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HARMONIC MEASURES VERSUS QUASICONFORMAL MEASURES FOR
HYPERBOLIC GROUPS

SEBASTIEN BLACHERE, PETER HAISSINSKY & PIERRE MATHIEU

ABSTRACT. We establish a dimension formula for the harmonic measure of a finitely sup-
ported and symmetric random walk on a hyperbolic group. We also characterize random
walks for which this dimension is maximal. Our approach is based on the Green metric, a
metric which provides a geometric point of view on random walks and, in particular, which
allows us to interpret harmonic measures as quasiconformal measures on the boundary of the

group.

1. INTRODUCTION

It is a leading thread in hyperbolic geometry to try to understand properties of hyperbolic
spaces by studying their large-scale behaviour. This principle is applied through the intro-
duction of a canonical compactification which characterises the space itself. For instance a
hyperbolic group I' in the sense of Gromov admits a natural boundary at infinity OI': it is
a topologically well-defined compact set on which I" acts by homeomorphisms. Together, the
pair consisting of the boundary JI' with the action of I' characterises the hyperbolicity of the
group. Topological properties of OI' also encode the algebraic structure of the group. For
instance one proves that I' is virtually free if and only if OI' is a Cantor set (see [41] and
also [11] for other results in this vein). Moreover, the boundary is endowed with a canonical
quasiconformal structure which determines the quasi-isometry class of the group (see [26] and
the references therein for details).

Characterising special subclasses of hyperbolic groups such as cocompact Kleinian groups
often requires the construction of special metrics and measures on the boundary which carry
some geometrical information. For example, M. Bonk and B.Kleiner proved that a group
admits a cocompact Kleinian action on the hyperbolic space H", n > 3, if and only if its
boundary has topological dimension n — 1 and carries an Ahlfors-regular metric of dimension
n—118].

There are two main constructions of measures on the boundary of a hyperbolic group:
quasiconformal measures and harmonic measures. Let us recall these constructions.

Given a cocompact properly discontinuous action of I' by isometries on a pointed proper
geodesic metric space (X, w, d), the Patterson-Sullivan procedure consists in taking weak limits

of
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as s decreases to the logarithmic volume growth

1

v < limsup = log |B(w, R) N T'(w)].
R—o0 R

Patterson-Sullivan measures are quasiconformal measures and Hausdorff measures of 0.X when

endowed with a visual metric.

Given a probability measure p on I', the random walk (Z,), starting from the neutral
element e associated with p is defined by

Z():(Z; Zn+1:Zn'Xn+17

where (X,,) is a sequence of independent and identically distributed random variables of law
p. Under some mild assumptions on p, the walk (Z,), almost surely converges to a point
Z+ € OI'. The law of Z, is by definition the harmonic measure v.

The purpose of this work is to investigate the interplay between those two classes of mea-
sures and take advantage of this interplay to derive information on the geometry of harmonic
measures. We show that, for a general hyperbolic group, the Hausdorff dimension of the har-
monic measure can be explicitly computed and satisfies a ’dimension-entropy-rate of escape’
formula. We also characterise those harmonic measures of maximal dimension.

The usual tool for this kind of result is to replace the action of the group by a linear-in-time
action of a dynamical system and then to apply the thermodynamic formalism to it: for free
groups and Fuchsian groups, a Markov-map Fr has been introduced on the boundary which
is orbit-equivalent to I' [12, 33]. For discrete subgroups of isometries of a Cartan-Hadamard
manifold, one may work with the geodesic flow [31, 32, 21, 23].

Our approach is different for both these methods seem difficult to implement for general
hyperbolic groups. On the one hand, it is not obvious how to associate a Markov map with
a general hyperbolic group, even using the automatic structure of the group. On the other
hand, the construction of the geodesic flow for general hyperbolic spaces is delicate and its
mixing properties do not seem strong enough to apply the thermodynamic formalism. Instead,
we will combine geometric arguments with the special features of random walks to derive our
results. As such, we believe our approach to be more elementary.

1.1. Geometric setting. Given a hyperbolic group I', we let D(T") denote the collection of
hyperbolic left-invariant metrics on I' and quasi-isometric to a word metric induced by a finite
generating set of I'. In general these metrics do not come from proper geodesic metric spaces
as we will see (cf. Theorem 1.1 for instance). In the sequel, we will distinguish the group as
a space and as acting on a space: we keep the notation I' for the group, and we denote by
X the group as a metric space endowed with a metric d € D(I'). We may equivalently write
(X,d) € D(I"). We will often require a base point which we will denote by w € X.

This setting enables us to capture in particular the following two situations.

e Assume that I' admits a cocompact properly discontinuous action by isometries on a
proper geodesic space (Y,d). Pick w € Y such that v € T' — ~(w) is a bijection, and
consider X = I'(w) with the restriction of d.

e We may choose (X, d) = (I, dg) where dg is the Green metric associated with a random
walk (see Theorem 1.1).
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Let p be a symmetric probability measure the support of which generates I'. Even if
the support of u may be infinite, we will require some compatibility with the geometry of the
quasi-isometry class of D(I"). Thus, we will often assume one of the following two assumptions.
Given a metric (X, d) € D(I'), we say that the random walk has finite first moment if

> d(w, y(w))u(y) < oo

yel’

We say that the random walk has an exponential moment if there exists A > 0 such that

Zekd(w,v(w))u(v) < 00,
~vel

Note that both these conditions only depend on the quasi-isometry class of the metric.

1.2. The Green metric. The analogy between both families of measures — quasiconformal
and harmonic — has already been pointed out in the literature. Our first task is to make
this empirical fact a theorem i.e., we prove that harmonic measures are indeed quasiconformal
measures for a well-chosen metric: given a symmetric law g on I" such that its support generates
', let F'(x,y) be the probability that the random walk started at = ever hits y. Up to a constant
factor, F'(z,y) coincides with the Green function

Glz,y) €N P Z, =y =Y ),
n=0 n=0

where P* denotes the probability law of the random walk (Z,) with Z, = = (if Z, = e, the
neutral element of I, we will simply write P° = IP), and where, for each n > 1, u" is the law
of Z, i.e., the nth convolution power of the measure pu.

We define the Green metric between z and y in I' by

def.
dg(x,y) = —log F(x,y).
This metric was first introduced by S. Blachere and S. Brofferio in [6] and further studied in
[7]. It is well-defined as soon as the walk is transient i.e., eventually leaves any finite set. This
is the case as soon as I' is a non-elementary hyperbolic group.

Non-elementary hyperbolic groups are non-amenable and for such groups and finitely sup-
ported laws pu, it was proved in [6] that the Green and word metrics are quasi-isometric.
Nevertheless it does not follow from this simple fact that dg is hyperbolic, see the discussion
below, §1.7.

We first prove the following:

Theorem 1.1. Let I be a non-elementary hyperbolic group, p a symmetric probability measure
on I' the support of which generates T,

(i) Assume that i has an exponential moment, then dg € D(I') if and only if for any r
there exists a constant C(r) such that

(1) Fa,y) < C(r)F(z, ) F(v,y)

whenever x,y and v are points in a locally finite Cayley graph of I' and v is at distance
at most r from a geodesic segment between x and y.

(i) If dg € D(T") then the harmonic measure is Ahlfors reqular of dimension 1/e, when OT
is endowed with a visual metric dS of parameter € > 0 induced by dg.
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Visual metrics are defined in the next section.

A. Ancona proved that (1) holds for finitely supported laws p. Condition (1) has also been
coined by V. Kaimanovich as the key ingredient in proving that the Martin boundary coincides
with the geometric (hyperbolic) boundary [23, Thm 3.1] (See also § 1.5 and § 3.2 for a further
discussion on the relationships between the Green metric and the Martin boundary).

Theorem 1.1 in particular yields

Corollary 1.2. Let I' be a non-elementary hyperbolic group, i a finitely supported symmetric
probability measure on 1" the support of which generates I'. Then its associated Green metric
dg 1s a left-invariant hyperbolic metric on I quasi-isometric to I' such that the harmonic
measure is Ahlfors reqular of dimension 1/e, when OU is endowed with a visual metric d< of
parameter € > 0 induced by dg.

Our second source of examples of random walks satisfying (1) will come from Brownian
motions on Riemannian manifolds of negative curvature. The corresponding law p will then
have infinite support (see §1.6 and §6).

1.3. Dimension of the harmonic measure at infinity. Let (X, d) € D(I"). We fix a base
point w € X and consider the random walk on X started at w i.e., the sequence of X-valued
random variables (Z,(w)) defined by the action of I' on X. There are (at least) two natural
asymptotic quantities one can consider: the asymptotic entropy

— lim — erF(w) P Z,(w) = z]log P[Z,(w) = z]

n n n

e T > ver 1"(7) log ()

which measures the way the law of Z,(w) is spread in different directions, and the rate of
escape or drift

which estimates how far Z,(w) is from its initial point w. (The above limits for h and ¢ are
almost sure and in L' and they are finite as soon as the law has a finite first moment.)

We obtain the following.

Theorem 1.3. Let I' be a non-elementary hyperbolic group, (X,d) € D(I'), d. be a visual
metric of 0X, and let B.(a,r) be the ball of center a € X and radius r for the distance
d.. Let v be the harmonic measure of a random walk (Z,) whose increments are given by a
symmetric law p with finite first moment such that dg € D(T).

The pointwise Hausdorff dimension lim,_, W exists for v-almost every a € 0X,

and is independent from the choice of a. More precisely, for v-almost every a € 0X,
logv(B:(a,r)) {lg

li =
e log r el

where ¢ > 0 denotes the rate of escape of the walk with respect to d and (g el lim,, M

the rate of escape with respect to dg.

We recall that the dimension of a measure is the infimum Hausdorff dimension of sets of
positive measure. In [7], it was shown that g = h the asymptotic entropy of the walk. From
Theorem 1.3, we deduce that
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Corollary 1.4. Under the assumptions of Theorem 1.3,

dimy = —
m v 5€

where h denotes the asymptotic entropy of the walk and ¢ its rate of escape with respect to d.

This dimension formula already appears in the work of F. Ledrappier for random walks on
free groups [33]. See also V.Kaimanovich, [24]. For general hyperbolic groups, V. Leprince
established the inequality dim v < h/(ef) and made constructions of harmonic measures with
arbitrarily small dimension [29]. More recently, V. Leprince established that h/ef is also the
box dimension of the harmonic measure under the sole assumption that the random walk has
a finite first moment [30]. Note however that the notion of box dimension is too weak to
ensure the existence of the pointwise Hausdorff dimension almost everywhere.

This formula is also closely related to the dimension formula proved for ergodic invariant
measures with positive entropy in the context of geometric dynamical systems: the drift
corresponds to a Lyapunov exponent [45].

1.4. Characterisation of harmonic measures with maximal dimension. Given a ran-
dom walk on a finitely generated group I' endowed with a left-invariant metric d, the so-called
fundamental inequality between the asymptotic entropy h, the drift ¢ and the logarithmic
growth rate v of the action of I' reads

h</tv.

It holds as soon as all these objects are well-defined (cf. [7]). Corollary 1.4 provides a geometric
interpretation of this inequality in terms of the harmonic measure: indeed, since v/e is the
dimension of (0X,d.), see [13], it is clearly larger than the dimension of v.

A. Vershik suggested the study of the case of equality (see [16, 43]). For any hyperbolic
group, Theorem 1.1 implies that the equality h = fv holds for the Green metric and Theorem
1.5 below shows that the equality for some d € D(I") implies d is almost proportional to dg.
In particular, given a metric in D(I"), all the harmonic measures for which the (fundamental)
equality holds belong to the same class of quasiconformal measures.

In the sequel, two measures will be called equivalent if they share the same sets of zero
measure.

Theorem 1.5. Let I' be a non-elementary hyperbolic group and (X,d) € D(I'); let d. be
a visual metric of 0X, and v the harmonic measure given by a symmetric law p with an
exponential moment, the support of which generates I'.  We further assume that (X, dg) €
D(T'). We denote by p a quasiconformal measure on (0X,d.). The following propositions are
equivalent.

(i) We have the equality h = (v.
(ii) The measures p and v are equivalent.
(iii) The measures p and v are equivalent and the density is almost surely bounded and
bounded away from 0.
(iv) The map (T',dg) 14, (X,vd) is a (1,C)-quasi-isometry.
(v) The measure v is a quasiconformal measure of (0X,d.) .

This theorem is the counterpart of a result of F.Ledrappier for Brownian motions on uni-
versal covers of compact Riemannian manifolds of negative sectional curvature [31], see also
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§1.6. Similar results have been established for the free group with free generators, see [33].
The case of equality h = fv has also been studied for particular sets of generators of free
products of finite groups [36]. For universal covers of finite graphs, see [34].

Theorem 1.5 enables us to compare random walks and decide when their harmonic measures
are equivalent.

Corollary 1.6. Let I" be a non-elementary hyperbolic group with two finitely supported sym-
metric probability measures p and i1 where both supports generate I'. We consider the random
walks (Z,) and (Z,). Let us denote their Green functions by G and G respectively, the asymp-

totic entropies by h and h, and the harmonic measures seen from the neutral element e by v
and U. The following propositions are equivalent.

(i) We have the equality
- 1 __
h = lim - log G(e, Z,)

in L' and almost surely.
(ii) We have the equality

-1 -
h = lim — log G(e, Z,,)
n

in L' and almost surely.

(iii) The measures v and V are equivalent.
(iv) There is a constant C such that
1

C

Q

(z,9)

<
(z,9)

<C.

Q)

1.5. The Green metric and the Martin compactification. Given a probability measure
1 on a countable group I'; one defines the Martin kernel

déf. G(ﬁ,y)
G(e,y)
By definition, the Martin compactification I" U Oy I" is the smallest compactification of I"

endowed with the discrete topology such that the Martin kernel continuously extends to I' x
(U oyT). Then OyT is called the Martin boundary.

K(z,y) = K,()

A general theme is to identify the Martin boundary with a geometric boundary of the
group. It was observed in [7] that the Martin compactification coincides with the Busemann
compactification of (I', dg). We go one step further by showing that the Green metric provides
a common framework for the identification of the Martin boundary with the boundary at
infinity of a hyperbolic space (cf. [1, 3, 23]).

Theorem 1.7. Let I' be a countable group, p a symmetric probability measure the support
of which generates I'. We assume that the corresponding random walk is transient. If the
Green metric is hyperbolic, then the Martin boundary consists only of minimal points and it
is homeomorphic to the hyperbolic boundary of (I',dg).

In particular, if T’ is a non-elementary hyperbolic group and if dg € D(I'), then Oyl is
homeomorphic to OI.

One easily deduces from Corollary 1.2:
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Corollary 1.8. (A. Ancona) Let I' be a non-elementary hyperbolic group, u a finitely sup-
ported probability measure the support of which generates I'. Then the Martin boundary is
homeomorphic to the hyperbolic boundary of T'.

In §6.3, we provide examples of hyperbolic groups with random walks for which the Green
metric is hyperbolic, but not in the quasi-isometry class of the group, and also examples of
non-hyperbolic groups for which the Green metric is nonetheless hyperbolic. These examples
are constructed by discretising Brownian motions on Riemannian manifolds (see below).

1.6. Brownian motion revisited. Let M be the universal covering of a compact Riemann-
ian manifold of negative curvature with deck transformation group I i.e., the action of I' is
isometric, cocompact and properly discontinuous. The Brownian motion (§;) on M is the
diffusion process generated by the Laplace-Beltrami operator. It is known that the Brownian
motion trajectory almost surely converges to some limit point &, € M. The law of £, is
the harmonic measure of the Brownian motion. The notions of rate of escape and asymptotic
entropy also make perfect sense in this setting.

Refining a method of T.Lyons and D. Sullivan [35], W.Ballmann and F. Ledrappier con-
struct in [3] a random walk on I" which mirrors the trajectories of the Brownian motion and
to which we may apply our previous results. This enables us to recover the following results.

Theorem 1.9. Let M be the universal covering of a compact Riemannian manifold of negative
curvature with logarithmic volume growth v. Let d. be a visual distance on OM. Then
h
dimy = —L
€€M
where hyr and Cy; denote the asymptotic entropy and the drift of the Brownian motion re-
spectively. Furthermore, hyy = v if and only if v is equivalent to the Hausdorff measure of

dimension v/e on (OM,d.).

The first result is folklore and explicitely stated by V.Kaimanovich in the introduction of
[21], but we know of no published proof. The second statement is due to F.Ledrappier [31].
Note that more is known: the equality hy, = ¢y;v is equivalent to the equality of v with the
canonical conformal measure on (OM,d.), and this is possible only if M is a rank 1 symmetric
space [32, 5].

1.7. Quasiruled hyperbolic spaces. As previously mentioned, S. Blachere and S. Brofferio
proved that, for finitely supported laws, the Green metric dg is quasi-isometric to the word
metric. But since dg is defined only on a countable set, it is unlikely to be the restriction of a
proper geodesic metric (which would have guaranteed the hyperbolicity of (I', dg)). Therefore,
the proof of Theorem 1.1 requires the understanding of which metric spaces among the quasi-
isometry class of a given geodesic hyperbolic space are also hyperbolic. For this, we coin
the notion of a quasiruler: a 7-quasiruler is a quasigeodesic g : R — X such that, for any
s <t <u,

d(g(s),g(t)) +d(g(t),g(u)) — d(g(s), g(u)) < 27.

A metric space will be quasiruled if constants (A, ¢, 7) exist so that the space is (A, ¢) - quasi-
geodesic and if every (), c)-quasigeodesic is a 7-quasiruler. We refer to the Appendix for
details on the definitions and properties of quasigeodesics and quasiruled spaces. We prove
the following characterisation of hyperbolicity, interesting in its own right.
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Theorem 1.10. Let X be a geodesic hyperbolic metric space, and p : X — Y a quasi-isometry,
where Y is a metric space. Then'Y s hyperbolic if and only if it is quasiruled.

Theorem 1.10 will be used to prove that the hyperbolicity of dg is equivalent to condition
(1) in Theorem 1.1. We complete this discussion by exhibiting for any hyperbolic group, a
non-hyperbolic left-invariant metric in its quasi-isometry class (cf. Proposition A.11).

1.8. Outline of the paper. In Section 2, we recall the main facts on hyperbolic groups which
will be used in the paper. In Section 3, we recall the construction of random walks, discuss
some of their properties and introduce the Green metric. We also prove Theorem 1.7 and
Theorem 1.1. We then draw some consequences on the harmonic measure and the random
walk. The following Section 4 deals with the proof of Theorem 1.3. In Section 5, we deal with
Theorem 1.5 and its corollary. Finally, Theorem 1.9 is proved in Section 6. The appendices
are devoted to quasiruled spaces. We prove Theorem 1.10 in Appendix A, and we show that
quasiruled spaces retain most properties of geodesic hyperbolic spaces: in Appendix B, we
show that the approximation of finite configurations by trees still hold, and we explain why
M. Coornaert’s theorem on quasiconformal measures remains valid in this setting.

1.9. Notation. A distance in a metric space will be denoted either by d(-,-) or | - —-|. If a
and b are positive, a < b means that there is a universal positive constant v such that a < ub.
We will write a < b when both a < b and b < a hold. Throughout the article, dependance of a
constant on structural parameters of the space will not be notified unless needed. Sometimes,
it will be convenient to use Landau’s notation O(-).

2. HYPERBOLICITY IN METRIC SPACES

Let (X, d) be a metric space. It is said to be proper if closed balls of finite radius are compact.
A geodesic curve (resp. ray, segment) is a curve isometric to R (resp. Ry, a compact interval
of R). The space X is said to be geodesic if every pair of points can be joined by a geodesic
segment.

Given three points z,y, w € X, one defines the Gromov inner product as follows:

def.
(@y)w = (1/2{]z —w| + |y —w| = |z —y[}.
Definition. A metric space (X,d) is d-hyperbolic (§ > 0) if, for any w,z,y,z € X, the
following ultrametric type inequality holds

(y]2)w = min{(z[y)w, (2|2)uw} — 0.

We shall write (+|),, = (+]-) when the choice of w is clear from the context.

Hyperbolicity is a large-scale property of the space. To capture this information, one defines
the notion of quasi-isometry.

Definition. Let X, Y be two metric spaces and A > 1, ¢ > 0 two constants. Amap f: X — Y
is a (A, ¢)-quasi-isometric embedding if, for any z, 2’ € X, we have
1

Sho = o] = e < |f(@) - F@)] < Mo — /| +c.

The map f is a (A, ¢)-quasi-isometry if, in addition, there exist a quasi-isometric embedding
g 1Y — X and a constant C' such that |g o f(x) — x| < C for any x € X. Equivalently,
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f is a quasi-isometry if it is a quasi-isometric embedding such that Y is contained in a C-

neighborhood of f(X). We then say that f is C-cobounded.

In the sequel, we will always choose the constants so that that a (), ¢)-quasi-isometry is
c-cobounded.

Definition. A quasigeodesic curve (resp. ray, segment) is the image of R (resp. R,, a
compact interval of R) by a quasi-isometric embedding.

In a geodesic hyperbolic metric space (X, d), quasigeodesics always shadow genuine geodesics
i.e., given a (A, c)-quasigeodesic ¢, there is a geodesic g such that dy(g,q) < K, where dg
denotes the Hausdorff distance, and K only depends on 6, A and ¢ [17, Th. 5.6].

Compactification. Let X be a proper hyperbolic space, and w € X a base point. A sequence
(x,) tends to infinity if, by definition, (x,|z,,) — oo as m,n — oo. The wvisual or hyperbolic
boundary 90X of X is the set of sequences which tend to infinity modulo the equivalence
relation defined by: (x,) ~ (y,) if (z,|yn) — o00. One may also extend the Gromov inner
product to points at infinity in such a way that the inequality

(ylz) = min{(z|y), (z[2)} -4,
now holds for any points w, z,y,z € X U0X.

For each € > 0 small enough, there exists a so-called wvisual metric d. on 0X i.e which
satisfies for any a,b € 0X: d.(a,b) < e=(@l¥),

We shall use the notation B.(a,r) to denote the ball in the space (0X,d.) with center a
and radius r.

We refer to [17] for the details (chap. 6 and 7).

Busemann functions. Let us assume that (X, d) is a hyperbolic space. Let a € 90X,
z,y € X. The function

Bal,y

) < sup {lim sup[d(z, a,) — d(y, an)]} ,

n—oo

where the supremum is taken over all sequences (a,), in X which tends to a, is called the
Busemann function at the point a.

Shadows. Let R > 0 and x € X. The shadow U(z, R) is the set of points a € X such that
(alz)w = d(w,z) — R.

Approximating finitely many points by a tree (cf. Theorem B.1) yields:

Proposition 2.1. Let (X,d) be a hyperbolic space. For any T > 0, there exist positive con-
stants C, Ry such that for any R > Ry, a € 0X and x € X such that (w|a), < T,

1
B. (a, aeRae_Ew_m) C U(x,R) C B (a, CeREe_a‘w_”C') )

Shadows will enable us to control measures on the boundary of a hyperbolic group, see the
lemma of the shadow in the next paragraph.
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2.1. Hyperbolic groups. Let X be a hyperbolic proper metric space and I" a subgroup of
isometries which acts properly discontinuously on X i.e., for any compact sets K and L, the
number of group elements v € T" such that v(K) N L # () is finite. For any point z € X, its
orbit I'(z) accumulates only on the boundary 90X, and its set of accumulation points turns

out to be independent of the choice of z; by definition, I'(x) N 0X is the limit set A(T") of T.

An action of a group I' on a metric space is said to be geometric if

(1) each element acts by isometry;
(2) the action is properly discontinuous;
(3) the action is cocompact.

For example, if I is a finitely generated group, S is a finite symmetric set of generators, one
may consider the Cayley graph X associated with S: the set of vertices are the elements of the
group, and pairs (v,v') € I'xT define an edge if y™19/ € S. Endowing X with the metric which
makes each edge isometric to the segment [0, 1] defines the word metric associated with S. It
turns X into a geodesic proper metric space on which I" acts geometrically by left-translation.

We recall Svarc-Milnor’s lemma which provides a sort of converse statement, see [17]:

Lemma 2.2. Let X be a geodesic proper metric space, and I' a group which acts geometrically
on X. Then T is finitely generated and X is quasi-isometric to any locally finite Cayley graph
of I.

A group I' is hyperbolic if it acts geometrically on a geodesic proper hyperbolic metric space
(e.g. a locally finite Cayley graph). In this case, one has A(I') = dX. Then Svarc-Milnor’s
lemma above implies that I' is finitely generated.

We will say that a metric space (X, d) is quasi-isometric to the group I if it is quasi-isometric
to a locally finite Cayley graph of T'.

Let I' be a hyperbolic group geometrically acting on (X, d). The action of I' extends to the
boundary. Busemann functions, visual metrics and the action of I' are related by the following
property: for any a € 0X and any v € I', there exists a neighborhood V' of a such that, for
any b,ce V|

de(7(0),7(¢)) = Ly(a)dc(b, c)
where L.(a) W geBawa™ ) Moreover, I' also acts on measures on 9X through the rule
% def.
Yp(A) = p(vA).

A hyperbolic group is said to be elementary if it is finite or quasi-isometric to Z. We will
only be dealing with non-elementary hyperbolic groups.

2.2. Quasiconformal measures. We now assume that I" is a hyperbolic group and (X, d) €
D(I') (recall the definition in Section 1.1).

The next theorem summarizes the main properties of quasiconformal measures on the
boundary of X. It was proved by M. Coornaert in [13] in the context of geodesic spaces.
We state here a more general version to cover the case d € D(I"). We justify the validity of
this generalisation at the end of the appendix. We refer to Section 4 for the definitions of the
Hausdorff measure and dimension.
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Theorem 2.3. Let I' be a non-elementary hyperbolic group and (X, d) € D(I'). For any small
enough € > 0, then 0 < dimy (0X,d.) < oo and

¢f 1
v lim sup - log {T'(w) N B(w, R)}| = ¢ - dimy (0X,d.).

Let p be the Hausdorff measure on 0X of dimension « el v/e;

(i) p is Ahlfors-reqular of dimension « i.e., for any a € 0X, for any r € (0,diamoX),
p(B:(a,r)) < r*. In particular, 0 < p(0X) < oo.

(i) p is a T'-quasiconformal measure i.e., for any v € ', p K v*p < p and
dy'p
dp

= (L,)%p a.e..

(iii) The action of T is ergodic for p i.e., for any I'-invariant Borelian B of 0X,
p(B) =0 or p(0X\B)=0.

d
Moreover, if p' is another I'-quasiconformal measure, then p < p' < p and d_p’ =1 a.e.
4

and

H{T(w) N B(w, R)}| =< e"#.

The class of measures thus defined on 90X is called the Patterson-Sullivan class. It does not
depend on the choice of the parameter £ but it does depend on the metric d.

The study of quasiconformal measures yields the following key estimate [13]:

Lemma 2.4. (Lemma of the shadow) Under the assumptions of Theorem 2.3, there ezists
Ry, such that if R > Ry, then, for any x € X,

p(O(w, R)) = et

where the implicit constants do not depend on x.

3. RANDOM WALKS AND GREEN METRIC FOR HYPERBOLIC GROUPS

Let T be a hyperbolic group, and let us consider the set D(I") of left-invariant hyperbolic
metrics on I' which are quasi-isometric to I We fix such a metric (X,d) € D(I') with a
base point w € X, and we consider a symmetric probability measure p on I' with finite first

moment i.e.
> pu)d(w, y(w)) < oo

The random walk (Z,),, starting from the neutral element e associated with p is defined by

the recursion relations:
Zy =€, Zn+1 :Zn'Xn—i-la
where (X,,) is a sequence of independent and identically distributed random variables of law
p. Thus, for each n, Z,, is a random variable taking its values in I'. We use the notation Z,,(w)
for the image of the base point w € X by Z,. The rate of escape, or drift of the random walk
Zn(w) is the number ¢ defined as
dof. 1. d(w, Zn(w))

¢ i D2
n n
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where the limit exists almost surely and in L! by the sub-additive ergodic Theorem (J. Kingman
(28], Y. Derriennic [14]).

If T' is elementary, then its boundary is either empty or finite. In either case, there is no
interest in looking at properties at the boundary. We will assume from now on that I" is non-
elementary. In particular, I' is non-amenable so not only is the random walk always transient,
¢ is also positive (cf. [25, §7.3]).

There are different ways to prove that almost any trajectory of the random walk has a limit
point Z.(w) € 0X. We recall below a theorem by V. Kaimanovich (cf. Theorem 7.3 in [25]
and §7.4 therein) since it contains some information on the way (Z,(w)) actually tends to
Zso(w) that will be used later.

Theorem 3.1. (V. Kaimanovich). Let ' be a non-elementary hyperbolic group and (X, d) €
D(T), and let us consider a symmetric probability measure p with finite first moment the
support of which generates I'. Then (Z,(w)) almost surely converges to a point Z.,(w) on the
boundary.

For any a € 0X, we choose a quasigeodesic [w,a) from w to a in a measurable way.

For any n, there is a measurable map , from 0X to X such that m,(a) € [w,a), and, for
almost any trajectory of the random walk,

n—00 n

=0.

The actual result was proved for geodesic metrics d. Once proved in a locally finite Cayley
graph, one may then use a quasi-isometry to get the statement in this generality.

The estimate (2) will be improved in Corollary 3.9 under the condition that d¢ belongs to
D(T).

The harmonic measure v is then the law of Z,(w) i.e., it is the probability measure on 90X
such that v(A) is the probability that Z.(w) belongs to the set A. More generally, we let v,
be the harmonic measure for the random walk started at the point y(w), v € T i.e. the law of
Y(Zoso(w)). Comparing with the action of I' on 0.X, we see that v*v = v,-1.

3.1. The Green metric. Let [ be a countable group and p a symmetric law the support of
which generates I'.

For z,y € I', we define F(x,y) as the probability that a random walk starting from x hits
y in finite time i.e., the probability there is some n such that xZ, = y. S.Blachere and
S. Brofferio [6] have defined the Green metric by

dG(aja y) déf. - log F(ZB, y) .
The Markov property implies that F' and the Green function G satisfy
G(z,y) = F(z,y)G(y,y)
Since G(y,y) = G(e, e), we then get that

Gz, y)
G(e,e)

i.e. F' and G only differ by a multiplicative contant and
dg(l', y) = IOg G(G, 6) - IOg G(ZL‘, y) :

F(z,y) =
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This function dg is known to be a left-invariant metric on I" (see [6, 7] for details).
We end this short introduction to the Green metric with the following folklore property.

Lemma 3.2. Let i be a symmetric probability measure on I' which defines a transient random
walk. Then (T',dg) is a proper metric space i.e., balls of finite radius are finite.

PROOF. It is enough to prove that G(e, x) tends to 0 as x leaves any finite set.

Fix n > 1; by definition of convolution and by the Cauchy-Schwarz inequality,

P = ety ) < D> ur)? D eyt

yel’ yel’ yel’

Since we are summing over the same set, it follows that
YoMy =D pty )
yel yel

and the symmetry of p implies that

S o) =D ey = 1 (e)

yel’ yel’
Therefore, p?"(z) < pu?"(e). Similarly,

P ) =D )ty ) < D py)ptt(e) < pPe) -

yel yel

Since the walk is transient, it follows that G(e,e) is finite, so, given € > 0, there is some

k > 1 such that
Do) < Y pe) <.

n>k n>2k

On the other hand, since u™ is a probability measure for all n, there is some finite subset K
of I' such that, for all n € {0,...,2k — 1}, p™(K) > 1 —¢/(2k). Therefore, if z ¢ K, then

Gle,o)= Y w'@)+ Y u"@) < > p"(T\NK)+2) p™(e) <e+2.
0<n<2k n>2k 0<n<2k n>k

The lemma follows. |

3.2. The Martin boundary. Let I' be a countable group and p be a symmetric probability
measure on I'. We assume that the support of u generates I' and that the corresponding
random walk is transient.

A non-negative function h on I' is p-harmonic (harmonic for short) if, for all z € T',
h(z) =Y h(y)uzy).
yel

A positive harmonic function A is minimal if any other positive harmonic function v smaller
than A is proportional to h.

The Martin kernel is defined for all (x,y) € T x I by
aot. G(z,y) _ F(z,y)

K(z,y)

Gleyy)  Fleyy)
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We endow I' with the discrete topology. Let us briefly recall the construction of the Martin
boundary dyI': let ¥ : I' — C(I') be defined by y — K, = K(-,y). Here C(I') is the space
of real-valued functions defined on I' endowed with the topology of pointwise convergence.
It turns out that W is injective and thus we may identify I' with its image. The closure of
() is compact in C(T') and, by definition, 9y, = W(T') \ ¥(I') is the Martin boundary. In
the compact space I' U dy,I", for any initial point x, the random walk Z,(z) almost surely
converges to some random variable Z.(z) € dyI" (see for instance E. Dynkin [15], A. Ancona

[1] or W. Woess [44]).

To every point £ € dyI' corresponds a positive harmonic function K. Every minimal
function arises in this way: if h is minimal, then there are a constant ¢ > 0 and £ € Oy
such that h = cK¢. We denote by 0,,I" the subset of 9y/I" consisting of (normalised) minimal
positive harmonic functions.

Choquet’s integral representation implies that, for any positive harmonic function h, there
is a unique probability measure x" on 9,,I" such that

h = / Kedr"(€) .

We will also use L. Naim’s kernel © on I' x I" defined by

i, Glz,y)  Ky(x)
O,y) = Gle,x)G(e,y) Gle,x)’

As the Martin kernel, Naim’s kernel admits a continuous extension to I' x (I'U0JyI"). In terms
of the Green metric, one gets

(3) log ©(z,y) = 2(aly)¢ —log G(ee),

where (z|y)¢ denotes the Gromov product with respect to the Green metric. See [38] for
properties of this kernel.

We shall from now on assume that the Green metric dg is hyperbolic. Then it has a visual
boundary that we denote by dgI". We may also compute the Busemann function in the metric
da, say 3Y. Sending y to some point a € JgI in the equation dg(e,y) —dg(z,y) = log K (x,y),
we get that 3% (e, z) = log K, ().

We now start preparing the proof of Theorem 1.7 in the next lemma and proposition. We
define an equivalence relation ~jy; on dyI": say that & ~j; ( if there exists a constant C' > 1

such that "
g
—< =< .
C ™~ Kc ™
Given £ € 0y I', we denote by M(&) the class of €.

We first derive some properties of this equivalence relation:

Lemma 3.3. (i) There exists a constant E > 1 such that for all sequences (x,) and (y,)
in ' converging to & and ¢ in Oy respectively and such that ©(x,,y,) tends to infinity,
then L x
—< 2t E;
E = K~

wn particular, & ~r C.

(ii) For any & € Oy, there is some ¢ € M(§) and a sequence (y,) in I' which tends to
some point a € Ogl" in the sense of Gromov, to ( € Oy in the sense of Martin and
such that ©(y,, &) tends to infinity.
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(iii) Let &,¢ € Oy If ¢ ¢ M(E), then there is a neighborhood V(() of ¢ in T and a
constant M such that
Ke(z) < MG(e, )

for any x € V(().

PROOF.

(i) Fix z € I and n large enough so that (z,|y,)¢ > da(e, 2); we consider the approximate
tree T associated with F' = {e, z, ,,,y,} and the (1, C')-quasi-isometry ¢ : (F,dg) — (T, dr)
(cf. Theorem B.1).

On the tree T',we have
|dr(p(e), p(xn)) — dr(p(2), o(zn))| = ldr(p(e), o(yn)) — dr(e(2), ©(ya))l,
so that

(de(e, n) = da(z, 2n)) — (da(e, yn) — da (2, yn))| < 2C.
In terms of the Martin kernel,

|log K, (2) —log K, ()] <2C'.
Letting n go to infinity yields the result.
(i) Let (y,) be a sequence such that
lim K¢(yy,) = sup K.

Since K¢ is harmonic, the maximum principle implies that (y,,) leaves any compact set. But
the walk is symmetric and transient so Lemma 3.2 implies that G(e,y,) tends to 0.

Furthermore, for n large enough, K¢(y,) > K¢(e) = 1, so that

O(yn, &) >

— OO

G(ea yn)
Let (x,) be a sequence in I" which tends to . For any n, there is some m such that

| Ke(yn) — Ko, (yn)| < G(e,4n) -
It follows that

| Ke(yn) — Ko (yn)|

O(Yn, ) > O(Yn, &) G(e,yn)

Z @(ynag) - 1.

Therefore, applying part (i) of the lemma, we see that any limit point of (y,,) in dy/I" belongs
to M(&).

Moreover, for any such limit point ( € dy/I", we get that

1
O(Yn,¢) = E@(ymé*)-

Applying the same argument as above, we see that, for any M > 0, there is some n and m,,
such that, if m > m,, then
O(Yn: ym) = M — 1.

From (3) we conclude, using a diagonal procedure, that there exist a subsequence (ny) such
that (y,,) tends to infinity in the Gromov topology.
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(iii) Since ¢ ¢ M (&), there is a neighborhood V' (¢) and a constant M such that O(z,&) < M
for all x € V({). Otherwise, we would find y, — ¢ with O(y,, &) going to infinity, and the
argument above would imply ¢ € M (). Therefore,

Ke(z) < MGle, ).

Proposition 3.4. Every Martin point is minimal.

PROOF. We observe that if K, is minimal, then M (§) = {¢}. Indeed, if ( € M(§), then
1
Ke > Ke = 2K >0

for some constant C' > 1. The minimality of K implies that K and K. are proportional and,
since their value at e is 1, K¢ = K¢ ie., § = (.

Let £ € OyT. There is unique probability measure ¢ on 9,,I" such that
m:/&%@.

By Fatou-Doob-Naim Theorem, for x*-almost every ¢, the ratio G(e, z)/K¢(z) tends to 0 as
z tends to ¢ in the fine topology [1, Thm. I1.1.8]. From Lemma 3.3 (iii), it follows that % is
supported by M (). In particular, M (&) contains a minimal point. [

PROOF OF THEOREM 1.7. Since every Martin point is minimal, Lemma 3.3, (ii), implies that
for every £ € Oy, there is some sequence (z,,) in I' which tends to £ in the Martin topology
and to some point a in the hyperbolic boundary as well.

Let us prove that the point a does not depend on the sequence. If (y,) is another sequence
tending to &, then

lim sup ©(z,,, Ym) = 00

n,m— 00
because ©(&, x,,) tends to infinity. Therefore, there is a subsequence of (y,) which tends to
a in the Gromov topology. Since we have only one accumulation point, it follows that a is
well-defined. This defines a map ¢ : Oy ' — OgT.

Now, if (z,) tends to a in the Gromov topology, then it has only one accumulation point in
the Martin boundary as well by Lemma 3.3, (i). So the map ¢ is injective. The surjectivity
follows from the compactness of 0y,I.

To conclude the proof, it is enough to prove the continuity of ¢ since )" is compact. Let
M > 0 and £ € dyI be given. We consider a sequence (x,) which tends to £ as in Lemma
3.3. Let C be the constant given by Theorem B.1 for 4 points. We pick n large enough so
that (2,]0(£))¢ > M + 2C + log 2. Let

A = min{K¢(x),x € Bg(e,da(zn,€))}
Let ¢ € OyI such that |Ke — K¢| < (A/2) on Bg(e, da(zy, €)). It follows that

K.
1/2 < —<3/2.
< <3

Approximating {e, x,, ¢(£),#(()} by a tree, we conclude that (¢(&)|¢(¢))S > M, proving
the continuity of ¢. [ |
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3.3. Hyperbolicity of the Green metric. We start with a characterisation of the hyper-
bolicity of the Green metric in the quasi-isometry class of the group.

Proposition 3.5. Let I' be a non-elementary hyperbolic group and p a symmetric probability
measure with Green function G. We fiz a finite generating set S and consider the associated
word metric dy,. The Green metric dg is quasi-isometric to d,, and hyperbolic if and only if
the following two conditions are satisfied.

(ED) There are positive constants Cy and ¢, such that, for all v € T,
Gle,v) < Cpe~crdu(e)
(QR) For any r > 0, there exists a positive constant C(r) such that
Gle,7) < C(r)G(e,7)G(,7)

whenever v,y € I' and ' is at distance at most r from a d,-geodesic segment between
e and 7.

Remark. Even though hyperbolicity is an invariant property under quasi-isometries between
geodesic metric spaces, this is not the case when we do not assume the spaces to be geodesic
(see the appendix).

PROOF. We first assume that dg € D(I"). The quasi-isometry property implies that condition
(ED) holds. The second condition (QR) follows from Theorem A.1.

Indeed, since dg is hyperbolic and quasi-isometric to a word distance, then (I, dg) is quasir-
uled. This is sufficient to ensure that condition (QR) holds for » = 0. The general case r > 0
follows: let y be the closest point to 7' on a geodesic between e and v and note that

da(e,v) +da(v',v) < dale,y) + da(y, ) + 2da(y, ') <log C(0) + da(e,v) + 2da(y, ') -

Thus one may choose C(r) = C(0) exp(2¢) where ¢ = sup dg(y,7') for all pair y,~" at distance
less than r. This last sup is finite because dg is quasi-isometric to a word metric.

For the converse, we assume that both conditions (ED) and (QR) hold and let
C = max{dg(e,s), s € S}. For any v € I, we consider a d,,-geodesic {~;} joining e to 7. It
follows that
da(e,7) <Y da(vj,v541) < Cdul(e, 7).

J
From (ED), we obtain

dG(ev ’Y) Z Cldw(ea 7) - log Cl .
Since both metrics are left-invariant, it follows that d,, and dg are quasi-isometric.

Condition (QR) implies that d,,-geodesics are not only quasigeodesics for dg, but also quasir-
ulers, cf. Appendix A. Indeed, since the two functions F' and G only differ by a multiplicative
factor, condition (QR) implies that there is a constant 7 such that, for any d,-geodesic segment

[71,72] and any v € [y1,72], we have
de(v1,77) + da(v,72) < 27 +da(7,72) -
Theorem A.1, (iii) implies (i), implies that (', d) is a hyperbolic space. [

To prove the first statement of Theorem 1.1, it is now enough to establish the following
lemma.
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Lemma 3.6. Let I' be a non-elementary hyperbolic group, and p a symmetric probability
measure with finite exponential moment. Then condition (ED) holds.

When g is finitely supported, the lemma was proved by S. Blachere and S. Brofferio using
the Carne-Varopoulos estimate [6].

PROOF. Let us fix a word metric d,, induced by a finite generating set S, so that d,, € D(I").

Since I' is non-amenable, Kesten’s criterion implies that there are positive constants C' and
a such that

(4) Vyel, p'(y) <p'(e) <Ce™ .
For a proof, see [44, Cor. 12.5].

We assume that Elexp Ad,(e, Z1)] = E < oo for a given A > 0. For any b > 0, it follows
from the exponential Tchebychev inequality that

P [ sup dy(e, Zx) > nb} < e R [exp (/\ sup dw(e,Zk)>} )
1<k<n 1<k<n
But then, for £ < n,

6 Zk Z d 1) = Z dw(e, Zj_IZj_;d) .

1<j<n—1 1<j<n—1

The increments (Z; 'Z;11) are independent random variables and all follow the same law
as Z;. Therefore

(5) P { sup dy(e, Zy) > nb} < e M pn — o(=Abtlog B)n
1<k<n

We choose b large enough so that ¢ © N+ log £ < 0.

We have
=Y "= Y w+ Y ue),

1<k<|y|/b k>|~y|/b

where we have set |y| = d(e,7y). The estimates (5) and (4) respectively imply that

S i < 1 s i) < Wpme < b st z0=9)

1<k< /b RE
< Dp| wup duie, 2 > 1| S ple
b i<k
and
Z k() < em@/ohl,
k>|v|/b
Therefore, (ED) holds. ]

When T' is hyperbolic and g has finite support, A.Ancona [1] proved that the Martin
boundary is homeomorphic to the visual boundary 0X. The key point in his proof is the
following estimate (see [44, Thm. 27.12] and Theorem 1.7).
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Theorem 3.7. (A. Ancona) Let I' be a non-elementary hyperbolic group, X a locally finite
Cayley graph endowed with a geodesic metric d so that I' acts canonically by isometries, and
let u be a finitely supported symmetric probability measure the support of which generates T'.
For any r > 0, there is a constant C(r) > 1 such that

F(z,v)F(v,y) < F(z,y) < C(r)F(z,v)F(v,y)

whenever x,y € X and v is at distance at most r from a geodesic segment between x and y.

This implies together with Lemma 3.6 that when p is finitely supported, both conditions
(ED) and (QR) hold. Therefore, Proposition 3.5 implies that dg € D(I'). We have just
established the first statement of Corollary 1.2.

3.4. Martin kernel vs Busemann function: end of the proof of Theorem 1.1. We
assume that X = I' equipped with the Green metric dg belongs to D(I') throughout this
paragraph.

Notation. When we consider notions with respect to dg, we will add the exponent G to
distinguish them from the same notions in the initial metric d. Thus Busemann functions for
dg will be written 3%. The visual metric on X seen from w for the original metric will be
denote by d., and by d¢ for the one coming from dg. Balls at infinity will be denoted by B.
and BE.

Let us recall that the Martin kernel is defined by

—2L =exp{dg(w,y) — da(z,y)} .

By definition of the Martin boundary 0y, X, the kernel K(x,y) continuously extends to a
p-harmonic positive function K,(-) when y tends to a point a € JyX. We recall that, by
Theorem 1.7, we may - and will - identify 0,; X with the visual boundary 0.X.

As we already mentioned I' acts on 0y, X, so on its harmonic measure and we have v*v =
v,-1. Besides, see e.g. G.Hunt [19] or W. Woess [44, Th. 24.10] for what follows, v and v, are
absolutely continuous and their Radon-Nikodym derivatives satisfy

(a) = Ka(vy(w)).

dv,
dv
We already computed the Busemann function in the metric dg in part 3.2: 8% (w,r) =
log K,(x). Thus we have proved that
dy*v

dv

(a) = exp 37 (w,7"'w) .

It follows at once that v is a quasiconformal measure on (9.X, d<) of dimension 1/¢. Actually,
v is even a conformal measure since we have a genuine equality above. Therefore v belongs to
the Patterson-Sullivan class associated with the metric dg. According to Theorem 2.3, it is
in particular comparable to the Hausdorff measure for the corresponding visual metric. This
ends both the proofs of Theorem 1.1 and of Corollary 1.2.

We note that, comparing the statements in Theorem 1.1 (ii) and Theorem 2.3, we recover
the equality vg = 1 already noticed in [6] for random walks on non-amenable groups. See also

[7].
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3.5. Consequences. We now draw consequences of the hyperbolicity of the Green metric.

We refer to the appendices for properties of quasiruled spaces.

3.5.1. Deviation inequalities. We study the lateral deviation of the position of the random
walk with respect to the quasiruler [w, Z.,(w)) where, for any z € X and a € 90X, we chose
an arbitrary quasiruler [z, a) from x to a in a measurable way.

Proposition 3.8. Assume that T' is a non-elementary hyperbolic group, (X,d) € D(T'), and p
is a symmetric law so that the associated Green metric belongs to D(I'). The following holds

(i) There is a positive constant b so that, for any D > 0 and n > 0,
Pld(Z,(w), [w, Zoo(w))) = D] S ™"
(ii) There is a constant To such that for any positive integers m,n, k,

E[(Zm(w)|Zm+n+k<w))Zm+n(w)} < To.

PROOF.
Proof of (i). Observe that
Pld(Zn(w), w, Zoo(w))) 2 D] = Y Pld(Zu(w), [w, Zos(w))) = D, Zy(w) = 2]
= S Pz, [, 27 2o () 2 D, Za(w) = 7]
= Y Pld(z,[w, Z," Zo(2))) > DIP[Zy(w) = 2]
= D Pl [w, Zoo(2))) = DIP[Zy(w) = 2]

The second equality holds because yw = z implies that 77 'Z,(2) = Zo(w). The third
equality comes from the independence of Z, = X Xo---X,, and Z,;'Z, = X, 11 Xpj2- -
The last equality uses the fact that Z 17 and Z,, have the same law.

On the event {d(z, [w, Zo(2))) > D}, we have in particular d(w, z) > D and we can pick
x € [w, z) such that d(z,x) = D + O(1). Then, because the triangle (w, z, Zo(z)) is thin and
since d(z, [w, Zso(2))) > D, we must have Zo(z) € U,(z, R). As usual R is a constant that
does not depend on z, D or Z,,(z). We now apply the lemma of the shadow Lemma 2.4 to
the Green metric to deduce that

Pld(z, [w, Zo(2))) > D] < P*[Zo(2) € U.(x, R)] = v.(U.(z, R)) < e %)

Finally, using the quasi-isometry between d and dg, it follows that
Pld(Zn(w), [w, Zs(w))) = D] S ™

Proof of (ii). Using the independence of the increments of the walk, one may first assume that
m = 0.

Let us choose Y, (w) € [w, Z(w)) such that d(w, Y, (w)) is as close from (Z,(w)|Zs(w)) as
possible. Since the space (X, d) is quasiruled, it follows that d(w, Y, (w)) = (Z,(w)|Zx(w)) +
O(1).
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(We only use Landau’s notation O(1) for estimates that are uniform with respect to the

trajectory of (Z,). Thus the line just above means that there exists a deterministic constant
C such that

|d(w, Yo (w)) = (Zn(w)| Zoo(w))] < C

The same convention applies to the rest of the proof.)

Let us define
= {d(w, Y (w)) < d(w, Yoir(w))}
and, for j > 1,
={j —1 <d(w,Ya(w)) — d(w, Yyik(w)) < j}.
)y Znak(W), Zoo(w)} by a tree, it follows that, on the event Ay,
| Znik (W) 2, w) < d(Zn(w), [w, Zoo(w))) + O(1)
and that, on the event A;,

(W] Zn 5 (0)) 2, w) < A(Zn(w), [w, Zoo(w))) + 5 + O(1).

A
Approximating {w, Z, (w
(w

Therefore
E[(w| Zn1(w)) z, ()] < Bld(Zn(w), [w, Zoo(w)))] + > 5P(A;) + O(1).

If d(w, Y, (w)) — d(w, Y1k (w)) > j then d(Z, 1k (w), [Zn(w), Zoo(w))) > j so that
P(Aj1) < Pld(Znsk(w), [Zn(w), Zoo(w))) = 5]

Using (i) for the random walk starting at Z,(w), we get

> JP(4;) S 1

Jj=1
On the other hand,
Eld(Z,(w), [w, Zo(w)))] = /oo Pld(Z,(w), [w, Z(w))) > D]dD < /OO e PdD =1/b.
The proposition follows. 0 0 [ |

We now improve the estimate (2) in Theorem 3.1 when dg € D(T).

Corollary 3.9. Let ' be a non-elementary hyperbolic group, (X,d) € D(T') and p a symmetric
law such that dg € D(T'), then we have

d(Zn(w), [w, Zoo(w)))

<oo P a.s.
logn

(6) lim sup

PROOF. It follows from Proposition 3.8 that we may find a constant x > 0 so that
1
Pld(Z,(w), [w, Zoo(w))) > klogn] < — .
n

Therefore, the Borel-Cantelli lemma implies that

d(Zn(w), [w, Zoo(w)))

< oo Pas.
logn

lim sup

and the corollary follows. [ |
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3.5.2. Escape of the random walk from balls. We assume here that p is a symmetric and finitely
supported probability measure on a non-elementary hyperbolic group I' and that the support
of u generates I'. We want to compare the harmonic measure with the uniform measure on
the spheres for the Green metric. We define the (exterior) sphere of the ball Bg(w, R) by

0Bg(w, R) oo {r€X : ¢ Bg(w,R) and Iy € Supp(p) s.t. v '(z) € Ba(w, R)}.

The harmonic measure vg on 0Bg(w, R) is the law of the first point visited outside Bg(w, R).

As the volume of the sphere dBg(w, R) equals ef* up to a multiplicative constant (see [6]),
we need to compare vg(-) with e ®. In other words, we have to bound the ratio between the
measure vg(-) and the hitting probability F(w,-). Observe that, in principle, there could be
points on the sphere that are visited by the walk a long time after it left the ball. We shall
see that this scenario can only take place on a finite scale.

In the following we only consider quasigeodesics for (X, d) and (X, dg) that are geodesics
for a given word metric d,, € D(T).

Proposition 3.10. There exist positive constants C7; < 1 and Cy such that for any positive
real R, the harmonic measure vy on the sphere OBg(w, R) satisfies

Vo € 0Bg(w, R), 3y € Bg(z,Cy) NOBg(w, R) s.t. Coe™ ¥ <wply) < e F.

PROOF. The upper bound (valid for any z € B¢ (w, R)) obviously follows from the definition
of the Green metric: if y € Bg(w, R), then

vr(y) < F(w,y) = exp(—da(w,y)) < e .

For the lower bound, we consider a quasigeodesic from w to x and denote by y the first
point of dBg(w, R) along that path. Since u has finite support, dg(w,z) and dg(w,y) only
differ by an additive constant. The quasiruler property then implies that y is at a bounded
distance from .

Let £ = £(R) denote the set of points z € 0Bg(w, R) such that there is a quasigeodesic
reaching z from w entirely contained in Bg(w, R) (except for the last step toward z).

Let z € €. Since y and z belong to dBg(w, R), then dg(w, z) and dg(w,y) only differ by
an additive constant and we have

(7) dG(y’ Z) > dG(yv Z) + (dG<w7 y) - dG(wv Z) - C) = 2(w|z)y -C

Let kg be an integer and define

& < {z€& : (w]z)y, <ko}

and for all integer k& > ko,

EE{ze€ k< (w),<k+1}.

We denote by 7p the first hitting time of 0Bg(w, R) by the random walk and by 7, the first
hitting time of y. Then

F(w,y) =Plr, < 00, Z,(w) € &)+ > Y Plr, < 00, Z(w) = 2]
k=ko z€&
At this point, we need to use the Strong Markov property to say that once we know that

Z-,(w) = z and z # y, the hitting time of y must occur after 7. Then, the finiteness of 7,
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depends only on the position z disregarding the behavior of the random walk up to time 75.
Namely,
Plr, < 00, Z;,(w) = 2| = P*[1, < o0|P[Z;,(w) = 2].

Using (7), the definition of (&) and the inequality P[Z,,(w) = z] < P[r, < oo] < e | we get
that
(8) F(w,y) < P[Z,,(w) € &+ C Y e e 48,

k=ko

We need an upper bound on #&;. Take z € &, and let yr_; be the point at distance R — k
from w along the quasigeodesic [w, y].

As the triangle (w, z, y) is thin, the center of the associated approximate tree is at a bounded
distance from the point yr_x. Then, since for any z in &, (wl|y). —k is bounded by a constant,
the set & is therefore included in the ball Bg(yg—k, k+C') for some constant C'. Thus #&, < ek
and

(9) C> e e e, < Clho)e

k=ko
with C'(ko) tending to 0 when kg tends to infinity.

As p is finitely supported, 0Bg(w, R) is at a bounded distance from Bg(w, R). So y €
Ba(w, R+ C(p)) and F(w,y) > e “We=f. Now choose kg so that C(kg) < (1/2)e~¢® and
take R > ko. Then (8) and (9) give

1
(10) P Z,,(w) € &] > §€_C(M)€_R.

We conclude that vg(&) = e . Take y' € & so that (w|y'), < ko. By the definition of the
set £ and by the thinness of the triangle (w,y,y’), there exists a path joining y and 3’ within
Bg(w, R) of length at most c(kg), a constant depending only on k¢ and 6. Therefore, there
exists a constant ¢ (ko, 1) such that

vr(y) = vr(y)c (ko p) -
Finally, as #& is bounded above by a constant, (10) gives

ve(y) 2 Y ve(y) = vr(&) 2 e "
y'€&o

Remark. Proposition 3.10 says that the harmonic measure on spheres is well spread out and
that the harmonic measure of a bounded domain of the sphere of radius R if e ® up to a
multiplicative constant. Approximating the balls of 9X by shadows, we get that v is Alfthors-
regular of dimension 1/¢, hence quasiconformal. Therefore, we get an alternative proof of the
second statement of Theorem 1.1 when p has finite support.

3.5.3. The doubling condition for the harmonic measure. Let us recall that a measure m is
said to be doubling if there exists a constant C' > 0 such that, for any ball B of radius at most
the diameter of the space then m(2B) < Cm(B).

Proposition 3.11. Let T' be a non-elementary hyperbolic group, (X,d) € D(T') and let p be
a symmetric law such that dg € D(I'). The harmonic measure is doubling with respect to the
visual measure d. on 0X.
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ProoOF. The modern formulation of Efremovich and Tichonirova’s theorem (cf. Theorem 6.5
in [9] and references therein) states that quasi-isometries between hyperbolic proper geodesic
spaces ® : X — Y extend as quasisymmetric maps ¢ : X — 9JY between their visual
boundaries i.e., there is an increasing homeomorphism 7 : R, — R, such that

|¢(a) — @(b)] < n(t)lo(a) — o(c)]
whenever |a — b| < tla — ¢|.

Since dg € D(I'), the spaces involved are visual. Thus, the statement remains true since we
may still approximate properly the space by trees, cf. Appendix B.

Since (X,d) and (X, dg) are quasi-isometric, the boundaries are thus quasisymmetric with
respect to d. and d. Furthermore, v is doubling with respect to d< since it is Ahlfors-regular,
and this property is preserved under quasisymmetry. [ |

Basic properties on quasisymmetric maps include [18]. More information on boundaries of
hyperbolic groups, and the relationships between hyperbolic geometry and conformal geometry
can be found in [10, 26].

4. DIMENSION OF THE HARMONIC MEASURE ON THE BOUNDARY OF A HYPERBOLIC
METRIC SPACE

Theorem 1.3 will follow from Proposition 4.1 and Proposition 4.2.

We recall the definition of the rates of escape ¢ and /g of the random walk with respect to
d or dg respectively.
def. . d(w, Zn(w))

¢ =" lim
n n

dg(w, Z,(w)) '

def. ;.
and {g = lim
n n

We will first prove

Proposition 4.1. Let I' be a non-elementary hyperbolic group and let (X,d) € D(T"). Let p
be a symmetric probability measure on I' the support of which generates T' such that dg € D(T")
and with finite first moment

> da(w,y(w))u(y) < oo

yel
Let v be the harmonic measure seen from w on 0X.

Forv-a.e. a € 0X,
lim log v(B:(a,r)) _ E_G’
r—0 IOgT el

where B, denotes the ball on 0X for the visual metric d..

Remark. Recall from [7] that x having finite first moment with respect to the Green metric
is a consequence of p having finite entropy.

PROOF. It is convenient to introduce an auxiliary word metric d,, which is of course geodesic.
We may then consider the visual quasiruling structure G induced by the d,,-geodesics for both
metrics d and dg via the identity map, cf. the appendix.

We combine Propositions 2.1 and B.5 to get that, for a fixed but large enough R, for any
a€0X and x € [w,a) CG

B.(a,(1/C)e #4w2)) ¢ Ug(x, R) C B.(a, Ce cdw:)
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and

BS(a, (1/C)e=10®)) C Ug(z, R) € BE(a, Ce=tetw®)
for some positive constant C'. We recall that the shadows Ug(z, R) are defined using geodesics
for the word metric d,,.

The doubling property of v with respect to the visual metric d. implies that
(11) v(B.(a,Ce™*")) < v(Ug(z, R))
for any = € [w, a).

Let n > 0; by definition of the drift, there is a set of full measure with respect to the law
of the trajectories of the random walk, in which for any sequence (Z,(w)) and for n large
enough, we have |d(w, Z,(w)) — ¢n| < nn and |dg(w, Z,(w)) — lgn| < nn.

From Theorem 3.1 applied to the metrics d and dg, we get that, for n large enough,
d(Z, (W), mp(Zso(w))) < mn and dg(Z,(w), 7 (Zoo(w))) < nn.

We conclude that

A, 7 Zoo () — 0] < 2
(12) { |dG<w,7rn(Zoo<w))) — fgn‘ <2nn

Set
r, = e—ad(wﬂrn(Zoo(w))) )
Therefore, using (11) with a = Z(w) and x = m,(Z(w)), we get
V(B:(Zoo(w), 1)) = v(Ug(a(Zoo(w)), R)) = ¢ 0t (Z )]

where the right-hand part comes from the fact that v is a quasiconformal measure of dimension
1 /e for the Green visual metric and the lemma of the shadow (Lemma 2.4). Hence we deduce
from (12) that, if n is large enough, then

log V(Be(Zoo(w), 1)) B la

<
log r,, el

~ N

(13)

Since the measure v is doubling (Proposition 3.11), v is also a-homogeneous for some a > 0,
(cf. [18, Chap. 13]) i.e., there is a constant C' > 0 such that, if 0 < r < R < diam0dX and

a € 0X, then
V(Ba(a, R)) <C E ey
v(B.(a,r)) — r '
From
—ent
log < 2nen

it follows that
V(B:(Zso(w),e™™))

V(Be(Zoo(w),m0))

log V(B(Zuo(w), e5)) _ log V(B (Zoo(w),10))
log e—ent log 1,

log

‘ < 2naen+ O(1).
Therefore

lim sup <n.

n

Since 1 > 0 is arbitrary, it follows from (13) that
log V(B:(Zos(w), 1)) _ la

—enl
(B (Zaw).r) | logu(B(Zu(w)e ) o
r—0 log r n—o00 log e—ent n—00 IOg Tn el
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In other words, for v almost every a € 0.X,

iy 108 (Be(ar) e
r—0 log r el

It remains to prove that v has dimension ¢ /ef. This is standard.

Hausdorff measures. Let s,t > 0, we set

def. .

HU(X) = 1nf{Z7“f, B; = B(x;,r;), X C (UB;),r; < t} ,

where we consider covers by balls.

The s-dimensional measure is then

def.

HL(X) S T ML(X) = sup HE(X).

>0
The Hausdorff dimension dimy X of X is the number s € [0,00] such that, for s’ < s,
Hs(X) = oo holds and for all &' > s, Hy(X) =0.

The Hausdorff dimension dimv of a measure v is the infimum of the Hausdorff dimensions
over all sets of full measure.

Replacing covers by balls by covers by any kind of sets in the definition of H:(X) and
replacing radii by diameters would not change the value of dimv.

For more properties, one can consult [37].

Proposition 4.2. Let X be a proper metric space and v a Borel reqular probability measure
on X. If, for v-almost every x € X,

lim logv(B(x,r)) -
r—0 logr

then dimv = «.

We recall the proof for the convenience of the reader. We will use the following covering
lemma.

Lemma 4.3. Let X be a proper metric space and B a family of balls in X with uniformly
bounded radii. Then there is a subfamily B' C B of pairwise disjoint balls such that

UgB C UB/(5B).

For a proof of the lemma, see Theorem 2.1 in [37].

PrROOF OF PrROP. 4.2. Let s > «, and choose nn > 0 small enough so that :=s—a—n > 0.
For v-almost every z, a radius r, > 0 exists so that
logv(B(z,r))

—al <7
log r

— Y

for r € (0,r,].

Let us denote by Y = {z € X : r, < oo}, which is of full measure. Let us fix t € (0, 1).
For any z € Y, we choose p, = min{r,,t}. We apply Lemma 4.3 to {B(z, p,)} and obtain a
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subfamily B;. It follows that Y is covered by 5B; and

HAY) < Z 500)° <58y gt

By

SO S MBE ) S U B(aon)

<t

which tends to 0 with ¢. Therefore Hs(Y) = 0 and so dimp Y < s for all s > a. Whence
dimv < a.

Conversely, let Y be a set of full measure. There is a subset Z C Y such that v(Z) > 1/2
and such that the convergence of log v(B(z,r))/logr to a is uniform on Z (Egorov theorem).
Fix s < a and let us consider n > 0 small enough so that v = a —n — s > 0. There exists
0 < ro < 5 such that, for any r € (0,r9) and any x € Z,

logv(B(z,r))

al <n.
log r

Let B be a cover of Z by balls of radius p, smaller than t < ry/5. Pick a subfamily
B; = {B(z, p,)} using Lemma 4.3. Then 58; covers Z and

1/2< ) w(5B) <571 " pa Sy ol
By By B

This proves that H.(Z) = 77 so that dimg Y > dimy Z > a. [}

5. HARMONIC MEASURE OF MAXIMAL DIMENSION

This section is devoted to the proof of Theorem 1.5 and its corollary.

5.1. The fundamental equality. We assume that d € D(I'), p is a probability measure
with exponential moment such that dg € D(I"). Thus there exists A > 0 such that

EYE [e’\d(w’zl(w))] < 00.
The main issue in the proof of Theorem 1.5 is the following implication which we prove first:

Proposition 5.1. Under the hypotheses of Theorem 1.5, if h = fv, then p and v are equivalent.

Let R be the constant coming from the lemma of the shadow (Lemma 2.4) and write U(z)
for U(z, R).
Let us now define

RCIEAT) R
7 A B

Since p" is the law of Z,,, observe that, if 5 € (0, 1], then

w p w
-G () oot S ()

We start with two lemmata.
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Lemma 5.2. There are finite constants C1 > 1 and 3 € (0, 1] such that, for all N > 1,

1
N Z Elgf] < Ci.

1<n<N

When p is finitely supported, one can choose =1 in the lemma.

PrROOF. Let N > 1 and 1 <n < N be chosen. We will first prove that there are some x and
( independent from N and n such that

B
(14) R. < Y (—p<6(7(w>;;> p(y) S 1.

v, d(w,y(w))>kN

We have already seen that the logarithmic volume growth rate for the Green metric is 1.
Then, from the lemma of the shadow (Lemma 2.4) applied to both metrics, we get

(15) v(B(y(w))) = e ) = Fw, y(w)) < Gw, v(w)) = Y p(v)
and
(16) p(B(y(w))) = e~v ).

On the other hand, since dg is quasi-isometric to d, it follows that there is a constant ¢ > 0
such that

p(O(”}/(w))) < ecd(w,v(w)) )

Hence

R.S D> ™ > u(v).

k>kN E<d(w,y(w))<k+1
But p" is the distribution of Z,, so that
Y W) < Pld(w, Zu(w) > k).
k<d(w,y(w))<k+1
From the exponential Tchebychev inequality, one obtains

(17) R, < Z e(B=NER [e)\d(w,Zn(w))]
k>kN

Now,

dw, Z,(w) < Y d(Z(w), Zin(w) = Y d(w, 2 Zj (w))

0<j<N 0<j<N

since I' acts by isometries. Thus, the independance of the increments of the walk implies

E [ekd(w,Zn(w))] < EN )

If we take 3 = min{\/2c, 1} then (17) becomes
R, < Z e(FA2k BN < o=(A/2)xN N
k>kN

The estimate (14) is obtained by choosing k = 2log E/\.
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We now prove that

B
(18) Py i Z Z (M) W(7) < 1.

N SN ety <nn
Both (14) and (18) implies the lemma.

Note that since 3 < 1, it follows that ¢? < max{1,p,} <1+ @,.

Hence:

1 > )
S+ 'yeF:d(w%(:w))<nN —V(G(V(w)))p(U(V(W)))-

But (15) implies that

> )

n=1 < 1

v(O(y(w))) ™~

so that
(19 PyS1++ p(O()).

d(w,x)<kN

Since p(U(x)) =< e o) by (16) and since there are approximately e’* elements in the
d-ball of radius k (Theorem 2.3), we have

Yo pB@)= Yy e,

d(w,x)<kN 1<n<kN
and
S p0() S N
d(w,x)<kN
Therefore, the estimate (18) follows from (19). -

Lemma 5.3. There is a finite constant Cy > 0 such that the sequence (E(¢y,) + C2)p>1 is
subadditive and (1/n)¢, tends to h — lv a.s. and in expectation.

PROOF. By the lemma of the shadow (Lemma 2.4),
1 1 1
—¢, = —dg(w, Z, — —vd(w, Z, O(1
L = (. Zy(w)) — v, Zy(w)) + O(1/n)

so, from Kingman ergodic theorem it follows that (1/n)¢, converges almost surely and in
expectation towards
lg—tv=h—/{v,
since h = (g, see [7].
Let m,n > 1. It also follows from the lemma of the shadow and the triangle inequality for
dG that

E[¢m in] = (E[pm] + E[pn]) < vE[d(w, Zm(w)) + d(Zm(w), Zmin(w)) = d(w, Zm in(w))] +O(1).
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So Proposition 3.8 implies the existence of some constant C5 such that

This gives the desired subadditivity. [ |
PrROOF OF PROPOSITION 5.1. We shall prove that if p and v are not equivalent, then h < fv.

Assuming that p and v are not equivalent, the ergodicity of both measures implies that ¢,
tends to 0 P-a.s.

Choose n € (0,e71].

By Egorov theorem, there exist two measurable sets A and B = A€ such that P[A] < n and
(pn|B)n converges uniformly to 0.

El¢n] = /A P dP + /B GndP .

Since (pn|p), uniformly converges to 0, there exists ng such that for n larger than no,
én|lp < logn and therefore

For any n > 1,

/ ¢ndP < P[B]logn < (1 —n)logn.
B
Choose # and C] as in Lemma 5.2. Jensen inequality yields

PlA] s AP 1 oo™ B[P
[ ona < ZFhos [ i < Tioau/m) + S1ox” Bl

where we have used n < 1/e.

But Lemma 5.2 implies that liminf E[p?] < 2C). So that there exists p > ng such that
E[%ﬁ;] <2Ch.

Hence,

E[¢p] < (1 —mn)logn + %log(l/n) + % log(2C1) .

When 7 tends to 0, the right-hand side tends to —oo. Therefore, if we fix  small enough,
there exists p such that

]E[¢p] + 02 S _1a
where () is the constant appearing in Lemma 5.3.

Lemma 5.3 now implies that

(Blguy] + C) S Eloy) + Gy < -1

for k > 1. As (1/pk)E[¢p] tends to (h — (v), letting k go to infinity, one obtains
—1
(h—tv) < —<0.
D
|

Remark. In view of the proof of Proposition 5.1, one might wonder whether it is always
true that a doubling measure of maximal dimension in an Ahlfors-regular space, as v is, has
to be equivalent to the Hausdorff measure of the same dimension. This property turns out
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to be false in general. We are grateful to P. Mattila for pointing out to us its invalidity and
to Y. Heurteaux for providing an explicit example of a doubling measure of dimension 1 in
the unit interval [0, 1] which is singular to the Lebesgue measure. We briefly describe his
construction.

Let us consider a sequence of integers (T,),, tending to infinity and satisfying

(1) Ty, — Ty, is equivalent to To,;
(2) Topi1 — Top is negligible in front of Th,;
(3) Topi1 — Ty, tends to infinity.

We then fix a weight p € (0,1/2), define the sequence (p)x as follows:

o If 75, 1 <k< To,, then Pk = 1/27
o [f T, < k < T2n+1, then Pk = D-

This means that the value of py is either p or 1/2, and that, asymptotically, the mean of
(Pr)1<k<n tends towards 1/2: limy(1/N) S0 pr = 1/2.

Let us code the dyadic intervals of [0, 1] of the nth generation as I,
or 1. We define the measure m by setting

Withal,... ,an:()

1..Gp)

m(Layani 1) _
—— 7~ —DPn if Apy1 = An
m(Ial“'an)
and
(Lo, a,,) :
S i g, .
m(lo.a,) B Grta7a

The measure m we have just defined has dimension 1 (any set of dimension less than 1 is
m-negligible), is doubling (see [4] for similar constructions), but it is singular with respect to
the Lebesgue measure since 2"m(I,, ,,) tends to 0 a.e.

5.2. Equivalent measures. We let I" be a non-elementary hyperbolic group, (X, d) € D(I'),
and p a probability measure on I' so that dg € D(I'). This section is devoted to proving

Proposition 5.4. If p and v are equivalent then their density is almost surely bounded i.e.,
there is a constant C > 1 such that for any Borel set A C 0X,

Sw(A) < pl4) < Cv(A).

We will work with the space 92X of distinct points (a,b) € 0X x 90X, a # b, which is
reminiscent to the geodesic flow of a negatively curved manifold. The group I' acts on 9?°X
by the diagonal action 7 - (a,b) = (y(a), (b)), v € T.

We define the following two o-finite measures on 9?X :

dp(a) ® dp(b)
exp 2v(alb)

dv(a) ® dv(b)

dp(a,b) =
p(a7 ) eXp2(CL‘b)G ’

and dv(a,b) =

where we define

alb)® < liminf anlbn)C .
(@) vt (onfbn)
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We recall that since v is a conformal measure, v is invariant, and it is furthermore ergodic
[23, Thm 3.3]. On the other hand, p being just a quasiconformal measure, it follows that p
is just quasi-invariant, cf. [13]. This implies the existence of a constant C' > 1 such that, for
any Borel set A C 02X,

1

5P
PROOF OF PROPOSITION 5.4. By assumption, there is a positive v-integrable function J
such that dp = Jdv. Therefore, dp = Jdv holds with

J(a.b) = J(a)J (b 220

(A) < p(v(A)) < Cp(A).

exp 2v(alb) -

We shall first prove that J is essentially constant (and non-zero). There is a constant C' > 1
such that the set

A {1/0)< <0}

has positive o-measure. Since 7 is ergodic, for 7-almost every (a,b) € 9*X, there exists v € T’
such that y(a,b) € A. It follows from the invariance of 7 and the quasi-invariance of j that

J(a,b) < J(v(a),7(b)).
This proves the claim.

Therefore, for r-almost every (a,b),
exp 2v(a|b)

J(a)J(b) < W :
Let us assume that log J is unbounded in a neighborhood U of a point a € 0X. We may find
a point b € 90X with J(b) finite and non-zero, and far enough from U so that
exp 2v(c|b)
exp 2(c|b)“
for any ¢ € U. This proves that log J had to be bounded in U : a contradiction. [ |

=1

5.3. Geometric characterisation of the fundamental inequality. We may now turn to
the proof of Theorem 1.5.

PROOF OF THEOREM 1.5. We first prove that (i), (ii) and (iii) are equivalent. Then we prove
that (iii) implies (iv), (iv) implies (v) which implies (iii).

e From Proposition 5.1, we deduce that (i) implies (ii). Proposition 5.4 says that (ii)
implies (iii). Furthermore, if v and p are equivalent, then they have the same Hausdorff
dimension. So, from Corollary 1.4 and Theorem 2.3, we get that

—:dimuzdimng,
€

le
and thus h = (v.
e To prove that (iii) implies (iv), we apply the lemma of the shadow (Lemma 2.4): it
follows that, for any v € I,

o) < p(E5(3 () = (B (w))) = o)
whence the existence of a constant C such that

[vd(w, y(w)) — da(w,y(w))| < C.
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Since I' acts transitively by isometries for both metrics, it follows that (X, vd) and
(X, dg) are (1, C)-quasi-isometric.

e Assuming (iv), it follows that Busemann functions coincide up to the multiplicative
factor v. Therefore, the Radon-Nikodym derivative of v*v with respect to v at a point
a € 0X is proportional to exp(—vf3,(w, 7 }(w))) a.e. Therefore, v is a quasiconformal
measure for (0X,d.). This is (v).

e For the last implication, (v) implies (iii), one can use the uniqueness statement in
Theorem 2.3 to get that p and v are equivalent and have bounded density. This proves
(iif). n

5.4. Simultaneous random walks. We now turn to the proof of Corollary 1.6.

PROOF OF COROLLARY 1.6. Let us consider the Green metric dg associated with p and
denote by ¢ the drift of (Z ) in the metric space (I', dg). Theorem 1.1 implies that dg € D(T").

Assumption (i) translates into h = (. Since vg = 1, this means that ¥ has maximal
dimension in the boundary of (I',dq) endowed with a visual metric. Therefore Theorem 1.5
implies the equivalence between (i) and (iii).

Exchanging the roles of p and [ gives the equivalence between (ii) and (iii).

If d¢; denotes the Green metric for 7i, then (iv) means that dg and de; are (1, C)-quasi-
isometric, which is equivalent to (iii) by Theorem 1.5. |

6. DISCRETISATION OF BROWNIAN MOTION

We let M be the universal covering of a Riemannian manifold /N of pinched negative curva-
ture and finite volume with deck transformation group I' i.e., M/T' = N. We let d denote the
distance defined by the Riemannian structure on M. Note that when N is compact, I" acts
geometrically on M, and since it has negative curvature, it follows that I' is hyperbolic and
that M is quasi-isometric to I' by Svarc-Milnor’s lemma (Lemma 2.2).

We consider the diffusion process (&;) generated by the Laplace-Beltrami operator A on M.
That is, we let p; be the fundamental solution of the heat equation 0; = A. Then there is a
probability measure PY on the family =¥ of continuous curves £ : R, — M with & = y such
that, for any Borel sets Ay, As, ..., A,, and any times t; <ty < ... <t,,

PY(&, € Ay, ..., &, € An)
/ / / pt1 Yy, T ptg t1($1,$2> - DPtp—tn_ 1(In 1>$n)d$1 .dzy,
Ay JAg

If 1 is a positive measure on M, we write P* = [, o PY(dy), and this defines a measure on the
set of Brownian paths =.

As for random walks, the following limit exists almost surely and in L' and we call it the
drift of the Brownian motion:

€M dif lim (é-Ota gt) :

it is also known that ¢); > 0 and that (&) almost surely converges to a point £, in OM
[40, 39]. The distribution of £, is the harmonic measure. Furthermore, V. Kaimanovich has
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defined an asymptotic entropy hjy; which shares the same properties as for random walks [20]:
for any y € M,
def.

. —1
hy = hmT/pt(y,x)logpt(y,x)dx.

He also proved that the fundamental inequality h,; < ¢p/v remains valid in this setting,
where v denotes the logarithmic volume growth rate of M.

6.1. The discretised motion. W.Ballmann and F.Ledrappier have refined a method of
T. Lyons and D. Sullivan [35], further studied by A.Ancona [1], V.Kaimanovich [22], and by
A.Karlsson and F. Ledrappier [27] which replaces the Brownian motion by a random walk on
I' [3]. The construction goes as follows in our specific case.

Let m : M — N be the universal covering and let us fix a base point w € M. Fix e > 0
smaller than the injectivity radius of N at m(w), and consider V = B(w(w),e) in N; for

D large enough, the set F' = {Gw(m(w),+) > D} is compact in V, where Gy denotes the
Green function of the Brownian motion killed outside V. There exists a so-called Harnack

constant C' < oo such that, for any positive harmonic function h on V and any points a,b € F,
h(a)/h(b) < C holds.

Let V = 7 4(V), F = 7= XF), V® = B(z,e) and F, = FNV® for z € X < (w). If
y € Fy, we set x(y) = x. (Note that x is well defined thanks to the choice of ¢.)

Let & be a sample path of the Brownian motion. We define inductively the following Markov
stopping times (R,,),>1 and (S,)n>0 as follows.

Set So = 01if & ¢ X, and Sy = min{t > 0, & ¢ V*}. Then, for n > 1, let

Rn = mln{t Z Sn—1> gt € F}
S, =min{t > R,, & ¢ V*}

with X,, = x(&r,)-

Let us also define recursively for £ > 0 on Z x [0, 1]N :

No(&, ) =0

Ni(&, @) = min{n > Ny_1(&, @), a, < k,(&)}
where
1 odek,
- CdeY

ERp

fin(€) (&s.)

and, for z € F, €V denotes the distribution of &g, for sample paths & starting at z. We also
set

Tk:SNk-

For y in M, we let P’ denote the product measure of PY x )\N, where A is the Lebesgue
measure on [0, 1]. We then define on X, the law

py() = P'[Xy, = a].

The following properties are known to hold [35, 22, 3, 27].
Theorem 6.1. Let us define pu(v) = pw(y(w)), and Z(w) = Xn, with Zy(w) = w.
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(i) The random sequence (Z,(w)) is the random walk generated by u: for any x; =
T(w), ...,z =mmw) € X,

P (Zy =21,y T = 20) = p() (77 2) - - (v ) -

ii) The measure p s symmetric with full support but has a finite first moment with respect
Ho1s SY

to d.

iii) The Green function G, of the random walk is proportional to the Green function Gy,

m

of M.

(iv) There ezists a positive constant T such that the following limit exists almost surely and
in L':

Sn,

li
1m 2

=T.

(v) Almost surely and in L',

d(&er, Zi(w))
k

(vi) The harmonic measures for the Brownian motion and the random walk coincide.

lim =0.

We are able to prove the following:

Theorem 6.2. Under the notation and assumptions from above, let dg denote the Green
metric associated with . If N is compact, then dg € D(I') and

dimv = h—M
€£M

where hyr and £y denote the entropy and the drift of the Brownian motion respectively.

PRrROOF. The acronyms (ED) and (QR) below refer to Proposition 3.5. Since M has pinched
negative curvature, it follows that Gy (z,y) < e=“¥@¥) holds for some constant ¢ > 0, see [2,
(2.4) p.434]. By part (iii) of Theorem 6.1, G, and G are proportional. Therefore G, also
satisfies G, (7, y) < e=°¥@¥) and (ED) is proved. Furthermore, A. Ancona’s Theorem 3.7 also
holds for the Brownian motion, see [1], showing that (QR) holds as well. Both these properties
imply that (X, dg) € D(I') by Proposition 3.5.

The identity h, = ha - T was proved by V.Kaimanovich [20, 22]. Furthermore, from
Theorem 6.1 (4), it follows that almost surely,

Z
¢, = lim 22 Z(®)) k’“(w)) = lim —d(w}f’”) =0y T
Thus, Corollary 1.4 implies that
: hv
dimy = —
€€M

The computation of the drift can also be found in [27].

6.2. Exponential moment for the discretised motion. In [1], A.Ancona wrote in a
remark that the random walk defined above has a finite exponential moment when N is
compact. Since this fact is crucial to us, we provide here a detailed proof. This will enable us
to apply Theorem 1.5 and conclude the proof of Theorem 1.9.

Theorem 6.3. If N is compact, then the random walk (Z,) defined in Theorem 6.1 has a
finite exponential moment.
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The proof requires intermediate estimates on the Brownian motion. The main step is an
estimate on the position of g, :

Proposition 6.4. There are positive constants Cy and ¢y such that, for any r > 1,
sup PY[d(&o,&s,) > 1] < Cre™ 7.
yeM

Proposition 6.4 follows from the following lemma.

Lemma 6.5. We write §§ = supy<,<; d(&o,&s). There are constants m > 0, c; > 0 and Cy > 0
such that

sup PY [ > mt] < Coe ",
yeM

PrOOF. We first prove that all the exponential moments of & are finite. Our proof relies on
the following upper Gaussian estimate valid as soon as the curvature is bounded (see e.g. [40,
§ 6] for a proof): for any y € M and any ¢t > 2,

PYIET > 1] < exp (—ct) |
for some constant ¢ that does not depend on y nor on ¢.
Hence, if A > 0 then
EY [eM] =1 +/ e"PYIE > (u/N)]du

u>0

'u.2
< 1—|—/ e Ndu < 00.
u>0

Let y € M and m > 0. It follows from the exponential Tchebychev inequality that
PYIE > mt] < e MMEY [ ]
We remark that, for n > 1 and t € (n — 1,n],

§< Y, sup d(G6)

0<k<n k<s<k+1

It follows from the Markov property that, for all y € M,
EY [6){: } < (sup E* [equ) .
zeM
Therefore .
PY[Er > mt] < e M (sup E? [eAgI}) :
zeM
So, if m is chosen large enough, we will find ¢y > 0 so that

PY[¢F > mt] S et

PROOF OF PROPOSITION 6.4. The compactness of N easily implies the following upper
bound on the first hitting time S; using the orthogonal decomposition of L?(N) (see [39,
(5.2)]): there are positive constants C3 and ¢z such that, for any y € M,

(20) PY[S) > k] < Cze 3k
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Let us consider x > 0 that will be fixed later.

PY[d(y, &s,) = ] <P[d(y, &s,) 2 75 51 < K]+ PY[d(y, §s,) 2 73 S1 = #]

From (20), it follows that

PY[d(y, Es,) > 1] SPYIES > r] + e ",

Choosing k = r/m, Lemma 6.5 implies that
PY[d(y,Es,) 2 r] S n Fem

and the proposition follows. [ |
PrROOF OF THEOREM 6.3. Let »r > 1 and k£ > 1, and A > 0 that will be fixed later.

The exponential Tchebychev inequality yields

PY[d(&, &s,) > 1] < e VEY [0t
But
d(&o,&s,,) < Z d(€s;5€s,4,)

0<j<k

so the strong Markov property implies that

k
(21) PY[d(é0,8s,) > 1] < e <Sup E? [ekd@oésn]) _

zeM

Using Proposition 6.4 and its notation, we get that for any z € M,

B [MGs)] =14 [ PG, s) 2 (u/A)du

u>0

<1+ C’l/ ele Ay, |
u>0
We choose \ < ¢q; there exists a positive constant Cy such that

14+ Cy
F? [erd0:€s1)] < )
sup B e vy

Plugging this last inequality in (21) yields
(22) PYld(&, &s,) > 7] S e e

for some constant ¢, > 0.

We note that, for any z € X, any z € F, and u € 0V?*,

de¥

(= 1/0)

where C is the Harnack constant. Observe that this estimate is uniform with respect to
u € OV* and z € F,. Therefore,



38 SEBASTIEN BLACHERE, PETER HAISSINSKY & PIERRE MATHIEU

P'ITy > Sile] = P [NE2i{ka(€) < an}|€]
< P [ SH1/C%) < and|€] = BY [MZH{(1/C%) < )]
(23) = H [(1/C?) < ap] S (1= (1/C)F.

In (23), we used the notation IP’y[.| &) to denote the conditional probability given the Brow-
nian path £. Note that Si, being a function of £, does not depend on the sequence a. We
used this fact for the second equality above; see also [27] for a different argument leading to
the same conclusion.

From (22) and (23), it then follows that
Pldy.&r) > 7] =Y Pld(y.€s,) > 15 Sy = T

k>1

=SBl = Tle] dlnes) >

<Y - /e d(y. €s,) > 7]
< e\ Z(l _ (1/02))k6>\64k.

Thus, there is some Ay > 0 so that if we choose A € (0, A¢] then this last series is convergent

and we find
Y

Pd(y,&r) > 1] Se™.

Consequently, noting that d(Z;(w),&r,) < e and choosing A = A,

E [e(/\o/Z)d(y,ZI(w))} <1 +/

u>0

e“Pld(y, &n,) > 2u/Ao)du < 1 +/ e du < 00.

u>0

6.3. Examples. Let us fix n > 2 and consider the hyperbolic space H" of constant sectional
curvature —1. The explicit form of the Green function on this space shows easily that, given
w,x,y,z € H" which are at distance ¢ > 0 apart from one another, one has

(24) O(z,y) 2 min{O(z, ), O(2,y)}

where © is Naim’s kernel, and the implicit constant depends only on c¢. Let N be a finite
volume hyperbolic manifold with deck transformation group I' acting on H". The estimate
(24) shows that the Green metric dg on I' associated with the discretised Brownian motion
on H" is hyperbolic. Moreover, the estimate (ED) holds as well, so that the Green metric dg
is quasi-isometric to the restriction of the hyperbolic metric to the orbit I'(0) of a base point
o € H". Since N has finite volume, the limit set of I' is the whole sphere at infinity, and it
coincides with the visual boundary of (I, dg). Therefore, Theorem 1.7 implies that the Martin
boundary coincides with 9H", homeomorphic to S"~!. We omit the details.

We apply this construction in two special cases.
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If we consider for NV a punctured 2-torus with a complete hyperbolic metric of finite volume
(as in [3]), we obtain an example of a random walk on the free group for which the Green
metric is hyperbolic but its boundary S' does not coincide with the boundary of the group
(which is a Cantor set). Therefore, dg does not belong to the quasi-isometry class of the free

group.

If we consider now for N a complete hyperbolic 3-manifold of finite volume with a rank 2
cusp, then its fundamental group is not hyperbolic since it contains a subgroup isomorphic to
72, but the Green metric is hyperbolic nonetheless.

APPENDIX A. QUASIRULED HYPERBOLIC SPACES

For geodesic spaces, hyperbolicity admits many characterisations based on geodesic triangles
(cf. Prop.2.21 from [17]). Most of them still hold when the space X is just a length space
(see eg. [42]). For instance, a geodesic hyperbolic space satisfies Rips condition, namely, a
constant ¢ exists such that any edge of a geodesic triangle is at distance at most § from the
two other edges.

It is known that if X and Y are two quasi-isometric geodesic spaces, then X is hyperbolic
if and only if Y is (Theorem 5.12 in [17]). This statement is known to be false in general if
we do not assume both spaces to be geodesic (Example 5.12 from [17], and Proposition A.11
below).

Since quasi-isometries do not preserve small-scales of metric spaces, in particular geodesics,
it is therefore important to find other coarse characterisations of hyperbolicity. Such a char-
acterisation is the purpose of this appendix. We propose a setting which enables us to go
through the whole theory of quasiconformal measures as if the underlying space was geodesic.

Definition. A quasigeodesic curve (resp. ray, segment) is the image of R (resp. R, a compact
interval of R) by a quasi-isometric embedding. A space is said to be quasigeodesic if there are
constants A, ¢ such that any pair of points can be connected by a (), ¢)-quasigeodesic.

The image of a geodesic space by a quasi-isometry is thus quasigeodesic. But as it was
mentioned earlier, hyperbolicity need not be preserved.

Definition. A 7-quasiruler is a quasigeodesic g : R — X (resp. quasisegment g : [ — X
quasiray ¢ : R, — X)) such that, for any s < ¢ < u,

(9(s)g(w))gey < T

Let X be a metric space. Let A > 1 and 7,¢ > 0 be constants. A quasiruling structure G
is a set of T-quasiruled (A, ¢)-quasigeodesics such any pair of points of X can be joined by an
element of G.

A metric space will be quasiruled if constants (A, c¢,7) exist so that the space is (A, c)-
quasigeodesic and if every (A, ¢)-quasigeodesic is a T-quasiruler i.e., the set of quasigeodesics de-
fines a quasiruling structure. The data of a quasiruled space are thus the constants (A, ¢) for the
quasigeodesics and the constant 7 given by the quasiruler property of the (A, ¢)-quasigeodesics.

A quasi-isometric embedding f : X — Y between a geodesic metric space X into a metric
space Y is T-ruling if the image of any geodesic segment is a 7-quasiruler. Then the images
of geodesics of X define a quasiruling structure G of Y. In this situation, we will say that G
is induced by X.
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Theorem A.1. Let X be a geodesic hyperbolic metric space, and ¢ : X — Y a quasi-isometry,
where Y is a metric space. The following statements are equivalent:

(i) Y is hyperbolic;
(i) Y is quasiruled;
(iii) ¢ is ruling.
Moreover if Y is a hyperbolic quasiruled space, then Y is isometric to a quasiconver subset

of a geodesic hyperbolic metric space Z .

Furthermore, if I' acts geometrically on'Y, then ' is a quasiconvex group acting on Z.

Theorem 1.10 is a consequence from Theorem A.1.

We refer to [17] for any undefined notion used in the sequel.

A.1. Straightening of configurations. Let [ = [a,b] C R be a closed connected subset.
We assume throughout this section that constants (A, ¢, 7) are fixed.

Lemma A.2. Let g: I — X be a quasiruler. There is a (1,c1)-quasi-isometry

fg(l) —[0,|g(b) — g(a)l],

for some ¢; which depends only on the data (A, ¢ and T).

PRrROOF. For any = € g(I), let f(x) = min{|z — g(a)|, |g(b) — g(a)|}. Thus
(25) |z —gla)| = f(z)] <27

Let x,y € g(I) with = = g(s) and y = ¢(¢), and let us assume that s < t.

e We apply (25) repeatedly. On the one hand,

[f(@) = f()l < lz—gla)l = |y = g(a)|] + 47 < |z —y| + 47
On the other hand, since s < t, it follows that
[z —gla)l + |z —yl < |y —gla)[ + 27
so that
[f(z) = fy)l = [z —y| - 87.
Hence f is a (1,87)-quasi-isometric embedding.

Note that the constants above are not sharp (a case by case treatment would divide
most of them by 2).

o If [a—b| <2, then |f(g(a)) — f(g(b))| =|g(a) — g(b)] < 2A+ c and f is cobounded.
Otherwise, |a — b| > 2. Let s; = a+ j for j € NN [0, |b — a]. It follows that

[F(9(5,) = Flaspa)l < Alsj = 1] + e+ 47 < A e+ 4.

The set {£(g(s))}; is a chain in [0, |g(8) — g(a)[] which joins 0 to |f(g(a)) — F(g(b))| =
|g(b) — g(a)l; since two consecutive points of {f(g(s;))}; are at most A + ¢+ 47 apart,

it follows that its (A + ¢+ 47)-neighborhood covers [0, |g(a) — g(b)|], hence f is a quasi-
isometry. [ |
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Remark. If f, denotes the map as above and f, : g(I) — [0, |g(b) — g(a)|] the map such that
fo(g(b)) = 0, then |fo(x) + fo(x) — |g(a) — g(b)[| < 27 holds.

Definition. Given three points {x,y, z}, there is a tripod T and an isometric embedding
f :{x,y,z} — T such that the images are the endpoints of T. We let ¢ denote the center of
T.

A quasitriangle A is given by three points x,y, z together with three quasirulers joining
them. We will denote the edges by [z,y], [z, z] and [y, z]. Such a quasitriangle is -thin if any
segment is in the d-neighborhood of the two others.

Lemma A.3. Let A be a 6-thin quasitriangle with vertices {x,y,z}. There is a (1, ce)-quasi-
1sometry
fa:A—=T,

where T is the tripod associated with {x,y, z} and ¢y depends only on the data (0, A, ¢, T).

PROOF. Let us define fa using Lemma A.2 on each edge. This map is clearly cobounded.
Let u,v € A. Since A is thin, one may find two points u',v" € A on the same edge such
that |u —u/| < d and |v — v'| < 4, so that
llu —v| — |u — || < 26.

If v and u’ belong to the same edge, then
|fa(u) — fa(W)| <Ju—u|4+ec <d+¢.

Otherwise, let x be the common vertex of the edges containing u and «/, then it follows from
(25) that

[folw) = fo(u)] < |u—v|+ 47 <6447
and similarly for v and v’. Thus

[fa(u) = fa@)] [fa(v) = fa(W)] < ¢

where ¢’ depends only on the data.

It follows that
[fa(u) = fa(o)] = |fa(u') = fa(o)]] < 2¢.
But since v’ and v" belong to the same edge, Lemma A.2 implies that
fa(w') = fa@)] = [u" = || < e,
SO
1 fa(u) = fa(v)] = ' = V'] 2" + ¢4

and finally
1 fa(u) = fa(@)] = |u— ol < (2¢ + ¢1 + 20).

In the situation of Lemma A.3 we have

|[(fa(@)fa())sate) — (2ly):] < C,
for some universal constant C' > 0; thus, we may find points ¢, € [y,z2], ¢, € [z,2] and
¢, € |y, x] such that
|[fales) — el | faley) — el | fale:) — e < e,
and
diam{c,, ¢y, ¢, } < c3,
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where c3 depends only on the data.

Proposition A.4. Let X be a metric space endowed with a quasiruling structure G such that
all quasitriangles are d-thin. Then X is hyperbolic quantitatively: the constant of hyperbolicity
only depends on (6, \, ¢, T).

PROOF. Let us fix w,x,y,z € X. Let us consider the following triangles: A = {w,z,z}
and B = {w,z,y}. Let us denote by T4, T and c¢a, ¢p the associated tripod and center
respectively, and let us define @ = T4 U Tp where both copies fa(|w,z]) and fp([w,z]) of

43 7

[w, z] have been identified. This metric space @ is topologically an “x”, and so is of course
0-hyperbolic.

Let us define f: AU B — @ by sending A under f4 and B under fg.
The restriction of f to A and to B is a (1, ¢)-quasi-isometry by Lemma A.3.
It follows that

[f(y) = f(2) = |f(y) — el + |es — eal + [ea — f(2)].

One may find cy4,cp € [w,x] such that |f(ca) — ¢a| < ¢3 and |f(cg) — ég| < ¢3. Lemma A3
implies that |f(y) — f(cg)| = |y —cp| and | f(ca) — f(2)| = |ca — 2| up to an additive constant.
Therefore, |f(y) —cp| = |y —cp| and |¢a — f(z)| = |ca — 2| up to an additive constant too. By
Lemma A.2, |cg — ¢4| = |cg — ca| up to an additive constant, whence the existence of some
constant ¢4 > 0 such that

|f(y) = f(2)] > |y —cBl+|cB —ca| +]ca— 2] —cs > |y — 2| — ca.

Hence (f(y)|f(2))sw) < (Y|2)w + ca. It follows from the hyperbolicity of @ that
(Yl2)w = min{(f(2)[ () sw), (FOIF (@) s) } — e

and since the restrictions of f to A and B are (1, ¢p)-quasi-isometries,
min{ (f(2)|f(2)) ), (FWF (@) gy} — 4 = min{(z]2)w, (Y|2)w} — ¢
for some constant c5. We have just established that for any w, x, y, 2,
(y]2)w = min{(2|2)w, (y|7)w} — cs.
|

A.2. Embeddings of hyperbolic spaces. We recall a theorem of M. Bonk and O. Schramm
(Theorem 4.1 in [9]):

Theorem A.5. Any d-hyperbolic space X can be isometrically embedded into a complete
geodesic 6-hyperbolic space Y .

We will show that if [ acts isometrically on X, then so is the case on Y. To prove this we
need to review the construction of the set Y.

The first lemma, which we recall, is the basic step in the construction.

Lemma A.6. Let X be d-hyperbolic metric space, and let a # b be in X. If, for every z,
(la —b|/2,]a —b|/2) # (la — x|, |b — x|), then there is a §-hyperbolic space X|a,b] = X U {m}
such that (la — b|/2,]la —b|/2) = (|la — m|,|b — m]). Furthermore, for any x € X,

|a — 0]
2

+ sup (Jx — w| — max{|a — w|, |b — w|}).
weX

|z —m| =

We call m the middle point of {a,b}.
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Lemma A.7. A d-hyperbolic metric space X embeds isometrically into a d-hyperbolic space
X* such that, for any (a,b) € X, there exists a middle point m = m(a,b) € X*.

PROOF. They apply a transfinite induction: let ¢ : w — X x X be an ordinal of X x X.
Define inductively X («) as follows. Set X(0) = X. If « = f+ 1 < w + 1, then define
X(a) = X(B)[p(a)]. Clearly, X () is d-hyperbolic. If « is a limit ordinal, set

X(a) = (Us<a X (8)) [0()] -

Here too, X («) is d-hyperbolic since d-hyperbolicity is preserved under increasing unions. The
space X* = X (w + 1) fulfills the requirements. |

For o < w+ 1, let us define m(a) = m(¢(«)) the middle of ¢(a) = (a(a),b(c)), and let
D(a) = |a —b|. If z* € X, set a(z*) = 0; otherwise, let P(z*) be the set of ordinals o such
that 2* € X («). Let us define a(2*) as the minimum of P(z*); it follows that z* = m(a). We
let D(x*) = D(a). We also write ¢(a) = (a(x*), b(z")).

Lemma A.8. Let a < (3, then

mia) = m(@) = 22+ sup (= m(o)] = max{fu = o(B)]. lw = A}
PROOF. Let
7 =
{’y < o o) =m)] = 22+ s fu = m(o)] = me{f = )], o — bmr}}} .

The set Z contains {y < a + 1} by definition. Let us assume that {y < g} C Z for some
B > «. Pick v € Z, so that a < v < 8. Given € > 0, there is some w € X («) so that

D(v)

m(a) =m(y)] £ —= + [w —m(a)] — max{jw — a(y)], [w = b()[} +¢.

Since w € X (o) is fixed,

m() — a(@) 2 2 4w — a(8)] — max{low — ()], [w b))

A similar statement holds for b((3) instead of a(3). Therefore
max{|m(y) — a(B)|, [m(v) = b(B)[} =
@ +max{[w — a(F)], [w — b(B)|} — max{|w —a(y)],[w —b(7)[},
and
Im(a) —m(v)| — max{|m(y) — a(B)], |m(v) = b(B)[} <
Im(a) — w| — max{|w — a(B)], [w —b(B)|} + €.

It follows that, for each av < v < 3, there is some w € X («) such that the supremum in the
definition of |m(a) — m(3)| is attained within X («). Hence § € Z, so Z = X* by induction.
|

Lemma A.9. Let 0 < o < 3. Then |m(a) — m(B)| can be computed as

L B4 sup (|~ e —a(a), fw—b(e)] -+ e —a(3) ] [/~ (3) 1)}
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PROOF. We endow w x w with the lexicographical order, and we consider v’ = {(«, ), < 8}.

~

We assume by transfinite induction that the lemma is true for any («, 5) < (@, ). By Lemma
A.8, there is some w € X (@) such that

_ DB B N P
m(@ —m(@) < 28 4 @~ m(@)] ~ max{|d — aB)] |8~ bB)) + .
It follows from the induction assumption that there are points w’, w € X such that
D(a D(w
m(@ —a)—e < 204 PO ) max{w - a(@)]. fw - b(@)])
+max{|w’ — (@), o' — b(@)]}).

But
max{| — @), 18 6B} 2 4 max{iu’ — @), o’ - 5B}
—mas{fu’ — a(@)], [u’ b}

D(;i) + @ + Jw —w'| — (max{|w — a(Q)|, |w — b(@)|}
+max{|w — a(B)], |’ —b(F)[}).

This establishes the lemma. [

m(@) —m(B)| -2 <

Corollary A.10. IfT" acts on X by isometry, then it acts also on X* by isometry.

Proor. If 2 € X*\ X and g € T', we let g(z*) = m(g(a(z*)),g(b(xz*)))). The fact that
g X* — X* acts by isometry follows from Lemma A.9 since the distance between two points
relies only on points inside X. [ |

The construction now goes as follows. Define Xy = X, and X,,;; = X, for n > 0. The
space X' = U, _NXn is a metric d-hyperbolic space such that any pair of points admits a
midpoint in X’. Note that if I" acts on X by isometry, then it also acts by isometry on X”.

To obtain a complete geodesic space, M.Bonk and O.Schramm use again a transfinite
induction. Let wy be the first uncountable ordinal. They define a metric space Z(«) for each
ordinal @ < wy such that Z(a) D Z(B) if @ > 5. We set Z(0) as the completion of X’. More
generally, if « = 41, define Z(«) as the completion of Z (). For limit ordinals «, we define
Z(a) as the completion of Ug.,Z(3)". It follows that for each av < wy, the metric space Z(«)
is complete, d-hyperbolic, and admits an isometric action of I' if X did.

The construction is completed by letting Y = Uy, Z(0). As above, an action of a group
I' by isometry on X extends canonically as an action by isometry on Y.

A.3. Quasiruled spaces and hyperbolicity. We prove Theorem A.1 in four steps.

A.3.1. Let us assume that Y is a quasigeodesic d-hyperbolic space. It follows from Theorem
A.5 that there are a d-hyperbolic geodesic metric space Y and an isometric embedding ¢ :
Y — Y. Thus, for any quasigeodesic segment ¢ : [a,b] — Y, (g) shadows a genuine geodesic
7 = [t(g(a)),(g(b))] from Y at distance H = H(X,c,d). In other words, for any ¢ € [a, b],
there is a point 3; € g such that |¢(g(t)) — 7| < H. It follows that

(9(a)g(0))gery < (e(g(a))]e(g(b))z + H = H
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since t(g(a)), t(g(b)) and y; belong to a geodesic segment.

Therefore, Y is quasiruled.

A.3.2. IfY is quasiruled, then ¢ is ruling since the image under ¢ is a quasigeodesic, hence
a quasiruler by definition.

A.3.3. Let us now assume that X is a geodesic hyperbolic space and ¢ : X — Y is a quasi-
isometry into a metric space Y. It follows that Y is quasigeodesic and that the edge of the
image of any geodesic triangle is at a bounded distance from the two other edges i.e., triangles
are 0-thin. If ¢ is ruling, then Proposition A.4 applies, and proves that Y is hyperbolic.

A.3.4. The statement concerning group actions follows from above and the previous section.

A.4. Non-hyperbolic invariant metric on a hyperbolic group. In [17], the authors
provide an example of a non-hyperbolic metric space quasi-isometric to R. One could wonder
if, in the case of groups, the invariance of hyperbolicity holds for quasi-isometric and invariant
metrics. In this section, we disprove this statement.

Proposition A.11. For any hyperbolic group, a left-invariant metric quasi-isometric to a
word metric exists which 1s not hyperbolic.

We are grateful to C. Pittet and I. Mineyev for having pointed out to us the metric d in the
following proof as a possible candidate.

PROOF. Let I' be a hyperbolic group and let |.| denote a word metric. We define the metric

d(z,y) = |z —y| +log(1 + [z —yl).

Clearly, |z — y| < d(z,y) < 2|x — y| holds and d is left-invariant by I
Let us prove that (I',d) is not quasiruled, hence not hyperbolic by Theorem A.1.

Let g be a geodesic for |.| which we identify with Z. Since (I, d) is bi-Lipschitz to (T, | - |),
it is a (2, 0)-quasigeodesic for d. But

d(0,n) + d(n,2n) — d(0,2n) = log(1+n)*/(1 + 2n)

asymptotically behaves as logn. Therefore g is not quasiruled. [ |

APPENDIX B. APPROXIMATE TREES AND SHADOWS

Approximate trees is an important tool to understand hyperbolicity in geodesic spaces.
Here, we adapt their existence to the setting of hyperbolic quasiruled metric spaces following
E. Ghys and P.de la Harpe (Theorem 2.12 in [17]).

Theorem B.1. Let (X,w) be a §-hyperbolic metric space and let k > 0.

(i) If | X| < 2% +2, then there is a finite metric pointed tree T and a map ¢ : X — T such
that :
~ Vre X, |¢(z) - ()| = |z — u],
— Yo,y e X, |z —y| =2k < |o(x) — o(y)] < | —yl.
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(ii) If there are T-quasiruled rays (X;, w;)1<i<n with n < 2% such that X = UX;, then there
s a pointed R-tree T' and a map ¢ : X — T such that
Vo€ X, [6(x) — ofw)| = |z — ],
— Vo,y € X, |z —y| —2(k+1)0 —4c — 27 < |p(x) — é(y)| < |x —y|, where
¢ = max{|w — w;|}.

We repeat the arguments in [17]. The proofs of the first two lemmata can be found in [17],
and the last one is the quasiruled version of [17, Lem. 2.14]. In the three lemmata, X is
assumed to be d-hyperbolic. Furthermore, we will omit the subscript w for the inner product
and write (+|-) = (-])w-

Lemma B.2. We define

— (z|y) = supmin{(z;_1|z;), 2 < i < L}, where the supremum is taken over all finite
chains xy,...,xy with xy = x and xp =y,

= |z =yl =z = w[+ |y —w| = 2zly)’,

— e~y ifle -yl =0.

Then ~ is an equivalence relation and |-|" is a distance on X/ ~ which makes it a 0-hyperbolic
space. Moreover, for any x € X, |[t—w|" = |x—w| holds, and for any x,y € X, |zr—y|" < |x—y].

Lemma B.3. If | X| < 2% + 2 then for any chain z1,..., 2, € X,
(w1for) 2 min {(2;1]z;)} — k9,
holds.
Lemma B.4. Let X = U, X; where (X;,w;) are T-quasiruled rays. If n < 2% then, for any
chain x+1,...,x; € X,
(@1]ep) > min {(z;]z;)} = (K +1)8 =2 —7.

2<j

PrOOF. First, (z|y), < min{|zr — w|, |y — w|} holds for any =,y € X, and if z,y € X; then
|(2]Y)w, — min{|x —w;], |y —w;|}| < 7, and |z —w;| > |z —w|—|w—w;| > | —w|—c. Similarly,
[y —wi] > Jy— w] — . Thus, (zly)u, = min{lz — w] |y — wl} — c — 7 and

(2]Y)w > (2]Y)w, — ¢ > min{|z —w|, |y — w|} — 2¢ — 7 > min{(x|2)w, (Y| )} — 2¢ — T
for all 2,y € X.

Let z1,...,2; € X be a chain. We will write X (x;) to denote the quasiruled ray X; which
contains x;. Either, for all j > 2, x; € X (x;), or there is a maximal index j > 1 such that
z; € X(z1). Hence, it follows from above that (x1|z;) > mino<;<;{(z;—1|x;)} —2¢ — 7. In this
case, let us consider x1,x;, 41, .., 7L

We inductively extract a chain (x}) of length at most 2n < 2**! which contains z; and
xr, and such that at most two elements belong to a common X;, and in this case, they have
successive indices. It follows from Lemma B.3 and from above that

(x1]|zr) > min{(z}_{|2))} — (kK 4+ 1)0 > min{(z;_1|z;)} — (kK + 1) —2c — 7.
|

Proor orF THEOREM B.1. The theorem follows as soon as we have found a quasi-isometric
embedding ¢ : X — T with T" 0-hyperbolic.

Lemma B.2 implies that X/ ~ is O-hyperbolic and that ¢ : X — X/ ~ satisfies |¢p(x) —
¢(w)|" = [z —w| and |¢(z) — o(y)|" < [z —yl.
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For case (i), Lemme B.3 shows that (z|y) > (z|y)’ — kd i.e.,
|6(z) — d(y)|" = |o — y| — 2Kk0.
For case (ii), Lemme B.4 shows that (z|y) > (z|y) — (k+1)d — 2¢ — 7 i.e.,
|6(x) = (W) = |z —y| —2(k +1)d —dc—27.

Visual quasiruling structures. Let (X, d, w) be a hyperbolic space endowed with a quasir-
uling structure G. We say that G is visual if any pair of points in X U dX can be joined by a
T-quasiruled (), ¢)-quasigeodesic. If X is a proper space, then any quasiruling structure can be
completed into a visual quasiruling structure. Also, if Y is a hyperbolic geodesic proper metric
space and ¢ : Y — X is ruling, then the induced quasiruling structure is also visual. This
fact can in particular be applied when Y is a locally finite Cayley graph of a non-elementary
hyperbolic group I, (X, d) € D(I") and ¢ is the identity map. Thus one endows (X, d) with a
visual quasiruling structure.

Shadows. Let (X, d,w) be a hyperbolic quasiruled space endowed with a visual quasiruling
structure G. We already defined the shadow U(xz, R) in Section 2 as the set of points a € 0X
such that (a|z), > d(w,z) — R. An alternative definition is: let Ug(z, R) be the set of points
a € 0X such that there is a quasiruler [w,a) € G which intersects

B(z,R)={y € X : d(z,y) < R}.
The following holds by applying Theorem B.1, since G is visual.

Proposition B.5. Let X be a hyperbolic space endowed with a visual quasiruling structure G.
There exist positive constants C, Ry such that for any R > Ry, a € 0X and x € [w,a) € G,

Og(z,R—C) CU(z,R) C Og(z, R+ C).

The whole theory of quasiconformal measures for hyperbolic groups acting on geodesic
spaces in [13] is based on the existence of approximate trees. Therefore, the same proof as in
[13] leads to Theorem 2.3 and Lemma 2.4. Since quasiconformal measures are Ahlfors-regular,
the lemma of the shadow also holds for shadows defined by visual quasiruling structures.

Note that, in a hyperbolic space endowed with a visual quasiruling structure, Theorem B.1
implies that the definition of Busemann functions we gave in Section 2 is equivalent to the
classical one given below:

Busemann functions. Let us assume that (X, w) is a pointed hyperbolic quasiruled space.
Let a € 0X, z,y € X and h : R, — X a quasiruled ray such that h(0) = y and lim,, h = a.

We define 3,(z, h) “ Jim sup(|z — h(t)| — |y — h(t)|) and
Ba(z,y) Lt sup{S.(x,h), with h as above}.
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