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Resumo

Vinicius de Oliveira Rodrigues. Enfraquecimentos de compacidade e normalidade
em espacos de Isbell-Mrowka, hiperespacos de Vietoris e grupos Abelianos. Tese
(Doutorado). Instituto de Matematica e Estatistica, Universidade de Sdo Paulo, Sdo Paulo,
2022.

Nos fornecemos um exemplo de espago topologico Tychonoff, almost-normal ndo normal e exploramos
almost-normalidade restrita aos espacos de Isbell-Mrowka. Seguindo essa linha de estudo, estudamos almost
disjoint families fortemente Ny-separadas comparando elas ao que se sabe sobre almost disjoint families
normais e pseudonormais. Definimos uma nova familia de conjuntos especiais de nimeros reais relacionadas
a esses problemas que chamamos de weak A-sets. Esse estudo explora algumas questdes de Paul Szeptycki e

Sergio Garcia-Balan.

Nos exploramos as perguntas de John Ginsburg sobre pseudocompacidade e compacidade enumeravel
de hiperespacos de Vietoris. Em particular, obtivemos um exemplo de um subespaco de Sw contendo w
cujas todas poténcias menores do que a caracteristica cardinal ) sdo enumeravelmente compactas, mas cujo
hiperespaco de Vietoris ndo é pseudocompacto. Também exploramos essas perguntas restritas a espacos de
Isbell-Mrowka, provando que a existéncia de uma MAD family cujo hiperespago de Vietoris de seu espaco
de Isbell-Mrowka néo é pseudocompacto é equivalente ao numero de Baire de w* ser menor ou igual a c.
Também obtivemos um exemplo consistente de um espaco de Isbell-Mrowka deste tipo de cardinalidade

wo < C.

Finalmente, utilizamos forcing para obter uma classificacdo para grupos Abelianos de néo tor¢ao de
cardinalidade < 2¢ que admitem uma topologia enumeravelmente compacta Hausdorff contendo sequéncias

convergentes, parcialmente respondendo uma questio de Dikranjan and Shakhmatov.

Palavras-chave: Espacos de Isbell-Mrowka. Grupos Topologicos. Hiperespacos de Vietoris. Compacidade

Enumeravel. Pseudocompacidade. Combinatéria Infinita. Topologia Geral.






Abstract

Vinicius de Oliveira Rodrigues. Weakenings of compactness and normality on Isbell-
Mrowka spaces, Hyperspaces of Vietoris and Abelian groups. Thesis (Doctorate).

Institute of Mathematics and Statistics, University of Sdo Paulo, Sao Paulo, 2022.

We provide an example of a Tychonoff almost-normal topological space which is not normal and explore
almost-normality in the realm of Isbell-Mrowka spaces. Following this line, we study strongly No-separated
almost disjoint families by comparing them with what is known about normal and pseudonormal almost
disjoint families. We define a new family of special sets of reals related to these problems which we called

weak A-sets. This study explores some questions of Paul Szeptycki and Sergio Garcia-Balan.

We explore John Ginsburg’s questions on pseudocompact and countably compact Vietoris hyperspaces.
In particular, we provide an example of a subspace of Sw containing w whose every power below the cardinal
characteristic b is countably compact, but whose Vietoris hyperspace fails to be pseudocompact. We explore
the converse implications in this class of spaces. We also study these questions in the realm of Isbell-Mrowka
spaces, proving that the existence of a MAD family whose Vietoris hyperspace of its Isbell-Mréwka space
is not pseudocompact is equivalent to the Baire number of w* being less or equal to ¢. We also provide a

consistent example of such an Isbell-Mréwka space of cardinality we < c.

Finally, we force a classification of non-torsion Abelian groups of size < 2<° that admit a Hausdorff
countably compact group topology containing convergent sequences, partially answering a question of

Dikranjan and Shakhmatov.

Keywords: Isbell-Mréwka spaces. Topological Groups. Hyperspaces of Vietoris. Countably Compactness.

Pseudocompacity. Infinitary Combinatorics. General Topology.
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Chapter 0

Preliminary material

0.1 Introduction

0.1.1 About this thesis

This thesis contains a big part of the material I have worked with during my PhD.
The main objects of study here are countably compact topological groups, Isbell-Mrowka
spaces and pseudocompact hyperspaces of Vietoris.

Instead of just presenting the results of our own, I also tried to include background
material to make this thesis more self-contained than our papers. However, we believe
that it is important to be really clear about which results are an original contribution I
coauthored during my PhD and which are not. Not every result I coauthored is part of the
thesis: some results I coauthored appeared or are going to appear in the thesis of other
people, so they are not part of this thesis. Also, there are results I coauthored that I feel
that I did not contribute enough to make them part of this thesis.

Thus, the results which I coauthored and are part of this thesis are marked with an
asterisk (*). This marking means that I am a coauthor of the result, that they are not
appearing in the thesis of other people and that I have made a contribution to them. This
marking does not imply that I claim I am the “main contributor” of the result, but it does
mean [ have contributed.

The original results of this thesis appear or are very strongly based on the following
published or accepted papers:

« Yasser F. Ortiz-Castillo, Vinicius O. Rodrigues and Artur H. Tomita. “Small cardinals
and the pseudocompactness of hyperspaces on subspaces of fw”. In: Topology and
its Applications 246 (2018). pp. 9-21.

« Vinicius O. Rodrigues and Artur H. Tomita. “Small MAD families whose Isbell-
Mroéwka space has pseudocompact hyperspace”. In: Fundamenta Mathematicae 247
(2019), pp. 99-108.

« Matheus K. Bellini, Ana Carolina Boero, Irene Castro-Pereira, Vinicius O. Rodrigues
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and Artur H. Tomita. “Countably compact group topologies on non-torsion Abelian
groups of size continuum with non-trivial convergent sequences”. In: Topology and
its Applications 267 (2019) p. 106894.

« Vinicius O. Rodrigues and Victor S. Ronchim. “Almost-normality of Isbell-Mréwka
spaces”. In: Topology and its Applications 288 (2021). p. 107470

« O. Guzman, M. Hrusak, Vinicius O. Rodrigues, S. Todorcevi¢ and A. H. Tomita. “Max-
imal almost disjoint families and pseudocompactness of hyperspaces”. In: Topology
and its Applications 305 (2022) p. 107872.

« Vinicius O. Rodrigues, Victor S. Ronchim and Paul Szeptycki. “Special sets of re-
als and weak forms of normality on Isbell-Mréwka spaces”. In: Commentationes
Mathematicae Universitatis Carolinae (2022, accepted).

The papers that I coauthored and appear in the references but are not listed above do
not contain results that are part of this thesis. Of course, I have contributed to their results,
but they will appear on the thesis of other people or have already appeared. Some of their
results will be stated without proof in this thesis and are used to motivate some of the
problems we have worked with, but since they are not part of this thesis they will not be
marked with an asterisk, as explained above.

The end of definitions are marked with a [J symbol. This does not have any deep
meaning, it only marks the end of the definition to avoid confusion since I am using the
same font for the definitions and for the main text of the thesis. Some texts, such as [50],
do the same. I do the same for theorems stated with no proof.

In this preliminary chapter we will fix the notation common to all chapters and state
(often without proof) some basic results used in General Topology, Set Theory and Logic.
We present some proofs for the convenience of the reader, but we assume that the reader
has some experience with the basics of General Topology (up to the construction of Sw
using ultrafilters and basic metrization theorems) and set theory (including the basics
on Forcing and Iterated Forcing). Most of the nontrivial results will be reviewed in this
preliminary chapter, but the reader which is not used to the material presented here may
find some difficulty. Our base theory is ZFC, so all our results will be of relative consistency
with ZFC and we do not keep track of the use of the Axiom of Choice. Not all background
material is presented in this chapter: some of it is presented as they are needed.

Regarding forcing, we have decided to include few to no background material about it
in this thesis since we believe it would take too many pages and would possibly feel very
incomplete and unhelpful. We follow the basic literature as [49], [50] and [47] with the
main difference that when working with iterated forcing, we consider IP,, to be a complete
suborder of P53 whenever o < 3, as in [3], so elements of IP,, are functions whose domain
is a subset of a.. This means that we work with domains (as done in [3]) instead of supports
(as done in [49]).

We have organized the structure of this thesis as follows:

« Chapter 1 contains background material about almost disjoint families, Isbell-
Mroéwka spaces and their relations with some cardinal characteristics of the contin-
uum.
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« Chapter 2 contains original results about weakenings of normality on Isbell-Mrowka
spaces along with background material.

« Chapter 3 contains background material about problems concerning weakenings
of compacity on Vietoris Hyperspaces along with original results, mostly about
subspaces of Sw.

« Chapter 4 contains original results related to the problems presented on Chapter 3
about Isbell-Mrowka spaces.

« Chapter 5 contains original results about countably compact Abelian topological
groups, along with background material.

0.2 Ordered sets and trees

As a shorthand, in this thesis, “iff” stands for “if, and only if]".
In this section we fix the basic language to talk about orders and trees.
Definition 0.2.1. Let X be a set and R be a binary relation on X.
« We say that R is reflexive iff for every x € X, xRx.
« We say that R is irreflexive iff for every = € X, =(xRzx).
« We say that R is transitive iff for every x,y, z € X, if t Ry and y Rz then xRz.
« We say that R is symmetric iff for every x,y € X, if xRy then yRz.
« We say that R is anti-symmetric iff for every x,y € X, if t Ry and yRx then x = y.

« We say that R is total, or linear iff for every x,y € X, xRy or yRx or x = y.

O
Definition 0.2.2. Let X be a set, x € X and R be a binary relation on X. We define
predg(z) = {y € X : yRx}. We read it as the set of R-predecessors of . O

Definition 0.2.3. Let X be a set and R be a binary relation on X.

« We say that (X, R) is a pre-ordered set, or a pre-order (p.o.), iff R is reflexive and
transitive on X. In this case, we say that R is a pre-order on X.

« We say that (X, R) is a partially ordered set, or a partial order, iff R is an anti-
symmetric pre-order on X. In this case, we say that 1 is a partial order on X.

« We say that (X, R) is a strict partially ordered set, or a strict partial order, iff R is a
irreflexive pre-order on X. In this case, we say that R is a strict partial order on X.

« We say that (X, R) is a linearly ordered set, or a linear order, iff R is a total partial
order on X. In this case, we say that R is a linear order on X.

« We say that (X, R) is a strict linearly ordered set, or a strict linear order, iff R is a

total strict partial order on X. In this case, we say that ? is a strict linear order on
X.
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]

We expect the reader to be used to the relations between partially ordered sets/linearly
ordered sets and their strict versions.

Now we define some special subsets of p.o.’s.

Definition 0.2.4. Let (P, <) be a p.o. A set D C PP is dense iff for every p € P there exists
d € D such that d < p.

A set G C Pis a filter iff is closed upwards (for every p € P and g € G, if ¢ < p then
p € G) and for every p, g € G there exists r € GG such that r < p, q.

Two elements p, ¢ of P are said to be incompatible iff there is no » € P such that
r < p, q. In this case, we write p L ¢.If p, ¢ are not incompatible, we write p / ¢ and say
that they are compatible.

A set A C P is an antichain iff every two distinct elements of A are incompatible. [J
Now we define some special elements of p.o.'s
Definition 0.2.5. Let (P, <) beap.o.,p € Panda € A.
« We say that p is an upper bound of A iff foralla € A, a < p.
« We say that p is a lower bound of A iff foralla € A, p < a.

« We say that p is a maximum of A iff p is an upper bound of A and p € A. Notice
that if (P, <) is a partial order then there exists at most one maximum of A. In this
case, we denote it by max A.

« We say that p is a minimum of A iff p is a lower bound of A and p € A. Notice that
if (P, <) is a partial order then there exists at most one minimum of A. In this case,
we denote it by max A.

« We say that p is a supremum of A iff p is a minimum element of the collection of
the upper bounds of A and p € A. Notice that if (P, <) is a partial order then there
exists at most one supremum of A. In this case, we denote it by sup A. Also, notice
that every maximum element of A is a supremum of A.

« We say that p is a infimum of A iff p is a maximum element of the collection of the
lower bounds of A and p € A. Notice that if (P, <) is a partial order then there
exists at most one infimum of A. In this case, we denote it by inf A. Also, notice that
every minimum element of A is a infimum of A.

« We say that p is maximal in Aifp € Aandforallb € A,ifa < bthend < a.

« We say that p is minimal in Aif p € A and forallb € A, if b < a then a < b.

We also expect the reader to be used with well orders.

Definition 0.2.6. An well ordered set, or an well order, is a linearly ordered set (X, <)
such that every nonempty subset of X has a minimum element. O]
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Now we define what a tree is along with its associated concepts.

Definition 0.2.7. A tree is a strict partially ordered set (7, <) such that for every z € T,
pred_(z) is well ordered by < (or, more formally, to the restriction of < to pred_(z)). O

As it is usual in mathematics, we usually identify 7" with (7", <) when no confusion
arises.

Definition 0.2.8. Let (7, <) be a tree. We define:
« For x € T, the height of x in T, denoted by htr(z), is the order type of pred_(x).

« For an ordinal «, the ath level of T is Levy(a) = {x € T : hty(z) = a}.

The height of T is ht(T') = min{« : Levy(a) = 0}.

« Forx € T, the set of successors of x in T is succy(x) = {y € T : v < yand hty(y) =
hty(x) + 1}.

T is rooted if | Levy(0)| = 1. In this case, we say that the unique element in Levy(0)
is the root of T'.

]

0.3 On basic General Topology

The set of the natural numbers is identified with the first infinite ordinal, w. So 0 is
officially a natural number. Ordinals are identified with cardinals, so w = Ng. ¢ is the
cardinality of the continuum.

We follow most definitions from S. Willard’s “General Topology” [70] and R. Engelking’s
“General Topology” [24].

There is a lot of ambiguity regarding the definitions of the separation axioms in the
literature as they are not really standard. For instance, the two books we just mentioned
do not agree on them. Thus, we officially define:

Definition 0.3.1. Let X be a topological space. Then X is...

1. .. T}, if for every x,y € X, if v # y then there exists an open set U such that (z € U
andy ¢ U) or (y € U and x ¢ U) (that is, no two distinct points are exactly in the
same open sets),

2. .1y, if for every z,y € X, if x # y then there exists an open set U such that x € U
andy ¢ U,

3. ...I5, or Hausdorff, if for every z,y € X there exist two disjoint open sets U, V' such
thatz € Uandy € V,

4. .. T3, if for every x € X and closed set F' C X with = ¢ F' there exist two disjoint
open sets U,V such that x € U and FF C V,

(8]

. ..regular, if it is T3 and 717,
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6. .1, 1 if points can be separated from closed sets by functions, that is, for every

closed set F' C X and z € X \ F|, there exists a continuous function f : X — [0, 1]
such that f(z) =0and F' C f~[{1}],

7. ...completely regular, or Tychonoff, if X is Tgé and 71,

8. .1y, if for every two disjoint closed sets F, KX there exist two disjoint open sets U, V'
with FCU, K CV,

9. ..normal, if it is Ty and T3.
O

In this document, a compact space is not automatically assumed to be Hausdorff (which
agrees with [70] but not with [24]).

Definition 0.3.2. A topological space X is said to be compact iff every open cover of X
contains a finite subcover. O

We will use Alexander’s subbase theorem.

Theorem 0.3.3 (Alexander’s subbase theorem, [1]). Let X be a topological space. If there
is a subbase B of X such that every open cover i/ C B has a finite subcover, then X is
compact. ]

Sketches of proofs can also be found in [70, Problem 17S] or [24, Problem 3.12.2].

Regarding sequences and families, limit points, cluster points and accumulation points,
the terminology adopted is:

Definition 0.3.4. We use the following conventions for functions:

1. A function is a set of ordered pairs f such that for all a, b, ¢, if (a, b), (a,c) € f, then
b = c. The domain of f, denoted by dom f, is the set of all a’s for which there exists
b such that (a,b) € f. The range of f, denoted by ran f, is the set of all b’s for which
there exists a such that (a,b) € f. The expression f : A — B means that “f is a
function, dom f = A and ran f C B”. We read it as f is a function from A into B.
If, additionally, ran f = B, we say that f is onto B.

2. Let f be a function. If a € dom f, f(a) is the unique element b such that (a,b) € f.
Given sets A and B, we define f[A] = {f(a) : a € ANdom f}, f7![B] = {a €
dom f : f(a) € B}. Notice that this makes sense even if A Z dom f and B Z ran f.

3. Let A be a function of domain /. The terminology (A; : ¢ € I) denotes a family
(which is the same as the function A). The terminology {A4; : i € I} denotes the
range of a family A. The term collection means the same as “set”.

4. A sequence is a family whose domain is w. So sequences have 0 in their domain.

O]

Definition 0.3.5. Let X be a topological space. Then:
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1. Let f : w — X be a sequence. We say that x is a cluster point or an accumulation
point for f iff for every open neighborhood U of z, Vn € w3m > n f(m) € U, that
is, {m € w: f(m) € U} is infinite.

2. Let f : w — X be a sequence. We say that z is a limit point of f, or simply a limit of
f, iff for every open neighborhood U of z, the set {m € w : f(m) € U} is cofinite,
that is, there exists n € w such that for every m > n, f(m) € U. In this case, we
say that f converges to x. If X is Hausdorfl, f has at most one limit point, and we
denote it by lim f or lim,, . f(n).

3. If A C X, we say that x is a cluster point or an accumulation point for A iff for every

open neighborhood U of 2, ANU \ {x} # 0.

4. If A C X, we say that x is an w-cluster point or an w-accumulation point for A iff
for every open neighborhood U of z, |[ANU| > w.

5. Let (U,)new be a sequence of open subsets of X. We say that x € X is a cluster point,
or accumulation point for (U, ) e, iff for every open neighborhood V' of z, the set

{n €w:U,NV # 0} is infinite.
0

We mention in advance that almost disjoint families are not families in our sense.
Notice that for 7 spaces, the concepts of w-accumulation point and accumulation point
are the same.

We use the following convention for products:

Definition 0.3.6. Let (X, : ¢ € I) be a family of topological spaces and X = [];c; X;
its cartesian product. The natural projection from X onto X; is denoted by 7;, unless
confusion arises (we will use an ad hoc notation when needed).

The product topology is the Tychonoff topology. So basic open sets are of the form
MNicr 7; ' [Us], where F' C [ is finite and U; is an open subset of X; for each i € F. ]

Countably compact spaces are also not automatically assumed to be 77:

Definition 0.3.7. A topological space X is said to be countably compact iff one of the
three equivalent conditions hold:

« Every countable open cover of X has a finite subcover,
« every sequence on X has an accumulation point, or
- every infinite subset of X has an w-accumulation point

In particular, if X is 77, X is countably compact iff every countable subset of X has an
accumulation point. O

Perfect mappings may be useful when dealing with compact and countably compact
spaces.

Definition 0.3.8. Let X, Y be topological spacesand f : X — Y onto Y.
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We say that f is perfect iff f is continuous, closed, and for every y € Y, f~1[{y}] is
compact.

We say that f is quasi-perfect iff f is continuous, closed and for every y € Y, f~![{y}]
is countably compact. [

Proposition 0.3.9 (This is essentially [24, p. 3.7.2]). Let X, Y be topological spaces and
let f : X — Y be onto. Then:

1) If f is perfect and K is a compact subset of Y, then f~![K] is compact.
2) If f is quasi-perfect and K is a countably compact subset of Y, then f~![K] is

countably compact.

Proof. We prove 2) since 1) is similar. Suppose f is quasi-perfect and let K be a countably
compact subset of Y. Let U be a countable open cover of L = f~![K] by open subsets
of X. We claim that {Y \ f[X \ UU'] : U’ € [U]<“} is a countable open cover of K. To
see that, fix k € K. Since f~![{k}] is countably compact and is covered by U, there exists
U' € [U]<¥ such that f~'[{k}] C UU' . This implies that Y\ f[X \ UU].

So there exists | € wand U, ..., U; € [U]¥ such that {Y \ f[X \UU] : i <[} covers
K. We claim that L C U{UU, : i < l}:givena € L, f(a) € K, so there exists i < [ such
that f(a) € Y\ f[X \UU;]. This implies that a ¢ (X \UU;), so a € UU;, as intended. []

Locally compact spaces are officially defined as follows:

Definition 0.3.10. Let X be a topological space. We say that X is locally compact iff every
point of X has a compact neighborhood basis. ]

We have the following result, which we state without proof:

Lemma 0.3.11 ([70, Theorem 18.2]). Let X be a Hausdorff space. Then X is locally
compact iff every point of X has a compact neighborhood. O

Regarding pseudocompactness, there are two very popular definitions. However, they
are only equivalent for 7 3L We will deal with spaces which are not T3%, so making an
initial distinction is important.

Definition 0.3.12. Let X be a topological space. Then:

1. We say that X is pseudocompact iff every continuous function f : X — R is
bounded.

2. We say that X is G-pseudocompact [32], or feebly compact [46] iff every sequence of
nonempty open subsets of X has an accumulation point.

]
Their equivalence is left as an exercise to the reader:

Proposition 0.3.13. Let X be a T3% space. Then X is pseudocompact iff X is feebly
compact.

There is also the standard notion of sequential compactness.
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Definition 0.3.14. Let X be a topological space. We say that X is sequentially compact
iff for every sequence f : w — X there exists a strictly increasing k : w — w such that
fok:w— X converges (i.e., there exists x € X such that z is a limit point of f o k).

Equivalently, X is sequentially compact iff for every sequence f : w — X there
exists A € [w]* and € X such that for every open neighborhood V' of z, the set
{n€ A: f(n) ¢ V} is finite. N

Relative sequential compactness and countable compactness are going to be useful
concepts for us.

Definition 0.3.15. Let X be a topological space and Y C X. We say that Y is relatively
countably compact in X iff for every countable open cover ¢/ of X there exists a finite

U CUsuchthatY C JU'. O

Proposition 0.3.16. Let X be a topological space and Y C X. The following are equiva-
lent:

a) Y is relatively countably compact in X
b) every infinite subset of ¥ has an w-accumulation point in X

c) every sequence in Y has an accumulation point in X.

Proof. a) implies b): Let A be an infinite subset of Y. Without loss of generality A is
countable. Suppose by contradiction that A has no w-accumulation point in X. For each
Fe A~ letUp =intx (X \ (A\ F)) =intx(FU (X \ A).U ={Upr : F € [A]~¥}
is a collection of open sets. We claim that it covers X: for each z € X, there exists an
open neighborhood V' of X such that F' = V' N A is finite, but then V. C F U (X \ A), so
r € Up.

There exists a finite 7 C [A]<* such that Y C U{Ur : F' € F}. ButthenY C
(UF)UX\ A, so A CUUF,so Ais finite, a contradiction.

b) implies a): Let f : w — Y be a sequence. If the range of f is finite, there exists y € YV
such that f~'[{y}] is infinite, and it is clear then that y is an accumulation point of f. So
suppose ran f is infinite. By b), ran f has an w-accumulation point x € X. We claim that
x is an accumulation point of f. Let V' be an open neighborhood of x and m € w. Since
V Nran f is infinite, there exists y € ran f NV such that there exists n > m such that
f(n) = y. This completes the proof.

c) implies a): We show that not a) implies not c). Suppose that {U,, : n € w}isa
countable open cover of X such that for every m € w, Y \ U,<,, Un # 0. Fix f(n) €
Y \ Un<m Un. We claim that f has no accumulation point in z: there exists k& € w such
that x € Uy, but {n € w: f(n) € Uy} C k is finite. O

Since for T} spaces an accumulation point is the same as an w-accumulation point, we
get:

Corollary 0.3.17. Let X be an 7} topological space and Y C X. Then Y is relatively
countably compact in X iff every infinite subset of Y has an accumulation point in X.
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Regarding relative sequential compactness:

Definition 0.3.18. Let X be a topological space and Y C X. We say that Y is relatively
sequentially compact in X iff every sequence in Y has a convergent subsequence, that is,
iff for every f : w — Y there exists an strictly increasing £ : w — w and = € X such that
f o k converges to x.

Equivalently, Y is relatively sequentially compact in X iff for every sequence f : w —
Y there exists A € [w]“ and x € X such that for every open neighborhood V' of z, the set
{ne€A: f(n) ¢ V}is finite. O

The following should be clear from the previous definitions and propositions:

Corollary 0.3.19. Every sequentially compact topological space is countably compact.
Moreover, for every topological space X and Y C X, if Y isrelatively sequentially compact
in X, then it is relatively countably compact in X.

There are some relations between these concepts and pseudocompactness. This is a
version of [43, Lemma 2.2].

Proposition 0.3.20. Let X be a topological space and D C X be dense. Then:
a) If D is relatively countably compact in X, then X is feebly compact
b) If, additionally, X is 7} and D is open and discrete, then X pseudocompact implies
that D is relatively countably compact in X

Proof. a) Let (U, : n € w) be a sequence of nonempty open subsets of X. For each n € w,
fix d,, € D NU,. Let x be an w-accumulation point of {d,, : n € w} in X. Given an open

neighborhood V of 2, {n € w : U, NV # 0} contains {n € w : d,, € V'}, which is infinite.

b) Suppose that D is open and discrete. Suppose that D is not relatively countably
compact in X. Let A C D be set with no accumulation points in X. Then A is closed in
X. So A is a discrete clopen, so every function from A into R is continuous and can be
extended to a continuous function from X into A. Since A is infinite, the proof is complete.

]

0.4 Filters, ultrafilters and filter-limits

Our basic definitions regarding filters and ideals are:

Definition 0.4.1. Let X be a nonempty set. A filter on X is a collection F C P(X) such
that:

. XeF0¢F,
2. Forevery A€ Fand B C X,if A C Bthen B € F, and
3. Forevery A, Be F,ANB € F.

Dually, we define:
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Definition 0.4.2. Let X be a nonempty set. An ideal on X is a collection Z C P(X) such
that:

1. X¢Z,0el,
2. Forevery A€ Zand B C X,if BC Athen B € Z, and
3. Forevery A, Be€Z, AUB € T.
O]

Some authors allow () to be in filters and X to be in ideals, so P(X) is both an ideal
and a filter on their texts. They usually name what we are naming filters/ideals as proper
filters/proper ideals. We will not use their approach.

The dual filters/ideals are defined in the following proposition, which is left to the
reader:

Proposition 0.4.3. Let X be a nonempty set, F be a filter on X and Z be an ideal on X.
Then:

1. The collection F¢ = {X \ A: A € F}is anideal on X. This ideal is the dual ideal

of F,

2. The collection 7% = {X \ A : A € T} is a filter on X. This filter is the dual filter of
:Z’-,

3. (Z9)4 =Z and (F¥)¢ = F. O

We also define:

Definition 0.4.4. Let X be a nonempty set, F be a filter on X and 7 be an ideal on X.
Then:

1. We say that F is free iff it contains the cofinite subsets of X.
2. We say that 7 is free iff it contains the finite subsets of X.

3. We say that F is an ultrafilter iff for every A C X, either A € F or X \ A € F (or,
equivalently, if F is not contained in a distinct larger filter on X)

4. We say that 7 is a maximal ideal iff for every A C X, either Ac Zor X \ A€ Z
(or, equivalently, if 7 is not contained in a distinct larger ideal on X)

O
Before we continue, we need to defined the relation “almost contained”:
Definition 0.4.5. Suppose A, B are sets. We define:
« AC* Biff A\ B is finite,
« AC* Biff(AC* Band B Z* A), and
« A="Biff AC* Band B C* A.

11
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Ultrafilters and maximal ideals exist by the Zorn’s Lemma. Moreover, the following
holds, which is also left to the reader:

Definition 0.4.6. Let X be a nonempty set and let C C P(X).

1. There exists a ultrafilter on X containing C iff for every finite nonempty subset
C' CC,NC" # (). In this case, there also exists the smallest filter containing C, which
isgivenby {AC X :dB € CB C A}.

2. There exists a free ultrafilter on X containing C iff for every finite nonempty subset
C' CC, |NC'| = oc. In this case, there also exists the smallest free filter containing

C, which is givenby {A C X : 3B € C B C* A}.

3. There exists a maximal ideal on X containing C iff for every finite nonempty subset
C' C C,UC" # X.In this case, there also exists the smallest ideal containing C,
which is givenby {A C X : 3B € CA C B}.

4. There exists a free maximal ideal on X containing C iff for every finite nonempty
subset C' C C, X \ UC' is infinite. In this case, there also exists the smallest free
ideal containing C, which is givenby F = {A C X : 3B € C A C* B}.

]

The fixed ultrafilters are defined by the following proposition, which is left to the
reader.

Proposition 0.4.7. Let X be a topological space. For every = € X, the setU, = {A C
X :x € A} is a ultrafilter. We say that a ultrafilter I on X is fixed if there exists x € X
such that i = U,, (or, equivalently, {x} € U). Every ultrafilter is either free or fixed. w* is
the set of free ultrafilters on w. ]

This implies that every filter is contained in a ultrafilter and that every ideal is contained
in a maximal ideal.

Now we define F-limits:

Definition 0.4.8. Let X be a topological space, f : w — X be a sequence, x € X and F
be a filter on w. We say that x is a F-limit for f iff for every open neighborhood V' of z,

theset {n cw: f(n) e V} € F. O
We leave the following basic, known results to the reader:

Proposition 0.4.9. Let X be a Hausdorff topological space, f : w — X be a sequence,
Zop,xr1 € X and F be a filter on w. If xg and x; are F-limits of f, then o = ;. Thus, if
there exists € X such that x is an F-limit of f, we define F-lim f as this unique x. [J

Proposition 0.4.10. Let X, Y be topological spaces, f : w — X be a sequence, x € X,
g : X — Y be a continuous function and F be a filter on w. If x is a F-limit for f, then g(x)
isa F-limit for go f. So, if X, Y are Hausdorff, z = F-lim f implies g(x) = F-limgof. [

Proposition 0.4.11. Let (X; : ¢ € I) be a family of topological spaces, X = [[;c; X;,
f +w — X be asequence, x € X, and F be a filter on w. Then z is a F-limit for f
iff for every i € I m;(x) is an F-limit for X;. So, if X; is Hausdorff for every ¢ € I, it
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follows that f has a F-limit iff f; = m; o f has a F-limit for each ¢ € I, and, in this case,
F-lim f = (F-lim f; :i € I). O

Free filter limits are an extension of the natural notion of convergence of sequences,
and fixed ultrafilters limits are rather uninteresting. We leave the proof to the reader.

Proposition 0.4.12. Let X be a topological space, v € X and F be a free filter on w. If =
is a limit point for f, then x is a F-limit of f. If F is the filter of the cofinite subsets of w,
the converse also holds. O

Proposition 0.4.13. Let X be a topological space, z € X, f : w — X and n € w. Then z
is a U,-limit if and only if every open set containing x also contains f(n) (U, is the fixed
ultrafilter generated by n). In particular, f(n) is the only U,,-limit if X is 77, and, following
our convention, if X is Hausdorff we write U,,-lim f = f(n). O

Finally, we define filter accumulation points of sets:

Definition 0.4.14. Let X be a topological space, z € X, F be afilteronw and (A4, : n € w)
be a sequence of subsets of X. We say that x is an F-cluster point, or an F-accumulation

point of (A, : n € w) iff for every neighborhood V of z, {n e w: VNA, #0} e F. O

Now we relate ultrafilter limits to compactness-like properties. We prove the following
known propositions for the sake of completeness:

Proposition 0.4.15. Let X be a compact topological space, f : w — X and U be an
ultrafilter on w. Then f has an /-limit.

Proof. LetC = {cl f[A] : A € U}.C isa collection of closed sets with the finite intersection
property, so there exists x € (C by the compactness of X. We claim that x is a ¢/-limit of

I3

Let V be an open neighborhood of . We must see that {n € w : f(n) € V} € U.If not,
A={n€w: f(n) ¢ V} € U since U is an ultrafilter. Then cl f[A] € C, so x € cl f[4],
but ¢l f[A]NV = and x € V, a contradiction. O

Regarding countable compactness:

Proposition 0.4.16. Let X be a topological space, z € X and f : w — X be given. Then
x is an w-accumulation point of f iff there exists a free ultrafilter ¢/ such that x is a ¢-limit
of f.

Proof. For the “if” part, suppose there exists U € w* such that x is a U-limit of f. Given a
open neighborhood V' of z, the set {n € w : f(n) € V'} is in U, therefore is infinite.

For the converse, suppose x is a {/-limit of f. For each open neighborhood V' of z, let
Ay ={n € w: f(n) € V}. Ay isinfinite. Notice that if V), V; are two open neighborhoods
of z, Ayyrv, = Ay, N Ay, therefore { Ay : V is an open neighborhood of x} is contained
in some free ultrafilter /. It follows that x is a ¢/{/-limit of z. ]

Corollary 0.4.17. A topological space X is countably compact iff for every f : w — X
there exists i/ € w* such that f has a {/-limit.

13
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Finally, we have analogous results for feeble compactness:
Proposition 0.4.18. Let X be a topological space, z € X and U = (U, : n € w) be a

sequence of nonempty open subsets of X. Then x is an w-accumulation point of U iff
there exists a free ultrafilter ¢/ such that x is a ¢/-accumulation point of U.

Proof. For the “if” part, suppose there exists i € w* such that x is a i/-accumulation point
of U. Given a open neighborhood V' of z, the set {n € w : U, NV # 0} is in U, therefore
is infinite.

For the converse, suppose x is a {/-limit of f. For each open neighborhood V' of z, let
Ay ={n € w: U,NV # (}. Ay is infinite. Notice that if Vj, V; are two open neigh-
borhoods of x, Ay,ny, € Ay, N Ay, therefore { Ay : V is an open neighborhood of z} is
contained in some free ultrafilter /. It follows that x is a //-accumulation point of U. [J

Corollary 0.4.19. A topological space X is G-pseudocompact iff for every sequence
(U, : n € w) of nonempty open subsets of X there exists i € w* such that (U, : n € w)
has a ¢/-accumulation point.

With these results in mind, the following definition makes sense:
Definition 0.4.20. Let X be a topological space and U € w*.

« We say that X is U/-compact iff every sequence on X has an ¢/-limit.

« We say that X is U/-pseudocompact iff every sequence of nonempty open subsets of
X has an U-accumulation point.

]

We note that free ultrafilters on w are sometimes denoted by letters such as p, ¢, r.
Thus, {/-compactness is often referred to as p-compactness. In this thesis we stick to the
notation above.

The following corollary is clear from our previous results.
Corollary 0.4.21. Let X be a topological space and i/ € w*. Then:

1. If X is compact, then X is {/-compact.

2. If X is U-compact, then X is U-pseudocompact and countably compact.

3. If X is U-pseudocompact, then X is feebly compact.

Thus, we have the following diagram:
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compact

N

U-compact ———  — U-pseudocompact

countably compact ————— (G-pseudocompact

A
1
|
|
|
|
|
|
1

pseudocompact

How far is a countably compact space to being U/-compact for some U/ € w*? The
following theorem gives us an idea. We present the proof for the sake of completeness
since the reference assumes that X is Hausdorff (although the proof is the same).

Theorem 0.4.22 ([33, Theorem 2.6.]). Let X be a topological space. Then the following
are equivalent:

a) There exists U € w* such that X is //-compact,
b) all the powers of X are countably compact,
¢) X?' is countably compact,

d) XX is countably compact.

Proof. a) implies b): Let Y/ € w* be such that X is U-compact. By Proposition 0.4.11,
U-compactness is productive, so all the powers of X are U/-compact, thus, countably
compact.

b) implies c) and d): trivial.

c) implies a): we show that not a) implies not ¢). Enumerate w* = {U,, : a < 2°}. For
each a < ¢, let f, : w — X have no U-limit. Let f : w — X% be such that 7, o f = f,
for each o < 2. Then by Proposition 0.4.11 f has no {/-limit for any U € w*. Thus, by
Proposition 0.4.16, f has no accumulation point.

d) implies a): Let k = | X |“. Write X¥ = {f, : @« < k}. Let f : w — X" be such that
7o © f = fo for each a < k. Since X* is countably compact, f has an accumulation point
x. By Proposition 0.4.16, z is an U-limit of f for some ¢/ € w*. Then X is U-compact by
Proposition 0.4.11. 0

In particular, this theorem shows that the “degree of countable compactness” of a space
X trivializes at min{| X|“, 2°}. Pseudocompactness if a bit simpler:

Proposition 0.4.23. Let X be a topological space. Then X* is pseudocompact iff all
powers of X are pseudocompact.

15
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Proof. We prove the non-trivial direction. Since projections are continuous, if X*“ is
pseudocompact then every finite power of X is pseudocompact. Now if « is infinite,
suppose f : X* — R is unbounded. WLOG f is positive. For each n, there exists a
finite F,, C & and a family (U? : « € F,,) of nonempty open subsets of X such that
I Naer, 72 H{UZ]] C (n,+00). For each a € K\ F, fix 2, € X. Let F = U, Fy,. Let
p : X — X* be such that p(z)|F = z and p(x)(a) = z, foreacha € X \ F. pis
continuous. We claim that f o p is unbounded: givenn,let € Nuep, 7, '{UZ]. Letx = Z|F.
Since F,, C F, p(z) € Nuep, mo ' [UZ] as well, so f o p(z) € (n,+00). But then X* is not
pseudocompact, a contradiction. [

Proposition 0.4.24. Let X be a topological space. Then X*“ is feebly compact iff all powers
of X are pseudocompact.

Proof. We prove the non-trivial direction. Since projections are continuous, if X* is
pseudocompact then every finite power of X is pseudocompact. Now if « is infinite,
suppose (W,, : n € w) is a sequence of nonempty open subsets of X*.

By 7, we denote the projection of X* into the coordinate «. For each n, fix a finite F}, C
r and a family (U : o € F,,) of nonempty open subsets of X such that N,cp, 7, ' [UZ] C
W,..Let F = U,c,, Fy. Let p,, be the projection of X’ into the o’th coordinate for each
o € w.Let W), = Naer, po'[UZ]. Since X' is pseudocompact, there exists an accumulation
point z € X ¥ of the latter. Then if Z € X* is such that 7| F' = =, it follows that 7 is an
accumulation point of (W, : n € w). O

0.5 Cardinal characteristics of the continuum and
Martin’s Axiom
Cardinal characteristics of the continuum are cardinals between w; and ¢ that capture
some combinatorical aspects that distinguish w from c. For a very complete survey on

them, see [10]. Here, we are only going to define and state the basic facts about some of
them that we are going to use.

Definition 0.5.1. A collection A C [w]* is centered iff every finite nonempty subcollection
A’ C A has infinite intersection.

A pseudointersection of A is an infinite set P such that P C* A forevery A € A. [

It is clear that every A C [w]“ which admits a pseudointersection is centered. However,
the converse is not true: free ultrafilters are centered, but...

Lemma 0.5.2. Free ultrafilters do not admit pseudointersections.
Proof. Let U be a free ultrafilter. Suppose P is a pseudointersection of U. Either P € U or
Pé¢U.

First, suppose P € U. Write P = Py U Py, where F,, P; are disjoint and infinite. Since
U is an ultrafilter, either P, or P; are in Y. Let i be such that P, € /. Then P C* P;, which
means that P,_; = P\ P, is finite, a contradiction.
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Now suppose that P ¢ U. Thenw \ P € U, so P C* w \ P, a contradiction. ]

Thus, we define:

Definition 0.5.3. p is the smallest cardinal for which there exist A C [w]* such that A is
centered but does not admit a pseudointersection. p is called the pseudointersection number.

O

Since free ultrafilters qualifies as such .A’s, we have that p is well defined and p < c.
However, p > w, since if A = {A,, : n € w} is centered, by choosing z,, € N;<, 4; \ n,
P ={xz; : i € w} is a pseudointersection of .A. Thus, we have:

Proposition 0.5.4. w; <p <.

Another important cardinal characteristic is . We need some definitions:
Definition 0.5.5. Let A C [w]“. We say that A is...

a) ...open, if for every a € A and every b € [w|*,if b C* a then b € A.

b) ..dense, if for every b € [w]® there exists a € A such that a C* b.

O

The reader may verify that these open sets really define a topology in [w]“ where the
dense sets of this topology are exactly the dense sets defined above. This topology does not
have good separating properties: it is not even 7j since =*-sets cannot be distinguished,
and if we identify them, the resulting topology is not 7} since if a C* b, all open sets
containing b also contain a.

Definition 0.5.6. The C*-topology of [w]“ is the topology of [w]* described above. [

The following lemma is just an observation, and usually used as the definition of “open
dense” without referring to topological notions (as in [10]). We leave it to the reader.

Lemma 0.5.7. Let A C [w]”. A is an open dense set iff A is open and for every b € [w]*
there exists a € A such that a C b. O

Then b is defined as the Baire number of [w]* with this topology, that is...

Definition 0.5.8. The distributivity number b is the smallest cardinality of a collection of
open dense sets of [w]* whose intersection is empty. O

Proposition 0.5.9. b is well definedand p < h < ¢

Proof. First, we see that f is well defined and that ) < c. Let I/ be a free ultrafilter. For
eachz e U,let D, = {a € [w]“:aNx=*Pora C* z}. Each D, is open and dense. We
claim that ¢,y D, = (. Fix b € [w]“, then either b € U or b ¢ U.

Case b € U: There exists by € 4 such that by C band b\ by is infinite. Then b ¢ Dy,,.

Case b ¢ U:Let by = w \ b. Then by € 4. Let by C b be an infinite set such that b\ b; is
infinite. Let by = by U by. Then by is in U and b ¢ Dy,.

17
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Now we show that p < h. Let (D, : o < h) be a collection of open dense subsets
of [w]* with empty intersection. Construct a C*-decreasing sequence (a, : @ < h) such
that ay = w, aq+1 € D, and a, is a pseudointersection of the preceding a,’s. There is
no pseudointersection a of {a, : @ < h} or we would have, since each D, is open, that
a € Na<p Da- O]

In fact, § has the following property:

Proposition 0.5.10. Let k < h and (D, : @ < k) be a family of open dense subsets of
[w]¥. Then N, Do is open and dense.

a<k

Proof. 1t is straightforward to see that any intersection of open sets is open. We verify
that in this case, the intersection is dense. Suppose not. Then there exists U € [w]* such
that forall B € D = Naep Do, B €* U.Let g : U — w a bijection. Let D!, = {¢[B] :
B € D,and B C U}. We claim that each D/, is dense and that N, D/, = (), which is a
contradiction.

D!, is dense for every o < r: Suppose C' C w is infinite. Then g~ '[C] C U is infinite.
Since D, is open and dense, there exists B € D,, such that B C ¢ ![C] C A, so g[B] C C.

Na<x D!, is empty: Let A be given and let £ = g~ !'[A] C U. There exists a < x such
that g7![A] ¢ D,,so A = g[g~'[A]] ¢ D!, or we would have g7'[A] ¢ D, O

Now we define unbounded and dominant families along with their cardinal character-
istics.
Definition 0.5.11. Let N be an infinite countable set. Suppose f, g € w”. We define:

« f<*gif,andonlyif {n € N : g(n) < f(n)} is finite.

« f<*gif,andonlyif{n € N :g(n) < f(n)} is finite.

Definition 0.5.12. Let /N be an infinite countable set.

« We say that D C w is a dominant family iff for every f € w there exists g € D
such that f <* g (or, equivalently, f <* g).

« We say that B C w” is an unbounded family iff for every f € w” there exists g € B
such that g £* f (or, equivalently, g £* f).

+ 0, the dominating number, is the least size of a dominating family on w®.
« b, the unbounding number, is the least size of an unbounded family on w®.
H

It should be clear that, despite the fact that b and ? are defined for N = w, the set NV
does not matter. Moreover, unbounded families and dominating families are not families
(i.e., functions/indexed sets). Also, the following should be obvious:

Lemma 0.5.13. Every dominating family is unbounded, thus, b < 0. ]
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Another cardinal characteristic which will be useful for us is the splitting number.

Definition 0.5.14. Let A, B € [w]“. We say that B splits A iff both A\ B and AN B are
infinite. A splitting family is a collection S C [w]“ such that for every A € [w]* there
exists B € & such that B splits A. The splitting number, denoted by s, is the least size of a
splitting family. ]

It should be noted that, formally, splitting families are also not families.
Finally, we define the cardinal characteristic par.

Definition 0.5.15. Let f : [w]?> — 2 and A € [w]*. We say that A is homogeneous for f iff
fI[A]? is constant. We say that A is almost homogeneous for f if there exists a finite set F’
such that f|[A\ F)?is constant.

pat is the least cardinality of a collection A C 21“* such that there is no A € [w]®
which is almost homogeneous for all f € A. ]

By Ramsey’s theorem, given f : [w]> — 2, theset {A € [w]“ : Aisalmost homogeneous
for f} is open and dense, thus the following should be clear:

Proposition 0.5.16. § < par. [l
Moreover, the following holds. For a proof see the reference.

Proposition 0.5.17 ([10, Theorem 3.5.]). pat = min{b,s}. O
A very important set-theoretic statement is Martin’s Axiom.

Definition 0.5.18. Let  be a cardinal and P a p.o.. FAp(k) is the following statement: For
every collection D of at most x dense subsets of P there exists a filter G C P such that for
every D € D,GND # (. O

Definition 0.5.19. A p.o. PP is said to have the countable chain condition (c.c.c.) iff every
antichain of IP is countable. In general, we say that a P has the k-c.c. (for a cardinal x) iff
every antichain of [P has size less than x. So c.c.c. means w;-c.c. ]

Definition 0.5.20. MA(x) means VP (P is a p.o. with the c.c.c. — FAp(k)).
Martin’s axiom is the sentence Vk < ¢ MA(k).
m is the smallest cardinal for which MA (k) fails. O

Lemma 0.5.21. For every p.o. IP, for every countable collection D of dense subsets of P
and for every p € P there exists a filter G of P such that p € G and for every D € D,
G N D. In particular, for every p.o. P, FAp(w).

Proof. Let® = {D,, : n € w} be a countable collection of dense subsets of P and p € P.

Recursively choose a decresing sequence (p,, : n € w) such that py = p and p,,11 € D,,.

Let G={¢eP:Inecwp, <q}. ]

Proposition 0.5.22. w; <m < p.
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Proof. w; < m follows from the previous lemma.

m < p is known as Solovay’s lemma. Suppose x < m. We show that k < p. Let
2 C [w]” be centered. Consider P = [w]<“ x [A]<“ ordered by (s, F') < (¢, F') iff &' C s,
F'CFandVnes\sVAe F'neA.

[P has the c.c.c. since two elements of P with the same first coordinates are compatible
(just take the union of the second coordinates). For each n, let D,, = {(s, F') € P: Im >
nm € s} and, for each A € A, let E4 = {(s,F) € P: A € F}. The reader may verify
that each of these sets are dense.

Let G be a filter intersecting each E4, D,,. Let P = U{s : AF (s, F) € G}. s is infinite
since G N D,, # () for each n € w. To see that P\ A is finite foreach A € A, fix A€ A
and then fix (s, F') € G N E4. We claim that P\ A C ¢'. Fix (s, F)) € G. We must
see that for every n € w, if n € s\ A thenn € s Fix n. There exists (", F") € G
such that (s”, F") < (¢, F"), (s, F). Since (s”, F"") < (s, F'), we have that n € s”. Since
(s", F") < (s, F"), if by contradiction we had n ¢ s/, this would giveusn € s” \ s’ C A,
a contradiction. O]

m < p can be also seen as a consequence of Bell’s Theorem, which we state below
without proof.

Definition 0.5.23. Let P be a p.o. and A C IP. We say that A is centered iff for every n € w
and po, ..., p, € A there exists p € A such that p < p; for every i < n.

We say that P is o-centered if there exists a sequence (A,, : n € w) of centered subsets

of P such that P = UJ,,c., An.- ]

It is worth comparting definitions 0.5.1 and 0.5.23. If we consider [w]* to be ordered by
C*, both definitions of centered coincide.

It is also clear that every o-centered poset has the countable chain condition. Now we
are ready to state Bell’s Theorem. For a proof, see [49, Theorem II.3.61].

Theorem 0.5.24 (Bell’s Theorem [4]). p is the minimum cardinal x for which there exists
a o-centered pre-order PP such that FAp(x) does not hold.

For a quick reference we draw the following diagram. The cardinal a will be introduced
in Definition 1.1.6 and is the smallest size of a MAD family.
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w1

0.6 The compactification of Stone-Cech of discrete
spaces

Definition 0.6.1. Let X be a topological space. A compactification of X is a pair (Y e)
where Y is a compact Hausdorff topological space, e : X — Y is a topological embedding
and e[X] is dense in Y. O

Clearly, if X admits a compactification, then X is a Tychonoff topological space. The
converse is true: in this case, not only X admits a compactification, but a maximal one
in some sense. This is what we call the Stone-Cech compactification of X. We will not
treat the general case here. We refer to [69] for a complete treatment on the basics of this
subject.

Proposition 0.6.2. Let X be a Tychonoff topological space. There exists a compactification
(BX,e) of X such that for every compact Hausdorff space K and every continuous
f X — K, there exists a continuous function f : X — K suchthat f = foe. O

Such a compactification is unique up to an homeomorphism preserving X, so we
usually call it 3X, the Stone-Cech compactification of X.

Lemma 0.6.3. Let X be a Tychonoff topological space. Suppose (Y, e), (Y, €’) are two
compactifications of X with the property from Proposition 0.6.2. Then there exists an
homeomorphism a : Y — Y’ such thataoe = €.

Proof. There exists a continuous function a : Y — Y such that a o e = ¢’. There exists
a continuous function @’ : Y’ — Y such that a o ¢ = e. Notice that ¢’ o ale[X] and
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a o a'|e'[X] are the identity on e[X], ¢/[X| which are dense in Y, Y’, so a’ caand a o
are the identity. So a is the homeomorphism we were looking for. O]

There is a nice construction for SD if D is a discrete nonempty space.

Definition 0.6.4. Let D be a nonempty discrete space. 5D be the set of all ultrafilters on
D. For each d € D, let e(d) be the fixed ultrafilter generated by {d}.

For each A C D, let A={U € D : A e U}. We consider 5D have the topology
generated by {A: A C D}. O

Proposition 0.6.5. With the notation of the previous definition, the following is true:
a) {ﬁ : A C D} is a basis of clopens for 5D, and for each A C D, A=cl elAl.
b) AD is Hausdorff,
¢) BD is compact,
d) e is a topological embedding whose range is dense.

e) (BD,e) is the Stone-Cech compactification of D.

Proof. a) To see that this is a basis for 5D, it suffices to prove that ANB =ANDB. This
follows from the fact that in a filter, A € /uﬁld B U + AN B € U. To see that each A
is clopen, notice that its complement is D \ A. For the last claim, it is clear that e[A] C A,
so cle[A] C A. For the converse, notice that if 2/ ¢ cle[A], then there exists B € U such
that B N e[A] = ), which implies that AN B = 0. So U ¢ B.

b) Given distinct U,V € 3D, let A, B be complementary sets such that A € U, B € V.
Then A, B are disjoint open neighborhoods of U, V.

c) Let F be a collection of subsets of D such that {ﬁ : A € F} covers fD. We must
see that there is a finite subcover. For each A € F,let A’ = D\ A. Then D\ A = A,
This implies that {4’ : A € F} = (). This means that no single ultrafilter contains the
set {A": A € F}, so this collection does not have the finite intersection property. Thus,
there exists a finite G C F such that N\{A': A€ G} =0,soU{A: A€ G} = D. Since G
is finite, for every ultrafilter I/ there exists A € G such that A € U, thatis, U € A.

d) e is clearly injective. We verify that e is continuous by verifying that for every
A C D, e '[A] = A. Just notice that for every n, e(n) € A <+ A € e(n) <> n € A. This
also shows that e : X — e[D] is open, since e[A] Ne[D] = AN e[D].

To see that e is dense, noticAe that if A C D is such that Ais nonempty, then A # (),
and that if d € A, then e(d) € A.

e) Let K be a compact Hausdorff space and f : D — K. Define g : D — K by
gU) € N{clk f[A] : A € U}. To see that this is well defined, we must see that this
intersection is a singleton. It is nonempty since it has the finite intersection property and
K is empty. To see that it is a singleton, let x € N{clx f[A] : A€ U} andy € K,y # X.
Let V be an open neighborhood of z such thaty ¢ clV.Let A = f~![V], B = f~K\V].
AU B = D, so one of them is in /. It is not B, since z is not in cl f[f~![B] C K \ V. So
itis A. Buty isnotin cl f[A] CclV.
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We must see that g o e = f. Just notice that given n, g(e(n)) is the only element of
clg fl{n}] = {f(n)}.

Finally, we must see that g is continuous. So fix ¢/ and let U be an open neighborhood
of y = g(U). Let V be an open neighborhood of y such that clV C U.Let A = f~![V],
B = f~'[K \ V]. As before, B ¢ U, so A € U. We claim that g[A] C U:if V € A, then
AeV,s0g(V) eclf[A] CclV CU,as intended. O

The notation A was defined just for this proof. We will usually drop it and just write
cle[A]. In fact, one usually identifies D with e[D], so we just write cl A. No confusion
arises from this since clp is almost meaningless in our context since D is discrete, so cl
“should” mean clgp.

Definition 0.6.6. Let D be a discrete space. Then D* = 3D\ D is the set of free ultrafilters
on D, and, when A C D and a fixed D is clear from the context, we write A* to denote

cdlA\D={UecD*:Aec D} O

Note that the notation makes sense since cl A C D is homeomorphic to SA.

0.7 Baire numbers

We expect the reader is familiar with the celebrated Baire theorems:

Theorem 0.7.1 (Baire’s Theorem). Let X be a locally compact Hausdorff topological
space, or a completely metrizable topological space. Then a countable intersection of open
dense subsets is non-empty (in fact, dense).

We refer to [24] or [70] for proofs.

So, what is the least cardinality for which there is a collection of open dense sets of this
size with empty intersection? This is what is usually defined as the Baire number.

Definition 0.7.2. Let X be a topological space such that for every z € X, cl{z} has
empty interior. Then we define the Baire number of X, which is denoted by n(X), as the

minimum cardinality of a collection of open dense sets of X whose intersection is empty.
N

The condition we stated above (for every « € X, cl{x} has empty interior) is exactly
the condition we need in order for n(X) to be well defined. Notice that for 7 spaces this
holds if and only if X has no isolated points.

With this notation, it is clear that b is the Baire number of [w]* with the C*-
topology.

Another very important Baire number is n(w*). The result below is stated without

proof in the reference.

Proposition 0.7.3. [2] n(w*) is the first cardinal « for which = FA, . (k).

Proof. Let m* be the first cardinal  for which — FA, . (k). To see that m* < n(w*), let A
be a cardinal such that A < m*. We show that A < n(w*).Let (U, : @ < A) be a collection
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of open dense subsets of w* such that N,y Dy = 0.

Foreacha < A\ let D, = {A Cw: A* C U,}.Each D, is clearly open. It is also dense,
since if B C w is infinite, B* N U,, is a nonempty open set, so there exists A* C B* N U,
where A C w is infinite. Then A C* B and A € D,,. Now suppose by contradiction that
there is a filter on ([w]*, C*) such that & N D,, is nonempty for every a. U is clearly a free
filter on w. We can extend it to a free ultrafilter i/’ € w*. For each «, since ' N D,, # 0,
there is A* C U, such thati/’ € A* C U,.But then U’ € N, U,, as intended.

For the converse, let A < n(w*). We show that A < m*.

Let (D,, : @ C w) be a collection of open dense subsets of ([w]*, C*). We must show
that there exists a filter intersecting each of them. For each o, let U, = U{A* : A € D, }.
U, is clearly a open subset of w*. It is also dense: given B € [w]“, there exists A € D,
such that A C B,so A* C B*NU,.

LetU € Nuer Us- Then U is a filter on ([w]“, C*). We must see that U N D,, # () for
each oo < \. Fix a. We know that U/ € U,, so there exists A € D, such that i/ € A*. But
then A € U,soU € D, # (), as intended. O]

Proposition 0.7.4 ([2]). The following is true:
a) n(w*) < 2
b) p < n(w*),

¢) b < n(w).

Proof. We use the preceding proposition. a) This is obvious since |w*| = 2°.

b) Suppose D is a collection of p dense subsets of [w]|*. Enumerate themas {D,, : a < p}.
Recursively, construct a C*-decreasing sequence (a, : o < p) such that ¢y = w and
ao+1 € D,. This is possible by the definition of p. Let I/ be a free ultrafilter containing
{aq : @ < p}. Then U intersects every element of D.

c) We show that if & < b, then K < m* Let D be a nonempty collection of dense sets.
For each D C [w]¥,let D' = {a € [w]|* : 3d € D a C* d}. It is clear that D’ is open and
dense whenever D is dense. Let a € N{D': D € D}.Let G = {b € [w]“ : a C* b}. Then
G intersects every D € D'. O

0.8 (k, A)-compactness and pseudocompactness

A natural generalization of feeble compactness is the following definition. It was
originally defined in [31]. A newer reference is Section 3.4. of [30].

Definition 0.8.1. Let X be a topological space, x be a cardinal (finite or infinite) and A C
w* be nonempty. We say that X is (k, A)-pseudocompact iff for every family (U, : o < k)
where each U, = (U,(n) : n € w) is a sequence of nonempty open subsets of X, there
exists Y € A such that U, has an U/-accumulation point for every o < k. ]
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It is worth comparing this definition with Corollary 0.4.19.
The following are direct consequences of the definition and from Corollary 0.4.19.

Proposition 0.8.2 ([30]). Let X be a topological space. Let x, A be cardinals such that
k> A . Let A, B C w* be nonempty such that B C A. Then:

1. For every U € A, if X is U-pseudocompact then X is (k, A)-pseudocompact.
2. If X is (k, A)-pseudocompact, then X is (), B)-pseudocompact.
3. X is feebly compact iff X is (1,w*)-pseudocompact [

The following proposition makes this notion really interesting for us. For a proof, see
the reference.

Proposition 0.8.3 ([30, Theorems 3.4.8, 3.4.9]). Let X be a topological space and x < w.
Then X" is feebly compact iff there exists a nonempty A C w* such that X is (k, A)-
pseudocompact (or, equivalently, iff X is (k, w*)-pseudocompact).

Recall that the “degree of pseudocompactness” of a topological space collapses at w
(see propositions 0.4.23 and 0.4.24). However, (k,w*)-pseudocompactness does not: it is
clear that if X is (k,w*)-pseudocompact for every «, then there exists ¢/ such that X is
U-pseudocompact. However, there exists an example of a Tychonoff topological space
whose all powers are pseudocompact but it is not /-pseudocompact for any ¢/ [30, Example
3.4.10] (we will construct another example in this thesis).

0.9 Selective Ultrafilters

In this section we review some basic facts about selective ultrafilters, the Rudin-Keisler
order and some lemmas we will use in this thesis.

Definition 0.9.1. A selective ultrafilter (on w), also called Ramsey ultrafilter, is a free
ultrafilter I on w such that for every partition (A, : n € w) of w by nonempty sets, either
there exists n such that A,, € U or there exists B € U such that |[BN A, | = 1 for every
new. ]

The following proposition is well known. We provide [47] as a reference for the
equivalence between a) and c), but we provide a proof for the equivalence for a) and b) the
sake of completeness.

Proposition 0.9.2. Let U/ be a free ultrafilter on w. Then the following are equivalent:
a) U is a selective ultrafilter,

b) for every function f : w — w, there exists A € U such that f is either constant or
one-to-one on A,

c) for every function f : [w]? — 2 there exists A € U such that f is constant on [A]%

Proof. a) implies b): if ran f is finite, there exists n such that f~![{n}| € U since U is an
ultrafilter. If ran f is infinite, write ran f = {a,, : n € w} injectively. Let A,, = f~![{n}].
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Consider the partition (A,, : n € w) of w. If one of the A,,’s is in U we are done. If not,
there exists B € U such that |B N A,| = 1 for every n, so f|B is injective.

b) implies c): Let (A4, : n € w) be a partition of w by nonempty sets. Suppose that no
A, isinU. Let f : w — w be such that f(m) =niff m € A,. Since A,, ¢ U foralln € w,
f has no constant subsequence whose domain is in ¢/. So there exists B € U such that
f|B is injective. This implies that for all n € w, |B N A,,| < 1. Since the A,,’s are pairwise
disjoint we may expand B to a set B’ (which is also in ¢/) such that |B' N A,| = 1 for
every n € w.

For a) iff ¢), see [47, Lemma 9.2] O

Now we aim to define the Rudin-Keisler order.

Definition 0.9.3. Let U/ be a filter on w and f : w — w. We define f.(U) = {A C w :

YAl e U} O]
The following is easy to verify and we leave it to the reader:
Lemma 0.9.4. Let U be a filter on w. Then:
1. f.(U) is a filter,
2. if U is an ultrafilter, so is f.(U),
3.if f,g: w — w, then (f 0 g), = f. 0 gs,
4. (id, ). is the identity over the set of all filters,
5. if f : w — w is bijective, then (f71), = (f.)7},
6. if f : w — w is finite-to-one and U is a free ultrafilter, so is f.(U). O
Now we define the Rudin-Keisler order for filters.

Definition 0.9.5. Let U/ and V be filters on w We say that i/ <gk V iff there exists [ € w
such that f,(V) =U.

The Rudin-Keisler order is the set of all free ultrafilters over w ordered by <gg, that
is, (w*, <rk). We say that two free ultrafilters U and V are equivalent iff Y <gx V and
V <gx U, and we write Y =rik V. O

(w*, <grk) is easily seen to be a preorder.

Proposition 0.9.6. (w*, <gk) is a preorder, that is, <g is reflexive and transitive. Thus,
=gk is an equivalence relation over w*.

We leave the proof of the following well known proposition to the reader. The reader
may look at Exercises 7.11 and 7.12 of [47] for hints.

Proposition 0.9.7. The following are true:

1. LetU,V € w*. ThenU =gk V if, and only if there exists a bijection f : w — w such
that f.(U) = V.

2. The selective ultrafilters are exactly the minimal elements of (w*, <grk).



Chapter 1

Introduction to Isbell-Mrowka
spaces

The aim of this chapter is to introduce almost-disjoint families and Isbell-Mrowka
spaces, discuss their most basic properties, some concepts related to them we are going to
be working with and to mentioning enough material to motivate them. We refer to [40]
for a very complete survey on this field of study.

1.1 Almost disjoint families

An almost disjoint family is a natural generalization of the concept of disjoint families.

_%k»

They are collections of subsets of w which are “disjoint mod =*".

Definition 1.1.1. Let /V be an infinite countable set. An almost disjoint family on N is a
infinite collection A of infinite subsets of /N such that for all two distinct a,b € A, aNbis
finite.

An almost disjoint family is an almost disjoint family on w.

So an almost disjoint family is not a family since it is not a function.

Notice that by using a bijection between /N and w is is possible to “copy” almost disjoint
families on /V to w maintaining all the relevant combinatorical facts, so the choice of NV
is not really relevant. However, sometimes it is useful to consider an specific /V distinct
from w because then we are able to define almost disjoint families that interact with some
additional structure (for instance, if N = 2<“, N has a natural tree structure). However,
every such additional structure may be copied by a bijection.

Thus, for “general” results on almost disjoint families, we will always write “almost
disjoint family” in the statements (so N = w). This makes the statements of the results
less clogged, and the analogous theorems for general /N’s usually follow trivially by fixing
a bijective function between N and w and copying all the relevant structure.
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We only allow almost disjoint families to be infinite to avoid some pathological exam-
ples and some trivialities. Some authors admit finite almost disjoint families.

The most basic example of an almost disjoint family is an infinite partition of w by
infinite subsets (e.g., biject w X w with w and consider the columns or rows). However,
there is not much fun in that. The first question which may come to mind is whether there
almost disjoint families which are very different from partitions. The answer is certainly
yes. For a start, it is clear that partitions of w are at most countable, however, we have the
following:

Proposition 1.1.2. There exists an almost disjoint family of size c.

Proof. We sketch two proofs for this proposition. First, let N = (Q C R. For each = €
R\ Q, let a, be the range of a sequence of elements of Q converging to z. It is clear that
{a, : x € R\ Q} is an almost disjoint family on Q of size c.

For the second example, let N = 2<“. Let X C 2“ be infinite. For each = € 2¢, let
a, = {x|n : n € w}. Itis clear that {a, : * € X} is an almost disjoint family of size
| X]. O

According to [40], it is not known who was the first person to prove the previous
proposition, but that it is sometimes attributed to Sierpinski [65]. However, it has been
known a lot earlier, at least implicitly.

The second example will be very important for us. Thus, we define:

Definition 1.1.3. A branching family, or an almost disjoint family of branches is an almost
disjoint family of the form Ax for some X C 2 as in the previous proposition.

That is, for each X C 2¢, the branching family of X is the set Ax = {a, : x € X},
where for each = € 2, a, = {a|n : n € w}. A branching family (or an almost disjoint
family of branches) is an almost disjoint family of the form A x, for some infinite X C 2¢.

]

As we have just seen, there are almost disjoint families which are fundamentally
different from partitions since they have distinct cardinalities. But uncountability is far
from being the only thing that partitions of w may fail to be. Another property is maximality.
Partitions are always maximal as partitions: if P is a infinite partition of w of infinite sets,
there is no way to add a new infinite set to P so that it remains a partition. However, there
is always a way to add a new member which makes it an almost disjoint family: just select
one point from each element of P and cook them into a new element. Thus, partitions of
w always fail to be maximal as almost disjoint families.

Definition 1.1.4. Let /V an infinite countable set. We say that an almost disjoint family .4
is maximal on N, or a MAD family on N (Maximal Almost Disjoint family) iff for every
almost disjoint family B on N, if A C B then A = B.

Equivalently, an almost disjoint family .4 on N is a MAD family on N iff for every
x € [N]¥ there exists a € A such that a N z is infinite.

A MAD family is a MAD family on w. ]
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We leave the proof of the equivalence as an exercise to the reader. We do the same with
the following proposition, which is a straightforward application of Zorn’s Lemma.

Proposition 1.1.5. Every almost disjoint family is contained in a MAD family. In particular,
there are MAD families of size c. U

In fact, no countable almost disjoint family is a MAD family.
Definition 1.1.6. The almost disjointness number a is the least size of a MAD family. [

One should be attempted to define ay for an infinite countable N, but it should be
clear that these cardinals are all the same.

The proposition below can be found in [10, Proposition 8.4]. We prove it for the sake
of completeness.

Proposition 1.1.7. b < a.

Proof. Let A be a MAD family (on w) of size a. Choose arbitrary distinct sets (a,, : n € w).
Define recursively b,, = (a,U{n})\U,<,, b;- Thenforeachn € w,b, =* a, and (b, : n € w)
is a partition of w. For each n, let f,, : b, — w x {n} be a bijection. Let f = U, ., fn- Then
f:w — w X wis a bijection.

Let A = A\ {a, : n € w}. Foreacha € A', let f, : w — w be such that f,(n) >
sup fnla N byl

Let g : w — w be arbitrary. We show that g does not dominate {f, : a € A’}, so
b <|A| <

g is infinite, so |f~![g] N a| = w for some a € A. Since X N ({n} X w) is finite for
every n € w, such an a is in A". So g N f[a] is infinite. For each n € dom g N f[a] (which
is infinite) it follows that g(n) < f.(n). u

We finish this section by discussing ideals related to almost disjoint families. There are

two standard ways to associate an almost disjoint family to an ideal.

Definition 1.1.8. Let A be an almost disjoint family. We define Z(A) = {x Cw : 3A' €
A<z C*UA} and J(A) ={z Cw:|[{a € A: |jaNnz| =w}| <w}

We define the positive sets with relation to these ideals as Z+(A) = P(w) \ Z(A) and
T (A) = P(w) \ T (A). 0

Lemma 1.1.9. Let A be an almost disjoint family. Then:
1) Z(A) € J(A)
2) Z(A) and J(.A) are non maximal free ideals
3) Z(A) = J(A) iff Ais MAD.

Proof. 1)Letz € Z(.A).Let A’ be a finite subset of = such that z C* (J A’. Givena € A\ A,
a N z is finite since a N x C* Upe 4 @ N b, which is a finite union of finite sets.
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2) Both sets are clearly closed by finite unions and downwards. They are nonempty
since [w]<“ are contained in both, and w is not in any of them (it is easy to see that it is
not in J (A), so it is not in Z(.A) by 1)). To see that [ (.A) is not maximal, let (a, : n € w),
(b, : n € w) be two injective sequence into .4 with disjoint ranges. Let f : w — w be
such that for every n € w, f~'[{n}] is infinite. Consider X = {x,, : m € w}, where
Ty € Gfim) \ Ug<m Dk- Then neither  or w \ x are in J (A).

3) Suppose A is not MAD. then cleary any infinite x such that x N a = () for every
a € Aisin J(A) but not in Z(A). Conversely, suppose A is MAD. Let = € J(.A) and let
A"'={a € A:|anz| <w}, which is finite. We claim that a \ J A’ is finite: if it is not,
there exists b € A intersecting it infinitely, and such an b is not in A’, a contradiction. [

Now we define completely separable almost disjoint families.

Definition 1.1.10. An almost disjoint family A is completely separable iff for every
x € JT(A) there exists a € A such that a C z. O

Completely separable MAD families were defined in [37] who showed that they exist
under MA. It is not known if such families exist in ZFC, and this is listed as problem 19 in
the “Twenty problems in set-theoretic topology” chapter of Open Problems in General
Topology II [45]. We know that such a family exist in almost every known model of Set
Theory with choice. In particular, we know that if s < a then there is such a family [53]
and if ¢ < N, then there is such a family [64]. However, we do know that completely
separable almost disjoint families exist in ZFC [27].

We can also use ideals to define tightness.

Definition 1.1.11. Let A be an almost disjoint family. We say that A is tight, also called
w-MAD, iff for every sequence (x,, : n € w) of elements of Z*(.A) there exists a € A such
that |x,, N al is infinite for every n € w. O

It is clear that every tight family is MAD. Moreover, such a family .4 is Cohen inde-
structible, that is, its maximality is preserved by one (equivalently, any quantity) of Cohen
reals. For a proof, see [41]. It is not known if such families exist in ZFC.

For more about Cohen-indestructible MAD families, tight families and completely
separable almost disjoint families see the Section 4 of [40].

1.2 Isbell-Mrowka spaces

The first uses of spaces homeomorphic to Isbell-Mréowka spaces were due to J. R.
Isbell (as atribbuted by Gillman and Jerison) and S. Mrowka ([58]). A Isbell-Mrowka space
is associated to an almost disjoint family, and its topological properties depend on the
combinatoric properties of the family.

Definition 1.2.1. Let N be an infinite countable set such that N N [N]¥ = ) (such as w
or 2<¥). The Isbell-Mréwka space associated to A, also called denoted by W(.A4), is the set
N U A topologized by:
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{{n}:neN}U|J{{a}U(a\F):F € [a]*} (1.1)

acA
]

The reader may verify that the expression above really defines a basis for a topology
in W(A). Also, U(.A) should really be W(.A, V), but if no confusion arises and N is clear
from the context we just write W(.A).

The following fact should then be clear:

Proposition 1.2.2. Let N be an infinite countable set such that N N [N]“ = () and A be
an almost disjoint family on N. Then:

a) N is open and discrete.

b) Foreacha € A, {{a} U (a\ F): F € [a]<“} is a local basis of open compact sets
for a.

c) Ais closed and discrete.
d) ¥ (A) is Hausdorff.

e) U(A) is locally compact.
f) W(A) is Tychonoft.
(A)

g) V(A) is not countably compact.

Proof. a) is clear since each {n} is a basic open set.

b) This set is the collection of all basic open sets which has a as a member, so it is
a local basis for a. Each such set is compact, since if I/ is a collection of open basic sets
containing a set of the form {a} U (a \ F'), some element of I/ has the point a as a member,
so this element must be of the form {a} U (a \ F’), which covers all but finitely many
points of {a} U (a \ F).

c) A s closed because NV is open, and it is discrete since for eacha € A, ({a}Ua)NA =
{a}.
d) Given distinct a, b € A, aNbis finite. Then {a} U (a\ (aNb)) and {b} U (b\ (aNb))

are disjoint open sets separating a from b. Given distinct n,m € N, {n}, {m} are disjoint
open sets separating n from m. Finally, givenn € N anda € A, {n} and a \ {n} are two
disjoint open sets separating n from a.

e) This follows from b).

f) This follows from d) and e).

g) This follows from c). [
It should be noted that the statement of the previous theorem is a bit cumbersome

due to the “Let NV be an infinite countable set such that N N [N]¥ = (). This may look
unnecessary, and, in fact, it is: clearly, given such an NV and an almost disjoint family .4 on
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N, if we fix a bijection f : N — w we can use it to construct an almost disjoint family A’
on w and an homeomorphism from W (.A) onto ¥ (.A’). Thus, to talk about general results,
we may just state results about almost disjoint families on w and their Isbell-Mréwka
spaces. As we conventioned that an “almost disjoint family” is an “almost disjoint family
on w”, this can make statements a bit simpler. We are going to adopt this convention from
now on.

As we have mentioned, the topological properties of W(.A) often depend on combi-
natorical properties of A and vice-versa. As a first (important) well known example, we
have:

Proposition 1.2.3. Let A be an almost disjoint family. The following are equivalent:
a) Ais a MAD family,

b) W(.A) is pseudocompact.

Proof. a) implies b): Suppose by contradiction that f : ¥(.4) — R is continuous and
unbounded. We may suppose that | f| > 0. For ever k € w, let ny, € wN f~![(k, +00)]. Let
b= {n: k € w}. Since b is infinite, |b N a| = w for some a € A. It follows that a € clb,
soa € cl{ny : k > m} for every m € w, so f(a) € flc{nk : & >m}| Ccl f[{ng: k>
m}] C cl f[f7[(m, +0o0)]] C cl(m,+00) = [m, +00) for every m € w, so f(a) > m for
every m € w, a contradiction.

b) implies a): Suppose that A is not a MAD family. We show that W(.A) is not pseudo-
compact. Suppose that b € [w]* is such that b N « is finite for every a € A. It is clear that b
is a clopen discrete subset of W(.A). Let f : ¥(.A) — R be such that f|b is unbounded and
fI(¥(A)\ b) is constant. O

1.3 Refining almost disjoint families and base trees

An important feature of hj, which may be used as an alternative definition of h (in fact,
this was its original definition) is that it is the least height of a base tree. This fact is known
as base tree lemma or base matrix lemma, and was first explored in [2]. A more modern
reference is [10, Theorem 6.20]. This section could be in Chapter 0, but we decided to put
this here since MAD families were only introduced in this chapter.

First, we define refinements of almost disjoint families and shattering families.

Definition 1.3.1. Let A, 5 be almost disjoint families. We say that A < B (A refines B)
iff for every a € A there exists b € B such that a C* b.

A family (A )<y of MAD families is a shattering family iff for every x € |[w]“ there
exists @ < k and two distinct a, a’ € A, such that |[a Nz| = |d' N z| = w. O

The lemma below is easy and left to the reader.

Lemma 1.3.2. Suppose (A, : @ < k) is a shattering family and that (B, : @ < k) isa
family of MAD families such that for every a < k, B, < A,. Then (B, : a < k) isa
shattering family.
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We are going to be refining many MAD families into a single one. The following basic
well known lemma relates almost disjoint families with the structure of [w]*, which gives
us a step towards this direction. We leave the proof to the reader.

Proposition 1.3.3. Consider |[w]“ partially ordered by C*. Then...

« ... the (maximal) antichains of [w]* are precisely the (maximal) almost disjoint families
on w,

« ... every dense subset of [w]“ contains a MAD family, and

« for every MAD family A, the set A = {b € A:3a € Ab C* a} is open and dense
in the topology generated by C*. ]

Now we get:

Proposition 1.3.4. Suppose k < h and let (A, : @ < k) be a family of MAD families.
Then there exists a MAD family .4 such that A < A, for every a < &, thus, in particular,
this family of MAD families is not shattering. Moreover, there exists a shattering family of
length b. Thus, b is the smallest cardinality of a shattering family.

Proof. By Proposition 0.5.10, D = ,..(A,), is dense, so there exists a MAD family .4
contained in D. Now clearly A < A, for every a < k. In particular, for every a € A and
a < K, there exists b € A, such that a C* b, thus, if b’ € A is not b, we get |[a N b| < w.
Thus, (A, : @ < k) is not shattering.

For the second claim, let (D, : o < b) be a collection of open dense subsets of [w]*
with empty intersection. For each «, let B, be a MAD family contained in D,. We claim
that (B,)a<p is shattering. Let € [w]“ be given. There exists o such that x ¢ (B,),.
Since B, is MAD, there exists a € B, such that x N a is infinite, however, z Z* a, that is,
x \ a is infinite. Let o’ € B, be such that (z \ a) N d’ is infinite. Then @’ # a are in B, and
lanz| =]d Nzl =w. O

Now we are ready to start discussing base trees.

Definition 1.3.5. A base tree is a subset T C [w]* satisfying:

« (T, 2*)is atree,

« T C [w]” is dense,

« T is rooted in w, and

« awith0 < a < ht(T), Levy(a) is a MAD family (this follows from the previous
bullets).

We say that a base tree 7' is sharp if:
« for every a € [w]* there exists b € T such that b C a, and
« forevery a € T and b € succr(a), b C a.

We say that a base tree 7' is k-branching if for every a € T, | succr(a)| > k. N

33



34

1 | INTRODUCTION TO ISBELL-MROWKA SPACES

The terms “sharp” and “k-branching” are terms I invented to use in this thesis to try to
unify the treatment of base trees, since their definition may be slightly different depending
on the author.

There is a lower bound for the size of a base tree.

Lemma 1.3.6. Let 7" be a base tree. Then every point of 7" has a successor. In particular,
ht(T) is a limit ordinal. Moreover, i < cf ht(T").

Proof. Let a € T'. Let b, ¢ be two infinite disjoint subsets of a. There exists b’ € T  such
that & C* b. Then &/ C* a, so a has a successor.

Now we verify that ) < cfht(7). Let K = cfht(T). Let (0, : @ < k) be a cofinal
sequence in ht(7"). For each o, D, = Levr(d,), is open and dense. Suppose by contra-
diction that there exists * € (), Dao. There exists y € T such that y C x. Let a be
such that 6, > htr(y). Since x € D, there exists /' € Levy(d,) such that x C* ¢/. Let
y" € Levy(htr(y)) be such that ' C* ”. It follows that y C* 4", so y = y” since they are
in the same level. But theny C z C* ¢/ C* ¢y = y, so y \ v is infinite, a contradiction. [

We can sharpen any base tree by trimming its leaves.

Lemma 1.3.7. Let T be a base tree. There exists a sharp base tree 7" and an isomorphism
f T — T’ such that for every A € T, A =* f(A).

Proof. Let v = ht(T). For every a < 7, let 5, n, be the unique ordinals such that
a = w.fo +ng and n, < w.If a € T is in a successor level (niev, (o) > 0), denote by a™
the predecessor of a.

We define f,, : {a € T : Nievp(a) = 1} — [w]” by induction.

We define fy(a) = a for every a such that nyey, (o) = 0 (that is, for every a in a limit

level). Having defined f,,, we define f,,11(a) = (a N fu(a7)) \ (n + 1).
Let f = Unew fn- Then f: T — [w]“. Let 7" = ran f.
Claim 1: f(w) = w. Since ht(w) =0, f(w) = w.

Claim 2: f(a) =* a for every a € T. We already know that f(w) = w. Also, f(a) = a
whenever a is in a limit level. Now suppose that this is true for a’s in some level o.. We
show that this is true for the a’s in the level o + 1. Let a be in the level o 4 1. Then

£(@) = (@ f(@)\ ey —p) =" aNa™ =" a.

Claim 3: f is an isomorphism and 7" is a tree of the same height as T": The first part
follows from Claim 2. The second part follows from the fact that f is an isomorphism.

Claim 4: if b € T’ and d € succr(b), then d C b: Let a,c € T be such that f(a) = b,
f(c)=d. Thend =a.Sod= f(c) CcN fla)=cnbCb.

Claim 5: for every b € T” there exists ¢ € T" such that a C b: We know that there
exists a € T such that a C* b. Then f(a) C* b. Let n > sup f(a) \ b. Let « = Levy(a) =
Levy (f(a)) 4+ n, so ng > n. Since Levr(a) is a MAD family, there exists ¢ in it such that
cN f(a) is infinite. There exists e € Levy(a) such that ¢ C* ¢, so eN f(a) is infinite, which
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implies that f(a) = e, so ¢ C* f(a). By Claim 4, since n is finite, ¢ C f(a), and by the
definition of f,cNn =10,s0c\ b C f(a)\ (bUn) =0, as intended. O

Now we prove a version of the celebrated Base Tree Lemma.

Theorem 1.3.8 (Base Tree Lemma, [2]). There exists a c-branching sharp base tree of
height . More specifically, given a shattering family (A, : o < h), there exists a c-splitting
sharp base tree such that for every a < b, Levr(a) = A,.

Proof. We construct what will become the levels (L, : @ < h) of T" by induction on «. To
help us in our construction, we also define (L,, : « < hand « is limit). At successor stages
a + 1 we must take care of refining A, and of the c-splitting. At limit stages we guarantee
the sharp denseness. Thus, we need the following:

1) Lo = {w} and for every o < b such that o > 0, L,, is a MAD family.

2) For every a < h and every a € L, there exists b € L, such that a C b and such
that b\ a| = w.

3) For every o, 8 < h with f < a and every a € L, there exists b € Lg such that
a C* b

4) Forevery a < handeveryb € L,, [{a € L1 :a C b} =c.

5) Forevery a < 0, Lo < A,

6) For every limit o < by, L, < Lg for every < b such that § > 0.
7) For every limita < b, L, < L’

8) For every limit &« < h and = € [w]|* such that [{a € L), : [aN x| = w}| = ¢, there
exists y € L, such that y C x.

Suppose that this construction can be carried out. Let 7" = U,y L. Conditions 1), 3),
6) and 7) guarantee that (7, D*) is a tree with Levy(a) = L,. To see that, first we show,
by induction by «, that for every a € L,, pred(a) is well ordered and of type .

« pred,(w) = 0 by 3).

« If this is true for q, it is true for o + 1: suppose a € L, ;. By 3), there exists b € L,,
such that a C* b. We already know that pred;(b) has type « and it is clear that
pred;(a) D pred,(b) U {b}, so all we need to do is to show that, in fact equality
holds. So suppose a 2* c and that c € T'. Let 8 be such thatc € Lg. If § > a + 1,
by 3) there exists a’ € L,y with ¢ C* @/, but then a C* ¢ C* @/, so, by 1), a = o
and we derive that a \ a is infinite, a contradiction. If 5 = « + 1, by 1) we get that
¢ = a, s0 a\ a is infinite, a contradiction. If # = « then by 1) ¢ = b since both almost
contain a. Finally, if 5 < «, there exists b’ € L,, such thata C* b C* ¥/, so both ¢, i/
almost contain a, therefore, by 1), ¢ = ¥'.

« If this is true for 3 < v where v < b is limit: suppose a € L.,. By 7), there exists
a € L’7 such that a C* @/, and, by 6), for every /5 < 7 there exists bg € Lg such that
b C*a C* a. We claim that {bg : § < 7} is a D" chain of type  and that this is
precisely pred,(a).
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{bs : B < 7} is a 2* chain of type 7: suppose < ' < 7. We must show that
bg C* bg. By 3) there exists ¢ € Lg such that b/B C c. Thus, a' C* ¢, bg, so, by 1),
Cc= bﬁ.

This is precisely pred,(a): given 5 < v, bg 2 bss1 2 a’ C a. Conversely, suppose
c € T is such that ¢ C a. There exists 5 < b such that ¢ € Lg. If 8 > «, by 3) there
exists ¢ € L, witha C ¢ C ¢, so by 1) a = ¢’ and we get a contradiction. If § = a,
by 1) it follows that a = ¢ and we get a contradiction. Finally, if 8 < «, we have that
a C ¢, bg, soc=bgby1).

We also have that if 5 < «, L, N Lz = (): suppose by contradiction that a € L, N Lg.
By 3), there exists b € Lg such that a C b, so by 1), a = b and we get a contradiction.

Thus, T"is a tree and L, is the a’th level of 7. By 1), T is rooted and by 4), it is ¢c-splitting.
Moreover, ifa € Lyy1,b € L, and a C* b, by 2) there exists &' € L, such that a C ¥/, and
by 1) it follows that b = ¥/, so a C b.

It only remains to see that 7" is D-dense. Let x € [w|“ be given. By 8), it suffices to see
that there exists some limit o < h such that {a € L/, : [aNz| = w}| =«

By 5), (Lat1 : @ < b) is a shattering family.

Claim: For all 3,a < b, forallb € Lgandforally € [w]*,if § < cand y N b is
infinite, then there exists a € L, such that a C* b and y N a is infinite.

Proof of the claim: fix o, 3,4, b. Since L, is a MAD family, there exists a € L, such
that |a Nb N x| = w. Since T is a tree, there exists b’ € Lg such that a C* . Since bN ¥’ is
infinite, it follows from 1) that b = b’ so we are done.

Now we construct a increasing sequence (o, : n € w) of ordinals < h and sets
as € Lo, fors € 2<¢ such that for every s € 2<¥, |a, N x| = w and for every s,t € 2<%
such that s C ¢, a; C as.

To see that this is possible, first let ay = w and oy = 0. Having defined aj, for every
s € 2" fix s € 2". Since (Lq1 : o < B) is shattering (by 5)), there exists 3, < b such that
there exists two distinct by~ (g), bs—(1) in Lg, 11, such that for ¢ < 2, b~ ;) N Na, is infinite.
Let g1 = max({Bs + 1 : s € 2"} U {a,}) + 1. By the Claim, for each t € 2""!, since
Bijn < Qny1 there exists a; € Ly, ,, such that a; C* by, and |a; Nz N ayp,| is infinite. In
particular, |a; N x| is infinite and a; N ay,, is infinite, and the latter implies that a; C* ay.

Now let v = sup{a,, : n € w}, which is a limit ordinal, and for each f € 2* let Ps
be a pseudointersection of (ays, Nz : n € w). Since A’ is a MAD family, there exists
ay € A such that |ay N Py| = w.If f # g, let n be the first such that f(n) # g(n). Then
af|(n+1) Nag|(nt1) 18 finite, ay N a g (1) is infinite and ay M ag|(n41) is infinite, which implies,
by the tree structure, that ay C* af|(n41) and ag C* ag)(n41) are distinct. Thus, f — ay is
injective. Moreover, for each such f, ay N x is infinite, so we are done.

Construction:
Let Ly = {w}. Suppose we have constructed Lg for every 3 < a.
If o = 1, fixan arbitrary a € Ay, let Bbe a MAD family ona andlet Ly = (Ao \{a})UB.
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If « = B + 1, it suffices to take care of 1), 2), 4) and 5) since 3) will follow from the
others plus the inductive hypothesis. Let L’ be a MAD family refining both A, and Lg.
Given a € L' there exists an unique b, € Lg such thata C* b,. Let L” = {aNb, : a € L'}.
Then L” is a MAD family refining both A, and L, as well, with the additional property
that for every a € L” there exists b € L’ such that a C b. For each a € L”, let B, be MAD
family of cardinality ¢ on a. Let L1 = Uger Ba-

If o is limit, let L/, be a MAD family which is a common refinement of (Ls : § < «).
LetUd = {x € [W* : {a € L, : lanz| = w}| = c}. By an easy recursion, define
an injective function F' : U — L/ such that for every z € U, |F(x) N x| = w. Let
Lo= L \FU)U{F(z)Nz:zeU}U{x\ F(z):x € Uand |z \ F(z)] = w}. We
leave the (easy) details to the reader. [

Finally, we get the following corollary, which is a rephrasing of Lemma 3.4. of [2].

Corollary 1.3.9 ([2, Lemma 3.4.]). h = n(w*) if, and only if there exists a base tree of
height h with no chains of size b.

Proof. First, suppose that ) = n(w*). Then FA . (b) fails by Proposition 0.7.3, thus there
exists a family (A, : a < b) of maximal antichains of [w]* (i.e., MAD families) with no
free ultrafilter intersecting them all.

This family is shattering, for if not, there would exist x € [w] intersecting exactly one
element of each A,,, which implies that x € (A,), for each o < b, so any free ultrafilter
containing x would give us a contradiction.

By the Base Tree Lemma, there exists a base tree of height b such that its levels
(Lo : @ < b) are such that L, < A, for each a < h. Such a tree cannot have a chain of
size b, for if it had, this chain would intersect every level, so any free ultrafilter containing
this chain would generate a contradiction.

Conversely, suppose ) < n(w*). Let T" be a base tree of height §. To see that 7" has a
chain of size b, just notice that a free ultrafilter I/ intersecting every level of 7" is such that
U N T is a chain of size fh of T'. ]
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Chapter 2

Weakenings of Normality in
Isbell-Mrowka spaces

2.1 Introduction

In this chapter we study weakenings of normality in Isbell-Mréwka spaces. The new
results (marked with an asterisk *) presented in this chapter are in our published paper [61]
or in [62]). Normality is a topological property which is not as well behaved as some of the
most known weaker standard separation properties, such as regularity, Tychonoffness and
Hausdorffness: a subspace of a normal space does not need to be normal, and the product
of two normal spaces may fail to be normal.

Normality is related to metrization results: every metrizable space is normal. The
converse is not true, but if we add some extra conditions we have some metrization
theorems which guarantee the converse. We will mention one of these results in this
section to help us to introduce our problems.

In general, Isbell-Mrowka spaces do not need to be normal. Countable Isbell-Mréwka
spaces are metrizable (thus, normal), but these are the only metrizable Isbell-Mrowka
spaces. The proof of this well known fact is easy, but we add it here for the convenience of
the reader.

Proposition 2.1.1. Let A be an almost disjoint family. Then ¥(.A) is metrizable iff A is
countable.

Proof. Suppose A is countable. Then W(.A) is a countable first countable T3 space, thus, a
second countable 73 space. This implies that W(.4) is metrizable by Urysohn’s metrization
Theorem (see e.g. [70, p. 23.1.]).

Conversely, if A is uncountable, it is clear that WU(.A) is not Lindel6f since any covering
of W(.A) by basic open sets does not have a countable subcover since each basic open
subset of W(.A) has at most one point from .A. However, U(.A) is separable. It is well
known that separable metrizable spaces are Lindeldf (e.g. [70, p. 16.11]), thus, W(.A) is not
metrizable. [
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Thus, it is natural to ask: is there a normal uncountable Isbell-Mrowka space? There
are some immediate well known restrictions:

Proposition 2.1.2. Let A be an almost disjoint family. Then:
i) If A is a MAD family, then W(.A) is not normal.

ii) If 2M > ¢, then W¥(A) is not normal. In particular, if |A| = ¢ then ¥(A) is not
normal.

Proof. i) We have already seen that if A is a MAD family, then ¥(.A) is a pseudocompact
non countably compact space (it is pseudocompact by Proposition 1.2.3 and is not countably
compact since A is an infinite closed discrete subspace). Since pseudocompact normal

spaces are countably compact (as a direct consequence of Tietze’s extension Theorem [70,
p. 15.8]), ¥(.A) is not normal.

ii) This can be seen as a consequence of Jones’s lemma, but we prove it directly. Suppose
U(.A) is normal. For each S C A, let Ug, Vs be two disjoint open subsets of ¥(.A) such
that Us N Vs =0, S C Us and A\ S C Vs. We claim that the function S — Ug Nw is
injective, which completes the proof since this implies that 2 < 2« if § £ ', WLOG
S\S" #0,sofixae S\ S Thena € UsN Vg, sowNUsN Vg is a nonempty subset of
Us N w disjoint from Ug N w. [

As a corollary from ii), it follows that:

Corollary 2.1.3. CH implies that there are no uncountable normal Isbell-Mrowka spaces.

]

Since CH is consistent with ZFC, this implies that it is consistent that every uncountable
Isbell-Mrowka space is not normal. This does not answer the question of whether it is
consistent with ZFC if there is an uncountable normal Isbell-Mrowka space.

The problem of whether such an space exists is closely related to the problem of the
existence of a normal separable non-metrizable Moore space. To state this problem we
need some well used definitions.

Definition 2.1.4. Let X be a topological space, z € X and U be a cover of X. The star
with respect tol around x is the set St(x,U) = U{U e U : x € U}.

Moreover, if V' C X, the star with respect told around V is the set St(V,U) = U{U €
U-UNV +0). 0

Definition 2.1.5. Let X be a topological space. A development for X is a sequence (U, )ne.
of open covers of X such that for every z, {St(x,U,,) : n € w} is a neighborhood basis for
x, that is, for every open neighborhood U of x there exists n € w such that St(x,U,,) C U.

We say that a development for X (U,,),e. is a strong development iff for every z € X
and for every open neighborhood U of x there exists n € w and an open neighborhood V'

of = such that St(V,U,,) C U.

In case there exists a (strong) development for X, we say that X is (strongly) developable.
O]
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Now we can state Moore’s Metrization Theorem. We will not present a proof of this
result. See [24, p. 5.4.2.] for a proof.

Theorem 2.1.6 (Moore’s Metrization Theorem). A topological space is metrizable iff it is
Tp and strongly developable.

It is natural to ask if the “strongly” hypothesis can be removed. The answer is negative,
as we shall see. Now this is a good moment to introduce Moore spaces.

Definition 2.1.7. A Moore space is a developable regular space. O]

Thus, we could ask if every Moore space is metrizable. The answer is negative by the
following example.

Proposition 2.1.8. Every Isbell-Mrowka space is a Moore space.

Proof. We have already seen that Isbell-Mrowka spaces are 75. We show that they are
developable.

Let A be an almost disjoint family. For each n € w, letU,, = {{k} : k € w} U {{a} U
(a\ n):a € A}. For each n, it is clear that U, is an open cover of W(.A).

If n € w C VU(A), then St(n,U, 1) = {n} is contained in any set which has n as a
point.

Ifa e A {St(a,U,) :n € w} ={{a}U(a\n):n € w}isan open basis for a, so we
are done. ]

So uncountable Isbell-Mréwka spaces are examples of Moore separable non-metrizable
spaces. What happens if, in addition, we require that the space is normal? This is what is
known as the normal separable non-metrizable Moore space problem. It is also motivated
by Bing’s Metrization Theorem, which states that a topological space is metrizable iff it
is a collectionwise normal Moore space. (see [24, p. 5.4.1.]). The answer turns out to be
independent of ZFC. We will study the proof of this previously well known result in the
next section and extract some tools from it which will be useful to get to new results.

We proceed to formally state Bing’s Metrization Theorem without proof along with
some basic lemmas about some concepts related to it.

Definition 2.1.9. Let X be a topological space and C C P(X).

« C is said to be locally finite iff for every © € X there exists an open neighborhood U
ofxsuchthat {FeC: FNU # 0} <w

« C is said to be discrete iff for every x € X there exists an open neighborhood U of x
suchthat {FeC: FNU#0} <1

O
The following is well known and left as an exercise.

Lemma 2.1.10. Let X be a topological space. The union of a locally finite collection of
closed set is closed. [
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The following lemma is easy, follows from Lemma 2.1.10 and is left to the reader.

Lemma 2.1.11. Let X be a topological space and C be a locally finite collection of pairwise
disjoint nonempty closed sets. Let f : C — X be a choice function, that is, a function
satisfying f(F) € F for every F' € C. Then ran f is closed.

Now we define what collectionwise normal means.

Definition 2.1.12. Let X be a topological space. We say that X is collectionwise normal iff
X is T7 and for every discrete collection C of closed sets there exists a family of pairwise
disjoint open sets (Up : F' € C) such that for every F'inC, F' C Up. O

Normality has this property up to certain point.

Proposition 2.1.13. Let X be a 7}, topological space. Then for every countable discrete
collection C of closed sets there exists a family of pairwise disjoint open sets (Ur : ' € C)
such that for every F'inC, F' C Up.

Proof. We prove the infinite case, the finite case is analogous. Enumerate C = {F,, : n € w}
injectively. Let Uy, Vi be two disjoint open sets separating F from ;> F;.

Suppose we have defined U,,, V,, for every n < m for some m € w in a way such that
foreveryn <m, F,, C U,, U;<, F; € V,,, U, NV, = (), and that for every n < n’ < m,
U, CV,and V,, CV,.

We show how to define U,,,, V,,, if m > 0. Let V, U be two disjoint open sets separating
F from Ujsppqq Fio Let Uy, = Vi NU and Vi, = Vi NV

Now let U, = U, for each n € w and we are done. OJ

Now we state a version of Bing’s theorem.

Theorem 2.1.14 (Bing’s Metrization Theorem [9]). Every collectionwise normal Moore
space is metrizable. [

2.2 More on Normality

In this section we study the known result which related the normal Isbell-Mrowka
spaces with the normal separable non-metrizable Moore space problem and extract some
of the tools used in the proof.

First, we state some basic definitions for studying normality-like properties in Isbell-
Mroéwka spaces.

Definition 2.2.1. Let A be an almost disjoint family and B,C C A.

« A partitioner for A is a subset X C w such that for every a € A, either a C* X or
anNX =*0.

« Given a partitioner X for A, we say that X separates B from C iff for every a € B,
a C* X and foreverya € C,anN X =* ().
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« Given X C w, we say that X weakly separates B from C iff for every a € B,
laN X| =wandforeverya € C,an X =*{.

« We say that B, C can be separated iff there exists a partitioner X which separates B
from C.

« We say that B,C can be weakly separated iff there exists X C w which weakly
separates B3 from C.

O
Moreover, we will adopt the following definition as a shorthand.

Definition 2.2.2. Let A be an almost disjoint family. We say that A is normal iff ¥(.A) is
normal (as a topological space). [

Some sets are trivially partitioners. We leave the following examples as an easy warm-
up exercise to the reader.

Proposition 2.2.3. Let A be an almost disjoint family and X, Y C w. Then:
« w, () are partitioners.
« If X,Y are partitioners, soare X UY, X NY and X \ Y.
« If X is a partitioner and X =" Y, then Y is a partitioner.
« Let A’ C Abe finite. Then |J A’ is a partitioner separating A’ from A \ A’

Thus, the collection of all partitioners is a ="-closed algebra containing all finite unions
of subsets of A.

On the other hand, sometimes we know that certain subcollections of A cannot be
weakly separated. We state and prove the following folkore result.

Proposition 2.2.4. Let A be a MAD family and A" C A be such that | A’| = w. Then A’
and A \ A’ cannot be weakly separated.

Proof. Let (a,, : n € w)be an injective enumeration of A’. Working towards a contradiction,
let X be a partitioner for A’, A\ A’. Define a strictly increasing sequence (x,, : n € w)
such that 2, € (a, \ Umen @m) N X. Then {z, : n € w} Na = ) for every a € A, thus A
is not MAD. [

Partitioners encode the clopen subsets of the Isbell-Mréwka spaces.

Proposition 2.2.5. Let A be an almost disjoint family. Then:
1. If C C ¥(A) is clopen, then C'Nw is a partitioner separating A N C' from A\ C.
2. If X C w is a partitioner separating B,C C A, then X U{a € A:a C* X}isa

clopen set separating 3 from C.

Proof. 1. We only need to show that C' is a partitioner since the rest is clear. Let a € A
be given. If a ¢ C, then since ¥(A) \ C'is open, a C* ¥(A)\ C,soanNwnNC =* . If
a € C, then since C'is open, a C* C' Nw.
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2. We only need to see that C' = X U{a € A: a C* X} is a clopen since the rest is
clear. It is clear that C' is open. We show that C' is closed. Suppose that a € AisinclC.
We must see that a € C'. Since X is a partitioner, it suffices to see that |a N X | = w. But
this is true since w = [({a} Ua) N C| = |a N X|. O

This relation is useful to prove normality-related theorems. The following is also

folklore:

Proposition 2.2.6. Let A be an almost disjoint family. A is normal iff for every B C A, B
and A \ B can be separated.

Moreover, in this case, every two closed disjoint subsets of ¥(.A) can be separated by
clopens.

Proof. Suppose V(.A) is normal. Let B be given. Since A is normal, there exists open sets
U,V suchthat BC U, A\ BC V and U NV = (). By the previous proposition it suffices
to see that C' = W(A) \ V is a clopen, since it contains B and is disjoint from A \ B. It is
clearly closed. To see that it is open, just notice that givena € CNA=8B,a C* U C C.

Conversely, suppose that for every B C A, B and A \ B can be separated. Let F, K
be two closed disjoint subsets of W(.A). By the previous proposition, there exists a clopen
set C' separating B=F N AfromC = KNA Now D =C U (F Nw) is also clopen and
separates I’ from K. To see that it is closed, just notice that if a € cl D, then a N (F Nw)
is infinite, thusa € cl FF = F,soa € B C C. ]

An Isbell-Mréwka space which is a counterexample would have to be an uncountable
Isbell-Mrowka normal space, which does not exist under CH as we have mentioned
above.

Before we state the result relating these two objects we will talk about a last ingredient
which we still haven’t talked about. A class of special sets of reals.

Proposition 2.2.7. Let X C 2*. We say that X is a ()-set iff it is uncountable and every
subset of X is a G5 (or, equivalently, an F7;) in the relative subspace topology.

It is clear that these objects also do not exist under C'H since for every uncountable
X C 2¥ by CH there are only w; = ¢ many G relative subsets of X and 2° subsets of
X.

The following theorem, due to F. Tall [67], appears with this form in [39]. The proof
that is sketched there is partially attributed to folklore. We will dedicate the rest of this
section to prove this result in a very detailed way. The techniques we will use, which
appear in these two papers, will be useful in the next sections of this chapter.

Theorem 2.2.8. The following are equivalent:
a) There exists a ()-set,
b) There exists an uncountable almost disjoint family A such that ¥(.A) is normal, and

c) There exists a separable normal Moore space which is not metrizable.
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]

To study this theorem we need some tools which relate subsets of the reals (2*) to
almost disjoint families.

Every element of an almost disjoint family is an element of [w]* C P(w) & 2“ by
using the identification between a subset of w and its characteristic function, so every
almost disjoint family can be seen as a set of reals.

Conversely, given a set of reals X, one has the almost disjoint family of branches .4 x
as defined in Definition 1.1.3.

We will discuss on how the properties of these objects behave and transform into one
another.

The next result, which is probably folklore, appears in [62].

Proposition 2.2.9 (Probably folklore). Given X C 2 and Y C X. The following are
equivalent:

1. Ay and Ax\y can be separated in Ax;
2. Yand X \ Y are F, in X.

Proof. (1) implies (2): Let Z C 2<“ be a partitioner separating Ay from Ax\y such that
forally € Yandz € X \Y,a, C* Z and a, N Z =* (. It follows that:

V={yeX:aq,C"Z}=J ({veX:ymeZ}.

new m>n

closed in X

Notice that Z, = 2<“ \ Z is a partitioner for Ay and Ax\y such that A, C* Zj iff
r € X \'Y, one concludes that X \ Y is also an F,, set of X.

(2) implies (1): for ' C 2, we denote F' = {z|n:n € w,z € F}.
Write Y = U F,and X \Y = U G,, where F}, and GG, are closed in X. We

new new

proceed by a standard shoelace argument. Define .Jy = F’O, Ky = CA;O \ 130, and, recursively,
Jn = F, \ (UKn C:‘Z> K, =G, \ (Uign E) for n > 0. Let J = U, ¢, Jn. It follows that
J N K,, =0 for all m € w. We claim that J is a partitioner separating Ay from Ax\y
If a, € Ay,thenx € Y so there exists an € w such that x € F),. Since |J G is closed,
<n

there exists k € w that {f € 2* : 2|, € f} N U G; = 0. Hence, a, C* J,, C J. Similarly,

1<n

if a, € Ax\y, thena, N J =*0. O

From this, it follows that:

Proposition 2.2.10. Let X C 2“ be a uncountable set. Then Ay is normal iff X is a (-set.

Proof. First, suppose X is a ()-set. By Proposition 2.2.6, it suffices to see that for every
A" C Ay, A" and Ax \ A’ can be separated. Fix A’, which is of the form Ay for some
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Y € X.Then Ay \ Ay = Ax\y. Since both Y and X \ Y are relative F, subsets of X, it
follows from Proposition 2.2.9 that A" and Ax \ A’ can be separated.

Conversely, suppose that Ay is normal. We must see that every subset of X is a relative
F,.Let Y C X be given. Since Ay is normal, it follows from Proposition 2.2.6 that Ay
and Ax \ Ay = Ax\y can be separated. Thus, by Proposition 2.2.9, Y is a relative F,
subspace of X. O]

In particular, this shows that if a ()-set exists, then a normal uncountable Isbell-Mrowka
space exists. Now we prove the converse. First, we have the following lemma:

Lemma 2.2.11. Let A be an uncountable normal almost disjoint family. Then for every
X C*w,{xa:aC* Xanda € A} is an F, subset of {x, : a € A}.

Proof. Let Q = {x, : a € A}. Notice that Q \ {x, : ¢« C* Xanda € A} = {x, :
(Yndm >nm €a\ X)anda € A} = QNNyew Unsnif €29 f(m) = landm ¢ X}.
which is a G5 subset of X since for eachm € w, {f € 2¥: f(m) = landm ¢ X} is an
open subset of 2¢ since it is either {f € 2 : f(m) = 1} or (. O

Now, the result on normality.

Proposition 2.2.12. Let .A be an uncountable normal almost disjoint family. Then A is a
(Q)-set of P(w), that is, {x, : a € A} is a Q-set.

Proof. Let B C A be given. Let Q = {x, : a € A}. By Proposition 2.2.6, let X be a
partitioner separating B from A \ B. Then {x, : a € B} is an F,, subset of {x, : a € A}
by Lemma 2.2.11. O

The converse of the previous proposition is consistently not true. Of course, it is
vacuously true under CH, but in [54] A. Miller has used forcing to contruct a MAD family
which is a Q-set (that is, a MAD family A such that {x, : @ € A} is a Q-set). By Proposition
2.1.2, no MAD family is normal.

Now there is just one piece missing for the classical result.

Proposition 2.2.13. Suppose there is a separable uncountable normal Moore space which
is not metrizable. Then there is an uncountable normal almost disjoint family.

Proof. Let X be such an space and let [V be a countable dense subset of X. We may suppose
that [N]¥ N N = {) since if this is not true, biject X with | X| in a way that N is sent onto
w and copy the topological structure of X to |X|.

By Bing’s metrization theorem, since X is not metrizable, X is not collectionwise
normal, so since C is normal it follows from Lemma 2.1.11 and Proposition 2.1.13 that X
contains an uncountable closed discrete subspace Y. By removing N, we may suppose

that Y N N = 0.

For each y € Y, let a,, be a sequence of elements of /V converging to y. This is possible
since X is first countable and N is dense. Then {a, : y € w} is an uncountable almost
disjoint family over /N. We must verify that it is normal. We aim to apply Proposition 2.2.6.
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Solet Z C Y. Since Y is closed and discrete, both Y\ Z and Z are closed subsets of X,
thus there exists disjoint open sets U, V suchthat Z C U, Y\ Z CV.Let A= NNU. We

claim that A is a partitioner separating {a, : y € Z} from its complement {a, : y € Y\ Z}.

Ify € Z,thena, C* UN N = A since it is a sequence converging to y and U is an
open neighborhood of y.

Ify € Y\ Z, thena, C* V since it is a sequence converging to y and U is an open

neighbordhood of y, and V' is disjoint from U N N so the proof is complete. O]

Thus, Theorem 2.2.8 follows from Proposition 2.2.10 (a implies b), Proposition 2.2.13 (c
implies b), 2.2.12 (b implies a) and from the that uncountable Isbell-Mrowka spaces are
non metrizable Moore spaces (b implies c) as we have seen in the previous section.

As a corollary from these same results, we also get the following:

Corollary 2.2.14. Let « be an infinite cardinal. There is a normal almost disjoint family
of size « iff there is a ()-set of size k. [

It is natural to ask what is the least cardinality of a set which is not a ()-set. Following
[14], we define:

Definition 2.2.15. q is defined as min{|X| : X C 2“ is uncountable and not a ()-set}.
]

Since no almost disjoint family of cardinality ¢ is normal, there are no ()-sets of
cardinality ¢. So q is well defined and w; < q < c.

In fact, it is known that p < q < b. We will show that p < q in this section with a
known proof, but, again, the techniques we will use will be used to prove some new results
later. In the next section we will show that q < b.

We aim to apply Bell’s theorem. Thus, we define some orders:

Definition 2.2.16. Let A, X C 2“ be such that A C X. We define P(A, X) as the
following set:

{refwx (2YUA) :VnewVe € AVs € 2% (n,z) € r and (n,s) er — s € x}

We order P(A, X) by the reverse inclusion: so () is the maximum element and r < r’
iff v’ Cr. l

Lemma 2.2.17. Let A, X C 2% be such that A C X. Then P(A, X) is o-centered.

Proof. Notice that for each finite S € [w x 2<“|<“, the set {r € P(A, X) : rN(wx2<¥) =

S} is centered: if ry, . . ., r,, are members of this set, then r; U - - - U r,, is a member of this

set as well. ]
The following is easy and follows directly from the finiteness of the conditions.

Lemma 2.2.18. Let A, X C 2% be such that A C X.Letx € A. Then D, = {r €
P(A,X):3n € w(n,x) € r}is dense. O
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Lemma 2.2.19. Let A, X C 2“ be such that A C X.Letx € X \ Aandn € w. Then
El'={re P(A,X):3s€2“s Cuxand(n,s) € r}isdense.

Proof. Fix r. Let k be large enough so that x|k # y|k for every y such that (n,y) € r. Let
s =x|k.Let’ = rU{(n,s)}. O

Proposition 2.2.20. Let A, X C 2“ be such that A C X. If there exists a filter G on
P(A,X)suchthat GND, # (O forallz € AandGNE" # (forallz € X \ A,n € w

(as defined in the previous two lemmas), then A is a F, subset of X.

Proof. For eachn € w,letU, = {x € 2¥ : s € 2<¥ Ir € G (n,s) € r}. U, is clearly
open. We claim that X NN, U, = X \ A.

new
DO:fixx € X \ Aand n € w. There exists r € E? N G, so there exists s € w such that
s C x and (n, s) € r. This implies that z € U,.

C: Suppose that x € A. We show that x ¢ ,,c,, U,. There exists r € G N D,. There
exists n such that (n, z) € r. We claim that « ¢ U,,. Suppose by contradiction that x € U,,.
Then there exists 7’ € G and s € 2<“ such that (n,s) € " and s C x. Since G is a filter,
there exists 7’ < r,7"in G.So (n, s) € r" and (n,z) € r”, a contradiction by the definition

of P(A, X). [
Then the following follows easily from Bell’s theorem:

Corollary 2.2.21. Let A, X C 2“ be such that A C X. Suppose | X| < p. Then Aisa F,
subset of X. O]

Corollary 2.2.22. p < q. [

The consistency of p < q was implicitly proved in [23], as explained in [14].

2.3 On the pseudonormality of Isbell-Mrowka
spaces
In this section we recall some other classical results using the tools discussed in the
previous section.
Pseudonormality is a natural weakening of normality.

Definition 2.3.1. Let X be a topological space. We say that X is pseudonormal iff it is
Ty and for every closed sets F, K, if F' is countable and F' N K = () then there exists two
open sets U,V suchthat UNV =0, F CUand K C V. O

In the previous section we saw that ()-sets are closely related to the normality of
Isbell-Mrowka spaces. In this section we obtain folklore results stating that A-sets have
similar properties with respect to pseudonormality.

Definition 2.3.2. Let X C 2“. We say that X is a A-set iff X is uncountable and every
countable subset of X is a relative Gj. O
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Of course, every ()-set is a A\-set. Again, we use the following as a shorthand:

Definition 2.3.3. Let A be an almost disjoint family. We say that A is pseudonormal iff
U(A) is pseudonormal. O

Now we derive results analogous to the previous section.

Proposition 2.3.4. Let A be an almost disjoint family. A4 is pseudonormal iff for every
countable B C A, B and A \ B can be separated.

Moreover, in this case, every two closed disjoint subsets of W(.4) can be separated by
clopens when one of them is countable.

Proof. Suppose V¥ (.A) is pseudonormal. Let 53 be given. Since A is pseudonormal, there
exists open sets U,V such that B C U, A\ B C V and U NV = (). By Proposition 2.2.5
it suffices to see that C' = W(.A) \ V is a clopen, since it contains B and is disjoint from
A\ B. 1t is clearly closed. To see that it is open, just notice that givena € C N A = B,
aC*U CC.

Conversely, suppose that for every countable B C A, B and A \ B can be separated.
Let F, K be two closed disjoint subsets of W(.4) with I countable. By Proposition 2.2.5,
there exists a clopen set C separating B = FN AfromC = KNA Now D =CU(FNw)
is also clopen and separated F' from K. To see that it is closed, just notice that if a € cl D,
then a N (F Nw) is infinite, thusa € cl FF = F,soa € B C C. O

It follows that MAD families cannot be pseudonormal.

Lemma 2.3.5. Let A be a MAD family. Then A is not pseudonormal.
Proof. This follows from the previous proposition and from Proposition 2.2.4. O]

Proposition 2.3.6. Let X C 2% be a uncountable set. Then Ay is pseudonormal iff X is
a A-set.

Proof. First, suppose X is a A-set. By Proposition 2.3.4, it suffices to see that for every
countable A’ C Ay, A" and Ax \ A’ can be separated. Fix a countable A’, which is of the
form Ay for some countable Y C X. Then Ax \ Ay = Ax\y. Since both Y and X \ Y
are relative I, subsets of X, it follows from Proposition 2.2.9 that A" and Ax \ A’ can be
separated.

Conversely, suppose that Ay is pseudonormal. We must see that every countable subset
of X is a relative G5. Let Y C X be given. Since Ax is pseudonormal, it follows from
Proposition 2.3.4 that Ay and Ay \ Ay = Ax\y can be separated. Thus, by Proposition
2.2.9,Y is a relative G5 subspace of X. O

Proposition 2.3.7. Let A be an uncountable pseudonormal almost disjoint family. Then
Ais a A-set of P(w), thatis, {x, : a € A} is a A-set.
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Proof. Let Q = {x, : a € A}.Let B C Abe a countable set. By Proposition 2.3.4, let X be
a partitioner separating 3 from A \ B. Then {x, : a € B} is an G subset of {{, : a € A}
by Lemma 2.2.11. O

As with ()-sets, the converse of the previous proposition is consistently not true. Recall
that as we have already mentioned [54] A. Miller has used forcing to contruct a MAD family
which is a ()-set (that is, a MAD family A such that {y, : a € A} is a Q)-set). In particular,
this set is a A-set, and it is not pseudonormal since no MAD family is pseudonormal.

Recall that q is the smallest uncountable size of a non )-set. It may be tempting to
define the smallest uncountable cardinality for a non A-set, but it is not necessary since, as
we shall expose, this cardinal is known to be b. We will prove the first half of this folklore
result now, but we will leave the other half to the next section to avoid writing the same
argument twice. This result appears in [22, Section 9].

First, we define:

Definition 2.3.8. Let X C 2. We say that X is a \'-set iff it is uncountable and for every
countable N C 2¥ X U N is also a \-set. U]

Proposition 2.3.9. There is a A-set of size b with is not a \’-set. In particular, there exists
a non A-set of size b.

Proof. Recall that the Baire space w* is characterized by being a completely metrizable, zero-
dimensional separable topological space such that every compact set has empty interior
(see [48, Theorem 7.7]). Let N = {f € 2* : InvVm > nf(m) =0} and W = 2¥ \ N. We
claim that W is homeomorphic to w®.

To see that, first notice that /V is countable, so W is a G5 subspace of the completely
metrizable space 2%, thus, it is also completely metrizable. It is zero-dimensional since 2 is
zero-dimensional. Finally, let K" be a compact subset of . Suppose that it has a nonempty
interior V. Then V"= W N U for some open set U of 2*. Since U is open, V = U\ (U \ V)
and U \ V C N has empty interior, it follows that clsw V' = clow U, so U C K. However,
N is dense, so U NN # () and N N K = (), a contradiction.

Let ¢ : w¥ — W be an homeomorphism.

Let (fo : @ < b) be a <*-unbounded tower, that is, an enumeration of an unbounded
family such that if o < /3 then f, <* f3. This is possible: fix any enumerated unbounded
family (g, : @ < b) and recursively define an <*-increasing family (f,, : @ < b) such that
for every a, fo <* ga, which is possible by the definition of b. Let X = {f, : a < b}.
X is clearly uncountable. Given a countable I C b, there exists v < b such that [ C v
(by the regularity of b). By the previous part of this result, ¢[{f, : @ € [}]|is a Gs
subset of ¢[{f, : @ < 7}],s0 {fo : @ € I} is a subset of {f, : @ < ~}. Moreover,
Uaia2 = XO{f € f 2 £} = X AUiep, Nueokf €92 5 fln) = ()}
is an F, subset of X, thus, {f, : @ < v} is a G5 subset of X. Since a relative G5 of a G5
isa Gg, then {f, : @ € I} is a Gs-subset of X. Since [ is arbitrary, this shows that every
countable subset of X is a relative G of X. Thus, ¢[X] is a A-set.
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We show that ¢[X]UN is not a A\-set by showing that NV is not a G5 subset of [ X|UN.
We show that ¢[X] is not a relative F, of ¢[X]UN. Suppose it is. Then ¢[X ] can be written
as Upeo, Fn, where each F), is a closed subset of [ X]UN. For each n, F,, = K,,N(¢[X]UN)
for some closed (compact) subset K, of w*. Notice that K,, " N = () for each n, so K, is a
closed compact subset of 1. For each n, let L,, = ¢~ * [K,]. L, is a compact subset of w*
and {f, : @ < b} C Upnen, Ln- However, since each L, is compact, it is pseudocompact,
thus there exists an h,, € w* such that L,, is <-bounded by h,,. Let h € w" be such that
h >* h, for every n € w. Then h bounds { f, : & < bx}, a contradiction since this is an
unbounded family. O

2.4 Almost-normality of Isbell-Mrowka spaces

Almost-normality is a weakening of normality which was proposed in [66].

Definition 2.4.1. Let X be a topological space. We say that F' C X is regularly closed iff
F =clint F.

We say that X is almost-normal iff it is T and for every regularly closed set /' and
every closed set K such that F' N K = (), there exists open sets U, V such that F' C U,
KCVandUNV =0. O

Simmilarly to the previous sections, we adopt the following definition as a short-

hand.

Definition 2.4.2. Let A be an almost disjoint family. We say that A is almost-normal iff
U(.A) is almost-normal. O

There are not many examples of almost-normal spaces which are not normal, so we
consider that every new example is interesting. In particular, in [29], S. A. Garcia-Balan
and P. Szeptycki asked the following questions:

Problem 2.4.3. Is there an almost-normal almost disjoint family which is not normal?
We will partially answer this question in this section.
More strongly, they asked:

Problem 2.4.4. Is there an almost-normal MAD family which is not normal?
This problem is still open. More broadly, they asked:

Problem 2.4.5. Are almost-normal pseudocompact spaces countably compact?

One of the reasons that make this question interesting is the well-known result that
states that every normal pseudocompact space is countably compact.

We will start by answering the last question negatively. First, recall the following
definition:

Definition 2.4.6. Let X be a topological space. We say that X is extremally disconnected
iff the closure of every open subset is open. ]
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The following is well known, but we prove it here for the convenience of the
reader.

Proposition 2.4.7. Sw is extremally disconnected.

Proof. Let U C Pw be open. Let (A, : a € I) be a family of subsets of w such that
U = Ujer cl A;. We claim that clU = ¢l (U,er A;), which is open.

C:j e I, cdA; C cd(User i), thus, U C cl(Ujes Ai) which implies clU C
cl (User Ai)-
D is clear since cl U is closed and for each i € I, A; C U. O

Proposition 2.4.8. Let X be an extremally disconnected topological space. Then every
dense subspace of X is extremally disconnected.

Proof. Let D C X be dense. Let U be an open subset of . We must see that clp U is
dense in D.

U = VND for some open subset V of X, and clp U = clx(U)ND. It suffices to see that
clx(U)ND = clx (V)N D. Cis clear. To verify O,letd € DNclx (V). Let W be an open
neighborhood of d in X. Then W NV # (). But D is dense,so W NV N D =W NU # (.
This shows that d € clx(U), as intended. O

The following is easy:
Proposition 2.4.9. Every extremally disconnected 7} space is almost-normal.

Proof. Let F' be a regularly closed subset of X and K be a closed subset of X such that
FN K ={(.Since F = clint F', F is a clopen set, so we are done. O]

Thus, to answer Problem 2.4.5, it suffices to construct a subspace of Sw containing w
(which is extremally disconnected, thus, almost-normal) which is pseudocompact but not
countably compact. We construct such a space for the sake of completeness:

Proposition 2.4.10 (*). There exists a subspace of Sw containing w which is almost-normal,
pseudocompact but not countably compact.
Proof. By the previous discussion it suffices to contruct a subspace of Sw containing w

which is pseudocompact but not countably compact.

Let (P, : n € w) be a partition of w into pairwise disjoint infinite sets. For each n € w,
let V, be a free ultrafilter such that P, € V,.Let F = {V, : n € w}. F is infinite and
discrete since givenn, {V,,} = F Ncl P,.

Given A € [w]“, let Q4 € w* be defined as follows:

(1) If there exists n € w such that A € V,, let Q4 = V), for any such n (e.g. the least
such n), or

(2) ifforalln € w A ¢ V,,let Q4 € w* be any free ultrafilter such that A € Q 4.
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Let U, be the principal ultrafilter generated by {n} and N = {U,, : n € w}. In any
case, A € Q4. Let X = NU{Q4 : A € [w]“} and notice that, for eachn € w, Qp, =V,
by (1). Hence, F' C X.

X is pseudocompact: since N is dense in X, by Proposition 0.3.20 it suffices to see that
every sequence f : w — N has an accumulation point. By passing to a subsequence, we
can suppose f is either constant or injective. Constant sequences converge, so suppose
[ is injective. Let g : w — w be such that f(n) = Uy,). Let A = ran(g). We claim ¢4 is
an accumulation point of f. Given a basic nhood cl B 5 Q4, we know BN A € Q4 is
infinite, so it follows that g"'[AN B] C {n € w: f(n) € cl B} is also infinite. Since B is
arbitrary, the proof is complete.

X is not countably compact: we know F' is an infinite discrete subspace of X (since it
is in Sw). Thus, it suffices to show that F' is closed in X. We show X \ F is open in X.
Clearly, every point of N is in the interior of X'\ F'since N isopen.If A € [w]|* and Q4 ¢ F,
then (2) holds, so Q4 € clAand FNcl A =), thatis, Q4 € XNclAC X\ F. O

Now we aim to partially answer Problem 2.4.3 by mimicking the techniques used in
the classic results of normality and pseudonormality. The following result appears in our

paper [61].

Proposition 2.4.11 (*). Let A be an almost disjoint family. A is almost-normal iff for
every regularky closed set F', F'N A and A\ F can be separated.

Moreover, in this case, closed sets are separated from regular closed sets by clopen
sets.

Proof. Suppose V(.A) is almost-normal. Let I’ be given. Since A is almost-normal, there
exists open sets U,V such that F C U, A\ F C V and U NV = (). By Proposition 2.2.5
it suffices to see that C' = W(.A) \ V is a clopen, since it contains .4 N F" and is disjoint
from A \ F. 1t is clearly closed. To see that it is open, just notice that givena € AN F,
aC*U CC.

Conversely, suppose that for every regular closed set ', AN F and A \ F can be
separated. Let I, K be two closed disjoint subsets of U (.4) with F' regularly closed. By
Proposition 2.2.5, there exists a clopen set C separating B = FFN A fromC = A\ F. Now
D = (CU(FnNuw))\ K is also clopen containing F. To see that it is closed, just notice
that if a € ¢l D, then a N (F' Nw) is infinite, thusa € cl F = F,soa € BC CandanN K
is finite. U

Of course, we could try to understand what are the regularly closed sets of a Isbell-
Mroéwka space. It turns out that their characterization if somewhat simple. This is probably

folklore.

Lemma 2.4.12. Let N be an infinite countable set such that [N]* N N = (). Let A be an
almost disjoint family over N. Then ' C A is a regular closed set if, and only if there
exists W C N such that F' = cl(W) (notice that clW =W U{a € A: |aNW| = w}).

Proof. Suppose F' is a regularly closed set. Let W = N N int(F"). Since N is dense and
int(F) is open, it follows that c] W = cl(N Nint(F)) = clint F' = F.
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Conversely, if W C N, clintclW C clW holds (as always). Suppose z € clW.
If x € N,thenx € intclW, sox € clintclW.If z € A, then |z N W| = w. Thus,
|z Nint cl W| = w, which implies that = € clint cl W. O

By combining the last two results, we get:

Corollary 2.4.13 (*). Let N be an infinite countable set such that N N [N]¥ = () and A be
an almost disjoint family over N. Then A is almost normal iff for every W C N, the sets
{fae A:jlanW|=w}and {a € A: |aNW| < w} can be separated. That is, iff every
pair of weakly separated sets is separated.

In [61] we defined a candidate for the equivalent of a ()-set for almost-normality.

Definition 2.4.14 (*). Let X C 2*. We say that X is an almost Q)-set iff it is uncountable
and for every W C 2<¥ W]y = {z € X : Ym € w3n > m(z|, € W)} (which is
{reX |a,NW|=w})isan F, in X. O

Notice that for every X C 2¥ and W C 2=, [W]y is a G5 subset of X.

The relationship between almost ()-sets and almost-normality is similar to the rela-
tionship between ()-sets and normality:

Proposition 2.4.15 (*). Let X C 2“ be a uncountable set. Then Ay is almost-normal iff
X is an almost ()-set.

Proof. First, suppose X is an almost ()-set. By Corollary 2.4.13, W C 2<¥ B = {a € Ay :
laNW| =w}andC = {a € Ax : [aNW| < w} can be separated. Let Y = {z € X :
a; € B} = [W]x. Since both Y and X \ Y are relative F,, subsets of X, it follows from
Proposition 2.2.9 that B and C can be separated.

Conversely, suppose that Ay is almost-normal. Fix W C 2<“. Let B = {a € Ax :
laNnW|=w}={a,:2 € [W]x}and C = A\ B Since Ax is almost-normal, it follows
from Corollary 2.4.13 that B and C can be separated. Thus, by Proposition 2.2.9, [W]x is a
relative G5 subspace of X. ]

We do not know if an almost-normal almost disjoint family A C P(w) is an almost
(Q)-set of P(w) (this would be an result analogous to propositions 2.2.12 and 2.3.7).

It is possible to directly construct almost )-sets which are not )-sets by forcing. We
have done that in our paper [61]. We obtained better results later, as we shall see, but we
will show how to do it here as well.

Theorem 2.4.16 (*). Suppose that X C 2 is infinite, and let & = ¢. Then there exists a
c.c.c. forcing notion P with a dense subset of size s such that PP |- X is an almost-() set.

Proof. We will proceed by iterated forcing assuming the existence of a countable transitive
model M, and prove the theorem relativized to M.

We recursively construct, working in M, a finitely supported x-stage iterated forcing
construction (((Pg, <¢, 1¢) : § < k), ((Qe, <¢, 1¢) : £ < K)).
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Each (@5 will be forced by IP¢ to have size < k and to have the c.c.c., therefore for each
§ < k, P¢ will have a dense subset ]P”5 of cardinality at most x which will have the c.c.c. as
well.

Fix a function f from x onto x X k such that if f(£) = (¢, p), then ¢ < £. We will use
f as a bookkeeping device. Let N = 2<%,

Suppose we have constructed (((Pc, <¢,1¢) : ¢ < &), {((Qy, <o, 1e) i ¢ < §)) for

some & < #. We must determine (Q¢, <¢, I¢). Suppose that for each stage { < & we

have also listed all IP;-nice names for subsets of N as (7' + p < k). This is possible since
|Pt| < x = k* and has since P; has the countable chain condition. List all P;-nice names

for subsets of NV as (7€ : < k) as well.

Let f(§) = (¢, ). Since ¢ < &, the name 7{ is a nice P;-name for a subset of N.
Let (@5, <¢, I¢) be an appropriate triple of P¢-names such that P¢ I- (Qg, <, I;) =
P ([TﬂX ,)v() For the definition of P(A, X), see Definition 2.2.16.

Let P = P..

Let G be P-generic over M. We claim X is an almost Q)-set in M [G]. It is uncountable
since IP preserves cardinals. Now let W be a subset of N in M|[G]. Since cf(x)Y > w,
There exists ( < x such that W € M[G.], where G; = G N P;. There exists yt < x such
that W = val(7{, G¢). Let § be such that f(&) = (¢, u). Then, since W = val(7f, G¢) it
follows from the choice of Q¢, M[Ge41] contains a P([W]x, X )-generic filter over M[G¢],
so, by Proposition 2.2.20 in M[Ge¢41], [W]x is an F,,-subset of X, hence, the same happens
in M[G]. [

Corollary 2.4.17 (*). The following are relatively consistent with ZFC:
1. CH + There exists an almost-normal almost disjoint family which is not normal.
2. There exists an almost-normal almost disjoint family of size w; < ¢ which is not

normal.

Proof. For 1., apply the previous proposition assuming ¢ = k = w; = |X|. For 2. assume,
for concreteness, that in the ground model, | X| = w; < ¢ = wy < 24" = ws.

In both examples the value of ¢ does not change by the preservation of cardinals and
by counting nice names. W(.Ay) is not normal by Proposition 2.1.2 since we would have
oMx| = 9lXl = 9w < ¢ contradicting 2** = 2° > c¢ in the first case, and 2" > w3 > ¢
in the second case. This last > inequality holds since [P preserves cardinals due to the
countable chain condition. [

After obtaining this result we turned our attention to anoter class of special subsets
of the reals, the o-sets, which are easily seen to be contained in the class of the almost
(Q)-sets.

Definition 2.4.18. Let X C 2¥. We say that X is a o-set iff it is uncountable and every
relative F, subset of X is a Gj. ]
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It is clear that every o-set is an almost ()-set and a A-set. The existence of o-sets is
independent from ZFC: they exist under CH since CH implies the existence of Sierpinski
sets and every such set is a o-set (see [57, Theorem 2.2., Theorem 4.2.]), and there is a
model with no o-sets [55, Theorem 22]. Since under CH there are no ()-sets, this gives
another proof for item 1. of the previous corollary.

Moreover, we proved the rather surprising that almost ()-sets are in fact o-sets. We
will need the following result from our paper [62].

Proposition 2.4.19 (*). Let K C Ax. The following are equivalent:
(1) There exists W C 2<“ such that K = cl(W) N Ax;
(2 {reX:a, € K}isGsin X.

Proof. (1) = (2): Let W C 2<% such that K = cl(W) N Ay. It follows that:

{reX:queK}={zeX |la,NW|=w}=() U {z€X:2],cW}.

new m>m

open set in X
Thus, this is a G5-set of X.
(2) = (1):Let Z ={x € X : a, € K}.Suppose Z isa G of X. Write Z = | U,,

new
where each U, is an open subset of X and U,, C U,,, whenever n > m.

For each n, write U,, = U{[s] : s € L,,}, where L, is a countable subset of 2<“ such
that for all s,¢ € L, s, are incompatible and |s|, [t| > n.

Let W = U{L, : n € w}. We claim that c]| W N Ay = K.

Suppose a € cl(W) N Ax. Let x € X be such that a = a,. It suffices to see that
x € U, for every n € w. Fix n. Since a, € cl(W), there exists infinitely many m € w such
that z|,,, € W = Upc, L Since all members of L are pairwise incompatible, for each
Kk, z|,, € Ly, for at most one m. So there exists m € w and k > n such that x|, € Ly, so

On the other hand, if a € K, let x € Z be such that a = a,. Thenx € U,, forall n € w,
that is, for each n € w there exists s,, € L,, such that s,, C z. Since |s,,| > n for each n
and s,, € W, this implies that = € cl(W). O

Now we prove our result.

Proposition 2.4.20 (*). Let X C 2“ be uncountable. The following are equivalent:

a) X is an almost ()-set,

b) Ax is almost-normal, and

c) X is a o-set.

Proof. It only remains to show that b) implies c).
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Let G C X be a relative G5 subset of X. We show that it is a relative F,. Let K =
{a; :x € G}. Then G = {x € X : a, € K} is a G; relative to X. Thus, by the previous
proposition, there exists W C 2<“ such that K = cl(W) N Ax. By Corollary 2.4.13, there
exists a partitioner separating K = Ag from Ax \ K = Ax\ . Now it follows from
Proposition 2.2.9 that K is an F, subset of X. [

We end this section by proving the folklore result that the least uncountable cardinality
of a non o-set (or A-set) is b. This result appears in [22].

Proposition 2.4.21 (Folklore). b the least uncountable cardinality of a non o-set and of a
non \-set.

Proof. We have already seen that there is a non A-set of size b on Proposition 2.3.9, so
it suffices to prove that if X C 2 has cardinality < b, then X is a o-set. Fix X and let
F C X be an F, set, and write it as U,,c., F-

Since X is metrizable, each F), is a Gs. Write, for each n € w, I}, = Mo Unms
where each U, ,, is open and U, ,, C U, whenever m’ < m. We will show that

F = Unew Nimew Unm is a Gs.

For each z € X \ F,let f, : w — w be a function such that x ¢ U,.c,, Un f, ) Let
[ € w” be such that f >* f, for every X \ F. Consider G = N{U,eco, Unpm) : b €
w¥and h =* f}.Itis clear that ' C G. We must see that if € X \ F then z ¢ G, which
is clear since there exists h € w“ such that h =* fand h > f,. ]

2.5 Weak \-set and strongly N(-separated almost
disjoint families

In [29], S. A. Garcia-Balan and P. Szeptycki were interested in constructing an almost
disjoint (or MAD) family which is almost normal but not normal. As we have already

mentioned, the problem of whether there is an almost-normal MAD family remains open.

To study this problem, they defined the following:

Definition 2.5.1. Let .4 be an almost disjoint family. We say that A is strongly Ny-separated
iff for every two disjoint countable subsets of .4 can be separated. [

They showed that every almost-normal almost disjoint family has this property. We
reproduce a version of their proof:

Proposition 2.5.2 ([29, Lemma 3.2.]). Every almost-normal almost disjoint family is
strongly Ny-separated.

Proof. Let A be an almost-normal almost disjoint family. Let 5,C C A be countable and
disjoint. We can suppose that they are nonempty. By Corollary 2.4.13, it suffices to construct
aset W C w for every a € B, |aNW| = w and for every a € C, |a N W| < w. Enumerate
B = {b, : n € w} in a way such that for every b € B, [{n € w : b, = b}| = w. Enumerate
C={c,:n€w}l.Foreachn € w,fixz, € b,\ (Uic,crn Un).Let W ={z,, :n ew}. O
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They proved that under CH there is a strongly Ny-separated MAD family [29, Lemma
3.3.]. In this section we further explore this class of almost disjoint families.

First, we introduce a new class of sets of reals which will have about the same relations
to strongly Ny-separatedness as (J-sets have with normality.

Definition 2.5.3 (*). Let X C 2“. We say that X is a weak \-set iff it is uncountable and

for every pair of disjoint countable subsets of X, A and B, there exists G C X such that
ACG,BNG = (and G isbothaGsanda F,.

We say that X is an weak X '-set iff for every countable subset NV of 2¥, X U N is a
weak \-set. O

It is readily seen that every A-set is a weak \-set. Moreover, these sets are contained in
a known larger class of special subsets of reals:

Definition 2.5.4. Let X C 2“. We say that X is perfectly meager iff for every perfect
subset P of 2¥, X N P is meager in P. O]

Recall that P is perfect means that P is closed and has no isolated points.
Proposition 2.5.5 (*). Every weak \-set is perfectly meager.
Proof. Let X be a weak \ subset of 2*. Fix a perfect set P. Write X N P =Y U C where
Y ={x € XN P : for every open nhood U of z, [UNXNP| >w;}andC = XNP\Y.

Notice that C' is countable since the space is second countable, and that Y is dense in itself
and nonempty. It suffices to show that Y is meager in P.

It is straightforward to construct two countable disjoint subsets F, K C Y such that
Y=F=K.

Since X is a weak A-set, there exist sequences of open sets A,,, B, (n € w) such that:

1. FC N Ay

new

2. KC N By

new

3. N A.NXNN B,=0;

necw new

4 XN N B,=X\ N A,
ncw necw
Foreachn € w,letG,, = A,U(2°\Y). Then each G,, is an open dense set, furthermore,
G,, N P is dense in P because:

G,NP=A,NPUP\Y =P.
N—_——
DF=Y

Since GNP = (N G, N Pisadense Gsin P, it is comeager in P and we have that:

new

YNGcYn(N 4, cY\(B.=JY\B.

new new new
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Notice that for each n, Y\ B, has empty interior since Y \ B, C Y \ B, and B, is
dense in Y. Thus Y N G is meager in P. But also, Y \ G =Y \ (P N G) is meager in P.
Hence, Y is meager in P. [

These sets characterize the strongly Nj-separatedness of branching spaces:

Proposition 2.5.6 (). Let X C 2“ be uncountable. Then Ay is strongly Ny-separated iff
X is a weak \-set.

Proof. First, suppose X is a weak A-set. Fix disjoint countable subsets 3 and C of Ax,
which is of the form B = A and C = A¢ for some countable disjoint subsets B, C' of X.
There exists a Gs-F), set GG separating B from C'. Then it follows from Proposition 2.2.9
that A and Ax\ ¢ can be separated, thus, that 5 and C can be separated.

Conversely, suppose that Ay is strongly Ng-separated. Fix B, C two disjoint countable
subsets of X. Then Ap and A¢ can be separated. Thus, there exists a partitioner P
separating Ap from A¢. There exists an unique Y C X be such that Ay and Ax\y are
separated by P. For this Y, it follows that A C Y and B NY = (). By Proposition 2.2.9, Y’
is a relative G- F,, subspace of X. O

And, as with (-sets and normality, strongly 8-separated almost disjoint families are
naturally weak \-sets:

Proposition 2.5.7 (*). Let A be an uncountable strongly Ny-separated almost disjoint
family. Then A is a weak \-set of P(w), thatis, {x, : a € A} is a weak \-set.

Proof. Let B, C be two given disjoint countable subsets of A. Let Q = {{, : a € A}. let
X be a partitioner separating 3 from C. Then {x, : « C* X} and {x, : a C* P\ X} are
complementary F,, subsets of {{, : @ € A} by Lemma 2.2.11. O

In [26], forcing was used to construct a consistent example of a ()-set X which is
concentrated on a countable dense subset F' of 2 (/' is in the ground model). The proof
actually shows that X is concentrated in every dense subset F” of F' which is in the ground
model (we say that a Y C X is concentrated in X iff whenever U is an open set containing
Y, X \ U is countable). Therefore, by letting Fj, F be two disjoint dense subsets of F' in
the ground model, we get the set Y = Fiy U F; U X is perfectly meager and not a weak
A-set (in the forcing extension). This latter fact holds since it is easy to verify that a weak
A-set cannot be concentrated on two pairwise disjoint countable subsets. This discussion
yields the following proposition:

Proposition 2.5.8 (*). It is consistent that there exists a perfectly meager set which is not
a weak A-set and it is consistent that the class of weak \-sets along with the countable
sets is not an ideal.

However, we do not know if A-sets and weak \-sets are the same.

Problem 2.5.9. Is there, at least consistently, a weak A-set that is not a A\-set? In the
negative case, is there a weak \-set that is not weak \'-set?
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The following diagram illustrated the relation between these special subsets of reals
known so far. For the undefined notions, see [57].

Q-set

almost ()-set «—— o-set

/

Sierpinski set A-set —— weak \-set —— perfectly meager set —— sg-set

N T

N-set —— weak N -set

We could also ask that is the least cardinality of a non weak A-set. First we note the
following easy known fact:

Proposition 2.5.10. The least cardinality of a non perfectly meager set is non(M).

Proof. Let k be this cardinal.

If we define non(M, X) as the least cardinality of a non meager subset of z, then
non(M) = non(M, P) for every nonempty perfect subset P of 2*. Thus, if X is a non
perfectly meager subset of size x, let P be a perfect set such that X N P is not meager.
Then we have that k = | X| > | X N P| > non(M, P) = non(M).

On the other hand, if X is a nonmeager set, then X is not perfectly meager (let P = 2¢).
Thus, non(M) > k. O

Thus, the least uncountable cardinality of a non weak \-set is a cardinal between b
and non(M).

The following diagram describes the relations we have done so far for almost disjoint
families of branches. The double arrows are the results that hold in ZFC, the dashed
arrows are consistent implications which are consistently false and the dotted arrows are
implications that remain unknown. The first line stands for the least size of a set of reals
which does not have the respective property.

Cardinal : non(M) > ? > b = b > q

Perfectly s S . . .
meager — Weak )\ ] )\-Set —————— g-set —— Q-Set

U(Ax) : Ng-separated < pseudonormal < almost-normal < normal

In the same sense, the diagram below summarizes the known implications and the
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open questions concerning these properties of W(A) and properties of A as a subset of

[w]*
A C w]v: weak \-set <———= A-set o-set <————= ()-set
? + - -+
~ ,”/’——/—;\\\\,\ \;/ /’//7—_/—\\\\,\ \;/ //’—>/_\\\g +
U(A): Ny-separated <—— pseudonormal < almost-normal <—— normal

2.6 On Luzin Families

As we have mentioned in the introduction of this chapter, almost disjoint families of
size ¢ are not normal, and the existence of almost disjoint families of size w; which are
normal is independent of ZFC. With this in mind, a natural question is whether there
exists a normal almost disjoint family of size w;. The answer is positive and is due to
Luzin.

Definition 2.6.1. A Luzin family is an almost disjoint family .A which can be injectively
enumerated as (a,, : @ < wy) so that for every finite s C w and for every o < wy, the set
{8 < a:agNa, C s} is finite.

A Luzin* family is an almost disjoint family .A which can be injectively enumerated as
(@ : @ < wy) so that for every n € w and for every a < wy, theset {8 < a : |agNa,| < n}
is finite. ]

Of course, every Luzin* family is a Luzin family. Luzin families fail to be normal

badly:

Proposition 2.6.2 (Luzin). Let A be a Luzin family. Then no pair of disjoint uncountable
subsets of A can be separated.

Proof. Let B, C be two uncountable disjoint subsets of A = {a,, : @ < w}, assuming that
this enumeration satisfies the definition of a Luzin family. There exists two uncountable
disjoint sets /, J such that B = {a, : « € I'},C = {a, : @ € J}. Suppose that there exists
a partitioner X separating B, C. There exists n € w and uncountable sets I’ C I, J' C J
such that for every a € I’, a, € X Un, and for every a € J', a, N X C n. Let a be such
that o € I’ and that |J' N a| = w. Thenif J'Na{f < a: a, Na, C n}, a contradiction.
To see that, notice thatif 5 € J' N, thena, Nag C (X Un)Nag Cn. O

It is not difficult to construct a Luzin* family in ZFC:

Proposition 2.6.3 (Luzin). Luzin* families exist.

Proof. Let (a,, : n € w) enumerate a partition of w by infinite sets. Having defined
(ag : B < ) for some v € [w,w;), we define a,, as follows: fix a bijection f : w — «. Let
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bn = ag(n) for each n € w. Choose x,, € b, \ (U;<,, b; Un). Let a, = {x, : n € w}. Such
an a, is readily seen to work. O

Since Luzin families cannot be normal, it would be interesting to know which weaken-
ings of normality they can be.

Following this direction, to get to new results we will use the following definition from
[42].

Definition 2.6.4. Given a property P of almost disjoint families and an almost disjoint
family A, we say that A is potentially P if there exists a c.c.c. forcing notion P such that
PI- Ais P. ]

In particular, they showed that A is potentially normal iff A has no n-Luzin gap (see
their paper for the definition).

We can ask if there is a nice characterization for potentially almost-normal almost
disjoint families. We don’t have a answer for this question. However, we have the follow-
ing:

Proposition 2.6.5 (*). There exists a Luzin* family which is not potentially almost-normal.
Proof. Let (a, : n € w) be a partition of w into infinite sets. For each n, let X,, be an

infinite subset of A, such that Ay, \ A, is infinite. Let X = U,,c,, X,,. For each infinite
countable ordinal a, let ¢, : w — a be a bijection.

new

We will inductively define (a, : @ < w) such that for all o < w:
(i) aq € [w]¥ and a, N ag is finite for every 8 < a,
(ii)) Vn € w{B < a:]agNay| < n} is finite,
(iii) if o is odd, then a, N X = (), and
(iv) if v is even, then X splits a,, that is, both a,, \ X and a, N X are infinite.

The items (i) and (ii) guarantees that A = {a, : @ < w;} is a Luzin* family, (iii) and
(iv) guarantees that X is such that {a < wy : |a, N X| = w} is the set of even countable
ordinals.

Notice that (i)-(iv) hold for o € w. Having constructed ag for 5 < « for some infinite
o < wy, we construct a, as follows: for each n, let s, C a4, (n) \ Uicy, @o. (i) such that
|sn| = n. If « is odd, we choose s,, such that s, N X = (), which is possible by (iii) and
(iv). If «v is even and ¢, (n) is even, we choose s,, C X, which is possible by (iv), and if
®o(n) is odd, we choose s,, such that X N s,, = (), which is possible by (iii). It is clear that
by letting a, = U{s, : n € w}, (i)-(iv) are satisfied.

We claim that A is not potentially almost-normal: if V'[G] is a c.c.c. forcing extension
of V, A is still a Luzin* family in V[G] (since c.c.c. forcings preserve cardinals) and
{as 1 @ < wis even} U X is aregular closed subset of W(.4) that cannot be separated from
the closed set {a, : @ < w is odd} since that would imply the existence of a partitioner
for the uncountable sets {a,, : @ < wiseven} U X and {a, : @ < w is odd}, violating the
fact that A is Luzin®. O]
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Such a set X does not exist for every Luzin family. For instance, in Example 2.10 [29],
CH is used to construct a MAD Luzin family A for which for every X C w, {a € A :
|a N X| = w} is either finite or co-countable. It is not clear for us if that Luzin family is
potentially almost-normal.

We consider the two following questions interesting:

Problem 2.6.6. Is it consistent that there is an almost-normal Luzin-family? What about
a potentially almost-normal one?

Problem 2.6.7. What is a nice characterization of potentially almost-normal almost
disjoint families?

We note that for any Luzin family A and for any uncountable set B C A whose
complement is also uncountable, we can add, by a c.c.c. forcing, a set X such that B =
{a € A:|an X| = w}, thus:

Proposition 2.6.8 (*). Every Luzin family is potentially not almost-normal.

Proof. Let A be a Luzin family, let B C A be a an uncountable set whose complement
in A is also uncountable. Consider Solovay’s poset for adding a set X almost disjoint
with A\ B, ie, P = [w]<¥ x [A\ B]<“ ordered by (s, A) < (s', A’) (< means stronger)

iff s D, AD AandV¥n € s\ s (n ¢ UA'). For more information see the proof of
0.5.22. 0

Notice that .4 may potentially have a property P and potentially have property —P,
as above. This is not a contradiction.

Now we aim to show that every almost disjoint family is potentially pseudonor-
mal.

The following definition is from [42].

Definition 2.6.9. Let A be an almost disjoint family and B,C C .A. We define:

Spe ={(s,F,G) e v~ x [B]** x [C]* : (JF)n(UG) C |s]}.

We order Sp ¢ by letting (s, F,G) < (s/, F',G') iff:
. s Cs,

« F'CF,

- G'Cg,

Vn € |s|\ |¢'|(n € UF — s(n)
Vn € |s]\ |s'|[(n € UF — s(n) =0).

1) and

As observed by the authors of [42], the following hold:
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Proposition 2.6.10. Let A be an almost disjoint family and B, C be disjoint subsets of A.
The following sets are dense:

1. Eb:{(s,f,g)ES&c:bE‘F}fOI‘bEB,
2. Bl ={(s,F,G) € Sgc:ceG}forcel,
3. D, ={(s,F,G) € Sgc :n € |s|} forn € w.

Moreover, if G is a filter in Sp ¢ intersecting all of these sets, the set X = {n € w :
(s, F,G) € Gn € |s|and s(n) = 1} is such that for every b € B, b C* X and for every
ceC,cnNX =*0}.

Proof. Ey is dense for b € B: Let (s, F, G) be given. Suppose b ¢ F. Let n > |s| be such
that bNUG C n.Let s’ : n — 2 be such that s C s’ and for m € n\ |s|, s'(m) = 1 iff
m € U F. Then (', FU{b},G) € Sgc and (s, FU{b},G) < (s, F,G).

E! is dense for ¢ € C: Let (s, F, G) be given. Suppose ¢ ¢ G. Let n > |s| be such that
cNUF Cn.Lets' : n — 2besuchthat s C s’ and form € n\ |s|,s'(m) =1iff m € U F.
Then (s, F,G U {c}) € Sgcand (s, F,G U {c}) < (s, F,G).

D,, is dense for n € w: Let (s, F,G) be given. Suppose |s| <n.Lets' :n+ 1 — 2be
such that s C ' and form € (n+ 1)\ |s|, s'(m) = 1iff m € U F. Then (¢', F,G) € Sp¢
and (s, F,G) < (s,F, Q).

For the last claim, first suppose that b € B. Let (s, F,G) € G N E;,. We claim that if
n > |s| thenn € X. To see that, fix such ann. Let (', 7/, G’) € D,,NG.Let (s", F",G") <
(s, F,G), (s, F',G"). Thenn € |s"| since (s", F",G") < (s, F',G") and s"(n) = 1 since
(s", F",G") < (s, F,G),ne|s"|\|s|jandn € b C U F.

Now suppose that ¢ € C. Let (s,F,G) € G N E.. We claim that if n > |s| then
n ¢ X. To see that, fix such an n. Let (s', F',G’) N G such that n € || be given. We
must see that s'(n) = 0. Let (", F",G") < (s, F,G),(s',F,G'). Then n € |s"| since
(s", F",G") < (¢, F',G') and s"(n) = 0 since (s", F",G") < (s, F,G),n € |s"| \ |s| and
necCUG. O

The following easy fact was not observed by the authors of [42] (but was not used as
well).

Proposition 2.6.11 (*). Let A be an almost disjoint family and B,C C .A. Suppose either
B of C is countable. Then Sp ¢ is o-centered.

Proof. Just notice that if s’ € w<*, F' € [B]<¥ and G’ € [C]<¥, then {(s, F,G) € Sic :
s=sandF = F'}and {(s,F,G) € Spc : s = s’and G = G'} are centered. O

Therefore all we need to do to make an almost disjoint family pseudonormal is to
iterate this notion. Concretely:

Theorem 2.6.12 (*). Suppose that A is an almost disjoint family, and let k = «¢.
Then there exists a c.c.c. forcing notion PP with a dense subset of size x such that
P I A is pseudonormal.



2.6 | ON LUZIN FAMILIES

Proof. We will proceed by iterated forcing assuming the existence of a countable transitive
model M, and prove the theorem relativized to M.

We recursively construct, working in }/, a finitely supported r-stage iterated forcing
construction (((Pe, <¢. Le) : € < ), ((Qc, Ze Te) 1 € < ).

Each @5 will be forced by IP¢ to have size < x and to have the c.c.c., therefore for each
§ < k, P¢ will have a dense subset ]P"g of cardinality at most x which will have the c.c.c. as
well.

Fix a function f from x onto x X k such that if f(§) = (¢, p), then ¢ < £. We will use
f as a bookkeeping device.

Suppose we have constructed (((P¢, <¢, 1) : ¢ <€), ((Q, <, Ig) i ¢ < €)) for some
¢ < K. We must determine (@5, éé, ]lg) Suppose that for each stage ¢ < £ we have also

listed all IP;-nice names 7 for subsets of w x A such that Pe I+ 7 : w — A as (7 s < k).
This is possible since [P;| < x = x* and has since P has the countable chain condition.

List all P;-nice names for subsets w x A such that PilE7:w— Aas (1f 1 p < k) as
well.

Let f(§) = (¢, ). Since ¢ < &, the name 7/ is a nice P;-name for a subset of w x A
such that P¢ IF 7' - w — A. Let (@5, ég, ]lg) be an appropriate triple of P.-names such
that Pe I+ (Q¢, <, Te) =S

LetP = P,.

I e
ran 7, ,A\ran 7,

Let G be P-generic over M. We claim A is pseudocompact M [G]. In order to see that,
let B be a countable subset of A relative to M[G] and C = A\ B. We must see that B, C can
be separated. We can suppose that B # (). Since cf(x) > w, There exists ( < k such that
B € M[G¢], where G; = G N P;. There exists 1 < « such that B = ran val(7}', G¢). Let
be such that f(§) = (C, u). Then, since B = ranval(7}, G¢) and C = A \ ran val(7}', G¢)
by the choice of @5, M [G¢41] contains a Sg ¢-generic filter over M [G¢], so, by Proposition
2.6.10 in M [G¢41], B and C can be separated in M [G¢4], and therefore in M[G]. O
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Chapter 3

The Pseudocompactness of
Hyperspaces of Vietoris

In the first four sections this chapter we introduce Vietoris hyperspaces, some of its
basic properties and introduce some problems and known results. We present our new
results in sections 5 to 8.

There are problems regarding Isbell-Mréwka spaces which are related to the prob-
lems we present in this chapter, but we postpone the discussion about them to the next
chapter.

3.1 The Hyperspace of Vietoris

The study of topologies on subsets of P(X ), where X is a topological space, began
more than ninety years ago. According to [52], the first step towards topologizing such a
collection of subsets was due to by Hausdorff (as in the first edition of [36], 1917) who
defined a metric on the set of all nonempty closed subsets of X when X is a bounded
metric space.

Definition 3.1.1. Let X be a topological space. exp(X) is the set of all nonempty closed
subsets of X. IC(X) is the set of all nonempty closed compact subsets of X. O]

Some authors use CL(X) or 2% instead of exp(X). In this thesis we will adopt the
notation exp(X ), which is also used by [24].

Notice that if X is a compact Hausdorff space, (X)) = exp(X), and if X is a Hausdorff
space, K(X) C exp(X).

Definition 3.1.2 (Hausdorfl’s Metric, [36]). Let (X, d) be a metric space. The Hausdorff’s
metric on exp(X) is the metric d : exp(X) — R defined by:

d(F, K) = max{sup{infd(z,y) : y € K,z € F},sup{infd(z,y) : z € F,y € k}}
(3.1)
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]

The reader may verify that d is indeed a metric for ezp(X). One could also have used

P(X) \ {0} instead of exp(X). This would give us a pseudometric where d(F') = d(cl F')
for every F' € P(X), and, by quotienting equivalent points, one gets a metric space
isometric to (exp(X), d).

For a general topological space one defines the Vietoris topology of exp(X) as fol-
lows:

Definition 3.1.3. Let X be a 7} topological space. For each set A C X, we define:

At ={F eexp(X): F C A} -
A" ={Feexp(X): FNA#(} 32)

The Vietoris topology of exp(X), also known as finite topology, is the topology in
exp(X) generated by the sets of the form U™, U, where U ranges over the open subsets
of X.

The space exp(X) with the Vietoris topology is called the Vietoris hyperspace of X.
N

This definition does not require X to be 7 to make sense. However, we will restrict
ourselves to the study of 7} spaces since a lot of basic results regarding the Vietoris
hyperspace do not hold for non-77 spaces. In particular, it does not need to contain a copy
of X if it is not 77, so the terminology “hyperspace” does not make much sense.

The following notation, also used in [52], is very useful:

Definition 3.1.4. Let X be a topological space, n > 0 and Ay, ..., A, be subsets of X.

Then:
(Ag, ..., Ap) ={F €exp(X): F C |J AjandVi <nA;NF # 0}
<n
+ (3.3)
=({UA]|] nNA4;
i<n i<n
O

The reader may verify the following often used facts:
Proposition 3.1.5. Suppose X is a 7} space. Then:

a) The sets of the form (Uy,...,U,) withn € w and Uy, ..., U, open subsets of X
form a basis for the Vietoris hyperspace of X, and:

b) Whenever n € w and Ay,..., A, are subsets of X, clopx)(Ao,...,An) =
(clx Ag,...,clx Ay,). [52, Lemma 2.3.2]

[52] uses a) to define the Vietoris topology.
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The relation between the Hausdorft’s metric and the Vietoris topology is given by
the following proposition, as mentioned in [52]. Their proof uses uniformities, but the
interested reader may find a straightforward direct proof.

Proposition 3.1.6. Suppose (X, d) is a compact (and therefore bounded) metric space.

Then the topology generated by the Hausdorft’s metric on exp(X) coincides with the
Vietoris topology. ]

There are many relations between the topological properties of X and of exp(X). We
cite some basic results regarding separation axioms from Ernest Michael’s paper.

Proposition 3.1.7 ([52]). Let X be a 7} space. Then:
a) exp(X) is T3. [52, Lemma 4.9.2]
b) X is regular iff exp(X) is Hausdorff. [52, Lemma 4.9.3]
¢) X is normal iff exp(X) is regular iff exp(X) is Tychonoff. [52, Lemma 4.9.5]

The proofs are straightforward and can be verified in the reference. We make a note
regarding item c). The implication X normal = exp(X) Tychonoff may look nontrivial
and [52] uses uniformities in their proof. So we sketch an alternative proof. First, we need
the following lemma whose proof is left to the reader as an exercise.

Lemma 3.1.8 ([52, Proposition 4.7]). Let X be a T} space; Let R = R U {400, —00}
be the extended real line (which is homeomorphic to [0,1]). Let f : X — R. Define
f*:exp(X) — Rbe given by f+(F) = sup{f(z) : 2 € F},and f~ : exp(X) — Rbe
given by f~(F) = inf{f(z) : « € F}. Then f*, f~ are continuous. O

Sketch of proof of ¢). Let F' € exp(X) and F C exp(X) be a closed set not containing F'.
Let (Uy, ... U,) be a basic open set (as in 3.1.5 a)) containing the point F' disjoint from F.

For each i < n, fix z; € U; N F. Since X is completely regular, for each i < n, fix
fi + X — [0,1] a continuous function such that X \ U; C f;'[{0}] and fi(z;) = 1. By
Lemma 3.1.8, f;r is continuous for each 7 < n.

Let U = U;<,, U;. Since F' C U and X is normal, let g : X — [0, 1] be a continuous
function such that X \ U C ¢~ '[{0}], F C g~ ![{1}]. By Lemma 3.1.8, g is continuous.

Let h : exp(X) — [0, 1] be given by h = g~ . [I;<,, f;". h is continuous, h(F) = 1 and:

F Cexp(X)\ (Up,... Up) = (X\U) U JX\U)*

i<n

Cg {0y U U £ {0} € ATM{0}).

<n

(3.4)

]

The density of exp(X) and X is the same. We leave the (easy) details for a proof of
the following known proposition to the reader.

Proposition 3.1.9. Let X be a 77 topological space. Then:
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a) If D C X is dense in X, then [D]< C exp(X) is dense in exp(X).

b) If £ C exp(X) is dense in exp(X) and f : £ C X is a choice function for F, then
f[E] is dense in X.

) d(X) = d(exp(X))
d) X is separable iff exp(X) is separable. [52, Lemma 4.5.1]

Since X is 77, there is a straightforward way to visualize X inside of exp(X'). More gen-
erally, we have the following proposition, which we also prove for the sake of completeness
since I could not find a reference containing a proof of c) in English.

Proposition 3.1.10. Let X be a 7} space. Then:

a) The mapping e : X — exp(X) given by e(z) = {z} is a topological embedding,
[52, Lemma 2.4]

b) for each n > 1, the mapping e, : X" — exp(X) given by e(zy,...,x,) =
{z1,...,z,} is continuous [52, Lemma 2.4.3], and

c) if X is Hausdorff, e,[X] = [X]=" \ {0} is closed for every n > 1, and e, is also
closed (thus, e, : X" — [X]="\ {0} is a perfect mapping) [28].

Proof. a) This function is clearly injective. For the continuity, it suffices to see that if U is
a open subset of X, then e~![U*] and e~ [U~] are both open. But these sets coincide with
U. Moreover, e[U] = UT Ne[X], so e is open.

b) Let U C X be open. We must see that e, ! [U"] and e, ' [U | are closed. Notice that
e [UT] = [l;<, U and e U] = Ui<n [1j<n Zij, where Z;; = U'ifi = j,and Z;; = X
ifi # j.

c) First, let us see that the range is closed. Suppose K is a closed set with more than n
elements. Choose z, ..., z, € K. Since X is Hausdorff, there are open sets Vg, ..., V),
suchthatz; € Viand V; NV, = () whenever i # j, i, 7 < n. Then clearly every element of
en [Hign VZ} has at least n + 1 elements, at least one in each V.

Now let F' be a closed subset of X". We must see that e,,[F] is closed in ¢,,[ X | Suppose
K € cle,[F] C e,[X"]. We will see that K € e,[F|. Write K = {xy,..., %y}, where
m < n —1and (z;);<m is injective. Let (I¥;);<,, be a collection of pairwise disjoint open
subsets of X such that z; € W for each i < m.

Claim: The sets of the form (Uy, . .., U,,), where Uj is an open subset of x and z; €
U; C W, for each i < m form a local basis for K.

Proof of the claim. Suppose K € (Vp, ..., V), where V; C X is open for each j < k. For
eachi < m,let J; = {j < k : 2; € V;}. Notice that U;.,, J; = k + 1. Now let U; =
NE{W:FUU{V; : j € J;}).1tis easy to verify that K € (Up, ..., Un) € (Vo, ..., Vi). O
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Let P = {(Uo,...,Un) : Vi <mux; € U; C W,;}. Order P by letting (Uf,...,U),) <
(Uo, ..., Up) iff Vi <mU; CU/. (P, <) is clearly a partial ordered set directed upwards.

For each U = (Uy, ..., U,,) € P there exists yV € F such that e,,(yV) € (U;)i<m. Let
o(U) : n — m + 1 be the (unique, necessarily onto) funcion such that y]U € Us(j).-

Since (m + 1)" is finite and (P, <) is directed upwards, there exists ¢ € (m + 1)"
such that A; = {U € P : o(U) = o} is cofinal (upwards) in P (working towards a
contradiction notice that if for each o where exists Uz with no larger element in A5, the
elements of the (finite) family (U : & € (m + 1)") has no common larger element).

Define y € X" given by y; = 5(;). Since ¢ is onto m + 1, e, (y) = K. We will show
that y € F' by showing that y € cl F', which completes the proof.

Let A = [];.,, A; be a basic open neighborhood of y. By shrinking A, we can suppose
that A; = A if 0(j) = o(j') (since this implies that y; = y;/) and that A; C W5 (since
Y; = %s(;)). For each i < m, let U] = Ay(;) where o(j) = i. By the cofinality of A5,
there exists U > U’ in Aj;. Then for each j < n, yV(j) € Us(;) C Ug(j) = Aj;, that is,
yU e ANF.

]

Regarding subspaces, we have the following straightforward lemma which is left to
the reader:

Lemma 3.1.11. Let X be a 7} topological space. Let F' € exp(X). Then F* = {K €
exp(X) : K C F'} with the subspace topology is the same topological space as exp(F')
with the Vietoris topology (where F' C X has the subspace topology). O]

3.2 Compactness-like properties in the Vietoris
hyperspace

The topological properties of exp(.X) often depend on the topological properties of X
(and vice versa). One of the central results of this field of research is the following, due to L.
Vietoris. Due to the centrality of this result, we present a proof for the sake of completeness.
This proof is sketched in [52]. We note that it works even for non 7}-spaces.

Theorem 3.2.1 ([68]). Let X be a 7} topological space. Then X is compact if, and only if
exp(X) is compact.

Proof. Suppose exp(X) is compact. Let U be an open cover of X. Then {U~ : U € U} is
an open cover of exp(X). So there exists an finite set i/’ C U such that {U~ : U € U’}
covers exp(X ). But then ' = X \ UU’ must be empty, since if it is not empty, then
Feexp(X)\U{U :UeU'}.

Conversely, suppose X is compact. By Alexander’s subbasis lemma, in order to verify
that exp(X) is compact, it suffices to verify that covers of the type {UT : U e U} U{V ™ :
V' € V} have finite subcovers, where U, V are collections of open subsets of X.
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Case 1: V covers X. In this case, let V' be a finite subcover of X. Then {V~: V € V'}
covers exp(X), for if K € exp(X), there exists V' € V' such that K NV # (). Case 2:
K = X \ UV is nonempty. In this case, K does not intersect any V' € V, so there must
exist U € U such that K C U. Thus {U} UV covers X, so there exists a finite subset 1’
of V such that {U} UV’ covers X. Then {Ut} UU{V ™ : V € V'} covers exp(X): given
F € exp(X), if F intersectsno V € V', then F C K CU,so K € U*. O

It is natural, then, to ask if there are similar relations between X and exp(X) regarding
generalizations of the notion of compactness.

The following lemma gives a condition which implies compactness. I do not know if
this is stated elsewhere.

Proposition 3.2.2. Let K be alocally compact space, L be a compact spaceand f : K — L
be a continuous closed map for such there exists A C L such that f~![A] is compact and
flx\s-1[4) is injective. Then K is compact.

Proof. Since K is locally compact and f~![A] is compact, there exists an open U C K
such that f~![A] C U and cl U is compact. K \ U is homeomorphic (by f) to a closed set
of the compact space L, so K \ U is compact. But cl U is also compact, so the union K is
compact. 0

Regarding local compactness, we have the following:

Proposition 3.2.3 (This is essentially Lemma 4.3. of [52]). Let X be a 7} topological space.
Then:

a) If F € exp(X), then F'" is compact iff F' is compact.

b) If X is locally compact, F' € exp(X) and F' is compact, then F' has a compact
neighborhood in exp(X).

c) Suppose X is a locally compact Hausdorff space and F' € exp(X).If F has a compact
neighborhood in exp(X), then F' is compact.

Proof. a) This follows from 3.1.11 and 3.2.1.

b) Since X is locally compact, F' is compact and a finite union of compact sets is
compact, there exists an open set U such that F' C U and clU is compact. Then by a),
clUT = cl(U) = (clU) is a closed neighborhood of F' (the last equality follows from
Proposition 3.1.5 b)).

c) Suppose F' has a compact neighborhood. There exist open Uy, ..., U, such that
F e (Uy,...,U,) and L = cl(Uy,...,U,) = (clUy,...,clU,) is compact. It suffices
to show that K = U<, clU; is compact. For each i« < n fix u; € U; N K. Since K
is closed and X is locally compact, K is locally compact. Let f : K — L be given
by f(x) = {z,uy,...,u,}. Notice that f is the composition of the closed continuous
functions (with closed range) a : K — K" given by a(z) = (z,uo,...,u,) and
Cny2 @ X2 — exp(X) given by e,12(vo, ..., Vns1) = {V0,...,Vny1}, 50 f is a closed
continuous function. Let A = {uy, ..., u,}. Then f~'[A] = {ug,...,u,} = A is finite,
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and therefore compact, and f|x\ 4 is injective, so by Proposition 3.2.2, K is compact and
the proof is complete. O

Corollary 3.2.4. Let X be a Hausdorff space. The following are equivalent:
a) X is compact Hausdorff,
b) exp(X) is compact Hausdorff,
¢) exp(X) is locally compact Hausdorff.

Proof. a) implies b): Since X is compact and Hausdorff, X is regular. Now b) follows from
3.2.1 and Proposition 3.1.7 b).

b) implies c): trivial.

c) implies a): First, we verify that X is locally compact. Let z € X be given. {z} €
exp(X), so there exists a open neighborhood (Uy, . .., U,) of {z} such that cl(Uy, ..., U,)
is compact. Then x € U = ., U;. It is clear that {z} € U* C (U,...,U,), so
clUT = (clU)™" is compact. But this implies that cl U is compact, as intended.

Now, since X is locally compact, X € exp(X) and exp(X) is locally compact, it
follows from item c) of the previous proposition that X is compact. [

We note that Proposition 4.4.1 of [52] has problems: it states that X is locally compact
iff exp(X) is locally compact. But this is not true, any locally compact Hausdorff space X
which is not compact (such as R or Isbell-Mrowka spaces) illustrates that the statement is
false. This is probably a typo. We believe the author intended to write IC(X) instead of
2% (= exp(X)).

3.3 Countable compactness in the Vietoris
hyperspace

Motivated by the the results from the previous section, John Ginsburg has explored, in
[32], the countable compactness and the pseudocompactness of the Vietoris Hyperspaces.
In this section we discuss his results on countable compactness.

Theorem 3.3.1 ([32, Theorem 2.1.]). Let X be a topological space. Let f € w*. If X is
U-compact, then exp(X) is U-compact. The converse holds if X is Hausdorft.

Proof. First, suppose exp(X) is U-compact and that X is Hausdorff. Since U/-compactness
is hereditary for closed subspaces and preserved by homeomorphisms, the conclusion
follows from Proposition 3.1.10.

Conversely, suppose X is U-compact. Let (F,, : n € w) be a sequence in exp(X). Let
L = {x € X : x is an U-accumulation point of (F}, : n € w)}. If f : w — X is such that
f(n) € F,, it follows that the U/-limits of f are in L, so L # (). Moreover, L is closed: if
x ¢ L, there exists an open neighborhood V' of = such that {n € w: VN F,, # 0} ¢ U,s0
VNL#0D.
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So L € exp(X). We claim that L is an U/-limit of X. It suffices to verify that if W is a
subbasic open neighborhood of L in exp(X), then {n € w: F,, € W} € U.

If W = VT for some open subset V' of X containing L: suppose by contradiction
that A = {n € w: F,\V} € U.Let f : w — X be such that f(n) € F, \ V for
eachn € Aand f(n) € F, for every n € w. Let x be a U-limit of f. Then x € L by
the definition of L, but z ¢ V (or we would have that {n € w : f(n) € V} € U, but
{new: f(n)eVinA=1{).

If W = V~ for some open subset V' of X intersecting L:let x € V' N L. By the definition
of L, x is a U-accumulation point of (F,, : n € w). Since F,, NV # () is equivalent to
F, eV~ itfollowsthat {n cw: F, e V-} € U. O

Corollary 3.3.2 ([32, Corollary 2.3.]). Let X be a topological space. If all powers of X are
countably compact, then exp(X) is countably compact.

Proof. This follows from the previous theorem and from Theorem 0.4.22. O]

Corollary 3.3.3 ([32, Corollary 2.3.]). If X is Hausdorff and exp(X) is countably compact,
then for every n € w, X" is countably compact.

Proof. By Proposition 3.1.10, Y = [X]="\ {0} is a closed subset of exp(X),and ¢, : X™ —
Y is a perfect mapping. Since Y is closed in the countably compact space exp(X), Y is
countably compact. So by Proposition 0.3.9, X™ is countably compact. [

3.4 Ginsburg’s results on the pseudocompactness of
hyperspaces

As we have seen in the previous section, in [32] John Ginsburg has explored count-
able compactness of Vietoris hyperspaces. He also tried to obtain analogous results for
pseudocompactness.

The first question that may come into mind is what is the “correct” definition to work
with when dealing with pseudocompactness on Vietoris hyperspaces. In Chapter 0 we
introduced two definitions: the non existence of unbounded continuous functions, which
we called pseudocompactness, and the existence of accumulation points for sequences of
nonempty open sets, which is called feebly compactness (see Definition 0.3.12). However,
we only know that they are equivalent as long as the topological space is T3% (Proposition
0.3.13), and by Proposition 3.1.7 ¢), exp(X ) is Tychonoff iff X is normal, which may look
like an issue. However, the following proposition removes this problem if we restrict
ourselves to the realm of Tychonoff spaces:

Proposition 3.4.1 ([32, Proposition 2.6.]). Let X be a Tychonoff space. Then exp(X) is
pseudocompact iff exp(X) is feebly compact.

Proof. For the nontrivial direction, suppose exp(X) is not feebly compact. Then there is a
sequence (B,,)ne. of nonempty basic open sets with no accumulation point. We can write
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B, = (G}, ...,G}), where each t,, € wand G7' is a open subset of X. For eachn € w
and i < t,, choose pl € GI". Let F,, = {p} : i < t,} for eachn € w. Then F, € B,,.

Since X is Tychonoff and each F), is finite, then for each n there exists a continuous

fn: X —[0,1] such that £, C f~'[{1}] and X \ UU;<,, GI' C [ [{0}].

Again, since X is Tychonoft, for each n € w and i < ¢, there exists a continuous
g? : X — [0,1] such that g?(p?*) = 1 and X \ G? C ¢g? '[{0}]. The functions (¢"")" and
(fn)” (n € w,i <t,)from exp(X) into [0, 1] defined in Lemma 3.1.8 are continuous. For
each n, let ¢, : exp(X) — [0, 1] be given by ¢, = (f,)". i<, (g1")". Then for each
n € w, ¢,(F,) = 1and ¢,(F) = 0 for every F € exp(X) \ B,.

Consider the function H : exp(X) — R be defined by H(F) = X, ., n¢,. Since
(B))new has no accumulation point, H is well defined and is continuous. H is unbounded
since H(F},) > n¢(F,,) = n for each n € w. So exp(X) is not pseudocompact. O

Regarding the “ultrafilter version” of pseudocompactness and finite powers of X,
Ginsburg proved the following results. We refer to his paper for proofs.

Theorem 3.4.2 ([32, Theorem 2.4]). Let X be a 7} space and U/ € w*. Then X is U-
pseudocompact iff exp(X) is U-pseudocompact. ]

Theorem 3.4.3 ([32, Theorem 2.5]). Let X be a regular space. If exp(X) is feebly compact,
then all finite powers of X are feebly compact. ]

Theorem 3.4.4 ([32, Corollary 2.7]). Let X be a Tychonoff space. If exp(X) is pseudo-
compact, then all finite powers of X are pseudocompact. ]

We can summarize Ginsburg’s results listed in this thesis in the following table.
In the table below, X is a Tychonoff space and Y € w*. CC stands for “countably
compact”, UC stands for U-compact, PC stands for “pseudocompact” and UPC stands for
U-pseudocompact. Also, n is quantified in w and x over the ordinals.

Ultrafilter version exp(X) is... all powers are...
X UC iff exp(X) UC exp(X) CC — Vn X" CC Vk X" CC — exp(X) CC
X UPC iff exp(X) UPC  exp(X) PC — ¥n X" PC 27

To complete the analogy, by propositions 0.4.23 and 0.4.24, we would need a theorem
such as “if X is Tychonoff and that X* is pseudocompact, then exp(X) is pseudocompact”.
It turns out that this result is false, as firstly proved in [43], but ]J. Ginsburg did not
know about this at that time. We will discuss more about that in the next sections.

Ginsburg also provided an example of a Tychonoff space whose every finite power is
pseudocompact but exp(X) is not pseudocompact. Then, he explicitly asked:

Problem 3.4.5 (Citing [32]). “In light of the results (...) it is natural to ask whether there
is any relation between the pseudocompactness (countable compactness) of X“ and that
of exp(X). It would also be interesting to characterize those spaces X whose hyperspaces
are countably compact (pseudocompact). The author [J. Ginsburg] has been unable to
resolve these questions, and leaves them open to the reader”
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There are several results on this problem, but it is still open. There is currently no
characterization of the spaces whose hyperspace is pseudocompact, or countably com-
pact.

It is worth mentioning that in [16], J. Cao, T. Nogura and A. H. Tomita gave a partial
answer to the question about the relation of the pseudocompactness of X“ and that of
exp(X ). We refer to their paper for a proof.

Theorem 3.4.6 ([16, Theorem 3.1.]). Let X be a homogeneous regular space. If exp(X) is
pseudocompact, then X* is pseudocompact.

3.5 Some lemmas needed for new results

For the rest of this chapter we prove some new results on hyperspaces of subspaces of
Bw. The results displayed in this Chapter are mainly based on [59] by myself, A. H. Tomita
and Y. F. Ortiz-Castillo.

As we have mentioned in the previous section, while studying Ginsburg’s questions
on the pseudocompactness of hyperspaces, I. Martinez-Ruiz, F. Hernandez-Hernandez and
M. Hrusak provided, in [43], a T} 1 topological space whose all powers are pseudocompact
and its hyperspace is not pseudocompact. More explicitly, they proved:

Proposition 3.5.1 ([43, Theorem 5.1.]). There exists a subspace of Sw containing w whose
all powers are pseudocompact but its Vietoris hyperspace is not.

In Section 6 we will improve this result by making many powers become countably
compact. In Section 7 we will explore a condition that makes the hyperspace of such a
space pseudocompact. In Section 8 we explore consequences of the hyperspace of such a
space being pseudocompact.

The following two lemmas will be useful. They are probably folklore and are easy, but
we write proofs for the sake of completeness.

First, we do know how to take limits of increasing sequences.

Lemma 3.5.2. Let X be a T} topological space. Let F' = (F(n) : n € w) be a increasing
sequence of nonempty closed sets. Then F' converges to clU,¢c,, F'(n).

Proof. Let A = clU,¢,, Fn- First, suppose that U is open and that A € U™. It is clear
that F(n) € U for every n. Now suppose that U is open and that A € U~. Then
UNdcUye, Fn # 0, thus, U NU,c,, Fr # 0. So there exists N such that U N Fyy # . It is
clear that foralln > N, F,, ¢ U™. O

Second, we do know how to get accumulation points for a union of two sequences if
at least one of them converges.

Lemma 3.5.3. Let X be a T} topological space. Let F' = (F(n) : n € w), K = (K(n) :
n € w) be two sequences in exp(X ). Suppose that A is a limit of the sequence F and that
B is an accumulation point of K. Let C' = F' U K be the sequence given by F'(n) U K(n)
for every n € w. Then A U B is an accumulation point of C.
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Proof. Of course, AUB € exp(X).Let (Vj, ..., V;) be a basic open neighborhood of AU B.

WLOG there exists j < i such that A € (Vf,...,V;) and such that ANV, = D forall [ > j
such that [ < i. There exists N € w such that F'(n) € (V;,...,V}) for every n > N.

We have that B € (Vj;1,..., Vi), thus, I = {n € w: K(n) € (X,Vi41,...,Vi)} is
infinite. Now, if n € I \ N, then F(n) U K(n) € (V,,...,V}). O

Thus, it would be useful to split a sequence into a growing part and “something else”.

We do have something like that for sequences of finite sets. This is possibly folklore, but we
could not find a reference anywhere, so we proved it in our paper [59, Lemma 4.4].

Definition 3.5.4 (*). Suppose C'is a sequence of finite sets. Given X € [w]*, a nice split
of C over X is a pair (U, D) such that U|X is increasing, D|X is pairwise disjoint and,
foreveryn € X, U(n) N D(n) =@ and C(n) = U(n) U D(n). O

Lemma 3.5.5 (*). For every sequence of finite sets C' and every Y € [w]“, there exists
X € [Y]“ such that C' admits a nice split over X.
Proof. Let Y and C' be given. Recursively, we choose z,, € Y and a decreasing sequence
Jn € [Y] such that:

1. Jn+1 N Tn+1 = (D,

2. xo€Y,x, € J, foreachn € w, and

3. Forallt € C(xy,), either Vj € J,t € C(j) orVj € J,t ¢ C(j).

This is possible since each C'(n) is finite. Let X = {x,, : n € w} and, for each n € w,
let U(z,) = {t € C(x,) :Vj € J,(t € C(j))} and D(x,) = {t € C(x,) : Vj € J,(t ¢
i)} 0

So, knowing more about accumulation points of pairwise disjoint sequences of finite
sets is needed. For that sake, in this chapter we will adopt the following definition:

Definition 3.5.6 (*). Let X be any set. A block sequence on X is a sequence F' : w —
[X]<«\ {0} of pairwise disjoint sets.

We say that a block sequence F' on X is increasing iff for every n, |F'(n)| < |F(n+1)|
and {|F(n)| : n € w} is unbounded. N

Summing up, we get:

Proposition 3.5.7 (*). Let X be a T} topological space and let D C X be dense. Suppose
that all block sequences of D have an accumulation point in exp(X). Then X is feebly
compact.

Proof. Since [D]<* \ {0} is dense, it follows from Proposition 0.3.20 that it suffices to
show that every sequence C' : w — [D]<“ \ {{} has an accumulation point in exp(X).
By passing to a subsequence and by Lemma 3.5.5, it suffices to consider the case where
there exists a pair of sequences (U, D) where for every n, C(n) = U(n) U D(n) and
U(n)ND(n) = 0 where U is increasing and D is pairwise disjoint. If all U(n)’s are empty,
then C' = D has an accumulation point by hypothesis. If some U(n) is nonempty then
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cofinally many is nonempty, so we may now assume that all U(n)’s are nonempty by
passing to a subsequence. If only finitely many D(n)’s are nonempty, so by passing to a
subsequence we get C' = U, which converges. Now if infinitely many D’s are nonempty
the conclusion follows from the previous lemma by passing to a subsequence. [

Now we start studying accumulation points of block sequences. The following lemma
gives us equivalent conditions for a block sequence having an ultrafilter limit in the
hyperspace of a subspace of S+ containing k.

Lemma 3.5.8 (*). Suppose k C X C [k and let U be a free ultrafilter over w. Let F" be a
block sequence on k. Let G = [],c,, F'(n) and Zyy = Z = {U-limg : g € G}.

Then the following are equivalent:
1) F has aU-limit in exp(X),

2) Z C X andU-lim F =clyx Z, and
3) ZCX.

Moreover, Z discrete, and, if F' is increasing, then |Z| = c.

Proof. Z is well-defined since Sw is compact (see Proposition 0.4.18). We start by the last
claim. So suppose F' is increasing.

By using a tree argument, it is not hard to construct a collection {g, : « < ¢} C G
such that if for all o, §, if @ < 8 < ¢ then g,[w] N gs[w] is finite. Thus {cl g, |w]* : & < ¢}
is a pairwise disjoint family of closed sets. Clearly, U-lim g, € g, [w]* for every o < ¢, so
we are done.

Now we show that Z is a discrete subspace of Sx. Let 2z € Z. Fix g € G such that
U-limg = 2.

Then z belongs to the clopen set W = clg.{g(n) : n € w} C fr. We claim that
Z N'W = {z}. For suppose h € G. Observe since the sets {n € w : g(n) = h(n)} and
{n € w:g(n)# h(n)} are complementary, one of them is in /. If the former is in I, then
U-lim h = z. If the latter isin U, let A = {n € w : g(n) # h(n)}. Since the elements of
the range of F are pairwise disjoint, it follows that {g(n) : n € w} N {h(n) : n € A} =1,
socl{g(n) : n € w}Ncl{h(n) : n € A} = 0. ButU-limh € cl{h(n) : n € A}, so
U-limh ¢ cl{g(n) :n € w} =W.

1) implies 2): Suppose that the I/-limit of the sequence F’ exists in exp(X) and call it
K.

First, we show that K C clg.(Z). Fix © € K. Let U be a basic open neighborhood of z,
so U = cl A for some A € x. Notice that K € {K’ € exp(X) : K’ N (UNX) # 0}. Since
K =U-lim F, we havethat B={n € w: F(n)NA # (0} € U.Let g € G be such that
g(n) € AN F(n) for every n € B. Thus,U-limg € (clg, A)NZ =UNZ,soUNZ # 0,
as intended.

Now we show that Z C K (which implies that Z C X). Suppose by contradiction that
there exists z € Z\ K, and fix z. Fix g € G such that /{-lim g = z. Since 7 is discrete, there



3.6 | SUBSPACES OF Sw WHOSE HYPERSPACE IS NOT PSEUDOCOMPACT

exists a basic clopen neighborhood U = clg, A (for some A C w with A € z) such that
UNZ = {z}. This implies that {n € w: F(n) C fr\U} C{necw:gn) ¢ U} ¢U,
but this is a contradiction since K = K \ {z} C clg.(2) \ {2} C clg,(Z\{z}) C B\ U.

Thus, K C (clg, Z) N X = clx Z, and Z C K, which implies that clx(Z) since K is
closed in X.

2) implies 3) is trivial.

3) implies 1): Let K = clx(Z). We claim that Z = U-lim F. Let U = clg,, A be a basic
clopen set of Sk, where A C k. We must see thatif K C U,then{n € w: F(n) C A} €U
and that if K NU # 0, then{n € w: F(n)NA# 0} € U.

First, suppose K NU # 0. Then KN(UNX) # 0,50 ZN(UNX)=ZNU # (. Let
z € ZNU.Letg € G be such that Y-lim g = 2. Then {n € w : g(n) € A} € U, which
implies that {n € w: F(n)N A # 0} € U.

Now suppose that K C U. Suppose by contradiction that B = {n € w : F(n) €
A} € U. Let g € G be such that for each n € B, g(n) ¢ A (equivalently, g(n) ¢ U). Let
z=U-limg. Thenz € Z \ U, so K Z U, a contradiction. O]

3.6 Subspaces of Sw whose hyperspace is not
pseudocompact
In this section we improve Proposition 3.5.1 by providing spaces with the same proper-
ties plus having many powers being countably compact.
Theorem 3.6.1 (*). Let ;4 and A be two uncountable cardinals such that:
a) w < pu<c<A<25A = Xand cf(\) > p, and

b) for every infinite cardinal x < ;1 and every Y C [w*]<*, (Bw \ Y)* is countably
compact.

Then there exists X C fw such that w C X, X" is countably compact for every x < p
and exp(X) is not pseudocompact.

Proof. Let C = (C,, : n € w) be a increasing block sequence on w. Let G = [],,c,, Cy-
Enumerate G = {g, : @ < c¢}. Forevery o < clet G, = {gs : § < a}.

Let F = {(\")“ : K is an infinite cardinal and x < p}. Enumerate F = {f, : @ < A}.
This is possible since A<* = \. We may suppose that for each f € F,{a < X : f, =
f} = A\ For each a < A, let k, = dom f,(n) (of course, this does not depend on n) and
Co = sup{fa(n)(B) +1:n € w, S < K, }. Notice that (, < A since cf(\) > pu > kg, w.

Recursively, we will define, for each ov < A, ordinals J,, and €,, sets X, = {z¢ : 0, <

£ <€t C Pw, Y, C Pw, sequences foiw— <U5<a X 5)M and collections of ultrafilters
P, satisfying:

1. 00 =0, g = w and z,, = n for every n < w,
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2. 0o =sup{es : f < a} for each a < A,
3. The family (e, : @ < \) is strictly increasing sequence of ordinals < A,
4. 0 < |eq \ 0a| < kg for each a < A,

5. x¢ # x¢ whenever § # £,
6. (Uﬁga Xa) N (Uﬁga Ya> = () for every a < \,

7. if (o < sup{es : B < a}, then fo(n)(€) = T, (n)(e) for each § < Ko, n < w and
a < A,

8. fa has an accumulation point in (Uﬁga X 5)@.
Also, if A = ¢
9. |Ya| < |a.|es] for every a < ¢,
10. P, ={U € w*: Jg € G, U-lim g € X,,)} for every a < ¢, and
11. Va < VU € P,y € Y,Fh € GU-limh = y.
And,ifc < A < 2%
9.

Y,| < cforevery a < A,
10. P, ={U cw" :U ¢ U, PsandIg € GU-lim g € X,,)} for every a < ¢, and
11" Ya < A\VU € P,y € Y,Fh € G (U-limh = y).

C}early, by setting g = 0, ¢g = w, z,, = nforeachn < w, Xg =w, Yy =0, Py, =0
and f( be a constantly equal to 0, then all the preceding clauses hold for the basis of the
induction.

Suppose we have defined €g, 63, X3, Y3, (:10V v < B), Yz and Pj for every 3 < a for
some « such that 0 < o < A. We show how to define €,, 64, Xo, Yo, (2, : ¥ < @), Y, and
P,

Let ¢, be defined by 2., and . be defined by 7. (if (, > sup{es : B < a}, let fa be
the constant sequence equal to (0),<x, . Notice that Us,[d3, €5) = sup{es : f < a} (by
1. to 4. for § < «a). Now we verify that this supremum is smaller than . First, notice

that if © < A, then ’U5<a[5ﬁ,€ﬁ)’ < Ybetaca kg < pa] < A Second, if p = A, then
= A=c¢, thus, ¢ > cfc=cfA>p=c soc(= A= pu)is regular, which implies that
sup{eg:f<al<A=p=c

Us<a Xﬁ‘ = |supg., €g| < A\. Now we aim to show that g, Y3 also has

size less than . If A = ¢, it follows from 9. that ‘Uﬁw Yg” < Yp<a|Bl-les] < |af.|sup{es :
f < a}] < A If ¢ < A< it follows from 9’. that this union has size < c.|a| < A.

In any case,

Case 1: (, > sup{eg : B < a} or fa already has an accumulation point in

Us<a XB)M. In this case, let ¢, = do + 1 and x5, € Sw \ Us.o Xg U Yj. It is clear then
that all items up to 8. hold. We will define Y,, and verify the other items later.

Case 2: not Case 1. Temporally write Y = s, Y3. We have seen that |Y'| < ), so, by item
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6. and b) from the hypothesis, f, has an accumulation point (us)scy, € (fw \ Y )" Let
Xo = {us : 0 < Ko} \Upgcn Xp. Since f» has no accumulation point in Us<a X3, it follows
that X, is nonempty. Let €, = d,+ | X, | (ordinal sum) and write X, = {z¢ : 0, < & < €.}
It is clear then that all items up to 8. hold.

If \ = ¢, P, is given by 10., so |FP,| < |Uyeg AU € w* : U-limg € Xa‘ < la].| Xa| =
|a].|€o| < ¢ (this happens since if i,V € w* and g : w — w is injective, then U-lim g # V-
lim g since if A € U \ V, then the first is in cl g[A] and the latter is cl g[w \ A], which are
disjoint). By Lemma 3.5.8, the set Z as in the statement of the lemma has size ¢, so there
exists hy € G so thatUf —lim hy ¢ Up., Xp. Let Y, = {U —lim by, : U € P,} and notice
that 9.-11. hold.

Now we show that the sequence C' has no accumulation point on exp(X), which
completes the proof by Proposition 0.3.20. If such a set exists, by Lemma 3.5.8 the set
Z ={U-limg : g € G} is contained in X Let « be the first ordinal such that Z N X,, # (.

If A = ¢, there exists 5 < A = ¢ such that //-lim g5 € Z N X,,. Let y = max{«, B} + 1.
By 10.,U € P,.So Z NY, # ), which violates the fact that Z C X.

If ¢ < A, there exists g € G such that /-limg € ZNX,.By 10, U € P,.So ZNY, # 0,
which violates the fact that Z C X. O

The following very similar lemmas are used when applying the previous theorem.

Lemma 3.6.2 (*). Let Y C w* be such that |Y| < ¢. Let & < n(w*). Then (fw \ V)" is
countably compact.

Proof. Let Y and k be given. Let f : w — (Sw \ V)" be given.

For each a < k,let f, = oo f : w = pw\Y and D, = {A € [w]¥ :
fa]A is constant or injective , f,[A] is discrete andY Ncl f,[A] = 0}.

D,, is dense: given B € [w]“, there exists Ay € [B]“ such that f,|B, is either constant
or injective. There exists B, € [By]“ such that f[B] is discrete (this is obvious if f,|Bj is
constant, and, if f,| By is injective, this follows from the fact that every infinite Hausdorff
space has an infinite discrete subspace).

Now recall that if Z is an infinite countable discrete subspace of Sw, then cl Z is
homeomorphic to SA. Thus, if Zy, Z; are subsets of Z, cl Zy N cl Z; = cl(Zy N Z7).

Let A be an almost disjoint family of size ¢ on By. If f is injective and f[B;] is discrete
and disjoint from Y, each element of Y is in cl f[A] for at most one A € A. So there is an
A € Asuchthatcl f[A]NY = (. Thus, A € D,

Now let U be a free ultrafilter such that for every o < x,U N Dy, # 0 (by FA e (K)).
Since fw" is compact, there exist a U-limit (x)q<,. We must show that for each o, z, ¢ Y.
But this is true since x, = U-lim f,, € cl f[A], where A € D, NU. O

Lemma 3.6.3 (). Let Y C w* be such that |Y| < 2°. Let k < h. Then (fw \ Y)" is
countably compact.
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Proof. LetY and k be given. Let f : w — (fw \ V)" be given.

As in the previous lemma, for each a < k,let f, =1, 0 f 1w — fw\ Y and D, =
{A € [w]¥: IF € [w]<¥f.|(A\ F) is constant or injective , f,[A\ F] is discrete andY N
cl fo[A\ F] = 0}. As before, D, is dense and open. Thus, let A € N,y Da.

For each o, let B, = {U € w* : U-lim f, € Y and A € U}. B, has cardinality at most
|Y|. Thus, U, B)« has cardinality less than 2<¢, so there exists ¢/ such that A € U and
for every av < ¢, U-lim f,, ¢ Y. This shows that Y-lim f € (fw \ Y)". O

We now can prove concrete results which improve Proposition 3.5.1, such as:
Theorem 3.6.4 (*). We have the following examples:

1. Let A = 2% for some cardinal # such that be such that h < 6 < c¢. There exists a
subspace X of Sw containing w such that | X| = A\, X* is countably compact for
every xk < h and exp(X) is not pseudocompact.

2. Suppose 2° = ¢. Then there exists a subspace X of Sw containing w such that
|X| = ¢, X? is countably compact and exp(.X) is not pseudocompact.

Proof. For the first example we apply Theorem 3.6.1 using i = § and . It is clear that
wi < < e <\ <25 Moreover if k < b, \¥ = 207 =29 = Xand cf(\) > 0 > b, so a)
holds. b) follows from 3.6.3.

For the second example we apply Theorem 3.6.1 using © = p* and A = c¢. It is clear
that wy < p < ¢ < X < 2% and ¢® = 2P = ¢ by hypothesis, which also implies that
cf(c) = cf(2?) > p™ by Konig’s Lemma, so a) holds. b) follows from 3.6.2. O

Corollary 3.6.5 (*). There exists a T} 1 topological space X such that X“ is countably

compact and exp(X) is not pseudocompact. Thus, the countable compactness of X*“ does
not imply the pseudocompactness of exp(X).

3.7 A condition which implies the pseudocompactness
of exp(X)

As we already discussed in the previous section, we already knew, due to Proposition
3.5.1, that the pseudocompactness of X does not imply the pseudocompactness of exp(X),
not even for Tychonoff spaces. Now we know that the countable compactness of X does
not imply the pseudocompactness of exp(X) as well, by Corollary 3.6.5, which we have
proved in [59]. In this section we prove a sufficient condition for the pseudocompactness
of exp(X') which applies to subspaces of Sw containing w. This condition involves the use
of the concept of (x, A)-pseudocompactness. For more about that, see Chapter 0.

Theorem 3.7.1 (*). Suppose X is 77. Let D C X be a dense subset of X. If D¢ is relatively
countably compact in X¢, then [D]|<* \ {0} is relatively countably compact in exp(X).
Thus, exp(X) is feebly compact.
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Proof. For the last sentence, just notice that [D]<“ \ {()} is a dense subset of exp(X') and
apply Proposition 0.3.20.

Now let f : w — [D]<“ \ {0} be a sequence. Let G = [[,,c., f(n). Then |G| < ¢. Write
G ={ga:a <c}.Letg:w — D begiven by g(n)(a) = go(n), so 7y © g = gq. Since D°
is relatively countably compact in X*, g has an accumulation point z = (z,)a<.. Let U be
a free ultrafilter such that x is a ¢/-limit point of g.

Let K = cl{z, : a < ¢}. We claim that K is a U-limit of f, which completes the proof.
Let U be a subbasic open neighborhood of F, so U is of the form W, where K C W and
W is open, or U is of the form W~, where W N F # () and W is open.

First, assume that X' € W~. So cl{z, : @ < ¢} N W # (). Since W is open this implies
that there exists a < ¢ such that z, € W.Thus, {n € w: g,(n) € W} € U, and this set is
containedin {n € w: f(n) NW £ 0} ={n €w: f(n) € W™}, so the latter is in U too.

Now assume that & € W, Suppose by contradiction that {n € w: f(n) ¢ Wt} ¢ U.
So its complement A = {n € w : f(n) \ W # 0} isin U. Let h € G be such that
h(n) € f(n) \ W for every n € A. h = g, for some o < ¢, so z, € X \ W, contradicting
the fact that K C W. [

We note the following, which I believe to be an original result.
Lemma 3.7.2 (*). Let X be a topological space. Let D C X. Let « be a cardinal. Then:

1. If D is dense and D" is relatively countably compact in X*, then X is (k,w*)-
pseudocompact.

2. If D is open and discrete and X is (k,w*)-pseudocompact, then D" is relatively
countably compact in X".

Proof. 1. D" is relatively countably compact in X*. Let (U, : o < k) be a family such
that for each a < k, U, is a sequence of nonempty open subsets of X. For each a, let
dy : w — D be such that d,(n) € U,(n) for every n € w. Let d : w — D" be given by
d(n)(a) = d,(n), so m, o d = d,. Since D" is relatively countably compact in X*, there
exists an w-accumulation point (2, )a<x € X" for d. Let U be a free ultrafilter such that =
is an U-limit of d. We claim that x,, is an ¢/-accumulation point of U, for each o < k. Fix
«. Given an open neighborhood V of z,, let W = 7 }[IW/]. W is an open neighborhood
of z,thus {n € w:d(n) € W} ={n €w:d,(n) € V} €U, but this set is contained in
{n € w:U,(n) NV # 0}, so the latter is also in U.

2.Letd : w — D" be a sequence. For each o < k<letd, = 7, od. Let U, =
({do(n)} : n € w) for each o < k. Then each U, is a sequence of nonempty open sets.
Let U be a free ultrafilter such that for every a, U, has some {/-accumulation point z,,.
We claim that © = (z, : a < k) is a Y-limit point of d. It suffices to see that for each a,
T is an U-limit point of d,,. Fix o and an open neighborhood V' of z,. We must see that
{n € w:dy(n) € V} € U.But this set is precisely {n € w : U,(«) NV # 0}, which is in
U.

]
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Thus, we obtain:

Corollary 3.7.3 (*). Let X be a subspace of Sw containing w and « be a cardinal. The
following are equivalent:

a) w" is relatively countably compact in X*, and
b) X is (k,w")-pseudocompact

Moreover, if these conditions hold for xk = ¢, then [w]<¥ \ {{} is relatively countably
compact in exp(X ), and exp(X) is pseudocompact.

Proof. This follows from Theorem 3.7.1 and from Lemma 3.7.2. [

It is consistent that, in some sense, Corollary 3.7.3 is the best result we can have.
If h = ¢, Theorem 3.6.4 says we have an space X between w and Sw which is (k,w*)-
pseudocompact for every x < ¢ but its hyperspace is not (in fact, X* is countably compact
for every k < ¢). We can prove the same result by using selective ultrafilters. First we need
a lemma.

The following lemmas, which we state without proof in [59] as Lemma 3.4. and Corol-
lary 3.5., were probably already well known. We prove it here for the sake of complete-
ness.

Lemma 3.7.4. Let h : w — w, U be an ultrafilter. Then, computing limits within Sw, it
follows that & — lim h=h.[U] = {A Cw : h"'[A] € U}, and that /Y — limh € wiff h| B is

constant for some B € U.

Proof. For the first part: let A* be a open neighborhood of V = U-limh. So A € V,
therefore h~'[A] € U. Denote by [n] the fixed ultrafilter generated by {n}. We must see
that {n € w: [h(n)] € A*} € U, but thissetis{n e w: A€ [h(n)]} ={ne€w:h(n) e
A} =h7A]

For the second part: if V € w, there exists n such that {n} € V = h.(U), so B =
h='[{n}] € U. Conversely, if for some n, if there exists B € U such that h|B is constant
to some n, then h~'[{n}] € U, then {n} € V. O

Lemma 3.7.5. Let hg, hy : w — w. Let Uy, U; be two incomparable selective ultrafilters

such that are not Rudin-Keisler equivalent and suppose that for each ¢ < 2 and ny € w,
{n € w: h(n) =ne} ¢ U, (that is, h; is not constant mod Uf;). Then Uyp-lim hy # U;-lim h;.

Proof. Let V; = (h;).(U;) = {A C w : (hy)"'[A] € U;}. Since h; is not constant in
elements of V; and by Lemma 0.9.4, V), is a free ultrafilter. Moreover, V; <gk U, so by the
minimality of selective ultrafilters, V; =gk U;. So Vy # V.

By the previous lemma, V; is U;-lim h; for each 7 < 2. ]

Now we are ready to prove our result.
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Theorem 3.7.6 (*). Assume that ¢ is regular and that there exists there exists ¢ pairwise
RK-incomparable selective ultrafilters. Then there exists X C [Sw containing w and a set
A C w* of selective ultrafilters with |A| < ¢ which is (k, A)-pseudocompact for every
k < ¢ and exp(X) is not pseudocompact.

Proof. Enumerate w* as (f, : @ < ¢). Let C': w — w any increasing block sequence and
G = Il,e, C(n). Fix i : ¢ — ¢ X ¢ onto such that for every p < ¢, if i(p) = (§,,7,), then
€, < . For each ultrafilter W, let Z,y, = {W —limh : h € G}.

Given an ultrafilter f and o < ¢, let S, (U) = {U-lim f5 : < a} and S(U) = {U-
lim f: few’}.

Recursively, we will define, for o < ¢, selective ultrafilters U,,, subsets X, of Sw, sets
of free ultrafilters P, = {V(a, p) : p < ¢} and W,, € fw such that:

1. Xo=wUSy(Uy), Xo = So(Uy) for a € [1,¢).
2. Forevery oo < ¢, Xo N {W : & < ¢} =0,
3. Wew : ZwnX,=0}CP,,and

4 Wa € Zy, )\ (Us<a X5})-

Let Uy be an arbitrary selective ultrafilter and X, be given by 1.. Since | Xy| = w and
Wew : ZyNXy =0} =Ujeg{W € w* : W-limg € Xy}, the latter has cardinality
< ¢. Therefore we can enumerate ultrafilters Py = {V;, : ¢ < ¢} containing this set. Let
Wo € Zy,,, \ Xo, as in 4..

Suppose X3, P3 = {V(B, 1) : i < ¢}, Ug and Ws have been defined for all § < « for
some « € [1,¢).

By the previous two lemmas, S(U) Nw* N S(U") = 0 whenever U,U’ are two RK-
distinct selective ultrafilters. Thus, there exists a selective ultrafilter &/ such that S(U) N
{W;s : p < a} = 0. Denote such U by U,,. X, is defined as in 1. Let P, O {W € w* :
Zw N X, # 0} have size ¢, and enumerate it as {V(,,,,) : p# < ¢}. Finally, choose W, as in
4. to end the construction.

Let X = UX, : n € w.Itis clear that X is a subspace of Jw containing w. Let
A= {Z/{5 (0 < C}.

X is (k, A)-pseudocompact for every x < ¢: Let (U, : a < k) be a family of sequences
of nonempty open subsets of X. For each a, let f, : w — X be such that for every
a < kand n € w, go(n) € Uy(n). It suffices to see that there exists Y € A such
that U-lim g, € X for every o < k. Since ¢ is regular, there exists 6 < ¢ such that
{ga : o <k} C{fs: B < 6}. Thus, Us-lim gg € X for every 5 < 0.

exp(X) is not pseudocompact: we show that C' has no accumulation point. Suppose
it has. Then there exists a free ultrafilter V¥ such that C' has a WW-limit in exp(X). This
implies that Zy, C X. Fix « such that Zyy N X, # 0. Then W = V), ,,) for some u < «.
Fix 0 < ¢ such that i(¢) = («, 1). Then W = V;g), so Wy € Zyy \ X, a contradiction. [
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3.8 Consequences of the pseudocompactness of the
hyperspace

In this section we investigate what happens if exp(X) is pseudocompact when w C
X C pw. We know that if X is (¢, w*)-pseudocompact when w C X C fSw, then exp(X)
is pseudocompact (Corollary 3.7.3). Some natural questions regarding this corollary are:
does the converse hold? Does the pseudocompactness of the Vietoris hyperspace of such
an X imply the (k,w*)-pseudocompactness of some x? Which «’s?

As a first result, we have:

Theorem 3.8.1 (*). Let X be a subspace of Sw containing w. If exp(.X) is pseudocompact,
then for every x < par X is (k,w*)-pseudocompact.

Proof. Fix k. Let g : w — w" be a sequence. For each o < k,let g, = 7, 09,50 g : W — w.

Since k < par, there exists A C w such that for every a < & there exists F' € [w]<*
such that ¢,|(A \ F) is constant or injective. Let j : w — A strictly increasing and let
gl = ga © j. It suffices to show that there exists a strictly increasing sequence ! : w — w
and a free ultrafilter U/ such that //-lim g/, ol € X for every o < k.

Since b > par > k, there exists a : w — w such that a >* g, for every a < k.

For each m € w, let

I, ={a <k :¥Yn>ma(n) > go(n)and g,|(A \ m) is strictly increasing}.

1,,, increases with m.

Now we define a strictly increasing sequence [ : w — w such that /(0) = 0 and for
all @ € Ly, a(l(k)) < ga(l(k 4+ 1)) < a(l(k + 1)). To see that this is possible, define
[(k+1) = 2I(k) + 1. Then, if & € I;(1), we have that for every i € w,i < ¢/, (I(k) + 1) (by
an easy induction), so a(l(k)) < a(l(k))+1 < ¢, (21(k)+1) = ¢, (I(k+1)) < a(l(k+1)).

Now define an increasing block sequence C' by C'(0) = [0,a(0)] and C(k + 1) =
[a(l(k)) + 1,a(l(k + 1))] for every k € w. Since exp(X) is pseudocompact there exists
U € w* such that C' has an U/-limit. Notice that for every « such that ¢/, is almost injective,
there exists m g, (l(k)) € C(k) for every k > m. Thus, U-lim ¢/, ol € X. O

Corollary 3.8.2 (*). Suppose X is such that w C X C pw. If exp(X) is pseudocompact
then X“ is pseudocompact.

Can we improve the previous result by using some cardinal larger than patr? We will
show that we cannot improve it too much.

Theorem 3.8.3 (*). Let x,0 < ¢ be infinite cardinals. We give 6 the discrete topology.
Suppose that there exists A C []“ such that |A| < k and that for every block sequence
C = (C(n) : n € w) on 6 there exists £ € [w]” and B € A such that |BNU,cp Cn| < w.
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Then there exists X such that § C X C (6, exp(X) is pseudocompact and X is not
(k,w*)-pseudocompact.

Proof. Enumerate all block sequences on ¢ as (C,, : 0 < « < ¢). This is possible since
0¥ = ¢ = c. Foreach o € [1,¢), let G, = [[,,c, C(n). Foreach A € A/ let fa:w — A
be a bijection. Let X = 0. Recursively, for « € [1, ¢), we define X, C 30, a free ultrafilter
U, onw. P, C fwand Y, C (6 satisfying:

1. X, ={U,limg:ge€q,},
2. P, = {V €w V¢ Upcpea Psand3IA € A(V-lim fy € Xa)}a

3. (Uﬁga Xg) N (U0<5§a YB) = () (for every « € [1,¢)),
4. YV € P,dB € AV-lim fg € Y,, and
5. Y, <

Suppose we have defined X3, Up, Pz and Y; for every 3 such that 0 < 8 < a for some
a < C.

There exists £ € [w]* and B € A such that | B, NU,cg Ca(n)| < w. Notice that given
g € G, and z € 30, there exists at most one free ultrafilter VV such that W-limg = z,
therefore, Y = {W € w* : dg € G.(W-limg € Up<p<, Y3)} has cardinality at most «.
LetU, € w*\ Y be such that F € V.

Let X, beasin 1.and P, asin 2. Let Y, = {V-lim fg : V € P,}. 1, 2, 4 and 5 clearly
hold. To see that 3 holds, we first check that Y, N X, = (. Given g € G, and V € P,,
it follows that U,-lim g, € clgg(g[E]) and V-lim fp € clgg(B). Since g[E] N B is finite
and g is injective, it follows that V-lim fp # U,-lim g. This proves Y, N X, = (. Now
suppose that v < avand Y,, N X, # (. Fix x in this intersection. Since = € Y,,, there exists
V € P, such that z = V-lim fp and V ¢ Uyp, P3. In particular, V ¢ Uy 5, Ps. Since
V-lim fp =z € X, and B € A, thenV € P, N F,, a contradiction.

Let X = Uy« Xo- By construction, {U,-limg : g € G,} C X, so by Lemma 3.5.8,
JU,-lim C,, € exp(X), so by Proposition 3.5.7, exp(X) is pseudocompact. To see that X
is not (k,w*)-pseudocompact, it suffices to show that for every free ultrafilter VV there
exists B € A such that V-lim fp € X, so fix a free ultrafilter V. Suppose that there exists
A € A such that V-lim f4 € X (the other case is trivial). Let « be the least ordinal for
which there exists A € A such that V-lim f, € X,.ThenV ¢ Pjfor 5 < a, thus, V € P,.
Therefore, by 4, there exists B € A such that V-lim fz € Y,. Since X NY,, = (), we are
done. ]

Now we apply the previous theorem with § = w and x = b. In particular, this shows
that the converse of Corollary 3.7.3 cannot hold.
Theorem 3.8.4 (*). There exists a space X such that w C X C fw, exp(X) is pseudo-

compact and X is not (b, w*)-pseudocompact.

Proof. We aim to apply Theorem 3.8.3 for § = w and k = b. Let B be an unbounded family
of strictly increasing sequences. We claim that A = {g[w] : g € B} works.
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Let C'be ablock sequence of w. Let f : w — wbe given by f(m) = 1+max (ngm C’k)
(for m € w). There exists g € w such that N = {m € w : g(m) > f(m)} is infinite. We
claim that L = {n € w : €}, N g[w] = 0} is infinite, which concludes the proof.

Fix m € N. We claim that for every p > m, g(p) ¢ Uj<an Ck: for suppose g(p) €
Uk<2m Ck- Then g(m) < g(p) < f(m).

Thus, Z = {i < 2m : C;Ngw] # 0} = {i < 2m : C; N g[m| # 0} which has

cardinality at most m since C' is a sequence of pairwise disjoint sets.
Therefore [LN(2m+1)| = |(2m+1)\ Z] < 2m+1—m = m+ 1. Since N is infinite,
|L| = w, as intended. O

As another application we have the following example, which shows that for compact-
ifications of larger discrete spaces such failure for a converse of Corollary 3.7.3 occurs at
Ww1.

Theorem 3.8.5 (*). Suppose 6 is a cardinal such that w; < 6 < ¢. There exists a space X
such that 0 C X C (6, exp(X) is pseudocompact and X is not (w1, w*)-pseudocompact.
Proof. We apply Theorem 3.8.3 with 6 as the given 6 and x = w;. Let A be a partition of
wy into w; subsets of cardinality w.
Let C' be a block sequence on 6. Let F = w. Since U,,¢,, C'(n) is countable, there exists
A € Asuch that AN U,c, C, is empty. ]
We end this chapter by proving a result similar to Theorem 3.8.1 for exp(.X) instead
of X.
Theorem 3.8.6 (*). Let X be a subspace of Sw containing w. If exp(.X) is pseudocompact,

then for every x < b exp(X) is (k,w*)-pseudocompact.

Proof. Fix k < h. Let E = [w]<“ \ {0}. Since E is a dense subset of exp(X), it suffices to
show that E" is relatively countably compact in exp(X)". Let (A, )a<x be a family of &
sequences of elements of £.

For each o < k, let
Uy, ={Y € [w]” : Im € w A, admits a nice split over Y \ m}.
By Lemma 3.5.5, each U,, is a open dense subset of [w]|*. Since k < b, there exists

I € N{U, : a < k}. For each «, fix m?, U, and D, such that (U,, D,,) is a nice split of
A, over I\ m?.

For each o < k, let

Vo ={J € [I]*: Dy|(J \ m?) is eventually empty or eventually not empty}
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Each V), is open and dense, so fix J € (., V.. For each o, let m! > m? be such that
either Vn € J\ m.D,(n) = QorVn € J\ m.iD,(n) # 0. Let Ty = {a < K : Vn €
J\mlD,(n)#0}and T} = {a < k:¥Yn € J\ m.D,(n) = 0}.

For each o € Tp, define f,,, g, : w — wsuchthatforalln € J\m?, f,(n) = min D,(n)
and g,(n) = max D,(n). Now notice that, for each a € Ty,

Wa =17 € [J]*: fo|zand g,|Z are eventually strictly increasing}

is open and dense. So let Z € N{W,, : a € Ty}. For each a € T, let m,, > m! be such
that f,|(J \ m4) and g,|(J \ m,) are both strictly increasing. For « € T}, let m,, = m,

Let j : w — Z be a strictly increasing bijection. For each o < x let D!, = D,, o j,
U =U,o0j, A, = A, 034, m, =j ' (mg,). Fora € Ty, let f| = f, o0 j. Then (D,,U")
is a nice split of A/ over w \ m.,. Also, if n € w \ m/, and o € Ty, then D,(n) # 0,

fr(n) =min D/ (n) < max D/, (n) = g/, (n).Ifn € w\ m,, and « € T3, then D/ (n) = 0.

Finally, notice that f! |(w \ m.,) and ¢, |(w \ m.,) are strictly increasing.
Since h < b, there exists a : w — w such that a >* f!, ¢/ for every a € Tj.

For each m € w, let

L, ={a€Ty:Vn>m(a(n) > f.(n), g, (n)andm > m.}.

I,,, is a growing sequence of subsets of 7j. Recursively, we define a strictly increasing
sequence [ : w — w satisfying that [(0) = 0 and, for every k € w and for every o € Iy,
a(l(k)) < fo(l(k+1)) < go(I(k + 1)) < a(l(k +1)).

To see that this is possible, define, for instance, recursively, [(0) = 0 and I(k + 1) =
2a(l(k)) + 1. This function [ works: first, notice that, inductively, for every natural 7,
i < fL(I(k) + i) since f!|(w\ ly) is strictly increasing. Thus, a(l(k)) < a(l(k)) +1 <
fi2a(l(k)) +1) = fL(I(k+1)). Since a € Iy and [ is strictly increasing, [(o) > ma,
so fl(l(k+1)) <g (l(k+1)) <a(l(k+1)).

Let Cy = [0,a0] C w. For each k € w, let Cyy1 = [a(l(k)) + 1,a(l(k + 1))]. Then
C = (C : k € w) is a block sequence on w.

For each v € [yyy and k € w, D/, (I(k)) € C. Since exp(X) is pseudocompact, there
exists a free ultrafilter I/ € w* such that ¢/-lim C exists in exp(X ). By Lemma 3.5.8, given
a € Tpand f € [lpe, DL(I(K)), U-lim f € X. So, by the same lemma, there exists a
U-lim D!, ol. Since lim U}, o [ is eventually increasing and A/ is eventually U} U D/, A,
has a U/-limit by lemmas 3.5.3 and 3.5.2. O
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Chapter 4

Results on the pseudocompactness
of Hyperspaces of Isbell-Mrowka
spaces

4.1 Introduction

According to [43], in a private conversation J. Cao and T. Nogura explicitly asked
whether exp(X) is pseudocompact for some/every Isbell-Mrowka space X.

These spaces are natural candidates for exploring Ginsburg’s questions regarding
the pseudocompactness of hyperspaces (Problem 3.4.5) since ¥ (.A) is pseudocompact iff
U(A)¥ is pseudocompact iff A is MAD. We will not prove this result since we will improve
it in the next section.

Proposition 4.1.1 ([43, Lemma 2.4.]). Let A be an almost disjoint family. The following
are equivalent:

a) Ais a MAD family,

b) W (A) is pseudocompact

c) V(A)¥ is pseudocompact.

Thus, we have the following easy result.
Corollary 4.1.2. Let A be an almost disjoint family. If exp(W(A)) is pseudocompact, then
A is MAD and V(.A)“ is pseudocompact.

Proof. This follows from Proposition 4.1.1 and Theorem 3.4.4. ]

Thus, in the realm of Isbell-Mrowka spaces, Ginsburg’s questions translate as:

Problem 4.1.3. What is the relationship between the maximality of an almost disjoint
family and the pseudocompactness of the Vietoris hyperspace of its associated Isbell-
Mroéwka space?
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This question may sound a bit vague, but we may extract some more precise questions
from it. As a shorthand, we use the following definition:

Definition 4.1.4. Let A be a MAD family. We say that A is pseudocompact iff exp(V(.A))
is pseudocompact. ]

Problem 4.1.5 (Problem A). Is every MAD family pseudocompact?
Problem 4.1.6 (Problem B). Is there a pseudocompact MAD family?

Problem 4.1.7 (Problem C). What are the possible cardinalities of pseudocompact/non
pseudocompact MAD families?

It turned out that Problem A is independent of ZFC as proved in [43], as stated below.
Below, b) is a rephrasing of the original statement of their paper.

Theorem 4.1.8. The following is true:
a) If p = ¢, then every MAD family is pseudocompact [43, Theorem 3.2.].

b) Suppose that there exists a base tree with no chains of size ¢. Then there exists a
MAD family which is not pseudocompact [43, Theorem 4.2.].

Proof. We only prove item b), as we will improve item a) in the next section, by following
its original proof. Our MAD family will be an almost disjoint family on N = 2<%, First, fix
a c-splitting sharp base tree (7, 2*) of height b (see Theorem 1.3.8). For every X C 2<¢,
letm(X)={necw: XN2"#£0}

Enumerate all the subsets of N as {X,, : w < a < c¢}. Recursively we define (a, : o <
¢) and f : ¢ — 2 such that:

1. For every a < cand 3 < «, a, N ag is finite.

2. flw]={1},
3. for o € [w,¢), f(a) = 1if, and only if for all § < «a, X,, N ag is finite,

4. for a € [w,¢),if f(a) = 1 then | X, Na,| = w,

f
5. for a € [w,¢), if f(a) = 1, if a, is either a finite chain or an antichain of 2<“ and
m(as) €T,

6. for o, f € |w,¢),if o < fand f(a) = f(B) = 1, then w(a) # w(B)

To see that this can be done: first, we construct (a,, : n € w). These first w steps do
not really need to be defined separately, but it makes it easier to see that the final almost
disjoint family is infinite. Let 3 be a countable almost disjoint family of w. Let g : w — {0}
be constant. Enumerate B = {b,, : n € w}. Let, for each n, b}, € T be such that ¥/, C b,,.
Leta, = {glk: k € bl }.

Now we treat the case & > w supposing that o < ¢ and that we have already con-
structed the (a,, : @ < /) and f|a. Define f(«) as in 3.. If f(a) = 0, define a,, = (). If not,
let ¢ be an infinite subset of x, which is a chain or an antichain. 7(¢) is infinite, thus, there
exists y € T such that y C 7(c). Moreover, since |succr(c)| = ¢, there exists d C cin t
such that d # 7(ag) for every § < a. Let a, = {s € ¢: dom s € d}.
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Let A = {a, : f(a) = 1}. Then A has the following properties:
a) A is a mad family on 2<%,

b) 7 : A — T is injective, and

c¢) Every element of A is either a chain or an antichain of 2<¢

We claim that A is not pseudocompact. For each n, let C;, = 2" and let C' = (C,, : n €
w). We claim that C' has no accumulation point in exp(W(.A)). Suppose there is such an
accumulation point F'. First, notice that F'N 2<% is empty, for if s is in this set, {s}~ would
be a neighborhood of F' intersecting only one element of C, a contradiction.

Case 1: |F'| < c: In this case, there exists h € 2¥ such that B = {h|n : n € w} is such
that B N z is finite for every = € F. This happens because every element of A is either a
chain or an antichain. Thus, F' € (VU(.A) \ cl B)™, but this open set is disjoint from all the
elements of C, a contradiction.

Case 2: |F’| = c: In this case, there exists two distinct a,b € F' such that 7(a), 7(b)
are in the same level of T', thus, 7(a) N 7(b) C 2<% for some k € w. This implies that for
alll >k, C; ¢ ({a} Ua)” N ({b} Ub)~, but the latter is a open neighborhood of F', a

contradiction. O

The original statement in [43] uses h < ¢, and they mention that this hypothesis can
“clearly be weakened to the existence of such a tree with no branches of size ¢”.

Notice that all the MAD families of which the previous theorem talks about have
cardinality c. a) only says something about objects of size ¢ since p = ¢ implies a = ¢, and
the example constructed in b) has size ¢ by the following easy lemma which is probably

folklore.

Lemma 4.1.9. Let A be a MAD family on 2<“ whose every element is a chain or an
antichain of 2<“. Then | A| = c.

Proof. For each f € 2“, there exists By in A whose intersection with {f|n : n € w} is
infinite. This is easily seen to define an injective function. [

Thus, Problem A is independent of ZFC. In Section 2 we will explore more about that
by showing that a positive answer is equivalent to n(w*) > c.

Problem B is an open problem (in the sense that we do not if it is true, false or
independent of ZFC) which was stated in [43], [40], [38] and in our paper [34]. Thus, it is
interesting to know new consistent examples of pseudocompact MAD families.

Problem C is open as well. In Section 4.3 we will show that in the Cohen model there
exists a pseudocompact MAD family of size wy, and that it is consistent that there exists a
non pseudocompact MAD family of size wy < ¢. We do not know if it is consistent that
there exists a MAD family of size w; which is not pseudocompact.
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4.2 Conditions for every MAD family being
pseudocompact

In this section we improve the results of Theorem 4.1.8 from [43] by showing that
“Every MAD family is pseudocompact” is equivalent to n(w*) > c¢. These results appear in
Section 2 of our paper [34], but we use a slightly different approach here.

First, we prove two very similar lemmas about relative sequentially compactness. The
second lemma is the one that is more interesting for us, but we also prove the first since
it does not follow directly from the second. Even though they are easy I did not find a
reference for them.

Lemma 4.2.1 (*). Let k < h. Let (X, : @ < k) be a family of topological spaces, and
(Y, : @ < k) be a family such that Y,, C X, for each @ < k.Let Y = [],.,. Y, and
X = [la<r Xao- Suppose that for each o < &, Y, is relatively sequentially compact in X,.
Then Y is relatively sequentially compact in X.

Proof. Let f : w — Y be given. Let f, = 1, o f be the ath coordinate function of f.

For each o < K, let D, = {A C w : f,|A converges}. D, is an open dense subset
of [w]¥ since Y,, is relatively sequentially compact in X,,. Let A € N, D,. Then f|A
converges. ]

Lemma 4.2.2 (*). Let k < n(w*). Let (X, : @ < k) be a family of topological spaces,
and (Y, : @ < k) be a family such that Y, C X, for each & < k. Let Y =[], Yo and
X = [la<r Xao- Suppose that for each o < &, Y, is relatively sequentially compact in X,.
Then Y is relatively countably compact in X.

Proof. Let f : w — Y be given. Let f, = m, o f be the ath coordinate function of f.

For each a < k,let D, = {A C w: f,|A converges}. D, is an open dense subset of
[w] since Y, is relatively sequentially compact in X,. By FA . (x), there exists a free
ultrafilter I/ intersecting each D, (see Lemma 0.7.3). For each o, fix A, € D, NU and z,,
such that f,|A, converges to z,.

For each o < &, since f,|A, converges to z, and A, € U, it follows that x, is an
U-limit of f,. Thus, by Proposition 0.4.11, x is an U/-limit of f, as intended. O]
Thus, we get:
Theorem 4.2.3 (*). Suppose A is a MAD family. Then:
a) w" is relatively sequentially compact in ¥(.A)" for every x < b,
b) w" is relatively countably compact in ¥(.A)" for every x < n(w*), and
c) V(A) is (k,w")-pseudocompact for every x < n(w*).

Proof. To prove a) and b), it suffices, by lemmas 4.2.1 and 4.2.2, to see that w is relatively
sequentially compact in W(.A).
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Let f : w — w be given. f has a constant subsequence or f has a injective subsequence,
so WLOG f is injective. Since A is maximal, there exists a € A such that a N f[w] is
infinite. Then f|f~'[a] converges to a € A.

c) follows from b) and Lemma 3.7.2 ]

Now we are already able to conclude our equivalence.
Corollary 4.2.4 (*). n(w*) > ciff every MAD family is pseudocompact.
Proof. The “only if” part follows from item c) of the previous theorem and from Theorem
3.7.1.

The “if” part follows from 4.1.8 b) and Corollary 1.3.9 since if n(w*) < ¢, then either
h < ¢,orh = n(w*) = ¢ and in both cases we have base trees with no branches of
cardinality c. ]

Since p < n(w*), this result implies Theorem 4.1.8 a).

Summing up, we get our result Theorem 2.4. of [34].
Corollary 4.2.5 (*). The following are equivalent:

a) FA[w}w (C),

b) Every MAD family is pseudocompact,

c) b = cand every base tree has a cofinal branch, and

d) n(w*) > ¢
Proof. The equivalence between b) and d) is the previous corollary, and the equivalence
between a) and d) follows from Proposition 0.7.3.

c) implies d) by Corollary 1.3.9, and if either ) < ¢ or there exists a base tree with no
cofinal branch, then there is a base tree with no branch of cardinality ¢, so the negation of
b) follows from 4.1.8 b). O

We end this section by proving the consistency of p < ¢ plus n(w*) > ¢, which
shows that the result above is really a strenghtening of Theorem 4.1.8 a). We will need the
following:

Lemma 4.2.6 (*). Let A be an almost disjoint family, U/ be a free ultrafilter and let " be a
block sequence on w. Then if for every f € [],,c,, F, there exists A € A and B € U such
that f[B] C A, then F has a U/-limit.

Proof. Let P = [l I Given f € P, fix Bf € U and ay € A such that f[Byf] C ay. Let
B ={as: f € P}. We claim that B = U-lim F.

To verify the claim, it suffices to verify the ¢/-limit condition for sub-basic sets, so let
U C ¥(.A) be open.
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If B € U™, then there exists f € P with ay € U. Since U is open, ay C* U. Then
fIBf] C*U.SoBy C*{new: f(n)eU} C{necw:F,ecU }. Since Bf € Y andU
is a free ultrafilter, it follows that {n € w: F,, € U~} € U.

If B € U™, suppose by contradiction that {n € w: F,, € Ut} ¢ U. Then I = {n €
w: F,\U # (0} € U.Let f € P be such that for eachn € I, f(n) € F, \ U. Then
fII N Byf] € ayand f[I N Bf] \ U is infinite, so ay \ U is infinite. On the other hand,
since B € U™ we have ay € U,but U is open, so ay C* U, a contradiction. OJ

We recall the definition of a Suslin tree.

Definition 4.2.7. A Suslin tree is a tree (T, <) of height w; whose all chains and antichains
(in the reverse order) are countable. In particular, all levels are countable, thus |T'| = w;.

We say that a Suslin tree 7" is well pruned iff | Levy(0)| = 1 and for every x € T,
{yeT: v <y} =w. O

The existence of a Suslin tree is independent of the axioms of ZFC. In particular, m > w;
implies that there is no Suslin tree, and <) implies the existence of a Suslin tree. For modern
proofs, see [49].

The lemma below is left to the reader, who may also read the reference.

Lemma 4.2.8 ([49, Lemma II1.5.2.26, Lemma I11.5.2.27]). Every Suslin tree contains a well
pruned Suslin tree. More specifically, if 7" is a Suslin tree, theset {x € T : [{y € T : & <
y}| = w1} is a Suslin tree. O

The lemma below is well known, but we did not find a reference.

Lemma 4.2.9. Suppose 7' is a tree of height < p whose levels have cardinality < ¢. Then
T is isomorphic to a subset of the order ([w]“, 2*).

Proof. Let T, = {p € T : Levy(p) < a} for each a < ht(7T'). Recursively we define
T! C [w]¥ and f, : Ty, — T, for a < ht(T") such that:

i) If B < athen f5 C f,,
ii) fo: 7T, — T is an isomorphism

Then by setting 7" = Tj, ) and [ = fyp), it is clear that f : T" — T" is the desired
isomorphism.

To see that such construction can be carried out, at step 0 we set fo = 1] = () and at
limits we just take unions. If 7", f/ have been defined, we proceed as follows:

If a = 0, we let 77 be a (possibly finite) almost disjoint family of size | Levy(0)| and fj
be any bijection between Lev(0) and 77.

If « = 8+ 1, for each p € Levy(f) let A, be an almost disjoint family (possible finite,
or even empty) on fz.1(p) of size | succer(p)|. Let f, : sucer(p) — A, be a bijection. Let
Tor1 =T UlUperovr(s+1) Ap far1 = fo U Uperovr(11) fo-

If o is limit, we let p ~ g for p,q € Lev (T) it {r € T :r <p} ={re T :r <q}.
It is clear that ~ is an equivalence relation. For each equivalence class C, let P be a
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pseudointersection of { f,(r) : 7 < p} where p is any member of C. For each C, let A¢ be a
(possible finite) almost disjoint family on P of size |C|, and let fc : C — A¢ be a bijection.

1o = T5 UlUccreva (1)~ Acs fat1 = fa U Ucereva(r)/~ fe- [

The proposition below also is well known (see, for instance, [25, Lemma 2.]). We prove
it for the sake of completeness.

Proposition 4.2.10. Let 7" be a well pruned Suslin tree. Consider forcing with the reverse
order of 7. Then 7T has the c.c.c., 7' IF p = w; and forcing with 7" does not add reals (nor
new sequences into the ground model).

Proof. Denote the order of 7' by < and the forcing order by <, which is given by p < ¢ iff
q = q. T has the countable chain conditions since it does not contain antichains.

T does not add reals: we work with a countable transitive model M and with a T-
generic filter G over M. Let f € M|G]| N M*. Let 7 be such that 7o = f. There exists
p € Gsuchthatp |- 7:w — V.Letp’ < p be arbitrary.

Foreachn € w,let D, = {¢ < p' : 3x € Mq IF & = 7(n)}. It is clear that
each D, is dense below p/, so it contains a antichain A,, which is maximal below p. Let
a =sup U{Levr(q) : ¢ € Upew An} + 1. Since each A, is countable, @ < wy. Let r < p/
be such that Levy(r) > «, which exists since T is well pruned. Since for each n, A, is a
maximal antichain below p/, there exists p,, € A,, such that p,, and r are compatible. Since
we are in a tree, this implies that < p,,. Thus, there exists (an unique) z,, € M such that
r Ik 7(n) = x,. By substitution in M, there exists g : w — M in M such that g(n) = z,
foreveryn € w,andr IF g = 7.

We have shown that the set {r < p:3g € M r Ik g = 7} is dense below p, thus, there
exists such an r in G, so there exists g € M such that g = 77 = f, as intended.

T IF p = wy: By the previous proposition, we may suppose that 7 is a subset of [w]*
ordered by D*. Again, we use a countable transitive model M and a generic filter GG. Since
each level of T"is a maximal antichain, a generic filter of 7" is a chain of 7" intersecting every
level of T', so it is not in M (as we already knew). Since 7" has the countable chain condition,
it preserves wy, so G is a centered family of [w]” in M[G] of size w;. It cannot have a
pseudointersection in M [G]: if it had a pseudointersection P, we would have P € M
since T does not add reals, butnow G = {p € T': P C* p} € M, a contradiction. O

Finally, we get to our consistency result. The model below has already been studied,
but the conclusion that all MAD families are pseudocompact in it was not known prior to
our work. We prove all the needed properties for the sake of completeness.

Proposition 4.2.11 (*). It is consistent that p = w; < ¢ and all MAD families are
pseudocompact. More specifically, starting with a model of p = ¢ in which there exists a
Suslin tree, forcing with a well pruned Suslin tree generated a model where w; < p = wy,
the value of ¢ is preserved and all MAD families are pseudocompact.

Proof. Start with a model M of w; < p = ¢ + there exists a Suslin Tree. Let S be a well
pruned Suslin tree of M and let G be S generic over M. Again, < denoted the reverse
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order of S. We have just proved that .S forces p = w;, and since no reals are added and
cardinals are preserved, ¢ remains the same.

Suppose A is a MAD family in M[G].

Claim: there exists a MAD family B € M such that for every B € B there exists
A € A such that B C* A.

Proof of the claim. Let A be a name for A and let p € S be such that p |- A is a MAD
family. If t < p,let A, = {A € [w]* : t IF A € A}. Each of there sets is an almost disjoint
family. In M, for each ¢ < p let B; be a MAD family containing A4;.

Since |S| = w; < b, there exists B refining {B, : t < p}, that is, for every B € I3 and
for every t < p, there exists A € B, such that B C* A.

We show B is as intended: given B € B, there exists A € A such that |[B N A| = w.
Since forcing with Suslin trees do not add reals, there exists ¢ < p such thatt |- A € .,Zl, SO
A € A,. There exists A’ € B, such that B C* A’. Since A’, A € B,, it follows that A = A’,
which completes the proof of the claim. O]

Let I’ € M][G] by a block sequence of w. By Proposition 3.5.7, it suffices to show
that F" has an accumulation point in exp(W(.4)). Since forcing with S does not add reals,
F' € M. Working in M, since p = ¢ we have FA[w]w (¢), so there exists a free ultrafilter U/
intersecting each of the open dense sets Dy = {I € [w]* : A € B f[I] C* A} for f € P.

In M[G], U is still a free ultrafilter and for every f € [],,c, F,, there is I € p such that
f[I] is contained in an element of A, so by Lemma 4.2.6, there exists U-lim F. O

4.3 A pseudocompact MAD family in the Cohen
model

In this section we discuss the existence of Cohen indestructible MAD families which
also have their pseudocompactness preserved. We will show that when we add w; Cohen
reals such a MAD family exist, and that it also exists under CH. This section is based on
our paper [63].

We start by defining the following forcing notion:

Definition 4.3.1. Let A be an almost disjoint family. We define Q(A) = [w]<¥ x [A]<¥.
We define (s, F') < (¢, F') iff:

e« s Cs,

« F' C F,and

« Foralla € F,an (s\ ') = 0.

The maximum element of Q(.A) is 1 = (), 0). O

We leave the following easy lemma to the reader:



4.3 | APSEUDOCOMPACT MAD FAMILY IN THE COHEN MODEL

Lemma 4.3.2. Let A be an almost disjoint family. Then (Q(.A), <, 1) is a o-centered
forcing poset with no atoms. O

This forcing notion is related to Solovay’s theorem [50, Theorem 2.15]. We will iterate
it as sketched in [35, p. 428].

Notice that if A is countable, then Q(.A) is a countable forcing poset with no atoms,
thus, Q(A) is equivalent to Cohen forcing. The next lemma is easy and left to the reader
as well. We will not use it since we will prove it again for the iteration, but it serves as a
warm up to the reader.

Lemma 4.3.3. Let A be an almost disjoint family. Then the following sets are dense:
« {(s,F) € Q(A) :a € F}, fora € A, andt
« {(s, ) eQA):Im>nmesnX} formewand X € ZT(A).

If G is a filter intersecting all these sets, then b = U{s : (s, F') € G} is such that
AU {b} is an almost disjoint family and b N X is infinite for every X € Z7(A).

The proposition below also contains a definition. This iteration is not new, however
we verify all the details for the sake of completeness.

Proposition 4.3.4. Let A be an infinite countable almost disjoint family. There exists an

iterated forcing construction with finite supports ((Pa, <o, 1a)a<w; (@a, <o fla)(KM)

o

and and families (A, )a<w, and (Gq)a<w, such that:
i) For each a < wy, a, is a P, 1-name.
ii) For each o < wy, A, is a P, name and A, = AU {(ap, 1) : B < a}.
iii) For each a < wy, 1, Ik, /ia is an almost disjoint family.
iv) For each a < wy, 1, IF Q, = @(fia),
v) For each o < wy, Loy I+ o = U{s : IF Ip € Gy (s, F) = val(p(a), Go)}.
Such a iterated forcing structure, which is equivalent to adding w; Cohen reals, along

with the families of names, is called w;-Cohen expansion of A.

Proof. We may prove the existence of such a family in some countable transitive model

M.

For the basis, we define Py to be the trivial order and .%io = check(.A, Py). Then ii) and
iii) clearly follow.

For the step, suppose we have defined (Pg, <z, 13)3<a, (@5, <4, 15)s<as (/olﬁ)gga and
(Gp)p<a- We must define Q,, P, 1, @4, and fiaﬂ.

We define Q, by 4), by the use of maximal principle, then P, by the definitions of
iterated forcing constructions. Then we define a,, by 5) and A, by 2). Then 3) follows
by density arguments as in the one step block. We will write them for completeness.

Fix a filter P -filter G4 generic over M. By ii), val(Ags1, Gat1) = val(Aa, Go) U
{val(Go, Goy1)}. We already know that val(A,, G,) is an almost disjoint family, so it
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suffices to prove that a = val(a,, G- 1) is infinite and almost disjoint from every element

of val(Aq, G,).

a is infinite: given n € w, let D,, = {p € Poyy : Im > npla - “IsIF p(a) =

(s, F) An € s”}. We claim that D, is dense: given ¢ € Po.1, gl IF g(a) € Q(A,. Thus,

glalF3m € &\ nIsIF p(a) = (s, F)andm € w \ U F. Fix names $ and F' such that

gla IF (3, F) = p(a. This implies that there exists p’ < g|o in P, and 7 > n such that

P IFm ¢ UFE, sop IF ({m}Us, F) € Q(A,), thus there exists a name p(«) such that

= ' U{(a,p(a)} € Pory and p/ IF p(a) = (5 U {m}, F). It is clear that p < ¢ and
pE D,.

Since D, is dense, there exists ¢ € G,y1 N D,. Thenby v), a = U{s : IF Ip €
Gat1 (s, F) = val(p(a),Ga)}. Since ¢ € D, there exists m > n such that
gla IF 3s3Fq(a) = (s,F)andm € s. Thus, in M[G,], there exists s, F' such that
val(q(a),Gy) = (s, F') and m € s. By absoluteness, m € a.

a N val(ag, Gat1) is finite for every § < a: fix §. Let Dg = {p € Poyy : s €
[w]<“plak “IF (s, F) = p(a)and ag € F”}. We claim that Dg is dense. Fix ¢ € Py 1.
We know that ¢|a IF ¢(a) € Q(A,), thus there exists p’ < g|o, aname F and s € [w]<¥
such that p' IF ¢(a) = (8, F'). Let p() be a name such that p = p' U {(a, p(a)} € Poyy
and that p IF p(a) = (3, F U {ag}). It is clear that p < ¢ and that p € Dj.

Now let ¢ € Dg N Gotq. There exists s € [w]<* such that pla |+ “IF (s, F) =
p(a)andag € F7, so fix s, F' such that val(ag, G,) € F and (s, F) = val(p(«), Gq).
We claim that a N val(ag, Go+1) C s. To see that, fix n € a N val(ag, Goq1). Since
n € a, there exists s’ such that n € ¢, F' and p’ € G,q1 such that (¢, F') =
val(p/(«), Gy,). Since p,p’ € G441, there exists p” € G,y such that p” < p,p'. Thus,
P IF p’(a) < pla),p (). Let (s”, F") = val(p”(«), Gyo). We have that n € ¢/, so
n € s". but (8", F") < (s, F) so since val(ag, G,) € F we have that n ¢ s implies
n ¢ val(ag, G, ), a contradiction.

a N b is finite for every b € A: very similar and left to the reader.

For a limit step o < w;, we define P, = Ug, Ps and .[la as in ii). We must see that
iii) follows: let GG, be P,-generic over M. Let 5 < « be given. First, we must se that
val(ag, Gy ) is limit. We know that val(ag, G,) = val(ag, Gs11), which we have already
seen to be infinite. Now given ' < < «, we must see that val(ag, G,) Nval(ag, G, ) is
finite. But this is the same as val(ag, Gs41) N val(ag, Gp41) which has also already seen
to be finite. O

As a foundational remark, the global axiom of choice is not needed in the preceding
discussion. By reflection arguments or by a careful observation about the behaviour of the
rank function in the proof of the Maximal Principle, the whole construction can be made
withing a suitable Vj for some limit ordinal 6.

Proposition 4.3.5. Let A be an infinite countable almost disjoint family. Let ((Py, <q
L) a<wrs (Qus <o) La)a<wr)s (Aa)a<w, and (Gq)a<w, be aw; Cohen expansion of A. Then:

1. Forevery a < wy, foreveryp € P, and for every P,-name 7,ifp I, 7 € [w]“’\I(.Zla)
then p lFoy1 |7 Nay| = w.
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2. 1, IF fiwl is a tight MAD family.

Proof. 1. We employ a countable transitive model M. Fix a. Let p, 7 be given. Let G =
Got1 be P, i-generic over M such that p € G. Let x = val(1,Goy1) = val(r,G,),
B = val(A,, Go) = val(Aa, Gay1) and a = val(a,, G). Since p € G, = is an infinite
subset of w not almost contained in any finite union of elements of B. We want to show
that |z Na| = w.

For each n, let D,, = {q¢ € Poyq1 : ¢ < pandIm > ngqla |+ “IsIF p(a) =

(s, F')and i € sN7"}. We will show that D is dense below p. Fix r < p. WLOG « € dom 7.
We know that 7| Ik, 7(a) € Q(A,). Thus, fix names $, F such that r|a I-r(a) = (3, F).

Since 7o < p, rla IF Im > nm € 7 \UF.Fixm > nand ¢ < r|a in P, such that
q' ko m € 7\ UF. Let g(«) be a P,-name such that ¢ = ¢’ U {(a, q(@)} € Puy1 and
¢ Ik g(a) = (s U {m}, F). Then clearly ¢ < r and ¢ € D,,.

Now let ¢ € D N G. Fix m > n such that g|a IF 3s3F p(a) = (s, F'). Notice that
gla € G, so v) of Proposition 4.3.4 it follows that m € a N x.

2. We employ a countable transitive model M again. Let G be P-generic over M. Let
r = (r,:n€w)e M[G]N(Jw]“)" be such that x,, € Z(.A) for every n € w. By general
properties of finitely supported iterations, = € M[G,,] for some o < wy. For each n, let
7, be a P,-name such that x,, = val(r, G,) = val(7, G). By the truth lemma, there exists
pn € G, such that p, IF, 7, € [+(fia). Then p, IFoy1 |70 N Go] = w. Since p, € Gyy1,
it follows that val(7,,, Goy1) N val(da, Gar1) = « N val(da, Gay1) is infinite, so we are
done. ]

We will prove that this MAD family is pseudocompact. Before that, we need the two
lemmas about accumulation points. We start with a simple one:

Lemma 4.3.6 (*). Let A be an almost disjoint family and let X = exp(¥(.A)). Suppose
C = (C, :n € w)isablock on w. If there exists F' € [A]<“ suchthat{n € w: C,, CUF}
is infinite, then C' has an accumulation point in X.

Proof. Set I = {n € w: C,, C U F} and enumerate F as {ao, ..., a}.

We will show that there exists J € [I]“ such that foreverya € F,{n € J : anC,, # 0}
is either J or (). Recursively, we define a decreasing sequence I,, € [[]* forn < k + 1 as
follows: Let [y = I. After defining I,, forn < k+ 1,1let I,,;y = {m € I,, : a, N C,, # 0}
if this set is infinite. Otherwise, let 1,11 = {m € I, : a, N C,, = (}. Finally, let J = I}.;;.

Let K ={ac€ F:{neJ:anC, # (0} = J}. K is not empty, for if it was, then
givenn € J,C, N"UF = (), butn € I, so C,, = (), a contradiction. Also, notice that if
neJanda € F\ K,thenC,Na=10.S0C, CUK.

We claim that (C,, : n € J) converges to K: given open subsets Uy, ..., U; of U(.A)
suchthat K € (Uy, ..., U;), there exists M € w such that foreverya € K,a\M C U;<; U
(because K C U,;<; U; and K is finite). Also, for each ¢ < [, there exists IV; € wand a; € K
such that a; \ N; C U,. Finally, since the C),’s are pairwise disjoint, there exists mg such
that if n > my, then C,, N max{Ny,..., N, M} = 0. So if n € J \ my, it follows that
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0#C,Na;\N; CC,NUforeachi < kand that C,, C (UK) \ M C U, U..

Now we state a more complicated lemma.

Lemma 4.3.7 (*). Let A = {a, : @ < w;} be a MAD family and let C' be a block sequence
on w. Suppose that there exists 7 < w; and I € [w]“ such that:

(i) Forevery{ <, {n € I:C,Nag# 0} is either finite or cofinite on /, and,
(i) {{ne€l:a:nNC,#0}:v<E<w} is centered.

Define:

« Ag={as: ¢ <vyand{n e I:C,Nae+# 0D} is cofinite in I}

« Ay =AgU{ag: vy <€ <wi}

Then A, is an accumulation point of C' (in fact, of C|I) in exp(V(.A)).

Proof. Let J ={{ <y :|{n€l:C,Nas =0} <w} Then Ay = {ae : £ € J} and
Ay = {ag : £ € JU[y,wr)}. Suppose (Uy, . .. Uy) is a neighborhood of A;, where U, ...,
Uy, are open subsets of W(.A). For each i < k, there exists N; € wand §; € JU[y,w;) such
thatag, \ N; CU;. Let K = {& : i <k} N [y,w). By (ii), {n € [ : V€ € KasNC, # 0}
is infinite.

Since if i < k and §; < vy then§; € J, it follows that {n € I : ag, N C,, # (0} is cofinite
onl,so{nel:Vi<ka,NC,#0}=Nici{n € I:ag NC, # 0} is infinite.

Let [ = Nip{n € T : ac N C, # B} \ max{N; : i < k}. Notice that if | € I, then
Vi < k, CyNU; # 0, so all that is left to see is that {n € I : C,, \ U;<; U; # 0} is finite.

Suppose by contradiction that it is infinite. Since the C,,’s are pairwise disjoint,
Unei Cn \ Ui<i Ui is infinite, therefore there exists o such that a, N (Une 7 Cn \ Ui<k UZ-)
is infinite. If « € v\ J, then, by (i), {n € I : a, N C, # (0} is finite, which implies
Qo N (Une 7 Cn \ Uik UZ-> is finite, a contradiction. Thus, a, € U, <, U;. Since the latter is
open, it follows that a, C* U<, U; so, again, a, N (Une 7 Cn \ Ui<k UZ-) is finite, another
contradiction. ]

In order to apply the previous lemma, we need a special set I € [w]*. It will be useful
to have a standard candidate for an / that only depends on a given a countable almost
disjoint family, an enumeration of it and a sequence of pairwise disjoint nonempty finite
sets of naturals. First, we define a pseudointersection operator.

Definition 4.3.8. Let A = (b, : n € w) be centered countable family of elements of [w]*.
Let Pseudo(A) = {min(Nj<, bx \ n) : k < n}. O

Notice that Pseudo(A) is really a pseudointersection of {b, : n € w} and that
Pseudo(A) is absolute for transitive models of ZFC. Now we present the default candidate
for an I.
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Definition 4.3.9. Given a infinite countable ordinal v, a bijection f : w — -, a family
A = (a, : a < 7) of distinct elements whose image is an almost disjoint family, C' = (C,, :
n € w) a block sequence on w, one recursively defines:

« [H(ACf) =w,
. m+1(A,C, f) = {TL e, : Af(m) Nnc, # @}, 1f{n el,: Af(m) NnC, # @} is

infinite,
o Lni(A,C f) =L, \{n €1, : Asom) N C,, # 0} otherwise,
« I(A,C, f) =Pseudo(I,,,(A,C, F) : m € w).

Now we are able to prove our result.

Theorem 4.3.10 (*). Let A be an infinite countable almost disjoint family. Let (P, <4
a)a<wrs (Qas <oy La) (As)a<w, and (Gq)a<w, be a w; Cohen expansion of A. Then:

o

1., IFy, A, is a MAD pseudocompact family.

Proof. We prove this by using a countable transitive model M. Let G be P,,, -generic over

M. Let B =val(A,,,G).

Let C = (C, : n € w) € M[G] be a block sequence on w. By Proposition 3.5.7, it
suffices to show that C' has an accumulation point in the hyperspace.

Case 1: There exists F' € [w1]<“ \ {0} such that I = {n € w: C, € Uper @a} is
infinite. Working in M[G], it follows by Lemma 4.3.6, that C' has a convergent subsequence.

Case 2: For every F' € [wi]<* \ {0}, the set {n € w : C), \ Upep aa # 0} is cofinite.
In this case, by general properties of finitely supported iterated forcing, there exists an
infinite 4 < w; such that C' € M[G,].

Let f : w — p be any bijection in M and let I = I((ag : § < p),C, f).

Claim: For every K & [[it, w1 [|<¥, Neex{n € I : ac N C,, # 0} is infinite.

Proof of the claim: Write K" = {1, ..., jx }, where p11 < - -+ < . Working in M [G,,],
write, (11 = Upew Fins Where for each m, F,, C p; is finite and F},, C F,,,;;. Since for
every m the set {n € w : C), \ Uner,, @a # 0} is cofinite, we may recursively choose a
strictly growing sequence n,, € I and a sequence ky, such that k,,, € C,,, \U¢cp,, a¢. Since
the C),’s are pairwise disjoint, X = {k,, : m € w} is infinite and { X} U {a¢ : £ < p1 } is
an almost disjoint family, which implies, by Proposition 4.3.5 1. that X Na,,, is infinite. Let
L={nel:a,nNnC,#0} e M[G,, ;1] Since each k,, belong to a different C,,, the set
I is infinite. Now we recursively repeat the argument for n + 1 < k to get I, by using

I, in the place of I, ji, 41 in the place of y;. Notice that I}, € Necg{n € I : ac N C,, # 0},
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which proves the claim.

Working in M[G], it follows from Lemma 4.3.7, that the sequence C has an accumula-
tion point. O

It is clear that if M also satisfies =CH, then so does M|[G], therefore we get the
following corollary since the Cohen model has b = ) = wy:

Corollary 4.3.11 (*). Con(ZFC)— Con(ZFC+ there exists a mad family .4 of cardinality w;
and a tight MAD family A, of cardinality ¢ > w; such that exp(¥(.Ap)) is pseudocompact
but exp(¥(.A;)) is not.)

We can use CH to construct something similar, as we shall see. The next other construc-
tion does not appear in our paper [63]. It appeared in an early preprint of that paper, but it
ended up not being published due to the similarity with the previous example. However, I
decided to add it to this thesis. This construction is due to myself and Artur Tomita.

Let C denote a poset for adding one Cohen real, that is, any countable poset with no
atoms, such as 2<% or Fn(w, 2). C,; denotes a poset for adding x Cohen reals with finite
supports, such as Fn(k, 2).

Theorem 4.3.12 (*). [ZFC+CH] Let:
a) ((prv) :w < 7 < wy) be a listing of all pairs (C, p) such that:
« C is a C-nice name for a subset of (w x Iw]““),
- peC
« plF C is a block sequence on w.
b) (fy:w <7 <wi)€ M besuch that f, : w — 7 is bijective,
c¢) A’ be an infinite countable almost disjoint family.

Then there exists tight MAD family A = {a, : @ < w;} containing .4’ such that, by
letting A|y = (ag : £ <)

For all # < wy, for all infinite v < 3, and for all F' € []<¥, if for all J € [3]<“...

oy lF {n e I(Aly,Cy, f) - V€ € F(Cy(n) Nag # ) and Cy(n) \ | ae # @H = w,

fed

then...
py IF[{n € I(Aly, Gy, f) 1 V6 € FU{B}(Cy(n) Nag # 0)} = w.

Proof. Again, we employ a countable transitive model M in the proof. So working in M:

Enumerate all sequences X = (X, : n € w) of elements of [w]|* as (X : a < wy).
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Enumerate A" = {a,, : n € w}. Given € [w,w;), suppose we have defined (a¢ : { <
) such that:

a) {ag¢ : £ < B} is an almost disjoint family,

b) for all 5’ < [, for every infinite v < [, and for every F' € [5'|<¥, if for all
J e [f]...

'@'}'|pv IF{n € I(AV|%C.'77JF«,) LV € F(Cv(”) Nag # 0)and Gy (n) \ Uges ae #
= w,

then p, IF [{n € I(A]y,C,, f,) : V€ € FU{F'} (Co(n) Nag # 0)}| = w, and
c) If X#(n) € Zt(A|pB) for each n € w, then |ag N XP(n)| = w for every n € w.
Notice that a) and c) implies that the final object is a tight MAD family.

We must define ag. If the hypotheses of both b) and c) fail, just let as be an element
almost disjoint with aj; for every 3’ < f3. If only the hypothesis of c) hold, let f : w — w
be such that for every m, f~![{m}] is infinite and let ag = {z,, : n € w} where z,, €

XP(f(n)) \ Uicn gy -
The only the hypothesis of b) hold, we proceed as follows:

Working in M, suppose {(r, F,7,l) : | € w,r < p,,F € [f]<¥,y < B,VJ €
[B]<“ (py IF {n € I(A]y,C,, fy) : V€ € F(Cy(n) Nag # 0)and Cy(n) \ Uges ae #

0}| = w)} is nonempty and enumerate it as { (7, Frn, Ym, lm) : M € w}.

For every m € w, there exists s, < 7, N, kyy > L, such that s, IF n,, €
AV, Cy f%n)»vf € by Ovm(ﬁm) Nag # 0 and k,, € Cwm(nm) \ Ui<m G, -

k,, may be picked greater than I, since r,, < p,,, IF (the C,, (n)’s are pairwise
disjoint). Let ag = {k,, : m € w}. If the preceding set is empty, just let ag be an infinite
subset of w almost disjoint from every a¢ ({ < (). This makes ag satisty b).

If both hypothesis of b) and c) holds, define a% as in the case where only the hypothesis
from b) hold, aé as in the case where only the hypothesis from c) hold and let ag = a% U aé.
This completes the construction. O

Theorem 4.3.13 (*). [ZFC+CH] Let A’ be an infinite countable almost disjoint family.
There exists a tight MAD family A containing A" such that in every Cohen extension,
exp(¥(A)) remains pseudocompact.

Proof. Working in a ctm M, let ((Co,pa) : w < o < wy), (fy 1 w < v < wq) and
A = {a, : @ < w;} be as in the previous theorem. We claim that in every Cohen extension,
exp(¥(.A)) is pseudocompact. Suppose « is an infinite cardinal and that G is C,-generic
over M. Suppose by contradiction that, in M [G], exp(¥(.A)) is not pseudocompact. Then,
in M|[G], there exists a block sequence on w, C' : w — [w]“, with no accumulation point
in exp(¥(A)). By Lemma 4.3.6, for every J € [wM]<¥, {n € w: C,, C Uycy @} is finite.
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Let S C & be infinite countable such that )y = Fn(S,2) and Hy = G N @ are such
that C' € M[Hy]. Let Q1 = Fn(k \ I) NG and H = G N Q. Then M[Hy|[H;] = M[G].
Since @y ~ C, there exists a generic filter K over C such that M [K] = M[H,).

The}re exists C' € MC such that Cj = C and such that C is a nice name for a subset
of w X [w]<«. There exists p € K such that:

1. plF C: & — [w]<\ {0} is a sequence of pairwise disjoint sets, and
2. VJ € [wM]< (plF {n € & : Cy C U, cjaa}] < w).

So, there exists 7 € [w,w;) such that (C,p) = (C,, p,). Working on M[G], we aim
to get a contradiction by appling Lemma 4.3.7 by letting I be I(Al|v, C, f,). We already
know that (i) holds. Since being centered for transitive models of ZFC, we may verify (ii)
holds on M[K]. So let F' € [[y,w;)]<* and write P = {«y,...,q} withag < -+ < .
Fori <l let P, = {a,...,o;}. We proceed by induction for i < [ to show that:

py IF {n € I(Aly,C,, f,) : Y€ € B (Cy(n) Nag # 0)}] = w.

which will complete the proof.

To see that it holds for ¢ = 0,let 5 = . ThenV.J € [3]<“ (p, IF |{n € I(Al, o fy)
VE € 0(Cy(n) Nag # 0) and Cy(n) \ Ueeyae # 0} = w) is logically equivalent to
VJ € [B1<¢ (py IF [{n € I(A]y, Cy, £5) : Cy(n) \ Uges ae # 0} = w) which holds, by 2..
Therefore:

py I [{n € I(Aly, C,, £,) - VE € {do} (Cy(n) Nag £ 0)}] = w

Now, suppose we have proved or claim for some ¢+ < [. We prove it for ¢ 4 1. This time,
let B = ay1. We already know that p, I [{n € I(Aly,C,, f,) : V& € B (C.(n) Nag #
0)}| = w. Again, by 2., it follows that V.J € [8]< (p, IF [{n € I(A]y,C,, f,) : V¢ €

v

P, (Cy(n) Nag # 0) and C,(n) \ Ugey ae # 0}| = w), which implies that:

py - 1{n € I(Aly, Gy, f) - V€ € PrU{Gi} (Cy(n) Nag # D)} = w,
completing the proof.

4.4 An example of non pseudocompact small MAD
family
All our examples of non pseudcompact MAD families we have discussed so far had car-

dinality c. Thus, it is natural to ask if it is consistent that there exists a non pseudocompact
MAD family of size < «.
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In particular, it would be interesting to know if ZFC implies that every MAD family of
size w; is pseudocompact. We do not know the answer for this question. In this section, we
provide a consistent example of a MAD family of size ws < ¢ which is not pseudocompact.
These techniques cannot be easily modified to make it an example of size w;.

The construction in this section appears in Section 3 of our paper [34].

The example we construct will be a MAD family over the countably infinite set A =
{(n,m) € w x w: m < n}. The elements of our MAD family will be graphs of partial
functions. The result will follow from the theorem below:

Theorem 4.4.1 (*). It is consistent with ¢ > w, that there is a MAD family A of size w, on
A consisting of partial functions, and there are MAD families (A, : @ < w;) on w, such
that

1. Vs € AJda < wy dom(s) € A,,
2. s#te A = dom(s) # dom(t), and

3. for every family F of w;-many partial functions below the diagonal there is a total
function below the diagonal almost disjoint from all elements of F.

We shall postpone the proof of the theorem and first show that it suffices to prove the
desired result. To see that such a 4 is not pseudocompact we mimic, in some sense, the
proof of 4.1.8 b).

Theorem 4.4.2 (*). It is relatively consistent with ZFC that there is a non-pseudocompact
MAD family A of size < ¢.

Proof. Assume that ¢ > wy and there exist A and (A, : @ < wy) as in Theorem 4.4.1. We
shall show that exp(¥(.A)) is not pseudocompact.

Let F = (F, : n € w) be the sequence of elements of exp(V(.A)) given by F,, =
{(n,m) : m < n}. We claim that F has no accumulation point in exp(¥(.A)), which
completes the proof by Proposition 0.3.20. Suppose L is such an accumulation point. Then,
since I’ is a sequence of pairwise disjoint finite subsets of A and for each pair (n, m) with
m < n, {(n,m)}" is open, L C A.

If | L| < wo, there exists a total function f below the diagonal which is almost disjoint
from every element of L. Then L € (U(A) \ cl f)" but F,, ¢ (¥(A) \ cl f)* for every
n € w, a contradiction.

Now suppose |L| = wy. There exists & < w; such that there exists two distinct s, € A
such that dom s, dom ¢ € A,. Since s, ¢ are distinct, it follows that dom(s) # dom(¢), and
since A, is an almost disjoint family, dom s N dom ¢ C k for some k € w. Then

Le({stu{s\{(n,m): m<n<k}}) Nn{tJUu{t\{(n,m): m<n<k}})",

but no element of the sequence ' is a member of the latter open set. [

Now we recall the definition of the Mathias Forcing [51].
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Definition 4.4.3. Let A be a (possibly finite) almost disjoint family. The Mathias forcing
M(.A) associated with .4 is defined as follows: the base set is 2<“ X [A]<“. Given p € M(A),
we write p = (s,, F},) and n, = |s,|. We call s, the stem of p and F), the side condition of
p. The length of pis len(p) = n,,.

We order M((A) by letting p = (s, F,) < q = (s,, F) iff
1. s, C s, (hence n, < n,), F, C F,, and
2. if B € Fy, then BN s, ' (1) C ny.
O

If G C M (A) is a generic filter over V/, the generic real of M (A) is defined denoted by
Ager, ={i|3(s, F) € G(s(i) = 1)} when no confusion arises. More formally, we may
define the following:

Definition 4.4.4. Let A be an almost disjoint family. A,., is a name satisfying M(A) |-
Agen = {i:3(s, F) € G(s(i) = 1)}. O

Of course, A, depends on A, but we use this notation when no confusion arises. It also
depends on a choice, since more than one M(.A)-name satisfies such an expression.

The following lemma is well-known and easy to prove. We leave it as an exercise to
the reader.

Lemma 4.4.5. Let A be an almost disjoint family and consider the forcing poset M(A).
A may be finite (or even empty), as long as w \ | A is not finite. Then:

1 11IF A, € (W],
2. 1IFVa e Alan Agen| < w,
3. 1IFVe € Z(A)H(z € V — |2 N Ayen| = w), and
4. If A is finite (or even empty), 1 IF [w \ UA U Age,| = w.
The following definitions will be very useful in this section:
Definition 4.4.6. Fun denotes the set of all functions f : w — w such that f C A.

PFun is the set of all functions g such that there is A € [w]” for whichg: A — w
and g C A. ]

Note that if f,g € PFun then f and g are almost disjoint if and only if the set
{n € dom (f)Ndom (g) | f(n) =g (n)} is finite.

Definition 4.4.7 (*). ie is the smallest size of a family / C PFun such that for every
g € Fun there is f € F such that |f N g| = w. ie stands for infinitelly equal. [

Now we define the following forcing poset, which is analogous to Mathias Forc-
ing.

Definition 4.4.8 (*). Let X € [w]|* and B C PFun. Define the forcing Ex (B, X) as the
set of all p = (s,, np, F},) with the following properties:
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1. n, €Ew, F, € [B]™*.
2. 5,: XNny, — wands, CA.
3. 2|F,| < mny.

Given p = (s,,ny, F) € EA(B, X), we call s, the stem of p, n, the length of p and F), the
side condition of p.

Let p = (sp,np, F), ¢ = (Sq,nq, Fy) € Ea (B), we define p < ¢ iff the following
conditions hold:

1. ng <ny, F, C F,and 5, C s,,.
2. Forevery f € F,andi € dom f N (X N (n, \ ng)), sp(2) # f().
EA denotes E (Fun, w). O

If G C EaA(B,X) is a Ea(B, X)-generic filter, over V' the generic real of EA(B, X)
is defined as fye, = U{s |3 (s,n, F)) € G} when no confusion arises. As before, more
formally, we define the following:

Definition 4.4.9 (*). Let X € [w]* and B C PFun. f,., is a name satisfying Ex (B, X) IF
fgen = U{S : EI(S,?’L,F) € G} D

As before, fy., depends on X, B and on a choice, but we use this notation when no
confusion arises.

The analogue of Lemma 4.4.5 is the following:
Lemma 4.4.10 (*). Let X € [w]”, B C PFun. Then:
1. Ea (B, X) IF fyen : X — wand f,e,, C A.
2. EA(B,X) I fgen is almost disjoint from every element of B.

3. If g € PFunissuch thatdom(g) € X andg € Z(B)*,thenEx (B, X) IF | fyenNg| =
w (where Z (B) = {A C A : 3B € [B]<“A C* B'} is the free ideal generated by
B).

Let P be a partial order. Recall that a set . C Pis linked if every p, ¢ € L are compatible.

P is o-linked if PP is the union of countably many linked sets. The following estabilishes
that Ex (B, X) is o-linked:

Lemma 4.4.11 (*). Let X € [w]” and B C Fun. Let p = (s, np, F},), ¢ = (84,1, Fy) €
Ea (B, X).If s, = s, and 4 |F,|,4|F,| < n, thenr = (sp, n,, F}, U F,) extends both p
and q.

Proof. Let p = (sp, 1y, Fp) , ¢ = (Sq,ng, Fy) € Ea (B, X) with s = s, = s5,. We first find
a finite partial function t C A with the following properties:

1. s Ct.

2. Forevery f € F,U F,and i € dom (¢) \ dom (s) , we have that ¢ (i) # f (i) .

3. |t| > 2|F,UF,.
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We can find such ¢ since 4 |F, |, 4 |F,| < n,. It follows that r = (¢,dom (¢) , F}, U F)
is an extension of both p and q. 0

Lemma 4.4.12 (*). Ex (B, X) is o-linked.

Proof. Foreveryn € wand s : X Nn — w with s C A, define
L(s,n)={q|3Ip<qp=_(sp,np, Fp) ny=m, s, =sand 4 |F,| <n,}.
Clearly each L(s,n) is linked by the previous lemma and

Ea(B,X) = J{L(s,n) :n €w,s CA,s €w ™}

In particular, this implies that Ex (B, X)) has the countable chain condition.
Due to the previous lemmas, the following definition comes handy:

Definition 4.4.13 (*). Let B C Fun and X € [w]¥. We say that p = (s,,n,, F,) €
EA (B, X) has the four property ift 4|F,| < n,,. O

The following result was inspired by Lemma 5.1 of A. Miller’s [56]:

Proposition 4.4.14 (*). Letn € w, s : n — w with s C A. Let D C EA be an open
dense set. There is an antichain Z € [D]~* such that for every p = (s, n, F,) € En, there
is ¢ € Z such that p and ¢ are compatible.

Proof. Let A = {r,, | m € w} C D be a maximal antichain (note that A is countable since
[Ea is o-linked and therefore c.c.c.), let k = % in case n is even and k = ’%1 in case n is
odd.

Assume the proposition is false, so for every m € w, there is p,, = (s,n, F,,) € Ea
such that p,, L r; for each i < m. As |F,,| < k we can assume that each F), has size k,
let F,, = {f"},_,, . We may view B = {F}, | m € w} as a subset of Fun® . Since Fun"
is a compact space, we can find an accumulation point (g;);<x of B. Let F' = {g;}i<k
and p = (s,n, F'). Since A is a maximal antichain, there is j € w such that p and r;
are compatible. Let ¢ = (¢,1,G) be a common extension of both of them. Since F is
an accumulation point of B, there is m > [, j such that f"|l = g;|l for every i < k.
Let p,, = (t,1, F},) and note that p,, < p,,. It follows that p,, and ¢ are compatible, in
particular, p,,, and g are compatible, which implies that p,, and r; are compatible, which is
a contradiction. O

Now we aim to define an iterated forcing notion.

For the rest of the section, we fix a family of sets (D., | 7 € wy), sets H and £ and a
function R with the following properties:

1. {H,E}U{D, | v € wi} is a partition of w, of pairwise distinct sets,

2. For every v € wy, we have that |D,| = |H| = |E| = w,.
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3. R : Uyew, Dy — H is a bijective function such that @ < R («) for every a €
U’Véwl D’Y'

Then we define a finite support iteration by the following proposition:

Proposition 4.4.15 (*). There exists an iterated forcing construction with finite supports
(Py, <a, Ila)qgm, (Qus <a» Ila)me) and families (A5 : v < wi,§ < wa), (A¢ : € €
Uycwr D), (Be : § < wy) and (f, : 7 € H) such that:

i) Foreacha € E, P, IF @a = Ena.
ii) Foreachy € w;and§ € D,, Ag is a P¢41-name.
iii) For each v € w; and £ < wy, .A?Y is a P name and A,fy = {(Ag,1p) : B € D, NE}.
iv) For each v € w; and § < wo, P¢ IF Ag is an almost disjoint family.
v) Foreachy € wy and § € D, P¢ IF (@5 = M(.Ag)

vi) Foreachy € wyand § € D,, Ag evaluates as the M(Ai) generic real, that is:

Peyy IF A = {i:3p € Geyr (s, F) (p(€) = (s, F)and s(i) = 1)}.

vii) For each ¢ € H, f€ is a [P¢;;-name.
viii) For each ¢ < wy, Be is a Pe name and B¢ = {(fn, 1,):ne HNE}
ix) For each & < ws, P¢ I B"g C PFun.
x) For each { € H and every § < wy, if R() = & then P¢ IF @5 = ]EA(Bg, Ag)

xi) For each ¢ € H and every 3 < wy, if R(3) = &, f¢ evaluates as the E (B, Ap)
generic real, that is:

Peo - fe=J{s:Tpe Geyr IN3IFp(€) = (s,n, F)}. O

Such iterated forcing construction with finite supports ((Pa, <o, La)a<w, (@a, <o 1a)acw,)
and families (A% : vy < w1, & < wa), (Ae 1 & € Uy, Dy)s (Be : € < wy) and (f, :n € H)
exist by standard iterated forcing techniques, similarly as done in Proposition 4.3.4. For
the rest of this section, we fix such families.

We will need to develop some notation and combinatorial tools for our forcing in order
to prove the main result. First, some basic notation:

Definition 4.4.16 (*). Let & < w». + Given p € P, and 7 is a P,-name such that p Ik, & €
Q,, we denote by p~i a condition r € P, such that domr = domp U {a}, p C r and
p Ik, p(a)) = &. We note that every pair of conditions r, 7’ satisfying this are such that
r <71’ andr’ <r,sop i is well defined mod P, ;-equivalence. We may use the axiom
of choice to fix one of them. l

Definition 4.4.17 (*). Let o < w,. We say that a condition p € P,, is pure iff thereisn € w
such that for every £ € dom p:
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1. If there exists ¥ € w; such that { € D,, then there exists s¢ € 2" and J¢ €
[D, N7, Je © dom (p) such that p|¢ Ik¢ p (€) = (3¢, {(Ay, L) | 0 € Je}).

2. ¢ € H,let 3 = R () € Uyeu, Dy Then § € dom p and there s z¢ : 55" (1) —
w with zz € Aand J; € [HNE™, Je C dom (p) such that 4|J;| < n and
pl€ ke p(€) = (Z¢,n, {(fyy, Le) | n € Je}) (Where s is defined as in 1.).

3. If £ € E, then there is m¢, ke € w, with 4k < mg, 2¢ © me — w with
ze € A and po,...,pr,—1 Pe-names for elements of w* such that by letting

J={(po, Le), ..., (pre—1, Le)} we have p[¢ Ik¢ p(&) = (Z¢, e, J).

Given a pure condition p, len(p) denotes the size of the first coordinate of p. We call n
the height of p. In case there is more than one such n (i.e. dom p C F), the height of p is 0.
N

An important difference between points 2. and 3. is that in point 3. we may have
me # n. One of the purposes of pure conditions is to avoid (as much as possible) the use
of names by using “real” objects.

Lemma 4.4.18 (*). For every o < wy and u € w, pure conditions of height > u are dense

inP,.

Proof. We prove the lemma by induction on «. The cases where av = 0 or « is limit are
straightforward, so we focus on the successor case. Assume the lemma is true for o, we
will prove it is also true for a + 1. Let p € P41, we may assume that & € dom (p) .

Case. a € L.

Fix a name L, %, 11 be P,-names such that p|a -, p(a) = (2,1, L).

Let po < p|a be an element of P, and m,, € w be such that py I, max{rn, 4|L|} = M.
There exists a name Z; such that pg I, (21, M4, L) € Qg and (21, Mg, L) < (21,04, L).

Fix z, € w™ with z, C A and p; < pg with p; € P, such that p; IF, 21 = Z,. Then
there exists po(«) such that p; = p; U {(a, p2(@))} € Poyq and py |F po(@) = (24, e, L).
It is clear that p, < p.

Let ps < p1 = pala, ko € wand py, ..., pr,—1 be such that ps IF |L| = kyand [ =
{pos - pp, 1} Let J={(po,1e), ..., (pro_1, 1)} Ttis clear that ps IF I = .J. Of course,
4k, < me. By the inductive hypothesis there exists a pure condition of height > u, p, € P,,
such that p; < ps. Let ¢ = ps U {(c, p2(«))} and we are done.

Case. a € D, (for some v € wy).

First, we find p; < p|a such that there are m € w, s € 2™ and J, € [D,Na] <
such that p; IF p(a) = (s, {(4,, 1a) : 1 € Ja}). To see that this is possible, let o be the
[P,-name given by o = {op(7, 4,) : € D, N a}. Then:

plalky 3J, € ([D,Na]<)3Im € ©3s € 27 p(a) = (s, 0]Ja)).
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So there exists p; < p|a fixing J,, m and s, as intended.

We may assume that J, C dom (p;). By the inductive hypothesis, let ¢ < p; be a pure
condition of height n > max{u, m}. Let s, € 2" such that s,|m = s and s, (i) = 0 for
every i € [m,n).Let ¢ € P, such that the following holds:

1. qgla=q.
2. qlalky qgla) = (Sa, {(An, 1o):m € Ju}).

It is easy to see that ¢ is a pure extension of p.
Case. o € H.

Let 3 = R™'(a). Let $,7, L be P,-names such that p|o I+ p(a) = (3,71, L). There
exists names &, §' and 77/ such that pla Ik @ = (§,1/, L) < (5,m, L)and 4|L| < /.
Now, similarly to the previous case, we find p; < p|a such that there are m € w, a partial
function s : m — w with s C A and J, € [H N a]™ such that 4|J,| < m and:

m k@ = (5m,{(fy, 1a) : 7 € Ju}).

Without loss of generality, we may assume J, U {5} C dom (p;). By the inductive
hypothesis, let ¢ < p; be a pure condition of height n > max u, m witnessing that ¢ is
pure.

Notice that p; I doms = AgNm C Az = S5 [{1}]. Let zo : 85" [{1}] = w be
such that z, C A, z,|m = s and z, (i) # z (i) for every i € [m,n) and £ € J,. Define
q € P, such that the following holds:

1. gla=q.

2. ¢ IFgla) = (3,1, L).

It is easy to see that q is a pure extension of p. [
Lemma 4.4.19 (*). Let o < wy, p € P, a pure condition and m € w. There is ¢ € P, with
the following properties:

1. ¢g<p.

2. q is pure.

3. If 8 € dom (q) thenm <len(q(3)).

Proof. We prove the lemma by induction on a. The cases where o = 0 or « is limit are
straightforward, so we focus on the successor case. Assume the lemma is true for «, we

will prove it is also true for a + 1. Let p € P,1, we may assume that « € dom (p). Let n
be the height of p.

Case. o« € E.
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Consider, for the coordinate o, 24,mq, ka, po, - - -, Pk, —1 and J as in the definition of
pure condition for p. In case that m < m,,, we apply the inductive hypothesis to p|a and
we are done. Assume that m, < m. By the inductive hypothesis, we may find ¢ < p|a
such that the following holds:

1. ¢ € P, ispureand 6 = R~!(a) € domg.
2. If § € dom(q) then len ¢(B) > m.
3. For every j < k¢ there is w; : m — w such that ¢ I p;|m = w;.

We now define z/, : m — w, with z/, C A such that z, C z/, and 2/ (i) # w,(i) for

every i € [mq, m) and j < n. Let & be a P,-name such that ¢ I & = (2], m, J). It is clear
that ¢~ & has the desired properties.

Case. a € D, (for some v € wy).

Consider, for the coordinate «, s, and J, for p as in the definition of pure condition.
By the inductive hypothesis, we may find ¢ < p|a in P, such that the following holds:

1. g is pure.
2. If B € dom (p) then len ¢(5) > max{m,n}.

Let k be the height of g. Now we define 2 : k — 2 such that s, C z and z (i) = 0 for
every i € [n, k). Let & be a P,-name such that ¢ |- & = (£, {(A,, L,) : 7 € Jo}). Itis clear
that ¢~ & has the desired properties.

Case. o € H.

Consider, for the coordinate o, n and 2, and J, and n for p as in the definition of pure
condition. Let 3 = R™!(«). By the inductive hypothesis, we may find ¢ < p|a in P, such
that the following holds:

1. g is pure.
2. If § € dom (p) then len ¢(6) > max{m,n}.

Note that 3 € dom q. Let k be the height of ¢. Let s5 € 2 be as in the definition of pure

condition for the coordinate /3 of . Now we define z : s;'[{1}] — w such that z, C z and
2(i) # 2 (i) for every £ € Jo, i € domz N s5' N [n, k). Let i be a Po-name such that

v v

qIF @ = (2,7, {(f,,1a) : 7 € Jo}). It is clear that ¢4 has the desired properties. O

Definition 4.4.20. Let @« < wy and p € P, a pure condition. We say that p has the
descending condition if for every 1, B2 € dom (p) N E, if 51 < Po, then len (p(f;)) >

len (p (82))- D
Using the previous lemma and induction, we get the following:

Lemma 4.4.21 (*). For every a < wo, the pure conditions with the descending condition
are dense.
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Proof. We prove the lemma by induction on «. The cases where o = 0 or « is limit are
straightforward, so we focus on the successor case. Assume the lemma is true for o, we
will prove it is also true for o + 1. Let p € P, be a pure condition, we may assume that
a € dom (p) . In case a ¢ FE, there is nothing to do, so assume that o € E.

Let p(a) = (S, n, J) By the inductive hypothesis and Lemma 4.4.19 we can find
q € P, such that ¢ < p|a, q is pure with the descending condition and all the stems in ¢
have size larger than n. It is clear that ¢ (s, n, J ) is the condition we are looking for. [

Although pure conditions are nice to work with, we will need to deal with non-pure
conditions for some arguments. We will develop the tools needed in order to do this.

Definition 4.4.22 (*). Given A € [E]™*, a function K : A — w<¥ is said to be suitable
if K(«a) C A for every a € A. In this case, we say that a condition ¢ € P, follows K if
the following holds:

1. A C dom (q).
2. If o« € A, then g|la IF FF g(a) = (K(oz), |K(oz)|,F>.
]

Definition 4.4.23 (*). Let A € [E]~”. We say that p € P, has the A-descending condition
if the following holds:

1. For every (31,3, € (dom(p)\ A) N E, if B; < s, then p|fy I+ len(p(5y)) >
len(p(52)).

2. For every (31, 35 € dom(p) N H, if 1 < [, then p|fs |- len(p(51)) > len(p(Bs)).

3. For every v € w; and for every 31, 3, € dom(p) N D,, if 81 < B, then p|f3; I-
len(p(B1)) > len(p(52)).

4. If § = min(dom(p)) \ A, then there exists n such that p|5 = 13 IF 1 = len(p(5))
and, for every n € dom(p) \ A, we have that p|n I- len(p(5)) > len(p(n)).

]

Notice that this new notion does not clash with our previous terminology, since pure
conditions with the descending condition satisfy the ()-descending condition. We now
introduce the following notions:

Definition 4.4.24 (*). Let o < wy, A € [ENa]™” and K : A — w<¥ be suitable. We
define PX as the set of all p € IP,, such that the following conditions hold:

1. p follows K.
2. p satisfies the A -descending condition.

3. For every 5 € dom (p) N (H U E) p|B IF p () has the four property.

The following result is similar to Lemma 4.4.19:
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Lemma 4.4.25 (*). Let @ < wy, A € [ENa]™, K : A — w<“ be suitable, p € PX and
m € w. There is ¢ such that the following holds:

1. ¢ € PK.
2. dom (¢) = dom (p).
3. ¢ <p.
4. If p € A, thenq(B) = p(B).
5. If 5 € dom (q) \ A then ¢|3 I len(q(8)) = max{m,len(p(5))}.
Proof. Note that the last point already implies that ¢ satisfies the A-descending condition.

We proceed by induction, the cases & = 0 and « is limit are immediate. Assume the lemma
is true for v, we will now prove it for & + 1. We may assume that o € dom(p).

Case. a ¢ HUE.

Note that in particular, « ¢ A. Let 3, F' be P,-name such that p|a I p(a) = (3, F.
By the inductive hypothesis, there is ¢ < p|o as in the lemma. Let k be a IP,-name for
a natural number such that ¢ IF § : & — 2. Let 2 be a P,-name such that ¢ forces the
following:

1. dom(%) = max{m, k}.
2. sC z.
3. Ifi € dom(2) \ dom($), then (i) = 0.

Notice that if & = min(dom p) \ A, then we may choose k = J: for some k € w, so
by letting n = max{m, k} it follows that ¢ |- dom Z = 7. Let i be a P,-name such that
q k& = (%, F).Itis clear that ¢" & is the condition we are looking for.

Case. o € H.

Let 7 € wy and 5 € D, be such that R(3) = a. By the inductive hypothesis there
exists ¢ < p|a as in the lemma. Fix names 3, k, F such that ¢ I+ p(a) = ($,k, [') and 72 a
PP,-name such that ¢ I+ 72 = max{k,m}. Let z be a P,-name for a partial function forced
by ¢ to have the following properties:

1. 2CA.

2. s C 2z

3. dom(2) = Az Nn.

4. Foralli € dom(2), if i ¢ dom (3). then 2(i) = min {j € w : g € F (g(i) # j)}.
Notice that if « = mindom p \ A, then we may choose k = [ for some k € w, so

by letting n = max{rh, i} it follows that ¢ IF 7 = 7. Let & be a P,-name such that
q - @ = (2,n, F).Itis clear that ¢~ is the condition we are looking for.
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Case. v € Fanda ¢ A.

By the inductive hypothesis, there exists ¢ € P, such that ¢ < pla satisfying the
lemma. Let $, k and F' such that ¢| IF p(a) = ($,k, F) and 7 a Po-name such that
qIF 7 = max{k,m}.

Let Z be a P,-name for a function forced by ¢ to have the following properties:
1. 2 CA.

2. $C 2z

3. dom(z) = n.

4. For all i € dom(2), if i ¢ dom ($). then (i) = min {j cw:Vg e F(g(i) %j)}

Notice that if & = min dom p\ A4, then we may choose i = J: for some k € w, so by lettmg

n = max{m, k} it follows that ¢ IF 72 = 7. Let & be a P,-name such that ¢ I & = (%, 7, F').

It is clear that ¢~ is the condition we are looking for.
Case. « € Fand o € A.

Let A; = A\ {a} and K; = K|A;. By the inductive hypothesis applied to p|« and K;,
let ¢ < p|abe as in the lemma. It is easy to see that ¢~ p («) has the desired properties. [

We will need the following result, which is the generalization of Proposition 4.4.14 for
the iteration:

Lemma 4.4.26 (*). Let o < wy, A € [ENa]™, K : A — w<“ be suitable and p € PX.
Let D C P, be open and dense below p. Then there is ¢ with the following properties:

1. ¢ €PE
2. ¢ <p.
3. If p € A, then ¢(B) = p(p).

4. There is an antichain L € [D]~* such that for every r < g, if r follows K, then 7 is
compatible with an element of L.

Proof. We prove the lemma by induction on a. The case o = 0 is clear, so we focus on the
successor and limit stages. We start by the successor case o + 1:

Case. a ¢ A.

WLOG a € dom p since if it not, it suffices to prove the result for p U {(a, 1)}

Define D as the set of all ¢ € P, below p|a for which there exists § € P, with the
following properties:

1. gla=q.
2. g€ D.
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3. ¢IFg(a) <pla).
4. There is m, € w such that ¢ IF len (g (a)) = .

It is easy to see that D is open and dense below p.

By the inductive hypothesis there is p < p|a as in the lemma. Let L € [ﬁ} “ be an
antichain such that for every ¢ < p, if ¢ follows K, then ¢ is compatible with an element of
L.Let L ={q; | i < k} for some k € w. For every i < k, fix q; € D as in the definition of
D. Let 3y = min((p)) \ A. We now find m € w such thatm > len((53)) as well asm > m,,
for every ¢ < k. Since L is an antichain, we can find, by the antichain principle, a P,-name
i for an element of Q, with the following properties:

1. ¢;IF & < g,(«) for every i < k.

2. pla k& < p(a)andlen p(a) = 2.

3. Incase « € H U E, p|a I & has the four property.

We now apply Lemma 4.4.25 to find p; with the following properties:
1. p; € PE.

2. p1 <P

3. dom(p;) = dom(p).

4. If v € A, then pi () = p(7).

5. If 5 € dom(py) \ A, then py|3 IF len(py(5)) = max {2m, len(p(3))}.
Let ¢ = p7 &. We claim that ¢ has the desired properties.

The only nontrivial property to verify that ¢ € PX , is the A-descending condition.
Note that p; forces that the length of the stem of & is m and the length of the stem in

all the elements of dom(p;) \ A is at least m, so it follows that ¢ has the A-descending
condition.

Clearly ¢ < pandif 5 € A, then ¢ (5) = p (/).

Finally, let L; = {g; | i < k} C D andlet r < ¢ be a condition following K. We need
to prove that 7 is compatible with an element of L. Since r|a < gla = p; < p and it
follows K, we know there is ¢; € L such that r|« and ¢; are compatible. We claim that r
and g, are compatible.

Let r; € P, be a common extension of both 7|« and ¢;. Define 7 = r{"r(«), we will
prove that 7 extends both r and g,. Clearly 7 < r. In order to show that 7 < g;, we only
need to prove that r IF r(a) < g;(«). Since r; < ¢;, we have that r; I & < G,;(a). We
also know that r|a IF r(a) < &, so r; IF r(a) < G,;(«) and we are done.

Case. o € A (in particular, o € FE).

For this case, we employ a countable transitive model M as a ground model. Let
s = K(«) and n = |s|. We have that p|a IF p(a) = (8,7, F') for some F.
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Let D be the [P,-name given by D= {(%,q) : ¢ < pleand p™i € D}. We claim that
pla |- D C E is open and dense below p(a)}.

To see that, let G be P,-generic over M with pla € G. Let D = ﬁ[G] = {z[G] :
Jg < pla(q € Gand g™ @ € D)}. We verify that D C Ex = Q,[G] is open dense below
p(@)[G].

Fix t € Ea. Let  be such that {[G] = t. There exists p’ < p|a in G such that p’ |-
t € Exandf < p(a). Then D' = {s € P, : s < p'and Ji (s7i@ € Dands I+ & < 1)} is

dense below p': given s’ < p/, st < p, so there exists s” < s/t in D, thus "la € D'

Now let s € D' N G, letting & be as in the definition of D'. Then it is clear that #[G] € D
and #[G] < t.

By Proposition 4.4.14 and the maximal principle, there exists a name Z such that:

o

pla - Z € [D]<% is an antichain such that for every z € E, such that

stem(z) = Sand len(x) = n there exists z € Z such that z [ x.

Define B as the set of all » < p in [P, such that there exists & € w and a sequence
(#; 11 < k)suchthatr |- Z = {(&; 1,) :i < k} andforalli < k,r ~ &; € D.

It is easy to see that B is an open dense subset of PP, and we leave it to the reader.

Let K; = K|a. We apply the inductive hypothesis with p|«, B and K;. In this way,
there are ¢ and L with the following properties:

1. ¢ < plo

2. q € PE1,

3. If € A\ {a}, thengq(B) = p(B).

4. L € [B]™ is an antichain.

5. For every ¢’ < g, if ¢ follows K7, then ¢; is compatible with an element of L.
For each r € L, let k, and (2] : i < k,) be as in the definition of B.

Define L; = {r~ i} : r € Landi < k, }. Note that L, is a finite antichain of D. Define
G = q"p(a), we claim that g and L; have the desired properties.

Clearly q € ]P’fﬂ. Now, let ¢; < g that follows K. Since ¢;|a < Gla = ¢ and ¢;|«
follows K7, we know that there is r € L compatible with ¢;|a. Let ¢o < ¢1|a, 7 and note
that ¢, - Z = {(i!,1,) : i < k.}, hence WLOG there exists i < r, such that ¢, forces
that ¢, () and i are compatible (recall that ¢, («) is forced to be of the form (s, 7, .J)
since ¢; follows K). It follows that ¢; and 7~ %] are compatible.

Finally, we consider the case when « is a limit ordinal and the proposition is true for
every (3 < «. This case is similar to the one where o ¢ A.

119



120

4 | THE PSEUDOCOMPACTNESS OF EXP(¥(A))

First we find 3 < « such that A, dom(p) C 3, so p € Ps. Define D as the set of all
g € P such that there is ¢ € P, with § < p such that there exists g € PP, satisfying the
following properties:

L gls=q

2. geD.

3. q|[, @) has the descending condition.

4. There is nz such that for every £ € dom(g) \ S, the condition g|¢ I len(g(§)) < ng.

It is easy to see that D is a subset of P4 which is open and dense below p (it is dense
by Lemma 4.4.21). By the induction hypothesis, there are ¢ < p in Pg and an antichain
L ={q |i <k} C D such that for every r < ¢ in P4 that follows K, r is compatible with
an element of L. For every i < k, choose §; € D witnessing that ¢; € D. Find n € w such
that n > ny, for every ¢; € L. By Lemma 4.4.25, we may assume that all of the stems in
dom (q) \ A are forced to be larger than 2n. Let B; = dom(q;) for every i < k. We now
define a condition ¢ € PP, with the following properties (which is possible by the antichain
principle):

L g8 =q

2. dom(q) = dom (¢) U U<k Bi.

3. Foreveryi < kand £ € B; \ 3, we have that g;|€ IF g(&) < g;(¢).

4. For every £ € [3,a) Ndom g, p|¢ IF len(g(§)) = 2n.

5. For every £ € [3,a) N domp, pl¢ I+ G(€) < p(¢).

6. I ¢ € (dom(q) \ ) N (H U E) then ¢ I- §(€) has the four property.

Let L; = {g, | ¢ < k}, we will show that ¢ and L; have the desired properties. It is
easy to see that § € PX. Now, fix r < § that follows K. Clearly, r|3 extends ¢ and follows
K, so there is i < k such that ¢; is compatible with | 5. Let s € P be such that s < ¢;, r|f.
Thens = sU (r|[f,a)) < r,7;: to see that 5 < 7, if £ € B; \ [ and we already know that
5¢€ < G;|¢, then by 3. we have that r|¢ IF (&) < (&) < g,;(§). O

We can now prove the following:
Proposition 4.4.27 (*). There is a model of ZFC such that:
1. ¢ = ws.
2. e = wo.
3. There are families {A, | v € w1}, B = {fa | @ € wy} such that:
(a) A, C [w]” is a MAD family of size w, (for every v € wy).
(b) B C PFun is a MAD family.

(c) If 7 : PFun — [w]® is the function defined by 7(f) = dom(f), then «|B :
B — U, e, A is bijective.
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Proof. We employ a ground countable transitive model M such that M |= ¢ = w3 and we
will force with P,,, within M. Let G C P, be a generic filter. By counting nice names,
it is easy to see that M[G] |= ¢ = wj since for every k < wy, P, IF |Qu] = ¢ = ws (by
induction). For every v € wy, let A, = {A; : £ € D, }, where A; = A¢[G]. We have the
following:

Claim (1). Let v € w;.

1. A, C [w]” is a MAD family of size ws.
2. Forevery X € M[G],if X € T (A,)" then [{¢ € D, : |[X N A¢| = w}| = wo.

The claim follows easily by Lemma 4.4.5. A more interesting fact is the following:

Claim (2). M[G] = N I(A,) = [w]“.

YEWL

Let X be a P,,,-name for an infinite subset of w. Let N € M be a countable elementary
submodel of H((2**)) (of M) such that X,P,, € N and let o/ € wy \ N. We will
show that X is forced to be in Z(.A/)". In fact, we will prove that X will have infinite

intersection with every element of A.,. Note that D, N N = () since v ¢ N (recall that
(D, :m € wy) € N since P, € N).

Let( € D, k' € wandp € P,,. We must find an extension of p forcing that X and
Ag intersect beyond k. We may assume that 0, &’ € dom(p) and that p is pure and has
the descending condition. Let n be the height of p. We may also assume that n > k£’. Let
B =dom(p) N N and A = BN E. Note that p € PX, where K is the suitable function on
A defined by the stems of p. Let dom (p) = {ay, ..., oy, } where o; < oj whenever ¢ < j.

For each i < m, Let s; be the stem of p(«;) (which is a real object).

If oy € E, let my, ki, po - .., pr,—1 be as in 3. of the definition of pure condition for
§ =0

Define J! be the J of the definition of pure condition for £ = a; when o; € H U
U7<w1 D’Y'

Subclaim. Thereisp € M NP,,, d,...,0n € N and in € N forthe i < mwitha; ¢ E
and pj), . . . ,ﬁ,;ﬁl € N for the ¢’s such that a; € E N N (or, equivalently, a;; € A) such the
following holds (for every ¢ < m where i appears free):

1. pis a pure descending condition of height n.

2. dom (p) = {do, ..., 0, } Where ¢; < J; whenever i < j and B C dom (D).
3. pe Pk,

4. If a; € B, then 9; = «;.

5. If a; ¢ B, then §; < «;.

6. a; € Fifand only if 9, € E.
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7. ; € H ifand only if §; € H.

8. Foreveryn € N Nwy, a; € D, ifand only if §; € D,

9. For every j < m, if oy,o; € U D, then o, ; are in the same element of the
newl

partition if and only if d;, J, are in the same element of the partition.

10. If oy; € H, then the following holds:
(@) pl0; IF5(6;) = (31,7 {(f. 1) - € JT}).
(b) For every j < i, we have that o; € J? if and only if §; € JP.
11. If o; € D, for some 1 < wy, then the following holds:
@ PIOi I P (65) = ($ai (4 1) € 7).
(b) For every j < i, we have that o; € J? if and only if §; € JP.
12. If o; € E, then the following holds:
(&) PI6i - 5 (8:) = (307, {25, 15,) + j < Ki})-
(b) We also let J? = {(p%, 1s,) : j < k;} € N.
The subclaim is almost an immediate consequence of the elementarity of /V since
forcing statements of sentences relativized to (or absolute with) H (\) are definable within

H()). Point 5. is the only one that requires some extra explanation. For every «; ¢ B, we
define the following:

1. &) = max (B) N o (this is well defined since 0 € B).
2. & =min(MN(wy+1)\ o).

Note that £, ¢! € M and €Y < a; < €. The claim then follows by applying elemen-
tarity and requiring that £ < §; < &}. Since 6; € M and is smaller that &/, it follows that
5i < ;.

Let p be as in the claim. We now define

D={reP,,:3, cw(rlFl=min(X\n))}
Clearly D C P,, is an open dense subset and D € N. Since p € P% , applying Lemma
4.4.26, there is ¢ < D as in the lemma. We may even assume that ¢ € M. Note that in
general, ¢ might not be pure (we could extend it to a pure condition, but it might not
follow K anymore). Let L € [D]<w be such that for every r < g, if r follows K, then r is
compatible with an element of L. Let Z = {l, | » € L} and note that Z Nn = (). It is clear
thatif r € L, then r I Z N X # (). Let ny = max(Z) + 1.

We now define the condition p; with the following properties:
1. dom(pz) = dom(p).

2. For every i < m, the following holds:
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(@) If a; ¢ D.,, then pz(n) = p(n). Define 7% = s¥ JP# = J? for this case.
(b) Ifa; € Dy with o; # &, define s7” : ny — 2 such that s} C 577 and 577 (i) = 0
for every i € [n,ny). Let pz|a; IF pz(ay) = (éfz, (A, 10,):p € Jf’}).
(c) If a; = &, define st# : n; — 2 such that s C sP% and sP%(i) = 1 for every
i € [n,m). Let pzlo - pz(aq) = (87, {(A,, 1a,) - p € J}).
Note that py IF 7 C Ag. Since J? C dom(p) for every i € D.,, it is follows from (b)
that p; < p.
We now will define the condition r as follows. Its existence is not readily seen.

1. dom(r) = dom(pz) U dom(q).

2. If n € dom(q) \ dom(py), then r(n) = q(n).
3. Let i < m. We have the following:

(a) Assume o; € D, for some v ¢ N, define r(a;) = pz(«;) (note that this will
be the case when 7/ = v and that, in this case, o; ¢ dom g as g € N).

(b) Assume «; € D, with vy € N. Let (5, = {(op(ft,A,),1s,) : pp € Dy NG5}
There exist Ps -names ¢, J! such that i I ¢(&;) = (t?, Cs, [Jf]) Define 7(«;)

77 (2
such that r|a; IF r(«;) = (f;?, Cs,[JP7 U Jf]) Note that £} is a P;,-name, since
0; < a; itis also a P, ,-name, so the definition makes sense.

(c) Assume a; € H. Let (5, = {(op(it, fu), 1s,) : € H N &;}. There exist Ps,-
names £¢, J{ and 7n? such that ¢|5; I- ¢(i) = (if, my, C(;Z[qu]}) Let r(a;) be
such that r|a; IF r(a;) = (t’j,m?, Cs,[ U sz]).

(d) Assume «o; € F and «; ¢ dom(q). Define r(«;) = pz(ay).

(e) Assume o; € F and «; € dom(q) (so §; = «; and «; € A). Define r(«;) such

that r|o; IF r(ay) = (§f mP, J* U J?)

Such an 7 exists by induction due to the following subclaim:
Subclaim. Let 7 € dom (r).

1. r|n € P,

2. rn I r(n) € Q,.

3. vl < gqln.

4. rln Ik r(n) < q(n).

5. rln < pz.

6. r|n I r(n) < pz(n).

We proceed by induction. We assume 1. and 3. and 5. and prove 2. and 4. and 6..
Condition 4. is readily seen to be true once we prove 2., so we only prove 2. and then
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6. Furthermore, 2. is trivial whenever n € dom (¢) \ dom (pz), so we focus on the other
cases. From now on, 7 € dom(pyz), so we may assume that 7 = «; for some i < m.
Case (a). oy; € D, for some v ¢ N.

This is trivial since r(c;) = pz(ay).

Case (b). o; € D, for some v € N.

Note that v # +'. We write the relevant names for all the relevant conditions:

» pzlai Ik pz(a;) = (§Zp7<ai[jip]>’

+ qldi - q(8:) = (&, G [T1)),

« ploi I-p(5:) = (5, ¢s.[J]]), and,

o 7oy IF r(og) = (8, G [JF U JP)).

Here, the (’s are names for enumerations of {Au : i € D, } with the appropriate
domain, analogous to as done before.

It is clear that 7|q; IF 7(a;) € Qa. Now we prove that r|o; IF (o) < pz ().

Since ¢ < P we have r|o; < gla; IF 87 C #! and that rlay IF Va € (o Jfan
(tH~{1}] C |87| = #. It remains to see thatr!az I+ Va € Cal[Jp] an(t)~- [{1}] C |§ | =
n. It suffices to see that for every a; € J! (with j < i), r|ay IF Aaj N (EH71{1}] € . Fix

j.

Let 7], ri! be such that |9, IF i : 7h — 2 and ¢é; IF &7 : 1 — 2. Since §; < 6; < o

we have that 7’|ozZ < qla; < qlo; S q|(5 Thus, r|a; IF |tq| = mzand|tq| = 1] as well.

Moreover, 7|a; I mf > 7 since r|a; |- 8 C #2. Since ¢ satisfies the A-descending
condition, we know that ¢|d; IF rj > . Thus, r|a; IF n1;7 > 1 > 0. In particular, we
have that:

rlei IF Ao, 0 () {1}] = Ao, i 0 (8) {1 = ()7 {0 (@) LY

Since ¢|d; IF p|d; we have that ¢|d; IF Agi N A(;j C 1. But then, intersecting with mg
and then with 12/, we have that ¢|0; I+ (i)' [{1}] N (¢7)'[{1}] € 7. Thus:

rlog < glog < gl IF (@) {0 (&) {1 € n,
as intended.
Case (¢c). a; € H.

We write the relevant names for all the relevant conditions:
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» pzlas IF pz(ei) = (37,7, G, [J7]),

o ql8i Ik (8;) = (&, mf, ¢, [ 7)),

« plo; IFD(6;) = (87, m, C(;.[J-p]) and,

o rloy IF r(ay) = (£, m? CaL[JqUJpD

Here, the (’s are names for enumerations of { fg : ( € H} with the appropriate domain,

analogous to as done before.

Since ¢ < p we have ¢|6; IF 7 < mfandf! D &¢. Furthermore, ¢|0; I- 4]J2q| < ml.

We also know that 4|J”| < n since p is pure, hence q|5; IFs, 4].J],4].JP7| < . Since
rla; < rlé; < qld;, Py, is completely embedded into P, and this last formula is absolute
for transitive models of ZFC, we get that r|a; Ik, 4]J7|, 4|J7%| < 1, so r(a) is forced to
be a condition by Lemma 4.4.11.

Now we prove that r|a; IF () < pz(ay).

Since ¢ < p we have rlo; < gla; I- (3] C t]and i < ) and that r|a; |- Vf €
Co, [J] fNEL C 0 x 7. Tt remains to see that7’|ozz I=VYf € [Jp] fNt! C i xn.dt suffices
to see that for every a; € J! (with j < i), r|a; IF fa Nt C n x n. Fix j.

Since §; < §; < «; we have that r|o; < gla; < ¢|6; < ¢|d;. Thus, r|a; IF td] =
1h;and [t1] = 1] as well. Since ¢ satisfies the A-descending condition, we know that
qlo; I mg > 1. Thus, r|o; IF m;9 > 1] > n. In particular, we have that:

7“|ozz||—fa Nt = fa ﬂm ﬂtq—tqﬂtq
Since q|0; IF D|d; we have that ¢|d; I f(;z. N fgj C n x n. But then, intersecting with
1§ x 1§ and then with 1] x 1, we have that ¢|; I- 5 Nt{ C 7 x n. Thus:
rla; < gla; < qlo; IF 0T Caoxon,
as intended.

Case (d). a; € E'\ dom(q).
This is trivial since 7(a;) = pz ().
Case (e). o; € domgnN E.
We write the relevant names for all the relevant conditions. Notice that in this case,

a; = d; and a; € A, so p(ay) = q(a;).

« pzlou Ik pz(ow) = (87, M7, J7),
o qlog - g(ay) = (7,2, JP)
. p’az = p(Oél) = (éf,fnf Jz) and,
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* T|ai I+ T(ai) = (§f7mf7 J?U Jf)

We have that r|a; IF 4].J7|,4|J7| < m? so 7(«) is forced to be a condition by Lemma
4.4.11. Since the stems and lenghts are all the same, it is clear that r|a; IF 7(a) < pz(;).

This completes the proof of the Subclaim.

We have proved that r < ¢, pz. It is easy to see that r follows K: given v € A we have
that v € ENdom(p) N N C dom(p) C dom(q), thus we fall into (e), which says that the
stems of r(v/) and p(v) are the same, that is, K (v).

Thus, there is ' € L such that r" and r are compatible. Let 7 be a common extension.
Then:

L7FIFXNZ # () since T < 1/, as we have previously mentioned, and,
2.7IFZ - Ag/ since T < pg.

Since Z N'n = ( it follows that 7 - Ag NnxX C k, which is what we wanted to prove.
We conclude that M[G] = N Z (A,) = [w]= and the proof of the Claim is complete.
YEWL

Recall that B = {f, | € H}.

Claim. B is an almost disjoint family of size ws intersecting every element of PFun. Thus,
ie < ws, and B is a MAD family.

It is easy to see that B3 is an almost disjoint family of size w,. Let h € PFun and
A = dom (h) . By the last claim, there is 7y € w; such that A € T (A,)", so there exists
$ € D, such that C' = A N Ag is infinite and h € M[Gj]. Define h; = h|C and note that
hi € M[Ggiq]. Let o = R(B) (so B < ).

In case hy € Z(B,, there exists n and o, ..., ®, 1 € H such that h; C* f,, U--- U
fa._,, so clearly h; has infinite intersection with an f, . In case h; € T (B,)" we have
that f, N hy is infinite by Lemma 4.4.10.

Finally, we will prove the following:
Claim. i¢ = wy.
The remaining inequality follows since we are forcing with E5 cofinally many times.

Claim. 7 : B — U, ¢, A, is bijective.
To see that the codomain is U,¢,, A,, notice that dom f; = Ag-1(). Given 3 €
Uy<w, Dy, dom fr(3) = Apg, thus 7 is onto. Finally, if £ # ¢’ then Ag-1(¢) # Ar-1(¢7), s0

the proof is complete. O
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4.5 Further Results on existence of pseudocompact
MAD families

The question of whether there exists a pseudocompact MAD family in ZFC is still open.
As mentioned, we also do not know if every MAD family of cardinality w, is necessarily
pseudocompact.

We do not have many examples so far, so we believe that every new example of a MAD
family which is decidedly pseudocompact or not pseudocompact is interesting. In this sec-
tion we examine some extra conditions which make a MAD family pseudocompact.

The following definition is due to Brendle and Shelah [15].

Definition 4.5.1. Let U be a free ultrafilter on w. We define the pseudointersection number
of U, denoted by p(Uf) of U is defined as the minimal size of a subcollection of &/ without
a pseudointersection in /. O]

Now we prove:

Theorem 4.5.2 (*). Suppose A is a MAD family such that there exists a free ultrafilter ¢/
an such that |A| < p(U). Then A is pseudocompact.

Proof. Let A and U be given. By Lemma 4.2.6, and Proposition 3.5.7, it is sufficient to verify
that for every injective sequence f : w — w there exists B € U and A € A such that
f1B] C A.

Suppose this is not the case. Then there exists f : w — w such that for all « € A and
B e U, f[B]\ Ais infinite. First, notice that given a € A, there exists B, € U such that
f[Ba) N ais empty: the sets {n € w: f(n) ¢ a} and {n € w: f(n) € a} form a partition
of w, so one of them is in /. But the second is not in ¢/ by hypothesis. Let B, be the first
set.

Now let B be a pseudointersection of { B, : a € A} in Y. It follows that f[B] Na is
finite for every a € A, contradicting the maximality of A. O

With the ideas from the previous proof we may also show the following:
Theorem 4.5.3 (*). Suppose that there is an ultrafilter i/ such that p(i/) = c. Then every
almost disjoint family of size < ¢ may be extended to a pseudocompact MAD family.
Proof. Let k < ¢ be infinite and (a, : @ < k) be an enumeration of an almost disjoint
family A’ of size k.

It suffices to expand A’ to an almost disjoint family .4 such that for every injective
f : w — w there exists B € U such that f[B] C a.

Enumerate all the injective sequences from w to w as (ag : £ < [ < ¢). Define
h(B) = 0 for every § < k. We define ag € [w]* and h(5) € {0,1} for 8 € [k,¢)

recursively satisfying:

1. h(B) = 1iff there exists 5' < § with h(') = 0 and B € U such that f3[B] C ag,
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2. if h(f) = 0, then there exists B € U such that f3[B] = ag.
3. if h(B) = 0, then ag N aj is finite for every 3’ < & such that h(3’) = 0.
Then clearly A = {as : 5 € [k, ¢)and h(5) = 0} works.

To see that such a recursion is possible to be carried out, at stage 3 assume that for every
B' < B with h(5) = 0, there is no B € U such that f3[B] C ag. Then for every ' < 8
with h(8') = 0, notice that either f;'[ag] or f;'[ws] are in U. By our hypothesis on /',
fs-1{w \ ag] € U. Let B be a pseudointersection of { f5'[w \ ag] : 5’ < fand h(5') = 0}
and let f3[B] = ag, h(5) = 0. O

It is consistent that there exists a MAD family of size w; and a free ultrafilter U/ such
that p(U) = w,. This result appears in our paper [34], Section 3 and uses techniques of
matrix forcing. This result will not appear in this thesis. It is also worth mentioning that
n(w*) > ¢ implies the existence of selective ultrafilters U such that p(U) > ¢ (see [2,
Theorem 3.7.]).

In [18], C. Corral obtained some other results related to these problems. In particular,
he proved that PFA implies that there are no almost-normal MAD families.
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Chapter 5

Forcing large countably compact
Abelian groups

5.1 Topological groups
We expect the reader to be familiar with groups and their basic algebraic related
notions.

Proposition 5.1.1. A group is a 4-uple (G, -, e, (.)™!) where . is a binary operation, ¢ € G
and (.)~! is a unary operation satisfying:

« Forevery z,y,z, (z-y) - z=x-(y- 2),

« Foreveryzr € G,x-e=e-x ==

« Foreveryx,z-x 7' =271 -z =e

If, additionally, for every =,y € G, z.y = y.x, we say that G is an Abelian group.

If G is an Abelian group, it is very common to denote its binary operation by +, its
inversion operation by —, its constant by 0 and = + (—y) by x — y. We will use this basic
notation with no additional explanations. We also write G instead of the whole 4-uple if
no confusion arises. We also expect the reader to be familiar with group homomorphisms,
subgroups and quotients.

Some basic notation is:

Definition 5.1.2. Let G be an Abelian group. For z € GG and n € w, we recursively define
nx = n.x as follows: 0.z = 0 and (n + 1).z = n.z + x. In particular, 1.z = x.

For n € w, we define G[n] = {x € G : nx = 0} and nG = {nz : v € G}.

If nG = {0} for some n € w\ {0}, we say that G is a torsion group. In this case, we
say that G is of exponent n if n is the least n with this property.

G is a non-torsion group iff it is not a torsion group.

The torsion part of G is the subgroup t(G) = U, e, G|n]. N
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It is easy to see that ¢((), G[n] and nG are subgroups of GG. Also, notice that non-torsion
groups are infinite.

Lemma 5.1.3. Let G be an Abelian group and n, d be positive integers such that d|n. Then
dG[n] = G[n|/G[d].

Proof. First, it is clear that if dz = 0 then nz = 0, so G[d] C G[n]. Let ¢ : G[n| — dG|n|
the the homomorphism given by ¢(g) = dg. Then ¢ is onto and ker ¢ = G|[d], which
yields the proposition by the homomorphism theorems. O]

Lemma 5.1.4. Let G be an Abelian group. If G is a non-torsion group, then G/t(G) is
infinite.

Proof. Letx € G\ t(G). We claim that if n # m then nz+t(G) # maz+t(G). For suppose
there exists y € t(G) such that nz + y = ma. Then (n — m)x = y, so there exists k # 0
such that k(n — m)z = 0, a contradiction. O

Definition 5.1.5. A topological group is a group G endowed with a topology for which .
and (.)~! are continuous operations. N

Every T} group is uniformizable, and therefore Tychonoff (see [70, 35F]). Thus, we will
usually write “Hausdorff groups” to refer to topological Tychonoff groups.

In this chapter we are going to construct topologies which transforms a group into a
Hausdorft groups. The following well known lemma will come handy.

Lemma 5.1.6. Let G be a group and (H, : ¢ € I) be a family of topological groups. For
eachi € I,let f; : G — H,; be a group homomorphism. Then the weak topology generated
by the family (f; : i € I) (that is, the topology generated by the sets of the form f; '[A],
where i € [ and A C H, is open) makes G a topological group. Moreover, if each H;
is Hausdorff and for ever g € G there exists i € I such that f;(g) # e; (where ¢; is the
neutral element of H;), then this topology is Hausdorff.

Proof. The binary operation . is continuous: suppose a.b = c. Let W be a basic open
neighborhood of c. Then W = N, f; '[A;], where J C I is finite and for each i € J,
A; C H,is open. Fix i € J. Then f;(a).fi(b) = fi(c). Since H; is a topological group,
there exists U;, V; open subsets of H; such that f;(A) € U, f;(B) € V; and U;.V; C A,.
Let U = Ny £ U V = Niey £ M [Vi]. Tt is clear that (x,y) € U x V, then zy € W.

The inversion is continuous: denote 2! by I;() on H;, and I on G. So I; is continuous
for each i € I.Let I(a) = b. Let W be a basic open neighborhood of b. Then W =
Nics i '[Ai], where J C I is finite and for each i € .J, A; C H; is open. For each i € I,
file) = Li(fi(a)) € A, so there exists an open set U; C H; such that f;(a) € U; and
IU;] € As. Let U = ey f7'[Us]. Tt is clear that I[U] C W.

For the last claim, fix g # h in G. Let i be such that f;(g.h ') # ;. Then fi(g) # fi(h)
Let U, V be two disjoint open sets separating f;(g), fi(h) in H;. Then f;[Uy], fi~'[Vi]
are two disjoint open sets separating g, h in G. [

Regarding subspaces, the following is immediate:
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Lemma 5.1.7. The subspace of a topological group is a topological group with the subspace
topology.

And regarding quotients, we have the following:

Lemma 5.1.8. Let K be a normal subgroup of a topological group GG. Consider the natural
homomorphism j : G — G /K. Then the quotient topology induced by j makes G/K a
topological group.

Proof. . is continuous: Let a, b € G be given and ¢ = ab. Let W’ be an open neighborhood
of i(c). We must see that there exists open neighborhoods U’, V" of a, b (resp.) such
that U'.V' C W'.Let W = j7'[W’']. W is a open neighborhood of c. There exist open
neighborhoods U, V' of a, b (resp) such that U.V C .

Notice that U = j~![j[U]] = UK = U{Uk : k€ K} and vV =[V] = VK =

U{Vik : k € K} are open and j'[j[U]] = U, j~'[j[V]] = U.Let U’' = j[U], V' = j[V].

We claim that U’.V' C W".

Let j(z) € U', j(y) € V. Thenz € U,y € V. There exists ko, k; € K, v € U
and v' € V such that u = u'ko, v = v'k;. We know that uw.v € W So j(u).j(v) =
J(W'ko).j(V'ky) = j(u')j(v") € W', as intended.

(.)7! is continuous: let i : G/K — G/K be given by i(u) = u~'. We want to see
that 7 is continuous. Let a € G be given. Let b = a~! Let W’ be an open neighborhood
of j(b) = i(j(a)). Let W = j~L[W']. 27! € W and W is open, so there exists an open

neighborhood U of « such there i[U] C W.Let U = j~'[j[U]] = U.K, which is open.

Notice thatjfl[j[U] — U is open. Let U" = j[U]. Clearly, j(a) € U. We only need to see
thatif z € U, theni(j(z)) € W’, that s, that i[U'] C W’. Given x € U there exists 2’ € U
and k € K such that z = 2’k. Then i(j(z)) = i(j(2')) € W.

]

Divisible groups will be very important for us.

Definition 5.1.9. An Abelian group G is said to be divisible iff for each g € GG and each
n € w\ {0}, there exists z € G such that nz = g. O

The proof of the next three results are well known basic results of the theory of divisible
groups and can be found in [60].

Proposition 5.1.10. Let GG be an Abelian group, H be a subgroup of G, G be a divisible
group and f : H — G be a group homomorphism. There exists a group homomorphism
F:G — G suchthat F|H = f. O

The group Q/Z is called the quasicyclic group.

Theorem 5.1.11. An Abelian group is divisible if and only if; it is isomorphic to a direct
sum of copies of Q and of quasicyclic groups. O]

Theorem 5.1.12. Every Abelian group is isomorphic to a subgroup of a divisible group. [
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5.2 Countably compact topological groups

There are three natural questions concerning Hausdorff countably compact Abelian
groups with or without non-trivial convergent sequences that can be asked separately or
jointly.

(1) What groups admit such topologies?
(2) How large they can be?
(3) Do they exist in ZFC?

Question (1) was solved under Martin’s Axiom in [21] for Abelian groups of cardinality c.
To talk about this result we need a basic result:

Proposition 5.2.1 (Folklore). Let GG be an infinite Hausdorff pseudocompact group. Then
|G| > ¢

Proof. Since topological groups are homogeneous, GG has no isolated points (or G’ would
not be pseudocompact since it would be infinite and discrete). We will inject 2¢ into G.

Recursively construct nonempty open sets U, for s € 2<% such that Uy = G, cl U~y C
Us and Us~ o) NUs~(1) = (). This is possible since G is regular and has no isolated points.
Foreach f € 2, letxz; € Nyey, Usin = Miew €l Uypn, which exists since G is pseudocompact
(let 2y be an accumulation point of the sequence (Uy,, : n € w) of open sets). It is clear
that the mapping f — x is injective. O]

The mapping x — nz is clearly seen to be countinuous. Since closed subspaces and
countinuous images of countably closed spaces are countably closed we get the following
(odd, for now) corollaries:

Corollary 5.2.2. Suppose G is a pseudocompact Hausdorff Abelian torsion group of
exponent n. Then d( is either finite or of cardinality ¢ for every proper divisor d of n.

Corollary 5.2.3. Suppose G is a countably compact Hausdorff non-torsion Abelian group.
|G/t(G)| > ¢ and for every positive integers n, d such that d|n, dG[n] =~ G[n|/G[d] is
finite or of cardinality > c.

The interesting things about these easy corollaries is that the converse holds under
MA for “small” groups:

Theorem 5.2.4 ([21, p. 3.9]). Assume MA. Let GG be an Abelian torsion group of cardinality
at most ¢. The following are equivalent:

1. G admits a pseudocompact group topology,
2. (G admits a countably compact group topology;

3. G admits a countably compact group topology without non-trivial convergent
sequences;

4. G has exponent n for some n € w and d( is either finite or has cardinality ¢ for
every proper divisor d of n. [
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Theorem 5.2.5 ([21, p. 4.4]). Assume MA. Let G be an Abelian non-torsion group of
cardinality at most ¢. The following are equivalent:

1. G admits a countably compact group topology,

2. G admits a countably compact group topology without non-trivial convergent
sequences, and

3. |G/HG)| =

is finite or of cardinality .

[n] = Gln]/Gld]

Together, these two results say that (under MA) any “not-so-large” Abelian group
satisfying a necessary very basic and easy-to-prove condition for having a countably
compact Hausdorff group topology admits such a topology, and we can even guarantee
that it does not have convergent sequences. This partially answers question (1).

Regarding question (2), in [17] A. Tomita and I. Castro-Pereira used some cardinal
arithmetic weaker than GCH and the existence of a selective ultrafilter p to classify all the
torsion groups that admit a p-compact group topology (without non-trivial convergent
sequences). This gave the first arbitrarily large countably compact groups without non-
trivial convergent sequences. Their main result is the following:

Theorem 5.2.6. Assume that:
i) k¥ = k for every infinite cardinal x such that cf k > w,
ii) every cardinal 3 of countable cofinality is a strong limit cardinal, and
iii) there exists a selective ultrafilter.

Let GG be a torsion Abelian group and U/ be a selective ultrafilter. The following are
equivalent:

(a) G admits a topological group topology that turns G into a I/-compact topological
group without non-trivial convergent sequences.

(b) G admits a countably compact group topology without non-trivial convergent
sequences.

(c) G admits a pseudocompact group topology.

(d) For all but finitely many prime numbers p, G, = U>; G[p"] is non-trivial. For

(a

each prime p, G, is isomorphic to @,<;, Z; et ) for some positive natural number

lp, naturals t, o < --- <1, and cardinals ap ; such that for each i, o, ; is finite or
there exists j > i such that a,; < a5 = (0 5)%.

Regarding non-torsion Abelian groups, we have obtained two results which are worth
mentioning. They are not part of this thesis, although I coauthored them. The first result
is published in our paper [8].

Theorem 5.2.7 ([8]). Let x be an infinite cardinal such that k% = x and U be a selective
ultrafilter. Then Q) admits a Z/-compact Hausdorff group topology with no nontrivial
convergent sequences.
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The second result is available in our preprint [5].

Theorem 5.2.8 ([5]). Assume the existence of ¢ pairwise RK-incomparable selecive
ultrafilters. Let x be an infinite cardinal such that k“ = k. Then the free Abelian group
Z%) admits a countably compact Hausdorff group topology with no nontrivial convergent
sequences whose all finite powers are also countably compact.

Dikranjan and Shakhmatov [19] used a forcing model to classify all Abelian groups of
cardinality at most 2° that admit a countably compact group topology (without non-trivial
convergent sequences).

Question 3 is the best known question in the subject. It has been finally answered by
M. Hrusak, U. A. Ramos-Garcia, J. van Mill and S. Shelah in [44]. In their paper, they prove
the following:

Theorem 5.2.9. There is a countably compact Hausdorff group topology on the group
([c]<¥, A) without non-trivial convergent sequences.

A stands for symmetric difference, so this is a boolean Abelian group (a boolean
group is a group G such that 2G = {0}, therefore this is a torsion group). The main new
ingredient in the ZFC construction is the use of a clever filter which takes care of the
combinatorics that guarantee the existence of accumulation points.

This new idea has yet two limitations: first the construction depends on the use of
a group of finite order. Second, the example has cardinality c. It is not yet known if the
example could be improved to obtain an example of cardinality strictly greater than c.

In this thesis, we present our result that (consistently) improves Theorem 5.2.5 by
using forcing.

Our first result in this direction, which we will not present the proof in this thesis, but
will use many of the tools developed while working on it, is the following:

Theorem 5.2.10 ([6]). Assume p = ¢. Let G be an Abelian non-torsion group of cardinality
at most ¢. The following are equivalent:

1. G admits a countably compact group topology with non-trivial convergent se-
quences;

2. G admits a countably compact group topology without non-trivial convergent
sequences;

3. |G/t(G)| = c and for every positive integers n, d such that d|n, dG[n] =~ G[n|/G|d]
is finite or of cardinality c.

The result above was part of old unpublished manuscripts written by A. H. Tomita, L.
Castro-Pereira and A. C. Boero during postdoctoral studies of I. Castro-Pereira. During
my PhD, myself, my fellow student M. K. Bellini and A. H. Tomita completely rewrote this
manuscript, fixing some typos, changing most of the notation and making it more clear,
also obtaining some corollaries in the process. Just after doing that, we did the same with
the following result (with a different notation) in the PhD thesis of A. C. Boero [12] which
was not published in any paper, which weakens the hypothesis of p = ¢.
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Theorem 5.2.11 ([6]). Assume the existence of ¢ pairwise RK-incomparable selective
ultrafilters. Let G' be an Abelian non-torsion group of cardinality at most ¢. The following
are equivalent:

1. G admits a countably compact group topology with non-trivial convergent se-
quences;

2. G admits a countably compact group topology without non-trivial convergent
sequences;

3. |G/t(G)| = ¢ and for every positive integers n, d such that d
is finite or of cardinality .

n, dG[n] ~ G[n]/G[d]

The paper [7] appears as a natural follow up to [6] and uses its results and notation, so,
although it uses the same techniques as [12], the presentation of the result is different.

Theorem 5.2.11 is not a part of this thesis. Using the techniques revamped in [6],
we were able to obtain, by applying forcing, the following classification result, which is
published in our paper [7]:

Theorem 5.2.12 (*). It is consistent that for every Abelian non-torsion group G of cardi-
nality at most 2°, the following are equivalent:

1. G admits a countably compact group topology;

2. G admits a countably compact group topology with non-trivial convergent se-
quences;

3. |G/t(G)| > c and for every positive integers n, d such that d
is finite or of cardinality at least c.

n, dG[n] =~ G[n|/G[d]

To prove this result, in [7] we relied on results from [6], claiming that the proofs are
analogous, as they really are. In this document we will prove [7] directly without relying
in this kind of argument.

In particular, this consistently answers Question 24 of Dikranjan and Shakhmatov
[20] for countably compact groups of cardinality at most 2°. The question is the following
problem:

Problem 5.2.13. Let GG be an infinite group admitting a countably compact (or a pseudo-
compact) group topology. Does GG have a countably compact (respectively, pseudocompact)
group topology that contains a nontrivial convergent sequence?

Note that this result differs from the results from [19] since we are classifying the
Abelian groups which have countably compact Hausdorff group topologies that do have
convergent sequences.

The proof of this result is very long and we dedicate the rest of this chapter to it.

5.3 The groups for the immersion

We start by presenting some of the notation that will be used throughout this chap-
ter.
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T is the unit circle R/Z, where R is the real additive group and 7Z the subgroup of the
integers.

Fix a partition { P, P, } of ¢ such that |Py| = |Pi| =¢,andw + 1 C P;.
Fix a partition { Ry, R; } be a partition of 2¢ \ ¢ such that |Ry| = |R;| = 2°.
Define U = Q%) @ Q) and U = (Q/Z)"0) g Q).

Define W = (Q/Z)(P*«) ¢ Q™) @ U.

Also define X = Q%) g Q) @ U.

Fix a partition {C,,, : n > 1,m > 1} of P, of sets cardinality ¢, where C; =
Um.n>1 Cnm is such that By \ Cp has cardinality c. Partition F \ Cy as U,,~; Cy,,1, where
each C,, ; has cardinality c.

Let Cy C P, be such that |Cy| = |P; \ C}| = ¢, and partition C; as {C},, : m > 1}
and let C;; = P, \ C} in a way such that all these sets have cardinality ¢ as well.

The main group throughout this chapter will be X = @51 ,51(Q/Z)Cnmxm) g
Q(Pl) aUCW.

If G is a subset of X or W and £ C 2°, we define Gg = {g € G : suppg C
(E X w)UE}.

5.3.1 Structure of the construction

We will use forcing to construct an injective group homomorphism ¢ : X — T*. The
range of this homomorphism will be countably compact and have convergent sequences.
Each forcing condition will be a partial countable piece of this homomorphism.

Of course, not every subgroup of X will be countably compact. However, we will show
that if H is a group such that 2° > |H| > |H/t(H)| > ¢ and for all d,n € N with d | n,
the group H[n]/H|d] is either finite or has cardinality at least ¢, then it is isomorphic to a
subgroup of X that is countably compact and has convergent sequences considering the
subspace topology of X generated by ®. To show that such a copy exists, we define the
concept of large subgroup of X, which was inspired by the concept of nice immersion from
[6]. This concludes the classification.

We will guarantee that the sequences of the form (%'Xn :n € w)in G C X, for
each positive integer S, converge to 0 (identifying G with its copy in X), where Y, is the
characteristic function of {n} C P;.

5.3.2 More notation

Givenw € Worw € X,z € (P xw) U Ryand y € P, U Ry, we denote by w(z) the
x-th coordinate of w and w(y) the y-th of w, so the functions w — w(x) and w — w(y)
are the natural projections.

We also fix well defined numerators and denominators for fractions: if r € Q/Z is not
0, then p(r) and ¢(r) are the unique integers p, ¢ such that ¢ > 0, ged(p,q) = 1,0 < p < ¢
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andr = % + Z. Likewise, if r € Q is not 0, p(r) and ¢(r) are the unique integers p, ¢ such
that ¢ > 0, ged(p, ¢) = 1 and r = £. We define p(0) = 0 and ¢(0) = 1.

Given w € W (or w € X), we denote by w" and w! the unique elements of W (or
X) such that suppw® C ((Py x w) U Ry), suppw' C P, U Ry and w = w° + w?, that is,
w — w is the natural projections into (Q/Z)((Fox«)VEo) (or Q(UFoxw)UR0)y and 1 — w' is
the natural projection into Q1Y) Also, we call w'? and w' ! the natural projections of
w onto Q) and QUP1UEI\Y) respectively.

We also define p(w) = max{|p(w(z))| : z € suppw} and g(w) = max{q(w(z)) : z €
suppw} if w # 0. We define p(0) = 0 and ¢(0) = 1.

Similarly, given ¢ : w — W (or X), we define ¢°, ¢!, ¢** and ¢g''!. So g = ¢° + ¢! =
9"+ g"° + ght suppg® € ((Py X w) U Ry), suppg" € Py U Ry, supp g™? C w and
supp g"' C (P, U Ry) \ w; where supp h = U{supp h(k) : k € w} for a sequence h.

It will be useful to be able to easily transform an element of X into an element of
W. Thus, given w € X, we define [w] as the unique element of W such that for every
r € (Py X w) U Ry, [w](z) = w(x) + Z and for every y € P, U Ry, [w](y) = w(y).
Clearly, the function w — [w] is a group homomorphism from X onto W. Given a function
g :w — X, we also define [g] : w — W be given by [g](n) = [g(n)] for every n € w.

5.4 Types of sequences

5.4.1 Associating sequences to a type

In this section we define the 11 types of sequences related to a subgroup G of W and
state the theorem that every sequence is related to one of them.

The set of the sequences which are of one of these 11 types of sequences for G (which
will be defined in the following subsections) will be denoted by H.

The main result we will state in this section is the following, which, in particular,
implies that when working with the existence of accumulation points for a sequence, by
passing to a subsequence it is enough to guarantee the existence of an accumulation point
for the 11 types and the convergence of the sequence of (%’ Xn @ N € w) to 0 for each
positive integer S. The proof is the same as the proof of Theorem 3.1. of [6] although the
group called W is different. We will present a proof here.

Theorem 5.4.1 (*). Let f : w — X be given by f(n) = nlx,, for every n € w. Let G be a
subgroup of W containing |x,| for every n € w. Let g : w — X with [g] € G“.

Then there exists b : w — X such that h € Hg or b = 0 is the constant sequence
null sequence, ¢ € X with [¢] € G, F € [w]<¥, p;,q; € Z with ¢; # 0 for every i € F,
(4i : @ € F) strictly increasing sequences of natural numbers and j : w — w strictly
increasing such that

goj=h+ct Y Yifoj

icr i
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with ¢; < j;(n) for each n € w and i € F (which implies [if o ji] € G¥ since
¢i|((7i(n))!) for each i € F and n € w). 0

We will prove this result in the end of this section after defining the types.

5.4.2 The eleven types

We prove this theorem by pieces. First, we must define the types. We classify them in
three groups.

First group

Definition 5.4.2 (*). [The types related to (R; U P;) \ w] Let G be a subgroup of W. We
define the first three types of sequence (with respect to (z) as follows:

Let g : w — X be such that [g] € G“.
We say that g is of type 1iff supp g"*(n) \ Uppen supp g** (m) # 0, for every n € w.
We say that g is of type 2 iff g(¢*'(n)) > n, for every n € w.

We say that g is of type 3iff {q(¢"'(n)) : n € w} is bounded and |p(¢g"!(n))| > n, for
every n € w. [

Proposition 5.4.3 (*). If g : w — X with [g] € G¥ then there exists a strictly increasing
sequence j : w — w such that there exists such that g o j is of type 1, 2 or 3 or g*! 0 j is
constant.

Proof. Case 1 U,,c,, supp g"*(n) is infinite.

By induction, define a strictly increasing sequence (n; : k € w) of natural numbers
such that supp ¢! (ng+1) \ Uicrg1 supp g™ () # 0. The function j : w — w defined by
j(k) = ny for each k € w is strictly increasing and g o j is of type 1.

Case 2 |J,¢,, supp g!(n) is finite and {q(¢g"'(n)) : n € w} is unbounded.

By induction, define a strictly increasing sequence {ny : k € w} of natural numbers such
that ¢(g"'(ny)) > k for each k € w. The function j : w — w defined by j(k) = ny, for
each k € w is strictly increasing and g o j is of type 2.

Case 3 U, supp g (n) is finite, {q(¢™'(n)) : n € w} is bounded and {|p(g™'(n))| :
n € w} is unbounded.

By induction, define a strictly increasing sequence (ny, : k € w) of natural numbers such
that [p(g"!(ny))| > k for each k € w. The function j : w — w defined by j(k) = n, for
each k € w is strictly increasing and g o j is of type 3.

Case 4 None of the cases above, that is: U,,c,, supp g"'!(n) is finite, {¢(¢"*(n)) : n € w}
is bounded and {|p(¢''(n))| : n € w} is bounded. There exists a infinite subset A such
that (supp g"!(n) : n € A) is constant. There are only finitely many possibilities for the
coefficients in this finite support, therefore, there is an infinite subset B of A for which
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(¢"'(n) : n € B) is constant. Let j be an increasing enumeration of B. Let j : w — B be
the increasing enumeration of B.

]

Second group

Definition 5.4.4 (*). [The types related to w] Let G C W be a subgroup such that
{Ixn] : n € w} € G.Let g : w — X be such that [g] € G¥. Then we define types 4 to 9
(with respect to () as follows:

We say that g is of type 4iff ¢(¢'°(n)) > n, for every n € w.

We say that g is of type 5 iff {¢(¢g(n)) : n € w} is bounded and there exists
M € N, supp g°(n) such that [p(g(n)(M))| > n for every n € w.

To define types 6, 7 and 8, suppose g is such that for each n € w, there exists M,, €
supp ¢°(n) \ Upen supp g*°(m) such that

is a 1-1 sequence that converges to some u € (R\ Q) U {—00,0, co0}.
We say that g is of type 6 iff u = 0.
We say that g is of type 7 iff u € R\ Q.

We say that ¢ is of type 8 iff u is co or —o0.

g(n)(M)
M!
| supp ¢*°(n)| > n for every n € w. O

We say that g is of type 9 iff { : M € suppg'®(n),n € w} is finite and

Proposition 5.4.5 (*). Let G C W be a subgroup such that |x,| € G for every n € w, and
let f: w — X be such that f(n) = nly,, for eachn € w.

Let g : w — Xp,uR,uw be such that [¢g] € G*.

Then there exists ¢ € X with [¢] € G, a finite set F (possibly empty), p;, ¢; € Z with
q; # 0 for every i € F, a sequence h either of type 4, 5, 6,7, 8 or 9 or h = h° with [h] € G¥
and j; : w — w a strictly increasing sequence for each ¢ € I’ such that

goj=h+Y Yfojite
ieF 4
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with [h] € G* and ¢; < j;(n), for eachn € wand i € F.

Proof. Case 1 {q(g"°(n)) : n € w} is unbounded.
By induction, define a strictly increasing sequence j of elements of w such that
q(g*° 0 j(n)) > n, for each n € w. Then g o j is of type 4. Let F' = (), ¢ = 0.

For the next cases, let

Q= {W : M € suppg™®(n),n € w} .

Case 2 {q(¢"°(n)) : n € w} is bounded and ( is infinite.

There exists Jy € [w]” and (M,, : n € Jy) such that M,, € supp g"°(n) and

(W:né%)—>7’

strictly monotonically (the main fact is that we need a sequence that converges and is one
to one), for some r € [—00, +00]. Then there exists J; an infinite subset of .Jj such that

one of the following hold:
(a) M, & U{suppg'®(m):m <n,m € J;}, foreveryn € J;
or
(b) there exists M € w such that M,, = M, for every n € J;.
Subcase 2.1 Condition (a) holds and r ¢ Q \ {0}.

If r = 0, then g o j is of type 6, where j : w — .J; is the order isomorphism. Analogously,
ifr € R\ Q, then g o jis of type 7 and if r € {—00, 400}, then g o j is of type 8. Let
F=10,c=0.

Subcase 2.2 Condition (a) holds and € Q \ {0}.

Define j' such that j'(n) = M, for eachn € J, and let § : w — X be such that
g(n) = g(n) — rf oy for every n € Ji. Since (M, : n € J;) is injective, there exists a
cofinite subset .J, of J; such that ¢(r) < M, for each n € J, and therefore [§(n)] € G for
every n € Js.

Note that
(W(Mn)

M :n€J2>—>O.

Let j : w — J; be an order isomorphism. Then g o j is of type 6, [§ o j] € G“ and
goj=goj+rfojojLeth=goj F={0} jo=jojpo=p(r) q=q(r)and
we are done.
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Subcase 2.3 Condition (b) holds. Since

<W:nejl>

is injective and {q(g(n)(M)) : n € Ji} is bounded, there exists Jo € [J1]* such that
Ip(g(n)(M))| > n, for every n € Jy. Hence, g o j is of type 5, where j : w — J; is the
order isomorphism.

Case 3 {q(¢"°(n)) : n € w} is bounded and @ is finite.
Then there exists J; a infinite subset of w such that either
(©) (Jsuppg™°(n)|: n € Jy) is injective
or
(d) (|supp g'®(n)|: n € Jo) is constant.

Subcase 3.1 If property (c) holds then there exists a strictly increasing sequence j € (Jy)“
such that | supp g'°(j(n))| > n, for every n € w and g o j is of type 9. Let F' = (), ¢ = 0.

Subcase 3.2 If property (d) holds, then there exists k € w such that | supp ¢'°(n)| = k,
for every n € Jy and we may write supp ¢"°(n) = { Mg, ..., M}* ,}, where M # M} if
i # 4. Since () is finite, there exist .J; € [Jy|* and po/qo, - -, Pr—1/qk—1 € Q\ {0} such

that
gm)(M?) _ pi
M o
for each n € J; and i < k. By refining J, (if necessary), we can suppose that for each
i <k, (M]:n € Jy) is either constant or is injective with ¢; < M for every n € J,. Let
F={i<k:(M:née€.Jyisal-1sequence}. Let j/ : Jo — w such that j/(n) = M,
for each ¢ < k. Note that }_,c [%f} o ji(n) € G, for every n € Js. Fix ng € Js.

g(n) — g(ng) = g°(n) — ¢°(no) + g"°(n) — g"°(ne) =

3°(n) — ¢°(no) + -2 f o ji(n Z(ML%

i<k 1t i<k i
Di
B(n)—g°(no)+ 3 Projitn)— 3 Projing)+ 3 Y fositn)— 3 2 roji(ng)
ick\F 1 i€k\F i ier 4 icer i

?°(n) — ¢°(no) + 3" B f o jiln z % f o jino)

iekF i ick i

for every n € Jy. The last equality follows from j/(n) = j/(ng), for each i € k \ F and
n € Jo. Since [g(n) — g(no)] and [Yicp £ f 0 ji(n) — Yiep 2 f 0 ji(no)] are elements of
G, it follows that [¢°(n) — ¢°(no)] € G, for every n € Js.
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Let j be the order preserving bijection between w and Jo, ¢; = g(ng) andcy = — > icp %fo
J!(ng). Note that [¢1], [e2] € G.

Then

. . . Di . .
gog:c1+(g—c1)o3=cl+(g—cl)OOJ+Z;fOJ£OJ+Cz
e 17

with [(g—¢1)%0j] € G* and (9 —¢1)° 0 j(n) € Xp,uRr,- Letc=c1+co, h = (g — 1) 07,
Ji = ji o j and we are done.

]

Third group

Definition 5.4.6 (*). [The types related to Py U Ry] We define types 10 and 11 (with
respect to () as follows: Let g : w — X be such that supp g(n) C Ry U (Fy X w) for each
n € wand [g] € G¥.

We say that g is of type 10 iff ¢(g°(n)) > n, for every n € w.

We say that ¢ is of type 11 iff the family {[g(n)] : n € w} is an independent family
whose elements have a fixed order £, for some positive integer k. O]

To prove properties relating a sequence to a subsequence of type 11 we will use
following concept introduced in [21]:

Definition 5.4.7. Let G be an Abelian group and n € N\ {1}. A countably infinite subset
S of G is said to be n-round if nS = {0} and the restriction of the group homomorphism

©d - G —- G
r — dx
to S is finite-to-one for every proper divisor d of n. [

The proof of the following proposition can also be found in [21]:

Proposition 5.4.8. Every infinite set in an Abelian group G such that nG = {0} contains
an infinite subset of the form T + z, where z € GG and T is a d-round subset of GG for some
divisor d of n.

Proof. Let A C G be infinite. If A is n-round we are done. If not, there exists a positive
integer d < n such thatd | n and h € G such that {g € A : dg = h} is infinite. Let d be
the smallest such positive integer and fix ¢’ € A. Let T' = A — ¢'. Then clearly dT" = {0}.

Suppose d' | d, where d' < d is a positive integer. Let i’ € (. We must see that
B ={g €T :dg= h} is finite. Notice that B + g C A. Moreover,ifg € B,g+ ¢ € A
andd(g+¢) =h+dg.Leth” = h+ d'¢g'. Then B injects into {a € A : d'a = h"},
which is finite by the minimality of d. [

From this, we can obtain independent sets. The following is probably folklore.
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Lemma 5.4.9. Let GG be an Abelian group. Then every infinite d-round subset of GG contains
an infinite independent subset.

Proof. Let H be a finite torsion subgroup of G. We claim that there exists g € 7" such that
(g) is a direct summand of H. If this is not the case, then for every g € T there exists
a positive integer r such that rg € H. Let r, be the smallest such r. Since dT" = {0} it
follows that 1 < r, < d.

We claim that r, | d. Suppose not. Write d = r,m + n, where m € Z and 0 < n < d.
Clearly, rymg € H. Also, 0 = dg = rymg + ng € H. This implies that ng € H, but
1 < n < rgy, a contradiction.

Since H is finite, there exists h € H such that {g € T': r,9 = h} is infinite. Thus,
there exists a divisor 7 of d such that {g € T': rg = h} is infinite which shows that 7 is
not d-round, a contradiction.

Now, one can define inductively a independent subset 7" C T as required.

O

Proposition 5.4.10 (*). Let G be a subgroup of W.If g : w — Xp g, is such that [g] € G¥,
then there exist j : w — w strictly increasing, ¢ € Xp, g, with [c] € G, and h : w — X of
type 10 or 11, such that either g o j = h + ¢, or [g o j] is constant.

Proof. By the choice of g, we have g = ¢°.

Case 1 {q(g(n)) : n € w} is unbounded.
By induction, define a strictly increasing sequence j of w such that ¢(g(j(n))) > n, for
eachn € w. Then g o j is of type 10, solet h = g o j and c = 0.

Case 2 {q(g(n)) : n € w}isbounded and S = {[g(n)] : n € w} is infinite.

Since {q(g(n)) : n € J;} is bounded, there exists a natural number m > 1 such that
m.S = {0}. Thus, by Proposition 5.4.8 there exist 7" C G infinite and z € G such that
T 4 z C S and T is k-round, for some divisor k£’ of m. By Lemma 5.4.9, T' contains an
infinite independent subset 7" of some fixed order & | k’. Let ¢ € X such that [c] = z and
let A={n €w: [g(n)] — 2z € T"}. Let j be an increasing enumeration of w onto A. Then
(g—c)ojisoftype 11,s0leth = (g —c) o j.

Case 3 {q(g(n)) : n € w}isbounded and S = {[g(n)] : n € w} is finite.

In this case, there exists ¢ € X such that A = {n € w: [g(n)] = [c]} is infinite. Let j be a
order preserving bijection between w and A. We have that [g o j] is constant.

]

5.4.3 Proof of Theorem 5.4.1
Proof. Let g € X“ be such that [g] € G“.

By Proposition 5.4.3, there exists an increasing sequence j’ such that g o j' is of type
1,2,3 or gt o5 is constant. If go j' is of type 1,2,3,let h = goj’,j = j/,c = 0, F = () and
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we are done. If not, let goj’(0) = ¢;. Notice that [¢;] € G and that g, = (9—c1)oj 1 w — X
is such that [¢;] € G* and 91" = g1. Also, go j = g1 + 1.

Now we apply Proposition 5.4.5 to g; and obtain j : w — w, ¢, € X with [¢y] € G,
a finite set F', p;,q; € 7Z with ¢; # 0 for every i € F, a sequence g, of type i with
i € {4,...,9} or such that g, = ¢ and [¢g2] € G and j! : w — w a strictly increasing
sequence for each 2 € F' such that

~ Di .
gloj:92+szo‘];+02 (5.1)
ieF 1t

with [g2] € G¥ and ¢; < j/ € G¥ foreachn € wandi € F.
Case 1 g, is of type i withi € {4,...9}.

In this case, let j = j' 0 j, h = gy, ¢ = ¢1 + ¢, and j; = j. Set F and the p;’s and ¢/s as
above.

Case 2 [go] € G* and g3 = ¢5.

Apply Proposition 5.4.10 on g, to obtain [ : w — w strictly increasing, c3 € W with
[c3] € G, and g3 : w — X of type 10 or 11, such that either go ol = g3 + ¢3 or [g2 0[] is
constant.

Case2a ¢go0l = g3+ c5. Inthis case,let j = j'ojol,h = g3, ¢ = ¢1 + ¢» + ¢3, and
Ji = jiol.Set F and the p;’s, ¢;’s as above.

Case 2b [g; 0[] is constant. Let j = j' 0 jol,h =0,c=c¢; + ¢+ g2 01(0) and j; = j/ol.
Set F' and the p;’s and ¢;’s as above. By (1) and (2), we are done.

]

The following lemma is easy to verify and left to the reader.

Lemma 5.4.11 (*). Being a sequence of one of the types is absolute for transitive models
of ZFC.

5.5 Arc homomorphisms and countable
homomorphisms

5.5.1 Countable homomorphisms

In this subsection, we will state a theorem that guarantees (in ZFC) the existence
of partial homomorphisms defined on countable subgroups of X. The statement of this
theorem is very similar to Proposition 4.3. of [6] and has a completely analogous (long)
proof, which we write here for the sake of completeness.

Proposition 5.5.1 (*). Let £ be a countable subset of 2° containing w, e € Xy with e # 0,
a countable family (gx : k € w) of elements of Hx, and Ay, infinite subsets of w for each
ke w.
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Fix a family (¢, : k € w) of elements of X such that [¢;] € X, ¢ is a non torsion
element if gy, is of one of types from 1 to 10, and [c;] has the same order as [gy] if gy, is of
type 11.

Then there exists a homomorphism p : Xz — T such that:

1. p(e) #0,

2. for each k € w, there exists By C Ay, infinite such that (p([gx(n)]))nep, converges
to p([ck]), and

3. (p <%'Xn> 'n € w) converges to 0 € T, for every integer S > 0.

We will prove this result in the end of this section.

5.5.2 Arc Homomorphisms

To prove the result in the previous subsection we will need the technical concept of arc
homomorphism, which is an approximation of an homomorphism. First, we need some
notation:

Definition 5.5.2 (*). Given a subset F of 2° we define:
« E°=FEU (PR URy),
« E'=FU(PLURy),
e Xp={weX: suppw C (E x w) U E},
« X(k) ={w € X: Ju € X,w = [u] and Ku has integer coordinates}, and
e Xpx =Xp N X,
[

Definition 5.5.3. An arc is an subset of R/Z of the form (a, b) + Z, where a < b are real
numbers. B is the set of all arcs. [

Definition 5.5.4 (*). Given a positive real €, a subset £ of ¢ and a positive integer K, an
(E, K, €)-arc homomorphism is a pair ¢ = (¢°, ¢') where:

a) ¢ : Xpo ¢ — T is a homomorphism,
b) gbl:{%xgz ¢e FE'} — B,
c) ¢'(+Xe) is an arc of length ¢, for every & € E*.
[

The idea is that ¢! is an approximation of a homomorphism from X1 to T. Notice
that ¢! can naturally be extended to the whole X £,k as follows:

Definition 5.5.5 (*). Let E C 2°, K be a positive integer, ¢ > 0, ¢ = (¢°, ¢') be an
(E, K, €)-arc homomorphism and w € X x. Then we define:
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dw) = ')+ Y Ku(©)e' (5)

¢esupp wl K

We define the empty sum of arcs to be the singleton {0 + Z}, so if w € Xpgo g, it
follows that ¢(w) = {¢°(w)}. O

We will extend these arc homomorphisms while shrinking e to construct homomor-
phisms. When extending arc homomorphisms, we must be careful to guarantee the con-
vergence of the sequences ([ X.n] : m € w), where S is a positive integer. Thus, the
following notion of extension will be very useful:

Definition 5.5.6 (). Given ¢',¢ > 0, positive integers K, K', subsets E, E’' of 2°,
¢ = (¢°, ¢') an (E, K, €)-arc homomorphism and ¢ = (¢°, ') an (E’, K, ¢')-arc homo-
morphism, we say that ¢ < ¢ (¢ extends ¢) iff:

a) EC E,K|K' and € <,
b) ¢° C ¢°,
c) cl (%wl(%xg)) C ¢'(xxe), foreach € B

d) m!Ly!(X2) is contained in the arc (— 5%

- 55 55) + L, foreachm € (E'Nw) \ E.

]

Now we state some straightforward properties of arc homomorphisms. We leave the
proofs to the reader.

Lemma 5.5.7 (*). Given ¢;, K;, F; and ¢; (F;, K;, €;)-arc homomorphisms (i = 1, 2) such
that ¢o < ¢, then cl (q%(w)) C ¢ (w) for every w € X, k, .

Lemma 5.5.8 (*). Given ¢ an (E, K, ¢)-arc homomorphism and w,w’ € Xg g, d(w +
w') € ¢(w) + o(w').

The lemmas above show that extension of arc homomorphisms are better approxi-
mations of a homomorphism. The following lemma shows how to use a family of arc
homomorphisms to define a group homomorphism.

Proposition 5.5.9 (*). Suppose (¢, : n € w) is a sequence of (E,, K,, €,)-arc homo-
morphisms such that: ¢, < ¢, for every n € w; (¢, : n € w) — 0; each positive
integer divides cofinitely many elements of (K, : n € w) (or, equivalently, one K,); and
W C Unew En- Let E = U, Ey. Then:

1. For every w € Xp, ﬂ{ggn(w) cw € X, K, } is a singleton.

2. The function ¢ : Xz — T so that ¥)(w) € N{dn(w) : w € X, x,} is a group
homomorphism.

3. Ifw C F and E,, is finite for every n, then for every positive integer .S, (¢ (%‘ Xm) :
m € w) converges to 0 € T.
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Proof. (1) Notice that the hypothesis about (K, : n € w) guarantees that the sets being
1ntersected are nonempty. By Lemma 5.5.7, {¢n(w) : w € X, x,} = N{cldp(w) : w €
X, K, }- Since (€, : n € w) — 0, the second intersection is a decreasing family of closed
sets with diameter converging to 0. Since T is a complete metric space it follows that the
intersection is a singleton.

(2) Notice that given w, w’ € Xg,

(Yt} = M{bulwrtw') : wtw' € Xg, .} € (Wbulw)+du(w') s wtw' € Wi, k).

Notice that (¢, (w)+dn(w') : w+w' € X, k, ) is a family with arbitrarily small diameters,

so its intersection is at most a singleton, which must be {¢)(w + w’)}. So:
{(w +w)} = ({dn(w) + ¢n(w) : w+w' € Xg, .}
2 (Wén(w) s w € X, i, } +(WHon(w) s 0’ € X, i, } = {$(w) + ()}

So (w + w') = P (w) + ¢(w’), as intended.

(3) Let S be given. Fix N such that S divides K, for every n > N. Now we show that
the sequence converges.

Let € > 0 be given. There exists ¢ > S, N such that ¢, < ¢ and F; Nw # (). Let
M = max{E; Nw}. We claim that if m > M then 1 (%'Xm) € (—¢,€) + Z, which
completes the proof.

If m > M, thenm ¢ E;. Let n be the first natural number such that m € E,,. It follows
that n > ¢. By the definition of arc extension and the choice of n, we have:

€n €n
Xm - ) Z
< ) € < 2K, 2Kn_1> "

So multiplying this expression by the integer = Kn1 it follows that:

$n<n;xm>— %( m>_(—2€S 2S)+Z (—¢€,€) +Z,

$0 (%'Xm) € (—¢,€) + Z, as intended. O

Givenw € X\ {0}, it is easy to construct an arc homomorphism ¢ for whichw € X g x
and gzg(w) N {0} = 0. After doing that, just by shrinking the arcs it is easy to construct
a sequence of extensions of ¢ that satisfy the conditions of the previous proposition. A
more complicated problem is how to do it while guaranteeing accumulation points for
arbitrary sequences and this is where the 11 types play their role.

The lemma below will be used to extend arc homomorphisms. Roughly speaking, given
an arc homomorphism, we find a good homomorphism approximated by the arc homomor-
phism and then use the Lemma 5.5.10 to define the arc homomorphism extension.
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Lemma 5.5.10 (*). Suppose that the following are given:
) Ee 27,
ii) K is a positive integer,
iii) € 1s a positive real number,
iv) ¢ isan (F, K, €)-arc homomorphism,
v) U is an open arc,
vi) v € X,
vii) E'1is a finite set with £ C E’' C 2%, and
viii) K’ is a multiple of K.
Suppose v € Xpr g. Then if there exists a homomorphism 0 : X g g — T such that:
a) ¢° C 0,
b) 0(+xe) € ¢' (5 x¢) for every & € EY,
) O(Zxn) € ( 5% 2K) + Z foreachm € E'Nw \ F, and
d) 6(v)eU,
then there exists € > 0 with €/ < € Asuch that for all €* < €, there exists an (E', K', €*)-
arc homomorphism ¢’ < ¢ such that ¢/(v) C U if v* # 0 and (¢')°(v) € U if v* = 0.
Proof. Let (¢')° = 0| X g .

Given £ € E', let e be such that the closed arc centered in 9(%){5) of length %65 is
contained in ¢' (% x¢).
Given m € (E'\ E) Nw, let €, be such that the closed arc centered in §(22 ) of

length m!%em is contained in ( 57 2K> + Z.

If v # 0, let € > 0 be such that the closed arc centered on 6 (v) of length
K'€(Y¢esuppor [V(§)]) is contained in U. If not, let € = 1.

Let ¢ = min ({E, SJU{e: € E'YU{en :me (E'\E)N w}) Given €" < €, de-
fine, for £ € (E')%, (¢/)" (35 X¢) as the arc centered in 655 x¢) of length €*. Now it is easy
to verify that all the properties we need hold. [

5.5.3 Extension of Arc Homomorphisms

The main results are the following two theorems. The proof is rather long and will be
postponed to the end of this subsection since we will need some preliminary lemmas.

Theorem 5.5.11 (*). Let the following be given:
i) B e 2]

ii) K positive integers,
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iii) € a positive real with € < 1

iv) ¢ a (E, K, €)-arc homomorphism,

v) h asequence of type 1, 2, 3,4, 5,6,7,8,9 or 10,
vi) v > 0 a real number.

Then there exists a cofinite set S C w such that for all n € S, for all finite £/ with
E C E' C 2, for all K’ with K|K' such that | %h(n)| € Xp s and for all U € B of
length > ~:

There exist € < e such that for every positive ¢* < ¢’ there exists an (E’, K’, €*)-arc

homomorphism ¢’ < ¢ such that ¢/ ({%h(n)}) cUu. N

The reason type 11 is separate from the others is that its accumulation point have finite
order and its proof can be readily presented as it does not require extra preliminaries.

Theorem 5.5.12 (*). Let the following be given:
i) E e 29,
ii) K positive integers,
iii) € positive real with € < L
iv) ¢ a (E, K, €)-arc homomorphism,
v) h a sequence of type 11 of order k.

Then there exists a cofinite set S C w such that for all n € S, for all finite £/ with
E C E' C 2 for all K’ multiple of Kk such that [%h(n)} € Xp i andforallr € T
such that kr = 0:

There exist € < € such that for every positive €* < €’ there exists an (F’, K’ €*)-arc
homomorphism ¢’ < ¢ such that (¢')° ([h(n)]) = r.

Proof. The family {[h(n)] : n € w} is an independent family whose elements have order

k.

Let ¢ : Xp x — T be a homomorphism such that ¢)|X go r = ¢° and @D(%Xs) is the
center of ¢' (7 x¢) for each { € E™.

Let K’ be any multiple of Kk. The group X go - is a finite group. Therefore, for all
but finitely n the group generated by [h(n)] and X go x is a direct sum. Let S be the set
of such n’s and fix n € S. Notice that K?/h(n)(x) is an integer for every x € supp h(n).
Notice that the sum of the group generated by ([2(n)]) with X g - is also a direct sum. We
can extend ¢ to ¢’ on X g g @ ([h(n)]) so that ¢)'([h(n)]) = . Let 6 be the extension of ¢
defined on X g ;v using the divisibility of T in such a way that for every m € (E'\ E) Nw,
(v (% Xm) = 0+ Z. Apply Lemma 5.5.10 to obtain the desired arc homomorphism ¢’. [

Notice that K’ did not depend on the choice of n € S.

Before we start proving Theorem 5.5.11, we will prove two lemmas.
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The lemma below will be needed for the cases related to types 2, 4, 5, 6, 8 and 10.

Lemma 5.5.13 (*). Let ¢,d € Z\ {0}, ¢ > 0,a € T and B € B be such that §(B) > ¢ and
|d|e > ged(c, d). There exists « € T such that dz = a and cx € B.

Proof. Let e = gcd(c,d) and let ¢, d’ € Z be such that ¢ = ec’ and d = ed'. Notice that
€> Idil’l' If B = T the proof is trivial, so suppose 6(B) > € and |d|e > e.

Let a = a + Z for some a € R. Since ¢ > ﬁ, there exists [ € Z such that:

a 1
- 4t7eB.

d d
Since ged(c’, d') = 1, there exists u,v € Z such that uc’ + vd' = . Now, since § = Ccl—/,,
it follows that:
ca  uc
—+ — +7Z € B.
aat
Soletz = % + Z and we are done. OJ

The second lemma will be used to treat sequences of type 7 and its proof uses Kro-
necker’s Theorem. Lemma 5.5.16 is a less elaborated version of a construction made on
[11], but it is difficult to recognize it inside the construction. Therefore, we present a proof
of it. First, we state Kronecker’s Theorem.

Theorem 5.5.14 (Kronecker). Let k € w and {1,&p, ...,&x_1} be a linearly independent
subset of k+ 1 vectors of the vector space R over the field Q. Then {(&n, . .., &1n) +ZF :
n € Z} is a dense subset of the product of T". O]

We refer to [13, Theorem 4.13.] for a proof.

If ¢ € R\ Q, then let i be such that {1, u,{} is linearly independent. Then
{p=1,1,&u7 1t} is linearly independent. Then {(u~'n,éu~'n) + Z? : n € Z} is dense
in T?.

Hence {(z,£z) + Z* : x € R} is a dense subset of the torus T? = R?/Z?. This implies

that given an irrational number ¢ and € > 0, there exists a such that {(z,{x) + Z* : z €
[0,a]} is e-dense.

Definition 5.5.15. Let £ be an irrational real number and € > 0. a(&, €) is a the least
natural number such that {(z,{x) + Z? : = € [0, a]} is e-dense. O

It will not be important that we are choosing the smallest such a, but we had to make
a choice.

Lemma 5.5.16 (*). Let ¢1, ¢ € Z\ {0}, ¢ > 0 and B, By € B be such that §(B;) > € and
d(B2) > €. Suppose that there exist £ € R\ Q such that ‘% —£ ’ < Then there
exists x € T such that c;x € B; and cox € Bs.

2a(€,e/2)"
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Proof. Leta = a(§, €/2). First, we show that A = {(v+Z, 2 +Z) : x € [0, al} is e-dense.
Fix a ball B of radius > ¢. Let b be the center of the B and B be the ball centered in b of
length §. Since {(z + Z,{x + Z) : x € [0,a]} is §-dense, there exists = € [0, a] such that
(x +7Z,&x + Z) € B. Now notice that by applying the triangular inequality,

5(b, (x + Z, %x +2)<6(b,(z+Z,Ex+ 7)) +6((x+Z,Ex + L), (x + Z, Z—lx +12))
2 2
€

<
2

12—t < S+ Za—¢tal <e

Co 2 Co

Then {(cex +Z,cix+Z) : x € [0, 1]} = Ais e-dense. Since §(By x B;) > e it follows
that there exists « € [0, ;] such that ¢;(z + Z) = (¢;z) + Z € B, fori € 1,2. O

Now we present proof of Theorem 5.5.11. The set of proofs are rather long, however,
they are split in 10 separate cases, each related to a type. The reader doesn’t need to read
all the cases at once.

Proof of Theorem 5.5.11. By shrinking € if necessary (by shrinking the arcs ¢(7x¢)) we
may suppose that 7 > €. Let ¢ : X x — T be a homomorphism such that )| X go r = ¢°
and (% X¢) is the center of ¢' (4 x¢) for each £ € E™.

We now break the proof in 10 cases, one of each type from 1 to 10. In each case, we
aim to apply Lemma 5.5.10.

Proof of type 1 supp h'''(n) \ U,,<n, supp hb(m) # 0, for every n € w.

Notice that the set of natural n’s such that supp h''!(n) \ E # () is cofinite. Let S be the
set of such n’s and fix n € S. Let E’, K’ be given.

Fix 1 € supp h''(n) \ E. Using the divisibility of T, extend ¢ to ¢y defined in X pgn (.}, i/
so that 1 (™ y,,) = 0 + Z, for each m € (E' \ E) Nw.

This is possible since the sum Xpg x © X(gn\p)nw,xr © Xpn(uy,k is direct, so we first
extend 1 to a ¢’ defined on Xp x © Xpn,\ gk using direct sum properties so that
V' (4 Xm) = 0+ Z for every m € (E'\ E) Nw, and then extend ¢ to 11 using divisibility.
This kind of argument will be needed repeatedly and will be omitted from now on and the
details are left to the reader.

Now, since u € supp h(n), p ¢ E'U (supp h(n)\ {u}) and T is divisible, we can extend 1,
to 6 defined in X v i+ so that ([ h(n)]) € U. To do this, it suffices to define ¢ ((h(r;)()(u) Xu)

such that ) . )
) (( (7”})()(#)XM> " ( Ly ¢ (n))(mx“b -

K
Now we apply Lemma 5.5.10 and we are done. O]

Proof of type 2 ¢(h'!(n)) > n, for every n € w.
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There are cofinitely many n € w for which there exists p € supp h''*(n) such that

1 < (b)) (5.2
Let S be the set of such n’s and fix n € S. Let E’, K’ be given. Notice that K¢ divides K.
Fix such a p for a fixed n. We abbreviate p = p(h(n)(u)) and ¢ = q(h(n)(p)).

Extend 1) to a 1 defined on Xpn (), k7 ® X,k so that w(%xm) = (0 + Z, for each
m € supp(E'\ E) Nw.

Given an open arc B of length > ¢, we may use (5.2) to apply Lemma 5.5.13 using ¢ = p,
d = q,a =11(5X,), B and € to obtain u such that pu € B and qu = 1 (3 X,,). We apply

this using B = U — ¢4 ([%h(n) — W){M]) and fix u.

Extend v to a 9, defined over Xpn (,},k ® X{u},x4 by defining 1/12(%)@) = u and
ha|x B! = |x .- Notice that this is really an extension of v; since

() (Il(xp) = 12 (;@“) = q¥2 (fiqx“> =qu =1 (;Xu) :

Now let 6 be an homomorphism extending v, to X g i, which exists since T is divisible.

Finally, notice that, by letting t = v, ({%h(n) — W)@D, it follows that

e(v)ztw(WM) — ¢+ ph (q}@ —ttpueB =T

Now we apply Lemma 5.5.10 and we are done. [

Proof of type 3 {q(h"!(n)) : n € w} is bounded and |p(h"!(n))| > n, for every n € w.

Let M be a positive integer such that {q(h*(n)) : n € w} C [~ M, M]. There are cofinitely
many n € w for which there exists ;1 € supp "' (n) such that < |p(h(n)(u))| > 1. Let S
be the set of such n’s and fix n € S. Let £', K’ be given.

Extend leE\{,u},K/ to 1, defined on Xpgn 1,3,k so that wl(%xm) = 0 + Z, for each
m e (E'\ F)Nuw.

Let B = U — ¢y ([£h(n) = 200y, 1), p = p(h(n)(1)), ¢ = q(h(n)(n)). Let A be an
open arc of size 2 such that ¢A = Qﬁl(%xu). Then, as g > ﬁ, it follows that pA = T, so
we may choose u € A such that pu € B. Notice that qu € ¢'(%x,.).

Now define v, extending ¢; defined on Xpn (1 x» ® Xy, k4 satisfying wQ(quX“) =u
and extend it to an homomorphism 6 : X g x» — T using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. O]

Proof of type 4 ¢(h(n)) > n, for every n € w.
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There are cofinitely many n € w for which there exists M € supp h'°(n) such that

1 < q(h(n)(M))e. (5.3)
Notice that there are cofinitely many such n’s. Let S be the set of such n’s and fixn € S.
Let £', K’ be given. Fix M.
If M € E, we proceed exactly as in the case of type 2.

If M ¢ E, we proceed as follows: we abbreviate p = p(h(n))(M) and g = q(h(n))(M).

Extend ¢ to a1y defined on X pn (ar}, 57 s0 that 11 (2 x,,,) = 0+Z, foreachm € (E'\E)Nw,
M # m.

Given an open arc B of length > ¢, we may use (5.3) to apply Lemma 5.5.13 using ¢ = p,
d = ¢, a = 0, B and € to obtain u such that pu € B and qu = 0. We apply this using
B=U—1y ({%h(n) - WXMD and fix u.

Extend 1y to a 1), defined over Xpn (ary,x ® X{ar}, k4 by defining 1/12(%(1)(]\4) = u and
¢2|XE,\{M},K, = @/11|XE,\{M}’K,. Notice that:

M! M! 1
Vs (KXM> = 12 (qq}(XM> = qM!, <quM> = Mlqu=0+2Z.

Now let 6 be an homomorphism extending v, to X g/ i, which exists since T is divisible.

Now we apply Lemma 5.5.10 and we are done. O]

Proof of type 5 There exists M € (e, supp h'°(n) such that {q(h(n)) : n € w} is
bounded and |p(g(n)(M))| > n, for every n € w. Fix M. Let () be a positive integer
such that {¢(h(n)) : n € w} C [-Q, Q]. There are cofinitely many n € w such that
gran [P(h(n)(M))| > 1. Let S be the set of such n’s, fix n € S and let E', K’ be given.

Let p = p(h(n)(M)) and ¢ = q(h(n)(M)).

If M € E, we proceed as in Type 3.

If M ¢ E:Let E' O E* U E such that h(n) € Qg and K’ be such that K¢ divides K”,
S‘K’ and [%} € XE/,K“

Extend ¢ to ¢y defined in Xpgn {ary, 5+ so that ¢1(%‘Xm> = 0+ Z for every m € E'N
w\(EU{M}).

Consider t = 1) ([%h(n) - WXM} ) Apply Lemma 5.5.13 with a being the middle

pointof U —t, B =
and qu € B.

(—ﬁ, swan) T 4. d = p and ¢ = q to obtain u such that pu = a

Extend 1, to v, defined in Xpgn (any, 57 © X{ary,iq by letting 1y (K%;XM> = wu. Finally,
extend 1)y to 0 in X/ g using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. O]
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Recall that for types 6, 7 and 8, h is such that for each n € w, there exists M, €
supp 10 (n) \ Upen supp A (m) such that

(W:néw) —u € (R\Q)U{—00,0,00}.

Proof of type 6 u = 0.

There are cofinitely many n € w such that M, ¢ FE and |[p(h(n)(M,))| <
M, !q(h(n)(M,))e. Let S be the set of such n’s, fix n € S and let E', K’ be given.
Let M = M,, p = p(h(n)(M)) and ¢ = q(h(n)(M)).

Extend ¢ to ¢y defined in Xpgn {ary, 5 so that ¢1(%Xm) = 0+ Z for every m € E'N
w\(EU{M}).

Consider ¢t = 9 q;(h(n) — WXMD. Apply Lemma 5.5.13 witha = 0+Z B = U —1{,
¢ = pand d = M!q to obtain u such that pu = a and M!qu € B. We may apply the lemma
since ged(p, Mlq) < min{p, Mg} = p < Mlge

Extend 1, to 1, defined in Xpn (s}, 50 © X{ary 1 by letting ¢z (7-xar) = u. Finally,
extend v, to 0 in X g/ i using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. [

Proof of type 7 w is an irrational number €.

Fix a = a(&, 5% )- There are cofinitely many n € w such that M,, ¢ I and ‘%ﬁ") — 5‘ <

5je-- Let S be the set of such n’s, fix n € S and let FE',K' be given. Let M = M,

p = p(h(n)(M)) and g = q(h(n)(M)).

Extend 1) to 1) defined in Xpgn (ar},x so that @Dl(%’xm) = 0+ Z for every m € E'N
w\(EU{M}).

Consider t = 4 ({%h(n) — WXMD' Apply Lemma 5.5.16 with B; = U — t, By =

(—3%5%) + Z, c1 = pand c; = M!q to obtain u such that pu € By and M!qu € Bs.

Extend 1, to v, defined in Xpgn (any, 57 © X{ary,kq by letting 1y (%QXM) = wu. Finally,
extend 15 to 0 in X g/ g using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. O]

Proof of type 8 u € {—00, 00}.

There are cofinitely many n € w such that M,, ¢ E and W& > 1. Let S be the
set of such n’s, fix n € S and let E’, K’ be given. Let M = M, p = p(h(n)(M)) and

q = q(h(n)(M)).

Extend 1) to 1) defined in Xpgn (as},x so that @bl(%xm) = 0+ Z for every m € E' N
w\(EU{M}).
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Consider t = 94 ([%h(n) — WXMD' Apply Lemma 5.5.13 with 55, a as the center
of U —t, B = (=557 5z30) + %» d = p and ¢ = ¢ to obtain u such that pu = a and

qu € B.

Extend 1y to 1 defined in X pn (s}, 50 © Xary 1 by letting ¢z (7-xar) = u. Finally,
extend 1, to 0 in X g/ i using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. [

h(n)(M)

Proof of type 9 {M

: M € supp h*’(n),n € w} is finite and | supp 2'%(n)| > n
for every n € w.

Let
|h(n)(M)]

M!

There are cofinitely many n € w such that | supp h'°(n) \ E|=L > 1. Let S be the set of
such n’s, fix n € S and let £, K’ be given.

Extend 1 to ¢ defined in X(pn.)up, i- Let F' = supp h'°(n) \ E and

L:min{ :Mesupphl’o(n),new}.

h(n)(M
e ),
MeF
Consider t = 4 ({%h(n) - wD For each M € F,let exr = _r5(myan- Notice that by

the choice of L and n,

T= 5 p(h(m)(M)) (~ gt 52 ) + 2.

So there exists a family (y,, : M € F') such that y,, € <—§%, %) + Z, for every M € F
and such that:

> ph(n)(M))yn €U — 1t

MeF

Extend v, to 1), defined in X g\ gk © X p i by letting 1), (K%;XM> =y foreach M € F,

and 1s(2x,,) = 0 + Z for every m € E* Nw\ supp h"(n). Finally, extend ¢, to 6 in
X g k' using the divisibility of T.

Now we apply Lemma 5.5.10 and we are done. O]

Proof of type 10 ¢(h°(n)) > n, for every n € w.

There are cofinitely many n € w such that there exists y € supp h%(n) such that

1< q(h(n)(p))e. (5.4)
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Let S be the set of such n’s, fix n € S and let £’, K’ be given. Fix such a y for the fixed n.
We abbreviate p = p(h(n)(u)) and ¢ = g(h(n)(u)).

Extend v to a ¢ defined on Xpgn ), k7 ® X,k so that w(%’xm) = 0 + Z for every
(E'"\ E) Nw.

Given an open arc B of length > ¢, we may use (5.4) to apply Lemma 5.5.13 using ¢ = p,
d = q,a =11(5X,), B and € to obtain u such that pu € B and qu = 1 (5 X,,). We apply

this using B = U — 4, ([%h(n) - W)@D and fix u.

Extend 1y to a ¢ defined over Xpn )57 ® Xy}, k4 by defining 1/12(%(])(#) = u and
a|x B = 1]x o0+ Notice that this is really an extension of 1); since

() (ll(xu) = 12 (qi{“) = q¥o (;qxu> =qu =1 (;Xu) :

Now let f be an homomorphism extending 15 to X g kv, which exists due to the divisibility

of T.
Finally, notice that, by letting ¢t = v, ({%h(n) — (}L(T;(M X“D’ it follows that

9(v):t+9<(h(n))(“)xu> =t+pb (1%) =t+pue B+t="U.

K qK
Now we apply Lemma 5.5.10 and we are done. O]
This ends the construction of the arc homomorphism for the types 1 to 10. O]

5.5.4 Proof of Proposition 5.5.1

Proposition 5.5.17 (*). Let E be a countable subset of 2° containing w, ¢ € Xp with
e # 0, a countable family (g; : k € w) of elements of Hx, and A infinite subsets of w
for each k € w.

Fix a family (¢ : k € w) of elements of X such that [c;] € X, ¢ is a non torsion
element if gy, is of one of types from 1 to 10, and [c,] has the same order as [gy] if g is of
type 11.

Then there exists a homomorphism p : Xz — T such that:

1. p(e) #0,

2. for each k € w, there exists By C Ay, infinite such that (p([gx(n)]))nep, converges
to p([ck]), and

3. (p (%‘Xn) ‘n € w) converges to 0 € T, for every integer S > 0.

Proof. Without loss of generality, we can suppose that for every k' € w, [{k € w :
(9ks cks Ak) = (grr, iy Arr)}| = w (just define a new sequence with the same ranges
where this holds).
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Let (£} : n € w) be a sequence of finite sets such that {,,c,, £ = E and supp[cy,,,] C
E} for every t € w.

Recursively, we define sequences (K; : t € w) of positive integers, (E; : t € w) of
finite subsets of E, (¢; : t € w) of positive real numbers less than 1, (m; : t € w) strictly
growing of natural numbers and (¢, : t € w) such that, for every t € w:

(i) ¢y is an (Fy, K}, ¢;)-homomorphism,
(ii) P41 < o1,
(iii) € < #””
(iv) [ci] € X ki,
W) [g:(me)] € X,y Kpins
(vi) t! divides K,
i) E; C B,
(i) Gpi1([g1(ma)]) € Gi([cr]),
(ix) m; € Ay,
(x) e € Xp,.x, and 0+ Z ¢ cl go(e).

We start by showing that ¢y, €9, K and Ej exists. Let £y = supp e Usupp|co| U E. Let
Ky be such that [¢g], e € Xf, k,- Then we define any homomorphism 6 from the subgroup
generated by e to T with §(e) # 0 and extend it to X, , using the divisibility of T. Now
we define ¢ > 0 with € < min{1, e ico\l} satisfying that the closed arc centered in 0(e¢)

of length €||e|| does not intersect 0.

This guarantees that by defining ¢ = 6|X 9K, and qzﬁ(l)(Kio Xe) as the arc centered in
0(%0X§) of length €', for each ¢ € E’, then ¢y = (¢)), ¢¢) is an (Fy, Ko, €g)-arc homomor-
phism satisfying the needed properties.

Suppose we have defined (¢;, ¢;, F;, K; 1 i < t) and (m; : ¢ < t). We show how to
define ¢y, 1, Fyi1, Kiiq, €401 and my.

Depending whether g, is of one of the first 10 types, or type 11, we apply Theorem
5.5.11 or Theorem 5.5.12 by using ' = E;, K = K, € = €, ¢ = ¢, h = g;. In the first case,
we use 7y as the size of the arc ¢;([c]) divided by K; to obtain S. We choose m; € S N A,
larger than m, for every i < t. Fix Ey 11 = E; U E}f Usupp|ce+1] U supplg:(my)] and K;4q
a multiple of K; and of (¢ + 1)! (and of the order g, in case it is of type 11 times K;) such
that [K%gt(mt)] € Xg,,, k., In the first case, let U is an arc such that K,U = ¢;([c;])
and in the second case let r = [¢;]. By the theorems, there exists an arc function ¢; of
length €; < m satisfying all we need. Condition (ix) follows from the definition of
the hat operator.

For each k € w, let B; = {my : (g, cx, Ax) = (gs, ¢, Ar) }-

For each ¢ € Xp, define p(c) € N{d:(c) : ¢ € X, k, }. By Proposition 5.5.9, p is an
homomorphism for which (3) holds. Condition (1) holds by (x). It remains to see that (2)
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holds.

Fix k € w and let € > 0 be given. Let t € w such that % < €. Now, given n € B,

such that n > my, let i € w such that n = m; (notice i > t). We have that p([g(m;)]) €
®i+1([gi(mi)]) € ¢i([es]) and p([c;]) € ¢i([ci]). By itens (i) and (iii), it follows that this
open arc has length < % <e. O

5.6 Forcing homomorphisms defined on larger
groups

Now we are ready to define the forcing poset we are going to use.

Definition 5.6.1 (*). We define P as the set of the tuples of the form (E, «, ¢, G, ¢, A)
such that:

« I is a countable subset of 2° containing w,
e < C,

« G = (Gum : n > 1,m > 1) is such that each G, ,, is a countable subset of #,
where the types are defined with respect to Xg. If n = 1, the elements of G,, ,,, are
sequences of types 1-10. If not, they are all of type 11 and order n.

« A= (A, mg:n>1,m>1,g€G,y) is such that each A, ,, , is an infinite subset
of w,

c c=(cpmg:n>1,m>1g¢€Gq,,)isafamily of elements of X,

« ifn,m > 2and g € G, 1, Cym,q is an element of order n with ¢, ,,, , = [%X(M,O)] for
some /1 € Cyy p,

« ifm >2and g € Gy, C1.mg = [Xu] for some p € C

¢ : Xp — T* is an homomorphism,

(gzﬁ([g(k)]))keA"’m’g converges to ¢(cy m,4) foreachn > 1,m > 1,

. (gzﬁ([%'xn)])new converges to 0 € T?, for every positive integer S > 1.
We define (F, o, ¢,G,c, A) < (E',d/,¢',G', ¢, A') if:

1. EDF

2. a> o

3. Gnm 2 Gy, foreveryn > 1and m > 1

4. Cpymyg = Cpmgyforeachn >1,m>1landg €g,,,

5 Apmg € A, foreachn >1,m>1landg g, ,

. Forevery { <o/ anda € Xg, ¢(a)(§) = ¢'(a)(§).

Given p € P, we may denote its components by EP, o, ¢¥, GP, cP and AP.

(o)
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If GG is a generic filter over P then the generic homomorphism defined by G is the

mapping ¢ of domain J{dom ¢” : p € G’} into T¢ defined by ¢(-)(&) = U{¢?(-)(§) : p €
G'}. In other words, if p € G, a € Xpp and § < a?, then ®(a)(&) = ¢P(a)(§). O

Of course, we must see that the generic homomorphisms are really well defined
homomorphisms into T¢. We will see later that by assuming CH in the ground model, P is
wq closed and has the ws-c.c., therefore it preserves cardinals and ¢. We reserve the rest of
this section to prove this fact.

Proposition 5.6.2 (*). Let ¢ € X be a non-zero element. ThenC, = {p € P : e €
Xpr, @F(€) # 0} is open and dense in P.
Proof. Openness is clear. Fix p € P. We will define an extension ¢ < p that is an element

of C..

Let £ = EP Usuppe and a? = of + 1. Extend ¢” : Xpg»r — T to a homomorphism
¢ : Xpe — T using divisibility. Apply Proposition 5.5.1 with {(n,m,g) : n > 1,m >

landg € Gpnm)> {AL,., : n > 1,m >1landg € G& }tand {c),  :n>1m>
land g € G7,.}. Then there exists p : Xga — T such that

1. p(e) #0,

2. for each (n,m,g) withn > 1,m > land g € GF, , there exists B,,,,y C AL

infinite such that (p([g(k)]))kes, ., converges to p([c}, ,, ;]) and

3. (p([%xn]) : n € w) converges to 0 € T, for every positive integer S.

Set Gf,, = Gk, foreachn > 1landm > 1.Setct,, =, ALl = By, for
eachg € Gh | withn > 1,m > 1and ¢? = ¢ p.
Then ¢ < pand q € C.,. [

Proposition 5.6.3 (*). For each o < ¢ the set A, = {p € P : o > a} is an open dense
subset of P.

Proof. Fixp € P.If @ < oF then p € A,. So suppose that o > o”.

We will define q. Set &4 = EP, a? = a+1,G1, =Gh  ct,  =d . A, =
Ar - Letp: Xgy — {0}") and ¢7 = ¢? " p.
Theng <pandq € A,. o

Proposition 5.6.4 (*). The partial order P is w;-closed.

Proof. Fix a decreasing sequence (p; : t < w). Write p, = (E*, of, ¢', G, ¢*, A*). We define
a common extension r as follows:

Let B" = U{E': t <w}, G, = U{G),, : t € w}foreachn > 1and m > 1. For
eachn >1,m >1landg € ¢ define ¢/, =cl for some (every) ¢ such that

T
n,m? n,m,g n,m,g

g € G}, ,, (the value does not depend of t). Fix A7, ~ a pseudointersection of {Al,, ~:t¢€
w9 € Gnm}
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Let o" = sup{a’ : t < w}.

Given ¢ < " and a € Xgr = U, Xgt, let ¢"(a)(€) = ¢'(a)(€) for some (every) t
such that a € Xp: and o! > €. N

Proposition 5.6.5 (*). Assume CH. Then the partial order P has the ¢*-cc.

Proof. Fix an arbitrary subset Q of P of cardinality ¢*. We show that there Q has a subset
of ¢*-many pairwise compatible elements.

Fix Qg C Q of cardinality ¢t and o < ¢ such that @ = of = o for every p, q € Q.

Using the A-system Lemma, there exists Q; C Qj of cardinality ¢t such that {E? : p €
Q,} is a A-system of root E. Furthermore, using CH plus the fact that E* has cardinality
at most c, it follows that there exists @, C Q; of cardinality ¢* such that ¢p|XE = gzﬁq\XE.
for every p,q € Qs.

For each p € Qy,let J* = {(n,m,g) : n,m > 1,9 € G& } for each p € Q5. Using
the A-system Lemma, we can find Q3 C Q; of cardinality ¢™ such that {JP : p € Q3} is
a delta system of root .J.

Notice that X% has cardinality ¢, so there exists Q4 C Q3 of cardinality ¢* such that

for every p,q € Qqand (n,m,g) € J=JPNJ%, 2, =l Similarly, since ([w]®)”

n7m7g n7m7g.
has cardinali~ty ¢, there exists Q5 C Q, of cardinality ¢t such that for every p, ¢ € Q5 and
(n7 m7 g) E J = Jp m Jq’ Aflﬂmg = A%’m’g’
Given p, ¢ € Qs, a common extension is given by the element » whose components are
defined as follows: E" = EP U B, o” = o = a?, G}, = G UGl s Alng = A
and ¢;, ,, = Cy o if (n,m, g) € J* (where s € {p, ¢}).

To define ¢, notice that Xp,\ s @ X ® Xpo\p = Xpr. Let mo : Xpr — X s
m @ Xpr = Xp, T2 1 Xpr — X\ j; be the projections. Define ¢" = ¢ o my + ¢ o my +
@l omy = QP oy + @% o + @7 o mo. O

Proposition 5.6.6 (*). Let g be sequence of one of the types of X and m > 1.1f g is of types
1to 10,let n = 1.1f g is type 11, let n be the order of g. Then S,y ={p € P: g € GF .}
is open and dense in P.

Proof. Let p € P be an arbitrary condition. Fix ' countable such that £ C FE and
[g(k)] € X for each k € w.

Fix p € Cp \ E. We set £ = E U {u}. For each (m/,n’) # (m,n) with m/,n’ > 1,
define G, ., =G}, and GI = GF U{g}. Seta? = a?.

For every n’ > 1, m’ > land g’ € Gy \ {g}, define ¢}, ., , = ¢, and
ALt g = Avs - It remains to define ¢f ,,  and A? . Letcl, = IX(woy ifn > 1
and y, if n = 1.

Extend ¢, : Xg» — T to ¢ : Xg — T using divisibility. Now, let A C w be an
infinite such that the sequence (¢([g(k)]) : k € A) is convergent, as T* is a compact
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metric space. Extend ¢ to a homomorphism ¢? : Xgs — T such that PU([cl 1 g))
lim(o([g(k)]) : k€ A).Set A2, = A . Theng <pandq € S,

n,m,g

CIol

Theorem 5.6.7 (*). Assume CH. Then P preserves cardinals, ¢ and does not add reals.
If G is generic over P, then the G-generic homomorphism ® is a well defined injective
homomorphism from X into T¢. Moreover, the following holds:

1. For every sequence g of one of the types from 1 to 10 in X and m > 1, there exists
p € C , such that [x,,] is an accumulation point of (®([g(k)]) : k € w)

2. For every sequence g of type 11 and order n in X and for every m > 1, there exists
pt € Cy p such that [y, ] is an accumulation point of (®([g(k)]) : k € w).

3. (P([% xn)])new converges to 0 € T¢, for every integer S > 0.

Proof. We employ a countable transitive model M in the proof. By CH, propositions 5.6.4
and 5.6.5, P is w; closed and has the wy chain condition, so P preserves cardinals, does not
add reals and preserves c. Notice that since being a type is absolute for transitive models of
ZFC, the functions of type 1 to 11 are the same in the ground model and in the extension.

Let G be a P-generic filter over M and & the associated generic homomorphism.

® is well defined: suppose p,q € G, ¢ < o’ Nafand e € Xgr N Xpge. We must see
that ¢”(e)(§) = ¢%(e)(€). Since G is a filter, there exists  such that 7 < p, ¢, s0 §{ < a”,

e € Xpr and ¢7(€)(€) = & (¢)(€) = ¢(e)(€).

Now we verify that the domain of ¢ is X, that the codomain is T* and that @ is injective
at the same time. It is clear that the domain contained in X. Let ¢ # 0 be an element of X
and « < ¢. By propositions 5.6.2 and 5.6.3, C. and A,, are open and dense subsets of P,
therefore there exists p € G such that o > a e € Xgp, ¢P(e) # 0. So there exists £ < a?
such that ¢”(e)(£) # 0, which implies that ®(e)(£) # 0. Moreover, « C dom ®(e) C .
Since « is arbitrary, dom ®(e) = c.

® is an homomorphism: given e,e’ € X, by Proposition 5.6.2 there exists p € G
such that e, ¢/, e + ¢/ € Xpyp. Since ¢ is an homomorphism, it follows that (e + ¢') =

oP(e+ €)= ¢P(e) + ¢P(e') = D(e) + P(¢).

Let g be a type and m > 1.If g is of type 1 to 10, let n = 1. If g is type 11, let n be the
order of g. Then by Proposition 5.6.6, G NS, .4 # 0. Fix p in this intersection. We claim

([ch ,, ,]) is an accumulation point of ®([g]).

We know ¢,([c}, ,,, ,]) is the limit of the convergent sequence (¢,([g(k)]) : k € AL | ).
Fix F' a finite subset of ¢ and let o such that F' is a subset of a.. Let ¢ < p such that o < o
(which exists since Ay 41 NG # (). Then (7 0 ®([g(k)]) : k € AL, ) converges to
mp o ®([cf,, ,])- Since cf | =ch . this concludes that ®([c} , |) is an accumulation

point of (®([g(k)]) : k € w).

It remains to see that (@([%’Xn]) : n € w)isaconvergent sequencein 0 € T . Let £ < .
Let p € G such that a” > £ Then (m¢ 0 ®([%4 xs]) : n € w) = (M 0 Pp([Bxn]) : 1 € W)
converges to (. Since ¢ is arbitrary, we are done. O]
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5.6.1 The subspace topology on large subgroups of X

Of course, not every subgroup of X is countably compact with the forced topology.
However, some of them are if they have enough accumulation points. Thus, we define the
concept of large subgroup of X.

Definition 5.6.8 (*). Let H be a subgroup of X. Let D be the set of all integers n > 1 such
that H contains an isomorphic copy of the group Z.

We say that H is a large subgroup of X if2° > |H| > H/T(H) > ¢, foralld,n € N
with d | n the group dH [n] is either finite or has cardinality at least ¢ and there exist
(ks : n € D) with k, a positive integer such that:

i) {x,eX:peC} CH, and
i) {[1x(uo)) €X:n€D, n€UpepCrp,} C H.
O]

Theorem 5.6.9 (*). Consider X with the group topology in Theorem 5.6.7. If H is a large
subgroup of X, then it is countably compact in the subspace topology and has convergent
sequences.

Proof. 1t follows from Theorem 5.6.7 that if S is a positive integer, then the sequence
(%n! Xn 1M € w) converges to the neutral element of X. Since the elements of the sequence
are eventually in H and the limit is in H, it follows that H has non-trivial convergent
sequences.

Let g : w — H.Take any g : w — X such that [§] = g. It follows from Theorem
5.4.1 that there exist & : w — X such that h € Hy or [h] is a constant in H, ¢ € X with
[c] € H, F € [w]<“, p;,q; € Zwith ¢; # 0 for everyi € F, (j; : i € F) strictly increasing
sequences of natural numbers and j : w — w strictly increasing such that

Goj=h+ct Y foj

icr i

with ¢; < j;(n) for eachn € wandi € F, where f : w — X is given by f(n) = nly,
for every n € w.

In the case where [h] is constant, say constantly v € X, we have that go j = [§| 0 j =
[gojl=v+ ]+ Zicp[2f 0 ji]) converges to v + [c].

In the case i € ‘Hpy and his type 11 of order n, then H contain infinitely many copies of
Zy,. Thus, by hypothesis, n € D. Since n € D, it follows from Hy C H that (h(k) : k € w)
has an accumulation point [% Xu0] with o € C,, ... Hence, an accumulation point of / in
H. Thus the sequence (g o j(k) : k € w) has an accumulation point in [ x,, 0] + [c] in H.

In the case h € H and h is type 1 to 10, it follows from Hg C H that (h(k) : k € w)
has an accumulation point [y,] with © € C;. Hence, an accumulation point of h in H.
Thus the sequence (g o j(k) : k € w) has accumulation point [x,] + [c] in H. O
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5.7 The classification of Abelian groups of cardinality
A

5.7.1 Immersions

We change slightly the statement and the notation of Proposition 6.1 in [6] to facilitate
the application, but it is implicit in the proof in [6] and will be presented in the next
subsection.

We define A = (Q/Z)) ¢ Q™) ¢ U.

Definition 5.7.1 (*). We say that W is a nice subgroup of W, if there exists a family of
positive integers (n¢)ecp, such that

W = (@/Z)(U&Po{f}m{) & Q). For this W we denote Py = (Ugep, 1€} X ne), so
W = (Q/Z)10) g Q). O

Proposition 5.7.2. Let H be an Abelian group such that |H| = H/T(H) = ¢ with H a
subgroup of A..

Let D be the set of all integers n > 1 such that H contains an isomorphic copy of the
group Z).

Then there exists a nice subgroup W of W, K; € [P with w C K3, a family
(K, : n € D) of pairwise disjoint elements of [, a family (z¢ : £ € U,ep K,,) and a
group monomorphism ¢ : A, — W such that:

a) {xe € Wp, : { € K1} C ¢[H],

b) {2 € W, : £ € Unep Kn} C 9[H],

¢) o(ze) =n, V¢ € K,,n € D and

d) supp ze € {&} X w V€ € Uyep Ko

We say that ¢ is a nice immersion for H. O]

The proof of this proposition will be presented in the next subsection. Finally, W is
divisible, so we can extend the isomorphism that Proposition 6.1. gives us to the whole
group A..

Proposition 5.7.3 (*). Let H be an Abelian group such that 2° > |H| > H/T(H) > «.

Let D be the set of all integers n > 1 such that A contains an isomorphic copy of the
group Z\.

Then there exists a family (k,, : n € D) of positive integers and a group monomor-
phism ¢ : H — X such that:

i) {x, € Xpur, : p€Ci} C p[H|, and

i) {[2x(0) € Xpuro :n € D, 1 € Upep Crk, } € @[HJ.
Thus, G is isomorphic to a large subgroup of X.
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Proof. By theorems 5.1.11 and 5.1.12, we may consider H is a subgroup of A. Then we

can fix a subgroup H of H of cardinality ¢ such that r(H) = ¢ and for every n € D, there
exists a copy of (Z,) in H. By a trivial permutation of coordinates we can assume that
H is a subgroup A.. Applying Proposition 5.7.2, there exist W a nice subgroup of W,
K, € [P]* withw C K7, afamily (K, : n € D) of pairwise disjoint elements of [F], a
family (z¢ : £ € Unep K,) and a group monomorphism ¢ : A, — W, = Wp & Wp,
such that:

a) {(xe € Wp, 1€ € K1} C ¢[H],
b) {2 € Wp, : & € Upep K} € 0[H],
¢) o(z)=mn, V¢ € K,,,n € D and
d) supp 2¢ C {&} x w, V€ € Upep K.

We can shrink K, if necessary to find k,, positive integer such that
e) |supp z¢| =k, foreachn € D and { € K.
By making some permutation within each {£} X k, we can further assume that

f) supp ze = {£} x ky, foreachn € D and € € K,,.
Define W = W. @ U.

We can assume that ¢ : A, — W and extenditto¢p: A=A U > W =W_. U,
using the identity on U.

Fix o, a bijection between K,, and C,, ;, for each n € D and o; a bijection between
K and C with o4 (k) = k for every k € w.

Define n : W — X an injective homomorphism such that

-0 Wigpsk, — X{on(€)}xk, is an isomorphism with 7(z¢) = [ x(,,(e),0)] for each
n € D and ¢ € K, (this is possible by condition f)),

-1([Xe]) = [Xo(e)] for each § € K,

- ) restricted to U is the identity.

Now, let ¢ = 1 o ¢|g. The homomorphism is an embedding, since both 1 an ¢ are
injective homomorphisms.

Applying 7 in a) it follows that {n(x.) € n[W.] C n[W]: ¢ € K} C ¢[H].
Therefore, {x, € X : u € C1} C ¢[H] C ¢[H] and 7) holds.

Likewise, condition #i) holds. N
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5.7.2 More on nice subgroups
In this subsection we prove Proposition 5.7.2. We divide it in a few lemmas.

Lemma 5.7.4 (*). There exist K; € [P;]° and a group monomorphism ¢ : A, — A, such
that w U {w} C K; and {(0, x¢) € A, : { € K1} C 9[G].

Proof. Since |G/T(G)| = ¢, there exists W C G such that:
« W=g
« w ¢ T(G), for every w € W;
e wy —wy € T(G), for every wy, wy € W with wy # ws.

We will now obtain recursively an independent family (ys : 5 < ¢) of elements of WW.
Let 7 < ¢ and suppose we have (y, : @ < ) an independent family of elements of .
Let Y = {y, : @ < 7}; we claim that there exists y, € W such that ({y,}) N (Y) = {0}.
Suppose that for every w € W there is m,, € Z\{0} such that m,w € (Y). Since [W| = ¢
and |(Y)| < ¢, there is W C W such that [W| = ¢ and m,w = m,w' for all w,w’ € W.
Furthermore, there exists W C W such that |W| = ¢ and m,, = m,y for all w,w’ € W.
Call this integer m. We have then that m(w — w') = 0 for all w, w’ € W,

But this contradicts the fact that the difference between any two distinct elements of
W does not belong to T'(G). Therefore, there exists y, € W such that (y,) N (Y) = {0}.

SoY ={ys: B < ¢} C W is an independent subset of G with cardinality ¢. Write
ys = (ag, bg) € (Q/Z)) @ Q™) for every 3 < ¢. For each n € w, define 4, = {3 <
¢:n-ag = 0}. Since |Y| = ¢, there exists n € w such that |A4,| = ¢. Fix such an n and
consider the set {nys : § € A,}. Observe that it has cardinality ¢, since |A,| = ¢ and
Y C W is an independent subset of G. Besides, nys = (0, nbg), for every 5 € A,

Fix {c; : ( € P,} abasis of Q") as a vector space over QQ containing {nbs : 3 € A, }
and such that {c; : ( € wU{w}} C {nbs : B € A,}. Let $ : A. — A, be the group
isomorphism given by 3(a,0) = (a, 0), for every a € (Q/Z)") and 3(0, Y ccp ac - ¢c) =
(0, X ¢er ac - x¢), for every F' € [Py]<¢ with {a; : ( € F} € Q) {0}. Pick K, € [P
such that and {nbs : § € A,} = {¢; : ( € K;}. We have that w U {w} C K, and
{0xe) : € € K} € 4G -

We fix such a ¢ for the rest of this section.

Lemma 5.7.5 (*). Fix n € D. Then there exists {(z¢,0) € A : £ < ¢} C §[G] with the
following properties:

(i) o(xe¢) = n, for every £ < c;

(ii) suppz¢ Nsuppz, = 0, for every &, i1 < ¢ with £ # p.

Proof. Let {(y¢,0) € A, : £ < ¢} C ¢[G] independent with o(ye) = n, for every £ < ¢
enumerated faithfully.

Case 1: ¢ is regular.
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Applying the A-system lemma for the family (suppye : £ < ¢), we obtain I € [¢|
and R € [Fy]<“ such that the family (suppye : £ € I) is a A-system with root R. Fix
J € [I] such that if £, u € J, then y¢(() = y,(¢) for every ¢ € R. Let {Jy,J;} be a
partition of J such that |Jo| = |J;| = ¢.Fix f : ¢ = Jyand g : ¢ — J; bijections and
define w¢ = yre) — Yy(e), for every § < c.

Given { < ¢, we have that o(x¢) = n, since n - x¢ = n - (Ype) — Yge)) = N -
Yre) — N Yge) = 0 — 0 = 0 and if m is a non-zero natural number lower than n, then

m - Te =M - Ype) — M- Yge) 7 0, since o(yre)) = 0(yYge)) = nand {ye : £ < ¢} isan
independent subset of G.

Finally, let £, i < ¢ be such that £ # p. If ( € supp z¢ N supp z,,, then one of the
following possibilities occur:

« ( €supp¥yye) NSUPP Yy ()
« ( € supp Yye) N SUPD Yg(u)s
* ¢ € Supp Yg(e) M SUPP Y (u);
* ( € Supp Yy(e) N SUPP Yg(u)-

Thus, ¢ € R and, therefore, ¢ € suppyse) N SUPP Yr(u) M SUPP Yg(¢) M SUPD Yg(u)-

Since f(£), 9(£), f (1), 9(p) € J, it follows that yf()(C) = Ys(w) (C) = Yg(e)(C) = Yg(u (C)-
So, z¢(¢) = z,(¢) = 0. This is a contradiction, as { € supp z¢ N supp z,. Therefore,

supp x¢ Nsupp z, = 0, for every &, u < ¢ with § # p.

Case 2: ¢ is not regular.
In this case, cf(¢) < ¢ and ¢ is a limit cardinal.

Let {I, : o < cf(c)} be a family of pairwise disjoint subsets of ¢ such that ¢ =
Ua<ct(c) Lo and |Io| = kq, for every a < cf(c), where:

¢ (Ko @ a < cf(c)) is a strictly increasing and cofinal sequence in c;
* Kq is a regular cardinal, for every a < cf(c);
.« Ko > max{w, |a|,sups_, Kg}t.

For every a < cf(c) it is possible to repeat the construction presented in case 1 to
obtain {(z¢,0) € A, : £ € I,} € ¢[G] such that o(xz¢) = n for every { € I, and
supp ¢ Nsupp z, = 0, for every &, u € I, with £ # p.

Let Jy = [y and o < cf(c) be an ordinal. Suppose that for each 5 < «, there exists
Jg C Ig such that | Jg| = |I3] = kg and supp z¢ Nsupp z, = 0, for every &, 1 € Us, J5
with & # p. Put X, = UEEUB 7, Supp T¢. We have that | X,| < ko and, therefore, there
<a
exists J, C I, such that | J,| = |I,| and supp z¢ N X, = 0, for every ¢ € J,.

Define J = Uy<ct(c) Ja- It follows that |.J| = ¢ and supp x¢ N supp x, = 0, for every
&, p e Jwith & # p. O
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Lemma 5.7.6 (*). Foreachn € D, there exists K, € [Py such that K,,NK,, = (), for every
m,n € D with m # n. Moreover, there exists {(z¢,0) € A, : £ € U,ep K} C ¢[G] with
the following properties:

(i) If¢ € K, then o(z¢) = n;
(i) If&, i € Upep K and § # p, then supp z¢ Nsupp x,, = 0;
(ili) & € supp g, for every £ € U,cp Kn.

Proof. For each n € D, consider {z : { < ¢} where {(2¢,0) € A : § < ¢} C §[G]
satisfies conditions (i) and (ii) of Lemma 5.7.5. Let (X : ¢ < ¢) be an enumeration of
{{zg : £ < ¢} :n € D} such that

e <e: Xe={ag <} =c
for everyn € D.

Fix z € Xy and fix §; € suppx. Denote x by z¢,. Let @ < ¢ be an ordinal. For each
8 < a, suppose defined {5 € Iy and z¢, € X with the following properties:

« &p € supp x¢,, and
. if vy < < o, then supp z¢, Nsupp z¢, = 0.

We have that | g, supp 7¢,| < max{|a|,w} < ¢ Since |X,| = ¢ and suppz N
suppy = 0 for every x and y distinct elements of X, there exists z € X, such that
supp 2 N (Ug<q SUPP Igﬁ) = (). Take any &, € supp z and write z¢, = z. By induction, we
obtain {, € Fy and z¢, € X,, for every o < c.

If n € D, define
Ky = {6 Xo={2{ £ <c}}
Note that [K,| = ¢, since [{a < ¢ : X, = {27 : { < c}}| = cand §, # {if a and 8
are distinct elements of ¢. Besides, K, N K, = 0, if m,n € Dandm # n.If £ € K,
then o(x¢) = nand if , pn € U,ep K, and € # p, then supp z¢ N supp x, = (. Finally, if
€ € Unep Ko, then £ € supp . O

Now we are ready to prove Proposition 5.7.2.

Proof of Proposition 5.7.2. Consider {(z¢,0) € A : £ € Upep Kn} C @[G] satisfying
conditions (i), (ii) and (iii) of Lemma 5.7.6. Consider also the mapping ¢ : A, — W,
defined in the following way:

« Let ¢ € K, for some n € D. Denote supp ¢ by {ag, a1, ..., 0y, }, where ap < aq <
.. < Q4. The a;-th summand Q/Z of the direct sum (Q/Z)%) will be mapped
identically to the (¢, 4)-th summand of the direct sum (Q/Z)**%), In this case we
let Ng =m + 1.

« If o€ Py \ Ugeyy _ K, SUPP Z¢, then the yi-th summand Q/Z of the direct sum
ne

(Q/Z) ") will be mapped identically to the (u, 0)-th summand of the direct sum
(Q/Z)Po*«) In this case, we let n, = 1.
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5 | FORCING COUNTABLY COMPACT ABELIAN GROUPS

« $(0,b) = (0,b), for every b € Q).

Let i = (ng : & € Fy). The mapping ¢ is a group monomorphism into W =
(Q/z)*o7) @ Q). Consider ¢ = p o $ and (ye, 0) = H(x¢,0), for every € € U,ep K-
It follows that ¢ is a group monomorphism such that

{(0,x¢) e W: €€ Ky} C o[

and

{(y£70) EW: 5 € U Kn} C @[G]

neD

Besides, if ¢ € K, then o(ys) = o(@(x¢,0)) = n, since ¢ is a group monomorphism.
Finally, supp ye C {£} x ng, for every £ € U,.ep K. ]

5.7.3 The classification

Theorem 5.7.7 (*). Consider X with the topology from Theorem 5.6.7. Let H be a group
such that 2° > |H| > H/T(H) = ¢ and for all d,n € N with d | n, the group dG|n|
is either finite or has cardinality at least ¢. Then H admits a countably compact group
topology with a non-trivial convergent sequence.

Proof. By Proposition 5.7.3, the group H is isomorphic to a large subgroup of X therefore
by Theorem 5.6.9, H admits a countably compact group topology with a convergent
sequence. [

Now we can (consistently) answer Dikranjan and Shakhmatov’s question for Abelian
groups of cardinality < 2¢ by restating and proving our main result.
Corollary 5.7.8 (*). Consider the forcing model in Theorem 5.6.7

Let H be a non-torsion Abelian group of size at most 2°. Then the following are
equivalent:

1)2°> |H| > H/T(H) > cand for all d,n € N with d | n, the group dH [n] is either

finite or has cardinality at least c,

2) H admits a countably compact Hausdorff group topology, and

3) H admits a countably compact Hausdorff group topology with non-trivial convergent
sequences.
Proof. As it is well known, 2) implies 1) by Corollary 5.2.3.

By Theorem 5.7.7, if H satisfies 1) then 3) holds.

Clearly, 3) implies 2). O
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