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Abstract

We study the asymptotic behaviour of simply connected, Riemannian manifolds
X of strictly negative curvature admitting a non-uniform lattice I'. If the quotient
manifold X = I'\X is asymptotically 1/4-pinched, we prove that I is divergent and
UX has finite Bowen-Margulis measure (which is then ergodic and totally conser-
vative with respect to the geodesic flow); moreover, we show that, in this case, the
volume growth of balls B(z, R) in X is asymptotically equivalent to a purely expo-
nential function c(z)e?®, where ¢ is the topological entropy of the geodesic flow of X.
This generalizes Margulis’ celebrated theorem to negatively curved spaces of finite vol-
ume. In contrast, we exhibit examples of lattices I in negatively curved spaces X (not
asymptotically 1/4-pinched) where, depending on the critical exponent of the parabolic
subgroups and on the finiteness of the Bowen-Margulis measure, the growth function
is exponential, lower-exponential or even upper-exponential.

AMS classification : 53C20, 37C35
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1 Introduction

Let X be a complete, simply connected manifold with strictly negative curvature.
In the sixties, G. Margulis [25], using measure theory on the foliations of the Anosov
system defined by the geodesic flow, showed that if I" is a uniform lattice of X (i.e.
a torsionless, discrete group of isometries such that X = I'\ X is compact), then the
orbital function of T' is asymptotically equivalent ! to a purely exponential function:

vr(z,y, R) = #{v € T | d(z,vy) < R} ~ cr(z,y)e’ D~

where §(T') = limp_,oo R~' Invy(z, 2, R) is the critical ezponent of T'. By integration
over fundamental domains, one then obtains an asymptotic equivalence for the volume
growth function of X:

vx(z, R) = volB(z, R) ~ m(x)e‘;(F)R,

1Given two functions f,¢g : Ry — Ry, we say that f is asymptotically equivalent to g when
limr—+oo f(R)/g(R) =1, and we will write f ~ g.


https://core.ac.uk/display/326232541?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

It is well-known that the exponent §(I") equals the topological entropy of the geodesic
flow of X (see [27]) and that, for uniform lattices, it is the same as the volume entropy
w(X) = limsup % Invx (2, R) of the manifold X. The function m(z), depending on the
center of the ball, is the Margulis function of X.

Since then, this result has been generalized in different directions. Notably, G.
Knieper showed in [24] that the volume growth function of a Hadamard space X (a
complete, simply connected manifolds with nonpositive curvature) of rank one admit-
ting uniform lattices is purely exzponential ?, that is

vx(z, R) < e?(XE

In general, he showed that vx(z, R) =< R%e“(X)R for rank d manifolds; however,
as far as the authors are aware, it is still unknown whether there exists a Margulis
function for Hadamard manifolds of rank 1 with uniform lattices, i.e. a function m(z)
such that vy (z, R) ~ m(x)e?™)E even in the case of surfaces. Another remarkable
case is that of asymptotically harmonic manifolds of strictly negative curvature, where
the strong asymptotic homogeneity implies the existence of a Margulis function, even
without compact quotients, cp. [11].

In another direction, it seems natural to ask what happens for a Hadamard
space X of negative curvature admitting nonuniform lattices I' (i.e. vol(I'\X) < 00):
is vx purely exponential and, more precisely, does X admit a Margulis function?
Let us emphasize that if X also admits a uniform lattice then X is a symmetric space
of rank one (by [18], Corollary 9.2.2); therefore, we are interested in spaces which do
not have uniform lattices, i.e. the universal covering of finite volume, negatively curved
manifolds which are not locally symmetric.

It is worth to stress here that the orbital function of I' is closely related to the
volume growth function of X, but it generally has, even for lattices, a different asymp-
totic behaviour than vx(x, R). A precise asymptotic equivalence fo vr was proved by
T. Roblin [30] in a very general setting, proving a dichotomy based on the finiteness
of the so-called Bowen-Margulis measure associated to I'.

In order to state this dichotomy, let us recall some general definitions. The limit set
of a general non elementary discrete subgroup I' of isometries of X is the subset A(T") C

2We will systematically use the following convenient notation in the paper: given two functions
c c
fig: Ry — Ry, we write f < g for R > Rg (or g >~ f) if there exists C' > 0 such that f(R) < Cg(R)

c c C
for these values of R. Similarly, f < ¢g means g < f < g. We simply write f < g and f < g when the
constants C' and Ro are unessential.
The upper and lower exponential growth rates of the function f are respectively defined as:

wh(f) =limsup R"'Inf(R) and w (f) =w(f) =liminf R "Inf(R)
R—+o00 R—+oo

and we simply write w(f) when the two limits coincide.

. . o . . R
Finally, we say that f is purely exponential if f =< e NE lower-ezponential when lim sup fgf)z% =0
R—+oo €Y
: (R : f(r) _
and upper-exponential when lim inf ~— = 4o00; when the weaker property limsup = = +00
R—+oo ew(fIR R +o00 ew(f)R

holds, we say that f is weakly upper-exponential.



X (00) of accumulation points of any orbit I' - z in X. By Patterson’s construction
(see [30] for a precise description), there exists on A(T') a family (u;).ex of finite
measures, supported by A(T), satisfying the following conditions: for any z,2’ € X
and any g € T,

%(5) = 6—5(F)b§(m,1’/) and Hy=1g = Vxla
d:ux’

where be(z,2') = lirré d(z,y) —d(«,y) is the Busemann function centered at £ € A(T).
Yy—r

When identifying the unit tangent bundle of X with (X (c0) x X(oc0) —A) x R
(where A denotes the diagonal in X (c0) x X (00)), these two properties readily imply
that the measure e 0 En(@W)+be(=.9)) gp q¢ dt is a Radon measure on UX, which is
invariant under the actions of both I' and the translation flow on the third coordinate;
thus, it induces a measure p1; on the unit tangent bundle U X of the quotient manifold
X = I'\X, which is invariant for the geodesic flow and called the Bowen-Margulis
measure.

T. Roblin proved that for any non-elementary discrete group of isometries I' of a
CAT(-1) space X with non-arithmetic length spectrum?®, one has:

(a) vr(x,y, R) ~ cr(z,y)e? OF if the measure ppyy is finite;

(b) vr(x,y, R) = o(R)e’ D where o(R) is infinitesimal, otherwise.

Thus, the behaviour of vr(z, R) strongly depends on the finiteness of the measure ppas;
also, the asymptotic constant can be expressed in terms of pgys and of the family of
Patterson-Sullivan measures (p,) of I', as cr(x,y) = %

In this paper we restrict our attention to lattices I', which are fundamental exam-
ples of geometrically finite groups; let us describe this class. Let C(T") be the convex
hull in X of the limit set A(T') in X U X (00); the group I' acts properly discontin-
uously on C(T'), the quotient N(I') = I'\C(I') is called the Nielsen core of X. The
group I' (or the quotient manifold X) is said to be geometrically finite when for some
e > 0 the e-neighborhood N.(T') of N(T) has finite volume. We refer to [8] for a
complete description of geometrical finiteness in variable negative curvature. When
I is a lattice, the Nielsen core N(T') equals X, thus I is clearly geometrically finite.
In contrast, the groups considered in [29] are generally not geometrically finite. In
section §4 we will recall a useful criterion (Finiteness Criterion (15), due to Dal’'Bo-
Otal-Peigné), to decide whether a geometrically finite group has upp (UX) < oo or
not; hence, a precise asymptotics for vp(z, R) as in (a).

On the other hand, any convergent group I' exhibits a behaviour as in (b), since it cer-
tainly has infinite Bowen-Margulis measure (by Poincaré recurrence, upgy (UX) < 0o
implies that the geodesic flow is totally conservative, and this is equivalent to diver-
gence, by Hopf-Tsuji-Sullivan’s theorem). Notice that, whereas uniform lattices always
are divergent and with finite Bowen-Margulis measure, for nonuniform lattices I di-
vergence and condition (15) in general may fail. Namely, this can happen only in case
" has a “very large” parabolic subgroup P, that is such that §(P) = o(T"): we will call
exotic such a lattice I', and we will say that such a P is a dominant parabolic subgroup.

3This means that the additive subgroup of R generated by the length of closed geodesics in G\ X
is dense in R; it is the case, for instance, if dim(X) = 2, or when G =T is a lattice.



Convergent, exotic lattices are constructed by the authors in [16]; also, one can find
in [16] some original counting results for the orbital function of I" in infinite Bowen-
Margulis measure, more precise than (b).

However, as we shall see, the volume growth function vx has a wilder behaviour
than vp. In [14] we proved that for nonuniform lattices in pinched, negatively curved
spaces X, the functions vp and vx can have different exponential growth rates, i.e.
w(X) # 0(T'). In the Example 5.2 we will see that the function vx might as well have
different superior and inferior exponential growth rates w¥(X) (notice, in contrast,
that 0(T") always is a true limit).

The main result of the paper concerns finiteness of the Bowen-Margulis measure
and an aymptote for the volume growth function of %—pinched spaces with lattices:

Theorem 1.1 Let X be a Hadamard space with curvature —b*> < Kx < —a?, and let
' be a nonuniform lattice of X. If X = T'\X has asymptotically 1/4-pinched curvature
(that is, for any € > 0, the metric satisfies —ki < Ky < —k% with ki < 4k2% + €
outside some compact set C. C X ), then:

(i) T is divergent and the Bowen-Margulis measure pugyr of UX is finite;

(ii) w*(X) = w™ (X) = o();

(iii) there exists a function m(z) € LY(X) such that vx(x, R) ~ m(x)e’@E where
m(x) is the lift of m to X.

From (i) it follows that the geodesic flow of any asymptotically i-pinched, nega-
tively curved manifold of finite volume is ergodic and totally conservative w.r. to ugps,
by Hopf-Tsuji-Sullivan Theorem (see [33], [30]), contrary to the case of general nega-
tively curved manifolds of finite volume (e.g., those obtained from convergent lattices).
By [27], it also follows that upps is the unique measure of maximal entropy for the
geodesic flow on UX in this case.

Condition (iii) also implies that volume equidistributes on large spheres, i.e. the
volume v%(az, R) of annuli in X of thickness A satisfies the precise asymptotic law:

VA (2, R) ~ 2m(z) sinh(AS(I))e R

The above theorem also covers the classical case of noncompact symmetric spaces of
rank one (where the proof of the divergence and the asymptotics is direct).

One may wonder about the meaning of the %—pinching condition. This turns out
to be an asymptotic, geometrical condition on the influence and wildness of parabolic
subgroups of I" associated to the cusps of X = I'\ X. Parabolic groups, being elemen-
tary, do not necessarily have a critical exponent which can be interpreted as a true

limit; rather, for a parabolic group of isometries P of X, one can consider the limits

1 1
§T(P) =limsup — Invp(z,R), &6 (P)=liminf — Invp(z, R)
and the critical exponent §(P) of the Poincaré series of P coincides with 67 (P).

The parabolic group P is called maximal when it is not a proper subgroup of some



parabolic subgroup of I'. Accordingly, we say that a lattice I is sparse if it has a max-
imal parabolic subgroup P such that 67 (P) > 26~ (P) (conversely, we will say that
I" is parabolically %-pinched if it is not sparse). Such parabolic groups in T', together
with dominant parabolic subgroups, are precisely associated to cusps whose growth
can wildly change, and this can globally influence the growth function of X. Namely,
in section 4, we prove :

Theorem 1.2 Let X be a Hadamard manifold with pinched, negative curvature
—b? < Kx < —a® < 0. If X has a nonuniform lattice T which is neither exotic nor
sparse, then I' is divergent with finite Bowen-Margulis measure; moreover, vx = vr
and X has a Margulis function m(x), whose projection is L' on X = T\ X.

The divergence and finiteness of the Bowen-Margulis measure in Theorem 1.1
and Theorem 1.2 are both consequence of a critical gap between 6(I') and the ex-
ponential growth rates §(P;) of all parabolic subgroups; this will be proved in §4.
In particular, we will see that any lattice I' in a negatively curved, %—pinched space
is mever erotic (nor sparse). For this, we will use an asymptotic characterization
of the hyperbolic lattices as the only lattices in spaces X with pinched curvature
—b? < Kx < —a? realizing the least possible value for the topological entropy of
X = T\X, ie. satisfying 6(I') = (n — 1)a. In the compact case, this result can be
deduced from Knieper’s work on spherical means (following the proof of Theorem
5.2, [24]), or from Bonk-Kleiner [4] (for convex-cocompact groups); on the other hand,
see [17] for a complete proof in the case of non-uniform lattices and the analysis of the
new difficulties arising in the non-compact case.

The existence of the Margulis function in Theorems 1.1 and 1.2 relies on a Count-
ing Formula (Proposition 3.1), proved in §3; the formula enables us to reduce the
computation of vy to the analytic profile of the cusps of X and vr (so, in the last
instance, to T.Roblin’s asymptotics (a)&/(b)).

The last part of the paper is devoted to studying sparse and exotic lattices, to un-
derstand the necessity of the i—pinching (or %—parabolically pinching) conditions. The
following result shows that Theorem 1.2 is the best that we can expect for Hadamard
spaces with quotients of finite volume.

Theorem 1.3 Let X be a Hadamard manifold with pinched negative curvature
V¥ <Kyx<-a’2<0 admitting a nonuniform lattice T'.

(i) If T is exotic and the dominant subgroups P satisfy §(T') = §+(P) < 26~ (P), then
both vx and vr are purely exponential or lower-exponential, with the same exponential
growth rate w(X) = 6(I"). Namely:

o cither upy = 00, and in this case vx is lower-exponential.
e or upy < 00, and then vx is purely exponential and X has a Margulis function;
The two cases can actually occur, cp. Examples 5.3(a)&(b).

(ii) If T is exotic and a dominant subgroup P satisfies §(T') = 67 (P) = 26~ (P), then
w(X) = §(I") but in general vx #* vr, and X does not admit a Margulis function.
Namely, there exist cases (Examples 5.4(a)é(b)) where:
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o upy < 00, with vr purely exponential and vx upper-exponential;
e upy = 00, with vr lower-exponential and vy upper-exponential.

Notice that, in all cases under consideration in this theorem, the equality w(X) = §(T")
holds, by Theorem 1.2 in [14], since 67(P) < 25 (P) (cp. also Corollary 3.3).
The proof of assertion (i) of Theorem 1.3 is given in section §4, with explicit examples
in section §5 (Examples 5.3); the examples proving assertion (ii) are also developed in
section §5 (Examples 5.4). We shall also see that all the examples mentioned in this
statement can be obtained as lattices in (% — €)-pinched spaces, for arbitrary ¢ > 0,
which shows the optimality of the %—pinching condition.

On the other hand, if T is sparse, one can even have w'(X) > w™ (X) > 6(T), and the
Example 5.2 shows that virtually any asymptotic behaviour for vx can occur. Thus,
the case of exotic lattices with a parabolic subgroup such that §7(P) = 26~ (P) can be
seen as the critical threshold where a transition happens, from functions vr,vx with
same asymptotic behaviour to functions with even different exponential growth rate.

Notice at last that the condition 67 (P) < 2§~ (P) is satisfied when Z—z < 1, and that
this last condition implies that the group P is abelian [4].

2 Growth of parabolic subgroups and of lattices modulo
parabolic subgroups

Throughout all the paper, unless otherwise stated, X will be a Hadamard space of
dimension n, with pinched negative sectional curvature —b* < Kx < —a® < 0.

For z,y € X and £ belonging to the geometric boundary X (oo), we will de-
note [z,y] (resp. [z,£]) the geodesic segment from z to y (resp. the ray from z to §).
We will repeatedly make use of the following, classical result in strictly negative curva-
ture (see for instance [9]): there exists e(a, ) = %| log(7—2—) such that any geodesic

triangle zyz in X making angle 9 = Z,(z,y) at z satisfies:
d(z,y) > d(z,z) +d(z,z) — €(a, V). (1)

Let bg(z,y) = lim, ¢ d(z, z) — d(2,y) be the Busemann function centered at &.
The level set 0H¢(x)={y | be(x,y) =0} (resp. the suplevel set He(x)={y|be(x,y)>0}
is the horosphere (resp. the horoball) with center ¢ and passing through .
From (1) we easily deduce the following:

Lemma 2.1 For any d > 0, there exists ¢; = ei(a,d) > €(a,5) with the following
property: given two disjoint horoballs Hy, Hy at distance d = d(Hy, Hs) = d(z1, 22)
with z; € OH;, then for any x € Hy and y € Hy we have

d(z,z1) + d(z1,22) + d(22,y) — €1(a,d) < d(z,y) < d(x, z1) + d(z1, 22) + d(22,9).

Proof. As Kx < —a? and horoballs are convex, for any y € Hy the angle
Wy) = £z, 22,y satisfies tan d(y) < m (cp. for instance [31], Prop.8). Then,

6



we have 2,2,y > § —9(y) > ¥(d) with J(d) > 0 for d # 0, hence, by (1),
d(.’E, y) > d(ﬁ, 21) + d('zly) - 6(&, ﬁ(d)) = d(I, Zl) + d('zla ZQ) + d(227 y) - 61(&, d)

for €1(a,d) = e(a,9(d)) + €(a, §).0
Let d¢ denote the horospherical distance between two points on a same horosphere
centered at &. If ¢¢; : X — X denotes the radial flow in the direction of £, we define:

Tou) = inf{t > 0 [de(Yet+a(2), Yer(y)) <1} if be(z,y) = A > 0;
telw,y) = { inf{t > 0 |de(ve (), Yer-a(y)) <1} if be(w,y) = A <O0. )

If y is closer to £ than x, let A = [z, {[NOH¢(y): then, t¢(x,y) represents the minimal
time we need to apply the radial flow ¢ ; to the points A and y until they are at
horospherical distance less than 1. Using (1) and the lower curvature bound Ky > —b?,
we obtain in [14] the following estimate, which is also crucial in our computations:

Approximation Lemma 2.2
There exists €9 = eg(a,b) > €(a, §) such that for all x,y € X and { € X (00) we have:
2te(z,y) + [be(z,y)| — €0 < d(z,y) < 2te(z,y) + [be(z, y)| + €0
In this section we give estimates for the growth of annuli in a parabolic subgroup
and in quotients of a lattice by a parabolic subgroup, which will be used later. So, let us
fix some notations. We let A (z,R) = B (v, R+ %)\ B (z, R — £) be the annulus of

radius R and thickness A around z. For a group I" of isometries of X, we will consider
the orbital functions

va(z,y, R) = # (B(z, R) N Gy) vG (z,y, R) = # (A% (2, R) N Gy)

and we set vg(z, R) = vg (7, z, R), v53(z, R) = v&(z, z, R) and v5 (2, R) = () for A < 0.
We will also need to consider the growth function of coset spaces, endowed with the
natural quotient metric: if H < G, we define d,(g1H, g2H) := d(g1Hx, goHx) and

veyn (@, R) = #{gH | |gH . = d.(H,gH) < R}

A A

We will use analogous notations for the growth functions of balls and annuli in the
spaces of left and double cosets H\G, H\G/H with the metrics

dy(Hg1, Hgo) := d(Hgiz, Hgow) = |g; ' Hgols

de(Hg1H,HgoH) := d(Hg1 Hzx, Hgo Hz) = |g; ' Hgo H |, .

The growth of the orbital function of a bounded parabolic group P is best ex-
pressed by introducing the horospherical area function. Let us recall the necessary
definitions:



Definitions 2.3 Let P be a bounded parabolic group of X fixing £ € X (00): that is,
acting cocompactly on X (co) —{£} (as well as on every horosphere OH centered at §).
Given z € X, let D(P, z) be a Dirichlet domain centered at x for the action of P on X;
that is, a convex fundamental domain contained in the closed subset

D(P,z) ={y € X | d(z,y) < d(pz,y) for all p € P}

We set S, = D(P,z) N 0H¢(z) and C, = D(P,x) N He(x), and denote by S;(c0) the
trace at infinity  of D(P, z), minus &; these are, respectively, fundamental domains for
the actions of P on 0H¢(z), H(x) and X (c0)—{&}.

The horospherical area function of P is the function

Ap(z, R) = vol [P\t r (0H¢(x))] = vol [v¢ r (Sz)]

where the vol is the Riemannian measure of horospheres. We also define the cuspidal
function of P, which is the function

Fp(x, R) = vol [B(x, R) N He(x)]

that is, the volume of the intersection of a ball centered at x and the horoball centered
at & and passing through x. Notice that the functions Ap(z, R), Fp(z, R) only depend
on the choice of the initial horosphere 0H¢(x).

REMARK 2.4 Well-known estimates of the differential of the radial flow (cp. [21]) yield,
when —b? < Kx < —a? <0,

e o<l (o) < e vl (3)
Therefore we deduce that, for any A > 0,

(- Ap(z, R+ A) (n—
(n=1)bA - TP\, < o~ (n=1)aA 4
‘ =A@ R) W

The following Propositions show how the horospherical area Ap and the cuspidal
function Fp are related to the orbital function of P; they refine and precise some
estimates given in [14] for vp(z, R).

Proposition 2.5 Let P be a bounded parabolic group of X fizing &, with diam(S;) < d.
There exist C = C(n,a,b,d) and C" = C'(n,a,b,d; A) such that:

(Q

vp(z,y, R) < Ap! (a:, R+b§(x,y)> VR > be(z,y)+ Ro (5)

' R+b
v5(z,y, R) ¢ AR (x, W) VR > be(z,y)+Ro and YA > Ag  (6)

for explicit constants Ry and Ao only depending on n,a,b,d.

“The trace at infinity A(co) of a subset A C X is defined as the intersection of X (co) with the
closure of A in X U X (00).



Proposition 2.6 Same assumptions as in Proposition 2.5. We have:

C R .Ap(x,t)

.Fp({L’,R) = ———t VRZRO (7)
0o Ap (2,55

REMARK 2.7 More precisely, we will prove (and use later) that:

C

(i) vp(z,y, R) < Ap! (ac,%(m’y)) for all R > 0;
Cl

(ii) v3(x,y, R) < A;l (m,%@’y)) for all A, R>0;

C
(iv) Fp(z,R) < [ —22@D gt for all R > 0.

o Fn(an )
As a direct consequence of (7) and (5) we have (see also Corollary 3.5 in [14]):

Corollary 2.8 Let P be a bounded parabolic group of X. Then:
07 (P) <w (Fp) Sw'(Fp) < maz{d™(P),2(67(P) — 6~ (P))} (8)

Proof of Proposition 2.5. Since vp(z,y,R) = vp(y,z,R) and Ap(z,R) =
Ap(y, R—be(z,y)), we can assume that t = be(z,y) > 0.If z € 0H¢(y) and d(z, 2) = R,
we know by Lemma 2.2 that 2t¢(x,2) +t — e < d(x,2) < 2te(x,2) +t + €, so

lte(z,2) — £5t| < €o/2. We deduce that dg (¢£ Rttteg (:Jc),wg R-tteg (z)) < 1, so the
T2 T2

set %, R-tieg (B(z, R) N 0H¢(y)) is contained in the unitary ball BT of the horosphere

OH¢(z"), centered at a2t = 1/1§7R+,:2+60 (x). Similarly, if R >t + €y then t¢(z,z) > 0,

S0 dg¢ (1/)g Rtt—eq (3:),1/1g R—t—¢q (z)) > 1, and the set wg r-t—cq (B(x, R) NOH¢(y)) con-
) P) ) 2 ’ 2
tains the unitary ball B~ of 0H¢(x™), centered at the point 2~ = wg Rit—cq ().
’ 2

We know that, by Gauss’ equation, the sectional curvature of horospheres of X is be-
tween a? — b? and 2b(b — a) (see, for instance, [5], §1.4); therefore, there exist positive
constants v~ = v~ (a,b) and v = vT(a, b) such that vol(BT) < v+ and vol(B~) > v™.
Now, let S, = 1¢(S;) be the fundamental domain for the action of P on 0H¢(y)
deduced from S,. There are at least vp(z,y, R — d) distinct fundamental domains pS,
included in B(z, R) N 0H¢(y); since the radial flow ¢ ; is equivariant with respect to
the action of P on the horospheres centered at &, there are also at least vp(x,y, R—d)
distinct fundamental domains % Retieg (pSy) included in % R-tieg (B(z, R)NOH¢(y)).

We deduce that vp(z,y, R—d)-Ap(z, BHE0) < o+ and, by (4), this gives vp(z,y, R) g
Az (z, &) for all R > 0. On the other hand, if R > ¢ + €y, we can cover the set
B(z,R) N 0H¢(y) with vp(x,y, R+ d) fundamental domains pS,, with p € P; then,
again, 1&573_;_60 (B(xz,R)N0H¢(y)) can be covered by vp(x,y, R+ d) fundamental do-

mains ¢£ R-t—co (PSy) as well, hence we deduce that vp(z,y, R+d)-Ap(z, W) >v.
’ 2

C
This implies that vp(z,y, R) > A;l(x, %) for all R >t + Ry, for Ry = ¢y +d and a
constant C' = C(n,a,b,d).



To prove the weak equivalence (6), we just write, for R + % >t + Ro:

c! B C
» (R+t-2m/2> Ap <R+t;A/2)

C«—le(n—l)aA Ce—(n—l)a . R+t
> Ap (o, B = 2sinh [4(71 —1)aA — lnC] -Ap <2>

vp (@, y, R) = vp(x,y, R+A/2)—vp (2,y, R—A/2) >
A

again by (4), if A > Ay = (il_nga. Reciprocally, we have for all R, A > 0:

A C < C’'(n,a,b,d; A)

A
UP($7y7R)§UP(x7va+*)§ >
A (n Y = A (1 B

2

Proof of Proposition 2.6. We just integrate (5) over a fundamental domain C, for
the action of P on H¢(x):

Fp(x,R)= Zvol x, R) N pCy] / ZlB(wR) (pz) dz—/ vp(z,y, R) dy
peEP z peP Ca
so, integrating over each slice ¢ +(S;) by the coarea formula, we obtain

R—Ro t t
/ / Ap! (:c R*) dt < Fp(z,R) < / / Ap! (x,R+ )dt
0 Ve o(Sa) 2 0 Juea(ss) 2

(the left inequality holding for R > Rp). By (4), both sides are =< to the integral
B Ap(z,t)
P\X

dt, up to a multiplicative constant ¢ = ¢(n, a,b,d).0
0 -AP( R+t)

REMARK 2.9 Thus, we see that the curvature bounds imply that v5(z, R) < vp(z, R)
for A and R large enough. This also holds in general for non-elementary groups I' with

finite Bowen-Margulis measure, as in this case v& (z, R) ~ ﬁll‘;’;‘/‘j sinh[$ ()2 F by
Roblin’s asymptotics. On the other hand, it is unclear whether the weak equivalence

v& < vr holds for non-elementary lattices ', when || g ||= oo

In the next section we will also need estimates for the growth of annuli in the spaces
of left and right cosets of a lattice I' of X, modulo a bounded parabolic subgroup P.
Notice that, if P fixes { € X(c0), the function vp\p(z, R) counts the number of points
vz € D'z falling in the Dirichlet domain D(P,z) of P with d(x,vx) < R; on the
other hand, the function vp,p(z, R) counts the number of horoballs yvHe(z) at distance
(almost) less than R from z. It is remarkable that, even if these functions count ge-
ometrically distinct objects, they are weakly asymptotically equivalent, as the follow-
ing Proposition will show. Actually, let H¢ be a horoball centered at the parabolic
fixed point £ of P < I'; we call depth(H¢) the minimal distance minp_p d(H¢, vHe).
Then, for S, defined as in Definition 2.3 we have:

Proposition 2.10 Let T be a torsionless, non-elementary, discrete group of isometries
of X, let P a bounded parabolic subgroup of I, and let x € X be fized. Assume that
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max{diam(S;), 1/depth(He¢(x))} < d, and let £ be the minimal displacement d(z,vz) of
the elements v € T whose domains of attraction U (v, z) = {y | d(y* 'z, y) < d(x,y)}
are included in the Dirichlet domain D(P,x).

Then, there exists a constant do = do(a,d) such that, for all A, R > 0:

(i) vp (z,R) < vfp(w, R) < v (e, R);

(i1) 1 A 25( ,R) < UP\F(QC R) < lé(x,R);
(i) 5 ? - ”( R) < v p(z,R) < vpt*(, R);

) A—

(iv) gop “(a,R) < UI%\F/P(x?R) < vf(z, R).

Notice that (iv) strenghtens a result of S. Hersonsky and F. Paulin on the number
of rational lines with depth smaller than R (cp. [20] Theorem 1.2, where the authors
furthermore assume the condition 0p < ér). Actually, let H¢ be the largest horosphere
centered at & non intersecting any other yvH¢ for v # e, and recall that the depth
of a geodesic ¢ = (£,7€) is defined as the length of the maximal subsegment ¢ C ¢
outside I'H¢. The double coset space P\ (I'—P) /P can be identified with the set of
oriented geodesics (£,7€) of X with v € I'=P. Then, if € 0Hg, the counting function
’UI%\(Ff P/ p(z, R) corresponds to the number of geodesics of X = I'\X which travel a
time about R outside the cusp C = P\Hg, before entering and definitely staying (in

the future and in the past) in C.

Proof. The right-hand inequalities in (ii), (iii), (iv) are trivial.
Let us prove (i). We first define two sections of the projections P\I' <~ I" — I'/P.
Consider the fundamental domain S, (00) for the action of P on X (co)—{¢{} given in 2.3,
and choose for each v € I, a representative 4 of vP which minimizes the distance to x.

Then, we set N
I'={y|yPel/P}

To= {1 |7 €T,%¢ € Sp(00)} U{e}.

We have bijections T' 2 T/P and Ty & P\T, as S,;(c0) is a fundamental domain.
Moreover, every vg € I'g almost minimizes the distance to x in its right coset P~yp.
Actually, for all v € T set z(y) = (§,7¢) NOH¢(x) and 2'(y) = (&,7€) NyOH¢(x); then,
for all p € P we have, by Lemma 2.1

d(z, pyor) > d(w,pz(7)) +d(pz(7),pz' (7)) + d(pz'(7), pyor) — €1(a, d) > d(z,v02) —( C)
9

as d(He(x), pyoHe(z)) = d(pz(v), p2' (7)), for ¢ = 2d + €1(a, d).

We will now define a bijection between pointed metric spaces i : (P\I', zo) — (I'/ P, x¢)
which almost-preserves the distance to their base point g = P (with respect to their
quotient distances | - |, = d.(P,-) as seen at the beginning of the section), as follows.
For every v € I' we can write v = Ap,, for uniquely determined 7 € T and Py € P;
given a right coset P, we take v € I'g representing P and then set i(P7y) := p,7oP-
The map i is surjective. Actually, given vP, we take p € P such that py¢ € S,(o0),

11



so that Py = Py, for 79 = py € T'o; then, we write 9 = Fop,,, and we deduce that
i(Py) = i(Pyo) = i(PRop~") = p~'50P = p~'nops, P = ~P.

We now check that ¢ is injective. Given vy = Jop~, and vy = Y opy; in T'g representing
two right cosets Py and P/, assume that p,, P = pv(/)VA’OP. Then, ¢ = pf/y\’of
for p = p;olp% € P, which yields py, = py as %5,’1’05 € S;(00) and Sy (00) isAa
fundamental domain for the left action of P; so, 7o P = 7P, which implies that 7y = =,
too (as I' is a section of I'/ P). Therefore, Py = Py = PRopy, = Py/opy; = P~y = P~
To show that 7 almost preserves | |, we notice that, given a class P~y and writing its
representative in I'g as yo = Hop-,, we have

1P| < |vo0le < d(z,502) + d(Foz, Yopy®) = ole + [Prolz
while, by (9) and by Lemma 2.1

[Pyle > [0le — ¢ > d(z, /(7)) + d(2'(70), opyo) — €1(a,d) — ¢ > [Folz + [Pyl — 2¢
as d(z'(70),70x) < d. On the other hand
i(PY)]a = [ProYoPle < d(@,pro) + d(pro s P10 Px) = [Pro |z + [Fola
while, as z(py,70) = P2 (Y0) and 2'(py,70) = P2 (F0), we get by Lemma 2.1
i(PY)]e = d(2, py2(F0)) + d(prez(Y0), Py Vo Pz) — €1(a, d) = [Py |2 + [Fole — ¢

This shows that |Py|, — ¢ < |i(P7)|z < |P7|z + 2¢. We then immediately deduce that
vp\r(z, R —2¢c) < vp/p(z, R) < vp\r(z, R+ ¢), as well as (i) for 6 = 4c.

The proof of the left-hand inequality in (ii) is a variation for annuli of a trick due to
Roblin, cp. [30]. Actually, as L(P) C L(T"), we can choose a ¥ € I with d(x,yx) = ¢
and such that the domains of attraction U* (¥, z) are included in the domain D(P, z).
Let vp(pz)(z, R) be the number of points of the orbit I'z falling in D(P,z) N B(z, R).
We have:

v (x, R) < ’U%(Rx) (x,R) + v%&f’ﬁ) (z,R) < 2@%{}2’%(33, R)

since, for yx € A®(z, R), either yo € D(P, x), or yyz € D(P,z) and yyxr € A% (x, R).
As the points of P falling in D(P, x) minimize the distance to  modulo the left action
of P, we also have vg;rp%i)(x, R) = UI%\JFF%(QE, R), which proves (ii).

Assertion (iii) follows directly from (i) and (ii). To show (iv), we need to estimate
the number of classes vP modulo the left action of P, that is the elements of T such
that 4z belongs to the fundamental domain D(P, x). We choose an element ¥ € I" with
UE(7,z) C D(P,z) as before, and apply again Roblin’s trick to the classes vP. The set
[z can be parted in two disjoint subsets: the subset fl =Tn D(P, ), and the subset
Ty := T ND(P,z)°, whose elements 7 then satisfy 49 € D(P,z) and |33]s < [l + L.

Then vlé/P(x, R) = UfA1 (z,R) + vé (z,R) < 21}1%\4}2/313(% R) and we conclude by (iii).O
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3 Orbit-counting estimates for lattices

In this section we give estimates of the orbital function vr(z,y, R) and of vx(R) in
terms of the orbital function of the parabolic subgroups P; and the associated cuspidal
functions Fp, of I'. These estimates will be used in §4 and §5; they stem from an
accurate dissection of large balls in compact and horospherical parts, assuming that
ambient space X admits a nonuniform lattice action.

Let us introduce the following notation, which will be used throughout the next
sections of the paper: if f and g are two real functions, the discrete convolution f *a ¢
of f and g with gauge A is defined by

htk=|R/A|

(frag)(R)= Y. f(hA)g(kD).

h,k>1

For nondecreasing functions f and g, it clearly holds:

R
A-(f*Ag)(R—A)S(f*g)(R)=/O F(Dg(R — t)dt < 20~ (f a g) (R + 2A).

Let us recall some useful results due to B. Bowditch [8] concerning the structure
of the limit set L(I") and of X:

(a) L(T') = X (o00) and it is the disjoint union of the radial limit set L,,q(I") with
finitely many orbits Ly,I' = I'§;U. . .UT'E,, of bounded parabolic fixed points; this means
that each & € Lyl is the fixed point of some maximal bounded parabolic subgroup
P; of T

(b) (Margulis’ lemma) there exist closed horoballs He,, ..., He, centered respec-
tively at &1, ..., §m, such that gHe, N He, = dforall 1 <i,j<mandallyel — P;

(c) X can be decomposed into a disjoint union of a compact set K and finitely
many “cusps”’ Ci,...,Cm: each C; is isometric to the quotient of He, by the maximal
bounded parabolic group P; C I'. We refer to K and to C = U;C; as to the compact
core and the cuspidal part of X.

Throughout this section, we fix z € X and we consider a Dirichlet domain D(T", )
centered at x; this is a convex fundamental subset, and we may assume that D contains
the geodesic rays [z, &;[. Accordingly, setting S; = DNOH, and C; = DNHg, ~ S; xRy,
the fundamental domain D can be decomposed into a disjoint union:

D=KUCU---UCp

where IC is a convex, relatively compact set containing x in its interior (projecting to
a subset K in X), while C; and S; are, respectively, connected fundamental domains
for the action of P; on He, and 0H, (projecting respectively to subsets Ci, Si of X).
Finally, as L(P;) = {&}, for every 1 < i < m we can find an element v; € I', with
¢; = d(z,~;x), which is in Schottky position with P; relatively to z, i.e. such that the
domains of attraction U*(y;) = {y | d(vj" 2, y) < d(x,y)} are included in the Dirichlet
domain D(P;, z), as in Proposition 2.10.

For the following, we will then set d = max{diam(K), diam(S;), 1/depth(He,),{;} > €o.
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Proposition 3.1 (Counting Formula) B
{lssumf that x,y € X project respectively to the compact core K and to a cuspidal end
Ci of X =T\X. There exists C" = C(n,a,b,d) such that:

C/l C/l
[vr(z,-) *vp,(z,y,)]|(R—Doy) < vr(z,y,R) < [vr(z,-) *vp,(x,y, ) |(R+Dy) YR>0
for a constant Dy only depending on n,a,b,d.

Proof. We will write, as usual, |y|, = d(z,vz) and |yP|, = d(x,yPz), and choose a
constant A > max{ Ry, Ao, 2dp+4d}, where Ry, Ao, 0y are the constants of Propositions
2.5 and 2.10. We first show that

N
B(x,R)nTy < |J U BGz(N=kKA)NGR)y (10)
k=1 yeT,|5 <kA

for N = |&] + 2. Actually, let vy € B(z,R) N vHe, and set §; = [z,7€] N vOH,.
By using the action of the group vP;y~! on ~vHg,, we can find 4 = ~p, with p € P;,

s

such that g; € 4C;. Since the angle Zg, (x,vy) at 7; is greater than T, we have:
d(xv ’73/) < d(l‘, g’b) + d@w’ﬂ/) < d(xa ’Yy) + €0 < R+ €0
with |7 < d(z,9;) +d < R+ d+eg < NA. Then, if kA < |5| < (k+ 1)A, we deduce

which shows that vy = yp~ 'y € B(yx, (N —k)A)N(FP;)y = 7 [B(x, (N — k)A) N Py).
Thus, we obtain:

M=

UF(mvva) < UF(CL’,]{A) ' vPi(xaya (N - k)A) < ur * UP«;(R_F ZA)

B
Il

1

This proves the right hand side of our inequality.

The left hand is more delicate, as we need to dissect the ball B(z, R) in disjoint annuli.
So, consider the set fl of minimal representatives of I'/ P; as in the proof of Proposition
2.10. We have:

N
Az, m)NTy S | L] 4% Ge,(N = mA) N GR)y (1)
k=0 Fel;
kA -2 <RFl<kA+ 5

for N = L%J + 1. In fact, given vy = Apiy € A2z, (N —k)A) with yz € A®(z, kA)
we have again
NA =24 < {4+ d(Fa,7y) — 2d — 0 < d(w,vy) < 5] + d(Fa, ) < NA+ A

as A > 2d + ¢, hence vy € A**(x, R). Notice that (11) is a disjoint union, as the
annuli with the same center do not intersect by definition, while for i # 4’ the orbits
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AP,y and 7’ Pyy lie on different horospheres 7H; # 7' H;, which are disjoint by Margulis’
Lemma. From (11) and by Proposition 2.10 we deduce that for all R > 0 it holds:

vt (x,y, R ZUA/Q(x kA) - vp, S (z,y, (N —k)A) (12)

as A > 2/0;. Now, we set h; = bg,(x,y) and we sum (12) over annuli of radii R, = nA,
and we get:

1 [R]-2 [Z]-1 [L&]-1
or(e,y, R) 2§ D o (z,y.nA) - vp’? (2, (n = k)A) | - vf (2,9, kD) >

n=0 k=0 n>k

[£]-1 L£]-1

c’ vr (z, R — (k+2)A
> Zvr (z, R— (k+2)A) - v%i (z,y,kA) >~ Z it l(cA+h )4) (13)

h; h; AP’i ("T7 Ti)

k>l k=241

as v]%i (z,y,kA) = A]Sil (w, %) if kA > h; + A > h; + Ry by Proposition 2.5.

Using again Proposition 2.5 and (4), it is easily verified that the expression in (13)
is greater than the continuous convolution vr(z,-) * vp,(x,y,-) (R + 4A), up to a
multiplicative constant CC’A. This ends the proof, by taking Dy = 4A.0

The Counting Formula enables us to reduce the estimate of the growth function
vx to a group-theoretical calculus, that is to the estimate of a the convolution of vr
with the cuspidal functions Fp, of maximal parabolic subgroups P; of I':

Proposition 3.2 (Volume Formula)
There exists a constant C" = C" (n,a,b,d,vol(K)), such that:

[ x)*Z]—'px)

for Dy = Dqy(n,a,b,d) as in Proposition 3.1.

lokid 1"

(R 2D0) -< ’Ux(IE R) < [UF($7')*ZFPi(x7') (R+2DQ) VR>0 (14)

Proof. Let h; = d(z, He,); we may assume that the constants Ry, Dy of Propositions
2.5 and 3.1 satisfy Dy > d > diam(K) > h; > Ry. Now call S;(h) = ¢, 1[Sil:
integrating vr(z,y, R) over the fundamental domain D yields, by Proposition 3.1:

x (z, R+2Dy) /vp(ac y, R+2Dg)dy /vp(x y, R+2Dg)dy —|—Z/’U1" x,y, R+2Dy)dy

c R+Do t—h;
>Z/ r(z, R+ 2Dg —t) / / vp, (2,y,t) dydh| dt
1 J2h Si(h)

which then gives by Propositions 2.5 and 2.6, as h = be,(v,y) <t —h; <t — Ro,

R+Dg t—h;
/ r(z, R+ 2D — t) [2/ An xt_}i)h)dh} dt
2

hi
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m t

R+Dy—2h; _ h R m
> vr (z, R —t) E A (7,5 + hu) ds| dt > [ vr(z,R—1) E Fp,(z,t)dt.
t+5+3h; ‘
0 =170 Ap, (% TZ) 0 i=1

Reciprocally, we have vp(x, R — Dy) < vp(z,y, R) < vp(z, R+ Dg) so again by Propo-
sition 3.1 and Remarks 2.7 we obtain

o m R—2Dyg
vx(xz, R —2Dy) < vol(K) - vp(z, R — Dy) + Z/ [/ vr(z, t)vp, (z,y, R — t)dt] dy
i=1"Ci LJO

no ket Ap,(x,h)
APi (x, W)

as vp,(z,y, R —t) = 0 for R —t < bg,(x,y) = h. This proves the converse inequality,
since vp(z, R — Do) < vr(x, R — Do) Fp,(Rp) < ﬁ ]i_gs vr(x,t)Fp,(x, R —t)dt.O

o R—2Dy
< wr(xz, R — Dy) —l—/ vr(z,t) dh| dt
0

=10

As a consequence of the Volume Formula and of Corollary 2.8, we deduce’:

Corollary 3.3 If Fp, are the cuspidal functions of the parabolic subgroups of I':
(i) wT(X)=max{6(),w" (Fp,),...,wt (Fp,)}
(it) wH(X) = w™(X) = 8(T) if T is §-parabolically pinched.

4 Margulis function for regular lattices

In this section we assume that I is a lattice which is neither sparse nor exotic.
To prove the the divergence of the Poincaré series of I'; we will need a general criterion
which can be found in [12], [15]:

DIVERGENCE CRITERION. Let I' be a geometrically finite group: if 67 (P) < &(I)
for every parabolic subgroup P of I, then I is divergent.

From the divergence, we will then deduce the finiteness of the Bowen-Margulis measure
by the following result, due to Dal’Bo-Otal-Peigné (see [12]):

FINITENESS CRITERION. Let I' be a divergent, geometrically finite group, X = I'\ X.
We have upr(UX) < oo if and only if for every mazximal parabolic subgroup P of T

Z d(z, px)e dMA@PT) < 40, (15)
peP

SPart (i) of this corollary already appears in [14], where an upper estimate for vx is proved.
Notice that in [14] we erroneously stated that also w™ (X) = max{d(T'),w™ (Fp,),...,w (Fp,,)}; an
explicit counterexample to this is given in Example 5.2.
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Proof of Theorem 1.2. Let ' be a nonuniform lattice of X which is neither
sparse nor exotic. As I' is not exotic, it satisfies the gap property §(P) < §(T") for

all parabolic subgroups; by the Divergence and Finiteness Criterion recalled in §1, we
er(z)

deduce that the group is divergent and that ppgy (UX) < co. Therefore vp(z, R) =<

S i5 purely exponential (for some cr(z) depending on T, z). We will now show that
X has a Margulis function.
Let D be the fundamental domain for I and P; the maximal parabolic subgroup fixing
& as at the beginning of §3: we call w(z,y, R) = vr(z,y, R)e *ME so that have

UX(x7R) _ vl_‘('rava) _ -
eé(F)R - /D eg(F)R dy - Kw(x7y7R)dy+ Z; e w(x?y?R)dy (16)

We know that vp(z,y, R) < vr(z, R+ d) < cp(z)e®DE for y € K, so we can pass to
the limit for R — oo under the integral sign in the first term. For the integrals over
the cusps, we have:

" . . cr(x oo _6(F)t
[vr(z, ) * vp, (x,y, )] (R+Dp) 1“_(< )/ e it = w(z,y)

w(z,y,R) <
( ) edSMER be, (z,9) Ap, (567 ‘bgi(xéy)ﬂ)

Notice that the dominating function w(x,y) is finite as 67 (P;) < §(T).
We will now show that w(z,y) € L'(C;). With the same notations h; = d(z, He,) and
Si(h) = ¢, n(S;) as before, we have for all :

e—d(M)t e—0(M)t
/ (2,y)dy = / / / - <m+t dt| dydh = / / A,’f Hh)dtdh
esih) | Joe, (o.9) Ap( be o)+t )

oo t .A (h) C
— —o(D)t ARV gh dt</ =Mt (H)dt 17
/h c { Ry R () (17)

which converges, as I is not sparse and so w™ (Fp,) < 67(P;) < §(T'), by Corollary 2.8.
We therefore obtain from (16), by dominated convergence, using Roblin’s asymptotics

. oux (R [ | /
lim = dy =: < +o0.
RﬁlJroo eé(F)R (5(F) H HUBM H DH Hy H y m(x) t

Notice that m(z) defines an L'-function on X = I'\ X, as its integral over D is finite.O

Proof of Theorem 1.3(i). We assume now that X has an exotic lattice I', with
the dominant parabolic subgroups P, for i = 1, ..., d, satisfying § := §(I') = §+(P;) <
2(67(P;) — €), for some € > 0. By Theorem 1.2 in [14], it holds w(X) = §(I") = 4.

When pupr(UX) < 0o, the same lines of the above proof apply: vr(z, R) <
cr(x)e® is purely exponential, and for the same functions w(z, y, R), w(z,y) we again
obtain (17); but we need some more work to deduce that, for the dominant cusps
P;, the integral of e % F, p,(t) converges. So, for every dominant subgroup P;, we write
vp, (x,t) = 0;(t)ed, for some subexponential functions o;(t); so, Ap, (z,t) < e~2% /0;(2t)
for t > Rg. As I' is exotic, the dominant parabolic subgroups P; are convergent:
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actually, for any divergent subgroup I'y < T' with limit set L(I'g) € L(T') one has
0(Tp) < 0(T) (see [13]). Therefore, the Poincaré series of P; gives, for A > Ay >0

S (z, kA 00
00 > Z e—0d(z.pr) Z UPZ(:M) X/ 0;(t)dt

pEP; E>1 A

by Proposition 2.5, so the functions o0;(t) are integrable. This shows that

= e sbe, () [
w(z,y) = /b ( bgi(z,y)+t> dt = €% /b ( 0i(h 4+ t)dt < oo
€, D) ¢, (T:y)

¢; () Ap,

Moreover, as every dominant P; is strictly %-pinched, we have vp, (z,t) >~ 30+t for

some € > 0, that is Ap, (x,t) < e~ O+ for all ¢ > 0. Then Proposition 2.6 yields

" Ap,(s or [T

Fp,(R) < 7ds <e / e “oi(s+ R)ds for R>0 (18)
o AP (5+R) 0 v

hence (17) gives in this case:

o5} o} t o0 00
/ w(z,y)dy —C< / e OOt Fp (t)dt =< / [/e‘soi(s + t)ds} dt < / e [/ 0i(s + t)dt} ds
C; h; h; 0 0 s

which converges, since o; is integrable. We can therefore pass to the limit for R — oo
under the integral in (16), obtaining the asymptotics for vx(x, R) as before.

On the other hand, if upy(UX) = oo, then vr(z, R) = or(R)e® is lower-exponential,
and by (18) we have Fp,(z, R) = f;(R)e’" with f;(R) = fR e~ “0i(s + R)ds for the
dominant cusps, and f;(R) < el with € > 0, for the others; in both cases, f; € L',
since the functions o0;(t) are subexponential. Proposition 3.2 then gives, for any arbi-
trarily small &’ > 0

vx (x, R R
% =< eéiR/O vp(x,t)ZFpi(R—t)dt</0 OF(t)Zfi(R—

R
<SRl s or(®) + ol Y [ gt < (Z ||fi||1+|0r||w>
i >4 i JR/2 i

provided that R > 0, since or(t) is infinitesimal and the f; are integrable. This shows
that vx(z, R) is lower-exponential too.O

REMARK 4.1 We have seen that, if gy (UX) = oo, then vp(z, R) = or(R)e®® and
vx(z, R) = ox(R)e’E, where or,ox are infinitesimal, and that Fp,(z, R)=f;(R)e*"
with f; € L'; so

v J}R
||0r||1<||oX||1s/0 o R im //r )3 i tyiear <lorl, -3 1 £l

and we can say that or is L' if and only if oy is.
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Finally, in order to prove Theorem 1.1, we need to recall a characterization of
constant curvature spaces as those pinched, negatively curved spaces whose lattices
realize the least possible value for the entropy. The minimal entropy problem has a
long history and has been declined in many different ways so far; see [23], [4], [10] for
the analogue of the following statement in the compact case, and [17] for a proof in
the finite-volume case:

Theorem 4.2 Let ' be a lattice in a Hadamard manifold X with pinched curvature
—b? < Kx < —a? < 0. Then §(T') > (n — 1)a, and §(T') = (n — 1)a if and only if X

has constant curvature —a?.

Proof of Theorem 1.1. Assume that I' is a nonuniform lattice in a %—pinched
negatively curved manifold X, i.e. b2 < Kx < —a? with % < 4a2. If X = H?, then
clearly vx(z, R) < vr(z, R) is purely exponential, X has a Margulis function, and I is
divergent. Otherwise, let P; be the maximal parabolic subgroups of I, up to conjugacy.
By the formulas (4), we know that for all z € X e~ (»~1bR < Ap, (x,R) < e~ (n—1ak
so by Proposition 2.5 we have

-1 b(n—1
WD) ey < orpy < MY
for all P;. Thus, I' is parabolically %—pinched. It follows from Corollary 3.3 that
wh(X) =w (X) = (). Moreover, for all P; we have

b(n—1)
ST(P) < 5

<a(n—1) <w(X)=4(I)

where the strict inequality follows by the rigidity Theorem 4.2, since X # HJ.
The same argument applies when X is only asymptotically %—pinehed, by replacing
—a?, —b? with the bounds fki — € < Kx < —k% + € on the cusps C;. Then, T is
also non-exotic, and we can conclude by Theorem 1.2 that I' is divergent, with finite
Bowen-Margulis measure, vx < vr and X has a L' Margulis function m(z).0

5 Examples

In this section we show that all the cases presented in Theorem 1.3 do occur, by
providing examples of spaces X with exotic or sparse lattices I' which do not admit a
Margulis function, and with functions vp,vx having different behaviour.

If C = P\H¢(o) is a cusp of X =I'\ X, we write the metric of X in horospherical coor-
dinates on He(0) 20H¢(0)xRT as g = T'(z,t)%dz? + dt?, for x € 0H¢(0) and t="b¢(o, -).
We call the function T'(z,t) the analytic profile of the cusp C. The horospherical area
Ap(z,t) is then obtained by integrating 7" !(x, ) over a compact fundamental domain
S for the action of P on 0H¢(o); thus, we have

Ap(z,t) = T (2, t) for all z € C

(for a constant ¢ depending on X and o). Also, notice that, in the particular case
where T'(y,t) = T'(t), for points z,y belonging to a same horosphere H¢ we have by
the Approximation Lemma 2.2
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d(z,y) ~ 27! <d§;02)> for R = d(z,y) — oc. (19)

We will repeatedly make use of the following lemma, which is a easy modification
of one proved in [14]:

Lemma 5.1 Letb>a >0, 5> a >0 and e > 0 be given.

There exist D = D(a,b,,3,€) > 1 and D' = D'(a,b,a, ) > 0 such that if [p, q], [r, 5]
are disjoint intervals satisfying v > Dq and p > D', then there exist C?, convex and
decreasing functions ¢e, e on [p, s] satisfying:

Vie[pql, ¢(t)=tle Vte pql, Ye(t)=tYe "
Vte [’f’, 8]7 ¢€(t) = 1% Vi e [’I", S]v we(t) = tPe
Vielps], tPe ¥ <a(t)<tve=® W vie[ps], the < h(t) < tre
vt € [p, s, a2—€§(§,€7((f))ﬁb2+6 YVt € [p, s, GQ—ES%&?S[)Q"‘E

Example 5.2 Sparse lattices.
Sparse lattices satisfying w™(X) > §(I") were constructed by the authors in [14]. Here,
we modify that construction to show that, for spaces X admitting sparse lattices, one
can have w™(X) > w™(X) > §(T') (in contrast, notice that §(T") always is a true limit);
this shows in particular that sparse lattices generally do not have a Margulis function.
We start from a hyperbolic surface Xo = Xo\I' of finite volume, homeomorphic to
a 3-punctured sphere, and, for any arbitrary small ¢ > 0, we perturb the hyperbolic
metric gy on one cusp C = P\ H¢(z) into a metric g. by choosing an analytic profile T,
obscillating, on infinitely many horospherical bands, from e~* to e .
Namely, choose a = 1,b > 2 and € > 0 arbitrarily small, and let D, D’ be the constants
given by Lemma 5.1. For M > 1, we define a sequence of disjoint subintervals of
[M4n’ M4n+1]:

Dn + M4n+1 In + M4n+1

[pnvqn] = [M4n72M4n]7 [Tnvsn] = B , B

such that 7, > Dgy, ppy1 > Dsn, p1 > D’ (we can choose any M > max{4D —1,v/D}
in order that these conditions are satisfied). Notice that M € [rn,sy] for all
t € [pn, qu]. Then, by Lemma 5.1, we consider a C2, decreasing function T (t) satisfying:
(i) T.(t) = e~ for t € [M*"=2, M*"| U [pp, qn), and T.(t) = e for t € [y, sn];

(ii) e < T.(t) < e tand —b? — e < T (t)/T.(t) < —1 +e.

Thus, the new analytic profile T.(t) of C coincides with the profile of a usual hyperbolic
cusp on [M n=2 oM 4”], and with the profile of a cusp in curvature —b? on the bands
[y 0] C [MA", M4+, We have, with respect to the metric ge:

(a) 6t(P) =% and 6= (P) = &, by (i) and (ii), because of Proposition 2.5;

(b) wH(Fp) > & +6 for 6 = 4 (2 — 1) > 0, because for R = M4+
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R an —t
fM%R%>/ ‘&@féduz/ O gt s 3B e(5 D > (3R o3 (B-1R
0 Ae (x’ +T) DPn

s pf R = (20
(c) w™(Fp) < 5 if M > 2, as for R € [M*"3 M) we obtain:
R et R
]:P(ZC, R) =< /H—Rdt <e2 (21)
0e (55)

. 4n+3
since M4TL+4 Z tJER 2 MQ" Z ]\44”-‘1‘27

(d) §(T) is arbitrarily close to 7 (P), let’s say 6(T") < %—&—g, if we perturb the hyperbolic
metric sufficiently far in the cusp C, i.e. if r; > 0 (this is Proposition 5.1 in [14]).

It follows that w=(X) > d(I'). Actually, assume that vp(z, R) > e@T=mR for ar-
bitrarily small n. By Proposition 3.2 and (20), we deduce that for any R > 0, if
M4n+1 <R< M4n+5

vx (2, R+2D0) > vr(x, ) # Fpla, ) (2, R) = e@D-MERM" (ot

by taking just the term vr(z, R—t)Fp(z,t)) of the convolution with ¢ closest to M4"+1,

6/24n
where Fp(t) » 3+t g prAntl > R/M* we get vx(z, R+ 2A) = A e ve sl

which gives w™ (X) > §(T) + ﬁ, 71 being arbitrary.

Finally, we show that w'(X) > w™(X). In fact, the cusps different from C being
hyperbolic, we have, always by Proposition 3.2, that w¥(X) = w*(Fp) > & +4.

On the other hand, we know that wt(Fp) < max{d*(P),2(6"(P) -6 (P)} =b—1,
by Corollary 2.8; thus, assuming Fp(z,t) < e(b’H”)t, for arbitrarily small 7, equation
(21) yields for R = Myp 44

M4n+3 R
vx(x, R —2Dy) < / vp(:c,R—t)-.Fp(:c,t)dt—i—/ vr(x, R—1t) - Fp(x,t)dt
0 M4n+3
M4n+3

R
</‘ gmmtygbwwﬂ+/' SR | St gy
0 MAn+3

< SR | (b=1n=dO)MI3 - (G5 + IR

being & < §(T) < &+ § and M**+3 = £ Hence w™(X) < § 4+ < wh(X), if M >0
and n small enough.

Examples 5.3 FExotic, strictly %—pambolically pinched lattices.

We say that a lattice I is strictly %—pambolz’cally pinched when every parabolic sugroup
P < T satisfies the strict inequality 67 (P) < 26~ (P). Let X = I'\ X as before; we show
here that, for I' exotic and strictly %—parabolically pinched, the following cases which

appear in Theorem 1.3 do occur:
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(a) g (UX) = oo and vx is lower-exponential;
(b) pym (UX) < oo and vy is purely exponential.

We start by an example of lattice satisfying (a).
In [16] the authors show how to construct convergent lattices, in pinched negative
curvature and any dimension n; we will take n = 2 here by the sake of simplicity.
In those examples, the metric is hyperbolic everywhere but one cusp C, which has
analytic profile T'(t) = t%e for t > tg > 0, with 8 > 1 and b > 2. Therefore, there
is just one dominant maximal parabolic subgroup P, with Ap(z,t) < T(t) < €%, and

§+(P) =6~ (P) = &; moreover, the subgroup P is convergent as

b b > 67%]& o 67%t o
D e @rn) <N yp (e ket < T D= / =T /t_ﬂdt < oo
peP E>0 1 Ap(z, 3) 1 (t)F etz 1

By decomposing the elements of I" in geodesic segments which, alternatively, either go
very deep in the cusp or stay in the hyperbolic part of X, we show in [16] that I" is con-
vergent too, provided that ¢y > 0. Then, I' is exotic with infinite Bowen-Margulis mea-
sure, and vp(z, R) is lower-exponential by Roblin’s asymptotics. By Theorem 1.3(i),
the function vy is lower-exponential as well, with the same exponential growth rate.

We now give an example for (b).
This is more subtle, as we need to take a divergent, exotic lattice I': the existence of
such lattices is established, in dimension 2, in [16]. Again, the simplest example is
homeomorphic to a three-punctured sphere, with three cusps, and hyperbolic metric
outside one cusp C, which has analytic profile

et fort< A
Tt)={ e fort € [A,A+ B]+ D
t3.e® fort>D+A+B

with b > 2 and A, B, D > 0. As before, we have one dominant and convergent maximal
parabolic subgroup P, with 6*(P) = ¢~ (P) = 5. In [16] it is proved that, according to
the values of A and B, the behaviour of the group I' is very different: it is convergent
with critical exponent §(T') = 6T (P), for A > 0 and B = 0, while it is divergent
with 6(T") > 67 (P) if B > A. By perturbation theory of transfer operators, it is then
proved that there exists a value of B for which T is divergent with §(T') = §*(P)
precisely. Thus, for this particular value of B, the lattice I' is exotic, and has finite
Bowen-Margulis measure by the Finiteness Criterion, as
0o _by 0o _by 0o
Z d(z, pr)e dMd@rz) o Lz‘tdt =< / teiildt = / t72dt < oo (22)
pEP 1 Ap(z, 3) 1 t3-ebz 1

It follows that vx < vr is purely exponential, by Theorem 1.3(i).

Examples 5.4 FExotic, exactly %—pambolically pinched lattices.

We say that a lattice I' is exactly %—pambolically pinched when it is %—parabolically
pinched and has a parabolic sugroup P < T satisfisfying the quality 1 (P) = 26~ (P).
We show here that for an exotic and exactly %—parabolically pinched lattice I, the
following cases can occur:
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(a) g (UX) < oo, with vr purely exponential and vx weakly upper-exponential;
(b) ppym (UX) = oo, with vr lower-exponential and vy weakly upper-exponential.

We start by (a). Consider a surface with three cusps as in the Examples 5.3, now
perturbing the hyperbolic metric on the cusp C to an analytic profile defined as follows.
First, choose a sequence of disjoint subintervals of [M M 2”“]

Pn +M2n+1/2 In +M2n+1

[pna QN] = [Man /‘LM2n+1:|7 [TN) Sn] = 9 ; 2 (23)
and then define, for b > 1 and 0 <y <1
et fort< A
e bt fort € [A,A+ B]+ D

T(t) =
®) t.e st for t € [pn, qn)

247 7 for t € [ry, 8]

with t2F7e=b < T(t) < ¢t - et forall t >ty > 0 (in order that the conditions of
Lemma 5.1 are satisfied, it is enough to choose any 0 < p < ﬁ and M > D).

As before, the profile T' gives a divergent, exotic lattice I for a suitable value of B
and A > 0, with dominant parabolic subgroup P having §*(P) = % = §(T"), and
0 (P) = % The Bowen-Margulis measure of T' is finite, as (22) also holds in this case;
thus, vr is purely exponential. Let us now show that vx is upper exponential: for every
R = M?"*! we have, by Proposition 3.2,

t
Ap(z,s) ]
—————ds| dt

o Ap(x, =) ’

_ /ORAP(:I:,S) { RUF(x’R_t)dt] s> [ Ap(ws) [ RUF(%R—Udt] s

AP<x7ST+t) Pn g Ap(xvsT—H/)

R
vx(z, R+ 2Dy) = [vx(x,-) * Fp(z,-)] (R) x/o vp(z, R —t) [

since ¢, < %. As STH € [rn,sn] if s € [pn,qn] and t € [%,R], by the definition of

T(t) < Ap(x,t) on [ry, sy, this yields

qn R b(R-t) qn R
vx(z,R) > / se 2" / Se; dt| ds = e%R/ 782ds
B embT) (5 4 1)2+7 b (s+R)*HT

n

qn Rs 2 u
with / —————ds > / ——du = R'™7, so vx is upper-exponential.
b G R Ly T

Producing examples for case (b) is more difficult; for this, we will need an exotic
lattice T' whose orbital function satisfies vr(o, R) =< %eé(F)R. Lattices with lower-
exponential growth and infinite Bowen-Margulis measure are investigated in [16], where
a refined counting result is proved, according to the behaviour of the profile functions
of the cusps (the examples in [16] are, as far as we know, the only precise estimates of
the orbital function for groups with infinite Bowen-Margulis measure). Here we only
give the necessary analytic profiles of the cusps in order to have a function vx which
is exponential or upper-exponential, referring to [16] for the precise estimate of vp.
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We again start from a hyperbolic surface Xo = Xo\I' with three cusps as in 5.3, and
perturb now the metric on {wo cusps. We choose b > 2 and 1 +v < 3 < 2+, and
define the profiles for C; and Cs as

et fort< A
—bt -
e fort € [A,A+ B]|+ D et fort< A
n) = t-e st fort € [Pnsn) and - Tp(t) = tHtre b fort> A
th e fort € [ry, sp)
for the same sequence of intervals [pp, qn], [rn, Sn] as in (23).
If P, Py are the associated maximal parabolic subgroups, we have 6~ (P;) = 2 and

6+ (Py) = &, while 67(P) = 6~ (P2) = & by construction. It is easily verified that these
parabolic subgroups are convergent as v > 0. Again, pushing the perturbation far in
the cusps (i.e. choosing A > 0) and for a suitable value of B, the lattice I" becomes
exotic and divergent; it has two dominant cusps, it is exactly %—parabolically pinched,
and has infinite Bowen-Margulis measure, because (as v < 1)

o] te_%t o]
> d(a, pr)eDdlrro) < / —————dt x/ t7dt = oo
Py 1t . e b2 1

Accordingly, vp is lower-exponential. In [16] it is proved that the least convergent
dominant parabolic subgroup determines the asymptotics of vr; in this case, the
parabolic subgroup P; converges faster than P, and the chosen profile for Co then
gives vr(o, R) < 1_ DR provided that v € (3,1), cp. [16].

Let us now estimate vx (x, R), for R = M?" 1. Writing Ty (t) = 77 (t)e % = T’(t)e_gt
so that 71 (t) = t% on [ry, s,] and 77 (t) =t on [p,, ¢n], we compute as in case (a):

ux(a, R+2D0) = (or(z, ) % Fp () (R) = / / Mr(xﬁ—ﬂdws

77(s) - e~ 35 . e3(R-D) bR f dt
tds = e -
//o T (E2) - (R— 1)t TR /oT ) /sT+(t§“’)(R—t)1_7 -

an= MR dt 1 2 b
- _ +y-B,3R
/p é RB(R—t)l“/] ds = <u M)R e

which is upper-exponential as § < 2 + 7.

REMARK 5.5 Notice that in all these examples b can be chosen arbitrarily close to
2a = 2. Thus, by the last condition in Lemma 5.1, the analytic profiles give metrics
with curvature —4a? — e < Kx < —a2, for arbitrarily small € > 0.

References
[1] BELEGRADEK I., KAPOVITCH V., (2005) Pinching estimates for negatively curved mani-

folds with nilpotent fundamental groups, Geometric & Functional Analysis G.A.F.A., vol.
15, 929-938.

24



2]
3]

[15]
[16]
[17]
18]
[19]

[20]

[21]

BessoN G., Courtois G., GALLOT S., (1995)Entropies et rigidités des espaces locale-
ment symétriques de courbure strictement négative, Geom. Funct. Anal. 5, no. 5, 731-799.

BessoN G., Courtrois G., GALLOT S., (1999)Lemme de Schwarz réel et applications
géométriques, Acta Math. 183, no. 2, 145-169.

BoNk M., KLEINER, B., (2002) Rigidity for quasi-Mdbius group actions, J. Differential
Geom. 61, no. 1, 81106.

BUSER P., KARCHER H., (1981) Gromouv’s almost flat manifolds, Astérisque 81, S.M.F.

BoranD J.; CoNNELL, C., SOUTO, J., (2005) Volume rigidity for finite volume manifolds,
Amer. J. Math. 127, no. 3, 535-550.

BoOURDON, M., (1995)Structure conforme au bord et flot géodsique d’un CAT(-1)-espace,
Enseign. Math. (2) 41, no. 1-2, 63102.

Bowbircu B.H., (1995) Geometrical finiteness with variable negative curvature, Duke
Math. J. vol. 77, 229-274.

CoORLETTE K., Iozzr A. (1999) Limit sets of isometry groups of exotic hyperbolic spaces,
Trans. A. M. S.vol. 351, n. 4, 1507-1530.

Courtols G., (2009) Critical exponents and rigidity in negative curvature, in Géométries
a courbure négative ou nulle, groupes discrets et rigidités, 293-319, Sémin. Congr., 18,
Soc. Math. France, Paris.

CASTILLON P., SAMBUSETTI A., (2014) On asymptotically harmonic manifolds of negative
curvature, Math. Zeit. 277, 3-4, 1049-1072.

DavBo F., Ortar J.P. & PEIGNE M. , (2000) Séries de Poincaré des groupes
géométriquement finis, Israel Journal of Math.118, 109-124.

F. DALBO & M. PEIGNE, (1996) Groupes du ping-pong et géodésiques fermées en cour-
bure -1, Ann. Inst.Fourier, 46, n° 3, 755-799.

DaALBo F., PEIGNE M., Picaup J.C., SAMBUSETTI A., (2009),0n the growth of non-

uniform lattices in pinched negatively curved manifolds, J. fiir die Reine und Angew. Math.
627, 31-52.

DavL’Bo F., PEIGNE M., PicauDp J.C., SAMBUSETTI A., (2010) On the growth of quo-
tients of Kleinian groups, Ergodic Theory and Dynamical Systems 31 no.3, 835-851.

DaL’Bo F., PEIGNE M., PicauD J.C., SAMBUSETTI A., (2017) Convergence and count-
ing in infinite measure, Ann. Institut Fourier 67 no.2, 483-520.

PEIGNE M., SAMBUSETTI A., (2017) Entropy rigidity of negatively curved manifolds of
finite volume, arXiv:1702.06567.

EBERLEIN P., Geometry of nonpositively curved manifolds, Chicago Lectures in Mathe-
matics.

HAMENSTADT U., (1990) Entropy-rigidity of locally symmetric spaces of negative curva-
ture, Ann. of Math. (2) 131, no. 1, 35-51.

HERSONSKY S., PAULIN F., (2004) Counting orbits in coverings of negatively curved
manifolds and Hausdorff dimension of cusps excursions, Ergod.Th. & Dynam. Sys. 24,
803-824.

HeintzE E., Im Hor H.C., (1977) Geometry of horospheres, J. Diff. Geom. vol. 12,
481-491.

25



22]
23]
24]
[25]
26]
27]
28]
[20]
30]
31)
32)
33]

34]

Izek1 H., (1995) Limit sets of Kleinian groups and conformally flat Riemannian manifolds,
Invent. Math. 122, no. 3, 603625.

KNIEPER G., (1997) Spherical means on compact Riemannian manifolds of negative cur-
vature, Diff. Geometry G.A.F.A., vol. 7, 755-782.

KNIEPER G., (1997) On the asymptotic geometry of nonpositively curved manifolds,
G.AF.A., vol. 7, 755-782.

MARGULIS G. A., (1969) Certain applications of ergodic theory to the investigation of
manifolds of negative curvature Funkcional. Anal. i Prilozen. 3 no. 4, 89-90.

NcuyEN PHAN, T. TaAM, On finite wvolume, negatively curved manifolds,
arXiv:1110.4087v2.

OtaL J.P., PEIGNE M., (2004) Principe variationnel et groupes Kleiniens, Duke Math.
J., 125 n.1, 15-44.

PEIGNE M., (2013) Autour de l’exposant de Poincaré d’un groupe Kleinien, Monographie
de L’Enseignement Mathématique 43.

PorricorT M., SHARP R. | (1994) Orbit counting for some discrete groups acting on
simply connected manifolds with negative curvature Inventiones Math, 117, 275-302.

RoBLIN T., (2003) Ergodicité et équidistribution en courbure négative, Mém. Soc. Math.
Fr. (N.S.) No. 95.

SAMBUSETTI A.,Asymptotic properties of coverings in negative curvature, Geometry and
Topology 12 (2008), no. 1, 617-637.

STorRM P., (2006) The minimal entropy conjecture for nonuniform rank one lattices,
Geom. Funct. Anal. 16, no. 4, 959-980.

SULLIVAN D. | (1979) The density at infinity of a discrete group of hyperbolic motions,
THES Publ. Math. 50 , 171-202.

YUE, C. B., (1996) The ergodic theory of discrete isometry groups of manifolds of variable
curvature, Trans. Amer. Math. Soc. 348, no.12, 4965-5005.

26



