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of complete extremal disconnectedness are the topic of this paper. We study them
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1. Introduction and initial observations

The purpose of this paper is to study hereditary extremal disconnectedness
of frames and its equivalent form of complete extremal disconnectedness vis-
a-vis to hereditary normality.

There is a specific duality between topological normality (N) and extremal
disconnectedness (ED) that relies on the circumstance that a space is N [resp.,
ED] if and only if every two disjoint closed [resp., open| sets are separated
by disjoint open [resp., closed] sets. We refer to [20, 21, 22|, and especially to
the recent paper [16], for more details. A similar duality holds in a pointfree
context (cf. Definition 1.4).

Both N and ED fail to be hereditary properties. They are, respectively,
closed-hereditary and open-hereditary — i.e. each closed [resp., open] sub-
space of a normal space [resp., extremally disconnected space] is normal
[resp., extremally disconnected]. The topological cases are well-known. For
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the pointfree cases we refer to [16] and [14]. It may be worth mentioning
that hereditary ED is useful in modal logic (cf. [2]).

It is well known that a topological space X is hereditarily normal (HN) if
and only if it is completely normal (CN) — i.e. if every two separated subsets
of X are separated by disjoint open subsets of X (recall that A, B C X are
separated if ANB =@ =ANB).

Bearing in mind the duality between N and ED, one can consider the
concept of a completely extremally disconnected (CED) space as one in which
every two separated subsets are separated by disjoint closed subsets. This
is of course equivalent to the statement that every two separated sets have
disjoint closures. Without being named, such a concept was investigated in
[3] (also cf. [7]) and proved to be equivalent to hereditary ED. We record the
following:

Proposition 1.1. ([3]). The following are equivalent for any topological
space X:

(1) X is hereditarily extremally disconnected.
(2) Any two separated subsets of X have disjoint closures.
(3) X is completely extremally disconnected.

A characterization of CN solely in terms of the lattice O(X) of all open
sets of X is given in [27]:

Proposition 1.2. ([27, 10]) The following are equivalent for any topological
space X:

(1) X is completely normal.
(2) For every open sets A, B C X, there exist open sets U,V C X such that
UNV =g, AUU D B and BUV D A.

When phrased in terms of the dual lattice O(X ), condition (2) of Propo-
sition 1.2 becomes a characterization of CED. Indeed, the following holds:

Proposition 1.3. The following are equivalent for any topological space X:

(1) X is completely extremally disconnected.

(2) For any open sets A, BC X, A—BNB—-A=a.

(3) For any open sets A, B C X, there exist open sets U,V C X such that
UuV=X,AnNUCBand BNV C A.

Proof: (1)=(2): Let A and B be open in X. The result follows immediately
from Proposition 1.1 and the fact that A — B and B — A are separated.
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Indeed, (A—B)NB—-—ACANX — A= and dually.

(2)=(3): Let A and B be open in X and take U = X —A— B and V =
X — B — A. By hypothesis A— BNB—-A=g and thus UUV = X. On
the other hand, A— B C A— B =X —U and so ANU C B. Dually, we

have that BNV C A.

(3)=(1): We prove that X satisfies condition (2) in Proposition 1.1. Let
A, B C X be separated. Consider U = X — A and V = X — B. By hypoth-
esis there exist open sets U’, V' C X such that U'UV' = X, UNU’' CV and
VNV ' CU. Since BC X —A=0U and BC X — V it follows that

BCU-VCU-UNUY=U-UCX-U"
Dually, AC X —V'. Hence ANBC X — (U'UV') = @. m

Following [30], a topological property P is said to be lattice-invariant if,
when X has P and the lattices O(X) and O(Y) are isomorphic, the space Y
has property P too. In particular, Propositions 1.2 and 1.3 show that both
complete N and complete ED are lattice-invariant.

Moreover, Propositions 1.2 and 1.3 also indicate how to formulate complete
N and complete ED in an arbitrary (bounded) lattice. We thus have the
following definitions:

Definitions 1.4. Let L be a (bounded) lattice with bounds 0 and 1. Then:

(1) L is normal if

Va,be L [aVb=1 = Ju,ve L:uAv=0,aVu=1=>bVv]. (N)

(2) L is extremally disconnected if the dual lattice L is normal — i.e.
Va,be L [anb=0 = Ju,veL:uVv=1 aAu=0=>bAv]. (ED)
(3) L is completely normal if

Va,be L Ju,v e L: uNv=0,aVu>b bVuv>a. (CN)

(4) L is completely extremally disconnected if L°P is completely normal —
le.

Va,be L Ju,ve L: uVov=1, aANu<b bAv<a. (CED)

Remark 1.5. Condition (CN) appears in [1, 2.4] under the name of relative
normality). Note that (CN) is really stronger than (N), for if a Vb = 1, then
aVu>band bVv > aimply aVu =bVwv = 1. By a dual argument, (CED)
implies (ED).
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Fact 1.6. Any completely normal and extremally disconnected lattice is com-
pletely extremally disconnected. Dually, any normal and completely extremally
disconnected lattice 1s completely normal.

Proof: Let a,b € L. By complete normality there exist u,v € L such that
uANv=0,aVu>>band bV v > a. Since L is extremally disconnected
there exist xz,y € L such that xVy =1, z Av =0 and y A v = 0. Hence
aNz < (bVv)Ax<bandbAy<(aVu)Ay<a. _

Fact 1.7. The following are equivalent for any lattice L:

(1) L is completely normal and extremally disconnected.
(2) L is normal and completely extremally disconnected.
(3) L is completely normal and completely extremally disconnected.

In particular, if L = O(X), then X is HN and ED if and only if X is N
and HED (cf. [12, 6R] and [23]) if and only if X is HN and HED.

2. Some background on pointfree topology

We recall some basic notions and facts about frames and locales. For
further information see [25].

The category Frm of frames has as objects those complete lattices L in
which

aANV/B=\{anb|be B} (2.1)
for all a« € L and B C L. Morphisms, called frame homomorphisms, are
those maps between frames that preserve arbitrary joins (in particular, the
top element 1) and finite meets (in particular, the bottom element 0).

The lattice (X)) of open subsets of a space X is the typical example of a
frame. For any continuous map f: X — Y, the mapping Q(f): Q(Y) — Q(X)
defined by Q(f)(U) = f[U] is a frame homomorphism. The category of
locales is the opposite category of Frm.

Remark 2.1. Note that in the case of a frame L, conditions (CN) and
(CED) are, by Propositions 1.2 and 1.3, both conservative extensions of their

topological counterparts — i.e. a topological space X is CN (resp., ED) if
and only if the frame L = O(X) satisfies CN (resp., CED).

With L a frame and a € L, the map a A (-): L — L preserves arbitrary
joins and thus has a right (Galois) adjoint a — (-): L — L determined by

aNc<b iff c<a—0D. (2.2)
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Thus, a = b= \/{c € L | aAc<b}. The pseudocomplement of a € L is
a*=a—0. Then: aNa*=0,a < a™, ¢ =a"and (\VA)" = A\, 0 for
all A C L (but the dual de Morgan law is not true in general; we only have
(ANA)* >V ,cqa¥). In particular, (-)* is order-reversing.

An S C L is a sublocale of L if, for any A C S, a € L and b € S, we
have A A € S (in particular, 1 € S) and a — b € S. The set S(L) of all
sublocales of L forms a coframe (i.e. a complete lattice satisfying the dual
of (2.1)) under inclusion. Arbitrary infima coincide with intersections, {1} is
the bottom element and L is the top element. Regarding suprema, there is

the formula
VSi={ANAlAC U Si} (2:3)
iel iel

for every {S; |i € I} C S(L).

Since S(L) is the dual of a complete Heyting algebra, it has co-pseudocom-
plements, usually called pseudodifferences or remainders (see [11] for more
information). We shall denote the pseudodifference of an S in S(L) by L~\.S
and will use the formula

I~S={ReS(L)|RVS =L}

In case S is complemented, the pseudodifference LS is the complement and
in that case we simply refer to it as S°.
For any a € L, the sets

¢c(a)=Ta and o(a)={a—z|xel}l={re€l|a—z=u1}

are special sublocales of L referred to, respectively as closed and open sublo-
cales. They are complements of each other in S(L). Furthermore, the map
a +— o(a) is a lattice embedding L — S(L) that preserves arbitrary joins.
Therefore, denoting by o[L] the sublattice of S(L) consisting of all open
sublocales, L and o[L] are isomorphic frames.

On the other hand,

a<b iff ¢(a)Dc(b), c(a)Ve(b)=clanb) and [)c(a;)=c(V a;).
iel iel
In particular, this means that the set ¢[L] of closed sublocales of L is a
sub-coframe of S(L).

In the following, given any A C L, we shall denote by o[A] and c¢[A] the
sets

o[A] ={o(a) |a € A} and ¢[A] ={c(a)]|a € A}.
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Given a sublocale T of L, its closure is defined by

T'=e(a) [T Cea)} = (AT).
In particular, o(a) = ¢(a*).

A sublocale T is dense whenever T = L, that is, 0 = AT € T. An impor-
tant distinctive feature of pointfree topology, known as the Isbell’s Density
Theorem [25], is the existence in any frame of a least dense sublocale, namely
its Booleanization

B, ={r—0|ze L}

For any sublocale T of L, S(T') C S(L) (note that, furthermore, if S and
T are sublocales of L with S C T, then S € S(T")). Non-empty infima in
S(T), being given by intersection, coincide with infima in S(L). On the other
hand, formula (2.3) shows that arbitrary suprema in S(7°) also coincide with
suprema in S(L): for any A; € S(T), ¢ € I, we have

S(L)
V Ai={AR|RCUA}CT
i€l i€l
and thus
S(L) S(T)
V A=\ A. (2.4)
iel iel

Given a sublocale T of L let pr: L — T be the surjective frame homomor-
phism defined by
pra) = N{teT |t>a}eT. (2.5)
It is easy to verify that the open sublocales of T (that we denote as op(t),
t € T') are precisely the intersections 0(a)NT (a € L): indeed, op(t) = o(t)NT
for any t € T, and for any a € L, o(a) N T = orp(pr(a)). Analogously for the
closed sublocales. For each A C T we shall denote by op[A] and c¢p[A] the
sets
or[A] = {or(a) |a€ A} and ¢p[A] = {cr(a) |a € A}.

3. Complete extremal disconnectedness

Complete normality formulated in frames appeared for the first time in
the literature with [18] (see also [28]), in the following form: a frame is
completely normal if every pair S, T of separated sublocales of L (i.e. such
that SNT = {1} = SNT) is separated by open sublocales, that is, there exist
open sublocales U and V' of L such that UNV = {1}, SCU and T C V. As
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proved in [10, Proposition 3.3|, this is equivalent to condition (CN) above.
In what follows we will show a dual characterization for condition (CED).
We start with the following easy characterization:

Proposition 3.1. A frame L is completely extremally disconnected if and
only if it satisfies the strong De Morgan’s law

(a—=b)V(b—a) =1 (SDM)
for all a,b € L.

Proof: Sufficiency is obvious since a A (a — b) = a A b for any a,b € L.
Regarding necessity, let a,b € L. By hypothesis, there are u, v € L such that
uVov=1,aANu<band bAv <a. Hence l =uVv <(a—b)V(b— a)by
adjunction (2.2). _

Next characterization is the pointfree counterpart of a characterization of
hereditary ED presented in [2, Proposition 2.1]. In order to prove it, we
need first some technical observations concerning Booleanizations of closed
sublocales.

First, it should be remarked that any sublocale S of a frame L is a frame
itself with the same meets as in L, and since the Heyting operation — depends
on the meet structure only, with the same Heyting operation. Consequently,
for each a € L, the Booleanization of ¢(a) is given by

By =1z —alrecc(a)} ={r —a|zecL}

Note that this is the smallest sublocale of L containing a. Hence B,y = B
if and only if a = 0.

Lemma 3.2. For any a,b € L we have:

(a) Be(aosp) = 0(a) N DBy

(b) c(a) N Bepy = {1} iff a—=b=0>b iff beco(a)
(c) ¢c(a = b) =o0(a) Nc(h).

Proof: (a) If y = 2 — (a — b) € B then, using some basic properties
of the Heyting operator, we may conclude that

y=a— (x—0b)co(a) and y=(zAa)—becByp;
conversely, if y € o(a) VB then y = a — y = x — b for some & € L, hence

y=a—(x—=b)=x— (a—0b) € B
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(b) It follows immediately from (1) since

C(a)ﬂ%c(b) = {1} iff %c(b) - O(CL) iff %c(a_)b) = ‘Bc(b) iffa—>b=0biffbe O(CL).
(c¢) From a — b € o(a) N¢(b) it follows that ¢(a — b) C o(a) N¢(b). On the
other hand, ¢(b) C ¢(aAb) = ¢(a) Vc(a — b) and thus o(a) Nc(b) C c(a — b).
Hence o(a) N¢(b) C ¢(a — b). u
Proposition 3.3. The following are equivalent for a frame L:

(1) L is completely extremally disconnected.

(2) For any open sublocales A, B of L, AN BN BN A®={1}.

(3) For any open sublocales A, B of L, there exist open sublocales U,V such
that UNV =L, ANU C B and BNV C A.

Proof: (1)=(2): Let A = o0(a) and B = o(b) be open sublocales. Then it
follows from Lemma 3.2 (¢) and (SDM) that

ANBNBNA=c¢la—bNcb—a)=c((a—=>b)V(b—a)={1}

(2)=(3): Let A = o(a) and B = o(b) and consider U = o(a — b) and
V =0(b — a). By hypothesis (and Lemma 3.2 (¢)) we conclude that

{1} =AnBNBNA*=c¢(a—b)Nc(b—a)
and thus U V'V =o0(a — b) Vo(b — a) = L. On the other hand,
ANU =o(a)No(a—b) =0(aNb) CB.
Dually, we have that BNV C A.

(3)=(1): Let a,b € L. By hypothesis there exist open sublocales U = o(u)
and V = o(v) such that UV V = L, o(a) NU C o(b) and o(b) NV C o(a).
Then u,v € L satisty (CED). n

Now, recall that a sublocale S of L is nowhere dense in L if SNB, = {1}

([19]). We say that two sublocales S and T of L are almost disjoint if SNT
is a nowhere dense sublocale in both sublocales S and T, i.e.

SNTNBg = {1} =SNTNBr.

Next characterization is the pointfree extension of a characterization of
completely ED spaces from [3].

Proposition 3.4. The following are equivalent for a frame L:

(1) L is completely extremally disconnected.
(2) Any two almost disjoint closed sublocales of L are disjoint.
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(3) Any two separated sublocales of L have disjoint closures.

Proof: (1)=(2): Let ¢(a), ¢(b) be a pair of almost disjoint closed sublocales.
This means that

C(b) N ch(a) = c(a) N C(b) N %c(a) = {1}
and

c(a) N By = c(a) Ne(b) N DBy = {1}
Therefore, by Lemma 3.2 (b), @ — b =b and b — a = a. Finally, by (SDM)
we conclude that a V b =1, that is, ¢(a) N¢(b) = {1}.

(2)=(3): Let S, T be a pair of separated sublocales and S = ¢(a) and

T = ¢(b). Then SNT = {1}, that is, T' C o(a). Moreover, since b= AT €
T C o(a), it follows from Lemma 3.2 (b) that

SNTNBy CSNBr=c(a) N By = {1}.

Analogously, S NT N Wz = {1}. Consequently, S and T are almost disjoint
and hence disjoint, by hypothesis.

(3)=(1): Let a,b € L and S = o(a) N¢(b) and T = o(b) N ¢(a). Then
SNT Ceb)nob) = {1} and SNT C o(a) N¢(a) = {1}, hence S and
T are separated. By the hypothesis and Lemma 3.2 (c), S = ¢(a — b) and
T = ¢(b — a) are disjoint, that is, (a — b) V (b — a) = 1. _

4. Complete extremal disconnectedness vs. complete
normality

The duality expressed in 1.4 may be formulated in a more extended setting
permitting a simultaneous treatment of several variants of normality and
extremal disconnectedness (as proposed in [16]). In what follows we shall
speak about a lattice L being normal (resp. extremally disconnected) with
respect to some fixed A C L. In this terminology, L is A-normal or completely
A-normal (A-N or A-CN for short) if it satisfies condition (N) or (CN) of
Definition 1.4 with a, b, u,v € A. Analogously, L is extremally A-disconnected
or completely extremally A-disconnected (A-ED or A-CED for short) if it
satisfies condition (ED) or (CED) of Definition 1.4 with a,b,u,v € A.

Examples 4.1. The standard example for A is L; then, the A-notions are
just the standard notions. In the case of a frame L, the case we are most
interested, there are other interesting examples (cf. [16]):
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(1) A = RegL: in this case, A-normal = mildly normal and extremally
A-disconnected = extremally disconnected.
(Recall that the reqular part of L, denoted Reg L, is the set of all regular
elements of L, that is, the elements a € L such that a** = a.)

(2) A = §-Reg L: A-normal = §-normal and extremally A-disconnected =
extremally d-disconnected.
(An element a of L is §-regular whenever a = \/, .y a, with a, < a, i.e.,
a’ V a =1, and the set of all )-regular elements is denoted by J-Reg L.)

(3) A = Coz L: in this case, any frame is A-normal while the class of ex-
tremally A-disconnected frames is precisely the class of F-frames.
(The cozero part of L, denoted Coz L, is the set of all cozero elements
of L, that is, the elements a € L such that a =/, a, for some a, << a,
n=1,2,---, where x << a expresses the familiar relation that x is really
inside, or completely below, a. This is the largest interpolative relation
contained in <.)

However, we cannot apply the dualizing process 1.4 directly in frames since
the dual lattice of a frame is not a frame in general.

Yet, if all elements in A are complemented in L then, for the set A of
complements of all elements in A, A“-normality is precisely extremal A-dis-
connectedness while extremal A°-disconnectedness is A-normality, and the
two notions may be treated simultaneously.

Therefore the familiar result that the sublocale lattice S(L) is isomorphic
to the coframe obtained by freely adjoining to L a complement for each
a € L provides a way of dealing with the duality in frames ([16]). Indeed, it
suffices to embed L in the coframe S(L) via the isomorphism

L =0o[L] CS(L).

Then L will be (completely) A-normal iff the lattice S(L) is (completely)
o[A]-normal. But now, any element of o[A] is complemented, hence L will be
(completely) A-normal iff S(L) is (completely) extremally ¢[A]-disconnected.

Similarly, L will be (completely) extremally A-disconnected iff the lat-
tice S(L) is (completely) extremally o[A]-disconnected, that is, (completely)
¢[A]-normal.

To illustrate this idea we have a first result that characterizes completely
A-normal frames and completely extremally A-disconnected frames (for any
A C L) at once, with a single proof. Before presenting it, we need to intro-
duce some terminology and notation.
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For A = 0[A] or A = ¢[A] let A® be the set of complements of all elements
of A. We say that two sublocales S and T of L are A-separated if there exist
F,G € A° such that

SCF, TCG and SNG={1} =TNF.

Further, we say that S and T are separated by A-sublocales if there exist
sublocales U and V in A such that

UnNnV={1}, SCU and T CV.

Remark 4.2. We may speak further about the A-closure of a sublocale T',
that is,

cla(T) =({c(a) | T Cc(a),a € A}
(for A = L this is just the standard closure). Whenever A is closed under
joins, cly(T) belongs to ¢[A] and it is of course the smallest sublocale in
c[A] that contains T. Then it is easy to check that sublocales S and T are
o[A]-separated if and only if

SNcla(T) = {1} =cla(S)NT.
The selection A = L recovers this way the original definition in [18].

Proposition 4.3. For any frame L and any A C L, the following are equiv-
alent for A = o[A] or A = c[A]:

(1) S(L) is completely A-normal.

(2) Every pair of A-separated sublocales of L is separated by A-sublocales.

Proof: (1)=(2): Let S and T be A-separated. Then there exist F,G € A€
such that S C F, T C G and SNG ={1} =T NF. Of course, F°,G° € A
and therefore, by hypothesis, there exist U,V € A such that U NV = {1},
G C F°vU and F°© C G°VV. Moreover, {1} =SNG D SNFNU® = SNU*,
from which it follows that S C U, and {1} =TNF 2 TNGNVE=TnNVe,
from which it follows that 7' C V.

(2)=(1): Let ;G € Aand S = F°NG, T = FNG°. Clearly, S C F€,
T C G°and SNG® = {1} = FNT* By hypothesis, there exist U,V € A
satisfying U NV = {1}, S CU and T C V. This means that

FFNG=SCU&FNGNU={1}GCFVU  and
FNG=TCV&FNGNV ={l}&FCGVV. m

Corollary 4.4. For any frame L and any A C L, the following are equiva-
lent:
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(1) L is completely A-normal.
(2) Every pair of o[ Al]-separated sublocales of L is separated by o[ A]-sublocales.

Corollary 4.5. For any frame L and any A C L, the following are equiva-
lent:

(1) L is completely A-disconnected.
(2) Every pair of c[A]-separated sublocales of L is separated by ¢[A]-sublocales.

Proposition 4.3 can be expanded to the next result which extends Propo-
sition 3.3 of [10].

Proposition 4.6. For any frame L and any A C L, the following are equiv-

alent for A = o[A] or A = c[A]:

(1) S(L) is completely A-normal.

(2) For every S,T € S(L) satisfying S C F CT and S C G C T for some
F.G e A, there exist U,V € A such that S CV CUCT.

(3) For every S, T € S(L) satisfying SV F =L =GVT for some F,G € A
such that B C T and G C S, there exist U,V € A such that UNV = {1},
vVec S and UCCT.

Proof: (1)=(2): Let S C FF C T and S C G° C T. By (1), there are
UV eAsuch that UNV = {1}, G C FVU and FF C GV V. Of course,
V C U°. Moreover,

SCFNG C(GVV)NG =VNGCV and
U= (USNF)V (USAF) C (USNF)V GS C T.
(2)=(3): Let SV F =L =G VT as in the hypothesis. Then
INSCFEFCT and INSCGCT.

By (2) there exist U,V € A such that NS C V C U C T. Clearly,
UNV ={1}, VS C L~(L~\S)C Sand U°CT.

(3)=(1): Let F,G € A and consider S = F°V G and T' = F V G°. Clearly,
SVF=L=GVT, FCTand G CS. Consequently, by (3), there are
UV € Asuch that UNnV = {1}, V¢ C § and U¢ C T. Then, finally,
FVUDFVIT*=FVG2OGEand GVV 2OGV S =GVFDF. m

Again, the case A = ¢[A] yields immediately the dual result for ED:

Corollary 4.7. For any frame L and any A C L, the following are equiva-
lent:
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(1) L is completely A-disconnected.

(2) For every S,T € S(L) satisfying S C ¢(a) C T and S C o(b) C T for
some a,b € A, there exist u,v € A such that S C ¢(v) Co(u) CT.

(3) For every S,T € S(L) satisfying SV ¢(a) = L = ¢(b) VT for some
a,b € A such that ¢(a) C T and ¢(b) C S, there exist u,v € A such that
uVov=1,0(v)C S ando(u) CT. m

5. Heredity properties

Recall from Section 1 that an L = O(X) is hereditary ED if and only it
is completely ED. In this section we prove that this equivalence extends to
arbitrary frames by proving the equivalence between completely A-normal
frames and hereditarily A-normal frames (for any sublattice A of L).

A frame L is called hereditarily normal [13] whenever every sublocale of L
is normal. Dually, we say that L is called hereditarily ED if every sublocale
of L is ED.

More generally, for a fixed A C L, we say that L is hereditarily A-nor-
mal in case every sublocale T of L is Ap-normal, for Ay = pplA] C T
(recall the mapping pr). This is the same as saying that the lattice S(7T') is
or[Ar]-normal for every sublocale T of L. Dually, we say that L is hereditarily
A-disconnected if every sublocale T  of L is Ap-disconnected, that is, S(7T') is
¢r[Ar]-normal for every sublocale T of L.

For any sublocale T" of L and A C S(L) let

Ar={SNnT|Se A} CS(T).
Then, for the case of a sublattice A C L we have:

Theorem 5.1. For any frame L and any sublattice A of L, the following are
equivalent for A = o[A] or A = ¢[A]:

(1) S(L) is completely A-normal.

(2) For each T € S(L), S(T') is Ap-normal.

(3) For each T € A, S(T) is Ap-normal.

Proof: (1)=(2): Let T be a sublocale of L and Fr = FNT, Gp =GNT
(with F, G € A) such that Fr VvV Gy =T, that is, FV G 2 T. By hypothesis
there exist U,V € A such that UNV ={1}, FVU 2 Gand GVV DO F.
Then

Ur=UNT, Vp =V NT e Ar
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and Upr N'Vp = {1}. On the other hand, by (2.4),
FT\/UT:(F\/U)QT:_)FT\/GT:T
and, similarly, G vV Vp = T'. This shows that S(T) is Azp-normal.
(2)=(3): It is obvious.
(3)=(1): We shall prove that S(L) is completely .A-normal using Proposi-
tion 4.3. So let S and T be A-separated and F,G € A° such that S C F,
TCGand SNG = {1} = FNT and consider
R=F'VG e A
(R is indeed in A since A being a sublattice of L means that both o[A] and
c[A] are closed under finite joins). By hypothesis, S(R) is Ag-normal. Since
FC=F'NR,G°=GNR € Ar and F°V G° = R, there exist U,V € A such
that
(UNR)N(VNR)={1} and F°V(UNR)=R=G°V(VNR).

Since A is a sublattice of L it follows that o[A] and ¢[A] are closed under

finite meets and so U' = U NG € Aand V' =V N F° € A We have
UNV =UnG)N(VNF)YCUNVNR={1}.

Moreover, from F°V (U N R) = R it follows that R C F°V U. Then
SNUCFNUCR=FNGCGand thus SN(U°VG) CSNG = {1}.
Hence S C U’. Similarly, T C V". ]

For A = o[A] we have
Ar ={o(a)NT | a € A} ={or(pr(a)) | a € A} = or(Ar)
and hence we get:

Corollary 5.2. For any frame L and any sublattice A of L, the following
are equivalent:

(1) L is completely A-normal.
(2) L is hereditarily A-normal.
(3) Each open sublocale of the form o(a) with a € A is Ay(,-normal.

In particular, for A = L we have A,y = o(a) and, therefore, both Theo-
rem 3.7 of [10] and Proposition 3.3 of [13] follow:

Corollary 5.3. The following are equivalent for any frame L:
(1) L is completely normal.
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(2) L is hereditarily normal.
(3) Each open sublocale of L is normal.

For A = ¢[A] we have
Ar={c(a)NT |ae€ A} = {cr(pr(a)) | a € A} = cp(Ar)
and hence we also get:

Corollary 5.4. For any frame L and any sublattice A of L, the following
are equivalent:

(1) L is completely A-disconnected.
(2) L is hereditarily A-disconnected.
(3) Each closed sublocale of the form ¢(a) with a € A is Aq)-normal.

Finally, for A = L we have A, = c¢(a) and we get immediately the
announced result for ED:

Corollary 5.5. The following are equivalent for any frame L:

(1) L is completely extremally disconnected.
(2) L is hereditarily extremally disconnected.
(3) Each closed sublocale of L is extremally disconnected.

Remark 5.6. Since a topological space may have more sublocales than sub-
spaces, so far it was not immediately clear that the pointfree notions of hered-
itary normality and hereditary extremal disconnectedness are conservative.
This follows now immediately from Corollaries 5.3 and 5.5 and Remark 2.1.

6. Heredity and density

A property P of frames is said to be hereditary if each sublocale of a frame
satisfying P also satisfies P, and it is said to be closed-hereditary [resp.,
open-hereditary] if it is hereditary for closed [resp., open| sublocales.

A natural question arises: when checking hereditary normality of a frame
L do we really need to check normality of all the open sublocales? We end
the paper with the new observation that it suffices to check it for dense and
open sublocales. One of possible arguments for it depends only on the fact
that normality is closed-hereditary and its heredity is equivalent to its open-
heredity (examples of the same situation include collectionwise normality and
r—collectionwise normality for frames [15]):
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Proposition 6.1. Let P be a property of frames which s closed-hereditary
and such that heredity of P is equivalent to open-heredity. For L a frame the
following are equivalent:

(1) Each sublocale of L has property P.

(2) Each dense sublocale of L has property P.

(3) Each open and dense sublocale of L has property P.

Proof: (3)=-(1): This is the only non-trivial implication that need to be
shown. Consider an open sublocale o(a) and its closure o(a) = ¢(a*). The
sublocale

S =o(a)V (L~c(a®)) =0(a) Vo(a®) =0(aVa")
is also open. Further, S is dense in L:
S=c((aVa"))=cla" Na™) =c(0) = L.

Thus, S has property P. Moreover, S N¢(a*) = o(a) Nec(a*) C o(a), that is,
o(a) = ¢(a*)NS. Hence o(a) is closed in S. Since P is closed-hereditary, then
o(a) has also the property and the conclusion follows from the assumption
that heredity of P is equivalent to open-heredity. |

Remark 6.2. It is interesting that when P = normality, we can prove the
implication (3)=-(1) without assuming that heredity of P is equivalent to
open-heredity. This is a novelty even for the case of topological normality
(see Corollary 6.4). For that, consider an open sublocale o(a) of L and
u,v € o(a) satisfying

()
l=u V v=a— (uVo).

By the proof above S = o(a)V ( *) is an open and dense sublocale of L hence
normal. Moreover, u,v € 0(a) € S, a = (uVv)=1and a* - (uVv)=1
(since a* = A o(a) < wuVwv). Hence

S
uVuv=(aVa)—= (uVv)=(a— (uVv)A@ — (uVv)) =1
Then, by the normality of S, there exist x,y € S such that xt Ay = 0g = 0
and
S S
uVr=1=vVy.
Now consider ¢ — = and a — y in o(a). Notice that

(a—=2)AN(a—y)=a—= (xAy)=a—0=0yq).
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Moreover, a < aVa* <uVaz <uV(a— x), since

5
l=uVa=(aVa)— (uVuz).

Hence “
ola
uV (a—z)=a—(uV(e—z)=1,

o(a)
and it can be proved in a similar way that v V (a — y) = 1.

After Remark 6.2 we have a small contribution to general topology. The
point of the proposition and the corollary which follow should have been
known (but is not) since Urysohn told us in his celebrated 1925 paper that
it is not necessary to check all subspaces for whether they are normal.

Mimicking the proof in 6.1 for a topological space X, an arbitrary open
subspace A of X, and S = AU (XN A), we get:

Proposition 6.3. Let P be a topological property which is closed-hereditary
and such that heredity of P is equivalent to open-heredity. For X a topological
space the following are equivalent:

(1) Each subspace of X has property P.
(2) Each dense subspace of X has property P.
(3) Each open and dense subspace of X has the property P.

Corollary 6.4. For X a topological space the following are equivalent:

(1) X is hereditarily normal.
(2) Each dense subspace of X is normal.
(3) Each open and dense subspace of X is normal.

Examples 6.5. Besides topological normality, among examples of topolog-
ical properties P which are closed-hereditary and such that heredity of P is
equivalent to open-heredity of P are the following:

(1) P = collectionwise normality (]9, 5.1.C (a)] and [17, Lemma 1}),
(2) P = compactness ([29, Theorem 1)),

(3) P = Lindelofness ([9, 3.8.4 and 3.8.A (b)]),

(4) P = paracompactness ([9, 5.1.29 and 5.1.F (a)]).

This list is not exhaustive (cf. e.g. diagram 4.1 in [5]). Another way of
extending it is to require cardinal restrictions. As an example, we mention
k-collectionwise normality (cf. [9, 3.8.A]). We note that hereditarily compact
spaces are also called Noetherian spaces. They play an important role in
algebraic geometry (cf. [4, Chap. II, § 4, Proposition 9]).
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Since normality [resp., extremal disconnectedness| is closed-hereditary [resp.,
open-hereditary], and extremal disconnectedness is dense-hereditary (cf. [26,
Theorem 6.2 (b)]), we have the following enrichment to the discussion of
heredity in spaces which are both normal and extremally disconnected (cf.
[7] and [8]).

Corollary 6.6. For X a topological space the following are equivalent:

(1) Each subspace of X is normal and extremally disconnected.

(2) Each open [closed] subspace of X is normal and extremally disconnected.
(3) Each dense subspace of X is normal and extremally disconnected.

(4) Each open and dense subspace of X is normal and extremally discon-
nected.

3
4

A subset of a topological space is dense in the space if its only closed
superset is the whole space. Dually, a subset of a topological space is said to
be codense if its only open superset is the whole space. The earliest references
for the concept of topological codensity, we are aware of, goes back to [24]
and [20].

The concept of codensity deads if points are closed. But it is quite vital
otherwise, and gives rise to another interesting result: normality is codense
hereditary.

Proposition 6.7. A topological space is normal if and only if each its codense
subspace is normal.

Proof: Let X be a normal space and A be its codense subspace. Let K7 and
K5 be closed and disjoint in A. Then K; and K, are traces on A of closed
subsets F7 and F5, of X. Since

ACX — (R NE),

hence F; N Fy, = @ on account of A being codense. Hence F} and F, have
disjoint open neighborhoods in X whose intersections with A are disjoint
open neighborhoods of K7 and K5 in A. Hence A is normal. The converse is
obvious, for X is codense in X. |

We end with the extension of this result to frames. In pointfree topology
codense sublocales are considered in [6]: a sublocale T' of a frame L is codense
if T° = L, where T° = ({o(a) | T C o(a)} is the fitting closure on sublocales.
Of course, we may now speak about the A-closure of a sublocale T for A =



HEREDITARY PROPERTIES OF EXTREMAL DISCONNECTEDNESS AND NORMALITY 19

0[A] or A = ¢[A] (and an arbitrary A C L), that is, the sublocale
ca(T)={Ae A|T C A}

(that may not belong to A, unless A is closed under intersections). We then
say that S is A-dense whenever cly(T) = L. The case when A = ¢[A], with
A = L, covers the usual density while A = 0[A] and A = L covers codensity.

Proposition 6.8. For any frame L and any sublattice A of L, the following
are equivalent for A = o[A] or A = ¢[A]:

(1) S(L) is A-normal.

(2) For each A-dense T € S(L), S(T) is Ap-normal.

Proof: The implication (2)=>(1) is trivial since L is A-dense. Conversely, let
T be an A-dense sublocale of L. Consider F} = G NT and F5 = Gy NT in
Ar with F{ V F, =T, that is, T' C G V G5 € A (since A is a sublattice of
L) and Gy V Gy = L (since T is A-dense). Hence, by hypothesis, there exist
U, Uy € A such that Uy NU, = {1} and Gy VU = L =G5V U,. Let

Vi=UNT, Vo=U,NT € Arp.
Clearly, ViNVo ={1} and F VvV =T = F, V Vs. ]
For A = o[L] and A = ¢[L] we get, respectively:

Corollary 6.9. (1) A frame L is normal iff each codense sublocale of L is
normal.

(2) A frame L is extremally disconnected iff each dense sublocale of L is
extremally disconnected.
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