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SADDLE SURFACES IN SINGULAR SPACES

DIMITRIOS E. KALIKAKIS

ABSTRACT. The notion of a saddle surface is well known in Euclidean space.
In this work we extend the idea of a saddle surface to geodesically connected
metric spaces. We prove that any solution of the Dirichlet problem for the
Sobolev energy in a nonpositively curved space is a saddle surface. Further,
we show that the space of saddle surfaces in a nonpositively curved space is
a complete space in the Fréchet distance. We also prove a compactness theo-
rem for saddle surfaces in spaces of curvature bounded from above; in spaces
of constant curvature we obtain a stronger result based on an isoperimetric
inequality for a saddle surface. These results generalize difficult theorems of
S.Z. Shefel’ on compactness of saddle surfaces in a Euclidean space.

1. INTRODUCTION

A surface in a Euclidean space is said to be a saddle surface if it is impossible
to cut off a crust by any hyperplane. In this sense saddle surfaces are opposed
to convex surfaces. In contrast to the theory of convex surfaces, the results in the
theory of saddle surfaces are in many respects far from complete. Non-regular saddle
surfaces in E™ were mainly studied by S.Z. Shefel’ ([I9], [20], [2I]). Historically,
saddle surfaces are connected with the Plateau problem in Euclidean spaces ([14]).

In this work we extend the idea of a saddle surface to geodesically connected met-
ric spaces and we study the class of saddle surfaces in spaces of curvature bounded
from above in the sense of A.D. Aleksandrov. Spaces of bounded curvature inherit
basic properties of Riemannian manifolds while they can have strong topological
and metric singularities.

Saddle surfaces in a FEuclidean space are usually defined by means of the op-
eration of cutting off crusts by hyperplanes, or any other equivalent operation of
hyperplanes ([21]). Therefore, a generalization of the classical definition to any
metric space is not quite obvious. The definition we propose here for a saddle sur-
face in a general geodesically connected metric space (Definition Bl) makes use of
the concept of convex hull and goes back to a property that a regular solution of
the Plateau problem satisfies ([I7], Lemma 7.1).

First, in Section 2, we recall what it means for a metric space to be of curvature
bounded from above and we give the definition and some first examples of saddle
surfaces in such spaces.
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In Section 3 we provide a source of examples of saddle surfaces in nonpositively
curved spaces. We show that an energy minimizing surface in a complete nonposi-
tively curved metric space is a saddle surface (Theorem [6). An energy minimizing
surface is a Sobolev mapping with given trace which is stationary (among the
mappings having the same trace) for the Sobolev energy. We note here that non-
regular area minimizing surfaces are not in general saddle surfaces. There are many
examples of non-Riemannian spaces which are nonpositively curved, e.g. trees, Eu-
clidean buildings, Hilbert spaces, and other infinite dimensional symmetric spaces
(H, [10).

In Section 4 we show that in a nonpositively curved space the notion of a saddle
surface is well defined for a general Fréchet surface (Proposition [[2]), and we prove
that the space of saddle surfaces is complete in the Fréchet distance (Theorem [I6).

A condition for compactness of a family of saddle surfaces in a compact space
of bounded curvature, which assumes restrictions on area and lengths of bounding
curves, is given in Section 5 (Theorem 7). In spaces of constant curvature we
show that an isoperimetric inequality for the class of saddle surfaces (Theorem [21)
reduces compactness of a family of saddle surfaces to the compactness of the set of
bounding curves (Theorem 23]). These results generalize difficult theorems of S.Z.
Shefel’ on compactness of saddle surfaces in a Euclidean space ([21]).

2. SADDLE SURFACES IN METRIC SPACES OF CURVATURE BOUNDED
FROM ABOVE BY K

2.1. Domain fR,. A notion of curvature of metric spaces can be defined by com-
paring triangles in a metric space with the corresponding model triangles in the
k-plane with sides of the same length. The definition is due to A.D. Aleksandrov
and the curvature is usually referred to as the curvature in the sense of A.D. Alek-
sandrov. Aleksandrov’s spaces are a natural generalization of Riemannian manifolds
but they are of a much more general nature. For more details, see [5].

The n-dimensional k-space S? (k-plane for n = 2) is the hyperbolic space H?
for k < 0, the Euclidean space E™ for x = 0, and the upper open hemisphere
S% (k=1/2) of E**! of radius £~1/2 with the induced metric, when £ > 0. Every
S is a Riemannian simply connected manifold of constant sectional curvature s
such that any pair of points can be joined by a unique geodesic segment—a curve
of minimal length joining given pair of points. Notice that S} is a complete space
only if K < 0.

An R, domain, abbreviated by MR, is a metric space satisfying the following
axioms:

Aziom 1: Any two points in R, can be joined by a geodesic segment.

Axiom 2: If k > 0, then the perimeter of each triangle in JRy is less than %

Axiom 3: Each triangle in fR,; has nonpositive x-excess; that is, for the angles
a, (3, v of a triangle ABC,

a+6+7_(an+5n+75)§07

where «a, [, 7« are the corresponding angles of a triangle A” B*C* on the k-plane
with sides of the same length as ABC

Another term for an R, domain is a CAT' (k) space. However, we will use Alek-
sandrov’s original notation ([I]). It is evident that any x-space is an R,, domain.
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A space of curvature bounded from above by k in the sense of A.D. Aleksandrov
is a metric space with intrinsic metric, each point of which is contained in some
neighborhood of the original space, which is an R, domain.

We mention that any two points of R, are joined by a unique geodesic segment,
and any ball (of radius less than #, if K > 0) in an R, domain is convex; that is,
the geodesic segment joining any two points of the ball is still in the ball.

Finally, recall that a metric space with intrinsic metric is called geodesically
connected if every pair of points can be joined by a geodesic segment.

2.2. Saddle surfaces. Let M be a geodesically connected metric space with in-
trinsic metric. A surface f in M is any continuous mapping f : D — M, where D
denotes the closed unit disk on the plane.

In the Euclidean space E™ we say that a hyperplane P cuts off a crust from
the surface f if among the connected components of f~1(f(D) \ P) there is one
with positive distance from the boundary of D. If U is such a component, then the
set f(U) is called a crust. A surface f in E™ is said to be a saddle surface if it is
impossible to cut off a crust from it by any hyperplane.

We extend the idea of a saddle surface to any geodesically connected metric
space by making use of the concept of convex hull. Let A be a subset of M.

Definition 1. The convex hull of A, denoted by conv(A), is defined to be the
closure of the union of all sets G (A), with G(©(A) = A, GM(A) the union of
all geodesic segments between points of 4, and G (A) = G (G~ (A)) for any
n > 1.

Remark 2. Tt follows directly from Definition [ that if 2 € G(™)(A) for some non-
negative integer n, then there exist finitely many points a1, ..., a,, € A such that
r€ G™({ay,...,am}).

Notice that convex hull is always a closed set. In fact, in any R, domain,
conv(A) is the smallest closed convex subset containing A. Convex hull has special
properties in nonpositively curved spaces.

We mention that if v is a Jordan plane curve, then E? \ « has exactly two
connected components. We denote by inty the bounded component and by exty
the unbounded one.

Definition 3. A surface f in a metric space M is said to be a saddle surface if

[f(inty) C conv(f (7))
for every Jordan curve v C D having positive distance from the unit circle.

Notice that saddle surfaces are, by definition, compact surfaces. Theorem
below shows the equivalence of Definition [B with the classical one in the case of a
Euclidean space.

Theorem 4 ([I1)). If f is a surface in E™, then the following are equivalent:

a) It is impossible to cut off a crust from f by any hyperplane.

b) f(inty) C conv(f(7)) for every Jordan curve v C D which has a positive
distance from the unit circle.

Examples. 1) Any regular surface in S? with curvature not greater than x is a
saddle surface. Notice that non-regular surfaces in S? with intrinsic curvature not
greater than k are not necessarily saddle surfaces ([12]).
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2) Any ruled surface in an R, domain is a saddle surface. The definition of a
ruled surface in an R, domain is the following. Let £ be a closed curve in an R,
domain (whose length, when x > 0, is less than %), let C' be the unit circle, and let
f:C — R, be a parametrization of L. Let O be an arbitrary point on C. Consider
the surface whose parametrization f is specified as follows: for any X € D, lying
on the line segment OY, Y € C, f(X) lies on the geodesic segment 0'Y', where
O = f(0),Y = f(Y)and O'f(X): 0'Y = OX : OY. Because of the condition
on the length of the curve £, O'Y" depends continuously on Y’ € £ and f is a
parametrized surface. In this case we say that we have a ruled surface with vertex
O’ spanned on £. Based on this definition it is clear that if O is a point on the
unit circle C and f : D — R, is a ruled surface with vertex O' = f (O) spanned
on f(C), then for any Jordan curve  in D having positive distance from the unit
circle, f(intvy) is a subset of G (f(v)). Therefore, f(inty) C conv(f(7)).

3) It is not difficult to see that saddle surfaces are preserved under the action
of any continuous geodesic mapping. Since the inclusion mapping id : H} — E”,
where H}! is interpreted by the Beltrami-Klein model of the hyperbolic space, and
the central projection ¢ : S% (ﬁ_l/ 2) — ™ are continuous geodesic mappings, we
obtain the following characterization for saddle surfaces in S}: (i) a surface in H!
is a saddle surface if and only if it is a saddle surfaces in E™, and (ii) a surface in
St (ﬁ_l/ 2) is a saddle surface if and only if its image under the central projection
is a saddle surface in E™.

3. ENERGY MINIMIZING SURFACES

An energy minimizing surface is an extremal of the energy functional with pre-
scribed boundary condition. The energy of a mapping in a metric space was origi-
nally introduced by N. Korevaar and R. Shoen in [I3] and independently by J. Jost
in [9] in connection with the Dirichlet problem in nonpositively curved spaces. We
recall what energy means in an Ry domain and then we prove that every energy
minimizing surface in a complete Ry domain is a saddle surface (Theorem [B). In
what follows D is the unit closed disk in the Euclidean plane, D, is the set of points
in D with dist (z,0D) > ¢, and D(z,e) denotes the closed disk of radius e centered
at w.

The class La(D,MRo) is defined to be the set of all Borel-measurable surfaces
[+ D — My having separable range such that [, d*(f(x),Q)dx < +o0, for some
point @ € Ro. If £ : D — [0,1] is a continuous function compactly supported
in the interior of D (notation: ¢ € Cy(D)), then the Sobolev class Wi(D,Ro) is
defined as the class of surfaces in Ly(D,Rg) with finite energy Ey; where

E; = sup lim / &(x) - / Mdy dx.

. e—0 4

§€Co(D)0<E<1ET0 I cBiee) <
The set of C'*°-smooth functions h : D — R which are compactly supported in
the interior of D is denoted by Cg°(D). We define the class W3 (D, R) as the comple-
tion of the set C§° (D) with respect to the Wi-norm. Let f,g € W3 (D,Ro). We say
that the surfaces f and g have the same trace if the function h(z) = d (f(z), g(x))
is in the class Wpl (D,R). Let ¢ € W3 (D,Ry). Denote by Wi(D,Ro, ) the set of
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surfaces f € W3(D,Ro) such that f has the same trace as ¢. Let

D = inf Ey.
(?) FEWS(D,Ro,p) !
A surface in the class W3(D,Ro, p) whose energy is equal to D(y) is called an
energy minimizing surface. The solution of the Dirichlet problem in nonpositively
curved spaces is provided by the following theorem.

Theorem 5 ([9], [13]). Let ¢ € W3(D,Ro) be a surface in a complete Ry domain.
Then there exists a unique surface f € Wi(D,Ro, ) with energy Ef equal to D(p).
Moreover, f is locally Lipschitz continuous in the interior of D.

Theorem [G is a source of examples for saddle surfaces in nonpositively curved
spaces.

Theorem 6. Every energy minimizing surface in a complete Rg domain is a saddle
surface.

The proof of Theorem [@] is based on Lemma [I1] which is a refinement of the
Definition [8] and on a lemma of H. Busemann and W. Feller. Lemma [I1] enable us
to handle the definition of saddle surface using Jordan plane curves of zero Lebesgue
measure. We need some extra terminology and lemmas.

Definition 7 (Similar points). Let {z1,..., 2%} and {y1, ..., yr } be two finite ordered
sets in some geodesically connected metric space M. Two points z € {x1,..., Tk}
and y € {y1,...,yr} are called similar if there is some iy € {1,...,k} such that
r = x;, and y = y;,. Generally, two points z € G™ ({z1,...,2x}) and y €
G™ ({y1, ..., yr}) are called similar if there are points 2/, 2" € G~V ({z1, ...,z }),
and y',y" € G Y ({y1, ..., yx}) and some number ¢ = t(z,y,n) € [0, 1] such that:
(i) z lies on the geodesic segment joining &’ to z”, and y lies on the geodesic seg-
ment joining y' to y”, (ii) 2’z =t - 2’2", and y'y = ¢-y'y”, and (iii) 2’ is similar to
y’, and z” is similar to y”.

Lemma 8. Let {z1,..,zx} and {y1,...,yx} be two finite ordered sets of points
in an Mo domain, and let x € G ({x1,...,x1}) for some positive integer n. If
y € G™ ({y1,...,yr}) is a point similar to x, then the following inequality holds:

(1) d(z,y) < max d(w;yi).

Proof. We need the following lemma due to Yu.G. Reshetnyak.

Lemma 9 ([18]). Let {P,Q, R, S} be a quadruple of distinct points in an Ry do-
main. Fort € [0,1], define P, € PS , Q; € QR by

PP, =t-PS and QQ; =1t -QR.
Then for any t € [0,1] the following inequality holds: (PyQ¢)? < (1 —1t)- PQ? +t -
RS? —t(1—1t)-(SP - QR)>.

If n = 0, then (@) holds as an equality. Suppose that (I) holds for the nonnegative
integer n — 1. Let € G ({z1,...,21.}) and y € G ({y1,...,yx}) such that z is
similar to y. Then there are points z/,2” € GV ({x1,...,x4}), and y/,y" €
G ({y1,...,yr}) and some number t € [0, 1] satisfying the conditions (i), (i),
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and (iii) of Definition [[l Then, by Lemmal[d,

d(z,y) <A —t)-d?@,y)+t-d? (2", y") <max{d(z,y'),d(z",y")}
<max;—1,. . kd(Z:,¥i),

where the last inequality is based on the inductive assumption. O

Lemma 10. Let {~, : n € N}, and let v be parametrized Jordan curves in an Ro
domain such that lim,, .o yn, = v uniformly. Then for any sequence {x, : n € N}
with x, € conv () there is a sequence {y, : n € N} C conv () such that

d(xn,Yn) < ap, for alln € N
with lim,, o o, = 0.

Proof. Let n be fixed and x,, € conv (7). Suppose z,, € G*) (v,,), for some k € N.
Then, by Remark 2 there are points 1, s, ..., t,, on the unit circle S' such that
n € conv{yn(t1), ..., Yn(tm)}. Consider the points y(¢1),...,v(¢tm) on the curve
~ and define the point y,, € conv {v(t1),...,¥(tm)} to be similar to the point x,,,
according to Definition [l Then, by Lemmal[§,

d(@n,yn) < max d(y, (ti),7 (1)) < sup d (v (t),7 ().

Taking o, = sup,cq1 d (v, (t),7(t)), we have d (zn,yn) < oy for all n € N and
limy, o0 ay = 0.

Suppose z, belongs in the closure of the union of all G*) (v,)), k € N. Then
choose a point 2, in some G*) (v,,) so that d(z,,7,) < supyeg: d(Vn (t),7 (1))
For this z, there is a y, € conv (y) such that d(zn,yn) < sup;egr d(yn (), (1)).
An application of the triangle inequality completes the proof. O

Lemma 11. Let f : D — Ry be a surface in an Rg domain. The following are
equivalent:

a) f is a saddle surface,

b) f (intvy) C conv (f (7)) for every Jordan polygonal curve v in D with positive
distance from the boundary of D.

Proof. The implication a)=-b) is trivial. Let 7 be a Jordan curve in D with
dist (y,0D) > 0, and {7y, : n € N} be a sequence of Jordan polygonal curves in
D with dist (y,,0D) > 0 such that lim,,_,o v, = 7 uniformly. Then f(v,) uni-
formly converges to f(7) since f is uniformly continuous on the compact set D.
Suppose, contrary to the claim, that f (inty) is not a subset of conv (f (7)) . Then
there is a point s € inty with « = f(s) ¢ conv (f (7)). Let d > 0 be the dis-
tance of x from convf (). Since s € inty and lim,_,o ¥, = 7 uniformly, there
exists a positive integer N = N(s) = N (x) such that s € inty, for all n > N.
Therefore, = f(s) € f(inty,) for all n > N, and hence, € conv (f (7))
for all n > N, since f (inty,) C conv (f (v,)) . By Lemma [0, choose a sequence
{yn : n € N} C conv () so that d (z,y,) < a, for all n > N with lim, . an = 0.
Then dist (x,convf (7)) = 0. This is a contradiction. O

Proof of Theorem . Let f be an energy minimizing surface in a complete Ry do-
main. Then there is a mapping ¢ € Wi(D,Ro) such that f is the unique solution
of the Dirichlet problem

) = inf E;.
(SO) FeEW3 (D,Ro,p) !
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Suppose that f is not a saddle surface. Then, by Lemma [TT] there exists a Jordan,
polygonal curve 7 in D such that dist (y,0D) > 0 and f (inty) is not a subset of
conv (f(y)) . Consider the nearest point projection

7 Mo — conv (f(7)) .

This is a well-defined mapping, since conv (f(7)) is a closed, convex set in a metric
space of curvature bounded above by zero and, by a lemma of H. Busemann and
W. Feller ([15]), it is a non-expanding mapping; that is, d (7(P),7(Q)) < d (P, Q),
for all P,Q € Ry. Define g : D — Ry by

_ [(mo f)(u), if u € (inty) Uy,
9(w) = { flw), if u € extr.

Obviously, g (inty) C conv(g(v)) and g € Wi (D,Ro, ). We claim that B, <
E;. This inequality leads to a contradiction since, by uniqueness, ¢ = f which
contradicts the hypothesis that f (inty) is not a subset of conv (f(7)). The energy

of ¢ is given by the formula

2 (g(x
E,= sup lim / &(x) - / Mc{y dx.

. e—0
£€C0(D);0<€<1 €D, €B(z.e)
For any sufficiently small e > 0, we define A, = {z € D, : dist (z,7) < €} . Then for
any € > 0, D, is decomposed into the three disjoint components inty\ A, A, and
extyN D\ Ac. By definition of g and A, we have: (i) d (g(z), 9(y)) < d(f(x), f(y)),
if # € inty \ Ae, and y € B(z,¢), and (i) d(g(x),9(y)) = d(f(z), f(y)), if z €
extyN D\ A., and y € B(z,e). On the other hand,

lim / &(z) - / wdy dx =0,

e—0

T€EA. €B(z,e)

since lim. o pt (Ac) = p(y) = 0, where p is the Lebesgue measure in E2. Therefore,
E4 < Ef. The proof is complete. ([

4. COMPLETENESS OF THE SPACE OF SADDLE SURFACES

4.1. Fréchet equivalence. Given any two surfaces f; : D — M and fo : D —
M we say that f1 and fo are Fréchet equivalent (notation f; ~ fa) if given
any positive number &, there exists a homeomorphism h. : D — D such that
d(f1(x), fa(he(x))) < g, for all x € D. It is known that ~ is an equivalence relation
in the collection of surfaces. In addition, f1(D) = fo(D) whenever f1 ~ fo. If fis a
surface the set of all surfaces f’ with f ~ f’ is an equivalence class, denoted by [f],
and is called a Fréchet surface; each element of [f] is called a parametrization of
the Fréchet surface. From the geometric point of view it would be desirable to find
properties of saddle surfaces which are invariant under Fréchet equivalence. First
we prove that Definition [B] of a saddle surface makes sense for Fréchet surfaces in
nonpositively curved spaces.

Proposition 12. If f1 : D — Ry and f2 : D — Ro are Fréchet equivalent surfaces
in an Ry domain, and fo is a saddle surface, then fi is a saddle surface.
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We need the following technical lemma.

Lemma 13. Let K be a subset of an Ry domain, and let {z, : n € N}be a sequence

of points in Ry such that z, € conv |J B (y, %) for allmn € N and lim,,_, o0 2, = 2
yeK
for some z € Ry. Then z € conv(K).

Proof. The convex hull is by definition a closed set, so it suffices to prove that for any

zn € conv |J B (y, L) there is a point z,, € conv(K) such that d (zn,z,) < 2. Let
yeK

yeK
Then, by Remark[2, there are y1, ..., ym € K and a; € B (yl, %) sy Gy, € B (ym, %)
such that z, € G® ({ay,...,a,,}). Choose the point z, € G® ({y1,...,ym}) C
conv(K) to be similar to the point z, according to Definition [l Then, by Lemma

Bl we have d (zn, ;) < maxi—1,...md(a;,y;) < =.

n be fixed. Suppose z, € G*¥) ( U B (y, %) , for some positive integer k = k (n).

Suppose that z, belongs to the closure of the union of all G(*) < U B (y, %)) ,
yeK

—~

k € N. Choose a point %, in some G(¥) < B (y, %)) such that d (yn, zn) < %,

yeK
and a point z,, € conv(K) such that d (y,, z,) < % The triangle inequality implies
the desired inequality. O
Proof of PropositionT2 Let € > 0. Then there exists a homeomorphism h. : D —
D such that
(2) d(fi(z), fa(he(x))) < e, for all x € D.

Let v be a Jordan curve in D having positive distance from the unit circle, and
x € inty. Then ho(z) € he(inty) = int(h:(7)), and therefore,

3) fa(he(2)) € fa(int(he(7))) C conv fa(he(7))

since fy is a saddle surface. Set z. = fa(he(x)). Then @) and @) imply fi(z) €
B(ze, ), with z. € convfa(h:(7y)). But fa(he(v)) C U Bl(y,e), by @). So
yEf1(7)
(4) fi(z) € B(ze,€) , with z. € conv U B(y, ).
y€f1(v)

Now taking ¢ = 1/n, we can assume, without loss of generality, that the sequence
21/ = f2(h1n(x)) € f2(D) converges to some point z, since fo(D) is a compact
set. Taking limits as n — oo in (@), and using Lemma [I3, we have f1(z) = z and
z € conv f1(7y). Thus, f1(inty) C convfi(7y). The proof is complete. O

4.2. The space of saddle surfaces. Let f; : D — M and fy : D — M be two
surfaces. The Fréchet distance F(f1, f2) of f1 and fs is defined to be

5(f1, f2) = infsup {d(f1(x), fo(h(x))) : x € D},

where the infimum is taken over all possible homeomorphisms h : D — D. It
is known that F(f1, f2) = F(f1, fo) whenever fi ~ f; and fo ~ f}, therefore
S([f1], [f2]) = §(f1, f2) is a well-defined relation. § defines a metric on the set
of Fréchet surfaces which is called the Fréchet metric.
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Theorem 14. Saddle surfaces in an Rg domain form a closed set in the space of
surfaces with the Fréchet metric.

We need the following elementary lemma.

Lemma 15. Let {f.},cn be a sequence of surfaces in a metric space M which
converges to a surface f, in the Fréchet sense. Then every sequence of the form
{fo(®n) ey » with 2, € D, has a convergent subsequence. The limit point lies in
the graph of f.

Proof. Let n be fixed. Then there exists a positive integer N = N(n) such that
if m > N(n), then F(fm,f) < % So, there exists a homeomorphism Ay, ., :
D — D such that d(fm(2), f(hnm(z)) < 1, for all z € D and m > N(n). Let
{ln, : n € N} be an increasing sequence of positive integers such that [,, > N(n).
Then d(f1,(z), f(hny, (z)) < &, for all z € D. The sequence {h,, (z1,)},,en has
a convergent subsequence {hkmlk” (xlkn)}neN since D is compact. Say lim, .

hi, 1., (1., ) = a. By the triangle inequality, we have

d(fu,, (z1,, ), fl@) < d(fi. (i, ) f i, (@0,)) + d(f (B, (20, ), fl@))
< =+ d(f (e, i, (21,,), f(a))

which approaches zero, as n — oo, since f is continuous. [l

Proof of Theorem [[4. Let {fy},cn be a sequence of saddle surfaces in an Ro do-
main converging to a surface f in the Fréchet sense, and let € > 0. Then there
exists a positive integer ng = ng(e) such that F(fn, f) < &, if n > ng. Hence, there
exists a homeomorphism h. ,, : D — D such that

(5) d(f(x), fn(hen(z))) < e for all x € D.

Let v be a Jordan curve in D, having positive distance from the unit circle, and
x € inty. Then h. ,(x) € he p(inty) = int(he n (7)), and therefore,

(6) Jn(hen(x)) € fr(int(hen(v))) C conv fr(hen(v))
since f, is a saddle surface. Set z¢n, = fn(hen(z)). Then (@) and (B) imply f(z) €
B(Ze,nag)a with Zem € Convfn(hs,n(')/))' But fn(hs,n(')/)) - U B(yvg)v by (H)

yEf(v)
Hence, f(z) € B(zen,€) with z. , € conv  |J B(y,¢). Taking € — 0, and choosing
yef(v)
a convergent subsequence of z.,, = fn(hen(x)) , insured by Lemma [I0] we have,

by Lemma [[3] that f(x) € convf(7). The fact that x is an arbitrary point in inty
yields f(inty) C convf (7). The proof is complete. O

It is known that the space of Fréchet surfaces is a complete metric space relative
to the Fréchet distance, so we obtain the following theorem.

Theorem 16. The space of saddle surfaces in an Ry domain is complete with
respect to the Fréchet metric.

5. COMPACTNESS THEOREM

The area of a surface in a general metric space was originally introduced by I.G.
Nikolaev in connection with the Plateau Problem ([I5]). The following theorem pro-
vides a condition for compactness of a family of saddle surfaces in a compact space
of bounded curvature which assumes restrictions on area and lengths of bounding
curves.
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Theorem 17. Let {[fa]},c 4 be a family of saddle surfaces in a compact R, domain
with Jordan bounding curves. If the areas and the lengths of the bounding curves of
the surfaces of the given family are uniformly bounded, then {[fa]},c 4 i a relatively
compact subset of the space of surfaces with respect to the Fréchet metric.

To prove Theorem [I7 we need the following lemmas.

Lemma 18 ([8]). Let £ be a Jordan curve in a metric space. Then, for any e > 0,
there exists T (g) > 0 such that if Q,Q" is a pair of points on L at a distance not
exceeding T (g), the diameter of one of the two arcs of L determined by the points
Q and Q' does not exceed €.

A corollary of Lemma [[8is the following lemma.

Lemma 19 ([T5]). Let there be given a sequence {Ly}, oy of Jordan curves in a
metric space which converges, in the Fréchet sense, to a Jordan curve L. Then, for
any € > 0, there exists a 7 (g) > 0 such that if the distance between two points on
any of the curves L,, and L is less than 7 (€), the diameter of one of the two arcs
into which these points divide the chosen curve is less than e.

Fix a point x in the closed unit disk D of the Euclidean plane. Denote by S, the
arc of the circle centered at x of radius r which is contained in D. Let f: D — R,
be a parametrized surface. Denote by ¢, the length of the curve f(S,) in R..
We say that the parametrized surface f satisfies Courant’s condition relative to a

constant C' > 0 if for each x € D and d € (0,1) there exists a p € {5, \/3} such that

L, < ¢

In

SO

Lemma 20 ([15]). If the areas of a sequence {fn},cy of parametrized surfaces in
a complete, locally compact R, domain are uniformly bounded, then each fp,, n =
1,2, ..., satisfies the Courant’s condition relative to a constant C' > 0 independent

of n.

Proof of Theorem [[7. Tt suffices to prove that each sequence {[fy]}, cn € {[fal}taca
is a relative compact set, or equivalently, by the Arzeld-Ascoli Theorem that: for
every € > 0 there exists § > 0 such that d (f, (z), fn (y)) < &, for all n € N, provided
z,y € D and |z —y| < 4. d is the metric of R, and f, is any parametrization of
[ful.

Let € > 0. For each n € N let us fix a parametrization f,, for the surface [f,].
Since the lengths of the bounding curves of { f,, }, .y are uniformly bounded then, by
Hilbert’s Theorem, the sequence of these bounding curves is a relatively compact
set. So it has a convergent subsequence in the Fréchet sense. For the sake of
simplicity let us assume that the sequence of bounding curves converges. Let 7 (¢)
be the uniform constant ensured by Lemma[[9 Also, since the areas of the sequence
{fn}nen are uniformly bounded, then by Lemma 20, each f,, n = 1,2, ..., satisfies
Courant’s condition relative to a uniform constant C' > 0. Choose § > 0 such that

(7) \/il;%<min{§,7(§)}.
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Let 2,y € D with |z —y| < 6. Put z = X% Then by Courant’s condition, there
exists a p € [(5, \/cﬂ such that

(8) lyn < T for all n € N,

with ¢, the length of f, (S,), where S, is the arc of the circle centered at z of
radius p which is contained in D. Let U be the intersection of D with the closed
disk centered at z of radius p, and + its boundary.

Suppose U C D. Then S, = 7 and therefore £(f, (7)) < 5. So fn(y) is
contained in a closed ball in R, of radius 5. But f, is a saddle surface and in any
R, domain closed balls, of sufficiently small radius, are convex sets. Hence,

fn (U) C conv (fn () C ball of radius %

On the other hand, § < p < /3, so [z —y| <4 yields z,y € U. Thus, d (f. (), fa (y))
<eg, foralln eN.

In the case when U is not a subset of D, then the boundary of U consists of two
curves: the arc S, and an arc, say 71, of the unit circle. These two arcs intersect
at two points p, g of the unit circle. Let P, = f,, (p) and Q,, = f,, (¢). Then P,,Q,
are joined by the curve f, (S,) so by (@) and (8)

d(P,,Qn) <7(5) forallneN.

The points P,, @, divide the boundary curve of f, into two arcs: f,(71) and
fn (72), where 2 is the complement of +; in the unit circle. By Lemma [9] the
diameter of one of them is less than 5. Suppose that the diameter of f, (71) is less
than 5. Then the diameter of f,, (y1)U fn (S,) is not greater than %6 so, since f,
is a saddle surface,

frn (U) C conv (fn (71) U fn (S,)) C ball of radius %

Therefore, if |z —y| < ¢, then z,y € U and hence, d(f, (z), fn (y)) < € for all
n € N. If the diameter of f,, (72) is less than £, then instead of the parametrization
fn we consider the parametrization f, o ¢,, where ¢, is a homeomorphism of D
which maps 7; onto 7, and the region U onto the region bounded by 2 and S,,.
The proof is complete. O

In spaces of constant curvature saddle surfaces satisfy the following isoperimetric
inequality.

Theorem 21. If a saddle surface in a compact subset K of S} is bounded by a
curve of length £, then its area S satisfies the inequality

k.S — % <0,
where k, is a positive constant depending on n and the compact subset K.

Proof. The case k = 0 is due to S.Z. Shefel’ ([20]). Let x # 0 and let f be
a saddle surface in S}!. Consider a continuous geodesic mapping ¢ : S} — E".
Such a geodesic mapping is the inclusion mapping ¢(x) = x from the Beltrami-
Klein model of H? to E", if k < 0, and the central projection ¢(x1,...,Zp41) =
kY2 (21 /Tni1y ey T /Tny1), if & > 0. The surface ¢ o f is a Euclidean saddle
surface. It is not difficult to see that the restriction of ¢ : S} — E” to a compact set
is a bi-Lipschitz mapping. This observation has two consequences; there are positive

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



2840 DIMITRIOS E. KALIKAKIS

constants k1, ko such that for any curve v and any surface f in the compact subset
K we have kaol(y) < l(p o) < kil(y) and k3S(f) < S(po f) < k¥S(f), where ¢
denotes length and S denotes the Lebesgue area. Therefore, since the Euclidean
saddle surface p o f satisfies an isoperimetric inequality, so does the surface f with
coeflicients depending on the compact subset K. O

Theorem 21| enables us to strengthen Theorem [L7 when R, is a compact subset
of S..

Theorem 22. If the lengths of the Jordan bounding curves of a family of saddle
surfaces in a compact subset of S are uniformly bounded, then the family being
considered is a relatively compact subset of the space of surfaces.

The above theorem can be restated as follows.

Theorem 23. In order that a family of saddle surfaces in S} be relatively compact
it is mecessary and sufficient that the family of Jordan bounding curves of the given
surfaces be relatively compact.
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