Chapter 8
Bounded Distributive Lattices with Two Geda
Subordinations

Sergio Celani and Ramon Jansana

Abstract In this paper we consider the notion of subordination on distributive lat-
tices, equivalent to that of quasi-modal operator for distributive lattices introduced
by Castro and Celani in 2004. We provide topological dualities for categories of
distributive lattices with a subordination and then for some categories of distributive
lattices with two subordinations, structures that we name bi-subordination lattices.
We investigate three classes of bi-subordination lattices. In particular that of positive
bi-subordination lattices.

Keywords Subordination relations on distributive lattices - Contact relations -
Distributive lattices + Distributive lattices with operators *+ Quasi-modal operators

8.1 Introduction

Subordination algebras and contact algebras originate in the duality for compact
Hausdorff spaces developed by de Vries (1962) where the algebraic duals of the
spaces are complete Boolean algebras with a proximity relation. The relations on
arbitrary Boolean algebras that satisfy the conditions in the definition of de Vries
proximity relation are known as compingent relations. Deleting some of the con-
ditions we have the subordination relations of Bezhanishvili et al. (2016). These
relations also originate in the Region-based theory of space, where precontact rela-
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tions on a Boolean algebra, as are called in Dimov and Vakarelov (2006c), were
introduced by Diintsch and Vakarelov (2003, 2007) under the name of proximity
relations as a weakening of the relations of the contact algebras studied in Dimov
and Vakarelov (2006a,b). The precontact relations and the subordination relations
of Bezhanishvili et al. (2016) are dual notions (a is related to b in one relation if and
only if a is not related to the complement of b in the other). An equivalent concept to
those of subordination relation and precontact relation is that of quasi-modal opera-
tor introduced by Celani in Celani (2001), where a topological duality for Boolean
algebras with a quasi-modal operator is given.

The definition of subordination relation on a Boolean algebra does not mention the
complement operation and therefore it can be considered for bounded distributive
lattices as well as its equivalent concept of quasi-modal operator. This is done in
Castro and Celani (2004) where the concept of quasi-modal operator for bounded
distributive lattices is studied and a topological Priestley duality is given for bounded
distributive lattices with two quasi-modal operators. From the results proved in Castro
and Celani (2004) one easily obtains a duality for bounded distributive lattices with
a subordination.

In this paper we study three kinds of distributive lattices with two subordination
relations that we call bi-subordination lattices: the bi-subordination lattices where
one subordination is included in the other, the bi-subordination lattices where one
subordination is the converse of the other, and the positive bi-subordination lattices
where the relation between one subordination and the other is similar to that between
the box operation and the diamond operator in positive modal algebras. We present
topological dualities for these classes of bi-subordination lattices. In order to be able
to do it we introduce in detail topological dualities for several categories of bounded
distributive lattices with a subordination given by different choices of morphisms
between them. The dual objects are Priestley spaces endowed with a binary relation.
Some of the results we report can be found in Castro and Celani (2004) but for
completeness we decided to present them with full proofs, besides phrasing them in
terms of subordination relations instead of quasi-modal operators.

After the preliminaries section we present in Sect. 8.3 the concepts of subordina-
tion, A-quasi-modal operator and V-quasi-modal operator for bounded distributive
lattices as well as the concept of bi-subordination lattice. We also introduce some tools
necessary for the dualities we present in Sect. 8.5. In Sect. 8.4 we discuss some exam-
ples of bi-subordination lattices and define the concept of positive bi-subordination
lattice. In Sect. 8.5 we present the dualities for different categories of subordination
lattices. The objects of the dual categories are Priestley spaces with two binary rela-
tions, one for each subordination. We extend the dualities to bi-subordination lattices
in the natural way. Finally, in Sect. 8.6 we first discus the dualities for positive bi-
subordination lattices that naturally result when we dualize each subordination by a
relation. Then we present a different duality where the objects are Priestley spaces
with a single binary relation in a similar way as one can obtain a Priestley duality
for positive modal algebras by considering only one relation on the Priestley space
dual to the distributive lattice reduct instead of considering one relation for the box
operation and another one for the diamond operator.
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8.2 Preliminaries

In this preliminaries section we introduce the most basic concepts and notation we
need related to posets, lattices, and binary relations. The other concepts assumed to
be known in the paper, like Priestley space, will be introduced when needed.

Let (X, <) be a partially ordered set (or poset). A set U C X is an upset of X
if for every x,y € X, if x € U and x < y, then y € U. The dual notion is that of
downset, thatis, aset V C X is a downset of X if forevery x, y € X suchthatx € V
and y < x,wehavey e V.

We assume knowledge of bounded distributive lattices (Balbes and Dwinger 1974;
Davey and Priestley 2002; Gritzer 2009). Let L be a bounded distributive lattice.
Recall that a filter of L is a nonempty subset of L that is an upset w.r.t. the order of the
lattice and is closed under the operation of meet. Dually, an ideal of L is a nonempty
subset of L that is a downset w.r.t. the order of the lattice and is closed under the
operation of join. A filter F of L is said to be prime if for every a, b € L such that
aV b e Fitholdsthata € F orb € F.If L is a Booelan lattice (i.e. a lattice where
every element has a complement) the prime filters are known as ultrafilters. The
filter generated by a set H € L will be denoted by [H) or by Fg(H) and the ideal
generated by H by (H] or Ig(H). Given a € L, we write [a) or Fg(a) for the filter
generated by {a} and (a] or Ig(a) for the ideal generated by {a}. The set, and the
lattice, of ideals of L will be denoted by Id(L) and that of its filters by Fi(L).

For every set X, we use £(X) to denote the powerset of X as well as the powerset
lattice and the powerset Booelan algebra of (the subsets of) X.

If X is an arbitrary set and R a binary relation on X, then for every x € X we let

Rx):={yeX:(x,y)eR} and R '(x):={yeX:(y,x)eR)
and for every set Y C X we let

R[Y]:={ye X:(3x €Y) xRy},
R7Y]:={x e X:(3yeY)xRy},
OrpY)={xeX:R(x)CY}.

Note that
R[Y] =U{R(y):y €Y} and R'[Y]={xeX:R(x)NY £0}.
We alsoreferto R~![Y]by O (Y). Note that then [ (Y) = [Og (Y¢)] and O(Y) =

[Or(Y)]°. Moreover, we denote by R~ the converse of the relation R, i.e., R~! =
{{(x,y) : yRx}.
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8.3 Subordination Relations and Quasi-modal Operators
on Distributive Lattices

The notion of subordination on a Boolean algebra defined in Bezhanishvili et al.
(2016) is equivalent to the notion of precontact or proximity relation on a Boolean
algebra given in Dimov and Vakarelov (2006c) and Diintsch and Vakarelov (2007). It
can be exported to bounded distributive lattices since it does not involve the operation
of complement.

Definition 1 A subordination on a bounded distributive lattice L is a binary relation
< on L satisfying the following conditions for every a, b, c,d € L:

(S1) 0<0and1 < 1;

(82) a < b,cimpliesa < b A c;
(S83) a,b < cimpliesa VvV b < c;
(S4) a <b <c <dimpliesa < d.

A subordination lattice is a pair (L, <) where L is a bounded distributive lattice and
< a subordination on L. A bi-subordination lattice is a triple (L, <, <) where L is
a bounded distributive lattice and <, <1 are subordinations on L.

We will denote by SLat the class of subordination lattices and by BSLat the class
of bi-subordination lattices.

In the case of Boolean algebras, the subordination relations are equivalent to the
quasi-modal operators of Celani (2001). Similarly, on bounded distributive lattices
they are equivalent to the quasi-modal operators on bounded distributive lattices
introduced in Castro and Celani (2004).

Definition 2 (Castro and Celani 2004) A A-quasi-modal operator on a bounded
distributive lattice L is amap A : L — Id(L) satisfying the conditions:

(QM1) A(a Ab) = A(a) N A(b), foreverya,b € L,
QM2) A() =1L,

that is, it is a meet-homomorphism (preserving also the top element) from the lattice
L to the lattice of its ideals.

Dually, a V-quasi-modal operator on a bounded distributive lattice L is a map
V : L — Fi(L) satisfying the conditions:

(QM3) V(avVvb)=V(a)NV®),foreverya,b e L,
(QM4) V() =L,

that is, it is a join-homomorphism (preserving also the bottom element) from L to
the dual of the lattice of the filters of L.

Remark 1 A dual modal operator J on a bounded distributive lattice L is a unary
operation on L that is a meet-homomorphism from L to L preserving the top element.
The map that sends every element of L to the principal ideal it generates is an
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embedding from L to the lattice of the ideals of L. Thus we can look at a dual modal
operator [] on a bounded distributive lattice L as a meet-homomorphism from L to
the lattice Id(L) of the ideals of L that preserves also the top element and has the
property that the elements of its range are principal ideals. In this way, the concept of
A-quasi-modal operator on a bounded distributive lattice is a natural generalization
of the notion of dual modal operator. Dually, an operator ¢ on a bounded distributive
lattice L is a unary operation on L that is a join-homomorphism from L to L that
preserves the bottom element and since L is dually embeddable into the lattice of
the filters of L by the map that sends every element of L to the principal filter it
generates, an operator { on a bounded distributive lattice L can be seen as a join-
homomorphism from L to the dual lattice of the lattice Fi(L) of the filters of L that
in addition preserves the bottom element. Therefore, the concept of V-quasi-modal
operator on a bounded distributive lattice is a natural generalization of the notion of
modal operator.

Quasi-modal operators and subordination relations are strictly connected in the
way we proceed to describe. Recall the well-known fact that any map f : L — P(L)
determines two relations R, Rj{ C L x L, one the converse of the other, defined by
the conditions

aRsb iff ae f(b) and  aR}b iff be f(a).

Conversely, every relation R C L x L determines two maps fg, Ij L — P(L)
defined by the conditions

fr(@):= R~ '(a) ={b € L : bRa} and f;’(a) == R(a) ={b €L :aRb}.

It is immediate to see that if ' : L — P(L), then fr, = f and *. = f and that if

RY

R C L x L,then Ry, = RandR;R+ =R.

We apply these facts to A-quasi-modal operators, V-quasi-modal operators and
subordinations on L.

Let f : L — P(L) be amap. It is easy to see that f is a A-quasi-modal operator
if and only if its associated relation Ry is a subordination on L, and that f is a
V-quasi-modal operator if and only if R}’ is a subordination on L.

If A: L - P(L) is a A-quasi-modal operator, then we denote the relation Rx
by <a. Thus forevery a,b € L

a=<ab iff ae AD).

Analogously, if V: L — P(L) is a V-quasi-modal operator, then we denote the
relation RY by <y and we have for every a, b € L

a<yb iff beV().
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Consider now a binary relation R on L. It is easy to see that the function fx :
L — P(L) is a A-quasi-modal operator on L if and only if R is a subordination and
that this holds if and only if f4 : L — P(L) is a V-quasi-modal operator on L.

If < is a subordination on L, then we denote the map f~ by A and the map f1
by V.. Hence, for every a € L

A (a):=beB:b=<a} and V.(a) :={be B:a~<b}.

Since A-quasi-modal operators correspond to subordinations and these to V-
quasi-modal operators, the procedures just described above allow us to associate
with every A-quasi-modal operator a V-quasi-modal operator and conversely, in the
following way.

Let L be a bounded distributive lattice and A a A-quasi-modal operator on L. The
V-quasi-modal operator V., of the subordination <, is then given for eacha € L
by

Vi a):={belL:aeAD)}.

In a similar way, given a V-quasi-modal operator V, the A-quasi-modal operator
of the subordination <y is given for each a € L by

A (a):={beL:aeVb).

It immediately follows that Ay, = Aand Vo = V.

Note that due to the equivalence between subordinations and A-(V-)modal oper-
ators, Remark 1 shows that subordinations can be taken as generalizations of modal
operators.

Remark 2 If L is a bounded distributive lattice, [J a dual modal operator on L and
¢ a modal operator on L, then it is easy to see that the binary relations < and <y,
defined on L by setting for every a,b € L

a<0b < a<0b

and
a<¢b & dac<b

are subordinations on L.

The A-quasi-modal operator A, associated with < satisfies that A (a) =
(Oa] for all a € L. The V-quasi-modal operator V., of < is then given by the
condition b € V. (a) if and only if a < Ub. Therefore, V. (a) = O~ '[a)] for
everya € B.

Similarly, the V-quasi-modal operator associated with <, satisfies foreverya € L
that V. (a) = [Qa). The A-quasi-modal operator of <¢, is then given for every
a,b € L by the condition b € AL (a) if and only if iff Qb < a. Thus, for every
a € Lwehave AL (a) = O~ (all.



8 Bounded Distributive Lattices with Two Subordinations 223

Being the notions of subordination relation and A-quasi-modal operator equiva-
lent, as well as equivalent to that of V-quasi-modal operator, we can take any of them
as a primitive notion. We decided to take the notion of subordination as primitive in
this paper; nevertheless we will make use of the associated quasi-modal operators
on some proofs and statements.

In Castro and Celani (2004) the authors introduce and study quasi-modal lattices
which consist of a bounded distributive lattice together with both a A-quasi-modal
operator and a V-quasi-modal operator. Thus they consider in disguise bounded
distributive lattices with two subordinations, i.e., bi-subordination lattices.

We proceed to introduce in the remaining part of this section some tools that are
essential to the presentation of the results in the paper.

8.3.1 Two Maps on the Power Set of a Subordination Lattice
Determined by the Subordination Relation

Given a bounded distributive lattice with a subordination we define two maps on the
poset of all subsets of the lattice determined by the subordination and present the
properties we need. One is a modal operator and the other its dual. Using them we
will define two relations on the set of prime filters of a bounded distributive lattice
with a subordination.

Let L be a bounded distributive lattice and < a subordination on L. The maps
AT i P(L) — P(L) and V! :P(L) — P(L) are defined by setting for every
CCL:

1. A:l C):={aeL:A(a)NC #0},
2. VI(C):=f{aeL:V(a) CC}.

These two maps are obviously monotone (w.r.t. inclusion), V;l distributes over
intersections, A;l over unions, A;l (@) =@, and V;l (L) = L.Itis easy to see that
forevery C C L,
AZH(C) = (VH(C)¢ and VH(C) = (AL (C9))".
Hence, AZ! is a modal operator on the powerset lattice (L) and V! is its dual.
The first two items of the next lemma are proved in Castro and Celani (2004).

Lemma 1 For every filter F, every ideal I, and every prime filter P of L:

1. AZY(F) is afilter,
2. VY1) is an ideal,
3. (Vg1 (P))C is an ideal.

Proof We abbreviate all along the proof A by A and V. by V.
(1) Supposethata, b € A~' (F).ThenA(a) N F # Pand A(b) N F # @.Letc €
A(@)NF andd € A(b)NF. ThencAd € F and c Ad € A(a) N A(b), because
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these sets are ideals. Hence ¢ A d € A(a A b). Therefore, A(a A b) N F # (J and so
anbe A" (F). Suppose now that a € A~! (F) and a < b. Then A(a) N F # @.
Since A(a) € AM), Ab) NF # @. Hence b € A~ (F).

(2) Suppose thata, b € V! (I). Then V(a) C I and V(b) C I. Therefore V(a v
b) =V(a)NV(b) CI.Hencea Vv b e V! (I). Suppose thata € V~! (I) and b <
a.Then V(a) C I and V(a) C V(b). Therefore, V(b) C I. Thus, b € V™' (I).

(3) Let P be a prime filter of L. First note that since V(0) = L and P # L, we
have V(0) Q P. Therefore O ¢ v-L(p). Suppose now that a, b ¢ V-1 (P). Hence
there are ¢ € V(a) and d € V(b) such that ¢,d ¢ P. Since P is a prime filter it
follows that ¢ vV d ¢ P. But since V(a), V(b) are filters c Vd € V(a) N V(b) =
V(a Vv b). Hence V(a Vv b) g P and therefore a v b ¢ V! (P). Finally, suppose
that a ¢ V=! (P) and b < a. Then V(a) §§ P. But since V(a) C V(b), V(b) g P
which implies that b ¢ V=1 (P). O

8.3.2 The Two Relations on the Set of Prime Filters
of a Lattice Determined by a Subordination

Let L be a bounded distributive lattice and < a subordination on L. We define the
binary relation R% on the set X (L) of the prime filters of L by setting for every
P,Q e X(L)

(P,Q)e R < AZ/(P)c Q.

In a similar way, we define the binary relation RY on X (L) by setting for every
P, Qe X(L)
(P.Q)€RY &= QCV '(P).

Proposition 1 Let < be a subordination on a bounded distributive lattice L. Then
R% is the converse of the relation RY.

Proof Suppose that PR2 Q, i.e.,that{a € L : A_(a) N P # @} C Q. To prove that
QRZP we have to show that P C {a € L : V. (a) € Q}. Suppose that a € P and
. (a) gz Q.Letb € V.(a)besuchthatb ¢ Q. Thusb ¢ {a € L : A_(a) N P # @},
that is, A_(b) N P = (. Note that since b € V.(a), a € AL (b). Therefore A_(b) N
P # (). Hence b € Q, a contradiction.

Conversely, suppose that QRy P, so that P C {a € L : V.(a) € Q}. To prove
that PR% Q, suppose that A_(a) N P # Y and let b € A-(a) N P. Then a € V.(b)
and V. (b) C Q. Therefore, a € Q. (Il

Lemma 2 Let L be a bounded distributive lattice and < a subordination on L. The
relations R: and RY satisfy the following conditions:

1. R8=(CoR%),
2. R =(R%209Q),
3. RY =(C'oRY),
4. RY =(RYoC™).
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Proof (1) The inclusion R% C (C o R%) is obvious. To prove the other inclusion
assume that P € Q"and Q'R2Q.Then{a € L : A_(a) N Q' # @} C Q.Since P C
Q',wehave{a € L : AL(a) N P # ()} C Q,and we are done. (2) follows easily form
the definitions involved. (3) and (4) follow from (2) and (1) respectively using that
R% is the converse of RY. O

Lemma 2 is basically Lemma 5 in Castro and Celani (2004) and the next lemma
is Lemma 6 in Castro and Celani (2004).

Lemma 3 Let L be a bounded distributive lattice and < a subordination on L. Let
acLand P € X(L). Then

1. ae AZN(P)iff (VO € X(L)(if A/ (P) € Q, thena € Q),
2. aeV'(P)iff AQ € X(L))(Q € VZ'(P)anda € Q).

Proof (1) follows from the fact that A:l(P) is a filter. (2) follows from the fact
that V;l(P)C is an ideal. The direction from right to left is obvious. Assume that
ace V:l(P). Hence a ¢ V;l(P)C. Thus since this last set is an ideal, there exist
Q € X(L) such thata € Q and VZ!(P)° N Q = ¥. Hence Q C VZ!(P). O

8.4 Some Kinds of Bi-Subordination Lattices

We are interested in some kinds of bi-subordination lattices L = (L, <, <). In
one kind < C <, in another << = <!, Finally, we are interested in positive bi-
subordination lattices where the link between the subordinations < and < is similar
to the link between the [J and ¢ in positive modal algebras.

Definition 3 A bi-subordination lattice L = (L, <, <I) isapositive bi-subordination
lattice if the following conditions hold for all a, b, ¢ € L:

Pl) c<avb = (Mdel)a<d= Feecl)e<b&c<eVvd))
P2) anb<c = (Vdel)d<a= Fecl)bde&end=<c)).

The conditions (P1) and (P2) can be stated in an equivalent form using the oper-
ators A and V. To do it we need to introduce the following operations between
filters and ideals and between ideals and filters of a bounded distributive lattice.

Let L be a bounded distributive lattice, F € Fi(L) and I € Id(L). We define the
following ideal and filter, respectively

FOl=(IU{fN:feF)

and
I®F:=({FU(i}):iel}.
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In terms of the operators A . and V the conditions (P1) and (P2) respectively say
that foralla, b € L,

1. Al(aVvb) S Vy(a) ©ALD),
2. Vy(a Ab) C A(a) ® Vy(b).

We proceed to provide examples of the three kinds of bi-subordination lattices
we are interested in.

Example 1 Let (X, 7) be a topological space. The relations < and <1 defined on
P(X) by
U<V & UCint(V)

and
U<V & cl(U)CV

are easily seen to be subordinations. Thus (P(X), <, <) is bi-subordination lattice.
We note that the quasi-modal operators A and V satisfy that

AL(U) = (int(U)]

and
Vq(U) = [cl(U))

for each U € P(X).

If we restrict < and < respectively to the distributive lattices of the open sets
of X and of the closed sets of X we obtain bounded distributive lattices with two
subordinations, which are one included in the other. Indeed, if U, V are closed then

U<V & UCint(V) & cl(U)Cint(V) = U V.
Also, if U, V are open, then
U<V & cdU)CV & clU)Cint(V) = UCint(V) & U < V.

Example 2 Recall that a distributive double p-algebra (L, Vv, A,*,7,0,1), see
Katritidk (1973), is a double Stone algebra if a* vV a** =1 anda™ Aa™ =0.Ina
double Stone algebra L the following properties are valid:

1. a* <a™.

2. at*=agtt <a <a™ =a*t.

3. (anb)*=a*vb*and (a Vb))t =at AbT.

Double Stone algebras are considered by Katriiidk in Katrinidk (1974) and in several

papers by the same author. For information on Stone algebras see Gratzer (2009) and
for double Stone algebras see also Balbes and Dwinger (1974).
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If (L, v, A,*,7,0,1) is distributive double p-algebra it is easily seen that the
relation < on L defined by

a<b & a*vb=1,
is a subordination and that the relation <1 defined by
a<db & btra=0

is also a subordination.
On a double Stone algebra both subordination relations are equal. In fact, a dis-
tributive double p-algebra L is a double Stone algebra if and only if < = <.

Proposition 2 Let (L, VvV, A0, 1) be a distributive double p-algebra. Then L is
a double Stone algebra if and only if for every a, b € L,

a*vb=1 & bt ra=0
Proof Suppose that L is a double Stone algebra. Then for every a, b € L we have:

a*vb=1= @ vbht=1"
& a*TAbT =0
= anb™=0

and

anbt=0 = @Abh)*=0*
o @vb™) =1
= a"vb=1.

Now assume that for every a, b € L, a* vV b = 1 if and only if b A a = 0. Let
a € L. Since a** A a* = 0, we obtain that a** vV a* = 1. And since a™ vat =1
we obtain a™ A at = 0. Hence, L is a double Stone algebra. O

The quasi-modal operators A and V. associated with < have the following
description:
A<(a)={xeL:x*Va=l}

V<(a)={x€L:x+Aa=O}.

Proposition 3 Let L be a double Stone algebra. Then the bi-subordination lattice
(L, <, <) is a positive bi-subordination lattice.

Proof We proceed to prove that it satisfies the conditions (P1) and (P2) in
Definition 3. We will work with the equivalent conditions stated in terms of the
delta and nabla operators.
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To prove that the condition (P1) holds, suppose that a, b, c € L are such that
ce As(aVvDb)butc ¢ V(a) © A (b). Then there exists d € V. (a) such that ¢ ¢
(A< (b) U {d}]. So, there exists P € X(L) suchthatc € P, A.(b) N P =@ andd ¢
P.Sincedvdt=1¢€ P,wegetd™ € P,and asd € V.(a), we have d* Aa = 0.
So

0= O** — (dJr /\(1)** — d+** /\a** — d++* /\a** — d+++ /\a** — d+ /\a**.

Then, since d* € P, a** ¢ P. So a* € P, because L is a Stone algebra, and since
c € P,we get c*™ € P. Thus, a* A ¢ € P. Moreover,

l=c*vavb<bva™*vc*=bvVv (a*Ac™*,

so that b Vv (a* A ¢**)* = 1 and therefore a* A ¢** € A (b). Now since A_(b) N
P = ¢, it follows that a* A ¢** ¢ P, which is a contradiction.

Now, to prove that the condition (P2) holds, suppose that there are elements
a,b,c € L such that ¢ € V.(a A D), but ¢ ¢ A_(a) ® V. (b). Therefore ¢™ A (a A
b) =0 and there exists P € X(L) and d € A.(a) such that c ¢ P, V(b) C P,
andd € P.So,1 =d* Vva,andtherefore ] = 17" = (d* va)*™ =d*"" vatt =
d*va't™ ¢ P.Sinced € P,d" ¢ P. Therefore, a™ € P. We note that ¢t € P,
because ¢ ¢ P.So,a Vv c* € P and therefore, a®t v ¢ ¢ P. Asc € V.(a A D),

O=anbArct=a™ Act AD
=@ vt Ab.

Then at v ¢t € Y, (b) C P, which is a contradiction.
Thus we have that for every double Stone algebra L the bi-subordination lattice
(L, <, <) is a positive bi-subordination lattice. O

Example 3 Thisexample is given in Bezhanishvili (2013) for bounded sublattices of
Boolean algebras. It can be extended to bounded sublattices of bounded distributive
lattices. Let L be a bounded distributive lattice and let S be a bounded sublattice of
L. We consider the relations <5 and <l defined by

a<sb < (FceS)a<c<b

and
a<sh < (HceS)b<c<a.

These two relations are easily seen to be subordination relations and each one is the
converse relation of the other.

The operators associated with the relations <g and <ls are given by

A(@)={beL:SN[b)N(a] 0}
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and
Vas(@) ={beL:SN[a)N(b] #0}.

An element a of a bounded lattice L is said to be complemented if thereisb € L
such that a A b =0 and a v b = 1. The set of all complemented elements of L is
called the center of L. The center of L contains 0 and 1. Moreover, if L is distributive,
the complements when they exist are unique. This implies that the center of a bounded
distributive lattice L is a bounded sublattice of L and a Boolean lattice.

Proposition 4 Let L be a bounded distributive lattice. If S is a bounded sublattice
of the center of L, then (L, <g, <) is a positive bi-subordination lattice.

Proof We note that S is a bounded sublattice of the center of L if and only if it is a
Boolean lattice. Thus, P N S is an ultrafilter of S for each prime filter P of L.

‘We note that A:;(P) C Qifandonlyif P NS C Q,forall P, Q € X(L).Indeed:
Ifae PNS, thena € A (a), and so A_ (a) N P # @ having then that a € Q.
Conversely, if A_,(a) N P # {, there exists b € A_,(a) N P and there exits s € §
suchthatb <s <a.Thens € PNS C Q,and thusa € Q.

Suppose that there are elements a, b, c € L such that ¢ € AL (a VvV b), but ¢ ¢
Vg (@) © Ay (b). So, there exists d € Vo (a) such that ¢ ¢ (A;b U {d}]. Then
there exists P € X(L) suchthatc € P, AL.,bN P =@ andd ¢ P. Therefore, there
exists Q € X (L) such that A:;(P) CQandb¢ Q.,ie, PNSC Q. As Sisa
Boolean lattice, PN S = QNS. Since c € AL, (aVvb)NP and b ¢ Q, we have
a € Q. And since d € Vg, (a), there exists e € S suchthata <e <y.So,s' € 0N
S = PN S,andthusd € P, whichisimpossible. Therefore A_ (a Vv b) € V (a) ©
ALDb, for all a, b € L. The proof of the inclusion Vi (a Ab) C A_.a @ V(D) is
similar. U

8.5 Duality for Subordination Lattices and
Bi-Subordination Lattices

We recall first the Priestley topological duality between bounded distributive lattices
and Priestley spaces (see for example Davey and Priestley 2002) and then we expand
it to subordination lattices and Priestley subordination spaces. The duality for sub-
ordiantion lattices we present can be extracted from that in Castro and Celani (2004)
which is for distributive lattices with a A and a V quasi-modal operator and Priestley
spaces with two binary relations. A duality for bi-subordination lattices, which is
basically the duality obtained in Castro and Celani (2004), easily follows from the
duality we describe for subordination lattices. For completeness we opted to give the
details.

A totally order-disconnected topological space is a triple X = (X, <, tx) where
(X, <) isaposet, (X, tx) is a topological space, and given x, y € X such thatx £ y
there exists a clopen upset U of X such that x € U and y ¢ U. A Priestley space is
a compact and totally order-disconnected topological space.
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If X is a Priestley space, the set of all clopen upsets of X is denoted by D (X).
It is well-known that D (X) = (D(X), U, N, @, X) is a bounded distributive lattice,
which is a sublattice of the complete lattice , (X) of all the upsets of X. The lattice
D(X) is the dual of the Priestley space X.

If L=(L,V,A,0,1) is a bounded distributive lattice, we denote the set of all
prime filters of L by X (L) and recall that we denote the families of all ideals and all
filters of L by Id(L) and Fi(L), respectively. Given a bounded distributive lattice L,
the representation map is the function oy : L — P, (X(L)) given for every a € L
by

op(a)={PeX(L):ael}.

It is a one-to-one lattice homomorphism, i.e. L = o7, [L]. Moreover, the topological
space <X(L), C, rx(L)> where the topology tx(.) has the set

o[LJU{X(L) o (a):0(a) e o [L]}

as a subbase, is a Priestley space such that the domain of D (X (L)) is oy [L]
and therefore the map o establishes an isomorphism between L and the lattice
D (X (L)). The Priestley space X (L) := <X(L), c, 'L'X(L)) is the dual of L.
Let X be a Priestley space. The map ey : X — X (D(X)) defined forevery x € X
by
ex(x) ={U e D(X):xeU}

is ahomeomorphism between the Priestley space X and the Priestley space X (D (X))
of the bounded distributive lattice of the clopen upsets of X and it is also an isomor-
phism between the posets (X, <) and (X (D (X)), ©).

A homomorphism from a bounded distributive lattice L to a bounded distributive
lattice L, is a map that preserves the infimums of finite sets and the supremums of
finite sets; thus it preserves the bounds. A Priestley morphism from a Priestley space
(X1, <1, 11) to a Priestley space (X,, <», 17) is a continuous map from (X, t;) to
(X», 1p) that is order preserving w.r.t. the orders <; and <j.

Let L, L, be bounded distributive lattices and & : Ly — L, a homomorphism.
The map X (k) : X(L,) — X (L) defined for every P € X (L;) by

X (h)(P) :=h~'[P]
is a continuos and order preserving function, thus a morphism from X (L) to X (L).

If X and X, are Priestley spaces and f : X; — X is a Priestley morphism, then
the map D(f) : D(X;) — D(X,) defined for every U € D(X;) by

D(f)(U) = f'[U]

is a homomorphism from D(X3) to D(X}).
Let PriSp be the category with objects the Priestley spaces and arrows the Priestley
morphisms and let DLat be the cateogry of the bounded distributive lattices with the
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homomorphisms as its arrowss. The Priestley duality says that the maps D from PriSp
to DLat and X from DLat to PriSp given by the definitions above are functors that
establish a dual equivalence between the two categories whit natural transformations
given by the maps o and €.

We proceed to expand the duality between DLat and PriSp to a duality between
subordination lattices and Priestley spaces augmented with a binary relation.

We recall some facts we need on Priestley duality. Let L be a bounded distributive
lattice. We denote by O, (X (L)) the set of all open upsets of X (L), which is a lattice
when ordered by inclusion, and by C,; (X (L)) the set of all closed downsets sets
of X (L), which is also a lattice when ordered by inclusion. The map ¢ : Id(L) —
O, (X (L)) given by

o) ={PeX(L): PNI #@},

for every I € Id(L) is a lattice isomorphism. Similarly, the function ¢ : Fi(L) —
C4 (X (L)) given by
v (F):={PeX(L): FC P},

forevery F € Fi(L) is a dual lattice isomorphism. These functions can be expressed
in terms of o, as follows:

o) =Jlor@:ael)

for each I € Id(L) and
¥ (F) = {ow(a) :a € F}

for each F € Fi(L).

If L = (L, <) is a subordination lattice, the relations RS and RZ on X (L) will
be used to obtain the dual structures of L. We proceed to see the relevant topological
properties that they have on the Priestley space X (L). To this end we first note that
Lemma 3 can be stated using R% and RY as follows:

Lemma 4 Let L be a bounded distributive lattice and < a subordination on L. Let
aeLand P € X(L). Forevery P € X(L)anda € L

1. R2(P) Cop(a)iffa € AT (P),
2. Pe(RY) or(a)liffae VI(P).

The lemma implies the next corollary, which is Lemma 7 in Castro and Celani
(2004).

Corollary 1 Let L be a bounded distributive lattice and < a subordination on L.
Then

1. Uga(or(a)) = p(A<(a)),
2. Qgry(or(a)) = ¥ ((a)).



232 S. Celani and R. Jansana

Proof (1) Let P € X(L). Then P € Ugra(or(a)) if and only if Rf(P) Cor(a).
By Lemma 4 the last condition holds if and only if @ € AZ!(P), which means that
A< (a) N P # (. This can be restated saying that P € ¢(A<(a)), because A_(a) is
an ideal.

(2)Let P € X(L). Then P € Qgv(or(a)) if and only if a € Vgl (P). This holds
if and only if V. (a) € P, which is equivalent to say that P € ¥ (V(a)), because
V.(a) is a filter. O

Let X be a Priestley space. A binary relation R on X is point-closed if R(x) is
a closed set for every x € X. We say that R is up point-closed if it is point-closed
and for every x € X the set R(x) is an upset of X. Similarly, we say that R is down
point-closed if it is point-closed and R(x) is a downset of X, for every x € X.

Proposition S If L is a bounded distributive lattice and < a subordination on L,
then

1. R% is an up point-closed relation on X (L),

2. Oga(U) is an open upset for each U € D(X (L)),
3. RZ is a down point-closed relation on X (L),

4. ORZ (U) is a closed upset for each U € D(X(L)).

Proof (1) Let P € X(L). Then R2(P)={Q € X(L): AZ'(P) C Q}. Since
AZ!(P)is afilter, R2(P) = ¥ (AZ!(P)). Hence, R%(P) is a closed upset of X (L).

) IfU € D(X(L)), then U = o (a) for some a € L. Since A_(a) is an ideal
and [ga (U) = ¢(A<(a)) we obtain that [gas (U) is an open upset.

(3)Let P € X(L). Then RY(P)={Q € X(L): Q C V' (P)} ={Q € X(L):
Q0 NV~Y(P)¢ = @}. Therefore Ry(P)° ={Q € X(L) : Q N V~I(P)° # @}. Since
V-!(P)¢isanideal, Ry (P)° = ¢(V~'(P)) and hence itis an open upset. Therefore,
Ry (P)° is a closed downset.

A IfU € D(X (L)), thenU = oy (a) forsomea € L. Hence, since then O gv(U)
= ¥ (V< (a)) and moreover V_(a) is an ideal, Qv (U) is a closed upset. (I

Definition 4 Let X be a Priestley space. We say that a binary relation R on X is
the A-dual of a subordination if R is up point-closed and Lz (U) is an open upset
for every U € D(X). Similarly, we say that a binary relation R on X is the V-dual
of a subordination if R is down point-closed and Qg (U) is a closed upset for every
U e D(X).

We have two choices to obtain the dual objects of subordination lattices. One is
to consider Priestley spaces X endowed with a binary relation R which is the A-dual
of a subordination and the other is to take Priestley spaces X endowed with a binary
relation which is the V-dual of a subordination. In this way we will end up with two
equivalent categories for every choice of morphisms between subordination lattices
we take. We will see that the functor that transforms an object of one category into
an object of the other simply changes the relation to its converse.

For every Priestley space X and binary relation R on X note that R(x) is an upset
for every x € X if and only if (R o <) = R, and that R(x) is an downset for every



8 Bounded Distributive Lattices with Two Subordinations 233

x € X ifand only if (R o <7!) = R.In general, RC (Ro<)and R € (Ro <)
because < is reflexive.

Lemma 5 Let X be a Priestley space and R a binary relation on X.
1. If R is the A-dual of a subordination, then

a. (oR)=(Ro=<)=R,
b. ifx <y, then R(y) C R(x), forallx,y € X.

2. If R is the V-dual of a subordination, then

a. ('oR) =(Ro<")=R,
b. ifx <y, then R(x) C R(y), forallx,y € X.

Proof (1). We first prove (a). Assume that x, y,z € X are such that x < y and
(y,2) € R. This implies that R(x) # (. Otherwise, since R(x) € @ and ¥ € D(X)
we have x € Lg (). Therefore, y € g (%) so that R(y) € ¢ and this is not possible
since z € R(y). Suppose in search of a contradiction that w f z for all w € R(x).
Then for each w € R(x) there exists U,, € D(X) such thatw € U,, and z ¢ U,,. So,
R(x) CU{U, : w € R(x)}. As R(x) is closed, and hence compact, there exists a
finite family {U, ..., U,} such that R(x) C U, U---UU, = U. Thus x € Ug(U)
andU € D(X).AsUOg(U)isanupset, y € Lg(U). Thisyields R(y) € U, and since
(y,2) € R, z € U, which is impossible. Thus there exists w € X such that (x, w) €
R and w < z. We conclude that (< o R) C (R o <). The inclusion (R o <) C R
follows from the assumption that R(x) is an upsetforeveryx € X.And R C (<o R)
follows from the fact that < is reflexive.

(b) follows from (a). Let x < y and z € R(y), so that (x, z) € <o R. Hence, by
(a), (x,z) € R,i.e.,z € R(x).

(2). Toprove (a)letx, y € X be such that (x, y) € <~! o R. Then there exists z €
X suchthat z < x and (z, y) € R. It follows that R(x) # @. Otherwise, R(x) N X =
() and therefore x ¢ (Q(X). Thus, since this setis anupset, z ¢ Qg (X) sothat R(z) N
X = which is not possible because y € R(z). Suppose now that w £ y for all
w € R(x).Thenforeachw € R(x),thereexists U,, € D(X)suchthatw ¢ U;andy €
Uy. So, R(x) € J{U{, : w € R(x)}. As R(x) is closed, and hence compact, there
exists a finite family {Uj, ..., U,} such that R(x) C Uy U-.-UU;: = U°. Hence,
x & Qr(U).Since U = U, N---NU, € D(X), Or(U) is an upset by assumption;
thus z ¢ Or(U). i.e.,, R(z) NU = ¢¥. But y € R(z) N U, which is a contradiction.
Thus there exists w € X such that (x, w) € R and y < w. We conclude that (<!
o R) € (R o <7 !). The inclusion R o <~! C R follows from the fact that R(x) is a
downset for every x € X. Item (b) follows from (a). (I

In the next proof we use Esakia’s lemma (2019) that says that if X is a Priestley
space and R is a point-closed relation on X, then for every down-directed family C
of closed sets of X,

R ClI=(R'lUI:U €C).

Lemma 6 Let X be a Priestley space and R a binary relation on X.
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1. The following two conditions are equivalent:

a. R isthe A-dual of a subordination.
b. For every closed set Y in X, R[Y] is a closed upset, and for every closed
downset Z of X, R™'[Z] is a closed downset of X.

2. The following two conditions are equivalent:

a. R isthe V-dual of a subordination,
b. Forevery closed subsetY of X, R [Y]is a closed downset, and for every closed
upset Z of X, R™' [Z] is a closed upset of X.

Proof (1). Assume (a). Let Y be a closed subset of X. If Y = (4, then since R[Y] =
¢} we are done. If Y # J, suppose that x ¢ R[Y]. Then x ¢ R(y) for all y € Y.
Therefore, as R is up point-closed, for each y € Y there exists U, € D(X) such
that R(y) € U, and x ¢ U,. We fix such an U, for each y € Y. So, y € Ur(U,),
for every y € Y. Therefore, ¥ C U {DR(Uy) 1y € Y}, and as Y is closed and X
is compact, Y is compact. Using that from the assumption, for every y € Y the set
Og(Uy) is open and the fact that Y is compat, there exist yi, ..., y, € Y such that

Y € Og(Uy,) U---UOg(Uy,) € Og(Uy, U---UU,,).

We choose yi, ..., y, € Y with that property and welet U, = U,, U ---U Uy, . Then
Y € Og(U,) and therefore R[Y] € U,. Moreover, x ¢ U,. It easily follows that
R[Y] = ﬂ {Uy : x ¢ R[Y]}. Thus, R[Y]is aclosed upset of X.

Let now Z be a closed downset of X. Then

Z:ﬂ{UC:ZgUCandUeD(X)}.

Note that the family {U¢: Z C U and U € D(X)} is a downdirected family of
closed sets. Thus by Esakia’s lemma we have

R'[Z] = ﬂ [RT'U]:ZC U and U € D(X)}.

But by assumption (g (U) = (R~ [U€])¢ is an open upset for every U € D(X).
Thus R~! [U¢] is a closed downset for every U € D(X). This implies that R~ [Z]
is a closed downset, as desired.

Assume now (b). As X is Hausdorff, for every x € X, {x} is closed. Thus, by (b),
R(x) = R[{x}]isaclosed upset. Foreach U € D(X) wehave Jz(U) = R~ [U°]".
Thus, Lg(U) is an open upset, because U°€ is a closed downset.

(2). Assume (a) and let Y be a closed subset of X. If Y = @, then since R[Y] =0
we are done. Assume that Y # J and that x ¢ R[Y] = |J{R(y) : y € Y}. Then
x ¢ R(y) for all y € Y. As R is point-closed, we have that for every y € Y there
exists Uy € D(X) such that R(y) NU, =¥ and x € U,. We fix one such U, for

every y € Y. So, y € Or(Uy)¢, forevery y e ¥, ie., Y C U {OR(Uy)” 1y € Y}.
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As Y is closed and X is compact, Y is compact. Thus there exists y;,...,y, € ¥
such that

Y € Or(Uy) U---UQr(Uy,)" € Or(Uy, N---N Uy, )"

We choose yi, ..., y, € Y withthat property and weletU, = Uy, N---NU,,. Then,
Y COr(Uy)° and so Y N Qr(U,) = @. Therefore, R[YINU, =0, ie., R[Y] C
U;. Moreover, x € U,. It easily follows that R[Y] = m {U; tx ¢ R[Y]}. Thus,
R [Y]is a closed downset.

Letnow Z be aclosed upsetof X. Then Z = ({U : Z € U € D(X)}. Therefore,

R'[Z] =R [ﬂ (UeDX):ZC U}] .

Note thattheset{U : Z C U € D(X)}isafilter of D(X), thus adowndirected family
of closed sets. By Esakia’s lemma we have

R [ﬂ{U €eDX):ZC U}] =({r'UI: Z< U e DX)}.

As R7'[U] = Or(U) is a closed upset for every closed upset U, we obtain that
R~![Z]is aclosed upset.

Now we assume (b). As X is Hausdorff, {x} is closed. Thus R(x) = R [{x}]isa
closed downset. For each U € D(X) we get that R~![U] is a closed upset, because
U is a closed upset. (I

Lemma 7 Let X be a Priestley space and R a binary relation on X. The following
statements are equivalent:

1. R 'isthe A-dual of a subordination,
2. R is the V-dual of a subordination.

Proof Assume (2). Note that for every x € X, theset (x] ={ye X :y <x}isa
closed downset. Using (1) in Lemma 5, we have R~ (x) = R™'[{x}] = R~ '[(x]].
Then using (1) in Lemma 6 we obtain that R~!(x) is closed and a downset. Now,
given U € D(X), note that {-1(U) = R[U]. Using again (1) in Lemma 5 we obtain
that QO z-1(U) is a closed upset.

The proof of the implication from (1) to (2) is similar, using now (2) in Lemmas
5 and 6. O

Proposition 6 Let X be a Priestley space and R a binary relation on X. If R is
the A-dual of a subordination or the V-dual of a subordination, then R is a closed
relation (i.e., a closed set of the product space).

Proof Suppose that R is up point-closed and [Jg(U) is an open upset for each
U € D(X). Suppose that (x, y) ¢ R. Using Lemma 5 it is easy to see that R(x) =
R[[x)]. Moreover, the set [x) is closed, so applying Lemma 6 it follows that R(x)
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is a closed upset. Hence there is U € D(X) such that R(x) C U and y ¢ U. It
follows that x € g (U). Consider now the complement U¢ of U, which is a clopen
downset and y € U¢. By Lemma 6, R7'[U°] is a closed downset and therefore
(R™'[U€])¢ an open upset. Note that z € (R~!'[U¢])¢ if and only if R(z) C U. Let
O := (R7'[U¢]). Then (x, y) € O x U and O x U¢ is an open set in the product
topology. We show that RN (O x U°) =@. If (u,v) € RN (O x U°), then since
u e Owehavev € R(u) C U and v ¢ U, a contradiction.

Now suppose that R is down point-closed and ¢ g (U) is a closed downset for each
U € D(X). Then by Lemma 7, R~ is up point-closed and (-1 (U) is an open upset
foreach U € D(X). Therefore by the first part of the proof, R~! is a closed relation.
It is easy to see that the converse of a closed relation is a closed relation. Thus R is
a closed relation. O

Remark 3 A closed relation on a Priestley space need not be up point-closed nor
down point-closed.

We proceed to see how a binary relation on a set determines two subordinations
on its powerset lattice. Thus, a binary relation R on a Priestley space X determines
two subordinations on the lattice of the clopen upsets of X by restricting to this lattice
the subordinations determined by R on the powerset of X.

Let X beasetand R abinary relationon X. The map Uy : P(X) — P(X)isadual
modal operator and the map ¢ : P(X) — P(X) a modal operator. That is, we have
forallU,V € X thatr(U N V) =Lx(U) NOg(V),Or(X) = X, 0p(UUV) =
Or(U) N Or(V), and Or(P) = ¥. Considering Remark 2, the relations <z and <%
defined on P(X) by

U=<rpV = UCOr®V)

and
U<pV < O0rU)CV.

are subordination relations. Note that since QOr(U) = Ogr(U°)¢ for every U C X,
we have
U=<pV < V°<}xU"

Remark 4 1t is well known, and easy to check, that the maps { z-1 and (g form an
adjoint pair, that is, for every U, V € X, U C Og(V) if and only if $x-1(U) C V.
Therefore, U <z V if and only if U <’;,] V. Hence, <y = <j;,1 and, similarly,
<h = <p-.

If X is a Priestley space and R a binary relation on X, the subordinations < and
<% on P(X) restrict to subordinations on the sublattice D(X) of $(X). Therefore,
give a Priestley space X and a binary relation R on X we have two natural ways to
obtain a subordination on D (X).

In the next two propositions we proceed to find a necessary and sufficient condition
that R has to satisfy in order that the homeomorphism ¢ : X — X(D(X)) is an
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isomorphism between (X, R) and (X (D(X)), RfR) and a necessary and sufficient
condition to be an isomorphism between (X, R) and (X (D(X)), RZ’})'

Proposition 7 Let X be a Priestley space and R a binary relation on X. The fol-
lowing statements are equivalent:

1. R is the A-dual of a subordination.
2. foreveryx,y € X, xRy if and only ifex(x)Rfkex(y).

Proof We omit the subscript X in ex all along the proof.

(1) = (2). Assume that x Ry. We have to prove that A;i(s(x)) C &(y). Suppose
that U € A;i(s(x)). Hence, A, (U) Ne(x) # @. Thus, there is V € D(X) such
that V € Ug(U) and x € V. Therefore, R(x) C U. This implies that y € U and
so U € ¢(y). Conversely, suppose that e(x)RﬁRs(y) and x Ry. Then, since R(x)
is a closed upset, there is V € D(X) such that y ¢ V and R(x) € V. Hence, V ¢
e(y)andx € Lg(V).Thus, V ¢ A;le (¢(x)), whichmeans that A, (V) Ne(x) = @.
But Og(V) is an open upset. So Og(V) = J{U € D(X) : U € Or(V)}. Hence,
there is U € D(X) such that x € U and U C Ug (V). Therefore, V € A:L(e(x)).
Since V ¢ e(y), it follows that (x) RfRs(y). (2) = (1). Let x, y € X be such that
y € CI(R(x)) and y ¢ R(x). Then, by (2), e(y) ¢ RfR (e(x)). Therefore, there exist
U e D(X)suchthat AL, (U)Ne(x) #@Pandy ¢ U.LetV € AL, (U) Ne(x). Then
Ve D(X),V CUOgU),and x € V. Therefore R(x) C U.Hence, y ¢ CI(R(x)),a
contradiction. Thus R is point-closed. Now to prove that it is an upset, suppose that
y € R(x) and y < z. Since ¢ is an order isomorphism, €(y) C &(z). Moreover, since
xRy, by the assumption (2) we have AZ!(e(x)) C (). Thus, AZ!(e(x)) C &(2).
This, again by the assumption (2), implies that x Rz.

Now let U € D(X). Using (2), the definitions involved, and the fact that ¢ is
a bijection, it is easy to see that [gs (¢[U]) = ¢[[g(U)]. Hence, considering that
Uga (e[U]) is an open upset of X (D (X)), because <y is a subordination on D(X),
and the fact that & is an order isomorphism and a homeomorphism we obtain that
Og(U) is an open upset. O

The next proposition is proved in Castro and Celani (2004).

Proposition 8 Let X be a Priestley space and R a binary relation on X. The
following are equivalent:

1. R is the V-dual of a subordination,
2. foreveryx,y € X, xRy if and only ifsx(x)Rz,&sx(y).

Proof As in the last proof, we omit the subscript X in .

(1) = (2). Suppose that x Ry. We have to prove that ¢(y) € Vg{l (e(x)). Suppose
that U € ¢(y). To prove that U € Z%l(s(x)) we have to show that V., (U) C e(x).
To this end suppose that U <% V which means that O (U) € V. Since y € U and
xRy, x € Or(U). Therefore, V € ¢(x) and we are done. Conversely, suppose that
x Ry. Then since R(x) is a closed downset there is U € D(X) such that y € U
and R(x) NU = @. Then x ¢ Or(U) and U € &(y). Since Qg (U) is a closed upset,
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there exists V € D(X) such that Ogp(U) C V and x ¢ V. Then V € V- (U) and
therefore V.- (U) g &(x), which implies that U ¢ V;;el (e(x)). Hence we obtain that
e(x) RY e(y).

(2) = (1). Let x, y € X be such that y € CI(R(x)) and y ¢ R(x). Then, by (2),
e(y) ¢ RZ; (e(x)). Therefore, there exist U € D(X) such thaty € U and V.- (U) gé
e(x). Let then V € V.. (U), namely that O(U) C V, and such that x ¢ V. Hence,
x ¢ QOr(U) and so R(x) NU = . Since R(x) is a closed downsetand y € U, y ¢
CI(R(x)), a contradiction. Thus R(x) is closed. Now to prove that R (x) is a downset,
suppose that y € R(x) and z < y. Then £(z) C &(y). By the assumption (2), since
xRy we have s(x)RZ};e(y), namely &(y) C V%l(e(x)). It follows that e(z)RZEs(y)
and therefore that 7 € R(x).

Now let U € D(X). Using (2), the definitions involved, and the fact that ¢ is
a bijection, it is easy to see that ()Rv (e[U]) = €[Or(U)]. Hence, considering that
<>RV (e[U]) is a closed upset of X(D(X)) because <’ is a subordination on D (X),

and the fact that ¢ is an order isomorphism and a homeomorphism we obtain that
Or(U) is a closed upset. 0

Proposition 9 Let L be a bounded distributive lattice and < a subordination on L.
The representation isomorphism oy : L — D(X (L)) satisfies for everya, b € L the
following two conditions:

b<a < op(b) <paor(@) and b<a < op(b) <k or(a).

In terms of the associated A-quasi-modal operators the conditions say that for every
a€l A, (on(a) = orlAc(@)]and V< (01(D)) = 0r[V<(D)].

Proof First note that by Corollary 1, Cga(or(a)) = ¢(A<(a)) and Qgy(or(a)) =
Y (V<(a)). Now forevery b € L,

or(b) <ga or(a) < or(b) € Ugra(or(a))
< or(b) € p(A(a))
S be A(a)
< b <a.

The equivalence before the last one holds because if b € A (a), then by the definition
of ¢, op(b) C p(A<(a)), and if b ¢ A_(a), then there exists P € X (L) such that
b e P and AL(a) N P =, which implies that P ¢ ¢(A(a)) and hence we have
that o (b) g @ (A< (a)). This proves the first condition.

To prove the second condition we have for every b € L,
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oL(b) <y o1(a) & Qry (0L (D)) € oL(a)

< Y (VD) Cor(a)
< a e Vo(b)
& b<a.

The equivalence before the last one holds because ifa € V. (b), then by the definition
of ¥, ¥ (V<(b)) C or(a),andif a ¢ V_(b), then, since V_ (D) is a filter, there exists
P € X(L) such thata ¢ P and V. (b) C P, which implies that P € ¥(V.(b)) and
hence we have ¥ (V< (b)) € or(a). O

Definition 5 We say that a pair (X, R) is a Priestley A-subordination space (a
Priestley A-space, for short) if X is a Priestley space and R is the A-dual of a
subordination. Similarly, we say a pair (X, R) is a Priestley V-subordination space
(a Priestley V-space, for short) if X is a Priestley space and R is the V-dual of a
subordination.

Proposition 5 establishes that if L = (L, <) is a subordination lattice, then
(X(L), R%) is a Priestley A-subordination space and (X (L), RY) is a Priestley
V-subordination space. Moreover, Proposition 9 shows that the map o7 is an
isomorphism between the subordination lattices (L, <) and (D (X (L)), <ga) and
between (L, <) and (D(X (L)), <%v). Conversely, Proposition 7 shows thatif (X, R)
is a Priestley A-subordination spa<ce, then (D(X), <g) is a subordination lattice
such that the map ex an isomorphism between (X, R) and (X (D(X)), Rﬁk) and
Proposition 8 shows that if (X, R) is a Priestley V-subordination space, then
(D(X), <%) is a subordination lattice such that the map ex an isomorphism between
(X, R) and (X (D(X)), RZ;).

To complete the duality we have to introduce the morphisms. We will consider
three kinds of morphisms on subordination lattices and four kinds of morphisms on
Priestley spaces with a binary relation.

Definition 6 Let L, and L, be subordination lattices. A subordination homomor-
phism from L to L, isahomomorphism 4 : L; — L, such that foreverya,b € Ly,
if a <; b, then h(a) <, h(b). A subordination homomorphism 4 from L; to L, is
strong if for every a € L and ¢ € L,, if ¢ <, h(a), then there exists b € L such
that b <; a and ¢ < h(b). We say that it is dually strong if for every a € L, and
c € Ly, if h(a) <, c, then there exists b € L such thata <; b and h(b) < c.

Remark 5 It is easy to see that if < is a subordination on a lattice L, then < lisa

subordination on the dual lattice L? of L. The condition that defines dually strong
subordination homomorphism in the definition above is then the same as that for
strong subordination homomorphism but between L; and (L3, <,").

Definition 7 Let X, and X, be Priestley spaces with binary relations R; and R,
respectively. A Priestley morphism f : X; — X is stable if for every x,y € X,
such that xR;y we have f(x)R,f(y), and it is strongly stable if in addition for
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every x € X; and y € X,, if f(x)R,y, then there exists z € X such that xR,z and
f(2) <2 y. Moreover, we say that f is reversely strongly stable if it is stable and
for every x € X and y € X,, if yR, f(x), then there exists z € X such that zRx
and f(z) <, y. Also we say that f is dually strongly stable if it is stable and for
every x € X and y € X», if yR, f(x), then there exists z € X such that zR;x and
y <2 f(2).

The strongly stable Priestley morphisms are the morphisms considered in the
duality for quasi-modal distributive lattices given in Castro and Celani (2004).

Proposition 10 Let L, L, be subordination lattices. For every map h : L| — L,
the following conditions are equivalent:

1. his a (strong) subordination homomorphism from L to L,

2. the dual map X (h) is a (strongly) stable Priestley morphism from the Priestley
A-space (X (L), R%)) to the Priestley A-space (X (Ly), R%)),

3. the dual map X (h) is a (reversely strongly) stable Priestley morphism from the
Priestley V-space (X (L), RZZ) to the Priestley V-space (X (L), RZI).

Proof (1) = (2). Assume that & is a subordination homomorphism from L; to
L;. Suppose that (P, Q) € R% . Then AZ!(P) € Q. We prove that A7 (h™'[P]) €
h~'[Q]. Suppose that a € AZ!(h~'[P]). Then AL (a) Nh~'[P] # @. Let then b €
AL (a)N h~'[P]. Thus b <; a and h(b) € P. Hence h(b) <, h(a) and we obtain
that h(b) € AL, (h(a)) N P. Thus, h(a) € A;zl(P). It follows that b € h~'[Q]. If h
is in addition strong, then suppose that P € X (L) and Q € X (L) are such that
h’l[P]RfI 0,ie., A;ll(h’l[P]) C Q. We prove that AZZI(P) N (h[Ly \ Q] = 0.
On the contrary, leta € Ly andb € L \ Q be suchthata € A;zl(P) anda <; h(b).
Then A, (a) N P # @. So, let ¢ <, a be such that ¢ € P. It follows that ¢ <, h(b).
Since h is strong, there existsd € L suchthatd < bandc <; h(d). Thush(d) € P
and d € h™'[P], therefore A_ (b) N h~'[P] # #. Hence b € AZ!(h~'[P]) and so
b € Q, a contradiction. By the Prime filter theorem there is P’ € X (L;) such that
A;I(P) C P’and h~'[P’] € Q.Hence, thereis P’ € X (L») such that PszP’ and
h~'[P'] C Q. This shows that X (k) is strong.

(2) = (1). Suppose now that X (k) is a stable Priestley morphism from the space
(X (Ly), Rﬁz) to (X (Ly), Ri) and suppose that a, b € L are such that a <; b. If
h(a) #2 h(b), then, since h(a) ¢ A, (h(b)) and A_,(h()) is anideal, there is P €
X (L) such that i(a) € P and P N A, (h(b)) = 0. Hence, h(b) ¢ A;I(P). Since
A;zl(P) is a filter, there is Q € X (L,) such that A;zl(P) C Qand h(b) ¢ Q. Thus,
Psz Q. The stability of X (k) implies that h’l[P]Rflh’l[Q]. Since b ¢ h’l[Q],
we have b ¢ A;ll(h’l[P]).And since a € h~![P] it follows that a ¢ AL, (b), which
is not possible because by assumption a <; b. If X (&) is in addition strongly stable,
to prove that /4 is strong assume that a € L| and ¢ € L, are such that ¢ <, h(a).
Consider the ideal I of L, generated by h[A ., (a)]. Assume thatc ¢ . Thenlet P €
X(L;) be such that ¢ € P and I N P = ¢. Thus A, (a) N h~'[P] = ¢. It follows
thata ¢ A:ll(h’l[P]).Thus thereexists Q € X (L) suchthatA;l(h’l[P]) C Q,so0
that ! [P]Rfl Qanda ¢ Q.Since X (h) is strongly stable, there exists P’ € X (L,)
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such that PRS P’ and h™'[P'] € Q. Since ¢ € P and ¢ <3 h(a), h(a) € AZ!(P);
therefore, i(a) € P’ and a € h~'[P’]. Hence a € Q, a contradiction. We conclude
that ¢ € I. Therefore there exists b € A, (a) such that ¢ <, h(b) and we are done.

The equivalence between (3) and (2) can be proved using Proposition 1. (]

Proposition 11 Let (X, R;) and (X, R;) be two Priestley A-subordination spaces
and f : X1 — X, a map. Then f is a (strongly) stable Priestley morphism if and
onlyifthe map D(f) : D(X,) — D(X)) is a (strong) subordination homomorphism
Sfrom (D(X3), <g,) to (D(X1), <g,).

Proof From Priestley duality we have that f is a Priestley morphism if and only if
D(f): D(X;) = D(X)) is a homomorphism. Moreover, for every x € X, it holds
that X (D(f))(e1(x)) = &2(f (x)). Thus, using Propositions 7 and 10 we have that
f is (strongly) stable if and only is D(f) a (strong) subordination homomorphism.

O

In a similar way we have:

Proposition 12 Let (X, R;) and (X5, R,) be two Priestley V-subordination spaces
and f : X1 — X, amap. Then f is a (reversely strongly) stable Priestley morphism
if and only if the map D(f) : D(X,) — D(X,) is a (strong) subordination homo-
morphism from (D(X>), <”1}2) to (D(Xy), <’1§I).

Proof From Priestley duality we have that f is a Priestley morphism if and only
if D(f): D(X,2) - D(X,) is a homomorphism. And moreover for every x € X it
holds that X (D(f))(e1(x)) = &2(f(x)). Thus, using Propositions 8 and 10 we have
that f is (reversely strongly) stable if and only if D(f) is a (strong) subordination
homomorphism. |

Lemma 8 Let (X, R) and (X2, Ry) be Priestley A-subordination spaces. A Priest-
ley morphism f : X| — X, is dually strongly stable if and only if for every
U € D(X»),

Oprt (fT'TUD = £ [Op1 (U],

Proof Assume that f is a Priestley morphism that is dually strongly stable from
(X1, Ry) to (X3, Ry). Let U € D(X»). If x € Oer(f’l[U]), then there exists
y € f~'[U] such thath_ly Therefore yR;x and, since f is stable FO)Ry f(x).
Since f(y) € U itfollows that f(x) € OR 1(U)and hence x € f~! <>R 1(U)]. Con-
versely, ifx € f~ '[(}Rzn(U)],we have f(x)R2 y forsome y € U, sothat yR; f(x).
Applying that f is dually strongly stable, there is z € X; such that zR;x and
y < f(2). Since U is an upset, z € f~![U]. Hence, since le_lz we obtain that
x € Opt (fT'IUD.

Suppose now that for every U € D(X3), <>R (U = f‘1[<>R 1(U)].
Assume that x,y € Xl are such that xR;y and f(x) R, f(y), so that f(x) ¢

1(f(y)) Since R, (f(y)) is a closed set and a downset, there exists U € D(X5)
such that Rz_l(f(y)) C U and f(x) € U, and therefore x € f’l[U]. Hence, y €
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O R (f~'[U]). The assumption implies that f(y) € ¢ Ry (U), a contradiction with
Ry Y'(f(y)) C U*. This shows that f is stable. To prove that f is dually strong
assume that x € X and y € X, are such that yR, f(x). Let U € D(X>) be such that
yeU.Thenx € f_l[OR;'(U)] and therefore x € Oer(f‘l[U]). This implies that
Rfl(x) is nonempty. Suppose that Rfl(x) N f~'[1y] = 0. For every z € Rfl(x),
since y £, f(2), let U, € D(X,) be such that y € U, and f(z) ¢ U, so that z €
FUUEY. Then Ry'(x) € ULF7' U] : z € Ry (x)}. Since R;'(x) = Ry '[(x]],
because R; o <; = R; and (x] is a closed downset, we have that Rl_l(x) is a
closed downset. Therefore Rfl(x) is compact. Thus there are z;,...,z, € Rfl (x)
with R{'(x) € f'USTU---U fUE]. Let U=U,, N---NU.,. Then U €
D(X»), f“[UzCl] U---U f“[UzC”] = f~'[U¢], and y € U. Therefore, Rfl(x) N
f~'U] = 0. If follows that x ¢ ORfl(f_l[U]) but since yR, f(x) and y € U,
X € f_l[OREI (U)], a contradiction. O

Proposition 13 Let Ly, L, be subordination lattices and h : Ly — L, a map. If h
is a dually strong subordination homomorphism from L to L,, then the dual map
X (h) is a dually strongly stable Priestley morphism from the Priestley A-space
(X (L»), Rﬁz) to the Priestley A-space (X (L1), Rﬁl).

Proof Suppose that h : L} — L, is a dually strong subordination homomorphism.
Since it is a subordination homomorphism we know that X (k) is a stable Priest-
ley morphism from (X (L,), R%)) to (X(L1), R2,). To prove that X (h) is dually
strongly stable assume that QRf]h’l[P]. Then A;ll(Q) C h7'[P]. Let I be the
ideal generated by | J,. L\ A<, (@) and let F be the filter generated by h[Q]. We
claim that F N I = (. Assume the contrary and letd € F N I. Thenlet b € Q such
that h(b) <, d andleta € L, \ P and ¢ € A_,(a) such that d <, c. It follows that
h(b) <, a. Then by (1) there exists e € L; such that b <; e and h(e) <, a. Since
b e Q we have e € A;ll(Q) and therefore e € h~'[P]. Thus, h(e) € P and hence
a € P, a contradiction. We conclude that F NI = . Let then P’ € X(L,) be such
that F € P’ and I N P’ = (. It follows that AZ!(P’) € P and Q € h~'[P']. Thus
P'R% Pand Q C h™'[P']. 0

Proposition 14 Let (X1, Ry), (X2, Ry) be Priestley A-subordination spaces and
f 1 X1 — X, a Priestley morphism that is dually strongly stable from (X, R) to
(X2, Ry) if and only if D(f) : D(X,) — D(Xy) is a dually strong subordination
homomorphism from (D(X,), <g,) to (D(X1), <g,)-

Proof Assume that f is a Priestley morphism that is dually strongly stable from
(X1, Ry) to (X2, Ry). We know from Lemma 8 that for every U € D(X>),

Ot (fTIIUD = fHOp (U]
We show that D( f) is a subordination homomorphism from the subordination lattice

(D(X7), <g,) to (D(X1), <g,).- Suppose that U, V € D(X;) aresuchthat U <g, V.
By Remark 4 we have <>R2—1(U) C V. Then .f’l[ORgn(U)] C f~'[V]. Therefore,
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Qg (f~'[U)) € f~'[V] and using Remark 4 again we have f~![U] <g, f7'[V].
Now we prove that D(f) is dually strong. Suppose that U € D(X;,) and V €
D(X) are such that f’l[U] <g, V. Thus, using Remark 4, <>Rl—l(f71[U]) cVv
and therefore f_1[<>R7—1 (U)] € V. The set <>R51(U) is a closed upset. Therefore
there is a family {U; :_j € J} € D(X3) such that <>R51 ) = ﬂje] U; and hence
f’l[ﬂjej U;]1 C V. Thus ﬂjej f7U;1 € V. Since the sets f~'[U;] are closed
and V is open, by compactness of the space follows that there exists a finite J' C J
such that (;, f~'[U;1 S V. Let U' =", U;. Then f~'[U'] €V and since
Ops1(U) CU " we obtain, using Remark 4, that U <g, U’. Hence, we conclude
that D(f) : D(X,) — D(X)) is a dually strong subordination homomorphism from
(D(X2), <z,) 0 (D(X1), <g,).

Conversely, assume that D(f) : D(X,) — D(X;) is a dually strong subordi-
nation homomorphism from (D(X,), <g,) to (D(X1), <g,). Then Proposition 13
implies that X (D(f)) is a dually strongly stable Priestley morphism from the
Priestley A-s-space (X (D(L)), RfR] ) to the Priestley A-s-space (X (D(L»)), RﬁRz ).
Using Proposition 7 and Priestley duality it easily follows that f is a dually strongly
stable Priestley morphism from (X, R;) to (X, R»). O

Proposition 15 Let Ly, L, be subordination lattices and h : L1 — L, a map. Then
h is a dually strong subordination homomorphism from Ly to L, if and only if the
dual map X (h) is a dually strongly stable Priestley morphism from the Priestley
A-space (X (L), Rﬁz) to the Priestley A-space (X (L), Rf] ).

Proof The implication from left to right is Proposition 13. To prove the other impli-
cation, if X (k) is a dually strongly stable Priestley morphism from the Priestley
A-space (X (L), R%)) to the Priestley A-space (X (L;), R% ), then by Proposition
14, D(X (h)) is a dually strong subordination homomorphism from the subordination
lattice (D(X (L»)), <R§2) to (D(X(Ly)), <RS, )). By Proposition 9 the map oy, is an
isomorphism between (L;, <;) and (D(X(L;)), <ga ) for i =1, 2. Using Priestley
duality, it follows that 4 is a dually strong subordination homomorphism from L to
L,. O

We consider the following categories:

e APriSp: the category of Priestley A-subordination spaces with the stable Priestley
morphisms as its arrows.

o APriSp’: the category of Priestley A-subordination spaces with the strongly stable
Priestley morphisms as its arrows.

e APriSp?: the category of Priestley A-subordination spaces with the dually
strongly stable Priestley morphisms as its arrows.

e VPriSp: the category of Priestley V-subordination spaces with the stable Priestley
morphisms as its arrows.

e VPriSp’: the category of Priestley V-subordination spaces with the reversely
strongly stable Priestley morphisms as its arrows.

e Slat: the category of the subordination lattices with the subordination homomor-
phisms as its arrows.



244 S. Celani and R. Jansana

e SlLat’: the category of the subordination lattices with the strong subordination
homomorphisms as its arrows.

e SLat?: the category of the subordination lattices with the dually strong subordi-
nation homomorphisms as its arrows.

Remark 6 The categories APriSp and VPriSp are equivalent as well as the cate-
gories APriSp® and VPriSp’. The functors that witness the equivalence are defined
as follows. The functor from APriSp to VPriSp maps a Priestley A-subordination
space (X, R) to the Priestley V-subordination space (X, R™'), and the functor from
VPriSp to APriSp does the same. For morphisms the functors leave the functions
as they are. The same happens with APriSp® and VPriSp’.

The results above show that the functor D from the category PriSp to the category
DLat can be expanded to a functor from APriSp to SLat, to a functor from APriSp*
to SLat' and to a functor from APriSp?* to SLat™ by mapping any A-Priestley
space (X, R) to its subordination lattice (D(X), <g) and every morphism in the
corresponding category of spaces to its Priestley dual. Also the results above show that
the functor X from DLat to PriSp can be expanded to a functor from SLat to APriSp,
to a functor from SLat' to APriSp’, and to a functor from SLat” to APriSp®*
by sending a subordination lattice (L, <) to the Priestley A-subordination space
(X(L), R%) and every morphism in the corresponding category of subordination
lattices to its Priestley dual. Doing it, we have that the two categories in the pairs
(APriSp, SlLat), (APriSp*, SLat®), and (APriSp®, SLat*) are dually equivalent.

In a similar way, the functor D from PriSp to DLat can be expanded to a functor
from VPriSp to SlLat and to a functor from APriSp® to SLat’ by mapping any
V-Priestley space (X, R) to its subordination lattice (D(X), <%). The functor X
from DLat to PriSp can also be expanded to a functor from SLat to VPriSp and
to a functor from SLat’ to VPriSp® that sends a subordination lattice (L, <) to the
Priestley V-subordination space (X (L), RY). The morphisms are mapped in each
case to their Priestley duals.

From the dualities discussed above for categories of subordination lattices we can
obtain dualities for categories of bi-subordination lattices in the natural way. Let us
introduce the dual objects of bi-subordination lattices.

Definition 8 We say that a triple (X, R, S) is a Priestley bi-subordination space if
X is a Priestley space and R and S are binary relations on X each one of which is
the A-dual of a subordination.

Note that (X, R, S) is a Priestley bi-subordination space if and only if (X, R, S~1)
is a quasi-modal space in the terminology of Castro and Celani (2004).

By combining the properties of subordination homomorphism, strong subordina-
tion homomorphism and dually strong subordination homomorphism we can con-
sider several categories of bi-subordination lattices by taking as morphisms maps that
are of one of these kinds for the first subordination and of another for the second.
Similarly, we can consider several categories of Priestley bi-subordination spaces.
Once we fix a choice of morphisms for a category of bi-subordination lattices we
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can consider the category of Priestley bi-subordination spaces with the correspond-
ing choice of morphisms and in this way we obtain two categories that are dually
equivalent.

For example, the category of bi-subordination lattices with morphisms the lattice
homomorphisms that are a subordination homomorphism w.r.t. the first subordination
and a strong subordination homomorphism w.r.t. the second subordination is dually
equivalent to the category of Priestley bi-subordination spaces with the Priestley
morphisms that are a stable morphism w.r.t. the first relation and a strongly stable
morphism w.r.t. the second relation.

Now we turn to discuss the duals of the bi-subordination lattices with the properties
we considered in the examples given in Sect. 8.3.

First we consider the bi-subordination lattices where the first subordination is
included in the second. They include the bi-subordinations lattices in Example 1.

Proposition 16 Let (L, <, <) be a bi-subordination lattice. Then
<C A < R4CR,,

(where Rq = Ra_ and R, = Rp_).

Proof Assume that < C <. Suppose that P, Q € X (L) are such that PR, Q. To
prove that PR_Q, suppose that a € A;'(P). Then A (a) NP # . So, let b €
A<(a) N P. Then b < a and therefore b <1 a. Therefore, b € A4(a) N P and so
ac A;l(P). Since PR Q it follows that a € Q. We conclude that A;l(P) c 0,
which by definition implies that PR, Q.

Assume now that R4 € R_,thata < b, and thatitis not the case thata <i b. Then
a ¢ A4(b). Therefore there exists P € X (L) suchthata € P and P N A4(b) = 0.
Then b ¢ A;l(P). Let then Q € X (L) such that A;l(P) CQandb ¢ Q. So we
have PR Q and hence, by the assumption, P R_ Q, namely A:l(P) C Q. Since
ae AL(b)NP,be A;l(P). Therefore b € Q, a contradiction. We conclude that
a < b. Hence, < C <. O

The proposition allows us to consider categories of Priestley bi-subordination
spaces where the first relation is included in the second and obtain dualities for the
categories of bi-subordination lattices with the first subordination included in the
second.

Now we can consider the bi-subordination lattices where the second subordination
is the converse of the first. They include the bi-subordination lattices in Example 3.

Let L = (L, <, <) be abi-subordination lattice such that < is the converse relation
of <. Then, since for every a,b € L

o(a) <g. 0(b) < o(a) S U (0(b))

and
o(a) <p, 0(b) & o(a) CUg_ (o (D)),
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we have
o(a) COg (0(D) & o) € Ur,(0(a)).

This suggest considering the Priestley bi-subordination spaces (X, R}, R;) where R;
and R, satisfy for all clopen upsets U, V the following condition:

U CUg (V) & V S Ug,(U).

Using this observation we can obtain dualities for the categories of bi-subordination
lattices with each subordination being the converse of the other by takin as duals of
these bi-subordination lattices the Priestley bi-subordination spaces that satisfy the
above condition.

In the next section we discuss the dualities for positive bi-subordination lattices.

8.6 Positive Bi-Subordination Lattices

In this section we present first the dualities for positive subordination lattices that
follow from the general facts described in the previous section. Then we present a
different duality where positive subordination lattices are represented by a Priestley
space endowed with a single binary relation.

The conditions that define positive bi-subordination lattices in Definition 3 can
be characterized by properties of the relations associated with the subordinations as
shown in the next two propositions.

Proposition 17 Let (L, <, <) be a bi-subordination lattice. The following condi-
tions are equivalent:

1. AL(aVvb)CVy(a)©ALD), foralla,b e L,
2. R2=(R09),

where R; = Rf N RZ.
Proof (1) = (2). To prove the inclusion (R o €) € R2, note that (R o C) C

R%0 C and that by Lemma 2, R% o € = R%. To prove the other inclusion, sup-
pose that P, Q € X (L) are such that A;l (P) € Q. Werecall, by Lemma 1, that the
set AZ'(P) is a filter of L. Consider the ideal (Q¢ U V;' (P)°]. We prove that

AN (P)N(Q UV (P)]=0. (8.1)

We assume the contrary. Then let ¢ € A;l(P), b¢ Qanda ¢ V<]_l (P) such that
c<aVvb Wenotethatas b ¢ Q, we have b ¢ AZI(P) and hence

A(b)NP =0 8.2)

Also, as a ¢ VJ] (P), there exists d € L such that
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deV(a)andd ¢ P. (8.3)

Since ¢ < a Vv b, and A_ is monotonic, A_(c) € A-(a Vv b),and thus A_(a Vv b) N
P # 0, i.e., there exists e € AL(a Vv b) such that e € P. Since by the hypothesis,
As(a Vv b) C Vy(a) © AL(b) wehave e € Vg (a) © AL (b) and as d € V(a), there
existsw € A_(b)suchthate < d v w.Sincee € P andd ¢ P,itfollowsthatw € P;
hence AL (b) N P # @, in contradiction with (8.2). Thus, we obtain (8.1). Then there
exists D € X (L) such that

AZNPYS DSV (P)and D C Q.

This implies that (P, Q) € (Rpo Q).

(2) = (1) Assume that there exists c € A_(a Vv b) suchthatc ¢ V,(a) © AL (D).
Then there exists d € V;(a) such thatc ¢ (AL (b) U {d}]. Therefore there exists P €
X (L) satisfying thatc € P, A_(b) N P =@, andd ¢ P. So, there exists Q € X (L)
such that AZ'(P) € Q and b ¢ Q. By hypothesis, there exists D € X (L) such that
AN (PYSDC V' (P)and D € Q.Asc € AL(aVvb)N Pand AZ'(P) C D,we
getthata Vb € D C Q, but since b ¢ Q, it follows that b ¢ D. Therefore, a € D
and hence a € V<]_1 (P), which means that V;(a) C P. Since d € V(a), it follows
that d € P, which is a contradiction. O

Proposition 18 Let (L, <, <) be a bi-subordination lattice. The following condi-
tions are equivalent:

1. My(anb) C As(a) ® VD), foralla,b € L,
2. RY = (RpoC™),

where R, = R% N RY,.

Proof (1) = (2) The inclusion (R0 €71 C RZ follows from Lemma 2. To prove
the other inclusion, assume that P, Q € X (L) are such that Q C Vq_l(P). By
Lemma 1, the set VJI(P)C is an ideal of L. Consider the filter [A’I(P) U Q).
We prove that.

[AZl(Pyu Q)N (P) = 0. (8.4)

Suppose the contrary. Then let @ € AZ!(P), b€ Q and ¢ ¢ VQ_I(P) such that
a A b < c. Since V; is antimonotonic, V;(c) € V4(a A b), and since ¢ ¢ VQ_I(P),
Va(c) ¢ P; hence Vy(a Ab) € P. Thus, let d € Vy(a A b) be such that d ¢ P.
By hypothesis, V (a A b) € A(a) ® Vq(b), so d € A (a) & V4(b). Since a €
A;‘(P), there exists e € A_(a) N P. Then there exists w € V,;(b) suchthate A w <
d.Sinceb € Q C VJ' (P), we have V;(b) € P. Thus w € P, and hence, since then
e Aw € P,wehave d € P, which is a contradiction. Therefore, (8.4) is valid. Then
there exists D € X (L) such that

AN(PYS DSV ' (P)and Q C D,

ie., (P, Q) € (Rro C7h.
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(2) = (1) Assume (2) and suppose that a, b, c € L are such that ¢ € V;(a A
b). Suppose that ¢ ¢ A (a) & V4(b). Then there exists d € A_(a) such that ¢ ¢
[V4(b) U {d}). Then there exists P € X (L) such that V;(b) C P,d € P and c ¢
P. By Lemma 3 there exists Q € X (L) such that Q € Vgl(P) and b € Q. By
hypothesis, there exists D € X (L) such that A:'(P) CcDC Vgl(P) and Q C D.
Asd € A (a) N P,wehavea € D,andasb € Q,wegetthata A b € D.So,V4(a A
b) C P, but this implies that ¢ € P, which is impossible. Therefore, V,(a A b) C
A(a) & Vy(b). O

Corollary 2 Let (L, <, <) be a bi-subordination lattice. Then L is a positive bi-
subordination lattice if and only if the following two conditions hold

1. R = (Rpo ©),

2. RY = (RoC),

where R = R% N RZ. Equivalently, if and only if

I. R% = (RpoQ),

2. R ' =(RoC™),

where R;, = RS N (R3)™.

The corollary motivates the next definition.

Definition 9 A Priestley bi-subordination space (X, R, R) is positive if R} and R,
satisfy the following conditions:

l. Ry =(R NR;" o<,
2. R'=(RiNR;H o<,

From the results obtained up to now we easily can prove the next two propositions.

Proposition 19 Let L be a bi-subordination lattice. Then L is a positive subordi-
nation lattice if and only if the Priestley bi-subordination space (X (L), R%, Ré) is
positive.

Proof 1t follows from Corollary 2. O

Proposition 20 A Priestley bi-subordination space (X, Ry, Ry) is positive if and
only if (D(X), <g,, <r,) is a positive subordination lattice.

Proof 1t follows from Proposition 7, Corollary 2, and Proposition 9. O

As for other classes of bi-subordination lattices, once we fix as objects the positive
subordination lattices we obtain different categories by taking as arrows maps that
are of one kind of morphism (subordination homomorphism, strong subordination
homomorphism and dually strong subordination homomorphism) for the first subor-
dination and of another for the second. Then, moving to the corresponding categories
of positive Priestley bi-subordination spaces, the results in Sect. 8.4 provide us with
the corresponding duality results.
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Now we turn to find a category of Priestley spaces with a single binary relation
dually equivalent to the category of the positive subordination lattices with arrows
the maps that are a subordination homomorphism for both subordinations and also
a category of Priestley spaces with a single binary relation dually equivalent to
the category of the positive subordination lattices with arrows the maps that are a
strong subordination homomorphism for the first subordination and a dually strong
subordination homomorphism for the second subordination.

Proposition 21 [f L = (L, <, <) is a positive bi-subordination lattice, a € L, and
P € X (L), then using the relation Ry = Rﬁ N RZ = Rﬁ N (Rf)’1 we have:

1. A(a) N P = @ iff there exists Q € X (L) such that (P, Q) € Ry anda ¢ Q.
2. V4(a) C P iff there exists Q € X (L) such that (P, Q) € Ry and a € Q.

Proof (1) Assume that A_(a) N P = (. By Lemma 3 there exists Q € X (L) such
that PR Q and a ¢ Q. By Corollary 2, there exists Q' € X (L) such that PR, Q'
and Q' C Q. The converse follows from the fact that R, € R2.

The proof of (2) is similar. ([

Lemma9 If (X, Ry, Ry) is a positive Priestley bi-subordination space and
R =R, NR;", then

1. R(x) is a closed subset of X, for each x € X,
=(Ro<)N(Ro<7",

Ur(U) = Ug, (U), for each U € D(X),

Or(U) = Qg1 (U), for each U € D(X).

KN

Proof The proof of (1) is immediate because both R (x) and R, ! (x) are closed sets.
For (2) we note that as R; = (R N R_ J)o<=Ro< and R_l =R N R2_1) o
=Ro<'thenR=R NR;'=(Ro<)N(Ro <.

For the proof of (3) assume that x € Ug(U). If x ¢ Ug, (U), then there exists
y € X such that (x,y) € Ry but y ¢ U. As Ry = R o <, there exist z € X such
that (x,z) € R and z < y. So, since x € g (U), we have z € U, and since U is an
upset, y € U, which is a contradiction. Suppose now that x € Og, (U). Note that
R C R o < = R;. Therefore R(x) C R;(x). It follows that x € Lz (U).

To prove (4) assume that x € Qg(U). Then R(x) N U # @. Therefore, R;l x)N
U # Vandsox € Qp-1(U). Conversely, if x € QR;I(U),lety € R{l(x) N U. Then,
since Rz_1 =(R N Rz_l) o<7! thereisu € (R; N Rz_l)(x) such that y < u. Since
U is an upset, it follows that u € R(x) N U; therefore x € QOr(U). O

Proposition 22 Let (X, R) be a relational structure such that X is a Priestley space
and R is a binary relation on X satisfying the following conditions:

1. Foreveryx € X, R(x) is a closed set,

22 R=(Ro<)N(Ro<™h,

3. Ogr(U) is an open upset for every U € D(X), and Or(U) is closed upset for
every U € D(X).
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Then the structure (X , Ry, (Rz)_1> is a positive bi-subordination space, where R;
and R, are defined as R| = Ro<and R, = Ro <L respectively.

Proof We prove that R (x) is a closed set and an upset. If it is empty it is clear. If it is
nonempty, suppose that y ¢ R;(x). Then, since R; = R o <, for each z € R(x) we
have z £ y. Also R(x) is nonempty. So, for each z € R(x) there exists U, € D(X)
such that z € U,, and y ¢ U,. Then, R(x) € |J{U, : z € R(x)} and since R(x) is
closed, there exists a finite subfamily {U.,, ..., U, } of {U. : z € R(x)} such that
Rx)ycU,VU.--UU,.LetU =U, U---UU,,.Itisclear that y ¢ U and that U
is an upset. Therefore, R;(x) € U. Thus we have proved that for each y ¢ R;(x)
there exists U € D(X) such that Rj(x) C U and y ¢ U. It follwos that R;(x) is
closed and the definition of R; implies that it is an upset. Similarly, we can prove
that R,(x) is a closed downset.

Now we prove that for every U € D(X), Or(U) = Ug,(U) and OGr(U) =
Or,(U).Sinceevery U € D(X)isanupset, it easily follows that forevery U € D(X)
and x € X, R(x) C U if and only if (R o <)(x) € U. Hence, Ogr(U) = Og, (U)
for every U € D(X). Moreover, for every U € D(X) it also holds that {r(U) =
Or,(U). Indeed, since Ry = R o <=1 for every x € X and U € D(X), since U is
an upset it follows that R(x) N U # @ if and only if Ry(x) N U # @. Therefore
Or(U) = Or,(U).

Using the fact we have just proved, (3) of the assumption implies that R; is the
A-dual of a subordination and R; is the V-dual of a subordination. Therefore, R, Lis
the A-dual of a subordination. Then (2) of the assumption implies that R = R; N R;.
Therefore Ry = Ro<=(RiNR)o<and R, =Ro<'=(RINR)o<"' Tt
follows form the definition of positive bi-subordination space that (X , Ry, (Rg)_l> is
a positive bi-subordination space. O

Definition 10 A positive Priestley space is a pair (X, R) where X is a Priestley
space and R is a relation on X that satisfies the conditions of Proposition 22.

By the above results, if (X, R) is a positive Priestley space, then the structure
<X , Ry, (Rz)’l) defined as in Proposition 22 is a positive Priestley bi-subordination
space such that the pair (X, R N R,) satisfies the conditions in Proposition 22.
Conversely, if (X, R;, R,) is a positive Priestley bi-subordination space, then the
structure (X ,RiNRy 1) satisfies the conditions in Proposition 22, and therefore it is
apositive Priestley space such that the triple (X, (R N Rz_') o<, (RN Rz_l) o 5‘1>
is a positive Priestley bi-subordination space where R; = (R; N R, "o < and
Ry =(RiNR; 1) o <~ !, Thus, we have that there exists a bijective correspondence
between positive Priestley bi-subordination spaces and positive Priestley spaces.

Definition 11 Let (X, R) and (Y, S) be positive Priestley spaces. A Priestley mor-
phism f : X — Y from (X, R) to (Y, S) is stable if for every x, y € X such that
xRy it holds that f(x)Sf(y) and it is doubly strongly stable if it is stable and for
allx € Xandall y € Y, if f(x)Sy then there exist z;, zo € X such that xRz, x Rz,
and f(z1) <y < f(z2).
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Proposition 23 Let (X, R) and (Y, S) be positive Priestley spaces and consider
the relations Ry = Ro<, R, =Ro<!, Si=So0<,and S, = S o <™. Then f:
X — Y is a (doubly strongly) stable Priestley morphism from (X, R) to (Y, S) if
and only if f is a (strongly) stable morphism from (X, Ry) to (Y, S1) and a (dually
strongly) stable morphism from (X, R;l) to (Y, S{l).

Proof Let f : X — Y be aPriestley morphism. Suppose that f is stable from (X, R)
to (Y, S). To prove that f is stable from (X, R;) to (Y, S}) suppose that x, y € X are
suchthatxR;y. Thenletz € X besuchthatx Rz and z < y. Hence, by the assumption
of stability, f(x)Sf (z) and since f is a Priestley morphism f(z) < f(y). Therefore
F()S1f(). A similar proof shows that f is stable from (X, R;') to (¥, S;").
Assume now that f is doubly strongly stable. We proceed to prove that f is strongly
stable from (X, R;) to (¥, S;). Assume thatx € X and y € Y are such that f(x)S;y.
Then there is u € Y such that f(x)Su and u < y. Thus, since f is double strongly
stable there are z;, zo € X such that xRz, xRzp and f(z;) < u < f(z2). Then, as
u <y, xRz and f(z;) <y. This shows that f is strongly stable from (X, R;) to
(Y, S1). We now show that f is dually strongly stable from (X, Rz_l) to (Y, Sz_l).
Suppose now that x € X and y € Y are such that f(x)S,y. Then thereis u € Y such
that f(x)Su and y < u. Since f is double strongly stable there are z;, z; € X such
thatx Rz, xRzp and f(z1) <u < f(z2).Then,asy <u,xRzpandy < f(z»). Thus
we obtain that f is dually strongly stable from (X, R, " to (7, Sy h.

Conversely, assume that f is a stable morphism from (X, R;) to (¥, S;) and a
stable morphism from (X, R;) to (Y, S»). To prove that f is stable from (X, R) to
(Y, S), suppose that x, y € X are such that x Ry. Note that since (X, R) and (Y, §)
are positive Priestley spaces R = R N Ryand S = §; N S,. Hence, xRy and xRy y.
Therefore the assumption implies that f(x)S; f(y) and f(x)S, f(y). Thus we have
F(x)Sf(y).Suppose now that f is a strongly stable morphism from (X, R;) to (Y, S;)
and a dually strongly stable morphism from (X, R, Y to (Y, Sy 'y, Assume that x € X
and y € Y are such that f(x)Sy. Then f(x)S;y and f(x)S,y. Thus, let z;,z, € X
such that xRyjz; and f(z;) < yand xRpzp and y < f(zp). Letthen uy, up € X such
that x Ruy, u; < z1, xRuy, and zo < up. Then x Ruy, x Rus f(uy) < f(z1) < y,and
y < f(z2) < f(uz). We obtain the desired conclusion. O

Let PBiSLat be the category with objects the positive subordination lattices and
arrows the maps between them that are a subordination homomorphism w.r.t. the two
subordinations. Let PBiSLat® be the category with objects the positive subordination
lattices and arrows the maps between them that are a strong subordination homomor-
phism w.r.t. the first subordination and a dual strong subordination homomorphism
w.r.t. the second. Similarly, let PPriSp be the category with objects the positive
Priestley spaces and arrows the stable Priestley morphisms and let PPriSp® be the
category with objects the positive Priestley spaces and arrows the doubly strongly
stable Priestley morphisms. From the results above the next theorem follows.

Proposition 24 The categories PBiSLat and PPriSp are dually equivalent as well
as the categories PBiSLat® and PPriSp®.
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