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Fiber orders and compact spaces of uncountable weight
by

Antonio Avilés (Murcia) and Ondiej F. K. Kalenda (Praha)

Abstract. We study an order relation on the fibers of a continuous map and its
application to the study of the structure of compact spaces of uncountable weight.

1. Introduction and main results. This work is motivated by the
following general problem: Given two compact convex sets K and L (in some
locally convex linear topological spaces), are K and L homeomorphic? When
K and L are metrizable (that is, they have countable weight) the well known
Keller theorem (cf. |7, 17]) implies that K and L are homeomorphic if and
only if they have the same dimension. Thus, when restricting our attention
to compact sets of countable weight, only one topological invariant has to
be computed to answer our question: the dimension, ranging from 0 to w.

When we pass to the case when the weight is uncountable, the situation
is not that simple. A number of usual topological invariants, like chain con-
ditions, cardinal functions, functional-analytic properties, etc., can be used
to identify many different types of compact convex sets. Just to recall an
elementary example, we may compare an uncountable product of intervals
[0,1]" C R* with the ball B(k) of the Hilbert space ¢3(x) in the weak topol-
ogy. In B(k) we may find an uncountable family of disjoint open sets but
[0,1]" has the countable chain condition. Another argument would be that
B(k) cannot be homeomorphic to an uncountable product since it contains
Gs-points (we will prove a much subtler fact: B(k) is not even homeomorphic
to a finite product of compact spaces of uncountable weight).

Very often, however, the standard topological technology is not so helpful
as in the case of B(k) and [0, 1]". An example is when we restrict our atten-
tion to weakly compact sets of the Hilbert space ¢2(k). The first example of
a nonmetrizable weakly compact convex set not homeomorphic to B(k) may
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be traced back to constructions of Corson and Lindenstrauss [8, 16|, who
provided such a set in which all points are GG5. Such sets, however, cannot
be symmetric and to the best of our knowledge, only recently has the first
author [1] provided a first example of an absolutely convex weakly compact
subset of l2(k) of weight x which is not homeomorphic to B(k). This was
done by proving that B(k) satisfies a certain chain condition of Ramsey type
introduced by Bell [4] and constructing ad hoc a compact convex set failing
that property.

Let us now provide some natural examples of compact convex sets, all
of them indeed representable as weakly compact convex subsets of la(k),
for which apparently the standard techniques from topology give us no clue
whether they are homeomorphic to each other or not (the letter x always
denotes an uncountable cardinal):

The ball of the Hilbert space, B(k) = {z € la2(k) : [|z||2 < 1}.

The space P(A(k)) of Radon probability measures on A(k) = kU{oco},
the one-point compactification of the discrete set k.

The spaces P(A(k)"),2<n <w.

The spaces P(oy,(k)) of probability measures on oy, (k) = {x € {0,1}" :
|supp(z)| < n}, 2 <n < w.

e The finite and countable powers of the previous spaces.

We shall develop some new tools which will allow us to conclude that all
these spaces are not homeomorphic to each other, with perhaps the exception
of B(k) and P(A(k)) for which our techniques do not enable us to determine
whether they are homeomorphic or not. We also studied other examples, not
embeddable into a Hilbert space, namely the compact sets P([0, x]")™ for &
an uncountable regular cardinal and n,m € N. In addition, we will obtain
other applications concerning the structure of these spaces, regarding the
following two kinds of questions:

e (lassification of the points of a compact space K, that is: for which
points z,y € K does there exist a homeomorphism f : K — K such
that f(z) =y?

e When can a compact space K be homeomorphic to some power com-
pact of the form L™, or when can it be homeomorphic to a product of
the form Ly x --- x L,?

All these questions are addressed through the beautiful technique of
Shchepin of inverse limits and the spectral theorem developed in [19] and
[20]. We explain this in detail in Section 2, but roughly speaking, given a com-
pact space K of uncountable weight, this technique allows one to study the
topological structure of K by studying the continuous surjectionsp: X — Y
for X and Y quotients of K of countable weight. And here comes the key
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idea of our work, to study a certain preorder relation induced on the fibers
of a continuous map:

DEFINITION 1.1. Let f : K — L be a continuous map and z € L. We
define a preorder relation < on the fiber f~!(z) by letting s < ¢ if and only
if for every neighborhood U of s there exists a neighborhood V' of ¢ such

that f(V) C £(U).
In other words, s < t if and only if
{f(U) : U is a neighborhood of s} C {f(V) : V is a neighborhood of ¢},

if and only if f=!f(U) is a neighborhood of ¢ for every neighborhood U of s.
We shall write F,(f) = f~!(x) for the fiber of  endowed with the preorder <
(and also with its inherent topology, though we shall not use the topological
structure here). We denote by O, (f) = F,(f)/~ the ordered set obtained
by quotienting by the equivalence relation t ~ s < ¢t < s and s < t.

In his study of the spaces exp,,(2%) [19], Shchepin considered what in
our language would be the cardinality of OQ,(f). This was already useful in
that discrete context but not in spaces like convex sets, where one needs to
consider the order structure of Q. (f) to get some information.

Let us indicate how fiber orders may be helpful in the problem of classifi-
cation of points of a compact space, and in the homeomorphic classification
of compact sets. Consider a compact space K of uncountable weight and a
point € K. We can then consider the family of all fiber orders of type
Oy, () (q) for every continuous surjection ¢ : L’ — L between metrizable
quotients of K with projections py : K — L', p;, : K — L, qpr» = pr. This
collection of ordered sets may be in principle rather complicated, but in the
examples we deal with, almost all these sets are order isomorphic to the same
ordered set that we can call O, (K). For instance, for a finite power of the
ball of the nonseparable Hilbert space B(k) we get the following picture:

THEOREM 1.2. Let K = B(k)" and x = (z1,...,2,) € K. Define r =
[{i : |Js|| < 1}|. Then O4(K) =2 [0,1]".

We view [0, 1]" as an ordered set endowed with the pointwise order, i.e.
(t1y..oyty) < (S1,...,8) iff t; <s; for every i.

Let us record some consequences of this result other than the fact that the
finite powers of the ball are nonhomeomorphic. It is a standard fact that
the points of B(k)™ all of whose coordinates belong to the sphere are the
Gs-points of B(k)"™, and hence topologically different from the rest. We have
obtained something much less evident: that points with different number
of coordinates in the sphere are topologically different. This is a complete
classification of the points of B(k)™ because if two points have the same
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number of coordinates in the sphere, then there is an automorphism of B(x)"
which moves one to the other.

Apart from the euclidean ball, we study spaces of probability measures
on scattered spaces. We develop a general method for computing fiber orders
in these cases, which constitutes the technically most involved part of our
work. One of the key steps in this task is our Lemma 5.1 which probably
has an independent interest. Every Radon probability measure on a scat-
tered compact space is discrete, thus it is a certain (finite or infinite) convex
combination of Dirac measures ;. The following result (which follows im-
mediately from Theorem 6.2 below) reduces the computation of fiber orders
in P(K) spaces to Dirac measures:

THEOREM 1.3. Let K be a scattered compact and p = ) . 170z, €
P(K), where z; € K are pairwise distinct and r; > 0 for i € I. Then

0.(P(K)) = [] Os,, (P(K)).
el
The picture of the fiber orders of Dirac measures in our examples of
probability measure spaces is the following;:

THEOREM 1.4. Let K = on(k) and x € K. Set k = n — |z|. Then
Q5,(P(K)) = {(t1,...,tx) € [0,1]F : t; < - <t} where the order is
defined as t < s if and only if t; < s; for every j.

In the next result, we denote by 2* the power set of {1,..., k}.

THEOREM 1.5. Let K = A(k)" or K = [0,w1]", and let © = (z1,...,%n)
€ K™. Set k to be the number of coordinates %fx which are not Gs-points
of K. Then Qs,(P(K)) = {(ta) gear € [0,1]* : > 4conta = 1} endowed
with the order (ta) < (sa) if and only if Y 4cata < Y aca54 for every
upwards closed family A of subsets of {1,...,k}.

A similar statement holds for compact spaces K = [0, 7] with 7 an un-
countable regular cardinal, but for a modified version of the ordered sets
0, (L) relative to the cardinal 7. Finally, we state results that we prove
using decompositions of compact spaces as products:

THEOREM 1.6. Let K = B(k), P(on(k)), P(A(k)™) or P([0,7]") for T
an uncountable reqular cardinal, and let k,m € N. Suppose that there exists
a compact L such that K* ~ L™. Then k is a multiple of m.

THEOREM 1.7. Let K = B(k), P(A(k)) or P([0,w]) and let n,m € N.
Suppose that L1, ..., Ly, are compact spaces of uncountable weight such that
K"~ 1[%, L. Thenm < n.

THEOREM 1.8. Let 7 be a regular cardinal, n,m natural numbers, and
Ly,..., Ly, compact spaces of weight 7. If P([0,7])" & L1 X -+ X Ly, then
m < n.
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We make two remarks about these results. First, our methods do not
allow us to decide whether these compact spaces can be expressed as a
nontrivial product with one factor metrizable. This appears not to be an
easy question. Using a result of [21] and its variants, the second author
[14] has shown that P(K) is homeomorphic to P(K) x [0, 1] for any com-
pact scattered K. However, it is unknown to us whether B(k) is homeo-
morphic to B(k) x [0,1]. Second, the first author [3] has obtained with
different techniques an improvement of Theorem 1.7: If B(k)"™ maps con-
tinuously onto a product of nonmetrizable compacta of the form ], L;,
then m < n. These techniques do not apply to the case of Theorem 1.6
for K # B(k), and actually P(A(k)"™) and P(o,(k)) map continuously
onto B(k)"™.

2. Spectral theory. In this section, we summarize in a self-contained
way what we need about spectral theory, which is essentially taken from [19]
and [20]. We also introduce the invariants F;(K) and O, (K), which play a
central role in the paper.

Let K be a compact space. We denote by Q(K) the set all Hausdorff
quotient spaces of K, that is, the set all Hausdorff compact spaces of the
form K/FE endowed with the quotient topology, for E an equivalence relation
on K. An element of Q(K) can be represented either by the equivalence
relation E or by the quotient space L = K/FE together with the canonical
projection py, : K — L.

On the set Q(K) there is a natural order relation. In terms of equivalence
relations, F < F’ if and only if E' C E. Equivalently, in terms of the quotient
spaces, L < L’ if and only if there is a continuous surjection g : L' — L such
that gpr = pr,. The set Q(K) endowed with this order relation is a complete
semilattice, that is, every subset has a least upper bound or supremum: if
£ is a family of equivalence relations of Q(K), its least upper bound is the
relation given by zFEpy if and only if xFy for all £ € £, in other words
Ey =sup& = (€. It is easy to check that Ey gives a Hausdorff quotient if
each element of £ does.

Let Q,(K) C Q(K) be the family of all quotients of K which have
countable weight. Notice that sup. A € Q,(K) for every countable subset
A C Q,(K) and also that sup Q,(K) = K. A family S C Q,(K) is called
cofinal if for every L € Q,(K) there exists L' € S such that L < L. The
family S is called a o-semilattice if for every countable subset A C S, the
least upper bound of A belongs to S.

THEOREM 2.1 (A version of Shchepin’s spectral theorem). Let K be a
compact space of uncountable weight and let S and S’ be two cofinal o-
semilattices in Q,(K). Then SNS’ is also a cofinal o-semilattice in Q,(K).
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Proof. The point is to prove that S NS’ is cofinal. Let Ly € Q,(K) be
arbitrary. Since S is cofinal there exists L1 € S with Ly < L1, similarly find
Ly € 8’ with Ly < Lo, and continue by induction to obtain an increasing
sequence with Lo, 11 € S, Lo, € 8. Finally, L =sup{L, :n <w}eSNSE
since both sets are o-semilattices. m

It may not be obvious how to check whether a given o-semilattice is
cofinal, so this theorem must be applied together with the following criterion:

LEMMA 2.2. Let K be a compact space of uncountable weight and S a
o-semilattice in Qu(K). Then S is cofinal if and only if supS = K.

Proof. 1f S is cofinal, then sup S = sup Q,,(K) = K. Conversely, suppose
that sup S = K. Consider the family A of all continuous functions f K — R
such that there exists L € S such that f factors through p; : K — L,
that is, there exists f L — R with f = pr As S is a o-semilattice,
A is a subalgebra of the algebra C(K) of real-valued continuous functions
on K. Clearly, the constant functions belong to A and since supS = K, A
separates the points of K. Hence, by the Stone—Weierstrass theorem every
f € C(K) is the limit of a sequence of functions from A. But indeed A is
closed under limits of sequences, namely if f, factors through L, € S, then
lim f,, factors through sup{L, : n < w} € S. We conclude that A = C(K).
Now, if p : K — L is an arbitrary element of Q,(K), then we can take an
embedding L C R* and consider the functions e,p : K — R obtained by
composing with the coordinate functions e, : R¥ — R. For every n, since
A = C(K), there exists L,, € S such that e,p factors through L,,. Finally,
this implies that p factors through Lo, = sup{L, :n <w},s0 L < Ly €S. n

The importance of this machinery is that it allows us to study a compact
space of uncountable weight by studying the cofinal o-semilattice of metriz-
able quotients, and particularly the natural projections between elements
of the o-semilattice. In this way, the study of compact spaces of uncount-
able weight is linked to the study of continuous surjections between compact
spaces of countable weight. The following language will be useful:

DEFINITION 2.3. Let K be a compact space of uncountable weight and
let P be a property. We say that the o-typical surjection of K has property P
if there exists a cofinal o-semilattice S C Q,,(K) such that for any elements
L < L' of S, the natural projection p : L' — L has property P.

It is a consequence of the spectral theorem that whether the o-typical
surjection of K has a certain property can be checked on any given cofinal
o-semilattice:

THEOREM 2.4. Let K be a compact space of uncountable weight, let P
be a property, and let S be a fized cofinal o-semilattice in Q,(K). Then the
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o-typical surjection of K has property P if and only if there exists a cofinal
o-semilattice 8" C S such that for any elements L < L' of &', the natural
projection p : L' — L has property P.

The main kind of properties P that we shall be interested in concern
the fiber orders of the surjections and the order relation that we defined
on them. Given a point x € K, we can study properties of the point = by
looking at the fiber order of py(x) in the o-typical p : L' — L. It may be
useful to call this o-typical fiber F,(K), which we certainly cannot define as
a concrete set, but rather as an abstract object, some properties of which we
can predict.

DEFINITION 2.5. Let K be a compact space of uncountable weight and
z € K, and let P be a property. We say that F,(K) has property P if
), (z)(p) has property P for the o-typical surjection p : L' — L.

In a similar way we shall talk about Q,(K). It is worth noticing that a
point z is a Gg-point of K if and only if |F,(K)| = 1. In other words, the
information given by F,(K) is trivial only when x is a Gs-point of K. Namely,
if = is a Gs-point of K then there is a continuous function f : K — [0, 1]
such that = f~1(0). Then f can be viewed as an element Lo € Q,(K) and
we find that |F,, )(p)| =1 for all L' > L > Ly and p : L' — L. Conversely,
if |F,(K)| = 1 then we can find L € Q,(K) such that = = p;*(pr(z)).
Another elementary example is the compact K = L* where L is a metrizable
compact. In this case, one can show as an exercise that for every z € K,
F,(K) is homeomorphic to L¥ and |0, (K)| = 1.

3. Decomposition into products. In this section, apart from pro-
viding some basic facts that will be needed in the following, we prove two
results, Theorems 3.7 and 3.9, which establish some sufficient conditions in
terms of fiber orders in order that a compact K cannot be decomposed as
a product of other spaces in a certain way. In further sections, when com-
puting the fiber orders of specific spaces, we will find that several compact
spaces satisfy the assumptions of these results.

DEFINITION 3.1. Let P be a set and < be a binary relation on P. We
say that (P, <) is a preordered set if

(1) t <t for every t € P,
(2) if t < s and s < wu, then t < u, for every t,s,u € P.

If, moreover, for any t,s € P, if t < s and s < t then t = s, then we say that
(P, <) is an ordered set. An ordered set (O, <) is said to be linearly ordered
if for any t,s € O, either t < s or s < t.
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There is a canonical way of constructing an ordered set from a given
preordered set (P, <), namely we consider the equivalence relation on P
given by t ~ s iff t < s and s < t, and then the quotient set P/~ is an
ordered set when endowed with the relation induced from P. We call it the
ordered set associated to P. When we write p < ¢ in a preordered set, it
means that p < g but ¢ £ p.

An order-isomorphism between the preordered sets P and () is a bijection
f: P — @ such that f(t) < f(s) if and only if t < s.

DEFINITION 3.2. Let {Q; : ¢ € I} be a family of preordered sets. The
product of this family is the preordered set whose underlying set is the carte-
sian product [],.; Q; endowed by the preorder relation given by: (Z;);c; <
(8;i)ier if and only if t; < s; for every i € I.

The product of an empty family of preordered sets is considered to be a
singleton, with its only possible preorder structure. Products of preordered
sets arise naturally in the context of fiber orders at least in two different
situations, involving probability measures (cf. Theorem 6.2) and products of
compact spaces:

PROPOSITION 3.3. Let {f; : K; — L; : i € I} be a family of contin-
uous surjections, let f i [[;c; Ki — [licr Li be its product, and let x =
(wi)ier be a point of [[;c; Li. Then the natural map Fo(f) — [lic; Faz(fi)
is an order-isomorphism. In particular, Fo(f) = [;c; Fe, (fi) and Oy(f) =
[licr Oz (fi)-

The proof of this statement is straightforward. If K is a finite or countable
product of compact spaces, then a cofinal o-semilattice in Q,,(K) is formed
by all quotients of countable weight of K which can be expressed as the
product of a quotient of every factor. In this way, we see that the fibers of
the o-typical surjection of the product are the products of the fibers of the
o-typical surjection of every factor. We are thus allowed to write expressions
like for instance F, y(K x L) = F,(K) x Fy(L) or F(g, 25, ) (I ]c0 Kn) =
Hn<w Fwn (K")

DEFINITION 3.4. An ordered set O is called irreducible if whenever O is
isomorphic to a product @ x R then either @ or R is a singleton.

An elementary example of an irreducible ordered set is a linearly ordered
set. An ordered set O is called connected if whenever it is expressed as the
disjoint union of two nonempty subsets O = A U B, there exist a € A and
b € B such that either a < b or b < a. All the ordered sets that appear in
this note happen to be connected since indeed they have a minimum. The
following Theorem 3.5 and its Corollary 3.6 are due to Hashimoto [12] and
assert that any two decompositions of a connected ordered set as product
have a common refinement, and consequently, a decomposition of a connected
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ordered set as a product of irreducible ordered sets is unique. Among other
applications, this is a useful criterion to decide immediately that two given
ordered sets are not isomorphic.

THEOREM 3.5. Let O be a connected ordered set, and {O; : i € I} and
{Qj :j € J} two families of ordered sets such that O = [[;c; O; = [[;c; Q]
Then there is a further family {Z;; : (i,7) € I x J} such that O; =[]

]EJ
for every i € I, and Q; = [[,c; Zij for every j € J.

COROLLARY 3.6. Let O be a connected ordered set, {O; : i € I} a family
of irreducible ordered sets and {Q; : j € J} a family of arbitrary ordered sets
Assume that O = [[;c; O; = [, Qj- Then there is a partition I =
such that Q; = HzeIJ O; for every j € J.

We shall use the following terminology: Two continuous maps f: U — V
and f': U" — V' are said to be homeomorphic if there exist homeomorphisms
w:U — U and v:V — V' such that vf = f'u.

THEOREM 3.7. Let K be a compact space of uncountable weight and let
O be a connected irreducible ordered set. Assume that there is x € K such
that 0,(K) = O and that Qy(K) % OF for each y € K and each k > 1. If
K™ ~ L™ for some natural numbers n, m and some space L, then n is a
multiple of m.

REMARK 3.8. Note that the assertion O, (K) 2 OF is not the negation
of Oy(K) = OF. It rather means that for the o-typical surjection p we have
Oy(p) % O* (another remark about notation: we write Q,(p) = O, (p),
where 3 is the projection of y on the range of p).

jGJ

Proof of Theorem 3.7. Along this proof, it is important to have in mind
that if S is a cofinal o-semilattice in Q,,(X), then S¥={p%, : Xk - 7k . Ze S}
is a cofinal g-semilattice in Q,(X*), k < w. Suppose that n is not a multiple
of m and that K™ ~ L™. Choose z € K with 0,(K) = O. By Proposi-
tion 3.3 we get O, ) (K") = O". Let w=(w1,...,wy)€L™ correspond
to (x,...,x) under this homeomorphism. Then, of course, O, (L™) = O™.
Further, by Proposition 3.3, for the a—typical surjection g of L,

o™ =0, H@wl

Using Corollary 3.6 and the fact that n is not a multiple of m, we find that
for the o-typical surjection ¢ of L there are k € {1,...,m} andn/m < s <n
such that Oy, (¢) = O°. It follows that there are £ € {1,...,m} and
n/m < s < nsuch that in each cofinal o-semilattice in L there is some surjec-
tion ¢ with Oy, (¢) = O® (this follows from Theorem 2.1: if not, for any k, s
there would be a corresponding cofinal o-semilattice Sk s, and then (S s
gives a contradiction). Set w = (wg,...,wy) and let y = (y1,...,yn) € K"
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correspond to w under the homeomorphism. By our assumptions there is
a cofinal o-semilattice 7 C Q,(K) such that Oy, (p) 2 O/ for any sur-
jection p in 7, ¢ = 1,...,n and j > 1. Consider the cofinal o-lattice
U={Z e Q,(L): Z™ e T"}. By the previous argument, there exists a
surjection ¢ in U such that Oy, (¢) = O°. The surjection ¢ corresponds to
a surjection p™ in 7" for which

[19..(0) = 0,") = 0™
=1

As sm > n, Corollary 3.6 yields O, (p) = OJ for some i € {1,...,n} and
some j > 1, a contradiction. =

THEOREM 3.9. Let K be a compact space of uncountable weight, n a
natural number, and O a connected irreducible ordered set with |O| > 1.
Assume that the o-typical surjection of K, p : X — Y, has the following
properties:

(1) For everyy €Y, Oy(p) is a connected ordered set.

(2) There is noy € Y with Oy(p) = O x P with |P| > 1.

(3) There exists x € Y such that Q(p) = O.

(4) For any x € Y with Qy(p) = O the preordered set Fy(p) has an
equivalence class which is a singleton.

Then, if L1,...,L, are compact spaces of uncountable weight such that
K"~ L{ XX Ly, then m <n.

Proof. Let S be a cofinal o-semilattice in Q,,(K) in which all the natural
projections have properties (1) to (4). Let 8™ be the cofinal o-semilattice
in Q,(K™), as defined in the proof of Theorem 3.7. Consider the cofinal
o-semilattice 7 in Q, (L1 X -+ X Ly,) whose elements are the quotients of
Ly x --+ x Ly, which are products of quotients of each coordinate, that is, of
the form

QL X XqQm:Ly XX Lpy— Zy X+ X Zpy,

for g¢; : Ly — Z; in Q,(L;). Since K™ &~ L1 X -+ X Ly, the o-semilattices S™
and 7 can be viewed as cofinal o-semilattices of metrizable quotients over
the same compact, so by Theorem 2.1 they intersect in a further cofinal o-
semilattice, and in particular, we can find a natural projection p” : X" — Y™
in 8™ and a natural projection ¢ = q1 X+ X @ : L1 X+ X Ly — W1 X+ X
Wi in 7 which are homeomorphic. Of course, we have enough freedom to
choose them in such a way that W; # Z; for every i. Consider a point w =
(w1, ..., wy) in Wi x---xW,, which corresponds under the homeomorphism
to a point (z,z,...) € Y™ with Qg (p) = O. Thus, [[;~; Oy, (¢) = O™. After
reordering if necessary, by Corollary 3.6 we know that |Q,, (¢-)] = 1 for
r>n.



Fiber orders and compact spaces 17

Cram A. |Oy(g.)| =1 for every v € W,. and every r > n.

Proof of the claim. Suppose for instance that there exists v € W, 11 with
|0y(gn+1)|] > 1. Let w' = (wq, ..., wn, v, Wpt2,...) and let y = (y1,...,yn)
€ Y" correspond to w’ under the homeomorphism. Then []? ; Oy, (p) =
Ouw (q) =2 O™ x Oy(gn+1). Using Theorem 3.5 and the fact that O is irre-
ducible, we conclude that there must exist ¢ such that Oy, (p) is isomorphic
to a set of the form O x P with |P| > 1, which is a contradiction.

Cram B. |[Fy(qr)| =1 for every v € W, and every r > n.

Proof of the claim. Suppose for instance that there exists v € W, 11 with
Fo(qni1)| > 1, let v’ = (wi, ..., Wn, v, Wp42,...), and let y = (y1,...,yn)
€ Y" correspond to w’ under the homeomorphism. We know by Claim A
that |Qy(gn+1)| = 1, which means that F,(g,+1) consists of one equivalence
class which is not a singleton. By Proposition 3.3, this translates into the
fact that F,(q) = [[;—, Fy,(p) has no equivalence class which is a singleton,
which further implies that for some 4, Fy, (p) has no such equivalence class.
Moreover, []7"; Oy, (p) = Oy (¢g) = O™, so by Corollary 3.6 and our hypoth-
esis (2), Oy, (p) = O for every i. In this way, we have found a contradiction
with our hypothesis (4).

Finally, notice that |F,(¢,)| = 1 simply means that ¢, is one-to-one for
r > n, that is, Z, = W,.. Since we have supposed that Z,. £ W, for all r, we
conclude that m < n. =

REMARK 3.10. Note that the previous theorem cannot be formulated
just using O, (K) and F,(K) (while Theorem 3.7 is formulated in this way).
Indeed, if L is first countable, then F,(L) is a singleton for each =z € L.
Therefore K and K x L cannot be distinguished using just the objects O, (K)
and F;(K) and there are first countable compact spaces of uncountable
weight.

4. The ball of the Hilbert space, P(A(k)) and M(A(k)). In this
section we shall compute Q, for the ball of the Hilbert space and its finite
powers. In particular, we shall prove Theorem 1.2, and Theorems 1.6 and 1.7
for the case B(k). Recall that

B(k) = {(xi)m eR": Yz < 1},
1<K
endowed with the weak topology of the Hilbert space ¢3(k). The weak topol-

ogy clearly coincides with the pointwise topology. We can identify this space
by the obvious homeomorphism with

B(r) ~ {(xi)m ER":Y oyl < 1} C R*

1<K
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with the pointwise topology. This compact is also homeomorphic to the
ball of ¢,(k) for 1 < p < oo in the weak topology and to the dual ball of
co(k) in the weak® topology. It is to be noticed that all the results proved
in this section hold true (with essentially identical proof) if we substitute
the space B(x) by P(A(k)) = {(zi)i<x € [0,1]" : > ;. 2; < 1}. The fiber
orders of P(A(k)) will be computed again as a particular case of our meth-
ods in spaces of probability measures. We shall also notice that P(A(k)) is
not homeomorphic to the dual unit ball of the Banach space of continuous
functions C'(A(k)) in its weak* topology.

For a subset M of k, we consider B(M) = {(z;)ienr ERM : 3",y 2| <1},
and for M C N we have the natural projection pyn @ B(M) — B(N)
given by p((x;)iens) = (2;)ien. Thus every B(M) can be seen as a quotient
of B(k) through the projection p.ps : B(k) — B(M), and all quotients
of this type for M a countably infinite subset of k constitute a cofinal o-
semilattice of Q,(B(k)), as follows easily from Lemma 2.2. Hence, the o-
typical surjection of B(k) is of the form pyn : B(M) — B(N) and its fiber
orders are computed in the following way:

LEMMA 4.1. Let pyry 2 B(M) — B(N) be as above, and let x € B(N)
and y*,y? € pyjn(®). Then
y' <o? ifandonlyif > il < D il
ieM\N ieM\N
Proof. Set M* = M \ N. Let y € p;jN(aj). A basic neighborhood of y is
of the form
U={2€BM):z €W, forieF}
where F' is a finite subset of M and Wj; is an open real interval containing
y; for every i € F. Let a; = inf{|t| : t € W;} be the distance of the interval
W; to 0. Then the image of the above typical basic neighborhood U under
PNM 18
punU)={2€ B(N):z, € Wyfori e FNN}
if0e W, foralli e FNM*
pMN(U) = {ZGB(N)ZZ eW, forie FNN
and Z |zi] <1— Z ai} otherwise.

iEN i€ FNM*
This means that:

o If y; = 0 for all 1 € M™*, then the images of basic neighborhoods of y
are basic neighborhoods of x.

e Otherwise, the images of basic neighborhoods of y are of the form
Vn{z: Y en |zl <1 =1} where V is a basic neighborhood of 2 and

0 <7< icn Uil
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From this description, it is already clear that if ¢y [yl < Dicnss (V7]
then y' < y2. For the converse, it is enough to check that if r < s <
1 -3 ;cn |z there is no neighborhood V' of = such that VN{z: ) . x|z <
1—r} C{z:> ,cn|7| < 1—s}. This follows from the fact that N is infinite:
Suppose V = {z € B(N) : z; € W, for i € F'} where F is some finite subset
of N and W; are intervals; take t with 1 —s <t <1—randn € N\ F;
consider y which agrees with z on F', y, = t — >, |7, and y; is 0 in
all other coordinates. Then 1 —s <t =), y|y| <1—7rand y € V, so
yeVn{z: Y cylzl <l—-ri\{z: X cnlzl <1—s} =

It follows from Lemma 4.1 that O, (pan) is order-isomorphic to an in-
terval [a,b] if > .oy [2i] < 1, and |Qz(pyn)| = 1if D ;e |zs] = 1. From
this, it is also clear that for x € B(x), Oy(B(x)) = [0,1] if >, |2 < 1,
and |0, (B(k))| = 1if 3, |z;| = 1. Theorem 1.2 now follows immediately.

We notice that B(k) satisfies the hypotheses of both Theorem 3.7 and
Theorem 3.9, with O = [0, 1]. An equivalence class of every fiber of py s is a
singleton, namely the class of the minimum element, the one with y; = 0 for
all i € M*. This yields the proof of the case B(x) of Theorems 1.6 and 1.7.

We stated in the introduction that whenever two points x,y € B(k)"
have the same number of coordinates in the sphere then there is a hom-
eomorphism f : B(k)" — B(k)"™ with f(z) = y. Let us indicate why. It
is enough to consider the case n = 1. If ||z|| = ||y|| then we can find a
linear isometry of the Hilbert space ¢3(k) onto itself sending x to y. Then it
remains to find some automorphism of B(k) sending an element of norm A
to some element of norm pu for every A, u € [0,1). View now again B(k) =
{(zi)i<k = D |zi| < 1}. By the standard homeomorphism, the norm function
is transformed into ||x||?> = > |z;|. Consider an increasing homeomorphism
¢ : [—1,1] — [—1, 1] such that ¢(\) = p and there exist one-sided derivatives
which satisfy ¢/, (—1) =1 = ¢’ (1). Consider then f : B(k) — B(k) given
by f((xi)i<x) = (¥i)i<x where

1 — [¢(zo)|
1 — [z

Notice that f is a homeomorphism and f(A,0,0,...) = (1,0,0,...).

Let M(K) denote the set of all Radon measures of variation at most 1
(in other words, the dual ball of the Banach space C(K')) endowed with the
weak™ topology. We know that Oy (P(A(k))) is either a singleton or order-
isomorphic to [0, 1] for x € P(A(k)). A cofinal o-semilattice for Q, (M (K)) is
formed by the quotients of the form M (p) : M(K) — M(L) wherep : K — L
is an element of Q,,(K), and hence the o-typical surjection of M (K) is of the
form M(g) : M(X) — M(Y), where g : X — Y is the o-typical surjection
of K. Hence, in order to prove that P(A(k)) % M(A(k)), it is enough to
check the following:

yo = ¢(xg) and y; = x; fori>0.
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PROPOSITION 4.2. Let g : K — L be a continuous surjection and let
f=M(g): M(K) — M(L) be the induced map between the spaces of Radon
measures of variation at most 1. If there exists x € L such that |OQz(g)| > 1,
then Qg (f) is not linearly ordered.

Proof. Take y,z € g~!(z) such that y £ z, so that there is a neigh-
borhood U of y such that g(U) does not contain the image of any neigh-
borhood of z, and moreover z ¢ U. There is a net (z,) in K that con-
verges to z and with g(z,) ¢ ¢(U) for every . Consider the measures
v = %(5@, — %(L and p = —%6?; + %(L. We claim that these are two incom-
parable elements of f~1(0). We prove that v £ u (that u £ v is proved by
analogy). We consider W = {A € M(K) : A(U) > 2}, which is a neigh-
borhood of v. We claim that f(W) does not contain the f-image of any
neighborhood of p1. Notice that f(W) C {¢ € M(L) : ¢(g(U)) > —1}. Con-
sider the measures j, = —16, + 30,. Then po — pand f(ua)(9(U)) = —3
for each «. In particular, f(ua) ¢ f(W) for each a. This witnesses that

vL i m

5. Computing images of neighborhoods in spaces of probability
measures. In order to compute the order of the fiber of a certain point
y € Ky in a surjection f : K1 — Ko, we have to know how to compute the
images f(U) of basic neighborhoods U of points € f~!(y). The surjections
which appear in the cases that we are going to study are of the form f =
P(g) : P(K) — P(L) where g : K — L is a surjection between scattered
compacta and P is the functor of probability measure spaces. In this case, a
neighborhood basis of a measure u € P(K) is formed by the sets of the form

U={vePK):v(U)>c,i=1,...,n}

where U; are disjoint clopen subsets of K from a given basis of clopen sets,
and ¢; are any numbers with p(U;) > ¢;. The following lemma determines
the image f(U) of such a neighborhood and will be applied repeatedly.

LEMMA 5.1. Let g : K — L be a surjection between compact spaces,
let f=P(g): P(K) — P(L), Uy,...,U, be disjoint closed subsets of K,
Cly.ooyen >0, andUU ={v e P(K) :v(U;) >¢;, i=1,...,n}. Then

FU) = {)\ e P(L) : A(g( U U)) >N e for AC{l,... n}, A% @}.
€A €A
The fact that f(U) is included in the right-hand side expression is trivial.
The other inclusion is related to the following numerical lemma:

LEMMA 5.2. Let ¢1,...,¢n, > 0, and oy > 0 for all A C {1,...,n},
A # 0, be numbers such that 3 pnssgan > Y caci for every A. Then
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for each A there exist numbers Ba;, i € A, such that ) ;. 4 Ba; = aa and
Moreover ZABi Bai > ¢ for everyi=1,...,n.

Let us comment about the history of the lemmas. We first had a long
inductive proof of Lemma 5.2. Then Richard Haydon indicated to us a more
elegant and shorter proof using combinatorial optimization, which we repro-
duce below. Later, after David Fremlin heard about it at the Marczewski
Centennial Conference in Bedlewo, he wrote a note [10] where he showed
that actually Lemma 5.1 holds under more general assumptions in K-analytic
spaces (our original statement was only for scattered or metrizable compact
sets).

We first notice how Lemma 5.1 follows from Lemma 5.2 when K is either
scattered or metrizable, which is enough for the applications we present (for
the general case we refer to [10]). Given a measure A on the right-hand side
of the conclusion of Lemma 5.1, we consider X4 = ;¢ 4 9(Ui) \ U;za 9(Ui)
and the numbers a g = A\(X4) (note that each X4 is Borel as it is the differ-
ence of two closed sets), to which we can apply Lemma 5.2 and obtain the
numbers (34 ;. We define a measure v € P(K) with f(v) = A in the following
way.

Suppose first that K and L are scattered, so that all Radon measures on
them are discrete, that is, determined by the measures of singletons (in this
case, we do not even need the sets U; to be closed). If y € L\ !, g(U;)
then we pick z, € g~ !(y) and declare v({z,}) = A{y}). If y € X4 for

some nonempty A C {1,...,n} with ag > 0, then we can choose z,; €
f~1(y) N U; for every i € A and set v({z,,;}) = ﬁoi;i)\({y}). At any other

points, v({z}) = 0. Then v is a probability measure on K with f(rv) = A
and moreover v € U since v(Us) = > 45; Ba.

Now suppose that K and L are metrizable. Then Radon and Borel mea-
sures coincide. For each A C {1,...,n} and each i € A, we set Y4,; =
g~ 1(X4) N U;, which is a nonempty Borel set. We also define Xy = L\
U, 9(U;) and Yy = g~ 1(Xp). By the Jankov—von Neumann Uniformization
Theorem [15, Theorem 18.1], there exists a measurable selection s4; : Xa4 —
Y, for the inverse of gy, and also a measurable selection sy : Xy — ¥ of
the inverse of g)y,. Consider

v = sp(\xy) + 3
i€EA
Then f(v) = A, and v(U;) = > 45, Ba,i, sov € U.

For the proof of Lemma 5.2, we shall use the so-called max-flow min-cut
theorem from combinatorial optimization (Theorem 5.3 below). This result
is originally due to Ford and Fulkerson [11] and Dantzig and Fulkerson [9],
and can be found in the book [18, Theorem 10.3]. We have to recall some

g

A
i)
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concepts from that area. A directed graph (digraph for short) is a couple
G = (V, A) where V is a finite set whose elements are called vertices, and
A CV xV is a set whose elements are called arcs. An s-t flow is a function
f A — (0,400) which satisfies the flow conservation law at all points
except s and t:

Z flz,u) = Z f(u,x) for every u € V' \ {s,t}.
(r,u)eA (u,x)€A

In words, the flow entering u equals the flow leaving u. The value of the
flow f is the net amount of flow leaving s, which happens to be equal to the
net amount of flow entering ¢,

value( f Zfsx fos Zf$t thx
(s,z)EA (z,s)€A (z,6)€A (t,z)eA

Let us a consider a function ¢ : A — (0,4+00) that we call a capacity
function. A flow f is said to be under cif f(u,v) < ¢(u,v) for every (u,v) € A.
Given a set B C A, the capacity of B is ¢(B) =3, ,yep ¢(u, V).

For a subset U C V, we denote by 6(U) the set of all arcs which leave U
and enter V' \ U, that is,

0U)=A{(u,v) e ArueU, vgU}.

For s,t € V, an s-t cut is a set of arcs of the form §(U), where U C V
with s e U and t € U.

THEOREM 5.3 (max-flow min-cut theorem). Let G = (V, A) be a digraph,
t,s €V and c: A — Ry a capacity function. Then the mazimum value of
an s-t flow under c equals the minimum capacity of an s-t cut,

max{value(f) : f < cis an s-t flow} =min{c(6(U)): UCV,se€ U, t £ U}.
Proof of Lemma 5.2. We denote by P, the family of all nonempty subsets

of {1,...,n}. First we consider numbers ¢; > ¢; for every i < n such that
the inequalities
> an>Yd
BNA#£D i€A

still hold. We consider a digraph G = (V, A) where the set of vertices is
V={s}U{pi:1<i<n}U{qa: A€ P}U{t},
and the set of arcs is
A={(s,pi) : 1<i<n}U{(pi,qA)'iGA}U{(qA, t): A€ Pn}.

Let M € (0,+00) be such that M > "
c:A— Ry by

c(s,pi) =¢, c(piyga) =M, c(pi,qa) = aa.

i—1 ;- We define a capacity function
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CLAIM A. The minimal capacity of an s-t cut in G equals ZZ 16

Proof of Claim A. If U = {s}, then ¢(6(U)) = Y1, ;. We suppose
that 6(U) is an arbitrary s-t cut and we show that its capacity is larger
than Y " | cl. Let A = {i < n:p; € U}. If there exists B € P,, such that
g € U and AN B # (), then there exists (pi,qB) € 6(U) and in particular
c(6(U)) > c(pi,g) = M > >, ¢;. Hence, we can suppose that gg € U

whenever AN B # (), therefore (¢p,t) € 6(U) whenever AN B # (), and

)= elsp)+ Y elapt) =) G+ Y ap

igA BNA#( iZA BNA#)
n
>y deyd=Yd
igA i€A i=1

By Claim A and Theorem 5.3, there exists an r-s flow f < ¢ with value
equal to >, ¢ Notice that f(s,p;) < ¢ but >1 ;| f(s,p;) = value(f) =
Yo ¢, hence f(s pi) = ch.

By the flow conservation law at the vertex g4, for every A € P, we have

> Fpivaa) = faast) < clga,t) = o,

€A
therefore we can choose numbers 34 ; for i € A such that 84,; > f(pi,qa) and
Zie 4 Ba; = ay. We claim that these numbers have the desired property. To
check this, we use again the flow conservation law, now at p;:

ci <= fs,p) =D f(Pi,qa) <D Bai- m

A>i A>1

6. Fiber orders of the probability measures on a scattered com-
pact. As already mentioned, it is a standard fact that if K is a totally
disconnected compact and B is a basis for the topology of K consisting of
clopen sets, then a basis for the topology of P(K) consists of the sets of
the form {p € P(K) : u(U;) > ¢, t = 1,...,n}, where the ¢;’s are positive
numbers and the U;’s are disjoint basic clopen sets. When K is scattered, all
measures from P(K) are discrete, and this allows us to find a finer neigh-
borhood basis which will be quite useful for us. To avoid heavy notation, we
write pu(z) instead of p({x}) to denote the measure of a singleton.

LEMMA 6.1. Let K be a scattered compact space, p € P(K), and let
B be a basis of the topology of K consisting of clopen sets. A neighborhood
basis of p consists of the sets of the form {v : v(U;) > ¢; fori=1,...,n},
where Uy, ..., U, are pairwise disjoint basic clopen neighborhoods of points
T1,...,Tn of K and c1,...,c, are positive numbers with u(x;) > ¢;.
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Proof. Consider a neigborhood of p of the form V. = {v € P(K) :
v(Vj) > dj, j =1,...,n} for some disjoint basic clopen neighborhoods V;
with n(Vj) > dj. Slnce p is discrete, for every j we can find a finite family

{:13 i € Fy} of points such that 3 {u(x ) i € F}} > dj. Consider numbers
d] < p(z?]) such that ZzeF d} > d;, and disjoint basic clopen sets UJ with

@) € U/ C V. Then
pe{veP(K):v(U)>d,j=1,....n,icF;} CV. u

For the rest of the section, we fix g : K — L to be a surjection between
scattered compact spaces and f = P(g) : P(K) — P(L) the induced map
between the spaces of probability measures. Note that the norm we use below
is the #;-norm, i.e.

ln—vl =3 |ulk) — v(k)|  for p,v € P(K).
keK

THEOREM 6.2. Let p =, ;7i0z, be a probability measure on L, where
I =Norl={1,...,N} for some N € N, a;, i € I, are pairwise dis-
tinct points in L, and r; > 0 for all i € I. Then the natural bijection
[Lic; f71(62,) — f7Y (1) given by (v3)icr — > ;o Tivi is an order-isomor-
phism. In particular, Fi,(f) = [1;c; Fo,, (f) and Ou(f) = [1icr Os,, (f)-

Proof. Consider the mapping @ : P(K)! — P(K) defined by

1/1 ZEI E riVi.

el

It is easy to check that @ is a continuous surjection. Moreover, as it is affine, it
maps [,c; f~'(0,) bijectively onto f~(u). We will show that the restriction
of @ to [[;c; f~'(8z,) is an order-isomorphism.

First, suppose that > ., riv; < >,y with vy, ] € (8, fori € I,
we shall prove that 11 < vj. We consider a typical neighborhood of v of the
form

U={vePK):v{Uj)>cjforj=1,...,n}

where each Uj is a clopen neighborhood of some a; satisfying vi(a;) > ¢;
and Uj’s are pairwise disjoint. We want to find a neighborhood V of 1| such

that £(V) C f(U).

We consider a very small number € > 0 such that
e<ri and (r+¢)(cj+2¢) <rvi(a;) forj=1,....,n
Choose k € I such that

Zri < %T1€(T1 — 6)

i>k
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and H a clopen subset of L such that 1 € H but z; ¢ H for 2 <+i¢ < k. The
following is a neighborhood of >_._; rv;:

el

U'={vePK):v({Ung "(H) > (r1+e)(c; +2) for j=1,...,n}.
By our assumption, there exists a neighborhood V° of > icr Tiv; such that
f(V9) c £(U°). We take VY to be of the typical form

VO ={ve P(K):v(V;) >dfor j € J}
where J is a finite set, Vj; is a clopen neighborhood of some b; satisfying
ZTZ‘I/Z{(I)]‘) > dj
el
and V;’s are pairwise disjoint. We let
J; = {j eJ: g(bj) = :CI}

Without loss of generality we suppose that V; C g Y(H) for j € Ji, and
Ving Y(H)=0for j € JoU---UJg. Notice that

(6.1) Z {dj 1j € U JZ} < %7”16(7“1 —e).
i>k
Consider now
V={vePK):v(V;)>dj/r for j € Ji}
N{ve P(K):v(K\g '(H)) <¢e/2}.
This is a neighborhood of 1] (notice that v/{(K \ ¢g7*(H)) = 0 and v} (V) >
v1(b;) > dj/r1 for j € Ji). We claim that f(V) C f(U).
So take & € V. We can easily find & € V with [|{3 — &;1]] < € such that
&(K\ g Y(H)) = 0. We pick a measure A € P(K) with A\(¢~*(H)) = 0 and
A(Vj) > dj/(1—rq) for j € JoU- - -UJy. Then the measure £3 = r1&a+(1—r1)A

satisfies &3(V;) > d; for j € JyU---U Jy. By (6.1) we may find & € V° such
that

164 — &l < 3rie(r1 —e).

Set
_ 1
r=&g (H) and & = — &g
We have

(6.2)  |ri—r|=1&(g " (H)) —&lg " (H))| < jrie(r —¢) <e
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and
le=&ll= D> @) Z t)‘
teg=1(H) Y(H
1
= D lrG(t) —nb) < ursg — it
teg=1(m) '
<1 1
S [[(re = 7)&all + e [r&s — rél|

1 1
< —r—r[+ — 1€ — &l
™r 1

e(ri—e) 1 € €

< +28(T1 5)<2+2—
The first inequality on the last line follows from the first inequality of (6.2),
for the second one we use the fact that r; —e < r. It follows that ||{; — & <

2¢, and hence

(6.3) 1£(€1) — f(&)Il < 2¢

as well.

Now, &4 € Vp, hence f(&4) € f(Vo) C f(Up). By the description of f(U°)
given by Lemma 5.1, the fact that all clopen subsets of K appearing in the
definition of U° are contained in g~!(H) implies that

(6.4)  f(&) € f{v e P(K) :v(Ujng Y(H)) > (r1 +¢)(c; + 2¢)/r
forj=1,...,n})
Cf{reP(K):v(Uj)>cj+2forj=1,...,n}).
The inclusion above follows from (6.2); note that 1 + ¢ > r. Finally, using
(6.4) and (6.3) it easily follows from Lemma 5.1 that f(&1) € f(U), which

completes the proof of the first implication.

We now pass to the converse. So we assume that v; < v/ for every i, and
we shall see that >, rivy < Do iy

Let U be a neighborhood of > r;v; in P(K). By the continuity of ¢ and
the definition of the product topology there is some k € I and neighborhoods
U; of v; for i < k such that

(6.5) {Zmi N € P(K) fori€ I, \ €U fori< k} cU.
iel
As v; <] for all i € I, there is, for each i < k, a neighborhood Vj of v/, such

that f(V;) C F(U5).
Now we are going to specify the form of V;’s. Let Hy, ..., Hy be pairwise
disjoint clopen subsets of L containing 1, ..., x, respectively. Then we can
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without loss of generality suppose that for each i < k& we have
Vi={\e P(K): \V/) > d for j € J;}

where J; is a finite set, dg > 0 for j € J; and Vl-j , J € J;, are pairwise disjoint
clopen subsets of g~1(H;). Set

V={ e P(K): \V/)>rd for j € Ji, i<k}

Then V is clearly a neighborhood of >~ ; rv;. We claim that f(V) C f(U).
Let A € V be arbitrary. Choose § > 0 such that

(6.6) 1+0)) dl <1, i=1,...k
JE€J;
(6.7) AV > (A +0)rdl, jediyi=1,... k.
Further, define the following measures:
)\ .
oi=Y (L+8)d —, i=1...k
JjEJ; )‘(‘/;j)

k
T:)\— E 7,05
=1

All o;’s are clearly positive measures. Moreover, 7 is also positive by (6.7),

as )
o , (1 + (5)7’Zdz
vy = Ay (1 )

forje J,i=1,... k.

It follows from (6.6) that o;(K) <1 foreachi =1,...,k, and so 7(K) > 0.
Fori=1,...,k set

Then 6; € P(K). Moreover,
6:(V) 2 0i(V) = (L + 6)d] > d]
for j € J;, hence 0; € V; for i = 1,..., k. We claim that

(6.8) )\e{Zri)\i:)\iemforz':l,...,k}.
el
Indeed, we can take \; = 0; for i = 1,...,k. To see this, we have to check
that
k

’19:)\—27“1'91'

=1
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is a nonnegative measure:
k
1-— g; K
¥ =\— Znei =\— Zri<ai+ T(K() ) T>
i=1 =1
k k k
l—O'Z'(K) 1_Ui<K)
=A— Ti0; — r,—————T =T — T, —————T
R AT A Pl
- k k
r(K) =S i+ r-a-(K)),
1y (00 = Xre 3o
which is positive because 25:1 ri <1l=X\K)= T(K)—G—Zf:l rioi(K). Thus,

(6.8) is proved. Using (6.8) and (6.5) we see by Lemma 5.1 that f(\) € f(U),
which completes the proof.

e

Let ¢ : K — L be a continuous surjection, x € L and y1,...,Yyn €
g (x). We define (y1,...,y,) to be the set of all 2 € g~!(x) such that
for any neighborhoods Uy,...,U, of yi,...,y, respectively there exists a
neighborhood V' of z such that g(V) C g(U1) U --- U g(Up).

Notice some elementary properties, for instance (y) ={z € g~ 1(x): 2 >y}
and (Y) C (Y’) whenever Y C Y’. The (-)-operation provides in general a
finer structure on the fiber g~!(z) than the one given by the order, and it
is needed to determine the fiber order on spaces P(K) in terms of the fibers
of K. To avoid heavy notation, for a measure v, we often write v(-) and v{-}
instead of v((-)) and v({-}).

THEOREM 6.3. Let v, V' be elements of f~1(6;). Then v < V' if and only
vy, yn) S VY1, yn) for any yr,.. oy € g7 (@),

Proof. Suppose first that v <v/, and let y1,...,yn €9~ (2). I v{y1, ..., yn)
> 1V (y1,...,Yn), this would mean that we can find u1,...,ur € (y1,...,Yn),
and vy, ...,vs€ g7 (2)\ (Y1, ..., Yn), and a number £ >0 such that > ._; v(u;)
>¢and Y ;v (v;) > 1—¢& Since v; & (ui,...,u,) for any j we can find
neighborhoods Uj; of u; such that |J;_; g(U;;) does not contain the g-image
of any neighborhood of v;. Set U; = ﬂjzl Ui;. Consider a neighborhood of v
of the form

U:{)\EP(K) )\(Ul) >di,i:1,...,7“}

where d; < v(u;) and >;_, d; > & We claim that f(U) does not contain the
image of any neighborhood of v/, contradicting the fact that v < v/. So take
any neighborhood of v/, which we can suppose of the normal form

V={AeP(K): (V) > ej, i =1,....k}

where the V;’s are disjoint neighborhoods of w; with v/(w;) > e; and more-
over we can assume that w; = vj for j =1,...,s. Forevery j =1,...,s we
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can pick z; € g(V;) \ U;_; 9(U;). Consider the measure A € P(L) such that

Axj) = Z{I/(vj/) cxy =wxj} forj=1,...,s

and A(z) = 1-37%_, v/(v;). Using Lemma 5.1 it easily follows that A € f(V).
Further, notice that

T

A( U g(UZ-)) <1-3 M) =1-Y V(w) <&
1=1

=1 =1

This implies that A € f(U) because otherwise we should have

A( Og(Uﬁ) > Zr:di > ¢
=1 =1

Now we suppose that v(Y') < /(Y) for every finite set Y C g~!(z). We
want to see that v < 1/ so we take a typical neighborhood of v of the form
U={ e P(K):\NU;)>ci,i=1,...,n}

where the U;’s are disjoint clopen neighborhoods of y; such that v(y;) > ¢;.
For every nonempty A C {1,...,n} we have

V’<y¢:i€A>zu<yi:i€A>Zy{yi:ieA}>ZcZ~,
€A

and so there exists a finite set {2z : j € Fa} C (y; : i € A) such that

Z V(z) > Zci.

JEF A €A
Pick §; < v/(2;) such that 3 ;cp & > > .ca¢i. For every j € Fa, since
zj € (yi : i € A) we can find a clopen neighborhood V; of z; such that
9(V;) € U;ea 9(Ui). We can suppose that V;NVj = ) for different j, ;" € Fa.
Now, for every A the following is a neighborhood of v/

VA= {xe P(K): A(V;) > &, € Fa).

Let V.={VA:0#AcC{l,...,n}}. We claim that f(V) c f(U). Take
A € f(V). According to Lemma 5.1 we have to check that for every nonempty
Ac{l,....n}, AUica 9(Ui)) > Yicaci- Since A € f(V) C f(VA), by the
same lemma we know that A(U;cp, 9(V5)) > D icp, § > DicaCir and on
the other hand U;cp, 9(Vj) C U;iea 9(Ui). m

We finish this section by the following proposition which will enable us
to verify the assumptions of Theorems 3.7 and 3.9 for spaces of the form
P(K).

PROPOSITION 6.4. Let K be a scattered compact space and O a connected
irreducible ordered set with |O| > 1.
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(i) Suppose that there is a point © € K such that Qs (P(K)) = O and
for each y € K\ {x} we have Qs (P(K)) % OF for any k > 1. Then
P(K) satisfies the assumption of Theorem 3.7.

(ii) Suppose that for the o-typical surjection f : L — M (where L
and M are metrizable quotients of K) there is © € M such that
05, (P(f)) =2 O, Fs, (P(f)) has an equivalence class which is a sin-
gleton, and Fs, (P(f)) is a singleton for each y € M \ {z}. Then
P(K) satisfies the assumptions of Theorem 3.9.

Proof. (i) We have Qs (P(K))=O. Further, suppose that O, (P(K))=O*
for some k£ > 1 for some u € P(K). Let C be a countable set supporting .
Then it follows from Theorem 6.2 and Corollary 3.6 that for the o-typical sur-
jection f of K there is some y € C'\ {z} such that Qs (P(f)) = O7 for some
j > 1. Now, as C is countable, there is y € C* = C'\ {z} such that in each
cofinal o-semilattice in K there is a surjection f such that Q5 (P(f)) = O’
for some j > 1, which contradicts our assumptions. (Otherwise, for every
y € C* there would be a cofinal o-lattice S, C Q. (K) with Q5 (P(f)) 2 O
for every j; an obvious improvement of Theorem 2.1 shows that nyEC* S is
a cofinal o-semilattice, which leads to a contradiction). Thus we have verified
the assumptions of Theorem 3.7.

(ii) Let f : L — M and x € M be as in the assumptions. Clearly
Fs,(P(f)) is a singleton for each y € M \ {z}. Therefore Theorem 6.2 shows
that O, (P(f)) = O if p(xz) > 0, and F,(P(f)) is a singleton if p(z) = 0. In
this way we have verified conditions (1)-(3) of Theorem 3.9. The remaining
condition (4) follows immediately from Theorem 6.2. =

7. Examples of spaces of probability measures

7.1. The space o, (k). In this section we are going to prove Theorem 1.4,
the case of P(oy(k)) of Theorem 1.6 and the case of P(A(k)) of Theorem 1.7.

For N C M, let gyn : on(M) — o0,(N) be the continuous surjection
given by g = gvy(z) = x N N. The o-typical surjection of P(o,(k)) is of
the form f = P(g) : P(on,(M)) — P(o,(N)) for M C N infinite countable
subsets of k such that M* = M \ N is infinite. We now compute the fiber
order and the (-)-operation.

For z € o,(N), g74z) = {r Uy : y C M*, |y < n— |z|}. A basic
neighborhood of such z Uy € g~!(z) is of the form

U={z€0,(M):zUyCz zNu=0, zNv =10},

where u C M* and v C N are finite sets. The image of such a neighborhood
equals

gU)={z€0,(N):xCz |z|<n—|zUyl, zNv =0}
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From this it is clear that for w,w’ € g=!(z) we have w < w' if and only if
|lw| < |w'|, and also that

(wi,...,wy) ={w e g Y (z) : |w| > min(|wy], ..., |wy|)}.

Thus, if we go to the spaces of probabilities, for f = P(g) : P(on(M)) —
P(0,(N)) and two measures v,v/ € f~1(8,), we have v < v/ if and only if
for every k=1,...,n —|z|,

v{we g (2) : Jwl = [o + &k} < v'{w e g7 (2) : [w] > |z] + k).

Notice that (z) = g~1(z), thus v((x)) = /({x)) for all v,v/ € f~1(5,). The
ordered set O, (f) is thus isomorphic to

Os,(f) = {tef0, 1"ty <o <ty -

PROPOSITION 7.1. The ordered set Op = {t € [0,1]F : t; < -+ <t} is
irreducible.

Proof. We proceed by induction on k. For k = 0, Oy is a singleton (by
convention, if desired), and for k = 1, O; = [0, 1] is linearly ordered, so we
suppose that k£ > 2 and that we have an order-isomorphism ¢ : O — P x Q.
We denote by 0 and 1 the minimum and maximum respectively of any of the
ordered sets O, P and @ (all exist so that ¢(0) = (0,0) and ¢(1) = (1,1)).
Let

A:{tEOk:tQZtgz-“:thI}
={t € Oy : {s: s>t} is linearly ordered}.

Every element of ¢(A) must be either of the form (z,1) or (1,z), since
otherwise {s : s > ¢(\)} cannot be linearly ordered. Moreover, since A is
linearly ordered, it follows that either ¢(A) C P x {1} or ¢(A) C {1} x Q.
We suppose that ¢(A) C P x {1}. Now set A = (0,1,...,1) € A and ¢(\) =
(u,1). We have

Op 1 Z¢{teOp:t<A\}={seP:s<u}xQ,

so by the inductive hypothesis, either |Q| = 1 (which would finish the proof)
or u = 0. So we suppose that v = 0, which implies that Q =2 O_; and also
¢(A) = Px{1} (because we have found that ¢(A) = (0,1) € ¢(A), and this is
an upwards closed set). Thus @ = Og_; and P = A = [0, 1], and it remains
to show that Op 2% Og_1 x [0,1]. The reason is that p = ((0,1,...,1),1)
and ¢ = ((1,...,1),0) are incomparable elements of Oy_; x [0, 1] with the
property that {¢ : ¢t > p} and {t : t > ¢} are linearly ordered. However, we
noticed that the set A of points with this property in Oy, is linearly ordered. m

Since one of our announced objectives was to show that P(o,(k)) is
not homeomorphic to P(o,,(k)) for n # m, let us now make it explicit
why this is true. It is enough to notice that the irreducible ordered sets
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Orp = {t €[0,1]" : t; < --- < t;,} which appear in the fiber orders of these
spaces are not order-isomorphic for different values of k, since for n < m,
Oy, does not appear as the fiber order of any point of P(oy,(x)). This can be
realized in many different ways. For example, set

e=(0,0,...,1) =max{t € O : {s:s <t} is linearly ordered}.

Then O_1 = {t € Oy : tx, = 1} = {t : t > e}. This shows that Op_; can
be obtained in an intrinsic way from Oy, and thus if Oy = Oj, then Oj_; =
Oj_1. The inductive repetition of this argument leads to a contradiction if
k+# 7.

Finally, let us show the appropriate parts of Theorems 1.6 and 1.7. We
see easily that o, (k) satisfies the assumptions of Proposition 6.4(i) with
O = O, and z = (. Further, A(k) = o1(k) satisfies the assumptions of
Proposition 6.4(ii) with O = O; = [0,1] and = = 0.

7.2. The spaces P([0,w1]™) and P(A(k)™). In this section we shall prove
Theorem 1.5 and the appropriate part of Theorems 1.6 and 1.7.

The fiber orders of the two spaces of probability measures from the title
can be computed in the same way. For M D N, let pyyn : A(M) — A(N) be
the continuous surjection given by pyn(z) = x if x € A(N) and pyn(x) =
oo otherwise. The o-typical surjection of P(A(k)") is of the form P(p}, ) :
P(A(M)") — P(A(N)™) for M D N infinite countable subets of x such that
M \ N is infinite.

On the other hand, for countable ordinals o < 3 let gg4 : [0, 5] — [0, @]
be the continuous surjection given by ggq(v) = v for v < o, and gga(7) = «
for v > «a. The o-typical surjection of P([0,w:]™) is of the form P(qga) :
P([0,8]") — P([0,a]™) where a < 3 are countable limit ordinals. From the
point of view of fiber orders both surjections pys/ny and gg, can be treated
simultaneously since both can be viewed as a surjection g : K — L with the
following properties:

(%) There exist @ € L and m € g~!(w) such that |[¢g~!(x)| = 1 for every
x € L\ {w}, and with respect to the fiber order of g~!(w), we have
m <tandt~ sforanyt scg tw))\{m}

In the case of pyn we should take @ = oo and m = oo, while for ggq,
w=aand m= a.

From now on, we concentrate on computing the fiber orders of P(g")
where g : K — L is a continuous surjection satisfying (x); the computation
of the fiber orders of P(A(k)") and P([0,w]™) will then follow immediately.

We fix x = (z1...,2,) € L™, and set R(zx) ={i € {1,...,n} : x; = w}.
The first step is to determine the sets of the form (y™), ..., y®) in (¢")~ ().
For every y € (¢") (z) we set S(y) = {i € R(z) : y; > m}.
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CLamM A, (M, y®)y = {2 € (¢")Mx) : Fj € {1,...,k} : S(2) D
Sy}

Proof of Claim A. Suppose first that S(z) > S(y")) for some j. Then it
follows immediately that y{) < z since the inequality holds coordinatewise.
Thus z € (D, ... y®).

For the converse inclusion, suppose that for every j there exists a coordi-
nate i(j) € S(y¥)\ S(2). So zi(j) = m and yz(gj)) > m. Since all the elements
of F,(g) which are greater than m are equivalent, for every ygj ) S m we
can easily find a neighborhood WZJ such that W = U” g(WZJ) does not
contain the image of any neighborhood of m. For every j € {1,...,k} set
Ui ={y € K" : y ) € Wij)}’ which is a neighborhood of y(). We claim
that ¢"(Uy) U--- U ¢g"(Uyg) contains no image of a neighborhood of z, which
will finish the proof of Claim A. Namely, if V' is a neighborhood of z of the
form Vi x -+ - xV,, with V; a neighborhood of z;, then for every i € R(z)\ S(z)
we can find a point t; € g(V;) \ W. If we take v € V with g(u;) = t; for
i € R(z) \ S(2), then g"(u) & ¢g"(U1) U--- U g"(Uy).

CLAIM B. Forv,v' € P(g")~'(6), we have v < V' if and only if for every
upwards closed subset A C 28®) we have v{z : S(z) € A} <v'{z: S(z) € A}.

Proof of Claim B. It follows from Claim A that the subsets of (¢")~!(x)
of the form (y(M,...,3®)) are exactly the sets of the form {z : S(z) € A}
for some upwards closed family A of subsets of R(z).

As a consequence, for x € L" with |R(z)| = k, we find that Qs, (P(¢")) =
{t € [0,1]2" : Y icor ti = 1}, endowed with the order ¢ < s if and only if
Yicati <D ;cqsi for every upwards closed subset of 2k,

PROPOSITION 7.2. Consider the ordered set P, = {t € [0,1]%" Y icok ti=1}
endowed with the order t < s if and only if Y ,c4ti < Y .cx8i for every
upwards closed subset of 28. Then Py, is an irreducible ordered set.

Proof. We proceed by induction on k. If k = 1, then P, = [0, 1]. Suppose
that we had an isomorphism ¢ : P, — @ x R. We use 0 and 1 to denote the
minimum and maximum of any of these ordered sets (notice that that the
minimum of Py is the characteristic function of the empty set 0 = x(g), and
its maximum is 1 = X1, n}})- For every i € {1,...,n} let ¢! € Py be the
characteristic function of the singleton {{i}}. Notice that {t € P : t < '}
is linearly ordered since any such ¢ satisfies 3, ;3 ta = 0. Thus #(e') must
be of the form either ¢(e?) = (u;, 0) or ¢(e?) = (0,u;). Notice now that

{tePk:tzei}:{tePk:Zta:1}ng_1

i€a
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and Pj_1 is irreducible by the inductive hypothesis, so u; = 1 since {(r,s) :
(r.) > (ro,50)} = {r:7 > 10} x {5+ 5 > s0}. Hence 6(c}) € {(L,0), (0.1)}
foreveryi € {1,...,k}. If k > 2 this is already a contradiction, so we suppose
that k = 2 and ¢(e') = (1,0) and ¢(e?) = (0,1). We denote the elements of
Py by t = (tg, t{1y, tg2), t1,23)- For every A € [0, 1], we set 2 = (1-X\,,0,0)
and y* = (1 — X,0,1,0) in P». We have 2} < e! and y* < €2 and so
#(x*) = (r*,0) and ¢(y*) = (0,s) for suitable r* and s*. We consider the
specific elements u = (0.7,0.1,0.1,0.1) and v’ = (0.8, 0,0, 0.2) of P,. Suppose
#(u) = (r,5) and ¢(u’) = (r',s'). On the one hand, 2°-? and y%? are smaller
than v and «’ so %2 < r, r02 < ¢/, s92 < s and 592 < s’. On the other
hand, if A > 0.2 then 2* £ u, 2* £ v/, y* £ u, and y* £ «'. Hence indeed
r=1"=7r%2and s = s’ = s2. Thus ¢(u) = ¢(u'), a contradiction. =

Notice that Py is not order-isomorphic to Py for k # k’, since the set
H = {t e P, :{s:s <t} is linearly ordered}
={teP,:Fie{l,..  k:t<e}

contains exactly k& maximal elements: e!, ..., e*, where again e’ € P, denotes
the characteristic function of the singleton {i}. This also shows that these
irreducible ordered sets are not isomorphic to the irreducible ordered sets
Oy, which appeared in the fiber orders of the spaces P(on(k)) (for n > 1),
because in those cases the set of all elements ¢ such that {s : s < ¢} is linearly
ordered was linearly ordered with precisely one maximal element.

The above calculation proves Theorem 1.5. Further, both A(k)" and
[0,w1]™ satisfy the assumptions of Proposition 6.4(i) with O = P, and
z = (00,...,00) resp. £ = (w1, ...,wi). This proves the appropriate part of
Theorem 1.6. Finally, [0,w;] satisfies the assumptions of Proposition 6.4(ii)
with O = [0,1] and =z = « (using the above notation). This proves the
appropriate part of Theorem 1.7.

We have not mentioned it so far, but despite the fact that the picture of
fiber orders is similar, the spaces P(A(k)") and P([0,w1]™) are very different,
for other well known reasons. Namely, P(A(x)"™) is an Eberlein compact, and
hence a Fréchet—Urysohn space, so it cannot contain any copy of [0, w1].

8. Higher weights. So far we have used the version of spectral theorem
stated as Theorem 2.1, but one can use other versions. For example, for a
regular cardinal 7, we consider the family Q,(K) of quotients of weight
strictly less than 7, and we define a 7-semilattice to be a subset S C Q(K)
such that the supremum of every subset of S of cardinality less than 7
belongs to S. The set S is cofinal in Q. (K) if for every L € Q,(K) there
exists L' € S with L < L'. We assume that 7 is a regular cardinal because
otherwise there exists no cofinal 7-semilattice in Q. (K).
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THEOREM 8.1. Let K be a compact space with weight at least 7. The
intersection of two cofinal T-semilattices in Qr(K) is another cofinal T-
semilattice in Qr(K).

Proof. 1t is completely analogous to the proof of Theorem 2.1. u

LEMMA 8.2. Let K be a compact space of weight at least 7 and S a 7-
semilattice in Q(K). Then S is cofinal in Q(K) if and only if supS = K.

Proof. Suppose supS = K. By the same argument as in the proof of
Lemma 2.2, every real-valued continuous function f € C'(K) factors through
an element of S. Now, if p : K — L is an arbitrary element of Q.(K), then
we can take an embedding L C R” for a cardinal v < 7 and consider the
functions e;p : K — R obtained by composing with the coordinate functions
e; - RY — R, i < 7. For every ¢ < v we know that there exists L; € S
such that e;p factors through L;. Finally, this implies that p factors through
Loo=sup{L;:i<~},s0L< Lo E€S. n

Just as for o-semilattice spectra, we can say that the 7-typical surjection
of K has a property P if there is cofinal T-semilattice in which all the natural
surjections have property P, and when this happens such a 7-semilattice can
be found as a subsemilattice of any given one. Also similarly, we can talk in
this context of F7(K) and O7(K).

An application can be found in the study of the space P([0,7]") and its fi-
nite powers, for 7 > w; a regular cardinal. The fiber orders of K = P([0, a]"™)
for any ordinal o > wj; can be computed using very similar arguments to
those in Section 7.2, and indeed Qg (K) = Py, where k is the number of coor-
dinates of z € [0, o)™ with uncountable cofinality. Therefore, for o > wy +wy,
P([0,a]™) does not satisfy the assumptions of Proposition 6.4. Indeed, [0, o]
has at least two non-Gs-points and hence [0, @] contains several points
with Qs, (P(K)) = P,. Moreover, P([0,a]™) does not satisfy even the as-
sumptions of Theorems 3.9 and 3.7—for n = 1 this is witnessed by the fact
that @%(%My)(P([O, a])) = [0, 1]? whenever = and y are two distinct points
with uncountable cofinality.

However, it is still possible to get decomposition results for the spaces
P([0,7]™) using 7-semilattices, since analogues of Theorems 3.9 and 3.7 for
the 7-typical surjection hold, with identical proof. There is a natural cofinal
T-semilattice for [0,7]: For o < 8 consider the continuous surjection pg, :
[0, 8] — [0, a] given by pga(z) = x for © < a, and pge () = a for > «. The
T-semilattice consists of all quotients given by p;o, a < 7, and the 7-typical
surjection is of the form pg,, @ < B8 < 7. Thus, the situation is completely
analogous to that of P(]0,w1]™), and we have the following result:

THEOREM 8.3. Let T be a regular cardinal, K= P([0,7]"), v = (21, ..., 2;)
€ [0,7]" and k = |{i : z; = 7}|. Then O} (K) = P, = {t € [0,1]*" :
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Y icor ti = 1} endowed with the order t < s if and only if Y ;e 4 ti <D ic 4 5
for every upwards closed subset of 2F.

Now we easily get the remaining part of Theorems 1.6 and 1.8.

We mention that, answering a question posed to us by R. Deville and
G. Godefroy, the ideas of this section are used in [2] to show that there exist
2" many nonhomeomorphic weakly compact convex subsets in ¢3(k).

9. Final remarks and open problems

QUESTION 1. Let M (K) denote the space of regular Borel measures of
variation at most 1 (that is, the dual ball of the space of continuous functions
C(K)) in its weak® topology. We show in this paper that M (A(k)) is not
homeomorphic to P(A(k)) using fiber orders. We did not make a systematic
study of the fiber orders of M (K) and this may be interesting. Analysing the
relatively easy case of A(k) it seems that the fiber orders of M(A(k)) look
similar to those of P(A(k))?, so we may ask whether M(K) ~ P(K)? for
each compact space. However, this has a negative answer. Let K be the well-
known “double arrow space”. Then P(K) is first countable (for example by
[13, Proposition 7|) while M (K) is not first countable as K is not metrizable.
Therefore M (K) % P(K)?. But we can still ask: Is M (K) homeomorphic to
P(K)? for compact spaces considered in this paper (A(k), o,(k) etc.)?

QUESTION 2. The analysis of the generic fibers of B(k) yields the same
result as for P(A(k)), namely all the non-Gs-points have generic fibers order-
isomorphic to an interval. Are the spaces B(k) and P(A(k)) homeomorphic?
In this connection, it follows from [14]| that P(A(k)) is homeomorphic to
P(A(k)) x [0,1]. Is B(k) homeomorphic to B(k) x [0,1] or even to any
product of two nontrivial spaces?

QUESTION 3. In the various spaces of probability measures that we have
studied, fiber orders allow us to identify different types of points. Is this a
complete classification? That is, we ask to determine exactly for which points
x,y € P(K) there exists a homeomorphism f : P(K) — P(K) such that
f@)=y.

QUESTION 4. Fiber orders are a good tool to determine whether two
spaces are homeomorphic, but they do not seem to help in determining
whether a given space is the continuous image of another. In [3] the case
of the spaces B(k)" is studied, but the situation is not clear for the other
spaces studied here. For instance, we do not know whether P(0,(x)) maps
onto P(om(k)) for n < m, and so on. This is also related to the problem of
the A(k)“-images, initiated by Benyamini, Rudin and Wage [6] and studied
specially by Bell in [4] and [5]. It is proven in [1] that P(A(k)) and B(k)
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are continuous images of A(k)“, but it is unclear to us whether P(o,(k)) or
P(A(k)™) are continuous images of A(k)¥ for n > 1.
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