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Abstract. This paper concerns sub-topolocales as a generalization of subspaces which are determined by
their lattice of open sets. We first study topolocales (dual of topoframes), and sub-topolocales with the
connectivity properties of them. Then we show that every sub-topolocale of a regular (resp., completely
regular) topolocale is regular (resp., completely regular). Finally, we show that sub-topolocales of a normal
topolocale are not necessary normal unless we rewrite this for the special cases.

1. Introduction

Modern topology originates, in principle, from Hausdorff’s “Mengenlehre” [16] in 1914. One year
earlier there was a paper by Caratheodory [7] containing the idea of a point as an entity localized by a
special system of diminishing sets; this is also of relevance for the modern point-free thinking. The category
of locales as a substitute for the category of topological spaces was introduced by John Isbell (see [17]).
Of course, the idea of regarding frames as generalized topological spaces is a good deal older than this
(see the works of Menger [19], and McKinsey and Tarski [21] in the 1940s). Then many authors [1-6, 8-
11, 14, 15, 20, 22] have worked on variants of the idea. Frames (pointfree topologies) are complete lattices
in which the meet distributes over all joins. In general, there are two different approaches to pointfree
spaces and subspaces. In [12] and [26], we developed the theory of frames (pointfree topology), since we
need it for introducing an f-ring. For this, by embedding a frame 7 in a larger frame L in order that all
members of T are complemented in L, we get a pair (L, 7) called a topoframe. This is the second version of
pointfree topology. In a topoframe (L, T), we have both open and closed elements (the members of 7 and
their complements, respectively). So the extensive category of topoframes is actually generalized pointfree
topology (see also [25]).

When one adopts a localic formulation of topology, sublocales of a locale are of central importance
because they correspond to subspaces. In locale theory, the class of all sublocales of a locale as an extension
of a subspace is more important; for instance, the closure of a sublocale S is defined as the least closed
sublocale containing S (see [23]). In this paper, we define a sub-topolocale whose definition is similar to
that of a sublocale (to compare, see 2.2(2) and 3.3(4)). But here, we regard a sub-topolocale as a class of
open elements, closed elements and others, and therefore a sub-topolocale is itself a new pointfree form
of subspaces. However, one might view the class of all sub-topolocales of a topolocale as an extension of
subspaces in future.
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We now briefly summarize the established topolocale theory.

In Section 2, we collect a few facts that will be relevant for our discussion.

In Section 3, we first define a sub-topolocale as the image of a topo-nucleus on a topoframe. Then, to
obtain two types of sub-topolocales, we divide the topo-nuclei on a topoframe according to whether they
are kernel or closure operators. This section terminates in the fact that the open and closed elements of a
sub-topolocale of a topolocale (L, T) are signified by the open and closed element of (L, 7), respectively.

In Section 4, we define connective topoframes (topolocales) and connected elements of a topoframe.
Meanwhile, we find the relation between a dense topo-nucleus and a dense sub-topolocale so that this is in
some sense fairly well understood, that is dense sub-topolocales are actually a mirror of dense subspaces.

Finally, in Section 5, preserving some structural properties of a topolocale such as regularity, complete
regularity and normality by the respective topo-nuclei will be considered.

2. A Bit of Background

Recall that a frame L is a complete lattice in which the infinite distributive law

a/\\/S:\/(aAs)

seS

holds for alla € L and S C L. We denote the top element and the bottom element of a frame L by 1; and 0,
respectively. A frame map is a map between frames which preserves finite meets, including the top element,
and arbitrary joins, including the bottom element. An element a of a frame L is said to be coprime if a # 0
anda <xV yimpliesa<xora<y.

Definition 2.1. ([18]) A nucleus on a locale (frame) A is a function j : A — A satisfying
(i) j(a A b) = @) A j(b)
(i) a < j(a)
(iif) j(j(@)) < j(a)

foralla,b e A.

Proposition 2.2. ([18]). Let j : A — A be a nucleus on a locale A. Then
1. the members of A which are fixed under j are exactly the members of j(A), and denoted by A;. That is

jA)={acAlja) = al}.
2. Ajis a frame called a sublocale of A and j : A — Aj is a frame epimorphism.

A topoframe is a pair (L, T), abbreviated L., containing a frame L with a subframe 7 all of whose elements
are complemented in L (see [12] and [26]). For any topological space X, (P(X), O(X)) is a topoframe, where
O(X) is the lattice of open sets of X considered as a subframe of the power set P(X). A Please, prepare the
paper in Filomat format STRICTLY following instructions in the attached template and upload (and send
to me, too) Please, prepare the paper in Filomat format STRICTLY following instructions in the attached
template and upload (and send to me, too) topoframe map f from a topoframe (L1, 71) to a topoframe (L, 7)
is a frame map f from L; to L, with the property f(71) C 7. Each member of 7 is called open and each
member of 7/ := {t’ | t € 1} is called closed.

Definition 2.3. ( [25]) If (L, 7) is a topoframe and p € L, the closure of p in L is defined by

Clin@ =p=/\lge ' Ip<q),

and the interior of p is defined by

Into(p) =p° = \/{t et|t<p}.
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Proposition 2.4. ([25]) Let L, be a topoframe. Then for every p, q € L, the following properties hold.
1.0=0"=0and1=1°"=1.
2. Ifp<q,thenp <qgandp°® <q°.
3. p<pandp® <p.
p=pand (p°) =p°.
5. petifandonlyifp =p,and p € T if and only if p = p°.

Vg=pVgand(pAq)° =p°Aq°.

*
S

Mimicking the contruction of the f-ring operations on R(t) := Hompg,,(O(R); T) by Ball and others
[1, 2]-or those on the systematic version of R(t) by Banaschewski [3], we showed in [12] that the set of “real-
continuous functions” R(L.), consisting of all frame homomorphisms f : P(IR) — L such that f(O(R)) C 7,
with the operator ¢ € {+, ., A, vV} defined by

(fonX) = \/IfNAg@) | YoZCX),

where
YoZ={yoz|yeYzeZ},

or, equivalently,

(f o )X) = \/1f(eh A gllyh) [ x o y € X) (1)
is a sub- f-ring of R(1).

Definition 2.5. ([13]) For every f € R(L:), f({0}) is called the zero-clement of f and denoted by z(f). Also the
cozero-element of f is defined by coz(f) := z(f)’.

Let L be a lattice. We say that an element a € L has a pseudo-complement if there exists a largest element
a* of L such thata A a* = 0. An element a of L is said to be rather below an element b, written as a < b, if
there is an element s such thata As = 0 and s V b = 1; in other words, a* V b = 1. For any x,t in a frame L,
we say that x interpolates t and write x << ¢, if there exists a trail {a;}ie[0,1jn@ € L such thatay = x, a; = t and
for every p,q € [0,1]1NQ withp < g, a, < ay.

Lemma 2.6. ([23]) For any frame homomorphism h : L — M, a < bin L implies h(a) < h(b) in M, and consequently
a <<b = h(a) << h(b).

Definition 2.7. ([25]) Let 7 be a topoframe on L. For any a € L, define
at = \/{tev:la/\t:O}.

Lemma 2.8. ([25]) Let L, be a topoframe. Then

1. foranyaet,at =a = @) = (@)°,
2. ifa,ber, thena<bifandonlyifa <binr,

where the peudo-complement of a is formed in 7.
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Proof. 1. Using Proposition 2.4, we have a A (7)’ <a A (a)’ = 0. So (1)’ belongs to the set
{tet|ant=0}.

On the other hand, let t € 7 in order that a At = 0. Then a < t’ by the distributiviy of L, and 2 < V=t by
Proposition 2.4. So t < (4)’, and hence a* = a* = (a)’. Moreover,

@y =\tterit<a)=(\{rerla<t) =@ .
2. Using part 1, wehavea < bifand onlyif (1)’ Vb = lifand onlyifa* Vb = lifand only ifa < bin7. O

The following well-known theorems are stored on the source files in Shahid Beheshti University by
M.M. Ebrahimi and M. Mahmoudi. Also, some results in the next section initiates from their counterparts
in those manuscripts.

Theorem 2.9. Let P, Q be posets considered as categories and let F : P — Q, G : Q — P be functors. Then the
following statements are equivalent:

1. Fis a left adjoint to G.
2. For every (a,b) € Px Q, F(a) < b if and only ifa < G(b).
3. For every (a,b) € P X Q,a < GF(a) and FG(b) < b.

Moreover, these conditions imply
4. FGF = F and GFG = G.

5. GF and FG are idempotent.

Theorem 2.10. Let P, Q be posets and f : P — Q, g : Q — P be order-preserving maps.

1. If Pis a complete poset and f preserves all joins then f has a right adjoint (given by b — \/{a € P : f(a) < b}).
2. If Q is a complete poset and g preserves all meets then g has a left adjoint (given by a — A{b € Q : g(b) > a}).

3. Topolocales and Sub-topolocales

Let X be a topological space. It is known that a subspace of X can be written in exactly one way in the
form (E,{ENV | V € O(X)}) for some E C X. The subspace (E,{ENV | V € O(X)}) is actually a homomorphic
image of (P(X), O(X)) under the idempotent, monotone self-map j := E N (—) on P(X) with j(A) C A for all
A € X. It gives the idea of regarding new topoframes as the homomorphic images of topoframes under
special maps. Such a generalization would yield any new topoframes called sub-topolocales which are
presented in this section.

Let (L,V,A,0,1) be a frame, M a set and j a map from L to M. Then evidently, j(L), under the partial
ordering inherited from L, is a bounded partially ordered set with the bottom element j(0) and top element
j(1). For every subset @ # S of L, define a join \/j(L){j(a) |aeS}:= j(\/L S) and a meet /\j(L){j(a) |aeS}:=
J(A"S), so that (J(L), VIO, AID, j(0), j(1)) is a complete lattice. The arguments for any order-preserving map
that assigns to each element of a poset (partially ordered set) an element of a topoframe are similar as
follows.

Lemma 3.1. Let (L, 7) be a topoframe. Let M be a poset and j be an order-preserving map from L to M. Then

1. j(L) with the definitions \/’®, A/D), j(0) and j(1) mentioned above is a frame;
2. j(7) is a subframe of j(L);
3. (j(L), j()) is a topoframe, and hence we can say j is a topoframe map.
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Proof. By the preceding discussion, it suffices to prove part (3): every subset j(S) of j(t), where S C 7, has
the join j(\/* S) in j(t), since \/" S € 7, and every finite subset j(F) of j(t), where F C 7, has a meet j(\"F) in
j(t), since ALF e 1. Also, every element j(f) € j(t) has the complement j(t') in j(L), since

O AN )y = jt ALY =j(0) and  j(t) VP () = j(t VvE ) = j(1)

for every t € 7. Finally, on j(L) and consequently on j(7) the binary meet distributes over arbitrary joins,
since for everya € L and S C L, we have

(L)

i@ NON/ ) = j@) NP \/ 9)

s€S
L
= j@nt\/s)

L
= j(\/{ﬂ AFs|seS)) since 7 is a frame
(L)
= \tjan"s)ses)
(L) '
= \/lji@ A® js) s € 5).
[

Generalizing the algebraic properties of the pair (P(X), O(X)) of a topological space X, we get the abstract
notion of a topoframe. But what we have overlooked is the fact that for any continuous map f : X — Y
between topological spaces X and Y we have the map f~! : P(Y) — P(X), where f1(A) = {x € X | f(x) € A}
for all A € P(Y), of topoframes in the reverse direction. Because of this reversal direction, and to get a
more direct generalization of the notion of a topology, we consider the opposite of the category TFrm of
topoframes which is denoted by TLoc and its objects are called topolocales.

Since TLoc is the dual of the category TFrm, a topolocale is just a topoframe, but a map between
topolocales (also called a continuous map) is a topoframe map in the opposite direction. In other words, so
long as we are working only with objects, the terms “topoframe” and “topolocale” are synonymous.

Definition 3.2. A topo-nucleus on a topoframe (L, 7) is a function j : L — L satisfying

() j(a A ) = j(@) A j(D)

(i) /(j(a)) = j(a)
foralla,b € L. A topo-nucleus on a topoframe (L, 7) is called a " topo-nucleus on (L, T) (or a nucleus on L),
ifa < j(a)foralla € Land a “\ topo-nucleus on (L, 7), if j(a) < aforalla € L.

Proposition 3.3. Let (L, 7) be a topoframe. Suppose that j is a topo-nucleus on L. Then

1. jis order preserving;

2. the members of L fixed under j, denoted by L;, are exactly the members of j(L);

3. the members of j(t) (resp. j(t")) are fixed under j;

4. (Lj, j(1)), with A" and the join induced by j, is a topoframe which in TLoc we call a sub-topolocale of (L, 7);
5. j: (L, t) — (L}, j(1)) is an epimorphism in TFrm (or a monomorphism in TLoc).

Proof. 1. Since j preserves finite meets.

2.Clearly {a € L | j(a) = a} C j(L). Also, j(L) € {a € L| j(a) = a}, since j(j(a)) = j(a) for every j(a) € j(L). So
j(L)y={aeL] jla) = al}.

3. Since the members of j(L) are fixed under j and j(7) C j(L), the members of j(t) are also fixed under j
and similarly for j(t’).

4. It follows from Lemma 3.1 and that j(a A b) = j(a) A j(b), foralla,b € L.

5.By Lemma 3.1, j : (L, 7) — (L}, j(1)) is a topoframe map. It is clear that j : (L, 7) — (L;, j(7)) is onto,
so that j is an epimorphism of topoframes. [
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Let P be a poset. It is known that an idempotent, monotone self-map 7 : P — P is called a kernel operator
if and only if 7(p) < p, and a closure operator if and only if p < nt(p), where p stands for arbitrary element in
P.

Proposition 3.4. Let (L, 7) be a topoframe and ja ,/ topo-nucleus on (L, t). Then
1. jis a closure operator;
2. j(1)=1

Proof. 1. Since for every a,b € L, j(a A b) = j(a) A j(b), j is order-preserving and since j(j(a)) = j(a), for all
a € L, jis idempotent. Finally, and most importantly, a < j(a) for all 2 € L. Hence j is a closure operator.
2. j(1) = 1, since, by definition, j(1) > 1. O

Proposition 3.5. Let (L, T) be a topoframe and ja ~\, topo-nucleus on (L, t). Then
1. jis a kernel operator;

2. j(0) =0.

Proof. 1. Trivial.
2. j(0) = 0, since, by definition, j(0) < 0. O

Example 3.6. Let f : M — L be a monomorphism between topolocales (L, A) and (M, B). Let the cor-
responding frame map be f* : L — M and let f, be the right adjoint of f. Then f*f. : M — M is a
N\ topo-nucleus on M. The first two properties of a “\, topo-nucleus for f*f. follows from the fact that f*
is a left adjoint to f. (see Theorem 2.9). Further f*f. preserves binary meets since both f. and f* do (this is
because f* is a frame map and f. is a right adjoint).

By the following example, we call a sub-topolocale (L;, j()) induced by a ,“topo-nucleus j on (L, 7) a
/"sub-topolocale.

Example 3.7. For any e € L, a sub-topolocale of a topolocale (L, 7), induced by the self-mapeV (=) : L —Te
that takes any x to e V x is a " sub-topolocale denoted by (T e,7°), where T e := {x Ve | x € L} and
={tve | ter]

Similarly, by the following example, we call a sub-topolocale (L;, j(7)) induced by a “jtopo-nucleus j
on (L, t)a “\ysub-topolocale.

Example 3.8. For any e € L, a sub-topolocale of a topolocale (L, 7), induced by the self-mapeA(=): L —] e
sending any x to e A x is a "\, sub-topolocale of (L, t) denoted by (| e, 7.), where | ¢ :== {x Ae | x € L} and
T, = {t Ae | t € 7}. In this context, we call ({ e, 7.), a pointfree subspace of (L, T).

Lemma 3.9. Let (1; A, V, 1,0) be a topoframe on (L; A, \/, 1,0). Then
N\ ay=/\a,
i€l i€l
where {a;}ie; C 7.
Proof. Straightforward. [J

Proposition 3.10. In a sub-topolocale (L;, j(t)) of a topolocale (L, T),

1. beLjisopenin L;if and only if b = j(t), for some open element t in L;
2. beLjisclosed in L if and only if b = j(t'), for some closed element t' in L;
3. if (L, j(1)) isa /" sub-topolocale, then for every b € L;,

Int(, j)(b) = j(Intq,(b)).



M. Zarghani, A. A. Estaji / Filomat 32:8 (2018), 2721-2733 2727
4. if (L}, j(1)) is a ™\, sub-topolocale, then for every b € L;,
Cliwjiy(®) = j(Cliz,o (b))

Proof. 1.1t is just the definition of a sub-topolocale on L;.
2. Since L (and consequently L)) is distributive, it follows directly from the uniqueness of complements
inL;.
j
3.ForeverybelL,

Intq,jep®) = V' {gejx)|q<b}
= V)| terj(t) <b} by part (1)
JOViEL €T, j(t) < b))
Vit te,t <b}) since t < j(t) and j(b) = b
jnt, (b))

4. For every b € L;, we have

Cli joy®) = Nlgejiry 1b<q)

= NYYj@)lterb<jt)} by part(2)

= Ny 1tetb< i)
V) | te,b< j(t))) byLemma3.9
((Vite b <ty
J((ViteTb<jt))))

JANE [ tet,b <)) by Lemma 3.9
JAY [tet,b<t)) since j(t') <t"and j(b) = b
= J(Clwy(®)).

O

The open elements in a \, sub-topolocale (| e, 7.) of (L, T) are the meets with e of the open elements in
L. Most, but not all, of the related topoframe notions are introduced into e in the same way, by meet, as
follows.

Corollary 3.11. Let (L, T) be a topolocale and e € L. Then for the \, sub-topolocale (| e, T,) and the ,/* sub-topolocale
(T e, 7, the following statements hold.

1. beleisopenin (| e, t.) if and only if b = t A e, where t is open in L;

c €l eisclosed in (] e, 7.) if and only if c = t' A e where t' is closed in L;
beTeisopenin (T e, 1% ifand only if b =tV e, where t is open in L;

c €7 eis closed in (T e, 7°) if and only if c = t' V e where t’ is closed in L;
For every b > e, Int(1oy(b) = e V Intq 1 (b).

For every b < e, Cl(o,)(b) = e A Clr (D).

ARSIl o

4. Connectedness in Topoframes (Topolocales)

The topological study of connectedness is heavily geometric (or visual). But the viewpoint of topoframes
of connectedness in lattice theory makes it algebraic. All known examples and counterexamples given in
topological spaces are true for the analogous statement in topoframes. Henceforth we avoid presenting
them, as much as possible. By the way, almost all of the material developed in this section are analogous to
those of general topology stated in [24].

The elements a and b in a bounded lattice L are called disjoint if and only if a A b = 0. We say that a is
non-zero if and only fa # 0. A convenient way of expressing the relation a < b in words is to say that a is
below b, and that b is above a, or that b dominates a. An element a in a topoframe is called clopen if it is both
open and closed.
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Definition 4.1. A topoframe (L, 7) is called disconnected if and only if there are disjoint non-zero elements
a,b € T such thata v b = 1. Clearly, such a and b are clopen and @’ = b. We then say that 1 is disconnected
by two clopen elements 2 and a’. When no such disconnection exists, L, is called connected.

Definition 4.2. A topoframemaph : (L,A) — (M, B)is called denseif and only if the framemaph|s : A — B
is dense; that is x = 0 whenever h(x) = 0O, for all x € A. The notion of a codense topoframe map is defined
dually; that is x = 1 whenever h(x) = 1, for all x € A.

The definition of a dense function in frames and topoframes arise from dense images of continuous
functions in topological spaces, by the well-known fact that a continuous map f : X — Y is dense if and
only if f~1: O(Y) — O(X) is dense as a frame map.

Proposition 4.3. The image of a disconnected topoframe under a dense topoframe map is disconnected.

Proof. Let (L1, 1) and (L, 72) be topoframes. Suppose (L1, 1) is disconnected and f is a dense topoframe
map from (L1, 71) onto (Lp, 72). If 11, were disconnected by a and b, then 1;, would be disconnected by f(a)
and f(b), because f(a) and f(b) are clopen by the continuity of f, and non-zero by the density of f. So (Ly, 72)
must be disconnected. [

Definition 4.4. Let (L, 7) be a topoframe. Non-zero elements a and b in L are mutually separated in (L, 7) if
and only if

GAb=aAb=0.

Lemma 4.5. A topoframe (L, t) is connected if and only if there are no mutually separated elements a and b in L with
l=avhb.

Proof. If 1 is disconnected by non-zero clopen elements a2 and b in (L, 7), then a and b are mutually separated
in (L, 1), since a and b are closed in (L, 7) and hencea Ab =a A b=anb=0.

Conversely, if a and b are mutually separated in (L, 7) with1 =aVv b, thenl =avb<avband0=aAb.
Sob =17" € r and hence b is open in L. Similarly we can show that a is open in L, so that a and b are non-zero
disjoint open elementsin Lwith1=aVvb. O

Remark 4.6. It is an immediate consequence of Lemma 4.5 that if (L, 7) is a topoframe (topolocale) and j is
a topo-nucleus on L, then the following statements are equivalent.

1. (Lj, j(7)) is disconnected.
2. There are mutually separated elements 2 and b in L; with a V&i b = j(1).

Let (L, 7) be a topoframe. An element e € L is called disconnected if there are disjoint non-zero elements
a,b € 7, such that a Vb = e. By the following proposition, we use sometimes the topological term “e is
connected (resp. disconnected)” instead of “({ ¢, 7.) is connected (resp. disconnected)”.

Proposition 4.7. Let (L, T) be a topoframe and e € L. Then the following statements are equivalent.

1. ({ e, t.) is connected.
2. eis connected.
3. There are no mutually separated elements a and b in L withe =a V b.

Proof. By definition, parts (1) and (2) are equivalent. Also, by Remark 4.6, Parts (1) and (3) are equivalent. [

Corollary 4.8. If a and b are mutually separated in (L, T) and e is a connected element below a V b, then e < a or
e<bh.
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Proof. Sinceaand b are mutually separated in (L, 7), we havee AaAbAe <aAb=0ande AbAare <bAa =0,
and since e is connected, we have e Aa = 0O ore Ab = 0, unless e A a and e A b are mutually separated in
(L,t)ywithe=e A (aVb)=(eAa)V (e Ab). By using Proposition 4.7, we contradict the assumption that e is
connected. IfeAa=0,thene=eA(@Vb)=eAb andifeAb=0thene=eA(@Vb)=eAa Hencee<bor
e<a. O

The last proposition and its corollary provides us with some neat ways of proving a given topoframe
(L, 7) is connected. For this purpose consider, first, the following lemma.

Lemma 4.9. Let (L, 7) be a topoframe, and let a; and ay be connected elements of L with a; Aay # 0. Then ay V ay is
connected.

Proof. Let c := a; V a. Using Proposition 4.7, we suppose that, to the contrary, c = a vV b, where a and b are
mutually separated in (L, 7). Then, since a; is a connected element below a Vv b for each i = 1,2, we have
a; < aora; <b, by Corollary 4.8. Since the 4;’s are not disjoint, while a and b are, we must have a; < a for
i=1,20ra; <bfori=1,2;say the latter. Thenc <b,soa=0,sincea=aAc=aAb<aAb=0. Thusccan
never be the join of two (non-trivial) mutually separated elements in (L, 7), and so c is connected. [

In a topoframe, the meet of any two connected elements need not necessarily be connected. However,
by Lemma 4.9, the join of two connected elements a and b is connected if and only if a A b is non-zero.

Proposition 4.10. Let (L, T) be a topoframe. Suppose that {a)}rea and {b,}nen are subsets of L. Then

1. if Vay =1, Aay #0, and for each A the pointfree subspace (| ay,14,) is connected, then (L, T) is connected;
2. if \/yoy by = 1, where for each n € N, (| by, 13,) is connected and by_y A b, # 0 for each n > 2, then (L, 7) is
connected.

Proof. 1. Suppose a and b are mutually separated in (L, 7) with 1 = a vV b. Then, since a4, is a connected
element below a V b for each A, we have a; < aora, < b, by Corollary 4.8. Since the a,’s are not disjoint,
while a and b are, we must have a) < a for all A or a) < b for all A; say the latter. Then 1 < b, so thata =0,
becausea=aAl=aAb<aAb=0. Thus 1 can never be the join of two (non-trivial) mutually separated
elements in (L, 7), and so (L, 7) is connected.

2. by is connected, and if by V ... V b,_; is connected, so is a, = b1 V ... V b, by Lemma 4.9. Thus, by
Proposition 4.7, (| ay,7,,) is connected, for n = 1,2,.... Since A a, = by is non-zero and \a, = 1, (L, 7) is
connected, by part (1). O

A sub-topolocale (L, j(7)) of a topolocale (L, 7) is called dense if and only if j is a dense map, and the
element ¢ is dense in (L, 7) if and only if e+ = 0, or equivalently, e = 1.

Remark 4.11. In a topoframe (L, 7), if e € L is a dense element, then the pointfree subspace (| ¢, 7.) is dense,
because whenever j(t) = 0, for some t € 7, thent Ae =0and hence 1l =¢ < ¥ =+, thatist = 0. Conversely,
let (| e, 7.) is a dense pointfree subspace. Then, by definition, e- Ae = 0, i.e., j(e*) = 0. Consequently, e* = 0,
since j is a dense map and e* € 7. Thus ¢ is a dense element, as desired.

The following proposition states that if a topolocale (L, ) has at least a connected dense , sub-
topolocale, then (L, 7) is connected.

Proposition 4.12. Every dense \, sub-topolocale of a disconnected topolocale is disconnected. In particular, every
dense pointfree subspace of a disconnected topoframe (topolocale) is disconnected.

Proof. Suppose (L, 7) is disconnected and (L}, j(1)) a dense “\ sub-topolocale of (L, 7). Assume that1 =cVd,
where c and d are disjoint, (non-trivial) clopen elements in L. Then j(1) = j(c) V% j(d). Also j(c) and j(d) are
disjoint since j(c) A j(d) = j(c A d) = j(0) = 0, and clopen elements in L;, by parts (1) and (2) of Proposition
3.10. To show that j(c) and j(d) are non-trivial, assume, to the contrary, that j(c) = 0, say. Then ¢ = 0, by the
density of j. This contradicts the fact that c is non-zero. Thus j(c) and j(d) are non-zero and so (Lj, j(1)) is
disconnected. [
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Corollary 4.13. Let (L, 7) be a topoframe . If e is a connected element of L and e < a < e, then a is connected.

Proof. Suppose, to the contrary, that a is disconnected. To derive a contradiction, by using Proposition 4.12
and Remark 4.11, it is enough to show e is dense in (| 4, 7,). Since a < e, we have a < e A g, and, by part (6)
of Proposition 3.11, a < Cl(j,,)(e). On the other hand, since e < a4, we infer Cl(}, ., (e) < a. So Cl(4,)(€) = a,
that is e is disconnected, by definition. [J

If one needs connectedness of a topoframe which is not itself connected, one can usually just look at the
individual “components” (maximal connected pieces) of 1, as described now.

Let (L, 7) be a topoframe. For any a € L and a connected element 0 < x < g, if it exists, the largest
connected element ¢ of L with x < ¢ < a is called a component of a dominating x. In particular, for any
coprime element p € L as a connected element below a member g, if it exists, the largest connected element
c of L with p < ¢ < ais a component of 2 dominating p. In a topoframe (L, T) a component of 1; dominating
a coprime element p, if it exists, is the supremum of all connected elements dominating p. If ¢; and c; are
two different components of a member 4, whenever they exist, then c; A ¢; = 0; otherwise, by Lemma 4.9,
c1 V ¢ would be a connected element greater than c; and ¢, , which is impossible. Applying this argument,
we infer that if {a)},ea is the family of all components of 1;, whenever this exists, then ay, Aa,, = 0 for each
A1 # Ayin Al

Remark 4.14. Let (L, 7) be a topoframe. The components of 1; (when they exist) are closed elements. For
this, let ¢ be a component of 11, in L. Then, by Corollary 4.13, ¢ is a connected element which dominates c.
Since c is a component of 1z, this implies ¢ = c. Hence c is closed.

5. Special Sub-topolocales

In this section, we show that any sub-topolocale of a regular (resp. completely regular) topolocale is
also regular (resp. completely regular). Then we show that some special kind of sub-topolocales of normal
topolocales are normal.

As is defined in [27], a topoframe (topolocale) L, is said to be regular if and only if for every t € 7,

t=\/lxer|x<t),
and L, is said to be completely reqular if and only if for every t € 7, there exists {f;}ic; € R(L:) such that
t= \/ coz(f;) -
coz(fi)<t
Proposition 5.1. Each sub-topolocale of a regular topolocale is regular.

Proof. Let (L, 7) be a regular topolocale and j a topo-nucleus on (L, 7). Let j(f) € j(t) for some ¢ € 7. Then for
such t, we have

t=\/{xe¢|x<tin’c},
by Lemma 2.8. Hence

j(®) j(Vixetlx<t})

= VH{jx)|x€t,x <tinT) by definition
< VUi | x € 7,j(x) < j(t) in j(r)} by Lemma 2.6
= V(0 | x € 7, Cla je j(¥) < j(B)) by Lemma 2.8
j(#).

IA

Hence the sub-topolocale (L}, j(1)) is a regular topolocale. []
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Consider now the following assertion.
Proposition 5.2. Each sub-topolocale of a completely regular topolocale is completely reqular.

Proof. Let (L, ) be a completely regular topolocale and j a topo-nucleus on (L, ) and let j(t) € j(t) for some
t € 7. Since L, is completely regular, there exists {f;}; € R(L;) such that

t= \/{coz(ﬁ) | coz(fi) < t}.

1

Note that for any i, the composite j o f; of two topoframe map j and f; is a topoframe map belonging to
ﬂ((L])](T)) Hence

J(Vifeoz(fi) | coz(fi) < 1))

= V'jcoz(f)) | coz(f) <t}

< Vj(coz(fi) | j(coz(f)) < j(b)}

= Vheoz(jo fi)jo fi € RUL)jw), coz(j o f) < j(b))
j(#)

j(#)

IA

and so the sub-topolocale (L}, j(7)) is completely regular. [

Finally, we show that certain types of sub-topolocales of a normal topolocale are normal. A topoframe
(topolocale) L, is normal if and only if whenever a and b are disjoint closed elements in L, there are disjoint
open elements u and v with 2 < u and b < v. The next lemma presents an equivalence statement for
normality that will be needed later.

Lemma 5.3. A topoframe (topolocale) L is normal if and only if for any closed element k and open element t in L
with k < t, there exists an open element v such that

k<v<v<t.

Proof. Letk € v’ and t € T withk <t. Thenk A+ = 0in t’ and hence there are u,v € Twithu Av =0, < u
and k < v. Therefore k < v <u’ <t. Consequently,

k<v<ov<u <t,

since u’ is closed.
For the converse, let a,b € v’ witha A b = 0. Then a < b’ and hence there exists an open element v such
that
a<v<v<b.

Sothata<v,b<? andvAT <TAT =0. O

Theorem 5.4. Let (L, T) be a normal topolocale and let j be a topo-nucleus on L. Then the following statements hold.

1. If jis a ™\ topo-nucleus with j(t') C 7', then (L;, j(t)) is a normal topolocale.
2. If jisa /topo-nucleus with j(t) C T, then (L;, j(t)) is a normal topolocale.

Proof. 1. Let j(k), for some k € 7/, be a closed element in L; and let j(t), for some t € 7, be an open element
in L; with j(k) < j(t). Then j(k) < t, since j(t) < t, and j(k) is closed, since j(7") C 7’. Using Lemma 5.3, for
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closed element j(k) in L, and open element t in L with j(k) < t, there exists an open element v in L such that
j(k) <v <9 < t. Now, using part (2) of Lemma 2.8, we have the equivalence

v<t ifandonlyif v<tinr,
and, by Lemma 2.6, we have the implication
v<tint implies j(v) < j(t) in j(7).
Again, using part (2) of Lemma 2.8, we have
j(©) < j(t) in j(t) implies Cl, jq)j(v) < j(t).
On the other hand, j(k) < v implies j(k) < j(v), so that
jk) < j(©) < Cl,,jay j(0) < (1),

as desired.
2. The proof of the second assertion is similar. []

Consider, finally, the following result.

Corollary 5.5. Let (L, T) be a normal topolocale. Then the following statements hold.

1. Ifeis a closed element in L, then (| e, t.) is a normal topolocale, and
2. Ifeis an open element in L, then (T e, 1°) is a normal topolocale.

Proof. 1. Since e is a closed element in L, for any closed element a € L, a A e is also closed in L. So the
N\, topo-nucleus j := e A (—) restricted to 7’ takes value in 7" and thus, by part (1) of Theorem 5.4, (| ¢, 7,) is
a normal topolocale.

2. Since e is an open element in L, for each open elementa € L, a V e is also open in L. So the closed
topo-nucleus j := e V (—) restricted to 7 takes value in 7 and thus, by part (2) of Theorem 5.4, (T ¢,7°) is a
normal topolocale. [

Acknowledgements

The results of this paper were obtained during my Ph.D. studies at Hakim Sabzevari University (see
[25]). I would like to express my deep gratitude to my supervisor, Dr Ali Akbar Estaji, and my advisors,
Dr. Abolghasem Karimi Feizabadi and Professor Themba Dube, for their protections and what they taught
me on the subject of topology and ring theory. Next, I thank the referee for a thorough scrutiny of the first
version of this paper, and for comments which have improved the exposition.

References

[1] R.N.Ball, A.W. Hager, On the localic Yosida representation of an archimedean lattice ordered group with weak unit, J. Pure Appl.
Algebra 70 (1991) 17-43.

[2] R.N. Ball, J. Walters-Wayland, C- and C*-quotients in pointfree topology, Dissertationes Math. (Rozprawy Mat.) 412 (2002) 1-61.

[3] B.Banaschewski, Frames and compactifications, In: Extension Theory of Topological Structures and its Applications, Deutscher
Verlag der Wissenschaften (1969) 29-33.

[4] B.Banaschewski, The real numbers in pointfree topology, Textos de Mathematica (Series B) 12 (1997) 1-96.

[5] B. Banaschewski, Pointfree topology and the spectra of f-rings, Ordered algebraic structures, (Curagoa, 1995), Kluwer Acad.
Publ., Dordrecht (1997) 123-148.

[6] J. Bénabou, Treillis locaux et paratopologies, Séminaire Ehresmann, 1re année, exposé 2, Paris, 1958.

[7] C. Caratheodory, Uber die Begrenzung einfach zusamenhingender Gebiete, Math. Ann. 73 (1913).

[8] C.H. Dowker, D. Papert, Quotient frames and subspaces, Proc. London Math. Soc. (3) 16 (1966) 275-296.

[9] T.Dube, Concerning P-frames, essential P-frames, and strongly zero-dimensional frames, Algebra Universalis 61 (2009) 115-138.

[10] T. Dube, Some ring-theoretic properties of almost P-frames, Algebra Universalis 60 (2009) 145-162.



[11]
[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

M. Zarghani, A. A. Estaji / Filomat 32:8 (2018), 2721-2733 2733

C. Ehresmann, Gattungen von lokalen strukturen, Jber. Deutsch. Math. Verein 60 (1957) 59-77.

A.A. Estaji, A. Karimi Feizabadi, M. Zarghani, The ring of real-continuous functions on a topoframe, Categ. Gen. Algebr. Struct.
Appl. 4 (2016) 75-94.

A.A. Estaji, A. Karimi Feizabadi, M. Zarghani, Zero elements and z-ideals in modified pointfree topology, Bull. Iranian Math.
Soc., accepted.

C.R.A. Gilmour, Realcompact spaces and regular o-frames, Math. Proc. Camb. Phil. Soc. 96 (1984) 73-79.

A.P. Gomes, Introduction to the notion of functional in spaces without points, Portugaliae Math. 5 (1946) 1-120.

F. Hausdorff, Grundziige der Mengenlehre, Veit and Co., Leipzig, 1914.

J.R. Isbell, Atomless parts of spaces, Math. Scand. 31 (1972) 5-32.

P.T. Johnstone, Stone Spaces, Cambridge University Press, Cambridge, 1982.

K. Menger, Topology without points, Rice Institute pamphlet 27 (1940) 80-107.

G. Nobeling, Topologie der vereine und verbande, Arch. Math. (Basel) 1 (1948) 154-159.

J.C.C. McKinsey, A. Tarski, The algebra of topology, Ann. Math. 45 (1944) 141-191.

D. Papert, S. Papert, Sur les treillis des ouverts et paratopologies, Séminaire Ehresmann (1re année, exposé 1), Paris, 1958.

J. Picado, A. Pultr, Frames and locales: Topology without points, Front. Math., Springer Basel, 2012.

S. Willard, General Topology, Addison-Wesley Publishing Company, Inc., Reading, Massachusetts, Menlo Park, California,
London, Don Mills, Ontario, 1970.

M. Zarghani, The ring of real-continuous functions on a topoframe, PhD thesis, Faculty of Mathematics and Computer Sciences,
Hakim Sabzevari University, 2017.

M. Zarghani, A.A. Estaji, A. Karimi Feizabadi, A new pointfree form of topology, 47" Annual Iranian Math. Conf. (AIMC47),
Kharazmi University, Karaj, Iran (2016) 885-889.

M. Zarghani, A.A. Estaji, A. Karimi Feizabadi, Some separation axioms in topoframes, submited.



