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On asymptotically harmonic manifolds
of negative curvature

Philippe CASTILLON and Andrea SAMBUSETTI

Abstract: We study asymptotically harmonic manifolds of negative curvature, with-
out any cocompactness or homogeneity assumption. We show that asymptotic har-
monicity provides a lot of information on the asymptotic geometry of these spaces: in
particular, we determine the volume entropy, the spectrum and the relative densities
of visual and harmonic measures on the ideal boundary. Then, we prove an asymp-
totic analogue of the classical mean value property of harmonic manifolds, and we
characterize asymptotically harmonic manifolds, among Cartan-Hadamard spaces of
strictly negative curvature, by the existence of an asymptotic equivalent 7(u)e®" for
the volume-density of geodesic spheres (with 7 constant in case DRas is bounded).
Finally, we show the existence of a Margulis function, and explicitly compute it, for
all asymptotically harmonic manifolds.

Mathematics Subject Classifications (2010): primary 53C20.
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Introduction

Harmonic manifolds are those Riemannian manifolds whose geodesic spheres
have constant mean curvature; equivalently, such that the volume density func-
tion, in normal coordinates at any point z, only depends on the distance d(z, -).
Another equivalent condition is that the mean-value property

1
F(ZL'O) - VOI(SZO (R)) /SIO(R) F(x)dvsmo ()

holds for all harmonic functions F' on M (cf. [3]).

In 1944, A. Lichnerowicz conjectured (and proved in dimension 4) that the
rank one symmetric spaces (denoted ROSS, in the sequel) are the only harmonic
manifolds. If this was proved to be true for compact simply connected man-
ifolds (cf. [24]) and for negatively curved Cartan-Hadamard manifolds admit-
ting compact quotients (cf. [4] section 9.C), E. Damek and F. Ricci constructed
harmonic homogeneous manifolds which are not ROSS (cf. [7]). Since then,
J. Heber proved that Damek-Ricci spaces and ROSS are the only homogeneous
harmonic manifolds (cf. [10]), and then further relations between harmonicity,
volume growth and Gromov hyperbolicity have been studied (cf. [20, 16]).

In several of these works, an asymptotic version of harmonicity naturally
appears (cf. [9, 10]) : a Cartan-Hadamard manifold M is asymptotically har-
monic if its horospheres have constant mean curvature h. This notion was
introduced by F. Ledrappier in [18], and was mainly studied in the cocompact
case (i.e. when the space admits compact quotients). F. Ledrappier proved
that, within these spaces, asymptotic harmonicity is equivalent to the condition



info(A) = ETZ (where o(A) denotes the spectrum of the Laplacian of M, and E

its volume-entropy); moreover, he showed that if M is asymptotically harmonic,

then E = nh and inf 0(A) = ”24h2. It was then proved (as a consequence of the
work of Y. Benoist, P. Foulon and F. Labourie on the geodesic flow of asymptoti-
cally harmonic spaces [2, 9] and the characterization of locally symmetric spaces
by their volume entropy due to G. Besson, G. Courtois and S. Gallot [4]) that
the ROSS are the only asymptotically harmonic manifolds among cocompact,
negatively curved Cartan-Hadamard spaces. On the other hand, in [6] neces-
sary and sufficient conditions are given in order that a homogeneous, negatively
curved Cartan-Hadamard manifold is asymptotically harmonic; however, as far
as the authors know, the problem whether any asymptotically harmonic man-
ifold is a ROSS or a Damek-Ricci space is still open in this class. Recently, it
was also proved that, in dimension 3, the only asymptotically harmonic Cartan-
Hadamard manifold of strictly negative curvature is the hyperbolic space (cf.
11, 23)).

The aim of this paper is to show that, for Cartan-Hadamard manifolds of
strictly negative curvature of any dimension, even without any cocompactness
or homogeneity assumption, asymptotic harmonicity provides a lot of infor-
mation on the asymptotic geometry. In view of [18], we are naturally in-
terested in the volume entropy, the spectrum and the relations between vi-
sual and harmonic measures on the ideal boundary of a general asymptot-
ically harmonic manifold. In particular, in section §3, we show rigidity of
Cartan-Hadamard asymptotically harmonic manifolds under suitable curvature
bounds (Corollary 3.7), we determine the volume entropy and the spectrum
(cf. Theorems 3.3 €& 3.4) and, when the curvature is negatively pinched, we
find sharp upper and lower bounds for the volume-growth of the horospheres
(Theorem 3.8 and fI. Remarks 3.9 €& 3.10). Moreover, we prove an asymp-
totic analogue of the classical mean-value property holding on harmonic man-
ifolds (Theorem 3.11). In section §4, we characterize asymptotically harmonic
manifolds as those manifolds whose volume form, in normal coordinates, is
asymptotically equivalent to a function T(u)eER, for some positive function
7 on SM (Theorem 4.1); then, we show that the function 7 is constant if
DRy (the derivative of the Riemann tensor) is bounded (Proposition 4.3(ii)).
In §5 we prove the existence of a Margulis function (Proposition 5.2), we ex-
plicitly compute it for all asymptotically harmonic manifolds, and we find the
relative densities of visual and harmonic measures on the ideal boundary ( Propo-
sition 5.1); we also show that they coincide when DRy, is bounded. This result
is to compare to what is known in the cocompact and homogeneous cases,
where coincidence of two of the three natural families of measures on the ideal
boundary (visual, harmonic and Patterson-Sullivan measures) forces, respec-
tively in the two cases, symmetry and asymptotic harmonicity of the manifold
(cf. [18, 19, 27, 26, 6]); unfortunately, a similar characterization for general
asymptotically harmonic Cartan-Hadamard manifolds is still missing.

The main tools we use are a comparison lemma for the second fundamental
forms of two tangent spheres, which is proved in section 2, and the Riccati
equation. The first section is devoted to notations and preliminary results.

We thank professor S. Gallot for his suggestions and encouragement, and
professor G. Knieper for explaining us the expression of the function T in terms
of Jacobi tensors.



1 Notations

Unless otherwise stated, throughout all the paper (M, ¢g) will always be a Cartan-
Hadamard manifold (CH-manifold, for short) of dimension n+1, i.e. a complete,
simply connected Riemanniann manifold with nonpositive curvature.

The ideal boundary of M, denoted 0., M, is the set of equivalent classes of
geodesic rays, v and o being equivalent if sup{d(v(t),o(t)) | t > 0} < oo (cf.
[5] definition I1.8.1). For & € OooM, limyy 400 ¥(t) = & will mean that £ is
the equivalence class defined by . The cone topology turn M U 0, M into a
compact manifold with boundary (cf [5] definition I1.8.6).

For £ € 0cM and x € M, the Busemann function b ,, centered at & and
vanishing at x, is defined by be ,(y) = limy—4 oo (d(y,¥(t)) — t), where ~ is the
unique geodesic such that v(0) = z and lim; 4o 7(t) = & Two Busemann
functions centered in the same point at infinity differ from a constant ; in many
situations, we only need to know the Busemann functions up to a constant, and
we shall note bg some Busemann function centered in . Busemann functions
are Lipschitz and, on CH-manifolds, they are at least C2, cf. [12].

The horospheres centered in & € O, M are the level hypersurfaces of bg:
H¢(t) = {x € M |be(z) = t}; we shall also use the convenient notation He(x) for
the horosphere centred at £ and passing through x. As the Busemann functions
are limit of distance functions, the horospheres centered in & are (locally) limit
of spheres whose centers tends to £. Since |Vbe| = 1 and the gradient lines of
be are the geodesics 7y such that limy_,_ v(t) = &, we can define the inner unit
vector field of horospheres centred at £ as v = —Vb¢ (i.e. v points towards the
center £ of the horosphere).

For a general hypersurface N of M, AN denotes its second (vector valued)
fundamental form ; that is, for u,v € T, N, KN(U, v) is the component of DMV
normal to N, where DM is the connection of M and V extends v in a neigh-
borhood of z. Associated to the choice of a unit normal vector field v to N we
then have the second (scalar) fundamental form AN = (AN v) and the shape
operator AN € End(T,N), defined by (ANu,v) = (DMy,v) = —(AN (u,v),v).
The mean curvature vector of N at x is h™ (z) = %TT./‘(N(,T), while the (scalar)
mean curvature, associated with v, is AV = (ﬁN, v).

A manifold M is called asymptotically harmonic if all its horospheres have
constant mean curvature h. The curvature of M being nonpositive, the horo-
spheres are convex and we have f > 0 when choosing v pointing to the center
of the horosphere.

Hessian and Laplacian of Busemann functions

The second fundamental form naturally appears when restricting a function to
a submanifold :

Proposition 1.1. Let i : N — M be an isometric immersion, let F': M — R
be a smooth function and let f = F), be its restriction to N.
For all x € N and all u,v € T, N we have

(Hess™ f)(u, v) = (Hess™ F)(u,v) + (VM F, AN (u,v))

Proof. The proof is standard. O



As a consequence, the Hessian of the Busemann function is given by the sec-
ond scalar fundamental form of its horospheres, with respect to the inner normal
vector field v; taking the trace we get Abe(y) = —T'r(Hess,be) = —nhe(y), where
he(y) is the mean curvature at y of the horosphere centered in £ passing through
y, with respect to v. (Similarly, the second fundamental form of spheres is the
Hessian of the distance function to the center and the Laplacian of the distance
from a point x gives the mean curvature of the spheres centered in z).

It follows, by the regularity theory of solutions of elliptic equations, that for
asymptotically harmonic manifolds Busemann functions and horospheres are at
least as regular as the metric (whereas they are known to be real analytic on
harmonic manifolds, cf. [21]). Moreover, it is then straightforward to check
that, for any asymptotically harmonic manifold M with horospheres of mean
curvature h, the function f(y) = e ""*¢®) is harmonic.

The Riccati equation

Let £ € OooM and v be a geodesic such that lim;, - y(t) = £. For each ¢,
let A¢(t) be the shape operator of the horosphere centered in ¢ passing through
~(t), with respect to the inner unit vector field v = —Vbe = —7/(t); this family
of operators satisfies the Riccati equation (cf. [13] §1.3):

A1) + A2 + Rar(3(2), )3(1) = 0 (1.1)

where R is the Riemann tensor of M.

2 Comparison of spheres on CH-manifolds

In the sequel, we note M"(—a?) the simply connected Riemannian manifold with
constant sectional curvature —a?, and we shall note C, and cot, the functions
defined by:

(cosh(as) —1) ifa>0 ~ Jacoth(as) ifa>0
ifa—o 40kl =11 ifa=0

S

Comparison of triangles

When assuming a sectional curvature upper bound Kj; < —a? for M, the
classical Toponogov theorem (cf. [13]) implies that, given two edges of a triangle
in M with angle a at the common vertex, then the third edge is larger than the
one of a triangle in the model space M?(—a?) with the same lengths for the first
two edges and the same angle at the common vertex. The following lemma is a
slight modification of this result, where we compare the ratio of (some function
of) the lengths of the third edge and of an “intermediate edge”.

Lemma 2.1 (Triangle comparison with curvature upper bound). Let M be a
CH-manifold with Ky < —a® < 0. Let (zyz) and (£gZ) be triangles in M and
M2(—a?) respectively, such that 1y = d(x,y) = d(Z,7), 2 = d(x,2) = d(,2)
and o = Z.(y,2) = Zz(g,2). Moreover, for 6 €]0,1] let p, q and p, G be
respectively the points on the geodesic segments xy, rz and Ty, TZ such that
d(z,p) = d(Z,p) = 0r1 and d(z,q) = d(Z,q) = Ory (cf. figure 1). Then:

Cald(y;2)) o Cald(y,2))
Ca(d(p,q)) — Cald(p,q))

= Fa(Tl,TQ,Oé,Q)-



Remark 2.2. By the cosine formula in M?(—a?) (cf. [5] proposition 1.2.7) we
know that the right-hand side of the above inequality only depends on the
lengths 71, r2, a and 6, whence the existence of the function F,.
When a = 0 we have Fy = 0% and lemma 2.1 is a direct consequence of the
convexity of the distance function in C'AT(0)-spaces (cf. [5] proposition I1.2.2).
When a > 0 we find :

cosh(ary) cosh(ary) — sinh(ary ) sinh(ars) cos(a) — 1

Fa ) ) ) 9 = . . .
(ri,72, 0, 0) cosh(afry) cosh(afre) — sinh(afry) sinh(abrsy) cos(a) — 1

An important point in the proof of lemma 2.1 is that, whenever 6 < 1, the
function F, is nondecreasing with respect to a.

Proof of lemma 2.1. First consider a comparison triangle (Z7Zz) in M?(—a?),
that is such that d(z,§) = 71, d(Z,Zz) = ro, and d(y,2) =d(y, z). Define p, ¢
to be the points on the geodesic segments Ty and ZZz respectively, such that
d(z,p) = Ory, d(T,q) = Ora, and let & = Zz(y, Z). By Toponogov theorem, we
have d(p,q) > d(p,q) and @ > «. Using these inequalities and remark 2.2 we

Y
4
P
q
T T
(zyz) in M (ZgZz) in M2(—a?)
Figure 1: comparison triangles
have
Cald(y, 2)) _ Cald(y,2) _ a(d(g, %)
> :FaT,T,CY,e ZFaT,T,Oé,HZ =
Culdp.) = Coldp) oo @O 2 Rl a0 = GGG
O

A similar inequality holds for CH-manifolds with curvature lower bound:

Lemma 2.3 (Triangle comparison with curvature lower bound). Let M be a
CH-manifold with Ky > —b*. Let (zyz) and (¥jZ) be triangles in M and
M?(—b?) respectively, such that r1 = d(z,y) = d(%,7), ro = d(x,2) = d(Z,2)
and o = Zy(y,z) = Zz(g,2). Moreover, for 6 €]0,1] let p, ¢ and p, ¢ be



respectively the points on the geodesic segments xy, xz and Ty, TZ such that

d(xz,p) = d(Z,p) = 0r1 and d(x,q) = d(Z,q) = Ory. Then:

Co(dly,2) _ Cold(F, %))
Co(d(p,q)) ~— Cu(d(p,q))

= Fy(r1,72, 0, 0).

Proof. The proof is similar to that of lemma 2.1. Toponogov theorem gives
d(p,q) < d(p,q) and & < a, and by the monotonicity of the function Fj, we get

Cb(d(yaz)) < Cb(d(yaz)) Cb(d(gaé )
Co(d(p,q)) ~ Co(d(p,q)) Co(d(p,q))

O

~—

= Fy(r1,72,0,0) < Fyp(r1,r2,0,0) =

Comparison of spheres

Let S;(r) and Sy(R) be two geodesic spheres in M, with r < R, tangent at
some point z, with S,(r) internal to S,(R). Let A, and A, (resp. A, A,) be
the second, vector-valued (resp. scalar) fundamental forms of S, (r) and Sy (R),
and let v be the common inner unit normal vector at z. We will now compare
the two second fundamental forms A, and A,.

Let u € T,S,(r) be a unitary vector, and let ¢,(s) be the geodesic of Sy (r)
with initial tangent vector u. Denote by r, and r, the distance functions to x
and y respectively, and let r,(s) = ry(cu(s)) be the restriction of the function
ry to the curve ¢,. Applying proposition 1.1 to ¢ and r, we find
(0) = (Hess™r, ) (u, u) + (Vry, Ay (u, 1)),

Y

and, since Hess"'r, gives the second fundamental form of S, (R) w.r. to v,

1 (0) = Ay (u,u) — Ay (u, u) (2.1)

Y

But 7/(0) < 0 as z is the maximum of r, on S;(r), thus at the point z we
have A, < A, which means that S, (r) is “more curved” than S, (R). Using the
above comparison lemmas for triangles, we get sharper comparison estimates
for the tangent spheres :

Lemma 2.4. Let (M,g) be a CH-manifold with Ky < —a®. With the above
notations, the second fundamental forms of Sy (1), Sy(R) at the tangent point z
satisfy:

0<A;, — A, <(cotqgr—cotqR)g

Moreover, if we assume —b> < Kyr then at the tangent point z we also have:

(cotpr —cotpy R) g < A, — A,

Remark 2.5. These estimates are optimal, since they are equalities when M has,
respectively, constant curvature —a? or —b°.



Proof. We only consider the case a > 0 ; when a = 0, the proof is similar (just
replace the hyperbolic laws by the Euclidean ones) and is left to the reader.

As before, let u € T,S,(r) be a unitary vector, let ¢(s) be the geodesic of
S (r) with initial tangent vector u and let r,(s) be the restriction of the function
ry to the curve c. For s > 0 we consider (cf. figure 2) :

o the angle a(s) between Vr, and Vr, at c(s);

e the angle 3(s) between the geodesic lines from y to z and from y to ¢(s);

o 0 = RI;T and the point z(s) of the geodesic from y to ¢(s) such that
d(y, x(s)) = 0d(y, c(s));

so 1y, (s) = (Vry,¢(s)) = —sin(a(s)). Using Toponogov theorem for the triangle

Figure 2: Comparing the second fundamental forms of tangent spheres

(c(s)z(s)z) and the law of cosine in M?(—a?) we get

cosh(ad(z,z(s))) > cosh(ar)cosh(a(l—0)ry(s))
—sinh(ar) sinh(a(1 — 0)ry(s)) cos(a(s))
> 1+ sinh(ar)sinh(a(l — 0)r,(s))(1 — cos(a(s)) (2.2)

On the other hand, lemma 2.1 applied to the triangle (yzc(s)) implies that

B cosh(ad(z,c(s))) — 1
cosh(ad(z,z(s))) — 1 < F.(R,7,(s),8(s),0)

(2.3)



which, plugged in (2.2), yields :

1 — cos(als)) < cosh(ad(z,c(s))) — 1

~ sinh(ar) sinh(a(1 — 0)ry(s))F, (R, y(s), B(s),0) (24)

We divide by s* and pass to the limit for s — 0 in (2.4) : as 7} (s)* = sin? a(s)

rraN 2
and 7, (0) = 0, we have lim,_,o 1ocosols) — 1lim, g (Tys(é)) = 371/(0)%; then,

notice that M — 1 and that, as r,(s) — R = O(s?) and B(s) = O(s), we

have lims_,o Fo (R, ry(s), 5(s),0) = % So from (2.4) we get

‘7‘”( )| < ?Sinh(a('R — T))
Y sinh(ar) sinh(aR)
By (2.1), as r//(0) < 0 we deduce A, (u,u) — A, (u,u) < coty r — coty R.

y
Consider now the curvature lower bound —b? < K. By Toponogov theorem

and the law of cosine, equation (2.2) becomes

= a(coth(ar) — coth(aR))

cosh(bd(z, z(s))) — 1 1 — cosh(br(l — Tyés)))
sinh(br) sinh(b(1 — @)ry(s))  sinh(br)sinh(b(1 — 0)r, (SE% .

1 —cos(a(s)) >

while lemma 2.3 implies
cosh(bd(z,c(s))) — 1

cosh(bd(z, 2(s))) =12 = XRONONR (2.6)
which plugged in (2.5) yields
cosh(bd(z,c(s))) — 1
L= costals)) 2 G Smb (601 = 0)ry () Fy (%, ry (5), B(5). 0)
1 — cosh(br(1 — =) o

sinh(br) sinh(b(1 — 0)ry(s))
Dividing by s* and letting s — 0 as before, we get (cot, r—coty R)g < A,—A,. O

In the sequel, we will be mainly interested in the second fundamental form
of horospheres. We will use a result similar to lemma 2.4, where the sphere
Sy(R) is replaced by a horosphere:

Lemma 2.6. Let (M,g) be a CH-manifold with Ky < —a?.

Let Sy (r) and He(z) be respectively a sphere and a horosphere tangent at a point
z, with Sy(r) internal to the horosphere. Let Ay, Ag be the second fundamental
forms of Sy(r), He(2) with respect to be the common inner unit normal vector
at z. Then, at the tangent point z we have :

0<A, —Ae <(coter—a)g (2.8)
Moreover, if we assume —b> < Ky, then at the tangent point z we also have:

(cotpr —b)g < Ay — A¢

This result can be obtained in two different ways: taking limits, in the
inequalities of lemma 2.4, for y tending to ¢ along the geodesic exp,(tv), or
following the same proof with the Busemann function b¢ in place of r,. The
proof is left to the reader.



3 Asymptotically harmonic CH-manifolds

In this section, M will always be an asymptotically harmonic CH-manifold with
horospheres of constant mean curvature h.

3.1 The entropy and the spectrum

We are interested here in two invariants of the manifold M : the volume entropy
and the spectrum. The entropy is determined by the behaviour of the volume
of balls whose second derivative (with respect to the radius) is given, in turns,
by the mean curvature of the spheres. On the other hand, the spectrum can
be determined by using special functions whose Laplacian has a nice behaviour;
in our case, the distance function, whose Laplacian is again given by the mean
curvature of spheres (see discussion in §1).

For points z and y in M, let . (y) be the mean curvature vector at y of the
sphere S, (d(x,y)), and hy(y) = —(he(y), Vrz). Notice that, as Ky, < 0, balls
and horoballs are convex, so both h and h,(y) are non-negative.

Lemma 3.1. Let M™*! be an asymptotically harmonic CH-manifold.
For all z € M and r > 0, the sphere S, (r) satisfies

1
VyeS.(r) h<hg(y) <h+-.
r

Proof. From lemma 2.6 we have
1

where A, and A are, respectively, the second fundamental forms of Sy (r)
and of the horosphere H¢(y), tangent to S, (r) at y. Taking the trace on an
orthonormal basis gives the result. O

We fix © € M. For r > 0, let B,(r) be the ball of radius r centered in =,
and V(r) = Vol(B(r)) the growth function. The entropy of M is defined by

1
E = limsup — log V(7).
r—oo T

A first consequence of asymptotic harmonicity is the following linear isoperi-
metric inequality :

Proposition 3.2. Let M™ ! be an asymptotically harmonic CH-manifold.
For any domain QC M with smooth boundary 92 we have nhVol(2) <vol(9%2).

Proof. Fix some £ € 0, M. Since —Abs = nh, integrating by parts on € the
function —Abe gives the result. O

Theorem 3.3. Let M™+! be an asymptotically harmonic CH-manifold.
The entropy of M is E = nh.



Proof. By the co-area formula we have V'(r) = vol(S;(r)), and by proposi-
tion 3.2 we get nhV (r) < V'(r). Integrating this inequality we get V (r) > Ae™h"
for some constant A, so that the entropy is bounded below by nh.

Now, the second derivative of V is given by V' (r) = nfsmm ha (y)dv,(y)

where dv, is the volume form of S;(r). Choose ¢ > 0 and let rp = L. By

lemma 3.1, we have V'(r) < n(h + ¢)V'(r) for any r > rg. Integrating this
inequality between 7 and r, yields V'(r) < Ae™"*)" for some constant A.
Integrating once again between ro and r, we get V(r) < B + Ce™ )7 which
implies that F < n(h + €). Since ¢ is arbitrarily small, this concludes the
proof. [l

Theorem 3.4. Let M™+! be an asymptotically harmonic CH-manifold.
The spectrum of the Laplacian of M is o(A) = [, +00)

.. . . 252

Proof. By proposition 3.2 and Cheeger’s inequality, we have o(A) C [25-, +00).

Conversely, we choose x € M and consider the distance function r, to x.
Since the Laplacian of r, is given by the mean curvature of spheres, we have

n

sup  {|Arg(y) —nh| } < &

(3.1)
yEM\B. (R) R

Using (3.1) and the fact that |Vr,| = 1, we can follow the method initiated by
H. Donnelly to determine the essential spectrum (cf. [8]) : for each A > "24h2
we use radial functions to construct sequences satisfying Weyl’s criterion for A
(cf. [22] theorem VII.12 p. 237). See for example [17] theorem 1.2 for a general

result, whose hypotheses are satisfied by the function r,. [l

Remark 3.5. From theorems 3.3 and 3.4 we deduce inf{c(A)} = ETQ.

For cocompact negatively curved manifolds, this equality is equivalent to the
asymptotic harmonicity (cf. [18] theorem 1). But, in the general case, it is easy
to construct manifolds satisfying this inequality, which are not asymptotically
harmonic. For example, the conclusions of theorems 3.3 and 3.4 hold true for
any Cartan-Hadamard manifold with curvature less than —h? and tending to
—h? at infinity.

3.2 Rigidity

Consider the second fundamental form A¢ of a horosphere He, and let A1,..., Ay
be the principal curvatures of H¢ at some point , with respect to the inner unit
normal of He. If M satisfies the curvature upper bound K < —a?, then it is
well known that \; > a (cf [13]). Therefore we get

n?h? = (O X7 =D A 42) NN > A +n(n - 1)a’,
i i i<j

and
|Ae|? < n?h? —n(n — 1)a* (3.2)

When assuming a curvature lower bound Kj; > —b?, a similar argument gives

|Ae|? > n?h? —n(n — 1)b% (3.3)

10



Now, as the mean curvature is the same for all horospheres, taking the trace
of Riccati equation (1.1) gives |A¢|? 4+ Ricas(u,u) = 0 for any u € SM, for the
second fundamental form A¢ of a horosphere tangent to ut. Therefore we get :

Proposition 3.6. Let M"+! be an asymptotically harmonic CH-manifold. For
any u € SM we have

i. if M satisfies Ky < —a?, then Ricys(u,u) > —n2h% +n(n — 1)a?;

ii. if M satisfies Kpyr > —b%, then Ricy(u,u) < —n?h? +n(n — 1)b2.

As a consequence, we have the following characterization of constant curva-
ture spaces :

Corollary 3.7. Let M™+! be an asymptotically harmonic CH-manifold.

i. if M satisfies Ky < —a® then h > a, and h = a if and only if M =
M"+1(—a2);

. if M satisfies Ky > —b? then h < b, and h = b if and only if M =
ML (—p?).

Proof. The curvature upper bound Ky < —a? implies b > a. If h = a, then
proposition 3.6 gives Ricyr > —na?, and since the Ricci curvature is a sum of
n sectional curvatures which are not greater then —a?, this implies that all the
sectional curvatures are equal to —a?. The proof is the same when assuming a
curvature lower bound. O

3.3 Growth of horospheres

It is well known that, on CH-manifolds with pinched curvature, horospheres
have polynomial volume growth, whose degree depend on the bounds on the
curvature (cf. [14]). We will now see that, under the asymptotic harmonicity
assumption, an upper bound Kj; < —a? < 0 is enough to estimate from above
the polynomial growth of horospheres.

Let H¢ be a horosphere centered in some point at infinity &, let be be the
Busemann function vanishing on He, and let go be the Riemannian metric in-
duced on H. For each t € R, there is a natural diffeomorphism ¢, : He — He(t)
defined by ¢;(x) = exp, (tVbe), which in turns induces a diffeomorphism

R x He(0) — M
‘b{ (ha) = (o)

In these “horospherical” coordinates (¢, ), the metric of M reads g = dt? + g,
where g; = ¢ gu, 1) and gp, (1) is the induced Riemannian metric of He(t).

When assuming a sectional curvature upper bound K < —a?, the map ¢y
increases the distance for t > 0 and decreases the distance if ¢t < 0. In fact,
as a consequence of comparison theorem for Jacobi fields, we have that all the
eigenvalues of dy; are greater than or equal to e® if t > 0, and less than or
equal to e if t < 0 (cf. [12]).

Now, it is a standard fact that the mean curvature gives the derivative
of the volume form of a submanifold under a deformation. In our setting, if
dvy = Ji(x)dvg is the volume form of the metric g; and J;(z) is the density of dv;
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with respect to dvg, we have J; = nh;J;, where h; is the mean curvature of He (t).
By asymptotic harmonicity, we deduce that dv; = e™**duvy for all ¢; therefore, in
horocyclic coordinates the volume form of M reads dvy, = e dtduy.

On the other hand, by theorem 3.3, the volume entropy of M is nh: heuris-
tically, this means that the exponential rate of the volume growth of M comes
from the behaviour of the volume form in the R direction, and that the volume
growth of the slices H¢(t) should be subexponential. Namely:

Theorem 3.8. Let M™ be an asymptotically harmonic CH-manifold with
sectional curvature upper bound Ky < —a? < 0. Then, there exists a constant
C' (depending only on n, a and h) such that, for any horosphere H of M, the
balls of H satisfy vol(BE (r)) < Cr*& for all v > 0.

Proof. Let H = H¢ be a horosphere centered in £. For any w,v € T'H, Gauss
equation implies that K (u,v) = Ky (u, v)+Ag(u, u)Ag (v, v)—Ag (u, v)?, where
Ky and Ky are the sectional curvatures of H and M respectively, and Ag is
the second fundamental form of H. Taking the trace with respect to v we get

Ricy(u,u) = Ricar(u,u) — Kar(u,v) +nhAg(u,u) — ZAg(u, ei)?
> Ricy(u,u) — |Ae]? > —2n%h% + 2n(n — 1)a?

where the last inequality comes from (3.2) and Proposition 3.6. Therefore, by
Bishop’s comparison theorem, there exists a constant C' (depending only on n,
a and h) such that, for any z in H we have Vol(BH (1)) < C.

Let now = € H and consider the map ¢_; : H — H¢(—t) defined above,

for t > 0. As Ky < —a?, we have ¢_4(BH (r)) C Bfff&t))(e_“tr). Moreover,

as dv_; = e "M dug, we have vol(yp_;(BX (r))) = e ™"*vol(BX(r)); so, choosing
t = 117 we obtain

He(—t) an

vol(BH (r))) < e vol(B) S\ (1) < Cr'™

O

Remark 3.9. This theorem proves that the degree of the polynomial volume
growth of the horospheres is bounded above by %h This upper bound is sharp,
as it is the degree of the volume growth of the horospheres in the hyperbolic
space (the horospheres being Euclidean in that case). Note that the upper
bound is also sharp for the rank one symmetric spaces.

Remark 3.10. Using a similar proof, it is easy to see that the lower bound
—b? < Ky < 0 gives a lower bound on the volume growth of the horospheres,
namely vol(BX (1)) > Cr*%". The proof is left to the reader.

3.4 The mean value property

Harmonic manifolds are characterized by the fact that the harmonic functions
have the mean value property : for any harmonic function F and any R > 0,

1
F E F
(:CO) VOI(SIU(R>> /SEO(R) (-T)d’USIU(R)
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This can be proved by taking the derivative of the right-hand side of the above
equality, and by observing that it vanishes for any harmonic function F' if and
only if the spheres have constant mean curvature.

In the following theorem we prove that harmonic functions on an asymptot-
ically harmonic manifold satisfy a mean value property, where, naturally, the
mean is taken on horospheres. As the horospheres are non-compact, the mean
on an horosphere is obtained as the limit of the means on an exhaustion. The
computations of these horospherical means are very similar to those in [14].

Theorem 3.11. Let M™ ! be an asymptotically harmonic manifold with sec-
tional curvature upper bound Kjyr < —a? <0, and let F be a function which is
continuous on M U Osc M and harmonic on M.

For any & € 0xM, any horosphere He centered in &, and any x € H¢, there
exists a sequence (1;);en tending to 400 such that

1
lim —————— / Fdvy, = F(€)
=% Vol(Ba (r;)) B2 (r)) ¢

where B (R) denote the ball in He centered in x of radius R.

Proof. Let H¢ be a horosphere centered in some point at infinity &, and let
¢y« He — He(t) be the diffeomorphism defined in §3.3.

Choose © € H¢. Because H¢ has polynomial volume growth, there exists a
sequence (r;)jen tending to +oco such that

He,
lim vol(0By ¢ (1))

= 0.
37 Vol(Bz ' (r;))

Fort € Rand j € N, let Q;, = gp,g(Bf5 (rj)). As pointed out in §3.3, we
have Vol(§; ;) = e"htVol(Bfg (rj)). Moreover, the boundary of €2;, satisfy
~ 0

d
£V01(89j7t) == *(TL - 1) /6(zj,t <k/j,t7 §>

where Ejﬁt is the mean curvature vector of 9€2;; (seen as a submanifold of M).
Taking an orthonormal basis (eq,...,en,—1) of TOQ;+ and n;, its exterior unit
normal in H(t) we have

. a n—1 a a
—(n —1)(kj+, w - Z(D;’f&,ea = nh — <Dj;]{ta,nj,t> <nh-—a

1=

where the last inequality comes from the curvature upper-bound on M. There-
fore we have Lvol(0%;) < (nh — a)vol(09;;), and integrating this inequality
we get vol(9€); ;) < e(""=Dtyol(99); o) and
_ He,
vol(0€; +) < eﬂltvol(('?BfI (7’])). (3.4)
Vol(£;.¢) Vol(By'¢ (r;))

Consider now

g;(t) = 7%1(;%0 /Q Fdu, (3.5)
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where duv; is the volume form of H¢(t) and F' a function which is continuous on
M U 0o M and harmonic on M. In particular, F' is bounded. Using the fact
that horospheres have constant mean curvature, we have

1 0
"(t) = ————— VFE, —)d 3.6
50 = Gy [, (VP g (36)
and ) 5 8
’-’tzi/ (Hess" F)(=, =)d 3.7
g]( ) VOI(Q]t) ijt ( €88 )(at at) Ut ( )
Using proposition 1.1 and the fact that F' is harmonic in M we get
0 0 0
M H
(Hess an’ a) = 7tr((HeSS g(t)FW)\THg(t)) = AHS(t)f + nh<VFv &>
where f is the restriction of F' to He(t). Equation (3.7) gives
1
(t) —nhgi(t) = 7/ AHe® £y
g]( ) gj( ) VOI(QJ,t) Q. f t
1
= ——0— VF,n;)dv;. 3.8
Vol(£2;¢) /6(zj,t< il (38)

As Ricyy is bounded from below and F'is bounded on M, using Yau’s gradi-
ent estimate for harmonic functions [25], there exists a constant C' (depending
on n, a, h and ||F||s) such that |[VF| < C on M. Therefore, using (3.4), the
right-hand side of (3.8) satisfies

1
- VE, 5 )dv
Vol(£2; +) /agj’t< i) den

and tends uniformly to zero on bounded intervals when j tends to +oo. In
particular, it implies that, on bounded intervals, the C° norms of the functions
g}’ are uniformly bounded. The fact that F' is bounded and Yau’s gradient

ot VOlOB ¢ (r)))

< (Ce 7
Vol(By (1))

estimate also imply that the C° norms of the functions g; and g; are uniformly
bounded, and, using Arzela-Ascoli convergence theorem, we have that, up to a
subsequence, (g;);en tends in C' topology to a function g.

Moreover, multiplying (3.8) by a test function, integrating by part and let-
ting j tend to +oo we find that, in the sense of distributions, g is a solution
of

g"(t) — nhg'(t) = 0.

Therefore, by classical regularity theory, g is smooth and g¢'(t) = ¢'(0)e™.
Since ¢’ is bounded on R we must have ¢’ = 0 and g is constant.

For any neighbourhood U of £ (for the cone topology) there exist ¢ such that
the horosphere He(t) is contained in U. By continuity of F on M U d,M and
by the definition of g;, the value g;(t) can be made arbitrary close to F'(§) (for
any j). Therefore we have g(t) = F(§) for any ¢ € R, and ¢(0) = F (&) gives the
result. (|

Remark 3.12. It would be better to have a similar result without taking a
sequence of radii tending to infinity, that is to have

1
lim ——— / Fdvy, = F(£).
r=o0 Vol(BEE (1)) /B2 () ¢
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(0B
For the proof to work in that case, one need to have lim LH(T)) =
72 Vol(By ¢ (r))
0. However, from the polynomial volume growth of horospheres one only get

He
ot IO
r=0 Vol(By ¢ (r))

4 Asymptotic behaviour of the volume form

In the previous section, in order to compute the entropy, we integrated the
inequalities of lemma 2.6 on spheres. But since these inequalities hold pointwise,
we can try to determine the asymptotic behaviour of the volume form at least
in a fixed direction. Actually, let 6, (u,r) be the density of the volume form of
M in normal coordinates centered in some point z; so the volume form reads
dvpr = 0, (u,r)dvg, pdr, where dvg, s is the volume form of S, M.

Harmonic manifolds are characterized by the fact that 0, (u, ) only depends
on 7. In this section we give a characterization of asymptotically harmonic
manifolds in term of the asymptotic behaviour of 8, (u,r):

Theorem 4.1. Let M be a CH-manifold with Ky < —a? < 0 and entropy E.
M s asymptotically harmonic if and only if there exists a positive function
T:SM — Ry such that 0,(u,r) is uniformly equivalent to T(u)e" for r — oco.

“Uniformly equivalent” here means that the quotient of 0, (u,r) by 7(u)e”"
converges to 1 for r — oo, uniformly with respect to v € SM. This result will
be consequence of the three propositions proved in the following subsections.

A Riemannian manifold is harmonic if and only if the density function only
depends on r. As an asymptotic analogue, one would expect that lim,_ %
does not depend on u, and thus that 7(u) be constant on SM. In proposition 4.3

we prove it holds under the restrictive assumption that DRj; is bounded.

4.1 The asymptotic volume-density function 7

The function 6, is related to the mean curvature h, of spheres centered in x of
radius r by the formula

0 (u,r)
0. (u, 1)

where ¢/, denotes the derivative of 0, with respect to 7.

In what follows, we shall often write for short the point exp, (ru) as (u,r)
to avoid cumbersome notations; moreover, we will regard 6, (u, ) as a function
on SM x R, so we can drop the index z.

Using lemma 2.6 we get the following result :

= nhy(exp,(ru)) (4.1)

Proposition 4.2. Let M be a CH-manifold with curvature Ky < —a? < 0.
If M is asymptotically harmonic, then there exists a bounded, positive function
7:SM — Ry such that

0(u, )

7(u)enhr

Yue SM — 1] <e(r)

for an explicit function e(r) only depending on a and n such that lim, o e(r) =

0.
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Proof. As % = hg(u,r), taking traces in (2.8) yields:

0 (u,r)

<
"= Ban)

— nh < na(coth(ar) — 1),

that is p
0< e (0 (u, r)e_"}”)] < na[coth(ar) —1].
r

The first inequality implies that (u,r)e”™"" is nondecreasing with respect to 7.
On the other hand, integrating the second one gives

9(u,7’)e_"’” < e(u, S)e—nhsenaf;(coth(at)—l)dt (42)

and, as [ (coth(at) — 1)dt is finite, we deduce that 6(u,r)e™™"" is bounded,
which implies that lim, . 6(u,r)e™™"" exists. Therefore we can define the
function 7 on the unitary tangent bundle as

7(u) = lim O(u,r)e """ (4.3)

r—00

—nhr

Moreover, as 6(u,r)e is nondecreasing we have

Vr >0 0<6(u,r)e ™ < 7(u) (4.4)

—nhs

Again from (4.2), subtracting 6(u, s)e and letting r — oo we deduce

T(’u) _ 9(,“, S)e—nhs < G(U, S)e—nhs (ena fsx(coth(at)—l)dt _ 1)
As 0(u, s)e”""* is nondecreasing the left-hand side is nonnegative, so by (4.4),

0(u,r)

T(u)en}” - 1‘ < ena J.2° (coth(at)—1)dt __ 1

The right-hand side is uniformly bounded from above and tends to 0 when r
tends to infinity, which concludes the proof. O

4.2 Properties of the function 7

First, we remark that the function 7 is bounded : for any u € SM we have

7(u) < (zi)n' In fact, from equation (4.2) we obtain

0 —nhs
O(u,r)e " < %e”a(rs) sinh™ (ar).

Letting s tend to 0, as % — 1, we deduce

e " sinh" (ar)

0(u, r)e_”’” < o

)

and for r — oo we get 7(u) < ﬁ

Therefore, proposition 4.2 implies

|9(u,r)efnhr —7(u)| <



and the function 7 is the uniform limit of 0(u,r)e™ """

uniform, the function 7 is continuous on SM. Moreover, as soon as 0(u,r)e
has a limit, this limit can be expressed in terms of Jacobi tensors. This was
used to study the asymptotic behaviour of the volume on harmonic manifolds
(cf. [16, 6, 11]). Using this approach we get more information on the function
T.

; as the convergence is
—nhr

Proposition 4.3. Let M be an asymptotically harmonic CH-manifold with cur-
vature Ky; < —a? < 0. Then:

i. T7:SM — Ry s invariant by the geodesic flow and flip invariant, i.e. :
o 7(¥(t)) is constant for any geodesic y;
o 7(v) =7(—v) for allve SM.

. if DRy is bounded on M, then T is constant on SM;

1. T > (2}11)71 , with equality if and only if the curvature is constant.

Proof. A Jacobi tensor along a geodesic v is a smooth family J(t) of endomor-
phisms of #(#)* satisfying the Jacobi equation J” () + R(t)J(t) = 0, where R(t)
is defined from the Riemann tensor by R(t)u = R(%(t),u)¥(¢t). Then, applying
J to any parallel vector field V (¢) along « gives a Jacobi vector field J(t)V (t).

Let v € S, M and ~(t) = exp,(tv), and consider the Jacobi tensor J, along
7 defined by J,(0) = 0 and J/(0) = Id. It is well known that J! (r)J, 1 (r) gives
the shape operator A, (v,r) of the sphere S, (r) at exp,, (rv) (with respect to the
inner normal to the sphere), and that 6(v,r) = det(J,(r)).

For r >0, let Uy, Sy be the Jacobi tensors on v defined by U, ,(—r) =
0, Uy, (0) = Sy (0) = Id and S, -(r) = 0. The unstable and stable Jacobi
tensors at v are defined by U, = lim, ,o U,, and S, = lim, ,oc Sy,. As
U, .(0) = ny(fr)(r)Jﬂ;(l_T) () is the shape operator of the sphere S, _,)(r) at
x, it follows that U/ (0) is shape operator at x of the horosphere centered in
&_ =limy_00 y(—7). In asimilar way, we have that —S7 (0) is the shape operator
at x of the horosphere centered in £, = lim,_,~ (7). Since M is asymptotically
harmonic, we have tr(U}(0)) = nh; following the proof of Corollary 2.5 of [16]
we get

O(v, t)e™ """ = det(U;(0) = Sy, ,(0))’

which, taking the limit for ¢ — co, gives

_ 1
) = S0~ S0

(4.5)

The proposition then follows from this expression of 7(v).

First, as U] (0) and —S/(0) are the shape operators of the horospheres cen-
tered in £_ and &4, relative to their respective inner normals, it is clear that 7
is flip invariant. The invariance by the geodesic flow is just lemma 2.2 in [11].

To prove the second point, let us first show that 7(u) = 7(v) when u,v €
SM point towards the same boundary point £ € do M, i.e. limg oo Yu(s) =
limg 400 Y0 (s). By the invariance of 7 under the geodesic flow, we may as well
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assume that u and v are normal to the same horosphere, so d(,(t),7,(t)) <
cre”% for all t > 0. For any r,t > 0 we have

IT(w) = 7(v)| < |7(u) = 0(u(t), 7)e™ ™[+ [0(Fu(t), 1) — O(3u(£),7) e~
+ |7 (v) = 03, (t), r)e "],

and using the invariance of 7 by the geodesic flow and Proposition 4.2 we get

[7(u) = 7(v)] < (7(w) +7(0)e(r) + [0(7u(t),r) = 0(Gu(t), 7)™ (4.6)

For s €]0,r], let hy(s) (resp. hyi(s)) be the mean curvature, at the point
Yu(t 4+ 8) (resp. at v,(t + s)), of the sphere of radius s centered in =, (¢) (resp.
Y (t)). Following the Lemma 2.3 in [11], we will use comparison theory for
Riccati equation to estimate |hy +(s) — hyt(s)]. We choose orthonormal paral-
lel basis e,.;(s) of 4, (t + s)* and e, ;(s) of ,(t + s)*) such that, for any i,
d(ey.i(5), €0,i(s)) < c2e™F9) in SM, for some constant cz. Let A, ;(s) and
A,.1(s) be the matrices of the second fundamental forms of the spheres of ra-
dius s centered in 7, (t), ¥, (t) in these basis. They satisfy the Riccati equations
Al () + A% 1(s) + Ruu(s) = 0 and A ,(s) + A7 ,(s) + Ry(s) = 0, where
R, +(s) is the matrix of the endomorphism R(%,(t + s),.)%.(t + s), and analo-
gously for R, ;(s). Because of the assumption on DR, we have that the tensor
7(s) = Ru(s) — Ry (s) satisfies

r(s)| < Cge™@(tFs), (4.7)
Consider now B(s) = Au(s) — Ayps(s) and Q(s) = 2(Aus(s) + Aui(s)).
From the Riccati equations we have that B is solution of
B'(s) + B(s)Q(s) + Q(s)B(s) + r(s) = 0.

A direct computation shows that for any 0 < € < s we have the formula

B(s) = C(s) tC(E)_lB(E)C(E)_l—/stC(C)_lr(C)C(C)_ldC C(s) (48)

where C(s) is a solution of C'(s) = —C(s)Q(s). In particular, because of
the curvature upper bound we have Q(s) > ald hence, for any 0 < £ < s,
|C(e)~1C(s)| < e=*~%). Plugging this estimate and (4.7) in the formula (4.8)
we get

|B(S)| < |B(E)|672a(578) + C4efa(t+s)
Since both Ay (s) and A,(s) behave, for s — 0, as 1Id + o(1) we have
lim. 0 B(g) = 0; therefore we deduce that |B(s)| < cse™ %) and, taking

the trace,
Pue(8) = o (s)] < ese™ @+
(4.1) for h,, integrating on [0, r| yields
0(yu(t ),7’)
(t)

0(7o

for some constant c;. By the expression

—cg(l —e e < ln <cp(l —e e

ﬁ

)
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With these inequalities we can bound the last term of (4.6):

0(u(t),m)e™ ™" [exp(—ce(1 — e *")e™ ™) — 1]
S |9(7u (t)v T) - 9(771 (t)v T)|einhr
< 0(vu(t),m)e """ [exp(ce(l —e ™ )e™ ™) —1]  (4.9)

Choosing r large enough, the term £(r) in (4.6) can be made arbitrary small; for
this value of r, (%, (t),r)e™™"" stays close to 7(v) for all ¢ by proposition 4.2,
and the above estimate (4.9) implies that we can choose t large enough to make
also the last term of (4.6) arbitrary small. Therefore 7(u) = 7(v).

Consider now any vector u,v € SM, and let o be a geodesic such that
limg oo 0(8) = limgy 100 Yu(s) and limg o0 0(s) = limg—y 100V (s). From
the above computations we must have 7(v) = 7(5(0)) and 7(u) = 7(—(0)), so
by flip invariance we get 7(u) = 7(v). Therefore 7 is constant.

The third point is similar to Corollary 2.6 in [16]. As U/ (0) — S.(0) is a
positive symmetric matrix, the arithmetic-geometric inequality gives

Aet(U4(0) — S,(0))* < (U (0) ~ §4,(0)) = 2h

and the inequality follows. The case of equality follows, as in the proof of
Corollary 2.6 in [16], from the fact that s — Uﬁ’(s)(()) and s — S;(S)(O) satisfy

the Riccati equation, and because U ) (0) — 5% (0) = 2h1d. O

Remark 4.4. The second point is very close to Lemma 2.3 and Corollary 2.1 of

[11], but, in our proof, we don’t need any lower bound on the curvature and
rather use Proposition 4.2.

4.3 Characterization of asymptotic harmonicity

Proposition 4.2 says that the volume form of M has purely exponential growth,
with isotropic exponential rate (and is asymptotically perfectly isotropic when
DRy is bounded). In fact this is a characterization of asymptotic harmonicity:

Proposition 4.5. Let M be a CH-manifold with Ky < —a? < 0 and entropy
E. If there exists a positive function 7 : SM — R such that 0(u,r) is uniformly
equivalent to 7(u)eE™ for r — oo, then M is asymptotically harmonic.

Remark 4.6. Notice that, together with Benoist-Foulon-Labourie and Besson-
Courtois-Gallot characterization of cocompact asymptotically harmonic spaces,
Proposition 4.5 shows that if a CH-manifold with compact quotients has volume
form which is (uniformly) equivalent to a function 7(u)e"%, then it is a ROSS.

Proof. Let v(t) be a geodesic of M with lim;—, o v(t) = & € 0o M, and let h(t)
be the mean curvature at y(¢) of the horosphere He(t) centered in & and passing
through ~(t). We shall prove that the function h(t) is constant.

Let r < R be two real numbers, and choose s > —r. For any t € [r, R], we use
Lemma 2.6 to compare the second fundamental forms of He(t) and S, _g)(t+5)
at y(t). Taking the trace in (2.8), we have

0'((=5),t+ )

0= O(y(—s),t+s)

— nh(t) < na(coth(a(t + s)) — 1)
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and integrating on [r, R] with respect to ¢t we get

9(7(75)5R+S) " Slnhn(a(R+S)) —na(R—r)
Oglnm—n/r h(t)dtgm(me R ) (4.10)

The right-hand side tends to 0 when s tends to infinity. Moreover, by hypothesis
we have |% — 1| < &(R + s) with lims_, 0o e(R+ s) = 0, and we get
i PO RE9) o

sooo T(Y(—s))ePs
Analogously, we find limg_ % = eP" 5o letting s tend to infinity in
(4.10) we obtain

E(R—7) n/Rh(t)dt 0.

Therefore fTR(E —nh(t))dt = 0 for all r < R, from which we deduce that
h(t) = % for all ¢t € R, and M is asymptotically harmonic. O

5 Margulis function and measures at infinity

In this last section, we assume that M is a asymptotically harmonic CH-manifold
with pinched curvature —b? < Kj; < —a? < 0, and h is always the mean
curvature of the horospheres.

5.1 Visual and harmonic measures

There are two families of measures naturally defined on the ideal boundary of
Cartan-Hadamard manifolds: the visual and harmonic measures.

To define the visual measures, consider the homeomorphism given by the
“projection on 0o M from x”:

be : S M — O oM
T u = dp(u) = limgy oo exp, (tu)

The measure )\, is the push-forward on 9. M of the (normalized) Riemannian
measure of S, M.

On the other hand, the family of harmonic measures comes from the unique-
ness of the solution to the Dirichlet problem at infinity (cf. [1]): given a continu-
ous function f on J, M, there exists a unique bounded harmonic function F' on
M such that lim,_.¢ F(x) = £. Then, it is a consequence of Riesz representation
theorem that there exists a unique family of measures u,, x € M, such that

F(2) = fo ar F(€)dpz ().

Proposition 5.1. Let M be an asymptotically harmonic CH-manifold with
pinched curvature —b%> < Ky < —a® < 0. For any x,y € M we have

VN (v (9)) —nh(be (x)—be (1)) iz oy —nh(be(z)—be(v)
d>\y (E) - me ¢ <Y and d[,l/y (E) =e € ¢y .
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Proof. Consider the distance functions r, and r, to x,y € M respectively, and
the sphere S, (t) centered in = of radius ¢. For ¢ great enough, each geodesic
ray from y intersect S;(t) at a unique point; for v € Sy,M, let Fi(v) be the
intersection point of the geodesic s — exp, (sv) and S; ().

The map F; : S, M — S,(t) so defined is a diffeomorphism whose Jacobian
is

0(v, ry(Fi(v)))
Tt = S (), Ve (R (0) o)
Now, let U C 0o M be a measurable set with negligible boundary, and let
Uy = {exp, (tu) | u € ¢;*(U)} be the projection of U on S, (t) from x.
By definition of A, we have

1 1
A (U :/ do, = / — dvs, 1) (z
= o V(ST Ju, 67120 50

where P;(u) = exp,(tu) for u € Sy M, do, is the normalized measure of S, M,
and dvg, () the volume forms of S, (t).
By (5.1), we get

[ ntEm)
)\z(U) = /Ftl(U,,) G(P;l o Ft(’l}),t)

where do,, is the normalized measure on S, M.
Now we observe that, letting ¢ tend to infinity, we have

o lim;_, o Pt_l o Fy(v) = ¢, ' o by (v);

o lim; o Xp vy = Xog ' (U) almost everywhere;

(Vry(Fy(v)), Ve (Fy(v)) " doy () (5.2)

o limy oo (Vry(Fi(v)), Vrg (Fr(v))) =1

Moreover, from Theorem 4.2 we know that
7(v) —e(ry(Fi(v))) enh(ry (Fu(v))—t) < Oy (v, ry(Fi(v)))
(P! o Fy(v))) +(t) TP o Fy(v).1)

< T(U)1+ e(ry (£ (v))) onh(ry (Fi(v)—1)
(P o Fy(v)) —e(?)
By definition of Busemann function we have that r,(F;(v)) — ¢ converges, uni-

formly on S, M, to by, () (y) — bg, (v)(); 0, as 7 is continuous and bounded, by
dominating convergence (5.2) yields

A\(U) = & —nh(be,, ) (€)=be, ) (¥)) 4
) /Mm (92" 0 dy(v)) vs, (0)
(@5 €)) noe(w)—pe(w)) g
| e /e

which proves the first equality of the proposition.
The second equality follows from [1]: the relative densities of harmonic mea-

sures are given by the Poisson kernel, and, as Abs = —nh, by unicity of the
Poisson kernel we have %}’%(5) = e~ nh(bg(x)=be(y)) O
Y

As a consequence of Theorem 4.3, we have that, when the derivative of the
Riemann tensor is bounded, the visual and harmonic measures class have the
same relative densities.
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5.2 The Margulis function

For cocompact CH-manifolds Margulis introduced the function

m(z) = lim vol(S,(r))e .
T—>00
where F is the volume entropy of M. The main conjecture concerning this
function is that it is constant if and only if M is a symmetric space, cf.[27, 15]
for some related results. Theorem 4.2 allows us to define the Margulis function
for asymptotically harmonic manifolds (even noncocompact) :

Proposition 5.2. Let M be an asymptotically harmonic CH-manifold with
—b?2 < K < —a? < 0. There exists a function m : M — Ry such that

. —nhr __ . —nhr __ m(m)
Tlg{.lo vol(Sz(r))e =m(x) and Tlg{.lo vol(By(r))e ==

for any x € M. Moreover, the function m is harmonic.

Proof. Let V(1) = Vol(By(r)) and vz (r) = vol(Sy(r)), so V(r) = vy(r). Since
v (1) = meM 0(u, r)du, integrating (4.3) on S, M, by monotone convergence we
get the first equality with m(z) = [ ,, 7(u)du.

Then, by Proposition 3.2, we have V/(r) — nhV,(r) > 0, so V,(r)e™ """ is
increasing. As Vi(r) = [¢ [5 ,, 0(u, s)duds, Theorem 4.2 implies, for any r > 1,

Va(r) < Vi(1) + ﬂ}f)(e"hr — ™) 4 Vol(S”)/ e(s)e™ds
n 1

from which we deduce that V(r)e~""" is bounded; hence, it converges to some

limit I(z). As Vi (r)e """ is increasing and converging, there exists a sequence

rr — 00 such that

lim 4 (Va(r)e™™m")

k—oo dr |

o
|

=T

= lim (ve(rg)e™ ™" — nhVy(rg)e ")
k—o00
= m(x) — nhi(z).

Finally, to show that the Margulis function is harmonic, we write it using
the visual measures :

miz) = [ rwde= [ w0 @)
S, M Doo M
Choosing a fixed point xg € M, we get

mi) = [ w00, ()

—nh(be(z)

and we are done, because e is harmonic. [l
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