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Abstract

Our work is entirely constructive; none of the mathematics developed uses the
excluded middle or any choice axioms. No use is made of a natural numbers object.

We get a glimpse of the parallel between the preframe approach and the SUP-
lattice approach to locale theory by developing the preframe coverage theorem and
the SUP-lattice coverage theorem side by side and as examples of a generalized
coverage theorem.

Proper locale maps and open locale maps are defined and seen to be parallel.
We argue that the compact regular locales are parallel to the discrete locales. It is
an examination of this parallel that is the driving force behind the thesis.

We proceed with examples: relational composition in Set can be expressed as
a statement about discrete locales; we then appeal to our parallel and examine
relational composition of closed relations of compact regular locales. A technical
achievement of the thesis is the discovery of a preframe formula for this relational
composition.

We use this formula to investigate ordered compact regular locales (where the
order is required to be closed). We find that Banaschewski and Brimmer’s compact
regular biframes (Stably continuous frames [Math. Proc. Camb. Phil. Soc. (1988)
104 7-19]) are equivalent to the compact regular posets with closed partial order.
We also find that the ordered Stone locales are equivalent to the coherent locales.
This is a localic, and so constructive, version of Priestley’s duality.

Further, using this relational composition, we can define the Hausdorff systems
as the proper parallel to Vickers’ continuous information systems (Information sys-
tems for continuous posets [Theoretical Computer Science 114 (1993) 201-229]) The
category of continuous information systems is shown by Vickers to be equivalent to
the (constructively) completely distributive lattices; we prove the proper parallel
to this result which is that the Hausdorff systems are equivalent to the stably lo-
cally compact locales. This last result can be viewed as an extension of Priestley’s
duality.
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Introduction

Say we are given a topological space X and are required to describe the set of
opens of the product space X x X. The obvious answer is to look at the following
subsets of X x X:

UxV={(v)ueUoveV}
where U,V are arbitary opens of X. We note that the collection of all such sets i.e.
B ={U x V|U,V are open subsets of X}

is closed under finite intersections. (Since (U3 xV1)N(UsxV3) = (U1NU2) x (ViNV3).)
So (3 forms a basis for a topology. We form the whole topology by taking all unions
of sets of the form U x V, i.e. by taking the least sub(SUP-lattice) of P(X x X)
generated by (. (Recall that a SUP-lattice is a poset with arbitary joins, and so
the union operation tells as that P(A) is a SUP-lattice for any set A.)

There is, however, a parallel solution to this problem. Look at the following
subsets of X x X:

UV ={(u,v)lueUorveV}

where again U,V are open subsets of X. It is easy to check that (Uy®Vi) U
(UxeVs) = (U UU2)2(Vh UVz), and so we conclude that the collection

v ={U»V|U,V are open subsets of X}

is closed under finite unions. We want to generate a topology from <, and so we
need a collection of subsets (of X x X) that is closed under arbitary unions and
finite intersetions. It is a well known (lattice theoretic) fact that an arbitary union
can always be expressed as a directed union of finite unions. For if (B;);cr is a
collection of subsets of some set A, then
. N B
UzGIBz - U{I_|I_§I,I_ finite }(UzEIBl)
The 1 on U indicates that the union is a union of a directed set. i.e. the set is
non-empty and if a, b are in the set then there exists ¢ in the set such that a,b C c.

Now # is closed under finite unions, so all we need to do is close it with respect
to directed unions and finite intersections in order to create a topology. Define 7
to be the collection of all directed unions of finites intersections of elements of ~.
It can be seen that 7 is closed under directed unions and finite intersections. i.e.
it is a subpreframe of P(X x X). Clearly it is the least subprefame of P(X x X),
containing 7 and finally (by distributivety of P(X x X) ) 7 is closed under finite
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unions. So 7 forms a topology.

We have now defined two topologies for X x X; one is the least sub(SUP-lattice)
of P(X x X) containing all the sets U x V for U,V open in X, and the other is the
least subpreframe of P(X x X) containing all the sets of the form U=V for U,V
open in X.

But

UV =UxX)U (X xU)
UxV=(U»p)N (V)

and so a short proof allows us to conlcude that these two toplogies are the same.
We could hase used either approach in order to define the product topology.

The example just given is the most straightforward way of describing the par-
allel which forms the backbone to this thesis: there are two ways of looking at any
topology, as a free SUP-lattice or as a free preframe.

However it must be emphasised that the work presented here is not about topologi-
cal spaces. The example above is couched in topological language in order to make
it more accessible: this is a thesis about locale theory.

Locale Theory

The first thing to say about locales is that they are like topological spaces. Lo-
cale theory is defined so that we can treat locales as if they are topological spaces:
we talk of sublocales (cf subspaces), special cases being dense, closed and open
sublocales (cf dense, closed and open subspaces). We talk of continuous maps be-
tween locales (cf continuous maps between topological spaces), special cases being
proper maps and open maps (cf proper and open continuous functions between
spaces). We talk of compact locales (cf compact topological spaces), and similarly
most of the usual separation axioms on topological spaces have their localic trans-
lations: e.g. we talk of compact Hausdorff locales and discrete locales (cf compact
Hausdorff spaces and discrete spaces).

This analogy between locale theory and topological space theory is not exact: if
it were locale theory and topological space theory would be indistinguishable and
so locale theory would be redundant.

What exists is a translating device between the two theories: whenever we are
given a locale X there is a topological space ptX naturally associated with it. And
whenever we are given a topological space Y there is a locale Y naturally associ-
ated with it. Categorically what this means is that there is a pair of functors going
inbetween the category Loc of locales and the category Sp of topological spaces.

pt :Loc—Sp
Q:Sp —Loc

Now say we are given a locale X and we translate it into a space (ptX) and then
translate it back into a locale (QptX): do we come back to the same locale? Simi-
larly, if we are given a space Y, is ptQY the same thing (up to isomorphism) as Y'?
The answer is no, in general, since if we did get the same thing then the translation
would be exact.

However the collection of all topological spaces Y such that ptQY is the same thing
as Y is important: we shall call these the sober spaces. Similarly the collection of
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locales X such that QptX is X is important: these are the spatial locales. What
is important about these collections is that if we restrict our attention to the sober
spaces and to the spatial locales then the restricted translations are exact i.e. the
theory of sober spaces and the theory of spatial locales are the same. Categorically
this means that there is an equivalence

SLoc=Sob

where Sloc is the category of spatial locales and Sob is the category of sober spaces.
So the next question is: how many spaces are sober? i.e. is the collection of sober
spaces large enough to include most of the examples of topological spaces that are
actually used in practice? The answer to this question, fortunately for locale theory,
is yes.

“... in effect, one sacrifices a small amount of pathology (non-sober

spaces) in order to achieve a category that is more smoothly and purely
‘topological’ than the category of spaces itself. ” [Joh85]

This is a good reason to take a serious look at locale theory: in practice when we
study topological spaces we are almost always looking at sober spaces and so we
might as well be working within the category of locales.

There are, however, much more compelling reasons why the category of locales
should be considered the correct framework within which to do topology: the study
of locales is, in a sense, logically purer than the study of topological spaces. Proving
results in locale theory requires less axioms of our mathematics than the correspond-
ing proofs in topological space theory.

A discussion of these axioms and how the need for them is removed by looking at
locale theory will lead us to a point where the results of this thesis start.

Axioms

The law of excluded middle has a long history in mathematics. It is widely accepted
as being true. Our intuitions about the real world indicate that statements are either
true or false and so it understandable that the statment

(Vp)(pV —p)

has been allowed as an axiom of our mathematics. In the work that follows we
prove results and develop some theory that does not require this axiom to be true.
Mathematics without this axiom (the intuitionistic approach) has a long history
aswell. Earlier this century Brouwer and Heyting both tried to develop an intuitis-
tionistic version of mathematics (for a good introduction look at [TD88]). It is the
relatively new idea of a topos however that gives us some more impetus for taking
the intuitionistic approach seriously.

Toposes are mathematical universes. Some toposes are Boolean (satisfy the law
of excluded middle) but there are enough non-Boolean naturally occuring toposes
to make it clear that there are important mathematical universes where the law of
excluded middle fails. So if we want to be sure that our mathematics can be carried
out in any topos (=mathematical universe) then we must make sure that it is not
dependent on the law of excluded middle.

Very often the dependence of a topological proof on the law of excluded middle

vanishes when we translate it into a proof about locales. This is one of the pay-offs
of locale theory. We achieve a proof that is logically purer: it can be carried out
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in any topos. Interestingly enough the fact that dependence on excluded middle
vanishes is really only the icing on the cake: historically the reason why mathe-
maticians looked at locales was to avoid dependence on an axiom that has an even
more tenuous connection with reality: the axiom of choice.

The axiom of choice states that if X; is a collection of non-empty sets (where i
ranges over some indexing set I) then the product [], X; is non-empty. One may or
may not find this axiom in agreement with ones intuitions of how infinite products
of sets should behave. Certainly this axiom caused many more logical ‘waves’ when
its importance to mathematics was discovered than did the law of excluded middle.
But it was found that a lot of mathematical results used it: one of the most famous
examples being the proof that the product of compact topological spaces is always
compact (this is Tyhchonoff’s theorem; recall that a topological space X is compact
if for any directed collection of opens (U;);er we have that X C U}Ui implies that
X C U, for some i € I). Indeed it was shown that some of these results not only
used the axiom of choice but they needed it, i.e. an assumption of the result leads
to a proof of the axiom of choice. Given this fact and the general usefulness of
the axiom it is understandable that certain pathologies that could be derived from
it (e.g. the Tarski-Banach paradox, see pp. 3-6 of [Jec73]) were ignored . Indeed
the task of developing a ‘choice free’ mathematics would seem impossible given the
dependency results just referred to: if we want the Tychonoff theorem (and for any
useful topology we most certainly do) then we need the axiom of choice.

Unless we change the definition of topology.

This is exactly what we do when we move to locales. By tampering slightly with
the definition of a topological space we achieve a new category in which to carry out
our topological results. Crucially we find that the Tychonoff theorem can now be
proved without the axiom of choice. The mathematics of locale theory is ‘choice free’.

Of course the question remains as to whether locale theory is really topology.
One of the main problems of locale theory is to translate the ideas, concepts and
finally results of topological space theory. The translating device referred to earlier
does not completely solve this problem. An aim of locale theory and of this thesis
is to carry out this translation further.

If we take another look at the Tychonoff theorem, and in particular the defi-
nition of compactness we see that it is a ‘preframe’ result; it is saying something
about directed unions. Also, it is dependent on the definition of product spaces. As
we have shown, (in the first part of this introduction) there are two equivalent ways
of defining such products. This fact has a localic analogue: a product locale (indeed
any locale) can be treated as a free SUP-lattice or as a free preframe. As with top-
logical spaces it was the SUP-lattice definition that was originally accepted as the
definition of a product locale and when Johnstone originally proved the Tychonoff
theorem for locales (in [Joh81]) he used the SUP-lattice definition of the product.
But the Tychonoff theorem is a ‘preframe’ result and so it is pleasing to note that
once the equivalent preframe definition of a product locale had been worked out
([JV91]), the proof of the Tychonoff theorem was greatly simplified. This exempli-
fies a lot of the work that will take place in this thesis: if we are dealing with a
result about compactness we need to look at the locales concerned as free preframes
rather than as free SUP-lattices. Once the preframe definition is taken the algebraic
manipulations become a lot easier.

The parallel between the SUP-lattice approach and the preframe approach leads
naturally to the consideration of two classes of locales: the compact Hausdorff lo-
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cales and the discrete locales. These turn out to be parallel to each other in much
the same way that the SUP-lattice and the preframe definitions are parallel. The
details of how these two approaches fit together, applications of them (such as a
constructive proof that the category of compact Hausdorff locales is regular), and
how knowledge about theorems on one side of the parallel can help us prove parallel
results on the other side forms the core of this thesis.
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Technical Introduction

Chapter 1 is devoted to the basics of locale theory. The first section is devoted
to mathematical ground rules. All results are constructive: we are working in an
arbitary topos. Or, more succintly, no use is made of any of the choice axioms or the
excluded middle. It is sometimes not completely clear what the word ‘finite’ means
in an arbitary topos and so some effort is taken to clarify that we mean Kuratowski
finite.

We do not assume a natural number object in our topos. So care is needed
to make that we can define the free Boolean algebra on a distributive lattice; we
adapt Vickers’ congruence preorders ([6.2.3] of [Vic89]) in order to prove that such
a free Boolean algebra exists. Later on in the chapter care is also needed to make
sure that the Prime Ideal Theorem can be disccused without assuming the excluded
middle (since usual statments of the theorem contain a negation). We introduce
the constructive prime ideal theorem.

In Chapter 2 there are two new offerings. Firstly there is the realization that

K¥iz’s precongruences [KffiSG] can also be used on preframes. It is easy to see what
a preocngruence on a preframe should be, and we have a preframe universal result
which is just a restating of K¥iz’s frame universal result. This preframe universal
result essentially tells us that preframe presentations present; and it is this fact
that enables us to view frames as preframes. i.e. to construct frame coproduct from
preframe tensor and to prove a preframe version of the coverage theorem.
The next offering is a generalized coverage theorem. This theorem is a statement
about any symmetric monoidal closed category C: it shows us how coequalizers can
be constructed in the category of monoids over C from coequalizers in C. Given
further assumptions on C (for instance that a free commutative monoid can be con-
structed on any C object and C has image factorizations) we prove a result which
can be viewed as a converse to the coverage theorem: coequalizers in C can be cal-
culated as images of certain coequalizers in the category of commutative monoids
over C. Standing alone both these results are straightforward to prove. They are
interesting in this context because from them we can discover a plethora of other
results. The main results are the coverage theorems: not only do we get the SUP-
lattice and the preframe versions of the coverage theorem we also get a coverage
theorem for quantales and rings. Because of the converse of the coverage theorem
we are able, from the construction of coequalizers in the category of SUP-lattices,
to construct coequalizers in the category of directed complete partial orders (=dc-
pos). The coverage theorem applied to dcpos then implies that coequalizers exists
in the category of preframes. i.e. we have with these results reproved that preframe
presentations present.

What is being offered here doesn’t add any new mathematical results. Once
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the ‘Preframe Presentations Present’ paper [JV91] is understood we know that the
category of preframes has coequalizers, and this fact for dcpos is of course well
known. What we now have is an ability to see that all these theorems stem from
the same results that can be proved when you consider the category of commutative
monoids over any symmetric monoidal closed category C. i.e. they are all variations
on the same theme, the theme being that there are ways of lifting and droping co-
equalizers between the category C and the category of commutative monoids over C.

Chapter 3 introduces proper and open maps between locales. We prove some
basic (well knwon) results about them. The investigation is much as in Joyal and
Tierney’s paper An extension of the Galois theory of Grothendieck [JT84] the only
new aspect being that we develop the theory of open and proper maps side by side.
So it is quite clear, for instance, that the proof that proper maps are pullback stable
is really just a repetition of the proof that open maps are pullback stable but with
‘has a left adjoint which is a SUP-lattice homomorphism’ being replaced with ‘has
a right adjoint which is a preframe homomorphism’. The proper results are proved
in [Ver92]; the novelty is with our program of ‘parallel proofs for parallel results’.
Towards the end of the Chapter we prove that the discrete locales are those whose
finite diagonals are open and the compact regular locales are those whose finite
diagonals are proper. The former result is in [JT84] and the latter result is in Ver-
meulen’s paper ‘Some Constructive Results Related to Compactness’ [Ver91]. Our
proof doesn’t follow his: we use the preframe techniques that have been developed
in Chapter 2. Given this last result it should be understandable why, for the rest
of the text, we refer to the compact regular locales as the compact Hausdorff locales.

Another reason to state and prove these results side by side is to fix in the
reader’s mind the idea that the compact Hausdorff locales are parallel to the dis-
crete locales in much the same way that the proper maps are parallel to the open
maps. As an aside we present an argument which shows that the constructive prime
ideal theorem is parallel to the excluded middle. We then check that the compact
Hausdorff locales form a regular category. Classically this fact follows from the
regularity of the category of compact Hausdorff spaces.

Once it is known that the compact Hausdorff locales form a regular category
we can immediately deduce that there is an allegory whose objects are compact
Hausdorff locales and whose morphisms are closed relations. Composition is given
by relational composition. We are of course assuming familiarity with the work ex-
plained in Chapter 1.5 of Freyd and Scedrov’s book ‘Categories Allegories’; therein
is an explanation of how to construct an allegory of objects and relations from any
regular category. This leads us neatly to the main technical insight of the the-
sis which is that we can find a formula for relational compostion between closed
sublocales of compact Hausdorff locales. Chapter 4 starts with a description of this
formula.

Further there is the realization that just as spatially (when we are dealing with
relations on sets) we can talk about ‘lower closure of a subset with respect to a re-
lation’, ‘a relation is transitive/symmetric/interpolative’ etc we can state the same
notions for our allegory of compact Hausdorff locales and relations. In this case
lower closure (with respect to some closed relation) will correspond to an endo-
morphism on the set of closed sublocales (a closed sublocale is taken to its lower
closure). The formula for relational compostion allows us to express this endomor-
phism as a particular preframe endomorphism on the frame of opens of the compact
Hausdorff locale. In fact, just as in the spatial case where there is a well known
correspondence between arbitary relations on a set and SUP-lattice endomorphisms
on the power set we are able to find a bijection between preframe endomorphisms
and closed relations. This fact, expressed in generality, can be viewed as a categor-
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ical equivalence: the category of compact Hausdorff locales and formally reversed
preframe maps between them is equivalent to the allegory of compact Hausdorff
relations. Stated as an equivalence this result is new, however it should be noted
that the essence (i.e. the correpondence between preframe homomorphisms on the
frame of opens of compact Hausdorff locales and closed relations) can be found in
a result of Vickers’ ([Vic94]) which states that if X is a compact Hausdorff locale
then,

PU(X) >~ gX

where Py is the upper power locale construction and $ is the Sierpinsksi locale (i.e.
the locale whose frame of opens is the free frame on the terminal object of our back-
ground topos). This correspondence between preframe homomorphisms and closed
relations is used again and again. Essentially it is used to turn spatial intuitions
about what is going on into formulas about opens.

In Chapter 5 we look at ordered locales. Just as in ordered topological space
theory we find that the locales of interest are the compact Hausdorff ones. The
formulas that we have developed allow us to neatly reprove some basic results from
ordered toplogical space theory in a localic context. In particular we show that
there is a localic analogue to the result: if X is a compact order-Hausdorff poset
then the sets of the form U NV, where U is an open upper set and V is an open
lower set, form a base for the topology on X. This leads us to the new conclusion
that Banaschewski and Briimmer’s category of compact regular biframes is dual to
the category of compact order-Hausdorff localic posets with order preserving locale
maps. This fact will be reused in Chapter 8 when we are looking at stably locally
compact locales.

Chapter 6 is called ‘Localic Priestley Duality’. It contains a proof that the
category of coherent locales is equivalent to the category ordered Stone locales.
Classically the ordered Stone locales are just the ordered Stone spaces which are,
by Priestley’s original result, equivalent to the spectral spaces. This is one of the
main results of the thesis: we have taken a well known classical topological result
and proved it in a localic context. Some work has already been done in this direc-
tion: in Jean Pretorius’ thesis [Pre93] there is a constructive proof that the coherent
locales are equivalent to a particular category which is classically equivalent to the
ordered Stone spaces. So what is new is the realization that this ‘particular cate-
gory’ is equivalent to the ordered Stone locales i.e. it is the localic analog to the
ordered Stone spaces. We prove localic Priestley duality directly rather than go via
Pretorius’ result.

Chapter 7 can roughly be understood as ‘extending Priestley’s duality’. Infact,
the problem of extending from a categorical point of view can be solved with a
few remarks: Banaschewksi and Briimmer [BB88] prove that the compact regular
biframes are dual to the stably locally compact locales with semi-proper maps and
we have seen (Chapter 5) that the compact regular biframes are dual to the com-
pact order-Hausdorff posets; so the compact order-Hausdorff posets are equivalent
to the stably locally compact locales with semi-proper maps. But ordered Stone
locales form a full subcategory of compact order-Hausdorff posets, and coherent
locales form a full subcategory of stably locally compact locales with semi-proper
maps: we have extended Priestley’s duality.

This extension relies on constructing a compact order-Hausdorff poset from a stably
locally compact locale. Instead of going via Banaschewski and Briimmer’s construc-
tion [BB88] (which relies on the excluded middle in Lemma 3), we give a new con-
struction which reduces the amount of algebra required. However the main thrust of
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the chapter is about a set of categorical equivalences which are between categories
that have similar objects to compact order-Hausdorff posets and stably locally com-
pact locales, but which have very different morphims. Here motivation is important:
we are trying to discover the proper parallel to Vickers’ results about continuous
information systems [Vic93]. Given that these results can be viewed as statements
about the allegory of sets and relations then it is clear what the proper parallels
should be. We discover a new proof which is easily seen to be the proper parallel to
the result that the category of continuous information systems and approximable
mappings is dually equivalent to the category of completely distributive lattices and
frame homomorphisms. It is also shown that variations of this equivalence (chang-
ing approximable maps to lower aprroximable semi-mappings and Lawson maps)
have proper parallels. We derive the proper parallel to Hoffman-Lawson duality on
continuous posets.
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Chapter 1

Locale Theory

1.1 Introduction

In this chapter we give an introduction to locale theory. Our main purpose is
to set notation and to reemphasise the constructivety of our results. The reader is
assumed to know what meets and joins on posets are, and what a distributive lattice
and a Boolean algebra is. We define the category of locales and remind the reader
how the pt and 2 functors relate locales to the category of topological spaces. We
discuss how the algebraic dcpos and the continuous posets can be viewed as locales
that are constructively spatial. We develop the locale theory and introduce the
constructive prime ideal theorem which is classically equivalent to the ordinary
prime ideal theorem. We check that some well known classes of locales (e.g. the
Stone locales) are spatial if and only if the constructive prime ideal theorem is true.
Apart from the use of congruence preorders and the introduction of the constructive
prime ideal theorem all the results of this chapter are well known.

1.2 Mathematical Ground Rules

Essentially we work in an arbitrary topos. Rather than go into the details of this
we simply assume that we have sets, functions and subsets and manipulate them
in the usual way that is taught to first year undergraduates except we do not allow
use of the law of excluded middle or any of the choice axioms.

For motivation we will occasionally want to work classically i.e. we might want
to assume that the excluded middle and/or some choice axiom is true. Whenever
we are working classically a clear reference to this fact is made in the text.

The other piece of mathematical furniture that is to be removed is the natu-
ral numbers object. We remove it because we don’t need it. All the proofs offered
are free of any need to enumerate things or to rely on the naturals in some other way.

A consequence of working in an arbitrary topos is that we are forced to think
more carefully about what it means for a set to be finite. We can no longer rely on
just ‘counting’ the elements of it. In fact the definition of finite that we choose has
the property that it is not the case that subsets of finite sets are necessarily finite.
(For the details of this counter example see Exercise 9.2 of [Joh77].)

We use Kuratowski finite for our definition of finite. (As introduced by Ku-
ratowski in [Kur20]; however see [KLM75] which examines the definition in the

17
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context of an arbitrary topos.) We say that A C A is a finite subset of A if and
only if it belongs to the free V-semilattice generated by A (viewed as a subset of
PA). We can construct this free V-semilattice as the least subset X of PA such
that (i) ¢ € X, (ii) if 41,42 is in X then A; U Ay is in X and (iii) the image of
the singleton inclusion {} : A - PA is in X. We give this construction explicitly
since the usual proof of a ‘presentations of finite algebraic theories present’ result
requires the natural numbers.

It is not immediately apparent that the construction just given is the free join semi-
lattice on X. To see that it is note that for any given function f : X — A where A
is a join semilattice the set

{I CX|V{f(i)]i € I} exists}

contains all the singletons, the empty set and is closed under finite unions. So

it contains F'X and we can therefore define a function f : FX — A such that
foly=f

To check that f is the unique such join preserving map from FX to A, say g :
FX — A is a join preserving map such that g o {} = f, then the set

{ICX|IeFX, o(I)=f(I)}

contains singletons, the empty set and is closed under finite union. Hence it is the
whole of FFX. The proof that the the free semi-lattice on a set can be constructed
in a topos without a natural numbers object is originally due to Mikkelsen.

Reassuringly we have now described all the machinery that is needed. i.e. sets,
functions, subsets and the above definition of Kuratowski finite is enough of a math-
ematical foundation to prove the rest of the thesis.

We go through some basic consequences of these assumptions.
Lemma 1.2.1 1, the terminal object in our background topos, is finite.

Proof: 1 is the one element set, 1 = {*}. We need to show that 1 € F1 where
F'1 is the free V-semilattice on 1. F'1 is the intersection of all X C P1 which are
closed under finite unions and which contain the image of {} : 1 - P1. Any such
X contains {x} = 1 and so 1 € F'1 as required. O

Lemma 1.2.2 (Induction on finite sets) Say p is a proposition about finite subsets
of some set X (i.e. p C FX) such that p is satisfied by the empty set and by all the
singletons {x},xz € X. If p also has the property that whenever p is satisfied by I
and J then it is satisfied by I U J, then p is satisfied by all finite sets.

Proof: The statement of the lemma tells us that FX C p since F'X is the least
subset of PX satisfying conditions that are satisfied by p. O

Lemma 1.2.3 The product of two finite sets is finite. i.e. if | € FX and J € FY
for two sets X, Y then I x J € F(X xY)

Proof: Double induction. Consider the set:
a={IxJ|I€FX,]eFY}
We need to show that if 3 C P(X x Y) is a set with the properties that
() {(z,y)} € B for every x € X and every y € Y’

(i) g€ B
(iii) A,B € f then AUB € 8
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then a C . First notice that certainly ay,ay,; C 3 where
ap ={I xp|l € FX} agpy ={I x{y}|l € FX}

The latter is by induction on F'X. Finally for any J € FY define ay = {I x J|I €
FX}. To prove that o C S clearly it is sufficient to verify that a; C g for every
finite J. But we can conclude ‘for every finite J’ by using using induction on FY.
We have started this induction with the statement agy,ayp,; C B and shall now
complete it by checking that ay,,ay, C S implies ay,ug, C . This follows from
the fact that [ satisfies condition (iii) above. O

Lemma 1.2.4 Say f : A — B is a function between sets A and B. Then the image
of any finite subset of A is a finite subset of B.

Proof: F'A is the free join semilattice on the set A and so there exists a unique
join preserving map F' f making the diagram

ALFA

f Ff

BLFB

commute. But when we proved that F'A is the free join semilattice on A we were
able to give an explicit formula for F'f and from that formula it is clear that F f is
just the usual set theoretic image map. O

Lemma 1.2.5 A join semilattice (A,V,0) has all finite joins.
Proof: The set
{I € FA|V I exists }

contains the singletons and is closed under finite unions. Hence it is the whole of
FA. O

It is an easy application of the induction lemma given above to prove for any
distributive lattice A that

VI C A, I finite, (\VI)Ab=\{aAbla €I}

(we know {a A bla € I} is finite since the image of any finite set is finite). Also note
that (F'A)°P is the free meet semilattice on A, and so we see that meet semilattice
(A, A, 1) has all finite meets in much the same way that we saw that any join semi-
lattice has all finite joins. We now look at a slightly more complicated distributivity
law:

Lemma 1.2.6 If A is a distributive lattice and (a;)icr, (b;)icr are finite collections
of elements of A. (I finite, or more precisely we assume I € FA.) Then

Nier(a; V bi) = \[(Nies,ai) A (Nies,bi)]
where the join is taken over all pairs Ji,Jo C I such that I = JyUJy, Ji,Js finite.

Proof: We have assumed I € FA and so it is natural to go by the induction
theorem already proven. The case when I = ¢ is trivial. Say I = {*}. We need to
prove that
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as V by = V[(Nies,ai) A (Niea,)]
where the join is over pairs of subsets Jy,J> C I such that I C J; U J,. But
i, b < V[(Aies,a1) A (Aies bi)]

(take Jy =1 Jy = ¢ and then J; = ¢ Jy =1I). Say we are given J;,Jo C I,
I C J; U .Jy then we will be done with the case I = {x} if we can show

(Nieqai) A (Nier,bi) < ax Vb
Since I C J; U Jy then either % € J; or * € Jy. In the former case we have
(Nien ai) A (Nies,bi) < ax
and in the latter we have,
(Nieq,ai) A (Nies,bi) < by
And so
(Nieqai) A (Nigrsbi) < ax Vb
as required.

Now say we are given two finite sets I, I3 (in F'A) such that

Aier, (ai V b;) = V[(Aies, ai) A (Aies, bi)]
Niers(ai V bi) = V[(Aies, ai) A (Nies,bi)]
Then
Nier,utg(@i V) = (Aier, (ai V b)) A (Nier, (ai V bi))

(V[(Aiesgai) A (Nieag BITA (V1A g ai) A (A b))

v[(/\ile‘ uJ? a;) A (/\ing uJg bi)]

where the last join is over quadruples J¢, J&(C I,), Jlﬁ, JQB(Q I3) such that
Iy, =JFUJS and Ig = JP U JJ. We want this last line to be equal to

VIQ UTg=J1UJ> [(Niearai) A (Nies,bi)]

However for any Ji,.J> in this last join set J* = J; N I, and set Jf = J;Nlg
(i =1,2). So J*,J? enjoy the property

(2RI

I, = JrU Jg
Ig=J’uJy

We see J; = J* U JiB for i = 1,2 and so we see that
Vihienad A hienbd] < ViAo A (Ao b0)]

The reverse inequality is easy. O
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1.3 The free Boolean algebra

We now address the question of constructing the free Boolean algebra on a dis-
tributive lattice. It is not possible in our context to use the usual finitary universal
algebraic proof (e.g. Chapter 1 of [Joh87]) since this requires the natural numbers.
We use a construction via congruence preorders which is equivalent to the more well
known (e.g. [Pre93]) construction via congruences.

If D is a distributive lattice then SC D x D is a congruence preorder if and only if
it satisfies

a<ayIbp<b = aZh
(VS C D finite) a3b YaeS = \/S3b
(VS C D finite) a3b WbeS = a3 AS
a3bbZec = aZc
aza

These were suggested to the author by Vickers and are an adaptation of his frame
congruence preorders ([6.2.3] of [Vic89]).

Lemma 1.3.1 There is an order preserving bijection between the poset of congru-
ences on a distributive lattice and the poset of congruence preorders.

Proof: Take a congruence = to the congruence preorder 3 wherea 3b < aAb=b
and take a congruence preorder 3 to the congruence 3 A 2. O

Notice that the poset of congruence preorders on D (written Conp(D)) has a least
element (<) and a greatest element (D x D).

Also notice that congruence preorders are closed under arbitrary intersection. It
follows that the poset of congruence preorders has all joins. In particular it has
finite joins. We prove that it is a distributive lattice:

Lemma 1.3.2 Conp(D) is a distributive lattice.

Proof: First note that it is sufficient to prove that for any <€ Conp(D) the order
preserving map

3N(-): Conp(D) — Conp(D)

has a right adjoint. For then =< N(_) preserves arbitrary joins and so it certainly
preserves finite joins. i.e. Conp(D) is distributive.

The right adjoint is given by
So—3/ o
where
3/ 20={(2,2)|(zAy) 3 (2V §) whenever y Jp y}. O

We construct the free Boolean algebra on a distributive lattice as a particular sub-
lattice of Conp(D).
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For all a € D define a pair of congruence preorders 34,07, J[1,5] by

T30y © r<yVa
T3npy & TAbDLy

Notice that

Sla0] N <[1 a)=<= 0conp(D)
and <[a 0] V= ~[1,a]= DxD= ]-Conp(D)

To see the latter note that
a j[a,O] 0Oand 1 :5[1’&] a
and so (a,0),(1,a) €Zq,01 V Jf1,a)- But then (1,0) €34,01 V Zp1,q) by transitivity

of congruence preorders.

Thus Z[4,0) and 1 are complemented elements of Conp (D) for every a,b. It
is easy to check, in any distributive lattice, that finite joins and finite meets of
complemented elements are complemented. Define

RIEERTTIRANT
So the set,

B = {Aier Zjaibi (@i, bi)ier a finite collection of elements of D}

is a Boolean algebra. Any element of B can be expressed as

Nier (Zai,00 V7 Do)

for some finite collection (a;, b;);cr, where = is the Boolean algebra negation.
There is a distributive lattice inclusion: i : D < B given by i(a) =Z4,0]-

Say f : D — B is a distributive lattice homomorphism to some Boolean algebra B.
If we have found two finite sets of elements {a;, b;|i € I},{a; b;/i € I} such that
Ni(Zlas0] V7 Zis0) = Ni(Zpazo) Vo 3 3 0]) we would like to check,

N[al)
Lemma 1.3.3 A;(fa; V —fb;) = A;(fa; V —fb;)

(For then it will be ‘safe’ to define ¢ : B — B by ¢(3) = Ai(fa; V =fb;) for any
collection {a;, b;|i € I} such that 3= Ai[Z[a;,00 V7 Zpi,01]-)

Proof: To conclude that Ar(fa; V —fb;) < Ap(fa; V —fb;) we need to prove that
for every 4 and for every pair Jy, J» C I with I C J; U J> we have

(Niea, fai) A (Niga,—fbi) < (faz V —fb;)

This relies on the finite distributivity law of Lemma [1.2.6] being applied to the
meet A;(fa; V = fb;). But the last inequality can be manipulated to

F((Nieyai A7) V Vies,bi) < f(az Ab;) V (Vies,bi))
and so we want to check:
(Nieq,a; ANby) V Ve, by < (a; Aby) V (Vies,bs) — (¥)

But the assumption
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Ni(Zfas0 V7 Zieso) < Ai(Zpazol V7 Do)
can via the same manipulations be shown to imply:

(Nieay Zaio) A Jos0) V Vier Sps0< (Sano) A Spao) V Vies Sipso))-

(x) follows since i is a distributive lattice inclusion. O

We check that ¢, so defined, preserves finite meets. For if
1= Nier(Zfas0) V7 Spes0) and Zo= Nier(Jjas,00 Vo Jppio) =
31 A Z2= Ao (Zas0) Vo Jies,0)- So

d(Z1AZ2) = Ar(fai VvV -fb)
= [Nier(faiV =fb)] A[Ner(fai V = fbi)]
= ¢(Z1) A p(Z2)

Similarly for Vs.

Hence ¢ is the unique Boolean algebra homomorphism from B to B that satisfies
the condition that ¢ oi = f. i.e. B is the free Boolean algebra on the distributive
lattice D.

We have one final use for our congruence preorders which is to show how they
can be used to form the quotient of a distributive lattice by an ideal. An ideal I of
a distributive lattice D is a subset of D which satisfies:

(1) I is lower closed. ie. | I =1,
(i) O0el
(i31) a,b e I impliesaVvbel
It follows immediately that for any ideal I the set
Sir={(z,y)|F el z<yvVi}

is a congruence preorder. We now quotient by the corresponding congruence, i.e.
we define an equivalence relation =r on D by a =y b if and only if @ 37 b and
b 2 a. Then the set of equivalence classes, D/=y, is a distributive lattice. The
equivalence class of an element a in D is denoted by [a]. So there is a distributive
lattice surjection [-] : D — D/ =;. Given this construction we have

Lemma 1.3.4 (i) [a] = [0] if and only ifa € I

(ii) For any second distributive lattice D there is a bijection between the distributive
lattice homomorphisms f : D/ =— D and the distributive lattice homomorphisms
f: D — D with the property that f(a) =0 VYa € I. The bijection is given by

fr=fol]

Proof: (i) Saya €I . Then a <0V i for some i € [ and 0 < a Vi for some i € 1.
ie. a 3r0and 0 3raand soa =7 0. ie. [a] =]0] .

Conversely if [a] = [0] then a =7 0. So a 2y 0. Hence a < 0V i for some i € I.
Therefore a € I as I is lower closed.

(ii) Say f: D/ =r— D is given. Then for alli € I (fo[])(i) = f([i]) = f([0]) =
0. Say f : D — D has property f(i) = 0 for every i € I. Define f: D/ =;— D by
fla] = f(a). This is well defined for if [a;] = [as] then a; < as and so there exists
i € I such that a; <ay Vi.
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flar) < flaz Vi) = flaz) V f(i) = fla2) VO = f(a2)
).

Similarly f(as) < f(a1). It is also easy to see that f so defined is a distributive
lattice homomorphism. Hence

fr—fol]
is a surjection. Finally say
frol]=/faol]
Then fi = fo since [] is a surjection (surjections are epimorphisms). Hence

f = fol]is a bijection. O

1.4 Directed subsets

Alongside the finite subsets we have another important class of subsets, the directed
subsets. These are particular subsets of posets.

Definition: A subset A of a poset A is said to be directed if and only if (i) Ja € A
(ii) Vb,c € A 3Id € A such that b < d and ¢ < d.

We use the up-arrow 1 in A CT A to denote the fact that A is a directed subset of
A. Notice that a lower closed subset of a distributive lattice is an ideal if and only
if it is a directed subset. We use the notation \/T to denote the join of a set that is
directed. A complete lattice is a poset with all joins.

Lemma 1.4.1 Any join VA defined on a complete lattice A can be expressed as a
directed join of finite joins of elements of A.

Proof: The set X = {VB|B C A, B € FA} is a directed subset of A. Clearly
Vin=va o

A poset is called a dcpo (directed complete partial order) if and only if all
directed subsets have joins. A function between posets is a dcpo homomorphism
iff it preserves directed joins. We have defined the category depo. If z,y € A for
some dcpo A then we say that z is way below y and write z < y iff for all directed
S Ct Aify < \/'S then z < s for some s € S. An element z € A that is way
below itself (z <« z) is said to be compact. The set of directed lower subsets of
a poset A is called the ideal completion of A and it is denoted IdI(A). Idl(A) is
always a dcpo and there is a poset inclusion |: A — Idl(A) which takes an element
of A to the set of elements lower than it in the order. IdlA is the free dcpo on
the poset A. The set of all dcpos of the form IdlA for some poset A is important.
They are called the algebraic dcpos. Given an algebraic dcpo an isomorphic copy
of the poset of which it is an ideal completion can be found as the poset of compact
elements. i.e. for every algebraic dcpo A if K 4 is the poset of compact elements
then A = Idl(K 4) (where 2 of course denotes the existence of an order preserving
isomorphism between the two posets). Further if IdlK; = IdlIK> then K; & K.
We use alg-dcpo to denote the full subcategory of decpo whose objects are the
algebraic dcpos. Another characterization of the algebraic dcpos is the following: a
dcpo A is algebraic iff Va € A

(i) {b]b < b,b < a} is directed
(i) VT{blb < bb<a}=a
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A class larger than the class of algebraic dcpos is the class of continuous posets. A
depo A is a continuous poset (or sometimes ‘is continuous’) if and only if

(i) {b|b <« a} is directed for every a € A.
(i) V{bp < a} =a Vaec A

Recall that if A, B are two objects of a category C then we say that A is a retract of
B if and only if there are two maps i : A — B, p: B — A in C such that poi = Id.
The following result is implicit in [Sco72]:

Lemma 1.4.2 (Scott) A dcpo A is a continuous poset if and only if there exists
an algebraic depo B such that A is a retract of B in dcpo.

Proof: Say A is a continuous poset. Then | : A — IdlA given by
Ya) = b < a}

is a dcpo map to an algebraic dcpo. But \/T : IdlA — A is also a dcpo map (it is
left adjoint to | and so preserves all joins) and \/T ol = Id by the definition of a
continuous poset. Hence A is the retract of an algebraic dcpo.

Conversely say A is a retract of B, an algebraic dcpo. Certainly B is a continuous
poset. So there exists dcpo maps i : A — B and p : B — A with the property
poi=1Id. I claim that

akasa & JbeB a<pb) b<pila)

Say a < 4 @ then since i(a) = \/"{b|b < i(a@)}, we can apply p to both sides and
find that

and so a < p(b) for some b <p i(a). ) .
Conversely say there exists b € B such that a < p(b) and b <p i(a), and say
a < \/T S for some S CT A. Then

)
i\ 9)

.

= Viils)ls € 5}

Hence b < i(s) for some s € S. We find that a < s by applying p to both sides of
this last conclusion. So I have verified my claim.

Notice that this claim in particular shows that if @ € A and b € B then b < i(a)
implies p(b) <4 a. And so for any a € A

i(a)

IN

)
a=pi(@ = p(\/{blb<pi(@)}

N
= \/{pd)b <5 i(a)}
= \/{a|a<<,45t}
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Finally we need to check that the set {a|la <4 @} is directed for every a € A. This
follows as an application of the claim from the fact that {b|b <p b} is directed for
every be B. O

For technical use later we have

Lemma 1.4.3 In a continuous lattice A the way below relation < is interpolative.
i.e. if a K b then there exists ¢ such that a < ¢ < b.

Proof: Define S = {d € A|(Ic € A)(d € ¢ < b)}. It follows that S is directed and
b<\V'so

For more background on continuous posets consult 2.1 VII of [Joh82].

1.5 The Category Loc

A frame is a poset with all joins and finite meets such that the arbitrary joins
distribute over finite meets. i.e. for any subset S of the frame and for any element
a we have

VSAa=V{sAals €S}

An example of a frame is the set of opens of a topological space. Frame homo-
morphisms are required to preserve finite meets and arbitrary joins. Given any
continuous function f : X — Y for topological spaces X and Y it is clear that the
inverse image of f is a frame homomorphism from the opens of Y to the opens of
X. ie.

F1 X 5y

is a frame homomorphism where QX is the frames of opens of X and QY is the
frame of opens of Y. We define Loc, the category of locales, to be the opposite of
the category frames (=Frm). What has just been described is a functor from the
category of topological spaces (Sp) to the category of locales:

Q:Sp—Loc

Having just given the impression that we shall talk about the locale QX we
now confuse the reader by fixing a different notation for locales which will seem
perverse to the newcomer: we shall talk about the locale X, but whenever we do
any manipulations on it we shall talk about the corresponding frame of opens 2.X.
The reason for doing this is to make sure that the discussions of locales and the dis-
cussions of frames are kept separate. Clearly the distinction is only mathematically
important when we are dealing with the morphisms, but having a different notation
for the objects will make it clearer which category we are working in. It will be
tremendously helpful to talk about pullbacks and products of locales since these
can be visualised as topological pullbacks and products and so having a distinct
notation will help reinforce the spatial intuitions that are behind the localic results.
Of course all this will seem like an irritating syntactic distraction for the newcomer.

If f: X =Y is alocale map between locales X and Y then we write Qf for
the corresponding frame homomorphism from QY to 2X. Notice that since Qf
preserves arbitrary joins it has a right adjoint. This right adjoint is denoted V¢ and
is given by the formula:

ViiQX — QY

.
a — \/{blQf(b) <a}
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If Qf has a left adjoint it is denoted by 3.

The subobject classifier is a frame. If we assume the excluded middle it is
the frame of two elements: true and false. In an arbitrary topos it is well known
that the subobject classifier is the power set of the terminal object (i.e. P1 where
1 = {x}) and clearly any power set is a frame with the order given by ordinary
subset inclusion. In fact

Lemma 1.5.1 Q, the subobject classifier, is initial in the category of frames.
Before proof let us make a seemingly innocuous observation: if T' € P1 then
T =U{{x}+eT}.

(Certainly U{{x}|*x € T} C T. Conversely for any z € T we have z = . Hence
* € T and so x € U{{*}|* € T'}.) Expressed as a fact about the frame of opens of
the locale it reads Vi € €2

i= Vi< i}

This will be used a lot when reasoning about Q. It corresponds to the idea of
concluding that two propositions are equal whenever they logically imply each other.
Proof that ( is initial: Say X is a locale. Define ! : X — 1 by

Q:0 — X
T +— \/{lax|xeT}

(Recall @ = P{x}.) Clearly Q! preserves finite meets and arbitrary joins. Say
Qf : P{x} — QX is some frame homomorphism. Then VT C {x},

Qf J{{+}x e T}

= \V{Qf{x}xe T}
\V{Qf1al € T}
\V{lax[xe T} =Q(T) O

Qf(T)

We use 1 to denote the locale corresponding to the frame Q.

Given a locale X we can construct a topological space ptX (‘point’ X). The under-
lying set of ptX is given by

{plp:1—= X palocale map }

These ps are called the points of the locale X. (Not to be confused with the elements
a € QX; they are the opens of the locale X.) The points of X correspond to frame
homomorphisms from QX to Q.

Notice that if p; : 1 = X, po : 1 = X are two points of some locale X then
since ¢ = \/{1|1 <4} for any i € 2 we have that for any @ € QX

Opi(a) = V{111 < Opi(a)}

It follows that if we know that for alla € QX Qpi(a) =1 < Qpa(a) =1 then
p1 = p2- It follows that a point is uniquely determined by the true kernel of its
corresponding frame homomorphism.

The topology on this set of points is given by all sets of the form:

{plQp(a) = 1}
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where a ranges over all elements of the frame QX and where 1 is the top element
of the subobject classifier {2. That this set forms a topology follows easily enough
from the fact that (1p is a frame homomorphism for any point p.

If f: X =Y is a locale map then composition of arrows in Loc clearly defines a
function from the underlying set of ptX to the underlying set of ptY’; it is easy to
see that this function is continuous and so we can view pt as a functor:

pt:Loc—Sp
Theorem 1.5.1 pt is right adjoint to 2.

Proof: Define a natural transformation n : Id = pt{) by

nx : X — ptQX
x — fa

Where f,(U) = U{{*}|lz € U}. So f,(U) =1 <& €U, and from now on we
will define points by simply giving the true kernel of the corresponding frame ho-
momorphism. The reader can check that (i) f; is a frame homomorphism for every
x, (i) px is continuous for every space X and (iii) 7 is a natural transformation.
To define a natural transformation € : Qpt = Id we need to define a map

ey : QptY — Y
in Loc for every locale Y. We define a class of frame homomorphisms by

Qey : QY — QptY
a — {p|Qp(a) =1}

Warning: notation does clash here. When the functor €2 is applied to the space X
we get a locale 2X. However the frame of opens of this locale is denoted by QX
rather than QQ.X.

The reader can check that Qey is a frame homomorphism for every Y and that e,
so defined, is a natural transformation.

So to verify that - pt we just need to check the triangular equalities for n and e.
We first examine

0
ox —% opax

92,4

This amounts to checking that
n Qeqx (U)=U YU € QX
i.e. that n~1{p|Qp(U) =1} = U. But

zen HplpU) =1} & f, e {plWU)=1}
< f.U)=1 & =zeU
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The other triangular equality is

ptY ety ptQptY

ptey

ptYy

Say pe ptY. Sop:1—Y is alocale map. Then 1,y (p) is a locale map from 1 to
QptY. It is given by the function ps : QptY — Q where

ptey takes p; to the composition

Qv 2% opty 2% 0
But Va € QY

pplley(a) =1 & pp{p|/Qp(a) =1} =1
& e {plp(a) =1}
& Qp(a) =1

Thus ptey o npy (p) = p. O

A short note is appropriate at this point to the effect that ‘category theory is
constructive’; to conclude that the triangular equalities are enough to imply an ad-
junction we are of course assuming the well known categorical proof which verifies
this fact. This categorical proof (see [Mac71] p81 theorem 2(v)) is easily seen to
be constructive (it does not rely on the excluded middle) and so our overall proof
that 0 - pt is constructive. At a couple of other points in the thesis we will say
‘by a well known categorical result...”, and in all cases the proof being referred to is
constructive.

We say that a locale X is spatial if and only if QptX is isomorphic (via the
unit of the adjunction) to X and that a space Y is sober if and only if ptQY is
isomorphic to Y via the counit. Crucially: ‘most’ spaces are sober and so we
can view the category of locales as a sensible (almost) generalisation of topological
spaces. Further, in practice, most locales are spatial and so the category of locales
is (in practice) not a massive generalization of the category of spaces.

Theorem 1.5.2 The retracts of spatial locales are spatial.

Proof: This is really just a piece of category theory. Say Y is spatial; i.e. ey is
an isomorphism in the category Loc. Let X be a retract of Y; say there exists
1: X =Y and p: Y — X with the property that poi = 1. I claim that

ex' = Qpt(p)oey' oi

For
exoOpt(p)oey'oi = poeyoey oi
= poi = 1’
Qpt(p)oeyloioex = Qpt(p)oey' oey o Qpt(i)

= Qpt(p) o Qpt(i)
= Qpt(poi)=Qpt(1) =1 O
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1.6 Some Constructively Spatial Locales

We now look at an example of the @ - pt adjunction being applied to certain
subclasses of locales and spaces. It will be useful to recall that for any topological
space X we can define a specialization order between the points of the space:

1 C s if and only if

YUeQX z1€eU = x,€U

Notice that a simple argument proves that any continuous function between spaces
preserves the specialization order.

Given an algebraic decpo X we say that U C X is Scott openiff t U = U (i.e. Vx € U
if y > = then y € U; U is upper closed) and for every directed subset S CT X if
\/T S € U then Js € S such that s € U. The set of Scott open subsets of a dcpo X
is denoted ¥ X. It is a frame with the order given by subset inclusion.

Theorem 1.6.1 If X is an algebraic dcpo then Y.X is isomorphic as a poset to
A(Kx) where Kx is the poset of compact elements of X and A(Kx) is the set of
all upper closed subsets of Kx.

Proof: Clearly the maps

¢: XX — A(Kx)
U — {keKxlkeU}
v:AKx) — IX
vV o— |Jtk
kev

preserve order. Trivially ¢p¢p(V) =V for all V C Kx with 1V =V.

We show ¢¥¢p(U) = U for every Scott open U. Now
Yo(U) U
since U is upper. In the other direction recall that for every z € U
e=\V"{klke Kx k<uz}

since X is algebraic. But U is Scott open and so there exists £ < 2z such that
ke KxnU.ie. key(U). Hence

z e Ukew(U) Tk=vpU) DO

We call a topological space (X, QX) Scott if and only if X has a partial order
on it which makes it into an algebraic dcpo and QX = ¥ X. Let ScottSp be the
full subcategory of Sp whose objects are all the Scott spaces.

Lemma 1.6.1 If X is a Scott space then the order of the dcpo is the specialization
order.

Proof: Say z; < x5 in the dcpo order and x; € U for some Scott open U. Then
o € U since Scott opens are upper closed. Hence z; C z2 in the specialization
order.

Conversely say x; C x5 in the specialization order. Then if £ < z; for some compact
k we see that 1 €1 k. But 1 k is a Scott open since k is compact, and we find that
x2 €T k by the definition of specialization order. i.e. k < x5 for every compact k
less than x1. But x; is the join of all compact elements less than it, and so x1 < x»
in the dcpo order. O
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Lemma 1.6.2 alg-dcpo=ScottSp

Proof: Clearly, by definition, both these categories essentially share the same ob-
jects. All that remains is to check that directed join preserving functions between
dcpos correspond to continuous function between Scott spaces.

Say f: X — Y is a directed join preserving function between dcpos X and Y. Say
U C Y is Scott open. Certainly f~'U is upper (N.B. it is easy to check that if f
preserves directed joins then it preserves order, for if < y then {z,y} is directed).
Now say S C' X and \/'S € f'U. Then f(V'S)eU = \Yfs|seS}eU
and so there exists an s in S such that fs € U. Hence there exists an s in f~'U
and we see that f~'U is Scott open. So f : X — Y is a continuous function.
Conversely say f : X — Y is a continuous function between Scott spaces. So we
know that it preserves the specialization order by an earlier remark, and since we
have a lemma to the effect that the specialization order and the dcpo order coincide
in this case we know that f preserves the dcpo order. Hence if S C' X is a directed
subset of X we have that

(i) {fs|s € S} is a directed subset of ¥’
(i) V'{fsls € S} < F(V' ).

Say k < f(\/lr S) (k compact). Then 1 k is open in Y as it is Scott open. Thus
f Y 1k)eQX. But /'S e f1(1k)andsods € Ssuchthat se f (1 k) =
k< fs<\/"{fs|s e S} Hence f(\V'S) < \V'{fs|s € S} since every element of ¥
is the join of compact elements less than it. O

Thus ScottSp is just the full subcategory of dcpos given by the algebraic depos.
But what are the locales that are going to correspond to the Scott spaces? They
are the Alexandrov locales. A locale X is said to be Alezandrov if and only if
QX = A(K) for some poset K. Let AlexLoc be the full subcategory of Loc
consisting of those locales which are Alexandrov.

Theorem 1.6.2 pt, Q) define an equivalence ScottSp = AlexLoc.

Some work has been done already in the proof of Lemma [1.6.1]. This allowed us to
conclude X1dl(K) =2 A(K) for any poset K. All we need to do is prove that Scott
spaces are sober and Alexandrov locales are spatial.

Scott spaces are sober. We need to check that nx : X — ptQX (z — p,) is
a homeomorphism between topological spaces for any Scott space X. Recall that
Qp,(U)=1 & =z€U.

Say Qp : QX — Q is the frame homomorphism corresponding to some point p of
X. We know QX = A(Kx) where Kx is the set of compact elements of X. Define
I, C Kx by

I, = {k|Qp(1 k) = 1}
Now certainly Qp(Kx) = 1. But Kx = [J{1 k|k € Kx}. And so the following are
equivalent,
{x} =10 = (J{(k)ke Kx}
x € Qp(1k) for some k € Kx

= Qp(t k) for some k € Kx
k € 1I,forsomek € Kx
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i.e. I, is nonempty.
Say ki,ka €I, = Qp(Tki)=1,Qp(t k2) = 1. Then 1 C Qp(1 k1) N Qp(T k2).
ie. 1 g Qp(T klﬂ T kg) But

T RNt ke = U{T klk1, k2 <k, ke Kx}

and so by a similar argument (i.e. using the facts that 1o = {*} and join is given
by union in Q) we get that Qp(1 k) = 1 for some k € Kx with ki, ky < k. ie.
k € I, and I, is seen to be directed. i.e. I, € IdIKx = X.

Thus f : p— I, is a function from the space ptQ2.X to the space X. Is it continuous?
Say U C X is an open subset of X. Then for any p € f~'U we have I, € U. But

I, = V' {klk € I}
and U is Scott open, so there exists k in I,, such that k € U. Therefore

1=0Qp(tk) CQpU). Hence Qp(U) = 1.
Conversely say Qp(U) = 1.

U=U{tklk €U}

Hence (again using the fact that 1o = {x}) there exists k € U with Qp(1 k) = 1.
So k € I, and hence I, € U since U is upper closed. This last implies p € f~1U. It
follows that

pef7lU & U)=1

ie. f7IU = {p|Op(U) = 1}, and so f~! is open implying that f is continuous.
Notice we have also verified that I, € U &, Qp(U) = 1.

We check that fonx(z) =2 Ve € X and nx o f(p) = p Vp € ptQX and so
conclude that any Scott space is sober.

fonx(z) = f(p)=1p,
= {k|Qp.(t k) =1}
= {klz €t k}
= {klk <z}

But the ideal of the last line corresponds to x under the isomorphism IdlKx = X.

(nxof()U)=1 & p,{U)=1
& LeU
& QpU) =1

The last equivalence is by the observation (x) above. Hence nx o f = Id and
fonx = Id.

Alexandrov locales are spatial: The frame homomorphism corresponding to
ey : QptY — Y is given by Qey(a) = {p|Qp(a) = 1}. Clearly Qey is a surjec-
tive frame homomorphism. We would like to prove that it is injective whenever
QY = A(K) for some poset K.

Say we have a,b € QY with the property that Vp : 1 — Y (i.e. for all points p of
Y) we have Qp(a) =1 & Qp(b) = 1. Does this imply a = b?

Well a =T forsome T C K 1T =T and b= S for some SC K 15 =5 since
QY = A(K) for some poset K.

Say k € K. Define Qpy : QY — Q by Qp(T) =1 <& ke T forall T in QY.
Now say k € T. Then Qpg(T) = 1. Thus Qpg(S) = 1. Thus k € S. Hence T' C S.
Symmetrically we get S C T. So S =T and Qey is injective. Alexandrov locales
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are spatial. O

To a certain extent this example is forced. There is no real reason to investi-
gate the Scott spaces, other than that by looking at them it is clear that we can
use the pt, ) adjunction in order to prove the result of interest, namely that the
algebraic dcpos as a full subcategory of all dcpos is equivalent to the Alexandrov
locales. (And even this is not the most straightforward way of looking at the re-
sult: we can’t justify looking at locales unless we are trying to model a particular
class of spaces and we have just said that we are not really looking spaces, we are
looking at dcpos. The result, most simply stated, is a statement to the effect that
the category whose objects are A(K) for posets K and whose morphisms are frame
homomorphisms between them is dual to the full subcategory of dcpos consisting
of the algebraic dcpos.) However there are reasons to examine this particular ex-
ample of the pt, 2 adjunction in action over others: it is constructive. Thus, in our
current constructive framework, we are permitted to make statements like ...if X
is an Alexandrov locale and z € X then...” since we know that we constructively
have points.

However most proofs that particular classes of locales are spatial (and hence can
be thought of as spaces) are classical: they require some choice axioms. We will see
these proofs in the final section of this chapter.

A special case of the Alexandrov locales is important: the discrete locales. These

are defined as those locales whose frame of opens are the upper completions (.A)
of discrete posets. A poset is discrete iff x < y implies £ = y. We use DisLoc to
denote the full subcategory of Loc consisting of the discrete locales. All discrete
locales are spatial since the Alexandrov locales are spatial.
Clearly the discrete locales are exactly those locales X such that QX = PA for some
set A, and spatially we are thinking of the discrete spaces. A restriction of the equiv-
alence alg-dcpo=AlexLoc to the discrete locales shows us that Set = DisLoc
where Set is the underlying topos. To see this last conclusion note that K = IdI(K)
if K is a discrete poset.

We now turn to the retracts of the Alexandrov locales. These are spatial by
Theorem [1.5.2], and we might hope that they correspond to the continuous posets
given that we know that the continuous posets are the retracts of the algebraic dcpos
and the algebraic dcpos correspond to the Alexandrov locales. Indeed this fact can
be verified (we point the reader to [Vic93] for a formal proof however). The rest of
this section contains a discussion of another characterization of the class of localic
retracts of the Alexandrov locales. They are the completely distributive locales. i.e.
those locales whose frame of opens is a completely distributive lattice. The usual
definition of a completely distributive lattice is roughly ‘arbitrary joins distribute
over arbitrary meets’. Technically this amounts to the statement: if {J;|i € I} is
an indexed family of sets then

NV Jili € I} = VI f(@)li € T}|f € F}
where F' = {f : I = [1,c; Jilf(i) € Ji Vi}.

However showing results about completely distributive lattices with this defi-
nition can often require the axiom of choice: e.g. showing that the opposite of
a completely distributive lattice is completely distributive requires the axiom of
choice (e.g. lemma VII (1.10) of [Joh82]). Fawcett, Roseburgh and Wood address
the problem of trying to find a constructive version of the complete distributivity
axiom. They say that a complete lattice A is constructively completely distributive
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if and only if the join map \/ : D(A) — A (where D denotes the action of taking all
lower closed subsets) has a left adjoint. We see ([FW90],[RW91]) that the notions of
constructive complete distributivity and ordinary complete distributivity coincide
if and only if we assume the axiom of choice.

It might appear that a definition in terms of the existence of an adjoint is out of
step with some of our other definitions; however note that a dcpo A is continuous
if and only if \/T : IdlA — A has a left adjoint.

As an aside it is worth mentioning that the opposite of a constructively com-
pletely distributive lattice can be proven to be constructively completely distributive
if and only if we assume the excluded middle. Thus we can translate the excluded
middle into a statement about constructively completely distributive lattices. See
[RWI1].

We say that a locale X is CCD (constructively completely distributive) if and
only if QX is a constructively completely distributive lattice. Let CCDLoc denote
the full subcategory of Loc whose objects are CCD.

Theorem 1.6.3 A locale X is CCD if and only if it is the retract of some Alexan-
drov locale.

Proof: Consult [Vic93]. O

1.7 Locale Theory

The preceding discussion about the 2 4 pt adjunction is just a piece of history. It
serves to convince the doubtful reader that the category of locales is a plausible
environment in which to do topological space theory. From now on we shall take
this motivation for granted, forget that spaces ever existed and develop locale theory
as if it was topological space theory. Occasionally the topological intuitions behind
what we do are explicitly referred to but mostly this is done implicitly through
the choices we make of topological adjectives used to describe localic concepts. For
more motivation consult [Joh82], [Isb72] and [Joh91].

1.7.1 Sublocales

If Xo — X is a subspace inclusion, then its inverse image (going to the subspace
topology) is a surjection. We take this as our definition of a sublocale: a locale map
Xy — X is a sublocale if and only if the corresponding frame homomorphism is a
surjection. The sublocales form a poset which is denoted by Sub(X).

There are two important classes of sublocales: the closed sublocales and the open
sublocales. The spatial intuition behind these classes of sublocales is the idea of
closed and open subspaces.

Given a locale X and an element a of 2X we can define two surjections away from
QX.

Open:

QX — la
b —— aAbd
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and closed:

X — tTa
b — aVvd

Within the category of locales we use the expressions

ar— X
-a— X

to refer to the locale maps corresponding to these two frame surjections. Spatially
when we write ma — X we are thinking of the closed subspace corresponding to
the set theoretic complement of the open a.

Notice that we can take the closure of any sublocale. The closure of Xy < X is
-V;(0) = X
Lemma 1.7.1 For any sublocale i : Xg — X and closed sublocale —~a — X
Xo <swp(x) @ & Vi(0) <gup(x) ma

Proof: First note that Xo <guyx) —Vi(0), for we can define a frame homomor-
phism,

Qn V(00 — QXo
Vi0)Va — Qi(a).

(This is well defined since QiV;(0) = 0 .) Also note that the diagram

X, n - —Y,(0)

X
commutes in Loc proving Xo <gu(x) Vi(0).
Further note —V;(0) < —a if and only if a < V;(0). (Essentially because

Ong Ta — VY;(0)
aVb — VY;(0)Vb

is a well defined frame homomorphism if and only if a < V;(0).)
But a < V;(0) if and only if

Qp:Ta — QX
avb +— Qia)

is a well defined frame homomorphism and so
Xo<-a & _'Vl(O) < -a

as required. O
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1.7.2 Denseness

A locale map f: X — Y is dense if and only if Va € QY (Qf(a) =0 = a =0). It
is clear from the formula for the right adjoint to Qf that density of f is just the
assertion that V;(0) = 0.

If f: Xy — X is some sublocale of X then it is a dense sublocale of its closure.

If a,b € QX for some locale X then a — b € X is given by the formula
a—b=\"{clarc<b}

— is the well known Heyting arrow (see I 1.10 of [Joh82]); it enjoys the property
that for any a,b,c € QX

aANb<c & a<b—c

We introduce it here since it is needed in the following example of a dense sublocale:
given any locale X define a new locale X__, by Q(X_-) = {a € QX |-~—a = a} where
— is the Heyting negation, i.e. =a = a — 0. Notice that the map

X — QX__
a — —1a

is a surjective frame homomorphism and so we have a sublocale X__, — X. The
fact that (-—a = 0 = a = 0) means that this inclusion is dense. Indeed it is the
least dense sublocale of X. It is not the case that all topological spaces have least
dense subspaces.

1.7.3 Separation axioms

A locale X is said to be compact if whenever we have a directed subset S of QX
such that the join of S is the top element of X then the top element of X isin S.
Clearly this is the localic analogy to the spatial idea of compactness.

Given two elements a,b of a frame QX we say a < b (a well inside b) if and only if
3 ¢ € QX such that

ahNc = 0
bve = 1

Lemma 1.7.2 a<b <& -—aVb=1 where na is the Heyting negation of a. i.e.
—a = \/{alaAa=0}.

Proof If a <t b then there exists ¢ with aAc =0 and bV ec=. But a A ¢ = 0 implies
that ¢ < —a since ~a = \/T{¢|é Aa = 0}. Hence —=a V b= 1.
If =a V b =1 then certainly a <1 b since a A —a is always equal to 0. O

We say that a locale X is regular if and only if Va € QX
a=\"{blb<al

Recall that a topological space X is regular if and only if for every closed F' and
every = € F there are disjoint opens U, V such the F' C U and z € V. This condition
implies and is implied by the condition: for every open W

w=U"v|Ivaw}
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i.e. a topological space is regular if and only if the locale whose frame of opens are
the opens of the space is regular.

Theorem 1.7.1 (a): A sublocale of a regular locale is regular.
(b): A closed sublocale of a compact locale is compact.
(c): A compact sublocale of a regular locale is closed.

Proof: (a) Say i: Xo < X is a sublocale such that X is regular. Clearly
adb = Qi(a) 1Qi(b). If a € QXj then a = Qi(ap) for some ag in QX. But

ao = V' {b|b < ap}

Hence

N
a=Qia) = \/[{Qib)[b<ao}

IN

4
\/fele 2 iao)}
Qag) =a

IN

(b) Say —a < z is a closed sublocale of X and X compact. So Q(—a) =1 a. Say
ScCMaand V'S =14 = 1gx. Then S C' QX and \/TS = 1gx. Hence 3s € S
such that s = lox = 144 i.e. 1 a is the frame of opens of a compact locale. i.e. —a
is compact.

(c) Say i : Xg < X is a sublocale such that Xy is compact and X is regular. We
know that i can be factored as

Xy — —|VZ(0) — X

where the first part of the composition is dense. By (a) we know that —V;(0) is
regular, and so we can conclude our result provided we show that if i : Xo < X is
also dense then it is an isomorphism.

First we check that Va € QX if Qi(a) = 1 then a = 1. Certainly a = \/"{b]b < a}
since X is regular. So

1=Qi(a) = V' {Qib)|b< a}
Hence db<ia such that Qi(b) =1 (as Xp is compact). Thus d¢ bAc=0 aVec=1.
Thus Qi(c) = Qi(b)AQi(c) = Qi(bAc) = 0. But this implies V;Qi(c) = 0as V;(0) =0
since 4 is assumed to be dense. And so ¢ = 0 because ¢ < V;Qi(c). We conclude
a=lasa=aV0=aVe=1.
We want to prove that (2 is an injection for then we can conclude that i is a locale
isomorphism. Say Qi(b;) = Qi(bs). It is sufficient to prove for all a € QX that

a<by [== a < by

in order to conclude b; = b, since X is regular.

But

aldb; & -aVb =
& Qi(-aVb)=1
& Qi(-a) vV Qi(by) =
& Qi(—a) vV Qi(be) =
& Qi(maVb)=1
& —aVby =
& a<dby O
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We say a locale X is locally compact if and only if for every a € QX we have
that

a=\/{bb <K a}

So a locale X is locally compact if and only if QX is a continuous poset. Spatially
we are thinking of the locally compact spaces.

X is said to be stably locally compact if and only if (it is locally compact and) the
< relation satisfies

(i) 1« 1lie. X is compact
(’Ll) a<Kb,akb = akb Aby

where a, by, by are arbitrary elements of QX.
Banaschewski and Briimmer ([BB88]) describe these locales as corresponding to the
most reasonable not necessarily Hausdorff compact spaces.

Theorem 1.7.2 Any compact reqular locale is stably locally compact.
Proof: It is sufficient to prove that for any compact regular X if a,b € X then
aldb & a<kb

(For from the definition of < it is easy to see that 1 <1 and a <by,by =
a<1by Aby.) Say a<tband b<\/'S. Then —aVb> 1 and so

1<-aVvV'S=\V{-avs|seSs}

Thus 1 < —a V s for some s by compactness. Hence a < s for some s € S and we
conclude a < b.

Conversely say a < b. b= \/"{by|b; <1 b} since X is regular. Therefore a < b; for
some b; <1b. Hence a < b. O

Another example of a stably locally compact locale is a coherent locale; spatially we
are thinking of the coherent (or spectral) spaces. A locale X is said to be coherent
iff

@) 1<l

(’Ll) Vki,ky € QX if by € k1 and ky < ko then k1 A ks < k1 A ks.
T

(iii)  VaeQX  a=\/{klk <kk<a}

We use KQX to denote the subset of compact opens of a locale X. i.e. KQX =
{k € QX |k < k}. So (i) and (ii) are saying that compact opens are closed under
the formation of meets and (iii) is saying that every open is the join of compact
opens less than it.
From the above definition of a coherent locale it is immediate that coherent locales
are stably locally compact.
Just as algebraic dcpos can also be defined as those depos which are ideal comple-
tions of posets we find that

Theorem 1.7.3 A locale X is coherent if and only if QX = Idl(D) for some
distributive lattice D.

Proof: What is needed is a repetition of the proof that a dcpo is algebraic if and
only if it is the ideal completion of its compact elements. We only need to further
check that the compact elements form a distributive lattice. It is trivial to check
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that the least element is compact and that if a1, as are compact then so is a; V as.
Further, closure of compact opens under finite intersection is part of the definition
of X being coherent; so the compact elements form a subdistributive lattice of Q2.X.
O

Just as the continuous posets are the retracts of the algebraic depos, we find a
similar result applies to the stably locally compact locales:

Theorem 1.7.4 A locale X is stably locally compact if and only if it is the retract
in Loc of some coherent locale Y .

Proof: Say X is stably locally compact. Then QX is a continuous poset. But
the fact that any such poset is the retract of its ideal completion is seen in the
proof [1.4.2] (which showed us that the continuous posets are exactly the retracts
of the algebraic dcpos). The dcpo maps that prove that this retract exists are

L QX = IdIQX and /' : IdIQX — QX.

However \/T is left adjoint to |: QX — IdI2X and so preserves joins. | is left

adjoint to \/T and so \/" preserves meets. Hence \/! is a frame homomorphism.
But |, as a left adjoint, preserves all joins and the fact that it preserves finite meets
follows from the conditions (i) and (ii) in the definition of stably locally compact
above. Hence QX is the retract in Frm of the frame of opens of some coherent
locale. Hence X is the retract in Loc of some coherent locale.

In the other direction say X is the retract of some coherent locale Y. Then there
is a retract diagram

0x X

ap| Qi

QY

in Frm. QY is an algebraic dcpo and so QX is a continuous poset by [1.4.2]. We
only have to check the stability conditions (i),(ii) in order to verify that X is stably
locally compact.

But recall the claim of the proof of [1.4.2] which showed us:
a<ox aifand only if 3 € QY a < Qi(b) b <oy O(a)

The stability conditions for X follow from the fact that they hold for Y. O

Finally, just as the ideal completion of a poset is the free dcpo over that poset
we find that the ideal completion of a distributive lattice is the free frame over that
distributive lattice. The proof follows the same route: if f : D — QX is a dis-
tributive lattice homomorphism to some frame 2X then the frame homomorphism
corresponding to it is given by: Qp : IdiD — QX where Qp(I) = \/T{f(k)|k € I}.
In the other direction a frame homomorphism from IdiD to QX is taken to its
restriction to compact opens.

A map f: X = Y between stably locally compact locales is said to be semi-
proper if and only if Qf preserves the way below relation <. Define CohLoc, the
category of coherent locales, to have coherent locales as objects and semi-proper
maps as morphisms. Clearly the maps between coherent locales that we are looking
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at here are those which preserve the compact opens; they are defined in [Joh82] as
the coherent maps.

What is the class of locales which are both compact regular and coherent? These
are called the Stone locales. Before we offer some alternative characterisations of
them we need to define what it means for a locale to be zero-dimensional. A locale
X is zero-dimensional if and only if for every a in QX we have that

a=\V'"{a3 aAc=0 ave=1 a<a}

Of course we refer to elements @ € QX as complemented if and only if there exists
some ¢ € QX such that aAc =0 and aV ¢ = 1. Notice that an open a is comple-
mented iff @ < a. Further notice that the set of all complemented opens (denoted
(Q2X)¢) forms a Boolean algebra. So the zero-dimensionality condition could equally
well have been written: every open is the join of complemented opens less than it.

Theorem 1.7.5 The following are equivalent for any locale X .

(1) X is Stone.
(i7) X is compact and zero-dimensional.

(141) QX is the ideal completion of some Boolean algebra.

Proof:
(i)=(i). Va,b € QX we know a <b & a < b since QX is compact regular. But X
is coherent so Va € QX

However ‘a <1 a’ is just the same as saying ‘a is complemented’.

(ii)=(iii). As X is compact we know that whenever a is complemented (i.e. when-
ever @ < a) we have that @ < @. i.e. a is compact. So in the presence of com-
pactness the zero-dimensionality condition implies that every open is the join of
compact elements lower than it. But in the other direction if @ < @ then because
a = \/T{a0|a0 Jap ap < a} we have that a < ag < ap < a for some ap. Hence
ao = a and the complemented opens coincide with the compact opens. The comple-
mented opens are certainly closed under meet and so we know that X is coherent:
it is the ideal completion of its compact opens. i.e. it is the ideal completion of its
complemented opens. But these form a Boolean algebra.

(iii)=(i). Va € QX we know a = \/"{k|k < k k < a}. We also know that the set
{k|k < k} is a Boolean algebra. So if k < k then there exists ¢ such that kAc=0
and k V¢ = 1. It follows that if k is less than a then kAc =0and aVc = 1. ie.
k < a. Hence

a=\'{pb<a}  VaeQX
i.e. QX is regular. Certainly X is (compact and) coherent since Boolean algebras
are distributive lattices.
1.8 The Constructive Prime Ideal Theorem

The Prime Ideal Theorem (PIT) is the statement: for every distributive lattice D,
provided D is not trivial (i.e. provided D # {*}) then there exists an ideal I C D
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with the property that if a Ab € I then eithera € Torbe [ and1¢ 1. ie. [isa
prime ideal.

The prime ideal theorem is well known, classically, to be a weak form of the axiom
of choice (see e.g. Chapter 7 of [Joh87]). Assuming the excluded middle (so the
subobject classifier is {0,1}) if f : D — Q is a distributive lattice homomorphism
then the set {a|f(a) = 0} is a prime ideal. Certainly it is an ideal. If f(a Ab) =0
and we find that both f(a) # 0 and f(b) # 0 then we can from these conclude
that f(a A b) # 0. But we are assuming the excluded middle so we can use this
contradiction to conclude that either f(a) =0 or f(b) = 0. Thus {a|f(a) =0} is a
prime ideal for any distributive lattice homomorphism f : D — Q. This argument
works in the other direction: any prime ideal I C D gives rise to a distributive
lattice homomorphism f : D — Q with the property that f(a) = 0 if and only if
a€cl.

Hence, if we are in a Boolean topos and so can use the excluded middle, we can find
an equivalent form of the PIT: for every distributive lattice D provided D # {*} then
there exists a distributive lattice homomorphism f : D — Q. However we are let
down by the condition D # {x} which (although possible to define in a general topos
via Heyting negation) is clearly undesirable in our constructive context. However
the above observations help us home in on the following statement which will make
sense in any topos:

Constructive Prime Ideal Theorem (CPIT): For every distributive lattice D
if a € D has the property that f(a) = 0 for every distributive lattice homomorphism
f:D — Qthen a =0.

(’d like to thank Till Plewe for helping me towards this definition.)

Theorem 1.8.1 CPIT < PIT in a Boolean topos. i.e. if we are allowed the ex-
cluded middle then the prime ideal theorem and the constructive prime ideal theorem
are logically equivalent.

Proof: Assume CPIT and say we are given some distributive lattice D which is
not trivial. Then 1 # 0 in D and so by CPIT there exists f : D — ). i.e. we have
verified PIT.

Conversely say we are given a distributive lattice D and a € D has the property that
Vf:D — Q, f(a) = 0. Say a # 0. Then the distributive lattice | a is non-trivial
and so there exists a distributive lattice homomorphism (f say) from it to €. Set
f = f o c where ¢ is the distributive lattice homomorphism from D to | a given by
c(b) = aAb. Clearly f(a) = f(1;,) = 1 # 0 contradicting our assumption about a.
Hence a =0. O

We now note that just as the prime ideal theorem is well known to be equiv-
alent to the statement ‘every non-trivial Boolean algebra has a prime ideal’ there
is a similar constructively equivalent way of stating the constructive prime ideal
theorem:

Lemma 1.8.1 CPIT is equivalent to the statement: for every Boolean algebra B if
b € B is an element that satisfies f(b) = 0 for every Boolean lattice homomorphism
f:B — Q thenb=0.

Proof: Clearly CPIT implies this statement. Conversely assume the statement
holds for every Boolean algebra B. Say we are given a distributive lattice D and
some a € D with the property that f(a) = 0 for every f : D — Q. Then let
i : D — B be the inclusion of D into the free Boolean algebra over it. It follows
that f(ia) = 0 for every Boolean homomorphism f from B to Q. Hence i(a) = 0
by the assumption of the statement. Hence a is zero as i is an injection. O
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We can now forget about the excluded middle and Boolean toposes. They were
only introduced in order to verify that our choice for the constructive prime ideal
theorem was reasonable.

Theorem 1.8.2 In any topos if CPIT holds then all coherent locales are spatial.

Proof: Say X is a coherent locale. Notice that the frame homomorphism corre-
sponding to the counit of the adjunction is a surjection. It is given by

Qex : QX — OptX
I = A{plQp(I) =1}

We want to show that this surjection is an injection for every coherent X. Say

{plOp(1) = 1} = {p[p(J) = 1}

for some I,J € QX = Idl(KQX). This implies that for every point p, Qp(I) and
QOp(J) are the same element of the subobject classifier Q2 (recall that i = \/{1|1 < i}
for every i € Q). It follows that Qp(I) C Qp(J) and in particular that if Qp(J) =0
then Qp(I) = 0.

Recall that any distributive lattice can be quotiented by an ideal (Lemma [1.3.4]).
We quotient KQX by J. So[b] =0« beJ Vbe KQX and there is a one to
one correspondence between distributive lattice homomorphisms f : KQX —
which satisfy f(b) = 0 for all b € J and all distributive lattice homomorphisms
f: KQX/ =;— Q. It follows, from the fact that QX = Idl(KQX) is the free frame
over the distributive lattice K QX that there is a one to one correspondence between
points, p, of X satisfying Qp(J) = 0 and distributive lattice homomorphisms from
KQX/ =s to Q.

Now to verify I C J it is sufficient to check that Ya € I and Vf: KQX/ =;— Q

fla] =0

for then by CPIT [a] =0 ie. a € J. )
However fla] = 0 < Qp(] a) = 0 where p is the point corresponding to f (which
must satisfy Qp(J) = 0). But Qp(l a) C Qp(I) C Qp(J)=0. O

Recall from Theorem [1.5.2] that the retracts of all spatial locales are spatial. It
follows immediately that provided CPIT holds (a) all stably locally compact locales
and (b) all compact regular locales are spatial. It is also worth saying that therefore
the Stone locales are spatial (if we assume CPIT) for we have

Theorem 1.8.3 In any topos if the Stone locales are spatial then the constructive
prime ideal theorem is true.

Proof: Say B is a Boolean algebra and b € B has the property that for every
Boolean map f : B — Q, f(b) = 0. It follows that for every such f, f(-b) = 1.
There is a one to one correspondence between these functions f and points of the
Stone locale whose frame of opens is given IdlB since IdlB is the free frame over
the Boolean algebra B. It follows that for every point p of this locale Qp({ —b) =1
Thus

{pIp(l —b) = 1} = {p|Qp(} 1) = 1}.

But we are assuming that the Stone locales are spatial and so this condition implies
that | =b =] 1. Hence -b = 1, hence b = 0 and so by Lemma [1.8.1] the construc-
tive prime ideal theorem is verified.O



Chapter 2

Preframes and the
Generalized Coverage
Theorem

2.1 Introduction

This chapter is more lattice theoretic than localic. We give a description of pre-
frames (as introduced by Banaschewski [Ban88]), and show how they form a sym-
metric monoidal closed category. We prove this by adapting K¥iz’s precongruences
to the context of preframes. We recall [JT84] that the category of SUP-lattices
is symmetric monoidal closed. Further analogies between SUP-lattices and pre-
frames become clear: frames can be viewed both as special types of monoids in
the symmetric monoidal category of preframes and as special types of monoids in
the symmetric monoidal category of SUP-lattices. The latter fact is shown in Joyal
and Tierney [JT84], the former in Johnstone and Vickers [JV91]. Moreover frame
coproduct (=locale product) can be viewed as either tensor within the category of
preframes or as tensor in the category of SUP-lattices. This is the localic version
of the motivating example which is described in the introduction to the thesis. The
usefulness of this result is seen immediately with a proof of the localic Tychonoff
theorem.

Not only can we view locale products in these different ways, the same applies to
all locale limits: in particular frame coequalizers (=locale equalizers) can be viewed
as particular SUP-lattice coequalizers and as particular preframe coequalizers. Both
these facts stem from a general categorical result about any symmetric monoidal
closed category. We call this result the generalized coverage theorem and note that
it has an ‘opposite’. The end of the chapter is about applications of the generalized
coverage theorem (and its opposite). In particular the name of the theorem is jus-
tified: it covers both the preframe version and Johnstone’s original (SUP-lattice)
version of the coverage theorem. With the help of its ‘opposite’ we are able to
deduce the fact that preframes have coequalizers from the fact that SUP-lattices
have coequalizers.

43
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2.2 Preframes

Johnstone’s coverage theorem [Joh82] gives us a concrete description of the frame
corresponding to a set of generators and frame relations. The fact that such a frame
exists can be verified easily enough by constructing the free frame on the generators
and then quotienting by the least congruence containing the relations. However
the advantage of the coverage theorem is that it gives us a concrete description
of the frame being presented. Hence we have a concrete description of arbitrary
frame coproduct, and this can then be used to prove that the coproduct of compact
frames is compact. In other words the product of compact locales is compact (i.e.
localic Tychonoff theorem). It was observed in Abramsky and Vickers’ work on
quantales (J[AV93]) that the real content of the coverage theorem is the fact that
the frame being presented is isomorphic to the free SUP-lattice on another set of
generators and relations. This ability to describe frames as particular quotients
of free SUP-lattices is useful in the context of quantales since there one is often
trying to find SUP-lattice homomorphisms away from a particular frame. In fact
the coverage theorem extends very naturally to become a statement about how to
present quantales as particular SUP-lattices.

The proof of the localic Tychonoff theorem using Johnstone’s original description
of the coproduct frame (see III 1.7 of [Joh82]) is far from straightforward. Many
attempts were made to simplify e.g.[Ban88], [JV91]. In [JV91] the authors develop
the theory of preframes, and check that given a set of generators and preframe
relations then the preframe being presented is well defined. It is then possible to
find a preframe version of the coverage theorem: it states that given a set of gen-
erators and frame relations then the frame being presented is isomorphic to the
preframe being presented by some other set of generators and relations. Just as
was done with the original coverage theorem this preframe version can be used to
give an explicit description of the coproduct of frames. Only now the coproduct is
presented as a preframe and since we know that a frame is compact if and only if a
particular preframe homomorphism exists with the frame as its domain, the proof
of the localic Tychonoff theorem becomes much simpler. This is what motivates us
to look at preframes.

A preframe is a poset with directed joins and finite meets such that the directed

joins distribute over the finite meets. A preframe homomorphism preserves directed
joins and finite meets. The name ‘preframe’ was introduced by Banaschewski in
his paper “Another look at the localic Tychonoff theorem” [Ban88], although these
objects had already been looked at by Gierz et al as meet continuous semilattices
[GHKLMS0].
We aim to show that the category PreFrm of preframes is symmetric monoidal
closed. Instead of just constructing a tensor product in PreFrm we address the
more general question of whether preframe presentations present. i.e. if we are
given a set G of generators and a set R of preframe equations of elements of G is
the preframe

PreFrm< G|R >

well defined?

It is true that such a general presentation presents [JV91] though for our purposes
we only need to show that a smaller class of presentations present. We aim to check
that for any meet semilattice S,

PreFrm < S(qua meet semilattice)| VI X = VY (X,Y) e R >
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is well defined; where R is a set of pairs (X,Y") with X and Y directed subsets of
S.

A note on notation is appropriate: the expression ‘qua meet semilattice’ is short-
hand for saying that the equations

aAb = aAsb Va,beS
1 = 1g

must be added to the presentation. This is saying that what is true in the semi-
lattice must be inherited by the preframe being presented. The meaning of the
expressions ‘qua preframe’, ‘qua frame’ etc should now be clear.

It is an easy exercise in the definition of what it means for a presentation to
present to check that we can further assume that the X and Ys in R are lower
closed and that R satisfies the following meet stability condition:

Ma€eS)[(X,Y)eR = ({zAalze X}, {yAaly€eY})€R]

2.3 Precongruences

These were introduced by Kiiz [KffiSG] in his study of the completion of a uniform
locale. Given a frame QX a precongruence, R, on it is a subset

RCOX x QX
such that whenever aRb we have that the set
{ul(a ANu)R(b A u)}

is a join basis for QX. i.e. Ve € QX ¢ =\ U where U C {u|(a Au)R(bAu)}. Of
course this does not imply that a precongruence satisfies any of the axioms of being
an equivalence relation.

We say that u € QX is R-coherent if and only if whenever aRb then

(a<u) & (b<w)

The set of R-coherent elements is clearly closed under all meets. Further we have
that if u is R-coherent and ¢ € QX then ¢ — u is R-coherent. For if aRb then
3Q C {v|(v Aa)R(v A b)} such that \/ @ = ¢. Then

alc—=u & alAc<lu

& aANg<u VYgeQ
S bAg<u VYqgeQ
& bAc<u
& b<c—u

It is a well known fact (see e.g. [6.2.8] of [Vic89]) that a subset Ay of a frame
(QX) is a surjective image (via the map a — A{b € Agla < b}) of that frame if
it is closed under all meets and is closed under the Heyting arrow in the manner
described above. i.e. (Yu € Ap)(Ve € QX)(c = u € Ap). So if we define QX (R)
to be the set of R-coherent elements of 22X then we see that there is a frame
surjection fg : QX — QX(R). Or(a) is given by A{ula < u u R-coherent } and
so a < fgr(a) Va. Also, joins on QX (R) are calculated as follows:
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\/QX(R) T=0r(VT)

for all T C QX (R)

The map Og is universal in the following sense:

Theorem 2.3.1 (Kf‘li) Given a frame QX with a precongruence R on it any frame
homomorphism Qf : QX — QY satisfying (aRb = Qfa = Qfb) factors (uniquely)
through 0g.

Proof: Clearly it is enough to prove that
Va e QX Qffg(a) =Qf(a) (%)
Set s(a) = \/{b € QX|Qf(b) < Qf(a)}. Then if aRb we see that

Tt
)
IA Sh

i.e. s(a) is R-coherent, and so Or(s(a)) = s(a). Hence the fact that a < s(a) implies
fr(a) < s(a). Clearly, by the fact that Qf preserves joins, we have

Qfs(a) < f(a).

And so Qf(Or(a)) < Qf(a) from which (x) follows as g is inflationary. O

The idea of prenuclei was introduced by Banaschewski ([Ban88]) to help with
his proof of a localic version of Tychonoff’s theorem. v : QX — QX is a prenucleus
if
(1) it is monotone
(2) a <w(a) Vae QX
(3) vo(a) Ab<wy(aAb) Va,be QX.

Condition (2) implies that the set of vp-fixed elements of QX is closed under
arbitrary meets. Say vo(u) = w and ¢ € QX, then vp(c = u) < ¢ = wu iff
cAvglc = u) <u. But e Avglc = u) < (e (e = u)) < vo(u) < u and so
the set of vy-fixed elements is the frame of opens of a sublocale by the same reason-
ing that allowed us to conclude that QX (R) is the frame of opens of a sublocale.
Given a prenucleus vy : QX — QX define R,, C QX x QX by

aR,b & (VueQX)|[(mu=u)=(a<u<b<u)
Notice from this definition that vo(u)Ry,u  Vu.
Lemma 2.3.1 R, is a precongruence.

Proof: Assume aR,,b.

I claim that {v|(a Av)R,,(bAv)} is the whole of QX and so certainly is a join basis
for QX.

So I need to prove, given an arbitrary v € QX, that if u € QX satisfies vo(u) = u
then

(anv)<u & (bAv)<u
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But (aAv<u <& a<v—u)andu y-fixed = (v = u) wvp-fixed (see
above).
So(a<v—u & b<v—-u < bAv<u)asrequired. O

Crucially we find that the set of R, -coherent elements is the same as the set of
vp-fixed elements. One way round of this implication is obvious from the definition
of R,,: if u is vp-fixed then it is R, -coherent. Conversely say u is R,,-coherent.
We know that vo(u)Ry,u, and so vp(u) <u < u < u. Hence vp(u) = u.

I am not sure of the extent to which precongruences and prenuclei are the same
thing. Certainly they are used in the same way: Kii7’s universal theorem above
having an identical form to Banaschewski’s lemma 1 in [Ban88].

Given a precongruence R the mapping

ur— uV \/{aAblIc,cRa,c ANb<u}

is a prenucleus, although (the trivial) proof of this fact doesn’t require R to be a
precongruence: it could be any subset of QX x QX.

Also the precongruences R, that we get from prenuclei cannot cover all possible
congruences. We saw that vg(u) Ry, u for every u € QX but the definition of precon-
gruences allows for the empty precongruence. We leave these theoretical discussions
aside and use precongruences only in what follows.

For any meet semilattice A let vA be the set of lower closed subsets of A. It is
well known that vA is the free frame over the semilattice A.

Theorem 2.3.2 Given a preframe A the set
Ra={(X,|{ V'X)|X a directed lower subset of A}
is a precongruence on vA. Moreover vA(R,) is the free frame over the preframe A.

Remark: It is easy to see that the R-coherent elements of vA are exactly the
Scott closed subsets of A. i.e. the classical complements of the Scott opens.
Proof: That R4 is a precongruence is quite straight forward: it is well known that
the set of sets of the form | a is a join basis for vA and since

lanX = {zAalzeX}

t )
tanl\/X = |\/{zAalzeX}
for any lower closed directed X we have that

(LanX)Ra(lan L V' X)
for every a.

0
We now note that the composite A A B4 vA(R4) is a preframe homomor-
phism. To see this say we are given X CT A which is lower closed and directed. We
need to prove that

Or, AN X =V g g {0rs L 2lz € X}

But g, is a frame homomorphism and so

t t
\/ {0r, 2|t e X} = GRAU{ia:p:EX}
vA(R4)
= 0g, X
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But we know that 0r, | \/TX = Ar, X from Kfiz’s universal theorem. Hence
0r,o | is a preframe homomorphism.

Now say we are given some preframe homomorphism f : A — B where B is some
frame. Since f is a meet semilattice homomorphism we know that it will factor
(uniquely) through J. i.e. 3 f:vA — B (a frame hom.) such that fo |= f.
fisgiven by f(Y) = Vz{f(y)ly € Y}. All we need to do (to check that vA(R4)
is the free frame on A) is verify that f satisfies the precondition of K¥i7’s universal
theorem; for then f will factor through fgr,. i.e. we need that if URV then
fU = fV. But this amounts to showing for any (lower) directed X that

FX=flV'x

ie. that \/T{fz|z € X} = V"X, which follows at once since f is a preframe
homomorphism. O

We can also define precongruences on preframes; and this will give rise to a
universal theorem identical to K¥iz’s except that the word ‘frame’ is replaced with
the word ‘preframe’. From this new universal theorem the fact that preframe pre-
sentations present will follow as an easy corollary. Proof of this new theorem relies
on applying K¥i7’s universal theorem.

Given a preframe A a precongruence on A is a subset R C A x A such that if aRb
then {ul(a A u)R(b A w)} is a directed join basis for A. i.e. Va € A there exists
U Ct {u|(a Au)R(b A u)} such that a = \/TU.

Say we are given a preframe A with a precongruence R on it. Then this precon-
gruence gives rise to a precongruence on the free frame on A in the following way:
R CvA(R4) x vA(R4) is defined to be {(} a,| b)|aRb}. We must check that R is
a precongruence. Say | aR | b. Now YU € vA(R4) we have U = Uuer + v and so
by applying 0r, : vA = vA(Ra) we see that U =V, 4p,){} ulu € U}. Hence to
conclude that R is a precongruence we must but check that | u is a vA(R4)-join of
elements V € vA(R,) such that (L aNV)R(} bNV) for any u € A.

Since v € A and aRb we know (by definition of precongruence on a preframe)
that u = \/TQ for some @ such that (a A ¢)R(bA q) Vq € Q. We know that
i A— vA(R,) is a preframe homomorphism and so

bu=V! molldaeQ}

But (aAq)R(bAq) implies | (aAq)R | (bAq) and so (| a) A (L ¢)R({ b)A({ q). Thus
} @ is a join of elements V' € vA(R4) such that ( aNV)R(] bNV) as required.
Hence R is a precongruence on vA(R4). This construction (of R from R ) will be
used in

Theorem 2.3.3 If R is a precongruence on a preframe A then there exists an arrow
c¢: A — C in the category of preframes which is universal amongst arrows with the
property aRb = c(a) = ¢(b).

Proof: We know (see above) that R = {(} a, | b)|aRb} is a precongruence on the
free frame on A, vA(R4) and so there is a frame homomorphism

01_% : VA(RA) — VA(RA)(R)

The map |: A — vA(R4) is a preframe injection. Define C' to be the least
subpreframe of vA(R4)(R) generated by the image of {| ala € A} under 6. Clearly
the map c¢: A — C defined by a — 0z | a is a preframe homomorphism. In fact it
is easy to see that c is a preframe epimorphism. Also note that if aRb then | aR | b
and so 05() a) = A5(] b) by Kiiz’s universal theorem, and so ¢(a) = ¢(b).

Now say we are given f : A — B, an arrow in PreFrm which satisfies aRb =
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fa = fb.

The inclusion |: B — vB(Rpg) of B into its free frame is a preframe homomorphism
and so the composite | o f must factor through the inclusion of A4 into its free frame.
i.e. there exists f : vA(R4) — vB(Rpg) a frame homomorphism making

A Q I/A(RA)
f f

B Y vB(Ry)

commute. ~ ~
Say | aR | b. Then aRb and so fa = fb. So certainly | fa=| fbie. fla=flb.
It follows from Kriz’s universal theorem that there exists g : vA(R4)(R) — vB(Rg)

a frame homomorphism such that go 8z = f. It follows at once that

gobpla=fla=|fa

and so the set g~*{] b|b € B} is a subpreframe of vA(R4)(R) which contains the
set {05 | ala € A}. Hence it contains C. It follows that g restricts to a function
from C to {] blb € B} = B. So there is a preframe g : C — B with goc = f as
required. The uniqueness of such a g is immediate from our remark earlier that c
is a preframe epimorphism. O

Notation: By analogy to Kiiz’s result we call the C' above A(R) and we use f to
denote the preframe map c¢: A — C.

2.4 Presentations

For a meet semilattice S recall that IdlS is the set of lower directed subsets of S.
It can be checked that IdlS is the free preframe on the meet semilattice S. We are
now in a position to prove:

Theorem 2.4.1 If S is a meet semilattice and R is a set of pairs (X,Y) where X,Y
are directed lower closed subsets of S and R satisfies the following meet stability
condition:

MaeS)[(X,)Y)eR = ({zAhalze X} {ynalyeY}) €R]
then

PreFrm< S (qua meet semilattice) |\/' X =\/'Y (X,Y)e R >
is well defined.

Proof: The set {] s|s € S} is a directed join basis for Idl(S) and so the conditions
on R given in the statement of the theorem imply that R is a precongruence on the
preframe Idi(S). We check that

Idi(S)(R) =PreFrm< S (qua meet-semilattice) |V X =\/'Y (X, V) eR>

IdlS is the free preframe on S and so given any meet semilattice homomorphism
s: S — B to some preframe B which satisfies V;{s(m)kv €EX}= V;{s(y)|y €Y}
for every (X,Y) € R we know that s factors uniquely through |: S — IdI(S). i.e.
there exists 5 : Idl(S) — B such that 5o |=s. But X RY implies 5(X) = 5(Y") and
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so § factors through 0 : Idl(S) — IdI(S)(R). O

The rest of this section and Section 2.6 to follow spell out the consequences
of the fact that preframe presentations present and as such are repetitions of the
results of [JVI1].

Now that Theorem [2.4.1] is proven we try out some examples. As with any
presentable algebraic theory we have a tensor product. Given A and B there is a
preframe A ® B with a preframe bihomomorphism
2 : Ax B — A® B which is universal amongst all such bihomomorphisms. So set

S =A —SLat < agb,a € A,b € B|(a®b1) A (@8by
(al’?b) A (CLQ’?I)

a’?(b1/\b2) aEA,bl,bQEB
= (al/\a2)’?b G,l,G,QEA,bEB

~— ~—
|

1 = 1®b VbeB
1 = a®l Vac A>
and define the tensor by:
t t
A ® B = PreFrm < S qua meet-semilattice] \/(ai?b) = \/ ai9b V(a;) CT A,Vbe B
t t
\(@sb;) = awg\/b; Vae A (b;)C" B>

Clearly A®(.) is left adjoint to the function space functor [A — | :PreFrm—PreFrm.
In fact

Theorem 2.4.2 PreFrm is a symmetric monoidal closed category.
Proof: The fact that presentations are well defined is the real ‘work’ of this theorem.

We use this proof to check that the subobject classifier (i.e. the power set of 1) is
the unit of the tensor. We define two functions

p:A - ARQ

a — a0
g: A0 —- A
"

by (@®i) = \/({a}u{lall <i})

Clearly p is a preframe homomorphism. Assume for the moment that (a,i) —
VT ({a} U {14]1 <i}) is a preframe bihomomorphism.

qp(a) = q(a®0)
1

= \({a} u{talt <0})

= a
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We also want that pg(a9i) = a’gi.

.
pa(wwi) = p\/{a}u{lall <i})

- (\T/({a}U{lAuSi}))’?O
- \T/({mo}u{lllﬁi})
= \T/({a’QO}U{a’?IHSi})
- a’?\T/({O}U{HlSi})
= i

To prove i < \/T({0} U {1]1 < i}) recall from Chapter 1 that it is sufficient to
check that i = 1 implies 1 = \/"({0} U {1|]1 < i}). We now check that (a,i)
V'({a} U {141 < i}) is a preframe bihomomorphism in order to be sure that g is
well defined. Fix i € Q. Clearly \/"{1} U {14]1 <i} = 1. Say a,b € A.

T T

\{a}u{1al1 <i}) A\ ({b}U{lal1 <i})

.

= V{anb}u ol <iyufal <i}u{l1<i})
.

\/({anbyu{ifl <i})

So ((1),i) = VT({_} U {1]1 < i}) preserves finite meets.

Say T C" A then Vt € T certainly
t<V{tpufin<i}

hence \/T T < \/I(\/T({t} U {1]|1 < i})) and so an examination of cases tells us

VIQVITHUfL <) < VIV U {1 <d)).

N.B. non-emptiness of T is needed. Hence ((.),7) — VT({_} U {1|1 < i}) preserves
directed joins.
The fact that for any 7,7 € Q,a € A we have

. Vaugp<ing)
=V {apu{lt <i}) AV ({a} U{11 < j})
is easy enough to see: use distributivity of directed joins over finite meets and note
that the sets {a} and {a} U {a|l < i} U {a|]l < j} are the same. Finally for any

a the function i — \/T({a} U {11 < i} preserves directed joins. This follows from
compactness of 2. O

We will need to construct some infinite coproducts of preframes when we prove
the localic Tychonoff theorem in Section 2.8. We have

Theorem 2.4.3 PreFrm is cocomplete.
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Proof: Again the ‘work’ has been done with the presentation result. Say
D :.J —»PreFrm is a diagram of preframes. Define

S=n-SLat < [[ D) 1=1py Vi
i€ObJ
aANb=aApyb VYa,be D(i) Vi
a=D(f)(a) YaeD@G) Vf:i—jeM(J)>

Then the preframe colimit is given by:

A = PreFrm < S qua meet semilattice |\/TT = \/g(i) T VI C'D() Vi>0O

2.5 The Generalized Coverage Theorem

We have a symmetric monoidal category PreFrm. Over any symmetric monoidal
category C we can construct CMon(C), the category of commutative monoids on
the tensor of C. We will find that frames can be characterised as special types of
objects in CMon(PreFrm). In the next section we will then be able to use the
following results to give us facts about frames. We need the following well known
(see e.g. lemma 4.1 of [JV91]) general result about symmetric monoidal categories,

Theorem 2.5.1 CMon(C) has finite coproducts. They are given by tensor (and
unit).

Proof: Say (A,*x4,e4),(B,*p,ep) are two objects of CMon(C), define
x:(A® B)® (A® B) = (A® B) to be the composite

(A9B)®(A®B) 5 (A A) @ (Bo B) "*%3* A9 B
ande: ) -+ A® B to be
050042 A B.

From these definitions it is easily established that ® can be viewed as a functor
CMon(C)xCMon(C)—CMon(C). If ® is left adjoint to the diagonal functor

A :CMon(C)—CMon(C) x CMon(C)

then ® is a coproduct operation.

Given a commutative monoid (A, *4,e4) the map x4 : A® A — A can be viewed as
a natural transformation from ®A to Id and given a pair of commutative monoids
(A,*4,e4) and (B, xp, ep) the maps

~

ASA400'®F AsB
B3ooB“% A% B

define a natural transformation from Id to A®.

That these natural transformations satisfy the triangle equalities for ® being left
adjoint to A follows from the fact that e is a unit. So ® 4 A as required.

That (2,22, Id) is initial in CMon(C) requires a similar manipulation. O

It is not the case that we can extend the above theorem to non-commutative
monoids. i.e. coproduct in Mon (C), the category of monoids over C, is not given
by tensor. The above proof breaks down since x4 : A ® A — A is not a monoid
homomorphism from A ® A to A unless A is a commutative monoid.

As for a concrete counter example we look at the case where C=Ab, Abelian groups.
Then CMon(Ab) is the category CRng of commutative rings and Mon(Ab) is
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the category Rng of rings. Say R is a ring and z,y € R have the property that
xzy # yx. There is a unique ring homomorphism (f) from the commutative ring
Z[z] of polynomials over  to R that maps the polynomial z to z, and similarly
there is a ring homomorphism (g) from Z[y] to R that maps y to y. Now

Zlx] @ Zly] = Z[x,y]

where Z[z,y] is the commutative ring of polynomials over the set {z,y}. So if this
tensor gave coproduct in the category of rings we would find that there is a ring
homomorphism from Z[z,y] to R corresponding to f,g. The image of this ring ho-
momorphism would be a commutative subring of R. This contradicts the fact that
zy # yx. In the context of a counter example it is appropriate to use the excluded
middle: if a theorem is not true classically it certainly won’t be true constructively.
However, more subtly, the reader should be aware that whenever we make the as-
sertion ‘Ab is monoidal closed’, we are assuming a natural numbers object. This
is because we need a natural numbers object in order to prove that Abelian group
presentations present.

If we may assume further that C is symmetric monoidal closed (i.e. that VA € Ob(C)
A® (.) 4[A — ) then we have another result about the creation of colimits:

Theorem 2.5.2 The forgetful functor F :CMon(C) — C creates all filtered colim-
its.

Proof: Say D : J — CMon(C) is a filtered diagram in CMon(C). Since ®
preserves colimits in each of its coordinates we can do the following manipulations:

colim; F D (i) ® colim;F D(j)

colim;(FD(i) ® colim;FD(j))
colim;(colim;(FD(i) ® FD(j5)))
= colim; ;) FD(i) ® FD(j)

1

R

But from a piece of well known ‘abstract nonsense’ we know that
colim; j(F'D(i) ® FD(j)) = colim;(FD(i) ® FD(i))

since J is a filtered category and so the monoid operation p; on the D(i)s induce
a function

xp : colim; FD(i) ® colim; FD(i) — colim;FD()
As for a unit on colim;FD(i) note that the composite

€D(i) HFD(i)

Q FD(i) colim; F'D(i)

(where the [[pp ;) is an edge of the colimit cocone on F'D) is the same for every i
(use filteredness of J) and so define a unit (ep) for colim;FD(i). It is then easy to
check that (colim;FD(i),*p,ep) is the colimit of D in CMon(C). O

So to complete our discussion about the existence of colimits in the category CMon(C)
all we need to do is find out whether coequalizers exists or not. It turns out that the
we have a more general theorem relating the existence of coequalizers in C to the
existence of coequalizers in Mon(C), the category of monoids over C. Compare this
to our examination of finite coproducts above; there we saw that the description of
coproducts in terms of tensor did not extend to the non-commutative case.
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Theorem 2.5.3 (The generalized coverage theorem) IfC is a symmetric monoidal
closed category and

(A,%4,e4) == (B,*B,eB)
g

is a diagram in Mon(C) then if ¢ : B — C' is the coequalizer of
*(1® fol)

*(1®wg®l)

B® A®B

(where x is ternary multiplication induced by *p) then C can be given a monoid
structure (C, xc, ec) such that

C
(A,*4,e4) = (B,*B,eB) — (C,*c,ec)
g

is a coequalizer diagram in Mon(C).

Proof: The definition of ec is just the composite c o eg. Defining % is a little
more involved. Since C is closed we know that the endofunctor (.) ® B preserves
coequalizers, hence the diagram

x(lefel)el c®1
B A® B® B BB —(C®B
x(legel)el

is a coequalizer diagram in C. But by associativity of the commutative monoid B
the morphisms *(1® f ®1)® 1 and *(1 ® g ® 1) ® 1 are equalized by the morphism

BeBX3BSC

and so there exists a (unique) map R: C ® B — C such that R(c® 1) = c*p.
But we have two commutative squares:

1ex(l® fel)
BB A® B s BB
1ox(leg®l)

c®R1I®1I®1 c®1

1ex(l® fel)
C®B®A®B s C®B
1ex(1egel)

R(c ® 1) equalizes the top row and so since c® 1 ® 1 ® 1 is an epimorphism (as ¢
is) we know that R will equalize the bottom row. Hence it will factor through the
coequalizer of the bottom row. But the coequalizer of the bottom row is 1 ® ¢ :
C®B — C®C(C since C® () preserves coequalizers. Hence 3x¢ : C ® C — C such
that R = *¢ o (1 ® ¢). It is now a routine exercise to check that (C,*¢c,ec) is a
monoid, that c is a commutative monoid homomorphism and that

C
(A)*AaeA) = (B)*B>eB) - (07 *0,60)
g

is a coequalizer diagram in Mon(C) as required. For instance since R = x¢(1 ® ¢)
we have that xc(c®¢) = *c(1®¢)(c®1) = R(c® 1) = cxp. ie. c¢is a monoid
homomorphism. Also (¢ ® ¢ ® ¢) is epic and so associativity for ¢ follows from
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associativity of xg. O

As an immediate example we can use the above to construct coequalizers in the
category Rng of rings. If

f
g

A B

is a digram in Rng, then it is well known that its coequalizer is given by taking the
quotient of B by the two sided ideal generated by {f(a) — g(a)|la € A}. However
this two sided ideal is given by

I = {3b;i(f — g)(ai)cila; € A, bj,c; € B}

But the ring B/I is found by taking the quotient in Ab, and it is clear from the
above expression for I that the Abelian group B/I is the coequalizer in Ab of

(1w fol)
s
x(leg®1)

B A®B

As another application we have restriction to the commutative case. In the proof of
the theorem it is a triviality to check that if B is a commutative monoid then so is
the monoid structure constructed on C. Hence we are able to lift coequalizers from
C to CMon(C). In fact most of our examples will be commutative, and in these
cases the following simplification of the generalized coverage theorem is appropriate:

Theorem 2.5.4 If C is a symmetric monoidal closed category and

(Aa *A)eA) = (B)*B>eB)
g

is a diagram in CMon(C) then if ¢ : B — C is the coequalizer of
xp(f®1)
xp(g®1)

A® B B

then C' can be given a commutative monoid structure (C,*c,ec) such that

C
(A,*4,e4) == (B,*B,eB) — (C,*c,ec)
g

is a coequalizer diagram in CMon(C). O

A detailed discussion of why [2.5.3] is called the generalized coverage theorem is
omitted until Section 2.9. There we will need a theorem that goes in the opposite
direction; a theorem which shows how to find coequalizers in C given coequalizers
in some category that behaves like CMon(C). The forgetful functor going from
CMon(C) to C has a left adjoint if and only if free commutative monoids can be
found on C objects. We find, opposite to the coverage theorem, that if there is
some category D and a faithful functor U from D to C which has a left adjoint then
coequalizers in C can be constructed from particular coequalizers in D provided
we also know that C has finite limits and image factorisations (see e.g. 1.51 of
[FS90] for a definition of image factorization). We know from Theorem [2.3.2]
how to construct the free frame on a preframe and so we know that the forgetful
functor from Frm to PreFrm has a left adjoint. It is easy to construct finite limits
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and image factorisations in the category PreFrm of preframes (for the latter just
take the subpreframe generated by the set theoretic image of the function to be
factorized) so the next theorem will prove that PreFrm has coequalizers from an
assumption that Frm has coequalizers. Indeed the proof to follow is really just a
repetition of the preframe version of Kfiz’s universal Theorem [2.3.3] (which itself
is just a manipulation of the proof in [JV91] that preframe presentations present).

Theorem 2.5.5 If C has finite limits and image factorisations, and there is some
category D with a faithful functor U : D — C which has a left adjoint F then for
any diagram

f
g

A B

in C its coequalizer is given by the image factorization of B P UFB Y UE where
FB 5 E is the coequalizer in D of

Ff

FA FB

Fg

Proof: Let the image factorization described in the statement be written

q : B — ¢[B]. Say there is a morphism B 5 E in C such that ef = ég. So certainly
FeFf = FeFg and so there is a morphism d of D

d:E—FE

such that de = Fe. Pull the monomorphism 75 back along Ud to find a monomor-
phism ¢ : J — UE. But from the pullback diagram we see that the map

B UFB Y% UE factors through ¢ since:
UdoUeong = U(doe)ong
UFéeong

= npoe

and hence the subobject J contains the subobject e[B]. So there is a map d from
e[B] to E such that dqg = é. Uniqueness of d follows if ¢ is an epimorphism; but we
have equalizers in C and so the cover ¢ is an epimorphism. O

2.6 Frames as commutative monoids

We first introduce the more well known way of looking at frames as commutative
monoids i.e. as SUP-lattices with a monoid structure given by meet. Of course a
SUP-lattice is a complete poset, i.e. a poset with all joins. SUP-lattice homomor-
phisms preserve all joins. We have defined the category SUP.

The fact that SUP has coequalizers is shown in [JT84]. In Proposition 4.3 of
Chapter 1 they show that if R is any subset of M x M where M is a SUP-lattice
then the quotient of M by the congruence generated by R is given by the set

Q={re MN(z,2)€R, zn<zr & z<lz}
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(cf R-coherent elements). So if

f
g

B A

is a pair of arrows in SUP then use the relation {(fb,gb)|b € B} to define the
coequalizer of f and g. Clearly we can also use this general construct to describe
tensor product of SUP-lattices and so we see that SUP is a symmetric monoidal
closed category with coequalizers.

Now say we are given a commutative monoid (4, *,e4) over a SUP-lattice A
which is also a semilattice. i.e. x is idempotent. We can then give A a second order
with which the x operation becomes meet. This second order will not necessarily
coincide with < 4. However the two orders will coincide if (and only if) a <4 e4 for
every a € A. For if we assume a <4 ey4 for every a € A then since x is monotone in
both its coordinates we know

xa4(a®b) <a4 *a(a®ey)
= a

k4(a®b) <4 *a(esa ®D)
= b

for every a,b. Further if ¢ <4 a,b then ¢ = x(c ® ¢) <4 *(a ® b) and so * is meet
with respect to the order < 4. Clearly such a commutative monoid will be a frame.

So frames are particular types of commutative monoids over SUP. A (commu-
tative) monoid (A, *4,e4) is a frame if and only if (1) a < esq Va € A and (2)
xs(a®a) =a Va e A. The first equation tells us that e is the top element of A.
We find ([JV91]) that this result has a ‘preframe parallel”:

Theorem 2.6.1 The category of frames is isomorphic to the full subcategory of
CMon(PreFrm) consisting of all objects (A, x,e) satisfying

(1) e(0)<a VA
(2) *(a®a) =a

Proof: Say A is a frame. Then
ViAxA— A

is clearly a preframe bihomomorphism. It is easy to check that

e: 1 — A
.
i — \{oru{ir<iy

is a preframe homomorphism (2 is compact) and that this makes (A, V,e) into a
commutative monoid which satisfies (1) and (2).

Conversely say (A, *,e) is a commutative monoid which satisfies (1) and (2). Cer-
tainly e(0) is 04 and so A has a least element. We check that x(a’b) is the least up-
per bound of @ and bin A. The fact that e is a unit tells us that a = x(a’9e(0)) (Va).
But a2e(0) < a®b Vb and so a,b < x(a®b).
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Now say a,b < ¢ then a®b < ¢9c and so *(aeb) < x(cec) = c. O

Frames can thus be viewed as SUP-lattices with a particular monoid structure
(corresponding to meet) or they can be viewed as preframes with a monoid structure
giving a finitary join operation.

Say (A,*4,ea),(B,*p,ep) are two commutative monoids in PreFrm. We know
that their coproduct in CMon(PreFrm) is given by

(A® B,x,e)
where % : (AR B)® (A® B) 5 (A® A) ® (B® B) "“23” A ® B and

0302042 A8

Now Va € A,b € B we have

e(0) = (ea®ep)(090)
= es(0)9ep(0) < apb
if ea(0) <a Vaandep(0) <b VbSoif A, B are frames then the set
{u € A® Blea(0)pep(0) < u}

is a subpreframe of A ® B that contains all the generators of A ® B and so is the
whole of A ® B. Hence, if A, B are frames then A ® B has a least element: 0490p.

#((@®b)2(aeb)) = (x4 ®*xp)((e2a)e(b®h))
= (xa(@®a))®(x5(wb))
= avb

if x4(a®a) =a Va and xp(beb) =b Vb.
Notice that the equation x((a’®b)®(a’®b)) = a2b is enough to tell us that *(wpu) =
u for any u € A ® B. This is because the set

{u€ A® B| x (wou) = u}

is a subpreframe of A ® B and contains all the generators of A ® B.
Proof that it is a subpreframe: Certainly *(1’91) = 1. Say u, v satisfy *(weu) =
u and *(vpv) = v. Then

*((u Av)g(u Av))

x((wou) A (vev) A (Wev) A (vRu))
*((weu) A (v8v))
*(wgu) A x(veV) = u Av

IN

In the other direction
uAv=x*((uAv)20) < *((uAv)e(uAv))
Say T C" A ® B is such that *(t9t) =t for all ¢t € T. Then for all t € T":

R
t=x(tet) < x(\/Twt)

T T
< «(\/T=\/T)
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Hence \/TT < (/" To9 \/' T). Conversely

T T T T
«(\/To\/T) = \/=(te\/T)

+
\/ *(t91)
(t,})eTXT
)

N
< \/xst)=\/T

teT

where the penultimate implication is by directedness of T'. O

So the above shows us that if (A, *4,¢e4), (B, *B,ep) are both frames then their
coproduct in CMon(PreFrm) is also a frame. i.e. frame coproduct is given by
preframe tensor.

Theorem 2.6.2 Loc has finite products. If X,Y are two locales then the frame of
opens of their product is given by:

X xY)=QX QY
where the tensor ® is either preframe tensor or SUP-lattice tensor.

Proof: We have shown the result for the preframe tensor. The result for the
SUP-lattice tensor (is well known and) follows exactly the same path. It relies on
the characterization of frames as those members A of CMon(SUP) which satisfy
a<ea(l)Va€e Aand x4(a®a) =afor all a € A. Note that the proof that the set
{u] * (u ® u) = u} is a subSUP-lattice is less intricate. O

The ‘creation of colimits’ results of the previous section also preserves the frame
structure:
Theorem 2.6.3 F :Frm—PreFrm creates filtered colimits

Proof: Say D : J -CMon(PreFrm) is such that its image is contained within
Frm and J is filtered. So D(i) = (FD(i), *;,e;) is a frame for every object i of .J.
We saw in the last section that colimD = (colimF D, x,e) where

* : colimF D ® colimF D — colimF' D is such that

FD(i)® FD(i) —~ FD(i)

A ®@ N i

colimF D ® colimF D = colimF' D

commutes for every ¢,
and e : Q — colimF D is such that

Q

colimF D
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commutes for every i.
Now recall that

colimFD =PreFrm< [[, FD(i)|R >

for suitable R (see Theorem [2.4.3]) and \; : FD(i) — colimF D is given by a — a.
So to prove e(0) < u Vu € colimF D all we need to do is check that

e(0) <a Vaell,FD(i)
Say a € FD(7) then
e(0) = X\iei(0) = e;(0) < a

and so e(0) <u Yu € colimFD.
Similarly to see that *(weu) = u Yu € colimF D simply note that *;(a'va) = a
whenever a € FD(i). O

Again the SUP-lattice parallel can be checked by an identical method and we
can write up both results as facts about locales:

Theorem 2.6.4 Loc has cofiltered limits. If D : J — Loc is a cofiltered diagram
of locales then

Qlim;D = PreFrm < [[ FD(i)|Rprerrm >

R

>~ SUP < [[FD()|Rsup >

for suitable Rs. O
Theorem 2.6.5 If

f
g

A B

is a diagram in Frm then the preframe coequalizer of

*xg(f®1)
xg(g®1)

A® B B

is a frame, and is the coequalizer of f and g in Frm.

Proof: As in the last proof the concrete construction of the coequalizer enables
us to check the commutative monoid structure defined on it via Theorem [2.5.4]
satisfies the conditions (1) and (2).

Say ¢ : B — C'is the preframe coequalizer of xp(f ® 1),*p(g ® 1). Then

{a € Clec(0) < a}
{a € C| x¢ (wpa) = a}

are both subpreframes of C' and ¢ factors through both of them since B is a frame.
Hence they are both the whole of C. O

It should be apparent that this last result could also have been written with
SUP-lattices in place of preframes. The localic conclusion is:
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Theorem 2.6.6 Loc has equalizers. If

f
g

X Y

is a diagram in Loc then the equalizer, E, is given by

QE = PreFrm < QX (qua preframe)|Qf(b)Va=Qg(b)Va Vae QX,be QY >
SUP < QX (qua SUP-lattice)|Uf (b)) Na=Qg(b) Aa Vae QX,be QY >

1

We will discuss how this last theorem is just the preframe version and the SUP-
lattice version of the coverage theorem in Section 2.9.

When it comes to discuss the pullback stability of proper and open locale maps
in the next chapter it will be useful to have the corollary:

Corollary 2.6.1 Loc has pullbacks. If

D2

w Y

p1 g

X

is a pullback diagram in Loc then

QW =PreFrm< QX @ QY (qua preframe) |(Qf(c) V a)eb = a’2(Qg(c) V b)
Vae QX,beQY,ce NZ >

and

QW =2SUP< QX @ QY (qua SUP-lattice) |(Qf(c) ANa) @b=a® (Rg(c) A D)
Vae QX,be QY,ce Q7 >

(where the tensor is SUP-lattice tensor in the second equation and prefame tensor
in the first).

Proof: A pushout is just a particular kind of coequalizer. The corollary is an ap-
plication of the last result. O

2.7 Applications in Loc

The following lemma shows us how the two descriptions of locale product given in
the last section lead to two very different formulas for the closure of the diagonal
of a locale. The new preframe version of this formula will be used extensively later
on.

Lemma 2.7.1 If X is any locale then the closure of the diagonal A : X — X x X
s given by the closed sublocale

—# o X xX

where # € Q(X x X) is given by
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# =\ {Ni(a®bi)| Aier (ai v b;) = 0 T finite }
and equivalently by
#=\V{a®blanb=0}.

This preframe formula for # can be found in [Vic94].
Proof: From Section 1.7.1 we know that if ¢ : Y — X is a sublocale then its closure
is given by

and so all that we are doing is checking that Va(0) = #

We prove the first claim of the theorem by looking at the case where

QA QX ®0X — QX is given by the unique preframe homomorphism which sends
a®b to a V b. It follows that

¥a(0) = VI{JIQA(J) = 0}
The result then follows quite clearly from the fact that for every J in QX ® QX
J = V; Niel; (a{’?bg)

for some suitable collection of a?,b’s (where all the Ijs are finite). This is because

[

the set of all elements of this form forms a subpreframe of 2.X ® 2X which contains
all the generators of the tensor.

As for the SUP-lattice presentation of the closure of the diagonal we use the
same argument. Success of this argument hinges on the fact that the set of all
elements of QX ® QX (=SUP-lattice tensor) of the form

Vie] a; ® bz

for some set I forms a subSUP-lattice of QX ® QX which contains all the generators
of the tensor and so is the whole of QX ® QX. QA sends a ® b to a A b.

Notice also that these two parallel results are inter-provable; use the fact that
a®b=(a20) A (0%9b). For then (aV0)A(0Vb) =0if a Ab=0 and so certainly

V{a®blanb=0} <V {Ai(ai®b;)| Aier (a; V b;) = 0 I finite }

In the other direction say Aer(a; Vb;) = 0. Then (Ajeg, a;) A(Aies,bi) = 0 for every
Jy, Jo finite with Jy, Jo C I, I C JyU.Jy by the finite distributivity law of [1.2.6].
But by the same finite distributivety law (and the equation a®b = (a® 1)V (1®b))
we have

Ai(aigbi) = Ai((a; @ 1)V (1@ b))

= VlNies (6 ® 1) A Aies, (1 @ b))
\/[((/\ieJ1 a;) ® 1) A (1 ® (Aies, bi))]
= \/(/\iejlai) ® (ANies,bi)
\Vd{a@blanb=0} O

IN

Recall in Chapter 1 that we defined the specialization order on a space. The
localic analogue is the specialization sublocale. It is clear that if, for any locale X,
we define C— X x X by
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QO =Fr < QX ® QX quaframela®1<1®a Vae QX >

then we will have captured the defining spatial characteristic of the specialization
order (namely that = C y if and only if for every open a if z € a then y € a). The
tensor in the above is the SUP-lattice tensor. On the preframe side we have:

Lemma 2.7.2 Q(C) =2 Fr < QX ®0QX qua frame|lag0 < 09a VYa € QX >, where
® is preframe tensor.

Proof: Take agbto (a®1)V (1 ®b) and a ® b to (a’®0) A (02b). The relations are
preserved and so these assignments define frame homomorphisms between the two
presentations of Q(C). O

Lemma 2.7.3 C A Jd= A, where A is meet in the poset Sub(X x X), and J= 70 C
(T is the twist isomorphism X x X — X x X ).

Proof: (We prove this fact using preframe techniques though SUP-lattice tech-
niques could equally well have been used.)
Certainly A <gup(x xx)C, since

Q:QC) — QX
a®h — aVb

is clearly well defined and so

X

M

X x X

commutes.
Symmetrically A < (3).
Say z: Z — X x X is some sublocale with the property that

Z <sup(xxx) (), Z <sun(xxx) ()
So there exists Om : Q(C) — QZ and Qm, : Q(J) - QZ with
Qm(aed) = Qz(aeb), Qm,(apdb) = Qz(a2d)
It follows that for all b € QX

Qz(bw0) = Qm(b=0)
< Qm(0eb) = Qz(09D)

and by the existence of m, we find

Qz(0b) = Qm,(09h)
< Om.(bp0) = Qz(b90)

ie. Qz(bp0) = Qz(02b) and so

1 ©Z =T202
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Hence Z SSub(XXX) A. O
Of course this result is true spatially if (and only if) the topological space is Tp.

Our next comment is that we can now show that a locale map f: X — Y is a
sublocale if and only if it is a regular monomorphism. This is a well known basic
fact about locales and is equivalent to the statement that a frame homomorphism is
a regular epimorphism if and only if it is a surjection. But since we have shown that
Frm is suitably algebraic this follows at once. [For a proof notice that if ¢ : A — C
is a frame surjection then it is the coequalizer of

T

B A

2

where B is the congruence on A given by {(a1,az2)|g(a1) = q(a2)}. In the other
direction we can use the coverage theorem with C=SUP to show that coequalizers
in Frm are surjections since coequalizers in SUP are surjections.]

Inside Frm we then find that a homomorphism h : A — B can be factored as

A 4= 4B

where [] is a surjection and =, is the frame congruence a; = a» if and only if
h(a1) = h(as). This factorization enjoys the property that if 4 can also be factored
as

A %o Y% B

for some surjection ¢ then there is a frame homomorphism k : C — A/ = such
that

kog=1[] iok=1

Translated to a fact about locales this means that if f : X — Y is a locale map
then it can be factored as

X4 fIx] Sy

where ¢ is an epimorphism and i is a regular monomorphism, and if f can also be
factored as

x%Lzd4y

where i is a regular monomorphism then there is a locale map p : f[X] — Z such
that

poq=4¢q ;op:i

This result implies that any locale map factors uniquely (up to isomorphism) as
an epimorphism followed by a regular monomorphism. This is a well known result
of locale theory.

2.8 Tychonoff’s theorem

The following proof is what appears in Johnstone and Vickers’ paper [JV91].

Theorem 2.8.1 The product of compact locales is compact
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Proof: We need to show, given a set (A;);er of compact frames, that their coprod-
uct []; A; is compact.

It is well known that just as arbitrary joins can be written as directed joins of finite
joins, arbitrary coproducts can be written as filtered colimits of finite coproducts.
We first check that finite coproducts of compact frames are compact. Since  is
compact we know that nullary frame coproducts are compact. Say A, B are two
compact frames. Then the functions

A - Q
a — (1<a)
B — Q
b — (1<b)

are both preframe homomorphisms and so
(a,b) — (1<b)V(1<a)

is a preframe bihomomorphism from A x B to € and hence induces a preframe
homomorphism h: A ® B — Q. I claim that

{lue A®Blh(u)=1 = u=1}

is a subpreframe of A ® B and contains all the generators a’9b of A ® B. That it is
a subpreframe is easy enough ({2 is compact!), and so we check that

haeb) =1 = avb=1.

But h(awb) =1 = (1<a)V(1<b) andso 1< awb follows.

Hence Vu € A® B h(u) =1 = u=1 Nowsay S C' A® B has /'S = 1.
Then h(\V/T8) =1 = \/Ies h(s)y=1 = 3seS h(s) = s=1,and
so A ® B is compact.

Now, as we said above,

(I1; Ai) = colim (I T As)

where I ranges over the finite subsets of I, and we’ve just checked that [icr Aiis
compact for every such I.

Since all such [],.; A; are compact we know that there are preframe homomor-
phisms

he:[[4 — 0
iel
u — (1<)

and so (since as we saw above colimp(] |
there exists

ser Ai) is created from the preframe colimit)

a preframe homomorphism such that
14
iel
Ar hr

[

h
9]




66CHAPTER 2. PREFRAMES AND THE GENERALIZED COVERAGE THEOREM

commutes for every I.
As before all we need to do (to conclude that [], A; is compact) is check that the
set

{uwell; Ailh(u) =1 = u=1}

is a subpreframe of [[; A; which contains all the generators. It is certainly a sub-
preframe.
That it contains all the generators is easy enough since the set of generators is just

the disjoint union of the [];.; 4;. O

2.9 The Coverage Theorems

2.9.1 SUP-lattice version

We describe Johnstone’s coverage theorem as stated in IT 2.11 of [Joh82]. Given a
meet semilattice A a function C': A - PPA is called a coverage if

i)TCla Yae A VYT € C(a) and
(ii) C is meet stable, i.e. Va € A,VT € C(a),Vb € A
{tAbt €T} € ClanD)

Define C' — Idl(A) to be the set of C-ideals of A: they are the lower closed subsets
I of A such that Va € A,VT € C(a) if T C I then a € I. If B is some frame then a
function f : A — B is said to take covers to joins if Ya € A,VT € C(a),

VpifalaeT} = fa

Johnstone’s coverage result is: the set of C-ideals on a coverage forms a frame and
the map

AS3 0 —1di(A)

which is defined to take a € A to the ideal generated by {a}, is the free semilattice
homomorphism from A to a frame which takes covers to joins.

When Abramsky and Vickers were investigating quantales in [AV93] they found
it useful to view the coverage theorem as the statement that certain frame presenta-
tion could equally be viewed as SUP-lattice presentations. Indeed in the ‘Preframe
Presentation Presents’ paper [JV91] the content of the coverage result is stated as
follows: given any meet semilattice A with a coverage on it then

Frm< A (qua meet semilattice) |a = VT T € C(a) >
=~ SUP < A (qua poset) |a =VT T € C(a) >

We take Johnstone’s coverage theorem to be this last result and prove that it implies
and is implied by the SUP-lattice version of the generalized coverage theorem. This
theorem then reads as the following coequalizer result: if

B

is a diagram in Frm and if
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is a coequalizer diagram in SUP then

f N e

B

g

is a coequalizer diagram in Frm.

Intuitively the presence of A in (%) corresponds to the meet stability condition that
we have on coverages.

We now assume Johnstone’s coverage theorem and try to prove this coequalizer
result. Say we are given

f
g

B A

in Frm. Define a coverage on A as follows:

{gbANaA fb} € C(fbAa) Vbe B,Ya€ A
{fbAaAgb} e C(gbAa) Vb e B,Va € A
TeC\NAT) VI CA

(It is easy to check that this defines a coverage.)

But it is clear that with this coverage the coequalizer of

f
g

B A

(in Frm) must be the frame presented by
Frm< A (qua meet semilattice) |a = VI T € C(a) >
and also that the coequalizer of
ANf®1)
ANg®1)

B® A

(in SUP) must be the SUP-lattice presented by
SUP< A (qua poset) [a =VT T € C(a)>

so an assumption of the Johnstone’s coverage theorem allows us to conclude the
SUP-lattice version of the generalized coverage theorem.

Conversely let us assume the SUP-lattice version of the generalized coverage
theorem i.e. the coequalizer result of the previous page. Say we are given a coverage
C : A - PPA on some meetsemilattice A. Let DA be the set of lower closed
subsets of A. It is clearly a frame where join is given by union and meet is given
by intersection. It is also the free frame on the meet semilattice A, this has been
remarked upon already just before Theorem [2.3.2]. Let B be the least frame
congruence on DA x DA which contains (| T,{ a) for all pairs (T,a) such that
T € C(a). So there are frame homomorphisms

™

B DA.

2

It is easy to see that if their coequalizer exists then it is
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Frm< A (qua meet semilattice) |a = VT T € C(a) >.
But

Lemma 2.9.1 The free SUP-lattice on A qua poset and the free frame on A qua
meet semilattice are isomorphic.

Proof: They are both given by DA. O
Because of this fact we know that there is a SUP-lattice morphism e from DA to
the SUP-lattice £ defined to be

SUP< A (qua poset) [a =VT T € C(a) >.
It is easy, using the meet stability property of coverages, to verify that

A(m ® 1)
- pA —°

B® DA E

/\(7(2 X ].)

is a coequalizer diagram in SUP and so Johnstone’s coverage theorem will follow
from the generalized coverage theorem.

2.9.2 Preframe version

Before we tackle the preframe version of the coverage theorem we need to make an
observation about the free A-semilattice on a poset.

Lemma 2.9.2 Let A be a join semilattice. Then the free meet semilattice on A
qua poset (i.e. SLat < Ala; Aazx = a1 if a1 <4 az >) is a distributive lattice and
is the free distributive lattice on A qua V-semilattice

(i.e. DLat < Alay Vas =a1 Vaas Vaj,as € A, 0=04 >).

Proof: (This proof also gives a concrete description of A-Slat< A qua poset>.) If
T,5 € FA (ie. if T, S are finite subsets of A) then we write

S=<yT

if and only if V¢ € T there exists s € S such that s <4 t. (3¢ is the upper or Smyth
preorder.) FA/ 3y (i.e. FA quotiented by this preorder) is the free A-semilattice
on A qua poset. A is injected into FFA/ Sy by a — [{a}]. If [S], [T] are two elements
of FA/ 3y then

[SIAN[T]=[SUT].
This is easily verified using the fact that [S] < [T]in FA/ Jpifand only if S 3¢ T

If A is a join semilattice then
SIVI[T]=[{sVt|(s,t) € S x T}
and so FA/ Zp is a join semilattice. As for distributivity notice that
([SIVIT)A[V]=[{sVtlseS,teT}uV]
and

([SIN[VDV(TIAV]) =[{5Vilse SUV,te TUVY]
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It is easy to see,
{sVilse SUV,teTUV} =y {sVilseS,teT}UV
{sVilseS,teTIUV =y {5ViseSUV,teTUV},
the latter by observing that (SUV) x (TUV) C(SxT)U(AxV)U(V x A).

That FFA/ Zp is the free distributive lattice on A qua V-semilattice follows a simple
manipulation: say f: A — B is a V-preserving function to a distributive lattice B.
Then there exists a unique meet preserving f : FA/ <y— B such that fo[{_}] =
Clearly for any a,b € A

FHa}lv{p}]) =

fl{a v b}]
= f
f
f

[

(aVDb)

(a) v f(b)

[{a}]V FI{b}]

and so f([S]V[T]) = f([S]) V f([T]) follows since for any V € FA we have
[V]=Avev[{v}]. O

The preframe coverage theorem (5.1 of [JV91]) is as follows: let A be a join
semilattice and let C' be a set of preframe relations of the form

NS < VzTEI AS;

(where S,S; are finite subsets of A and {AS;|i € I} CT A) which are join stable.
This means that if z € A and AS < VI AS; is in C than

NMzVy:yeS} S\/ZT/\{wa:yE Si}
is also in C'. Then
PreFrm < A (qua poset) |C >= Frm < A (qua V-semilattice)|C' >
the generators corresponding under the isomorphism in the obvious way.

The preframe version of the generalized coverage theorem is the following coequal-
izer result: if

f
g

B A

is a diagram in Frm and if
V(f®1) 4 e
V(ig® 1)

is a coequalizer diagram in PreFrm then

f N e

B® A

B

g

is a coequalizer diagram in Frm.

Let us assume the preframe coverage theorem. Say we are given
f
g

in Frm. Define C, a set of preframe relations on A, as follows:

B A
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Vi T < V'ili e 7}
for every directed J CT A and
a1 Nas <ay ANpay Vaij,as € A
and Vb € B,Va € A

fova<gbVa
gbva< fbva

It is easy to see that C' is join stable. It is also easy to see that
PreFrm < A (qua poset) |C' >

is the coequalizer of

in PreFrm and that
Frm< A (qua V-semilattice) |C' >
is the coequalizer of
f
g

B A

in Frm. Hence the preframe version of the generalized coverage theorem follows
from the preframe coverage theorem.

If we look at the case of the preframe coverage theorem when C is the empty
set, it is then the statement that the free preframe on a poset A is equal to the
free frame on the join semilattice A if A is indeed a join semilattice. But such a
free preframe can be seen to be the ideal completion of the free semilattice on the
poset A, and such a free frame can be seen to be the ideal completion of the free
distributive lattice on the join semilattice A. But since Lemma [2.9.2] showed us
that the free semilattice and the free distributive lattice just described are the same
we know that their ideal completions are isomorphic. Hence we have proven the
preframe coverage theorem in the case when C' is empty. i.e.

Lemma 2.9.3 Let A be a join semilattice. Then the free preframe on a A qua poset
is isomorphic to the free frame on A qua join semilattice. O

Given a join semilattice A we will call the free frame on it K 4. The fact that it is
also a free preframe will help us prove that the preframe version of the generalized
coverage theorem implies the preframe coverage theorem.

Say we are given a join semilattice A and a join stable collection of preframe
relations C'. Let j : A — K 4 denote the inclusion of generators. Let B be the least
frame congruence on K4 which contains all the pairs

(Ak,{is s €S} (Ak,{is: s € S}) Ak, (VI Ak {isls € Si}))
So there are two frame inclusions

™

B

2
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and it is easy to see that their coequalizer in Frm is Frm< A (qua V-semilattice)|C >.
Further more once we view K4 as the free preframe on A (qua poset) then it can
be seen that the coequalizer of

\/(’/Tl ® ].)

B® Ky Ky

V(ﬂ'Q X 1)
is equal to PreFrm< A (qua poset) |C >. Hence the preframe coverage theorem

follows from the generalized coverage theorem.

Of course it is a matter of opinion as to whether the coequalizer results really
capture the coverage theorems, particularly in view of the need for lemmas [2.9.1]
and [2.9.2]. However both these lemmas seem to follow a general form; see the
concluding remarks to this chapter.

2.9.3 Quantale version and general remarks
A quantale is a SUP-lattice A together with a monoidal structure

ec A
x: AxA— A

with the property that x preserves arbitrary joins in both of its coordinates. In
other words a quantale is an object of Mon(C) where C is the symmetric monoidal
closed category of SUP-lattices. A good reference for quantales is [Ros90]. They
are investigated in [AV93] as models for various process calculi. In that investiga-
tion a coverage theorem for quantales is developed. For simplicity we examine the
commutative case although, with the obvious modifications, this analysis works for
general quantales. Given a commutative monoid A we say that C : A - PPA is a
coverage if and only if VT € C(a),Vb € A

{t*ablt €T} € C(ax*ab).
The coverage theorem for quantales is then the statement that the presentation
Qu< S (qua monoid) |[VT >a VT € C(a) >
is well defined and is isomorphic as a poset to
SUP< S|VT >a VYT € C(a) >.
The free SUP-lattice on a set S is the power set of S. But:

Lemma 2.9.4 The free quantale on a monoid S (i.e. Qu< S (qua monoid) >) is
isomorphic as a poset to the free SUP-lattice on the set S.

Proof: Both are given by PS where the monoid operation on PS is given by,
(fOI‘ Tl,TQ g S)

T *TQZ{tl *t2|t1€T1 tQETQ} O

We now prove that the quantale coverage result is implied by the generalized cov-
erage theorem applied to the category C=SUP.
Given a coverage C' on some commutative monoid S let B be the least quantale

congruence on PS which contains the pair

(T, TU{a})
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for every T € C(a).
We then have a pair of quantale maps

™

B PS

2
and it is clear that their coequalizer in Qu will be
Qu< S (qua monoid) |[VT >a T € C(a) >
It is also clear that
SUP< S|VT >a Te€C(a)>
is the coequalizer of

*(7{'1 ® ].)

B®PS PS

*(7‘(’2 & 1)

in SUP and so the generalized coverage theorem implies the quantale coverage re-
sult.

It might be interesting, for further research, to look at CMon(PreFrm). We
know that this category will have coequalizers, and indeed one can write a coverage
theorem for it. Aside from these facts not much is known about this category as far
as the author is aware. It might be possible to use it in much the same way that
quantales were used as models for various process calculi in [AV93]. Restricting to
the category of idempotent commutative preframe monoids recaptures the analysis
of Section 2.6.

We now turn our attention to an application of the converse of the coverage
theorem (Theorem [2.5.4]). We take C=dcpo, the category of directed complete
partial orders. It clearly has finite limits and image factorisations. The category D
is taken to be SUP-lattices, which we know has coequalizers. Also it is easy to see
that the forgetful functor from SUP to dcpo has a left adjoint F'. Simply take

FA=SUP < A (qua dcpo) >

It follows at once that dcpo has coequalizers. From this we recover another well
known fact:

Theorem 2.9.1 dcpo is symmetric monoidal closed

Proof: Say A, B are two dcpos. Then define C' to be the least congruence on
Idl(A x B) which contains the pairs:

Vip Lt0) =L (VI T,H),VT T A Vbe B
Vier 4 (a,t) =4 (a,V'T) Vae ANT C' B

Then there are two dcpo homomorphisms:

™
C — Idi(A x B)
Up]

It is easy to see that A ® B is the coequalizer of these two maps. O
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The next step is to investigate CMon(dcpo). We know that this category has
coequalizers, although it is when we restrict our attention to the idempotent com-
mutative monoids that we get more interesting results. Provided we insist that the
unit of the idempotent commutative monoid is the greatest element with respect to
the original order on our dcpo A then, just as in the discussion preceding Theorem
[2.6.1], we can see that the monoidal operation will be meet. Furthermore it is a
meet which commutes with directed joins in both coordinates. i.e. A has finite
meets and these meets distribute over directed joins: we have a preframe.

Further, just as in the discussion of Section 2.6, we can check that the colimits
of these preframes are found by suitable dcpo constructions. In short preframes
have coequalizers and a preframe tensor can be defined. i.e. by an application of
the opposite of the generalized coverage theorem we find that dcpo is symmetric
monoidal closed and if we follow this by an application of the generalized coverage
theorem to depo we recover Theorem [2.4.1]: PreFrm has a coequalizers.

This analysis works another way as well: if SUP has coequalizers then the
coverage theorem tells us Frm has coequalizers. An application of the opposite of
the coverage theorem implies that PreFrm has coequalizers. Hence the existence
of coequalizers can be chased throughout the square:

Frm

SUP PreFrm

dcpo
Similarly (at a ‘lower’ level) existence of coequalizers can be chased around:

DLat

V — SLat A — SLat

POS

Using the converse of the coverage theorem we know that coequalizers can be
dropped along each of the following:

Frm PreFrm SUP dcpo
Idl Idl Idl Idl

DLat A — SLat V — SLat POS
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We can also look at Lemma [2.9.2] in another way; it is just the statement that

DLat —U> A — SLat
F F,

V — SLat L POS

commutes where the F's are free functors and the Us are forgetful functors. Notice
also that Lemma [2.9.1] follows from the same lemma but with A and V inter-
changed. To see this last observation note that the free SUP lattice on A qua poset
is given by Idl(F\, A) where F\ is the free V-semilattice on A qua poset. Also, if A
is a meet semilattice then the free frame on A qua A-semilattice is Idl(D) where D
is the free distributive lattice on A qua meet semilattice. So, these lemmas seem to
follow from a sort of Beck-Chevalley condition.

The cube
Frm - PreFrm

SUP - dcpo

DLat A — SLat

V — SLat POS

is a useful visualisation of the algebra underlying locale theory.

Finally, by Linton’s theorem [Lin69], it is interesting to note that ‘coequalizers
are enough’. Once (reflexive) coequalizers can be found in a node C of the above
cube then all colimits in C can be constructed by ‘lifting’ them from any node
below C. Also, the existence of reflexive coequalizers in CMon(C) can be found
by the existence of reflexive coequalizers in C (see Exercise 0.1 of [Joh77]): the
generalized coverage theorem, as a statement about the existence of coequalizers,
can be recovered through this result.



Chapter 3

Open and Proper Maps

3.1 Introduction

We now return to our locale theory. Definitions of proper and open maps are given,
and we see that these are just generalisations of closed and open sublocales. Basic
results about these maps are proved side by side so that the similarities between the
theories of the two classes should be apparent without too much comment. Impor-
tantly these classes of maps are closed under pullback. This fact had been observed
by Joyal and Tierney in [JT84] for the class of open maps, and was used in their de-
scription of the discrete locales as those locales whose finite diagonals are open. We
look at the equivalent result for proper maps and find a description for the compact
regular locales (Vermeulen, [Ver91], noticed this description): they are those locales
whose finite diagonals are proper. We can now justify the assertion made in the
abstract that the category of discrete locales and the category of compact regular
locales are parallel to each other. It is a trivial fact that the discrete locales form a
regular category since they are equivalent to Set. We prove the parallel result: the
compact regular locales form a regular category. Of course classically this is a well
known consequence of Manes’ theorem which states that the category of compact
Hausdorff spaces is monadic over Set (see 2.4 III of [Joh82]). Apart from this last
theorem the results of the chapter are in general known ([JT84] or [Ver92]), the
novelty is in the presentation: parallel results are presented with parallel proofs
based on the preframe techniques developed in the previous chapter.

3.2 Basic definitions and results

The importance of the next two definitions cannot be over emphasised:
Definition: f: X — Y is a map between locales. Then
f is open iff
(1) Qf has a left adjoint 3y,
(2) 3y is a SUP-lattice homomorphism,
(3) Fp(anQfb) =bATra Vae QX,be QY. (Frobenius condition.)
f is proper iff
(1) Qf has a right adjoint Vy,
(2) Vyis a preframe homomorphism,
(3) Vi(aVvQfb)=bVVra Vae€ QX,be QY. (coFrobenius condition.)

Clearly condition (2) of the open definition and condition (1) of the proper
definition are redundant. See [JT84] and [Ver92] for some alternative descriptions
of the open and proper maps respectively. The classical intuition to apply is the idea
of open and proper continuous maps between topological spaces. It is immediate

75
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that these two classes of maps are closed under composition. We develop the theories
of open and proper locale maps side by side noting their similarities. We argue (by
example) that the two theories are parallel to each other.

Lemma 3.2.1 If X,Y are stably locally compact locales then f : X =Y is semi-
proper if and only if it satisfies (2) in the definition of proper.

Proof: Recall from the definition of CohLoc in Section 1.7.3 that f is semi-proper
if and only if Qf preserves <. If (1f preserves < then to prove that V; preserves
directed joins it is sufficient to show that for every b € QX,

V(b)) = V{cl2f (¢) < b}

However V¢ (b) = VHele < V¢(b)} since Y is stably locally compact, and ¢ < V¢ (b)
implies Qf(c) < b since Qf preserves < and QfV(b) < b. Trivially V; preserves
finite joins since it has a left adjoint.

In the other direction say V; preserves directed joins. Then if a < b, (a,b € QX)
and Qf (b) < \/T S for some S C' QY then we have the following implications:

"
b < Vi(\/9)
t
bo< \/{vs(s)ls € S}
a < Vy(s)someseS
Qf(a) < ssomeseS

Hence Qf (a) < Qf(b). O

Theorem 3.2.1 A sublocale i : Xg — X is closed if and only if it is proper as a
locale map.

Proof: Say i : Xg — X is a closed sublocale. Then

X — 1Vi(0)
a — Y;0)Va

corresponds to a sublocale of X isomorphic (in Sub(X)) to i : Xo — X. But
Va € QX and Vb > V;(0) we have

Vi0O)va<b & a<b

and so the inclusion of 1 ¥;(0) into QX is a (preframe homomorphism) right adjoint
to

a+—VY;(0)Va
As for the coFrobenius condition it amounts to: Ya € QX Vb > V;(0)
(bv (Vi(0)Va)=aVb
in this case.
Conversely say i : Xg — X is proper. We know ¢ factors as

Xo = V;(0) = X
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(i.e. Xo € Sub(X) is contained in its closure.) To check that Xy is a closed sublocale
it is sufficient to check that —V;(0) <gus(x) Xo and to see this it is sufficient to prove
that

Qi(a) — Vi(0)Va
is a well defined frame homomorphism. It is well defined since
Vi(0V Qi(a)) = aV V;(0)

by the coFrobenius condition and is easily seen to be a frame homomorphism. O

Theorem 3.2.2 A sublocale i : Xo — X is open if and only if it is open as a map.

Proof: Say i : Xo — X is open. (Xo — X) = (a = X) in Sub(X) for some
a € QX. But

has a left adjoint: the inclusion of | a into 2X. The Frobenius condition then
reads: Va € QX, Vb<a

bA(@Na)=aAbd

which is clearly true.
Conversely, say we have some open map i : Xo < X which is also a sublocale. I
claim it is equal (in Sub(X)) to the open sublocale:

3;(1) = X

To check 3;(1) <gup(x) Xo We need to verify

0X, — 13

Qi(a) — Fi(D)Aa
is well defined. But the Frobenius condition on ¢ implies:

(1A Qi(a)) =anF;(1)
To check Xo <gup(x) Ji(1) we need to know that
131 — QX
() Aa — Qi(a)

is well defined. It clearly is since i3;(1) = 1. O.

We examine the case of locale maps to the terminal locale 1, i.e. we look at the
maps ! : X — 1. In the case when codomain of our map is the terminal object 1
the Frobenius condition is automatic once the left adjoint to Q! is found. We check

J(a A QU(E)) =i AF(a)

(N.B. it is always the case that 3;Qfa < a. Hence all we ever need to check is
aN3pb) <3 (bAQSfa).)

So we’d like to verify i A 3i(a) < Ji(a A Q!(i)). As usual when reasoning in Q we
have only to check that
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inT@)=1 = J(arQl(i) =1

But if i A 3i(a) =1 then ¢ = 1 and Jya = 1. Since ¢ = 1 implies Qi = 1 the result
is seen to be trivial. What we have shown here is that for any locale X the unique
map ! : X — 1 is open if and only if ! has a left adjoint.

A locale is said to be open if and only if ! : X — 1 is an open map. Notice that if
we assume the excluded middle then 3, : QX — Q, a left adjoint to 2!, can always
be defined:

Ji(a) =0 if and only if a =0

and so (assuming the excluded middle) all locales are open.

We can apply a similar analysis to the proper maps whose codomain is the
terminal locale and get a similar result: ! : X — 1 is proper if and only if V; is a
preframe homomorphism (if and only if X is compact). To check this fact we only
need to prove the coFrobenius condition from the assumption that V) is a preframe
homomorphism. But ¢ < V,Q!(i) for any 7 and so

i VVi(a) <V(aV QU31))
For the opposite direction note that

Q!6) = V{0 u {11 < i})
and so if Vi(a V Q!(7)) = 1 then a vV Q!(i) =1 i.e.

R
1 = av\/({oyu{1<i})
T

= V({arufir<i}
By applying V| to both sides we see

1=V} u {11 <i})

and so 1 < Vi(a) or 1 <i,ie. 1 <Vi(a)Vi.

3.3 Pullback stability

We have the definition: f : X — Y is a surjection if and only if Qf is an injection
(if and only if f is an epimorphism). A straightforward application of the Frobenius
condition shows that any open f : X — Y is a surjection if and only if 37(1) = 1,
and similarly an application of the coFrobenius condition shows that any proper
f:X =Y is a surjection if and only if V¢(0) = 0.

We will find that the theorems:

Theorem 3.3.1 For any locale X, X 21 & ' X 51landA: X - X xX
are open surjections

Theorem 3.3.2 For any locale X, X 21 & ' X 51landA: X -5 X xX
are proper surjections

share the same proof. In order to find this proof we need to check pullback stabil-
ity for open and proper maps. We find that to prove these facts the SUP-lattice
presentation of the pushout in frame corresponding to the pullback is used for the
open result and the preframe presentation of the pushout in frame corresponding
to the pullback is used for the proper result. We have:
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Theorem 3.3.3 If

D2

w

p1 g

f

X Z

is a pullback diagram in Loc and g is proper then

(i) p1 is proper
(11) ¥y, Up2(b) = QfV,(b) Vb e QY

From (ii) we see that ¥4(0) = 0 implies ¥p,(0) = 0 and so the class of proper
surjections is pullback stable.

Proof: We saw in the last chapter (Corollary [2.6.1]) that QW is isomorphic to

PreFrm< a®b € A ® B (qua preframe) [(Qf(c) V a)®b = a®(Qg(c) V b)
Vae QX,be QY,ce QZ >

We define

Vp, : QW — QX
agb — aVQfvy(b)

This clearly satisfies the ‘qua preframe’ conditions in the presentation of QW since
V, is a preframe homomorphism. Given any a € QX,b € QY,c € Q2Z we need to
check

(QF(€) V@) V Y, (b) = aV QfY, (Qg(c) V D)

But this follows from the coFrobenius condition which is satisfied by Qg - V,.
So V,,, is well defined. Is it right adjoint to Qp;?
Now Va € QX,b € QY

Vm Qpl (a) = V;D1 (a’S’O)
= aVQfv,(0)

a

v

and

2
<
)

Qp1Vyp, (@72b) fV4(b))=0
)V (22, (b)20)
a20) V (09QgV,b)
)V (0®b) = awb

Hence Qp; 4V, .
We check the coFrobenius condition for this adjunction. i.e. for every a,a € QX
and every b € Y we want

Vp, ((@8D) V Qp1 (@) = a Vv ¥y, (e8D)
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Well,

LHS = V, ((aVa)eh)
(aVva)VQfv,(b)
= aV(aVQfv,(b))
= aVV, (wph).

Finally given b € QY

V;D1 Qp?(b) = Vm (O)S)b)
= vag (b)

and so condition (ii) in the statement of the theorem is satisfied. O
This proof, via preframe techniques, is new. The SUP-lattice parallel to the last
theorem is true and follows a similar proof. It is proved in [JT84].

Theorem 3.3.4 If

D2

w Y

P g

f

X Z

is a pullback diagram in Loc and g is open then

(i) p1 is open
(i) 3p, Up2(b) = QfF4(b) Vbe QY

From (ii) we see that 3,(1) = 1 implies 3p, (1) = 1 and so the class of open surjec-
tions is pullback stable.

Proof: We saw in the last chapter (Corollary [2.6.1]) that QW is isomorphic to

SUP< a®b € A® B (qua SUP-lattice) [(Q2f(c) Aa)®b=a® (Rg(c) A D)
Vae QX, b€ QY,ce NZ >

We define

3, QW — QX
a®b — aAQf3,(b)

This clearly satisfies the ‘qua SUP-lattice’ conditions in the presentation of QW

since 4,4 is a SUP-lattice homomorphism. Given any a € QX,b € QY,c € QZ we
need to check

(Qf(e) Na) AQfF4(b) =a A QfI,(Qg(c) AD)

But this follows from the Frobenius condition which is satisfied by 3, 4 Qg.
So 4, is well defined. Is it left adjoint to Qp;?
Now VYa € QX,b € QY

3?1 Qpl (G,) = Elpl (G, ® 1)
= aAQf3,(1)

a

IN
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and

Op13,, (a®b) aNQf3, b)) @1
DA QfI,(00) 1)
) A (1@ Qg3,b)

1)A
DA(l®b) =a®b

~ T~~~

a®
a®
a®

Y%

Hence 3,, 4 Qp;.
We check the Frobenius condition for this adjunction. i.e. for every a,a € QX and
every b € Y we need

3, ((a®@b) AQp1(a)) =aAIp, (a®b)
Well
LHS = 3, ((ana)®Db)
(ana)AQfI, (D)
an(aNQf3g(b))
= aATp(a®b)

Finally given b € QY

Elpl ng(b) = Elpl (1 ® b)
= szlg (b)

and so condition (ii) in the statement of the theorem is satisfied. O

We can now exploit the pullback stability of open surjections and the statement
(ii) of the last theorem in order to show that open surjections are actually always
coequalizers. Again the proper parallel follows an identical proof. The open result
is in [JT84]. The proper parallel is proved in [Ver92]: his approach, however, follows
a different line.

Lemma 3.3.1 If p: X — Z is an open surjection then
P p
Xxy;, X—— X —7
P2

s a coequalizer diagram in Loc.

Proof: pp; = pps by definition of pullback, hence all we need to do is show that
any f: X — W with fp1 = fp2 factors through p: X — Z.

So Op1 Q1 f = Qp2Q) f and it is sufficient to prove 3, : QX — QZ satisfies Qp3,Qfc =
Qfc for every c, for then 3, : Im(Qf) — QZ has an inverse, Qp, which is a frame
homomorphism. And then ¢ — 3,Q fc will be a frame homomorphism from QW to

ﬁezﬂce it is sufficient to show Qp3,u = u for any v with Qpiu = Qpyu.
Qp3pu = Ip, Opou pullback result [3.3.4]
= 3, Opu
= u
The last line is because 2p; is a surjective open as it is the pullback of a surjective
open. O
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Lemma 3.3.2 If p: X — Z is a proper surjection then

p

p1
Xxz, X—=X A

D2

is a coequalizer digram in Loc.

Proof: pp; = pps by the definition of pullback. Thus all we need to do is show
that any f: X — W with fp; = fp» factors through p: X — Z.

Say Qpi1Qf = QpaQf. It is sufficient to prove V), : QX — QZ has QpV,Qfc = Qfc
for every ¢ € QW. For then V), : Im(Qf) — QZ has an inverse {Ip and so is a frame
homomorphism. (Recall that V,Qp(a) = a Va since p is a proper surjection).
Hence it is sufficient to check that QpVyu = v for any u with Qp;u = Qpou. For
any such u we have

WpVpu =V, Opou (pullback result [3.3.3])
= VY, Opu=u

The last line is because Qp; is a proper surjection since it is the pullback of a proper
surjection. O

We can now prove Theorems [3.3.1] and [3.3.2] which gave two characterisations of
the terminal locale. The proofs are so similar that we give but one,

Proof: Say ! : X =+ 1and A : X —+ X x X are open surjections.

1

X X

1 A

A
X — X xX
is a pullback. Hence

1

A
X X — XxX

1

is a coequalizer and so A~! exists.
But

2
XxX ——X

T !
!

X 1
is a pullback. Hence

T |

XxX_—3 X 1

2

is a coequalizer. m; = m» since A™! exists. Therefore !~! exists and so X = 1. O

The pullbacks of proper/open maps are proper/open; the pullback of a regular
monomorphism is well known to be a regular monomorphism. Hence:
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Lemma 3.3.3 (i) The pullback of a closed sublocale is closed. Further, the pullback
of ma =Y along f: X =Y is the closed sublocale =Qf (a) — X.

(1i) The pullback of an open sublocale is open. Further, the pullback of a — Y
along f : X = Y is the open sublocale Qf(a) — X. O

3.4 Discrete and compact regular locales

We will consider two full subcategories of locales: those whose finite diagonals (it
suffices to consider ! : X — 1 and A : X — X x X) are open, and those whose
finite diagonals are proper. We prove that these two subcategories are in fact well
known: the first is the category of discrete locales and the second is the category
of compact regular locales. (So classically the second is the category of compact
Hausdorff spaces.) A proof of these two facts will clearly need to follow different
paths since the definitions of discrete and compact regular are not parallel to each
other in any obvious way. We first tackle the proof of

Theorem 3.4.1 (Joyal and Tierney) X is discrete & X A X x X and
X 51 are open.

An ‘open’ lemma is needed first:
Lemma 3.4.1 If!: X — 1 is open then for any S C QX
VS=V{seSAs=1}

( “you only have to worry about the elements that exist.”)

Proof: Say s € S weneed s < \/{s|5€ S 3Is=1}
We know s < Q!3;s i.e. s AQ!3s = s Hence

\/ {5135 =1}
& sAQ3s < \/{s 35 =1}

S

IN

& QFs < os— \/[{5F=1}
& Fs < V(s \{EPEs=1})

To prove the last line we are reasoning in 2 and so must but prove s = 1 =
Yi(s — V{5/35 = 1}) = 1. But this is trivial. O

There is an alternative description of the statement 3i(s) = 1. Following John-
stone we say s € QX (for any locale X) is positive if and only if VT' C QX if s < \/ T
then 3t € T. Clearly (for open X) if 3/(s) = 1 then s is positive. (For if s <\ T
then 1 =3,(s) < H(VT) = Ver I1(t) and so 3t € T since 1 = {*} and so x € 3,(¢)
for some t € T.)

Conversely if s is positive (s € X, X open) then

s=\{33(E) =1 5<s}

by the last lemma and so there exists § < s such that 3,(5) = 1, hence 3(s) = 1.

So the last lemma implies that if X is open then any s € QX is the join of
positive opens less than it. This result has a converse:
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Lemma 3.4.2 For any locale X if every s € QX is the join of positive opens less
than it then X is open.

This lemma is in Johnstone’s paper ‘Open Locales and Exponentiation’ ([Joh84]).
Proof: Vs € QX the statement

(VD)[(s <VT) = (3t eT)]

can be viewed as an element of the subobject classifier (i.e. as a truth value). So
we have a map

HQ:QX — O
s — (VD[(s<\/T)= (3teT)

Clearly 3, preserves order.
We need to check 3y 4 Q. To check 3;Q!(i) < i we must verify

Q) =1 = i=1
But 3,Q!(i) = 1 means Q!(i) is positive. But Q!(i) = \/{1|]1 < i} and so 1 < i as
Q!(¢) is positive.
To see a < Q(F(a)), i.e. that
0 < V{11 < 3@},

we use our assumption that a is the join of positive element less than it, i.e.

a=V{aB@=1, a<a}
Clearly 31(a) = 1 and a < a together imply 3y(a) = 1. O
Proof of Theorem [3.4.1]: Say X A X x X and X 5 1 are open.
We say for any a € QX that a is an atom iff a X a <gupxxx) A (iff a®a < IA(1))

and Jia = 1. (NB a x a is a sublocale of X x X it is easy to check that it is open
and that the element of Q(X x X) that corresponds to it is a ® a.)

The composition of two open maps is open. Hence (2 X ax (_X;EJ, aie “:a—1
is open. The condition 3 (a) = 1 implies J,a (1) = 1. Hence !® is an open surjection
for any atom a.

Further

X

a

A, A

m X m
aXxaq—— X xX

is a pullback since m x m is a monomorphism in Loc. Thus A, is an open map.

Ja, (1)

HAan(l)
= Q(m x m)(3a(1)) pullback result [3.3.4]
> Qmxm)la®a)=101=1

Hence A, is an open surjection, and so by Theorem [4.3.1] a = 1. Also atoms
behave as atoms should in the following way: if a;,as are two atoms with a; < as
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then a; = az. [Prooflet: if a1 < ay then there is a continuous map a; N a» in
Sub(X). But 1 = a; and 1 = as hence Qg is easily checked to be a bijection as we
must have Q(1%1) = Qg o Q(!%2) and !%1,!%2 are isomorphisms.]

Let A denote the set of atoms.

Define:

p: 02X — PA
u +— {a€ Ala<u}

¢ clearly preserves finite meets. As for joins it is sufficient to check a < \/;c; u;
implies 3i € I a < u; for any atom a.
Say a < \/;crui

a/\\/ui:a Eiga(a/\\/ui):Eiga(a)

\/Ei,a(a/\ui) =1

i Fe(aAu;) =1=T(a) (reasoning in )
a Au; = a since Ja = (Q(1*)) !

a < u;

R

In fact ¢ has a left adjoint:

c:PA — QX
I — \/{alae1}

We check ¢o(I) C I.

Say a € ¢o(I) then a < \/{a|la € I} and so as above a < a for some a € I. But
then @ = a by a property of atoms that we have just demonstrated.

Finally we must check that u = o¢(u). i.e. u =\ {ala < u}.

First I claim that

Aa(w) =V{veu vev<Ia(w)}
Certainly:
Aa(u) =V{vow] veow<Ia(u)}

But v@w <3a(u) =vew<3Ia(l)
ie. v xw < Ain Sub(X x X).

= VX W=wXv
= VROW=wRv
Thus

a(w) =V{vev vev<3Ia(u)}

Apply QA to both sides and recall u < QATJA (u) and that if v ® v < Ia(u) then
v < u. [This is because In(v) Cu®u & u<QAUOuU)=u ]
We obtain

u=\{vjv®v <Ia(u)}
=V{vjvev<3Ia(l) v<u}

Which is seen by the ‘open’ Lemma [3.4.1] to imply
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u=\{v] Jv=1 vev<Ir(1) v<u}
ie. u=\/{a|a is an atom, a < u} O
What follows now is a very different type of proof. It shows that just as the
class of locales whose finite diagonals are open turns out to be well known (i.e. the
discrete locales) so does the class of locales whose finite diagonals are proper: they
are the compact regular locales. The proof to follow, via preframe techniques, is
new.

Theorem 3.4.2 For any locale X, X is compact reqular if and only if ! : X — 1
and A : X — X x X are both proper.

Proof: It is well known (see Johnstone [Joh82] IIT 1.3) that any regular locale is
strongly Hausdorff i.e. has a closed diagonal. So we know that any regular locale
X has A: X —» X x X proper.
We have established already that ! : X — 1 is proper if and only if X is compact.
What needs to be proven is that if A : X -+ X x X and ! : X — 1 are proper then
Va € QX
a<\'{cec<a}
Since A : X — X x X is proper we know that for every a,b € QX
VaQA(awb) = # V (a9b)
where # is given by
# = VT{/\i(ai?biﬂ Nier (ai \ bi) =0 I finite }
(Since A : X — X x X is just the closed sublocale =# — X x X, see Lemma
[2.7.1].) Now
VaQA(awb) = VT {I|QA(I) < aV b} = VaAQA(bpa)
and so we see that for any a in QX
09a < #V a0, ie. 09a <\ {Aicr((ai V a)ob;)| A (a; V b;) =0} - (%)
We will use the fact that (for finite I),
Ni(a; Vbi) = Ve 00, (Nieay ai) A (Nieasbi))
where the Ji,J; are subsets of I. This finite distributivity rule shows us that if
Ai(a; V b;) = 0 then for all finite subsets Jy,Jo C I with I C J; U J, we have
(Nieg,ai) A (Nieg,b;) = 0. We can also use the above distributivity and the rules
relating '@ to ®, e.g. a®b=a® 1V 1® b, to prove that
Ai(ai®b;) = VIgJ1UJ2[(/\ieJ1 a;) ® (Nies,bi)]
(see Lemma [2.7.1]). Now V is a preframe homomorphism and so we can apply the
composite

1 Q!
axsax 9l gg =

to both sides of (x) to obtain

S
IN

\/{QA (V) (a; V a)2b:))| A (a; V b;) = 0}

\/{QA[ V' [ies, (A (@i Vv @) ® (Aies,)billl Aier (a; V bi) = 0}
ICJ1UJ2

= V{ V' [(Aien (0@ V @))) A (i)l Aver (ai V b) = 0}

ICJ1UJ>

and so to prove that a < \/T{c|c < a} all we need do is check that
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(Nies, (MV1(a; V ) A (Aies,bi) < V{cle <a}
given any (finite) collection of a;s and b;s with (Ajes,a:) A (Ajes,bi) = 0. Now

Aiejlﬂ!Vg(ai Vv a) = Q!V!((/\iEJl ai) Vv a)
and QWi (o) =Vaox {1l < a} for any a € QX

and so

Nieq, UV (a; V a)) A Nieg,bi
= Vax{Niesnbill < (Aies,ai) Va}

But for any ¢ € {Aics,bi|1 < (Aieg,ai) V a} we have ¢ < a and so
(Nieq, (QAV(a; V a)) A (Nierbi) < V{cle <a}

as required. O

Given this last result we now change our notation slightly and shall refer to
the compact regular locales as the compact Hausdorff locales. The category of
compact Hausdorff locales will be written KHausLoc. We have just shown that
the compact Hausdorff locales are parallel to the discrete locales. Notice that if we
were not working in a constructive context and were assuming the excluded middle
then, since all locales would be open, such a parallel becomes invisible. It is only
by working constructively that we can appreciate the full force of the parallel.

3.5 Historically Important Axioms

This section consists of an argument which shows that the constructive prime ideal
theorem is parallel to the excluded middle. The section is separate from the rest of
the work and is the only time that we use the points of a locale in a context that is
not motivational. This result is new.

For any locale X consider the map

bx QX — PptX
a — {pé€ptX|Qp(a) =0}

It is order reversing. Consider the results:
(i) VX compact Hausdorff, ¢x is an injection.
(ii) VX discrete, ¢x is an injection.

We show that (i) is true if and only if the constructive prime ideal theorem
(CPIT) is true and that (ii) is true if and only if the excluded middle holds. So we
have found a result which is true if and only the excluded middle holds and whose
proper parallel is true if and only if CPIT. The grander conclusion is that CPIT is
‘parallel’ to the excluded middle; though the reader is asked to bear in mind the
fact that, so far, no formal definition has been given for our parallel.

Before proof we note that if ¢y is an injection then so is ¢x for any retract X
of Y. To see this say ¢y is an injection and there exists ¢ : Y — X,i: X — Y such
that goi = 1. If a,a € QX satisfy

{p € ptX|Qp(a) = 0} = {p € ptX|Qp(a) = 0}
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then
{p € ptY|2p(Q2q(a)) = 0} = {p € ptY'|2p(Qq(a)) = 0}

and so as ¢y is an injection we get g(a) = Qq(a) allowing us a = a since goi = 1.
Hence ¢x is injective.

Proof that (i) & CPIT: Assume CPIT. By the preceding remarks and the fact
that all compact Hausdorff locales are stably locally compact (and the fact that the
stably locally compact locales are the retracts of the coherent locales) it is clearly
sufficient to prove ¢y is an injection for every coherent Y in order to conclude that
¢x is an injection for all compact Hausdorff X.

Say Y is coherent and I,J € IdI(KQY) are such that
{p e ptY|Qp(I) = 0} = {p € ptY|Qp(J) = 0} ()

We prove J C I. Say j € J. Clearly, by the assumption of CPIT and by Lemma
[1.3.4] it is sufficient to prove f[j] = 0 for every distributive lattice homomorphism

fiKQY/=— Q

in order to conclude j € I. But every such f corresponds to a point, p, of Y with the
property Qp(I) = 0. Hence Qp( j) = 0 by (%) and so f[j] = 0 as required. Thus
J CI. 1ICJfollows symmetrically and so ¢y is an injection for every coherent Y
assuming CPIT.

Conversely assume ¢x is an injection for every compact Hausdorff X. To conclude
CPIT it is sufficient (by Lemma [1.8.1]) to show that for every Boolean algebra B if
b € B has the property that f(b) = 0 for every distributive lattice homomorphism
f: B — Qthen b = 0. Say b € B enjoys such a property. Set X to be the locale
whose frame of opens is Idl(B). So X is Stone and so is compact Hausdorff. Clearly

{p € ptX|Qp(] b) = 0} = {p € ptX[2p(0) = 0}
by assumption about b € B. Hence, since ¢x is an injection, we get b =0. O
Proof that (ii) < excluded middle holds: Recall that all discrete locales

are constructively spatial (Section 1.6) and further that the frame homomorphism
corresponding to the counit:

Qex : QX — PptX
a — {plQp(a) =1}
is a surjection.
Assume the excluded middle. Say X is a discrete locale. Then QX = PA for some
set. A. It follows that for every T € QX
{p € ptX|Qp(T) = 0} = {p € ptX|Qp(T*) = 1}

by the excluded middle (where T is the complement of T). If ¢x(T1) = ¢x(I2)
for some opens T7,T5. Then

{pIQp(TY) = 1} = {p|2p(T3) = 1}

and so by spatiality of X we have that T{ = Ty. Leading us to 71 = T>. Hence ¢x
is injective. We conclude (using the excluded middle) that (ii) is true.

Conversely say ¢x is an injection. We know PptX = QX. I claim that
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{plp(a) = 0} = ={p|Qp(a) = 1}

where — is Heyting negation in Ppt(X). It will then follow that (Qex) ! o ¢x is
Heyting negation on QX. Injectivety of ¢x will then imply injectivety of = : QX —
QX. But =——a = —a for any open of any frame and so =—a = a for all a € QX if
= is injective. So QX would then be Boolean for every discrete locale X, i.e. PA
is Boolean for any set A. This implies the excluded middle is true in our topos.

Verifying the claim is straightforward. We need
{plQp(a) = 0} = U{T € PptX|T N {p|Qp(a) = 1} = ¢}

The inclusion of the left hand side in the right hand side is trivial. Say T € PptX
is such that

TN {plpla) =1} = ¢

Then T = {p|Qp(a) = 1} for some @ € QX since Qex is a surjection to PptX. Thus
a A a = 0 by spatiality of QX (use {p|Qp(0) =1} =¢). Thusforallpe T

Op(a) = Qp(a) A1 = Qp(a) A Qp(a)
= QOplana)=0p(0)=0

Hence T' C {p|Qp(a) = 0}. O

3.6 Further results about proper and open maps

We now turn to the question of regularity of our two parallel categories (the discrete
locales and the compact Hausdorff locales). We find that a proof that they are reg-
ular follows the same route. The fact that the category DisLoc of discrete locales
is regular is of course known already since we know that it is equivalent to Set
(where Set is our background topos). However the observation that the category
KHausLoc of compact Hausdorff locales is regular will bear much fruit: we know
from Freyd and Séedrov ([FS90]) that any regular category gives rise to an allegory
in the vein of ‘sets and relations’. Along the way some more technical results about
proper and open maps are shown.

Theorem 3.6.1 (Vermeulen) If YV 5 X isa map between compact Hausdorff
locales then f is proper.

Proof:

Y

(1, /) A

fx1
Y xX —— X xX

is a pullback square so (1, f) is proper. But ¥ x X B3 X is proper as it is the

pullback of the proper map Y 51 Properness is easily seen to be stable under
composition. Hence 79 o (1, f) is proper. i.e. f is proper. O
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Notice that exactly the same proof proves that if ¥ 5 Xisa map between
discrete locales then f is open.

To check that KHausLoc is regular we need to check that any f : X — Y with
X, Y compact Hausdorff has a factorization as a cover followed by monomorphism.
Certainly it has a factorization in Loc as an epimorphism followed by a regular

monomorphism: X % f[X] 5y (see Section 2.7) We offer a
Proof that f[X] is compact Hausdorff: [N.B. this result can be generalized in
the obvious way i.e. we only really need X compact and Y Hausdorff.]

i

f1X] v

Afix) Ay
FIX) % X1 5y <y
is a pullback square and so Ay[x] is proper.
To prove that ! : f[X] — 1 is proper we appeal to the following general result: if

X %Y 4 Zin Loc are such that f'(= fogq) is proper and q is a surjection then f
is proper. Take the case f =!//IX] and f' =!X to prove that f[X]is compact. The
proof of this general result is straightforward, can be found in [Ver92] and requires
the following manipulations: (note that since ¢ is surjective ¥Y,Qq(d) =d Vd)

Say S Ct QY

) T
AVERESR ARV
t
t

= Vp \/{Qqd|d € S}
T

= \/{V;Qqd|d € S}
N

= \{Y/Y,Qqd|d € S}

N
= \/{vsd|d e S}

and
Vi(aVQfb) = VY;V,Qq(aV Qfb)

Vs (Qqa Vv Qf'D)
= VpQgaVvb=VsaVb. a

Similarly if X % fIX] 5 Y is the epi/regular mono decomposition of X EN Y, and
X,Y are discrete, then so is f[X]. As before we see straight away that Ayxj is

open since it is a pullback of the open Y Ay xY. That ! f[X] — 11is open then
follows exactly as before from:
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Lemma 3.6.1 If X,Y, Z are locales and X &Y 1y 7 is such that fl(=foq)is
open and q is surjective (i.e. epi in Loc, i.e. Qq injective) then f is open.

This result can be found as Proposition 1.2 VII of [JT84].
Proof: Define

dp:QY = Q7
y = 3JpQqy

Hence

Jry<z & JpQqy <z
& Qgy <Qf'z

S Qqy < Qg0 fz
& y<Qfz (Qq inj.)
and so 3y 4 Qf.
Also
Ay AQfz) = Fp(QyAQSf'z)

= dpQgyAz=3ryAz

and so f is open. O
Heading towards a proof of regularity of KHausLoc (and DisLoc) we need some
technical lemmas:

Lemma 3.6.2 If X Ly and X LV are two open(proper) maps then
Xx Xy xy
is open(proper).

Proof: Take 3;, ;(a® @) = 3ya® Ifa. (Use SUP-lattice definition of tensor prod-
uct.) Take V;, ;(a®a) = Vya®Va. (Use preframe definition of tensor product.) O

Lemma 3.6.3 KHausLocCLoc is closed under the formation of finite limits in
Loc. (i.e. the inclusion functor creates finites limits.)

Notice that exactly the same proof (to follow) demonstrates that DisLocCLoc is
closed under finite limits.

Proof: The terminal locale 1 is compact Hausdorff. We first check that if X, Y are
compact Hausdorff then sois X x Y. X x Y 5 Y is proper since it is the pullback

of the proper map X 2 1. Hence composition with the proper Y 51 proves that
' X xY — 1 is proper.
It is straightforward to check that

Id

X xY X xY
A AX x AY

(X><Y)><(X><Y)—i>(X><X)><(Y><Y)
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is a pullback, where i is the obvious twist isomorphism. It follows that A is proper,
and so X x Y is compact Hausdorff.
Say now that we are given an equalizer diagram

c . x f

E Y

g

in Loc, where X and Y are compact Hausdorff. First note that e is proper since
it is the pullback of the proper map AY along (f,g). Thus since E % 1 can be
factored as E % X - 1 we know that ¥ is proper. Further

(&

E X

A A

exe
ExFE—— X xX

is a pullback since e is mono. Hence AP is proper and so E is a compact Hausdorff
locale. O

Theorem 3.6.2 If X 3 Y is a monomorphism in KHausLoc then m is a reqular
monomorphism in Loc.

Proof: X B Y can be factored as X % m[X] ¥ where q is a proper surjection.
But by a corollary to the pullback result (Lemma [3.3.2]) we know that for any
proper surjection ¢

p1
X Xpix] X =2 X — 1+ m[X]
b2

is a coequalizer diagram in Loc. By the results that we’ve just proven we know
that this diagram is in fact inside KHausLoc. Hence mp; = mp, =

p1 =p2 = ¢ is an isomorphism. Thus m is regular since i is. O

This last result is really all we need to check that KHausLoc is regular. To prove
that a category is regular one needs to check that (it has finite limits and) for any
f X — Y there is an image factorization

X4 fIx] Sy

and such a factorization is pullback stable (see [FS90] or [BGO71]). But what we
have shown above is that the usual epi/regular mono decomposition in Loc gives
rise to such an image factorization. It is then easy to see that the covers are the
proper surjections and we know that these are pullback stable. We have proven:

Theorem 3.6.3 KHausLoc is reqular.C]

Also, as another corollary to [3.6.2], notice that subobjects in KHausLoc (i.e.
monomorphisms in KHausLoc) are exactly the closed sublocales of compact Haus-
dorff locales. Certainly they are proper; but we need [3.6.2] in order to conclude
that these subobjects are actually sublocales. Hence they are proper maps and are
sublocale maps. i.e. they are closed (use Theorem [3.2.1]).



Chapter 4

Compact Hausdorff Relations

4.1 Introduction

We establish the existence, via Freyd and S¢edrov’s definitions ([FS90]), of a cate-
gory of compact Hausdorff relations (parallel to the category of sets and relations;
composition is given by relational composition). We then give a much more con-
crete description of what this category is like i.e. we give an explicit definition of a
function that defines relational composition of closed sublocales.

We find that there is a bijection between the closed sublocales of a locale product
X XY (where X and Y are compact Hausdorff) and preframe homomorphisms
from QY to QX. This result is used to establish an equivalence between the cate-
gory of compact Hausdorff locales with closed relations and another category whose
morphisms are much more concrete. The connection between preframe homomor-
phisms and closed sublocales will be exploited considerable in the rest of this work,
in particular we are able to use the function that defines relational composition
of closed sublocales to turn our spatial intuitions (about relational composition of
closed subspaces) into suitable preframe formulas.

Although the results presented here are new we do find some of the corollaries to
them in Vickers’ paper [Vic94]. The thesis is, form now on, entirely concerned with
the proper side of our parallel i.e. preframe techniques. However we will not prove
results in isolation, the open parallels of our results (which are all known) are stated
for completeness.

4.2 Relational composition
If C is a regular category and

pPup) vy

0 (Q1;Q2) YV x 7

93
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are monics in C, then the relational composition of P and @ (Q o P) is given as
follows: form the pullback

Pxy @ N Q
ai q1
p—P Ly

then @ o P is defined to be the image of

(pra1) x (gza2)

P xy Q X xY

If C is just Set then the pullback P xy @ would be the set
{(z,y,7,2)|(z,y) € P,(7,2) € Q,y = 7}-
The function (pia;1) X (gzaz) is given by
(z,y,9,2) — (2,2)
and so its image is

{(@,2)]3y (z,y) € P,(y,2) € Q}

which is the usual definition of relational composition of subsets.

Given a general (regular) C we can now form the category REL(C) with C-objects as
objects and relations as morphisms. Composition is given by relational composition
and the identity on an object is the diagonal. In fact REL(C) is an allegory in the
sense of Freyd and Séedrov [FS90] (although see [BGO71] for an earlier description
of REL).

We will use the category REL(KHausLoc) a lot in what follows and shall call
it KHausRel.

The definition of relational composition as given above doesn’t give us much of
an algebraic handle. In order to find such an algebraic handle we continue with
our spatial intuition. Say X,Y, Z are spaces andR; C X XY, Ry CY X Z are both
closed. So R; = —I; where — is set theoretic complement and the I;s are open. (We
are only looking at the spatial case in order to justify the choice of formula to follow
and so are at liberty to use the excluded middle.)

We want R» o R; to be closed and so to define o all we need define is some function

¥ QX xY)x QY xZ) > QUX x 2)

such that Ry o Ry = =% (I, [5). Given the facts about preframe tensors discussed
in Chapter 2 it should be clear that we only need be concerned with the cases

L =U»W I, = VoreWs
for some opens Uy, Vi, Vo, Ws. We know (z,2) € Ry o Ry iff 3y xRy yR»z.
Hence (z,z) € (1, 1) if Yy (z—R1y) V (y—~R2z). Hence
(z,2) € (I, I2) & Vy((z,y) € i)V ((y,2) € I2)
& YylreUiVyeViVyeVaVzeWs)
& (zelhVvzeW,) VY CTV1 UV,
& (2,2) eUeWa VY C V1 UV,

Now say Ry — X XY, Ry — Y x Z are closed sublocales. Define
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RyoRy = —% (aRUaRz)

where ag, is the open corresponding to the closed sublocale R; and
x: QX xY)x QY x Z) - Q(X x Z) is defined on generators as

*(ay?bl, bQ’QCQ) = a1¥cy V Q'(l < b Vv b2)
In fact we have to factor * through *:

QX QY e0Z —» QX7
agbge —  agcV Q1 <Db)

since to make sure that we are defining a function we need to define it on all
generators of some tensor. We need to check that * is well defined. i.e. that

(a,b,¢) = avcV Q1 < b)

is a preframe trihomomorphism. This follows from the compactness of QY. Then
take x(I1,I>) = *([1;5 [ V [1,3 I2) where the [[s are frame coprojections.

Theorem 4.2.1 If X,Y, Z are compact Hausdorff locales then the function

QX x QY xQZ — QX 07
(a,b,c) +— (awc) VvV Q1 <Db)

is a preframe trihomomorphism and so induces a preframe homomorphism
QX QY02 — OX Q7

There are preframe homomorphisms

Qr2) : X 2QY — QX QY Q7
aeb — agb0

D) : WY Q72 — QX RQY ®Z
bpc — 0®bgc

Define x : (QXQY)x (QY @QZ) — QX Q0Z by [xJ = x(Qm12IV QmagzJ), then
if 7l — X xY,nJ — Y x Z are two monics in KHausLoc then their relational
composition is given by

(I J).

Before proof we find an alternative formula for *. Note that for a € QX,b € Q1Y
ceNZ

Omis(x(apbec)) = Qmsz(agcV QU1 < b))
ws0gce v \/{1]1 < b}
< agbygc

Thus Qmi3(%(1)) < I forall T € QX @ QY ® QZ. And

*Qmi3(agc) ¥(a207c)
= (wpc)VQ(1<L0)

a’pc

Y%
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and so J < *Qm3(J) for all J € QX ® QZ. Hence * is right adjoint to Qmy3 i.e.
=V,

Proof: For I € QX ® QY , J € QY ® QZ we are trying to prove that

aJ ol = V., (90 V 0RJ).

It is easy to see that (1® QA)(I'#0) =1 (A:Y — Y xY) and so since

I'eJ = (I'9(090) V (00)%.J) we have to prove

—Jo-l =V, (1@ QA ®1)(I9J])
(p1,p2) 71,92)

Nowset P — X xY =-1— X XY, Q(>—> Y xZ=-J—Y x Z, and to
define () o P we form the pullback:

PXYQa2—>Q
ay q1
p—P vy

which is well know to be defined equivalently by the pullback

p2a1 = q1a2
Lgem A e

PXyQ Y

(a1,a2) A

prqul,yXy

P xy @ is a closed sublocale of P x @ (we are working in KHausLoc). The open
corresponding to this closed sublocale is given by

Qp2 x q1)(#)
= (Op2) ® (2a1)(#)

(see Lemma [3.3.3]). Now

Qpy : QY — QX RQY =11
b — 0@b— IV0eb
Qq: QY = QY oQZ =tJ
b — b0~ JVbe0

Recalling that
# = \/T{As(b®b;)| Aier (b V b;) = 0 I finite }
we can see that the open corresponding to the closed sublocale P xy @ is
(I'2J) Vv (09470)

The definition of @ o P is that it is the image of the composition

Py @d@Xa2) poolevp) X @a) oy T vy

However P Xy Q — X XY XY X Z is less than
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I1xAx1
XxYxZ — XxYxYxZ

in the poset Sub(X x Y xY x Z). (This is just the statement that

09420 < (I'vJ) V (09#20).) And so P Xy @ is a closed sublocale of X xY x Z.
The open corresponding to it is given by (1 ® QA ® 1)((I'2J) V (00#20))

=(1® QA ® 1)(I®J). So the image of the composition

X X
Pxy@d®@X®) p o deuP) X ne) oy oy M

is given by the image of
S(1®0AR 1)) —» X xY xZ 3 X xZ
(since m14 o (1 X A x 1) = m13) and the open corresponding to this image is
Vs (1® QA ® 1)(I79]).

To see this last line recall that the image of f : X — Y in KHausLoc is given by
—|Vf (0) —Y.O

Yet another formula for * can be found:

x(a179b1,ba9ce) = (a179c2) V QUL < by V be)
1
= a19cx V \/({0} U {1|1 < by Vv bQ}
t
= \V({aree} U{1]1 < by Vby})

Theorem 4.2.2 KHausRel is a category.

Proof: The reader may consult the proof that REL(C) is a category for any regular
C (in [FS90] for example) in order to deduce that KHausRel is a category. We
include the following direct proof for completeness.

The problem is to show associativity of * and that # corresponds to the identity.
For suitable a;’®by, ba’9ca, c379d3 we find

*(a170b1, *(b279ca, c379d3)) = *(al?bl,\T/({by?dg} U{1l|1 <ec2Ve})
\T/({*(al’?bl,bQ’?dg)} U{I[1 < e Ves})

VUV (a9} UL < by v b} U {111 < 2V )
= \T/({a1@d3} U{L1 <b Vb U{Ll <o Ves))

A similar manipulation on *(x(a1®b1, ba’9c2), c39ds3) reduces it to the same term.
# is given by the formula:

# =\ {ni(biwbi)| A (b V B;) = 0}

We want (#, b'®a) = b'®a for appropriate a, b.
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+
*(#, b’?a) \/{*(/\l(bl’??)l), b’?a)| Ni (bl \Y Bz) = 0}
t

= \{Ail(bia) v QUL < b; V b)]| A; (b; V b;) = 0}

Say (bi,b;)icr is a finite collection of opens such that A;(b; V b;) = 0. Using the
finite distributivity law:

Ai(bi Vi) =V (Niea, bi) A (Niea,bs)

(where the join is over all pairs Ji, J>» C I such that Jy, Jy are finite and I C JyUJ>)

we see that (Ajes,bi) A (Aies,b;) = 0 for every such pair. By applying the same
finite distributivity law to the meet
Ai[(bga) vV QU1 < b; V b)]

we find that to conclude x(#, b'®a) < b®a it is sufficient to prove:

(Nies, (b9a)) A (Nier, QU1 < b; Vb)) < bea
But

Nier, (1 <b; VD) = QU1 < Ajesbi VD)

< QAiesbi <)
by the fact that (Ajer,bi) A (Aies,b;) = 0. However for any opens c,d
cANQl(e<d) <d

(to see this formally note Q!(c < d) = \/{1|c < d} and joins distribute over finite
meets). Thus *(#, bga) < bpa.

Proving the opposite inequality requires an application of Theorem [3.4.2]: we
need to know that compact Hausdorff locales are regular (as a separation axiom of
course, rather than as a whole category!). i.e. we exploit the fact that for any open
b,

b=\ {bo|bo < b}
and so
bea = \/T{bywalby <1 b}
Say by <1 b. Then there exists ¢ such that jp Ac=0and 1 <bVe. So

bova < (0®a) VOl <cVb)
bowa < (bo’?a) V Q'(]. <0V b)

i.e.
bowa < Ajeqr,23[(biwa) V QU1 < b; V b)]
where b1 = 0,?)1 =c, b2 = b() and BQ = 0. But

Newmy®:VE) = OV A (b V0)
= ¢cAby=0



4.3. AXIOMS ON RELATIONS 99

and so by'va < x(#,b9a). Hence bpa < *(#, bwa). O

We have an important technical lemma which will help us relate closed sublo-
cales of X x Y to preframe homomorphisms QY — QX. Indeed will see that closed
sublocales of X x Y and preframe homomorphisms QY — QX are the same thing
provided X, Y are compact Hausdorff.

Lemma 4.2.1 If f; : QX — X, fo : QZ — QZ are preframe homomorphisms
and X, X,Y,Z,Z are compact Hausdorff locales and I € QX @ QY,J € QY @ Q7
then

(fref)I+J)= (e )I)*1a f)(J])
Proof: We first check the cases I = a9b, J = bgc.

—~

fieo)(I)x(A® f2)(J)
#((fLa9b0) V (0209 f2¢))
= %(f1a9(b V D)9 f2©)

N
\/{ fraw fre} U{1]1 < bV D})

t
= (i ® f2) \/({wpe} U{1]1 < bV b})
= (fr @ f2)(I * J).

The result then follows for general I, J since * is a preframe bihomomorphism. O

We can interpret this lemma spatially. Recall that if g : X — Y is a locale map
between compact Hausdorff locales then for any closed sublocale =1 — X of X its
image under g (written g(=I)) is given by =¥, (I). So the lemma could have been

stated: given ¢ : X = X, g5 : Z — Z with X, XY, Z, Z compact Hausdorff then
for any closed relations =/ — X xY,=J — Y x Z

(91 X g2)(=J o =I) = ((1 x g2)(=J])) o (91 x 1)(=))
(Take f1 =V,, and fo =V, in the lemma.)

4.3 Axioms on relations

We would like to use our relational composition on compact Hausdorff locales in
order to capture well known spatial ideas about sets and relations. Often when
looking at the upper closure of a subset with respect to some relation R we are
interested in the cases when R is a preorder, or a partial order, or transitive, or
interpolative etc. These axioms can be expressed using relational composition:

R reflexive < ACR
R transitive & RoRCR
R interpolative < RC RoR
-~

R antisymmetric RNTRCA
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where A is the diagonal on X and 7 is the twist isomorphism X x X — X x X.
The localic version of the above is clear: if X is a compact Hausdorff locale and R
is a closed sublocale of X x X then we say

Rreflexive < A<R
R transitive < RoR<R
R interpolative < R< RoR
R antisymmetric < RATR <A.

Where < is the inclusion of closed sublocales and A : X — X x X is the (closed)
diagonal. It is important to realize how these axioms are going to be used in practice.
The diagonal is closed so,

A=-#r— X xX

where # = \/"{Ai(ai®b)| Nier (a; V b;) = 0,1 finite }. So if R = a’®b then the
antisymmetric axiom is the statement that for every collection (a;,b;);er (I finite)
with Aser(a; V b;) = 0 we have

Ai(ab;) < (ab) V (bpa)

The order reverses since —a <gyp(x) —b if and only if b < a for any a,b € QX.

Say R is some relation on a set X (so R is a subset of X x X), then given any
subset X of X we often want to look at the ‘upper closure’ of X with respect to R.
i.e. the set

{re X|Fye X yRz} (¥)

Now X 21 x X and so PX = P(1 x X). It is easy to see that the set (*) is the
image under this last correspondence of the relational composition of R C X x X
and {(*,z)|z € X} C 1 x X (1 = {x}). i.e. upper closure can be expressed via
relational composition.

Say R is some closed relation on a compact Hausdorff locale X, and X is some
closed sublocale of X (so X — X = —a »— X for some a € QX) then we can
define an R-upper closure of X. Similarly to the discrete case just described closed
sublocales of 1 x X are in bijective correspondence with closed sublocales of X. But
1 x X is a closed sublocale of 1 x X, and so we take its relational composition with
R — X x X and then transform the sublocale of 1 x X that we get to a sublocale
of X. This defines the R-upper closure of X. Symbolically the R-upper closure of
X is

m(Ro (1 x X))

(Recall w2 : 1 x X — X is an isomorphism.)

Symmetrically we can define the lower closure of a closed sublocale with respect
to a closed relation.

We can also define the R-lower closure of a subset Y of some set Y if R is a
relation on X x Y where Y is some other set. We are referring to the set
{reX|FyeY =Ry}

Given a closed relation R »— X x Y where X,Y are compact Hausdorff locales and
given Y a closed sublocale of Y we define the R-lower closure of Y to be the closed
sublocale given by
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YoR

This is, of course, an abuse of notation. Y is not a relation and the result of Y o R
is not a closed sublocale, it is a closed relation. We are assuming that the relational
composition o is performed on ¥ x 1 = Y x 1, and that the result is composed with
the isomorphism 7, in order to obtain a sublocale of X .

This notion of R-lower closure with respect to some closed relation R on compact
Hausdorff locales X,Y gives rise to a preframe morphism ¢¥g : QY — QX. The
procedure for defining g is: take b € QY then define g by —prb = the lower
closure of —b. We use the notation R = —ar — X x X in order to talk about the
element of Q(X) ® Q(X) corresponding to R. We can use the * function to define

(8
Yr:b— agxb

N.B. this is an abuse of notation. * cannot take b as one of its arguments, so really
we are looking at the function

br— (Qm )~ Hag * (b20))
Where
Qm : QX — QX R0

is the isomorphism a — a20. It is clear from the definition of * that ¢g is a pre-
frame homomorphism.

Moreover the assignment ag — ¥g from QX ® QY to PreFrm(QY,QX) is a
preframe homomorphism. We aim to show that it is an isomorphism. Say we are
given a preframe homomorphism ¢ : QY — QX we can define a closed sublocale
Ry =—-ay — X XY by

ay = (Y @ 1)(#)
Theorem 4.3.1 If X, Y are compact Hausdorff locales then
PreFrm(QY,QX) = QX @ QY

as preframes.

Before the proof we need a technical lemma.

Lemma 4.3.1 For any I € QX @ QY (X,Y compact Hausdorff) the preframe
homomorphism

QY QY — QX QY
J — IxJ

can be factored as

Om ®1 Ix())®1

Qm) o1
ay ® QY AV © 00 QY axsaeay 2L oy ooy

Proof: We need to check for any J € QY ® QY that

I J = ((Qm) "t @ )(I (1) ® 1)(Qm @ 1)(J)
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As in technical Lemma [4.2.1] it is clearly sufficient to check the cases J = by’9by
I = apb.
But then
LHS = (a®b)* (b19bs)
T
= V({awb} U{1]1 < b VD))
RHS = ((Om) '@ 1)((webx () @ 1)(b19079by)
= ((@m) ™" @ D([(a®d) * (b:1790)]9b>)
t
= (Om)'e 1)(\/({a’?0} U{1]1 < bV bi})wby)
)
= (Om) " ®1)\/({@209b} U {11 < by V by})
1
= \/A(@m) ™ @ 1)(@w0wb2)} U {1]1 < by V B})
1
= V{ewsh}u{li<bhvey O

Proof of Theorem [4.3.1] Define

B : PreFrm(QY,Q0X) — QX QY
Y o= (pel)(#)
a: X QY — PreFrm(QY,QX)
I +— (b~ (Qm) (I % (b90)))

We need to check a0 f =id and o a = id.

But (a(I)®1) = ((m) 7' @ 1)((I % (-)) ® 1)(2m ® 1) by the definition of a. Hence
(a(I) ® 1)(J) = I = J for every J € QY ® QY by the last lemma. It follows that
(a(I)®1)(#) = I x#. But I x# = I since the diagonal is the identity for relational
composition. Hence o a = id.

®
&

On the other hand for any a € QY (and any ¢ € PreFrm(Q2Y, QX))
]

[(aoB)(@)](a) = [a((¥ @ 1)(#))(a)
= (Qm) ( (#) * (090))

(#) x (1®1)(a20))

# x (@90)) by Lemma [4.2.1] with fi = ¢, fo =1

(@%0))
)

I
B
2

(a
)
)
1)(
)

1

— o~

2 =2

3 3

=

- = ==
L

—~ o~~~

As an immediate corollary notice that a relation R < X x X is reflexive if and only
if
Yr(a) <a VYae QX

The proof of Theorem [4.3.1] shows that there is an order reversing bijective cor-
respondence between the closed relations on two compact Hausdorff locales X,Y
and preframe homomorphisms from QY to QX. By looking at the SUP-lattice
description of locales the above can be translated into a proof of
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Theorem 4.3.2 If X,Y are discrete locales then
SUP(QY,QX) =2 QX ® QY
as SUP-lattices.

Proof: As stated in the preamble we can repeat the above proof (of Theorem
[4.3.1]) with SUP-lattice tensor in place of preframe tensor. However we know that
the category of discrete locales is equivalent to the category of sets (=the back-
ground topos) and so we can offer a much more straightforward proof of this result.
All we need to do is check that there is a one to one correspondence between the
relations on two sets X, Y and SUP-lattice homomorphisms going from PY to PX.
This is an elementary exercise. O

The last theorem and its proper analogue (Theorem [4.3.1]) can both be writ-
ten as categorical equivalences. KHausLoc is the category of compact Hausdorff
locales. We use

KHausLocy

to denote the opposite of the category whose objects are the frames of opens of
compact Hausdorff locales and whose maps are preframe homomorphisms. The
open parallel is the category

DisLoc;y,

which is the opposite of the category whose objects are powers sets of sets (i.e. the
frames of opens of discrete locales) and whose morphisms are SUP-lattice homo-
morphisms.

Theorem 4.3.3

KHausLocy = KHausRel
DisLoc;y, Rel

1

Proof: We prove the proper parallel only. The problem is to check that relational
composition is taken to function composition of the corresponding preframe maps.
(For then since o and 3 are inverse to each other it will follow that 3 takes function
composition to relational composition in an appropriate way.) Clearly it is sufficient
to prove that

a(l«J)=a(l)oa(J)
foral Te Q(X xY),J € QY x Z). But if ¢ € QZ then
a(I = J)(c) = (Qm)~ I = J x (¢20))
(recall that * is associative). But

[a(D) oa(D)](c) = a(D)[(Qm) (] (cw0))]
= (Om) (7 [(Om) (T * (20))50)
But b — 20 is Qm : QY = QY ® Q and so [((Qm) 1K)20] = K for every

KeQY Q.
Hence

[a(I) o a(J)](c) = (Qm)~L(I * J * (¢90)) O
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Corollary 4.3.1 (KHausLoc)y and (DisLoc), are both self dual.

Proof: This result follows from the fact that KHausRel and Rel are both self
dual. Their dualizing functor is effectively given by the twist isomorphism on the
product of locales: 7xy : X xY — Y x X. So a morphism (-] — X xY) of
KHausRel is mapped to the morphism

T XxY -5V xX
of KHausRel’?. O

We now fix some notation that will be used in the final three chapters. Say
R — X x X is a closed relation on a compact Hausdorff locale X.

Then R = —agr, ar € QX ® QX. The lower closure of closed sublocales is the
function:

J: CSub(X) — CSub(X)
—a — —-aoR
(where C'Sub(X)=the closed sublocales of X). The upper closure is the function:

f: CSub(X) — CSub(X)
- — Ro-a

But in practice (i.e. when it comes to algebraic manipulations) we are interested in
the corresponding preframe homomorphisms.

U°7: QX - QX
is the unique preframe homomorphism such that
JU-a=-y%a Vaec QX
and
1P QX —» QX
is the unique preframe homomorphism such that
ft—a=-17Pa VaeNX.

We choose the ‘op’ since C'Sub(X) = QX°P and so | is effectively a function from
QX to QX°P. ||°P is the same function but acting on (and going to) the opposite
poset. So the analogy is with categorical notation: if F': C — D is a functor be-
tween categories then F°P : C°P — D°P is the same functor but with the arrows of
the domain and codomain formally reversed.

We can now write out some implications of Theorem [4.3.1] applied to the case
X =Y: if Ris a relation on X then we know

ar = (I @1)(#).
But because of the duality referred to in the last corollary we see that
ap = (10 1) (#)

as well. Of course the general conclusion is that for any relation R < X X Y not
only ar = (g ® 1)(#) but also

ar = (1® ¢r)(#)
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where ¢g : QX — QY is given by ¢gr(a) = (Qm) L((0Ra) * ag).

We can also use the fact that relational composition corresponds to function com-
position to make the following conclusions: a relation R — X x X is

transitive < U (a) <Y? o Y°? (a) Va € X

interpolative & %P o P (a) <|°? (a) Va € QX
reflexive & | (a) <a Vae QX.

4.4 Notes

For the reader who knows what the upper/lower power locale monad is, note that
the equivalences of Theorem [4.3.3] are saying that the allegory is equal to the
full subcategory of the Kleisli category of the monad, consisting of all compact
Hausdorff/discrete locales. Also, notice that the corollaries

Corollary 4.4.1 Py(X) = $X for all compact Hausdorff X

Corollary 4.4.2 P, (X) 2 $X for all discrete X

(which appear in [Vic94]) can easily be derived from Theorems [4.3.1] and [4.3.2]
respectively.

Much more can be said about these monads (e.g. a discussion of the constructive
points of the power locales). Most interestingly we see in [Vic95] that it might be
possible to use them to formalize what is meant by our expression ‘parallel’.



106 CHAPTER 4. COMPACT HAUSDORFF RELATIONS



Chapter 5

Ordered Locales

5.1 Spatial Intuitions

We begin the chapter by repeating some well known facts about ordered topological
spaces, noting that the results we examine do not require the antisymmetry axiom
for the order <. We then prove some new theorems which show that these results
become more straightforward localically.

The topological exposition is based on the beginning of Chapter VII in [Joh82].
We are looking at classical topological space theory in order to inspire a constructive
localic treatment to follow and so are free to use the excluded middle at this point.

Lemma 5.1.1 Assume the excluded middle. Given a topological space X with a
preorder < on it, then < is closed iff Ve,y € X x £y implies

AU,VCX st zeintU,ycintV,UNV =¢,tU=U,lV =V

Proof: (=) If <is closed and z £ y then 3U;, V; open such that U; x V1N (L) = ¢.
Take U =1 Uy, V = Vi. The reverse implication is equally straight forward. O

Lemma 5.1.2 Assume the excluded middle. If (X,<) is a preordered topological
space with < closed, and if K C X is compact then | K,1 K are closed.

Proof: Say © € X— | K then for every k € K & £ k and so by the lemma above
AU}, upper closed and Vj, lower closed s.t. (x, k) € intUy x intVy and Up NV = @.
Clearly then K C U™ ,V;, for some n and since UV}, is lower closed | K C UV,.
Also since U, N Vi, = ¢ Vi we see that N;Uy, is a neighbourhood of x disjoint
from | K hence | K is closed. 1 K is shown to be closed by a similar argument. O
Notice that the above shows us that if the preordered topological space is compact
Hausdorff then the upper(lower) closure of closed subspaces is closed (provided the
preorder is closed). The localic analogy here is clear: if we are assuming X is a
compact Hausdorff locale it is a matter of definition that relational composition
takes closeds to closeds (provided the relation is closed).

Corollary 5.1.1 Assume the excluded middle. If (X,<) is a compact Hausdorff
topological space with a closed preorder < then whenever x £ y we can find disjoint
opens U and V' such that U is upper closed and V is lower closed and (z,y) € UXV.

107
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Proof:t x and | y are closed (by the lemma since {z} and {y} are compact) and
1T zN | y = ¢. Hence since compact Hausdorff spaces are normal we know that 3
disjoint opens Uy, V; such that +x C Uy, y C V. Take

U=X-1l(X-U1) (Cl)

V=X-1(X-WV) (€W) O

This last corollary may be written

LC U V| UnV=¢ tU=U V=V UV open}
The opposite inclusion is trivial so we have the equation

£=U{UxV|] UnV=¢ tU=U V=V UV open}

for any compact Hausdorff topological space X. Recall that classically a set is upper
closed iff its complement is lower closed. So we guess that the condition T+ U = U
can be safely translated to the localic condition

42U =5upx) U

where |} is the lower closure operation corresponding to the relation <.
The reasoning behind the localic form of the above corollary should now be clear:

Theorem 5.1.1 If X is a compact Hausdorff locale and < is a closed preorder on
it (i-e. (<)o (<) < (L) and A < (<)) then
a< =\V{a®b aAb=0 y?a=a NPb=0>}

where <= —(a<).

Recall from the end of the last chapter that {}°? is the preframe homomorphism
from QX to QX which corresponds to the closed relation <, and 1}°? is the preframe
homomorphism from 2X to QX corresponding to the closed relation >. We saw
that

a< = (U7 ®1)(#)
and noticed that the symmetrical result is true:
a< = (1 1) (#)-
Proof of Theorem:
First note that for any open a of our compact Hausdorff locale X we have that
NP a<aand §?Pa<a
This is simply a reflection of the fact that < is postulated to be reflexive.
Now (<) o (<) < (X) means
a< < a<*a<
U7 @1)(#) * (10 177) (#)
U7 @ 1°P)(# +« #) Lemma [4.2.1]
U7 @ 1°F) (#)
U7 @ 1) (VI{Aiaiwbi| A; (a; V bi) = 0})
VAU a9 177 bi)| Ai (a; V b;) = 0}
V{U%® a® " bla Ab = 0}
Viamblanb=0 |?a=a q{°?b="0}

(
(
=
(
(

IN



5.1. SPATIAL INTUITIONS 109

The proof behind the penultimate line is a simple reworking of the proof that
VIH{Ai(a2b;)| Ai (a; V b;) = 0} = V{a @ bla Ab = 0} (see end of Lemma [2.7.1])
and the last line follows since (i) {°? aA }°? b < a A b and (ii) }°P,{}°P are both
idempotent since the relation is a preorder.

As for the ‘easier’ way round, say we are given a,b with °? a = a,{}°? b = b and
aAb=0. Recall a< = (J°7 ®1)(#). (I could have chosen a< = (1® }°?)(#) and
followed an obvious parallel route.) So

4% a) ®
\(hed )>s>0/\0§>>b

a®b = (
(

< (U7 a)g0 A (U7 0°9D)
(
(

17 ®1)(a20) A (U°F ®1)(079b)
I ®1)(a®b) < (U7 ®@1)(#) = a< =

This last result can be stated as a ‘preframe fact’ as well: along the way we saw
that

a< = VAW ai® 177 bi)| Ai (a; Vv bi) = 0}
In fact the lemma can be stated and proved more easily as,

Lemma 5.1.3 If (X, <) is a compact Hausdorff locale with a closed preorder then:
a< =\ {Ai(ar®b)| 477 a; = a;, 1°° by = by, Ai(a; V b;) = 0}

Notice that the proof to follow is a lot simpler than our last proof since we don’t
have to worry about translating the conclusion from its preframe form to its SUP-
lattice form.

Proof:

a< = ag * ag
= (77 )(#) * (12 1) (#)
= (°7 @ 1°P)(#) from Lemma [4.2.1]
= \/T{/\i(UOp a;e °P bz)| N (ai \Y bi) = 0}
< VHAi(aieb;)| U a@; = a;, 1°° b = bi, Ai(@; v b;) = 0}
In the other direction say we have a finite collection (a;, b;);cr such that {°7 a; = a;
for all i, }°P b; = b; for all i and A;(a; V b;) = 0. Then

/\i(ai’?bi) = /\i(liop ai)?bi)
(P @1)(Ai(a;79b;))
< (WPel)(#)=a<c O

Theorem 5.1.2 (Nac65) Assume the excluded middle. Let (X, <) be a compact
Hausdorff topological space with a closed partial order. Then the sets of the form
UNYV where U is an open upper set and V' is an open lower set, form a base for
the topology on X.

Proof: Say W C X is an open subset of X. Then Vz € W we need to find open
sets U,V suchthat t e UNV CW, 1t U =U and |V =V. Sayy ¢ W Thenz #y
and so either z £ y or y £ .

If £ y then there exists opens Uy, V,, such that U, upper, V, lower, z € Uy, y € V,
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and U, NV, = ¢.
If y £ x then there exists opens U,, V,, such that U, lower, V,, upper, z € Uy, y € V,
and Uy NV, = ¢.

Thus We¢ C V, and so, since W€ is closed and thus compact,

yeWe

WeC Uier Vs

for some finite I. Hence ();c; Uy, CW and z € (;c; Uy,. O
The localic version of this theorem is an easy corollary to the work that has already

been done. Its proof, unsurprisingly, requires the antisymmetry axiom on the order
<.

Theorem 5.1.3 (X, <) is such that X is a compact Hausdorff locale and < is a
closed partial order (i.e. A < (X),(<) o (<) < (L£),(L)V (>) < A) then every
c € QX is the join of elements of the form a A'b where —a is a lower closed closed
sublocale of X and —b is an upper closed closed sublocale of X .

Proof: Notice that the problem is equivalent to checking that the subframe of QX
generated by the set,

{a| P a=a}U{a| §°? a = a}

is the whole of QX.

< is antisymmetric and reflexive. So (<) V (>) = A. i.e. a<Va> = #. But for any
a€NX,a=%#xaandsoa=(acVa>)*a Now in the last lemma ([5.1.3]) we
saw that if < is a closed preorder on a compact Hausdorff X then

a< = VAU aibe 497 b)| A (a; V bi) = 0}
Thus
a> = VAP bi& o a;)| Ai (a; v b;) = 0}
Hence a< V a> is a directed join of meets of elements of the form
U7 aV 17 D)&(17 dv 47 e)
and so a = [(a< V a>) * a] is a directed join of meets of elements of the form:
({°P av 1P b) V QI(1 <P dV |°P e V a)

Since 1 certainly belongs to {a| 1°? a = a} U {a| J°? a = a} and
QUL <P dv 7 eVa) = V{11 <P dV |°? e Va} we can now easily see that the
frame generated by this set is the whole of QX . O

5.2 Compactness result

There is a technical lemma which will be needed later on. It bears a similarity to
the result (1® 11°P)(#) = (U°P ®1)(#) that has proved useful so far.

Lemma 5.2.1 Say R — X XY is a closed relation on compact Hausdorff X,Y .
If Y : QY — QX is the preframe homomorphism corresponding to R and ¢gr :
QX — QY is the preframe homomorphism corresponding to TR then if b € QY and
a € QX we have
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1<¢r(b)Va & 1<bVor(a)
Proof: If ap = \/JT A;al&Db! then the LHS of the implication is:

1< (VInfal vara <oV va
& 1<Vinfaval vara<bvi)]
& (F)(Vi)[1 < (aVal) vl <bvb)

where the last line is by compactness and the definition of meet.
But for any compact locale Z with o, 5 € QZ we must have

1<aVvQ(1<f) & 1<BVA1<a)
since oV QI(1 < B8) = \VT({a} U {1]1 < B8}).

So we conclude that 1 < YrbVa < (37)(Vi)[1 < (bVD) V(L <aVd))
But 1 < bV ¢g(a) is just the statement:

L<[VIA vl <aval))vb
which as above (via compactness of X) translates to,
@)L < (bVH) V(I <aval)] O

As a corollary note that if R is a closed relation on some compact Hausdorff locale
X and b,a € QX then

1<U?bVa & 1ZbVAHPa.

5.3 Order preserving locale maps

We now turn to the definition of morphism between ordered locales. We find again
that it is appropriate to define something by analogy to our spatial intuition. A map
f X — Y where X,Y are two ordered spaces is a morphism of the category of
ordered spaces if and only if it is continuous and preserves order. An ordered
locale is a locale with a sublocale of the product of the locale with itself. So
if (X,Rx),(Y,Ry) are two ordered locales then a locale map f : X — Y is a
morphism of the category of ordered locales if and only if there exists a locale map
n : Rx — Ry such that

Rx Ry

X

X xX f—]: Y xY

commutes.

For closed Rx, Ry it is easy to check that the above diagram can be defined and
commutes if and only if

Q(f x f)lary) < agry

Of course we are not going to investigate things at this level of generality. We are
only interested the case when the locales are compact Hausdorff and the relations
are closed partial orders. We shall call such ordered locales compact Hausdorff
posets. The notation (X, <x) will be used to denote such posets. Say f: X — Y
is a locale map and (X, <x), (Y, <y) are two compact Hausdorff posets. Then f is
a map in the category of ordered locales if and only if
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Qf x fllacy) <acye (%)

We now translate this condition further. o
Assume () holds. Then if we a are given a € QY (and a<, = V}(Ai(ai?bg)) then

Qf V7 a = Qf(ac, *(@%0))
T
= \/ ni(Qfal vQIL < b Va)
J

But Q!(1 < b Va) < QU1 < Qfb VQfa) and so

X
Qf4Pa <\ ni(Qfa] v QUL < QFY] vV Qfa))

J
= [(Qf ® Qf)(a<y )] * (Qfap0)
< acy * (Qfa90)
= ° Qfa

Hence Qf §°7 a <|°? Qfa for all a € QY if we assume (x).
For the converse assume Qf |°? a <{° Qfa Va € QY, and recall that since
(Y, <y) is a compact Hausdorff poset we know (Lemma [5.1.3]) that

a<y = V' {Aiar®bi| A; (@i V b;) = 0,4 a; = a;, 1 b; = b}
So Q(f X f)agy = \/T{/\Zﬂfal’?ﬂfbA /\i (ai \ bl) = O,liop a; = ai,ﬂOP bl = bz}

But for any finite collection of a;, b;s satisfying A;(a; V b;) = 0 and |°? a; = a;,
M°P b; = b; we have

Qfa; = Qf §°F a; <Y Qfa; <Qfa;

by reflexivity of <x and assumption. Similarly Qfb; ={°P Qfb;.
Clearly A;(a; Vb;) =0 = Ai(Qfa; VQfb;) =0, and so

s
\/{/\iai’?bi| Ni (a; V b)) = 0,47 a; = a;, 1P b; = b;}

a’Sx

Q(f x f)la<y)

IN

So we have translated the condition (x) to
Qfo 2P <yor o0 f

Notice, incidentally, that exactly the same proof shows us that (*) is equivalent to
Qfo P <P o2 f

We can now define the category KHausPos: its objects are compact Hausdorff
posets and its maps are order preserving locale maps.
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5.4 Compact Regular Biframes

The compact regular biframes were introduced by Banaschewski, Brimmer and
Hardie in [BBHS83]. Spatially they are the compact regular Ty bispaces and have
been related to the stably locally compact locales ([BB88]). We shall investigate
this relation extensively in the last chapter. For the moment we prove a new result:
the compact regular biframes are dually equivalent to the compact Hausdorff posets.

The objects of KR2Frm (the category of compact regular biframes) are triples
(Lo, L1, Lo) such that Lo is a compact frame and Li,L» are two subframes of
Ly which generate the whole of Ly and are required to satisfy two regularity-like
conditions:

()Vae L, a=\"{cce L ¢=,a} where

c<1a <& 3dd€Ls c¢cANd=0 avd=1

(ii)Vae Ly a=V\"{clc€ Ly ¢<ya} where

c<2a ©3del; cANd=0 aVvd=1

It follows, since Ly, Lo generate the whole of Lg, that if (Lo, Ly, Ls) is a compact
regular biframe then Lo is the frame of opens of a compact regular locale. So
Ly = QX for some compact Hausdorff locale X .

If (Lo, L1, Lo), (Lo', Li', Ls') are two objects of KR2Frm then morphisms are given
by frame homomorphisms [ : Ly — Lo’ which satisfy:

l(al) S L1’ Va, € Ly
l(az) S LQ’ Yas € Lo

Theorem 5.4.1 KR2Frm = KHausPos

Proof: Although the proof is quite straightforward it is not short.

We first construct a contravariant functor from KR2Frm to KHausPos. Let us
assume we are given a compact regular biframe (Lg, L1, Ly). We can define a couple
of preframe endomorphisms on Ly: for i = 1,2 set

eia) =\ {clce Ly ¢=<;a}

That €; preserves finite meets is straightforward. (Recall that Lq, Lo are subframes
of Ly, so certainly ¢;(1) = 1 for i« = 1,2.) Compactness of Ly shows that €;, €2 are
preframe endomorphisms. The conditions (i) and (ii) in the definition of compact
regular biframe given above tell us that the images of €, €2 are exactly Ly, Ly re-
spectively. Notice b € L; if and only if ¢;(b) = b. It follows that ¢; is idempotent.

Bearing in mind the correspondence between preframe endomorphisms and closed
relations, as worked out in Theorem [4.3.1], we define our compact Hausdorff poset
(X, <) from (Lo, Ly, L2) as follows:

QX = I
ac = (e ®1)(#)

Reflexivity and transitivity of < follows immediately since €;(b) < b Vb € Ly and
€1 is idempotent.

In fact

(@)  ac=(18e)#)

(B)  a<Vas>>#

i.e. («): we haven’t ‘lost’ any information by picking €; over € in our definition of
(X, <) and (8): < is antisymmetric and therefore is a partial order.

Proof of (a) We want,
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(e1 @ 1)(#) = (L ® €2)(#).
We prove that
(a1 ®1)(#) < (1@ e)(F#)

and appeal to the symmetry between €, €5 for the full result.
Now —(1 ® e2)(#) is a closed sublocale of X x X and so gives rise to a unique
preframe endomorphism of QX by:

a— (1®e)(#)*xa
It follows that if we can prove
ei(a) < (1@ e)(#) *a

for every a € QX then we can conclude

(a1 ®@1)(#) < (1 ®e)(#)

since —(e; ® 1)(#) is the closed sublocale corresponding to the preframe endomor-

phism €;.
But

(I®e)(#)xa = \/T{/\i[ai vV OU1 < (e2(b;) V a))]| Ai (a; V b;) =0}
and

e1(a) =V{clc <1 a ce Li}.

Now if ¢ <1 a then 3d € Ly such that cAd =0 and dVa =1. So e3(d) = d. If we
take (a1, b1) = (¢,0) and (az,b2) = (0,d) and I = {1,2} then Ajer(a; Vb;) =0. But
for these a;s and b;s we see

IN

/\i[ai \ Q!(l
[C Vv Q'(]. S €2
> ¢ since ex(d

(e2(bi) V a))]
0) V)] AQU[L < (ex(d) V a)]
=dand dVa=1.

~

Hence

e1(a) < (1@ e)(#) *a

and so we may conclude that ey is the preframe homomorphism corresponding to
upper closure as outlined above. O

Proof of (5) Recall that L;, L, are subframes of Lo which generate the whole of
Ly (by the definition of compact regular biframe). We have observed that:

a€Ll; & e€fa)

a
ac€ly, & ea)=a

(This is really just a restatement of the regularity-like conditions (i), (ii).) So the
fact that Ly, Lo generate Ly lets us write:

a=\"{bAcle(b) =bex(c) = ¢,bAc<a}

for any a € Ly.

But a< = (€1 ®1)(#) (definition), and a< = (1®e€2)(#) (). And so by applying the
twist isomorphism on X x X to the second of these we see that: a> = (€2 ® 1)(#).
Thus
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€1 :UOP and €9 :'ﬂ‘Op.

Soei(b)=b & JPb=>b & acxb=0>

and &2(c) =c &P c=c & a>*c=c.

We want to prove (a< V a>) > #. We know from our equivalence between closed
sublocales on X x X and preframe endomorphisms of QX that it is sufficient to
prove

#xa<(a<Vas>)*a Ya € Ly
a<(a<Vas)xa Va€ Ly
Now say b satisfies €;(b) = b. Then
b=(a<*b) <(a<Vas)xb
and if ¢ satisfies ex(c) = ¢ then

c=(a>xc) <(ac Vas)*xc.

Hence for any such b, c with b A ¢ < a we have

bAc < ((a<Vas)*b)A((ac Vas)xc)
= (a<Vas)*(bAc) (because * is a bipreframehomomorphism)
< (a< Vas)*a.

But a =\/{bAcler(b) =b, e(c)=¢, bAc<a}since Ly is generated by Ly, Lo
and so a < (a< V a>) * a as required. O

Recall that
f : (XaSX) — (Y7SY)

is a morphism of KHausPos iff there exists a locale map n :<x— <y such that

<x <y

Xfo_X]:YxY

commutes. We saw in the last section that this condition is equivalent to:
Qf o VY < XYP o f

If [ is a compact regular biframe map from (Lo, L1, Ls) to (Lo', Li'Ly’) certainly
there exists

f: X->Y

a locale map where QX = Lo/, QY = Ly and Qf = I. The order on X (as
constructed above) corresponds to the preframe homomorphism € : QX — QX.
But

le (a) < efl(a)

since

c<1a = Ic) <1l(a)
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as l(c) € L' if c € Ly and I(d) € Ly’ if d € Ly. So f is a map in the cate-
gory KHausPos and we have defined a contravariant functor from KR2Frm to
KHausPos.

Now on the other hand say we are given a Hausdorff poset (X, <).
We know that

a< = (10 17)(#)
a< = (J°F @1)(#)

where J°P, {}°P are the preframe endomorphism whose actions are the lower/upper
closure of closed sublocales. Thus we have preframe endomorphisms of 2X. Since
< is reflexive we know that }°? a < a Va € QX and ||°? a <a Va € QX, and so
the sets

92,4
92,4

{a] 47 a = a}
{al 17 a = a}

are not only subpreframes but are subframes of the compact frame QX. Do they
generate the whole of QX ? The answer is yes; we saw exactly this fact in the proof
of Theorem [5.1.3].

So if we set Ly = QX and L; = {a| §°? a = a}, Ly = {a| °? a = a} then Lo (is
compact and) is generated by these two subframes.

We are now in a position to check the regularity-like condition (i) for (Lo, L1, L2)
((it) will clearly follow by symmetry from this).

(i) states that if a € Ly = {a| J°? a = a} then
a=\V{clc<ia ?c=c}

wherec <y a & ddwith?d=d, dAc=0andaVd=1. But we know by
regularity of X that |} « = a = \/T{b|b < a} and by taking |}°P of both sides we
see a = \/T{1}°P bb < a}, and so to check (i) all we need do is check

bda = |?b<1a

Now if b <1 a then there exists d with 1 <aV d and bAd = 0. But a ={°? a and so
U°? a V d =1 letting us conclude aV 11°? d = 1 by the compactness result, Lemma
[5.2.1].

Also 1197 d < d and {°P b < b (reflexivity of < ): thus {°? bA }°P d = 0, and since
NP d € L, we may conclude {°? b <; a.

Thus (X, {a| J°? a = a},{a|] 1°? a = a}) is a compact regular biframe for any
compact Hausdorff poset (X, <).

As for morphisms, say f : (X, <) = (Y, <) is a map of KHausPos then as well as
the condition

Qf §or<yr Qf
recall that we noted in the last section that the symmetric condition
Qf MP<nor Qf

is implied by (and implies) the assumption ‘f is a KHausPos map’. Hence
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Qf  (QV, {5 47 b= b}, {b] 4% b = b}) —> (O, {a] 47 a = a}, {al 17 a = a})
is a map of KR2Frm and so we have a contravariant functor (C) from compact

Hausdorff posets to compact regular biframes.

Now say (Lo, L1,L2) = C(X,<). Near the beginning of this proof we defined for
any compact regular biframe a preframe endomorphism ¢; by

b \alae Ly a=<;b}

I claim that since L1 = {a| {°? a = a} then
Vialae L1 a <y b} =7 b
Certainly €1 (b) <U°? b for if a <1 b, a € Ly then a < b and so
a ={°P a <|°P b.
In the other direction: Vb € Lo = QX
Uo7 b= \/"{ala< 47 b}

and so by applying {°7 to both sides we get

7 b= V{4 ala<t 47 b)

and we know from above a< {|°? b implies {°? a <1{}°? b. Thus {°? a <; b since
U°P b < b.

Hence €; =7, and so mapping (X, {a| 4°* a = a},{a| }°? a = a}) to (X,<%)
where QX = QX and <y is the closed sublocale corresponding to the preframe en-
domorphism €; returns us to (X, <).

Finally to check that KR2Frm and KHausPos are dually equivalent we need
to check, given a compact regular biframe (Lo, L, L) that

(Lo, L1, L2) = (Lo, {a| 4°* a = a}, {a| 1" a = a})
where J°P comes from the closed relation < defined by

ac = (e @ 1)(#).

Thus |°?= ¢; and so {a| J°? a = a} = L; as required. (Recall that b € L; iff
er(b)=b.)
But we saw

a>=(eo1)#)  —(a)

and so 1= ey and, just as with €;, the ey fixed elements of Ly are precisely the
elements of L. O

The classical version of this result was proved in Priestley’s paper ‘Ordered Topo-
logical Spaces and the Representation of Distributive Lattices’ [Pri72]. Proposition
10 of that paper is (effectively): ‘The compact order-Hausdorff topological spaces
are equivalent to the compact regular Tp-bispaces’. It is shown in [BBH83] how to
prove that the compact regular biframes are equivalent to the compact regular Tp-
bispaces assuming the prime ideal theorem, and in fact it is clear that the proof can
be repeated assuming the constructive prime ideal theorem. So in order to recover
the classical result we need to make sure that our compact Hausdorff posets are
classically equivalent to the compact order-Hausdorff topological spaces. We find
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that we only need to assume the constructive prime ideal theorem (CPIT). We've
shown that compact Hausdorff locales are, given this assumption, spatial and so it is
easy to check that they are then equivalent to the compact Hausdorff spaces (where
in this constructive context it is easiest to define the compact Hausdorff spaces,
KHausSp, as those topological spaces whose frame of opens are compact regular).
To avoid the difficulties that come from constructively discussing the closed sub-
sets of a topological space (such as the fact that arbitrary intersections of closeds
are not closed via the usual proof since we cannot assume that arbitrary intersec-
tions distribute over finite unions), we use as motivation the classical result that
the subspace of a compact Hausdorff space is closed if and only if it is compact.
Hence we define the order-Hausdorff topological spaces to be those pairs (X, <)
such that X is a compact Hausdorff space and <C X x X is a compact partial
order. Notice that if KHausSp =2 KHausLoc then monomorphisms are going to
correspond to injections of points i.e. to subspaces. In other words sublocales in
KHausLoc correspond to compact subspaces in KHausSp assuming CPIT. But
does the notion of relational composition of compact sets of points correspond to
relational composition as we’ve defined it via a preframe homomorphism? To see
that it does we need to check that pullbacks and image factorisations of compact
Hausdorff topological spaces are (on points) constructed as in Set. We need

Lemma 5.4.1 Assuming CPIT, the forgetful functor from KHausSp to Set cre-
ates pullbacks.

Proof: If
X xzY Y
g
X ! A

is a pullback diagram in KHausLoc then pt(X x 7 Y) is isomorphic as a set to the
set of pairs of points p; : 1 = X, po : 1 — Y such that fp; = fp2. Hence

pHX x7Y) —— pi(Y)

pt(g)

pt(f)

pt(X) pi(Z)

is a pullback diagram in Set. The result follows since we are assuming CPIT and
so KHausSp 2 KHausLoc. O

The forgetful functor also creates image factorisations. The proof of this is com-
pletely straightforward since if f : X — Y is a continuous map between compact
Hausdorff spaces then {f(z)|z € X} can be endowed with a topology (the subspace
topology from Y) which makes it into a compact Hausdorff topological space.

Thus if we recall the definition of relational composition in terms of pullback and
image factorization (as presented at the beginning of Chapter 4) then provided we
have KHausSp = KHausLoc, we know that set theoretic relational composition
of compact subspaces is given by relational composition of closed sublocales. Hence,
assuming CPIT, the order-Hausdorff topological spaces are equivalent to the com-
pact Hausdorff posets.



Chapter 6

Localic Priestley Duality

6.1 Introduction

Priestley duality describes how the category of coherent spaces is equivalent to the
category of ordered Stone spaces. We define ordered Stone locales (which classically
are just the ordered Stone spaces) and present a new theorem that shows that the
category of ordered Stone locales is equivalent to the category of coherent locales.
Preframe techniques are used to prove this result.

6.2 Ordered Stone locales

A Stone space is a compact Hausdorff topological space which is also coherent. If we
assume CPIT then we know that the category of Stone spaces is equivalent to the
category of Stone locales i.e. compact Hausdorff locales which are also coherent. The
frames of opens of such locales were seen (in Theorem [1.7.5]) to be exactly the ideal
completions of Boolean algebras. From this we conclude that the category of Stone
spaces is dual to the category of Boolean algebras. This is Stone’s representation
theorem [Sto 36],[Sto37].

The equivalence between Stone locales and Boolean algebras is trivial, it is when
showing that Stone locales are equivalent to Stone spaces that we invoke a choice
axiom.

Working in a classical context Priestley ([Pri70]) introduced ordered Stone spaces
(also known as Priestley spaces). These are pairs (X, <) where X is a compact space
and < is a partial order on X satisfying the requirement that for every z,y € X
with £ y there is a clopen upper set U containing x and not containing y. From
this data it is a classical exercise to prove that an ordered Stone space is a Stone
space. It is immediate that < must be a closed subspace of X x X, in fact the
condition on < above can be rewritten as the equation

£=U{U o U°|U clopen 1U =U}

where 1T U is the upper closure of U with respect to the order <. Notice that we
could use this condition to prove that < is transitive. Also note that this condition
can be written

Z£=U{U @ U°|U clopen | U° =U*}

since classically a subset is upper closed iff its complement is lower closed. Finally
since we know that X is compact Hausdorff we may classically conclude that U is
clopen if and only if it is a compact open subset of X and so, since X is coherent,
UeQX =Idl(KQX) is in KQX if and only if it is clopen.

119
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Given these classical observations it should be clear that the following is a reasonable
definition of an ordered Stone locale

Definition: An ordered Stone locale is a pair (X, <) where X is a Stone locale (i.e.
QX = IdIBx for some Boolean algebra Bx) and <— X x X is a closed partial
order satisfying

a< = \/{a® —ala € Bx,|°? a =a} (!)

where <= —-a< — X x X and {°7: QX — QX is the preframe endomorphism of
QX corresponding to the action of taking the lower closure of closed sublocales.
Notation warning: We have a notation clash between Boolean algebra negation
(—) and ‘closed sublocale corresponding to the open a’ (ma — X'). However context
will eliminate any ambiguity.

The equation (!) is a SUP-lattice equation. It has a preframe equivalent which
will be useful:

a< = V' {Ai(ai®=bi)| Aier (@i V=bi) =0 az,bi € Bx % a; = a;,
U°P b; = b;, I finite }

Proving these two expressions to be the same requires the same manipulation
(demonstrated in Lemma [2.7.1]) that proves that the closure of the diagonal of
a locale can be expressed both as

-\{a®blanb=0}
and
-\ Aiarebi| A; (a; V b;) = 0}

When it comes to the manipulations that follow we will find that the prefame version
of the equation (!) will be the one to apply.

Our first manipulation comes with a proof that if we are given a pair (X, R) such
that X is a Stone locale and R is a closed relation which satisfies (!) then R is
transitive. To see this proof note that if a € QX then |}°P a is given by the formula

VH{Ai(a; v QUL < =b; v a))}

where the directed join is over sets {a;,b;|i € I} such that [ is finite, a;s and b;s
are in the Boolean algebra of compact opens of X and {°? a; = a; , J°P b; = b; ,
Ni(a; V =b;) = 0. So Y°PY°P q is equal to

47 VAV (s} UL < b vad)] = VA VI8 0} U {47 11 < =bi v a))
= V' AV {a} U {11 < =b; v a)) =% a.

Idempotency of °P is equivalent to idempotency of R with respect to relational
composition. Idempotency of R is enough to prove that R is transitive. Notice that
the condition (!) also implies that R is reflexive.

The morphisms between ordered Stone spaces are taken to be the continuous
order preserving functions and so the category OStoneSp is defined. We take
OStoneLoc to be the full subcategory of KHausPos whose objects are the ordered
Stone locales. Recall from Section 5.3 that it follows that

fr(X <x) — (Y, <y)
is a map of OStoneLoc if and only if f: X — Y is a locale map and Va € QY
Qfo o (a) <UP (a) o Qf
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6.3 Priestley’s Duality

Priestley’s initial result was proved in [Pri70] (though see [Pri94] for some more re-
cent thinking about the duality). It consisted of the statement DLat’” = OStoneSp;
hence the term ‘duality’. However we take the equivalence DLat’” = CohSp (i.e.
generalization of Stone representation) for granted since we are familiar with this
result as essentially the assertion that coherent locales are spatial. (‘Essentially’
since we need to factor in the complication that the maps between coherent spaces
are those whose inverse images preserve compact opens i.e. localically the semi-
proper maps.) We view Priestley duality as the equivalence CohSp = OStoneSp.
So the reader is warned that the word ‘duality’ is not entirely appropriate. This
view of the duality is also taken in IT 4 of [Joh82]. There the functor:

B:CohSp — OStoneSp
(X,9) — (X, patch’, <)

is defined. < is the specialization order on (X, ) and a base for the patch topology
is given by

{UNVeU,V compact open}
In the other direction we have

C : OStoneSp — CohSp
(X,0,<) — (X{UUe1U=U})

Lemma 6.3.1 Classically, {U|U € Q,tU =U} = Idi{U|U € KQ,t U =U}. i.e.
C(X,0, <) is coherent. O

Priestley proved in [Pri70] that, provided we are free to use the prime ideal

theorem (PIT), these functors define an equivalence. We now use the remarks in
the notes to Section IT 4.9 of Stone Spaces [Joh82] to see how an assumption that
BC defines an equivalence allows us to conclude the PIT:
Let us assume that B,C define an equivalence. We see straight away that if a
coherent space is T} (i.e. if the specialization order < is equality) then it is Stone.
But Tiness can equivalently be defined as saying that all points are closed. For
any distributive lattice A the points of the associated coherent space are the prime
ideals and the closed points are the maximal ideals. Hence the statement of Tiness
is equivalent to the statement that the maximal and prime ideals coincide. So
assuming B, C define an equivalence we know that a coherent space is 77 if and only
if it is Stone. Hence:

Lemma 6.3.2 (Nac49) A distributive lattice is Boolean if and only if all its prime
tdeals are mazimal. O

It is not immediately obvious that this lemma implies PIT. It certainly proves
that any non-Boolean distributive lattice has a prime ideal. But any non-trivial
Boolean can be embedded into a non-trivial non-Boolean distributive lattice and so
we have PIT. To see how to construct such an embedding consult Exercise I 4.8 of
Stone Spaces ([Joh82]).

Of course it is unfortunate that the above proof relies on the excluded middle.
The reason why we repeat this characterization of PIT is to make it clear that we
cannot hope to prove Priestley’s duality without some choice axioms. i.e. we have
to move to something like locales if we want to have a constructive theory of spaces
that admits a Priestley duality.
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6.4 Localic Version

We define an equivalence of categories via the functors B, C:

B
CohLoc —~ OStoneLoc
C

The idea behind the construction of B comes from the following classical reasoning:

if # £ y where z,y are points of a coherent space X and < is the specialization
order then there exists a compact open U such that z € U and y ¢ U. Thus
(z,y) € U® U° and, as always, (U ®@ U°) N A = ¢. Now when one is defining the
functors of the original Priestley duality we take a coherent space X and give it a
new patch topology. A base for the patch topology is given by

{UNVeU,V compact open}

and so we see that the specialization order, <, is closed as a subset of X x X when
X is given the patch topology. Thus there is evidence to suggest that we can find a
closed sublocale of the locale obtained when we move from a coherent locale to its
‘patch topology’ locale. This closed sublocale will come from (via pullback it turns
out) the specialization order on the original coherent locale.

We stay with our spatial intuitions for one more classical lemma:

Lemma 6.4.1 The set of compact opens of the patch topology on a coherent space
X is the free Boolean algebra on the distributive lattice of compact opens of X.

Proof: Certainly if U is a compact open of X it is a compact open of the patch
topology.

If W is in the patch topology then W = UieI U; N V¢ for some indexing set I. But
if W is compact in the patch topology then I can be taken to be finite. The set

B ={U;c; Ui NV|U;, Vi compact open, I finite} C PX
is a Boolean algebra. The complement of
Uie[ Uin Vic
is given by the subset
Ul(Nie, UF) N (Nie, Vi)l

where the union if taken over all pairs Ji,Js C I such that Ji,Js are finite and
I C J; U Js. Clearly any element of 8 is compact open in the patch topology. O

Thus the definition of this ‘patch topology’ locale, (which will be the definition of
the localic part of B) is clear: given a coherent locale X we know QX = Idl(KQX)
for some distributive lattice KQX. Define BX by QBX = Idl(Bx) where By is
the free Boolean algebra on KQX.

The distributive lattice injection KQX — Bx gives rise to a frame homomor-
phism from Idl(KQX) to Idl(Bx) and hence to a locale map BX — X which we

shall call [x. [x is a surjection. In fact

Lemma 6.4.2 [x is monic.
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Proof: Say
f lx

X

f2
is a diagram in Loc such that [x f; =[x f. Then for all I € BX
r=V'{ibpery
since [ is an ideal of Bx. So to prove f; = fs it is sufficient to prove
QLB =Qf(b)  Vbe Bx
But for all b € Bx
b= Nier(QUxa; V-QUxb;)

for some finite I with a;,b; € KQX. And so the result follows since any frame
homomorphism clearly preserves complements. O

One way to find a sublocale of BX x BX is to look at the pullback of the
specialization order on X x X (viewed as a sublocale) along the map Ix X lx. i.e.
look at the pullback diagram

<Bx C

Bx x Bx B v x

where Q(C) = Fr < QX ® QX qua frame | a0 < 0®a Va € QX > (see Lemma
[2.7.2]) and hope that <px is closed.

Lemma 6.4.3 Given the data above

-I

1M

Iy x 1
BX x BX 22X v x

is o pullback diagram where I = \/{a ® -ala € KQX}. (We view KQX C Bx.)

The reason for the choice of I should be apparent from the spatial reasoning pre-
sented above.

Proof: We can translate I to a preframe equivalent:
1= \/T{/\i(ai?—'biﬂ Ni (ai V —lbz) =0, a;b € KQX}
Use the method of Lemma [2.7.1] to see this.

Define
Q:UE) — 1T
avb — IV (QUxaeQlxd)

This is seen to satisfy the ‘qua frame’ part of the definition of Q(C). To conclude
that QI is well defined we need:
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Iv (QlXa’?O) <Iv (O’S)lea)

for all @ € KQX. Notice that for any a € KQX since (aV0)A(0V -a) = 0 we have
that I = IV [(a20) A (0®—a)]. But

IV (w20) = IV[(ar0)A (0%1)]
= IVI[(@g0) A(0®(-aVa))]
= IV [(@20) A[(0-a) V (09a)]]
= IV [(a®0) A (0®-a)] V [(a20) A (09a)]
= IV [(a90) A (09a)]
< IV (0pa)

Hence [ is well defined, and the diagram in the statement of the lemma clearly
commutes. Now say we are given ), m,t such that

0 t

C

Iy x 1
BX x BX XXX

commutes. Then the function

0z AT — QQ
J — Q(m)J

X x X

will (i) be well defined, (ii) make the appropriate triangles commutes and (iii) be a
frame homomorphism, provided we can check that Q(m)I = 0.
But Qm(I) = /" {Qm A; (ae—b;)| Ai (a; V =b) = 0 a;,b; € KQX} and so it is
sufficient to prove
Qm A (ai’S’—-bi) =0

whenever A;(a; V =b;) = 0 for a;,b; € KQX. With such conditions we see that
(Qx ® Qx)(a;®0) = a;%90, and so

Qm(Ai(ae-b)) = NOQm((a90) V (009-b;))
Ni[Qm((Qlx @ Qx)(a;90)) V Qm(09-b;)]
Ai[QQq(a;20) V Qm(09-b;)]
Ai[QuQq(0pa;) V Qm(09-b;)]
= N[OQm(09a;) V Qm(09-b;)]
Qm[A; (09 (a; V —b;))]
Qm (07 A; (a; V b))
= Qm(0%0) =0. O

IN

Now I < # so <gx is certainly reflexive. It is shown in Lemma [2.7.3] that the spe-
cialization order is antisymmetric (C A J= A) and so <px will be antisymmetric
since (i) the diagonal is preserved by pullback along a monic and (ii) pullback pre-
serves finite meets of subobjects (as pullback is right adjoint to image factorization).

It is nice to know that the order on our ordered Stone locale can be found by
pulling back the specialization order since then antisymmetry and reflexivity of the
order follows from the fact that these two axioms hold for the specialization order.
However we can prove that <gyx is antisymmetric directly:
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Lemma 6.4.4 <gx is antisymmetric, where <gx s given by
A<px = VT{/\i(ai’?—lbi” Ni (ai \% —|bl) =0, ai,bi S KQX}

Proof: We need to prove that (<px)A (>px) (p3£2) BX x BX is the diagonal. We

may conclude this provided we check that its right hand projection is equal to its
left hand projection. i.e. p; = ps. As a statement about frames this reads

Q(m)(I) Va< Vas> = Qm)(I) Va< Vas VI € IdlBx

Note that we may restrict to the case that I € Idl(KQX). This is because Ix is a
monomorphism. In fact we only need worry about compact Is. i.e. we may assume
I=a€ KQX. In such a case Qm I = a0, Qnl = 09a. Hence we need

ag0Va<Va>=0%aVa<Va> Vae KQX.
Before proof note that for any a € KQX since (a V 0) A (0V —a) = 0 we have that

as = acV[@s0)A(O5-a)] (D)
a> = axV[-ws0)A(O8a)]  (II)

Hence for any a € KQX

@R0VacVas = agVlas V (~ew0)V (@80)] Alas V (@Fa)]] by (I7)
= a< Vas>V(aRa)

0®aVa<Va> = a>Vla<V (a9a)]Ala<V (09-a)V (0Ra)]] by (I)
= a<VasV(awa). |

So to be sure that B actually gives us an ordered Stone locale we need but check
that

a< = V' {Ai(ai®=bi)| Aier (@i V=bi) =0 az,bi € Bx 1% a; = a;,
UOp bl = bZ,I finite }

This will follow once we’ve shown that

Lemma 6.4.5 If X is a coherent locale and |}°P is the preframe endomorphism of
QX that corresponds to the relation <gx then for all a € By,

a€ KQX < a=|Pa

Proof: It is always the case that {°7? a < a since <px is reflexive. Hence we need
but prove

a€e KQX & a<|?a.
We know that
a<uy = VH{Ai(a2=bs)| Ai (a; V —b;) =0 a;,b; € KQX}.
Assume we are given a € KQX. So
PP a = VH{Ala; V QU1 < =b; Va)]| Ag (a; V =b;) =0 a;,b; € KQX}
Simply take I = {1,2}
a =a by =0

(12:0 bQZ_la

to see that a <|°? a.
Conversely say a € Bx and a <|°? a. Since ‘a € By
from our expression above for {}°7 a that

)

means a is compact we see
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a< /\iel[ai \ Q'(]. < =b; V a)]
for some a;, b;s in KQX with A;(a; V —b;) = 0. Hence

a S /\i(ai \% Q'(bl S a))
V' (Niesai) A (Nier, (bi < a))

I=J1UJ>

= \/ (Niesyai) N (QU(Vies,bi < a))
I=J1UJ>

= \/ (V{Aies ail Vies, bi < a})
I=J1UJ>
T

= V( U {nienailViesn bi < a})

I=J1UJ>

The union is over all pairs Jy, Jo> C I such that .J;,.J> are ﬁPite_ and I C J; U .J,.
The fact that this union is directed follows since if (Ji, J2), (J1, J2) are two pairs of
the indexing set then (J; N Ji, Jo U J2) is in the indexing set. Hence

a <\ (U{Niesail Vier, b < a})

So, by compactness of a, it is possible to find Ji, Jo subsets of I such that
I C J1 U J, with the property that a < Ajej,a; and Ve z,b; < a. But the statement
Ai(a; V =b;) = 0 implies

Vicnur[(Niesai) A (Niea,—bi)] =0
= (Nienai) A (Nies,=bi) =0
= Niena; < (Aiesbi) = Viesb;

Hence a = Ajeg,a; and since a; € KQX Vi we see that a € KQX. O

It is unfortunate that we have to rely on a distributivity law in the middle of
the above proof. A more natural way to proceed would be to say: for every i € I

a < a;VQUb <a)

4
= \({a:} U {1lp; < a})
and so if we define:
Jp = {z|a < ai}
Joy = {Z|bl < 0,}

then compactness of a implies that I C Jy U Jo. This is all very well but we now
don’t know for sure whether J;, J> are finite.

As for the effect of B on morphisms, say we are given a semi-proper locale map
f:X =Y. So Qf restricts to a distributive lattice homomorphism from KQY to
KQX, and hence extends naturally to a distributive lattice homomorphism on the
respective free Boolean algebras By, Bx. This induces a locale map Bf from BX
to BY. We must check that this map is an ordered Stone locale map. i.e. that

QB fo I a <U” 0B (a)
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for every a € QBX
But

LHS = QBf(VH{Aia; vV QU1 < =b;Va)]|Ai(a; Vb)) =0 a;b; € KOXY)
VHAJQBF(a;) vV Q1 < =b; Va)]| As (a; Vb)) =0 ag,b; € KQX}
VIH{AQBf(a:i) V QUL < ~QBfb; V QBfa)]| Ai (a; V—b;) =0 a;b; € KQX}
UP QB f(a)

IN A

To comprehend the last two lines we need to remind ourselves that QBf(a) =
Qf(a) € KQX if a € KOV, and that if Q1f is the extension of Qf : KQY — KQX
to the Boolean completions then Qf(=b) = —(Q2fb) for every b € KQY. Thus B
defines a functor from CohLoc to OStoneLoc.

Fortunately the construction of a functor C in the opposite direction is less in-
volved than our construction of B. Define C as follows

C : OStoneLoc — CohLoc
(X,2) — Idl({a € KQX||°® a=a})

N.B. {a € KQX| |°? a = a} is a subdistributive lattice of KQX. The only tricky bit
in proving this is closure under finite joins. But {°? a < a Va,so (i) 0 <{§°?0<0
and (ii) if @ ={°? a,b ={°P b then a Vb ={°? aVv °? b <Y°? (aVb) < a Vb.

The definition of C on morphisms is also clear: if f : (X,<x) — (Y,<y) is an
ordered Stone locale map then it is proper and so is semi-proper; §2f preserves
compact opens. The fact that Qf({°P (a)) <Y°? Qf(a) Va € QY means that Qf
restricts to a distributive lattice homomorphism from {a € KQY| §°? a = a} to
{a € KQX|{°? a = a}. So f induces a semi-proper map C(f) from C(X,<x) to
C(Y) SY)

It is now clear that checking that

CB(X)=X VX € Ob(CohLoc)
amount to showing that Ya € Bx
a€e KQX & a=|Pa

(where By is the free Boolean algebra over the distributive lattice KQX). But we
have shown this already in Lemma [6.4.5].
So all we need to do is ask: is BC(Y) 2 Y for all Y € OStoneLoc ?
Well we know that there is a distributive lattice inclusion,

{a e KQY||°? a = a} — KQY

but is it universal? If it is then the fact that we require

a<y = VH{Ai(ar®=bi)| Aier (@i V=b;) =0 a;, b € Bx 4% a; = a;,
UOP bz = bz,I finite }

for Y to be an ordered Stone locale means that

<y=<pgc(y) -
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Thus we will be finished provided we can check that the above inclusion is universal.
Assume a diagram

KC(Y) — KQY

v

B

where f is a distributive lattice homomorphism and B is a Boolean algebra.

Say a € KQY and we have found two finite sets of elements {a;, b;|i € I},

{@;, b;|i € T} such that A;(a; V —b;) = a = A;(a; V —=b;). (Where the a;, b;, a;, b;s are
in {a € KQY|{°? a =a}.) We want to check,

Lemma 6.4.6 A;(fa; V —fb;) = A;(fa; V —fb;)

(For then it will be ‘safe’ to define ¢(a) = A;(fa; vV = fb;) for any
{a;,b;/i € I} C KC(Y) such that a = A;(a; V —b;).)

Proof: We have done this already really in Lemma [1.3.3]. To conclude that
Ai(fa;V—=fb;) < A;(fa; V—fb;) we need to prove that for every i and for every pair
Ji,Jo C I with I C J; U J> we have

(Niea, fai) A (Nica, = fbi) < (faz V —fb;)

This relies on the by now well known finite distributivity law being applied to the
meet A;(fa; V = fb;). But the last inequality can be manipulated to

F((Niesyai Nb) V Vierbi) < f((@ Ab) V (Vierbi)
and the fact that (Ajes, a; Ab;) V Vies,bi < (@3 Ab;) V (Vies,b;) follows from exactly
the same manipulations applied to the assumption

Ai(ai V =b;) < Ag(az V =by). O

Assumption: Va € KQY  3{a;,b;|i € I} C KCY s.t. Ai(a; V —b;) = a.
If this assumption is true then ¢ will be a (necessarily unique) Boolean homomor-
phism extending f. [For if @ = Ajer(a; V —b;) and @ = Ajep(a; Vb)) = aha=
/\qu(ai V _|bl) So

plana) = Apgr(faiV-rfb)
[(Nier(fai V =fbi)l ANigr(fai V = fbi)]
¢(a) A ¢(a)

Similarly for V.]
We also have the following Boolean algebra lemma:

Lemma 6.4.7 If I, I are finite sets and {a;,b;|i € I'} and {az, b;|i € I} are sets of
elements of some Boolean algebra B, and Ai(a; V —b;) = 0, Az(a; V —b;) = 0. Then
for any Ji,Jo C I x I, finite subsets, such that I x I C J; U Jy we have

Aiyes (@i V =b;) <Viigen (0a; Ab;)
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Proof: The conditions imply:
[A(ai v =bi)] V [A(@; V =b;)] = 0
= Auderxilai Vb Vaz VvV —b;] =0
= Vixicnunl(Ngier (@i V =b3) A (A e (@ Vb)) =0
= (Aupen(aiV =) ANz es(@V-bi)) =0
The result follows since
—(Aaz V =b;)) = V(maz A b;). O

We can now prove our assumption:

Theorem 6.4.1 If (Y, <) is an ordered Stone locale and a € KQY then
a = Nier(a; V —b;) for some finite I with a;,b; € KQY and |J°° a; = a;,°P b; = b;.

Proof: Clearly the antisymmetry axiom must now come into play. This axiom
states that

()N (2) <sup(xxx) A
which as a statement about the opens of Q(X x X) reads:
a<Vas> > #
But a = # * a since # corresponds to the identity of relational composition. Thus
a<(a<Vas)xa (I)
From our axioms used to define ‘ordered Stone locale’ we know,
a< = VH{Ai(ag=bi)| Ai (a; V =b) =0 a;,b; € KQY P a; =a; °P b; = b}
symmetrically
a> = VH{A;(mbywaz)| A; (a; V -by) =0 az,b; € KQY % a; = a;  4°P by = bs}.

Thus a< V a> is a directed union of elements of the form

[Ai(ai9=by)] V [A;(—b9a;)]

Aiperxil(ar®=b;) V (~byeas)]
= Auperxil(aiV -b;)2(=b; V a3)]

Since a is compact and (_) * a preserves directed joins and finite meets we see from
(I) that

a < Agperxi([(ai vV =bg)®(=b; V @;)] * a)
for some {as, b;|i € I}, {az, bs|i € I} such that As(a; V —b;) = 0, Az(=b; V a;) = 0 and
Y7 a; = a;, P by = b;, 4°7 a7 = az, |°7 by = b;. Now
[(ai Vv =b;)®(=b; V @;)] % a
= (a; V-b;) VQUL < =b; Va; Va)
VI{a; v =b;} U {1|b; A ma; < a}]
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And so, similarly to Lemma [6.4.5], via compactness of a we can find finite subsets
Ji,Jo C I x I with the properties:

< a;V —'l_); V(Z,E) eJ;
biN-a; < a V(Z,E) € Jy
I x I_ g J1 U J2

a

Clearly (by definition of Jy, J3)

a < Nige, (@i V —b)
and Viiies(ta; Ab) < a.

But by the last lemma
Nigyer (@i V =b;) < V(e (ma; Aby)

and so a = /\(iﬁ)EJl (ai \% —@) O

6.5 Notes

In his thesis ‘The Structure of (free) Heyting Algebras’ ([Pre93]) Pretorius proves a
constructive version of Priestley’s duality. He shows that the the coherent locales are
dual to a particular subcategory of the category of pairs of frames (where the second
element of the pair is a subframe of the first and morphisms of this category are
frame homomorphisms that preserve the subframe). This particular subcategory is
seen, assuming PIT, to be equivalent to the ordered Stone spaces and so Priestley’s
original duality is recovered. It is not clear how, from its definition, to view this
particular subcategory localically; although given the results of this chapter we now
know that it is constructively equivalent to the ordered Stone locales.

The methods of Pretorius’ proof are very different from ours. He makes much use
of the frame of congruences on a distributive lattice. His observation that ‘the set
of compact congruences on a distributive lattice is the free Boolean algebra on that
lattice’ has helped us in two important ways. Firstly it shows us how to construct
the free Boolean algebra on a distributive lattice (see Section 1.3). This is not a
trivial problem as the usual method, via finitary universal algebra, is not allowed
in our context since it depends on the natural numbers. Secondly the fact that
the compact congruences form the free Boolean algebra means that we have a much
simpler proof of Banaschewski and Briimmer’s result that the stably locally compact
locales correspond to the compact regular biframes [BB88]. The consequences of
this correspondence forms the content of our last chapter.



Chapter 7

Hausdorft Systems

7.1 Introduction

Given a poset (X, <) we can construct Idl(X), its ideal completion. Idi(X) is
an algebraic dcpo. For any algebraic dcpo, A, we can construct K A, the set of
compact elements of A. These constructions are inverse to each other. However
we cannot conclude that the category of posets is equivalent to the category of
algebraic dcpos. This is because not all dcpo maps preserve compact opens. But if
we extend the morphisms between posets to relations (satisfying suitable conditions)
then a categorical equivalence can be established. This is the idea behind Scott’s
information systems (see [Sco82]). One of the reasons for presenting algebraic dcpos
as posets (=information systems) is that it becomes possible to use the presentation
to solve domain equations. Domains are special types of algebraic dcpos and the
problem of solving domain equations is important in theoretical computer science.
See [Vic89] for background on domains and [LW84] for details about how domain
equations can be solved using information systems. The problem of extending this
equivalence to the retracts of the algebraic dcpos (i.e. the continuous posets) is
dealt with in [Vic93]. In [Vic93] Vickers introduces the category of continuous
information systems (InfoSys). These are pairs (X, R) where X is a set and R is
a relation on X which is idempotent with respect to relational composition. There
are many morphisms possible between continuous information systems. The most
general are relations:

R: (X,Rx) — (Y,Ry)

R C X xY such that R = Ry o Ro Rx where o is relational composition. These
are called the lower approximable semimappings.

We define Hausdorff systems to be the proper parallel to continuous information
systems. So a Hausdorff system is a pair (X,R) where X is a compact Haus-
dorff locale and R is a closed relation such that R o R = R. Upper approximable
semimappings between Hausdorff systems are closed relations R < X x Y,

R: (X, Rx) — (Y,Ry),

such that R = Ry o R o Rx where o is compact Hausdorff relational composition.
We have defined the category

HausSys;,

If (X, R) is an infosys then we know (Chapter 4) that there is a SUP-lattice homo-
morphism |[f: PX — PX corresponding to R. [P is idempotent since R is. The
set

131
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(TITe PX |RT=T}

can then easily be seen to be a constructively completely distributive lattice. The
essence of [Vic93] is a proof that all constructively completely distributive lattices
arise in this way.

Given a Hausdorff system (X, R) we know that there is a preframe morphism

J°P: QX — QX corresponding to R (Chapter 4). Hence

{ala € QX J°Pa=a}

is a subpreframe of Q2X. It also has finite joins: {}°P 0 is least and the join of a, b is
given by {°? (a V b). Further,

Lemma 7.1.1 QX = {ala € QX |°? a = a} is the frame of opens of a stably
locally compact locale.

Proof: First we check that the frame is continuous, i.e. that Va € QX
a=\V"bb <qx a} (%)
Since QX is compact regular we know that (Va,b € QX)
adb & a<b
Hence to conclude (%) all we need do is check that
bka = ?Pb<kgxa

ifa € QX. Sayb<<aanda§\/TS SCTQX then3dseS b<s =

UoP b <P s = s.

As for stability we need to check that 1 <o ¢ 1 (trivial by compactness of QX) and
a Lqx bi,be implies a Kqx b1 A b2. Since b; € X, QX is regular and {°? is a
preframe homomorphism we know that

b; = VT{UOP C|C < bl}

Hence a <|°? ¢; for some c¢y,co with ¢; < b;. Hence a <{°? (¢; A ). But
c1 Acy <1by Abe and so ¢1 A ca K by Abs. Hence a g5 by Abe. O

The next section is devoted to proving that every stably locally compact locale
arises in this way. From then our program is to check that this equivalence can be
made categorical by restricting the class of relations that are allowed to be Hausdorff
system maps. The program is the proper parallel to the contents of [Vic93].

7.2 Stably locally compact locales

Let StLocKLocy be the category whose objects are stably locally compact locales
and whose morphisms are formally reversed preframe maps. Bearing in mind the
correspondence between preframe homomorphisms on the frame of opens of compact
Hausdorff locales and closed relations on these locales (as captured by Theorem
[4.3.1]) it should be clear that there is a functor:

Cy : HausSys;; — StLocKLocy
(X,R) —» X

where QX = {a € QX| |°? a = a}.

If R: (X,Rx) — (Y,Ry) is an upper approximable semimapping (i.e. if Ry o Ro
Rx = R) then it is clear that ¢¥g (the preframe homomorphism from QY to QX
corresponding to R) is going to satisfy:
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YR = XU ot o ¥ P

From this it follows that 1)g will restrict to a preframe homomorphism from QY to
OX. Cy is functorial.

Lemma 7.2.1 The map

HausSys; ((X, Rx), (Y,Ry)) — PreFrm(QY,QX)

is a bijection. i.e. Cy is full and faithful.

Proof: Send a preframe map 1 : QY — QX to the relation corresponding to the
preframe homomorphism

XUOP 01/_1 ) YUOP QY — QX O
We want to define
By : StLocKLocy — HausSys;;

Fix, for the rest of the section, X, a stably locally compact locale. Define AQX to
be the set of Scott open filters of QX. So F € AQX iff

(i) F is upper

(i) a,be FF = aAbeF
(#44) leF

(iv) acF = dbeF bKLa.

The following lemma is in [BB88],
Lemma 7.2.2 AQX is the frame of opens of a stably locally compact locale.
Proof: If F}, F5 are two Scott open filters then

FiVF,=t{a1 Aaz|lay € Fi, a2 € F>}

Directed joins are given by union. Fi A F» = F| N F5, finite distributivity is an easy
manipulation. If G is a Scott open filter then

G =U"{tp € G}
Hence F <« G if and only if there is a b € X such that F CtbC G. O

Since X is stably locally compact we know that there is a frame injection
{1 QX — IdIX. Now define Box to be the free Boolean algebra on QX qua
distributive lattice. There is a frame injection of IdI2X into IdlBgx which we
will denote by Q1. So if we compose this injection with | we find that X can be
embedded in IdlBox. Notice that if @ < a then | @ C Qla.

Lemma 7.2.3 AQX can be embedded into IdlBqx .

Proof: Send F' to \/ZGF 1 —b. It is routine to check that this is a frame

injection. O

Define: QY =the subframe of IdlBqox generated by the image of the above two
embeddings.
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Theorem 7.2.1 Y is a compact Hausdorff locale.

Proof: Compactness is immediate since Y is a subframe of the compact frame
IdlBqx. As for regularity it is clearly sufficient to check that

Qa = \V'{II < Qifa}
for every a € 2X and
Vier $=b=VHIIT < Vicp | -b}

VF € AQX.
However a = \/T{z|z < a} and F = \/"{G|G < F} since both QX and AQX are
continuous posets. So it is sufficient to prove that

r<a = Qr<aQla ()

t t
G<F = \/Ll-ba\/ L-b.
beG beF

(I): Say * < a. Set F = %z (a Scott open filter). Then \/ZeF L -be QY. But
clearly

QU AViep L-b=0
Further r < a = da z < a < a. Hence

.
Qav \/ L-b > Qilav]-a
beF
> lav]-a=1

Hence Qllx < Qlla.
(IT): Say G < F. Sodz € F G C %z C F (since F = \/"{}z|z € F}). Then

Vieg L=bAQILz =0
Nowx € FF = dreF z<xandso
QU VVicp L -b>Lav | -F =1 m

We want a closed idempotent relation on Y and so we need to find a preframe
endomorphism °7: QY — QY such that (°P)2 = . If I,J € QY we write
I <, J if and only if 3F € AQX such that

IANV cpd—-b=0
JVVicpd-b=1

Clearly <, C < and the last proof has shown us that z < a implies Ql{z <; Ql}a.
Define

P QY — QY
)
J +—  \{III = Qla for some a,T <y J}.

Facts about {}°7:

*x YJ, P (J) = Qlla for some a € QX
*x P (Qla) = Qla Va

. (e =y
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*  }°P is a preframe homomorphism.
Hence define By : StLocKLocy — HausSys;; by B(X) = (Y, R), where R is the
closed relation corresponding to {}°P.

The above definition did not simply jump out of a hat. Although presented
in a very different way it is essentially just a restructuring of Banaschewski and
Briimmer’s construction of a compact regular biframe from a stably locally compact
locale. In their paper [BB88] they embedded QX and AQX into the frame of
frame congruences via exactly the same functions; regularity of the frame generated
follows the same path. Compactness in their proof is not immediate. They embed
the frame generated into the frame of frame congruences of the ideal completion of
Q X, pointing out that this embedding will be contained within the frame generated
by congruences of the form

Ja=2)AN(-lb=2)

where Q7 = IdIQX, a,b € QX. Another lemma verifies that the frame generated
by these congruences is compact. But it can be seen that the frame generated by
these congruences is just the ideal completion of the compact distributive lattice
congruences on QX. Pretorius [Pre93] tells us that the set of such compact congru-
ences is the Boolean completion of the distributive lattice QX and so we see that we
can embed into the ideal completion of the Boolean completion of 2.X'; see Section
1.3. This is exactly what is done above.

How is By defined on morphisms? Say f : X; — X, is a morphism of
StLocKLocy (so Qf : X, — QX is a preframe homomorphism). From the
starred ‘facts about °P’ above we see that the set of {|°P-fixed opens of By (X) is

just the image of the inclusion Q| : QX — QBy(X). Hence QX is isomorphic to
QCyBy(X). So we can find a unique f such that

CuBuX; g, CuBuXos

~ ~

X

Xo

commutes. But Cy is full and faithful. So there is a unique By f : BuX1 — By X»
such that f = CyByf.

Lemma 7.2.4 (X,R) = (Y, S) in HausSys,; if and only if QX = QY as posets.

Proof: Say (X, R) = (Y, S) in HausSys;;. It follows that there are upper approx-
imable mappings

T:(X,R) — (Y,9)

Q : (Y7 S) — (X7 R)
such that To @ = S and Q oT = R, where o is relational composition. To
see this notice that R : (X, R) — (X, R) is the identity on the Hausdorff system

(X,R). If 7,1 are the preframe homomorphisms corresponding to T',Q then
Y7 o g = %P and g o ¢ = “Y°P. From which it follows

1/}T|QY : QY — QX
1/JQ|QX OX — QY
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are (order preserving) bijections. Conversely , say

0X 3 Qv

¢
are order preserving bijections. Then 1) and ¢ are preframe homomorphisms. So if
¢ is defined so as to make

QY ¢ ax
YU'OP
o —% . ax
commute and v is defined to make
Qx v QY
XUop
ox —Y .oy

commute we see that ¢, are preframe homomorphisms. If T,Q are the rela-
tions corresponding to 1, ¢ respectively then clearly T, () are upper approximable
semimappings which are inverse to each other in HausSys;;. O

Theorem 7.2.2 HausSys;; = StLocKLocy

Proof: We need to check ByCy(X, R) = (X, R) in HausSys;, for every Haus-
dorff system (X, R).iThis is immediate from the preceding lemma since we know
CuBuCu(X,R) = QX =Cy(X,R). O

7.3 Approximable Mappings

In the paper [Vic93] various different types of morphisms between continuous infor-
mation systems are introduced. So far we have only examined the proper parallel
to InfoSys; . i.e. to the case where the morphisms are relations

R : (X,Rx) — (Y,Ry) such that Ry o Ro Rx = R. On the ‘open’ side we see
(Theorem 3.7 of [Vic93]) that

InfoSys; = CCDLocy,

where CCDLocy, is the category whose objects are constructively completely dis-
tributive locales and whose morphisms are formally reversed SUP-lattice homomor-
phisms. On the proper side:

HausSys;; = StLocKLocy
In [Vic93] we see that the equivalence can be refined:

InfoSys = CCDLoc
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CCDLoc has been introduced in Section 1.6. InfoSys has as objects all continu-
ous information systems just as before. The morphisms are now the approzimable
mappings. Say R : (X, Rx) — (Y, Ry) is a lower approximable semimapping. Then
it is an approximable mapping provided it also satisfies:
(¢) ssRxs = 3t eY &Rt
(i1) s'Rxs sRt; sRtx = 3Jt'€Y s'Rt' t'Ryti t'Ryts
For a justification of these axioms notice that if Rx, Ry are partial orders then
(1), (i) are saying that for every s € X, {t|sRt} is an ideal of Y.
It is quite easy to see that these two conditions can be expressed as:
() VY (X)CYoR
(i) X (A1oRNA30R)C (¥ AiN]Y A3)oR
where A;, A; range over all subsets of Y. i.e. they range over all open sublocales of

Y (viewed as a a discrete locale). Hence it should be clear what an approximable
mapping between Hausdorff systems should be:

R : (X,Rx) — (Y,Ry)

is an approximable mapping of Hausdorff systems if and only if R = Rx o Ro Ry
and

(i) U5 (X) <supx)YoR
(i) VX (FoRAGOoR)<gux) 4" FAYY G)oR

for all closed sublocales F,G of Y. Say g : QY — QX is the preframe homomor-
phism corresponding to R. Then these equations are equivalent to the requirements:

(i) ¢r(0) <FUP(0)

(i) Yr(UPav VP b) < XU (Yr(a) VPR(D)).
It is easy, from these definitions, to check that R : (X,R) — (X, R) is always
an approximable mapping and that approximable mappings are closed under com-

position. Let HausSys be the category of Hausdorff systems with approximable
mappings. It should now be clear that we have a functor:

C : HausSys — StLocKLoc

where StLocKLoc is the full subcategory of Loc consisting of the stably locally
compact locales. The only difficulty is checking that the approximable mappings
give rise to frame homomorphisms. Say R : (X, Rx) — (Y, Ry) is an approximable
mapping. Then, as in the HausSys;; case, we know that g restricts to a preframe
homomorphism from QY (= {a € QY| |§°? a = a}) to QX. For every a and b in
QY

vr(aVoy b) = vr(" 4" (VD))
Yr(aVb)  (Yr =vro{7)
TP (Wr(a) VYr(D)  (a,b € QY)
Vr(a) Vox Yr(b)-

IN

And
Yr(0gy) = YrUP0)
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So 9k restricts to a frame homomorphism from QY to QX. On the other hand it is
easy to follow the definitions and prove that every frame homomorphism from QY
to QX gives rise to an approximable mapping from (X, Rx) to (Y, Ry) just as in
Lemma [7.2.1]. In fact the conclusion of that lemma is easily seen to hold here: C
is full and faithful.

The next task is to check that the construction By gives rise to a well defined
functor:

B : StLocKLoc — HausSys

This amounts to checking that if f : X; — X, is a locale map between two stably
locally compact locales then By f : By(X1) — By (Xs) is an approximable map-
ping. By reexamining the construction of By f we see that this fact follows from
our observation that C is full and faithful.

Notice that Lemma [7.2.4] can now be repeated with HausSys in place of HausSys;;
and we may conclude:

Theorem 7.3.1 HausSys = StLocKLoc. O

7.4 Hoffmann-Lawson Duality

We use the blanket term Hoffmann-Lawson duality to cover dualities induced by
the action of taking Scott open filters. Hoffmann and Lawson initially proved such a
duality for continuous posets in [Hof79],[Hof81] and [Law79]. In [Vic93] we see how
to make the duality constructive: the Hoffmann-Lawson dual of a continuous poset
is found by taking the opposite of the corresponding continuous information system.

By analogy, for a Hausdorff system (X, R) there is a duality (on objects) which
takes (X, R) to (X, 7R) where TR is the composite

R XxX -5 XxX

(7 is the twist isomorphism). It is not immediately clear how to make this duality
functorial. i.e. how to define a functor

7 : HausSys — HausSys?
Notice that if we reexamine (HausSys)y then

7 : HausSys;; — HausSys}
clearly is well defined. This is because

RyoRoRx =R & 7TRxoTRoTRy =7TR

and so we get our first duality:

(HausSys)y = (HausSys);/
We have also (by implication) just checked that

(StLocKLoc)y = (StLocKLoc)?
On the open side there is the result
CCDLocy = CCDLoc}
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where the U indicates that the morphisms are formally reversed SUP-lattice homo-
morphisms. Notice that in our constructive context we cannot just take the opposite
of a constructively completely distributive lattice in order to get its dual; if we could
then the opposite of a constructively completely distributive lattice would be con-
structively completely distributive and, following our discussion in 1.6, this would
imply that the excluded middle is true. The easiest constructive way of describing
this duality is by looking at the points. We know that a CCD locale is uniquely
determined by its continuous poset of points. [Vic93] shows how the above duality
corresponds to taking the Scott open filters of these points in order to get the points
of the dual. i.e. we are looking at a Hoffmann-Lawson duality.

What is the dual of a stably locally compact locale? Given that we are looking for a
Hoffmann-Lawson duality and we have observed already that AQX is the frame of
opens of a stably locally compact locale if X is stably locally compact, it is clearly
desirable to prove,

Theorem 7.4.1 If (X, R) is a Hausdorff system then
{a € QX[ P a=a} 2 A{be QX| °? b= b}.

Proof: Recall from Chapter 5 that if (X, R) is a Hausdorff system (i.e. RZ = R)
then

aRp = \/T{/\i(UOp a;® Nor bz)| Nier (ai \Y b,) =01 ﬁnite}.

(We see this result contained within the first few lines of the proof of Lemma [5.1.3].)
It follows that

17 a = VAN a; v QUL < aV 9P by))| A (a; V b;) = 0} (%)
Define a function:
¢:{a€QX| P a=a} — ADeQX|{?b=0b}
a — {J°Pb]1 <aVv |?b}
Clearly ¢(a) is a filter on {b| °? b =b} = QX. Say |}°? b € ¢(a). We know
B b= V{4 bb <ax 4 b}

since {7 b = \/T{l_)|l_) <ax{°? b}. Thus by compactness of QX since 1 < aV |7 b
we know b Kqox{°? b with 1 < aV §°P b. Hence {°? b € ¢(a). But

b<ax?b = [Pb<oglPb [7.1.1]

and so ¢(a) is a Scott open filter. i.e. ¢ is well defined.
Further note that ¢ reflects order: say we are given a,a € {a| }°? a = a} with
{U°P b|]1 < av §°P b} C {I°P b|1 < aV {°P b} then Vb
1<avi®?b = 1<av{?b
and so the fact that }°? @ <f}°? a can be read off from ().

In the other direction define

Y:AQX — {ala€ QX NP a=a}
T
F — \/{1*" ala € QX such that 3b € QX witha Ab=0 | b€ F}

We need to show that VF € AQX
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F={{°7 b]1 < ¢(F)V §°F b}

Proof of this: Say b € F then b ={°7 b. Since F' is a Scott open filter we know
that 3b € F such that

The dual of (x) is
0o e =\ 9P by v QUL < eV %P a))| As (a; V b;) = 0}.

But every ({7 b; V Q!(1 < eV 4 g;)) is in QX since it can be expressed as a
directed join of elements of 2.X. Hence

b=UP b=\/L o (AU b; v QUL < BV 1P a;))| As (a; V b;) = 0}

B<<Qj(b :>E|I:)€QX B<<QXZ<<QX b.
Hence there exists a finite collection (a;, b;);cr with A;(a; V b;) = 0 such that

b < A; (1P b; v QU1 < BV 1P a;))
Hence (see Lemma [6.4.5]) there exists Jy, Jo C I finite such that I = J; U J> and
b< Nier, 0P i) 1<V Nies, 17 a;
Hence b <{°? (Aies,b;) and so J°P (Ajeg,bi) is in F. Now by the familiar finite
distributivity law we know that
Nier(ai V bi) =\ 1_ 7, 07, (Nies ai) A (Aies,bi)
and so since (Ajes, bi) A (Niesyai;) = 0 we get that +°° (Ajesai) < ¥(F). So
1<¢Y(F)Vhb.
On the other hand say 1 < ¢(F) Vb for some b with {°? b = b. By the compactness
of X (and the definition of ¥) we know that
1<°P aVb

for some a € QX such that 3b € QX with the properties that a A b = 0 and
{1°P b € F. However recall Lemma [5.2.1]. This stated that for any a,b € QX we
have that

1<f?aVb & 1<aV{°b.

Hence b <{°? b. This implies {}°? b <|{°? b = b. It follows that b € F since
YPbeF. O

There is no natural way of finding a contravariant functor from HausSys to
HausSys since if R is an approximable mapping then we cannot hope that 7R
is also an approximable mapping. Just as in the open parallel we symmetrize
the definition of approximable mapping in order to define a new class of functions
between Hausdorff systems which will give rise to a contravariant functor. Clearly
the parts of the definition which need to be symmetrized are the conditions:

(i) U5 (X) <swpx)YoR
(i) VX (FoRAGOoR)<sux) 4" FAYY G)oR

Define a Lawson approzimable mapping to be an approximable mapping which also
satisfies

() (YY) <su(y) X oTR
(ii)) Y (ForRAGoTR) <gu(y) (X FANY G)orR

where F, G are arbitrary closed sublocales of X. Hence define the category
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(HausSys)a

whose morphisms are the Lawson approximable mappings. It should be clear that
if R: (X,Rx) — (Y,Ry) is a Lawson approximable mapping then there are two
frame homomorphisms:

YR {be QV|YUPb=0} - {a € QX| P a=a}
Yrr:{a € QX[ Pa=a} = {be QY|P b =b}.

We would like to define the class of Lawson maps between stably locally compact
locales and so define a category (StLocKLoc), with the property

(HausSys)a = (StLocKLoc)y

The nature of the duality induced by 7 should then be clear. We will say that
f: X =Y (alocale map) between stably locally compact locales is Lawson iff

(Qf)~1: AQX — AQY

preserves finite joins. That this is a sensible guess can be seen straightaway by
noting that ¢.g is a frame homomorphism from AQX to AQY for any Lawson
approximable mapping R. This follows from the last theorem.

Theorem 7.4.2 (HausSys)y = (StLocKLoc)a

Proof: Although the proof is slightly trickier it is still essentially a variation of the
proof of HausSys;; & StLocKLocy. As a first step we check the fact that the set
of Lawson approximable maps from (X, Rx) to (Y, Ry) corresponds to the set of
Lawson maps from X to Y via the usual transformation (i.e. R = 9g|qy). Say we
are given a Lawson approximable map R : (X, Rx) — (Y, Ry). Then we will know
that Yg|qy is the frame homomorphism corresponding to a Lawson map form X
to Y provided we can check my claim that the composite

AQX =5 {a] 4P a = a} 28 [V 4P b = b} — AQY

is given by (¢gr)~!. (For then we know (¢g) ! preserves finite joins since 1, g
does.) Recalling the proof of the last theorem we see that the above composite
takes F'(€ AQX) to

G={UPb)1 < VP Yrp(a))Fa ana=0 U°Paec F}V P b}
We want
2beG & ¢Yr(l?b)eF

Now F = {UP a|l <\ {ftP ap|3a@ apAa=0 |°"ae F}v{° a}.
So §°? b € G if and only if Ja,a9 apAa =0 |°P? a € F such that

1L <P ¢rr(ao)V U7 b
& 1< 9r(NMP ao)V U7 b

and Yypr(J°?b) e F & da,ap apANa=0 Y?aeF,
1 <1 ap V r(4°7 b)
But we have seen that for every a € QX,b € QY

1<vrr(@Vb) & (1<aVia(®)
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Lemma [5.2.1]), and the composition gives (1)) ! as required.
g

On the other hand say we are given f : X; — X5 a Lawson map between stably
locally compact locales. Set (X, Rx) = B(X1), (Y,Ry)=B(Xz)and R=Bf. So

R: (X, Rx) — (Y, Ry)

is an approximable mapping. We check that it is Lawson. As usual ¢ : QY — QX
is the preframe homomorphism corresponding to R. Clearly

ay Yelov o5

12
12

Q
QX5 !

92.€1

~

commutes (where & is as in the verification that CB(X;) = X;), and so
(¥r)~' : AQX — AQY preserves joins since (2f)~' : AQX; — AQX, does. But
we have just shown that (¢¥g) ! : AQX — AQY is given by the composite

AQX =5 {a] 4P a = a} 28 [ V4P b = b} — AQY
and 50 Y7 R (4| X for 4—q} Preserves joins which is sufficient to prove that
TR : (Y,7Ry) — (X,7Rx)

is an approximable mapping. i.e. R is Lawson. O

7.5 Products

Lemma 7.5.1 (1,1) is the terminal object of HausSys. If (X, R),(Y,S) are two
Hausdorff systems then

(X,R) x (V,S) = (X x Y,i(R x S))
where i : (X X X) x (Y xY) = (X xY) x (X xY) is the twist isomorphism.

Proof: Clearly (1,1) is terminal. This follows since for any Hausdorff system
(X, R) we know that approximable mappings from (X, R) to (1,1) correspond to
locale maps from X to 1.

If BY°P, S1°P are the preframe homomorphisms corresponding to R, S then

Rlor o517 . QX @ QY — QX ® QY

is the preframe homomorphism corresponding to i(R x S). We need projection
relations:

P (X xYi(RxYS) —
P (X xYi(RxYS) —
Define P; to be the pullback of R along

XxYxX 2 XxX
and P, to be the pullback of S along

XxYVxY BYyxYy
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Hence the opens corresponding to P, P> are

ap, = Qmiz(agr)
ap, = Qmaz(as)

and the preframe homomorphisms corresponding to Py, P> are

Qr o RUOP

Qs 0 SUOP
where 11 : X XY = X, 1 : X XY — Y are the usual projections. The best way
of demonstrating this last claim is to look at the cases agr = a1 9a2,as = b19bs.
From this it is clear that Py, P, are approximable mappings.
We need to check that if @, : (Z,T) — (X,R) and Q2 : (Z,T) — (Y, S) are two
approximable mappings, then there exists a unique approximable map

L:(Z2,T) — (X xY,i(RxS))

such that P,L = Q; fori =1, 2.

Assume such an L exists. Say ¢p,,¢¥r, ¢, are the corresponding preframe maps.
Then since ¢y, is an approximable mapping it must satisfy ¢z o (°7 @ S|}°F) = .
Hence for every a’®b € QX ® QY we must have

Yr(awvb) = ¢
= 9

L (4P @ SYrb)
L

= Yr
Ty

"y
(wpl( )V ¥p, (b))
("4 @47 (0 (@) V (47 @ 47) (¢p, (1))
(”’(zZJLz/JP1 () VYryp, (b))
= TUP(Pq, (a) V o, (b))
The penultimate line is by the fact that 1 is an approximable map. Thus L is

uniquely determined and it is clear from the above what formula should be assigned
to ¢r, in order to define L such that P, L = @;. O

7.6 Semi-Proper Maps

In Banaschewski and Briimmer’s paper “Stably Continuous Frames” ([BB88]) there
is a proof that the category of stably continuous frames and ‘proper’ maps is equiv-
alent to the category of compact regular biframes. Their ‘proper’ maps are ‘<’
preserving frame homomorphisms. We refer (see Section 1.7.3) to ‘<’ preserving
maps between stably locally compact locales as semi-proper maps. This is a good
expression since it was shown (Lemma [3.2.1]) that a locale map f : X — Y between
stably locally compact locales is semi-proper if and only if Qf has a right adjoint
that is a preframe homomorphism.

(StLocKLoc)sp

is the category whose objects are stably locally compact locales and whose mor-
phisms are semi-proper locale maps. Banaschewski and Briimmer’s result is

(KR2Frm)°? = (StLocKLoc)sp
But we saw in Section 5.4 that
(KR2Frm)°? = KHausPos
So
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KHausPos = (StLocKLoc)sp

The main purpose of this section is to outline a proof of this fact and to show
how this equivalence can be viewed as an extension of localic Priestley duality.
Interestingly, on objects, the proof uses exactly the same constructions as the proof
that Hausdorff systems correspond to stably locally compact locales. For:

Lemma 7.6.1 If X is a stably locally compact locales and (Y, R) is the Hausdor[f
system given by BX (as in the functor B : StLocKLoc — HausSys of Section
7.2) then (Y, R) is a compact Hausdorff poset. i.e. R is a partial order.

Proof: Recall the construction of BX. {°P (J) < J VJ so R is reflexive and the
°P-fixed ideals form a subframe of QY which is isomorphic to Q.X.

Further define €5 : QY — QY by mapping any ideal J to
VI = VZEF 1 —b some Scott open filter F, I <, J}
where

I<J & daeQX IANQlLa=0
JVQZJ;a:l.

Again €y is a preframe homomorphism and ex(J) < J V.J and so the ex-fixed
elements form a subframe isomorphic to AQX. QY is generated by these subframes
and from the definitions it is easy to check the regularity-like conditions for

(QY, §°P —fixed ideals, e; — fixed ideals)

Consequently this last object is a compact regular biframe and so corresponds to
an object of KHausPos. O

We have a lemma which can be read as a justification for our choice of examining
the semi-proper maps:

Lemma 7.6.2 Say f : X1 — X5 is a map between stably locally compact locales.
Then f is semi-proper iff the mapping

F — 1{Qf(a)|la € F}
takes Scott open filters to Scott open filters.

Proof: Say (Qf)x maps Scott open filters to Scott open filters and a < b where
a,b € QX5. Then the set

F =1 {Qf(b)la < b}

is a Scott open filter. If Qf(b) < \/T S for some S CT QX; then \/T SeF. But F
is a Scott open filter and so there exists s € S such that s € F. Thus Qf(a) < s.
The converse is trivial. O

From this (and the fact that QB(X) is generated by an image of QX unioned
with an image of AQX) it should be clear how to define a functor:

Bsp : (StLocKLoc)sp — (KR2Frm)°? = KHausPos

In the other direction we want:
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Csp : (KR2Frm)°? — (StLocKLoc)gsp

This is given on objects by taking the second member of the triple ( (Lo, L1, L2) —
L;) and is given on morphisms by restriction. The easiest way to see that this
restriction corresponds to a semi-proper locale map is by noting that for a,b € L,
we have

e, b & a<1b

and that < is preserved by any compact regular biframe map.
Clearly CspBsp(X) = X.

In the other direction say (Lo, L1, L) is a compact regular biframe. We know
(Theorem [7.4.1]) that L, = AL; and so if IdlBy, is the ideal completion of the
free Boolean algebra qua distributive lattice on L; then there is an embedding of
Ly into IdIBy,.

Ly (viewed as a subframe of IdlBy,) is the frame generated by the union of the
images of the embeddings of L, and AL;. So

(Lo, L1, L) = BspCsp (Lo, L1, L)
and we have recaptured Banaschewski and Briimmer’s result that
(KR2Frm)°? 2 (StLocKLoc)sp
Consequently:
KHausPos = (StLocKLoc)gp (a)

It was pointed out at the end of Chapter 5 that the classical correspondence
between compact regular biframes and compact Hausdorff posets was shown in
Priestley’s paper [Pri72]. As for the classical equivalence between stably locally
compact spaces and compact regular Ty bispaces we find that this appears in [Sal84].
Oswald Wyler’s paper ‘Compact ordered spaces and prime Wallman compactifica-
tions’ ([Wyl84]) classically covers both equivalences: the stably locally compact
locales correspond to the algebras of the prime Wallman compactification functor,
a fact that is also in [Sim82].

We now make a set of observations which will allow us to conclude that result
(a) above is an extension of localic Priestley duality. The category of coherent lo-
cales has as morphisms the semi-proper maps between coherent locales, CohLoc is
a full subcategory of (StLocKLoc)gp. It is certainly clear from the definition of
the category of ordered Stone locales that it is a full subcategory of the compact
Hausdorff posets. So it is natural to check whether the equivalence just checked (i.e.
(a)) is an extension of the equivalence between ordered Stone locales and coherent
locales as outlined in the previous chapter.

Recall that we defined
C : OStoneLoc — CohLoc
by QC(X, <) = Idl({a € KQX|° a =a}). If we can show that:
Idl({a € KQX||°% a =a}) = {a| §°? a = a}

then it will be clear that the equivalence KHausPos =5 StLocKLoc is an exten-
sion of C : StoneLoc — CohLoc. Certainly we can define a frame homomorphism:



146 CHAPTER 7. HAUSDORFF SYSTEMS

a:Idl{a € KQX|{§°?a=a} — {a| §°? a =a}
as the unique extension of the distributive lattice inclusion
{a € KQX||°? a=a} — {a| §°? a = a}

and injectivety of this map clearly lifts to a.
So is «a surjective? Recall that the definition of an ordered Stone locale (X, <)
required:

a< =\ {Ai(ai&=b)| A; (a; V =b;) =0, ai,bi € KQX, %P a; = a;, J°P b; = b;}
Say a ={°? a, then a is a directed join of elements of the form
NAi(a; V QU1 < =b; V a))
where a;,b; € KQX and |°P a; = a;,{°? b; = b;. These elements are all intersec-
tions of the directed joins:
V' ({ai} U{1]1 < =b; v a})

But a;,1 € {a € KQX||°? a = a} and so « is surjective.

This tells us that if KHausPos —s StLocKLoc is applied to an ordered Stone
locale then the result is a coherent locale which is isomorphic to the coherent locale
given by the Priestley duality functor C.

Similarly to our work on Priestley’s duality we find

Lemma 7.6.3 If (Y, R) is B(X) for some stably locally compact locale X then there
s a pullback diagram:

R C

Y xY k_X]i XxX
where C is the specialization sublocale and Qk = Q.

Compare this lemma with Lemma [6.4.3].
Proof: It will be useful to have a formula for the open corresponding to R. I claim
that

ap = \/T{/\i(ai?—'biﬂ Ni (ai \Y —|bl) =0 a;, bl € QX}

(where we are taking QX C QY since Qk is an injection). Notice that if this claim
is true then the result follows by a proof identical to the proof of Lemma [6.4.3].

We translate the claim into its SUP-lattice form. This reads
ar = \V{a ® —ala € QX}

Define X = \/{a ® —ala € QX}.
Now ap = (J°7 ®1)(#) and so

AR = VT{/\i(UOp Nz’?Mz” Nier (Nl \Y Ml) =0 N;,M; e QY I ﬁnite}
Say /\i(Ni \ Mz) = 0. Then

Ni(J°P N M;) =\ 1_ 7,05, (Nies, $°F Ni) @ (Nies, M)



7.6. SEMI-PROPER MAPS 147

and so we may conclude ag < X by noting that for every pair Jy, Jo

(1) VP (Nier, Vi) € QX
(2)  NierM; < U (Nes, Ny)

where the latter is by the fact that (A;e, N;) A (Aieg, M;) = 0 and |°P< Id.
Conversely notice that if a € QX, taking Ny = a, My = 0, Ny = 0, My = —a proves
a®-a<ag. O

So the antisymmetry of R can be recaptured by noting that k is a monomorphism.
Thus we don’t have to use biframes in order to prove Lemma [7.6.1].

How does Priestley duality fit into out parallel? We could define ‘Priestley
Systems’ as the images under B of the coherent locales. It is not quite clear whether
these are the proper parallel to the simplest information systems (namely posets
with certain relations as morphisms). Surely the proper parallel to a poset is a
compact Hausdorff poset? But the posets correspond to the algebraic dcpos and the
compact Hausdorff posets, we have seen, correspond to the stably locally compact
locales. However the open parallel to the stably locally compact locales are the
continuous posets (or CCD locales) rather than the algebraic dcpos (or Alexandrov
locales). Perhaps the compact Hausdorff posets treated as Hausdorff systems (i.e.
maps are approximable mappings) correspond to the coherent locales? Priestley
duality would then show us that every compact Hausdorff poset is isomorphic (as
a Hausdorff system) to an ordered Stone locale. This is quickly seen to be false
since the equivalences of this chapter clearly prove that HausSys is equivalent to
the full subcategory of compact Hausdorff posets and so a hypothesis of this kind
would lead to the contradiction that the coherent locales are equivalent to the stably
locally compact locales. The author’s conclusion is that we are not looking at a left
right symmetry. Recall the cube drawn at the end of Chapter 2. Algebraic dcpos
are contained within the dcpo node and coherent locales are in the Frm node; the
symmetry for these nodes is perpendicular to the preframe/SUP-lattice symmetry
that has been the subject of this thesis.



148 CHAPTER 7. HAUSDORFF SYSTEMS



Bibliography

[AV93] Samson Abramsky and Steven J. Vickers. Quantales, observational logic
and process semantics. Mathematical Structures in Computer Science, 3:161—
227, 1993.

[Ban88] B. Banaschewski. Another look at the localic Tychonoff theorem. Com-
mentationes Mathematicae Universitatis Carolinae, 29 4. 1988. pp 647-656.

[BB88] B. Banaschewski and G.C.L. Briimmer. Stably Continuous Frames. Math.
Proc. Cam. Phil. Soc. 104 7 pp7-19, 1988.

[BBH83] B. Banaschewski, G.C.L. Briimmer, K.A. Hardie. Biframes and Bispaces.
Quaestiones Math. 6 (1983), 13-25.

[BM] B. Banaschewski, C.J. Mulvey. Stone- Cech compactification of locales I. Hous-
ton Journal of Mathematics. Volume 6. Number 3. 1980. pp301-312.

[BGO71] M. Barr, P.A. Grillet and D.H. van Osdol. Ezact categories and categories
of sheaves. Lecture Notes in Mathematics, Vol. 238. Springer, Berlin. 1971.

[FW90] B. Fawcett and R.J. Wood. Constructive complete distributivity I. Math.
Proc. Camb. Phil. Soc. (1990) 107 pp81-89.

[FS90] P. Freyd and André Seedrov.  Categories, Allegories. Vol. 39 North-
Holland Mathematical Library. North-Holland 1990.

[GHKLMS80] G.K. Gierz, K.H. Hofmann, K. Keimel, J.D. Lawson, M. Mislove and
D.S. Scott. A Compendium of Continuous Lattices, Springer-Verlag Berlin, 1980.

[Hof79] R.-E. Hoffmann. On topological spaces admitting a ‘dual’. In Categorical
Topology. Springer LNM 719. 1979. pp157-66. MR 80j:54001.

[Hof81] R.-E. Hoffmann. Essential extensions of T1-spaces. Canad. Math. Bull. 24.
1981. pp237-40.

[Isb72] J.R. Isbell. Atomless parts of spaces. Math. Scand. 31 1972. pp5-32.
[Jec73] T.J. Jech. The Aziom of Choice. North-Holland. 1973.

[Joh77] Peter T. Johnstone. Topos Theory. L.M.S. Monographs. 10. Academic
Press. 1977.

[Joh81] Peter T. Johnstone. Tychonoff’s theorem without the axiom of choice, Fund.
Math. 113, 21-35. 1981.

[Joh82] Peter T. Johnstone. Stone Spaces, volume 3 of Cambridge Studies in Ad-
vanced Mathematics. Cambridge University Press, Cambridge, 1982.

[Joh84] Peter T. Johnstone. Open locales and exponentiation. Contemporary Math-
ematics 30 pp84-116. 1984.

149



150 BIBLIOGRAPHY

[Joh85] Peter T. Johnstone. How general is a generalized space? Aspects of Topol-
ogy (in memory of Hugh Dowker). LMS Lecture Note Series 93. 1985. pp77-111.

[Joh85b] Peter T. Johnstone. Vietoris locales and localic semilattices. In R.-E. Hoff-
mann K.H.H. Hofmann, eds. Continuous lattices and their applications. Marcel
Dekker. 1985. pp155-180.

[Joh87] Peter T. Johnstone. Notes on logic and set theory. Cambridge University
Press, Cambridge, 1987.

[Joh91] Peter T. Johnstone. The Art of Pointless Thinking: A Student’s Guide to
the Category of Locales. Category Theory at Work. H. Herrlich, H. -E. Porst
(eds). Heldermann Verlag Berlin. 1991. pp85-107.

[JV91] Peter T. Johnstone and Steven J. Vickers. Preframe presentations present.
In Aurelio Carboni, Cristina Pedicchio, and Giuseppe Rosolini, editors, Cate-
gory Theory - Proceedings, Como, 1990, number 1488 in LNMS, pages 193-212.
Springer Verlag, 1991.

[JT84] André Joyal and Miles Tierney. An extension of the Galois theory of
Grothendieck. Volume 51. Number 309. Memoirs of the American Mathemat-
ical Society. 1984.

[KLMT75] A. Kock, P. Lecouturier and C.J. Mikkelsen. Some topos-theoretic con-
cepts of finiteness. In Model Theory and Topoi. Springer Lecture Notes in Math.
445. 1975. pp209-283. MR 52/2882.

[KffiSG] Igor Kiiz. A direct description of uniform completion in locales and a
characterization of LT groups. Cahiers de topologie et géométrie différentielle
catégoriques. Volume 27-1. pp 19-34. 1986.

[Kur20] C. Kuratowski. Sur la notion d’ensemble fini. Fund. Math. 1. pp130-131.
1920.

[LW84] K. Larson and G. Winskel. Using information systems to solve recursive
domain equations in G. Kahn, D.B. MacQueen and G. Plotkin, eds., Semantics
of Data Types. Lecture Notes in Computer Science. Vol. 173. Springer, Berlin
1984. pp109-129.

[Law79] J. D. Lawson. The duality of continuous posets. Proc. Amer. Math. Soc.
78. pp477-81. 1979. MR 81g:06002.

[Lin69] F.E.J. Linton. Coequalizers in categories of algebras, in Seminar on Triples
and Categorical Homology Theory. Springer Lecture Notes in Mathematics, 80.
1969. pp75-90.

[Mac71] Saunders MacLane. Categories for the Working Mathematician. Graduate
Texts in Mathematics. 5. Springer-Verlag. 1971.

[Nac49] L. Nachbin. On a characterization of the lattice of all ideals of a Boolean
ring. Fund. Math. 36, 137-42. MR 11-712.

[Nac65] L. Nachbin. Topology and Order Van Nostrand Mathematical Studies 4.
Princeton, New Jersey. 1965. MR 36/2125.

[Pre93] Jean Pretorius. The structure of (free) Heyting algebras. Phd Thesis. Cam-
bridge University. 1993.

[Pri70] Hilary A. Priestley. Representation of distributive lattices by means of
ordered Stone spaces. Bull. Lond. Math. Soc. 2, 186-90. MR, 42/153.



BIBLIOGRAPHY 151

[Pri72] Hilary A. Priestley. Ordered Topological Spaces and the Representation of
Distributive Lattices. Proc. London Math. Soc. (3). 1972. pp507-530.

[Pri94] Hilary A. Priestley. Spectral sets. Journal of Pure and Applied Algebra. 94.
1994. 101-114.

[RWO91] R. Roseburgh and R.J. Wood. Constructive complete distributivity II.
Math. Proc. Camb. Phil. Soc. (1991) 110. pp245-249.

[RW92] R. Roseburgh and R.J. Wood. Constructive complete distributivity III.
Canadian Mathematical Bulletin. Vol.35 (4) 1992. pp537-547.

[Ros90] Kimmo I. Rosenthal. Quantales and their applications. Research Notes in
Mathematics, Pitman, London, 1990.

[Sal84] S. Salbany. A bitopological view of topology and order. In Categorical Topol-
ogy. Sigma Series in Pure Math. 3. Heldermann Verlag 1984. pp481-504.

[Sco72] D. Scott. Continuous lattices. In Toposes, Algebraic Geometry and Logic.
Springer LNM 274. pp97-136. MR 53/7879.

[Sco82] D. Scott. Domains for denotational semantics in M. Nielsen and E.M.
Schmidt, eds., Automata, Languages and Programming. Lecture Notes in Com-
puter Science. Vol. 140. Springer, Berlin. 1982. pp557-613.

[Sim82] H. Simmons. A couple of triples. Topology Appl. 13. 1982. pp201-223.

[Smy92] M. B. Smyth. Stable Compactification I. J. London. Math. Soc. 2. 45.
1992. pp321-340.

[Sto36] M. H. Stone. The theory of representations for Boolean algebras. Trans.
Amer. Math. Soc. 40. 37-111. 1936.

[Sto37] M. H. Stone. Applications of the theory of Boolean rings to general topology.
Trans. Amer. Math. Soc. 41. 375-481. 1937.

[TD88] A.S. Troelstra and D. van Dalen. Constructivism in Mathematics, an intro-
duction. Volume 1. Studies in Logic and the Foundations of Mathematics. 121. J.
Barwise, D. Kaplan, H.J. Keisler, P. Suppes, A.S. Troelstra Eds. North-Holland.
1988.

[Ver91] J.J.C. Vermeulen. Some constructive results related to compactness and the
(strong) Hausdorff property for locales. Lecture Notes in Mathematics, Vol. 1488
(Springer, Berlin, 1991). 401-409.

[Ver92] J.J.C. Vermeulen. Proper maps of locales. Journal of Pure and Applied
Algebra 92 (North-Holland, 1994). 79-107.

[Vic89] S. Vickers. Topology via Logic, Cambridge Tracts in Theoretical Computer
Science. 5. Cambridge University Press. 1989.

[Vic93] S. Vickers. Information systems for continuous posets Theoretical Com-
puter Science 114 (1993) 201-229.

[Vic94] S. Vickers. Constructive Points of Power Locales. To appear, Math. Proc.
Camb. Phil. Soc. Provisionally: January 1997.

[Vic95] S. Vickers. Locales are not pointless in ‘Theory and Formal Methods 1994’
Second Imperial College Department of Computing Workshop on Theory and
Formal Methods. Cambridge. 1994. Imperial College Press, London, 1995. 199-
216.



152 BIBLIOGRAPHY

[Wyl84] O. Wyler. Compact ordered spaces and prime Wallman compactifications
in Category Theory. Proc. Conference Toledo, Ohio 1983. Sigma Series Pure
Math 3. Heldermann Verlag Berlin 1984. pp618-635.



Index

Abelian group, 52
Alexandrov locale, 31
algebraic dcpo, 24
approximable mapping
continuous information system, 137
Hausdorff system, 137
approximable semimapping
lower, 131
upper, 131
atom, 84

Boolean algebra, 21

category
regular, 92
symmetric monoidal, 50
symmetric monoidal closed, 53
classical, 17
coFrobenius condition, 75
coherent locale, 38
compact Hausdorff locale, 87, 92
compact Hausdorff poset, 112
compact Hausdorff space, 117
compact locale, 36, 78
compact open, 24
compact order-Hausdorff space, 117
compact regular biframes, 113
compact regular locale, 36, 86
complemented open, 40
complete lattice, 24
congruence preorder, 21
constructive prime ideal theorem, 41
constructively completely distributive
lattice, 33
constructively completely distributive
locale, 34
continuous information system, 131
continuous poset, 25
coverage theorem
commutative, 55
generalized, 54
opposite, 56
preframe version, 69
quantale version, 71
SUP-lattice version, 66

dcpo, 24
directed, 24
directed complete partial order, 24
discrete locale, 33, 83
distributivity
complete, 33
constructive complete, 33
finite, 19
frame, 26

filter, Scott open, 133
finite, 17

frame, 26

Frobenius condition, 75

Hausdorff system, 131
Heyting arrow, 36

Heyting negation, 36
Hoffmann-Lawson duality, 138

ideal, 23

ideal completion, 24
induction, 18
interpolative, 26

Lawson approximable mapping, 140
Lawson locale map, 141
locale, 26
Alexandrov, 31
coherent, 38
compact, 36, 78
compact Hausdorff, 87, 92
compact regular, 36, 86
constructively completely distribu-
tive, 34
discrete, 33, 83
locally compact, 38
open, 78
ordered, 108
ordered Stone, 120
regular, 36
stably locally compact, 38
Stone, 40
zero-dimensional, 40
locale map, 26
dense, 36



154

Lawson, 141
open, 75
order preserving, 111
proper, 75
semi-proper, 39, 143
surjection, 78

locally compact locale, 38

open
atom, 84
compact, 24
complemented, 40
positive, 83
open locale, 78
open map, 75
order preserving locale map, 111
ordered Stone locale, 120
ordered Stone space, 119

parallel, 76
patch topology, 121, 122
point, 27
positive open, 83
precongruence, 45
preframe, 44
prenucleus, 46
presentation, 44
Priestley duality, 121
Priestley space, 119
prime ideal theorem, 40
proper map, 75
pullback stability
closed sublocale, 83
open map, 80
open sublocale, 83
open surjection, 80
proper map, 79
proper surjection, 79

R-coherent, 45

regular category, 92

regular locale, 36

relational composition, 93
lower closure, 101, 104
upper closure, 100, 104

retract, 25

ring, 53
commutative, 52

Scott open, 30

Scott open filter, 133

Scott space, 30

semi-proper locale map, 39, 143
sober, 29

INDEX

space, 26
compact Hausdorff, 117
compact order-Hausdorff, 117
ordered, 107
ordered Stone, 119
Priestley, 119
Scott, 30
spatial, 29
specialization order
locales, 62
spaces, 30
stably locally compact locale, 38
Stone locale, 40
sublocale, 34
closed, 35
closure, 35
dense, 36
open, 34
symmetric monoidal category, 50
closed, 53
system
continuous information, 131
Hausdorff, 131

Tychonoff’s theorem, 64

way below, 24
well inside, 36

zero-dimensional locale, 40



