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ENTROPY AND DRIFT FOR WORD METRICS ON
RELATIVELY HYPERBOLIC GROUPS

MATTHIEU DUSSAULE AND ILYA GEKHTMAN

ABsTrRACT. We are interested in the Guivarc’h inequality for admissible ran-
dom walks on finitely generated relatively hyperbolic groups, endowed with a
word metric. We show that for random walks with finite super-exponential
moment, if this inequality is an equality, then the Green distance is roughly
similar to the word distance, generalizing results of Blachére, Halssinsky and
Mathieu for hyperbolic groups [4]. Our main application is for relatively hy-
perbolic groups with respect to virtually abelian subgroups of rank at least 2.
We show that for such groups, the Guivarc’h inequality with respect to a word
distance and a finitely supported random walk is always strict.

1. INTRODUCTION

1.1. Asymptotic properties of random walks. Consider a finitely generated
group I' together with a probability measure p on I'. The p-random walk starting
at the neutral element e of I is defined as w,, = g1 - - - gn, where gj, are independent
random variables distributed as u. The law of w, is given by the n-th convolution
power u*™ of u. We say that such a random walk is admissible if the support of
generates I' as a semi-group. Equivalently, J,, supp #*" = I'. In other words, the
random walk can go everywhere in the group with positive probability.

We will use at some point the following framework for studying random walks.
We consider the map (g1, ..., gn,--.) € TN = (91,9192, -, g192---n, --.) € 'V and
define the measure P as the push-forward of the product measure p®Y under this
map. We refer to (I, P) as the path-space and to an element w € TN as a sample
path for the random walk. When referring to the random walk, the terminology
almost surely will be used to mean for P-almost every sample path.

We say that the probability measure p is finitely supported if u(g) = 0 except
for finitely many g. We also say that p has finite exponential (respectively super-
exponential) moment with respect to a left invariant metric d on I if

> ulg)e’ ) < oo

gel’

for some (respectively all) ¢ > 1. We say it has finite first moment if

> u(g)d(g, e) < oo.

gel

We will be mainly interested in probability measures with finite super-exponential
moment.

In the following, the groups we will consider are non-amenable. In particular,
any admissible random walk on such a group I' is transient, meaning that it almost
surely goes back to e only a finite number of time. Equivalently, it almost surely
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2 MATTHIEU DUSSAULE AND ILYA GEKHTMAN

visits every element in the group a finite number of time. In this setting, the
random walk almost surely goes to infinity. It has been a fruitful line of research
to understand the behaviour at infinity of w, in terms of geometric large scale
properties of the group, see [32], [34], [51], [64]. One particular question one can
ask is whether the law of w,, can be compared with the uniform law on large balls
for a word distance on I'. Let us give a precise formulation of this question.

We first recall the definitions of some asymptotic quantities associated with the
random walk and the group. We fix a finite generating set .S for I' and denote by
dy,s the associated word distance. When the generating set S is implicit, we will
denote it by d,,. For simplicity, we will also use the notations ||g||s = dw,s(e, g) for
g € T"and ||g|| = dw(e,g) when S is implicit. Define the entropy of p as

H(p) == log(u(g))ulg)

gel’
and the drift of u as
L) =>_ w@llglls-
gel
Those two quantities can be finite or infinite. Note that finiteness of H (u) is implied

by finiteness of L(u), see for example [12]. Both quantities are sub-additive with
respect to the convolution power, that is,

H(p*v) < H(p)+ H(v), L(p*v) < L(p) + L(v).

In particular, the sequences H(’:L ™) and L(’:l ) have respective limits h, and [, s.

We call h, the asymptotic entropy and [, s the asymptotic drift of the random
walk with respect to S and simply denote them by h and ! when not ambiguous.
Moreover, according to Kingman’s ergodic theorem [53, Theorem 10.1] when H(u)
is finite, almost surely, one has

—log p*" (wn)
- .

h =lim
Similarly, when L(u) is finite, then, almost surely, one has

[ =lim M

We also define another quantity as follows. Denote by b,, the cardinality of the
ball of center e and radius n for the word metric d,,. Then, the sequence b,, is
sub-multiplicative, so that % converges to some limit vg. We call vg the volume
growth of I' with respect to S and simply denote it by v when not ambiguous. This
quantity only depends on the group and not on the random walk.

The fundamental inequality of Guivarc’h (see [29]) states that
(1) h <lv.

One can interpret this inequality as follows. On the one hand, the random walk
at time n essentially lies in a set of cardinality e"” (see for example [30, Propo-
sition 1.13] for a precise formulation). On the other hand, it is asymptotically
contained in the ball of radius In, which has cardinality e/*”. Thus, e < " for
large n, hence h < lv.

Thus, comparing the law of w,, with a uniform law on large balls is in some weak
sense similar to asking whether h = v or h < lv. As we will see below, in the
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context of relatively hyperbolic groups, there is a strong connection between the
two questions.

1.2. Probabilistic and geometric boundaries. Another way of comparing the
asymptotic properties of w,, with large scale geometric properties of I is to compare
probabilistic boundaries with geometric boundaries. Let us give some details. We
define the Green function of the random walk as

Glg,9) =Y _ w99
n>0
It is left I-invariant, that is G(g,¢") = G(9”g, g"g’) for every g, ¢’, g”. This function
encodes a lot of properties of p*™.
It satisfies that

Glg.9") = P(g — g')G(e,e),
where P(g — ¢') is the probability that the random walk ever reaches ¢’, starting
at g (see [54, Lemma 1.13.(b)]). We define the Green distance as

da(g,9') = —logG(g.9') +1og G(e,e).

Thus, dg(g,9’) = —log P(g9 — ¢’). This distance was introduced by Blachére and
Brofferio in [2]. When the measure p is symmetric and the random walk is transient,
it is truely a distance. We will still call it the Green distance in general, even when
1 18 not symmetric.

The Martin compactification of the random walk is the horofunction compactifi-
cation of T" for the Green distance. It is thus the smallest compact set M such that
the Martin kernel K (-,-) defined as

K(g.g) = G99

Gle,g')
extends continuously as a function on I' x M. The Martin boundary 0,1 is the
complement of I' in this compactification. It always abstractly exists (see [48]),
and since I" preserves the Green distance it acts by homeomorphisms on the Martin
boundary. However, its identification in terms of the geometry of I' is often a
difficult problem.

The random walk almost surely converges to some point £ in the Martin bound-
ary. One can thus define a measure on 9,,I', which is the law of the exit point &, see
[48, Section 3] for more details. This is the harmonic measure, that we will denote
by v. More generally, if the random walk starts at some point g in I' (that is X, is
replaced with gX,), one can still define the exit point in 9,I" and the corresponding
harmonic measure v4. The Martin boundary endowed with the harmonic measure
is a model for the so-called Poisson boundary. We refer to [33] and [34] for many
more details and other equivalent definitions, as well as [32] for more details on the
relations between the Martin and the Poisson boundaries.

One can also define the horofunction boundary for the word distance. How-
ever, this boundary is typically too large for geometric applications and there is
not always a direct relation between probabilistic boundaries and the horofunction
boundary. In some groups, one can define other boundaries which better capture
the geometry of the group. This is in particular the case for hyperbolic groups,
where one can define the Gromov boundary. The relation between the Poisson
boundary and the Gromov boundary was explored by Kaimanovich among others,
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see in particular [34]. Kaimanovich showed that for random walks with finite first
moment the Gromov boundary endowed with the unique stationary measure is a
realization of the Poisson boundary (see [34] for a stronger statement).

Ancona [1] also proved that for finitely supported g, the Martin boundary is
homeomorphic to the Gromov boundary. This is a stronger statement than identi-
fying the Gromov boundary with the Poisson boundary. Indeed, the identification
with the Poisson boundary gives an isomorphism of measured spaces (in particular,
up to some set of measure 0), whereas the identification with the Martin boundary
gives a homeomorphism. The proof of Ancona relies on the following crucial esti-
mates, the Ancona inequalities, a generalization of which we will use in this paper.
These inequalities state that there exists C' > 1 such that the following holds. If
x,y, z are three points in T" along a word-geodesic (in this order), then

G, 9)Gl, 2) < Gla,2) < OG(@,1)Gly,2)

One can interpret these inequalities saying that the random walk has to go through
y to go from z to z with probability bounded from below. In general, if there exists
C > 0 such that two quantities f and g satisfy that %f < g < Cf, we will use the
notation f =< g. If the notation is ambiguous, for example if the constant C' depends
on some parameters, we will avoid using this notation, except if the dependence is
clear from the context. Also, whenever f < Cg for some constant C, we will use
the notation f < g. We can thus restate Ancona inequalities as

(2) G(z,2) < G(z,y)G(y, 2)
whenever y is on some word-geodesic from z to z.

In the context of non-elementary hyperbolic groups, one can interpret the Guiv-
arc’h inequality (1) as follows. One can endow the Gromov boundary with a visual
distance, which depends on some parameter €. Then, the Hausdorff dimension of
the Gromov boundary with the visual distance is equal to 2, whereas the Hausdorft
dimension of the harmonic measure v is given by g, see [37] for the case of the
free group and [3] and [4] for more details in the general case. We thus recover
that % < v. Moreover, h = [v if and only if the harmonic measure v has maximal
dimension in the Gromov boundary.

Blacheére, Halssinsky and Mathieu proved in [4] that this is a very rigid condi-
tion. They study Patterson-Sullivan measures, which are quasi-conformal measures
defined on the Gromov boundary and having maximal Hausdorff dimension (for the
visual distance). They compare those measures to the harmonic measure v. They
prove the following. Let I' be a non-elementary hyperbolic group. Let p be a
symmetric admissible finitely supported probability measure on I'. Let d, be a
word metric on I'. Then, A = [v if and only if the Patterson-Sullivan and harmonic
measures are equivalent, if and only if the Green distance is roughly similar to the
word metric (precisely, |dg —vd,,| < C for some constant C), see [4, Theorem 1.5].
As we will see, the symmetry assumption on g is not needed. Gouézel, Mathéus
and Maucourant then used this result to prove in [27] that in this context, h = lv
can only occur if the group is virtually free.

1.3. Random walks in relatively hyperbolic groups. In this paper, we are
interested in relatively hyperbolic groups. Following Bowditch [7], a finitely gen-
erated group is called hyperbolic relative to a collection of subgroups € if it acts
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properly discontinuously and by isometries on a proper geodesic hyperbolic metric
space X such that every limit point is either conical or bounded parabolic. More-
over, the stabilizers of the parabolic limit points are exactly the elements of 2. We
will give more details in Section 2.

A relatively hyperbolic group is equipped with a boundary, called the Bowditch
boundary, which is the limit set of I in the Gromov boundary of a space X on which
I" acts as in the definition. Once €2 is fixed, the Bowditch boundary does not depend
on X up to homeomorphism. We will denote by OpI" the Bowditch boundary of a
relatively hyperbolic group I'. Note that it coincides with the Gromov boundary
for hyperbolic groups.

There are many examples of relatively hyperbolic groups. The combinatorial
archetype is given by a free product of finitely many finitely generated groups,
which is hyperbolic relative to its free factors. Another example is given by ge-
ometrically finite Kleinian groups, which are hyperbolic relative to the stabilizers
of the cusps of the corresponding geometrically finite hyperbolic manifold. In this
case, the parabolic subgroups are virtually abelian and the hyperbolic space X
in Bowditch’s definition can be taken to be the real hyperbolic space H". More
generally, the fundamental group of a geometrically finite manifold with pinched
negative curvature (see [5]) is hyperbolic relative to the stabilizers of the cusps. In
this situation, parabolic subgroups are virtually nilpotent.

Random walks on relatively hyperbolic groups have been studied by many people.
The Poisson boundary can be identified with the Bowditch boundary endowed with
the unique stationary measure v, as soon as p has finite first moment (again, see
[34] for a stronger statement). This is in particular true for measures p with finite
super-exponential moment, which are the measures we consider in this paper. This
stationary measure v is non-atomic and thus gives full measure to conical limit
points. This was proved by Kaimanovich for Kleinian groups [34, Section 9]. In
general, one can define the coned-off graph I' (see [16]), which is a (non-proper)
hyperbolic graph on which T' acts acylindrically by isometries (see [43] for more
details) and whose Gromov boundary Al is the set of conical limit points, with
parabolic points lying in its interior. This action on the coned-off graph allows us
to identify the Poisson boundary with Al and we recover the fact that the set of
conical limit points with the stationary measure is the Poisson boundary (see [38,
Section 6] for a more general result). Note also that according to results of Karlsson
[35], the Poisson boundary can be identified with the support of a measure on the
Floyd boundary, which is a geometric boundary that we will define below. The
Floyd boundary always covers the Bowditch boundary and the pre-image of conical
limit points is a single point according to results of Gerasimov [23].

The precise identification of the Martin boundary up to homeomorphism is much
more difficult. In general, we do not know the Martin boundary of a finitely sup-
ported admissible measure p on a relatively hyperbolic group. However, Gekhtman-
Gerasimov-Potyagailo-Yang proved in [19] that the Martin boundary always covers
the Bowditch boundary (it actually covers the Floyd boundary). Moreover, the
pre-image of a conical limit point consists of one point. We thus get an identifi-
cation of the set of conical limit points as a subset of the Martin boundary. The
results of [19] in fact hold for measures with super-exponential first moment.

When the parabolic subgroups are virtually abelian and the measure is finitely
supported, the whole Martin boundary is described up to homeomorphism in [15].
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The parabolic limit points in the Bowditch boundary have to be blown-up into
spheres of the appropriate dimension. For Kleinian groups, the Martin boundary
coincides with the CAT(0) boundary of the group. We will use this identification
below and we will give a precise statement then (see Theorem 5.2).

Our first theorem is an extension to relatively hyperbolic groups of the results
of Blacheére, Haissinsky and Mathieu [4] described above. We thus have to consider
Patterson-Sullivan measures on the Bowditch boundary constructed with the word
distance. Those were defined in this context by Yang [56] and were also studied in
[46]. We will give a precise definition below (see Section 4.1).

Theorem 1.1. Let I be a non-elementary relatively hyperbolic group. Let u be
an admissible probability measure on I' with finite super-exponential moment with
respect to a word metric d,, on I'. Let dg be the Green metric associated with .
Denote by v the harmonic measure on the Bowditch boundary Ogl' with respect to
. Denote by k the Patterson-Sullivan measure based at e on O’ with respect to
dy. Finally, denote respectively by h,l, v the asymptotic entropy, drift and volume
growth associated with p and dy,. The following conditions are equivalent.

(1) The equality h = lv holds.

(2) The measure v is equivalent to the measure k.

(8) The measure v is equivalent to the measure k with Radon-Nikodym deriva-

tives bounded from above and below.
(4) There exists C > 0 such that for every g € T, |dg(e, g) — vdy(e, g)| < C.

Remark 1.2. An analogue of Theorem 1.1 can be also be proved where instead of
the word metric we take a metric on I' coming from its action on the hyperbolic
space X. The arguments in this "geometric metric" case are considerably simpler
because one has to deal with the geometry of the hyperbolic space X instead of the
Cayley graph and the relevant results about Patterson-Sullivan measures have been
proved by Coornaert [9]. For symmetric measures, the equivalence of the analogues
of items (2), (3), (4) above were proved in Section 11 of [19]. A complete proof will
be a special case of a result concerning Gibbs measures in [21].

We do not interpret this result in terms of Hausdorff dimensions. Note however
that v is, up to a multiplicative constant (that depends on some parameter \),
the Hausdorff dimension of the Bowditch boundary for a well-defined distance.
This distance is the pull-back of the Floyd distance, which is defined on the Floyd
boundary (see [46, Theorem 1.1, Theorem 1.2] for more details). Also, in the
particular case of free products, Candellero, Gilch and Miiller proved in [8] that v
is the Hausdorff dimension of the set of infinite words, seen as a subset of the the
space of ends for some visual distance on it.

1.4. Strict inequality in the Guivarc’h inequality. We use this rigidity result
to prove that h < lv in several cases.

Our first application is to relatively hyperbolic groups with virtually abelian
parabolic subgroups. The description of the Martin boundary in [15] allows us
to prove that h < lv for finitely supported measures p, if one of the parabolic
subgroups is virtually abelian of rank at least 2.

Theorem 1.3. Let ' be a non-elementary relatively hyperbolic group. If one of the
parabolic subgroups is virtually abelian of rank at least 2, then h < lv for any word
distance and any finitely supported admissible measure p.
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Using the results of Gouézel, Mathéus and Maucourant [27], we then get the
following corollary.

Corollary 1.4. Let T' be a non-elementary relatively hyperbolic group with virtually
abelian parabolic subgroups. If w is an admissible finitely supported measure such
that h = lv for some word distance, then I' is virtually free.

We also prove a theorem for free products. Let I' = I'y % --- x 'y be a free
product of finitely generated groups. We choose a finite generating set .S; for each
free factor I'; and define S = US;. Then S is a finite generating set for I'. Such a
generating set is called adapted. We also say that the word metric is adapted.

Theorem 1.5. LetI' =11 %---x 'y be a free product of finitely generated groups.
Assume that T'1 is a non-virtually cyclic nilpotent group. Then h < lv for any
adapted word metric and any admissible probability measure p with finite super-
exponential moment.

Finally, we give a result for relatively hyperbolic groups whose Bowditch bound-
ary are spheres.

Theorem 1.6. Let I be a non-elementary relatively hyperbolic group. Assume
that the Bowditch boundary is homeomorphic to the d-sphere S, with d > 2. Then,
h < lv for any word distance and any admissible measure p with finite super-
exponential moment.

We can actually prove a stronger statement, which is a bit more technical to state
(see Theorem 7.10). However, this one is sufficient to get the following corollary.

Corollary 1.7. Let M be a finite volume Riemannian manifold of pinched negative
curvature and of dimension n > 3. Then, h < lv for any word metric on m (M)
and any admissible measure p on w1 (M) with finite super-exponential moment.

For hyperbolic manifolds and finitely supported random walks, this corollary is
also a consequence of Theorem 1.3. However, in general, parabolic subgroups are
not necessarily virtually abelian, but as explained, they are virtually nilpotent.

We remark that unlike [27] and [4], we do not assume the measure p is symmetric
in any of our results.

1.5. Organization of the paper. Let us now give some more details on the or-
ganization of the paper and on the proofs of our results.

In Section 2, we prove some geometric properties of relatively hyperbolic groups
and recall the construction of partial shadows from [56]. We also state a version
of the Lebesgue differentiation theorem for measures on the Bowditch boundary
that are doubling with respect to the partial shadows, see Proposition 2.8 for a
precise statement. Section 3 is devoted to the proof of this Lebesgue differentiation
theorem. We use techniques inspired by [41].

We begin Section 4 recalling some facts from [56] about Patterson-Sullivan mea-
sures 14 constructed with the word metric in relatively hyperbolic groups. In par-
ticular, we recall the shadow lemma, which states that k.(2(g)) is approximately
e vdw(e9) where Q(g) is a partial shadow at g (see Sections 2.1 and 4.1 for the
precise definitions). We also prove a shadow lemma for the harmonic measure v.
We show that v(Q(g)) is approximately e~?¢(¢:9). This second shadow lemma is
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based on the following relative Ancona inequalities proved in [19]. A transition
point on a geodesic is a point that is not deep inside a parabolic subgroup (see the
precise definition in Section 2). Let z,y,z € I' and assume that y is at distance at
most r from an (e, n)-transition point on a geodesic from x to z. Then

(3) G(z,2) < G(z,y)G(y, 2)

where the implicit constant only depends on ¢, n and r. We use these estimates
together with our Lebesgue differentiation theorem as tools to prove Theorem 1.1,
following a strategy inspired by Blachére, Haissinsky and Mathieu [4].

In Section 5, we first prove that if h = [v in a relatively hyperbolic group, then
Ancona inequalities like (2) hold for every word geodesic in the group. Recall that
these inequalities basically state that to go from a point = to a point z in I'; the
random walk has to visit the points y on a geodesic from z to z with probability
bounded from below. This property certainly is not true in virtually abelian groups
of rank at least 2. It even seems reasonable to think that if Ancona inequalities
hold everywhere in the group, then the group has to be hyperbolic. However, we
cannot prove such a statement, the problem being that the parabolic subgroup are
not isometrically embedded and by replacing geodesics with quasi-geodesics, we
loose information. We can still find a contradiction when parabolic subgroups are
virtually abelian of rank at least 2. We use the description of the Martin boundary
given in [15] as well as estimates for the Green function restricted to the parabolic
subgroups proved in [14]. These contradict Ancona inequalities and we can then
prove Theorem 1.3.

In Section 6, we are interested in virtually nilpotent parabolic subgroups. As ex-
plained, our proof of the fact that h = lv cannot hold when the parabolic subgroups
are virtually abelian uses crucial estimates for the Green function restricted to the
parabolic subgroups. Such estimates are not known when the parabolic subgroups
are not virtually abelian. Instead, we prove the following property. If the Green and
word metrics are roughly similar, then for every pair of points (z, y),the number of
middle points on geodesics from x to y is uniformly bounded (see Proposition 6.1).
To find a contradiction and prove that h < lv, we thus have to construct lots of
different geodesics with different middle points from one point to another. Such a
construction is possible in nilpotent groups, using the work of Walsh [52]. We can
then construct geodesics in free products with an adapted word distance when one
of the free factor is nilpotent. We deduce from all this Theorem 1.5.

Section 7 deals with connectedness properties of the different boundaries of T',
relates them to the stable translation spectrum of the Green and word metric and
uses them to prove Theorem 1.6. Indeed, we show that the stable translation
spectrum of any word metric on a non-elementary relatively hyperbolic group is
arithmetic: the stable translation length for d,, of a loxodromic element is rational
with bounded denominator. This generalizes known results for hyperbolic groups.
When the Bowditch boundary is a topological sphere of dimension > 2 (or more
generally, the conical limit set minus any two points has a finite number of connected
components), we show that the stable translation length spectrum of the Green
metric is not arithmetic. This uses continuity of cross-ratios for the Green metric
on the conical limit set, which we prove using the relative Ancona inequalities from
[19]. Since arithmeticity of the stable translation spectrum is preserved under rough
similarity of metrics, we are able to conclude Theorem 1.6.
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2. BACKGROUND ON RELATIVELY HYPERBOLIC GROUPS

2.1. Relatively hyperbolic groups and the Floyd metric. Let I' be a finitely
generated group. The action of I' on a compact Hausdorff space T is called a
convergence action if the induced action on triples of distinct points of T is properly
discontinuous. Suppose I' ~ T is a convergence action. The set of accumulation
points AT of any orbit I'- « (x € T') is called the limit set of the action. As long as
AT has more than two points, it is uncountable and is the unique minimal closed
T'-invariant subset of T'. The action is then said to be non-elementary. In this case,
the orbit of every point in AT is infinite. The action is minimal if AT =T.

A point ¢ € AT is called conical if there is a sequence (g,) of I’ and distinct
points «, 8 € AT such that ¢, — « and g,n — B for all n € T'\ {¢}. The point
¢ € AT is called bounded parabolic if it is the unique fixed point of its stabilizer in
T, which is infinite and acts cocompactly on AT\ {¢}. The stabilizers of bounded
parabolic points are called (maximal) parabolic subgroups. The convergence action
I' ~ T is called geometrically finite if every point of AI' C T is either conical or
bounded parabolic. Since I' is assumed to be finitely generated, every maximal
parabolic subgroup is finitely generated too (see [22, Main Theorem (d)]). Then,
by Yaman’s results [55], it follows that if ' ~ T is a minimal geometrically finite
action, then there exists a proper geodesic Gromov hyperbolic space X on which
T" acts properly discontinuously by isometries and a I'-equivariant homeomorphism
T— 0X.

Suppose now (2 is a collection of subgroups of I'.  We say that I' is hyperbolic
relative to ) if there exists some compactum T on which I' acts minimally and
geometrically finitely and such that the maximal parabolic subgroups are the ele-
ments of 2. Such a compactum is then unique up to I'-equivariant homeomorphism
[7] and is called the Bowditch boundary of (I',§2). The group I is non-elementary
relatively hyperbolic if it admits a non-elementary geometrically finite convergence
action on some infinite compactum. A useful fact is the following. Let I" be a group
hyperbolic relative to a collection of parabolic subgroups 2. The set € is invariant
under conjugacy, since the set of parabolic limit points is invariant under transla-
tion. Furthermore, the set {2 contains at most finitely many conjugacy classes of
maximal parabolic subgroups (see [50, Theorem 1B]).

Let f: R* — R* be a function satisfying two conditions: ), - fn < 0o and
there exists a A € (0,1) such that 1 > f,41/fn = X for all n € N. The function
f is called the rescaling function. Pick a basepoint o € T" and rescale the Cayley
graph Cay(T', S) by declaring the length of an edge o to be f(d(o,)). The induced
shortpath metric on Cay(T, S) is called the Floyd metric with respect to the base-
point o and Floyd function f and denoted by 67 (.,.). Its Cauchy completion (whose
topology does not depend on the basepoint) is called the Floyd compactification
Ty and 9T =T \ T is called the Floyd boundary.

On the one hand, Karlsson showed that the action of a group on its Floyd
boundary is always a convergence action [36, Theorem 2|. On the other hand, if T" is
relatively hyperbolic and if the Floyd function f is not decreasing exponentially too
fast, Gerasimov proved that there is a continuous I'-equivariant surjection (Floyd
map) from the Floyd boundary to the Bowditch boundary [23, Map theorem)].
Furthermore, Gerasimov and Potyagailo [25, Theorem A] proved that the pre-image
of any conical point by this map is a singleton and the pre-image of a parabolic
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fixed point p is the limit set for the action of its stabilizer I', on 9;I'. In particular
if I'y, is an amenable non-virtually cyclic group then its limit set on the Floyd
boundary is a point. Consequently, when I' is hyperbolic relative to a collection of
infinite amenable subgroups which are not virtually cyclic, the Floyd boundary is
homeomorphic to the Bowditch boundary.

The Floyd metric extends to a bounded metric of the same name on the Floyd
compactification ff. In turn, this can be transferred to the shortcut metric on

the Bowditch compactification T's = I' U 9T as follows. Let S({ be the maximal
pseudo-metric on ff which is constant on fibers of Gerasimov’s map F : ff —Tp
and satisfies Sf < 6J. Then Sf(F(), F(.)) defines a true metric on the Bowditch
compactification, called the shortcut metric, which we also denote by Sf, see [24,
Definition 2.6] for more details on the construction. The Floyd and shortcut metrics
are Lipschitz with respect to change in basepoint: there is a A > 0 such that
5;/(55, < A% (29 for 0,0/ € T and the same holds for Sﬁ. See [24, Section 2| for
details.

Definition 2.1. If « is a (finite or infinite) geodesic in Cay(T,S) for the word
metric, a point p € « is said to be (e,n)-deep if there is a g € ', P € Q such that
the part of o containing the points at distance at most n from p is contained in the
e-neighborhood of gP. Otherwise, p € a is called an (e,n)-transition point of «.

By [24, Proposition 2.4], any infinite word geodesic converges to a unique point
in the Floyd boundary and any two distinct points in the Floyd compactification
can be joined by a word geodesic. By Gerasimov’s map, the same is true for the
Bowditch compactification.

We also record several facts about word geodesics in relatively hyperbolic groups
which will be used in the paper.

Lemma 2.2. For each € > 0 there is an no(e) > 0 such that the e-neighborhoods of
any two distinct cosets of parabolic subgroups have intersection whose diameter is
bounded above by no(e). Moreover, there is an €y > 0 such that the following holds
for any € > eg and n > no(e€).

a) [13, Theorem 4.1], [26, Proposition 5.6] Let « be a geodesic and v a point on c.
Assume that v is (€,m)-deep in some coset gP of a parabolic subgroup. Then the
entry and exit point of a in N(gP) are (e,n)-transition points.

b) [56, Lemma 2.20] Any geodesic ray converging to a conical point on the Bowditch
(or Floyd) boundary contains an unbounded sequence of (e,n)-transition points.

The following proposition describes the connection between the Floyd metric
and transition points.

Proposition 2.3. Let ¢y be as in Lemma 2.2. Then, the following holds.

a) For each ¢ > ¢y and § > 0 there is a Dy = Dq(€,0) > 0 such that for each coset
gH of a parabolic subgroup and each w € T, any z in the e-neighborhood N.(gH )
of gH satisfies either d(z,w) < Dq or 35(2,5) < where £ € Ol is the unique
parabolic limit point of gH .

b) For each n > 0 and D > 0, there is a number 6 > 0 such that for y € T' and
x,z € I'g, if y is within word distance D of an (e,n)-transition point of a word

geodesic from x to z then Sz(x, z) > 4.
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¢) For every € > €, everyn > no(e) and every 6 > 0 there exist a D1 = D1(d,¢) > 0

such that fory € T and x,z € T'p, if gi (x,2) > & then any word geodesic from
x to z has an (e€,n)-transition point within Dy of y.

Proof. Point a) is given by [26, Proposition 4.1] and point b) is given by [26, Corol-
lary 5.10] for D = 0 and then by Lipschitz property of shortcut metrics with respect
to change of basepoint in general.

We consider point ¢). Karlsson’s lemma [36, Lemma 1| gives a finite function
¢ such that if 3{1 (z,2z) > ¢ > 0 then any word geodesic « from z to z has a point
p within ¢(d) of y. We need to show p may be taken to be an (e, n)-transition
point. Indeed, suppose p is (¢, 7n)-deep in some coset gH of a parabolic subgroup.
Let a,b be respectively the entrance and exit points of « in the e-neighborhood
Nc(gH). By Lemma 2.2 a,b are (e,n)-transition points of a. We claim that
min{d(a, p),d(p,b)} < Dqo(€,8/6) + #(6/3) where Dy comes from point a) and ¢
comes from Karlsson’s lemma. Assuming this claim, it follows that one of a or b is
an (e, n)-transition point of a within ¢(d) + Do(€,0/6) + ¢(d/3) of y which would
prove point ¢) with D1(d,¢€) = ¢(5) + Do(€,6/6) + ¢(6/3).

It remains to prove the claim min{d(a,p), d(p,b)} < Do(€,5/6)+¢(6/3). To that
end, if gg(a, b) > §/3 then

<f <f
max{0, (a,q),0,(q,b)} > 6/6
and so by point a), either a or b lies within Dg(e,5/6) of p. On the other hand, if

f . . o .
9, (a,b) < 6/3 then the triangle inequality implies

max{gg(x, a),gg(b, z)} > 4/3.
Karlsson’s lemma and the fact that a,b,p € v then implies

min{d(a,p),d(p,b)} < ¢(c/3).
This proves the claim. (I

Remark 2.4. Our proof of point c¢) above was inspired by [56, Lemma 2.17] which
was itself inspired by [26, Proposition 6.3].

We will use the following terminology. Let z,y, z be either points in the group
T or limit points in the Bowditch boundary 0gI'. A geodesic triangle with vertices
x,y, 2 is the union of (finite or infinite) geodesics [x,y], [y, 2], [#, 2] from z to y,
from y to z and from z to x respectively. We will be mainly interested in geodesic
triangles whose vertices are either in I or are conical limit points.

Lemma 2.5. Fiz € > ¢y and np > ng(e). There is a D = D(e,n) > 0 such that for
any geodesic triangle with vertices x,y,z, where x,y,z are either elements of the
groups or conical limit points, any (e,n)-transition point on one side is within D of
an (e,n)-transition point on one of the other two sides.

Proof. Suppose v is an (e, n)-transition point on [z, z]. Then, Proposition 2.3 b)
shows that SZ (z,z) > d(e,m) > 0. Suppose moreover that v is more than K away
from (z,y). Then, by Karlsson’s lemma [36, Lemma 1], gqf(:v,y) < ¢71(K) where
¢ 1(K) — 0 as K — oo. Thus, Sf(y,z) > 6(e,n) — ¢~ (K) > d(e,n)/2 when K is
large enough. It follows from Proposition 2.3 c) that v is within D = D(e, d(e,n)/2)
of an (e, n)-transition point on [y, 2], completing the proof. O
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Remark 2.6. This property is sometimes called the "relatively thin triangles prop-
erty." It states that geodesic triangle are D-thin along transition points. Note that
for finite triangles (that is with vertices g1, g2,93 € T'), this property is given by
[49, Proposition 4.6]. It can also be derived using techniques of [31, Section 8] or
from the proof of [25, Proposition 7.1.1].

2.2. Shadows and coverings. We fix a finite generating set for I" and denote by
d,, the corresponding word metric. What we call geodesics are geodesic for this
word distance.

Three kinds of shadows are defined by Yang in [56], what the author calls large,
small and partial shadows. We will be only interested in partial shadows in this
paper, but other kinds of shadows can be useful in different contexts.

Definition 2.7. Let e, > 0 and let v > 0. The partial shadow Q.. ,(g) at g €T is
the set of points & € OgT' such that there is a geodesic ray [e, &) intersecting B(g,r)
and containing an (e,m)-transition point in B(g,2n).

We will write Qc,(9) = Qap.en(g). Note that Q. ,(g) simply consists of those
points of gI" which can be connected to e by a geodesic ray containing an (e, 7)-
transition point in Bg,(g). We will need the following application of a variant of
Lebesgue’s differentiation theorem, which will be proved in the next section.

Proposition 2.8. Fix ¢ > €¢y. Let k1 be a finite Borel measure on dgl’, giving
full measure to conical limit points. Assume that for a constant C > 0, for all
sufficiently large n,

’il(Qe,%}(Q)) < C’il(ﬂﬁm(g))'

Let ko be any finite Borel measure on Ogl.
Then the following holds for large enough n > 0.

a) If k1 and k2 are mutually singular then for ki-almost every & € Opl’ we have

Jim sup K2(Q2e,5(9))/K1(Re,n(g)) = 0.
T geT:||g||>,6€9¢,4(9)
b) If k1 and ko are equivalent and have no atoms then for k1-almost every € € OgT’
we have

lim sup log H2(Qe,n(9))/10g K1 (Qe,n(g)) =1L
17700 geT:||g||>,£€9% 4 (9)

3. LEBESGUE DIFFERENTIATION THEOREM

This section is devoted to the proof of Proposition 2.8. See Sections 2.8 and 2.9
of the book by Federer [17] for background on Vitali relations and their applica-
tions to differentiation theorems. We were inspired by their use in [41] to study
quasi-conformal measures for divergence type isometry groups of Gromov hyper-
bolic spaces. Let A be a metric space. A covering relation C is a subset of the set
of all pairs (£, 5) such that £ € S C A. A covering relation C is said to be fine at
& € A if there exists a sequence S, of subsets of A with (£,5,,) € C and such that
the diameter of S,, converges to 0.

Let C be a covering relation. For any measurable subset £ C A, define C(E) to
be the collection of subsets S C A such that (¢,5) € C for some £ € E. A covering
relation C is said to be a Vitali relation for a finite measure p on A if it is fine at
every point of A and if the following holds: if C' C C is fine at every point of A then
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for every measurable subset E, C'(E) has a countable disjoint subfamily {S,,} such
that p(E\ U2, S,) =0.

For a covering relation V and a real valued function f on A let (V)limg_, f
denote

V) Shin f= giir(l)sup{f(z), (x,5) €V, z e S,diam(S) < e}.

Similarly we define (V) limsupg_,, f and (V) liminfg_,, f. The following criterion
guarantees a covering relation is Vitali, see [17, Theorem 2.8.17].

Proposition 3.1. Let V be a covering relation on A such that each S € V(A) is a
closed bounded subset, V is fine at every point of A. Let u be a measure on A such
that for p almost every x

inf{diam(S) : (z,S) € V} > 0.

For a positive function f on V(A), S € V(A), and a constant 7 > 1 define S to
be the union of all S" € V(A) which have nonempty intersection with S and satisfy
fS") < 7F(9).
Suppose that for p-almost every &€ € A we have
limsup £(S) + u(S)/u(S) < oo.

S—&

Then the relation V is Vitali for .

Remark 3.2. To give a proper meaning to f(.8)+u(S)/u(S) < co, one has to ensure
that ©(S) # 0. This is implicit in the book of Federer since the set of £ such that
(S — &) in the above sense satisfying p(S) = 0 has measure zero, see in particular
[17, Theorem 2.9.5]. Anyway, in the following, we will use partial shadows to define
a Vitali relation, which have positive measure for the different measures we will
use.

Fix € > €¢p. We will show that for large enough 7, the following relation V., is
a Vitali relation for reasonable measures k1 on dgI'. For { € OgI' parabolic, we
declare (¢, {¢}) € Ve,,. For ¢ € 0T conical, we declare ((, Q¢ ,(9)) € Ve, whenever

(€ Qém(g)-

Proposition 3.3. For large enough 1 the above relation V. ,, is fine at every conical
point € € OpT.

Proof. It ¢ € 9pT' is parabolic then there is nothing to prove since (¢,{(}) €
Ven. Let ¢ € 0T’ be conical. Then, according to Lemma 2.2, for n > no(e), a
geodesic ray a connecting e to ¢ contains infinitely many (e, n)-transition points
gn. By definition, the partial shadow € ,(g) contains ¢. For large enough n, it is
contained in any neighborhood of (, completing the proof. (|

Proposition 3.4. Let p be a Borel measure on gl' with the property that for all
sufficiently large n, there exists a constant C' > 0 such that

1(Qe,20(9)) < Cu(Qe5(9))-

Also assume that p gives full measure to the set of conical limit points. Then for
large enough 1 the relation V., is a Vitali relation for pu.

Remark 3.5. Notice that C' is allowed to depend on 7.
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Proof. We verify that our relation satisfies the conditions of Proposition 3.1. First,
let (£,9Q%,(9)) € Ve, where £ is conical, so that £ € Q. ,(g). We define then
F(&Qc(9)) = e V19l where v is the volume growth (defined in the introduction).
Let (&,{¢}) € Ve, where £ is parabolic. We define then f(&, {¢}) = 1. In any case,
set 7 = e > 1.

To apply Proposition 3.1, we only have to deal with p-almost every point, so
that we can only consider conical limit points. For S = (§,Q¢,(9)) € Ve ,(98T)
we want to consider the union S of elements S’ with (¢, 5") € V., (95T such that
S’ intersects S and f(S’) < 7f(S). This is contained in the union of parabolic
limit points inside € ,(g) and the union of partial shadows ). ,(h) intersecting
Qc ,(g) with ||k]| > ||g]| — n. We want to bound f(S) + u(S)/u(S). Again, since u
is supported on the conical limit points, we only have to consider those S’ of the
form Qc ,(h).

If dy(h,g) < 107 then Qc,(h) C Qecey(g). Suppose dy(h,g) > 10n and let
¢ € Qe py(h) N Qe y(g). Then some geodesic [e, () passes first at an (e, n)-transition
point in Bj,(g) and then at one in Ba,(h). Let { be any other point of Q. ,(h).
Let p and ¢ be (¢, n)-transition points on [e, () and [e, ) respectively within 27 of
h. By the relatively thin triangles property Lemma 2.5 applied to the associated
triangle (e, p, ¢), the fact that [e, ) has an (e, n)-transition point in By, (g) and the
fact that dy,(g,h) > 10n, we know that [e, &) has a transition point in Bay,4p(g).
Thus, £ € Q¢ y1+p(g). The number D depends on 7, but for large enough 1 we have
that S C Q¢ 2,(g). By the assumption on the measure we have 11(S)/(S) bounded
above, completing the proof. (Il

The following is contained in Theorems 2.9.5 and 2.9.7 of [17].

Proposition 3.6. Let A be a metric space, k1 a finite Borel measure on A and V
a Vitali relation for k1. Let ko be any finite Borel measure on A. Define a new
Borel measure ¥(k1, k2) by

(K1, k2)(A) = inf{k2(B) : B Borel ,k1(BAA) = 0}.
This measure is absolutely continuous to k1. The limit
D(k1, k2, V, ) = (V) Shg; k2(5)/k1(S)
exists for k1-almost every x and is the Radon-Nikodym derivative dip(k1,k2)/dk1.
As a corollary we obtain:

Corollary 3.7. a) If the k; are mutually singular, then

(V) lim k2(5)/k1(S) =0
S—¢

for k1-almost every ¢ € A.
b) If the k; are equivalent and non-atomic, then

. logra(S)
W) 51*1—>m< logk1(S) !

for k1-almost every ¢ € A.

Proof. If k1 and ko are mutually singular, then by definition ¢ (k1,k2) = 0. To-
gether with Proposition 3.6, this proves a).
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For b), assume k1 and k2 are equivalent. By Proposition 3.6 we have
D(k1, ko, V,x) = (V) ;im k1(S)/k2(S) > 0
—x

for k1 almost every . Thus, since k1 is non-atomic, as (V)S — x, we have
logra(S) _ | log(sa(8)/m1(5))

= — 1. 0

log r1(S5) log(k1(9))
Proposition 2.8 now follows by applying the Corollary 3.7 to the Vitali relation
defined by V. ,,. d

4. RIGIDITY OF THE (GUIVARC’H INEQUALITY

The goal of this section is to prove Theorem 1.1. We will follow the same strategy
as in [4]. We consider a non-elementary relatively hyperbolic group T'.

4.1. Quasi-conformality of the measures. We fix a finite generating set S for
I" and denote by d,, the corresponding word metric. We consider geodesics for this
word distance.

Let £ be a conical limit point. Define the Busemann function S¢(-,-) at £ as
follows. Let « be a geodesic ray in the Cayley graph Cay(T',.S) ending at £. Define
then, for g € T', ba ¢(9) = limsup[d., (g, a(t)) — t]. The Busemann function S is
then defined as

Be(g.9") = sup(ba,e(g9) — bae(9)),

where the supremum is taken over all geodesic rays « ending at . According to [56,
Lemma 2.20], there exists C' > 0 such that for any g, ¢’, there exists a neighborhood
U of € in I' U 0pT such that for all gg € U,

1Be(9,9") — [dw(g: 90) — dw(g’, 90)]] < C.

Yang constructs in [56] Patterson-Sullivan measures k-, on dgI for every v € T’
as follows. Recall that we define the Poincaré series as

P(s) = Z e~ slldll

gel’

where we recall that ||g|| = dw(e,g). For s > v, the Poincaré series is convergent
and for s < v, it is divergent. The Patterson-Sullivan measure x4, at go is then a

weak limit point of
1 —sdw(g,90)
SAw (g, 6
P(s) Z € g

gel

when s tends to v from above (where d4 is the Dirac measure at g).
Yang proves that the Patterson-Sullivan measures x, defines a v-dimensional
quasi-conformal density in the following sense.

Proposition 4.1. [56, Lemma 4.14] For any g, kg is without atoms, and in par-
ticular gives full weight to conical points. Moreover, for any g,¢’, the measures kg
and Ky are equivalent and

drig (€) < e—Pel9:9)

dﬁg/

for kg-almost every conical limit point £.



16 MATTHIEU DUSSAULE AND ILYA GEKHTMAN

Furthermore, Yang shows that the x4, are ergodic with respect to the I'-action
[66, Appendix A]. Let k = k.. Yang proves an analogue of Sullivan’s shadow lemma
for these measures.

Proposition 4.2 (Shadow Lemma for P.-S. Measure). [56, Lemma 4.3, Lemma 5.2]
Let €9 be as in Lemma 2.2. For each € > eg there is an n(e) and an r(e) > 0 such
that for each r > r(e), n > n(e) and any g € T we have

K(Qren(9)) =< eIl
where the implicit constant depends on r,€,n but not on g.

We are now interested in the same properties, but for the Green distance and
the harmonic measure. Let u be an admissible measure on I' with finite super-
exponential moment with respect to d,. Let v, be the harmonic measure of the
random walk associated with p starting at g € I' and let v = v,. First, we define
the Busemann function for the Green distance at a conical limit point. According
to [19], conical limit points are in one-to-one correspondence with a subset of the
Martin boundary. Precisely, if g, is a sequence in I' converging to a conical limit

point &, then for every g, % converges to some limit K¢(g). In particular, if
G(9,9n K
g, g are fixed, then % converges to Kf(éj))' Define then

B¢ (9,9") = —log < Kelo) > :

Ke(g')

Then, ﬂg (9,9") =lim[dc (g, gn) — da(g’, gn)] for any sequence g,, converging to &.
The harmonic measure v is always conformal with respect to the Green metric

in the sense that
dvg

v (&) = Ke(g)

for vy-almost every conical limit point &, see for example [54, Theorem 24.10].
Before stating the shadow lemma for the harmonic measure, we prove the following
lemma.

Lemma 4.3. For any € > € there is an n(e) > 0, an r(e) > 0 and a ¢ > 0 such
that for r > r(e), n > n(e) and all g € T we have that g~' Q. n(g) contains a ball
of radius c in the shortcut metric on Ol .

Proof. Let A > 0 be the diameter of OgI" in the shortcut metric Sg. Then the subset

S of 0l consisting of ¢ such that 35 (g71,¢) > A/10 contains a ball of radius A/10
in the restriction of this metric to dgI'. On the other hand, by Proposition 2.3, S
is contained in g1, ,(g) for suitable 7,7 > 0 depending only on A. O

We can now prove the following.

Proposition 4.4 (Shadow Lemma for Harmonic Measure). For any € > eq there
is an n(e) > 0 and an r(e) > 0 such that for each r > r(€), n > n(e) and any g € T
we have v(Qren(9)) < e~c(¢:9) where the implicit constant only depends on r,€,n
but not on g.

Proof. Let Q(g) = Qren(g). The proof uses the relative Ancona inequalities (3)
proved in [19]. We have
1

Q _ d — —BE(e9) g .
V(Qg)) /@(g) g © /@(g)eﬁ vy (€)
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By definition of the relative shadow, for each £ € Q(g) there exists a sequence g,
converging to £ such that g is at most r away from an (e, n)-transition point on a
geodesic from e to g,. The relative Ancona inequalities (3) show that

G(e, gn) =< G(e,9)G(g, gn),

where the implicit constant only depends on r, 7, e. Thus, K¢(g) < e We can

reformulate this as
dG(eug) -C< Bﬁc(eag) < dG(eug) +C

where C only depends on 7,7, €. Furthermore, v4,(Q(g)) = v(g7*Q(g)). According
to Lemma 4.3, the partial shadow ¢g~'§2(g) always contains a ball for the shortcut
metric of uniform radius independent of g, and since by [19, Theorem 9.4] v gives
full measure to dgI', we have

v(g~'g)) > ¢

for some uniform ¢ > 0. The result now follows. O

Proposition 4.4 implies the doubling property v(2 2,(9)) < Cenv(Qe,5(g)) and
allows us to apply Proposition 2.8 to the harmonic measure v in place of k.

4.2. Deviation inequalities for relatively hyperbolic groups. As before, we
consider a word metric on a non-elementary relatively hyperbolic group I' and a
probability measure p with finite super-exponential moment. For a sample path w
let wy, be its n-th position and w, € I its limit point, which exists almost surely.
Recall that the harmonic measure v satisfies v(A) = P(ws € A) for any Borel set
A cC ogl.

The following results control the deviation of sample paths of the random walk
from geodesics in the word metric.

Lemma 4.5. [40, Theorem 10.6] There exists C > 0 such that for each k, n > k
and for each a > 1, we have

P(sup dy(wy, ) > a) < Ce™/%,

where the supremum is taken over all geodesics a for the word metric from e to w,.

For a finite or infinite geodesic a let Tr, a denote the set of (e, n)-transition
points on .

Lemma 4.6. For every € > €y,n > no(€), there exists a function F., : R - R
satisfying that F.,(t) = 0 as t — oo such that for each k we have

P(sup dy(wk, Trepa) > a) < Fe p(a),

where the supremum is taken over all geodesic rays a for the word metric from e to
Woo -

Proof. By Proposition 2.3 ¢) there is a function W (¢) which decays to zero as
t — oo such that for any g,h € I' and { € 9gT" d(g, Trcy[h,€&)) > D implies

Sg(h,ﬁ) < W(D). Thus, it suffices to show that sup;>, P@sz (e,we0) < t) = 0, as
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t — 0. We have

P, (ewse) <) = 3 P(BL, (e,ws0) <ty = 9)
gerl’
= Z P(Sg(evgwlzlwoo) < tvwk = g)
gerl

The random variables w; and w,;lwoo are independent, and w,;lwoo has the same
distribution as w, so that we get

P(gf,k (6,wo0) < t) = ZP(Eg(e,gwm) < t)P(wr = g)
gel’

=Y PEl(g 7 wee) < B)P(wr = g)
gel

=Y v ({gconr.sls o) <t}) Pl =g).
gel
The last following from the fact that v is the law of we.. Letting
—f, _
Q(t) =supv ({6 € 0pl, 8. (97",6) < t}) ,

gel’

we obtain

P (e,w) < 1) < Q).

It thus suffices to prove that Q(t) — 0 as ¢ — 0. If not, there is a ¢ > 0 and a
sequence z, € I with

v ({§ € 83I‘,3£(2n,§) < 1/n}) > c.

Up to taking a subsequence, we can assume that z, — « € 0l so that we have

5£(wn, «) < 1/n. Then by the triangle inequality for SZ we have
v ({§ € BBI‘,Sf(g,a) < 1/n}) > c

for each n. This implies v({a}) > ¢ which is impossible since v has no atoms. O

4.3. Guivarc’h inequality and comparison of the measures. The goal of this
subsection is to prove the following step in the proof of Theorem 1.1. We consider
a word metric on I' and a probability measure p with finite super-exponential
moment.

Proposition 4.7. The harmonic measure and the Patterson-Sullivan measure are
equivalent if and only if h = lv.

Recall that we use the notation €. ,(g) = Qa,.¢n(g) to denote the set of { € 0T’
such that some geodesic [e, £) has an (e, n)-transition point within 27 of g. For the
rest of the paper we fix the following convention on €,77. We choose an € > ¢y and
an 1 = n(e) large enough to satisfy Lemma 2.2 and Proposition 2.3. Moreover, 7
is chosen large enough so that the shadow lemmas (Propositions 4.2 and 4.4) hold
for 7 = 27, and Proposition 2.8 also holds.

Define for a sample path w

Pn = Pn(w) =
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Let ¢, = In¢,. For simplicity, we do not refer to n and € in the notation for ¢,
and 1,. We will also write Q(g) = Q. ,(g) when not ambiguous. Notice that the
expectation of ¢,, is given by

/-”v k(€2(g))
g;u v(Qg))

Proposition 4.8. There exists C1 > 0 such that for any N > 1 we have

1 N
v & o) <&

Proof. Recall that the notation f < g means that f < Cg for some constant C.
Consider n, N with 1 < n < N. We will first show that there is some £ > 0 such
that the quantity

Rk _ Z 5(9(9)) *n(g)
g€T:|lgll kN

is bounded independently of n, IV.
Indeed, by the shadow lemma for harmonic measure

(4) v(Qg)) < Gle.g) = > _ 1™ (g)
n=1

By the shadow lemma for the Patterson-Sullivan measure,
o) K(52(g)) < eI,

Furthermore, since d,, and dg are quasi-isometric (see for example [30, Lemma 4.2]
and note that the proof does not use the symmetry assumption),

5EU9))  elal
v(Q(g)) ~
for a constant c¢. This yields

R d e™ Y g < Y e Plwall = m).

m>kN  gillgll€[mm+1) m>kN

Since p has finite super-exponential moment, we can apply the exponential
Chebyshev inequality with exponent 2c¢ to obtain

Ry < Z e_cmE(€2cHw"H).
m>kN
Since n < N we have
N-1
—1
lonll <Yl wjpl]
§=0
from which we obtain, since the Wj_leﬂ are independent random variables,
E(e20|lwnll) < EY
where Eo =3 - e2llalli(g). Choosing k > 2 log Ey we thus obtain
Ry S Z e_cmE(62cHw"H) 5 G_CkNEéV S 1
m>kN

giving us the desired estimate for Ry.
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Now, we will show that the quantity

- K(29) n
Py = N Z Z U(Q(g))'u (9)

n=1geT:||g||<kN

is bounded independently of N. Together with the estimate on Ry this will prove
the proposition. Interchanging the order of summation we get, using (4),

1 Y1 (g) o1
Py = — Z WK(Q(Q)) SN Z £(2(g))-
g€T:|lgll <kN g:llgll<kN
By [56, Theorem 1.9], for large enough a > 0, we have

Hgel:n—a<llgll <njf=e”™.

Consequently,
N
> RK(Q9) S Y > e vhn
gel:1<|lgll <kN n=1g:k(n—1)<||g||<kn
< - evkn—vkn < £
< ; S
The estimate for Py follows. O

Proposition 4.9. We have that 1, /n converges to h — lv almost surely and in
expectation.

Proof. By the shadow lemmas (Propositions 4.2 and 4.4), we have
n d y v n n 1
o _dolen) _vlinl (1),

n n n n

According to [3, Theorem 1.1], +d¢(e,wy,) almost surely converges to h whenever
u has finite entropy H (u), which is implied by finite first moment, so in particular
by finite super-exponential moment. In other words, entropy is equal to the drift
of dg. Thus, Kingman’s ergodic theorem [53, Theorem 10.1] implies that v, /n
converges to h — [v almost surely and in expectation. ([l

Proposition 4.10. There ezists Co > 0 such that the sequence E(1¢y,) + Cy is
sub-additive.

Proof. Let m,n > 1. The shadow lemma for the Patterson-Sullivan measure and
the triangle inequality for dg implies that

Entm) = (E(¥n) + E(¥m)) S vE(lwn |l + lwmll — [|wntmll)
< 20E(dy(wn, [€, Wntm]))-

By Lemma 4.5, the last expression is bounded by a constant Cs, so that E(1),)+ Ca
is sub-additive. O

Proposition 4.11. We have the following two cases.

a) If k and v are not equivalent, then ¢, converges to 0 in probability.
log k(Qe,n(wn))

b) If k and v are equivalent then Toa (0 o))

tends to 1 in probability.
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Remark 4.12. For a), note that in [4], the analogous result for hyperbolic groups
states that ¢, converges to 0 almost surely. This is actually a mistake, which is
corrected in [30, Lemma 4.16].

Proof. a) First, both measures are ergodic with respect to the action of I on 9pT.

Thus, if they are not equivalent, they are mutually singular. Let o > 0,¢ > 0.
By Lemma 4.6 we have P(weo ¢ Qe p(wk)) < F(D) independently of k where
F(D) — 0 as D — oo. Fix D so that

Plwso ¢ Qe p(wr)) < a
for all k. By Proposition 2.8 a) we have, for v-almost every &,

e
lim sup w — 0.

129 | g||> 4,660 p(9) Y(2e,0(9))
The shadow lemma for v (Proposition 4.4) shows that v(Qe p(g)) < Cv(Qe ,(g))
where C' depends only on €, 7, D. Thus the quantity

(W 1))

fuld) Hg\\>t7s£€%e,n(g) v(Qen(9))
converges to 0 as ¢ — oo for v-almost every £. Furthermore, for almost every
sample path w, we have ||w,|| = co. Thus, by Egorov’s theorem, we may choose
a subset E C TN of sample paths with P(E°) < a and such that ||w,|| — co and
Ri(ws) — 0 uniformly over w € E. It follows that Ry, |(wee) — 0 uniformly
over w € E. This means that for large enough n, the conditions w € E and
% > ¢ imply weo & Qe p(wn). The latter has probability at most a, so
we get

P(¢pp > ¢) < P(EC) + P(woo & Qe,p(wn)) < 2a.

As a, ¢ > 0 were chosen arbitrarily we get P(¢, > ¢) — 0 as n — oo for each
¢ > 0 so ¢, — 0 in probability.
This time, we define for each D > 0

log k(§2e.(9))
Ri(&) = sup —= eI ).
llgl[>t£€9 o(9) 1108 V(2e.n(9))
Using b) of Proposition 2.8 we obtain that for each D, lim;_, o, R¢(§) = 1 for
v-almost every £. The proof is then similar to a). O

We now prove Proposition 4.7.

Proof. Assume that the Patterson-Sullivan and the harmonic measures are not
equivalent. Let 8 > 0. Let A,, be the event {¢, > 8} and B,, = AS. For every n,

E(,) = /A UndP + i UndP.

According to Proposition 4.11, ¢,, converges to 0 in probability. Thus, there exists
ng such that for every n > ng, P(B,) > 1 — . In particular,

YndP < P(B,)log s < (1 —p)logp.
By

Let Cy be the constant in Proposition 4.8. Jensen inequality shows that

/An YpdP = P(A,) /An logqﬁn% < P(A,)log (/An qﬁn%) .
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Rewrite the right-hand side as

P(A,)log (/An ¢n%> = —P(Ay,)log P(A,,) + P(A,,)log (/A (bndP) :

The function x — xlog x is first decreasing then increasing on [0, 1], so if § is small
enough, —P(A,)log P(A,) < —fBlog 8. Moreover,

P(A,)log (/An gbndP> < Bsup (0,log E(¢r)) -

We thus have )
/ UndP < Flog 5 + Fsup 0,1og E(6,))
Ap

According to Proposition 4.8, liminf E(¢,,) < 2C1, so that there exists p > ng such
that E(¢p) < 2C1. In particular, for every small enough 3, we can find p such that

E(,) < (1 8)log + BIOg% + Bl10g2C4|.

The right-hand side tends to —oo when (8 goes to 0. If § is small enough, we thus
have for some p
E(‘/’p) + CZ S _15
where C is the constant in Proposition 4.10. Since E(¢,) + Cs is sub-additive, we
have )
E(E(1/)kp) +Cs) < E(yp) +Cy < —1.
Finally, éE(d);@p) converges to h—lv by Proposition 4.9, so letting k tend to infinity,
we get
1
h—lv<—=<0.
p
Thus, h < lv.
Conversely, suppose the measures are equivalent. By the shadow lemma for the
Patterson-Sullivan measure x we have

—logr(Qg)) ,
gl
as |lg|] = oo and in particular
—log k(Q(wy)) N
[leon||

for almost every sample path.
Furthermore, for almost every sample path we have
de(e,wn)/n h

o —logv(Q(wy)) — lim de(e,wn) — lim _n
n—o0 [lwn | n—oo  |lwy| n—oo |lwpll/n !

Thus, almost surely,

log r(Qwn)) vl

log v(Q(wn)) h'
As the measures are equivalent we have according to Proposition 4.11,
log £(§2 n(wn))
log v(Qe.y(wn))

in probability, which ensures that h = lv. (I

—1
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The following result is a consequence of Proposition 4.7. Indeed, notice that
h and [ are the same for the measure y and the reflected measure fi. Actually,
H(p) = H(f1) and L(p) = L(f1).

Corollary 4.13. Let v be the harmonic measure for the reflected random walk fi.
Then v is equivalent to k whenever v is equivalent to k.

4.4. Radon-Nikodym derivatives. In this subsection, we prove the following
result.

Proposition 4.14. If the harmonic measure v and its reflection U are both equiva-
lent to the Patterson-Sullivan measure k, then the Radon-Nikodym derivative dx/dv
is bounded away from 0 and infinity.

This will use the following general lemma.

Lemma 4.15. Let Z be a compact metrizable space and let G act by homeomor-
phisms. Let vi,vs, K1, ke be Borel probability measures with full support on Z and
with v; equivalent to k; fori=1,2.

Assume G preserves the measure class of v; and acts ergodically on (Z X Z,v1®vs)
and (Z X Z,k1 ® Ka) for i = 1,2. Suppose there are positive bounded away from
0 measurable functions f,, f. : Z x Z \ Diag — R, bounded on compact subsets of
Z x Z \ Diag such that m, = f 11 @vs and m, = for1 ® ke are G-invariant ergodic
Radon measure on Z x Z \ Diag. Then for each i = 1,2, dv;/dk; is bounded away
from 0 and co.

Proof. Since v; and k; are equivalent, we have dv; = J;dk; for a measurable positive
function J;. We want to show J; is k;-essentially bounded. This will prove that
dv;/dk; is bounded away from oco. Interchanging the role of v; and k;, we will then
get that it is also bounded away from 0.

Since m, and m, are G-invariant ergodic measures, either they are singular or
they are scalar multiples of each other. Thus, the assumption dv; = J;dk; implies
they are scalar multiples of each other. Without loss of generality, we can assume
that they coincide. Note dm,(a,b) = Ji(a)J2(b)f,(a,b)dr1(a)dr2(b) so we have
Ji(a)J2(b) = fu(a,b)/fu(a,b) for v; @ va-almost all (a,b).

Let U,V be disjoint closed subsets in Z with nonempty interior. There is a
p € V such that Ji(a)J2(p) = fu(a,p)/f.(a,p) for v1-almost all @ € U. Dividing
and noting that the f, and f, are positive and bounded away from 0 and infinity
on U x V, we see that C;;' < Ji(a)/Ji(a’) < Cy for vi-almost all a,a’ € U. Thus,
J1 is vp-essentially bounded on any subset U whose complement has nonempty
interior. Covering Z by two such sets, we see that J; is essentially bounded. The
same argument applies to J (Il

To complete the proof of Proposition 4.14 we just need to show that x ® k
and v ® U can both be scaled by functions f,, and f, to obtain I'-invariant Radon
measures on 951 = dpI" x dpI" \ Diag.

For the harmonic measure, we may take f, to be the Naim kernel defined for
distinct conical points (, & as

o G(g, h) o Ke(g)
=liminf lim ——="—~ — =liminf
0.8 =liminf I G ~ it

The construction is done in [19, Corollary 10.3].
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For the Patterson-Sullivan measure x, the construction is done in the proof of
[20, Proposition 9.17], but we review it for completeness. Let

(dw(e,x) +dule,2) - dw(:c,z)> |

pe(¢,€) = limsup

z—C,x—E€

2
Define a measure m’ on (0pI" x 0pI") \ Diag by
dm'(¢,€) = e (¢ dr(C) di(€).

We first need to show that m’ is locally finite on dgI'. This amounts to showing
that pe(¢, &) is bounded outside of any neighborhood of the diagonal. Indeed, sup-
pose (, £ satisfy Sz ((,€) > ¢ > 0 and suppose z,, y, are sequences in I' converging
to ¢ and & respectively. For large enough n we have Sﬁ (¢,€) > ¢/2 > 0. By Propo-
sition 2.3, this implies any geodesic from x, to y, passes within D of e, where D
depends only on c¢. This implies dy, (2, e) + dy (€, yn) — dw(Tn, yn) < 2D. Taking
limits, we see that p.(¢,£) < 2D completing the proof that m’ is locally finite. Now
we show that m’ is I'-quasi-invariant with a uniformly bounded derivative. Indeed,
we can compute

2pe(97 "¢ 971€) — 20e(C, €)
= limsup [d(e,g~ ") +d(e,g”'2) —d(g” 'z, g~ '2)]

z—(,x—E€
— limsup [d(e, x) + d(e, z) — d(x, 2)]
z—=(,x—E
= limsup [d(g, ) — d(e, z)] + limsup [d(g, z) — d(e, z)] + O(1)
z—§ z—(

= ﬁf(gve) + BC(Q?G) + 0(1)

Note that we could distribute the limsup since the limsup and liminf are within
bounded difference by [56, Lemma 2.20]. Hence, combining this with the quasi-
conformality of xk one gets that the Radon-Nykodym cocycle of m’ is uniformly
bounded for the I' action, that is,

dgsm’ oy _ p20pe(97 o™ O~ 20p0(C6) BIxH oy GGuh on
L () = 52 (0) B <1,

Hence, by a general fact in ergodic theory the Radon-Nykodym cocycle is also a
coboundary (see [18], Proposition 1). Thus, there exists a I'-invariant measure m,
on (OpT" x 9pT") \ Diag in the same measure class as m’. In other words, one can
take f. to be within a bounded multiplicative constant of €2*P<(¢:€). The functions

[ and f, thus constructed are bounded on compact subsets of 95T
The T-action on the square of the Poisson boundary is ergodic (see [34, Theo-
rem 6.3]) and since v and © both are equivalent to &, the I'-action on dgT" x 9T
is also ergodic for Kk ® k. The proof is thus complete. O

4.5. Geometric characterization of the Guivarc’h equality. We finish the
proof of Theorem 1.1. We start proving the following proposition.

Proposition 4.16. If the harmonic measure and the Patterson-Sullivan measure
are equivalent, then |dg — vdy| is uniformly bounded, where we recall that dg is the
Green metric and d,, is the word metric.
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Proof. Tt follows from Proposition 4.14 and Corollary 4.13 that if x and v are
equivalent, their respective Radon-Nikodym are bounded away from 0 and infinity.
In particular, for any Borel set A in the Bowditch boundary, we have x(A4) < v(A4),
where the implicit constant does not depend on A. The shadow lemmas for the
Patterson-Sullivan and the harmonic measures show that £(Q(g)) =< e~ ?®»(¢9) and
v(Q(g)) < e~%(¢9) where the implicit constants do not depend on g. It follows that
|[da (e, g) — vdy (e, g)| < C for some uniform C. Since both distances are invariant
by left multiplication, we have |dg (g, g') — vdy(g,4")| < C for any g,¢’. O

Recall that we want to prove that the following conditions are equivalent.

(1) The equality h = lv holds.

(2) The measure v is equivalent to the measure .

(3) The measure v is equivalent to the measure x with Radon-Nikodym deriva-
tives bounded from above and below.

(4) There exists C' > 0 such that for every g € T, |da(e, g) — vdy(e, g)| < C.

Proposition 4.7 shows that (1) implies (2), Proposition 4.14 shows that (2) im-
plies (3) and Proposition 4.16 shows that (3) implies (4). Finally, recall that w,
is the n-th step of the random walk. Then, %dw(e, wy,) almost surely converges to
I by definition of I. As we saw above, according to [3, Theorem 1.1], Ldg(e,w,)
almost surely converges to h. This shows that (4) implies (1), hence Theorem 1.1

is proved. (I

5. VIRTUALLY ABELIAN PARABOLIC SUBGROUPS

We first deduce from Theorem 1.1 that if h = lv, then Ancona inequalities are
satisfied along word geodesics. We do not assume in this corollary that the parabolic
subgroups are abelian and we will actually also use this result in the next section.

Corollary 5.1. Let T’ be a non-elementary relatively hyperbolic group. Let d,, be a
word distance associated to a finite generating set. Let p be an admissible probability
measure with finite super-exponential moment. Assume that h = lv. There exists
some constant C > 0 such that the following holds. Let x,vy,z be three points in
this order on a word geodesic. Then,

1
Proof. Since h = lv, we have that |dg — vd,,| < ¢ for some constant ¢, where dg
is the Green distance. Let z,y, z be three points in this order on a word geodesic.
Then, dy(z,y) + dw(y, 2) = dw(x, 2), so that |dg(z,y) + da(y, 2) — da(z, 2)| < 3c.
This translates into

< 3C
Gl,z)  —

which is the desired inequality. (Il

6—30 S

The remainder of this section is devoted to the proof of Theorem 1.3. We fix
a relatively hyperbolic group I' and assume that one of the parabolic subgroup is
virtually abelian of rank at least 2. We consider a word distance d,, and an finitely
supported admissible probability measure p. We denote by dg the corresponding
Green distance.
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5.1. The induced transition kernel on a parabolic subgroup. Denote by P
a virtually abelian parabolic subgroup of rank at least 2. Then, P has a finite index
subgroup which is isomorphic to Z¢, d > 2. Any section from Z? to P provides an
identification P = Z% x {1,..., N'} as a set. We say that a sequence g,, = (2, kn)
in P (where 2, € Z% and k,, € {1,...,N'}) converges to a point in the geometric
boundary of P if z, tends to mﬁmty and ” = converges to a point in S¥1. We
denote by 0P the corresponding geometric boundary of P.

We will use results of [15], where there is a precise description of sequences that
converge to the Martin boundary of a relatively hyperbolic groups when all the par-
abolic subgroups are assumed to be virtually abelian. In this case, we define similarly
the geometric boundaries of the parabolic subgroups. We have the following.

Theorem 5.2. [15, Theorem 1.1] Let T be a relatively hyperbolic group with respect
to virtually abelian subgroups. Let p be a probability measure on I' whose finite
support generates I' as a semi-group. A sequence g, converges to a point in the
Martin boundary if and only if it converges to a conical limit point in the Bowditch
boundary or there is a parabolic subgroup H such that the projection of g, on H
converges to the geometric boundary OH of H.

We only assume here that one parabolic subgroup is virtually abelian of rank at
least 2, so we cannot use directly this description of the Martin boundary. However,
an argument identical to the proof of [15, Theorem 1.1] proves the following.

Proposition 5.3. Let P be a parabolic subgroup. Let g, € T' be any sequence
converging to the parabolic limit point & fived by P in the Bowditch boundary. Then
gn converges to a point in the Martin boundary if and only if its projection wp(gn)
on P converges to a point in OP.

Let us give some details. The proof of [15, Theorem 1.1] is done dealing with
parabolic limit points independently. More precisely, [15, Proposition 5.5| shows
that if 7p(g,) converges to a point in 9P, then g, and wp(g,) both converge to
the same point in the Martin boundary. Conversely, assume that g,, converges to a
point in the Martin boundary and converges to £ in the Bowditch boundary. Up to
a sub-sequence, mp(g,) also converges to a point in dP. Using [15, Proposition 5.5]
again, we see that this subsequence also converges to the Martin boundary and the
limit point is necessarily the same as the limit of g,,. Now, two different points in the
geometric boundary of P give rise to two different points in the Martin boundary,
according to [15, Corollary 4.10]. This proves that 7p(gy) only has one limit point
in OP and thus converges.

We recall some notations and results of [14] and [15]. Let N,.(P) to be the r-
neighborhood of P and let N(P) = N,(P) for some r. Consider the transition
kernel p,, of first return of the random walk to N(P). In other words, p,(g,9¢’) is
the probability that the random walk, starting at g eventually returns to N(P) and
first does so at ¢g’. By definition, we have

pulg:d) = Yl g0l g2) (gt g)-

n>1g1,....gn—1¢N(P)

Then, p, can be considered as a Z-invariant transition kernel on Z¢x {1,..., N'}. In
[14], the first author proved some estimates that we will use for the Green function
of a transition kernel on Z% x {1, ..., N'} satisfying some technical assumptions. As
we will see these assumptions will be satisfied in our context.
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For g € N(P), we write g = (z,k), where z € Z% and k € {1,..., N'}. For
simplicity, we will write p,(g,9') = prx (2, 2'), where g = (2,k) and ¢’ = (2, k).
We define an N/ x N’-matrix F(u),u € R? as follows. The coefficient at the jth
row and kth column is given by

Fjp(u) =Y prj(0,2)e".
z€Z4

We denote by F C R? the interior of the subset of R? such that every coefficient
of F(u) is finite. If the random walk satisfies u(e) > 0, then for every u € F, the
matrix F'(u) is strongly irreducible and has a dominant eigenvalue A(u). According
to [14, Lemma 3~.20], if we ~chacnge W with g = %53 + %u, then the corresponding
Green function G satisfies G = 2G. In particular, G still satisfies Ancona inequali-
ties and since we will derive a contradiction with these inequalities, we can assume
for simplicity that p(e) > 0. Since p is admissible, if u(e) > 0 then the correspond-
ing random walk is aperiodic. In particular, we can assume that the dominant
eigenvalue A(u) of F(u) is well defined.

As we will see, this eigenvalue encodes most of the behaviour of the Green

function at infinity. As explained above, in [14], there are two technical assumptions
that we now state. Let H = {u € F,A(u) =1} and D = {u € F, A(u) < 1}.

Assumption 1. The set D is compact.
Assumption 2. The minimum of the function A is strictly smaller than 1.

Lemma 5.4. [14, Lemma 3.13|. Under assumptions 1 and 2, the set H is homeo-
morphic to ST™1, an explicit homeomorphism is given by
VA(w) d—1
ueEH— ———— €S .
IVA(w)]l
Denote by G, the Green function associated to p. For simplicity, we use the
notation G, j/(z,2") = Gp(g,9") whenever g = (z,j) and ¢’ = (2/,j’). The crucial
estimates we will need are given by the following proposition. If v € R?, we denote
by (v) the closest point from v in Z¢. If there are several choices, we make one
arbitrarily. We will be interested in points in Z¢ of the form (tVA(u)), where u € H
and t € R.

Proposition 5.5. [14, Proposition 3.15] Assume that p satisfies Assumptions 1
and 2. Then, for every z € Z¢ and every u € H, we have that

27t %G‘k z, (tVA(u e (= {VAW)) Oy ,
7 +

t—
where C(u) depends continuously on w. Moreover, if z if fived, then the convergence

if uniform in u € H.

5.2. Estimates for the Green function along a parabolic subgroup. Recall
that P is a virtually abelian parabolic subgroup of rank at least 2. It is proved
in [15] that if the fixed neighborhood N(P) of P is large enough, Assumptions 1
and 2 are satisfied for the transition kernel of first return to N(P), see Proposi-
tion 4.8, Lemma 4.9 and Lemma 5.9, Proposition 5.10 there. We can thus apply
Proposition 5.5 above.

Consider a geodesic ray [e,€) in the Cayley graph of T' that stays inside N(P).
Such a geodesic always exists, if the neighborhood N(P) of P is large enough.
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Indeed, according to [13, Lemma 4.3], any geodesic from e to p € P is contained in
a fixed neighborhood of P that does not depend on p. We can thus construct [e, &)
as a limit of geodesics from e to p,, when p, goes to infinity.

Let g, be a sequence on [e, §), such that if n > m, then d(e, g,) > d(e, gm). By
definition, g, converges to the parabolic limit point fixed by P in the Bowditch
boundary. Up to taking a subsequence, we can assume that g,, converges to a point
in the Martin boundary Thus, according to Theorem 5.2 the projection z, of g,

onto Z? satisfies that B lH converges to some point § € S,

Fix lp and let g = g, = (2,7). For n > ly, write g, = (2n, kn) Up to taking a
subsequence, we can assume that k, is a constant k,, = k. Let 0,, = =T T 1 S0 that 6,
converges to 6. Let u,, € H be such that 6, Hgigungn According to Lemma 5.4,
Uy, is well defined and converges to some u € H such that § = %. Define then
t, = HV”/\( i 7 By definition, £, VA(un) = lzn |6, = 2. Since w, converges to u

and VA is continuous (see [14, Lemma 3.3|), we deduce from Proposition 5.5 that
Hzn||%Gj7k(z, 2, )e® (#n=2) converges to some limit that only depends on 6.

Finally, [15, Lemma 5.7] shows that the Green function associated to the tran-
sition kernel is the restriction to N(P) of the Green function associated with g on
the whole group. Thus, we have that

d—1 .
272" G(g, gn)e n =2

converges to some limit that does not depend on g, for some v € R? that only
depends on # € S?~!. We can choose m; large enough so that

U (Zm, —2)
e 1

d—1
[[2m, || 2
Now, if m; is fixed, we can choose n; large enough so that

eu-(znl —z)
G(9,9n,) =< e
|2, 1|72
and

eu-(znl 7zml)
G(Gmys Gny) < 7=
l[2n 172

Thus we can find sequences my and ny tending to infinity with lop < mi < ng
(where ny depends on my) such that

G (9, 9my.)G(Gmys Gni) 1
G(9: 9ni) [

Since d > 2, the right-hand side converges to 0 when k tends to infinity, so we get
a contradiction to Corollary 5.1. This proves Theorem 1.3. O

Corollary 1.4 follows from Theorem 1.3. Indeed, if h = lv, then every parabolic
subgroup is abelian of rank at most 1. In particular, I is hyperbolic. We can thus
apply the results of Gouézel, Mathéus and Maucourant. Precisely, [27, Theorem 1.5]
shows that I is virtually free. O
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6. FREE PRODUCTS OF NILPOTENT GROUPS

We first derive from Ancona inequalities proved in Corollary 5.1 the following
property.

Proposition 6.1. Let I' be a non-elementary relatively hyperbolic group. Let d,,
be a word distance associated to a finite generating set. Let p be an admissible
probability measure with finite super-exponential moment. Assume that h = lv.
Then there exists N > 0 such that for any x,y € T', there are most N points in T’
which are middle points of some geodesic between x and y.

Remark 6.2. If the geodesic from x to y is of odd length 2n + 1, what we call a
middle point is a point at distance n from z. This choice is arbitrary and will have
no importance in the following.

Proof. Let xz,y € T' and assume that w is on a geodesic from x to y. Thus, by
Ancona inequalities, G(x,y) < CG(x,w)G(w,y). We can rewrite this as

P, (going to y, passing through w) S 1

P, (going to y) T

Denote by A, the event (passing through w). Conditioning on E, = (going to y),

we thus have
Py(AulB,) > ~.
C1
This is true for any w which is on a geodesic from z to y. Denote now k = [¢;| and
assume that there are wn, ..., wg41 different points that are on (possibly different)
geodesics from x to y. Then, the sum of the probabilities P,(Ay,|E,) is greater
than one, so at least two of those events happen at the same time. We can find a
bound ¢z, not depending on x and y, such that there are at least two points w; and
wj such that P, (A, N Ay, |Ey) > ca.
We assume that the w;, 1 < i < k+ 1 are midpoints of geodesics from = to y.
We proved that there are at least two points w; and w; such that

P, (going to w;, then to wj, then to y) S e

P,.(going to y) T2
that is
G(z, w;)G(wi, w;)G(w;,y)

6 > c3.

© o) =

Since d(x, w;) + d(wj,y) = d(x,y) and since |dg — vd,| is bounded, we have
(7) G(z,w;)G(wj,y) < G(z,y).

Combining (6) and (7), we get
G(z,y)G(wi, wj) = G(z,y)cs,

so that G(w;,w;) > c3. In other words, dg(w;, w;) < ¢4, and thus dy, (w;, w;) < C.

To sum up, if there are more than ¢; midpoints of geodesics from z to y, then
two of them are within a uniform distance C' of each other. Since balls of a fixed
radius have a uniform finite number of elements, there are a finite number of such
middle points. (I
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The remainder of this section is devoted to the proof of Theorem 1.5. Let
I'=T1%---+ 'y be a free product of finitely generated groups. Assume that I'y
is a non-virtually cyclic nilpotent group. Choose a finite generating set S; for each
free factor I'; and define S = US;, so that S is an adapted generating set for T'.

We will use Proposition 6.1 and argue by contradiction. Our goal is to construct
points « and y in I'y; such that the set of midpoints of geodesics from x to y is
arbitrarily large. We will use a construction of Walsh in [52].

We first recall some facts about finitely generated nilpotent groups. Denote by
't =1y, I? =[4,I4], ..., T} = [[771,Ty]. Let Nr, be the nilpotency step of
I'y, that is Nr, is the last n such that I'T is not trivial. The groups 1"?/1"’1”'1 are
finitely generated abelian groups. The homogeneous dimension of I'; is defined as

Nr,
dr, = Z n rank (07 /T77) .
n=1
Lemma 6.3. a) [47, Lemma 4.6 Any finitely generated nilpotent group has a finite
index subgroup which is torsion free.
b) [45, Proposition (5)] A finitely generated nilpotent group has polynomial growth.
More precisely the cardinality of a ball of radius n is asymptotic to Cn?, where
d is the homogeneous dimension.

Remark 6.4. Point b) has a famous converse due to Gromov: a finitely generated
group has polynomial growth if and only if it is virtually nilpotent. The identifica-
tion of the degree as the homogeneous dimension defined above is due to Guivarc’h
and Bass independently.

In particular, in our situation we have a subgroup fl in I'; which is torsion free
and has finite index in I';. Let T = Ty, I = [[4,T4], ..., I} = [T, T]. We
have the following lemma.

Lemma 6.5. [52, Lemma 3.1] For every n, I'} has finite index in T7.

Actually, [52, Lemma 3.1] states that I'? has finite index in I'}, but the proof
gives the result for all n.

We now consider the abelianization I'; /[I'1, 1] of T';. By definition, it is finitely
generated abelian, so it is of the form Z? x T', where T is a finite group (the torsion
group) and d is the rank of I'; /[Ty, T'q].

Lemma 6.6. With these notations, d > 2.

Proof. We first show that the rank of T';/[['1,T'1] is also the rank of T';/[[',T1].
Indeed, I'; has finite index in I', so f‘l/[f‘l, f‘l] has finite index in 1"1/[1:‘1, f‘l] Thus,
they have the same growth. Since [[';,T4] is a subgroup of [I';,T'1], the growth of
I'y/[['1,T4] is smaller or equal to the growth of T'y /[I'y,T';]. This proves that

rank (T1/[T1, T1]) < rank (fl/[fl, fl]) .

Similarly, [[';,T';] has finite index in [I'1,I'1] so that [['1,T1]/[[T1,T1],T1] has the
same growth as [I'1,T1]/[[T'1,T1],T1] and so

rank ([C1, T1]/[[T1, 1], T1]) < rank ([fl,fl]/[[fl,fl],fl]) .
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Using Lemma 6.5, an induction argument yields for all n
(8) rank (T7/T7) < rank (f"f/f‘?“) .

Since T'; has finite index in I';, they have the same growth. Thus, according to
Lemma 6.3, all inequalities given by (8) are equalities. In particular, we get that
rank (1“1/[1“1, Fl]) = rank (fl/[fl, fl]) .

We now argue by contradiction and assume that d < 1. Using the work of
Mal’cev [39], I, is torsion free nilpotent, so it is isomorphic to a lattice in a simply
connected nilpotent Lie group N (see also [47, Theorem 2.18]). Denote by n the
Lie algebra of A" and write n = [n,n] @ n; as a vector space. Such a decomposition
is not necessarily compatible with the Lie algebra structure. However, the rank of
[y /[T1,T] is the dimension of N'/[N, N] (see [47, Theorem 2.10]). Since d < 1, we
thus have that n; has dimension 0 or 1. We show that in both cases, N is abelian.

Let uw,v € n. Decompose v and v as ug + u1 and vg + v1, where ug, vy € [n,n]
and ui,v1 € ny. Then [u,v] = [ug, vo] + [uo, v1] + [u1,v0] + [u1,v1]. Since ny is zero
or one-dimensional, [u1,v1] = 0, thus [z,y] € [n,[n,n]]. An induction argument
then shows that [n,n] C [n,[n,n]] C -+ C [n,...[n,n]] = {0}. We deduce from this
that A is abelian, so that f‘l is abelian. In particular, f‘l/[f‘l, f‘l] is just f‘l, which
is thus abelian of rank at most 1. In particular, 'y is virtually cyclic, which is a
contradiction. O

We consider the projection map ¢ : I'y — Z%. Recall that S, is a finite generating
set of T'y. Then, ¢(S;) is a finite generating set of Z?. We see Z¢ as embedded
in R? in the standard way. Let P = Conv(4(S;)) be the convex hull of the image
of ¢(S1) in R%. Then P is a polytope. A facet of P is a proper face of maximal
dimension. We have the following results.

Lemma 6.7. [52, Lemma 4.1] Let V' be a subset of S1 such that (V') is contained
i a facet of P. Then, any word with letters in V is a geodesic for the word metric
associated with Sy.

Lemma 6.8. [52, Lemma 4.2] Let H be a nilpotent group generated as a group by
a finite set V. Then, for any g € H, there exist x and y in H written with letters
in V such that gx = y.

Actually, in [52, Section 4], the author fixes a symmetric finite generating set, but
the assumption of symmetry is not needed for these two lemmas. This is obvious
for Lemma, 6.8, since the statement does not involve S; nor I'y. For Lemma 6.7, this
readily follows from the proof of [52, Lemma 4.1], which we recall for convenience.

Proof of Lemma 6.7. Let F C R? be the facet into which V is mapped and let
f :R™ = R be the linear function defined by f(u) =1 for u € F. Let z;...z, € I';
be an element written with elements of V. Then, f o ¢(z;...z,) = n. Assume that
X1 Ty = Y1...Ym With y; € Sy. Then, since f(u) < 1for u € P, fod(y1...ym) < m.
Hence, we necessarily have m > n and so 1, ..., z, is a geodesic. ([

We now fix a facet F' and V' C S} such that ¢(V1) = F. Our goal is to construct
elements x,y such that
(1)  and y commute,
(2) for every non-negative k,l,m, we can write z¥y'a™ as a geodesic with
elements of V,
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(3) if zFy! = 2*'y" then k = k' and [ = I'.

Denote by I'yy the subgroup of I'y generated by V. Then, I'y is also nilpotent.
There are two cases. Either [I'y,I'y] is finite or it is not. We first consider the case
where it is infinite. Let T'{, =y, I's, = [['v, 'y ],...,.I} = [FV,F"}%].

Any element of I'y: mapped to a non-trivial element of Z¢ by ¢ has infinite order.
Consider the last n such that I'}; has an infinite order element and consider such
an element g € I'Y,. Then, 1"7‘7"1 has only torsion elements. Since it is nilpotent, it
is finite. In particular, we cannot have n = 1 since [I'y,,T'y] is infinite. According
to Lemma 6.8, there exist x and y written with elements of V such that gz = y. If
x were trivial, then we would have g = y. In particular, y could not be trivial so it
would mapped to the facet F and would also be in ['1,T'1], which is absurd. Thus,
x cannot be trivial. Since g~y = x, we show similarly that y is not trivial.

Lemma 6.9. There exists m > 1 such that g and ™ commute.

Proof. Assume that xgz=tg=! # e. Then 22gz~2g7! # zgr~1g~!. Otherwise, we
would have 22gxr=2g~! = xgx~'g~! so that zgx~! = g and thus zgz~1g~! = e.
We also have similarly 23gr 3971 # 22gx~1g~!. Now, if 229229~ # e, a similar
argument shows that z3gx=3¢g~! # x2gx~'¢~'. By induction, we show that if
zFgr=Fg=! # e for k = 1,...,m, then 2 ga—(m+1g=1 ig different from all the
xFgr=Fg=1. Since all these elements lie in I"‘}J“l which is finite, this concludes the

proof. ([

We write 2’ = 2™ and y’ = y2™ L. Up to replacing z with 2’ and y with 3, we
thus have that gxr = y, x and g commute, hence x and y commute, and x and y
are written with elements of V. According to Lemma 6.7, the sequence vy, ..., v, of
elements of V' such that z = v;...v, yields a geodesic from e to x and similarly with
y. Moreover, any concatenation of these geodesics from e to x and from e to y is
again a geodesic. In particular, for any k, 1, m, we can write z"y'a™ with elements
of V' and this yields a geodesic from e to z*y'z™.

Lemma 6.10. If z*y' = 2¥' ¢V, thenk =k and 1 =1'.

Proof. We have o = yl/_l = gl/_l:tl/_l. Projecting this equation in Z?, we
get ¢(z)" "+ = ¢(x)"~!. Since ¢(z) # 0 and there is no torsion in Z%, we have
k—k =1 —1 Thus, e = ¢! and since ¢ has infinite order, [ = I, hence
k=K. O

Assume now that [Ty, T'y/] is finite. This time, we choose x and y as two elements
of V that are sent to two different elements of the facet F'. This is possible since
d > 2, according to Lemma 6.6. Since ¢(x) and ¢(y) are linearly independent
elements of Z?, we still have the conclusion of Lemma 6.10. The same argument as
in the proof of Lemma 6.9 shows that there is m > 1 such that ™ and y commute.
Up to replacing = with ™ (which is still linearly independent of y, once mapped
to Z4), we still get that

(1)  and y commute,
(2) we can write z¥y!a™ as a geodesic with elements of V,
(3) if zFy! = 2*¥'y" then k =k’ and [ = I'.

Whether [T'y, T'y] is finite or not, we use such elements x and y to finish the proof

of Theorem 1.5. We argue by contradiction and assume that h = lv. Proposition 6.1
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shows that for any go € I', there is a uniformly finite number of middle points on a
geodesic from e to gp.

According to Condition (2) above, we can find  and y such that g ;.m = 2*y'z™,
written with elements of V' yields a geodesic from e to gi ;. We denote this
geodesic by a. If K+ m = n is fixed, we can find [ large enough so that the length
of y! is larger than the length of z*+™. Thus, for every k,m such that k +m = n,
the middle point on the geodesic « is on the sub-segment from z* to ¥4

Letting &k vary, we thus get several middle points on several geodesics from e to
Jk,l,m- Since x and y commute, these geodesics have the same endpoints. Those
middle points are of the form y', zy't, 22y’ ..., 2"y'». According to Condition (3)
above, all those middle points are different. Up to enlarging n if necessary, we
obtain a contradiction with Proposition 6.1. O

7. GROUPS WITH CONNECTED SET OF CONICAL LIMIT POINTS

In this section, we prove Theorem 1.6. We will actually prove a stronger state-
ment (see Theorem 7.10). We consider a non-elementary relatively hyperbolic group
I" and a probability measure p on I'. We consider a word metric d,, and assume
that p has finite super-exponential moment with respect to d,,.

7.1. Continuity of the Naim kernel. We prove here that the Naim kernel © (¢, ¢)
defined above is continuous at all pairs of distinct conical points (&, ) of dgI'. Recall
that

Glg, h)

o . Ke(g)
=liminf lim ——S 2 = liminf '
0(¢,¢) =liminf lm G(g,e)Gle,h)  gerse Glg,e)

Notice that —% log © is the analogue of the Gromov product associated with the
Green metric. Beware that in general, the Gromov product is not continuous with
respect to both variables on the Gromov boundary, see [42]. Our proof is very
specific to the Naim kernel and the Green distance. If A C I', we denote by
G(z,y; A) the Green function at x and y conditioned by staying in A. Precisely,

G(z,y;A) =Y Plwo = 2,wn = y,wi € A,1 <k <n—1),
n>0

where we recall that wy, is the k-th step distribution of the random walk. We begin
by recalling the following enhanced version of relative Ancona inequalities which is
obtained by combining Proposition 2.3 and [19, Theorem 5.2].

Proposition 7.1. For each € > ey, n >0, D > 0, ¢ > 0, there is an R > 0 such
that if x,y,z € T and y is within D of an (e, n)-transition point on a word geodesic
from x to z then G(x,z; Br(y)°) < ¢G(x,z), where Br(y)© is the complementary
of the ball of center y and radius R.

Proposition 7.2. Suppose (T, 2], yn,yl,) € Tt is a sequence of quadruples with
the following property. There exist D > 0,¢ > €y,n > 0, a function 7(n) — oo and
an infinite geodesic v with (e, n)-transition points pn, qn € T with dy(pn, gn) > 7(n)
such that any geodesic segment [x,,yn] and [x},,y!,] passes within D of both p,, and
qn- Then

Glen )Gl th) |

G}, yn)G (20, y;,) n—roo
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Proof. Suppose by contradiction that z,,yn,x,,y, € I' are sequences with the
stated property for which the conclusion fails. Then there is a subsequence for
which the quotient %&W converges to some L # 1 (which can be infinite).
Any sub-subsequence of this subgequence will also satisfy that the above quotient
converges to L £ 1. Thus, up to taking a subsequence, we can assume without loss
of generality that (z,,yn, 2., y,) — (§,(,&,¢") in the Bowditch compactification
and (Z,, Yn, 2, y,) — (£,¢,€,¢') in the Martin compactification, while the above
quotient does not converge to 1. In addition, passing to a subsequence we may
assume either p, or g, (say ¢,) converge to a conical point of dgI'. This point
must then equal the limit ¢ of the ,, and y/,. It follows that ¢ = ¢’ and ¢ = ('.

Let ¢ > 0 be a small number. According to Proposition 7.1, there is an R > 0
large enough so that G(z,y; Br(w)®) < ¢G(z,y) whenever z,y,w € I' with w
within 2D of Tr, ,[z,y]. By our assumption on the sequences and the relatively
thin triangles property, for each & > 0 and all large enough n, there exist p,q
on the geodesic ray or bi-infinite geodesic (¢,¢) with dy(p,q) > k such that any
geodesic segment [T, Yn|,[Z0,, Ynl,[Tn, YL, 25, y,] contains a (e, n)-transition points
within 2D of p and ¢g. Paths from x,, to y,, are of three types:

a) Paths that miss one of Br(p) or Br(q).

b) Paths that pass both Br(p) and Br(q), and whose last intersection with Br(p)
comes after their last intersection with Br(q).

c¢) Paths that pass both Bgr(p) and Bgr(q), and whose last intersection with Br(q)
comes after their last intersection with Bg(p).

Paths of type a) contribute at most 2¢G(zy,yn) to G(Tn,yn). We will prove
that the contribution of paths of type b) also is small compared to G(z,, yn). The
contribution of such paths can be written as

> G(xn,v)G(v,u; Br(g)° N Br(p)*)G(u, yn)
uwEBR(p),vEBRr(q)
which can be bounded by
Y Glan,v)G(v,u)G(u,yn)
uwEBR(p),v€Br(q)

Recall that dg and d,, are quasi-isometric (see [30, Lemma 4.2]), so there is a con-
stant ¢ € (0,1) such that G(g1, g2) < t%(91:92) and G(g1, g2)/G(g1, g3) < t~4w(92:93)
for all g1, 92,93 € I'. Those inequalities are called Harnack inequalities. In partic-
ular, for all u € Br(p),v € Br(q) we have

G(’U, u) < tdw(u,v) < tk—2R
G(ap,v) <t DG(2,,q) <t G (20, q)
and
G(u,yn) < 7P G(p,y,) <t EG(p,yn).

Furthermore, the number of points in a Cayley ball of radius R is at most Ce"? for
a constant C' > 1. Thus, the contribution of paths of type b) is bounded above by

C2e* ™G (0, 4)G (g, 0)G(p, Yn)-
By relative Ancona inequalities (3), we have

G(rn,q) < AG(2n,p)G(p,q), G(p,yn) < AG(p,q)G(q; yn)
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where A > 1 depends only on ¢,n, D. Consequently the contribution of paths of
type b) is bounded above by

C2 A2 G (2, p)G(p, 4)G (4. )G (P, 9)G (¢, Yn)
< C?A2 G (20, y,) G(p, )G (g, p)
< CQAQEQURt74Rt2kG(IEn, yn)
which is smaller than ¢G(z,, y») if k is chosen large enough.
Thus, the contribution of paths of type c) is at least (1 — 3¢)G(zpn,yn). Fur-

thermore, conditioning by the last visit to Br(p) and the first subsequent visit to
Br(q), we can express this contribution as

> G(zn,u)G(u,v;T'\ (Br(p) U Br(9))G(v, yn)-
uwEBR(p),v€Br(q)

By definition of convergence in the Martin compactification, for large enough n we
have for all u € Br(p),v € Br(q),

(1 —e)Kp(v)

IN
QQ

f“ﬁ(erﬂ)

(xn, u)
(Tn, 6)

where K denotes the Martin kernel for the reflected random walk i(g) = p(g~?).
For simplicity, we define A\, g(c) by

1/Aa,p(c) = > Ko(u)Kp(v)G(u,v;T\ (Br(p) U Br(q)))-

wEBRr(p),vEBRr(q)

(1= ARa() < 2 < (14 ) Ro(u)

Notice that A g(c) does not depend on n. We also write ¢ = (}f—;’i)z so that ¢
converges to 1 when c tends to 0. Consequently, we have for large enough n
G(2n,)G(e,yn)E ™ Xa,5(¢) < G(n,yn) < G(wn, )G (e, yn)Aa,p(c)
Similarly, we have
Gz, €)Gle,yn)e Ao 5(c) < Glal,, yn) < Glay,, €)Gle, yp)ea 5(c),
G(x, )G(e,yn)e™ Ao 5() < Gay,yn) < Glar,, €)G(e, yn)Aar 5(c),
G(2n,€)G(e,yp)E ™ Aa,p(c) < Glan,y,) < G(Im e)G(e, yp,)eAa,p(c).
This implies that for all large enough n Glznwn)GlEn¥a) 5 hounded between

G(m{rl7y")G(m"7y’cl)
(153¢)8 and (1£3¢)8. As ¢ can be chosen arbitrarily small, it follows that

1+3c 1-3
G (20, yn)G (77, Yn)
G2, Yn)G(Tn, yy,)
This is a contradiction. ([l

<
<

— 1.

Corollary 7.3. Let &, € g’ be distinct conical points. Then the limit

lim __Glwy)
I G, )Ce,v)

exists and equals O(§,C).
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Proof. By definition of O, it suffices to show that the limit exists. To that end,
suppose that w,,w), — & and v,,v,, — (. We need to show that for any such
sequences we have

— 1.

G(wp, vp)G(w),, e)G(e,vl,)

G(wy,, v7,)G(wn, €)G (e, vn)

Indeed, the quadruples (wy,, €, vy, v),), (Wn, W), vy, €) and (wy, w),, v,, v)) all sat-

isfy the conditions of Proposition 7.2. Applying this proposition to each of these
we thus obtain

G(wp, vn)G(e,vl,) 1 G(wp, vn)G (W), €) 1 G (W, vp)G(wl,, vl)

, n’ , n» - n 1 .
G(e,vn)G(wn,vy,) G(wy,, vn)G(wn, €) G(wy,, vn)G(wn,vy,)
Multiplying the two first expressions and dividing by the last one, we get the desired
convergence. (]

We deduce the following.
Proposition 7.4. The Naim kernel is continuous at pairs of distinct conical points.

Proof. Let € # ¢ be two conical limit points and let &, — &, ¢, — ¢ and &, # (a.
According to Corollary 7.3, we can choose g, ,, and hy, ., converging to &, and
Cn as m goes to infinity such that |O(&n, () — O(Gnms hnm)| < % Since the
Bowditch compactification is metrizable, we can thus construct sequences g,, and
hn, with g, — &, hy, — ¢ and such that |0(&,,, () — ©(gn, hn)| converges to 0. Using
Corollary 7.3 again, ©(gy,, hy,) converges to O(,¢) so that ©(&,,(,) converges to
0(&,¢). O

7.2. Cross-ratios and stable translation length. We now prove some dynam-
ical results about the Martin cocycle cys defined as cpr(g,&) = —log(Ke(g™1)),
where K¢ is the Martin kernel based at ¢ in the Martin boundary 9,I" and where
g € I'. The reason we call cps a cocycle is that it satisfies the following property,
usually called the cocycle property (see [27]).

(9) Vg, h e P,Vﬁ S 6MF70M(gh7§) = CM(gvhg) + CM(h7§)

When ¢ € 9gI is a conical limit point, we can identify it with a point of 9,I" and
write car(g, &) = —log(K¢(g™1)) accordingly.

Recall that if h, g € T are any elements in any finitely generated group, endowed
with a left-invariant metric d, the sequence d(h, g"h) is sub-additive. Hence, the
sequence W converges to the limit [(g) = inf, w It is easy to see that
this limit is independent of h. The number I(g) is called the stable translation
length. By definition I(¢™) = nl(g) for n € N. It depends on the metric and in the
following, we will compare different I(g), for different metrics. We fix the following
notations. We will denote by {*(g) the stable translation length associated to some
word metric, and by [“(g) the stable translation length associated to the Green
metric.

If T is relatively hyperbolic, an infinite order element g € T" is said to be loxo-
dromic if it has two distinct fixed points g7, g~ € dgI'. In that case we can order
them so that g"z — gt forallz € T\ {g } and g~ "z — g~ forallz € T\ {g"}.
The points g~ and gT are called the repelling and attracting fixed points of g
respectively, and are necessarily conical. See e.g. [6, Section 2| for details.
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Lemma 7.5. Let T' be a relatively hyperbolic group and let g be a lozodromic el-
ement. Denote by g~ and g+ the repelling and attractive fized points of g. Then,

en(g,9%) =19(9) and err(g,97) = —1%(g).

Proof. Using the cocycle property, we have car(g", 97) = car(9" 1, 97 ) +ear(g,97),
so ca (g™, g7) = near(g,g™). Since g is loxodromic, for large enough k and n, we
have SZ(gn,g’k) > Sf(gﬂg*)/? > 0. Thus Proposition 2.3 implies that e lies a
bounded (depending on g but not on k,n) distance away from a transition point
between g~" and g*. Relative Ancona inequalities (3) then show that

Glg™".g") < G(g7" e)Gle.g"),
hence K (97", ¢*) < G(g7",¢). Thus, K(g7",¢g7) < G(e,g"). The implied con-
stants depend on g but not on k,n. In other words,

SUP|CM(Qna9+) - dG(eagn” < 00,
n

so that Lepa(g™, g™) converges to 19(g).

For the second statement of the lemma, notice that for any &, ca(e,§) = 0.
Using again the cocycle property, we have cys(e,97) = car(g,97) +em(g b, 97),
so that car(g,97) = —em(971,97) = —1%(g™1), replacing g with g~ in the first
statement of the lemma. Since dg (e, g") = dg(e, g7 1), 1%(g) = 1%(g7 ). O

If &1, &2, &3, &4 are four distinct conical limit points, define their cross-ratio as

[€1,&2,83,84] = O(&1,83) O (&2, 84)

O(&1,64) O(62,&3)
where O is the Naim Kernel.
Actually, [£1,&2,&3,&4] is also well defined if €3 = &4 or if & = & and in any of
these two cases, [£1,&2,&3,&4] = 1. Denote by AL the set of conical limit points and
by € the set on which the cross-ratio is well defined, that is

€= {€1,60,63,80 €O, &1 # &3, 61 # €4, &0 # €3, 60 # Eu}.

The cross-ratio is then well defined on €. It is also continuous on € according to
Proposition 7.4. We have the following two lemmas, adapted from Dal’Bo [10] and
Otal [44].

Lemma 7.6. Let g be a lozodromic element of T' and denote by g—, g" its repelling
and attractive fized points. Let & be a conical limit point that differ from g~ and

G
g*. Then, e 279 = [9779+a9'§7§]-

Proof. By definition, log([g—, g1, g-&,€]) is the limit, when g,, converges to g~ and
hy, converges to g*, of log(Ky.¢(gn)) + 1og(K¢(ha)) — log(Ky.¢(hn)) — log(Ke(gn))-
Choosing the sequences g, = g~" and h,, = g", we then have

log(lg™, g™, 9-&¢)) = lm —en(g",9-8) —emlg™™, )
+emlg™", 98 +em(g”,§)
Using the cocycle property (9), an easy induction shows that for every h € T' and

every conical limit point ¢, cp(h™, () = Z;S car(h,hF - ¢). Thus, (10) can be
reformulated as

) log(lg™, g7, 9-&¢]) = lm —cnlg, 9" &) +em(g,€)
+em(g™hg-6) —emlg g6

(10
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Using the cocycle property (9) again, we get car(g,€)+cnr(g™t, g-€) = em(e, &) = 0.
Since g™ - £ converges to g* and g7 *! . ¢ converges to g~, by continuity of the
Martin kernels, Expression (11) becomes

log(lg™, g%, 9+ &,€]) = lm —car(g,9" &) —enmlg™ 97" 9
=—cum(g.g%) —emlg " 97).
Finally, by Lemma 7.5, car(g,97) = car(97, 97) = 1%(g). 0

Lemma 7.7. Let g and h be two independent loxodromic elements of I'. Denote
by g= and gT, respectively h™, h* the repelling and attractive fized points of g,
respectively h. Then,
_ _ + +1 . (lG(g"h")flG(g")flG(h"))
[g ah g ’h]_ngrfooe .
Proof. By definition, log([g~,h~, g™, h*]) is the limit, when g,, converges to g~ and
hy, converges to h™, of log(K g+ (gn)) +10g(Kp+ (hn)) —1og(K g+ (hn)) —1log(Kp+(gn))-
As in the previous proof, choosing the sequences g, = ¢~™ and h,, = h™", we have

log(lg™,h™, g™, k7)) = lim —car(g”, g") — e (R, A7)

+em(h™, gt) +em(g™, hh).
For large n, &, := g"h" is loxodromic. Denote by &, and &} its repelling and
attractive limit points. According to Lemma 7.5, [€(g"h"™) = cpr(g"h™, &F) and by
the cocycle property (9), 1%(g"h"™) = car(g™, h™ - &F) + ear(h™, &), Similarly, we
have 1%(g") = car(9™, 97) and (9 (h™) = cpr(R™, hT). Thus, using (12), we only
have to prove that

em(R™,g7) +enm(g™ b)) —en(g™, B - &5) — e (R, 6F) =20

Since &, = g"h™, &} converges to gt. Moreover, h" - & converges to h™. Since
g and h are independent, for large enough n, g~ is bounded away from h™ and
h™ - &, Finally, since g—™ converges to g,

K -n - hT
lim M: lim @(g—’{rzl_
00 Kypngr (977) - nooe O(g—, b - &)
Similarly,
fim 2T
n—o00 5; (h_")
In other words, cpr(g"™, h™) — cp(g™, h™ - &) and cpr(R™, g1) — eamr (™, &) both
converge to 0. This concludes the proof. O

7.3. Arithmeticity of the stable translation lengths. Let I be a relatively
hyperbolic group endowed with a word metric. We prove here that the stable
translation length of loxodromic elements is arithmetic. It thus takes value in a
discrete space. We then deduce the same thing for the Green metric whenever
h =lv.

Proposition 7.8. Let I' be a relatively hyperbolic groups, endowed with a word
metric. There exists some rational number au, such that for any lozodromic element
g, 1" (g) € ayN. Furthermore, [*(g) > 0 for any lozodromic element g.
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Proof. This result was first stated by Gromov in [28] for hyperbolic groups. We
will adapt the proof of Delzant [11] to the case of relatively hyperbolic groups.

We fix a finite generating set .S and arbitrarily choose some order on S. Between
two elements g1, g2, there is a unique geodesic, ordered lexicographically according
to the order chosen on S. We say that such a geodesic is special. If & and &
are two conical limit points, we say that a geodesic between &; and & is special
if every finite sub-path of it is special. Such a geodesic always exists, as we now
prove. Consider first a (non-necessarily special) geodesic (£1,&2) between & and
& and let gy, h, be two sequences of points on (£1,&2), with g, — &1, hy — &o.
Consider then a special geodesic from «,, between g, and h,,. Fixing a transition
point g on (&1,&2), for large enough n, all the geodesics v, pass within a bounded
distance of ¢, so that up to extracting a sub-sequence and up to changing g, we
can assume that g lies on all the a,,. We can then extract a sub-sequence of the «,,
that converges to a new geodesic from &; to &, which is necessarily special.

Now let g be a loxodromic element and fix a special geodesic o between g~ and
gT. Since g is loxodromic, g~ and gT are conical. Thus, for suitable ¢,n > 0,
Lemma 2.2 ¢) implies there are an infinite number of (e, n)-transition points on
both sides of . In particular, there is a Z-indexed sequence ..., h_p, ..., hg, ..., Fp ...
such that hy is a (e, n)-transition point on o and h_,, — g~ and h, — g7.

Furthermore, by Proposition 2.3 there exists a constant R > 0 such that if h
is an (e, n)-transition point on «, then any geodesic from g~ to g% goes through
a point at distance at most R from h. (The constants ¢,7, R depend only on the
Cayley graph, and are independent of g).

Denote by N the maximal cardinality of a ball of radius R in the Cayley graph.
Then, if ky # ks € Z, there are at most N? special geodesics from an element of
B(hy, , R) to an element of B(hy,, R). This proves that there are at most N? special
geodesics from g~ to g7. Now, g permutes those special geodesic, so that, denoting
K = N?!, g¥ fixes one of them. Fix any point h on this special geodesic, so that
d((g%)"h, h) = nd(g¥h, h). This shows that [*(g¥) € N. Since (*(¢¥) = KI“(g),
we see that ["(g) lies in %N and K does not depend on g. Furthermore, we have
that d((g®)"h,h)/n = d(g®h,h) > 0 for all n, so that {*(¢g%) > 0. It follows that
1“(g) = 1*(¢g%)/K > 0, which concludes the proof. O

We deduce the following from Theorem 1.1.

Proposition 7.9. Let I' be a non-elementary relatively hyperbolic group. Let u be
an admissible probability measure on I' with finite super-exponential moment. Fiz
a finite generating set S and consider the associated word metric. Assume that
h =lv. Then, there exists a real number ag such that for any lozodromic element
g, 1%(g9) € agN.

Proof. Since h = lv, Theorem 1.1 shows that |dg — vd,,| < C, where dg is the
Green metric and d,, the word metric and where C' is some constant. Thus, the
limits of dG(Z"yn) W(fl"yn) are the same, i.e. 19(g) = vl%(g). According to
Proposition 7.8, for any loxodromic element g, [*(g) € a,,N, so (%(g) € va,,N. O

d
and v

7.4. Connectedness of the boundaries. We can now prove the following result.

Theorem 7.10. Let T be a non-elementary relatively hyperbolic group. Denote by
T the set of conical limit points and assume that for any two distinct conical limit
points &1,&, OT'\ {1, &} has a finite number of connected components. Let i be an
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admissible probability measure on I' with finite super-exponential moment. Then,
for any word metric associated to a finite generating set, we have h < lv.

Proof. Assume on the contrary that A = [v. Lemma 7.7 shows that for any loxo-
dromic elements g and h,
g, h~,¢",h] = lim o3 (19 (g"h™) 1% (g™) =19 (h™))
n—-+o0o
Using Proposition 7.9, we see that [g—,h~, gF, h*] lies in a discrete set e*¢". Since
the set of {(g7,g™)} is dense in the set {(&1,&2),&1 # &}, using the continuity
of the cross-ratio, we have that for any four conical limit points &1, &s,£3,&4 in €
[51, 52, 53, 54] lies in eO‘GN.

Let g be a loxodromic element and fix any conical limit point &, that differs
from ¢~ and gT. Then, g - & and g% - & also differ from ¢~ and ¢g*. Denote
by C the connected component of '\ {g~, ¢t} in which & lie. By assumption
there is a finite number of components in '\ {g~, g7} and since g permutes these
components, there is a power of g, ¢"° such that C is invariant by ¢™°. Replacing
g by g™°, we can assume that no = 1.

Since ¢ - & € C, g* # g - &. Similarly, if £ € C, g* # € and so the function
£€eCw[g7,9%,9" &,&] is continuous on C and has its image contained in e*¢!
so it is constant. However, according to Lemma 7.6, [¢7, g7, g - &, &) = e=2%(9)
and [9(g) = vl¥(g) > 0, so that [g7, 9%, 9 &,&] < 1. On the other hand,
l97,97,9 &,9&]=1. This is a contradiction. O

Theorem 1.6 immediately follows from Theorem 7.10. Indeed, if the Bowditch
boundary is a sphere of dimension d > 2, then the set of conical limit points with
two points removed is a sphere with a finite or countable number of points removed.
Such a space is connected as we now prove. It is enough to prove that R%\ A is
connected whenever d > 2 and A is countable. Consider two points z,y € R%\ A.
There exists a straight line passing through = that does not pass through any of
the points in A, since there is an uncountable set of distinct such straight lines.
Similarly, there exists a straight line passing through y that does not pass through
any points in A and that is not parallel to the first straight line. Those two lines
necessarily intersect, which yields a continuous path from z to y. ([l

Remark 7.11. In Corollary 1.7, if the manifold M is of dimension n = 2 and is non-
compact, then the set of conical limit points is a circle S! with a countable number
of points removed and we cannot apply Theorem 7.10. Actually, in this setting,
m1(M) is free and so h = lv can occur. However, if M is compact, then the set of
conical limit points is homeomorphic to S! and so we can apply Theorem 7.10. We
thus recover the fact that h < lv for the word metric on a surface group, which is
already a consequence of results in [27].
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