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ABSTRACT. Spaces which are maximal with respect to a semi-regular property
are characterised. Furthermore, a method to construct such topologies is given.
Consequently, new characterisations of maximal pseudocompact spaces and of
maximal Q.H.C. spaces are presented. Known characterisations of maximal
connected spaces and of maximal feebly compact spaces are given alternative
proofs.

1. INTRODUCTION

The family of all topologies definable for an infinite set X is a complete atomic
lattice (ordered by inclusion), and is often denoted LT(X). When T7, Ty are mem-
bers of LT'(X) such that T3 C Ta, we say that To is an ezpansion of Ty. A topo-
logical property R is called contractive (expansive) when, for a given member T of
LT(X) with property R, any weaker (stronger) member of LT (X) has property fR;
then, given a contractive property R, a member T of LT (X) is said to be mazi-
mal with respect to R if and only if T has property SR but no stronger member of
LT(X) has property R. When appropriate, we shorten this to, 7 is maximal fR.
Given T € LT(X), recall that a T-open set V is T-regular open if V = intsclsV.
The topology generated by the family of T-regular open sets is called the semi-
reqularisation of T and denoted by Ts. Furthermore, T and T, have precisely the
same regular open sets and consequently, (T5)s = T [17]. A topological property
R is called semi-regular when T € LT(X) is R if and only if Ty € LT(X) is R [3].
Hausdorff and connectedness are the classic examples of semi-regular properties.

Given T € LT(X) and a subset V of X, the boundary of V, (clgV — intsV), is
denoted by 05V. If D is a family of subsets of X, the topology generated by TU D
is denoted by (TUD). In the special case when D = { A} for some A C X we write
(TUD) as T(A).

The concept of a singular set was introduced by Guthrie and Stone in 1977 to
construct a maximal connected expansion of the real line [8, 10]. In 1986, Neumann-
Lara and Wilson generalised the notion of a singular set to characterise 77 maximal
connected spaces [14]. In this paper we refine and further generalise the notion of a
singular set to establish, for any contractive topological property, a characterisation
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of a submaximal space which is maximal with respect to the contractive property.
Of course, for contractive semi-regular properties (which include connectedness,
pseudocompactness, feebly compactness and Q.H.C.) we will have established a
complete characterisation of maximality. Indeed, motivated by the construction of
Guthrie and Stone [10], we provide a general method of constructing topologies
which are maximal with respect to a semi-regular property.

Throughout this paper we assume no separation axioms unless they are explicitly
stated. We conclude this section by listing some basic results which we use in
subsequent sections.

Lemma 1.1. Given T € LT(X), T = (TsUD) where D is the filter of T-dense and
open sets, and therefore is a filterbase of Ts-dense sets. Furthermore, (T,UF); = Ts,
when F is a filterbase of Ts-dense sets [2].

Definition 1.2. Given T € LT (X), T is submazimal if every T-dense set is T-open.

Theorem 1.3. Given T € LT (X), the following statements are equivalent:

(i) T is submazimal.

i) The family of T-dense open sets is an ultrafilter of Ts-dense sets.

) For any H € LT(X) such that T C H,Hs # Ts.

v) Every subset of X is the union of an open set and a closed set.
) Every subset of X is the intersection of an open set and a closed set.
) For every subset A of X which is not open, there are non-empty proper closed

sets F1,Fy such that Iy C A C Fy.

) Every subset A of X, for which intA =0 is closed.

(viii) Every subset A of X, for which intA = () is discrete.

) cl(A) — A is closed, for every subset A of X.

) cl(A) — A is discrete, for every subset A of X.

Proof. [1], 2], [11] and [17]. |

So if PR is a contractive semi-regular property, then a maximal SR topology is
submaximal. Also, every PR topology has a submaximal R expansion (constructed
by declaring open an ultrafilter of dense sets, thus ensuring condition (ii) of Theorem
1.3 is satisfied). Recall that a topology is Tgg if every singleton is either open or
closed [12, 13]. A submaximal topology is Tgs [11].

Lemma 1.4. If T € LT(X) is submazimal and B C X, then (intyclyintyB)U{x}
is T(B)-open, for all x € B —intyB.

Proof. (X — B) U (intyB) U {z} is T-dense and so by hypothesis is T-open. Now
(intyB)U{z} = BN[(X — B) U (intyB) U {z}]

and so is T(B)-open. Thus, (intyclyintyB) U {z} is T(B)-open. |

Note. Essentially this lemma is a refinement of [7, Lemma 5], and although simple,
it is powerful when considering maximality. It essentially proclaims that an expan-
sion of a submaximal topology is constructed by declaring open certain sets of the
form V U {z}, where V is regular open and = € X.
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2. SINGULAR SET THEORY

Throughout this section we assume that R is a contractive topological property.

Definition 2.1. Given T € LT (X) has property R, V' is T-regular open and z € X.
Then, V U {z} is said to be a T-singular (with respect to R) set at x, if T(V U {z})
has property ‘R.

Note. Clearly, any regular open set is singular at each of its points. More generally,
A is a singular (w.r.t. R) set when either A is regular open, or there exists x € A
such that A — {z} is regular open and T(A) enjoys the property . It can be
observed that, after Lemma 4.1 later, this definition refines and generalises that of
Neumann-Lara and Wilson [14].

Example 2.2. Consider the real line with the usual topology. Let V be the fol-

lowing union of open intervals, (—1,0) U {Uzozl (Tlﬂv %) } Then V U {0} is a

singular (w.r.t. connected) set at 0, but is not an open set.

Definition 2.3. Given T € LT(X), T is called non-singular (w.r.t. R) if T has
property SR and every singular (w.r.t. JR) set is T-open.

Note. This generalises the definition of Guthrie and Stone [8].

Theorem 2.4. Given T € LT(X) is submazimal and R. Then T is mazimal R if
and only if T is non-singular (w.r.t. R).

Proof. Suppose T is R but not maximal PR. Then there is a set B C X such that
T(B) is a proper R expansion of J. So there is a point x € B — intgB. Now
V = intyclyinty B is T-regular open, however V U {z} is not T-open, since T is
submaximal and inty BU {z} = (V U{z}) N [intsBU (X — clyintyB) U {z}]. But,
by Lemma 1.4 above, V U{x} is T(B)-open and so, as R is contractive, T(V U {z})
is R. That is, V U {z} is a T-singular (w.r.t. JR) set which is not T-open.

The converse is immediate. O

Corollary 2.5. Suppose that T € LT(X) and R is a semi-regular property. Then
T is mazimal R if and only if T is R, submaximal, and for every regular open set
V and every non-isolated point x in the subspace X —V, V U {z} is not singular
(w.r.t. R) in the space X.

Theorem 2.6. Given T € LT(X), T is non-singular (w.r.t. R) if and only if T
is R and for every x € X the family of reqular open neighbourhoods of x is an
ultrafilter of singular (w.r.t. R) sets at x.

Lemma 2.7. SupposeT € LT(X) isR, A C X and M, is a filterbase of T-singular
(w.r.t. R) sets at x, where x € X. Let T* = (TUM,). Then (using a convenient
change of notation) the T*-closure of A is described by

7T {Z, if v € (M —{x})N A for every M € M,,

A—{z}, ifxd¢ (M—{x})NA for every M € M,.
Proof. Let y € A— {z}. Then a (7" — T)-neighbourhood of y contains a set of the
form GN M where y € G € T and y € M € M,. By definition of a singular set,
either M or M — {x} is T-regular open so that G N M is a T-neighbourhood of y.
Buty € 4,50 GNMNA#D, that is, y € A . Hence, A — {z} C A" C7A. Finally,
it is clear that € A if and only if z € (M — {x}) N A for every M € M,. O
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Corollary 2.8. Suppose T € LT(X) is R, and M, is a filterbase of T-singular
(w.r.t. R) sets at x, where v € X. Let T* = (TUMy,). If G € T* and x ¢ G, then
GeT.

Lemma 2.9. Suppose T € LT (X) is R, and that every singleton T-singular set is
T-open, while M, is an ultrafilter of T-singular (w.r.t. R) sets at x, where x € X.
Let T = (TUM,). If T is R, then every T'-singular set at x is T'-open.

Proof. Suppose V U {zx} is T’-singular at = but is not J’-open, so we may assume
that V is J’-regular open and that x € 95 V. By Corollary 2.8 V is T-open and by
Lemma 2.7 cly'V = clgV. Then since T C T, V C intgcly'V C intgclgV =V
and therefore V is J-regular open. Now for each M € M,, M N (V U {z}) # 0
because x € 95V and also T(M N (VU {z})) C T'(V U {z}). But R is contractive
and the intersection of any two regular open sets is regular open, thus VU{z} meets
each member of M, at a T-singular set at z, yet VU{z} ¢ M, (since VU{z} ¢ T").
That is, M, is not an ultrafilter of T-singular sets at x. O

Theorem 2.10. Suppose R is a semi-reqular property and that T € LT(X) is R,
and every singleton T-singular set is T-open. Let D be an ultrafilter of T-dense
sets. Given © € X, let M, be an ultrafilter of T-singular (w.r.t. R) sets at x.
Let 7' = (TUDU (UgexMy)). If T' has the property R, then T’ is a mazimal R
expansion of T.

Proof. 7% = (T U D) is submaximal, so J’ is submaximal. Suppose V U {z} is
J’-singular at x but is not J’-open. As every singleton T-singular set is T-open,
it MU {z} € M, then € clgM and so necessarily = € clg«M. Thus intsV
is T*-regular open and so must be T-regular open. Now as T* is submaximal and
(intm-V)U{z} = (VU {z}) N[(ints=V) U (X — V) U {z}] we have

(T* UM, U {(int3-V) U {z}}) € T/(V U {2}).

But R is contractive, and V U {z} is T’-singular, so (TUM, U {(intV)U{x}}) is
R. Now (inty-V)U{z} cannot be (TUM,)-regular open (otherwise, VU {x} is T*-
open), so by Corollary 2.8 above, ints+V is (T UM,)-regular open, and therefore,
(intg- V) U {z} is (T U M, )-singular set at x, which is not (T U M, )-open (since
V U {z} is not J’-open). This contradicts the statement of Lemma 2.9 above. O

Note. A connected Trs topology is an example of a topology in which every single-
ton singular (w.r.t. connected) set is open. Also, a Q.H.C. almost H-space (feebly
compact almost Ej-space) is an example of a topology in which every singleton
singular (w.r.t. Q.H.C. (feebly compact)) set is open (see Definition 4.3 later).

The key to this construction is in finding suitable ultrafilters of singular sets
which ensure the expanded topology possesses the property R. Although this
method appears difficult, Lemma 1.4 confirms that it is necessary for expansions of
submaximal R topologies. Guthrie, Stone and Simon showed that it is possible to
find suitable ultrafilters of singular sets on the real line which preserve connected-
ness [10, 18].

Question. Is there a Tychonoff non-singular (w.r.t. connected) topology?

If not, then there is no Tychonoff topology which is maximal connected. Tkacenko
et al. have shown that no metrizable space is maximal connected and that certain
classes of Tychonoff spaces are not maximal connected [19].
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3. THE SEMI-REGULAR NATURE OF NON-SINGULARITY
In general, if T € LT(X), and T, is non-singular, then 7 is non-singular.

Theorem 3.1. Suppose R is contractive, semi-reqular, and that T € LT(X) is
non-singular (w.r.t R). Then every Tq-singular set V U {x} such that x € O3+ V is
Ts-open.

Proof. Suppose Ts(V U {z}) is R, where V is Ts-regular open and = € 95, V. Of
course, V' is T-regular open and 95,V = 05V. Now T = (T, U D), where D is a
filterbase of Ty-dense sets. But z € 9V, so D is a filterbase of T5(V U {z})-dense
sets, and because R is semi-regular, (Ts UD U{V U {z}}) = T(V U {z}) is also R.
Hence V U {z} is T-singular at z, and so by hypothesis is T-open. But = € 9V so
x eV, thatis, VU{z} =V € T,. O

Theorem 3.2. Suppose T € LT(X) and every singleton is either T-open or Ts-
closed. Then T is non-singular if and only if Ts is non-singular.

Corollary 3.3. The property ‘non-singular and every singleton is either regular
open or regular closed’ is a semi-reqular property.

4. APPLICATIONS OF SINGULAR SET THEORY

It transpires that a singular set may readily be characterised in terms particu-
lar to the existing topology and without reference to any expansions (see Lemmas
4.1, 4.4 and 4.6 below). As a consequence of Corollary 2.5, a complete internal
characterisation of a topology which is maximal w.r.t. a contractive semi-regular
property is easily established. This considerably enlarges Cameron’s ‘class of max-
imal topologies’ [4].

Lemma 4.1. Suppose T € LT (X) is connected, and that V is non-empty T-regular
open, while x is non-isolated in the subspace X —V. Then VU{x} is not T-singular
(w.r.t connected) at x if and only if there is a non-empty clopen subset, C, of X —{x}
such that x ¢ cls(V NC).

Proof. 7% = T(V U{z}) is disconnected if and only if there is a non-empty proper
T*-clopen set C. We may assume z ¢ C, so by Corollary 2.8, C' is T-open. Also,
C' is T*-closed, but T is connected, so by Lemma 2.7, clgC = C U {z}. Hence, C is
non-empty and J-clopen in X — {z} and there is a T-neighbourhood N of x such
that NN (Vu{z})nC =0. O

Theorem 4.2. Given T € LT(X), T is mazimal connected if and only if T is
connected, submazximal, and for every reqular open set V. and for all x € OV there
is an open set C' such that 0C = {x} and there is a reqular open neighbourhood
N of © such that NNV NC = 0 (that is, T is submazimal and nearly mazimal
connected [6]).

Proof. This is immediate by Lemmas 1.1, 4.1 and Corollary 2.5. O

Note. Recall Theorem 3.1 above and observe that Clark and Schneider’s term nearly
mazimal connected is a semi-regular property. In addition it is evident that, if
Neumann-Lara and Wilson [14, Theorem 2.5] had relaxed their initial hypothesis
from T; to Tgg, they could have obtained a complete characterisation of maximal
connectedness.
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Definition 4.3. Given T € LT(X),

(i) T is Quasi-H-Closed (feebly compact) if every (countable) T-open cover of X
has a finite subfamily whose union is T-dense in X (or, equivalently, every
(countable) open filterbase has a cluster point) [5, 15].

(il) p € X is an almost H-point (almost E1-point) if there is a (countable) filter-
base of non-empty J-regular open sets W such that {p} = {clgW : W € W}
[15].

(i) (X,7) is an almost H-space (almost Fj-space) if every point is an almost
H-point (almost F;-point).

Lemma 4.4. Suppose T € LT(X) is Q.H.C. (feebly compact). If V is a T-regular
open and x is non-isolated in the subspace X — V', then V U {z} is not singular if
and only if x is an almost H-point (almost E1-point) in the subspace X — V.

Proof. 7% = T(V U {z}) is not Q.H.C. if and only if there is a T*-open filterbase
G ={G,; :i € I} such that ({cl+G; : i € I} = 0. Now there is some G € G such
that « ¢ G, and so for any i,j € I, G;NG; # {z} (otherwise, GNG;NG; =0). By
Lemma 2.8, for each i € I, G; — {a} C intyG; C Gy, so that §' = {int5G, : i € I}
is a filterbase of T-open sets. But T is Q.H.C. so §’, and therefore G, has a T-cluster
point. However, if p is a J-cluster point of G, then there is a set Gy € G such that
p € (clgGo) — (clg+Gyp), so by Corollary 2.8 p = x, and there is a T-neighbourhood
N of z such that NNV NGy = 0. Now G §Z V, since z € clyGo, and because V'
is T-regular open, Gy N (X — clgV') # (. Tt follows that, for all i € I,

(inthi) N (X — Clj‘V) #* )

and that
H={(intsG;)N(X —clgV)#D:i eI}

is a T-open filterbase and that z is the only T-cluster point of H. Furthermore,
{z} = ({clyintscls[Gi N (X — clgV)] 1 € I},

so that x is an H-point in X — V. (Note, by letting |I| = Yy in the above argument
we have established that V' U {x} is not singular (w.r.t. feebly compact) if and only
if z is an almost Eq-point in X — V) O

We can now prove directly the recent characterisation of a maximal feebly com-
pact topology [15], and provide an alternative to Cameron’s characterisation of a
maximal Q.H.C. topology [5].

Theorem 4.5. Given T € LT(X), T is mazimal Q.H.C. (maximal feebly compact)
if and only if T is Q.H.C. (feebly compact), submazimal, and every regular closed
subspace is an almost H-space (almost E1-space).

Note. Again recall Theorem 3.1 above and notice that the property every regular
closed subspace is an almost H-space (almost E1-space) is a semi-regular property
[15].

Lemma 4.6. Suppose T € LT(X) is pseudocompact, and that V is T-regular open,
while x is non-isolated in the subspace X —V. Then V' U{a} is not singular if and
only if there is an unbounded function f : X — R which is continuous on X — {x},
and for any open interval O, containing f(x) there is a T-neighbourhood N of x
such that NNV C f~40,).
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Proof. T* = T(V U{xz}) is not pseudocompact if and only if there is an unbounded
function f : X — R which is T*-continuous. Now if G is an open subset of
f(X —{z}), then f~1(G) is a T*-open subset of X — {z}. By Corollary 2.8, f~1(G)
is J-open so that f is T-continuous on X — {z}. Since f is T*-continuous at z,
for any interval O, containing f(z), there is a T-neighbourhood N of z such that
NN (Vu{z}) C f~H0,). O

Theorem 4.7. Given T € LT(X), T is mazimal pseudocompact if and only if T is
pseudocompact, submazimal and for every T-reqular open set V and for every non-
isolated point x in the subspace X —V there is an unbounded function f: X — R
which is continuous on X — {x}, and for any open interval O, containing f(z),
there is a T-neighbourhood N of x such that NNV C f~1(0,).

Note. This is a complete characterisation of maximal pseudocompact topologies
which makes no reference to expansions, and so answers Cameron’s question [3].
However, see also [16, Theorem 2.4] and [9, Corollary 11A].

REFERENCES

[1] A. V. Arhangelskii and P. J. Collins, On submazimal spaces, Top. Appl., 64 (1995), 219-241.
MR 96m:54002
(2] N. Bourbaki, Eléments de Mathématique, Topologie Générale, 3rd ed., Actualitiés Scien-
tifques et Industrielles 1142, Hermann, Paris, 1961. MR 25:4480
[3] D. E. Cameron, A survey of mazimal topological spaces, Top. Proc. 2 (1977), 11-60. MR
80k:54034
[4] D. E. Cameron, A class of mazimal topologies, Pac. J. Math., 70 (1) (1977), 101-104. MR
57:4092
[5] D. E. Cameron, Mazimal Q.H.C.-spaces, Rocky Mountain J. Math., 7 (2) (1977), 313-322.
MR 56:6611
[6] B. Clark and V. Schneider, A characterization of mazimal connected spaces and mazimal
arcwise connected spaces, Proc. Amer. Math. Soc., 104 (4) (1988), 1256-1260. MR 90a:54055
(7] A. G. El’kin, Mazimal connected Hausdorff spaces, Mat. Zametki, 26 (6) (1979), 939-948,
English translation available. MR 81¢:54028
(8] J. A. Guthrie, H. E. Stone and M. L. Wage, Mazimal connected Hausdorff topologies, Top.
Proc. 2 (1977), 349-353.
[9] J. A. Guthrie and H. E. Stone, Pseudocompactness and invariance of continuity, Gen. Top.
Appl. 2 (1977), 1-13. MR 56:1247
[10] J. A. Guthrie, H.E. Stone and M. L. Wage, Maximal connected expansions of the reals, Proc.
Amer. Math. 69 (1978), 158-163. MR 57:7501
[11] G. J. Kennedy and S. D. McCartan, Submazimality and supraconnectedness are complemen-
tary topological invariants, Proceedings of the 8th Prague topological symposium, (1996),
163-166.
[12] S. D. McCartan, Minimal Tgs-spaces and minimal Tgp-spaces, Proc. Roy. Irish. Acad., 79
(A2) (1979), 11-13. MR 80e:54034
[13] D. M. G. McSherry, On separation azioms weaker than T1, Proc. Roy. Irish. Acad., 74 (A16)
(1974), 115-118. MR 50:8435
[14] V. Neumann-Lara and R. G. Wilson, Some properties of essentially connected and mazimally
connected spaces, Houston J. Math., 12 (3) (1986), 419-429. MR 88a:54049
[15] J. R. Porter, R. M. Stephenson and R. G. Woods, Mazimal feebly compact spaces, Top. Appl.
52 (1993), 203-219. MR 94f:54001
[16] J. R. Porter, R. M. Stephenson and R. G. Woods, Mazimal pseudocompact spaces, Comment.
Math. Univ. Carolinae 35 (1) (1993), 127-145. MR 95j:54004
[17] J. R. Porter, R. G. Woods, Eztensions and absolutes of Hausdorff spaces, Springer-Verlag,
New York-Berlin-Heildelberg, 1988. MR 89b:54003



3382 G. J. KENNEDY AND S. D. MCCARTAN

[18] P. Simon, An example of a mazimal connected Hausdorff space, Fund. Math. 100 (1978),
157-163. MR 58:7557

[19] D. B. Shakhmatov, M. G. Tkacenko, V. V. Tkachuk, S. Watson and R. G. Wilson, Neither

first countable nor Cech-complete spaces are mazimal Tychonoff connected, Proc. Amer.
Math. Soc. 126 (1998), 279-287. MR 98c:54014

DEPARTMENT OF PURE MATHEMATICS, QUEEN’S UNIVERSITY OF BELFAST, BELFAST BT7 1NN,
NORTHERN IRELAND
E-mail address: g.kennedy@qub.ac.uk

E-mail address: D.McCartan@qub.ac.uk



