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Abstract

We study the critical exponents of discrete subgroups of a higher rank semi-simple real
linear Lie group G. Let us fix a Cartan subspace a C g of the Lie algebra of G. We show that if
I' < G is a discrete group, and IV <« T is a Zariski dense normal subgroup, then the limit cones
of I' and I" in a coincide. Moreover, for all linear form ¢ : @ — R positive on this limit cone,

1
the critical exponents in the direction of ¢ satisfy §,(I") > §6¢(F). Eventually, we show that

if I"\T is amenable, these critical exponents coincide.

1 Introduction

Let G be a real linear semi-simple Lie group, K < G a maximal compact subgroup and X = G/K
the associated Riemmannian symmetric space, whose distance is denoted by d. We write 0 € X
the fixed point of K. The sectional curvatures on X are non-positive. When G has rank one, we
can scale the metric such that the sectionnal curvatures on X are at most —1.
Let T' < G be a discrete subgroup. To study the growth of I'; a central quantity is its critical
exponent, defined by
1
o(T') = limsup = log{y € T'; d(0,7v0) < R}.
R—+400 R
Since the sectional curvatures of X are bounded from below, it follows from the Bishop-Gromov
comparison theorem that this critical exponent is finite, bounded from above by the volume entropy
of G which is defined by
1
h(G) = limsup — log Vol(B(o, R)).
R—+o00 R
The critical exponent has been widely studied since the 70’s for Riemannian manifolds with
curvature at most —1 (and CAT(—1) metric spaces). In this case, it coincides with the topological
entropy of the geodesic flow of T'\ X. In this paper, we will be interested in the following elementary
question.

If T/ «T is a normal subgroup, how are related §(I") and §(T") ?
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1.1 Normal subgroups, limit cones and lower bound on critical exponents

By construction, §(I'") < §(T") for all subgroups I'" < I'. When I" is a normal subgroup of T', the
following results have been shown in [Rob05].

Theorem 1.1 ([Rob05], Theorem 2.2.1). Let X be a CAT(-1) metric space. LetT' C Isom(X) be a
discrete group and I'" <T" be a non elementary normal subgroup of I'y. Then their critical exponents

satisfy 6(T") > %6@‘).

This result may be surprising due to the following example. In the setting of Theorem 1.1, let
g, h € T be hyperbolic elements whose fixed points on the visual boundary X are all distinct. For
all n € N, let us consider the subgroup I';, = (¢g",h™) < I' generated by ¢" and h". For n large
enough, the group I';, has a structure of Schottky group. It is a free group generated by g™ and h"™,
and it can easily be shown that nEIfoo d(T'y,) = 0. Nevertheless, writing I'), for the normal closure

of ', in I, it follows from Theorem 1.1 that §(I',) cannot be smaller than 16(I'). We will show
that a similar phenomenon holds in higher rank symmetric spaces.

On non-positively curved manifolds, the study of the critical exponent has been of more recent
interest. For discrete groups acting on higher rank symmetric spaces, it has been known since the
PhD thesis of J.F. Quint (cf [Qui02]) that it is interesting to consider directional critical exponents
which we define now. We refer to Section 2 for the geometric background.

Let us fix a Cartan subspace a C g of the Lie algebra of G and a Weyl chamber a™ C a. Let
C(T) C a* be the limit cone of T'. This cone has been introduced by Y. Benoist in [Ben97], and
describes the directions in the Weyl chamber in which the group grows. By definition, if IV < T,
the limit cones satisfy C(I") c C(T).

For any linear form ¢ € £(a,R), which we suppose to be positive on C(T"), let us write

1
3,(T") := limsup — log Card{y € I'| p(x(y)) < R},
R—o0 R
where k() denotes the Cartan projection of 7, see Section 2.1.2.
Our first result is the following.

Theorem 1.2. Let G be a real linear, semisimple, connected, Lie group with finite center. Let T’
be a discrete subgroup of G and IV < T be a normal subgroup. If T is Zariski dense in G, then the
two limit cones coincide: C(T") = C(T7).

1
Moreover, for all linear forms ¢ € L(a,R) which are positive on C(T), we have §,(I") > iéw(r)'

We have separated the statements to emphasize on the equality of limit cones, which seems
unknown. Since a linear form which vanishes on some open subset of C(I") has infinite critical
exponent, this equality of limit cones follows from the inequality &, (I") > 16,(I") for all ¢ which
are positive on C(I").

The Zariski dense assumption on I is necessary to avoid trivial counter-examples as IV =
Iy x {Id} ¢ Ty x I, =T for discrete groups in a product, for which Theorem 1.2 is trivially false.
Our approach is based on the existence of p-conformal Patterson-Sullivan densities for IV, which
are not defined for discrete groups such as T'y x {Id} C Ty x T',..

Let us say that the group I' C G is normally irreducible if it intersects trivially all normal
subgroups NV < G when N # G. We will show in Proposition 3.7 that a Zariski dense subgroup
I' < G is normally irreducible if and only if all its non-trivial normal subgroups are Zariski dense



Corollary 1.3. Let G be a real linear, semisimple, connected, Lie group with finite center. Let
I' be a normally irreducible Zariski dense discrete subgroup of G. Then for all non trivial normal
subgroup T'<T, the limit cones C(T") and C(T") coincide. Moreover, for all linear forms ¢ € L(a,R)

1
which are positive on C(T), we have §,(I") > 5(5@(1").

1.2 Equality of critical exponents for co-amenable normal subgroups

Once the equality of the limit cones has been proven, it is natural to look for conditions which
ensure the equality between the critical exponents for I and V. When both groups are lattices, the
question is settled by a famous theorem of Leuzinger.

Theorem 1.4 (Leuzinger, [Leu03]). Let I be a (possibly non-uniform) lattice in G, and let h(G)
be the volume entropy of G. Then 6(I') = h(G) if and only if T is a lattice.

We are hence interested in the situation when I' is not a lattice. In negative curvature, the
following has been shown by Roblin.

Theorem 1.5 ([Rob05|, Theorem 2.2.2). Let X be a CAT(-1) metric space. Let T' C Isom(X) be
a non-elementary discrete group. Let T" <T be a normal subgroup of T' such that T'\T is amenable.
Then 6(I") = 6(T).

We will define amenable groups in Section 4. Our second main result extends this theorem to
discrete groups of higher rank symmetric spaces.

Theorem 1.6. Let G be a real linear, semisimple, connected, Lie group with finite center. Let I’
be a discrete subgroup of G. Let TV be a normal, Zariski dense subgroup of T'. If T'\T' is amenable
then for all linear form ¢ € L(a,R) which are positive on C(I'), the associated critical exponents

satisfy 0,(I") = 6,(T).

Let us point that, in our proof as in Roblin’s, the normal assumption is crucial. Removing
this assumption is possible in negative curvature, but requires an additional hypothesis on T
This hypothesis also allows to have a full characterization of the equality of critical exponents
by amenability, which has been shown by Coulon, Dougall, Schapira and Tapie.

Theorem 1.7 ([CDST], Theorem 1.1). Let ' Let X be a proper Gromov-hyperbolic geodesic space.
Let T be a discrete group acting properly by isometries on X, and I a subgroup of I'. Assume that
the action of T' is strongly positively recurrent. The following are equivalent.

e §(I) =46(1")
e The subgroup I is co-amenable in T.

Being strongly positively recurrent means that for some suitable notion of critical exponent at
infinity d°°(T'), we have 6(T') > §°°(T"). This property is also called a critical gap. In negative
curvature, this has strong implications on the dynamics of the group I' acting on X, and on the
geodesic flow of the quotient X/T". We refer the reader to [ST19], [CDST]. Studying the notion of
strongly positively recurrent discrete groups in higher rank symmetric spaces will be done elsewhere.



1.3 Organisation of the paper

In the next section, we recall the necessary background on dynamics of discrete groups in symmetric
spaces.

In Section 3 we present the proof of Theorem 1.2. It mostly relies on adapting the ideas from
[Rob05] to higher rank setting. The main idea is to prove that the orbits of the group I" satisfies a
so-called shadow principle with respect to the conformal densities associated to I, see Section 3.1.

In the last section, we introduce amenable groups and prove Theorem 1.6. It also relies on
the shadow principle, combined with the use of amenability of T”\I" to construct an average of the
I'-equivariant conformal density, see Section 4.2, from which we will control the critical exponents.

2 Background on higher rank symmetric spaces

In this section we first recall some classical facts on the geometry of higher rank symmetric spaces.
We then describe some basic facts about discrete isometry groups of such spaces, and we introduce
p-conformal densities on the Furstenberg boundary which will be the main tools in the proof of
our results. OQur main references for this section are [Qui02, Thi07, DK19]. Similar results under a
slightly different point of view are presented in [Lin04].

2.1 Symmetric spaces

We fix once for all a semisimple real linear Lie group G. In this section we present some geometric
properties of the symmetric space associated to G which we will use.

2.1.1 Structure of semisimple Lie groups

Let K be a maximal compact subgroup of G. We denote by X = G/K the associated symmetric
riemannian space.

The Lie algebra of G (respectively K) is denoted by g (respectively £). Let g = ¢@®p be a Cartan
decomposition of g.

The maximal abelian Lie algebra of p is called a Cartan subspace and is denoted by a. Geomet-
rically, a corresponds via the exponential map to an isometric copy of a Euclidean space in X of
maximal dimension. Any isometric, totally geodesic copy of R™ is called a flat of X of dimension
n. The dimension of a is called the rank of G. By definition, when this rank is at least 2, there
exists flats of dimension greater than 2 along which the sectional curvatures vanishes.

The space g then decomposes into a direct sum g = Gncxnga, where the sum is taken over a set
of linear forms on a, called roots, for which

0o := {u € g|[a,u] = ala)u, Va € a},

is non trivial.
The kernels of non zero roots cut the vector space a into connected components, called Weyl
chambers. We choose one, which we call the positive Weyl chamber and denote by a™.

2.1.2 Cartan projection

The main difference between the hyperbolic setting and higher rank symmetric spaces is the exis-
tence of such flats, for which the sectional curvature is zero. Directions in flats provide invariants



for the dynamics of the group G and hence for the geodesic flow on X. We now present how we
can take this into account.

The Cartan projection, which generalizes the polar decomposition for any symmetric space, is
defined as follows.

Theorem 2.1. For every g € G there exists k1, ko € K and a unique x(g) € at such that

g = k1 exp(r(g))ka.
The element k(g) is called the Cartan projection of g.

We refer the reader to [Hel78], Chap. VI. for a proof. The Killing form on G, which induces
the metric on X = G/K and in particular gives a scalar product on p which finally restrict to a.
The norm of k(g) for this scalar product is by construction the distance d(g[K], [K]) in X. For all
z,y € X let g,, g, € G be such that z = g, K and y = g, K. Then the distance d(z,y) in X is given
by [1(gy ' g0)]l-

In order to take into account the direction inside a*, we introduce a a*-valued “distance” defined
by:

a(z,y) = r(gy " gz)-

The following lemma will be used in the sequel as one commonly uses the triangle inequality in
negative curvature:

Lemma 2.2. [Ben97, Lemme 4.6] For all compact subset L of G, there exists a positive real number
M > 0 such that for all ¢1,05 € L, and for all z,y € X:

Ha(£1$,€2y) - a(l’,y)” < M.

2.1.3 Furstenberg boundary

When the rank of X is at least 2, the isometry group of X does not act transitively on the unitary
tangent bundle. This difference with strictly negative curvature spaces makes the use of the geo-
metric boundary (ie. equivalence classes of asymptotic rays) less relevant. One will instead consider
classes of asymptotic Weyl chambers, which we introduce now.

A geometric Weyl chamber is by definition a map w : a™ — X of the form

w(a) = g - exp(a),
where g is an element of G. Two geometric Weyl chambers wy, wo are said asymptotic if

sup d(wq(a), wa(a)) < +oo.

aca

We denote by F the space of classes of asymptotic geometric Weyl chambers. By definition, the
group G acts transitively on F. The stabilizer of the classes corresponding to g = Id is denoted by
P. One has therefore the identification F ~ G/P. The space F is called the Furstenberg boundary
of X.

In higher rank symmetric spaces, geometric Weyl chambers play a role analogous to geodesic
rays in rank one. For a geometric Weyl chamber w, call w(0) its origin. For any class of asymptotic
geometric Weyl chambers, we can find a representative with origin o = [K] € X. Writing M for the



stabilizer in K of an element of F, it follows from the Iwasawa decomposition (cf [Hel78], Chap.
VI.) that
F=G/P~K/M.

In particular, the Furstenberg boundary F is compact.
Let w be a geometric Weyl chamber and denote by w(+00) its equivalence class. We extend as
follows the notion of shadow to this setting:

Definition 2.3. For all z,y € X and all r > 0, the shadow of B(y,r) seen from x is defined by
S(z,y,7) ={ne€ F|Fw:a" = X, w(+oco) =n, w(0) =z, w(a®™) N B(y,r) # 0}.

The definition is similar as the strictly negatively curved case, where one just replaces geodesic
rays by geometric Weyl chambers.

Let £ € F and G¢ the stabilizer of £ in G. There is a unique open dense orbit of G¢ in F. It
is denoted by V(§). These are the points which are wvisible from &. It is equal to the set of points
7 € F such that there exists a flat f : a — X, with f(u) = g.exp(u).K for some g € G, that
satisfies : [flq+] = n and [f|_q+] = & The complementary set of V'(£) in F is denoted by L(¢). It
follows from Section 5 of [Qui02]' that L(&) is a Zariski closed subset of F.

We will need the following result, showing that 7 — L(7) is continuous in the Hausdorff topology.
Recall that F identified with K/M and we endow F with a K-invariant Riemannian metric.

Lemma 2.4. [DK19, Lemma 6.6] For every ¢ > 0, there exists § > 0 such that for T € F and for
all 7' € B(T,0) :
B(L(7"),e) € B(L(1), 2¢).

Where we denoted by B(X,¢) the € neighborhood of a subset X € F.

2.1.4 Busemann functions

The notion of Busemann function extends accordingly to the a™-valued distance function af(-,-)
defined in section 2.1.2. Let x,y € X, and n € F and take £ : R — X a geodesic ray at bounded
distance of . We define the a-valued Busemann function by:
Bl y) = lim_a(e,€(0)) — a(y, £(1))
The fact that this limit exists and is independent of the choice of £ can be founded in Section 6 of
[Qui02], see also [BQ16, 5.34].

We recall two geometric inequalities concerning the Busemann functions. We refer to [Thi07]
which shows precisely the statements which we use in the sequel. Aanalogous statement are shown
for instance in Section 6 of [Qui02].

Lemma 2.5. [Thi07, Proposition 8.66] There exists a constant ¢ > 0 such that for all z,y € X
and all £ € S(z,y,7) :

18 (2, y) — alz, y)|| < cr.
Lemma 2.6. [Thi07, Proposition 8.69] There exists a constant ¢ > 0 such that for all z,y € X
and all £ € F:

B¢ (z, y)II < cllalz, y)|.

'In this reference, L(£) is denoted by Qj




2.2 Dynamic of discrete groups

We now present general properties of the action of a discrete subgroup I' < G on X. The first
paragraph presents the notions of limit cone of T' in the Weyl chamber at and limit set of T in
the Furstenberg boundary F. We detail in the second paragraph different notions of growths and
critical exponents. We conclude this section by presenting conformal densities in higher rank, with
a perspective towards the so-called shadow lemma.

We fix for the whole section a semisimple, real linear, connected Lie group G with finite center,
a choice of Cartan subspace a and Weyl chamber a™, and a discrete Zariski dense subgroup I' C G.

2.2.1 Limit set and limit cone

The study of how the orbits of the discrete group I' “accumulate at infinity” can be splitted in two
parts: its accumulation directions the Cartan subspace of p, which form its limit cone, and the
accumulation points of the geometric Weyl chamber on the Furstenberg boundary which form its
limits set.

Definition 2.7. Let £ € F be fized. We call limit set of I' the set Ar of accumulation points of
r-¢cer.
The following result is a crucial chararcterization of the limit set.

Theorem 2.8. [Ben97] IfT' is Zariski dense, the limit set Ar is a Zariski dense subset of F = G/P.
It is the unique minimal subset of F for the action of I'. In particular is is independent of the orbit
base point.

For u € a, we denote by RTu C a the half-line generated by u. The following set describes the
asymptotic directions in a* where I' grows.

Definition 2.9. The limit cone is defined by:

cm =) U  Rte(y) cat

n20y€r, [[k(v)[IZn

This limit cone was introduced by Benoist in [Ben97], where the following striking fact was
shown.

Theorem 2.10 (Benoist, [Ben97]). If I is Zariski dense, the limit cone C(I') is a closed convex
subset of a with non-empty interior.

2.2.2 Critical exponents

We are interested in understanding the growth of the orbits I' - 0 inside X. We saw in Section 2.1.2
that in higher rank it is interesting to look at an a™-valued “distance” function taking the direction
in the flats into account. In order to study the growth of T" - 0 inside X in different flat directions,
we use linear forms on a which are positive on the limit cone.

Recall that we write C(I') C a for the limit cone of I. Let a* = L(a,R) be the set of linear
forms on a and denote by C(I')% C a* be the set of linear forms which are positive on the limit
cone:

CI)y ={p:a—=R|Vz e C(I)\{0}, p(z) > 0}.



Definition 2.11. For all ¢ € a* we define the critical exponent according to ¢ by :

1
0, (T') := limsup — log Card{y € I'| ¢(a(v - 0,0)) < R}.
R—o00 R
For every ¢ € C(I')% , the critical exponent d,(T") is independent of the chosen origin (cf Lemma
2.2) and is finite. Indeed, since ¢ is positive on C(I") and linear, there exists ¢ > 0 such that for all
x e C):
p(x) > c||z]|.
Therefore,
1
d,(T) < limsup ) log Card{~ € T'| d(go,0) < R/c},

R—o00
which is finite since I' is discrete.

Conversely, if the kernel of ¢ € a* intersects the interior of C(I"), the critical exponent J,(T") is
infinite. We will not study in this paper the case of linear form ¢ € a* which are non-negative on

C(T") but vanishes on 9C(T").
2.2.3 p-Conformal densities

Definition 2.12. For all 6 > 0, a p-conformal density of dimension ¢ is a family p = (pz)zex of
mutually absolutely continuous locally finite, borelian measures on F, such that for all x,y € X,

~z — o0 (By(z,y))
n)=e 4 .

Such conformal density p is T-equivariant if, for all v € T and all x € X,

Vslax = My
We denote by M, (6,T") the space of I'-equivariant, ¢-conformal measure of dimension 0.

Note that M,(5,T) is a cone: for all 4 € M,(6,I') and all A > 0, we obviously have Ay €
M,(6,T). The following result is the starting point of our approach.

Theorem 2.13 ([Qui02], Section 8). Let I' < G be a Zariski dense subgroup. Then for all ¢ €
C(I)% there exists a I equivariant, ¢-conformal density of dimension o, (I"), which is supported on
the limit set Ar C F.

These densities have been constructed in [Qui02] via an adaptation of the usual Patterson-
Sullivan construction to higher rank symmetric space. A similar construction also appears in
[Lin04]. The work of Dey-Kapovich [DK19] proves their uniqueness (up to scaling) in the case of
Anosov subgroup.

In our study of limit cones with respect to taking normal subgroup we will use the following
observation, whose analogue in negative curvature is due to Roblin in [Rob05].

Lemma 2.14. Let 6 > 0 and pn € M,(0,T"). Let g € G be an isometry which normalizes T'. Then

the family p9 = (pd)zex defined for all x € X by pd := P ||g*_1,ugw is also in M,(0,T") and
go

satisfies ||p2|] = 1.



Proof. By construction, ||uZ|| = 1. For all 2,2’ € X, n € F, we have

dpd

dptgs , ,
v (n) = 2192 (gy) = e=09(Bon(92:927) = o=80(Ba(2:2"))

= e

Therefore the family v9 is a ¢-conformal density of dimension 4.

Moreover, for all v € T, we have

1 _ _ _ _
Vot = ——7u0x gz = 02 (9797Y), Hgz = 92 Bigyg—1)gr = KD
[ 1goll ll14goll
Therefore, 9 € M,(4,T).
O

The crucial feature linking the measurable properties of the (p-conformal densities with the
dynamical action of I is the so-called Shadow lemma, which is originally due to Sullivan in [Sul79]
for hyperbolic manifolds. The same proof extends to CAT(—1) metric spaces, see Lemma 1.3 of
[Rob03]. In the higher rank setting, several variant of the Shadow Lemma are known, depending
on the boundary and the densities which are considered. We will use the following version, which
first appeared as Lemme 8.2 of [Qui02] and Theorem 4.7 of [Lin04].

Theorem 2.15 (Shadow Lemma, [Qui02, DK19] ). Let u be a I'-equivariant, ¢-conformal density
of dimension § > 0. For all x € X there exists Ry > 0 and C > 0 such that for all r > Ry, and for
allveT.

ée_é“’“a(a(z’”)) < pa(S(w,ya,)) < CePeelolenm)),

We will now briefly present a proof of this Shadow Lemma, since we will need most of its
ingredients in the sequel. We follow the same strategy as in Lemma 8.2 of [Qui02] eventhough the
notations have evolved in the past 20 years. We rely on two key lemmas which we quote from
[DK19]. Equivalent statements are shown in Section 5 of [Qui02].

We endow F ~ K/M with a K-invariant Riemmanian metric. We have seen in 2.3 the definitions
of shadows S(z,y,r), visible sets V(£) and its complement L(£). Our terminology and notations
are close to [DK19], where we can find the two following lemmas. Recall that we have fixed a
K-invariant Riemannian metric on F and that T' is supposed to be Zariski dense in G. The point
o= [K] € X = G/K provides us a fixed origin.

Lemma 2.16. [DK19, Lemma 6.7] For all z € X, there exists ¢ < p,(Ar) and € such that for all
T € Ar, and all Borel subsets B of F contained in the € neighborhood of L(7), one has : p(B) < q.

Lemma 2.17. [DK19, Lemma 6.8] For every € > 0, there exists r1 > 0 such that for all v > rq
and all x € X, the complement of S(x,0,r) in F is contained in a e-neighborhood of L(7) for some
7 in S(o,x,0).

Proof of Theorem 2.15. We fix x € X. Let us remark first that since p is é-conformal, for all y € X
and all » > 0 we have

1o (S, y, 7)) = / e=0e B gy (6) (1)

S(z,y,r)



By Lemma 2.5, there exists ¢ > 0 such that for all £ € S(x,y,r), one has |p(Be(z,y)) —pla(z,y))| <
cr. This implies that

1 (S(,y,7)) < € py (S, y,r))e 2P L) < O |y ||e 0P, (2)

Moreover since p is I'-invariant, we have for all v € T' ||f442|| = ||¢tz||. This implies the upper bound
given by the Shadow Lemma.
Let us show the lower bound.

ILLI(S(JJ,’}/JJ,T)) = ,u'vflr(s(ryilxvxvr))

_ / ¢S ) g
S(y~tz,z,r)

1
> —na(S(y m,r))e 0P,

the last inequality coming from Lemma 2.5. Now using Lemmas 2.16 and 2.17, we get the lower
bound i, (S(y~'@,2,r)) > &, which finishes the proof.

O

Note that the Shadow Lemma implies in particular that if u € M, (6,T"), then there exists C' > 0
such that for all v € T,

1 — alo,Yo
10l > Zeoe(eteo, 3)

This standard version of the Shadow Lemma is only valid on orbits of the discrete group I'.
The proofs of our main result rely on an extension of this Shadow Lemma, called Shadow principle,
which holds on much larger sets: the orbits of the full normalizer of I" in G. This was first proven
in negative curvature by Roblin in [Rob05, Théoréme 1.1.1]. We will extend it to higher rank in
the next section.

3 Normal subgroup and asymptotic invariants

In this section we prove the first main theorems of the paper. In Section 3.1, we prove our main tool,
given in Theorem 3.2, which is the extension of the Shadow Lemma to the orbits of the normalizer
of any Zariski dense discrete group. As a corollary we get that the limit cone of a Zariski dense
group is the same as the limit cone of any of its Zariski dense normal subgroups. We eventually
prove in Section 3.2 the inequality between critical exponents announced in Theorem 1.2 .

3.1 Shadow principle and limit cones

The following extension of the Shadow Lemma was called shadow principle by Roblin in [Rob05].

Definition 3.1. Let I' < G be a Zariski dense discrete subgroup, o € C(I')} and § > 0. We say
that a set Y C X satisfies the shadow principle for M, (6,T'). if there exists R,C > 0 such that for
all p € My(0,T), allr > R and all z,y € Y,

1
Sl lle 8@ < (S(a,y, 1) < Cllgyle Dtz

10



It follows from (2) that the upper bound in the shadow principle is a mere consequence of the
p-conformality of dimension §, valid for all Y € X. All the interest of this property relies hence
in the lower bound. Note also that the shadow principle is invariant by scaling of the conformal
density. It is hence enough to check it on conformal densities such that ||u,|| = 1, where 0 € X
is a fixed origin. The end of this paragraph is devoted to the proof of the following result, which
extends Theorem 1.1.1 of [Rob05] to higher rank symmetric spaces.

Theorem 3.2. Let G be a real linear, semisimple, connected, Lie group with finite center and T" be
a Zariski dense subgroup of G. Let N(I') be the normalizer of T in G.

For all p € C(I')%, all 0 > 0 and all v € X, the orbit Y = N(T') -z satisfies the shadow principle
for M, (5,T).2

Let us first reduce the proof to a simpler statement, where one of the base points is fixed.

Lemma 3.3. Let G be a real linear, semisimple, connected, Lie group with finite center and I' be
a Zariski dense subgroup of G, with normalizer N(T'). Let us fir ¢ € C(I')%, 0 >0 and o € X.

The orbit Y = N(T') - o satisfies the shadow principle for My(0,T") if and only if there exists
R,C > 0 such that for ally € Y and all p € M,(5,T),

(50,9, R)) > Sl (4

Proof. We fix 0 € X and denote by Y = N(I') - o the orbit of o under the normalizer of I" in G.
Asg already mentionned, we only have to deal with the lower bound of the shadow principle, since
the upper bound is satisfied for all Y C X. Note also that, by Equation (1) and Lemma 2.5, if Y’
satisfies the shadow principle then (4) is satisfied for all y € Y. Therefore, we are only left with
showing that, if for all p € M,(6,I') and all y € Y, the inequality (4) is satisfied, then Y satisfies
the shadow principle.

Assume therefore that (4) is satisfied for all v € M,(6,I') and all y € Y. Let p € M,(6,T) be
fixed. Let z,y € Y, and g € N such that go = z. We have seen in Lemma 2.14 that the family p9

1
defined for all z € X by pf := mgglugz is also in M, (8,T"). Moreover, setting z := g~ 'y, we
Hgo
have:
1
,LLg(S(O, 2, R)) = mugz(gs(oa 2, R))
go

- mﬂyw(w,y,fm.

Therefore, since by (4) we have

i
C lpal

1
#3(S(0,2,R)) 2 lluzll =
we get

1
py(S(2,y, R)) 2 = lluyll;

which is equivalent to the lower bound in the shadow principle by Equation (1) and Lemma 2.5.
O

2The result is true for all § > 0. However, it follows from [Qui02] that when § < d,(I") then M, (5,T) = 0.
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Proof of Theorem 3.2. By Lemma 3.3, it is enough to show that there exists C, R > 0 such that
for all 1 € M, (5,T") with ||p|| =1 and all y € Y = N(T') - 0, the lower bound (4) is satisfied. We
follow the strategy developped in [Rob05].

Suppose by contradiction that it is not the case. There exists a sequence (R;);cn with R; — oo,
a sequence (g;) € N(I')Y and a sequence (u');ey € M, (6, T)Y with ||u?|| = 1 such that

1
lim ———u! (S(o,gi0, R;)) = 0. (5)
i~oo g0l

-1,

Denote by v = (V2),ex the family of measures defined for all 2 € X by v T i Mgz

|| Hgio
Lemma 2.14, it is a p-conformal density of dimension § and satisfies ||v%|| = 1.

Since F is compact and (%) is a sequence of probabilities on F, we can assume up to taking a
subsequence that it converges weakly to some probability measure vJ°. Then since v/* is ¢-conformal
of dimension 4, for all z € X the sequence of finite measures (1);en also converges in the weak
topology to some finite measure v3° and the family v = (v3°),cx is in M, (5, T).

Lemma 3.4. Up to extracting a subsequence, there exists 7 € F such that for all € > 0 there exists
19 > 0 such that for all i > ig:

F\S(g; Yo,0,R;) € B(L(7),¢).

Proof. We first apply Lemma 2.17 : for all € > 0 there exists r > 0 such that for all R > r for all
yeX:
F\ S(y,o R) C B(L(y),¢),

for some 7, € S(o,{y}). Taking y = g; ‘o, gives a sequence 7; € F such that F\ S(g; ‘0,0, R) C
B(L(7;),e). By compactness, we can suppose that 7; converges to 7 € F.
We now apply Lemma 2.4 : for ¢ > 1 sufficiently large,

B(L(1;),e) € B(L(7),2¢).
Therefore, for i > 1 sufficiently large, we get R; > r and
F\ S(o,g; o, R;) C B(L(7),2e),
which concludes the proof of Lemma 3.4. O

Let V be an open subset of F such that V' N L(7) = (). By Lemma 3.4, there exists iy such that
for all i > iy we have

vo (V)

IN

i_lov 0, Rl))

liminf v/’ (S(g
12— 00

IN

hm 1nf

1
|| 4 || H’gl (5(07 gi0, RZ))

Using equation (5), we get v2°(V) = 0. Hence vg° is supported on L(7). In particular, by
I-invariance of the family v°°, the set L(7) contains a closed set which is I' invariant. Therefore
Ar C L(7) which is absurd by Theorem 2.8 since I' is Zariski dense and L(7) is Zariski closed.

0
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We now prove the equality of the limit cone for Zariski dense normal subgroups.

Corollary 3.5. Let T be a discrete subgroup of G and TV < T be a normal subgroup of T. Suppose
IV is Zariski dense, then the limit cone of T coincides with the limit cone of T.

Proof. If it were not the case, since both limit cones are closed, it means that there exists an open
cone U C C(I')\C(I"). This implies that there is a linear form ¢ in C(I')% whose kernel intersects
U.

We have seen in Section 2.2.3 that since I” is Zariski dense, there exists pu = (ug)rex €
M, (0,(I),T"). Since we supposed ker(y) intersects U which is contained in the interior of C(I"),
there exists a sequence of elements -, of I" such that ¢(a(x, v,2)) — —oo. Nevertheless, by Theorem
3.2, the orbit I' - z satisfies the shadow principle for M, (,I"). Therefore we also have

1 7
pa(Arr) > pa(S(z, e, 7)) > 56754,(1‘ ye(alenme),
Since the right hand side goes to +o0o with n, we get a contradiction. O

Note that, in the proof, we use the fact that I is Zariski dense to ensure the existence of ¢-
conformal densities. This prevent from “counter-examples” such as I =Ty x {Id} c Ty x I, =T
for which, as mentionned in the introduction, Corollary 3.5 is trivially false.

We now prove a necessary and sufficient condition on I' for its normal subgroups to be Zariski
dense.

Definition 3.6. Let G be a semisimple Lie group. A subgroup I' C G is said normally irreducible
if for all normal subgroups N C G, if N # G then:

NNT ={1d}.
The proof of the following result has been suggested to us by Y. Benoist.

Proposition 3.7. Let G be a real linear semisimple Lie group. Let T' C G be a Zariski dense
subgroup.
All non trivial normal subgroups I'' <T" are Zariski dense if and only if T is normally irreducible.

Proof. Let H := "7 be the Zariski closure of IV, It is an algebraic set, therefore the condition
ghg~! € H is algebraic. This condition is satisfied for all (h,g) € I' xI", hence for all (h,g) € H xG.
In other words, H is normal in G.

Suppose that H # G, then by irreducibility H NT' = {Id} which its absurd since I C (H NT).

Suppose now that I" is not normally irreducible. Decompose G into the Cartesian product of its
simple factors G = II‘_, G; remark that ¢ > 1. Moreover by simplicity of the G;, if N # G, N is
also a Cartesian product and in particular is not Zariski dense. By assumption, there exists N # G
a normal subgroup of G, such that: N NT" # {Id} <«T'. This is a normal subgroup of I" which is not
Zariski dense.

O
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3.2 Normal subgroup and critical exponent

Let I be a discrete subgroup of G' and I''<I" be a Zariski dense normal subgroup of I". Let ¢ € C(I")*%.
be fixed. We now finish the proof of Theorem 1.6 by showing the lower bound inequality for all the
critical exponents d,(I") and d,(I").

Definition 3.8. A set Y C X is said to have bounded geometry if for all R > 0 there exists
Ap > 0 such that for ally €Y,
Card(Y N B(y, R)) < Ag.

In particular any orbit of a discrete group of isometry of X has bounded geometry.
The following proposition appears in Roblin [Rob05, Lemma 1.2.4] for conformal densities in
CAT(—1) space. We extend it to higher symmetric spaces.

Proposition 3.9. Let § > 0 and Y C X be a set with bounded geometry which satisfies the shadow
principle for M,(4,T").
Then for all p = (z)eex € M, (5,T), the critical exponent of the series

PRI Z Huy”efsw(a(o’y))
yey
18 at most 9.

Proof of Proposition 3.9. Let r > 1 be the real rank of G and (&;);=1
@ =7 ,big; with b; >0 forallie{l,...,r}.
For all (ny,...,n,) € N", we define

- be a basis of a*, such that

.....

Ry, = [y € X |ei(a(0y)) € [ns,mi + 1)}

i=1

Our proof rely on the following uniform multiplicity bound for the covering of Y by the shadows
{S(0,y.70) ; ¥y € Ruy.oon, }-
Lemma 3.10. Let Y be a set with bounded geometry. For all Ry > 0, there ezists B, > 0 such

that for all (ny,...,n,) € N", the covering U S(0,y, Ro) has multiplicity bounded by Bp, .
YEYNRy,

Proof. Let us fix r > 0, (n1,...,n,.) € N". For all y; € Y, we write
COV(yl) = #{yQ S Rnh...,'n,T ; S(O7 Y1, RO) N S(O’ y27R0) 7& ®}

We have to show that cov(y;) is bounded by a constant depending only on Ry. Let us fix y; € Y,
and let yo € Y and n € F be such that

n € S(o,y1, Ro) N S(0,y1, Ro)-

We represent n by a geometric Weyl chamber w : a; — X. By definition of shadows, there exists
u1,uz € ag such that

w(u1) € B(y1, Ro)
{ w(us) € Blys, Ro) ©)

14



Therefore, using Lemma 2.2, there exists C; > 0 depending only on G such that:

l[a(w(ur), w(uz)) — alyr, y2)|| < CrRo. (7)
Equation (6) also implies that there exists Co > 0 depending on G such that:
lla(w(u1),0) — a(ys, 0)|| < C2Ro (8)
lla(w(uz),0) — alyz, 0)|| < C2Ro
Since w1, ug € athe vectors a(w(uy), 0)—a(w(usg), o) and a(w(uy), w(ug)) coincide up to the action of
an element of the Weyl group. To simplify notations, we will suppose that a(w(uq),0)—a(w(us),0) =
a(w(uy), w(usz)), adaptation to the general case is immediate using Lemma 2.2. We have hence
lla(w(ur), w(uz)) — ayr,0) + a(yz, 0)|| < 205 Ro.
Moreover, since y1,y2 € Rn,...n,, we get for all 4 € {1,...,r}:
gi (a(w(uy),w(uz))) < 2C3Ry + 2.
Since (€)ieq1,...,ry forms a basis, there exists hence C3 > 0 depending only on Ry and G, such that:
lla(w(us), w(ug))|| < Cs.

Therefore, using Equation (7) we get

la(yr, y2)Il < lla(w(u), w(uz))|| + C1Ro < Cy
for a constant C4 > 0 depending only on 79 and G. Since Y has bounded geometry, this implies
that
COV(yl) < AC4a

where Ac, is the maximum number of elements of Y contained in a ball of radius C4 and only
depends on Ry. O

We now resume the proof of Proposition 3.9. Let us fix p € M,(6,T"). Since Y satisfies the
shadow principle for M, (8,T"), there exists C, Ry such that for all y € Y, we have 11, (S(o,y, Ro)) >
Cl|pyl|l- Moreover, it follows from Lemma 3.10 that there exists Br, > 0 such that the covering
Uye By S(0,y,ro) has multiplicity bounded by Bg,.

This implies that for all (ng,...,n,.) € N”, there exists K > 0 such that

1
ol = B > wo(S(0,4,m0))
O YERny....,nr
> K'e 02lmd N .

We get therefore

Yo lmyllemseelenn = N Ny flemielalen)

yey M1l YERpy .oy,
S S D SRR
ni,..n,
Eventually, the last series converges for all s > 4. O
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A direct corollary of Proposition 3.9 is the following result, originally due to Roblin [Rob05,
Theorem 2.2.1] for groups acting on CAT(—1) spaces.

Corollary 3.11. Let I' be a discrete subgroup of G and I a Zariski dense normal subgroup of T.
For all ¢ € C(I")% the critical exponents according to ¢ satisfy:

50,1 < 3, (1),

Proof. Since I'" is Zariski dense, by Theorem 2.13 there exists u € M, (d,(I"),I"). By Theorem 3.2,
we know that I"- o satisfies the shadow principle for M, (0, (I"),I"). Therefore, for all s > §,(I")
Proposition 3.9 implies

Z ||Mvo‘|€—ssa(a(o,70)) < +00.
~yel

Moreover by (3), there exists C' > 0 such that for all v € T', we have ||g0]] > @676“’@/)“’(“(0’70)).
We get hence that for all s > §,(I"),

T e (M Dplalono)) < ¢ S aaolle™##@019) < oo,
Tuall 2

Therefore 26,,(I') > 6,(T).

4 Amenability and critical exponent

4.1 Amenable discrete groups

Given a discrete set Y, we write £>°(Y) for the set of bounded maps from Y to R.

Definition 4.1. A discrete group G is amenable if there exists a positive linear map © : £°(G) — R,
such that ©(1g) = 1 and which is right invariant, i.e. for all g € G and all f € £>°(G), we have

O(a — f(ag)) = O(f).
Such map © is called a right-invariant mean on G.

IfT is a discrete group, a normal subgroup TV <T is co-amenable in T if the quotient group T\’
1s amenable.

We refer for instance the reader [Jusl5] for various characterizations and examples of amenable
discrete groups. Let us present an important characterization of amenability, which illustrates how
this property is related to the growth of the group.

Let G be a discrete group. For all finite set S C G, and all subset A C G, we define the
S-boundary of A to be

0sA={geG\A; 3¢, s) e Ax S ,g=sg'}.
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The S-isoperimetric constant of G is then given by

. #0sA
= f .
s(G) ACG}nﬁnite #HA

The following characterization of amenability has been shown by Félner in [Fol55].

Theorem 4.2 (Folner [Fol55]). A discrete group G is amenable if and only if for all finite S C G,
the isoperimetric constant hg(G) is 0.

This easily implies that all finitely generated groups with sub-exponential growth (e.g. infra-
nilpotent discrete groups) are amenable, whereas any free group with at least 2 generators is non-
amenable.

4.2 Averaging conformal density

Let us fix a discrete Zariski dense subgroup I' of G, and a Zariski dense normal subgroup IV < T.
By the result of last section, we know that the limit cones of I' and I" coincide. Let ¢ € C(T')%
and ¢ > 0 be fixed. We write o)
(v
lell = sup

vea\{0} ]l

< +oo

We assume from now on that I is co-amenable in T'. Let © be a right-invariant mean on I'V\T.
Let pr € M,(6,T") with ||u6]| = 1 be fixed. Recall that for all u € I', we write p* for the conformal
density defined for all x € X by

1
a [[Feuoll

By Lemma 2.14, we still have p* € M,(6,I") and ||p¥|| = 1. Therefore for all x € X and all
continuous maps f : F — R, the map

. F % R
cz,«{ w oo [y FEdu()

is I"-invariant. By Lemma 2.5, there exists C' > 0 such that £, ; is bounded from above by
Celll#lld©) sup | f|. Therefore, L, induces a bounded map on I'"\I" and we can define the following
application from C(F,R) to R by

u

Mo (™) s sz

©. U U :; u*1 .
o -fHG( > L) = T /f # s>duum<s>) (9)

We get the following.

Lemma 4.3. The family n® = (u9)scx induces a I'-invariant ¢-conformal density of dimension
8, still written u®, which we call the ©-average of . Moreover, it satisfies for all v € T,

11561+ 115=1l1 > 1. (10)

Proof. Tt follows from (9) that for all # € X, u& is a positive linear map from C(F,R) to R, with
vy(15) < e2¥o) Therefore it induces a unique finite Borel measure on JF, which we still denote
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by 1. Moreover, it immediately follows from Lemma 2.14 that the family 4® = (u9).cx belongs
to M,(6,T).

Eventually, let us fix v € I'. Since © is invariant under right multiplication by elements of T,
we have :

”Nu 0”
S, = @(w”

| ol
Y <u#ﬁ [ ol )
”Muw*loH
(o (um lluuwon»-l = 8,
[[ol ”
where the last inequality follows from the Jensen inequality applied to ¢ ~— ¢~ 1. O

4.3 Proof of Theorems 1.6

Let us fix a discrete Zariski dense subgroup I' of G, and a Zariski dense normal subgroup I < T.
Assume moreover that I' is co-amenable in T', and let © be a right-invariant mean on I'"\T". Let
@ € C(I")7% be fixed.

We have seen in Section 2.2.3 that there exists p € M, (3,(I"),I"). Let u® be the ©-average of
w given by Lemma 4.3. We define

Iy={yel; |l >1}.

It follows from (10) that for all v € ', we have v € I'y or y~! € I'y.. Therefore, for all s € R,

I el < g $7 emselae0) < $7 |48 flemselalono)),
yel’ yel'y yely

Moreover, by Proposition 3.9, the critical exponent of s — Z ||u?o|\e_s“"(“(o’"’°)) is at most

vel+
d,(I"). Therefore we have
04 (I') < 8,(I),

which concludes the proof of Theorem 1.6.
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