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On monotone Lindelofness of countable spaces

RoNNIE LEVY, MIKHAIL MATVEEV

Abstract. A space is monotonically Lindelof (mL) if one can assign to every open cover
U a countable open refinement r(U) so that r(U) refines r(V) whenever U refines V.
We show that some countable spaces are not mL, and that, assuming CH, there are
countable mL spaces that are not second countable.

Keywords: Lindel6f, monotonically Lindelof, tower, the countable fan space, Pixley-Roy
space
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1. Introduction

When saying that a family of sets A refines a family of sets B (or that B is
coarser than .4) we only mean that every element of A is a subset of an element
of B; we do not assume that |JA = (UB. If A refines a family of sets B, we
write A < B. A space is monotonically Lindel6f (or mL for short) [2], [9], [10] if
there is a function r, henceforth called a mL operator, that assigns to every open
cover U a countable open cover r(U) which refines U in such a way that r(U)
is coarser than (V) whenever U is coarser than V. There are two properties,
countability and second countability, that trivially imply Lindel6fness. That all
second countable spaces are monotonically Lindelof is straightforward: given a
countable base B, put r(d) = {O : O € B and there is a U € U such that
O C U}. With countability, this is not so trivial. One can present examples of
countable spaces which are easily seen not to be monotonically Lindelof. (We do
so in Section 2.) Then we discuss consistent examples of monotonically Lindelof
countable spaces that are not second countable. (The existence of ZFC examples
remains an open question.) Then we show that having one such example one can
get some others. But first, we discuss a reduction.

Let (X, T) be a space, and p € X. Denote by 7, the topology on X generated

by T U {{q} : ¢ # p}-

Proposition 1. A countable Ty space (X, T) is monotonically Lindeléf iff (X, Tp)
is monotonically Lindeléf for every p € X.

PROOF: Let r be a mL operator for (X,7), and let p € X. For an open cover U
of (X, 7p), put s(U) ={U e U : p € U}U{X \ {p}}. Then s(U) is an open cover of
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(X,T), and s is monotonic. Put r,(U) ={V € s(f) : p € VIU{{q} : ¢ € X\{p}}.
Then 7}, is a mL operator for (X, 7).

On the other hand, for every p € X, let r, be a mL operator for (X,7,), and
let U be an open cover of (X, 7). Put r({d) = U{{V er,(U):peV}:pe X}
Then r is a mL operator for (X, 7). O

Say that X is mL at p € X if there is an operator r, assigning to every non
empty family F of neighborhoods of p a non empty countable family r,(F) of
neighborhoods of p so that r,(F) refines F and rp(F) refines rp(G) whenever F
refines G. It is clear that a 77 mL space is mL at every point. Proposition 1 can
now be restated as follows:

Proposition 2. A countable T space is mL iff it is mL at every point.

The referee has observed that the axiom 77 (omitted in the original version of
the paper) is essential in Propositions 1 and 2. The counterexample suggested by
the referee is the following: let X be a countable space which is not mL, and let
y ¢ X. Topologize Y = X U {y} declaring X (with its original topology) open
while the only neighborhood of y is Y. Then Y is mL while for some p € X, X
is not mL at p, and hence Y is not mL at p.

Propositions 1 and 2 show that the problem we consider can be reduced to
spaces with unique non isolated point.

2. ZFC counterexamples

Here we show that some countable spaces are not monotonically Lindeldf. By
a subbase of neighborhoods of a point p we mean a family B of neighborhoods of
p such that finite intersections of B form a base of neighborhoods of p. The proof
of the next proposition is similar to an argument from [8].

Proposition 3. Let B be a subbase of neighborhoods of a point p in a space X .
Suppose there is a cardinal k such that the following two conditions hold:

(1) for every neighborhood U of p, |{B € B: U C B}| < k;
(2) every subfamily of B which is still a subbase at p has cardinality > k.

Then X is not mL at p.

PROOF: Let r be a mL operator for X at p. We construct a sequence of covers
Uy = Co U{X \ {p}} (where C, is a family of neighborhoods of p) and subfamilies
By C Bfor a < kt. Put By = B and Cy = {U : U is an open neighborhood of p
and there is B € By such that U C B}. If Bg, Cg have been constructed for all
B < a, put By = B\ {B € B: there are § < a and U € r(Ug) such that U C B}
and Co = {U : U is an open neighborhood of p and there is B € B, such that
U C B}. By condition (2), By and C, are well defined for all o < s, however,
at step o = k we get a contradiction with (1). (]
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Example 1. Let A be an uncountable almost disjoint family of subsets of w,
JA = w. Topologize X = w U {p}, where p ¢ w, as follows: the points of w are
isolated while a set U C X that contains p is open if and only if X \ U is contained
in the union of a finite subfamily of A.

X isnot mL at p: to apply Proposition 3, take Kk = w, and B={X\A: A € A}.
Example 2. Let w; < k < ¢, and let X be a dense countable subspace in 2".

To observe that X is not mL at any p € X, put kK = w and B = {{z € X :
x(i) =p(i)} : i € K}, and apply Proposition 3.

Remark. Proposition 3 can be applied to uncountable spaces as well. Thus, it
is easy to see, for example, that the one point compactification of an uncountable
discrete space is not mL, and neither is the one point Lindel6fication of a discrete
space of cardinality > wa.

3. A consistent example from (1)

Henceforward by an example we mean a non metrizable countable mL space.
We use the notation from [3] for small uncountable cardinals, >*, and so on.

Let k > 0 be a cardinal. Say that a sequence {T, : @ < k} of infinite subsets
of w is a pretower if Ty, 2% T and Ty, #* Tg whenever a < 3 < K. A pretower
is a tower [3] when it does not have infinite pseudointersection. Naturally,  is
called the height of the pretower. Let p ¢ w and let T = {Ty : @ < k} be a
pretower. Denote by X the set w U {p} with the topology 77 generated by the
base {{n}:newU{{p}U(Ta\ A): a <k and |A] < w}.

For an open cover Y of X7 and o < &, put so(Uf) = {{p} U (Ta \ 4) : |A| < w,
[{p} U (Ta \ A)} < U and {{p} U (Ta \ A)} £ ULsp@) : 8 < a}}. Set

rU) = U{sald) : a < k}U{{n}:ncw}.

Say that a pretower T = {T,, : @ < K} is good if every cofinal subsequence of T
contains a pair of elements related with respect to “real” inclusion (i.e. for every
cofinal subsequence of T', there are a < 3 < k such that Ty, and Tj are in this
subsequence, and Ty, O Tp).

Proposition 4. (0) For every pretower T, r is a monotonic operator, that is,
r(U) is coarser than r(V) whenever U is coarser than V.
(1) If cf(k) > w, and T is a good pretower, then for every open cover U the
families so(U) are eventually empty.
(2) If Kk <wy and T is a good pretower, then r is a mL operator on X .

PRrOOF: (0) Let & and V be two open covers of X, U being coarser than V, and
let Ve r(V). We have to find an U € r(Uf) such that U D V. If V = {n} for
ne€w,then U=V ={n} € rld), solet V={p}tU (Ty\ A) for some o < k and
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some finite A Cw. 'V € so(U), put U =V. If V ¢ s4(U), then by definition of
Sa, there are f < a and an U € sg(U) such that V C U.

(1) Assume the contrary. Then there is a U such that the set B = {a < & :
sq(U) # 0} is cofinal in k. For each a € B, pick Oy = Ty \ Aq € 5o (U) where
Aq is a finite subset of w. Since cf(k) > w, there are a finite A C w and a cofinal
subset C' C B such that A, = A for all « € C. Since T is good, there are
a,f € C, a < 3 such that Ty O Tj. Then we have Oq O Og which contradicts
the definition of the operators sq.

(3) If k is countable, then X is second countable, hence mL. If kK = wy, then
it follows from (1) that r(U) is countable for every Y. So it follows from (0) that
r is a mL operator. (I

It is shown in [5] that the following combinatorial principle follows from CH:
(1) :  There is a good pretower of height wj.
Together with the trivial observation that x(X7,p) = cf(k), this implies the

following:

Corollary 1. (1) There is a non metrizable countable mL space.

4. The countable fan as an example

Recall that the countable fan is the space V, = (w x w) U {p} in which the
points of w X w are isolated while a basic neighborhood of p is of the form Uy =
{p} U{(m,n) : m € wand n > f(m)} where f € w®.

Lemma 1 ([11]). Let P denote the collection of non-decreasing elements
of “w. Suppose F is cofinal in P the <* ordering of P. Then there existd, f € F
such that d < f.

Then identification of w X w and w provides

Corollary 2. (CH) V,, is mL.

5. Getting more examples from existing examples

First of all, it is clear that the discrete sum of countably many examples is
again an example. The next step is to consider the simplest possible quotient
spaces.

Question 1. Let Z1 and Zy be countable mL spaces with unique non isolated
points p1 and pg respectively, and Z the quotient space obtain by identifying py
and ps. Must Z be mL?

Question 2. Must the product of two countable mL spaces be mL?

We give only partial answers.
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Proposition 5. If X is countable and mL, and Y is countable and second count-
able, then X x Y is mL.

Proor: Following Proposition 1, it is enough to consider X X (w4 1) with unique
non isolated point (p,w) where p is the unique non isolated point of X. Let r
be a mL operator for (X, 7,), and let U be an open cover of X x (w + 1). For
ne€w letVy, ={VCX:V >pV isopenin X, and there is U € U such
that V x [n,w] CUIU{{q}:q € X\ {p}}. Put sY) ={W x [n,w]:pe W €
r(Vn),n €wiU{{z,y) € X x (w+1): 2z #pory+#w}. Then sisamL operator
for X x (w+1). O

Remark. It follows from Proposition 5 that, consistently, a countable mL space
need not be monotonically normal. Indeed, if X x (w+1) is monotonically normal,
then X is stratifiable [G].

Proposition 6. Let Z = wU{p} be a mL space with unique non isolated point p.
Then all finite powers of X are mL.

PROOF: We give the proof for Z2. Let r be a mL operator for Z. Let U be an open
cover of Z2. Let sp p(U) = {U : Uisopenin Z,p € Uand UxU < U}U{{n} :n €
w}. Then s, p,(U) is an open cover of Z and sp, is a monotonic operation. Put
Rpp(U) ={V xV :V er(sppld)) and p e V}. For n € w, let spn(U) ={U:U
isopenin Z, U 3 p and {p} x U <UL U{{n} :n € w} and sy p(UU) ={U : U is
openin Z, U3 pand U x {p} <U} U{{n}:n € w}. Put Rp,U) ={{p} xV:
Ver(spn)) and V 3 p} and Ry p(U) = {V x{p} : V € r(sppUf)) and V > p}.
Finally, put R(U) = Ry p(U) U U{RnpU)URpn(U) : n € w}U{{(n,n)}:n € w}.

(]

Proposition 7. Suppose {X, : a € A} where |A| = w, be a family of countable
spaces, and all finite subproducts in the product P = [[{Xg, : a € A} are mL.
Then a o-product in P is mL.

PROOF: Let S be a o-product in P with base point z = (x4 : @ € A). It is enough
to show that S is mL at x. Moreover, it is enough to show that P is mL at x.
For B C A, we denote Xp =[[{Xs:a € B} and 25 = (24 : @ € B) = wp(z).
For finite B, let rp be operators witnessing that X p is mL at x 5. Let us say that
a subset U C P is B-standard, where B C A, if U = WEI(TFB(U)). Let U be a
nonempty family of neighborhoods of z in P. For finite B C A, let sg(Uf) = {U : U
is B-standard and © € U < U} and tg(U) = {wg(0O) : O € sg(h)}. Put B(U) =
{BCA:|B] <wand sg(f) # 0} and r(d) = {FEI(V) : Ve rg(tp(sptf))),
B € B(U)}. Then r witness that P is mL at x. O

Corollary 3. Let Z =w U {p} be a mL space with unique non isolated point p.
Then a o-product in Z* is mL.

Consistently, Corollary 3 gives an example without isolated points. Alterna-
tively, one can get such an example using the Pixley-Roy exponent. Recall that
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the Pixley-Roy space PR(X) over a topological space (X,7T) is the set of all
nonempty finite subsets of X with basic open sets of the form

[F,V]={GePR(X): FCGCV}
where F' € PR(X) and F CV € T (see [3]).

Proposition 8. If X is a countable mL space, then PR(X) is mL.

PROOF: Let  be a mL operator for X. We construct a mL operator R for PR(X)
in the form

RU) = U{Rp(U) : F € PR(X)}
where U is an open cover of PR(X). Let F € PR(X). Put

Up ={[F,V]:VeT,FCV[FV]=<U},
Ve =A{V:[F,V] elUp}, Op =VrpU{X\ F}

(the latter is an open cover of X),

Wrp ={W € r(Op) : W N F £ 0}, Wr = {NA: A€ [Wr]<},

Wr = {UB:B e [Wr< and UB>SF and 3V € Vp)(UB C V),

Rp(U) = {[F,0] : 0 € Wp}.

6. Final questions
Question 3. Is it consistent that every countable mL space is metrizable?

Question 4. Does the existence of a non-metrizable countable mL space imply
the existence of a good tower (of uncountable height)?

Question 5. How many pairwise non homeomorphic countable mL spaces with
unique non isolated point are there?

Question 6. Let X be a countable mL space with unique non isolated point p.
Consider X embedded into 2¥X) so that p = 0. Denote G the subgroup of ow(X)
generated by X. Is G mL?

Question 7. Let X be a countable mL space with unique non isolated point.
Are the free topological group F(X) and free Abelian topological group A(X)
mL?
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