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Patterson—Sullivan densities in convex projective geometry
Pierre-Louis Blayac

Abstract. For any rank-one convex projective manifold with a compact convex core, we prove
that there exists a unique probability measure of maximal entropy on the set of unit tangent
vectors whose geodesic is contained in the convex core, and that it is mixing. We use this to
establish asymptotics for the number of closed geodesics. In order to construct the measure
of maximal entropy, we develop a theory of Patterson—Sullivan densities for general rank-one
convex projective manifolds. In particular, we establish a Hopf-Tsuji—Sullivan—Roblin dicho-
tomy, and prove that, when it is finite, the measure on the unit tangent bundle induced by a
Patterson—Sullivan density is mixing under the action of the geodesic flow.
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1. Introduction

Compact real hyperbolic manifolds are fundamental objects in geometry and dynam-
ical systems; their geodesic flows are among the prime examples of chaotic systems
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which led to standard notions such as ergodicity or entropy. One classical way to
deform the geometry of a compact hyperbolic manifold M is to deform its Riemann-
ian metric to allow variable negative curvature. It was one breakthrough of the theory
of Anosov flows to establish that many dynamical features of the induced geodesic
flow remain after such deformations (e.g. existence and uniqueness of the measure of
maximal entropy, proved independently by Bowen [19] and Margulis [50]).

There is another interesting way to deform the geometry of M,. Consider the
holonomy representation of the fundamental group pg: 71 (My) — PO(d, 1), where d
is the dimension of M. Under certain conditions, one can deform it continuously
(using e.g. bending, see [42]) to get a representation p valued in PGL ;41 (R) which is
not conjugate to a representation into PO(d, 1). A theorem of Koszul [47, Cor. p. 103],
combined with a theorem of Benoist [9, Thm. 1.1] (due to Choi—-Goldman [25] for
d = 2), ensures that the representation remains faithful and discrete, and p(7r1 (My))
preserves and acts cocompactly on a properly convex open subset 2 of the real pro-

R4*1. The quotient Q/p(rr1(My)) is a compact

jective space P(V), where V =
convex projective manifold which, like Riemannian manifolds, admits a geodesic flow,
as we now recall.

In general, a convex projective manifold is a quotient M = Q/T" of a properly
convex open set 2 C P(V) by a discrete group I' C PGL(V') of projective trans-
formations preserving 2. If M is compact, then we say that I" divides €2 and that 2
is a divisible convex set. The set 2 admits a Finsler metric, called the Hilbert met-
ric, which is proper and I'-invariant (hence I' acts properly discontinuously on €2).
Moreover, the intersection of any projective line with € is a geodesic for the Hil-
bert metric, which we call a straight line of Q2. Thus, there is a natural geodesic flow
(¢¢)ser on the unit tangent bundle 7'M := T'Q/T, which parametrises straight
lines. Benoist [8] initiated the study of (¢;);er in the divisible case. He proved that
if M is obtained by deforming a compact hyperbolic manifold, then €2 is strictly con-
vex, i.e. its boundary 92 C P(V') does not contain any non-trivial projective segment.
He also proved that if M is compact, then €2 is strictly convex if and only if the
geodesic flow (¢;)ser is Anosov.

In this paper, we are particularly interested in divisible convex sets that are not
strictly convex. Classical examples are the higher-rank symmetric divisible convex
sets, namely the projective models of the symmetric spaces of PGL, (K), where n > 3
and K is R or C or the classical quaternionic (or octonionic for n = 3) division algebra
(for more details see [11, §2.4]). Other interesting, irreducible examples were con-
structed by Benoist [10], followed by Marquis [51], Ballas—Danciger—-Lee [4] and
Choi-Lee—Marquis [26], in dimensions 3 to 7.

Bray [21,22] studied the geodesic flow of 3-dimensional irreducible compact con-
vex projective manifolds M = /T for which Q is not necessarily strictly convex.
Although the theory of Anosov flows does not apply in this setting, he managed to



Patterson—Sullivan densities in convex projective geometry 3

construct, on the unit tangent bundle, a flow-invariant ergodic measure with maximal
entropy [21, Thm. 1.1]. For this he used Benoist’s precise and beautiful geometric
description of such 3-manifolds [10, Thm. 1.1]. He also adopted methods that had
been elaborated for non-positively curved Riemannian manifolds, whose geodesic
flows are not Anosov in general. More precisely, he drew on the work of Knieper [45]
and Roblin [56], whose main tool are Patterson—Sullivan densities.

In the present article we study the dynamics of the geodesic flow of convex pro-
jective manifolds that have arbitrary dimension and are not necessarily compact. Like
Bray, we use methods from the non-positively curved Riemannian world, in particular
inspired by Knieper and Roblin. We generalise and improve Bray’s results [21], and
develop more systematically the theory of Patterson—Sullivan densities in this setting.

1.1. Rank-one convex projective manifolds

Knieper [45] considered non-positively curved compact Riemannian manifolds which
satisfy a property called rank-one. These generalise negatively curved compact mani-
folds, whose geodesic flow is uniformly hyperbolic, in only requiring that the geodesic
flow have a hyperbolic behaviour along at least one geodesic, which is said to be
rank-one (see [46, Def. 5.1.1]). Similarly, we will consider rank-one convex project-
ive manifolds, which generalise convex projective manifolds M = Q/I" where Q is
strictly convex and 92 is smooth (by which we mean €1, see Section 2.2). We will
use the following definition, recently introduced by M. Islam [40].

We say that a point of the boundary 0S2 is strongly extremal if it does not belong to
any non-trivial segment contained in 2. If Q is strictly convex, then all points of 92
are strongly extremal. We say that a point is smooth if it admits a unique supporting
hyperplane; such points are also commonly called €!. We denote by 942 the set
of smooth, strongly extremal points of d$2. Given any vector v € T2, we denote
by v € Q its footpoint and by ¢1o0v = lim;—, 1o 7P;v the intersection points of
the projective line generated by v with dQ2. We denote by Aut(€2) the subgroup of
PGL(V) consisting of elements that preserve €2, called automorphisms of 2.

Definition 1.1 ([40, Def. 6.2 and Prop. 6.3]). Let 2 C P(V) be a properly convex
open set. A vector v € T1Q, and the geodesic of 2 spanned by v, are called rank-one
if poov and ¢P_oov belong to dss€2. An infinite-order automorphism of €2 is said to be
rank-one if it preserves a rank-one geodesic of €2.

Let I' C Aut(f2) be a discrete subgroup, and M := Q/T. A vector v of T'M,
and the geodesic of M spanned by v, are said to be rank-one if any lift of v to T1Q is
rank-one. The convex projective manifold (or orbifold) M is rank-one if it contains a
rank-one periodic vector, i.e. if I' contains a rank-one element.
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We will see (Fact 2.11) that a rank-one automorphism g of €2 is a proximal element
of PGL(V), i.e. it has an attracting fixed point in P(V'); its inverse being also rank-
one and hence proximal, g is said to be biproximal. We will also see that a rank-one
automorphism preserves a unique rank-one geodesic in 2.

If Q is strictly convex and d€2 is smooth, then dg 2 is the whole projective bound-
ary 0€2, all geodesics of Q2 are rank-one and any biproximal automorphism of €2 is
rank-one. In fact, if € is strictly convex or if 02 is smooth, then M = Q /T is rank-
one as soon as [" contains a biproximal element, by Facts 2.13 and 2.14 below.

When €2 is not strictly convex, an example of a geodesic in 2 that is not rank-
one is a geodesic that is contained in a properly embedded simplex (PES), i.e. a
projective simplex S of dimension k > 2 whose relative interior (see Section 2.2)
is equal to S N Q. Such a simplex S can be interpreted as a flat of Q2 since it is
isometric to RF endowed with some norm. In many examples of convex projective
manifolds M = Q/T, for instance when M is 3-dimensional, compact and irredu-
cible, the maximal (for inclusion) PES’s of €2 satisfy good properties (such as being
isolated, see [10, 18, 41]) which imply that M is rank-one. More precisely, Islam
used [41] to establish [40, Prop. A.2] that if I' C Aut(£2) is a non-virtually abelian,
discrete subgroup which is relatively hyperbolic with respect to a collection of virtu-
ally abelian subgroups of rank at least two, and which acts convex cocompactly on £2
in the sense of Danciger—Guéritaud—Kassel [35] (this notion is introduced in the next
Section 1.2), then /T is rank-one. Islam’s argument is explained in the particular
case of 3-dimensional compact convex projective manifolds in Example 2.17.

Rank-one manifolds are interesting because they include a diversity of examples,
and are in some sense generic: in both the Riemannian and the convex projective set-
tings, there exist higher-rank rigidity theorems which classify compact higher-rank
(i.e. not rank-one) manifolds. See the work of Ballmann [5, Cor. 1] and Burns—
Spatzier [24, Thm. 5.1] in the Riemannian case and the recent work of A. Zimmer [64,
Thm. 1.4] in the convex projective case.

1.2. The Bowen-Margulis measure on quotients of convex cocompact actions

The generalisation of Bray’s results [21] that we are about to state is analogous to [45,
Thm. 1.1.i], which says that any non-positively curved rank-one compact Riemannian
manifold has a unique measure of maximal entropy. However, our result does not
restrict to compact manifolds: it concerns the more general class of manifolds that are
quotients of convex cocompact actions.

Let M = Q/T be a convex projective manifold. Following Danciger—Guéritaud—
Kassel, the action of I" on 2 is said to be naively convex cocompact if there exists a
non-empty I'-invariant convex subset of €2 on which I" acts cocompactly; when €2 is
not strictly convex, this notion is not quite satisfactory, because a small deformation
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of I' in PGL(V) may not preserve any properly convex open set (see [35, §4.1]).
Therefore, we will consider another stronger definition, introduced by Danciger—
Guéritaud—Kassel.

The full orbital limit set of T" is the union over all x € Q2 of the set of accumulation
points of the orbit I' - x, and is denoted by A‘S’Zrb(F), or simply A°® when the context
is clear. When €2 is not strictly convex, the set of accumulation of points of an orbit
I" - x may depend on the choice of x € Q (e.g. if Q is a triangle in P(R?), and T is
generated by an infinite-order non-proximal element). The convex hull in 2 of the
full orbital limit set is denoted by €3*(I'); it is I"-invariant.

Definition 1.2 ([35, Def. 1.11]). Let 2 C P(V') be a properly convex open set, and
I' C Aut(R2) a discrete subgroup. The action of I" on € is said to be convex cocom-
pact if €3"(I") is non-empty and has compact quotient by I'; the projection in M
of €5 (I") is called the convex core of M.

We refer to [35, §§1.4-1.7, 4.1-10.7] and [36] for more details and examples on
convex cocompactness. Note that if " divides a properly convex open set €2, then the
convex hull of any I'-orbit in €2 is equal to €2 (this is due to Vey [61, Prop. 3]), hence
€3'(I') = Q and I' acts convex cocompactly on £2.

Danciger—Guéritaud—Kassel [35, Cor. 4.8] proved that if the action of " on 2 is
convex cocompact, then A°® is closed. We denote by T! M., C T'M the (¢;);er-
invariant (and compact if I" is convex cocompact) subset consisting of those vectors
whose orbit under the geodesic flow is contained in the convex core, i.e. the endpoints
of any lift to  of the geodesic are in A°™®.

A rank-one convex projective manifold is said to be non-elementary if its funda-
mental group does not contain Z as a finite-index subgroup.

Theorem 1.3. Let Q C P(V') be a properly convex open set, and I' C Aut(2) a dis-
crete subgroup. Assume that I acts convex cocompactly on Q and that M = Q/T
is rank-one and non-elementary. Then there exists a unique (¢;):er-invariant prob-
ability measure m on T'M_, with maximal entropy (Bowen-Margulis measure).
Moreover, m is mixing.

Recall that if (X, m) is a measured space with m finite and invariant under a
measurable flow (¢;);eRr, then m is said to be mixing if

Aim m (¢ (4) 0 B)m(X) = m(A)m(B)

for all measurable subsets A, B C X. Reminders on the notion of entropy are given
in Sections 2.13 and 2.14.

Remark 1.4. In a first version of this paper, we had proved Theorem 1.3 under the
stronger assumption that I" acts strongly irreducibly on P(V).
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Replacing this assumption by non-elementary was made possible by Facts 2.18
and 6.13 below, which are proved in the paper [17, Prop. 2.4 and Lem. 2.8] in collab-
oration with Feng Zhu.

Note that some results in the present paper (in particular, Theorem 1.6) are used
in [17]. However, there is no circular reasoning between the two papers, since Sec-
tion 2 of [17], where is proved what we need here, does not use the present paper.

Moreover, Facts 2.18 and 6.13 can also be seen as consequences of more gen-
eral results established in the author’s PhD thesis [15, Lem. 3.1.3.2, Prop. 3.2.2,
Lem. 3.2.4, Cor. 5.2.7, Prop. 5.3.1].

Following Knieper [45], we will use Theorem 1.3 to establish asymptotic estim-
ates on the number of closed geodesics on M, and equidistribution results on the
Lebesgue measures on closed geodesics. (Note that some counting results for the
Riemannian case were already present in another earlier work of Knieper [44].)

Recall that in our convex projective setting, the critical exponent of I is defined as

1
Sr :=limsup — log(#{y € T : da(o.yo) <r}),
r—oo I
where o is any point of €2, and dg is the Hilbert metric on €2; it does not depend
on the I'-invariant properly convex open set €2, see Section 2.5. For any element

g € PGL(V), we set @)
1 1(8
= (1) (b
where g € GL(V) is any lift of g, the integer d + 1 is the dimension of V', and A1(g) >
-+ > Ag+1(g) are the moduli of the (complex) eigenvalues of g. Given a convex
projective manifold M = Q/T" and a positive number 7" > 0, we denote by [I']r
(resp. [F]STing, resp. [I']}) the set of conjugacy classes of elements (resp. of non-rank-
one elements, resp. of rank-one elements) y € I" such that £(y) < T.Wheny € I' is
rank-one, we denote by £[y] the Lebesgue measure on the rank-one closed geodesic
associated to y, normalised to be a probability measure. The link between closed
geodesics on M and conjugacy classes of I is recalled in Section 2.7.

Proposition 1.5. In the setting of Theorem 1.3, one can find constants 0 < § < r
and C > 0 such that for any T > C,

(1) (1/CT)erT < #{Tr < (C/T)er T

(2) #[I)7"* < &7

(3) (1/#[T1}) Z[y]emrTl L[y] o m for the weak* topology.

In the case that M is compact, Proposition 1.5 (1) was previously established

by Islam [40, Thm. 1.12] using different techniques. One may compare Proposi-
tion 1.5 (2) with another result of Islam [40, Thm. 1.11] concerning random walks
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on I'. We prove a slightly more general version of Proposition 1.5 (3) in Proposi-
tion 9.5 below.

1.3. The machinery of Patterson-Sullivan densities

The main idea to prove Theorem 1.3 is to use conformal densities (Definition 2.20),
also called Patterson—Sullivan densities. They are, for an arbitrary proper metric space
(X, d) acted on by a discrete subgroup I' C Isom(X, d), families of finite measures
(Patterson-Sullivan measures) on the horoboundary 9y, X of (X, d). More precisely,
Patterson—Sullivan measures are quasi-invariant under the action of I', and there is
an explicit formula for the Radon—-Nikodym cocycle (see Definition 2.21). They were
originally introduced by Patterson [53] and Sullivan [58] for discrete groups of iso-
metries of real hyperbolic spaces, whose horoboundary is the boundary at infinity.
They were later used in much more general geometric settings, such as non-positively
curved Riemannian manifolds by Knieper [45], CAT(—1)-spaces by Roblin [56], and
even CAT(0)-spaces by Picaud—Link [48] and Ricks [55]. In all these settings, the
horoboundary is equal to the visual boundary.

Conformal densities were also brought to convex projective geometry, in the strict-
ly convex and smooth case by Crampon in his PhD thesis [32] and more recently
by F.Zhu [63], and in the non-strictly convex case in dimension 3 by Bray [21].
While Zhu does not adapt Knieper’s work (hence does not prove the existence and
uniqueness of the measure of maximal entropy), his adaptation of Roblin’s results
goes further than in the present paper, enabling him for instance to obtain more pre-
cise estimates for various counting problems. In the paper [17], the author and Zhu
generalise the results of [63] to the non-strictly convex case.

Let M = Q/T be a convex projective manifold. If <2 is smooth, then the horo-
boundary 9, €2 is the projective boundary <2 (see Fact 2.26). When 0€2 is not smooth,
the situation is more delicate since 94,2 is different from 9d$2. To handle this diffi-
culty, Bray’s strategy was to weaken the definition of conformal densities so that it
has a meaning on 2. We will do something slightly different: we will use a result
of Walsh [62, Thm. 1.3], who proved in general that the horoboundary 0,2 domin-
ates 0S2, in the sense that the identity on 2 extends to a continuous map 0,2 — 0€2,
which is onto by density of £2. We will define conformal densities on 02 simply as the
push-forwards of conformal densities on 9,2 by the natural projection 0,2 — 0€2.

Let us detail the steps that we will follow below, adapted from the general theory
of conformal densities. Recall that conformal densities depend on a parameter § > 0.
Fix 0 € Q.

(1) Construct a dp-conformal density (this is actually very general, see Fact 2.22).
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(2) Given § > 0 and a §-conformal density (i4x)xeq On 0, €2, construct a measure
on 0,922 x R which is invariant under the actions of " and R, and equivalent to
o X o times the Lebesgue measure. Derive from it a (¢;);er-invariant measure
on T M, called the induced Sullivan measure.

(3) Given é > 0 and a §-conformal density (i4x)xeq On 4,2, prove a Hopf~Tsuji—
Sullivan—Roblin (HTSR) dichotomy. It states in particular that the sum

Z e—8dQ(0,y0)

yell

is infinite if and only if the induced Sullivan measure is ergodic under the geodesic
flow; in this case § = dr, the ér-conformal density is unique and its induced Sullivan
measure is called the Bowen—Margulis measure. Recall that ergodic means that any
(¢¢):er-invariant measurable set has null or full measure. (A set has full measure if
its complement has null measure.)

Z e —drda(o.y0)

yell

(4) Assuming that

is infinite, prove that if the Bowen—Margulis measure is finite, then it is mixing under
the geodesic flow.

(5) Use mixing to solve counting problems. There are many counting problems,
such as estimating, as R tends to infinity, the number of points in a fixed orbit I' - 0
that lie in the ball of radius R centred at o, or the number of closed geodesics with
length less than R.

As we are particularly interested in the compact case, we decided to follow, instead
of Roblin’s, Knieper’s approach. It gives estimates for the number of closed geodesics
with length less than R as R grows, but also establishes that the Bowen—Margulis
measure is the unique measure with maximal entropy.

Recall that if
Z e—Srdaloyo) _ 0.
yel

then T is said to be divergent; this notion does not depend on the I'-invariant properly
convex open set 2 C P(V'), see Section 2.5.

One strength of the theory of conformal densities in the various geometric settings
we have mentioned is that many properties of compact manifolds still hold under
the following much weaker assumptions: asking I' to be divergent and the Bowen—
Margulis measure to be finite. For example, these assumptions hold if I acts convex
cocompactly on 2 and M = Q/ T is rank-one (see Proposition 1.7).

Another broad class of manifolds which are generally well understood are the
geometrically finite manifolds. In some settings, such as Riemannian geometry with
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variable negative curvature, there is no implication between geometric finiteness and
finiteness of the Bowen—Margulis measure (see [56, §1.F]). Crampon—Marquis [33,
Def. 1.4] defined geometrically finite convex projective manifolds M = Q /T in the
case where €2 is strictly convex and 02 is smooth. They carefully investigated the
dynamics of the geodesic flow on these manifolds, without using conformal densities.
In particular, they extended Benoist’s result that the flow is uniformly hyperbolic [34,
Thm. 1.2] (under an additional assumption of asymptotically hyperbolic cusps). Zhu
and the author [17, Thm. C] proved (generalising earlier results by Zhu [63, Thm. 10
and Prop. 14]) that for these manifolds I" is divergent and the Bowen—Margulis meas-
ure is finite.

1.4. The Hopf-Tsuji—Sullivan—Roblin dichotomy

Let us explain more precisely Steps (1), (2) and (3) of the previous section. Let
M = Q/T be a non-elementary rank-one convex projective manifold. On the one
hand, Steps (1) and (2), i.e. constructing a dr-conformal density on 9,2 and the
induced Sullivan measure on 7'M, do not require major changes compared to the
case where M is a real hyperbolic manifold; these steps are done in Sections 2.9
and 3.3. On the other hand, Step (3), namely the HTSR dichotomy, is more delicate;
let us state it formally. For this, we need to recall the definition of two limit sets, both
contained in the full orbital limit set.

The conical limit set of the action of I' on €2 is denoted by AG"(I') (or simply
A" when the context is clear), and defined as follows. Fix o € €2, then £ € dQ
belongs to A" if there exists a sequence (y,)nen € 'Y going to infinity such that
the sequence (dgq (Y0, [0,£)))neN is bounded; this does not depend on the choice of o.
The proximal limit set of T, denoted by AP™*(I"), or simply AP™* when the context is
clear, is the closure of the set of attracting fixed points of proximal elements of T".

In general, A°" C A°™ and AP* c Ao Furthermore, Danciger—Guéritaud—
Kassel [35, Cor. 4.8 and Lem. 4.18] established that I" acts convex cocompactly on €2
if and only if €3"(I") is non-empty and AG"(T") and Ag;b(r) are equal and closed.

In [14, Def. 1.1] we introduced a (¢, );cr-invariant closed subset of 7! M, called
the biproximal unit tangent bundle and denoted by T'! My,;p,; it consists of those vectors
v € T'M such that ¢+,0 € AP for any lift v € T'Q2. When M is rank-one and T
is divergent, the following result gives a new interpretation of Tleip, as the support

of the Bowen—Margulis measure on 7' M.

Theorem 1.6. Let 0 € Q C P(V) be a pointed properly convex open set, and I' C
Aut(2) a discrete subgroup with M = Q/ I' rank-one and non-elementary. Let § > 0,
let (Vy)xeq be a §-conformal density on 02 and let m be the induced Sullivan meas-
ure. Then there are two possibilities:
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(1) either Zy e7842(0.¥0) < o6 and then v,(A™) = 0 and the dynamical sys-
tems (T'M, ¢, m), (Geod™(2),T',v2) and (T'Q,T x R, ) are dissipative
and non-ergodic;

2) or Zy e~3d2(0:v0) — oo in which case § = 8t (and T is divergent), and

o (Vx)xeq IS the only Sr-conformal density (up to a scalar multiple), and m
is called the Bowen—Margulis measure on T'M;

o V(052 N APX N A©Y) = 1,(02) and v, is non-atomic, in particular
supp(m) = T Myip;

o (T'M, ¢, m), (0922, T,v2) and (T'Q, T x R, m) are conservative and
ergodic;

* ifm is finite then it is mixing.

In (1) we denote by Geod™(L2) the space of straight geodesics of 2, which
consists of pairs (£, ) € Q2 such that [£, 7] N Q is non-empty. Reminders on the
dynamical notions of dissipativity and conservativity are given in Section 2.11.

To establish the mixing property in Theorem 1.6 (2) when m is finite, we use
Babillot’s strategy of proof [3], and also some general results of Coudene [30] in
ergodic theory that are inspired by [3]. In particular, cross-ratios of quadruples of
points on the boundary of a properly convex open set are a crucial component of the
proof of the mixing property. Zhu proved the mixing property [63, Thm. 18] in the
case where € is strictly convex with €! boundary by using the same strategy.

As we explained in Section 1.3, in order to prove Theorem 1.3 we will use The-
orem 1.6 (2); hence we need to check that the latter can be applied to the case where '
acts convex cocompactly on 2 and M = Q/ T is rank-one. This is the goal of the next
proposition.

Proposition 1.7. Let 2 C P(V) be a properly convex open set and I' C Aut(£2)
a convex cocompact discrete subgroup. Suppose M = /T is rank-one and non-
elementary. Then T is divergent, and the Bowen—Margulis measure is finite.

In another article [16], we prove that for any non-elementary rank-one compact
convex projective manifold M = Q /T, we have AP™* = 9. This implies that

T' My, =T'M,
and from Theorem 1.6 and Proposition 1.7 we derive the following.

Corollary 1.8. The measure of maximal entropy of any non-elementary rank-one
compact convex projective manifold has full support.

Benoist [8, Prop. 6.7] proved that, in the setting of Corollary 1.8, if M is not hyper-
bolic, then the measure of maximal entropy is singular with respect to the Lebesgue
measure.
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Organisation of the paper. In Section 2 we collect definitions and basic properties
in convex projective geometry, on conformal densities and on entropy.

Sections 3 to 6 are based on Roblin’s work [56]. In Section 3 we define the Hopf
coordinates and the Gromov product in the setting of convex projective geometry,
in order to make sense of Sullivan’s formula [58, Prop. 11], which defines Sulli-
van measures. In Section 4 we state and prove a convex projective version of the
Shadow lemma, a fundamental result in the study of conformal densities. In Section 5
we establish the convergent case of the HTSR dichotomy. In Section 6 we assume
that I is divergent, and follow closely Roblin’s proof of HTSR dichotomy in order to
establish the convex projective version of Theorem 1.6 (2). The proof is divided into
several steps: proving that the conical limit set has full measure (Section 6.1); proving
that dss. €2 has full measure (Section 6.3); proving that the Bowen—Margulis measure
is ergodic, and moreover mixing when finite (Section 6.6); and finally proving that
AP™* has full measure (Section 6.7).

Sections 7 to 9 are based on Knieper’s work [45]. In Section 7 we collect some
properties of convex cocompact projective actions; in particular we prove Proposi-
tion 1.7, and give two refined versions of the Shadow lemma (Lemma 4.2) which will
be used in Section 8. In Section 8 we prove Theorem 1.3. The main three steps are:
estimating the measure of small dynamical balls (Section 8.1); bounding from below
the entropy of the Bowen—Margulis measure (Section 8.2); proving the uniqueness
of the measure of maximal entropy (Section 8.4). In Section 9 we establish Proposi-
tion 1.5. The main steps are: bounding the number of rank-one closed geodesics from
below (Section 9.1) and from above (Section 9.2); bounding from above the number of
non-rank-one closed geodesics (Section 9.3); and finally proving the equidistribution
of closed geodesics (Section 9.4).

2. Reminders

2.1. Properly convex open subsets of P(R¢*+1) and their geodesic flow

In the whole paper we fix a real vector space V = R4*! whered > 1. Let Q C P(V)
be a properly convex open set. Recall that 2 admits an Aut(£2)-invariant proper metric
called the Hilbert metric and defined by the following formula: for (a, x, y, b) €
02 x 2 x Q x 0Q aligned in this order (see Figure 1),

1
dao(x,y) = Elog([a,x,y,b]), 2.1)

where [a, x, y, b] is the cross-ratio of the four points, normalised so that [0, 1, ¢, co] =t.
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Figure 1. The Hilbert metric and the geodesic flow (¢ = dq(x, y)).

Recall that if €2 is an ellipsoid, then (€2, dg) is the Klein model of the real hyper-
bolic space of dimension d; if Q is a d-simplex, then (2, dg) is isometric to R?
endowed with a hexagonal norm.

Any discrete subgroup I' C PGL(V') of automorphisms of Q2 preserves dg, hence
must act properly discontinuously on £2; therefore the quotient M = /T is an orbi-
fold. Furthermore, M is a manifold if the action is free (i.e. if T is torsion-free, by
Brouwer’s fixed point theorem, applied to the convex hull of a finite orbit of a torsion
element). Note that by Selberg’s lemma [57], if T" is finitely generated, then it has
a torsion-free finite-index subgroup. We will work in general with I" not necessarily
torsion-free, so we set the notation 7'M = T'Q/T.

The straight lines of €2 can be parametrised to be geodesics, which are said to
be straight. However, an interesting feature in the non-strictly convex case is that
when there are two coplanar non-trivial segments in €2, one can construct geodesics
which are not straight, see the broken green segment in Figure 1. In order to define the
geodesic flow we only take into account straight geodesics: for v in T, let t > ¢(¢)
be the parametrisation of the projective line tangent to v such that ¢ is an isometric
embedding from R to © and ¢’(0) = v. For ¢ € R we set ¢,(v) = ¢’(t) € T'Q. See
Figure 1.

The geodesic flow on T1Q/T is well defined because the two actions of Aut(£2)
and (¢;)ser on T1Q commute. We denote by 7: T'M — M and 7: T'Q — Q the
projections, we define the following metrics:

Vx,y € M, dy(x,y) = min{dg(X,y) : X,y € Q lifts of x, y},

Yo,weT'Q, drig,w) = Jnax do(mdv, T, w),
<t<

Yo,we T'M, dpiy (v, w) = max dy(wé:v, 1d,w)
o<r<l1

< min{dy1g(V, W) : 0, € T'Q lifts of v, w}.
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A very useful inequality is provided by the following lemma.

Lemma 2.1 ([31, Lem. 8.3]). Let Q be a properly convex open subset of P(V). Let
c1 and c; be two straight geodesics parametrised with constant speed, but not neces-
sarily with the same speed. Then for all0 <t < T,

da(c1(t). c2(1)) < da(c1(0), c2(0)) + da(ci(T), c2(T)).

See [14, §A] for a proof of the above lemma that fill in a missing detail in the
original proof.

2.2. Terminology on convex sets and duality
We recall here some terminology on convex sets.

Notation 1. For any subset X of the projective space P(V), the closure (resp. interior,
resp. boundary) of X, denoted by X (resp. int(X), resp. 9X), will always be con-
sidered with respect to P(V).

Let K C P(V) be properly convex.

* The relative interior (resp. relative boundary) of K, denoted by int. (K) (resp.
0re1 K) is its topological interior (resp. boundary) with respect to the projective
subspace it spans.

« For x € K, the open face of x in K, denoted by Fx(x), consists of the points
y € K such that [x, y] is contained in the relative interior of a segment contained
in K. The closed face of x is Fg(x) = Fg(x).

* A point x € 0, K is said to be extremal (resp. strongly extremal) if Fx(x) = {x}
(resp. x & Fx(y) for y € 9, K ~ {x}); one says that K is strictly convex if all the
points in the relative boundary are extremal (and hence strongly extremal).

* Assume that K spans P(V') and let & € 0K. A supporting hyperplane of K at £ is a
hyperplane which contains £ but does not intersect int(K'). Note that there always
exists such a hyperplane. The point £ is said to be a smooth point of dK if there is
only one supporting hyperplane of K at §, denoted by T;0K.

Let us recall the notion of duality for properly convex open sets. We identify the
dual projective space P(V*) with the set of projective hyperplanes of P(V). Let Q2 be
a properly convex open subset of P(V'). The dual of €2, denoted by 2%, is the properly
convex open subset of P(V*) defined as the set of projective hyperplanes which do
not intersect . We naturally identify PGL(V') and PGL(V *), then Aut(£2) identifies
with Aut(2*), and the attracting (resp. repelling) fixed point of the action on P(V*)
of any biproximal element g € PGL(V) is x; P xg (resp. x, @ xgo).
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Observe that a hyperplane H is a smooth point of Q2* if and only if its intersec-
tion with Q is reduced to a singleton.

2.3. More metrics and upper semi-continuity of balls

In this section we define two metrics, one on the usual boundary d€2 of any properly
convex open set  C P(V), and one on the closure Q2. These notions are used in the
proofs of Lemma 4.4 and Proposition 6.2.

Definition 2.2. Let x € Q@ C P(V) be a pointed properly convex open set, and ¢ > 0
be a positive parameter.

o Leté&,n € d9Q. The simplicial distance between & and 7 is defined as follows (and
it is possibly infinite):

dspi(§,m) :=inf{k : Jag,...,ax € 0Q : a9 = &, ar =1,
VO <i <k,la;,a;+1] C 0R2}.

« Let&,n e Q. When & and 7 are on the same open face F of Q, we set dg (&, n) =
dr (&, n), and otherwise we set dg (£, ) to be infinite.

The open balls of radius R and centred at £ are respectively denoted by By (&, R)
and Bg (€, R).

Observe that dg, and dg are lower semi-continuous. In particular, closed balls for
the metric dg are upper semi-continuous with respect to the Hausdorff topology (in
the sense of Fact 2.3 below). Given a metrisable locally compact topological space X,
recall that the Hausdorff topology on the set of compact subsets of X is a metrisable
topology such that a sequence of compact subsets (K} ), converges to K C X compact
if and only if any converging sequence (x,), € [ [,, K» has its limit in K, and any point
of K is the limit of a sequence (x,,), € [, Kn.

Fact 2.3. Let 2 C P(V') be a properly convex open set. For any R > 0, the map
Eﬁ (-, R): © — {compact subsets of Q},
£ Bg(E. R)

is upper semi-continuous in the following sense: all accumulation points of Es_z (n, R)
when n — & must be contained in ES—Z (&, R).

2.4. Benzécri’s compactness theorem and proper densities

In this section we recall Benzécri’s famous compactness theorem, and we see a first
consequence for PGL(V')-equivariant volume form on properly convex open sets. We
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denote by &y (resp. €y,) the set of (resp. pointed) properly convex open set of P(V)
(resp. endowed with the pointed Hausdorff topology).

Fact2.4 ([12, Ch. 5, §2, Thm. 2]). The action of PGL(V') on &, is continuous, proper
and cocompact.

We recall the notion of a proper density on the set of properly convex open sets.
They prescribe the way to choose a volume form on each properly convex open set in
a PGL(V')-equivariant manner. For the whole paper we fix a density Volp(y) on P(V),
seen as a measure.

Definition 2.5. A proper density on &y is a map of the form 2 — Volg, where
Q C P(V) is a properly convex open set and Volg is a density on  with Radon—
Nikodym derivative f(x, €2) > 0 with respect to Volp(y, satisfying the following
three conditions.

Continuity. The function f: &}, — R~ is continuous.

Monotone decreasing. Let (x,2) and (y, Q') € 8y. If x = y € Q C @/, then
f(x, Q) < fx, Q).

PGL(V)-equivariance. For any T € PGL(V),
Ty Volg = Volr(q) .

See [60] for more details and examples. We fix for the whole paper a proper density
Q — Volg on &y . One of the key observations that we will need on proper densities
is that for any R > 0, the following quantities are positive and finite (this is a direct
consequence of Fact 2.4):

0< y—(R) := ming. Volg (Ba(x, R)) < x+(R)

(x,Q)€&y,

= max VOIQ(EQ(X,R))<OO. 2.2)
(x,Q)eEy

2.5. The critical exponent

Let I' € PGL(V) be a discrete subgroup which preserves a properly convex open set
Q C P(V'). We defined in the introduction (Sections 2.5 and 1.3) the critical exponent
of I' and when T is divergent. In this section we explain why these definitions do not
depend on £2.

Recall that V = R?*+! has a canonical Euclidean structure. For any g € GL(V) =
GL4+1(R), we denote by p1(g) > -+ > ug+1(g) the singular values of g. For any
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g € PGL(V), we set

1
«(g) == —log(

u1(2) )
> — |

pd+1(2)

where g € GL(V) is any lift of g.

Fact 2.6 ([35, Prop. 10.1]). Let 2 C P(V) be a properly convex open subset and let
x € Q. Then there exists a constant C > 0 such that for any g € Aut(£2), one has

lda(x, gx) —k(g)] < C.

As a consequence, if I' C PGL(V) is a discrete subgroup which preserves a prop-
erly convex open set 2 C P(V), then

1
§r = limsup — log(#{y € T : k(y) < r}), (2.3)
r—oo T
and
I" is divergent if and only if Z e kD) = oo, (2.4)
yel

If I does not preserve any properly convex open set, then we take (2.3) and (2.4) as
definitions.

We end this section with the following classical fact, which is a consequence
for instance of the Tits alternative and of the sub-additivity of «. It applies to all
strongly irreducible discrete subgroups of PGL(V), and non-elementary rank-one dis-
crete groups of properly convex open sets.

Fact 2.7. Let ' C PGL(V) be a discrete subgroup that is not virtually solvable. Then
5{' > 0.

2.6. Proximal linear transformations

In this section we recall the notion of a proximal linear transformation, which was
used in the definition of the proximal limit set AP* and the biproximal unit tangent
bundle Tl Mbip-

Notation 2. If W; and W, are two subspaces of V such that W; N W, = {0}, we
write W1 @ W, C V for their direct sum and P(W;) & P(W,) = P(W; & W) for its
projectivisation. In particular, if x, y € P(V') are two distinct points, we write x @ y
for the projective line through x and y.

Definition 2.8. A linear transformation g € End(V) is proximal if it has exactly one
complex eigenvalue with maximal modulus among all eigenvalues, and if this eigen-
value has multiplicity 1. The associated eigenline in P(1) is the attracting fixed point
of g and is denoted by x.



Patterson—Sullivan densities in convex projective geometry 17

An invertible linear transformation g € GL(V) is said to be biproximal if g and g~ !

are proximal. The attracting fixed point of g~!

is the repelling fixed point of g and
is denoted by x, . The projective line x; @ x, (see Notation 2) is the axis of g and
is denoted by Axis(g). The g-invariant complementary subspace to the axis of g is
denoted by xg. Note that the notions of biproximality, attracting/repelling fixed point,

and axis, are well defined for the image of g in PGL(V).

More generally for any projective transformation g € PGL(V'), one can define the
attracting subspace x; of g as the span of all generalised eigenspaces associated to
eigenvalues with maximal norm, and xg and x, can be defined similarly.

Remark 2.9. The set of proximal linear transformations is open in End(V), and the
map sending a proximal linear transformation to the pair (attracting fixed point, max-
imal eigenvalue) is continuous.

Remark 2.10. As observed by Guivarc’h [39, Thm. 1] (see also [6, Lem. 3.6.ii]),
for any irreducible subgroup I' C PGL(}V') which contains a proximal element, the
proximal limit set is the smallest closed I'-invariant non-empty subset of P(}); in

prox

particular, the action of I" on AP™* is minimal (i.e. any orbit is dense). Indeed, consider
any proximal element y € I', and let P(W) C P(V') be the y-invariant complementary
subspace to x;' . By irreducibility, any closed I"-invariant non-empty subset X C P(V)
contains a point x outside P(W), and then x, which is the limit of the sequence

(¥"x)nen, belongs to X.

2.7. Periodic straight geodesics and elements of T

In this section we recall the link between periodic geodesics in 7!/ T" and conjugacy
classes of ". Let Q2 C P(V) be a properly convex open set. Let g € Aut(€2). Then

(g) = inflda(x,g-x): x € 2} >0, (2.5)

where £(g) was defined in (1.1). The right-hand side of (2.5) is called the transiation
length of g. See [27, Prop. 2.1] for a proof.
Combined with an elementary computation, (2.5) yields:

Fact 2.11. Let Q C P(V') be a properly convex open set and I' C Aut(£2) a discrete
subgroup; denote 2/ " by M. Then for any lift in Q of any periodic straight geodesic
of M, there is an automorphism y € I" which preserves it and acts by positive trans-
lation on it. Let ¥ € GL(V) be a lift of y. The endpoints in d$2 of the geodesic are
fixed by y, the associated eigenvalues of ¥ are A1 () and A51(¥), and the length of
the geodesic in M is the translation length of y. If furthermore these endpoints are
extremal (for example if y is rank-one, see Definition 1.1), then y is biproximal.
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Definition 2.12. Let Q@ C P(V) be a properly convex open set and I' C Aut(2) a
discrete subgroup. Let y € I be a biproximal element whose axis meets €2. Then the
periodic geodesic associated to y is said to be biproximal, and the vectors along this
geodesic are said to be biproximal periodic.

There are cases where y € I' is biproximal but its axis does not intersect €2
(e.g. when €2 is a triangle, or is higher-rank symmetric). Then we cannot make sense
of a straight periodic geodesic associated to ).

2.8. Biproximal vs rank-one periodic geodesics

In this section we explain when a biproximal periodic geodesic is rank-one. We saw in
Fact 2.11 that a rank-one periodic geodesic is always biproximal. Conversely, the end-
points of a biproximal periodic geodesic are smooth, but not always strongly extremal.

Fact 2.13 ([14, Lem. 3.1]). Let Q2 C P(V') be a properly convex open set. Let g be a
biproximal automorphism of €2. Then Axis(g) N €2 is non-empty if and only if x; is
smooth; in this case Tx+ 02 = x; D xg.

g

The following result is later completed by Corollary 6.9.

Fact 2.14 ([14, Lem. 3.2], [40, Prop. 6.3]). Let 2 C P(V') be a properly convex open
set. Let g € PGL(V') be a biproximal automorphism of 2. Then the following are
equivalent:

(a) g isrank-one;
(b) x; , X5 € d€2 are smooth and strongly extremal points;
(c) x7 is strongly extremal;
(d) the element g seen as an automorphism of * is rank-one;
(e) the axis of g in P(V') intersects €2, and the axis of g in P(V'*) intersects *;
(f) dspl(x;_’ Xg) > 3.
Proof. In [14], the point (g) was missing, so we briefly check that it is equivalent to
the other points.
* (c) implies (g) because it implies that dspl(x;, xg_) = o0.

o If dspl(x; , Xg) = 3, then the axis of g in P(V) intersects £ so x; is smooth.
Furthermore, xg does intersect 0S2, because otherwise dspl(x;f, x;) < 2, since
x5 @® xQ and x, @ xj are supporting hyperplanes of Q. n

These characterisations of rank-one automorphisms yield a characterisation of
rank-one manifolds. To see this we need the following fact.
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Fact 2.15 ([7, Prop. 1.1] and [6, Lem. 3.6.iv]). Let ' C PGL(V') be a strongly irre-
ducible subgroup.

(1) If " preserves a properly convex open set  C P(V), then it contains a prox-
imal element.

(2) If T contains a proximal element, then {()c;r ,x,/) :y € I' biproximal} is dense
in APfX x APrOX,

Corollary 2.16. Let Q@ C P(V) be a properly convex open set and I' C Aut(2)
a strongly irreducible discrete subgroup. Then M = Q /T is rank-one if and only
if AP™* contains two points at simplicial distance at least 3.

Proof. If M is rank-one, then AP™* contains two strongly extremal points by defini-
tion. Conversely, if there exists &, n € AP** at simplicial distance at least 3. By lower
semi-continuity of dp, and by Fact 2.15 (2), there exists y € I' such that

dspl(-x;_’ X;) > 3.
By Fact 2.14 (f), y is rank-one and M as well. ]

Example 2.17 below is an elementary application of the previous result. It can also
be seen as a consequence of Zimmer’s higher-rank rigidity [64, Thm. 1.4].

Example 2.17. Any 3-dimensional irreducible compact convex projective manifold
is rank-one.

Proof. Let M = Q /T be an irreducible compact convex projective manifold of dim-
ension 3. By [10, Prop. 3.10.a], AP™* = 92, and by [10, Thm. 1.1.d and Prop. 3.8],
02 ~ 042 is contained in the union of countably many properly embedded triangles
(PET) (namely PES’s of dimension 2) of €2. These cannot cover the whole bound-
ary d€2 (for instance, because they have Lebesgue measure zero), hence there is a
point in 0g 2 = 0552 N AP™*, By irreducibility, there is another one, and we can
conclude using Corollary 2.16. |

Remark 2.10 and Fact 2.15 are useful results, and we will need them to hold for
certain discrete groups I' C PGL(V) that are not necessarily irreducible. The fol-
lowing fact is exactly what will be needed. Its proof is quite similar to the proof of
Fact 2.15, yet somehow easier, because rank-one elements are easier to manipulate
than general biproximal elements (for instance for rank-one groups the existence of
an invariant convex set make things easier to visualise, while Fact 2.15 holds for
groups that do not necessarily preserve a convex set).
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Fact 2.18 ([17, Prop. 2.4]). Let Q C P(V) be a properly convex open set and I" C
Aut(2) a non-elementary rank-one discrete subgroup. Then AP C Q is the smallest
I"-invariant closed subset, and it has no isolated point. Furthermore,

{(x;, x,) € AR AP iy e T rank-one}
is dense in AP x APTOX,

Fact 2.18 can also be seen as a consequence of [15, Lem. 3.1.3.2, Prop. 3.2.2,
Lem. 3.2.4, Prop. 5.3.1].

2.9. Horoboundaries and Patterson—Sullivan densities

In this section we recall the classical definitions of horofunctions and horoboundary,
and how they can be used to define Patterson—Sullivan densities.

Definition 2.19. Let (X, d) be a proper metric space. The horofunction at points
Xx,Yy,z € X is defined as follows:

bz(va’) = d(X,Z) —d(y,Z)

We now recall the definition of the horocompactification. By a compactification
of a topological space X we mean a compact topological space Y together with an
embedding X < Y with open and dense image; then the subset ¥ ~ X = dy X is
called the boundary of the compactification. Another compactification Z dominates Y
if there is a continuous map from Z to Y which is compatible with the embeddings
of X. Using the Arzela—Ascoli theorem, one can show that the following is well
defined.

Definition 2.20 ([38, §3]). Let (X, d) be a proper metric space. The horocompacti-
fication of (X, d) is the smallest compactification X® of X such that z — b, (x, y)
extends continuously to X for every x, y € X. The horoboundary d,X of (X,d) is
the boundary of X*.

Note that X is metrisable and the function (£, x,y) € X® x X x X > be(x,y)is
continuous. Any isometry of X extends continuously to a bi-Lipschitz homeomorph-
ism of X"

We now recall the definition of Patterson—Sullivan measures on the horoboundary
of a proper metric space.

Definition 2.21. Let (X, d) be a proper metric space. Let I' < Isom(X, d) be a dis-
crete subgroup. Given § € R, a (I"-equivariant) §-conformal density on 0, X is a family
of finite measures ({x)xex on d, X such that
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* L, is absolutely continuous with respect to . for all x, y € X, and the Radon—
Nikodym derivative is:
L (g = b0,
dpx
(This implies that the family is entirely determined by u, for any o € X.)

» forevery y € I' and x € X, the push-forward by y of uy is:

Velx = Hyx-

Let us recall the classical example of a conformal density, which we will need in
this paper. For any measured metric space (X, d, u) with infinite mass, the volume
entropy is, for any o € X,
log pu(Bx (0.1))

r

8, 1= limsup
r—>00

€ Rzo U {OO}

Fact 2.22 ([53, §3]). Let (X, d) be a proper metric space, let 0 € X be a basepoint,
let T" be a non-compact closed subgroup of Isom(X, d) and let Vol be a I'-invariant
Radon measure on X. We assume that the volume entropy dvo; is finite. Then there
exists a continuous non-decreasing function #: R4 — R~ such that
[rex h(d(0, x))e™d(:X) dVol(x) = oo;
e for every ¢ > 0, there exists R > 0 such that h(r + t) < e®*"h(r) for any r > R
andtr > 0.

Furthermore, if we define, for s > §voy, the probability measure (i, s on X such that

[rea h(d (0, x))e™4@X) dVol(x)
fex h(d(0, x))e=s4(@X) dVol(x)’

,uo,s(A) =

for any Borel subset A C X, then any accumulation point of (io,s)s— sy, 10 the space
P (X") of probability measures on X is supported on 9, and is a ye-conformal
density.

A typical example of I'-invariant Radon measure on X is the push-forward by an
orbital map of the Haar measure on I'.

Let Q C P(V) be a properly convex open set. One can check that the critical expo-
nent ot of any discrete group I' C Aut(2) is equal to the volume entropy of the push-
forward by any orbital map of the counting measure on I', and also that §r < Svoi -

Fact 2.23 ([59, Thm. 2]). Let & C P(V') be a properly convex open set. Then Syo, <
dim(V') — 2. In particular, for any discrete subgroup I' C Aut(€2), the numbers o1
and 8y, are finite.

This will allow us to apply Fact 2.22 to our convex projective setting.
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2.10. The horoboundary of a properly convex open set

In this section we recall results on the horoboundary of a properly convex open set that
were mentioned in the introduction. A direct and elementary proof of the following
result may be found in [15, Fact 6.1.2].

Fact 2.24 ([62, Thm. 1.3]). Let Q& C P(V') be a properly convex open set. Then the
horocompactification Q® dominates the projective compactification €.

Notation 3. Given a properly convex open set 2 C P(V'), we denote by 7y, the map

Definition 2.25. Let Q@ C P(V) be a properly convex open set and I' C Aut(2) a
discrete subgroup. For § > 0, a §-conformal density on <2 is the push-forward by 7y,
of a §-conformal density on d, 2. Note that such a family is made of I'-quasi-invariant
measures.

If it was not true that 0,€2 dominates 92, we could have considered a common
refinement of 9,2 and 02, where the conformal densities are also well defined.

Thanks to the following fact, we will from now on abusively identify any smooth
point on the projective boundary with its preimage in the horoboundary.

Fact 2.26 ([21, Lem. 3.2]). Let 2 C P(V) be a properly convex open set. Let £ be a
smooth point of d€2. Then it has only one preimage by my,: 0,2 — 9<2.

2.11. The Hopf decomposition and quotients of measures

Let us fix for the whole section a locally compact, second countable and unimodu-
lar group G acting measurably on a standard Borel space X, and a G-invariant and
o-finite measure /71 on X; fix a Haar measure on G, denoted by dg, and an integ-
rable positive function o on X. For any non-negative measurable function f on X,
we denote by [, f the G-invariant measurable function defined by

[ 1w = [ rienas

this also denotes the induced function on G\ X .

A measurable subset 4 C X is said to wandering under the action of G if for
m-almost any x € A, the transporter T(x, A) := {g € G : gx € A} is relatively
compact. The following fact is classical, and serves as a definition of the Hopf decom-
position.

Fact 2.27. Let € := {[; 0 = oo} and D := {[; 0 < oo} C X. The decomposition
X =€ U D is a Hopf decomposition, in the sense that every wandering subset of €
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has /m-measure zero, and D is a countable union of wandering subsets of X. Any
two Hopf decompositions agree on some 7i-full subset of X. The dynamical system
(X, G,m) is said to be conservative (resp. dissipative) if m(D) = 0 (resp. m(€) = 0).

Proof. Let A C € be a measurable subset, and let us prove that fG 14 is infinite on
m-almost every point of A. On the one hand, if for R > 0, we denote

ARZ={/ IASR}HA,
G

/ 0 (gx) L (x) dg dii(x) = 00 - Fi(AR).
XxG

while on the other hand, since G is unimodular and /7 is G-invariant,

/ 0/(gx) La (x) dg difi(x) = / 0 () Ly (g) dg dii(x)
XxG

XxG

=/0(/ 1AR)dn71§R/Udﬁz<oo.
X G b'¢

Therefore, m(Ag) = 0 for any R > 0, hence m(UgAg) = 0. For any compact subset

K C G, we consider
1
Bg = /a>—/0 Cc D,
K 2 Je

and observe that it is wandering. Indeed if x € Bg and g € G are such that gx € B,

then
/I{U(X)+/I<g o(x) >/Go(x),

thus K N Kg # @ and g € K~ ! - K, which is compact. Furthermore, ® = | J, Bk,
if G =, Kx. ]

then

Note that if the action of G on X is smooth (namely G\ X is a standard Borel
space) and has compact stabilisers, then (X, G, m) is dissipative. In particular, this
observation applies when X is a locally compact second countable topological space
and the action of G is continuous and proper.

Definition 2.28. If (X, G, m) is dissipative, the quotient of i on G\ X is defined as

-1
m:= (/; 0) T« (om),

where 7 denotes the projection X — G\ X. For any non-negative (or integrable) func-

tion f on X,
/deﬁi B /c;\x(/e f) -

and m is independent of the choice of o (but it depends on the choice of dg).
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Fact 2.29. Suppose G contains a unimodular, normal and closed subgroup H whose
action on X is dissipative and smooth; fix a Haar measure on H. Set 7: X — H\X
and m to be the quotient of m on H\X; this measure is G/H -invariant. Then the
Hopf decomposition of X projects under 7 onto the Hopf decomposition of H\ X . In
particular, (X, G, m) is conservative (resp. dissipative) if and only if (H\X, G/H,m)
is conservative (resp. dissipative).

Proof. Observe that the Haar measure on G/H is the quotient of the Haar measure
on G by the action of H. Therefore, if o is a positive integrable function on X,
then [, o is a positive integrable function on H\ X, and

/Go=/G/H/Ha.

Moreover, for any G -invariant measurable subset A C X whose projection A in H\ X
1s measurable,

ﬁ(Z):/ (/ 1A~)dm=/ || Haarg ||14 dm
H\X \/H H\X

is zero if and only if m(A) = 0 (with the convention co - 0 = 0). ]

Recall that if the action of G is continuous, then a point x € X is said to be
recurrent if for any neighbourhood U of x, the set {g € G : gx € U} is not relatively
compact; if G = R, then x is call forward recurrent (resp. backward recurrent) if
{t>0:¢;yeU} CR(resp.{t <0:¢;y € U} CR)isunbounded. The following
fact is classical and will be used in Section 6.3.

Fact 2.30. Assume that X is a locally compact topological space with countable
basis, and that the action of G is continuous.
(1) If m is conservative, then /m-almost all points are recurrent.

(2) If m is conservative and G = R, then m-almost all points are forward and
backward recurrent.

(3) If m is ergodic, then /m-almost all points have a dense G-orbit in supp(71).

(4) If m is ergodic and conservative, and G = R, then /7i-almost all points have a
dense forward orbit and a dense backward orbit in supp(/m).

2.12. Criteria for ergodicity and for mixing

Inspired by Babillot’s proof of mixing [3], Coudéne stated and proved a criterion
for the ergodicity property, and another for the mixing property, both based on the
following definition.
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Definition 2.31. Consider a Borel flow (¢;);er on a metric space (X, d). For each
point x € X, we define the strong stable manifold

W () = {y € X : d(¢rx, dry) — O},

We define the strong unstable manifold W*5(x) to be the strong stable manifold of
the time-reversed flow. Consider a (¢;);er-invariant o-finite measure on X. A meas-
urable function f: X — R is said to be W5*-invariant when there exists a measurable
subset £ C X with full measure such that for all x and y in E, if they are on the same
strong stable manifold then f(x) = f(y). The notion of W**-invariance is similarly
defined.

Coudene’s criteria are the following.

Fact 2.32 ([29]). Let (X, d) be a metric space, (¢;); a measurable flow on it, m a
conservative (¢;);-invariant measure, and assume that some m-full subset of X is
covered by a countable family of open sets with finite m-measure. If every W55,
WS* and (¢;);-invariant measurable function is essentially constant then the flow is
ergodic.

Fact 2.33 ([28]). Consider a Borel flow preserving a finite measure on a metric space.
If every W*%- and W*"-invariant Borel function is essentially constant then the flow
is mixing.

2.13. Topological entropy

In this section we recall the definition of topological entropy.

Definition 2.34. Let ¢ = (¢;):er be a continuous flow on a compact metric space

(X,d).

o Lete>0.Asubset S C X is (d, &)-separated if d(s,s’) > ¢ forall s # s’ in S.
We denote by N(d, ¢) the maximal cardinality of such a set S.

* Lete>0.Asubset S C X is (d, &)-spanning if for any x € X, there exists s € S
with d(x,s) < &. We denote by S(d, ¢) the minimal cardinality of such a set S.

*  We take the classical notation d ¥ (x, y) := maxg<s<; d(¢sx, ¢sy) fort > 0 and

X,y € X this defines a family of metrics on X.

* The ropological entropy of ¢ on X is:

log N(d®, log S(d®,
mw:m@wﬁé—ﬂﬂg@wﬁé—ﬂ
—00 —00

One defines similarly the topological entropy of a homeomorphism by replacing
t € Rs9 by n € Z>¢ in Definition 2.34. Note that if ¢ = (¢;);er is a continuous
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flow on a compact metric space (X, d), then the topological entropies of the flow and
of the underlying time-one map are the same. Also note that the reparametrised flow
(¢rt)1er, Where k € R, has topological entropy equal to |k| times the topological

entropy of (¢:)ser-
Remark 2.35. Let Q2 C P(V) be a properly convex open set and I' C Aut(2) a dis-

crete subgroup; set M = Q/T'. Then by definition, for any r > 0, forallv,w € T'M
and all possible lifts ¥, € T'<,

) _
dpiywow) = o DaX dy (msv, mhpsw)
(1) ~ ~ ~ ~
< =
<dpigU, W) o JOAX do(ngsV, TsW).

Yet, we will sometimes prefer to work with dynamical balls in the universal cover,
and this is why we introduce another notation (which is a bit sloppy unfortunately).
Fort >0andv,w e T'M,

i), (v.w) := min{d\)

g (. W) 1 0.0 € T'Q lifts of v, w},

and we denote by BY (v, R) the open ball of radius R > 0 and centred at v € T' M

2 0TIM
for the metric d\) > d") and that we do not have equality

7
Observe that d iy

) T'M" “rim
in general; however, we have equality on

feit <57}

where inj(M ) is the injectivity radius of M, namely
inj(M) := inf{dg(x, yx):x e Q,yel~ {id}},

To conclude this section, we give a relation between the critical exponent, the
volume entropy and the topological entropy, which is originally due to Manning [49].
Our setting is not exactly the same as his, but the proof works perfectly thanks to
Fact 2.1 and Selberg’s lemma.

Fact 2.36. Let 2 C P(V') be a properly convex open set and I' C Aut(£2) a con-
vex cocompact, strongly irreducible and discrete subgroup. Let Vol be a I'-invariant
Radon measure on €3"(I"). Then

dr = dvol = htop(TlMcon (¢1)ier) = htop(Tleipv (¢1)zer)-

PYOOf The fact that htop(TlMcory (¢t)t€]R) > htop(Tleipv (¢t)t€R) is immediate
from the definition of topological entropy.
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Let us prove that 6t = 8v,;. Consider 0 € €°" and R > 0 large enough such that
I' - Bg(o, R) contains € (which is acted on cocompactly by I'). Then, on the one
hand,

VOI(BQ (o, r)) < Z Vol(BQ (yo, R))
y:dq(0,y0)<r+R

< Vol(Bgq(o, R))#{y : da(o.y0) <r + R}

for any r > 0, hence v, < 1, and Vol(Bg (0, R)) > 0.
On the other hand, consider

C =#{y :da(o,y0) < 2R},

so that for any r > 0, one can find a subset A of {y : dg (0, yo) < r} with size greater
than C~'#{y : dq(0,y0) < r} — 1 and whose image by the orbital map y + yo is
(2R, dg)-separated; then

C'#{y : da(o.yo) < r} —1 < Vol(Bg(o. R))_1 Z Vol(Bg(yo, R))
yeA

< Vol(Bg(o, R)) ™" Vol(Bg(o, r + R)),

therefore or < Svol.

Let us prove that 8t > (T Meor, (¢¢):er). Fix & > 0, and fix a maximal
(¢/4, dg)-spanning set A of Bg (o0, R). Let B, be the set of vectors based at a point
of A and pointing at a point of

{ya:a e A dg(o,y0) <r+2R};

for each ¥ € B, choose v/ € T!M,,, at distance less than £/2 from the projection
in 7'M of ¥ (when such a vector exists), and denote by B the collection of v'. By
Fact 2.1, Bl isa (e, d (r) )-spanning set of 7! M_,, for any > 0. Furthermore,

TiM
#B] < #B, <#A%-#{y 1 da(0,y0) <r + 2R},
hence 8t > hiop (T Meor, (¢¢)1eR). "

We will see in Proposition 8.4 that hwp (T Mcor, (¢¢)rer) = Or-

2.14. Measure-theoretic entropy

Definition 2.37. Let f be an invertible measurable map of a measurable space X,
which preserves a probability measure p. Let $ be a finite measurable partition of X .
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* The entropy of P is

Hy(P) 1= = ) n(P)log u(P).

Pey

» For each integer n > 1, we set
3)(”) = {Poﬂf_lplﬂ"'ﬂf_n+1pn_1ZPk EJ’,OSkSn—l}.

* The entropy of f with respect to u and & is

H (P™
H,(f. ) := lim M.

n—00 n

» The entropy of f with respect to u is
hy(f):= sup{HM(f, @) : @ measurable partition}.

Let us now consider a measurable flow (¢;);er on a measurable space X preserving
a probability measure . The entropy of the flow is defined to be the entropy of the
time-one map ¢;.

Remark 2.38. The reparametrised flow (¢ ;)ser has measure-theoretic entropy equal
to |k| times the measure-theoretic entropy of (¢;);er.

The relation between topological and measure-theoretic entropies is given by the
following famous principle; for more details, see [43, Thm. 4.5.3].

Fact 2.39 (Variational principle). Let ¢ = (¢;);er a continuous flow on a compact
metric space (X, d). Denote by $?(X) the set of ¢-invariant probability measures
on X. Then

htop(¢) = sup hu(d))

HEPP(X)

We recall the definition of entropy-expansive maps from Bowen [20].

Definition 2.40. Consider a homeomorphism f of a metric space (X, d) and & > 0.
The map f is said to be (d, &)-entropy-expansive if for each x € X, the action of f
on the Bowen ball

Ze(x):={yeX:VneZd(f"x, f"y) <e)
has zero entropy.

Remark 2.41. We note that if f is (d, €)-entropy-expansive, then f” is (d™, ¢)-
entropy-expansive.

The following is one of the main properties of entropy-expansive maps.
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Fact 2.42 ([20, Thm. 3.5]). Let ¢ be a positive number; let f be a e-entropy-expansive
homeomorphism of a metric space (X, d); let u be a f-invariant probability measure
on X; let & be a finite measurable partition all of whose elements have diameter less
than . Then

hu(f) = Hu(f, P).

Remark 2.43. Let ¢ > 0; let f be an e-entropy-expansive homeomorphism of a met-
ric space (X, d). Fact 2.42 tells us that the measure-theoretic entropy depends upper
semi-continuously on the measure (with respect to the weak* topology), and that there
exists a measure of maximal entropy if X is compact.

The geodesic flow on a convex projective manifold is entropy-expansive if the
injectivity radius is non-zero.

Fact 2.44 ([22, Thm. 6.2]). Let Q C P(V) be a properly convex open set and I" C
Aut(£2) a discrete subgroup. Let us assume that the injectivity radius g of M = Q/ T
is non-zero. Then the time-one map of the geodesic flow on T M is (dy1,,.0/3)-
entropy-expansive.

It applies in particular if I acts convex cocompactly on 2 and if T is torsion-free.
However, we will consider cases where I" is not torsion-free, and the geodesic flow
on T!'M is not entropy-expansive: for instance if 2 is the Poincaré disk and T is a
cocompact triangle group. To overcome this issue, we will use Selberg’s lemma (if I'
acts convex cocompactly on €2, then it is finitely generated; see [23, Thm. 8.10]) and
the following elementary observation.

Observation 2.45. Let (¢;); be a measurable flow on a measurable space X that
preserves a probability measure p, and G a finite group that acts measurably on X
and commutes with (¢;);. We denote by 7: X — X /G the natural projection, and
(¢¢); the induced flow on the quotient. Then 4, (X, (¢¢):) = hn, u(X/G, (¢¢):). In
particular, if X is a compact topological space and the actions of (¢;); and G are
continuous, then Aop (X, (¢7)¢) = hiop(X/ G, (¢¢)1).

3. Construction of the Sullivan measures

3.1. The Gromov product

Let us define the Gromov product. It will be used to define the Sullivan measures.
Recall that given a properly convex open set & C P(V') with three points x, &, 1 € 2,
the Gromov product is defined by

2(57 77)x = dQ(x’E) + dQ(X, 77) _dQ(E’ )7) Z 0
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The following are three immediate properties of the Gromov product. Let y € Q:

xeEn= (& nx=0; 3.1
2(6, mx = 2(5.m)y + be(x,y) + by(x, y); (3.2)
1€ mx — (€, m)y| < da(x,y). (3.3)

We denote by Geody(2) (resp. Geod2°(£2)) the set of pairs (£,7) in (Q®)? (resp. 0,22)
such that [§, 7] N @ # @, where [&, 7] := [a(§), mu(n)].

Proposition 3.1. Let Q C P(V) be a properly convex open set. The map

(& 1,x) = (5, n)x

defined on Q3 extends continuously to Geody(2) x , as well as to (3.1), (3.2)
and (3.3).

Proof. Let A :={(£,1,x,y) € Geod,(Q) x Q2 : y € [£, n]}. The projection

& nx,y) = (§,n,x)

from A to Geody (€2) x 2 is continuous, surjective and open. Therefore, it is enough
to prove that the function (£, 1, x, y) — (£, n)x defined on A N Q* extends continu-
ously to A. This is a consequence of (3.1) and (3.2) combined, which yield, for any
(E.n.x.y) € ANQY,

(S’ U)x = bf(x’y) +b77(x’y)'

Note that (3.1) extends to (£, 1) € Geody, (£2) because the set {(£,7,x) € Q3 : x € [£, 1]}
is dense {(&,n, x) € Geod,(R2) x Q : x € [£, 1]} ]

3.2. The Hopf coordinates

Let us define the Hopf parametrisation of the unit tangent bundle 7' of a properly
convex open set €2, which depends on the choice of a fixed basepoint o € €2.

Definition 3.2. Let Q C P(V) be a properly convex open set and fix a basepoint
o € Q2. The Hopf parametrisation based at o is the (¢;),-equivariant continuous sur-
jective map

Hopf,: Geod®(Q) x R — T'Q,

that sends (£, 1, 1) € Geod;°(R2) x R to the vector Hopf, (€, n, ) which is tangent to
the projective line mn§ @ myn and such that b, (o, mHopf, (§,7,1)) = t.



Patterson—Sullivan densities in convex projective geometry 31

When the context is clear, we will simply write Hopf instead of Hopf,. Note that
if x € Q then for any (&, 7, 7) € Geod°(Q2) x R,

Hopf, (€, 7,1) = Hopf, (£, 7.t + by(0, x)).

Therefore, if we consider the following action of Aut(£2):

g (1) = (g& gn.t +by(g "0.0))

for g € Aut(2) and (&, n, 1) € Geodp°(£2), then Hopf, is Aut(2)-equivariant. Note
also that for any (£, n,1) € Geodp°(£2),

—Hopf,, (£, 7.1) = Hopf, (n.§. (§. 1) — 7). (3.4)

where for any v € T, the vector —v satisfies @+oo(—V) = P00V and 7 (—v) = 7v.

3.3. The Sullivan measures

In this section, given a conformal density, we construct the associated (¢;);er-invar-
iant Sullivan measures on 7' Q and on the quotient 7'M = T1Q/T.

Definition 3.3. Let 2 C P(V') be a properly convex open set and I' C Aut(2) a
strongly irreducible discrete subgroup; denote M = Q/I". Let § > 0 and let (tx)x
be a §-conformal density on 9, Q. The Sullivan measure iy, on 9,222 x R induced by
(M) is defined by the following:

diin (8,0, 1) = 22 EM0 16 000y (€. 1) 1o (€) dpto () dt,

where o0 € Q; the measure 771, does not depend on o and is (¢;);-invariant. Then we
push it forward via the Hopf coordinates to get the induced Sullivan measure on T'Q:

m := (Hopf,)my,.

It does not depend on o, and it is I" and (¢;),-invariant. Hence, it yields an induced
(¢p¢)¢-invariant Sullivan measure on T' M, denoted by m.

Observe that the formula 28 (& LGeoazo (@) (§:1m) Ao (§) Ao (n) yields a I'-invar-
iant measure on Geod;°(€2), which is in fact the quotient of the Sullivan measure
under the action of R.

Proposition 3.4. Let Q C P(V) be a properly convex open set and I' C Aut(R2) a
discrete subgroup. Let § > 0 and let (lix)x be a §-conformal density on 0,92. Then
the Sullivan measures on Geodn(R2) X R, T'Q and T'M are Radon. If T is strongly
irreducible and Tleip # @, or if M is rank-one and non-elementary, then these
measures are non-zero.
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Proof. The fact that the Sullivan measures are Radon is a direct consequence of the
continuity of the Gromov product (Proposition 3.1).

Suppose that I is strongly irreducible and 7! My, # @, or that M is rank-one and
non-elementary. Then there exists (£, 1) € Geod™ () N (AP™*)2. Let U and V be
neighbourhoods of & and 7 in d€2 such that

U xV C Geod™(R2).

Since v, = Tpor« Mo 18 I'-quasi-invariant, its support is I'-invariant, and hence con-
tains AP™* (see Remark 2.10 and Fact 2.18). Therefore, v2(U x V) > 0, and

iy (r, L (U) x w7 ' (V) x R) > 0. [

4. The Shadow lemma

In this section we establish the Shadow lemma (Lemma 4.2) which consists of estim-
ates on the measures of shadows. The measure is a conformal density on d€2, and
shadows are subsets of the projective boundary, defined as follows. Recall that the
Shadow lemma is a classical result in the theory of conformal densities, and we adapt
here its classical proof to the convex projective setting.

Definition 4.1. Let Q@ C P(V) be a properly convex open set. Take x, y €  and
r > 0. Set

O(x.y) = {£ € 09 : [x.£] N Ba(y.r) # 0):
Of(x,y) = {E € 0Q : 3z € Bo(x,r) such that [z,&] N Ba(y,r) # (2&};
0O, (x,y):= {S €0 :Vz e Ba(x,r),[z,€] N Ba(y,r) # Q)}.

See in Figure 2 an example of a shadow.

Lemma 4.2. Let 0 € Q C P(V) be a pointed properly convex open set and I" C
Aut(2) a discrete subgroup; set M = Q/T. Suppose that T is strongly irreducible
and Tleip is non-empty, or that M is rank-one and non-elementary. Consider § > 0
and a §-conformal density (vx)xeq on 02. Then there exists Ry > 0 such that for any
R > Ry, one can find C = C(R) > 0 such that for each y €T,

€180 < 1, (O(0. y0)) = (O 0. y0)) = e

We will actually need two more Shadow lemmas: Lemma 4.6 and Corollary 7.3.
They both make stronger assumptions on the convex projective manifold M = Q/ T,
and either are consequences of Lemma 4.2, or have a very similar proof.
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4.1. Preliminaries

In this section we prove two classical intermediate lemmas, used in the proof of the
Shadow lemma.

Lemma 4.3. Let Q C P(V) be a properly convex open set. Let £ € Q" and x,y € Q.
If y € [x,&], then bg(x,y) = da(x,y). Let r > 0. If 1y (§) € O;F (x, y) (see Defini-
tion 4.1), then

do(x,y) —4r < be(x,y) < da(x, y).

Proof. One easily sees that bg (x,y) —dq(x,y) = —2(£,x), if § € 2, and this extends
to & € Q" by continuity. This, by (3.1), implies that be(x,y) =da(x,y)if y € [x,§].
Assume that § € O, (x, y). The triangular inequality gives bg(x, y) < da(x, y);
let us establish bg(x, y) > dgo(x, y) — 4r. By definition of O} (x, y), we can find
x" € Bg(x,r)and y' € Bgo(y,r) N [x’, £]. Then

be(x,y) = be(x, x') + be(x', y") + be(y', »)
> —da(x,x") +do(x",y") —da(y'. y)
> dqo(x,y) —2da(x,x") = 2da(y.y")
> da(x,y) —4r. u

Lemma 4.4. Let Q C P(V) be a properly convex open set and I' C Aut(2) a discrete
subgroup; set M = Q/ . Suppose that I" is strongly irreducible and Tleip is non-
empty, or that M is rank-one and non-elementary. Consider a I -quasi-invariant finite
Borel measure v on 0K2. Then there is ¢ > 0 and R > 0 such that for all x € <,

v((9R(x,0)) > g,

Proof. By contradiction suppose that there are sequences (R,), € RI:IO and (x,), € Q
such that

R, ——> 00 and v(OR,(xs,0)) —> 0.
n—>oo n—>oo

We can assume that (x,), converges to some £ € Q. If £ € Q then for n such that
R, > dq(0,8) + 1 and do(x,, &) < 1, we have Og, (x,, 0) = 92 which is absurd;
hence, £ € 0Q2. We claim that v(Espl(S , 1)) = 1. It is enough to prove that

BQ\ESPI(E, 1) - U ﬂ (9Rk (Xk,O).

n k>n

See Figure 2. Let 5 € BQ\ESPI(S, 1). Fixing an affine chart containing 2, we can
consider for each n the following points of €2:

1 1
y = E(g—n)-q-n and y, = E(xn—ﬂ)‘i"?’
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(916,, (xn,0)

Xn

§

Figure 2. The sequence of increasing shadows in the proof of Lemma 4.4.

where the map x — (x — 7)/2 + 7 is defined on the affine chart as the homothety
centred at  and with ratio one half. We can then find n large enough so that Bg (0, R;,)
contains a neighbourhood U of y, and so that y,, is contained in U. This implies that
n € OR,, (xx,0), which concludes the proof of the claim that v(Espl(S 1) =1.
Since AP™* is the smallest [-invariant closed subset of Q (Remark 2.10 and

Fact 2.18), and v is ['-quasi-invariant, we deduce that AP™*

is contained in the sup-
port of v. In order to get a contradiction, let us prove that AP™* is not contained
in By(€, 1). By assumption we can find 5, 7’ € AP such that (n ® ') N Q # 0.
Using again that AP™* C Q is minimal for the action of I", we deduce the existence
of a sequence (y,), € I'N such that (y,£), converges to 1. But then (Espl()/né, 1))n
sub-converges to Espl(n, 1) (i.e. any accumulation point for the Hausdorff topology is

contained in Espl(n, 1)); hence, Espl(yn§ , 1) does not contain 7’ for n large enough. =

We will need exactly twice a refined version of the previous lemma, which bounds
from below the measure of scarce shadows. It will be used to prove the refined version
of the Shadow lemma for scarce shadows (Lemma 4.6), and to prove Proposition 6.2.
This version needs M to be rank-one, and the statement is a bit more technical. The
proof is almost the same.

Lemma 4.5. Let Q C P(V) be a properly convex open set and I' C Aut(2) a discrete
subgroup. Suppose M = Q /T is rank-one and non-elementary. Consider a I'-quasi-
invariant Borel finite measure v on 02. Then there exist ¢ > 0 and Ry > 0 such that
V(O (x,0)) > eforall R > Ro and x € Q@ ~ Bq(0,2R).

Proof. By contradiction we suppose the existence of sequences (R,), € REIO and
(xn)n € QN such that forall n € N,

R, —— o0,
n—>oo

while

do(xn,0) — Ry —— 00 and v(Of (xXn.0)) —— 0.
n—oo n—oo
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We can assume, up to extracting, that (x,), converges to some point £ € 9Q2. We
claim that v(Espl(E ,2)) = 1 (see Definition 2.2). It is enough to prove that

0Q\Byi(§.2) € | () O, (k. 0).

n k>n

Letne BQ\ESPI (£,2). Fixing an affine chart containing , we can consider for each n
the following compact subsets of €2:

1, 1 =
K= 2(Bu&. ) —=n)+n and Ky = (Ba(xa. Ry) =) + 1.

where the map x — (x — 1)/2 + 7 is defined on the affine chart as the homothety
centred at n and with ratio one half. We observe that all accumulation points of the
sequence (K},), are contained in K. Indeed, any accumulation point of (Bg (xXn, Ry))»
is convex, contains £ and is moreover contained in 92 since x, goes faster to infinity
than R, ; hence, it is contained in ESPI(S , 1). Therefore we can find n large enough so
that Bg (0, R,) contains a neighbourhood U of K, and so that K, is contained in U..

Since AP™* is the smallest [-invariant closed subset of  (Fact 2.18), and v is T'-
quasi-invariant, we deduce that AP™* is contained in the support of v. In order to get
a contradiction, let us prove that AP is not contained in By (£, 2). By assumption
we can find two distinct points 7, 7’ in AP* N 94 Q. Using again that AP™* C Qis
minimal for the action of I', we deduce the existence of a sequence (y,), € I' such
that (y, &), converges to . But then (Espl(yné ,2))n sub-converges to Espl(n, 2)={n};
hence, Espl(yné ,2) does not contain i’ for n large enough. ]

4.2. Proof of Lemma 4.2 and another Shadow lemma

Proof of Lemma 4.2. We compute for « € {0, 4+, —}:

Vo (0%(0.v0)) = po(my; ' (O%(0. 70)))
= ty—1o(m  (OR(y™0,0)))

e—Sbg(y_lo,o) dito (g)

/nh_l (0%(y~10,0))

Hence, on one hand bg(y‘lo, 0) > dq(0, y~'0) — 4R because of Lemma 4.3, so

v (OF (0.y0)) < / . e Sdalovo TR g (&)
m 1(OF (y~10,0))

< eMRo=ddal0ro)y, (9F(y~10,0))

< e48Re—8dQ(0,yo) Vo (aQ)
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On the other hand, we can use Lemma 4.4, to obtain £ > 0 and R such that for
R > Ry and for y € I" such that dg (0, yo) > Ry,

Vo(@R(O, )/0)) > / e~ d8da(o,y0) d,U«o(g)
7 ' (Or(y~10,0))

> v,(Or(y o, o))e_5d9 (©.y0)

> ge8da(0,y0) -

As for Lemma 4.4, there exists a refined version of the Shadow lemma (Lem-
ma 4.2) for scarce shadows. We will only need it once, for the proof of Proposi-
tion 6.2. Its proof is exactly the same as that of Lemma 4.2, except that we use instead
Lemma 4.4.

Lemma 4.6. Let 0 € Q C P(V) be a pointed properly convex open set and I' C
Aut(2) a discrete subgroup. Suppose M = Q/ T is rank-one and non-elementary.
Consider § > 0 and a §-conformal density (Vy)xeq on 092. Then there exists Ry > 0
such that for any R > Ry, one can find C = C(R) > 0 such that for each y € T
satisfying dg (o, yo) > 2R,

C~1p—8da(o.y0) <, ((91;(07 )/0))-

Proof. We make the same computation as in the proof of Lemma 4.2:

1o (O (0. y0)) = / e PRI 4y, ).

7 HOR(y—10,0))

We can use Lemma 4.5, to obtain € > 0 and Ry such that for R > Ry and fory € T’
such that dg (0, yo) > 2R,

1o (O30, 70)) = / ¢ H420r0) 4, (F)
7 H(OR(y~10,0)

Vo (O (y ™0, 0))e?da(0:v0)

> gg—8daloyo) -

A%

4.3. First consequences

In this section we deduce from the Shadow lemma that there is no conformal density
with parameter 0 < § < r. We also prove that open faces of the conical limit set are
neglected by conformal densities.

Proposition 4.7. Let 0 € Q C P(V') be a pointed properly convex open set and I' C
Aut(2) a discrete subgroup; denote M = Q/T'. Suppose that T is strongly irredu-
cible and Tleip is non-empty, or that M is rank-one and non-elementary. Consider
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8 > 0 such that there exists a 5-conformal density on 02. Then § > r, and there is
some constant C > 0 such that

#{y €T : dg(o,yo0) <r} < Ce’r’.

Proof. Let (vy)xeq be a §-conformal density on d€2. We consider R and C > 0 from
the Shadow lemma (Lemma 4.2), such that for each automorphism y € I',

Vo (Or(0.70)) = C e ¥daloyo)

For each r > 0, we give ourselves a maximal (1 + 4 R)-separated subset F, of
I'-oN Bg(o,r + 1)~ Bg(o,r).

One can easily see that the shadows (Og(0, x))xcF, are pairwise disjoint, therefore

1> " v,(Or(0,x))
xeFy
> C—l Z e—SdQ(o,x)

xeF,

> C le e 0T4F,

> C 7 le % #{y : da(o,y0) <1+ 4R)™!

x e 8" #{y 1 yo € Bg(o.r + 1)~ Ba(o,r)}.

This implies that #{y : dq (o, yo) < r} < C’e%" for any r > 0, for some C’ > 0
independent of r. By definition, this implies that § > §r, and since by Fact 2.22 there
exists a §p-conformal density, #{y : dg (0, y0) <r} < C"e’r" for any r > 0, for some
C” > 0 independent of r. [

Proposition 4.8. Let Q C P(V) be a properly convex open set and I' C Aut(R2) a
discrete subgroup; set M = Q/ . Suppose that T is strongly irreducible and Tleip
is non-empty, or that M is rank-one and non-elementary. Consider § > 0 and a §-
conformal density (Vy)xeq on 02. Then vy (Fq(§)) = 0forall x € Q and £ € A",

Proof. Let 0 € Q2. Observe that the open face Fq(§) is contained in A" by [35,
Cor. 4.10]. It is enough to prove that v,(Bg(§, R)) = 0 for any R > 0. By defini-
tion, there are sequences (V,), € I'N and (x,). € [0, g)N going to infinity such that
(d@(yn0, x,)y is bounded; denote R” = sup,, da(y»0, X»). Using the Shadow lemma
(Lemma 4.2), we can find C > 0 such that for any n,

Vo(Bﬁ(g’ R)) = VO(OR(Oaxn)) = V0(0R+R’(0’ Vno)) =< Cedda(0:yno),

This last term goes to zero as n tends to infinity since § > §r > 0 (Fact 2.7 and
Proposition 4.7). ]
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5. The convergent case of the HTSR dichotomy

Next we establish the convergent case of the HTSR dichotomy (Theorem 1.6 (1)).

5.1. The conical limit set has zero measure

We prove that, in the convergent case of the HTSR dichotomy, any §-conformal dens-
ity gives zero measure to the conical limit set.

Proposition 5.1. Let Q C P(V) be a properly convex open set and I' C Aut(2) a
discrete subgroup. Suppose that T is strongly irreducible and Tleip is non-empty,
or that M is rank-one and non-elementary. Let § > 6t with Zyel" e~8da(o.y0) finite,
and consider a §-conformal density (vy)xeq on 0R2. Then vy (A™) =0 for any x € Q.

Proof. We consider R > 0 and prove that v,(A%") = 0. By definition, for any r > 0,
the set AR" is contained in the union, over all y € I" such that dg (0, yo) > r, of the
shadows Og (0, yo). As a consequence, by the Shadow lemma (Lemma 4.2), we can
find a constant C > 0 such that

VO(A%)H) < C Z e—SdQ(UJ’U)

yidg(o,yo)=r

for any r > 0, and this last quantity converges to zero as r goes to infinity. ]

5.2. Proof of Theorem 1.6 (1)

Let po be a dp-conformal density on 9,2 such that (my)«bo = Vo, and let m be
the Sullivan measure on 7'Q induced by 1t,. According to Proposition 4.7, we have
6 > 8r. Let us assume that Zy e~8da(0.y0) g convergent.

By Fact 2.29, in order to prove that (T M, ¢, m) and (Geod™(2), T, v2) are
dissipative, it is enough to prove that (T!'Q, T x R, ) is dissipative. If by contra-
diction it is not the case, then the conservative part contains a compact subset K of
positive measure. This means that for almost any vector v € K, using notations from

Section 2.11,
00 = lx(v) = Z/

I'xR yer V=

o0

1k (yo:v) dt,
o0

and hence there exist diverging sequences (y,), € I'N and (t,), € RN such that
Yndr, v € K;if (t,), tends to oo (resp. —00), then ¢oo U (resp. Pp—oov) is in A", which
contradicts Proposition 5.1 and the definition of 7 since for almost every vector v
in 71, the endpoints ¢+, v are not in A",

Suppose by contradiction that (7! M, ¢,, m) is ergodic. Let K C T'2 be a com-
pact neighbourhood of a vector v in T Qyi, := 71! T! My, By Fact 2.30 (3), almost
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any (¢;); orbit is dense in the support of m, which contains 7'! My, (this was basic-
ally proved in Proposition 3.4). By dissipativity (and because m is Radon), almost any
orbit spends a finite time in 7w K. Hence, there exists a vector w € T1Q and a time
T > 0 such that

7r(K) N T My, C $—r. 17700 W5

in other words, as the action of I" on 7''Q is properly discontinuous, we may find a
finite subset A C I' such that

KN TIQbip C A¢>[_T,T]w.

Thus, ¢oo(K N T'Qip), which is a neighbourhood in AP of ¢oov, is contained in
oo A1, T7W, Which is equal to A¢ow and hence is finite. This contradicts the fact
that AP™* has no isolated point (Remark 2.10 and Fact 2.18).

6. The divergent case of the HTSR dichotomy

In this section, we adapt some proofs of Roblin [56, pp. 19-23] to our convex pro-
jective setting, in order to establish Theorem 1.6. We will fix a Patterson—Sullivan
density, and need several time to prove that some I"-invariant subset A of <2 is given
full measure by the Patterson—Sullivan density. Thanks to the following elementary
observation, it is often enough to show that A has non-zero measure.

Observation 6.1. Let 2 C P(V) be a properly convex open set, I' C Aut(2) a closed
subgroup, A C 92 a I'-invariant measurable subset, and 6 > 0. Then for any &-
conformal density (vx)xeq on €2, the restrictions (Vx| 4)xeq also form a §-conformal
density. This implies the following. Suppose that for any non-zero §-conformal dens-
ity (vx)xeq, we have vy, (A) > 0 (for any x € Q). Then for any §-conformal density
(Vx)xeq, we have v, (022 ~ A) = 0 (for any x € Q).

Proof. That restrictions to A of §-conformal densities are still §-conformal densities
follows easily from the definition. Let us prove the second statement.

We make a proof by contrapositive: let B = 92 ~ A suppose that there exists
a §-conformal density (vy), such that v, (B) > 0 for some (hence for any) x € Q.
Then by the first part of the observation (vy|p)x is a non-zero §-conformal density
that gives zero measure to A, concluding the proof. ]

6.1. The conical limit set has full measure

Let 0 € Q C P(V) be a pointed properly convex open set and I' C Aut(2) a dis-
crete subgroup. Recall that the conical limit set, denoted by A", is the union, over
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R > 0, of the sets AR"(I', 2,0) = AR", consisting of points § € 32 for which there
exists a sequence (y,)nen € I'N going to infinity such that dg ([0, £), y»0) < R for
eachn € N.

Thanks to Observation 6.1, we only need to prove that the conical limit set has
non-zero measure. Roblin’s proof of this [56, item (f), p. 19] in CAT(—1) geometry
actually works verbatim in the present context; we rewrite it here for the convenience
of the (non-French-speaking) reader.

Proposition 6.2. Let Q@ C P(V) be a properly convex open set and I’ C Aut(R2) a
discrete subgroup. Suppose T is divergent, and M = Q/ T is rank-one and non-ele-
mentary. Consider a §r-conformal density (vy)xeq on 02. Then v (02 ~ A") =0
for any x € Q.

The idea of the proof of Proposition 6.2 is to find a compact subset K C T' M
such that the set of vectors v € K whose geodesic come back infinitely often to K has
positive m-measure where m is a Sullivan measure induced by (vx)xeq. There are
two main ingredients. The first one is a generalisation of the Borel-Cantelli lemma,
due to Rényi. One can find a proof of it in [1, Lem. 2]; it is the consequence of the
following estimate: for any non-negative square-integrable function g on a probability
space, for any 0 < a < E(g), where E(g) is the expectation of g, one has

E(g)? a_ \7
>0z gin( Fa)

Fact 6.3 ([54, p.391]). Let (X, u) be a measurable space equipped with a finite
positive measure. Let (A4;);>0 be a family of subsets of X such that the function

(x,1) € X x Rxg = 14,(x) is measurable. Let us assume that fooo w(A,)dt = oo,
and that, for some constant C > 0,

T T T 2
/ [ (A N Ag)deds < c(/ M(At)dt) : (6.1)
0 0 0

for T large enough. Then the set of x € X such that

(e, 0)
[ 14,(x)dt = o0
0

has p-measure greater than or equal to 1/C.

This lemma will be applied to A; = K N ¢_; K. The second ingredient consists
of estimates that will allow us to check that the assumptions of Fact 6.3 are satisfied.

Lemma 6.4. Let o € Q CP(V) be a pointed properly convex open set and T’ C Aut(2)
a discrete subgroup. Suppose M = Q /T is rank-one and non-elementary. Consider
a 8p-conformal density (vy)xeq on 0S2, with induced Sullivan measure m on T'M.
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Let v, € T)Q. For R > 0 large enough, if we denote by K the projection in T'M
of Brig(vo, R), then there exist constants C > 0 and Ty such that for any T > Ty,
we have the estimates

T
/m(Kﬂd:_,K)dtzC_l Y eTirdelsa  (62)
0

gel
d(0,80)<T

T T 2
/ / m(KN¢_KN¢__sK)ds,dr < c( > e—5Fd9(0>g0)) . (6.3)
0 0

gel’
dq(0.80)<T

Proof. We assume that v, is a probability measure. Let (ix)xeq be a dr-conformal
density on 0,2 that induces (vy)xeq and m; we denote by m the induced Sullivan
measure on 71 Q. We fix R > 0 large enough so that we can apply the Shadow lemma
(Lemmas 4.2 and 4.6) and Lemmas 4.4 and 4.5 to it and to R’ := (R — 2)/6. One can
find a constant C; > 0 such that

m(KN¢K)=Cr' Y (K negk).
gel

m(KN¢p—KN¢y—sK) < Y MK N¢_1gK N py—shK)
g,hel’

for all #, s > 0. Indeed, we just have to recall the definition of m, which is the quotient
of m under the action of I (Definition 2.28), then

Zrﬁ(fﬂ(]ﬁ_tgg) = /;‘IQ Z 11?1g¢,,1?dﬁ/i

ger gel
=/ Y > goh)-(lyy goh)dm
T'M jcr ger '
[ (Z 1) (Tt e) am
T'M hel’ gel
=Ci1g <Cil4_,k

where C; > 0 is a constant which is independent of 7. Similarly,

Z (KN ¢_1gKNp__shK)
g,hel’

- AIMZ Z (lEok)'(1g¢_tf('0k)‘(1h¢_t_sgOk)dm

kel g,hel
~ [ (Z ) (Z o) (Z o) am
T'M kel gel hel

>l >lg_, K 2ly sk
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Therefore, in order to prove Lemma 6.4, it is enough to find a constant C, > 0
such that

T
a:= / Znﬁ(f N ¢_,gK~) dr > Cz_l Z e frdalo.go),
0

ger g:dg(0,80)<T

T T
b :=/ / > KN gKNg, shK)dsd
0 0

g,hel’
2
< Cz( 3 e—ardg(o,go)) '
g:dq(0,80)<T
We first establish the estimate of b. For all 0 <¢,s < T and g, h € I, for any triple
(€, 1, 7) in Hopf (K N ¢_;_shK), one observes that n € nh_1(9;§(0, ho) and
dg (o, mHopf(£, 1, r)) <R;

this last inequality implies that |t| < R and (£, ), < R; then by the Shadow lemma
(Lemma 4.2), and by definition of 77,

(K Np_gK N ¢_r—shK) < 2Re*TR1y(0% (0, ho))
< 2R€26FRC€_8FdQ(O’hO).

Furthermore, by triangular inequality, if Kn P gKN¢_;_shK is non-empty, then
lda(o, go) —t|, |da(go, ho) —s|, |da(o, ho) —t —s| < 2R
and
dq (o, go) + da(go,ho) < dg(o,ho) + 6R.
Combining these estimates, we obtain
T T
b= / / Y 2RePrRCeTINARORNY o 6 gor—tlidg(goho)—s|<2r s dI
0 0 g.,hel do(0,g0)+dg(go,ho)<dg(0,ho)+6R

< 2R2R2Re¥rRC Z e 0r(da(o.g0)+dq (0.6~ ho)—6R)

dg(0,80)<T+2R
do(o,e Yho)<T+2R

2
< 8R3C€88FR( Z e—5rd§z(0,go)) .

do(0,80)<T+2R
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We end the estimation of b by noting that for all 7 > 0 and A > 0, using again the
Shadow lemma (Lemma 4.2),

Z e—8r‘d§z(0,g0) < C Z Vg((gR(07 go))

T<dg(o,g0)<T+A T<dg(o,g0)<T+A

<c /a Y loresn®dun®

T<dg(o,g0)<T+A
< C#{g :dg(o,g0) <4R + 2A4}.

We now proceed to the minoration of a. Take g € T, take ¢ > 0 at distance less
than R’ from dgq (0, go); let us prove that

Hopf (7, ' (0 (g0.,0)) x 7, (O (0, g0)) x [0, R']) C Kne¢_gk.

Take (£,7,7) € 7, (Ox/(g0,0)) x 7, (O (0, g0)) x [0, R']. According to Obser-
vation 6.5 below, there exists s; < s, such that

dg (wHopf(€,7,51),0) < R and dg(wHopf(£,7.s2).80) < R'.
This implies that |s;| = |b,(wHopf(§, n, s1),0)| < R’, hence
dq(mHopf(§,7.7),0) < |t| + |s1] + do(7wHopf(£, n,51),0) < 3R".

Finally, dp1o (Hopf(§,7,7),v,) < 3R’ + 2 < R, which means that Hopf(§,7,7) € K.

In order to prove the inclusion in ¢_; gE , we note that since s, — s is the dis-
tance between wHopf(&, 1, s2) and wHopf(§, 1, s1), then by triangular inequality
|s2 — dq(o, go)| < 3R’; therefore,

dg (mHopf(§. 1.1 + 1), go) < |t| + |t — dg(o. go)|
+ |da(0, g0) — 52| + da(7wHopf(§, . 52). g0)
< 6R'.
Finally,
drig(Hopf(§. 1,1 + 1), gv0) < 6R' +2 =R,

which means that Hopf(&, 1, 7) € ¢_,gK.
As a consequence, if dg (0, go) > 2R’, then by the Shadow lemma (Lemma 4.6)
and Lemma 4.5,

(K N¢_gK)

%

Vo ((91;, (o, go)) Vo ((91;, (go, 0)) R’
R/c—2e—81“d§2 (o,go)'

v
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We conclude that for T > R/,

[ LA sk
0

gel

> R/2C—2( Z e—SrdQ(o,go) _ Z e—5rd52(0,30))_ -

g:dq(0,80)<T g:d(0,80)<2R’

Observation 6.5. Letn > 1 be an integer, A and B be two non-empty disjoint com-
pact subsets of R”, and &, n € R” be two points. If for all a € A and b € B, the
intersections [a, n] N B and [b, €] N A are non-empty, then one can find @ € A and
b € B suchthat &, a, b, n are aligned in this order.

Proof of Proposition 6.2. Let m be a Sullivan measure associated to (v )xeq on 7M.
By definition of m and of the conical limit set, it is enough to find a compact set
K C T'M large enough so that the set of vectors v € K such that

[Om Lk (ev) di = oo

has non-zero m-measure.

Let R > 0 be large enough so that we can apply Lemma 6.4, and let K be the
projection in 7'M of By1g(v,, R), where v, € T)Q and 0 € Q. We want to apply
Fact 6.3 for (X, ) = (T'M,m|g) and A; := K N ¢_, K for allz > 0. The measure
is finite because m is Radon and K is compact. Since I' is divergent (this is important
since it is the only place where we need this assumption), and by the estimate (6.2) of
Lemma 6.4, the integral fooo Ww(Ay) dt diverges. It remains to check that (6.1) is sat-
isfied, but this is a direct consequence of the estimates (6.2) and (6.3) of Lemma 6.4,
and of the fact that

T /T T /T
/ / w(A; N Ag)deds < 2/ / w(Ay N Apyg)deds. ]
o Jo o Jo

6.2. The geodesic flow is conservative

In this section, we prove that in the setting of Theorem 1.6 (2) the geodesic flow is
conservative.

Proposition 6.6. Let Q C P(V) be a properly convex open set and I' C Aut(R2) a
divergent discrete subgroup. Suppose M = /T is rank-one and non-elementary.
Let (vx)xeq be a dr-conformal density on 2 and m an induced Sullivan measure
on T'M. Then m is conservative under the action of (¢¢);.
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Proof. Let (itx)xeq be a §p-conformal density on 9,2 such that (7))« by = vy for
any x € Q, and let /1 be the induced Sullivan measure on 7.

According to Fact 2.29, it is enough to prove that (T1 Q,I' x R, ) is conservative.
Let o be an integrable, positive and continuous function on 7''2, and let us prove
that fer o = oo almost surely (recall the notation from Section 2.11). For almost
any vector v € T1Q, we have ¢oov € A®" by Proposition 6.2, and by definition of 71;
let v be such a vector. Then we can find R > 0 such that ¢oov € AR"; in other words,
there exist (y,), € I’ and (¢,), € RYN such that y, # yx and do (7 ¢y, ynv.0) < R
forn # k. Let ¢ := min{o(w) : dg(7w,0) < R + 1} > 0. Then

th+1

/FXRG(U) > Z/ o(pyyv)de > 228 = 0. [

n=0 1=tn—1 =0

6.3. The smooth and strongly extremal points have full measure

In this section we combine the conservativity of Sullivan’s measures with a result
of Benzécri to establish that in the divergent case, the smooth and strongly extremal
points have full measure. The following result is a particular case of a more general
result of Benzécri. Recall that &y, is the space of pointed properly convex open sub-
sets of P(V'), endowed with the Hausdorff topology, on which PGL(V") acts properly
cocompactly (Fact 2.4).

Fact 6.7 ([12, Prop. 5.3.9]). Suppose that dim(V') = 3. Let (x,2) €&y, and & € 05 2.
Let T € &y be a triangle and 0 € T. Then we have the following convergence in
€y, /PGL(V):
[y, Q] —— [0, T].
y—>§
y€[x.§)

Proof. We briefly recall the proof of this fact, which is very easy in this particular
case. Consider a projective line P(W) that does not intersect [x, €], and for each y €
[x, &), denote by g, € PGL(V') the unique element that fixes £ and P(W), and such
that g,y = x. Let p: P(V) ~ {§} — P(W) be the stereographic projection. Since & is
a singular point of d€2, the image p(2) is a properly convex open subset of P(W),
i.e. the interior of a segment. As y tends to &, the properly convex open set g, 2
converges to the convex hull of p(2) and &, which is a triangle containing x. [

Lemma 6.8. Let Q@ C P(V) be a properly convex open set and I’ C Aut(R2) a discrete
subgroup; set M = Q/T. Let v € T'Q with a forward recurrent projection in T' M.
If poov & 055¢S2, then

Aspi(P—c0V, PooV) = 2.
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A similar statement holds for backward recurrent vectors.

In particular, the above lemma implies that within set of vectors v € T with
forward and backward recurrent projection, the subset made of non-rank-one vectors
is closed.

Proof. Observe that the inequality dpi(¢—ooW, poow) > 2 holds for any vector w.
Since the projection of v in 7! M is forward recurrent, there exist diverging sequences
(tn)n € [0,00)N and (y,), € T'N such that (y,¢;, v), tends to v.

Suppose that ¢ v is singular. Then there exists a projective plane P(W) C P(V)
which contains v and such that £ is a singular point of 42 N P(W). Up to extrac-
tion, we can assume that (y,P(W)), converges to some P(W’). By construction,
(Yn7we, v, 2 Ny P(W)), converges to (v, 2 N P(W’). Since ¢poov is singular, we
can apply Fact 6.7, and we obtain that N P(W’) is a triangle that contains ¢+ 00,
hence

dspl(¢—wv7 Poov) < 2.

Suppose there exists £ € 92 ~ {doov} such that [£, pov] C 0R2. We can take &
extremal. Up to extraction, we can assume that (y,€), converges to some £ € 9.
Observe that

[$oov. §'] C 022,

since it is the limit of the sequence of segments ([V,Poov, ¥n&])s that are contained
in the boundary (see Figure 3). Since £ is extremal, the Hilbert distance of w¢;,v
to [p—oov, £] N  tends to infinity with n, and hence the Hilbert distance of y,w¢;, v
t0 [Vn@—ooV, ¥x ] tends to infinity. This last segment tends to the segment [¢_oov, £],
while y, ¢, v — mv. This implies that [p_oov, '] C €2, since otherwise the Hilbert
distance from y,w¢;, v to [Ynp—oo¥, ¥n&] would converge to the (finite) Hilbert dis-
tance from 7 v to [¢p_oov, §']. Thus, dypi(P—coV, Poov) < 2. [

Observe that the following corollary of Lemma 6.8 generalises with a shorter
proof a result of Islam [40, Prop. 6.3]. It can also be deduced from Lemma 7.7 (6).

Corollary 6.9. Ler Q C P(V) be a properly convex open set and g € Aut(2) with
£(g) > 0 and such that g fixes two points §,n € 0Q with dg,(§,1n) > 2. Then g is
rank-one and {§,n} = {x}. x;}.

Proof. We apply Lemma 6.8 to any vector tangent to [£, 5], whose projection in the
quotient of T1Q by the group generated by g is periodic, and hence it is forward
recurrent. ]

We now combine Lemma 6.8 with Poincaré’s recurrence theorem (Fact 2.30 (2))
to establish the following.
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Figure 3. Illustration of the second part of the proof of Lemma 6.8.

Proposition 6.10. Let 2 C P(V') be a properly convex open set, and I' C Aut(2) a
divergent discrete subgroup with M = Q /T rank-one and non-elementary. Then any
dr-conformal density on 02 gives full measure t0 045 2.

Proof. Leto € Q and (vy)xeq a dp-conformal density on 9€2. Observe that 0, €2 is
I"-invariant and measurable, hence, by Observation 6.1, in order to show that 0.2
has full v,-measure, it is enough to prove that v, (dss€2) > 0. Let us assume by con-
tradiction that

Vo (055 2) = 0.

Let m be an induced Sullivan measure on 7' M . By assumption, m gives zero measure
to the set of vectors in 7'M who have a lift v € T'Q such that ¢oov is smooth
and strongly extremal. By Proposition 6.6 and Fact 2.30 (2), m gives full measure to
the set of forward recurrent vectors. Let K C T'Q denote the closed set of vectors
v € T'Q such that dyi(¢—coV, Poov) = 2. By Lemma 6.8, i gives full measure to
the set of vectors v € K with a forward recurrent projection in 7' M. Let v € T'Q
be a periodic rank-one vector; it is in the support of /7 and in the open set T'Q ~ K,
so m(T'Q ~ K) > 0. This is a contradiction. [

6.4. Smooth points and strong stable manifolds

Let  C P(V) be a properly convex open set. The following fact describes the strong
stable manifolds (Definition 2.31) of the action of the geodesic flow on T1Q.

Fact 6.11 ([14, Cor. 4.5]). Let Q@ C P(V) be a properly convex open set. Let v, w €
T1Q be such that goov = Poow is a smooth point of I2 and by__, (v, Tw) = 0 (see
Figure 4). Then (dr1q(¢:v, ¢:w)); converges non-increasingly to zero as ¢ goes to
infinity, i.e. w € W* (v).
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Figure 4. v and w in the same strong stable manifold.

Let us examine how Fact 6.11 can be rephrased using the Hopf parametrisation
(Definition 3.2). Fix 0 € Q. Let (£, n,t) € Geod;°(2) x R. If 7, (1) is a smooth point
of 0$2, then by Fact 6.11,

Hopf,(¢',7.1) € W**(Hopf, (£.1.1)) (6.4)

for any &' € 0, such that (§', ) € Geod;°(€2). The parametrisation of the unstable
manifolds is more subtle. Using (3.4) and the fact that the unstable manifolds are the
stable manifolds of the reversed flow, one can see that if 77, & is smooth, then

Hopf, (&, 7.1 + pg ,(n")) € W**(Hopf, (¢, 7,1)) (6.5)
for any ' € 9,2 such that (¢, ') € Geod,(S2), where

P8, (1) = 2(6.7")o — 2(E.n)o.

6.5. A cross-ratio on the boundary

Following the article [52], whose setting is that of negatively curved manifolds, let
us define a cross-ratio, denoted by B, for four points on the boundary of a properly
convex open set 2 C P(V). It should not be confused with the cross-ratio of four
aligned points of the projective space, denoted with brackets, and used to defined the
Hilbert metric dg (see (2.1)).

Recall that the cross-ratio of four points &, £/, 7, n’ € Q is defined as

B(. & n.n) :=daE n) +daE 1) —da ) —da 0. (6.6)

Fix 0 € Q. One can check that

B & n.n') = pg, (") + pgr (), (6.7)
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and this implies that B extends continuously to the set of quadruples (&, &', n,71') €
(QM)* such that (£, 1), (£, 1), (£.7') and (£, 1) belong to Geody, 2. See Figure 5 for
a geometric interpretation using horospheres (which also works with spheres when
£, &, n,n belong to Q).

The next lemma is classical and relates special values of B, called periods, with
equation (2.5).

Lemma 6.12. Let Q C P(V) be a properly convex open set. Let g € Aut(2) be a
biproximal automorphism whose axis intersect Q. Let £ € QP be such that (£, x;‘
and (§, x;') are in Geody, $2 (recall that x;,t is a smooth point of 02 by Fact 2.13, so
it identifies with its preimage in 0,2). Then B(x;,', xg . §.86) = 2L(g).

Proof. By continuity of the cross-ratio, we can assume that £ € . Then using (6.6)
or (6.7), one can show that

B(xg,xg . £ g8) = b+ (€ 88) + bay (g€, 6).

Now consider x € €2 on the axis of g. We compute

byt (6.86) = b,y (6,3) + b1 (x, g%) + by (g, g)
=dg(x,gx) + bx;r &, x)+ bg—lx;r (x,&) (by Lemma 4.3)
= £(g)-

By taking the inverse, we get

bz (g6.6) = b+ (gk.g7'gt) =L(g™) = L(g). =

6.6. W** and W *“-invariant functions are essentially constant

In this section we prove that the W* and W*¥-invariant functions on 7'M are
essentially constant, and we derive as a corollary that the flow is ergodic and mix-
ing. We will need the following result, about the local non-arithmeticity of the length
spectrum; it is similar to [14, Prop. 4.1] but does not need the assumption of strong
irreducibility.

Fact 6.13 ([17, Lem. 2.8]). Let 2 C P(V') be a properly convex open set and I' C
Aut(2) a discrete subgroup with M = /T rank-one and non-elementary. Then the

set of translation lengths £(y) of rank-one elements y € I" generates a dense subgroup
of R.

The previous fact can also be seen as a consequence of the more general result [15,
Cor. 5.2.7].
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§

Figure 5. [llustration of computations (6.8), where dg (x, y) = B(£, &', n,1).

Proposition 6.14. Let Q C P(V) be a properly convex open set and I’ C Aut(2) a
discrete subgroup with M = Q /T divergent rank-one and non-elementary. Let m be
the Sullivan measure on T'M induced by a §r-conformal density (vy)xeq. Then any
WS and W**-invariant function on T' M is essentially constant with respect to m.

Proof. We fix 0 € Q, and may assume that v,(d2) = 1. Let f be a W* and W*¥-
invariant function on 7! M. By Proposition 6.10, the measure m gives full measure to
the (measurable) set 7! M. C T M of vectors v With ¢oov, P_oo¥ € 0452, hence it
suffices to show that the restriction f71,, . is essentially constant. We lift fi7157
via the Hopf parametrisation, to a function ]7 on {(£,7n) € 052 : &£ # n} x R that
we extend to s 22 x R by setting f (&,8) = 0 for any £ (recall that we abusively
identify 042 with its preimage in d,€2). Let us show that f is vg times Lebesgue-
essentially constant. Recall that v, is non-atomic by Propositions 4.8 and 6.2, thus for
vo-almost all £, € 042 we have & # 1.

The function f is W*S and W**-invariant, so by (6.4) and (6.5), for v,-almost
£, &, 1,1 € 0y and Lebesgue-almost any ¢ € R, the quantity pg,(n')) is well
defined and

f(é? 77’[) = f(g/v n’ t) = f(é'-? n/vt + pf,?](n/))
This implies in particular that there exist &g # 1o € 052 such that, if we denote

gt) = f(ég, no,t) for any ¢ € R, then for v,-almost all &, n € 042 and Lebesgue-
almost any ¢ € R, the quantity pg, ,,(7) is well defined and

F(E .t + peg.no () = (1)

It is enough to establish that the measurable function g is essentially constant
with respect to the Lebesgue measure. We denote by H the additive real subgroup
consisting of numbers t such that g(t + tv) = g(¢) for Lebesgue-almost every ¢ € R.
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A classical result says that H is a closed subgroup of R. (To see this first reduce to
the case where g is bounded and then note that H is the stabiliser of g(¢)d¢ for the
continuous action of R on the space of Radon measures on R.) To finish the proof
of Proposition 6.14 it is enough, according to Fact 6.13, to prove that 2{(y) € H for
any rank-one element y € I". To this end we observe that many cross-ratios belong
to H: for v,-almost all &, 7, ', 7' € 042 and Lebesgue-almost every ¢ € R, the
quantities pg,,n, (1), pg.n (1), P,/ (n) and B(&,&",n, n') are well defined and we have
the following series of equalities (see Figure 5 for a geometric interpretation):

g(t) = f(&.n.1 + peguno (M)

(£t + Peono (D) + Pen ()

(&1t + Peo.no (D) + pen(n)

(&' 1.t + pegino () + pen () + per .y (1))
(

F(&nt + pgone () + BE.E . 1.1))
glt+ BEE.n.1)). (6.8)

7
7
7

Consider a rank-one element y € I' and a point § € 52 N supp(vy) ~ {xg, x;”}.
Then 24(y) is equal to B(x;r . X, ,&,7§) by Lemma 6.12, and furthermore this quant-
ity belongs to H because H is closed, B is continuous and x;r ,x,, &, y§ are in

supp(io)- u

Corollary 6.15. In the setting of Proposition 6.14, if U is divergent, then m is ergodic
under the action of the geodesic flow. Furthermore, the I'-quasi-invariant measures
vg and v, on Q2 and 0 are ergodic under the action of T'. In particular, the
dr-conformal density is unique up to a scalar multiple. If moreover m is finite, then it
is mixing.

Proof. The ergodicity of m is a direct consequence of Fact 2.32, Proposition 6.6 and
Proposition 6.14, which can be applied since m is Radon.

The ergodicity of v2 is a direct consequence of that of m, since there is cor-
respondence between I'-invariant measurable subsets of Geod*°2 (which has full
vg—measure) and (¢, );-invariant measurable subsets of 7! M, sending sets with full
(resp. null) measure to sets with full (resp. null) measure. For similar reasons, the
ergodicity of v, is a direct consequence of that of v2.

Let (v})xeq be another r-conformal density such that v (d2) = v,(9€2). Then
the family (vx + Vi )xeq is also a conformal density. The measures v, and v, are
absolutely continuous with respect v, + v, ; the Radon-Nikodym derivatives are I'-
invariant, by definition of conformal densities, and hence constant (v, + v, )-almost
surely by ergodicity. Thus v, = v).

If m is finite, then it is mixing by Fact 2.33 and Proposition 6.14. |
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6.7. The support of conformal densities

Let us establish that the support of the dr-conformal density, for I' divergent and
M = Q/T rank-one, is exactly the proximal limit set. This is a consequence of con-
servativity and ergodicity of the Bowen—Margulis measure, Fact 2.30 (4), and the fact
that ' My, is maximal among the flow-invariant closed subsets of 7'M on which
the geodesic flow is forward topologically transitive (i.e. has a dense forward orbit);
this last result was proved in [14].

Proposition 6.16. Let Q2 C P(V) be a properly convex open set and I' C Aut(2)
a divergent discrete subgroup with M = Q /T rank-one and non-elementary. Then
AP s the support of any 8t-conformal density and Tleip is the support of any
Bowen—Margulis measure.

Proof. Let (vy)xeq be the Sp-conformal density on d$2, and 0 € 2. Since AP™* is the
smallest [-invariant closed subset of Q (Fact 2.18) and v, is I'-quasi-invariant, we
have

AP C supp(v,) and T'My;, C supp(m).

Since m is conservative and ergodic by Proposition 6.6 and Corollary 6.15, it is imp-
lied by Fact 2.30 (4) that the geodesic flow is forward topologically transitive on
supp(m) (i.e. has a dense forward orbit). According to [14, Thm. 1.2], this implies
that

supp(m) = T Myip.

Suppose by contradiction there is a point & € supp(v,) ~ AP™*. Since M is rank-
one, we can find a strongly extremal point n € AP, Then we can find a neigh-
bourhood U x V C Geod™(R2) of (&, n) such that U N AP™* is empty. Note that
Vo (U)o (V) > 0 since &, n € supp(v,). Hence, m gives non-zero measure to the set
of vectors v with lifts 7 € T1Q such that (¢_co¥, Poov) € U x V; but this set is not
contained in 7' My this is a contradiction. [

6.8. Proof of Theorem 1.6 (2)

Theorem 1.6 (2) is a direct consequence of Propositions 4.7, 4.8, 6.6, 6.10 and 6.16,
Corollary 6.15 and Fact 2.29. Observe that (022, v2, ') being conservative and erg-
odic is due to the fact that Geod*(2) C 922 has full v2-measure, since v, is non-

atomic and gives full measure to the set of strongly extremal points.



Patterson—Sullivan densities in convex projective geometry 53
7. Preparatory results on convex cocompact projective manifolds

In real hyperbolic geometry, many properties of compact manifolds are actually also
true for a broader class of manifolds: the convex cocompact ones, and the proofs of
these properties generally work verbatim. This observation remains valid in convex
projective geometry, thanks to the recent notion of convex cocompactness developed
by Danciger, Guéritaud and Kassel in this setting (see Definition 1.2). Note that most
of the results of the remainder of the paper concern convex cocompact actions. The
present section gathers results on convex cocompact actions, and in particular more
precise Shadow lemmas. An important result of Danciger—Guéritaud—Kassel that we
will need is the following.

Fact 7.1 ([35, Prop. 5.10]). Let 2 € P(V) be a properly convex open set and I" C
PGL(V) a discrete subgroup. Suppose that I" acts convex cocompactly on €2 and Q*.
Then  ~ A‘s’zrb (I') has biiatumted boundary, in the sense that [£, n] N © is non-empty
forall £ € A°® and n € Q ~ AP,

Observe that, given a strongly irreducible discrete subgroup I' C PGL(V) that acts
convex cocompactly on a properly convex open 2 C P(V), if we want to understand
the dynamics of the geodesic flow on (7T!Q/T)cor, then we can assume that I also
acts convex cocompactly on %, since otherwise we may take another I'-invariant
properly convex open set 2’ such that T acts convex cocompactly on both Q' and
()*, and we have (T'Q/T)eor = (TR’ / T)cor (see [35, Prop. 5.10 and Cor. 4.17]).

7.1. Proof of Proposition 1.7

Consider 0 € €3"(I"). We set Vol := } . Dy, where Dy denotes the Dirac mass at
x € Q; this defines a I'-invariant Radon measure on €2, which is supported on €3 (I").
We apply Fact 2.22 to Vol, in order to obtain a §r-conformal density v, on 92 which is
supported on A°P. Recall that A°® = A" (see Section 1.2), hence v,(A") = 1 and
therefore I' is divergent by Theorem 1.6. By the same theorem, the Bowen—Margulis
measure m is supported on 7' M. Since m is Radon and T'! M., is compact, m must
be finite.

7.2. A Shadow lemma for convex cocompact actions

In this section we prove a Shadow lemma for when I' satisfies the stronger assumption
that it acts convex cocompactly on 2. The main interest of the new Shadow lemma is
that it estimates the measure of small shadows.

We denote ray, (A) = Jge4[x, §) for x € Q2 and 4 C 9Q.
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Lemma 7.2. Let Q@ C P(V) be a properly convex open set and I' C Aut(2) a discrete
subgroup. Suppose that U is strongly irreducible and Tleip is non-empty, or that M
is rank-one and non-elementary. Consider § > 0 and a §-conformal density (Vx)xe
on Q2. Let K C Q be a compact subset and € =T - K. Then there exists Ry > 0 such
that for any R > 0, we can find a constant C = C(R) > 0 such that for all x,y € €,

CT1e720) < v (Op4R(x. ) < vi(OF, 4 p(x.y)) < Ce 020D,
and if furthermore y € ray , (supp(v,)), then
vy (Or(x,)) = C™' and ve(Or(x.y)) = Cle 0l

Proof. Let R > 0. By definition of the conformal density, v, < e342(*» )vy for any
x,y € 2. Using the triangular inequality and Fact 2.1, it is elementary to see that for
all x, y,x’,y' € @,

0%()(, y) C (9%+dg(x,x’)+dg(y,y/)(xl’ yl) fOf o = g or + .

By I'-equivariance it is enough to prove the lemma for x € K. Let D be the diameter
of K for the Hilbert metric, and fix 0 € K. For any y € €, there exists y € I such
that dq(y, yo) < D, and then for any x € K,

Dy, ((9R(0, )/0))

IA

Vx (Or 42D (X, y))
Vx(OR42p (6. 0)) < T P05(OF,4p(0.70)).

Now we can use the Shadow lemma (Lemma 4.2) to bound the right-most and left-

IA

most terms when R is greater than some R, and we obtain the first estimate.
Let us show the second estimate. We set

¢ = inf{vy (Or(y.x")) : x € K.y € 2,x" € K Nray,(suppv,)} > 0.

We then make the same computations as in the Shadow lemma (Lemma 4.2). We take
a §-conformal density (tx)xeq on dxQ2 such that (7o)« by = Vx for any x € Q. Let
x € K and y € ray, (supp(v,)) N €; by definition of K there exists y € I' such that
y~'y € K. Then

Ve (OR(X. ) = px (et (Or(x. 1))
= Uy—1x (Tt (OR( %, 771 9)))

—8bz(y~'x,y~! Pt
e PRy B)

/nhm] (0rRG—1xy~1y))

= [ e dp (§)
Tl (Or(y~1x,y~ 1))

> vy (Or(y~'x,yty))e 4oty
> ge8da(x.y) -
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As an immediate corollary, we obtain the following.

Corollary 7.3. Let Q C P(V) be a properly convex open set and ' C Aut(RQ) a
convex cocompact and discrete subgroup. Suppose that I is strongly irreducible and
T! My, is non-empty, or that M is rank-one and non-elementary. Consider § > 0 and
a 8-conformal density (vy)xeq on 02. Then there exists Ry > 0 such that for any
R > 0, we can find a constant C = C(R) > 0 such that for all x, y € €,

CTle 84209 <y (OpytR(x.y)) < Ceddaln),
and if furthermore y € ray, (supp(v,)), then

l)y(@R(X, y)) > C_l and Ux((gR(_x,y)) > C—le—adg(x,y)‘

7.3. Non-straight closed geodesics

In this section we investigate non-rank-one automorphisms of properly convex open
sets which realise their translation length.

7.3.1. Some standard facts. The following fact says that the only case where a non-
straight geodesic can appear is the one shown in Figure 1.

Fact7.4. Let Q C P(V') be a properly convex open set. For x, y € Q distinct, consider
(axy,bxy) in 992 such that dxy,X,y,byy are aligned in this order. Let x, y,z € Q be
pairwise distinct. Then dg (x,z) =dgq(x.y) + da(y.z) ifand only if ay; € [axy,ay;]
and by € [byy,by;].

This property can be used to prove the following.

Fact 7.5 ([37]). Let Q C P(V) be a properly convex open set, I/ C R a non-trivial
interval and ¢: I — 2 an isometric embedding. For all < s € I, consider (a;s, bss)
in 922 such that a,y, c(t), c(s), b;s are aligned in this order. Let Fy (resp. F_) be the
smallest closed face of €2 that contains {b;s : t <s € I} (resp.{a;s :t <s € I}). Then
F4 and F_ are proper faces of €2, whose dimension is the dimension of the convex
hull of ¢ (/) minus 1.

Moreover, if sup I = oo (resp. inf I = —o0), then (c(¢)); converges to a point
of Fy (resp. F_) when ¢ goes to 400 (resp. —o0).

The following generalises the fact that x € 9Q and xJ @ xJ N Q = @ for any
biproximal automorphism g of a properly convex open set 2.

Fact 7.6. Let 2 C P(V) be a properly convex open set. Let g € P(End(})) be in the
closure of Aut(£2), then its kernel and its image intersect  but not 2.
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7.3.2. Analysis of an automorphism that attains its translation length.

Lemma 7.7. Let Q be a properly convex open set. Let g € Aut(2) with £(g) > 0 and
suppose there exists x € Q such that dg(x, gx) = £(g). Consider a,b € 02 such that
a, x, gx, b are aligned in this order. Then

(1) thepathc:R — , defined by c(t) € [g"x,g" T x] and dg(c(t),g"x) =t —n
foralln € Z andt € [n,n + 1), is a geodesic;

(2) the restriction of g to x;‘ @ x, is diagonalisable over C;

(3) the restriction of g to the span P(W) of {g" x}p, is biproximal;

) xf ®xgNPW)N Q (resp. x; & xg NP(W) N Q) is the smallest g-invar-

iant closed face of 2 that contains b (resp. a);

(5) if x, gx, g*x are not aligned, then xg N Q is non-empty;

(6) if g is not rank-one, then dy,(a,b) = 2.
Proof. Let us check that (1) holds. Consider three real numbers r < s < ¢, pick three
integers k <n <msuchthatk <r <k +landn <s<n+landm <t <m+ 1.
By (2.5), we have

dg(c(r).c(t)) = da(g*x.g""'x) — da(g¥x. c(r) — da(c(r). g"*'x)
> L(g" ' H) —da(g"x, c(r) — da(c(), g ')

=Y da(g'x.g" " x) — da(g¥x.c(r)) — da(c(t). "' x)

i=k
m—1
=da(c(r). g x) + Y da(g'x. g x) + da(g"x.c(1))
i=k+1

> dq(c(r).c(s)) + da(c(s).c(t)).

For all distinct pair of points (y, z) € Q2, let us denote by sy € 02 the point such
that y, z, s; are aligned in this order. Let P(W) C P(V) be the span of {g"x},ez,
with dimension k > 1; we set Q" = Q N P(W). By Fact 7.5, the smallest closed
face of Q that contains {g"b}nez (resp. {g"a}nez), denoted by Fy (resp. F_), is
proper and therefore its span P(W,) (resp. P(W_)) has dimension k — 1. Moreover,

g,, ¥ e Fy (resp. F_) for all m > n (resp. m < n), and (g"x), converges to some
pointé4 € Fy N xg (resp. -~ € F_ N x,), which is fixed by g, when n goes to +00
(resp. —00).

Consider a lift g € GL(V) of g that preserves one connected component C C
V ~ {0} of the preimage of 2, and such that A{(2) = 1. Let us examine the Jordan
normal form of g: there exists £ > 0 and a decomposition

~ 6
F=ur+ g — @+ up) v+ rdfug +h ()
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which satisfies the following. The product of any two matrices in this sum is zero.
The integers &, B > 0 are not both zero. The sequence ((1/n%)h"), tends to zero. The
matrices Uy, ..., Uy, u/l, R ufx, are all conjugate to the matrix with zeros everywhere
except on the upper-left block of size £ 4 1, which is the exponential of the upper-
triangular matrix whose (i, j)-entry is 1 if j =i + 1 and zero otherwise. For 6 € R
and 1 <i < B, the matrices rie and v; are simultaneously conjugate to the matrices
with zeros everywhere except on the upper-left block of size 2¢ + 2, where they are
respectively of the form

I,
rot?

and exp

rot? I

with

rot? = CO_SQ sin 0 and I, = rot°.
—sinf cosf

Finally, 01,...,0g € R~ nZ. Let

_ 4 _ . .

u, = lim —uf, u,= lim —u" forl <i <a,
n—o0 pt n—oo pt

_ A .

v; = lim —o? forl <i <g;

the set of accumulation points of (r}' 9")" is {rie 10 €6,Z +2nZ}forl <i <pf.Let
¥ € C be alift of x € Q. The accumulation points of ((£!/n%)g"%), are

{Z X+ (D)"Y uE + erfm :m €1{0,1},6] € 6;2Z + m) + ZnZ},
i i i

which are non-zero by Fact 7.6. Since (g"x),, converges to £, these accumulation
points are all in £* N C, and this implies that u;x =0forl <i <o’andv;X =0
for 1 <i < B. Up to considering another basis, we can assume that #;X = 0 for
any2 <i < a.

The element g commutes with every matrix of its decomposition (7.1), and hence
also with {if; }1<j <a. {0 1 <i<ars {0 }1<i<p.0er, and {; }1<i <. Thus {i1; §" X} < <a.
{1, 8" X }1<i<a’» and {V;8"X}1<;<p are zero for any n > 0. By construction of W, all
elements {i; }2<j<q, {U} }1<i<a’» and {V; }1<; <p are zero on W.

Suppose by contradiction that the restriction of g to x; is not diagonalisable
over C, i.e. that £ > 0. Then L71§+ = 0 for any lift §+ € W of &;. This, and the
fact that u; X # 0, imply that #,y # 0 for any lift y € C of y := sg+ € F_. As
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a consequence, (g"y), converges to £;. Since F_ is closed, it contains &4, as well
as x: a contradiction. For the same reasons, the restriction of g to Xy is diagonalisable
over C, and this concludes the proof of (2).

The sequence of restrictions (fg""W)n converges to u |y which is proximal because
it is a projector with rank 1. Therefore, §|"W is proximal for n large enough, and so
is gjw . For the same reasons, gl—w} is proximal, and this concludes the proof of (3).

In order to establish (4), it is enough to prove that F (resp. F_) is contained in
x; @ xg (resp. x, @ xg), since its dimension is k — 1. Pick § € F; the sequence
(8"&)n=0 cannot converge to £_ since this point does not belong to F;. That gjpaw)
is biproximal implies that £ € x @ x. The proof of F_ C x, @ xJ) is similar.

Suppose that x, gx, g*x are not aligned. Then b € F1 ~{£4} C x} @ xg ~x],
hence (g7"b),, accumulates in xg. This proves (5).

Suppose that g is not rank-one. Since x € [a, b] N 2, the simplicial distance
between a and b is at least 2. If x, gx, g2?x are aligned, then a = £_ and b = £
are fixed by g, and dgp(a, b) < 2 by Corollary 6.9. Otherwise, there is § € xg N oY,
and dgpi(a,b) < dgyi(a,§) + dgpi(§,b) < 2since § € F N F_. This proves (6). m

7.4. Non-straight closed geodesics on convex cocompact manifolds

Let I' € PGL(V) be a discrete subgroup that preserves a properly convex open set
Q CP(V); set M := Q/T. In Section 2.7, we have associated to each periodic
geodesic of M a conjugacy class of I'. When I" acts convex cocompactly on €2, one
can produce a weak converse of this; to each automorphism of y € I', we are able
to associate a geodesic segment of length £(y), which is closed on M and is freely
homotopic to y, but which is not necessarily closed in 7' M.

Fact 7.8 ([35, Prop. 10.4]). Consider a discrete subgroup I' C PGL(V) that acts con-
vex cocompactly on a properly convex open sets 2 C P(V'). Then for any y € I, there
exists x € €5"(I") such that dg(x, yx) = £(y).

The following corollary ensures the closed curve can be taken in 7! M.

Corollary 7.9. Let I" C PGL(V) be a convex cocompact discrete subgroup. Consider
a T-invariant properly convex open set Q2 C P(V) such that T acts convex cocom-
pactly on Q and Q*; set M = Q/T. Let y € T and v € T'Q be such that {(y) > 0
and ymv = wP)v. Then ¢proov € A% and nrv € TY M.,

Proof. According to Fact 7.1, the properly convex set Q ~ A°® has bisaturated bound-
ary (ie. [£, 7] N Q # @ forall £ € A°® and n € Q ~ A°®). By Lemma 7.7, ¢po0v €
xf @ x)? N 92, hence the segment between ¢+, v and the limit of (y =" v), is con-
tained in 9. This implies that ¢+ oov € A since Q ~ A°® has bisaturated boundary
and since lim, o y"mv € A°®. Thus v belongs to 7' M. n
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The next corollary ensures that when I is convex cocompact, if (7! Qax/ I)pip is
non-empty then we can find Q C Q¢ such that /T is rank-one. This corollary gen-
eralises results of Islam [40, Lem. 6.4] and Zimmer [64, Thm. 7.1] for compact convex
projective manifolds; one may also compare it to a remark of Islam [40, Rem. A.1.C]
which concerns not necessarily compact convex projective manifolds with a compact
convex core.

Corollary 7.10. Let I' C PGL(V) be a discrete subgroup that acts convex cocom-
pactly on a properly convex open set Q C P(V).

*  Any biproximal element of T whose dual axis in P(V*) intersects Q* is rank-one;
in particular, if TY(Q*/ T)yip # 9, then /T is rank-one.

e Suppose that T acts convex cocompactly on Q*, then any biproximal element of T’
whose axis intersects Q is rank-one; in particular, if (T'Q/T)yp # 0, then Q/T
is rank-one.

Proof. The first point is an immediate consequence of Lemma 7.7 (5) and Fact 7.8.
Let us establish the second point. Let y € T" be biproximal with Axis(y) N Q2 # @.
Since I" acts convex cocompactly on 2%, the first point implies that y, seen as a rank-
one automorphism of Q*, is rank-one. Thus, y is a rank-one automorphism of Q by
Fact 2.14. ]

7.5. A closing lemma

In this section we state a closing lemma, generalising [22, Thm. 4.4] and weaker than
the classical one from Anosov [2, Lem. 13.1]. We briefly recall the idea: whenever a
geodesic segment comes back sufficiently close to its starting point (no matter how
long it is), we can find closed geodesic which tracks it. The following version a more
geometrical formulation of the closing lemma. We state the dynamical version below.

Lemma 7.11. Let Q@ C P(V) be a properly convex open set, x € and (£, £1) € IQ2.
Assume that dyy (51, Fo(£2)) > 2 and dy (-, Fq(£1)) > 2. Then there exists R > 0
such that for any neighbourhood W of ES—Z (.-, R) x ES—Z (E4, R) in Q2, there exists a
neighbourhood U of (§_, £4) such that for any g € Aut(RQ), if (¢7'x, gx) € U, then

g is biproximal and (x, x;‘) eWw.

To prove the previous result, we need the following generalisation of the fact that
projective transformations with an attracting fixed point are proximal.

Fact 7.12 ([13]). Let g € PGL(V) contract a properly convex open set, in the sense
that there exists a properly convex open set @ C P(V) such that g(Q) C Q. Then g
is proximal.
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Proof of Lemma 7.11. The case where dim(V') = 2 is trivial, and we assume that
dim(V) > 3.
(1) By assumption, we can find R > 0 large enough so that Or (€4, x) contains

Fo (%)
(2) By lower semi-continuity of dg, we may find a neighbourhood

Ur C Q~ Bg(x,R)

of £+ such that Og (&, x) contains Og(x, y) forall§ € Uy and y € Q N Us.

(3) Our assumption ensures that dpy (€, Fq(Ex)) > 2 forany £ € Es_z ¢+, R), so
we can find R’ > R large enough so that Og/ (&, x) contains Fg (£5) for any
§ € By(E+, R).

(4) By lower semi-continuity of dg, we may find a neighbourhood

Wi C Q~ Ba(x,R)

of Eg_z (E+. R) such that O/ (&, x) contains Og/ (£, y) forall § € Wy and y €
€ N W4, and such that W_ x W, C W.

(5) Take aneighbourhood U, C U of £+ such that Or (x, y) is contained in Wy
forany y e Q N UJ.

Consider g € Aut(2) such that g*'x € U ., and let us show that g is biproximal
with (x;, x;) in W. By (2) and since gx € Uy and g~'x € U—, we have

1 1

gOR(g™"x,x) = Or(x,gx) C Or(g™'x, x).
Hence, g fixes some point 14 € Or(x, gx) by the Brouwer fixed point theorem.
Symmetrically, g fixes some point n— € Or(x, g7 1 x).

By (5), the point 4 lies in W, and n_ lies in W_. By (4), this implies that
gOr (11—, x) = Op/(n-, gx) C Op' (1, x).

Therefore, according to Fact 7.12, the projection g’ € PGL(V/n-) of g is proximal,
and its attracting fixed point corresponds in P(V) to a line of the form n_ & {4, where
¢y € Op/(n_, gx) is fixed by g.

By Fact 7.6, since £(g) > £(g’) > 0 and since n— @ {4 intersects €2, we either
have (n-,{4) € x; X x; or(n—,¢4) € x; X x, . The latter case contradicts the fact
that dim(}’) > 3 and g’ is proximal. Hence 1— € x, and {} € x;, and g is proximal
with { = x; . Symmetrically, g~! is also proximal and 7 € x;. We have proved
that g is biproximal with (x, x;) =(n-,ny) € W. [
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Corollary 7.13. Let Q C P(V') be a properly convex open set. Let x € 2, (E_,&4) €
Q2 and W be a neighbourhood of (§—,£.). Then there exists a neighbourhood U of
(§_,&4) such that for any g € Aut(Q) with (g7 'x,gx) € U,

o ifdg(§-,84) = 3, then g is rank-one;

* ifé_and&y are extremal and dgy(§—,§4) > 2, then g is biproximal and
(xg.xf)eW;

o ifé_and &4 are distinct and strongly extremal, then g is rank-one and
(xg_,x; ye W.

70

Given a convex projective orbifold M, we use By,

the metric c7¥1)9 (see Section 2.13).

to denote the open balls for

Lemma 7.14. Let Q@ C P(V) be a properly convex open set and I' C Aut(R2) a dis-
crete subgroup; denote M = Q/T. Consider o > 0 and vo € T'M such that the
endpoints ¢—_ooVy and ¢ooVo of any lift Vo are extremal (resp. strongly extremal).
Then there exists € > 0 satisfying the following. For any v € Bri,7(vo, €), and for
any timet > o, if §v € By, (v, €), then one can find a biproximal (resp. rank-one)
periodic vector w € E;f?M(v, «) with period in [t — o, t + o).

Proof. Let W be a neighbourhood of (¢—x0 V0, PooVo) such that
.«
(641N Brig(¢e¥0. 5 ) # 0

forany 0 <t < 1. By Corollary 7.13, we can find a neighbourhood U =U_x Uy C W
of ¢+0Dp such that forany y € T, if (y~'7 0y, ymDg) € U then y is biproximal (resp.

rank-one) and (x,,, x;,'r ) € W.Letty > 0and &; < a/8 be such that
Bo(m¢+,U. 1) C Us

for any ¥ € Byig(To,&1) and ¢ > to.

Now consider ¢ > ty and v € Br1,,(vo, £1) such that ¢,v € Bris(vo, £1). We
can find alift v € Bri1g(Vo, €1) and an element y € I" such that ¢,V € Brig(yvo,€1).
Then (y 70y, ymvy) € U, hence y is biproximal (resp. rank-one) and (x;,x;') ew.
Be definition of W, we can find W € Bri1q (Do, o/8) tangent to the axis of y. Then

~ o ~ o
drig(,v) < 7 and drig(yW,¢:v) < Z;

since yW = ¢¢(,)W, by the triangular inequality we have

o
[e(y) —t] < bR

and d\1) (. 7) < a.
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To finish the proof, it remains to find ¢ < g1 such that forall <t <tpandv €
Bri(vo, €),if ¢psv € By (vo, €), then one can find a biproximal (resp. rank-one)
periodic vector w € B(T3 2 (v, @) with period in [t — a, ¢ + «]. If vg is not periodic,

then we take ¢ < &; small enough so that By1,4(vo, &) C B(T?3\4 (vo, £2/2), where

€ 1= a1<1}1<nt dr1p(9rvo, Vo).
If vy is periodic, then it is biproximal (resp. rank-one) since ¢+00g are extremal
(resp. strongly extremal). We then take ¢ < &1 small enough so that Br1,(vo, &) C

B(Tt?zw (vo, €2/2), where

g2 := mindr1 s (¢:vo, Vo)
teT

and T is the set of times o < ¢ < ¢ such that ¢5v9 # vo forany r —a < s <t + «,
concluding the proof. |

8. The measure of maximal entropy

In this section we prove that on a non-elementary rank-one convex projective manifold
M = Q/T,if I acts convex cocompactly on €2, then the Bowen—Margulis probability
measure (i.e. the unique Bowen—Margulis measure with total mass 1) is the unique
measure with maximal entropy.

8.1. The measure of dynamical balls

In this section we derive from the Shadow lemma (Corollary 7.3) an estimate for the
measure of dynamical balls (namely balls for the metrics (d ) >0 defined in Defini-
tion 2.34). The idea is very similar to the computations in the proof of Proposition 6.2,
which are actually Roblin’s computations; the difference here is that our shadows are
a priori small, and this is why we need the stronger Shadow lemma (Corollary 7.3),
which works for small shadows. However, Corollary 7.3 only works for usual shad-
ows Or(x, y), and not for the scarce shadows of the form O (x, y); to overcome this
issue we use the following lemma, which is a consequence of Benzécri’s compactness
theorem (Fact 2.4).

Lemma 8.1. For any ¢ > 0, there exists &' > 0 such that for any properly convex open
set @ C P(V), for any x,y € Q at distance at least 1, if we have two points on the
boundary £ € Oy (y,x) and n € Oy (x, ), then the line & & n intersects both balls
Ba(x,¢) and Bq(y,¢).
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Proof. By symmetry it is enough to prove that £ @ n meets Bq (x, £). We assume by
contradiction that there exist sequence (¢),),eN € R§O converging to 0 and a sequence
(R2p)neN € 8§ such that for each n € N, we can find x,,, y, € 2, at distance at least 1
and &, € O (yn,xn) and 0, € Oy (Xn, yn) such that

(n ® ) N Ba(xn,e) = 0.

By Benzécri’s compactness theorem (Fact 2.4), we can assume, up to extraction,
that ((€2,, x,))» converges to some pointed properly convex open set (2, x) € &7,
bounded in some affine chart that we fix. Up to extraction we assume that €2, is
also bounded in the affine chart for any n € N, and that (y,)nen (resp. (&,)nen and
(Nn)nen) converges to y € Q ~ Bq(x, 1) (resp. £ and n € Q) such that

(§ ®&n) N Ba(x,e) = 0.
By definition of the Hilbert metric one checks that
Bg, (xn.€y) C (1= ¢72)(Qu —xn) + X,

hence (Bg,, (X, €),))nen converges to the singleton {x} for the Hausdorff topology,
and similarly (Bg, (¥, €,,))neN converges to the singleton {y}. This implies that
x € [&, n], which contradicts (§ ® 1) N Bq(x,&) = @. ]

Lemma 8.2. Let Q@ C P(V) be a properly convex open set, and I' C Aut(S2) a discrete
subgroup; set M = Q/T. Suppose that T is strongly irreducible and Tleip # 0,
or that M is rank-one and non-elementary. Let m be a Sullivan measure on T' M
induced by a §r-conformal density. Then for any compact subset K C T' M, for any
r > 0, there exists a constant C > 0 such that given any time t > 0, foranyv € I' - K

such that ;v € T - K,
B®

iy 7)) < Ce0rt,

m(
and ifv € Tleip, then
Cle70rt < m(E;f?M(v, r)).

Proof. Let (lx)xeq be a ér-conformal density on 9, €2 which induces a §r-conformal
density (vy)xeq on Q2 and the Sullivan measures 72 on 7' and m on T' M. Let
¥ e T1Q be a lift of v. We have

Co 'm(BY) o (@.1) < m(BY,, (v.r)) <i(BH,(@.1))

for any ¢ > 0, where

Co= max #y : do(nw,yr) <4r}.
wen—1K
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Let us prove the upper bound in the lemma. Consider w € B(Tt 39(5, r). We make the
following observations.

)

* The Lebesgue measure of the set of times s € R such that ¢sw € B (V. r) is

less than 2r.
¢ Poo € OF (7T, wh, D).
o (5,n)p5 <rforall§ € 7 (¢_oo) and 1 € 77 (Poo®).
Combined with the definition of 7 (see Section 3.3), they yield:

ii(BY)

1g@.1) = v5(0Q) - vag (0 (1T, 7 D)) - 2r.

We deduce from this and the Shadow lemma (Lemma 7.2) the desired upper bound.
Let us prove the lower bound. We apply Lemma 8.1 to ¢ := r/16 to obtain &’ > 0.
Then for all n € Oy (7?0, 1d;4+170) and & € Oy (TPhs41V, V), we are able to find
@ e BY)
T1Q
times s € R such that ¢, € B;? o (U, r) is greater than r. This means (remembering

(v, r/2) tangent to £ @ 1. Observe that the Lebesgue measure of the set of

that the Gromov product is always non-negative) that
nﬁ(B;fzg(ﬁ, ) = Vay (O (T, T 410)) - Vo (Opr (T 41T, D)) - 7.

We conclude the proof thanks to the Shadow lemma (Lemma 7.2), and the fact that
AP* C supp(vo). [

In the convex cocompact case, this yields the following.

Corollary 8.3. Let 2 C P(V) be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup; set M = Q/ T". Suppose that T is strongly irre-
ducible and Tleip % @, or that M is rank-one and non-elementary. Let m be a
Sullivan measure on T'M induced by a 8t-conformal density. Then for any r > 0,
there exists a constant C > 0 such that given any time t > 0, for any v € T Moy,

m(E;f%M(v,r)) < Ce_‘grt,
and ifv € Tleip, then

Cle7drt < m(E;f?M(v, r)).

8.2. The Bowen—-Margulis measure has maximal entropy

In this section we prove that any Sullivan measure induced by a §r-conformal density
has maximal entropy, which is equal to §r. For this we do not need Theorem 1.6.
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Proposition 8.4. Let Q@ C P(V') be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Let m be the Bowen—Margulis probability measure on T'M. Then m has maximal
entropy on T M., in other words,

hm(Tleipv (¢t)t) = htop(Tleip’ (¢t)t) = htop(TlMcora (¢l)t) =Jr.

Proof. We can assume without loss of generality that T" is torsion-free by Obser-
vation 2.45 and since for any finite-index subgroup I'” of T", the measure m is the
push-forward of the Bowen—Margulis probability measure on 7!Q/I". Let gy be
the injectivity radius of M. Let & be a finite measurable partition of 7! M., whose
elements have diameter less than g¢/3. According to the definition of the measure-
theoretic entropy, to the variational principle (Fact 2.39), and to Fact 2.36, it is enough
to prove that
Hm((,bl,j)) > or.

For n > 1, we observe that by definition (and by Lemma 2.1), any element of

d ;",)M. Therefore, by

Corollary 8.3, there exists a constant C > 0 such that for any n» > 1, any element

£ has diameter less than g9/3 with respect to the metric

of £ has an m-measure less than Ce %I, We now conclude the proof by the
following computation:

Hp(P™) =~ )" m(P)log(m(P))

Pep™m)

>~ ) m(P)log(Ce™r™)

Pepm

> érn —log(C).

The inequality H,,(¢1, #) > Sr then follows immediately from Definition 2.37:

Hpy(P™
Hy(¢1, P) := lim M.

n—oo n

8.3. Separated sets in dynamical balls

In this section we prove a technical lemma which bound from above the size a separ-
ated set in a dynamical ball. To perform this estimate we will use the notion of proper
densities (Definition 2.5).

Corollary 8.5. Consider 0 <r < R. Let Q € &y, let ' C Aut(R2) be a discrete sub-
group, let M = Q/T" and lett > 0.
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(1) For any vector v € T'M, the cardinality of any (dT("tl)M’ r)-separated set of

B® (v, R) is less than
r\2 r\—2
H(R+3)-(3)
(2) Consider a (d(t)

TIM
iy r) -separated subset {vy,...,vi} of T'M (and of size k),
take a vector w; € BTIM(U“ R) for eachi = 1,...,k. Then one can find a
subset I of {1,...,k} of size greater than

oo ) )

such that {w; : i € I} is (dTlM’ r)-separated.

(see (2.2)).

Proof. Let us first prove (1) when I' is trivial. Let A C B(Ttl)g(v, R) be a (d;tl)g, r)-
separated set. We set

B :={(mw,rp,w) : w e A} C Bq(mwv, R) X Bo(wd,v, R).

By Lemma 2.1, and since A is (d @ r)-separated, we see that B is (d, r /2)-separated

TiQ’
for the metric d on Q2, defined by

d((x.y). (x",y") = max(da(x,x"),da(y,y")
for (x, y), (x’,y") € Q2; this exactly means that for all (x, y) # (x’,y’) € B,
(i 5) = (0 5)) (o §) x5l ) =

Asa consequence,

IA

R N
< - (%) Vo2, ((XJ|_)|€B Ba(x.2) x Ba(». %))
(

r-(5) Vol (Ba (v 8+ ) x Ba (v R+ )

R r\2 r\—2

< =) .

= X*( + 4) X (4)

Next, let us prove (1) when I is not necessarily trivial. Let A C B(Z) %(v R) be

a (dgl)M, r)-separated set. Consider a lift T € T!Q of v, and a lift A C TIQ(U’ R)
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of A. Then A is (d ;t 1) o’ r)-separated, and therefore it has cardinality less than
P2 )
X+(R + Z) X_(Z) ,
and so does A.

Let us establish (2). We construct I by induction. We set
io=0 and [Ip:={l,...,k}.

For j > 1,if (o,...,I;—1) and (i, ..., ij—1) have been constructed, we set

ij = mian_l >0 and Ij ={i € Ij_l : J;tl)M(wij,w,-) >r} & Ij_l.

This process eventually stops, at the n-th step for some n € {1,...,k} such that I, = 0.
The set {w;; : 1 < j <n}is (d;tl) 0 T)-separated by construction. In order to prove
that k is bounded above by n - x4+ (2R + r/2)? - y_(r/4)72, it is enough to see that
foreachO0 < j <n-—1,

r\2 r\—2

#le = # = e (2R +5) - x-(5)

2 4

This is a consequence of (1) and of the fact that /; ~ ;4 is contained in the set of

indices i such that v; € E;f?Q(ij,r + 2R). ]

8.4. The measure of maximal entropy is unique

In order to prove the uniqueness of the measure of maximal entropy, we will use our
estimates on the size of the dynamical balls Corollary 8.3. However, one of these
estimates only holds for balls centred at vectors in Tleip, whereas we would like
the uniqueness of the measure of maximal entropy on 7! M,.,. This is why we will
need Corollary 8.5 and the following lemma.

For the rest of this section, given a convex projective manifold M = Q/T", we
denote by T Qo (resp. T Quip) the set (depending on I') of vectors v € T2 such
that ¢p1oov € ARY(T) (resp. APOX(T)).

Lemma 8.6. Let Q C P(V) be a properly convex open set, and I' C Aut(2) a convex
cocompact discrete subgroup. Suppose M = Q/ T is rank-one and non-elementary.
Then there exists R > 0 such that for every point € € A°® we can find n € AP such
that dg(§, 1) < R.= In particular, according to Lemma 2.1, for any v € T'Qqr, we
can find a vector w € T'Qui, such that drig(¢pev, psw) < 2R foranyt € R.

Proof. Consider o in the convex hull of A°® in Q and the §p-conformal density v,
on d2. Let R > 0 be given by the Shadow lemma (Corollary 7.3). According to
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Fact 2.3, it is enough to show that for any x € [o, ), the shadow Og(o, x) inter-
sect AP™*; this is implied by the fact that v, (AP™*) = 1 (by Theorem 1.6 and Propos-
ition 1.7) and v,(Og(0, x)) > 0. [

In the case where M is compact, the proof of Theorem 1.3 below can be shorten
by using the following result; for instance, we do not need Section 8.3 and Lemma 8.6
in this case.

Fact 8.7 ([16, Thm. 1.3]). Let 2 C P(V) be a properly convex open set and I" C
Aut(€2) a non-elementary rank-one discrete subgroup that acts cocompactly on €.
Then AP = 9Q.

Proof of Theorem 1.3. 1t is enough to prove that the Bowen—Margulis probability
measure m on T'M is the unique measure of maximal entropy, since m is mixing
by Theorem 1.6.

We can assume that I is torsion-free by Observation 2.45 and since for any finite-
index subgroup I'” of T', the measure m is the push-forward of the Bowen—Margulis
probability measure on T1Q2/T”; let gy be the injectivity radius of €/ T". Consider
a (¢;):er-invariant probability measure m’ on T M., which is different from m.
Since m is ergodic (Theorem 1.6 and Proposition 1.7), m’ cannot be absolutely con-
tinuous with respect to m. By Radon—-Nikodym Theorem we can decompose m’ into a
sum tm” + (1 —t)m, where 0 < ¢ < 1 and m” is (¢;)er-invariant and singular with
respect to m. Then

hm (9) = thm($) + (1 —1)8r

(see [43, Cor. 4.3.17]), and we only need to prove that 4,7 (¢) < dr. Note that since
A < AP* does not intersect dg.$2. Without loss of generality, we assume that
m’ = m’ is singular with respect to m. Let A C T' My, be a flow-invariant meas-
urable subset such that m(A4) = 1, while m’(A4) = 0.

Fixe >0andlet K; C ANT'M, and K, C T' M, ~ A be compact subsets
such that m(K;) > 1 — ¢ and m’(K3) > 1 — &. Observe that

min{d\a ) (¢—rv. p—w) 1 v € K1, w € Ky} — . (8.1)

Indeed,otherwise there would exist v € K; and w € K5 such that

sup Jq(?f])l,[ (¢—v, p—rw) < o0.
t>0

Then we could find lifts ¥, @ € T such that

sup d;zl?z (p—:7, p—; W) < 00,
t>0
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which implies, since ¢oo¥ and ¢_oo¥ are extremal, that ¢ooV = P1ooW, and hence

w € ¢rv C A, which is a contradiction.
(2n)

Letn > 1 and consider a maximal (dT1 o

£0/8)-separated set

{vl, ceey vk} - TlMcor,

which is ordered so that for any i = 1, ..., k, the ball B(Tzlnxl‘

¢—n K> if and only if i <, where 1 </ < k is some integer.

(vi, €0/8) intersects

Construct by induction the finite measurable partition P ={Py,. .., Pr} of T'M
so that

£o €0
B%"}M(”iﬂv 1_6) C Py = B;zln]a]m(viﬂ, g) ~(PLU---UP)

;21'3)4 foreach 1 <i <k,

therefore we can combine Remarks 2.38 and 2.41 with Facts 2.44 and 2.42 to obtain

Note that P; has diameter less than go/3 with respect to d

1
Hop (P).

1 1
hm’(¢1) = Ehm’(¢2n) = %Hm’(‘.bZn,f/)) =< %

Now we use the classical fact that for all g € N-g and ay,...,a4 > 0,if s :=a; +
--++ag < 1then

1
—Zai log(a;) < —slogs + slogg < slog(q) + .

4

and we compute

k
Hyy (P) = =) m'(P;) log(m'(P;))

i=1
/

< m/( U Pl-) log(l) + m/(

i=1

k

2
U Pi) log(k) + —.
i=l+1 ¢
Note that on one hand, ¢_, K> is contained in Uf=1 P;, hence
1
m'(UPi) >1—e
i=1

On the other hand ¢_, K; does not intersect Ule P; for n large enough. Indeed if
there existi € {I,...,/}and v € ¢_, K1 N P;, then we take a vector

&o
we KN BE (vi, §)
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and use the triangular inequality to obtain that gg"[a[ (P—nnv, p_nppw) < go/4,

which is not compatible with (8.1) for n large. As a consequence,

m(gp)f

We now need to bound from above k and /. If M is compact then it is easier to
conclude the proof: we can use Fact 8.7, which implies that

TIM = TlMcor = Tleipv

and apply directly Corollary 8.3 to get

1
< m(Ui=1 Pi). < 8Ce2”8F,
min{m(P;):1<i <[}

and similarly k < Ce2"%T | where C only depends on &g. Thus, we obtain
2
2nhy (91) < (1 —¢e)log(e) + log(C) + 2ndr + 2

which is strictly less than 2n8r for ¢ small enough.

In the general case, we need to take into account that 7' M, and T'! My, might
be different and that Corollary 8.3 only holds on 7'! My;p; this is where we need Corol-
lary 8.5 and Lemma 8.6. Thanks to the latter, there exists R > 0, which only depends
on I' and €2, and such that for each 1 <i < k, we can find

wi € BE (v, R) N T My

Then we can use Corollary 8.5(2) to find I C {1,...,k} such that {w; :i € I} is
(d (2n) €0/ 8)-separated and

T'M’
2 —2
k=#l 0 2R+ 22) 1-(52)

16 32
m(U;er B;’zln]‘)l(wi’go/16)) g E0V (E0)7
" min{m(B{, (wi.£0/16)) 1 i € 1}“( +3¢) (5
< C’e2"8r,

where C’ only depends on I" and €. Similarly, we can find

& ~
w) € g_nK> N BE"), (v,-, §°) and w} € B (wl, R) N T' My,
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foreachi =1,...,/. Corollary 8.5(2) givesus I’ C {1,...,/} such that {w} :i € I'}

is (d;zl';‘)l , €0/ 8)-separated and
’ €02 £0\ 2
P g (2R + 8) X‘(32)

ey Pl WL Co0O) oy 20y (20)
~ min{m(BE"), (W e0/16)) 1 i € ') 8 32
< gC/e2nir

where C” only depends on I" and 2, and we have used the fact that B(Tzlnjzl (w/,€0/16)
does not intersect ¢_, K1 forany i = 1,...,[ and for n large enough (again because

of (8.1)). As we explained in the compact case, this implies that
2
20l (¢1) < (1 — ) log(e) + logmax(C’, C") + 2nér + -,
e

which is strictly less that 2n8r for ¢ small enough. ]

9. Counting closed geodesics

In this section we keep on adapting Knieper’s article [45] in order to prove Propos-
ition 1.5, which gives asymptotic estimates for the number of closed geodesics of
length less than ¢, when ¢ goes to infinity.

These estimates do not all need the results of the previous sections. More precisely,
to prove the upper bound on the number of rank-one close geodesics in (1) we do not
need Theorem 1.6. To prove the lower bound in (1) we need the mixing property of the
Bowen—Margulis measure, but not the uniqueness of the measure of maximal entropy.
To establish the upper bound on the number of non-rank-one closed geodesics in (2)
and the equidistribution of closed geodesics we need uniqueness of the measure of
maximal entropy.

Recall that [I'] is the set of conjugacy classes of I, and [I']"! C [I'] (resp. [I']*"¢)
consists of conjugacy classes of rank-one (resp. non-rank-one) elements of I'. For
each subset A C [I'] and interval I C R, we set Ay = {c € A : {(c) € I}, and we
write A7 = A[o,r) forany T > 0.

9.1. The lower bound

In this section we use the mixing of the Bowen—Margulis measure to obtain a lower
bound on the number of closed geodesics.
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Proposition 9.1. Let Q@ C P(V) be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Then there exists a constant C > 0 such that for any T > C,

C
#Il7 = et

Proof. Without loss of generality, we may assume that I is torsion-free, since for any
finite-index subgroup I'" C T, for any element y € I", there at most [I" : T’] con-
jugacy classes of ' inside the conjugacy class of y in T". Let g9 > 0 be the injectivity
radius of M and m the Bowen—Margulis probability measure. Fix a compact subset
K C T'M,,. whose measure m(K) is positive. Using Lemma 7.14, we can find

£
0<s<—0
3

such that for any vector v € K, for any time ¢ > 1, if dy1,,(v, ¢;v) < ¢ then there
exists a rank-one periodic vector w € B;f? (V. €0/6) with period in [r — 1,7 + 1].
Let us denote by R; C K the subset of vectors v € K such that dr1, (v, V) < &;
we are going to bound from below its measure. To that end take & a finite measurable
partition of T! My, with diameter less than ¢, and compute the limit, using the mixing
property, established in Theorem 1.6:

LI<)2>O

mR)z Y m(PNKNg(PNK)—> > m(PNK) = (K

PeP PeP

On the other hand we can bound from above this measure thanks to the closing lemma

and Corollary 8.3. For any conjugacy class ¢ € [[']"}, fix a vector v. € T'M tangent

to the projection in 7! M of the axis of any element of c:

l6(z+1)/z0)

ko= 3 (B (e 7))
k=0

1
e[l

1
< Ce—z?rt(w + 1)#[r]t+1_
&o

This ends the proof. ]

9.2. The upper bound on the number of rank-one closed geodesics

To bound from above the number of rank-one closed geodesics, we do not need The-
orem 1.6.
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Proposition 9.2. Let Q C P(V) be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Then there exists a constant C > 0 such that for any T > 0,

#I)7 < %eSFT.

Proof. Let T’ C T be a finite-index torsion-free subgroup; we set M’ = Q /T’ and
take g9 < 1 smaller than the injectivity radius of M’. For each rank-one conjugacy
class ¢ of I, choose y, € ¢ and v, € Axis(y,). Consider an integer # > 1. One easily
checks using the triangular inequality that any vector of 7! Q2 belongs to at most

2
C = max#{y el :dolx,yx) <1+ ﬂ}
xX€Q 3
balls of the family
o r
{B;nf;l)(mvc, g) ic € [F][,ll,n+1],0 <k< n}.

By Corollary 8.3, we can bound from below the m’-measure of the projection in
T M’ of these balls by C ~1o=8r7 for some constant C > 0, where m’ is the Bowen—
Margulis probability measure on 7' M’. Since m’ is a probability measure, we obtain

n#[l"]f,ll,nﬂ] < C,Ce’rneol3, [

9.3. The upper bound on the number of non-rank-one closed geodesics

Let us bound from of above the number of non-rank-one conjugacy classes of I'. The
idea is that to each non-rank-one conjugacy class we can associate a closed geodesic
which is contained in a flow-invariant closed subset of 7! M., to which the Bowen—
Margulis measure gives zero measure; this implies that the topological entropy of the
geodesic flow on this subset is smaller than ér.

Proposition 9.3. Let 2 C P(V') be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup with M = Q/T" rank-one and non-elementary.
Let K C T'M,y be the (¢,);-invariant closed subset that consists of the vectors
whose lifts v € T are such that dsy (¢—ooV, Poov) < 2. Then the topological entropy
of (¢1); on K is strictly smaller than 8r.

Proof. According to Remark 2.43 and Observation 2.45, there exists a probability
measure m’ on K whose entropy is the topological entropy on K. Observe that K is
disjoint from the set 7! M of vectors whose lifts v € T1Q satisfy ¢_oo¥, oot €
0sse 2, while the Bowen—Margulis probability measure mr is concentrated on T "M
by Theorem 1.6. Thus, m’ and mr are different. By Theorem 1.3, the entropy of m’
must be strictly smaller than §r. ]
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Corollary 9.4. Let 2 C P(V) be a properly convex open set, and I' C Aut(2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Then the exponential growth rate of the number of non-rank-one conjugacy classes of
translation length shorter than t, when t grows, is strictly less than éy.

Proof. LetT” C T be a finite-index torsion-free subgroup; we set M’ = Q /T and g
to be the injectivity radius of M’; we denote by gq the injectivity radius of M. It
is easy to show that there are only finitely many conjugacy class ¢ of T" such that
£(c) < &p. Using Corollary 7.9, for each conjugacy class ¢ with £(c) > 0 we can find
an element y. € ¢ and a vector v, € T'Q such that ¢pLeove € A°® and y.mwv, =
Tgc)Ve. Consider ¢ > 0. Using the triangular inequality, one can check that any
vector of T1Q belongs to at most

280
Ci:= ma #{ el:d , <1 —}
1 xeegng(r) Y Q(x,yx) =1+ 3

balls of the family
@+, o\ . sing
{BID (v ) e e ITTE -

Therefore, we can extract from {v. : ¢ € [F]?;ntg pha (d;t 1+91 ) £0/6)-separated family

of size at least C; 1#[1"];;?5 1 The projection in 7! M’ of this family belongs to the
set K in Proposition 9.3 by Lemma 7.7 (6). By definition of the topological entropy,
the exponential growth rate of the size of such a family, when ¢ goes to infinity, is
bounded above by the topological entropy on K, which is strictly less than ér by

Proposition 9.3 above. =

9.4. Sums of uniform measures on closed geodesics

Let 2 C P(V) be a properly convex open set and I' C Aut(2) a discrete subgroup;
denote M = /T'. We introduce a few notations. For any conjugacy class ¢ € [[']",
we denote by £c the unique (¢ );ecr-invariant probability measure supported on the
projection in T' M of the axis of any element of c. For each finite subset A C [I']",
we consider 1
A= > e
ceA

Proposition 9.5. Let 2 C P(V') be a properly convex open set, and I' C Aut(R2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Let A C [[]"! be such that log(#A7)/ T converges to 8 when T tends to infinity.
Then £ AT converges to the Bowen—Margulis probability measure when T goes to

infinity.
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Proof. Let TV C T be a torsion-free finite-index subgroup; let gg be the injectivity
radius of M’ = Q/T’. For each conjugacy class ¢ € [[']'!, we choose a represent-
ative y. € T, and we call &£'c the unique (¢;);-invariant probability measure on the
projection in 7'M’ of the axis of .. For any finite subset B C [[']"!, we set

LB =@B)"Y &
ceB

By Theorem 1.3, it is enough to show that any accumulation point m’ limy_, oo £’ AT
on T'' M’ has entropy bounded below by 8.

Let us give ourselves a finite measurable partition & of T!M’ of diameter less
than go/3 and such that for any element P € £, we have m’(dP) = 0. Then

1
B (§) = Hp(§, P) = lim — Hpr (P™).
n—-oon
Fix n > 1 and note that for each P € ™, we have m’(dP) = 0. As a consequence
Hy (P™) = lim Hyg gy, (P™)
k—o00 k
> liminf Hy' 4, (P ™).
T—o00
Consider « > 0 and let us show that
liminf Her 4, (P™) > n(Sr — a).
T—o00

Let Tp > O be large enough so that #47 > e@Or—aT for any T > Ty. Take T > Ty
and decompose [0, 7] into disjoint intervals:

[O,quz[O,Tb]U LJ I’
Ielr

such that each I € I7 has diameter less than 1, and #I7 = [T — Ty]. Then by [43,
Prop. 4.3.3.6], we have

#A #A
.. ) . To (n) I , (n)
hTmlan;g/AT (P > l;mlnf ry Hyrar, (P) + IEEI s 24, (P)
T

#4
> liminf Y | ———Hys, (P™)

T #
o0 Ielr 170,71

n #A]
> liminf — — L Hygry, (PTTD),
T Tooo T Z #A]To T] zAI( )
Ielr >
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where we have used the Euclidean division [T] = g7n + rr with the following clas-
sical inequality (see e.g. [43, Prop. 4.3.3.1-4]):

1 1
Hyy (P®) = — Hy, (PTV) = —H,, (P07)
CIT qar

v

ey Hay (PTTD) = 2 log#27).
Using the triangular inequality, one checks that for any P € PUTD and any
I € I, there are at most C; = maxyeegr(r) #{y € I' : da(x,yx) <14 2&9/3} con-
jugacy classes ¢ € Ay such that £'c(P) > 0; this implies that £'A; (P) < Ci1#A; .
Hence,
Hyra, (PTTD) = log(#Ar) —log(Cv),

and we resume our computation using the concavity of the logarithm and Cauchy—
Schwarz inequality:

#A;
= Z Py LG 0y > 25~ T jog(#ay) - —log<c1)
IGI #A)ro.T TIeI #A170.7]

n
#Az) — —log(Cy)
#A]To T] /¢ Ir r

( Am’”) " og(C1)

|
’ﬂl:

v

#Ar — #A7, n
— —log(C
Tt ) " log(C)

eBr—a)T —#Ar,
log ( 0
[T —To]

A%

Nl = ’ﬂlz‘- ’ﬂIE

>

) — = log(C).

This last term converges to n(Sr — «) as T goes to infinity, concluding the proof. =
We can now end the proof of Proposition 1.5.

Proof of Proposition 1.5. 1t is the immediate combination of Facts 2.22 and 2.23,
Theorem 1.3, Propositions 8.4, 9.1, 9.2, 9.5, and Corollary 9.4. [

9.5. Periodic geodesics and conjugacy classes

In this section, we estimate, in some cases, the asymptotic of the ratio of the number
of rank-one closed geodesics by the number of rank-one conjugacy classes. The same
discussion is carried in more details in [17, §6.1]; here the discussion is kept at its
strict minimum: we only give the necessary definitions and observations.
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Definition 9.6. Let M = Q/T" be a non-elementary rank-one convex projective orbi-
fold. The core-fixing subgroup of I' is the kernel of the restriction of I' to the span
of Ar.

Observation 9.7 ([17, Obs.6.14]). Let M = Q/T be a rank-one non-elementary
convex projective orbifold, and let F C T be the core-fixing subgroup. If 7! Qy;, is
the preimage by nr: TQ — TIM of Tleip, then the set of vectors v € TIQbip
with Stabr(v) = F is open and dense in 7! Qy;p, and I'-invariant.

Proposition 9.8. Let Q@ C P(V) be a properly convex open set, and I' C Aut(2) a
convex cocompact discrete subgroup with M = Q /T rank-one and non-elementary.
Let F C T be the core-fixing subgroup. Let K C Tleip be the set vectors of whose
lifts v € T'Q satisfy Stabr (v) # F. Then the topological entropy of the geodesic flow
on K is strictly smaller than 8t, as well as the exponential growth rate of the number
of rank-one conjugacy classes of T with axis in K.

Proof. The subset K C T'' My, is closed and (¢ ),-invariant, and has empty-interior
by Observation 9.7; thus, it is given zero measure by the Bozen—Margulis measure,
by Theorem 1.6. By Remark 2.43 and Observation 2.45, we can find a probability
measure on K whose entropy § is the topological entropy of (¢;),; this measure is
different from the Bowen—Margulis probability measure since the latter gives zero
measure to K. Hence, § < §r by Theorem 1.3.

Let TV C T be a finite-index torsion-free subgroup; we set M’ = Q /T and ¢ to
be the injectivity radius of M’; we denote by &¢ the injectivity radius of M’. Recall
that there are only finitely many conjugacy class ¢ of I" such that £(c¢) < gg. For each
rank-one conjugacy class ¢ € [I']'! with £(c) > 0 we can find an element . € ¢ and a
vector ve € T Qyip 1= 711 ' T My such that yemve = w¢hy(eyve. Let A C [T]™ be the
subset made of conjugacy classes ¢ such that Stabr (v.) # F. Consider ¢ > 0. Using
the triangular inequality, one can check that any vector of 712 belongs to at most

280
C;:= ma #{ el :dqg(x,yx) <1 —}
1 xefg% Y Q(x,yx) =1+ 3

balls of the family
€0
{B(th:zl)(vc, €> S A[t,t+1]}-
Therefore, we can extract from {v. : ¢ € A ;41]} @ (d;tfﬂl ) &0 /6)-separated family
of size at least C; '#A[; s41]. The projection in 7! M’ of this family is (d}tlt‘;), £0/6)-
separated, and belongs to the preimage by 7'M’ — T M of K. By definition of the
topological entropy, the exponential growth rate of the size of such a family, when ¢

goes to infinity, is bounded above by §, which is strictly less than dr. ]
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Remark 9.9. Let M = Q/ T be a non-elementary rank-one convex projective orbi-
fold with compact convex core. As in [17, Obs.6.15 and Prop. 6.16], one may use
the notion of strongly primitive rank-one elements (i.e. rank-one elements y € I" such
that £(y) < £(y’) for any rank-one element y’ € T with the same axis as y) to prove
that, if the core-fixing subgroup F C I is the centraliser, then

#TTD ~ #[T] ~ #F.#g1
[ ]T T—o0 [ ]T T—o00 r

where [T']P"! is the set of strongly primitive rank-one conjugacy classes in I" and 9}1
is the set of rank-one periodic orbits in 7! M with period at most T'.

The proof in [17] uses equidistribution results which may be replaced for the
present purpose by Proposition 1.5 (one would also need Proposition 9.8). This way,
one actually obtains that #[T]%' /#85! goes exponentially fast to #F, while in [17] no
rate of convergence is given.
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