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TOPOLOGY OF COMPLETE FINSLER MANIFOLDS
ADMITTING CONVEX FUNCTIONS

SORIN V. SABAU AND KATSUHIRO SHIOHAMA

We investigate the topology of a complete Finsler manifold (M, F) admit-
ting a locally nonconstant convex function.

1. Introduction

Let (M, F) be an n-dimensional Finsler manifold. The well-known Hopf—Rinow
theorem (see for example [Bao et al. 2000]) states that M is complete if and only if
the exponential map exp,, at some point p € M (and hence for every point on M)
is defined on the whole tangent space T, M to M at that point. This is equivalent to
saying that (M, F) is geodesically complete with respect to forward geodesics at
every point on M. Throughout this article we assume that (M, F) is geodesically
complete with respect to forward geodesics.

A function ¢ : (M, F) — Ris said to be convex if and only if along every (forward
and backward) geodesic y : [a, b] — (M, F), the restriction p oy : [a, b] > Ris a
convex function, that is,

(I-1)  goy((I—=ta+rib)<(—-tgpoy(a)+ipoy®), 0=ir=l

If the inequality in the above relation is strict for all y and for all A € (0, 1),
then ¢ is called strictly convex. If the second order difference quotient, namely
the quantity {¢p oy (h) —poy(—h) —2¢po ¥ (0)}/h? is bounded away from zero
on every compact set on M along all y, then ¢ is called strongly convex. In the
case where ¢ is at least C?, its convexity can be written in terms of the Finslerian
Hessian of ¢, but we do not need to do this in the present paper.

If ¢ o y is a convex function of one variable, then the function ¢ o y is also
convex, where y is the reverse curve of y. We recall that in general, if y is a
Finslerian geodesic, it does not mean that the inverse curve y is also a geodesic.

Every noncompact manifold admits a complete (Riemannian or Finslerian) metric
and a nontrivial smooth function which is convex with respect to this metric (see
[Greene and Shiohama 1981b]).
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If a nontrivial convex function ¢ : (M, F) — R is constant on an open set, then
@ assumes its minimum on this open set and the number of components of a level
set M4 (¢) := ¢~ '({a}), a > inf,; ¢ is equal to that of the boundary components of
the minimum set of ¢. Here we denote inf,, ¢ :=inf{p(x) | x € M}.

A convex function ¢ is said to be locally nonconstant if it is not constant on any
open set of M. From now on we always assume that a convex function is locally
nonconstant.

The purpose of this article is to investigate the topology of complete Finsler
manifolds admitting (locally nonconstant) convex functions ¢ : (M, F) — R. Convex
functions on complete Riemannian manifolds have been fully discussed in [Greene
and Shiohama 1981b] and elsewhere. Although the distance function on (M, F) is
not symmetric and the backward geodesics do not necessarily coincide with the
forward geodesics, we prove that most of the Riemannian results in [Greene and
Shiohama 1981b] have Finsler extensions, as stated below.

We first discuss the topology of a Finsler manifold (M, F) admitting a convex
function ¢.

Theorem 1.1 (compare [Greene and Shiohama 1981b, Theorem F]). Assume we
have a convex function ¢ : (M, F) — R all of whose level sets are compact.

(1) If inf,; ¢ is not attained, there exists a homeomorphism
H : M (¢) x (infy,; ¢, 00) = M,
for an arbitrary fixed number a € (inf,; ¢, 00), such that
@(H(y,0) =1, VyeMg(p), Vie(infy ¢, 00).
(2) If A :=infy,; ¢ is attained, then M is homeomorphic to the normal bundle over
M} (p) in M.
Next, we discuss the case where ¢ has a disconnected level.

Theorem 1.2 (compare [Greene and Shiohama 1981b, Theorem A]). Assume the
convex function ¢ : (M, F) — R has a disconnected level set M{(¢) for some
cep(M).

(1) The infimum inf,, ¢ is attained.

(2) If » :=inf,; ¢, then M i\ (@) is a totally geodesic smooth hypersurface which is
totally convex without boundary.

(3) The normal bundle of Mf (@) in M is trivial.

(4) Ifb > A, then the boundary of the b-sublevel set M (p) :=={x € M | ¢(x) < b}
has exactly two components.
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The diameter function § : ¢(M) — R plays an important role in this article and
is defined by

(1-2) 8(r) :=supld(x, y) | x, y € M{(p)}.

Sharafutdinov [1978] had proved earlier the existence of a distance nonincreasing
map M f,’ (¢) = M (p), b > a, between two compact levels of a convex function ¢
on a complete Riemannian manifold (M, g).

It is known from [Sharafutdinov 1978] and [Greene and Shiohama 1981b] that
the diameter function § of a complete Riemannian manifold admitting a convex
function is monotone nondecreasing. However it is not certain if it is monotone on
a Finsler manifold. In Theorem 1.1, we do not use the monotone property but only
the local Lipschitz property of § which is proved in Proposition 3.3.

We finally discuss the number of ends of a Finsler manifold (M, F') admitting a
convex function ¢. As stated above, the diameter function §, defined on the image of
the convex function ¢, may not be monotone. It might occur that a convex function
defined on a Finsler manifold (M, F) may simultaneously admit both compact and
noncompact levels. This fact makes it difficult to study the number of ends of the
manifold (M, F). However, we shall discuss all the possible cases and prove:

Theorem 1.3 (compare [Greene and Shiohama 1981b, Theorems C, D and G]). Let
¢ : (M, F) = R be a convex function.

(A) Assume that ¢ admits a disconnected level.

(A1) Ifall the levels of ¢ are compact, then M has two ends.

(A2) If all the levels of ¢ are noncompact, then M has one end.

(A3) If both compact and noncompact levels of ¢ exist simultaneously, then M
has at least three ends.

(B) Assume that all the levels of ¢ are connected and compact.
(B1) If inf,; ¢ is attained, then M has one end.
(B2) If inf,; ¢ is not attained, then M has two ends.
(O) If all the levels are connected and noncompact, then M has one end.
(D) Assume that all the levels of ¢ are connected and that ¢ admits both compact
and noncompact levels simultaneously. Then we have:
(D1) If inf,; ¢ is not attained, then M has two ends.
(D2) If inf,; ¢ is attained, then M has at least two ends.

(E) Finally, if M has two ends, then all the levels of ¢ are compact.

Remark 1.4. The supplementary condition that all of the levels of ¢ are simultane-
ously compact or noncompact in the hypothesis of Theorem 1.1 is necessary because
we have not proved that the diameter function é is monotone nondecreasing for a
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Finsler manifold. If this property of monotonicity were true, then this assumption
could be removed.

We summarize some historical background of convex and related functions on
manifolds, G-spaces and Alexandrov spaces. Locally nonconstant convex functions,
affine functions and peakless functions have been investigated on complete Rie-
mannian manifolds and complete noncompact Busemann G-spaces and Alexandrov
spaces in various ways. The topology of Riemannian manifolds admitting convex
functions was investigated in [Bangert 1978; Greene and Shiohama 1981b; 1981a;
1987], and that of Busemann G-surfaces in [Innami 1982a; Mashiko 1999b]. It
should be noted that convex functions on complete Alexandrov surfaces are not
CONtINUOUS.

A weaker notion than convex functions similar to quasiconvex functions, namely
peakless functions, has been introduced by Busemann [1955], and studied later on
in [Busemann and Phadke 1983] and [Innami 1983]. The topology of complete
manifolds admitting locally geodesically (strictly) quasiconvex and uniformly lo-
cally convex filtrations have been investigated by Yamaguchi [1986a; 1986b; 1988].
The isometry groups of complete Riemannian manifolds (N, g) admitting strictly
convex functions have been discussed in [ Yamaguchi 1982] and other places. A well
known classical theorem due to Cartan states that every compact isometry group on
an Hadamard manifold H has a fixed point. This follows from the simple fact that
the distance function to every point on H is strictly convex. Peakless functions and
totally geodesic filtrations on complete manifolds have been discussed in [Innami
1983; Busemann and Phadke 1983; Yamaguchi 1986a; 1986b; 1988] and others.

A convex function is said to be affine if and only if the equality in (1-1) holds for
all y and for all A € (0, 1). A splitting theorem for Riemannian manifolds admitting
affine functions has been investigated in [Innami 1982b], while Alexandrov spaces
admitting affine functions have been studied in [Innami 1982b; Mashiko 1999a;
Mashiko 2002]. An overview on the convexity of Riemannian manifolds can be
found in [Burago and Zalgaller 1977].

The properties of isometry groups on Finsler manifolds admitting convex func-
tions will be discussed elsewhere. For basic facts on Finsler and Riemannian
geometry, we refer to [Bao et al. 2000; Chern et al. 1999; Cheeger and Ebin 2008;
Sakai 1992].

2. Fundamental facts

We summarize some fundamental facts on convex sets and convex functions on
a Finsler manifold (M, F). Most of these are trivial in the Riemannian case, but
we consider it useful to formulate and prove them in the more general Finslerian
setting.
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Let (M, F) be a complete Finsler manifold. At each point p € M, the indicatrix
¥, CT,M at pis defined by ¥, :={u € T,M | F(p, u) = 1}. The reversibility
function A : (M, F) — R™ of (M, F) is given as

AMp) :=sup{F(p,—X)| X € X,}.

Clearly, A is continuous on M and

F(p,—X)
T | X e T,,M\{O}}.

Let C C M be a compact set. There exists a constant A(C) > 0 depending on C
such that if p € C and X € X, then

1
mF(p, X) < F(p, =X) =AC)- F(p, X).

In particular, if ¢ : [0, 1] — C is a smooth curve, then the integral length

Alp) = max{

1
L(o) :=/ F(o(t),0(t))dt
0

of o satisfies 1

— L <L H<a -L(o0).
) (0) <L(0™") =A(C)-L(o)
Here we set o0~ (¢) := o (1 —t), where ¢ € [0, 1] is the reverse curve of o.
It is well known that the topology of (M, F) as an inner metric space is equivalent
to that of M as a manifold. For a compact set C C M, the inner metric dr of (M, F)
induced from the Finslerian fundamental function has the property
1
A(C)
Let inj: (M, F) — R be the injectivity radius function of the exponential map.
Namely, for a point p € M, inj(p) is the maximal radius of a ball, centered at the
origin of the tangent space T, M at p, on which exp,, is injective.
A classical result due to J. H. C. Whitehead [1935] states that there exists a
convexity radius function r : (M, F) — R such that if

dr(p,q) <dr(q,p) <X(C)-dr(p,q), Vp,qeC.

B(p,r)y:={xeM|d(p,x)<r}

is an r-ball centered at p, then for every g € B(p, r(p)) and for every r’ € (0, r(p)),
B(q,r") C B(p,r) is strongly convex. Namely, the distance function to ¢ is strongly
convex along every geodesic in B(g, r") with r’ € (0, r(p)) if its extension does
not pass through q.

A closed set U C M is called locally convex if and only if U N B(p, r) is convex
for every x € U and for some r € (0, r(p)). Notice that this definition is stated only
for closed sets, since every open set is obviously locally convex.
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o(y)

@(x)

18] dx,y) d(y,x)

Figure 1. A convex function is locally Lipschitz.

A set V C M is called fotally convex if and only if every geodesic joining two
points in V is contained entirely in V. A closed hemisphere in the standard sphere
S§" is locally convex and an open hemisphere is strongly convex, while S" itself is
the only totally convex set in it. If it exists, the minimum set of a convex function
on (M, F) is totally convex.

Proposition 2.1. A convex function ¢ : (M, F) — R defined as in (1-1) is locally
Lipschitz.

Proof. Let C C M be an arbitrary fixed compact set and C; :={x e M | d(C, x) <1}.
Here we set d(C, x) := min{d(y, x) | y € C}. For points x, y € C; we denote by

Yoy 1[0, d(x, I = M, yy 1 [0,d(y, )] > M
minimizing geodesics with
ny(o) =X, ny(d(x7 )=y,
Vyx(o) :y’ Vyx(d(%x)):x-

The slope inequalities along the two convex functions ¢ o ¥xylj0,4(x,y)+1] and
® o Yyxl[0.d(y.x)+17 imply that, if A := sup., ¢ and A := infc, ¢ (see Figure 1),
then
e —e) _ p(x) —p(y) < A—»
d(x,y) d(y,x)

It follows that there exists a constant L = L(C) > 0 such that

k)

Sup{ d(x,y)

A0 x) ‘x,yeC}fL,
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and therefore we have

px) = | 1O —ex)
dix,y) "'l d(y, x)
Proposition 2.2. If C C (M, F) is a closed locally convex set, then there exists a

k-dimensional totally geodesic submanifold W of M contained in C, and its closure
coincides with C.

= L(A—-A). O

Proof. Letr : (M, F) — R be the convexity radius function. For every point p € C
there exists a k(p)-dimensional smooth submanifold of M which is contained
entirely in C and such that k(p) is the maximal dimension of all such submanifolds
in C, where 0 < k(p) < n. At least {p} is such a submanifold, with dimension 0.

Let K C M be a large compact set containing p and r(K) the convexity radius
of K, namely r(K) :=min{r(x) | x € K}. We also put k := max{k(p) | p € C}.

Let W(p) C C be a k-dimensional smooth submanifold of M. Suppose that
W(p)NB(p;r) ; C N B(p; r) for a sufficiently small r € (0, r(K)). Then there
exists a point g € B(p; r) N (C\ W(p)). Clearly y,,(0) is transversal to T, W (p),
and hence a family of minimizing geodesics

{Vxqg :[0,d(x,q)] —> B(p;r) | x e W(p)NB(p; r)}

with y,,(0) = x, yxy(d(x, q)) = g has the property that every y,(0) is transversal
to T,W(p). Therefore, this family of geodesics forms a (k + 1)-dimensional
submanifold contained in C, a contradiction to the choice of k. This proves
W(p)N B(p;r) = C N B(p;r) for a sufficiently small » € (0, 7(K)). We then
observe that |_J peC W(p) =: W C C forms a k-dimensional smooth submanifold
which is totally geodesic. Indeed, for any tangent vector v to W, there exists p € C
such that v € T, W (p), and due to the convexity of C, the geodesic y, : [0, e] - M
cannot leave the submanifold W.

We finally prove that the closure W of W coincides with C. Indeed, suppose
that there exists a point x € C \ W. We then find a point y € W \ W such that
d(x,y)=d(x, W) <r(K). If

Yay(d(x,y)) € TyW := y&liny Ty, M,
then yy, (d(x, y) +¢&) € W for a sufficiently small ¢ > 0. Let U C WN B(x, r(K))

be an open set around y,,(d(x, y) +¢).
Then a family of geodesics

(2-1) {rxz 110, d(x,2)] = B(x; r(K)) |z € U}

forms a k-dimensional submanifold contained in W and hence y € W, a contradiction
to y € W\ W. Therefore, y,,(d(x, y)) does not belong to 7, W, and (2-1) again
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w B(x, r(K))

Figure 2. The closure W of W coincides with C.

forms a (k + 1)-dimensional submanifold in C, a contradiction to the choice of k
(see Figure 2). O

Let C C M be a closed locally convex set and p € C. There exists a totally
geodesic submanifold W C C as stated in Proposition 2.2. We call W the interior
of C and denote it by Int(C). The boundary of C is defined by 0C := C \ Int(C),
and the dimension of C is defined by dim C := dimInt(C). The tangent cone
%6,(C) CT,M of C at a point p € C is defined by

(2-2) €,(C):={eT,M| exp, t& € Int(C) for some ¢ > 0}.

Clearly, €,(C) = T, Int(C) \ {0} for p € Int(C).

We also define the tangent space T,C of C ata point p € dC as lim,,_, , T, Int(C).
We claim that there exists for every point p € dC an open half space T,Cy C T,C
containing 6, (C):

(2-3) ©,(C) C T,Cy C T,C := lim T,Int(C), g € Int(C).
q—>p

Indeed, for any points p € 0C and g € B(p; r(K)) NInt(C), consider a minimizing
geodesic y,, : [0,d (g, p)] — B(p; r(K)). Suppose that there is a point g € Int(C)
such that z := y,,(d(q, p) +¢) € C for a sufficiently small ¢ > 0. We then have
Yqp(d(q, p)) € T,C, and hence the tangent cone 6,(C) as obtained in (2-2) is
contained entirely in 7}, C, a contradiction to the choice of p € dC. From the above
argument we observe that if p € dC, then there exists a hyperplane H, C T,C such
that 6 ,(C) is contained in a half space T,(C)4 C T,C bounded by H),.
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(M, F)

B(p. r(p)) exp,, (Hp)

M (p)

Figure 3. An atlas of local charts at an arbitrary point p € M (¢).

Proposition 2.3. Let ¢ : (M, F) — R be a convex function. Then, M (¢) is an
embedded topological submanifold of dimension n — 1 for every a > inf; ¢.

Proof. Let p € M{(¢) and g € B(p; r(p)) NInt(M“(¢)). There exists a hyperplane
H, C T,M such that

Hp = 8Tp(Ma((p))+ and (gp(Ma((p)) C Tp(Ma((p))+-

Every point x € exp,(Hp) N B(p; r(p)) is joined to g by a unique minimizing
geodesic y,, : [0,d(g, x)] — M such that y,,(0) = g, y4x(d(q, x)) = x. Then
there exists a unique parameter f(x) € (0, d(q, x)] such that M?(¢) N B(p; r(p))
contains Y, (t(x)). Let By (O; r(p)) be the open r(p)-ball in H, centered at the
origin O of M. We then have a map o, : By (O; r(p)) — M (¢) such that

ap() = yuc(t(x)), ue€Bu(O;r(p)), exp,u=x.

Clearly, o, gives a homeomorphism between By (O;r(p)) and its image in
M (¢). Thus the family of maps {(By(O; r(p)),ap) | p € MJ(¢)} forms an atlas
of M{(¢) (see Figure 3). O

3. Level sets configuration

We shall give the proofs of Theorems 1.2 and 1.3. The following lemma is elemen-
tary and useful for our discussion.

Lemma 3.1. Let ¢ : (M, F) — R be a convex function. If M (¢) is compact, then
50 IS Mf () for all b > a. If M (@) is noncompact, then so is Mbb(go) forall b < a.
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Proof. First of all we prove that if M (¢) is compact, then so is Mf () for all
b>a.

Suppose that M {j (¢) is noncompact for some b > a. Take a point p € M (¢) and
a divergent sequence {g,} j=1onM ;)’ (¢). Since M (@) is compact, there is a positive
number L such that d(p, x) < L for all x € M (¢). Let y; :[0,d(p,q;)] — M be
a minimizing geodesic with y;(0) = p, y;(d(p, q;)) = q for j > 1. Compactness
of M (¢) implies that each ¢ o y|(L.4(p.q;)—1) 1s monotone and nondecreasing for
all large numbers j.

Choosing a subsequence {y;} of {y;} if necessary, we find aray y : [0, 00) — M
emanating from p such that ¢ o y, is monotone, nondecreasing and bounded above,
and hence is identically equal to a. This contradicts the assumption that M{ (¢) is
compact. ([

The following Proposition 3.2 is the basic piece in the proof of Theorem 1.1.
Under the assumptions in Theorem 1.1, we divide M into countable compact sets
such that

(e¢]
M= U o 't-1,1],
j=—00
where {t;} is monotone increasing and lim;_, _ ¢; = inf,, ¢ (if inf,; ¢ is not
attained) and lim;_, o, t; = oco. In applying Proposition 3.2 to each ¢*1[tj_1, til,
the undefined numbers by and by appearing in the proof of the proposition play the
role of margins to be pasted with (p‘l [#j,j41] (using by 1) and with (p‘l [tj—2,1j-1]
(using b_), respectively.

Proposition 3.2. Let M (@) C M be a connected and compact level set and b > a
a fixed value. Then there exists a homeomorphism QDZ : Mll]7 () x [a, b] — Mé’ (p)
such that

(3-1) po® (x,1)=1t, (x,1)€M(¢p)xIa,b]

Proof. Let K C M be a compact set with Mf(cp) C Int(K) and r := r(K) the
convexity radius over K. We define two divisions as follows. Leta = ap < a1 <
e <ar=band b_| < by < --- < b be given such that (p_l[b_l, bi] C Int(K)
and

(D) by <ag<by<ay<---<ap1 <bp1 <ar=>b <y,

(2) bj:=3@j+aj1), j=0,1,....k—1,

B) ¢ (aj ) cU{B&. ) [xep ' (ajD} j=1,....k—1,
@ ¢~ '(b) cU[BG. M 1y ep™ ({farh},

) ¢~ (ax1) CU[B@ 1) [z e o (b))}
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TN (b))

o ar) =9~ (b)
2 (TS

¢~ (a-1)

97 (b2)

o Nar—2)

¢~ Nay)
w7 (ko)

¢~ (ao) = ¢~ (@)

b))

Figure 4. The broken geodesic T (py).

Obviously we have [a, b] C (b_1, by).

For an arbitrary fixed point p;. co'({a j+1}), we have a minimizing geodesic
T(p}, q,) realizing the distance d(p;., ¢! (—00, a;_1]) and ¢; the foot of p;. on
¢ (=00, a j—1]. Then the family of all such minimizing geodesics emanating from
all the points on ! ({aj4+1}) to the points on ! ({aj—1}) simply covers the set
¢ bj-1,bj], j=1,2,..., k. Wedefine p; :=T(p;, q)Ng~"({b;}) and p;_; :=
T(p;, q;) ﬂ(p_l({bj_l}). With this point p;_1, we then choose p;._l € (p_l({aj})
and g;_; € ngl({aj_g}) in such a way that T(p;._l, qj—1) realizes the distance
d(p}_l, qgj—1) =d(pj_1, <p*1(—oo, aj_>]) and contains p;_; in its interior. We
thus obtain the inductive construction of a sequence {7 ( p}, gi)lj=1,...,k}of
minimizing geodesics.

We finally choose a point p;, € ¢ '({a1}) and go € o' ({b_1}) such that T (p}» 90)
is a unique minimizing geodesic, with go being the foot of p;, on ¢l (—00, b_1].
If we set g, := o '({aph) N T (py. q0)- then d(po, 1) < d(po, q(,) follows from the
fact that gy is the foot of pg on ¢~ !(—00, ag]. Therefore the slope inequality along
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T (py, qo) implies
ap — bg - ap — by - b_1 —ag
d(po,q1) ~ d(po,q}) ~ d(g}, q0)

and hence there exists a positive number

a— b_l
d(qg, ¢~ (=00, b_1])

Ab(K) = min{ | g0 € w‘]({a})}

with the property that all the slopes of ¢ o T(p;., q;) forevery j =0,1,...,k are
negative and bounded above by —AZ (K).

Next, we define a broken geodesic T (px) := T (pk, px—1) U---UT(p1, po) for
Pr € ¢~ ({by}) with its break points at pj € wil({bj}), j=0,1,...,k—1insuch
a way that each T'(p;, p;j—1) is a proper subarc of a unique minimizing geodesic
T(p;., qj), where q; is the foot of p;. on ¢~ (=00, aj_1] (see Figure 4). Then
T(pj—1, pj—2) is a proper subarc of T(p;.il, gj—1). Clearly, the convex function
along T (py) is monotone strictly decreasing, since the slopes along ¢ o T (py) are all
bounded above by —A’(K). We then observe from the construction that the family
of all the broken geodesics emanating from all points on ¢! ({;}) and ending at
points on ¢~ ' ({b_1}) simply covers ¢ ~'[a, b]. The desired homeomorphism QDZ is
now obtained by defining CI>2(x, t) as the intersection of a 7'(x) emanating from x:

@) (x, 1) =Tx)Ne " ({1}). O

Proposition 3.3. Assume that all the levels of ¢ are compact. Then the diameter
function § : (M) — R defined by

8(a) :=sup{d(x, y) | x,y € o~ ({a}), a € p(M)}
is locally Lipschitz.

Proof. Letinf,; ¢ <a < b < oo, and let r = r(Mf((p)) be the convexity ra-
dius over MS((p). Let x,y € ¢ '({s}) for s € [a,b) be such that d(x,y) =
3(s). Proposition 3.2 then implies that there are points x’, y’ € M,f (¢) such that
@ (x', s) =x and @4 (y’, 5) = y. Moreover, we have ®>(x', 1) = T (x')NM! (¢) and
®2(y', 1) =T (y')NM! (¢), and the length L(T (p)|5.17) of T (p)ls.11. for p € M} ()
and for every a < s < t < b, is bounded above by

(3-2) L(T(P)lis.) < |t —s|/ AL (ML (g)).
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Therefore, by setting A = A(M2(¢)) the reversibility constant on M?(p), we
have

8(s) =d(x,y) <d(x, P2 (x', 1)) +d(®2(x', 1), ®L(Y, 1)) +d (@ (Y, 1), y)
< At —s|/AL(MP(@)) +8(t) + |1 — 5|/ AL(MP (p))
= (L+ )|t —s|/ALME (@) + (D).

Similarly, by choosing x, y € (p‘l {t}), d(x, y) =6(t), we obtain

8(t) =d(x,y) <d(x, P2 (x', $)) +d(@2(x', 5), DY/, $)) +d(@L(, 5), ¥)
< (L+ )|t —s|/AL(ME (@) + 8(s),

and hence,
18(t) — 8(s)| < (14 A)|t — 5|/ AL (M (). O

Proof of Theorem 1.1. We first assume that inf,; ¢ is not attained. Let {a;};cz be
a monotone increasing sequence of real numbers with lim;_, o, a; = inf,; ¢ and
lim;_, oo aj = 0o. We then apply Proposition 3.2 to each integer j and obtain a
homeomorphism qu.H :(p‘l({ajH}) x (aj,aj41] — MZ;“ such that

11 -
(/)O(Dj_"' (x,t)=t, xe¢ 1({Clj+1}), te(aj,ajil

The composition of these homeomorphisms gives the desired homeomorphism
Q: gp_l({a}) x (inf,,; @, 00) — M.

If A := inf,, ¢ is attained, then M; (¢) is a k-dimensional totally geodesic sub-
manifold which is totally convex with 0 <k < dim M — 1. A tubular neighborhood
B(Mkk (p), r(MAA (go))) around the minimum set is a normal bundle over M )% (p)
in M and its boundary 8B(Mf (@), r(M AA ((p))) is homeomorphic to a level of ¢.
Therefore M is homeomorphic to the normal bundle over the minimum set in M.
This proves Theorem 1.1. ([

Remark 3.4. Under the assumption in Theorem 1.1, it is not certain whether or
not lim;inf,, » 8(#) = oo. It might happen that every level set above the infimum is
compact but the minimum set is noncompact. However, we do not know such an
example on a Finsler manifold.

Remark 3.5. The basic difference of treatments of convex functions between
Riemannian and Finsler geometry can be interpreted as follows.

In the case where ¢ : (M, g) — R is a convex function with noncompact levels,
on a Riemannian manifold, the homeomorphism CIJZ : M}; () x [a, b] — Mé’ (p)
is obtained as follows. Fix a point p € M (¢) and a sequence of R;-balls cen-
tered at p, {B(p, R;)}j>1 with lim;_,, R; = oo. Setting K; to be the closure
of B(p, Rj), for j > 1, we find a sequence of constants A; := Ag(KJ-). If
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x e K;n M;)’ (¢) is a fixed point, we then have a broken geodesic T (x) :=
T (xg, Xg—1) U---UT(x1, x9) as obtained in the proof of Proposition 3.2, where
xo € M{(¢). The properties of the Riemannian distance function now apply to
T(xj,xj—1):10,d(xj,xj—1)] = (M, g). Consequently, the distance function from
p € M{(¢), namely t +— d(p, T (xj, x;—1))(t), is strictly monotone decreasing.
Here T'(xj, x;j_1) is parameterized by arc-length such that 7' (x;, x;_1)(0) = x; and
T(xj,xj—1)(d(xj,xj—1)) =xj_1. Therefore, T (x) is contained entirely in K ;, and
moreover, the length L(7T (x)) of T (x) satisfies

L(T(x)) < (b—a)/A;, YxeK;NnM(p).

If yo € M7 (¢)NK ; is an arbitrary fixed point, then Proposition 3.2 again implies that
there exists a point y = y,, € M,f((p) such that T (y) =T (yr, yk—1) Y- --UT (y1, yo)
has length at most (b —a)/A ;. Hence we have

d(p,y)<Rj+(b—a)/Aj+1.

We therefore observe that the correspondence x +— xo between M ,’; (p) and M (¢)
through T (x) is bijective, and the desired homeomorphism is constructed.
However, in the Finslerian case where all the levels of a convex function
¢ : (M, F) — R are noncompact, the correspondence x — xq between M }; (¢) and
M¢(p) through T'(x) = T (xg, xk—1) U- - - U T (x1, xo) may not be obtained. In fact,
the monotone decreasing property of # — d(p, T (x;, x;—1)) might not hold for a
Finsler metric. Therefore, for a point x € K; N M, ,l; (¢), T (x) may not necessarily
be contained in K ;. Hence, we may fail in controlling the length of T'(x) in terms
of A;. By the same reason, we cannot prove the monotone nondecreasing property
of the diameter function for compact levels of a convex function ¢ : (M, F) — R.

4. Proof of Theorem 1.2

We take a minimizing geodesic o : [0, £] — M such that o (0) and o (£) belong to
distinct components of M{ (¢).

For the proof of (1), we assert that inf,, ¢ = inf,_,_, ¢ 0 0 (t). Suppose that
b:=inf,_,_, ¢ oo(t) > inf,, ¢. Since ¢ is locally nonconstant, we may assume
without loss of generality that b :=inf,_,_, ¢ oo (¢) is attained at a unique point,
say, g = o (£p).

Setting r =r (o (£p)), we find a number a € (inf,, ¢, b) such that there is a unique
foot p € M{(p) of g on M (¢), namely d(o (£o), M{ (¢)) = d (o (£o), p).

Let @ : [0,d(g, p)] = M be the unique minimizing geodesic with «(0) = ¢,
«(d(gq, p)) = p. The points on a(t), for 0 <t < d(q, p), can be joined to g4 :=
o (£yp £ r) by a unique minimizing geodesiC Yy (1)q, : [0, d(a (1), g+)] — B(q;r)
With (g, (0) = (1), Yag. (d(@(1)), 41) = g
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Since ¢(g+) > b, the right-hand derivative of g oy, (1), atd(a(t), g+) is bounded
below by

p(g+) —b

(9 0 Ya(ngs) ' (© © Vanyge (d((1)), q+)) > T 0.
Thus, for every ¢ € [0, d(q, P)], Ya(r)q. Meets ME(@) At Va(r)q, (uE (1)) with
2 —
u:t(t) S M + 2’/-,
¢(qx) —b

and hence there are curves Cgt :[0,d(q, p)] = MS(p) with
CH O =0(). C50)=0(0),
Cy(d(q. P) = vpg, wt(d(q, p)), Cg(d(q,p)) =vpe u (d(q, p))).

Let 7, : [0,d(p,o(t))] > M for t € [£y9 — r, £y + r] be a minimizing geodesic
with 7;(0) = p, ©;(d(p, o (t))) = o (¢). Every t; meets M (¢) at a parameter value
<2rc/(b—a), and hence we have a curve Cy : [£g —r, £y +7] — M:(¢) such that

Ci(t) =%[0,2rc/(b—a)]N M (@).

Thus, considering the union C; UC; U (CJ )~1, it follows that o (0) can be joined
to o (£) in M{(p), a contradiction. This proves (1) (see Figure 5).

We next prove (2). Let A :=inf,, ¢. Clearly M f () is totally convex, and hence
Proposition 2.2 implies that M )% (¢) carries the structure of a smooth totally geodesic
submanifold.

Suppose that dim M f (¢) < n — 1. Then the normal bundle is connected, and at
each point pe M f (¢) the indicatrix X, C T}, M has the property that ¥,\ X, (M i‘(p))
is arcwise connected. Here, X,(M i‘ (p)) C X, is the indicatrix at p of M,{‘ (¢).
Choose points go and g; on distinct components of M{(¢), and an interior point
p € Mf((p). If i : [0,d(p,qi)] > M for i = 0,1 is a minimizing geodesic
with y;(0) = p, yi(d(p, qi)) = gi, then yy(0) and y,(0) are joined by a curve
:[0,1] = X, \ EP(M)):((/))) such that I'(0) = y(0), I'(1) = p;(0). The same
method as developed in the proof of (1) yields a continuous 1-parameter family
of geodesics y; : [0, ¢;] — M with y,(0) = p, y:(0) =I'(t) and y,(£;) € M (p)
for all € [0, 1]. Thus we have a curve ¢ — y;(¢;) in M{(¢) joining go to g1, a
contradiction. This proves dim M f (p)=n—1.

We use the same idea to prove that M )’} (¢) has no boundary. In fact, supposing
that the boundary is nonempty, the tangent cone of M j} (¢) at a boundary point x is
contained entirely in a closed half space of T, M i‘ (¢), and hence X, \ X, (M i\ (9))
is arcwise connected. A contradiction is derived by constructing a curve in M{(¢)
joining g to g;. This proves (2).

The triviality of the normal bundle over M )): (¢) in M is now clear, giving (3).
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Cyd(g, p)) =Cilo—r) Cy (1)

Cy (0) =0 (0) Cy )=o)

g_=o(lo—r) Xq+=o0(o+r)

M} (p)

Mg (p)

Figure 5. The proof of Theorem 1.2.

To prove (4), suppose that M (¢) for some a € ¢(M) has more than two com-
ponents. Let g1, g2, g3 € M (¢) be in distinct components, and take p € M,% (¢).
Let y; : [0,d(p, gi)] = M fori =1, 2, 3 be minimizing geodesics with y;(0) = p,
vi(d(p, qi)) = q;. Since the normal bundle over Mf (¢) in M is trivial by (3), it
follows that X, \ ¥ ,(M )’} (¢)) has exactly two components. Two of the three initial
vectors, say y1(0) and y,(0), belong to the same component of X, \ X,(M f (9)).
Then the same technique as developed in the proof that dim M; (¢) = n — 1 applies,
and ¢ is joined to g2 by a curve in M (¢). This contradiction proves (4). U

5. Ends of (M, F)

An end ¢ of a noncompact manifold X is an assignment to each compact set K C X a
component £(K) of X \ K such that ¢(K) D e(K3) if K| C K,. Every noncompact
manifold has at least one end. For instance, R” has one end if n > 1 and two ends
ifn=1.

In the present section we discuss the number of ends of (M, F) admitting a
convex function, namely we will prove Theorem 1.3. As is seen in the previous
section, it may happen that a convex function ¢ : (M, F) — R has both compact
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Figure 6. The proof of Theorem 1.3 (A2).

and noncompact levels simultaneously. In this section let {K;} j>1 be an increasing
sequence of compact sets such that lim;_,,, K; = M.

Proof of Theorem 1.3. We first prove (Al).

Theorem 1.2 (1) implies that ¢ attains its infimum A :=inf; ¢. Given an arbitrary
compact set A C M, there exists a number a € ¢(M) such that M (¢) has two
components and A C ¢ '[A, a]. Then M \ A contains two unbounded open sets
(p‘l (a, 00), proving (Al).

We next prove (A2). Suppose that M has more than one end. There is a compact
set K C M such that M \ K has at least two unbounded components, say U and V.
Setting a := ming ¢ and b := maxg ¢, we have

A<a<b<oo.
We assert that
MMNo)NU £@, MM ()NV #3, M (p)NK #2.

In order to prove that M% (p)NK # @, we suppose that A < a. Once Mﬁ (WNK #2
has been established, it will turn out that M)f (¢) intersects all the unbounded
components of M \ K.

Suppose the contrary, namely M kk (p)NK = . Without loss of generality we may
assume M,% (¢) C U. From Theorem 1.2 (3) it follows that M \ M)% (P)=M_UM,
(a disjoint union with dM, = dM_ = M} (¢)).

Setting M_ C U, we observe that K UV C M+

If by > b, then M_ contains a component of M (go) and another component of
M | (¢) is contained entirely in V. We then observe that if sup;, ), ¢ = 00, then
U \ M_ contains a component of M | (@), for ¢ takes values <b on d(U \ M—) and
M, b ((p) does not meet the boundary of U \ M_. This contradicts Theorem 1.2 (4),
for 8M b | (¢) has at least three components. Therefore we have sup;, ;¢ < 0.
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Let {g,} C Mll,’]l (p) be a divergent sequence of points, and fix p € M;;Il (p)CV.
Let y; : [0,d(p,g;)] — M \ M_ be a minimizing geodesic with y;(0) = p,
vjd(p,q;)) = q; for j = 1,2,.... Clearly y; passes through a point on K
and ¢ o y; is bounded above by b;. If y : [0,00) — M \ M_ is a ray with
y(0) =1lim;_,  y;(0), then ¢ o y is constant on [0, 00) and ¢ o y(¢) = b; for all
t > b;. This is a contradiction to the choice of b = maxg ¢, for y passes through a
point on K at which ¢ takes the value b;. This proves the assertion (see Figure 6).

We next assert that if by > b is fixed, then M (<p) has at least four compo-
nents. In fact, we observe from M (@NK =0 that each unbounded component
of (M \ M; @) N (M\ K) contalns a component of M (<p) This contradicts
Theorem 1.2 (4), and (A2) is proved.

The proof of (A3) is a consequence of (D2), and given after the proof of (D2).

We now prove (B1). From the assumption that inf,, ¢ is attained, it follows from
Lemma 3.1 that go_l [inf,, ¢, b;]is compact for all j, where {b,} is a monotone diver-
gent sequence. Then K ; := ¢~ ![A, b;] is monotone increasing and lim;_, o K; =M.
Clearly M \ K ; contains a unique unbounded domain () j» 00) for every j. This
proves Theorem 1.3 (B1).

For (B2), if inf,; ¢ is not attained, we have monotone sequences {a;} and {b,}
such that

jlggoaj inf,, @, jlggobj = 00,

[Clj,bj]=§0(Kj), ]=1,2,
Then for all large numbers j, M \ K; contains two unbounded domains
M\K; D¢ ' (bj,00)Ug~\(inf,, ¢, a;).

This proves that M has exactly two ends.

We first prove (C) under an additional assumption that A := inf,, ¢ is attained.
Suppose that M has more than one end. Using the same notation as in the proof
of (A2),

A:=infy ¢, a:=ming @, b:=maxg e,

where K C M is a compact set such that M \ K has at least two unbounded
components U and V.

We first assert that K N Mﬁ (¢) # 2. In fact, supposing that K N Mf (p) =2 we
find a component V of M \ K such that if 5 > b then M};,/ (p) CVand M} C U.
Here the assumption that all the levels of ¢ are connected is essential. As is seen in
the proof of (A2), there exist at least two components of M é’,, for ' > b such that
one component lies in U and another in V. This contradicts the assumption in (C),
and the first assertion is proved.
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The same proof technique as developed in (A2) implies that Mf(go) passes
through points on K, U and V. Fix apoint pe VN M f (¢), a divergent sequence
{g;} of points in U \ M} (¢) and y; : [0,d(p, q;)] — M a minimizing geodesic
with y;(0) = p, y;(d(p, q;)) = q;-

From the construction of y;, we observe that ¢ o y is strictly increasing, and
hence we find a number ¢; > O such that y;(t;) € M f;,/ (p) NU. More precisely,
v;l0,d(p, q;)] meets MAA (¢) only at the origin, for M)’} () is totally convex and
henceif y (ty) € Mi‘ (@), forsome 1o € [0, d(p, q;)), then y;[0, d(p, g;)]is contained
entirely in M AA (p).

Therefore M ;’,/ (¢) has more than one component (one in U and another in V), a
contradiction to the assumption in (C). This concludes the proof of (C) in this case.

We next prove (C) in the case where inf,, ¢ is not attained. Assume again that
M has more than one end. We then have

inf; o <a<b<oo, a:=minge, b:=maxge.

Since all the levels are connected, we find inf,, ¢ <a’ < a and b < b’ such that
M(‘l‘,/(w) C U and M,ff((p) C V Let {y;} C MZ//((,O) be a divergent sequence of
points and fix a point x € M (¢). Let y; : [0,d(x, y;)] = M for j =1,2,...
be a minimizing geodesic with y;(0) = x and y;(d(x, y;)) = y;. There exists a
ray y : [0, 00) — M emanating from x such that y (0) =lim;_.» y;(0). Clearly,
every y; passes through a point on K and hence, so does y. From construction,
oy :[0, 00) — Ris bounded from above by &', and therefore is constant. However
it is impossible, for ¢(x) = a’ and ¢ o ¥ (ty) > a > a’ at a point y (fy) € K. This
completes the proof of (C).

For the proof of (D1), suppose that M has more than two ends.

Let K C M be a connected compact subset such that M \ K contains at least
three unbounded components, say U, V and W. We may consider that U contains
(p‘l [b, 00), for all b’ > b. Since all the levels of ¢ are connected, we have

sup ¢ <b.
M\U

In fact, suppose that there exists a point x € M \ U such that ¢ (x) = b’ for some
b’ > b. Then Ml’j,/ (p) N K = @ and hence Mé’,/ (¢) is disconnected, a contradiction
to the assumption of (D).

Let {x;} C V and {y;} C W be two divergent sequences of points, and let
v;j :10,d(xj, yj)] — M\ U be a minimizing geodesic joining x; to y;. Since y;
passes through a point on K, there exists a straight line y : R — M \ U such that
7 (0) is obtained as the limit of a converging sequence of vectors y;(t;) € K for
j=1,2,....Clearly, p oy : R — R is bounded above, and hence constant taking
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Figure 7. The proof of Theorem 1.3 (D1).

avalue u = g oy (0) € [a, b]. We therefore observe that
Ml’f(go)ﬂK;«éQ, Mﬁ((p)ﬂW#Q and Ml‘j(ga)ﬂV;«éQ.

We next choose a value a’ € (inf,; ¢, a). We may assume without loss of
generality that Mj,/ (p) C V. Let {z;} C M,’f (p) N W be a divergent sequence of
points and x € Mg/ () an arbitrary fixed point. Let o : [0,d(x,z;)] > M\ U
be a minimizing geodesic with 0;(0) = x, 0(d(x,z;)) =z, forall j =1,2,....
Clearly, ¢ o 0} is monotone increasing in W. Let o : [0, 0c0) — M be a ray such
that 6 (0) =lim;_,», ;(0). We then observe that ¢ o o is monotone increasing on
an unbounded interval [b, 0o) for some b > 0, and bounded above by w. Thus, it is
identically equal to a’. Recall that ¢ o6 (0) = ¢(x) = a’. However this is impossible
since a’ < ming ¢ = a and o[0, co) passes through a point on K. We therefore
observe that M \ (K U U) has exactly one end. This proves (D1).

The proof of (D2) is now clear and omitted.

The proof of (A3) is now a straightforward consequence of (D2). See Figure 8.
If M,ﬁ’ (¢) is compact for some b € ¢ (M), then ¢~ '[b, 00) has two ends. From the
assumption and Theorem 1.2 (1), we observe that M % (¢) is noncompact. Therefore
MPb(¢) = ¢~ [, b] is noncompact and so has at least one end. This proves (A3).

Finally, we prove (E). Suppose that ¢ admits both compact and noncompact levels
simultaneously. The same notation as in the proof of (D) will be used. If ¢ admits
a disconnected level, then (p‘l [b, 00) consists of two unbounded components for
all b’ > b.

Then Theorem 1.2 (1) and Lemma 3.1 imply that A := inf,, ¢ is attained and
M f (¢) is connected and noncompact. Therefore, every compact set K containing
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Figure 8. The proof of Theorem 1.3 (A3).

M é’,/ (¢) has the property that M \ K has more than two unbounded components.
In fact, two components of M \ K contain ¢~ '[b’, 00) and the other component
intersects with M,% (¢) outside K. This proves that M has at least three ends, a
contradiction to the assumption of (E).

If all the levels of ¢ are connected and noncompact, then M has one end by (C),
a contradiction to the assumption of (E). This completes the proof of (E) and hence
of Theorem 1.3. ([l
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