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CONVEXITY AT INFINITY AND
BOUNDED HARMONIC FUNCTIONS

ALBERT BORBELY

It is shown that a complete simply connected negatively curved manifold supports
nontrivial bounded harmonic functions if the singular set of the ideal boundary is
disconnected.

0. INTRODUCTION

Harmonic functions on complete simply connected manifolds with negative curva-
ture bounded away from 0 have been studied for some time. If the manifold has pinched
negative curvature, that is, all the sectional curvatures lie between two negative con-
stants, several basic questions have been solved [2, 3, 4, 5, 7, 10, 11]. However, in
the general situation the existence of nontrivial bounded harmonic functions is still an
open problem.

Throughout the paper let M be a complete simply connected manifold with sec-
tional curvatures k¥ < —1. There is a natural compactification M = M U Seo (M) of
such a manifold, where S..(M) denotes the ideal boundary and the topology is the
usual cone topology (for details see [8]). In this situation the only existence theorem
for nontrivial bounded harmonic functions is due to Choi [7] and it may be formulated
as follows.

THEOREM A. Let M be a complete simply connected manifold with sectional
curvatures k < —1. Assume that M can be written as a nontrivial union of two convex
sets, that is, there are proper convex subsets F, and Fy of M such that M = F, UF,.
Then there is a nontrivial bounded harmonic function on M .

While the condition of Theorem A is always satisfied on a manifold M with pinched
negative curvature [3] (or if the curvature has an exponential growth [5]), in general
this is not the case. It was shown recently, that there are complete simply connected
manifolds with sectional curvature k < —1 and a point P on the ideal boundary with
the property that the convex hull of every neighbourhood of P is the whole manifold
(see [1, 6]). Moreover, there are manifolds such that every point on the ideal boundary
has this property [1]. Clearly, Theorem A cannot be applied to the latter.
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We call a point P € So(M) on the ideal boundary singular if it has the above
property, that is, the convex hull of every neighbourhood of P is the whole manifold.
The singular set, S(M), of M is the collection of singular ideal points. Clearly, the
singular set must be closed in the cone topology. The aim of this note is to prove the
following theorem about the singular set and harmonic functions.

THEOREM 1. Let M be a complete simply connected manifold with sectional
curvatures k < —1. Assume that the singular set S(M) of M is disconnected. Then

(a) the manifold supports nontrivial bounded harmonic functions.
(b) the interior (in Soo(M)) of S(M) is empty.

For the proof of Theorem 1 we rely heavily on the following lemma. The proof will
be given at the end of the paper.

LEMMA 1. Let M be a complete simply connected manifold with sectional curva-
n
tures k < —1. Let Fy,...,F, C M be convex sets, F = | ) F; and denote by Chull (F)

=1

the closed (in M ) convex hull of F'. Then there is a constant C' depending on the sets
Fi,...,F,, such that for every P € Chull (F), dist(P,F) < C +1n(n).

Of course, the nontrivial part is when the sets Fj,...,F, are unbounded. This
shows that the convex hull of finitely many convex sets is not much larger than the
union of the sets. Namely, the convex hull cannot contain “new” ideal points, that is

n

cl(Chull{Fy, ..., Fu}) N Sao(M) = | (el (Fi) N So (M),
i=1
where cl (K) denotes the closure of K in M.

1. PROOF OF THEOREM 1

Since we are going to work on the ideal boundary it will be convenient to introduce
the following notation. For a set F' C M we denote by F,, the ideal part of F, that
is, Foo = FN Soo(M).

In the proof of Theorem 1 we are going to use the following proposition.

PROPOSITION 1. Let A C Soo(M) be an open subset of Soo(M) and F C M
be a closed convex set such that Fo, D OA, where 3A denotes the boundary of A in
Soo(M). Then there is a closed (in M ) convex set F’ D FUA such that F\, = AUF.

PROOF OF PROPOSITION 1: Since we are working on the compactified manifold
M we adopt the convention that geodesics will include their initial and terminal ideal
points. Recall also that since the curvature is bounded away from 0 there is always a
unique geodesic connecting two ideal points (see [8]).
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Define F' C M to be the collection of (not necessarily finite) geodesic segments
with initial and terminal points in AU F. Since AU F is closed in M it is obvious
that F” is closed as well and that F), = Fo U A.

It remains to show that F’ is convex. Let P,Q € F' be two arbitrary points, ideal
or otherwise. This means that there are points ay,az,b1,b2 € AU F such that P and
Q lie on the geodesic segments [a;,az] and [b1, bs], respectively. We want to show that
the geodesic segment [P, Q] lies in F’. Essentially there are three cases to consider:

(a) a1,by € A and ay,b, € F,
(b) ai1,b1,a2 € A and by € F,
(C) alraZ’blab2 €EA.

The rest of the cases can be easily reduced to these three.

Case (a). If P = a3 and Q = by then we are done. Therefore, without loss
of generality, we may assume that P # ay. Consider the family of geodesic rays with
initial point a, passing through the points of the geodesic segment [P, Q]. The terminal
points of these rays trace out a continuous curve in S, (M) issuing from a;. If this
curve remains in the set A then by definition [P,Q] C F’ and we are done. Otherwise,
denote by P’ the first point on [P, Q] (the point closest to P) such that the geodesic
segment through P’ (with initial point ay) terminates in 3A. By definition the geodesic
segment [P, P’) C F’ and since A C F we see that P’ € F. If Q = by then we are
done. Otherwise, repeat the previous procedure with by and @ in place of a; and P.
Then we have the point Q' € [P’,Q] such that Q' € F and [Q',Q] € F’. Since F is
convex we conclude that [P, Q'] C F which completes the proof of case (a).

Case (b). Without loss of generality we may assume that P # a;. Similarly to
the previous case we consider the family of geodesic rays with initial point a; passing
through the points of the geodesic segment [P,Q]. The terminal points of these rays
trace out a continuous curve on S, (M) issueing from ay. If this curve remains in the
set A then by definition [P,Q] C F’ and we are done. Otherwise, denote by P’ the
first point on [P, Q] (the point closest to P) such that the geodesic segment through
P' (with initial point a;) terminates in A and denote by a) this terminal point. By
definition the geodesic segment [P, P’] C F’'. Since aj € F we can apply the previous
argument (case (a)) to show that [P’,Q] C F' which completes the proof of case (b).

Case (c). Again, without loss of generality we may assume that P # a;. By
repeating the above argument, we can produce an ideal point a, € F and a point
P' € [P,Q] such that P’ € [a1,a5] and [P,P'] C F'. Then, by case (b), we have
[P’,Q) € F' which concludes the proof of case (c) and the proposition as well. 0

The set F' constructed above is actually the closed convex hull of F N A.

PROOF OF THEOREM 1: Since S(M) C So(M) is disconnected there are open
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sets A, B C Seo (M) such that ANB =0, S(M) C AUB and ANS(M), BNS(M) # 0.
Let K = 0A denote the boundary of A. Then K C S,o(M) is a compact subset and
every point of K is nonsingular. This means that for every point of K there is an open
neighbourhood (in M ) whose convex hull is not the whole manifold. By selecting a finite
covering we have finitely many closed convex sets (in M ), denoted by Fy,....,F, c M,

—_— n
such that F; # M ,for i =1,...,n and K C |J F;. Without loss of generality we may
=1

assume that it is a minimal covering of K, that is, K ¢ |J F;, for j =1,...,n. Let
" - >

F= cl(Chull( U F,-)) denote the closed (in M) convex hull of these sets. According
i=1

to Lemma 1 we have
n
Foo = |J (F))o.
i=1

We claim that F = M. Otherwise there is an open set G C Soo(M) such that
FNG = 0. By shrinking G if necessary, we may assume that either GN A = § or
G C A. Let us suppose first that G N A = @. Then, by Proposition 1, we have a
closed convex set F' C M such that AUF C F’ and F!, = AU F. This implies
that F' NG = 0, that is, F/ # M. On the other hand F' is convex and contains an
open neighbourhood of any point in A which clearly contradicts the assumption that
A contains a singular point. If G C A then we can repeat the same argument with the
exterior of A instead of A and arrive at the same contradiction.

The fact that F = M implies that

n

(1'1) U (Ft)oo = S (M), n > 2.

=1

First we prove part (a). Let F, = F; and Fp = cl(Chull( U Fi)) be closed convex
i=2

o and since {Fy,...,F,} was

subsets of M. By Lemma 1 we have (Fy) = U (F;)
i=2

a minimal covering of K, we see that K ¢ Fp, that is, F, # M. This shows that F,
and Fy are proper closed convex subsets of M. On the other hand (1.1) implies that
(Fa)oo YU (Fb) oy = Sco(M). Since F, and F, are closed convex sets a simple argument
shows that F, UF, = M. The existence of nontrivial bounded harmonic functions then
follows from Choi’s theorem, Theorem A.

The proof of part (b) is easy. Suppose that int (S(M)) # @. Then, by (1.1)
and the well known theorem of Baire it follows that for some 1 < ¢ € n we have
int (F;) N S(M) # 0. Since F; contains a singular point in the interior it implies that
F; = M which is a contradiction. This completes the proof of part (b) and the theorem
as well. a0

https://doi.org/10.1017/50004972700030732 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700030732

(5] Bounded harmonic functions 67

2. PROOF oF LEMMA 1

PROOF OF LEMMA 1: By an approximation theorem of Greene and Wu [9, Propo-
sition 2.2] we may assume that each OF; is smooth. Let h; : M — R* be the
reparametrised distance function to F;, that is, for P € M, h;(P) = f(0:(P)), where
f(t) =1—e7t and g;(P) = dist(P, F;). Then for the differential and the Hessian of h;
we have

(2.1) dh; = f'de;,  D?h; = f"do; ® dos + f'D*u;.

Denoting h = hy + ... + h,, we shall show that for a sufficiently small ¢ > 0
the set F = {P € M : h(P) < n — ¢} is convex. This implies the theorem because
Chull (F) C F and for every P€ M, h(P) = n — ¢ we have the following inequality

(2.2) 1n§ < dist(P,F) < In g

We prove the convexity of F by showing that oF , which is the level set h =n—¢,
has positive definite second fundamental form.
Let o > 0 be a fixed “small” angle such that

(2.3) sinfa<1/2  and cos® a > 3/4.

Then, due to the negativity of the sectional curvatures, from a large enough distance
C1 (which depends only on the upper bound of the curvature, £ < —1) the viewing
angle of every convex set will be less than «/3, as measured by the maximal angle
subtended by two points in the set. By selecting a point P; € F; from each convex set
we can find a distance C; such that the viewing angle of the set {P,,..., P} is smaller
than a/3 from this distance. Combining these together we have that from the distance
max{Cj, Cz} the viewing angle of F is less than a.

This means, in view of (2.2), that there is € > 0 such that for every point P € M
for which h(P) =n — ¢ we have £(Vh;(P), Vh;(P)) < a which implies that

L(Vh;(P),Vh(P)) < a.
Here the symbol £(Vh;(P),Vh;(P)) stands for the angle of the gradient vectors
Vhi(P), Vh;(P).
Let X € TpM now be a unit vector tangent to the level set h = n — ¢, that is,
dh(X) = 0. From the inequality above it follows that X is almost tangent to the level
sets of g; passing through P, that is,

(2.4) dpi(X) < sina.
On the other hand standard arguments, involving Jacobi fields, show that the level
sets of g; have a definite convexity, that is, denoting by A; the second fundamental
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form of the level set g; = r we have A; > tanh (r)Id, where Id denotes the identity.
Let C3 be a constant, such that for r > C3 we have tanh(r) > 2/3 and set C =
max{Ci,Cs,C3}. Then for a small enough £, such that In(1/¢) = C (or equivalently
if r =dist(P,F) > C see {2.2)), in view of (2.3) and (2.4), we have

D?p;(X,X) > tanh (r)cos®’a > 1/2, i=1,2,...,n

This, together with (2.1), (2.3) and (2.4), implies that D2h;(X,X) > 0 for i =
1,...,n, therefore D2h(X,X) > 0, which concludes the proof of the theorem. 0

REMARK. If ﬂ F; # @ then the constant C in Lemma 1 will depend only on the upper
=1

bound of the curvature From the proof it is obvious that C depends only on Ci,C,
and C3. Out of these C3 is an absolute constant and C; depends only on the upper

n n
bound of the sectional curvatures. In case [ F; # 0 let P € [ F; be any point and
1=1 1=1

set P,= P for i =1,...,n. Then we can choose Cy = 0.
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