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Abstract

In this paper, we study quasi-metric spaces using domain theory. Given a quasi-metric space (X, d), we
use (B(X, d), <) to denote the poset of formal balls of the associated quasi-metric space (X, d). We intro-
duce the notion of local Yoneda-complete quasi-metric spaces in terms of domain-theoretic properties of
(B(X, d), <*"). The manner in which this definition is obtained is inspired by Romaguera-Valero theorem
and Kostanek-Waszkiewicz theorem. Furthermore, we obtain characterizations of local Yoneda-complete
quasi-metric spaces via local nets in quasi-metric spaces. More precisely, we prove that a quasi-metric
space is local Yoneda-complete if and only if every local net has a d-limit. Finally, we prove that every
quasi-metric space has a local Yoneda completion.

Keywords: Quasi-metric space; local Yoneda-complete quasi-metric space; g-topology

1. Introduction

A quasi-metric on a nonempty set X is a map d: X x X — [0, +00] satisfying: d(x, x) = 0;
d(x, z) <d(x,y) + d(y, z); and d(x, y) = d(y, x) = 0 implies x = y. The pair (X, d) is then called a
quasi-metric space. One motivation of domain theory is to study the properties of spaces and pro-
vide them with suitable computational models (Abramsky and Jung 1994; Gierz et al. 2003). The
space of formal balls B(X, d) of a quasi-metric space (X, d) is probably the single most impor-
tant artifact (Edalat and Heckmann 1998; Weihrauch and Schreiber 1981). Formal balls were
introduced by Weihrauch and Schreiber (Weihrauch and Schreiber 1981). Edalat and Heckmann
proved that a metric space is complete if and only if its poset of formal balls is a domain, and then
they showed why formal balls were so important in the metric case (Edalat and Heckmann 1998).
It is natural to ask whether the links between domain theory and quasi-metric space theory can be
established in the style of Edalat and Heckmann. There are five important parallel theories in the
setting of quasi-metric spaces and the formal ball model:

(1) [Romaguera-Valero Theorem] A quasi-metric space (X, d) is Smyth-complete if and only
if (B(X, d), §d+) is a continuous dcpo and its way-below relation is the relation <, defined by
(x,7) < (3, s) if and only if d(x, y) < r — s (Romaguera and Valero 2010).

(2) [Kostanek-Waszkiewicz Theorem] A quasi-metric space (X, d) is Yoneda-complete if and
only if (B(X, d), §d+) is a depo (Kostanek and Waszkiewicz 2011).

(3) A quasi-metric space (X, d) is continuous Yoneda-complete if and only if (B(X, d), §d+) is
a domain (Goubault-Larrecq and Ng 2017).
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(4) A quasi-metric space (X, d) is algebraic Yoneda-complete if and only if (B(X, d), 5‘#) isa
domain with basis {(x, ) | x is finite} (Ali-Akbari et al. 2009).

(5) A Yoneda-complete quasi-metric space (X,d) is quasi-continuous if and only if
(B(X, d), §d+) is a quasi-continuous domain with a fin basis of {{(x,s) |x€ G} |G € Zp(X),s €
[0, +00)}, where Z7¢(X) is the set of all nonempty finite subsets of X (Ng and Ho 2019).

It is obvious from the above statements that we research on quasi-metric spaces and their spaces
of formal balls, mostly focused on Yoneda-complete spaces, but those should have a meaning even
in noncomplete spaces. One question arises naturally: can we give a characterization of properties
of a non-Yoneda-complete quasi-metric space in terms of some order-theoretic properties of its
poset of formal balls. Our objective is to answer this question. In this paper, we propose the notion
of local Yoneda-complete quasi-metric spaces using the domain-theoretic properties of the poset
of formal balls and prove that a quasi-metric space is local Yoneda-complete if and only if every
local net has a d-limit.

Quasi-metric space unifies the metric space and partially ordered set, and this structure has
been extensively studied by several people (Bonsangue et al. 1998; Lawvere 1973). Similar to
the classical completion of metric spaces and posets, Smyth completions and Yoneda comple-
tions of quasi-metric spaces are fundamental in the study of quasi-metric spaces (Bonsangue et al.
1998; Kiinzi and Schellekens 2002; Vickers 2005). Smyth provided that there exists an idempo-
tent Smyth completion to every quasi-metric space (Smyth 1987). Kiinzi and Schellekens (2002)
prove that every quasi-metric space has a Yoneda completion. However, the fact remains that
this Yoneda completion is not idempotent in general. In Ng and Ho (2017), Ng and Ho showed
that every quasi-metric space (X, d) has an idempotent Yoneda completion via dcpo completion
of B(X, d). After seeing that every quasi-metric space has a Smyth completion and Yoneda com-
pletion, one may ask: whether every quasi-metric space has a local Yoneda completion. In this
paper, we shall provide a positive answer, that is, we prove that every quasi-metric space has a
local Yoneda completion.

2. Quasi-Metric Spaces

Let (X, d) be a quasi-metric space, (x;)icr,c be a net, and x € X. If for all y € X, it holds that
d(x, y) =lim sup d(x;, ), then x € X is called a d-limit of (x;);c;,c, denoted by x =lim, x;. A net
(xis ri)ier,c in X x [0, 4-00) is Cauchy-weighted in (X, d) if /\;c; ri = 0, and for each i, i €I, when-
everiC i, d(xi, x;) < ri — ry. For any Cauchy-weighted net (x;, r)icr,c in (X, d), x € X is a d-limit
of the Cauchy net (x;)ics,c if and only if for any y € X, it holds that d(x, y) = \/;¢; (d(xi, y) — 17).

Definition 1 (Ng and Ho 2017). Let (X, d) and (Xl, d/) be two quasi-metric spaces, and f : X —>
X' be a mapping. We say that f is

(1) limit-continuous if it preserves Cauchy nets and their existing d-limits;

(2) Y-continuous if it is limit-continuous and nonexpansive, that is, for any x,ye€ X,

d (f(x), f() < d(x, y).
Definition 2 (Goubault-Larrecq 2013). Let (X, d) be a quasi-metric space. Define B(X, d) = X X

[0, +00). We call the elements of B(X, d) formal balls. On B(X, d), we can define a quasi-metric
dT as follows:

Y (x,7), (y,5) € B(X, d), dT((x,7), (3, 5)) = max (d(x, y) — r +,0),
and as a result the induced order §d+ defined by

V(x5 (35) €BOGA), (x7) <P (,5) == d(x,y) <7 —>s.
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Unless otherwise stated, throughout the paper, whenever an order is mentioned in the context of
B(X, d), it is to be interpreted with respect to the induced order §d+ on B(X, d).

A quasi-metric space (X, d) is standard if and only if, for every directed family of formal balls
(x5 1i)ier, for every s € [0, +00), (x;, 77)ies has a supremum in B(X, d) if and only if (xj, r; + $)ier
has a supremum in B(X, d).

Let (X, d) be a quasi-metric space. A directed family (x;, ri)ic; in B(X, d) is translational
complete if for any a € [— A ;¢; 1i> +00), \Viej (%i» i + a) exists.

Remark 3. Let (X, d) be a quasi-metric space. If (x;, 1;)ier is a translational complete directed
family in B(X, d) and has supremum (x, r), then (x;, ; 4+ a)ier is a translational complete directed
family in B(X, d) and has supremum (x, r 4 a) for any a € [— A\ ;¢; 1i» +00).

Let (X, d) and (X/, d,) be two quasi-metric spaces. A map g:B(X,d) — B(X/, d/) is Y-Scott
continuous if it preserves the suprema of translational complete directed families.

Proposition 4 (Ng and Ho 2017). Let (X, d) and (X/, d/) be two quasi-metric spaces, and f : X —
X' be a mapping. Define a mapping B(f) : B(X, d) —> B(X, d ) as follows:

Y (x,1r) € B(X,d), B(f)(x,7) = (f(x), 7).

Then f is Y-continuous if and only if B(f) is a Y-Scott continuous map.

Definition 5 (Ng and Ho 2017). Let (X, d) be a quasi-metric space. A subset C of B(X, d) is called
g-closed if it is

(1) downward closed with respect to §d+;

(2) closed under the existing suprema of translational complete directed families, that is, when-
ever (x;, 77)ie; C C is a translational complete directed family that has supremum (x, ), then (x, r)
belongs to C.

We denote the collection of all g-closed subsets of B(X, d) by I'¢(B(X, d)). Then I'g(B(X, d)) is
a co-topology on B(X, d), that is, the family
{U C B(X, d) | the complement of U is a g-closed subset of B(X, d)}

is a topology, called the g-topology on B(X, d). For any subset E of B(X, d), let cl;(E) denote the
g-closure of E. Define the Hausdorf-f-Hoare quasi-metric d » on I'¢(B(X, d)) by d »(A, B) =
V (emea Nenes 4 ((a,m), (c,7)). Then d (A, B) =0 if and only if A C B.

Remark 6. Let (X, d) be a Yoneda-complete quasi-metric space. Then C is a g-closed set if and
only if C is a Scott closed set.

Let o : T'¢(B(X, d)) —> [0, +00], Cr—> /\(x)r)ec r. Call &(C) the aperture of C. Let t > 0 and
C+t={(c,t+5s)|(c,;s) e C}. Then C+t is a g-closed set. Let r <a(C) and C—r={(c,s — 1) |
(c,s) € C}. Then C — ris a g-closed set.

Proposition 7 (Ng and Ho 2017). Let (X,d) be a quasi-metric space and E C B(X, d). Then
cly(E) = clg(E — a(E)) + a(E).

Definition 8 (Mislove 1999). A poset P is called a local dcpo if every directed subset of P with an
upper bound has a least upper bound.
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3. Local Yoneda-Complete Quasi-Metric Spaces

Definition 9. Let (X, d) be a quasi-metric space. Then (X, d) is called local Yoneda-complete if the
following conditions are satisfied:

(1) whenever a directed family (x;, 7;)ies in B(X, d) has supremum (x, r), then r = /\;.; 7i;

(2) B(X, d) is a local dcpo.

Remark 10. (1) Let (X,d) be a Yoneda-complete quasi-metric space. Then (X, d) is a local
Yoneda-complete quasi-metric space. But the converse may not be true as shown by Examples 11
(1) and (2).

(2) The conditions (1) and (2) in Definition 9 are independent as shown by Examples 11 (2)
and (3).

Example 11. (1) ([0, +00),d) is local Yoneda-complete, not Yoneda-complete, where d:
[0, +00) x [0, +00) —> [0, 4+00] as follows:

0, X<y,
d(x, y) =
xX—y y<x

In fact, the map (x, r) —> (x—r, —r) defines an order isomorphism from B([0, +00), d) onto

C={(a,b) eR x (— 00,0] | a > b} ordered component-wise. Since C is a local dcpo, we have that

B([0, +00),d) is a local dcpo. Let (xi, ri)ier be a directed family in B([0, +00), d) with supre-
c

mum (x,r). Then \/ (xj—r;, —1;) = (x — r, —r), and thus \/
iel
So we conclude that ([0, +00), d) is local Yoneda-complete. Obviously, C is not a dcpo. Then
B([0, +00), d) is not a dcpo, and thus ([0, +00), d) is not Yoneda-complete.
(2) Every poset (X, <) can be seen as a quasi-metric space by letting

ier (—1i)=—r. Hence, r= ;¢ 1i.

0, X<y,
d<(x,y) = Y
+00, otherwise.

On formal balls (x, ) fd; (y,s)ifand onlyifx < yandr >s.So (x, r) —> (x, —r) defines an order
isomorphism from B(X, d<) onto X x (— 0o, 0] ordered component-wise. Obviously, (X, d<) sat-
isfies the condition (1) in Definition 9. This implies that (X, d<) is a local Yoneda-complete
quasi-metric space if and only if X is a local dcpo. Since N is a local dcpo, not a depo, we have
that (N, d<) is local Yoneda-complete, not Yoneda-complete, where N denotes the set of natural
numbers with the usual order <. Moreover, let X = NU {w1, w,}, and let the partial order < on X
as follows:

eforxeN, x <wp,wy;

o W] =W, W2 =Wy

eforx,yeN,x<yifandonlyifx <y.

That is, we add w;, w, above all elements in N. Then X is not a local dcpo, and thus (X, d<)
does not satisfy the condition (2) in Definition 9.

(3) Let X ={0} U {zim | m e N4} and d on X x X which is defined as follows:

0, x=y,
‘o0, x<y,
V2, 0=y<ux,

x—y 0<y<y,

d(x»)’) =
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where N, denotes the set of all positive integers. Then (X, d) is a quasi-metric space. Let
(x,7), (0, s) e B(X, d). If (x, 1) §d+ (,5), then d(x, y) <r —s, and thus x > y. First, we shall prove
that B(X, d) is alocal dcpo. Let (x;i, ri)ier be a directed family in B(X, d) with an upper bound (x, ).
Then d(x;, x) < ri—r for any i € I. There are three cases:

Case 1. There exists ig €I such that x;, =0. Let J={iel|(x,7r) 5‘# (xi,7;)}. Then
(%), 17)jey is a cofinal subset of (x;, 7);c1. Obviously, \/je] (x> 17) = (0, \jey 1i)- Then \/ o (xi, 1) =
(0, /\ieI ri).

Case 2. x; #0 for any i€ I and /\;.; x;i =0. Since (x, r) is an upper bound of (x;, 7;)ic;, We
have that x < x; for any i € I. Then x =0, and thus r + V2 <rjfor any i € I. Hence ( ;¢  1i) —
V2>o0. Obviously, (x;, ;) f‘ﬁ 0, (Njey 1) — V2) for any i € I. Let (y,s) be an upper bound of
(xi, 1)ier in B(X, d). Then y < x; for any i € I, and thus y = 0. This implies V2+s< Nier Ti» that is
d(0,0) < (Njer i) — /2 — s, and hence (0, ( Nier 1) — V2) <d* (# 5). Therefore, \/;.; (xi, 1i) =
0, (Nje 1) — V2). In particular, (2%, zim + V/2)men is a directed family in B(X, d) and has an
upper bound (0, 0). So we conclude that \/,, (zim, sz ++/2) =(0,0).

Case 3. x; #0 for any i € T and /\;; x; # 0. Then there exists m € N such that /\;; xi = 75,
and thus there exists i; € I such that x;, = zim For all i in I, there exists j € I such that (x;, 1;),
(xiy> 1)) §d+ (xj, 1j), and thus x; = 2%,, So we conclude that d(x;, 2%") <ri—1;<r;— i 1i- This
shows that (2%, /\ic i) is an upper bound of (x;, 1j)ier. Let (¥, s) be an upper bound of (x;, 7i)ier
in B(X,d). Then d(x;,y) <rj—s for any iel. For all k in I, there exists kg € I such that
(xg> 12> (x> 13y) §d+ (%ky» Tk, )» and thus x, = ZL,,, and ry, <rg. So we conclude that d(zim,y) <
rky — S <1 —s. This implies d(zim,y) +s < /\jc; ri- Hence, (zim, Nier 1) <d* (9, 5). Therefore,
Vier (i 1i) = (zlw Nier 1)

Consequently, B(X, d) is a local dcpo. Yet since \/,, o (2%,,, zlm +/2) =(0,0) as shown in

Case 2 and A\, (zim + 4/2) = /2, we have that (X,d) does not satisfy the condition (1) in
Definition 9.

Proposition 12. A metric space (X, d) is local Yoneda-complete if and only if (X, d) is complete.

Proof. Sufficiency. Let (X, d) be a complete metric space. Then (X, d) is a Yoneda-complete metric
space, and thus (X, d) is local Yoneda-complete.

Necessity. Let (X, d) be a local Yoneda-complete metric space. We shall prove that B(X, d)
is a dcpo. Let (x;, 71)ier be a directed family in B(X, d) and let oo = /\;; . Then there exists
(¥n> Sn) € (i, 11)ier such that s, <10 + % for any n € Ny, where N denotes the set of all posi-
tive integers. Let (x1, r1) = (y1, s1). For any n > 1, let (x,, r,) be an upper bound of (yy, s,) and
(-1, 7a—1) Then (x1,71) < (a2, 72) <97+ <@ (x,7,) <77, and thus +- - <7y <7y <
-+ <ry <r. For a fixed ¢ > 0, there exists 19 € N4 such that r, —r,, < ¢ for any no <n<m.
For all n in N, there exists [ € N such that ng, n <[, and by symmetry d(x}, x,,)) <7y, — 11 <&,
and thus d(xy, x4y) < d(xn, x7) + d(x}, X)) < 1y — 17+ & <1, + €. Hence (x,, 1, + &) f‘ﬁ (%ng 0).
So we conclude that (x;,, 0) is an upper bound of the directed family (x;, r, + €)nen. . By hypothe-
sis, we have that \/HEN+ (x4, 1y + €) exists, denoted by (x, r). Then r = /\neN+ (ry + €). Obviously,
(x,7 — &) is an upper bound of (x4, 7n)nen, - Let (¥, s) be an upper bound of (x,, 4)nen, . Then
(X, 1n+€) <d® (y,s+¢) for any neN,, and thus (x,1) <d* (y,s+¢). Hence (x,r —¢) <d*
(y,s), and so we conclude that vneN+ (x4, 72) = (x, v — €). Let i € I. Then there exists (z,, t;) €

(x4, 71)ier such that (x,, ), (xi, ;) §d+ (zn, ty) for any n € N Hence
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d(xi; x) < d(xb zn) + d(zm Xn) + d(xna X)

IA

ti—th+ty—ty+1,—(r—e)

=ri—(r—e)+2(rn —tn)

IA

ri—(r—e)+2(rp — ro0)
<ri—(r—8)+%.

This implies d(x;, x) <r; — (r — ¢). Then (x;,1;) §d+ (x,r —¢), and thus (x,r — &) is an upper
bound of (xj, 7;)icr. Suppose that (z, t) is an upper bound of (x;, 17)ic;. Then (z,t) is an upper
bound of (x;;, 7n)nen, > and thus (x, 7 — &) §d+ (z,t). Hence, \/,; (xi, i) = (x, 7 — €). This shows
that B(X, d) is a dcpo. Therefore, (X, d) is complete. O

Definition 13. Let (X, d) be a quasi-metric space, and (x;);er,c be a net. If there exists (r;)ier,c
[0, +00) such that (x;, 7;);ez,c is a monotone net in B(X, d) and has an upper bound, then (x;);erc
is called a local net.

Theorem 14. Let (X, d) be a quasi-metric space. Then every local net has a d-limit if and only if
(X, d) is a local Yoneda-complete quasi-metric space.

Proof. Necessity. Let (X, d) be a quasi-metric space where every local net has a d-limit. We start by
proving part (2) of Definition 9. Let (x;, 1i)ier be a directed family in B(X, d) with an upper bound.
Define a preorder C on I as follows:

VijelLiCje= (xir) <t (x,7)).
Then (x;, 17)ier,c is a monotone net in B(X, d) and has an upper bound, and thus (x;)ier,c is a local
net. Hence, the net (x;)ic;,c has a d-limit y. This implies /\,; \/jeI,iEj d(xj, y) = 0. Then for all

& > 0, there exists iy € I such that \/jeI,iogj d(xj, y) < e. Leti € I. Then there exists j € I such that
i, ip C j, and thus

d(xi> y) < d(xi, %)) + d(xj, ) < ri —rj + d(x}, )
=ri— /\je] ri+ d(xja)/)
<ri— /\ieI ri+é&.

So we conclude that d(x;, y) <r; — ;i Hence, (y, \;c; i) is an upper bound of (x;, 7;)ier.
Let (z,s) be an upper bound of (x;,1;)ic;. Then d(x;,z) <ri—s for any i€l, and thus s <
Nier ri- Since d(y, 2) = N\ \/jel,iEj d(x,2) < Nier \/jeI,iEj (rj =) = Nier (ri =) = (Nigy i) —
s, we have that (y, \;c; i) <d* (z,5). This shows that \/,.; (xi, i) = (3, /\;; i) Part (1) of
Definition 9 is then a trivial consequence. Therefore, (X, d) is a local Yoneda-complete quasi-
metric space.

Sufficiency. Let (X, d) be a local Yoneda-complete quasi-metric space, and let (x;);c;c be a
local net. Then, there exists (r;)ier,c < [0, +00) such that (x;, 1i)ier,c is a monotone net in B(X, d)
and has an upper bound, and thus (x;, r;);es is a directed family in B(X, d) and has an upper
bound. Hence \/,; (x;, ;) exists, denoted by (x, 7). By hypothesis, we have that r= /\;; .
Then (x;,r; — \je; ri)ier,c is a Cauchy-weighted net and \/,; (xi, i — /\;e; i) = (x,0). Next,
we shall prove that x is the d-limit of (x;);e;c. For any z € X, since d(x;, z) < d(x;, x) + d(x, z) <
ri— Nieg ti +d(x,2) for any iel, we have that d(x;,z) —r; <d(x,z) — \;; ri for any i€l
Obviously, \/;c; (d(xi,z) —r;) exists, denoted by s. Then s<d(x,z)— /\;;ri. Suppose
that s <d(x,z) — Ay ri- Then s<+o00. Since d(x;,z) —r; <s for any iel, we have that
d(x;,z) <ri+s for any i € I. Then (x;,1; +s) <4 (2,0) for any i €1, and thus \/,.; (x;, i +5)

https://doi.org/10.1017/5S0960129523000105 Published online by Cambridge University Press


https://doi.org/10.1017/S0960129523000105

Mathematical Structures in Computer Science 39

exists, denoted by (y, A;c; 7i +5). Hence y =x, that is \/;o; (xi, ri +5) = (x, Ay 1i + ). This
implies (x, /\;c;7i +9) <d® (2,0). Then d(x,z) < \;;ri+s which is a contradiction. So
we conclude that s=d(x,z) — /\;;ri. Therefore, d(x,z)=\/;.;(d(xi,2) — 1))+ N\je i =
Vier (d(xi, 2) — ri + ;¢ i)- This shows that x is the d-limit of (x;)ier,c.

Proposition 15. Every local Yoneda-complete quasi-metric space is standard.

Proof. Let (X, d) be a local Yoneda-complete quasi-metric space and let (x;, r;)icr be a directed
family in B(X, d). By Lemma 7.4.25 of Goubault-Larrecq (2013) and Theorem 14, we have that
(x, ) is the supremum of (x;, r;)ier if and only if x is the d-limit of (x;)ie;,c and r = /\;; ri. For
any s € [0, +00), then the existence of a supremum is equivalent for (x;, r;)ier and for (x;, r; +
s)iel, both being equivalent to the existence of a d-limit of the net (x;);cr,c. Therefore, (X, d) is
standard. ]

4. The Local Yoneda Completions of Quasi-Metric Spaces

Definition 16. A local Yoneda completion of a quasi-metric space (X, d) is a local Yoneda-
complete quasi-metric space (X, d), together with a Y-continuous map 7 : X —> X, such that for
any local Yoneda-complete quasi-metric space (X, e) and Y-continuous map f : X —> X , there

exists a unique Y-continuous map f X — X' such that f = f o T, ie., the following diagram
commutes:

T A
X X

/

X

Definition 17. Let (X, d) be a quasi-metric space. A subset A of B(X, d) is called a local g-set if for
any Y-continuous function f : X —> X’ mappmg into a local Yoneda complete quasi-metric space
(X, c{ ), there exists a unique (ya,74) € B(X, d ) such that cle(B(f)(A)) = | (ya, 7a).

Proposition 18. Let (X, d) be a quasi-metric space, and A be a local g-set satisfying «(A) = 0. If
(Y,d) is alocal Yoneda complete quasi-metric space and f:X — Y isa Y-continuous function,
then there exists a unique (y4,74) € B(Y, d/) such that clg(B(f)(A)) = | (ya,7a) and r4 = 0.

Proof. By Definition 17, we only need to prove that r4 =0. Let (y,s) € clg(B(f)(A)). Then
(. 9) <d " (ya,ra), and thus r4 <s. Hence ry < a(cl(B(f)(A))) < a(A) =0, that is, r4 = 0. OJ

Let X ={A CB(X,d)| A isag-closed set satisfying o(A) =0}, where the notion of g-closed
sets is introduced in Definition 5. Define a mapping d=dy |5 Exk: : X x X —> [0, 4+00] as follows:

V(A,BeXxX, dAaB=\/ J\ d"(am)(cn).
(a,m)€A (c,r)eB
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Then (X, d) is a Yoneda-complete quasi-metric space (see Ng and Ho 2017). We write

A

X={ACB(X,d)|Aisag-closed local g-set satisfying «(A) = 0}.

Then X C X. Define the mapping d as the restriction of d to X x X. Then (X, d) is a quasi-metric
space.

Proposition 19. Let (X,d) be a quasi-metric space, and (A}, 1i), (Aiz,riz)eB(f(, :i). Then

(A, i) <d (A, 1i,) ifand only if A;) + 1y C A, + 1,
Proof. This immediately follows from Ng and Ho (2017, Lemma 3.14). O

Proposition 20. Let (X, d) be a quasi-metric space, and (A;, 1;)icr be a directed family in B(X, Zi).
B(X.d)
Then \/ (A, 1) = (Clg( Uiel (Ai+r1 — /\je[ i), /\ieI ri).

iel
Proof. Obviously, clg(J;c; (Ai + 1i — /\;e; 7)) is a g-closed set. Since

Ol(Clg( Ul‘e] (Aj 41 — /\je[ 1)) < o UieI (Aj+r1i— /\iel ri))

= /\iel a(Ai+ri— /\ieI i)

= Nier (ri = Nier 1)

=0,
we have that clg(U;c; (Ai+7i— Nigr1i) € X. Since (Aj;ri) faJr (cle(Uje (Ai +1i —
Nier ))s \ier i) for any iel, we have that (clg(Uic; (Aid7i— Njcr7))s Nier 1) is
an upper bound of (Al;, r)ie; in B(X,d). Let (B,s) be an upper bound of (A; 1i)ier in
B(X, ;i). Then (A;,1;) §d+ (B,s) for any i€l, and thus A;+r CB+s for any iel. So
we conclude that J,.; (Ai+7r)SB+s, and hence clg( Uie; (Ai+ 1)) SB+s. Since
a(Ujer (Ai+1)) = iy ri» it follows from Proposition 7 that clg({U;e; (Ai+1))=
clg(Uier (Ai +7i = Nigr 7)) + Nigr i Therefore,  clg(Ujer (Ai +1i = Nigp 1) + Nier i €
B+s, whence (clg(U;cr (Ai 471 = Nier ))s Nier 74) <d* (B,s) by Proposition 19. Therefore,
B(X.,d)
V(A i) = (clg(Uier (Ai + 1 = Nier ))s Nier 1)- 0

iel

Next, we show that the sub-poset B(X, a) of B(X, ;l) is closed under least upper bounds of
bounded directed families.

Proposition 21. Let (X, d) be a quasi-metric space, and (A;, ti)ic1 be a directed family in B(X, gl)
B(X,d)
with an upper bound (A, r). Then \/ (A;, i) = (clg(Ujer (Ai +7i = Nier ))s Nier 7)-

iel
Proof. Let (A;, ri)ier be a directed family in B(X, cAl) with an upper bound (A, r). Then
(Aj, ri)ie is a directed family in B(X, ¢~i). By Proposition 20, B(i(/)d) (Ai, i) = (clg(Ujep (Ai 411 —
Nie1 ) Niep 1i) holds. Next, we shall prove that cly({;¢; (A,-le—i{ ri— i 1)) € X. It suffices to
prove that clg( Uier (Ai +1i — Ny i) is a local g-set. Let (Y, d/) be a local Yoneda-complete
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quasi-metric space and f:X — Y be a Y-continuous function. Then there exists a unique
(ya,»ra;) € B(Y, d) such that clg(B(f)(A)) = | (ya;» ra;) and r4; = 0 for any i € I, and there exists
a unique (y4,ra) € B(Y, d,) such that cly(B(f)(A)) = | (ya,ra) and r4 =0. Let i}, i € I. Then
there exists i3 € I such that (A;, 73,), (Asy, 73,) <% (A, 7). and thus Ay 47, € Ay, + 73, and
Ajy + i, € Ajy +riy. Hence clg(B(f)(Ai; +13))) € cle(B(f)(Ai; +143)) and clg(B(f)(Aj, +13,)) €
cle(B(f)(Ai; + 1i3)). By Proposition 7, we have that cl(B(f)(A; + 7)) = clg(B(f)(A;)) + r; for any
iel. Then clg(B(f)(A;))) +ri; € cle(B(f)(Ai)) + iy and cle(B(f)(A3,)) + 1y S clo(B(f)(Aj)) +
ri;, and thus ¢(yAl.1,0) +r, C ¢()/A,»3, 0)+ri, and ¢(yAi2,O) +r, C ¢(yAi3, 0) + ri;. Hence
(J’Ail’ Ti))s (J’Aiz’ Tiy) <d " (yA,.3,r,-3), and so we conclude that (y4,,7:)icr is a directed family in
B(Y, d,). Similarly, we can check that (y4, 7) is an upper bound of (y4,, ri)ier. Since (Y, d,) isalocal
Yoneda-complete quasi-metric space, we have that \/,.; (ya,, i) exists. Then (ya;, ri — /\;c i)iel
is a directed family in B(Y, d/) and has an upper bound, hence there exists b € Y such that
Vier Wai i — Nier i) = (b,0). This implies B(f)(;c; (Ai +7i — Njer 1)) S 1(b,0). Let B be
a g-closed set satisfying B(f)({U;c; (Ai +7i — \jc; 71)) € B. Then (ya;, ri — \;e; i) € B for any
i € I. Obviously, (ya;, i — /\;c; ri)ier is a translational complete directed set. Then \/;_; (ya;, ri —
/\ier i) = (b,0) € B, and thus | (b,0) € B. Hence, cle(B(f)( ;s (Ai +7i — Nicr 7)) = 1 (b, 0).
) B(X.d)
This shows that cly(| ;e (Ai + 7 — /\j¢; i) € X. Therefore, \/1 (Ai, 1) = (clg(Ujer (Ai +1i —
1€

/\ie[ 1)), /\ieI i) [

Let o7 C X. o satisfies Condition (x) if, whenever for any directed family (A;, ri)ier in
B(7, d ¢ | o7 xor ) With an upper bound (Z, t), then
B(X.d)
\/ Air) €B(, do |erwar):
iel

Proposition 21 means that X satisfies Condition (x). Let W (X) = {}(x,0) | x € X}, and

i (¥(X))= ﬂ{d C X | ¥(X) C o7 and & satisfies Condition (x)}.

Define the mapping dy, as the restriction of d to el (U (X)). Then (cl (¥ (X)), dy) is a quasi-metric
space.

Proposition 22. Let (X,d) be a quasi-metric space. Then (cl (V¥ (X)),dy) is a local Yoneda-
complete quasi-metric space.

Proof. We start by proving part (2) of Definition 9. Let (A;, ri)ier be a directed family in
B(clr (¥ (X)), dr) with an upper bound. If & C X with W(X) C & satisfies Condition (), then
(Aj, riier is a directed family in B(«7, d ¢ | o7xr) and has an upper bound. So we conclude

B(X.d) B(X.d)
that \/ (A;,r;) € B(«/,dr). By Proposition 20, we have that \/ (A;, 1) = (cle({J;¢; (Ai +
iel iel
i = Nier 7)) Nier 7). Then clg(Uier (Ai +1i — Nigr 1)) € @/, and thus clg({U;¢; (Ai+1i —
B(clL(¥(X)).dL)
Nier 1)) € el (¥ (X)). Hence V (Ai, 1) = (clg(Ujer (Ai + 1 = Nicr ))> \ies i)~ Part
iel
(1) of Definition 9 is then a trivial consequence. Therefore, (cl (¥ (X)), dr) is a local Yoneda-
complete quasi-metric space. (|
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Proposition 23. Let (X,d) be a quasi-metric space. Define a mapping ¢ : X —> clp (V(X)) as
follows:

VxeX, ¢(x)=,(x0).

Then ¢ is a Y-continuous mapping.

Proof. Let (x,71), (y,s) € B(X, d) satisfying (x, 1) f‘ﬁ (9,5). Then d(x,y) <r —s.1f (a,m) € | (x,0),
then d™((a, m), (x, 0)) = 0, and thus

/\ AT (@ m), (b,m) <d"((a,m), (,0) <d((x,0),(,0) <7 —s.
(b€l (3:0)

Hence \V A dt((a,m), (b,n)) <r—s.So we conclude that
(a,m)e| (x,0) (bn)el (,0)

dL(\L(x> O)’ \L(y’ O)) <r—s.

Therefore, (| (x, 0), r) <% (| (y,0), s). This shows that B(Z)(x, r) <% B(Z)(y, ).

Let (x;, 7;)ier be a translational complete directed family in B(X, d) with supremum (x, ). Then
r= Nies ti» and (J (xi,0), 7i)ies is a directed family in B(clf(W(X)), dr). Since (x;, r;) <d* (x, 1)
for any i € I, we have that ({ (x;, 0), ;) 5dL+ (I (x,0),r) for any i € I. Let (B, s) € B(cl (V¥ (X)), dr)
such that ({ (x;, 0), ;) 5dL+ (B,s) for any i € I. Then s < A\;.; 1i» and (x;,7;) € B4 s for any i € I.
Since B + s is a g-closed set, we have that (x, r) € B+ s. Then (x,r —s) € B, and thus | (x,r —s) C

N B(clL (W(X))dL)
B. Therefore, ({ (x,0), 1) <" (B, s). So we conclude that \ (4 (x1,0), 1) = ({ (x, 0), 7).
This shows that B(¢) is Y-Scott continuous, and hence ¢ is a Y—cl:f)lntinuous mapping. O

Proposition 24. Let (X, d) be a quasi-metric space. Then X = cp(W(X)).

Proof. By Proposition 21, we have that X satisfies Condition (x). Obviously, W(X)C X.
Then ol (¥ (X)) € X. Let AeX. By Proposition 22, we have that (cI (¥ (X)),dr) is a local

Yoneda-complete quasi-metric space. It follows from Proposition 23 that there exists (M, s) €
B(cl (W (X)), d) such that clg(B(¢)(A)) = | (M, s). Thens=0and A C M. Let

B={(Z,1t) e BX,d) | dy(Z,A) <t} NB(cl (¥(X)), dy).

Then % is a g-closed subset of B(clL (W(X)), d). Since B(¢)(A) € %, we have that cly(B(¢)(A)) €
2. Then (M, 0) € 4, and t}Alus d (M, A) = 0. So we conclude that M C A. Therefore, M = A €
clp (W (X)). This shows that X = cI; (¥ (X)). O

Corollary 25. Let (X, d) be a quasi-metric space. Then (X, d) is a local Yoneda-complete quasi-
metric space.

Proof. Immediately from Propositions 22 and 24. O

Proposition 26. Let (X, d), (X, d ) be two quasi-metric spaces, and f : X — X be a function. Then
B(f) is a Y-Scott continuous map if and only if B(f) is continuous with respect to the g-topology.

Proof. Only-if direction. Let C be a g-closed subset of B(X/, d ). Then (B(f))_l(C) is downward
closed. Let (x;, 1i)icr be a translational complete directed family in (B(f ))~(C) with supremum
(x, 7). Then (f(x;), ri)ier < C. Since B(f) is a Y-Scott continuous map, we have that (f(x;), ri)ies
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is a translational complete directed family in B(X/, d/), and \/;¢; (f(xi), ri) = B()(x, 1) = (f(x), 7).
Then (f(x), r) € C, and thus (x, r) € (B(f))~!(C). Therefore, (B(f))~!(C) is a g-closed set. This
shows that B(f) is continuous with respect to the g-topology.

If direction. Let (x1, 1), (x2, r2) € B(X, d) satisfying (x1, 1) §d+ (%2, 12). Clearly, (f(x2),72) €
1 (f(x2), 2), and therefore, (x3,12) € (B(f))’l(i(f(xz),rz)). Since | (f(x2),r2) is a g-closed set,
so is (B(f)) ™ (L (f(x2), 12)). Thu/s, (x1,71) € B()) (L (f(x2), 2)), which implies (f(x1),71) €
L(f(x2), 72), whence (f(x1), 1) <4 (F(x2), 72).

Let (x;, 7i)ier be a translational complete directed family in B(X, d) with supremum (x, r).
Then (f(x;), i) <d”® (f(x),r) for any i € I. Let (y,s) be an upper bound of (f(x;),7;)ic;. Then
(f(xi), 1) € L (3, 5) for any i € I, and thus (x;, ;) € (B(f)) "1 ({ (3, 5)) for any i € I. Obviously, | (y, s)
is a g-closed set. Then (B(f))~1({ (3, 5)) is a g-closed set, and thus (x, r) € (B(f)) ' ({ (3, 5)), that i,
(f(x),7) <d* (9, 5). Therefore, \/,.; (f(x), ;) = (f(x), r). This implies that (f(x;), r;)ier is a trans-
lational complete directed family in B(X/, d/). So we conclude that B(f) is a Y-Scott continuous
map. O

Theorem 27. Let (X,d) be a quasi-metric space. Then (X, d) is the local Yoneda completion of
X, d).

Proof. Let (X,d) be a local Yoneda-complete quasi-metric space, and f:X —>X bea Y
continuous mapping. For all A in X, there exists a unique (ya, ra) € B(X,d) such that
cle(B(f)(A)) = | (ya, r4) and r4 = 0. Define a mapping f* : X — X as follows:

VAeX, f*(A)=ya.

Then f* is well-defined.
Claim 1. f*o ¢ =f.
Let x € X. Then f*(¢(x)) =f*({ (x, 0)). Since

cle(B(f)(} (x,0))) = clg({(f (), ) | (3> 5) <" (x,0)) = L (f(x),0),
we have that f*(| (x, 0)) =f(x). Then f* o ¢ =f.

Claim 2. f* is a Y-continuous mapping.
To prove this claim, we show that B(f*) is Y-Scott continuous and then use Proposition 4.

Let (Bi,7), (Ba,s) € B(X, ¢A1) satisfying (B, r) faJr (B, ). Then By +rC By + s, and thus B; +
r — s C By. Therefore, B(f)(B; +r —s) € B(f)(B), and so we conclude that clg(B(f)(B; +r —
s)) € cly(B(f)(By)). Since clg(B(f)(B1)) = | (¥8,,0), clg(B(f)(B2)) = | (¥, 0), and cl(B(f)(B1 +
r—s)) = clg(B(f)(B1)) + (r — s), we have that (yp,,r —s) §d+ (yB,>0). Then d/(yBI,yBZ) <r-—s.
This shows that B(f*)(B, r) <?" B(f*)(B,, s).

B(X,d)

Let (Aj, ri)ier be a translational complete directed family in B(X, cAi) satisfying \/ (A i)
iel
B(X.d)
exists. By Proposition 21, we have that \/ (A;, ;) = (clg(U;c; (Ai +1i — Nier 1))> N\ier 1)
iel
Next, we shall prove that
B(X.d) B(X,d)
B \/ @)= \/ B(F)Ain),
iel iel
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B(X.d)
that is, (f*(A), Niegr)= V (f*(Ai),r), where A=cly({J;c; (Ai+7i— \jgy7i)). Since
iel
(A1) §d+ (A, N\jerri) for any iel, we have that (f*(A;),r;) §d+ (f*(A), N\jerri) and
(f*(Ai), ri)ier is a directed set. Since (X, d) is a local Yoneda-complete quasi-metric space, we
B(X\d) ,
have that \/ B(f*)(A;, ;) exists, denoted by (y, A ;c; 7:). Thus (y, N\;e; i) <d”® (f*(A), Nier i)
iel

which implies d (y, f*(A)) = 0.

Since (f*(A1), 1) <" (%, Ay i), we have that (F*(A), ri — )\
From this, we may conclude

ic1 1i) §d+ (y,0) for any i e I.

B(f)(Ai+1i — Nicr i) S clgB)(A;i+1i — Njer 1)
=cly(B(f)(A)) +r1i — Nier 1i
= (" (A, 0) +ri — Nigr i
=LA, ri — Nier 1)
Sl(,0)

for any i € I. Since B(f) is a Y-Scott continuous mapping, it follows from Proposition 26 that
B() (L (3, 0)) is a g-closed set. Hence, A = clo(U;c; (Ai +1i — Njer i) € BE)) 1L (3, 0)),
and thus clg(B(f)(A)) € | (y, 0). By the definition of f*, this implies | (f*(A),0) € | (y,0), and
therefore, (f*(A),0) §d,+ (y,0), which implies du“(f*(A),y) =0. Together with d,+(y,f*(A)) =0
from above, f*(A) = y follows. Therefore, B()\(]d ) (f*(Ai), i) = (f*(A), \je; ri)- Hence f* is a Y-
continuous mapping. “

Claim 3. f* is a unique Y-continuous mapping such that f* o ¢ =f.

Suppose that there exists a Y-continuous mapping g : X — X such that got=f.Let €=
{AeX|f*(A)=g(A)}. Then ¥ CX C X and ¥(X) C %. Next, we shall prove that ¥ satisfies
the Condition (x). Let (A;, r;)ics be a directed family in B(%, d_» |¢x% ) with an upper bound
(B,s). By Propositions 20 and 21, we have that B(<(/)d) (A, ri) = (A, \jey i) and A € X, where
A =clg(Ujer (Ai +1i — ey 11)). Obviously, (A;, r; Iil/\iel ri)ierc is a Cauchy weighted net in
B(X, d). Let Z € X. Then, d(A;, Z) < d(A;, A) + d(A, Z) <7; — N i + d(A, Z) for any i € I, and
thus oAi(Ai, Z)—1i+ Nier i < cAi(A, Z) for any i € I. Let s be an upper bound of (cAi(Ai, Z)—ri+
Nicr ri)ier. If s = 400, then cAi(A, Z) <s.If s < +00, then EI(A,-, Z)—rti+ Nies
and thus cAi(Ai, Z) <s+r;— [\; ri for any i € I. Hence, (A;, i + 5) §a+ (Z, Nier
and so we conclude that (A, /\;.;7i + ) §a+ (Z, \iej 1i)- This implies cAi(A, Z) <s. Therefore,
Vier (;i(Ai, Z)—ti+ Nigg i) = c;l(A, Z). By Lemma 2.6 (i) of Ng and Ho (2017), A is the d-limit
of (Aj)ier. Since f* and g are Y-continuous, we have that f*(A) =f*(limy A;) =limy f*(A;) =
limy; g(A;) = g(limy A;) = g(A). So we conclude A € €. It follows from Proposition 24 that X=
(¥ (X)) = €, and therefore f* = g.

Consequently, (X, cAi) is the local Yoneda completion of (X, d). O

ri<sforanyiel,

r;) foranyiel,
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