THE BOUNDARY OF A DIVISIBLE CONVEX SET

MICKAEL CRAMPON

ABSTRACT. We try to describe the boundary of a divisible convex set at an infinitesimal level.
The geodesic flow of the Hilbert metric is the main tool in this study, because its asymptotic
exponential behaviour (Lyapunov exponents) is related to the shape of the boundary of the
convex set.

1. INTRODUCTION

I have studied in [Craar] the local asymptotic behaviour of the geodesic flow of Hilbert metrics.
It naturally led me to introduce what seems to be a new regularity property of convex functions.
I gave it the not-so-good name of approximate reqularity.

Definition 1.1. Let U be an open convex subset of R* and f : U — R a C' strictly convex
function. For o € U and small v € R"!, define fo,(v) = f(xo +v) — f(20) — duo f(v). We say
that the function f is approximately regular at the point xo € U if, for all v € R* Y, the limit

lim log(fao (tv) + fae(—tv))
t—0 logt

exrists.

The property is here defined for strictly convex C! functions but it has a trivial extension
to general convex functions. The main result of |Craar] about this property is the following
decomposition theorem, that I proved using the geodesic flow of Hilbert metrics:

Theorem 1.2 (|[Craar], Theorem 6.1). Let f : U — R be a C' strictly convex function. The
following propositions are equivalent:

i) f is approzimately reqular at the point xg € U;
(i) f is approzimately regular at the point g € U;
(ii) there exist 1 < p < n—1, a splitting R"! = &Y_ | G; and numbers 400 > oy > -+ >
ap = 1 such that for all v € G,
lim 1og(fao (t0i) + fao (—tvi))
t—0 logt
(iil) there exist 1 < p < n — 1,a filtration {0} = Hy & H1 & --- & H, = R"™! and numbers
+00 = a1 > - > ap = 1 such that, for any v; € H; \ H;_q,
lim log(f:vo (tvi) + f:vo(_tvi)) _
t—0 logt

= i

7.

When f is approximately regular at xg, we call the numbers «; the Lyapunov exponents of f at
xzg. It will be more convenient in this work to count the Lyapunov exponents with multiplicities,
taking into account the dimension of the subsets GG;. We thus define the vector of Lyapunov
exponents & = (;)i=1..n—1, With oy > -+ > a,,—1 and we say that f is approzimately a-regular
at xg.

Apart from the previous theorem, I do not know what more can be said about approximate regu-
larity. For example, I asked the question to know whether a convex function is Lebesgue-almost
everywhere approximately regular, and to describe the range of possible Lyapunov exponents.
But in fact, I do not even know if any convex function is approximately regular at at least one
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point.

In this note, I study these questions for the boundary of a divisible convex set for which lots
of properties can be deduced from its numerous symmetries. As an example, let us give the
following result.

Acknowledgements: I would like to thank Francois Ledrappier for shadowing orbits together.

2. HILBERT GEOMETRY AND DIVISIBLE CONVEX SETS

2.1. Hilbert geometry. A Hilbert geometry is a metric space (2, dq) where

e () is a properly convex open set of the real projective space RP™, n > 2; properly means
that there exists a projective hyperplane which does not intersect the closure of €2, or,
equivalently, that there is an affine chart in which ) appears as a relatively compact set;

e dg is the distance on 2 defined, for two distinct points z,y, by

1
dﬂ(may) = 5’ log[aa b,x,y]\,

where a and b are the intersection points of the line (xy) with the boundary 92 and
[a,b,z,y] denotes the cross ratio of the four points : if we identify the line (zy) with

R U {00}, it is defined by [a, b, z,y] = ‘\Z;WZ\‘ .

FI1GURE 1. The Hilbert distance and the Finsler metric

These geometries had been introduced by Hilbert at the end of the nineteenth century as exam-
ples of spaces where lines are geodesics, which one can see as a motivation for the fourth of his
famous problems: roughly speaking, this problem consisted in finding all geometries for which
lines are geodesics.

When € is an ellipsoid, one recovers in this way the Beltrami model of the hyperbolic space.
This is the only case where a Hilbert geometry is Riemannian. Otherwise, it is only a Finsler
space: The Hilbert metric dg is generated by a field of norms F' on €, the norm F(z,u) of a
tangent vector u € T,() being given by the formula

|ul 1 1
Fz,u) = 4
(@, u) 2\ |zut| * lzu=| )’

where | . | is an arbitrary Euclidean metric, and u* and u™ are the intersection points of the
line  + R.u with the boundary 0f2.
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2.2. Horospheres. Assume ) is strictly convex with C' boundary. In this case, Busemann
functions and horospheres can be defined as in hyperbolic geometry.
The Busemann function based at x € J€) is defined by

br(2,y) = ;igglcdn(z,p) —da(y,p),

which, in some sense, measures the (signed) distance from z to y in Q as seen from the point

x € 0f).

The horosphere passing through z € €2 and based at = € 012 is the set
%JB(Z) = {y € Q’ bm(z’y) = 0}

H.(z) is also the limit when p tends to x of the metric spheres S(p,dq(p,z)) about p passing
through z. In some sense, the points on H,(z) are those which are as far from z as z is.

2.3. Divisible convex sets. Since projective transformations preserve cross-ratios, the group
of projective symmetries of €2,

Aut(9) = {g € PSLuj1(R), (@) = O},

is a subgroup of isometries of the Hilbert geometry (€2, dg)ﬂ. A discrete subgroup I' of Aut(£2)
acts then properly discontinuously on ; by Selberg’s lemma, it contains a finite index subgroup
which has no torsion. The quotient Q/ is thus an orbifold in general, a manifold if " has no
torsion.

Definition 2.1. We say that a properly convex open set ) or the corresponding Hilbert geome-
try (2, dq) is divisible if there exists a discrete subgroup ' of Aut(§2) with compact quotient Q/p.

The first example of divisible convex set is the ellipsoid, that is, the hyperbolic space. Y. Benoist
proved the following alternative in [Ben04].

Theorem 2.2. Let Q be a divisible convex set, divided by a discrete subgroup T' of Aut(Q2). The
following properties are equivalent:

the convex set ) is strictly conver;

the boundary 08 is of class C';

the Hilbert geometry (2, dq) is Gromov-hyperbolic;
the group ' is Gromov-hyperbolic.

An important argument of duality is used to prove this theorem, that we recall now. Consider
one of the two convex cones C' C R"T! whose trace is . The dual convex set Q* is the trace of
the dual cone
C*={fe®R"™H* Vel f(z)>0}

The set Q* can be identified with the set of projective hyperplanes which do not intersect €
to such a hyperplane corresponds the line of linear maps whose kernel is the given hyperplane.
For example, we can see the boundary of 2* as the set of tangent spaces to 02. In particular,
when € is strictly convex with C! boundary, there is a homeomorphism between the boundaries
of © and Q*: to the point x € 02 we associate the (projective class of the) linear map z* such
that ker 2* = T,0Q. The group Aut(f) acts on the dual convex set Q* via g.y = (*9)7(y),
g € Aut(9).

Lemma 2.3 ([Ben04], Lemme 2.8). Let I' be a discrete subgroup of Aut(S2). The action of T’
on € is cocompact if and only if the action of I' on Q* is also cocompact.

¢ is conjectured that, for most Hilbert geometries, all isometries are projective.
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Apart from the ellipsoid, various examples of strictly convex divisible sets have been given.
Some can be constructed using Coxeter groups ([KV67], [Ben06b]), some by deformations of
hyperbolic manifolds (based on [JMS87] and [Kos68], see also [Gol90] for the 2-dimensional case);
we should also quote the exotic examples of M. Kapovich [Kap07] of divisible convex sets in
all dimensions which are not quasi-isometric to the hyperbolic space (Y. Benoist [Ben06b] had
already given an example in dimension 4).

Non-strictly convex examples are more difficult to find. The trivial ones are given by the
symmetric spaces of the groups SL,,(K) (K being the set of complex, quaternionic or octonionic
numberdd) or by products (see the historical remarks in [Ben03]). The only other known examples
have been constructed by Y. Benoist [Ben0O6a] and L. Marquis [Marl(] in dimension 3 using
Coxeter groups.

2.4. Properties of the dividing group. Let 2 C RP"™ be a properly convex strictly convex
set, divided by a torsion-free discrete group I'. All elements g € I' are hyperbolic isometries of
the Hilbert geometry (€2, dq). That means the following.

The element g fixes exactly two points x;r and z, on 0€2; the point x;r is the attractive point

of g, x; is the repulsive point of g : for any point z € Q~ {x;, x;r}, limy, 400 g"(x) = x;t.
Denote by (¢;(g))i=o..n the complex eigenvalues of g, counted with multiplicities and ordered
such that |ly(g)| = [€1(g9)| = -+ = |€n(g)|. The largest and smallest eigenvalues ¢y and ¢,,(g) are

simple, real and positive, and the points ﬂ:;' and x, are the corresponding eigenvectors.

Let A;(g) = log |¢:(g)|, i = 0---n. The isometry g acts as a translation of length (A, (g) —Ao(9))
on the open segment ]z, zf |,

The following result will be crucial to deduce some rigidity results.

Theorem 2.4 (Y. Benoist [Ben00]). Let Q@ C RP™ be a properly convex strictly convex set,
divided by a discrete group I'. The group I is Zariski-dense in SLyy1(R), unless § is an ellipsoid.

Recall that the Zariski-closure of a subgroup I' of SL;;;(R) is the smallest algebraic subgroup
G of SLy41(R) which contains I'. We then say that I' is Zariski-dense in G.

The hypothesis of strict convexity in the last theorem is actually unnecessary, but the proof in
the general case is far more involved [Ben03].

This last theorem will be useful through the following characterization of Zariski-dense subgroups
of semisimple Lie groups, which is also due to Y. Benoist, and that we explain in the case of the
group SLy11(R). To each element ¢ in SL,41(R), we associate the vector log(g) = [Ao(g) : -+ - :
An(g)] € RP™ and for a subgroup I' of SL;11(R), we set logI" = {log g, g € T'}.

Theorem 2.5 (Y. Benoist, [Ben97]). Let T' be a subgroup of SLy41(R). IfT is Zariski-dense in
SLp+1(R), then logT' has nonempty interior.

3. CURVATURE OF THE BOUNDARY

3.1. What is curvature. Let us begin with an old theorem of A. D. Alexandrov [Ale39] about
convex functions:

Theorem 3.1. Let f: U C R" ! —= R be a conver function defined on a convex open set U of
R, The Hessian matriz Hess(f) = (%) exists Lebesgue almost everywhere in U.
7 Z_]

Let © be a bounded convex set of the Euclidean space R™. It is then possible to compute the
Hessian of its boundary at Lebesgue almost every point z € 9Q. We will call a C? point a point
x where this is possible.

The Hessian is a positive symmetric bilinear form on the tangent space T,0{2. It represents
the curvature of the boundary at z. When it is degenerate, that means the curvature of the
boundary is zero in some tangent direction.

2In the case of octionions, the only possibility is n = 3.
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The Hessian is a Euclidean notion, but its degeneracy is not. Namely, if €2 is a properly convex
open set of RP™ and z a point of 92, we can choose an affine chart centered at x and a metric
on it and compute the Hessian of 02 at x; its degeneracy does not depend on the choice of the
affine chart and the metric.

We can measure the vanishing of the curvature of 92 in the following way. Fix a smooth measure
A* on the boundary of the dual convex set 2%, and call A its pull-back to 9€). Then A can be
seen as a measure of the curvature of 9. It can be decomposed as

A= \ee + )\sing,

where A% is an absolutely continuous measure and A% is singular with respect to any Lebesgue
measure on 0. For example, in dimension 2, if 9 is not C! at some point = then A will have an
atom at . The support of A% is the closure of the set of C? points with nondegenerate Hessian.
Though € is convex, it may happen that A\ = 0, that is, A is singular with respect to some (hence
any) smooth measure on 092. This is equivalent to the fact that the Hessian is degenerate at
Lebesgue-almost all C? point of ). We then say that the curvature of the boundary is supported
on a set of zero Lebesgue measure.

3.2. Curvature of the boundary of a divisible convex set. The curvature of the boundary
of a divisible convex set has been investigated by J.-P. Benzécri [Ben60)].

Lemma 3.2 (J.-P. Benzécri [Ben60]). Let X,, denote the set of properly convexr open sets of
RIP", equipped with the Hausdorff topology. Let Q) € X,,.

o If there exists a C? point x € 02 with nondegenerate Hessian, then the closure of the
orbit PSLy1(R) - Q in X,, contains an ellipsoid.
o IfQ is divisible then the orbit PSLy1(R) - Q is closed in X,,.

Proof. These two results are respectively Propositions 5.3.10 and 5.3.3 of [Ben60]. Let us recall
the proofs.

Choose an affine chart and a Euclidean metric on it such that ) appears as a bounded convex
open set of R™. Let x be a point of 02 with nondegenerate Hessian. Let £ be the osculating
ball of 9Q at x. It defines a hyperbolic geometry (€,dg). Pick a point y € 9 distinct from
x, and choose a hyperbolic isometry ¢ of £ whose attracting fixed point y and repulsive one z.
Now, since 0€ and 0f) are tangent up to order 2, it is not difficult to see that g™ - Q) converges
to £ when n goes to +o00. This proves the first point.

The second point is a consequence of another result of Benzécri, which says that the action
of PSLy,1(R) on the set X, = {(Q,z), Q € X,,,z € Q} is proper (this is Théoreéme 3.2.1 of
[Ben60]). Each orbit PSL;+1(R)- (€2, z) is thus closed. Now, the orbit PSLy11(R) - is closed in
X, if and only if the union U,cqPSL,1+1(R) - (2, z) is closed in X,,. Since Q is divisible, divided,
say, by the group I, there is a compact subset K of 2 such that I' - K = 2. So the union

U PSLayi(®) - (2,2) = | [JPSLusi(®R) - (2,9(2)) = | PSLus1(R) - (2, 2)

e zeK gel rzeK
is closed in X,. O

More about Benzécri’s contributions can be found in L. Marquis’s survey [Marl3|; the proof of
the second point above is actually taken from it. As a consequence of the last lemma, we get
the following

Proposition 3.3. Let © C RP” be a divisible convex set, and assume € is not an ellipsoid.
Then any C? point has degenerate Hessian. In particular, the curvature of O is supported on a
subset of zero Lebesgue measure.

Proof. Assume that the Hessian of 02 is not degenerate at some C? point. Lemma implies
that the orbit PSLy11(R) - Q is closed and contains an ellipsoid. So €2 itself is an ellipsoid. [



6 MICKAEL CRAMPON

When the convex set is strictly convex, the geodesic flow of the Hilbert metric allows to say
more about the properties of the boundary. The rest of this paper is dedicated to this case.

4. THE GEODESIC FLOW AND THE BOUNDARY

4.1. The geodesic flow. When (2 is strictly convex, the metric space (€2, dq) is uniquely geo-
desic, and the geodesics are lines. The geodesic flow is then well defined on the homogeneous
bundle 7 : H — Q of tangent directions: To find the image by ¢! of a point w = (z, [¢]) € HQ,
consisting of a point and a direction, one follows the geodesic line ¢, leaving x in the direction
€], and one has ¢! (w) = (cu (), [c4(1)]).

By projection, this also defines the geodesic flow on H M, the homogeneous bundle of M = Q /1.
The geodesic flow has the same regularity as the boundary of 2. So, if € is strictly convex and
divisible, by Theorem 22, it is a C' flow. We will denote by X the generator of the geodesic
flow (both on HQ or HM).

Theorem 4.1 (Y. Benoist, [Ben04l). Let M = Q/p a compact manifold quotient of a strictly
convex set Q C RP™. The geodesic flow on HM is an Anosov flow: There exist a ©'-invariant
splitting of the tangent bundle
THM =R.X ® E* ¢ E°
and constants C,a > 0 such that, for anyt > 0,
lde’ (Z°)|| < Ce™|| 2%, Z° € B,
ldp™"(Z")| < Ce™*"|| 2", 2" € E".

Here the norm || - || denotes an arbitrary Finsler metric on HM; because HM is compact, the
Anosov property of the flow does not depend on the metric, even if the constants C' and/or a
do.
In our situation, the stable and unstable bundles £* and E" can be geometrically understood
using horospheres. For w € H(), define the sets

We(w) ={ve HQ | v = w™, 7(v) € Hyr (m(w))},
and

Whw)={ve HQ | v- =w™, 7(v) € Hyp-(m(w))}.

The sets W*(w) and W¥(w) are C! submanifolds of Hf) and it is not difficult to see that they
are the stable and unstable sets of the geodesic flow (d denotes the distance generated by || - ||):
s _ : t to)) —

w (w) - {U S HQ? t—lgi-nood(go w, ¢ U) - O}

and
W (w) = {v e HQ, tlim d(p'w, p'v) = 0}.
——00

Both families W#(w),w € HQ and W*(w),w € HSQ form a ¢!-invariant foliation of H). Ev-
erything projects down on HM where we will use the same notation. The stable and unstable

bundles are then the tangent spaces to the stable and unstable foliations : E*(w) = T,,/W*(w),
E*(w) = T, W*(w).

The asymptotic behaviour of the geodesic flow is encoded in the boundary of €2: When we look
at the behaviour of the norm ||dp!Z|| when ¢ goes to +oo, for some Z € T,, HS), we see appearing
naturally the graph of the boundary at the extremal point w. This observation is at the basis
of this work. To illustrate this observation, notice the following “consequence” of Theorem [Tk

Proposition 4.2 ([Ben04], Proposition 4.6). The boundary of a divisible strictly convex set is
C* and B-convex for some 1 < a < 2, f > 2. In particular, the geodesic flow is C* for some
a> 1.

To understand the last statement, we recall the following definitions:
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Definition 4.3. Let 1 < o < 2,8 > 1 and U an open subset of R®. A C'-function f : U C
R" — R s
e of class C* if, for some constant C' > 0,

|f(z) = f(y) = daf(y — )| < Clz — y|"**, 2,y € U;
o (-convez if, for some constant C' > 0,
(@) = f(y) = duf(y —2)| > Clo —y|’, x,y € U.
4.2. Approximate regularity and Lyapunov exponents. Recall the following definition:

Definition 4.4. Let Q C RP" be a strictly convex set with C' boundary. A point w € HSQ is
weakly regular if, for any Z € T, HQ ~ {0}, the limit

.1 ¢
x(2) = lim - logllde (Z)]]

exists. It is said to be forward or backward weakly regular if the limits exist only when t goes
to 400 or —oo (or if both limits differ). The number x(Z) is called the Lyapunov exponent of
Z.

Because stable and unstable manifolds W*(w) and W*(w) at w have the same projection on
Q, there is a symmetry between the action of the flow on stable and unstable vectors (see for
example Lemma 2.3 in [Craar]). In particular, we can see that if Z° € E*(w),Z" € E"(w)
project on the same vector z € H,, then

(") = 2+ x(2).

The complete behaviour is then encoded in the behaviour of unstable vectors, and we will be
only interested in these vectors by looking at the restriction of the differential dy! to the bundle
E*. Because the geodesic flow is an Anosov flow, all Lyapunov exponents of unstable vectors
are positive.

Given a forward weakly regular point w € HSQ, the numbers x(Z), for any Z € E%(w), can
take only a finite number 0 < x; < --- < X, of values, which are called the positive Lyapunov
exponents of w. There is then a ¢'-invariant splitting

THQ=FE, @& - @ E,
along the orbit p.w, called Lyapunov splitting, such that, for any vector Z; € E; ~ {0},
.1 "
Jim —log [lde’(Zi)l] = xi.
As for the exponents («;) appearing in the definition of approximate regularity, we will count the

(xi) with multiplicities. We thus have n — 1 positive Lyapunov exponents (x;)i=1..n—1 ordered
as X1 < -+ < Xn. The main result of [Craar] is the following

Theorem 4.5 ([Craar], Theorem 1). Let Q C RP" be a strictly conver set with C' boundary. A
point w € HQ is forward weakly regular if and only if the boundary OS2 is approzimately regular
at the point wt = T (w). If 0 > x1 < -+ < Xn are the positive Lyapunov exponents of w,
then O is approximately a-reqular with o = (@;)i=1..n—1 given by a; = 2/x;.

5. THE SET OF APPROXIMATELY REGULAR POINTS AND THE RANGE OF LYAPUNOV
EXPONENTS

Let  C RP" be a divisible strictly convex set. Our interest now will lie on the set of approxi-
mately regular points A C 912, as well as the set of all possible Lyapunov exponents

A={a(z) eR" z €A}

By projective invariance of the notion of approximate-regularity, the set of approximately a-
regular points of 02 is [-invariant, for any vector «. Since the action of I on 02 is minimal, it
is either empty (if a ¢ A) or a dense subset of 9Q (if o € A).
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5.1. Oseledets’ theorem. The following result is a version of Osedelets’ ergodic multiplicative
theorem [Ose68]:

Theorem 5.1. Let M = Q/p a manifold quotient of a strictly convex set Q C RP" with ct

boundary. Let pu a pt-invariant probability measure on HM. The set of weakly reqular points
has full p-measure.

It allows us to deduce the following

Corollary 5.2. Let Q) C RP" be a divisible strictly convex set. The set A is nonempty and the
set A is dense in Of).

Proof. The set of o!-invariant probability measures on HM is nonempty. In particular, by
Oseledets’s theorem, there exists a weakly regular point w € HQ). By Theorem[45] the boundary
00 is approximately regular at the point w™, so A is nonempty and A is dense in 9. 0

5.2. Hyperbolic isometries and closed orbits. Recall that any element g € I' is a hyperbolic
isometry of the Hilbert geometry (£2,dq). We use the notation introduced in section [Z41

For g € T, pick a point w € HQ such that w™ = z,, w" = z. The projection on HM of the
orbit of w under the flow is a closed orbit of the flow, of length 3(A,(g) — Ao(g)). Two elements
g and ¢’ yield the same closed orbit if and only if they are conjugated. Conversely, any closed
orbit is obtained in this way. In other words: Closed orbits of the geodesic flow on HM are in

bijection with conjugacy classes of I' . {1}.

Proposition 5.3. Let Q C RP" be a divisible strictly convex set, divided by a torsion-free
discrete group T' < Aut(T"). Let g € T'. The boundary 0N is approzimately o(g)-regular at the

point xf, with a(g) = (@i(g))i=1..n—1 given by

_ 1= 2(9)/2(9)
(5.1) ailg) = 1—Ai(g)/A§(g)'

Proof. In [Cra09], I showed that the positive Lyapunov exponents (x;(g))i=1..n—1 of the closed
orbit corresponding to the (conjugacy class of the) element g € I were given by

o Molg) = Nilg)
xil9) = 2 3 T an(g)

Theorem gives the result. O

The element g € T' acts on the dual convex set Q* by g.y = (*¢)"'(y). To g € T, we thus
associate the isometry ¢g* = (*¢g)~! € Aut(Q*). The dual point to x;r is the point z ., at which
0Q* is approximately a(g*)-regular, with a(g*) = (;(9*))i=1..n—1 given by

e 1= 2a(g9)/M(9)
) = T8 ) i)

1 n 1
on—i(g*)  i(g)
In general, if 00 is approximately a-regular at some point z with o = (a;)i=1..n—1, One can
expect 0N to be approximately a*-regular at the dual point z* € 9Q* with o* = (a)i=1..n—1
satisfying to the previous relation: 1/a)_, +1/a; =1, i =1---n —1.. I was able to prove this
fact only for Q C RP? in [Craar].

Remark that

If Q is an ellipsoid, then obviously A = 9Q and A = {2}. This second property is characteristic
of the ellipsoid. (The first one will be treated in section [5.5)

Corollary 5.4. Let Q C RP" be a divisible strictly convex set. The closure A of A has empty
interior if and only if Q is an ellipsoid.
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Proof. Assume € is not an ellipsoid. Then, by Theorems 2.4] and 23] the set
logI' = {[Ao(g) : -+ : Anlg)], g €T} CRP"

has nonempty interior.

Now, the set A contains the vectors a(g) = («;(g9)), g € T, defined by a;(g) = %.

Hence, A contains the image of the well-defined continuous function
logI' — R»!
1—X/Xo 1=/ Ao
Aot Ay — (00— —————— ).
o nl (1—A1/A0’ 1= An_1/Ao
This gives the result. 0

It is likely that one can replace A by A in the last proposition. A way to prove that would be
to see that the set Ay defined in section [(.3] contains the interior of A.

5.3. Ergodic measures. Let A(H(2) be the set of forward weakly regular points of HS), which
is obviously I'-invariant. By Theorem [£.7] the set A is given by

A={wt € HQ, we A(HQ)}.

Let M be the set of invariant probability measures of the flow on HM. Each measure m € M
defines by lifting it a measure m on H2 which is invariant under the actions of I' and the flow.
Oseledets’ theorem tells us that, for any m € M, A(HQ2) has full m-measure, hence Lyapunov
exponents are defined m-almost everywhere. If m is an ergodic measure, that is invariant sets
have zero or full measure, then Lyapunov exponents are constant almost everywhere: to each er-
godic measure m we can thus associate its positive Lyapunov exponents x1(m) < -+ < xp—1(m).

We can associate, in a one-to-one way, to each invariant probability measure m on HM a TI'-
invariant Radon measure M = M (m) on the space of oriented geodesics of ) given by 9% =
(02 x 0NN A, where A = {(z,x), x € 09} (see [Kai90] for example). If m is ergodic, Oseledets’
theorem implies that for M-almost all (z,y) € 9?Q, the geodesic from z to y is weakly regular
with positive Lyapunov exponents x1(m) < --- < Xn_1(m); thus, for M-almost all (z,y) € §%Q,
the boundary 0f) is approximately «(m)-regular at z, with a(m) = (a;(m)))i=1..n—1 given by

2
a;(m) En
The set Ay = {a(m), m € M} is an interesting subset of A. As I said before, it might contain
the interior of A.
The diversity of ergodic measures gives an idea of the complexity of the boundary of a divisible
strictly convex set which is not an ellipsoid. Here are some examples.

5.3.1. Closed orbits. The easiest examples of ergodic measures are the Lebesgue measures [,
supported by a closed orbit g, associated to a conjugacy class of a hyperbolic element g € T'.
The corresponding subset of 92 of full M (I,)-measure is precisely the orbit of (z,,x}) under
I". This has been treated in the previous part.

Denote by Mpe, = {ly, g € I'} the set of ergodic measures supported on closed orbits and define
Amp,, = {a(m), m € Mpe,}. It is a consequence of the Anosov closing lemma that M pe, is
dense in the set of ergodic measures, so we could expect the following

Proposition 5.5. Let Q C RP" be a divisible strictly convex set. The set Aaqp,, is dense in
Anm.

Proof. This is a consequence of a nontrivial result one can find in [Kalll] (Theorem 1.4): it states
that the vector x(m) associated to an ergodic measure can be approximated by a sequence of
vectors (x(gn)) with g, € Mpe,. The vector a(m) is thus approximated by the sequence

(a(gn))- O
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5.3.2. Gibbs measures. A Gibbs measure is the equilibrium state of a Holder continuous potential
f+HM — R: it is the unique invariant probability measure py such that

h“f+/f d,uf:sup{hm+/f dm, m € M}.

The corresponding measure My on 0?Q can always be written as M r=FrM J‘? X M}L, where F'is a

continuous function on 9%€2, and M 7 and M7y are two finite measures on 9€). The three objects
are determined by the potential; in particular, M}L and M Jf are given by the Patterson-Sullivan
construction, associated to the potentials f and o * f, where o is the flip map, defined on HS2
by o(z, [¢]) = (x,[—£]) (see [Coul3] or [Led95]).

Among Gibbs measures is for instance the Bowen-Margulis measure pupys which is the measure
of maximal entropy of the flow, that is, the equilibrium state associated to the potential f = 0.
The corresponding measure Mp)s is given by

AMpar(€7,67) = P18 og (et 67,

where y, is the Patterson-Sullivan measure at an arbitrary point o € , and (£7|€7), is the
Gromov product £t and €~ based at the point o: we have (£7|€7), = %(bg_ (0,2) + be—(0, 7))
for any point z € (£7¢T) (see [Sul79)).

In [Cra09], I had proved that x™(upay) = . xi(usrr) = n — 1. Thus, we get that p,-almost
every point of 92 is approximately a(upps)-regular with a(upy) = (oi(eBar))i=1.-.n—1, such
that (3, 1/ci(pupnm)) ™ = 2(n—1). For example, in dimension 2, y,-almost every point of 9< is
approximately 2-regular. A question I am not able to answer is to know if, in dimension n > 3,
the a; are all equal to 1 if and only if 2 is an ellipsoid.

5.4. Shape of the boundary at Lebesgue almost every point. The Sinai-Ruelle-Bowen
(SRB) measure p* is the equilibrium state associated to the potential

d
ft= E\tzo log det dcpTEu.

This potential is Holder continuous because the geodesic flow is C¢ for some « > 1. The mea-
sure p is the only measure whose conditional measures (u*)% along unstable manifolds are
absolutely continuous.

Closely related to this measure is the “reverse” SRB measure u~ = o * u™, which is the equilib-
rium state of the potential

_ d
T == a0 |t=0 log det dSDTES .

The measure p~ is the only invariant measure whose conditional measures along stable mani-
folds are absolutely continuous.

In the case of the ellipsoid, ™, 4~ and ppas all coincide, since f™ = f~ = 0, and they are all ab-
solutely continuous; indeed, they coincide with the Liouville measure of the flow. When {2 is not
an ellipsoid, the Zariski-density of the cocompact group I' implies via Livschitz-Sinai theorem
that there is no absolutely continuous measure (see [Ben04]). So the three measures are distinct.

The measure p™ is also the only one which satisfies the equality in the Ruelle inequality (see
[LY85]). Recall that the Ruelle inequality relates the entropy of an invariant measure m to the
sum of positive Lyapunov exponents x ' of the flow:

hm < / Xt dm.
For example, the topological entropy hp, of the flow satisfies

htop = hpuppr <0 — 1,
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with equality if and only if  is an ellipsoid (this is the main result of [Cra09]). The measures
u and p~ have the same entropy hsgp given by

hsrp = /X+ dut = —/X dp~,

where x~ is the sum of negative Lyapunov exponents. In particular, if € is not an ellipsoid, we
have [ x* du' = hsrp < hyuy, < n—1. Hence the p'-almost sure value x*(uT) of the sum of
positive Lyapunov exponents satisfies x ™ (u™) <n — 1.

The measure 7 corresponds to the measure M+ on §%Q which can be written M+ = F+M* x
M", with M* absolutely continuous, while the measure =~ corresponds to M~ = F~M" x M?®.
In particular, we have the following

Proposition 5.6. Let Q C RP"™ be a divisible strictly convex set. Then Lebesque-almost every
point of O is approximately a-reqular with o = (;)i=1..n—1 given by

2

o)

Since 012 is also Lebesgue almost-everywhere 2-differentiable by Alexandrov’s theorem, we have
that a; < 2,4 =0---n—1. When Q is an ellipsoid, we have o;(SRB) = 2,i=0---n — 1.
Otherwise, the fact that x™(u™) < 0 implies that x1(u™) < 1 hence a1 > 2. In particular, we
recover the fact that the curvature of 9€) is supported on a set of zero Lebesgue-measure.

Q5

5.5. The 2-dimensional case. In dimension 2, we can understand better the sets A and A.

5.5.1. The set of approximately regular points. We will see here that the property that A = 02
characteristic of the ellipsoid. This is probably true in higher dimensions but we would need a
more careful approach.

Proposition 5.7. Let Q C RP? be a divisible strictly convex set. If 0 is not an ellipse, then
there is a point of 02 at which 0S) is not approximately regular.

To prove this proposition, we will use the specification property of an Anosov flow, that we
recall now (see [KH95]). It roughly means that given a family of pieces of orbits (S below),
there exists an orbit that follows these pieces.

A specification is a family S = (S;)i—o...n, for some N € NU {+o0}, of pairs S; = (w;, I;) with
w; € HM, I; = [t;,T;], t; < T; which satisty t; > T;—1. For T > 0, we say that the specification
S is T-spaced if t; —T;_ 1 > T, i =1---N. Given ¢ > 0, we say that the orbit of w € HM
e-shadows S if for any i = 0--- N, t € [t;, T3], we have d(¢'(w), ! (w;)) < €.

Theorem 5.8. The Anosov flow @' : HM — HM has the specification property: given € > 0,
there exists T'(g) such that, for any T(c)-spaced specification S, there exists a point w € HM
whose orbit e-shadows S.

We can now give a

Proof of Proposition [5.7. Fix € > 0, and let T'= T'(¢) given by the last theorem.
Choose two periodic points wy and we in H M, with distinct positive Lyapunov exponent y; <
x2. This is possible if  is not an ellipsoid, by Corollary 5.4l For k > 0, let .S} be the specification

Sy = (w1, [0,2%°)), (wa, [T 4+ 22,7 + 22" +227))).

If S = (wy, [ti, T3])i=1...N is a specification, we set max S = T. For t > 0, we denote by t+ S the
specification S = (w;, [t+t;, t+T;])i=1...n. We set S = S, Sy = T +max(Sk_1) + S}, k> 1.We
finally define the infinite specification S by

S = (S0, 51, ).
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Since S is T-spaced by construction, there is a point w whose orbit e-shadows S, and, for Z € E“,
we have

. 1 N
[lim sup — log ||dip" Z|| = xa| < (), [lminf —log|lde’ Z|| — xa| < n(e),
t——o0 t—+oo 1

with lim._,on(e) = 0. So, if ¢ is taken so that n(g) < (x2 — x1)/27, then w is not forward weakly
regular. Theorem implies that the boundary 0f) is not approximately regular at the point
wt. O

Proposition [(£.7] yields the following

Corollary 5.9. For any n > 2, there exists a C' strictly convex function f: U C R" ! — R
which is not approximately regular at some point.

Notice that is possible to construct by hand a function which is not approximately regular at
some point, but this is somehow funny to construct one in this way.

5.5.2. The range of Lyapunov exponents. We now turn to the study of A which benefits from
the following observation, which has no equivalent in dimension higher than 2. If y € M is
ergodic, the positive Lyapunov exponent of u is given by

d
X () :/%\to log [|d¢* || dp,

hence the application u — x(u) is continuous. In this case for example, proposition [l is
immediate.

Proposition 5.10. Let Q C RP? be a divisible strictly convex set. Then A is a closed interval.

Proof. First, remark that Axg is the image of the set of ergodic measures by the continuous
application
2

[ &i=olog|ldgt| dp
As the set of ergodic measures is compact, A is compact.

We now see that A is convex. For that, recall that Ang,,, is dense in Anq. So it suffices to
prove that for any g, ¢ € Mpe,, € > 0 and X € [0, 1], we can find g. € Mpe, so that

Ix(92) = (Ax(9) + (1 = Mx(g)] < e.

This is a simple application of the shadowing lemma (a particular case of the specification
property, see [KH95]).

It remains to see that A = Axq. Pick a point w € A with Lyapunov exponent y(w). Consider
the measures up defined for 7" > 0 by

/f dMTZ%/OTf@th) dt.

For f = 4|,_glog ||dg’||, we have

p— ap) =

1 d 1
I L B ¢ — 1 1 T\ = )
THITOO T / o8 dt li=olld"ll dpr Tﬂlr}rloo T og [l || = x(w)

Hence, any accumulation point p of the family (ur)rso is an invariant measure such that
xX(1) = x(w). m

Remark that, in fact, the same proof would prove that

1
A = {limsup - log || dy |, w € Q}.
t—+oo
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