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A point-free characterisation of Bishop locally
compact metric spaces

TATSUIT KAWAI

Abstract: We give a characterisation of Bishop locally compact metric spaces
in terms of formal topology. To this end, we introduce the notion of inhabited
enumerably locally compact regular formal topology, and show that the category of
Bishop locally compact metric spaces is equivalent to the full subcategory of formal
topologies consisting of those objects which are isomorphic to some inhabited
enumerably locally compact regular formal topology.

In the course of obtaining the above equivalence, we show a couple of point-free
results which are of independent interest. First, we show that any overt enumerably
locally compact regular formal topology admits a one-point compactification, i.e.
it can be embedded into a compact overt enumerably completely regular formal
topology as the open complement of a formal point. Second, we characterise the
class of enumerably completely regular formal topologies as the subtopolgies of
the product of countably many copies of the formal unit interval.

We work in Aczel’s constructive set theory CZF with Regular Extension Axiom
and Dependent Choice.
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1 Introduction

In locale theory (Johnstone [13]), the standard adjunction between the category of
topological spaces and that of locales restricts to an equivalence between the category
of sober spaces and that of spatial locales. The equivalence allows us to transfer results
between general topology and locale theory.

Aczel [1] showed that the adjunction is constructively valid by replacing the notion of
locale with Sambin’s notion of formal topology [19]. As was stressed by Palmgren [18],
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however, the adjunction is of little practical use constructively since some of the
important examples of formal topologies cannot be shown to be spatial. In particular,
as shown by Fourman and Grayson [11, Theorem 4.10] the spatiality of the formal reals
is equivalent to the compactness of the unit interval, and a proof of the latter requires
the Fan theorem. Since the Fan theorem is not acceptable in Bishop constructive
mathematics [3], the current situation prevents us from applying the results in formal
topology to Bishop’s theory of metric spaces [3, Chapter 4].

To overcome this difficulty, Palmgren [17] constructed another embedding, a full and
faithful functor M: LCM — FTop, from the category of locally compact metric
spaces LCM into that of formal topologies FTop, using the localic completion of
generalized metric spaces due to Vickers [21]. Unlike the standard adjunction, the
embedding M has important properties that a metric space X is compact if and only if
M(X) is compact and that M(X) is locally compact whenever X is locally compact.

In our previous work [14, Chapter 4], we characterised the image of the category of
compact metric spaces under the embedding M using the notion of compact overt
enumerably completely regular formal topology. This means that the category of
compact metric spaces is equivalent to the full subcategory of FTop consisting of those
formal topologies which are isomorphic to some compact overt enumerably completely
regular formal topology.

In the present paper, we extend the characterisation to the class of Bishop locally
compact metric spaces. We introduce the notion of inhabited enumerably locally
compact regular formal topology and show that the class of inhabited enumerably
locally compact regular formal topologies characterises the image of Bishop locally
compact metric spaces under the embedding M up to isomorphism. Specifically, we
show that the category of Bishop locally compact metric spaces is equivalent to the full
subcategory of formal topologies consisting of those objects which are isomorphic to
some inhabited enumerably locally compact regular formal topology (Theorem 7.6).

In the course of obtaining the above equivalence, we show a couple of new results
which are of independent interest. First, we show that any overt enumerably locally
compact regular formal topology admits a one-point compactification (Theorem 6.5).
Second, we characterise the class of enumerably completely regular formal topologies
as the subtopolgies of the product of countably many copies of the formal unit
interval (Proposition 5.4).

The paper is organised as follows. Section 2 and Section 3 contain background on formal
topologies and the embedding of locally compact metric spaces into formal topologies by
Palmgren [17], respectively. The rest of the paper consists of our original contributions.
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A point-free characterisation of Bishop locally compact metric spaces 3

In Section 4 we give a sufficient condition under which a formal topology is isomorphic
to the localic completion of a Bishop locally compact metric space (Corollary 4.15).
To this end, we introduce the notion of the open complement of a located subtopology.
In Section 5 we characterise enumerably completely regular formal topologies by the
subtopologies of the countable product of the formal unit interval (Proposition 5.4). In
Section 6 we construct a one-point compactification of an overt enumerably locally
compact regular formal topology (Theorem 6.5). In Section 7 we show that the notion
of inhabited enumerably locally compact regular formal topology characterises that of
Bishop locally compact metric space up to isomorphism (Theorem 7.6).

We work informally in Aczel’s constructive set theory CZF (Aczel and Rathjen [2])
extended with the Regular Extension Axiom (REA) and Dependent Choice (DC). Our
previous work [14, Chapter 4] on which this paper depends was carried out in the same
system. The axiom REA is needed to define the notion of inductively generated formal
topology (see Section 2.1).

For the background on Bishop metric spaces, the reader is referred to Bishop and
Bridges [4, Chapter 4].

Notation 1 We define some terms and notations which we frequently use in this paper.

First, when we say that A is a set, it mean that A forms a set in CZF, and when we say
that A is a class, it means that A is a definable class of CZF, i.e. its member can be
specified using a formula of CZF.

Let S be a set. Then Pow(S) denotes the class of subsets of S. Note that since CZF is
predicative, Pow(S) cannot be shown to be a set unless S = (). Fin(S) denotes the ser
of finitely enumerable subsets of S, where a set A is finitely enumerable if there exists a
surjection f: {0,...,n — 1} — A for some n € N. For subsets U,V C S, we define

UV &L @QueSaeunv.

The complement of a subset U C § is denoted by —U:

ﬂUd;f{aeS|a¢U}.
If r C X x § is arelation between sets X and S, we define

DY {a€eS|(FxeD)xra},

ru Y {xeX|(FaecUyxra},

D & {a€S|r {a} CD}

for any subsets D C X and U C S. We often write r—a for r~ {a}.
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4 Tatsuji Kawai

2 Formal topologies

We recall the relevant facts about formal topology. See Sambin [20] and Fox [12] for
further details.

Definition 2.1 A formal topology S is a triple (S, <1, <) where (S, <) is a preordered
set and < is a relation between S and Pow(S) such that

AUY {aes|aaU}

is a set for each U C § and that

(1 U«U,

2) a<U&U<CV = a<V,
B) a<U&a<V = a<U|V,
4 a<b = a<b

forall a,b € S and U,V C S, where

UaVv &L ae Uya<av,

ULVE {ceS|@Gac)@beV)c<a&e<b}.
We write a | U for {a} | U and U <a for U <t {a}. The set S is called the base of S,
and the relation < is called a cover on (S, <), or the cover of S. Forany U,V C § we

define

U=sV & Au=Av.

Notation 2 1In this paper, the letters S,S’, T, ... denote formal topologies. If S is a
formal topology, the symbols S, <1 and < denote the base, the cover and the preorder
of S respectively. Subscripts or superscripts are sometimes added to those symbols for
clarity. For example, the base, the cover and the preorder of a formal topology S’ will
be denoted by S, <’ and <’ respectively.

Definition 2.2 Let S and S’ be formal topologies. A relation r C S x S’ is called a
formal topology map from S to S’ if

(FTM1) S<r ¥,
(FITM2) r~alr b<r (al'b),
(FTM3) a<'U = r a<ir U
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foralla,b € S and U C §'.

Let S and S’ be formal topologies. Two formal topology maps r,s: S — S’ are
defined to be equal, denoted by r = s, if

ra=ss a
foralla € §'.
The formal topologies and formal topology maps between them form a category FTop.
The composition of two formal topology maps is the composition of the underlying

relations of these maps. The identity morphism on a formal topology is the identity
relation on its base.

The formal topology 1 &ef ({*} , €, :) is a terminal object in FTop. A formal topology
map r : 1 — & is equivalent to the following notion.

Definition 2.3 Let S be a formal topology. A subset o C § is called a formal point of
S if

P1) S{a,

(P2) a,bca = a((alb),

P3) aca&a<dlU = a()U

forall a,b € S and U C S. The class of formal points of S is denoted by Pt(S).

A formal topology often comes equipped with a positivity predicate.

Definition 2.4 Let S be a formal topology. A subset V C S is said to be splitting if
acV&aU = V(U

forallae Sand U C S.

Definition 2.5 A positivity predicate (or just a positivity) on a formal topology S is a

splitting subset Pos C § which satisfies

(Pos) a<i{x € S|x=a&Pos(a)}

for all a € S, where we write Pos(a) if a € Pos.

A formal topology is overt if it is equipped with a positivity predicate. A formal

topology is inhabited if it is overt and its positivity is inhabited.

Let S be a formal topology. By the condition (Pos), a positivity predicate on S, if
it exists, is the largest splitting subset of S. Thus S admits at most one positivity
predicate. Note also that every formal point of S is a splitting subset of S. Hence, if S
is overt with a positivity predicate Pos, then o C Pos for any formal point o € Pt(S).
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6 Tatsuji Kawai

2.1 Inductively generated formal topologies

The notion of inductively generated formal topology by Coquand et al. [7] gives us a
convenient method to define formal topologies.

Definition 2.6 Let S be a set. An axiom-set on S is a pair (I, C) where (I(a)),cs is a
family of sets indexed by S, and C is a family (C(a, i))acs,ici(a) Of subsets of S indexed
by EaGS I(a). For each a € S and i € I(a), the pair (a, C(a,i)) is called an axiom of
,0).

We recall the main result of the work by Coquand et al. [7, Theorem 3.3].

Theorem 2.7 Let (S, <) be a preordered set, and let (I, C) be an axiom-set on S. Let
<y,c be the relation between S and Pow(S) generated by the following rules:

aclU .. asbh b<cU
=" (refl ty), : <-left),
aa U (reflexivity) ancU (<-left)
a<b i€lb) alCb,i)<c

U
(L-infinity).

a<jc U
Then < c is the least cover on (S, <) such that a <; c C(a,i) foralla € S and i € I(a).

A formal topology S = (S, <, <) is inductively generated if it is equipped with an
axiom-set (/, C) on § such that <1 = <; c.

Remark 2.8 In Definition 2.2 of a formal topology map, if the formal topology S’
is inductively generated by an axiom-set (I, C) on §’, then the condition (FTM3) is
equivalent to the following conditions under the condition (FTM2).

(FTM3a) a<'b = r a<r b,
(FITM3b) r a<ir C(a,i)
forall a,b € S and i € I(a).

Similarly, in Definition 2.3 of a formal point, if the formal topology S is inductively
generated by an axiom-set (/,C) on S, then the condition (P3) is equivalent to the
following conditions:

(P3a) a<b&aca = be€a,
(P3b) aca = a( Ca,i)
forall a,b € S and i € I(a). See Fox [12, Section 4.1.2] for details.
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A point-free characterisation of Bishop locally compact metric spaces 7

Example 2.9 Let QQ be the set of rationals, and let

def

Sr = {p,9 €QxQ[p<q}.
Define a preorder < and a transitive relation <g on Si by
P.q) <r (rs5) <5 r<p&q<s,

@,q9) <r (r,s) N r<p&g<s

for all (p,q),(r,s) € Sg. The formal reals 'R is a formal topology (Sg, <r, <Rr)
inductively generated by an axiom-set on Sk consisting of the following axioms for

each (p,q) € Sr:
R @p,9<r{a € Sr|a<r P, 9},
R2) (p,q) <R {(,s),(r,q)} for each (r,s) € Sg such that (r,s) <r (p,q).

It is well known that the class of formal points of R is isomorphic to the Dedekind
cuts. See Fourman and Grayson [11], Negri and Soravia [16] and Coquand et al. [7] for
further details.

2.1.1 Products

We recall the construction of a product of a family of inductively generated formal
topologies by Vickers [22]'. Let (S;)ic; be a set-indexed family of inductively generated
formal topologies each of which is of the form S; = (S;, <;, <;) and generated by an
axiom-set (K;, C;) on S;. Define a preorder (St, <11) by

S % Fin (Z S,-> ,
i€l
A<nB &L (Vi,p)eB)(BG,a)€A)i=j&a<;b
for all A, B € Sp1. Define an axiom-set on Sty as follows:

(S1) A<n{{G,a)} € Su|aecS;} foreachA € Sgandicl,
(S2) {(G,a), b))} <n{{G,0)} €Su|c<ia&c<;b} foreachicanda,bcs,

! In order to construct a product of a family of formal topologies predicatively, we need to
know that each member the family is inductively generated. Whether this requirement is really
necessary is not known. Of course, for the empty and singleton families, the construction of
their product is trivial. Impredicatively, the construction of products of locales is well known
(see Johnstone [13, Chapter II, Proposition 2.12]).
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8 Tatsuji Kawai

(S3) {G,a)}<n{{G,b)} € S| b € Ci(a,k)} foreachi €I, a € S; and k € K;(a).

Let [[,c;Si = (S, <imr, <m) be the formal topology inductively generated by (S1),
(S2) and (S3).

For each i € I, the projection p;: [[..; Si — S; is defined by

i€l
def .
Apia = A={Ga}

for all A € Sy1 and a € §;. By the definition of Hie ; Si» the relation p; is a formal
topology map. Then the family (p,-: [Lc;Si — Sf)iel is a product of (5);c;. In
particular, given any family (r;: S — S;)ier of formal topology maps, there exists a
unique formal topology map r: S — [[;c; Si such that r; = p; o r forall i € I. The
formal topology map r is defined by

arA £ (Vi,b) e A)a<irb
forall a € S and A € S11.

For later use, we note the following facts.

Lemma 2.10 Leti € 1. Then
a<;U = {(,a)}<q{{i,b)} € Su | b e U}
foralla € S; and U C §;.

Proof This follows from the definition of the projection p;: Hie ;Si — S and the
condition (FTM3) for a formal topology map. a

Corollary 2.11 Let {io,...,i,—1} € Fin(/), and for each k < n let a; € S;, and
Uy C S;, such that a; <;, Uy. Then

{Go, a0), - - -, Gin—1, an—1)} < {{Go, b0), - - - , (=1, ba—1)} € St1 | (Vk < n) by € U}
2.2 Open subtopologies and closed subtopologies
Definition 2.12 A subtopology of a formal topology S = (S, <, <) is a formal topology

T = (S, <7, <) such that
a<lU = a<’ U

foralla € Sand U C S. If T is a subtopology of S, we write 7T C S.

Journal of Logic & Analysis 9:c2 (2017)



A point-free characterisation of Bishop locally compact metric spaces 9

Given a formal topology map r: S — &', the relation <, between S’ and Pow(S")
defined by

def  _ _
a<, U S rra<ar v

is a cover on (S, <’). The formal topology S, = (5, <,, <') is called the image of S
under r.

A formal topology map r: S — S’ is an embedding if r restricts to an isomorphism
between S and its image S;.

By the condition (FTM3) for a formal topology map, we have S, C S’ for any formal
topology map r: S — S&'. If T is a subtopology of S = (S, <, <), then the identity
relation idg on S is an embedding ids: 7 — S. Hence the notion of embedding is
essentially equivalent to that of subtopology.

It can be shown that r: S — S’ is an embedding if and only if
a<ar r* A{a}
for all a € §. See Fox [12, Proposition 3.5.2].
The following is well known.
Lemma 2.13 Let S be an overt formal topology with a positivity Pos, and let

r: 8§ — &' be a formal topology map. Then the image S, of S under r is overt with
the positivity

rPos & {a €S | (3b € Pos)b ra}.

Proof It is straightforward to show that r Pos is a splitting subset of S,. To see that
r Pos satisfies the condition (Pos), let <1, be the cover of S,, and let a € S'. We must
show that a <, {a} NrPos. Let b € r~a, and suppose that b € Pos. Then a € rPos, so
that b € r~({a} NrPos). Hence r—a <r~({a} NrPos), and thus a <, {a} NrPos. O

Definition 2.14 Let S be a formal topology and let V C S. The open subtopology of
S determined by V is a subtopology Sy of S with the cover <1y given by

aavU &L g lvau

forallae Sand U C S.

Lemma 2.15 Let S be a formal topology, and let Sy be the open subtopology of &
determined by V C §.
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10 Tatsuji Kawai

(1) Sy is the largest subtopology S’ of S such that S <1' V.

(2) If S is overt with a positivity Pos, then Sy is overt with the positivity Posy given

by
Posy & {a€eS|Pos{(alV)}.

Proof (1) Since S | V<V we have S<1y V. Let 8’ be a subtopology of S such
that S<’ V. Suppose that a <ty U. Then a | V< U, and thus a | V<’ U. Hence
a<’al S<'al V< U. Therefore S’ C Sy.

(2) Suppose that S is overt with a positivity Pos, and let Posy be the subset of S as
defined above. Suppose that a <iy U and a € Posy, thatisa | V < U and Pos () (a | V).
Then a | V<U | V and thus Pos {§ (U | V), that is Posy () U. Hence Posy is a
splitting subset of Sy. Moreover, for any a € S we have a | V <(a | V) N Pos by
the property (Pos) of Pos. Thus a <y (a | V) N Pos <y {a} N Posy. Therefore Posy
satisfies (Pos). O

Definition 2.16 Let S be a formal topology and let V C S. The closed subtopology
of S determined by V is a subtopology S~V of S with the cover <®~" given by

asVu & savuu

forallae Sand U C S.

Lemma 2.17 Let S be a formal topology and let V C S. Then the closed subtopology
S5~V is the largest subtopology S’ of S such that V <’ ().

Proof The proof is analogous to that of Lemma 2.15 (1). |

Definition 2.18 Let S be a formal topology and let S’ be a subtopology of S. Then
the closure of S’ in S is the closed subtopology S°~Z of S determined by the subset
(1) z¥ laecS|ad0}.

The closure of a formal topology has an expected property.

Proposition 2.19 Let S’ be a subtopology of S. Then the closure of S’ in S is the
smallest closed subtopology of S that is larger than S’ .

Proof Let SS~Z be the closure of ', where Z C S is defined as in (1). By Lemma

2.17 we have S’ C S°~Z. Let V C S and suppose that S’ C S~V Then V <’ (), so
that V C Z. Hence S°4C 85V, O
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A point-free characterisation of Bishop locally compact metric spaces 11

Lemma 2.20 Let S’ be an overt subtopology of S with a positivity Pos. Then the
closure of S’ in S is the closed subtopology S~ P,

Proof Let Z = {a € S|a<’(}. It suffices to show that = Pos = Z. Since Pos is the
positivity of S’, we have —Pos <’ (), and thus —Pos C Z. Conversely, if a <’ ) and
a € Pos then Pos () (), a contradiction. Hence Z C — Pos. |

Example 2.21 (See also Example 2.9) Let R be the formal reals. The formal unit
interval Z[0, 1] is the closed subtopology of R determined by the subset

{9 eSr|p=>1Vg<0}.

Equivalently, Z[0, 1] can be defined as a formal topology (S, <1z[0,1], <wr) inductively
generated by the axioms of R together with the following axiom for each (p,q) € S :

(2 @, @) <o {p,9) |p<1&0<q}.

2.3 Regularity, compactness and local compactness

Let S be a formal topology. For each a € S define

a L {bes|blaal},

and for each a, b € S define
a<cb & sqau{b).

We extend the relation << to the subsets of S by defining

UV & squruy

forall U,V C S, where U* &ef ey @*- We write a << U for {a} << U and
U « a for U <« {a}. By Lemma 2.15, we have that U << V if and only if the
closure of Sy is a subtopology of Sy.

It is easy to see that U << V implies U<V and that U' <U < V <V’ implies
U’ < V'. Moreover, if r: S — S’ is a formal topology map, then U <<’ V implies
r~U<r Vforany U,V CS.

Definition 2.22 A formal topology § is regular if it is equipped with a function
wc: S — Pow(S) such that

(1) (Vb € we(a) b K a,
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12 Tatsuji Kawai

2) a<twc(a)

forall a € S.

Remark 2.23 A formal topology S is regular if and only if

3) a<i{beS|b<xa}

for all a € §. Indeed, if S is regular with a function wc: S — Pow(S), then
a<iwc(@) C{beS|bxa}.

Conversely, if S satisfies (3), we define

) we@) & {(pes|b<«a}.

Thus, if S is regular, we always have a canonical choice of the function wc: S — Pow(S)
that is given by (4).
Definition 2.24 A formal topology S is compact if
SAU = (Vo € Fin(U)) S <1 Uy
forall U CS.

The following are well known in locale theory (see Johnstone [13, Chapter III, Section
1]).

Proposition 2.25

(1) A subtopology of a regular formal topology is regular.

(2) A closed subtopology of a compact formal topology is compact.
(3) A compact subtopology of a regular formal topology is closed.

Proof (1) If S is regular and S’ is a subtopology of S, then a << b in S implies
a << b in &', from which the conclusion follows.

(2) Let S be a compact formal topology, and let S~ be the closed subtopology of
S determined by a subset V C S. Let U C S and suppose that S <~V U. Then
S<VUU. Since S is compact, there exists Uy € Fin(U) such that S <1V U Uy, that is
S5~V Up.

(3) See Curi [9, Proposition 2.3]. O
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A point-free characterisation of Bishop locally compact metric spaces 13

Proposition 2.26

(1) A product of inductively generated regular formal topologies is regular.

(2) A product of inductively generated compact formal topologies is compact.

Proof (1) Let (S;);c; be a family of inductively generated regular formal topologies,
and let (wc;);e; be a family such that for each i € I, wc;: S; — Pow(S;) is a function
which makes S; regular. Let Hie 1 Si = (811, <1, <11) be the product of (S;);;. Define
a function wery: S — Pow(St) by

def . .
werr(A) = {{(o, bo), - - -, (in—1,ba-1)} € Su | (Vk < n) by € we (ar)}
for each A = {(ip, ap), . - ., (in—1,an—1)} € Str. Then A <y werr(A) for all A € Spy by
Corollary 2.11. Let A, B € St such that B € wcr(A). Then A and B are of the forms
A= {(i07 610), ERK} (inflvanfl)} )
B = {(i()v bO)) RN (in—labn—l)}
such that by € wc;, (ax) for all k < n. Then for each k < n, since S, <;, by U {ax}, we
have St < {{(ix,¢)} € Sui | ¢ € b U {ar}}. Thus
St < {{(iQ,CQ), R (S Cn—l)} IS\ ’ Vk < n)c € bZ U {ak}} .
Let C = {(io, o), - - -, (in—1,cs—1)} be an element of Sy; such that ¢, € by U {ax} for
all k < n. Then, either ¢x = a; forall k < n or ¢; € b} for some k < n. In the former
case we have C = A. In the latter case, there exists k < n such that ¢; € b;. Then
ClB<gCUB
<irr { Gk, er), Gk, br) }
<A {{(ix, )} € S | d € cx | bi}
<1 {{(ik,d)} € St | de V)} < 0,
and so C € B*. Thus St <1 B* U {A}, that is B << A. Therefore, the function wcyg

makes [[;c; Si regular.

(2) See Vickers [22, Theorem 14.6]. O

Let S be a formal topology. For each a,b € S define

a<b & (VU € Pow(s)) [b<aU = (3U; € Fin(U)) a<1Uy) .

Note that < is a proper class in general. The class relation < is extended to the subsets
of S in an obvious way. Forany a € S and U C §, we define a < U N {a} < U

and U < a <& U < {a}.
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14 Tatsuji Kawai

Definition 2.27 A formal topology S is locally compact if it is equipped with a
function wb: § — Pow(S) such that

(1) (Vb € Wb(a)) b < a,
(2) a<twb(a)

foralla € S.

Remark 2.28 Since the relation < is a proper class in general, the existence of a
function wb: S — Pow(S) is indispensable for the predicative definition of locally
compact formal topologies.

Note, however, that once we know that S is locally compact with an associated function
wb: S — Pow(S), we have that

akb < (EIU S Fin(wb(b))) a<1U

for all a,b € S. Indeed, the direction = is immediate from the condition (2) on
wb. For the opposite direction, suppose that we have a finitely enumerable subset
{co,* "+ ,en—1} € wb(b) such that a < {cg, - ,c,—1}. Let U C S, and suppose that
b < U. Then, for each i < n, there exists U; € Fin(U) such that ¢; < U;. Hence,
a<1UpU---UU,_1. Since a finite union of finitely enumerable subsets is again finitely
enumerable, we have a < b.

In summary, a formal topology S is locally compact if and only if the relation < is a
set and
a<i{beS|b<a}

forall a € S.

We import the notion of boundedness to formal topology from locale theory (see
Escardé [10, Definition 4.1]).

Definition 2.29 Let S be a formal topology. A subset U C S is bounded if U < S.
A subtopology S’ of S is bounded if there exists a bounded subset U C S such that
S'C Sy.

The following seems to be new.

Proposition 2.30 Let S be a locally compact regular formal topology. Then a
subtopology S’ C S is compact if and only if S’ is closed and bounded.
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Proof Suppose that S’ is compact. Since S is regular, S’ is closed by Proposition
2.25 (3), and since S<'{a € § | (3b € §)a < b}, there exists U € Fin(S) such that
S<’Uand U < S. Then S’ C Sy, and so S’ is bounded.

Conversely, suppose that S’ is closed and bounded. Then there exist a subset V C S
and a bounded subset U C S such that S’ = S~V C Sy. Let W C S and suppose that
S<'W. Then S<1VUW. Since U < §, there exists Wy € Fin(W) such that U <’ Wy,
and since 8’ C Sy, we have S <’ Wy. Therefore S’ is compact. |

We note some connections between the relations << and <. The following is due to
Escardé [10, Lemma 4.2].
Lemma 2.31 Let S be a formal topology. For any U,V C S we have

UKS& UKV = UKV

Proof Let U,V C § and suppose that U < § and U << V. Let W be a subset of §
suchthat V< W. Then S < U*UV <« U*UW. Thus there exists Wy € Fin(W) such that
U<U*UWy. Hence U<1(U*UWy) | U<(U* L U)U Wy | U)<aW,. Therefore
Uukv. |

Note that a formal topology S is compact if and only if § < §. Thus we have the

following, which is well known in locale theory (see Johnstone [13, Chapter VII, Lemma

3.5®D.

Corollary 2.32 Let S be a compact formal topology. For any U,V C § we have
UKV = UKV,

The converse of Corollary 2.32 holds for regular formal topologies (see Johnstone [13,

Chapter VII, Lemma 3.5 (ii)]).

Lemma 2.33 Let S be a regular formal topology. For any U,V C § we have
UKV = UKV,

Proof Let U,V C § and suppose that U < V. Since § is regular we have
Va{aeS|(3beV)a <k b}.

Then there exists W = {ao,...,a,—1} € Fin(S) such that U<<W and a; << V for
each i <n. Thus W << V,andso U << V. a
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As a corollary we obtain a well known fact (see Johnstone [13, Chapter VII, Corollary
3.5D).

Proposition 2.34 Let S be a compact regular formal topology. Then S is locally
compact, and the relations < and << coincide.

Example 2.35 (See also Example 2.9) The formal reals R is regular and locally
compact. To see that R is regular, we first show that axiom (R2) of R is equivalent to
the following axiom:

R2") (p,q) Ir {(r, S)ESR |s—r= 2*"} for each k € N.

Let <1/ be the cover generated by (R2’). Let (p,q),(r,s) € Sg and suppose that
(r,s) <R (p,q). By choosing k € N such that 2% < s — r, we have

P, 0 <R AP ) SR —p =27} L (0.9 < (P, 9), (r. )} -
Hence <1/ satisfies (R2). Conversely, we have
P, <R {(r,s) €Sp | s —r=2/3)"(q—p) & (r,5) <r 0,9}
for each (p,q) € Sk and n € N. Thus <x clearly satisfies (R2’).
Now, it readily follows from (R2’) that
a<rb = a<kb

forall a,b € Sk . Hence by the axiom (R1), R is regular with the function wcg : Sg —
Pow(SRr) given by

(5) wer(a) & {be Sk | b<ga}.

To see that R is locally compact, we first observe that
a<lpU — (Vb <R a) (HU() S Fin(U)) b <ar Uy

forall a € Sg and U C S . This can be proved by straightforward induction on <.
Hence

a<pb — a<kb

for all a,b € Sk. Thus R is locally compact with the function wcg : Sg — Pow(Sr)
defined by (5).
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Example 2.36 (See also Example 2.21) The formal unit interval Z[0, 1] is compact.
A direct proof was given by Cederquist and Negri [5]. The following argument is due
to Fourman and Grayson [11, Lemma 4.8].

Since Z[0, 1] is a closed subtopology of R, it suffices to show that Z[0, 1] is bounded.
But for any (p,q) € Sk such that p < 0 and 1 < g, the subset {(p,q)} is clearly
bounded. Moreover, since (0, 1) < (p, q) we have Z[0,1] C R{@,q)} . Hence Z[0, 1]
is compact by Proposition 2.30.

710, 1] is also regular by Proposition 2.25 (1) and the function wcg defined by (5) in
Example 2.35 makes Z[0, 1] regular.

3 Localic completion of metric spaces

In this section, we recall the embedding of the category of locally compact metric spaces
into that of formal topologies by Palmgren [17]. The reader is referred to Palmgren
[17] for further details.

The embedding is based on the representation of complete metric spaces by formal
topologies, called localic completion, due to Vickers [21].

Definition 3.1 Let X = (X, d) be a metric space with a metric d on X, and let Q>° be
the set of positive rationals. Define

My & x x Q.

An element (x, €) of My will be denoted by b(x, €). Define an order <y and a transitive
relation <y on My by
b(x, £) <x b(y,8) <= d(x,)+¢ <4,

b(x,e) <x b(y,8) <% d(x,y) + ¢ < 6.

The localic completion of X is a formal topology M(X) = (Mx, <x, <x) inductively
generated by the axiom-set on My consisting of the following axioms:

M1) a<ix{be Mx|b<xa},
(M2) a<ixC. for each ¢ € Q0

for each a € My, where C. def {b(x,e) € Mx | x € X}.

Journal of Logic & Analysis 9:c2 (2017)



18 Tatsuji Kawai

For any metric space X, its localic completion M(X) is always overt and its positivity
is the whole of My. Moreover, we have

a<xb = akb

for any a,b € My, and so M(X) is regular by the axiom (M1). The class Pt(M (X))
admits a metric p: Pt(M(X)) x Pt(M(X)) — R=% which can be defined using upper
Dedekind cuts:

pa ) & {q€ Q> @b(r.2) € ) 3b(y,0) € B) dx,y) + =+ < q}

for each o, B € Pt(M(X)).? Furthermore, the function jx: X — Pt(M(X)) defined by

ix() € {b(y,e) € My | d(x,y) < £}

is a metric completion of X. Thus jx is a metric isomorphism if and only if X is
complete. Note that since jy is a metric completion, the class Pt(M (X)) is actually
a set which is isomorphic to the usual construction of completion of X, i.e. the set of
Cauchy sequences on X with a suitable equivalence relation.

For each b(x, ) € Mx, we write b(x, €), for the open ball associated with b(x, ):

b(x,e)s & B(x,e) = {y € X | d(x,y) < €}

We extend the notation (—), to the subsets of Mx by defining Ui &« Ugey ax for

each U C My. Dually, each point x € X is associated with the set Ox of open
neighbourhoods of x given by

ox & {aeMx|x€a}.

Note that jx(x) = x for all x € X. We extend the notation <(—) to the subsets of X
by defining OY o Uyey Oy foreach ¥ C X.

The following is crucial to the main result of the present paper.

Theorem 3.2 (Palmgren [17, Theorem 2.7]) Let X be a metric space, and let Y be a
dense subset of X. Then M(Y) = M(X).

Next, we recall the definition of the category of locally compact metric spaces.

?In fact, Palmgren defined a metric on Pt(M (X)) using Cauchy reals [17, Section 2], but it is
not difficult to show that the metric p is equivalent to the one defined by Palmgren using the
correspondence between Dedekind cuts and Cauchy reals.
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A point-free characterisation of Bishop locally compact metric spaces 19

Definition 3.3 A metric space X is totally bounded if for any ¢ € Q>°, there exists
Y = {xo,...,% -1} € Fin(X) such that X C (J;_, B(x;, ). The set Y is called an e—net
to X. A metric space is compact if it is complete and totally bounded.

A metric space X is locally compact if each open ball B(x, ) is contained in a compact
subset of X. A locally compact metric space is Bishop locally compact if it is inhabited.
If X and Y are locally compact metric spaces, a function f: X — Y is said to be
continuous if f is uniformly continuous on each compact subset of X.

The locally compact metric spaces and continuous functions between them form a
category LCM.

Note that any compact metric space is locally compact. Moreover, a locally compact
metric space is complete, and a Bishop locally compact metric space is separable.

If X is a locally compact metric space, we have
a<xb — a<kb

for all a,b € Mx. Hence, M(X) is a locally compact formal topology with a function
wb: S — Pow(S) given by wb(a) def {b € My | b <x a}. If X is a compact metric

space, then it can be shown that M(X) is a compact formal topology.

Palmgren [17, Section 5] extended the construction M to a full and faithful functor
M: LCM — FTop. By an abuse of terminology, we call this functor M the localic
completion. One of the aims of this paper is to characterise the image of Bishop locally
compact metric spaces under the localic completion up to isomorphism.

4 Open complements of located subtopologies

We give a sufficient condition under which a formal topology is isomorphic to the
localic completion of a Bishop locally compact metric space. We exploit the category
OLCM of open complements of locally compact metric spaces by Palmgren [18].

Definition 4.1 The category OLCM consists of the following data. An object of
OLCM is a pair (X, U) where X is a locally compact metric space and U is an open
subset of X. A morphism f: (X, U) — (¥, V) of OLCM is a function f: U — V such
that for any inhabited compact subset K C X with K € U, we have

(1) f is uniformly continuous on K,
(2) fIKl€V,
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where the relation € is given by

KeU & 3re@™)k, CU,

K & {xeX|dx,K)<r}

for any located subset K. Here, a subset A of a metric space (X, d) is located if the
distance

dx, A) & inf{d(x,a) | a € A}
exists for every x € X.
Note that an inhabited totally bounded subset of a metric space is located and that the

image of a totally bounded subset under a uniformly continuous function is totally
bounded. Hence, the second condition for a morphism is well-defined.

Palmgren [18] showed that OLCM can be embedded into FTop via a full and faithful
functor OM: OLCM — FTop. The functor OM assigns to each object (X, U) of
OLCM the open subtopology M (X)n ) of M(X) determined by the subset

HWU) ¥ {b(x,2) € My | B(x,e) C U}.

The category LCM is embedded into OLCM via the inclusion X +— (X, X). Note that
OM (X, X)) = M(X) for any locally compact metric space X.

We recall the notion of located subtopology and a characterisation thereof from our
previous work [14, Chapter 4, Section 1].
Definition 4.2 Let S be a locally compact formal topology. A subset V C S is located
if it is a splitting subset of S, and moreover satisfies
a<b = ae-VVbeV

forall a,b € S.
A subtopology S’ of S is located if S’ is the closed subtopology S~V determined
by the complement =V of a located subset V of S.
If wb: § — Pow(S) is a function which makes S locally compact, then it can be shown
that a splitting subset V of S is located if and only if

acewb(h) — ac-VVvbeV

forall a,b € S.
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A point-free characterisation of Bishop locally compact metric spaces 21

Lemma 4.3 Let S be a locally compact formal topology. Then the assignment
(6) ViS5V

is a bijection between the located subsets of S and the overt closed subtopologies of S .

Proof Let V be alocated subset of S. Then for any a € S, we have
a<{acS|b<al<a5V{anV.

Hence V satisfies the condition (Pos), so that V is the positivity of S5~V

Conversely, suppose that S°~ ™" is the overt closed subtopology of S determined by

a subset V C S, and let Pos be the positivity of S°~V. Let a,b € S, and suppose

that @ < b. Since b <=7V {b} N Pos, there exists U € Fin({b} N Pos) such that

a<~"V'U. If U is inhabited, then b € Pos. If U is empty, then a € Pos implies
Pos () (), a contradiction. Hence Pos is a located subset of S.

The fact that the assignment (6) is a bijection follows from Lemma 2.20 and uniqueness
of positivity predicates. |

By Proposition 2.25 and Proposition 2.34, we obtain the following.

Corollary 4.4 Let S be a compact regular formal topology. Then a subtopology
S’ C S is located if and only if S’ is compact overt.

For later use, we note a special case of the result by Coquand, Palmgren and Spitters [6,
Lemma 3.2].

Lemma 4.5 Let X be a locally compact metric space, and let V be a located subset
of M(X). Then for any a € V there exists a formal point o € Pt(M (X)) such that
acacClV.

Proof See Coquand, Palmgren and Spitters [6, Lemma 3.2]. The proof requires
Dependent Choice. a

Definition 4.6 Let A be a located subset of a metric space X. The metric complement
of A is the open subset X — A of X given by

X—AY {xeXx|dxA) > 0}.

A corresponding point-free notion is the following.
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Definition 4.7 Let S be a locally compact formal topology, and let V be a located
subset of S. The open complement of the located subtopology SS~V is the open
subtopology S—y determined by —V.

Let X be a locally compact metric space. In our previous work [14, Theorem 4.1.9],
we showed that there exists a bijection ¢: CIT(X) — Loc™(M(X)) between the class
C1™(X) of inhabited closed located subsets of X and the class Loc(M(X)) of inhabited

located subsets of M(X). Specifically, ¢ and its inverse ! are defined by
- p(A) & 0,
eV Y xex|oxc vy

forany A € CI7(X) and V € Loct(M(X)).

The embedding OM: OLCM — FTop preserves metric complements and open
complements of located subtopologies in the following sense.

Proposition 4.8 Let X = (X,d) be a locally compact metric space, and let
@: CIT(X) — Loct(M(X)) be the bijection given by (7). Then, for any A € CI*(X)
we have

&) HX —A) = —=p(A).
Dually, for any V € Loc™(M(X)) we have
©) (V) =X —p L(V).

The assignments U — H(U) and W — W, restrict to a bijective correspondence
between the metric complements of inhabited closed located subsets of X and the open
complements of inhabited located subtopologies of M(X).

Proof (8) Let A € CIT(X). Let b(x,c) € H(X — A) and suppose that b(x, &) € CA.
Then B(x,e) C X — A and B(x,¢) () A, a contradiction. Hence b(x, £) € —¢(A).

Conversely, let b(x,e) € —p(A) and ¥ € B(x,e). Choose § € Q>° such that
d(x,x") + 6 < e, and suppose that d(x’,A) < 6. Then there exists y € A such
that d(x’,y) < 6, and so d(x,y) < €. Thus b(x,&) € ¢(A), a contradiction. Hence
d(x',A) > 0, and therefore b(x,c) € H(X — A).

(9) Let V € Loct(M(X)). Let b(y,d) € =V and x € b(y, §),. Choose 6 € Q> such
that d(x,y) + 0 < 6. Suppose that d(x, o~ '(V)) < 0. Then there exists X' € ¢~ 1(V)
such that d(x,x’) < 0, so that b(x, ) € Cx' C V. Since b(x, ) <x b(y, §), we have
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b(y,d) € V, a contradiction. Thus d(x, ' (V)) > 6, and hence x € X — ¢~ '(V).
Therefore (—V), C X — o~ (V).

Conversely, let x € X — o~ !(V) and choose § € Q>° such that d(x, o' (V)) > 6.
Suppose that b(x, #) € V. Then there exists a € Pt(M (X)) such that b(x, ) € o C V by
Lemma 4.5. Since X is complete, there exists X' € X such that Ox’ = jy(x') = «. Thus
d(x,x') < 0 and x' € ¢~ !(V), contradicting d(x, o~ '(V)) > 6. Hence b(x, ) € =V,
and so x € (=V),.

Lastly, for any A € CIT(X) we have
X—A=X-¢ (pA) = (pA). = HX — A)..
Conversely, for any V € Loc™(M(X)) we have
V=2 (e (V) =HX — o~ (V) = H(=V),). D

Let X be a compact metric space, and let A be a compact subset of X. We extend the
definition of X — A as follows:

oA X ifA=0,
{x € X|d(x,A) >0} if A isinhabited.
Note that since any compact metric space is totally bounded, we can decide whether a

given compact metric space is empty or inhabited.

If X is a compact metric space, the bijection defined by (7) extends to a bijection
between the compact subsets of X and the located subsets of M(X). This follows from
the fact that a subset A of a compact metric space is compact if and only if either A is
empty or A is closed and located.

Corollary 4.9 Let X be a compact metric space. For any located subset V of M(X),
there exists a unique compact subset A C X such that OM (X, X — A)) = MX)-y.

Proof Let V be alocated subset of M(X). By Corollary 4.4, the located subtopology
MEOMX=V is compact overt with the positivity V. Thus, V is either empty or
inhabited. In the former case, we put A = (). Then OM ((X,X — A)) = Mpux) =
M_y. In the latter case, the desired conclusion follows from Proposition 4.8. |

Lemma 4.10 Let X be a compact metric space, and let V be a located subset of M(X).
Then the open complement M(X)_y is inhabited if and only if (—=V), is inhabited.

Proof Straightforward. a
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Corollary 4.11 Let X be a compact metric space, and let V be a located subset of
M(X) such that M(X)—-y is inhabited. Then there exists a unique compact subset
A C X such that X — A is inhabited and that OM (X, X — A)) = MX)-y.

The following lemma is essentially due to Palmgren [18, Lemma 2.2].3
Lemma 4.12 Let X be a locally compact metric space. Then for any x € X and

€,0 € Q>O such that € < §, there exists a compact subset K C X such that

B(x,e) C K C B(x, 6).

Proof First, note that since X is locally compact, we have
a<xb = a<b

forall a,b € My. Let x € X and €, € Q>°, and suppose that £ < §. Choose N € N
such that e + 27" < §. For each n € N, define

a, def b(x, e + 2~ N+,

Then for each n € N, since a, <x a,, there exists V,, € Fin(a, | C,-») such that
an+1 <x V.. By Countable Choice, we obtain a sequence (V,),en: N — Fin(Myx) such
that

(1) any1 < Vi <x an,
2) (Vb(z,7) € V) y < 27"
forall n € N. Let
AY {yeX|(EneN)(3yeQ) by, € V,}.
Then A is clearly totally bounded, so that the closure K of A is compact. Moreover we

have B(x,c) C K C B(x,d). Thus K is a desired compact subset of X. O

Proposition 4.13 Let X = (X, d) be a compact metric space, and let A be a compact
subset of X. Then there exists a locally compact metric space Y such that (Y,Y) is
isomorphic to (X,X — A) in OLCM.

Moreover if X — A is inhabited, then there exists a Bishop locally compact metric space
Y such that (Y, Y) is isomorphic to (X, X — A) in OLCM.

3The proof of Palmgren [18, Lemma 2.2] seems to be incomplete. Nevertheless, the argument
used in the proof of Palmgren [17, Proposition 4.8] provides a correct proof of Lemma 4.12,
which we recall here.
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Proof If A = (), we define Y ' Suppose that A is inhabited. Let Y e x - A,

and define a new metric d* on Y by

« def 1 1

d*(x,y) = d(x,y) + ‘d(x,A) - d(y,A)|

forall x,y € Y. Itis straightforward to show that d* is a metric on Y. We show that the
metric space Y = (Y, d") has the required properties. Since d(x,y) < d*(x,y) for all
x,y € Y, theinclusion iy: Y < (X —A) is uniformly continuous. Let K be an inhabited
d*~compact subset Y, where K is d*—compact if K is compact with respect to d*. Then
K is contained in some open ball B*(y, ¢) &ef {y eY|d*(,y) <e} of Y. By the
proof of local compactness of Y which is to be given below, there exists a d—compact
subset L of X such that B*(y,e) C L € X — A. Hence iy is a morphism from (Y, Y) to
(X, X —A) in OLCM. Moreover iy is injective. To see this, suppose that d*(x,y) > 0,
and choose r € Q>0 such that d*(x,y) > r. Let ¢ = min {d(x,A),d(y,A)}. Since
d*(x,y) < (1 + 1/02) d(x,y), we have d(x,y) > r/(1 + 1/c?). Hence iy is injective.

Next, we show that the inverse j: (X —A) — Y of iy is uniformly continuous on each
inhabited d—compact subset K of X such that K € X —A. Let K € X — A be an
inhabited d—compact subset of X. Then there exists r € Q>O suchthat K, C X — A,
and so d(x,A) > r for all x € K. Hence d*(x,y) < (1 + 1/r*) d(x,y) forall x,y € K.
Uniform continuity of j: K — Y now follows.

It remains to be shown that Y is a locally compact metric space. Let y € Y and e € Q0.
We must find a d*compact subset K C Y such that B*(y,¢) C K. To this end, it suffices
to find a d—compact subset K € X — A such that B*(y,e) C K; for if such K exists,
theniy: ¥ — (X —A) and j: (X — A) — Y restrict to uniform isomorphisms on K.

To find such a d—compact subset of X, notice that for any x € B*(y, <), we have
d(x,A) > 1/ (¢ + 1/d(y,A)). Thus B*(y,&) C Ua,,, where
r 1/ (e +1/dy,A))

U, & {x e X | dx,A) > r}.

Choose 6 € Q> such that 76 < r, and let Xy = {xo,...,x,_1} be a f—net to X. For
each i < n, we have either 50 < d(x;,A) or d(x;,A) < 66. Split Xy into two finitely
enumerable subsets X; and X, such that Xy = X; U X, and that

(1) xeX, = 50 <d(x,A),
2) xeX, = dx,A) <60.
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Write X;r = {z20,...,2m—1}. Let x € Uys,. Then there exists i < n such that
dix,x)) < 0. If x;, € X, , we have d(x,A) < 70 < r, contradicting x € Uy,.
Thus x; € X;, and hence Uy, C Uj<m B(z;,0). For each j < m, there exists a
compact subset K; C X such that B(z;,0) C K; C B(z;,20) by Lemma 4.12. Let
K = Uj <m Kj. Then K is inhabited and totally bounded, and so it is located. Let
x € Kg = {X¥ € X|d,K) <0}, and suppose that d(x,A) < 6. Then there exist
y € A and w € K such that d(x,y) < 0 and d(x,w) < 26. Thus there exists j < m such
that d(w, zj) < 20, so that

d(y,zj) < d(y,x) +d(x,w) +d(w,zj) < 0+ 260 420 < 50,

contradicting z; € X;. Thus d(x,A) > #,and so Ky C X — A. Hence K € X — A.
Then L € X — A, where L is the closure of K. Therefore L is a desired d—compact
subset of X.

The second statement is obvious. O

Proposition 4.14 Let X be a compact metric space, and let V be a located subset of
M(X). Then there exists a locally compact metric space Y such that M(Y) = M(X)-y.

Proof By Lemma 4.9, there exists a unique compact subset A of X such that
OM (X, X — A) = MX)-v.

Then there exists a locally compact metric space Y such that (¥,Y) = (X, X — A) in
OLCM by Proposition 4.13. Since every functor preserves isomorphisms, we have

MXT)=O0OM((Y,Y) Z2OM(X,X — A) = MX)-v. m|
Corollary 4.15 Let X be a compact metric space, and let V be a located subset of

M(X) such that the open complement M(X)-y is inhabited. Then there exists a Bishop
locally compact metric space Y such that M(Y) = M(X)-v.

S Enumerably completely regular formal topologies

We characterise enumerably completely regular formal topologies by the subtopologies
of the countable product of the formal unit interval. Except for the definition of
enumerably completely regular formal topology, which is due to Curi [8, Section 2.2],
the results in this section appear to be new.
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Definition 5.1 Letl = {g € Q|0 < g < 1}. Given a formal topology S and subsets
U,V C8S,ascale from U to V is a family (Uq)qe]I of subsets of S such that

(I) U«Upand U; <V,
2 (Wpqel)p<q = U, K U,.

Definition 5.2 A formal topology S is enumerably completely regular if it is equipped
with a function wc: § — Pow(S) such that
(1) a<twc(a) foreach a € S,

(2) the relation w¢ = {(b,a) € S x S| b € wc(a)} is countable, i.e. there exists a
surjection f: N — wc,
(3) there exists a function sc € H(b, ayewe Sc<<<({b}, {a}) , called a choice of scale for

wWC,

where Sc({b}, {a}) is the class of scales from {b} to {a}.*

Let HneN 710, 1] = (811, <1, <) be the product of countably many copies of the formal
unit interval Z[0, 1]. According to Section 2.1.1, the preorder (St, <) is given by

St % Fin(N x Sg),

A<B &L (V(n,b) € B)(3m,a) eA)m=n&a<g b

for all A, B € Sy1. Here (Sg, <) is the underlying preorder of the formal reals R as
defined in Example 2.9. The cover <yy is generated by the axioms (S1), (S2) and (S3)
for a product, where (S3) is derived from the axioms (R1) and (R2) of ‘R and the axiom
(2) of Z10,1].

Since Z[0, 1] is regular with the function wcr defined by (5) in Example 2.35, the
proof of Proposition 2.26 (1) shows that HnEN 710, 1] is regular with the function
wcrr : ST — Pow(S11) given by

10)  wer(A) & {{Gmo, bo), - . ., (Mn—1,bu_1)} € St | (Vi < n) b; < a;}

for each A = {(mo, ap), . .., (Mp—1,an—1)} € St1.

Lemma 5.3 [],.yZI[0, 1] is enumerably completely regular.

*In fact, Curi [8] did not require an existence of a choice of scale for an enumerably completely
regular formal topology, but only an existence of a scale from {b} to {a} for each element
(b, a) € wc. With Countable Choice, however, a choice of scale can always be chosen.
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Proof Let wcyy def {(B,A) € Si1 x Si1 | B € werp(A)}. We show that wcyy is counta-
ble and define a choice of scale for wcyy.

First, the set Sy is countable since it is the set of finitely enumerable subsets of a
countable set, and for each A € Sy the set wc(A) is countable since it is a finite
product of countable sets. Thus wcyy is countable.

Next, we define a choice of scale for wcry. Let (B,A) € wcyy, so that A and B are of
the forms

A = {(mo, (po,q0)), - - -, (Mp—1, Pn—1,qn-1))} ,
B — {(m()) (p67 q()))a ceey (mnfla (p:z—l 9 q;—l))}
such that (p!,q}) <r (pi,q:) for each i < n. Then for each i < n, we can define
an order reversing bijection ;: I — [pi, pf] N Q and an order preserving bijection
¥i: T — [q},qi] N Q. For each g € I, define
def
B, = {(mo, (¢0(@), ¥0(q)), - - - , (M1, (Ln—-1(q), Yn—1(@)))} -

Then the family ({B,})4er is a scale from {B} to {A}. Thus, we can define a function
sc € [ a)ewes Sc«({B},{A}) which assigns to each (B,A) € wcyy the scale from
{B} to {A} as described above. O

Let S be a formal topology and let U,V C S. Then any scale (Uq)q gy from U to V
determines a formal topology map r: S — Z[0, 1] such that

(1) r(0,00) | U<0,
(2) r (=00, HaV,
where for each g € Q we define
(4,00 = {(r,9) € S | r> g},
(=00,9) & {(r,9) € Sp | s < q}.

The formal topology map r is defined by

(11) ar(p,q) Lty (El(p’,q')ESR)p<p/<q/<q&a<lU;/¢qu

forall a € S and (p,q) € Sg, where we define U, =0 if g <0 and U, =S if ¢ > 1.
See Johnstone [13, Chapter IV, Proposition 1.4] for details.

The following characterisation of enumerably completely regular formal topology is
a special case of Tychonoff’s embedding theorem for completely regular locales by
Johnstone [13, Chapter IV, Theorem 1.7], which characterises a completely regular
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locale as a sublocale of a product of copies of Z[0, 1]. For the convenience of the reader,
we give a proof in the language of formal topology (in contrast to the localic language),
although our proof is quite similar to that of the localic Tychonoff’s embedding theorem.’

Proposition 5.4 A formal topology is isomorphic to an enumerably completely regular
formal topology if and only if it can be embedded into [, . Z[0, 1].

Proof (=) It suffices to show that any enumerably completely regular formal topology
can be embedded into [],.yZ[0,1]. Let S be an enumerably completely regular
formal topology equipped with a function wc: § — Pow(S) which satisfies the
three conditions in Definition 5.2. Let (b,,a,),cny be an enumeration of the set
wc = {(b,a) € S x S| b € wc(a)}, and let sc be a choice of scale for wc. Then for
each n € N, the scale sc ((bn,an)) from {b,} to {a,} determines a formal topology
map r,: S — Z[0, 1] such that

(1) 1, (0,00) | by <10,
(2) r,(—oo,1)<ay.
Let r: S — [],en ZI0, 1] be the canonical formal topology map determined by the se-
quence (r,: S — Z[0, 1]),,cn. We show that 7 is an embedding, thatis a <r~r * A{a}
foreach a € S. Let a € § and b € wc(a), and let n € N be the index of the pair
(b,a) € wc. Then
b< (rn_(—oo, Hur, (0, oo)) b

< (r, (=00,1) L b) U (r; (0,00) | b)

< @ U r;(—OO, 1)

=sr {{(l’l, (pa Q))} | (p7 6]) € (_007 1)} <a.
Thus b <ar~r~* A{a}, and hence a <wc(a) <r r~* A{a}.

(<) Immediate from Lemma 5.3 and Proposition 2.25 (1). O

6 Point-free one-point compactification

We prove a point-free analogue of the fact that every Bishop locally compact metric
space has a one-point compactification. Our proof is analogous to the proof given by
Bishop and Bridges [4, Chapter 4, Theorem 6.8] for the corresponding fact for Bishop
locally compact metric spaces.

5 As far as we know, the proof of Tychonoff’s embedding theorem in terms of formal topology
has not appeared explicitly before.
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Definition 6.1 Let S be a formal topology, and let U,V C §. A wb-scale from U to
V is a family (Uq)qeﬂ of subsets of S such that

(1) U<Upand Uy «V,
2) (Vp,qeﬂ)p<q == U, < U,.

Definition 6.2 A formal topology S is enumerably locally compact if it is equipped
with a function wb: § — Pow(S) such that

(1) a<twb(a) foreacha € S,

(2) the relation wb = {(b,a) € S x S | b € wb(a)} is countable, i.e. there exists a
surjection f: N — wb,

(3) there exists a function sc € [, , s Sc<({b}, {a}), called a choice of wb-scale
for wb,

where Sc« ({b},{a}) is the class of wb-scales from {b} to {a}.

In a regular formal topology, any wb-scale is a scale by Lemma 2.33. Hence, we have
the following.

Lemma 6.3 Any enumerably locally compact regular formal topology is enumerably
completely regular.

Definition 6.4 Let S be an overt enumerably locally compact regular formal topology.
A one-point compactification of S is a triple (7 ,w, r) consisting of a compact overt
enumerably completely regular formal topology 7, a formal point w € Pt(7), and an
embedding r: S — 7T such that the image of S under r is isomorphic to the open
complement 7—,, of the located subtopology determined by w.

Note that if S is a locally compact regular formal topology, any formal point of S is a
located subset of S and thus determines a located subtopology of S. This follows from
Lemma 2.33.

Theorem 6.5 Any overt enumerably locally compact regular formal topology has a
one-point compactification.

The rest of this section is devoted to the proof of the theorem. In what follows,
we fix an overt enumerably locally compact regular formal topology S. Let Pos
be the positivity of §. Let wb: § — Pow(S) be a function which satisfies the
three conditions in Definition 6.2. Let (b,,a,),cny be an enumeration of the set
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wb = {(b,a) € S x S| b € wb(a)}, and let sc be a choice of wb-scale for wb. For
each n € N, let r,: S — ZJ0, 1] be the formal topology map determined by the
wb-scale sc((by, ay)) from {b,} to {a,}. Note that r, is defined by the condition (11)
and satisfies

(1) r,(0,00) | b, <0,
(2) r,(—o0,1)<a,.

Let 1 S — [[,enZI0, 1] be the embedding that is determined by the sequence
(ra: 8§ — 110, 1]),,c, Where HneN 710, 1] = (Sm, <1, <) is the countable product of
the formal unit interval Z[0, 1] described in Section 5. For each n,k € N define

G = {{n, (@)} €Sulqg—p=27"},
Ce" = {{0, (o, 90, - - - (0, (Puy @)} € St | (Vi < m)qi —pi = 27%} .

By the axiom (R2’) of R given in Example 2.35, we have St <ijj C}} for all n,k € N.
Thus for any n, k € N, we have

S < CY - L ¢ <A CE",

and hence S < r_CkS".

Lemma 6.6 Forany N € N suchthatay < S, there exists a compact overt subtopology
S’ of § such that Sp, C 8’ C S, , where Sp, and S,,, are the open subtopologies of
S determined by {by} and {ay} respectively.

Proof Let N € N, and suppose that ay < S. For each n € N, there exists

&, € Fin (Cn%:g) such that ay <&, and &, C rPos. By Countable Choice, there

exists a sequence (&,),cn such that

&, € Fin <Cn§+" > , &, C rPos, ay <r— &,

for all n € N. Write &y = {Ao,...,As—1}, and for each i < n write A; =

{0, @i, g)), - - -, (N, (Ply, g\)} - Split Ey into finitely enumerable subsets £y and Ey
such that Ey = EX,F U &y and that

(1) A €& = Dy, qly) € (—0,1/2),
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Let Sj; be the set of finite lists of elements of Si;. We let (Ao, ...,A,—) denote an
element of Sj; of length n € N. The concatenation of lists [, /' € Sj; is denoted byl I'.
Define a subset T of S7; by

To & {(A) eS| AcER,

T & {15 (A) €S} 1€ T, &I=1 % (A") &A € Enipp1 &A' =AY,
T T,
neN

where for each A, B € S17, we define
def,

AxB <= (Y, (p,q) € A)(V(,(s,0) € B) i =j = max{p,s} < min{q,1}.
Note that T}, is finitely enumerably for each n € N. Define

ur € | J{ralier},
' faes|Pos () (Urlal,

where A; denotes the last element of a list / € T. We show that K is a located subset of
S.

K

Note that K is the positivity of the open subtopology Sy, by Lemma 2.15 (2). Thus K
is a splitting subset of S. Hence it remains to be shown that for each L € N, either
by € =K ora; € K. Let L € N and define

def | O if LN,
ny —

L—N ifL> N.
Then the following two cases arise:
(1) (Fel,) (V6,9 eA)i=L = (p,q) € (—00,3/4),
2 (VMIeTy)(VG,(p,@)€A)i=L = (p,q) € (1/2,00).
In the first case, there exist [ € T,,, and (L, (p, q)) € A; such that (p, q) € (—o0,3/4).
Thus

rmAr<r {(L,(p, )} <rp (p,g)<rp (—oo, 3/4) <ay.

Since A; € rPos, we have Pos () (r~A; | ar). Hence a1, € K.
In the second case, suppose that b; € K. Then there exist n € N and / € T;, such that
Pos () (r~A; | by). If n > ny, then by letting [ = (Ao, . ..,A,) where A; = A,, we have
Ap, XAp 41, ..., Ap—1 XA, Since (p,q) € (1/2,00) for an element (L, (p, q)) € A, ,
we have (s, 1) € (0, 00) for an element (L, (s,1)) € A;. Thus

r_Al \LbL<]r_ {(L7 (S,t))} \l/bL<]r[j(07 OO)\l,bL<]®,
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and hence Pos () 0, a contradiction. If n < n, then since r~A; < ry (00, 3/4) < ay, we
have

r A <r Engnr1 4 L Engng L AD.
Thus, there exist A,+1 € Entntls-- - An, € ENtny, such that
Pos § (r (Aj L Anp1 4 - LA L br).
Then [ * (Ap+1,...,An) € Ty, , and so
r Ay, L b < (1/2,00) | by < 0.
Thus Pos () (J, a contradiction. Hence b, € —K. Therefore K is located.

Next, we show that S, = S~ K C S,,. Since S5~ X is the closure of Sy, by
Lemma 2.20, it suffices to show that by << Ur << an. Since by <r~Ey, we have
by < (r_EN 4 bN) N Pos. Let ¢ € r" &y | by such that Pos(c). Then there exists
A€ &ysuchthatc € rA [ by. If A € £, then

c<Ar Al by<ry(1/4,00) | by <0,
and thus Pos () (), a contradiction. Hence A € &y, and so ¢ <17~ &y . Therefore
by < r*S,f,” < Ur.

Letn € Nand [ € T,,, and write [ = (Ay,...,A,). Since A; x A;1 forall i < n and
(p,q) € (—o0, 1/2) for an element (N, (p, q)) € Ag, we have

r A <ry(—00,3/4) K ay.
Hence Ur < ry(—00,3/4) << an.
Lastly, since {ay} is bounded, S5~ is compact by Proposition 2.30, and S5~ 7K is

overt by Lemma 4.3. |

The following is a point-free version of Lemma 4.12.

Proposition 6.7 For any U,V C S such that U < V, there exists a compact overt
subtopology S’ C S such that Sy C S’ C Sy.

Proof Let U,V C S, and suppose that U < V. Since
V<l J{wb@) | Gv € V)u € wb()},
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there exists {(uo, Vo), ..., (Un_1,vs—1)} € Fin(wb) such that U <1 {uo, ..., u, 1} and
{vo,...,vu—1} < V. By Lemma 6.6, for each i < n there exists a located subset K; of
S such that

S, C8RLS,.

f . . . . .
Let K & U<, Ki. Since a finite union of located subsets is located, K is located.

Moreover we have
Sy C Sy, ESS K Sy, C Sy,

where Uy = {ug, ..., u,—1} and Vo = {vg,...,v,_1}. Since V; is bounded, S~
compact overt by Proposition 2.30. a

Let S, be the image of S under the embedding r: S — HneN 710,1]. Then S, is
overt with the positivity r Pos by Lemma 2.13. Define

{Aesu| (Vo9 €A)p<1<gq}.

It is straightforward to show that w is a formal point of HneN Z10,1]. Moreover, w is
a decidable subset of St. Let

def
w =

—— def
Pos = rPosUw.

Since [[,cn ZI0, 1] is compact regular by Proposition 2.26, it is locally compact by
Proposition 2.34.

Lemma 6.8 Pos is a located subset of [], . Z[0, 1].

neN

Proof Since Pos is a union of splitting subsets »Pos and w, it is a splitting of
HneN 710, 1]. Let wcyy be the function defined by (10) in Section 5. Let A, A’ € Sy,
and suppose that A’ € wer(A). Then A and A’ are of the forms

A= {(m0> (pO, CIO))) sy (mnfla (pnflaqnfl))} )
A/ = {(mO? (péaq()))a o 7(mn*17 (p;—qu—l))}

such that p; < p} < ¢} < g; for all i < n. By Proposition 2.34, it suffices to show that
either A’ € —Pos or A € Pos.

Since w is decidable, we have either A € w or A € —w. In the former case, we have
A € Pos. In the latter case, there exists i, < n such that either 1 < p;, or ¢;, < 1.
Suppose that 1 < p;,, and suppose further that A’ € r Pos. Then there exists a € Pos
such that a r A’. Thus

a <1y, AP, qi)} <1y AP, qi) | pi, < 1&0 < g, } <0
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by the axiom (2) of Z[0, 1]. Since Pos(a), we have Pos () (), a contradiction. Since
A € —w implies A’ € —w, it follows that A’ € —Pos.

Now, suppose that g;, < 1. Then
r;i* {(pi* ) CI:*)} < am,,

where a,,,, is the second component of the pair (b, , am,;, ) € wb indexed by m;, € N.
Let

def _
U, =r,

{®i.. 4.}

By Proposition 6.7 and Lemma 4.3, there exists a located subset K of & such that
Sy, T 8% 7K and 8K is compact. Choose k € N and # € Q> such that 2% < 6
and that p; < p} — 260 < ¢} + 260 < g; for each i < n. Since Si; < C} for all n, k € N,
we have

Sar (- leit
<ar™ {{(mo. (50,10)). - -+, (M1, (1, 1a-)) } € S| (Vi <) i — 5 = 27F}.

ix

def . _
Let C4 = {{(mo, (s0,20)), -, (Mp—1, (sp—1,t0—1)) } € St | (Vi <n)t; —s; =27},
Since SS7K is compact overt with the positivity K, there exist By, ...,By_1 € Ca
such that B; € rK for each j < N and that S<5~Ky={By,...,By_1}. For each
j < N, write

B; = {(mo, (5,0, 4,0)) - - -, (Ma—1, (Sjn—1,150—1)) } -

Then either (sj;, 1)) <r (p;—260,q;+20) forall i < n or (sj;, ;) € (—o0,p;)U(g;, 00)
for some i < n. Thus the following two cases arise:
(1) (3 <N)(Vi<n) (sj;, 1) <r (P} — 26,4} + 20),
@) (% < N)(3i < n) (55,50 € (=00, p}) U (g, 0).

In the first case, there exists j < N such that B; < A, and hence r~B; <r~A. Since
B; € rK and K is a splitting subset of S, we have A € rK C rPos C Pos.

In the second case, suppose that A’ € r Pos. Then there exists a € Pos such that a r A’.
Let Pos_x be the positivity of S_x. Since Pos = Pos_x UK, we have either a € Pos_g
ora € K. If a € Pos_g then Pos () (—K | a). Since Sy, C S%K we have

-Kla<—-K|rA'<a-K | U,<0,
and thus Pos () (), a contradiction. If a € K, then since

a <]8_ﬁK (r_ {BO, R 7BN—1}) { a,
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there exists j < N such that K () (r_Bj { a). Thus there exists i < n such that
(8j.i, 1j,i) € (—o0,pi) U (g}, 00). If (sj:,1,;) € (—o0,p}), then
r"Bj | a<iry, (=00, p) | 10 (Pi. )
<A1y (=00, p) 1 (0, 41)) <0,
and thus K () (), a contradiction. If (sj;,%,;) € (qi,00), we similarly obtain a
contradiction. Hence A’ € = (rPos), and so A’ € —Pos. Therefore Pos is located. O

Thus, Pos determines a located subtopology of [I,cn ZI10, 11, which is compact overt
regular by Lemma 4.3 and Proposition 2.25 (2). Write 7 = (S, <1T, <) for this
subtopology. Since w is a formal point of 7, it is a located subset of 7. Let 7-,, be
the open complement of the located subtopology determined by w in 7. The cover
<7 of T, is given by

A<T U &L A | —w<py —PosUU

forall A € Sy and U C Stg.
Lemma 6.9 The embedding r: S — HneN 710, 1] satisfies S <1r~ —w.

Proof Leta € S and b € wb(a), and let n € N be the index of the pair (b, a) € wb.
Then

b<ir, ((—o0,1)U(0,00)) L b
< (r, (=00,1) L b) U (r; (0,00) | b)
<r, (—oo, 1) <r™ —w.
Hence a <wb(a) <t r~—w, and therefore S <1r~ —w. O
Lemma 6.10 Forany A € Sy and U C Sy,
rrA<r U <= A} —w<g—-Pos UU.
Thatis S, = T-,.
Proof Let A € Sy and U C Syp. First, suppose that A | —w <iif ~Pos | U. By
Lemma 6.9 we have
rA<r Alr —w
<gr (Al —w)
<ar” (—Pios U Z/{)
< (r_ (=rPos | ~w) U r_Z/{) N Pos
< ((r*ﬂr Pos) N Pos) U (r*Z/{ N Pos)
<Qr-UNPos<ar U.
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Conversely, suppose that r"A<\r~U, and let B € A | —w. We must show that
B < —Pos UU. Write B = {(mo, (P0,90)); - - -, Muz—1, Pug—1,qnz—1))}. Since
B € —w, there exists i, < np such thateither 1 < p; org; <1.If1 <p; wehave

B < {(mi,, (pi., 9i,))} <t ~Pos <iif =Pos UU.
Now, suppose that g;, < 1. Let B’ € wcri(B), so that B is of the form
B/ - {(m07 (P67 Q6))) sy (mng—la (p;lg—l’ q;B—l))}
such that p; < p} < ¢/ < g; for each i < ng. Since ¢; < 1, we have
r B g Fimi, (pg* , qg*) < ap,,
and since B’ << A in [,y Z[0, 1], we have r" B’ << r~A in S. Hence r B’ < r™A
by Lemma 2.31. Moreover, since U <ij U where

U € {C €Sy | BCeU)C € wen(0)},

n,

such that ¥~ B <r~ {C’ s C,’Wfl} and that for each j < ny, the sets C; and Cj’- are
of the forms

we have r"A <7~ U<. Thus there exist Cy, ..., Cy,—1 €U and Cy, ..., C, | € Sni

Ci = {10, (50, 50)) - - -, (Lim—15 Sjm—1, im—1)) } »

6 = {50 o 150) -+ (1S 1oth ) }
such that 5;; < 57, < #; < ;; for each i < n;. Let

def . .
M = max{l;; | j < ny &i < nj},
and choose k € N and 6 € Q>° such that 2% < 6 and
(Vj < nu) (Vl < nj) Sji < S]/',i —0 & t],',i + 60 < l‘J"l'.

Then B’ <7 <B’ 1 CEM) NPos. Let B” € <B’ 1 C,?M) N Pos. Then either B” € rPos

or B” € w. Since B’ € —w we have B” € —w, so the latter case yields a contradiction.
If B” € rPos, then since

7B <ar {Ch... Ch, Y LB <ar ({Chh... Ch, } LB,

there exists j < my such that r Pos () (C]’ 1 B”). Hence Cj’~ x B", sothat B” < C; <Tu
by the choice of . Thus B’ <iry —PosUU, and so B <y werp(B) <iif ~PosUI/ . Therefore
A | —w < —Pos UU. m|

Finally, since ],y Z[0, 1] is enumerably completely regular and 7 is its subtopology,
T is a compact overt enumerably completely regular formal topology.
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7 Point-free characterisation

We show that the notion of inhabited enumerably locally compact regular formal
topology characterises that of Bishop locally compact metric space up to isomorphism.

First, we recall the main result of our previous work [14, Theorem 4.3.2].

Lemma 7.1 Let S be a formal topology. Then the following are equivalent.

(1) & isisomorphic to a compact overt enumerably completely regular formal topology.
(2) S is isomorphic to a compact overt subtopology of [ [, Z[0, 1].

(3) S is isomorphic to the localic completion of some compact metric space.
By Proposition 4.14 and Theorem 6.5, we have the following proposition.

Proposition 7.2 For any overt enumerably locally compact regular formal topology
S, there exists a locally compact metric space X such that M(X) =2 S.

Note that the image of any inhabited formal topology under a formal topology map is
inhabited. Hence Corollary 4.15 yields the following.

Corollary 7.3 For any inhabited enumerably locally compact regular formal topology
S, there exists a Bishop locally compact metric space X such that M(X) = S.

Lemma 7.4 The localic completion of a Bishop locally compact metric space is
isomorphic to an inhabited enumerably locally compact regular formal topology.

Proof Let X be a Bishop locally compact metric space. Since X is separable, we may
assume that X is countable by Theorem 3.2. Since the base My of M (X) is a countable
union of countable sets, My is countable. Since a <y b implies a < b and we have

b(x,e) <ix {b(x,8) € Mx | 6 e Q™" & § < ¢}
for each b(x,c) € My, the function wb: My — Pow(Mx) define by

def

wb(b(x,£)) = {b(x,0) e Mx |6 € Q7° & < ¢}

makes M(X) locally compact. For each b(x,e) € My, the subset wh(b(x, €)) is
countable by the standard enumeration of the rational interval (0,¢). Thus the set
wb = {(b,a) € Mx x My | b € wb(a)} is countable.
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Moreover, for each b(x, §) € wb(b(x, £)) we can define an order preserving bijection
¢: I — [0,e] N Q. Then the family ({b(x, <p(q))})q€]I is a wb-scale from {b(x, )} to
{b(x,e)}. Thus we can define a function sc € [, ,cwp Sc<({b},{a}) which assigns
to each (b, a) € wb the wb-scale from {b} to {a} as described above.

Since X is inhabited, M(X) is an inhabited formal topology. Therefore M(X) is an
inhabited enumerably locally compact regular formal topology with the function wb
and the choice sc of wb-scale for wb. d

By Corollary 7.3 and Lemma 7.4, we obtain the following.

Theorem 7.5 Let S be a formal topology. Then S is isomorphic to an inhabited
enumerably locally compact regular formal topology if and only if S is isomorphic to
the localic completion of some Bishop locally compact metric space.

Let BLCM be the full subcategory of LCM consisting of Bishop locally compact
metric spaces, and let IELKReg be the full subcategory of FTop consisting of formal
topologies which are isomorphic to some inhabited enumerably locally compact regular
formal topology.

Then, the localic completion functor M: LCM — FTop restricts to a functor
M: BLCM — IELKReg by Lemma 7.4, and the restricted functor M is essen-
tially surjective by Theorem 7.5. Since the restriction is still full and faithful, we have
the following.

Theorem 7.6 The categories BLCM and IELKReg are equivalent.®
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¢ Constructively, this is the equivalence in a weaker sense that there exists a full, faithful
and essentially surjective functor from one category to the other. Under the Axiom of Choice,
this notion is equivalent to the stronger notion of equivalence, i.e. the existence of adjoint
functors F' 4 G such that FG and GF are naturally isomorphic to the identity functors (see
Mac Lane [15]).
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