W, we define RE =

e In the case where I' € Hyp,;.(00,€(): there then exists a proper (eventually non co-
compact) action by isometries on some dg-hyperbolic metric space (X, dp) such that every
torsion-free g € I'* verifies ¢(g) > .

We first prove (i): as sysp(y) < e, there exists a torsion-free element o € ¥.(y) and the
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action of o on (X, dy) verifies £(0) > ¢ > 0. Coming back to the action of I' on (Y, d, y)
and arguing by contradiction, suppose that the subgroup I'r: (y) generated by YR (y)
is non virtually cyclic, then (by Corollary 8.43 (iii)) there exists v € ¥r: (y) such that
(0,7) is non virtually cyclic and (by Corollary 8.43 (i)) (o,vo~~!) is then non virtually
cyclic. Applying Lemma 6.6 to the torsion-free pair {o,y o~y 1}, we deduce that one of the
two semi-groups generated by {0”3,70”3 v~ 1} or by {J"é,vU*% =1} is free (here nf), =
N'(dg,e() = [%}) From this and from Lemma 6.28 (ii), as the triangle inequality

€

guarantees that d(y,o™y) < njhe and d(y,y o™ y~1y) < 2R. + n), e, we deduce that

Hnjye > Ent(Y,d, ) Min |d(y, 0"0y), d(y,yo"0 7" y)}

> exp (— Ent(Y, d, ) Max [d(y, a"0y), d(y,y om0yt y)] ) > e HERARGE) — iy e

This contradiction proves that I'r, (y) is virtually cyclic, thus that I'r(y) is virtually cyclic
for every R < RL (for T'r(y) C T'r.(y)). A consequence of this and of the definition of the
topological radius is that Toprad(y) > 5 R.. This ends the proof of (i).

1
2n H

verified, we may thus suppose in the sequel that inf,cy sysp(y) < ﬁ and choose € and
0

1
2
Let us now prove (ii): if inf ey sysP(y) > the two inequalities of (ii) are trivially

y such that sysf(y) <e < the first inequality of (ii) is then a direct consequence of

the last inequality of (i).

For sake of simplicity, define D := diam(I'\Y); if D = 400 the last inequality of (ii) is
trivially verified; in order to prove the last inequality of (ii), it is thus sufficient to prove
that sup,cy [Toprad(y)] < D when D < +oco. Arguing by contradiction, suppose that
there exists y € Y such that Toprad(y) > D then I'sp(y) would be virtually cyclic. We
have seen (see the proof of Proposition 5.10) that Proposition 3.22 of | | applies to
path-connected metric spaces and proves that ¥op(y) is a (finite) system of generators
of T, as a consequence I' = I'yp(y) would be virtually cyclic, in contradiction with the
hypothesis. This proves that Toprad(y) < D for every y € Y and ends the proof of (ii).

We now prove (iii): for every v € T'*, if d(y,vy) < R, then the group generated by o and
7y is virtually cyclic by (i), thus it is cyclic by Remark 8.14 and then v commutes with o.

e In the case where I' € Hyp,,,ex (00, Ho, Do)t as HyD.onvex (90, Ho, Do) is included in
Hypinick (90, So) by Lemma 6.10, the validity of Theorem 6.26 in the case where I' €
HyPeonvex (00, Ho, Do) is a consequence of its validity for every I' € Hyp;p;cx (90, So)-

O

6.5 Structure of thin subsets in quotients of metric measured spaces
6.5.1 Generic topological Lemma

Let (Y, d) be any metric space and I" any group acting properly (by isometries) and without fixed
point on (Y,d). Call 7 : Y — Y = T'\Y the quotient map. For every connected open subset V'
of Y, let j be the inclusion mapping V < Y. The set of connected components of V := 7=1(V)
being {Vi i€l }, every v € I' maps every connected component of 7~ (V') onto some connected
component of 7=(V); we thus denote by f@ the subgroup of those v such that v(V?) = V.
This allows to define the quotient spaces Vi = f’V\Y and Vi = fﬁ,\V’ and the quotient
mapping 7; : Y — fi/\Y; the map 7 then goes down to the quotient and provides the mapping
T o f%,\Y — T'\Y which satisfies 7 = 7; o 7;. As the inclusion mapping j : V¢ < Y trivially
commutes with the two actions of f%, on V% and on Y, it gives (going down to the quotients) the
canonical inclusion mapping 5’ : fl“/\Vi — fl“/\Y; we then define p; (resp.p;) as the restriction of
7 (resp. of 7;) to V¥ at the origin and to V' (resp. to ﬂ/\VZ) at the aim, equivalently jop; = moj
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(resp. j'op; = W;07). Consider now the map ;0" : f%,\Vz — T\Y =Y, as its image is included
in the image of 7o j, thus in V (because 7o j = T; o7; 0 j = T; 0 j' o p; and p; is surjective), it
gives (by restriction at the aim) a map p; : F@\Vi — V such that 7; o j = j o p;. Moreover, one
gets p; o p; = p; because

jo(iopi) =m0 (j op;) =T0(Moj)=moj=jop; .

All these results are summarized in the following diagram:
s

'~V Zfe VieTi\y s Y=I\V (72)

I

I, ~n Vi Vi=Ti\vi 2

pi

<l

At last, we shall denote by d the distance on Y = I'\Y induced (by quotient) from the distance
d on Y (this distance d is defined at Lemma 8.13 (i)).

The following Lemma is semi-classical and will be used several times in this section:

Lemma 6.29. (generic topological Lemma) With the above notations, for every proper action
(without fized point and by isometries) of any group I' on any metric space (Y, d),

(i) for everyi € I, m and 7; are open mappings, which are locally isometric coverings;
(ii) for everyi € I, m(VY) =V and p; and p; : V' — Vi are locally isometric coverings;
(iii) for every pair V', VI of connected components of m=*(V), there erists vi; € T’ such that
7i,j<Vi) =V7 and f{/ =Y f%/ VZ};
(iv) for everyi € I, p; is a locally isometric homeomorphism which preserves the path lengths;

(v) if moreover Y is locally path-connected and simply connected and if, for every connected

component V' of V := n= (V) and for every y € V', we denote by i, : m1(V,n(y)) —
m (Y,W(y)) the morphism induced by the canonical injection i : V — Y then the subgroup
%, is identified with i.71(V,7(y)) via the canonical isomorphism®' T' — m (Y, 7(y)).

Proof. By Lemma 8.13 (iii), the action of T" on (Y,d), being proper and without fixed point,
is also faithful and discrete, we may thus consider I' as a discrete subgroup of the group of
isometries of (Y, d) which satisfies d(y,vyy) > 0 for every y € Y and every v € I'*. This and the
properness of the action imply the existence of some o € I'* such that sysp(y) = d(y,o0y) > 0.

e Proof of (i): Choose any y € Y and any ¢ < %sysp(y); as, for any (y,z) € Y2, one
has d(m(y),m(z)) = infyerd(yy,z) then 71 (By(r(y),€)) is the disjoint union of the
balls By (yy,¢) (for all the 4’s in T'). Consequently 7 is a covering and, for any v € T,
7 : (By(vy,e/2),d) — (By(r(y),e/2), d) is an isometry. Moreover, for every open
subset U of Y, 71 (7(U)) = Uyer v(U) is also an open subset of ¥ and, by definition of
the quotient-topology, 7(U) is an open subset of Y and 7 is an open map.

The proof of the fact that 7; is a locally isometric covering and an open map is similar (as
the action of fﬁ/ is the restriction of the action of I', notice that SYSp: (y) > sysp(y) > 0).

21Given any y € Y, the canonical isomorphism I' — 71 (7, ﬂ(y)) maps every v € [ onto the homotopy class of
7 o ¢, where ¢ is any continuous path with endpoints y and v y.
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e Proof of (ii): As V' is open, for every y e V', there exists € > 0 such that By(y, g) C Vi
from this and from the definition of I‘ﬁ/, it follows that, for every ~ € F , one has
By (vy,e) =« (By (y,e )) C (V%) = V% Replacing eventually € by a smaller Value (still
called €), (i) implies that, for every v € FV, 7; is an isometry from the ball By (yy,¢) C V?
onto the ball By (7;(y),€) C 7(VH) = pi(Vi) of Y} ; as ; 1(BYi (Ti(y),e)) = WEFQ,BY(’viE) =
Pt (B;,i (i(y),€)), this proves that p; is still a locally isometric covering.

In order to prove that p; is also a covering, first prove that 7(V*) = V: as (by construction)

7~ 1(V) is (globally) I'-invariant, every v € I' only exchanges the connected components

of #71(V) and, as two of these connected components are either identical or disjoint, for
every pair V;, V; of these connected components and every v, g € I', one has

YV Ng(V) #0 = (V') =g(V7) (73)

which implies that

a(VHYNr(VI) 40 = 7V =x(V7) : (74)
indeed, if there existed some y € Y such that w(y) € 7(V?) N x(V7), there would exist
v, g € T such that y € v(V*) and y € g(V7) and this, by (73), would imply that v(V?) =
g(V7), and thus that 7(V?) = x(V7).
As V = Ujer n(V?), where (by (i) and (74)) the subsets (W(Vi))iel are open and pairwise
disjoint or identical, the connectedness of V' guarantees that all the m(V?)’s coincide, and
we thus conclude that p;(V?) = 7(V?) =V for every i € I. This also proves that p; and p;
are surjective maps.
Mimicking the above proof, for every y € V', there exists € > 0 (small enough) such that
one has simultaneously ¢ < 1 sysp(y) and By (y,e) C V¥, this implies that By (yy,¢) =
v (By (y,€)) C v(V?) for every v € I'; from this we deduce that
—if y € T, then By (yy,e) C Vi = 4(Vi),
—if vy ¢ fﬁ,, then V¢ # ~v(V?), thus v(V¥) NV¢ =0 by (73), and By (yy,e) NV = {;
from this, we obtain that

pi ' (By(n(y),e)) = Vinz ! (By(n(y),)) = |J (Bv(vy,e)nV') = |J Br(vy.e),

r i
V€ ~eT,

where, in this series of equalities, the last union is a disjoint one. This proves that p; is a
covering, and moreover a local isometry because 7 is an isometry from the ball By (yy,e) C
V" onto the ball By (7(y),e) C V of (Y,d).

e Proof of (iii) : A consequence of (i) is that 7(V*%) = V = «(V7); this implies that, for
every y € V', the set 7= ({m(y)}) N V7 is not empty, and there thus exists some v, ; € T
such that v, ;(y) € V7; as v, ;(V') N V7 # 0, using (73), we therefore get ~, ;(V') = V7.
Another consequence of this is the global invariance of V7 (resp. of V*) under the action
of v, ; T, ;) (vesp. of v, } I, 7;,;); this proves that T, = Vi T, v}

e Proof of (iv) : The open set V? being globally invariant by fﬁ/, one has %i_l (%l(VZ)) =V,
which implies that j' o p;(V?) = 7, 0 j(V;) = 7;(V;) is an open subset of Y. As p; and
p; = p; op; are surjective, the map p; is well defined and bijective from Vionto V because,
for every y, vy’ € V*, one has:

piopi(y) = piopi(y') <= jopi(y) =jopi(y) < mojly) =mojy) < 7(y) =7(y)

< FyeTl suchthat y =~y <= Fvy €T such that y =~vy < pi(y) =Di(y) ,

where the fifth equivalence comes from the fact that, if y and vy both lie in Vi, then
V'N~(V*) # 0 and, using (73), v € I',,. As p; and p; are moreover local isometries, then
Pi, is also a local isometry, and consequently a homeomorphism.
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e Proof of (v) : Notice that, by (i) and the fact that Y is simply connected, 7 : Y — Y is the

universal covering of Y. Being simultaneously connected and locally path-connected, the
connected components V* of 7=1(V) are path-connected. Consider any of these connected
components, denoted by V%, any point y € V* and the point j = m(y). The canonical
isomorphism ty, : I' = 71 (Y, ) maps every v € fﬁ/, onto the homotopy class [i oo ¢] €
m1(Y,¥) of the loop iomoc, where ¢ is any continuous path with endpoints y and vy y which
lies in V¥ (such a path exists for V' is path-connected); as [ioroc] = i, ([roc]) € i (m1(V, 7)),
it proves that z/JU(ﬂ/) C ix(m(V,7)).
Conversely, every element 3 € i, (771 (V, gj)) can be represented by a loop ¢ lying in V, with
basepoint 7; this loop can be lifted as a path ¢, with origin at y and lying in 7=!(V); the
endpoint of ¢ is thus an element of 7~1() = I'y which does not depend on the choice of the
loop ¢ in the homotopy class 3, because two loops which are homotopic (in Y) lift as two
paths with the same endpoints in the universal cover Y. Denoting by =y the endpoint of c,
it follows that v y (and thus 7, for " acts without fixed point) does not depend on the choice
of the loop & in the homotopy class 3. Moreover, as & = 7 o ¢, then c¢ lies in 7= 1(V), thus
its endpoints y and ~yy belong to the same connected component V% of 7=1(V), proving
that v(V¢) NVt £ (), thus (by (73)) that v(V?) = V? and then that v is an element of
f%, Mapping /3 onto this v, we obtain a well-defined map ¢, : i.(m (V,9)) — f%, One
verifies easily that, by construction, for every v € fﬁ, and every 3 € i, (71'1 V, g)), one has
¢y 0y (v) = and 9, 0 ¢, (B) = B, and this ends the proof.

6.5.2 On the topology of thin subsets

On any metric space (Y,d), for any proper action, by isometries, without fixed point, of any
group I" on (Y,d), for any given r €]0, 400, we recall that the r-thin subset of Y (resp. of
Y =T\Y) is the open set Y, = {y € Y : sysp(y) < r} (resp. its image Y, by the quotient-map
m:Y =Y = T'\Y) and that the (torsion-free) r-thin subset of Y (resp. of Y =T'\Y) is the open
set Y2 ={y €Y :sys?(y) <r} (resp. its image Y. by the quotient-map 7:Y — Y = T'\Y).
Recalling the Definitions 2.4, we denote by E,.(z) (resp. by S,(z)) the finite set of y € T'*
satisfying d(z,yx) < r (vesp. d(z,yx) < r), and T',(y) (resp. I'»(2)) the subgroup of I' generated
by ,(x) (resp. by ().

For the definitions of geodesics and local geodesics, see section 2.

Remark 6.30. The functions y — sysp(y) and y — sysp(y) are both invariant by the action of
T, there thus erists two functions sySp and 5ysy from Y =T\Y to RY such that sysp = §ysp o
and sys% = Sysp o m. Consequently, for every r > 0, the sets Y, and Y,? are stable under the
action of T', which means on the one hand that Y, = 7= Y(Y,) and Y = 7= Y(Y), thus that
Y, =T\Y, and Y. =T\Y?, and on the other hand that Y, (resp. Y. ) coincide with the subset
of § €Y such that sysp(j) < r (resp. such that sysi(y) <)

The proof of this Remark is straightforward, the fact that g(Y,°) = Y,® (for every g € I') coming
from the fact that I'® = gI'°¢g~! because 7 is torsion-free iff gy ¢! is torsion-free.

Fix arbitrarily some r > 0, denote by {Y;:i € I'} (resp. by {?i :j € J}) the set of connected
components of ¥, = wil(?:) (resp. of 7?,) The continuous mapping 7 : Y — Y maps each

connected component Y,’ of Y,* into some connected component of ?:, that we shall denote by
k(i . ) ) o
Yr(l); this defines a map i — k(i) and moreover proves that, for every (i,j) € I x J,

Yinre YY) £0 = 7(Y)NY. £0 « 7(Y) Y’ «— ick ({j}). (75)

A consequence is that, if i € k71({j}) (vesp. if i ¢ k~'({j})) then Y C ﬂ_l(?i) (resp.
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YN W’I(Vi) =), which implies that

T =Yona @) =Uyin @)= U vo@n= U v

i€l ' iek= ({7} i€k~ ({5})

It follows that {Y,' : i € k=" ({j})} is the set of connected components of 7=1(Y7). Hence, one
may apply the results of section 6.5.1 where we replace V by ?1 and V by Uiek,l({j}) Y,! and
where we denote by f; the subgroup of the elements v € T' which verifies y(Y,!) = Y, these
results allow to define the quotient spaces Yi= fﬁ\Y and }/}7} = fﬁ,\Yj and the quotient maps
Y — Vi and i Yi— ?T’ As in subsection 6.5.1, let j; and j; be the respective inclusions
Y,! — Y and Yf(i) <+ Y; the map j; induces (by quotients) a map j/ : Ti\Y; < Ti\Y, that
we also consider as an inclusion; then we have (by construction) 7; o j; = j o p; and p; may be
considered as a restriction (on both sides) of 7;. As w(Y}!) C ?I:(i), one may define p; : Y;! — ?f(i)
as the restriction (on both sides) of m (namely 7o j; = j; o p;). As 7 is constant on the orbits of
fi, the map p; is also constant on the orbits of f;, and thus the maps 7 and p; respectively go
down as maps 7; : fi\Y — I\Y and p; : fi\Y; — Yf(i) satisfying m; o7; = 7 and p; o p; = p;.
We shall now prove that p; may be considered as the restriction (on both sides) of 7;, in fact

VyeY! jiopi(Di(y)) =Jiopi(y) =moji(y) =Tiom0hi(y) = Tiojiopi(y) =7ioji(Bi(y)) ,

and (as p; is surjective) this proves that j; o p; = 7; o j..
All these definitions and properties are summarized in the diagram below:

'~ Y s YieTi\y "~ V=TI\Y (76)
R L TV
Pi

The following Proposition summarizes and completes the above prologue. Notice that, when
r <inf,cy sysp(y), then Y,?, Y and I are empty and the following Proposition is then trivial.

Proposition 6.31. With the above notations, for every proper action (without fized point and
by isometries) of any group T' on any metric space (Y,d),

(o) for every connected component 73; of ?j, the set of connected components of ﬂ_l(?i) 18
(72107 (D)}

(i) for every pair Y, Y of connected components of Y2, the indices k(i) and k(i') are equal
if and only if there exists v € T such that y(Y;}) =Y, , and then T =~Ti~"1;

(ii) for everyi € I, m(Y}) = Yf(i) and the maps 7, T;, p; and p; are locally isometric coverings
(and thus they are open mappings);

. . . S k(i
(iii) for every i € I, the map p; is a homeomorphism from Y onto YT(Z)

isometry (and thus preserves the path-lengths);

, which is a local

(iv) Il (Y,d) is a length space, for every i € I, f’r contains the group generated by all the
torsion-free elements of the union of all the sets ¥,.(y) for all the y’s in Y,!;

. . <7 9 . .
(v) If (Y,d) is geodesic, each connected component Y, of Y Lughose closure is compact or which
satisfies liminf Sysp(g) > r when § goes to infinity in Yi) contains a non homotopically
trivial closed local geodesic, whose length (or period) is equal to the minimum (on Y?.) of
the function § — Syst(¥).
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Proof. The point (o) has been proved in the beginning of the subsection 6.5.2. The property (o)
and the fact that I' acts properly without fixed point prove that the hypotheses of Lemma 6.29
are verified, where we replace the open subset V' of the Lemma 6.29 by any connected component
Y7 of Y, and the set of connected components of 7= 1(V) by the set {Y;':i € k='({j})} of the
connected components of ! (?i); Lemma 6.29 (iii) then implies that
i,i' e k' ({j}) = Iy el suchthat v(Y}) =Y and TV =~Tiy !,

as the converse implication is trivially true, this proves the point (i).

The point (ii) is an immediate application of Lemma 6.29 (i) and (ii); a consequence of the lemma
6.29 (ii) is moreover that, for every j € J and every i € k=1({j}), the restrictions p; and p; to

Y;! are locally isometric coverings from ;' onto Y. and Y’ respectively.

) , which is

The lemma 6.29 (iv) implies that the map p; is a homeomorphism from 3’}7} onto 71:(1
a local isometry and preserves the path-lengths. This ends the proof of point (iii).

Proof of (i) : Suppose now that (Y,d) is a length space, for any ¢ € I and any point y of
the corresponding connected component Y, of Y,°, let us consider any torsion-free v € iT(y); it
verifies (by definition) d(y,vy) < r and as (Y, d) is a length space, for every 0 < n < r—d(y,vy),
there exists a path ¢ which joins the points y and vy such that any point u of this path satisfies

d(y,u) +d(u,vy) < d(y,vy) +n < r, consequently, we get
d(u,yu) < d(u,vy) + d(yy,yu) = d(y,u) + d(u,vy) < length of ¢ <7 ;

from this and from the fact that + is torsion-free, we deduce that sysf(u) < r, and thus that
the image of c¢ is entirely contained in Y;?; it follows that vy belongs to the same connected
component of ¥,° as y, namely it belongs to Y;!. From this, we infer that y(Y,) NY,! # () and (by
(73)) that y(Y;) = Y}, hence that every torsion-free v € £,.(y) belongs to I',.(y) and (iv) is proved.

Proof of (v) : Suppose now that (Y,d) is geodesic: by definition of Yj, for any of its connected

components Y. which satisfies the hypotheses of (v), the function Sysp. (defined at Remark 6.30)

J

is strictly smaller than r on Y7, and at least equal to r on the boundary of Y. or at infinity;

thus this function (when restricted to ?ﬂ) attains its minimum at some point y; € ?ﬂ. Fix any
i € k=*({4}); by (ii) there exists some point y; € 71 ({7;}) N Y, and the remark 6.30 (together
with the fact that 7(Y;?) = Y. by (ii)) then implies that

syst(yi) = Sysp(y;) = inf §ysp(y) = inf Syspon(y) = inf sysp(y) .
jgEY?. yeyy? yeyy

From this, from the properness of the action we infer the existence of a torsion-free element
o € X, (y;) satisfying d(y;, o yi) = sysp(yi) = Minyey: (sysp(y)), and property (iv) implies that

o€ fi, Denote by [y;, 0 y;] any (length-minimizing) geodesic between the points y; and o y;, as
o is torsion-free, every point u € [y;, o y;] verifies

sysi(u) < d(u,ou) < d(u,oy;) + d(oy;, ou) = d(u,y;) + d(u,cy;) = d(yi, o y;) = sys(y;) <7 ;

a first consequence is that u € Y,', thus that sys®(u) > sys(y;) a second consequence is that
sysp(u) < sysp(y;); hence sysp(u) = sysp(y;). It follows that all the above inequalities are
equalities and thus the union of the two segments [u, o y;] and [0 y;, ou] is a (length-minimizing)
geodesic between the points u and o u. Denoting by [o*y;, o**1y;] the image by o* of [y;, o ],
it follows that the union [y;, o y;] U [0 ys, 02y;] is a local geodesic, which is length-minimizing on
any subsegment of length 7' := sysp(y;). In the same way, we prove that

ci=...U[o Py, 0 Py UL U [y, om] U U 0P Yy, 0Py U [0Pys, oP Ty UL L

is a local geodesic entirely contained in Y, which is length-minimizing on any subsegment of
length T" and verifies c¢(t+7T) = U(c(t)) when parametrized by length. As 7 is a locally isometric
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covering (by (ii)), the image moc of the local geodesic c is a local geodesic of Y, which is T-periodic
(for moc(t+T) =m(ooc(t)) = moc(t)), and which is entirely included in 7(Y;?) = Y (equality

proved by (ii)). Moreover the period T" of this closed geodesic coincides with syst(ys) = sys®r(7;),

which is actually the minimal value on Y7, of the function 3 — 5ys@ (7). O

Given any parameters dg, Ho, Do, g, > 0, we recall the universal constants ag := ag(dg, Ho, Do),
afy := a (00, Ho) and rg := r9(do, £() defined at (68), (69) and (70) respectively. We then get the

Theorem 6.32. (Thin subset have simple topology) Given any parameters dy, Hy, Do, e(, H > 0,
for every element T' of HyD,ction (90, Ho, Do) (resp. of Hypgy, (30, Ho), resp. of HyDipick (90, €0) )
for every r > 0 such that r < 3 (resp. such that r < %6, resp. such that r < 3% ), any proper
action (without fized point, by isometries preserving the measure) of T' on a metric measured
space (Y, d, p) whose entropy is bounded from above by H verifies,

(i) for everyie€ I, fﬁu ={yeT AW(YTZ) =Y/} is a virtually cyclic subgroup of T'; if moreover
(Y,d) is a lfngﬁh space, then T'%. contains the group generated by the torsion-free elements
Of UyEYTL E’l’(y)

(ii) IfY is locally path-connected and simply connected then, for every connected component Y,
of Y, and every y € Y, if we denote by i, : m (?f(z)ﬂr(y)) — (?, w(y)) the morphism

induced by the inclusion i : ?I:(i) — Y, the subgroup fi is identified with 1,7, (?]:(i), ﬂ(y))

by the canonical isomorphism I’ — 71 (Y, 7(y)) and i,m (?f(i), ﬂ(y)) is a virtually cyclic
group.

Proof of (i). AsT isnon virtually cyclic by definition of Hyp,tion (00, Ho, Do) (resp. of Hypg, (5o, Ho),
resp. of Hyppiek (00, €()), as it admits a proper action (by isometries) on some do-hyperbolic space
(X, do) such that no element acts as a parabolic isometry (by Lemma 6.9), as I',.(y) is virtually
cyclic at every point of Y, by the conclusion (i) (resp. (ii), resp. (iii)) of Theorem 6.19, we may
apply Proposition 6.23 (1), which proves the existence of some maximal virtually cyclic group
G which contains all the sets 3,(y) for all the y € Y,!. Let us now show that fﬁ C G* for
every vy € sz and any y € Y,!, y and yy are located in the same connected component Y;’ of
Y,?, thus G contains ¥,(y) and 3,.(yy) = v Z.(y) v~ !. Let o be any torsion-free element of
%, (y) (such an element exists for sys?(y) < r), then o and yoy~! both belong to G* and the
subgroup (o,yo~y~1) is thus virtually cyclic; as £(o) > 0 by Lemma 6.9 (ii), it follows from this
and from Corollary 8.43 (i) that (o,v) is virtually cyclic. From this and from the fact that G?
is the maximal virtually cyclic subgroup which contains o, we infer that (o,v) C G*, thus that
v € G' for every v € fi, this proves that fﬁ C G*. We conclude that fzr is virtually cyclic.

If now (Y,d) is a length space, the fact that IA”T contains the group generated by the torsion-free
elements of [J, ¢y 53 (y) is a direct consequence of Proposition 6.31 (iv).

Proof of (ii). We apply Lemma 6.29 (v), where we replace the open set V' C Y of Lemma 6.29 by
any connected component ?i of Y, and the set {V’i v el } of connected components of 7=1(V)
by the set {Y; : i € k='({j})} of connected components of 7= (Y?); for each i € k=*({;}), the

set I'l, of elements of I' which stabilize V; is thus replaced by the set I of elements of I' which
stabilize Y;!. Property (ii) is then a direct consequence of Lemma 6.29 (v).

Now property (i) implies that i, (7f(i), ﬂ(y)) ~ T is virtually cyclic. O
6.5.3 Examples and counter-examples

In the following examples we refer to the notations of subsection 6.5.2: given any a, b such that
0 < a < b, and defining §y = 1“73 and Hy = (n — 1)b, every group I' under consideration in
these examples is an element of the set of groups Hyp, ;e (00,€0) (resp. of Hyp,ction (90s Ho, Do))
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introduced in Definition 6.4 (resp. in Definition 6.1), the values of the other parameters e, Do
being specified further. In all the following examples (except the fourth one), the group T is
torsion-free, because it is isomorphic to a subgroup of the fundamental group of a complete
n-dimensional Riemannian manifold whose sectional curvature is < —a? and whose injectivity
radius is > € /2. (resp. to a subgroup of the fundamental group of a compact n-dimensional
Riemannian manifold whose sectional curvature o verifies?? —b2 < o < —a? and whose diameter
is bounded from above by Dy).

We shall consider (in these examples) proper actions (by isometries without fixed point) of the
same group I' on another simply connected Riemannian manifold (Y, §) whose entropy is bounded
from above by some constant H. Except in Example (4), as T is torsion-free, the two functions
sysp(-) and sysp(-) coincide on the whole of Y'; for this reason, for every positive r < 7% (resp. r <
) where rq := ro(do, £p) is defined at (70) (resp. where ag := o (do, Ho, Do) is defined at (68)),
the r-thin subset Y, and the torsion-free r-thin subset Y,* coincide with {y € Y : sysp(y) < r}

and their images by 7 : (Y,g) — Y =T'\Y also coincide, i. e. Yj =Y,={yeY :sys5p(y) <r}.

(1) When (M, go) is a complete n-dimensional manifold with sectional curvature ¢ = —1
and with injectivity radius > ¢ > 0, its universal cover (M, go) ~ (H",can.) is In3-
hyperbolic by Proposition 1.4.3 page 12 of | ] and the systole of the action (by deck-
transformations) of its fundamental group G on its universal cover (M, gg) is bounded
from below by &). It follows that G and every non cyclic®® subgroup I' of G belong to
Hypinie (In 3, 6).

Considering now the induced action of T on (Y, d, ) := (M , §o, dvg, ), the following results
are classical in this case (see [ ]): each connected component Y,' (resp. 7]: ) of the
r-thin subset Y;> =Y, C Y (resp. of the r-thin subset ?: =Y, CY) is then diffeomorphic
to R x B! (resp. to S' x B"1), the groups I := {y € T : 4(Y}}) = Y’} and m (7]:)
being isomorphic to Z (compare with Theorem 6.32 and Theorem 6.35 (i) and (v)). More-
over, as proved in Proposition 6.31 (v), each bounded connected component Y, contains
some minimizing closed periodic geodesic ¢ (of length ;) and a tubular neighbourhood
of this geodesic of radius C(n) In (é), and this is consistent with the general estimate of
the radius of this tubular neighbourhood given by Theorem 6.35 (iii).

The generalization of these results to complete Riemannian manifolds whose sectional cur-
vature verifies —b? < o < —a? is also classical (see | D).

(2) One application of the results of the present section is the following

Corollary 6.33. For any differentiable manifold X which admits a complete Riemannian
metric gy with sectional curvature o < —a? < 0 and injectivity radius > iy > 0, for
every other complete Riemannian metric g on X with bounded Entropy®*, all the Margulis’
properties proved in the present section are still valid for (X, g), viewed as the quotient of
the measured metric space ()~(7dg, dvg) by the action of the fundamental group T' of X.

Proof. Let us first consider the action of I' on the metric space ()? ,dgo): as mentioned
above, ()?7 dgo) is dp-hyperbolic with §gp := %ln?) and, the global systole of the action of "
on this space being bounded from below by &f, := 2ig, every v € I'* verifies £(y) > 2io. This
implies that I" is a torsion-free element of Hyp,y;q (00, €(). As the Entropy of the measured
metric space ()N( ,dg dvg) is bounded above by a given constant (say H), we may apply all
the results of the present section 6 to the action of I' on ()N(, dg, dvg). O

22Notice that the assumption —b?> < ¢ < —a? and the comparison Theorems prove that the Riemannian
universal covering of this manifold is a dg-hyperbolic space, with Entropy < Hg, where §g = % by Proposition
1.4.3 page 12 of | | and Ho = (n — 1)b by Bishop-Gromov Comparison Theorem.

23As G acts on H" without fixed point, it is torsion-free by Lemma 8.40, hence every virtually cyclic subgroup
of G is cyclic by Lemma 8.14.

24\We recall that the Entropy of (X, g) is the entropy of its universal cover ()?, dg, dvg).
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In the general case of subgroups of hyperbolic groups (or of groups which admit an action on
some Gromov-hyperbolic space (X, dp)), considering their actions on any measured metric space
(Y, d, 1), the results of subsections 6.5.2 and 6.5.4 aim to generalize the properties of hyperbolic or
negatively curved manifolds mentioned in the reference-example (1). In comparison, the results
of subsections 6.5.2 and 6.5.4 seem weaker: in fact, the strong version (valid in the negatively
curved case, see Example (1) above) cannot be expected in this general setting, as proved by the
following examples:

(3) Comparing to the reference-example (1), in the general case, the connected components

7k . —_— . \ —
Y, of the r-thin subset Y: are no longer homeomorphic to & S' x B!, moreover the

fundamental group of?f 18 generally not virtually cyclic: one cannot expect a better result
than the virtual cyclicity (proved in Theorem 6.32) of the image of the fundamental group

of Yf by the homomorphism i, between fundamental groups induced by the inclusion i :

Vv

Indeed, let ¥ be a compact surface with genus > 2; let g; be a first hyperbolic Riemannian

metric on ¥ whose injectivity radius is bounded from below by a constant €] > 0; the

fundamental group I' of ¥ is then a torsion-free element of Hyp,y;q (90, €(), where o = In3

and ) = 2¢}. Then the corresponding universal constant ro = ro(Ho, () defined in (70)
21 In2

5 <L

13In3 + 8¢

Fix any positive value r < ry. Let gy be another hyperbolic Riemannian metric on ¥ with
big diameter and which admits a small closed geodesic ¢ of length ¢ << r; the connected
component of the r-thin subset which contains c is then a tubular neighbourhood U of ¢
with radius L > In(r/¢). Denote by o(-) = dg, (-, ¢) the function distance to this geodesic,
choose points 71,...,yn € U such that inj, (3;) < r/4 and |o(7:) — o(y;)| > 52 when
i # j; define V = Uf\il By (§i,€?) and W = Uf;l By, (95, 2¢%) and construct a C* func-
tion f: % — [1,+o00[ such that f =1/ on V and f =1 o0on X\ W.

Define the new metric g = f?go on ¥ and the pulled-back metrics § and go on the universal
covering Y := ¥ of X; as g > go, one gets § > go and thus By 5)(y, R) C B(y,5,)(y, R) for
every y € Y; this implies that Ent(Y, §) < Ent(Y, go) = 1.

Consider now the action (as fundamental group) of I on (Y, dj, dv;) (endowed with the
Riemannian distance and measure associated to §) and the quotient (Y, d) := (T'\Y,d) =

is equal to

(X,dg). Then all the results of the present section 6 applies to the action of " on (Y , dg dvg)'

in particular Theorems 6.32 and 6.35 are valid here. For every i € {1,2,..., N}, every non
homotopically trivial loop of Y = ¥ (with base-point ;) must go outside By, (¥;,£?) (be-
cause By, (7i,€?) is diffeomorphic to B"), and thus its length (with respect to the new metric
g) is at least 2/ e. With the notations of Theorem 6.32, let ?f be any connected component
of the r-thin subset Y, =Y, = {§ € Y : 5ysp(§) < r}, where the systole is measured with
respect to the new metric g; as Sysp(y;) > 2/ € > r, then 7]: =U\ (Ufil V;), each V; being
a closed neighbourhood of y; contained in By, (¥;, 2¢2). Hence, though all the hypotheses of
Theorem 6.32 are verified, the fundamental group of 75. is not virtually cyclic (it contains
a free group with N generators); however, as predicted by Theorem 6.32, its image by the

homomorphism i, induced by the inclusion ¢ : Y, < Y is a virtually cyclic subgroup of
the fundamental group of Y.

In Theorem 6.32 (ii), the conclusion “the image by i, of the fundamental group of Y s
virtually cyclic” cannot be replaced by the same conclusion with “cyclic” instead of “virtually
cyclic” :

In fact, let us consider the Riemannian surface (3, gg) of the previous example and choose
(Y,g) := (X x RP"™, gy x €% -can), the total space of its Riemannian universal covering is
then (Y, §) = (SxS™, §o x &2 -can) and its fundamental group is T' = Ty x Z/2Z, where Ty is
the fundamental group of 3. With the same parameters (and values of these parameters)
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as in the previous example, (Y,§) is (In3 4 me)-hyperbolic, hence, as all the elements
(g,8) € Ty X Z/2Z such that g # e are torsion-free and verify £(g, s) = £(g) > €y, it comes
that T' € Hyp,p; (00, €0), where §g = In3 4+ me and g = 2¢]. As e << r, it follows from

example (1) that the connected component Y’: of the r-thin subset which contains c is in
this case diffeomorphic to U x RP", where U is a tubular neighbourhood of ¢ with radius
L > In(r/e€) in the factor ¥ (see example (3)). Thus the image of the fundamental group
of ?I: by the homomorphism 4, induced by the inclusion i : ?I: < Y is a subgroup of the
fundamental group of Y isomorphic to Z x Z/2Z; thus it is virtually cyclic but not cyclic.

Comparing to the reference-example (1), in the general case, each bounded connected com-

ponent Y. of the r-thin subset ?ﬁ still contains some minimizing closed periodic geodesic
¢ (of length e, < 1), but it no longer contains a big tubular neighbourhood of this geodesic

of radius C(n) In (é) :

In fact, let us consider the hyperbolic surface (¥, gp) with small injectivity radius of the

example (3), we proved in example (3) that the fundamental group I' of ¥ is a torsion-

free element of Hypiy;ac(d0,€(), where dg = In3 and e, = 2¢&). Then the corresponding
2¢iIn2

— < 1

13In3 4 8¢}

Fix any positive value 7 < ro. Let ¢ be a small closed geodesic of (X, gg), of length &
(¢ << r), normally parametrized; the connected component of the r-thin subset which
contains c¢ is then a tubular neighbourhood U of ¢ with radius L > In(r/¢) (see example
(1)). Still denote by o(-) = dg, (-, c) the function distance to the geodesic ¢; parametrize
U by sending each point y € U on the couple (,¢(s)) €] — L, L[xIm(c), where the image
Im(c) of ¢ is isometric to a circle of length e, where ¢(s) is the go-orthogonal projection of
y on the geodesic circle ¢ and where t := o(y). We then have gy = dt? + (cosht)2ds? at the
point (t,c(s)). Define N := [In(r/e)] — 1 and a C* function u : [—~L, L] — [1, +oc[ which
verifies

universal constant rg = ro(Ho, g() defined in (70) is equal to

k=N-1

u=1on[-L,—L+¢€?], on [L — &2, L] and on UZ;JXN [k —e2 k+¢e?],
u="2Lon J_ N [k+2% k+1— 2%

and consider a new C'*° metric g which coincides with gy on the outside of U and is equal to
dr? + (u(t) cosht)?ds? on U; as u > 1, the pulled-back metrics § and §o on the universal
covering Y := Y of ¥ verify § > go and thus By 5)(y, R) C B(y,5,)(y, R) for every y € Y;
this implies that Ent(Y, g) < Ent(Y, go) = 1.

Consider now the action (as fundamental group) of I on (Y, dj, dvy) (endowed with the
Riemannian distance and measure associated to §) and the quotient (Y, d) := (I'\Y,d) =

(2, dg). Then all the results of the present section 6 applies to the action of I" on (Y , dg dvg)

in particular Proposition 6.31 and Theorems 6.32 and 6.35 are valid here. For every
k€ {-N,...,0,1,...,N — 1} and every y € o~ '({k + %}), every loop with base-point
y either goes out of o~ *([k + 22,k + 1 — 2¢?]) (and then its length with respect to the
metric g is at least 2(3 — 2¢%) = 1 — 4¢?), or it remains inside o~ ([k + 22,k 4+ 1 — 2?]),
and then (if it is not homotopically trivial), its projection on Im(c) is surjective, and this
means that the loop writes (in coordinates) v : 7+ (¢(7),c(s(7))) where s(7) varies from
0 to e (at least). As g(¥(7),¥(7))/? > wu(t(r)) cosh(t(r)) |s'(1)| > 115'(1)|, we get that
the g-length of « is at least 1. One thus obtain that sys(y) = sysp(y) > 1 —4e? > r at
any point y € o~'({k 4+ 1}). On the other hand, for every k € {—N,...,0,1,...,N} and
every y € o *({k}), the non homotopically trivial loop v : 7 + (k,c(7)) from [0,¢] to U
(with base-point y) verifies g(5(7),%(7))? = go(¥(7),%(7))"/? = cosh k, and its g-length
is thus ecoshk < r. It follows that sysX(y) < r for every y € o~ '({k}) and thus that
(with respect to the action of I' on (Y, dg, dvg)) U contains 2N + 1 different connected
components of Y., denoted by Y,~N ... Y% ... YN where each Y* is included in the por-
tion Uy = o~ (Jk — 1,k + 3[) of the cylinder. Applying Proposition 6.31, each of these
components Y,* contains at least one periodic geodesic. Moreover the length of each of
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these components is smaller than 1, thus (in contrast with Example (1)) it does not go to
+00 when ¢ — 0.

‘ ) —k
(6) Comparing to the re@ence—emample (1), in the general case, each connected componentY .
of the r-thin subset Y, may contain several minimizing closed periodic geodesics:

Let us revisit the example (5), redefining the function w : [—L, L] — [0, 2] as the following
one:

w=1on[-L,~L+¢?, on [L—e2 L] and on =" [k — €%,k + %),
u=2on U=y 1[k+252k+1725]

consider a new C'° metric g which coincides with gy on the outside of U and is equal to
dt? + (u(t) cosh t)?ds? on U; as u > 1, the pulled-back metrics § and go on the universal
covering Y := ¥ of ¥ verify § > jo and thus Bey,5)(y, R) C By, 5,)(y, R) for every y € Y;
this implies that Ent(Y, §) < Ent(Y, go) = 1.

Consider now the action (as fundamental group) of I on (Y, dj, dvg) and the quotient
(Y,d) := (T\Y,d) = (%,d,) (where d, is the Riemannian distance associated to the new
metric g), then all the results of the present section 6 applies to this action; in particular
Proposition 6.31 and Theorems 6.32 and 6.35 are valid here. As sys%(y) < 2ecoshp(y) <r
on the set {y € U : o(y) < In (2—2)}, the connected component of Y, which contains
the closed geodesic ¢ also contains the long tubular neighbourhood o~ ([—L’, L’]) (where
L’ :=1n (5=)) of this geodesic. Moreover, on each interval Jk— 3, k+ 3|, the function b(t) :=
u(t) cosh(t ) attains a local minimum at a point ¢; and, as every curve vy : s — ((s),c(s))
lying in a sufficiently small neighbourhood of the curve ¢ : s — (t, c(s)) verifies

\/ =/t/( +b >b >b(tk)

one has (by integration) length(y) > length(ci) and, for every integer k, ¢ is a (locally)
minimizing closed geodesic. Observe that the ¢i’s are all homotopic to ¢ and this is con-
sistent with Theorem 6.35 (vi) and (viii).

The example (3) shows that the connected components Y’ of the r-thin subset Y generally have
a topology which is not that simple. Each of these components admits a “soul” Wthh is a closed
geodesic but, when this geodesic is small, the corresponding component Yf. generally does not
contain a big tubular neighbourhood of this closed geodesic (see example (5)). These differences
with the negatively curved Riemannian manifolds may be solved by considering tubes around
small closed geodesics instead of r-thin subsets: these tubes have a great radius (see Theorem
6.35 (iii)) and a rather simple topology, because they are metric balls in a quotient of Y (in most
of the applications Y is a simply connected space) by a virtually cyclic group (a cyclic group
when T is torsion-free, by Remark 8.14), see Theorem 6.35 (ii). Developing this viewpoint is the
aim of the following subsection.

6.5.4 The topology of Margulis’ tubes is almost trivial

Let I' be an element of one of the sets of groups described in the beginning of Section 6.1 and (Y, d, u)
any measured length space whose entropy is bounded from above, then the systole of any proper co-
compact action (by isometries without fixed point preserving the measure) of I" on (Y, d, 1) is generally
not bounded from below when the diameter of the quotient-space Y := I'\Y is not bounded (compare
with Theorem 6.26).

What can we say when the diameter of I'\Y is not bounded ? We shall prove that, in this case, around
each point where the systole is small, there exists a ball with big radius which is similar to a “tube”, i.
e. which is isometric to a ball of big radius in the quotient of Y by a virtually cyclic subgroup of I.

Let us first notice that (Y, d), being a length space (whose distance is never infinite), is path-
connected, for (by definition)

Vy,y' €Y  d(y,y) = inf length of ¢ < +oc0 .

¢ path from y to y’
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For any y € Y and any R > % sysp(y), we define Ug := Uvefzﬂ.(y) By (yy, R) and, in order to
apply the results of subsection 6.5.1 in this case, we shall first prove that

Upg is the connected component of 7~ (By (g, R)) which contains y , (77)

where § := 7(y)). Indeed, denote by Ugr(y) the connected component of 7~ (By(7, R)) which
contains y and by Gy, the set {y € I : v(Ur(y)) = Ur(y)}. In the length space (Y, d), every open
ball is path-connected®”; from this and from the fact that v (By (y, R)) = By (vy, R), as every
connected subset A of 771 (B (¥, R)) such that ANUg(y) # 0 is included in Ug(y), we deduce
(by a closed chain of implications) that, for every v € T,

vy € Ur(y) < v (Ur(y)) NUr(Y) # 0 < =" (Ur(y)) C Ur(y) <= v(Ur(y)) = Ur(y)

< v€Gy < By(vy,R)NUgr(y) #0 < By(vy,R) C Ur(y) , (78)

where, in the first implication, we have used the fact that y € Ur(y) by definition.
As, by definition of the distance d on '\ Y (see Lemma 8.13 (i)), 7~ (By (4, R)) = U,er By (v, R),
equivalences (78) imply that

Ur(y) = J (By(vy, R)NUR(y)) = |J Bv(vy, R) . (79)
~el’ YEGy

Let us prove that ng(y) C Gy in fact, for every o € igR(y), one has d(y,oy) < 2R; on the
other hand, as (Y, d) is a length space, there exists a “quasi middle point” between points y and
oy, 1. e. a point u which satisfies

1
d(y,u) = d(oy,u) < §(d(y,ay) +n) < R for every n such that 0 <n<2R—d(y,oy) ;

it follows that By (y, R) N By (oy, R) # 0, thus (as By (y, R) C Ugr(y) by (78)) that By (cy, R) N
Ur(y) # 0, and the equivalences (78) imply that o € G,.. This proves that igR(y) C Gy, hence
that Tor(y) C Gy.

We are now going to prove that G, C fg r(y): in fact, as the balls of (Y, d) are path-connected,
Ugr(y) is both connected and locally path-connected, thus it is path-connected; as a conse-
quence, for every v € G, there exists a continuous path between y and yy which is contained
in Ugr(y), and we have d(I" - y,u) = d(y,7(u)) < R for every point u of this path (because
m(u) € By (g, R)). By the compactness of this path and by continuity of the (strictly positive)
function u — R — d(,m(u)), there exists some 5 > 0 such that d(I" - y,u) = d(y,7(v)) <R —n
in every point u of this path.

Let us now consider a subdivision ¥ = o, Y1, - -+ Yn—1, Yn = Yy of this path such that
d(yi—1,y;) < n for every ¢« € {1,...,n}; as y; is on the path for every i € {0,...,n}, there
exists ; € I' such that d(y;,v,y) < R —n (we make the canonical choices v, = e and ~,, = 7).
For every i € {1,...,n}, we define o; = v; ', 7, and obtain

d(y, o) = d(vi1 9,7 y) < dWio1,7i-1Y) +dWio1,9i) +d(yi, v y) <2R -1

this proves that, for every i € {1,...,n}, 0; € igR(y); asy = 0109+ ... Op, it implies that
v € I'ar(y). We conclude that G, C I'sr(y) and thus that G, = I'sg(y). Using this last equality,

the writing (79) of Ur(y) and the definition of Ug, we get the equality Ur = Ug(y), which ends
the proof of the property announced in (77) and thus proves that

Dor(y) = Gy = {y €T 1 (UrW)) = Un(y)} = {7 €T+ 7(Tr) = U | (80)

As a consequence, we can apply the results of subsection 6.5.1, where we replace V by By (3, R),
which is open and connected because (Y, d) is a length space; we also replace V by 7! (By(¥, R)) =

251n fact, in a length space, for every open ball By (z,r) and every point z of this ball, there exists a continuous
path ¢ between = and z such that every point 2’ of this path verifies d(z, 2’) 4+ d(2/, 2) < d(z, z) + n (for any n
satisfying 0 < n < r — d(=, 2)), which implies that d(x,2’) < r and that c is contained in By (z,r).
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Uﬂ{EF By (vy, R), the connected component V¢ of V by the connected component Tj'R = Ugr(y)
of 7! (By(¥, R)), and the subgroup f%, of those v € T such that y(V?) = V' by T'5z(y) which
(by (80)) is the subgroup of those v € I' such that 7(6’3) = Ug.

Mimicking the arguments and results of subsection 6.5.1, this allows to define the quotient spaces
Y = FQR( \Y and FQR( )\UR and the quotient mapping 7 : Y — FQR( )\Y; the map 7 then
goes down to the quotient and provides the mapping 7T : FQR( N\Y — T'\Y, which satisfies
m = T om. As the inclusion mapping j : ﬁR — Y trivially commutes with the two actions of
Ty Riy) on U 'r and on Y, it gives (going down to the quotients) the canonical inclusion mapping
7 :Tar(y)\Ur — T'ar(y)\Y; we then define p (resp. p) as the restriction of 7 (resp. of 7) to Ur
at the origin and to By (y, R) (resp. to Tor(y)\Ug) at the aim, equivalently jop = o j (resp.
j'op =7 oj) where j is the canonical inclusion map By-(y, R) < Y. Consider now the map
704 : Tar(y)\Ur — I'\Y =Y, as its image is included in the image of 7 o j, thus in By(y, R)
(because moj =T oToj=Toj opand p is surjective), it gives (by restriction at the aim) a
map p : fQR(y)\ﬁR — By (y, R) such that 7 o j' = j o p. Moreover, one gets p o p = p because

jo(pop) =7o(jep)=ro(Roj)=moj=jop.

All these results are summarized in the following diagram:

I'n Y Y =Tar(y)\Y —= Y =I\Y (81)

LT

f2R(y) ~ Up —> By (y, R) = I'ar(y)\Ur R By(y, R)

p

In this diagram the equality By (y, R) = ng( )\ﬁ (where ¥ := p(y)) is validated by the def-
initions of Uz and of the quotient distance d on Y := Tor(y)\Y, which imply that Up = {z :
d(FgR(y) yz) <R} ={z: dF(y),7(2)) < R}, and thus that%<ﬁ3> = (7(2) : d@,7(2)) <
R} = By (3. R).

Lemma 6.34. (Structure Lemma) For every proper action (by isometries without fized point)

of any group T' on any length space (Y,d), for any y € Y, let us consider the open set Ur :=
U'yesz(y) By (vy, R), with the above notations, we have

(i) Up is the connected component of m! (By(y,R)) which contains y and
Lar(y) = {W el:y(Ur) = UR};

(ii) the maps 7, T are locally isometric coverings, and the maps p (resp. p) are locally isometric
coverings from Ug onto By(y, R) (resp. onto By (Y, R));

(iii) p is a locally isometric homeomorphism from By (i, R) onto By(y, R).

Notice that, if R < %sysr(y), then ng(y) is trivial, Up = By (y, R), Y = Y, ® = idy,
p =1idp, (y,r) and By (y, R) = By (y, R), thus this Theorem reduces to classical properties of .

Proof. The point (i) has been proved in the beginning of the present subsection 6.5.4. Property
(i), the connectedness of the balls in the length space (Y, d), and the fact that the action of T
is proper and by isometries without fixed point imply that the hypotheses of Lemma 6.29 are
verified if we replace the open set V of Lemma 6.29 by By(¥, R) and the connected component

84



Vi of m=1(V) by the connected component Ug of 71 (B (g, R)) which contains y. The point
(ii) is then a direct consequence of Lemma 6.29 (i) and (ii). Lemma 6.29 (iv) implies that the

mapping p is a locally isometric homeomorphism between the two balls By (y, R) = fg R(y)\ﬁ R
and By(y, R). This ends the proof of (iii).

For the sake of simplicity, in the quotient Y := I'\Y, a loop ¢ in Y will be said to be (homo-
topically) torsion-free if its iterates k - ¢ (for all k € Z*) are not homotopically trivial. A pair of
loops ¢; and ¢» will be said independent if they are both homotopically torsion-free and if, for
every p,q € Z*, p- ¢, and q - ¢z are not freely homotopic.

Given any parameters dg, Ho, Do, e(, > 0, recall that sg := so(do, Ho, Do), co := ao(o, Ho, Do),
and ro := ro(dg, &) are the universal constants respectively defined at (60), at (68) and at (70);

1
define the function N' : R% x R% — N* by N'(dp,¢) := Max ([3505%] ,2). The following

Theorem concerns the sets of groups Hyp,,,vex (00, Ho, Do) and Hyppick (90, €() introduced in
Definitions 6.2 and 6.4 respectively.

Theorem 6.35. Given any parameters 0o, Ho, Do, €, H > 0, for every element T' of
HyPeonvex (00, Ho, Do) (resp. of HyDypick (00, 0)) and for every positive € < ﬁ, where nj =
1
N'(80,50) (resp. nf := N'(80,0)), if we introduce the universal constant R. := 7+ In (nf)He) -
in’o g, then any proper action of T' (by isometries without fized point preserving the measure) on
a connected measured length space (Y,d, u) whose entropy is bounded from above by H enjoys
the following properties for any point y € Y such that sys(y) < e, forg:=n(y) € Y :=T\Y
and for y:=7(y) € Y :=Tar. (y)\Y (here we use the same notations as above and refer to the
diagram (81), where we replace R by R, ):

(i) the subgroups nge (y) and Tag_(y) are virtually cyclic and contain Ty (y') for any r’ < 2R,
and any y' € By (y, Re — %T’);

(i1) By (7, % R.) is isometric to a ball of radius % R. in the quotient of (Y, d) by a virtually cyclic
subgroup of T', more precisely this isometry is the map p from By (7, 3 R.) to By-(y, 3 R.);

(i) if sysi(y) < €, there exists a homotopically torsion-free loop ¢ (resp. ¢) with base-point
y (resp. y) in'Y (resp. in Y ) such that length of ¢ = length of ¢ < e and such that the
tubular neighbourhood of ¢ in Y of radius %(Rs — ¢) is isometric to the corresponding
tubular neighbourhood of ¢ in the quotient Y of (Y,d) by a virtually cyclic subgroup of T.

(iv) Considering the r-thin subset Y,° corresponding to positive values r < b2 (resp. r < 2)
every of its connected components Y,! which intersects By (y, R — %r) has the following
property: every torsion-free element®® v € fj admits a power ¥* which is a non trivial
element of f2RE (y). Moreover, for every pair Y,', Y7 of connected components of Y,* which
both intersect By (y, Re — %r), for every torsion-free elements v € f,ﬁ and g € f{n, there
exist p,q € Z* such that vP = g9.

If moreover Y is simply connected then

(v) if we denote by i, : m (By(y,R:),y) — ™ (?, gj) the morphism induced by the inclusion
i+ By(y,Re) — Y, the subgroup ngs(y) is identified with i.m (By(y, Re),y) by the
canonical isomorphism I' — (Y, g).

As a consequence i,m (By(y, Re),¥) is a virtually cyclic subgroup of m (Y, 7);

(vi) for every ' < 2R., for any homotopically torsion-free loops ¢ and ¢y of lengths < 7/,
whose images intersect By (g, Re — %/), there exist p,q € Z* and a (free) homotopy between
the loops p-¢1 and q - Co;

26Recall that f"; is the subgroup of the elements v € T' which verifies v(Y;?) = Y}}, see subsection 6.5.2.
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(vii) In (Y,d), every pair of independent loops ¢ and & of lengths < € have disjoint tubular
neighbourhoods of radius (% R. — i 5) ;

(viii) Considering the r-thin sybsetﬁ of Y :=T\Y corresponding to positive values r < $¢ (resp.
r < %% ), in every pair 7:«, Yi of its connected components which intersect By(y, Re — % T),

loops ¢; and ¢; of lengths < r (with base-points in Yi and ?ﬁ respectively) cannot be
independent.

Remarks 6.36. e About Properties (ii) and (v): When Y is simply connected, as Y is a
quotient of a simply connected space by a virtually cyclic group, its fundamental group
is virtually cyclic. However example (3) of Subsection 6.5.3 proves that the topology of
B (¥, % R.) is not that simple because, in this example, this ball is a cylinder with many
holes.

e About Properties (iv) and (viii): example (5) of Subsection 6.5.3 shows that the “long
tube” By(y, R.) may intersect many of the connected components of the r-thin subset ?:
One can verify on this example that the closed geodesics which are the “souls” of these
components admit multiples which are homotopically equivalent.

1
P Th 6.35. Notice that, as > 3, th 1 > 3ln3 > 3 >
j”oof40f eorem otice that, as Wz = en W H = n(n6H€> > 3ln >
noj— , and thus R, > ¢; remark also that every open ball of (Y,d) is path-connected (this is
0

a classical property of length spaces, see the footnote in the beginning of the proof of property
(77)), thus every ball in the quotient metric space (Y, d) is also path-connected. It follows from
these remarks, from (77), and from the fact that the action of T' is proper and without fixed
point, that the hypotheses of Lemmas 6.29 and 6.34 are verified if we replace the radius R of
the balls involved in Lemma 6.34 by R., the open set V of Lemma 6.29 by By(7, R.) and the
connected component V¥ of 7~ (V) (involved in Lemma 6.29) by the connected component U R.
of 7! (By(¥, R-)) which contains y, and the subgroup ﬂ/ by ngE (y).

e The first part of (i) is an immediate consequence of Theorem 6.26 (i), which proves that,
under the hypotheses of Theorem 6.35, 'g(y) is virtually cyclic for every R < 2R..

Now, for every y' € By (y,R. — 31') and any o € %,/(y'), the triangle inequality gives:

d(y,oy) < 2d(y,y') +dy,0y") < 2R, and thus o € ngE (y); this proves that X, (y') C

~

Tyr. (y) and thus that T (y') C Tag, (y).

e Proof of (i) : As m(By(y, 3 R.)) = By(yji% R.) and 7(By (y, 1 R.)) = By (7.2 R.) (by
definition of the quotient-distances d and d, see above), we have

B?(ngs/2) = ﬁo%(BY(yaRa/Q)) =7 (B? (?/J\a RE/Q)) = ﬁ(Bf/(g, RE/Q)) ;

Lemma 6.34 (iii) then implies that the map p may be restricted as a locally isometric
homeomorphism from By @, % RE) onto By(gj, % RE). In order to show that this restriction
of p is an isometry, it is sufficient to prove that, for every pair z, 2z’ € By (y, % R.), one has

&\(%(z), 7(2')) = d(m(z),7(2")): indeed Top. (y) € T and every v € T'\ Ty, (y) belongs to
I\ $, r.(y), and thus verifies d(y,y y) > 2R.; the triangle inequality then gives:

d(y z,2") > d(y y,y) —d(y,2") —d(y y,v z) > 2R — d(y,2') — d(y,z) > R. > d(z,2') ,
and consequently

d(m(z),m(z")) = ;rel{“ d(yz,2') = »yefinf w d(yz,2) = c?(%(z),%(z’)) .

o~

We conclude by the remark that By @, % RE) is a ball in the quotient (?, d) of (Y,d) by
the virtually cyclic group T, r.(y).
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o Proof of (iii) : As syst(y) < e, there exists a torsion-free element o € I'* such that
d(y,oy) < €, then o € fs(y) C ngs (y) for € < 2R.. As (Y,d) is a length space, there
exists a path ¢ : [0,1] — Y such that ¢(0) = y and ¢(1) = oy satisfying length of ¢ < € and,
as R. > e, this path is included in ﬁRE. We define ¢:=moc=pocand c:=Toc=poc
and get € = po ¢ ¢ and € are loops in Y and Y respectively, because w(oy) = w(y) and
7m(oy) =7(y) for o € ngE (y); for every k € Z*, as o # e, then o¥y # y and the loops k- ¢
and k - ¢ are not homotopically trivial. The tubular neighbourhood of ¢ (resp. of ¢) in Y
(resp. in Y) of radius % (R. — €) being included in By(¥, 5 R.) (resp. in By (Y, 5 Re)) by
the triangle inequality, (ii) proves that p is an isometry from the tubular neighbourhood of
¢ onto the tubular neighbourhood of ¢.

e Proof of (i) : Let y; be a point of Y;' N By (y, R — 3 1), as sysf(y;) < r, there exists some
torsion-free o € 3,.(y;); as (by Theorem 6.32 (i)) o is a torsion-free element of the virtually
cyclic group fﬁ then, for every torsion-free v € IA”T, there exist p,q € Z* such that 7 = 9.
On the other hand (i) implies that o € ngE (y), thus that v» = 0% € ngE (y)-

Now, for every pair ¥;', Y7 of connected components of ¥,° which both intersect By (y, R. —
1), for every torsion-free elements y € i and g € TY, there exist k, s € Z* such that 7

and g° are torsion-free elements of T' r.(y) and, as T, r. (y) is virtually cyclic by (i), there
exist p,q € Z* such that P = g9.

e (v) is then an immediate corollary of Lemma 6.29 (v) and of point (i), which proves that
Tar. (y) is virtually cyclic.

e Proof of (vi): Let us choose a point §; (resp. %2) in the intersection of By (g, Re — %) with
the image of ¢; (resp. of ;). As 7 is surjective from By (y, R. — %/) to By(y, Re — %,)
(by definition of the quotient-distance d), one can choose a point y; € 7= 1({#1}) (resp.
yo € 7 1({2})) such that y1,92 € By (y, Re — %,) Let us consider the homotopy class
[&1] € m (Y, 1) (vesp. [c2] € m1(Y,72)) and its image o1 (resp. o2) by the canonical
isomorphism 1y, : (7r1 (7, gjl),—i—) — (T,-) (resp. ¥y, : (7r1 (?, 372),—1—) — (T, -)) associated
to the choice of y; € 7~ 1({#1}) (resp. of y2 € 7~ ({#2})), namely, for i = 1,2, denoting
by ¢; the continuous path of Y satisfying ¢;(0) = y; and mo¢; = ¢, 05 := ¥y, ([¢;]) is
the only element of T' such that o;(y;) is the endpoint of the path ¢;. By means of this
isomorphism the hypothesis Vk € Z* [k - ¢] # 0 is traduced in Vk € Z* oF # e, thus each
o; is torsion-free and verifies d(y;, 0; y;) < length of ¢; = length of ¢; < r/; it follows that
0; € 3 (yi) C ngE (y), where the inclusion is a consequence of (i). As fQRS (y) is virtually
cyclic (by (i)) and, as o1 and o9 are torsion-free elements of ngE (y), there exist p,q € Z*
such that o} = o and this implies that the two loops p-¢; and g ¢, are freely homotopic?”.

e Proof of (vii): arguing by contradiction, suppose that the intersection of the tubular neigh-
bourhoods of radius (% R, — i s) of ¢; and ¢ is non empty, then there would exist points
71 and go on the images of ¢; and ¢, (respectively) such that d(y1,%2) < R. — 5. As the
images of ¢; and ¢; would then intersect By-(91, R — 5), and as Sysp(71) < €, using the
point (vi) (and replacing r’ by € in it), this would imply that ¢; and & are not independent,
in contradiction with the hypothesis. We conclude that the two tubular neighbourhoods

are disjoint.

e Proof of (viii): suppose that ¢; and ¢; are both homotopically torsion-free and denote
by 9; and g; their respective base-points; as 71 and ?f, both intersect By-(y, Re — %r),
then 7='(Y,) and 7~'(Y?) both intersect By (y, R- — 4 ), and there exist two connected

components Y and Y/ of 7= 1(Y.) and 7~ (Y?) (respectively) which intersect By (y, R. —

27This is a corollary of the following result: Given g € T' and any path 1 from y1 to gy1 (resp. o from ya
to gy2), the loops 7, 1= m oy, and 74 := 70 vy are freely homotopic: in fact, if a is a path from y; to y2, the
continuous path ¢ := a -7, -(g o a~1) obtained by concatenation of the paths «, 75 and g o a™! has origin at y;
and endpoint at gyi, thus the loops 7o c and 4; = 7 o y; are homotopic. On the other hand, as & :=moa is a
path from g1 to g2, the loops moc = &-75-&@ ! and 7, are freely homotopic, thus 7, and 7, are freely homotopic.
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ir). As 7T(YTZ) =Y, and n(YJ) =Y. by Proposition 6.31 (o) and (ii), there exist y; € Y’
and y; € Y,/ such that n(y;) = 7; and 7(y;) = ;.

Using the same notations and arguments as in the proof of (vi), we denote by o; and
o; the respective images of the homotopy classes [¢;] and [¢;] by the isomorphisms ,, :
m(Y,5) — I and ,, : m(Y,y;) — T (these isomorphisms being associated to the
aforementioned choices of y; € 77 '({g;}) and of y; € 7~ '({y;}), then o; and o; are
torsion-free, because these isomorphisms traduce the assumption “¢; and ¢; homotopically
torsion-free” by “o; and o; torsion-free”. Furthermore o; and o; belong to ir(yi) and

~

Y, (y;) respectively, because (as in the proof of (vi)) d(y;,0;y;) < length of ¢; < r and
d(y;,05y;) < length of & < r. A consequence is that o; € I'. and o; € Y. by Theorem
6.32 (i); applying point (iv), this proves that there exist p,q¢ € Z* such that o} = of.
Using the same argument as in the proof of (vi), this implies that p- ¢ and ¢ - ¢; are freely
homotopic.

O

7 Applications

In this section we consider closed Riemannian manifolds (M,g) or compact polyhedrons (X, g)
endowed with a piecewise smooth Riemannian metric. In both cases we consider the entropy
of the universal cover (M,dg,dvg) or (X,dz,dvg). For the sake of simplicity we denote it by
Ent(M, g) or Ent(X, g).

7.1 Application to Manifolds

Let M be a closed n-dimensional manifold. Any two metrics g1, go on M are Lipschitz equivalent
so that Ent(M, g1) > 0 is equivalent to Ent(M, go) > 0. Similarly, for any two finite generating
sets S; and Sy of a group I', we have that Ent(T',S;) > 0 is equivalent to Ent(T,S3) > 0.
Moreover, the so-called Svarc-Milnor’s Lemma asserts that Ent(M,g) > 0 for one (and thus
every) metric on M is equivalent to Ent(T",.S) > 0 for one (and thus every) generating set S of T',
[ , ]. In order to make the above quantities independent of the choices of the metric
and of the generating set, we define the minimal entropy Minent(M) of a manifold M and the
algebraic entropy Ent (T') of a finitely generated group I' as follows.

Minent(M) := inf{Ent(M, g)Vol(M, g)% | g Riemannian metric on M } (82)
Ent(T) := inf{Ent(T", S) | S finite generating set of I'} (83)

In the sequel M™ is a closed n-dimensional manifold with fundamental group I'.  We denote
by BT = K(I',1) an Eilenberg McLane space of I'. The class of closed manifolds M with
positive minimal entropy contains those having a hyperbolic fundamental group thanks to the
two following Theorems due to M. Gromov and I. Mineyev.

Theorem 7.1 (| ). Let M be a closed manifold of dimension n. Then, for every Rieman-
nian metric g on M,

Ent(M, )" Vol(M, g) = C(n)||M],
where C(n) depends on the dimension n.

Definition 7.2. M™ is said to be an essential manifold if the natural homomorphism [ :
H,(M,A) — H,(BT,A) is non zero, where A = Z when M is orientable and A = Z/2Z
when M is non orientable. It is said to be essential on R if f : H,(M,R) — H,(BIL,R) is not
trivial hence injective since dim H,(M,R) = 1.

Theorem 7.3 (| D). Let M be a n-dimensional closed manifold, n > 2. Assume that the
fundamental group of M is a Gromov hyperbolic group and that M is essential on R, then the
simplicial volume of M s positive, i.e. ||M| > 0.
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Proof. This is an immediate consequence of the results proved in | ] which we briefly de-
scribe. Ome has that the bounded cohomology of M, denoted by Hj'(M,R), is isomorphic to
H(',R) := H(BT,R) (see | ], section 3.1, corollary A, p.40), the bounded cohomol-
ogy of its fundamental group. In [ ] it is proved that under the hypothesis of I" being
an hyperbolic group the natural map HJ(I',R) — H"(T',R) is surjective, for n > 2. Now
H™"(T'R) ~ H"(BT',R) ~ H,(BI',R), where we consider the simplicial cohomology of BI'. Let
us recall that, for a torsion-free hyperbolic group, BI" can be taken to be the Rips complex which
is a contractible simplicial complex on which I' acts freely by isometries with compact quotient;
this is a finite simplicial complex. If I' has torsion then its classifying space is of infinite dimen-
sion but has finitely many cells in any dimension (see | ], p. 468-471 and | ], chap.
4). Since M is essential on R the natural map f : H,(M,R) — H,(BI',R) is injective and
the fundamental class of M is sent to a non zero element in H,(BT',R) ~ H"™(I',R) which is
represented by a bounded cycle; this implies that the simplicial volume is non trivial. O

Corollary 7.4. Let M be a closed manifold of dimension n > 2 which is essential on R. We
assume that the fundamental group of M is Gromov hyperbolic, then Minent(M) > 0.

On the group side, there are two distinguished classes of finitely generated groups with positive
algebraic entropy which are worth mentioning, the non virtually nilpotent solvable groups and
the hyperbolic groups.

Theorem 7.5 (] D). Let T be a finitely generated solvable group. If T is not virtually
nilpotent, then Ent(T') > 0.

Theorem 7.6 (| D). Let T' be a finitely generated group. Assume I' is Gromov hyperbolic
and non virtually cyclic, then Ent(I") > 0.

When T is the fundamental group of a closed manifold M, it would be natural to have a relation
between Minent(M) and Ent(I"). The following examples show that there exist manifolds M
with vanishing minimal entropy but with fundamental group I" such that Ent(I") > 0 so that a
relation such as Minent(M) > C(n)Ent(I") does not hold in full generality.

In the example 7.7, the fundamental group of M is hyperbolic but M is not essential (see the
definition 7.2).

Example 7.7. Let N" be any closed manifold with Gromov hyperbolic fundamental group T' and
consider M" Tk = N™ x S* the cartesian product of N™ with the k-sphere, for k > 1. Then, the
fundamental group of M coincides with T' and therefore Ent(I') > 0 by Theorem 7.6. On the
other hand, considering the product metrics g. == g X €2h on M, where ¢ is any metric on N
and h any metric on S*, we have

Ent(M, g.) = Ent(N, g) and Vol(M, g.) = e*Vol(N, g)Vol(S*, h),
so that by taking € arbitrarily small, we get Minent(M) = 0.

In the example 7.8, M is essential but its fundamental group is not Gromov hyperbolic.
Example 7.8. Let M4 be the mapping torus My := T? x [0,1]/ ~, where (x,0) ~ (Az,1) in

2 1

2 ; _
T x [0, 1] with A = (1 1
where the action of Z_on Z? is defined for k € Z and x € Z? by k.x = A¥x. We also recall that

the action of 'y on M4 = R? x R is given by
(pvk) : (U,t) = (p—’_Akuvk—’_t)v

where (p,k) €T 4 :=Z% x4 Z and (u,t) € Ms=R?xR.

The group T'y is non virtually nilpotent, therefore EntT'y > 0 by Theorem 7.5. On the other
hand, M 4 is a torus bundle over the circle so that there exists a family of collapsing Riemannian
metrics ge on Ma with bounded sectional curvature and lime_,o Vol(Ma, g.) = 0 (This is part
of Cheeger-Gromov Theory, see [ ]). Since the sectional curvature of g. is bounded below,

Ent(Ma, ge) < C and therefore Minent(My4) = 0.

) . The fundamental group of M 4 is the solvable group T 4 :=Z% x4 Z,
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Finally, in the next example 7.9, the manifold M is essential as a product of essential manifolds
and its fundamental group is Gromov hyperbolic. However it has torsion. Notice that M is not
rationally essential, i.e. not essential on Q.

Example 7.9. The same construction as the one done in Example 7.7 can be made with S*
replaced by a real projective space, say, for example, RP? and the same conclusion holds.

Our aim in what follows is to give an explicit lower bound of the minimal entropy of essential
manifolds whose fundamental group is torsion-free and Gromov hyperbolic.

Theorem 7.10. Let M be a n-dimensional essential closed manifold, n > 2. Assume that the
fundamental group T of M is non cyclic, torsion-free and is a subgroup of finite index in some
group G belonging®® to Hyp(8, H) then, for every Riemannian metric g on M,

Ent(M, g)"Vol(M, g) > C(n,0,H) > 0.

The case n =1 is not adressed since the only closed 1-dimensional manifold is the circle and its
fundamental group is elementary. Notice that the quantity C(n,d, H) depends on the dimension
n and on the fundamental group only. In particular for two essential closed manifolds of the
same dimension and having the same fundamental group the above lower bound of the minimal
entropy is the same.

The proof of this result relies on two theorems that we state below. One is a theorem proved
by S. Sabourau which states a universal relation between the Margulis invariant and the Filling
radius of a Riemannian manifold (M, g) such that M is orientable and essential. We now give
the necessary definitions.

Let (M, g) be a closed Riemannian n-manifold. Mimicking Definition 6.17, we define

Definition 7.11. The Margulis invariant of (M, g), denoted by Marg(M, g) is defined by
Marg(M, g) := sup{r |I'.(z) is cyclic for every xz € M},

where T'.(x) is the subgroup of w1 (M™) generated by all loops at x € M™ of length < r.

As T is supposed to be torsion-free, by Remark 6.18, Marg(M, g) coincides with the Margulis
invariant of the action of I" on the Riemannian universal cover (M, §) (see Definition 6.17).

We now denote by d, the distance on M induced by the Riemannian metric g. The map
v (M, dg) — (L=(M), |1 (84)

defined by () := dg4(z,.) is an isometric embedding called the Kuratowski embedding. For
€ > 0, we denote ¢t : M — U (M) the inclusion of M into the e-neighbourhood of ¢«(M).

Definition 7.12. The Filling radius of (M, g) is defined as
Fillrad(M, g) := inf{e > 0] (¢c)«([M]) =0 in H, (U (M), A)}, (85)
where A =7 or Zs according to whether M is orientable or not.

The Filling radius has been introduced by M. Gromov in | ] where are related the volume
and the systole of an essential Riemannian manifold. One step toward this is the following
statement, which we will need later.

Theorem 7.13 (] ). Let (M,g) be a closed Riemannian manifold of dimension n, then
Vol(M, g) > C(n)Fillrad(M, g)",

where C(n) depends on the dimension n only.

28We recall that Hyp(6, H) is the set of non virtually cyclic groups G' which admit a finite system of generators
S such that G is é-hyperbolic (with respect to the associated algebraic distance dg) and satisfies Ent(G,S) < H.
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The following is Theorem 4.5 in | ]

Theorem 7.14 (| D). Let (M, g) be a n-dimensional essential closed manifold, n > 2, whose
fundamental group is torsion-free and Gromov hyperbolic. Then, Marg(M, g) < 8 Fillrad(M, g).
In particular,

Vol(M, g) > C'(n)Marg(M, g)" ,

where C'(n) depends on the dimension n only.

Proof of Theorem 7.10. As T is non cyclic and torsion-free, it is non virtually cyclic by Remark
8.14, hence I' belongs to Hyp,,,,(d, H) (see Definition 6.3). We can thus apply Theorem 6.19 (ii)

to the action of I' on the Riemannian universal cover (M, §) of M, endowed with the Riemannian
distance and with the Riemannian measure, we get

Ent(M, g)Marg(M, g) = Ent(M, d, dvz)Margy (M, dg) > (6, H) (86)

(see (69) for the definition of af(.,.)). Now, being a subgroup of finite index in a Gromov-
hyperbolic group, I' is also Gromov-hyperbolic and, from Theorem 7.14 and from the last in-
equality, we deduce

Ent(M, g)" Vol(M, g) > C'(n)Marg(M, g)" Ent(M, g)" > C'(n)ag (8, H)™ .
This finishes the proof of Theorem 7.10. O

Example 7.15 (Main example). Let N1 and Ny be two closed manifolds of the same dimension
n and let us assume that each of them carries a Riemannian metric of negative curvature. We
consider the connected sum M = N1#Ns.

If n > 3 the fundamental group T of M is the free product of the fundamental groups I'y of Ny
and T's of No. The groups T'1 and T's are non elementary torsion-free hyperbolic groups hence

I' =Ty %y is also a non elementary torsion-free hyperbolic group (see [ ], exercise 34,
p.19).
Now, the connected sum of two essential manifolds is essential (see [ ], p.3) hence Theorem

7.10 applies to M, for any finite system S of generators of I', we get a positive lower bound of
the minimal entropy of N1# Ny in terms of the hyperbolicity, of an upper bound, of the Entropy
of (I, S) and of the dimension n.

7.2 Application to Polyhedrons

In this section we extend Theorem 7.10 to the case of finite simplicial complexes endowed with
a Riemannian (or Finsler) metric. We follow the definition of A-complexes in | |, chapter
2. The spaces X that we are considering can be built from collections of disjoint simplices by
identifying various subsimplices, where the identifications are performed using linear homeomor-
phisms; in other words it is a PL-structure on X. We then endow each closed simplex with a
smooth Riemannian (or Finsler) metric in such a way that it coincides on the intersections; it is
sometimes called a piecewise Riemannian (or Finsler) metric and for the sake of simplicity we
shall simply call it a Riemannian (or Finsler) metric. Now X, endowed with such a metric, is
called a Riemannian polyhedron or simply a polyhedron and the metric will be denoted by g
(notice that C°° smoothness of the metric on the simplices may not be completely necessary in
the results that follow, we could even consider some geodesic measured metric structures, see
[ ] p. 264, remark (b)). Furthermore we notice that, when X is compact, it has a dimension
n which is the maximal dimension of a simplex in X. We can define its volume, diameter and
entropy since it has a universal cover. More informations on simplicial complexes can be found in
[ | for the topological aspects and in [ ] for the Riemannian aspects. Finally, working
with polyhedrons allows to define all the Riemannian invariants that we need, however it is worth
noticing that a polyhedron is a special kind of CW-complex since the k-simplices are k-cells. This
allows us to use the fact that continuous maps between cell-complexes are homotopic to a cellular
map (see below) and to use the more flexible cellular homology as in Lemma 7.17.
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Now, let K = BT be the classifying space of the fundamental group I' of X. The space K is an
aspherical (possibly infinite) simplicial complex.

Definition 7.16. A polyhedron X of dimension n is said to be m-essential if there exists a
continuous map F : X — K which does not contract to the (n — 1)-skeleton of K.

This definition is different from the one used in | ] p-139 and | ] p-260. Indeed, in these
references being essential means that there exists an aspherical simplicial complex with the above
property, which might not be the classifying space of I'. For our purpose we need properties of
the free loop space of K described in | ], Proposition 3.6 and Remark 3.8, which are satified
by the classifying space BI'. Any essential manifold M™ is n-essential, however it is not clear to
us whether the converse is true or not.

In the sequel we use the following consequence of n-essentiality. For a CW-complexe X we denote
by X *) the k-skeleton, that is the closure of the union of the k-cells. All homology groups below
are with coefficients in k = Z or k = Z,.

Lemma 7.17. If X is a n-dimensional n-essential polyhedron, the induced map between the
relative cellular homologies of X and K respectively,

Fo: Hy(X™, X"0) — H, (K™, K"D),
is non identically zero.

Proof of Lemma 7.17. As mentioned above we can assume that F' is a cellular map between
X and K and hence that each p-cell of X® is sent to K® for all 0 < p < n. We consider
X(”)/X(”*l), that is the space obtained by identifying X (™1 to a point. This space is a
bouquet of (topological) n-spheres, each of them corresponding to a n-cell in X () similarly we
define K(™ /K(™=1)_ Now, let us take a topological n-sphere S := S™ in K" /K"~ we can
send K™ /K(=1 onto S by contracting the other spheres in K™ /K(»=1 to a point (the vertex
of the bouquet). For the details the reader is referred to | ], Chapter 4, Section 4. Then we
consider the composite map sending X(")/X("’l) to S which we call Fg. If F, is zero then each
of these maps has zero degree for each S and hence the map Fs can be deformed to a constant
map. This shows that if F, is identically zero then F' can be continuously deformed to a map
into K1), O

We now state our main result which is a version of Theorem 7.10 for polyhedrons.

Theorem 7.18. Let X be a n-dimensional n-essential compact polyhedron, n > 0. Assume that
the fundamental group I' of X is non cyclic, torsion-free and is a subgroup of finite index in some
group G belonging®® to Hyp(8, H) then, for every Riemannian metric g on X,

Ent(X, g)"Vol(X,g) > C(n,d,H) > 0.

Notice that contrary to Theorem 7.10, the case n = 1 is included in the above result, and
examples are given below.

The proof is similar to the one of Theorem 7.10: we however have to replace the filling radius by
another invariant introduced by M. Gromov in | | p-138, namely the (n — 1) contractibility
radius. More precisely, we shall again consider the Kuratowsky embedding

v (Xod) = (LX), 11D (87)

defined by ¢(x) := d(x,.) which is an isometric embedding, and, as before, for € > 0, we denote
by te : X — U (X) the inclusion of X into the e-neighbourhood of ¢(X).

Definition 7.19. Let X be compact n-dimensional polyhedron.

29We recall that Hyp(6, H) is the set of non virtually cyclic groups G' which admit a finite system of generators
S such that G is d-hyperbolic (with respect to the associated algebraic distance dg) and satisfies Ent(G,S) < H.
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e for e > 0, the map i, is said to be (n — 1)-contractible if it is homotopic to a map which
factors through a (n — 1)-dimensional polyhedron. That is, L. is homotopic to a continuous
map [ = "o f' with,

x Ly LS e,
where Y is a (n — 1)-dimensional polyhedron.

e The (n — 1) contractibility radius is defined by,

ContRad(X) = inf{e > 0; . is (n — 1)-contractible} .

In | ] p-138 a whole bunch of contractibility radii are defined indexed by a non-negative
integer not greater than n. Here we only consider the possibility of contracting ¢.(X) to a
(n — 1)-dimensional polyhedron.

The proof of Theorem 7.18 is the same as the proof of Theorem 7.10: the inequality (86) being
valid for the action of T' on any metric measured space (see Theorem 6.19 (ii)), we get that
Ent(X, g)Marg(X, g) > «( (0, H). In order to prove the inequality Vol(X, g) > C’'(n)Marg(X, g)"
which concludes, we need the analogous of Theorems 7.13 and 7.14, where we replace the Filling
radius by the Contractibility radius. The analogous of Theorem 7.13 is the following

Theorem 7.20 (] |, p-138). Let (X, g) be an arbitrary n-dimensional compact polyhedron
endowed with a Riemannian (or Finsler) metric, then

Vol(X, g) > C(n)ContRad(X, g)",

where C(n) depends on the dimension n only.

In order to obtain the analogous of Theorem 7.14, we had to adapt the proof of | ] to this
new context. While writing this text we got the article | | which gives a proof of the following
theorem along the exact same lines and for the sake of completeness we shall only give the basic
construction in the proof that follows.

Theorem 7.21 (see | ). Let (X,g) be a n-dimensional compact n-essential polyhedron en-
dowed with a Riemannian metric, n > 1, whose fundamental group is torsion-free and Gromov
hyperbolic. Then,

If n > 2, Marg(X, g) < 8ContRad(X,g). In particular,
Vol(X, g) > C'(n)Marg(X, g)"

where C'(n) depends on the dimension n only.

Furthermore, if n = 1 then we have,

Vol(X, g) = Marg(X, g).
The Margulis invariant being defined as before.

Proof of Theorem 7.21. The proof follows exactly the scheme used by S. Sabourau in the proof
of Theorem 4.5 of | ] and of Theorem 4.15 in the recently posted | ]. We will not give
all details and the reader is referred to these articles.

We proceed by contradiction and assume that ContRad(X, g) < é 1(g). Let us choose p such that
ContRad(X, g) < p < $pu(g). Since p > ContRad(X, g) the map ¢, is homotopic to a continuous
map f : X — U,(X) C L>®(X) which factors through a (n — 1)-dimensional polyhedron Y,
namely f = f"o f/, with f': X — Y and f” : Y — U,(X) C L*>®°(X). Since X and Y are
simplicial complexes f’ can be approximated, and hence replaced, by a simplicial map still called
f'. By replacing Y by the sub-complex f/(X) we also may assume that f’ is surjective.

Since X is n-essential there exists a continuous map F' : X — K which does not contract to the
(n — 1)-skeleton of K. We may identify X with ¢,(X) = +(X) C L*(X) since ¢, is an isometry
hence an homeomorphism.
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The homotopy between ¢, and f is a continuous map hy,

ho: X x [0,1] — U,(X) € L®(X),
with hojx {0y = tp and hgjxxg13 = f. Notice that X x [0,1] can be given the structure of a
(n + 1)-dimensional polyhedron (after subdivisions).

We now define the mapping cylinder P of the map f’ as the quotient of the disjoint union
(X x [0,1]) UY obtained by identifying (x,1) € X x [0,1] with f'(z) € Y. The homotopy hg
factors through this identification and yields a continuous map, which we denote by h,

h:P—U,(X)C LX),

which coincides with ¢, on X x {0} and with f” on (X x {1}) LY. The mapping cylinder of
a simplicial map can be endowed with a simplical structure extending that of (X x {0}) (see
[ ], Chapter 4, p.218).

The idea is now to try to extend I : X x {0} ~ X — K to a continuous map F:P— K.
If so, Fj(xx{s}) is a continuous deformation between Fj(x{o}) and Fjy and, furthermore, P

retracts onto its subcomplex Y (see [ ], Chapter 1, Section 5, p. 32). Then, since Y and K
are CW-complexes, Fjy is homotopic to a map sending Y into the (n —1)-skeleton on K and this
would be in contradiction with the essentiality of X. Unfortunately, as in | ] and [ 1,

this scheme of proof is not possible in this context but instead we can extend F' to a map with
value in another space Z. Some details are described below.

Since ¢, is an isometric embedding the map F' can then be written as ' = G o1, with G :
tp(X) — K. Up to taking subdivisions in P, we may assume that the images by h of its have
a diameter less than e. We choose this number so that 0 < e < %Marg(X, g) — 2p.

We recall that we denote by P®*) the k-skeleton of P. We now define F on P U (X x {0}) so
that it coincides with ¢, on X x {0}. Take p € P(9\ (X x {0}) and send it to any choice ¢,(z),
x € X, of a point in ¢,(X) nearest to h(p); we then set F((p) = Gor,(x). For adjacent vertices p;
and p; of PO that are related by an edge, we consider the corresponding chosen points z; and
r; in X and a shortest path between them (any choice). We now send the edge of P! between
p; and p;, to this chosen curve; again, composing with G we get the extension F on PN, We
then have,

dx (i, 25) = dr=(1p (i), 1p(25)) < dpoe(ep(wi), h(pi)) + droe (P(pi), h(p;)) + droe (h(p5), 1o (25))
< 2p+e:=r< tMarg(X,g).
For the details the reader is referred to [ ], proof of Theorem 4.5 and | ], proof of

Theorem 4.15.

This extension sends the boundary of every 2-cell A of P to the image by ¢, of a curve in X whose
length is at most 3r. If this number were smaller than the systole of X, all these curves would be
contractible and, as K is aspherical, the obstruction theory would give the desired extension G.
Unfortunately, 3r may be too large and some of the boundary closed curves of some 2-simplices
might be longer than the systole. Let A be a 2-cell of P, if F(QA) is not contractible, the
properties of the loop space of K given in [ ], Proposition 3.6 and Remark 3.8 produce a
homotopy from F(OA) to a closed curve depending only on the non trivial homotopy class of
F(0A). This homotopy class is included in a unique maximal infinite cyclic subgroup generated
by a primitive loop ya. Following [ ] we then define,

Z=KU(|J Da)

where we glue a 2-cell Da along ya for each 2-cell A of P such that F(9A) is not contractible in
K, the family of these 2-cells being denoted by C. The space Z is not aspherical, hence it may be
difficult to extend the above map to 3-simplices. However S. Sabourau overcame this difficulty
in [ ], by induction, and extend F to a map from P to Z, which we call F' (see also [ I,
proof of Theorem 4.15). Notice that F sends P U (X x {0}) into K.
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To summarise, the map
X x {0} 2 1,(X) S K < 7,

extends to -
F:P—Z,

such that F(PM UX x {0}) = F(X)C K C Z.

As mentioned before the maps F|(x (4}) realize a homotopy between Fx and Fly, where Y is
by construction a sub-complex of P. The map Fjy is homotopic to a cellular map sending Y
into the (n — 1)-skeleton of Z (see [ ], Chapter 7, Section 6, Corollary 18 p. 404). Hence,
F(X x {0}) retracts in Z to its (n — 1)-skeleton. On the other hand F(X) = F(X x {0}) does
not retract to the (n — 1)-skeleton of K by the definition of n-essentiality.

For n > 3 this is in contradiction with Lemma 7.17. Indeed, the injection K < Z induces an iso-
morphism between H,, (K™, K=Y and H,(Z™, z("=1) ifn > 3, since we just added a bunch
of 2-cells. Then F(X x {0}) cannot be identically zero in H, (K™, K("=1) ~ H, (Z™) z"=1),
however it is homotopic to FI(X x {1}) whose image is in the (n — 1)-skeleton of Z and hence is
identically zero in Hn(Z(”), Z(”_l)). A contradiction.

The same proof works for n = 2, that is, the map F, cannot be identically zero. In this case
though the injection K — Z does not induce an isomorphism since we added 2-cells in order to
get Z. However, let us choose B € K C Z a 2-cell such that the map X?) — K®) — 7(2)
B/OB = S? is not homotopic to a constant, we get a non trivial map Ha(X,k) — H3(5? k)
yielding a contradiction as above.

Finally for n = 1, X is a graph with possibly edges which start and end at the same vertex.
Its universal cover is a simply connected graph hence a tree (see [ ], Chapter 3, Section
7, p.139). Its fundamental group is then a free group generated by primitive cycles and the
condition that it is non elementary rules out graphs with only one primitive cycle. The systole
of X is the length of the shortest primitive cycle whereas the Margulis invariant is the length of
the second shortest primitive loop. On the other hand the volume of X is the sum of the length
of all the edges, hence the inequality Vol(X) > Marg(X, g) is obvious. O

Remark 7.22. [t is worth noticing that Theorems 7.18 and 7.10 could have a different form if
we assumed that the fundamental group T' of M or X is a torsion-free and non cyclic subgroup
of finite index in some group G belonging®® to Hyp.iion(0, H, D). Indeed, it suffices, in the
above proof, to replace Theorem 6.19 (ii) by Theorem 6.19 (i). Theorems 6.19 (i) and 7.21
then prove that Ent(M, g)™ Vol(M,g) (resp. Ent(X,g)" Vol(X,g)) is bounded from below by
C'(n) ao(6, H, D)™, where ag(6, H, D) is the universal constant defined in (68).

7.2.1 Some examples

Graphs

Let X be a finite connected polyhedron of dimension 1, in other word, X is a finite connected
graph. We endow X with a polyhedron metric g, that is, every 1-simplex is isometric to an
interval of R whose length is the only parameter. The corresponding volume is defined by

Vol(X, ) := > 1),

o

where the o’s are the 1-simplices of X and I(o) is the length of 0. We assume that the fundamental
group I' of X is non elementary, thus I' is a non abelian free group on r generators with r > 2.
Notice that if S = (s1,...,8,) is a canonical set of generators of T', then (T, .S) is 0-hyperbolic
and Ent(T", S) = In(2r — 1). Moreover, X is l-essential and by Theorem 7.18 above we have for
every metric g on X,

Ent(X, g) Vol(X, g) > C(r). (88)

30We recall that HypZ ion (0, H, D) is the set of groups G which admit a proper action by isometries on some
connected, non elementary, §-hyperbolic metric space whose entropy and co-diameter are bounded from above by
H and D respectively.
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It is known that, for a graph X, the rank r of the fundamental group of X is given by
1
r:1+§( > (ke - 1)),
zeV(X)

where V(X)) is the set of vertices of X and k; + 1 denotes the valency of X at z. In the case
when k, > 2 for every x € X, the exact value of the minimal entropy, as well as the minimizing

metric, has been computed by S. Lim, | ], see also | ], who showed that
1
Ent(X,g) Vol(X,9) > 5 D (kx + 1) In(ks). (89)
zeV(X)

Moreover, the equality in (89) is achieved if and only if the metric g is given, up to scaling, by

In (i(e)kie))
Zmev(x)(kr + 1) In(ks)’

for every edge e of X, where i(e) and t(e) are the initial and terminal point of e.

l(e) := (90)

Notice that the exact value of the minimal entropy of X depends on the simplicial structure
of X and not only on its homotopy type. Indeed, for example, if X; is a bouquet of 2 circles,
its minimal entropy equals 21n 3, but if X5 is a union of 2 circles attached at the 2 ends of a
segment, then its minimal entropy is 31n2 < 21In 3.

It raises the question of the dependance of the minimal entropy on the polyhedral decomposition.
Notice that the minimal entropy decreases while taking subdivision, it might be thus possible
that no best decomposition exists.

Note also that when X is a finite graph, the minimal entropy of X tends to infinity when the
rank of the fundamental group of X tends to infinity, while our lower bound C(r) of the minimal
entropy given in (88) is tending to 0.

Surfaces attached along a geodesic

Let S1 and S3 be two hyperbolic surfaces of genus two. Assume that each of them have a simple
closed geodesic 71 € S and v € Sy with the same length. We denote by X the polyhedron
obtained from S; and Sy identifying 1 and 72 by an isometry. The universal cover of X can
be described inductively as follows. The universal cover S; of S;, i = 1,2 are two copies of the
Poincaré disk. In each 5}, denote ¥; any lift of 7;. Consider first S; with the collection of all the
lifts of 1 and attach to each of these a copy of Sz identifying 4, isometrically with some lift 4 of
2. Then, on every such attached copy of S consider each unidentified lift 7o and attach to it a
copy of Sp identifying 4o with some ;. We keep doing these gluing and get the universal cover of
X, which looks like an hyperbolic building. In particular, it is CAT(—1). The fundamental group
T" of X is isomorphic to the amalgamated product I'y zfg where I'; are the fundamental groups

of S;,i=1,2, hence I is Gromov-hyperbolic. Note also that X is 2-essential. By Theorem 7.18,
we then have, for every metric on X,

Ent(X, g)> Vol(X, g) > C(6, H),

where 6 > 0 is the hyperbolicity constant of I' and H satisfies Ent(I", ¥) < H for some generating
set X.

Remark 7.23. When the metric on X comes from two hyperbolic metrics on S; such that the
common length of the geodesics v; is a number € going to 0, then, denoting by g. the resulting
metric on X, we see that Ent(X, g.) tends to 1 (cf. the remark on p. 4 in [ ]) and

lim Ent(X, g¢)* Vol(X, g¢) = Vol(S;) + Vol(Ss),
€e—

where Vol(S;) denotes the hyperbolic volume of S;.

We then could conjecture that

inf{Ent(X, 9)* Vol(X, g)} = 2m(|x(S1)| + Ix(S2)]).
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Notice that this construction can be generalized considering two closed hyperbolic n-manifolds
M, Ms, each containing a closed totally geodesic codimension one hypersurface N7 and No such
that N; is isometric to N3. The complex X obtained by gluing the M;’s along N; satisfies the
same conclusion as above, that is

Ent(X, g)" Vol(X, g) > C(0, H).

Surfaces with an attached circle

Let S be a closed hyperbolic surface and C' be a circle. Given points y € S and z € C, let X be
the complex defined as the disjoint union of S and C' with y and z being identified. We denote
by X = Sv C and S, C, the universal cover of S, C respectively. The universal cover of X is
a "tree of hyperbolic plane” and can be described inductively as follows. To each lift § € S of
y, we attach a copy of C' identifying y with some z € C' any lift of z. Next, to each unidentified
Z on some previously attached C, we attach a copy of S at some free j and we repeat these
constructions, attaching to each new gy a copy of C' at some Z, etc.... The fundamental group
G = m(X) of X is the free product G = T' x Z where I" is the fundamental group of S. If
(s1,---,sk) is a generating set of I and ¢ a generator of Z and if " is d-hyperbolic with respect
to (8;)i=1... k, then G is d-hyperbolic with respect to the generating set (s;,1).

We consider a metric ¢ on X, defined by a metric h on S and a metric i’ on C, the latter being
characterised only by the length of the circle C. The volume Vol(X, g) = Vol(S, k) does not
depend on (C, k') but only on the sub-complex S of X of maximal dimension.

One sees that X is 2-essential, thus, by Theorem 7.18 , we have
Ent(X, g)? Vol(X, g) > C(6, H)

where H = Ent(G, X) with respect to the generating set ¥ = {s1..., s, t}.

One weakness of the above lower bound comes from the fact that the lower dimensional simplex,
namely C, can be responsible for a large entropy of X while it does not affect the volume of X.
Indeed, one has, in particular,

lim Ent(X, )% Vol(X,g) =
e nt(X, g)° Vol(X, g) = +o0

where [(C') is the length of C'.
On the other hand, we have

lim  Ent(X,g)? Vol(X,g) = Ent(S, h)* Vol(S, h) .
I(C)—+o0

Notice that since Vol(X, g) = Vol(S, k) and Ent(X, g) > Ent(S, h), one has
Ent(X, g)* Vol(X, g) > Ent(S, h)* Vol(S, h) ,
so that
ir;f{Ent(X, 9)? Vol(X,g)} = i%f{Ent(S, h)?Vol(S, h)} = Ent(S, hyp)? Vol(S, hyp)

where hyp denotes any hyperbolic metric on S.

We remark that for any simplicial complex M of dimension m and any simplicial complex N of
dimension n < m, then, X = M V N satisfies

iI;f{Ent(X, g9)" Vol(X,g)} = i%f{Ent(M, h)™ Vol(M,h)} .

A 3-dimensional polyhedron
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We now describe an example of a finite 3-essential polyhedron of dimension 3 with torsion-free
non elementary Gromov-hyperbolic fundamental group. It will be clear from the construction
that this polyhedron is not a manifold,

This example comes from a general construction of Gromov hyperbolic Coxeter groups which
associates to each hyperbolic CAT(0)-cube complex another hyperbolic CAT(0)-cube complex
with higher homological dimension (see, [ D.

The fundamental result underlying this construction is the following Theorem 7.25 of D. Osajda.
In order to state it, we need the following classical fact.

Proposition 7.24 (| ], Section 1.2, Proposition 1.2.3 and Appendix I, Proposition 1.6.8).
Let X be a finite flag simplicial complex of dimension d, then there exists a CAT(0)-cube complex
Y of dimension d + 1 whose vertices have link X and a right-angled Cozeter group G acting
geometrically on Y. When X is moreover assumed to be 5- large, then Y is Gromov hyperbolic.

Recall that for a simplicial complex, being flag means that any finite set of vertices which are
pairwise connected by edges (i.e. generating a complete graph) spans a simplex. A flag simplicial
complex X is 5-large if every k-cycle in X has length k larger than or equal to 5, where a k-cycle
is a closed combinatorial loop made of k vertices and k edges which is full as a subcomplex of
X, | ], 2.1 p. 355. Here, a subcomplex Y of a simplicial complex X is said to be full if
every subset of vertices of Y contained in a simplex of X is contained in a simplex of Y. A cube
complex is said to be locally 5-large if the link of each of its vertices is 5-large (see, [ ], 2.1
p. 355).

Theorem 7.25 (| ], Main Theorem, p. 354). Let X be a finite 5-large simplicial complex
such that H"(X, Q) # 0. Consider G and Y the right-angled Cozeter group and the CAT(0)-cube
complex given in Proposition 7.24. Then, G is hyperbolic and there exists a finite index, torsion-
free subgroup, T' C G, such that the quotient Y := Y /T is a compact cube complex satisfying
H™1(Y,Q) #0.

We now briefly describe the different steps of the construction of our example before giving the
details. We start from a compact surface S with a square complexe structure. We then “thicken”
S into a 3-dimensional simplicial complex X. The compact surface has to be chosen in such a
way that this “thickening” is 5-large. Theorem 7.25 then produces a CAT(0)-cube complex Y
of dimension 4 and a torsion-free hyperbolic group I' acting properly discontinuously on Y with
compact quotient Y = Y /T such that H3(Y,Q) # 0. To end up, Y can be retracted onto a
simplicial complex M of dimension 3. This M will be our example, in particular it turns out to
be 3-essential.

In order to define the surface S, we consider 'y C PSL(2,R) the subgroup generated by the
reflexions on the sides of a right-angled pentagon of the hyperbolic plane H?. By Poincaré’s
Theorem, I'y is a discrete group with fundamental domain a right-angled pentagon P of H?
whose T'g-translates generate a tiling of H2. Its dual tiling is by hyperbolic squares of angle 27 /5
and is also I'g-invariant. Notice that this tiling of H? by squares defines a 5-large square complex
since the link of each vertex is a pentagon. We then pick a torsion-free subgroup I'y of 'y in
such a way that H?/I'; is a closed surface with a CAT(—1)-square complex structure such that
every homotopically non trivial edge-loop has length at least 5. We denote by S := H?/T'; this
squared surface. The underlying square complex structure on S = H?/I'; is therefore locally
5-large since, by the latter condition, the closure of the union of the 5 squares adjacent to a
vertex in H? embeds in S so that the link of every vertex of S is also a pentagon.

We now “thicken” the surface S as defined by D. Osajda in | ], definition 3.1, p. 357. The
thickening X of the square complex S consists in associating to each square of S a standard
3-simplex keeping track of the vertices and edges of the square. Formally, two more edges appear
on the 3-simplex which correspond to the diagonals of the square. When two adjacent squares
meet along an edge we glue the two corresponding 3-simplices along the corresponding edge. The
new simplicial complex X thus obtained is clearly of dimension 3 and is homotopy equivalent to
S (cf. [ ], Lemma 3.5), therefore H2(X, Q) # 0. Moreover X is a 5-large simplicial complex
by Proposition 3.4 of | ]
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To conclude, we have obtained a 5-large simplicial complex X of dimension 3 such that H?(X, Q) #
0. We now apply Theorem 7.25 to it in order to get a 4-dimensional CAT(0)-cube complex Y
with a proper and discontinuous action of a right-angled Coxeter group G and a torsion-free hy-
perbolic subgroup I' C G acting properly discontinuously on Y with compact quotient Y =Y /T
such that H3(Y, Q) # 0.

The 4-dimensional cube complex Y retracts on a 3-dimensional complex M. Indeed, recall that
the thickening X of the square complex S has been constructed replacing each square by the
3-simplex spanned on the vertices of the square. Therefore, the 3-simplices of X meet only along
edges as the corresponding squares do. The neighbourhood of every vertex of the 4-cube Y is a
cone over X and therefore two adjacent 4-cubes meet along 2-cubes, namely cubical cones over
edges. The cube complex Y is thus a 4-dimensional cube complex such that cubes of dimension
4 are attached along 2-dimensional faces. As a consequence, the 3-faces of Y are left free and
therefore, after taking a barycentric subdivision of Y, we can perform a G-equivariant retraction
of Y onto a subset M of its 3-skeleton. Let us briefly describe this retraction. Before doing this,
we define M.

We consider a 4-cube of Y and its standard decomposition in cubes of smaller dimension and we
describe below a polyhedral subdivision into 4-simplices. The barycentric subdivision is obtained
inductively by adding to each k-face, (k = 1,2,3,4), its barycenter and then coning from this
new vertex onto the barycentric subdivision of the (k — 1)-faces. Notice that each 4-simplex o of
this subdivision has a unique 3-face f(c) whose intersection with the boundary of the cube is a
2-face contained into a 2-face of the standard decomposition of the cube. The union of all these
2-faces cover the standard 2-skeleton of the cube. Notice that the barycentre of C is a vertex of
f(o), for every o. Now for a cube C, the union of these 3-faces f(o), for o running through the
set of all 4-simplices of the barycentric subdivision of C, is denoted by F(C'). The intersection
of F(C) with the boundary of C is the union of the 2-faces of C. Since the cubes C of Y meet
along their 2-faces, their 3-subcomplexes F(C') naturally attach themselves and give rise to a
simplicial subcomplex M of Y of dimension 3.

We first perform the retraction inside each 4-cube of a fundamental domain of the action of G
and then extend it. For such a cube C and a 4-simplex o of the barycentric subdivision of C, we
consider the map that sends all vertices of ¢(®) which are not in (f(c))® to the barycentre of C
which is a vertex of f(o); we then extend it linearly as a retraction of o onto f(o). We therefore
get a simplicial retraction of C' onto F(C) which is the identity on the 2-skeleton of C. Since the
gluing of the cubes only take place on their 2-skeleton we can extend it to the union of the cubes
of a fundamental domain for GG. We finally extend the retraction of the fundamental domain of
G to an equivariant retraction of Y onto M, this is made possible by the fact that the action of
G is by cubical isometries (see [ ] p-11), hence preserving all faces of the cubes and of their
barycentric subdivisions. A nice picture, one dimension less, is given in | ] on page 2290.
The retraction described above, in the context of this article, consists in sending all yellow dots
to the centre of the cube and extending it linearly.

Notice that, unlike }7, the complex M may not be CAT(0), however M := ]TJ//F is a retract of
Y =Y /T. Note also that the 3-dimensional simplicial complex M is distinct from X.

We now show that M is 3-essential. Since M is a retract of ¥ = Y/I‘ and H3(Y,Q) # 0, we
have H3(M, Q) # 0. On the other hand, Y is a CAT(0)-space, hence Y /T is a classifying space
K(T',1) of T and so is M since it is a retract of Y. We deduce from this discussion that the
3-dimensional complex M is essential since it is a classifying space of I' and H3(M, Q) # 0, hence
M is 3-essential.

We therefore obtained a 3-essential compact 3-dimensional simplicial complex M with hyperbolic
fundamental group I'. Notice that I' cannot be elementary since H3(M, Q) # 0. We thus can
apply Theorem 7.18 and for every metric g on M we have

Ent(M, g)° Vol(M, g) > C(6, H),
where H = Ent(G, S) with S some generating set of G such that (G, .S) is §-hyperbolic.

Remarks 7.26. i) Starting from the 4-dimensional cube complex Y we could apply the same
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construction and get a 5-dimensional complex for which Theorem 7.18 would give a lower
bound for its minimal entropy. Inductively, starting from one surface S as above we could
produce examples in any odd dimension. We could also change the surface and get another
series of spaces. This construction is thus a powerful tool to produce lots of examples.

it) It would be interesting to compute the constant of hyperbolicity 6 and the entropy H of
(G, S). Notice that T being a subgroup of the Cozeter group G, it is a subgroup of GL(N,R)
for some N, and therefore the algebraic entropy of non virtually abelian subgroup can also
be estimated in term of N by [ ).

i11) The simplicial complex M is a finite union of 3-simplices, which raises the following ques-
tion: is the minimal entropy achieved by the metric which is the hyperbolic metric of maz-
1mal volume on each 3-simplex ?

CAT(0)-square complexes

A square complex is a 2-dimensional cube complex. In | ] A. Kar and M. Sageev have proved
the following

Theorem 7.27. Let G be a finitely generated group acting freely on a CAT(0)-square complez.
Then either G is virtually abelian or Ent(G) > 21/10.

If we furthermore assume that G is Gromov-hyperbolic, we deduce from this result and Theorem
7.21 the following bound on the minimal entropy of compact CAT(0)-square complexes.

Theorem 7.28. Let X be a compact CAT(0)-square complex with non virtually abelian, torsion-
free and hyperbolic fundamental group such that H*(X,Z) # 0. Then, for every Riemannian
metric g on X, we have

Ent(X, g)> Vol(X, g) > C > 0,

where C is a universal constant.

Proof. The universal cover of X is a CAT(0) metric space, thus it is contractible and since
H?(X,Z) # 0, X is 2-essential. Moreover, the space X’ obtained from X by adding a vertex
in the middle of each square and joining it to each vertex of this square is a polyhedron which
is 2-essential. Each metric ¢ on X yields a metric on X’, still denoted by g, and such that
Vol(X', g) = Vol(X, g) and Marg(X’, g) = Marg(X, g).

Now, applying Theorem 7.21 to (X', g), we get Vol(X, g) > C’'Marg(X, g)?, where C’ = C’(2). By
the definition of the Margulis invariant Marg(X, g) and by Remark 6.18, for every r > Marg(X, g),
there exists x € X such that X,.(z) generates a non virtually nilpotent subgroup, thus a non

virtually abelian subgroup I',.(z) of the fundamental group I' of X. Theorem 7.27 then shows
that Ent (I',(z), 5, (z)) > 2'/1° hence, by Lemma 3.6, that

rEnt(X,g) > (Max,ex, (2) d(z,02)) Ent(X, g) > Ent (T (z), 2, (z)) > 21/10,

When 7 goes to Marg(X, g), this proves that Marg(X, g) Ent(X,g) > 2'/° and we deduce that
Ent(X, g)? Vol(X, g) > C' Marg(X, g)? Ent(X, g)% > 22/10¢C". O

It is important to notice that the bound given in this result neither depends on H nor on § as
in the previous examples. The bound also neither depends on the square complex X nor on the
group G.

There are a lot of compact CAT(0)-square complexes Y with hyperbolic fundamental group and
H2(Y,Z) # 0 and we describe some below.

For example, consider any finite graph X with girth larger than or equal to 5 and without end
point. From the assumption on the girth, the graph X is 5-large and, since X has no end
point, H'(X, Q) # 0. Therefore, by Theorem 7.25 (relying on Proposition 7.24), there exists a

Gromov hyperbolic CAT(0)-square complex Y and a torsion-free group I' acting geometrically on
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Y such that Y :=Y /T is a compact locally CAT(0)-square complex with torsion-free hyperbolic
fundamental group I' and H?(Y,Q) # 0. Graphs such as above can be chosen, for example,
among Ramanujan graphs X = XP¢, for p, ¢ distinct prime numbers congruent to 1 mod 4, (see,
[ D). By | ], p-262-263, these graphs are p+ 1 regular Cayley graphs of PSL(2,Z/qZ)

or PGL(2,Z/qZ). By | ] p. 263, when the Legendre symbol (%) = —1, these graphs
XP4 are regular graphs of degre p + 1 with v = ¢g(¢*> — 1) vertices and whose girth satisfies

girth(X?7) > 4logp(@) > 5 for ¢ large enough. Therefore, for every fixed p > 2 and ¢ large
enough, the graph X7 provide an infinite family of examples of compact square complexes as
above. Notice that the same conditions also hold with different constants in the case when the
Legendre symbol (%) =1

Hyperbolic buildings also provide another class of examples of compact CAT(0)-square complexes
X with hyperbolic fundamental group and H?(X,Q) # 0. In | ] M. Bourdon has considered
a family of 2-dimensional hyperbolic buildings I,,, defined for integers p, ¢ as follows. Let R be
a regular hyperbolic p-gon with angle 7/2. We associate now to the p-gon the complex of
groups where for each edge e of R the corresponding group is G, = Z/qZ and for each vertex
s of R, the group is G5 = Z/qZ x Z/qZ, and where, for each pair of edges e and e’ adjacent
to a vertex s, there is a natural injective morphisms from G, and G’ on each of the factors
of Gs. The fundamental group I',, of this complex of groups has the following presentation,
Tpy =< 81,..,8p, | 8 = [si,8:41] =1 >. It acts on a hyperbolic building X whose chambers are
the hyperbolic right-angled p-gons, the apartments the hyperbolic plane H? and the link at each
vertex is the complete bipartite g-graph. Each p-gon in I, can be subdivised by squares in the
following way: join the center of each p-gon to the middle of each of its sides. This subdivision
gives rise to a I'p,-invariant CAT(—1)-square complex structure on X = I, where each square
has three right angles and one angle equal to 27 /p.

Let us consider a finite index torsion-free subgroup I' C I'p;. Such subgroups do exist since
the I'), are R-linear (see | ], Corollary 1.2). As an example, the kernel of the surjective
morphism from I',, into (Z/qZ)P is a subgroup of I',, of index ¢P.

The hyperbolic building X is a CAT(—1) space hence M := X/T is a classifying space of I'. In
the sequel, we assume ¢ even and claim that M is essential and in particular that it is 2-essential.
Indeed, let us show that H?(M,Z) # 0. Let W := I'p2 be the Coxeter group of the right-angled
pentagon P C H2. Notice that W C I'pq since g is even and that W stabilizes the totally geodesic
chamber I,5 = H? C I,,. Since I has finite index in I',,, we deduce that W NT has finite index
in W, hence I,2/(W NT) is a compact surface ¥ which is immersed in X/I'. Since the building
has dimension 2, the surface ¥ defines a non trivial element in H?(M, Z).

To sum up, M is a compact locally CAT(0)-square complex with torsion-free hyperbolic funda-
mental group and therefore we can apply Theorem 7.27 which yields that, for every metric g on
M, we have

Ent(M, g)? Vol(M, g) > C'.

As in the previous examples of the 3-dimensional polyhedron, we could conjecture that the
hyperbolic metric achieves the minimal entropy of these hyperbolic buildings. Notice that, by
an argument of A. Katok (cf. | 1), the hyperbolic metric realises the minimal entropy in its
conformal class.

7.3 Finiteness and Compactness Results

7.3.1 General Definitions and Results

Let us recall that, on a fixed closed manifold M of dimension n > 3, Einstein Riemannian metrics
are the critical points of the functional,

1

S:g»—>7w/ scal(g)dv, ,
Vol(M, g)*+ Ju (9)deg
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where scal(g) is the scalar curvature of the Riemannian metric g. Notice that S is scale-invariant.
In dimension 2 and 3 Einstein metrics have constant sectional curvature, hence the question of
describing them makes sense in dimension greater than 3.

We now call Finstein structure an equivalence class of Einstein metrics for the following relation:
(Mg) and (N, h) are equivalent if there exists a diffeomorphism ¢ : M —— N which is an
homothety, that is ¢*(h) = Ag for some positive real number .

We are interested in the critical points of S as well as its critical values. As an example let
us mention that there exist examples for which the set of critical values is infinite and has an
accumulation point at zero (see [Be], p.471-472, Add. 3).

We recall that, when a group I' acts properly on a metric space (X, d), the associated entropy of
(X, d) is computed with respect to any measure p invariant by this action of I': indeed, when I'\ X
is compact, the entropy of (X, d) does not depend on the choice of this measure (see subsection
3.1).

Let us recall that, to any pair dg,e{, > 0, corresponds the class Hyp,p; (00, €j) of non virtu-
ally cyclic groups which admit a proper action by isometries on some dp-hyperbolic metric space
(X, dp) such that every torsion-free v € I'* verifies £(y) > £ (see Definition 6.4) and that Hypp;cx
is the union of all the classes Hyp, ;i (00, €)) for all pairs dg,e( > 0 (see Definition 6.5).

To the class of groups Hyp;picc(d0,€0), one associates the positive universal constant ro =
r0(dg, () defined in (70).

7.3.2 Finiteness and compactness results when the Ricci curvature is bounded from
below

We now prove the main finiteness and compactness results.

Definition 7.29. Givenn € N (n > 2), D, K,iy > 0 and dp,e, > 0, let RO0:=0 (n, K, D,ig)

univers

(resp. R2. ...(n,K D ig)) be the set of Riemannian n-dimensional manifolds (M,g) which

univers

verify the hypotheses:

(i) the fundamental group T'pr of M is torsion-free and belongs to Hypipick (90,€0) (resp. to
HyDihiex):

(ii) Ric, > —(n —1)K? - g and diam(M, g) < D,
(i4i) the injectivity radius of its Riemannian universal cover (M ,§) 1s bounded from below by ig,

Notice that, in this definition, the property (iii) is verified in particular when the geodesics of
(M, g) have no conjugate points.

In the sequel, for any integer n > 2 and every &g, £(, K, D > 0, we define

€l 1
So = So(dp.eh.n, K, D) := 0 ) —4(n—-1)KD 01
0 0( 07607n7 9 ) 1360+56 z(n_ 1)K6 ( )

Theorem 7.30. For every integer n > 2, every D, K,ig > 0 and every &g, g(, > 0, there are only
finitely many differentiable structures in R0 (n,K,D,ig).

univers

We now call Riemannian structure an equivalence class of smooth (i.e. C°°) Riemannian metrics
for the following relation: (Mg) and (N, h) are equivalent if there exists a diffeomorphism ¢ :
M +—— N which is an isometry, that is ¢*(h) = ¢g. The space of Riemannian structures on a given
manifold M can thus be viewed as the quotient of the space M (M) of Riemannian metrics on M
by the action of the group Diff (M) of diffeomorphisms of M (every ¢ € Diff (M) acts as g — ©*g).
A convergence of a sequence of Riemannian structures is thus a convergence of a sequence of
corresponding Riemannian metrics (g;);cny modulo re-parametrization by some sequence (¢;)ien
of diffeomorphisms. However, in each case, we have to precise the chosen topology of M (M),
and the prescribed regularity of the diffeomorphisms involved and of the limit-metric.

More precisely we define:
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Definition 7.31 ((see | ], precised in | ). Givenn € N (n > 2) and s € (0,1), for
any sequence (M;, g;)ien of smooth compact n-dimensional Riemannian manifolds, the sequence
of underlying Riemannian structures is said to converge in the C%%-topology if there exists a
smooth compact n-dimensional differentiable manifold M, a C%* metric g on M and (for every
sufficienly large integer i) CY*-diffeomorphisms o; : M — M; such that ¢}g; converges to g in
the C%* topology when i — +oo. This means that (for every s' < s) there exists a sub-atlas of
the C>° complete atlas of M such that, in each chart (Ug,vy) of this sub-atlas, each coordinate
of p¥g; (viewed as a function on the open subset ¥ (Uy) of R™) converges (when i — +00) to
the corresponding coordinate of g with respect to the C%" norm for functions on R™, this norm
being defined by

£ (y) — f(=)]
[fllgo.sr := sup =—=————".
© y#£x |y - x|s
In | ], it is remarked that, transporting by ¢; the C°° differentiable structure of M; cre-

ates a C™ differentiable structure on the limit M which a priori depends on i and that we
denote by Diff,, (M). However, fixing some j, € N sufficiently large and the correspond-
ing C* differentiable structure Diff,, (M) on M, approximating each Cbs-diffeomorphisms
@; © <pj:)1 : Mj, — M; (with respect to the C**-norm in the charts) by a C°°-diffeomorphism
Gjo,i © Mj, — M; and replacing the C'*-diffeomorphisms ¢; : M — M; by @; := ¢j, i © @j,, one
obtains C'*°-diffeomorphisms ¢; from M (endowed with the differentiable structure Diff,, (1))
onto M; such that @¥g; still converges to the metric g in the C%*-topology. Notice that all the
differentiable structures on M obtained by transporting by ¢; the C*° differentiable structure of
M; coincide with Diff,,; (M) and this fixes the C*° differentiable structure of M.

Denoting by “can” the canonical metric of the simply connected n-space with constant sectional
curvature —K? and by B (R) one of its balls of radius R (they are all isometric), we have the

Theorem 7.32. For every n € N (n > 2), every s € (0,1) and every D,K,iyg > 0, on
each compact n-dimensional manifold M whose fundamental group belongs to Hypinic, the set
of Riemannian structures corresponding to (C*) Riemannian metrics g such that (M,g) €

o s, K, Dyig) (if non empty) has compact closure in the set of C%* Riemannian structures
on M. More precisely, every sequence (g;)ien of smooth Riemannian metrics on M such that
(M, i) € Rivers(n, K, D, 1) admits a subsequence (g;); such that the underlying subsequence
of Riemannian structures converges in the C%*-topology (see Definition 7.51). The limit space
is the smooth manifold M, endowed with the C%* Riemannian structure represented by a C*°
metric denoted by Goo-

Moreover, the limit-metric go, Satisfies the following bounds :
i) diam(M, g) < D,
ii) (M, goo) verifies the same Bishop-Gromov inequality as the g;’s, namely, for r < R,

Voly.. Bar(#, R) _ Volean Brc (1)
Voly. Bayr(z,7) — Volean Br(r)

i) for every T € M and s' < s, the function d;_(Z,e)? is CYs" on every ball of (M, Jo0);
centered at T and of radius < ig; in this sense, the injectivity radius of (M, goo) is > o
(see Remark 7.33 (2)).

Remarks 7.33.

(1) Our proof uses the work | ]. However, the main difference between Theorems 7.30
and 7.32 and the results in | ] is the fact that | | assumes the injectivity radii of
the compact Riemannian manifolds (M, g) under consideration to be bounded from below
by the universal constant g while we only assume here that the injectivity radii of their
Riemannian universal cover (M, g) is bounded from below by ig. This last hypothesis is
much weaker than the previous one. Indeed, for example, it is verified by every compact
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Riemannian manifold (M, g) whose sectional curvature is non-positive and, more generally,
by every compact Riemannian manifold (M, g) without conjugate points. In these two
cases, the Riemannian universal cover (M ,§) of (M, g) has infinite injectivity radius, while
the injectivity radius of (M, g) itself could be arbitrarily small.

(2) For any C'*°-metric on M the injectivity radius inj(z) of (M, g) at the point & is defined
as the supremum of the positive values of r such that the geodesic ball B( .5) (Z,r) verifies
one of the two following equivalent conditions:

(a) the function dj(&,.)? is smooth when restricted to Bz g)(i, T),

(b) the exponential map is injective from the ball of radius r in the tangent space T iM
onto B 57 o (z,r).
In the case where the limit-metric is C%*, only definition (a) makes sense (where smoothness
is replaced by C* for every s’ < s), because the exponential map is not correctly defined;
indeed, two geodesics which coincide on any interval [0, {] may branch at time ¢ (an example
is given by the piecewise C! metric obtained by gluing two copies of R? \ B? on their
boundary S! = §B?).

(3) As the limit-metric go, is only C%*, the condition “Ricci curvature bounded from below”
makes no sense at the limit, we must thus find an analogous condition. Following the
viewpoint of J. Cheeger and T. Colding described in their works about the structure of
Riemannian manifolds with Ricci-curvature bounded below, the analogous assumption that
we use is the Bishop-Gromov inequality. Hence, in Theorem 7.32, we show that the limit
spaces (M, goo) all verify this Bishop-Gromov inequality.

Proof of Theorems 7.30 and 7.32. Consider any (M,g) € R0 (n, K, D,ig) and its Rieman-

univers

nian universal covering 7 : (M, g) = (M, g) and (for sake of simplicity) denote by I' the funda-
mental group of M, viewed as the group of deck-transformations of this Riemannian universal
covering. Let us first prove that

V(M,g) € R (n,K,Dyig)  inj(M,g) > Min (io; So(60, b, n, K, D)) . (92)
Indeed, let So = So(do, £(, n, K, D) for the sake of simplicity, for every & € M and every positive
r < 50 if we set @ := m(%), © maps By(#,7) into By(z,r). Moreover 7 is surjective from
Bg(&,r) onto By(x,7) because, for every y € By(z,r), as infge -1, dg(Z,7) = dg (7(2),y)) <7,
there exists § € 7~ !(y) such that d3(Z,§) < r. Let g,z be any two points of Bj(Z,r) such
that m(2) = 7(y), there then exists some v € T' such that Z = vg§. Theorem 6.26 (ii) (and
the fact that Ent(M,g) < (n — 1)K by Bishop-Gromov’s comparison Theorem) implies that
inf,ecar syst(p) > So(do,€q, n, K, D), hence, if v is non trivial, that dz(g, 2) = dz(g,79) > So >
27, in contradiction with the fact that ¢, 2 € By(Z,r). Consequently v is trivial and Z = g. It
follows that 7 is bijective from Bj(%,r) onto By(x,r).
Every pair ¢, ¢co of normal (locally minimizing) geodesics of (M, g) issued from x with distinct
initial unit speeds can be lifted as a pair of normal (locally minimizing) geodesics ¢, ¢z of (]\7 ,4)
issued from Z with distinct initial unit speeds. As the injectivity radius of (M ,§) is bounded
from below by ig, we have ¢1(t) # ¢a(s) for every t,s €10, 1], thus for every ¢, s €]0, ([, where
o = Min (i, So); as 7 is bijective from By(Z,¢ep) onto By(z,ep), we have 7o ¢1(t) # mo éa(s),
and thus c¢; (t) # ca(s) for every t,s €]0,e[. This proves (92).

Now, by the Bishop-Gromov’s comparison Theorem, we have

Y(M,g) € R (n,K,D,ig)  Vol(By(z, D)) < Vol(By(#, D)) < Volean B (D). (93)

univers

’
60,60

As all the Riemannian n-manifolds (M, g) € R i%.(n, K, D, i) are compact, verify Ric, >
—(n — 1)K? - g, have volume uniformly bounded from above (by (93)) and injectivity radius
uniformly bounded from below (by (92)), they all satisfy the hypotheses of the compactness
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theorem proved in | ] (Theorem 0.2).

This result proves that Ri?fii%rs(na K, D, ig) contains a finite number of differentiable structures,
and hence proves Theorem 7.30.

On any fixed compact n-dimensional manifold M the set of Riemannian structures corresponding
to metrics g such that (M, g) € RS2 ors(, K, D, ig) is either empty or precompact: indeed, as the

fundamental group I" of M is fixed, if this group belongs to Hyp,y;q. it belongs to Hypipie (90, €5)
for some fixed dgp > 0 and e > 0. It follows that the set of metrics g such that (M,g) €

R n, K, D,ig) is included in the set of metrics g such that (M, g) € R0 (n,K,D,ip).

univers ( univers

A consequence is that all the metrics g such that (M, g) € Ro%vers(n, K, D, d0) verify Ric, >
—(n — 1)K? - g, have volume uniformly bounded from above (by (93)) and injectivity radius
uniformly bounded from below (by (92)). We can thus again apply the compactness theorem
in [ ] (Theorem 0.2), which proves that the set of Riemannian structures corresponding to
metrics g on M such that (M, g) € R ens(n, K, D,ip) (if non empty) is precompact in the
C%* topology for every s € (0,1): this means that, for every sequence of metrics (g;)ieny on M
such that (M, g;) € RSivers(Ms K, D, 1p), there exists a subsequence (g;); and diffeomorphisms

¢j + M — M such that the sequence of metrics ¢7g; converges (in the o’ topology, for every
s’ < 8) to some C* Riemannian metric goo.

Let us now prove that the Riemannian manifold (M, g,) verifies properties analogous to the
ones satisfied by the Riemannian manifolds (M, g) lying in RS, . .(n, K, D,ig). As the funda-
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mental group I' of M is torsion-free and belongs to Hypiy;., we only have to prove that the
diameter is bounded from above, that the injectivity radius is bounded from below (by constants
comparable to D and i respectively) and that (M, g ) satisfies the Bishop-Gromov inequality.
The convergence of the metrics (go}'fgj)jeN being C*, it is a fortiori C°, and there thus exists a
strictly positive sequence (¢;);en (such that lim;_, . e; = 0) which verifies

(1= €j)%900 < 595 < (14€5)*g0c - (94)
A consequence of (94) is that (1 —¢€;)dg,, < dyrg, < (1+¢;)dg,, which implies firstly that
diam(geo) = lim diam(ejg;) < D,
and secondly that (for every p € M)
Byrg, (p, (1= ¢j)R) C By, (p, R) C Byrg, (p, (1 +¢5)R).

de* 9j

These inclusions and the comparison (1 —¢;)" < < (1+¢;)™ between the Riemannian

measures (coming from (94)) yield

Vol g, (Bosa, (. (1~ £)R))
(14e5)"

Voly-g; (Bso;-gj (p (1 + 51')R)>
(1 - Ej)n ’

< Volg_ (Bgoo (ps R)) <

hence that, for every r, R > 0 such that r < R,

(1 — ej>” Voly., (By. (0. R) _ Voleja, (Bs0§9j (p.(1+ é‘j)R)) _ Voly, (By, (5(p): (1 + £;)R))
l+e;) Vol (By.(p,r)) ~ Voly-g, (Bcp;gj (p, (1 — 5j)r)> Voly, (Bg, (;(p), (1 —&5)r))
VOlcan BK ((1 + Ej)R)
= Volean B ((1 —¢j)r) ’
where the last inequality is a consequence of the classical Bishop-Gromov inequality (recalling
that Ricy, > —(n — 1)K? - gj). Taking the limit when j — +o00, we get

Voly., (B (1, R)) _ Volean Bi(R)
Voly__ (By..(p,7)) ~ Volean Bi(r) ’
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which is exactly the Bishop-Gromov inequality verified by all the Riemannian manifolds (M, g)
such that Ricy > (n —1)K? - ¢

Let us now define p := dj_(%,.)? and verify that, given i < ig, 0so is C%" in the ball
B(fvf’gm)(fc,i), that we shall denote by E(i‘,z) for the sake of simplicity: it is the Property
(5) of Theorem 0.1 of | ], which is proved to be valid for the limit-metric go, in Theorem 0.2
of | ]. Applying roughly this Theorem seems to only prove that g is C*" in every ball of
radius éi{), where i(, := Min (i9;.Sp) is a lower bound of the injectivity radii of all the manifolds
(M, g) € RS vers(n, K, D, ig) given by (92).

However, the remark (2) p. 267 of [AC92] proves that the conclusions of Theorem 0.2 of [AC92]
are still valid on compact domains of (M, joo); this proves3! that o is C1*' in the ball B(Z,1)
and this ends the proof. O

7.3.3 Finiteness and compactness Results for Einstein Structures

We now wish to apply the previous results to the study of Einstein structures.

Let us recall that, given any parameters dg,e{, > 0, the universal constant ro = ro(do, () is
defined in (70).

Theorem 7.34. Given any K, dg, e > 0, let us consider the set of compact n-dimensional
manifolds, whose fundamental group is torsion-free and belongs to Hypipniac(00,€) and which
admit an Einstein metric g without conjugate point and such that scal(g)diam(g)? > —n(n —

1)K?,
(i) for every K >0, this set is finite,

(ii) if K < Tg((io’if;) this set is empty.
Conclusion (ii) remains valid if one does not assume that the metric is without conjugate point.
Conclusion (i) remains valid if the hypothesis “g without conjugate point” is replaced by the
following weaker hypothesis: there exists a constant iy > 0 such that, for all the metrics of the
set defined in Theorem 7.34, the injectivity radius inj(§) of the pulled back metric g := 7*g on
in

,JA > ig. Notice that, when (M, g) has no conjugate points,
diam(g)

then the injectivity radius of its Riemannian universal covering (M, g) is infinite.

the universal cover verifies

The notion of C*-convergence for sequences of Riemannian metrics on M being defined either
in a fixed system of local charts (the derivatives being then given by the partial derivatives with
respect to the coordinates in the charts) or referring to a given Riemannian metric gy on M,
the C*-convergence is then defined by the following norm on the space of smooth symmetric
2-tensors: ||hf|cr(gy) = Z?:o |(D9)h]4 (where D% is the Levi-Civita covariant derivative
associated to the Riemannian metric go).

31 As the elements of this last proof are distributed in the whole of | |, we shall summarize them here: from
[ ] (Theorem 0.1 and discussion pp.266-267), it follows that it is possible to choose the diffeomorphisms ¢;,

a system of goo harmonic charts {(Uy, He)}gej of M (with values in the euclidean ball B(r) with fixed radius )
and, defining h; = 30] gj, a system of h;-harmonic charts {(Uj,e; Hj,0) }eer of M (with values in B(r)) such that
{H, HB(r/2)] N H [ (T/Z)]}ZEI is still a covering of M and moreover that Hj,oH, ! converges (in the crs
sense for every s’ < s) to the canonical injection B(r/2) < B(r). Defining o; = dﬂj (z, -)2 and 0o = dj. (%,-)? and
choosing i1 €]4,4g[, the proof of the lemma 1.4 of | | establishes that the hj-Laplacian of g; is bounded (from
above and from below) on the ball B(M ~ )(x i1) (whose closure is included in B(M ~ )(x,io) for j large enough
by (94)), hence that g; o Hj,e , whose euclidean Laplacian is bounded (because the Coordlnates are harmonic), has
bounded HY-norm (for every p) on B(r/2)NH; ¢(B(%,1)) (see [ ], formula (0.10)); hence a subsequence of the
sequence (g; oH;el)j converges (in C+*"-norm on B(r/2)) to a limit-function f;, which is C1+*’. As o; converges to
0oo in the CY sense (on every compact set) by (94), recalling that, for any § € H_1 B(r/2)]NH _1 []B(T/Q)lﬂﬁ(i, i),
the sequences (g; _el (Hj, (~)l)J and (fy o (Hjg o H_l)[H4(~)l)j respectively converge to felHj ¢(9)] and
felHe(9)], usmg the tr1angle inequality and taking the limit, one obtains that poc = fy 0 Hy in each chart, thus
that g is C1%' on B(&,1).
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Definition 7.35 (see | ). Given any compact smooth manifold M and any k € N, for
any sequence (g;)ien of smooth Riemannian metrics, the sequence of underlying Riemannian
structures is said to converge in the C*-topology if there exists a smooth Riemannian metric g
on M and, for every sufficienly large integer i, C°°-diffeomorphisms @; : M — M such that ¢} g;
C*-converges to g when i — +00.

Definition 7.36. On any compact manifold M, we denote by Einsty (K, D, ig) the set of Ein-
stein metrics g, verifying scal(g) > —n(n — 1)K? (where n = dim M ), diam(g) < D and such
that the injectivity radius of its Riemannian universal cover (M, §) is bounded from below by ig.

Notice that the set of Einstein metrics g on M without conjugate point and verifying scal(g) >
—n(n —1)K? and diam(g) < D is a subset of Einst; (K, D, ig); hence all properties verified on
Einstys (K, D, i) are verified on this set of metrics.

The set of Riemannian structures corresponding to metrics in Einstys (K, D, i9) has nice com-
pactness properties, summarized in the following results:

Theorem 7.37. On every compact n-dimensional manifold M whose fundamental group is
torsion-free and belongs to Hypipia, and for every K, D, ig > 0 and every k € N, the set of
Riemannian structures corresponding to metrics belonging to Einsty (K, D, i) is (sequentially)
compact in the C*-topology for every k € N, i. e. from every sequence (g;)ien belonging to
Einsta (K, D, ig), one can extract a subsequence (g;)jeg,cn such that the underlying sequence of
Riemannian structures converges, in the Ck—topology, to some Riemannian structure represented
by a metric goo which belongs to Einsty (K, D, ).

Notice that, if the convergent subsequence (g;);jes,cn and the corresponding diffeomorphisms
are chosen randomly, then the limit g, depends on the value of k. Nevertheless, one gets the

Corollary 7.38. On every compact n-dimensional manifold M whose fundamental group is
torsion-free and belongs to Hypya, and for every K, D, ig > 0, from every sequence (g;)ien of
elements of Einstyr (K, D, i), one can extract a subsequence (g;)jes and find diffeomorphisms
¢; such that (gb}fgj)jeJ C*>-converges, when j goes to 400, to some metric g which belongs to

Einsty (K, D, i).

Proof of Theorem 7.34. For sake of simplicity, we denote by I' the fundamental group of M,
notice that it is torsion-free by assumption. Applying Corollary 6.25 (iii) with (Y,d,u) =
(M,dg,dvg) we get that Ent(M, g) := Ent(M,ds,dvg) > 0. Since the metric ¢ is Einstein its
Ricci curvature satifies Ricy, = % scal(g) - g, where the scalar curvature scal(g) is constant, hence
a real number. Now, Bishop-Gromov’s Inequality shows that Ent(M, g) < 4/ an scal_(g), where
scal_(g) = Max (—scal(g), 0). The positiveness of the entropy of (M, g) then implies that scal(g)
is negative. We may thus apply Theorem 6.21 (iii) (where we replace H by /™~ scal_(g)),

which proves that there exists p € M such that

n
n—1

4scal_(g) - diam(g)? > scal_(g) - sysp(p)? = scal_(g) - sysq(p)? > 70(80,€6)% . (95)

This implies (ii) since it proves that n(n —1)K* > —scal(g) diam(g)* > 1575 r0(do, £0)*-

For sake of simplicity, we now let Mg be the set of compact n-dimensional manifolds, whose
fundamental group is torsion-free and belongs to Hyp i (do, ) and which admit an Einstein
metric h without conjugate point and such that scal(h) diam(h)? > —n(n — 1)K?. By rescaling,
on every manifold M € Mg there exists some Einstein metric g, without conjugate point, such
that diam(g) = 1 and scal(g) > —n(n — 1)K?, and this yields Ric, > —(n — 1)K? - g. It follows

that (M, g) € Ramsg (n, K,1,400) and thus, using Theorem 7.30, that there are only a finite

univers

number of differentiable structures in M. O

Proof of Theorem 7.37. For the sake of simplicity, let us denote by I' the fundamental group of
M; as this group is fixed and belongs to Hyp,piq, it belongs to Hypipiec(00,€06) for some fixed
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dp > 0 and £, > 0. By Definitions 7.36 and 7.29, Einst (K, D, i) C Ri‘;’;‘grs(n, K, D,ip) and it
follows from Theorem 7.32 that the set of Riemannian structures corresponding to Riemannian
metrics g € Einstyr (K, D,ig) (if not empty) has compact closure in the set of C%* Riemannian

structures on M.

On the other hand, for every g € Einsty (K, D, i), as (M,g) € Ri(;’fvirs(n,K,D,io), we may
apply the inequalities (92) and (93), which yield

inj(g) > Min (ig; So(d0,e0,n, K, D)) and Vol(g) < Vol(Bgy(z, D)) < Volean Bx (D). (96)

As Ric, > —(n—1)K?-g and as D* Ric, = 0 for every k € N*, the hypotheses of the main theorem
of | ] are all satisfied and it implies that, for every k € N, from every sequence (g;)ien of
metrics belonging to Einsty (K, D, 4p), one can extract a subsequence (g;); and a sequence of
C*+1_diffeomorphisms ¢j : M — M such that the sequence of metrics ¢} g, converges (in the C*
topology) to some C*-metric go.. For the sake of simplicity, let us denote by h; the metric 39,
As k may be chosen > 2 (and as the Ricci curvature may be written in terms of the first and
second derivatives of the coordinates of the metric), the equalities Ricy, = % scal(h;) - h; give, at
the limit, Ricy = %scal(goo) - Joo and goo is Einstein, thus it is C*°. Going to the limit, we also
get scal(gso) > —n(n — 1)K? and diam(gs,) < D. In order to end the proof, it is thus sufficient
to show that, for every & € M, inj; (%) > limsup;_, . injj (), where (M, Joo) and (M, h;)
are the riemannian covers of (M, go) and (M, h;) respectively. This is proved by the following
Lemma, whose consequence is that every sequence of Riemannian structures corresponding to
metrics in Einstys (K, D, i) admits a converging subsequence (in the C*-topology) whose limit
is a Riemannian structure corresponding to some g, € Einst/ (K, D, 1g). O

Lemma 7.39. For any k > 0, on any smooth complete Riemannian manifold (X,g), for
any sequence of C° complete metrics (g;)ien which C*-converges to g, one has inj,(r) >
limsup,_, , o, inj,, (z) for every x € X.

Proof of Lemma 7.59. Arguing by contradiction, suppose that inj,(z) < limsup,_, . inj,, ()
for some x € X, there then exists a subsequence (g;); and a sequence (g;); of real numbers
going to zero such that lim; ;o inj, (z) = limsup,_, | inj, (), thus such that inj,(z) <
lim;, oo inj, (2) = inj () + &;. Therefore, there exits some g-geodesic ¢ : [0, +00[— X and
some real number ?o (inj,(z) < to < lim;j 4o injy (2)) such that ¢ is minimizing between ¢(0)
and c(to) and is not minimizing between x = ¢(0) and c(¢) (for every t > ¢y). Let us denote by ¢,
the g;-minimizing geodesic between ¢(0) and c(ty), ¢; still minimizes between ¢;(0) = ¢(0) and
¢;(t;), where t; = Min (injgj (z),to + 1), we thus have ty < t; and thus ¢} := d, (z,c(to)) < t;
when j is large enough. By compactness of the closed ball of radius ¢y 4+ 1, there exists a
subsequence of the sequence (cj(tj))j (still denoted by (cj (tj))j for the sake of simplicity) such
that ¢;(t;) converges (with respect to the Riemannian distance dg) to some point y € X; as
cj(t;) = c(to), this yields
dg, (z,c(to)) + dg, (c(to), c;(t;)) =t +|t; — ;| =t; = dg, (z,¢;(t;))  (for tj < t;);

taking the limits of both sides when j — 400 yields

dg(z,c(to)) +dg(c(to),y) = dg(z,y) = lim ¢; = Min ( lim inj, (@), to + 1) >to.

j——+oo Jj—+o0

It follows that d, (c(to),y) > 0 and that, if v is a minimizing geodesic from c(tg) to y, the
path obtained by concatenation of ¢ and - is minimizing, and thus that it is a minimizing
geodesic which coincides with the geodesic c¢. Consequently, there exists ¢ > to such that c
minimizes between ¢(0) and ¢(t), in contradiction with the hypotheses. It is thus impossible that
inj, (v) < limsup;_, . inj,, (z) for some x € X, this ends the proof. O

Proof of Corollary 7.38. By Theorem 7.37, for every k € N, from any sequence (g;);en of ele-
ments of Einst s (K, D, io), one can extract a subsequence (g;) e, cnv and find C*°-diffeomorphisms
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cpg? such that ((apf)*gj)jEJk C*-converges (when j — 400 in Ji) to some metric g¥ which also
belongs to Einstys (K, D,ig). Constructing the infinite subset Ji11 by extraction from the in-
finite subset Ji, we obtain that J, C Ji for every p > k. This implies that, for the Lipschitz
distance dj, between the corresponding Riemannian structures (modulo isometries), one has:
dr(95,9") = dr((¢])*95,9") — 0 and dr(g;,9") = dr((¥})*gj,9") — 0 when j goes to +o0 in
J, C Ji; a consequence is that dr,(g*,g?) = 0, thus that gP is isometric to g¥. There there-
fore exists a fixed Riemannian metric g and a sequence of diffeomorphisms (¢ )ren such that
g" = (yr)*g for every k € N, hence g also belongs to Einst s (K, D, ).

As, for every smooth diffeomorphism ¢, the map h — ¢*h, from the set of symmetric 2-tensors
into itself, is continuous with respect to the C*(go)-norm (see before Definition 7.35), by defin-

ing rb;? = gof ) 1/),;1, we obtain that (for every k € N) ((¢?)*gj)jejk = ((wk_l)*(((p?)*gj))je.]k

C*-converges to (wk_l)*gk = g when j goes to +00 in Ji. Let us now define, for every p € N,
Jy={i€Jp:llg— (&%) gillerge) <277};

by definition of a CP(gy)-converging sequence, J, \ le> is finite. Choose one integer j, in each
subset JZ’) such that j, > p, this yields, for every £ € N and every p > &,

lg = (% )i, ot g0y < lg = (85 )7 95, llcw(ge) < 277

Hence (g;,)pen is a subsequence of the initial sequence of metrics which verifies the following

property: there exists a sequence of diffeomorphisms ((b‘;p)p ey Such that (((b‘;-’p)*gjp)p en C*k-

converges to g for every k € N. By definition, this means that ((¢§p)*9jp)p en C*°-converges to
g. O

A list of open questions were asked by A.L. Besse (| ], pp. 354-355). We address some of
them below.

1) Is it possible, for some manifolds M™, to show and compute a number ¢ = e(M) > 0 such
that the functional S defined above has no critical values in the interval (—e(M),e(M)) ?
{l ], question 12.63).

2) Is it possible, for some manifolds M™, to show that the set of critical values of S (i.e the
values S(g) for g an Einstein metric) is a closed and discrete set (for example in negative

curvature) ?(| ], question 12.63).
3) For which manifolds is this set finite ? ([ ], question 12.62).
Answers to question 1) have already been given. In particular M. Gromov in | ] shows that,
if the simplicial volume of M™ is non-zero (see [ ] for the definition), then there exists a

constant C,, such that any Einstein metric satisfies:
S(g) < —C,, (SimplicialVolume (M))*/™.

We precise this inequality and extend it to some manifolds whose simplicial volume vanishes.
We also answer positively to Question 2) (in any dimension and in negative curvature) and to
Question 3) (in dimension 4). We furthermore show, in negative curvature, that to each critical
value of S, corresponds a finite number of critical points.

Corollary 7.40. Let M be a closed differentiable manifold of dimension n > 4, then:

(i) the image by S of the set of negatively curved Einstein metrics is a closed and discrete
subset of (—o0, 0).

(ii) For all K € R, the set of negatively curved Finstein structures [g] on M which satisfy
S(lg]) = —K?, is finite.
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Proof. Up to rescaling we may consider the set £k of Einstein metrics g on M which satisfy
Vol(g) = 1, scal(g) > —K? and o(g) < 0, where o(g) is the sectional curvature of g. If Ex # 0,
let us fix a metric gy € Ek.

The fundamental group I' of M acts co-compactly on the simply connected space (M , §o) where
Jo has pinched negative curvature (and hence is Gromov-hyperbolic). This action is furthermore
without fixed point, hence I' is torsion-free by Lemma 8.40, thus all the elements v € I'* are
hyperbolic isometries and verify inf_ 37 dg, (2,7 &) = () by Lemma 8.41; this implies that, for
every v € T'*, () > Sysp(M, o) > 0, and hence that ' € Hyp,y;i. On the other hand, every
metric g € Ex verifies —K? < scal(g) < o, < 0, the main theorem of | ] gives an upper
bound of the diameter of (M,g) in terms of Vol(g), hence by a constant C(n)K""~1 (where
r=1ifn>8andr =3if4<n <7). The injectivity radius of the universal cover (M,§) of
(M, g) being infinite, we deduce that x C Einsty (K', D, +00), where K’ := (Kl) and
n(n —

D := C(n)K™~!. We can then apply Corollary 7.38: from every sequence (g;);en of elements
of £x we can extract a subsequence (g;);cs and find diffeomorphisms ¢; such that ((i)}‘ gj)je J
C*°-converges to some Einstein metric g* which satisfies Vol(g*) = 1, scal(g*) > —K?2, o(g*) <0
and diam(g*) < C(n)K"" 1,

Let us denote by £ the set of all Einstein metrics on M of volume equal to 1. A theorem
of N. Koiso (see, for example, | ], p. 351, theorem 12.49) shows the existence of C°°-
neighbourhoods of ¢g* in the space of Riemannian metrics, denoted by U and U’, of a real
analytic submanifold Z of finite dimension in the same space, such that any element of ENU’ is
isometric to an element of ENZNU, and such that ENZNU is a real analytic and path-connected
subset of ZNU (see | ], p- 352, Corollary 12.52). It follows that there exists a sequence
of diffeomorphisms ¢; : M — M such that, for any j > jo, ¢jg; € ENZNU, hence pjg; is
connected to g* by a path of Einstein metrics ¢ — g; such that go = ¢jg; and g1 = g*. Let
I = {t: g is isometric to go}, then I is open because, for every to € I, as g4, is isometric to go,
gt, is Einstein with negative sectional curvature and (see | ], p. 357, corollary 12.73) the
Einstein structure of gy, is isolated in &, thus g; is isometric to g;, (and to go) for every ¢ in a
neighbourhood of tg, hence t € I for every t in a neighbourhood of ty3. The set I is also closed
for, if (t,)pen is any sequence of elements of I which converges to ¢ € [0,1] then the Lipschitz
distance d;, between Riemannian structures verifies

dL((gtp],[g(ﬂ)zo and dL([gtpL[gJ)—)O when t, = ¢,

where [g] is the Riemannian structure corresponding to the metric g. An immediate consequence
is that dr, ([g¢], [g90]) = 0, thus that g; is isometric to go, which proves that t € I. It follows that
I = [0,1] and that any sequence of Einstein structures of strictly negative sectional curvature
and on which the functional S is bounded below has a stationary subsequence, which implies
(ii). Finally, (i) follows immediately from (ii). O

In dimension 4 the Allendoefer-Chern-Weil theory (see, for example, | ], Sections 6.31 and
6.34, p. 161) gives the following formulas for the Euler characteristic x(M) and the signature
T(M) of a closed Riemannian manifold (M, g):

8mx (M) = /M(\|W+(g)l\2+HW_(g)IIQ—IIZ(g)HQJrIIU(g)IIQ)dvg?
L2m?7(M) = /M(HVV*(Q)HZ)*\\W’(g)llz)de

Where W (g), W~ (g), Z(g9) and U(g) are the irreducible components of the curvature tensor
of g under the action of SO(4) on T, M for each x € M. For an Einstein metric, we have, by
definition,

1
Z(9)=0 and |[U(g)]* = 5 scal(9)*,

from which we deduce that,

S(g) = —4V6m\/2x(M) — 3|7 (M)
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With this lower bound on S(g) we can apply Corollary 7.40 and get,

Corollary 7.41. Let M be a closed differentiable manifold of dimension 4, the set of Einstein
structures with negative sectional curvature on M is finite.

Concerning the question 1) above, about the possibility of finding an interval around 0 without
critical values of S, we get the following proposition.

Proposition 7.42. Let M be a closed differentiable manifold of dimension n > 4, and let us
assume that M admits a non-zero degree continuous map f : M — X, where X is a closed
differentiable manifold which carries a metric go with negative sectional curvature. Then, for
any FEinstein metric g on M, we have

S(g) < —nln — Dldeg(/)[*/" [max(a(g0))] Vol(go)*/" < 0.

The equality occurs if and only if both metrics have constant sectional curvature and if there
exists X\ > 0 such that the map f is homotopic to a Riemannian covering from (M,\ - g) onto

(ngO)'

Proof. With the same proof than that of Corollary 1.4 (p. 156-157) from | |, one can easily
show that,
Ent(M, g)" Vol(g) > |deg(f)|(n — 1)"|max(o(go))["/* Vol(go) ,

with equality when both metrics have constant curvature and f is homotopic to a locally homo-
thetic covering. We finish by applying Bishop’s comparison Theorem which yields:

n—1

Ent(M, g)* Vol(g)*/" < —(n — 1)(Sca:g) ) Vol(g)*/™ = —(

)S(g) -

n

O

Remarks 7.43. There is one interesting particular case. When go is a locally real hyperbolic
metric (with constant curvature equal to —1) on M, g another Finstein metric on M and f = id,
the previous inequality then becomes,

S5(g) < S(g0) <0,

and equality if and only if g and gy define the same FEinstein structure.

In fact, in [ ], Theorem 9.6, p. 774 it is proved that, in dimension 4, if (M, go) is locally
real hyperbolic then gy is the only Finstein metric up to homothety.

The next three results go further in the finiteness results and isolation phenomenons.

Proposition 7.44. For K > 0 and n > 4, there is only a finite number of closed manifolds
of dimension n (modulo diffeomorphisms) which admit an Einstein metric of negative sectional
curvature satisfying,

S(g) > —K*.

In dimension 4, among the closed manifolds satisfying x(M)—3|7(M)| < K, only a finite number
of them admit Finstein metrics of negative curvature.

Proof. Let (M, g) be a closed Einstein manifold, of sectional curvature o(g) < 0 and satisfying
S(g) > —K?2. Up to rescaling we may assume that Vol(g) = 1 which implies that scal(g) >
—K?2. Following the proof of Corollary 7.40 we deduce that —K? < o(g) < 0 and that diam(g)
is bounded above by a constant of the form C(n)K" ~!. J. Cheeger’s Comparison Theorem
( ]) then shows that,

sinh(K't)

n—2
T )"t

diam(g)
Vol(g) S/o I(c) cosh(Kt)(
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for every periodic geodesic ¢, where I(c) is its length. Consequently one has,

Cn)K™" .
inj(g) = irclf(l(c)) > K"fl(/o cosh(u)(sinh(u))”*Qdu) .

Hence, the Einstein metrics under consideration have universal bounds on their sectional curva-
ture, diameter and injectivity radius. Cheeger’s Finiteness Theorem then shows that there are
only finitely many possible differentiable manifolds (modulo diffeomorphisms).

In dimension 4, the proof of Corollary 7.41 shows that,
S(g) > —4v6r\/2x(M) — 3|]7(M)| > —-8V3rVK,

if x(M) — 2|7(M)| < K; from the preceeding argument the set of differentiable manifolds ad-
mitting such an Einstein metric is finite. O

For a Riemannian manifold (M, g) let us now define sgl(ﬂ ,g) to be the length of the smallest
geodesic loop in the universal cover (M, g). If there is no such loop, in particular if the curvature

of (M, g) is non positive or more generally if (M J) is a Busemann space, we have bgl(M g) = +oo
by Remark 8.37.

Proposition 7.45. Let 6o > 0 and e, > 0, if M is a closed differentiable manifold of dimension
n >4 and whose fundamental group is torsion-free and belongs to Hyppia (00, () then, for any
FEinstein metric g on M, one has

S(g) < —C(n) min{sgl(M, §)?|scal(g)|; ro(d0, £4)} ,

where C'(n) is a constant depending on n only. In particular, if g is non positively curved or
more generally if (M, §) is a Busemann space, we get

S(g) < =C(n)ro(do, ) -

Notice that the upper bound of S(g) given by this last inequality only depends on the fundamental
group modulo isomorphisms.

Proof. For the sake of simplicity we call I' the fundamental group of M and we denote by H the
entropy of (M, g). From Theorem 6.21 and the fact that I' is torsion-free, there exists a point

7 € M such that sysp(m) > 3. If m is the projection of 7 on M by the covering map this

implies that the ball B3z (m,r) C M projects isometrically onto the ball Bys(m,r) C M for any
radius 7 < 57

On the other hand, the main theorem of | | asserts that, for r < sgl(ﬁ, g)/2, we have
Vol(B(m, 7)) > Cr(n)r™,

for some number C;(n) depending on n only. Then, if R = = mln{bgl(M g), 3} we get,

—_

\701(]\47 g)l/n > VOI(BM(TTL, R))l/n VOl( (m R)) 1/n 701(n)1/n min {Sgl(]&i §)7 TEO} :

[\

and Bishop’s Comparison Theorem gives,

-1
H? = Ent(M, g)*

scal(g) .

Combining these two inequalities and noticing that lbcal(g)‘ > 1 yield the desired results for
C(n) = 1C1(n)?/. O
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Remark 7.46. We wish to emphasise that among the manifolds which verify the hypotheses
of Proposition 7./5 there are some with zero simplicial volumes. Indeed, examples are given by
products of a sphere and a negatively curved closed manifold and connected sums of these products
with a simply connected manifold. Proposition 7.45 thus improves M. Gromov’s result mentioned
above.

The last result of this section is the

Proposition 7.47. Let V' be a positive real number and n > 4 be an integer. There exists € =
e(n,V) > 0 such that every closed Einstein manifold of dimension n and of negative curvature,
(M™,g), which admits a continuous map of non-zero degree onto a closed locally real hyperbolic
manifold (X", go) (i-e., 0(go) = —1) with Vol(X™, go) <V, and whose scalar curvature satisfies
S(g) > S(go) — €, is homothetic to (X™, go).

We recall that, by homothetic, we mean that there exists A > 0 such that (M, \g) is isometric
to (X, go). This result applies, in particular, when M = X and the map is the identity and as
such can be viewed as a gap theorem.

Proof. From Proposition 7.44 there is only finitely many closed manifolds, Mj, ..., M,, such that
the set,

i

DIVRES {S(g) : g Binstein metric on M; such that o(g) < 0 and S(g) > —n(n — 1)(V¥/" 4+ 1) }
Vv,

is non empty. The hyperbolic manifolds that we are considering, that is with Vol(X™, gg) <
are members of the set {M,..., M,}. Let us define ¥ = (J!_, ¥yy,; from Corollary 7.40, ¥ is a
finite set whose elements will be denoted by s1,...,sy and we set,

€ = min { 1§glélgn§N(|SZ —s;]), n(n — 1)} .
The number € only depends on n and V. Let (X", go) be a locally real hyperbolic manifold of
volume less than or equal to V', let M™ admit a non-zero degree map f onto X™ and g be an
Einstein metric on M™ with negative curvature and satisfying S(g) > S(go) — €. Remark 7.43
implies that S(go) —e < S(g) < S(go), hence that |S(g) — S(g0)| < e. As S(g) and S(go) belong
to X, the choice of € shows that S(g) = S(go). The inequality stated in Proposition 7.42 proves
that |deg(f)| = 1; from this and from the equality case of Proposition 7.42 (see also Remark
7.43) we deduce that f is homotopic to a homothety. O

8 Appendix : Basic results on Gromov-hyperbolic spaces

8.1 Why is there quantitative gaps between basic sources, and how to
precise coherently the constants:

These quantitative gaps are mainly due to the fact that each of the basic references (for example [ 1,
[ I, 1 ]) starts from a different definition of Gromov §-hyperbolic spaces and use different
methods in order to prove the basic results. A consequence is that, depending on the source, all these
definitions and results (though qualitatively equivalent) may differ by a multiplicative factor: these
differences are not worries when one is working modulo quasi-isometries, but they become a real problem
when one wants to pick results from different sources and to chain them together and when the final
value is important, by example when one aims to determine a precise explicit universal bound for some
invariant (especially if one wants this bound to be as independent as possible of the §-hyperbolic space
under consideration). We thus propose in this subsection a journey in order to raise these ambiguities and
to control all these constants in a coherent way. As these results are (modulo multiplicative constants)
classical, the proofs of the most classical ones will be left to the reader.

Given any three nonnegative numbers «, 3,7, we define the tripod T := T(«, 8,7) as the metric
simplicial tree with 3 vertices o', y', 2’ of valence 1 (the “endpoints”), one vertex ¢ of valence 3
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(the “branching point”), and 3 edges [cx'], [cy'], [cZ'] of respective lengths o, B, (the “branches”).
We denote by dr(u,v) the distance on this tree between two points u,v € T, i. e. the minimal
length of a path contained in T and joining u to v).

For sake of simplicity, we only consider geodesic metric spaces (see Definition in section 2). In
such a space a geodesic triangle A = [z, y, 2] is the union of three geodesics [z, y], [y, z] and [z, ].
Given any three points z,y, z in any geodesic metric space, there exists at least one geodesic
triangle A = [z, y, z] whose sides have respective lengths d(z,y), d(y, z) and d(z, 2).

Lemma 8.1. To any geodesic triangle A corresponds a metric tripod (Ta,dr) and a surjective
map fa : A — Ta (called the “approximation of A by a tripod”) such that, in restriction to each
side of A, fa is an isometry,

Indeed, T is constructed as the tripod T(«, 8,7), where (by the triangle inequality) («a, 8,7) is
the unique element of [0, +o00[? such that d(x,y) = a + 3, d(z,2) = a +~ and d(y,2) = B+ .
This choice of («, 8,7) implies the existence of the map fa : A — Ta as asserted in Lemma 8.1.

Definitions 8.2. A geodesic triangle A of (X,d) is said to be d-thin if, for every u € T and
every z,y € fx ({u}), one has d(z,y) < 4.

In the whole of this paper, a metric space is said to be §-hyperbolic if it is geodesic, proper, and
if all its geodesic triangles are d-thin.

The following results are well known (and often taken as definitions of d-hyperbolicity); their
proof may be found (with variable constants, depending on the choice of the definition) in any
classical source (see for example | I, [ 1, [ D-

Lemma 8.3. For every d-hyperbolic space (X, d), one has:

(i) For every geodesic triangle A, its approzimation fa : A — (Ta,dr) by a tripod verifies
d(u,v) — 6 < dr(fa(u), fa(v)) < d(u,v) .
(i) (Quadrangle Lemma) For every four points x,y,z,w € X, one has
d(z, 2) + d(y,w) < Max (d(z,y) + d(z,w) ; d(z,w) + d(y,2)) + 26 ,;

if moreover if [x,y], [y, 2], [z,w] and [x,w] are geodesic segments between the vertices of
the quadangle [x,y, z,w] then, for every v € [x,w], one has

d(v, [z,y] Uy, 2] U [z,w]) <26 .

We often use the following sharper version of the above Quadrangle Lemma:

Lemma 8.4. On any geodesic triangle A = [x,y, 2|, for every point u € [y, z|, one has
d(z,u) +d(y, z) < Max (d(z,y) +d(u, 2); d(z, ) + d(y,u)) + 9

Proof. Using the approximation fa : A — (Ta,dr) by the associated tripod, as fa(u) is on the
union of the branches [¢, fa(y)] and [c, fa(2)] of this tripod (where ¢ is the branching point of
T), we easily verify that

dr(fa(x), fa(w) +dr(fay), fa(z)) =

= Max (dr(fa(2), fa(y)) + dr(fa(u), fa(2)); dr(fa(2), fa(2)) + dr(fa(y), fa(w)).

We now use Lemma 8.1, which proves that dr(fa(y), fa(2)), dr(fa(x), fa(y)), dr(fa(z), fa(z)),
dT(fA(u)a fA(Z)) and dT(fA(y)a fA(u)) are respectively equal to d(y7 Z)7 d(I,y), d(l’, 2)7 d(uv Z)
and d(y,u) and Lemma 8.3 (i), which proves that d(z,u) < dr(fa(x), fa(uw)) + ¢ and ends the
proof. O
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8.2 Projections and quasi equality in the triangle inequality

Definition 8.5. For every closed subset F' of any metric space (X,d) and every point x € X, a
“projection of x on F” is any point T € F such that d(x,z) = d(x, F) := inf,cp d(z, 2).

When it exists, a projection of x on F' is generally not unique. By continuity of the distance
there always exist a projection of z on F when F' is compact, and when F' is closed if the metric
space is proper; however the assumption “proper space” is not necessary when F' is the image of
a geodesic, as proved by the following

Lemma 8.6. If ¢ is a geodesic line (or radius or segment) in a metric space (X,d), every point
x € X admits a projection on the image Im(c) of ¢ and the map x — d(x,Im(c)) is Lipschitz
with Lipschitz constant 1.

The proof, elementary, is left to the reader.

Lemma 8.7. In a d-hyperbolic space (thus geodesic and proper) (X,d), for any three points
x,y, 2z and any geodesic segment [y, z] joining y to z, if d(z,y) < d(z, [y,z}) +n, then d(z,z) >

Proof. Let A be any geodesic triangle with vertices x,y, z whose third side [y, z] is the geodesic
segment under consideration, let (Ta,dr) be the tripod associated to A and fa : A — Ta the
approximation of A by this tripod. If ’,y’, 2’ are the three endpoints fa(z), fa(y), fa(2) of the
tripod, the branching point ¢ satisfies fy'({c}) = {cs, ¢y, .}, where c,, ¢, and c, respectively
lie on [y, 2], [z, 2] and [z,y]). One thus gets:

dr(a',y') = d(z,y) < d(z,[y, 2]) +n < d(z, ¢p)+1 < dr(fa(@), falcs))+6+n = dp(z’,c)+5+n,

where the first, second, third, fourth and fifth equalities or inequalities respectively follow from
Lemma 8.1, from the hypothesis, from the fact that ¢, € [y, 2], from Lemma 8.3 (i) and from
the fact that fa(c;) = c¢. From this we deduce that dr(y',c) = dr(2',y') — dr(2’,¢) < 6+ n;
a consequence of this last inequality, of Lemma 8.1 and of the definition of the distance on the
tripod is that

d(JU,Z) = dT(l‘/,Z/) = dT(l‘/,y/) + dT(ylwzl) - QdT(y/7C) > d(.fl?,y) + d(y7z) -2 (6 =+ 77) .
O]

Replacing n with 0 in Lemma 8.7, we get the following immediate corollary, where the geodesic
c under consideration is either a geodesic line, or a geodesic ray, or a geodesic segment.

Lemma 8.8. (quasi equality in the triangle inequality) In any 0-hyperbolic space (X,d), for
any geodesic ¢ of (X,d) and every point y on this geodesic, for every point x € X, any of its
projections T on the geodesic verifies d(z,y) > d(z,z) + d(z,y) — 2.

Lemma 8.9. In any §-hyperbolic space (X, d), for any four points x, y, T, § such that T and g
are projections of x and y (respectively) on some geodesic segment [T,q] between T and g, then

d(Z,9) > 36 = d(z,y) > d(x,Z) + d(z,5) + d(7,y) — 66 .

Proof. The lemma 8.8 gives d(z,7) > d(z,Z) + d(Z,§) — 26 and d(y,Z) > d(y,7) + d(g,T) — 2.
From this and from the hypothesis d(Z,7) > 36, we get:

d(x,y) +d(y, &) =20 > d(z, %) +2d(2,9) + d(y,y) — 66 > d(x, ) + d(y,9) ,
and, using this inequality and the quadrangle Lemma 8.3 (ii), we obtain
d(z,z)+2d(Z,7)+d(y,y) =66 < d(z,§)+d(y,2)—26 < Max (d(x, ) + d(y,y) ; d(z,y) + d(Z,7))

< d(z,y) +d(z,9) ,

and this concludes. O
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8.3 Asymptotic and diverging geodesic lines

In the following Proposition, points (i) and (iii) are classical: indeed, for any pair of geodesic rays
Y1, Yo ¢ [0, 4+00[— X, the definition of the ideal boundary of a Gromov-hyperbolic space (X,d) (see
Definition 7.1, p. 117 of | ] and the Definition given in chapter 2 of | |, these two definitions
being equivalent by Proposition 7.4 p. 120 of | ]) implies the equivalence between the equality
~1(400) = 72(+00) and the finiteness of the Hausdorff distance between the images of ; and 7,. In the
case where 7, and v, are geodesic lines (as in (1)), it is sufficient to consider each ~, as the union of two
geodesic rays. The proofs of properties (i) and (ii) being classical, we shall leave them to the reader and
only precise what are the constants which occur according to our definition of §-hyperbolic spaces.

On the contrary, we shall give a proof of the point (iii) of the same Proposition, though it is similar
to a classical result, which says that, given three geodesic rays v, v;, 75 : [0,+o0o[— X such that
Y1 (+00) = v5(+00) = ¥(+00), the Busemann function b, associated to vy verifies sup,¢ (g +oo[ [0+ (71 (1) —
by (72(t))| < C(6), where the bound C(§) only depends on the hyperbolicity constant § for a good choice
of the origins of the rays. In fact, in the point (iii) of next Proposition, we need to precise quantitatively
the choice of these origins and the value of C'(9).

Proposition 8.10. In any 0-hyperbolic (thus geodesic and proper) space (X, d)

(i) if y1, 72 : R = X are two geodesic lines verifying v1(+00) = v2(+00) and vy1(—00) =
Y2(—00) then, for every t € R, there exists s = s(t) € R such that d(v1(t),y2(s)) < 2.
Moreover there exists choices of the origins tg and so of v1 and o (respectively) such that
d(~v1(to +t),va(s0 + 1)) <46 for every t € R.

On the other hand, if v1, 72 : [0, +00[— X are two geodesic rays satisfying v1(+00) = y2(400),

(i) for every t € [d(v1(0),72(0)), +o0[, there exists s € [0, +o0o[ such that d(y1(t),v2(s)) < 20,

(iii) there exist ty, ta > 0, verifying t1+te = d(% (0),’}/2(0)), such that d (y1(t1 + ), 72t + 1)) <
26 for everyt € RT.

Proof of (iii). Using (ii), 1f 4 is great enough (this implies that ¢’ > d(71(0),y2(0)) +26), there

I

exists s’ such that d('yl (s ) < 24. For sake of simplicity, make xg = 71(0), yo = 72(0),
x=m{), y =y and con51der two geodesic triangles A = [z, z,y0] and A" = [z,y, yo]
(with common side [x,yo]) and their approximations by tripods fa : (A,d) — (Ta,dr) and
far  (A',d) = (Tar,dr) (as in Lemma 8.1). Denoting by ¢ (resp. by ¢’) the branching point
of T (resp of Tas), we have f;l({c}) = {co, c1, 2}, where ¢, ¢1 and ¢ respectively lie on the
sides [z, yo), [To, z] and [yo, ] of A. Define

t1 = d(wo, c1) = d(z0,c0) = dr (fa(z0),¢) ,  t2=d(yo,c2) = d(yo,co) = dr (fa(¥o),¢) ,

where t1 + to = d(x,yo) and where (by the last equations and by Lemma 8.1)
tr —t2 = dr (fa(zo), ¢) — dr (falyo), ©) = dr (fa(zo), fa(@)) — dr (fa(yo), fa(x))

= d(y, ("), 20) — (7, (t'), o) ; (97)
as v1(t1) = ¢1, Lemma 8.3 (i) implies that d (y;(¢1),c2) < 6 and, for every ¢ € [0,t' — 28§ —t1], the
point 7, (t1 +t) relies on [c1, 2], thus the point fa (7 (t1 +1)) is located on the branch [c, fa(x)]
of the tripod Ta. Denote by w the point of the geodesic segment [c2,z] C [yo,x] such that
fa(u) = fa(v1(t1 + 1)), thus verifying d(cz,u) = d(c1,7,(t1 +t)) =t (by Lemma 8.1); hence u
satisfies the following three properties:

d(yo,u) =ta+t , dlz,u)=t —t; —t>25 , d(y,(t1 +1),u) <4, (98)

where the first equality follows from the properties d(ca, u) = t, d(yo, c2) = t2 and ¢2 € [yo, u] and
where the two last inequalities result from the equality fa(u) = fA(fyl(tl +t)), from Lemma 8.3
(i) (which proves that d (v, (t; +t),u) < §) and from the fact that d(z,u) = dr (fa(z), fa(u)) =
d(z,v,(t1 +1t)) =t' —t; —t by Lemma 8.1).
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As u € [z, yo], by construction of the tripod (Ta+, d7) (see before Lemma 8.1), fas(u) lies in the
union of the two branches [¢, fas(z)] and [¢/, far(yo)] of Tar. As d(z,y) = d(1 ('), 72(s")) < 26,
Lemma 8.1, the second of the properties (98) and the definition of ¢ give:

drr (far(x), ) < dp (far(x), far(y)) = d(z,y) <26 < d(x,u) = dr (far(z), far(u)) ;

thus, as an immediate consequence, far(u) €]c’, fa/(z)] and far(u) lies on the branch [¢/, fas(yo)]
of Tas. Hence, there exists u' = 7,(s) € [yo,y] = 72 ([0, s']) such that far(u') = fas(u), thus (us-
ing Lemma 8.3 (1)) such that d (u,u) < §; in addition, Lemma 8.1, the equality fa/(u') = far(u)
and the first of properties (98) imply that s = d(yo,u’) = dr/ (far(yo), far(u)) = d(yo, u) = t2+t,
thus that ' = v45(t2 + t); the triangle inequality and the last of properties (98) then give:
d (vt + 1), 752+ 1) < d(y(t1 +1),u) + d(u,u') < 26 for every ¢ € [0,t' — 25 — t1], thus
(when ¢ — +00) for every t € [0, +o0]. O

For every geodesic ¢ of (X,d) and every x € X, call 7.(x) the set of all the projections of the
point z on the image Im(c) of ¢; Lemma 8.6 guarantees that, if ¢ is a geodesic segment, or ray,
or line, then 7.(z) is never empty. The image n.(E) of a subset E C X by the projection on ¢
is defined as Uyepg m.(x). We have the

Proposition 8.11. If ¢1, ¢y are any two geodesic lines in any 0-hyperbolic space (X, d) verifying
{e1(—0), c1(+00)} N {eca(—00), ca(+00)} =0 (in the ideal boundary), then

(i) the subset II of R such that v, (1) = 7., (Im(c2)) is bounded from below and from above,

(i) there exists points o = c1(So) and x(, = c1(s1) on the geodesic line c1 such that, for every
s € R, the gap between the two sides of the triangle inequality is bounded, precisely:

{ limsup,_,, o, [d(c1(8),0) 4 d (z0, c2(t)) — d(c1(s), ca(t))] < 50
timsupy o [d(e1(5), ) + d (s ea(8)) — d (e1(5), calt))] < 56

Proof of (i). We shall only prove that IT admits a bound from above (the proof of the existence
of a bound from below is the same, while changing the orientation of ¢;). By contradiction,
suppose the existence of a sequence (s,)nen in IT which goes to 400, there then exists a real

sequence (t,)nen such that ci(s,) € 7, (c2(t,)), and then
e cither (¢,)nen is bounded, but then d (c1(0), ca
and d (ca(tn), c1(sn)) = d(cz( n);Im(c1)) < d(eq
triangle inequality) that s, = d(c1(0),¢1(s,)) < 2

t,)) is bounded by some constant D > 0
(0 ) 2(tn)) < D, and this implies (by the

e or there exists a subsequence of (¢,)nen (still denoted by (¢,)nen) which goes to +oo.
When n — 400, as the limits (on the ideal boundary 0X) of ¢1(s,) and ca(t,) do not
coincide, Gromov’s product® (c1(sy)|c2(tn)) (with respect to the origin ¢1(0)) is bounded
by some constant D’, and (using also the inequality d (c2(tn),c1(8,)) = d (ca(tn),Im(c1)) <
d (¢1(0), ca(ty))) this implies:

sn < d(c1(0),c1(sn)) +d(c1(0), c2(tn)) — d (caltn), c1(sn)) = 2(c1(sy)|ca(tn)) <2D".
This contradiction proves the non-existence of a sequence (8, )nen in II which goes to +oo0. O

Proof of (ii). Denote by K; the closure of m., (ca2([t,+00[)); for every sequence (t,),cy going
to 400 define Npeny Ky, = K (verify that K does not depend on the choice of the sequence).
Property (i) implies that each K; is bounded and thus compact (because (X,d) is proper), it
results that K (as a decreasing intersection of the compact sets K,,) is a non empty compact set.
Let us now prove that

K is included in a segment [c;1(a),c1(D)] of length < 36 of the geodesic ¢; . (99)

32Gromov’s product (z|y) with respect to a chosen origin z¢ is defined as (z|y) := % (d(zo, z)+d(z0,y)—d(z,y)).
The fact that (cl(sn)\cg(tn)) is bounded when c1(400) # c2(+00) is a direct consequence of the definition of the
ideal boundary given (for instance) in | ], section 2.1 p. 16, see Proposition 2.1.2 p. 18 of | ].
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Indeed, for every n € N, K C K,, C Im(c;). Furthermore, every z,2’ € K are (respectively)
limits of sequences (mn)nGN and (x7,), oy of elements of 7., (CQ([n +oo[)): in fact, as = (resp. a’)
lies in the closure K,, of m, (c2([n, +00[)), we only have to choose z,, (resp. },) in the (non
empty) intersection of ¢, (c2([n, +00[)) with Bx (z,2) (resp. with Bx (2/,2)). There thus
exist t,, t}, € [n,+oo[ such that x,, (resp. ) is a projection on c¢; of ca(t ) (resp. of ca(t))).
Using two times the lemma 8.8, and afterwards the quadrangle Lemma 8.3 (ii), we get:

d(xy,c2(ty)) +2d (2n, 27,) + d (zn, c2(tn)) < d (2, e2(t,)) + d (2, C2(tn)) + 40

< Max [d (zp,z),) + d (ca(tn), ca(tl)) 5 d(zn,c2(tn)) +d(x),, ca(t),))] + 66 . (100)

As d(xy,c1(0)) and d (2, ¢1(0)) are bounded by property (i), then d (z,, c2(0)) and d (z,, c2(0))
are bounded by some constant (say C); from this and the triangle inequality, when n is great
enough, follows that:

d(zn, c2(tn)) 2 tn — d(zn, c2(0)) > tn = C , d(al,c2(ty)) > t, — d(2,,¢2(0)) = £, = C'

As ty, +t, — [tn, — t)| = 2 Min(ty, t),) > 2n, when n is great enough it comes that

d (zn, c2(tn)) +d (2, c2(t,)) Z tnt1, =2C = [tn—t,[+2n—2C > d (ca(tn), ca(t,)) +d (2, 27,)

where the last inequality (which is valid as soon as n > 2C) is a consequence of the fact that
d(z,2") < 2C by the point (i) and the triangle inequality. Plugging this last series of inequalities
n (100), we obtain:

d(xy, c2(ty)) +2d (2, 2,) + d (2, c2(tn)) — 60 < d (2, e2(tn)) + d (2, c2(t;,))

This implies that d (z,,z,) < 34 and (going to the limit) that d (z,2") < 34, this proves that
diameter of K < 3¢ and, as K C Im(cq), this achieves the proof of (99).

As ¢; : R — X is an isometric (proper) injection, the compact sets K/ := ¢, '(K;) and K’ :=
¢ ' (K) are compact subset of R verifying K’ C [a, b] (by (99)) and such that K’ is the decreasing
intersection of the compact sets K when t — +o00; it follows that, for every € > 0, there exists
A, € RT such that K C [a—e, b+¢] for every t > A.. We choose 29 = ¢1 (%+2) (the middle-point
of [c1(a), c1(b)]). For every t € R, if z = ¢1(7) is a projection of c3(t) on the geodesic line ¢;, one
has z € 7, (co([t, +00])) = K; = ¢1(Kj}); hence, for every t > A., one gets that 7 € [a —,b + €]
and thus d(zg,z) < %6 + ¢. Using Lemma 8.8 and the triangle inequality, we conclude that, for
every s € R and every t > A,

d(er(s), ea(t)) = dleat), 2) +d (2, c1(5)) — 26 = d(ealt),00) + d (w0, ex(s)) — 56 — 22 ;
and, when ¢ — 0, this achieves the proof of the first inequality of (ii).

Now, defining é3(t) = ca(—t) and applying the first inequality of (ii) to the pair of geodesic lines
¢1, G2, we prove that there exists a point z(, on the geodesic line ¢; such that, for every s € R,

limsup [d (¢1(s), zo) + d (xo, c2(—t)) — d (c1(s), c2(—1))] < 5

t——+o0

and this ends the proof of the second inequality of (ii) O

8.4 Isometries and displacements
8.4.1 Discrete subgroups of the group of isometries

Considering the action (by isometries) of any group I' on any metric space, we recall that, for every
R > 0, and every z € X, we have defined Xgr(z) :={y €T :vz € Bx(z,R)}.

The following Proposition precises the equivalences between a “proper” and a “discrete” action
(see Definitions 2.1 of these two notions)
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Proposition 8.12. On a metric space (X,d) every faithful and proper action by isometries is
discrete. Conversely, if (X,d) is a proper metric space, then every faithful and discrete action
by isometries is proper.

Proof. Consider any faithful action (by isometries) of a group I' on any metric space (X, d), this
authorizes to view I' as a subgroup of the group Isom (X, d) of isometries of (X, d), endowed with
the topology of uniform convergence on compact sets.

If this action is supposed proper, let (v,,),cy be any converging sequence of elements of I' and
denote by g € Isom(X,d) its limit; let = be any point in X, there then exists N € N such
that, for every p € N, one has d(x,’yx,l YN+p x) = d(vN TyYN4p x) < 1, and the sequence
p— 7&1 YN+p» Tunning in the finite set 31 (z), is stationary because it converges. This proves
that the initial sequence n +— 7,, is also stationary, thus that I' is a closed discrete subset of
Isom(X,d).

Conversely, if T' is a discrete subgroup of Isom(X,d) and if (X,d) is a proper space, arguing
by contradiction, suppose that there exist g € X and Ry > 0 such that g, (o) is infinite,
Ascoli’s Theorem then proves that, for any & € N*, ¥ (x0) is a relatively compact subset of
the set of continuous mappings from Bx(zo,k) to X (endowed with the topology of uniform
convergence)®®. As X, (zo) is infinite, stable under the mapping v + ~v~!, and relatively
compact, it contains a sequence of distinct elements and, from this sequence, we can extract a

subsequence n +— v such that (Vﬁ)neN and ((’yfb) _1> . uniformly converge on Bx (g, k), with
ne

respective limits continuous mappings f and hy from Bx (29, k) to X. By successive extractions
of subsequences, we can construct fy i and hjyq from By (zg,k + 1) to X as extensions of fj
and hy, (respectively); this process constructs continuous mappings f and h from X to X, which
coincide (for every k € N*) with fi and hj, on Bx(zo, k). By a diagonal process®* we can choose,

for each k € N*, an element WZ,C in each sequence (’yﬁ)n N such that the two sequences k +— WZ,C

and k — (Wﬁ k)_l are made of distinct elements and converge respectively to f and g (uniformly
on each compact set).

As every ’yﬁk and (vﬁk)_l are isometries, their uniform limits f and h also preserve distances
and also verify ho f = limy_ 1 oo (7,:%)71 o~k =idx and (by similar arguments) f o h = idx;

this proves that f and h are isometries. Another consequence is that limy_, 4 o (fyflk)_l oryﬁ;“jl =

ho f =idx and, as idx is isolated in I, that ('yﬁk)_l ovﬁ;“jl = idx, thus that v¥! =~* when

Ng4+1

k is great enough, in contradiction with the fact that the sequence (v, ), . is made of distinct

elements. This contradiction can be avoided only if X g(xz¢) is finite for every R > 0. O

Lemma 8.13. Every proper action (by isometries) of a group T on a metric space (X, d) verifies:

(i) the quotient space T\ X is a metric space when endowed with the quotient-distance d defined
by dT -z, T - y) :=inf er d(z,v y),

(i1) if (X,d) is a proper space and if (T\X,d) has finite diameter, then T\X is compact,
(i5i) if T acts without fized point, then the action is faithful and discrete.

(i) if T is torsion-free, then the action is faithful, discrete and without fixed point

33Indeed, the hypotheses of Ascoli’s Theorem are verified for Bx (xg, k) is compact and (X, d) (being proper)
is a complete metric space, YR, (z0), being included in Isom(X,d), is an equicontinuous family and, for every
z € Bx(z0,k), {yz : v € R, (w0)}, being included in the compact ball Bx (zo, Ro + k), is a relatively compact
subset of (X, d).
34The uniform convergence on Bx (zo, k) of the two sequences n — ~v% and n (7@)71 imply that, to
every k € N* corresponds an infinite set Ay C {V’fb : n € N} whose elements y’fb verify simultaneously
-1 . .
SUD, B o (wo k) @ (f(z),7%(z)) < 1/k and SUP, e By (w0, k) & (h(x), (%) (z)) < 1/k; we choose 71, in Ay and, if

'y}Ll e 'Yﬁ;il have already been chosen, we choose 'yflk as an element of Ay \ {'y}Ll ey 'ylflgll }. In this way, we

-1
obtain a sequence k — 'yfl of distinct elements such that ('yflk>k . and (('yflk) ) uniformly converge
EN* keN*

to f and h (respectively) on each closed ball.
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Proof. The proof of (i) is classical; the proof of (ii) is straightforward because (X, d) is a proper
space. These two proofs are thus left to the reader.

Proof of (iii): if the action is fixed-point-free, the stabilizer of every point is trivial, thus the
action is faithful and, as it is proper by hypothesis, it is discrete with the help of the first part
of Proposition 8.12.

Proof of (iv): The action being proper, the stabilizer of every point is a finite subgroup, which is
trivial because I' is torsion-free, this implies that the action is faithful and fixed-point-free, thus
discrete by the point (iii). O

The following remark is well known by the specialists of group theory

Remark 8.14. Every non trivial, torsion-free, virtually cyclic group is isomorphic to (Z,4+).

Proof. As the group G under consideration is non trivial and torsion-free, it is infinite and,
being virtually cyclic, it contains a cyclic (infinite) subgroup H of finite index in G, thus H is
isomorphic to Z. For every g € G, define o(g)(¢'H) = (g¢9')H, then p is a morphism from G into
the (finite) group of permutations of G/H, whose kernel is a normal subgroup of finite index in
G and is contained in H. Replacing H by Ker g, we reduce the problem to the case where H
is a normal subgroup of finite index in G and is isomorphic to Z; we fix one generator of this
subgroup, denoted by 7.

Denote by r : G — Aut(H) the conjugacy morphism defined by r(g)(h) = ghg~' then, for
every g € G, r(g) maps 7 onto 7 or 7!, Suppose that there exists some g € G such that
r(g) # idg, thus such that grg~! = 771, then ghg= = h~! for every h € H; as there exists
n € N* such that ¢" € H, it follows that gg"g~' = g~ ", thus that ¢?" = e, in contradiction
with the “torsion-free” hypothesis. It comes that ghg=! = r(g)(h) = h for every (g,h) € G x H,
hence H is contained in the center of G; let N := #(G /H ), then the transfer homomorphism
V : G — H verifies V(h) = h" for every h € H and is thus injective when restricted to H,
by the “torsion-free” hypothesis, and the quotient map G — G/H induces an injective map
Ker(V) = Ker(V)/(Ker(V) N H) — G/H. This implies that Ker V is finite, thus it is trivial by
the “torsion-free” hypothesis; it follows that V is an isomorphism from G onto some (infinite)
subgroup of H, which is isomorphic to Z. O

8.4.2 Isometries and displacements in Gromov-hyperbolic spaces

Let (X, d) be any d-hyperbolic (thus geodesic and proper) space, denote by 90X its ideal bound-
ary®°. Tt is well known that every isometry 7 of (X, d) can be extended as a continuous mapping
(moreover Lipschitz for a convenient metric) from XUOX to XUJX (see for example Proposition
11.2.1 p. 134 of | ). An isometry v of (X,d) is said to be

e clliptic if, for at least one x € X (thus for every x € X), the sequence k — v*z is bounded,

e parabolic if, for at least one x € X (thus for every x € X), the sequence k — v*2 admits
one and only one accumulation point, denoted by v°°, located on the ideal boundary 0X
(v*° does not depend on the choice of ),

e hyperbolic if, for at least one x € X (thus for every € X), the map k — +*z is a
quasi-isometry from Z to X.

The following Theorem is classical

Theorem 8.15. (see for example | |, Théoreme 9.2.1 p. 98) On any §-hyperbolic space,
every isometry is either elliptic, or parabolic, or hyperbolic.

If ~ is an hyperbolic (resp. parabolic) isometry, it is a classical result [see for example [ I,

Proposition 10.6.6 p. 118, (resp. | |, Théoreme 17 in Chapter 8)] that the action (extended
35For two definitions of this ideal boundary and of its topology, see Definition 7.1 p. 117 of | ] and
chapter 2 of | ], these two definitions being equivalent by Proposition 7.4 p. 120 of | ].
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as explained above) of v on X U 0X admits exactly two (resp. one) fixed points, which are the
limits 4+ and 4~ of 4Pz and Pz when p — +oco (resp. which is the limit > of v*z when
k — £00).

The following remark is well known by the specialists; its proof is trivial (and left to the reader)
if one notices that, by Lemma 8.12, every discrete subgroup of the group Isom(X, d) of isometries
of (X, d) acts properly on (X, d).

Remark 8.16. On any §-hyperbolic space (X,d), if T is a discrete subgroup of Isom(X,d), then

(i) an element of T'* is elliptic if and only if it has torsion; if T is torsion-free, every v € I'*
is either hyperbolic or parabolic;

(ii) for every g € T'* and every k € Z* such that g¥ # idx, g is hyperbolic (resp. parabolic,
resp. elliptic) if and only if g* is hyperbolic (resp. parabolic, resp. elliptic); moreover, in
the cases where g is hyperbolic or parabolic, then g¥ and g have the same set of fized points.

In case of an hyperbolic isometry 7, we introduce (in Definitions 8.25) the set G(y) of the oriented
(generally not unique) geodesic lines from v~ to v= (y~,7" € X being the two fixed points of
~) and the union M(vy) C X of the images of these geodesic lines.

Remark 8.17. On any §-hyperbolic space (X,d), for every hyperbolic isometry, if ¢ € G(7),
then v¥ o c € G(7y) for every k € Z; consequently M(v) is (globally) invariant under v*.

The proof, straightforward, is left to the reader.

Definitions 8.18. To each non trivial isometry v of a d-hyperbolic space (X,d), one associates:

e its asymptotic displacement £(y), i. e. the limit*® (when k — +00) of ¢+ d(z, 7" z),
e its minimal displacement s(v) := inf,c x d(z,v ).

Notice that £(v*) = |k| £() for every k € Z and that *7 £(v) < s(7).

The following Lemma is classical (see for instance | |, Proposition 10.6.3, p. 118):

Lemma 8.19. On any 0-hyperbolic space (X,d), for every isometry ~, v is hyperbolic if and
only if £(y) > 0.

Lemma 8.20. On any §-hyperbolic space (X,d), for every isometry v and every x € X,
(i) d(z,g*x) < d(z,gz) + l(g) + 29 ,
(i) Vpe N d(z, g% x) < d(w,gz)+ (2" — 1)¢(g) +2p3

In(n)
In(2) -
Proof of (i). The proof of (i) is a simple rearrangement of the arguments used in the proof of

the Lemme 9.2.2 pp 98-99 of | ]: define a,, := d(x, g"x) and apply Lemma 8.3 (ii) to the
quadrangle with vertices x, gz, g?z and g™z, this gives:

(i) Vn e N*  d(z,g"x) < d(x,gx)+ (n—1)4(g)+4 0

as + an—1 < Max(a1 + an—2, a1 +ay,) +20 (101)

for every n > 3, and thus for every n > 2.
By contradiction, suppose that there exists a point x such that d(z, g?z) > d(z,gz) +{(g) + 29,
which means that there exists « > ¢(g) which verifies

az > a; +a+29 (102)

36By sub-additivity, this limit exists and, by the triangle inequality, it does not depend on the point z, see for
example [ ], Proposition 10.6.1 page 118).

1
37Indeed, for every & € X and every k € N, the triangle inequality gives P d(z,v* ) < d(z,v ).
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the inequality (101) then implies that
Yn>2, ap—1+a < Max(an—2, ay) . (103)

Let us prove the property
VneN api1>a,+a (104)

the proof of this property is by iteration: indeed the inequality a1 > a, + « is verified when
n = 1 (by the inequality (102)) and also when n = 0 because, by (102) and the triangle inequality,
ap+ata;+25 =a+a;+26 <ay < 2ay (for ag = 0). Following the iteration process, assuming
the inequality a,4+1 > an + @, we now prove that a,4+92 > a,41 + @ indeed, from (103), we get
Max(api2, an) > ani1 + @ > ap + 2, thus that a,2 > any1 + «, and (by iteration) this ends
the proof of (104).

A consequence of (104) is that a,, > na, thus that lim,, o (2 d(z,g"2)) > a > {(g), in
contradiction with the Definition 8.18 of ¢(g). The only solution to avoid this contradiction is
thus that, for every # € X, one has d(z, g?x) < d(x,gx) + £(g) + 2. O

Proof of (ii). Let us denote by (Q,) the property “d(z,g* z) < d(z,gz)+ (27 — 1) £(g9) +2ps”,
this property is trivially verified when p = 0 and, by (i), when p = 1; if (Q,) is verified, then
(Qp+1) is satisfied also because, using (i) and the fact that ¢(g*) = |k| £(g), one gets

d(z, g

which proves (Q,) for every p € N, and thus proves (ii). O

op+1

) < d(z, g% @) + £(g*") + 26 < d(z,gz) + (2P = 1) e(g) +2(p+ 1)6 ,

Proof of (iii). Let us define the property
(P,) : VneN* suchthat 2 <n<2P*' d(z,¢g"z) <d(z,gz)+ (n—1)(g) +40p .

As (ii) solve the case where n = 2P, in order to prove (iii), it is sufficient to verify property (Pp)
for every p € N*. For every p € N* and every n such that 27 < n < 2P*! the quadrangle Lemma
8.3 (ii) implies that

1 op+1

d(a, g"2)+d(g" z. """ 2)=26 < Max [d(, *'2) +d(g"a, ¢*""'2); (. ¢*""2) + d(g"a, %' 2)]

< Max [d(m, g% x) +d(g"z, g2p+1x) sd(z, g% ) 4+ 2P €(g) + 26 + d(g"z, gzp:c)} ,
where the second inequality comes from point (i). Simplifying, we obtain:

op+1_

d(z, g"x) < Max {d(m, g ") 2P4(g) + 29 + d(z, g”_2px)} +24. (105)

Applying the inequality (105) to the case p = 1 and n = 3, it comes:
d(z, ¢°z) <26 +Max|d(z, gx); 24(g) + 26 +d(z, ga)] = d(z, gx) +24(g) + 45 ,

and this proves property (’Pl). We now show that, for every p > 2, if (731), ceey (’Pp_l) are
all verified, then (Pp) is verified too: thus, assuming that (771), ey (Pp_l) are verified and
property (ii), the inequality d(z, ¢*x) < d(z,gx) + (i — 1) ¢(g) + 40 (p — 1) is verified for every
i € N such that 1 <4 < 2P, and this implies that, for every n € N* such that 2P < n < 2PT1,
then 1 < 2P+ —n,n —2P < 2P — 1 and we get that

d(x, g

d(z, g"*2) d(z, gz) + (n— 2" = 1) l(g) +4(p~1)0 ,
Plugging these two last inequalities in (105) and noticing that n — 1 > 2P*1 —n_ it follows that

d(z, g"z) < d(z, gz)+4pd+Max [(2PT1 —n — 1) L(g) — 265 (n — 1) £(g9)] < d(z, gz)+(n—1)L(9)+4p3 .

2er17":17) <d(z, gz

~

+ (2 —n—1)lg)+4(p—-1)0,

~

This proves that [(Pl) and ... and (Pp_l)] == (Pp). This proves property (Pp) for every
p € N* and ends the proof as announced above. O
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Lemma 8.21. On any §-hyperbolic space (X,d), for every isometry g and every x € X, if m is
the middle-point of some geodesic [z, gx] from x to gz, then

Max [0, d(z, g°z) — d(z, gz)] < d(m,gm) < Max [0, d(z,g*z) — d(z,gz)] + 6 < £(g9) + 36 .

Proof. The proof consists in updating the proof of Lemma 9.3.1 p. 101 of | ]. After having
chosen two geodesic segments [z, gx] and [z, g%x], we fix the geodesic segment [gz, g?x] as the
image by g of [z, gz], then gm is the middle-point of [g z, g?x]. Apply the approximation Lemma
8.1 to the geodesic triangle A = [x, g, g?z] which is the union of these three geodesic segments
and to the approximation map fa from A to the metric tripod (Ta,dr); denote by «, S and ~
the lengths of the branches of Ta with respective endpoints fa (), fa(gx) and fa(g?z), and by
¢ the branching point of this tripod. Lemma 8.1 guarantees that

a+ B =dr(fa(z), falgr)) = d(z,gz) = d(gz, g°x) = dr(falgz), falg®z)) = B+,
thus that v = a; Lemma 8.1 also implies that

a+p

dr(fa(m), fa(z)) = dr(fa(m), falgz)) = — = dr(falgm), falgx)) . (106)

o If 3 > «, it follows from (106) that fa(m) and fa(gm) both lie on the same branch
[c, fa(g)] of the tripod and that fa(m) = fa(gm) because dr(falgm),falgz)) =
dr (fA(m), falg z)), by Lemma 8.3 (i), this implies that d(m,gm) < ¢

o If B < a (i e ifd(z,g%°x) > d(z,gx)), it follows from (106) that fa(m) and fa(gm)
respectively lie on the branches [c, fa(x)] and [c, fa(g?x)] of the tripod; from this and
from Lemmas 8.1 and 8.3 (i), we deduce that

d(z, g*x)—d(z, gz) = v—B = dr(fa(2), fa(g®z))—dr (fa(m), fa(x))—dr (falgm), falg’z))
=dr(fa(m), fa(gm)) < d(m,gm) .
By the approximation Lemma 8.3 (i), it then comes that
d(z,g%x) — d(z,gx) < d(m,gm) < dr(fa(m), falgm)) +6 < d(z,g%x) — d(z,gz) + 9,
This proves the first and second inequalities of Lemma 8.21, the third one then follows from
Lemma 8.20 (i) O

Lemma 8.22. On a 0-hyperbolic space (X,d), every parabolic isometry v satisfies the following
property: for every geodesic ray ¢ such that ¢(+00) € 0X is the single fized point v° of ~y, there
exists T = T(v) < d(c(0),y0c(0)) such that d (c(t),y (c(t))) < 76 for every t € [T, +oo|.

Proof. As yoc(+o0) = v(7*®°) = 7> = c¢(+00), we may apply Proposition 8.10 (iii) to the
geodesics ¢ and 7y o ¢ and conclude that there exist ¢1, to > 0, verifying ¢1 +to = d(c(O)7 ’yoc(())),
such that d(c(t1 + s),voc(t2+s)) < 26 for every s > 0. Let us define T := max(t1,t2), then
two cases are possible:

o If |to — t1] < 36 then, for every s € [0, +o0[, the last inequality and the triangle one give:
d(c(to+s),yoc(tats)) < d(c(tats), c(ti+s))+d(c(ti+s), yocltats)) < [ta—t1|+28 < 58,
and, making s := t — to, which is nonnegative when ¢ > T, this ends the proof in this case.

o If |to — t1] > 345, for every s € [0,400[, let us consider a geodesic triangle
A = [c(ty + s),voc(ta + s), c(ta + s)] and its approximation by the associated tripod
fa : (Ayd) = (Ta,dr), the branching point of this tripod being denoted by e and the
lengths of the three branches with respective ending points fa (c(t1 + s)), fa(yoc(tz + 5))
and fa(c(t2 + s)) being denoted by «, 8 and ~.

Lemma 8.1 and the previous inequality d (c(t1 + s),yoc (t2 + s)) < 20 yield a+y = |[ta—t1],
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a+B <26, v+8 = d(c(t2—|—s),voc(t2—|—s))7 and consequently v — 8 = (a+v) — (a+8) >
|ta — t1] — 26 > § > 0. This last inequality implies that, if ms is the middle point
of the geodesic side [c(t2 + $),voc(t2 + s)] of A, the point fa(ms) lies on the branch
le, fa(c(tz + s))] of the tripod Ta; there thus exists a point m/, = ¢(7(s)) of the geodesic
side [c(t2 + s),c(t1 + s)] of A such that fa(m)) = fa(ms). Applying Lemma 8.3 (i), we
obtain that d(ms, m}) <. From this, from the triangle inequality and from Lemma 8.21,
for every s > 0, we deduce:

d(c(r(s)).7 e(r(s))) = d(ml,y m}) < d(ms,y ms) +28 <L(y) +56 =535,  (107)

where this last equality comes from the fact that ¢() = 0 for v is parabolic.
As s+ min(ty,t2) < 7(s) < s+ max(ty,ts), it follows first that 7(s) < T + s, on the other
hand, defining s’ := s + |t — t1] one has

7(s') = 7(s+ |ta — t1]) > s+ |t2 — t1] + min(tq, t2) = s + max(t1,ta) =T + 5.

As 7(s) < T+ s < 7(s'), from (107) and from the convexity (modulo an error < 2§) of the
distance between geodesics in a d-hyperbolic space, we draw, for every s > 0,

d(c(T+s),voc(T+s)) < Max [d(c(7(s)),voc(r(s))); d(c(r(s"),voc(r(s"))]+26 < 74,
and, making s := ¢ — T, which is nonnegative when ¢ > T, this ends the proof in this case.

O

Lemma 8.23. Let g be any non trivial isometry of any 6-hyperbolic space (X, d), then
(i) Ug) < s(g) < U(g) + 0,
(ii) if s(g) > 9, for every p € N*, one has the property:

(Q) : VzeX d(m,gsz) >d(x,gx)+ (2P — 1) (s(g) — 9)
(iii) if s(g) > 36, for every x € X, the sequence (d(x,g”x))neN* is strictly increasing.

Proof. Denote by m,, the middle-point of any geodesic [z, g z] from g to gz. If s(g) > J, one has
d(mg,gmy) > § and Lemma 8.21 then proves that

Ve X  s(g) =6 < d(ma,gms) — 6 < d(z,g?x) —d(z,gx) . (108)
We are going to prove (by iteration) property (Qp) for every p, an immediate corollary being:
s(g°") =6 =27 (s(9) - 9) - (109)

Property (Qy) is verified by (108); suppose (Q,) to be verified, then its corollary (109) is also
verified, in particular one has s(gzp) > ¢ and one may apply inequality (108), and afterwards
(Qp) and its corollary, which give:

d(x,ngHx) > d(x, 9% z) +5(4%") — 6 > d(z,gx) + (2P = 1) (s(g) — 0) ;
a consequence is that (Qp) == (Qp+1) for every p € N*, and thus that property (Qp) is

verified for every p € N*. This proves (ii).

The proof of the inequality ¢(g) < s(g) has been given after Definitions 8.18. Let us now prove
that s(g) < £(g) + ¢: if s(g) < 0 this inequality is trivially verified, let us thus suppose that
s(g) > ¢&; this allows to apply property (Q,), which gives: £(g) = lim,_ ;o 2_pd(x,g2px) >
s(g) — d. This proves (i).
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By (i), the hypothesis s(g) > 346 implies that £(g) > 246, thus ¢ is an hyperbolic isometry by
Lemma 8.19. Applying (108), and afterwards the quadrangle Lemma 8.3 (ii), we obtain:

d(x,g""’lx) +d(z,gx)+s(g) — 0 < d(w,g"+1x) + d(x,gzx) = d(x,g"'Hx) + d(g"x,g"+2x)

< Max [d(x,g”x) + d(g”“x,g””x) , d(x,g"ﬁx) + d(g"x,g"“xﬂ +24.

From this, defining d,, = d(z,g"z), we deduce that dp1 < Max [dp,dnyo] + 30 — s(g) <
Max [dy,, dp12] for s(g) > 39; as d1 < d2 by (108), this implies (arguing by iterations) that the

sequence (d”)n N is strictly increasing. This proves (iii). O

The following Lemma is an explicit and quantified version of the lemma 9.2.3 p. 98 of | I:

Lemma 8.24. Let (X,d) be a §-hyperbolic space, o be any strictly positive real value, and {g, h}
be any pair of isometries of (X, d) which satisfies the property:

Jre X st d(gz,hx) > Max|[d(z,gz); d(z, he)]+ 55 + a (110)
then either £(g) > 30 + a, or £(h) > 30 + «, or £(gh) = ¢(hg) > 2.

Proof. The proof mimics the one of Lemma 9.2.3 of | ] (pp. 98-101).
Let us suppose that ¢(g), £(h) < 35 + « (if not, the lemma is automatically verified); applying
the quadrangle Lemma 8.3 (ii) to the points z, gz, g%z, ghx, we get:

d(zx, gx) + d(gz, hx) — 26 = d(z, gx) + d(g*z, ghx) — 26
< Max [d(az7 g*x) + d(gx, ghx) ; d(gz, g*x) + d(:v,ghx)]
< Max [d(z, gx) + £(g9) + 26 + d(z, hz) ; d(z, gz) + d(z, ghx)] ,
where the last inequality is derived from Lemma 8.20 (i). As, by assumption,
d(gx,hx) > d(xz,hx)+ 50 + o > d(z, hx) + £(g) + 26 ,

the above inequality gives: d(gz, hx) < d(x, ghz)+ 2 J; by a similar proof (exchanging the names
of g and h) we get d(gz, hx) < d(z, hgxr) + 29 and thus, using the assumption (110):

Min[d(z, ghz) ; d(z, hgz)] > Max [d(x, gz); d(z, hz)] + 35+« .
This and the quadrangle Lemma 8.3 (ii) (applied to points x, gz, ghx, ghgz) imply:
2 Max [d(z, gx) ; d(x, he)] + 46 +2a < d(x, ghx) + d(z, hgr) — 20
= d(x, ghz) + d(gz, ghgz) — 26 < Max [d(x, gx) + d(ghz, ghgz) ; d(z, ghgz) + d(gx, ghz)]

= Max [2d(z, gx) ; d(x, ghgx) + d(z, hx)] = d(x, ghgx) + d(x, hx) ,

which implies that
d(z,ghgx) > Max [d(z, gx); d(z,hx)] + 46+ 2 .

This and the quadrangle Lemma 8.3 (ii) (applied to the points =, ghx, ghgx, ghghx) yields:
d(x,ghx) + Max [d(z, gx) ; d(z, hx)] + 26 + 2a < d(z, ghz) + d(z, ghgz) — 20
= d(gha, (gh)*z)+d(z, ghgr)—2 6 < Max [d(z, ghx) + d(ghgz, (gh)*z); d(z, (gh)*z) + d(gh, ghgz)]

= Max [d(z, ghz) + d(z, ha) ; d(z, (gh)*z) + d(z, gz)] = d(z, (gh)*z) + d(z, gz) .
This last inequality and the lemma 8.20 (i) imply that:

d(z, ghz) + 20 + 2a < d(z, (gh)*z) < d(z, ghz) + 26 + £(gh) ,

and we conclude that £(hg) = £(h(gh)h~!) = £(gh) > 2. O
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8.5 Margulis’ domains of an hyperbolic isometry

Definitions 8.25. On any §-hyperbolic space (X, d), for every hyperbolic isometry v, we denote
by v~ and v+ the fized points of v, by G(vy) the set of the geodesic lines such that ¢(—o0) = vy~
and c¢(+00) =~y and by M(vy) the subset of X obtained as union of these geodesic lines.

On the other hand, Muyin(Y) is the name of the (non empty®®) set of points of X where the
function x — d(x,v x) attains its infimum s(7).

Though they generally do not coincide, the sets M () and My (7y) are equal when the distance
is convex (see Lemma 8.41). Furthermore, in the case of Hadamard spaces or of CAT(—1) spaces,
the sets M (y) and My, (7) coincide with the unique geodesic line which joins points v~ and y+.

Definition 8.26. To each isometry v of (X,d) and to each point x € X, one associates its
displacement radius at z, defined as Ry(x) = inf,en+ d(z,v" ). This infimum is attained when
~ is non elliptic.

Notice that R, = 0 when v has torsion, we shall always exclude this case in the sequel.

The proof of the fact that the infimum is attained is as follows: when ~ is non elliptic, it is
parabolic or hyperbolic by Theorem 8.15, and then gFz goes to infinity when k& — =oo; this
proves that {k € Z* : d(z,7* ) < R,(z) + 1} is finite; there thus exists n € N* such that
d(z,y" z) = infen- d(z, 7" ) = Ry(x).

Lemma 8.27. For every © € Muyin(y) and any choice of a geodesic segment [x,~ x| from x to
v, the union UpezY? ([x,7 ) is a y-invariant local geodesic included in Muyin(y).

Proof. Denote by [’ypm ,yPT1 :E] the geodesic 7P ([z,v x]) from Pz to vPT1 z; for every : u €
[P ,yP*1 2], one has

d(u,yu) < d(u, A" 2)+d(y" T 2, yu) = d(VP @, u)+d(u AP 2) = d(VP AP e) = d(z,ya) = s(v)

This implies first that d(u,yu) = s(v), thus that u € My;n(y) and, in a second time, that the
above inequalities are all equalities, thus that d(u,yu) = d(u,y?™ x) + d(y**! 2,y u), which
means that [u,v?*1 2] U [y?*1 2,y u] is a (minimizing) geodesic from u to v u. It follows that
Upez VP ([z,v z]) is a continuous path which is minimizing on any sub-path of length s(v), and
consequently it is a local geodesic. O

Lemma 8.28. If {() > 36, one has d(z, M(7)) < 1(d(z,~y ) — £(7)) + 36 for every z € X.

Proof. Let us consider any geodesic c. € G(v) such that d(z,c.) < d(x, M(y)) + 3 . For every
k € Z, denote by c.(t3) a projection of the point v¥ 2 onto the image of the geodesic c.. We now
prove the property

1
Jp € N tels que d(ce(tp), ce(tps1)) > () — 7€ (111)
Indeed, let c.(t;) be a projection of ¥*(c(tg)) on the image of the geodesic c., Proposition
8.10 (i) (and the fact that c. and 7¥oc. are two geodesics from 4~ to yT) guarantees that
d (vFc=(to) , cc(t},)) <246, and this yields

d (v co(tr)) <d(VFae(t)) <d (V29" co(to)) + d (vF co(to) s ce(ty)) < d(z,c.) + 25 ;

we deduce that d(c.(to),ce(tr)) > d(z,7*z) — d(z,ce(to)) — d (V¥ z,cc(tn)) > d(z,7*z) —
2d(x,ce) — 29, thus that

k—+o00 — 400 k—+o00

_ 1 (1 (1
i (k;%d(cs(tn,%(tm))) > i (fa(etole0) = i (faato) =),

38We shall prove in Lemma 8.34 (iv) that this set is non empty and, by continuity, closed.
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a consequence is that sup,,cy d(ce(tp), c=(tp+1)) = £(7), and this proves property (111).

When £(v) > 34, choosing e small enough, property (111) implies the existence of some p € N
such that d(ce(tp), ce(tp+1)) > £(y) — 3 € > 36, and it then follows from Lemma 8.9 that

d(e,y @) = d (¥ 2,7 @) > d (7, ea(ty)) + dee(ty), celtprn)) +d (celtpsn), 77 ) — 65

> 2d(z, M (7)) + £(v) — % e—66, (112)

where the last inequality is a consequence of the inequality d (v* x,c.(tp)) = d(z,7v Poc.) >
d(ac7 M(v)) (for the geodesic 7P o ¢, belongs to G(y)). We end the proof by making € go to zero
in the inequality (112). O

Definition 8.29. In a §-hyperbolic space (X, d), for every isometry v # id, every R €]0,4o00[
and every p € Z*, one defines

e the p-th Margulis domain M%(vy) := {z € X : d(x,+? z) < R},

e the Margulis domain Mg(vy) := Ugez- M5(7).

The following remark is an immediate consequence of the definition of R, (z) as inf,en- d(z,y" )
and of the fact that this infimum is attained (see Definition 8.26).

Remark 8.30. In a d-hyperbolic space (X, d), for every non elliptic isometry v and every R €
10, +o0], one has Mgr(y) ={z: R,(z) < R}.

Lemma 8.31. In every non elementary §-hyperbolic space (X, d), for every hyperbolic isometry
~ and every real number R > 0, X \ Mgr(y) # 0.

Proof. Observe that £(y) > 0 by Lemma 8.19. Define kg := {e(% and notice that ME(v) = () for

every integer k > ko + 1, because every x € X verifies d(z,v* 2) > £(v*) > (ko +1)£(y) > R (see
the definition 8.18 of £(vy) and the properties following this definition).; consequently Mr(vy) =
Uo<k<ko ME(7). Denote by {y~,v*} the set of fixed points of v, it is included in the ideal
boundary X of (X, d) (see the beginning of section 8.4.2); choose some point 6§ € 0X \ {y~,7v"}
and any geodesic ray cg such that co(+o0) = 6. For every k € N*, the geodesic ray 7" o ¢y verifies
¥ o co(+00) =4F 6 # 6, thus d(co(t) ,7* 0 co(t)) — 400 when ¢ — 400, and this guarantees the
existence of some T}, > 0 such that co(t) ¢ ME(y) for every t > T},. Define T := maxo<k<k, (Th),
then, for every t €] T, +00], ¢(t) & Up<k<ko, M (7), hence c(t) ¢ Mg(y). O

Z
[E—

Lemma 8.32. For every hyperbolic isometry v and every real number R > 0 and, as

(i) for every k € Z*, ME(y) is empty when R < |k|£(y) and non empty when R > |k|£(y)+ 4,

(i) Mg(7y) is a closed set which is empty when R < {(7) and non empty when R > £() + 4.

Proof. Notice that £(y) > 0 by Lemma 8.19. If ME(y) is not empty, for every x € ME(y),
the basic properties of functions s(-) and #(-) (see comments after Definitions 8.18) give R >
d(z,v*x) > s(v¥) > £(+*) = |k|£(7); this proves that ME(y) = 0 when R < |k[£(y). On
the other hand, by the Definition 8.18 of the function s(-), ME(y) # 0 = s(v¥) < R and
s(Y*) < R = ME(y) # 0; as s(v*) < £(v*) + 6 = |k|£(y) + 6 by Lemma 8.23 (i), then
R> [kl 0(7)+6 — M) 0.

By continuity of z — d(z,7*z), each ME(7y) is a closed subset of (X,d). Hence Mg(y) is
closed for it is a finite union of the closed sets M¥(y) (corresponding, by (i), to the k’s such
that |k| < ;£5). If R < £(v), then R < |k|£(y) for every k € Z* and it follows from (i) that

£()
Vk € Z* ME(y) = 0, thus that their union Mg(y) is empty. If R > £(y) + 6, (i) guarantees that
Mp(v) # 0, thus that Mg(y) # 0. "

Lemma 8.33. For every hyperbolic isometry v, for every r, R €]0,+00[ (r < R) such that
M, (7y) # 0, every point x of the closure of X \ Mg(v) verifies d(z, M.(v)) > 3 (R—r).
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Proof. Denote by T any projection of x onto the closed set M,.(v). By Definition 8.26 and Remark
8.30, there exists k € N* such that d(Z,7*7) < r. As d(z,7* ) > R, we get

2d(x, My(y)) + 7 =2d(z, &) +r > d(z,2) + d(#,7" 7) + d(y" 2,7" ) > d(2,7/"2) > R,
and this ends the proof. O

Lemma 8.34. For every hyperbolic isometry vy, for every R > 0 such that Mg(v) # 0,

(i) every geodesic line ¢ connecting the fized points v~ and v+ of v wverifies (for every x €
: 5
Mg(v)) : Mingeg d(z,c(t)) < 3 (427) + 1) R+1s,
(ii) given any sequence (x )neN going to infinity in Mr(y) all limit points (in 0X) of every
subsequence are in {y~,y*}.

(i1i) given any origin xo € X and the corresponding Dirichlet domain D.(zo) = {x : Vk €
Z d(zg,x) < d(v*z0,2)} of the action of the group (v), then X = Uyez 7" (D4 (x0)) and
Mpg(v) N D, (z0) is compact,

(iv) the function x — d(x,vx) attains its minimum on X.

Proof of (i). Given any = € Mg(7), by Definitions 8.26 and 8.29, there exists p € N* such that

d(z,vP ) < R, thus verifying R > d(z,~? z) > s(yP) > p€(~y), hence p < % Considering the
Y
integer k such that (kK — 1)pl(vy) < 75 < kpl(y), denote by yi (resp. yo) a projection of the

point v*7(z) (resp. of the point x) onto the geodesic line ¢; denote by y} a projection of v*7(y)
onto the geodesic line ¢ and by zy a projection of yo onto the geodesic line ¥¥P o ¢; as ¢ and v¥P o ¢
are two geodesic lines from v~ to 4, the proposition 8.10 (i) implies that

d (V" yo,yi)) = d (7" yo,¢) <28 . d(yo,20)) = d (yo,7*" o)) <26 (113)
The quadrangle Lemma 8.3 (ii) and the equality d(y*? 2,v*? yo) = d(x, o) imply that
d(yo, Y*P ) + d(z,7*P yo) — 26 < Max [d(x, VP ) 4+ d(yo, v yo) , 2d(x, yo)] ; (114)
using first the triangle inequality, and afterwards Lemma 8.8 and inequalities (113), we obtain

d(x, 7" yo) > d(x, yi) —d(Wp, " yo) > d(z, yo)+d(yo, yr)—40 > d(z, y0)+d(yo,v*" y0)—66 and

d(yo, v z) > d(20, 7" 2)—d(yo, 20) > d(V** ,9" yo)+d(v*" yo, 20)—4 6 > d(z, yo)+d(yo, v** yo)—6 6 ,

where we used the fact that yo and ¥ g are respective projections of x and v*P 2 onto the
geodesic lines ¢ and 7 o ¢. These two inequalities yield

d(yo, v z) + d(z, 7" yo) — 26 > 2d(x, yo) + 2 d(yo, 7" yo) — 140 > 2d(z, o),

where the last inequality stems from the choice of k, which guarantees that d(yo,v*? yo) >
((y*P) = kp () > 74. Carrying forward these two last inequalities in (114), we get

2d(x,y0) + d(yo, v yo) — 70 < 2d(x,y0) + 2 d(yo, VP yo) — 148 < d(yo, Y™ ) + d(a, v yo) — 26
kp kp kp 76 kp
< d(x,y"P x) + d(yo,v"" yo) < k R+ d(yo, 7" o) < o) + 1) R+d(yo, 7" yo),

1 76 7 1776 7
hus:  Mi = <[ —41 < 1 .
and thus M¢eRr d(x,c(t)) d(x,yo) 5 ( 0 )—i— >R+25 2 (6( )—l— >R—|—26,

and this concludes. O
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Proof of (i) and (iii). Let ¢ be any geodesic line from v~ to yF.
Given any sequence (xn)n N going to infinity in Mg(y), point (i) guarantees the existence of

some t, € R such that d(z,,c(t,)) < 3 (% + 1) R+ 16, thus c(t,) goes to infinity (and thus

|tn| = +00) when n — +o0o. Consequently, as d(z,, c(t,)) is bounded independently of n, when
n — oo, either ¢, — 400 and then c(t,) and z, both go to T, or ¢, — —oo and then c(t,)
and x, both go to vy, or Iy :={n :t, > 0} and I_ := {n : ¢, < 0} are both infinite and the

sub-sequences (c(ty,)) and (z,) are respectively going to v+ and y~. This proves (ii).

nel+ nel_

If ¢(ty) is a projection of 4% o ¢(0) on the image of ¢, Proposition 8.10 (i) and the fact that ¢ and
v¥ o ¢ are two geodesics from v~ to v guarantees that d(c(tk),’yk oc(O)) < 29, and thus that,
for every k € Z,

the1 — te| = d(c(tn), c(tis1)) < d(7Fc(0),75 1 ¢(0)) +46 < d(c(0),7 c(0)) +45 .  (115)

Fix any t € R. When k goes to +oo (resp. to —o00), ¥ ¢(0) goes to 4+ (resp. to v7), thus c(t)
also goes to vy (resp. to ™) for d(c(tx),7* 0 ¢(0)) < 28 by Proposition 8.10 (i), and consequently
tr goes to 400 (resp. to —oo); it follows that there exists k' € Z such that ¢t <t < tgry1. It
comes from this and from (115) that there exists k € Z such that [t —t| < 3 d(c(0),v ¢(0)) +24.
Hence, for every ¢t € R, there exists k € Z such that

d(c(t),v" ¢(0)) < d(e(t), c(tr)) + d(c(tr), 7" c(0)) < %d(c(()),'y c(0)) + 40 . (116)

Consider any x € Mg(~) and one of its projections ¢(t) onto the geodesic line ¢; a consequence
of (116) and of point (i) is the existence of one k € Z satisfying d(z,7" ¢(0)) < d(z,c(t)) +
1/76 15
d(c(t),v* ¢(0)) < Ry, where Ry := 3 (é() + 1) R+ 5d(c(0),7 ¢(0)) + ?5; it follows that
Y
d(m, yk xo) < d(m, vk c(O)) —l—d(fyk c(0),~+* xo) < d(aco, c(O)) +R,. For every © € Mg(v)ND~ (o),
one has d(x,z9) < d (x, vk xo) by definition of the Dirichlet domain, and the previous inequality
gives d(x,a:o) < d(mo, c(O)) + Ry. Thus Mg(y) N D, (x0), being a closed bounded subset of the
proper space (X, d), is compact. O

Proof of (iv). Denote by f the continuous function z — d(z,yx) and let s(vy) := inf,ecx f(z)
and R := s(y) +1; as {z : f(z) < R} = Mk(v) C Mg(y), it is sufficient to prove that f attains
its minimum when restricted to Mz (y) = Urez (7* (D4(z0)) N Mg(7)) and, as fo~y* = f and
as Mp(7) is stable by 7%, it is sufficient to prove that f attains its minimum when restricted to
Mpg(v) N Dy(z0). This is verified for Mg (y) N D, (zo) is compact by (iii). O

Lemma 8.35. For every hyperbolic isometry v and every R > 0, one has

(i) for every p € N* and every x € Mp(vy), every geodesic segment from x to v x or to v P«
is included in Mp(7),

(ii) for every z, y € Mp(7y), every geodesic from x toy is included in M§+25('y).

iii) for any x € Mg(7y) and every k € Z, any geodesic from x to ¥* x is contained in Mg 5(7Y).
+

Proof of (i) and (ii). We suppose that M%(y) # 0 (elsewhere (i) and (ii) are trivially verified).
For every « € M}, () and any ¢ € {—p, p}, choose any geodesic segment [z, z] from x to 9 x;
for every u € [z,~v? x], the triangle inequality yields

d(u, v u) = d(u, 7" u) < d(u, v 2) +d(y* 2,7 ) = d(z,u) +d(u," ) = d(z,7"z) <R

hence u € M%(v) and this proves (i).

For every z, y € M%(y) and any (normally parametrized) geodesic segment ¢ from z to y, if
L := d(z,y), the quasi-convexity property of d-hyperbolic spaces (see Proposition 25 , p. 45 of
[ |) and (afterwards) the fact that ¢(0) = = and ¢(L) = y both belong to M%(v) give:

dfelt). o c(t) < (1= 1) d(e0), 0 (0) + £ dlelL). "o (L)) +25 < R+25.
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and this proves (ii) because c is entirely contained in M7, , 5(7). O

Proof of (iii). By definition of Mg(7), for any x € Mg(7), there exists some p € N* such that
x € Mb(y). For every k € Z, as v¥z also belongs to M%(v), it comes from (ii) that every
geodesic segment from z to v z is contained in M}%Jrzé('y). O

8.6 Hyperbolic isometries of Busemann Gromov-hyperbolic spaces

Definition 8.36. A metric space (X, d) is a Busemann space if it is geodesic, proper and if its
distance d is convex: i. e. if, for every pair of geodesic segments ¢y ,ca (reparametrized in order
that ¢y ,co are defined from [0,1] to X ), the function t — d(c;1(t), ca(t)) is convex.

Examples of Busemann spaces are given by simply connected Riemannian manifolds whose sec-
tional curvature is non-positive and, more generally, by CAT(0) spaces.

Remark 8.37. In a Busemann space any two points are connected by a unique geodesic segment.

The proof, elementary, is left to the reader.

Lemma 8.38. In a Busemann space, for any pair co,c1 of geodesic segments the function
t d(c1(t),Im(co)) is conves.

Proof. Denote by [0,ag] and [0, a;] the intervals of definition of ¢y and ¢; (respectively); for
every t1, ta € [0,a1] (t1 < t2), denote by ¢o(s1) and co(s2) the respective projections of ¢ (t1) and

:ttll (i.e. t = (1—B) t1+ft2)

¢1(t2) onto the image of ¢o. For every t € [ty, t2], we define 8 := ;

and the convexity of the distance yields:
d(Cl(t),Im(Co)) <d (61((1 — 6) t1 + Btg) s Co((l — ﬁ) S1 + ,882)) < (1 - B) d(Cl(tl), 60(81))—|—

+8 d(ci(ta), co(s2)) = (1= B)d(er(tr), Im(co)) + B d(ei(t2), Im(co))
and this ends the proof. O

Lemma 8.39. On a Busemann space (X,d), every local geodesic is a (minimizing) geodesic.

Proof. Consider any local geodesic ¢ : I — X (see definition in section 2) and any pair ¢1,ts € T
(t1 < t2); denote by [z,y] the (minimizing) geodesic segment from = := ¢(t1) to y := ¢(t2) and
by K the closed nonempty subset of [t1,ts] where the function f : s — d(c(s), [x,y]) attains its
maximum (on [t1,%2]). For every ¢ € KNlty,ta], there exists an open interval J containing ¢
on which the restriction of ¢ is a (minimizing) geodesic and on which f is convex (by Lemma
8.38), as [ attains its maximum at ¢, its convexity implies that f is constant on J, consequently
KNty ta] is open and closed in |t1,to[ thus either KNJt1,t2[=]t1,t2[ (and then, for every t €
Jt1,t2, f(t) = f(t1) = 0 by continuity) or KNJt1,t2[= 0 (and then K C {¢1,t2}, thus f = 0
on [t1,t2]). In every case c([t1,t2]) coincides with the geodesic segment [c(t1),c(t2)] and ¢ is
minimizing between any pair of its points. O

Lemma 8.40. On every Busemann space (X, d), every isometry v # idx of finite order admits
some fized point. Reciprocally, for every isometry v # idx such that the subgroup (v) is discrete,
if v admits a fixed point, then it has finite order.

Proof. The converse property being proved in Lemma 8.13 (iv), it is sufficient to prove that
every isometry v # idx of finite order N admits some fixed point. Let G := {idx,,...,¥V "1}
be the subgroup generated by 7. Choosing an initial point wug, there exists zg € X and R > 0
such that G-ug C Bx(xo, R). We construct by iteration the sequence (uy,)nen by choosing w41
as the middle-point of the geodesic segment [u,,yu,]. Let us prove by iteration the property
G - u, C Bx(zo,R): this property is true when n = 0; suppose now that it is true at step
n and prove it at step n + 1: as Bx(wzg, R) is convex and as G - u, C Bx(zo, R), for every
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k€{0,...,N —1}, one has v*([un, yun]) = [Y* wn,¥* T un] € Bx(z0, R), thus its middle-point
¥ Uy 1 lies in Bx (g, R), this proves that G-u,+1 C Bx(xo, R) and thus that G-u,, C Bx(zo, R)
for every n € N.

As Bx (w0, R) is compact, there exists a subsequence (u,, )xen of the sequence (u,)neny Which
converges, denote by w its limit. As d(wpt1,7 Unt1) < d(Unt1,Y Un) + d(Un, Unt1) = d(Un, Y Un),
the sequence n +— d(un,yu,) is decreasing and converges to some value o > 0, it follows that
a = d(u,yu).

If & > 0, let v be the middle-point of [u,~ u], there exists a positive sequence e; (going to zero
when k — +00) such that d(u,u,,) < € and d(yu,yun,) < €k; the convexity of the distance
(applied to the middle-points of [u, vy u] and [uy,, , ¥ un,]) then implies d(v, tn, +1) < €x; this (and
the fact that n — d(u,,7yu,) is decreasing) yields

d(u,yu) = d(yu,yv) + d(v,yu) > dw,7v) > d(tn, +1,7 Uny+1) — 2k > d(u,yu) —2¢g, .

When e, — 0, this proves that d(v,yv) = d(v,yu) + d(yu,yv), thus that, for every k €
{0,..., N — 1}, the length of [y¥v,y**1u] U [y*T1u,v¥T1 0] is equal to d(v* v,v**1v); hence
(v v, vF ] U [y* 1 u, v¥ 1 0] is the (minimizing) geodesic from v v to v¥T1v. Tt follows that
the union of all the [y* u,y**!u] is a local geodesic, thus a (globally minimizing) geodesic by
Lemma 8.39, in contradiction with the fact that it is a closed path.

The only possibility is thus that « = 0 and this implies that u is a fixed point of ~. O

Lemma 8.41. On any §-hyperbolic Busemann space (X, d), for every hyperbolic isometry v and
every * € Mumin(7), the union (or more precisely the concatenation), for all the p € Z, of the
geodesic segments hpx,'yp“‘l x] is a y-invariant geodesic line ¢, from v~ to T, contained in
Muin(7), such that y (cy(t)) = ¢y (t + £(7)). Consequently s(v) = d(z,vx) = (7).

Proof. By Lemma 8.37 [’yp x, Pt x} = 4P ([x,~ z]) is the unique geodesic segment from P x
to 4?1 2. Then Lemma 8.27 proves that the concatenation Cy = Upez ['ypx,'yp“ :v] (oriented
in the sense of increasing values of p) is a v-invariant local geodesic included in My, () and
Lemma 8.39 guarantees that this local geodesic is a (minimizing) geodesic. This implies that,
for every k € Z, d(x,v*z) = |k|d(z,v ), thus that ¢, is defined on | — 0o, +oo[ and veri-
fies ¢, (+00) = limy_, o (Y*P x) = 4F. This also implies that £(v) = lim,_, % d(z,vPx) =
d(z,~vx) = s(v). Notice that, for every t € R, there exists p € Z such that ¢, (t) € [fyp_l x, P 33},
and then d(c, (t), vy (t)) = d(cy(t),77 ) +d(P 2,7y (1) = d(VP7 @, ¢4 (8)) +d(cy (), 7P x) =
d(+?~'z,7? x) = d(z,yx) = £(v). This proves that, if ¢, (s) := v ¢y (t), then s—t = d(c,(t), v ¢y (t)) =
£() and this achieves the proof. O

Lemma 8.41 does not claim that there exists a unique geodesic from «~ to vT; indeed this is
generally false: a counter-example can be constructed starting from a simply connected surface
S with sectional curvature < —1, choosing an hyperbolic isometry v and its y-invariant geodesic
¢y and gluing a flat strip of width ¢ between the two connected components of S\ c5.

8.7 Elementary subgroups

In this section we consider discrete subgroups G of the isometry group of any Gromov-hyperbolic
space X. A classification of these groups has been sketched by M. Gromov | ] (see also
[ L[ ]), in terms of their limit set LG (i. e. the set of accumulation points of any

orbit of the action of G on X); he classified these groups in the following classes®’:

e elliptic groups (also said bounded): finite groups whose all orbits are thus bounded;

e parabolic (or, according to the original terminology, horocyclic) groups: infinite groups G

such that #(LG) = 1. A parabolic group thus only contains parabolic or elliptic elements*’.

39Here we only consider groups acting discretely; excluding for instance focal groups whose action is not discrete.
40Tndeed, if G contains an hyperbolic isometry g, its fixed points gt and g~ are accumulation points of the

sequence (gk x)keZ’ they thus belong to LG.
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e “lineal” groups: infinite groups G such that #(LG) = 2; a “lineal” group only contains
hyperbolic or elliptic elements (for a proof, see for instance | ] section 3.4.2).

e groups of general type: groups G such that #(LG) > 3 (in this case LG is infinite); this
is equivalent to say that G contains (at least) two hyperbolic elements whose sets of fixed
points are disjoint*!.

In the three first cases, the action of G on X is said to be elementary. By extension, an hyperbolic
group will be said “elementary” if the action of G (by left translations) on G (endowed with the
algebraic word-metric) is elementary; as, for this action, LG coincides with the ideal boundary
OG, an hyperbolic group is “elementary” iff #(0G) < 2.

Notice that, if the action of G is elementary, the set Fix(g) of fixed points of any non elliptic
element g € G coincides®? with the limit set LG of G.

In the three following Propositions, we shall recall basic properties of elementary groups, most
of them being immediate corollaries (well known among specialists) of the above classification
and will thus be recalled without proof, with a simple reference.

Proposition 8.42. (Elementary actions) Let G be a discrete subgroup of the isometry group of
any Gromov-hyperbolic space X, then:

(i) if v1,72 € G are two hyperbolic elements with a common fized point, then they have the
same pair of fived points, i. e. {v{,7} = {75,735 };

(it) if v € G is an hyperbolic isometry, the subgroup G = {g€ G : g({v~,7"}) ={v",7"}}
is the maximal subgroup among all virtually cyclic subgroups of G which contain ~v; if
moreover G is torsion-free, then Gy ={g € G : g(v") =~ and g(y") =~T};

(iii) if G est amenable (e. g. virtually nilpotent), then the action of G is elementary;

(iv) if G is virtually nilpotent, its non elliptic elements are either all parabolic or all hyperbolic
and all have the same set of fized points.

(v) if v € G is an hyperbolic isometry, for every g € G, the subgroup generated by v and g~y g—!

is virtually cyclic if and only if the subgroup generated by v and g is virtually cyclic;

(vi) if a and b are hyperbolic isometries and if {(a,b) is not virtually cyclic then, for every
p,q € Z*, aP and b? are hyperbolic and (aP,b?) is not virtually cyclic;

(vii) if v € G is an hyperbolic isometry, any subset S of G such that (7, g) is virtually cyclic for
every g € S generates a virtually cyclic group.

For the proof of points (i) and (ii) of Proposition 8.42, a reference is | ], Propositions 3.21
and 3.27; though this last Proposition only proves the first part of (ii), the second part of (ii)
immediately follows from this first one because, for every g € G- which swaps points v~ and 7,
g fixes v~ and 4t and, as the torsion-free hypothesis implies the absence of elliptic elements (by
Remark 8.16 (i)), g? is parabolic or hyperbolic, thus hyperbolic (because a parabolic isometry
cannot fix two points of the ideal boundary), and then g would fix v~ and 4% by Remark 8.16
(ii).
If the action of G is non elementary, then G contains a free subgroup (see | I, [ I,
[ ] section 11 Prop. 3.1 and| | Prop. 10.5.4) and is thus non amenable; this proves
(iii).

41Tf G contains two hyperbolic elements g1 and g2 whose sets of fixed points Fix(g1) and Fix(ge) are disjoint,
a trivial consequence is that #(LG) > 2, for #(LG) contains Fix(g1) UFix(g2) the converse implication is proved
for instance in [ ], Lemma 3.7. The fact that, if #(LG) > 2, then LG is infinite uncountable is announced
in [ ], section 3.5, Theorem p.194; one can find a complete proof in | ], Proposition 6.2.14.

42Indeed, for any parabolic (resp. lineal) group G, for every parabolic (resp. hyperbolic) isometry g € G,
the fixed points of g are the accumulation points of the sequence (g’c x) thus Fix(g) C LG; furthermore, as

#(Fix(g)) = #(LG), then Fix(g) = LG.

keZ’
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Point (iv) immediately follows from point (iii) (which proves that the action of G is elementary),
from the above classification of elementary groups and from the remark which follows this clas-
sification, which says that every non elliptic v € G verifies Fix(g) = LG.

Point (vii) is a direct consequence of (ii), which implies that (v, g) C G, for every g € S.

Let us now prove (v): if the subgroup (v, g) generated by v and ¢ is virtually cyclic, then its
subgroup (v,gvyg~!) is also virtually cyclic. Conversely, if the subgroup (7, g~y g~!) is virtually
cyclic, then the point (ii) implies that the set {y~, v} of fixed points of 7 is globally invariant by
g~y g~ 1; this proves that {y~,~v"} is the set of fixed points of the hyperbolic isometry gv2 g~!. As
the fixed points of g72? g=* are also g(y~) and g(y"), it follows that {g(v~), g(y")} = {v~,7"}
and the point (ii) then implies that (v, g) is virtually cyclic, as being a subgroup of the subgroup
G which (globally) stabilizes the set {y~,~y*}.

Proof of (vi): By Remark 8.16 (ii), a? and b9 are hyperbolic and their sets of fixed points verify
Fix(a?) = Fix(a) and Fix(b?) = Fix(b); if (aP,b?) is virtually cyclic, it comes from (iv) that
Fix(a?) = Fix(b?), thus that Fix(a) = Fix(b); by (ii), this implies that (a,b) is virtually cyclic.

Corollary 8.43. Let T' be a group acting properly (but eventually not faithfully) on a Gromov-
hyperbolic space (X, d), and let v be any element of T such that £(y) > 0, then

-1

(i) for every g € T, the subgroup generated by v and g~vg~—" is virtually cyclic if and only if

the subgroup generated by v and g is virtually cyclic,

(i) for every g € T satisfying £(g) > 0, if there exists p,q € Z* such that vF and g9 generate a
virtually cyclic subgroup, then v and g generate a virtually cyclic subgroup of T,

(iii) any subset S C I'* such that (v, o) is virtually cyclic for every o € S generates a virtually
cyclic subgroup of T.

Proof. Let ¢ : T" — Isom(X, d) be the representation corresponding to the action of I on (X, d),
Lemmas 5.8 (vi) and 8.19 prove that o(7y) is an hyperbolic isometry of (X, d).

Proof of (i): Proposition 8.42 (v) implies that, for every g € T', the subgroup generated by o(y)
and o(g~y g~!) is virtually cyclic if and only if the subgroup o((v, g)) generated by o(v) and o(g)
is virtually cyclic, thus (by Lemma 5.8 (vii)) if and only if the subgroup (v, g) is virtually cyclic.
Proof of (ii): For every g € I satisfying ¢(g) > 0, o(g) is also an hyperbolic isometry of (X, d)
by Lemma 8.19; if (47, g?) is virtually cyclic, then (o(y)?, 0(g)?) is virtually cyclic too and
Proposition 8.42 (vi) then guarantees that (o(7), 0(g)) = o({v,g)) is virtually cyclic, it then
follows from Lemma 5.8 (vii) that (v, g) is virtually cyclic.

Proof of (#i): for any S C T'*, if (v,0) is virtually cyclic for every o € S, then {o(v), 0(0)) is
virtually cyclic for every o(o) € o(S) and it follows from Proposition 8.42 (vii) that (o(S)) is
virtually cyclic, thus (by Lemma 5.8 (vii)) that (S) is virtually cyclic. O

In the co-compact case, one has the following classical results:

Proposition 8.44. (Cocompact actions, see [ I, [ I, [ ) Let G be a discrete
co-compact group of isometries of a Gromov hyperbolic space X, then

(i) G is a finitely generated Gromouv-hyperbolic group;

(i) G does not contain any parabolic isometry;
(iii) G is elementary if and only if the space X is elementary;
(iv) G is elementary if and only if it is virtually cyclic;

(v) every virtually nilpotent subgroup of G is virtually cyclic.

For a proof of (i), a reference is | ]: indeed, in the co-compact case, the space and the
group are quasi-isometric, thus the space is Gromov hyperbolic if and only if the group is*3.

43The notion of Gromov-hyperbolicity does not depend on the system of generators, however the hyperbolicity
constant 0 highly depend on this system. This is a problem that we have to take into account all over this paper.

133



For point (ii), it is classical that an hyperbolic group contains no parabolic element (for the action
by left-translations, see [ ] section 8, théoreme 29 or | ] section 9, théoréme 3.4).
Proving the same result for any co-compact action of the same group on any Gromov-hyperbolic
space is part of the folklore, the main argument being the quasi-isometry between the group and
the space**. The same argument proves that G is elementary iff its co-compact action on X is
elementary.

Point (iii) follows from this (i. e. X ~ OG) and from the fact that, in the co-compact case,
LG =0X.

For point (iv), either G is finite, and then (iv) is trivially verified, or G is infinite and Lemma
5.14 then implies that G has exactly two points and that G contains a hyperbolic isometry =
(thus {y~,7"} = 0G and the group G., of the elements g such that g({y~,7"}) = {v7,7"}
coincides with G). Applying Proposition 8.42 (ii) then proves that G, = G is virtually cyclic.
Point (v) is a consequence of the fact that G is an hyperbolic group (by (i)) and of the fact that
every infinite nilpotent subgroup G’ of G contains a cyclic subgroup of finite index (by [ 1,
section 8, Théoreme 37 p. 157).
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