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VISIBILITY MANIFOLDS

P. EBERLEIN AND B. O’NEILL

Several of the basic features of automorphic function
theory—notably the notion of limit set—can be extended to
apply to the study of Riemannian manifolds M of nonpositive
curvature. Under somewhat stronger curvature conditions
(e.g. K=<c¢ < 0) M is called a Visibility manifold. For such
manifolds there results a classification into three types: para-
bolic, axial, and fuchsian. This trichotomy is closely related
to many of the most basic topological and geometric properties
of M, and such relationships will be examined in some detail.
For example, the trichotomy may be expressed in terms of
the number (suitably counted) of closed geodesics in 1/,
namely: 0, 1, or . As to methodology: the conventional
analytic machinery of C* Riemannian geometry is used, at
least initially; however, at many crucial points it will be
the qualitative behavior of geodesics (8la Busemann) that is
important.

In the late nineteenth century Poincaré discovered an important
link between geometry and automorphic function theory, namely that
the open disk P in the complex plane admits a Riemannian metric
such that (1) P has constant negative curvature and gives a model
for the noneuclidean geometry of Bolyai and Lobachevsky; and (2)
the orientation preserving isometries of P are exactly the linear
fractional transformations that preserve P.

Automorphic function theory makes essential use of an extrinsic
feature of the disk: its boundary circle S' in the plane. For example,
a linear fractional transformation ® as in (2) that has no fixed points
in P must have either one or two fixed points in S'. Also, if D is
a properly discontinuous group of such transformations then the accu-
mulation points of any orbit D(p), pe P, form a closed D-invariant
subset L(D) of S* called the limit set of D. Analysis of the limit
set L(D) and of the fixed points of the elements of D gives extensive
information about the Riemann surface M = P/D. When the Poincaré
metric was introduced on P this approach also yielded properties
of the geodesic flow on surfaces M of constant negative curvature.
But since the method was tied to complex analysis it was not clear
how to extend it to manifolds of higher dimension and variable cur-
vature.

Our object in this paper is to study Riemannian manifolds of
sectional curvature K < 0 by generalizing, or rather geometrizing,
some of these basic features of automorphic function theory. Thus
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the role of the disk P is taken by an arbitrary complete simply-
connected n-manifold H with K < 0. We begin by defining points
at infinity for H (§1). With a suitable topology, the cone topology
(§2', these constitute a boundary sphere H(c-) such that A= H U H(c)
is a closed m-cell. An isometry @ of H extends naturally to a homeo-
morphism of H; thus if D is a properly discontinuous group of iso-
metries on H, we obtain as before a closed D-invariant limit set L(D)
in H{e). Itis natural then to consider what influence the limit set
and the action of D on H(<<) have on the quotient manifold M = H/D.
For this influence to be decisive it is at present necessary to impose
geometrical restrictions on M = H/D beyond merely K < 0. While
the standard condition K < ¢ < 0 would suffice, we prefer to express
the restrictions in terms of one and occasionally two axioms on the
geodesics of H (§4). These hold under curvature conditions (§85)
distinctly weaker than K < ¢ < 0. We use them, however, not merely
for the sake of generalization, but because they result in much simpler
proofs, with qualitative (synthetic) arguments replacing quantitative
(analytic) ones. At this and other points we have been influenced by
the ideas of Busemann [4].

If H satisfies Axiom 1, then its isometries share many of the
properties of linear fractional transformations (8§86, 7), notably that
if @ has no fixed points in H then it has exactly one or two in the
boundary sphere H(eo).

Another useful topology on H = H U H(co) derives from the classi-
cal notion of horocycle (§3). There is a corresponding limit set
L,(D) < H(e) which is, for example, closely related to the length-
minimizing properties of geodesics in M = H/D.

When H satisfiles Axiom 1 we call M = H/D a Visibility mani-
fold; this class includes all complete manifolds of curvature K < ¢ <
0. Both the cone and horocycle topologies are used to define points at
infinity for an arbitrary Visibility manifold M and topologize M =
M U M(=) in a natural way (§10) that generalizes the construction
of H.

By investigating limit sets we divide all Visibility manifolds into
three types: parabolic, axial, or fuchsian. The concepts outlined above
are, as we have said, closely related to many fundamental topological
and geometric properties of M; for example, closed geodesics (§8),
fundamental group (§9), ends (§10) and convex functions (§11). In
particular the following picture emerges of the three types mentioned
above:

A parabolic manifold M is a topological product N x R' with
each {n} x R' a minimizing geodesic. M has no closed geodesics,
and L(D) is a single point. Despite its simple geometric structure
M can have a remarkably wide variety of fundamental groups. Para-
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bolic manifolds are characterized by the fact that they admit a convex
function without minimum.

An axial manifold M is a smooth vector bundle over a circle,
hence is diffeomorphic to either S' x R*™* or B x R"%, where B is
the Mobius band. M has a unique equivalence class A4 of closed
geodesics. All members of A are simply closed, (though possibly of
different periods), and A reduces to a single closed geodesic when
Axiom 2 holds. The fundamental group of M is infinite cyclic, and
L(D) is two points.

A Vigsibility manifold M is fuchsian if L(D) has more than two
points, for example if M is compact or has more than two ends. A
fuchsian manifold M has infinitely many equivalence classes of closed
geodesics. Although M may have many different topological struc-
tures its fundamental group must satisfy severe algebraic conditions.
We phrase these abstractly in terms of the notion of monic group, a
class of groups including solvable groups, nontrivial product groups, ete.

Our axiomatic approach has applications to geodesic flows [7].
The present paper developed from joint work by one of us with R. L.
Bishop, and we are grateful to him for many valuable insights.

1. Points at infinity. For any Riemannian manifold M we
denote the Riemannian structure by {, ), the Riemannian metric by
d. If pe M let S(p) be the unit sphere in the tangent space M,; let
SM be the unit tangent bundle with projection p: SM — M. If v, we
S(p), the angle § = (v, w) is the unique number 0 < § < 7 such that
(v, wy = cosd. If M is complete and veSM let v, R— M be the
geodesic such that ~7,(0) = v. Throughout this paper all geodesics
have unit speed and unless otherwise indicated are defined on the
entire real line. A geodesic segment is a geodesic defined on a com-
pact interval.

A Hadamard manifold H is a complete, simply connected
Riemannian manifold of dimension % = 2 having sectional curvature
K =<0. Hwill always denote a Hadamard manifold. We shall assume
the basic information about such manifolds [2, 13]. If p# ¢ in H
let v,, be the unique (unit speed) geodesic such that v,,(0) = p and
Yo{t) = q¢ where ¢ = d(p, ¢). The angle J,(m, n) subtended by points
m, n of H at a distinct point p is defined to be <(7}.(0), 75.(0)).
Any three non-collinear points of H determine a geodesic triangle
and we have:

(1) Law of Cosines: ¢*=a’+ b® — 2abcosd where a, b, c are
the sides and ¢ is the angle opposite c.

(2) Angle sum: the sum of the interior angles of a triangle
is at most =.

(3) Double law of cosines (obtained from applying the law of
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cosines twice): A geodesic triangle with sides a, b, ¢ and angles «,
B and v opposite the corresponding sides satisfies ¢ < beosa + acosp.

We make use of the following consequence of the law of cosines:
if {p,}, {q.} and {r,} are sequences in H such that d(p,, q,) — = but
A(q., r.) = A as n — oo, then [, (., 7,) — 0.

We summarize briefly the basic facts about asymptotes. The
logical order differs slightly from [3] and [4] since we replace the
classical definition by:

DEFINITION 1.1. Geodesics « and B in a Hadamard manifold H
are asymptotic provided there exists a number ¢ >0 such that
d(at, pt) < ¢ for all t = 0.

The following consequences are immediate:

(1) If ¢ and B are asymptotic, then so are orientation-preserving
unit speed reparametrizations of a and g.

(2) The asymptote relation is an equivalence relation on the set
of all geodesics in H; the equivalence classes are called asymptote
classes.

(8) If asymptotic geodesics in H have a point in common, then
they are the same but for parametrization (by the law of cosines).

It follows from (2) and (8) that there is at most one geodesic
starting at a given point and asymptotic to a given geodesic. Pro-
position 1.2 below will yield:

(4) Given a geodesic o and a point p € H there exists a unique
geodesic B such that B(0) = p and B is asymptotic to a.

We assume the facts about convex funections contained in [3].
Convex functions are presumed to be only continuous unless differentia-
bility is explicitly mentioned. The following results will be used
often:

(@) If a, g are geodesics of H, then the function ¢-— d(at, Bt)
is C~ convex (f” = 0). If a and g are asymptotic, then d(at, Bt) is
monotone decreasing in t.

(b) The functions ¢-—d(at, 8) and t-— d(Bt, &) are continuous
convex functions, and in fact if « and B are asymptotic then
lim d(at, B) = ltim d(Bt, o) = d(x, B) = d(aR, BR)

= inf {d(as, Bt): s,t € R} .
PROPOSITION 1.2. Let « be a geodesic in H and let {p,} —p in
H, {t,} — o i R. If B, s the geodesic from p, to a(t,) then G,(0)

converges to a vector ve S(p), and B = 7, 18 asymptotic to .

Proof. Let ¢ > 0 be a number such that d(p,, «0) < ¢ for all n.
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Let s, be the number such that B,(s,) = a(t,). By the triangle in-
equality |s, — ¢,| < d(p,, 0) < ¢. In particular {s,} — . Now fix
s =0, and let n be so large that s < s,.

Since the function t— d(B,t, at) is convex we have d(B,s, as) <
max {d(8,0, a0), d(B,s,, as,)}. But d(B.s., as,) = d(@t,, as,)=[t,—s,| =
¢ and d(B,0, a0) < ¢, since p, = B,(0). Thus (*) d(B,s, as) < ¢ for all
s = 0. Some subsequence of {G,(0)} converges to a vector ve S(p).
By continuity of the exponential map, (*) implies that d(v,s, as) < ¢
for all s=0, that is, v, is asymptotic to «. By (5) above this asymptote
is unique and every convergent subsequence of {3,(0)} has the limit v.

The complete manifolds M of dimension 7 =2 and sectional
curvature K < 0 are precisely the quotient manifolds H/D where H
is a Hadamard manifold and D is a properly discontinuous group of
isometries of H. We shall study H/D through the action of D on
H and the geometric properties of H at infinity. The main tool used
is the notion of a point at infinity of H which we define to be
simply an asymptote class of geodesics of H. Let H(w) be the set
of points of infinity of H, and let H = H U H(c). If H is n-dimen-
sional hyperbolic space, the open unit ball in R" with the Poincaré
metric, then H(e) is the bounding sphere S*'. This example in
fact exhibits and is the motivation for the geometric properties that
we shall consider.

If a: (— o, ) — H is a geodesic, let a(~) be the asymptote class
of & and let a(— =) be the asymptote class of the reverse curve ¢t -—
a(—t). The resulting function a:[—co, o] — H is the asymptotic
extension of «. Note that a(— o) %= a(), since a realizes the dis-
tance between any two of its points. If € H(w) we write either
a() = x or «cx depending upon the context. In this notation the
remark (4) preceding Proposition 1.2 says that given p in H and =
in H(eo) there exists a unique geodesic v,, such that 7,.(0) = p and
Ypa(c0) = #. Roughly speaking, there is a unique geodesic joining
any finite point to any infinite point.

Similarly if ¢ is an isometry of H and 2 a point in H(w) we
set @(x) = (Poax)(=0), where « is any geodesic representing x. Since
asymptotes are preserved under isometries we obtain a well-defined
function @: H — H which is bijective and carries H(co) into itself.

In the nonsimply connected case M = H/D, geodesics « and g
are asymptotic if they have lifts into H that are asymptotic in the
sense of Definition 1.1. This is equivalent to the existence of a
homotopy from « to B whose transverse curves from «(f) to B(t)
have bounded length for ¢ = 0. Clearly it is also an equivalence
relation. Let A(M) be the set of all asymptote classes of geodesics
of M. If xe H() let 7, (x) be the element of A(M) represented by
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wo, where 2 is represented by the geodesic «. Then 7, H(c)—
A(M) is well-defined and surjective, and for any y in A(M) the
counterimage 7;'(y) is an orbit of D in H(e). Briefly: A(M) =
H()/D.

There is more than one topology of interest on H. We shall say
that topology = on H is admissible if it satisfies the following four
conditions:

(1) Closure property: the topology on H induced by 7 is the
original topology of H, and H is a dense open set of H.

(2) Geodesic extension property: if a is any geodesic of H
then its asymptotic extension is continuous.

(3) Isometric extension property: if ® is any isometry of H
then its asymptotic extension is continuous (and hence a homeomor-
phism by a functorial argument).

(4) Intensive property: if xe€ H(e), V is a neighborhood of z,
and » > 0 is any positive number then there exists a neighborhood
U of x such that N.(U) = {ge H:d(q, U) < r} =&V. Here we have
extended the metric trivially so that d(a, b) = « if a # b and either
point lies in H(e). In fact this is the only continuous extension of
the metric, assuming the geodesic extension property.

The inherited Euclidean topology on the closed unit ball in R*
satisfies all four properties for the Poincaré model of n-dimensional
hyperbolic space.

The following easily checked fact will be useful.

LEMMA 1.3. For each x¢e H(co) let .4 7(x) be a collection of sub-
sets of H such that (a) if Ve 4" (&) then xeV and VNH is non-
empty and open in H and (b) if Ve 4+ (x), We 4 (y) and ze VN
W N H(eo) there exists Ue _47(z) such that US V NW. Then there
is a unique topology © on H such that T has the closure property
and A7(x) is a local basis for T at each x € H(o).

We now construet the limit set of a group D of isometries of H
relative to a suitable topology. Generally we will assume D to be
properly discontinuous, so for p € H the orbit D(p) = {®(p): ¥ € D} will
have no accumulation points in H. Depending on the topology used
there will usually be accumulation points in H().

PROPOSITION 1.4. Let = be a topology on H with the isometric
extension and the intensive properties. Let D be a group of isometries
of H. Then

(1) The set of accumulation points of an orbit D(p) in H(co) ts
independent of the choice of p € H and s called the limit set L_(D) of D.
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(2) L.(D) is closed in H(co) and is invariant under v for each
v e N(D), the normalizer of D in the isometry group I(H) of H.

(8) If v is a T, topology, then D is mot properly discontinuous
at any point of L_(D).

Proof. (1) Let zeD(p) N H() and let qe H. If U is any
neighborhood of # then there exists a neighborhood V of x such that
N.(V) 2 U where € = d(p, g). By assumption there exists @ € D such
that @(p) € V. Hence ®(q) € U and it follows that x e D(q) N H(co).

(2) Since L.(D) = D(p) N H() it is clear that L.(D) is closed
in H(e). To prove invariance it suffices to prove that if x e D(p) N
H(eo) then y(x) € D(vp) N H(so). If U is any neighborhood of v(x) then
by the isometric extension property v *(U) is a neighborhood of x.
Hence there exists ® € D such that @(p) e v(U), so vp(p) € U. Since
v € N(D), there exists 4 € D such that vp = v, Hence v(p) € U and
v(x) € D(yp) N H(eo).

(3) Let U be a neighborhood of z < L.(D). For any pe H there
is a e D such that @(p) € U. Since {@p} is closed in H there is a
¢ €D such that +(p)e U — {pp}. Since (p) = v (Pp) we have
VP (U)NU==[]. Hence D is not properly dicontinuous at x.

If H has the cone topology of the following section and if H
satisfies Axiom 1 (§4) then L.(D) is precisely the set of points of
H(<0) at which D fails to act properly discontinuously (Proposition 8.5).
This should be compared with the analogous result in automorphiec
function theory.

Points of L.(D) are called limit points of D. Points of the com-
plement O.(D) = H(e) — L.(D) are called ordinary points. Clearly
O.(D) is also invariant under N(D) as in (2).

In the next two sections we define nontrivial admissible topologies
on H. In §10 we take advantage of the fact that the preceding dis-
cussion of topologies on H remains valid for any set X between H
and H, provided of course that we consider only geodesics ending in
X and isometries that preserve X.

2. The cone topology. We define a natural topology on H =
H U H(>) which makes H homeomorphic to the closed unit ball in
R® and H(e) homeomorphic to the sphere S*'. The notion of angle
gives a natural way to measure the proximity of two points at in-
finity. We shall see that angle measurements also provide a notion
of proximity of distant finite points to infinite points.

Let p be a point of H distinct from points a, be H. The angle
subtended by a, b at p is I, (a, b) = L (75.(0), 73,(0)). If one vertex is
at infinity the angle sum inequality takes the following form: let
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x e H(eo), p # q€ H, then (g, ) + ,(p, ) < xw. This follows from
the usual angle sum formula and the following remark.

REMARK 2.1. If pe H and if a:]0, o) — H is a geodesic, then
the function: [0, ] — S(p) given by t — 7;,..(0) is continuous. This
is standard for ¢t < oo, and since 7,.(cc) is the unique geodesic from p
asymptotic to &, the continuity at infinity follows from Proposition 1.2.

DEFINITION 2.2. Let ve S(p) & H, and let ¢ be a number, 0 <
e < 7. Then the set C(v, &) = {be H: I4,(7,(=2), b) < ¢} is called the
cone of vertex p = p(v), axis v and angle .

Thus C(v, ¢) consists of all points, finite or infinite, whose angular
difference from v is less than e¢. Note that for any ¢ > 0 we have

Loty B) = S(Vo(0), D) = L (v, 75:(0)).

PROPOSITION 2.3. If H s o Hadamard mantfold, there is a
unique topology k on H such that

(1) k has the closure property.

(2) For each x e H(co) the set of cones containing x is a local
basis for k at ux.

We call & the cone topology on H.

Proof. By Lemma 1.3 it suffices to prove that if V and W are
cones containing x € H(«), then there exists a cone C such that z¢
C<SV NW. First we establish some properties of cones.

LEMMA 2.4. Let « be a geodesic of H. If s<tand o0 < e, then
C(a'(t), 0) = C(a'(s), €).

Proof. We may suppose that s <t If be C(t), ) then
Lar(b, (e0)) < 6 and L, (as, b) > T — 6. By the angle sum property
Las(b, at) < 0 < e. Hence be C'(s), ¢).

LEMMA 2.5. Let V be a cone with vertex q, let pe H and let
B = Yo, where x€V N H(co). Then there exist numbers T > 0 and
0 > 0 such that C(B'(t),0) &V for t = T.

Proof. Let a =, and choose ¢ > 0 so that C(a’(0),¢) = V. Since
« and B are asymptotic <, (at, Bt) — 0 as t — oo by the law of cosines.
Similarly < (p,q) — 0 as t — . Let ¢ = ¢/3 and choose T so large
that ¢ = T implies (1) <, (z, Bt) < 6 and (2) Ip(p, @) < 6. We show
that for t = T, C(8'(t), §) = C(@'(0),e) = V. Let beC(R'(t), d) so that
3) <Lpi(x, b) < d. Then (4) Aplq, ®) > w — 6 follows from (2). From
(8) and (4) we obtain (5) s(q, b) > 7 — 20 since L4 (g, b) = Ln(g, ») —
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<Ls:(, ). By the angle sum relation <, (8¢, b) + <Cs(g, b) < 7. From
(5) we obtain (6) < ,(8t, b)<2d. Finally Y, (x, b) <<, (x, Bt) +A,(Bt, b) <
36 = ¢. Therefore be C(@'(0), ) = V.

Suppose now that ¥V and W are cones that contain a point ze
H(). Let 8= 7,, where p is the vertex of V. Choose ¢ >0 so
that C(8'(0),e) = V. By Lemma 2.5 we can find ¢ > 0 and 6 < ¢ such
that C(8'(t), 6) = W. By Lemma 2.4, C(5'(t), 6) = C(5'(0), ¢). Therefore
C(B'(t),0 =V NW and this completes the proof of Proposition 2.3.

Unless another topology is explicitly mentioned we shall always
assume that H is equipped with the cone topology k.

Since different cones may have different vertices, it is convenient
to define for each point p in H a collection of sets, the truncated
cones at p, which form a basis for the cone topology. If C(v,¢) is a
cone with vertex » = p¢(v), then for any number » > 0 we call

T(v,¢e,7) = Clv,¢) — {ge H: d(p, q) = 7}
the truncated cone of vertex p, axis v, angle € and radius r.

PROPOSITION 2.6. Flix a point p in H. The set of trumncated
cones of vertex p that contain x € H(c) are a local basis for the cone
topology at .

To prove this some preparatory lemmas are in order.

LemmA 2.7. If V is a (posstbly truncated) cone whose finite part
VNHZSCW,¢), then VEClo, €) for any ¢ > e,

Proof. Let « = v,,, where p is the vertex of Vand vxe V N H().
For sufficiently large ¢ > 0, a(t) € C(v, ¢) so that <(,(at, v,(c0)) <e. By
Remark 2.1 < (a(0), 7,(<)) < e, and therefore z e C(v, ') for ¢ > e.

LEMMA 2.8. Let « be a geodesic of H. Given a >0 and ¢ >0
there exists r > 0 and 0 > 0 such that T(a’(0), 9, r) & C(&'(a), ).

Proof. By the law of cosines we may choose » > 0 so large that
(1) d(g, @0) = r implies < (@0, aa) < ¢/3, and (2) d(g, ar) < 1 implies
Laalg, @r) < €/3, where ¢ is a point of H. By the continuity of the
exponential map there exists a number ¢ > 0 such that if v is any
unit vector at a(0) satisfying (3) <{(v, ¢’(0)) < ¢, then d(exp (rv), ar) <
1. We assert that » and ¢ are the desired numbers. Let m be a
finite point of T(&’(0), 6, ¥). Let B be the geodesic from «(0) to m
and note that B(r) precedes m. By (1) <;,.(@0, aa) < &/3, and hence
L (aa, m) > w — ¢/3. By the angle sum property, < ..(8r, m) < /3.
Since d(g8r, ar) < 1 by (8), we find that <., (B8r, ar) < /3 by (2). We
conclude that < ,.(m, ar) < Lu(m, Br) + Luwl(Br, ar) < 2¢/3. Thus
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m e C(a' (), 2¢/3), and by Lemma 2.7 T(a'(0), 9, r) & C(a'(@), €).

To prove Proposition 2.6 fix a point p in H and let V be a cone
neighborhood of x € H(«). Let 8= 7v,,. By Lemma 2.5 we can find
t > 0 and ¢ > 0 such that C(8'(¢), ) & V. By Lemma 2.8 we can find
r >0 and ¢ > 0 such that T(8'(0), &', r) = C(8'(t), ) S V.

PROPOSITION 2.9. The cone topology k for H is admissible.

Proof. The closure property is contained in the statement of
Proposition 2.3. The geodesic extension property follows immediately
for Remark 2.1. If @ is an isometry of H and C(v,¢) is any cone
then @C(v,¢) = C(®.v,¢), so @ is a homeomorphism of H and %k
satisfies the isometric extension property. To prove the intensive
property, let V be a neighborhood of x in H(w) and let a > 0 be
given. We may assume that V = C(v, ¢) by the Proposition 2.3, where
v = 7,,(0). By the law of cosines we may choose > 0 so large that
if d(p, m) > r,d(p,n) >r —a and d(m, n) < a, then Y, (m, n) < &/2.
If T= T(,¢/2,r), then T is a neighborhood of 2 such that N,(T) &
C(v, ¢); for if n e N,(T) then there exists m e T such that d(m, n) <
a. By the conditions imposed, <J(,(m, n) < &/2 and hence <, (n, x) <
Lo, m) + Lp(m, 2) < e.

The following theorem establishes an analogy with the Poincaré
ball model of the n-dimensional hyperbolic space.

THEOREM 2.10. If pe H let B(p) be the closed wnit ball in H,
with boundary sphere S(p). Let f:]0, 1]—[0, =] be a homeomorphism.
Then the function ®: B(p) — H such that @(v) = exp (f||v|l-v) is a
homeomorphism carrying S(p) onto H(eo).

Proof. It is well known that ¢ restricted to B(p) — S(p) is a
one-to-one continuous map onto H. H is Hausdorff, since any two
distinct points in H(e) may be separated by cones with the same
vertex. Since B(p) is compact if suffices to show that @ is continuous
at ve S(p). For a truncated cone neighborhood 7 = T(v, ¢, ) of ®P(v),
we have @ (T) = T(v, &, f~'(r)) S B(p), and this is clearly a neighbor-
hood of v in B(p).

REMARK 2.11. For pe H the function @,: S(p) — H(eo) such that
®,(¥) = 7,(c0) is a homeomorphism. In fact this is simply the restric-
tion of the map @ above to S(p). Since S(p) is metrized by the angle
function <, it follows that a sequence {x,} & H(cc) converges to x
in H(eo) if and only if <, (x,, ) — 0 as n — co.

COROLLARY 2.12. If V is a cone in H, them V is a topological
n-cell.
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Proof. Let p be the vertex of V. Then ¢~(V) is a closed cone
in B(p) with vertex at the origin and hence is a topological %-cell.

We now prove the continuity of some useful functions. Let SHES
TH be the unit and full tangent bundles of H, both with projection
#. The map ¢ X exp: TH— H x H is a diffeomorphism and induces
a metric 0 on SH such that é(v, w) = d(¢v, pw) + d(exp v, exp w).

PROPOSITION 2.13. The function : SH X [— oo, co] — H given by
(v, t) = 7,(t) is continuous.

Proof. If t is finite, continuity at (v, f) is a standard result. It
suffices to show that if v, — v in SH and ¢, — +c as n— o, then
Yo, (ts) — V(=) as m — . By replacing v, and v by their negatives,
we also prove continuity at —co. Let » = p(v), p, = #{v,). Let w,
be the unique unit vector at p such that v, (s.) = 7, (¢,). Then s, —
4o as n— . For large n,s, =1,¢t, =1, and d(expwv,, expw,) <
d(p., p) by convexity. Therefore o(v,, w,) < 2d(p,, p), and since p, —
p, we get w,— v as n— o. The truncated cones at p which contain
@ form a local basis at #, and it follows that v, (t.) = 7.,(s.) — 7.(e°)
as m-— oo,

PROPOSITION 2.14. Let D = {p, b)c H x H: p # b}. The function
V: D — SH given by V(p, b) = 7,,(0) is continuous.

Proof. Let (p., b,) — (p, b) in D. Let v, = V(p,, b,) and w, =
V(p, b,), which are both defined for sufficiently large n. If beH,
then V(p,, b,) — V(p, b) by standard facts. Suppose that be H(co),
and let T be a truncated cone with vertex p which contains b. Then
b, e T for sufficiently large %, and therefore w, = V{(p, b,) — V(p, b)
as n— . However é(v,, w,) < 2d(p., ) as in the previous argument.
Since p,—p as n—co, we get lim, .. V(p,, b,) =lim,_... V(p, b,) = V(p, b).

Let «: SH — H(co) also denote the restriction of the function in
2.13, so that 4»(v) = v,(c=). Then the functions zt x +: SH—H x H{)
and V|H x H(e) are inverse homeomorphisms.

It is also easy to show that the angle function < ,(a, b) is con-
tinuous on {(p,a,b)e H x H x H: p # a, p # b}. In fact we have the
relation cos (C,(a, b)) = (V(p, a), Vip, b)>.

3. The horocycle topology. Analogous to the notion of sphere
centered at a finite point p» of a Hadamard manifold is the notion of
limit sphere at an infinite point x € H(>). Two points of H lie on
the same limit sphere at x if they are “equidistant” from z in a
suitable sense. In the hyperbolic plane, the limit spheres are horo-
cyeles: Euclidean circles internally tangent to the unit circle.

Limit spheres have proved useful in studying the geodesics of a
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negatively curved manifold. For example, Hedlund, E. Hopf and
others used them to obtain mixing and ergodic theorems for the
geodesic flow on a surface of (nearly) constant negative curvature
[10], [11]. The technique of Hedlund can be extended to higher
dimensions [7]. Anosov has used limit spheres to prove the ergodicity
of the geodesic flow on a compact manifold of negative curvature [1].

In the next section we link limit spheres to the length-minimizing
properties of geodesics; in this section we show that they give rise
to a matural topology on H, the horocycle topology, fundamental to
later work. Our basic definitions derive from Busemann [4].

If p e H and v is any geodesic of H, then the function ¢t—d(p, vt)—1t
is bounded below and monotone decreasing. In fact the function is
strictly decreasing if p does not lie on v, for then if s < ¢ we have
d(p, 7t) < d(p, vs) + t — s. Thus the formula

fxp)zﬁggdunvw-—t

defines a real-valued function on H. Then [4], [7]:

(1) f, is uniformly continuous and convex. In fact, |f,(p) —
f@ = dp, 9.

(2) If B is asymptotic to v then f,(Bs) — f,(8t) =¢t—s. In
particular, f, has no minimum.

The following crucial uniformity condition is proved in [7]. The
same conclusion is obtained by Busemann [4] under somewhat different
hypotheses including d(g, v) = 0.

PRrOPOSITION 8.1. If B and v are asymptotic geodesics in H then
fs — f; is constant.

If x € H() and v € ¢ we call f, a Busemann function at x. These
functions are analogues of the radius function ¢ — d(p, q) at a finite
point pe H. If f is a Busemann function at # and pe H, then the
limit sphere at x through » is the set L(p, ) = {g € H: f(q) = f(p)}.
The limit ball at x determined by p is the set N(p, x) = {ge H: f(q) <
f(p)}. Because of Proposition 8.1 these definitions are independent of
the choice of f at z.

It is easy to verify that L(p, ) is the topological boundary of N(p, x)
and that N(p, x) is the convex open set ;.. N;(at), where a is the
geodesic such that «(0) = p and a(~) = x. (Here N,(at) is the open
ball with center a(tf) and radius ¢.) The Euclidean and hyperbolic
spaces represent the two extremes with respect to geometric properties
of their limit spheres. In Euclidean space a limit sphere L(p, x) is
a hyperplane through p orthogonal to the direction %, and the corres-
ponding limit ball is the open halfspace composed of all geodesic rays
from p making angle <x/2 with v,,. In hyperbolic space P (Poincaré
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model) a limit sphere at « is a Euclidean sphere in P that is “tangent”
to P() at x; the only geodesic from p contained in the limit ball
is the geodesic 7,..

If L is a limit sphere at z, then each geodesic vex meets L at
precisely one point; also L = f7'(a) for some ac R and f,(vt) = —{i.
Let n,: H— L be the function that sends a point p € H to the unique
point at which v,, meets L. We call 7, the projection on L.

PROPOSITION 3.2 If pe H and L is a limit sphere at x then 7).(p)
18 the unique point of L mearest p.

REMARK. A closed set A < H will be called a Motzkin set if for
every point pe H — A there is a unique point 7(p) in A nearest ».
Thus limit spheres are Motzkin sets. In Euclidean space a theorem
due to Motzkin states that the Motzkin sets are precisely the closed
convex sets. In [3] it is shown that any closed convex subset of a
Hadamard manifold H is a Motzkin set. The preceding proposition
shows that the converse is false for arbitrary H. Indeed, if every
Motzkin set in H is convex, then H is isometric to Euclidean space [4].

Proof of 3.2. Let f be a Busemann function such that L = £7(0).
Let us suppose first that p is inside L, that is f(p) < 0. Let a be
the geodesic joining p to x, parametrized so that «(0) = 7(p) where
7 =17;. Then p = a(a) where a = d(p, n(p)). If ¢ # 7(p) is any other
point of L then the function ¢ — d(q, at) — t decreases strictly to zero.
In particular d(q, p) — d(n(p), ») = d(q, a(a)) — a > 0.

Suppose now that p is outside L, that is, f(p) > 0. Again let «
be the geodesic joining p to x parametrized so that «(0) = %(p) e L.
Let q # n(p) € L. Then the law of cosines implies that <(,,(q, at) <
w/2 for any ¢t > 0. Hence J,,(p, q) = 7/2 and by the law of cosines
d(p, 7p) < d(p, q), since q # 7(p).

It follows that any two limit spheres at the same point x € H()
are “parallel.”

COROLLARY 3.3. Let L and L' be limit spheres at € H() and
let f be a Busemann function at x. Then for any points pe L, p’' e L’

d(L, L") = d(p, L') = d(p’, L) = | fL — fL’|
= [f(p) — f®@"].

Proof. Let n be the projection on L’. Since 7(p) lies on the
geodesic 7v,, it follows from (2) and 3.2 that

d(p, L) = d(p, 7p) = |fp — fyp|l = |fpo— fp'l.

Reversing the roles of p and p’ we obtain the desired result.
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Limit spheres induce a natural product decomposition of H.

PROPOSITION 3.4. Let f be a Busemann function at x€ H(s),
and let L be a limit sphere at x. Then the function 7, X f: H— L X
R' is a homeomorphism.

Proof. We may suppose that L = f'(0). If peH let a = 7,.
so that a’(0) = V(p, ), where V is the vector field of 2.14. Now «a(t) €
L if and only if f(at) = 0; hence by (2) f(p) = f(@0) =t. Hence 7.(p) =
exp (f(p) V(p, x)) which shows that 7, and 7, x f are continuous. The
function &: L x R'— H given by &(q,t) = exp (—tV(q, x)) is a conti-
nuous inverse of 7, x f. If pe H then for @« as above we have
a'(f(0)=V(.(p), ). Hence £(.(p), f(p)) = exp (—f(D)'(f(p) = a(0)=
p. On the other hand, if ¢qe L and ¢t€ R then clearly 7.(é(q, t)) = ¢q
for all ¢. If g is the geodesic from ¢ to =, then &(p, t) = B(—1t) and
by (2) f(B(—1) = t.

Heretofore Busemann functions were known only to be continuous;
we now show they are C'. Although in special cases they are C=,
in general we do not know if they are C°

PROPOSITION 3.5. Let H be a Hadamard manifold, x € H(=), and
f a Busemann function at x. Then f is C', and grad f = — X where
X(p) = V(p, »).

LEMMA 8.6. Let xe H(o) and for each integer n = 1 let p, and
q. be distinct points on a limit sphere L, at x such that d{p,, q,) — 0
as m— co. If the sequence {p,} lies in a compact set then <, (%, q.) —
/2 as m— oo,

Proof. If L, = f;7*(0) for a suitable Busemann function f, at =,
let P, and Q, be the projections of p, and ¢, on f,'(1). Consider
the angles 6, = I, (%, 0.), . = ¥5,(¢s Q) and o, = I, (Q., P.).
Hence <o, + 0, + ,. We will show (a) w,—0 as n— o, and
(b) , < w/2. It follows that liminf 4, = 7/2. But by the reasoning
of Proposition 3.2 6, < n/2 for every, n, so the result follows.

Let X(p) = V(p, ). Then by definition P, = exp (— X(p,)) and Q,=
exp (— X(q,)). Since {p,} and {q,} lie in a compact set and d(p,, ¢,) — 0
it follows that d(P,, @.) — 0, by the continuity of exp and X. Since
d(p,, P,) =1 it follows that w,— 0 as n — . To prove (b) we also
use the law of cosines; since ¢, is the point of L, nearest @, it
follows that d(q., Q.) < d(p., Q.) and hence @, < 7/2.

Proof of 3.5. Let V be a unit vector at P in H. We will show
() (for)(0) = —<v, X(p)) .
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Since X is continuous, f has continuous directional derivatives and
is therefore a C*' function.
Since any two Busemann functions differ by a constant we may

De 4 (5) /(

7.(e)

FIGURE 1

suppose that f(p) = 0. Let 6 = (v, —X(p)). It suffices to prove
(*) for 0 < x/2, for if 0 > 7/2 we may replace v by —v. For ¢ > 0
let p. be the projection of v,(¢) on L(p, x). Let 4(e) = d(p., 7.(€)) =
S(r,(e)) — f(p). Since cos § = —<v, X(p)) it suffices to prove that

(**) A—?———»cosﬁ as ¢—0.

If 4(¢) = 0 for some ¢ >0 then 6 = 7/2 by the law of cosines.
To prove (**) in this case it suffices to prove that f(v,t) = 0 for 0 <
t<e. Ifa=nw,, and 0 <t<e¢, then d(v,t, as) —s >0 for all s >0
by the law of cosines. Hence f(v,t) = 0. However by the convexity
of f, f(v.,t) £ max {f(p), f(v,6)} = 0. Thus f(v,t) =0 for 0 <t < e.

We now assume that 4(¢) > 0 for all ¢ > 0. We also assume that
0 #= 0, otherwise the result is trivial. Hence d(¢) = d(p, p.) > 0 for
all ¢ > 0. Consider the angles . = J(,(p., 7.€), ®. = I,.(p, 7.€) and
0. = L (vi(e), —X(7.€)). We show that (a) w.— /2 as ¢ —0 (b) 6. —
6 ase¢—0and (c) y. —7/2 — as e — 0. Now (a) follows immediately
from Lemma 3.6. Since cos 0, = —{7'(¢), X(7,6)), cos . — cos § as ¢ —
0, and hence 0, — 0. Let 7. = <, (p., —X(p)). Again by Lemma 3.6
it follows that 7. —» /2 as ¢ — 0. Since . + w. + 6. <« it follows
that 7. —0<+y. <7 — (w. +6.). By (a) and (b) and the remark
above (¢) follows.

By the double law of cosines 4(¢) < d(¢) cos w, + € cos f.. Since
0(e) < ¢ + 4(s) £ 2¢ we obtain
4(e)

—~Z L 2cosw, + cos b, .

(A) 0
13

A

If ¢ = =/2 it follows from (a) and (b) that 4(¢)/e —0 as ¢ — 0, and
henceforth we assume that 8 < 7/2. Using the double law of cosines
again, we obtain
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0(e) cos ¥, + 4(¢) cos 6,

<
=< cos . (4(¢) cos w, + € cos ) + 4(e) cos b, ,

hence ¢ sin®+r, < 4(e)(cos w, cos +r, + cos §,). Since 6 < w/2 the term
in parentheses on the right hand side is # 0 for small values of ¢,
and we obtain

(B) sin® ., < A4(e) .
COS W, COS <, + cos O, ¢

Combining (A), (B), (a), (b) and (¢) we find that 4(e)/e — cos § as ¢ — 0.

We define the horocycle topology mentioned earlier. If N is a limit
ball at e H(s), we call N* = N U{x} an augmented limit ball at x.
Such sets appear as neighborhoods of # in automorphic function theory.

PROPOSITION 3.7. For a Hadamard manifold H there exists a
unique topology h on H such that

(1) & has the closure property.

(2) For each xe H(co) the set of augmented limit balls at x 1is
a local basts for h at =x.

Proof. Apply Lemma 1.3: N°N H = N is nonempty and open in
H. N°*N NYN H(x) is nonempty if and only if & = y. Since limit
balls are linearly ordered by inclusion, the intersection is either N°*
or NV,

Note that % is always a T, topology; however it need not be
Hausdorff, for example when H = R".

PROPOSITION 3.8. The horocycle topology h is admissible.

Proof. We must prove the isometric extension, geodesic exten-
sion and intensive properties. The isometric extension property is
immediate since PN(p, ) = P(U:>o0 Ni(@t)) = U:so N (Pat) = N(pp, Px),
where a = v,,. To prove the geodesic extension property we must
show that if N is any limit ball at # and if vew®, then v(t) e N for
sufficiently large t. But N = {qe H: f,(¢9) < a} for some ae R. Since
fy(vt) = —t we have v(t)e N for t> |a|. To prove the intensive
property, let N = U, N(at) and ¢ >0 be given. Then N’ =
U:so No(a(t + ¢)) is also a limit ball at 2 = a(e) and N.(N') =
Ueso Nio(a(t + €)) = N, since N,(at) is monotone increasing in ¢.

It follows from Proposition 1.4 that for any properly discontinuous
group D of isometries of H there exists a horocyclic limit set L,(D)
whose properties and relationship to the cone limit set L(D) will be
examined in §4 and §7.

4., Axioms. The crucial property of a Hadamard manifold is
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its convexity (or straightness according to Busemann): given points
p # q of H there is a unique geodesic v,, from p to q. It is natural
that we try to extend this property to H = H U H(o). If peH
and x € H(-) then we have seen that there is always a unique geodesic
7. from p to . In the case of hyperbolic space the same is true
for two infinite points; however this last property may fail badly.
In Euclidean space, for example, the asymptote relation is parallelism,
and a(o) = B(e0) if and only if a(— ) = B(— ). Hence z = &() can
be geodesically joined only to —2 = a(— «). Furthermore the entire
space is filled by geodesics joining & to —x. Thus from our view-
point Euclidean geometry is distinctly pathological.

DEFINITION 4.1. A Hadamard manifold H satisfies

Axiom 1. if for any points x = y in H(eo) there exists at least
one geodesic joining = and y;

Axiom 2. if for any points ¢ # y in H(eo) there exists at most
one geodesic joining x to .

Axiom 1 holds if the sectional curvature of H satisfies K < ¢ <0
(see Lemma 9.10 of [3]). In fact Axiom 1 is a natural replacement
for the condition K < ¢ < 0. Many if not most of the known con-
sequences of the curvature condition can be derived from the axiom,
and as we show in the next section the axiom follows from consider-
ably weaker curvature conditions.

Axiom 2 holds if K < 0 and under considerably weaker condi-
tions. For us it is distinctly subordinate to Axiom 1 and its effect
is in general to sharpen results that can be derived from Axiom 1
alone. We call geodesics @ and B8 of H equivalent if they have the
same endpoints at infinity without regard to orientation, that is, if
{a(c0), a(— =)}&= {B(c0), B(— =)}. Thus Axiom 2 says that equivalent
geodesics are the same except for parameterization.

The following property is equivalent to Axiom 1 but is often more
convenient.

DEFINITION 4.2. H satisfies the Visibility Awxiom if given pe H
and € > 0 there exists a number r = »(p, ¢) with this property: if
o:[a, ] - H is a geodesic segment such that d(p, ¢) = r, then
Lp(oa, ob) < e.

If a geodesic segment o is sufficiently far from p, then no
matter how long o is, any two of its points subtend an arbitrarily
small angle at p. Roughly speaking, distant gecdesics look small.

REMARK 4.3. (1) The Visibility Axiom stated for geodesic seg-
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ments holds also for geodesic rays or maximal geodesics. In fact
the same r = r(p, €) works, by the continuity of angles.

(2) If the Visibility Axiom holds for one point p of H, then
by Proposition 4.4 it holds at every point of H.

A sequence {7,} of geodesics of H, maximal or not, converges to
a geodesic v, written {v,} —~, if for suitable parametrizations the
tangent vectors {7,(0)} converge in SH to ¥'(0) and the domains of
{v,} converge to the domain of v. We make frequent use of the
following fact: if each element of a sequence of geodesics meets a
compact set of H, then there exists a convergent subsequence.

PROPOSITION 4.4. The following are equivalent:

(1) H satisfies the Visibility Axiom.

(2) Let v, [a,, b,] — H be a sequence of geodesics in H, — oo <
a,<b, < oo, If v,(a,) — 2z and 7,(0,) — Yy as n — oo, where x and y are
distinct points of H(eo), then every 7, meets some compact set K of H.
Hence some subsequence of {v,} converges to a geodesic joining x to y.

Proof. Suppose Visibility holds at a point p € H. Then with the
notation of (2) the sequence {I,(7.a., 7.b.)} converges to J(,/x, y) by
the continuity of angles. Since z = y, <, (x, ¥) > 0; and Remark 4.3
(1) implies that there exists a number » > 0 such that d(p, 7.) < 7r
for every integer n. Hence B,.(p) meets every 7v,. Choosing a sub-
sequence if necessary and parametrizing suitably, we find that {v,(0)}
converges to a vector ve S(qg). Hence v,—7v,. By Proposition 2.14
the sequence {7,(0)} = {V(7,0, 7,b,)} converges to Vi(g,y) and the
sequence {—7,(0)} = {V7,0, 7.a,)} converges to V(g, #). Hence v, joins
x to y.

To prove the converse, suppose that Visibility fails. Then for
some point pe H and some ¢ > 0 there exists a sgduence {v.} of
geodesics of H such that d(p, v,) — < as n— o and <,(7,a,, V,b,) =
¢ for every m. Choosing a subsequence if necessary, {v,(@.)}—x¢
H(co), {v,(b,)} —y € H(s0), and L ,(x, y) =€ >0. Therefore x+y. But
by (2) every v, meets some compact set which contradicts our hy-
pothesis that d(p, v,) — « as n — oo.

It follows that the Visibility Axiom implies Axiom 1. The con-
verse is proved in [13], thus we use the terms Axiom 1 and Visibility
interchangeably. If M = H/D is a complete manifold with curvature
K < 0 such that H satisfies Axiom 1, we call M a Visibility manifold.

COROLLARY 4.5. If H satisfies Axiom 1 then for any two points
x =y of H(eo) there exists a compact set K of H such that every
geodesic joining x to y meets K.
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The Visibility property is uniform on compact subsets:

COROLLARY 4.6. Let H satisfy the Visibility Axiom. Let K, a
compact subset of H, and ¢ > 0 be given. Then there exists a number
r = r(K, e) such that if o:[a, b] — H is a geodesic segment satisfying
the condition d(o, K) = r then I ,(oa, ab) < & for every point pc K.

Proof. Assume the proposition is false. Then there exists a
sequence {p,}S K and a sequence {g,} of geodesic segments, o,:[a,, b,]—
H, such that d(o,, K) — « as n— o but I, (0.a,, 0,b,) =¢ > 0 for
some ¢ > 0 and every integer n. Choosing subsequences if necessary,
{p,} —pveK,{o,a,} —xec H(x~) and {0,b,} — y € H(e). By continuity,
Lz, y) = ¢ >0 and hence z = y. By Proposition 4.4 every o, meets
some compact subset of H, contradicting the hypothesis that d(g,, K)—
oo as N — oo,

We derive further consequences of Axiom 1. If p¢ A< H the
angle I ,(A) subtended by A at p is sup {Q,(a, b): a, be A}.

ProposiTioN 4.7. Let H satisfy Axiom 1. Let {p,} be a sequence
m I-:T that converges to x € H(). Let W be any neighborhood of
in H. Then <, (H— W)—0 as n— co.

Proof. We may suppose that W is a cone C(a’(0), ¢) where a =
Ypee We must show that for any sequences {a,} and {b,)S H - W
the angle <, (a,, b,) —0 as n — oo. It suffices to show that for any
sequence {b,} S H — W we have <, (p, b,) —0 as n— c. For suffi-
ciently large %, < ,(p,, b,) = €/2 since p, — 2 and b, ¢ C(a’(0),¢). Let
o, be the geodesic from p, to b,. By Visibility, d(p, 0,) < r for every
n and some r > 0. Let ¢, be a point on o, such that d(p, q,) < 7.
By the law of cosines, <, (p, ¢,) — 0 as n — . But for large n, p, #
¢. and hence <, (p, b.) = <, (p, ¢.). The result follows.

In Euclidean space a limit ball is a half space, so the horocycle
topology is rather small and bears little relation to the cone topology.
The situation is much different if H satisfies Axiom 1.

PROPOSITION 4.8. Let H satisfy Axiom 1. Let W be a cone con-
taining a point x € H(). Then W contains some limit ball N(p, x).
Thus the horocycle topology is larger than the cone topology.

Proof. Let W be a cone C(’(0), €), where & = v,,. By Lemma
2.5 it suffices to prove the result for W of this form. Let r = »(p, ¢/2)
be the number in Definition 4.2. Then the limit ball N(a(r), z) is
contained in W. If qe N(«a(r), x) then there exists ¢ > 0 such that
g€ N,(a(r + t)). The geodesic segment ¢ from a(r + ) to ¢ lies in
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N(a(r + 1)), hence d(p, 06) = r. Therefore <, (x, q) = I (a(r + &), )<
€/2 <e. Hence ge W.

The following result is immediate.

COROLLARY 4.9. Let D be a properly discontinuous group of iso-
metries of H. Let L,(D) and L(D) be the horocycle and cone limit
sets respectively. Then L,(D) S L(D) if H satisfies Axiom 1.

The corollary fails seriously in Euclidean space. For example,
let D be the cyclic group of isometries of R? generated by the transla-
tion T: T(u, v) = (u + 1, v). Then L(D) consists of two points, the
endpoints of the geodesic represented by the x-axis. L,(D), however,
contains every point of R%(c) except the endpoints of the y-axis.

If H satisfies both Axiom 1 and Axiom 2 then there is a unique
geodesic 7v,, joining any two distinct points a, be H. Furthermore H
is continuously convex: if {a,} —a, {b,} —b and v, =7, , then the
sequence {v,} converges to v,,. This follows from Proposition 4.4.

In the remainder of this section we discuss some geometric
properties of H(co) related to Axioms 1 and 2. These “boundedness”
conditions on H(co) strongly influence the behavior of the asymptote
classes in any quotient manifold H/D.

A point x € H(eo) is special if for any v €« there exists a compact
set K< H such that for arbitrarily large positive values of ¢, v
meets I(H)K = {p(k): ke K, » an isometry of H}. By definition of
the asymptote relation it suffices to verify this property for a single
geodesic Yex. If H is homogeneous or has a compact quotient H/D,
then every point of H(eo) is special.

If a, b are distinet points of H(w) let a A b be the set of all
geodesics joining a to b. The pair (a, b) is bounded if there exists a
compact set K = K(a, b) such that any geodesic in a A b meets K.
(If @ A b is empty, the pair (a, b) will also be called bounded.) H is
geodesically bounded if every pair (a, b) with a 5= b in H(e) X H{eo)
is bounded. If H satisfies either Axiom 1 or Axiom 2, then H is
geodesically bounded.

A point xe H(co) is bounded if there exists C > 0 such that
d(v, o) = C for any two geodesics v, o € x. The convexity of the func-
tion t — d(vt, o) implies that if every point of H(eo) is bounded, then
H is geodesically bounded. We now prove a partial converse.

PROPOSITION 4.10. Let H be geodesically bounded and let x e H(co)
be special. Then x is bounded.

LEMMA 4.11. Let a and B be geodesics of H such that a(eo) =
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B(o) = z. If {p,} 8 any sequence in H converging to x then
<pn(a(— Oo), ﬁ("‘ 00)) —0 as n— oo.

Proof. Let ¢ and ¢* be points in H that lie on @ and g respec-
tively. By the angle sum property, J(, (¢*, B(—0)) = L(Pa ) — 0
as m — co. The same argument shows that <, (q, ®(—)) —0 as
n — . Since I, (¢, ¢*) — 0 as n — oo, the law of cosines implies that
L (A= 0), B(— ) = Ly, (@(— o), @) + I5,(2, %) + Lo, (@F, B(—=))—

0 as n— oo.

Proof of 4.10. Let x € H() be special and let @« €x. Then there
exists a bounded sequence {p,} & H, a sequence {{,} & R and a sequence
{p.} & I(H) such that ¢,(p,) = «(t,), where t, — + as n— . By
choosing subsequences if necessary, {p,} converges to a point p and
{(pr'o}(t,)} converges to a unit vector v at p. By continuity @,(x) —
@ = 7,(0) and @ 'a(— o) —b="7,(—x) as n— . Let Bex be
arbitrary. We show that some subsequence of {®,'oB3} converges to
a geodesic B, in a A b. Since d(p, P;'oB) = d(®.p, B) is bounded,
some subsequence {®,.°8} converges to a geodesic §*. By Lemma
4.11, L (PriB(— o), Priat(— ) = Lo, oB(— ), A(— ) =0 a5 k— co.
Therefore @,!8(—c0) — b, P;.B() —a as k— oo, and g* liesina A b.

If B,v are any two geodesics in x, let {®, ]} be a subsequence
such that {®;l-8} and {®;}°7} converge to geodesics B* and 7* in
a A b. Then d(v, B) = d(P,}7, PoiB) = d(v*, 8*) by continuity. If R
is any bound for the distance between any two geodesics in a A b,
then d(v, 8) < R for v, Bex. Hence x is bounded.

We say that x € H() is a zero point if d(v,o0) = 0 for any two
geodesics v, 0 e x. H satisfies the Zero Axiom if every xe€ H(eo) is
a zero point.

REMARK 4.12. The Zero Axiom implies Axiom 2 in a Hadamard
manifold H.

Proof. Suppose that geodesics ¥ and ¢ have the same endpoints
in H(e). Since t—d(vt,0) is bounded and convex it is constant.
But since d(v¢, 0) —d(v, 0) = 0 as t — o, it follows that v = o.

The following result is contained in the last paragraph of the
proof of 4.10.

PROPOSITION 4.13. If xze H(co) s special and H satisfies Axiom
2 then x is a zero point.

COROLLARY 4.14. If every point of H(eo) 1is special, them Axiom
2 and the Zero Axiom are equivalent.
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5. Curvature conditions. We find conditions on the sectional
curvature K of a Hadamard manifold H that imply that H satisfies,
separately, Axiom 1 and Axiom 2. We also show that these axioms
are independent.

By a flat strip in H we mean a totally geodesic isometric
imbedding x: R x [a, b)] — H. (Here it is understood that x is C=
extendable to a neighborhood of R x [a, b] in the Euclidean plane,
although of course the required properties need hold only on R x
[a, B]). In paraticular, each longitudinal curve a,(t) = x(t, u) of x is
a geodesic of H and the flat strip is uniquely determined by its
boundary curves &, and «,. Note that all longitudinal geodesics of
x are equivalent, that is, they have the same endpoints in H(co).
Conversely:

PRrROPOSITION 5.1. If distinct geodesics & and B of H are equiva-
lent them they are the boundary curves of a flat strip in H.

Proof. The equivalence of @ and 8 means that, reversing orienta-
tion if necessary, « and g are asymptotic and so are the reverse
curves @~ and B~. Hence for some C > 0, d(at, Bt) < C for all te R.
Furthermore we may suppose that @ is parametrized so that B(0) is
the foot of «(0) on B. If ¢ =d(a, B), let x: R x [0,¢] — H be the
function x(¢, ) = o,(u) where o,: [0, ¢c] — H is the constant-speed geo-
desic segment from at to Bi. We show that x is a flat strip where
each o, has unit speed.

The functions f(t) = d(at, Bt) and g¢(¢) = d(at, B8) are bounded and
convex on R, hence constant. Thus f(t) = f(0) = ¢(0) = d(«, B); that
is d(at, gt) = L(o,) = ¢ for all {. It follows that each transversal o,
is orthogonal to both @ and B, and each o, has unit speed.

Consider the vector fields x, = x,(¢/0t) and x, = x,(0/0w) on the
mapping x. On &« or B these are orthogonal unit vectors, and, since
x, is a Jacobi field along each transversal, {x, x,> = 0. Since u —
[lx,(w)|® is a convex function it follows that |[x,|| < 1. Now fix a < b
and let A(u) = d(o,u, o,u). By orthogonality A'(0) = 0. Since £ is
convex and A(0) = h(c) = b — a we see that h is constant. Thus for
arbitrary u € [0, ¢] the curve segment [a, b] — H given by t— x(¢, u)
has speed ||x.|| < 1, but joins points at distance b — a. Consequently
these curves are unit speed geodesics of H. Since x,, x, is ortho-
normal, x is an isometric immersion. Because H has sectional curva-
ture K < 0 and the parameter curves of x are geodesics it follows
from the Gauss equation that x is totally geodesic. Since H is
Hadamard, x is necessarily an imbedding.

On any plane tangent to a flat strip the sectional curvature of
H is zero; hence
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COROLLARY 5.2. If K < 0 then H satisfies Axiom 2.

In many classical arguments K < 0 can be replaced by Axiom 2.
On the other hand at least in dimension two it is not hard to con-
struct “nearly flat” Hadamard manifolds that satisfy Axiom 2. It
suffices to arrange for every geodesic eventually to pass through a
point of negative curvature.

We now consider a more quantitative way to measure globally
the curvature of a Hadamard manifold. Axiom 1 (like all the other
axioms in the preceding section) holds for K <¢ < 0 but not for
K = 0. Thus it is natural to look for ways to weaken the stringent
condition K<¢< 0 while still maintaining Axiom 1. Roughly speaking,
our scheme is to allow K to approach zero on tangent planes going
to infinity in H and to measure the rate of approach.

Let pe H. For veS(p) and ¢ =0 let k,(t) be the minimum of
| K(mr)| for all planes 7 containing 7v,(f). We say that H has curva-

ture order at most a € R at p provided that rkv(t)t““dt = oo for all
1

v e S(p).

If a smallest such number exists it is called the curvature order
w of H at p. Intuitively the larger w is the flatter H is. For
example, if K < ¢ < 0 then H has curvature order < 0 at every point.
Evidently Euclidean space must be given curvature order + o, since
k,= 0 for all v. We will consider only @ < 2 (however see Proposi-
tion 5.11).

ExAMPLE 5.3. A Hadamard manifold of curvature order 2.

Let H be the plane R* with Riemannian structure given classically
by E=1, F=0 Gu,v) = (1 + «»*. Then H has curvature K =
—2/(1 + u’. We assert that H has curvature order 2 at the origin
(and in fact at any point).

Let @ be a unit speed geodesic from the origin and let k(f) = ke o (£) =
2/(1 + u(at)). By a well known result of Clairaut the function
g(a) sin @ is constant, where g(u) = 1 + %’ and ® is the usual slope
angle of @. In the special casec where a parametrizes the v-axis we

have rk(t)tdt = co; otherwise ®(t) >0 as t— . Since E =1 it
1
follows that u(at)/t —1 as ¢t — oo, and hence for any number a the
integrals S k@)t*'dt and S 2t**/(1 + t*) either both converge or both
1 1

diverge. Hence r k(t)tdt diverges and rk(t)t““‘ converges for a < 2.
1 1

This shows that H has curvature order 2 at the origin. In a similar
way one can construct examples of any curvature order.
A simple sufficient condition for curvature order is obtained as
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follows. Fix pe H and for each ¢t =0 let u(t) = min {k,(s): ve S(p)
and 0 < s <t}. Thus gt is the minimum of the absolute value of
sectional curvature on radial tangent planes at points of B,(p).

REMARK 5.4. If @ > 0 is a number such that t*u(t) — « as t —
oo, then H has curvature order <a at p. In fact if ve S(p) and

0 <s =t then k,(s) = p(t), and therefore Stkv(s)s“_lds = pn®)t* — Dia.

Our aim now is to show that if H has curvature order < 2 at
one point p then Axiom 1 holds. To do so we shall apply the Gauss-
Bonnet theorem to the “surface” consisting of the union of all geo-
desic segments from p to a geodesic segment o: [0, b] — H that does
not contain p. Actually there may be no tangent plane at p, but
the Gauss-Bonnet theorem remains valid if the angle <(,(00, gb) is
replaced by the generally larger number O(p, o) defined below.

We may assume that p does not lie on the geodesic extension
6: R— H. For each u€]0, b] let »(w) = d(p, ou) and let p,: [0, r(u}] —
H Dbe the geodesic from p to o(u). Let D ={(t, u):0 <t < r(u),0 <
u < bl. We call the image of x: D — H given by (¢, 4) — 0,(t) the
radial triangle ¥ from p to o. Let zo: [0, b] — S(p) be the curve in
the unit sphere S(p) defined by (wo)(w) = 0,(0). With the usual
Riemannian structure on S(p) we call the length L(zo) of wo the
curvilinear angle 6(p, 0) subtended by ¢ at p. Since (v, w) is the
Riemannian distance in S(p) from » to w, for any two vectors v and
w it follows that <(,(c0, ob) < @(p, ). Let w, = L,(p, ob) and w, =

{ob(p; O-O) .

PROPOSITION 5.5. A radial triangle Y in o Hadamard manifold
H is a surface except possibly at p, and if G* denotes its Gaussian
curvature then

SS GdA = O(p, 0) + @0 + @, — T .
z

To prove this we need two somewhat technical lemmas. Sub-
scripts ¢ and 4 on x denote covariant differentiation, relative to the
Riemannian structure of H, along the parameter curves of x. Note
that by the Gauss Lemma {x, x,> = 0.

LEMMA 5.6. For fized we[0, d] let u*e H, be the vector canoni-
cally corresponding to (wo)'(u). Then

(1) x40, w) = u*

(2) uw*=0

(3) ofot]|x.(t, wll | [[u*]] as t—0

(4) lxu@, Wl = tluyl| for t=0.
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Proof. (1) By the first structural equation x,, = x,. But
x;,(0, u) is just the Euclidean derivative of the function u — x,(0, u) =
0L(0) = (w0)(w) € H,

(2) For all ue]0,d] we have o(u) = x(r(u), u). Hence o'(p) =
(w)x,(r(w), u) + x,(r(w), w). Since x,(r(uw), v) = o.(r(v)), and p, and
o cross transversally (p is not on &) we find that x,(r(uw), w) # 0.
Let Y(t) = x,(, ). Y is a Jacobi vector field on o, such that Y(0) =
0 and Y is orthogonal to p,. If Y'(0) = x,.,(0, ) were zero then we
would have Y=0 which contradicts the fact that Y(r(w)) =x.(r(w), u) #
0.

(3) From [2] we obtain lim,..+ || Y |I'(t) = | Y'(0)|| = ||u*]], by
(1). Since K<0 and Y is a Jacobi field, || Y|/”(t) =0 for ¢ > 0.
Hence the limit is monotone decreasing.

(4) Let g(t) = ||x.(t, w)|| — t]ju*||. From the results above it
follows that ¢g(0) = 0, ¢’(¢) = 0 for ¢t > 0 and ¢"’(t) = 0 for ¢t > 0. Hence
g(t) =0 for t = 0.

The function x: D— H is a C~ imbedding except possibly at
x'(p). In fact E=||x,|f=1,F=<x,x.)>=0 and G =[x, >0
for ¢ > 0. Thus x is an immersion and by Hadamard properties it
is necessarily an imbedding.

LEMMA 5.7. Let I'(t) be the total geodesic curvature of the pa-
rameter curve T, [0, ] — H given by u — x(t, w). Then lim,,, I"(t) =
0(p, 0).

Proof. Because E =1 and F =0 for x, if the radial suface
2 = x(D) is oriented by (x,, x,) we have

) = | rds = =T X0 (¢ uyqu
°t o [l ||
for ¢t > 0. A priori x,, is computed using Riemannian structure of
Y as a submanifold of H, but we may assume that it derives from
the structure of H itself, since the difference is normal to X hence
orthogonal to x,. Now —<{x,,, x> = —0/0ulx,, x,> +{X,, Xy ={Xy, Xp).
Hence

') = V%——"[‘]—“Z (t, w,dv

:S”%qun(t,u)du for ¢t>0.

By Lemma 5.6 (3) the integrand is monotone decreasing to {||u*|| =
llmo’(u) ], so the result follows.

Proof of Proposition 5.5. For 0<t<d(p, ¢) let ¥,={qe€ X:d(p, ¢)=
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t}. Using the preceding lemmas the result is obtained by taking
limits as ¢ — 0 in the Gauss-Bonnet formula for ¥,.

LeMMA 5.8. Let H have curvature order < a at p. Then given
A > 0 there exists » > 0 such that

Srkv(t)t“‘ldt > A for all veS(p).

Proof. Let k be the real-valued function on SH such that k(v) =
min {| K(7)|: ver}. A standard argument shows that & is continuous.
Since the function SH x R— SH: (v, t) — 7,(t) is smooth it follows
that the function SH x R — R: (v, t) — k(v.(t)) = k,(t) is continuous.
For fixed » its restriction to S(p) x [0, 7] is uniformly continuous,

and hence the function I,: S(p) — R such that I,(v) = Srkv(t)t““ldt is
1
continuous. The result follows.
The following is a refinement of Lemma 9.10 of [3].

PROPOSITION 5.9. Let H be a Hadamard manifold. If H has
curvature order < 2 at a point p, that is, if

rkv(t)tdt = oo for all veS(p)
then H satisfies Axiom 1.

Proof. Given ¢ > 0 choose » by the preceding lemma so that
S k,@t)tdt = m/e for all ve S(p). Let o be a geodesic segment from m

to » in H such that d(p, 6) = ». We show that J(,(m, n) <e. Let
Y be the radial surface from p to ¢ with parametrization x as defined

earlier. By Proposition 5.5, 7 = gg |G*|dA, where G* is the Gaussian

curvature of 3. By a lemma of S};nge, G*< K <0, where K is evalu-

ated on the tangent plane of 3. Thus 7 = SS |K|dA. Let us write
z

k., @) for k,(t) where w = p,(0). Then |K| at x(¢, u) is = k,(t). For
x we have E =1, F = 0 and by Lemma 5.6 (4), V'G(t, u) = t||no’(w)]].
Hence

z> ngjKldA > g:{g:ku(t)tdt}nm'(u) Il du

= Z0(p, 0) = ZL,m, w) .
13 &€

We now give examples showing that Axioms 1 and 2 are inde-
pendent. The first of these will be useful in later developments.
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ExAMPLE 5.10. A Hadamard manifold satisfying Axiom 1 but
not Axiom 2.

Let H be the plane R* with the Riemannian structure E =1,
F =0,G = ¢*(u) where ¢ = 0 and
(1 for |ul=1

u) =

o) cosh v for |u|=2.
Then H is a Hadamard manifold for which the vertical strip |u| <
1 is Euclidean, but K = —1 for |u| = 2. A Clairaut argument as in
Example 5.3 shows that every geodesic starting at the origin, except
parametrizations of the wv-axis, eventually leaves the strip |u| < 2.

Thus Smkw(t)tdt = cofor all but two unit vectors at the origin.
1

By modifying the proof of Proposition 5.9 it can be shown that,
in spite of these two exceptions, Axiom 1 holds for H. However
Axiom 2 fails since H contains a flat strip.

If we make the further assumption that g(u) = g(—wu) then the
maps (4, v) — (—u, v + 1) and (¢, v) — (4, v + 1) are isometries of H.
Hence we can induce metrics on the Mobius band and cylinder that
satisfy Axiom 1 but not Axiom 2.

To see that there are Hadamard manifolds satisfying Axiom 2
but not Axiom 1, we note that one can easily construct two-dimensional
manifolds with K < 0 and finite total curvature. However, if H
satisfies Axiom 1 it has infinite total curvature. In fact, for each
n = 3 divide H into equiangular sectors 4;, 1 < ¢ < n, by means of
geodesics from a fixed point pe H to points ;€ H(). By Axiom 1
there is a geodesic joining x; to x,.,. By the Gauss-Bonnet theorem

g&.'K{dA = — (2n/n), so that

SgﬂlK{dA > —2)r.

If there are severe restrictions on H, for example if H covers a
compact manifold in the Riemannian sense, then it is unknown if
Axioms 1 and 2 are independent in H.

ProposiTION 5.11. If H s a Hadamard manifold such that
S k,(t)dt = « for every ve SH then H satisfies the Zero Axiom.

The proof is a tedious computation which we omit since we do
not use the result.

6. Axial isometries. In this section and the next we study
the isometries of a Hadamard manifold H both individually and as
elements of properly discontinuous groups, with emphasis on the fixed
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points at infinity. If @ is an isometry of H the displacement func-
tion g,(p),= d(p, p) divides the isometry group of H into three classes.
@ is said to be elliptic if g, has minimum zero, axial if g, has posi-
tive minimum and parabolic if g, has no minimum. Hence elliptic
isometries are those with fixed points in H. Since our main interest
lies in properly discontinuous groups we shall consider only nonelliptic
isometries. Hence g, will always be a smooth convex function [3].

It is well known that @ is axial if and only if @ translates a
geodesic v, that is ®(vt) = v{t + a) for all £ e R and some @ = 0. (The
geodesic v is then called an axis of ®.) Furthermore pc H is a
minimum point of g, if and only if @ translates the geodesic 7, ..
Hence the minimum set of g, is the union of the images of all geo-
desics translated by ®# and each is translated by +min g,.

Using the same notation for an isometry of H and its asymptotic
extension to H we obtain the following result.

LEMMA 6.1. Every (non-elliptic) isometry @ of H has a fixed
point in H(o).

Proof. Since H is a topological n-cell we may apply the Brouwer
fixed point theorem.
The result below gives a useful way to find fixed points in H(e).

LEMMA 6.2. Let @ be an isometry of H. If pe H then any accu-
mulation point in H(co) of the set {P"(p): n € Z} is a fized point of P.

Proof. Suppose that {p™+(p)} —x € H() as k — . By continuity
{p"+*(p)} — @) as k— . But

d(@ e+ (p), P"e(p)) = d(Pp, D) -

Hence by the law of cosines <, (®"*(p), P"*"'(p)) — 0 as k — <o, and
P(x) = 2.

We note that by the law of cosines the set of infinite accumula-
tion points in the preceding lemma is independent of the choice of
the point p. In general we will not obtain all fixed points of @ in
this manner.

ExXAMPLE 6.3. Let H be the Euclidean space R", and let @ be
a translation. Then {®"(0): n € Z} has only two accumulation points
in R"(c0), the endpoints of the axis of ® which passes through the
origin. However, @ fixes every point of R"(w) since it maps every
geodesic to a parallel geodesic.

In an arbitrary Hadamard manifold the preceding example shows
that the fixed point set of a nonelliptic isometry @ gives only a very
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weak description of the geometrical character of ®. If Axiom 1 is
imposed on H the situation changes dramatically and we obtain the
following fundamental result.

PROPOSITION 6.4. Let H satisfy Axiom 1. If a nmon-elliptic iso-
metry fixes distinct points x and y of H(eo), then @ translates a geo-
desic joining x to y. Furthermore x and y are the only fived points
of P.

We shall see in a moment that ¢ may translate many geodesics
joining « and . The following argument uses some facts about
convex functions drawn from the beginning of §11.

Proof. That @ fixes x € H(c~) means that poa is asymptotic to
«a for all «ex. Hence for each @ ecx we have g.(at) = d(at, pat) < C
for all t = 0. Thus the convex function g, is monotone decreasing
on # and similarly on y. It then follows from Proposition 11.3 that
g has a minimum, and in fact that there exists a geodesic v joining
2 and y with v & Min (f).

Next we show that ¢ translates v. Since g, has a minimum at
7(0), @ translates the geodesic 8 from ¥(0) through #v(0). By Corol-
lary 4.5 we may choose C > 0 such that d(«, 8) < C for any geodesics
«, B joining z to y. Then d(B(na),v) = d(®"¥(0),7) = d(P™,7) < C
for any positive integer n. Hence B(=c) = (o). It follows that g =
v since both geodesics contain v(0).

Finally x and y are the only fixed points of ®. If z were a
third, then @ would translate a geodesic from 2 to z by the argu-
ments above. However we shall prove in Proposition 6.7 (8) that
any two axes of ® have the same endpoints.

We can restate this result in the following form, reminiscent of
a definition from automorphic function theory.

THEOREM 6.5. Let H satisfy Axiom 1. Then every non-elliptic
iwsometry of H has at most two fixed points in H(co): one if parabolic
and two if axial.

In automorphic function theory one classifies the linear fractional
transformations that preserve the disc by the number of their fixed
points on the unit circle. Theorem 6.5 is the key to further genera-
lizations of many classical results of automorphic function theory and
of geodesic flows [7].

If Axiom 1 holds then it follows by Proposition 6.7 and the results
above that for a nonelliptic isometry @ of H the sequences {®"(p)},
n =0 and {p "(p)}, » = 0 converge to the fixed points of @ if @ gene-
rates a properly discontinuous group.
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Let # be an isometry of H with fixed point # e H(s). Then @
carries any limit sphere at « into another limit sphere at x. To each
such ® we associate the signed displacement T,(®) which is positive
if ® expands limit spheres at x, negative if it contracts them and
zero if it preserves them. This gives another tool for the study of
the fixed points of .

More explicitly, let e H() be fixed by an isometry @ of H
and let f;, be a Busemann function at ®. Then f,o® = f,—,. In fact
Sfo—1,(p) = lim,_.. d(p, p77t) — t = lim,_... d(®p, 7t) — t = f,(¥p). By Pro-
position 3.1 there exists a well-defined number T,(®) which is the
value of the constant function fo@ — f for every Busemann function
f at ». By Corollary 8.3, | T.(?)| = | fPp — fp| = d(L(®p, ), L(p, v)),
and hence T(®) is the signed distance from the limit sphere L(p, x)
to the limit sphere L(®p,x). The following are clearly equivalent:
1) T (P) =0, (2) fop = f for every Busemann function f at z, (3)
@(L) = L for every limit sphere L at x, (4) ®on, = 7,09, where 7,
is the projection on L.

PROPOSITION 6.6. (1) If xe€ H(x) is a fixed point of @ then
| TA(®)| < inf g,. Furthermore if x is an endpoint of an axis & of P
then | T.(®)| = min g,.

(2) Let I(H) be the group of isometries of H that fix x € H(co).
Then T, I.(H)— R is a homomorphism into the additive group of
real numbers.

Proof. (1) By Proposition 3.2, for any point pe H we have
9,(p) = d(p, Pp) = d(p, L(®p, ©)) = [f(p) — f(#p)| = | T.(®)|. In the
axial case, if @(@0) = a(a) then ®(«@0) is the projection of «(0) on
L(px0, x) = L(aa, x). Hence |a| = min g, = d(@0, L) = | T(®)|.

(2) To@oy) = fopoy— f=[(foP — eyl + [foy — fl1 = TuP) +
Tx(“ﬁ‘)'

In the remainder of this section we consider axial isometries,
leaving parabolic isometries for the next section. If @ is an element
of a properly discontinuous group D, then an axis « of ® in H pro-
jects to a closed geodesic moa in H/D. Conversely, if v is a closed
geodesic in H/D then every lift of v to H is an axis of some element
®e D. Example 6.3 shows that an isometry ® may have many dif-
ferent axes. We now collect some elementary axial properties.

PROPOSITION 6.7. If @ is an awxial isometry of H then

(1) @ generates a properly discontinuous group.

(2) If a is an axis of ® then for a suitable orientation of «,
P"(p) — a(— o) and P*(p) — (o) for any point pe H as n— co.
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(3) All axes of ® are equivalent, that is, they have the same end-
points.

(4) If @ translates « and B, then P translates every longitudinal
geodesic in the flat strip [«, B].

(5) If an isometry + commutes with a nontrivial power of P,
then + fizes the two endpoints of the axes of P.

Proof. (1) Let o translate a geodesic @« by a #0. If peH
let a(t) be the foot of p on @. Then ®"(p) has foot P"(at) = a(t + na)
on «. Since perpendiculars from a geodesic spread apart in H,
d(p, P"p) = d(a(t), a{t + na)) = |na| = |a| for n = 0.

(2) Let @ translate by a # 0. Reversing the orientation of «
if necessary, we may assume that ¢ > 0. For every integer % we have
d(@*p, a(na)) = d(p, (0)), and the result follows by the law of cosines.

(8) follows immediately from (2).

(4) Parametrize @ and B so that d(at, gt) = d(«, B) for all te
R. If pela, B] lies on the perpendicular transversal from «(¢) to
B(t), then ®(p) lies on the transversal from «a(t + a) to B + a).
Therefore [e, 8] is invariant under ®. Since d(p, @) = d(®p, @) it fol-
lows that ®@(p) lies on the longitudinal geodesic through p, and hence
@ translates the (Sp) longitudinal geodesic 7,,,, with displacement a.

(5) Suppose @™ = @"p. We may -assume that n > 0. If @
translates & by a > 0 then ®" translates a by na > 0. Since @"r(at)=
ypr(at) = J(a(t + na)) it follows that ¢ translates «rocx by na. By
the argument of (2) the result follows.

PROPOSITION 6.8. Let « be an axis of an isometry @ of H with
endpoints © and y. Let +r be an isometry of H that fixes one of these
endpoints and such that  and @ generate a properly discontinuous
group. Then + commutes with a power of P, and hence fixes the
other endpoint of .

Proof. Let +(y) = y for example. Orient « so that a(e) = y,
and if necessary replace @ by @™ so that ¢ translates @ by a > 0.
Let p = a(0) and for an integer = > 0 consider d(p, P~ "yP"p) =
d(P™p, vP"p) = d(a(na), ya(na)). Since r(y) =y, @ and roa are asymp-
totes and there exists C > 0 such that d(p, p "vo"p) < C for every
n > 0. By proper discontinuity, @ "p" = @ ™™ for integers m ==
n. Thus 4 commutes with ¢™ ". By the preceding proposition
fixes x also.

If + is known to be axial we can strengthen Proposition 6.8 as
follows.

PROPOSITION 6.9. Let @ and + be axial isometries of H that
generate a properly discontinuous group. If @ and + have asymptotic
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axes, then there exist integers m,n such that ™ = . Hence the
axes of ® and + are equivalent.

Proof. Orient the axes @ and B so that &(«) = B(e). Replacing
® and + by their inverses if necessary we assume that ¢ translates
& by a > 0 and + translates @ by b > 0. For each integer n = 1 let
B(t,) be the foot of a(na) on B. Then there exists an integer m =
m(n) such that |t, — mb| < b. Now d(@0, v "p"ax0) = d(y"a0, P al) <
d(yma0, +mB0) + d(B(mb), B(t,) + d(B(t,), &(na)). If C = d(a0, B0) then
d(at, B) < C for all ¢ = 0, and hence d(a0, v "p"a0) < b + 2C. The
result follows by proper discontinuity.

We now consider the simplest of the three types of manifolds
mentioned in the Introduction.

DEFINITION 6.10. Let D be a properly discontinuous group of
isometries of H. We say that D (and the manifold H/D) are axzial
if there are distinct points #, y € H(c~) such that every 1+ e D
translates a geodesic from = to v.

Hence D is axial if every 1# @€ D is axial and all axes are
equivalent. In view of Proposition 6.9 it would suffice to require
that all axes be asymptotic.

If Axiom 2 holds for H, then every element of an axial group
G translates the same geodesic and it is well known that G is infinite
cyclic. Qur aim now is to prove:

THEOREM 6.11. An axial group D on an arbitrary Hadamard
mamnifold H is infinite cyclic.

The following argument is a modification of the proof of a more
general result in [9].

LEMMA 6.12. Let @, be isometries of H that translate a geo-
desic v. Let C,, Cy be the minimum sets of the displacement functions
9o, gy respectively. Then either C, 2 Cy or C, N Cy is nowhere dense
mn C»,&.

Proof. Let B be a geodesic equivalent to v. We show that
either @ translates @ or the intersection of the flat strips [B, ¥] and
[#8, ¥] is v. Suppose p ¢~ lies in the intersection of both strips, and
let ¢ be the foot of p on v. Let ¢ = d(B, v) = d(®B, 7). Let a: [0, ¢] —
H be the unit speed geodesic segment such that 0(0) = ¢ and ¢ passes
through p. Then ¢ is a perpendicular transversal in both strips,
and o(c) lies in 8 and 8. Hence @ translates 3.

Suppose that C, N Cy contains an open set U of Cy. Let peU
and let @ be the geodesic through p translated by . Since the axes
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of ® and + are equivalent, @ translates «. Let @ be any axis of .
In the flat strip [B, &] an initial segment of the perpendicular trans-
versal starting at p lies in C,. Hence @ translates longitudinal geo-
desics in [B, a] that are close to @. Since the intersection of [B, a]
and [®B, a] is larger than «, the preceding remark implies that @
translates g. Thus C, 2 Cy.

An element + of a group D is a root of e D if * = ¢ for
some integer k. If |k| = 2 then « is a proper root; ® is rootless if
it has no proper roots in D.

LEMMA 6.13. Let D be an axial group. Then every element of
D has a rootless root.

Proof. Let 1+pe D. The closed set C, is convex, and by [6]
any closed (totally) convex subset of H is a topological manifold of
dimension k¥ < dim H. Let v be an axis of ®, and let + generate
the cyclic subgroup of D that translates v. Since + is a root of @
it suffices to show that -+ has a rootless root. If 7 is a proper root
of +, then 7 does not translate v and by Lemma 6.12 C, is nowhere
dense in Cy (C, & Cy, since any axis of 7 is an axis of +). Thus
dim C, < dim Cy. Since dim C, is finite the process of extracting
proper roots must terminate in a rootless root of .

To prove Theorem 6.11 we first note that D is abelian; in fact
if x and y are the endpoints of the axes of D then, by Proposition
6.6, T, is a homomorphism of D into R whose kernel is the identity.
By the preceding lemma, D contains a rootless element @ = 1. We
assert that @ generates D. Let +e€D. By Proposition 6.9 we
conclude (*), @™ = +" for some m, n. It is well known that D~ z,(H/D)
is torsionfree, and we can thus assume that m and » are relatively
prime. Then mp + ng = 1 for some p, q. Hence by (*) we obtain
P = P = (pPP9)", Since @ is rootless, n = +1. Hence by (*) we
conclude that + is a power of .

We give a sufficient condition for D to be axial.

PROPOSITION 6.14. Let H be geodesically bounded (§4) and let D
be a properly discontinuous group of tsometries of H with a central
axial element. Then D is awxial.

Proof. Let @ be a central axial element, and let « be an axis of
® with endpoints « and y. If @ fixed a third point ze H(e), then
g, would have a minimum on every point of v,, where p is a point
of . Hence the axes of @ would not meet a compact set in H, con-
tradicting the assumption that H is geodesically bounded. Thus =
and y are the only fixed points of @.
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Since @ is central the displacement function g, induces a convex
funection f on H/D such that g, = fow, where n: H— H/D. The
minimum set of f is always totally convex and is compact since H
is geodesically bounded. By Proposition 10.15 of [3] every element
of D is axial. Let £eD and let B be an axis of £. Since ® is central,
® fixes the endpoints of @ by Proposition 6.7 (5). Hence B joins =z
to y by the remark above, and D is axial.

REMARK. The result fails if the central element is parabolic or
if H is not geodesically bounded. If T is a flat torus R?*/D, then
D~ (T) is an abelian group of axial isometries. However R? is not
geodesically bounded, and T is not axial. From [3] we see that M =
R x T is a parabolic manifold with K= —1. H?® is geodesically
bounded, but M is not axial.

ProrosiTION 6.15. If M = H/D s awxial, then every closed geo-
desic v of M 1is simply closed. Furthermore, if v has minimum
period its image Y(R) is totally convex.

Proof. If v is a closed geodesic of period ¢ in M then v has a
lift « that is translated a distance ¢ > 0 by some ®e D. If v is not
simply closed there exists € D and numbers 0 < a < b < ¢ such that
Y(@a) = ab and b — a < c. By hypothesis, + fixes &(c). Since «
and o are asymptotes with the point @b in common, o is a re-
parametrization of «; hence (at) = a(t + b — a) for all £. Since b—a <ec
this contradicts the fact that v has period c.

That v has minimum period means v has a lift « that is trans-
lated by a generator @ of D. Let o be a geodesic segment in M
with endpoints in YR, say o(0) = v(0) and o(a) = v(b). Let v be the
lift of o such that 7(0) = @(0). Since D is cyclic, there is an integer
n such that "ab = za. It follows that 7 lies in @R; hence ¢ lies in YR.

COROLLARY 6.16. If M = H/D is an axial manifold, then M 1is
a smooth vector bundle over a circle.

Proof. The preceding result shows that if v is a closed geodesic
of M having minimum period, then C = v(R) is a totally convex im-
bedded circle. It follows from [3] that the exponential map is a diffeo-
morphism of the normal bundle of C onto M.

If H satisfies Axiom 2, then an axial manifold contains a unique
closed geodesic, the projection of the unique axis of D. If Axiom 2
fails there will in general be infinitely many closed geodesics, even
if Axiom 1 holds. However these geodesics are strongly related as
we now see. Recall that geodesics in H are equivalent if they have
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the same endpoints, regardless of orientation. As with the asymptote
relation we say that geodesics @ and B of M = H/D are equivalent
if they have lifts to H that are equivalent. This is indeed an equivalence
relation on the geodesics of M = H/D which is trivial when Axiom 2
holds. It follows by Proposition 6.9 that closed geodesics @ and 8 in
M are equivalent if and only if they are asymptotic.

REMARK 6.17. If A is an equivalence class of closed geodesics
in M = H/D (not necessarily axial) then any two elements of A are
homotopic by means of a flat, totally geodesic homotopy whose inter-
mediate curves are also elements of A.

Proof. (Compare 3.5 of [3].) Elements &, 8 of A have equivalent
lifts a*, g* to H. Let o translate a@* and + translate 8*. By Propo-
sition 6.9 @™ = " = ¢ for suitable integers m, n. Since o translates
a* and g*, by Proposition 6.7 (4) ¢ translates each longitudinal geo-
desic of the flat, totally geodesic strip x with boundary a*, 8*. Thus
wox is the desired homotopy.

The elements of an equivalence class of closed geodesics in M =
H/D may have different periods even if H satisfies Axiom 1.

EXAMPLE 6.18. Let H be the Hadamard manifold in Example
5.10, so that H satifies Axiom 1. Let ® be the isometry ®(u, v) =
(—u, v+ 1). Then ¢ translates only the v-axis B, but #* translates
each element in the set A* of vertical geodesics in the strip |u| < 1.
If D is the group generated by ® then M = H/D is axial, an open
Mobius band. The equivalence class A of closed geodesics of M is
the projection of A* and the union of all geodesics in A is a flat
Mobius band with boundary. The central closed geodesic 7oB has
period 1, while all others have period 2.

Even if M is orientable the closed geodesics in an equivalence
class may have different periods. For an integer %k let » be the rota-
tion of R* through the angle 2z/k. On R®= R*x R let @(p,t) =
(Wp,t + 1) and let D be the group generated by ®. The geodesics
normal to the a2y plane project to an equivalence class of closed
geodesics in M = H/D. The projection of the z-axis has period 1,
while all others have period k.

7. Parabolic isometries. At most points of comparison the
behavior of a parabolic isometry @ of a Hadamard manifold H can be
considerably more complicated than that of an axial isometry; we
have no direct link between @ and the geometry of H comparable
with the notion of axis. For example, in the preceding section we
saw that a group G of awxial isometries with common fixed point in
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H(oo) must be infinite cyclic. By contrast if G consists of parabolic
isometries Proposition 9.1 shows that a common fixed point imposes
no algebraic restriction whatsoever on G.

We begin this section by considering the geometrical significance
in H/D of the horocyclic limit set of D. The importance of limit
spheres in the study of parabolic isometries is illustrated by Propo-
sition 7.8 which asserts that a parabolic isometry @ preserves the
limit spheres at some fixed point @€ H(e). This strengthens the
analogy between ® and a rotation of H about a finite point, and
leads to a satisfactory structure theorem (7.10) for parabolic mani-
folds, the second of the three types mentioned in the Introduction.
(Theorem 7.10 shows that the common fixed point condition has strong
geometric—if not algebraic—consequences.) Finally under mild con-
ditions we show that if x e H(e) is a parabolic fixed point, then the
geodesics of 7,(x) are divergent in M. The scheme of the proof is
simple: an isometry @ of H determines a free class of loops in
M: F(p) = {ToV,,0p|p€ H}. If @ is parabolic then F(®) has no shortest
element (closed geodesic); hence a minimizing sequence in F(®) must
escape to infinity—along the projection of the fixed point =.

Recall from §1 that the projection 7: H — M = H/D induces a pro-
jection 7, of H(c) onto the set A(M) of asymptote classes of M.
Thus for x e H(co) we can study 7,(x) in terms of the relation between
2 and D. The following generalizations of the notion of minimizing
geodesic are basic:

DEFINITION 7.1. A (unit speed) geodesic v in M is (1) almost
minimizing if there is a number ¢ > 0 such that d(v0, vt) =t — ¢ for
all ¢, and (2) ultimately minimizing if there exists a number a such
that v|[a, ) is minimizing, that is, d(aa, at) =t — a for all ¢ = a.

We say that an asymptote class y € A(M) is [almost, ultimately]
minimizing if every geodesic v €y is [almost, ultimately] minimizing.
Further, xe H(c) is [almost, ultimately] D-minimizing if w,(v) is
[almost, ultimately] minimizing.

Obviously, ultimately minimizing implies almost minimizing, but
the example below shows that the converse is false (at least for non-
compact surfaces). Any geodesic asymptotic to an almost minimizing
geodesic is itself almost minimizing. We do not know whether this
asymptote property holds for ultimately minimizing geodesics. Never-
theless asymptote classes of both kinds arise naturally as we shall see.

EXAMPLE 7.2. A geodesic (in a Visibility manifold) that is almost
minimizing but not ultimately minimizing.

Let a, B, 7 be mutually orthogonal geodesics starting at the
origin of the Poincaré ball model P* of hyperbolic 3-space. Let P,
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be the totally geodesic surface containing @ and g (so P, is a hyper-
bolic plane). For each ¢ > 0 let C. be a C* convex curve in P,; that
(a) starts at a(e), (b) contains the segment a([¢/2, ¢]) and (c) asymp-
totically approaches 8. Revolving C, about @ produces a surface T,
with boundary 07, a hyperbolic circle of radius &, base an annulus
of radii ¢/2, ¢ in P,,, and Gaussian curvature K < —1 (by the Gauss
equation for T.c P¥. Call T. a contracting tube. (If instead of (c),
C eventually curves away from g, 7. is an expanding tube.) We
can attach 7T, to a hyperbolic plane P at a point p by deleting the
e-neighborhood N of p and fitting 7. in an obvious way around the
boundary of N. The result is a complete K < —1 surface.

To construct the surface used for the example, fix a geodesic «
in the plane P, and for each n =1 let T, be a tube whose boundary
0T, has radius 1/2". Let M be the (complete, K < —1) surface
obtained by attaching each T, to P so that 0T, is tangent to « at
a(n) and is above [below] @ for n odd [even]. By a limit argument
there is a geodesic @ in M such that B(0) = «(0) and B passes above
[below] the tube T, for n odd [even]. (Necessarily g8 will rise up
each tube somewhat.) For each u, g clearly crosses @ at a unique
point B(t,) = a(s,) such that n <s, <n + 1.

als,) = B(t,)
B
amn _I 1) « ar(n + 1)
/
oT,
FIGURE 2

By the triangle inequality, the length ¢, — t,_, of B|[t._., t.]
satisfies
tn - tn—l § Sp — Su— + 21——n

since & is a minimizing geodesic of M, summing the inequality above
yields d(B0, Bt,) = s, = t,, — 2 for all m; hence B is almost minimizing.
But since ¢, — t,_1 > 8, — S,_1, B is not ultimately minimizing.

We now relate almost minimizing geodesics in M to the horocyclic
limit set L,(D).

LEMMA 7.3. Let a be a geodesic in H with &() = x. Then
D(at) N N(at,, x) = [] for t, = t, of and only if d(rat, mat) =t — t,
for all t.

Proof. The limit ball N(at,, ) = U.zs, Ni—,(at). The following
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assertions are equivalent: D(at) N N(at,, ) = []; D(at) N N,_, (at) =[]
for all ¢t = ¢t; d(at, Dat) =t — ¢, for all ¢t = t,; d(zat, rat) =t — ¢,
for all ¢ = ¢.

A straightforward application of this lemma gives

PROPOSITION 7.4. A point xe€ H(co) is almost D-minimizing if
and only if x€ O0,(D) = H(co) — L,(D), the set of horocyclic ordinary
points.

If H satisfies Axiom 1, then O(D) = H(e) — L(D) E O0,(D) by
Corollary 4.9. For O(D) we obtain the following stronger result.

ProPoOSITION 7.5. Let H satisfy Axiom 1. If xe O(D), the set
of cone ordinary points, then x is ultimately D-minimizing.

Proof. We shall prove in Proposition 8.5 that D is properly
discontinuous on O(D). Hence we can find a set U containing 2
which is open in the cone topology and such that ¢(U) N U = ] for
every € D. Let acx. By Proposition 4.8 there exists ¢, > 0 such
that N(at, x) = U. Hence Da(t,) N N(at, x) = []. By Lemma 7.3,
d(zat, raty) = ¢t — t,, so nallt, ) is minimizing.

The converse is false (Theorem 7.10): a limit point can be D-
minimizing. Note that to prove that x € H(c) is D-minimizing it
suffices to show that for every geodesic ray « such that a(w) = z,
the geodesic ray zwoa is minimizing in M = H/D.

In contrast to the axial case (Proposition 6.7) we do not know
if an arbitrary parabolic isometry generates a properly discontinuous
group.

REMARK 7.6. (1) If an isometry ® of H does not preserve limit
spheres at a fixed point € H(c), then ¢ generates a properly dis-
continuous group.

(2) Let @ be a parabolic isometry that generates a properly
discontinuous group. If ® has a unique fixed point xe H(eo), then
for any pe H the sequences {®"(p)} and {® "(p)} converge to x as

n— oo,

Proof. (1) By hypothesis T,(®) = 0. But d(p, ?"p) = | T.(¢")|=
(2) In view of Lemma 6.2, x is the unique accumulation point
of each sequence.

PROPOSITION 7.7. Let D be a properly discontinuous group of
isometries, and let z¢e H() be a common fixed point of D. Then
the following are equivalent.



VISIBILITY MANIFOLDS 83

(1) ze€0,(D), that is, z s almost D-minimizing.
(2) FEach element of D preserves limit spheres at z.
(3) 2z is D-mintmizing.

Proof. (1) = (2). By hypothesis, given pe H there exists a
limit ball N at z such that D(p) " N =[]. We must show that
T.(®) = 0 for every e D. Suppose that T,(®) = ¢ = 0 for some P ¢
D. By changing to @' if necessary we may assume that ¢ < 0. If
f is the Busemann function determined by 7v,,, then f(®"p) = T,(¢™) =
ne for any integer n. Since N = {ge H: f(q) < a} for some number
a, P"(p) € N for a large positive integer n. This is a contradietion.

(2) =) Let pecH and let @ be the geodesic ray such that
a(0) = p and a(w) = 2. Since @L(p, 2) = L(®p, ) = L(p, z) for every
®e D, we have D(p) & L(p, 2) and D(a0) N N(a0, z) = []. By Lemma
7.3, wott is minimizing.

The proof (3) = (1) is obvious.

PRrOPOSITION 7.8. If ® is a parabolic isometry of H, then @ pre-
serves limit spheres at least one fixed point x € H(co).

Proof. Let D be the group generated by @#. If D is not properly
discontinuous then by Remark 7.6, D preserves the limit spheres at
all fixed points of ®. Suppose now that D is properly discontinuous.
Since D is abelian the displacement function g, is D-invariant and
induces a smooth convex function f on M = H/D such that g, =
fom. Since @ is parabolic, g, has no minimum and neither does f.
It follows from [3] that there is a geodesic ray « in H such that
woa is minimizing and f is monotone decreasing on woa. Thus g,
is monotone decreasing on «, and x = a(c) is a fixed point of @ that
is almost D-minimizing. Since Dx = x the result follows from Proposi-
tion 7.7.

DEFINITION 7.9. A parabolic manifold is a complete K < 0 mani-
fold M = H/D such that there is a point z € H(s<) that is the unique
fixed point of every 1+ @€ D.

Hence every element 1+ @¢e D is parabolic. As we shall see in
89 there are very many such manifolds. Their geometric structure
however is rather simple.

THEOREM 7.10. Let M = H/D be a parabolic manifold with z¢
H() the unique fized point of D. Then

(1) 2z is D-minimizing.

(2) The Busemann function at z, unique up to an additive
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constant, induces a continuous convex fumction f on M which has
o MANIMUNL.

(3) M s topologically a product F x R' whose horizontal and
vertical fibers are respectively the level surfaces of f and the lines
woa for all aez.

Proof. Since z is the unique fixed point of every 1= @€ D,
Proposition 7.8 shows that @ preserves limit spheres at z. By Propo-
sition 7.7, z is D-minimizing, and if f is a Busemann function at z
then f is D-invariant. Fix the limit sphere L = f~'(0) and let % be
the projection on L. By a remark preceding Proposition 6.6, 7 com-
mutes with every e D. Thus 7 and f induce maps & and f such
that the following diagram is commutative. F is the orbit space
L/D, a topological manifold at least. The function f is convex with-
out minimum on M. By

La-Hg

z|L P R
gs_zﬁf

Proposition 3.4 the map 7 x f: H— L x R is a homeomorphism hence
EXfiM—F x R is a homeomorphism. For tc R the level surface
f7'(t) is the projection under m of the limit sphere f~'(t). For pe
L, 7' (p) = a(R) where « is the unique geodesic in z that meets L at
p. Hence & (zwp) = woa(R).

The product decomposition of the preceding theorem resembles
that of a negatively curved surface of revolution or, more generally,
a warped product R x ;F with f monotone. The principal asymptotes,
that is, the elements of 7,(z), correspond to meridians; the sections
F, = f~'(t) correspond to parallels. Other similarities include the
following:

(1) Each principal asymptote meets each section orthogonally
and exactly once.

(2) The arc length on a principal asymptote of its segment
between F, and F, is |s — t|.

(3) Any two sections are “parallel” that is d(p, F,) = d(F,, F,) =

|s — ¢t| for all peF.,.
In this analogy the function f plays the role of distance to the axis
to revolution. If B is a geodesic of M, f-R describes how g traverses
the sections of M. If M is a Visibility manifold, then fo8 has a
minimum unless B is a principal asymptote.

A continuous curve «: [0, o) — M is divergent if for any compact
set K in M there exists ¢ = t; such that for s > ¢, a(s)e M — K. If
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« is a geodesic then « is divergent if and only if every asymptote
of «a is divergent. Thus we may speak of divergent and nondivergent
asymptote classes. Note that almost minimizing implies divergent.
A point z € H(co) will be called D-divergent if m,(x) is divergent in
M = H/D.

Our aim now is to show that under mild conditions any para-
bolic fixed point # is D-divergent. This extends a result in [3]. To
rigorize the scheme of proof mentioned earlier we define the free
displacement function h, of an isometry ® of a properly discontinuous
group D. For pe H, h,(p) = inf {g,(+vp): 4 € D} where g, is the usual
displacement function of @. If ¢ is the geodesic segment from p to
®(p) then g,(p) is the length of 7oo, while h,(p) is the minimum of
the lengths of those loops at w(p) that are freely homotopic to 7oo.

LEMMA 7.11. Let D be properly discontinuous and let 1 #= @ e D.
Then

(1) For any pec H, there exists v tn D such that ho(p) = g.(yp).

(2) bk, is uniformly continuous on H.

(8) h, is D-invariant.

Proof. (1) Letr=h,(p)=inf g,(yp): v € D} = inf {d(p, ¥y p):
+r € D}. By proper discontinuity there are only finitely many distinct
elements '@+ such that d(p, v 'Pyp) < r 4+ 1. If '@y corresponds
to the smallest of these values, then A,(p) = g.(v,).

(2) It suffices to show that |A.(p) — h.(q)| < 2d(p, g¢) for any
points p, g. Let p, ¢ be given and choose + € D such that h.(q) =
9o(vq). Then hy(p) ~he(9) = go(¥D) — 9o(vrq) = d(yrp, Pyp) — d(yq, Pyrq) <
A, ¥q) + d(Pyrq, Pyrp) = 2d(p, q). Interchanging p and ¢ we obtain
the result.

(3) The result is obvious.

In the following we use the terminology of §4.

THEOREM 7.12. Let H be geodesically bounded. Then a fixed
point x of a parabolic isometry ® is D-divergent for any properly
discontinuous group D containing P.

Proof. If x is not special then clearly any geodesic in =7, (2) is
divergent in M = H/D. If x is special then by Proposition 4.10, x is
bounded and there exists C > 0 such that d(v, o) < C for any geo-
desics v, o ew.

If K is a compact set in M, let K, = {ge M:d(q, K) < 2C}. To
prove that every geodesic of 7,(x) ultimately leaves K it suffices to
prove that one geodesic of 7,(x) ultimately leaves K,. Since K, is
compact and %, is continuous and D-invariant, k, has a minimum
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value b on 77'(K;). By the previous lemma g, assumes the value b
at some point, hence there exists pe H such that g,(p) < b since g,
has no minimum. Consider the geodesic ray v = 7,,. Since @ fixes
%, g, is monotone decreasing on v. If v(t)en " (K,) for some ¢t =0
then g.(p) < b < ho(vt) < 9,(vt) < go(p). This contradiction shows that
v does not meet 7'(K,) and hence movy does not meet K.

By adding a further restriction we can show that parabolic fixed
points are almost D-minimizing.

COROLLARY 7.13. Let H be geodesically bounded and let x be a
fized point of a parabolic element of D. Let G be the subgroup of
D consisting of elements that fix x and preserve limit spheres at wx.
If L/G is compact for any limit sphere L at x then x 1s almost D-
MANTMAZING

Proof. Let vewx,v(0) = p. Let L = L(p,®). Since L/G is com-
pact there exists A > 0 such that for any ¢e L there exists £e¢ G
such that d(p, £9) < A. Suppose that x is not almost D-minimizing.
Then there exist sequences {®,} S D and {t,} & R such that @,(p) <
L(7t,, ) where t,— + o as n— . Let ¢, = n(®,p) where 7 is the
projection on ‘L. Choose {£,} S G such that d(p, £.(¢.) = A. By
convexity and the fact that 7 commutes with ® we find that
AV, £.Pap) < AV, 95,P,0) = d(p, §.¢,) < A.  This implies that »
is not D-divergent which contradicts the preceding theorem.

If H has dimension two then a limit sphere L in H is homeo-
morphic to R'. Thus if G %= 1 then L/G is compact. This need not
be the case however in higher dimensions.

8. Trichotomy. As usual D denotes a properly discontinuous
group of isometries of H, and we use the cone topology on H through-
out. By Propositions 1.4 and 2.9, the cone limit set L(D) & H(<o) is
well defined and nonempty when D is nontrivial. By considering the
cardinality of L(D), or certain of its subsets, we obtain the trichotomy
for Visibility manifolds mentioned in the introduction. This tri-
chotomy will also be described, perhaps more naturally, by the number
of equivalence classes of closed geodesics in M = H/D.

Let A(D) be the set of all fixed points of axial elements of D,
and let P(D) be the fixed points of parabolic elements. O(D) =
H() — L(Dj is the set of ordinary points.

PROPOSITION 8.1. Let H satisfy Axitom 1. Then

(1) A(D) and P(D) are disjoint countable subsets of L(D). In
particular any fixed point of 1+ @€ D is in L(D).

(2) L(D), O(D), P(D) and A(D) are each invariant under the
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normalizer of D in the isometry group I(H) of H.

Proof. (1) By Propositions 6.4 and 6.7, A(D)< L(D). By
Theorem 6.5 and a remark following it, P(D) & L(D). By Proposition
6.8, P(D) and A(D) are disjoint. P(D) and A(D) are countable by
Theorem 6.5, since D ~ 7,(H/D) is countable.

(2) By Propositions 1.4 and 2.9, L(D) and hence O(D) have the
invariance property. Let x be a fixed point of an axial [parabolic]
element @ of D. If v € N(D), then @y e D fixes +(x) and is also
axial [parabolic].

We now introduce an important relation, depending on D, between
points at infinity.

DEFINITION 8.2. Points «,y in H(e), not necessarily distinct,
are said to be dual relative to D provided that given any neighbor-
hood U, V of » and y respectively in H there exists @ € D such that
@(H — U)<ZV and hence ™ '(H — V) = U.

It is easy to see that the set of points dual to x e H(c) is closed
and invariant under D. Duality is a symmetric relation.

The following result shows that dual points must both lie in L(D).

ProposITION 8.3. If w, y are dual points in H(eo) then there
exists a sequence {®,} S D such that @;'(p) — « and @,(p) —y as n —
oo for any point pe H.

Proof. Let {U,} and {V,} be nested local bases at x and ¥ respec-
tively. Let pe H. By duality, for each » there exists ®,e D such
that ¢,(H — U,) = V,. For sufficiently large n, p ¢ U, hence ®,(p) €
V.. Thus @,(p)— ¥y as n— . Similarly we show that @;'(p) — 2 by
using the relation ¢;'(H—V,) < U,.

Without some conditions on H there is no guarantee that xc¢
L(D) has any dual points. For example, if H = R" then no point in
L(D) has a dual point. If H satisfies Axiom 1, however, we obtain
a converse to the preceding proposition.

PROPOSITION 8.4. Let H satisfy Axiom 1. Let x,ye H(eo) and
let {p,} & D be a sequence such that for pe H we have ®,(p) —y and
P7(p) —x as w— co. Then x and y are dual. Moreover if U and
V are neighborhoods in H of » and y respectively, then for wm sufi-
ciently large @, (H — U)S V and ¢;*(H — V)< U.

Proof. We may assume that V is a cone with vertex p¢ U. By
Proposition 4.7, I,(P.(H — U)) = Lez2(H — U) — 0 as n— o= Since
?,(p) € P,(H — U), the maximum angle at p from @,(p) to @.(H — U)
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approaches zero as n — co. Since @,(p) — Y as n — oo, it follows that
for n sufficiently large ¢, (H — U) S V.

By this result and the remark following Theorem 6.5 the following
consequences are immediate: (1) every point of L(D) has a dual point,
(2) the endpoints of an axis are dual, (3) parabolic fixed points are
self dual. Further results on duality appear in [7].

Using duality we obtain the following generalization of a well
known result of automorphic function theory.

PROPOSITION 8.5. Let H satisfy Axiom 1 and let D be a properly
discontinuous group of isometries of H. Then the set of points of H
at which D is properly discontinuous s HU O(D) = H — L(D).

Proof. By Proposition 1.4, D is not properly discontinuous at
any point of L(D). Let ze O(D), and suppose that D is not properly
discontinuous at x. If {U,} is a local basis at @ then for each n there
exists ¢, € D such that ¢,(U,) meets U,. Choosing a subsequence if
necessary, let @,(p) —»y and @, (p) — y* as n — . Since y and y*
are in L(D) they are distinct from x, and we may choose neighbor-
hoods V, V* of y, y* respectively whose closures do not contain z.
By Proposition 8.4, if n is sufficiently large, then ¢,(U,)S @,(H— V*)<
V< H— U, a contradiction.

The proof of following proposition simplifies a classical argument
in automorphic function theory.

ProposITION 8.6. Let H satisfy Axiom 1 and let x, y be distinct
dual points wn L(D). Given any meighborhoods U of = and V of vy
in H there exists an axis of some element in D such that one end-
point is in U and the other endpoint is in V.

Proof. We may assume that U and V are cones in H whose
closures are disjoint. By Corollary 2.12, V is a topological n-cell. By
duality there exists @ € D such that (V)= @(H — U)< V. Hence
® has a fixed point in V. Similarly o7(U)ZS U, so @ (hence @)
has a fixed point in U. The result follows from Proposition 6.4.

We now investigate the cardinalities of various subsets of H()
determined by D. The following fact is basic.

ProprosITION 8.7. Let H satisfy Axiom 1 and let X be a non-
empty subset of H(eo) imvariant under 1+ @€ D. Then X consists
of one, two or infinitely many points, and if X is finite, P fizes
every point of X.

Proof. If X is finite, then some power ®" fixes every point of
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X. Also D~ 7w (H/D) is torsion-free. Hence X can contain at most
two points, since @™ == 1 fixes at most two points. If X consists of one
point x, then clearly o fixes ®. Suppose X = {x, y}. If @ fixes either
point then it fixes both. If @ fixes neither point then it fixes some
point z distinct from x and y; but then ¢ fixes x, ¥ and z, contra-
dicting Theorem 6.5.

The hypothesis holds, of course, if X is D-invariant.

REMARK 8.8. If H satisfies Axiom 1 then the possible cardinalities
for an orbit D(x) are 1, «; for L(D) are 1, 2, «; for P(D) are 0, 1,
oo; for A(D) are 0, 2, oo.

PROPOSITION 8.9P. If H satisfies Axtom 1 then for any group D
the following are equivalent:

(1) L((D) is a singleton, {x}.

(2) D has a unique common fixed point, x.

(3) H/D s parabolic (7.9).

(4) Every 1=+ e D s parabolic.

Proof. (1) = (2). Clearly the unige element of L(D) is a common
fixed point of D, and all fixed points are in L(D) by Proposition 8.1.

2)=@3). If 1+ peD fixes a point y = 2 then by Proposition
6.4, ® has an axis joining 2 to y. By Proposition 6.8, y is also a
common fixed point of D.

(8) = (4). This follows by definition.

(4) = (1). Let xeL(D). =« is dual to some point y e H(c) and
hence to each point of D(y). Since no axis exists, Proposition 8.6
implies that ¥y = v and D(x) = {#}. Hence every point in L(D) is a
common fixed point of D. Again since no axis exists, Proposition
6.4 implies that L(D) is a single point.

ProPOSITION 8.9A. If H satisfies Axiom 1 then the following are
equivalent for any group D:

(1) L(D) consists of two points x and y.

(2) D has exactly two common fixed points x and y.

(3) H/D is axial (6.11) and D is infinite cyclic.

Proof. (1) = (2). This follows from the last assertion of Propo-
siton 8.7.

(2) = (8). H/D is axial by Proposition 6.4 and infinite cyclic by
Proposition 6.11.

(8) = (1). The common endpoints = and y of the axes of D are
in L(D). Let ze L(D), and let ® be a generator of D. There exists
a sequence of integers {n,} such that @"*(p) — z as k — . By Proposi-
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tion 6.7, z is either x or y.

We emphasize a distinction between the two preceding results:
if D consists solely of parabolic isometries they must all have the
same fixed point, but if D consists solely of axial isometries they
need not have the same fixed points, that is, equivalent axes.

Reecall that a complete (nonsimply connected) manifold M = H/D
with curvature K < 0 is a Visibility manifold if H satisfies Axiom 1.
A Visibility manifold that is neither axial nor parabolic is said to be
Suchsian.

ProrosiTioN 8.9F. If H satisfies Axiom 1 then the following are
equivalent for any group D:

(1) L(D) is an infinite set.

(2) D has mo common fixed points.

(3) H/D s fuchsian.

(4) A(D) s infinite.

Proof. In view of the possible cardinalities listed in Remark
8.8, this proposition follows from the two preceding ones and the
consequence of Theorem 6.5 that D has at most two common fixed
points.

Thus the parabolic, axial and fuchsian types can be distinguished
by the number of axes, the number of common fixed points, or the
cardinality of the limit set. The first of these criteria can be stated
in stronger form as follows:

THEOREM 8.10. Let M = H/D be a Visibility manifold. Then
M s parabolic, axial or fuchsian tf and only if the number of
equivalence classes of closed geodesics tn M is 0,1 or oo respectively.

Recall that geodesics v, ¢ in M are equivalent if they possess
lifts ¥, & in H which join the same points in H(eo). Thus if H
satisfies Axiom 2 as well, then each equivalence class contains a
unique geodesic and we may omit “equivalence classes of” from the
the statement of the theorem.

Proof. We know that a parabolic manifold contains no closed
geodesics and that an axial manifold contains exactly one equivalence
class of closed geodesics. Thus it suffices to prove that a fuchsian
manifold M contains infinitely many classes.

If an axis of e D joins 2 to %, we call (x,y) an axial pair.
By Proposition 8.9F there is an axial pair (z, ¥) in L(D) x L(D), and
D(y) contains a point z distinct from « and y. It follows from Proposi-
tion 6.9 that (z,2) is not an axial pair. Since x and y are dual so
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are x and z, and by Proposition 8.6 there exists a sequence {(z.,, z,)}
of axial pairs such that x, —« and 2, —2z as n— «. Let 4, be the
set of axes joining =z, to z,. w(4,) is an equivalence class of closed
geodesics in M. If M contains only finitely many such classes then
we may assume that 7w(4,) = A for every n by taking a subsequence
if necessary. Fix a closed geodesic v in 4, and let «, be a lift of
v in A, for every n. In view of Proposition 4.4 we may assume, by
taking another subsequence, that {«,} converges to a geodesic «
joining x to z. Since 7wo, = v for every n, we have mwoax = 7v; hence
« is an axis. This contradicts the fact that (z, 2) is not an axial pair.
From the preceding result and Proposition 6.16 we obtain

COROLLARY 8.11. If a Visibility manifold M contains either
(a) two inequivalent closed geodesics or (b) a closed but not simply
closed geodesic, then M is fuchsian and hence contains infinitely many
wmequivalent closed geodesics.

Part (a) above confirms a suspicion stated in [3] for K < ¢ < 0.

A geodesic ray o in M = H/D is parabolic if p has a lift 0 to
H such that @(cc) is a parabolic fixed point. In view of Theorem
7.12, a ray o in a Visibility manifold M is parabolic if and only if
it is divergent and its ray group (cf. §9) is nontrivial, that is, there
is a geodesic loop @, at o(t) whose length decreases as t— «. In
dimension two, one can produce a parabolic ray by adding a con-
tracting tube to a suitable surface. Using Proposition 8.9 we obtain,
as suggested in [3], the following complement to Corollary 8.11.

COROLLARY 8.12. If a Visibility manifold M contains (a) a para-
bolic ray and a closed geodesic or (b) two monasymptotic parabolic
rays or (c) two parabolic rays starting at the same point, then M is
fuchsian.

Proof. (a) P(D) and A(Dj) are nonempty.

(b) P(D) is not a singleton.

(¢) If the two rays belong to an asymptote class y € A(M), then
T Y(y) is infinite. Hence P(Dj is infinite.

We conclude this section with two more characterizations of para-
bolic, axial and fuchsian manifolds.

An asymptote class ye A(M), M = H/D, is stmple if through
each point of M there passes a unique element of ¥ (up to parametriza-
tion). It is easy to see that y is simple if and only if z;'(y) is a
singleton, hence a common fixed point of D. Thus the three types
of manifolds are characterized by the number of simple classes.
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PROPOSITION 8.13. Let M be a Visibility manifold.

(a) M s parabolic if and only if M has a unique simple class,
the principal asymptote class.

(b) M is axial if and only if M has exactly two simple classes,
those containing the (oppositely oriented) closed geodesics.

(¢) M 1is fuchsian if and only if M has no simple classes.

We may also describe the types of Visibility manifolds in terms
of their ultimately minimizing geodesics.

PropPoOSITION 8.14. Let M be a Visibility manifold.

(@) M s parabolic if and only if every geodesic of M is ultimately
MINIMIZING.

(b) M is axial if and only if through each point of M there are
exactly two geodesic rays that are mot ultimately minimizing.

(¢) M is fuchsian if and only if through each point of M there
are tnfinitely many geodesic rays that are not ultimately minimizing.

Proof. This follows from Propositions 7.5, 7.7, and 8.9PAF,

9. Fundamental group. The fundamental group z,(M) is of
obvious importance for a complete K < 0 manifold, since the higher
homotopy groups of M all vanish. In general the only known algebraic
restrictions on 7,(M) are that it be countable and torsion-free. We
shall investigate the fundamental group of a Visibility manifold.
The fuchsian type turns out to be the interesting one, and we consider
some of its natural subtypes.

The axial type is very special; 7, (M) is infinite cyclic, and by
Corollary 6.16 there are only two diffeomorphism types, S' x R™!
and B x R"%, where B is the Mobius band.

The evidence in dimension two suggests that parabolic Visibility
manifolds may be rare, since the cylinder S' x R' is the only diffeo-
morphism type; furthermore we have seen in Theorem 7.10 that (in
any dimension) such manifolds have quite special geometric structure.
Nevertheless the fundamental groups of parabolic manifolds form a
very large class.

PRrROPOSITION 9.1. Let G be the fundamental group of an arbitrary
complete K < 0 manifold F. Then G is the fundamental group of a
parabolic Visibility manifold.

Proof. Let M be the warped product R X .., F'. Then 7 (M)~
m,(F) ~ G, and by the curvature formula on page 27 of [3] M has
curvature K < —1. Since M is complete, it is a Visibility manifold.
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By Lemma 7.8 of [3], expoxr is strictly convex without minimum on
M. Hence M has no closed geodesics and must be parabolic.

The fundamental group of every complete n-dimensional K <0
manifold occurs as the fundamental group of a complete (n + 1)-
dimensional K < ¢ < 0 parabolic manifold.

By the remarks above, every two-dimensional Visibility manifold
not diffeomorphic to a cylinder or a Mobius band must be fuchsian.
In spite of this diversity we shall see the fundamental group of an
arbitrary fuchsian manifold must satisfy strong conditions extending
results of [3], [5] and [14].

For H and D arbitrary, if xe H(c), denote by D, the stability
group {peD: p(x) = x}. These subgroups appear in [3] frequently
in an alternative formulation as ray subgroups w.(M, m,p) of the
fundamental group 7,(M, m). The equivalence of the two is described
in and preceding Proposition 10.5 of [3].

For a Visibility manifold M = H/D it follows from earlier results,
especially Proposition 6.8, that the non-identity elements of a stability
group are either all parabolic or all axial. In the latter case the axes
are all equivalent and D, is infinite cyclic. From this viewpoint axial
and parabolic Visibility manifolds H/D are exactly those for which
D itself is the unique stability group.

We can generalize slightly Corollaries 10.6 and 10.11 and Propo-
sition 10.12 of [3] as follows, omitting the vacuously true axial and
parabolic cases:

ProprosITION 9.2. If M = H/D 1is fuchsian then

(1) D=~ m(M) is the disjoint (but for {1}) union of its stability
groups D,, x € H(co).

(2) Stability groups are permuted by inner automorphisms:
oD, P = D,,. Furthermore, D,, = D, if and only if peD,.

Proof. (1) If 1+ @eD,n D, then by Proposition 6.4, ¢ trans-
lates a geodesic joining « to y. Then by Proposition 6.8 we get D, =
D,, an axial group.

(2) If ¢ D, then the condition D,, = D, implies as in (1) that
there exists an axis v from 2z to ®x. Since the axes v and ®ov have
the endpoint ®(x) in common it follows from Proposition 6.9 that v
and @o7v are equivalent, hence @*(x) = x. Since @ leaves the set {x, px}
invariant, Proposition 8.7 implies that @ fixes z, a contradiction.

We abstract the major part of these algebraic properties as fol-
lows: A disjoint decomposition of a group G is an indexed collec-
tion {G;} of subgroups such that

(@ G = U:G; and for any 14, j either G; = G, or G, N G, = 1.

(b) Each G; has strictly disjoint conjugates, that is, if 2G.x™' N
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G; # 1 then ze@G,.
A group is monic if the only disjoint decomposition it possesses
is the trivial one: G; = G for all <. Otherwise G is multic.
Elements « and y of a group G are equivalent, written z ~ y,
provided that for any disjoint decomposition of G, x and y are in the
same subgroup G;. This is an equivalence relation on G — {1}.

LEMMA 9.3. Let G be a group.

(1) If =,y are elements of G such that x™y® = y'a™ for integers
D, 9, n such that ™ + 1, y* = 1, then x ~ y.

(2) If His a monic subgroup of G then for any disjoint de-
composition of G, H is contained in a single G;.

Proof. (1) There exists a G; such that yeG; hence y*c@G,.
Since a™y*x™" = y? and 1~ y?¢@G,;, it follows from (b) that z"¢G;.
Since 2™ = 1, x € G,; hence = ~ y.

(2) This follows from the fact that if {G;} is a disjoint decom-
position of G, then {G; N H} is a disjoint decomposition of H.

LEMMA 9.4. A group G with any one of the following properties
18 Mmonic;

(1) G has nontrivial center.

(2) G is a nontrivial product.

(3) G has a monic normal subgroup N = 1

(4) @G s solvable.

Proof. (1) Let z+ 1 be a central element. If zis any element
of G, then # ~ z by Lemma 9.3.

(2) Let {G;} be a disjoint decomposition of G = A x B, where
A and B are nontrivial. Fix 1+ ae A, with (a,1) e G,. Then for
any nontrivial ze A, ye B by Lemma 9.3 we have (x,1) ~ (1, %) ~
(@, 1). Thus (A x 1) U (1 x B) is contained in G;, and hence G = G..

(8) Let {G;} be a disjoint decomposition of G. Since N is monic
NZ G, for some 7. If xe G then since N is normal in G we have
2Gx "N G, 2N=1. Hence 2€¢G; and G = G.,.

(4) We prove somewhat more. Suppose there is a (possibly in-
finite) sequence H, S H, & +--- & H, < --- of subgroups of G such that
(a) H,+# 1 is monic, (b) H, is normal in H,,, for each » = 0, and
(¢) UH,=G. Then G is monic. This follows readily from (3) and
Lemma 9.3(2). It clearly implies (4) since abelian groups are monic.

Further algebraic results about monic groups will appear else-
where.

By Proposition 9.2 the stability groups D,, € H(c), constitute a
disjoint decomposition of D. (Alternatively we may speak of ray sub-
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groups of the fundamental group of M = H/D.) If M is axial, then
.M is infinite cyclic, hence trivially monic. If M is parabolic it will
follow from Proposition 9.1 that D can be either monic or multic.
Preceding results yield:

THEOREM 9.5. If M is a fuchsian manifold, then its fundamental
group w (M) is multic. Furthermore each monic subgroup of (M)
18 contained in a single ray group.

We deduce some consequences.

ExAMPLE 9.6. The following groups are multiec.

(1) The fundamental group of any compact surface S except
the sphere, projective plane, torus and Klein bottle. S admits a
Riemannian structure with K = —1; hence S is fuchsian and x,(S)
is multic. These groups have a presentation with a single relation.
(The four exceptions have monic fundamental groups by Lemma
9.4(1).)

(2) Any free group F on at least two generators. By attaching
contracting tubes to a surface S as above one constructs a fuchsian
manifold M with z,(M) ~ F, at least in the case when F' is countably
generated.

(3) The fundamental group of the hyperbolic dodecahedral space
[15], a 3-dimensional compact manifold with K = —1.

Another consequence is a generalization of Preissmann’s theorem
that a compact manifold with K < 0 cannot be a nontrivial topological
product.

COROLLARY 9.7. If a mon-parabolic Visibility manifold M 1is
homotopically equivalent to a product P x Q of manifolds, then either
P or @ is contractible.

Proof. Since the higher homotopy groups of M vanish so do
those of P and Q. In the fuchsian case =, (M) is multic, so by
Lemma 9.4(2) either P or @ is simply connected hence contractible.
The same must occur in the axial case, since 7z, (M) is infinite cyclic.

REMARK 9.8. A product M x N of Visibility manifolds need not
admit a Riemannian structure making it a Visibility manifold. In
fact, if M and N are compact fuchsian manifolds then M x N cannot
be a parabolic Visibility manifold since it is compact and cannot be
a nonparabolic Visibility manifold by the preceding corollary.

We give some examples which show in particular (9.10(2)) that
the conclusion of 9.7 does not hold in the parabolic case even when
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M has constant curvature.

REMARK 9.9. If F is a complete K < ¢ < 0 [K = —1] manifold,
then the warped product W(F) = R X .. F' is a complete K <¢ <0
[K = —1] manifold of the same type as F": parabolic, axial or fuchsian.
By results in [3] the closed geodesics of W(F') are exactly the closed
geodesics of the totally geodesic submanifold 0 x F = F. The result
then follows from Theorem 8.10.

ExAMPLE 9.10. Negative Space Forms diffeomorphic to products.

(1) M axial, diffeomorphic to N x R". With the exception of
the Mobius band every axial Visibility manifold is of this diffeomor-
phism type. To obtain these as space forms set M = W"(N), where N
is a circle or a Mobius band with K = —1. (W"(N) is the n™ iterate
of W(N) defined above.)

(2) M parabolic, diffeomorphic to a product of nonsimply con-
nected manifolds. Let 4 and B be nonsimply connected, flat, space
forms, and let M = R X .., (A x B). Then M and W"(M) have the
required properties.

(3) M fuchsian, diffeomorphic to N x R". Let M = W*(N)
where N is a fuchsian negative space form, for example a double
torus.

For examples of K < —1 product manifolds that do not admit a
complete K = —1 metric see [8].

Preissmann in [14] considered manifolds M = H/D for which every
element of D is axial. In [3] such an M is called full (there is a closed
geodesic in every free class of loops in M). Axial manifolds are full,
but not conversely since every compact M is fuchsian and full. More
generally, Proposition 10.15 of [3] asserts that M is full if it contains
a compact totally convex set. Generalizing results of Preissmann
[14] and Byers [5] on abelian and solvable subgroups respectively we
have:

COROLLARY 9.11. Let M be a full Visibility manifold (for ex-
ample compact, K < 0). Then every monic subgroup of the fundamental
group w (M) s infinite cyclic.

Proof. For a full manifold the disjoint decomposition {D,:ze
H()} of Dasx,(M) consists, by Theorem 6.11, of infinite cyclic groups.
But any monic subgroup is contained in some D,.

One consequence is that a full Visibility manifold cannot have
either a retract or a covering manifold with monic but noncyclic fun-
damental group.
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PrOPOSITION 9.12. Let H/D be a Visibility manifold. If N is
a nontrivial normal subgroup of D, then L(N) = L(D).

Proof. Clearly L(N) < L(D), so we prove the reverse inclusion.
Let ye L(D). Choose pc H and 1+ @e N. Given any neighborhood
V of y in H we will find a e D such that yoy'(p)c V. Since
Yyt e N it follows that y e L(N). We can suppose p & V.

The result is obvious if H/D is parabolic or axial, so we can
assume it is fuchsian. Let y be dual to z. For some 7€ D the point
x = 7z is not fixed by @ yet dual to y. Thus there is neighborhood
U of x such that pUNU = [J. By duality there is a e D such
that v+(H — U) € Vand v+ (H — V) cU. Thus + *(p) € U, and hence
Py (p) € H— U, which implies @y ~'(p) € V.

If » N— M is a Riemannian covering of a Visibility manifold
M = H/D, then the Visibility manifold N can be identified with H/E,
where E is a subgroup of D. Furthermore 7 is a regular covering
if and only if E is a normal subgroup. Thus the preceding proposi-
tion asserts that a nonsimply connected regular covering mamnifold
N of a Visibility manifold M has the same limit set as M.

Considering arbitrary (nonsimply connected) coverings, parabolic
or axial manifolds can be covered only by manifolds of the same
type. A fuchsian manifold M always has coverings by axial mani-
folds, and if not full, by parabolic manifolds; however the preceding
remark shows that any regular covering manifold of M must be
fuchsian.

10. Faces and ends. We have seen how to add points at infinity
to a Hadamard manifold H; now we consider the nonsimply connected
case M = H/D. For simplicity we assume throughout that M is a
Visibility manifold; however much of what we do is valid under
weaker hypotheses.

Clearly an arbitrary asymptote class y e A(M) of M cannot con-
stitute a point at infinity of M, since y need not even diverge. We
shall define the set M() of points at infinity of M to be the set of
almost minimizing classes in A(M), and as before let M = M U M().
Note that M(c) is empty if and only if M is compact. By Proposi-
tion 7.4 the counterimage of M(co) under the projection m,: H(o) —
A(M) is O,(D). Thus the projection w: H— M extends in an obvious
way to a function, also denoted by =, from X = H U O,(D) onto M.
For any me M the set #7'(m) = X is an orbit under D, hence we
may write M = X/D. Recall that since M is a Visibility manifold,
L,(D) < L(D), hence O(D) = 0,(D). We assign X the topology gener-
ated by
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(1) all open sets of H;

(2) for each x € O(D), the intersections with X of all cone neigh-
borhoods of z;

(3) for each x¢O0,(D) N L(D), all augmented limit balls B* =
B U {x} at =.

Finally we give M the quotient topology derived from the projec-
tion 7: X — M. The space M is called the asymptotic closure of M.
(We shall see in a moment that unlike the special case H, M need
not be compact.) We emphasize that X is in general not a subspace
of H; however H U O(D) is an open subspace of both X and H. Since
O(D) and O,(D) N L(D) are each invariant under D, the space M(co)
is the disjoint union of its subspace

F(M) = O0D)/D and V(M) = (C+,(D) N L(D))/D .

By Proposition 8.5, D is properly discontinuous on H U O(D), hence
the restricted maps 7: HU O(D) - M U F(M) and 7: O(D) — F(M) are
covering maps. In particular, M U F(M) is a Hausdorff topological
manifold with boundary F(M). We call the connected components
of F(M) the faces of M; they are topological (n — 1)-manifolds. By
contrast the induced topology on O,(D) N L(D), and hence on V(M),
is discrete. Points of V(M) are called vertices of M. Both faces and
vertices are open-and-closed subsets of M().

ExAmPLE 10.1. (1) Let M be parabolic with L(D) = {z}. Then
O(D) = H(x) — {2} ~ R"™, so M has a single face. Since z¢< 0,(D),
M also has a single vertex v = mz. TUsing results from §7 one can
show (at least when H also satisfies Axiom 2) that any limit sphere
at z is homeomorphic to O(D), and it follows that M is homeomorphic
to the cone over F(M) with vertex v. Thus in particular M is com-
pact if and only if F(M) is. When dim M = 2, M is a 2-cell with
boundary circle F(M); however in higher dimensions M is never a
manifold with boundary, for since F(M) cannot be a sphere the vertex
v does not have Euclidean neighborhoods.

(2) Let M be axial, with L(D) = {x, y}. Then O(D) = H(c) —
{x, y}~ R'x S*%. Since z, y € L,(D), M has no vertices. If dim M=
n = 8, M has a single face homeomorphic to S*x S*~% and M is homeo-
morphic to S' x E**' (E™ the closed (n — 1)-cell). Thus M is a
generalized solid torus with boundary M(e) = F(M) a generalized
torus. In dimension 2, M is either an ordinary band S' x E' with
faces the two boundary circles, or a Mobius band with its boundary
circle the only face. Thus in all cases M is a compact manifold with
boundary M(<o).

Note that if @ is an isometry of H that preserves O,(D), then
its (bijective) extension ®: X — X is a homeomorphism, since @ pre-
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serves cones and limit balls. It follows that the projection 7n: X —
M is open, since for U c X we have 7= '(zU) = DU.

If 4 is an isometry of M and « a geodesic of M, then as before
we can define the asymptotic extensions « and @ to M, using the
same letter to denote asymptotic extensions.

We now verify that the topology of M is admissible in the sense
defined for H in §1. Explicitly:

PROPOSITION 10. Let M be a Visibility manifold with M its
asymptotic closure. Then

(1) M is an open demse subspace of M.

(2) If a: [0, ) — M s an almost minimizing geodesic of M,
then the asymptotic extension a: [0, co] —M is continuous.

(38) If + is an isometry of M, then the asymptotic extemsion
i M — M is a homeomorphism.

(4) If U is a neighborhood of y € M(c=) in M and r > 0 is any
number, then there is a neighborhood V of y such that N,(V) < U.

Proof. Properties (1), (2), (4) derive in a straightforward way from
the admissibility of the cone and horocycle topologies on H, and the
fact that m: X — M is open. To prove (3) it suffices to show that -
has a continuous extension +: M — M; for v is then necessarily the
asymptotic extension.

Since H is simply connected it is easy to show that there is an
isometry v of H that covers +r, that is, such that 7oy = 4o, Then
for any @ € D we have Tovo@oy™ = proToPoy™ = yromoy™ = o o =
7; hence yopoy™ e D. Similarly, since v~ covers v we have y™opoy e
D. Thus v is in the normalizer N(D) of D in I(H). By Proposition
1.4, O,(D) is invariant under vy, hence as noted above v: X— X is a
homeomorphism.

We assert that moy: X — M is D-invariant. In fact, if ® € D then
yvo@ = 70p for some 7€ D; thus 7wove® = ooy = wov. The induced
function 4 on M, for which moy = Jom, is continuous since I has
the quotient topology. Now + and +|M are equal since both are
covered by v; hence + is the required continuous extension of .

Next we identify the ends of M with certain subsets of M(<)
and relate them to the faces of M. It will be convenient to express
the notion of end as follows. Divergent curves @ and g8 in M will
be called cofinal, written @ ~ g, if given any compact set K in M
some final segments a([s, «=)) and B([t, «=)) of & and B lie in the same
connected component of M — K. This is clearly an equivalence rela-
tion on the set 4M of divergent curves in N, and the resulting equiva-
lence classes are the ends of M.

It is clear that asymptotic divergent geodesics are cofinal. A
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variation of a standard argument shows that there is a minimizing
geodesic ray cofinal to any given divergent curve. Thus the relation
~ induces an equivalence relation on M(), and the natural bijection
M()/~ — AM |~ identifies the resulting equivalence classes in M(co)
with the ends of M.

ProPosSITION 10.3. FEach face of a Visibility manifold M is con-
tained in a single end.

Proof. We make the following observations: (1) If K is a com-
pact set of H, then the closure of DK in H is DK U L(D). (2) If
C is a connected component of O(D), then 7(C) is an entire component
of F(M), that is, a face of M.

Let u and v be distinct points in the same face of M. By (2)
there exist points # and y in the same component of O(D) such that
wx =y and 7y = v. Since O(D) is open in H(w~) ~ S, its components
are path connected. Thus there is a continuous curve o: I — O(D)
joining x and y. Fix a point pe H, and for each te I let p, be the
geodesic from p to g(f). We will show that the (almost minimizing)
geodesics mo0, and mop, are cofinal; then mo,(e<) = w and 7o, () = v
are in the same end.

Let A be an arbitrary compact set in M. Then there is a com-
pact set B in H such that DB 2 7w '(A). Since ¢ lies in O(D), by (1)
there is a neighborhood U of o(I) in H that does not meet 7'(4).
If tel, then since U contains a truncated cone neighborhood of o(t)
with vertex p, there is a number », and a neighborhood N, of ¢ in
I such that

if seN,, then pJ(r, «)&SU.

Thus by the compactness of I there is a number » such that
o(r, «)) & U for all t e I. The function ¢ — p,(r) is continuous; hence
the set U {mo,[r, «):te I} is connected, and by construction it does
not meet A. In paticular zp|[r, ) and zp,[r, ) are in the same
component of M — A, so mwep, and 7o, are cofinal.

This proposition implies that each end of M is a union of faces
and vertices, hence is open and closed in M(w). Even if there are
no vertices, a single face need not be an end; a manifold with one
end consisting of two faces can be constructed by the method of
Example 10.6.

Referring to Example 10.1, let M parabolic. If FM is compact,
then M has two ends, the face FFM and the vertex v. Otherwise M
has only one end, M(w) = FM U {v}. For an axial manifold, faces
and ends are the same, with one or exceptionally two of each.
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Since in the parabolic and axial cases there are at most two ends,
we have

COROLLARY 10.4. A Visibility manifold with at least three ends
18 fuchsian.

(If M has no ends it is compact, hence trivially fuchsian.) Similar
but nontopological criteria may be expressed in terms of the number
of faces and vertices. For example, a Visibility manifold (xS' x R
with at least two faces—or no faces—must be fuchsian.

COROLLARY 10.5. If a Vistbility manifold M = H/D has finite
volume, then M has no faces.

Proof. If M has a face, then there is an ordinary point x¢
H{e). By proposition 8.5 there is a cone neighborhood U of x in H
such that @(U) N U = [] for every 1 # @ e D. Thus the Riemannian
covering m: H— M is injective on U N H. It is easy to see that
U N H has infinite volume, hence so do #(U N H) and M.

The converse is false. For example, let M be the double torus
with its usual K = —1 Riemannian structure, and let H be the com-
mutator subgroup of 7, (M). The Riemannian covering manifold M,
determined by H may be pictured as the surface of an infinite grid.
Since H has infinite index in 7, (M), M; has infinite area. Because
M is compact it follows from Proposition 9.12 that M, has no faces.

We conclude with another method for constructing manifolds
with interesting faces and limit sets.

ExamprLE 10.6. If M = H/D is a complete K < ¢ < 0 n-manifold
we saw in §9 that M’ = R X ..M is a complete K <c¢ <0 (n + 1)-
manifold of the same type (parabolic, axial, or fuchsian). M’ is
covered by H' = R X ..., H with projection 7’ = 1 x «, and H, = {0} x H
is a totally geodesic copy of H in H'. By Clairaut methods one can
show that every geodesic of H’ that does not asymptotically approach
H, is asymptotic to a geodesic normal to H,. Thus H'(«)~ S" is
separated into two copies of H, denoted H~ and H*, by Hy(co)~ H(oo)~
S™'. Also the action of D' =1 x D on H~ and on H* is essentially
that of D on H~ H, It follows that (1) L{D’) can be identified with
L(D)c H,, hence O(D") = H- U H" U ODy; (2) F(M’) is the double of
the manifold with boundary M U F{M), that is, two copies identified
on F(M); and (3) V(M') ~ V(M).

For instance if B is the punctured torus in Example 11.19, then
F(B) is a circle and F(B’) is a double torus.

If M has no faces, so L(D) = H(<), then by iterating the opera-
tion above k times we get a (fuchsian) manifold M* whose limit set
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is, by (1), an (n — 1)-sphere in the (n + k — 1)-sphere H ().
Further geometric features of faces and ends appear in the fol-
lowing section.

11. Convex functions. It is known that the convex funections
on a manifold M = H/D are significantly related to the geometry of
M. By linking the convex functions on M to the limit set L(D) we
can see in some detail how this comes about. In particular we show
that the qualitative character of the convex functions on a Visibility
manifold is largely determined by its type (parabolic, axial, or
fuchsian).

The totally convex subsets of M contain much the same informa-
tion as the convex functions. Thus M admits a nonconstant convex
function f iof and only if M contains a closed totally convex subset
A+ M. In fact [3], given f let A = {me M: f(m) < f(p)} for some
», and given A let f = d(-, A).

For a complete manifold M we consider the following natural
generalization of compactness: M is core-compact if it contains a
(nonempty) compact totally convex subset A. Although this property
is of interest in general we apply it only in the case of nonpositive
curvature, where it is equivalent to the existence of a convex func-
tion with compact minimum set. Topologically, the set A is a strong
deformation retract of M (Proposition 3.4 of [3]), and since M is full
we have seen in §9 that the fundamental group of M has the gener-
alized Preissmann property. In this section we show that core-com-
pact manifolds have a number of desirable geometric properties.

Recall from [3] that if a convex function is monotone decreasing
on a geodesic v of M, the same is true for any asymptote of v. In
particular, it is meaningful to say that a convex function on H is
monotone decreasing on x € H(c).

LEMMA 11.1. Let f be a convex fumnction on a Hadamard mani-
fold H, and let xe€ H(co). Then f 1is monotone decreasing on x if
and only if there is a sequence {p,} in H such that {p,} — & and

{fp.} — inf f.

Proof. Suppose f is monotone decreasing on z and let {q,} be
an arbitrary minimizing sequence, that is, {fq¢,} — inff. Let {U,}
be a nested local basis at x. For each #, let v, be the geodesic
from ¢, to . Then there exists ¢, = 0 such that p, = v.(t,) € U,.
Since f is monotone decreasing on v we have f(p,) < f(q.). Hence
{p.} has the required properties.

Conversely, given such a sequence {p,} we show that f is monotone
decreasing on acx. Let p = «(0). For s = 0 we must prove f(as)=<
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f(p). Let o, be the geodesic segment from p to p,. Since p, — 2z,
by Proposition 2.14 we get ¢,,(0) — @’(0), hence o,(s) — a(s). (For large
n, 0,(s) is well defined.) But by convexity fo,(s) < max {f(p), f(p.)}.
Since fo,(s) — f(as) and f(p,) — inf f, we conclude that f(as) < f(p).
As usual D is a properly discontinuous isometry group on H.

LEMMA 11.2. Let f be a D-invariant convex fumnction on H. If
xe L(D), then f is momnotone decreasing on .

Proof Let {q,} be a minimizing sequence for f, that is {f{¢,)} —
inff. Let {U,} be a nested local basis at x for the cone topology.
Since x e L(D) there exists @, € D such that ¢,{¢,) € U,. Thus {®,(q.)}
is a minimizing sequence by the D-invariance of f, and {®p,(q.)}— 2
by construction. The result then follows from the preceding lemma.

By imposing Axiom 1 we obtain the following basic result used
already in §6.

PRoOPOSITION 11.3. Let H satisfy Axitom 1. If a convex function
f on H is monotone decreasing on distinct points x, y in H(eo), then
f has a minitmum. In fact there exists a geodesic ¥ joining x and
y such that v is contained in the minimum set Min (f) of f.

Proof. By the preceding lemma there exist minimizing sequences
{p,} — 2 and {¢,} —y. If o, is the geodesic segment from p, to q,,
then Proposition 4.4 implies that, passing to a subsequence if necessary,
{o,} converges to a geodesic v joining « and y. By convexity foo, <
max {fp,, fq,}. Since the latter are minimizing sequences, we con-
clude that v & Min (f).

COROLLARY 11.4. If f 1is a conwvex function on a mon-parabolic
Visibility manifold M = H/D then any two distinct points of L(D)
are joined by a geodesic whose projection lies in the minimum set
Min (f). )

Proof. This follows immediately from Lemma 11.2 and Proposi-
tion 11.3.

COROLLARY 11.5. A Vusibility manifold M is parabolic if and
only if M admits a convex function without minimum.

Proof. If M is parabolic its Busemann function is a C' convex
function without minimum (Theorem 7.10). If M admits a convex
function without minimum, then by the preceding corollary L(D) is
a single point and M is parabolic.

Let f be a convex function with minimum on M. If ¢ is a geo-
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desic contained in Min (f), then f is trivially monotone decreasing
on o and hence on any asymptote of ¢. Also the Busemann function
of a parabolic manifold is monotone decreasing on the principal asymp-
tote class. Surprisingly, these are essentially the only ways that
the monotone decreasing relation can occur:

ProPOSITION 11.6. Let f be a convexr function on a Visibility
manifold M = H/D. If f is monotone decreasing on a geodesic 7,
then either

(1) M s parabolic and v is a principal asymptote, or

(2) f has a minimum and v 1is asymptotic to a geodesic o &

Min (f).

Proof. Let a be any lift of v to H, so fox is monotone decreasing
on «. Suppose (1) does not hold. Then either M is not parabolic or
M is parabolic and @(co) is not the unique element of L(D). In either
case there exists an x e L{D) different from «(-). By Lemma 11.2
the function fom is monotone decreasing on x. By Proposition 11.3
there is a geodesic g from x to @(co) such that @ = Min (foxw). Hence
v is asymptotic to 7.8 & Min (f).

We now consider some properties of core-compact manifolds. This
class is closed under Riemannian products and Riemannian coverings
of finite multiplicity. Parabolic manifolds are never core-compact,
since the latter implies full. On the other hand, an axial manifold
M is always core-compact since, as we have seen, if v is a closed
geodesic of smallest period then v(E) is totally convex.

The following result shows that f = d(-, YR), v as above, is typi-
cal of convex functions on M with compact minimum set.

PRrOPOSITION 11.7. Let M be an axial Visibility manifold and
let g be a convex function on M with compact mintmum set. Then

(1) g is monotone decreasing on a geodesic & if and only if «
18 asymptotic to a closed geodesic,

(2) g is constant on a geodesic & if and only if @ is equivalent
to a closed geodesic,

(3) if Axiom 2 holds, g is constant on « if and only if « is
the unique closed geodesic of M.

Proof. (1) If g is monotone decreasing on « then go7 is monotone
decreasing on a lift B8 of a. Since gox satisfies the hypotheses in
the lemma below, we conclude that B(w) € L(D); that is, B(e) is an
axial endpoint. Hence a is asymptotic to a closed geodesic. The
converse is immediate since a convex function is necessarily constant
on a closed geodesic. The proof of (2) is similar, and (3) follows
from (2).
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The following may be considered a partial converse to Lemma
11.2.

LEMMA 11.8. Let f be a convex function with minimum on H,
and suppose there is a compact set K wn H such that DK 2 Min {f).
If f is monotone decreasing on ® € H(w), then x¢e L(D).

Proof. Let a be a geodesic from a point p € Min (f) to z. Assume
2eO(D). Thus there is a neighborhood U of x in H such that
D(p) N U = []. By the intensive property of the cone topology there
is a neighborhood V of x such that DK NV =[]. For large », we
have a(r) € V; thus f is not monotone decreasing on « and hence not
on 2.

Let M be a complete K <0 manifold. With terminology close to
that of [3] we say that an asymptote class y e A(M) is principal if
y is almost minimizing and every convex function on M is monotone
decreasing on .

The notion of vertex set defined in §10 remains valid for M,
namely V(M) = 7,(L(D) N 0,D) & M(c).

REMARK 11.9. Every vertex of M is a principal asymptote class.
This follows immediately from Lemma 11.2 and Proposition 7.4. (See
also Proposition 11.15.)

For a parabolic Visibility manifold M the vertex mz is the only
principal asymptote class, since by Axiom 1 the Busemann function
of M is monotone decreasing only on 7z.

PROPOSITION 11.10. Let M be a complete K < 0 manifold. Then
M s core-compact if and only if M has wo principal asymptote classes.

Proof. If M is compact, the assertion holds trivially, so we may
assume M is noncompact. If M is core-compact with compact totally
convex set A, then f = d(., A) is a convex function that is unbounded
on any divergent curve, hence M contains no principal asymptote
classes.

Suppose ncw that M is not core-compact, so every (nonempty)
totally convex set is noncompact. We will show that M has a prin-
cipal asymptote class. Fix pe M, and for each convex function f
on M let K(f) be the set of vectors v S(p) such that the geodesic
ray 7, is minimizing and f is monotone decreasing on 7,. Previous
arguments show that K(f) is a closed set; we assert that it is non-
empty. By hypothesis the minimum set of f is either empty or
noncompact. In either case there exists a divergent sequence {p,}
in M such that f(p,) < f(p). Let o, be a minimizing geodesic segment
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from p to p,. Arguing as in the proof of Lemma 11.1 we see that
every accumulation point of {¢,(0)|n = 1} in S(p) lies in K(f).

We must show that some unit vector v is contained in every
K(f). Since each K(f) is a closed nonempty subset of the compact
space S(p), it suffices to show that {K(f): f convex on M} has the
finite intersection property. Given convex functions f,, -+, f, we set
g = Xe’i, Then g is a positive convex function, and as shown above
there exists a minimizing geodesic ray o starting at » on which g is
monotone decreasing. Thus each e¢/i, and also each f;, is bounded on
©0 hence monotone decreasing. Therefore p’(0) € N K(f3).

The major argument above makes no use of the curvature hy-
pothesis K < 0. In fact, it shows that if an arbitrary complete
Riemannian manifold contains no compact totally convex sets then
from each point there is a minimizing ray on which every convex
function is monotone decreasing.

COROLLARY 11.11. If M = H/D is a core-compact Visibility mani-
fold, then (1) L,(D) = L(D), and (2) every almost minimizing geode-
sic i M s ulttmately minimizing.

Proof. (1) By the preceding Proposition, M has no principal
asymptote classes and hence no vertices. But this means that L(D) N
0,(D) is empty, that is, L(D) < L,(D). We have seen that the reverse
inclusion holds for a Visibility manifold. (2) follows from (1) by the
initial results in §7.

Note that since M has no vertices its asymptotic closure J is a
manifold with boundary F(M).

Many Riemannian manifolds N do not admit nonconstant convex
functions; this is the case if N is compact or more generally if N has
finite volume (Proposition 2.2 of [3]). The following result shows
there are many complete K < 0 manifolds with infinite volume which
do not admit nonconstant convex functions (see the example following
Corollary 10.5).

COROLLARY 11.12. If M = H/D is a (complete, K < 0) manifold
with L(D) = H(o), then every convex function on M is constant.

Proof. Let f be a convex function on M. By Lemma 11.2 the
funetion fom is monotone decreasing on every wxe€ L(D) = H(eo).
Thus forw is constant on every geodesic of H; hence fox and f are
constant.

The converse may well be true, at least for Visibility manifolds,
however we have been able to prove it (in Proposition 11.15) only for
special cases.
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LEMMA 11.13. If H has constant negative curvature or if H 1is
two-dimensional and satisfies Axiom 1, then each point of H(co) has
arbitrarily small neighborhoods U such that H — U 1is convez.

Proof. Let C(v, ¢) be a cone neighborhood of x = 7,(c0). By the
Visibility property, there exists an » > 0 such that the open halfspace
U = C(vy(r), #/2) is contained in C(v, ¢). The boundary of U in H is
the submanifold exp (v') which under the hypotheses on H (though
not in general) is totally geodesic. This implies that H — U is con-
vex.

When the conclusion of this lemma holds we obtain the converses
of several earlier results, starting with Lemma 11.2:

LEMMA 11.14. If H satisfies the conclusion of the preceding
Lemma, then xe€ L(D) if and only if every D-invariant convex func-
tion on H is momnotone decreasing on .

Proof. It suffices to show that if xe O(D), then there is a D-
invariant convex function that is unbounded on x. Fix pe H. By
hypothesis there is a neighborhood U of x such that D(p) N U = ]
and H — U is convex. Let A = N{p(H — U):pcD}. Then A is a
D-invariant convex set, and pc A. If « is the geodesic from p to
x, then for large » we have a{r)e US H — A. Hence f = d(-, A) is
the required function.

Note the following refinement. If L(D) % H(e), choose such a
neighborhood U, for every x € O(D) and redefine A to be N{p(H— U,):
®eD,xeO(D)}. Then f = d{., A) is unbounded on every ze O(D),
hence the induced convex function on M = H/D is unbounded on
every asymptote class y e F(M), faces of M.

The three assertions in the following proposition improve Remark
11.9, Proposition 11.10, and Corollary 11.12 respectively. The asser-
tions are valid for Visibility manifolds of constant curvature or dimen-
sion 2, and we consider it likely that they hold for all Visibility
manifolds.

PRoOPOSITION 11.15. Let M = H/D be a Visibility manifold satis-
fying the conclusion of the preceding lemma. Then

1. The vertices of M are exactly the principal asymptote classes
of M.

2. M has no vertices (i.e. LD = L,D) if and only of M is core-
compact.

3. M has no faces (i.e. LD = H()) if and only if every convex
fumnction on M 1is constant.



108 P. EBERLEIN AND B. O’NEILL

Proof. (1) is clear, since the hypothesis implies the converse of
Remark 11.9. Thus (2) becomes a restatement of Proposition 11.10.
The hypothesis also shows that if L(D) # H(oo) there is a D-invariant
convex function on H that is unbounded. Thus the converse of Corol-
lary 11.12 is true, proving (3).

ExampLE 11.16. In [4], page 198, Busemann has given two
interesting examples of complete K = —1 surfaces; see also [7]. Each
is diffeomorphically a punctured torus, hence is noncompact with one
end. The surfaces are given as H/D, where D is a free group gen-
erated by two axial isometries with orthogonal axes. Being punctured
tori they are necessarily fuchsian (§9), however their other geometric
properties are quite dissimilar.

(1) Surface A may be visualized as a torus with a contracting
tube. A has finite area hence no faces, and thus every convex func-
tion on A is constant. A has exactly one vertex v, hence {v} is the
end of A; it follows that v is ultimately minimizing. The commuta-
tor of the generators is parabolic (with fixed point projecting to wv),
hence A is not full. Its asymptotic closure A is a torus (add the
vertex v = A(e) to the end of the tube).

(2) Surface Bis a torus with an expanding tube. B has exactly
one face, hence infinite area. Examination of a fundamental domain
of D shows that B contains a compact totally convex set whose
boundary is a closed geodesic (neck of the expanding tube). Thus B
is core-compact, full, and has no vertices. Its asymptotic closure B
is a torus with open disc deleted (add the face B(eo)a~ S' to the
end of the tube).
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