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DUALITY FOR DISTRIBUTIVE AND IMPLICATIVE

SEMI-LATTICES
GURAM BEZHANISHVILI AND RAMON JANSANA

ABSTRACT. We develop a new duality for distributive and implicative meet
semi-lattices. For distributive meet semi-lattices our duality generalizes
Priestley’s duality for distributive lattices and provides an improvement of
Celani’s duality. Our generalized Priestley spaces are similar to the ones
constructed by Hansoul. Thus, one can view our duality for distributive
meet semi-lattices as a completion of Hansoul’s work. For implicative meet
semi-lattices our duality generalizes Esakia’s duality for Heyting algebras
and provides an improvement of Vrancken-Mawet’s and Celani’s dualities.
In the finite case it also yield’s Kohler’s duality. Thus, one can view our
duality for implicative meet semi-lattices as a completion of Kohler’s work.
As a consequence, we also obtain a new duality for Heyting algebras, which
is an alternative to the Esakia duality.
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1. INTRODUCTION

Topological representation of distributive semi-lattices goes back to Stone’s
pioneering work [15]. For distributive join semi-lattices with bottom it was
worked out in detail in Grétzer [6, Section I1.5, Theorem 8]. A full dual-
ity between meet semi-lattices with top (which are dual to join semi-lattices
with bottom) and certain ordered topological spaces was developed by Celani
[2]. The main novelty of [2] was the characterization of meet semi-lattice ho-
momorphisms preserving top by means of certain binary relations. But the
ordered topological spaces of [2] are rather difficult to work with, which is the
main drawback of the paper. On the other hand, Hansoul [7] developed rather
nice order topological duals of bounded join semi-lattices, but had no dual
analogue of bounded join semi-lattice homomorphisms. It is our intention to
develop duality for semi-lattices that improves both [2] and [7]. Like in [2],
we work with meet semi-lattices which are dual to join semi-lattices. We gen-
eralize the notion of a Priestley space to that of a generalized Priestley space
and develop duality between the category of bounded distributive meet semi-
lattices and meet semi-lattice homomorphisms and the category of generalized
Priestley spaces and generalized Priestley morphisms. In the particular case
of bounded distributive lattices, our duality yields the well-known Priestley
duality [13, 14].

The first duality for finite implicative meet semi-lattices was given by Kohler
[9]. It was extended to the infinite case by Vrancken-Mawet [16] and Celani
[1].' The Vrancken-Mawet and Celani dualities are in terms of spectral-like
ordered topological spaces. Both topologies are not Hausdorff, thus rather dif-
ficult to work with. We develop a new duality for bounded implicative meet

1Celani’s paper contains a gap, which we correct at the end of Section 11.3.
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semi-lattices that improves both Vrancken-Mawet’s and Celani’s dualities. It is
obtained as a particular case of our duality for bounded distributive meet semi-
lattices. We generalize the notion of an Esakia space to that of a generalized
Esakia space and develop duality between the category of bounded implica-
tive meet semi-lattices and implicative meet semi-lattice homomorphisms and
the category of generalized Esakia spaces and generalized Esakia morphisms.
In the particular case of Heyting algebras, our duality yields the well-known
Esakia duality [3, 4]. Moreover, it provides a new duality for Heyting algebras,
which is an alternative to the Esakia duality.

The paper is organized as follows. In Section 2 we provide all the needed
information to make the paper self-contained. In particular, we recall basic
facts about meet semi-lattices, distributive meet semi-lattices, and implicative
meet semi-lattices, as well as the basics of Priestley’s duality for bounded dis-
tributive lattices and Esakia’s duality for Heyting algebras. In Section 3 we
consider filters and ideals, as well as prime filters and prime ideals of a dis-
tributive meet semi-lattice and develop their theory. In Section 4 we introduce
some of the main ingredients of our duality such as distributive envelops, Frink
ideals, and optimal filters and give a detailed account of their main properties.
The introduction of optimal filters is one of the main novelties of the paper.
There are more optimal filters than prime filters of a bounded distributive
meet semi-lattice L, and it is optimal filters and not prime filters that serve as
points of the dual space of L, which allows us to prove that the Priestley-like
topology of the dual of L is compact, thus providing improvement of the pre-
vious work [6, 9, 16, 2, 1], in which the dual of L was constructed by means
of prime filters of L. In Section 5 we introduce a new class of homomor-
phisms between distributive meet semi-lattices, we call sup-homomorphisms,
and provide an abstract characterization of distributive envelopes by means of
sup-homomorphisms. In Section 6 we introduce generalized Priestley spaces,
prove their main properties, and provide a representation theorem for bounded
distributive meet semi-lattices by means of generalized Priestley spaces. In
Section 7 we introduce generalized Esakia spaces and provide a representation
theorem for bounded implicative meet semi-lattices by means of generalized
Esakia spaces. In Section 8 we introduce generalized Priestley morphisms and
show that the category of bounded distributive meet semi-lattices and meet
semi-lattice homomorphisms is dually equivalent to the category of generalized
Priestley spaces and generalized Priestley morphisms. We also introduce gen-
eralized Esakia morphisms and show that the category of bounded implicative
meet semi-lattices and implicative meet semi-lattice homomorphisms is dually
equivalent to the category of generalized Esakia spaces and generalized Esakia
morphisms. In Section 9 we show that the subclasses of generalized Priestley
morphisms which dually correspond to sup-homomorphisms can be character-
ized by means of special functions between generalized Priestley spaces, we
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call strong Priestley morphisms, and show that the same also holds in the
category of generalized Esakia spaces. In Section 10 we prove that in the par-
ticular case of bounded distributive lattices our duality yields the well-known
Priestley duality, and that in the particular case of Heyting algebras it yields
the Esakia duality. We also give an application to modal logic by showing that
descriptive frames, which are duals of modal algebras, can be thought of as
generalized Priestley morphisms of Stone spaces into themselves. Moreover, we
introduce partial Esakia functions between Esakia spaces and show that gener-
alized Esakia morphisms between Esakia spaces can be characterized in terms
of partial Esakia functions. Furthermore, we show that Esakia morphisms can
be characterized by means of special partial Esakia functions, we call partial
Heyting functions, thus yielding a new duality for Heyting algebras, which is
an alternative to the Esakia duality. We conclude the section by showing that
partial functions are not sufficient for characterizing neither meet semi-lattice
homomorphisms between bounded distributive lattices nor implicative meet
semi-lattice homomorphisms between bounded implicative meet semi-lattices.
In Section 11 we show how our duality works by giving dual descriptions of
Frink ideals, ideals, and filters, as well as 1-1 and onto homomorphisms. In
Section 12 we show how to adjust our technique to handle the non-bounded
case. Finally, in Section 13 we give a detailed comparison of our work with the
relevant work by Grétzer [6], Kohler [9], Vrancken-Mawet [16], Celani [2, 1],
and Hansoul [7], and correct a mistake in [1].

2. PRELIMINARIES

In this section we recall basic facts about meet semi-lattices, distributive
meet semi-lattices, and implicative meet semi-lattices. We also recall the basics
of Priestley’s duality for bounded distributive lattices and Esakia’s duality for
Heyting algebras.

We start by recalling that a meet semi-lattice is a commutative idempotent
semigroup (S, -). For a given meet semi-lattice (S,-), we denote - by A, and
define a partial order < on S by a < biff a = a Ab. Then a A b becomes the
greatest lower bound of {a,b} and (S, A) can be characterized as a partially
ordered set (S, <) such that every nonempty finite subset of S has a greatest
lower bound. Below we will be interested in meet semi-lattices with the great-
est element T, i.e., in commutative idempotent monoids (M, A, T). Let M
denote the category of meet semi-lattices with T and meet semi-lattice homo-
morphisms preserving T; that is M is the category of commutative idempotent
monoids and monoid homomorphisms.

It is obvious that meet semi-lattices serve as a natural generalization of
lattices: if (L, A, V) is a lattice, then (L, A) is a meet semi-lattice. Distributive
meet semi-lattices serve as a natural generalization of distributive lattices. We
recall that a meet semi-lattice L is distributive if for each a,bi,by € L with
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b1 A by < a, there exist ci,co € L such that by < ¢q, by < ¢, and a = ¢ A ¢o.
As follows from [6, Section II.5, Lemma 1], a lattice (L, A,V) is distributive
iff the meet semi-lattice (L, A) is distributive. Let DM denote the category of
distributive meet semi-lattices with T and meet semi-lattice homomorphisms
preserving T. Obviously DM C M. However, unlike lattices, there is no meet
semi-lattice identity expressing the difference, since the variety M is generated
by the class DM. In fact, we have that the two element meet semi-lattice
2 generates M [8]. We list some of the interesting properties of the variety
M. Since they are not directly related to our main purpose, we don’t provide
any proofs. Some of the proofs can be found in [8, 6], the rest we leave as
interesting exercises. The variety M is semi-simple (with 2 being a unique
up to isomorphism nontrivial simple meet semi-lattice), finitely generated, has
no proper non-trivial subvarieties, has the amalgamation property, and each
epimorphism in M is surjective. On the other hand, M is neither congruence-
distributive nor has the congruence extension property.

We recall that M € M is an implicative meet semi-lattice if for each a € M
the order-preserving map aA(—) : M — M has a right adjoint, denoted by a —
(—). If in addition M is a bounded lattice, then M is called a Heyting algebra.
The same way meet semi-lattices and distributive meet semi-lattices serve as
a generalization of lattices and distributive lattices, respectively, implicative
meet semi-lattices serve as a generalization of Heyting algebras: the (A, —, T)-
reduct of a Heyting algebra is an implicative meet semi-lattice.

For two implicative meet semi-lattices L and K, we recall that a map h :
L — K is an implicative meet semi-lattice homomorphism if h is a meet semi-
lattice homomorphism and h(a — b) = h(a) — h(b) for each a,b € L. Since in
an implicative meet semi-lattice we have that a — a = T, it follows that each
implicative meet semi-lattice homomorphism preserves T. Let IM denote the
category of implicative meet semi-lattices and implicative meet semi-lattice
homomorphisms.

We observe that the same way the lattice reduct of a Heyting algebra is
distributive, the meet semi-lattice reduct of an implicative meet semi-lattice
is distributive. This result belongs to folklore. We give a short proof of it for
the lack of proper reference.

Proposition 2.1. The A-reduct of an implicative meet semi-lattice is a dis-
tributive meet semi-lattice.

Proof. Suppose that L is an implicative meet semi-lattice and a, by, by € L with
b1 Aby < a. Then by < by — a and by < by — a. Set ¢ = (by — a) A (by — a).
Then a < ¢, ¢ < by — a, and ¢ < by — a. Hence, by < ¢ — a and by < ¢ — a.
Set ¢; = (¢ = a)A(by — a) and ¢y = (¢ — a) A (by — a). Since by < ¢ — a and
by < by — a, we have by < ¢y. Similarly by < ¢y. Moreover, ¢; Acy = (¢ — a) A
(by = a)A(by — a) = ((by = a)A(by — a)) A(((by = a)A (b — a)) — a) = a.
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Therefore, there exist ¢i,co € L such that by < ¢, by < ¢o, and a = ¢; A ¢a.
Thus, L is a distributive meet semi-lattice. [l

It follows from Proposition 2.1 that IM is a subcategory of DM. Nevertheless,
as a variety IM behaves differently from DM. We list some of the properties
of IM without providing any proofs. Some of the proofs can be found in
[12, 10, 11, 9], the rest we leave as interesting exercises. First of all, the
lattice F(L) of filters of an implicative meet semi-lattice L is isomorphic to
the lattice ©(L) of congruences of L. As a result, an implicative meet semi-
lattice L is subdirectly irreducible iff the set L — {T} has a greatest element.
Thus, IM is neither semi-simple nor finitely generated. In fact, IM is not even
residually small, and the cardinality of the lattice of subvarieties of IM is that
of the continuum. On the other hand, IM is locally finite and has equationally
definable principal congruences. Hence, IM is congruence-distributive and has
the congruence extension property. It also has the amalgamation property and
each epimorphism in IM is surjective.

We conclude this section with a brief overview of Priestley’s duality for
bounded distributive lattices and Esakia’s duality for Heyting algebras. For
a partially ordered set (X, <) and A C X let TA = {z € X : Ja € A with
a<z}and |[A={r € X :da € A with x < a}. If Ais the singleton {a},
then we write Ta and |a instead of 1{a} and [{a}, respectively. We call A an
upset (resp. downset) if A =TA (resp. A= [A).

We recall that a Priestley space is an ordered topological space X = (X, 7, <)
which is compact and satisfies the Priestley separation axiom: if x £ y, then
there is a clopen (closed and open) upset U of X such that x € U and y ¢ U.
It follows from the Priestley separation axiom that X is in fact Hausdorff and
that clopen sets form a basis for the topology. Thus, each Priestley space is a
Stone space (compact Hausdorff 0-dimensional).

For two Priestely spaces X and Y, a morphism f : X — Y is a Priestley
morphism if f is continuous and order-preserving. We denote the category
of Priestely spaces and Prietley morphisms by PS. Let also BDL denote the
category of bounded distributive lattices and bounded lattice homomorphisms.
Then we have that BDL is dually equivalent to PS [13]. We recall that the
functors (—). : DL — PS and (—)* : PS — DL establishing the dual equivalence
are constructed as follows. If L is a bounded distributive lattice, then L, =
(X, 7,<), where X is the set of prime filters of L, < is set-theoretic inclusion,
and 7 is the topology generated by the subbasis {¢(a) : a € L} U {p(b)°: b €
L}, where p(a) = {r € X : a € x} is the Stone map. If h € hom(L, K), then
h, = h='. If X is a Priestley space, then X* is the lattice of clopen upsets
of X, and if f € hom(X,Y), then f* = f~!. Tt follows from [13, 14] that
the functors (—). and (—)* are well-defined, and that they establish the dual
equivalence of BDL and PS.
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Esakia’s duality is a restricted Priestley duality. We recall that an Fsakia
space is a Priestley space X = (X, 7, <) in which the downset of each clopen
is again clopen. We also recall that an Fsakia morphism from an Esakia space
X to an Esakia space Y is a Priestley morphism f such that for all x € X
and y € Y, from f(z) < y it follows that there is z € X with x < z and
f(z) = y. We denote the category of Esakia spaces and Esakia morphisms
by ES. Let also HA denote the category of Heyting algebras and Heyting
algebra homomorphisms. Then it was established in Esakia [3] that HA is
dually equivalent to ES. In fact, the same functors (—), and (—)*, restricted
to HA and ES, respectively, establish the desired equivalence.

3. FILTERS AND IDEALS OF MEET SEMI-LATTICES

In this section we adapt the notions of a filter and an ideal of a lattice to
meet semi-lattices. We also introduce the notion of a meet-prime filter of a
distributive meet semi-lattice, which is an analogue of the notion of a prime
filter of a distributive lattice, and present an analogue of the prime filter lemma
for distributive meet semi-lattices. Most of these results are well-known. We
present them here to keep the presentation as self-contained as possible.

Let L be a meet semi-lattice. We recall that a nonempty subset F' of L
is a filter if (i) a,b € F implies a Ab € F and (ii) a € F and a < b imply
b € F. Clearly F is a filter of L iff for each a,b € L we have a,b € F iff
a ANb € F. Similar to lattices, we have that L is a filter of L, and if T € L,
then an arbitrary intersection of filters of L is again a filter of L. Therefore,
for each X C L, there exists a least filter containing X, which we call the filter
generated by X and denote by [X). It is obvious that

a € [X) iff there exists a finite Y C X such that /\ Y <a.

In particular, the filter generated by x € L is the upset Tz = {y € L : x < y}.
We also point out that if X =0, then AX =T, and so [X) ={T}.

Let F(L) denote the set of filters of L. Obviously the structure (F(L),N, V)
forms a lattice, where F1V Fy = [F1UF,), and a € F} V F; iff there exist a; € Fy
and ay € Fy such that a; A ag < a. In particular, Ta V 1o = T(a A b). The
following characterization of a distributive meet semi-lattice L in terms of the
filter lattice of L follows from [6, Section I.5, Lemma 1]: A meet semi-lattice
L is distributive iff the lattice (F(L),N, V) is distributive. We call a filter F' of
L proper if ' # L.

Definition 3.1. A proper filter F' of a meet semi-lattice L is said to be meet-
prime if for any two filters F}, F; of L with Fy N Fy, C F, we have F; C F or
F, CF.
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In [2] meet-prime filters are called weakly irreducible filters. Meet-prime
filters serve as an obvious generalization of prime filters of a lattice as the
following proposition shows.

Proposition 3.2. A filter F' of a lattice L is prime iff F is meet-prime.

Proof. Suppose that F' is prime and F; N Fy, C F. If neither F; C F nor
F, C F, then there exist a; € F} and ay € F, with ay,ae ¢ F. From a; € F}
and ay € Fy it follows that a1 V as € F} N Fy, C F. Since F' is prime, either
a; € F or ay € F, a contradiction. Thus, F} C F or F, C F. Conversely,
suppose that F' is meet-prime and a Vb € F. Since T(a V b) = Ta N Tb, we
obtain Ta N Tb C F. As F' is meet-prime, the last inclusion implies Ta C F or
1O C F. Thus, a € Forbe F, and so F' is prime. O

From now on we will call meet-prime filters of a meet semi-lattice simply
prime. Since a meet semi-lattice L may not be a lattice and so the join of
two elements of L may not exist, the notion of an ideal of L needs to be
adjusted appropriately. For a subset A of a meet semi-lattice L, let A" = {u €
L : VYa € A we have a < u} denote the set of upper bounds of A, and let
Al ={l € L : Ya € A we have | < a} denote the set of lower bounds of A.
We call a nonempty subset I of a meet semi-lattice L an ideal if (i) a € I and
b<aimply b € I and (ii) a,b € I implies {a,b}* NI # (. Our notion of ideal
is dual to the notion of dual ideal of [6, p. 132]. In [2] ideals are called order
ideals.

Remark 3.3. Condition (ii) of the definition of ideal is obviously equivalent
to the following condition: (ii’) a,b € I implies (Ta N Tb) NI # (). Thus, we
have that the following three conditions are equivalent:

1. I is an ideal of L.

2. For each a,b € L we have a,b € I iff {a,b}* N1 # 0.

3. For each a,b € L we have a,b € I iff (Tan1b) N1 # 0.

We note that if L has a top element, then L itself is always an ideal. However,
unlike the case with filters, a nonempty intersection of a family of ideals may
not be an ideal as the following example shows.

Example 3.4. Let L be the meet semi-lattice shown in Fig.1. Then each |c,
is an ideal of L, but ﬂlcn = {L,a,b} is not an ideal of L.

new
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Nevertheless, we have the following analogue of the prime filter lemma for
distributive meet semi-latices. For a proof we refer to [6, Section I1.5, Lemma
2] or [2, Theorem 8|.

Lemma 3.5 (Prime Filter Lemma). Suppose that L is a distributive meet
semi-lattice. If F is a filter and I is an ideal of L with F NI = (), then there
exists a prime filter P of L such that F C P and PN I = (.

As a corollary, we obtain the following useful fact.

Corollary 3.6. Fvery proper filter F' of a distributive meet semi-lattice L is
the intersection of the prime filters of L containing F.

We call an ideal I of a meet semi-lattice L proper if I # L, and a proper
ideal I of L prime if for each a,b € L we have aAb € I impliesa € I orbe I.
Then we have the following analogue of a well-known theorem for lattices.

Proposition 3.7. A subset F' of a meet semi-lattice L is a prime filter iff
I =L — F s a prime ideal.

Proof. Suppose that F is a prime filter of L. Clearly F # 0, L implies I =
L — F # (), L. Moreover, it is obvious that condition (i) of the definition of
filter implies that I satisfies condition (i) of the definition of ideal. To show
that I also satisfies condition (ii), suppose that a,b € I. If (fan1b) NI =0,
then Ta N 1b C F. Since F is prime, Ta C F or b C F, so either a ¢ I or
b ¢ I, a contradiction. Thus, (Ta N T0) NI # @, and so I is an ideal. Finally,
to show that [ is prime, suppose that a Ab € I. Then a Ab ¢ F. By condition
(ii) of the definition of filter, either a ¢ F or b ¢ F. Thus, a € [ or b € 1.
Conversely, suppose that I = L—F is a prime ideal. Clearly I # @), L implies
F # (0, L. Moreover, it is obvious that condition (i) of the definition of ideal
implies that F satisfies condition (i) of the definition of filter. To show that
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F also satisfies condition (ii), suppose that a,b € F. Then a,b ¢ I. Since [
is prime, we have a Ab ¢ I. Thus, a Ab € F, and so F is a filter. Finally, to
show that F'is prime, suppose that Fi N Fy, C F. If F} € F and F;, € F, then
FinNI#0and FyN1I # (). Therefore, there exist a; € Fy NI and ay € FoN 1.
Obviously Ta; N Tas € F; N Fy, C F. On the other hand, since I is an ideal,
(Tar N Tag) NI # (. This implies F NI # (), a contradiction. Thus, either
Fy C For Fy, CF,and so F'is prime. [

4. DISTRIBUTIVE ENVELOPES, FRINK IDEALS, AND OPTIMAL FILTERS

In this section we introduce three new concepts which play a fundamental
role in developing our duality for distributive meet semi-lattices. The first
concept we introduce is that of the distributive envelope D(L) of a distributive
meet semi-lattice L. We analyze how the filters and ideals of L are related
to the filters and ideals of D(L). In general, it is not the case that to each
ideal of D(L) there corresponds an ideal of L. This paves a way for our second
concept, that of Frink ideal, which is broader than our earlier concept of ideal.
We establish the main properties of Frink ideals, and prove that the ordered
set of Frink ideals of L is isomorphic to the ordered set of ideals of D(L).
Frink ideals give rise to the third concept, that of optimal filters, which are
set-theoretic complements of prime Frink ideals. We prove an analogue of the
prime filter lemma for optimal filters and Frink ideals, which we call the optimal
filter lemma, and show that the ordered set of optimal filters of L is isomorphic
to the ordered set of prime filters of D(L). At the end of the section, we give a
table of relations between different notions of filters and ideals of L and D(L),
and conclude the section by giving an alternative construction of D(L), which
will play a crucial role in developing our duality.

4.1. Distributive envelopes. Let L be a meet semi-lattice and let Pr(L)
denote the set of prime filters of L. We define ¢ : L — P(Pr(L)) by o(a) =
{z € Pr(L) : a € z} for each a € L. The next theorem goes back to Stone [15].

Theorem 4.1. If L is a meet semi-lattice, then o : L — P(Pr(L)) is a meet
semi-lattice homomorphism. If L has top, then o preserves top, and if L has
bottom, then o preserves bottom. In addition, if L s distributive, then o is a
meet semi-lattice embedding.

Proof. For a prime filter P of L we have:

Peo(and) iffanbeP
iff a,be P
iff P € o(a),o(b)
iff P € o(a)Nao(b).

Thus, o is a meet semi-lattice homomorphism. Suppose that T € L. Since each
prime filter of L contains T, we have o(T) = Pr(L). Therefore, o preserves T.
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Let L € L. As each prime filter of L does not contain L, we have o(L) = (.
Thus, o preserves 1. Because o is a meet semi-lattice homomorphism, we
have that a < b implies o(a) C o(b). Suppose that L is a distributive meet
semi-lattice and @ £ b. Then Ta N |b = (0, so by the prime filter lemma, there
is a prime filter P of L such that a € P and b ¢ P. Therefore, P € o(a)
and P ¢ o(b). Thus, o(a) € o(b). Consequently, if L is distributive, a < b iff
o(a) C o(b), and so o is an embedding. O

Let D(L) denote the sublattice of P(Pr(L)) generated by o[L]. Since o|[L]
is closed under finite intersections, for each A € P(Pr(L)), we have A € D(L)

iff A= UU(CM) for some a; € L. It follows that o[L] is join-dense in D(L).
i=1

Moreover, o is a meet semi-lattice homomorphism from L to D(L), and o is a

meet semi-lattice embedding whenever L is distributive.

Definition 4.2. For a distributive meet semi-lattice L, we call D(L) the dis-
tributive envelope of L.

Whenever convenient we will identify a distributive meet semi-lattice L with
o[L] and consider L as a join-dense A-subalgebra of D(L). Now we investigate
the connection between filters and ideals of L and D(L).

Lemma 4.3. Let L be a distributive meet semi-lattice and let D(L) be the
distributive envelope of L. If F is a filter of L, then 1p o[F] is a filter of
D(L), and if I is an ideal of L, then | pyoll] is an ideal of D(L).

Proof. Let F be a filter of L. Clearly Tpo[F] is an upset of D(L). Let
A, B € TpolF]. Then there exist a,b € F' such that o(a) C Aand o(b) C B.
Therefore, o(a Ab) = o(a) No(b) C AN B. Since F is a filter of L, we have
aNb e F. Thus, AN B € Tpol[F]. Consequently, Tpo[F] is a filter of
D(L).

Let I be an ideal of L. Clearly |y, o(I] is a downset of D(L). Let A, B €
IpyolI]. Then there exist a,b € I such that A C o(a) and B C o(b). Since [
is an ideal of L, there exists e € {a,b}* N 1. Thus, A, B C o(e), implying that
AUB € |pyoll]. Consequently, | pyo[l] is an ideal of D(L). O

Lemma 4.4. Let L € DM and let D(L) be the distributive envelope of L. If
F is a filter of D(L), then o~ '(F) is a filter of L.

Proof. Let F be a filter of D(L). Since T € L, we have Pr(L) = o(T) € D(L),
so o(T) = Pr(L) € F, and so T € o *(F). Thus, 0 *(F) is nonempty.
Suppose that a € 7! (F) and a < b. Then o(a) € F and o(a) C o(b). Since
F is an upset of D(L), it follows that o(b) € F. Therefore, b € o0~ (F). For
a,b € o7Y(F) we have o(a),c(b) € F. Since F is a filter of D(L), we have
olaNb) =c(a)No(b) € F. Thus, a Ab € o ' (F), and so o~} (F) is a filter of
L. UJ
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On the other hand, there exist ideals I of D(L) such that o~1(I) is not an
ideal of L as the following example shows.

Example 4.5. Consider the distributive meet semi-lattice L shown in Fig.1.
The ordered set (Pr(L), C) of prime filters of L together with the distributive
envelope D(L) of L is shown in Fig.2. We have that I = {0}, 0(a), o(b),o(a)U
o(b)} is an ideal of D(L), but that o=!(I) = { L, a,b} is not an ideal of L.

T a PI"(L
fes AT %

)
(c1)
(c2)
' 1es (a) U o (b)
avb Tcl 0(@)@0’(1))

1 {T} 0
L Pr(L) D(L)
Fig.2

Lemma 4.6. Let L be a distributive meet semi-lattice, D(L) be the distributive
envelope of L, and I be an ideal of D(L). Then I is the ideal of D(L) generated
by oo~ (I)] = I NolL].

Proof. Let J be the ideal of D(L) generated by o[o~!(I)] = INo[L]. Obviously
J C I. On the other hand, if A € I, then as A = Ua(bi) for some b; € L, we

i=1

have o(b;) € I No[L] for each i < n. Thus, A € J. O

Corollary 4.7. Let L be a distributive meet semi-lattice and let D(L) be the
distributive envelope of L. For ideals I,J of D(L) we have that the following
conditions are equivalent:

1. I=1J.

2. o7 (I)=0"1(J).

3. INnc[L] =JnNo[L].

On the other hand, there exist filters ' of D(L) such that F' is not generated
by olo™}(F)] = F No[L] as the following example shows.
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Example 4.8. Consider the distributive meet semi-lattice L and its distribu-
tive envelope D(L) shown in Fig.2. Then F = {o(a) U o(b),0(c,),Pr(L) :
n € w} is a filter of D(L) which is not generated by oo™ (F)] = F No[L] =
{o(c,),Pr(L) : n € w}.

For an ideal I of D(L), if e~ '(I) were an ideal of L, then Lemma 4.6 and
Corollary 4.7 would imply that there is a 1-1 correspondence between ideals
of L and D(L). However, c'(I) is not necessarily an ideal of L as we have

shown in Example 4.5. This forces us to introduce a weaker notion of an ideal
of L, that of a Frink ideal.

4.2. Frink ideals.

Definition 4.9. (Frink [5, p. 227]) Let L be a meet semi-lattice. A nonempty
subset I of L is called a Frink ideal (F-ideal for short) if for each finite subset A
of I we have A% C I. Equivalently, I is a Frink ideal if for each ay,...,a, € I

and ¢ € L, whenever mTai C T¢, we have ¢ € I. We call an F-ideal I of L

=1
proper if I # L, and we call I prime if it is proper and a A b € I implies a € [
or b € I for each a,b € L.

It is easy to verify that for each a € L we have |a is an F-ideal. Moreover,
unlike the case with ideals, a nonempty intersection of a family of F-ideals is
again an F-ideal. Therefore, for each nonempty X C L, there exists a least
F-ideal containing X. We call it the F-ideal generated by X, and denote it by
(X].

Lemma 4.10. Let L be a meet semi-lattice and let X be a nonempty subset
of L. Then (X] = {a € L : 3 finite A C X witha € A%} = {a € L :

daq,...,a, € X with ﬂTai C Ta}.

=1

Proof. Suppose that L is a meet semi-lattice and X is a nonempty subset of
L. Clearly (X] is an F-ideal. Let I be an F-ideal with X C I. We show that

(X] C I. If a € (X], then there exist ay,...,a, € X such that mTai C Ta.
i=1

Since aq,...,a, € I and I is an F-ideal, we have a € I. Thus, (X] is the

F-ideal generated by X. 0

Lemma 4.11. Let L be a meet semi-lattice. Then each ideal of L is an F-ideal
and each F-ideal of L is a downset. Moreover, if L is a lattice, then the two
notions coincide with the usual notion of an ideal of a lattice.
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Proof. Suppose that I is an ideal of L, ay,...,a, € I, a € L, and ﬂTai C Ta.
i=1

Since [ is an ideal, it is easy to prove by induction on n that ﬂTai N1 #0.
i=1

Let c € ﬂTai NI. Then ¢ € Ta, so a < ¢, and so a € I. Therefore, I is an
i=1

F-ideal. That every F-ideal is a downset is obvious. Now suppose that L is a

lattice and I is an F-ideal of L. Then [ is a downset. Moreover, for a,b € I

we have Ta N Tb = 1(a Vb). Thus, a Vb € I, and so the two notions coincide

with the usual notion of an ideal of L. O

In particular, if a meet semi-lattice L is finite and T € L, then L is a lattice,
and so each F-ideal of L is an ideal. On the other hand, there exist meet semi-
lattices for which not every F-ideal is an ideal. For example, if L is the lattice
shown in Fig.1, then I = {1, a,b} is an F-ideal which is not an ideal. The
next lemma is useful in obtaining a 1-1 correspondence between F-ideals of a
distributive meet semi-lattice L and ideals of its distributive envelope D(L).

Lemma 4.12. Let L be a distributive meet semi-lattice. For each aq, ..., ay,,

b€ L we have (1a; C 16 iff o(b) €| Jo(a:).
=1

=1

Proof. First suppose that ﬂTai C Tband = € o(b). Then b € z, so 1b C z.

i=1
n

Therefore, ﬂTai C z, and since z is a prime filter of L, there exists i < n such
i=1 .
that Ta; C x. Thus, a; € z, so x € o(a;), and so x € UU(C%‘)- It follows that

i=1

o(b) C Ua(ai).

Conversely, suppose that o(b) C UU(CM‘) and ¢ € ﬂTai. Then a; < ¢ for
i=1 i=1

each i < n. Therefore, o(a;) C o(c) for each i < n, and so Ua(ai) C o(c).

=1

Thus, o(b) C o(c), so b < ¢, and so ¢ € Tb. It follows that ﬂTai C 10. O

i=1



DUALITY FOR DISTRIBUTIVE AND IMPLICATIVE SEMI-LATTICES 15

Theorem 4.13. Let L be a distributive meet semi-lattice and let D(L) be its
distributive envelope.

1. I C L is an F-ideal of L iff there is an ideal J of D(L) such that
I=0"YJ).

2. I C L is a prime F-ideal of L iff there is a prime ideal J of D(L) such
that I = o= 1(J).

Proof. (1) Let I be an F-ideal of L and J be the ideal of D(L) generated by
oll] ={o(a): a € I}. We claim that I = o~!(J). It is clear that I C o= *(J).

Let b € 07 (J). Then o(b) € J, so o(b) C Ua(ai) for some a4,...,a, € I. By

=1

Lemma 4.12, (]TaZ C 7b. Since [ is an F-ideal, it follows that b € I. Thus,

o }J) C I Consequently, I = o71(J). Conversely, let I = o=!(J) for J
an ideal of D(L). Clearly I is nonempty. For ay,...,a, € I and ¢ € L with

ﬂTai C T¢, by Lemma 4.12, we have o(c) C Ua(ai). Therefore, o(c) € J,
i=1 i=1
and so ¢ € I. Thus, I is an F-ideal of L.

(2) Let I be a prime F-ideal of L and let J be the ideal of D(L) generated
by o[I]. By (1), I = o7*(J). We show that J is a prime ideal of D(L).

Suppose that AN B € J. Then A = Ua a;) and B = Ua ) for some
=1 7=1
ai,...,04n,b1, ..., by € L. Therefore, U(a(ai) No(b;)) € J. It follows that
(2]

o(a;) No(bj) € o[l] for all 4,j. Since I is prime, either a; € I or b- el. We
look at a3 Aby,...,a1 Aby,. If a; ¢ I, then by,... b, € 1,50 B = Ua e J.

7j=1
Therefore, without loss of generality we may assume that a; € I. NOW we look

at agAby, ..., aa\by,. lf ay ¢ I, then by, ..., b, € I, so again B = Ua ) e J.

j=1
Thus, without loss of generality we may assume that a;,a € I. Going through

all ai,...,a, we obtain that either B = UO‘ € Jor A= Ua a;) € J. It

j=1
follows that J is a prime ideal of D(L). The converse 1mphcat10n easily follows
from (1) and the definition of prime F-ideals. O

As an immediate consequence of (the proof of) Theorem 4.13 and Corollary
4.7, we obtain the following:
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Corollary 4.14. Let L be a distributive meet semi-lattice and let D(L) be its
distributive envelope. The ordered set of Frink ideals of L is isomorphic to the
ordered set of ideals of D(L), and the ordered set of prime Frink ideals of L is
isomorphic to the ordered set of prime ideals of D(L).

4.3. Optimal filters.

Definition 4.15. Let L be a distributive meet semi-lattice and let D(L) be
its distributive envelope. A filter F' of L is said to be optimal if there exists a
prime filter P of D(L) such that F' = o~ '[P]. We denote the set of optimal
filters of L by Opt(L).

Clearly each optimal filter is proper.

Lemma 4.16 (Optimal Filter Lemma). Let L be a distributive meet semi-
lattice. If F is a filter and I is an F-ideal of L with F NI = 0, then there
exists an optimal filter G of L such that F C G and GN 1 = (.

Proof. Let F be a filter and I be an F-ideal of L with FN I = (). Let also V be
the filter and A be the ideal of D(L) generated by o[F| and o[I], respectively.
Suppose that there exists A € VN A. Then there are ay,...,a, € [ and b € F

such that A = UU(@Z') and o(b) C A. Therefore, o(b) C Ua(ai). By Lemma

i=1 i=1
4.12, ﬂTai C Tb. Since [ is an F-ideal, we obtain b € I, a contradiction.

i=1
Thus, VN A = (), and so there is a prime filter P of D(L) such that V C P
and PN A = (. Tt follows that ' C o7 '[P] and ¢ '[P]N T = (. If we set
G = o7[P], then G is the desired optimal filter. O

Corollary 4.17. Every proper filter F' of a distributive meet semi-lattice is
the intersection of the optimal filters containing F'.

Proposition 4.18. Let L be a distributive meet semi-lattice and let F' be a
filter of L. Then the following conditions are equivalent:
1. F s an optimal filter.
2. F is a filter and L — F is an F-ideal.
3. There is an F-ideal I of L such that FO I = ( and F is mazimal among
the filters of L with this property.

Proof. (1)=(2): Let F' be an optimal filter of L, P be a prime filter of D(L)
such that = ¢71[P], and [ = L — F. Then F is a proper filter of L, and so

I is nonempty. For ay,...,a, € [ and ¢ € L with ﬂTai C Te, Lemma 4.12

=1



DUALITY FOR DISTRIBUTIVE AND IMPLICATIVE SEMI-LATTICES 17

n

implies that o(c) C Ua(ai). If ¢ € I, then ¢ € F, and so o(c) € P. Therefore,

=1

Ua(ai) € P. Since P is prime, o(a;) € P for some a; € I. Thus, a; € FN 1,
i=1
which is a contradiction. It follows that ¢ € I, and so [ is an F-ideal.

(2)=-(3) is obvious.

(3)=(1): Suppose that F is a filter and I is an F-ideal of L such that
FNI=0{and F is maximal among the filters of L with this property. By the
optimal filter lemma, there is an optimal filter G' of L such that F' C G and
G NI =1{. Since F is a maximal filter with this property, F' = G. Thus, F is
optimal. ([l

Remark 4.19. Hansoul [7] defines a weakly prime ideal I of a distributive join
semi-lattice L as an ideal I such that for each ay,...,a, ¢ I and b € I, there

isce ﬂlai such that ¢ £ b. Clearly an ideal I is weakly prime iff for each

i=1

ai,...,a, ¢ I'and b € L, from ﬂlai C [b it follows that b ¢ I. Since the dual

i=1

L4 of L is a distributive meet semi-lattice and ﬂlai C |biff ﬂTdai C 1%, it
i=1 i=1

follows from Proposition 4.18 that an ideal I of L is weakly prime iff it is an

optimal filter of L?. A more detailed comparison with Hansoul’s work can be

found in Section 11.1.

Lemma 4.20. Let L be a distributive meet semi-lattice. Then each prime filter
of L is optimal. Moreover, if L is a lattice, then the two notions coincide with
the usual notion of a prime filter of a lattice.

Proof. Suppose that L is a distributive meet semi-lattice and P is a prime
filter of L. By Proposition 3.7, I = L. — P is a prime ideal, hence an F-ideal
of L by Lemma 4.11. Moreover, P NI = () and by the construction of I, P
is maximal among the filters of L with this property. Thus, P is optimal by
Proposition 4.18. Now let in addition L be a lattice and F' be an optimal filter
of L. By Proposition 4.18, [ = L — F is an F-ideal of L, and by Lemma 4.11, |
is actually an ideal of a lattice. Thus, the two notions coincide with the usual
notion of a prime filter of a lattice. O

In particular, if L is a finite distributive meet semi-lattice and T € L, then
L is a finite distributive lattice, and so each optimal filter of L is prime. On
the other hand, there exist distributive meet semi-lattices in which not every
optimal filter is prime. For example, in the distributive meet semi-lattice L
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shown in Fig.1 one can easily check that FF = L — {1, a,b} is an optimal
filter of L, but that it is not prime. Now we show that optimal filters of a
distributive meet semi-lattice L are in a 1-1 correspondence with prime filters
of the distributive envelope D(L) of L.

Proposition 4.21. Let L be a distributive meet semi-lattice and let D(L) be
its distributive envelope.
L. If P € Pr(D(L)), then o~ (P) is an optimal filter of L and Tpz,(P N
o[L]) = P.
2. If F € Opt(L), then Tpo[F] € Pr(D(L)).
3. For a filter F of D(L), F € Pr(D(L)) iff there is G € Opt(L) such that
F=1p)0lG].
4. If P,Q € Pr(D(L)), then the following conditions are equivalent:

Proof. (1) That o~1(P) is an optimal filter of L follows from the definition.
We show that 15, (P No[L]) = P. It is clear that Tp,) (P No[L]) € P. To
prove the other inclusion let A € P. Then A = o(by) U... U a(b,) for some
bi,...,b, € L. Since P is prime, there exists ¢ < n such that o(b;) € P.
Therefore, o(b;) € PN o[L], and so A € Ty, (P No[L]).

(2) Let F € Opt(L) and let @ € Pr(L) be such that F' = 07(Q). Then
olF] = QN alL], and by (1), TpuyolF] = To(@ N olL)) = Q. Thus,
TpyolF] € Pr(L).

(3) follows from (1) and (2).

(4) (a)=(b)=(c)=(d)=(e) is obvious, and (e)=-(a) follows from (1). O

Corollary 4.22. Let L be a distributive meet semi-lattice and let D(L) be its
distributive envelope. Then the map P+ o~ (P) is an order-isomorphism be-
tween (Pr(D(L)), C) and (Opt(L), C) whose inverse is the map F +— T o[ F].

Thus, for a distributive meet semi-lattice L and its distributive envelope
D(L), we have that F-ideals of L correspond to ideals of D(L), that prime
F-ideals of L correspond to prime ideals of D(L), and that optimal filters of L
correspond to prime filters of D(L).

Lemma 4.23. Let L be a distributive meet semi-lattice and let D(L) be its
distributive envelope. If P is a prime filter of L, then TD(L)U[P] is a prime
filter of D(L), and if I is a prime ideal of L, then |pyoll] is a prime ideal
of D(L).
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Proof. Let P be a prime filter of L. By Lemma 4.20, P is optimal, and by
Proposition 4.21.2, Tp,)0[P] is a prime filter of D(L). Now let I be a prime
ideal of L. By Lemma 4.3, |po[l] is an ideal of D(L). We show that

Ipyoll] is prime. Let AN B € |p;)oll], and let A = Ua(ai) and B =

=1
m n m

U0<bj)' From Uo(ai) N U a(bj) € Lpuyoll] it follows that o(a;) No(b;) €
j=1 i=1 j=1

Ipyoll], and so a;\b; € I for each, j. Since [ is prime, either a; € I or b; € I.
We look at a3 A by,...,a1 Aby,. If ay ¢ I, then by,..., b, € I, and so there

exists ¢ € ﬂTbj N I. Therefore, B = Ua(bj) Co(c) €oll],so B € |pgyolll],
=1 =1

and so Wi‘ghout loss of generality we ]may assume that a; € I. Now we look

at ay A by,... a3 Nby. If ay ¢ I, then by, ... by, € I, s0 again B € |po(l].

Thus, without loss of generality we may assume that a;, as € I. Going through

all ay, ..., a, we obtain that either B € | 0[] or A € | p)0[l]. Tt follows

that | pyo[l] is a prime ideal of D(L). O

For the reader’s convenience, we give a table of relations between different
notions of filters and ideals of L and D(L).

Correspondences between filters of L and D(L)

L filters prime optimal fil-
filters ters
D(L) filters TowolFls | TpayolF], | prime
Fis afilter | ' is a | filters
of L prime filter
of L

Correspondences between ideals of L and D(L)

L F-ideals prime ideals prime
F-ideals ideals
D(L) ideals prime Lowyoldls | Lpyell]s 1
ideals is an ideal | is a prime

of L ideal of L
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Let L be a distributive meet semi-lattice. We define a map ¢ : L —
P(Opt(L)) by
o(a) ={z € Opt(L) : a € x}.
It is easy to verify that ¢ is a meet semi-lattice homomorphism, that it pre-
serves top whenever L has a top, and that it preserves bottom whenever L has

a bottom. It also follows from the optimal filter lemma that ¢ is 1-1. Thus,
we obtain:

Proposition 4.24. Let L be a distributive meet semi-lattice. Then L 1s iso-

morphic to the meet semi-lattice ({p(a) :a € L},N).

Corollary 4.25. For a distributive meet semi-lattice L, we have that the meet
semi-lattices ({o(a) : a € L},N) and ({¢(a) : a € L},N) are isomorphic.

Lemma 4.26. Let L be a distributive meet semi-lattice and let a, by, ... b, € L.

Then ¢(a U(p iff ﬂTbi C Ta.
i=1

Proof. First suppose that ¢(a U(p D Ife e ﬂTb- and ¢ ¢ Ta, then

b; < ¢ for each i < n and a £ c. By the optimal ﬁlter lemma, there exists
an optimal filter x of L such that a € x and ¢ € x. But then b; € x for each

i < n. Therefore, z € p(a) but x & Ugo(bi), a contradiction. Thus, a < ¢,

so ¢ € Ta, and so ﬂTbi C Ta. Now suppose that mei C Ta. If z € ¢(a)

i=1 i=1
and = ¢ U(p , then a € x and b; € x for each ¢ < n. Since x is an optimal
filter, L — :1: is an F-ideal by Proposition 4.18. So b, € L — x for each i < n

and me C Ta imply a € L — x, a contradiction. Thus, z € ng ), and so

=1 =1
n

< ey O

i=1

Proposition 4.27. Let L be a distributive meet semi-lattice and let D(L)
be its distributive envelope. Then the closure under finite unions of ¢[L] is
isomorphic to D(L).
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Proof. Tt follows from Lemmas 4.12 and 4.26 that ¢(a;)U...Up(a,) = ¢(b)U
o U(by,) iff o(a)U...Ud(a,) = o(by)U...Uo(by,). Thus, we can define a
map h from the closure under finite unions of p[L] to D(L) by h(p(ay)U...U
o(ap)) = o(a1) U...Uo(a,). This map is clearly onto, and it follows from
Lemmas 4.12 and 4.26 that it is an order-isomorphism. ([l

5. SUP-HOMOMORPHISMS AND AN ABSTRACT CHARACTERIZATION OF
DISTRIBUTIVE ENVELOPES

Let L and K be distributive meet semi-lattices and let h : L — K be a meet
semi-lattice homomorphism. If there exist a,b € L such that a V b exists in L
and h(a) V h(b) exists in K, it is not necessary that h(a V b) = h(a) V h(b).
Therefore, h may not be extended to a lattice homomorphism from D(L) to
D(K). In this section we introduce a stronger notion of a homomorphism be-
tween distributive meet semi-lattices, we call a sup-homomorphism. We show
that sup-homomorphisms have the property that they preserve all existing joins
and that they can be extended to lattice homomorphisms between the distribu-
tive envelopes. We also give an abstract characterization of the distributive
envelope by means of sup-homomorphisms, and prove that the category of dis-
tributive lattices and lattice homomorphisms is a reflective subcategory of the
category of distributive meet semi-lattices and sup-homomorphisms.

Definition 5.1. Let L and K be distributive meet semi-lattices. We call a
meet semi-lattice homomorphism h : L — K a sup-homomorphism if

(1@ € 1b implies (1) Th(a;) C Th(b)

i=1 i=1

for each aq,...,a,,b€ L.

Proposition 5.2. Let L and K be distributive meet semi-lattices and h : L —
K be a meet semi-lattice homomorphism. Then the following conditions are
equivalent.

1. h s a sup-homomorphism.
2. h=Y[I] is an F-ideal of L for each F-ideal I of K.
3. hY[F] is an optimal filter of L for each optimal filter F of K.

Proof. (1)=(2): Let h: L — K be a sup-homomorphism and let I be an F-
ideal of K. We show that h~![I] is an F-ideal of L. Suppose that ay, ..., a, €
h~[I] and b € L are such that ﬂTai C 1b. Then h(ay),...,h(a,) € I. Since

i=1
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h is a sup-homomorphism, ﬂTh(ai) C Th(b). As I is an F-ideal, h(b) € I.
1=1
Therefore, b € h™'[I], and so h™![I] is an F-ideal of L.

(2)=-(3): Let h™![I] be an F-ideal of L for each F-ideal I of K. We show
that h~![F] is an optimal filter of L for each optimal filter F' of K. Suppose
that F'is an optimal filter of L. Since h is a meet semi-lattice homomorphism,
h~[F] is a filter of L. Moreover, by Proposition 4.18, K — F is an F-ideal of K.
Therefore, h™'[K — F] = L — h™'[F] is an F-ideal of L. This, by Proposition
4.18, means that h™'[F] is an optimal filter of L.

(3)=>(1): Let h™![F] be an optimal filter of L for each optimal filter F' of K

and let ()Ta; € Tb for ar,...,a,b € L. If (\Th(b;) € Th(b), then, by Lemma
i=1 i=1

4.10, h(b) does not belong to the F-ideal generated by h(a1),...,h(a,). By

the optimal filter lemma, there is an optimal filter G of K such that h(b) € G

and h(ay),...,h(a,) ¢ G. Therefore, ay,...,a, ¢ h™*G]. But h7'[G] is an

optimal filter of L. Thus, L — h™'[G] is an F-ideal of L, so b € L — h![G],

and so h(b) € G, a contradiction. Consequently, ﬂTh(bi) C Th(b), implying
i=1
that h is a sup-homomorphism. O

We show that sup-homomorphisms are exactly those meet semi-lattice ho-
momorphisms which preserve all existing joins. Let L and K be distribu-
tive meet semi-lattices and h : L — K be a meet semi-lattice homomor-
phism. We say that h preserves all existing joins if for each aq,...,a, € L, if
a1V...Va, exists in L, then h(a;)V...Vh(a,) exists in K and h(a;V...Va,) =
h(ai) V...V h(ay).

Proposition 5.3. Let L and K be distributive meet semi-lattices and h : L —
K be a meet semi-lattice homomorphism. Then h is a sup-homomorphism iff
h preserves all existing joins.

Proof. Let h be a sup-homomorphism, a4,...,a, € L, and a; V...V a, exist in
n

L. Then mTai =T(a1V...Vay,). Since h is order-preserving, by the definition
i=1
of sup-homomorphisms, the last equality implies that ﬂTh(ai) =Th(a V...V
i=1
a,). Therefore, h(a; V...V a,) is the join of h(a1),...,h(a,) in K. Thus, h
preserves all existing joins. Conversely, suppose that h preserves all existing
n

joins. Let ai,...,a,,b € L be such that ﬂTai C 7b. Then, in the lattice of
i=1
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filters of L, we have (ﬂTai) V 1b = Tb. Since L is a distributive meet semi-

i=1
n

lattice, the lattice of filters of L is distributive. Therefore, ﬂ(Tai vV 1b) = 1b.

i=1
Since Ta; V Tb = T(a; A b), we obtain ﬂT(ai A D) = Tbfor each i =1,...,n.

i=1
This implies that b is the join of a; A b,...,a, Abin L. Therefore, since h
preserves all existing joins, the join of h(ay A D), ..., h(a, Ab) exists in K and

is equal h(b). Thus, ﬂTh(ai A b) = Th(b), which means that
i=1
Th(b) = () 1(Ra;) A R(B)) = (\(Thia) v Th(b).
i=1 i=1
Using the distributivity of the lattice of filters of K, we obtain

Th(b) = Th(B) V () Th(a:).

Consequently, ﬂTh(ai) C Th(b), and so h is a sup-homomorphism. O

=1

Remark 5.4. In [7] Hansoul introduced the notion of a weak morphism for
distributive join semi-lattices, which is a join semi-lattice homomorphism pre-
serving all existing meets. It follows from Proposition 5.3 that h: L — K is a
sup-homomorphism iff 4 : L? — K% is a weak morphism.

Lemma 5.5. Let L and K be distributive meet semi-lattices. If h: L — K is
a 1-1 sup-homomorphism, then

n

ﬁ th(a;)  Th(b) implies () Ta; C Tb

=1 1=1
for each ay,...,a,,b € L.

Proof. Suppose that mTh(ai) C Th(b). If d € mTai, then h(d) € ﬂTh(ai).
i=1 i=1

i=1 —
Therefore, h(d) € Th(b). Thus, h(b) < h(d). Since h is 1-1, this implies that
b < d. It follows that d € Tb, and so ﬂTai C T1b. [l

=1
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Proposition 5.6. Let L and K be distributive meet semi-lattices. If h : L —
K is a sup-homomorphism, then there is a unique lattice homomorphism D(h) :
D(L) — D(K) such that D(h) oo = o o h. Moreover, if h is 1-1, then so is
D(h).

Proof. Suppose that ay,...,a,,b; ..., b, € Laresuch that o(a;)U...Uo(a,) =
o(b1)U...Ua(by,,). Then, for each 1 § i < n,wehave o(a;) C o(b)U...Uod(by,).

Therefore, by Lemma 4.12, ﬂTbj C Ta;. Since h is a sup-homomorphism, this
j=1

implies that ﬂTh ) € Th(a;). Thus, o(h(a;)) C o(h(by)) U...Uao(h(by)),

Jj=1
and so o(h(ay)) U . o(h(a,)) C U(h(b1)) ...Uo(h(by)). By a similar
argument we obtain that a(h(b)))U...Ua(h(

) bm)) C o(h(a1))U...Ua(h(ay,)).
Consequently, o(h(ai))U...Uo( U...Ua(h(bnm)), and so we
)

can define D(h) : D(L) — D(K) by
D(h)(o(a1)U...Uo(a,)) = o(h(ar))U...Ua(h(a,)).

That D(h) is a lattice homomorphism from D(L) to D(K) and that D(h)oo =
o o h is obvious.

If k: D(L) — D(K) is a lattice homomorphism such that koo = o oh, then
D(h)(a(al)u. .Uo(ay,)) = o(h(ar))U.. . Ua(h(a,)) = k(o(ar))U.. . Uk(o(ay,)) =
k(o(a;)U...Uo(a,)). Therefore, k = D(h).

Flnally, suppose that h is 1-1. If D(h)(o(a1)U...Ua(a,)) = D(h)(o(by) U
.Ua(by)), then o(h(ar))U...Uo(h(a,)) =o(h ( 1))U...Uo(h(by)). This,
by Lemma 4.12, means that ﬂTh C Th(a;) for each 1 < i < n and

(Y1h(a:) € Th(b;) for each 1 < j < m. Since h is 1-1, by Lemma 5.5,

we obtain that ﬂTbj C Ta; for each 1 < 7 < n and ﬂTai C Tb; for each
j=1 i=1

1 < j < m. Therefore, o(a1)U...Uo(a,) =0o(by)U...Uc(by,). Thus, D(h)

1s 1-1. O

As a consequence, we obtain that taking the distributive envelope of a dis-
tributive meet semi-lattice can be extended to a functor D from the category
of distributive meet semi-lattices and sup-homomorphisms to the category of
distributive lattices and lattice homomorphisms.

Noting that if K is a distributive lattice, then D(K) is (isomorphic to) K,
the following is an immediate consequence of Proposition 5.6.
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Corollary 5.7. Let L be a distributive meet semi-lattice and D be a distributive
lattice. If h : L — D 1is a sup-homomorphism, then there is a unique lattice
homomorphism D(h) : D(L) — D such that D(h) o o0 = h. Moreover, if h is
1-1, then so is D(h).

It follows that the functor D is left adjoint to the inclusion functor. Con-
sequently, the category of distributive lattices and lattice homomorphisms is
a reflective subcategory of the category of distributive meet semi-lattices and
sup-homomorphisms.

Theorem 5.8. Let L be a distributive meet semi-lattice. The distributive
envelope D(L) of L is up to isomorphism the unique distributive lattice E
for which there is a 1-1 sup-homomorphism e : L — E such that for each
distributive lattice D and a 1-1 sup-homomorphism h : L — D, there is a
unique 1-1 lattice homomorphism k : E — D with koe = h.

Proof. As an immediate consequence of Corollary 5.7, we obtain that D(L)
has the property stated in the theorem because o : L — D(L) is a 1-1 sup-
homomorphism and for each distributive lattice D and a 1-1 sup-homomor-
phism h : L — D, there exists a unique 1-1 lattice homomorphism D(h) :
D(L) — D with D(h) oo = h. Now suppose that F is a distributive lattice
for which there is a 1-1 sup-homomorphism e : L — FE such that for each
distributive lattice D and a 1-1 sup-homomorphism A : L. — D, there is a
unique 1-1 lattice homomorphism &k : &/ — D with koe = h. Then there is a 1-
1 lattice homomorphism k : E — D(L) such that koe = . Also, by Corollary
5.7, there is a 1-1 lattice homomorphism D(e) : D(L) — E such that D(e)oo =
e. First we show that each element a of E has the form e(a;) V...V e(a,)
for some ay,...,a, € L. Let a € E. Then k(a) € D(L). Therefore, there
exist ai,...,a, € L such that k(a) = o(a1)U...Uoc(a,). Since koe = o, we
have D(e)(o(a;) U...Uao(a,)) = D(e)(k(e(ar)) V...V k(e(a,))). As D(e) is
1-1, the last equality implies o(a;) U...Uo(a,) = k(e(ar)) V...V k(e(a,) =
k(e(a1)V...Ve(ay)). Because k is 1-1, we obtain a = e(a1)V...Ve(a,). Next we
show that E is isomorphic to D(L). Since koe = ¢ and D(e) oo = e, we have
D(e)(k(e(a1) V... Ve(ay))) = D(e)(k(e(ar)) V...V Ek(e(an))) = D(e)(o(ar) U
...Uoa(a,)) = D(e)(o(a1)) U...U D(e)(o(an)) = e(ar) V...V e(a,) and
k(D(e)(o(a1)U...Ua(a,))) = k(D(e)(o(ar)) V...V D(e)(o(an))) = k(e(ar) V
.. Ve(ay)) = k(e(a)) V... Vk(e(a,)) = o(a) U...Uoc(ay,). Therefore, the
composition D(e)ok is the identity function on E and the composition ko D(e)
is the identity function on D(L). Thus, k: E — D(L) and D(e) : D(L) — E
are inverses of each other, and so E is isomorphic to D(L). O

Theorem 5.8 provides an abstract characterization of the distributive enve-
lope of a distributive meet semi-lattice. A similar characterization can also be
found in Hansoul [7] for distributive join semi-lattices.
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6. GENERALIZED PRIESTLEY SPACES

In this section we introduce one of the main concepts of this paper, that of
generalized Priestley space. We show how to construct the generalized Priestley
space L, from a bounded distributive meet semi-lattice L, and conversely, how
a generalized Priestley space X gives rise to the bounded distributive meet
semi-lattice X*. We further prove that a bounded distributive meet semi-
lattice L is isomorphic to L.*, thus providing a new representation theorem
for bounded distributive meet semi-lattices. Furthermore, we show that a
generalized Priestley space X is order-isomorphic and homeomorphic to X*,.

Let L be a bounded distributive meet semi-lattice and let D(L) be its dis-
tributive envelope. Then D(L) is a bounded distributive lattice. We let

L,=0pt(L), L,=Pr(L), and D(L).=Pr(D(L)).

By Lemma 4.20, L, C L,, and by Corollary 4.22, (L, C) ~ (D(L),,<). We
recall that ¢ : L — P(L,) is defined by ¢(a) = {x € L, : a € x}. We define
op : D(L) — P(D(L).) by ¢p(A) = {x € D(L), : A € x}. Fora € L and
x € D(L). we have

x € pp(o(a)) iff ola) €z iff a € o t(z).
Therefore,

p(a) = {07 (2) 1 € pp(a(a))}.

Let B = ¢[L]. Then h : B, — {pp(o(a)) : a € L} given by h(e(a)
¢vp(o(a)) is a bounded meet semi-lattice isomorphism, so B, and ({¢p(o(a)) :
a € L},N,D(L).,0) are isomorphic to each other and to L.

We recall that {¢p(A) — ¢p(B): A, B € D(L)} is a basis for the Priestley
topology 7p on D(L),.

Proposition 6.1. Let L be a bounded distributive meet semi-lattice and let
D(L) be its distributive envelope. Then the Priestley topology on D(L), has

{¢p(o(a)) :a € L} U{pp(a(b))®:be L} as a subbasis.

Proof. Let A B € D(L). Then there exist aq,...,a,,b1,...,b, € L such
that A = Ua a;) and B = UO’ . Therefore, pp(A) = @D(Ua(ai)) =

=1 J=1
n m m

Uen(o(a:) and on(B) = ¢p(| Jo(b;)) = (Jen(o(b;)). Thus, op(A) —

i=1 j=1 j=1

U‘PD USOD = U o(a;)) N ﬂng It

=1
follows that the elements of the basis {¢p(A)—ep(B) : A, B € D(L)} of D(L),
are finite intersections of the elements of {¢p(c(a)) : a € L} U {pp(a(b))° :
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b e L}. Consequently, {¢p(c(a)) :a € L} U{pp(c(b)):be L} is a subbasis
for the Priestley topology on D(L).. O

We define a topology 7 on L, by letting {¢(a) : a € L} U{p(b)¢:be L} be
a subbasis for 7.

Lemma 6.2. Let L be a bounded distributive meet semi-lattice and let D(L)
be its distributive envelope.

1. (Ly,7,C) is order-isomorphic and homeomorphic to (D(L)., Tp, C).

2. (L., 7,C) is a Priestley space.

3. Ly is dense in (L, T).

Proof. (1) By Corollary 4.22, (L., C) is order-isomorphic to (D(L)., C), and
by Proposition 6.1, (L, 7) is homeomorphic to (D(L),, 7p). The result follows.
(2) follows from (1) and the well-known fact that (D(L)., 7p, C) is a Priestley
space.
(3) Since S = {p(a) : a € L} U{p(b)° : b € L} is a subbasis for 7 and
{¢(a) : a € L} is closed under finite intersections, an element of the basis
for 7 that S generates has the form ¢(a) N (b)) N ... N p(b,)¢ for some

a,bi,...,b, € L. If p(a) N (b)) N ...Npb,)°" # 0, then ¢(a) £ ng(b).

Therefore, by Lemma 4.26, ﬂTbi ¢ Ta. Thus, by Lemma 4.12, o(a) Ua(bi).

=1 =1
Hence, there is y € Ly such that a € y and by,...,b, € y. It follows that
ela) (b)) N...ob,) N Ly #0, and so Ly is dense in L. O

Lemma 6.3. For a bounded distributive meet semi-lattice L we have that every
open upset of L, is a union of elements of B.

Proof. Let U be an open upset of L, and let z € U. It is sufficient to find a € L
such that =z € p(a) C U. For each y ¢ U we have x € y. Therefore, there
is a, € L such that a, € z and a, ¢ y. Thus, ﬂ{g@(ay) cy e UrnU = 0.
This by compactness of L, implies that there exist aq,...,a, € L such that
e(ar) M-+~ Npla,) NUS = (). Moreover, x € p(a;) for each i < n. Therefore,
r € ¢(ag N+ ANa,) C U, and so there exists a = a3 A --- A a, in L with
€ pla) CU. O

Let D(2B) denote the distributive lattice generated (in P(L,)) by B. Then
A€ D(B;) iff A is a finite union of elements of B. Let also €U(L,) denote
the lattice of clopen upsets of L,.

Theorem 6.4. For a bounded distributive meet semi-lattice L we have D(L) ~
D(%B;) = CU(L,).
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Proof. It follows from Proposition 4.27 that D(L) is isomorphic to D(Bp).
By Lemma 6.3, each element of €(L,) is a union of elements of B,. Now

since each element of €U(L,) is compact, it is a finite union of elements of B ..
Thus, D(*BL) = €U(L,). O

We now study some properties of the tuple (L., 7, C, L) which will motivate
the notion of a generalized Priestley space we introduce below.

Proposition 6.5. Let L be a bounded distributive meet semi-lattice. Then for
each x € L., there isy € Ly such that x C y.

Proof. Since x is an optimal filter of L, we have L — x is nonempty. Let
a € L —x. Then z is disjoint from the ideal |a, and by the prime filter lemma,
there is a prime filter y of L such that x C y and a ¢ y. 0

Proposition 6.6. Let L be a bounded distributive meet semi-lattice and let U
be a clopen upset of L,. Then the following conditions are equivalent:

1. U = p(a) for some a € L.
2 L.—U=|(L, —U).
3. max(L, —U) C L,.

Proof. (1)=(2): Let U = ¢(a). Since L, C L, we have L, —¢(a) C L.—p(a),
and as (a) is an upset, L, — ¢(a) is a downset, so [ (L —p(a)) C L, — p(a).
Conversely, if x € L, — ¢(a), then 2 ¢ ¢(a). Therefore, a ¢ x. So 2N |a = 0,
and by the prime filter lemma, there is a prime filter y of L such that = C y
and a € y. Thus, x Cy and y € Ly — ¢(a), implying that = € [ (L, — p(a)).
It follows that L, — p(a) = [(Ly — p(a)).

(2)=(3): Let L, —U = |[(Ly —U) and let x € max(L, — U). Then z €
L(Ly —U), and as x is a maximal point of L, — U, we havex € L, —U C L.

(3)=(1): Let U be a clopen upset of L, and let max(L, —U) C L,. Then
there exist ay,...a, € L such that U = ¢(a;) U ... U p(a,). Let F be the

filter ﬂTai and let I be the Frink ideal generated by a,...,a,. f FN 1 =10,
i=1

then, by the optimal filter lemma, there exists an optimal filter  of L such

that FF C x and x NI = (). Since a; € I, we have a; ¢ z for each i < n, so

r ¢ ¢(a)U...Up(a,) = U. Therefore, v € L, — U. Since (L,,7,C) is a

Priestley space and L, —U is a closed subset of L., there exists y € max(L,—U)

such that x C y. But theny € L, and y ¢ U. Moreover, mTai Czx Cyandas
i=1
y is prime, there is i < n such that Ta; C y. Hence, y € ¢(a;) C U, which is a
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n n
contradiction. Therefore, there isa € FNI. Thus, a € ﬂTai and ﬂTai C Ta.
i=1 i=1

So mTai:Ta,a:al\/...\/an, and so p(a) = p(a)U...Up(a,) =U. O
i=1

Proposition 6.6 can be restated as follows:

Proposition 6.7. Let L be a bounded distributive meet semi-lattice and let V'
be a clopen downset of L. Then the following conditions are equivalent:

1. V= p(a)¢ for some a € L.
2.V = |(L.NV).
3. max(V) C L.

The following is an immediate consequence of Proposition 6.6.

Corollary 6.8. Let L be a bounded distributive meet semi-lattice. Then:
B, ={U e CUL,): L.—U=[(L —U)} ={U € €U(L,) : max(L,—U) C Ly }.

For a family F = {¢(a;) : a; € L} we recall that F is directed if for each
o(a;), p(a;) € F there exists p(ay) € F such that ¢(a;) U p(a;) C p(ak).
Clearly F is directed iff for each p(a;,), ..., p(a;,) € F there exists ¢(ag) € F
such that ¢(a;,) U---Up(a;,) C ¢(ay). For each z € L, let T, = {p(a) : © ¢

p(a)}

Proposition 6.9. Let L be a bounded distributive meet semi-lattice. Then
x € Ly iff Z, is directed.

Proof. Let x € L, and let ¢(a), p(b) € Z,. Then = ¢ ¢(a), p(b). Therefore,
a,b ¢ x. Since x is a prime filter of L, it follows that Ta N b € =. Thus,
there exists ¢ € Ta N Tb such that ¢ ¢ x. Consequently, ¢(a) U ¢(b) C ¢(c)
and z ¢ ¢(c). So ¢(c) € Z,, and so Z, is directed. Conversely, suppose that
7. is directed. We show that x € L,. If not, then there exist filters F} and
Fy of L such that FiNFy, C x but F; € v and Fo € x. Let ay € F; —x
and ay € Fy —z. Then x ¢ p(a1),¢(az), and so ¢(ay),p(az) € Z,. Since
7, is directed, there exists p(a) € Z, such that p(a1) U p(az) C p(a). From
v(a) € Z, it follows that a ¢ =z, and from ¢(a;) U ¢(as) C ¢(a) it follows
that a € Ta; N Tag € Fy N Fy, C x. The obtained contradiction proves that
x € L,. U

The results we have established about the dual space of a bounded dis-
tributive meet semi-lattice L justify the following definition of a generalized
Priestley space. Let (X, 7,<) be a Priestley space and let X, be a dense
subset of X. For a clopen subset U of X, we say that X, is cofinal in U if
max(U) C X,. We call a clopen upset U of X admissible if X is cofinal in U°.
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Let X™ denote the set of admissible clopen upsets of X. We note that U € X*
iff U is a clopen upset such that max(U¢) C X, which happens iff U is a clopen
upset such that U¢ = |[(Xo—U). Forz € X let Z, ={U € X* : = ¢ U}.

Definition 6.10. We call a quadruple X = (X, 7, <, Xy) a generalized Priest-
ley space if:

1. (X, 7,<) is a Priestley space.

2. Xj is a dense subset of X.

3. For each x € X there is y € X such that z < y.

4. x € X, iff Z, is directed.

5. For all z,y € X, we have z <y iff (VU € X*)(x € U = y € U).

Remark 6.11. Clearly condition (3) of Definition 6.10 is equivalent to maxX
C Xy, which means that () is admissible. Also, when in a generalized Priestley
space X we have Xy = X, then X* = €U(X), so conditions (2)—(5) of Defini-
tion 6.10 become redundant, and so X becomes a Priestley space. Thus, the
notion of a generalized Priestley space generalizes that of a Priestley space.

Proposition 6.12. For a bounded distributive meet semi-lattice L, the quadru-
ple L, = (L., 7,C, Ly) is a generalized Priestley space.

Proof. 1t follows from Lemma 6.2 that (L.,7,C) is a Priestley space, and
that Ly is dense in (L., 7). Therefore, L, satisfies conditions (1) and (2) of
Definition 6.10. By Propositions 6.5 and 6.9, L, satisfies conditions (3) and
(4) of Definition 6.10. Lastly it follows from Proposition 6.6 that L." = ¢[L].
Clearly  C y iff (Va € L)(a € x = b € x), thus L, satisfies condition (5) of
Definition 6.10. Consequently, L, is a generalized Priestley space. ([l

Since for each bounded distributive meet semi-lattice L we have L,* = ¢[L],
we immediately obtain:

Theorem 6.13. (Representation Theorem) For each bounded distributive meet
semi-lattice L we have L ~ L.*; that is, for each bounded distributive meet
semi-lattice L there exists a generalized Priestley space X such that L is iso-
morphic to X*.

Proposition 6.14. Let X be a generalized Priestley space. Then X* =
(X*,N, X, 0) is a bounded distributive meet semi-lattice.

Proof. First we show that X* is closed under N. If U,V € X* then max((U N
V)¢) = max(U°U V) C max(U°¢) Umax(V°) C Xy. Thus, UNV € X*. Next
max(X°) = max(f) = 0 C Xy, so X € X*. Also, max(0°) = max(X) C X,
by condition (3) of Definition 6.10, so § € X*. Lastly we show that (X*,N) is
distributive. Let U, V, W € X* with UNV C W. Then W¢ C U°UV*. For each
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x € max(W¢) we have that x € U® or x € V. Therefore, W € Z, and either
UeZ,orV eZ, Since x € Xy, by condition (4) of Definition 6.10, from
W, U € 7, it follows that there exists U, € Z, such that WUU C U,; and from
W,V € I, it follows that there exists V, € 7, such that W UV C V,. Thus,

We = U{KQC s € max(W€)}, where K, = U, or K, = V.. Since W€ is
compact and each K, is open, there exist finite subsets A, B of max(W¢) such
that We = U{ch rx € AU U{VIC cx € B}. Let U' = ﬂ{Uw cx € A} and
V= ﬂ{Vm cx € B}. Clearly U CU', V C V' and U,V € X*. Moreover,
we = U{ch cx € AU U{ch : x € B} implies W = U'NV'. Thus,
(X*,N) is distributive. Consequently, (X*, N, X, () is a bounded distributive
meet semi-lattice. U

Proposition 6.15. Let X be a generalized Priestley space. Then the closure
of X* under finite unions is €U(X).

Proof. Clearly we have X* C €4(X), so the closure of X* under finite unions is
contained in €LU(X). Conversely, suppose that U € €U(X). Since X, () € X*,
we may assume without loss of generality that U # X,(). For each x € U
and y ¢ U, as U is an upset, we have x £ y. Therefore, by condition (5)
of Definition 6.10, there is V,, € X* such that x € V, and y ¢ V,. Then

Ucﬂm{‘/;, cy ¢ U} = (. Since X is compact, there are y;,...,y, € U°

such that U°NV,, N...NV,, = 0. Therefore, z € V,, N...NV,, CU. Let
W, =V, Nn...NV,,. Since X* is closed under finite intersections, W, € X*.

Then U = U{Wl‘ :x € U}, and as X is compact, there are xy,..., 2, € U
such that U = W, U.. .UW,, . Thus, U is a finite union of elements of X*. 0

Corollary 6.16. For a generalized Priestley space X, the family X* U {U° :
U € X*} is a subbasis for the topology on X.

Proof. Since X is a Priestley space, {U —V : U,V € €U(X)} is a basis for
the topology on X. By Proposition 6.15, U = UUZ- and V = UV} for some
=1 =1

n

Pas
Ui, ... U Vi, Vo € X*. Therefore, U =V = | JU; - | JV; = Wi n
j=1

i=1 i=1
ﬂV}C) Thus, the elements of the basis {U —V : U,V € €U(X)} of X
j=1

are finite intersections of elements of X* U {U® : U € X*}. Consequently,
X*U{U°:U € X*} is a subbasis for the topology on X. O
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Lemma 6.17. Let X be a genemlized Priestley space, and let U, Uy, ..., U, €
X*. Then ﬂTU C1U iff U C UU

=1

Proof. Suppose that ﬂTUZ- C TU. We show that U N X, C UUi' Let x €

i=1 i=1

UNnXy Ifz ¢ UUi’ then Uy, ...,U, € Z,, so by condition (4) of Definition

=1

6.10, there exists V' € Z, such that UU C V. Therefore, V € ﬂTUZ, and so
Ve TU Thus, U C V, nnplymg that x € V', a contradiction. Consequently,
xr € UU“ and so U N X, C UU By condition (2) of Definition 6.10, X,

= =1
is a dense subset of X. Slnce U is open in X we have U N Xy is dense in

U. Therefore, U N Xy C UUZ' implies U C UUZ». Conversely, suppose that

i=1 =1

U C UUi‘ For V € X* with V € ﬂTUi, we have UUi C V. Therefore,
i=1 i=1 i=1
U €V, implying that V € TU. Thus, (|1U; C 1U. O

i=1

Corollary 6.18. Let X be a generalized Priestley space. Then €U(X) is iso-
morphic to D(X*).

Proof. By Proposition 6.15, €4(X) is the closure of X* under finite unions.
Let Uy,...,U,, Vi,...,V,, € X*. Tt follows from Lemmas 4.12 and 6.17 that
U U...UU, = VU...UV,, iff o(Uy)U...Uo(U,) = o(V1)U...Ud(V,,). Thus, we
can define amap h : €U(X) — D(X*) by h(U,U...UU,) = o(Uy)U...Ua(U,).
This map is clearly onto, and it follows from Lemmas 4.12 and 6.17 that it is
an order-isomorphism. [l

Let X be a generalized Priestley space. We define € : X — X*, by
e(x)={U e X" :xeU}.
First we show that ¢ is well-defined.

Proposition 6.19. Let X be a generalized Priestley space. For each x € X,
we have £(x) is an optimal filter of X*. Moreover, if v € Xy, then £(x) is a
prime filter of X*.
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Proof. Let X be a generalized Priestley space. It follows from Proposition 6.14
that (X*, N, X, () is a bounded distributive meet semi-lattice. Clearly (z) is
a filter of X* and X* —e(x) is nonempty. We show that X* —e(x) is an F-ideal

of X*. Suppose that Uy,..., U, € X* —e(z), U € X*, and ﬂTUz C 1U. By

i=1

Lemma 6.17, U C UUi‘ Since = ¢ UU"’ it follows that x ¢ U. Therefore,
i=1 i=1
Ue X*—e(x), so X* —e(x) is an F-ideal, and so, by Proposition 4.18, ¢(x)
is an optimal filter. Now suppose that x € X, and that e(x) is not a prime
filter of X*. Then there exist filters F; and Fy of X* such that Fy N F; C e(z),
but Fy € e(z) and Fy € e(x). Let Uy € Fy —e(x) and Uy € Fy — e(x). Then
x ¢ Uy, Uy, and so Uy, Uy € Z,. By condition (4) of Definition 6.10, there exists
V € Z, such that Uy UUs C V. Hence, V € TU;NTU; C FyNFy C e(x). Thus,
x € V, a contradiction. We conclude that ¢(x) is a prime filter of X*. O

Proposition 6.20. The map € : X — X*, 1s 1-1 and onto. Moreover, if P is
a prime filter of X*, then e~ 1(P) € Xj.

Proof. It follows from condition (5) of Definition 6.10 that ¢ is 1-1. We show
that € is onto. Suppose that P is an optimal filter of X*. Let [ = X* — P. By
Proposition 4.18, [ is an F-ideal of X*. Let G be the filter of €U(X) generated
by P and J be the ideal of €U(X) generated by I. We claim that GNJ = . If
not, then there exist V € €U(X), U € P, and Uy,...,U, € I such that U CV

and V C U; U...UUg. By Lemma 6.17, ﬂTUZ- C 1TV C 1U. Since I is an

=1

F-ideal, we have U € I, so U &€ P, a contradiction. Thus, by the prime filter
lemma, there is a prime filter F' of €4(X) such that G C F and FNJ = (. By
the Priestley duality, there exists € X such that FF = {U € €U(X) : z € U}.
We show that P = F N X*. It is clear that P C F' N X*. Conversely, if
Ue FNX*and U ¢ P, then U € I, which is a contradiction since F' is
disjoint from I. Thus, P = FNX* = {U € X* : v € U}. Consequently
e(z) = P, and so ¢ is onto.

Now suppose that P is a prime filter of X*. Since ¢ is onto, there exists
x € X such that e(xz) = P. If x ¢ X, then by condition (4) of Definition 6.10,
7. is not directed, so there exist U,V € Z, such that for no W € 7, we have
UUuV CW. Therefore, for each W € X*, from W € TU N TV it follows that
re€W,and so W € e(z). Thus, TUNTV C e(z), and as e(x) is a prime filter
of X*, TU Ce(z) or TV C g(x). Consequently, U € e(x) or V € e(x), and so
xr € U or x € V, a contradiction. Thus, x € X. O
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Theorem 6.21. For a generalized Priestley space X, the map € : X — X*,
is an order-isomorphism and a homeomorphism. Moreover, e[ Xo] = X* .

Proof. 1t follows from Propositions 6.19 and 6.20 that ¢ is a bijection and that
e[Xo] = X* ;. Condition (5) of Definition 6.10 implies that for each z,y € X,
we have z <y iff e(x) C ¢(y). Thus, ¢ is an order-isomorphism. We show that
e is a homeomorphism. By Corollary 6.16, X* U {U°: U € X*} is a subbasis
for the topology on X, and {p(U) : U € X*}U{p(U)°: U € X*} is a subbasis
for the topology on X*,. For U € X* we have:

z € o)) iff e(x) € p(U) iff U€e(x) iff z€U.

Thus, e ' (p(U)) = U and e (p(U)¢) = U®. It follows that ¢ is continuous.
Now since ¢ is a continuous map between compact Hausdorff spaces, ¢ is a
homeomorphism. O

7. GENERALIZED ESAKIA SPACES

In this section we introduce our second main concept of the paper, that of
generalized Esakia space, which we obtain by augmenting the concept of gen-
eralized Priestley space. As with bounded distributive meet semi-lattices, we
show how to construct the generalized Esakia space L, from a bounded im-
plicative meet semi-lattice L, and conversely, how a generalized Esakia space X
gives rise to the bounded implicative meet semi-lattice X*. We also show that
a bounded implicative meet semi-lattice L is isomorphic to L., thus providing
a new representation theorem for bounded implicative meet semi-lattices, and
prove that a generalized Esakia space X is order-isomorphic and homeomor-
phic to X*,. We conclude the section by showing that the distributive envelope
of a bounded implicative meet semi-lattice may not be a Heyting algebra.

Let L be a bounded implicative meet semi-lattice. For a,b € L, let

p(a) = ¢(b) = [L(w(a) = p(0)]° = {x € L. : Te N p(a) € (D)}

Lemma 7.1. Let L be a bounded implicative meet semi-lattice and let a,b € L.
Then p(a — b) = ¢(a) — ¢(b).

Proof. First suppose that x € p(a — b) and y € Tx Np(a). Then a — b € x,
x Cy, and a € y. Therefore, a,a — b € y, so b € y, and so y € ¢(b). Thus,
T2 Np(a) € p(b), 50 @ € p(a) — p(b), and 50 p(a — b) C p(a) — p(b). Now
suppose that z € p(a) — p(b). lf ¢ p(a — b), then a — b ¢ z. Let F be the
filter of L generated by {a}Ux. If there is ¢ € F'N |b, then there is d € x such
that a Ad < ¢ < b. Therefore, d < a — b, and so a — b € x, a contradiction.
Thus, F'N [b = (), and by the prime filter lemma, there is y € L, C L, such
that FF C y and b ¢ y. It follows that x C y, a € y, and b ¢ y. Therefore,

y € Tz Np(a) and y & p(b). Thus, Tz Ne(a) Z ¢(b), and so = ¢ @(a) — ¢(b),
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a contradiction. We conclude that x € p(a — b), so ¢(a) — ¢(b) C p(a — b),
and so p(a — b) = @(a) — p(b). O

Let X be a Priestley space. We recall that each clopen U in X has the form

n

U(Ui —V;), where U;,V; € €U(X), and that X is an Esakia space whenever

=1
LU is clopen for each clopen U in X.
Let X be a generalized Priestley space. Then each clopen U in X has the

form U m<Ul —V;), where U;,V; € X*.
i=1j=1

Definition 7.2. Let X be a generalized Priestley space and U be clopen in X.
We call U Esakia clopen if U = U<U’ —V;) for some Uy, ..., Uy, V1,...,V, €

i=1

X*.

Lemma 7.3. If X is a generalized Priestley space and U is Fsakia clopen in
X, then max(U) C Xj.

Proof. Let U be Esakia clopen. Then there exist Uy,...,U,,Vi,...,V, € X*
such that U = U<Ul — Vi).  Therefore, max(U) = maX[U(Ui - V)] C

i=1 =1
n

Umax Ui —V;) = Umax (U; N V). Since U; is an upset, V¢ is a downset,
= =1

and Vi e X*, we have max(U; N V) € max(V®) C Xj. Therefore, max(U) C
Umax (U;NVe) C Umax V) C Xo. O

1=1 =1

On the other hand, it is worth pointing out that the converse of Lemma 7.3
is not true in general.

Definition 7.4. We call a generalized Priestely space X a generalized Esakia
space if for each Esakia clopen U in X, we have |U is clopen.

For a generalized Esakia space X and U,V € X*, let
U—-V=[U=-V)‘={zeX:TznUCV}

Proposition 7.5.
1. If L is a bounded implicative meet semi-lattice, then L, = (L., 7,C, L)
18 a generalized Esakia space.
2. If X is a generalized Esakia space, then X* = (X* N, —, X, 0) is a
bounded implicative meet semi-lattice.
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Proof. (1) Suppose that L is a bounded implicative meet semi-lattice. Then L
is a bounded distributive meet semi-lattice, and so L, is a generalized Priestley

space. Let U be Esakia clopen in L,. Then U = U(g@(ai) — ¢(b;)) for some
i=1

A1y ..y Qny by, ... b, € L. By Lemma 7.1, p(a;) — ¢(b;) = [[(p(a;) —p(b:))]° €

L,*. Therefore, |(p(a;) — ¢(b;)) is clopen in L, for each i < n. Thus, |[U =

Ul(gp(ai) — ¢(b;)) is clopen in L,, and so L, is a generalized Esakia space.
i=1

(2) Suppose that X is a generalized Esakia space. Then X is a gener-
alized Priestley space, and so (X* N, X,0) is a bounded distributive meet
semi-lattice. Let U,V € X*. Then U — V is Esakia clopen. Therefore,
(U —=V) is clopen in X and max|[(U — V) = max(U — V) C X,. There-
fore, U = V = [[(U — V)|® € X*. Moreover, it is routine to verify that for
UV,WeX*wehave UNW CV it W CU — V. Thus, (X*,N,—, X, 0) is
a bounded implicative meet semi-lattice. 0

It follows that for each bounded implicative meet semi-lattice L we have
L.* = ¢[L]. Thus, we immediately obtain:

Theorem 7.6. (Representation Theorem) For each bounded implicative meet
semi-lattice L we have L ~ L."; that is, for each bounded implicative meet

semi-lattice L there exists a generalized Esakia space X such that L is isomor-
phic to X*.

We show that there exist generalized Esakia spaces which are not Esakia
spaces. This implies that the distributive envelope D(L) of a bounded im-
plicative meet semi-lattice L may not be a Heyting algebra.

Example 7.7. Consider the implicative meet semi-lattice L, its distributive
envelope D(L), and its dual space L, shown in Fig.3, where the black circles
indicate the elements of L and the white circles indicate the elements of D(L)—
L. Then L, is a generalized Esakia space order-homeomorphic to the dual

space D(L), of D(L). We denote by P the filter {T, ¢1, go,...} and by Q the
filter Ta U U{Tfn :n € w}. It is easy to see that @ is the only optimal filter
of L which is not prime. Thus, L, = L, — {Q}. Tt is also easy to calculate
that @ — b = b and a — ¢ = ¢ in L, but that o(a) — (o(b) U o(c)) does
not exist in D(L). Consequently, D(L) is not a Heyting algebra. Put dually,
U= {Ta,1f1,1f2,...,Q} is clopen in L,, but [U = U U {P} is not clopen
in L,. Thus, L, is not an Esakia space. Of course, U is not Esakia clopen
because L, is a generalized Esakia space.
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1, iy
- Egg 1ds

Tds
Tds

Fig.3

8. CATEGORICAL EQUIVALENCES

This section consists of two subsections. In the first one we introduce
generalized Priestley morphisms, total generalized Priestey morphisms, and
functional generalized Priestley morphisms, the category GPS of generalized
Priestley spaces and generalized Priestley morphisms, the category GPST of
generalized Priestley spaces and total generalized Priestley morphisms, and
the category GPSF of generalized Priestley spaces and functional generalized
Priestley morphisms. We also introduce the category BDM of bounded dis-
tributive meet semi-lattices and semi-lattice homomorphisms preserving top,
the category BDM* of bounded distributive meet semi-lattices and bounded
semi-lattice homomorphisms, and the category BDM® of bounded distributive
meet semi-lattices and sup-homomorphisms. We prove that BDM is dually
equivalent to GPS, that BDM* is dually equivalent to GPST, and that BDM®
is dually equivalent to GPSF. In the second subsection we introduce gener-
alized Esakia morphisms, total generalized Esakia morphisms, and functional
generalized Esakia morphisms, the category GES of generalized Esakia spaces
and generalized Esakia morphisms, the category GES' of generalized Esakia
spaces and total generalized Esakia morphisms, and the category GESF of gen-
eralized Esakia spaces and functional generalized Esakia morphisms. We also
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introduce the category BIM of bounded implicative meet semi-lattices and im-
plicative meet semi-lattice homomorphisms, the category BIM+ of bounded im-
plicative meet semi-lattices and bounded implicative meet semi-lattice homo-
morphisms, and the category BIM® of bounded implicative meet semi-lattices
and implicative meet semi-lattice sup-homomorphisms. We prove that BIM is
dually equivalent to GES, that BIM* is dually equivalent to GES', and that
BIM? is dually equivalent to GESF.

8.1. The categories GPS, GPST, and GPSF. Let X and Y be nonempty sets.
Given a relation R C X x Y, for each A CY we define

OpA={reX:(VWweY) eRy=yec A)}={re X:R[z] C A}

It is easy to verify that for each A, B CY we have Og(AN B) = OgANDOgRB
and Og(Y) = X.

Let L and K be bounded distributive meet semi-lattices and let h : L — K
be a meet semi-lattice homomorphism preserving top. We define R;, C K, X L,
by

vRyy ifft hl(z)Cy
for each x € K, and y € L,. We call R, the dual of h.

Proposition 8.1. Let L and K be bounded distributive meet semi-lattices and
let h: L — K be a meet semi-lattice homomorphism preserving top. Then:

1. (Ck. oRy) C Ry.

2. (Rpo Cr,) € Ry.

3. If xRyy, then there is a € L such that y ¢ v(a) and Ry[z] C ¢(a).

4. p(h(a)) = Og,p(a).

Proof. (1) Suppose that z,y € K,, z € L,, * C y, and yRyz. Then h™(z) C
h=Y(y) C 2. Thus, zRyz.

(2) is proved similarly to (1).

(3) Suppose that zR,y. Then h='(z) € vy, so there is a € L such that
a € h™(z) and a ¢ y. Therefore, y ¢ (a), and if zRyz, then a € z. Thus,
Ry[z] € p(a).

(4) If z € p(h(a)), then a € h'(x). Therefore, for each 2 € L, with xR}z,
we have a € z. Thus, Ry[z] C ¢(a), and so ¢(h(a)) C Og, ¢(a). Conversely,
if z € Og,¢(a), then Ry[z] C ¢(a). If z & p(h(a)), then a ¢ h~'(x). So
h=Y(x)N |a = 0, and by the prime filter lemma, there exists y € L, C L, such
that h=!(x) C y and a ¢ y. But h~'(x) C y implies y € Ry[x], so a € y, which
is a contradiction. We conclude that = € p(h(a)). Thus, Og, p(a) C ¢(h(a)),
and 50 ¢(h(a)) = Or, 9(a). .

Definition 8.2. Let X and Y be generalized Priestley spaces. A relation
R C X xY is called a generalized Priestley morphism if the following conditions
are satisfied:
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1. If zRy, then there is U € Y* such that y ¢ U and R[z] C U.
2. If U € Y*, then OxU € X*.

Lemma 8.3. Let X and Y be generalized Priestley spaces and R C X XY be
a generalized Priestley morphism. Then:

Proof. (1) Suppose that * <x y and yRz. If Rz, then by condition (1) of
Definition 8.2, there is U € Y* such that R[z] C U and z ¢ U. By condition
(2) of Definition 8.2, OgU € X*. From R[z] C U it follows that x € OgU.
Because OgU € X*, then OxU is an upset. Therefore, y € OrU, so R[y] C U,
and so z € U, a contradiction. Thus, xRz.

(2) Suppose that zRy and y <y z. If xRz, then, by condition (1) of Defini-
tion 8.2, there is U € Y* such that R[x] C U and z ¢ U. Therefore, y ¢ U. On
the other hand, R[z] C U implies y € U. The obtained contradiction proves
that zRz. 0J

Remark 8.4. It is easy to verify that condition (1) of Lemma 8.3 is equivalent
to saying that for each B C Y we have R™'[B] is a downset of X, that condition
(2) of Lemma 8.3 is equivalent to saying that for each A C X we have R[A]
is an upset of Y, and that conditions (1) and (2) together are equivalent to
(SxoRo<y)CR.

Given a generalized Priestley morphism R C X X Y, we define a map hg :
Y* — X* by
hgr(U) =0grU
for each U € Y*.

Lemma 8.5. If R C X XY is a generalized Priestley morphism, then hg :
Y* — X* 1s a meet semi-lattice homomorphism preserving top.

Proof. Let U,V € Y*. Then hg(UNV) = Og(U N V) = OxU N OV =
hr(U) N hgr(V). Moreover, hg(Y) = 0OgY = X. O

Proposition 8.6. Let L and K be bounded distributive meet semi-lattices and

let h: L — K be a meet semi-lattice homomorphism preserving top. Then for
each a € L we have p(h(a)) = hg, (p(a)).

Proof. We have x € p(h(a)) iff h(a) € z iff a € h™!(x), and = € hg, p(a) iff
x € Og, p(a) iff (Vy € L.)(zRyy = a € y) iff (Vy € L) (h H(z) Cy=a€y).
Now either h='(x) = L or h™!(z) is a proper filter of L. If h7'(x) = L,
then for all y € L, we have h™'(z) € y. Therefore, both a € h™!(z) and
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(Vy € L,)(h7Y(z) C y = a € y) are trivially true, and so a € h™ () iff (Vy €
L) (h™'(z) Cy = a € y). On the other hand, if h~'(z) is a proper filter of L,
then by the optimal filter lemma, h~'(x) is the intersection of all the optimal
filters of L containing h~'(x). Hence, a € h™'(x) iff (Vy € L.)(h ' (z) Cy =
a € y). Thus, in either case we have ¢(h(a)) = hg, (¢(a)). O

Proposition 8.7. Let R C X XY be a generalized Priestley morphism. Then
for each v € X and y € Y we have xRy iff e(x)Rp,e(y).

Proof. Let xRy. We show (x)Rp,e(y). If U € hy'(e(z)), then hp(U) € &(z),
so z € hg(U), and so R[x] C U. Therefore, y € U, so U € &(y), and so
hiz'(e(z)) C e(y). Thus, e(x)Rp,e(y). Now let xRy. Then, by condition (1)
of Definition 8.2, there is U € Y* such that y ¢ U and R[z] C U. Therefore,
y ¢ U and x© € hg(U). Thus, we have U ¢ e(y) and hg(U) € e(z). It follows
that h'(e(z)) € e(y). Consequently, xRy iff () Ry,,e(y). O

Unfortunately, the usual set-theoretic composition of two generalized Priest-
ley morphisms may not be a generalized Priestley morphism. Therefore, we
introduce the composition of two generalized Priestley morphisms as follows.
Let X, Y, and Z be generalized Priestley spaces,and R C X xY and S C Y x~Z
be generalized Priestley morphisms. Define SxR C X x Z by

r(SxR)z it (x)Rpnjong)e(2)-
Note that
z(SxR)z iff (VU € Z*)(x € OxgOgU = z € U).

Lemma 8.8. If XY, and Z are generalized Priestley spaces, and R C X XY
and S CY x Z are generalized Priestley morphisms, then for each U € Z*,
we have

OrOsU = (hg o hs)(U) = D(simU.

Proof. Let U € Z*. Clearly OgOgU = (hg o hg)(U). On the other hand, for
x € U, we have:

T € (hROhs)(U) iff (hROhs)(U) E&(ZL‘)
iff U e (hgohs)[e(x)]
ift (Vze Z)(e(x)Rhpong)e(z) = 2z € U)
iff (Vze Z)(x(SxR)z=z¢€U)
iff (SxR)[z] CU
it re OgrU.

Therefore, (hR ¢} hs)<U) = D(S*R)U' 0]
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Lemma 8.9. If X, Y, and Z are generalized Priestley spaces, and R C X XY
and S CY x Z are generalized Priestley morphisms, then SxR C X X Z is a
generalized Priestley morphism.

Proof. To see that condition (1) of Definition 8.2 is satisfied, let (x,y) ¢ SxR.
Then there is U € Z* such that x € Ozr0OgU and z ¢ U. By Lemma 8.8,
this means that (SxR)[z] C U and z ¢ U. To see that condition (2) of
Definition 8.2 is also satisfied, let U € Z*. Then (hgohg)(U) € X*, which, by
Lemma 8.8, means that Og.pU € X*. Thus, SxR is a generalized Priestley
morphism. [l

Lemma 8.10. Let XY, Z, and W be generalized Priestley spaces, and R C
XxY,SCYXZ,andT C ZxW be generalized Priestley morphisms. Then

T+(S*R) = (T*S)*R.

Proof. Let x € X and w € W. Then, by Lemma 8.8, we have:

z[Tx(SxR)Jw iff (VU € W*)(z € OgupOrU = w € U)
iff (VU c W*)<I € O0x0s0,U = w € U)
iff (VU € W*)(x € OpDrusyU = w € U)
iff z[(T*S)xR]w.

Lemma 8.11. Let X be a generalized Priestely space. Then:

1. <xC X x X is a generalized Priestely morphism.
2. If RC X XY is a generalized Priestely morphism, then <x o R = R.
3. If S CY x X is a generalized Priestely morphism, then So <x=S.

Proof. (1) follows from the definition of a generalized Priestely space, while
(2) and (3) follow from Lemma 8.3 and the reflexivity of <y. O

As an immediate consequence of Lemmas 8.8, 8.9, 8.10, and 8.11, we obtain
that generalized Priestley spaces and generalized Priestley morphisms form
a category, in which % is the composition of two morphisms and <y is the
identity morphism for each object X. We denote this category by GPS. Let
also BDM denote the category of bounded distributive meet semi-lattices and
semi-lattice homomorphisms preserving top.

We show that BDM is dually equivalent to GPS. Define two functors (—), :
BDM — GPS and (—)* : GPS — BDM as follows. For a bounded distributive
meet semi-lattice L, set L, = (L., 7,C, L), and for a meet semi-lattice ho-
momorphism h preserving top, set h, = Rj; for a generalized Priestley space
X, let X* be the bounded distributive meet semi-lattice of admissible clopen
upsets of X, and for a generalized Priestley morphism R, let R* = hpg.
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In order to prove that the functors (—), and (—)* establish the dual equiva-
lence of BDM and GPS, we define the natural transformations from the identity
functor idgpm : BDM — BDM to the functor (—)," : BDM — BDM and from
the identity functor idgps : GPS — GPS to the functor (—)*, : GPS — GPS.

The first natural transformation associates with each object L of BDM the
isomorphism ¢y : L — L,"; and the second natural transformation associates
with each object X of GPS the generalized Priestley morphism R., C X x X*,
given by

tRee(y) i ex(z) Cex(y)
for each z,y € X.

Theorem 8.12. The functors (—). and (—)* establish the dual equivalence of
BDM and GPS.

Proof. 1t follows from Propositions 6.12 and 8.1 that (—). is well-defined.
Proposition 6.14 and Lemma 8.5 imply that (—)* is well-defined. Now ap-
ply Theorems 6.13 and 6.21 and Propositions 8.6 and 8.7. ([l

Now we turn our attention to meet semi-lattice homomorphisms preserving
bottom and to sup-homomorphisms.

Lemma 8.13. Let L and K be bounded distributive meet semi-lattices and let
h: L — K be a meet semi-lattice homomorphism preserving top. Then:

1. h preserves bottom iff R, '[L,] = K,.

2. h is a sup-homomorphism iff Ry|x| has a least element for each x € K,.

Proof. (1) By Proposition 8.6, we have:

h preserves bottom iff h(L
iff p(h
iff th(QO
iff hg, (0
iff R,'[L.]=K..

(2) For each z € K., we show that Rj[z] has a least element iff h~![z] €

L.. If h™'[x] € L,, then it is clear that h~![z] is the least element of Rj[z].

Conversely, let y be the least element of Ry[x]. By the optimal filter lemma,

h=t[z] = N{z € L. : h[z] C 2z} = (Rulz] = y. Therefore, h'[z] € L,. By

Proposition 5.2, h is a sup-homomorphism iff A1~ [z] € L, for each z € K,.

Thus, h is a sup-homomorphism iff R,[z] has a least element for each z €
K.. O

Definition 8.14. Let X and Y be generalized Priestley spaces and let R C
X XY be a generalized Priestley morphism.

1. We call R total if R7Y] = X.
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2. We call R functional if for each x € X there is y € Y such that R[z] =
Ty

Obviously R is functional iff R[x] has a least element. It is also clear that
each functional generalized Priestley morphism is total. As an immediate
consequence of Theorem 8.12 and Lemma 8.13, we obtain:

Corollary 8.15. Let X and Y be generalized Priestley spaces and R C X xY
be a generalized Priestley morphism. Then:

1. hg preserves bottom iff R is total.
2. hg is a sup-homomorphism iff R is functional.

In particular, it follows that each sup-homomorphism preserves bottom.

Lemma 8.16. Let XY, and Z be generalized Priestley spaces, and R C X XY
and S CY x Z be generalized Priestley morphisms.

1. SxR is total whenever R and S are total.
2. SxR is functional whenever R and S are functional.

Proof. (1) Let R and S be total generalized Priestley morphisms and let z € Z.
Since S and R are total, there exist y € Y and z € X such that ySz and xRy.
We show that x(SxR)z. Let U € Z* be such that x € OgOgU. Then y € OgU,
and so z € U. Therefore, x(S*R)z, which implies that SxR is total.

(2) Let R and S be functional generalized Priestley morphisms and let = €
X. Then there exist y € Y and z € Z such that R[z] = Ty and S[y] = 1=.
We show that (S * R)[x] = Tz. Let U € Z* and let x € Og0gU. From xRy
it follows that y € OgU; and yS=z implies z € U. Therefore, z(S * R)z. Thus,
12 C (S * R)[x]. Conversely, let 2(S * R)u. If z € u, then there exists V € Z*
such that z € V and u ¢ V. Therefore, x ¢ OrOgV. Thus, there exist
y €Y and 2’ € Z such that 2Ry, y/S72/, and 2’ ¢ V. Since R[x] = Ty, we
obtain y < ¢/, and so ySz’. From S[y] = 1z it follows that z < 2’. Therefore,
2" € V, a contradiction. We conclude that u € Tz, so (S * R)[z] C Tz, and so
(S * R)[x] = Tz. Thus, S * R is functional. O

Remark 8.17. Let R and S be functional generalized Priestley morphisms.
Then it is easy to verify that S o R is again a functional generalized Priestley
morphism. Therefore, S« R =S o R.

Let GPST denote the category of generalized Priestley spaces and total gen-
eralized Priestley morphisms. It follows from Lemma 8.16.1 that GPST forms
a category, which is obviously a proper subcategory of GPS. Let also GPSF
denote the category of generalized Priestley spaces and functional general-
ized Priestley morphisms. By Lemma 8.16.2, GPSF forms a category, which is
clearly a proper subcategory of GPST.
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We let BDM* denote the category of bounded distributive meet semi-lattices
and bounded semi-lattice homomorphisms, and BDM® denote the category of
bounded distributive meet semi-lattices and sup-homomorphisms. Similarly,
we have that BDM® is a proper subcategory of BDM*, and that BDM* is a
proper subcategory of BDM.

Theorem 8.18.
1. BDM* is dually equivalent to GPST.
2. BDM® is dually equivalent to GPSF.

Proof. (1) Let (=), : BDM* — GPS" and (—)* : GPST — BDM* denote the
restrictions of (=), and (—)* to BDM* and GPS', respectively. By Lemma
8.13.1 and Corollary 8.15.1, whenever h : L — K preserves bottom, then Ry, is
total, and conversely, whenever R C X x Y is total, then hy preserves bottom.
Now apply Theorem 8.12.

(2) Let (=), : BDM®> — GPSF and (—)* : GPST — BDM?® denote the restric-
tions of (=), and (—)* to BDM® and GPSF, respectively. By Lemma 8.13.2
and Corollary 8.15.2, whenever h : L. — K is a sup-homomorphism, then R,
is functional, and conversely, whenever R C X X Y is functional, then hp is a
sup-homomorphism. Now apply Theorem 8.12. 0

8.2. The categories GES, GES', and GESF.

Proposition 8.19. Let L and K be bounded implicative meet semi-lattices and
let h : L — K be an implicative meet semi-lattice homomorphism. Then for
each v € K, and y € L, we have xRpy implies there exists z € K, such that
x C z and Ry[z] = Ty.

Proof. Suppose that € K,, y € Ly, and zRpy. Then h~'(x) C y. We show
that | h(L —y) is an ideal of K. Let a,b € | h(L —y). Then there exist
¢,d € L —y such that a < h(c) and b < h(d). Since y is a prime filter of L,
we have L — y is a (prime) ideal of L, so T,cNT,dN (L —y) # 0. Therefore,
there exists e € T,c¢N 1.d such that e ¢ y. Thus, a < h(e), b < h(e), and
h(e) € |gh(L —y). It follows that Tpa N TxbN [xh(L —y) # 0, and so
Lxh(L —y) is an ideal of K. Let F be the filter of K generated by = U h(y).
If a € FN |gh(L —y), then there exist b € x, ¢ € y, and d € L — y such
that b A h(c) < a < h(d). Then b < h(c — d). Therefore, h(c — d) € z,
and so ¢c = d € y. Now ¢ € y and ¢ — d € y imply d € y, a contradiction.
Thus, F N | k(L —y) = 0, and so, by the prime filter lemma, there exists a
prime filter z of K such that F C z and 2N | h(L —y) = (). Then x C z and
h~'(z) = y. Thus, there exists z € K, such that * C z and Ry[z] = Ty. O

Let L and K be bounded implicative meet semi-lattices and let h : L — K
be an implicative meet semi-lattice homomorphism. Consider the following
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condition, which is a strengthening of the condition of Proposition 8.19: For
each x € K, and y € L, we have xR,y implies there exists z € K, such that
x C z and Rplz] = 1y. The next example shows that this stronger condition
does not necessarily hold.

Example 8.20. Let X and Y be generalized Esakia spaces shown in Fig.4,
where Yy =Y — {2z}, and as a topological space, Y is the one-point compacti-
fication of Yy (as a discrete space). Then each point of Yj is an isolated point
of Y, and z is the only limit point of Y. Let R C X x Y be defined as follows:
R[x1] = Ty1, R[za] = {y2}, and R[z3] = {ys3}. It is easy to verify that R is a
generalized Esakia morphism, that x1 Rz, but that there is no x € X such that
R[x] = Tz. Thus, the condition above is not satisfied. The dual implicative
meet semi-lattice X* ~ D(X™*) of X, which is a Heyting algebra, together
with the dual implicative meet semi-lattice Y* and its distributive envelope
D(Y™) are shown in Fig.4. The elements of Y* are depicted in the black cir-
cles, while the only element of D(Y*) —Y* is depicted in the white circle. The
implicative meet semi-lattice homomorphism hg : Y* — X* is shown in Fig.4
by means of brown arrows. Note that hg is undefined on {ys,ys}, thus hp is
not a homomorphism from D(Y*) to D(X*) ~ X*.

Y
{yl} U Tug
{y1} U Tus

I 3\/1
us
Uz
Uy
X Y ( ) X* ~ D(X*)
Fig.4

Definition 8.21. Let X and Y be generalized Esakia spaces. We call a gen-
eralized Priestley morphism R C X x Y a generalized Esakia morphism if for
each z € X and y € Yy, from xRy it follows that there exists z € X such that
r < z and R[z] = Ty.

Proposition 8.22. Let X and Y be generalized Esakia spaces and let R C
X XY be a generalized Esakia morphism. Then hg : Y* — X* is an implicative
meet semi-lattice homomorphism.
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Proof. Since R C X x Y is a generalized Esakia morphism, it is a generalized
Priestley morphism, so hr : Y* — X* is a meet semi-lattice homomorphism
preserving top. We show that for each U,V € Y* we have hp(U — V) =
hr(U) — hgr(V). Suppose that = € hr(U — V). Then Rjz] CU — V. If
x & hr(U) — hgr(V), then there exists y € Tx N hr(U) such that y ¢ hr(V).
Therefore, R[y] C U and R[y] € V. Thus, there exists z € Y such that yRz
and z ¢ V. Since < y, we have Rly] C R[z|. Therefore, R[y] CU — V, and
so z € U — V. This together with z € U imply z € V', a contradiction. Thus,
z € hr(U) — hgr(V), and so hgr(U — V) C hr(U) — hg(V). Conversely,
suppose that € hg(U) — hgr(V) and © ¢ hr(U — V). Then Tz N hr(U) C
hr(V) and R[z]| £ U — V. Therefore, there exists y € Y such that xRy and
ye¢e U —V =[(U=V)]° Thus, y € |[(U—V). Since Y is a generalized
Esakia space, | (U — V) is clopen in Y and max[[(U — V)] = max(U — V) C
Yy. Therefore, there exists z € max(U — V) C Yj such that y < z. Then
xRy < z € Yy, so xRz € Yy, and since R is a generalized Esakia morphism,
there exists u € Xy such that z < w and R[u] = Tz. As z € U, we have
Rlu] C U, so u € hg(U). Therefore, u € Tz N hg(U) C hr(V), so Rlu] C V.
Thus, z € 1z = R[u] C V, a contradiction. Consequently, our assumption
that © ¢ hr(U — V) is false, so hg(U) — hr(V) C hg(U — V), and so

Lemma 8.23. Let X, Y, and Z be generalized Esakia spaces, and R C X XY
and S CY x Z be generalized Esakia morphisms. Then S x R is a generalized
FEsakia morphism.

Proof. By Proposition 8.22, hg : Y* — X* and hg : Z* — Y™ are implicative
meet semi-lattice homomorphisms. Therefore, hrohg : Z* — X* is an implica-
tive meet semi-lattice homomorphism. By Lemma 8.8, h(s.r) = hrohg. There-
fore, h(s«r) is an implicative meet semi-lattice homomorphism. By Proposition
8.19, Ry g, , is a generalized Esakia morphism. This, by Theorem 8.12, implies
that S % R is a generalized Esakia morphism. O

Let GES denote the category of generalized Esakia spaces and generalized
Esakia morphisms, in which * is the composition of two morphisms and <y is
the identity morphism for each object X. Let also GEST denote the subcate-
gory of GES whose objects are generalized Esakia spaces and whose morphisms
are total generalized Esakia morphisms, and GES™ denote the subcategory of
GES" whose objects are generalized Esakia spaces and whose morphisms are
functional generalized Esakia morphisms. Clearly GESF is a proper subcate-
gory of GEST and GES' is a proper subcategory of GES.

We let BIM denote the category of bounded implicative meet semi-lattices
and implicative meet semi-lattice homomorphisms, BIM* denote the category
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of bounded implicative meet semi-lattices and bounded implicative meet semi-
lattice homomorphisms, and BIM® denote the category of bounded implicative
meet semi-lattices and implicative meet semi-lattice sup-homomorphisms. We
have that BIM® is a proper subcategory of BIM* and that BIM' is a proper
subcategory of BIM.

Theorem 8.24.
1. The category BIM is dually equivalent to the category GES.
2. The category BIM™ is dually equivalent to the category GEST.
3. The category BIM® is dually equivalent to the category GESF.

Proof. Apply Theorems 8.12 and 8.18 and Propositions 7.5, 8.19, and 8.22. [

9. FUNCTIONAL MORPHISMS

In this section we show that functional generalized Priestley (resp. Esakia)
morphisms can be characterized by means of special functions between gen-
eralized Priestley (resp. Esakia) spaces we call strong Priestley (resp. Esakia)
morphisms.

9.1. Functional generalized Priestley morphisms. Let X and Y be Priest
ley spaces. We recall that a map f : X — Y is a Priestley morphism if f is
continuous and order-preserving.

Definition 9.1. Let X and Y be generalized Priestley spaces. We call a map
f: X =Y a strong Priestley morphism if f is order-preserving and U € Y*
implies f~1(U) € X*.

Since X*U{U°®: U € X*} and Y*U{V*®:V € Y*} form subbases for the
Priestley topologies on X and Y, respectively, and f~1(V¢) = f~1(V)¢ for each
V C Y, it follows that each strong Priestley morphism is a continuous function,
hence a Priestley morphism. We note that the composition of strong Priestley
morphisms is again a strong Priestley morphism, and that the identity map
idy : X — X is a strong Priestley morphism. Therefore, generalized Priestley
spaces and strong Priestley morphisms form a category in which composition
is the usual set-theoretic composition of functions and the identity morphism
is the usual identity function. We denote this category by PS°.

Let X and Y be generalized Priestley spaces and R C X x Y be a functional
generalized Priestley morphism. We define f¥: X — Y by

f%(x) = the least element of R[x].

Lemma 9.2. If X and Y are generalized Priestley spaces and R C X XY
is a functional generalized Priestley morphism, then ff*: X — Y is a strong
Priestley morphism. Moreover, if X, Y, and Z are generalized Priestley spaces
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and R C X XY and S CY X Z are functional generalized Priestley morphisms,
then f5*R = fSo fE.

Proof. Let x,y € X. If x < y, then R[y] C R[z], and so fR(x) < fR(y).
Therefore, f is order-preserving. Now let U € Y*. Then x € (f?)"1(U) i

fB(x) € U iff 1fB(z) C U iff Rlz] C U iff z € Op(U). Thus, (f7)~1(U) =
OrU, so (ff)~1(U) € X*, and so f! is a strong Priestley morphism. Moreover,
since for functional generalized Priestley morphisms we have that * coincides
with o, it is easy to see that if R C X xY and S C Y x Z are functional
generalized Priestley morphisms, then fo*f = RS — 50 R O

Now let X and Y be generalized Priestley spaces and f : X — Y be a strong
Priestley morphism. Define Rf C X x Y by

xRy iff f(x) <y.

Lemma 9.3. If X and Y are generalized Priestley spaces and f : X — Y
is a strong Priestley morphism, then R’ is a functional generalized Priestley
morphism. Moreover, if X,Y, and Z are generalized Priestley spaces and f :
X —Y and g:Y — Z are strong Priestley morphisms, then R/ = R9 x RY.

Proof. Let x € X and y € Y. If xRy, then f(z) £ y. Therefore, there
exists U € Y* such that f(x) € U and y ¢ U. Thus, Rf[z] = 1f(z) C U
and y ¢ U, and so condition (1) of Definition 8.2 is satisfied. Let U € Y*.
For x € X we have z € Ops(U) iff R [x] C U iff 1f(x) C U iff f(z) € U iff
x € f~YU). Therefore, Ops(U) = f~1(U), so Ogs(U) € X* and so condition
(2) of Definition 8.2 is satisfied. Thus, R/ is a generalized Priestley morphism.
Now, since Rf[x] = 7f(z) for each z € X, we have that R/ is a functional
generalized Priestley morphism. Moreover, since for functional generalized
Priestley morphisms we have that x coincides with o, it is easy to see that
if f: X - Y and g:Y — Z are strong Priestley morphisms, then R9°/ =
R oRI=RI* RS, OJ

Lemma 9.4. Let X and Y be generalized Priestley spaces, R C X XY be
a functional generalized Priestley morphism, and f : X — Y be a strong
Priestley morphism. Then R™ = R and fRf = f.

Proof. For each © € X let I, be the least element of R[z]. Then zR/"y iff
fB(x) <y iff I, <y iff 2RI, <y iff zRy. Thus, R" = R. Also, f® (z) = the
least element of Rf[x] = f(x), so R = 7. O

As an immediate consequence of Lemmas 9.2, 9.3, and 9.4, we obtain:

Proposition 9.5. The categories GPST and GPS® are isomorphic.
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This together with Theorem 8.18.2, immediately give us:
Theorem 9.6. The categories BDM® and GPS® are dually equivalent.

An explicit construction of functors from BDM® to GPS® and vice versa can
be obtained based on the following observation.

Lemma 9.7.
1. Let X and Y be generalized Priestley spaces and f : X — Y be a strong
Priestley morphism. Then for each U € Y* we have hgy (U) = f~1(U).
2. Let L and K be bounded distributive meet semi-lattices and h : L — K
be a sup-homomorphism. Then ff(y) = h™'(y) for each y € K.,.

Proof. (1) Let 2 € hgs(U) = OgsU. Then xRy impliesy € U. Since xR/ f(x),
it follows that f(z) € U, and so x € f~Y(U). Now let x € f~'(U). Then
f(x) € U. Therefore, if xRy, then f(x) < y, and so y € U. Thus, z €
OpsU = hge(U), and so hyps(U) = f71(U).

(2) Since h is a sup-homomorphism, Ry, is a functional generalized Priestley
morphism, and h~!(y) is the least element of Ry[y]. Thus, a € fF(y) iff a
belongs to the least element of Ry[y| iff a € h™'(y). O

Now we can define the functors (=), : BDM®> — GPS® and (—)* : GPS® —
BDM?® explicitly as follows: If L is a bounded distributive meet semi-lattice,
then L, = L, and if h : L — K is a sup-homomorphism, then h, = h~?; also,
if X is a generalized Priestley space, then X* = X* and if f : X — VYV is
a strong Priestley morphism, then f* = f~!. Therefore, the functors (—), :
BDM® — GPS® and (—)* : GPS® — BDM® behave exactly like the Priestley
functors (—), : BDL — PS and (—)* : PS — BDL.

9.2. Functional generalized Esakia morphisms. Our next task is to dis-
cuss the strong Priestley morphisms between generalized Esakia spaces which
correspond to the functional generalized Esakia morphisms.

Lemma 9.8. Let X and Y be generalized Esakia spaces and f: X — Y be a
strong Priestley morphism. Then R’ is a generalized Esakia morphism iff for
each z € X andy €Yy, from f(x) <y it follows that there exists z € Xo such
that x < z and f(z) = y.

Proof. Suppose that R/ is a generalized Esakia morphism. Let z € X and
y € Yy If f(z) <y, then xR’y. Therefore, there exists z € X, such that
v < z and R/[2] = Ty. It follows from the definition of R/ that f(z) = .
Conversely, suppose that for each z € X and y € Yy, from f(z) < y it follows
that there exists z € X such that z < z and f(2) =y. Let z € X and y € Y.
If 2R7y, then f(x) < y. Therefore, there exists z € X such that z < z and
f(z) =y. Thus, R/[z] = 1y, and so R/ is a generalized Esakia morphism. [
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Definition 9.9. Let X and Y be generalized Esakia spaces. We call a map
f X — Y a strong Esakia morphism if it is a strong Priestley morphism such
that for each x € X and y € Yp, from f(z) < y it follows that there exists
z € Xy such that z < z and f(z) =v.

As an immediate consequence of Lemmas 9.4 and 9.8, we obtain:

Lemma 9.10. Let X and Y be generalized Esakia spaces and R C X XY
be a functional generalized Priestley morphism. Then f® is a strong Esakia
morphism iff R is a generalized Esakia morphism.

Let GES® denote the category of generalized Esakia spaces and strong Esakia
morphisms. By Proposition 9.5 and Lemmas 9.8 and 9.10, we obtain:

Proposition 9.11. The categories GES® and GES™ are isomorphic.

Let also BIM® denote the category of bounded implicative meet semi-lattices
and implicative meet semi-lattice sup-homomorphisms. As an immediate con-
sequence of Theorem 8.18 and Proposition 9.11, we obtain:

Theorem 9.12. The categories BIM® and GES® are dually equivalent.

10. PRIESTLEY AND ESAKIA DUALITIES AS PARTICULAR CASES

In this section we show how the well-known Priestley and Esakia dualities
are particular cases of our dualities for bounded distributive meet semi-lattices
and bounded implicative meet semi-lattices, respectively. We also obtain an
application to modal logic by showing that descriptive frames, which are duals
of modal algebras, are exactly generalized Priestley morphisms of Stone spaces
into themselves. Finally, we give a new dual representation of Heyting alge-
bra homomorphisms by means of special partial functions. This yields a new
duality for Heyting algebras, which is an alternative to the Esakia duality.

10.1. Priestley duality as a particular case. We start by showing how the
Priestley duality between the category BDL of bounded distributive lattices
and bounded lattice homomorphisms on the one hand and the category PS of
Priestley spaces and Priestley morphisms on the other follows from Theorem
9.6.

Let L be a bounded distributive lattice. Then L, = Ly, and so (L., 7, C
,Ly) = (Ly,7,C) is a Priestley space. Conversely, if X = (X, 7,<) is a
Priestley space, then X* = €U(X). Therefore, given two Priestley spaces
X and Y, amap f: X — Y is a strong Priestley morphism iff f is order-
preserving and V' € €U(Y) implies f~1(V) € €U(X). Because €U(X) U {U* :
U e ¢UX) and €UY)U{Ve: V € €UY) are subbases for the Priestley
topologies on X and Y, respectively, the last condition is equivalent to f
being continuous. Thus, the notions of a strong Priestley morphism and of a
Priestley morphism coincide.
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Lemma 10.1. Let L and K be bounded distributive lattices and h : L — K
be a bounded meet semi-lattice homomorphism. Then the following conditions
are equivalent:

1. h preserves V.
2. h is a sup-homomorphism.
3. h™}(z) € Ly for each z € K.

Proof. This is an immediate consequence of Propositions 5.2 and 5.3 and the
fact that L, = Ly and K, = K. OJ

The well-known Priestely duality is now an immediate consequence of The-
orem 9.6 and Lemmas 9.7 and 10.1.

Corollary 10.2. The category BDL is dually equivalent to the category PS.

Let BDL™" denote the category of bounded distributive lattices and meet
semi-lattice homomorphisms preserving top and let BDL™ "+ denote the cat-
egory of bounded distributive lattices and bounded meet semi-lattice homo-
morphisms. Clearly BDL is a proper subcategory of BDL™ "+ and BDL™ "+
is a proper subcategory of BDL™'. Let PSR denote the category of Priest-
ley spaces and generalized Priestley morphisms, PST denote the category of
Priestley spaces and total generalized Priestley morphisms, and PST denote the
category of Priestley spaces and functional generalized Priestley morphisms.
Clearly PSF is a proper subcategory of PST and PS' is a proper subcategory of
PS. As an immediate consequence of Theorems 8.12 and 8.18 and Proposition
9.5, we obtain:

Corollary 10.3.
1. The category BDL™" is dually equivalent to the category PSR.
2. The category BDL™ " is dually equivalent to the category PST.
3. The category BDL is dually equivalent to the category PST, which is
isomorphic to PS.

10.1.1. Application to modal logic. Our results have an application to modal
logic. Let (B,0) be a modal algebra; that is, B is a Boolean algebra and O :
B — B satisfies O(a Ab) = O(a) AO(b) and OT = T. It follows from the well-
known duality for modal algebras that the dual objects corresponding to modal
algebras are descriptive frames (X, R), where X is a Stone space and R is a
binary relation on X such that (i) R[x] is closed for each z € X, and (ii) R™[U]
is clopen whenever U is clopen. Obviously O : B — B is a particular case of a
meet semi-lattice homomorphism (between Boolean algebras) preserving top.
We show that for Stone spaces X, generalized Priestley morphisms R C X x X
are exactly those binary relations R on X for which (X, R) is a descriptive
frame. Let X be a Stone space and let R C X x X be a generalized Priestley
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morphism. Since <y is simply equality, X* coincides with the Boolean algebra
of clopen subsets of X. Therefore, condition (2) of Definition 8.2 is equivalent
to condition (ii). We show that condition (1) of Definition 8.2 is equivalent to
condition (i). Suppose that condition (1) is satisfied and y ¢ R[z]. Then xRy,
and by condition (1), there exists a clopen subset U of X such that R[z] C U
and y ¢ U. Thus, R[z] is closed and condition (i) is satisfied. Conversely
suppose that condition (i) is satisfied and xKy. Then y ¢ R[z|. Since R[z] is
closed and X is a Stone space, there exists a clopen subset U of X such that
Rlz] CU and y ¢ U. Thus, condition (1) is satisfied.

10.2. Esakia duality as a particular case. Now we show that Esakia’s
duality between the category HA of Heyting algebras and Heyting algebra
homomorphisms and the category ES of Esakia spaces and Esakisa morphisms
follows from Theorem 9.12. As with Priestely spaces, Esakia spaces are simply
generalized Esakis spaces X = (X, <, 7, Xjy) in which Xy = X. Consequently,
the concepts of an Esakia morphism and of a strong Esakia morphism coincide.
Thus, by Lemmas 9.2, 9.3, 9.8, and 9.10, for Esakia spaces X and Y, if R C
X x Y is a functional generalized Esakia morphism, then f®: X — Y is an
Esakia morphism, and if f : X — Y is an Esakia morphism, then R/ C X xY
is a functional generalized Esakia morphism. This together with Theorem 9.12
gives us the well-known Esakia duality:

Corollary 10.4. The category HA of Heyting algebras and Heyting algebra
homomorphisms is dually equivalent to the category ES.

Let HA™™ denote the category of Heyting algebras and implicative meet
semi-lattice homomorphisms, and let HA™ % denote the category of Heyting
algebras and bounded implicative meet semi-lattice homomorphisms. Clearly
HA is a proper subcategory of HA" ™ and HA™ ™+ is a proper subcategory of
HA™™ . Let ESR denote the category of Esakia spaces and generalized Esakia
morphisms, EST denote the category of Esakia spaces and total generalized
Esakia morphisms, and ESF denote the category of Esakia spaces and func-
tional generalized Esakia morphisms. Clearly EST is a proper subcategory of
EST and EST is a proper subcategory of ESR. As an immediate consequence of
Theorem 8.24 and Corollary 10.3, we obtain:

Corollary 10.5.
1. The category HA™™ is dually equivalent to the category ESR.
2. The category HA™ ™% is dually equivalent to the category EST.
3. The category HA is dually equivalent to the category EST, which is iso-
morphic to ES.

10.3. Partial Esakia functions. Now we give an alternative description of
morphisms of ESR, EST, and ES ~ ESF by means of special partial functions
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between Esakia spaces, thus obtaining new dualities for HA"™, HA ™ and
HA. The new duality for HA is an alternative to the Esakia duality.

Let X and Y be Esakia spaces and let R C X X Y be a generalized Esakia
morphism. We define an equivalence relation Fr on X by

xEry iff R[z] = R]y].

Lemma 10.6. Let X and Y be Esakia spaces and let R C X XY be a gen-
eralized Esakia morphism. For each x € X we have that the equivalence class
Eg[x] is closed.

Proof. Let y ¢ Eg[z]. Then R[x] € Rly| or Rly] € R[z]. Therefore, there
exists u € Y such that zRu and yKu or there exists v € Y such that zRv
and yRv. Since R is a generalized Esakia morphism, hence a generalized
Priestley morphism, there exists a clopen upset U of Y such that R[y] C U
and v ¢ U or there exists a clopen upset V of Y such that R[z] C V and
v & V. Thus, y € OgU and Eg[z] N OrU = () or Eg[z] C OgV and y ¢ ORV,
and so Eg[z] N (OrV)¢ = 0 and y € (OgV)°. In either case, there exists a
clopen subset W of X (W = OrU or W = (OgV)¢) such that y € W and
Eg[z] N W = (. Consequently, Eg[x] is a closed subset of X. O

Since X is an Esakia space, hence a Priestley space, and Eg[z]| is closed, for
each y € Eg|x] there exists z € maxFEg|[x] such that y < z. We define a partial
function fr: X — Y as follows. Let

dom(fr) = {xr € X : R[z] has a least element and = € maxFEg|x]},
and for x € dom(fg) let
fr(x) = the least element of R[z].
For x,y € X we use the standard notation x < y whenever z <y and z # y.

Lemma 10.7. Let X and Y be Esakia spaces and let R C X XY be a gener-
alized Esakia morphism. Then:

1. For z,y € dom(fr), if x <y, then fr(x) < fr(y).

2. For x € dom(fg) andy € Y, from fr(x) <y it follows that there exists
z € dom(fgr) such that x < z and fr(z) =y.

3. Forxz € X and y € Y, we have xRy iff there exists z € dom(fgr) such
that x < z and fr(z) =vy.

4. If U € ¢U(Y), then OpU = (| fr (U))e.

5. Forx € X andy €Y, if y ¢ fr[lx], then there exists U € C€U(Y) such
that v € (1 f5"(U®)¢ and y ¢ U.

In addition, if R is total, then maxX C dom(fg).
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Proof. Let X and Y be Esakia spaces and let R C X X Y be a generalized
Esakia morphism. To see (1), let z,y € dom(fg) with z < y. Then z < v,
and so R[y] C R[z]. Thus, fr(y) € Rlz], and so fr(z) < fr(y). If fr(z) =
fr(y), then R[x] = R[y]. Therefore, xFry and = < y, so x ¢ maxFg[z], a
contradiction. Thus, fr(z) < fr(y). To see (2), let € dom(fr), y € Y,
and fgr(z) < y. Then fr(x) < y, so xRy. Since R is a generalized Esakia
morphism, there exists z € X such that z < z and R[z] = Ty. If z = 2, then
R[z] = R[z], and so R[z] = Ty, which implies that fr(z) =y, a contradiction.
Thus, x < z. Let u € maxEg|[z] be such that z < u. Then x < u, u € dom(fr),
and R[u] = R[z] = Ty. Thus, fr(u) = y. For (3), it is clear that if there
exists z € dom(fg) such that < z and fr(z) = y, then 2 < zRy, and so
xRy. Conversely, if zRy, then as R is a generalized Esakia morphism, there
exists z € X such that x < z and R[z] = Ty. Let u € maxFEg[z] be such
that z < u. Then x < w, u € dom(fg), and fr(u) = y. To see (4), let
U € €U(Y). We have that z € OgU iff R[z] C U, and that = € (| f5"(U))°
iff (Vz € dom(fr))(z < z implies fr(z) € U). First suppose that = € OgU,
z € dom(fgr), and x < z. Then fr(z) € R[z] C Rlz] C U, so fr(z) € U,
and so z € (| f"(U))¢. Now suppose that = € (|f5"(U°))¢ and zRy. Since
R is a generalized Esakia morphism, there exists z € X such that < z and
R[z] = 1y. Let m € maxERg|[z] be such that z < m. Then m € dom(fr),
r < m, and fr(m) =y. Thus, fr(m) € U, so y € U, and so z € OxU. To
see (b),let z € X, y €Y, and y ¢ fr[lz]. By (3), fr[12z] = R[z]. Therefore,
y ¢ fr[Tz] implies zRy. Since R is a generalized Esakia morphism, hence a
generalized Priestley morphism, there exists U € €U(Y") such that z € OgU
and y ¢ U. By (4), OpU = (Ifz'(U°))e. Thus, x € (| fz'(U))¢ and y ¢ U.
Finally, let R be total and let z € maxX. Then there exists y € Y such that
rRy. From y € Y it follows that there exists u € maxY such that y < u. So
xRy < u, implying that x Ru. Since R is a generalized Esakia morphism, there
exists z € X such that < z and R[z] = Tu = {u}. But z € maxX and = < z
imply z = z. Therefore, x € maxFg[z] and R[z] = {u}. Thus, 2 € dom(fg)
and fr(xz) = u. Consequently, maxX C dom(fg). O

Lemma 10.7 motivates the following definition of a partial Esakia function
between Esakia spaces.

Definition 10.8. Let X and Y be Esakia spaces and let f : X — Y be a
partial function. We call f a partial Esakia function if f satisfies the following
four conditions:

1. For z,y € dom(f), if x < y, then f(z) < f(y).

2. For z € dom(f) and y € Y, from f(z) < y it follows that there exists
z € dom(f) such that x < z and f(2) = y.

3. 1f U € eU(Y), then (| f~1(U°))° € CU(X).
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4. Forz € X and y € Y, if y ¢ f[1x], then there exists U € €U(Y") such
that f[fz] CU and y ¢ U.

If in addition maxX C dom(f), then we call f well.

Let X and Y be Esakia spaces and let f : X — Y be a partial Esakia
function. We define Ry C X xY by

zRpy iff 3z € dom(f) such that x <z and f(z) =y.

Lemma 10.9. Let X and Y be Esakia spaces and let f : X —'Y be a partial
Esakia function. Then Ry is a generalized Esakia morphism. If in addition f
is well, then Ry is total.

Proof. Let z,y € X, u €Y, v <y, and yRsu. Then there exists z € dom(f)
such that y < z and f(z) = w. Therefore, z < z and f(z) = u, implying
that zRpu. Thus, condition (1) of Definition 8.2 is satisfied. Let xz € X,
u,v €Y, xRsu, and u < v. Then there exists y € dom(f) such that x < y and
f(y) = u. Therefore, f(y) < v, and as R is a generalized Esakia morphism,
there exists z € dom(f) such that y < z and f(z) = v. Thus, z < z and
f(2) = v, so zRsv, and so condition (2) of Definition 8.2 is satisfied. Let
r e X,y €Y, and vRsy. Therefore, y ¢ f[Tx]. Since f is a partial Esakia
function, there exists U € €U(Y) such that f[fz] C U and y ¢ U. Thus,
e (Lf1(U9)) and y ¢ U. We show that Op, U = (| f~1(U°))". For z € X
we have z € Op, U iff Rg[z] C U, and z € (1 f~'(U°))°iff (Vz € dom(f))(z < 2
implies f(z) € U). First suppose that x € Og,U, z € dom(f), and = < z.
Then zR;f(2), so f(z) € U, and so x € ([f~1(U%))°. Now suppose that
x € (lf7HU°))® and zRyy. Then there exists z € dom(f) such that < z and
f(z) = y. Therefore, f(z) € U, soy € U, and so x € Og,U. Consequently,
Or,U = (Lf7H(U°))°. But then z € Op,U and y ¢ U, and so condition (3)
of Definition 8.2 is satisfied. Let U € €U(Y). Since O U = (LfH(U"))*
and (1f~1(U%))° € €U(X), we have Op U € CU(X), and so condition (4)
of Definition 8.2 is satisfied. It follows that Ry is a generalized Priestley
morphism. To see that R, is a generalized Esakia morphism, let z € X,
y € Y, and zRpy. Then there exists z € dom(f) such that z < z and
f(z) =y. We show that Ry[z] = Ty. Clearly Ty C Ry[z]. If xR;u, then there
exists v € dom(f) such that x < v and f(v) = u. Therefore, f(x) < u, so
y < u, and so u € Ty. Thus, Rs[z] C Ty, and so Rylz] = Ty. Consequently,
there exists z € X such that < z and Ry[z] = Ty, and so Ry is a generalized
Esakia morphism. Lastly suppose that f is a well partial Esakia function and
x € X. Then there exists z € maxX such that x < z. Since f is well,
z € dom(f). Therefore, f(2) € Y and xRy f(z). Thus, there exists y = f(2)
in Y such that xRy, so R, '[Y] = X, and so Ry is a total generalized Esakia
morphism. 0
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Lemma 10.10. Let X and Y be Esakia spaces, R C X XY be a generalized
Esakia morphism, and f : X — 'Y be a partial Esakia function. Then Ry, = R

and fr, = [.

Proof. Let x € X and y € Y. By Lemma 10.7, xRy iff there exists z €
dom( fg) such that z < z and fr(z) = y, which by the definition of R, means
that wRy,y. Thus, Ry, = R. Now let x € dom(fg,) and let fr (7) = y.
Then x € maxFEp,[r] and Rf[z] = Ty. Therefore, xRy, and so there exists
z € dom(f) such that x < z and f(z) = y. Thus, R¢[z] = Ty. It follows that
z € Eg,[z] and since z € maxFEg,[r] and v < z € Eg,[z], we obtain v = 2.
Thus, x € dom(f) and fr,(x) = f(z), so fr, = f. Conversely, let x € dom(f)
and let f(z) = y. Then Ry[z] = Ty. We show that z € maxFg,[r]. Let
z € Eg,[z] and # < 2. Then Rf[z] = Ry[z] = Ty. Therefore, 2Ry, and so
there exists 2z’ € dom(f) such that z < 2’ and f(2') = y. Thus, z < 2/ and
f(z) = f(¢'). This implies + = z = 2/, and so € maxFEg,[r]. Therefore,
v € dom(fr,) and fgr,(z) =y = f(z). It follows that dom(fr,) = dom(f) and
fr,(x) = f(x) for each x € dom(fg,) = dom(f). Thus, fr, = f. O

Definition 10.11. Let X and Y be Esakia spaces and let f : X — Y be a
partial Esakia function. We call f a partial Heyting function if for each x € X
there exists z € dom(f) such that z < z and f[Tz| = 1f(2).

It is easy to verify that each partial Heyting function is well.

Lemma 10.12. Let X and Y be Esakia spaces. If R C X XY s a functional
generalized Esakia morphism, then the partial FEsakia function fr is a partial
Heyting function. Conversely, if f : X — Y s a partial Heyting function,
then the generalized Esakia morphism Ry is a functional generalized Esakia
morphism.

Proof. Let R C X XY be a functional generalized Esakia morphism and let
x € X. Then R[x] = Ty for some y € Y. Therefore, xRy, and so there exists
z € dom(fgr) such that x < z and fgr(z) = y. Thus, fr[1z] = Rlz] = Ty =
1fr(2). Consequently, fr is a partial Heyting function. Now let f: X — Y
be a partial Heyting function and let € X. Then there exists z € dom(f)
such that x < z and f[1z] = 1f(2). Thus, R[z] = f[Tz] = 1f(2), and so R is

a functional generalized Esakia morphism. 0

Let X,Y, and Z be Esakia spaces and f: X — Y and g : Y — Z be partial
Esakia functions. We define g x f : X — Y as the partial Esakia function
g * | = f(ry«r;)- By Lemma 10.10, it is not difficult to see that Esakia spaces
and partial Esakia functions form a category, we denote by ESP. It is also
clear that if both f and g are well (resp. Heyting), then so is g % f. Therefore,
Esakia spaces and well partial Esakia functions as well as Esakia spaces and
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partial Heyting functions also form categories, we denote by ESW and ESM,
respectively. Obviously ESH is a proper subcategory of ES™ and ESY is a
proper subcategory of EST. As an immediate consequence of Corollary 10.5
and Lemmas 10.7, 10.9, 10.10, and 10.12, we obtain:

Corollary 10.13.
1. The category ES® is isomorphic to the category EST.
2. The category EST is isomorphic to the category ES™W.
3. The categories ES, EST, and ES™ are isomorphic.

Now putting Corollaries 10.5 and 10.13 together, we obtain:

Corollary 10.14.
1. The category HA™™ is dually equivalent to the category EST.
2. The category HA™ ™% is dually equivalent to the category ESYW.
3. The category HA is dually equivalent to the category ES™.

In particular, this provides an alternative to the Esakia duality. We give a
direct proof of this by establishing that ES is isomorphic to ESH, thus providing
an explicit construction of an Esakia morphism from a partial Heyting function
and vice versa. Let X and Y be Esakia spaces and let f : X — Y be a partial
Heyting function. We define a function gy : X — Y as follows. Let z € X.
Since f is a partial Heyting function, there exists z € dom(f) such that x < z
and f[Txz] = T7f(2). Such a z may not be unique, but all such z’s have the
same f-image. Thus, we set g¢(z) = f(2).

Lemma 10.15. If X and Y are Esakia spaces and f : X — Y s a partial
Heyting function, then gy : X — Y is an Esakia morphism.

Proof. We need to show that gy is continuous, order-preserving, and satisfies
the following condition: For z € X and y € Y, from g;(z) < y it follows that
there exists z € X with z < z and gs(2) = y. Let 2,y € X and < y. Since f
is a partial Heyting function, there exist u,v € dom(f) such that x < u, y < v,
fha] = 1f(u), and f[1y] = 1f(v). Therefore, 1(v) C 1f(u), s0 f{u) < f(v)
and so gf(z) < gf(y). Now let z € X, y € Y, and gs(x) < y. Then there
exists u € dom(f) such that x < wand g¢(z) = f(u). Therefore, f(u) <y, and
since f is a partial Heyting function, hence a partial Esakia function, there is
z € dom(f) such that u < z and f(z) = y. Thus, z < z and g(2) = f(2) = y.
Next suppose that U is a clopen upset of Y. Then = € g ' (U) iff gf(x) € U iff

flie) CU iz € (LF~ (U9))°. Thus, g7 (U) = (L~ (U9))", and s0 g7 (U) is a

clopen upset of X. Now suppose that U is clopen in Y. Then U = U(U’ -Vi),

=1
n

where U;, V; are clopen upsets of X. Therefore, g;'(U) = g;l(U(Ui - Vi) =

i=1
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U7 (@) = 95" (V) = 100" = (LF1(V9)), and so g, (U) is
i=1 i=1
clopen in X. Thus, gy is continuous, and so gy is an Esakia morphism. 0

Now let X and Y be Esakia spaces and let ¢ : X — Y be an Esakia
morphism. We define a partial function f, : X — Y as follows. We let

dom(f,) = {z € X : z € maxg 'g(x)},
and for x € dom(f,) we set f,(z) = g(z).

Lemma 10.16. If X and Y are Esakia spaces and g : X — Y is an Esakia
morphism, then f, : X — 'Y s a partial Heyting function.

Proof. Let z,y € dom(f,) and let © < y. Then z € maxg 'g(z) and y €
maxg~'g(y). From x < y it follows that z < y, so g(z) < g(y). If g(z) = g(y),
then x,y € maxg 'g(x), which together with z < y leads to a contradiction.
Thus, g(z) < g(y), so fy(xz) < f,(y), and so condition (1) of Definition 10.8
is satisfied. Now let z € dom(f,), y € Y, and f,(z) < y. Then g(z) < v,
so g(x) < y, and since g is an Esakia morphism, there exists z € X such
that © < z and g(z) = y. Since g is continuous, g~'g(z) is closed, so there
exists u € maxg~'g(z) such that z < u. Therefore, z < u, u € dom(f,), and
fo(u) = g(u) = y. If z = u, then g(x) = g(u) = y, a contradiction. Thus,
r <wu and f,(u) =y, and so condition (2) of Definition 10.8 is satisfied. Next
let U be a clopen upset of Y. We show that (| f;(U¢))® = g~(U). We have
€ (LfH(U))° iff (V2 € dom(fy))(z < 2z = fy(2) € U) and z € g7'(U)
iff g(z) € U. First let © € g~ '(U). Then for each z € dom(f,) with 2 < z
we have g(z) < g(z) = fy(2). Thus, fy(2) € U, and so z € (Lf;(U°))".
Conversely, let # ¢ g~ '(U). Then g(z) ¢ U. Let z € maxg 'g(z) be such that
x < z. Then z € dom(f,), v < z, and f,(z2) = g(2) = g(x) ¢ U. Thus, x ¢
(Lf; 1 (U°))°. Consequently, (|f; (U))* =g "(U), so (Lf;(U°))" is clopen in
X, and so condition (3) of Definition 10.8 is satisfied. Next we show that f,
satisfies the condition of Definition 10.11. Let z € X and let 2z € maxg'g(z)
be such that + < z. Then z € dom(f,), * < z, and g(x) = g(z). Thus,
follz] = Tg(x) = Tg(2) = 1f,4(2), and so f, satisfies the condition of Definition
10.11. Lastly, let z € X, y € Y, and y ¢ f,[Tz]. By the above, there exists
z € dom(f,) such that x < z and f,[Tz] = 7f,(2). Therefore, y ¢ 1f,(2). So
f4s(2) £ y, and by the Priestley separation axiom, there exists a clopen upset
U of Y such that f,(z) € U and y ¢ U. Thus, f,[Tz] = 1f,(*) € U and
y ¢ U. Consequently, f, satisfies condition (4) of Definition 10.8, so f, is a
partial Esakia function satisfying the condition of Definition 10.11, and so f,
is a partial Heyting function. O
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Lemma 10.17. Let X and Y be FEsakia spaces, let g : X — Y be an Esakia
morphism, and let f : X — Y be a partial Heyting function. Then gy, = g

and fq, = f.

Proof. Let g : X — Y be an Esakia morphism and let z € X. Since f; is a
partial Heyting function, there exists z € dom(f,) such that z < z and fy[Tz] =
1/4(2). Therefore, z € maxg 'g(z) and f,(z) = g(z). But f,[1z] = Tg(z).
Thus, Tg(z) = Tg(2), and so g(z) = g(z). It follows that gr (z) = fy(2) =
g(z) = g(x), and so g5, = g. Now let f : X — Y be a partial Heyting function.
If z € dom(fy,), then z € maxg;lgf(x) and f,,(z) = gy(x). Since f is a partial
Heyting function, there exists z € dom(f) such that z < z and f[1z] = 1f(z).
But then gr(z) = f(2) = gf(2), s0 v = z as x € maxg;lgf(x). Thus, x €
dom(f) and f,,(z) = f(2) = f(z). If x € dom(f), then f(x) = gs(z). So
xr € maxg;lgf(x) and fy, () = gs(x) = f(x). Thus, dom(f,,) = dom(f)
and for each x € dom(f,,) = dom(f) we have f, (z) = f(z). Consequently,
fo; = 1. O

As an immediate consequence of Lemmas 10.15, 10.16, and 10.17, we obtain
a direct proof of the fact that ES is isomorphic to ES". For the reader’s
convenience we give a table that gathers together the dual equivalences of
different categories that we obtained in the last two sections. For two categories

C and D, we use C' < D to denote that C'is dually equivalent to D, and C' = D
to denote that C' is isomorphic to D.
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Categories of algebras:

Category ‘ Objects ‘ Morphisms
BDM Bounded distributive | Top-preserving meet semi-lattice
meet semi-lattices homomorphisms
BDM* Y 7 Bounded meet semi-lattice homo-
morphisms
BDM?® Y ” Sup-homomorphisms
T Bounded distributive | Top-preserving meet semi-lattice
BDL™ lattices homomorphisms
AT e 7 Bounded meet semi-lattice homo-
BDL™ " morphisms
BDL o 7 Bounded lattice homomorphisms
BIM Bounded implicative | Implicative meet semi-lattice ho-
meet semi-lattices momorphisms
BIM* Y ” Bounded implicative meet semi-
lattice homomorphisms
BIM® L ” Implicative meet semi-lattice sup-
homomorphisms
HAN— Heyting algebras Implicative meet semi-lattice ho-
momorphisms
HAN =L o ” Bounded implicative meet semi-
lattice homomorphisms
HA Y 7 Heyting algebra homomorphisms
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Category ‘ Objects

Categories of spaces:

‘ Morphisms

61

GPS Generalized Priestley | Generalized Priestley morphisms
spaces

GPST Y 7 Total generalized Priestley mor-
phisms

GPSF o 7 Functional generalized Priestley
morphisms

GPS® o 7 strong Priestley morphisms

PSR Priestley spaces Generalized Priestley morphisms

PST e 7 Total generalized Priestley mor-
phisms

PSF e 7 Functional generalized Priestley
morphisms

PS ] " Priestley morphisms

GES Generalized Esakia | Generalized Esakia morphisms

spaces

GEST L 7 Total generalized Esakia mor-
phisms

GESF o 7 Functional generalized Esakia
morphisms

GES® e " strong Esakia morphisms

ESR Esakia spaces Generalized Esakia morphisms

EST Y 7 Total generalized Esakia mor-
phisms

ESF e 7 Functional generalized Esakia
morphisms

ESP e " Partial Esakia functions

ESW o 7 Well partial Esakia functions

ESH C g Partial Heyting functions

ES Y 7 Esakia morphisms
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Dualities:
BDM < GPS
BDML < GPST
BDMS & GPSF =~ GPSS
BDLAT A PSR
BDLMTL 4 psT
BDL 4 PSF =~ PS
BIM < GES
BIMt & GEST
BIMS & GESF =~ GESS
HAV= & ESR = ESP
HAN=L & EST = ESW
HA & ESF =~ ESH =~ ES

We conclude this section by giving two counterexamples. The first one shows
that it is impossible to characterize generalized Priestley morphisms between
Priestley spaces in terms of partial functions, and the second one shows that it
is impossible to characterize generalized Esakia morphisms between generalized
Esakia spaces in terms of partial functions. Thus, there is no generalization of
Corollary 10.13 to neither Priestley spaces nor generalized Esakia spaces.

Example 10.18. Consider the Priestley spaces X and Y and the generalized
Priestley morphism R C X x Y shown in Fig.5. The corresponding top pre-
serving meet semi-lattice homomorphism hg : €U(Y) — CU(X) is also shown
in Fig.5. There are only three partial functions from X to Y: the empty func-
tion, the total function sending x to y, and the total function sending x to z. It
is easy to see that their corresponding meet semi-lattice homomorphisms from
CU(Y) to C€U(X) are different from hp. Thus, it is impossible to characterize
R C X xY in terms of partial functions from X to Y.
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>|X

o

Y X CU(X)

Fig.b

Example 10.19. Consider the generalized Esakia spaces X and Y and the
generalized Esakia morphism R C X X Y shown in Fig.6, where Yy = Y —
{z1, 22}, the elements of Y} are isolated points of Y, z; is the limit point of
{1, x9,...}, 25 is the limit point of {y1,¥s, ...}, R[r] = 121 U122, and R[w;] =
{u;} for i = 1,2,3. Then dom(fr) = {wy,wq, w3} and Ry, [r] = {u1, us, us}.
Thus, R[r] # Ryg,[r], so R # Ry,, and so Corollary 10.13 does not extend to
generalized Esakia spaces.

R Ir
wie Woe Wie Ui wlUz el wie Woe W3e  qlUi gl U3
<1 OZ2 21 29
T~ — r
X3 Y3 T3 Ys
Ta Y2 T2 Y2
T Y1 T Y1
X Y X Y
Fig.6

11. DUALITY AT WORK

In this section we show how the duality developed in the previous sections
works by establishing dual descriptions of a number of algebraic concepts that
play an important role in the theory of distributive meet semi-lattices and
implicative meet semi-lattices.
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11.1. Dual description of Frink ideals, ideals, and filters. We start by
recalling that for a bounded distributive lattice (resp. Heyting algebra) L and
its dual Priestley space (resp. Esakia space) X, there is a lattice isomorphism
between the lattice of ideals of L and the lattice of open upsets of X, and
the lattice of filters of L (ordered by D) and the lattice of closed upsets of
X. These isomorphisms are obtained as follows. If I is an ideal of L, then
U(l) = U{gp(a) : a € I} is the open upset of X corresponding to I, and if
U is an open upset of X, then I[(U) = {a € L : p(a) C U} is the ideal of
L corresponding to U; if F' is a filter of L, then C(F) = ﬂ{cp(a) ca € F}
is the closed upset of X corresponding to F, and if C' is a closed upset of
X, then F(C) = {a € L : C C p(a)} is the filter of L corresponding C.
Then we have I C J iff U(I) C U(J), I = I(U(I)), and U(I(U)) = U, and
FD2OGiff C(F) C C(G), F = F(C(F)), and C(F(C)) = C. Now we show
how these correspondences work for Frink ideals, ideals, and filters of bounded
distributive meet semi-lattices and bounded implicative meet semi-lattices.

Let L be a bounded distributive meet semi-lattice and let D(L) be its dis-
tributive envelope. Let also X = (X, 7, <, X;) be the generalized Priestley
space of L. We know that (X, 7, <) is order-isomorphic and homeomorphic to
the Priestley space of D(L). Since the lattice of Frink ideals of L is isomorphic
to the lattice of ideals of D(L), we immediately obtain from the above:

Proposition 11.1. Let L be a bounded distributive meet semi-lattice and let
X be its generalized Priestley space. Then the maps I — U(I) and U — I(U)
set an isomorphism of the lattice of Frink ideals of L with the lattice of open
upsets of X.

In particular, prime F-ideals of L correspond to the open upsets of X of the
form (]z)¢ for x € X. Now we give a dual description of ideals of L. Since
each ideal of L is an F-ideal, ideals correspond to special open upsets of X.

Lemma 11.2. Let L be a bounded distributive meet semi-lattice and let X be its
generalized Priestley space. If I is an ideal of L, then X =U(I) = |[(Xo—U(I)).

Proof. The inclusion |(Xo— U(l)) € X —U([) is trivial. To prove the other
inclusion, let z € X —U(I). Then NI = (). By the prime filter lemma, there
is a prime filter y of L such that x Cy and y NI = . Thus, y € Xo — U(I),
and so x € [(Xo — U(I)). O

Lemma 11.3. Let L be a bounded distributive meet semi-lattice and let X be
its generalized Priestley space. If U is an open upset of X such that X —U =
L (Xo—U), then I(U) is an ideal of L.

Proof. Since U is an open upset of X, it follows from Proposition 11.1 that I(U)
is an F-ideal of L. Let a,b € I(U) with TanN 10N I[(U) = (. By the optimal
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filter lemma, there exists + € X such that TaN 10 C x and x N I(U) = 0.
Therefore, x ¢ U, so x € X — U, and so there exists y € Xy — U such that
x < y. It follows that Ta N Tb C y, and as y is a prime filter, we have Ta C y
or 1b C y. Thus, a € y or b € y, which is a contradiction because a,b € I(U).
Consequently, TaNTbN I(U) # 0, and so I(U) is an ideal of L. O

Putting Proposition 11.1 and Lemmas 11.2 and 11.3 together, we obtain:

Theorem 11.4. Let L be a bounded distributive meet semi-lattice and let X
be its generalized Priestley space. Then the maps I +— U(I) and U — I(U) set
an isomorphism of the ordered set of ideals of L with the ordered set of open

upsets U of X such that X —U = |[(Xo—U).

Remark 11.5. Since for an open upset U of X, X — U is closed in X, and
so for each x € X — U there is y € max(X — U) with < y, the condition
X —U = [(Xo—VU) is obviously equivalent to the condition max(X —U) C X.

Our next task is to give a dual description of prime ideals of L.

Lemma 11.6. Let L be a bounded distributive meet semi-lattice and let X be
its generalized Priestley space. If I is a prime ideal of L, then U(I) = (|x)°
for some x € X,.

Proof. Let I be a prime ideal of L and let x = L — I. By Proposition 3.7,
r € Xy. Moreover, we have y € U(I) iff yNI # D iff y € x iff y € (|x)°. Thus,
U(l) = (lx)-. O

Lemma 11.7. Let L be a bounded distributive meet semi-lattice and let X be
its generalized Priestley space. If U = (lx)¢ for x € Xy, then I(U) is a prime
ideal of L.

Proof. Clearly I(U) is an ideal of L because max(U¢) = max(|z) = {z} C Xj.
We show that it is prime. Let a Ab € I(U). Then ¢(a) Ne(b) = p(aAb) C U.
So p(a)Ne(b) C (lz)¢, and so |z C ¢(a)*Up(b)°. Therefore, x € p(a)*Up(b)°
which implies that x € p(a)® or z € ¢(b)¢. Thus, |z C p(a)® or |x C p(b),
so ¢(a) € (lz)¢ or ¢(b) C (lz)°. It follows that ¢(a) C U or ¢(b) C U, so
ac€l(U)orbeI(U), and so I(U) is a prime ideal. O

Putting Theorem 11.4 and Lemmas 11.6 and 11.7 together, we obtain:

Proposition 11.8. Let L be a bounded distributive meet semi-lattice and let
X be its generalized Priestley space. Then the maps I — U(I) and U — I(U)
set an isomorphism of the ordered set of prime ideals of L with the ordered set
of open upsets of X of the form (|x)¢ for some x € Xj.

Now we give a dual description of filters of L. Since there are less filters in
L than in D(L), not every closed upset of X corresponds to a filter of L.
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Lemma 11.9. Let L be a bounded distributive meet semi-lattice and let X be its
generalized Priestley space. If F is a filter of L, then X —C(F) = [(Xo—C(F)).

Proof. The inclusion [(X, — C(F)) € X — C(F) is trivial. For the other
inclusion, let © € X — C(F). Then x ¢ C(F), and so there exists a € F' such
that a € x. By the prime filter lemma, there is y € Xj such that x C y and
agy. Thus, y & C(F),soy e Xog— C(F), and so xz € [(Xy— C(F)). O

Lemma 11.10. Let L be a bounded distributive meet semi-lattice and let X

be its generalized Priestley space. If C is a closed upset of X, then F(C) is a
filter of L, and C = C(F(C)) iff X —C = |(Xo — C).

Proof. If C is a closed upset, it is routine to see that F(C) is a filter of L.
Suppose that C' = C(F(C)). Since F(C) is a filter of L, Lemma 11.9 implies
that X — C(F(C)) = [(Xo — C(F(C))). From C = C(F(C)) and the last
equality we get X — C = |[(Xo — C). Conversely, suppose that X — C’ =
1 (Xo — C). We show that C' = C(F(C)). Since C(F ﬂ{gp

¢(a)}, it is obvious that C' C C(F(C)). For the converse, suppose that z gé C
Then there exists y € Xg — C such that z < y. Since C is a closed upset
of X, C' is the intersection of clopen upsets of X containing C'. Therefore,
from y ¢ C' it follows that there is a clopen upset U of X such that C' C U
and y ¢ U. As each clopen upset of X is a finite union of elements of ¢[L],
there exist ay,...,a, € L such that U = ¢(a;) U... U ¢(a,). Thus, y ¢
w(ay) U .Up(a,), and so ay,...,a, € y. Slnce y is a prime filter of L, we

have ﬂTa, ¢ y. Therefore, there exists a € r]TaZ such that a ¢ y. But then

=1 =1

v(a) D pla)U...Up(a,) =U 2O C and y gé ¢(a). Consequently, C' C ¢(a)
and = ¢ ¢(a), implying that x ¢ C(F(C)). O

Putting Lemmas 11.9 and 11.10 together, we obtain:

Theorem 11.11. Let L be a bounded distributive meet semi-lattice and let X
be its generalized Priestley space. Then the maps F — C(F) and C — F(C)
set an isomorphism of the lattice of filters of L (ordered by reverse inclusion)
and the lattice of closed upsets C' of X satisfying the condition X — C =
[(Xo = C).

In particular, since there is a 1-1 correspondence between prime filters and
prime ideals of L, we obtain that prime filters of L correspond to closed upsets
of X of the form Tx for x € Xy. Also, since there is a 1-1 correspondence
between optimal filters and prime F-ideals of L, optimal filters of L correspond
to closed upsets of X of the form Tz for x € X. In the next table we gather
together the dual descriptions of different notions of filters and ideals of a
bounded distributive meet semi-lattice L and its distributive envelope D(L).



DUALITY FOR DISTRIBUTIVE AND IMPLICATIVE SEMI-LATTICES 67

Dual description of filters of L and D(L)

Filters of D(L) Closed upsets of L,

Filters of L Closed upsets C' of L, such that
Optimal filters of L = Prime filters | Tx, x € L,

of D(L)
Prime filters of L Te,z € Ly

Dual description of ideals of L and D(L)

F-ideals of L = Ideals of D(L) Open upsets of L,

Prime F-ideals of L = Prime ideals | (|x)¢, = € L,

of D(L)

Ideals of L Open upsets U of L, such that L,—
U=1(Ls+—-U)

Prime ideals of L (lx)e, x € Ly

The picture remains unchanged for bounded implicative meet semi-lattices.

11.2. Dual description of 1-1 and onto homomorphisms. Our next task
is to give a dual description of 1-1 and onto homomorphisms.

Lemma 11.12. Let X andY be generalized Priestley spaces and let R C X XY
be a generalized Priestley morphism.

1. If F is a closed subset of X, then R[F| is a closed upset of Y.

2. If G is a closed subset of Y, then R7'[G] is a closed downset of X .

Proof. (1) Suppose that F' is a closed subset of X. It follows from condition
(2) of Definition 8.2 that R[F] is an upset of Y. We show that R[F] is closed
in Y. Let y € R[F]. Then for each x € F we have zRy. By condition (3)
of Definition 8.2, there is U, € Y* such that R[z] C U, and y ¢ U,. Thus,
x € OgrU, and by condition (4) of Definition 8.2, OgU, € X* so OgrU, is
clopen. Then we have F' C U{DRUx :x € F'}. Since F is a closed subset of
a compact space, F' is compact. Therefore, there are x4, ..., x, € F such that

F C UDRer We claim that US N...N U N R[F] = 0. If not, then there
i=1

exists z € Ug, N...NUS N R[F]. Thus, there is v € F such that uRz. But

then v € OxU,,, so z € U,, for some ¢ < n, which is a contradiction. It follows

that there is an open neighborhood Ug N ... NU; of y missing R[F], so R[F]

is closed in Y.



68 GURAM BEZHANISHVILI AND RAMON JANSANA

(2) Suppose that G is a closed subset of Y. It follows from condition (1) of
Definition 8.2 that R7'[G] is a downset of X. We show that R™'[G] is closed
in X. Let # ¢ R7'[G]. Then for each y € G we have zRy. So, by condition (3)
of Definition 8.2, there is U, € Y* such that z € OgxU, and y ¢ U,. Therefore,

G C U{U; :y € G}, and as G is compact, there are yy,...,y, € G such that

G C | Jug. We claim that OgU, N... N OgU,, N R7'G] = 0. If not, then
i=1

there is z € OgU,, N...NOgU,, N R'G]. So R[z] C U, N...NU,, and

z € R7'[G]. Thus, there is u € G such that zRu. But then u € Uy, N... N

Uy, NG, which is a contradiction. Consequently, there is an open neighborhood

0xrU,, N...NOgU,, of x missing RG], so RG] is closed in X. O

Definition 11.13. Let X and Y be generalized Priestley spaces and let R C
X XY be a generalized Priestley morphism.

1. We call R onto if for each y € Y there is x € X such that R[z] = 1y.
2. We call R 1-1 if for each x € X and U € X* with « ¢ U, there is
V € Y* such that R[U] CV and R[z] Z V.

Let X and Y be generalized Priestley spaces and let R C X X Y be a
generalized Priestley morphism. We observe that if R is 1-1, then R is total.
Indeed, if R is not total, then there exists x € X such that R[x] = (). Therefore,
for each V' € Y* we have R[z] C V. Thus, R can not be 1-1. We also
observe that using condition (5) of Definition 6.10, it is easy to verify that if a
generalized Priestley morphism R is 1-1, then x £ y implies R[y] Z R|x], and
x ¢ U implies R[x] Z R[U] for each 2,y € X and U € X*. However, these two
conditions do not imply that R is 1-1 as the following example shows.

Example 11.14. Let X and Y be the generalized Esakia spaces and R C
X XY be the generalized Esakia morphism shown in Fig.7. We have that
Yo =Y — {1}, the elements of Y are isolated points of Y, x; is the only limit
point of Y, R[z] = Tz1, R[y] = {1}, and R[z] = {#1}. Then it is easy to
verify that for each 2,y € X and U € X*, we have z € y implies Rly|] Z R[z],
and x ¢ U implies R[x] € R[U]. On the other hand, for U = {y,z} € X*
we have x ¢ U, R[z] = Tz, and R[U| = {y1,21}. Now R[U] ¢ Y* and for
cach V € Y* with R[U] C V, we have z; € V, and so R[z] C V. Thus, there
is no V€ Y* such that R[U] C V and R[z] € V, and so R is not 1-1. The
bounded implicative meet semi-lattices X* and Y* corresponding to X and
Y together with the bounded implicative meet semi-lattice homomorphism
hgr : Y* — X* corresponding to R are shown in Fig.7. Clearly hg is not onto

as hy' ({y,2}) = 0.
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Lemma 11.15. Let L and K be bounded distributive meet semi-lattices and
let h: L — K be a meet semi-lattice homomorphism preserving top. Then for
r € K, and y € L, we have Ry,[x] = Ty iff ' (x) = y.

Proof. First suppose that Rp[z] = Ty. Then zRuy, so h='(x) C y, and so
h='(x) is a proper filter of L. Thus, by the optimal filter lemma, h~!(z) =

ﬂ{z € L,:h'(z) Cz}= m{z € L, : aRyz} = ﬂRh[x] = ﬂTy = y.
Now suppose that h™*(z) = y. Then Rylx] = {2z € L. : xRpz} = {2 € L, :
hl(z)Cz}={z€L.:yCz}=1y. O

Theorem 11.16. Let L and K be bounded distributive meet semi-lattices and
let h: L — K be a meet semi-lattice homomorphism preserving top.

1. h is 1-1 iff Ry is onto.
2. h is onto iff Ry is 1-1.

Proof. (1) Suppose that h is 1-1. We show that R}, is onto. Let y € L,. Since
h preserves A, we have Thly| is a filter of K. Let J be the F-ideal generated
by h[L —y]. We claim that Thly] N J = 0. If Thly] N J # 0, then there exist

a€y a,....a, € L—y and b€ K such that h(a) < b and [ |Th(a;) € Tb.

i=1
Therefore, ﬂTh(ai) C Th(a). Since h is 1-1, we have ﬂTai C Ta. As yis

=1 =1
an optimal filter of L, we have L — y is an F-ideal of L, so a € L — y, a
contradiction. Thus, Th[y] N J = 0, and by the optimal filter lemma, there is
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r € K, such that Thly] C x and x N J = 0. Tt follows that h~!(z) = y, and so
Ry[z] = Ty by Lemma 11.15. Now suppose that Ry, is onto. For a,b € L with
a # b, we may assume without loss of generality that a € b. Then Tan b = 0,
and so by the prime filter lemma, there is y € L, C L, such that a € y and
b ¢ y. Since Ry is onto, there is x € K, such that Ry[x] = Ty. This, by
Lemma 11.15, implies that h=1(x) = y. Thus, h(a) € z and h(b) € x, and so
h(a) £ h(b). It follows that A is 1-1.

(2) Suppose that h is onto. We show that Ry, is 1-1. Let 2 € K,, b € K,
and x ¢ ¢(b). Since h is onto, there is a € L such that h(a) = b. By
Proposition 8.6, Og, (¢p(a)) = ¢(b). So Ru[e(b)] C ¢(a) and Rp[z] € ¢(a).
Thus, Ry, is 1-1. Now suppose that Ry, is 1-1. Let b € K. For each z € K,
such that b ¢ x, we have z ¢ ¢(b). Since Ry, is 1-1, there exists a, € L
such that Ry[¢(b)] C p(a,) and Ry[z] € ¢(az). Then ¢(b) C O, ¢(a,) and

x ¢ Og,p(a;). Therefore, ﬂ{DRhgo(ax) cx & o)} Npd) = 0. Since X

is compact, there exist z1,...x, ¢ ¢(b) such that mDRhSO(%i) Npb)° = 0.
i=1

Thus, Og, p(az A ... Aag,) Ned) =10,s0 pb) = Og,(az, A...Nag,) =

o(h(az, A...Nay,)), and so b = h(az, A...Aag,). It follows that h is onto. [

Proposition 11.17. Let X and Y be generalized Priestley spaces and let R C
X XY be a generalized Priestley morphism.

1. RC X xY s onto iff Ry, C X", x Y™, is onto.

2. RCX XY is I-1iff Ry, € X", x Y™, is 1-1.

Proof. Apply Theorem 6.21 and Propositions 8.6 and 8.7. ([l

Theorem 11.18. Let X and Y be generalized Priestley spaces and let R C
X XY be a generalized Priestley morphism.

1. R is 1-1 iff hgr s onto.

2. R is onto iff hg is 1-1.

Proof. 1t follows from Theorem 11.16 and Proposition 11.17. OJ

Thus, we obtain that 1-1 homomorphisms of bounded distributive meet
semi-lattices preserving top correspond to onto generalized Priestley mor-
phisms, and that bounded 1-1 homomorphisms correspond to total onto gen-
eralized Priestley morphisms. Moreover, onto homomorphisms of bounded
distributive meet semi-lattices preserving top coincide with bounded onto ho-
momorphisms (which is easy to see either algebraically or by recalling that each
1-1 generalized Priestley morphism is total) and correspond to 1-1 generalized
Priestley morphisms.
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As an immediate consequence of the bounded distributive meet semi-lattice
case, we obtain that 1-1 homomorphisms of bounded implicative meet semi-
lattices correspond to onto generalized Esakia morphisms, that bounded 1-1
homomorphisms correspond to total onto generalized Esakia morphisms, and
that onto homomorphisms are the same as bounded onto homomorphisms and
correspond to 1-1 generalized Esakia morphisms.

11.2.1. Dual description of 1-1 and onto homomorphisms for bounded distribu-
tive lattices and Heyting algebras. Now we show how our results above imply
the well-known dual description of 1-1 and onto homomorphisms of bounded
distributive lattices and Heyting algebras.

Lemma 11.19. Let X and Y be Priestley spaces and let R C X XY be a
functional generalized Priestley morphism.

1. R is 1-1 iff f® is an embedding.
2. R is onto iff ff is onto.

Proof. (1) Suppose that R is 1-1. We show that f% is an embedding. Let
r < y. Then R[y] C R[z]. Since R is a functional generalized Priestley
morphism, both R[z] and R[y] have least elements. Let [, be the least element
of R[z] and [, be the least element of R[y]. Then R[y|] C R[z| implies [, <,.
Thus, ff(x) < f(y). Now let x £ y. Since R is 1-1, we have R[y] € R|[z].
Therefore, I, £ 1, so ff(z) £ ff(y), and so f% is an embedding. Conversely,
suppose that ff is an embedding, z € X, U € €U(X), and z ¢ U. Since
ff is an embedding, we have fR(x) ¢ TfR(U). So there exists V € €U(Y)
such that f2(x) ¢ V and 1fR({U) C V. Thus, Rlz] = 1f%(x) € U and
R[U)=1fRBU) CV, and so R is 1-1.

(2) Suppose that R is onto and y € Y. Then there exists x € X such
that R[z] = Ty. Thus, f%(x) = y, and so f is onto. Now suppose that f&
is onto and y € Y. Then there exists € X such that f®(z) = y. Thus,
R[z] = 1f%(x) = 1y, and so R is onto. O

Corollary 11.20. Let X and Y be Priestley spaces and let f : X — Y be a
Priestley morphism.

1. f is an embedding iff R' is 1-1.

2. f is onto iff R is onto.

Proof. Apply Lemmas 9.4 and 11.19. O

Let L and K be bounded distributive lattices and let h : L — K be a
bounded lattice homomorphism. Define f;, : Ky — Ly by fn(z) = h™!(x) for
cach v € K. It is well-known (and follows from Lemmas 10.1 and 9.2) that
fn is a well-defined Priestley morphism. The next proposition is a well-known



72 GURAM BEZHANISHVILI AND RAMON JANSANA

consequence of the Priestley duality. We show that it as an easy consequence
of Theorem 11.16 and Lemma 11.19.

Lemma 11.21. Let L and K be bounded distributive lattices and leth : L — K
be a bounded lattice homomorphism.

1. h is 1-1 iff f1, is onto.
2. h is onto iff fr is an embedding.

Proof. For v € K, and y € L, we have xRy iff h=*(z) C y iff fu(z) C .
Therefore, R[z] = Tfn(z), so f, = fr, (and Ry = Ry,). Thus, by Theorem
11.16 and Lemma 11.19, h is 1-1 iff R, is onto iff f;, is onto, and h is onto iff
Ry is 1-1 iff f;, is an embedding. ([l

The above results immediately imply that for a Heyting algebra homomor-
phism h, we have that h is 1-1 iff fj, is onto, and that A is onto iff f; is 1-1.
Another way to see this is through partial Heyting functions. But first we
characterize 1-1 and onto (A, —) and (A, —, L)-homomorphisms of Heyting
algebras in terms of onto and 1-1 partial Esakia functions.

Definition 11.22. Let X and Y be Esakia spaces and let f : X — Y be a
partial Esakia function.

1. We call f onto if the restriction of f to dom(f) is an onto function.
2. We call f 1-1 if for each x € X and U € X*, from = ¢ U it follows that
there exists V' € Y* such that U C (| f~1(V¢))¢ and f[lz] £ V.

Let X and Y be Esakia spaces and let f : X — Y be a partial Esakia
function. We observe that if f is 1-1, then f is well. Indeed, if f is not well,
then there exists € maxX such that « ¢ dom(f). Therefore, f[1z] = (), and
so f can not be 1-1.

Lemma 11.23. Let X and Y be FEsakia spaces and let f : X — Y be a partial
Esakia function. Then f is onto iff R/ is onto, and f is 1-1 iff RT is 1-1.

Proof. First suppose that f is onto and y € Y. Then there exists € dom(f)
such that f(x) = y. Therefore, Tf(z) = Ty. As z € dom(f), we have R/[z] =
1f(z) = Ty, and so R/ is onto. Conversely, suppose that R/ is onto and y € Y.
Then there is 2 € X such that R/[x] = Ty. Therefore, zR/y, and so there
exists z € dom(f) such that x < z and f(z) = y. Thus, f is onto.

Now suppose that fis 1-1, z € X, U € X* and = ¢ U. Then there
exists V' € Y* such that U C ([f~ (V)¢ and = ¢ ([f~'(V°))¢. Therefore,
U C Ops(V) and x ¢ Ops(V). Thus, R[U] C V and R/[x] € V, and so
R’ is 1-1. Conversely, suppose that R/ is 1-1, z € X, U € X*, and = ¢ U.
Then there exists V € Y* such that R/[U] C V and R/[z] € V. Therefore,
U C Opi(V) and R/[a] € V. Since O (V) = (L (V9))* and R'[a] = f[1a],
we obtain U C ([ f~%(V*))¢ and f[1z] € V. Thus, f is 1-1. O
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As a consequence, we obtain that 1-1 (A, —)-homomorphisms of Heyt-
ing algebras correspond to onto partial Esakia functions, that 1-1 (A, —, L)-
homomorphisms correspond to well onto partial Esakia functions, that onto
(A, —)-homomorphisms are the same as onto (A, —, L)-homomorphisms and
correspond to 1-1 partial Esakia functions. Moreover, 1-1 Heyting algebra ho-
momorphisms correspond to onto partial Heyting functions and onto Heyting
algebra homomorphisms correspond to 1-1 partial Heyting functions. We show
that a partial Heyting function f is onto iff gy is an onto function and that f
is 1-1 iff g5 is a 1-1 function.

Let X and Y be Esakia spaces and let f : X — Y be a partial Heyting
function. First we show that f is onto iff g; is an onto function. Let f be
onto and y € Y. Then there exists x € dom(f) such that f(z) = y. Since
x € dom(f), we have gf(x) = f(x). Thus, gf(x) = y, and so g; is an onto
function. Conversely, suppose that gy is an onto function and y € Y. Then
there exists € X such that gf(x) = y. Therefore, there exists z € dom(f)
such that © < z and g¢(z) = f(2). Thus, f(z) =y and so f is onto.

Next we show that f is 1-1 iff gy is a 1-1 function. Let f be 1-1. We show
that gy is a 1-1 function. Let z,y € X with x # y. Without loss of generality
we may assume that x £ y. Then there exists a clopen upset U of X such
that z € U and y ¢ U. Since f is 1-1, there exists a clopen upset V of Y such
that U C (1f~(V*))¢ and f[1y] € V. But (Lf~'(V))* = g7 (V) and f[Ty] =
19¢(y). Therefore, U C g;l(V) and gr(y) ¢ V. Thus, z € U C g;l(V) and
y ¢ g;l(V), implying that gs(z) € g¢(y). Consequently, g; is a 1-1 function.
Conversely, suppose that g¢ is a 1-1 function. Let z € X, U be a clopen upset
of X, and x ¢ U. Since gy is a 1-1 function, we have gs(x) & gr(U). As g¢(U)
is a closed upset of Y, there exists a clopen upset V of Y such that g;(U) C V
and g¢(z) ¢ V. Therefore, U C g;l(V) = (f71(Ve))© and f[lz] = 1gs(x) £ V.
Thus, U C ([ f71(V¢))¢ and f[{x] € V, implying that f is 1-1.

Consequently, we obtain the well-known result that for a Heyting algebra
homomorphism h we have h is 1-1 iff f;, is onto, and that h is onto iff f, is 1-1.

12. NON-BOUNDED CASE

The duality we have developed for bounded distributive meet semi-lattices
can be modified accordingly to obtain duality for non-bounded distributive
meet semi-lattices. In this section we discuss briefly the main ideas of the
modification.

First we deal with the case of distributive meet semi-lattices with top but
possibly without bottom. Let L € DM. If L does not have bottom, then we
have to add L to the set of optimal filters of L. As a result, L is the greatest
element of L,, and so max(L,) is not contained in L. Thus, we have to drop
condition (3) of Definition 6.10. Moreover, for x = L we have Z, = (), so Z,
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is trivially directed, although L ¢ L,. Thus, we have to modify condition (4)
of Definition 6.10 as follows: x € L, iff Z, is nonempty and directed. This
suggests the following modification of the definition of a generalized Priestley
space.

Definition 12.1. A quadruple X = (X,7,<, Xy) is called a x-generalized
Priestley space if (i) (X, 7, <) is a Priestley space, (ii) Xy is a dense subset of
X, (iii) z € Xp iff Z, is nonempty and directed, and (iv) for all z,y € X, we
have z <y iff (VU € X*)(z €e U =y € U).

Clearly each generalized Priestley space is a *-generalized Priestely space,
so the concept of x-generalized Priestely space generalizes that of generalized
Priestely space. Moreover, a x-generalized Priestely space is a generalized
Priestley space iff max(X) C X, iff X* has a bottom element. Therefore,
a x-generalized Priestely space is a generalized Priestely space iff it satisfies
condition (4) of Definition 6.10. The same generalization of generalized Esakia
spaces yields x-generalized Esakia spaces. Let GPS™ denote the category of *-
generalized Priestley spaces and generalized Priestely morphisms, and let GES™
denote the category of x-generalized Esakia spaces and generalized Esakia mor-
phisms. Then we immediately obtain the following theorem, which generalizes
the duality we obtained for BDM and BIM to DM and IM, respectively.

Theorem 12.2.
1. DM is dually equivalent to GPS™.
2. IM is dually equivalent to GES*.

If L is a distributive meet-semilattice without top but with bottom, then
two cases are possible: either D(L) has top or D(L) does not have top. If
D(L) has top, then we obtain the dual of L in exactly the same way as in the
bounded case. But in this case L will be realized as L." — {L.}. If D(L) does
not have top, then again we construct the dual of L as before, however in this
case the space we obtain is locally compact but not compact. We can handle
this as the case for distributive lattices [14, Section 10] by adding a new top
to L. If LT is the resulting meet semi-lattice, then the dual space of LT is the
one-point compactication of the dual of L. Moreover, the new point of (L"),
is the smallest optimal filter {T} of LT, which is below every point of L,.

This way we can handle all possible situations; that is, when L has T, but
lacks L; when L has L, but lacks T; or the most general case, when L lacks
both T and L.

13. COMPARISON WITH THE RELEVANT WORK

In this final section we compare our duality with the existing dualities for
distributive meet semi-lattices and implicative meet semi-lattices.
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13.1. Comparison with the work of Celani and Hansoul. The first rep-
resentation of distributive meet semi-lattices is already present in the pioneer-
ing work of Stone [15]. It was made more explicit in Grétzer [6], where with
each join semi-lattice L with bottom is associated the space S(L) of prime
ideals of L. The topology on S(L) is generated by the basis consisting of the
sets (a) = {I € S(L) : a ¢ I}. The space S(L) is not in general Hausdorff,
and it is compact iff L has a top. In [6] a purely topological characteriza-
tion of such spectral-like spaces is given. We call a topological space (X, 7)
spectral-like if (i) X is Ty, (ii) the compact open subsets of X form a basis for
7, and (iii) for each closed subset F' of X and each nonempty down-directed
family of compact open subsets {U; : i € I} of X, from F NU; # ) for each

i € I, it follows that F' N ﬂ{UZ c i € I} # 0. It was shown in [6] that

S(L) is spectral-like for each L, that the basis of compact open subsets of a
spectral-like space forms a distributive join semi-lattice with bottom, and that
this correspondence between distributive join semi-lattices with bottom and
spectral-like spaces is 1-1. But there was no attempt made in [6] to obtain
categorical duality between the category of distributive join semi-lattices with
bottom and the category of spectral-like spaces.

In [2] Celani filled in this gap. He chose to work with meet semi-lattices
instead of join semi-lattices, hence his building blocks for the dual space were
prime filters instead of prime ideals. To be more specific, let us recall that
DM denotes the category of distributive meet semi-lattices with top as objects
and meet semi-lattice homomorphisms preserving top as morphisms. Celani’s
dual category has (in the terminology of [2]) DS-spaces as objects and meet-
relations between two DS-spaces as morphisms. We recall from [2, Definition
14] that a DS-space is an ordered topological space X = (X, 7, <) such that
(i) (X, 1) is a spectral-like space, (ii) each closed subset of X is an upset, and
(iii) if z,y € X with £ y, then there is a compact open subset U of X such
that x ¢ U and y € U.

Remark 13.1. For a topological space X, we recall that the specialization
order of X is defined by = < y if z € {y}, that < is reflexive and transitive,
and that it is a partial order iff X is Ty. Let X be a spectral-like space.
Then it is easy to see that Celani’s order is nothing more than the dual of the
specialization order of X.

For a DS-space X, let £(X) denote the set of compact open subsets of X,
and let Dx = {U C X : U° € £(X)}. Let X and Y be two DS-spaces and
let R C X XY be a binary relation. Following [2, Definition 19|, we call R
a meet-relation if (i) U € Dy implies OgU € Dy and (ii) R[z] = ﬂ{U €
Dy : R[z] C U} for each x € X. Let DS denote the category of DS-spaces as
objects and meet-relations as morphisms.
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Celani defines two functors (=), : DM — DS and (—)* : DS — DM as
follows. If L € DM, then L, = (L, 7,C), where L, is the set of prime filters
of L and 7 is the topology generated by the basis {o(a)*:a € L};ifh: L — K
is a meet semi-lattice homomorphism preserving T, then hy = R, C Ky X L,
is defined by xRy iff h~!(z) Cy. If X is a DS-space, then X+ = (Dx, N, X);
if X and Y are DS-spaces and R C X x Y is a meet-relation, then RT =
hr : Dy — Dx is defined by hgr(U) = OgU. Then it follows from [2] that
the functors (—); and (—)% are well-defined, and that they establish dual
equivalence of the categories DM and DS.

Remark 13.2. Although not addressed in [2], the composition of two meet-
relations is not the usual set-theoretic composition. Rather, similar to the case
of GPS, we have that for DS-spaces X, Y, and Z and meet-relations R C X xY
and S CY x Z, the composition S« R C X x Z is given by

z(S* R)z iff (WU € Z1)(x € (hgohg)(U) = z€U)
foreach z € X and z € Z.

The bounded distributive meet semi-lattices are exactly the objects of DM
whose dual spaces are compact. Indeed, if L is a bounded distributive meet
semi-lattice, then o(L) = (), so o(a)® = L, and so L, is compact as {o(a)° :
a € L} = &E(Ly). Conversely, if Ly is compact, then L, = o(a)® for some
a € L, so a is the bottom of L, and so L is bounded. It follows that the full
subcategory BDM of DM whose objects are bounded distributive meet semi-
lattices is dually equivalent to the full subcategory CDS of DS whose objects
are compact DS-spaces. Now putting Celani’s duality together with ours, we
obtain that CDS is equivalent to the category of generalized Priestley spaces
and generalized Priestley morphisms introduced in this paper. In order to make
the connection easier to understand, we show how to construct compact DS-
spaces from generalized Priestely spaces, and how to construct meet-relations
from generalized Preistely morphisms.

Proposition 13.3. Let X = (X, 7,<,X) be a generalized Priestely space.
Then the space Xo = (Xo, 70, <o) is a compact DS-space, where <y is the
restriction of < to Xo and Ty is the topology generated by the basis { Xy — U :
Ue X*}.

Proof. First we show that {Xo — U : U € X*} is indeed a basis for 75. Let
UVeX andzr € (Xo—U)N(Xo—V). Then x € Xy and = ¢ U,V. By
condition (4) of Definition 6.10, there exists W € X* such that U,V C W and
xgW. Thus,z € Xo—W C(Xo—U)N(Xg—V),and so {Xy—U : U € X*}
is a basis for 7p. Next we show that compact open subsets of X are exactly of
the form Xg—U for U € X*. Let U € X* and let Xo—U C U(XO—UZ-), where

el
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{U; i €I} CX* Then [(Xo —U) C | JI(Xo — U;). Since for each V € X*

i€l
we have X —V = |[(Xo— V), then X —U C U(X —U;). As X — U is closed,
i€l
hence compact in X, there is a finite J C I such that X — U C U(X —U,).
ieJ
Hence, Xy — U C U(Xo —U;), and so Xy — U is compact. Conversely, if V' is

ieJ

a compact open subset of X, then V is a finite union of the sets of the form
Xo — V;. Since X* is closed under finite intersections, {Xo — U : U € X*}
is closed under finite unions. Thus, each compact open subset of X, has the
form Xy — U for U € X*, and so {Xo — U : U € X*} is exactly the set of
compact open subsets of Xy. Moreover, as () € X*, we have that X, = X, — 0
is compact open, and so X, is compact. Now suppose that =,y € X, are
such that © £ y. By condition (5) of Definition 6.10, there exists U € X*
such that x € U and y ¢ U. Thus, z € Xqg— U and y € X, — U, and so
condition (iii) of the definition of a DS-space is satisfied. It also follows that
Xo is a Ty-space. Since each U € X* is an upset of X, each Xqg — U is a
downset of Xy. Thus, open sets of Xy are downsets, and so closed sets of
Xy are upsets. Consequently, X satisfies condition (ii) of the definition of a
DS-space. Finally, let F' be a closed subset of X and let {U; : ¢ € I} be a down-
directed family of compact open subsets of X such that for each i € I we have
FNU; #0. Then F = ﬂ{Wk . k € K} for some family {W}, : k € K} C X*
and U; = Xo — V; for some V; € X*. Since {Xy —V; :i € I} is down-directed,
sois {[(Xo—V;):iel}. But [(Xo—V;)) =X -V, s0{Vi:iel} C X"is
directed. Therefore, A = {V; : i € I} is an ideal of X*. Let V be the filter
of X* generated by {Wj, : k € K}. Clearly VN A = (). Thus, there exists
a prime filter P of X* such that V C P and PN A = (). Let z € X, be
such that e(x) = P. Then z € F and x ¢ V; for each i € I. Consequently,
r € FnN ﬂ(Xo —V;), so Xy is a spectral-like space, so condition (i) of the

iel
definition of a DS-space is satisfied, and so X is a compact DS-space. O

Proposition 13.4. If X andY are generalized Priestley spaces and R C X XY
is a generalized Priestley morphism, then Ry = RN (Xo X Yy) is a meet-relation
between the compact DS-spaces Xy and Y.

Proof. Suppose R C X x Y is a generalized Priestley morphism between two
generalized Priestey spaces X and Y. We prove that Ry is a meet-relation
between Xy and Yy. Let U € Dy,. Then Yy — U is compact open in Yj.
Therefore, there is V € Y* such that Yo — U =Yy, — V. Thus, U =V NY,; and
(Yo —U) =Y — V. We show that Oz, U = OgV N X,. First suppose that
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r € OrVNXy. Then z € Xy and R[z] C V. Thus, Ry[z] C VNYy = U, and so
x € Og,U. Next suppose that © € Og,U. If R[x] € V, then there exists y € Y’
such that xRy and y ¢ V. Therefore, y € Y —V = [ (Yy — U). So there exists
z € Yop—U such that y < z. Since xRy and y < z, we have xRz, so zRyz. Thus,
z € Rolx] and z € U, a contradiction. We conclude that R[z] C V, and so
r € OrVNX,. It follows that DROU = 0OrVN Xy, so Xg— DROU = Xy —0OgrV,
and so Or,U € Dx,. Thus, condition (i) of the definition of a meet-relation
is satisfied. Now we show that for each x € X, we have Ry[z] = ﬂ{U €

Dy, : Ro[z] C U}. Clearly Ry[z] C ﬂ{U € Dy, : Ro[z] C U}. Suppose
that y € Yy and xRKpy. Then xRy. By condition (3) of Definition 8.2, there
exists V € Y* such that y ¢ V and R[zx] C V. Therefore, V N Xy € Dy,

Rolz] CV N Xy, and y ¢ VN Xy Thus, y ¢ ﬂ{U € Dy, : Ro[z] C U}, so
Rylx] = m{U € Dy, : Ro[z] C U}, and so condition (ii) of the definition of

a meet-relation is satisfied. Consequently, R, is a meet-relation between the
compact DS-spaces X, and Y. U

Now we compare our work with that of Hansoul [7]. Like Grétzer, Hansoul
prefers to work with distributive join semi-lattices. But unlike both Gratzer
and Celani, he tries to build a Priestley-like dual of a bounded distributive
join semi-lattice. Thus, his work is the closest to ours. We recall the main
definition of [7]. For convenience, we call the spaces Hansoul calls Priestley
structures simply Hansoul spaces.

Definition 13.5. A Hansoul space is a tuple X = (X, 7, <, X)), where:

1. (X, 7,<) is a Priestley space.

2. Xy is a dense subset of X.

3. If z,y € X with x £ y, then there is z € X such that x £ z and y < z.

4. Xy is the set of elements of X for which the family of clopen downsets
U that contain x and have the property that U N X is cofinal in U is a
basis of clopen downset neighborhoods of .

5. For each x € X there exists y € X, such that x < y.

Hansoul constructs the dual X of a bounded distributive join semi-lattice L
by taking what he calls weakly prime ideals of L as points of X and by taking
prime ideals of L as points of the dense subset X, of X. The weakly prime
ideals of L are exactly the optimal filters of the dual L% of L (see Remark 4.19)
and the prime ideals of L are exactly the prime filters of L¢. Thus, Hansoul’s
construction is dual to ours. In fact, we show that Hansoul spaces are the
same as our generalized Priestley spaces.

Proposition 13.6. A tuple X = (X, 1, <, Xo) is a Hansoul space iff it is a
generalized Priestely space.
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Proof. Since conditions (1) and (2) of Definition 6.10 are the same as conditions
(1) and (2) of Definition 13.5 and condition (3) of Definition 6.10 is the same
as condition (5) of Definition 13.5, it is sufficient to show that if X is a Hansoul
space, then X satisfies conditions (4) and (5) of Definition 6.10, and that if
X is a generalized Priestley space, then X satisfies conditions (3) and (4) of
Definition 13.5.

Let X be a Hansoul space. First we show that X satisfies condition (5) of
Definition 6.10. If z,y € X with & < y then it is clear that for each U € X*
we have x € U implies y € U (because U is an upset). Suppose that = € y. By
condition (3) of Definition 13.5, there exists z € X such that £ z and y < z.
Since x £ z and X is a Priestley space, there is a clopen downset V' of X such
that z € V and = ¢ V. By condition (4) of Definition 13.5, we can take V' such
that V' N X is cofinal in V. Thus, there exists U = V¢ in X* such that x € U
and y ¢ U, and so X satisfies condition (5) of Definition 6.10. Now we show
that X satisfies condition (4) of Definition 6.10. Suppose that z € X,. We
show that Z, is directed. Let U,V € Z,. Then x € (UUV)¢, and so (UUV)® is
a clopen downset neighborhood of z. By condition (4) of Definition 13.5, there
is a clopen downset W such that WNXj is cofinal in W and x € W C (UUV)“.
Therefore, x ¢ W¢ € X*, so W¢ e Z,, and UUV C W€ Thus, Z, is directed.
Now suppose that Z, is directed. In order to show that x € X, let V' be a
clopen downset neighborhood of . Then V¢ is a clopen upset and = ¢ V°.
Since in the proof of Proposition 6.15 condition (4) of Definition 6.10 is not
used, we can use Proposition 6.15 here, by which there exist Uy, ..., U, € X*
such that V¢ = U, U...UU,. Therefore, Uy,...,U, € Z,. Since Z, is directed,
there exists U € Z, such that Uy U...UU, CU. Thus, x € U° CV and U°€ is
a clopen downset of X with U N X cofinal in U¢. This, by condition (4) of
Definition 13.5, implies that © € X,. Consequently, z € X iff Z, is directed,
and so X satisfies condition (4) of Definition 6.10.

Now let X be a generalized Priestley space. First we show that X satisfies
condition (3) of Definition 13.5. Suppose z,y € X are such that x £ y. By
condition (5) of definition 6.10, there is U € X* such that x € U and y ¢ U.
Since U¢ = |(Xo — U), there is z € Xj such that y < z and z € U. As U is
an upset, it follows that x £ z. Thus, there is z € X such that x £ z and
y < z, and so X satisfies condition (3) of Definition 13.5. Finally, we show
that X satisfies condition (4) of Definition 13.5. First suppose that = € Xj.
By condition (4) of Definition 6.10, Z, is directed. Let V' be a clopen downset
neighborhood of x. Then x € V¢ and V¢ is a clopen upset of X. By Proposition
6.15, V¢ is a finite union of elements of Z,.. Since 7, is directed, thereis U € 7,
such that V¢ C U. Therefore, x € U¢ C V and U°N X is cofinal in U¢. Thus,
the family of clopen downsets U that contain x and have the property that
U N Xy is cofinal in U form a basis of clopen downset neighborhoods of z.
Conversely, suppose that for each clopen downset neighborhood V' of = there
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is a clopen downset W of X such that W N Xy is cofinal in W and z €¢ W C V.
We show that Z, is directed. Suppose that U, W € Z,. Then z € (UUW)¢ and
(UUW)¢ is a clopen downset of X. Therefore, there is a clopen downset V' of
X such that VN Xy is cofinal in Vandz € VC (UUW). Thenz ¢ V¢ e X*.
Thus, V¢ € Z, and UUW C V€ so Z, is directed. This, by condition (4) of
Definition 6.10, implies that x € X,. It follows that X satisfies condition (4)
of Definition 13.5. l

Consequently, Hansoul spaces are exactly our generalized Priestley spaces.
In [7] Hansoul provided duality for the category whose objects are bounded join
semi-lattices and whose morphisms correspond to our sup-homomorphisms.
However, he was unable to extend his duality to bounded join semi-lattice
homomorphisms. Thus, our work can be viewed as a completion of Hansoul’s
work.

13.2. Comparison with the work of Kohler. The first duality between
finite implicative meet semi-lattices and finite partially ordered sets was de-
veloped by Kohler [9].2 Let IMg, = BIMg, denote the category of finite im-
plicative meet semi-lattices (which are always bounded) and implicative meet
semi-lattice homomorphisms. Kohler established that IMg, is dually equivalent
to the category of finite partially ordered sets and partial functions f : X — Y
satisfying the following two conditions:

1. If 2,y € dom(f) and = < y, then f(z) < f(y).
2. If z € dom(f),y € Y, and f(z) < y, then there is z € dom(f) such that
< zand f(z)=y>

We call such functions partial Koéhler functions, and denote the category of
finite posets and partial Kohler functions by POSY .

Now we show how the dual equivalence of HA™~ and ESP’ restricted to
the finite case implies the Kohler duality. Let ESP" denote the category of

fin
finite Esakia spaces and partial Esakia functions. Since each finite implicative
meet-semilattice is in fact a Heyting algebra, it follows from Corollary 10.14

that IMg, is dually equivalent to ESP'. But the objects of ESPF are simply

fin*
finite partially ordered sets. For finite partially ordered sets X and Y, a
partial function f : X — Y is a partial Esakia function iff f is a partial

Kohler function. Therefore, the categories ESY' and POSK are isomorphic.
Thus, Kéhler’s theorem that IMg, is dually equivalent to POSE is an easy
consequence of the fact that HA™™ is dually equivalent to ESP". Kohler was

2Kéhler called implicative meet semi-lattices Brouwerian semi-lattices.

3Koler developed his duality by working with downsets of posets. Since we prefer to
work with upsets instead of downsets, we rephrased Kohler’s conditions using the dual of
his order.
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unable to extend his duality to the infinite case. Thus, our work can be viewed
as a completion of Kohler’s work.

13.3. Comparison with the work of Celani and Vrancken-Mawet. In
[1] Celani showed that a restricted version of his duality of [2] between DM and
DS yields duality between the subcategory IM of DM of implicative meet semi-
lattices and implicative meet semi-lattice homomorphisms and the subcategory
IS of DS of IS-spaces and functional meet-relations. We recall from [1] that an
IS-space is a DS-space X such that for each U,V € Dx we have [[(U — V)] €
Dx, and that a functional meet-relation is a meet-relation R between two IS-
spaces X and Y such that for each x € X and y € Y, from xRy it follows that
there exists z € X with z < z and R[] = 1y.*

We consider the subcategory BIM of IM of bounded implicative meet semi-
lattices, and the subcategory CIS of IS of compact [S-spaces. Then BIM is a
subcategory of BDM, CIS is a subcategory of CDS, and BIM is dually equivalent
to CIS. From this and our duality for BIM it follows that CIS is equivalent to
GES. We give an explicit construction of a compact IS-space from a general-
ized Esakia space and of a functional meet-relation from a generalized Esakia
morphism.

Proposition 13.7. Let X = (X, 7, <, Xq) be a generalized Esakia space and
let Xo = (X0, 70, <o) be the space constructed in Proposition 13.3. Then X, is
a compact 1S-space.

Proof. 1t follows from Proposition 13.3 that X is a compact DS-space. It is
left to be shown that if U,V € Dx,, then Xo — |,(U — V) € Dx,. Since
U,V € Dy, there exist U', V' € X* such that U =U' N Xy and V = V' N X,.
We show that Xo— |(U—-V) = Xo— [(U'=V'). We have x € Xo— |,(U—-V)
iff (Vy € Xo)(z <pyandy €e U =y € V), and z € Xy — [(U = V')
iff (Vy € X)(x < yandy € U = y € V’'). Therefore, it is clear that
r € Xog— (U = V') implies x € Xy — |,(U — V). Conversely, suppose that
r € Xog— [o(U—V). If there exists y € X such that x <y,y € U and y ¢ V’,
then there exists z € max(X — V’) such that y < z. But max(X — V') C X,.
Thus, there exists z € X such that x < 2z, 2 € U, and z ¢ V, a contradiction.
Consequently, x € Xy — [(U'—= V"), and so Xg— |,(U—-V) = X, — [(U' =V").
Since X is a generalized Esakia space, X — [(U" — V') € X*. Moreover,
Xo—1o(U=V)=Xo—= (U -V =(X=[(U'=V"))NXp. So Xg—|,(U-V) €
Dx,, and so X is a compact IS-space. 0

Proposition 13.8. If X and Y are generalized Esakia spaces and R C X XY
is a generalized Esakia morphism, then Ry = RN (Xy x Yy) is a functional
meet-relation between the compact IS-spaces Xy and Y.

4VVarning: Do not confuse Celani’s notion of functional meet-relation with our notion of
functional generalized Priestley morphism!
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Proof. 1t follows from Proposition 13.4 that Ry is a meet-relation. We show
that Ry is functional. Let x € Xj, y € Yy, and zRyy. Then xRy and since
y € Yy and R is a generalized Esakia morphism, there exists z € X, such that
r <z and R[z] = Ty. Thus, x <, z and Ro[z] = Ty, and so Ry is a functional
meet-relation. ([l

Celani [1, Theorem 4.11] also claimed erroneously that functional meet-
relations between [S-spaces X and Y are in a 1-1 correspondence with partial
maps f: X — Y, he calls IS-morphisms, that satisfy the following properties:
(i) If z,y € dom(f) and = < y, then f(z) < f(y), (ii) if x € dom(f), y € Y,
and f(z) < y, then there exists z € dom(f) such that x < z and f(z) = v,
and (iii) if U € Dy, then [[f~1(U%)]® € Dx. For a functional meet-relation
R between two IS-spaces X and Y, he constructed the IS-morphism fr as
follows. He set dom(fgr) ={z€ X : (Jr € X)(Jy € Y)(x < z and R|z] = Ty},
and for z € dom(fg) he set fr(z) = y. For an IS-morphism f between two
IS-spaces X and Y, he constructed the functional meet-relation Ry C X x Y
by Ry iff (32 € dom(f))(z < z and f(z) = y). However, his claim that the
maps R +— fr and f +— Ry establish a 1-1 correspondence between functional
meet-relations and IS-morphisms between [S-spaces is false as the following
simple example shows.

Example 13.9. Consider the [S-spaces X and Y and the [S-morphism f :
X — Y shown in Fig.8. The functional meet-relation Ry C X XY correspond-
ing to f, together with the IS-morphism fr, : X — Y corresponding to R;
are also shown in Fig.8. Clearly f # fg,, thus the maps R+ fr and f — Ry
do not establish a 1-1 correspondence between functional meet-relations and
[S-morphisms between IS-spaces.

/ . Ry IR,
I |- |
X Y X Y X Y
Fig.8

In order to obtain a characterization of Celani’s functional meet-relations
by means of partial functions, we need to strengthen the notion of an IS-
morphism. For two IS-spaces X and Y, we call amap f: X — Y a strong
IS-morphism (SIS-morphism for short) if it is an IS-morphism and satisfies
the two additional conditions:

() For each z € X, x € dom(f) iff there exists y € Y such that f[Tz] = Tv.
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(%) For each z € X and each y € Y, if y & f[Tx], then there is U € Dy such
that f[fz] CU and y ¢ U.

We recall that IS is the category of IS-spaces and functional meet-relations.
Let SIS denote the category of IS-spaces and SIS-morphisms. We show that IS
is isomorphic to SIS.

Lemma 13.10. Let X and Y be two DS-spaces and let R C X XY be a
meet-relation. Then x < y and yRu imply xRu, and xRu and v < v imply
rRv.

Proof. Let © < yRu. If xRu, then by condition (ii) of the definition of a
meet-relation, there exists U € Dy such that R[z] C U and u ¢ U. Therefore,
x € OgrU. By condition (i) of the definition of a meet-relation, OgU is an
upset. Thus, z < y implies y € OgU. But then R[y|] C U, and since yRu, it
follows that u € U. The obtained contradiction proves that xRu.

Let xRu < v. If xRv, then by condition (ii) of the definition of a meet-
relation, there exists U € Dy such that Rjz] C U and v ¢ U. From xzRu it
follows that v € U, and from u < v, it follows that u ¢ U. The obtained
contradiction proves that xRv. 0]

Let X and Y be two IS-spaces and let R C X x Y be a functional meet-
relation. Similar to Celani [1, Theorem 4.11], we define a partial function
fr: X — Y as follows. We set dom(fr) = {x € X : R[z] = Ty} and for
x € dom(fr) we set fr(z)=1y.

Proposition 13.11. Let X and Y be two IS-spaces and let R C X XY be a
functional meet-relation. Then fr is a SIS-morphism.

Proof. First we show that fr is an IS-morphism. Let z,y € dom(fr) and = <
y. Then R[z] = Tfr(z) and Rly] = Tfr(y). By Lemma 13.10, x < y implies
Rly] C R[z]. Therefore, fr(xz) < fr(y), and so condition (i) of the definition
of an IS-morphism is satisfied. To see that condition (ii) is also satisfied, let
r € dom(fgr), y € Y, and fr(x) < y. Then xRy. Since R is a functional
meet-relation, there is z € X such that x < z and R[z] = Ty. Therefore,
z € dom(fgr), * < z, and fr(z) = y. Finally, to see that condition (iii) of the
definition of an IS-morphism is satisfied as well, let U € Dy. We show that
OgU = [Lf71(U)]e. We have z € OxU iff R[z] C U and = € [[f5'(U°)]° iff
(Vz € dom(fgr))(x < z= fr(z) € U). Let € OgU, 2z € dom(fr), and z < z.
Then R[z] C U, R[z] = 1fr(2), and R[z] C R[z]. Therefore, Tfr(z) C U,
so fr(z) € U, and so x € [[fz'(U®)]. Now let z € [|fz'(U)]¢ and zRy.
Since R is a functional meet-relation, there exists z € X such that z < z and
R[z] = Ty. Then z € dom(fr), < z, and fr(z) = y. Therefore, fr(z) € U,
soy € U, and so x € OgU. Thus, OpU = [| f5(U°)]°>. Now since R is a
meet-relation, OgU € Dx, so [|fz'(U¢)]° € Dx, and so f is an [S-morphism.
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Next we show that fr satisfies condition (x). Suppose that = € dom(fg).
Then fr[Tz] = R[z] = 1fr(z). Therefore, there exists y € Y (y = fr(z))
such that fg[Tz] = Ty. Now suppose that fr[lx] = Ty for some y € Y. Since
fr[12z] = R|x|, we have R[z] = Ty. Therefore, x € dom(fr) by the definition
of fr. Finally, we show that fr satisfies condition (xx). Let x € X, y € Y,
and y ¢ fr[1z]. Since fgr[Tx] = R[z] and R is a meet-relation, there is U € Dy
such that R[z] C U and y ¢ U. This implies that fgr[fz] C U and y ¢ U.
Consequently, fr is a SIS-morphism. O

Let X and Y be IS-spaces and f : X — Y be a SIS-morphism. Following
Celani [1, Theorem 4.11], we define Ry C X x Y by

xRy iff there exists z € dom(f) such that x < z and f(2) = y.

Proposition 13.12. Let X and Y be two IS-spaces and let f : X — Y be a
SIS-morphism. Then Ry is a functional meet-relation.

Proof. First we show that R; is a meet-relation. Let U € Dy. We show that
Or,U = [LfH(U)]*. We have x € Og, U iff R¢[z] C U and = € [|f~'(U°)]° iff
(Vz € dom(f))(x < 2z = f(z) € U). Let x € Og, U, z € dom(f), and z < 2.
Then xR, f(2), so f(z) € U, and so z € [|f~1(U°)]. Now let z € [|f~H(U°)]
and zRypy. Then there exists z € dom(f) such that z < z and f(z) = y.
Therefore, f(z) € U, so y € U, and so x € O, U. Thus, Oz U = [| f~1(U°)]°.
By (iii) of the definition of an IS-morphism, [|f~'(U¢)]® € Dx. So Og,U €
Dx, and so Ry satisfies condition (i) of the definition of a meet-relation. By
the definition of Ry, we have that R;[z] = f[lz] for each x € X. Therefore, by
condition (xx), R satisfies condition (ii) of the definition of a meet-relation,
and so Ry is a meet-relation.

In order to show that R is functional, we observe that if z € dom(f), then
R¢[z] = 1f(2). To see this, let zRfu. Then there exists v € dom(f) such that
z < wv and f(v) = u. By condition (i) of the definition of an IS-morphism,
f(z) < f(v) = u. Conversely, if f(z) < wu, then by condition (ii) of the
definition of an IS-morphism, there exists v € dom(f) such that z < v and
f(v) = u. Thus, zRsu, and so Ry[z] = 1f(z). Now let xRsy. Then there
exists z € dom(f) such that x < z and f(z) = y. Therefore, Ry[z] = 1f(2).
Thus, xRy implies that there exists z € X such that z < z and Ry[z] = 1y,
and so Ry is a functional meet-relation. U

Now we are in a position to prove that IS and SIS are isomorphic.
Theorem 13.13. The categories IS and SIS are isomorphic.
Proof. Define two functors @ : IS — SIS and ¥ : SIS — IS as follows. For

an IS-space X set #(X) = X = ¥(X), for a functional meet relation R set
&(R) = fr, and for a SIS-morphism f set ¥(f) = fr. Then it follows from
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Propositions 13.11 and 13.12 that both @ and ¥ are well-defined. It is left to
be shown that R = Ry, and f = fg,.

First we show that R = Ry,. For x € X and y € Y, we have xRy iff there
exists z € X such that x < z and R[z] = Ty. On the other hand, xR,y iff
there exists z € dom(fg) such that z < z and fr(z) = y. But R[z] = 1 fr(2), so
R[z] = Ty iff fr(z) =y. It follows that xR;,y iff there exists z € X such that
r < z and R[z] = Ty. Thus, xRy iff xRy, and so R = Ry,. Next we show
that f = fr,. Suppose that # € dom(f). Then Rf[z] = Tf(z). Therefore,
f(z) € dom(fr,) and fg,(7) = f(x). Now suppose that z € dom(fg,). Let
fr,(x) = y. Then Rg[zr] = Ty. Since Rf[z] = f[lz], we have f[Tz] = Ty.
By condition (x), z € dom(f). Thus, f(x) = fr,(x), so dom(f) = dom(fg,)
and whenever x € dom(f) = dom(fr,), then f(x) = fg,(v). Consequently,
f = Ir;, and so IS is isomorphic to SIS. O

As a result, we obtain that IM is also dually equivalent to SIS. Thus, we
can represent dually implicative meet semi-lattice homomorphisms by either
functional meet-relations or by strong IS-morphisms between IS-spaces.

We conclude our comparison section by looking at the work of Vrancken-
Mawet [16]. We recall that Vrancken-Mawet [16] constructed a dual category of
BIM, which is similar to that of Celani [1]. The objects of the Vrancken-Mawet
category are essentially Celani’s compact [S-spaces with the only difference
that Vrancken-Mawet works with the specialization order, while Celani prefers
to work with the dual of the specialization order. Because of this, Celani works
with the bounded implicative meet semi-lattice of complements of compact
open subsets of a compact IS-space X, while Vrancken-Mawet works with the
bounded implicative meet semi-lattice of compact open subsets of X. Both
these meet semi-lattices are isomorphic though because Celani’s order is dual
to Vrancken-Mawet’s order. In order to simplify our comparison, we work with
Celani’s compact [S-spaces instead of Vrancken-Mawet’s spaces and adjust the
definition of Vrancken-Mawet morphisms accordingly. Note that unlike the
case with objects, Vrancken-Mawet morphisms satisfy an extra condition that
Celani’s morphisms do not satisfy. Let X and Y be two compact IS-spaces and
let f: X — Y be an I[S-morphism. We call f a Vrancken-Mawet morphism if
it satisfies the following additional condition:

(VM) z € dom(f) iff (Jy € Y)(VU € Dy)(y ¢ U < (32 € dom(f))(z < z and
f(z) ¢ U).
Observe that in Example 13.9; the f we start with does not satisfy (VM),
and so it is not a Vrancken-Mawet morphism. In fact, given two compact
[S-spaces X and Y, it is relatively easy to verify that our conditions (%) and
(+x) imply (VM), and that (VM) implies (). It requires more work to show
that (VM) also implies (xx). We skip the details and only mention that the
upshot of these observations is that the category CSIS of compact IS-spaces
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and SIS-morphisms is isomorphic to the category VM of compact IS-spaces
and Vrancken-Mawet morphisms. We feel that our conditions (*) and (xx) are
more natural and easier to work with than the (VM) condition.
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