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A connected open set in Euclidean space is convex if it
is locally supported at each boundary point; indeed, the same
statement holds in any complete Riemannian manifold for
which all geodesies are minimal. On the other hand, in an
arbitrary complete ^-dimensional Riemannian manifold M
the question, under what circumstances global convexity
properties are implied by local ones, involves the notion of
cut locus. This question will be considered here.

Propositions 2 and 3 give sufficient conditions, in terms of the
cut loci of boundary points, for a locally supported open subset of
Mto be weakly convex. Using a theorem of Karcher about hyper-
surfaces which do not intersect their own cut loci, we then obtain
a condition for convexity (Proposition 4), as well as the following
(Theorem 3): If H is an imbedded, compact, connected topological
hypersurface of M which does not intersect its own cut locus (it
follows then that M\H has two components, each with boundary H),
and if H has a one-sided field of local support elements, then H is
homeomorphic to S™'1 and the supported component of M\H is
convex.

It is hoped that these observations may prove useful in investi-
gating global convexity in certain classes of Riemannian manifolds
M for which information on the behavior of cut loci is available.

The paper [6] by Karcher is our reference for facts concerning
convexity and weak convexity of subsets of M, and cut loci of
subsets of M. We also use the notion of local convexity defined
and investigated by Cheeger and Gromoll [2]

Throughout, M will denote a complete Riemannian manifold of
dimension n. A subset B of M is strongly convex if M contains
exactly one minimal geodesic between any two points of B and that
geodesic lies in B; convex if B contains exactly one minimal geodesic
between any two points of B; and weakly convex if B contains at
least one minimal geodesic between any two points of B. A weakly
convex open set contains every minimal geodesic in M with endpoints
in B; thus for open sets, convexity and strong convexity are
equivalent. Any peM has a strongly convex neighborhood, namely
the open metric ball B(py ε) for e sufficiently small [5]. Finally, a
subset B of M is locally convex if each point of the closure B has
a strongly convex neighborhood U such that B Π U is strongly
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convex. Clearly, a weakly convex set is locally convex.
If B is an open subset of M, then an open halfspace Hp of the

tangent space Mp at p edB is called a support element for B if Hp

contains the initial tangent vectors of all minimal geodesies from p
to points of B. Hp is a local support element for B if, for some
open neighborhood U of p, Hp is a support element for B n U [6].

The notation [pq] (respectively, [pq)) will be used only when p
and g are not cut points of each other, and will denote the unique
(up to oriented reparametrization) minimal geodesic from p to q
(resp., that geodesic with endpoint deleted). Whenever p and q lie
on a minimal geodesic and one of p> q is not an endpoint, we may
refer to the geodesic [pq].

2. The theorem of Karcher. We shall need the generalized
Jordan-Brouwer separation theorem for arbitrary compact topological
hypersurf aces of E*. A proof is included because we could not find
a reference.

THEOREM 1 {Generalized Jordan-Brouwer separation theorem).
Let H be an imbedded, compact, connected topological (n — V)-mani-
fold in En. Then En\H consists of two components, each with
boundary H.

Proof. By Alexander duality, En\H has two components Aι and
A ([4], p. 179). Since these are open, Hz)dA1lJdA2; by invariance
of domain, H= dA1UdA2. Furthermore, since H is connected, there
exists q e H Π dA1 Π 3A2. Observe that no closed subset Hr of H\{q}
separates E*. Indeed, if V is an open ball about q in En such that
Vf)H' = φ, then V contains points of A1 and A2; therefore A1UA2U V
is a connected subset of En\Hf whose closure contains En\Hf, and
it follows that En\H' is connected.

If peH, then any two neighborhoods in H of p and q respec-
tively contain neighborhoods whose complements in H are homeo-
morphic, as may be seen by joining p and q by an arc covered by
finitely many coordinate neighborhoods. By a theorem of Borsuk
([3], p. 357), if E* is separated by a compact subset C then En is
separated by any homeomorph of C. Thus it follows from the
preceding paragraph that no proper closed subset of H separates
En. Therefore H is the boundary of each component of the com-
plement of H ([3], p. 356). This completes the proof.

For any subset S of M, the cut locus C(S) of S in M is defined
by C(S): — [Jpes C(p) where C(p) is the cut locus of p. The following
theorem was proved by Karcher in [6]. (It is stated there for
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H — S""1, but the proof holds in the present case also, with the only
necessary change being the substitution of Theorem 1 for the original
Jordan-Brouwer theorem.)

THEOREM 2 (Karcher). Let H be an imbedded, compact, connect-
ed topological (n — l)-manifold in M satisfying Hf] G{H) — 0 . Then
M\H consists of two open components At and A2, each with boundary
H, where (1) A1 is bounded, and (2)C(A1) c A2.

The component Ax is uniquely determined by (1) and (2), and is
referred to as the "inside" component of M\H.

3. Local and global convexity* Concerning the question raised
in the introduction, the following information may be found in the
paper by Karcher:

PROPOSITION 1 [6]. A connected open subset B of M is convex
if and only if B possesses a local support element at every boundary
point and does not intersect its own cut locus.

If B is a locally convex open set, then as Cheeger and Gromoll
have shown [2], B is an imbedded topological manifold-with-boundary;
furthermore, B possesses a local support element at every boundary
point. It is worth noting that an open set may possess a local sup-
port element at every boundary point and yet not be locally convex:

EXAMPLE 1. Let g be the standard Riemannian metric on R2,
B be the open subset of R2 indicated in Figure 1, and H be the
indicated arc in dB. We shall alter the metric g so that the inside
loop beginning and ending at p is a geodesic in the new metric.
Let U be a connected open set satisfying H — U Γ\dB and carrying
Fermi coordinates about H. Then there exists a Riemannian metric
h on R2 such that (1) g and h agree on JK2\ϊ7, and (2) H is the image
of an /^-geodesic. Indeed, h may be constructed from g and the flat
metric h on U determined by the Fermi coordinates; one uses a
smooth Urysohn function vanishing on R2\U and taking value 1 on

FIGURE 1
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a neighborhood of every point of H which does not have a neighbor-
hood on which h agrees with g. The metric h is complete since it
agrees with g except on a compact set. By (1) and (2), B has a
local support element with respect to h at every boundary point,
but B is not locally convex at p.

Local convexity does follow from being locally supported if dB
is an imbedded manifold (it is not necessary to assume that B is a
manif old-with-boundar y):

LEMMA 1. Let B be an open subset of M whose boundary is an
imbedded topological (n — l)-manifold. If B possesses a local support
element at every boundary point, then B is locally convex.

Proof. Fix p e dB, and choose ε sufficiently small that B(p, ε')
is convex for e' ^ ε. It follows from Proposition 1 that every con-
nected component of B Π B(p, ε) is convex. Choose ε'(0 < ε' ^ ε) so
that dB Π B(p, ε') lies in the component through p of dB Π B(p, ε);
this is possible because dB is an imbedded manifold. Certainly there
is a component C of B Π B(p, ε) such that dC Π B(p, ε') Φ 0 . Since
C is convex, dC is an imbedded (n — l)-manifold in M, and hence
in dB. By invariance of domain, dC Π B(p, ε) is open in dB Π B(p, ε);
obviously, it is also closed. Thus, by choice of ε', pedC. Now
suppose Cx is another component of i n B(p, ε) whose boundary
intersects B(p, ε'). Then C Π Q = φ, and C and C1 are imbedded
manifolds-with-boundary having common boundary in a neighborhood
of p, in contradiction to the local support hypothesis. Therefore
B Π B(p, ε') = C Π B(p, ε'). Since both C and B(p, ε') are strongly
convex, so is B Π B(pf ε'), as required.

PROPOSITION 2. A connected open subset B of M is weakly
convex if and only if B possesses a local support element at every
boundary point and B\C(p) is connected for every p 6 dB.

Proof. Suppose that B is locally supported and B\C(p) is
connected for every pedB. Fix pedB, and suppose further that
the set B(p): — {q e B\C(p): [pq] c B} is nonempty. For a fixed
qeB(p), no point of (pq] falls on dB, since the existence of a last
such point would contradict the local support hypothesis. We may
choose ε, by Proposition 1, so that every component of B Π B(p, ε)
is convex; in particular, the component C containing an initial seg-
ment of (pq] is convex. Then (pq] c C U U where U is a neighbor-
hood in B of (pq]. Consider a sequence of points qi e B\C(p) con-
verging to q. For i sufficiently large, [pq€] contains a subarc

c U where rteC Γ\U. Since G is convex, then [pr^ c C and
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hence [ ^ ] c 5 . It follows that B(p) is open in B\C(p). Clearly, B(p)
is also closed in B\C(p), and so B(p) = B\C(p).

Now suppose 7 is a minimal geodesic in M joining any q, q' e B.
If Ύ ςt B then Ύ ςt B. But then the interior of 7 contains a point
p 6 dB, where q, qr e B\C(p), [pq] c B, and [pq'] qt B. Thus B{p) is
nonempty and properly contained in B\C(p), and we have just shown
that this is impossible. Therefore 7 c B and B is weakly convex.

Conversely, if B is weakly convex, then for any pedB and
q, r 6 B\C{p), B contains [qp) and (pr]. Since B is locally convex,
it is clear that q and r may be joined by a path in B\C(p).

For a locally convex set U, Proposition 2 yields a condition for
global convexity which involves only the boundary of B:

PROPOSITION 3. Let B be a connected, locally convex, open sub-
set of M, and set H = dB. If H\C(p) is connected for all pe H,
then B is weakly convex.

Proof. By Proposition 2, it suffices to observe that B\C(p) is
connected for each peH. Suppose instead that B\C(p) = Sλ U S2,
where the St are nonempty open separated subsets of M. Then
H\C(p) = Tx U Γ2 where Γt = dS\C(p). Assume p e Tλ. For any
q 6 S2, since Ŝ  and S2 are separated and [pq] Π C(p) = 0 , [pg] con-
tains a point of T2; thus Γ2 is nonempty also. By assumption, there
is a point r in Tx Π dT2 or 92^ Π T2. Since r has a neighborhood U
in Λf not intersecting C(p) and such that B Π Z7 is connected, by
local convexity, it follows that St and S2 may be joined by a path
in B\C(p), which is impossible.

REMARK 1. The example of a weakly convex open ring on a
cylinder illustrates Proposition 2 and shows that the converse of
Proposition 3 is false.

PROPOSITION 4. Let Bbe a connected, locally convex open subset
of My and set H = dB. If H is connected and compact and does
not intersect its own cut locus, then B is bounded and strongly
convex.

Proof. (Assume B Φ 0.) By Proposition 3, B and therefore B
are weakly convex. Since H is an imbedded topological hypersurf ace
of M, then by Theorem 2, M\H consists of two open components
Ax and A2 with boundary H, where Ax is bounded and C(AX) c A2.
Since B is open and connected and dB — 8Aif B coincides with At or
JΆ.2.

Suppose B = A2. Let 7 be a geodesic ray from some pedB
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having an initial segment in Ax\ such a 7 exists by local convexity
of B. If there exists a cut point r of p along 7, then reB. There-
fore there is a subarc [pq] of 7 such that p, qeH and [pg] does not
lie in B. This contradicts weak convexity of B. On the other hand,
if 7 contains no cut point of p, then since A1 is bounded, again 7
must enter B, in contradiction to weak convexity of B. Therefore
B — A19 Since C(B) Π B = 0 and I? is weakly convex, it is immediate
that B is strongly convex.

THEOREM 3. Let H be an imbedded, compact, connected topological
(n — lymanifold in M which does not intersect its own cut locus.
By Theorem 2, M\H consists of two components, each with boundary
H. If a component B of M\H has a local support element at every
point of H, then H is homeomorphic to S%~1 and B is bounded and
convex.

Proof. By Lemma 1, B is locally convex. Therefore by Pro-
position 4, B is bounded and convex, and is the inside component
of M\H. Furthermore, the boundary of a nonempty, bounded,
convex, open set is homeomorphic to S*"1 [6].

REMARK 2. Theorem 3 was proved by Karcher under the added
assumption that B is the inside component of M\H, in which case
the theorem is a direct consequence of Theorem 2 and Proposition 1.
We have shown that the outside component of M\H in Theorem 2
can never be locally supported.

COROLLARY 1. Let H be a compact, connected Riemannian
(n — ΐ)-manifold, and i:H-^M be an isometric imbedding such
that i(H) does not intersect its own cut locus. If sectional curva-
tures satisfy KH(σ) > KM(i*σ) for every 2-plane σ tangent to H, then
H is homeomorphic to Sn~ι and i(H) is the boundary of a bounded
convex open subset of M.

Proof. By assumption, the second fundamental form of i is
positive definite with respect to a continuous unit normal field.
Therefore if N is a tubular neighborhood of i(H) in M, a fixed
component of N\i(H) is locally supported at every point of i(H), as
Bishop has shown [1]. Thus a component of M\i(H) is locally sup-
ported at every point of i{H), and Theorem 3 applies.

REFERENCES

1. R. L. Bishop, Infinitesimal convexity implies local convexity, Indiana Math. J., 24
(1974), 169-172.



LOCAL AND GLOBAL CONVEXITY IN COMPLETE RIEMANNIAN MANIFOLDS 289

2. J. Cheeger and D. Gromoll, On the structure of complete manifolds of nonnegative
curvature, Ann. of Math., 96 (1972), 413-443.
3. J. Dugundji, Topology, Allyn and Bacon, Inc., Boston (1966).
4. M. J. Greenberg, Lectures on Algebraic Topology, W. A. Benjamin, Inc., New York
and Amsterdam (1967).
5. D. Gromoll, W. Klingenberg and W. Meyer, Riemannsche Geometrie im Grossen,
Springer-Verlag, Berlin (1968).
6. H. Karcher, Schnittort und konvexe Mengen in vollstdndigen Riemannschen
Mannigfaltίgkeiten, Math. Ann., 117 (1968), 105-121.

Received December 28, 1976.

UNIVERSITY OF ILLINOIS

URBANA, IL 61801





PACIFIC JOURNAL OF MATHEMATICS

EDITORS
RICHARD A R E N S (Managing Editor)

University of California
Los Angeles, CA 90024

CHARLES W. CURTIS

University of Oregon
Eugene, OR 97403

C. C. MOORE

University of California
Berkeley, CA 94720

J . DUGUNDJI

Department of Mathematics
University of Southern California
Los Angeles, CA 90007

R. F I N N and J . MILGRAM

Stanford University
Stanford, CA 94305

E. F. BECKENBACH

ASSOCIATE EDITORS
B. H. NEUMANN F. WOLF K. YOSHIDA

SUPPORTING INSTITUTIONS
UNIVERSITY OF BRITISH COLUMBIA
CALIFORNIA INSTITUTE OF TECHNOLOGY
UNIVERSITY OF CALIFORNIA
MONTANA STATE UNIVERSITY
UNIVERSITY OF NEVADA, RENO
NEW MEXICO STATE UNIVERSITY
OREGON STATE UNIVERSITY
UNIVERSITY OF OREGON

UNIVERSITY OF SOUTHERN CALIFORNIA
STANFORD UNIVERSITY
UNIVERSITY OF HAWAII
UNIVERSITY OF TOKYO
UNIVERSITY OF UTAH
WASHINGTON STATE UNIVERSITY
UNIVERSITY OF WASHINGTON

The Supporting Institutions listed above contribute to the cost of publication of this Journal,
but they are not owners or publishers and have no responsibility for its content or policies.

Mathematical papers intended for publication in the Pacific Journal of Mathematics should
be in typed form or offset-reproduced, (not dittoed), double spaced with large margins. Please
do not use built up fractions in the text of the manuscript. However, you may use them in the
displayed equations. Underline Greek letters in red, German in green, and script in blue. The
first paragraph or two must be capable of being used separately as a synopsis of the entire paper.
Items of the bibliography should not be cited there unless absolutely necessary, in which case
they must be identified by author and journal, rather than by item number. Manuscripts, in
triplicate, may be sent to any one of the editors. Please classify according to the scheme of Math.
Reviews, Index to Vol. 39. All other communications should be addressed to the managing editor,
or Elaine Barth, University of California, Los Angeles, California, 90024.

50 reprints to each author are provided free for each article, only if page charges have been
substantially paid. Additional copies may be obtained at cost in multiples of 50.

The Pacific Journal of Mathematics is issued monthly as of January 1966. Regular sub-
scription rate: $72.00 a year (6 Vols., 12 issues). Special rate: $36.00 a year to individual
members of supporting institutions.

Subscriptions, orders for numbers issued in the last three calendar years, and changes of address
should be sent to Pacific Journal of Mathematics, 103 Highland Boulevard, Berkeley, California,
94708. Older back numbers obtainable from Kraus Periodicals Co., Route 100, Millwood, NY 10546.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS, A NON-PROFIT CORPORATION
Printed at Kokusai Bunken Insatsusha (International Academic Printing Co., Ltd.).

8-8, 3-chome, Takadanobaba, Shinjuku-ku, Tokyo 160, Japan.

Copyright © 1978 by Pacific Journal of Mathematics
Manufactured and first issued in Japan



Pacific Journal of Mathematics
Vol. 76, No. 2 December, 1978

Stephanie Brewster Brewer Taylor Alexander, Local and global convexity in
complete Riemannian manifolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

Claudi Alsina i Català, On countable products and algebraic convexifications
of probabilistic metric spaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291

Joel David Berman and George Grätzer, Uniform representations of
congruence schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

Ajit Kaur Chilana and Kenneth Allen Ross, Spectral synthesis in
hypergroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313

David Mordecai Cohen and Howard Leonard Resnikoff, Hermitian quadratic
forms and Hermitian modular forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

Frank Rimi DeMeyer, Metabelian groups with an irreducible projective
representation of large degree . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339

Robert Ellis, The Furstenberg structure theorem . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
Heinz W. Engl, Random fixed point theorems for multivalued mappings . . . . . . . 351
William Andrew Ettling, On arc length sharpenings . . . . . . . . . . . . . . . . . . . . . . . . 361
Kent Ralph Fuller and Joel K. Haack, Rings with quivers that are trees . . . . . . . . 371
Kenneth R. Goodearl, Centers of regular self-injective rings . . . . . . . . . . . . . . . . . 381
John Gregory, Numerical algorithms for oscillation vectors of second order

differential equations including the Euler-Lagrange equation for
symmetric tridiagonal matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397

Branko Grünbaum and Geoffrey Shephard, Isotoxal tilings . . . . . . . . . . . . . . . . . . 407
Myron Stanley Henry and Kenneth Leroy Wiggins, Applications of

approximation theory to differential equations with deviating
arguments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431

Mark Jungerman, The non-orientable genus of the n-cube . . . . . . . . . . . . . . . . . . . 443
Robert Richard Kallman, Only trivial Borel measures on S∞ are

quasi-invariant under automorphisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453
Joyce Longman and Michael Rich, Scalar dependent algebras in the

alternative sense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463
Richard A. Mollin, The Schur group of a field of characteristic zero . . . . . . . . . . 471
David Pokrass, Some radical properties of rings with (a, b, c) = (c, a, b) . . . . . 479
Margaret Shay and Paul Ruel Young, Characterizing the orders changed by

program translators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 485
Jerrold Norman Siegel, On the structure of B∞(F), F a stable space . . . . . . . . . 491
Surjeet Singh, (hnp)-rings over which every module admits a basic

submodule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509
A. K. Snyder, Universal interpolating sets and the Nevanlinna-Pick property in

Banach spaces of functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513
Jeffrey D. Vaaler, On the metric theory of Diophantine approximation . . . . . . . . 527
Roger P. Ware, When are Witt rings group rings? II . . . . . . . . . . . . . . . . . . . . . . . . . 541

Pacific
JournalofM

athem
atics

1978
Vol.76,N

o.2

http://dx.doi.org/10.2140/pjm.1978.76.291
http://dx.doi.org/10.2140/pjm.1978.76.291
http://dx.doi.org/10.2140/pjm.1978.76.301
http://dx.doi.org/10.2140/pjm.1978.76.301
http://dx.doi.org/10.2140/pjm.1978.76.313
http://dx.doi.org/10.2140/pjm.1978.76.313
http://dx.doi.org/10.2140/pjm.1978.76.329
http://dx.doi.org/10.2140/pjm.1978.76.329
http://dx.doi.org/10.2140/pjm.1978.76.339
http://dx.doi.org/10.2140/pjm.1978.76.339
http://dx.doi.org/10.2140/pjm.1978.76.345
http://dx.doi.org/10.2140/pjm.1978.76.351
http://dx.doi.org/10.2140/pjm.1978.76.361
http://dx.doi.org/10.2140/pjm.1978.76.371
http://dx.doi.org/10.2140/pjm.1978.76.381
http://dx.doi.org/10.2140/pjm.1978.76.397
http://dx.doi.org/10.2140/pjm.1978.76.397
http://dx.doi.org/10.2140/pjm.1978.76.397
http://dx.doi.org/10.2140/pjm.1978.76.407
http://dx.doi.org/10.2140/pjm.1978.76.431
http://dx.doi.org/10.2140/pjm.1978.76.431
http://dx.doi.org/10.2140/pjm.1978.76.431
http://dx.doi.org/10.2140/pjm.1978.76.443
http://dx.doi.org/10.2140/pjm.1978.76.453
http://dx.doi.org/10.2140/pjm.1978.76.453
http://dx.doi.org/10.2140/pjm.1978.76.463
http://dx.doi.org/10.2140/pjm.1978.76.463
http://dx.doi.org/10.2140/pjm.1978.76.471
http://dx.doi.org/10.2140/pjm.1978.76.479
http://dx.doi.org/10.2140/pjm.1978.76.485
http://dx.doi.org/10.2140/pjm.1978.76.485
http://dx.doi.org/10.2140/pjm.1978.76.491
http://dx.doi.org/10.2140/pjm.1978.76.509
http://dx.doi.org/10.2140/pjm.1978.76.509
http://dx.doi.org/10.2140/pjm.1978.76.513
http://dx.doi.org/10.2140/pjm.1978.76.513
http://dx.doi.org/10.2140/pjm.1978.76.527
http://dx.doi.org/10.2140/pjm.1978.76.541

	
	
	

