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ABsTRACT. We introduce pairwise Stone spaces as a natural bitopological generalization of
Stone spaces—the duals of Boolean algebras—and show that they are exactly the bitopolog-
ical duals of bounded distributive lattices. The category PStone of pairwise Stone spaces
is isomorphic to the category Spec of spectral spaces and to the category Pries of Priestley
spaces. In fact, the isomorphism of Spec and Pries is most naturally seen through PStone
by first establishing that Pries is isomorphic to PStone, and then showing that PStone
is isomorphic to Spec. We provide the bitopological and spectral descriptions of many
algebraic concepts important for the study of distributive lattices. We also give new bitopo-
logical and spectral dualities for Heyting algebras, thus providing two new alternatives to
Esakia’s duality.

1. INTRODUCTION

It is widely considered that the beginning of duality theory was Stone’s groundbreaking
work in the mid 30s on the dual equivalence of the category Bool of Boolean algebras
and Boolean algebra homomorphism and the category Stone of compact Hausdorff zero-
dimensional spaces, which became known as Stone spaces, and continuous functions. In 1937
Stone [33] extended this to the dual equivalence of the category DLat of bounded distributive
lattices and bounded lattice homomorphisms and the category Spec of what later became
known as spectral spaces and spectral maps. Spectral spaces provide a generalization of Stone
spaces. Unlike Stone spaces, spectral spaces are not Hausdorff (not even T1)', and as a result,
are more difficult to work with. In 1970 Priestley [25] described another dual category of
DLat by means of special ordered Stone spaces, which became known as Priestley spaces,
thus establishing that DLat is also dually equivalent to the category Pries of Priestley spaces
and continuous order-preserving maps. Since DLat is dually equivalent to both Spec and
Pries, it follows that the categories Spec and Pries are equivalent. In fact, more is true:
as shown by Cornish [6] (see also Fleisher [11]), Spec is actually isomorphic to Pries.

Spectral spaces are more natural to work with from the point of view of pointfree topology,
as demonstrated by Johnstone [17]. In addition, spectral spaces only have a topological
structure, while Priestley spaces also have an order structure on top of topology, thus their
signature is more complicated than that of spectral spaces. However, Priestley spaces arise
more naturally in relation with logics, as Priestley spaces incorporate the now widely used
Kripke semantics in them. As a result, Priestley’s duality became rather popular among
logicians, and most dualities for distributive lattices with operators have been performed in
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terms of Priestley spaces. Here we only mention Esakia’s duality for Heyting algebras [8],
which is a restricted version of Priestley’s duality.

Another way to represent distributive lattices is by means of bitopological spaces, as
demonstrated by Jung and Moshier [20]. In fact, bitopological spaces provide a natural
medium in establishing the isomorphism between Pries and Spec: with each Priestley
space (X, 7, <), there are two natural topologies associated with it; the upper topology 7
consisting of open upsets of (X, 7, <), and the lower topology 7» consisting of open downsets
of (X, 7, <). Consequently, (X, 71, 7) is a bitopological space. Moreover, both topologies 7
and 7y are spectral topologies, the Priestley topology 7 is in fact the join of 7 and 75, and
the spectral space associated with (X, 7, <) is obtained from (X, 71, 75) by simply forgetting
T2.

In this paper we provide an explicit axiomatization of the class of bitopological spaces
obtained this way. We call these spaces pairwise Stone spaces. On the one hand, pairwise
Stone spaces provide a natural generalization of Stone spaces as each of the three conditions
defining a Stone space naturally generalizes to the bitopological setting: compact becomes
pairwise compact, Hausdorff — pairwise Hausdorff, and zero-dimensional — pairwise zero-
dimensional. On the other hand, pairwise Stone spaces provide a natural medium in moving
from Priestley spaces to spectral spaces and backwards, thus Cornish’s isomorphism of Pries
and Spec can be established more naturally by first showing that Pries is isomorphic to the
category PStone of pairwise Stone spaces and bicontinuous maps, and then showing that
PStone is isomorphic to Spec. Thirdly, the signature of pairwise Stone spaces naturally
carries the symmetry present in Priestley spaces (and distributive lattices), but hidden in
spectral spaces. Moreover, the proof that DLat is dually equivalent to PStone is simpler
than the existing proofs of the dual equivalence of DLat with Spec and Pries. Lastly, the
isomorphism of Pries, PStone, and Spec fits nicely in a more general isomorphism of the
categories of compact order-Hausdorft spaces, pairwise compact pairwise regular bitopologi-
cal spaces, and stably compact spaces described in [14, Ch. VI-6] (see also [30] and [24]).

The dualities described above have many applications in logic and computer science. In
fact, the basic idea underlying completeness results of (propositional) logics is based on
duality theory as the canonical model of a propositional logic is the dual of the Lindenbaum-
Tarski algebra of the logic. Duality theory also provides a framework for understanding the
relationship between denotational semantics of programs and program logics. In particular,
as was shown by Abramsky [1], the denotational semantics and the corresponding program
logic are duals of each other. For a recent application of these ideas to the m-calculus see [4].
For an application of duality theory to regular languages we refer to Gehrke et al. [12]. For a
variety of applications of compact order-Hausdorft spaces, pairwise compact pairwise regular
bitopological spaces, and stably compact spaces in probabilistic systems, we refer to the work
of Jung, Moshier, and their collaborators [18, 19, 3, 20]. Here we only mention that there is
a dual equivalence between these categories and the category of proximity lattices [32, 21],
which are a generalization of distributive lattices, thus providing an interesting generalization
of the duality for distributive lattices. We view our pairwise Stone spaces as a particular
case of pairwise compact pairwise regular bitopological spaces, and our isomorphism of the
categories of Priestley spaces, pairwise Stone spaces, and spectral spaces as a particular case

%We note that Esakia’s work was independent of Priestley’s; a proof that Esakia spaces are Priestley
spaces can be found in [10, p. 62].
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of the isomorphism of the categories of compact order-Hausdorff spaces, pairwise compact
pairwise regular bitopological spaces, and stably compact spaces.

One of the advantages of Priestley’s duality is that many algebraic concepts important
for the study of distributive lattices can be easily described by means of Priestley spaces.
In addition, we show that they have a natural dual description by means of pairwise Stone
spaces. We also give their dual description by means of spectral spaces, which at times is
less transparent than the order topological and bitopological descriptions.

Finally, we introduce the subcategories of PStone and Spec, which are isomorphic to
the category Esa of Esakia spaces and dually equivalent to the category Heyt of Heyting
algebras. This provides an alternative to Esakia’s duality in the setting of bitopological
spaces and spectral spaces.

The paper is organized as follows. In Section 2 we recall some basic facts about bitopologi-
cal spaces, introduce pairwise Stone spaces, and study their basic properties. In Section 3 we
prove that the category PStone of pairwise Stone spaces is isomorphic to the category Pries
of Priestley spaces. In Section 4 we prove that PStone is isomorphic to the category Spec
of spectral spaces, thus establishing that all three categories are isomorphic to each other.
In Section 5 we give a direct proof that the category DLat of distributive lattices is dually
equivalent to PStone, thus providing an alternative of Stone’s and Priestley’s dualities. In
Section 6 we give the dual description of many algebraic concepts important for the study of
distributive lattices by means of Priestley spaces, pairwise Stone spaces, and spectral spaces.
In particular, we give the dual description of filters, prime filters, maximal filters, ideals,
prime ideals, maximal ideals, homomorphic images, sublattices, complete lattices, McNeille
completions, and canonical completions. At the end of the section we list all the obtained
results in one table, which can be viewed as a dictionary of duality theory for distributive
lattices, complementing the dictionary given in [27]. Finally, in Section 7 we develop new
bitopological and spectral dualities for Heyting algebras, thus providing an alternative to
Esakia’s duality, and give a table similar to the one given at the end of Section 6, which can
be viewed as a dictionary of duality theory for Heyting algebras.

2. PAIRWISE STONE SPACES

We recall that a bitopological space is a triple (X, 71, 72), where X is a nonempty set and
71 and Ty are two topologies on X. Ever since Kelly [22] introduced them, bitopological
spaces have been subject of intensive investigation of many topologists. In particular, there
has been a lot of research on the “correct” generalization of the basic topological properties
to the bitopological setting. A large number of results obtained in this direction is collected
in a recent monograph [7]. For our purposes it is important to find the right generalization
of the concept of a Stone space. Therefore, we are interested in the bitopological versions of
compactness, Hausdorffness, and zero-dimensionality.

There are several ways to generalize a topological property to the bitopological setting.
Let (X, 7, 72) be a bitopological space and let 7 = 7 V 75. For a topological property P, we
say that (X, 1, 7) is bi-P if both (X, 1) and (X, 75) are P, and we say that (X, 7y, 75) is join
P if (X, 1) is P. For example, (X, 7, 7) is bi-Tg, bi-17, or bi-T5 if both (X, 1) and (X, )
are Ty, Ty, or Ty, respectively; and (X, 7y, 7) is join Tg, join T3, or join Ty if (X, 1) is Tp, 11,
or Ty, respectively. However, for our purposes, neither bi-Stone nor join Stone turns out to
be the right generalization of the concept of a Stone space to the bitopological setting.

Definition 2.1. Let (X, 1, 7) be a bitopological space.
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(1) [29, Def. 2.1.1] We call (X, 11, 7) pairwise Ty if for any two distinct points x,y € X
there exists U € 7, Uy containing exactly one of x,vy.

(2) 29, Def. 2.1.3] We call (X, 1, 7) pairwise T if for any two distinct points x,y € X
there exists U € 7 U Ty such that x € U and y ¢ U.

(3) [29, Def. 2.1.8] We call (X, 71, 7) pairwise Ty or pairwise Hausdorff if for any two
distinct points x,y € X there exist disjoint U € 7y and V € 15 such that v € U and
y € V or there exist disjoint U € 15 and V € 11 with the same property.

Remark 2.2. We have chosen [29] as our primary source of reference, although the concepts
of a pairwise T} space and a pairwise T} space have appeared earlier in the literature.

Remark 2.3. It would be more in the vein of Definition 2.1(1) and 2.1(2) if we defined a
pairwise T, space as a bitopological space satisfying the following condition: For any two
distinct points z,y € X there exist disjoint U,V € 7 U1y such that x € U and y € V.
Obviously if (X, 7, 7) is pairwise Ty, then it satisfies the condition above, but the converse
is not true in general. Nevertheless, we will show below that in the realm of pairwise zero-
dimensional spaces the two conditions are equivalent.

For a bitopological space (X, 71, 72), let ; denote the collection of closed subsets of (X, )
and do denote the collection of closed subsets of (X, 72). The next definition generalizes the
notion of zero-dimensionality to bitopological spaces.

Definition 2.4. [28, p. 127] We call a bitopological space (X, 11, 72) pairwise zero-dimensional
if opens in (X, 1) closed in (X, 1) form a basis for (X, ) and opens in (X, T) closed in
(X, 71) form a basis for (X, 1); that is, B1 = 71 Ny is a basis for 71 and Bo = T, N 1 is a
basis for 1.

We point out that if (X, 71, 7) is pairwise zero-dimensional, then 5, = {U¢ | U € 4} and
By ={Ve|V € By}. Moreover, both 3; and 35 contain (), X and are closed with respect to
finite unions and intersections.

Lemma 2.5. Suppose that (X, 1, 72) is pairwise zero-dimensional. Then the following con-
ditions are equivalent:

(1) (X, ) is Tp.

(2) (X, 7) is Tp.

(3) (X, 71, 72) is pairwise Ts.

(4) For any two distinct points x,y € X there exist disjoint U,V € 1 U 19 such that

xelUandyeV.
(5) (X, 71, 72) is join Ts.
(6) (X, 7'1,7'2) 18 bi-Tg.

Proof. (1)=(2): Suppose that (X, 7) is Ty and x,y are two distinct points of X. Then
there exists U € 11 containing exactly one of x,y. Without loss of generality we may assume
that x € U and y ¢ U. Since (X, 7, 7y) is pairwise zero-dimensional, there exists V' € [
such that x € V. C U. Therefore, V¢ € 35, y € V¢, and = ¢ V. Thus, (X, 1) is Tp.

(2)=(3): Suppose that (X, ) is Ty and x,y are two distinct points of X. Then there
exists U € 1y containing exactly one of z,y. Without loss of generality we may assume that
x € U and y ¢ U. Since (X, 7, 72) is pairwise zero-dimensional, there exists V' € (5 such
that x € V. CU. Then z € V € 3y, y € V¢ € 1, and V, V¢ are disjoint. Thus, (X, 7, 7) is
pairwise T5.
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(3)=(4) is obvious.

(4)=-(5): Suppose that x,y are two distinct points of X. By (4), there exist disjoint
UV € 11 Ut such that x € U and y € V. Without loss of generality we may assume
that U,V € 7. Since (X, 7y, 72) is pairwise zero-dimensional, there exists U’ € 3; such that
xelU CU. Let V.= X —U'. Then V C V', soy € V' € 35, and so there exist two disjoint
7-open sets U’, V'’ such that z € U" and y € V'. Thus, (X, 7, 7) is join T5.

(5)=-(6): Suppose that (X, 7, 72) is join T5. We show that (X, 7) is Ty. Let 2,y be two
distinct points of X. Since (X, 71, 72) is pairwise zero-dimensional and join 75, there exist
Uy,Uy € By and Vi, Vo € By such that . € Uy NVy, y € Us N Vs, and Uy NVy and Uy N Vs
are disjoint. If y ¢ Uy, then there is U; € 7y containing exactly one of x,y. If y € Uy, then
y ¢ V1. Therefore, y € Uy N V. Clearly Uy NV € (1. Moreover, ¢ Uy NV as x ¢ V.
Thus, there exists UyNV}® € 7 containing exactly one of z,y. In either case, we separate z,y
by a 7-open set, and so (X, 1) is Ty. That (X, 1) is T} is proved similarly. Consequently,
(X, 71, 7'2) is bi—TQ.

(6)=-(1) is obvious. —

On the other hand, (X, 71, 72) may be pairwise zero-dimensional and pairwise 75 without
either of 71, 5 being even T} as the following simple example shows.

Example 2.6. Let X = {0,1}, 3 = {0, {1}, X} and 75 = {0, {0}, X}. Then both 7 and 7
are the Sierpinski topologies on X, thus both are Ty, but not 7;. Nevertheless, (X, 7, 7) is
pairwise zero-dimensional and pairwise 7.

The next definition generalizes the notion of compactness to bitopological spaces.

Definition 2.7. [29, Def. 2.2.17] We call a bitopological space (X, 11, T2) pairwise compact
if for each cover {U; | i € I} of X with U; € 7 Uy, there exists a finite subcover.

Remark 2.8. In [29, Def. 2.2.17] Salbany defines a bitopological space (X, 71, 72) to be
pairwise compact if (X, 7) is compact, where 7 = 71 V75. In our terminology this means that
(X, 71, 72) is join compact. But it is a consequence of Alexander’s Lemma—a classical result
in general topology—that the two notions of pairwise compact and join compact coincide.

It is obvious that if (X, 7y, 75) is pairwise compact, then both (X, 7) and (X, ) are
compact; that is, (X, 7y, 7) is bi-compact. On the other hand, it was observed by Salbany
29, p. 17] that the converse is not true in general. Let oy and o9 denote the collections of
compact subsets of (X, ) and (X, 73), respectively.

Proposition 2.9. A bitopological space (X, 1, 7T2) is pairwise compact iff 61 C o9 and 6y C
1.

Proof. [=] Suppose that (X, 71, 7) is pairwise compact. We show that §; C 09. Let A € §;
and let A C | J{U; | i € I} with {U; | i € I} C 75. Then the collection {U; | i € I} U {A°}
is a cover of X. Since A € 1 and (X, 1, T») is pairwise compact, there exist iy, ...,i, € [
such that U;, U---UU;, UA°= X. It follows that A C U;, U---UU,,, and so A € 0,. Thus,
01 C 09. That 65 C oy is proved similarly.

[«<] Suppose that §; C oy and 2 C o7. To show that (X, 7, 7) is pairwise compact let
{Uiliel} Crnand{V;|jeJ} Cnwith {U; |ie I}UU{V;|je J} =X. Weset
U=U{U|iel}. ClearlyU € mand UUJ{V; | j € J} = X,so U C |J{V; | j € J}. Since
U¢ € §; and 0; C o9, we have that U¢ € g5. Therefore, there exist ji,...,j, € J such that
UeCVyU---UV,,. Weset V=V, U---UV; . Then UUV = X ,s0V* CU = |J{U; | i € I}.
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Since V¢ € §, and 6o C o1, we have that V¢ € g;. Therefore, there exist iy,...,7, € I such
that V¢ C U;, U---UU;, . Clearly the finite collection {V},,...,V},,U,...,U; } is a cover
of X. Thus, X is pairwise compact. .

Now we generalize the notion of a Stone space to that of a pairwise Stone space.

Definition 2.10. We call (X, 71, 72) a pairwise Stone space if it is pairwise compact, pairwise
Hausdorff, and pairwise zero-dimensional.

Remark 2.11. In the definition of a pairwise Stone space, pairwise Hausdorff can be replaced
by any of the equivalent conditions of Lemma 2.5, and that pairwise compact can be replaced
by 6; C 05 and d5 C oy, as follows from Proposition 2.9.

Let PStone denote the category of pairwise Stone spaces and bi-continuous functions;
that is functions which are continuous with respect to both topologies.

3. PRIESTLEY SPACES AND PAIRWISE STONE SPACES

Let (X, <) be a poset. We recall that A C X is an upset if v € A and =z < y imply
y € A, and that A is a downset if x € A and y < x imply y € A. For Y C X let
Y ={z|JyeY withy <z} and |Y ={z|Jy € Y with z < y}. Let Up(X) denote the
set of upsets and Do(X) denote the set of downsets of (X, <).

Let (X, 7,<) be an ordered topological space. We denote by OpUp(X) the set of open
upsets, by ClUp(X) the set of closed upsets, and by CpUp(X) the set of clopen upsets of
(X, 7,<). Similarly, let OpDo(X) denote the set of open downsets, CIDo(X) denote the set
of closed downsets, and CpDo(X) denote the set of clopen downsets of (X, 7, <). The next
definition is well-known.

Definition 3.1. An ordered topological space (X, T, <) is a Priestley space if (X, 7) is com-
pact and whenever x £ y, there exists a clopen upset A such that x € A and y ¢ A.

The second condition in the above definition is known as the Priestley separation aziom
(PSA for short). The next lemma is well-known.

Lemma 3.2. Let (X, 7,<) be an ordered topological space.

(1) If (X, 7, <) is a Priestley space, then (X, T) is a Stone space.

(2) If (X, 7,<) is a Priestley space, then TF and | F are closed for each closed subset F
of X.

(3) In a Priestley space, every open upset is the union of clopen upsets, every closed
upset is the intersection of clopen upsets, every open downset is the union of clopen
downsets, and every closed downset is the intersection of clopen downsets.

(4) In a Priestley space, clopen upsets and clopen downsets form a subbasis for the topol-
0gy.

(5) (X, 7,<) is a Priestley space iff (X, T) is compact and for closed subsets F' and G of
X, whenever TFN |G = 0, there exists a clopen upset A of X such that F C A and
G C Ac.

We will refer to condition (5) in the lemma as the strong Priestley separation axiom (SPSA
for short). Let Pries denote the category of Priestley spaces and continuous order-preserving
maps. We show that the categories Pries and PStone are isomorphic. To this end, we will
define two functors ® : PStone — Pries and ¥V : Pries — PStone which will set the
required isomorphism.
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For a topological space (X, 7), let < denote the specialization order of (X, 7); that is,
x<yiff z € Cl(y) iff (VU € 7)(x € U implies y € U).
It is well-known that < is reflexive and transitive, and that < is antisymmetric iff (X, 7) is

Th.

Lemma 3.3. Let (X, 1, 72) be a bitopological space, <y be the specialization order of (X, ),
and <y be the specialization order of (X, 19). If (X, T, 7) is pairwise zero-dimensional, then
<1=22.

Proof. Let (X, 7, 7) be pairwise zero-dimensional; that is, 8; = 73 N Jy is a basis for 7
and (5 = 7 N d; is a basis for 7. Then, for each =,y € X, we have:

r<yy iff (VYU € mn)(xeU impliesy € U)

ifft (VU € fy)(z € U implies y € U)
it (VU € y)(y € U° implies z € U°)
it (VV € By)(y € V implies z € V)
it (VV € n)(y eV implies z € V)

ifft y <.

_|

For a pairwise Stone space (X, 11, 72), let 7 = 71 V 79, and let <=<; be the specialization
order of (X, 7).

Proposition 3.4. If (X, 11, 72) is a pairwise Stone space, then (X, 1, <) is a Priestley space.
Moreover:
(i) CpUp(X7 T, S) - ﬁl-
(i) OpUp(X, 7, <) = 71.
(iii) ClUp(X, T, <) = 5.
(iv) CpDo(X, 7, <) = fs.
(v) OpDo(X, 7, <) = 7.
(vi) CIDo(X,7,<) = ;.

Proof. Since (X, 7, 7) is pairwise compact, (X, 7, 7) is join compact, and so (X, 7) is
compact. Also, as (X, 71, 72) is pairwise Hausdorff, it follows from Lemma 2.5 that (X, 7y) is
To. Therefore, <=<; is a partial order. We show that (X, 7, <) satisfies PSA. If x £ y, then
x £y ¥y, so there exists U € [3; such that x € U and y ¢ U. Since <; is the specialization
order of (X, 7), U is an <j-upset. From U € f; it follows that U¢ € #, C 7. So both U
and U¢ are open in (X, 7), and so U is clopen in (X, 7). Therefore, U is a clopen upset of
(X, 7, <), implying that (X, 7, <) satisfies PSA. Thus, (X, 7, <) is a Priestley space.

(i) We already showed that 3; C CpUp(X,7,<). Let A € CpUp(X, T, <). We show that
A={U e B |U C A}. That |[J{U € 8, | U C A} C A is obvious. Let z € A. Since A is
an upset, for each y € A we have = £ y. Therefore, x £, y, and as [3; is a basis for (X, 7),
there exists U, € (3, such that x € U, and y ¢ U,. It follows that A°N({U, |y € A°} = 0.
Thus, {A°}U{U, | y € A°} is a family of closed subsets of (X, 7) with the empty intersection,
and as (X, 7) is compact, there are Uy, ..., U, € f; with A“NU; N---NU, = (). Therefore,
reUnN---NU, CA. Since 3 is closed under finite intersections, we obtain that there is
U € (B such that © € U C A. Thus, A = |J{U € 5, | U C A}. Now since A is a closed

subset of a compact space, A is compact, so it is a finite union of elements of 3y, thus A € j;.
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(ii) Since every open upset is the union of clopen upsets of (X, 7, <) and f3; is a basis for
(X, 1), the result follows from (i).

(iv) and (v) are proved similarly to (i) and (ii).

(iii) Since closed upsets are intersections of clopen upsets of (X, 7, <), and clopen upsets are
elements of (31, closed upsets are intersections of elements of 3. Because 8, = {U° | U € (5},
intersections of elements of [3; are intersections of complements of elements of (35, so are
complements of unions of elements of (5. As unions of elements of 35 are elements of
To, we obtain that closed upsets are complements of elements of 75, so are elements of ds.
Consequently, ClUp(X, 7, <) = 0s.

(vi) is proved similarly to (iii). .

Proposition 3.5. Let (X, 7, m) and (X', 7], 7}) be pairwise Stone spaces. If f : (X, 1, 1) —
(X', 7,75 is bi-continuous, then f : (X,7,<) — (X',7,<') is continuous and order-
Preserving.

Proof. Since f is bi-continuous, the f inverse image of every element of 7{ U 75 is an
element of 7 UTy. As 71 U7} is a subbasis for (X, 7'), it follows that f : (X,7) — (X', 7') is
continuous. Also, since the f inverse image of an element of 7/ is an element of 7, and <'=</,
it follows that f : (X, <) — (X', <) is order-preserving. Thus, f: (X, 7,<) — (X', 7, <))
is continuous and order-preserving. -

We define the functor ® : PStone — Pries as follows. For (X, 7, 7) a pairwise Stone
space, we put ®(X, 7, 7) = (X, 7,<), and for f : (X, 7,<) — (X', 7/, <) a bi-continuous
map, we put ®(f) = f. It follows from Propositions 3.4 and 3.5 that ® is well-defined.

For (X, 7, <) a Priestley space, let 73 = OpUp(X, 7, <) and 75 = OpDo(X, 7, <). Clearly
71 and 7, are topologies on X.

Proposition 3.6. If (X, 1, <) is a Priestley space, then (X, T, T2) is a pairwise Stone space.
Moreover:

(i) 81 = CpUp(X, 7, <).
(ii) By = CpDo(X, T, <).
(iii) <=<i=>,.

Proof. Since (X, 7) is compact and 7Ury C 7, it follows that (X, 71, 73) is pairwise compact.
To show that (X, 7y, 7) is pairwise Hausdorff, let x,y be two distinct points of X. Since <
is a partial order, we have x £ y or y £ x. In either case, by PSA, one of the points has
a clopen upset neighborhood U not containing the other. Clearly U° is a clopen downset.
Therefore, U € 7 and U° € 1y separate x and y. Thus, (X, 71, 7) is pairwise Hausdorff.
That (X, 1, 72) is pairwise zero-dimensional follows from (i), (ii), and the fact that open
upsets are unions of clopen upsets and open downsets are unions of clopen downsets (see
Lemma 3.2(3)). Consequently, (X, 7, 7) is a pairwise Stone space.
(i) For U C X we have:

Aepy iff Aer and A€y
iff A € OpUp(X, T, <) and A° € OpDo(X, 7, <)
iff A e CpUp(X,<).

Thusa ﬁl = CpUp(X7 S)
(ii) is proved similarly to (i).
(iii) For z,y € X, by PSA, we have:
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r<y iff (VU € OpUp(X,7,<))(xeU=yel)
if (WUemn)(zelU=yecl)
iff *<;vy.

Thus, <=<;. That <=2>, is proved similarly. =

Proposition 3.7. If [ : (X,7,<) — (X', 7', <') is continuous and order-preserving, then
f (X1, 1) — (X', 71, 75) is bi-continuous.

Proof. Since f is continuous and order-preserving, U € OpUp(X', 7/, <') implies f~1(U) €
OpUp(X,7,<) and U € OpDo(X’, 7/, <) implies f~1(U) € OpDo(X, 7, <). By the definition
of the topologies, OpUp(X,7,<) = 7, OpUp(X’',7/,<") = 7/, OpDo(X,7,<) = 7, and
OpDo(X', 7', <) = 75. Thus, f: (X, 7, 7) — (X', 7], 7) is bi-continuous. —

Now we define ¥ : Pries — PStone as follows. For (X, 7, <) a Priestley space, we put
U(X,7,<)=(X,7m,7),and for f: (X,7,<) — (X', 7/, <’) continuous and order-preserving,
we put W(f) = f. It follows from Propositions 3.6 and 3.7 that ¥ is well-defined.

Theorem 3.8. The functors ® and U establish an isomorphism between the categories
PStone and Pries.

Proof. We already verified that ® and W are well-defined. That they are natural is easy
to see. Moreover, for each pairwise Stone space (X, 7, 72), by Proposition 3.4, we have
UO(X,7m,m) = U(X,7,<) = (X,0pUp(X,7,<),0pDo(X,7,<)) = (X,7,7). Also, for
each Priestley space (X, 7,<), by Lemma 3.2(4) and Proposition 3.6, we have ®U (X, T,
) =d(X,m,m) = (X,11 V7, <y) = (X, 7,<). Thus, ® and ¥ establish an isomorphism
between PStone and Priest. -

4. PAIRWISE STONE SPACES AND SPECTRAL SPACES

For a topological space (X, 7), let £(X, 7) denote the set of compact open subsets of (X, 7).
We recall that (X, 7) is coherent if £(X,7) is closed under finite intersections and forms a
basis for the topology. We also recall that a subset A of X is irreducible if A = F UG, with
F, G closed, implies that A = F or A = G, and that (X, 7) is sober if every irreducible closed
subset of (X, 7) is the closure of a point. Clearly a closed subset of X is irreducible iff it is
a join-prime element in the lattice of closed subsets of (X, 7). We will use this fact in the
proof of Proposition 4.2.

Definition 4.1. [16, p. 43| A topological space (X, T) is called a spectral space if (X, 7) is
compact, Ty, coherent, and sober.

Let (X, 7) and (X', 7") be two spectral spaces. We recall [16, p. 43] that amap f: (X, 7) —
(X', 7') is a spectral map if U € E(X’,7') implies [~1(U) € (X, 7). Clearly every spectral
map is continuous.

Let Spec denote the category of spectral spaces and spectral maps. It follows from [6]
that Spec is isomorphic to Pries. Thus, by Theorem 3.8, Spec is isomorphic to PStone.
Nevertheless, we give a direct proof of this result. On the one hand, it will underline the
utility of sobriety in the definition of a spectral space; on the other hand, it will provide a more
natural proof of Cornish’s result that Pries and Spec are isomorphic, by first establishing
the intermediate isomorphisms of Pries and PStone and PStone and Spec.

Proposition 4.2. If (X, 7, 7) is a pairwise Stone space, then (X, ) is a spectral space.
Moreover, £(X, 1) = (1.
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Proof. Since (X, 7, 7) is pairwise compact, it is immediate that (X, ;) is compact. It
follows from Lemma 2.5 that (X, 1) is Tp. We show that £(X, ) = (5;. By Proposition 2.9,
B1=11Nd C 1 Noy =E(X,n). Conversely, suppose that U € £(X, 7). Since 3; is a basis
for (X, ), we have U is the union of elements of 3;. As U is compact, it is a finite union
of elements of (31, thus belongs to 3; because [ is closed under finite unions. Therefore,
E(X,m) = py. It follows that £(X, ) is closed under finite intersections and forms a basis
for the topology. Therefore, (X, 7) is coherent. To show that (X, 1) is sober, let F' be a
join-prime element in the lattice of closed subsets of (X, 7). We show that F' is equal to
the closure in (X, 1) of a point of F. If not, then for each x € F' there exists y € F' such
that y ¢ Cly(x). Therefore, there exists U, € (3, such that y € U, and z ¢ U,. Let U, = Uy
Then x € U, € (5, y ¢ U,, and F is covered by the family {U, | x € F'}. Since F' € §; C 09,
there exist xy,...,x, € F such that F C U,, U---UU,, . As F is join-prime in ¢; and for
each i we have U, € 3, C ¢y, there exists k such that /' C U,,. On the other hand, the y;
corresponding to z, belongs to [’ and does not belong to U,,, a contradiction. Thus, there
is x € F such that F' = Cly(z). Consequently, (X, 1) is sober, and so (X, 7) is a spectral
space. -

Proposition 4.3. Let (X, 1, 7) and (X', 7{,75) be two pairwise Stone spaces. If f: (X, m,
7o) — (X', 7], 74) is bi-continuous, then f: (X, m) — (X', 7{) is spectral.

Proof. Since f is bi-continuous, by Proposition 4.2, we have:

Ue&X',m) = Uep

Uernd,

f_l(U) c T1 N 52

fHU) € By

f_l(U) c 5<X,7'1).

Thus, f is spectral. -

We define the functor F : PStone — Spec as follows. For a pairwise Stone space
(X, 71, 72), we put F(X,7,7) = (X,7), and for f: (X, 7,7) — (X', 7], 7}) bi-continuous,
we put F(f) = f. It follows from Propositions 4.2 and 4.3 that F is well-defined. Note that
F is a forgetful functor, forgetting the topology 7.

For (X, 7) a spectral space, let 77 = 7 and 7, be the topology generated by the basis
AX,7)={U°|U € E(X,1)}.

Remark 4.4. Let (X, 7) be a topological space. We recall (see, e.g., [23, Def. 4.4]) that the
de Groot dual of 7 is the topology 7* whose closed sets are generated by compact saturated
sets of (X, 7). Since in a spectral space (X, 7) the compact saturated sets are exactly the
intersections of compact open sets, we obtain that the topology generated by A(X, ) is
exactly the de Groot dual 7* of 7.

=
=
=
=

Proposition 4.5. If (X,7) is a spectral space, then (X, T1,72) is a pairwise Stone space.
Moreover:

(i) B =E(X, 7).

(i) B2 = AX,7).

Proof. First we show that (X, 7, 7) is pairwise compact. For this it suffices to show that
any collection K C £(X,7) U A(X,7) with the FIP (Finite Intersection Property) has a
nonempty intersection. Let 6 = {F | F° € 7} denote the collection of closed subsets of
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(X, 7). Since A(X,7) C 0, we have that K C (X, 7)UJ. To show that [ K # 0, by Zorn’s
Lemma, we extend K to a maximal subset M of £(X,7)Ud with the FIP. Let C' denote the
intersection of all 7-closed sets in M; thatis, C'= (\{F | F € MNd}. Since (X, 7) is compact,
C' € ¢ is nonempty. Because (X, 7) is closed under finite intersections, it is easy to see that
the collection M U{C'} has the FIP, and as M is maximal, we have C' € M. We show that C
is irreducible. Suppose that C' = AUB and A, B € §. If M U{A} and M U{B} do not have
the FIP, then there exist A;,..., A, € M with A;nN---NA, NA=0and By,...,B,, € M
with By N ---N B,, N B = (. This implies that A;N---NA,NB;N---NB,NC =0,
which is a contradiction. Therefore, either M U {A} or M U {B} has the FIP. Since M is
maximal, either A € M or B € M. Because of the choice of (', this implies that either
C C Aor C C B, and so either C = A or C' = B. Thus, C is irreducible. As (X, 7) is sober,
C = Cl(x) for some x € X. It is clear that x belongs to all F' € M N § since C' C F for all
such F. Moreover, for each U € M NE(X, 1), we have U N Cl(z) = U NC # (. Since U is
open in (X, 7), this implies that x € U. Therefore, z € (Y M, so z € (K, as K C M, and
so (VK # 0. Consequently, (X, 71, 7) is pairwise compact.

We show that 51 = £(X, 7) and § = A(X, 7), which establishes that (X, 71, 73) is pairwise
zero-dimensional. By the definition of 7 we have £(X,7) C 9, and so (X, 7) C f.
Conversely, since (X, 71, 7) is pairwise compact, by Proposition 2.9, we have 3 = 73 N dy C
71 Noy = E(X, 7). Therefore, f; = E(X, 7). Moreover, U € A(X,7) < U°‘e€é(X,7)=
51:T1m52 <~ UEélﬁngﬁg. ThllS, ﬁQIA(X,T).

Lastly, we have for granted that (X, 71) is Ty. Therefore, by Lemma 2.5, (X, 71, 7) is
pairwise 715, so a pairwise Stone space, which concludes the proof. -

Proposition 4.6. Let (X, 7) and (X', 7") be two spectral spaces. If f: (X, 7) — (X', 7') is
a spectral map, then f: (X, 1,7) — (X', 7], 75) is bi-continuous.

Proof. Since f is spectral, f : (X, 7)) — (X’,7]) is continuous. Moreover, for U € 3, we
have U® € ). Therefore, f~1(U) = f~1((U°)) = f~1(U%)° € By since f~H(U°) € B, as
f is spectral. Consequently, f : (X, ) — (X', 75) is continuous, and so f : (X, 7, 7) —
(X', 7{,75) is bi-continuous. —

Now we define the functor G : Spec — PStone as follows. For a spectral space (X, 7),
we put G(X,7) = (X, 7, 72), and for f: (X, 7) — (X', 7’) a spectral map, we put G(f) = f.
It follows from Propositions 4.5 and 4.6 that G is well-defined.

Theorem 4.7. The functors F and G establish an isomorphism between the categories
PStone and Spec.

Proof. We already verified that F and G are well-defined. That they are natural is easy to
see. Moreover, for each pairwise Stone space (X, 7y, 72) we have GF(X, 7, 72) = G(X, 1) =
(X, 7,72), by Proposition 4.2. Also, for each spectral space (X,7) we have FG(X,7) =
F(X,m,m) = (X,n) = (X, 7). Thus, F and G establish an isomorphism between PStone
and Spec. -

Putting Theorems 3.8 and 4.7 together, we obtain that the three categories Pries, PStone,
and Spec are isomorphic. As we pointed out in the introduction, this can be viewed as a
particular case of a more general result of [14, Ch. VI-6] that the categories of compact
order-Hausdorff spaces, pairwise compact pairwise regular bitopological spaces, and stably
compact spaces are isomorphic. It appears to be an interesting question to investigate how
far the above isomorphisms can be pushed. In other words, what are the largest categories of
ordered topological spaces, bitopological spaces, and sober spaces which are still isomorphic?
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5. DISTRIBUTIVE LATTICES AND PAIRWISE STONE SPACES

Since PStone is isomorphic to Spec and Spec is dually equivalent to DLat, it follows
that PStone is also dually equivalent to DLat. We give an explicit proof of this result.
It will show that of the dual equivalences of DLat with Spec, Pries, and PStone, the
dual equivalence of DLat with PStone is the easiest to establish. Indeed, as we will see
below, the proof of compactness of the bitopoligical dual of a bounded distributive lattice L
does not require the use of Alexander’s Lemma, hence is simpler than in the Priestley case;
moreover, the complicated proof of sobriety of the dual spectral space of L is completely
avoided in the bitopological setting.

Let L be a bounded distributive lattice and let X = pf(L) be the set of prime filters of L.
We define ¢, ¢ : L — p(X) by

dy(a)={r e X |acz}and ¢_(a)={z € X |a ¢ z}.

If we think of L as a Lindenbaum algebra and of a € L as (an equivalence class of ) a formula,
then we can think of ¢, (a) as the set of points a is true at, and of ¢_(a) as the set of points
a is false at. It is easy to check that ¢, (a) = ¢_(a)° and that the following identities hold:

Ly: ¢+( ) = 1o: ¢-(0) =X,
2;: 04(1) = 2 cb_(l) =0,
3, : <aAb> G2(a) N4 (b), 3_: d_(aAb)=o_(a)Uo_(b),
4i: ¢4(aVb) =01(a) Uy (), 4-: ¢-(aVD)=o(a)No_(b).
Let By = (L ] = {¢.(a) |a € L}, - = ¢_[L] = {¢_(a) | a € L}, 7 be the topology

generated by 3, and 7_ be the topology generated by [5_.
Proposition 5.1. (X,7,.,7_) is a pairwise Stone space.

Proof. We start by showing that (X, 7,,7_) is pairwise Hausdorff. Suppose that = # y.
Without loss of generality we may assume that x & y. Therefore, there exists a € L with
a€xanda¢y. Thus, x € ¢;(a) € 7 and y € ¢_(a) € 7—. Since ¢_(a) = ¢, (a), ¢ (a)
and ¢_(a) are disjoint. Consequently, (X, 7,,7_) is pairwise Hausdorff.

Next we show that (X, 7,,7 ) is pairwise compact. For this it is sufficient to show that
for each cover of X by elements of 3, U [_, there is a finite subcover. Suppose that X =
UH{p+(ai) | i€ IYU U{p-(b;) | j € J} for some a;,b; € L. Let A be the ideal generated
by {a; | i € I} and V be the filter generated by {b; | j € J}. If ANV = 0, then by the
prime filter lemma, there is a prime filter z of L such that V C z and z N A = (). Therefore,
z € ¢p(bj) and x € ¢_(a;) for each j € J and i € I. Thus, v ¢ ¢_(b;) and = ¢ ¢4 (a;)
for each j € J and i € I. Consequently, {¢;(a;) | i € I} U {¢p_(b;) | j € J} is not a
cover of X, a contradiction. This shows that V N A # (), and so there exist b;,,...,b;, and
Qs .., a;, such that b, A---Ab;, < a; V---Va,. Therefore, ¢, (b;;) N---Npi(b;,) C
¢4 (i, )U- - Uy (az,), implying that ¢_(bj,)U. .. ¢ (bj,) U4 (a;, )U- - U, (a;,) = X. Thus,
{0+(ai), .- 0+(ai,), p—(bj), - - -, &—(bj,) } is a finite subcover of {¢4 (a;) [ 1 € TTU {p_(b;) |
j € J}, and so (X, 7., 7_) is pairwise compact.

Let ¢, denote the set of closed subsets and o denote the set of compact subsets of (X, 7y );
0_ and o_ are defined similarly. We show that §, =7, Nd_. If U € ,, then it is clear that
U € 7,. Moreover, since U = ¢, (a) for some a € L, we have U® = ¢_(a), and so U € [_.
Thus, U € 6_,soU € 7, N6_, and so By C 7, Nd_. Conversely, let U € 7. NJ_. Since
(X, 74, 7_) is pairwise compact, by Proposition 2.9, U € 7. No,. As (3, is a basis for 7, we
have that U is a union of elements of 3. Because U is compact, it is a finite such union,
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thus an element of 3, as (3, is closed under finite unions. Consequently, 7, Nd_ C 3, and
so By =74 Nd_. A similar argument shows that 5_ = 7_Nd,. It follows that (X, 7,,7_) is
pairwise zero-dimensional, and so (X, 7,,7_) is a pairwise Stone space. .

For a bounded lattice homomorphism h : L — L' let f;, : pf(L') — pf(L) be given by
fn(z) = h~1(x). Tt is easy to check that fj, is well-defined.

Proposition 5.2. The map fy, is bi-continuous.

Proof. Let a € L. Then it is easy to verify that f, (¢, (a)) = ¢, (ha) and f, '(¢_(a)) =
¢_"(ha). Therefore, the inverse image of each element of 3, is in 5, and the inverse image
of each element of B_ is in B_". Thus, f} is bi-continuous. =

This allows us to define the contravariant functor (—), : DLat — PStone as follows.
For a bounded distributive lattice L, we let L, = (X, 7.,7_), where X = pf(L), 7, is the
topology generated by the basis 5, = ¢ [L], and 7_ is the topology generated by the basis
B_ = ¢_[L]. For h € hom(L, L), we let h, = h™'. It follows from Propositions 5.1 and 5.2
that the functor (—), is well-defined.

For a pairwise Stone space (X, 1, 72) it is easy to see that (G1,N,U, 0, X) is a bounded
distributive lattice. (Note that (32,N, U, D, X) is also a bounded distributive lattice dually
isomorphic to (G,N, U, 0, X).) If f: X — X' is a bi-continuous map, then for each U € f3;,
we have U € 7{ N §,. Since f is bi-continuous, f~*(U) € 7, N §y. Therefore, f~1(U) € ;.
Moreover, it is clear that f~! : 3] — f3; is a bounded lattice homomorphism. We define
the contravariant functor (—)* : PStone — DLat as follows. For a pairwise Stone space
(X, 71,72), we let (X, 71,7)* = (61,N,U,0, X), and for f € hom(X,X’), we let f* = f~L.
Then the functor (—)* is well-defined.

Theorem 5.3. The functors (—). and (—)* establish a dual equivalence between DLat and
PStone.

Proof. For a bounded distributive lattice L, we have L." = ¢,[L], and so ¢, is a lattice
isomorphism from L to L,*. For a pairwise Stone space (X, 71,7), let ¥ : X — X*, be
given by ¢(z) = {U € X* | v € U}. It is easy to see that ¢ is well-defined. Since X
is pairwise Hausdorff, ¢/ is 1-1. To see that 1) is onto, let P be a prime filter of 3;. We
let Q ={V € By | Q° ¢ P}. It is easy to see that @ is a prime filter of 35, and that
P U @ has the FIP. Since X is pairwise compact and pairwise Hausdorff, there is z € X
such that ((P U Q) = {z}. Therefore, ¢(xz) = P, and so ¢ is onto. Moreover, for U € [3
we have v ~1(¢(U)) = U € By and 1 (¢_(U)) = U® € (5. Therefore, f is bi-continuous.
Furthermore, for U € 3, because v is a bijection, ¥~ (¢, (U)) = U implies ¥(U) = ¢ (U),
and ¢¥~Y(¢_(U)) = U implies ¥(U¢) = ¢_(U). Thus, f is bi-open, and so f is a bi-
homeomorphism from X to X*,. That the functors (—), and (—)* are natural is standard

to prove. Consequently, (—). and (—)* establish a dual equivalence between DLat and
PStone. =

Remark 5.4. It is worth pointing out that as in the case of the spectral and Priestley dual-
ities, the dual equivalence between DLat and PStone is also induced by the schizophrenic
object 2 = {0,1}. It has many lives: In DLat it is the two-element lattice; in Spec it
is the Sierpinski space with the spectral topology 7 = {0,{1},{0,1}}; in Pries it is the
two-element ordered topological space with the discrete topology and the order < given by
r<yiff x =y or x =0 and y = 1; finally in PStone it is the two element bitopological
space with two Sierpinski topologies 71 and 7 = {0, {0}, {0,1}}.
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6. DuALITY

In this section we use the isomorphism of Pries, PStone, and Spec, and their dual
equivalence to DLat to obtain the dual description of the algebraic concepts important
for the study of distributive lattices. In particular, we give the dual descriptions of filters,
ideals, homomorphic images, sublattices, canonical completions, and MacNeille completions
of bounded distributive lattices. We also give the dual description of complete distributive
lattices. The dual description of these concepts by means of Priestley spaces is known. Some
of these concepts have also been described by means of spectral spaces. We complete the
picture by giving the spectral description of the remaining concepts as well as describing
them all by means of pairwise Stone spaces. At the end of the section we give a table,
which serves as a dictionary of duality theory for distributive lattices, complementing the
dictionary given in [27].

6.1. Filters and ideals. We start by the dual description of filters, prime filters, and maxi-
mal filters, as well as ideals, prime ideals, and maximal ideals of bounded distributive lattices
by means of Priestley spaces.

Let L be a bounded distributive lattice and let (X, 7, <) be the Priestley space of L. We
recall that the poset (Fi(L), D) of filters of L is isomorphic to the poset (ClUp(X), C) of closed
upsets of X, that the poset (Id(L), C) of ideals of L is isomorphic to the poset (OpUp(X), C)
of open upsets of X, and that the isomorphisms are obtained as follows. With each filter F
of L we associate the closed upset Cr = ({¢(a) | a € L} of X, and with each closed upset
C' of X we associate the filter Fo ={a € L | C C p(a)} of L. Then F C G iff Cr D Cg,
Fe, = F, and Cp, = C. Therefore, (Fi(L), D) is isomorphic to (ClUp(X),C). Also, with
each ideal I of L we associate the open upset U; = [J{p(a) | a € I} of X, and with each
open upset U of X we associate the ideal Iy = {a € L | p(a) C U} of L. Then I C J iff
Uy CUy, Iy, =1, and Uy, = U. Thus, (Id(L), <) is isomorphic to (OpUp(X), C).

Let (X, 71, 72) be the pairwise Stone space corresponding to (X, 7, <). By Proposition 3.6,
B1 = CpUp(X) and y = CpDo(X). Therefore, 7 = OpUp(X) and 7, = OpDo(X), and so
91 = CIDo(X) and 9y = ClUp(X). Thus, (Fi(L), D) is isomorphic to (d2,C) and (Id(L), <) is
isomorphic to (71, C). Let (X, 7) be the spectral space corresponding to (X, 7y, 72). Then
clearly (Id(L), C) is isomorphic to the poset of T3-open sets. In order to characterize (Fi(L), D)
in terms of (X, 71), we recall [14, Def. O-5.3] that a subset A of a topological space is saturated
if it is an intersection of open subsets of the space; alternatively, A is saturated if it is an
upset in the specialization order. We define A to be co-saturated if A is a union of closed
subsets; alternatively, A is co-saturated if it is a downset in the specialization order.

Let (X, 7,<) be a Priestley space, (X, 7, 7) be the corresponding pairwise Stone space,
and (X, 1) be the corresponding spectral space. Then it is clear that for A C X, we have
that the following four conditions are equivalent: (i) A is an upset of (X, 7, <), (ii) A is a
m-saturated subset of (X, 7y, 7), (iii) A is a m-co-saturated subset of (X, 71, 7), and (iv)
A is a saturated subset of (X, 7). Similarly, for B C X, we have that the following four
conditions are equivalent: (i) B is a downset of (X, 7, <), (ii) B is a 1-co-saturated subset of
(X, 71,79), (ili) B is a m-saturated subset of (X, 71, 7), and (iv) B is a co-saturated subset
of (X, Tl)-

For a pairwise Stone space (X, 7y, 73) and for i = 1,2, let S;(X) denote the set of 7;-
saturated sets and CS;(X) denote the set of 7;-co-saturated sets. Then Up(X) = S;(X) =



BITOPOLOGICAL DUALITY FOR DISTRIBUTIVE LATTICES AND HEYTING ALGEBRAS 15

CSo(X) and Do(X) = CS1(X) = So(X). This gives us the following characterization of
closed upsets and closed downsets of (X, 7, <).

Theorem 6.1. Let (X, 7,<) be a Priestley space, (X, 11,7s) be the corresponding pairwise
Stone space, and (X,m) be the corresponding spectral space. For C C X, the following
conditions are equivalent:

(1) C is a closed upset of (X, T,<).

(2) C is a mp-closed set of (X, 71, 72).

(3) C is a compact saturated set of (X, 11).

Proof. As we already observed, (1)< (2) follows from Proposition 3.6. Next we show that
(1)=(3). Since C' is an upset of X, C' is saturated in (X, 7). As C is closed in (X, 7) and
(X, 7) is Hausdorff, C' is a compact subset of (X, 7). Therefore, C' is also compact in (X, 7).
Thus, C' is compact and saturated in (X, 7). Finally, we show that (3)=-(1). Since C' is
saturated in (X, 7 ), C' is an upset of X. We show that C is closed in (X, 7). Let x ¢ C.
Then for each ¢ € C' we have ¢ £ . Therefore, there is a clopen upset U. of X such that
ceU.and x ¢ U,.. Thus, C C|J{U. | c € C}. By Propositions 3.6 and 4.2, each U, belongs
to £(X, 7). Since C is compact, there are ¢,...¢, € C such that C C U, U---UUL,,.
But then V' =U¢ N---NU; is a clopen downset of X containing x and having the empty
intersection with C'. Thus, C' is closed. -

A similar argument gives us:

Theorem 6.2. Let (X, 7,<) be a Priestley space, (X, 11,Ts) be the corresponding pairwise
Stone space, and (X, 1) be the corresponding spectral space. For D C X, the following
conditions are equivalent:

(1) D is a closed downset of (X, T,<).
(2) D is a 1 -closed set of (X, 11,7Ts).
(3) D is a compact saturated set of (X, T2).

For a pairwise Stone space (X, 7, 72) and i = 1,2, let KS;(X) denote the set of compact
saturated subsets of X. Then the following characterization of filters and ideals of a bounded
distributive lattice is an immediate consequence of the results obtained above.

Corollary 6.3. Let L be a bounded distributive lattice, (X,7,<) be its Priestley space,
(X, 11, 72) be its pairwise Stone space, and (X, 1) be its spectral space. Then:

(1) (Fi(L), 2) ~ (ClUp(X), ) = (6, C) = (KS,(X), ).

(2) (Id(L), <€) ~ (OpUp(X),S) = (1, S).

Remark 6.4. Corollary 6.3(1) is a particular case of the celebrated Hofmann-Mislove the-
orem. To see this, let X be a sober space. We recall that a filter F' of the lattice 7 of
open subsets of X is Scott open if for a family {U; | i € I} of open subsets of X, from
U{U; | i € I} € F it follows that there exist iy,...,i, € I such that U;; U---UU;, € F.
Let SFi(7) denote the set of Scott open filters of 7. Then the Hofmann-Mislove theorem
states that (SFi(7),2) is isomorphic to (KS(X),C). Observing that if X is spectral, then
(SFi(7), D) is actually isomorphic to (Fi(£(X)),2), we see that Corollary 6.3(1) expresses
the Hofmann-Mislove theorem in the particular case of spectral spaces.

Now we turn to the dual description of prime filters and prime ideals of L. Let (X, 7, <)
be the Priestley space of L. It is well-known that a filter F' of L is prime iff Cr = Tx for
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some x € X, and that an ideal I of L is prime iff U; = (|x)° for some z € X. Now we give
the dual description of prime filters and prime ideals of L by means of pairwise Stone and
spectral spaces of L.

Lemma 6.5. Let (X,7,<) be a Priestley space, (X, 71,72) be the corresponding pairwise
Stone space, and (X, 1) be the corresponding spectral space. Then for each A C X we have:
(1) Cli(4) = [CI(A).
(2) Cla(A) = 1CI(A).

Proof. (1) We have Cl;y(A) = ({B €0, | AC B} =({B € CIDo(X) | A C B}. By
Lemma 3.2(2), |CI(A) is a closed downset, and clearly A C |CI(A). Therefore, Cl;(A) C
JCI(A). Conversely, suppose that x ¢ Cl;(A). Then there is U € 7y such that € U and
UNA=1. Since 11 = OpUp(X), then U is an open upset of X. As U is open in (X, 7),
from UN A = 0 it follows that UNCI(A) = (). Because U is an upset, U N CI(A) = 0 implies
UN|CI(A) =0. Thus, x ¢ |CI(A), and so Cl;(A) = [CI(A).

(2) is proved similarly. -

Let (X, 71, 72) be a bitopological space. Following [14, Def. O-5.3], for A C X and i = 1, 2,
we define the 7;-saturation of A as Sat;(A) = ({U € 7, | A C U}. Obviously Sat(A) = 1,4
and Saty(A) = |,A. This immediately gives us the following corollary to Lemma 6.5.

Corollary 6.6. Let (X, 7,<) be a Priestley space, (X, T1,T2) be the corresponding pairwise
Stone space, and (X, 11) be the corresponding spectral space. Then for each closed set A of
(X, 1) we have:

(1) |A=Cl(A) = Saty(A).

(2) TA = Cly(A) = Saty(A).
In particular, for each v € X we have:

(1) |z = Cli(z) = Sate(x).

(2) T = Cla(z) = Saty ().

Putting these results together, we obtain the following dual description of prime filters
and prime ideals of L.

Corollary 6.7. Let L be a bounded distributive lattice, (X, 7,<) be its Priestley space,
(X, 71, 72) be its pairwise Stone space, and (X, 1) be its spectral space. For a filter F of
L, the following conditions are equivalent:

(1) F is a prime filter of L.

(2) Cp =Tz for some z € X.

(3) Cr = Cly(z) for somez € X.

(4) Cr = Saty(z) for some x € X.
Also, for an ideal I of L, the following conditions are equivalent:

(1) I is a prime ideal of L.

(2) Ur = (lx)° for some x € X.

(3) Uy = [Cly(x)]¢ for some x € X.

(4) Uy = [Saty(x)]¢ for some x € X.

Another consequence of our results is the dual description of maximal filters and maximal
ideals of L. Let (X, 7, <) be the Priestley space of L. We let maxX and minX denote the sets
of maximal and minimal points of X, respectively. From the dual description of prime filters
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and prime ideals of L it immediately follows that a filter F' of L is maximal iff Cr = {z}(= T2)
for some € maxX, and that an ideal I of L is maximal iff U; = {z}¢(= (|2)¢) for some
x € minX. This together with the above corollary immediately give us:

Corollary 6.8. Let L be a bounded distributive lattice, (X,7,<) be its Priestley space,
(X, 71, 72) be its pairwise Stone space, and (X, 1) be its spectral space. For a filter F of
L, the following conditions are equivalent:

(1) F is a mazimal filter of L.
(2) Cp =A{z} for some x € X with Tx = {z}.
(3) Cp ={z} for some x € X with Cly(z) = {z}.
(4) Cp ={z} for some x € X with Saty(x) = {x}.
Also, for an ideal I of L, the following conditions are equivalent:

(1) I is a mazimal ideal of L.

(2) Ur = {x}¢ for some x € X with |z = {z}.

(3) Uy = {x}° for some x € X with Cly(z) = {z}.
(4) Uy = {x}° for some x € X with Saty(z) = {x}.

6.2. Homomorphic images. It is well-known (see, e.g., [27, Cor. 2.5]) that homomorphic
images of a bounded distributive lattice L are in 1-1 correspondence with closed subsets of
the Priestley space (X, 7, <) of L. Now we give the dual description of homomorphic images
of L in terms of the pairwise Stone space and spectral space of L.

Lemma 6.9. Let (X, 7,<) be a Priestley space and let (X, 11,72) be its corresponding pair-
wise Stone space. For C' C X, the following conditions are equivalent.

(1) C is closed in (X, T, <).

(2) C is compact in (X, 1,<).

(3) C is pairwise compact in (X, 11, Ts).

Proof. That (1)<(2) is obvious since (X, 7) is compact and Hausdorff. That (2)=(3) is
straightforward. To see that (3)=(2), it follows from (3) that each cover {U; | i € I} of C,
with U; € 71 U 7o, has a finite subcover. Now use Alexander’s Lemma. =

For a topological space (X, 7) and a subset Y of X, let 7¥ denote the subspace topology
onY; that is, 7 ={UNY |U € 7}.

Definition 6.10. Let (X, 7) be a spectral space. We call a subset Y of X a spectral subset
of X if (Y, 1Y) is a spectral space and U € E(X,T) implies UNY € E(Y, 7).

Theorem 6.11. Let (X, 11, 7) be a pairwise Stone space and let (X, 1) be its corresponding
spectral space. For'Y C X, the following conditions are equivalent.

(1) Y is pairwise compact in (X, 11, T2).

(2) Y is a spectral subset of (X, ).

Proof. (1)=(2): Since Y is pairwise compact, by Theorem 6.9, Y is closed in the cor-
responding Priestley space (X,7,<). Let <Y denote the restriction of < to Y. Then
(Y, 7Y, <) is a Priestley space. By Propositions 3.6 and 4.2, (Y, 7)) is a spectral space. Let
U € £(X). Again using Propositions 3.6 and 4.2 we obtain U € CpUp(X, 7, <). Therefore,
UNY € CpUp(Y, 7Y, <Y). Thus, UNY € (Y, 7)), and so Y is a spectral subset of (X, 7).

(2)=-(1): Let Y be a spectral subset of (X, 1) and let A(Y, 7)) ={Y U |U € E(Y,7Y)}.
We show that 7 is the topology generated by A(Y,7}). For this we show that £(Y, 7)) =
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{UNY |U € E(X,m)}. Since Y is a spectral subset, we have {UNY | U € E(X, )} C
E(Y,7)). Conversely, suppose that U € £(Y,7{). Then thereis V € 7, such that U = VNY.
From V' € 7 it follows that V = (J{V; | i € I} for some family {V; | i € I} C £(X, 7). Then
U={V;lieI}ny =J{VinY | i€ I}. Since U is compact and V;NY are open in (Y, 77),
there exist iy,...,4, € [ such that U = (V;,NY)U---U(V;, NY) = (V;,U---UV; )NY. Let
W=V, U---uUV, . Since £(X, 1) is closed under finite unions, W € (X, ;). Therefore,
U=WnY for some W € £(X,r). Thus, E(Y,7}) C{UNY | U € £(X,7)}, and so
EY, ) ={UNnY | U € £(X,m)}. Consequently, A(Y,7})={Y —-U |U € EY,1})} =
{Y-(VNY)|Ve&X,n)}={Y-V|Ve&(X,n)}, and so 75" is the topology generated
by A(Y,7)). Now, since (Y, 7)) is a spectral space, by Proposition 4.5, (Y, )", 7J") is pairwise
compact. It follows that Y is pairwise compact in (X, 7, 7). -

Now putting the above results together, we obtain the following dual description of ho-
momorphic images of L by means of all three dual spaces of L.

Corollary 6.12. Let L be a bounded distributive lattice, (X,7,<) be its Priestley space,
(X, 71, 7) be its pairwise Stone space, and (X, ) be its spectral space. Then there is a 1-1
correspondence between (i) homomorphic images of L, (ii) closed subsets of (X, ,<), (iii)
pairwise compact subsets of (X, 1, 7), and (iv) spectral subsets of (X, ).

Proof. As follows from [27, Cor. 2.5], homomorphic images of L are in 1-1 correspondence
with closed subsets of (X, 7, <). Lemma 6.9 and Theorem 6.11 imply that closed subsets of
(X, 7,<) are in 1-1 correspondence with pairwise compact subsets of (X, 7y, 73), which are
in 1-1 correspondence with spectral subsets of (X, 7). The result follows. -

We conclude this subsection by giving an example of a subset Y of a spectral space (X, 7)
such that (Y, 7Y) is a spectral space, but there exists U € £(X, ) such that UNY ¢ (Y, 7V).
Therefore, the condition “U € £(X, 7) implies UNY € (Y, 7¥)” can not be omitted from
Definition 6.10.

Example 6.13. Let (X, 7) be the ordinal w+ 1 = wU {w} with the interval topology. Then
each n € w is an isolated point of X and w is the only limit point of X. For z,y € X we set
r<yiff z =yorx=0and y = w (see Figure 1). It is easy to verify that (X,7,<) is a
Priestley space. Let (X, 11, 72) be the corresponding pairwise Stone space and (X, 71) be the
corresponding spectral space. We let Y = X — {w}. Then (Y,7{") is a spectral space. On
the other hand, U = X — {0} is compact open in (X, 71), however U NY = w — {0} is not
compact in (Y, 7Y). Therefore, Y is not a spectral subset of (X, 7).

6.3. Sublattices. The dual description of bounded sublattices of a bounded distributive
lattice by means of its Priestley space can be found in [2, 5, 31]. We will rephrase it in our
terminology. We recall that a quasi-order @ on a set X is a reflexive and transitive relation
on X. We call the pair (X, Q) a quasi-ordered set. For a quasi-ordered set (X, @), we call
A C X a Q-upset of X if x € A and zQy imply y € A.
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Definition 6.14. Let X be a topological space and Q) be a quasi-order on X. We call () a
Priestley quasi-order on X if for each x,y € X with xy there exists a clopen Q-upset A of
X such that x € A and y ¢ A.

Theorem 6.15. [31, Thm. 3.7] Let L be a bounded distributive lattice and (X, 7, <) be the
Priestley space of L. Then there is a dual isomorphism between the poset (Sr, C) of bounded
sublattices of L and the poset (Qx,C) of Priestley quasi-orders on X extending <.

Proof. (Sketch) For S € Sy, we define Qs on X by zQgy iff NS C yNS. Then Qs € Qx,
and S C K implies Qg C Qg for each S, K € Sy. Therefore, S +— Qg is an order-reversing
map from Sy, to Qx. For @ € Qx, we let Sg = {a € L | ¢(a) is a Q-upset of X}. Then
Sg is a bounded sublattice of L, and () C R implies Sg C Sy for each @), R € Qx. Thus,
Q) — Sg is an order-reversing map from Qx to Sy. Moreover, Sg, = S and Qg, = @ for
each S € Sy and @) € Qx. It follows that the order-reversing maps S — Qg and Q) — Sg
are inverses of each other. Consequently, (Sz, C) is dually isomorphic to (Qx, C). -

Now we characterize Priestley quasi-orders extending < by means of pairwise Stone spaces
and spectral spaces.

Definition 6.16. Let (11, 72) and (7],74) be two bitopologies on X. We say that (11, T2) is
finer than (1, 75) and that (7{,75) is coarser than (11,7 if 71 C 1 and 75 C 7.

Lemma 6.17. Let (X, 7, <) be a Priestley space and (X, 1, 72) be the corresponding pairwise
Stone space. Then the poset (Qx, C) of Priestley quasi-orders on X is dually isomorphic to
the poset (Zx,C) of pairwise zero-dimensional bi-topologies on X coarser than (11, T2).

Proof. For a Priestley quasi-order ) on X, let 7'1 be the set of open Q-upsets and 72Q be
the set of open )-downsets of X. Clearly (TlQ, 72) is a bitopology on X coarser than (71, 7).
Moreover, ﬁlQ = TlQ N 52Q is exactly the set of clopen Q-upsets of X and ﬁQQ = 7'2Q N 5? is
exactly the set of clopen @)-downsets of X. Since @) is a Priestley quasi-order, clopen Q-
upsets are a basis for open Q-upsets and clopen ()-downsets are a basis for open ()-downsets.
Therefore, (TlQ, 7'2Q ) is pairwise zero dimensional. For two Priestley quasi-orders () and R on
X, we show Q C R implies 7f* C 7'1 and 78 C 72 . Let U € 7f. Then U is an open R-upset
of X. Since Q C R, U is also a Q-upset of X. Thus, U € TQ. That 7 C 7'2Q is proved
similarly. It follows that @) — (TlQ, 7'2Q ) is an order-reversing map from Qx to Zx.

Let (11, 75) be a pairwise zero-dimensional bitopology on X coarser than (7, 7). We define
Q(r! =) to be the specialization order of 77. Since (77, 75) is pairwise zero-dimensional, Qs )
is the dual of the specialization order of 7;. Because Q(;/ ;) is a specialization order, it is clear
that Q) is a quasi-order. From 77 C 7 it follows that @ ;) extends the specialization
order of 7;. Consequently, Q- ;) extends <. We show that Q(T/ ;) 1s a Priestley quasi-order.
If 26 1 -1y, then there ex1sts U € 7, such that z € U and y ¢ U Since (11, 75) is pairwise
ZEero- d1men51onal we may assume that U € ). Therefore, U is clopen in 7. Clearly each
U € 11 is a Q ~-upset. Thus, there exists a clopen Q- y-upset U of X such that v € U
and y ¢ U. For (7‘1,7'2) (11, 7) € Zx, we show (77, 75) C (7‘1 , 7y ) implies Qv -1y € Q71 11y
Let 2Q -y 7y7y. Then x € U implies y € U for each U € 77'. Therefore, x € U 1mphes yelU
for each Ue 7. Thus, 2Q 1 -yy. It follows that (1], 7) + Qs - is an order-reversing map
from Zx to Qx.

We show that Q¢ o) = Q and (7, et TQ),TQQ“{’T@) = (7, 74) for each Q € Qx and (77, 73) €

Zx. Indeed, 2Q o o)y iff (VU € m2)(z € U = y € U), which is equivalent to zQy since
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Qirfrt)

() is a Priestley quasi-order. Thus, Q(TlQ 2 = Q. Moreover, U € 7, iff U is an open

Q- mpy-upset of X. Clearly U € 7 implies U is an open Q- - -upset of X. Conversely,
let U be an open Q- )-upset of X. We show that U = (J{V € 7{ | V C U}. Clearly
UVern |V CU} CU. Let x € U. Since U is a Qs --upset, for each y € U we
have 2(J (s -;yy. Therefore, there exists V, € 7| such that x € V, and y ¢ V. Since
is a basis for 71, we may assume that V, € ;. Thus, ({V, | y € U} NU® = (. Since
U¢ and each V, is closed in 7 and 7 is compact, there exist V;,...,V,, € [ such that
Vin.--nV,nU*=0. SoxeWVin---NV, CUandsoU C|{V er |V CU}

(rf 7

Q
Consequently, U € 7. This implies that 7 = 7{. A similar argument shows that

QT/ ! QT’ 7! QT/ 7!l .
7 = Thus, (1, V7,1, V) = (71, 7). It follows that the order-reversing maps
Q — (2,78 and (7],7}) — Q1) are inverses of each other. Thus, (Qx, <) is dually
isomorphic to (Zx, C). —|

Definition 6.18. Let 7 be a spectral topology on X and let 7 be a coherent topology on X
coarser than . We call 7' strongly coherent if the set E(X,7") of compact open subsets of
(X, 7') is equal to the set T N o of open subsets of (X, 7') that are compact in (X, 7).

Lemma 6.19. Let (X, 7, 72) be a pairwise Stone space and (X, ) be the corresponding
spectral space. Then the poset (Zx,C) of pairwise zero-dimensional bitopologies (7{,74) on
X coarser than (11, T2) is isomorphic to the poset (SCx, C) of strongly coherent topologies 1|
on X coarser than 1.

Proof. Let (7{,7}) be a pairwise zero-dimensional bitopology on X coarser than (71, 7).
Then 77 is a topology on X coarser than 1. Let 3] = 71 Nd,. We show that £(X, 7)) = ] =
T1Noy. Let U € E(X, 7). Since 3] is a basis for 7{, U is the union of elements of /3] contained
in U. As U is compact in (X, 7{), U is a finite union of elements of (3], so U is an element of
B, and so E(X, ) C ;. Now let U € f3;. Because (X, 7y, 1) is pairwise compact, ds C 0.
Therefore, 6, C 62 C 01, and so 8] C 77N, C 71 Noy. Finally, let U € 71 Noy. Since U € 79
and £(X, 77) is a basis for 7{, U is the union of elements of £(X, 7{) contained in U. Because
U € oy and 11 C 71, U is a finite union of elements of £(X, 77). Therefore, U € £(X, 1), and
sor Noy € E(X, 7). Thus, E(X, 7)) = [ = 7/ Noy, implying that 7| is a strongly coherent
topology. For (7, 7), (1{, 7)) € Zx, if (1{,7) C (7, 7), then it is obvious that 7{ C 7{. It
follows that (71, 75) + 7, is an order-preserving map from Zy to SCx.

For a strongly coherent topology 71 on X coarser than 71, we let 75 be the topology
generated by the basis A(X,7]) = {U° | U € £(X,7])}. Let ¢] denote the set of closed
subsets of (X, 1) and &} denote the set of closed subsets of (X, 7}). We set 3] = 7 N} and
By = 15N, We show that 5] = E(X,7]) and 3, = A(X, 7). It follows from the definition
that £(X, ) C p1. Conversely, §; = 71 Ndy C 71 Ndy C 74 Noy = E(X,7]). Therefore,
B =E(X,7{). Also, U € A(X, ) it Uc e E(X,m) it U e piif U e N iff U edinNl
ifft U € p5. Thus, 5, = A(X,7]). Consequently, 3] is a basis for 7/ and [} is a basis for
75, and so (71, 75) is pairwise zero-dimensional. For 77,7/ € SCx, we show 71 C 7/ implies
(11,75) C (77,79). Let U € A(X, 7{). Then U¢ € £(X, 77). Therefore, U° € 71Noy C 77 Noy,
and so U° € E(X,7/). Thus, U € A(X,1/), so A(X,7]) € A(X,7/), and so 75 C 7. It
follows that 71 — (7{,74) is an order-preserving map from SCx to Zx.

Finally, if (71,7}) € Zx, then (X, 1)) = B}, so A(X,7{) = )}, and so the composition
Zy — SCx — Zx is an identity. Moreover, it is clear that the composition SCxy — Zy —
SCy is also an identity. Thus, (Zx, C) is isomorphic to (SCy, Q). =
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Putting Theorem 6.15 and Lemmas 6.17 and 6.19 together, we obtain the following dual
description of bounded sublattices of L by means of all three dual spaces of L.

Corollary 6.20. Let L be a bounded distributive lattice, (X, T, <) be the Priestley space of
L, (X,71,7) be the pairwise Stone space of L, and (X, 1) be the spectral space of L. Then
the poset (Sp, C) of bounded sublattices of L is dually isomorphic to the poset (Qx,C) of
Priestley quasi-orders on X extending <, and is isomorphic to the poset (Zx,C) of pairwise
zero-dimensional bitopologies on X coarser than (11, T2), and to the poset (SCx, C) of strongly
coherent topologies on X coarser than 7.

6.4. Canonical completions, MacNeille completions, and complete lattices. In the
theory of completions of lattices, or more generally of posets, the MacNeille and canonical
completions play a prominent role. Let L be a lattice. We recall that a subset S of L is
join-dense in L if for each a € L we have a = \/(la N S), and that S is meet-dense in L
if for each a € L we have a = A\(Ta N S). We further recall that the MacNeille completion
of L is a unique up to isomorphism complete lattice L together with a lattice embedding
i : L — L such that i[L] is both join-dense and meet-dense in L. Furthermore, we recall that
the canonical completion of L is a unique up to isomorphism complete lattice L7 together
with a lattice embedding j : L — L7 such that (i) for each filter F' and ideal I of L, from
FnNI=70itfollows that A j[F] £ Vj[I], (ii) the set K, = {A\j[S] | S C L} of closed
elements of L7 is join-dense in L7, and (iii) the set O, = {\/ j[S] | S C L} of open elements
of L7 is meet-dense in L.

For a Priestley space (X, 7, <), following [15, Sec. 3], we define two maps D : OpUp(X) —
ClUp(X) and J : ClUp(X) — OpUp(X) by D(U) = 1CI(U) and J(K) = ([(IntK)°)¢ for
U € OpUp(X) and K € ClUp(X). Then it follows from [15, Lemma 3.4] that D and J form
a Galois connection between (OpUp(X), C) and (ClUp(X), D). Let RgOpUp(X) denote the
set of fixpoints of J o D; that is, RgOpUp(X) = {U € OpUp(X) | JDU = U}. The next
theorem is well-known. The first half of it can be found in [15, Thm. 3.5], and the second
half in [13, Sec. 2].

Theorem 6.21. Let L be a bounded distributive lattice and (X, T, <) be the Priestley space
of L. Then L is isomorphic to RgOpUp(X) and L° is isomorphic to Up(X).

Let L be a bounded distributive lattice, (X, 7, <) be the Priestley space of L, (X, 71, 7)
be the pairwise Stone space of L, and (X, 7) be the spectral space of L. Since Up(X) =
S1(X) = CSy(X), we immediately obtain the following dual description of the canonical
completion of L.

Theorem 6.22. Let L be a bounded distributive lattice, (X, 7, <) be the Priestley space of
L, (X, 71,7) be the pairwise Stone space of L, and (X, 1) be the spectral space of L. Then
L7 is isomorphic to Up(X) = S;(X) = CSo(X).

Let L be a bounded distributive lattice, (X, 7, <) be the Priestley space of L, and (X, 7, 73)
be the pairwise Stone space of L. Since OpUp(X) = 7, ClUp(X) = dy, D(U) = Cly(U),
and J(U) = Int1(U) for U C X, we obtain that Cly : 77 — 09 and Int; : d — 71 form a
Galois connection between (71, C) and (J, D), and so the MacNeille completion L of L is
isomorphic to the fixpoints of Int; o Cly, we denote by RgOp,,(X).

Let (X, 7) be the spectral space corresponding to the pairwise Stone space (X, 7y, 72).
Then 52 = KSl(X) and Clg(U) = Sathl(U) for U g X. Let Sl = Sat1 o Cl. Then
Sy @1 — KSi(X) and Inty : KS1(X) — 7 form a Galois connection between (77, C) and
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(KS1(X),D), and so the MacNeille completion L of L is isomorphic to the fixpoints of
Int; o Sy, we denote by SatOp,(X). Consequently, we obtain the following dual description
of the MacNeille completion of L.

Theorem 6.23. Let L be a bounded distributive lattice, (X, 7, <) be the Priestley space of
L, (X,71,7) be the pairwise Stone space of L, and (X, 1) be the spectral space of L. Then
L is isomorphic to RgOpUp(X) = RgOp,,(X) = SatOp, (X).

The bitopological description of L provides a nice generalization of the characterization
of the MacNeille completion of a Boolean algebra B by means of the regular open subsets
of the Stone space (X, 7) of B. We recall that the regular open subsets of (X, 7) are exactly
the fixpoints of the composition of the maps Cl : 7 — ¢ and Int : 6 — 7. When working
with a pairwise Stone space (X, 71, 72), we consider the fixpoints of the composition of the
maps Cly and Int; between 71 and d,, respectively. Therefore, whenever 71 = 75, the pairwise
Stone space (X, 71, 72) becomes the Stone space (X,7), where 7 = 74 = 7. So 11 = T,
05 = §, Cly = Cl, Int; = Int, and the fixpoints of Int; o Cly are exactly the regular open
subsets of (X, 7). As a corollary, we obtain the well-known dual description of the MacNeille
completion of a Boolean algebra:

Corollary 6.24. Let B be a Boolean algebra and X be the Stone space of B. Then the
MacNeille completion B of B is isomorphic to the reqular open subsets RgOp(X) of X.

Since L is a complete lattice iff L is isomorphic to L, it follows from the construction of
L that L is complete iff in the dual Priestley space (X, 7, <) of L we have RgOpUp(X) =
CpUp(X) (see [26, Prop. 16] and [15, p. 948]). Such Priestley spaces were called eztremally
order disconnected in 26, p. 521]. This together with Theorem 6.23 immediately give us the
following dual description of complete distributive lattices.

Theorem 6.25. Let L be a bounded distributive lattice, (X, 7,<) be the Priestley space of
L, (X, 7, m) be the pairwise Stone space of L, and (X, ) be the spectral space of L. Then
the following conditions are equivalent:

(1) L is complete.

(2) RgOpUp(X) = CpUp(X).
(3) RgOpy,(X) = b1

(4) SatOp,(X) = E(X, 7).

In Table 1 we gather together the dual descriptions of different algebraic concepts for
bounded distributive lattices by means of their Priestley spaces, pairwise Stone spaces, and
spectral spaces obtained in this section. This can be thought of as a dictionary of duality
theory for bounded distributive lattices, complementing the dictionary given in [27].

7. DUALITY FOR HEYTING ALGEBRAS

A rather natural subclass of the class of distributive lattices is the class of Heyting algebras,
which plays an important role in the study of superintuitionistic logics. The first duality for
Heyting algebras was developed by Esakia [8]. It is a restricted version of Priestley’s duality.
In this section we develop duality for Heyting algebras by means of pairwise Stone spaces
and spectral spaces, thus providing the bitopological and spectral alternatives to the Esakia
duality.
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| DLat | Pries | PStone | Spec |
filter closed upset To-closed set compact saturated set
ideal open upset T1-open set open set
prime filter T Cla(x) Sat(x)
prime ideal (lx)° [CLy (2)]° [Cl(z)]¢
maximal filter Tz ={z} Cla(z) = {z} Sat(z) = {x}
maximal ideal (lz)¢ ={z}° [ClLi(2)]° = {z}° [Cl(x)]¢ = {z}°
homomorphic image closed subset pairwise compact subset | spectral subset
subalgebra, Q € Qx (r1,72) € Zx 7€ SCx
canonical completion | Up(X) S1(X) = CS2(X) S(X)
MacNeille completion || RgOpUp(X) RgOp,,(X) SatOp(X)
complete lattice RgOpUp(X) = CpUp(X) | B1 = RgOp;,(X) E(X) = SatOp(X)

TABLE 1. Dictionary for DLat, Pries, PStone, and Spec.

We recall that a Heyting algebra is a bounded distributive lattice (A, A,V,0,1) with a
binary operation —: A? — A such that for all a,b,c € A we have:

c<a—biffaNc<h.

Let Heyt denote the category of Heyting algebras and Heyting algebra homomorphisms.
For a topological space (X, 1), let Cp(X) denote the set of clopen subsets of X.

Definition 7.1. Let (X, 7,<) be a Priestley space. We call (X, 7,<) an Esakia space if
A € Cp(X) implies | A € Cp(X).

Let (X, <) and (X', <') be two posets. We recall that a map f: X — X' is a p-morphism
if it is order-preserving and for each x € X and 2’ € X', from f(x) < 2’ it follows that there
is y € X such that x <y and f(y) = 2/. For two Esakia spaces (X, 7, <) and (X', 7/, <’),
we call a map f: X — X’ an Esakia morphism if it is a continuous p-morphism. Let Esa
denote the category of Esakia spaces and Esakia morphisms. Then we have the following
theorem established in [8]:

Theorem 7.2. Heyt s dually equivalent to Esa.

In fact, the same functors establishing the dual equivalence of DLat and Pries restricted
to Heyt and Esa, respectively, establish the required dual equivalence. In order to de-
scribe the pairwise Stone spaces and spectral spaces dual to Heyting algebras, it is sufficient
to characterize those pairwise Stone spaces and spectral spaces that correspond to Esakia
spaces. As an immediate consequence of Lemma 6.9 and Theorem 6.11, we obtain:

Lemma 7.3. Let (X, 7,<) be a Priestley space, (X, T,73) be the corresponding pairwise
Stone space, and (X, 1) be the corresponding spectral space. For'Y C X, the following
conditions are equivalent:

(1) Y is clopen in (X, 1,<).

(2) Y and Y° are pairwise compact in (X, T, Ts).

(3) Y and Y° are spectral subsets of (X, ).

Let (X, 71, 72) be a pairwise Stone space. We call Y C X pairwise clopen if both Y and
Y¢ are pairwise compact in (X, 7y, 7). Let PC(X) denote the set of pairwise clopen subsets
of (X, 71, 72).
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Definition 7.4. Let (X, 1, ) be a pairwise Stone space. We call (X, 1, 72) a bitopological
Esakia space if A € PC(X) implies Cl;(A) € PC(X).

For a pairwise Stone space (X, 71, 72), we recall that §; denotes the collection of closed
subsets of (X, 1), that 5 denotes the collection of closed subsets of (X, 72), that 51 = 71Ny,
and that Gy = 75 N J;.

Theorem 7.5. Let (X, 7, 7) be a pairwise Stone space. Then (X, 1, 72) is a bitopological
Esakia space iff for each A € 1 and B € (35 we have Cli(AN B) € f3s.

Proof. Let (X, 7,<) be the Priestley space corresponding to (X, 7, 7). Suppose that
(X, 71, 79) is a bitopological Esakia space, A € (31, and B € ;. Then A € 0, and A° € ¢;.
Therefore, both A and A¢ are closed in (X, 7,<). A similar argument shows that both B
and B¢ are closed in (X, 7,<). Thus, both AN B and (AN B)¢ = A°U B¢ are closed in
(X,7,<). By Lemma 6.9, both AN B and (AN B)¢ are pairwise compact in (X, 7, <),
implying that AN B € PC(X). Since (X, 7, 72) is a bitopological Esakia space, we have
Cli(AN B) € PC(X). By Lemma 7.3, Cl;(A N B) is clopen in (X, 7, <). Moreover, since
< is the specialization order of (X, 7;), we have that Cl;(A N B) is a downset of (X, 7, <).
Therefore, Cl; (AN B) € CpDo(X). By Proposition 3.4, CpDo(X) = 2. Thus, Cl;(ANB) €
Pa.

Conversely, suppose that (X, 71, 7) is a pairwise Stone space and for each A € 3 and
B € [, we have Clj(AN B) € (B. Let A € PC(X). By Lemma 7.3, A is clopen in
(X, 7,<). Since CpUp(X)UCpDo(X) is a subbasis for 7 and A is compact in (X, 7), we have
A=UnV)uU---U(U,NV,) for some Uy,...,U, € CpUp(X) and V1,...,V, € CpDo(X).
By Proposition 3.4, CpUp(X) = 3; and CpDo(X) = (5. Therefore, for each i = 1,...,n we
have Cll(UZ N ‘/z) c ﬁz. Thus, Cll(A) - Cll[(Ul N ‘/1) u---u (Un N Vn)] == Cll(Ul N ‘/1) U
- UCL(U,NV,) € By = CpDo(X). This implies that Cl;(A) is clopen in (X, 7, <), so by
Lemma 7.3, Cl;(A) € PC(X), and so (X, 71, 72) is a bitopological Esakia space. .

From now on we will call a pairwise Stone space a bitopological Esakia space if it satisfies
the condition of Theorem 7.5.

Theorem 7.6. Let (X, T, <) be a Priestley space and (X, T, T3) be the corresponding pairwise
Stone space. Then (X, T, <) is an Esakia space iff (X, 1, 72) is a bitopological Esakia space.

Proof. Since Cp(X) = PC(X) and for A € PC(X) we have Cl;(A) = | A, the result follow.
_|
In order to characterize morphisms between bitopological Esakia spaces, we recall the
following characterization of p-morphisms.
Lemma 7.7. [10, pp. 17-18] For two posets (X, <) and (X', <') and a map f: X — X',
the following conditions are equivalent:
(1) f is a p-morphism.
(2) For each x € X we have f(Tx) = 1f(z).
(3) For each 2’ € X" we have f~Y(|2') = | f~1(2).

Definition 7.8. Let (X, 7, 7) and (X', 7{,75) be two bitopological Esakia spaces. We call
a map f: X — X' a bitopological Esakia morphism if f is bi-continuous and f(Cly(z)) =
Cly(f(x)) for each x € X.

Let (X, 7, <) and (X', 7", <) be two Esakia spaces, (X, 1, 72) and (X', 7{,75) be the cor-
responding bitopological Esakia spaces, and f : X — X’ be bi-continuous. By Corollary 6.6,
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for each x € X we have Tz = Cly(z) and |2 = Clj(z). Therefore, by Lemma 7.7, f is an
Esakia morphism iff f is a bitopological Esakia morphism iff f~!(Cl;(z')) = CLi(f~(z")).

Let BEsa denote the category of bitopological Esakia spaces and bitopological Esakia
morphisms. Clearly BEsa is a proper subcategory of PStone. Moreover, putting the
results obtained above together, we obtain:

Theorem 7.9. The categories Esa and BEsa are isomorphic. Consequently, Heyt is dually
equivalent to BEsa.

Let (X, 7) be a spectral space. We call Y C X a doubly spectral subset of (X, 7) if both Y
and Y are spectral subsets of (X, 7). Let DS(X) denote the set of doubly spectral subsets
of X.

Definition 7.10. Let (X, 7) be a spectral space. We call (X, T) a spectral Esakia space if
A € DS(X) implies C1(A) € DS(X).

Theorem 7.11. Let (X, 7, 72) be a pairwise Stone space and (X, ) be the corresponding
spectral space. Then (X, 11, T) is a bitopological Esakia space iff (X, 1) is a spectral Esakia
space.

Proof. By Lemma 7.3, PC(X) = DS(X). The result follows. —

For two spectral Esakia spaces (X, 7) and (X', 7'), we call a map f: X — X’ a spectral
Esakia morphism if f is spectral and f(Sat(x)) = Sat'(f(x)).

Let (X, 7, 7) and (X', 7{,75) be two bitopological Esakia spaces and (X, 7;) and (X', 1)
be the corresponding spectral Esakia spaces. By Corollary 6.6, for each x € X we have
Cly(z) = Saty(z) and Cly(z) = Sato(x). Therefore, a bi-continuous map f : X — X’ is a
bi-Esaki morphism iff f is a spectral Esakia morphism iff f~'(Cly(2")) = Cly(f~!(2)).

Let SpecE denote the category of spectral Esakia spaces and spectral Esakia morphisms.
Clearly SpecE is a proper subcategory of Spec. Moreover, putting the results obtained
above together, we obtain:

Theorem 7.12. The categories Esa, BEsa, and SpecE are isomorphic. Consequently,
Heyt is also dually equivalent to SpecE.

Remark 7.13. In Remark 5.4 we pointed out that the duality between DLat and the
categories Pries, PStone, and Spec can be obtained through the schizophrenic object 2.
On the other hand, there is no schizophrenic object that induces the duality for Heyting
algebras. To see this, let there exist a schizophrenic object S in Heyt such that the duality
between Heyt and, say, Esa is obtained through S. Then S is also an object of Esa and the
functors (—), : Heyt — Esa and (—)* : Esa — Heyt can be described through S; that is,
for each object A of Heyt, the carrier of A, is the set Hompeyt (A, S) and for each object X
of Esa, the carrier of X* is the set Hompgg, (X, S). Therefore, the isomorphism ¢ : A — A"
is given by ¢(a)(h) = h(a) for each a € A and h € A,. Thus, if a # b in A, then there exists
h € Hompyeyt (A, S) such that h(a) # h(b). We show that this leads to a contradiction. Let
A be a linearly ordered Heyting algebra with the second largest element a. Then a # 1. We
observe that each h € Hompeyt(A, S) for which h(a) # 1 is injective. Indeed, let b < ¢ < a.
If h(b) = h(c), then h(b) = h(c — b) = h(c) — h(b) = 1. This together with h(b) < h(a)
imply h(a) = 1, a contradiction. Consequently, such an S cannot exist because it would
contain a subset of an arbitrarily large cardinality. Clearly this argument does not depend
on the category Esa. In fact, it shows that there is no co-generating object in Heyt, and
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hence the duality for Heyting algebras can not be induced by a schizophrenic object. For a
general discussion of co-generators and dualities which are obtained through schizophrenic
objects we refer to Johnstone [17, p. 254].

The dual description of algebraic concepts important for the study of Heyting algebras
is similar to that of bounded distributive lattices. The dual description of filters, prime
filters, and maximal filters as well as ideals, prime ideals, and maximal ideals is exactly the
same. So is the dual description of the canonical completions. On the other hand, the dual
description of the MacNeille completions gets simplified [15, Sec. 3] because in the case of
Heyting algebras, we have D = CI.

It is well-known that homomorphic images of a Heyting algebra A are characterized by its
filters. Consequently, unlike the case of bounded distributive lattices, homomorphic images
of a Heyting algebra A dually correspond to closed upsets of the Esakia space of A. Therefore,
homomorphic images of A dually correspond to 7»-closed subsets of the bitopological Esakia
space of A, and to compact saturated subsets of the spectral Esakia space of A.

We give the dual description of subalgebras of a Heyting algebra. For a quasi-ordered set
(X, Q), we define an equivalence relation F on X by zFy iff xQy and yQz.

Definition 7.14. Let (X, 7,<) be a Priestley space and Q) be a Priestley quasi-order on X
extending <. We call Q) an Esakia quasi-order if for each x,y € X, from xQy it follows that
there exists z € X such that x < z and zFEy.

Remark 7.15. Let (X, 7, <) be a Priestley space and F be an equivalence relation on X.
We call E an Esakia equivalence relation if E viewed as a quasi-order is a Priestley quasi-
order on X and TE(z) C E(]z). It is easy to see that if () is an Esakia quasi-order, then
E is an Esakia equivalence relation. For an Esakia equivalence relation F, we define () on
X by zQy iff there exists z € X such that + < z and zFy . Then for an Esakia space X,
it is easy to see that () is an Esakia quasi-order. Thus, for an Esakia space X, there is an
isomorphism between Esakia quasi-orders on X ordered by inclusion and Esakia equivalence
relations on X ordered by inclusion.

Theorem 7.16. Let A be a Heyting algebra and (X, 7,<) be the Esakia space of A. Then
the poset (HS 4, C) of Heyting subalgebras of A is dually isomorphic to the poset (EQx, C) of
Esakia quasi-orders on X.

Proof. In view of Theorem 6.15, it is sufficient to show that if S € HS,, then Q¢ € EQx,
and that if ) € EQx, then Sg € HS4. Let S € HS4. By Theorem 6.15, (g is a Priestley
quasi-order on X extending <. Suppose that rQsy. Then NS C yNS. Let F be
the filter of A generated by z U (y N S). Then F' is a proper filter of A with x C F and
FnNnS =ynS. By Zorn’s lemma we can extend F' to a maximal such filter z. The
standard argument shows that z is prime. Therefore, there exists z € X such that z < z
and zFEgy. Thus, Qs € EQx. Now let @ € EQx. By Theorem 6.15, Sy is a bounded
distributive sublattice of A. For a,b € Sy we have ¢(a), ¢(b) are Q-upsets of X. We show
that ¢(a — b) = ¢la) — 6(b) = [L(é(a) — GB)° = {z € X | 12N é(a) C o(b)} is also a
Q-upset of X. Let x € ¢(a — b) and xQy. We show that TyN¢(a) C ¢(b). Let u € TyNo(a).
Then y < w and u € ¢(a). Therefore, zQu, and so there exists z € X such that x < z and
zEu. Since zEu, u € ¢(a), and ¢(a) is a Q-upset, we have z € ¢(a). This implies that
z € TeN@(a) an as TeNe(a) C ¢(b), we obtain z € ¢(b). Now zEu and ¢(b) being a Q-upset
imply that u € ¢(b). Consequently, Ty N ¢(a) C ¢(b), so y € ¢(a — b), and so ¢(a — b) is a
Q-upset. It follows that a,b € Sg implies a — b € Sg, and so Sy € HS 4. -
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As a consequence of Remark 7.15 and Theorem 7.16, we obtain the following well-known
dual description of subalgebras of Heyting algebras [8, Thm. 4]: The poset of Heyting sub-
algebras of a Heyting algebra A is dually isomorphic to the poset of Esakia equivalence
relations on the Esakia space X of A.

Now we give the dual description of subalgebras of Heyting algebras by means of bitopo-
logical Esakia spaces and spectral Esakia spaces. Let (X, 7, 7) be a bitopological Esakia
space. We call a bitopology (71, 75) an Esakia bitopology on X if (7{,7}) is pairwise zero-
dimensional and A € 1, B € 3 imply Cl;(AN B) € f}. Let (EBx, C) denote the poset of
Esakia bitopologies on X coarser than (71, 7s).

Lemma 7.17. Let (X, 7,<) be an Esakia space and (X, T, 72) be the corresponding bitopo-
logical Esakia space. Then (EQx, C) is dually isomorphic to (EBx, C).

Proof. In view of Lemma 6.17, we only need to show that if Q € EQy, then (72, 75 ) € EBy,
and that if (7, 7;) € EBx, then Qs ) € EQx. Let @ € EQx. By Lemma 6.17, (7, © 9 s
a zero-dimensional bitopology coarser than (11, T2). Moreover, 51 coincides with the set of
clopen Q-upsets and ﬁf coincides with the set of clopen @-downsets of (X, 7, <). Therefore,
for A € ﬁ? and B € ﬁf we have that A is a clopen Q-upset and B is a clopen (Q-downset of
(X, 7,<). Since @ is an Esakia quasi-order, by Theorem 7.16, the lattice of clopen @-upsets
of (X, 7, <) is a Heyting subalgebra of the Heyting algebra of all clopen upsets of (X, 7, <).
Thus, | (AN B) is a clopen Q-downset of (X, 7, <), and so l(A N B) € ﬁ By Corollary
6.6, Cl(AN B) = [(AN B). Consequently, Cl;(AN B) € 3, and so (TIQ,TQ) € EBx.
Now suppose that (71,75) € EBx. By Lemma 6.17, Q(r/ ;) is a Priestley quasi-order on
X extending <. We show that the lattice of clopen Q- -)-upsets of (X, 7, <) is closed
under —. Let A and B be clopen Q) -y-upsets of (X, 7, <) Then A € ] and B¢ € (3.
Therefore, Cl; (AN B°) € 3, and so CI (A N B¢) is a clopen @/ -y-downset of (X, 7, <). By
Corollary 6.6, Cl; (AN B¢) = [(AN B¢). Consequently, | (AN B°) is a clopen @ -;)-downset
of (X,7,<),s0 A — B = [[(AN B¢ is a clopen Q. -upset of (X, 7, <), and so the
lattice of clopen Q) -)-upsets of (X, 7, <) is closed under —. This implies that the lattice
of clopen Qs --upsets of (X, 7, <) is a Heyting subalgebra of the Heyting algebra of all
clopen upsets of (X, 7, <), which, by Theorem 7.16, gives us that Q) € EQx. =

Let (X, 7) be a spectral Esakia space. We call a topology 7" on X a spectml Esakia topology
if 7/ is strongly coherent and A € £(X,7’), B € A(X,7') imply CI(AN B) € A(X, 7). For a
spectral Esakia space (X, 1), let (SEx, C) denote the poset of spectral Esakia topologies on
X coarser than 7.

Lemma 7.18. Let (X, 7, 7) be a bitopological Esakia space and (X, 1) be the corresponding
spectral Esakia space. Then (EBx, C) is isomorphic to (SEx, Q).

Proof. In view of Lemma 6.19, we only need to show that if (7{,75) € EBx, then 71 € SEx,
and that if 7| € SEx, then (7{,75) € EBx. Let (7{,75) € EBx. By Lemma 6.19, 7] is a
strongly coherent topology coarser than 7;. Moreover, since 5] = £(X, 71) and 5, = A(X, 1),
for A e £(X,7]) and B € A(X,7]), we have A € 8] and B € 3}, so Cl;(AN B) € {3, and
so Cli(AN B) € A(X,7]). Therefore, 7{ € SEx. Now let 71 € SEx. By Lemma 6.19,
(11, 74) is a zero-dimensional bitopology coarser than (71, 72). Moreover, since (X, 7{) = ]
and A(X, 7)) = g}, for A € §] and B € 3}, we have A € £(X,7]) and B € A(X,7]), so
Cli(ANB) e A(X,7{), and so Cl; (AN B) € 3. Thus, (7], ) € EBx. =
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| Heyt || Esa | BEsa | SpecE
filter closed upset To-closed set compact saturated set
prime filter Tz Cla(z) Sat(z)
maximal filter Tz ={z} Cla(z) = {z} Sat(z) = {x}
ideal open upset T1-open set open set
prime ideal (lz)° Cly (z)]° Cl(z)]¢
maximal ideal (lz) = {x}° Cli(z)]¢ = {z}¢ | [Cl(2)]® = {=}°
homomorphic image closed upset To-closed set compact saturated set
subalgebra Q € EQx (r1,72) € EBx 7' € SEx
canonical completion || Up(X) S1(X) = CS2(X) | S(X)
MacNeille completion || RgOpUp(X) RgOp,5(X) SatOp(X)
complete lattice RgOpUp(X) = CpUp(X) | B1 = RgOp;,(X) | £(X) = SatOp(X)

TABLE 2. Dictionary for Heyt, Esa, BEsa, and SpecE.

Putting Lemmas 7.17 and 7.18 together, we obtain the following dual description of Heyt-
ing subalgebras of a Heyting algebra.

Corollary 7.19. Let A be a Heyting algebra, (X, T, <) be the Esakia space of A, (X, 71, 72)
be the bitopological Esakia space of A, and (X, 1) be the spectral Esakia space of A. Then
(HS 4, ©) is dually isomorphic to (EQx, C), and is isomorphic to (EBx, C) and (SEx, C).

In Table 2 we gather together the dual descriptions of different algebraic concepts for
Heyting algebras by means of their Esakia spaces, bitopological Esakia spaces, and spectral
Esakia spaces obtained in this section. This can be thought of as a dictionary of duality
theory for Heyting algebras.

We conclude by mentioning that two more natural subclasses of the class of distributive
lattices that play an important role in the study of non-classical logics are the classes of co-
Heyting algebras and bi-Heyting algebras, respectively. We recall that a co-Heyting algebra
is a bounded distributive lattice A with a binary operation +: A2 — A such that for all
a,b,c € A we have:

c>a+—biffbVve>a.

We also recall that (A, —,«) is a bi-Heyting algebra if (A, —) is a Heyting algebra and
(A, <) is a co-Heyting algebra. The first duality for co-Heyting algebras and bi-Heyting
algebras was developed by Esakia [9]. Tt is a restricted version of Priestley’s duality, and is a
modified version of Esakia’s duality for Heyting algebras [8]. The bitopological and spectral
dualities for co-Heyting and bi-Heyting algebras can be developed by an obvious modification
of the bitopological and spectral dualities for Heyting algebras developed in this section. We
skip the details, which can be recovered by an appropriate modification of the proofs given
above, and only mention that there is a dictionary of duality theory for co-Heyting algebras
and bi-Heyting algebras similar to the one for Heyting algebras given in Table 2.
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