BRANCH PRODUCT TOPOLOGIES

DAVID MILOVICH

ABSTRACT. We define branch product topologies, a new product construction.
Branch product topologies generalize sum topologies and product topologies.
We investigate criteria for branch products or iterations of branch products
to preserve various topological properties, focusing on the separation axioms
and compactness. In particular, we generalize the Tychonoff Theorems for
compactness and D-compactness.

INTRODUCTION

Product topologies may be defined by declaring open the preimages of open
sets by coordinates projection maps. We might visualize such a preimage as the
set of strings passing through a hole of “open” shape. There is a similar way to
topologize the set of maximal chains of a poset. We choose as special certain subsets
of the poset. Then, for each special subset, we declare open the set of maximal
chains intersecting that subset. This construction, which we call the branch product
topology, generalizes both the product topology and sum topology. Going further,
we may perform a kind of of iteration of the branch product construction which
also generalizes sums and products.

Naturally, we investigate whether various classes of topologies preserved by prod-
ucts and sums are also preserved by branch products and iterations thereof. Our
results for branch products are mixed. For iterations of branch products, which are
actually equivalent to branch products of a special form, all our results are positive
except for a specifically constructed counterexample.

Since many important topological classes are not preserved by both products
and sums, we look for restrictions on branch products and iterations thereof that
allow for nontrivial extensions of known preservation theorems for these properties.
To get positive results about topological properties not preserved by products, such
as normality, we examine the special case of branch product topologies of maximal
chains of trees, which still generalize sum topologies. To get positive results about
compactness, which is not preserved by sums, we examine restricted forms of branch
product iterations that generalize products and finite sums but not arbitrary sums.

1. PRELIMINARIES

Definition 1.1. Let X be a nonempty poset. A branch of X is a maximal chain
of X. Let #(X) denote the set of all branches of X. A semibranch is an initial
segment of a branch. A semibranch is proper if it is not a branch. Let .#(X) denote
the set of all proper semibranches of X. For each S € .7 (X), define the fork of
S to be the set of minimal strict upper bounds of S, and denote the fork of S by
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Fx(S). For each E C X, let Bx(E) denote the set of branches of X that intersect
E.

Remark 1.2. From the above definitions it is immediate that the every fork is an
antichain; hence, the intersection of a fork and a chain contains at most one element.

Definition 1.3. By the previous remark, if C' is a chain in X and S € .7 (X) and
CNZFx(S) # 0, then CNFx(9) is a singleton, and we denote its element by CQS.
For each S € .7(X), let mg denote the map from Zx(Fx(9)) to Fx(S) given by
ws(A) = AQS for all A € Bx(Fx(95)).

We henceforth assume X is well-founded. Thus, %#x(S) # 0 for all S € ¥ (X).
Moreover, all semibranches are well-ordered, allowing us to make the following
definition.

Definition 1.4. For every a € On, we define S, to be the unique semibranch R
such that R C S and the order type of R is the minimum of the order type of S and
the order type of .. Define h(S) to be the minimum ordinal « for which S, = S.

From this definition, we can immediately conclude the following proposition.
The proof is a simple application of transfinite induction.

Proposition 1.5. Let S be a semibranch and let o € On.

(1) If a < h(S), then Say1 = SU{SQS,}.

(2) If a is a limit ordinal, then So =g, Sp-

(3) A branch B can be defined recursively by defining BQB,, in terms of By,
for each a < h(B). More precisely, given a function f: ./ (X) — X such
that f(S) € Fx(S) for all S € S (X), there is a unique branch B such that
B@B,, = f(B.) for all « < h(B).

Branch product topologies over X are constructed by giving each fork of X a
topology and then using these topologies to a topologies on the set of branches
PB(X). As a subset of X, a fork is simply referred to as a fork, but in the context
of its topology, it is referred to as a fork space. The formal definition of branch
product topologies is given below.

Definition 1.6. For each S € .(X), let 75 be a topology on Fx(S). Thus,
(Zx(S),7Ts) is a fork space. We define the branch product topology on ZB(X)
by declaring {#x((U) : S € #(X), U € Ts} to be a subbasis of open sets.
When the topologies of the fork spaces are not clear from the context, we use
B(X,(Ts)sexx)) to denote the set Z(X) together with the branch product topol-
ogy induced by the topologies (7s) ge.#(x)-

As shown by the next two examples, branch products generalize sums and prod-
ucts.

Example 1.7. Let a € On and let X3 be a nonempty topological space for each
[ < a. Assume that these spaces are pairwise disjoint. Let X = Uﬁ<a Xgs. For all
p,q € X, we declare p < ¢ if p = ¢ or there exist 3, € On such that v < § < a and
p € X, and g € X. Then every fork is equal to X for some 5 < «, and we give
this fork the corresponding topology. Then the branch product topology makes
Z(X ) homeomorphic to [] B<a Xg; hence, the branch product topology generalizes
the product topology.
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Example 1.8. Let A be a nonempty set. For each a € A, let B, be a nonempty set.
Assume that these sets are pairwise disjoint. Let X = AU(J,c 4 B,. Forallp,q € X,
we declare p < gifp=gqorifp € Aand g € B,. Then /(X)) = {0}u{{a} : a € A}.
If, for every a in A, we give B, a topology and declare the 7.} to be that topology,
then, regardless of our choice for 7, the space (X)) is homeomorphic to [, 4 Ba
with the sum topology. Hence, the branch product topology generalizes the sum

topology.

The following theorem gives an equivalent formulation of the branch product
topology in terms of continuous maps.

Theorem 1.9. The branch product topology on B(X) is the coarsest topology on
PB(X) with the property that ws is continuous and Bx(Fx(S)) is open for all
S e S (X).

Proof. Let S € #(X). Then 7g is clearly continuous with respect to the branch
product topology on #(X). Indeed, if U € Tg, then 7r§1(U) = Bx(U), which is
open in the branch product topology. Also, .Zx(S) € Tg; hence, Bx(Fx(S5)) is
open in the branch product topology.

Conversely, suppose & is a topology on %B(X) such that mg is continuous and
Bx(Fx(S)) e Oforall S € #(X). Then, foreach S € S (X) and U € Tg, we have
Bx(U) = 5" (U); hence, there exists U € & such that UNBx(Fx(S)) = Bx(U).
Since Bx(Fx(5)) € O, we have Bx(U) € 0. Therefore, & is finer than the
branch product topology. O

As general as branch products are, they are clearly ways to generalize them.
Instead of using the open subsets of fork spaces of X to induce a topology on
P(X), why not use other subsets of X? Furthermore, if we do not require these
other subsets to have anything to do with forks, then why require X to well-
founded? The following definition makes these generalizations. Before we state it,
let us agree that Y henceforth denotes a nonempty and not necessarily well-founded
poset.

Definition 1.10. Given £ C P(Y) such that By (|JE) = B(Y), let B(Y, E) denote
P(Y) with the coarsest topology for which By (F) is open for all E € £. The
topology of B(Y,E) is called the E-induced branch product topology.

The requirement By (|JE) = B(Y) ensures that {HBy (E) : E € £} is a subbasis
of open sets for Z(Y,E). Moreover, using this notation, we have

«@<X, U Ts) = B(X,(Ts)sesx)) -

SeAX)

Thus, the branch product topology of Definition 1.6 is just a particular £-induced
branch product topology; we might call it the fork-space-induced branch product
topology.

The drawback of generalizing to arbitrary £-induced branch products is that it
doesn’t make sense to say whether they preserve a topological property, for £ is
generally just a subset of P(Y'), not a collection of topological spaces such as fork
spaces. However, it still makes sense to say whether a branch product iteration
(defined in Section 4) preserves a topological property in the more general setting
of £-induced branch products. Moreover, all of our results about branch product
iterations preserving topological properties hold in this more general setting.
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Of course, they are many other ways to topologize set of branches. For exam-
ple, given £ C P(Y), consider A(Y) the weakest topology for which %y (F) is
closed for all E € €. Let #°(Y, ) denote A(Y) with this topology, which we call
the E-induced closed branch product topology. Then %°(X) is homeomorphic to
11 B<a X3 in Example 1.7. Moreover, although we will not prove this in this paper,
the Tychonoff Theorem has generalizations both for branch product iterations and
for closed branch product iterations. But £¢(X) is not generally homeomorphic to
Uaca Ba with the sum topology in Example 1.8. Moreover, while branch product
topologies are shown to preserve the T» axiom in Section 2, we also there give an
example of an X for which %°(X) is not Hausdorff, even if all the fork spaces
of X are discrete. For these reasons, we primarily investigate the branch product
topology.

Let us briefly mention one other topologization of Z(X). Consider sets of the
form (g Zx(U) where £ is a set of disjoint open subsets of fork spaces of X.
If the collection of all such sets is declared to be a subbasis, then Z(X) remains
homeomorphic to Uae 4 Ba with the sum topology in Example 1.8, but becomes
homeomorphic to ] s<a Xp with the box topology in Example 1.7. We might call
this topologization of Z(X) the branch box product topology.

2. SEPARATION AXIOMS Ty THROUGH T31

In this section, we examine when branch products preserve separation axioms
and when they break them.

The usual product topology preserves the separation axioms Ty through Tgé.
Sum topologies preserve these separation axioms as well. Which of the separation
axioms are preserved by branch products, which generalize topological sums and
cartesian products? In general, only Tj through 75 are preserved, as shown next.

Proposition 2.1. Suppose E, F C X and EUF is an antichain. Then
ﬁx(EﬂF) = %x(E) ﬂ%x(F) .

In particular, if S € S (X) and E and F are disjoint subsets of Fx(S), then
Bx(E) and Bx (F) are disjoint.

Proof. That Zx(ENF) C Bx(E) N Bx(F) is clear. Let us show the reverse
inclusion. Let A € #Bx(E) N Bx(F). Then there exist e€¢ ANFE and f € ANF.
Since E'U F is an antichain and A is a chain, e = f. Thus, A € Bx(ENF). O

Theorem 2.2. Let i € {0,1,2}. Let all the fork spaces of X satisfy the T; aziom.
Then B(X) satisfies the T; axziom.

Proof. The proof is a straightforward application of Proposition 2.1. Let A and B
be distinct branches. Let S be the maximal semibranch contained in A N B. Then
AQS # BQS. If Fx(S) is a Tj space, then it has an open subset U containing
exactly one of AQS and B@S; hence, Bx (U) contains exactly one of A and B. If
Zx(S) is a T} space, then it has an open subset U containing AQS but not BQS;
hence, Bx(U) contains A but not B. If Fx(S) is a T, space, then it has disjoint
open subsets U and V such that AQS € U and BQS € V; hence, Bx(U) and
Bx (V) are disjoint, A € Bx(U), and B € Bx (V). O

In contrast to the above theorem, the next example shows that %¢(X) need not
be Hausdorff, even when all fork spaces of X are discrete.
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Example 2.3. Let X = {J,, ., {an, bn}U{c,d}. Define < by requiring the following:

(1) Z(X)={{an:n<a}:a<w};

(2) Fx({an:n < w}) = {c,d}

(3) Fx{am : m <n})={an, by} for each n < w.
Give every fork of X the discrete topology. Then the collection of sets of the form
B(X)\ Bx(F) for a finite FF C X is a basis of open sets for °(X). Let C' and D
respectively denote the branches {a, : n < w} U {c} and {a, : n < w} U {d}. Thus,
if 2°(X) is Hausdorff, then there exists finite sets E, F' C X such that C ¢ #Bx(E)
and D & #Bx(F) and Bx(EUF) = #(X). Suppose such E and F exist. Then
EC{b,:n<w}U{c}and F C {b, : n < w}U{d}. Moreover, since E and F are
finite, there exists k < w such that by, ¢ E U F. Hence,

{aj :j <k}U{bi} € Bx(EUF),
which contradicts Zx (E U F) = %(X). Thus, #°(X) is not Hausdorff.

Let us return to considering #(X) with the branch product topology, and when
it preserves the higher separation axioms.

Example 2.4. Branch products do not preserve any of the separation azxioms Tj
through Tg. Let Fx(0) = {0} x R and give it the order topology of R. Let
K={1/(n+1):n<w}. Forallz € R\ K, let Fx({(0,2)}) = {(1,0)}. Let X
have no other forks. Then Z(X) is homeomorphic to R with the topology generated
by the basis consisting of the open intervals and their intersections with R\ K. In
this topology, K is closed but 0 and K do not have disjoint open neighborhoods;
hence, Z(X) is not a T3 space, despite the fact that all the fork spaces of X are Tg
(perfectly normal Hausdorff) spaces.

Working with an arbitrary nonempty tree instead of an arbitrary nonempty
well-founded poset leads to many nice results. In particular, branch product topolo-
gies over trees preserve the T3 and TB% axioms. Henceforth, let W be a nonempty
tree.

Proposition 2.5. The set {Bw(U):U € Tg,S € S (W)} is a basis for B(W).

Proof. Tt suffices to show that {Bw(U) : U € Tg, S € .#(W)} is closed under
pairwise intersections. Let S, 5 € (W) and U € Tg and U’ € Ts,. Suppose there
exists B € Bw (U)NBw (U’). Then 5,5 C B. Thus, S C S or S’ C SorS=25".
In the first case

Pw(U') € Bw(Fw(S')) € Zw({S'QS}) € ZBw(U).

Whence, Bw (U) N Bw (U') = By (U’). Likewise, Bw (U) N Bw (U') = Bw (U) in
the second case. In the third case, U UU’ C Fy (S); hence, U U U’ is antichain;
hence, Bw (U) N Bw (U') = Bw (UNU") and UNU' € Tg. O

Lemma 2.6. Suppose all fork spaces of W satisfy the Ty aziom. Then, for all
S e (W) and for all V closed in Fyw(S), the subspace Bw (V') is closed.

Proof. Suppose S € .Z(W) and V is closed in Zy (S) and A € B(W) \ Bw (V).
Let T = ANS. Suppose T' C S. Then AQT # SQT'; hence, there exists U € Tr
such that AQT € U and SQT ¢ U. Thus, A € Zw(U) and, by Proposition 2.1,
Py (U) is disjoint from Ay ({SQT'}), which contains Bw (Fw (S)), which contains
PBw (V). Suppose S = T. Then AQS ¢ V; hence, there exists U € Tg such
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that AQS € U and UNV = . Thus, A € Bw(U) and, by Proposition 2.1,

Theorem 2.7. Suppose all fork spaces of W satisfy the T5 axiom. Then B(W)
satisfies the T3 axiom.

Proof. Let C be a closed subset of (W) and let A be a branch not in C. By
Proposition 2.5, there exist S € .(W) and U € Tg such that A € By (U) and
CNPw(U) =0. Choose V € Tg such that AQS € V and V C U. By Lemma 2.6,
BW)\ Bw (V) is open. Moreover, B(W) \ ZBw (V) contains C and is disjoint
from %Bw (V'), which contains A. Thus, A and C are separated by open sets. (]

Theorem 2.8. Suppose all fork spaces of W satisfy the T3% aziom. Then B(W)
satisfies the T3y axiom.

Proof. Let C be a closed subset of Z(W) and let A be a branch not in C. By
Proposition 2.5, there exist S € .(W) and U € Tg such that A € By (U) and
CNBw (U) =10. Set V = Zu (S)NUC. Then UNV = (); hence, UNV = (). Choose
[+ Zw(S) — [0,1] such that f is continuous, f(AQS) = 1, and f(V) C {0}. Define
g: Bw (Fw(S)) — [0,1] by g = f oms. Then g is continuous. By Lemma 2.6,
PBw (Fw(S)) is clopen; hence, we may extend g to a continuous map from ZB(W)
to [0, 1] by setting g(B) = 0 for all B € Z(W) \ Bw (Fw (S)). Then g(A) =1 and
4(0) € {0}, 0

3. NONJAGGEDNESS

Branch product topologies over trees do not preserve the T axiom. Indeed, we
have the following general result.

Theorem 3.1. Suppose M is a class of topological spaces and M is hereditary
with respect to closed subspaces but not with respect to all subspaces. Then there is
a tree W with all its fork spaces are in M, but B(W) is not in M.

Proof. First, note that M must contain a nonempty topological space, for all sub-
spaces of the empty space are closed. Therefore, we may choose Zy () to be a topo-
logical space in M with a subspace K that is not in M. For each p € Fy (0)\ K, let
Fw ({p}) be an arbitrary nonempty topological space in M. Let W have no other
forks. Then Bw ({p}) = {{p}} for all p € K; hence, By (K) and K are homeomor-
phic when given their respective subspace topologies; hence, By (K) & M. Since
Bw (K) = BW)\ Upezwionx Bw (Fw ({p})), the subspace Zw (K) is closed in
PB(W). Therefore, Z(W) & M. O

Many topological properties are hereditary with respect to closed subspaces but
not with respect to all subspaces. Examples include normality, compactness, local
compactness, paracompactness, and most variants of compactness and paracom-
pactness. Thus, the negative result of Theorem 3.1 applies to all these properties.
The crucial part of the proof of this theorem is the construction of a pathological
closed subspace. By making a mild additional assumption, we can often avoid such
subspaces.

Definition 3.2. We say that a fork space of W is nonjagged if the subspace of
points in the fork that are maximal in W is closed.
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Theorem 3.3. Suppose all fork spaces of W are normal and nonjagged. Then
PB(W) is normal.

Proof. Let V and V' be disjoint closed subsets of Z(W). For each S € .Z (W), set

Vs ={p € Fw(S): VN Bw({p}) # 0},

and define V{ analogously. Let Mg denote the set of elements of Vg that are
maximal in W; define M} analogously.

Let us show that By (MS) C V. Suppose p € Mg. Then p is maximal in W;
hence, there is a unique branch A that contains p. Suppose A ¢ V. Then there
exist T € (W) and U € T such that A € By (U) and VN By (U) = 0. In
particular, S U {q} &€ Bw (U) for all ¢ € Mg. If T = S, then U € Tg; whence,
U N Mg = (); whence, U N Mg = (; whence, p ¢ U; whence, A ¢ %y, (U), which is
absurd. Therefore, T' # S. Moreover, since p is the maximum of A, we have T' C S.
Thus, T'C S. Thus, for all ¢ € Mg, we have

SU{q} € Bw(Fw(9)) € Bw({5AT}) = Bw ({AQT}) € Bw (U),

which is absurd. Therefore, %y (MS) C V. Similarly, «@W(ﬁs/) cV.

Let us show that Mg N VS’ = (). Suppose p € Mg ﬂvs’. Set A =S U{p}. Since
p € Mg, the point p is maximal in W. Therefore, A € By (Ms) C V. Hence,
A ¢ V'. Hence, there exist T € (W) and U € Tr such that A € By (U) and
Bw(U)NV' = 0. Clearly, T C S. If T = S, then U N V4 = 0; whence, p ¢ VZ,
which is absurd. Thus, T C S. Since p € 75’, we have V¢ # (). Therefore, choose
g€ V{and B € Bw({¢q}) NV'. Then

B e Bw(Fw(S5)) € Zw({SQT}) = Bw({AQT}) € Bw (U).

Hence, %y (U) NV' # 0, a contradiction. Therefore, Mg NV = (. Similarly,
MSI, N VS = 0.

Choose Y}, Zg € Tg such that 75’ C Y, and Ms C Zg and Y{ N Zg = 0.
Similarly, choose Ys, Z% € Tg such that Vg C Yg and ﬁs’ CZiand YsNZi=0.
Set Us = YsNZg and U = YiNZ§. Then UsNUYG = 0. Moreover, since Mg C Vg,
we have Mg C Yg; hence, Mg C Ug. Similarly, ﬁé C U%. Moreover, since V§ C Y,
and Us NY, C ZgNYL =0, we have Us NV = (0. Similarly, U N Vs = 0.

Define A to be the set of S € (W) for which Zyw (Fw(S)) NV # 0 and
Bw (Fw(S)) NV = (. Similarly, define A’ to be the set of S € (W) for which
Bw (Fw(S) NV £ 0 and By (Fw(S)) NV = 0. Also, define A” to be the set of
S e y(W) for which ﬂw(yw(kg)) ny # ¢ and ,@W(yw(;s')) ny =+ (0. Set

U= U gw(yw(S))U U L%)Wa]s) and

SeA SeA”
u=J swFwS)u | 2wU5s).
SeA SeA”

Then U and U’ are open. Let us show they are disjoint. For each S € A and
S" e A, we have Bw (Fw(S)) € Bw(Fw(S")) € Bw(Fw(S)). Since W is a
tree, we have S ¢ S' ¢ S. Therefore, again using the fact that W is a tree, we
have Bw (Fw (S)) N Bw (Fw (S")) = 0.

Suppose S € A” and S’ € A’. Then S #S". If S ¢ S" ¢ S, then

PBw (Fw (5)) N Bw (Fw(5)) = ;
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Whence, Zw (Us)NPBw (Fw (S’)) = 0. Suppose S" C S. Let A € Bw (Fw (S))NV.
Since %W(yw(S)) Q %W({S@S/}) = %W({A@SI}), we have A € ﬁw(yw(sl)),
in contradiction with the definition of A’. Therefore, S C S’. Consequently,
Bw (Fw(S')) C Bw({S'@S}). Hence, by the definitions of A" and VY, we have
S'@S € V¢; hence, S’QS ¢ Ug. By Proposition 2.1, Bw (Us) N Bw ({S'QS}) = 0.
Thus, $w (Us) N Bw (Fw(S')) = 0. Similarly, if S € A and S’ € A", then

Now suppose S, 5" € A”. It S ¢ 5" ¢ S, then By (Fw (S))NBw (Fw (S")) = 0;
whence, By (Us)NBw (Us) = 0. If S = 5, then UsNUY, = 0; whence, by Propo-
sition 2.1, Bw (Us) N Bw (UL,) =0 . It S C S, then By (UL,) C Bw ({S'QS});
whence, S’QS € V§; whence, S'QS ¢ Ug; whence, by Proposition 2.1,

PBw (Us) N %W(Ué/) C Bw(Us)N %W({S/@S}) = 0.

Similarly, if S” C S, then Bw (Us) N Bw (U§,) = 0. Therefore, U NU" = 0.

Let us show that ¥V C Y. Suppose A € V. Since A € V', there exist S € .7 (W)
and U € 75 such that A € By (U) and Bw (U) NV’ = (. Suppose AQS is not
maximal in W. Then By (Fw(SU{4QS})) = Bw ({AQS}) C Bw(U). Hence,
Bw (Fw(SU{AQS}H) NV = 0; hence, SU{AQS} € A; hence, A € U. Suppose
AQS is maximal in W. Then AQS € Mg; hence, AQS € Ug; hence, A € U. Thus,
Y CU. Similarly, V' CU’. Therefore, V and V' are separated by open sets. O

Theorem 3.4. Suppose all fork spaces of W are paracompact and nonjagged. Then
PB(W) is paracompact.

Proof. Let U be an open cover of (). We inductively define a locally finite open
refinement of U with union #(W). The existence of such a refinement suffices to
prove the theorem.

Suppose a € On and we have the following;:

(1) {Ag : B < a} is a pairwise disjoint set of C-antichains of proper semi-
branches;

(2) it B <aand S € Ag and T is a proper semibranch contained in S, then
there exists v < 3 such that T € A,;

(3) if B <« and S € Ag, then £g 3 is a subset of 7g whose union contains all
elements of Zy (S) that are maximal in W;

(4) {#Bw(U):U € Esp} is alocally finite refinement of U for each § < a and
S e ./45;

(5) if B,y <aand Se Agand T € A, and T C S, then SQT ¢ |JEr .

Let B, be the set of C-minimal elements of (W) \ Uz, Ag- Let A, be the
set of S € B, for which there is no f < « and T" € Ag such that T C S and
SQT € |Jér,p. Suppose S € A,. If there exist T € (W) and U € U such that
T C S and Bw ({SQT}) C U, then set s = {Fw(S)}. Suppose such T and U
do not exist. Let Mg denote the set of elements of Fy(S) that are maximal in .
If Mg =0, then set Eg o = 0. Suppose Mg # (). Then, for each p € Mg, there exist
Up € Ts and U, € U such that p € U, and By (U,) C U,. Since Mg is closed and
Fw (S) is paracompact, we may choose Eg , to be a locally finite open cover of Mg
that refines {U, : p € Mg}. Hence, {Bw (U) : U € €54} is a refinement of U.

Let us show that {#Bw (U) : U € £g,4} is locally finite. Suppose A € (W) and
every neighborhood of A intersects UUGES,Q PBw (U). Then Bw (Fw(S)), which

contains UUess_a PBw (U) and is closed by Lemma 2.6, must also contain A. Let
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V' be a neighborhood of AQS that only intersects finitely many members of £g .
Then Bw (V) only intersects finitely many elements of {Zw (U) : U € Es.0}-

By the definition of B, and the containment of A, in B,, we have (1) and (2)
if @ + 1 replaces . By the definition of A,, we have (5) if a + 1 replaces a. By
what we have already shown about &g, for each S € A,, we have (3) and (4) if
a+ 1 replaces . If A is 0 or a limit ordinal, and (1)-(5) are satisfied for all a < A,
then clearly (1)-(5) are satisfied if & = A. Thus, by induction, (1)-(5) are satisfied
for every ordinal «.

For each a € On, define V, as follows:

(3.1) Vo= J U {8wU): U €&sp}

B<a SeAg

By (3), all elements of V,, are open. By (4), V,, is a refinement of U. Let us show
that V, is locally finite. Suppose 8,7y < a and S € Agand T' € A, and U € &g 3
and V € Ep, and Bw (U) N Bw (V) # 0. Then By (Fw(S)) is not disjoint from
Bw (Fw(T)); hence, S CT or T C S, for W is a tree. If S C T, then TQS ¢ U
by (5); whence,

0 = 2w (U) N 2w ({TQS}) 2 Bw (U) N Bw (Fw(T)) 2 Bw (U) N Bw (V),

which is absurd. Therefore, 7' C S. By symmetry, S C T'; hence, S = T. Hence,
by (1), 8 = 7. Therefore, the unions in (3.1) are disjoint unions. Moreover, by (4),
the set {Bw (U) : U € Esp} is locally finite for all § < « and S € Ag. Hence,
V4 is locally finite. Therefore, it suffices to prove that V, covers (W) for some
ordinal a.

Let A € (W). Suppose there exists S € (W) \ U,con Aa such that S C A.
Choose S to be as small as possible. Then there exists a € On such that S is
a C-minimal element of (W) \ Uz, Ag. Therefore, by definition of A,, there
exist f < o and T € Ag such that T C S and AQT = SQT € (J&r g. Therefore,
AelJV,.

Suppose every proper semibranch contained in A is in (J,cq,, Aa- Further sup-
pose A has no maximum. Since A € (U, there exist R € (W) and U € T and
U € U such that AQR € U and Bw (U) CU. Set S = RU{AQR}. Then S € A,
for some o € On. Moreover, by definition, £g, = {Fw(5)}. Set T = S U {AQS}.
Then TQS € Fw(S) = UEs,a; hence, by (5), T & U,@EOTL Ag, which is absurd.
Therefore, A has a maximum. Set S = A\ {max A}. Then there exists @ € On
such that S € A,. By (3), AQS € |JEg,o; hence, A € [JVqq1.

Thus, for each A € Z(W), there exists {(A) € On such that A € [JV¢(q).
Therefore, Z(W) = |J V¢ where £ = sup{{(A4) : A € BW)}. O

The arguments used to prove the above theorem about paracompactness also
apply to topological dimension.

Theorem 3.5. Let n < w. Suppose all fork spaces of W are nonjagged and have
topological dimension at most n. Then BB(W') has topological dimension at most n.

Proof. The argument is the same as in the proof of Theorem 3.4. Wherever they
are mentioned, simply respectively replace paracompactness, local finiteness, and
finiteness with having topological dimension at most n, having order at most n+1,
and having cardinality at most n + 1. (I
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In the special case of nonjaggedness where W is a tree with no maximal elements,
the branch product topology collapses in the sense that it is independent of the fork
topologies. Thus, even assuming all forks are nonjagged, Z(W) may have lower
topological dimension than all of its fork spaces.

Theorem 3.6. The branch product topology on B(W) is independent of the topolo-
gies of the fork spaces which have no elements maximal in W.

Proof. Let A be the set of S € Z(W) such that %y (S) has no elements maximal
in W. Fix the topologies of all fork spaces except Zw (S) for S € A. Then the
coarsest possible branch product topology of (W) is induced by giving Zw (S)
the indiscrete topology for each S € A. Likewise, the finest possible branch product
topology of (W) is induced by giving .Zy (S) the discrete topology for each S € A.
Let S € Aand E C Zy(S). Since W is a tree and no elements of .Fy (S) are
maximal in W, we have

B (E) = | Bw(Fw(SU{p}).

peE

Hence, Zw (E) is open in Z(W) even if Fy (S) is given the indiscrete topology for
each S € A. Thus, the coarsest possible branch product topology of (W) is finer
than the finest. Therefore, the branch product topology of (W) does not depend
on the topology of Zy (S) for S € A. O

Corollary 3.7. Suppose W is a tree with no mazximal elements. Then the branch
product topology on B(W) is independent of the topologies of the fork spaces. More-
over, B(W) is Hausdorff and has topological dimension 0 (and is therefore para-
compact).

Proof. The first statement of the corollary immediately follows from Theorem 3.6.
Let us prove the second statement. Every fork space is nonjagged because it has
no maximal elements. Moreover, we may assume every fork space is discrete, and
hence is Hausdorff and has topological dimension 0. By Theorems 2.2 and 3.5,
P(W) is paracompact Hausdorff and has topological dimension 0. ([l

Remark 3.8. A T; space with topological dimension 0 is easily shown to be zero-
dimensional in the sense of having a basis of clopen sets.

The next example shows that Corollary 3.7 may not be extended to conclude
ZB(W) is locally compact or perfectly normal.

Example 3.9. Let W =, ., ({¢a} U {ban : n < w}) and let
(3.2) ag > aq < ban < bant+1 and bao £ ag

for all @ < 8 < w1 and n < w. The relations in (3.2) uniquely define the ordering
of W. Moreover, W is a tree without maximal elements, and Corollary 3.7 applies.
However, the singleton {{a, : a < wi}} is closed but is not a Gy set in Z(W);
hence, (W) is not perfectly normal; hence, (W) is not metrizable. Moreover,
PB(W) is not locally compact: if & < wq, then

{%W({ba—kn,o}) n< w} U {%W({aa—kw})}

is an open cover of the clopen set By ({an}), and it has no finite subcover; hence,
no neighborhood of the branch {a, : @ < w1} has compact closure.
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4. BRANCH PRODUCT ITERATIONS

Before defining iterated branch products, we need some additional notation.
Henceforth, let X, be a nonempty poset and let £, C P(X,,) satisfy Zx, (&) =
PB(X,) for each p € Y. Assume that X, N X, = 0 for all distinct p,¢q € Y. Let Z
be the ordered sum _ .y X, and let & ={J oy &p.

Definition 4.1. We say that #(Z,E) is the iterated branch product of the spaces
B(Xp,Ep) for whichp e Y.

Since #A(X,,Ey) could be an iterated branch product for any p € Y, we can
iterate branch products arbitrarily many times, justifying the term “iterated.” Also,
HB(Z,E) is the E-induced branch product by definition. Moreover, if Y and X, are
well-founded for all p € Y, then #(Z) E can be defined in terms of branch products
induced by fork spaces, as shown below.

Lemma 4.2. Suppose Y and X, are well-founded for all p € Y. Then, for each
S e A7), there is a unique y € Y such that

F7(5) = Fx,(SNXy),

or there is a unique I C'Y such that Fz(S) = U,er x,(0). Moreover, if both
such ay and I exist, then I = {y} and SN X, =0.

Proof. Let S € S (Z). Let p € Fz(S) and let y € Y satisfy p € X,,. Suppose p is
not minimal in X,. Then SN X, is cofinal in ; whence, Fx (SN X,) = Zz(S5).
Moreover, there is at most one y such that SN.X, is cofinal in S, for Z is an ordered
sum of {X, : r € Y}. Suppose p is minimal in X,. Let ¢ € #2(S) be arbitrary
and let z € Y satisfy ¢ € X,. Suppose ¢ is not minimal in X,. Then we have

gZXZ(SﬁXz) = 92(5),

hence, p € X,; hence, y = z. Since ¢ is not minimal in X, but is a minimal strict
upper bound of S, there exists r € SN X,. Therefore, p is not a strict upper bound
of S, for p is minimal in X,. This situation is absurd. Therefore, ¢ is minimal in
X. Thus, there exists I CY such that Fz(S) C U,c; Fx,(0).

Since X, N X, = () for all distinct u,v € Y, there is a smallest such I, and hence
we may choose I to be as small as possible. Then Zx (D) N .Zz(S) # 0 for all
w € I. Suppose w € I and r € Fx,, (0)NFz(S) and s € Fx,,(0)\ Fz(S). Since r
is minimal in X, and is a strict upper bound of S, every element of X,,, including
s, is a strict upper bound of S. Since s is not a minimal strict upper bound of
S, there exists t € Z such that ¢ is less than s and is a strict upper bound of S.
Since s is minimal in X,,, there exists v € Y such that ¢t € X, and v is less than w.
But then ¢ is also less than r, which is absurd. Therefore, 77(S) =U,c; Zx, (0).
Moreover, for any J such that F#z(S) = U,c; Fx, (D), we have I = J because
X, NX, =0 for all distinct u,v €Y.

Finally, suppose y € Y and I C Y satisfy

Fz(5) = Fx, (SN X,) = Zx,(0).
pel

Then clearly I = {y}. Hence, #x, (SN X,) = Fx, (). Finally, SNX, = 0 because
forks of nonempty proper semibranches of X, do not contain minimal elements of
Xy. O
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Definition 4.3. Suppose Y and X, are well-founded for each p € Y. For each
p €Y and S € /(X,), let T, 5 be a topology of Fx, (S). For each S € & (Z),
if #7(8) = Fx,(SNX,) for some p € Y, then set Os = T, snx,. If Fz(S) =
Uper Zx, (D) for some £ C 'Y, then let Og be the sum topology on #z(S) induced
by (7,.0)pce. By Lemma 4.2, it is legitimate to define the sum branch product
topology of B(Z) to be the branch product topology of %’(Z, <Os>565ﬂ(x)).

Theorem 4.4. SuposeY and X, are well-founded for each p € Y. Further suppose
that £, = USey(Xp) Tp.5. Then the topology of B(Z,E) is the sum branch product

topology of B(Z).

Proof. For each S € .#(Z) and U € Og, the set U is a union of elements of &£
by definition. Thus, B (U) is open in £(Z,E). Conversely, suppose p € Y and
U € &,. Then there exists S € (X)) such that U € T,5. Let T € #(Y)
satisfy p € Zy(T). For each ¢ € T, choose A, € HA(X,). Suppose S # 0.
Then U € Og for any R € .¥(Z) for which S = RN X,. Such an R always
exists: an example is S U {J,cp Ag. Thus, #z(U) is open in the sum branch
product topology. Suppose S = 0. Set R = |J,cp Aq- Then R € #(Z) and
F2(R) = Uyezyr) Fx,0). Therefore, U € T,y C Op. Thus, #z(U) is open in
the sum branch product topology. Thus, the topology of #(Z, £) is the sum branch
product topology of %B(Z), for each topology has a subbasis of open sets also open
in the other topology. O

Unlike branch products, branch product iterations preserve all the separation
axioms preserved by sums and products. This is because, up to homeomorphism,
branch product iterations can be constructed using the familiar topological opera-
tions of products, sums, and subspaces, as shown by the next theorem.

Lemma 4.5. Suppose p € Y. Then Bz(X,) is clopen

Proof. Suppose A € B(Z)\ Bz(Xp). Then n(A) € B(Y)\ By ({p}). Since m(A) is
a maximal chain, there exists ¢ € m(A) such that p and ¢ are incomparable. Thus,
A€ B7(X,), which is open in #A(Z,E) and disjoint from Bz (X,). O

Theorem 4.6. Let C be a topological class hereditary with respect to subspaces and
closed under finite sums and products of |Y|-many spaces. Suppose B(X,,E,) € C
forallpeY. Then B(Z, &) €C.

Proof. We construct an element of C homeomorphic to B(Z,£). Let A be a
nonempty member of C, such as %#(X,,&,) for some p € Y. Fix A € A. For
each p € Y, let M, be the topological sum of %#(X,,&,) and A. Given a partial
function f on Y, let ¢(f) be the unique extension of f to a complete function on
Y for which ((f)(p) = A for all p € Y\ dom f. Set M =[]y M,; set

N= |J < :re ]2
AEAY) peEA
and give it the subspace topology induced by M. Then N € C.

Let us show that #(Z, £) is homeomorphic to N. For each A € #(Z), let n(A)
denote the partial function on Y for which n(A)(p) = ANX,, for all p € Y for which
AN X, # 0 and n(A)(p) is undefined otherwise. Set # = (on. Then 0 is a bijection
from #(Z,E) to N because domn(A) € B(Y) for all A € B(Z).
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Let us show that 6 is a homeomorphism. Let O denote the topology of A. Set
Op = 0U{Z%x,(£) : E € &}. Then Oy is a subbasis for M. Hence, U,y {{f €
N : f(p) € U} : U € Op} is a subbasis for N. Suppose p € Y and U € O,. If
U = Bx,(F) for some E € &, then 07 ({f € N : f(p) € U}) = #z(F), which
is open. If A\ € U € O, then 071 ({f € N : f(p) € U}) = B(Z) \ Bz(X,), which
is open by Lemma 4.5. If A € U € O, then {f € N : f(p) € U} = 0. Thus, 6 is
continuous. Furthermore, 6 is open because 0(#z(E)) = {f € N : f(p) € Bx,(E)}
for all £ € &, and {#z(E) : E € £} is a subbasis for #(Z,€). Thus, 6 is a
homeomorphism. (I

Corollary 4.7. The Ty azxiom, the Ty azxiom, the Ty azxiom, regularity, complete
reqularity, total disconnectedness, and the property of having a basis of clopen sub-
sets are each preserved by branch product iterations. Moreover, if Y is countable
and B(Xp, Ep) is metrizable for allp € Y, then B(Z,E) is metrizable.

Corollary 4.7 mentions the most commonly used topological properties that are
preserved by sums and products. Since these properties are all also hereditary
with respect to subspaces, the following example of a topological class closed under
products and sums but not under branch product iterations is necessarily a bit
obscure.

Definition 4.8. For any set E, let [E]' denote the set of singleton subsets of E.

Example 4.9. Let D denote the closure of the class of discrete spaces with respect
to sums and products. A nondiscrete space in D must be constructed using infinite
products; hence, such a space has cardinality at least 2%°.

Let us construct a countable nondiscrete space that is a branch product iteration
of discrete spaces. Let Y be the unique poset satisfying Y = {a,,b, : n < w} and
LY) = {{am :m < n}:n < w}and Fy({a—m:m<n}) = {an,b,}. For
each p € Y, let X, be a singleton. Then #(Z, ) is homeomorphic to %’(Y, [Y] 1).
Moreover, (Y is countable and (Y, [Y]!) is not discrete because the branch
{an : n,w} is not isolated. Thus, branch product iterations strictly generalize sums
and products.

Note that 2(Y, [Y]?) is homeomorphic to Z(Y’) with the branch product topol-
ogy induced by giving each fork the discrete topology. Thus, there is a branch
product not in D but induced by fork spaces all in D. Hence, branch products also
strictly generalize sums and products.

5. THE TYCHONOFF THEOREM

The Tychonoff Theorem has a very nice generalization in terms of branch product
iterations. The proof is similar to that of the usual Tychonoff Theorem.

Theorem 5.1. The space B(Z,E) is compact if and only if ,@(Y, [Y]l) is compact
and B(X,, Ep) is compact for allp € Y.

Proof. Let m: B(Z) — P(Y) be given by n(A) ={p e Y : AN X, # 0}. It is clear
that the range of 7 is exactly Z(Y).

Suppose Z(Y, [Y]') is not compact. By the Alexander Subbasis Theorem, there
exists I C Y such that By (I) = B(Y) but By (F) C A(Y) for all finite F' C I.
Set J ={%z(Xp) :p € I}. Then Jis an open cover of B(Z,E): it A € B(Z), then
7(A) € B(Y); whence, m(A) NI # 0; whence, AN X, # 0 for some p € I; whence,
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A € |JJ. Suppose F is a finite subset of I. Then there exists B € Z(Y) \ By (F).
For each p € B, choose 4, € #(X;). Then ,c.p A, is a branch of Z not in
Uper Z2(Xp). Therefore, J has no finite subcover; hence, #(Z, £) is not compact.

Suppose Z(X,,Ep) is not compact for some p € Y. By the Alexander Subbasis
Theorem, there exists A C &, such that {#x, (1) : I € A} is a cover of Z(X,,) with
no finite subcover. Consequently, {#z(I) : I € A} is a cover of Bz(X,) with no
finite subcover. Thus, to prove that #(Z, ) is not compact, it suffices to note that
HBz(Xp) is closed in #(Z,E) by Lemma . refbranchiteratesingletonclosedLEM.

Suppose %’(Y, [Y] 1) is compact and Z(X,, &) is compact for all p € Y. Further
suppose H C & and (J;cyy #B2(I) = %(Z). By the Alexander Subbasis Theorem,
it suffices to prove that H has a finite subset H' such that (J;c, Bz(I) = HB(Z).
For each p € Y, set H, = HNP(X,). Define J as follows:

J= {p ey: | %x,0) = %(X,,)}.
I€H,
Suppose By (J) = B(Y). Since ZB(Y,[Y]") is compact, there is a finite set F C .J
such that By (F') = Z(Y'). For each p € F, there is a finite set H], C H,, such that
Urens #x,I) = #(X,), by compactness. Now let A be an arbitrary branch of
P
Z. Then m(A) contains an element of F, say p. Then A N X, which is a branch
of X, intersects an element of M. Set H' = J,cp H). Then H' has the desired
properties.

Suppose By (J) € #(Y). Then there exists B € Z(Y) such that BN J = (.
Hence, for each p € B, there exists a branch A, of X, that is not in UIer Bx,(I).
Set A= ,cp Ap- Then A € B(Z)\U,ep U ey, Bz1). Since € C U,y P(Xp),
we have H = (J,cy Hp. Therefore, A & Uy #2(I), a contradiction. Thus,
PB(Z,E) is compact. O

Corollary 5.2 (Tychonoff Theorem). Suppose I is a set and X; is a topological
space for each i € I. Then [[,o; Xi is compact if and only if X; is compact for all
1€l

el

Proof. We may assume that I # () and X; # 0 for all i € I. We may further assume
that X; N X; = for all distinct 4, j € I. For each i € I, let O; be the topology of
X;. Give [ an arbitrary linear ordering and, for each i € I, order X; such that it
is an antichain. Then %(X;, 0;) is homeomorphic to X;. Set P =3, ; X;. Then
B(P,U;c; O;) is homeomorphic to [, ; X;. Since Z(I) is a singleton, (I, [I])) is
compact. Thus, by Theorem 5.1, Z(P,J,c; O;) is compact if and only if Z(X;, O;)
is compact for all 4 € I. Thus, [];.; X; is compact if and only if X; is compact for
all 7 € 1. (Il

Theorem 5.1 has an analogue for sum branch product topologies.

Theorem 5.3. Supose Y and X,, are well-founded for each p € Y. Further suppose
that &, = USE&’(XP) Tp.s. Then B(Z,E) with the sum branch product topology is

compact if and only if the space
B(Y,(P(Fy(9))sesv))

is compact and L@(Xp, <Tp,S>Se5’(Xp)) is compact for allp € Y.
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Proof. By definition, %(Xp, <’T[,73>Sey(xp)) is equal to #A(X,,Ep). Moreover, the
space

B(Y(P(Fy(9)))sesv))
is clearly equal to Z(Y,[Y]"). Thus, by Theorem 5.1, it suffices to note that, by

Theorem 4.4, ,%’(Z, UpeY 5) is just A(Z) with the sum branch product topology.
O

By the same argument as the proof of Corollary 5.2, when Y is a chain, The-
orem 5.1 reduces to the Tychonoff Theorem, for in this case, Z(Y) is a singleton
and #(Z,€) is easily checked to be homeomorphic to [[ ¢y #(Xp, &p). It is nat-
ural to ask which posets P besides chains are such that %(P, [P]l) is compact.
By the Alexander Subbasis Theorem, % (P, [P]l) is compact if and only if, for
every B C P such that #Bp(E) = Z(P), there exists a finite set ' C E such
that Zp(F) = #(P). This characterization has the advantage of conciseness, but
it gives us very little direct information about P. For well-founded posets, next
theorem remedies this deficiency.

Definition 5.4. Given S € . (X), we say that S is capped if S contains an element
p such that Bx ({p}) C Zx(Fx(9)).

Remark 5.5. If S € (X) and S has a maximum, then the minimal strict up-
per bounds of max.S are exactly the minimal strict upper bounds of S; whence,
PBx ({max S}) C Bx(Fx(S)); whence, S is capped. Thus, whether a proper semi-
branch is capped is only an interesting question when it has no maximum.

Lemma 5.6. Let P be a nonempty poset. Then Bp({p}) is clopen in B(P, [P
for allp € P.

Proof. Simply note that Zp({p}) = B(P) \ U,z,2, Zr{a})- O

Theorem 5.7. The space %’(X, [X]l) 1s compact if and only if every fork in X is
finite and every nonempty proper semibranch of X is capped.

Proof. Suppose #(X,[X]") is compact. Let S € (X). Let A = Npes Zx({p})-
By Lemma 5.6, A is closed; hence, it is compact. Moreover, a branch A is in A if
and only if it contains S. Therefore, {#Bx({p}) : p € Fx(S)} is an open cover of
A with no proper subcover. Hence, Fx(S) is finite.

Further suppose S € .(X) \ {0}. Let us show that S is capped. Set

Vp = Bx({r}) \ Bx(Fx(9))

for each p € S. By Lemma 5.6, V, is closed for all p € S. Suppose A € mpGS Vp.
Then A contains S. Therefore, A intersects Fx(S); hence, A & (J,cgVp. This
situation is absurd; hence, (1,cgVp = 0.

By compactness, there exists a finite set F' C S such that ﬂpeF Vp = 0. Since
S is a chain, so is F. Suppose Vpnaxr is nonempty. Then choose A € Vyax r.
Set A/ ={peS:p<maxF}and A" ={pe€ A:p>maxF}. Then A'UA"
is a branch of X. Let us show that A’ U A" € mpGF V. First, F C A’; hence,
A'UA" € ep Bx({p}). Second, A’ C S and A” C A and

SﬂﬁX(S) = Aﬁyx(S) = 0;
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hence, A"U A" ¢ #x(Fx(S)). Thus, A’UA” € (), p Vp, which is absurd. There-
fore, Vmaxr = 0; hence, S is capped. Thus, the “only if” part of the theorem
holds.

Let us prove the “if” part. Suppose every fork in X is finite and every nonempty
proper semibranch of X is capped. Further suppose F' C X and Zx(F) = B(X).
Then it suffices to prove that Bx (F) = Z(X) for some finite set F C E. Suppose
that no such F exists. Then it suffices to find a branch A such that AN E = (), for
this contradicts Bx (E) = B(X).

By Proposition 1.5, we may define A by defining AQA, in terms of A, for
every a < h(A). Suppose @ € On and A, is a proper semibranch such that
Bx({p}) € Bx(F)forall p € A, and for all finite subsets F of E. Suppose, for each
q € Zx(As), that there exists a finite set F,, C E such that Zx({q}) C Bx(Fy).
Set G = U,ezy(a.) Fq- Then G is finite because Fx(Aq) is finite. If Ay = 0,
then Z(X) = Zx(Fx (1)) C %x(G), in contradiction with our assumption that
PBx(F) # $(X) for all finite subsets F of E. Therefore, 4, # 0; hence, A, is
capped; hence, there exists p € A, such that Zx({p}) C Bx(Zx(An)) C Bx(G),
which is absurd. Therefore, there exists ¢ € Zx (A, ) such that Bx ({¢}) € Bx(F)
for all finite subsets F' of E. Let AQA, be such a q. Then, by induction, every
element p of A is such that Bx({p}) € Bx(F) for all finite subsets F of E.
Therefore, p ¢ E for all p € A; hence, ANE = 0. O

For a tree W, the compactness of %(W, (W] 1) comes close to imposing finiteness
of proper semibranches. The next theorem makes this statement more precise.
However, the proof of this theorem requires some new notation as well as several
lemmas.

Definition 5.8. Given a poset P, let <, be the set of ordered pairs (p,q) in P>
for which p is the maximum strict lower bound of ¢ and ¢ is the minimum strict
upper bound of p. Let ~p be the finest equivalence relation that contains <’p. If
P is clear from the context, then <5 and ~p may be respectively abbreviated by
<’ and ~.

Remark 5.9. For every poset P, all ~p-classes are clearly chains.

Lemma 5.10. Suppose P is a poset. Then ~p is compatible with the ordering of
P.

Proof. Let < denote the ordering of P. Suppose p,p’,q,q¢' € P and
p~p<q~d #p
It suffices to show that p’ < ¢’. To do so, we first show that p’ < ¢. Since p ~ p’, we

have p < p’ or p’ < p. If p’ < p, then p’ < q. Suppose p < p’ £ q. Then p’ ~ p < p';
hence, there exist n < w and rq,...,r, € P such that

p=ro<'m< < r,=p.

Let m be the minimal ordinal not greater than n such that r,, £ ¢. Then m > 0.
Therefore, r,,_1 < g and r,, is the minimum strict upper bound of r,,_1; hence,
q > rm and q ¥ r,; hence, ¢ = r,; hence, p ~ ¢, which is absurd. Therefore,
P <q.

Since ¢ ~ ¢/, we have ¢ < ¢’ or ¢ < q. If ¢ < ¢, then p’ < ¢’. Suppose
p £ q < q. Since ¢ ~ ¢’ < g, there exist n < w and 7g,...,7, € P such that
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¢ =19 < r1 < - <" r, =g Let m be the maximum ordinal not greater than
n such that p’ £ r,,. Then m < n. Therefore, p’ < r,11 and 7, is the maximum
strict lower bound of 7,,y1; hence, p’ < r,, and p’ £ r,; hence, p' = r,,; hence,
p’ ~ g, which is absurd. Therefore, p’ < ¢'. O

Lemma 5.11. Suppose P is a poset and Q = P/~ where = is an equivalence
relation on P that is compatible with the ordering of P and whose classes are all
chains. Then 93(P, [P] 1) 18 homeomorphic to %’(Q, Q] 1).

Proof. Define f: B(P) — P(Q) by f(A) = {p/~: p € A} for all A € B(P).
Since & is compatible with the ordering of P, the poset P is an ordered sum of
its ~s-classes. Since these classes are all chains, every branch of P is a union of
~-classes. Thus, f is a bijection from Z(P) to #(Q). Let us show that f is
a homeomorphism from Z(P,[P])) to #(Q,[Q]). If p € P and A € Zp({p}),
then clearly f(A) € Bgo({p/~}). Conversely, if p € P and B € Bo({p/~}), then
f~YB) € Bp({p}), for f~1(B) is a union of ~-classes. Thus, f bijects Zp({p})
onto Bo({p/~}) for each p € P. Hence, f sends a subbasis of Z(P,[P]") to a
subbasis of £(Q,[Q]"), and f~! sends a subbasis of Z(Q,[Q]") to a subbasis of
B(P,[P]Y). O

Lemma 5.12. Suppose P is a poset. Then there exists a poset QQ such that ~q is
discrete and %’(P, [P] 1) 18 homeomorphic to %(Q, Q] 1). Moreover, if P is a tree,
then we may choose @ to be a tree.

Proof. Set Qg = P and let ~ denote the equality relation on P. Given o € On
and @, and an equivalence relation =2, such that Q. = P/~,, let ~,1 be the set
of ordered pairs (p, ¢) € P? such that p/~,~q, ¢/~a- Set Qo1 = P/~q41. Since
every ~q,-class is a chain, if every ~2,-class is a chain, then so is every ~-class.
Moreover, since ~¢_, is compatible with the ordering of @), by Lemma 5.10, if ~,
is compatible with the ordering of P, then so is ~q1.

Given a limit ordinal A and equivalence relations (~q)a<x, set ~x= J ) ~a-
Suppose that every ~,-class is a chain and ~,C~p for all & < § < A. Then =,
is an equivalence relation and every az)-class is a chain. Set Q) = P/~). Further
suppose that =z, is compatible with the ordering of P for all @ < A. Then =, is
compatible with the ordering of P: if p,p’,q,¢’ € P and p’ ~\ p < q =) ¢ %, p
where < is the ordering of P, then p’ ~, p < ¢ =4 ¢’ %4 p for some a < \; whence,
p<q.

By induction, for all @ € On, the equivalence relation =, is compatible with
the ordering of P and all its equivalence classes are chains. Hence, % (P, [P] 1) is
homeomorphic to %’(Qa, [Qa]l) by Lemma 5.11. Since there are at most |’P(P2)‘
equivalence relations on P, there exists @ € On such that ~,==,11. Set Q = Q..
Then ~¢ is discrete and & (P, [P] 1) is homeomorphic to %4 (Q, Q] 1).

Finally, suppose @ is not a tree. Then there exists ¢ € @) such that the set of
lower bounds of ¢ are not well-ordered. Let L denote of the set of lower bounds of q.
Suppose L is not a chain. Then there exist p,p’ € P such that p/~,,p’ /~,€ L and
p/~, is incomparable with p’/=2,; whence, p is incomparable with p’. Moreover,
there exists r € P such that r/~,= ¢ and p and p’ are lower bounds of . Thus, P
is not a tree. Suppose L is a chain. Then L contains a strictly descending sequence
(gn)n<w- For each n < w, choose p, € P such that p,/~y= ¢,. Then (p,)n<. is
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strictly descending in P. Thus, P is not a tree. Therefore, @) is a tree if P is a
tree. (]

Theorem 5.13. The space %(VV, [W}l) is compact if and only if there is a tree
V such that %’(VV, [W]l) 18 homeomorphic to %’(V, [V]l) and all forks and proper
semibranches of V' are finite.

Proof. By Lemma 5.12, there is a tree V such that ~y is discrete and %’(W, (W] 1)
is homeomorphic to Z(V,[V]"). Suppose Z(W, [W]?) is compact. Then Z(V,[V]})
is also compact. By Theorem 5.7, all forks in V' are finite. Suppose S € # (V') and
S is infinite. Then S, has order type w. By Theorem 5.7, there exists n < w such
that By ({SQS,}) C By (Fv(S,)). Suppose there exists p € Fy (S,4+1) such that
p # SQS,, 1. Since V is a tree, p is not comparable with any element of Fy (S,,).
Therefore, no branch containing p intersects %y (S,). Since SQS,, < p, there
exists a branch containing p and S@QS,,; hence, By ({SQS,, }) is not contained in
By (Fy(S,)), which is absurd. Therefore, Fy (Sp41) = {SQS,41}. Thus, SQS,, 11
is the minimum strict upper bound of SQS,,. Moreover, since V is a tree, SQS,, is
the maximum strict lower bound of S@S,,, 1. Therefore, SQS,, <’ SQS,,,1; hence,
SQs, ~ SQ@S, 1, in contradiction with our choice of V. Therefore, all proper
semibranches of V' are finite.

Conversely, suppose there is a tree V' such that %(VK (W] 1) is homeomorphic to
B (V, V] 1) and all forks and proper semibranches of V' are finite. Then it suffices
to show that %(V, V] 1) is compact. By Theorem 5.7, it suffices to show that every
nonempty proper semibranch of V' is capped. Suppose S € .# (V) \ {0}. Then S is
finite. Clearly, Zy ({max S}) C By (Fv(S)); hence, S is capped. O

A weaker notion of compactness is D-compactness:

Definition 5.14. Let K be a nonempty set and let D be an ultrafilter on K. Given
a topological space M, a map f: K — M, and a point p € M, we say p is a D-limit
point of f if f~1(U) € D for every neighborhood U of p. We say M is D-compact
if every map f: K — M has a D-limit point.

The original definition for K = w is due to Bernstein[1]. Bernstein proves that
compactness implies D-compactness and that the Tychonoff Theorem still holds if
D-compactness replaces compactness. Saks[2] defined D-compactness for arbitrary
K and generalized these results.

The Tychonoff Theorem is generalized by Theorem 5.1, and the Tychonoff Theo-
rem for D-compactness is generalized in exactly the same way by the next theorem.
The theorem needs the following lemma.

Lemma 5.15. Suppose M is D-compact space with closed subspace N. Then N is
D-compact.

Proof. Let f be a map from K to N and let p be a D-limit point of f in M. If
p & N, then M \ N is a neighborhood of p and f~1(M \ N) = ), in contradiction
with the definition of D-limit point. Hence, p € N; hence, N is D-compact. O

Theorem 5.16. The space HB(Z,E) is D-compact if and only if B(Y,[Y]) is
D-compact and B(X,,Ep) is D-compact for allp € Y.

Proof. Let m: B(Z) — B(Y) be given by
7(A)={peY: :AnX, # 0}
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for all A € #(Z). For each p € Y, let B, be an arbitrary branch of X,. Let
p: B(Y) — B(Z) be given by p(A) = J,c 4 By for all A€ B(Y).

Suppose Z(Y, [Y]!) is not D-compact. Then there is a map f: K — Z(Y) with
no D-limit point. In particular, there is no A € (Y such that f~*(%By ({p}) € D
for all p € A. Let B be an arbitrary branch of Z. Then there exists p € 7(B) such
that f~1(By({p}) & D. Furthermore, f~(By({p}) = (p o /)*(B2(X,)) and
PBz(X,p) is a neighborhood of B. Hence, B is not a D-limit point of p o f. Hence,
PB(Z,€E) is not D-compact.

Suppose p € Y and HA(X,,Ep) is not D-compact. Then there is a map f from K
to #(X,) with no D-limit point. Let A be an arbitrary element of %z (X,). Then,
since {#x,(U) : U € £,} is a subbasis for (X, &,) and D is a filter, there exists
U € &, such that AN X, € Bx,(U) and f~(%Bx,(U)) € D. Let g be a map from
B(X,) to B(Z) such that B C g(B) for all B € #B(X,,) and g(ANX,) = A. Then
A is not a D-limit point of g o f, for we have

(9o /)7 (B2(U)) = f~(%x,(U)) € D.

Thus, #z(X,) is not a D-compact subspace of #(Z,&). But #(X,) is a closed
subspace of #(Z,€) by Lemma 4.5. Thus, #(Z, ) is not D-compact.

Suppose %’(Y, Y] 1) is D-compact and #(X,,, E,) is D-compact for all p € Y. Let
f be amap from K to B(Z). Since {#Bz(U) : U € £} is a subbasis for B(Z,E) and
D is a filter, it suffices to show that Z has a branch B such that, for every U € &,
if B € #7(U), then f~1(%7(U)) € D. By D-compactness, 7 o f has a D-limit
point A € B(Y). For each p € A, let D, = (mo f)"'(By ({p})). Then D, € D for
allpe A Fixpe A Set f, = f | D, an let g,: B7(X,) — #(X,) be given by
9p(C) =CNX, forall C € #,(X,). Extend gpo f to amap h,: K — %(X,). Let
Ap be a D-limit point of h,. So defining A;, for allp € A, set B = J,c4 Ap € ZB(Z).
Suppose U € £ and B € #z(U). Then there exists p € A such that U € &, and
A, € Bx,(U). Set E, = h;'(%x,(U)). Then E, € D; hence, D, N E, € D.
But f~1(%z(U)) = D, N E,; hence, B is a D-limit point of f. Thus, 8(Z,€) is
D-compact. ([l

Theorem 5.16 is a verbatim copy of Theorem 5.1 except that “D-compact” re-
places “compact.” Given this, it is easy to verify that Corollary 5.2 and Theorem 5.3
are also still hold if “D-compact” replaces “compact”: we need only copy their
proofs and respectively replace “compact” and “Theorem 5.1”7 with “D-compact”
and “Theorem 5.16.”

Our characterization of compactness of %(X,[X]") in Theorem 5.7 also has a
close analogue for D-compactness, but its proof is not as trivially translated. To
simplify notation, if D is nonprincipal, then let § be the maximum cardinal A for
which D is A-complete. If D is principal, then let § = oo, which means ¢ is formally
greater than every ordinal.

Definition 5.17. Given S € .¥(X), we say that S is D-capped if, for every map
f: K — PB(X) such that f~1(ZBx({p})) € D for all p € S, we have

[ (Bx(Fx(9))) € D.

Theorem 5.18. The space %(X, [X]l) 18 D-compact if and only if every fork in
X has cardinality less than § and every proper semibranch of X is D-capped.
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Proof. Suppose #(X,[X]") is D-compact. Let S € . (X). Let A = Npes Zx({p})
By Lemma 5.6, A is closed; hence, it is D-compact. Moreover, a branch A is in A
if and only if it contains S. Suppose |Zx(S)| > ¢. Then § < oo and there exists
a partition (I4)a<s of K such that I, ¢ D for all @« < §. Let n be an injection
from 6 into .Zx (S), and choose f: K — A such that 7g(f(1,)) = {n(a)}. Let A
be a D-limit point of f in A. Then A D S; hence, AQS exists. If AQS = n(a) for
some a < §, then f~1(ZBx({AQS}) = I, ¢ D. If AQS is not in the range of 7,
then f~1(%x({AQS}) = 0 ¢ D. Therefore, A is not a D-limit point of f, which is
absurd. Hence, |Zx(S)| < 4.

Let us show that S is D-capped. Let f: K — 2(X) satisfy f~1(%8x({p}))
for all p € S. Let A be a D-limit point of f. Suppose A 2 S. Then there
exists p € S and ¢ € A such that p £ ¢ £ p. Hence, Zx({p}) N Bx({q}) = 0;
hence, f~1(%x({q})) & D; hence, A is not a D-limit point of f, which is absurd.
Therefore, A O S. Hence, A € Bx(Fx(9)); hence, f~1(Bx(Fx(S))) € D; hence,
S is D-capped. Thus, the “only if” part of the theorem holds.

Let us prove the “if” part. Suppose every fork in X has cardinality less than ¢ and
every proper semibranch of X is D-capped. Let f be an arbitrary map from K to
PB(X). We recursively construct a D-limit point A of f by defining AQA,, in terms
of A, for all & < h(A). Suppose A, € 7 (X) and f~1(Bx({p})) € Dforallp € A,.
Then f~Y(ZBx(Fx(A.))) € D because A, is D-capped. Since |Fx(As)| < 0,
there exists ¢ € Fx(A,) such that f~1(%Bx({q})) € D. Set AQA, = q. Then, by
induction, f~1(%x({p})) € D for all p € A. Therefore, since {ZBx({p}) : p € X}
is a subbasis for @(X, [X] 1) and D is a filter, A is a D-limit point of f. |

For a tree W, the next theorem characterizes D-compactness of Z (W, [W]})
similarly to Theorem 5.13. First, we need a lemma.

Lemma 5.19. Suppose S € /(X)) and |S| < §. Then S is D-capped.
Proof. Let f: K — $B(X) satisty f’l(ﬂx({p})) € D for all p € S. Then we have

FHBx(Fx(9)) 2 () f1(#Bx({p}) €

peES
because |S| < 6. O

Theorem 5.20. The space %’(W, [W]l) is D-compact if and only if there is a tree
V' such that B(W,[W]") is homeomorphic to B(V,[V]') and all forks and proper
semibranches of V' have cardinality less than §.

Proof. By Lemma 5.12, there is a tree V such that ~y is discrete and Z(W, [W]?)
is homeomorphic to Z(V,[V]!). Suppose Z(W,[W]!) is D-compact. Then so is
B (V, V] 1). By Theorem 5.18, all forks in V' have cardinality less than §. Suppose
S e .Z(V)and |S| > 6. Then 6 < oo and S5 has order type d. Let us derive a
contradiction. First we show that | #y (Se41)| > 2 forall @ < 6. Fix av < §. Since V
is a tree, SQS,, is the maximum strict lower bound of every element of .#y (Sq41).
Moreover, if |Zy (Sq+1)| = 1, then S@S, 44 is the minimum strict upper bound of
SQ@S,; whence, SQS, <’ SQS,1, in contradiction with the discreteness of ~y,.
Therefore, |- #y(Sa+1)| > 2 as desired.

By the definition of §, there is a sequence (D4 )a<s in D such that (), 5 Do = 0
and D, 2 Dg for all @ < # < 0. Moreover, we may assume that Dy = (), Da
for all limit ordinals A < 4. For each a < 4, choose p, € Fy (Sat1) \ {SQSsi1}
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and choose A®) € By ({pa}). Since V is a tree, Soq1 C A, for all @ < §. Let f
be the map from K to B(V) given by f(Dg \ Day1) = {A®} for all a < §. Then
f~t({sas,}) = D, € D for all a« < §. By Theorem 5.18, S is D-capped; hence,
1By (Fv(S))) € D. But V is a tree; hence,
By (Fv(5) ={Ae B(V): A2 S}
hence,
FH@Bv(Zv(9) = () £ H(Bv({S@Sa}) = (] Da =0,
a<d a<d

which is absurd. Therefore, |S| < § as desired.

Conversely, suppose there is a tree V such that % (VV, (W] 1) is homeomorphic
to %’(V, [V]l) and all forks and proper semibranches of V' have cardinality less

than §. By Lemma 5.19, all proper semibranches of V' are D-capped. Hence, by
Theorem 5.18, Z(V, [V]') is D-compact. Hence, Z(W, [W]") is D-compact. O
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