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Abstract

The purpose of this paper is to investigate some separation properties
of sets with axiomatically defined convexity structures. We state a general
separation theorem for pairs of convexities, improving some known results.
As an application, we discuss separation properties of lattices, real vector
spaces and modules.
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1 Introduction

A classical theorem of Kakutani [§] says that two disjoint convex sets in a real
vector space can be separated by a halfspace (i.e. a convex set with the convex
complement). This theorem is also known as a geometric version of the Hahn-
Banach theorem. In this paper we study the Kakutani separation property which
means, roughly speaking, that disjoint sets of a certain type can be separated by
disjoint complementary sets of the same type (the type will be described by means
of convexity).

In 1952, J.W. Ellis [4] showed an abstract version of Kakutani’s theorem, for pairs of
convexities which are join-hull commutative (see the definitions below) and have a
certain property, similar to the well-known Pasch axiom. The separation is realized
by a set which is convex with respect to the first convexity and its complement
is convex with respect to the second one. In case where both convexities are the
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same, Chepoi [2] showed in 1993 that the join-hull commutativity assumption is
irrelevant.

Our purpose is to give some sufficient conditions for the Kakutani separation prop-
erty of spaces with pairs of convexities defined by finitary set operators (see the
definition below). We state a general separation theorem which is improves both the
results of Ellis and Chepoi. In particular, we show that Ellis’ theorem holds with-
out the assumption of join-hull commutativity. We also characterize the Kakutani
property of convexities in modules, defined by algebraic intervals [7]. This class of
convexities contains the real vector space convexity, lattice convexities in Boolean
algebras and other known convex structures.

2 Finitary set operators

Following van de Vel’s monograph [15], by a convexity in a set X we mean a
collection G C P(X) containing (), X, closed under arbitrary intersections and
closed under the unions of chains. The convex hull of a set A C X is the set

conVA:ﬂ{GGQ: ACG}.

The convex hull of a set {x1,...,2,} is called an n-polytope and is denoted by
[Z1,...,2,]. A 2-polytope [a, b] is called the segment joining a,b. It is known [11]
that conv A = | J{conv F': F is a finite subset of A}. A convexity G is called N-ary
(N € N) if A € G whenever conv F C A for all F € [A]SY, where [A]SY denotes
the collection of at most N-element subsets of A. A space with 2-ary convexity
will be called geometrical. A convexity G in X is join-hull commutative [9] provided
Uyeglg, 2] € G whenever G € G and z € X. It is known [9, Th. 2] and easy to show
that every join-hull commutative convexity is geometrical. For a general theory of
convexity we refer to [15] and [I1].

Let X be a set and let D = [X]SY or D = [X]<%, where [X]|<“ denotes the
collection of all finite subsets of X. Any map r: D — P(X) such that F C r(F)
for all F € D will be called a finitary set operator (FS-operator for short) in X.
An FS-operator r: D — P(X) is N-ary provided D C [X]SY. We say that a set
G C X is r-convez if for every F' € D N'P(G) we have r(F) C G. Denote by G,
the collection of all r-convex subsets of X. Clearly, this is a convexity in X; G, is
N-ary if r is N-ary. We will say that a convexity G is defined by r if G = G,.. Every
convexity is defined by its polytope operator I = conv | [X]<“. An N-ary convexity
is defined by its N-polytope operator Iy = conv | [X]SV.

A set operator r is transitive provided for every y € r({x}UF) we have r({y}UF) C
r({z} U F). A transitive 2-ary operator is called an interval operator (see [2]).

Let r be an FS-operator. We set rA = |J{r(F): F € DNP(A)}, r"TtA = r(r"A),
r0A = A
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Proposition 2.1. If r is a finitary set operator in X then for every A C X we
have
conv A = U r"A,

neN

where conv is the convex hull operator associated with convexity G,.

Proof. Let D = dom(r), the domain of r. Denote by B the set on the right hand
side. Clearly A C B and B C conv A. Let F = {ay,...,ar} € DNP(B), a; € r™ A.
If we set n = max{ni,...,ng} then F C " A since E C rE for E € D and thus
r(F) C r"*1A C B. Hence B is r-convex. O

3 Main results

We start with a general separation theorem concerning two arbitrary convexities
in a set.

Theorem 3.1. Let G and H be two convezities in a set X. The following conditions
are equivalent:

(a) For every x,y,z € X and finite sets S,T C X such that x € convg({z} U S)
and y € convy ({z} UT) it holds that convg({y} U S) Nconvy ({z} UT) # 0.

(b) If A € G and B € 'H are disjoint then there exist disjoint sets G € G and
H e H such that ACG, BCH and GUH =X.

Proof. (a) = (b) Let G be a maximal G-convex set containing A disjoint from
B and let H be a maximal H-convex set containing B disjoint from G. We show
that GU H = X. Suppose otherwise, i.e. there is some z € X \ (GU H). By the
maximality of G we get convg(G U {z}) N H # 0 and therefore there exists an
h € H and a finite set S C G with h € convg({z} U S). By the same argument
there is a ¢ € G and a finite set T C H with g € convy({z} UT). By (a) we get
convg({gtUS)Nconvy ({h}UT) # ) which means that GNH # (); a contradiction.

(b) = (a) Let A = convg({y} U S) and B = convy({z} UT). Suppose that
AN B = 0. By (b) there are disjoint complementary sets G € G and H € ‘H with
ACGand BC H.If z € G then z € convg({z} US) C G. This yields that z ¢ G.
By the same argument z ¢ H; a contradiction. O

With respect to the above theorem we introduce the following definitions.

Definition 3.2. A pair (r,s) of FS-operators in X is said to satisfy the Pasch
axiom provided for each N, K < w with [X]|SV c dom(r), [X]S¥ C dom(s) and
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for every c,ay,...,any_1,b1,...,bx_1,z,y € X we have

x€r(c,ar,...,an—1) ANy € s(c,by,...,bx_1) =
P) = r(y,a1,...,an—_1)Ns(x,by,...,.bg_1) #0.
Here we write r(x1,...,2n5) and s(z1,...,2x) instead of r({z1,...,zn}) and
s({z1,...,zx}) respectively. If r = s then we say that r satisfies the Pasch az-
0m.

Definition 3.3. A pair of convexities (G, H) in a set X has the Kakutani separation
property provided for each two disjoint sets A € G and B € H there exist disjoint
sets G €Gand H € Hsuchthat ACG, BC Hand GUH = X. If G = H then
we say that the convexity space (X, G) has the Kakutani separation property.

Theorem now says that the Kakutani separation property for two convexities
is equivalent to the Pasch axiom for their polytope operators. A natural question
is whether the Kakutani property holds for convexities defined by FS-operators
satisfying the Pasch axiom. As we will show, the answer is affirmative for transitive
set operators. We give also a similar result for arbitrary FS-operators but the Pasch
axiom is then replaced with a more complicated formula.

Definition 3.4. We say that a pair (r, s) of FS-operators in X satisfies aziom (Q)
provided for each natural numbers N, K with [X]|SY C dom(r), [X]S¥ C dom(s)
and for each b,y1,...,yx,h1,...,hK,a1,...,any_1 we have

bes(yy,...,yx) AVi < K h; € r(yi,a1,...,an-1) =
Q) = r(b,a1,...,an_1)Ns(h1,...,hg) # 0.
Setting h; = y; for ¢ > 1 above we see that (Q) implies the Pasch axiom.

Proposition 3.5. If (r,s) is a pair of FS-operators satisfying the Pasch axiom
and such that r is transitive then (r, s) satisfy (Q).

Proof. Assume b € s(yi1,...,yx) and h; € r(y;,a1,...,an—1) for i < K. By the

Pasch axiom there exists x1 € 7(b,ay,...,an—1)Ns(h1,y2,...,yx) and by the tran-
sitivity of  we have r(z1,a1,...,an-1) C 7(b,a1,...,an—1). Inductively, we can
find o, ...,zy such that z; € s(hy,..., hi,yit1...,yx) and r(x;,a1,...,an—-1) C

r(b,ai,...,ay—1). For i = K we get r(b,a1,...,an—_1) Ns(hy,...,hg) # 0. O

We are going to show that axiom (Q) implies the Kakutani separation property.
For convenience we will use the following abbreviations: A,[z] = conv,. (A U {z})
and A?'[z] = r"(A U {z}) (the same for s). By Proposition we have A, [z] =
Unen A7 [7] (and the same for s).

In the next two lemmas we assume that (r,s) is a pair of FS-operators satisfying
axiom (Q).
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Lemma 3.6. If H is s-convex and r(x,ay,...,any—1) N H # 0, then for every
y € Hy[z] we have r(y,ay,...,an—1) N H # 0.

Proof. The statement is clear for y € H)[z] = H U{z}, so assume that 7(y,a1,.. .,
an—1)NH # () whenever y € H"[z] and consider y € H"™1[z]. There are y1, ..., yx
in H[z] with y € s(y1,...,yk), where K is such that [X]S¥ C dom(s). Now, by
induction hypothesis, there exist h; € r(y;,a1,...,anv—1) N H, i < K. Applying
(Q) we have r(y,a1,...,an—1) N s(hy,...,hg) # 0. Since H is s-convex, we get
r(y,a1,...,an—1) N H # 0. O

Lemma 3.7. If G, H are such subsets of X that G is r-convez, H is s-convex and
Grlz)NH # 0 # G N Hglx] for some x € X, then GNH # 0.

Proof. We use induction. Suppose that G N H # () whenever G is r-convex, H is
s-convex and GT[z] N H # () # G N Hg[z]. Assume G [z] N H # 0 # G N Hy[z].
This means that r(uy,...,unx) N H # 0 for some uy,...,uy € GI*[z], where N is
such that [X]SY C dom(r). Now, for i < N, we have

G N Hyug] # 0 # G N (Hywi))s[z].

By induction hypothesis there are g; € GNHg[u;] for i < N. Hence, as r(uq,...,uyn
NH # 0 and g1 € H,[u1], applying Lemma [3.6 we see that HNr(g1,us, ..., un
(. Inductively, using Lemma, we infer that H N r(g1,..., i, Wit1,...,UN) #
for i = 1,..., N. Particularly we get H Nr(g1,...,gn) # 0 which means that
and H intersect, since G is r-convex.

~—

O Qs

Now we can state the main result.

Theorem 3.8. If (r,s) is a pair of finitary set operators satisfying axiom (Q) then
the pair of convexities (G, Gs) has the Kakutani separation property.

Proof. Let G be a maximal r-convex set containing A disjoint from B and let H
be a maximal s-convex set containing B disjoint from G. Observe that GUH = X.
Indeed, otherwise there exists x € X \ (G U H) and by the maximality of G and
H we obtain G,.[z] N H # () # G N H,[z]. Hence, in view of Lemma the sets
G, H intersect; a contradiction. O

4 Consequences

Theorem 4.1. Let G,’H be two 2-ary convexities in a set X. The following condi-
tions are equivalent:

(a) If a1 € [c,a]g and by € [, bl then [a,bi]g N [b,a1]n # 0.
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(b) If A€ G and B € H are disjoint then there exist disjoint sets G € G, H € H
such that AC G, BC H and GUH = X.

Proof. Implication (a) = (b) follows from Theorem and Proposition by
0]

setting r(a,b) = [a,blg and s(a,b) = [a,b]y since polytope maps are transitive.
Implication (b) = (a) follows from Theorem O

J.W. Ellis has proved in [4] that the Kakutani separation property holds for two
join-hull commutative convexities such that their segments satisfy condition (a)
above. As every join-hull commutative convexity is 2-ary, Theorem improves
the result of Ellis.

We say that two sets A, B C X are screened by C,D if AC C\ D, BC D\ C and
CUD =X (cf. [14)).

Theorem 4.2. Let X be a space with N-ary convexity. The following conditions
are equivalent:

(i) Every two disjoint convex subsets of X can be separated by complementary
halfspaces.

(i) Every two disjoint N -polytopes can be separated by complementary halfspaces.
(iti) Every two disjoint N-polytopes can be screened by convex sets.

() Ifx € [e,a1,...,an—1],y € [¢,b1,...,by_1] then [y,a1,...,an—_1]N[z,b1,. ..,

by—1] # 0.

Proof. Implication (iv) = (i) follows from Theorem by setting r = s = Iy
(the N-polytope map). Since implications (i) = (ii) == (iii) are trivial, it remains
to show that (iii) = (iv).

We use the same argument as in the proof of Theorem Suppose (iv) fails for
some x,Y,c, ai,...,any—1 and by,...,by_1. Let C, D be two convex sets screening
[y,a1,...,any—1] and [x,by,...,by_1]. If c € C' then x € [c,a1,...,any—1] C C, since
C' is convex. Hence ¢ ¢ C; by the same argument ¢ ¢ D. It follows that CUD # X;
a contradiction. O

V. Chepoi has stated in [2] the equivalence of (i), (ii) and the property of N-
polytopes which is in fact a reformulation of axiom (Q). Thus Theorem im-
proves the result of Chepoi.

Theorem 4.3 (Chepoi [2]). Let X be a geometrical space defined by an interval
operator I : [X|S%? — P(X). If I satisfies the Pasch axiom then X has the Kakutani
separation property.

Proof. This follows immediately from Theorem [3.8and Proposition by setting
r=s=1. O
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5 Examples and applications

The convexity in a lattice. Let L be a lattice; we denote by ab and a + b the
infimum and the supremum of a,b in L, respectively. Set [a,b] = {z € L : ab <
x < a+ b}. This defines a convexity in L (see [I], [13], [I4]) and L is a geometrical
space with such a convexity. Observe ideals and filters are convex, more generally, a
convex set is an order-convex sublattice. It is easy to check that a proper halfspace is
either a prime filter or a prime ideal (see [13]). Recall that a lattice L is distributive
provided a(b + ¢) = (ab) + (ac) for every a,b,c € L.

Using Theorem we are able to give a short proof of Stone-Birkhoff’s separation
theorem.

Theorem 5.1. A lattice has the Kakutani property iff it is distributive.

Proof. Let L be a lattice, assume first that L has the Kakutani property. Suppose
that there are a,b,c € L with x = (ab) + (ac) < a(b+ ¢) = y. Thus y ¢ [ad, ac]
so there exists a halfspace H C L with y ¢ H D [ab, ac]. Observe that a € L\ H
since x € H and y € [z,a] N (L \ H). Hence b,c € H since ab € H N [a,b] and
ac € HNJa,c]. Now b+ c € H and y € [x,b+ ¢] C H which gives a contradiction.
Now assume that L is distributive and consider a,a1,b,b1,¢ € L with a1 € [c, a]
and by € [¢,b]. We have ac < a1 < a+ ¢ and be < by < b+ ¢, whence

(1) a1b < (a+c)b = (ab) + (cb) < a+ by.

Similarly ab; < a; +b. We set z = (a + b1)(a1 +b). Clearly < a; + b and by (1)
we get © > a1b(ay + b) = a1b. Hence = € [a1,b]. By the same argument z € [a, by].
Now Theorem implies that L has the Kakutani property. O

Geometrical modules. Let us consider a ring R (with unity, but not necessarily
commutative). Following Jamison [7] we say that a subset J of R is an algebraic
interval provided

(i) 0,1 € J and
(ii) o, 8,7 € J implies ya + (1 — )8 € J.
Fix an R-module M. For a,b € M we set
[a, by ={Aa+(1=Xb: A€ J}.

This defines a 2-ary convexity G; in M; elements of G; will be called J-convez.
Observe that (i) and (ii) imply that the set [a,b]; defined above is in fact the
segment joining a,b with respect to G;. Any module over a ring R with such
defined convexity will be called a geometrical module over (R, J). In particular R
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alone is a geometrical module over itself. Observe that J is the segment joining
0,1€R.

We shall state an algebraic condition for geometrical modules equivalent to the
Kakutani property. First we present some examples of geometrical modules.

Examples 5.2. (a) Let R denote the field of reals. If J = [0, 1] then the convexity
Gy in a real vector space is the usual one. If J = [0,1] N Q then it is the rational
convexity. Finally, J = {2i € [0,1] : k,n € N} defines the Jensen convexity (see
also [3], [A]).

(b) Let B be a Boolean algebra and let J = B. Denote by A the symmetric
difference in B. Then (B, A, *,0,1) is a (Boolean) ring. One can easily check that
[a,b];y = {x € B: ab < x < a + b}. Hence this convexity is the same as the
convexity defined by the lattice structure in B.

(c) Let R be the ring of all real measurable functions defined on a measurable space
(T,9m). Weset J ={xa: A€ M} where x4 denotes the characteristic function of
A. Tt is easily seen that xoxa+(1—xc)xB = X¢ where G = (ANC)U(B\ (), hence
J is an algebraic interval. A J-convex set is called decomposable; decomposable
subsets of L!(1), the space of u-integrable real functions, were introduced in [6].

Theorem 5.3. Let R be a ring and J C R. The following conditions are equivalent:
(a) Every geometrical module over (R, J) has the Kakutani property.
(b) J (with the relative convexity) has the Kakutani property.
(c) For each o, 8 € J there exists v € J with (1 —a)f =~v(1 —af).

Proof. (a) = (b) As we have already mentioned, J is a convex subset of R. Hence
disjoint convex subsets of J are convex in R and the Kakutani property of J follows
from that of R.

(b) = (c¢) Fix a, § € J. Notice that a3 € [0,5]; C J. Suppose that 8 ¢ [1,a0];.
As {8} and [1,af]; are convex and disjoint, there exists a halfspace H C J with
B¢ Hand [1,afl; C H If0 € Hthen S =f-1+(1—F)-0¢ H,if0¢ H
then af = af + (1 —«a) -0 ¢ H. Both cases yield a contradiction. It follows that
B € [1,af],, i.e. there exists v € J with § = v + (1 — v)af. Modifying this
expression we get (1 — a)f =~v(1 — af).

(¢) = (a) In view of Theorem we must verify the Pasch axiom. Fix a geo-
metrical module M over (R,J) and a,a;,b,b;,c € M such that a1 € [¢,a]; and
by € [c,b];. We have

a1 =aa+ (1 —a)e, by = Bb+ (1 - P)c,
for some o, 3 € J. Let v € J be as in condition (c), i.e.

(1) B=aB+y(1-af)=(1-7)ab+7.
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We set
(2) d=1-"7)a.
Observe that § € [0,a]; C J and v = (1 — §)3. Now take
x1 = (1 —y)ay + b, x9 = (1 —9)b1 + da.

Notice that z1 € [a1,b]; and z2 € [a,b;1]s. It remains to check that z; = zo. Let us
compute the difference 1 — 2. We have

o1 — a9 = (1 —A/)<oza+ (1 —a)c) Fab— (1 —5)<ﬁb+ (1 —ﬁ)c) ~a
= da+(1—7)1—a)c+b—b—(1—5)(1 - B)c—da
= (1= =a)=(1=8)(1-8))e
Now, applying (1) and (2) we see that
(1=8)(1=B)=1-0-B+1-1af=1-0-F+F—7
— 19— (1-ya=1-7)(1-a)
Hence &1 = &5 and this completes the proof. O

Corollary 5.4. (a) If J = FN[0,1] where F is a subfield of reals then every real
vector space with J-convezity has the Kakutani property.

(b) (Palés [10]) The Jensen convezity in R does not have the Kakutani property.
(¢) For every measure p, the ring of u-measurable real functions, with the convexity
of decomposable sets, has the Kakutani property. The same is true for L' (u).
Proof. (a) is clear, by condition (c) of Theorem

(b) follows from the equality (1 — %)%/( -13) =4
(c) Equality (1 —xa)xs = v(1 — xaxg) is valid for v = xp. Moreover, L'(p) is a
decomposable subset of the ring of all y-measurable functions. O
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