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Generalized Helly spaces, continuity of monotone functions,
and metrizing maps

by

Lech Drewnowski and Artur Michalak (Poznan)

Abstract. Given an ordered metric space (in particular, a Banach lattice) E, the gen-
eralized Helly space H(FE) is the set of all increasing functions from the interval [0,1] to F
considered with the topology of pointwise convergence, and FE is said to have property (\)
if each of these functions has only countably many points of discontinuity. The main ob-
jective of the paper is to study those ordered metric spaces C (K, E), where K is a compact
space, that have property (). In doing so, the guiding idea comes from the fact that there
is a natural one-to-one correspondence between increasing functions f : [0,1] — C(K, E)
(with countably many discontinuities) and continuous maps F : K — H(FE) (with metriz-
able ranges). It leads to the investigation of general continuous metrizing maps (those
with metrizable ranges), and especially of the so called separately metrizing maps, and
the results obtained are then used to derive some permanence properties of the class of
spaces C(K, FE) with property (\). For instance, it is shown that if K is the product of
compact spaces K; (j € J) such that each of the spaces C(Kj, E) has property (), so
does C(K, E); and, for any compact space K, if both C'(K) and a Banach lattice E have
property (), so does C(K, E).

1. Introduction. Let E be a real Banach lattice. It was shown by Lavric¢
[8] that if E is separable or if E is o-Dedekind complete and contains no
lattice copy of lo (or, equivalently, E has an order continuous norm), then
every monotone function f : [0,1] — E has at most countably many points
of discontinuity.

This direction of research was continued by the first named author in [2],
where the Banach lattices satisfying the assertion of Lavri¢’s results were
said to have property (\). Most of paper [2] was devoted to the question
which of the Banach lattices C(K, E), where K is a compact space, have
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property (\). Of course, a necessary condition for this to happen is that
both the spaces C(K) = C(K,R) and E have property (A). Now, under the
assumption that E has property ()), it was proved in [2] that C (K, E) has
property (\) when

(a) each separable subspace of K is metrizable, or
(b) K is the product of a family of compact spaces such that C(K', E)
has property (\) for each finite subproduct K’ of the family.

A number of open problems were posed in [2], among them the following
ones:

(a') Is it true that if both C(K) and E have property (A), so does
C(K,E)?

(b’) Is it true that if K7 and K» are compact spaces, and both C(K1, E)
and C(Ky, E) have property (), so does C(K; x Ko, E)?

Note that a positive answer to question (b’) would make the extra hy-
pothesis in result (b) redundant; however, the answer to (b’) was unknown
even for the case £ = R.

Somewhat later, the second named author carried out in [9] a thorough
investigation of the structure of those real Banach spaces X endowed with
the order relation induced by a norming subset of the dual space X* that
admit an increasing function f : [0,1] — X with uncountably many discon-
tinuities. (In isomorphic terms, he dealt with closed subspaces X of C(K)-
spaces considered with their natural pointwise order.) He proved, among
other things, that a Banach lattice, in particular a C'(K) space, has prop-
erty (A) iff it contains no order-isomorphic copy of the space D(0,1) ([9,
Cor. 5]; see [9] and [10] for more information about D(0,1)). This was highly
surprising because D(0,1) entered the scene in [2, Prop. 4.2] merely as an
example of a Banach lattice containing no isomorphic copy of o, and yet
failing property (\). However, an intrinsic characterization of those compact
spaces K for which C(K) has property () is as yet unknown.

In the present paper we answer the above questions in the affirmative.
Two crucial observations that made this possible concern increasing func-
tions f:]0,1] — C(K) with 0 < f <1 (a condition one can always assume
without loss of generality), and have already been successfully exploited
in [9]. They are the following (cf. [9, Th. 1]):

e First, there is a natural one-to-one correspondence between such func-
tions f and continuous maps F' : K — H, where H is the Helly space,
given by the equality F'(t)(s) = f(s)(¢). (Recall that H is the compact
space consisting of all increasing functions from [0, 1] into itself and
considered with the topology of pointwise convergence.)
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e Second, such a function f has only countably many discontinuities iff
the associated map F has a metrizable range.

Thus, question (b') for the case E = R can be reformulated in purely topo-
logical terms as follows:

(b”) Suppose every continuous map from compact spaces K; and K,
to H has a metrizable range; is then the same true of continuous
maps from K; x Ko to H?

It turns out to be easier to deal with, and answer (in the affirmative),
question (b”) rather than question (b). Moreover, from the positive answer
to question (b') for the case E = R we are able to deduce a positive answer to
question (a’) in its general form. From this a positive answer to the general
form of question (b’) follows immediately.

As explicitly noted in [2], most of the results proved in that paper, in
particular the results (a) and (b) remain valid when F is an arbitrary ordered
metric space, and the questions raised therein, in particular questions (a’)
and (b’), make sense in this more general setting as well. However, in this
case we cannot reduce our problems to C'(K) spaces and continuous maps
F : K — H. On the contrary, we have to deal directly with the spaces
C(K,E) and continuous maps F' : K — H(FE), where H(E) is a natural
analogue of H consisting of all increasing functions from [0, 1] to E.

Motivated by what was said above, in this paper:

1) we extend some of the results known for the Helly space H to the
generalized Helly spaces H(E), where E is an ordered metric space;

2) we investigate continuous maps with metrizable ranges; we call such
maps metrizing, and focus our attention on the question when a sep-
arately metrizing continuous map defined on the product of a family
of compact spaces is (globally) metrizing;

3) we apply the results obtained to more general versions of questions
(a') and (b').

2. A few preliminary facts. Throughout the paper, I stands for the
interval [0, 1]; all topological spaces occurring are assumed to be Hausdorff;
and, given a set S, we denote by F(S) the family of all its finite subsets.

For a function f from I to a topological space X, we denote by D(f) the
set of points of discontinuity of f. Moreover, given a set F of such functions,
we write D(F') for the union of the sets D(f), where f € F.

If X is a metric space, then D(f) is an F,, subset of I (see [6, §21.1I1]);
consequently, either |D(f)| < Rg or |D(f)| = 2% (by [6, §37.1, Thm. 3]).

A function f: I — X, where X is a (partially) ordered space, is mono-
tone if it is increasing or decreasing (in the weak sense); that is, in an
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alternative terminology, nondecreasing or nonincreasing, respectively. Since
such a function f is decreasing iff the function s — f(1 — s) is increasing, in
what follows we restrict our attention to increasing functions only.

By an ordered metric space we understand a metric space X = (X, d)
with a (partial) order relation < such that the metric d is monotone relative
to <. The latter means that whenever z < u < v <y, then d(u,v) < d(z,y).
We shall sometimes assume that the relation < is closed as a subset of the
product space X x X, that is

(m) whenever (z,,) and (y,) are sequences in X with z, <y, for all n,
and z,, —» x, Yy, — y in X, then z < y.

In general, for a function f from the interval I to a topological space,
if |D(f)] < N, then f has a separable range. (For if @) is any countable
dense subset of I containing D(f) U {0, 1}, then f(Q) is dense in f(I).) For
monotone functions taking values in ordered metric spaces, also the converse
is true (see [8] and [2, Fact 1.7]); this is included in the following.

PROPOSITION 2.1. Let X be an ordered metric space, and f: I — X an
increasing function. Then the following are equivalent.

(a) ID(f)] < No.

(b) There is a countable set A C I such that at each point s € I\ A
the function f satisfies the Cauchy condition for the existence of the
left-hand limit f(s—) or the right-hand limit f(s+).

(¢c) The range of f is separable.

Proof. That (a) implies (b) is trivial.

(b)=(c): Suppose f(I) is nonseparable. Then, for some £ > 0, one can
find an uncountable set S C I such that d(f(s'), f(s”)) > ¢ for all distinct
points s’,s” € S. It can also be assumed that each s € S is a two-sided
accumulation point of S. Now, take any s € S. Then to the left of s, as well
as to the right of s, and at the same time arbitrarily close to s, one can find
distinct points §', " with d(f(s), f(s”)) > e. This contradicts (b).

(¢c)=(a): Suppose |D(f)| > Rg. Then, for some £ > 0, one can find an
uncountable set S C D(f) such that d(f(s'), f(s")) > ¢ whenever s’ <
s < s’ and s € S. It can also be assumed that each s € S is a two-sided
accumulation point of S. Then d(f(s’), f(s”)) > e for any two distinct points
s',s" € S, thus contradicting (c). m

As in [2], we say that an ordered metric space X has property (\) if
every increasing function f : I — X has at most countably many points of
discontinuity, i.e., |[D(f)] < No.

LEMMA 2.2. Let R be an infinite countable subset of an interval |a,b] C
R such that R is order dense in itself (i.e., (s,t) N R # () whenever s,t € R
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and s < t) and has neither a smallest nor largest element. Also, let Q be
a countable dense subset of (0,1). Then there exists a strictly increasing
function ¢ : I — [a,b] such that ¢(0) = a, (1) =b, and ¢(Q) = R.

Proof. 1t is a well known fact (see [7, Ch. VI, §3, Thm. 2]) that the
assumptions on R and () guarantee that there exists a strictly increasing
function (an order isomorphism) ¥ mapping @ onto R. We extend 9 to a
function ¢ from I into [a,b] by setting ¢(0) = a, ¢(1) = b, and ¢(t) =
sup{?(s) : s € QN (0,¢t]} for t € (0,1). It is then easily seen that ¢ has the
desired properties. =

COROLLARY 2.3. Let X be an ordered metric space, and f : I — X an
increasing function. If |D(f)| > No, then there exists a strictly increasing
function ¢ : I — I such that for the increasing function g := fop: I — X
one has

inf{d(g(s),g(s")) :s,8 €I,s# s} >0.
In particular, D(g) = 1.

Proof. By [2, Lemma 3.1}, for some ¢ > 0 we can find an uncountable
set D C I such that d(f(s), f(s')) > e for all distinct s,s’ € D. It can
be assumed, additionally, that each point in D is a two-sided accumulation
point of D, and that D has neither a smallest nor largest element. Let R be
any countable dense subset of D, and let @ be the set of rationals in (0, 1).
By Lemma 2.2, there exists a strictly increasing function ¢ : I — I such
that ©(Q) = R.

Consider the function g := f o . Take any ¢,t' € I with ¢t < t/, and next
choose s,s' € @ so that t < s < s’ <t'. Then d(g(t'),g(t)) > d(g(s'),g(s)) >
e, and the proof is complete. m

COROLLARY 2.4. An ordered metric space X fails to have property ()
if and only if it contains a metrically discrete order-isomorphic copy of the
interval I, that is, there exists an increasing function g : I — X such that,
for some € > 0, one has d(g(t'), g(t)) > & whenever t,t' € I and t #1'.

We are now in a position to give an affirmative answer to Problem 1 in [2]
by showing that the apparently weaker property (\g) stated in condition (b)
below implies property ().

PROPOSITION 2.5. For an ordered metric space X, the following are
equivalent.

(a) X has property (\).

(b) X has property (Xo), that is, every increasing function f : I — X
has a point of continuity in 1.

(¢) For every increasing function f : I — X and every e > 0 there erists
a pair of distinct points s,s" € I with d(f(s), f(s')) < e.



166 L. Drewnowski and A. Michalak

Proof. The implications (a)=-(b)=>(c) are trivial, and that (c) implies (a)
follows directly from Corollary 2.4.

3. Spaces C(K, E) with property (\). Preliminary facts. Let X be
a (Hausdorff) topological space and F = (E, <,d) an ordered metric space.
Then C(X, E) stands for the set of all continuous functions z : X — FE
equipped with the pointwise order induced from FE. It will be considered
either with the topology 7, of pointwise convergence on X, or with the
(metrizable) topology 7, of uniform convergence on X, and the result-
ing topological spaces will be indicated by C,(X, E) and Cy(X, E), respec-
tively. Clearly, if E satisfies condition (m), so does Cp(X, E) and a fortiori
Cu(X, E). For each point ¢ € X we denote by p; the evaluation map on
C (X, E) defined by pi(x) = z(t).

Given a function f : I — C(X, E), it will often be convenient to write
f(s,t) instead of f(s)(t) for s € I and t € X. Clearly, f(-,t) = pt o f for
each t € X. Evidently, if [D(f)| < Rq, then |D(pt o f)| < Vg for each t € X.

In most cases occurring below, the domain space X is assumed to be
compact and, as a rule, we denote it by K. Note that in this case the
topology 7, is defined by the standard supremum (extended) metric do,
and we usually write simply C'(K, E) instead of C (K, E) or (C(K, E),dw).

We are interested in continuity type properties of increasing functions
f: I — C(K,E). In particular, we would like to know under what circum-
stances the space C'(K, E') has property (\); an obvious necessary condition
is that F has property (). We start with the following observation.

PROPOSITION 3.1. Let K be a compact space. Then an increasing func-
tion f : I — C(K, E) is continuous at a point sg € I (for the metric topology
of ds), that is,

T daol(£(5), f(50)) = 0.

if and only if it is continuous at so for the topology 1y, that is,

sli)rgl d(f(s7t)7f(807t)) =0 Vt € K;

in other words, each of the increasing functions pro f : I — E (t € K) is
continuous at so. Likewise for the left- and right-continuity at sg.
Consequently,

(%) D(f)=J D(peo f) = D({pio f: t € K}).
teK
Proof. The “if” part: Given any monotone sequence (s;,) in I converging
to so, the sequence d(f(sn,-), f(so0,-)) of continuous real-valued functions

on K is decreasing and converges pointwise to the zero function. Apply the
Dini theorem (see e.g. [4, 3.2.18]). =
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PROPOSITION 3.2. Let X be a topological space, and let f : [ — C(X, E)
be an increasing function. Then the set Xy of all points t € X with |D(f(-,t))]
< Ng is sequentially closed.

Proof. Let a sequence (t,) in Xy converge to a point o € X. Then
the functions f(-,t,) converge to f(-,ty) pointwise on I, and their ranges
f(I,ty) are all separable. It follows that also f(I, o) is separable, as a subset
of the closure of the union of the f(I,t,)’s. Hence |D(f(-,t9))| < Vo by
Proposition 2.1. =

COROLLARY 3.3. Let X be a first countable topological space. Then for
every increasing function f : I — C(X, E) the set of all points t € X with
|ID(f(-,t))| < Ng is closed.

Of the three results stated below, the first is a strengthened version of
Theorem 5.1 in [2], with an alternative proof. The second is an extraction
from the proof of Theorem 5.13 in [2], and from it the third result is derived
as a corollary.

THEOREM 3.4. Let K be a metrizable compact space. If f : I — C(K, E)
is an increasing function such that |D(pio f)| < g for a dense set of points
t € K, then also |D(f)| < Ng. Consequently, if E has property (\), so does
C(K, E).

Proof. By Corollary 3.3 it is immediate that |D(p; o f)| < Ng for every
t € K. From this, repeating almost verbatim the proof of Theorem 5.1 in [2],
we get the desired conclusion.

Alternatively, from the assumptions and Proposition 2.1 it follows that
there is a dense countable subset C' of K such that f(I,t) is separable for
each point t € C. Let F' denote the closure in E of the union of the sets
f(I,t), t € C. Then F is a separable subspace of FE, and f(I,t) C F for
every t € K (cf. the proof of Proposition 3.2). Consequently, we may view
f as a function with values in the ordered metric space C'(K, F') which, in
addition, is separable. To finish, appeal to Proposition 2.1. =

NoOTE. For the separability of C(K, F'), see [6, §22.1TT] or [4, 4.2.18]. It
can also be shown as follows: By the Banach-Mazur theorem (see [1, Ch. XI,
Th. 10]), F is isometric to a subset of the Banach space C'(I). Hence, in turn,
C(K, F) is isometric to a subset of the Banach space C(K,C(I)) = C(K xI),
and the latter space is separable (see [13, 7.6.2]) because K x I is a metrizable
compact space.

PROPOSITION 3.5. Let K be a compact space, and f : I — C(K,E)
an increasing function. Then there exists a separable compact subspace Kg
of K such that the increasing function g : s — f(s)|Kq from I to C(Ky, E)
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has the same set of discontinuities as f: D(g) = D(f). Consequently, if
|ID(f)| > Ro, then also |D(g)| > No.

Proof. Let @ denote the set of rationals in I. For each pair r, r’ of distinct
points in @ choose a point ¢, ,» € K so that

doo(f(r)a f(rl)) = d(f(’l“, tr,r’)7 f(rla tr,r’))?
and let K denote the closure of the set of all those points ¢, .
If 51 < 8] < s < s with &), s, € Q, then

doo(f(52), £(51)) = dos(g(s2), 9(51)) = doo(9(s2), 9(s1)) = doo(f(55), £(51))-
From this it follows directly that D(f) = D(g). =

Let us say that a compact space is separably metrizable if all its separable
subspaces are metrizable.

COROLLARY 3.6. If a compact space K is separably metrizable, and the
space E has property (\), so does the space C(K, E).

REMARK 3.7. It is obvious that closed subspaces, continuous images,
and countable products of separably metrizable compact spaces are again
of the same type. Note that this class of spaces includes all Corson com-
pacts, in particular, all Eberlein compacts (see [11] for more information on
Corson, Eberlein and other related classes of compact spaces). It is also
worth pointing out that the compact space W of all ordinal numbers < w;
(see [4, 3.1.27]) is in this class but is not a Corson compact.

4. Generalized Helly spaces. The usual Helly space H is the set of
all increasing functions mapping the interval I into itself, equipped with
the topology of pointwise convergence. Its basic properties are stated in
[5, Ch. 5, Problem M]: H is a separable, nonmetrizable, first-countable com-
pact Hausdorff space. Moreover, a compact subspace K of H is metrizable
iff |[D(K)| < Ng. As shown in [12], the latter condition characterizes, in fact,
those subspaces K C H that are separable and metrizable. It was also proved
there that H contains a homeomorphic copy of every separable metrizable
space, and that metrizable compact subsets of H are Gg sets.

Additionally, observe that H does contain nonseparable compact sub-
spaces. For instance, such is the subspace K consisting of all functions of
the form x (17, X[r1], and %x{r} + X(r1], Where 7 € I. (x denotes the char-
acteristic function of a set J C I.)

It is obvious that the definition of the Helly space admits various exten-
sions. The following one is the most suitable for our purposes.

Let E = (F, <,d) be an ordered metric space.

By the Helly space determined by E we shall mean the set H(E) =
H(I,E) of all increasing functions « : I — E equipped with the topol-
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ogy T, of pointwise convergence on I. Thus for each x € H(FE) a base of
Tp-neighborhoods of x is formed by the sets

U(z;Aye) :={y € H(E) : d(y(s),z(s)) < e Vs € A},
where A € F(I) and € > 0.
Given x € H(FE) and a subset S of I, we define
U(z;S) ={U(x; Aje) : A e F(S), e > 0}.

PROPOSITION 4.1. If the space E satisfies condition (m), then H(E) is
a closed subspace of the space ET of all functions from I to E.

Most of our results will be concerned with the following subspace of

H(E):
Hy(E):={x € H(E) : |D(x)| <Ng}.

Obviously, H(E) = Hy(F) iff E has property (\).

PROPOSITION 4.2. Hy(E) is sequentially closed in H(E).

Proof. Define f : I — C,(H(E),E) by f(s)(z) = x(s). Then f is
increasing, and Hy(F) coincides with the set of points x € H(FE) with
|ID(f(-,x))| < Ng. To finish, apply Proposition 3.2. =

We will need the following two lemmas.

LEMMA 4.3. For every e > 0 there is § > 0 such that if x,y, 2, 2,7 € E,
' <2, and
d(y,) <68, d(y,z) <96, da',x)<d, dZ, z)<3$,
then d(y',y) < e for each point y' in the order interval [x',2'].
Proof. Let y' € [2,2']. Then, using the monotonicity of d to justify the
second inequality below, we have
dy',y) <d(y',2') +d(2',z) +d(z,y) < d(<',2") +d(2’, z) + d(z,y)
<d(2',z) +d(z,y) + d(y,z) +d(z,2") +d(a’,2) + d(z,y)
= 2d(y, z) + d(y, z) + 2d(2, ) + d(<', 2),
which is < € provided that 6 < ¢/6. m
LEMMA 4.4. Let x € H(E) and let Q be a dense subset of I containing
D(z)U{0,1}. Ify € H(E) and z|Q = y|Q, then z =y.
Proof. Let s € I\ Q. If §',s" € Q and ¢’ < s < §", then y(s') = z(s') <
2(s), y(5) < 2(5") = y(s"), hence

d(y(s), z(s)) < d(y(s), 2(s') + d(2(s"), 2(s)) < 2d(x(s"), 2(5)).
Since z is continuous at s, it follows that d(z(s),y(s)) =0. =
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PROPOSITION 4.5. Let x € H(E), and let Q be a dense subset of the
interval I containing its endpoints. Then the following are equivalent.

(a) @ D D(x).
(b) The family U(x; Q) is a base of neighborhoods of x in the space H(E).

Proof. (a)=(b): Consider a “typical” neighborhood U(z;A,¢e) of x in
H(E), where A € F(I) and € > 0. We are going to show that it contains a
member of U(z; Q). This is trivial when A C @, so assume that A ¢ Q.

Let 0 < § < € be as required in Lemma 4.3. For each s € B := A\ @
choose s',s” € Q so that s < s < s” and

(1) d(a(s'),2(s)) < 6, d(a(s"), 2(s)) < 5

this is possible because z is continuous at s. Denote by B’ the set formed
by all the points s’ and s” thus selected. Clearly, A’ := B'U(ANQ) is a
finite subset of Q. Now, let y € U(x; A’,d); thus

(2) d(y(t),z(t)) < for each t € A’

Take any s € A. If s € AN Q, then we obviously have d(y(s),z(s)) < e. If
s€ B=A\(ANQ), then y(s') < y(s) < y(s”), and in view of conditions (1)
and (2) Lemma 4.3 gives d(y(s),x(s)) < e. Thus U(x; A’,d) € U(x; Q) and
U(x; A,6) Cc U(x; A, e).

(b)=(a): Suppose there is a point ¢t € D(x)\ Q. Then 0 < ¢ < 1 and for
some ¢ > 0 we have either

(i) d(z(s),z(t)) > e for all s € [0,1), or
(ii) d(x(s),z(t)) > € for all s € (¢,1].

We are going to show that the neighborhood U(x;{t},e) of x contains no
neighborhood from U(z; Q).

Suppose, for instance, that (i) holds, and let A be a finite nonempty
subset of (). Define @ = min A. If a < ¢, then let ¢ = max(A N [0,¢)) and
define a function y € H(E) by setting y(s) = z(s) for s € [0,¢) U (¢,1] and
y(s) = x(c) for s € [e,t]. If a > t, then define a function y € H(E) by
y(s) = z(0) for s € [0,¢] and y(s) = x(s) for s € (¢, 1]. In either case we have
y(s) = z(s) for all s € A so that y € U(z; A,0) € U(z; Q) for every 6 > 0.
However, d(y(t),z(t)) > € and thus y ¢ U(x; {t},c). =

COROLLARY 4.6. A point x € H(E) has a countable base of neigh-
borhoods iff |D(x)| < Ng. Consequently, Ho(E) is precisely the subspace
of H(E) formed by the points that have a countable base of neighborhoods
in H(E).

Proof. The “if” part is immediate from Proposition 4.5 by taking for @
any countable dense subset of I containing D(x) U {0,1}.
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“Only if”: Suppose x has a countable base of neighborhoods. Clearly, we
may assume that it is formed by the sets U(x; A,n~!), where A is any finite
subset of a certain countable dense set Q C I, and n € N. By Proposition 4.5,
D(z) c QU {0,1}, hence |D(z)| < Ng. m

For a subset A of H(E) and any s € I, we define
A(s) ={x(s):z € A}, R(A)=|]J=z(), D) =] D).

€A €A
PROPOSITION 4.7. If F is a separable subspace of E, then H(F) =
Hy(F) is a separable subspace of Ho(F).

Proof. The inclusion H(F) C Hy(FE) follows from Proposition 2.1. It
remains to verify that H(F') is separable.

First of all note that for each n € N the product space F" is metrizable
and separable, hence so is its subspace

(F™)p :=A(v1,...,0n) € F" 1vp < -+ < wp )

Let M,, be a countable dense subset of (F™);. Next, denote by Z,, the count-
able set of all functions z : I — FE such that for a sequence of rationals
0=r9g<ry <--<r,=1and a sequence (ui,...,u,) € M, we have
z(s) =w; for s € [ri_1,m) (1 <i<mn—1),and z(s) = uy, for s € [rp_1,7s).
Let Z denote the union of the Z,,’s; clearly, Z C H(F).

We now show that Z is dense in H(F'). Let x € H(F), take any points
§1 < -++ < 8y in I, and fix any number € > 0. Next, choose rationals
0= ro<ry<---<rp,=1sothat s; € [r;_1,7;) fori =1,...,n— 1, and
Sp € [rn—1,7n]. Since (z(s1),...,2(sn)) € (F™)1, we can find (u1, ..., un) €M,
so that d(z(s;),u;) <e for ¢ = 1,...,n. Finally, define a function z : I — E
as in the preceding paragraph. Then z € Z,, C Z and d(x(s;), 2(s;)) < € for
1 =1,...,n, which concludes the proof. =

COROLLARY 4.8. For a subspace A of H(E) the following are equivalent.

(a) A is contained in a separable subspace of Ho(E).
(b) R(A) is a separable subspace of E.

Proof. (a)=(b): Suppose A is contained in a separable subspace B of
Hy(E), and let C' be a countable dense subset of B. Each x € B has a
separable range because |D(x)| < RNg. It follows that the closure S of R(C)
in E is separable. To finish note that R(A) C R(B) C S.

(b)=(a): If F := R(A) is separable then, by Proposition 4.7, so is the
subspace H(F) of Hy(E), and it obviously contains A. m

PROPOSITION 4.9. A compact subspace K of Ho(E) is metrizable iff
|D(K)| < Ry.
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Proof. Suppose |D(K)| < Xy and let @ be any countable dense subset
of I containing D(K)U{0,1}. By Lemma 4.4, if z,y € K and z|Q = y|Q,
then z = y. This means that the restriction map z — z|@ from K into
I seq K (s) is one-to-one. Moreover, it is continuous, and the factors in the
product are all compact subsets in the metric space E. Consequently, we
have a homeomorphic embedding of K into a metrizable compact space,
hence K itself is metrizable.

Conversely, let K be metrizable. Define a function f : I — C(K,E)
by f(s)(z) = x(s). Then f is increasing, and D(f) = D(K), as follows
easily from equality (%) in Proposition 3.1. Moreover, for each € K one
has p, o f = z, and |D(z)| < Yo by assumption. Therefore, we may apply
Theorem 3.4 to deduce that |[D(f)| < Rg. =

For the usual Helly space H, the following has been shown in [9, Fact 2].

COROLLARY 4.10. Ewvery nonmetrizable compact subspace K of Hy(E)
contains another compact subspace L which is nonmetrizable and separa-
ble. In other words, a separably metrizable compact subspace of Hy(E) is
metrizable.

Proof. Let f be the function defined as in the proof above. Then, by
Proposition 3.5, there is a separable closed subset L of K such that for the
function g : s — f(s)|L one has D(K) = D(f) = D(g) = D(L). It follows
that |D(L)| > g so that L is nonmetrizable by the previous proposition. =

It is worth noting that an inspection of the argument used in the proof
of Fact 2 in [9] mentioned above reveals that, in fact, it is a proof of a much
stronger result. (For scattered spaces, see [13, Sec. 8.5].)

PROPOSITION 4.11. Ewery nonmetrizable compact subspace K of H con-
tains another compact subspace L which is nonmetrizable, nonscattered, and
separable. Consequently, scattered compact subspaces of H are metrizable,
and therefore countable.

Proposition 4.9 is, actually, a particular case of a more general fact:

PROPOSITION 4.12. A compact subspace K of a product X = Hje] X;
of metrizable spaces is metrizable iff there exists a countable subset Jy of J
such that whenever x,y € K and z|Jy = y|Jo, then z =y.

Proof. The argument for the “if” part is like that in the proof of Propo-
sition 4.9. The “only if” part follows from the fact that the identity map
from K C X to K depends only on countably many coordinates j € J (see
[3, p. 221], [4, 3.2.H], and [2, Lemma 5.8]). =

The “if” part of Proposition 4.9 admits a more general version:
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PROPOSITION 4.13. Let A be a subspace of H(E), and Q a dense subset
of I containing D(A)U{0,1}. Then the restriction map Rg : x — z|Q is a
homeomorphic embedding of A into the product space E?. Consequently, if
|ID(A)| < No, then the subspace A is metrizable, and if in addition A(s) C E
1s separable for each s € I, then also A is separable.

Proof. By Proposition 4.5, for every z € A the family U(z; Q) is a base
of neighborhoods of the point « in H(FE). From this it follows that R¢g has
a continuous inverse on Rg(A). m

Thus, in particular, every countable subspace A of Hy(FE) is metrizable.
The following result is a generalization of [12, Prop. 2.

PROPOSITION 4.14. For a subspace A of Ho(F) the following are equiv-
alent.

(a) A is metrizable and separable.
(b) |D(A)| < Vg and R(A) is separable.

Proof. (b)=-(a): This is contained in Proposition 4.13.

(a)=(b): F := R(A) is separable by Corollary 4.8.

Suppose |D(A)| > Rg. Then with no loss of generality we may assume
that the set D,(A) of points t € I where at least one of the functions
x € A is not continuous from the right is uncountable. Next, remembering
that |D(z)| < Yo for every z € A, we can find a number € > 0 and an
uncountable subset D of D, (A) such that for each s € D there is a function
xs € A for which d(zs(s),zs(t)) > € for all ¢t € (s,1]. We may assume that
Ts # Ty whenever s # s'.

Since F' is separable, it can be covered by a sequence of open balls
K(zn,r) (n € N) with centers z, € F and radius r = £/3. Clearly, there is an
index m for which the set Dy := {s € D : z4(s) € K(zpn,r)} is uncountable.

Now, for each s € Dy the set Us := {x € A : z(s) € K(zm,r)} is open
in A and contains z;. On the other hand, if s,s’ € Dy and s < s, then
xs ¢ Ug. Indeed,

d(25(8), 2m) = d(z5(5'), 25(5)) — d(2s(5), 2m) > € — 2e = 2e > .

Since A is separable and metrizable, its topology has a countable base,
say B. Then for each s € Dy there is a By € B such that x; € Bs; C Us.
Since |Dy| > N, there must be distinct s, s’ € Dy with Bs = By. Then both
zs and xy would belong to each of the sets Us; and Uy, which, as we have
just seen, is impossible. =

The next two results, Proposition 4.15 and Corollary 4.18, are extensions
to the spaces H(E) of analogous results proved in [12, p. 44] for the usual
Helly space.
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PROPOSITION 4.15. For a compact subset K of H(E) the following are
equivalent.

(a) There is a countable set Q C I such that whenever x € K,y € H(E),
and z|Q = y|Q, then y € K.
(b) K is a Gs subset of H(E).

Proof. (a)=(b): Let Q = {s1,52,...}. For every z € K and n € N set
Un(z) = U(x;Qn,n~ 1), where Q,, := {s1,...,5,}. Define

o0
Gn=|JUnx) neN) and G= ()G
zeK n=1
Clearly, K C G. To finish, it suffices to verify that G C K.
Let y € G. Then for each n there is x,, € K such that y € Uy, (x,). Thus

d(y(si), zn(s;)) <n™?

Since K is compact, the sequence (x,) has a cluster point x € H(E). Evi-
dently, y(s) = x(s) for every s € Q. Hence y € K, by (a).

An alternative argument: Consider the continuous map f : z — z|Q
from H(E) into the metrizable compact space L := [[,.o K (s). Then K’ :=
f(K) is a compact, hence Gg, subset of L. Moreover, by (a), whenever
y € H(E)\ K, then f(y) ¢ K'. This means that K = f~'(K’), hence K is
a G; subset of H(E).

(b)=(a): Let (G,) be a sequence of open sets in H(FE) such that its
intersection is equal to K. Note that for each z € K and n € N there is
a neighborhood of z of the type U(x; A,e) (A € F(I), € > 0) contained
in G,. Hence, by the compactness of K, for every n we can find points

fori=1,...,n.

Ty s Tnm, € K, sets Ap1,..., Apm, € F(I) and positive numbers
En,1s--»En,m, such that

Lz

K C U U(xn,i;An,iaen,i) C Gn

i=1

Let 0o My
Q = U U An,i~
n=1i=1

Suppose z € K, y € H(F), and z|Q = y|Q. Since z € K, for each n
there is i, such that € U(zp,; AninsEnin). But £ = y on A, , hence
also y € U(zni,; Anins€nyin). Thus y € Gy, for every n, and consequently
yeK. n

It is worth noting that Proposition 4.15 admits a more general version:

PROPOSITION 4.16. Let M be a subspace of a product [ [, ¢ X of metriz-
able spaces. Then for a compact subset K of M the following are equivalent.
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(a) There is a countable set T C S such that whenever x € K, y € M,
and x|T = y|T, then y € K.
(b) K is a G5 subset of M.

COROLLARY 4.17. A point x € H(F) is a Gs-point iff there is a count-
able set Q) C I such that whenever y € H(E) and z|Q = y|Q, then z = y.

COROLLARY 4.18. Ewvery metrizable compact subspace K of Ho(F) is a
G5 subset of H(E).

Proof. By Proposition 4.9, |D(K)| < Ng. In view of Lemma 4.4, any
countable dense subset @ of I containing D(K) U {0, 1} is as required in
condition (a) of Proposition 4.15. m

With the help of points of order-discontinuity, we are now going to give
more precise versions of Lemma 4.4 and Corollary 4.17. We shall say that a
function z € H(F) is order-continuous at a point s € I if

x(sg) = sup{z(s) : s € [0,50)} and x(sp) = inf{xz(s): s € (so,1]},

with the proviso that only the first or the second equality is required to hold
when sg = 1 or sp = 0, respectively.

PROPOSITION 4.19. Ifx € H(E) is continuous at a point so € I, then x
s also order-continuous at sg.

For each x € H(FE), let D,(x) denote the set of all points in I where x is
not order-continuous. By the proposition above, D,(z) C D(z). In general,
these two sets may be radically different. For instance, if E is the unit
interval [0, 1] with the natural order and the discrete (zero-one) metric, and
x € H(E), then

(a) Do(z) coincides with the set of usual points of discontinuity of x
(i.e., those for the natural metric of E) so that |D,(x)| < No;

(b) |D(z)| < N iff [x(I)] < R (by Proposition 2.1).

PROPOSITION 4.20. Let x € H(E), and let Q be a dense subset of the
interval I containing its endpoints. Then the following are equivalent.

(a) QD Do(z).

(b) Whenever y € H(E) and z|Q = y|Q, then x = y.

(¢) The intersection of the neighborhoods U € U(x; Q) is equal to {x}.

Proof. Tt is quite obvious that conditions (b) and (c) are indeed equiva-
lent.

(a)=-(b): Let y be as required in (b), and let sp € I\ Q. Since z is
order-continuous at sg and @ N [0, sg) is a cofinal subset of [0, s9), we have
x(sg) = sup{z(s) : s € QN [0,50)}. On the other hand, x(s) = y(s) for
all s € Q@ NJ0,s0), hence z(sg) < y(sp). Likewise, y(so) < z(sp). Thus
z(s0) = y(s0)-
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(b)=-(a): Suppose there is a point sg € D,(z)\ Q. Then 0 < sy < 1 and
for some z € E we have either

(i) z(s) <z < x(sp) for all s € [0, sp), or
(ii) z(so) < z < z(s) for all s € (s, 1].

In either case, define a function y € H(F) by setting y(s) = x(s) for
s # so and y(sg) = z. Obviously, y|@Q = z|@ and y # x, contradicting (b). =

COROLLARY 4.21. A point x € H(E) is a Gg-point iff |Dy(x)| < No.

Proof. Suppose |D,(z)] < Xy and take any countable dense subset @
of I containing D,(x) U {0,1}. By Proposition 4.20, {z} is equal to the
intersection of the neighborhoods U (z; A,n~!), where A € F(Q) and n € N.
Thus {z} is a G set in H(E).

Conversely, assume that {z} is the intersection of a countable family of
neighborhoods of . We may assume that they are of the form U(x; A,n~1),
where A € F(Q) and n € N, for a certain countable dense set Q C I contain-
ing 0 and 1. Then, by Proposition 4.20, @ D D,(z), hence |D,(x)| < Rg. m

We conclude this section with an existence result.

PROPOSITION 4.22. Let the ordered metric space E satisfy condition (m),
and for every s € I let F(s) be a compact subset of E. Assume that for every
set A € F(I) there is an increasing function x : A — E with z(s) € F(s)
for all s € A. Then there exists an increasing function x : I — E with
x(s) € F(s) forall s € 1.

Proof. Consider the compact space F' = [[,.; F(s). For every A € F(I)
let F4 denote the set of all z € F' such that z|A is increasing. By assumption,
each of the sets F'4 is nonempty, and in view of condition (m) it is clear that
F4 is compact in F. Moreover, the family {F4 : A € F(I)} is downward
directed by inclusion. It follows that this family has a nonempty intersection,
which proves the theorem. =

5. Increasing functions and the Helly spaces (I). As before, K
will stand for a compact space, and E for an ordered metric space. The
ideas and facts collected below are, in essence, a somewhat elaborated and
generalized version of those already present in [9] (especially in Theorem 1
therein).

It is a simple observation, and yet of key importance for us, that there
exist natural one-to-one correspondences between increasing functions f :

I — C(K,E) and

a) functions ¢ : I x K — E that are increasing in the first variable and
continuous in the second variable, as well as
b) continuous maps F : K — H(E).
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These correspondences are determined by the equalities
o(s,t) = f(s)(t) = F(t)(s), whereselandteK.
Thus, in particular, F'(t) = p; o f for every t € K.
The two propositions below gather together a few easy relevant facts.

PROPOSITION 5.1. The map f — F described above is a homeomorphism
between the spaces H(Cp(K, E)) and Cy(K, H(E)).

If L is a compact subset of H(FE), we define a function gy, : [ — C(L, F)
by gr(s) = ms, where ms : L — E is the evaluation map (or projection) at
the point s € I; thus 7s(z) = x(s) for x € L. Clearly, gz, is an increasing
function, and p, o g;, = x for each x € L. Hence the associated continuous
map G, : L — H(E) is simply the identity embedding, and D(gr) = D(L)
by equality () in Proposition 3.1.

NoOTE. Functions of the type g, have already been used in the proofs of
Propositions 4.2 and 4.9, and of Corollary 4.10.

PROPOSITION 5.2. Let f : I — C(K, E) be an increasing function and
F: K — H(E) the associated continuous map, and let Ky := F(K), a com-
pact subset of H(E). Then

D(f) = D(Ky) = D(9k;)-
Moreover, the composition operator cy : g — g o F is an order preserving
isometric embedding of C(Ky, E) into C(K, E), and f = cy o gr,.

Proof. The last equality follows from the following chain of relations,
where s € [ and ¢t € K, and 7, is defined on Kj:

(e 0 gx,)(8)(t) = cr(ms)(t) = (ms 0 F)(t) = s (F(t)) = F(t)(s)
=pe(f(s)) = f(s)(t). w

Using Proposition 4.9, from the equality D(f) = D(Ky) we now derive
the following.

PROPOSITION 5.3. Let f : I — C(K, E) be an increasing function. Then
|ID(f)| < Ng iff the associated map F : K — H(FE) takes its values in Ho(E)
and has a metrizable range.

COROLLARY 5.4. The space C(K, E) has property (\) iff E has prop-
erty (A\) and every continuous map from K into H(E) has a metrizable
range.

This section will be continued as Section 7 below.

6. Metrizing maps on products of compact spaces. In all of this
section, X and X; (j € J) stand for arbitrary compact (Hausdorff) spaces,
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Z for a Hausdorff topological space and, as before, E for an ordered metric
space.

Motivated by the last two results of the preceding section, we shall say
that a continuous map f : X — Z is metrizing if its range, f(X), is a
metrizable (compact) subspace of Z. The most natural question arising in
this context is: For what spaces X and Z every continuous map f : X — Zis
metrizing? Note that it is certainly so when either Z or X itself is metrizable
(for the latter case see [6, §41.VI, Th. 3] or [13, 7.6.3]). On the other hand,
it may happen that the only metrizing maps are the constant ones, as is
the case when the space X is connected and the space Z has no infinite
metrizable subspaces (it is so e.g. for Z = N, see [4, 3.6.15]).

PRrOPOSITION 6.1. If a compact space Y is a continuous image of the
space X, and every continuous map from X to Z is metrizing, then so is
every continuous map from'Y to Z.

In view of Proposition 5.3, the situation most interesting for us is when Z
is the Helly space Hy(E). In this case our results will be much better than
in the general case, thanks to the following two properties of Hy(FE):

(A) Ho(FE) is a first-countable space (Corollary 4.6);
(B) A separably metrizable compact subspace of Hy(E) is metrizable
(Corollary 4.10).

PROPOSITION 6.2. A continuous map f : X — Ho(FE) is metrizing iff
the image under f of every separable compact subset of X is metrizable.

Proof. “If”: Since for every separable compact set L C f(X) one can
find a separable compact set C' C X so that L = f(C), the range of f is
separably metrizable. Apply (B). m

We may now restate Corollary 3.6 as follows.

COROLLARY 6.3. If the compact space X is separably metrizable, then
every continuous map f : X — Hy(E) is metrizing.

We finish this part with the following consequence of Proposition 4.11.

PROPOSITION 6.4. If the compact space X is scattered, then every con-
tinuous map f : X — H is metrizing; equivalently, the space C(X) has
property (N).

We now turn to our basic problem of when a separately metrizing con-

tinuous map, defined on a product of compact spaces, is metrizing.
Consider the product space

X;=][X;

jeJ
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(this sort of notation for product spaces will often be used in what follows).
Given a point u = (u;) € X; and an index i € J, we denote by u' the
homeomorphic embedding of X; into X; that assigns to each point ¢t € X
the point (z;) € X such that x; = u; for j # ¢ and x; = ¢.

Now, a continuous map f : Xy — Z will be called metrizing in each
variable separately, or briefly separately metrizing, if for each v € X; and
i € J the map fou' : X; — Z is metrizing. Thus, in particular, a map
f X1 x Xo — Z is separately metrizing iff for any a1 € X1, as € Xo both
f(a1,-) : Xo — Z and f(-,a2) : X1 — Z have metrizable ranges.

We seek conditions under which a separately metrizing map is metrizing.
We start with two auxiliary results. Given a compact space X, we denote
by Cp(X, Z) the space of all continuous maps from X to Z equipped with
the topology 7, of pointwise convergence (the one induced from the product
space ZX).

PROPOSITION 6.5. Let X1 and Xo be compact spaces, and let f be a
continuous map from X1 x Xg to Z. Then there exist compact spaces Y
and Ys, continuous surjective maps q1 : X1 — Y1 and g2 : Xo — Yo, and a
continuous map g : Y1 X Yo — Z such that

) f=go(q,q), ie, f(z1,22) = g(q1(21), q2(x2)) for all (z1,72) in
X1 X XQ;

2) both the maps y1 — g(y1,-) : Y1 — Cp(Y2, Z) and y2 — g(-,y2) : Y2 —
Cp(Y1,Z) are one-to-one.

Proof. Consider the maps ¢ : 1 — f(x1,-) from X; to Cp(X2,Z) and
q2 : w2 — f(-,x2) from Xs to Cp(X1, Z). They are obviously continuous,
hence their ranges,

Y1 = {f(l’l,) 11 € Xl} and Yé = {f(,xg) X9 € Xg},

are compact subsets of the spaces Cp(X2,Z) and Cp(X1, Z), respectively.
Next, define a map g : Y1 xYy — Z by setting g(y1,y2) = f(z1,z2), where
(x1,x2) is any point in X7 x Xy such that y; = f(x1,-) and yo = f(-, z2).
This makes sense because if f(x1,-) = f(a),-) and f(-,z2) = f(-,2}) for
some (2, xh), then f(x1,22) = f(z], x2) = f(a], 2h).
From the definition of g it is clear that both conditions 1) and 2) are
satisfied. Moreover, since (qi, g2) is a continuous surjective map of X7 x Xy
onto Y7 x Yy (hence a quotient map) and f is continuous, so is g. =

PROPOSITION 6.6. Let F' be a compact subset of the space Cp(X, Z). If
the space X is separable and for each t € X the (compact) set

F(t)={f(t): feF}CcZ

is metrizable, then also F' is metrizable.
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Proof. Let D be a countable dense subset of X. Then the map f — f|p
from F' to the product space [[,cp F'(t), which is compact and metrizable,
is continuous and one-to-one, hence it is a homeomorphic embedding. From
this the assertion follows immediately. =

We are now ready for our basic result on separately metrizing maps.

THEOREM 6.7. Let (X;)jer be a finite (J={1,...,n}) orinfinite (J=N)
sequence of compact spaces, all of which, except possibly one, are separable.
If a continuous map f from the product space X j to the space Z is separately
metrizing, then it is metrizing.

Proof. We may assume that all the spaces X; for j > 2 are separable.

We start with the case of a finite sequence X1, ..., X,. We proceed by
induction.

First, let n = 2. In view of Proposition 6.5 we may assume that the con-
tinuous maps ¢ : 1 — f(z1,-) from X to Cp(X2, Z) and q2 : 2 — f(-, x2)
from X, to Cp(X1, Z) are one-to-one. Then

F = ql(Xl) = {f(xl, ) X1 € Xl}

is a compact subset of Cp(X2,Z) and, by assumption, each of the sets
F(x9) = f(X1,x9) C Z is metrizable. Hence, by Proposition 6.6, F' is metriz-
able, and since ¢; is a homeomorphism between X7 and F, also the space X7
is metrizable.

Now, as X; is compact and metrizable, hence separable, interchanging
the roles of X7 and X5 in the above argument shows that also the space Xo
must be metrizable.

Consequently, both the spaces X1 and Xs are compact and metrizable,
and so are X7 x X and f(X; x X3).

Assume now the assertion holds for some n = k > 2, and consider the
case of n = k + 1 spaces. Fix any ;1 € X and let g denote the continuous
map (z2,...,2Ty) — f(z1,22,...,2y) from Y := X9 x --- x X, to Z. It is
clear that g is separately metrizing. By the induction hypothesis, g has a
metrizable range. Now, the space Y is separable, and f viewed as a map
from X XY to Z is separately metrizing. By the case n = 2, f is metrizing.

Now, let us deal with the case of an infinite sequence (X) of spaces. For
every k € N set

oo
Ve=][Xn Zi= [ Xu

n=1 n=k+1
Fix any k € N. Then for every point z € Zj the map y — f(y, z) from Y}
to Z is separately metrizing. Therefore, by the first part of the proof, it has
a metrizable range. Denote by f;, the continuous map from Y}, to Cp(Zy, Z)
defined by the equality fi(y)(z) = f(y, z). In view of Proposition 6.6, from
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the preceding observation and since the space Zj is separable it follows that
Fi, = fr(Yy) is a metrizable compact subset of the space Cp(Zy, Z).

Let F:= [[,cn Fk, a metrizable compact space, and define a continuous
map ¢ : Xy — F as follows:

a(z) = (fr(z"))ken,

where x := (z1,22,...) € X; and 2¥ := (21,...,2) € V3.

Let G := q(X), a metrizable and compact subset of F', and let g € G.

Suppose g = q(z) = q(y) for some x,y € X ;. This means that for each k the
maps fk($k) = f(xla sy Ty ) and fk’(yk) = f(yla < Yk ) from Zy to Z co-
incide. Consequently, f(z) = f(ug), where up = (y1,. .., Yk, Tht1, Tht2y---)-
On the other hand, since uy — y as k — oo, we have f(ur) — f(y) as
k — oo. Hence f(x) = f(y).
_ We may therefore define a map f: G — Z by setting, for each g € G,
f(g) = f(z), where x is any point in X such that ¢(z) = g. From this
definition it is clear that f = fo q. It follows that fis continuous and that
f(Xy) = f(G) is metrizable. u

EXAMPLE 6.8. Theorem 6.7 fails to hold even in the case of two compact
spaces X1 and Xj if the separability hypothesis is omitted.

To see this, let K = {0,1}!, where I = [0,1], and note that the map
m : K x K — K defined by m(x,y) = xy (pointwise multiplication) is
continuous. Next, consider the set X of all elements = € K such that z(s) = 1
for at most one point s € I. As is easily seen, X is a nonseparable compact
subset of K. Now, f :=m|X x X is a continuous map from X x X onto X,
and it is separately metrizing because f(z, X) = f(X,z) = {0,z} for every
x € X. However, X = f(X x X) is not metrizable.

Note that, in the example above, the function 0 is the only nonisolated
point of X, hence X is homeomorphic to the one-point compactification of
the discrete space [0,1]. It is also worth noting that the space X can be
viewed as the weak closure in the Banach space l2(I) of the set of its unit
vectors es (s € I). Thus without the separability assumption Theorem 6.7
fails to hold even if Xy, Xs, and Z are Eberlein compacts.

An analogue of Theorem 6.7 for arbitrarily large families (X;) of sepa-
rable compact spaces requires an extra assumption on the space Z.

THEOREM 6.9. Let X; (j € J) be separable compact spaces and assume
that each point in the space Z is a Gg set. If a continuous map f from the
product space X j to the space Z is separately metrizing, then it is metrizing.

Proof. By a result due to Corson and Gleason (see [3], [4, 2.7.13]), f
depends only on a countable number of coordinates. Thus there exists a
countable subset T of J and a continuous map ¢ : X7 — Z such that
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f = g o pp, where pr is the natural projection from X; onto X7. Clearly,
g is separately metrizing and f(X;) = g(Xr), and to get the assertion it
suffices to apply Theorem 6.7. u

COROLLARY 6.10. Let X; (j € J) be compact spaces and assume that
each point in the space Z is a Gs set. Also, let f be a separately metrizing
continuous map from the product space Xy to the space Z. Then every sepa-
rable subspace of the range f(X ) of f is metrizable. In particular, if f(X )
s separable, then f is metrizing.

Proof. Take any closed separable subspace W of f(X ;). Then there ex-
ists a closed separable subspace Y of X such that f(Y) = W. For each
Jj € J, let Y, denote the image of Y under the natural projection of X
onto Xj; clearly, Y; is a separable compact subspace of X;. To finish, apply
Theorem 6.9 to the restriction of f to the subspace Y; := HjeJ Yiof Xj. m

In view of Proposition 6.2, the following is an immediate consequence of
the preceding corollary and the fact that Hy(FE) is a first-countable space.

COROLLARY 6.11. A separately metrizing continuous map from any
product of compact spaces into the Helly space Ho(F) is always metrizing.

COROLLARY 6.12. Let X; (j € J) be compact spaces, where |J| < 2%,
at most one of which is nonseparable. Moreover, assume that each point in
the space Z is a Gg set. If a continuous map f from the product space Xy
to the space Z is separately metrizing, then it is metrizing.

Proof. We only need to consider the case where one of the spaces Xj,
say Xj,, is nonseparable. Define X = X, and ¥ = HjeJ\jo X;. Then the
space Y is separable (by [4, 2.3.16]), and using Theorem 6.9 it is easily seen
that f, as a map from X X Y into Z, is separately metrizing. An appeal to
Theorem 6.7 finishes the proof. =

EXAMPLE 6.13. Theorem 6.9 becomes false if one omits the assumption
that each point in Z is a G5 set. Let {I; : j € J} be a partition of I = [0, 1]
into infinite countable subsets; of course, |.J| = 280, For each j € J, let
X; = Dl and let Z = D, where D stands for the discrete space {0,1}.
Note that each of the compact spaces X; is metrizable, and that no point
in Z is a G set. Consider the map f that assigns to each point x = (x;)
in X; the point z € Z such that z|I; = x; for every j € J. Clearly, f is a
homeomorphism between X ; and Z, and it is separately metrizing. However,
Z = f(X) is not metrizable.

7. Increasing functions and the Helly spaces (II). In this section,
FE is an ordered metric space, and K; stands for the product of a family
(K : j € J) of compact spaces. For each point u € K; and index i € J, the
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homeomorphic embedding u’ : K; — K is defined as at the beginning of
Section 6.

THEOREM 7.1. Let a function f : I — C(Kj, E) be increasing. Assume
that for every point uw = (uj) € Ky and every index i € J the function
s+ f(s)ou’ from I to C(K;, E) has at most countably many discontinuities.
Then f itself has at most countably many discontinuities.

Proof. Consider the map F' : K; — H(FE) associated with f (see Sec-
tion 5). Thus F'(t)(s) = f(s)(t) for t = (t;) € K;, s € I. Since F(t)(s) =
f(s)ot'(t;), we have |[D(F(t))| < Ng so that the range of F' is actually con-
tained in Ho(FE). From the assumptions on f and Proposition 5.3 it now
follows that F' : K; — Hy(E) is separately metrizing. To conclude, apply
Corollary 6.11 and Proposition 5.3 again. =

THEOREM 7.2. For every j € J let X; be a subspace of C(Kj, E) having
property (), and define X to be the subspace of C(Kj, E) consisting of all
functions x such that x ou' € X; for allu € Ky and i € J. Then X has
property (N).

Proof. Let f : I — X be an increasing function. Then each of the
increasing functions s — f(s) o u’ from I to X; C C(K;, E) has at most
countably many discontinuities because X; has property (). To finish, apply
the preceding theorem. =

COROLLARY 7.3. If all the spaces C(Kj, E) have property (X\), so does
the space C(Kj, E).

COROLLARY 7.4. Let K be a compact space and E a Banach lattice. If
both the spaces C(K) and E have property (\), then also the space C(K, E)
has property (\).

Proof. Let U denote the positive part of the closed unit ball in the
dual Banach lattice E*; equipped with the induced weak™ topology, U is a
compact space. Then F can be viewed, via a natural order-preserving linear
isomorphic embedding, as a subspace of C(U). Hence, likewise, C(K, E)
can be viewed as subspace of C(K,C(U)) = C(K x U). To finish, apply
Theorem 7.2 with X; = C(K) and Xo=E C C(U).
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