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Abstract

We give a constructive account of the de Groot duality of stably com-
pact spaces in the setting of strong proximity lattice, a point-free repre-
sentation of a stably compact space. To this end, we introduce a notion of
strong continuous entailment relation, which can be thought of as a pre-
sentation of a strong proximity lattice by generators and relations. The
new notion allows us to identify de Groot duals of stably compact spaces
by analysing the duals of their presentations. We carry out a number
of constructions on strong proximity lattices using strong continuous en-
tailment relations and study their de Groot duals. The examples include
various powerlocales, patch topology, and the space of valuations. These
examples illustrate the simplicity of our approach by which we can reason
about the de Groot duality of stably compact spaces.
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1 Introduction

De Groot duality of stably compact spaces induces a family of dualities on var-
ious powerdomain constructions. In the point-free setting, Vickers [24] showed
that the de Groot dual of the upper powerlocale of a stably compact locale is
the lower powerlocale of its dual.! In the point-set setting, Goubault-Larrecq [8]
showed that the dual of the Plotkin powerdomain of a stably compact space is
the Plotkin powerdomain of its dual; the same holds for the probabilistic pow-
erdomain.

In this paper, we give an alternative account of these results in the setting
of strong proximity lattice [16], the Karoubi envelop of the category of spectral
locales and locale maps. Strong proximity lattices have a structural duality
which reflects the de Groot duality of stably compact spaces in a simple way
(see Section 6). Moreover, a strong proximity lattice is just a distributive lattice
with an extra structure, so it does not require infinitary joins inherent in the

IStably compact locales are also known as stably locally compact locales [10, Chapter VII,
Section 4.6] or arithmetic lattices [16]. The upper and lower powerlocales of a locale correspond
to the Smyth and Hoare powerdomains of the corresponding space, respectively.
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usual point-free approach. This provides us with a convenient setting to study
the de Groot duality of stably compact spaces constructively.

To deal with stably compact spaces presented by generators and relations,
we introduce a notion of strong continuous entailment relation, which can be
thought of as a presentation of a strong proximity lattice by generators and
relations by Scott’s entailment relations [18]. The notion is a variant of that
of an entailment relation with the interpolation property due to Coquand and
Zhang [4]. Here, the structure due to Coquand and Zhang is strengthened so
that it has an intrinsic duality which reflects the de Groot duality of stably
compact spaces. The resulting structure, strong continuous entailment rela-
tion, allows us to identify de Groot duals of stably compact locales presented
by generators and relations by analysing the duals of their presentations. We
illustrate the ease with which we can reason about de Groot duality by carrying
out a number of constructions on strong proximity lattices using strong con-
tinuous entailment relations. The examples include various powerlocales, patch
topology, and the space of valuations.

Throughout this paper, we work in the point-free setting, identifying sta-
bly compact spaces with their point-free counterparts, stably compact locales.
This allows us to work constructively in the predicative sense as manifested in
Aczel’s constructive set theory [1]. However, the point of this work is not the
constructively but the simplicity of our approach by which we can analyse de
Groot duals of various constructions on stably compact spaces.

Related works

Besides the work of Coquand and Zhang [4] and that of Jung and Siinderhauf
[16] mentioned above, many authors studied stably compact spaces from the
point-free perspective (see Escard$ [6]; Jung, Kegelmann, and Moshier [15];
Vickers [24]). Among them, the notion of entailment system by Vickers [24],
which develops the idea of Jung et al. [15], is particularly related to the notion
of strong continuous entailment relation. These structures are equipped with
structural dualities which reflects the de Groot duality of stably compact spaces.

The essential difference between our approach and that of Vickers is the
following: the theory of strong continuous entailment relation is built on the fact
that stably compact locales are the retracts of spectral locales and locale maps.
Hence, the theory of strong continuous entailment relation essentially deals with
the objects of the Karoubi envelop of the latter category. On the other hand,
the theory of entailment system deals with the objects of the Karoubi envelop of
the category of spectral locales and preframe homomorphisms (see Section 4).2
In this view, the former theory treats stably compact locales as locales while the
latter theory treats them as preframes; this has to do with the simplicity of the
treatment of joins in the geometric presentation of a locale represented by the
former structure (see Section 5). Thus, if one is interested in the localic structure
of stably compact locales rather than that of preframe, it would be more natural
to work with strong continuous entailment relations. In particular, this could
potentially facilitate some of the localic constructions on stably compact locales
involving finite joins, such as patch topology and the Vietoris powerlocale, in the
setting of strong continuous entailment relations, although proper comparison

2More specifically, it suffices to consider only free frames rather than spectral locales.



is needed.

Apart from the point-free approaches mentioned above, we are motivated by
the corresponding results for stably compact spaces due to Goubault-Larrecq [8].
To derive these results, he used the notion of A-valuation due to Heckmann [9)].
It would be interesting to know if there is any connection between our approach
and the A-valuation approach. However, since we prefer to work constructively
in the point-free setting, we do not compare the two approaches in this paper.

Organisation

In Section 2, we fix some basic notions on locales. In Section 3, we introduce the
notion of proximity lattice as the Karoubi envelop of the category of spectral
locales and preframe homomorphisms. In Section 4, we give an alternative rep-
resentation for proximity lattices, called continuous entailment relation, based
on the notion of entailment system. In Section 5, we strengthen the notion of
proximity lattice to strong proximity lattice by looking into the Karoubi en-
velop of the category of spectral locales and locale maps. We also introduce the
corresponding notion of strong continuous entailment relation. In Section 6, we
formulate the duality of proximity lattices and continuous entailment relations,
and show that these dualities reflect the de Groot duality of stably compact
locales. In Section 7, we study the de Groot duals of various constructions on
stably compact locales by exploiting the correspondence between strong prox-
imity lattices and strong continuous entailment relations.

2 Preliminary on locales

A frame is a poset (X, A,\/) with finite meets A and joins \/ for all subsets of
X where finite meets distribute over all joins. A homomorphism from a frame
X to a frame Y is a function f: X — Y which preserves finite meets and all
joins. The category of locales is the opposite of the category of frames and frame
homomorphisms. We write (X)) for the frame corresponding to a locale X, but
we often regard a frame as a locale and vice versa without change of notation.

Given a set S of generators, a geometric theory over S is a set of axioms of
the form A A \/,.; A\ B, where A is a finite subset of S and (B;)ics is a set-
indexed family of finite subsets of S.® Single conjunctions and single disjunctions
are identified with elements of S. We use the following abbreviations:

T=A0, L=\/0, VB=\/{b, \ b=\ {bi}.

beB el el

An interpretation of a geometric theory T' (over S) in a locale X is a function
f18 — Q(X) such that A\,c, f(a) <x V,e; Apep, f(b) for each axiom A A
Vier A\ Bi of T'. There is a locale Sp(T’) with a universal interpretation iz: S —
Q(Sp(T)): for any interpretation f: S — Q(X) of T, there exists a unique frame
homomorphism f: Q(Sp(T")) — Q(X) such that foiz = f. In this case, Sp(T')
is called the locale (or frame) presented by T. A model of a geometric theory T'
over S is a subset & C S such that A C o« — i € I (B; C «) for each axiom

3Here, finite means finitely enumerable. A set A is finitely enumerable if there is a surjective
function f : {0,...,n — 1} — A for some natural number n. Finitely enumerable sets are also
known as Kuratowski finite sets; see e.g., Johnstone [12, D5.4].



NAFV,c; A\ Bi of T. If the models of T form a distinguished class of objects,

we call Sp(T') the locale whose models are members of that class.*

3 Proximity lattices

We recall the construction of Karoubi envelop (cf. [7, Chapter 2, Exercise B]).

Definition 3.1. An idempotent in a category C is a morphism f: A — A
such that fo f = f. The Karoubi envelop (or splitting of idempotents) of
C is a category Split(C) where objects are idempotents in C and morphisms
h: (f: A - A) — (¢9: B — B) are morphisms h: A — B in C such that
goh=h=hof.

One can show that if C is a full subcategory of D where every idempotent
splits in D and every object in D is a retract of an object of C, then D is
equivalent to Split(C).

It is well known that stably compact locales are exactly the retracts of spec-
tral locales, whose frames are the ideal completions of distributive lattices [10,
Chapter VII, Theorem 4.6]. Less well known is the fact that stably compact lo-
cales are exactly the preframe retracts of spectral locales [24, Section 3]° so that
the category of stably compact locales and preframe homomorphisms can be
characterised as the Karoubi envelop of the category of spectral locales and pre-
frame homomorphisms. Here, a preframe is a poset with directed joins (joins
of directed subsets) and finite meets which distribute over directed joins. A
preframe homomorphism between preframes is a function which preserves fi-
nite meets and directed joins. The latter fact leads to the notion of proximity
lattice [16] by considering a finitary description of the dual of the category of
spectral locales and preframe homomorphisms.

Definition 3.2. Let S and S’ be distributive lattices. A prozimity relation
from S to S’ is a relation » C S x S’ such that

(ProxI) r=b % {a € S|arb}isan ideal of S for all b € S

(ProxF) ra %' {be S |arb} is a filter of S’ for all a € S.

Here, an ideal is a downward closed subset of S closed under finite joints. A
filter is an upward closed subset of S closed under finite meets.

Let DLatpox be the category of distributive lattices and proximity relations:
the identity on a distributive lattice S is the order < on S; the composition of
proximity relations is the relational composition.

4 We differ from the standard distinction between “interpretation” and “model” wherein
the former interprets the language (here generators) and the latter in addition satisfies the
axioms of the theory over the language. In this paper, in contrast, both “interpretation”
and “model” mean an interpretation which satisfies the axioms: the latter keeps the usual
meaning of a model in the lattice of truth values, the powerset of a singleton {x}, whereas the
former means an axiom preserving interpretation in a frame more general than that of the
truth values. In locale theory, this can be expressed as the distinction between generalised
points and global points (see Vickers [23]).

5 To be precise, the results of Vickers [24] are stronger; the stably compact locales are
preframe retracts of free frames (cf. footnote 2).



The ideal completion of a distributive lattice S, denoted by Idl(S), is the
frame of ideals of S: the directed join of ideals is their union; finite joins and
finite meets are defined by

0 % oy, vy E ) v,
acl,beJ
1% g INT ¥ fanblacTbe g},

where |a def {be S| b<a}, the principal ideal generated by a. Every ideal I
is a directed join of principal ideals:

1=1\/la. (3.1)

acl

Proposition 3.3. For any proximity relation r: S — S’, there exists a unique
preframe homomorphism f: 1d1(S") — 1d1(S) such that f(Jb) = r~b for all b €
S’. Moreover, this bijection preserves identities and compositions of proximity
relations.

Proof. Tt is easy to see that a proximity relation r: S — S’ uniquely extends to
a meet-semilattice homomorphism f,.: S — Id1(S) defined by

£r(b) & b, (3.2)

By Vickers [20, Theorem 9.1.5 (i) (iv)], the function f, extends uniquely to a
preframe homomorphism f: Id1(S’) — Idl(S) by

def _
() =\ ) =r"1. (3.3)
bel
The second statement follows from the first and (3.1). O

Let Spectralp,e be the category of spectral locales and preframe homomor-
phisms: objects of Spectralp, are distributive lattices and morphisms are pre-
frame homomorphisms between the ideal completions.

Theorem 3.4. The category DLatp,oy is dually equivalent to Spectralpye.
Proof. Immediate from Proposition 3.3. (|

Since Split(Spectralpre) is equivalent to the category of stably compact lo-
cales and preframe homomorphisms, Split(DLatp,x) is dually equivalent to the
latter category. The objects and morphisms of Split(DLatp,) are called proz-
imity lattices and proximity relations respectively (cf. Jung and Stinderhauf [16]
and de Gool [19]). In what follows, we write ProxLat for Split(DLatpox)-

Notation 3.5. We write (S, <) for a proximity lattice, where S is a distributive
lattice and < is an idempotent proximity relation on S. We write r: (S, <) —
(57, <") for a proximity relation from (S, <) to (S’, <’), i.e., a proximity relation
r: S — S’ between the underlying distributive lattices such that <’or = ro< =
r.



Each proximity lattice (S, <) represents a stably compact locale whose frame
is the collection RIAI(S) of rounded ideals of S ordered by inclusion [16, Theo-
rem 11]. Here, an ideal I C S is rounded if a € I <» 3b = a (b € I).5 Directed
joins and finite meets in RId1(S) are calculated as in Id1(S); on the other hand,
finite joins in RIAI(S) are defined by

0% 0, vy E | i),

acl,beJ
where | _a def {b€ S |b=<a}. Every rounded ideal I is a directed join of its
members: I =\/ ;|- a. Let Spec(S) denote the locale whose frame is RId1(.S).

4 Continuous entailment relations

We give an alternative presentation of a proximity lattice in terms of Vickers’s
entailment system [24]. We need some constructions on finite subsets. For any
set S, let Fin(.S) denote the set of finite subsets of S. For each U € Fin(Fin(S)),
define U* € Fin(Fin(S)) inductively by

0 L {0}, UUu{A})" L {BUC|BeuU* &C cFint(4)},

where Fin™(A) denotes the set of inhabited finite subsets of A.7 Writing DL(S)
for the free distributive lattice over S, the mapping U +— U* transforms a
disjunction of conjunctions of generators in DL(S) to the conjunction of dis-
junctions of generators, or the other way around (cf. Vickers [23, Theorem 8.7]).

Definition 4.1. Let S, 5’,S” be sets and r, s be relations r C Fin(.S) x Fin(S")
and s C Fin(S") x Fin(S").

1. The relation 7 is said to be upper if Ar B — AUA’ r BUB' for all
A, A" € Fin(S) and B, B’ € Fin(5").

2. The cut composition s-r C Fin(S) x Fin(S”) is defined by

As-rC <L 3V cFin(Fin(S) VB € V* (Ar B') & VB e V(B s C)] 8

Definition 4.2 (Vickers [24, Section 6]). An entailment system is a pair (5, <)
where S is a set and < is an upper relation on Fin(S) such that < - < = <.
A Karoubi morphism r: (S,<) — (5’,<’) of entailment systems is an upper
relation r C Fin(S) x Fin(S’) such that <’ -r=r =7r- <.

Let Entsys be the category of entailment systems and Karoubi morphisms
between them: the identity on (5, <) is < and the composition of morphisms
is the cut composition; see Vickers [24, Section 5 and Section 6] for the details.

6The notion of rounded ideal makes sense in the more general setting of information sys-
tems [21].

7 In the notation of Vickers [24, Section 4], the set U* is equal to {Im~ | v € Ch(U)},
where Ch(i/) is the set of choices of U and Im+ is the image of a choice v; see Definition 12
and Definition 13, and the proof of Proposition 14 in [24].

81n [24], the cut composition of r and s is denoted by r t s using the forward notation for
the relational composition. See in particular [24, Lemma 30].



As shown in [24], Entsys is dually equivalent to the category of stably compact
locales and preframe homomorphisms. An entailment system (S, <) represents
a stably compact locale (or frame) which is a preframe retract of the free frame
over S, or equivalently, the spectral locale determined by the free distributive
lattice over S. The relation < then represents the retraction.

We now focus on the full subcategory of Entsys consisting of reflexive entail-
ment systems [24, Section 6.1], also known as entailment relations [2,18].

Definition 4.3. An entailment relation on a set S is a relation - on Fin(S)
such that

AFB oD At B,a a,AI—B(T)
A AV B, B AFB

ata(R)

for all a € S and A, A’, B, B’ € Fin(S), where “a” denotes {a} and “” denotes
the union.

Each entailment relation (S,F) is an entailment system; we write EntRel for
the full subcategory of Entsys consisting of entailment relations. As noted by
Vickers [24, Section 6.1], the category EntRel is dually equivalent to Spectralpye.
Hence EntRel is equivalent to DLatp,ox, which we now elaborate.

Definition 4.4. Let S,S" be sets and r be a relation » C Fin(S) x Fin(S").
Define a relation 77 C Fin(Fin(S)) x Fin(Fin(S")) by

UTV &L YAcUYB eV (Ar B) .

Lemma 4.5. Let S,5’, 5" be sets and r, s be upper relations r C Fin(S)xFin(S")
and s C Fin(S") x Fin(S”). Then s r=35oT.

Proof. See Vickers [24, Proposition 22 and Proposition 31]. O
An entailment relation (S, ) determines a distributive lattice DL(S, ) whose
underlying set is Fin(Fin(S)) equipped with an equality defined by

U=V &L UFvEeVvFu.

The lattice structure is defined as follows:

0 g, uvy € yuy,

1< gy, UNY E TAUB|AcU& BeV).

It is easy to check that joins and meets are well-defined with respect to = and
that the order determined by DL(S,F) is .
If r: (S,F) — (S',F) is a Karoubi morphism, then

-~ _ — ~

For=F -r=r=r-F=7rok

by Lemma 4.5. Then, it easy to see that 7 is a proximity relation from DL(S, )
to DL(S’, ).

9In Vickers’s notation [24, Proposition 25|, we have U 7V <= U T V*.



Proposition 4.6. The assignment r — 1 determines a functor E: EntRel —
DLatp,ox, which establishes equivalence of EntRel and DLatp,ox.

Proof. Functoriality of E follows from the construction of DL(S,F) and Lemma 4.5.

Moreover, F is faithful because A r B <> {A} 7 {B}". To see that E is full, for

any proximity relation r: DL(S, ) — DL(S’,'), define # C Fin(S) x Fin(S’) by
Ai B &L (Ayr (B},

Clearly, we have U 7V < U r V. Moreover

A #) B < {A} (- -7){B}"
s {A} (H o?) {B}"
— {A} (Hor){B}
— {A}r{B}
<~ A7t B.

Similarly 7 -+ = 7, so 7 is a Karoubi morphism. Thus F is full. To see that
E is essentially surjective, for any distributive lattice (S,0,V,1,A), define an
entailment relation (S,F) by

ArB &L ANA<VB. (4.1)

Then, define relations » C S x Fin(Fin(S)) and s C Fin(Fin(S)) x S by

aru<d:ef>a§\//\A, Usa &L \//\Aga.
Aeu Aeu

It is straightforward to show that r» and s are proximity relations between S
and DL(S,F) and inverse to each other. O

Remark 4.7. By the standard construction (Mac Lane [17, Chapter IV, Sec-
tion 4, Theorem 1]), we can define a quasi-inverse D: DLatp,ox — EntRel of
FE: EntRel — DLatp,ox by

D(S,0,v,1,A) & (5,1),

where F is defined by (4.1). The functor D sends a proximity relation r: S — S’
to a Karoubi morphism D(r): D(S) — D(S’) defined by
AD(r)B &L NArVB.
By Proposition 4.6, the category Split(EntRel) is equivalent to ProxLat, and
hence dually equivalent to the category of stably compact locales and preframe

homomorphisms. Unfolding the definition of Split(EntRel), we have the follow-
ing characterisations of its objects and morphisms (Definition 4.8 and 4.9).

Definition 4.8. A continuous entailment relation is an entailment relation
(S, F) equipped with an idempotent Karoubi endomorphism < C Fin(.5) x Fin(.S)
on (S,F). We write (S,F, <) for a continuous entailment relation.



Note that each continuous entailment relation (S,F, <) has an associated
entailment system (S, <).

Definition 4.9. Let (5,1, <) and (S’,}H, <) be continuous entailment rela-
tions. A prozimity map from (S,F, <) to (S',F,<’) is a Karoubi morphism
between entailment systems (S, <) and (S, <’).

In the following, we write ContEnt for Split(EntRel). Since an entailment
system (S, <) can be identified with a continuous entailment relation (.5, (), <)
where

A)B €% (FaeS)ac ANB,
the category Entsys can be regarded as a full subcategory of ContEnt. On
the other hand, each continuous entailment relation (S,F, <) is isomorphic to
(S, 0, <) with < being the isomorphism. Thus, we have the following.

Proposition 4.10. The categories ContEnt and Entsys are equivalent. O

5 Strong proximity lattices

Proximity lattices and continuous entailment relations have nice structural du-
ality, which will be elaborated in Section 6. However, stably compact locales
represented by these structures do not seem to admit simple geometric presen-
tations. In the case of a proximity lattice (S, <), for example, Spec(S) can be
presented by a geometric theory over S with the following axioms:

a1 (ifa=<0), ckaVvb (ife<ad Vv, ,d <ab <b),
THI, aANbt (aND), atb (if a <)), (5.1)
akb  (ifa<Db), ak\/ b
b<a

In the case of continuous entailment relations (or entailment systems), the pre-
sentations of the locales represented by these structures are more elaborate;
see Vickers [24, Corollary 44]. To obtain a simpler presentation of Spec(S), we
strengthen the notion of proximity lattice to strong proximity lattice [16], which
can be obtained from the well-known fact that stably compact locales are the
retracts of the spectral locales.

5.1 Strong proximity lattices

We start from a finitary description of locale maps between spectral locales.

Definition 5.1. Let S and S’ be distributive lattices. A proximity relation
r: S — S’ is said to be join-preserving if

(Prox0) ar 0 — a=0,
(ProxV) ar (bV'¢) = T, e Sa<t Vv &brb&dre).

Proposition 3.3 restricts to join-preserving proximity relations and frame
homomorphisms.



Proposition 5.2. For any join-preserving proximity relationr: S — S’ between
distributive lattices, there exists a unique frame homomorphism f: I1dl(S") —

Id1(S) such that f(Ib) =r~b for allb e S’.

Proof. The proof is similar to Proposition 3.3. One only has to note that a
join-preserving proximity relation r: S — S’ uniquely extends to a lattice ho-
momorphism f,: " — Idl(S) defined as (3.2). The desired conclusion then
follows from Vickers [20, Theorem 9.1.5 (iii) (iv)]. O

Let DLatyprox be the subcategory of DLatp,x where morphisms are join-
preserving proximity relations. Let Spectral be the category of spectral locales
and locale maps. The following is immediate from Proposition 5.2.

Theorem 5.3. The category DLatyp,ox is equivalent to Spectral. O

Since Split(Spectral) is equivalent to the category of stably compact locales
and locale maps, Split(DLatp,ox) is equivalent to the latter category. The
objects and morphisms of Split(DLatp.ox) are called V-strong prozimity lattices
and joint-preserving prozimity relations respectively (cf. van Gool [19, Definition
1.2 and Definition 1.9]). We write JSProxLat for Split(DLat,p,x) and adopt the
similar notation as in Notation 3.5 for V-strong proximity lattices and join-
preserving proximity relations between them.

As in the case of proximity lattices, each V-strong proximity lattice (.S, <)
represents a stably compact locale by the collection RIdI(S) of rounded ideals.
In this case, the locale Spec(S) can be presented by a simpler geometric theory
than (5.1), as we now show.

Let X and Y be locales. A function f: Q(X) — Q(Y) is Scott continu-
ous if it preserves directed joins. A Scott continuous function is a suplattice
homomorphism if it preserves finite joins (and hence all joins).

Definition 5.4. Let (S, <) be a V-strong proximity lattice and X be alocale. A
depo interpretation of (S, <) in X is an order preserving function f: S — Q(X)
such that f(a) = V-, f(b). A dcpo interpretation f: S — Q(X) is called a
suplattice (preframe) interpretation if it preserves finite joins (resp. finite meets);
f is called an interpretation if it preserves both finite joins and finite meets.

Any V-strong proximity lattice (S, <) admits an interpretation ig: S —

RIdI(S) defined by

is(a) €' | _a. (5.2)

Proposition 5.5. Let (S, <) be a V-strong prozimity lattice and X be a lo-
cale. For any (dcpo, suplattice, preframe) interpretation f: S — Q(X), there
exists a unique frame homomorphism (resp. Scott continuous function, suplat-
tice homomorphism, preframe homomorphism) f: RIAI(S) — Q(X) such that

fois=f.
Proof. See Vickers [20, Theorem 9.1.5] where an analogous fact for spectral
locales is presented. The unique extension of f is defined by f(I) def Vaer fla).

Since f is a dcpo interpretation, we have f oig = f. O

Remark 5.6. For dcpo and preframe interpretations, Proposition 5.5 holds for
proximity lattices as well. In this case, however, the function ig: S — RIdI(S)
does not necessarily preserve finite joins, so it is only a preframe interpretation.

10



Corollary 5.7. For any V-strong proximity lattice (S, <), the locale Spec(S) is

presented by a geometric theory over S with the following azioms:'°

0k L, (aVb)FaVb, THI1, aNbF (aND), atbb (ifa <b),

atb (ifa<Db), al—\/b.
b<a
Proof. Immediate from the frame version of Proposition 5.5. O

Note that models of the geometric theory in Corollary 5.7 are rounded prime
filters of (S, <), i.e., those prime filters F' on S such that a € F « 3 <
a(beF).

Let JSProxLatp,ox be the full subcategory of ProxLat consisting of V-strong
proximity lattices.

Theorem 5.8. The category JSProxLatp,ox is equivalent to ProxLat.
Proof. Given a proximity lattice (9, <), define a preorder <V on Fin(S) by
A<V B &L vo <, A3D <, B(\VC <\ D),

where

A=, B €% Yaec ATbe B(a<b). (5.3)

Let SV be the set Fin(S) equipped with the equality =" determined by <V, i.e.,

—v & v >V and define a lattice structure (SV,0Y, VY 1V AY) by
0V L g, AV B ¥ AuB,
vV def \V2 def (54)
1V = {1}, AN B = {aAbla€ Abe B}.

It is straightforward to check that the above operations respect =" and that
the lattice is distributive. Next, define a relation <Y on Fin(S) by

A<VB &L 30<, B(A<YC).

Again, it is straightforward to check that <" respects =Y. Since <y, is idem-

potent and < is a proximity relation, < is an idempotent relation. We claim

that (SV,<Y) def (SY,0Y, VvV 1V AV, <VY) is a V-strong proximity lattice. For

example, to see that (SV,<") is V-strong, suppose that A <Y B U C. Then,

there exist B’ <;, B and C' <1, C such that A <Y B’ VY C’. Since <j, C <V,

we have B’ <V B and C <V C. Moreover, A <V 0V clearly implies A <v 0V.
Define relations r C S x Fin(S) and s C Fin(S) x S by

arA<d:ef>3B<LA(a<\/B), Asa <d:ef>A<v{a}-

Then, r and s clearly respect =", so they are relations between S and SV. It

is straightforward to show that r and s are proximity relations between (S, <)
and (SY,<") and are inverse to each other. O

10The left part of axiom (a V b) - a V b denotes the generator a V b, while the right part is
the disjunction of two generators a and b. The similar remark applies to a AbF (a A b).
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By introducing V-strong proximity lattices, we have obtained a simpler ge-
ometric theory for Spec(S) (cf. Corollary 5.7). This, however, comes at the
cost of the structural duality of proximity lattices. Nevertheless, the notion of
V-strong proximity lattice is categorically equivalent to the one with a stronger
self-dual structure than that of a proximity lattice.

Definition 5.9 (Jung and Siinderhauf [16, Definition 18]). A strong prozimity
lattice is a V-strong proximity lattice (S, <) satisfying

(Proxl) 1 <a — a=1,
(ProxA) bAc<a — F' =03 = c (V' AN <a).

Let SProxLat and SProxLatp,.x be the full subcategories of JSProxLat and
JSProxLatp,ox, respectively, consisting of strong proximity lattices. In Sec-
tion 5.3, we show that SProxLat and SProxLatp,.x are equivalent to the larger
categories.

5.2 Strong continuous entailment relations

We characterise a full subcategory of ContEnt, whose objects correspond to
strong proximity lattices. The notion introduced below is a modification of that
of entailment relation with the interpolation property by Coquand and Zhang [4],
which satisfies only one direction of (5.5).

Definition 5.10. A strong continuous entailment relation is an entailment re-
lation (S,F) equipped with an idempotent relation < C S x S satisfying

34’ € Fin(S) (A <y A'F B) <= 3B €Fin(S)(AF B <., B)  (5.5)
for all A, B € Fin(S) where <, is defined as (5.3) and <y is defined by

A<y B &L WheBlaec Aa<b).

We write (S,F, <) for a strong continuous entailment relation.

Each strong continuous entailment relation (S, b, <) represents a stably com-
pact locale by a geometric theory T'(S,F, <) over S with the following axioms:

ANAFVB (fAFB), aFb (fa<b), aF\/b (5.6)
b<a
Theorem 5.11 (Coquand and Zhang [4]). For any strong continuous entail-

ment relation (S,+, <), the locale presented by T(S,F, <) is stably compact.
Moreover, any stably compact locale can be presented in this way.

Proof. See Coquand and Zhang [4, Theorem 1]. O

In the following, we often identify a strong continuous entailment relation
(S,F, <) with the theory T'(S,F, <).

We relate strong continuous entailment relations to continuous entailment
relations.

Lemma 5.12. Let S,5’,5",5" be sets and r,s,t be relations r C Fin(S) x
Fin(S”), s C Fin(S") x Fin(S"), and t C Fin(S”) x Fin(S"").
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1. If s is upper and rA = {B € Fin(S") | Ar B} is closed under finite joins
for each A € Fin(S), then (t-s)or=t-(sor).

2. If s is upper and t—D = {C € Fin(S") | C't D} is closed under finite joins
for each D € Fin(S""), then (tos)-r=to(s-7).

Proof. 1. Suppose that A ¢ - (sor) D. Then there exists V € Fin(Fin(S”)) such
that VC" € V* (A sor C") and VC € V(C t D), so for each C’ € V* there exists
Ber € Fin(S’) such that A » Ber and Ber s C'. Put B = ey« Ber. Then
Ar Band VC' € V* (B s ("), and hence A (t-s) or D. The converse is easy.

2. The proof is dual of 1. O

For each strong continuous entailment relation (S,F, <), define a relation
< on Fin(S) by
< d:efFOKU:<LOF.

Proposition 5.13. The structure (S,F, <) is a continuous entailment rela-
tion.

Proof. By item 1 of Lemma 5.12, we have
F-<-=F-(Fo=<y)=(F Fo<y=Fo=<y=<x.
Similarly < -+ = < by item 2 of Lemma 5.12. Then
L L =(=poh) < =<pob- <) =<0k =<K
Hence < is an idempotent Karoubi endomorphism on (5,+). O

Let SContEntp,ox be a category where objects are strong continuous entail-
ment relations and morphisms are proximity maps between the underlying con-
tinuous entailment relations. By the assignment (S,F, <) — (S,F, <), we can
identify SContEntp,ox with a full subcategory of ContEnt.

In what follows, we show that SContEntp,ox and SProxLatp,.x are equivalent.
First, note that the functor E: EntRel — DLatp,ox (cf. Proposition 4.6) induces
a functor

F': ContEnt — ProxLat,

which establishes equivalence of ContEnt and ProxLat. The functor F' sends each
continuous entailment relation (S, <) to a proximity lattice (DL(S,F), <)
and each proximity map r to a proximity relation 7. By Remark 4.7, F' has a
quasi-inverse G: ProxLat — ContEnt which sends each proximity lattice (S, <)
to a continuous entailment relation (59,+, <), where b is given by (4.1) and <

is defined by

A<B & NA<VB. (5.7)

Lemma 5.14. For each strong continuous entailment relation (S,F, <), the
structure F(S,F, <) = (DL(S,F), <) is a strong prozimity lattice.

Proof. We must show that (DL(S,F), <) satisfies (Prox0), (ProxV), (Prox1),
and (ProxA). As a demonstration, we show (ProxV). Suppose that U < VVW.
For each B € V* and C € W*, there exist B’ <;, B and C’ <, C such that
AFB'UC forall AcU. Put V' = {B' | Be V)" and W' = {C" | C € W*}".
Then, we have U V' VW', V' & V and W < W. 0
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Lemma 5.15. For each strong prozimity lattice (S, <), the structure (S,F, <),
where &= is defined by (4.1), is a strong continuous entailment relation. Moreover
the relation < determined by (S,F, <) is characterised by (5.7).

Proof. Straightforward. (|
By Lemma 5.14 and Lemma 5.15, we have the following.

Theorem 5.16. The functor F': ContEnt — ProxLat restricts to SContEntp,ox
and SProxLatp,ox, which establishes equivalence of the latter two categories. [

The following corresponds to the notion of join-preserving proximity relation.

Definition 5.17. Let (S,+, <) and (S’,F’, <’) be strong continuous entailment
relations. A proximity map 7: (S,F, <) — (S',F, <’) is join-preserving if

(JP) Ar B — 3U € Fin(Fin(9)) ({A} FU&YA eUTbeB(A r {b})).

Since join-preserving proximity maps are closed under composition (see the
remark below Proposition 5.20), strong continuous entailment relations and join-
preserving proximity maps form a subcategory SContEnt of SContEntpoy.

Let 1 = (0,(,=) be a terminal object in SContEnt. The notion of join-
preserving proximity map is consistent with the theory T'(S,F, <) in (5.6).

Proposition 5.18. For any strong continuous entailment relation (S,+, <),
there exists a bijective correspondence between the models of T(S,F, <) and the
join-preserving proximity maps from 1 to S.

Proof. A model « of T(S,F, <) corresponds to a join-preserving proximity map

ro: 1 — S defined by

Dro A L5 ap A

Conversely, a join-preserving proximity map r: 1 — S corresponds to a model

a,. of T(S,F, <) defined by

ar E{aeS|0r{a}}.
It is straightforward to check that the above correspondence is bijective. [l

We now restrict Theorem 5.16 to SContEnt and SProxLat. The following
should be compared with Vickers [24, Theorem 42].

Lemma 5.19. The condition (JP) is equivalent to the following:
(JPO) ArQ — A0,

(JPV) Ar BUC — 3U,V € Fin(Fin(S)) ({A} FUUV&UTIBY &V ?{C}*).

Proof. Assume (JP). For (JP0), if A r 0, then we must have {A} F () so A F ().
For (JPV), suppose that A r BUC. By (JP), there exist U,V € Fin(Fin(5)) such
that {A} F UV, and VB € UFb € B (B’ r {b}) and VC' € V3c € C (C' r {c}).
Then, VB’ €e U (B’ r B) and VC' € V (C' r C).

Conversely, assume (JP0) and (JPV). We show (JP) by induction on the size
of B. The base case B = () follows from (JP0). For the inductive case, suppose
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that A 7 BU{b}. By (JPV), there exist U,V € Fin(Fin(S)) such that A F 4/ UV,
U7T{B},and V7 {{b}}". By induction hypothesis, for each C' € U there exists
Uo € Fin(Fin(S)) such that C' F Up and VB’ € UsF' € B(B'r {b'}). Then
Ucey Uc UV witnesses (JP) for B U {b}. O

Proposition 5.20. A prozimity mapr: (S,F, <) — (S',F', <) is join-preserving
if and only if 7: (DL(S,F), <) — (DL(S',F), <) is join-preserving.

Proof. Suppose that r is join-preserving. B
(Prox0) Suppose U 7 (). By (JP0), we have A+ ) for all A € 4. Thus U + .
(ProxV) Suppose U 7V VW. Since (V VW)* = V* AW* in DL(S',}), for
each A e U, B € V* and C € W*, we have A r BUC. By (JPV), there exist
Va.B.c,Wa.g.c € Fin(Fin(S)) such that A+ V4 g.c UWa B.c, Vap.c T {B}",
and Wy p.c 7 {C}". Put

VY = \/ /\ \/ Va.B,C, W = \/ /\ \/ Wa,B,c-

AeU BeV* Cew* AeU Cew* Bev*

Then, V' 7V and W 7 W. Since

{A}ﬁ /\ /\ VA7B,(JUWA7B,C; /\ \/ Va,p,cV /\ \/ Wa.B,c

BeVv* Cew Bev* Cew= Cew=* Bev+

for each A € U, we have U - V' UW'.

Conversely, suppose that 7 is join-preserving. We show (JP0) and (JPV).
(JPO) Suppose A r (). Then {A} 7 (. Thus {4} F 0 by (Prox0), and so A I 0.
(JPV) Suppose A r BUC. Then {A} 7 {B}" vV {C}". By (ProxV), there exist
U,V € Fin(Fin(9)) such that {A} FU UV, U7 {B}*, and V7 {C}". O

In particular, since join-preserving proximity relations are closed under com-
position, so do join-preserving proximity maps.

Theorem 5.21. The categories SContEnt and SProxLat are equivalent.

Proof. By Theorem 5.16 and Proposition 5.20, the functor F': ContEnt — ProxLat
restricts to a full and faithful functor from SContEnt to SProxLat. Since ev-
ery isomorphic proximity relation between V-strong proximity lattices is join-
preserving, F' establishes an equivalence of SContEnt and SProxLat. O

By an abuse of notation, we write F': SContEnt — SProxLat and G: SProxLat —
SContEnt for the restrictions of the functor F': ContEnt — ProxLat and its quasi-
inverse G: ProxLat — ContEnt.

Remark 5.22. Many of the examples in Section 7 start from a strong prox-
imity lattice (S, <) and specify a strong continuous entailment relation which
represents the desired construction on Spec(S). The functor F: SContEnt —
SProxLat then allows us to calculate the corresponding construction on (S, <).

The presentations of stably compact locales are invariant under the equiva-
lence of SContEnt and SProxLat in the following sense.

Proposition 5.23.

1. For any strong prozimity lattice (S, <), the locale Spec(S) is presented by
G(S,=).
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2. For any continuous entailment relation (S,F, <), the locale Spec(F(S,F, <))
is presented by (S,+F, <).

Proof. 1. This is clear from the definition of G(S, <) and Corollary 5.7.

2. First, we define a bijection between interpretations of (S,F, <) in a locale
X and interpretations of GF(S,t, <) in X via a mapping a — {{a}}: S —
Fin(Fin(S)). Let f: S — Q(X) be an interpretation of (S,F, <) in X. Define
f: Fin(Fin(9)) — Q(X) by

Fu) =V A fa)

AclU acA

which clearly satisfies f({{a}}) = f(a) for all a € S. We show that f preserves
the order on DL(S,F), which implies that f respects the equality on DL(S,}).

Suppose U F V. Since f is an interpretation of (S,F, <), we have
fuy=V Aflasx AV f¥)=V A fb)=FV),
A€U a€A B'eV*beB’ BEVbEB
where <y is the order on X. Thus, f is a function on DL(S,F). Similarly, we

have d <V — f(U) <x f(V). It is also easy to check that f preserves finite
meets and finite joins. Furthermore, for any A € Fin(.S), we have

A fa)= AN\ o=\ A ro),

acA a€Ab<a B<uA beB

which implies f(U) <x Vvzu f(V). Thus, f is an interpretation of GF (S,
,=<)in X. Since U = \/ 4y Noea {{a}} for each U € Fin(Fin(S)), f is a unique
interpretation of GF(S,F, <) in X such that f({{a}}) = f(a) for all a € S.
Define js: S — RIdI(F(S,F, <)) by js(a) = | = {{a}}. Then, it is straight-
forward to show that jg is a universal interpretation of (S,F, <). O

5.3 Generated strong continuous entailment relations

To construct a new entailment relation, one often specifies a set of initial entail-
ments from which the entire relation is generated.

Definition 5.24. An aziom on a set S is a pair (A, B) € Fin(S) xFin(S). Given
a set o of axioms on S, an entailment relation (5,F) is said to be generated by
Fo if F is the smallest entailment relation on S that contains k.

We usually write A ¢ B for (A, B) € k.

Lemma 5.25. If b is a set of axioms on a set S, then the entailment relation
F generated by o is inductively defined by the following rules:
AQB(,) Ay C VYeeC(A,ct B)
AFB AA B

(AxL)

Proof. First, we show that the relation - generated by (R’) and (AxL) is an
entailment relation. The proof is by induction on the height of derivations of
the premises of each condition in Definition 4.3. For example, to see that
satisfies (T), we show that b satisfies more general condition:

AFB,a a,A+ B
A AF B, B

(T')
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Suppose A F B,a and a, A’ - B’. Then A+ B,a is derived by either (R’) or
(AxL). The former case is easy. In the latter case, A b B,a is of the form
C',C + B,a for some C o D such that Vd € D (C’,d+ B,a). By induction
hypothesis, we have A’,C’,d + B, B’ for all d € D. Hence A’,C,C’ + B, B’ by
(AxL). Next, if " is another entailment relation on S containing kg, then -’
satisfies (R’) and (AxL), so " must contain . O

Dually, we have the following.

Lemma 5.26. If g is a set of axioms on a set S, the entailment relation +

generated by ¢ is inductively defined by the following rules:
AQB(,) Vee C(AFB',¢) ChkoB
AFB A+ BB

AxR
(AxR) -

The following is useful when defining a new strong continuous entailment
relation using axioms.

Lemma 5.27. Let F be an entailment relation on a set S generated by a set ¢
of axioms. If < is an idempotent relation on S such that

1. C <y At¢ B — 3B’ € Fin(S) (C+ B’ <1, B),
2. Ao B =<, C — JA €Fin(S) (A =y A+ (C),
then (S,F, <) is a strong continuous entailment relation.

Proof. Let < be an idempotent relation on S satisfying 1 and 2. We show only
one direction of (5.5),

AFB = VC <y A3B’ € Fin(S)(C+ B' <1 B),

by induction on the derivation of A+ B. If A+ B is derived by (R’), then the
conclusion is trivial. Suppose that A, A’ - B is derived by (AxL). Then, there
exists C' € Fin(S) such that Ao C and Vc € C (A',ck B). Let D <y AU A'.
Since D <y A, there exists C’ < C such that D = C’ by 1. By induction
hypothesis, for each ¢’ € C’, there exists B. <7 B such that D, ¢ + B.. Put
B" = Jueccr Ber. Then, by successive applications of (T), we obtain D + B'.
The other direction of (5.5) follows from 2 and Lemma 5.26. O

As an application of generated strong continuous entailment relations, we
show that SProxLatp,ox and JSProxLatp,.y are equivalent. Recall that the func-
tor F': ContEnt — ProxLat restricts to an equivalence of SContEntp,o and
SProxLatprox (Theorem 5.16). Composing F' with the inclusion SProxLatp,ey <
JSProxLatpox, we get a full and faithful functor F’: SContEntp,o — JSProxLatpyex.

Lemma 5.28. The functor F' is essentially surjective.

Proof. Given a V-strong proximity lattice (S, <), define an entailment relation
F" on S by specifying its axioms as follows:

AF' B &L 3¢ eFin(S) (A <y C& NC <V B).

Using Lemma 5.27, one can show that (S,F", <) is a strong continuous entail-
ment relation. On the other hand, let G(S, <) = (S,F, <) be the continuous
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entailment relation determined by the quasi-inverse G of F' (see (4.1) and (5.7)).
It suffices to show that (S,F", <) and (S,F, <) are isomorphic as continuous
entailment relations. By induction on ", we see that

A<irn B < ICcFin(S)(A<u C& NC <V B).

Then, it is straightforward to show that < - < r = €pn = <pr - Kpr and
L - K =<K =< - K. Thus < and <~ are proximity maps <: (S, F, <) —
(S,F", <pn)and <pn: (S, ", <r) = (S, F, <) and inverse to each other. [

Theorem 5.29. The categories SContEntp,o, ContEnt, ProxLat, JSProxLatp,ox,
and SProxLatp,ox are equivalent.

Proof. By Lemma 5.28, Theorem 5.16, and Theorem 5.8. (|

Since every isomorphic proximity relation between V-strong proximity lat-
tices are join-preserving, we also have the following by Theorem 5.21.

Theorem 5.30. The categories SContEnt, JSProxLat, and SProxLat are equiv-
alent. O

6 De Groot duality

In point-set topology, the de Groot dual of a stably compact space has the same
set of points equipped with the cocompact topology: the topology generated
by the complements of compact saturated subsets of the original space. By
Hofmann—Mislove theorem, compact saturated subsets correspond to Scott open
filters, which are amenable to point-free treatment. Thus, the de Groot dual of
a stably compact locale X is defined to be the locale whose frame is the Scott
open filters on Q(X); see Escardé [5]. We relate the de Groot duality to the
structural dualities of proximity lattices and continuous entailment relations.

6.1 Duality of proximity lattices

Definition 6.1. The dual S° of a distributive lattice S = (5,0,V,1,A) is the
distributive lattice (S,1,A,0,V) with the opposite order. The dual S¢ of a
proximity lattice S = (.9, <) is the proximity lattice (S°, >).

Our aim is to give a localic account of [16, Section 4], which shows that
RId1(SY) is isomorphic to the frame of Scott open filters on RId1(S).

Definition 6.2. Let (S, <) be a proximity lattice. Write 3 (Spec(S)) for the
locale whose models are rounded ideals of S, i.e., X(Spec(S)) is presented by a
geometric theory Tx over S with the following axioms:

TEHO, aANbl (aVD), atb (if b < a),
atb  (ifb=<a), at \/b.
b>a

Let Upper(S) be the collection of rounded upper subsets of (S, <), i.e., those
subset U C S such that a € U <» 3b < a (b € U). Clearly, Upper(S) is closed
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under all joins, which are just unions. Moreover, (ProxI) ensures that Upper(S)
has finite meets defined by

1% s =10, uAvE | ti(avh),
acU,beV
where 1_a dof {b€ S|b>a}. These finite meets clearly distribute over all

joins. Hence Upper(S) is a frame.
Lemma 6.3. The frames Q(X(Spec(S))) and Upper(S) are isomorphic.

Proof. Tt is straightforward to show that a function ix: S — Upper(S) defined

by ix:(a) def 1_a is a universal interpretation of T%.. O
Proposition 6.4. The frame Q(3(Spec(S))) is the Scott topology on RIAI(S).

Proof. Tt is known that Upper(S) is the Scott topology on RIdI(S); see Vickers
[21, Lemma 2.11] or Jung and Siinderhauf [16, Lemma 14]. Then, the claim
follows from Lemma 6.3. (|

Scott open filters on a locale X are models of the upper powerlocale of X,
which is characterised by the following universal property; see Vickers [22].

Definition 6.5. The upper powerlocale of alocale X is a locale Py(X) together
with a preframe homomorphism iy: Q(X) — Q(Py (X)) such that for any pre-
frame homomorphism f: Q(X) — Q(Y) to a locale Y, there exists a unique
frame homomorphism f: Q(Py (X)) — Q(Y) such that foiy = f.

Proposition 6.6. For any prozimity lattice S, ¥(Spec(S9)) is the upper pow-
erlocale of Spec(S).

Proof. By Definition 6.2, the locale ¥(Spec(S9)) is presented by a geometric
theory T over S with the following axioms:

THI, aANbE (anD), atb (if a <),
akb  (ifa=<D), ak\/ b
b<a

By the preframe version of Proposition 5.5 (see also Remark 5.6), the universal
interpretation ir: S — Q(X(Spec(S5Y))) of T in X(Spec(S?)) uniquely extends
to a preframe homomorphism i : RIAI(S) — Q(Z(Spec(S9))) via the function
ig: S — RIAI(S) defined by (5.2). Then, it is straightforward to show that iy
satisfies the universal property of the upper powerlocale of Spec(S5). O

Theorem 6.7. For any prozimity lattice S, the frame RIAL(SY) is isomorphic
to the frame of Scott open filters on RIdI(S). Thus, Spec(SY) is the de Groot
dual of Spec(S).

Proof. Since RId1(S9) is the collection of models of X(Spec(S?)), it is isomorphic
to the frame of Scott open filters on RId1(S) by Proposition 6.6 O

We extend the duality to morphisms. The following are obvious.
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Lemma 6.8. If r: S — S’ is a proximity relation between proximity lattices,
then the relational opposite r~ is a proximity relation r~ : 4y gd, O

Proposition 6.9. The assignment r — v~ determines a dual isomorphism
(-)7: ProxLat — ProxLat®?. O

All of the categories we have introduced so far (ProxLat, ContEnt etc.) are
order-enriched categories, where homsets are ordered by the set-theoretic inclu-
sion. Thus, the following notion applies.

Definition 6.10. Let C be an order-enriched category. For morphisms f: A —
B and g: B — A, we say that f is a left adjoint to g and g is a right adjoint
to fif fog <p idp and idg <4 go f, where <4 and <p are the orders
on Hom(A, A)c and Hom(B, B)¢ respectively. In this case, (f,g) is called an
adjoint pair of morphisms from A to B.

Let ProxLatpes be the subcategory of ProxLat where morphisms from S to
S’ are adjoint pairs of proximity relations from S’ to S. The identity on (S, <)
is (<, <), and the composition of adjoint pairs (s,r) and (s',r’) is (so s, or).

Theorem 6.11. The assignment (s,r): S — S' — (r=,s7): 89 — ' deter-

. . . d =3
mines an isomorphism (-)" : ProxLatperr — ProxLatpert.
P

Proof. Since the functor ()~ : ProxLat — ProxLat®? preserves the order on mor-
phisms, for any morphism (s,7): S — S’ in ProxLatpes (i.e. an adjoint pair of
proximity relations from S’ to S), the pair (r—,s™) is an adjoint pair from 5
to 59, i.e., a morphism (r—,s7): S¢ — 5" in ProxLatpers. O

A locale map f: X — Y is perfect if the corresponding frame homomor-
phism Q(f): Q(Y) — Q(X) has a Scott continuous right adjoint g: Q(X) —
Q(Y). In this case, g is necessarily a preframe homomorphism. An adjoint pair
(s,r): S — S’ of proximity relations in ProxLatpes corresponds to a perfect map
from Spec(S) to Spec(S’). Hence, Theorem 6.11 is a manifestation of the de
Groot duality of stably compact locales in the setting of proximity lattice.

6.2 Duality of continuous entailment relations

We describe an analogous duality on the category ContEnt, and relate it to the
duality on ProxLat via the equivalence of the two categories.

Definition 6.12. T hfe dual F° of an entailment relation - on S is the relational
opposite: AF° B <= B A. The dual S9 of a continuous entailment relation
S = (S,F, <) is the continuous entailment relation (S,+°,>>).

If r: S — S’ is a proximity map between continuous entailment relations,
then r~ is a proximity map r~ : sy gd T hen, the following is obvious.

Proposition 6.13. The assignment r: S — 8" +— r~: 59— 8¢ determines a
dual isomorphism (-)~: ContEnt — ContEnt°P. O

Theorem 6.14. The equivalence F': ContEnt — ProxLat commutes with the
dual isomorphisms (-)~ on ContEnt and ProxLat up to natural isomorphism.
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Proof. For each continuous entailment relation (S,+, <), define a relation rg C
D(S,)° x D(S,F°) by

UrsV &L =Sy,
Since U < V + V* > U*, one can easily show that rg is a proximity relation
from F(S,F, <) to F((S,F,<)?) with an inverse tg defined by

VisU &5 y v

To see that rg is natural in S, for any proximity map 7: (S,F, <) — (S",F, <)
and for any U € Fin(Fin(S”)) and V € Fin(Fin(S5)), we have
U(rso(f)7)V < IW e Fin(Fin(9)) (U (7))~ W& W rg V)
W € Fin(Fin(S)) WTrU &V < W)
VvV ru
I € Fin(Fin(S")) (w* <ULV ?w*)
IW € Fin(Fin(S")) (u re W&W (r-) v)

U((r~)ors) V. O

[

Let ContEntpes be the category of continuous entailment relations and ad-
joint pairs of proximity maps which is defined similarly as ProxLatpes. The
following is analogous to Theorem 6.11.

Proposition 6.15. The assignment (s,r): S — S + (r~,s7): 9 —

determines an isomorphism (-)d: ContEntpef = ContEntperf. O

Theorem 6.16. The category ContEntpes is equivalent to ProxLatpes. The
equivalence commutes with the isomorphisms (-)d on ContEntpes and ProxLatpers
up to natural isomorphism.

Proof. Since the functor F': ContEnt — ProxLat preserves the order on mor-
phisms, it can be restricted to an equivalence between ContEntpe,s and ProxLatpes.
The second statement follows from Theorem 6.14. [l

We introduce the notion of dual for strong continuous entailment relations.

Definition 6.17. The dual of a strong continuous entailment relation (.5, +, <)
is a strong continuous entailment relation (S,+°,>).

Note that the inclusion SContEntp,o < ContEnt commutes with the dualities
on both categories. Since strong proximity lattices are closed under the duality
in the sense of Definition 6.1, Theorem 6.16 restricts to the full subcategories
SContEntpef and SProxLatpes of ContEntpes and ProxLatpef, respectively, which
consist of strong continuous entailment relations and strong proximity lattices.

7 Applications of entailment relations

We present a number of constructions on stably compact locales in the setting of
strong proximity lattices and strong continuous entailment relations and analyse
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their de Groot duals. For the sake of simplicity, we prefer to work with strong
proximity lattices rather proximity lattices because the geometric theories of
the locales represented by the former are simpler and easier to work with.

Our main tool is the following observation, together with Lemma 5.27.

Lemma 7.1. If (S,F) is an entailment relation generated by a set o of axioms,
then the dual =° is generated by to° def (B,A) | Atk B}.

Proof. Immediate from the structural symmetry of entailment relations. O

7.1 Powerlocales

We deal with the lower, upper, and Vietoris powerlocales and consider their
interactions with the construction 3(Spec(S)), the locale whose frame is the
Scott topology on RIdI(S). For the localic account of powerlocales, the reader
is referred to Vickers [22,23].

7.1.1 Lower and upper powerlocales
Lemma 7.2. Let (S, <) be a strong proxzimity lattice.

1. The locale X(Spec(S)) is presented by a strong continuous entailment
relation X(S) = (S, byx, =) where by, is generated by the following axioms:

Fv 0 a,bbFsaVd absb (ifb<a)

2. The upper powerlocale of Spec(S) is presented by a strong continuous
entailment relation Py(S) = (S,Fu, <) where by is generated by the
following azxioms:

Fol a,bFy anbd abyb (ifa<b)

In particular, (the locale whose frame is) the Scott topology and the upper pow-
erlocale of a stably compact locale are stably compact.

Proof. Tt is straightforward to check that %(S) and Py(.S) satisfy the condition
in Lemma 5.27. Then, item 1 is immediate from Definition 6.2, while item 2
follows from Proposition 6.6. (|

Note that Ay B+ 3be B(b<\/A) and Aty B« b€ B(\NA<bH).
The constructions X(.5) and Py (.S) extend to functors ¥: SProxLat®® — SContEnt
and Py : SProxLat — SContEnt, which send each join-preserving proximity rela-
tion 7: (S, <) = (57, <’) to join-preserving proximity maps X (r): 3(S") — 3(5)
and Py(r): Py(S) — Py(S’) defined by

AX(r)B &L BeBbBrVA),
APu(r)B €% e B(ANArD).
The notion of lower powerlocale is the dual of that of upper powerlocale.

Definition 7.3. The lower powerlocale of a locale X is a locale P1,(X) together
with a suplattice homomorphism ir: Q(X) — Q(P(X)) such that for any
suplattice homomorphism f: Q(X) — Q(Y) to a locale Y, there exists a unique
frame homomorphism f: Q(P,(X)) — Q(Y) such that foip = f.
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Lemma 7.4. For any strong proximity lattice (S, <), the lower powerlocale
of Spec(S) is presented by a strong continuous entailment relation Py,(S) =
(S,FL, <) where k1, is generated by the following azioms:

0Fp aVblrab abrb (ifa<b)
In particular, the lower powerlocale of a stably compact locale is stably compact.
Proof. Immediate from the suplattice version of Proposition 5.5. O

Note that A F;, B + Ja € A(a<\/ B). The construction Py,(S) ex-
tends to a functor Py,: SProxLat — SContEnt, which sends each join-preserving
proximity relation r: (S, <) — (5,<’) to a join-preserving proximity map
Pr(r): PL(S) — PL(S’) defined by

APL(r) B €L Jac A(ar\VB).

Theorem 7.5. For any strong prozimity lattice S, we have
L. Py(8)* = Py(8%) and P1(S)° = Py(s?),
2. (5% = Py(S) and 2(9)* = PL(S).
Proof. Immediate from Lemma 7.1, Lemma 7.2, and Lemma 7.4. (|

Item 1 of Theorem 7.5 is known: Vickers gave a localic proof using entail-
ment systems [24, Theorem 54], and Goubault-Larrecq proved the corresponding
result for stably compact spaces [8, Theorem 3.1]. It is notable, however, that
our proof is a simple analysis of axioms of entailment relations.

In the following, compositions such as Py (2(S)) should be read as Py (F(2(.5))),
where F': SContEnt — SProxLat is the functor establishing the equivalence of
the two categories (see Remark 5.22).

Proposition 7.6. For any strong proximity lattice S, we have
1. Py(X(S)) = B(PL(9)),
2. Py(PL(9)) 2 X(X(9)).
Proof. By Theorem 6.14 and item 2 of Theorem 7.5, we have
Py(E(S)) = Pu(PL(S)) = £(PL(S)).

The proof of item 2 is similar. [l

7.1.2 Double powerlocale

Definition 7.7. The double powerlocale of alocale X is a locale Pp(X) together
with a Scott continuous function ip: Q(X) — Q(Pp(X)) such that for any Scott
continuous function f: Q(X) — Q(Y) to a locale Y, there exists a unique frame
homomorphism f: Q(Pp(X)) — Q(Y) such that foip = f.

Lemma 7.8. For any strong prozimity lattice (S, <), the double power locale of
Spec(S) can be presented by a strong continuous entailment relation Pp(S) =
(S,Fp, <), where Fp is generated by the following azioms:

abFpb (a <D).
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Proof. By the dcpo version of Proposition 5.5. O

Note that A Fp B <» Ja € A3b € B(a <b). The construction (S, <)
(S,Fp, <) extends to a functor Pp: SProxLat — SContEnt, which sends each
join-preserving proximity relation r: (S, <) — (57, <’) to a join-preserving prox-
imity map Pp(r): (S,Fp, <) — (S,+p, <’) defined by

APp(r) B <L Jac ATbeB(arbh).

Proposition 7.9. For any strong proximity lattice S, we have
Pp(S)? = Pp(S9).
Proof. Immediate from Lemma 7.1 and Lemma 7.8. (|

We prove some well-known characterisations of the double powerlocale (see
Proposition 7.13 and Proposition 7.15). To this end, we begin with the con-
struction of the lower powerlocale of a strong continuous entailment relation.

Given a strong continuous entailment relation (S, +, <) define an entailment
relation — on Fin(S) by the following axioms:

AFE Ag o AL (if VB € {A; |i<n} A+ B)

Define an idempotent relation <* on Fin(S) by

A<lB &L A<, B

Then (Fin(S), ", <%) is a strong continuous entailment relation by Lemma 5.27.

Lemma 7.10. For any U,V € Fin(Fin(S)), we have
ULtV <= JAcUVBe V" (AL B).

Proof. By induction on F”, one can show that

Urty &L 34 cuvB e v (A B). (7.1)
Then, the direction = is obvious from (7.1). Conversely, suppose that there
exists A € U such that VB € V* (A < B). Then, for each B € V*, there exists
Cp such that A <y Cp F B. Put C = (Jgy- Cp. Then A <y C and C + B
for all B € V*. Hence U (<*)y {C}F* V and so U <o V. O

Lemma 7.11. The strong continuous entailment relation (Fin(S), %, <) presents
the lower powerlocale of Spec(F (S, <)).

Proof. From the characterisation of < r in Lemma 7.10, the entailment system
(Fin(S), <) coincides with the construction of the lower powerlocale of the
entailment system (.5, <) in Vickers [24, Theorem 53]. O

Corollary 7.12. The upper powerlocale of Spec(F(S,F, <)) can be presented
by a strong continuous entailment relation (Fin(S), Y, <Y) defined by

UFY Y &L IpewWAeu (AF B),

A<UB &L A<, B
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Proof. We have PL(Sd)d = Py(S) by item 2 of Theorem 7.5. The corollary
follows by unfolding the definition of Py,(S d)d using Lemma 7.10. O

For any strong proximity lattice (S, <), define a preorder <Y on Fin(S) by
A<'B &L yA<VB.

Let SV be the set Fin(S) equipped with the equality determined by <V. Define

a lattice structure SV %' (SY,0Y,VV 1V AY) as in (5.4) and an idempotent
relation <V on SY by

A<V B &L A< VB
Then, (SV, <) is a strong proximity lattice, which is isomorphic to (S, <) via
proximity relations r: (S, <) — (SY,<Y) and s: (SY,<") — (5, <) defined by

arA<d:6f>a<\/A, Asa(d:eg\/A<a.

The following is a special case of Vickers [23], which holds for more general
context of locally compact locale.!!

Proposition 7.13. For any strong prozimity lattice (S, <), we have
Pp(S) = X(3(5)).

Proof. By item 2 of Proposition 7.6, it suffices to show that Pp(S) = Py(P(9)).
By Lemma 7.4 and Corollary 7.12, the locale Py (P (.9)) is presented by a strong
continuous entailment relation (Fin(S), ", <L) on Fin(S) defined by

UrPy & IpewAeU3ae A(a <\ B)

<~ IBeVIAcU(\VA<L\B),

A<Vl B &L 42, B

Thus
ULV <= EAEUHBECEV(AKL B& VBSVC)
— JAecUdCeV(VA=<VCO).

As for the strong proximity lattice (SV,<") defined above, its double power-
locale Pp(SY) = (SV,-Y, <V) characterised in Lemma 7.8 satisfies

ULvY <= JAcUIBeV(VA<VB).

Clearly, the entailment systems (SY, <-v) and (Fin(S), <, vz) are isomorphic.
Since Pp is functorial and the embedding SContEntp,o < Entsys is faithful, we
have PD(S) = PD(SV) = PU(PL(S)) O

Corollary 7.14. For any strong proximity lattice S, we have
d ~
B(B(S))C = B((5).

Proof. By Proposition 7.9 and Proposition 7.13. O

n [23], 3(S) is expressed as the exponential over the Sierpinski locale.
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Proposition 7.15. For any strong proximity lattice S, we have
1. PL(X(9)) = E(Pu(9)),
2. PL(PU(S)) = PD(S)

Proof. 1. By Corollary 7.14, and item 2 of Theorem 7.5.
2. Apply item 1 to S9 and use Theorem 7.5 and Proposition 7.13. (|

Item 2 of Proposition 7.6 and Proposition 7.15 are known for locally compact
locales; see Vickers [23]. Item 1 of Proposition 7.6 and Proposition 7.15 say that
the locales of the form % (S) for a stably compact S is closed under the lower
and upper powerlocales. Moreover, the lower and upper powerlocales of %(.5)
are obtained by the upper and the lower powerlocales of S, respectively.

7.1.3 Vietoris powerlocale

Definition 7.16. Let (S, <) be a strong proximity lattice. The Vietoris pow-

erlocale of Spec(S) is presented by a strong continuous entailment relation

Py(S) = (Sv,Fv, <v) on the set Sy def {CalaeS}U{dal|aec S}, where

Fy is generated by the following axioms:

0 Fy O(a Vv b) Fy Oa, Ob Caky Ob (if a <b)
Fy O1 Oa,0b -y O(a A b) Oa by Ob  (if a < b)
Oa, Obky O(aAD) O(a Vb) by Oa, b

The idempotent relation <y is defined by

def def
Ca <y Ob £ a < b, Oa <y Ob <= a < b.

One can easily verify that Py (S) satisfies the condition in Lemma 5.27.
Moreover, it is straightforward to show that the locale presented by Py (S) is
isomorphic to the Vietoris powerlocale of Spec(S); see Johnstone [11] for the
construction of Vietoris powerlocales. Thus, the Vietoris powerlocale of a stably
compact locale is stably compact.

The construction Py (S) extends to a functor Py: SProxLat — SContEnt,
which sends each join-preserving proximity relation r: (S, <) — (5',<’) to a
join-preserving proximity map Py (r): Py(S) — Py (S’) defined by

GAOB Py(r) 0COD €% Jae A(aAANBr\C)ordde D(NBrdv\C),

where OAOB % {Ga|a e AyU{Ob| b€ B} for each A, B € Fin(S).

Theorem 7.17. For any strong proximity lattice S, we have
Py () = Py (59).
Proof. Py(S)® and Py/(SY) are identical except that & and O are swapped. [

Goubault-Larrecq proved the result corresponding to Theorem 7.17 for sta-
bly compact spaces using A-valuations [8, Corollary 5.24].
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7.2 Patch topologies

Coquand and Zhang [4] gave a construction of patch topologies for entailment
relations with the interpolation property. The same construction carries over to
the setting of strong continuous entailment relation.

Definition 7.18 (Coquand and Zhang [4, Section 4]). Given a strong continu-
ous entailment relation (S, F, <), the patch topology of S is a strong continuous

entailment relation Patch(S) = (Sp,Fp, <p) on the set Sp def SuU{a®|ae S},
where Fp is generated by the following axioms:

AFp B (if AF B) (7.2)
a, b’ Fp (if a < b) .
Fpa®,b (if a < b) (7.4)

The idempotent relation <p is defined by

a<pb<d:6f>a<b, a°<pb°<d:6f>b<a.
Let Patch’(S) = (Sp,Hp, <p) be the strong continuous entailment relation
which is obtained from Patch(S) by adjoining the following axioms:

B°Hy A°  (if A+ B) (7.5)

where A° {a®° | a € A} for each A € Fin(S).

Proposition 7.19. For any strong continuous entailment relation (S,+, <), we

have
Patch’(S) = Patch(S).

Proof. We show that the entailment systems associated with Patch’(S) and
Patch(S) coincide, i.e., <, = < . Since 5 is generated by the extra axioms,
we have <, C < . To prove the converse inclusion, it suffices to show that

XHoY = VZ(=p)y X (Z <1, Y).

This is proved by induction on the derivation of X Fp Y (see Lemma 5.25).
The case (R') is obvious, so it suffices to check the case (AxL) for each axiom of
Patch(S’). We only deal with (7.5). Suppose that B°, X % Y is derived from
B°+p A° and Va € A(X,a° Fp Y) where A - B. Let Z (<p);; B, X. Then,
there exists C' € Fin(S) such that C° C Z and B <, C, and so there exists C”
such that B <, ¢’ <y C. Thus, there exists D such that A <y D + C’ by
(5.5). For each d € D, there exist a € A and d’ such that a < d’ < d. Then,
Z,d'° (=p)y X,a° so Z,d"° <, Y by induction hypothesis. Thus, for each d €
D, there exist d’ < d and Wy € Fin(S) such that Z,d’° Fp Wy (<p), Y so that
Z tp Wy,d by (7.4). Since D F C" <1 C, we get Z,C° Fp (Jyep Wa by (7.2)
and successive applications of (T) and (7.3). Hence, Z =ZUC° <, Y. O

In terms of SContEnt, we have proximity maps r: Patch(S) — Patch’(5)
and s: Patch’/(S) — Patch(S) defined by

ArB &L A<, B, AsB & A<, B,

which are inverse to each other.

27



Theorem 7.20. For any strong continuous entailment relation S, we have
Patch(S) 2 Patch(SY).

Proof. By Proposition 7.19, we may identify Patch(S) with Patch’(S). Then,
we have Patch/(S) = Patch’(SY) by exchanging the roles of a and a°. O

Remark 7.21. Combining Patch and the equivalence between SProxLatpe,s and
SContEntpef, we get a functor Patch: SProxLatpes — SContEntpes, which sends
an adjoint pair (s, r) of proximity relations r: (S, <) — (S’, <’) and s: (5',<’) —
(S, <) to an adjoint pair (B(s),P(r)) of proximity maps P(r): Patch(G(S)) —
Patch(G(S")) and PB(s): Patch(G(S’)) — Patch(G(S)) defined by

A, B°B(r) C,D° €% Ja,be S(NAAD<VBVa&kar\/C& NDsb),

C,D°PB(s) A, B° <L Ja,be S(NBAa<\VAVb&br\/ D& NCsa).

7.3 Space of valuations

The space of valuations is a localic analogue of the probabilistic power domain
by Jones and Plotkin [13,14]. We first recall several notions of real numbers
which are needed for its definition.

1. A lower real is a rounded downward closed subset of rationals Q.
2. An upper real is a rounded upward closed subset of Q.

3. A Dedekind real is a disjoint pair (L,U) of an inhabited lower real L and
an inhabited upper real U which is located: p < g impliesp € Lorq e U.

Let [0, 00] and [0, o0] denote the lower and the upper reals greater than 0 re-
spectively (including infinity). We follow Vickers [25, Section 4 and Section 6]
for the definition of spaces of valuations and covaluations.

Definition 7.22. A wvaluation on a locale X is a Scott continuous function
w: QX)) — [0, 00| satisfying

©(0) =0, w(x) + ply) = plz Ay) + pz Vy),

where the second condition is cal]led the modular law. A covaluation is a Scott
continuous function v: Q(X) — groo] satisfying (1) = 0 and the modular law.
The space of valuations B(X) on a locale X is the locale whose models are
valuations on X. The space of covaluations €(X) is defined similarly.

For a strong proximity lattice (S, <), the locale U (Spec(S)) is presented by
a geometric theory Ty over the set

def
Su = {(p,a) |[peQ&ac S}
with the following axioms:

TF{(p,a) (if p<0)
(p,0) - L (if 0 < p)
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(p,a) F(q,b) (ifg<panda<b)

pa)y A gty =\ W anb) A (g a VD)
P’ +q'=p+q

(panb)Algavb)- \/ ¥,a)A(d,b)
p'+q'=p+q
(p,a) = (q,b) (if g<pand a <)

oy \/ (@b

p<gq,b<a
A model « of Ty determines a valuation p, : RIAI(S) — [0, 00] by
pa(l) ={q € Q|3acI((ga)€a)}.
—
Conversely, a valuation p: RIdI(S) — [0, o] determines a model ¢, of Ty by

oy ={{¢,a) € Sy [ q € plsa)}.

The locale €(Spec(S)) is presented by a geometric theory T obtained from
Ty by replacing the first three and the last two axioms with the following:

(pya) = L (if p < 0)
TH{p1) (if 0 < p)
(p,a) F {q,b) (if p<gand a<b)
(p,a) F {q,b) (if p<qgand a<0b)
(p.ayt\/ (g,b)
q<p,b<a

It is straightforward to show that U (Spec(S)) and €(Spec(S)) are isomorphic to
the spaces of valuations and covaluations in Vickers [25, Section 4 and Section 6].

The following lemma allows us to present the space of valuations on Spec(.S)
by a strong continuous entailment relation.

Lemma 7.23. Under the other axioms of Ty (or T¢ ), the axioms

payAgb)E /W anb)Ald,avb) (7.6)
p'+q'=p+q

(paAb)Agavi)t \/ (@ a)A(d,b) (7.7)
P’'+q'=p+q

are equivalent to the following axioms:

(p,a) A{g,b) F {r,a ANb)V {s,a V b) (ifp+qg=r+s) (7.8)
(r,a Ab) A(s,aVb)F (p,a)V(q,b) (ifp+q=1r+s) (7.9)

Here, the equivalence of two axioms means that one axiom holds in the locale
presented by the other axiom and the rest of the axioms of Ty (or T¢).

Proof. The proof is inspired by Coquand and Spitters [3, Lemma 2], which we
elaborate below. We identify generators Sy with the corresponding elements of
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Sp(Tw) (or the locale presented by (7.8) and (7.9) in place of (7.6) and (7.7)).
We write <g for the orders in these locales.

First, assume (7.6). Let p,q,7,s € Q such that p 4+ ¢ = r + s. Take any
p'yq € Qsuch that p’ +¢ =p+q. I p’ > r, then (p,a AD) <y (r,a AD). If
p’ < r,then ¢ = s+ (r —p’), and thus (¢’,a V b) <y (s,a V b). Hence

(p'yaNb) A (¢ ,aV by <g (r,a Ab)V (s,aVb)
for all p',¢’ € Q such that p' + ¢ = p+ ¢q. Applying (7.6), we obtain (7.8).

Similarly, we obtain (7.9) from (7.7).
Conversely, assume (7.8). By the last two axioms of Ty, we have

(gayA(rby<g \/ (d,a)A{,b). (7.10)

q'+r'>q+r

Let ¢/, € Q such that ¢’ +7" > g+r. Let 6 € Q such that ¢/ +7" =q+7r+0,
and choose N € N so large that ¢ + 7+ 6 — N6 < 0. By (7.8), we have

(' a) N{r' by <g (q+71+60 — (—0+nb),a Nb) V(=0 +nb,aV b)

for all n € N. For each n € N, define

pn g+ +20 —nb,anb), o 4 0 4B, av ),
Then, we have
(da)n@ by <o N\ ebver<a N\ ¢} (7.11)
n<N+1 FECh(N+1) n<N+1

where Ch(N + 1) is the set of choice functions f: {0,...,N +1} — {0,1}. For
each f € Ch(N 4 1), one of the following cases occurs:

Case 1: Yn < N+ 1 f, =0. Since —0 < 0, we have

@y, <w {g+r+0,aAb) <g (g+7+0,a ANb) A (—6,aVDb).
Case 2: Y\/n < N+1f,=1. Since g+ r+6 — N0 < 0, we have

PRt <w g+ —NO,aAb)A(NO,a VD).
Case 3: < N f,, =0& frn41 = 1.
o /\(p’;lll <g (g+r—nb,a Ab) A (nb,aVb).

Case 4: in < N f, =1& fn41 =0.

go}‘n/\cp}‘:jl <g (g+r+60—nb,anb)A(—0+nb,aVb).

Thus, in any case

N\ ¢h <o\ (danb)A( avb).
n<N+1 q'+r'=q+r

Hence, by (7.11) and (7.10), we have (7.6). Similarly, (7.9) implies (7.7). O

30



Proposition 7.24. For any strong prozimity lattice (S, <), the locale 0 (Spec(S))
can be presented by a strong continuous entailment relation U(S) = (Sy, by, <v)
where o is generated by the following axioms:

Fy (p,a) (if p<0)
(p,0) Fo (if 0 < p)
(p,a) Fy (g, b) (if g <pand a <)
(p,a), (q,b) Fag (r,a A D), (s,aVb) (ifp+qg=r+s)
{r,aAb),(s,aVb) g (pa),(q,b) (ifp+qg=r+s)

The idempotent relation <y is defined by

(p,a) < (q,b) & g<p&a=<b.

The locale €(Spec(S)) can be presented by a strong continuous entailment rela-
tion €(S) = (Sy,Fe, <¢) where ¢ is generated by the following axioms:

(p,a) Fe (if p < 0)
Fe (p, 1) (if 0 < p)
(p,a) Fe (q,b) (ifp<qanda <)
(p,a),(g,b) Fe (r,anb),(s,a VD) (ifp+q=r+s)
(r,anb),(s,aVb) ke (p,a),{gb) (ifp+q=r+s)

The idempotent relation <¢ is defined by

(p,a) <e (g,b) <L p<qg&a<b.

In particular, the spaces of valuations and covaluations on a stably compact
locale are stably compact.

Proof. One can check that U(S) and €(S) satisfy the condition in Lemma 5.27.
Then, the claim of the proposition follows from Lemma 7.23. O

The constructions U(S) and €(S) extend to functors U: SProxLat — SContEnt
and €: SProxLat — SContEnt, which send each join-preserving proximity re-
lation r: (S, <) — (S’,<’) to join-preserving proximity maps U(r): B(S) —
U(S') and €(r): €(S) — €(5") defined by
AB(r) B <L 30 € Fin(Sy) (AFy C&Yip,c) € Cq,b) € B(p > q&crb)),

Ae(r) B &L 3C € Fin(Sy) (Ate C&Y(p,c) € CIg,b) € B(p< q&ecrb)).

Theorem 7.25. For any strong proxzimity lattice S, we have
B(S)! = (5 and €(S)" = (SY).
Proof. Immediate from Proposition 7.24 and Lemma 7.1. O

We now focus on probabilistic valuations and covaluations, i.e., those valua-
tions p and covaluations v satisfying p(1) =1 and v(0) = 1.

31



For a strong proximity lattice (.S, <), the space By (Spec(S)) of probabilistic
valuations is presented by a geometric theory Ty, which extends the theory Ty
with the following extra axioms:

(p,a) F L (if 1 < p), TH{p 1) (ifp<l).

The space €y (Spec(S)) of probabilistic covaluations is presented by a geometric
theory T¢,, which extends the theory Te with the following extra axioms:

Tk {(p,a) (f1<p), (p,0)y =L (ifp<1).
Proposition 7.24 restricts to probabilistic valuations and covaluations.

Proposition 7.26. For any strong proximity lattice (S, <), the locale Bz (Spec(S))
can be presented by a strong continuous entailment relation Ve (S) = (S, Fauy, <u)
where t-q,, is generated by the axioms of - and the following extra axioms:

<p7 a’> me (Zfl < p)a me <pa 1> (pr < 1)

The locale €q(Spec(S)) can be presented by a strong continuous entailment re-
lation &y (S) = (Sw, ey, <c) where ¢, is generated by the avioms of F¢ and
the following extra axioms:

Feg (pa)  (if 1 <p), (p,0) Fey  (ifp<1).

In particular, the spaces of probabilistic valuations and probabilistic covalu-
ations on a stably compact locale are stably compact. O

As a corollary we obtain the probabilistic version of Theorem 7.25.
Theorem 7.27. For any strong proximity lattice S, we have
Ve (9)? = €p(SY)  and  Cp(S) = Vyp(SY). O
For probabilistic valuations and covaluations, we have the following duality.

Lemma 7.28. For any strong proximity lattice S, we have

Abgy, B <= A® ke, B®

for all A, B € Fin(Sy), where A® dof {{1 =p,a)| (p,a) € A}.

Proof. The direction = is proved by induction on the derivation of A by, B.
Note that each axiom A Fy,, B of Up(S) corresponds to an axiom A® ¢, B*®
of €y (S). The direction < is similarly proved by induction on A® t-¢,, B*. O

Since “1” in the lower and upper reals form a Dedekind real, the following
proposition is analogous to Vickers [25, Proposition 6.3], which holds for an
arbitrary locale. We give a proof for the special case of stably compact locales.

Proposition 7.29. For any strong proximity lattice S, we have

Vpn(S) = Ex(S).
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Proof. Define proximity maps r: Ugp(S) = €3 (S) and s: € (S) — Vg (S) by

ArB &4 A<y, B, BsA &L B <, A*.

Using Lemma 7.28, it is straightforward to show that r and s are indeed prox-
imity maps which are inverse to each other. O

Theorem 7.30. For any strong proximity lattice S, we have
Vg (5)? = V(S and  Ep(9)" = Cp(SY).
Proof. By Theorem 7.27 and Proposition 7.29. O

Goubault-Larrecq [8, Theorem 6.11] proved the corresponding result for sta-
bly compact spaces. Although his proof is classical and the space of covaluations
is implicit in his proof, the essential idea seems to be similar.
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