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ABSTRACT. We study the dynamics of unipotent flows on frame bundles of
hyperbolic manifolds of infinite volume. We prove that they are topologi-
cally transitive, and that the natural invariant measure, the so-called ” Burger-
Roblin measure”, is ergodic, as soon as the geodesic flow admits a finite mea-
sure of maximal entropy, and this entropy is strictly greater than the codi-
mension of the unipotent flow inside the maximal unipotent flow. The latter
result generalises a Theorem of Mohammadi and Oh.

1. INTRODUCTION

1.1. Problem and State of the art. For d > 3, let I" be a Zariski-dense, dis-
crete subgroup of G = SO,(d,1). Let N be a maximal unipotent subgroup of G
(hence isomorphic to R4~1), and U C N a nontrivial connected subgroup (hence
isomorphic to some R* in R4~1). The main topic of this paper is the study of the
action of U on the space I'\G. Geometrically, this is the space F M of orthonormal
frames of the hyperbolic manifold M = I'\H?, and the N (and U)-action moves
the frame in a parallel way on the stable horosphere defined by the first vector of
the frame. There are a few cases where such an action is well understood, from
both topological and ergodic point of view.

1.1.1. Lattices. If I' has finite covolume, then Ratner’s theory provides a complete
description of closures of U-orbits as well as ergodic U-invariant measures. If T has
infinite covolume, while it no longer provides information about the topology of the
orbits, it still classifies finite U-invariant measures. Unfortunately, the dynamically
relevant measures happen to be of infinite mass. In the rest of the paper, we will
always think of I' as a subgroup having infinite covolume.

1.1.2. Full horospherical group. If one looks at the action of the whole horospherical
group U = N, a N-orbit projects on T' M onto a leaf of the strong stable foliation
for the geodesic flow , a well-understood object, at least in the case of geometrically
finite manifolds. In particular, the results of Dal’bo [5] imply that for a geometri-
cally finite manifold, such a leaf is either closed, or dense in an appropriate subset
of T' M.

From the ergodic point of view, there is a natural good N-invariant measure,
the so-called Burger-Roblin measure, unique with certain natural properties. Recall
briefly its construction. The measure of maximal entropy of the geodesic flow
on T' M, the Bowen-Margulis-Sullivan measure, when finite, induces a transverse
invariant measure to the strong stable foliation. This transverse measure is often
seen as a measure on the space of horospheres, invariant under the action of I'.
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Integrating the Lebesgue measure along these leaves leads to a measure on T M,
which lifts naturally to F M into a N-invariant measure, the Burger-Roblin measure.

In [26], Roblin extended a classical result of Bowen-Marcus [4], and showed
that, up to scalar multiple, when the Bowen-Margulis-Sullivan measure is finite,
it induces (up to scalar multiple) the unique invariant measure supported on this
space of horospheres, supported in the set of horospheres based at conical (radial)
limit points.

In particular, if the manifold M is geometrically finite, this gives a complete
classification of I'-invariant (Radon) measures on the space of horospheres, or equiv-
alently of transverse invariant measures to the strong stable foliation. In general,
Roblin’s result says that there is a unique (up to scaling) transverse invariant mea-
sure of full support in the set of vectors whose geodesic orbit returns infinitely often
in a compact set.

It is natural to try to ”lift” this classification along the principal bundle FM —
T*M, since the structure group is compact. This was done by Winter [33], who
proved that, up to scaling, the only N-invariant measure of full support in the
set of frames whose A-orbit returns i.o. in a compact set is the Burger-Roblin
measure, i.e. the natural M-invariant lift of the above measure (see also [27]). On
geometrically finite manifolds, this statement is simpler: the Burger-Roblin is the
unique (up to scaling) N-invariant ergodic measure of full support.

1.1.3. A Theorem of Mohammadi and Oh. However, if one considers only the action
of a proper subgroup U C N, the situation changes dramatically, and much less is
known, because ergodicity or conservativity of a measure with respect to a group
does not imply in any way the same properties with respect to proper subgroups. In
this direction, the first result is a Theorem of Mohammadi and Oh [23], which states
that, in dimension d = 3 (in which case dim(U) = 1) and for convex-cocompact
manifolds, the Burger-Roblin measure is ergodic and conservative for the U-action
if and only if the critical exponent dr of T' satisfies op > 1.

1.1.4. Dufloux recurrence results. In [8, 7], Dufloux investigates the case of small
critical exponent. Without any assumption on the manifold, when the Bowen-
Margulis-Sullivan measure is finite (assumption satisfied in particular when IT" is
convex-cocompact, but not only, see many examples in [25, 2, 28]), he proves in [8]
that the Bowen-Margulis-Sullivan is totally U-dissipative when dr < dim N —dim U,
and totally recurrent when ér > dim N —dim U. In [7], when the group I is convex-
cocompact, he proves that when ér = dim N — dim U, the Burger-Roblin measure
is U-recurrent.

1.1.5. Rigid acylindrical 3-manifolds. There is one last case where more is know on
the topological properties of the U-action, in fact in a very strong form. Assuming
M is a rigid acylindrical 3-manifold, McMullen, Mohammadi and Oh recently man-
aged in [21] to classify the U-orbit closures, which are very rigid. Their analysis
relies on their previous classification of SL(2, R)-orbits [22].

Unfortunately, their methods rely heavily on the particular shape of the limit set
(the complement of a countable union of disks), and such a strong result is certainly
false for general convex-cocompact manifolds.
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1.2. Results. The results that we prove here divide in two distinct parts, a topo-
logical one, and a ergodic one. Although they are independent, the strategy of their
proofs follow similar patterns, a fact we will try to emphasise.

1.2.1. Topological properties. Let A C G be a Cartan Subgroup. Denote by 2 C
FM the non-wandering set for the geodesic flow (or equivalently, the A-action),
and by £ the non-wandering set for the N-action. For more precise definitions and
description of these objects, see section 2.

Using a Theorem of Guivarc’h and Raugi [13], we show:

Theorem 1.1. Assume that T is Zariski-dense. The action of A on Q is topologi-
cally mizing.

This allows us to deduce:

Theorem 1.2. Assume that I is Zariski-dense. The action of U on & is topologi-
cally transitive.

Both results are new. Note that, for example in the case of a general convex-
cocompact manifold with low critical exponent, the existence of a non-divergent
U-orbit is itself non-trivial, and was previously unknown.

1.2.2. Ergodic properties. We will assume that I' is of divergent type, and denote
by p the Bowen-Margulis-Sullivan measure - or more precisely, its natural lift to
FM, normalised to be a probability. We are interested in the case where u is a
finite measure. Denote by v the Patterson-Sullivan measure on the limit set, and
A the Burger-Roblin measure on F M. More detailed description of these objects
is given in section 4.

The following is a strengthening of the Theorem of Mohammadi and Oh [23].

Theorem 1.3. Assume that T is Zariski-dense. If u is finite and or + dim(U) >
d — 1, then both measures u and X are U-ergodic.

The hypothesis that p is finite is satisfied for example when I' is geometrically
finite see Sullivan [30]. But there are many other examples, see [25, 2, 28]. Note
that the measure p is not U-invariant, or even quasi-invariant; in this case, ergod-
icity simply means that U-invariant sets have zero or full measure. Apart from
the use of Marstrand’s projection Theorem, our proof differs significantly from the
one of [23], and does not use compactness arguments, allowing us to go beyond the
convex-cocompact case. It is also, in our opinion, simpler. Note that the work of
Dufloux [8] uses the same assumptions as ours.

For the opposite direction, we prove:

Theorem 1.4. Assume that T is Zariski-dense. If p is finite with ér + dim(U) <
d — 1, then A-almost every frame is divergent.

In fact, in the convex-cocompact case, a stronger result holds: for all vectors
v € T' M and almost all frames x in the fiber of v, the orbit xU is divergent, see
Theorem 4.6 for details.

1.3. Overview of the proofs.
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1.3.1. Topological transitivity. The proof of the topological transitivity can be sum-
marised as follows.

e The U-orbit of  is dense in £ (Lemma 3.6).

e The mixing of the A-action (Theorem 1.1) implies that there are couples
(x,y) € Q2, generic in the sense that their orbit by the diagonal action of
A by negative times on Q2 is dense in Q2.

e One can "align” such couples of frames so that x and y are in the same
U-orbit, that is xU = yU (Lemma 3.4).

These facts imply topological transitivity of U on £ (see section 3.7).

1.3.2. Ergodicity of p and A. In the convex-cocompact case, the Patterson-Sullivan
v is Ahlfors-regular of dimension ér. To go beyond that case, we will need to
consider the lower dimension of the Patterson-Sullivan measure:

dim v = infess lim inf w
r—0 10g r

which satisfies the following important property.
Proposition 1.5 (Ledrappier [16]). If u is finite, then dimv = dr.

The first step in the proof of topological transitivity is the proof that the closure
of the set of U-orbits intersecting €2 is £. The analogue here is to show that for
a U-invariant set E, it is sufficient to show that p(E) = 0 or p(E) = 1 to deduce
that A(E) = 0 or A(E°) = 0 respectively. Marstrand’s projection Theorem and
the hypothesis ér + dim(U) > d — 1 allow us to prove that the ergodicity of A is
in fact equivalent to the ergodicity of u (Proposition 4.10). Although it is highly
unusual to study the ergodicity of non-quasi-invariant measures, it turns out here
to be easier, thanks to finiteness of p.

For the second step, we know thanks to Winter [33] that the A-action on (Q%, u®
@) is mixing. So we can find couples (x,y) € 2, which are typical in the sense
that they satisfy Birkhoff ergodic Theorem for the diagonal action of A for negative
times and continuous test-functions. By the same alignment argument as in the
topological part, one can find such typical couples in the same U-orbit.

Unfortunately, from the point of view of measures, existence of one individual
orbit with some specified properties is meaningless. To circumvent this difficulty,
we have to consider plenty of such typical couples on the same U-orbit. More pre-
cisely, we consider a measure i on 2% such that almost surely, a couple (x,y) picked
at random using 7 is in the same U-orbit, and is typical for the diagonal A-action.
For this to make sense when comparing with the measure u, we also require that
both marginal laws of 1 on €2 are absolutely continuous with respect to u. We check
in section 5.2 that the existence of such a measure 7 is sufficient to prove Theorem
1.3. This measure 7 is a kind of self-joining of the dynamical system (2, u), but
instead of being invariant by a diagonal action, we ask that it reflects both the
structure of U-orbits, and the mixing property of A.

It remains to show that such a measure 7 actually exists. In dimension d = 3,
we can construct it (at least locally on FH?) as the direct image of x4 ® u by the
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alignment map, so we present the simpler 3-dimensional case separately in sec-
tion 5.4. The fact that n is supported by typical couples on the same U-orbit
is tautological from the chosen construction. The difficult part is to show that its
marginal laws are absolutely continuous. This is a consequence of the following fact:

If two compactly supported, probability measures on the plane vy,vo have finite
1-energy, then for vi-almost every x, the radial projection of vy on the unit circle
around x is absolutely continuous with respect to the Lebesgue measure on the circle.

Although probably unsurprising to the specialists, as there exist many related
statements in the literature (see e.g. [20],[19]), we were unable to find a reference.
We prove this implicitly in our situation, using the L2-regularity of the orthogonal
projection in Marstrand’s Theorem, and the maximal inequality of Hardy and Lit-
tlewood.

In dimension d > 4, the construction of 7, done in section 5.5, is a bit more
involved since there is not a unique couple aligned on the same U-orbit, espe-
cially if dim(U) > 2, so we have to choose randomly amongst them, using smooth
measures on Grassmannian manifolds. Again, the absolute continuity follows from
Mastrand’s projection Theorem and the maximal inequality.

1.4. Organization of the paper. Section 2 is devoted to introductory material.
In section 3, we prove our results on topological dynamics. In section 4, we introduce
the measures p and A, establish the dimensional properties that we need, and prove
Theorem 4.6 and the fact that U-ergodicity of pu and A are equivalent. Finally, we
prove Theorem 1.3 in section 5.

2. SETUP AND NOTATIONS

2.1. Lie groups, Iwasawa decomposition. Let d > 2, and G = SO°(d, 1), i.e.

the subgroup of SL(d + 1,R) preserving the quadratic form q(x1,..,7411) = 23 +

T34 .. — xﬁ 4 1- 1t is the group of direct isometries of the hyperbolic n-space H? =

{r € R™! ¢(x) = —1,2441 > 0}. Define K < G as

K:{(]g ?):kzeSO(d)}.

It is a maximal compact subgroup of G, and it is the stabilizer of the origin = =
(0,...,0,1) € H™.
We choose the one-dimensional Cartan subgroup A, defined by
Iy o 0
A=dqa = cosh(t) sinh(?) :teR
sinh(¢) cosh(?)

It commutes with the following subgroup M, which can be identified with SO(d—1).

M:{(Tg g):mGSO(d—l)}.

In other words, the group M is the centralizer of A in K. The stabilizer of any
vector v € TTH? identifies with a conjugate of M, so that T*H¢ = SO°(d, 1)/M.
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Let n C s0(d, 1) be the eigenspace of Ad(a;) with eigenvalue e™*. Let
N = exp(n).

It is an abelian, maximal unipotent subgroup, normalized by A. The group G
is diffeomorphic to the product K x A x N. This decomposition is the Twasawa
decomposition of the group G.

The subgroup N is normalized by M, and M x N is a closed subgroup isomorphic
to the orientation-preserving affine isometry group of an d—1-dimensional Euclidean
space.

If U is any closed, connected unipotent subgroup of G, it is conjugated to a
subgroup of N (see for example [3]). Therefore, it is isomorphic to R¥, for some
k €{0,..,d — 1}. Through the article, we will always assume that & > 1.

In this paper, we are interested in the dynamical properties of the right actions
of the subgroups A, N,U on the space I'\G.

2.2. Geometry.

Fundamental group, critical exponent, limit set. Let T C G = Isom™ (H?) be a
discrete group. Let M = I'\H? be the corresponding hyperbolic manifold. The
limit set Ar is the set of accumulation points in OH? ~ S%! of any orbit T'o,
where o € H?. We will always assume that the group I' is nonelementary, that is
#Ar‘ = +o0.

The critical exponent § of the group I' is the infimum of the s > 0 such that the

Poincaré series
Pr(s) = E :e—sd(o,vo)’

yel

is finite, where o is the choice of a fixed point in H?. In the convex-cocompact case,
the critical exponent § equals the Hausdorff dimension of the limit set Ap. Since I’
is non-elementary, we have 0 < § < d — 1.

Frames. The space of orthonormal, positively oriented frames over H? (resp. M)
will be denoted by FH? (resp. FM). As G acts simply transitively on FH?, FH?
(resp. FM) can be identified with G (resp. I'\G) by the map g — ¢.xo, where
Xo is a fixed reference frame. Note that FH? is a M-principal bundle over T H?,
and so is F M over T* M. Denote by 7, : FM — T*M (resp. FH? — T'H?) the
projection of a frame onto its first vector.

As said above, we are interested in the properties of the right actions of A, N, U

on FM.

Given a subset E C M (resp. T'M, FM), we will write E for its lift to H?
(resp. T'H?, FHY).

Denote by FS?~! the set of (positively oriented) frames over 9H? = S?~1. We
will write FAr for the subset of frames which are based at Ar.
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F1GURE 1. Right actions of A, N, U

Generalised Hopf coordinates. Choose o to be the point (0,...,0,1) € H? Recall
that the Busemann cocycle is defined on S4~1 x H? x H¢ by

By abuse of notation, if x, x’ are frames (or v, v’ vectors) with basepoints z, 2’ € H¢,
we will write B¢ (x,x’) or Be(v,v') for Be(z,2’).

We will use the following extension of the classical Hopf coordinates to describe
frames. To a frame x € FH?, we associate

FHY — (FST1 xa $771) x R,
X = (v1,...,09) = (X7, 27, tx),

where z7 (resp. ) is the negative (resp. positive) endpoint in S~! of the geodesic
XA, ty = By+(0,%), and xT € FS? ! is the frame over T obtained for example
by parallel transport along xA of the (d — 1)-dimensional frame (va,...,v,). The
subscript A in (FS?~! xa S?71) indicates that this is the product set, minus the
diagonal, i.e. the set of (x*,27) where x is based at 2.

FIiGUrE 2. Hopf frame coordinates

Define the following subsets of frames in Hopf coordinates

Q= (]:AF XA AF) XR,
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and

E = (FAr xa OH") x R.
Consider their quotients Q = I'\Q and € = I'\€. These are closed invariant subsets
of FM for the dynamics of M x A and (M x A) x N respectively, where all the
dynamics happens. Let us state it more precisely.

The non-wandering set of the action of N (resp. U) on I'\G is the set of frames
x € FM such that given any neighbourhood O of x there exists a sequence ny € N
(resp. ux € U) going to oo such that nyO N O # (). As a consequence of Theorem
1.2, the following result holds.

Proposition 2.1. The set £ is the nonwandering set of N and of any unipotent
subgroup {0} # U < N.

3. TOPOLOGICAL DYNAMICS OF GEODESIC AND UNIPOTENT FRAME FLOWS

3.1. Dense leaves and periodic vectors. For the proof of Theorem 1.1, we will
need the following intermediate result, of independent interest.

Proposition 3.1. Let I be a Zariski-dense subgroup of SO°(d,1). Let x € § be
a frame such that 71 (x) is a periodic orbit of the geodesic flow on T* M. Then its
N-orbit xN is dense in &.

Proof. First, observe that if v = 71 (x) € T'M is a periodic vector for the geodesic
flow, then its strong stable manifold W**(v) is dense in 7 (&) [5, Proposition B.
Therefore, 77 (W*(7m1(x))) = xNM = xMN is dense in €. Thus it is enough
to prove that
xM C xN.

The crucial tool is a Theorem of Guivarc’h and Raugi [13, Theorem 2]. We will use
it in two different ways depending if G = SO°(3,1) or G = SO°(d, 1), for d > 4,
the reason being that M = SO(d — 1) is abelian in the case d = 3.

Choose x a lift of x to . As m (x) is periodic, say of period Iy > 0, but x itself
has no reason to be periodic, there exists v9 € I' and my € M such that

ialomo = ’}/05(

First assume d = 3, so that both M and M A are abelian groups. Let C be the
connected compact abelian group C = M A/{a;,mo). Let p be the homomorphism
from M AN to C defined by p(man) = ma mod (a;,mp). Define X? = G x C/ ~;,
where (g,c¢) ~ (gman, p(man)~'.c). The set X” is a fiber bundle over G/M AN =
OH"™, whose fibers are isomorphic to C. In other terms, it is an extension of the
boundary containing additional information on how ¢ is positioned along AM,
modulo a;,mg. Let AR be the preimage of Ap C 9H" inside X”. Now, since C' is
connected, [13, Theorem 2| asserts that the action of I" on Af is minimal. Denote
by [g, m] the class of (g, m) in X*.

Let us deduce that xM C xN. Choose some m € M. As I' acts minimally on
A7, there exists a sequence (7y)g>1 of elements of T, such that v, [%, €] converges to
[xm, e]. It means that there exist sequences (my)r € MY, (ap)r € AV, (ng), € NV,
such that ygXmgarng — Xm in G, whereas p(mgagng) — e in C', which means that
there exists some sequence j of integers, such that dy := (mgag) = (a;,me)’* — e
in MA.
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Now observe that the sequence
ex(a,mo)?* (dy "ngdy) = (W3 )% (dy, 'nydy,) € TXN
has the same limit as the sequence
'ykfc(alomo)j’“d,;lnk = VXMmpagng,
which by construction converges to xm. On FM = I'\G, it proves precisely that

xm € xN. As m was arbitrary, it concludes the proof in the case n = 3.

In dimension d > 4, {(a;,mo) is not always a normal subgroup of M A anymore,
so we have to modify the argument as follows.
Denote by My the set

My ={me M,xm € xN}.

This is a closed subgroup of M; indeed, if m;,ms € My, then xm; € XN, so
xmims € xNmo = xmoN since ms normalises N. Since xms € xN, we have
xmoN C xN. So xmyms € xmoN C xN. Thus My is a subsemigroup, non-empty
since it contains e, and closed. Since M is a compact group, such a closed semi-
group is automatically a group.

We aim to show that the group My is necessarily equal to M.

Let C = MA/{a;,). It is a compact connected group. Consider p(man) = ma
mod (ay, ), and the associated boundary X” = G x C/ ~. Choose some m € M. As
above, [13, Theorem 2] asserts that the action of I' on Af is minimal. Therefore,
there exists a sequence (7x)g>1 of elements of ', such that 4[X, e] converges to
[xm,e]. As above, consider sequences (mg)r € MY, (ar)r € AN, (ni)r € NV,
such that ygXmgarng — Xm in G, whereas p(mgagng) — e in C, which with
this new group C' means that there exists some sequence ji of integers, such that
dy == (mgax)1(a;)’* — e in MA.

Similarly to the 3-dimension case, we can write

’ykimkaknkdk = 'ykf(a{: (d;lnkdk) = (’yk’ygk)f(majk (d,;lnkdk)

The above argument shows that some sequence of frames in x{my)N = xN (mg)
converges to xm. This implies that the set of products My.(mg) is equal to M.

We use a dimension argument to conclude the proof. The group (mg) is a torus
inside M = SO(d — 1), therefore of dimension at most %. The group M has
dimension (d_l)zﬁ, so that MX.W = M implies that dim M, > (d_l)zﬁ.
By [24, lemma 4], the dimension of any proper closed subgroup of M = SO(d — 1)
is smaller than dim SO(d — 2) = M_Q)QM. Therefore, My cannot be a proper
subgroup of M, so that My = M.

O

The following corollary is a generalization to FM of a well-known result on
T'M, due to Eberlein. A vector v € T* M is said quasi-minimizing if there exists
a constant C > 0 such that for all t > 0, d(g'v,v) >t — C. In other terms, the
geodesic (g'v) goes to infinity at maximal speed. We will say that a frame x € FM
is quasi-minimizing if its first vector 71 (x) is quasi-minimizing.
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Corollary 3.2. Let T' be a Zariski dense subgroup of G = SO°(d,1). A frame
x € Q) is not quasi-minimizing if and only if XN is dense in &.

Proof. First, observe that when x € {2 is quasi-minimizing, then the strong stable
manifold W?**(m;(x)) of its first vector is not dense in m1(€2). Therefore, x N C
77 H(W*3(1(x)) cannot be dense in Q.

Now, let x € Q be a non quasi-minimizing vector. Then W?**(m;(x)) is dense in
m1(), so that xNM = xMN = 7y *(W**(m1(x)) is dense in ©, and therefore in
€ = OQN. Choose some y € § such that 71 (y) is a periodic orbit of the geodesic
flow. By the above proposition, yN is dense in £. As xNM is dense in £ D €2, we
have yM C xNM = xNM (this last equality following from the compactness of
M), so that there exists m € M with ym € xN. But 7 (ym) = m(y) is periodic,
so that ymN is dense in £ and xN D ymN D &. |

3.2. Topological Mixing of the geodesic frame flow. Recall that the continu-
ous flow (¢¢)icr (or a continuous transformation (¢x)rez) on the topological space
X is topologically mizing if for any two non-empty open sets U,V C X, there exists
T > 0 such that for all ¢t > T,

G_UNYV £

Let us now prove Theorem 1.1, by a refinement of an argument of Shub also used
by Dal’bo [5, p988].

Proof. A direct proof would provide for any two open sets U and V sequences of
times t,, — 400 so that Uas, NV # 0. Therefore, we will proceed by contradiction
and assume that the action of A is not mixing. Thus there exist U,V two non-
empty open sets in €, and a sequence t;, — +o00, such that U.a;, NV = (). Choose
x € V such that 71 (x) is periodic for the geodesic flow - this is possible by density
of periodic orbits in 71 (€2) [9, Theorem 3.10]. Let lp > 0,m¢ € M be such that
Xap,mo = X.

We can find integers (ji)r (the integer parts of t/lp) and real numbers (si)x

such that:
te = jilo + sk, with 0 < s < lg.

Without loss of generality, we can assume that the sequence (sj)i>¢ converges
to some s € [0,lp], and that mé’“ converge in the compact group M to some
Moo € M. By Proposition 3.1, the N-orbit xa_,s__mo N is dense in €. Notice that
UN is an open subset of &; therefore one can choose a point w = xa_,__men € U,
for some n € N.

We have

Wag, = XA—5 Mool A—t, N,

J

= x(a;,mo)"* (Mg "Moo ) (@), —s.. ) (@t nay,)

= X(ma]kmm)(ask—soo)(a—tknatk-)'
Observe that, as IN-orbits are strong stable manifolds for the A-action, so

lilgn G_¢, NGt = €.
By definition of ms, and s, limy 7n§jkmOO = e and limg a5, —s., = e. Therefore,
way, tends to the frame x in the open set V. Thus, we found a frame w € U, with
way, €V for all k large enough. Contradiction. O
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FIGURE 3. The frame flow is mixing

3.3. Dense orbits for the diagonal frame flow on Q2. Recall that a continuous
flow (¢¢)ter (or a continuous transformation (¢x)rez) on the topological space X
is said to be topologically transitive if any nonempty invariant open set is dense.

In the case of a continuous transformation on a complete separable metric space
without isolated points, topological transitivity is equivalent to the existence of a
dense positive orbit, or equivalently, to the fact that the set of dense positive orbits
is a G%-dense set (see for example [6]).

It is clear that topological mixing implies topological transitivity. Moreover, as
is easily checked, topological mixing of (X, ¢;) implies topological mixing for the
diagonal action on the product (X x X, (¢s, ¢+)).

A couple (x,y) € 92 will be said generic if the negative diagonal, discrete-time
orbit (xa_g,ya—x)r>o0 is dense in Q2. Theorem 1.1 about topological mixing of
the A-action on  has the following corollary, which will be useful in the proof of
Theorem 1.2.

Corollary 3.3. IfT' C G = S0°(d, 1) is a Zariski-dense discrete subgroup, then
there exists a generic couple (x,y) € Q2.

Proof. By Theorem 1.1, the geodesic frame flow is topologically mixing. Therefore,
so is the diagonal flow action of A on 2. This implies that the transformation
(a_1,a_1) on Q2 is also topologically mixing, hence topologically transitive, i.e.
has a dense positive orbit. O

3.4. Existence of a generic couple on the same U-orbit.

Lemma 3.4. There exists a generic couple of the form (x,xu), with x € Q and
uelU.

Proof. By Corollary 3.3, there exists a generic couple.

Let (y,z) € (FH?)? be the lift of a generic couple. Notice that, since the actions
of A and M commute with A, the set of generic couples is invariant under the
action of (A x M) x (A x M). This means that in Hopf coordinates, being the lift
of a generic couple does not depend on the orientation of the frame y*,z™*, nor
of the times t,,t,. Moreover, since being generic is defined as density for negative
times, one can also freely change the base-points of y*, z* because the new negative
orbit will be exponentially close to the old one. In short, being the lift of a generic



12 FRANCOIS MAUCOURANT, BARBARA SCHAPIRA

couple (or not) depends only on the past endpoints (y—,27), or equivalently, is

(M xA)x N ‘)2—invariant. Obviously, y~ # z~ since generic couple cannot be on
the diagonal.

Up to conjugation by elements of M, we can freely assume that U contains the
subgroup corresponding to following the direction given by the second vector of a
frame. Pick a third point & € Ar distinct from y~ and 2z, and choose a frame
xT € FAr based at £, whose first vector is tangent to the circle determined by
(&,y~,27). Therefore, the two frames of Hopf coordinates x = (x*,y~,0) and
(xT,27,0) lie in the same U-orbit, thus (x*,27,0) = xu for some u € U. By
construction, the couple (x,xu) is the lift of a generic couple. O

3.5. Minimality of I on FAp. We recall the following known fact.

Proposition 3.5. Let T be a Zariski-dense subgroup of SO,(d,1). Then the action
of I' on FAr is minimal.

In dimension d = 3, this is due to Ferte [11, Corollaire E]. In general, this is again
a consequence of Guivarc’h-Raugi [13, Theorem 2|, applied with G = SO,(d, 1),
C = M. In the notations of [13], the set FOH? is a compact extension of OH?,
and more precisely, it identifies with (G x M)/ ~ where (g,m) ~ (gm’an,m'~tm).
[13, Theorem 2] asserts that the I'-action on FOH? = (G x M)/ ~ has a unique
minimal set, which is necessarily FAr.

3.6. Density of the orbit of .
Proposition 3.6. The U-orbit of Q is dense in .

Proof. Up to conjugation by an element of M, it is sufficient to prove the proposition
in the case where U contains the subgroup corresponding to shifting in the direction
of the first vector of the frame x™.

Consider the subset E of FAr defined by (£, R) € E if £ € Ar and there exists
a sequence (&,)n>0 C Ar \ {{} such that &, — & tangentially to the direction of
the first vector of R, in the sense that the direction of the geodesic (on the sphere
OH™) from £ to &, converges to the direction of the first vector of R. Clearly, F is
a non-empty, I'-invariant set. By Proposition 3.5, it is dense in FAr.

Let x be a frame in £, we wish to find a frame arbitrarily close to x, which is
in the U-orbit of Q. Let x = (xT,27,%x) be its Hopf coordinates, by assumption
xT € FAr. Pick (£, R) € E very close to xT. By definition of E, there exists
¢ € A, very close to ¢ such that the direction (£¢') is close to the first vector of
the frame R. We can find a frame y* € FAr, based at &, close to xT, whose first
vector is tangent to the circle going through (§,&,27).

By construction, the two frames y= (yT, 27, tx) and z = (yT,€,tx) belong to

the same U-orbit; notice that z € €, so we have y € QU. Since y© and x* are
arbitrarily close, so are x and y. ([l

3.7. Proof of Theorem 1.2. Let O, 0’ C & be non-empty open sets. We wish to
prove that O'U N OU # (). By Proposition 3.6, O N QU # (), therefore OU N Q is
an open nonempty subset of . Similarly, O'U N Q # (.

Let (x,xu) a generic couple given by Lemma 3.4. By density, there exists a
k > 0 such that (xa_x, xua_x) € (OUNQ) x (O'UNKN). But since A normalizes U,
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FIGURE 4

xua_j € xa_, U C OU. Therefore xua_p € O'U N OU, which is thus non-empty,
as required.

4. MESURABLE DYNAMICS

4.1. Measures. Let us introduce the measures that will play a role here.

The Patterson-Sullivan measure on the limit set is a measure v on the boundary,
whose support is Ar, which is quasi-invariant under the action of I', and more
precisely satisfies for all v € I and v-almost every & € Ap,

dry.v
dv

When T’ is convex-cocompact, this measure is proportional to the Hausdorff mea-
sure of the limit set [32], it is the intuition to keep in mind here.

() = e00xl0r0),

On the unit tangent bundle T'HY, let us define a I'-invariant measure by
dinpa(v) = 2o ©0IF3Bu+(00) gy (v =) du (v dt .

By construction, this measure is invariant under the geodesic flow and induces
on the quotient on T'M the so-called Bowen-Margulis-Sullivan measure mgs.
When finite, it is the unique measure of maximal entropy of the geodesic flow, and
is ergodic and mixing.

On the frame bundle FH? (resp. F.M), there is a unique way to define a M-
invariant lift of the Bowen-Margulis measure, that we will denote by i (resp. u).
We still call it the Bowen-Margulis-Sullivan measure. On FM, this measure has
support . When it is finite, it is ergodic and mixing [33]. The key point in our
proofs will be that it is mixing, and that it is locally equivalent to the product
dv(z™)dv(z™) dt dmy, where dmy denotes the Haar measure on the fiber of m(x),
for the fiber bundle FM — T'M. This measure is M A-invariant, but not N-(or
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U)-invariant, nor even quasi-invariant.

The Burger-Roblin measure is defined locally on TTH? as
dinpr(v) = e(dfl)ﬁ,f(oﬁv)+6ﬁv+(o,v)dﬁ(vf)dy(fr)dt7

where £ denotes the Lebesgue measure on the boundary S?~! = 9H¢, invariant
under the stabiliser K ~ SO(d) of 0. We denote its M-invariant extension to FH?
(resp. FM), still called the Burger-Roblin measure, by A (resp. A). This measure
is infinite, A-quasi-invariant, N-invariant. It is N-ergodic as soon as p is finite.
This has been proven by Winter [33]. See also [27] for a short proof that it is the
unique N-invariant measure supported in &,q4.

In some proofs, we will need to use the properties of the conditional measures of
1 on the strong stable leaves of the A-orbits, that is the N-orbits. These conditional
measures can easily be expressed as

dpsen (xn) = 2Poem= X1 g ((xp) ™),

and the quantity >’ (T*™ i5 equivalent to |n|2® when |n| — +oo.

Observe also that by construction, the measure uxyx has full support in the set
{y exN,y~ € AF}

Another useful fact is that uxny does not depend really on x in the sense that it
comes from a measure on OH" \ {z*}. In other terms, if m € M and y € xmN,
and z € xN is a frame with 71 (z) = m1(y), one has dpxmn (¥) = duxn(z).

4.2. Dimension properties on the measure v. Most results in this paper rely
on certain dimension properties on v, allowing to use projection theorems due to
Marstrand [18], and explained in the books of Falconer [10] and Mattila [19]. These
properties are easier to check in the convex-cocompact case, relatively easy in the
geometrically finite, and more subtle in general, under the sole assumption that
is finite.

Define the dimension of v, like in [17], by

dim v = infess lim inf w .
7—0 log r

Denote by g* the geodesic flow on T* M. For v € T* M, let d(v,t) be the distance
between the base point of g‘v and the point I.o.

Proposition 1.5 in the introduction has been established by Ledrappier [16] when
w1 is finite. It is also an immediate consequence of Proposition 4.1 and Lemma 4.2
below, as it is well known that when the measure p is finite, it is ergodic and
conservative.

Proposition 4.1. If p-almost surely, we have @ — 0, then dimv > dr.

If p is ergodic and conservative, then dimv < dr.

Proof. We will come back to the original proof of the Shadow Lemma, of Sulli-
van, and adapt it (the proof, not the statement) to our purpose. The Shadow
O,(B(z, R)) of the ball B(x, R) viewed from o is the set {¢ € OH?, [0€) N B(x, R) #
(}. Denote by £(t) the point at distance ¢ of o on the geodesic [0€). It is well known
that for the usual spherical distance, a ball B(£,r) in the boundary is comparable
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to a shadow O,(B(£(—logr), R)). More precisely, there exists a universal constant
t; > 0 such that for all ¢ € 9H? and 0 < r < 1, one has

Oo(B(&(—logr +t1),1)) C B(&,7) C Oo(B(&(—logr —t1),1))

Denote by d(&,t) the distance d(£(t),T.0). By assumption (in the application this
will be given by Lemma 4.2), for v-almost all £ € OH? and 0 < r < 1 small
enough, the quantity d(§, —logr +t1) < t; +d(&, — logr) is negligible compared to
t = —logr. Let v € T" be an element minimizing this distance d(§,t). It satisfies
obviously |d(o,vy0) —t| < d(,t). Observe that, by a very naive inclusion, using just
1 <14 (C+1)d(&,t),

OO(B(f(t - t1)7 1) C 00(3(7'07 1+ d(éat - tl))

Now, using the I'-invariance properties of the probability measure v, and the fact
that for n € O,(B(v.0,14+d(§,t—t1)), the quantity |— 3,(0,v0)+d(0,v.0) —2d(&, t)]
is bounded by some universal constant ¢, one can compute

V(B(ET) < v(Ou(Bly.o.1+d(Et— 1))
e~ 0207) iy, (1)

/()o(B('y.o,l+d(£,tt1)))

< e rden ot 2ndE Ny (0, (B(y.0, 1+ d(E,t — 1))
< €6FC 6—5Ft+26r‘d(§,t)

Recall that t = —logr. Up to some universal constants, we deduce that

(1) v(B(&,r)) < roretrdlosn)

It follows immediately that dimv > ér — 2%@.
the assumption that p-a.s. w — 0, we have dimv > Jr.

The other inequality follows easily from the classical version of Sullivan’s Shadow
Lemma, or from the well known fact that dr is the Hausdorff dimension of the radial

limit set, which has full v-measure. O

By lemma 4.2 below, under

Lemma 4.2. The following assertions are equivalent, and hold when u is finite.

o for pi-a.e. x € FM, one has

d(x,xaz)

lim =0.
t——+o0 t
e for A-a.e. x € FM, one has
lim LX’ xa,) =0.
t——+o00 t

o for mpy or mpgr a.e. v € T M, one has

t
i @) o dwt)
t——+400 t t——+o00 t

e v-almost surely,

oo dE@.To) L dE)
t—+oo t t—+oo t
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When I is geometrically finite, a much better estimate is known thanks to Sul-
livan’s logarithm law (see [31], [29], [15, Theorem 5.6]), since the distance grows
typically in a logarithmic fashion. However, this may not hold for geometrically
infinite manifolds with finite u. In any case, the above sublinear growth is sufficient
for our purposes.

Proof. First, observe that all statements are equivalent. Indeed, first, as mpg and
mpy differ only by their conditionals on stable leaves, and the limit d(v, g'v)/t
when ¢t — +00 depends only on the stable leaf W*%(v), this property holds (or not)
equivalently for mpr and mpy,.

Moreover, as FM is a compact extension of T' M, this property holds (or not)
equivalently for A on FM and mpgr on T'M or u on FM and mpy on T M.

As this limit depends only on the endpoint v+ of the geodesic, and not really on
v, the product structure of mppr implies that this property holds true equivalently
for mpyr-a.e. v € T'M and v almost surely on the boundary.

Let us prove that all these equivalent properties indeed hold when g is finite.

Let f(v) = d(v,1) — d(v,0). As the geodesic flow is 1-lipschitz, this map is
bounded, and therefore p-integrable. Thus, S;‘Lf converges a.s. to [ fdu, and
therefore d(v,t)/t — [ fdu, p-a.s.

It is now enough to show that this integral is 0. This would be obvious if we
knew that the distance d(v,0) is u-integrable.

Divide Q in annuli K,, = {v € T'M,d(w(v),0) € (n,n + 1)}, and set B, =
T'B(o,n+1). If a, = p(K,), we have }_ a, = 1.

Observe that [ fdu = lim, o [ fdp.

It is enough to find a sequence ny — +oo such that these integrals are arbitrarily
small. Observe that

flaydu(x) = | RS [ a0

BN BN

But now, the symmetric difference between ¢' By and By is included in KNyUKn41.
As d(v,0) < N + 2 in this union, we get

f(@)du(z)

By

< (N +2)(an +ant1)-

As > a, = 1, there exists a subsequence ny — o0, such that (ng + 2)(an, +
@n,+1) — 0. This proves the lemma. O

4.3. Energy of the measure v. The t-energy of v is defined as

1) = [ [ e avi.

The finiteness of a t-energy is sufficient to get the absolute continuity of the pro-
jection of v on almost every k-plane of dimension k < t. However, a weaker form
of finiteness of energy will be sufficient for our purposes, namely

Lemma 4.3. For all t < dimv, there exists an increasing sequence (Ag)k>0 such
that It(V|Ak) < 00, and Z/(UkAk) =1.
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Proof. When t < dimv, choose some ¢t < ' < dimv. One has, for v-almost all x,
and r small enough, v(B(z,r)) < Cst.r . It implies the convergence of the integral

Lyt [FHBED)
IR =

Therefore, the sequence of sets Ay = {z € aanpr = de( n) < M} is an

increasing sequence whose union has full measure. And of course, I;(vj4,,) <
.

It is interesting to know when the following stronger assumption of finiteness of
energy is satisfied. In [23], when dim N = 2 and dimU = 1, Mohammadi and Oh
used the following;:

Lemma 4.4. IfT is convez-cocompact and § > d—1—dim U then Iy_1_gimuv (V) <
0.

Proof. For € € Ar, and k > 1, define A;, = {n € 9H, |¢ —n| €]27%,27%+1]} and
compute

1 im N —dim
/A |€_77|dimN—dimUdV(77) < E h(dim N=dim )y, (4,
r

kEN*
Denote by &x1og2 the point at distance klog2 of o on the geodesic ray [of).
I' is convex-cocompact, {2 is compact, so that &10g2 is at bounded distance from
To. Sullivan’ Shadow lemma implies that, up to some multiplicative constant,
v(Ag) < v(B(€,27%+1)) < Cst.27%. We deduce that, up to multiplicative con-
stants (independent of &),

1 . .
e dl/(n) < 2k(d1mN—d1mU—k6)
[, s 2

If 6 > dim N — dim U, the above series converges, uniformly in £ € Ar, so that the
integral [ [}, Wd v(n)dv(€) is finite, and the Lemma is proven. O
r

As mentioned before, the reason we have to be interested in these energies is the
following version of Marstrand’s projection theorem, see for example [19, thm 9.7].

Theorem 4.5. Let 11 be a finite measure with compact support in R™, such that
Ii(11) < 00, for some 0 <t < m. For all integers k < t, and almost all k-planes P
of R™, the orthogonal projection (Ilp).v1 of 11 on P is absolutely continuous w.r.t.
the k-dimensional Lebesque measure of P. Moreover, its Radon-Nikodym derivative
satisfies the following inequality

Hp %1 2
/m/ < dﬁ; ) dﬁde']Tcn<C.Ik(l/1)

where o' is the natural measure on the Grassmannian G;*, invariant by isometry,
and ¢ some constant depending only on k and m.

4.4. Conservativity/ Dissipativity of A. In this section, we aim to prove The-
orem 1.4.

The measure A is N-invariant (and N-ergodic), therefore, U-invariant for all
unipotent subgroups U < N.

It is U-conservative iff for all sets £ C F M with positive measure, and A-almost
all frames x € FM, the integral fooo 1g(xu)du diverges, where du is the Haar
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measure of U. In other words, it is conservative when it satisfies the conclusion of
Poincaré recurrence theorem (always true for a finite measure).

It is U-dissipative iff for all sets E C FM with positive finite measure, and
A-almost all frames x € F M, the integral fooo 15 (xu)du converges.

A measure supported by a single orbit can be both ergodic and dissipative.
In other cases, ergodicity implies conservativity [1]. Therefore, Theorem 1.3 im-
plies that when the Bowen-Margulis-Sullivan measure is finite, and ép > dim N —
dimU =d — 1 —dim U, the Burger-Roblin measure )\ is U-conservative.

In the case op < dim N —dim U, we prove below (Theorem 4.6) that the measure
A is U-dissipative. Unfortunately, our method does not work in the case ér =
dim N — dim U. We refer to works of Dufloux [8] and [7] for the proof that

e When pu is finite and I Zariski dense, the measure p is U-dissipative iff
or <dim N — dim U

e When moreover I' is convex-cocompact, if op = dim N — dim U, then A is
U-conservative.

Theorem 4.6. Let T' be a discrete Zariski dense subgroup of G = SO,(d, 1) group
and U < G a unipotent subgroup. If 6 < d—1—dimU, then for all compact sets
K C FM and A-almost all x € FM the time spent by xU in K is finite.

Let d = dimU. Let r > 0. Let N, C N (resp. U, C U) be the closed ball of
radius r > 0 and center 0 in N (resp. in U). Let K, = K.N, be the r-neighbourhood
of K along the N-direction.

Let pxny be the conditional measure on W**(x) = xN of the Bowen-Margulis
measure.

—.-_—_._
) < Y

- @D -\
\
:

- @ - & ) 31“.11

FIGURE 5. Intersection of a U-orbit with the I'-orbit of a compact
set K,

Lemma 4.7. For all compact sets K C €2, and all x € &, if K,, = K.N,., for all
r > 0, there exists ¢ = ¢(x,r, K) > 0 such that

/ L, (xu)du < ¢ pixn (xU Na,.).
U
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Proof. First, Flaminio-Spatzier established in [12, Cor. 1.4] that all proper alge-
braic sets of OH? have v-measure zero. In all their statements, they assume that the
group I' is geometrically finite and Zariski dense. But in the proof of this precise
result, they only use that I' is Zariski dense and the Bowen-Margulis measure is
ergodic.

In particular, all k-dimensional spheres, for 1 < k < d — 2 have v-measure zero.
One easily deduces that for all p > 0, the map & € Apr — v(B(§, p)) is continuous.

The image of a Euclidean sphere on xN through the map xn — (xn)~ € 9H? is
also a sphere, therefore of v-measure zero. Recall that uxy is equivalent (through
this map) to the measure v, with a continuous density. We deduce that any sphere
of xN has uxy-measure zero, in particular, uxy(9xN,) = 0, and that the map
x € Q — uxn(xN;) is continuous.

The above map is also positive on {2, and therefore bounded away from 0 and +oo
on any compact set. Let 0 < ¢, = infck,, pzn(2N;) < Cp = sup,c g, Han(zN;) <
00.
Let us work now on G and not on I'\G. Fix a frame x € £ c FHY. For
all y € xU NT'KN,., choose some z € yN, NI'K and consider the ball zN,..
Choose among them a maximal (countable) family of balls z; N, C xU N, which
are pairwise disjoint. By maximality, the family of balls z; Ny, cover xUN, N\[' K'N,..

We deduce on the one hand

/ 1k, (xu)du < ZMxN(ZiN4r) < CurlI].
u i

On the other hand, as the balls z; N,. are disjoint,
/foN(XUNQ'r) > ZMXN(ZZ'NT) > C’I‘|I|‘

7

This proves the lemma. U

To prove Theorem 4.6, it is therefore sufficient to prove the following lemma.

Lemma 4.8. Assume that r < dim N — dimU. Then for all x € £ such that
M — 0 when t — 400, we have
/ txmn (xmUN,.)dm < oo.
M

Indeed, Lemma 4.2 ensures that the assumption of Lemma 4.8 is satisfied \-
almost surely. And by Lemma 4.7, its conclusion implies that for A-a.e. x € £ and
almost all m € M, the orbit xmU does not return infinitely often in a compact set
K. As )\ is by construction the lift to FM of mpr on T' M, with the Haar measure
of M on the fibers, this implies that for A-almost all x, the orbit xmU does not
return infinitely often in a compact set K. This implies the dissipativity of A w.r.t.
the action of U, so that Theorem 4.6 is proved.

Proof. Recall first that for n € N not too small, one has duxn (xn) =~ [n|?dv((xn)™).
We want to estimate the integral fM txmN (xmUN,.)dm.

First, observe that the measure pxny on x/N does not depend really on the orbit
xN, in the sense that it is the lift of a measure on W**(mry(x)) through the inverse
of the canonical projection y € xN — m1(y) from xN to W?*%(m1(x)). Therefore,
one has fixmn (xXmUN,.) = pxn (xmUm ™1 N,.).
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Thus, by Fubini Theorem, one can compute:

F(x):/ txmN (XmU N, )dm
M
:/ iy (xmUm ™1 N, )dm
M

= / 1m€1b1,mUm—1r‘mN,,.7é(2)(m)dmd/LXN (n)
MXxN

Observe that mUm ™! is a k-dimensional plane of the d — 1-dimensional space N,
inducing a k — 1-dimensional space of the unit sphere N! of N. Moreover, it
intersects nN,. if and only if it intersects a r/|n|-neighbourhood of n/|n|, denoted
by N} Jn| in this unit sphere. Therefore, the above integral equals

In]

/ LneMmum-1nz Ny, - 0(m)dmdps (n)
MxN '

In the d — 2-dimensional sphere N, the probability that a k — 1-dimensional space
intersects a ball of radius p is comparable, up to some geometric constant, to
pt=2=(k=1) — pdim N=dimU “ge0 for example [19, chapter 3]. Therefore, up to a
multiplicative constant, the above integral is bounded from above by

~ / rdimN—dimU|n|dimU—dimNduxN(n>

N

~ /A rdim N —dim U|n|dim U—dim N+25dV((Xn)—)
N

where Ny = {n € N;|n| > 2'}.
Therefore, up to some multiplicative constant, we get
F(X) < Z 2l(dim U—dim N+25)V((XN[)7) )
1>0

Now, observe that (xN;)™ is comparable to the ball of center z+ and radius 2
on the boundary. By Inequality (1), we deduce that

v((xN;)7) < 27 0Ledrd(xariog2.To)

For all € > 0, there exists [y > 0, such that d(xa;10g2) < €llog2 for I > ly. Thus,
up to the ly first terms of the series, we get the following upper bound for F(x).

lo—l
F(X) < Z cee Z 21(dim U—dim N+5)65Fd(xaz log 2,T°0)
=0 >0
lo—1
< Z RS Z 2l(dim U—dim N+3§+-¢€6)
=0 1>lo
Thus, if § < dim N —dim U, we can choose € > 0 so that dimU —dim N+J+¢&d <
0, and F(x) is finite. 5

Remark 4.9. Observe that the above argument, in the case § + dimU = dim N,
would lead to the fact that

/ txmN (xmU N, )dm = oo,
M
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which is not enough to conclude to the conservativity, that is that almost surely,
txemN (xmUN,.) = +00. We refer to the works of Dufloux for a finer analysis in this
case.

4.5. Equivalence of the Bowen-Margulis-Sullivan measure and the Burger-
Roblin measure for invariants sets. As claimed in the introduction, we reduce
the study of ergodicity of the Burger-Roblin measure A to the ergodicity of the
Bowen-Margulis-Sullivan measure p. The rest of the section is devoted to the proof
of the following Proposition:

Proposition 4.10. Assume that T is Zariski-dense. If u finite and ér +dim(U) >
d — 1, then for any U-invariant Borel set E, we have A(E) > 0 if and only if

w(E) > 0.

We denote by B the Borel g-algebra of £, and Zy C B the sub-o-algebra of
U-invariant sets. The first part of the proof of Proposition 4.10 is the following.

Lemma 4.11. Assume that T is Zarisi-dense in SO,(d, 1) and that u is finite. If
0 > dim N — dimU and E is a Borel U-invariant set such that u(E) > 0, then
AE) > 0.

Proof. Let E be a Borel U-invariant set with p(E) > 0. It is sufficient to show
that A(E) > 0. Let xo = (x{, 2y, x,) be a frame in the support of the (non-zero)
measure 15/, and F' be a small neighbourhood of xo. Denote by H(z™T,tx) the
horosphere passing through the base-point of the frame x. The measure /I(E NE)
can be written

WENF) = / / Lpnp(xt,z™,t) gdv(z™) | di(xT)dtx,
FAr xR H(xt,t)

where g is a positive continuous function, namely the exponential of some Busemann
functions, and 7 the M-invariant lift of v to FApr. The main point is that it is
positive, so for a set J C FAr x R of positive 7 ® dt measure, for any (x*,tx) € J,
the set

x*t {x :(X l',x)EEﬂF,},

has positive v-measure.

Eﬂxv .'~EI'TXN

H_Q@;/

“supp(pix.n)

OH* \ {z 1}

FIGURE 6
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Since similarly,

ME) = / (/ g’.lE(x+,:z:,tx)d£(x)> Ao (xT)dty,
FAr xR H(xzt,tx)

with ¢’ > 0, it is sufficient to show that for a subset of (x*,tx) € J of positive
measure, the set

Exry={a" : (xt,27,tx) € B, }

has positive Lebesgue L-measure.

On each horosphere H(x ™, tx), we wish to use Marstrand’s projection Theorem,
and therefore to use an identification of the horosphere with R?~!. A naive way
would be to say that H(x T, t,) is diffeomorphic to xN, and therefore to N ~ RI~1.
However, it will be more convenient to use an identification of these horospheres
with N ~ R%! which does not depend on a frame x in 7 ' (H(z T, ty)).

In order to obtain these convenient coordinates, we fix a smooth section s from
a neighbourhood of z to FOH?. If x € F, the horosphere H(z*,t,) can be iden-
tified (in a non-canonical way) with N the following way: let n € N, we associate
to it the base-point of (s(z™),zy,tx)n. This way, the identification does depend
only on the M N-orbit of x, that is depends on the horosphere only.

For xt € FAr, define m = m(x") € M by the relation x* = s(z™)m. If
x € E, then so does xu = (s(zt)m,zg,tx)u = (s(zt),zy , tx)mu, which has the
same base-point as (s(z1),zg , tx)mum ™. This means that the set Ey+ ;, viewed
as a subset of N, is invariant by translations by the subspace mUm ™! in these
coordinates. From now on, E,+ ; will always be seen as a subset of N.

Let V be the orthogonal complement of U in N, and IL,y,-1 : N = mVm™!
be the orthogonal projection onto mVm™'. What we saw is that the set Eyry
is a product of mUm ™" and II,,,y,,-1(Ex+ ;). Clearly, it contains the product of
mUm™! and Hme—l(Eftt), so it is of positive Lebesgue V-measure as soon as
I, vm-1 (EE, ) has positive Lebesgue measure in mVm™!.

The strateéy is now to use the projection Theorem 4.5 on each horosphere to de-
duce that I1,,,1,,-1 (Ef+ ;) is of positive Lebesgue measure for almost every m € M.
Unfortunately, we cannot apply it to the measure 1 BF, V directly, since the set
tht depends on the orientation m of the frame x* = s(z™)m (and not only on
the Horosphere H(zT,tx)), so it depends on M.

By Lemma 4.3, we can find a subset L C Ar, such that vz, has finite dim(N) —
dim(U)-energy, and EF

xt,t
J' C J is of positive I @ dt- measure.

N L has positive v-measure for any (xT,t) € J’', where

One can moreover assume that for every horosphere H(z™,tx) with x € F, L
lies in a fixed compact set of N using both identifications of the horosphere with
OH¢ and N. Notice that these identifications are smooth maps, so the finiteness of
the energy of v/, does not depend on the model metric space chosen.
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By Theorem 4.5, applied on each horosphere H(z7,t) ~ N = U @ V, the or-
thogonal projection (IL,,vp,-1)«v|z, is m-almost surely absolutely continuous with
respect to the Lebesgue measure on mVm™!. But since 1EF+ v, L v|r, we have

xt,t

for almost every m
(Hmefl)*(lEf_'_ tV\L) < (Hmefl)*V\L L Lynvm-1-

This forces the projection set H”LVWLflE)I:th to be of positive L,,y,,~1-measure
m-almost surely, for those m such that (s(z™)m,t) € J'. O

The second step of the proof is the following.

Lemma 4.12. Assume that I' is Zariski-dense in SO°(d, 1), that p is ergodic and
conservative, and § > dim N — dimU. If E is a Borel U-invariant set such that
w(E) =1, then A(EAE) = 0.

Proof. First, pick some element a € A whose adjoint action has eigenvalue log(\,) >
0 on n such that ana™! = \,n for all n € N.

Replacing E by NigezE.aF (another set of full y-measure), we can freely assume
that F is a-invariant.

By Lemma 4.11, we already know that A(E) > 0. As above also, let V' C N be
a supplementary of U in N. As A(F) > 0, we know that for A-almost all x € E,
the set V(x, E) = {v € V,xv € E} has positive V-Lebesgue (Haar) measure dv.

The Lebesgue density points of V(x, E) have full dv-measure. Recall that V; is
the ball of radius ¢ in V.

Let € € (0,1), and define for all x € £ (not only x € F)

F. g(x) sup{T> 0:Vte (O,T),/ 1cv,nedv > (16)|W} ,
v

with the convention that it is zero if no such T exists; it may take the value +oco.
Observe that F, g is a U-invariant map, because E is U-invariant.

Since the Lebesgue density points of V' (x, E') have full dv-measure, then for -
almost all x € F, and dv-almost all v € V(x,E), F. g(xv) > 0. Moreover, this
statement stays valid for other U-invariant sets E’ of positive Ad-measure.

We claim that for p-almost every x € E, F gp(x) > 0. Assuming the contrary,
E' = F;é(O) N E is a U-invariant set of positive y-measure, so by Lemma 4.11, it is
also of positive Al-measure. As E' C E, F, g < F. g, so that the function F. g is
identically zero on E’. But there exists x € E’ and v € V(x, E’) such that xv € E’
(by definition of V(x,E’)) and F; g/(xv) > 0, by the previous consideration of
Lebesgue density points, leading to an absurdity.

We will now show that F, g is in fact infinite, py-almost surely. First, the clas-
sical commutation relations between A and N (and therefore A and V' C N) give
aVpa=t = Vi, 7. Observe also that,by a-invariance of F,

V(xa,E) = {v,xav € E} = {v € V,xava™' =x.(\,.v) € E} = \]'V(x, E).
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Therefore, F, p(xa) = A\ F: p(x), i.e. it is a function increasing along the orbits
of an ergodic and conservative measure-preserving system. This situation is con-
strained by the conservativity of p. Indeed, assume there exists t; < t5 such that
M(F;’é(tl,tg)) > 0. Then for all k large enough (namely s.t. \¥ > t5/¢;), we have

(Fobtn ) o 0 (Foh(t, 1)) =0,

in contradiction to the conservativity of p w.r.t. the action of a.

This shows that F; g(x) = +oo for p-almost all x € £.

Define now Zg = ﬂjeN*Ff/;E(—i—oo). It is a U-invariant set of full y-measure as
a countable intersection of sets of full y-measure. Therefore \(Zg) > 0 by Lemma
4.11. By definition of F; g, Zg consists of the frames x such that V(x, E) is of full
measure in V', a property that is V-invariant. Hence Zg is N-invariant of positive

A-measure, so by ergodicity of (N, A), it is of full A-measure.

Unfortunately, we know that £ C Zp but Zp does not have to be a subset of
E. To be able to conclude the proof (i.e. show that A(E€) = 0), we consider the
complement set £/ = E°, and assume it to be of positive A-measure. For any
x € Iy and v € V, by definition of Zg, F; ge(xv) = 0. So the intersection of Zg
and E° is of zero measure, and thus A(E°) = 0.

[l

Let us now conclude the proof of Proposition 4.10. Let E be a U-invariant set.
We already know that p(E) > 0 implies A(E) > 0. For the other direction, assume
that u(F) = 0, so that u(E°) = 1. The above Lemma applied to E¢ therefore
would imply E¢ = £ A-almost surely, so that A(E) = 0. Thus, A(F) > 0 implies
w(E) > 0.

5. ERGODICITY OF THE BOWEN-MARGULIS-SULLIVAN MEASURE

5.1. Typical couples for the negative geodesic flow. Let us say that a couple
(x,y) € Q2 is typical (for p@pu) if for every compactly supported continuous function
f € C%&?), the conclusion of the Birkhoff ergodic Theorem holds for the couple
(x,¥y) in negative discrete time for the action of a;, more precisely:
| V-1
Nim ];) f(xa—k,ya—i) = p @ p(f).

Write T for the set of typical couples, which is a subset of the set of generic couples.

Let us explain briefly why this is a set of full 4 ® py-measure. Since the action
of A on (€, ) is mixing, so is the action of a_;. A fortiori, the action of a_; on
(9, i) is weak-mixing, so the diagonal action of a_; on (2%, u ® p) is ergodic. It
follows from the Birkhoff ergodic Theorem applied to a countable dense subset of
the separable space (C%(£?), ||.||) that u ® p-almost every couple is typical.

As the set of generic couples used in the topological part of the article (see
section 3), the subset of typical couples enjoys the same nice invariance properties
by (M x A) x N=)>. That is, (x,y) € (FH%)? being the lift of a typical couple
only depends on (z~,y~) in Hopf coordinates. This follows from the fact that M x A
acts isometrically on C9(£?) and commutes with a_1, so T is (M x A)2?-invariant,
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and the fact that, since elements of C?(£?) are uniformly continuous, two orbits in
the same strong unstable leaf have the same limit for their ergodic averages.

5.2. Plenty of typical couples on the same U-orbit. We will say that there are
plenty of typical couples on the same U-orbit if there exists a probability measure
n on 2 such that the three following conditions are satisfied:

(1) Typical couples are of full n-measure, that is n(7) = 1.

(2) Let p1(x,y) = x,p2(x,y) = ¥ be the coordinates projections. We assume
that, for ¢« = 1,2, (p;)«n is absolutely continuous with respect to p. We
denote by Di, Dy their respective Radon-Nikodym derivatives, so that
(pi)+«n = D;u. We assume moreover that Dy € L?(p).

(3) Let nx and 7Y be the measures on 2 obtained by disintegration of n along
the maps p;, i = 1,2 respectively. More precisely, for any f € L'(n),

[ tin= [ ([ sexrin) duto = [ ([ xypin o) dut).

Note that nx (resp n¥) have total mass Dy (x) (resp. D2(y)). Whenever this
makes sense, define the operator ® which to a function f on 2 associates
the following function on €:

B(f)(x) = /Q F)dne ().

The condition (3) here is that if f is a bounded, measurable U-invariant
function, then

(f)(x) = f(x)D1(x)
for p-almost every x € Q. Note that even if f is bounded, ®(f) may not
be defined everywhere.

Remark 5.1. Observe that we do not require any invariance of the measure 7.
Condition (1) replaces the A-invariance, whereas Condition (3) establish a link
between the structure of U-orbits and 7.

Remark 5.2. Let us comment a little bit on condition (3): it is obviously satisfied
if, for example, 7y is supported on xU for almost every x, that is, n is supported
on couples of the form (x,xu) with w € U. It will be the case for the measures n
we will construct in section 5.4 and 5.5 in dimension 3 and higher respectively.

A good example of a measure 7 satisfying (2) and (3) is the following: let (ux)xeq
be the conditional measures of p with respect to the o-algebra of U-invariant sets,
and define 1 as the measure on Q2 such that n, = ux by the above disintegration
along p;. However, it seems difficult to prove directly that it also satisfies (1). This
example also highlights that condition (3) is in fact weaker than requiring that 7y
is supported on xU.

Remark 5.3. The condition that the Radon-Nikodym derivatives D; be in L? is not
restrictive. Indeed, we will construct a measure 7’ satisfying all above conditions
except this L?-condition. The Radon-Nikodym derivatives D; are integrable, so
that they are bounded on a set of large measure. We will simply restrict 1’ to this
subset, and normalize it, to get the desired probability measure 7.

The interest we have in finding plenty of typical couples on the same U-orbit is
due to the following key observation.
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Lemma 5.4. To prove Theorem 1.3, it is sufficient to prove that there are plenty of
typical couples on the same U-orbit, that is that there exists a probability measure
7 satisfying (1),(2) and (3).

The next section is devoted to the proof of this observation. The idea is the
following: suppose g is a bounded U-invariant function. We aim to prove that g
is constant p-almost everywhere. Consider the integral of the ergodic averages for
the function ¢ ® g on Q? with respect to 7,

N-1

1
I :/ N 2_ 9@ 9(xa—p, ya—i)dn(x,y).
02 N ];)

If 7 is supported only on couples on the same U-orbit, then since g is constant on
U-orbits, g(xa_i) = g(ya_g) for n-almost every (x,y), so

1 N-1
— 2
w=[ % > olxa-i)di.y)

N—-1

—/iz (xa_4)2 Dy (x)du(x) —/ (x)? iNfD(x ) ) du(x)
= QNk:Og a—k)* D1 (x)dp = /.9 N D ak) | dp(x),

so Jy — fQ g?dp by the Birkhoff ergodic Theorem applied to D;. Observe that
Property (3) is used in the first equality, and Property (2) in the second.

For the sake of the argument, assume that g is moreover continuous with com-
pact support. Then by Condition (1) on typical couples, since g ® g is continuous
with compact support, the same sequence Jy tends to fQQ gRgdp®@ = (fQ gdu)?.
Hence g has zero variance, so is constant. Unfortunately, one cannot assume g
to be continuous, nor approximate it by continuous functions in L (u). The reg-
ularity Condition (2) that Dy € L? will nevertheless allow us to use continuous
approximations in L2 ().

5.3. Proof of Lemma 5.4. We first need to collect some facts about the operator
®, and its behaviour in relationship with ergodic averages for the negative-time
geodesic flow a_1.

Lemma 5.5. The operator ® is a continuous linear operator from L*(p) to L' ().

As we will see, Property (2) of the measure 7 is crucial here.

Proof. Let f € L?*(u), we compute

%) = [ [0 dud) < [ ( / If(y)ldnx(.V)> du(x),

< [reaneoy < [ 1701 ([ a0 dut).
< [P dily) < 171z 1220
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Given f, g two functions on 2, write f ® g for the function f®g(x,y) = f(x)g(y)
on Q2. Denote by (f,g), = fQ f.gdu the usual scalar product on L?(u). For
f€L*>®(u) and g € L?(u), a simple calculation gives

| 1eadn= (5.9,

Let ¥ be the Koopman operator associated to aj, that is ¥(f)(x) = f(xaq).
The Ergodic average of a tensor product can be written in terms of ® and ¥ the
following way:

1 N—-1 1 N—-1
[ 5 3 Foatxasyadntey) = 5 3 (0,208 (9))
Lt k=0
1 N—-1
= (f, ¥ > oo TH(g)),
k=0
= <f7EN(g)>P«a

where Z is the operator =y = % Zgjol Uk o®oW~*, Since the Koopman operator

is an isometry from L7(p) to L%(u) for both ¢ = 1 and ¢ = 2, the operator Zx from
L?(p) to L'(p) has norm at most

1Enl2rr < (| p2 1.

Notice also that if f, g are continuous with compact support, the above ergodic
average converges toward (f,1),(g,1), for n-almost every x,y, by Condition (1).
By the Lebesgue dominated convergence Theorem, we also have

(2) ]\}Enm<f75N(g>>M = <f7 1>M<g7 1>M‘

Let g be a bounded measurable, U-invariant function. Since W~*(g) is also
bounded and U-invariant, by property (3), we have

(¥ "(9))(x) = g(xa_x) D1 (x).
Therefore,
1 V-1
Z(9)(x) = 9(x) (N > D1<xak>) .
k=0

By the Birkhoff L!-ergodic Theorem and boundedness of g, it follows that Zx(g)
tends to g in L'(u)-topology.

Our aim is to show that g has variance zero. Let (g,)n>0 be a sequence of
uniformly bounded continuous functions with compact support converging to g in
L?(p) (and hence also in L(u)). Let D > 0 be such that ||g,||ec < D for all n. For
n, N positive integers, we have

(9: 90 — (9. 12 =(9 = Gn- O + (9n, 9 — En(9)) + (90, En(9 — gn))p
+ (<gn75N(gn)>M — (9n; 1>i) + (<gn7 1>i — (g, 1>i) .

Therefore,



28 FRANCOIS MAUCOURANT, BARBARA SCHAPIRA

(9,90 = (9, )] <llg = gnllillglloe + Dllg = En(9)lls + DIEN L2 111lg — gnll2
+ |<gn75N(9n)>u — (gn; 1>i| +1lg = gnllillg + gnlli-

First fix n and let N go to infinity. By what precedes, Zx(g) converges to g in
L' so that the second term vanishes. Since g,, is continuous, by (2), the last but
one term of the upper bound vanishes. We obtain

(9. 9)n = (9, 1) < llg = gnllillglle + D@2 21llg = gunll2 +2Dllg — gulls-

We now let n go to infinity, and we get
<gvg>lt - <ga ]‘>,L2l. =0

Therefore, g has variance zero, so is constant.
5.4. Constructing plenty of typical couples : the dimension 3 case.

The candidate to be the measure n, in dimension 3. First, recall that N is identified
with R?~! = R2. Fix also an isomorphism U =~ R, so that the set Ut of positive
elements is well defined. B

Consider the map R : Q2 — Q2 defined as follows. The image (x',y’) of (x,y)
is the unique couple such that /T =zt =y/+, 2/~ =27, ¥~ =y, txw = tx = ty,
and xT,y" are the unique frames such that there exists u € UT with x'u = y’.

: The map R

FiGURE 7. The alignement map R

Consider the restriction of this map to couples (x,y) inside some fundamental
domain for the action of I' on Q, so that we get a well defined map R : Q% — Q2.
Define 7 as the image 7 := R.(u ® p).

Observe that condition (1) in 5.2 is automatic, as being typical depends only on
x~ and y~. Remark 5.2 shows that condition (3) is also automatic. By Remark
5.3, we only need to show that its projections (p1).n and (p2).n are absolutely
continuous w.r.t. p. That is the crucial part of the proof. We do it in the next
sections.

The key assumption will of course be our dimension assumption on ér > dim N —
dimU. Then, we will try to follow the classical strategy of Marstrand, Falconer,
Mattila. However, a new technical difficulty will appear, because we will need to do
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radial projections on circles instead of orthogonal projections on lines. The length
of the proof below is due to this technical obstacle.

Projections. First of all, by lemma 4.3, we can restrict the measure v to some sub-
set A C Ar of measure as close to 1 as we want, with I;(v4) < co. In the sequel,
we denote by v, the measure restricted to A and normalized to be a probability
measure. Fix four disjoint compact subsets X, X_,Y,,Y_ of A C Ar, each of pos-
itive v-measure, and write vx, ,vx_, vy, ,vy_ for the Patterson measures restricted
to each of these sets, normalized to be probability measures. Therefore, all their
energies I (vx, ) and I (vy, ) are finite.

In fact, the definition of the measure n will be slightly different than said above.
First, 77 will be the image by the projection map R defined above of the restriction
of it ® fi to the set of couples (x,y) € 02, such that ¥ € X, and yt € Yy,
tx € [0,1], ty € [0,1]. Then n will be defined on Q? as the image of 7.

Pick two distinct points outside X, called ’zero’ and ’one’. For any % € X,
we identify OH?® \ {z*} to the complex plane C by the unique homography, say
h=" : OH3 — C U {0}, sending 2+ to 400, zero to 0 and one to 1. We get a well
defined parametrization of angles, as soon as zt is fixed.

Remark 5.6. Observe that when x™ varies in the compact set Xy, as 0 and 1 do
not belong to Xy, all the quantities defined geometrically (projections, intersections
of circles, ...) vary analytically in x .

In particular, if x € Q is a frame, the frame x* in the boundary determines a
unique half-circle from 27 to z~ in OH?, which is tangent to the first direction of
x*t at o1, and therefore, a unique half-line originating from z~ in C ~ 0H3\ {z*}.
We use therefore an angular coordinate 6y € [0,27) instead of x*.

Let @y be the unit vector e??+7/2) in the complex plane. Define the projection
7r$+ in the direction § from OH3\ {7} to itself as 7roiE+ (z) = z.ty. Observe that the
line Riy in C, orthogonal to 6, has a canonical parametrization, and a Lebesgue
measure, denoted by Zf.

C~oH3\ {z+}

FIGURE 8. Angular parameter on C ~ H? \ {z*}

Once again, the variations of 1 — 7r(§”+ and 21 — %ﬁ are as regular as possible.
For measures, it means that the Lebesgue measures £§+ are equivalent one to an-
other when x " varies, with analytic Radon-Nikodym derivatives in ™ in restriction
to any compact set of 9H? which does not contain z7.

Observe also that when x* varies in X, the distances d*" induced by the
complex metric on C ~ OH? \ {x+}, when restricted to the compact set X_ UY_,
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are uniformly equivalent to the usual metric on OH?. In particular, if we denote by

I f+ the energy of a measure relatively to the distance dﬁ7 there exists a constant
c=c(Xy,X_,Y,) such that for all 2+ € X,

1 1
(3) ~hi(va) < I (vx_ ) < cli(va) and “L(va) < I7 (vy ) < eli(va)

Rephrasing Marstrand’s projection Theorem in dimension 2, we have:

Theorem 5.7. (Falconer, [10, p82], Mattila [20, th 4.5]) Assume that I (v4) < oo.
Then for all fived = € X, and almost all 0 € [0,7), the projection <7T5+)*VY7
(resp. (7r§+)*1/X7) is absolutely continuous w.r.t (‘Zf. Moreover, the map H*"
defined as

d(mg" vy -

H* :(0,¢) €[0,7) xR — -
des

©)

belongs to L*([0,7) x R), and we have |‘Hx+||%2([0,7r)><lR) < ChL(va), with C a
universal constant which does not depend on z* € X .

In particular, as the variation in x* is analytic and X compact, the map
(z+,0,€) — HZ (&) = H™ (0,€) belongs to L2(XT x [0,7] x R), with L2-norm
bounded by the same upper bound CIy(v4).

The same result is true when replacing Y~ with X .

Proof. Thanks to the comparison (3) between the different notions of energy, we
can replace If’+ (vx,) by I1(va), and get the desired result. O

Hardy-Littlewood Maximal Inequality. Let Hg,”+ be the map
d(nz") v
+ - * -
HE i€ eRag s — 27 (¢)
acg
Its maximal function is defined as
1 [ite d(7T9m+)*Vy—

MH5”+ (t) = sup —

1 +
— sup — vy - Y~ n® - .
R s (§)d¢ SUp o vy {yeY ,m (y) € [t—e, t+el})

The strong maximal inequality of Hardy-Littlewood [14] with p = 2 on R (of
dimension 1) asserts that there exists C' = Cy 1 independent of 6 such that for all
0 €[0,m),

IMHG |lp2®) < ConllHg [z2(m)
‘We deduce that

[MH" ||£2([0,x)xR) S/O Ca 11 Hy |72y d0 = C3 1 |1 HF  [|72((0,m)x) < +00
The above also holds for the map G=" defined by
d(m" vy -
G5 e Ry oy ATE VX" ),
aeg

with the same constants.
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A geometric inequality. We want to show that the projections (p;).n on Q are
absolutely continuous w.r.t. u. We will first prove it for p;, and then observe that
for po, the situation is completely symmetric, when reversing the role of = and
Y.

Given a Borelset P=FE; x E_ X E; x Eg C X4 x X_ x[0,1] x [0, 27), observe
that

(p)n(P) = i@ i({(x,y) € 9%, a* € By, 2~ € E_,tx € E;,y~ € C* (¢, Ep) }

where C%" (7, Ey) is the cone of center z~ with angles in Fjy in the complex plane
C ~0oH?3\ {at}.

Similarly,
(p2)n(P) =i ® i({(x,y) € Q*, 2t € By~ € E_,tx € Ej,a € C"”+(y_,E9) }.

Lemma 5.8. To prove that (p1)«n (resp. (p2)«n) is absolutely continuous w.r.t. p,
it is enough to show that there exists a nonnegative measurable map Fy (resp. F)
such that for all rectangles P = Ey x E_ X Ey x Eg € X, x X_ x [0,1] x [0, 27)
(resp. P=E. x E_ X Ey x Eg € Xy xY_ x[0,1] x [0,27) ) we have

(pl)*n(P)§/PFl(:ﬁ,acﬂG)dl/X+(x+)d1/X_(x*)dtd9

and
(pe)n(P) < [ Falart g O)duc (o)~ (y e
P
with Fy € LY (vx+ x vx_ x [0,7]), and Fy € LY (vx+ x vy x [0,7))

Proof. It is clear that p(P) = 0 will imply (p1).n(P) = 0 for all rectangles. As
they generate the o-algebra of QN (X x X_ x [0,1] x [0, 7) it implies that (p1).«n
is absolutely continuous w.r.t. u. The proof is the same with ps. (I

Let us show that such integrable maps F} and Fj exist.

In fact, we will prove that for all given T, F;(z™,.) is integrable. And the fact
that, as usual, the variation of all involved quantities in 2T is analytic will imply
that ||F;(z™,.)|| is integrable also in x.

As said above, for P = F, x E_ x Ey x Ey we have

P = [ e 07 o @, @i

Now, we wish to study the quantity Vy—(Cer (x~, Ep)) in order to prove that,
z7T being fixed, the radial projection of vy-— on the circle of directions around z~ is
absolutely continuous w.r.t the Lebesgue measure df, and control the norm of the
Radon-Nikodym derivative, which a priori depends on, and needs to be integrable
in the variable z .

It seems now appropriate to use Theorem 5.7 to conclude. Unfortunately, we
have to prove that a radial projection is absolutely continuous, whereas Theorem
5.7 deals with orthogonal projection in a certain direction. The Hardy-Littlewood
maximal L?-inequality will allow us to overcome this difficulty.

Denote by ©%" (r~,y7) the angle in OH? \ {7} ~ C at 2~ of the half-line from
T~ toy .

First, as the distance from X~ to Y~ is uniformly bounded from below, the cone
C=" (z7, [0 — €,0p + €]) intersected with Y~ is uniformly included in a rectangle
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of the form {y~ € Y, |7Tg30+ (y™) — 773: (x7)| < cpe}, for some uniform constant
depending only on the sets X4 and Y4, and not on e, z*,y*. In particular, the

following result holds.

N (11777 EG)

c=" (z=,[00 — &, 00 + €])

— _ +, _ + _
v~ €Y, |mg (y7) — 75 (7)) < coc)

C=0m3\ {z*}

FiGURE 9. Radial versus orthogonal projections of vy -

Lemma 5.9. There ezists a geometric constant co > 0 depending only on the sizes
and respective distances of the sets X+ and Y1, such that

vy (C" (@™, [0 — &,00 +€]) N Y ™) < 2c0e MHE, (x5 (7))

Conclusion of the argument. The above inequality does not allow directly to con-
clude. Let us integrate it in 6, to recover the L?-norm of the maximal Hardy-
Littlewood function. The first inequality follows from the inclusion [0y —e, 6y +¢] C
[0 — 2¢,0 4 2¢] for § in the first interval, the second inequality from Lemma 5.9.

v (€7 (@7, [bo—c60+e)NYT)
Oo+e _ _ ot do
S VY*({y ey 76 (3j Y )6[9_2579""25]})276
90—6
90-’1—6
< dege MH5”+(7T$+(JC_));Z—9
90—6 €
bote + +
- 200/ MES (7 (7)) df
90—8

Define Fy(z+,z27,0) as

1 7r§+(ac7)+e ‘
(m_)) = 2¢( sup 2 | Hy (t)dt.
e>0 248 Jrzt (z—)—e

+

Fi(z,27,0) = 2coMHg“'+ (wg
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The absolute continuity of 7r(§”+ w.r.t £y, the Cauchy-Schwartz inequality and the
Hardy-Littlewood maximal inequality imply that

T T ‘T+ — —
1Bl ntomy = 200 [ [ MHE 5 @ o)
X—JO
.
T NG
= [ [ g R (¢dean
RrRJo aey
" d(7r75+)*yX,
< IMH™ ||L2@xo,7]) X 79%“ ©)
0 L2(Rx[0,7])
< CGUlH" |le2@xjoq)) X |G | 2@x0.4))

which is, by Projection Theorem 4.5, bounded from above by C?1;(v4)? < oc.
The uniformity of the bound in z+ € X allows to integrate once again the
above quantities and deduce that F} € L' (X~ x X+ x [0, 7).

Remark 5.10. This computation proves the following fact announced at the end of
the introduction, and maybe well known from experts. If two compactly supported
probability measures v4, v5 on the plane have finie 1-energy, then for v;-almost every
x, the radial projection of 5 on the unit circle around x is absolutely continuous
w.r.t. the Lebesgue measure on the circle.

5.5. The higher dimensional case. In higher dimension, the strategy of the
proof is similar. We want to build a measure 1 on Q2 which gives positive measure
to plenty of couples on the same U-orbit.

We will build 7 from the measure p® p, to obtain a measure defined on (a subset
of) {(x,y) € Q% xU = yU}, which gives full measure to typical couples (x,y)
(whose negative orbit satisfies Birkhoff ergodic theorem for the diagonal action of
a—_1, and whose projections (p1).n and (p2) *n on § are absolutely continuous
w.r.t. u.

Contrarily to the dimension 3 case, we will not define any ”alignment map”.
Indeed, given a typical couple (x,y), one can begin as in dimension 3, and try to
find a frame x’ € xM and a frame y’ € x’U (or in other words y'U = x'U), so that
in particular ¢’ = o't = 7, with the same past as y (that is, '~ = y~). However,
there is no canonical choice of such x’, y’, due to the fact that the dimension and/or
the codimension of U in N will be greater than one.

Therefore, we will directly define the new measure 7, by a kind of averaging
procedure of all good choices of couples (x',y’).

Identify the horosphere xNM = xMN in T'H? with a d — 1-dimensional affine
space. As in dimension 3, we wish that the frames x’ and y’ have their first vectors
on xNM, that x’ belongs to the fiber xM of the vector m(x), and y'~ = y—,
so that y’ belongs to the fiber y’M (with an abuse of notation, as y’ is not well
defined) of the well defined vector vy = (y~, 2", tx) of x M N.

These vectors xM and y’'M are well defined, so that the line from xM to y' M
in the affine space xNM is also well defined.

Now, given any two frames x’ and y’ in the respective fibers of xM and y'M,
such that x'U = y'U, the k-dimensional oriented linear space P = x'UM contains
the line from xM to y’M. The set of such P can be identified with SO(d —
2)/ (SO(k—1) x SO(d -k —1)).
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We will first choose randomly P using the SO(d — 2)-invariant measure on the
latter space. Now, given P, the set of frames x’ such that the direction of the affine
subspace x'UM is P can be identified with SO(k) x SO(d — k — 1), and we choose
x’ randomly using the Haar measure of this group. This determines the element
u € U such that x’uM =y’ M, so it determines y’ = x’u completely.

As in dimension 3, the non-trivial part is to show that the measure obtained
by this construction has absolutely continuous marginals. We first describe more
precisely the construction to fix notations.

5.5.1. Restriction of the support of p ® pi. Recall that the lift g of the measure p
on €2 can be written locally as

dii(x) = dv(z™)dv(x)dtdm,

where dm denotes the Haar measure on the fiber x M over 71 (x). Remember that a
frame x with first vector 7 (x) induces (by parallel transport until infinity) a frame
at infinity in T+ OH, or T, OH?, so that dm can also be seen as the Haar measure
on the set of frames based at z~ inside T,,- OH.

As in dimension 3, consider a subset A C Ar of positive v-measure such that
I1(v)4) < co. Choose four compact sets X+ Y+ inside A, pairwise disjoint, and

restrict & ® & to the couples (x,y) € Q2 such that 2= € X* and yT € Y*, and
tx,ty € [0,1].

5.5.2. Coordinates on OH?. For the purpose of contructing 7, it will be convenient
to have a family of identifications of horospheres, or here the complement of a point
2zt in OHY?, with the vector space R?~1. Let (ei)1<i<d—1 be the canonical basis of
R4-1. Choose three different points acar € XT, 2y, € X~ and y, € Y, in the
support of v|x+, v x- and vy - respectively.

Now we want to get a unique homography h,+ from OH?\ {z*} to R%~! sending
2o to 0, yo to e, and =T to infinity, with a smooth dependence in z+.

To do so, choose successively d — 3 other points, say ¢, ... g4—2 in OH?, in such a
way that, uniformly in z+ € X T, none of the points 2%, zg, yo, g2, . . . , ga—2 belongs
to a circle containing three other points. Now, it is elementary to check that there
is a unique conformal map h,+ sending 2™ to infinity, zg to 0, yg to e1, g2 inside
the half-plane R.e; + R e, g3 inside the half-space Re; 4+ Res + Ry e3, and so on
up to gq_o. This is the desired map.

Up to decreasing the size of X, X~ and Y~ using neighbourhoods of 2§, 25 , vy
respectively, we can moreover assume that for all these conformal maps, uniformlg
inzt € Xt,27 € X~,y~ € Y, the first coordinate of the vector h+ (x ™ )h,+(y ™)
belongs to [%, 2], and the norm of this vector is bounded by 3. In the sequel, we
use the coordinates induced by h,+ on OH.

5.5.3. A nice bundle. We will construct a measure 77 on the set
577 ={(x,y) € ?22, st =yt eXT 2" e Xy €Y ,xU =yU,tx = ty € [0,¢€l},

and prove that it satisfies assumptions (1),(2),(3) of Lemma 5.4, so that Theorem
1.3 follows. Observe that this space S, is a fiber bundle over some subset

PCXTxX xY™ xgit,
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whose projection is simply
(x,y) € 5‘,, — (2%, 27,y , Vect(z1,...,71)) €P,

where Vect(xy,...,x) is the oriented k-linear space spanned by the k first vectors
of the frame x* at infinity with orientation z1 A ... Ay, or equivalently the k-plane
spanned by these k vectors viewed around z~ at infinity, i.e. inside R?~! identified
with OH \ {x*} using the map h+.

Moreover, observe that it is a principal bundle, whose fibers are isomorphic
to SO(k) x SO(d — 1 — k) x A. Indeed, given a couple (x,y) in the fiber of
(zF,27,y~, P), after maybe letting A act diagonally so that both couples are
based on the horosphere passing through the origin o € H? any other couple

differs from (x,y) only by changing (xi,...,x) into another orthonormal ba-
sis of Vect(xy,...,zx), and (Zg41,...,24—1) into another orthonormal basis of
Vect(xgi1,...,2d-1), preserving the orientation.

5.5.4. Defining the measure. Given xt € X, we first define a measure 7,+ sup-
ported on the set

_
Pt ={(z7,y,P) : 2= € X,y €Y PG st hys (7 )her (y~) € P}

(a subset of X~ x Y~ x G 1) as follows.

e
Observe that, thanks to our choice of coordinates, the vector h +(x™ )hg+(y™)
has always a nonzero coordinate along e;. Therefore, any k-plane P containing
hg+ (27 )hy+ (y~) is uniquely determined by its k — 1-dimensional intersection PNei
with ef.
Thus, we have a well defined measure on P,+:

dijy+ (27, y ™, P) = dvx— (a7 )dvy—(y " )do{ 3 (P Net),

where oi_2 is the SO(d — 2)-invariant probability measure on the Grassmannian

manifold of (k — 1)-planes in ej .

Now, P is a bundle over Xt with fibers P,+. Define 7 on P as the measure
which disintegrates as vx+ on the basis Xj and 7.+ in the fibers.
Pick € small enough, and lift 77 to 77 on 2, or more precisely on its subset

:S’;, ={(x,y) € 02, 2t =yt eXT 2 eX ,y €Y ,xU=yU, ty=t, € [0,¢}

by endowing the fibers with the Haar measure of SO(k) x SO(d — 1 — k) times the
uniform probability measure on the interval [0, €].

If X* Y* and e are small enough, we can assume that the support of 7 is
included inside the product of two single fundamental domains of the action of T"
on SO°(d, 1), so that it induces a well defined measure 1 on the quotient.

By construction, it is supported on couples (x,y) in the same U-orbit, and as in
dimension 3, it gives full measure to couples (x,y) which are typical in the past,
because this property of being typical depends only on x7,y~, and v|x- ® vy -
gives full measure to the pairs (z~,y~) which are negative endpoints of typical
couples (x,y).

The main point to check is that (p1).«n and (p2).n are absolutely continuous
w.r.t. .
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5.5.5. Absolute continuity. Let us reduce the absolute continuity of (p;).n to an-
other absolute continuity property, by a succession of elementary observations.
First, to prove that (p1).n and (p2)«n are absolutely continuous w.r.t. wu, it is
sufficient to prove that (p1).7 and (p2).7, where p; : 02 — Q are the coordinates
maps, are both absolutely continuous with respect to fi.
Both measures are defined on the compact set

T={xeQ:tyecl0d 2zt eX,a” (X UY)}.
This set T is fibered over
Xt x (X“uY ) xgit,

with projection map x — (z%, 27, xMU) and fiber isomorphic to SO(k) x SO(d —
k—1)x10,¢e].

TcQ

| |

PCcXtxX— xY‘xgg_lLXJ”x(X_UY_)xg,‘j_l

| J

Xt Xt

On the upper left part of this diagram, observe that the measure 7 disintegrates
over P, with the Haar measure of SO(k) x SO(d —1 — k) x A in the fibers, and 7
on P.

Similarly, on the upper right of the diagram, the measure fi restricted to T
disintegrates over X x (X~ UY ™) x g,;H, with measure vy+ ® vxy-y- X O’Z71
on the basis, and Haar measure of SO(k) x SO(d —1 — k) x A in the fibers.

Therefore, to prove that (p;).7 is absolutely continuous w.r.t. [, it is enough to
prove that (p;).7 is absolutely continuous w.r.t. vx+ ® vx—y- X O'Z_l.

Look at the lower part of the diagram now. The measure 7 itself disintegrates
over X1, with vx+ on the base and 7,+ on each fiber P+, whereas the measure
(pi)«7 disintegrates also over vx+, with measure vy-_y- X agfl on each fiber.

Thus, it is in fact enough to prove that for vx+-almost every =T, the image of
the measure 7j,+ under the natural projection map Py+ — {7} x X~ UY ™ X gg*
is absolutely continuous w.r.t. vx-_y- ® a,‘f_l.

The precise statement that we will prove is Lemma 5.11. By the above discus-
sion, it implies that (p;)«n is absolutely continuous w.r.t. p, and therefore, as in

dimension 3, Theorem 1.3 follows from Lemma 5.4.

5.5.6. Absolute continuity of conditional measures. We discuss now the absolute
continuity of the marginals laws of 7,+.

In order to do so, it is necessary to say a few words about the distance on the
Grassmannian manifolds of oriented subspaces that we shall use. As we are only
interested in the local properties of the distance, we will (abusively) define it only
on the Grassmannian manifold of unoriented subspaces.

If P is a [-dimensional subspace of a Euclidean space of dimension n, we write I1p
for the orthogonal projection on P. If P, P’ € G* are two [-dimensional subspaces,
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a distance between P and P’ can be defined as the operator norm of IIp — Ilp/
(which is also the operator norm of Ilp. — I pry1).
We will use the following facts.

(1) The above distance is Lipschitz-equivalent to any Riemannian metric on G*,
and o]’ is a smooth measure. In particular, up to multiplicative constants,
the measure of a ball of sufficiently small radius r around a point P is

G'ln(Bgln (P, ’f‘)) ~ Tl(n_l).
(2) Identify e with R9=2. Define
Gy =(Peg  Pge).

The map P € (G& ') + PNet € Gi~2 is well-defined and smooth, so that

its restriction to any compact set is Lipschitz.
(3) Let P, P, be two k-dimensional subspaces of R4™1. If v € P, |Jv|| < 3 and
dgdfl(P7 Pl) < r, then

k
[Mpx (v) ]| < 3r

Lemma 5.11. There exist two functions Fyr ; € L'(vx- @0 1), Fyr o € L'(vy-®
oY) such that for any E C (X~ UY ™), any ball B = B(Py,r) C G&~ ' of suffi-
ciently small radius r around some Py € g;j—l, and any x+ € X,

771+({($_,y_,P) € P$+ : (:L'_7P) € Ex B}) é/ F:v+,1 dVX— ®0z717
ExB

and

e+ ({(@7,y,P) €Py+ : (y,P) € Ex B}) < / Fpr gdvy- @0t
ExB

Moreover, the L*-norms of F,+ ; are uniformly bounded on X ™.

Proof. We prove only the second inequality, the first one is similar and only ex-
changes the roles of £~ and y~ in the following.
First choose some P; € Bg:—l(PO,T). If (z7,y,P) € Py+ with P € ng—l(Pl, 2r),
then, provided r is small enough, both P and P; are in a fixed compact subset of
(GZ='). This implies that for some fixed ¢y > 0,

Q=Pnei e ngj(Pl Net,cor).

We also have
dpr(ps(z7),Mps(y~)) < 6r.
Thus we have the inequalities
ﬁx+({($_7y_,P> € Pyt = (y_7P) € Ex Bgl‘:*l(PhQr)})

e
= /1Bgd_1(P1,2r)(Q B hy (27 )y (y7)) dux— (a7 )dvy— (y 7 )dod=3(Q),
< 0§73 (Bga—2(Pi N ei s cor)) /E /X Lpan,, o0 e (@)dvx- (27)dvy - (y7),
< U?:%(Bgzif(Pl Nei,cor)) /E(HP%)*V}f (B(Ilp (2),6r))dvy-(y~)

<l Bgra(Prnetcon) [ (6004 MH (g () 57)
- E
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where M H,+ p, is the maximal function

d(IIpi o hyt )avx-
MH,+ p,(v) = supp*(d*kfl)/ (Ipy y o)V (w)dw .
Bpli (’U7p) w

p>0
We now integrate this inequality over P; € ngq (Po, ) using the uniform mea-

sure and the fact that

Bg]‘j* (POa T) C ngfl (Pla 27")
We obtain
ﬁz*({(xivyiap) € Pz+ : (yivp) € EX Bngl(P()vT)})

do{ =1 (Py)

o By (Po.7))

</ Aer ({707 P) € Pos & (47, P) € B x Bggr(P1,20)))
ngfl(Po,T)) k

Ugj(BgZ:f(Pl Nei,cor))(6r)d—k-1 - g
< / MH, o p, (T (y7))dvgy — (y7)dod = (P).
EXngfl(Po,T))

- ot (Bt (Pour)

Now, the ratio

011 (Bga-2(PL Net, cor)) (6r)* =+

0’271(39271 (Po, r))

is bounded by a uniform constant ¢ > 0, since the dimension of the Grassmannian
manifolds G is r(n — r), so the above ratio is comparable, up to multiplicative
(k—1)(d—k d—k—1

. —1)
constants, with ~ ] =1

This proves an inequality of the desired form with the function
Fx+,2(y77 P) = C]\4]{z+,P(1_[PL (hz+ (yi)))

We still have to show that this function is in L!(vy— ® of 1), Let us compute its
norm

g

3

N= MH e p (I (b (y7)) iy - (57 ol (P)

Y- xGiT?
:/d ( MH,+ p(v)d(Ilp. th+)*yy(v)) dUgfl(P)
gz \Jp+L

d(I1 R+ )sV)y -
:/ ( M, p(o) 22z e )y <v>dv> doji~!(P).
gi-2 \Jp+ dv
By [19, Theorem 9.7], the two Radon-Nikodym derivatives
d(HPL Oh$+)*ll‘yf d(HPL Ohx+)*V|X7
dv ’ dv ’

have the square of their L?-norms bounded by a constant times the respective
energies

Ig— 1 k((hgt)sy =), La—1—r((hpt )svx-).
By the Hardy-Littlewood inequality [19, Theorem 2.19], this is also true for their
maximal functions, with a different constant. By the choices of X, X~,Y~ and
hg+, the family of maps (hz+)z+ecx+ is uniformly bilispchitz when restricted to the
compact set X~ UY ™. In particular, the above energies are in turn bounded by a
constant times Iy_1_(v).
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The integral N is thus the scalar product of two L? functions, each one of norm

les

s that a fixed multiple of \/Ij_1_(v).

This implies that there exists a constant ¢ > 0 such that

N S CId_l_k(l/).
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