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Localic Katétov-Tong insertion theorem
and localic Tietze extension theorem

L1 YoNG-MING, WANG GUO-JUN

Abstract. In this paper, localic upper, respectively lower continuous chains over a locale
are defined. A localic Katétov-Tong insertion theorem is given and proved in terms of
a localic upper and lower continuous chain. Finally, the localic Urysohn lemma and
the localic Tietze extension theorem are shown as applications of the localic insertion
theorem.
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Introduction

Let (X, 7) be a topological space, f,¢g : X — R be an upper, respectively lower
semicontinuous function such that f < g, whether we can insert a continuous
function h : X — R such that f < h < g. We consider the famous classical
problem. Katétov [5] and Tong [11] gave the insertion function A in the case
of a normal space, for the further works see [5] and [8]. The solution of the
classical insertion problem dependens seriously on the existence of a point of
the topological space X and on the analytic properties of the real line. On the
other hand, locales have longly been recognized as an important generalization
of topological spaces, a notion which points the study of topological questions
in context where intuitionistic logic rather Boolean logic prevails and in which
spaces without points occur naturally. An excellent exposition of the history of
this generalization can be found in Johnstone’s “The point of pointless topology”
[4]. In this work, it is emphasized that the locale theory is inherently constructive
and methodologically algebraic, all independent of the properties of the “point”.
So it is natural to generalize the above classical insertion problem to the frames
which are independent of the point. While, the first problem we encounter is that
we must choose an appropriate real open locale such that we can define it in any
topos with natural numbers as objects, so we drop out the choice of the open sets
locale Q(R) for real numbers R, but we prefer the constructive real open locale
L(R) defined by Fourman and Hyland in [2]. Corresponding to this, we use the
universal algebra method to give the constructive real upper open locale R, or
the real lower open locale R; respectively, which is not equivalent to the classical
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real upper or lower topology even in the Boolean logic. It is very surprising and
interesting that the corresponding continuous morphism from a locale to R; forms
a locale. This points out that the theory of localic semicontinuous functions is
more general and interesting than that in the classical case even when the locale is
spatial. This also brings another direction to the study, to compare a locale with
its corresponding semicontinuous functions locale. We shall do some work here,
in particular, we will prove the localic Katétov-Tong insertion theorem, its proof
is more constructive and direct and independent of the analytic methods in [5],
[11]). This shows to be more transparent and informative. Moreover, this method
can be applied to any topos with natural numbers as objects, and as it is well
known, this degree of generality is quite relevant to “down to earth” mathematics
in the usual set-theoretic universe.

The contents of this paper is as follows.

Section 1 gives some basic definitions of upper continuous chains, lower con-
tinuous chains and continuous chains. Using the universal algebra point of view,
we introduce the locale Ry, R; and R, and explain the formal forms of upper,
lower and continuous chains. Finally, the locale of lower continuous chains over a
locale is obtained.

Section 2 provides a localic Katétov-Tong insertion theorem, and also gives
another characterization of the normal locale.

In Section 3, the weak and strong form for the localic Urysohn lemma and
Tietze extension theorem are given as corollaries of the localic Katétov-Tong in-
sertion theorem.

1. Preliminaries, localic semicontinuous functions

First, let us recall some facts about frame theory, all these have been described
in [3].

A frame A is a complete lattice with a largest element T (or 14) and a least
element | (or O4) satisfying infinite distributivity laws a A \/ S = V/ cg(a A
s) (S € Aand a € A). A frame homomorphism is a mapping f : A — B
between frames A and B which preserves joins and finite meets. Frames and frame
homomorphisms form a category Frm, its dual category is the locale category
Loc, the objects of Loc are called locales. As frames and locales are the same
objects without referring to morphisms, we will use frames and locales equally
in this paper. Let Sp denote the category of general topological spaces, then
there is an adjoint between categories Sp and Loc by functor €2 : Sp — Loc and
pt : Loc — Sp, where Q(X) denotes the topology of X for every topological space
X and pt(A) = {z : A — 2|z is a frame homomorphism} for every locale A
such that Q(pt(A)) = {¢(a)|a € A}, where ¢(a) = {z € pt(A)|z(a) = 1}. The
corresponding actions on morphisms are natural.

For a locale A, a nucleus over A is just a closure operator j : A — A preserving
finite meets. Then there is a one to one correspondence between the nuclei over
A and the sublocales of A. For a nucleus j : A — A, if there exists an a € A
such that j(b) = a V b for every b € A, then the sublocale A, corresponding to
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j is the closed sublocale of A, and the corresponding frame onto morphism is
denoted by ¢, : A — A,. For every a € A, we define the mapping u, : A — A
by ug(d) =a — b=\{c€ A:aAnc<b} for a nucleus b € 4; it corresponds to
an open sublocale A, ,) of A. For any locale A, let N(A) denote all the nuclei
on A with pointwise ordering, then N(A) is a frame and ¢ : A — N(A) (by
a +— ¢gq) is a frame monomorphism. This frame monomorphism has the following
categorical property: for every frame homomorphism f : A — B, there exists
a frame homomorphism N(f) : N(A) — N(B) (N is a functor) such that the
following diagram is commutative

A L B

Cl lc
Ny X9 vy

and N(f)(ua) = uf(g)- In N(A), ca and uq are complemented for any a € A4,
that is, co A ua = co, = On(4) and ca Vua = c1, = 1n(4)-

Let N*(A) denote all the sublocales of A, then N*(A) = {imj|j € N(A)}.
N*(A) is a co-frame, it is closed under set-intersection and it is anti-order-
isomorphic to N(A). Let O(A) denote all the open sublocales of A, C(A) denotes
all the closed sublocales of A, then A 2 O(A) and for every U € O(A), F € C(4),
let U€, F° denote the complement of U and F in N*(A), then U® € C(A) and
F¢ € O(A). Each sublocale S of A has a closure S, the least closed sublocale of A
containing S. Each sublocale S of A has an interior S°, the largest open sublocale
of A containing in S. For a sublocale S of 4, let =S =[\{F € N*(A): EVS =T},
then —.S is the least sublocale of A such that -SVv .S=T.

A locale A is called normal if, for each pair a,b € A with a Vb = 14, there
exist ¢,d € A such that cAd =04 and cVa=dVb=1y4.

A compact locale, o-compact locale and connected locale are defined classi-
cally. A locally compact locale is just a locale which is also a continuous lattice.
A locally connected locale is just a locale in which every element is the join of
some connected elements ([7]).

Write @ for the totally ordered set of rational numbers throughout the paper.

Definition 1.1. For every locale A, a chain in A indexed by rational numbers,
C = {za}aeq, is called an increasing chain in A, if zo € A for every o € Q and
To < xg whenever a < 0.

An increasing chain C' = {za}qeq is called an upper continuous chain, if
Vg<a @ = Ta is true for any o € Q.

Furthermore, an upper continuous chain C' = {za}qe@ in A is called a proper
upper continuous chain, if \/aeQ To = T, that is, C' is a cover of A.

Dually, we can define descending chain, lower continuous chain and proper
lower continuous chain for a locale in the following.
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Definition 1.2. For a locale 4, a chain D = {ya}qeq in A indexed by rational
numbers is called a descending chain in A, if yo € A for every a € Q and yo > yg
whenever a < (.

A descending chain D = {ya}acg in A is called a lower continuous chain, if
V>a Y8 = Yo is true for any a € Q.

Furthermore, a lower continuous chain D = {ya}ncq in A is called a proper
lower continuous chain, if \/aeQ Yo = T, that is, D is a cover of A.

Write Ry (A) for the set of all the upper continuous chains, R, (A) for the
set of all the proper upper continuous chains, R;(A) for the set of all the lower
continuous chains, R;(A) for the set of all the proper lower continuous chains.

We give an order over R;(A) and R (A), respectively, in the following.

Definition 1.3. For D! = {yl},cq, D? = {y2}acqg € Ri(A), D! < D? iff
yl < y2 for any o € Q.

For C! = {zl}acq, C? = {22}acq € Ru(4), Ct < C? iff 2} > 22, for any
a € Q.

According to the order just defined, Ry (A) and R;(A) become partially order
sets. Let C' € Ry(A), for any a € Q, let yo = 2—q, then D = {ya}aeq is a lower
continuous chain, and this correspondence defines an anti-isomorphism of R;(A)
and Ry (A). So R;(A) and R, (A) have the dual order properties.

First, it is easy to verify that R;(A) is a locale, for D' = {y}aeq in Ry(A),
\VD? = {V,; 4%} and D' A D? = {y} A y2}. The constant chain {0} and {1}
is respectively the least and the largest element of R;(A4). For a € A, denote
[a] = {a} the constant chain, then [a] € Ry(A) and [a] € R;(4). So A is a
subframe of R;(A), in fact, the inclusion map m : A — R;(A) is an equationally
closed frame embedding in [10]. Therefore, we can consider the following problem:

What are the relations between the properties of a locale A, such as
separateness, countableness, covering properties or connectedness, and
those of the corresponding locale R;(A) or R;(A).

This is an interesting topic for which, we think, it will be useful to study locales
or frames. We will do some work in this direction.

Definition 1.4. Let C = {za}aeq € Ru(A), D = {Yatacq € Ri(A), define
C < Diﬁ:ca\/yﬁ = T whenever < ain Q, D < C iff xy Nyq = L for
any a € Q. A pair E = (E1,E3) € Ry(A) x Ry(A) is called a continuous chain
if By < By and Es < Ey. Moreover, if E1 € Ry(A) and Es € Rj(A), we call
E = (E1, E3) a proper continuous chain. In the following, we will see that proper
continuous chains just correspond to continuous functions over a locale.

Write R(A), R(A) for the set of all continuous chains and proper continuous
chains, respectively. For F = (Eq, E3), F = (F1, F2) € R(A), we define E < F
iff F1 > F1, or equivalently, F5 < F» or F1 < F or E5 < Fy. Under this order,
R(A) and R(A) become a poset. In fact, R(A) forms a lattice.
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In [3], Johnstone described and justified a method of specifying locales by
giving generators and relations, and Vickers [12] developed this method by giving
a representation of a frame as same particular universal algebra. Since we shall
use this repeatedly below, let us briefly review some facts.

Let G be a set and R be a set of equations (or inequalities) between frame
words (that is, infinite joins of G or finite meets of G) in the symbols of G. Then
a model of this set subject to the relation R is just a frame A equipped with a
mapping [] : G — A such that for any relation e; = ey in R, [e1] = [ez2], where
[e] denotes the evaluation of expression e in A by mapping []. In particular, the
frame freely generated by G subject to the relation R, denoted by Frm (G| R)
in the sequel, is a model A of the set G subject to the relation R, such that, for
any other model B, there is a unique frame homomorphism 6 : A — B such that
0(ga) = gp for every generator g € G. In [3] or [12], they give a procedure to
describe F'rm (G| R). In [9], Madden uses the method of universal algebra to give
another procedure to describe Frm (G| R). For details, see [3], [9], [12]. We use
this method to define some frames needed in this paper. These frames have tight
connections with real numbers.

Ry = Frm (@(a € Q)|

(1) a<p=a<p
2 \/ B=a),
<o

(1) a<fB=a>p
2 \V B8=a),
a<p
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(1) B=a
B<a

2 \/B=«a
a<fB

(1) B<a=(a,fB) =1
(2) (e, B) A(y,6) = (max{a, v}, min{B, 6})
() a<y<B<i=(x,B)V(,0)=(a,0)
@\ 8 =(as

a<y<6<p
GV (g =T),

a,BeQ

R as a real locale was described by Fourmann and Hyland, Johnstone and
Madden. Classically, it was just the interval topology of real line, but in the point
of view of constructiveness, these two notions are not the same, see [2]. For the
same reason, Ry, R; is the upper topology and lower topology, respectively, of
the real line in the classical sense, but not in the sense of the constructive view.
We choose Ry, R; and R in this paper, as the classical upper topology, lower
topology and interval topology of the real line is not very useful to us.

We can give another equivalent representation of the real locale R in the fol-
lowing, and we use these two representations arbitrarily in our paper.

R = Frm (a,a(a € Q)| the relation (1), (2), (3), (4) in R and

2l
|

GV
ac@
©
a€eqQ

-
2

I
I

where @ = VﬁeQ<67 o), a = VﬁeQ<O‘76> and (a, 8) = B A a.

The following lemma is very useful, its proof is routine and we omit it.
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Lemma 1.1. Let A be a locale, then

(1) C ={rataecq € Ru(A) iff there exists a frame homomorphism f : Ry, —
A such that f(@) = x4 for every a € Q;

(1) C ={za}acq € Ru(A) iff there exists a frame homomorphism f : Ry —
A such that f(@) = x, for every a € Q;

(2) D ={ya}acq € Ry(A) iff there exists a frame homomorphism g : R; — A
such that g(a) = yo for every a € Q;

(2)) D = {ya}tacq € Ri(A) iff there exists a frame homomorphism g : R; — A
such that g(a) = yq for every a € Q;

(3) E € R(A) iff there exists a frame homomorphism h : R — A such that
h(@) = zL and h(a) = 22 for every a € Q, where E = (Fy, Es), E; =
{28 }acq fori=1,2 and E1 € Ry(A), B2 € Ry(A);

(3) E € R(A) iff there exists a frame homomorphism h : R — A such that
h(@) = zL and h(a) = 22 for every a € Q, where E = (Fy, Es), E; =
{28 }acq fori=1,2 and E1 € Ry(A), B2 € Ry(A);

Consequently, (proper) upper continuous chains, (proper) lower continuous
chains and (proper) continuous chains are just generalizations of upper semi-
continuous functions, lower semicontinuous functions and continuous functions in
the general sense. In the sequel, we also use function forms of upper or lower
continuous chains.

We give some general results on the comparison of a locale A and its corre-
sponding locale R;(A) without proof.

Proposition 1.1. A locale A is o-compact iff for every proper lower continuous
chain D = {ya}ac there exists an a € Q) such that yo = T.

Proposition 1.2. A locale A is locally compact iff R;(A) is locally compact.

Proposition 1.3. Let A be a locale, then

(1) A is connected iff Rj(A) is connected;
(2) A is locally connected iff R;(A) is locally connected.

Proposition 1.4. Let A be a locale, then A is a spatial locale iff Rj(A) is a
spatial locale.

In fact, the points of R;(A) have the following structure.

Proposition 1.5. Let A be a locale, x € pt(A) and D a nonempty upper subset
of Q. Define PP : Rj(A) — {1, T} by

PP ({yatacq) = V{z(ya) | € D}
for any {yYatacg € Ri(A), then PP € pt(R;(A)) and the points of R;(A) are
just these forms.
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2. Localic Katétov-Tong insertion theorem

First, we prove the localic Katétov-Tong insertion theorem (abbreviated to inser-
tion theorem) related to R.

Theorem 2.1. A locale A is normal iff for every upper continuous chain f :
Ry — A and lower continuous chain g : R; — A with f < g, there exists a
continuous chain h : R — A such that f < h < g.

ProoF: Sufficiency. Let a,b € A with a Vb = 14, then [a] € Ry (A4) and [b] €
R;(A) such that [a] < [b], then from the condition of this theorem there exists
a continuous chain E = (F7, E9) such that [a] < E < [b], hence [a] < E2 and
E1 <[b]. Let ¢ = Ey = (1), d = E3(1), then [a] < B = [a](2) V E2(1) = T, that
is,avd=T, F; <[b = E1(1) V[](0) = T, that is, bVe = T; B < Fy =
E1(1) A E2(1) = L, that is, cAd = L. So A is a normal locale.

For the necessity, we need some auxiliary lemmas which themselves are inter-
esting for the locale theory.

Lemma 2.1. A locale A is normal iff for any pair of closed sublocales E, F', if
ENF = 1, then there exists an open sublocale U such that E C U and FNU = 1.

For S,T € N*(A),if SAT = SAT = L, then we call S and T separated in A.

Lemma 2.2. Let A be a normallocale, D = \,,c Un and H = \/,, oy Fy, where
Upn € O(A) and F,, € C(A) for any n € N, such that -DANH = 1. = =D A H,
then there exists an open sublocale V such that H <V <V < D.

PROOF: As -DAH = 1 and H = Vnen Fr, we have —-D A F, = 1 for any
n € N. By Lemma 2.1, there exists an open sublocale V}, such that F,, <V}, and
VN =D = 1 for any n € N.

Similarly, as “D A H = L and D = A, cn Un, we have U A H = L for any
n € N and by Lemma 2.1 there exists an open sublocale W,, such that US < W,
and W,,NH = L.

Let Vri =V —V?=1 Wiv erz =Wn— V?:l vnv W= VneN erw V= \/neN Vr,w
then we have: US < W, and U5 AP, V; < =D AV, V; = L, that is, US <
W) = Wy, — VIV, thus US < W, which is equivalent to W¢ < U,. Hence,
we < D.

Similarly, since F,, < V;, and F, A\, W; < HA V], W; = L, we have
F, <V} <V. We deduce that H < V.

We have WNV =V, cn Vinen Wh AV and W0V = Wy N Vi =\ ViV

;nzle = 1, thatis, WNV = L. Hence V < W€,
Thus H <V <V <W¢<D. 0

Lemma 2.3. For a locale A and a,b € A,
(1) =(a Vb) = —~a A —b, and
(2) if b has a complement b¢ in A, then =(a A b) = —a V b°.

The proof is trivial, we omit it.
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Lemma 2.4. Let f € Ry(A), g € Ri(A). If f < g, then for any a € Q, —gla]
and \/{f[0] : @ < B} are separated, where gla] = N{g(8) : B < a} in N*(4),
f18] =~f(8).

PROOF: Let us first show a general inequality, that is, f[a] < g[a] for any « €
Q. For any v < a, since f < g, we have f(a) V g(y) = T. It follows that
fla] = f(@)€ < g(y). Since this inequality is true for any v < « in @, we have
fla] < gle] = AN{g(v) : v < a}.

Write E = —gla], F = V{f[f] : « < §}. For any 8 > « in @, we have
f(a) < f(3) and thus f[G] < f[a], therefore, F < fla] = f[a] < g[a], and then
F°Vgla] = T. Since F* is the complement of F in N*(A) and N*(A) is a co-
frame, from the dual forms of Lemma 2.3(2) we have 1. = =T = =(F“ V g[a]) =
F A —gla], and since F° = F, we have F A —gla] = L.

On the other hand, for any 8 > «, f[8] < ¢[0] < g(a) < g[a], hence F < g(a) <
gla]. Since —g[a] < g(a)¢, we have —gla] < g(a)¢ = g(a)¢, hence —g[a] A F <
g(a) A g(a)® = L, that is, ~g[a] A F = L. Therefore, —g[a] and V{f[5] : 8 > a}
are separated. ([l
PROOF OF NECESSITY IN THEOREM 2.1: Since () is countable, we can index it
by natural numbers, say Q = {a; : ¢ € N}. For any o € Q, let gla] = A{g(8) :
B <a}, flo] = f(a) Gy = V{fla] : s < o}

First, let us define Uy, € O(A) inductively so that

(a) G; < Uy, SE < glov],

b) oy < o = Uaj < Uy;-

For i = 1, since glaq] = A{9(B) : B < a1}, G1 = V{fle] : a1 < a} and —g[aq]
and (51 are separated by Lemma 2.4. Furthermore, as () is countable and due to
Lemma 3.2, there exists a Uy, € O(A) such that G1 < Uy, < Uy, < glaq].

Now suppose that, for any ¢ < k € N, U,, is well-defined and satisfies the
conditions (a) and (b). We choose Uy, € O(A) as follows.

Let Jo={i€ N:i<kand oy <oy}, J1 ={j€N:j<kando; <oy},
E =GV (\{Uy : i € Jo}), H= glag] A (AN{Uq, : j € J1}). Then E and
~H = —glag] vV (V{Us, : j € J1}) are separated. This is because

(1) by Lemma 2.4, G} and —g[ay] are separated;

(2) by condition (b), \/{Us, : i € Jo} and V{Ug, :j € J1} are disjoint closed
elements;

(3) by condition (a), if j € Ji, then G, < flog] < Gj < Ua,, hence Gy, <
MU, : j € J1} and thus G, and VAUS, : j € J1} are separated;

(4) if j € Jo, then Uy, < g[oy] < (g[ar])® < glaw], hence —glay] and \/{U,, :
i € Jo} are separated.

Thus, we have shown that F and —H are separated. Since () is countable, F
and H satisfy the condition of Lemma 2.2 and there exists a Uy, € O(A) such
that £ < Uy, < T«k < glag]. Observe that a; < ay implies T«k < Uq,; and
oy < oy implies Uq,; < Ugy,,-
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We thus complete the inductive procedure.

Let Co), = NMUa; : @j < ag}y Doy, = V{Uq, : @j > oy}, then it is obvious
that Co,, = A{Cq; : aj < ag} and Do, = \/{Dq, : aj > g }. Furthermore, we
have:

(A1) flayg] < Coy, and Dakgg(ak
aj < ag, flag] < Gy < Uy, hence flag] < Cq,, and similarly, for any a; > oy,
Ua; < g(ag), and hence Dq, < g(ag).

(A2) Dy, < Cq, for any k € N. This is because, if a; > ap > «aj, then
Uqy, < Uaj and thus Uy, < T,j, hence Dg, < Cq, .

(A3) If aj < oy, then Co) < Dqj, that is, A{Us,; : a; < g} < V{Uaq, :
a; > aj}. This is because, if a; < oy, then there exists a;,aq € @ such that
o < oy < ag < oy, hence A{Uq, : 0 < ag} < Uny < Uqy < \V{Ua; @ a5 < o4},
that is, Co,, < Dy, .

Let 21 = Cgk, = Dy, E1 = {Zak}akGQv Ey = {Zak}akeQ Then, as just
proved, E1 € Ru(A) and Eys € Ri(A), E1 < Ea, By < Fp, f < Ej and Ey < g.
Let h = (F1, E2), then h € R(A) and f < h <g.

The proof of necessity is thus complete. O

Remark 2.1. For a normal locale A, if f € Ry (A) and g € R;(A) such that
f < g, according to Theorem 2.1 there exists an h € R(A) such that f < h < g.
We can find h even as a proper continuous chain, but the proof of Theorem 2.1
is not applicable. We give a proof in the following.

In order to avoid confusion, we write @, a*, a, a, for the generator of R (A),
Ru(A), Ri(A), Ri(A), respectively, for any a € @, in the sequel.

We need some mappings, e, : Ry — Ru, € : Rj — Ry, dy : Ry — Ru,
d:R; —Rjandd: R — R in the sequel, they are defined on their generators
by, for any o € Q, ey(@) = a™; ¢j(a) = ay; dy(@*) =T ifa>1, Lifa<0
and a if 0 < a < 1; dj(ax) = Tifa< 0, Lifa>1and aif 0 < a < 1
d = (dy,d;). Then it is routine to verify that these mappings satisfy all the
relations corresponding to their domains, so ey, €, dy, d; and d are well-defined
frame homomorphisms. We will fix these symbols to denote these mappings in
the following.

We need the following trivial result.

Lemma 2.5. (1) Let f1, fo € Ry(A), then f1 < fo iff N(f1)(ug) < N(f2)(ug)
for every a € Q.

(2) Let g1,92 € Ry(A), then g1 < g iff N(g1)(ua) > N(g2)(ua) for every
a € Q.

Theorem 2.2. For any locale A, A is normal iff for every proper upper continu-
ous chain f : Ry, — A and for every proper lower continuous chain g : R; — A
with f < g there exists a proper continuous chain h : R — A such that f S h<g.
ProoF: Sufficiency. Let a,b € A with a Vb = 14, then [a] € Ry(A) and [b] €
Ri(A) such that [a] < [b], then [a] o dy, € Ryu(A) and [b] o d; € R( ), and

) for any k£ € N. This is because, for any
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from the definition of d, and dj, it is obvious that [a] o dy, < [b] o dj, that is,
[a] o dy(B*) V [b] o dj(cx) = T provided that o < § in Q. From the condition
of the theorem, there exists a proper continuous chain E = (E1, E9) such that
[a] o dy, < E < [b] ody, hence [a] ody, < F3 and Ep < [b] od;. Let ¢ = F1(1/2%),
d = E9(1/24), then [a] ody < Eo = [a] o dy(1%) V Ea(1/24) = T, that is,
aVd=T; By <[blod, = E1(1/2%)V [b] o dj(0+) = T, that is, bV ¢ = T;
Ey < Ey= E1(1/2*) ANEa(1/24) = L, that is, cAd = L. So A is a normal locale.

Necessity. Let A be a normal locale, and f € Ry (A), g € R;(A) with f < g,
then from Theorem 2.1 there exists a continuous chain h € R(A) such that foe, <
h < goe. Let us define h : R — A by h({a, 3)) = h(a) A k() on the generator
of R. Then h satisfies the relations (1)-(4) in R, we shall check that h satisfies
also the relation (5) in R i.e. that (Vo gegla: B) = Va peq M, 8)) = T.

First, we check the following facts:

(a) ug < Vgeg cp for every a € Q:

Since caVVseq 3 = Ve a8 = Vpeq avs = Vi<a cavp = Vioza o7 =
1n(R), that is, cg V vﬁeQ cg = T, we have ug = ug A IyR) = ug A (cg V
Viseq Cﬁ) = (ua A ea) V (ua A Vpeg Cﬁ) =ug A Vpeg cg. Hence ugy < Vseq cg-

(b) ca < ug for every o € Q:

Since ca A\ cg = C(anm) = ¢1 = On(R), We have ug = uz VO (R) = (ug V ca) A
(ug V cg) = ug V co. Thus co < ug.

From (a), (b) we have V,coca < VacgUa < VaecgCar 50 Vaequa =
Vaeg ca- For the same reason, we can deduce that \/,cq tar = Veq Car-

Thus

NGB\ ca) = NB(\ va) = \/ N()(ug)
aceQ aeQ e

(from f o ey < h and Lemma 2.5, we thus have)

> \/ N(foeu)(ua) =\ N(H)(N(ew)(wa)) = \ N(f)(ue,@)

a€Q ac@ aeq@
= \/ N(H)(ua) = N(H)(\ tar) = N(H(V car) = N(ey,cga*)
ace@ a€Q acq@

= N(f)(eT) = cpm) =14

Hence h(Vega) = = N(h )(cv eQa) = N(h)(Vaeq ca) = €1, as ¢ is an order-
embedding, so %(\/aec) a)=1y4.
Similarly, we can show that ﬁ(\/aeQ a)=1y4.
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We thus deduce that h(\/aﬂeQ<a,ﬂ>) = \/075662 h(<0&,6>) = \/OC,QEQ TL(Q) A

h(B) = Vaeq M) A Vaeq M@ = h(Vaeq @) NV agq@ = TAT =14.
From the proof above, we know that h is a proper continuous chain. Further-

more, from foe < h < goe, we can easily deduce that f < h < g, and thus the

proof of necessity is complete. O

Remark 2.2. For f, g and h in Theorem 2.2, even if pt(f), pt(g) can attain
the value —oo or +o0, pt(h) gets values only in R since h is continuous. In
particular, for a spatial locale A (the definition can be found in [3]), if f is not
the least element in R, (A), g is not the largest element in R;(A), then the above
localic insertion theorem just corresponds to the classical Katétov-Tong insertion
theorem.

3. Localic Urysohn lemma and Tietze extension theorem

As applications of Theorems 2.1 and 2.2., we give the localic Urysohn lemma
and Tietze extension theorem. Their proofs are very easy.

Theorem 3.1 (Localic Urysohn lemma).

(Weak form) A locale A is normal iff a Vb = T implies that there exists a
continuous chain E = (E7, Es) such that E1(@) < a and Eo(a) < b for any
a € Q.

(Strong form) A locale A is normal iff a Vb = T implies that there exists
a continuous chain E = (FEjp, E2) such that E1(a) < a and E9(a) < b for any
0<a<ling@.

PROOF: Necessity of the weak form. aV b= T implies [a] < [b], where we regard
[a] as an upper continuous chain and [b] as a lower continuous chain. Then from
Theorem 2.1 there exists a continuous chain E = (Eq, F) such that [a] < E < [b],
hence [a] < Ej and E5 < [b], that is, Eq(a) < a and Ee(@) < b for any « € Q.
Sufficiency of the weak form. Supposing that a,b € A such that avb = T, then
as assumed, there exists a continuous chain F = (E1, F2) such that F1(a) < a

and Ea(@) < bforany a € Q. Fix a < 0 < fin @, and let ¢ = E1(0), d = E2(9).
Then cAd = 1L and cVb > E1(0)V Ea(a) = T,dVa = E1(B)V E2(8) = T, hence
A is a normal locale.

The proof of sufficiency of the weak form is also applicable to that of strong
form, we only restrict 0 < a < v < 8 < 1. For the necessity of the strong form,

we only replace [a] by [a] o dy, and [b] by [b] o d; in that of the weak form. O

Theorem 3.2 (Localic Tietze extension theorem).

(Weak form) For any locale A, A is normal iff for each closed sublocale A, of
A which corresponds to ¢q : A — Aq by cq(b) = a Vb for every b € A, and for
every continuous chain f : R — Ag, there always exits a continuous extension
g:R— Aof f,thatis, f=cqo0g.

(Strong form) For any locale A, A is normal iff for each closed sublocale A,
of A which corresponds to ¢, : A — Ag,, and for every proper continuous chain
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f: R — Aq, there always exits a proper continuous extension g : R — A of f,
that is, f =cq0g.

Proor: Sufficiency of the weak form. Supposing that a Vb = T, considering a
closed sublocale A, ap of A, we can define f1 = [a], fo = [b]. Then f1 € Ry (Agnp),
f2 € Ri(Agnp) and f1 < fa, fo < f1,s0 f = (f1, f2) is a continuous chain in A xp.
As assumed, there exits a continuous chain g = (g1, ¢92) in A such that f =cgo0g.
Fix an o € Q, let ¢ = ¢g(@), d = g(a), then aV g(a) = aV (a Ab) V g(a) =
aV (cgppog)(@) =aV f(a) =aVb=T. Similarly, bV ¢ = T, so A is a normal
locale.

Necessity. Assuming f : R — A, is a continuous chain, let us define f, :
Ry — Aby fu(@) = f(@) for every a € Q. Then, obviously, fi, € Ry(A) and the

following diagram is commutative:

!

R —— A,

Ty T Tca
R fu
where iy, : Ry, — R is defined by iy (@) = @.
We can similarly define another frame homomorphism f; : R; — A by f;(a) =
f(a) for every o € Q, then f; € R;(A) and the following diagram is commutative:

f

R —— Ag

i| [

f1

R ——

where i; : R — R is ij(a) = a.

Then for a < 3 in Q, fu(B)V fula) = F(B)V fa) = F(BVa) = F(T) =14, 50
fu < f1. From Theorem 2.1, there exists a continuous chain g : R — A such that
fu < g < f1. The verification of ¢, 0 g = f is routine and we omit it.

Similarly, we can prove the strong form analogously as the strong form of the
Urysohn lemma. ([
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