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INTRODUCTION 1

INTRODUCTION

These notes grew out of lectures which I gave at a DMV-seminar in Blaubeu-
ren, Germany. My main aim is to present a proof of the rank rigidity for manifolds
of nonpositive sectional curvature and finite volume. Since my interest in the last
couple of years has shifted to singular spaces of nonpositive curvature, I take the
opportunity to include a short introduction into the theory of these spaces. An
appendix on the ergodicity of geodesic flows has been contributed by Misha Brin.

Let X be a metric space with metric d. A geodesic in X is a curve of con-
stant speed which is locally minimizing. We say that X has nonpositive Alexandrov
curvature if every point p € X has a neighborhood U with the following properties:

(i) for any two points x,y € U there is a geodesic o, , : [0,1] — U from z to y of

length d(z,y);

(ii) for any three points z,y,z € U we have

d*(z,m) < % (d2(z,:1:) +d2(z,y)) — id2(af;,y)

where 0, , is as in (i) and m = 0, ,(1/2) is in the middle between x and y.
The second assumption requires that triangles in U are not fatter than the corre-
sponding triangles in the Euclidean plane R?: if U is in the Euclidean plane then
we have equality in (ii). It follows that the geodesic o, , in (i) is unique.

Modifying the above definition by comparing with triangles in the model sur-
face M?2 of constant Gauss curvature s instead of R? = Mg, one obtains the def-
inition of Alexandrov curvature Kx < k. It is possible, but not very helpful, to
define K x and not only the latter inequality. Reversing the inequality in the trian-
gle comparison, that is, requiring that (small) triangles are at least as fat as their
counterparts in the model surface M?2, leads to the concept of spaces with lower
curvature bounds. The theory of spaces with lower curvature bounds is completely
different from the theory of those with upper curvature bounds.

Triangle comparisons are a standard tool in global Riemannian geometry. In
the Riemannian context our requirement (ii) is equivalent to nonpositive sectional
curvature and an upper bound x for the sectional curvature respectively.

We say that X is a Hadamard space if X is complete and the assertions (i) and
(ii) above hold for all points z,y, z € X. This corresponds to the terminology in the
Riemannian case. If X is a Hadamard space, then for any two points in X there is
a unique geodesic between them. It follows that Hadamard spaces are contractible,
one of the reasons for the interest in these spaces. There are many examples of
Hadamard spaces, and one of the sources is the following result, Gromov’s version
of the Hadamard-Cartan theorem for singular spaces.
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2 INTRODUCTION

THEOREM A (HADAMARD-CARTAN THEOREM). Let Y be a complete con-
nected metric space of nonpositive Alexandrov curvature. Then the universal cover-
ing space X of Y, with the induced interior metric, is a Hadamard space.

For X and Y as in Theorem A, let I' be the group of covering transformations
of the projection X — Y. Since X is contractible, Y is the classifying space for
I'. This implies for example that the homology of I' is equal to the homology of
Y. The contractibility of X also implies that the higher homotopy groups of Y are
trivial and that indeed the homotopy type of Y is determined by I'. This is the
reason why spaces of nonpositive curvature are interesting in topology. Since I' acts
isometrically on X, the algebraic structure of I' and the homotopy type of Y are
tied to the geometry of X.

The action of I' on X is properly discontinuous and free, but for various
reasons it is also interesting to study more general actions. This is the reason that
we formulate our results below for groups I' of isometries acting on Hadamard
spaces instead of discussing spaces covered by Hadamard spaces.

Here are several examples of Hadamard spaces and metric spaces of nonposi-
tive and respectively bounded Alexandrov curvature.

(1) Riemannian manifolds of nonpositive sectional curvature: the main exam-
ples are symmetric spaces of noncompact type, see [Hel, ChEb]. One particular
such space is X = Sl(n,R)/SO(n) endowed with the metric which is induced by
the Killing form. Every discrete (or not discrete) linear group acts on this space
(where n has to be chosen appropriately).

Many Riemannian manifolds of nonpositive curvature are obtained by using
warped products, see [BiON].

For Riemannian manifolds with boundary there are conditions on the second
fundamental form of the boundary - in addition to the bound on the sectional
curvature - which are equivalent to the condition that the Alexandrov curvature is
bounded from above, see [ABB].

(2) Graphs: Let X be a graph and d an interior metric on X. Then for an
arbitrary x € R, the Alexandrov curvature of d is bounded from above by & if and
only if for every vertex v of X there is a positive lower bound on the length of the
edges adjacent to v.

This example shows very well one of the main technical problems in the theory
of metric spaces with Alexandrov curvature bounded from above - namely the
possibility that geodesics branch.

(3) Euclidean buildings of Bruhat and Tits: these are higher dimensional ver-
sions of homogeneous trees, and they are endowed with a natural metric (determined
up to a scaling factor) with respect to which they are Hadamard spaces. Similarly,
Tits buildings of spherical type are spaces of Alexandrov curvature < 1. See [BruT,
Ti2, Bro).

(4) (p, q)-spaces with p, g > 3 and 2pg > p+q: by definition, a two dimensional
CW-space X is a (p,q)-space if the attaching maps of the cells of X are local
homeomorphisms and if

(i) every face of X has at least p edges in its boundary (when counted with
multiplicity);
(ii) for every vertex v of X, every simple loop in the link of v consisits of at least

q edges.
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If X is a (p, q)-space, then the interior metric d, which turns every face of X into a
regular Euclidean polygon of side length 1, has nonpositive Alexandrov curvature.

In combinatorial group theory, (p,q)-spaces arise as Seifert-van Kampen di-
agrams or Cayley complexes of small cancellation groups, see [LySc, GhSh, BB2].
The angle measurement with respect to the Euclidean metric on the faces of X
induces an interior metric on the links of the vertices of X, and the requirement
2pq > p + q implies that simple loops in the links have length at least 2w. This
turns the claim that d has nonpositive Alexandrov curvature into a special case of
the corresponding claim in the following example.

If 2pq > p + ¢, then X admits a metric of Alexandrov curvature < —1.

(5) Cones: Let X be a metric space. Define the Fuclidean cone C over X to be
the set [0, 00) x X, where we collapse {0} x X to a point, endowed with the metric

do((a,2), (b, y)) := a® + b? — 2abcos(max{dx (z,y),n}).

Then C' has nonpositive Alexandrov curvature if and only if X has Alexandrov
curvature Kx < 1 and injectivity radius > 7. By the latter we mean that for every
two points x,y € X of distance < 7 there is one and only one geodesic from z to
y of length d(z,y). In a similar way one can define the spherical and respectively
hyperbolic cone over X. The condition on X that they have Alexandrov curvature
< 1 and respectively < —1 remains the same as in the case of the Euclidean cone,
see [Ber2, Grb, Bab, BrHal.

(6) Glueing: Let X; and X5 be complete spaces of nonpositive Alexandrov
curvature, let Y7 C X7 and Yo C X5 be closed and locally convex and let f : Y] — Y5
be an isometry. Le X be the disjoint union of X; and X5, except that we identify Y;
and Y5 with respect to f. Then X, with the induced interior metric, is a complete
space of nonpositive curvature.

For X,Y; given as above one may take X5 = Y7 x [0,1], Y2 = Y7 x {0} and
f the identity, that is, the map that forgets the second coordinate 0. One obtains
a porcupine. Under the usual circumstances it is best to avoid such and similar
exotic animals. One way of doing this is to require that X is geodesically complete,
meaning that every geodesic in X is a subarc of a geodesic which is parameterized
on the whole real line. Although the geodesic completeness does not exclude porcu-
pines with spines of infinite length, it is a rather convenient regularity assumption
and should be sufficient for most purposes, at least in the locally compact case. Of
course one might wonder how serious such a restriction is and how many interesting
examples are excluded by it. A rich source of examples are locally finite polyhedra
with piecewise smooth metrics of nonpositive Alexandrov curvature and, in dimen-
sion 2, such a polyhedron always contains a homotopy equivalent subpolyhedron
which is geodesically complete and of nonpositive Alexandrov curvature with re-
spect to the induced length metric, see [BB3]. Whether this or something similar
holds in higher dimensions is open (as far as I know).

In Riemannian geometry, the difference between strict and weak curvature
bounds is very important and has attracted much attention. It is the contents of
rigidity theorems that certain properties, known to be true under the assumption
of a (certain) strict curvature bound, do not hold under the weak curvature bound,
but fail to be true only in a very specific way. Well known examples are the Maximal
Diameter Theorem of Toponogov and the Minimal Diameter Theorem of Berger (see
[ChED]). In the realm of nonpositive curvature, the above mentioned rank rigidity
is one of the examples.
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Let X be a Hadamard space. A k-flat in X is a convex subset of X which is
isometric to Euclidean space R*. Rigidity phenomena in spaces of nonpositive cur-
vature are often caused by the existence of flats. To state results connected to rank
and rank rigidity, assume now that M is a smooth complete Riemannian manifold
of nonpositive sectional curvature. Let v : R — M be a unit speed geodesic. Let
JP(7) be the space of parallel Jacobi fields along v and set

rank(y) = dimJP(y) and rankM = minrank(y),
where the minimum is taken over all unit speed geodesics in M. Then
1 < rank M < rank(y) < dim M

and
rank(M; x Ms) = rank M; + rank M, .

The space JP(7) can be thought of as the maximal infinitesimal flat containing the
unit speed geodesic v. In general, JP(y) is not tangent to a flat in M. However,
if M is a Hadamard manifold of rank k, then every geodesic of M is contained
in a k-flat [B.Kleiner, unpublished]. (We prove this in the case that the isometry
group of M satisfies the duality condition, see below.) If M is a symmetric space of
noncompact type, then rank M coincides with the usual rank of M and is given as

rank M = min{k | every geodesic of M is contained in a k-flat}

= max{k | M contains a k-flat} .

The second property is false for Hadamard manifolds. Counterexamples are easy to
construct.

Let X be a geodesically complete Hadamard space. The geodesic flow g%, t € R,
of X acts by reparameterization on the space GX of complete unit speed geodesics
on X,

9'(M(s) = (s+1), seR.

We say that a unit speed geodesic v : R — X is nonwandering mod I' if there are
sequences of unit speed geodesics (7, : R — X)), real numbers (¢,) and isometries
(pn) of X such that v, — 7, t, — oo and ¢, o g'"(vy,) — 7. This corresponds
to the usual definition of nonwandering in X/T" in the case where I' is a group of
covering transformations and where geodesics in X/I' are considered. In a similar
way we translate other definitions which refer, in their standard versions, to objects
in a covered space.

Following Chen and Eberlein [CE1] we say that a group I' of isometries of
X satisfies the duality condition if any unit speed geodesic of X is nonwandering
mod I'. If M is a Hadamard manifold and T" is a properly discontinuous group of
isometries of M such that vol(M/I') < oo, then I" satisfies the duality condition.
This is an immediate consequence of the Poincaré Recurrence Theorem. The duality
condition is discussed in Section 1 of Chapter III. The technical advantages of this
notion are that it is invariant under passage to subgroups of finite index and to
supergroups and that it behaves well under product decompositions of X.
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THEOREM B. Let M be a Hadamard manifold and I" a group of isometries
of M satisfying the duality condition. Assume that the rank of M is one. Then we
have:

(i) [Bal] T' contains a free non-abelian subgroup;

(i) [Bal] the geodesic flow of M is topologically transitive mod I' on the unit
tangent bundle SM of M ;

(iii) [Bal] the tangent vectors to I'-closed geodesics of rank one are dense in SM.

Moreover, if I is properly discontinuous and cocompact, then we have:

(iv) [Kn] the exponential growth rate of the number of I'-closed geodesics of rank
one, where we count according to the period, is positive and equal to the topo-
logical entropy of the geodesic flow;

(v) [BB1], [Bu] the geodesic flow is ergodic mod I' on the set R of unit vectors
which are tangent to geodesics of rank one;

(vi) [Ba3], [BaLl1] the Dirichlet problem at M (o) is solvable and M (co) together
with the corresponding family of harmonic measures is the Poisson boundary
of M.

Assertions (i) - (iii) are proved in Section 3 of Chapter III. The version in
Chapter III is actually more general than the statements above inasmuch as we con-
sider locally compact, geodesically complete Hadamard spaces instead of Hadamard
manifolds.

Assertions (iv) and (v) are not proved in these notes. The main reason is the
unclear relation between proper discontinuity and cocompactness on the one hand
and the duality condition on the other in the case of general Hadamard spaces.

The ergodicity of the geodesic flow in SM/T for compact rank one manifolds,
claimed in [BB1, Bu] (and for compact surfaces of negative Euler characteristic in
[Pe2]), is based on an argument in [Pel, 2] which contains a gap, and therefore
remains an open problem (even for surfaces). The main unresolved issue is whether
the set R has full measure in SM. In case of a surface of nonpositive curvature, R
consists of all unit vectors which are tangent to geodesics passing through a point
where the Gauss curvature of the surface is negative. Observe that R does have full
measure if the metric on M is analytic.

For M a Hadamard manifold with a cocompact group of isometries, the re-
lation of the rank one condition to the Anosov condition can be expressed in the
following way:

(1) M has rank one if M has a unit speed geodesic 7 such that dim JP7(vy) = 1;
(2) the geodesic flow of M is of Anosov type if dim JP(v) = 1 for every unit speed

geodesic v of M.

See [Eb4, 5] for this and other conditions implying the Anosov conditions for the
geodesic flow.

The proofs of the various assertions in (vi) in [Ba5] and [Bal.1] use a discretiza-
tion procedure of Lyons and Sullivan (see [LySu, Anc3, Bal.2, Kai2]) to reduce the
claims to corresponding claims about random walks on I'. In Section 4 of Chapter
I1IT we show that the Dirichlet problem at M (c0) is solvable for harmonic functions
on I' if " is countable and satisfies the duality condition. We also discuss briefly
random walks and Poisson boundary of I'.

Theorem B summarizes more or less what is known about rank one manifolds
(as opposed to more special cases). Rank one manifolds behave in many ways like
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manifolds of negative sectional curvature. Rank rigidity shows that higher rank is
an exceptional case.

THEOREM C (RANK RIGIDITY). Let M be a Hadamard manifold and assume
that the group of isometries of M satisfies the duality condition. Let N be an irre-
ducible factor in the deRham decomposition of M with rank N = k > 2. Then N
1s a symmetric space of noncompact type and rank k. In particular, either M is of
rank one or else a Riemannian product or a symmetric space.

The breakthrough in the direction of this theorem was obtained in the papers
[BBE] and [BBS]. Under the stronger assumptions that M admits a properly discon-
tinuous group I' of isometries with vol M/T" < co and that the sectional curvature
of M has a uniform lower bound, Theorem C was proved in [Ba2] and, somewhat
later by a different method, in [BuSp]. The result as stated was proved by Eberlein
(and is published in [EbHe]). The proofs in [Ba2], [BuSp] and [EbHe] build on the
results in [BBE, BBS| and other papers and it may be somewhat difficult for a
beginner to collect all the arguments. For that reason it seems useful to present a
streamlined and complete proof in one piece. This is achieved (I hope) in Chapter
IV, where the details of the proof are given. That is, we show that the holonomy
group of M is not transitive on the unit sphere (at some point of M), and then the
Holonomy Theorem of Berger and Simons applies, see [Be, Si].

Theorems B and C, when combined with other results, have some striking
applications. We discuss some of them.

THEOREM D. Let M be a Hadamard manifold and I' a properly discontinuous
group of isometries of M with vol(M/T") < oo. Then either T’ contains a free non-
abelian subgroup or else M is compact and flat and I" a Bieberbach group.

This follows from Theorem A if the deRham decomposition of M contains
a factor of rank one (since the duality condition is preserved under products, see
Section 1 in Chapter III). If there is no such factor, then M is a symmetric space
by Theorem B. In this case, I' is a linear group and the Free Subgroup Theorem of
Tits applies, see [Til].

The following application is proved in [BaEb].

THEOREM E. Let M be a Hadamard manifold and let I be an irreducible
properly discontinuous groups of isometries of M such that vol(M/T") < co. Then
the property that M 1is a symmetric space of moncompact type and rank k > 2
depends only on T'.

The result in [BaEb] is more precise in the sense that explicit conditions on
I' are given which are equivalent to M being a symmetric space of rankk > 2.
The proof in [BaEDb] relies on results of Prasad-Raghunathan [PrRa] and Eberlein
[Eb13] and will not be discussed here.

For the sake of completeness we mention the following immediate consequence
of Theorem E and the Strong Rigidity Theorem of Mostow and Margulis [Mos,
Marl, 2].

THEOREM F. Let M, M* be Hadamard manifolds and I", T'* be properly dis-
continuous groups of isometries of M and M* respectively such that vol(M/T),
vol(M*/T*) < oo. Assume that M™* is a symmetric space of noncompact type and
rank k > 2, that I'* s irreducible and that T" is isomorphic to I'*. Then M is a
symmetric space of noncompact type and, up to scaling factors, isometric to M*.
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In the cocompact case this was proved earlier by Gromov [BGS] and (under
the additional assumption that M* is reducible) Eberlein [Eb12]. Today, Theorem
F does not represent the state of the art anymore, at least in the cocompact case,
where superrigidity has been established in the geometric setting. This development
was initiated by the striking work of Corlette [Col, 2], and the furthest reaching
results can be found in [MSY]. Another recent and exciting development is the
proof of the non-equivariant Strong Rigidity Theorem by Kleiner and Leeb [KlLe].

Theorem C has the following important companion, proved by Heber [Heb].

THEOREM G (RANK RIGIDITY FOR HOMOGENEOUS SPACES). Let M be an
wrreducible homogeneous Hadamard manifold. If the rank of M is at least 2, then
M is a symmetric space of noncompact type.

Note that the isometry group of a homogeneous Hadamard manifold M satis-
fies the duality condition if and only if M is a symmetric space, see [Eb10, Wot1,2].
In this sense, the assumptions of Theorems C and G are complementary. In both
cases, the limit set of the group of isometries is equal to M (o), and one might
wonder whether the rank rigidity holds under this weaker assumption. In fact, it
might even hold without any assumption on the group of isometries.

Another interesting problem is the question of extendability of Theorems B
and C to metric spaces of nonpositive Alexandrov curvature. As mentioned above
already, part of that is achieved for the results in Theorem B. However, we use the
flat half plane condition as in [Bal,2] because there is, so far, no good definition
of rank in the singular case. To state some of the main problems involved, assume
that X is a geodesically complete and locally compact Hadamard space.

PROBLEM 1. Assume that the isometry group of X satisfies the duality con-
dition. Define the rank of X in such a way that
(i) rank X = k£ > 2 if and only if every geodesic of X is contained in a k-flat;
(ii) rank X = 1 implies some (non-uniform) hyperbolicity of the geodesic flow.

PROBLEM 2. Assume that X is irreducible and that the group of isometries of
X satisfies the duality condition. Show that X is a symmetric space or a Euclidean
building if every geodesic of X is contained in a k-flat, & > 2.

PROBLEM 3. Assume that I' is a cocompact and properly discontinuous group
of isometries of X. Show that I" satisfies the duality condition.

Problems 1 - 3 have been resolved in the case of two dimensional simplicial
complexes with piecewise smooth metric and cocompact group of automorphisms,
see [BB3]. Kleiner has solved Problem 2 in the case rank X = dim X, cf. [Kl] (see
also [BB3, Bar] for the case dim X = 2).

Recalling the possible definitions of rank in the case of symmetric spaces we
get a different notion of rank,

Rank X = max{k | X contains a k-flat}

Clearly
rank X < Rank X < dimX.

If X islocally compact and the isometry group of X cocompact, then the following
assertions are equivalent: (i) X satisfies the Visibility Axiom of Eberlein-O’Neill;
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(ii) X is hyperbolic in the sense of Gromov; (iii) Rank X = 1, see [Ebl, Gr5]. If
X admits a properly discontinuous and cocompact group of isometries I', then

Rank X > max{k | I" contains a free abelian subgroup of rank k}

by the Flat Torus Theorem of Gromoll-Wolf and Lawson-Yau, see [ChEb, GroW,
LaYa, Bri2]. On the other hand, Bangert and Schroeder proved that Rank M is
the maximal integer k such I' contains a free abelian subgroup of rank k if M is
an analytic Hadamard manifold and I" a properly discontinuous and cocompact
group of isometries of M, see [BanS]. It is rather unclear whether this result can
be extended to the smooth or the singular case. For more on Rank we refer to the
discussion in [Gr6].

In these Lecture Notes, only topics close to the area of research of the author
are discussed. References to other topics can be found in the Bibliography. It would
be desirable to have complete lists of publications on the subjects of singular spaces
and nonpositive curvature. The Bibliography here is a first and still incomplete step
in this direction. For obvious reasons, papers about spaces of negative curvature
are not included unless they are closely related to topics discussed in the text.

I am very greatful to M. Brin for contributing the Appendix on the ergod-
icity of geodesic flows and drawing the figures. The assistance and criticism of
several people, among them the participants of the DMV-seminar in Blaubeuren
and S. Alexander, R. Bishop, M. Brin, S. Buyalo, U. Lang, B. Leeb, J. Previte and
P. Thurston, was very helpful when preparing the text. I thank them very much.
I am also grateful to Ms. G. Goetz, who TEXed the original manuscript and its
various revisions. The work on these notes was supported by the SFB256 at the
University of Bonn. A good part of the manuscript was written during a stay of the
author at the ITHES in Bures-sur-Yvette in the fall of '94.
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CHAPTER 1

ON THE INTERIOR GEOMETRY OF METRIC SPACES

We discuss some aspects of the interior geometry of a metric space X. The
metric on X is denoted d, the open respectively closed metric ball about a point

r € X is denoted B(z,r) or B,.(x) respectively B(z,r) or B,(z).
Good references for this chapter are [Ri, AlBe, AIBN, Gr4, BrHa].

1. Preliminaries

A curve in X is a continuous map o : I — X, where [ is some interval. The
length L(o) of a curve o : [a,b] — X is defined as

k
(1.1) L(o) =sup »_d(o(ti—1),0(t:))
i=1
where the supremum is taken over all subdivisions
a=ty<t1 <---<tp=>
of [a,b]. If ¢ : [a',b'] — [a,b] is a homeomorphism, then L(o o ¢) = L(0). We say
that o is rectifiable if L(o) < oo. If 0 : [a,b] — X is a rectifiable curve, then o|t, t']
is rectifiable for any subinterval [¢,t'] C [a,b]. The arc length
s [a,0] = [0, L(0)], s(t) = L(o | [a,1])
is a non-decreasing continuous surjective map and
g:10,L(0)] — X, a&(s(t)) :=o0o(t)
is well defined, continuous and of unit speed, that is,
L(c|[s,s']) = |s —§'| .
More generally, we say that a curve o : I — X has speed v > 0 if

L(o|[t,t']) = v|t — /|

for all t,t’ € I. A curve o : I — X is called a geodesic if o has constant speed v > 0
and if any t € I has a neighborhood U in [ such that

(1.2) d(o(t),o(t")) =v|t' —t"|
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10 ON THE INTERIOR GEOMETRY OF METRIC SPACES

for all ¢/,¢” in U. We say that a geodesic ¢ : I — X is minimizing if (1.2) holds for
all ¢/, € 1.
The interior metric d; associated to d is given by

(1.3) di(z,y) :=inf{L(c) | o is a curve from x to y }.

One can show that d; is a metric, except that d; may assume the value co at some
pairs of points z,y € X. We have

We say that X is an interior metric space if d = d;. An interior metric space is
pathwise connected. It is easy to see that the usual distance function on a connected
Riemannian manifold is an interior metric. More generally we have the following
result.

1.4 PROPOSITION. If X is complete and for any pair x,y of points in X and
e > 0 there is a z € X such that

d(z,2),d(y, z) < =d(z,y) + €,

DN | —

then X 1is interior.

The proof of Proposition 1.4 is elementary, see [Gr4, p.4]. We omit the proof
since we will not need Proposition 1.4.

We say that X is a geodesic space if for any pair =,y of points in X there is a
minimizing geodesic from x to y.

1.5 PROPOSITION. If X is complete and any pair x,y of points in X has a
midpoint, that is, a point m € X such that

d(x,m) =d(y,m) = %d(m,y) ,

then X 1is geodesic. More generally, if there is a constant R > 0 such that any pair
of points x,y € X with d(x,y) < R has a midpoint, then any such pair can be
connected by a minimizing geodesic.

PROOF. Given z,y in X with d(z,y) < R, we define a geodesic o : [0,1] — X
from z to y of length d(x,y) in the following way: choose a midpoint m between
x and y and set o(1/2) = m. Now d(z,m), d(y,m) < R and hence there are
midpoints m; and mq between = and o (1/2) respectively o(1/2) and y. Set o(1/4) =
my, 0(3/4) = mg. Proceeding in this way we obtain, by recursion, a map o from
the dyadic numbers in [0, 1] to X such that

d(o(s),o(t)) = |s — tld(z,y)

for all dyadic s,¢ in [0, 1]. Since X is complete, o extends to a minimal geodesic
from x to y as asserted. [
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2. The Hopf-Rinow Theorem

We present Cohn-Vossen’s generalization of the Theorem of Hopf-Rinow to
locally compact interior metric spaces, see [Coh].

2.1 LEMMA. Let X be locally compact and interior. Then for any x € X there
1s an r > 0 such that
(i) if d(x,y) < r, then there is a minimizing geodesic from x to y;
(ii) if d(x,y) > r, then there is a point z € X with d(x,z) =r and

d(z,y) =r+d(z,y).

PROOF. Since X is locally compact, there is an r > 0 such that B(x,2r) is
compact. For any y € X there is a sequence o, : [0,1] — X of curves from = to
y such that L(o,) — d(z,y) since X is interior. Without loss of generality we can
assume that o,, has constant speed L(o,).

If d(x,y) < r, then L(o,) < 2r for n sufficiently large. Then the image of o, is
contained in B(z,2r) and o,, has Lipschitz constant 2r. Hence the sequence (o,,) is
equicontinuous and has a convergent subsequence by the theorem of Arzela-Ascoli.
The limit is a minimizing geodesic from z to y, hence (i).

If d(z,y) > r, then there is a point ¢, € (0,1) such that d(o,(t,),x) =r. A
limit z of a subsequence of (o,(t,)) will satisfy (ii). O

We say that a geodesic 0 : [0,w) — X, 0 < w < o0 is a ray if o is minimiz-
ing and if lim;_,,, o(t) does not exist. The most important step in Cohn-Vossen’s
argument is the following result.

2.2 THEOREM. Let X be locally compact and interior. Then for x,y in X there
is either a minimizing geodesic from x to y or else a unit speed ray o : [0,w) — X
with 0(0) =z, 0 < w < d(x,y), such that the points in the image of o are between
x and y; that is, if z is in the image of o, then

d(z,z) + d(z,y) = d(x,y).

ProoF. Let z,y € X and assume that there is no minimizing geodesic from
x to y. Let r1 be the supremum of all » such that there is a point z between x = xg
and y with d(xg,z) = r and there is a minimizing geodesic from xy to z. Then
r1 > 0 by Lemma 2.1. We let 7 be such a point with é; = d(xg, 1) > r1/2 and
01 a minimizing unit speed geodesic from xg to z;. Since there is no minimizing
geodesic from x(y to y we have x; # y. Since x7 is between xy and y, any point z
in the image of o7 is between xy and y. There is no minimizing geodesic ¢ from x;
to y since otherwise the concatenation o1 * o would be a minimizing geodesic from
r = xg to y. Hence we can apply the same procedure to x; and obtain ry > 0,9
between z1 and y with d = d(x1,22) > r2/2 and a minimizing unit speed geodesic
o9 from 1 to x5. Since x5 is between x1 and y, any point in the image of o1 * o9
is between x¢ and y. In particular, oy * 09 is a minimizing unit speed geodesic and
x9 # y. Proceeding inductively, we obtain a minimizing unit speed geodesic

oc=o01%x09%03...:[0,01 +d2+d3+...) > X



12 ON THE INTERIOR GEOMETRY OF METRIC SPACES

such that all points on o are between x and y. In particular, ¢ is minimizing. By
the definition of 7; we have

(T1+T2—|—...)/2§w22(51+52—|—...STl

It remains to show that o is a ray. If this is not the case, the limit lim;_,, o(t) =:|}
T exists. Since there is no minimizing geodesic from x to y we have T # y. But then
there is a (short) minimizing unit speed geodesic @ : [0,7] — X with 7 > 0 such
that o(0) = T and such that all the points on @ are between T and y. Then all
points on o x g are between z and y and, in particular, 7 < r,/2 for all n by the
definition of r,. This contradicts 7 > 0 and r,, — 0. [

2.3 THEOREM OF HOPF-RINOW (LOCAL VERSION). Let X be locally compact

and interior, and let x € X and R > 0. Then the following are equivalent:

(1) any geodesic o : [0,1) — X with 0(0) = x and L(c) < R can be extended to

the closed interval [0, 1];

(i) any minimizing geodesic o : [0,1) — X with 0(0) = x and L(o) < R can be
extended to the closed interval [0, 1];

(iii) B(x,r) is compact for 0 <r < R.

Each of these implies that for any pair y,z of points in B(x, R) with d(z,y) +

d(z, z) < R there is a minimizing geodesic from y to z.

PROOF. The conclusions (iii) = (i) and (i) = (ii) are clear. We prove (ii)
= (iii). Let ro € (0, R] be the supremum over all » € (0, R) such that B(x,7) is
compact. We assume 79 < R. Let (x,) be a sequence in B(x,70). From (ii) and
Theorem 2.2 we conclude that there is a minimizing geodesic o, : [0, 1] — X from
x to x,. Then d(x,0,(t)) < tro for 0 < ¢t < 1, and by a diagonal argument we
conclude that o, | [0,1) has a subsequence converging to a minimizing geodesic
o:[0,1) — X. By (ii), o can be extended to 1 and clearly o (1) is the limit of the
(corresponding) subsequence of (0,(1)) = (z,,). Hence B(x,7) is compact.

Since X is locally compact, there is an € > 0 such that B(y,¢) is compact for
any y € B(z,r). But then B(x,ro + §) is compact for § > 0 sufficiently small, a
contradiction to the definition of ro. O

2.4 THEOREM OF HOPF-RINOW (GLOBAL VERSION). Let X be locally com-
pact and interior. Then the following are equivalent:
(i) X is complete;
(ii) any geodesic o : [0,1) — X can be extended to [0,1];
(iii) for some point x € X, any minimizing geodesic o : [0,1) — X with 0(0) = x
can be extended to [0,1];
(iv) bounded subsets of X are relatively compact.

Each of these implies that X is a geodesic space, that is, for any pair x,y of points
i X there is a minimizing geodesic from x to y. [

The local compactness is necessary. If X is the space consisting of two vertices
x,y and a sequence of edges o, of length 14+ 1/n,n > 1, then X (with the obvious
interior metric) is a complete interior metric space; but X is not a geodesic space
since d(z,y) = 1.
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3. Spaces with curvature bounded from above

For k € R, we denote by M? the model surface of constant curvature k.
Motivated by corresponding results in Riemannian geometry, we will define upper
curvature bounds for X by comparing triangles in X with triangles in M?2.

A triangle in X consists of three geodesic segments o1,09,03 in X, called
the edges or sides of the triangle, whose endpoints match (in the usual way). If
A = (01,09,03) is a triangle in X, a triangle A = (71,72,573) in M2 is called an
Alexandrov triangle or comparison triangle for A if L(7;) = L(o;),1 < i < 3. A
comparison triangle exists and is unique (up to congruence) if the sides satisfy the

triangle inequality, that is

(3.1) L(oi) + L{oy) < Lioy)

for any permutation (i, j, k) of (1,2, 3), and if the perimeter
(3.1b) P(A) = L(o1) + L(02) + L(03) < 27 /v/k.

Here and below we use the convention 27/y/k = oo for k < 0.

3.2 DEFINITION. We say that a triangle A has the C AT,-property, or simply:
is C AT}, if its sides satisfy the inequalities (3.1a), (3.1b) and if

d(r,y) < d(T,7)

for all points z,y on the edges of A and the corresponding points 7,y on the edges
of the comparison triangle A in M?2.

In short, a triangle is C AT}, if it is not too fat in Comparison to the Alexandrov
Triangle in M?2.

3.3 LEMMA. Let A = (01,02,03) and A" = (0}, 0%, 0%) be triangles in X and
assume that o5 = o4 and that o9 % ob is a geodesic. If A" = (01,09 % 04, 01) has
perimeter < 2w /y/k and A, A’ are CAT,, then A" is CAT,.

Moreover, if the length of o3 = o is strictly smaller than the distance of the
pair of points on the comparison triangle A" in M?2 corresponding to the endpoints
of o3 = o, then the distance of any pair x,y of points on the edges of A", such
that x,y are not on the same edge of A", is strictly smaller than the distance of the
corresponding pair of points on A",

PROOF. Match the comparison triangles A and A in M 2 along the sides o3
and 75. Let  be the vertex of o3 = 0% opposite to o1 and o] respectively. Since
o9 x 0h is a geodesic, we have

d(y,y') = d(y, =) +d(z,y)

for y € o9 and y' € o), sufficiently close to x. We claim that the interior angle of

AURA at 7 is at least 7. If not, there is a point z on o3 = o} different from z such
that the minimizing geodesic (in M?2) from 7 to 3’ passes through z. But then

d(y,y') = d(y,z) + d(x,y') = d(F,T)+d(T,7)
>d(y,z)+dz7) > dy,2)+d(zy") > dy.y),
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where we use, in the second line, that A and A’ are CAT,. Hence we arrive at a
contradiction and the interior angle at T is at least 7. In particular, the sides of A”
satisfy the triangle inequality (3.1a).

If the angle is equal to 7, then A U A is the comparison triangle of A”. In
this case it is clear that A” is CAT,. If the angle is strictly bigger than m, the
comparison triangle is obtained by straightening the broken geodesic 7o * T of

AURA, keeping the length of 71,7],72 and &, fixed. Now let @ be the union of the

two triangular surfaces bounded by A and A and denote by Q: the corresponding
surface obtained during the process of straightening at time ¢. The interior distance
dy of two points on the boundary of @), that is, the distance determined by taking
the infimum of the lengths of curves in ); connecting the given points, is strictly
smaller than the distance d of the corresponding points at a later time s. The proof
of this assertion is an exercise in the trigonometry of M?2. At the final time ¢; of
the deformation, @, is a triangle in M, 2 of perimeter < 27 /+/k and, therefore, the
interior distance d;, is equal to the distance in M, 2 Hence the lemma follows. [

3.4 LEMMA. Let z € X and assume that any two points y,z € B,(x) can be
connected by a minimizing geodesic in X . If r < 7/2+/k and if all triangles in Ba,(z)
with minimizing sides and of perimeter < 2w /\/k are C AT, then B,(z) is convez;
more precisely, for all y,z € B,(x) there is a unique geodesic o, : [0,1] — B,(x)
from y to z and o, s minimizing and depends continuously on y and z.

PROOF. We prove first that any geodesic ¢ : [0,1] — B,(z) is minimizing.
Otherwise there would exist, by the definition of geodesics, a maximal t, € (0, 1)
such that o1 = 0l[0,t,] is minimizing and a § > 0 with § < t,,1 — t, such that
o|[te — 9, t, + 0] is minimizing. Let 09 = o|[ty, ts + 0|,y = 0(ts), 21 = 0(t, — ) and
29 = 0(ty +0). We have

(%) d(21, 22) = d(z1,y) + d(y, 22).

On the other hand, o|[0, ¢, + ¢] is not minimizing by the definition of ¢,. Let o3 be
a minimizing geodesic from o(0) to z2 = o(t, + §). Then

(**) L(O’g) < L(O’l) + L(O’Q)

and o3 is contained in Bag,.(x) since d(x,0(0)) + d(x,22) < 2r. Now the triangle
A = (01,092, 03) has minimizing sides and is contained in By, (x). In the comparison
triangle A of A we get from (%) and (*),

d(21722> < d(517y> + d(gv 52)
=d(z1,y) + d(y,z2) = d(z1,22),

a contradiction to A being C'AT,;,. Hence ¢ is minimizing.

Now let y,z € B,(x) and o be a minimizing geodesic from y to z. Then o
is contained in Bsa,(z) and o together with minimizing geodesics from z to y and
x to z forms a triangle A in Bs,(z) with minimizing sides. Since A is C AT, and
r < m/2y/k, any point on ¢ has distance < r to x; that is, o is in B,(x). Now
Lemma 3.4 follows easily. [J
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3.5 REMARK. The assumptions and assertions in Lemma 3.4 are not optimal;
compare also Corollary 4.2 below.

3.6 DEFINITION. For k € R, an open subset U of X is called a CAT,-domain
if and only if
(i) for all z,y € U, there is a geodesic o, : [0,1] — U of length d(z, y);
(ii) all triangles in U are CAT.
We say that X has Alexandrov curvature at most k, in symbols : Kx < &, if every
point x € X is contained in a CAT,-domain.

For k = 1, the standard example of a C AT,,-domain is the open hemisphere in
the unit sphere. Euclidean space respectively (real) hyperbolic space are examples
of C AT,.-domains for k = 0 respectively Kk = —1.

If U is a CAT,-domain, then, by the definition of C' AT}, triangles in U have
perimeter < 27/+/k. In particular, any geodesic in U has length < 7//k. Otherwise
we could construct (degenerate) triangles of perimeter > 27/4/k. Since triangles in
U are C'AT,,, we conclude that the geodesic o, as in (i) is the unique geodesic in
U from z to y and that 0., depends continuously on x and y. By the same reason,
if x € U and if B,(z) C U for some r < 7/2/k, then B,.(z) is a CAT,-domain.

3.7 EXERCISES AND REMARKS. (a) If X is a Riemannian manifold, then the
Alexandrov curvature of X is at most & iff the sectional curvature of X is bounded

from above by k.
(b) Define a function Kx on X by

Kx(x) = inf{x € R|z is contained in a C AT;-domain U C X}.

Show that this function is bounded from above by « if the Alexandrov curvature
of X is at most x. (This is a reconciliation with the notation.)

(c) Let X be a geodesic space. Show that X has Alexandrov curvature at most
k if every point z in X has a neighborhood U such that for any triangle in X with
vertices in U and minimizing sides the distance of the vertices to the midpoints
of the opposite sides of the triangle is bounded from above by the distance of the
corresponding points in the comparison triangle in M?2.

In [Ri], the interested reader finds a thorough discussion of the above and
other definitions of upper curvature bounds.

Now assume that U C X is a CAT,,-domain. Let € > 0 and let 1,09 : [0,¢] —
U be two unit speed geodesics with 01(0) = 02(0) =: z. For s,t € (0,¢) let Ay
be the triangle spanned by o1|[0, s] and 05]|[0,t]. Let v(s,t) be the angle at T of
the comparison triangle Ay, in M?2. Then (s, t) is monotonically decreasing as s, ¢
decrease and hence

(3.8) L(oy,09) := lim (s, t)

s,t—0

exists and is called the angle subtended by o1 and o5. The angle function satisfies
the triangle inequality

(39) 4(0'1,0'3> S 4(0'1,0'2)—|-Z(0'2,0'3>.

The triangle inequality is very useful in combination with the fact that
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(3.10) L(o7t o3) = 7 ifo;! %0y is a geodesic.

Here o7 ' is defined by o7 '(t) = o1(—t), —e < t < 0. The trigonometric formulas
for spaces of constant curvature show that we can use comparison triangles in M3
as well, where A € R is arbitrary (but fixed), and obtain the same angle measure.
In particular, we have the following formula:

d2(01(s), oa(t)) — 82 — 12
A1 £ = li .
(3.11) cos(£(o1,02)) = lim, -

If y,z € U\ {z} and 01, 02 are the unit speed geodesics from x to y and z respec-
tively, we set Z,(y, z) = Z(o1, 02).

3.12 EXERCISE. In U as above let x,, — x, v, — vy, 2, — z with x € U and
y,z € U\ {z}. Then Z,, (Yn, zn) and Z,(yn, z,) are defined for n sufficiently large
and
Li(y,z) =lim 2, (yn, 2n) > limsup Zy, (Yn, 2n)-

In a CAT;-domain U, we can also speak of the triangle A(x1, x9, x3) spanned
by three points x1, x2, x3 since there are unique geodesic connections between these
points.

3.13 PROPOSITION. Let U be a CAT,-domain, let A = A(xy,x2,23) be a
triangle in U, and let A be the comparison triangle in M?2.
(i) Let a; be the angle of A at x;,1 < i < 3. Then «o; < @;, where @; is the
corresponding angle in A.
(ii) If d(x,y) = d(Z,y) for one pair of points on the boundary of A such that xz,y
do not lie on the same edge, or if a; = @; for one i, then A bounds a conver
region in U isometric to the triangular region in M?2 bounded by A.

ProoF. The first assertion follows immediately from the definition of angles
since triangles in U are C'AT,. The equality in (ii) follows easily from the last
assertion in Lemma 3.3. [J

4. The Hadamard-Cartan Theorem

In this section, we present the proof of the Hadamard-Cartan Theorem for sim-
ply connected, complete metric spaces with non-positive Alexandrov curvature. OQur
version of the theorem includes the ones given in [AB1] and [Ba5]; it was motivated
by a discussion with Bruce Kleiner. We start with a general result of Alexander
and Bishop [AB1] about geodesics in spaces with upper curvature bounds.

4.1 THEOREM. If X is a complete metric space with Kx < k, and if o :
[0,1] — X is a geodesic segment of length < 7/+/k, then o does not have conjugate
points in the following sense: for any point x close enough to o(0) and any point y
close enough to o(1) there is a unique geodesic o4y : [0,1] — X from x to y close
to 0. Moreover, any triangle (0gy, 02, 0y:), where x is close enough to o(0), y and
z are close enough to o(1) and oy, is minimizing from y to z, is CAT,.

PRrOOF. For 0 < L < L(o) consider the following assertion A(L):
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Given € > 0 small there is d > 0 such that for any subsegment @ = ZToyg of o of
length at most L and any two points x,y with d(z, xo), d(y,yo) < I there is a unique
geodesic 04, from x to y whose distance from @ is less than €. Moreover, |L(04y) —
L(7)| < e and any triangle (04y, 052, 0y2), where d(x, o), d(y,y0), d(z,y0) < 6 and
where o, is minimizing from y to z, is CAT,.

Let » > 0 be a uniform radius such that B,(z) is a CAT,-domain for any
point z on o. Then A(L) holds for L < r. We show now that A(3L/2) holds if A(L)
holds and 3L/2 < L(o) < 7/+\/k.

To that end choose a > 0 with L(o) + 3o < w//k. Then L + 2a < 27/3\/k
and therefore there is a constant A < 1 such that for any two geodesics 71,075 :
[0,1] — M2 with 1(0) = 72(0) and with length at most L + 2« we have

(%) d(@1(t),2(t)) < Ad(T1(1),T2(1)), 0 <t <

N —

Now let @ = Toyp be a subsegment of o of length 31/2 < 3L/2 and let € > 0 be
given. Choose ¢’ > 0 with ¢/ < min{e/3,a}, and let 6 < §'(1 — A)/\, where ¢’ is
the value guaranteed by A(L) for £’.

Subdivide & into thirds by points py and qg. Let =,y be points such that
d(z,x0),d(y,yo) < 6. By A(L) there are unique geodesics 0,4, from z to gy and
Tpey from pg to y of distance at most €’ to Toqo respectively poyo. Furthermore, their
length is in [l — €', 4 €’] and the triangles (T0q0, 0zqos Tzae) a0d (D0Y0, Tpoys Tyyo )
are CAT,,. Hence we can apply (*) to the midpoints p; of 0,4, and ¢; of op,, and
obtain

d(p07p1)7 d(q07 Q1) S )\max{d(x, LL‘()), d(ya yO)} < ) < 5/'

By A(L) there are unique geodesics 044, from z to ¢; and op,, from p; to y of
distance at most ¢’ to Tgqo respectively poyp. Furthermore, their length is in [ —
e’,l+¢’'] and the triangles (04qy, Tzq1> Tgoqn) @A (Tpyy, Tpry, Opop, ) are C AT, Hence
we can apply (%) to the midpoints py of 0,4, and g2 of 0,,,, and obtain

d(p1ap2),d(CI1,Q2) < )\maX{d(QO,Ch),d(Po,Pl)} < N%6.

Hence by the triangle inequality
d(p07p2)7 d(QOa Q2) < ()‘ + )‘2)6 < 6,'

Recursively we obtain geodesics 0,4, from x to the midpoint ¢, of o), ,, and o, 4
from the midpoint p, of o044, , to y of distance at most € to ZTogy respectively
PoYo- Their length is in [l —€’,1 + ¢’] and the triangles (044, 15 02qns Tqn_1q,) a0d
(Cpr 1ys Tpnys Opn_1py ) are CAT,. Furthermore, we have the estimates

d(pn—17pn>7 d(qn—17 C]n) < )\n(5

and
d(po, Pn), d(qo, gn) < A+ ...+ X")5 < &'

In particular, the sequences (p,,), (¢,) are Cauchy. Since X is complete, they con-

verge. If p =limp,, and ¢ = lim ¢, then

A
d<p07p)7d(QO7Q) S ﬁ(g < 5/
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and hence, by A(L), the geodesics 0,4, and o, , converge to o, and op,. By
construction, p € 0,4 and g € op,. Therefore, by the uniqueness of 0,4, the geodesics
0zq and oy, overlap in o,, and combine to give a geodesic 04, from = to y. The
length of o, is given by L(0,q) + L(opy) — L(0pq), hence |L(o,y) — L(o)| < € by
A(L) and since €’ < /3. The last assertion follows from Lemma 3.3 by subdividing
the triangle suitably. [

4.2 LEMMA. Let X be a complete metric space with Kx < k, and let o :
[0,1] — X be a geodesic segment of length Ly = L(og) < 7/\/k. For ¢ > 0 with
L+2e < 7/\/k assume that the balls B:(x¢) and B:(yo) are C AT,-domains, where
xo = 00(0) and yo = 0o(1). Then there is a continuous map

Y : Bo(xg) X Be(yo) x [0,1] = X

with the following properties:
(1) 0y = 2(x,y,.) is a geodesic from x to y of length L(o4y) < Lo + d(z, z¢) +
d(y, y()) and Ozoyo — 00
(11) any triangle (04y, 042, 0), where o is the geodesic in B:(yo) from y to z, is
CAT,.
Moreover, Y. is unique in the following sense: if 05,0 < s <1, is a homotopy of og
by geodesics with 05(0) = x5 € B.(x9) and 04(1) = ys € Be(x1), then o5 = 04y, .

PrOOF. The assertion about the uniqueness is immediate from the uniqueness
assertion in Lemma 4.1. Now let = € B.(x¢), y € B:(yo) and let

Y0 : [0,1] — Be(zp), 71 :1[0,1] — B:(yo)

be the geodesics from xy to x respectively yo to y. Let rg > 0 be the supremum
over all r € [0, 1] such that there is a continuous map

F.:[0,7] x [0,r] x [0,1] = X

with F.(0,0,.) = o and
(i) o5t = Fy(s,t,.) is a geodesic from ~y(s) to v1(t) of length

L(ost) < Lo + d(z0,70(s)) + d(yo, 11(1));
(ii’) triangles (o | [$1,S2]), Os1t, Osyt) and (Osty, Osty, 71 | [t1, t2]) are CAT.
The uniqueness assertion in Lemma 4.1 implies that Fj., and F,, agree on their
common domain of definition for all ri,72 € [0,79). Now L + 2¢ < w/\/k, and
hence the circumference of triangles as in (ii’), for sq, so respectively ¢, to small,
is uniformly bounded away from 27 //k. Comparison with triangles in M? shows
that lim,_,,, F, =: F,, exists. It is clear that F}, (0,0,.) = 0o and that F,, satisfies
(I’) and (ii’). This shows that the set J of r, for which a map F;. as above exists, is
closed in [0, 1]. On the other hand, J is open by Lemma 4.1. Hence rg = 1.

We set F,,, = F and 0,y = F1(1,1,.). It follows from Lemma 4.1 and unique-
ness that F,,, and hence o,,, depends continuously on z and y. Assertion (ii)
follows from Lemma 3.3. [

4.3 COROLLARY. Let X be a complete interior metric space with Kx < K.
Let R < w/\/k and assume that for any two points x,y with d(xz,y) < R there is a
unique geodesic o4y ¢ [0,1] — X from x to y of length < R. Then
(1) L(oyy) = d(z,y) for all such x, y;
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(ii) each triangle in X of perimeter < 2R is CAT}.
In particular, Brs(x) is a CAT,-domain for any v € X.

PROOF. Since X is interior, there is a curve ¢ : [0,1] — X from z to y of
length < R. By Lemma 4.2, such a curve ¢ gives rise to a homotopy o5, 0 < 5 <1,
such that o4(t) = ¢(t) for s <t <1 and o4(t), 0 <t < s, is a geodesic from x to
c¢(s) which is not longer than ¢(t), 0 < ¢t < s. In particular, o; is a geodesic from
x to y of length < L(¢) < R. Hence 01 = 0y, independently of the choice of c.
Since X is interior we obtain L(o4,) = d(z,y), hence (i). The remaining assertions
of Corollary 4.3 follow easily. U

We now apply the above argument in the case of a family of curves. To avoid
asumptions on the lengths of the curves, we assume that the Alexandrov curvature
is nonpositive.

4.4 LEMMA. Let X be a complete metric space with Kx < 0. Let f: K xI —
X be a continuous map, where K is a compact space and I = [0,1]. Then there is
a homotopy F : I x K x I — X of f such that
(i) F(s,k,t)= f(k,t) forallk € K andt > s;
(ii) F(s,k,t),0<t<s, is a geodesic from f(k,0) to f(k,s).
(iii) F(s,k,t),0 <t <s, is not longer than f(k,t),0 <t ;
(iv) d(P(s, k), F(s, K',1)) < rd(f(k,0), f(",0)) + (1 -
t/s, if k and k' are sufficiently close.

)d(f(k,s), f(k',s)), r =

PROOF. The existence of a map F satisfying (i) and (ii) is immediate from
Lemma 4.2. Since the Alexandrov curvature of X is nonpositive, (iii) and (iv) follows
from (ii) in Lemma 4.2. [

4.5 THEOREM OF HADAMARD-CARTAN. Let X be a simply connected com-
plete metric space with Kx < 0. Then for any pair x,y of points in X there is a
unique geodesic 04y : [0,1] — X from z to y. Moreover, o4, is continuous in x and
y and L(oyy) = d;(x,y), where d; denotes the interior metric associated to d.

PrOOF. Let f : [0,1] — X be a path from x to y. By Lemma 4.4 there is
a homotopy F of f such that o = F(1,.) is a geodesic from x to y. This proves
existence. Note also that L(o) < L(f).

As for uniqueness, if 09 and o1 are geodesics from x to y, then there is a
homotopy f between them fixing the endpoints x and y. Consider the associated
map F as in Lemma 4.4. The uniqueness assertion in Lemma 4.2 implies F'(1,0,.) =
oo and F(1,1,.) = 01. Now

F(1,0,0)= F(1,1,0) =2 and F(1,0,1)=F(1,1,1) =y

and therefore F'(1,0,.) = F(1,1,.) by (iv) in Lemma 4.4. Hence oy = 07;.
We have proved that, for any pair x, y of points in X, there is a unique geodesic
Ozy ¢ [0,1] — X from x to y. By Lemma 4.2, 0,, is continuous in = and y. The

uniqueness of o = o, implies that L(c) < L(f), where f is any curve from z to y.
Hence L(o) = d;(z,y). O

5. Hadamard spaces

A Hadamard manifold is a simply connected, complete smooth Riemannian
manifold without boundary and with nonpositive sectional curvature. Following
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this terminology, we say that a metric space X is a Hadamard space if X is sim-
ply connected, complete, geodesic with Kx < 0. A Hadamard space need not be
geodesically complete, that is, we do not require that every geodesic segment of X
is contained in a geodesic which is defined on the whole real line.

The following elegant characterization of Hadamard spaces can be found in
the paper of Bruhat and Tits [BruT], see also [Bro,p.155].

5.1 PROPOSITION. Let X be a complete metric space. Then X s a Hadamard
space if and only if for any pair x,y of points in X there is a point m € X (the
midpoint between x and y) such that

1 1
d*(z,m) < §(d2(z,x) +d*(z,y)) — Zd2(a:,y) for all z € X.

Using Karcher’s modified distance function [Kar| one obtains a similar formula
characterizing complete geodesic spaces X with Kx < k such that for any pair of
points z,y € X with d(z,y) < R (for some fixed R > 0, R < w/\/k) there is a
unique geodesic from z to y of length < R.

PROOF OF PROPOSITION 5.1. Substituting x and y for z we see that m is in
1

the middle between x and y, d(z,m) = d(y,m) = 5d(z,y), hence X is geodesic,
see Proposition 1.5. It is also immediate that m is unique and varies continuously
with the endpoints, hence the geodesic connecting z and y is unique and varies
continuously with x and y. Therefore X is contractible and, in particular, simply
connected. Now if x,y, 2z are the vertices of a geodesic triangle in X, then the
inequality in Proposition 5.1 asserts that the distance of z to m is bounded by the
distance of Z to m in the comparison triangle in the Euclidean plane. Therefore,

Kx <0, compare Exercise 3.7. [

We now collect consequences of our discussion in the previous sections, in
particular of Proposition 3.13, Corollary 4.3 and the Theorem of Hadamard-Cartan.
The main property is that for any pair x, y of points in a Hadamard space X, there
is a unique geodesic o4y : [0,1] — X connecting = and y.

5.2 PROPOSITION. Let X be a Hadamard space and let A be a triangle in

X with edges of length a,b and ¢ and angles o, 3 and ~ at the opposite vertices
respectively. Then

(i) a+f+vy<m;

(ii) ¢ > a® 4+ b* — 2abcosy  (First Cosine Inequality)
(iii) ¢ < bcosa+acosfB  (Second Cosine Inequality).
In each case, equality holds if and only if A is flat, that is, A bounds a conver
region in X isometric to the triangular region bounded by the comparison triangle
wn the flat plane. [

The following formula is useful in connection with the Second Cosine Inequal-
ity, see [BGS] or respectively the corresponding argument in the proof of Theorem
11.4.3.

5.3 PROPOSITION. Let X be a Hadamard space and let A be a triangle in X
with edges of length a,b and ¢ and angles o, B and v in the opposite vertices. Let ap
and Bg be the angle in the FEuclidean triangle Ap spanned by two edges of length a
and b which subtend an angle of measure yg =7 —a — (3. Then

becosa + acos 3 = cpcos(a — ag) = cgcos(f — Br)
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where cg 1s the length of the third edge of Ag. In particular, bcosa + cos B = cg if
and only if A is flat.

Proor. Consider the function
f(s) =bcoss+ acos(a+ [ —s).

Then
f'=—bsins+asin(a+B—3s) and f’'=—f.

By the Law of Sines, f assumes its maximum cg in ap and hence we have f(s) =
cg cos(s — ag), where cg is the length of the third edge in Ap. O

5.4 PROPOSITION. Let I be an interval, and let 01,00 : I — X be two
geodesics in a Hadamard space X. Then d(o1(t), 02(t)) is convex in t.

PROOF. Let ty < t; be points in I, and let o : [tg,t1] — X be the geodesic
from o1 (to) to o2(t1). Since triangles in X are C ATy, we have, for t = $(to + t1),

d(01(t), 02(t)) < d(o1(t),0(t)) + d(a(t), 02(t))

<
< Sl (1), 0a(12)) + (01 {t0), 72(t0)).

1
2
U

5.5 REMARK. The convexity of d(oq(t),o2(t)) in ¢, for any pair of geodesics
01,09 in X, is not equivalent to X being a Hadamard space. For example, if X is
a Banach space with strictly convex unit ball, then geodesics are straight lines and
hence the above convexity property holds. On the other hand, a Banach space has
an upper curvature bound in the sense of Definition 3.6 if and only if it is Euclidean,
see [Ri].

We say that a function f on a geodesic space X is convex if f o o is convex
for any geodesic o in X.

5.6 COROLLARY. Let X be a Hadamard space and C C X a convex subset.
Then

do: X =R, do(z) =d(z,C),

1s a convex function. If C' is closed, then for any z € X there is a unique point
mo(z) € C with d(z,m¢(2)) = do(2). The map w¢ is called the projection onto C;
1t has Lipschitz constant 1.

PROOF. Everything except for the existence of the point m¢(2) is clear. Now
let (x,,) be a sequence in C with d(z,x,,) — dc(2). Since C' is convex, the midpoint
m = m,,; between x,, and z; is also in C'. Its distance to z satisfies the estimate in
Proposition 5.1, where we subsitute z,, and z; for x and y. It follows that (z,) is
a Cauchy sequence. Now X is complete and C' is closed, hence the sequence has a
limit and the limit is in C'. By continuity, it realizes the distance from z to C. U
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5.7 PROPOSITION. Let X be a Hadamard space and let O = (01, 02,03,04)
be a quadrangle of four consecutive geodesic segments in X with interior angle o
subtended by o; and 0,41 at their common vertex (where we count indices mod 4).
Then a1 + as + ag + ayg < 2w, and equality holds if and only if O is flat, that is,
(1 bounds a convex region isometric to a convex region in the flat plane bounded by
four line segments.

Proor. Subdivide [ into two triangles by the geodesic from the initial point
of o1 to the endpoint of o2 and apply (i) of Proposition 5.2. [

We say that two unit speed rays o1, 05 : [0,00) — X (respectively unit speed
geodesics 01,092 : R — X)) are asymptotic (respectively parallel) if d(o1(t),o2(t)) is
uniformly bounded.

5.8 COROLLARY. Let X be a Hadamard space.
(i) If 01,09 :[0,00) — X are asymptotic unit speed rays, then

Zg1(0)(02(0),01(1)) + Loy 0)(01(0), 02(1)) < 7

and equality holds if and only if 01,02 and the geodesic o from o1(0) to o2(0)
bound a flat half strip: a convexr region isometric to the convexr hull of two
parallel rays in the flat plane.

(ii) (Flat Strip Theorem) If 01,09 : R — X are parallel unit speed geodesics, then
o1 and oy bound a flat strip: a convex region isometric to the convex hull of
two parallel lines in the flat plane. [

5.9. PROPOSITION. Let X be a Hadamard space and o : R — X a unit speed
geodesic. Then the set P = P, C X of all points in X which belong to geodesics
parallel to o is closed, convex and splits isometrically as P = (Q X R, where QQ C X
is closed and convezr and {q} x R is parallel to o for any q € Q.

ProOF. The convexity of P follows immediately from the Flat Strip Theorem
5.8(ii). The closedness of P follows from the completeness of X. Now set ¢o = o(0)
and let x € P. Then there is, up to parameterization, a unique unit speed geodesic
o, parallel to o with € o,.. Denote by ¢, the point on o, closest to gy and choose
the parameter on o, such that 0,(0) = ¢,. Let ¢, € R be the unique parameter
value with z = 0,(t,). It follows from the Flat Strip Theorem that ¢, (respectively
o) is the unique point on o, (respectively o) with d(o(t), g,) —t — 0 (respectively
d(o,(t),q0) —t — 0) as t — oo.

Now let y € P and define ¢, and t, accordingly. Then we have

DO =+

Aoy (0),42) — ¢ < d(oy(0),0(1/2)) = 2 + dlo(t/2),40) -

and hence, since d(oy(t),o(t/2)) —t/2 — 0 as t — oo,

(%) limsupd(oy(t),q.) —t < 0.
t—o00

Similarly

(xx) limsupd(o,(t),q,) —t < 0.

t—o0
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Now o, and o, are parallel and bound a flat strip. From (%) and (**) we conclude
that g, is the closest point to ¢, on o, and g, is the closest point to g, on o,. Hence
(don’t forget the flat strip)

d*(z,y) = d*(qu, qy) + (tz — t,)°

Hence the assertion with Q = {q, | x € P}. O

Following the presentation in [Bro], we now discuss circumcenter and circum-
scribed balls for bounded subsets in Hadamard spaces.

5.10 PROPOSITION. Let X be a Hadamard space and let A C X be a bounded
subset. For x € X let r(v,A) = sup,cad(z,y) and set r(A) = infyex (v, A).
Then there is a unique v € X, the circumcenter of A, such that r(z,A) = r(A),
that is, such that A C B(x,r(A)).

PrROOF. Let z,y € X and let m be the midpoint between them. Then

—

Pm, ) < 507, 4) + 72, 4)) — 3d(w0)

see Proposition 5.1, and hence

d*(z,y) < 2(r¥(z, A) +r%(y, A)) — 4r%(m, A)
< 2(7‘2(33,/1) + rg(y,A)) - 4r2(A).

Now the uniqueness of the circumcenter is immediate. It also follows that a sequence
(xn,) with r(z,, A) — r(A) is Cauchy. Now X is complete, hence we infer the
existence of a circumcenter. []

With similar arguments one obtains centers of gravity for measures on Hada-
mard spaces.

5.11 EXERCISE. Let X be a Hadamard space and let © be a measure on X
such that g(z) = [ d*(x,y)u(dy) is finite for one (and hence any) z € X. Show that
g assumes its infimum at precisely one point. This point is called the barycenter or
center of gravity of w.

Barycenters and circumcenters can also be defined in C AT,.-domains; compare
[BuKa] for the discussion in the Riemannian case.



24 ON THE INTERIOR GEOMETRY OF METRIC SPACES

CHAPTER 1II

THE BOUNDARY AT INFINITY

In this chapter, we present a variation of §§ 3-4 of [BGS]. We assume through-
out that X is a complete geodesic space. The various spaces of maps discussed are
assumed to be endowed with the topology of uniform convergence on bounded
subsets.

1. Closure of X via Busemann functions

On X we consider the space C'(X) of continuous functions, endowed with the
topology of uniform convergence on bounded subsets. For x,y, z € X we set

(11) b(mayaz) :d(maz) —d(l‘,y).
Then we have b(x,y,y) = 0 and
(1.2) b(z, y, 2) = b(z,y,2")| < d(z,7),

and hence b(z,y,.) € C(X). Furthermore

(1.3) |b(z,y,2) — bz’ y, 2)| < 2d(x,2)
and
(1'4> b(x7y7z) —b(l‘,y,y/) = b(x7y/7z)'

For y € X fixed we have the map
by X = C(X), by(x)=blx,y,.).

It follows from (1.3) that b, is continuous and from (1.2) that b,(z) has Lipschitz
constant 1 for all x € X. If 2,2’ € X and, say, d(«/,y) > d(x,y), then

by (z)(2) = by (') () = d(z,2"),

and hence b, is injective. In fact, b, is an embedding since b,(z) and b,(z’) are
strictly separated if d(z,z’) is large. To see this suppose d(z’,y) > 2d(z,y)+ 1 and
let z € B,.(z) be the point on the geodesic form z to 2’ with d(z, z) = r := d(x,y)+1.
Then

by(2)(2) = by(2')(2) =1—d(2',2) +d(a',y)

>1+d(,z) —d(z,y) —d',2) = 2.

Typeset by AMS-TEX
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Now r depends only on = and not on z’. Hence b, is an embedding.

We say that a sequence (x,) in X converges at infinity if d(z,,y) — oo and
by (zy) converges in C(X) for some y € X. From (1.4) we conclude that this is
independent of the choice of y. Two such sequences (z,) and (z),) will be called
equivalent if lim,_,o0 by (z,) = lim, . by (x]) for one and hence any y € X. We
denote by X (c0) the set of equivalence classes. For any £ € X (c0) and y € X there
is a well defined function f = b(,y,.) € C(X), called the Busemann function at
€ based at y, namely f = lim,,_,o by(x,), where (z,) represents £. The sublevels
fY(—o0,a) of f are called horoballs and the levels horospheres (centered at €).

Note that, by the above argument, X (co) corresponds to the points in b, (X)\
b,(X). Hence the embedding b, gives a topology on X (c0) and X = X U X (00).
Because of (1.4) this topology does not depend on the choice of y. With respect to
this topology, the function b extends to a continuous function

b: X xXxX—R
such that (1.2) and (1.4) still hold and b(z,y,y) =0 for all z € X and y € X.

1.5 REMARKS. (a) If X is locally compact, then X and X (co) are compact.
For this note that we can apply the Theorem of Arzela-Ascoli since b, (z) is nor-
malized by by (x)(y) = 0 and since b, (x) has Lipschitz constant 1 for all z € X.

(b) In potential theory, one uses Green’s functions G(z, y) to define the Martin
boundary in an analogous way. Instead of using differences b(x,y,z2) = d(z,z) —
d(z,y), one takes quotients K(x,y, z) = G(z, 2)/G(z,y).

2. Closure of X via rays

In this section, we add the assumption that X is a Hadamard space. We
describe the construction of X (co) by asymptote classes of rays, introduced by
Eberlein-O’Neill [EbON].

We recall that a ray is a geodesic 0 : [0,w) — X, 0 < w < oo, such that
o is minimizing and such that lim;_,, o(t) does not exist. Since we assume that
X is complete, we have w = oo for any unit speed ray in X. As in Section 1.5
we say that two unit speed rays o1, 09 are asymptotic if d(o1(t), 02(t)) is bounded
uniformly in ¢. This is an equivalence relation on the set of unit speed rays in X;
the set of equivalence classes is denoted X (c0). If £ € X (00) and o is a unit speed
ray belonging to £, we write o(o0) = &.

Recall that d(o1(t),02(t)) is convex in t. In particular, if oy is asymptotic to
o9 and 01(0) = 02(0), then o1 = o5. Hence for any £ € X (o0) and any = € X, there
is at most one unit speed ray o starting in z with o(co) = £. Our first aim is to
show that, in fact, for each z € X and each £ € X (o0) there is a unit speed ray o
starting at x with o(co0) = &.

2.1 LEMMA. Let o : [0,00) — X be a unit speed ray and let § = o(00). Let
x € X and for T >0 let op : [0,d(z,0(T))] — X be the unit speed geodesic from x
to o(T). Then, for R > 0 and ¢ > 0 given, we have, for S, T sufficiently large,

d(og(t),or(t)) <e, 0<t<R.

Hence o1 converges, for T — o0, to a unit speed ray o, ¢ asymptotic to o. That is,
for R > 0 and € > 0 given, we have, for T sufficiently large,

d(oge(t),or(t) <e, 0<t<R.
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PROOF. Let ar = Z,ry(z,0(0)). Then ar — 0 since d(c(0),0(T)) =T —
oo. Hence, for o > 0 given, we have Z,)(z,0(S)) > 7 — a for T large and S > T
Hence the assertion follows from a comparison with Euclidean geometry. [

The above lemma together with our previous considerations shows that for any
z € X and any £ € X (00) there is a unique unit speed ray o, ¢ : [0,00) — X with
05,¢(0) =z and 0, ¢(00) = . Fory € X, y # z, we denote by 0, : [0,d(x,y)] = X
the unique unit speed geodesic from x to y. On X = X U X(c0) we introduce a
topology by using as a basis the open sets of X together with the sets

U(z,&,R,e) = {2 € X|2 € B(z,R),d(0, .(R), 0, ¢(R)) < €},

where z € X, £ € X(00). Recall that, by convexity, d(o, .(R), 04¢(R)) < € implies
that
d(og (1), 0:¢(t) <e, 0 <t<R.

The following lemma is an immediate consequence of Lemma 2.1.

2.2 LEMMA. Let z,y € X, &n € X(o0) and let R > 0, > 0 be given.
Assume n € U(x, &, R,e). Then there exist S > 0 and § > 0 such that

U(y,n,S,0) C U(x,&, R,¢).
L]

This lemma shows that for a fixed x € X the sets U(z, &, R, ) together with
the open subsets of X form a basis for the topology of X. With respect to this
topology, a sequence (z,) in X converges to a point ¢ € X(oo) if and only if
d(z, x,) — oo for some (and hence any) x € X and the geodesics o, 5, converge to
0,¢. Note also that, for any « € X, the (relative) topology on X (o0) is defined by
the family of pseudometrics d, r, R > 0, where

(2.3) dm,R(ga n) = d(gx,f(R)a Uﬂcﬂ?(R))'

Our next aim is to show that X and X (0o) are homeomorphic to the corre-
sponding spaces in Section 1. To that end, let xy € X and R > 1 be given and as-
sume x1, T2 € X satisfy d(l"o, 971)7 d(l“o, 372) > R. Let y; = Umo,ml(R)7 Y2 = Uxo,m(R)
and assume d(y1,y2) > €. By comparison with the Euclidean triangle we get

c08( Ly, (92:70)) = 5
since d(y1, o) = d(y2,z9) = R. Now

Zyl (y27 xl) > T — Zyl (y27 x())
since y; is on the geodesic from zy to x1, hence
—€
COs(Zy (2, 71)) < cos(T = Ly (g2, 70)) < 5=
From the First Cosine Inequality we obtain (for ¢ < 1)

2

52 £
d*(z1,y2) > d*(x1,91) + % + Ed(l‘layl) > (d(z1,91) + ﬁ)g

and hence
2
>
2R
where b(z;, zg,.) is defined as in (1.1). From this we obtain the desired conclusion
about X and X (o0).

(2-4) b(37179707y2) - b(37279707y2)
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2.5 PROPOSITION. Let (z,,) be a sequence in X with d(xg,x,) — oo. Then
b(xp, xo,.) converges to a Busemann function f if and only if 04, 5, converges to
a ray o = 04,.¢. Furthermore, we have f = b,, where

by (x) := lim (d(o(t),x) — t).

t—o0

Proor. If b(z,,xo,.) — f, then b(x,,xo,.) converges uniformly to f on
B(zo, R) for any R > 1 (by the choice of topology on C(X)). By (2.4), the se-
quence (04, 4, (R)) converges; hence o, ., converges to a ray o.

For the proof of the converse, note that for » > 0 and € > 0 given, there is an
R > 0 such that

|b(y,$0,.'lf) - b(z,$0,$)| <é
for all x € B(xg,7) if d(2,79) > R and y = 04, ,(R). O

2.6 EXERCISE. There is the following intrinsic characterization of Busemann
functions in the case of Hadamard spaces: a function f : X — R is a Busemann
function based at zg € X if and only if
(i) f(zo) =0; (ii) fis convex; (iii) f has Lipschitz constant 1; (iv) for any
x € X and r > 0 there is a z € X with d(z,z) =r and f(x) — f(z) = 7.

This characterization of Busemann functions is a variation of the one given in
Lemma 3.4 of [BGS]. It has been suggested that a proof of Exercise 2.6 is included.
The interested reader finds it in Section 3 of Chapter IV. Exercise 2.6 will be used
in the discussion of fixed points of isometries.

3. Classification of isometries

Let X be a Hadamard space and let ¢ : X — X be an isometry. The function
dp : X = R, dy(z) = d(z, o()),

is called the displacement function of . Since ¢ maps geodesics to geodesics, d,, is
convex.

DEFINITION 3.1. We say that ¢ is semisimple if d, achieves its mimimum in
X. If ¢ is semisimple and mind, = 0, we say that ¢ is elliptic. If ¢ is semisimple
and mind, > 0, we say that ¢ is azial. We say that ¢ is parabolic if d, does not
achieve a minimum in X.

PROPOSITION 3.2. An isometry ¢ of X is elliptic iff one of the following two
equivalent conditions holds:
(i) ¢ has a fized point; (ii) ¢ has a bounded orbit.

PROOF. It is obvious that ¢ is elliptic iff (i) holds and that (i) = (ii). For the
proof of (ii) = (i), let B be the unique geodesic ball of smallest radius containing
the bounded orbit Y = {¢"(x) | n € Z}, see Proposition 1.5.10. Now ¢(Y) =Y,
hence ¢(B) = B by the uniqueness of B. Therefore ¢ fixes the center of B. [
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PROPOSITION 3.3. An isometry ¢ of X is axial iff there is a unit speed geo-
desic 0 : R — X and a number tog > 0 such that p(o(t)) = o(t + to) for all t € R.
Such a geodesic o will be called an axis of .

Now let ¢ be azial, let m, = mind, > 0 and set A = A, = {x € X |
dy(x) = my}. Then A is closed, convex and isometric to C x R, where C C A
is closed and convex. Moreover, the axes of ¢ correspond precisely (except for the
parameterization) to the geodesics {c} xR, ¢ € C.

PROOF. Suppose ¢ is axial and let x € A. Consider the geodesic segment
p from z to p(x) and let y be the midpoint of p. Then d(y,z) = d(y,¢(x)) =

d(x,¢(x))/2. Since d(¢(y), ¢(x)) = d(y, ), we get

d(y,o(y)) < d(y, p(z)) + d(p(z), ¢(y)) < d(z,p(z)).

Now z € A, hence d(y, p(y)) = d(z, p(z)). Hence the concatenation of p with ¢(p)
is a geodesic segment. Therefore

o = UnEZSOn (p>

is an axis of (. Hence there is an axis of ¢ through any x € A. Clearly, any two
axes of ¢ are parallel. Hence A is closed, convex and consists of a family of parallel
geodesics. Therefore A is isometric to C' x R as claimed, where C' is a closed and
convex subset of X, see Proposition 1.5.9. The other assertions are clear. [

ProrosTION 3.4. If X is locally compact and if ¢ is a parabolic isometry of
X, then there is a Busemann function f = b(&,y,.) invariant under o, that is, ¢
fizes & € X (00) and all horospheres centered at & are invariant under .

Proor. Let m =infd, > 0. For 6 > m set
Xs={zre X |d,(z) <6}
Then X is closed and convex since d,, is convex. Moreover,
Ns>mXs =0
since ¢ is parabolic. Let zg € X and set
fs(x) = d(z, Xs5) — d(zo, Xs).

Then (i) fs(zo) = 0; (ii) fs5 is convex; (iii) fs has Lipschitz constant 1; (iv) for any
x € X\X5 and r > 0 with r» < d(z, Xs) there is a z € X with d(x,z) = r and
fs(x) — fs(z) = r. Now apply the Theorem of Arzela-Ascoli and Exercise 2.6. [

4. The cone at infinity and the Tits metric

Throughout this section we assume that X is a Hadamard space. For &,7 €
X (00) we define the angle by

Z(&,m) = sup Z(§,1).
reX

Note that £ is a metric on X (oo) with values in [0, 7]. The topology on X (o0)
induced by this metric is, in general, different from the topology defined in the
previous sections; to the latter we will refer as the standard topology.
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4.1 PROPOSITION. (X (00),Z) is a complete metric space. Furthermore,
(i) if & — & with respect to Z, then &, — £ in the standard topology;
(ii) if &, — € and n, — n in the standard topology, then

Z(&n) < liminf Z(&,,7mn) -

PROOF. Let (§,) be a Cauchy sequence in X (co) with respect to Z. Let z € X
and let 0, = 0,¢, be the unit speed ray from z to &,. Given R > 0 and ¢ > 0,
there is N = N(e) € N such that Z(§,,,&n) < € for all m,n > N. Then

éon(R)(xagm) > W_éan(R)(gnagm) > W_é(gnagﬂ’L) > T —E.

By comparison with the Euclidean plane,
o (6ns €m) = d(0n(R), 0m(R)) < 2R tam =

Therefore (o,,) converges to a unit speed ray o and &, — £ := o(c0) with respect
to the standard topology. Since N = N(g) does not depend on x and R, we also
get &, — & with respect to Z. This proves (i) and that £ is complete. The proof of
(ii) is similar. [

4.2 PROPOSITION. Let £, € X(00). Forx € X, let 0 = 04¢ be the ray from

).
x to§. Then Ly (&,m) and ™ — Ly (x,m) are monotonically increasing with limit
Z(&,m) ast — oo. If

4(&77)<7T and 4:5(677):4(&77)7

then o and the ray from x to n bound a flat convexr region in X isometric to the
convex hull of two rays in the flat plane with the same initial point and angle equal

to Z(&;n)-
PROOF. Let (1) = Z,)(§,m) and (t) = Z,4)(n, 0(0)). Then we have (t)+
o(t) > m and ¢(s) +y(t) <« for s > t. Hence

() <v(s) and  @(t) > »(s)

for s > t. In particular, lim; . 7(t) and lim;_, o () exist. By definition we have
limg o y(t) < Z(€,m). Now let y € X and let ¢ (t) = Z,(o(t),n), 0(t) = Zow (y,1)
and e(t) = Zy1)(y,0(0)). Then e(t) — 0 and (t) — £,(&,n) for t — co. Now

() +0(t) <7 and e(t)+0(t) +~(t) >,

hence ¢(t) < e(t) +v(t), hence Z,(&,n) < limy_. Y(t).
This proves the assertion about (t). Now

T—p(t) <) <7 —9(s)

for s > t, hence we also obtain the assertion lim; (7 — ¢(t)) = Z(§,n). The
last assertion of the lemma follows from the equality discussion in assertion (i) of
Corollary 1.5.8 since y(t) = constant in that case, and hence ¢(s) = m — (t) for
s>t. O
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4.3 EXERCISE. Let £, € X (o00) and assume £ # 7. Let g and o1 be the unit
speed rays from x to £ and 7 respectively. Define angles

Qs t = 401(5)(00(75)7 l’), ﬁs,t = 40’0(75) (0'1(3)7'77)-

Prove: m — a5+ — 35+ is monotonically increasing as s, ¢ increase and

4(&7 77) = lim 7— Qs t — ﬁs,t'

s,t—00

The second assertion also follows from the monotonicity and Theorem 4.4 below.

4.4 THEOREM. Leté& #n € X(o0) anda,b> 0. Forxz € X let oy and oy be the
unit speed rays from x to & and n respectively. Then ¢ = lim;_. o, d(op(at), o1(bt))/t
1s independent of the choice of x. In the Fuclidean triangle with sides a,b,c and
angles a, 3,7 in the opposite vertices A, B,C, see Figure 1, we have v = Z(&,n)
and

G = lal(bt) (00(at>7 :E) - Q, ﬁt = lag(at) (Ul(bt)wx) - ﬁ
For s € (0,1) given and E the point on c with d(E, B) = sc we have
1
lim —d(z, pi(s)) =e:=d(C, E),

t—oo t

where p; 1 [0,1] — X is the geodesic from og(at) to o1(bt). Furthermore, if e # 0,
then the geodesics o4 : [0, et] — X with 054(0) = z and o5 (et) = ps(t) converge,
fort — o0, to a unit speed ray os from x such that pi(s) — o5(c0), and { = o5(c0)
is the unique point in X (0co) with

Z(C,f)zéc(E,B), 4(C,77):40(E7A)

Moreover,

m 2, (oo(at),z) =o' :== L(B,C),

li
t—o0

tlggo Zosy(o1(bt),x) = 6" == ZLg(A,C).

(1-s)c

SC
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ProOOF. The independence of ¢ from z is immediate from the definition of
asymptoticity. For v, = Z,(&,n) and ¢(t) = L(ot) = d(oo(at), o1(bt)), we have

c(t)
t

(a* +v? —2abcos*yx)% < —~% < acos (B + bcos oy

=cpcos(ay —ayp) = c,pcos(By — Bre) < ek

= (a* + b* — 2abcos(m — oy — ﬁt))ﬁ < (a® +b* —2abcos Z(&,1))2,

l\.‘)l»—‘

where the inequalities in the first line follow from the Cosine Inequalities, see Propo-
sition 1.5.2, the equalities in the second line from Proposition 1.5.3, where oy g and
B¢, e are the angles and ¢; g is the length of the third edge in the Euclidean triangle
with two edges of length a and b subtending an angle m —a; — (3;, and the inequality
in the third line since

m—ar— B <Zo bry(00(at),n) + Logar)(01(bt),§) — 7
< lag(at) (5 77) < 4(5777)

Now ¢(t)/t tends to ¢ and is independent of z. Since Z(§,n) = sup,c x V= we get
¢ =a® +b* — 2abcos Z(&,n)

and therefore Z(£,n) = v. Furthermore, we have m —a; — 8 — Z(€,m) and ¢, g — ¢
as t — 00. Now ¢ # 0 and hence oy g — «, By, g — (3. We conclude that oy —
, — 3 as t — oo. We also have

d(xa pt(s)) < d(f7 ﬁt(s))a

where p, : [0, 1] — R? is a line of length ¢(t) and where d(Z, p,(0)) = at, d(z,p,(1)) =}
bt. Now d(Z, p,(s))/t — e as t — oo, therefore

1
lim sup ;d(w, pe(s)) <e.

t—o0

On the other hand, we have

d* (@, pi(s)) > a2+s2ﬂ

t2 - t2

c(t)

- QCZST cos(oy)
by the First Cosine Inequality. Since oy — « and ¢(t)/t — ¢ we conclude that
|
liminf —d(x, ps(s)) > e
t—oo ¢

and hence that d(z, p:(s))/t — e at t — oc.
We now prove that the geodesics o, converge to a ray as claimed. Given
€ > 0, there is T' > 0 such that

c(t)

|~ — 2, |2asT cos ay — 2asccos al < %
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for all ¢ > T. Then we obtain for ¢t >t > T and r =t /t,

d2(00(a§;), pe(s)) > t%(az(t — )2 + s%¢(t)? — 2a(t — t')sc(t) cos ay)

> a?(1—7)*+s%* —2a(1 —r)sccosa — €.

Now denote by @; the angle in the Euclidean triangle with side lengths a, b, c(t)/t
corresponding to ;. Then @; > a; and @; — «. By enlarging T' if necessary, we
also have

c(t _ €
]2asT cos @y — 2asccos a < 5

for all ¢ > T'. Since triangles in X are C ATy we obtain, for t > t' > T,
d? t 1
(UO(at2)7 Pt(S)) t_2(a2(t o t/)2 + SQC(t)2 o 2a(t i t’)sc(t) cosat)

< a*(1 —7r)* + 5% —2a(1 —r)sccosa + €.

IN

An analogous estimate holds for d(oy1(bt’), pi(s)). Euclidean comparison for the
triangle (og(at’), o1(bt’), ps(s)) shows that

d(py(s), pe(s)) < (1 —r)e+e)t

for all ,t" sufficiently large, where r = t'/t. On the other hand, d(z, p:(s))/t — e
and hence the triangle inequality implies

d(pi(s), pe(s)) = (1 —r)e —e)t

for all ¢, ¢’ sufficiently large. In particular, up to the term et (and e can be chosen ar-
bitrarily small), the concatenation of the geodesic from z to py (s) with the geodesic
from py(s) to pi(s) is a shortest connection from x to p¢(s). By comparison with Eu-
clidean geometry we conclude that for any R > 0, the distance d(os(R), 054 (R))
is arbitrarily small for all ¢,¢" sufficiently large. Hence the geodesic segments o ;
converge to a ray os. Note that o4 has unit speed since d(z, p:(s))/t — e and that
pt(s) — o4(00) = ¢ by the very definition of the topology of X.

For t large, the triangle with vertices x, og(at), p:(s) has sides of length ap-
proximately equal to at, sct, et. By comparison we get

£,(€.¢) = lim Zy(op(at), pi(s)) < Zo(B. E).

Similarly Z,(n,() < Zc(A, E). Clearly, ¢ is independent of the choice of = and
hence

Now
2(6,0)+ £(n,¢) > £(&,m) = Lc(A, B),

hence we have equality in (k).
Suppose nowe that ¢’ € X (00) is a point with

(+) £(&,¢)=2c(B,E), £(n.{)=Zc(AE),
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and let ¢’ be the unit speed ray from x to {’. If ¢ # (’, then there is an € > 0 such
that d(o’(et), pt(s)) > et for all ¢ sufficiently large. By comparison with Euclidean
geometry we get that at least one of the following inequalities holds:

1
¢z = lim t—zdg(ao(at), o'(et)) > s*c2 + &2 or

1
= tlggo t—2d2(01(bt), o'(et)) > (1 —s)%c? + &2

However, by the first part of the proof we have

a4+ e? — 2 b2 4+ e?— 2
£(6,()=—F2 Z(n,¢)= Tl-

Hence (*x) implies ¢ = s?c? and ¢ = (1 — 5)?c?. We conclude ¢ = ('.
As for the last claim, let

a(t) = épt(s)(o-()(at%x)a ﬁ(t) = épt(s)(*% Ul(bt))'

2ae

) + B(t) > w. By comparison with Euclidean geometry, applied to the
A(ps(s),x,00(at)) and A(pe(s), z,01(bt)) we get

limsupa(t) <o’ and limsupf(t) <.

t—o00 t—o00
Now o + (3 =, hence the claim. [
4.5 EXERCISE. Use the notation of Theorem 4.4 and assume that e # 0. Let F

be a point on the edge of length a on the Euclidean triangle such that d(C, F') = ra
for some r € (0,1). Prove:

Then «ft
triangles

A(E. F) = Jim 7d(pu(s),o0(rat))

and corresponding assertions about the angles at F'.

4.6 COROLLARY. If¢&,n € X(00) are points with Z(§,n) < m, then there is a
unique minimizing geodesic in X (0o0) (with respect to £) from & to .

ProOF. The existence of a geodesic from ( to 7 follows from Proposition 1.1.5
and Theorem 4.4, where we put a = b = 0, s = 1/2. The uniqueness follows from
the uniqueness of the point ¢ in Theorem 4.4. [

The cone at infinity, Cs X, is the set [0,00) x X (00)/ ~, where {0} x X (oc0)
shrinks to one point, together with the metric d., defined by

(4.7) doo ((a, &), (b,1)) = a® + b* — 2abcos Z (€, 7).

That is, (Coo X, dwo) is the Euclidean cone over X (00). We may also think of Coo X
as the set of equivalence classes of geodesic rays, where we do not require unit speed
and where we say that geodesic rays oy and o; are equivalent if d(og(t),o1(t)) is
uniformly bounded in t. In the notation of Theorem 4.4 we have

del(@,€). () = Jim Jd(oo(at),or ().

In this sense, the geometry of X with respect to the rescaled metric d/t converges
to the geometry of Co X as t — oo.

Given z € X and a sequence of geodesics o, : [0,t,] — X with speed v, > 0
and 0,(0) = x, we say that o, — (a,§) if t,, — o0, if v, — a and, if a # 0, if
on(tn) — &.
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THEOREM 4.8. (CxX,ds) is a Hadamard space.

PrRoOOF. Note that C X is simply connected since we can contract Coo X onto
the distinguished point zo, = [{0} x X (00)]. The metric d, is complete since £ is
a complete metric on X (00).

We show now that do is a geodesic metric. To that end, let (a,&), (b,n) €
CX. We want to show that there is a minimizing geodesic between these two
points. The only non-trivial case is a,b > 0 and 0 < Z(§,n) < m. Choose x € X
and let 0y, o1 be the unit speed rays from z with o¢(c0) = £ and o1(c0) = 7. Then,
in the notation of Theorem 4.4, the geodesics o, converge to geodesic rays o of
speed e; > 0, 0 < s < 1, and, by Theorem 4.4 and the definition of d,, the curve
p(s) = (es,05(0)),0 < s < 1, is a minimizing geodesic form (a, &) to (b,n). It is
immediate from Corollary 4.6 (or Theorem 4.4) that p is the unique minimizing
geodesic from (a, &) to (b,n).

It remains to show that '\ X is nonpositively curved. By Lemma [.3.4, it
suffices to consider triangles in C,, X with minimizing sides. Let A be such a triangle
and let (a;,&;), 1 < i < 3, be the vertices of A. The only non-trivial case is a; > 0
and 0 < Z£(&;,&;) < mfor i # j. Recall that the minimal geodesics p; : [0, 1] — Coc X
from (a;, &;) to (a;+1,&i+1) are unique (indices are counted mod 3).

Let (e1,¢1) = pi(s1) and (e2, (2) = p;(s2), where i # j and 0 < s1, s2 < 1. Let
o1 and o9 be the unit speed rays from a given point x € X to (; and (5 respectively.
By Theorem 4.4,

deo((e1,C1), (e2,(2)) = thnoo }%d(al(elR), oa(e2R)).

Let &, be the unit speed ray from z to &, 1 < k < 3.1If pi, : [0,1] — X denotes the
geodesic from G (at) to di41(ars1t) , and if 61 4 respectively 2 ¢ are the geodesics
from x with 61 ¢(e1t) = p;+(s1) respectively 62 (eat) = p;i(s2), then, by Theorem
4.4,
O’k(ekR) = thm 0A'k7t(6kR), k= 1,2.
—00

For t large, the triangle (pi ¢, p2.¢, p3,¢) has sides of length approximately tlj, where
lx = L(px). Now let (py, Py, p3) be the Euclidean comparison triangle of (p1, p2, p3)
and let dp = d(p;(s1),p;(s2)). Since X is a Hadamard space we conclude

d(pit(s1), pje(s2)) < (de +e)t

where € > 0 is given and ¢ is sufficiently large. Hence

1 N S .
Ed(al(elR),Ug(egR)) :tlggo Ed(gl,t(elR);UQ,t(e2R))

. 1
<lim sup ;d(pi,t(81),,0j,t(32)> <dp.

t—o0

It follows that triangles in C'\c X are C' AT, and hence that C,, X is a Hadamard
space. [

4.9 COROLLARY. (X (00),Z4) has curvature < 1. More precisely,
(i) geodesics in X (00) of length < m are minimal;
(ii) triangles in X (c0) of perimeter < 2w are CATy.

PROOF. The relation between distances in Coo X and angles in X (00) is ex-
actly as the relation between distances in Euclidean space E3 and angles in the
unit sphere S2. O
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4.10 LEMMA. Let X be a locally compact Hadamard space. In the notation of
Theorem 4.4 let a = b =1 and assume that there is no geodesic in X from & to n.
Let pi(st) be the point on p; closest to x. Then d(x, pi(st)) — oo. If ( € X (00) is
an accumulation point of pi(s¢) for t — oo, then

2(8,¢) = £(¢m) = /2.

PRroOOF. Since X is locally compact and since there is no geodesic from £ to n
we have d(z, p;) — oo for t — oo. From Theorem 4.4 we conclude d(x, p:(1/2))/t —
cos(y/2) < 1 and hence s; # 0, 1. Therefore

Ly (s)(X,00(t), Lpy(sp) (@, 00(8)) > m/2.

Since (in the notation of Theorem 4.4) a4, By — (7 — v)/2 we get

The triangle inequality implies that we must have equality in these inequalities. [

Following Gromov, we denote by T'd, the Tits metric, the interior metric on
X (00) associated to the angle metric Z. The name derives from its close relation-
ship with the Tits building associated to symmetric spaces. By definition, we have
Td(§,m) = £(&,n) for all {,n € X(c0).

4.11 THEOREM. Assume that X is a locally compact Hadamard space. Then
each connected component of (X (00),Td) is a complete geodesic space with curva-
ture < 1. Furthermore, for £,n € X (00) the following hold:

(i) if there is no geodesic in X from & ton, then Td(§,n) = £(&,n) < 7;

(ii) if Z(§,n) < m, then there is no geodesic in X from & ton and there is a unique
minimizing Td-geodesic in X (00) from & to n; Td-triangles in X of perimeter
< 271 are CATy;

(iii) if there is a geodesic o in X from & ton, then Td(§,n) > m, and equality holds
iff o bounds a flat half plane;

() if (&), (nn) are sequences in X (o0o) such that &, — & and n, — n in the
standard topology, then T'd(£,n) < liminf, . Td(&n, nn)-

PROOF. The first assertion in (ii) and (iii) respectively is clear since Z(&,n) =
7 if there is a geodesic in X from & to 7. If there is no geodesic in X from & to n,
then, by Lemma 4.10, there is a midpoint ¢ in X (c0) between them with respect to
the Z-metric. Now the Z-metric on X (00) is complete, see Proposition 4.1. Hence
we can construct an Z-geodesic from £ to i by choosing midpoints iteratively. Since
/-geodesics are Td-geodesics, we obtain (i). The uniqueness assertion in (ii) follows
from the corresponding uniqueness assertion of midpoints in Theorem 4.4. The
completeness of Td also follows since the Z/-metric is complete, see Proposition 4.1.
We now prove (iv) and that each connected component of (X (c0),T'd) is geodesic.
By the corresponding semicontinuity of Z, see Proposition 4.1, we conclude from
(i) that (iv) holds if liminf,, o T'd(&,, nn) < m. From (ii) we also get that for any
pair of points £,n € X (oco) with T'd(§,n) < 7 there is a minimizing T'd-geodesic
from ¢ to n. By induction we assume that this also holds when we replace 7 by
km,k > 1. Now suppose liminf, .. Td(&,,mn) < (k + 1)7. By th definition of Td,
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there is a point (,, almost half way between ,, and 7,,. Passing to a subsequence if
necessary, we assume (,, — ¢ in the standard topology and obtain, by induction,

Td(&,n) < Td(&,¢) + Td(¢,n)
< liminf Td(&,, ¢,) + liminf Td((,, mn) < liminf Td(&,, ny).

In particular, Td(&,n) < (k + 1)w. There exists (another) sequence ((,) such that

Td(&, Cn), Td(n, Cn) — Td(€,m)/2,

hence, by the semicontinuity, there is a point ¢ with

Td(¢,¢) = Td(n,¢) = Td(&,n)/2.

By the inductive hypothesis, there are minimizing T'd-geodesics from & to ¢ and ( to
1. Their concatenation is a minimizing 7T'd-geodesic from £ to 1. Hence we conclude
(iv) and that the components of (X (c0),T'd) are geodesic spaces.

As for the statement about flat half planes in (iii), let ¢ be a point with
Td(¢,&) =Td(¢,n) = m/2. Since

Z(C )+ Zo(Cm) 2

for any x on the geodesic (in X) from & to n and £, < T'd, we have

for all such z. Now the rigidity part of Lemma 1.5.8(i) applies.
The claims about the curvature bound and about triangles in (ii) are imme-
diate from Corollary 4.9. [
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CHAPTER III

WEAK HYPERBOLICITY

One of our main objectives in this chapter is the discussion of transitivity
properties of the geodesic flow and related topics. The first two sections are greatly
influenced by the work of Eberlein on geodesic flows in [Eb2, Eb3]. The third
section deals with the main results of the author’s thesis (published in [Bal)),
but here in the context of Hadamard spaces instead of Hadamard manifolds. The
fourth section deals with applications to harmonic functions and random walks on
countable groups, compare [Ba3, BaLl]. Many of the ideas in Section 4 go back to
Furstenberg [Ful, Fu2, Fu3].

Let X be a Hadamard space. We say that X is geodesically complete if every
geodesic segment of X is part of a complete geodesic of X, that is, a geodesic which
is defined on the whole real line. For X geodesically complete, we denote by GX the
set of unit speed geodesics of X, equipped with the topology of uniform convergence
on bounded subsets. The geodesic flow (g*) acts on GX by reparameterization,

g'(o)(s) = a(s+1).
If X is a smooth manifold, then
GX — SX; 0 — d(0)

defines a homeomorphism from GX to the unit tangent bundle SX of X. With
respect to this homeomorphism, the geodesic flow above corresponds to the usual
geodesic flow on SX (also denoted g¢*),

g'(v) =4 (t), v € SX,
where 7, denotes the geodesic in X with 4,(0) = v.

1. The duality condition

In our considerations it will be important to have a large group of isometries.
Let X be a Hadamard space and I" a group of isometries of X. Following Eberlein
[Eb2], we say that £, € X(c0) are I'-dual if there is a sequence (¢,) in I' such
that ¢, (x) — & and ¢, (z) — 1 as n — oo for some (and hence any) = € X.
Duality is a symmetric relation. The set of points I'-dual to a given point in X (00)
is closed and I'-invariant. We say that I' satisfies the duality condition if for any
unit speed geodesic o : R — X the endpoints o(—o0) and o(o0) are I'-dual. The
duality condition was introduced by Chen and Eberlein [CE1]|. The condition is
somewhat mysterious, at least as far as Hadamard spaces are concerned (as opposed
to Hadamard manifolds). May be it is only reasonable for geodesically complete
Hadamard spaces.

Typeset by AMS-TEX
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1.1 LEMMA [EB2]. Let X be a geodesically complete Hadamard space, and let
o,p: R — X be unit speed geodesics in X. Let () be a sequence of isometries of
X such that ¢ (x) — o(o0) and o, (z) — p(—00) as n — oo for some (and hence
any) x € X. Then there are sequences (oy,) in GX and (t,,) in R such that o, — o,
tn, — o0 and @, o g'"(0,) — p as n — oco.

1.2 REMARKS. (a) The converse to Lemma 1.1 is clear: let o,p € GX and
suppose there are sequences (0,) in GX, (t,) in R and (p,,) of isometries of X such
that o, — o, t, — oo and ¢, 0 g'"(0,) — o as n — oco. Then ¢, ! (z) — o(c0) and
on(x) — p(—00) as n — oo for one (and hence any) =z € X.

(b) Note that the assumption on the sequence (i, ) in Lemma 1.1 only specifies
o(00) and p(—o0). Thus we may replace o by any asymptotic o/ € GX and p by
any negatively asymptotic p’ € GX, keeping the sequence (¢,,) fixed.

Since o, — o and ¢! o g'"(0,) — p we have

tn —d(0(0),¢,"'(p(0))) =0 as n—oo.

For ¢’ asymptotic to o we also have
d(a'(0), ¢, (p(0))) = d(e(0), 0, " (p(0))) — b(e(00),a(0),(0))
as n — oo. Hence we may replace the sequence (t,,) by the sequence (¢],) given by
t! = t,+b(c(0),0(0),0'(0)), n €N,

when replacing o by o’. A similar remark applies to geodesics p’ € GX negatively
asymptotic to p.

Proor or LEMMA 1.1. For m > 0 and n € N let o4,,, : R — X be a unit
speed geodesic with

Onm(—m) = o(-=m) and opm(tnm +m) = @rjl(p(m))a

where
tnm = d(a(=m), ;" (p(m))) —2m.

Set N(0) = 1 and define N(m), m > 1, recursively to be the smallest number
> N(m — 1) such that

1

Aonm(m),olm) < & and d(pn 0 0nmtnm —m),p(-m) <

for all n > N(m). Note that such a number N(m) exists since ¢, 1 (p(m)) — o(0)
and @, (0(—m)) — p(—00). Now set 0, := 0y, N(m) for N(m) <n < N(m+1). O

1.3 COROLLARY. Let X be a geodesically complete Hadamard space and I' a
group of isometries of X satisfying the duality condition. Let o,p: R — X be unit
speed geodesics in X with o(c0) = p(o0). Then there are sequences (oy,) in GX,
(tn) in R and (p,) in T such that o, — o, t, — o0 and ¢, o g'"(0,) — p as
n — oo.

PROOF. Since I' satisfies the duality condition, there is a sequence (1)) of
isometries in I such that v, (x) — p(c0) and 1, () — p(—00) as n — co. Now
o(00) = p(o0), and hence Lemma 1.1 applies. [
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We say that a geodesic 0 € GX is nonwandering mod T' (with respect to the
geodesic flow) if there are sequences (0,) in GX, (t,) in R and (¢,,) in I" such
that o, — o, t,, — o0 and ¢, o g (0,) — 0. The set of geodesics in GX that are
nonwandering mod I is closed in GX and invariant under the geodesic flow and T'.
It is clear that the endpoints of a geodesic 0 € GX are I'-dual if o is nonwandering
mod I'. Vice versa, Lemma 1.1, applied in the case where X is geodesically complete
and o = p, shows that a geodesic ¢ € GX is nonwandering mod I'" if the endpoints
of o are I'-dual.

1.4 COROLLARY. Let X be a geodesically complete Hadamard space and I' a
group of isometries of X. Then I" satisfies the duality condition if and only if every
o € GX 1is nonwandering mod I'.  [J

We say that a geodesic o € GX is I'-recurrent if there exist sequences (t,,) in
R and (¢,) in T such that ¢, — oo and ¢, o g'*(6) — o as n — oo. The set of
[-recurrent geodesics in GX is invariant under the geodesic flow and T'.

1.5 COROLLARY. Let X be a geodesically complete, separable Hadamard space
and I' a group of isometries of X. Then I satisfies the duality condition if and only
if a dense set of geodesics o € GX 1is I'-recurrent.

ProOF. Since X is separable, the topology of X ,and hence also of GX, has a
countable base. Now Corollary 1.4 implies that the set of I'-recurrent geodesics is
a dense Gs-subset of GX if I satisfies the duality condition. The other direction is
clear. [J

If X is a Hadamard manifold, then the Liouville measure on SX is invariant
under the geodesic flow. Hence, if I is a group of isometries of X that acts properly
discontinuously and such that vol(X/I') < oo, then I' satisfies the duality condi-
tion by the Poincaré recurrence theorem and Corollary 1.4. However, for a general
Hadamard space X, there is (so far) no natural invariant measure on GX with good
properties.

1.6 QUESTION. Let X be a geodesically complete Hadamard space and T' a
group of isometries of X. Does I' satisfy the duality condition if it acts properly
discontinuously and cocompactly?

1.7 PROBLEM /EXERCISE. Let X be a geodesically complete Hadamard space.

Construct measures on GX which are invariant under isometries and the geodesic
flow of X.

In the case of 2-dimensional polyhedra with piecewise smooth metrics, the
answer to Question 1.6 is affirmative, see [BB3]. In this reference, one also finds
a natural generalization of the Liouville measure for geodesic flows on polyhedra
with piecewise smooth metrics.

The following lemma and proposition are taken from [CE1] and [BBE] respec-
tively.

1.8 LEMMA. Suppose &,m € X (c0) are the endpoints of a geodesic o : R — X.
Let () be a sequence of isometries of X such that p,(x) — & and ¢, (z) — C €
X(o0) as n — oo. Then @1 (n) — ¢ as n — oc.

PrOOF. Let z = ¢(0). Then Z, (&, pn(x)) — 0 and hence

4x(90n(95)a77) > W_Zm(gﬂon(l‘)) — .
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By comparison with Euclidean geometry we get, for the metric d, g as in (I1.2.3),

dﬂ?,R(ngl(x)ﬁO;l(n)) = dc,on(m),R(x777> — 0,

where R > 0 is arbitrary. Since ¢, 1(z) — ¢ we conclude ¢ t(n) — ¢. O

1.9 PROPOSITION. Suppose X is geodesically complete and I" satisfies the du-

ality condition. Let & € X (00). Then I' operates minimally on the closure T'(§) of

the I'-orbit of &, that 1is, ﬁ = @ for any ¢ € @

Proor. It suffices to show that & € I'(¢) for any ¢ € I'(€). Since X is geodesi-
cally complete, there are geodesics o, p : R — X with o(c0) = € and p(o0) = (. Let
€ = g(—00) and ¢’ = p(—o0).

Since I satisfies the duality condition, &’ is I'-dual to & and (' is I'-dual to
(. Now ( is I'-dual to & because the set of points I'-dual to &’ is I'-invariant and
closed. By Lemma 1.8 this implies that & € T'({’).

Choose a sequence (p,,) in T with ¢, (") — &'. For m > 0, let 0,,, be a complete
geodesic with 0,,,(0) = o(m) and o,,(—00) = ¢,(¢"), where n = n(m) > m is
chosen so large that d(oy,,c(0)) < 1. Then 0,,(c0) — £ and 0,,(—00) is I-dual to
om(00). Therefore o,,(c0) is I-dual to ¢’ = ¢, 1(0,,(—0)). Hence ¢’ is I'-dual to

€ = limy,— o0 0 (00). Now Lemma 1.8 implies £ € I'(¢). O

1.10 REMARK. The duality condition has other useful technical properties.

(1) Let X; and X2 be Hadamard spaces with metrics d; and ds respectively
and let X be the Hadamard space X; x X, with the metric d = \/d? + d3. If T is
a group of isometries of X satisfying the duality condition such that any ¢ € T is
of the form ¢ = (1, ¢2), where ¢; is an isometry of X;, i = 1,2, then

Iy := {1 | there is an isometry o of Xy with (¢1,¢2) € T'}

and the corresponding group I's satisfy the duality condition. This is clear since
geodesics in X are pairs (01, 02), where o7 is a geodesic of X; and o9 is a geodesic
of Xs. See [Eb10,16] for applications of this property in the case of Hadamard
manifolds.

Note that T’y and/or T's need not act properly discontinuously even if I" does.
Thus a condition like cocompactness + proper discontinuity does not share the
above property of the duality condition.

(2) Clearly the duality condition passes from a group I' of isometries of a
Hadamard space X to a larger group of isometries of X. Vice versa, if X is geodesi-
cally complete and separable and if A is a subgroup of finite index in I', then A
satisfies the duality condition if I' does [Eb10]. To see this, let 0 € GX be a I'-
recurrent geodesic. Choose sequences (t,) in R and (¢,) in I" such that ¢, — oo
and ¢, o g'(c) — 0. Now A has finite index in T'. Hence we may assume, after
passing to a subsequence, that ¢, = ¥, ¢, where ¢ € T is fixed and 1,, € A for all
n € N. Then

o, = pnog(o) —o

and
Omn = (Y, ") ogm(al) = omog™(o) >0

Choose m = m(n) convenient to get that o,,(),, — o. This shows that o is
nonwandering mod A. Now the set of geodesics in GX which are nonwandering
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mod A is closed, and the set of I'-recurrent geodesics in GX is dense in GX, see
Corollary 1.4. Hence A satisfies the duality condition.

We come back to the beginning of this section. We said there that we will
be in need of a large group of isometries, and we made this precise by introducing
the duality condition. One might think that the isometry group of a homogeneous
Hadamard manifold X is large; however, it is not in our sense, except if X is a
symmetric space (see [Eb10], Proposition 4.9).

1.11 DEFINITION/EXERCISE/QUESTION. Let X be a Hadamard space and T

a group of isometries of X. The limit set L(I') C X (oc0) of I is defined to be the
set of all £ € X (oc0) such that there is a sequence (p,,) in I' with lim,, o @n(x) = ¢
for one (and hence any) z € X. Show L(I") = X (oc0)

(i) if there is a bounded subset B in X with Uyere(B) = X or

(ii) if X is geodesically complete and I' satisfies the duality condition.
In many results below we assume that X is geodesically complete and that I' sat-
isfies the duality condition. Can one (you) replace the duality condition by the
assumption L(T") = X (o0).

2. Geodesic flows on Hadamard spaces

2.1 DEFINITION. Let X be a geodesically complete Hadamard space and I' a
group of isometries of X. We say the geodesic flow of X is topologically transitive
mod I if for any two open non-empty subsets U,V in GX thereist € Rand ¢ € '
such that g'(U) N (V) # 0.

2.2 REMARK. If X is separable, then the topology of X, and therefore the
topology of GX, has a countable base. Hence the geodesic flow is topologically
transitive mod I' if and only if it has a dense orbit mod I': there is a o in GX such
that for any ¢’ in GX there are sequences (¢,,) in R and ¢,, in T with ¢, ¢g'"0c — o’.

After all our preparations we are ready for the following result from [Eb3].

2.3 THEOREM. Let X be a geodesically complete, separable Hadamard space,
and let ' be a group of isometries of X satisfying the duality condition. Then the
following are equivalent:

(1) g* is topologically transitive mod T';
(ii) for some & € X (00), the orbit I'(§) is dense in X (00);
(iii) for every & € X(00), the orbit I'(§) is dense in X (00);
(iv) X (o0) does not contain a non-empty T'-invariant proper closed subset.

PrOOF. Clearly (iii) < (iv) and (iii) = (ii). The implication (i) = (ii) is
immediate from Remark 2.2 above. The implication (ii) = (iii) follows from Propo-
sition 1.9. It remains to prove (i) = (i).

We let U(oo) respectively V(o) be the set of points o(co) in X (oco) with
o € U respectively V. Then U(co) and V(c0) are open and non-empty. Applying
(ii) we can assume U(oo) C V(00). Let o € U. Then there is a geodesic p € V' with
p(00) = o(00). Now Corollary 1.3 applies. [

2.4 THEOREM. Let X be a geodesically complete and locally compact Hada-
mard space, and let I" be a group of isometries of X satisfying the duality condition.
Then the following are equivalent:
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(1) the geodesic flow (¢*) of X is not topologically transitive mod T';

(ii) X (00) contains a non-empty T'-invariant proper compact subset;

(111) the geodesic flow (g') of X admits a non-constant T -invariant continuous first
integral f : GX — R such that f(o) = f(p) for all o,p € GX with o(c0) =
p(00) or o(—00) = p(—o0).

FEach of these conditions implies that every geodesic of X 1is contained in o flat

plane, that is, a convexr subset of X isometric to the FEuclidean plane.

PROOF. X is separable because X is locally compact. Hence (i) < (ii) by
Theorem 2.3. The implication (iii) = (ii) is clear since we assume the integral to be
continuous, non-constant and I'-invariant and since X (oo0) is compact. It remains
to show (ii) = (iii) and the existence of the flat planes.

To that end, let C C X(o0) be a non-empty I'-invariant proper compact
subset. For o0 € GX we set

(2.5) flo) = ggg Zo0y(0(0), ().

We claim that the function f is an integral of the geodesic flow as asserted. Note
that f is I'-invariant since C' is.

The continuity of angle measurement at a fixed point, see 1.3.x, implies that
for any 0 € GX there is ¢ € C with f(0) = Zs)(0(00), (). Obviously, or by
Proposition 11.4.2, we have that f(g*(c)) is monotonically not decreasing in ¢.

Suppose first that ¢ € GX is I'-recurrent. Choose sequences (t,) in R and
(pn) in T such that ¢, — oo and ¢, 0 g'"(0) — o. By the I'-invariance of f and the
monotonicity we have

flgnog(o)) = flg"(0)) = f(o).

The semicontinuity of angle measurement, see 1.3.x, implies
liminf f(¢n 0 g™ (0)) < £(0).
n—oo

We conclude that f(g*(c) = f(o) for all ¢ > 0, and hence for all ¢t € R since g*(o)
is I-recurrent for all s € R. We also conclude that there is a point {(0) € C such
that

fg'(0)) = Zow(o(0),C(0)) = £(0(0),¢(0)) = minZ(o(c0),().

cec

In particular, o bounds a flat half plane H, with ((0) € H,(00) if o(c0) & C.

Now let ¢ € GX be arbitrary. Let (0,) be a sequence of I'-recurrent unit
speed geodesics converging to o. Passing to a subsequence if necessary, the corre-
sponding half planes H,_ and points ((o,) converge to a flat half plane H, along
o respectively a point ((o) € H,(c0). We conclude

f(O') = lim f(gn) = A(J(OO)7C(J))

n—oo

Therefore f is continuous; now Lemma 1.1 implies that f(o) = f(p) if o(00) = p(o0)
respectively if o(—o0) = p(—00); f is non-constant since C' is proper.
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Let 0 € GX and let H,, (o) be as above. Let p; : R — X be a unit speed
geodesic with p;(0) = o(t) and pi(oc0) = ((0). For s € R, let 05 : R — X be a unit
speed geodesic o5(t) = p¢(s) and o5(00) = o(00). Then clearly

f(U) = f(as> = Zas(t)(C(O'),as(OOD.

Therefore p;|[s, 00) and o,|[t, 00) span a flat cone Cj ;. This cone contains o ([t, 00)) if
s < 0. Now X is locally compact. Hence we obtain a flat plane containing o as a limit
of the cones Cj for some appropriate sequences s,, — —oo and t,, — —oo. [

n 7tn

2.6 PROBLEM. Suppose X is geodesically complete and irreducible with a
group I' of isometries satisfying the duality condition. Assume furthermore that
every geodesic of X is contained in a flat plane. Claim: X is a symmetric space or
a Fuclidean building.

This is known in the smooth case, which excludes the case of Euclidean build-
ings. In Chapter IV we will discuss the proof. In the singular case, if dim X = n
and every geodesic of X is contained in an n-flat, that is, a convex subset of X
isometric to n-dimensional Euclidean space, then X is a Euclidean building [KI].

3. The flat half plane condition

In this section we assume that X is a locally compact Hadamard space. Then,
if o : R — X is a geodesic which does not bound a flat half plane, there is a constant
R > 0 such that o does not bound a flat strip of width R.

3.1 LEMMA. Let 0 : R — X be a unit speed geodesic which does not bound
a flat strip of width R > 0. Then there are neighborhoods U of o(—00) and V' of
o(00) in X such that for any € € U and n € V there is a geodesic from & to n, and
for any such geodesic o’ we have d(c’,0(0)) < R. In particular, o’ does not bound
a flat strip of width 2R.

PrOOF. If the assertion of the lemma does not hold, then there are sequences
(xp,) and (y,) in X with z, — o(—o00) and y,, — o(c0) such that the unit speed
geodesic segment o,, from z,, to y,, parameterized such that ,,(0) is the point on
o, closest to z := o(0), satisfies d(0,(0),2) > R for all n € N. Let z, be the point
on the geodesic from z to 0,(0) with d(z, z,,) = R. By the choice of ¢, (0),

T
Zan(O)(zaxn)a 4%(0)(7«',%) > 9

Hence also -

Zzn (z,xn), Zzn (Zayn) Z 5

Passing to a subsequence if necessary we assume z,, — 2zo. Then d(z, zo,) = R and

L. (z,0(—0)), L. (z,0(c0)) >

o]

We also have
£,(0(—00), 200) + £2(0(00), 200) > 7.

Applying Proposition 1.5.8(i) we conclude

£:(0(=00), 200) = Lo, (0(=00),2) = £2(0(00), 200) = L (0(00),2) = 5.
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Hence the unit speed rays w_ respectively w; from z,, to o(—oc) and o(00) re-
spectively span flat half strips with o|(—o0, 0] respectively ¢|[0, 00), see Proposition
1.5.8(i). In particular, o(—t) respectively o(t) is the point on o closest to w_(t) re-
spectively wy (t), t > 0. Hence d(w_(t),wy(t)) > 2t, and hence w_ and w; combine
to give a geodesic w from o(—o0) to o(00) through z,,. Therefore w is parallel to
o and w and o span a flat strip of width R. This is a contradiction. [J

3.2 LEMMA. Let o : R — X be a unit speed geodesic which does not bound a
flat half plane. Let (v,) be a sequence of isometries of X such that ¢, (x) — o(c0)
and @1 (x) — o(—o0) for one (and hence any) x € X. Then for n sufficiently
large, @, has an azis oy, such that 0,,(00) — 0(0), 0,(—00) — o(—00) as n — oo.

PrRoOF. There is an R > 0 such that ¢ does not bound a flat strip of width
R. Let x = 0(0) and choose € > 0,7 > 0 such that

U=U(x,0(—0),re)and V =U(z,0(0),r,¢€).

are neighborhoods as in Lemma 3.1. By comparison with Euclidean geometry we
find that there is an R’ > r such that for any y € X we have

) d(o(r),044(r)) <e or d(o(—r),0.4(r)) <e

*

if d(y,0) < Rand d(y,z) > R'.

By the definition of U and V this means that y € U UV if d(y,0) < R and

d(y,z) > R'. B
Assume that ¢, for any n in a subsequence, fixes a point x, € X outside

U UV with d(z,x,) > 2R’. Let 0,, = 044, be the unit speed geodesic (or ray re-

spectively if x,, € X (00)) from z to x,. Then the displacement function d(¢,(2), 2)

is monotonically decreasing along o,,. Let y,, = 0,,(R’) and vy, = 0,,(2R’). Then

Ly, (y;m @n(yn»"'lyn (y;” Spr_zl(ynD =

Ly, (y;w wn(yn))"f‘écpn(yn)(gon (y;z)ﬂ Yn) < T
since

d(Yns Pn(Yn)) = dYn, 03" (Yn)) 2 dYns oa(yr)) = d(yn, o0 (Yn)
(consider the quadrangle spanned by yn, Y., ©n(Yn), ©n(y,)). Now

Ly Wy 0 () + Ly, (@, 05 (yn)) > Ly, () =7
and therefore

(**) Ayn (.77, SOn(yn)) + Ayn (1'7 90;1(y;L>) Z .
We also have
(@ (yn), o (2)) = d(yn, ) = R/,

and hence ¢, (y,) — o(c0) and ¢, (y,) — o(—o00) (for the given subsequence).
After passing to a further subsequence if necessary, we can assume ¥, — y. Then
d(y,0) > R by (%) since y ¢ UUV and d(y,x) = R'. By (*x), the rays from y
to o(—o0) respectively o(oo0) combine to give a geodesic parallel to o. Therefore
o bounds a flat strip of width R, a contradiction. Hence we obtain that, for n
sufficiently large, any fixed point of ¢, is contained in U UV U B(z, 2R’).

Using Lemma 3.1 it is now easy to exclude that ¢, is elliptic or parabolic
(for this compare Proposition 11.3.4) for all n sufficiently large. For large n, the
endpoints of an axis o, of ¢, have to be in U UV by what we said above. It is
clear from Lemma 3.1 that not both endpoints of o,, are in one of the sets, U or
V. Hence the lemma. [J
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3.3 LEMMA. Let ¢ be an isometry of X with an axis 0 : R — X, where o is
a unit speed geodesic which does not bound a flat half plane. Then
(i) for any neighborhood U of o(—o0) and any neighborhood V of o(c0) in X
there exists N € N such that

P"(X\U)CV, o ™X\V)CU foraln>N ;

(11) for any & € X (00) \ {o(0c0)} there is a geodesic o¢ from & to o(c0), and any
such geodesic does not bound a flat half plane. For K C X(o0) \ {o(o0)}
compact, the set of these geodesics is compact (modulo parameterization).

PROOF. Let z = ¢(0). We can assume that
U=U(xz,0(—),R,e) and V = U(z,0(0), R, ).
By comparison with Euclidean geometry we find that
(%) e M U)cU and o(V)CV.

If (i) is not true, there is a sequence ny — oo and, say, a sequence (xj) in X \U
such that o™ (z)) ¢ V. Passing to a subsequence, we may assume z, — £ € X \U.
From (%) we conclude ¢ (zy) € V for 0 < m < ny, and hence we get

(xx) ©"(&) €V for allm > 0.

In particular, ¢ € X(co0). Now the set K of all £ € X(c0) \ U satisfying (%) is
compact and invariant under ¢™, m > 1. By our assumption K # (). Now choose
¢ € K such that Z;y(0(00),&) is minimal. Since p(o(00)) = o(c0),

Zs0)(0(0),9™(§)) < Zo(ma)(0(00), 9" (§)) = Loy (0(20), §),

where a > 0 is the period of ¢. By the choice of £ we conclude

Zo(0)(0(00),9™(£)) = Lo (ma) (9 (0), ¢™(£)),

hence the rays from o(0) and o(ma) to ¢™ (&) together with o|[0, ma] bound a
flat convex region. Since m is arbitrary and since ¢ shifts o, we conclude that o
bounds a flat half plane, a contradiction. Thus (i) follows. Now (ii) is an immediate
consequence of (i) and Lemma 3.1. [

Let T' be a group of isometries of the Hadamard space X. We say that a
non-constant geodesic o in X is I'-closed if it is an axis of an axial isometry ¢ € .

3.4 THEOREM. Assume that X is a locally compact Hadamard space contain-
g a unit speed geodesic o : R — X which does not bound a flat half plane and that
I' is a group of isometries of X satisfying the duality condition. Then we have:

If X(oc0) contains at least three points, then X (o0) is a perfect set: for any
€ € X(00), there is a sequence (&,) in X (00) \ {£} such that &, — &. Furthermore,
for any two non-empty open subsets U,V of X (o0) there is a ¢ € I with

P(X(00)\U) CV, 9~ (X(00)\ V) C U.
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More precisely, there is a T'-closed geodesic o with o(—o0) € U and o(c0) € V' such
that o does not bound a flat half plane.

Proor. By Lemma 3.2, there is an isometry ¢g in I' with an axis oy which
does not bound a flat half plane. Since X (00) contains more than two points, there
is a point £ € X (00) \ {o0(+00)}. By Lemma 3.3, " (&) — oo(£00), hence the
first assertion holds for og(£00). Again by Lemma 3.3, there is a geodesic o1 from
oo(—o0) to £ and this geodesic does not bound a flat half plane. By Lemma 3.2,
any two neighborhoods of the endpoints of o1 contain endpoints of an axis o} of
an isometry ¢1 in I' and o does not bound a flat half plane. Then a sufficient high
power of ¢; maps og(+00) into the given neighborhood, hence the first assertion
also holds for &.

If U,V are non-empty and open in X (c0), there is, by the first step, a point
£ € U —o0p(c0). By Lemma 3.3, there is a geodesic half plane. By Lemma 3.2 there
is a I'-closed geodesic o9 with o9(—00) € U such that oo does not bound a flat half
plane. Again by the first part, there is a point n € V — g9(—00) and, by Lemma
3.3, a geodesic o3 from o9(—00) to n which does not bound a flat half plane. By
Lemma 3.2, there is a I'-closed geodesic o as claimed. [

3.5 THEOREM. Let X and I" be as in Theorem 3.4. Suppose X (o0) contains
at least three points.
(i) If X is geodesically complete, then the geodesic flow is topologically transitive
mod T'.
(ii) T contains free non-abelian subgroups.

PROOF. (i) This is immediate from Theorem 2.4. Alternatively we can argue
as follows: Theorem 3.4 and Lemma 3.3 imply that the I™-orbit of any point £ €
X (00) is dense in X (o00). Hence the geodesic flow of X is topologically transitive
mod I' by Theorem 2.3.

(ii) By the first assertion of Theorem 3.4, X (co) contains non-empty open
subsets W7, Wy with

(*) WlﬂWQZQ) and W1UW275X(OO).

By the second assertion of Theorem 3.4 and Lemma 3.3, I' contains isometries
1, p2 with axis o1, 09 which do not bound flat half planes such that o;(+o00) € W;
and

€ (X () \ W) C Wy, i =1,2,

for all & # 0. Let £ € X(o0) \ (W1 U W>). It follows from (%) and (xx) that a
non-trivial word w in ¢; and 9, considered as an element of I', maps £ to W; if
@; is the first letter of w, ¢ = 1,2. Hence w(&) # £ and therefore w # id. It follows
that (1 and @5 generate a free subgroup of I'. [

3.6 REMARK. If X is a Hadamard manifold with a unit speed geodesic o :
R — X which does not bound a flat half plane, and if I' is a group of isometries
of X satisfying the duality condition, then the geodesic flow of X is topologically
mixing mod I' [Bal]: for any two non-empty open subsets U,V in GX there is a
T > 0 such that for any ¢ > T there is p € T' with ¢*(U) N (V) # 0. This does not
hold in the general case we consider, even if we impose the strongest hyperbolicity
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assumption. For example, if X is the tree with all vertices of valence three and all
edges of length one, and if U respectively V' is the set of all 0 € GX such that ¢(0)
is e-close to a vertex respectively the midpoint of an edge, where ¢ < 1/4, then
g'(U)Ne(V) =0 for all t € Z and every isometry ¢ of X. It is, however, possible to
strengthen the above result about topological transitivity and to obtain a property
intermediate between it and topological mixing.

In Chapter IV we prove that a Hadamard manifold M with a group I' of
isometries satisfying the duality condition contains a unit speed geodesic which
does not bound a flat half plane if and only if it contains a unit speed geodesic
o which does not bound an infinitesimal flat half plane. By the latter we mean
that there is no parallel vector field V' along o such that |V| = 1, V L ¢ and
K(6 ANV) = 0. It is easy to see that o satisfies this condition if and only if o is
hyperbolic in the sense of the following definition.

3.7 DEFINITION (EXPERIMENTAL). Let X be a Hadamard space. We say that
a unit speed geodesic o : R — X is hyperbolic if there are real numbers a < b and
constants € > 0 and A < 1 such that any geodesic segment v : [a,b] — X with
v(a) € B:(o(a)) and v(b) € B:(o(b)) satisfies

a+b i
2

d(y(—5=).0) = 5(d(v(a),0) +d(v(b), ).

It is unclear whether a geodesically complete Hadamard space X (with reason-
able additional assumptions like local compactness and /or large group of isometries)
contains a hyperbolic unit speed geodesic (in the above sense or a variation of it)
if it contains a unit speed geodesic which does not bound a flat half plane.

Let X be a geodesically complete and locally compact Hadamard space. Then
the set G, X of hyperbolic geodesic is open in GX and invariant under isometries
and the geodesic flow.

3.8 COROLLARY. Let X be a geodesically complete and locally compact Hada-
mard space and I' a group of isometries of X satisfying the duality condition. If X
contains a hyperbolic geodesic, then the set of hyperbolic I'-closed geodesics is dense
m GX.

Proor. By Lemma 3.2, any hyperbolic geodesic o is the limit of a sequence
(0,) of I'-closed geodesics. Since G X is open in GX, o, is hyperbolic for n large.
Now Theorem 3.5(i) implies that G, X is dense in GX. [

4. Harmonic functions and random walks on T

Let X be a locally compact Hadamard space containing a unit speed geodesic
o : R — X which does not bound a flat half plane and I' a countable group of
isometries of X satisfying the duality condition. Assume furthermore that X (o0)
contains at least three points.

Suppose p is a probability measure on I' whose support generates I' as a
semigroup. We say that a function h : I' — R is py-harmonic if

(4.1) he) = D h(ep)u(y) forallpeT.

el
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Our objective is to show that I' admits many p-harmonic functions.
We define the probability measures x*, k > 0, on I recursively by u° := 6, the
Dirac measure at the neutral element of I', and

(4.2) = S W) k> 1.

pel’

Then ' = p. An easy computation shows that h : I' — R is p*-harmonic if A is
p-harmonic. Now the support of u generates I' as a semigroup and hence for any
¢ € T there is a k > 1 such that u*(y) > 0.

For k,1 > 0 we also have pu* * u! = p#+!, where

(4.3) pFapt(e) = D i)t e) .

el

For a probability measure v on X (co) and k > 0 define the convolution p* * v by

(4.4) /X( )f(f)du*l/ Z/X() (&) dr ()" (p),

where f is a bounded measurable function on X (0c0). Then
(4.5) pP o (ptsxv) = p"xv, E1>0.
Since the space of probability measures on X (00) is weakly compact, the sequence

1
n—+1

(vHpxv+pspxv—+...+ (ux)"v)

has weakly convergent subsequences, and a weak limit 7 will be stationary (with
respect to p), that is, p* 7 = . Thus the set of stationary probability measures is
not empty.

Now let v be a fixed stationary probability measure. By (4.5) we have

(4.6) pFxv=v forallk>0.

If there is a point £ € X (00) such that v(£) > 0, then there is also a point £ € X (c0)
such that v(£y) is maximal since v is a finite measure. For k > 1, the definition of

1F % v implies
V(&) = Y vl )ik (p),
T

and thus v(¢p~1&) = v(&) for all ¢ in the support of u* by the maximality of v(&p).
But for any ¢ € T there is k > 1 such that u*(¢) > 0. Hence v(p~1&) = v(&) for
all p € T'. But this is absurd since the orbit of £, under I" is infinite. Hence

(4.7) v is not supported on points.

Thus for any £ € X(o0) and € > 0 there is a neighbourhood U of £ such that
v(U) <e.
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Let f be a bounded measurable function on X (c0). Define a function hy on I’
by

(1.) o) = [ feme = [ s

X(o0)

Since we have p * ¥ = v we obtain

S b)) =3 /X () = /X 0w @) = (o),

and therefore hy is a p-harmonic function. We will show now that h¢(p,) — f(§)
if £ is a point of continuity of f and if ¢, (x) — & for one (and hence any) = € X.

4.9 LEMMA. Let o € X, R > 0 and € > 0 be given. Let (p,) C I' be a
sequence such that pp,xo — & € X(00). Then there is an open subset U C X (00)
with v(U) < e and a ¢ € I" such that for some subsequence (pn, ) of (¢n) we have

gOnkQO(X \ U) - U(x()?f?R? 5)'

PROOF. After passing to a subsequence if necessary we may assume ¢, 1zo —
n € X (00). By Theorem 3.4 there is a ¢ € I' with an axis ¢ which does not bound
a flat half plane and with open neighborhoods U~ of o(—o00) and U™ of o(c0) in
X such that
neX\UT and U™ NU(x,&, R, e) = 0.

By increasing R and diminishing ¢ and U~ if necessary we can assume xg ¢ U~
and v(U~) < e. By Lemmas 3.1 and 3.3 there is a neighborhood V'~ of o(—00) in
U~ such that for any two points y,2 € X \ U~ and any = € V~ the geodesics 0,
and o, , exists and d(o4,,(t),04,.(t)) <e/2 for 0 <t < R.

Now choose N so large that

) (X\VT) U M (X\UT)CcV™

and let o = ). If n is large, then o, lzg € X \ Ut since ¢ 'xg — 1. Then
r=p o teg € V= and for y € X \ U~ arbitrary we get, for 0 <t < R,

d(a$0,§ (t>7 Ox0,0n0(y) (t)>
< d(vao,E(t% a$0:‘?n‘?(m0)(t>) + d<0-370790n90(550)(t>7 0-5507<Pn90(y)(t)> .

The first term on the right hand side tends to 0 as n tends to oo since _gon(goxo) — .
The second term is less than €/2 for n sufficiently large since zg,y € X \U~. Hence
(X \U7) C U(xo, &, R, €) for all n sufficiently large. O

4.10 THEOREM (DIRICHLET PROBLEM AT INFINITY). Let X be a locally com-
pact Hadamard space containing a unit speed geodesic o : R — X which does not
bound a flat half plane. Assume that X (0o) contains at least 3 points. Suppose that
I' is a countable group of of isometries of X satisfying the duality condition and
that 1 is a probability measure on I' whose support generates I' as a semigroup.

Then we have: if f is a bounded measurable function on X (c0) and £ € X (00)
is a point of continuity for f, then hy is continuous at &; that is, if (p,) C I is a
sequence such that pnx — & for one (and hence any) x € X, then hy(pyn) — f(£).
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In particular, if f : X(oo0) — R is continuous, then hy is the unique p-harmonic
function on I' extending continuously to f at infinity.

PrROOF. Without loss of generality we can assume f(£) = 0. If there is a
sequence (p,) C I' such that p,xo — £ and such that h¢(p,) does not tend to f(),
then there is such a sequence (¢,) with the property that limsup,, . |hf(¢n)] is
maximal among all these sequences. We fix such a sequence and set

d = limsup |hs(pn)|.

n—oo

By passing to a subsequence if necessary we can assume that the limsup is a true
limit. Since £ is a point of continuity of f, there are R > 0 and ¢ > 0 such that

|f(n)] < d/3for alln € X(c0) NU(x0,&, R, ).

By Lemma 4.9 there is a ¢ € I" and an open subset U of X (c0) such that v(U) < ¢
and ¢,, p(X(c0) \U) C U(xo,&, R, ) for a subsequence (¢, ) of (¢,). Then

|hf(Pnp)| < ‘/X(Oo)\Uf(SOnkSOU )dv(n ‘ '/ f(npm)dv(n )‘
< v(X(00)\U) - 6/3+v(U)sup|fl.

Hence |hf(pn,p)| < /2 for all k if we choose € > 0 small enough.

Now there is a k > 1 such that u*(p) = a > 0. We split T into three disjoint
parts G, L and {p}, where G is finite and p*(L)sup |f| < «d/2. Since hy is p*-
harmonic we get

limsup | (pn,)| = limsup|> hf(sonkw)u’“(W'
—00 —00 T
< hlﬁnsup th O, V)1 (w)’%—liinsup\hf(gonkgo)\a+a6/2

<M(G)-5+oz6/2—|—oz5/2§(1—a)5—|—a5:5.

This is a contradiction. [

We now consider the left-invariant random walk on I' defined by p; that is, the
transition probability from ¢ € I' to ¢ € T'is given by u(p~14). For ¢1,... ¢y € T,
the probability P that a sequence (y,,) satisfies @; = 1;,1 <1 < k, is by definition
equal to

pu(r ) by o) - - (Wt ).

Since the support of u generates I' and since I' is not amenable (I" contains a free
subgroup), random walk on T' is transient, see [Fu3, p.212], that is, d(x, o) — 00
for P-almost any sequence (¢,) C I'. An immediate consequence of Theorem 4.10
and the Martingale Convergence Theorem is the following result.

4.11 THEOREM. Let X, I and p be as in Theorem 4.10. Then for almost any
sequence (@) in I, the sequence (ppx),x € X, tends to a limit in X (c0). The
hitting probability is given by v. In particular, the stationary measure v is uniquely
determined.
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PROOF. If h is a bounded p-harmonic function, then Mg ((p,)) := h(pk),
k > 1, defines a martingale and hence My ((¢,)) converges P-almost surely by the
Martingale Convergence Theorem, see [Fu3].

Let £ # n € X(o0) and let U,V be neighborhoods of U and V in X (o0).
Then there is a continuous function f on X (oo) which is negative at £, positive
at n and 0 outside U U V. Applying the Martingale Convergence Theorem in the
case h = hy we conclude that the set of sequences (¢, ) in I' such that (¢,(x)),
x € X, has accumulation points close to both £ and 1 has P-measure 0. Now X (00)
is compact, hence the first assertion.

Let f : X(c0o) — R be continuous and set My((pn)) = hy(pr), k> 1. If 7
denotes the hitting probability at X (co), then

/ fdr = / (lim My )dP.

On the other hand, since (M}) is a martingale,

/ (lim My)dP = / MydP

Hence v = 7 and the proof is complete. [

We may ask whether (X (o0),v) is the Poisson boundary of I'. By that we
mean that the assertions of Theorem 4.11 hold and that every bounded p-harmonic
function h on I is given as h = hy, where f is an appropriate bounded measurable
function on X (00). This is true if X, I and p satisfy the assumptions of Theorem
4.10 and

(i) T is finitely generated and p has finite first moment with respect to the word

norm of a finite system of generators of I';

(ii) I' is properly discontinuous and cocompact on X.
For the proof (in the smooth case) we refer to [BaLil]; see alsox [Kai3, Theorem 3]
for a simplification of the argument in [Bal.l]. We omit a more elaborate discussion
of the Poisson boundary since the relation between cocompactness on the one hand
and the duality condition on the other is unclear (as of now).

For the convenience of the reader, the Bibliography contains many references in
which topics related to our random walks are discussed: Martin boundary, Brownian
motion, potential theory ... for Hadamard spaces and groups acting isometrically
on them.
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CHAPTER IV

RANK RIGIDITY

In this chapter we prove the Rank Rigidity Theorem. The proof proper is in
Sections 4 - 7, whereas Sections 1 - 3 are of a preliminary nature. The initiated
geometer should skip these first sections and start with Section 4. In Section 1 we
discuss geodesic flows on Riemannian manifolds, in Section 2 estimates on Jacobi
fields in terms of sectional curvature (Rauch comparison theorem) and in Section
3 the regularity of Busemann functions.

1. Preliminaries on geodesic flows

Let M be a smooth n-dimensional manifold with a connection D. Let TM
be the tangent bundle of M and denote by 7 : TM — M the projection. Recall
that the charts of M define an atlas for T'M in a natural way, turning T'M into a
smooth manifold of dimension 2n. Namely, if z : U — U’ C R™ is a chart of M and

0 .
Xi:%, 1§Z§n,

are the basic vector fields over U determined by x, then we define
(1.1) B (U) - U X RY () = (a(p),de ()

where p = 7(v). If we write v as a linear combination of the X;(p),

v="> &Xi(p),
then
(&€ = &) = dxlp(v)
and hence
T = (7,§),

where £ = x o 7. It is easy to see that the family of maps &, where x is a chart of
M, is a C*°-atlas for T M.

The connection D allows for a convenient description of TT'M, the tangent
bundle of the tangent bundle. To that end, we introduce the vector bundle & — T M,

E=n"(TM)er"(TM).

Typeset by AMS-TEX
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The fibre &, of £ at v € T'M is
(1.2) Ey=T,M ©T,M,

where p = 7(v) is the foot point of v. We define a map Z : TTM — & as follows:
. DV
(13) 7(2) = (e00). 5 0).

where V is a smooth curve in TM with V(0) = Z and ¢ = w0 V. To see that (1.3)
defines a map TTM — &, we express it in a local coordinate chart z as above.
Then £ oV = (0,¢), where 0 =z ocand V = £ X;. Hence

(e0. %)

is represented by

(1.4) (5(0).£(0) + T(6(0),£(0))) .

where I' denotes the Christoffel symbol with respect to the chart x and where we
use T @ = as a trivialization for £. We conclude that 7 is well-defined, smooth and
linear on the fibres. It is easy to see that Z is surjective on the fibres. Now 7 is
bijective since the fibres of TT'M and £ have the same dimension 2n. Therefore:

1.5 LEMMA. The map Z : TTM — & s a vector bundle isomorphism. [

1.6 EXERCISE. For a coordinate chart x and a tangent vector v = Y ¥ X4 (p)
as in the beginning of this section show that

0

I(a@

0

7( 5

where V = " € X, is the “constant extension” of v to a vector field on the domain
of the coordinate chart z.

U)::<axxm>

and

) — (X:(p), Dx,V(p)),

Henceforth we will identify TT'M and £ via Z without further reference to the
identification map 7.
For v € TTM and p = 7(v), the splitting

T, "M =T,M & T,M
singles out two n-dimensional subspaces. The first one is the vertical space
(1.7) Vo = kermy, = {(0,Y)|Y eT,M}.

The vertical distribution )V is smooth and integrable. The integral manifolds of V
are the fibres of 7, that is, the tangent spaces of M. Here we visualize the tangent
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spaces of M as vertical to the manifold - a convenient picture when thinking of T'M
as a bundle over M. The second n-dimensional subspace is the horizontal space

(1.8) H, = {(X,0)| X € T,M}.

The horizontal distribution H of T'M is smooth but, in general, not integrable. By
definition, a curve V in T'M is horizontal, that is, 1% belongs to ‘H, if and only if
V' =0, where V' denotes the covariant derivative of V along 7o V’; in other words,
V' is horizontal if and only if V' is parallel along c =7 o V.

The map, which associates to two smooth horizontal vector fields X', ) on TM
the vertical component of [X', )], is bilinear and, in each variable, linear over the
smooth functions on T'M. Hence the vertical component of [X, )] at v € TM only
depends on X (v) and Y(v). To measure the non-integrability of H, it is therefore
sufficient to consider only special horizontal vector fields.

Now let X be a smooth vector field on M. The horizontal lift X™ of X is
defined by

(1.9) X"(v) = (X(7(v)),0), veTM.

By definition, X is m-related to X7t, that is, m, o X™ = X o 7. This allows us to
express the Lie bracket of horizontal lifts of vector fields X, Y on M in a simple
way.

1.10 LEMMA. Let X,Y be smooth vector fields on M. Then
[XH7 YH](”) = ([X7 Y]p7 R(XP7 Yp>v)7
where p = w(v) and the index p indicates evaluation at p.

PROOF. Since X and Y are m-related to X™ and Y respectively, we have
W*U([XHa YH](U)) = [Xa Y]p

This shows the claim about the horizontal component.

Since the vertical component only depends on X, and Y, it suffices to consider
the case [X, Y], = 0. Denote by ¢, the flow of X and by 15 the flow of Y. Then the
flows ®; of X" and ¥, of Y™ are parallel translations along ¢; and 1), respectively.
Let v € TM and let

V(s,t) = @1 ¥ Dy(v).

Then 5 5
XY (0) = = | 52V :
at 68 s=0 t=0
where we note that this makes sense since
QV e T, TM forallt.
0s |,
) . DV )
Now the horizontal component of 8_V is e , and hence the horizontal
S s=0 s s=0
component of [X7, Y](v) is
o (Dv
ot \ 0s |,_, t:(),
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where we note (again) that ——

€ T, M for all t. In particular,
s

s=0
0 (DV ) DDV
ot \ 9s |,_, ot s |,y
D DV
By assumption, [X, Y], = 0; by definition, 5 9 - 0; hence
s

D DV
ot 0Os
This proves the claim about the vertical component. [

1.11 EXERCISE. Show that [X™ Z] = 0, where X" is as above and Z is a
smooth vertical field of T'M.

Recall that the geodesic flow (g*) acts on TM by
(1.12) g'(v) = 4u(t), t € Dy,

where D, denotes the maximal interval of definition for the geodesic ~, determined
by 4,(0) = v. By definition, the connection is complete if D, = R for all v € T'M.
To compute the differential of the geodesic flow, let v € TM and (X,Y) € T, TM.
Represent (X,Y) by a smooth curve V through v, that is, ¢(0) = X forc=mwoV

(07 0) = R(XIH Y}P)U

DV
and W(O) =Y. Let J be the Jacobi field of the geodesic variation vy () of v,. By
the definition of the splitting of TT'M we have

GL(XY) = L wis)

s=0
0 D .
= (%’VV(S)(t%%’YV(s)(D)

_ (J(t), %%W(s)(ﬂ)

= (J(t>7 Jl(t)) )

where the prime indicates covariant differentiation along ~,. Hence:

s=0

s=0

1.13 LEMMA. The differential of the geodesic flow is given by
9u(X,Y) = (J(1), J'(1)),
where J is the Jacobi field along 7y, with J(0) =X and J'(0)=Y. O

We now turn our attention to the case that D is the Levi-Civita connection
of a Riemannian metric on M. By using the corresponding splitting of TT'M, we
obtain a Riemannian metric on T'M, the Sasaki metric,

(1.14) <(X1,77), (X9, Y2) > =< X1, Xo >+ <Y, Yo > .

There is also a natural 1-form a on T'M,

(1.15) a,(X,Y)) =< v, X > .

Using Lemma 1.10 it is easy to see that the differential w = da is given by
(1.16) w((X1,Y1),(X2,Y2)) =< X0, V1 > — < Xp,Y5 > .

The Jacobi equation tells us that w is invariant under the geodesic flow. The 1-form
« is not invariant under the geodesic flow on T'M.
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1.17 EXERCISE. Compute the expressions for @ and w with respect to local
coordinates & = (Z, ) as in the beginning of this section.

Note that w is a nondegenerate closed 2-form and hence a symplectic form on
TM. The measure on T'M defined by |w"| is equal to the volume form of the Sasaki
metric. It is called the Liouville measure. The Liouville measure is invariant under
the geodesic flow since w is.

Denote by SM C TM the unit tangent bundle. We have

(1.18) T,SM = {(X,Y)|X,Y € T,M,Y L v},

where v € SM and p = w(v). The geodesic flow leaves SM invariant. The restric-
tions of o and w to SM, also denoted by a and w respectively, are invariant under
the geodesic flow since < 7, J >= const if J is a Jacobi field along ~, with J' L 4,,.
The (2n — 1)-form a Aw™ ! is the volume form of the Sasaki metric (1.14) on SM.
In particular, « is a contact form. The measure on SM defined by a A w™ ! is also
called the Liouville measure. It is invariant under the geodesic flow on SM since «
and w = da are.

A first and rough estimate of the differential of the geodesic flow with respect
to the Sasaki metric is as follows, see [BBB1].

1.19 PROPOSITION. For v € SM set R,X = R(X,v)v. Then we have
1 t
Hgi(v)u < exp (5/0 sz_RgS(v)HdS) .

PROOF. Let J be a Jacobi field along ~,. Then

(J, T+ (TN = 200, T+ J")
= 2(J, (id — Ryi) )
2| - || - |id — Rge (o)

<
< (L) + (I, I) lid = Ryo )|

O

We finish this section with some remarks on the geometry of the unit tangent
bundle.

1.20 PROPOSITION [SAS|. A smooth curve V in SM is a geodesic in SM if

and only if
V' = —<V' V>V and ¢ = RV',V)e,

where ¢ = oV and prime denotes covariant differentiation along c.

PROOF. The energy of a piecewise smooth curve V : [a,b] — SM is given by

1 ’ 112 1 k 1112
B(V) = 5 [ e+ [ v,

The second integral is the energy of the curve V in the unit sphere at ¢(0) obtained
by parallel translating the vectors V' (¢) along ¢ to V(0).
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Assume V is a critical point of E. By considering variations of V' which leave
fixed the curve ¢ of foot points and V(a) and V(b), we see that V is a geodesic
segment in the unit sphere. Hence V satisfies the first equation.

Now consider an arbitrary variation V (s,-) of V with foot point ¢(s, ) which
keeps V(-,a) and V (-, b) fixed. Then

dE °T/D . D_, .
0 = E = /a |:<£C,C>+<£V,V> dt
°T/Doc . DD_ _, de e ,
- /a K—%’C>+<mw>+<R(%’a)w>]‘“

(i) - (o) w((777)
N <2V, V"> n <R(V',V)c', @Hdt.

ds 0s

b b
d /oc . d /D ,
/a @<$,C>dt =0 = /a %<£V,V>dt

since c(s,a), c(s,b), V(s,a), and V (s, b) are kept fixed. Also ((D/ds)V, V") = 0 since
V" and V are collinear by the first equation and ((D/ds)V, V") = 0 because V is
a curve of unit vectors. Hence the second equation is satisfied.

Conversely, our computations show that V is a critical point of the energy if
it satisfies the equations in Proposition 1.17. [J

Note that

1.21 REMARKS. (a) The equations in Proposition 1.17 imply
Vv =0= (¢

and therefore
|[V']] = const. and ||¢|| = const.

(b) The great circle arcs in the unit spheres S,M, p € M, are geodesics in
SM. In particular, we have that the Riemannian submersion 7 : SM — M has
totally geodesic fibres.

(c) If V' is horizontal, then V is a geodesic if and only if ¢ = 7oV is a geodesic
in M.

1.22 EXERCISE. Let M be a surface and V a geodesic in the unit tangent
bundle of M. Assume that V is neither horizontal nor vertical. Then V' # 0 and
¢ # 0, where c=moV, and

Vi) = — V2V ()
ko) = T et

where k is the geodesic curvature of ¢ with respect to the normal n such that (¢, n)
and (V,V’) have the same orientation and K is the Gauss curvature of M. Use
this to discuss geodesics in the unit tangent bundles of surfaces of constant Gauss
curvature.
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2. Jacobi fields and curvature

In Proposition 1.13 we computed the differential of the geodesic flow (g*) on
TM in terms of the canonical splitting of TT'M. We obtained that

(2.1) G (X,Y) = (J (1), J'(1)),

where J is the Jacobi field along the geodesic 7, with J(0) = X and J'(0) =Y. In
order to study the qualitative behaviour of (g?) it is therefore useful to get estimates
on Jacobi fields.

2.2 LEMMA. Let v : R — M be a unit speed geodesic, and suppose that the
sectional curvature of M along v is bounded from above by a constant k. If J is a
Jacobi field along v which is perpendicular to , then ||J||" (t) > —k||J||(t) for all t
with J(t) # 0.

ProOF. The straightforward computation does the job:

<J.J> 1 < J . J>2
W = (ST (< I T T < I T s [T - 7)
B 7T B
1 .
= HJH?, (_ < R('L 7)77 J > H']H2 + H/J/H2HJH2_ < ']/7 J >2) 2 _kHJH :
]

The same computation gives the following result.

2.3 LEMMA. Let v : R — M be a unit speed geodesic and suppose that the
sectional curvature of M along v is nonpositive. If J is a Jacobi field along
(not necessarily perpendicular to ), then ||J(t)|| is convex as a function of t. In
particular, there are no conjugate points along v. [J

For x € R denote by sn, respectively cs,, the solution of

(2.4) " 4 kj =0

with sn,(0) = 0, sn/.(0) =1 respective%f csk(0) = 1, gS;(O) = 1. Then sn/, = cs,

and cs!, = —ksn,. We also set tg, = — and ct, = —. Lemma 2.2 implies the
Shy,

following version of the Rauch Comparisgn Theorem.

2.4 PROPOSITION. Let v :R — M be a unit speed geodesic and suppose that
the sectional curvature of M along ~v is bounded from above by a constant k. If J

is a Jacobi field along v with J(0) =0, J'(0) L 4(0) and ||J'(0)|| =1, then
IJOI = sna(t) and [J]'(t) = cta(@)]J @)

for 0 <t <m/\k.

Proor. For any Jacobi field J along v and perpendicular to 4 and any solu-
tion j of (2.4) we have by Lemma 2.2

(715 =171 = 0
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wherever j and ||J|| are positive. For J as in Proposition 2.4,

N TGN ()

- -1
t—0+ sn,(t)  t—0+ sn/ (¢)

by I’Hospital’s rule. Hence
I71°() = ctu@® (@) and [|J(£)]] > sn,(t)

for ¢t small and then, by continuation, for all ¢ as claimed. [

The proof of the estimates for Jacobi fields in the case of a lower bound on
the curvature is different.

2.5 PROPOSITION. Let v :R — M be a unit speed geodesic and suppose that
the sectional curvature of M along v is bounded from below by a constant \. If J

is a Jacobi field along v with J(0) =0, J'(0) L 4(0) and ||J'(0)|| =1, then
[T < snx(t) and (IS < ctx(®)]|J@)]

if there is no pair of conjugate points along v | [0, t].

For the proof of this version of the Rauch Comparison Theorem we refer to
[Kar], [BuKa].

In the rest of this section we deal with manifolds of nonpositive or negative
curvature. The infinitesimal version of the Flat Strip Theorem 1.5.8(ii) is as follows.

2.6 LEMMA. Let M be a manifold of nonpsitive curvature and v : R — M a
unit speed geodesic. Let J be a Jacobi field along . Then the following conditions
are equivalent:

(i) J is parallel; (i) ||J(t)|| is constant on R; (i) ||J(t)|| is bounded on R.
Each of these condition implies that < R(J,%)%,J >= 0.

Proor. Clearly (i) = (ii) = (iii). Now (iii) = (ii) since ||J(¢)|| is convex in
t, see Lemma 2.3. If ||J(¢)|| is constant, then

0 =<JJ>"=2(<J,J >~ <R(JA)7Y,J>).

and hence J'(t) = 0 since the sectional curvature is nonpositive. Hence (ii) =
(i). O

2.7 DEFINITION. Let M be a manifold of nonpositive curvature and v : R —
M a unit speed geodesic. We say that a Jacobi field J along ~ is stableif ||J(¢)| < C
for all t > 0 and some constant C > 0.

2.8 PROPOSITION. Let M be a manifold of nonpositive curvature and v : R —
M a unit speed geodesic. Set p = ~v(0).

(i) For any X € T,M, there exists a unique stable Jacobi field Jx along v with
Jx(0) = X.

(ii) Let (v,) be a sequence of unit speed geodesics in M with ~y, — ~. For each n,
let Jy, be a Jacobi field along ,,. Assume that J,(0) — X € T,M and that
In(tn) < C, where t, — oo and C' is independent of n. Then J, — Jx and
J;, — J.
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PROOF. Uniqueness in (i) follows from the convexity of ||J(t)||. Existence
follows from (ii) since we may take 7, = v and J,, the Jacobi field with J,(0) = X,
Jn(n) = 0 (recall that v has no conjugate points). Now let ~,, J,,t, and C be as
in (ii). Fix m > 0. By convexity we have

|J.@®)] < C, 0<t<m,

for all n with ¢,, > m. By a diagonal argument we conclude that any subsequence
(ng) has a further subsequence such that the corresponding subsequence of (.J,)
converges to a Jacobi field J along v with ||J(¢)|| < C for all ¢ > 0. Now the
uniqueness in (i) implies J = Jx and (ii) follows. [

2.9 PROPOSITION. Let M be a manifold of nonpositive curvature, v : R — M
a unit speed geodesic and J a stable Jacobi field along v perpendicular to 7.
(i) If the curvature of M along vy is bounded from above by k = —a? < 0, then

TN < I7) e and [[J'@®)l = allJ(t)l| for allt >0.
(ii) If the curvature of M along v is bounded from below by A = —b? < 0, then

7O = [170)le™ and [l7'®)] < bIJ@)I| for allt > 0.

PROOF. Let J,, be the Jacobi field along v with J,,(0) = J(0) and J,(n) =0,
n > 1. Then J, — J and J,, — J’ by the previous lemma. If kK = —a? < 0 is an
upper bound for the curvature along v, then by Proposition 2.4

| T ()| < sinh(a(n — t))
1. (0| — sinh(an)

and
[Jull'(t) < —acoth(a(n —t)[[Ju(t)]|, 0<t<mn,

1
where we have sn,(s) = —sinh(as) (=: sif a = 0) and ct.(s) = acoth(as) (=:
a

1 if a = 0). Hence (i). In the same way we conclude (ii) from Proposition 2.5. [

The following estimate will be needed in the proof of the absolute continuity
of the stable and unstable foliations in the Appendix on the ergodicity of geodesic
flows.

ProproOSITION 2.10. Let M be a Hadamard manifold and assume that the
sectional Ky; of M is bounded by —b*> < Ky < —a® < 0. Denote by dg the
distance in the unit tangent bundle SM of M.

Then for every constant D > 0 there exist constants C = C(a,b) > 1 and
T =T(a,b) > 1 such that

ds(g'v,g'w) < Ce dg(v,w), 0<t<R,

where v, w are inward unit vectors to a geodesic sphere of radius R > T in M with
foot points x, y of distance d(z,y) < D
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Proor. Since the curvature of M is uniformly bounded, the metric

d1(v,w) = d(7(0), v (0)) + d(7,(1), (1))

is equivalent to dg and therefore it suffices to consider d;. For the same reason,
there is a constant C7; > 0 such that the interior distance of any pair of points x,
y on any geodesic sphere in M is bounded by Cid(z,y) as long as d(z,y) < D.
Now the interior distance of 7,(t) and v, (t) in the sphere of radius R — ¢ about
p = Yw(R) = 7w(R) can be estimated by a geodesic variation 75, 0 < s < 1, such
that 70 = Yo, 71 = Yw, Vs(R) = p and v5(0) € Sp(R), 0 < s < 1. Arguing as in
the proof of Proposition 2.9, we conclude that there is a constant Cs such that the
asserted inequality holds for 0 < ¢t < R — 1 (recall that we are using the distance
dy). Now the differential of the geodesic flow g7, 0 < 7 < 1, is uniformly bounded
by a constant C3 = C3(b), see Proposition 1.19. Hence C' = CyC3e® is a constant
as desired. [J

3. Busemann functions and horospheres
We come back to the description of Busemann functions in Exercise 11.2.6.

3.1 PROPOSITION. Let M be a Hadamard manifold and let p € M. Then a
function f: M — R is a Busemann function based at p if and only if (i) f(p) = 0;
(ii) f is convex; (iii) f has Lipschitz constant 1; (iv) for any q € M there is a
point ¢ € M with f(q) — f(q1) = 1.

PROOF. Let f: M — R be a function satisfying the conditions (i) - (iv). Let
q € M be arbitrary. Set ¢o := ¢ and define ¢,,n > 1, recursively to be a point in
M with d(qn,qn—1) = 1 and f(qn) — f(gn—1) = 1. Let 0, : [n — 1,n] — M be the
unit speed geodesic segment from ¢,,_1 to q,,n > 1. Since f has Lipschitz constant
1, the concatenation
0g:01%02%...:[0,00) = M

is a unit speed ray with

flog(t)) = f(qg)—t, t>0.

We show now that all the rays o4, ¢ € M, are asymptotic to o,. We argue by
contradiction and assume that o,(00) # 0,(00). Let o be the unit speed ray from p
with o(00) = 04(00). Then d(o(t),op(t)) — oo and there is a first ¢; > 0 such that
d(o(t1),0,(t1)) = 1. For t > t; we have

2 2 . 1

d“(o(t),op(t)) > 2t°(1 —sina), a= T

by comparison with Euclidean geometry. Hence the midpoint m; between o(t) and
op(t) satisfies

(%) d(mg,p) < tcosa, t>t;.

Now f is convex and Lipschitz, hence
1

f(mg) < i(f(g(t) + f(op(t)))

< 5 (Floa(t) + Flop() + dp,a) < ~t+C,
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where C' = (d(p,q) + f(q))/2. This contradicts (x).
It follows easily that f is a Busemann function. The other direction is clear. []

The characterization in Proposition 3.1 implies that Busemann functions are
C1, cf. [BGS, p.24]. Using that Busemann functions are limits of normalized distance
functions, we actually get that they are C2. For £ € M (oo) and p € M let op,¢c be
the unit speed ray from p to  and set ve(p) = 7, £(0).

3.2 PropoSITION (EBERLEIN, SEE [HEIH]). Let M be a Hadamard manifold,
peE M and § € M(o0). If f =0b(,p,.) is the Busemann function at & based at p,
then f is C? and we have

grad f = —ve and Dxgrad f(q) = —J%(0) ,qe M , X € T,M,
where Jx is the stable Jacobi field along o4 with Jx(0) = X.

PROOF. Let (p,) be a sequence in M converging to £ and let

fn(q) = b(pn,p,q) = d(q,pn) —d(q,p).

Then f,, — f uniformly on compact subsets of M. The gradient of f,, on M \ {p,}
is the negative of the smooth field of unit vectors v,, pointing at p,,. Now

v, — vell(q) < Zg(pn, &)

By comparison with Euclidean geometry, the right hand side tends to 0 uniformly
on compact subsets of M as n — oo. Hence f is C' and grad f = —vg.
Now let X,Y be smooth vector fields on M. Then

DX(q) gra’d fn = _J'rlL(Q7O) )

where J, (g, .) is the Jacobi field along o p,, with J,(0) = X(¢) and J,(q,t,) =0,
where ¢, = d(q,pn). By Proposition 2.8, J/ (g,0) tends to J;((q)(O) uniformly on

compact subsets of M. Hence f is C? and the covariant derivative of grad f is as
asserted. [J

3.3 REMARK. In general, Busemann functions are not three times differen-
tiable, even if the metric of M is analytic, see [BBB2]. However, if the first k
derivatives of the curvature tensor R are uniformly bounded on M and the sec-
tional curvature of M is pinched between two negative constants, then Busemann
functions are C*+2.

For v € SM set v(c0) := 7,(00). We define

W (v) = {we SM | w(co) =v(c0)}.
For v fixed and £ = v(00),
W#(v) = {—grad f(q) | ¢ € M}.
where f is a Busemann function at &. Proposition 3.2 implies that W*°(v) is a C*-
submanifold of SM. The submanifolds W*°(v), v € SM, are a continuous foliation
of SM. By Proposition 3.2, the tangent distribution of W*° is
E*(v) = {(X,Y)|Y = Jx(0)},

where Jx is the stable Jacobi field along 7, with Jx(0) = X. The regularity of the
foliation W*° is a very intricate question.
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REMARK 3.4. The following is known in the case that M is the universal cover
(in the Riemannian sense) of a compact manifold of strictly negative curvature:

(a) For each v € SM, W#°(v) is the weak stable manifold of v with respect to
the geodesic flow and hence smooth. (Compare also Remark 3.3.)

(b) The foliation W*° is a smooth foliation of SM if and only if M is a
symmetric space (of rank one), see [Gh, BFL, BCG].

(c) If the dimension of M is 2 or if the sectional curvature of M is strictly neg-

1
atively Z—pinched, then the distribution E* is C?, see [Hol, HiPu]. If the dimension

of M is 2 and E* is C?, then it is C*, see [HurK].
(d) The foliation W*° is Holder and absolutely continuous, see [Anol], [AnSi]
and the Appendix below.

4. Rank, regular vectors and flats

As before, we let M be a Hadamard manifold and denote by SM the unit
tangent bundle of M. For a vector v € SM, the rank of v is the dimension of
the vector space JP(v) of parallel Jacobi fields along v, and the rank of M is the
minimum of rank(v) over v € SM.

Clearly we have rank(w) < rank(v) for all vectors in a sufficiently small neigh-
borhood of a given vector v € SM. We define R, the set of regular vectors in SM,
to be those vectors v in SM such that rank(w) = rank(v) for all w sufficiently close
to v. The set of regular vectors of rank m is denoted by R,,. The sets R and R,
are open. Moreover, R is dense in SM since the rank function is semicontinuous
and integer valued. If k = rank(M ), then the set Ry is nonempty and consists of
all vectors in SM of rank k.

For v € SM we can identify T,,7M with the space J(v) of Jacobi fields along
v» by associating to (X,Y) € T, TM the Jacobi field J along v with J(0) = X,
J'(0) = Y. We let F(v) be the subspace of T;,SM corresponding to the space
JP(v) of parallel Jacobi fields along ~,. That is, F(v) consists of all (X,0) such
that the stable Jacobi field Jx along +, determined by Jx(0) = X is parallel. The
distribution F is tangent to SM and invariant under isometries and the geodesic
flow of M. Note that F has constant rank locally precisely at vectors in R. On each
nonempty set R,,, m > rank(M), F has constant rank m, and we shall see that
F is smooth and integrable on R,,. Moreover, for each vector v € R,,, the integral
manifold of F through v contains an open neighborhood of v in the set P(v) of all
vectors in SM that are parallel to v.

4.1 LEMMA. For every integer m > rank(M), the distribution F is smooth
on Ry,

Proor. For each vector v € R,,, we consider the symmetric bilinear form

T
QXY = [ <ROGA)LY > dt
-T
where X,Y are arbitrary parallel vector fields (not necessarily Jacobi) along ~,.
Here R denotes the curvature tensor of M, and T is a positive number. Since the
linear transformation w — R(w, )3, is symmetric and negative semidefinite, a
parallel vector field X on +, is in the nullspace of Q% if and only if for all t € [T, T

R(X (%), 4u(t)) Y0 (t) = 0.
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Hence such a vector field X is a Jacobi field on ~, [T, T]. It follows that for a small
neighborhood U of v in R, and a sufficiently large number 7' the nullspace of Q%
is precisely JP(w) for all w € U. For a fixed T the form Q% depends smoothly on w.
Since the dimension of the nullspace is constant in U, F(w) also depends smoothly
on w. U

We now integrate parallel Jacobi fields to produce flat strips in M.

4.2 LEMMA. The distribution F is integrable on each nonempty set R, C
SM, m > rank(M). The mazximal arc-connected integral manifold through v € R,
is an open subset of P(v). In particular, if w € P(v) Ry, then P(v) and P(v) are
smooth m-dimensional manifolds near w and w(w) respectively.

PRrROOF. To prove the first assertion we begin with the following obeservation:
let o : (—€,e) — Ry, be asmooth curve tangent to F. Then o(s) is parallel to o(0) =
v for all s. To verify this we consider the geodesic variation v,(t) = (7o g*)(c(s))
of 79 = 7. The variation vector fields Y; of (v5) are given by

Y,(t) = (dr o dg') (-0 ().
ds
The vector fields Y are parallel Jacobi fields along «y, since (d/ds)o(s) belongs to
F. For each t the curve ay : u — 7,(t) has velocity (d/du)a:(u) = Y,(t), and hence,
since each Y, is parallel, the lengths of the curves a;(I) are constant in ¢ for any
interval I C (—¢,¢). Therefore, for every s the convex function ¢ — d(vo(t),vs(t))
is bounded on R and hence constant. This implies that the geodesics ~y, are parallel
to vo and o(s) = 5(0) is parallel to ¢(0) = v.

Now let v € R,,, be given, and let X', ) be smooth vector fields defined in a
neighborhood of v in R, that are tangent to F. Denote by ¢¢ and ¢; the flows of
X and ) respectively. The discussion above shows that if w € R, is parallel to v
then so are ¢¢(w) and ¢; (w) for every small s. Hence o(s%) = ¢; %0 ¢ "o gy o Z(v)
is parallel to v for every small s. Therefore, [X, V](v) = (d/ds)o(s)|s=o belongs to
F, and it follows that F is integrable on R,,.

The third assertion of the lemma follows from the second, which we now prove.
If @ denotes the maximal arc-connected integral manifold of F through v, then
@ C P(v) by the discussion above. Now let w € @ be given, and let O C R,, be a
normal coordinate neighborhood of w relative to the metric in SM. We complete
the proof by showing that

ONPw) =0NP) C Q.

If w' € ONP(v) is distinct from w, let o(s) be the unique geodesic in M from
0(0) = m(w) to o(1) = w(w’). The parallel field w(s) along o(s) with w(0) = w
has values in P(v) since either 7,, = Y, or v, and 7, bound a flat strip in M.
Hence w[0, 1] is the shortest geodesic in SM from w(0) = w to w(1) = w’ and must
therefore lie in O C R,,. Since the curve w(s), 0 < s < 1, lies in P(v) N R,y it is
tangent to F and hence v’ € w[0,1] C Q. O

4.3 LEMMA. Let N* be a totally geodesic submanifold of a Riemannian man-
ifold N. Let v be a geodesic of N that lies in N*, and let J be a Jacobi field in N
along ~v. Let J, and Jo denote the components of J tangent and orthogonal to N*
respectively. Then J; and Jo are Jacobi fields in N along 7.
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ProoOF. Let R denote the curvature tensor of N, and let v be a vector tangent
to N* at a point p. Since N* is totally geodesic it follows that

R(X,v)JveT,N* it X e T,N*
and hence, since Y — R(Y,v)v is a symmetric linear operator, that
R(X,v)v e (T,N*)* if X € (T,N*)*.
Since J{ is tangent and J§ perpendicular to N* we see that
Ji + R(J1, %)

is the component of
0=J"+R(J,A)5

tangent to N*, and hence must be zero. [J

4.4 PROPOSITION. Suppose the isometry group of M satisfies the duality con-
dition. Then for every vector v € R, the set P(v) is an m-flat, that is, an isomet-
rically and totally geodesically embedded m-dimensional Fuclidean space.

PROOF. Let v € R,, be given. By Lemma 4.2 for any v' € R,, the sets
P(')NR,y, and P(v') are smooth m-manifolds near v" and 7(v") respectively, and
m: P(W)NR,, — P(v') is an isometry onto an open neighborhood of 7(v') in P(v’).

We can choose a neighborhood U C R,,, of v and a number ¢ > 0 such that for
every v’ € U the exponential map at 7(v’) is a diffeomorphism of the open e-ball
in T, P(v') onto its image D.(v') C P(v').

Let ¢ € P(v) be given. We assert that ¢ € D. C P(v), where D, is the
diffeomorphic image under the exponential map at ¢ of the open e-ball in some
m-dimensional subspace of T, M. Let w = v(q) be the vector at ¢ parallel to v. By
Corollary I11.1.3 we can choose sequences s,, — 00, v, — v and (¢,,) in I such that
(dop, 0 g°")(vy,) — w as n — +oo. For sufficiently large n, v, € U and

¢n(De(vn)) = De(ddn(vn)) C P(dgn(vn)).

If D.(v") C P(v') for some v' C R, then clearly D.(¢g%v") C P(v') = P(g°v’) for
any real number s since P(v’) is the union of flat strips containing -, . Hence

De(g°" o dn(vn)) = De(déy © g° (vn)) C P(den 0 g°" (vn))

for sufficiently large n. Therefore, the open m-dimensional e-balls D, (d¢y, 0 g (vy,))
converge to an open m-dimensional e-ball D, C P(w) = P(v) as asserted.

We show first that D. = B.(q) N P(v), where B.(q) is the open e-ball in M
with center g. Since g € P(v) was chosen arbitrary this will show that P(v) is an
m-dimensional submanifold without boundary of M, and it will follow that P(v) is
complete and totally geodesic since P(v) is already closed and convex. Suppose that
D. is a proper subset of B.(q) N P(v). Choose a point ¢’ € B.(¢) N P(v) such that
the geodesic from ¢ to ¢’ is not tangent to D, at ¢. The set P(v) contains the convex
hull D’ of D, and ¢’ and hence contains a subset D" C D’ that is diffeomorphic to
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an open (m + 1)-dimensional ball. Similarly P(v) contains the convex hull of D"
and p = 7(v), but this contradicts the fact that P(v) has dimension m at p.

We show next that P(v) has zero sectional curvature in the induced metric.
By a limit argument we can choose a neighborhood O of v in T’ (,yP(v) such that
O C R,, and for any w € O the geodesic 7,, admits no nonzero parallel Jacobi field
that is orthogonal to P(v). Let w € O be given, and let Y be any parallel Jacobi
field along ~,,. If Z is the component of Y orthogonal to P(v), then Z is a Jacobi
field on ~,, by Lemma x.4, and || Z(¢)|| < ||Y (¢)]] is a bounded convex function on R.
By Lemma x.x, Z is parallel on ~,, and hence identically zero since w € O. Hence

Tr(w)P(w) = span{Y(O) 'Y € Jp(w)} C TW(D)P(U).

Since P(v) and P(w) are totally geodesic submanifolds of M of the same dimension
m it follows that P(v) = P(w) for all w € O. The vector field p — w(p) is globally
parallel on P(w) = P(v). Since this is true for any w € O we obtain m linearly
independent globally parallel vector fields in P(v). Hence P(v) is flat. O

5. An invariant set at infinity

In this section we discuss Eberlein’s modification of the Angle Lemma in
[BBE], see [EbHe]. We will also use the notation P, for P(v). Since the distribution
F is smooth on R, we have the following conclusion of Proposition 4.5.

5.1 LEMMA. The function (v, p) — d(p, Py) is continuous on R x M. [

5.2 LEMMA. Let k = rank(M),v € Rg and & = v,(—00), n = Y, (00). Then
there exists an e > 0 such that if F' is a k-flat in M with d(p, F') = 1, where p = 7(v)
18 the foot point of v, then

L&, F(0))+ £(n, F(0)) > €.

PROOF. Suppose there is no € > 0 with the asserted properties. Then, by the
semicontinuity of Z, there is a k-flat F' in M with d(p, F) = 1 and &, € F(oc0).
Since F' is a flat and Z(&,n) = 7 this implies Z,(§,n) = 7 for all ¢ € F. Hence F
consists of geodesic parallel to v, and therefore F' C P(~,) = P,. But P, is a k-flat,
hence F' = P,. This is a contradiction since d(p, F') = 1. O

5.3 LEMMA. Let k =rank M. Let v € Ry be I'-recurrent and let n = 7, (00).
Then there exists an o > 0 such that Z(n,() > « for any ¢ € M(o0) \ Py,(00).

PROOF. Let € > 0 be asin Lemma 5.2. Choose § > 0 such that any unit vector
w at the foot point p of v with Z(v, w) < § belongs to Ry and set v = min{e, d}.

Let ¢ be any point in M (o0) \ P,(00) and suppose Z(n,() < a. In particular,
Z(n,¢) < m and hence there is a unique Z-geodesic o : [0, 1] — M (c0) from 7 to (.
Let v(s) be the vector at p pointing at o(s),0 < s < 1. Note that

ZL(v(s),0(t)) < ZL(o(s),0(t)) = [t = s[£(n,C)
by the definition of the Z-metric on M (o0). Hence

L(v,v(s)) < Z(¢C,0(s)) < 6
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and hence v(s) € R, 0 <s < 1.

Let w = v(1) be the vector at p pointing at (. Note that n ¢ P, (c0). Otherwise
we would have ~,, C P, since P, is convex and p € P,,. But then P, = P,,, a contra-
diction since ¢ ¢ P, (c0). We conclude that (the convex function) d(v,(t), Py) — o0
as t — oo.

Since v is I'-recurrent, there exist sequences ¢, — oo and (¢,) in I' such
that dp,(¢'"v) — v as n — oo. By what we just said, there is an N € N such
that d(vy(tn), Pw) > 1 for all n > N. By Lemma 5.1 there exists an s, € [0,1]
with d(vy(tn), Pys,)) = 1, n > N. We let F,, = ¢,(P(vs,)). Then d(p, F),) — 1.
Passing to a subsequence if necessary, the sequence (F;,) converges to a k-flat F'
with d(p, F') = 1.

Let ~, be the geodesic defined by v,(t) = @n(Vu(t + tn)),t € R. Then
d(vn(t), F,) is convex in ¢ and increases from 0 to 1 on the interval [—t,,0]. By
the choice of t,, and ¢,, we have v, — =, and hence d(v,(t),F) < 1 on (—o0,0].
We conclude that 7, (—o00) € F(o0). Therefore Z(7,(c0)), F(c0)) > €, where € > 0
is the constant from Lemma 5.2.

Let ¢, = o(sn). By passing to a further subsequence if necessary, we can
assume that ¢, ((,) € F,(0c0) converges. Then the limit £ is in F'(c0). Also note
that ¢, (n) = yn(c0) converges to n = v, (c0) since 7, — 7,. Hence

e < Z(v0(00), F(0)) < Z(7p(0), €)

< liminf Z(¢n(n), n(Cn))
= liminf Z(n, () < £(n,¢) < a.

This is a contradiction. O

For any p € M, let ¢, : M(oco) — S, M be the homeomorphism defined by
©p(€) = ve(p), where ve(p) is the unit vector at p pointing at &.

5.4 LEMMA. Let v,n and « be as in Lemma 5.3, and let F' be a k-flat with
n = Y,(00) € F(00). Then

Ba(n) = {¢ € M(o0) | £(n,¢) < a} C F(c0)

and for any q € F, pq maps By (n) isometrically onto the ball B (vy,(q)) of radius
a in SeF.

PROOF. Lemma 5.3 implies B,(n) C P,(00). For ¢ € F, ¢ maps SgF iso-
metrically into M (oo). In particular, ¢ ' maps B, (v,(q)) isometrically into Bq (7).
Hence 00, " : Ba(vy(q)) — Ba(v) is an isometric embedding mapping v, (¢) to v.
Since both, B, (vy,(q)) and B, (v), are balls of radius « in a unit sphere of dimension
k—1,ppo0 gpq_l is surjective and hence an isometry. The lemma follows. [J

5.5 COROLLARY. Let v,n and « be as in Lemma 5.3. Then £,((1,(2) =
£(C1,C2) for all g € M and (1,2 € Ba(n).

PROOF. Let ¢ € M and let v be the unit speed geodesic through g with
~v(c0) = n. By Proposition 4.5, 7 is contained in a k-flat F. By Lemma 5.4, we
have B, (n) C F(o00). Since F' is a flat we have Z,((1,¢2) = £(¢1,¢2) for (1,(2 €
Ba(n). O
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5.6 PROPOSITION. Ifrank(M) =k > 2, if the isometry group I' of M satisfies
the duality condition and if M is not flat, then M (c0) contains a proper, nonempty,
closed and I'-invariant subset.

PROOF. Suppose first that M has a non-trivial Euclidean de Rahm factor
My. Then M = My x M; with M7 non-trivial since M is not flat. But then every
isometry of M leaves this splitting invariant, and hence My(oco) and M;(o0) are
subsets of M (oc0) as asserted. Hence we can assume from now on that M has no
Euclidean de Rahm factor.

Let X5 be the set of £ € M (o0o) such that there is ann € M (oo) with Z,(&,n) =
0 for all ¢ € M. Corollary 5.5 shows that X5 # () for some § > 0. Clearly, X is
closed and I'-invariant for any .

Let 3 = sup{d | X5 # 0}. Then Xz # 0. We want to show Xz # M (c0). We
argue by contradiction and assume Xz = M (00). Suppose furthermore § < m. Let
v € Ry be I'-recurrent, n = v,(c0) and let o be as in Lemma 5.3. Choose 6 > 0
with §+6 < 7 and 6 < a. Since Xg = M (00), there is a point ( € M (oco) with
Ly(n,¢) = < mforall g e M. Let o : [0,5] — M(co) be the unique unit speed
Z-geodesic from ¢ to 1. Now the last piece of o is in B, (n) and B,(n) is isometric
to a ball of radius « in a unit sphere. Hence o can be prolongated to a /-geodesic
0" : (0,8 + 6] — M(c0).

Let ¢ € M. Since Z(pq(&1), pq(&2)) < Z(&1,&2) for all &1,& € M(o0), where
wq(§) € S¢M denotes the unit vector at ¢ pointing at £ € M(o0), and since
4q(777 C) = ﬁ = 4(777 C)a we conclude

L(pq(a(s)), pq(o(t))) = £(o(s),0(t)) = |s — |

for all s,t € [0, 3]. Hence ¢, o o is a unit speed geodesic in S, M.

The geodesic v through ¢ with (oc0) = 7 is contained in a k-flat F', and hence
pgo00* : (B —a,B+6]is also a unit speed geodesic in S, M. Therefore ¢, 0 0™ is a
unit speed geodesic in S, M of length 3 + 0 and hence

Zg(¢,07(B+6)) =B+,

Since ¢ was chosen arbitrary we get Xgis # 0. This contradicts the choice of
B3, hence B = 7. But X, # 0 implies that M is isometric to M’ x R. This is a
contradiction to the assumption that M does not have a Euclidean factor. Hence
X is a proper, nonempty, closed and I'-invariant set as claimed. [J

5.7 REMARK. The set Xz as in the proof catches endpoints of (certain) sin-
gular geodesics in the case that X is a symmetric space of non-compact type.

6. Proof of the rank rigidity

From now on we assume that M is a Hadamard manifold of rank > 2 and that
the isometry group of M satisfies the duality condition. In the last section we have
seen that there is a T'-invariant proper, nonempty compact subset Z C M (o0). By
Theorem I11.2.4 and Formula I11.2.5.

(6'1) f(U) = Z(Uv Z) = inf{ér(v)(’yv(OO%E) ‘ 5 € Z}

defines a I'-invariant continuous first integral for the geodesic flow on SM and

(6.2) fw) = f(w) if ~,(00) =yw(o0) or 7,(—00) = v (—00).
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6.3 LEMMA. f : SM — R is locally Lipschitz, hence differentiable almost
everywhere.

PROOF. Instead of the canonical Riemannian distance ds on SM, we consider
the metric

di(v,w) = d(7(0),7(0)) + d(7u(1),7w(1))

which is locally equivalent to dg. Let v,w € SM and p = w(v),q = 7w(w). Let v" be
the vector at ¢ asymptotic to v. Then f(v") = f(v) by (6.2). Now

di(w,v") = d(vw(1), 70 (1))
< d(vw(1),70(1) + d(7e(1), 70 (1))
< d(7w(1),7(1)) + d(71(0), 7. (0))
= di(v,w)

since v and v" are asymptotic and 7,/ (0) = 7,(0). By comparison we obtain

[f(0) = f(w)] = [f{) = f(w)]
< /(v w) < 2arcsin(d1(v’w>) :

2

]
Recall the definition of the sets W*°(v), v € SM, at the end of Section 3,

W) = {we SM | w(co) =v(c0)}.
Correspondingly we define
W (v) = {weSM |w(—oo) =v(—00)}.

Note that W*°(v) = —W?#°(—wv). One of the central observations in [Ba2] is as
follows.

6.4 LEMMA. Letv € SM. Then T,W?*°(v)+T,W"°(v) contain the horizontal
subspace of T,SM .

PROOF. Note that T,IW*°(v) consists of all pairs of the form (X, BT(X)),
where BT (X) denotes the covariant derivative of the stable Jacobi field along
v» determined by X. It follows that T, W"°(v) consists of all pairs of the form
(X,B7 (X)), where B~ (X) denotes the covariant derivative of the unstable Jacobi
field along 7, determined by X. Observe that BT and B~ are symmetric linear
operators of T, )M, and

Eo = {X € Ty(yM | BY(X) = B~ (X) = 0}

consists of all X which determine a parallel Jacobi field along ~,. (In particular,
v € Ey). Since B and B~ are symmetric, they map T (vyM into the orthogonal

complement Ej of Ej.
Given a horizontal vector (X, 0), we want to write it in the form

(X,0) = (X1, BT (X)) + (X2, B~ (X3))
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which is equivalent to
Xo =X — X, and BT (X;) = —B~ (X»).
Because of the fact that
B~(Xy) = B~(X) - B~(Xy)

it suffices to solve
B*(Xl) — B7(X1) = -B (X).

Since B~ (X) is contained in Ef- and (Bt — B™)(Ey) C Ej, the latter equation
has a solution if BY — B~) | E§- is an isomorphism. This is clear, however, since
(BT — B7)(Y) = 0 implies that the stable and unstable Jacobi fields along -,
determined by Y have identical covariant derivative in 7,(0); hence Y € Ey. O

6.5 COROLLARY. If f is differentiable at v and X is a horizontal vector in
T,SM, then df,(X) = 0.

PROOF. By (6.2), f is constant on W*°(v) and W"°(v). By Lemma 6.4, X €
T,W#°(v) + T,W"(v). O

6.6 LEMMA. If ¢ is a piecewise smooth horizontal curve in SM then f oc is
constant.

PROOF. Since f is continuous, it suffices to prove this for a dense set (in the
C-topology) of piecewise smooth horizontal curves. Now f is differentiable in a
set D C SM of full measure. It is easy to see that we can approximate ¢ locally
by piecewise smooth horizontal curves ¢ such that é(t) € D for almost all ¢ in the
domain of ¢. Corollary 6.5 implies that f o ¢ = const. for such a curve ¢. [

Let p € M. Since the subset Z C M (o0) is proper, the restriction of f to S, M
is not constant. Lemma 6.6 implies that f is invariant under the holonomy group G
of M at p. In particular, the action of G on S, M is not transitive. Now the theorem
of Berger and Simons [Be, Si] applies and shows that M is a Riemannian product
or a symmetric space of higher rank. This concludes the proof of the rank rigidity.
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APPENDIX. ERGODICITY OF THE GEODESIC FLOW

M. BRrIN

We present here a reasonably self-contained and short proof of the ergodicity
of the geodesic flow on a compact n-dimensional manifold of strictly negative sec-
tional curvature. The only complete proof of specifically this fact was published by
D.Anosov in [Anol]. The ergodicity of the geodesic flow is buried there among quite
a number of general properties of hyperbolic systems, heavily depends on most of
the rest of the results and is rather difficult to understand, especially for somebody
whose background in smooth ergodic theory is not very strong. Other works on this
issue either give only an outline of the argument or deal with a considerably more
general situation and are much more difficult.

1. Introductory remarks

E.Hopf (see [Hol|, [Ho2|) proved the ergodicity of the geodesic flow for com-
pact surfaces of variable curvature and for compact manifolds of constant sectional
curvature in any dimension. The general case was established by D.Anosov and
Ya.Sinai (see [Anol], [AnSi]) much later. Hopf’s argument is relatively short and
very geometrical. It is based on the property of the geodesic flow which Morse called
“instability” and which is now commonly known as “hyperbolicity”. Although the
later proofs by Anosov and Sinai follow the main lines of Hopf’s argument, they
are considerably longer and more technical. The reason for the over 30 year gap be-
tween the special and general cases is, in short, that length is volume in dimension 1
but not in higher dimensions. More specifically, these ergodicity proofs extensively
use the horosphere H(v) as a function of the tangent vector v and the absolute
continuity of a certain map p between two horospheres (the absolute continuity
of the horospheric foliations). Since the horosphere H(v) depends on the infinite
future of the geodesic 7, determined by v, the function H(:) is continuous but, in
the general case, not differentiable even if the Riemannian metric is analytic. As
a result, the map p is, in general, only continuous. For n = 2 the horospheres are
1-dimensional and the property of bounded volume distortion for p is equivalent to
its Lipschitz continuity which holds true in special cases but is false in general.

The general scheme of the ergodicity argument below is the same as Hopf’s.
Most ideas in the proof of the absolute continuity of the stable and unstable fo-
liations are the same as in [Anol] and [AnSi]. However, the quarter century de-
velopment of hyperbolic dynamical systems and a couple of original elements have

Typeset by AMS-TEX
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made the argument less painful and much easier to understand. The proof goes
through with essentially no changes for the case of a manifold of negative sectional
curvature with finite volume, bounded and bounded away from 0 curvature and
bounded first derivatives of the curvature. For surfaces this is exactly Hopf’s result.
The assumption of bounded first derivatives cannot be avoided in this argument.

The proof also works with no changes for any manifold whose geodesic flow is
Anosov.

In addition to being ergodic, the geodesic flow on a compact manifold of
negative sectional curvature is mixing of all orders, is a K-flow, is a Bernoulli flow
and has a countable Lebesgue spectrum, but we do not address these stronger
properties here.

In Section 2 we list several basic facts from measure and ergodic theory. Con-
tinuous foliations with C'-leaves and their absolute continuity are discussed in Sec-
tion 3. In Section 4 we recall the definition of an Anosov flow and some of its basic
properties and prove the Holder continuity of the stable and unstable distributions.
The absolute continuity of the stable and unstable foliations for the geodesic flow
and its ergodicity are proved in Section 5.

2. Measure and ergodic theory preliminaries

A measure space is a triple (X,2, u), where X is a set, 2 is a o-algebra
of measurable sets and p is a o-additive measure. We will always assume that
the measure is finite or o-finite. Let (X,2, u) and (Y,B,r) be measure spaces.
A map ¢ : X — Y is called measurable if the preimage of any measurable set
is measurable; it is called nonsingular if, in addition, the preimage of a set of
measure 0 has measure 0. A nonsingular map from a measure space into itself is
called a nonsingular transformation (or simply a transformation). Denote by A the
Lebesgue measure on R. A measurable flow ¢ in a measure space (X, 2, 1) is a map
¢ : X x R — X such that (i) ¢ is measurable with respect to the product measure
u X Aon X xR and measure g on X and (ii) the maps ¢'(-) = ¢(-,t) : X — X
form a one-parameter group of transformations of X, that is ¢! 0 ¢* = ¢!** for any
t,s € R. The general discussion below is applicable to the discrete case t € Z and
to a measurable action of any locally compact group.

A measurable function f : X — R is ¢-invariant if u({x € X : f(o'x) #
f(x)}) = 0 for every t € R. A measurable set B € 2 is ¢-invariant if its charac-
teristic function 1p is ¢-invariant. A measurable function f : X — R is strictly
¢-invariant if f(¢'z) = f(z) for all z € X, t € R. A measurable set B is strictly
¢-invariant if 1p is strictly ¢-invariant.

We say that something holds true mod 0 in X or for p-a.e. x if it holds on a
subset of full y-measure in X. A null set is a set of measure 0.

2.1 PROPOSITION. Let ¢ be a measurable flow in a measure space (X, 2, u)
and let f: X — R be a ¢-tnvariant function. .
Then there is a strictly ¢-invariant measurable function f such that f(x) =

f(x) mod 0.

PRrROOF. Consider the measurable map ® : X x R — X, ®(z,t) = ¢'x,
and the product measure v in X x R. Since f is ¢-invariant, v({(z,t) : f(¢'z) =
f(x)}) = 1. By the Fubini theorem, the set

Ap={z € X : f(¢'z) = f(x) for a.e. t € R}
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has full g-measure. Set
o) = {

If o'x =y € Ay and ¢’z = z € Ay then clearly f(y) = f(z). Therefore f is well
defined and strictly ¢-invariant. [

fly) if o'z =y € Ay for some t € R

0 otherwise .

2.2 DEFINITION (ERGODICITY). A measurable flow ¢ in a measure space
(X, 2 ) is called ergodic if any ¢-invariant measurable function is constant mod
0, or equivalently, if any measurable ¢-invariant set has either full or 0 measure.

The equivalence of the two definitions follows directly from the density of the
linear combinations of step functions in bounded measurable functions.

A measurable flow ¢ is measure preserving (or p is ¢-invariant) if p(¢'(B)) =
w(B) for every t € R and every B € .

2.3 ErGoDIC THEOREMS. Let ¢ be a measure preserving flow in a finite
measure space (X, 2, p). For a measurable function f: X — R set

/f z)dt and fr(x /f

(1) (Birkhoff) If f € LY (X, %, 1) then the limits f+(x) = limy_ f (z) and
[ (x) = limy_ f7 (x) exist and are equal for p-a.e. x € X, moreover
fT, f~ are p-integrable and ¢-invariant.

(2) (von Neumann) If f € L*(X,2, u) then fi and f; converge in L*(X, %, p)
to ¢-invariant functions f+ and f~, respectively.

l

2.4 REMARK. If f € L?(X,, ), that is, if f? is integrable, then f* and
f~ represent the same element f of L?(X,%, 1) and f is the projection of f onto
the subspace of ¢-invariant L2-functions. To see this let h be any ¢-invariant L>-
function. Since ¢ preserves p we have

_ ‘ 1 T .
/X(f( x) — f(z))hdp(z /f )—/ Jim [ f(¢')h(x) dt dpu(z)
1 T
— [ @) dut@) - [ Jim 2 [ (o) dtduty)
X X
- /X F@)h(z) du(e) — [ Fly)hly) duly) = 0.

X

In the topological setting invariant functions are mod 0 constant on sets of
orbits converging forward or backward in time.

Let (X, 2, 1) be a finite measure space such that X is a compact metric space
with distance d, p is a measure positive on open sets and 2 is the pu-completion of
the Borel o-algebra. Let ¢ be a continuous flow in X, that is the map (z,t) — ¢'x
is continuous. For € X define the stable V*(x) and unstable V*(z) sets by the
formulas
. Vi@) = {y € X : d(¢'2,6'y) = 0 as t — o},

' Vix)={y e X : d(¢'z,¢'y) - 0 ast — —oo}.
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2.6 PROPOSITION. Let ¢ be a continuous flow in a compact metric space X
preserving a finite measure p positive on open sets and let f : X — R be a ¢-
tnvariant measurable function.

Then f is mod 0 constant on stable sets and unstable sets, that is, there are
null sets Ny and N,, such that f(y) = f(z) for any x,y € X \ Ns, y € V*(x) and
f(z) = f(x) for any z,z € X \ Ny, z € V¥(z).

Proor. We will only deal with the stable sets. Reversing the time gives the
same for the unstable sets. Assume WLOG that f is nonnegative.

For C € R set fo(x) = min(f(x),C). Clearly fc is ¢-invariant and it is
sufficient to prove the statement for fo with arbitrary C. For a natural m let
hm : X — R be a continuous function such that [ |fc — hm|dp(z) < +. By the
Birkhoff Ergodic Theorem,

Bfy(@) = lim —/ fonl@)

T—oo T

exists a.e. Since 1 and fo are ¢-invariant, we have that for any ¢t € R

= > [ 1fet@) = @) dute) = [ 1e(6') = hn(6's) duly
= [ Vo) = b6l duto).

Therefore

T T
[ Net) =7 [ rtewlatdut) < 5 [ [ 1c)=ho@l duto) it < -

Note that since h,, is uniformly continuous, h} (y) = b} (x) whenever y € V*(x)
and h;}! (z) is defined. Hence there is a set N, of y-measure 0 such that h; exists
and is constant on the stable sets in X \ N,,. Therefore, f& (z) := lim,,—oo hf, ()
is constant on the stable sets in X \ (UN,,). Clearly fc(z) = fZ (z) mod 0. O

For differentiable hyperbolic flows in general and for the geodesic flow on a
negatively curved manifold in particular, the stable and unstable sets are differen-
tiable submanifolds of the ambient manifold M™. The foliations W* and W*" into
stable and unstable manifolds are called the stable and unstable foliations, respec-
tively. Together with the 1-dimensional foliation W into the orbits of the flow they
form three transversal foliations W*, W* and W of total dimension n. Any mod 0
invariant function f is, by definition, mod 0 constant on the leaves of W° and, by
Proposition 2.6, is mod 0 constant on the leaves of W* and W*. To prove ergodicity
one must show that f is mod 0 locally constant. This would follow immediately if
one could apply a version of the Fubini theorem to the three foliations. Unfortu-
nately the foliations W* and W™ are in general not differentiable and not integrable
(see the next section for definitions). The applicability of a Fubini-type argument
depends on the absolute continuity of W#* and W™ which is discussed in the next
section.

We will need the following simple lemma in the proof of Theorem 5.1.
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2.7 LEMMA. Let (X, 2, 1), (Y,B,v) be two compact metric spaces with Borel
o-algebras and o-additive Borel measures and letp, : X —- Y, n=1,2,....p: X —
Y be continuous maps such that

(1) each p, and p are homeomorphisms onto their images,
(2) pn converges to p uniformly as n — oo,
(3) there is a constant C such that v(p,(A)) < Cu(A) for any A € 2.

Then v(p(A)) < Cu(A) for any A € 2.

Proor. It is sufficient to prove the statement for an arbitrary open ball B
in X. For 0 > 0 let Bs denote the d-interior of B. Then p(Bj) C p,(B) for n large
enough, and hence, v(p(Bs)) < v(pn(B)) < Cu(B). Observe now that v(p(Bs)) /
v(p(B)) as 6 \, 0. O

3. Absolutely continuous foliations

Let M be a smooth n-dimensional manifold and let B¥ denote the closed unit
ball centered at 0 in R¥. A partition W of M into connected k-dimensional C*-
submanifolds W (x) 3 x is called a k-dimensional C°-foliation of M with C1-leaves
(or simply a foliation) if for every x € M there is a neighborhood U = U, > z and
a homeomorphism w = w, : B¥ x B" % — U such that w(0,0) = x and

(i) w(B*, 2) is the connected component Wy (w(0, 2)) of W(w(0,2)) NU con-
taining w(0, z),

(i) w(-, 2) is a Cl-diffeomorphism of B* onto Wi (w(0,2)) which depends
continuously on z € B"* in the C'-topology.

We say that W is a C'-foliation if the homeomorphisms w, are diffeomor-
phisms.

3.1 EXERCISE. Let W be a k-dimensional foliation of M and let L be an
(n—k)- dimensional local transversal to W at x € M, that is, T, M = T, W (z)®T, L.
Prove that there is a neighborhood U > z and a C' coordinat chart w : B* x
B"~* — U such that the connected component of LNU containing z is w(0, B"~%)
and there are C'-functions f, : B* — B" % 4y € B"F with the following proper-
ties:

(i) f, depends continuously on y in the C*-topology;

(ii) w(graph (fy)) = Wy (w(0, y)).

We assume that M is a Riemannian manifold with the induced distance d.
Denote by m the Riemannian volume in M and by my denote the induced Rie-
mannian volume in a Cl-submanifold N.

3.2 DEFINITION (ABSOLUTE CONTINUITY). Let L be a (n — k)-dimensional
open (local) transversal for a foliation W, that is, T,,L ® T, W (z) = T,, M for every
x € L. Let U C M be an open set which is a union of local “leaves”, that is
U = Uzer Wy (z), where Wy (z) ~ B* is the connected component of W(x) N U
containing x.

The foliation W is called absolutely continuous if for any L and U as above
there is a measurable family of positive measurable functions 6, : Wy(z) — R
(called the conditional densities) such that for any measurable subset A C U

m(A) = / /WU@ 14 (2, )82 (y) dmy o) (y) dm ()
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Note that the conditional densities are automatically integrable. Instead of
absolute continuity we will deal with “transversal absolute continuity’ which is a
stronger property, see Proposition 3.4.

3.3 DEFINITION (TRANSVERSAL ABSOLUTE CONTINUITY). Let W be a fo-
liation of M, 1 € M, zo € W(x1) and let L, > x; be two transversals to
W, 1 = 1,2. There are neighborhoods U; > z;, U; C L;, 1 = 1,2, and a home-
omorphism p : Uy — Us (called the Poincare map) such that p(z;) = z2 and
p(y) € W(y), y € Uy. The foliation W is called transversally absolutely continuous
if the Poincare map p is absolutely continuous for any transversals L; as above,
that is, there is a positive measurable function ¢ : U; — R (called the Jacobian of
p) such that for any measurable subset A C U,

i, (p(A)) = /U 1ag(y)dne, ()

If the Jacobian ¢ is bounded on compact subsets of U; then W is called transversally
absolutely continuous with bounded Jacobians.

3.4 EXERCISE. Is the Poincare map in Definition 3.3 uniquely defined?.

3.5 PROPOSITION. If W is transversally absolutely continuous, then it is ab-
solutely continuous.

PROOF. Let L and U be as in Definition 3.2, z € L and let F be an (n — k)-
dimensional C'-foliation such that F(z) D L, Fy(z) = L and U = Uyew, () Fu (v),
see Figure 2. Obviously F' is absolutely continuous and transversally absolutely con-
tinuous. Let 6, (+) denote the conditional densities for F. Since F is a C!-foliation, &
is continuous, and hence, measurable. For any measurable set A C U, by the Fubini
theorem,

(36)  m(4)= /W . /F 140025, e () A1)

Let p, denote the Poincare map along the leaves of W from Fy(z) = L to
Fy(y) and let gy (-) denote the Jacobian of p,. It is not difficult to see that ¢ is a
measurable function (see the exercise below). We have

[ a8, ey () = [ 1aty(6))a,(5)3, () dma o)
Fu(y) L

and by changing the order of integration in (3.6) we get

(37 m(A) = / /W a5 (513, Py ) iy 0) A s

Similarly, let ps denote the Poincare map along the leaves of F' from Wy (x) to
Wy (s), s € L, and let g5 denote the Jacobian of ps. We transform the integral over
Wy (z) into an integral over Wy (s) using the change of variables r = py(s), y =

Py (r)

/ 1a4(py(5))ay(5)0y(py(s)) dmyy () (y) = / 14(r)qy(s)dy(r)a; *(r) dmyy (s)(7) I
Wy (x)

Wy (s)
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W,(s)

/V\{,(Y)

FIGURE 2

The last formula together with (3.7) gives the absolute continuity of . U

3.8 EXERCISE. Prove that the Jacobian ¢ in the above argument is a mea-
surable function.

3.9 REMARK. The converse of Proposition 3.5 is not true in general. To see
this imagine two parallel vertical intervals I; and I5 in the plane making the opposite
sides of the unit square. Let C'; be a “thick” Cantor set in I, that is, a Cantor
set of positive measure, and let Cy be the standard “1/3” Cantor set in I5. Let
a : Iy — I3 be an increasing homeomorphism such that « is differentiable on I; \ Cy
and «(C7) = Cy. Connect each point € I1 to a(x) by a straight line to obtain
a foliation W of the square which is absolutely continuous but not transversally
absolutely continuous. It is true, however, that an absolutely continuous foliation is
transversally absolutely continuous for “almost every” pair of transversals chosen,
say, from a smooth nondegenerate family.

3.10 EXERCISE. Fill in the details for the construction of an absolutely con-
tinuous but not transversally absolutely continuous foliation in the previous remark.

The absolute continuity of the stable and unstable foliations for a differentiable
hyperbolic dynamical system, such as the geodesic flow on a compact Riemannian
manifold of negative sectional curvature, is precisely the statement that allows one
to use a Fubini-type argument and to conclude that since an invariant function is
mod 0 constant on stable and unstable manifolds, it must be mod 0 constant in the
phase space.

3.11 LEMMA. Let W be an absolutely continuous foliation of a Riemannian
manifold M and let f : M — R be a measurable function which is mod 0 constant
on the leaves of W.

Then for any transversal L to W there is a measurable subset LcClL of
full induced Riemannian volume in L such that for every x € L there is a subset
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W (x) C W(z) of full induced Riemannian volume in W (x) on which f is constant.

PrRoOOF. Given a transversal L break it into smaller pieces L; and consider
neighborhoods U; as in the definition of absolute continuity. Let N be the null set
such that f is constant on the leaves of W in M \ N and let N; = N NU;. By the
absolute continuity of W for each i there is a subset Zz of full measure in L; such
that for cach « € L; the complement Wy, (z) of N; in Wy, (z) has full measure in
the local leaf. O

Two foliations W7 and W5 of a Riemannian manifold M are transversal if
T.Wi(x) N T, Wa(x) = {0} for every x € M.

3.12 PROPOSITION. Let M be a connected Riemannian manifold and let W7,
Wy be two transversal absolutely continuous foliations on M of complementary
dimensions, that is T,M = T, W1 (x) ® T, Wa(x) for every x € M (the sum is direct
but not necessarily orthogonal). Assume that f : M — R is a measurable function
which is mod 0 constant on the leaves of W1 and mod 0 constant on the leaves of
Ws.

Then f is mod 0 constant in M.

Proor. Let N; C M, i =1, 2, be the null sets such that f is constant on the
leaves of W; in M; = M \ N;. Let x € M and let U > x be a small neighborhood.
By Lemma 3.11, since W is absolutely continuous, there is y arbitrarily close to
x whose local leaf Wy, (y) intersects M; by a set M;j(y) of full measure. Since Wo
is absolutely continuous, for almost every z € ]T/I/l(y) the intersection Wy N My has
full measure. Therefore f is mod 0 constant in a neighborhood of x. Since M is
connected, f is mod 0 constant in M. O

The previous proposition can be applied directly to the stable and unstable
foliations of a volume preserving Anosov diffeomorphism to prove its ergodicity
(after establishing the absolute continuity of the foliations). The case of flows is
more difficult since there are three foliations involved — stable, unstable and the
foliation into the orbits of the flow. In that case one gets a pair of transversal
absolutely continuous foliations of complementary dimensions by considering the
stable foliation W* and the weak unstable foliation W "° whose leaves are the orbits
of the unstable leaves under the flow.

Two transversal foliations W; of dimensions d;, ¢« = 1,2, are integrable and
their integral hull is a (d; + d2)-dimensional foliation W if

W () = Uyew, () Wa(y) = Uzew, (@) Wi(2) .

3.13 LEMMA. Let W;, 1 = 1,2, be transversal integrable foliations of a Rie-
mannian manifold Mwith integral hull W such that Wy is a C'-foliation and Wy
18 absolutely continuous.

Then W is absolutely continuous.

ProoOF. Let L be a transversal for W. For a properly chosen neighborhood
U in M the set L = U,er Wiy (z) is a transversal for Ws. Since Ws is absolutely
continuous, we have for any measurable subset A C U

ma)= [ L8, A () i )
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Since L is foliated by Wi-leaves,

/ dm (x / [y dm @) dmio)
WlU(:L')

for some positive measurable function j. The absolute continuity of W follows
immediately. 0

We will need several auxiliary statements to prove the absolute continuity of
the stable and unstable foliations of the geodesic flow.

4. Anosov flows and the Ho6lder continuity of invariant distributions

For a differentiable flow denote by W the foliation into the orbits of the flow
and by E° the line field tangent to W°.

4.1 DEFINITION (ANOSOV FLOW). A differentiable flow ¢’ in a compact Rie-
mannian manifold M is called Anosov if it has no fixed points and there are distri-
butions E¥, E* C T M and constants C, A > 0, A < 1, such that for every x € M
and every t > 0

(a) E°(x) ® E*(x) ® E°(x) =T, M,
(1) ldgtusll < ONua]| for amy v, € B*(z),
(©) [dg5 val] < CA[loa]] Tor any v, € E*(z)

It follows automatically from the definition that the distributions £° and E"
(called the stable and unstable distributions, respectively) are continuous, invariant
under the derivative d¢' and their dimensions are (locally) constant and positive.
To see this observe that if a sequence of tangent vectors v, € T M satisfies (b) and
v — v € TM as k — oo, then v satisfies (b), and similarly for (c).

The stable and unstable distributions of an Anosov flow are integrable in the
sense that there are stable and unstable foliations W* and W* whose tangent dis-
tributions are precisely E* and E*. The manifolds W*(z) and W*(x) are the stable
and unstable sets as described in (2.5). This is proved in any book on differentiable
hyperbolic dynamics. The geodesic flow on a manifold M of negative sectional cur-
vature is Anosov. Its stable and unstable subspaces are the spaces of stable and
unstable Jacobi fields perpendicular to the geodesic and the (strong) stable and
unstable manifolds are unit normal bundles to the horospheres (see Chapter IV). If
the sectional curvature of M is pinched between —a? and —b? with 0 < a < b then
Inequalities (b) and (c) of Definition 4.1 hold true with A = e~ (see Proposition
1v.2.9).

For subspaces Hy, Hy C T, M define the distance dist (H;, H2) as the Haus-
dorff distance between the unit spheres in H; and H,. We say that Hy is 6-
transversal to Hy if min ||jv; — ve|| > 6, where the minimum is taken over all unit
vectors v1 € Hy, v € Hs.

Set E%°(z) = E*(x) @ E°(x), E'(x) = E“(x) @ E°(x). By compactness,
the pairs FE*(x), E"°(x) and E"(x), E®*°(x) are f-transversal with some 6 > 0
independent of x.
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4.2 LEMMA. Let ¢t be an Anosov flow. Then for every 6 > 0 there is C; > 0
such that for any subspace H C T, M with the same dimension as E*(x) and 6-
transverssal to E*%(x) and any t > 0

dist(do¢~ " (x)H, E*(¢ "'x)) < C1\'dist (H, E*(z)) .

PRrROOF. Let v € H, ||U|| = 1L v = vs + Vuo, Vs € Es(x)a Vuo € Euo(x)'
Then ||vs|| > const - 6, dp~'(z)vs € E*(¢p 'x), dp~'(x)vy € E*(¢'x) and
ldp™" (z)vuoll < const - [[uoll, [[dd™" (z)vs]l = CTIATJus]l. O

A distribution E C TM is called Holder continuous if there are constants
A, a > 0 such that for any z,y € M

dist(E(x), E(y)) < Ad(z,y)”,

where dist(E(z), E(y)) denotes, for example, the Hausdorff distance in 7'M between
the unit spheres in E(x) and E(y). The numbers A and « are called the Holder
constant and exponent, respectively.

4.3 Adjusted metric. Many arguments in hyperbolic dynamical systems become
technically easier if one uses the so-called adjusted metric in M which is equivalent

to the original Riemannian metric. Let ¢ : M — M be an Anosov flow. Let
g€ (\1). Forv, € E° vs € E%, v, € E* and T > 0 set

T T _
ldém v, 60,
vl = o]l 5 03] = / N0 U5l g7 oy = [ 1222l g
0 B 0 6]

|Uo + vs + Uu|2 = |U0|2 + |U8|2 + |Uu‘2 .

Note that since 8 > A, the integrals fooo w dt and fooo w dT converge.
For ¢ > 0 we have

T t+7 T+t T
d s doTvs
o'l = [ 6"+ vs] wrst [ L
0 &) ¢ g

t T T+t T
_ g <‘US|_ / HdéTvsH i | ud%:)su d7>.
0 T

For T large enough the second integral in parentheses is less than the first one and
we get
|dptvs| < B |vs|

and similarly for v,. Note that E¢, E" and E° are orthogonal in the adjusted
metric.

The metric | -| is clearly smooth and equivalent to || -|| and in the hyperbolicity
inequalities of Definition 4.1 X is replaced by 3 and C' by 1.

In the next proposition we prove the Holder continuity of £® and E*. This was
first proved by Anosov (see [Ano2]). To make the exposition complete we present a
similar but shorter argument here. It uses the main idea of a more general argument
from [BrK1] (see Theorem 5.2). To eliminate a couple of constants we assume that
the flow is C? but the argument works equally well for a C'-flow whose derivative
is Holder continuous.
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4.4 PROPOSITION. Distributions E, E*, E%°, E*° of a C? Anosov flow ¢
are Holder continuous.

PRroOOF. Since E° is smooth and since the direct sum of two transversal Holder
continuous distribution is clearly Holder continuous, it is sufficient to prove that
E?® and E" are Holder continuous. We consider only E®, the Holder continuity of
E* can be obtained by reversing the time. As we mentioned above, the hyperbol-
icity conditions (see Definition 4.1) are closed, and hence, all four distributions are
continuous. Obviously a distribution which is Holder continuous in some metric is
Holder continuous in any equivalent metric. Fix § € (A, 1) and use the adjusted
metric for § with an appropriate T'. We will not attempt to get the best possible
estimates for the Holder exponent and constant here.

The main idea is to consider two very close points z,y € M and their images
¢™x and ¢™y. If the images are reasonably close, the subspaces E®(¢™z) and
Es¢™y) are (finitely) close by continuity. Now start moving the subspaces “back”
to  and y by the derivatives d¢~!. By the invariance of E* under the derivative,
dp=FE*(¢p™z) = E*(¢™ *z). By Lemma 4.2, the image of E*(¢™y) under dym ¢~ "
is exponentially in k close to E*(¢™ *x). An exponential estimate on the distance
between the corresponding images of x and y allows us to replace d¢~! along the
orbit of y by d¢~! along the orbit of .

To abbreviate the notation we use ¢ instead of ¢'. Fix v € (0,1), let x,y € M
and choose ¢ such that vy < d(z,y) < 9. Let D > max||d¢| and fix € > 0. Let
m be the integer part of (loge — qlog~y)/log D. Then

d(¢a, ¢'y) < d(z,y)D' < 1D and d(@w,¢'y) < e, i =0,1,..m.

Assume that ~ is small enough so that m is large. Consider a system of small enough
coordinate neighborhoods U; D V; 3 ¢'z identified with small balls in Tyiy M by
diffeomorphisms with uniformly bounded derivatives and such that ¢='V; C U;_;.
Assume that ¢ is small enough, so that ¢’y € V; for i < m. We identify the tangent
spaces T. M for z € V; with Ty, M and the derivatives (d.¢)”' with matrices
which may act on tangent vectors with footpoints anywhere in V;. In the argument
below we estimate the distance between E*®(x) and the parallel translate of E*(y)
from y to z. Since the distance function between points is Lipschitz continuous, our
estimate implies the Holder continuity of E*.

Let v, € E*(¢™y), |vy| > 0, vg = ddFv, = v + 0P, v, € E5(¢™ 1), vyo €
Ew(¢m k), k=0,1,...,m,. Fix k € (v/B3,1). We use induction on k to show that if
¢ is small enough then [[v°]|/||v3|| < 6k¥ for k = 0,...m and a small § > 0. For k = 0
the above inequality is satisfied for a small enough ¢ since E* is continuous. Assume
that the inequality holds true for some k. Set (dgm-r, @)~ = Ap, (dgm-ry¢) "' =
Bi. By the choice of D we have ||Aj, — By|| < const - y4D™™* =: g, < const - ¢,
where the constant depends on the maximum of the second derivatives of ¢. We
have

Awi] = 87 i, [Are] < o],
Vg1 = Brv, = Akvk + (Bk — Ak)vk = Ak(v,‘z + v}jo) + (Bk - Ak)vk .
Therefore
[Etal _ [Awvpl + | Ak — Byl - okl
[ial T [Arvp] = [(Ax — Bi)vkl

v |
(Jvrl = [vgel) — miclv|

< (e + mVB) (oo g5 VE) -

lok| (1 — B, — OK*

S (6/#€ + 77k>ﬁ_1
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By the choice of m and D above, 1, = const - y9D™~* < const - eD~", and hence
the inequality for k£ + 1 holds true provided D is big enough, ¢ is small enough,
VB < k and ¢ is chosen so that the last factor is less than 1.

For k = m we get that [v2°|/|vs | < 0k™ and, by the choice of m,

o |

log k log k
- < const - A~ @FDIED < const - dist (z,y) D .
V7]
Note that by varying v, we obtain all vectors v, € E*(y). 0

5. Proof of absolute continuity and ergodicity

We assume now that M is a compact boundaryless m-dimensional Riemannian
manifold of strictly negative sectional curvature. For v € SM set E*(v) = {(X,Y) :
Y = Jy(0)}, where Jy is the stable field along -y, which is perpendicular to 4, and
such that Jx(0) = X. Set E%(v) = —E*(—v). By Section IV.2, the distributions
E?® and E“ are the stable and unstable distributions of the geodesic flow g* in the
sense of Definition 4.1. By Section IV .3, the distributions F® and E* are integrable
and the leaves of the corresponding foliations W*® and W* of SM are the two
components of the unit normal bundles to the horospheres.

5.1 THEOREM. Let M be a compact Riemannian manifold with a C3-metric of
negative sectional curvature. Then the foliations W* and W* of SM into the normal
bundles to the horospheres are transversally absolutely continuous with bounded
Jacobians.

Proor. We will only deal with the stable foliation W?*. Reverse the time for
the geodesic flow g' to get the statement for W*. Let L; be two C'-transversals
to W#* and let U; and p be as in Definition 3.3. Denote by 3,, the foliation of SM
into “inward” spheres, that is, each leaf of Y, is the set of unit vectors normal to
a sphere of radius n in M and pointing inside the sphere. Let V; C U; be closed
subsets such that V5 contains a neighborhood of p(V;). Denote by p,, the Poincare
map for ¥,, and transversals L; restricted to V;. We will use Lemma 16 to prove
that the Jacobian ¢ of p is bounded. By the construction of the horospheres, p,, = p
as n — oo. We must show that the Jacobians ¢, of p,, are uniformly bounded.

To show that the Jacobians ¢, of the Poincare maps p, : L1 — Lo are uni-
formly bounded we represent p,, as the following composition

(5.2) pn=g "oPyog",

where ¢g" is the geodesic flow restricted to the transversal Ly and Py : ¢g"(L1) —
g"(L2) is the Poincare map along the vertical fibers of the natural projection 7 :
SM — M. For a large enough n, the spheres 3, are close enough to the stable
horospheres W*, and hence, are uniformly transverse to L; and Lo so that p, is
well defined on V;. Let v; € V;, i = 1,2, and p,(v1) = vo. Then 7(g"v1) = w(g"v2)
and po(g™vi) = g"va. Let J; denote the Jacobian of the time 1 map ¢! in the
direction of T} = Ty, L; at gFv; € L;, i = 1,2, that is Ji = |det(dg* (g"v;)|..)| -
If Jo denotes the Jacobian of Py, we get from (5.2)

)
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653 aul) = [[GDJo- [LGD) = dolgm) - [T
k=0 k=0 k=0

By Lemma 4.2, for a large n the tangent plane at ¢g"v; to the image g™ (L)
is close to E*°(¢g™v;), and hence, is uniformly (in v;) transverse to the unit sphere
S, M at the point x = 7(¢g"v1) = m(g"v2). Note also that the unit spheres form a
fixed smooth foliation of SM. Therefore the Jacobian Jy is bounded from above
uniformly in vy.

We will now estimate from above the last product in (5.3). By Proposition
V.2.10,

d(g"v1,g"v2) < const - exp(—ak) - d(v1,v2) .

Hence, by the Holder continuity of £“?,
dist(E“°(g¥v1), E*°) < const - d(g"v1, g"v2)® < const - exp(—aka) .
Together with Lemma 4.2 this implies that
dist(T, T?) < const - exp(—3k)

with some 3 > 0. Our assumptions on the metric imply that the derivative dg*(v)
is Lipschitz continuous in v. Therefore its determinants in two exponentially close
directions are exponentially close, that is ||J} —J2|| < const-exp(—~k). Observe now
that ||.J7|| is uniformly separated away from 0 by the compactness of M. Therefore
the last product in (5.3) is uniformly bounded in n and v;. By Lemma 2.7, the
Jacobian ¢ of the Poincare map p is bounded. 0

We will need the following property of absolutely continuous foliations in the
proof of Theorem 5.5.

5.4 LEMMA. Let W be an absolutely continuous foliation of a manifold Q) and
let N C Q be a null set. Then there is a null set N1 such that for any x € Q \ Ny
the intersection W (x) N N has conditional measure 0 in W (x).

PROOF. Consider any local transversal L for W. Since W is absolutely con-
tinuous, there is a subset L of full my measure in L such that myy,)(N) = 0 for

z € L. Clearly the set U,z W () has full measure. O

5.5 THEOREM. Let M be a compact Riemannian manifold with a C® metric
of negative sectional curvature. Then the geodesic flow gt : SM — SM is ergodic.

ProOF. Let m be the Riemannian volume in M, A\, be the Lebesgue measure
in S, M, x € M and u be the Liouville measure in SM, du(x,v) = dm(x) x dA\,(v).
Since M is compact, m(M) < oo and pu(SM) = m(M) - A\, (S M). The local
differential equation determining the geodesic flow gt is

By the divergence theorem, the Liouville measure is invariant under g (see also
Section IV.1). Hence the Birkhoff Ergodic Theorem and Proposition 2.6 hold true
for gt.
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Since the unstable foliation W* is absolutely continuous and the foliation W°
into the orbits of g is C!, the integral hull W is absolutely continuous by Lemma
3.13. Let f: SM — R be a measurable g-invariant function. By Proposition 2.1, f
can be corrected on a set of Liouville measure 0 to a strictly g-invariant function
f. By Proposition 2.6, there is a null set N, such that f is constant on the leaves
of W* in SM \ N,. Applying Lemma 5.4 twice we obtain a null set N; such that
N, is a null set in W*°(v) and in W"(v) for any v € SM \ Ny. It follows that f
is mod 0 constant on the leaf W*(v) and, since it is strictly g-invariant, is mod 0
constant on the leaf W"°(v). Hence f is mod 0 constant on the leaves of W"°. Now
apply Proposition 3.12 to W* and W"°. 0
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