Separable subspaces of affine function spaces
on convex compact sets
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Abstract. Let K be a compact convex subset of a separated locally convex space (over R) and
let A, (K') denote the space of all continuous real-valued affine mappings defined on K, endowed
with the topology of pointwise convergence on the extreme points of K. In this paper we shall
examine some topological properties of A, (K). For example, we shall consider when A, (K) is
monolithic and when separable compact subsets of A,(K) are metrizable.
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1 Introduction

This paper is a tentative first step in the study of the continuous real-valued affine functions defined
on a compact convex set K, endowed with the topology of pointwise convergence on the extreme
points of K.

For this reason we have attempted to make this paper as self-contained as possible. As a conse-
quence, we have included the statements and proofs of several well-known results.

We shall begin with some background material and some basic notation, then in section 2, we
shall examine when separable subsets of A,(K) are separable in (A(K), || - |s). In section 3 we
examine when separable compact subsets of A,(K') are metrizable and when A,(K') has countable
tightness. Recall that a topological space (X, 7) is said to have countable tightness if for every
subset Y of X and every element x € Y there exists a countable subset C' of Y such that x € C.
Finally, in sections 4 and 5, we give several counter-examples that illuminate the boundaries of our
investigations.

A vector space (X, +,®) over a field K, endowed with a topology 7, is called a topological vector
space if the functions ® : K x X — X (scalar multiplication) and + : X x X — X (addition) are
continuous with respect to 7. A subset K of a vector space is said to be convex if for each z,y € K
and 0 < A <1, Az + (1 - XNy € K. A topological vector space is said to be locally conver if 0 has
a local base consisting of convex neighbourhoods.

In this paper we will be exclusively working with separated locally convex spaces over R. Recall
that a topological vector space is said to be separated if the topology defined on it is Hausdorff.
The reason for this restriction is revealed in the following theorem.

Theorem 1.1 [7, page 118] Suppose that X is a locally convex space over R and C' is a nonempty
closed convex subset of X. If x & C then there exists a continuous linear functional x* such that
sup{z*(c) : c € C} < z*(x).
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An immediate consequence of Theorem 1.1 is that in separated locally convex spaces the relative
weak topology coincides with the relative linear topology on compact subsets.

We say a subset E of a set K in a vector space X is an extremal subset of K if x,y € E whenever
MM+ (1-NyeFE z,ye K and 0 < A < 1. A point z in a set K is called an extreme point of K
if the set {x} is an extremal subset of K. For a set K in a vector space X we will denote the set
of all extreme points of K by, Ext(K).

Proposition 1.2 Let K be a nonempty subset of a vector space. If E is an extremal subset of K
then Ext(E) C Ext(K).

Proof : Suppose that e € Ext(FE) and that Az + (1 — \)y = e for some z,y € K and 0 < A < 1.
Then, since F is extremal, x,y € E, but since e € Ext(F), z =y = e. Thus e € Ext(K). O
If a convex subset K of a separated locally convex space is also compact then the set Ext(K) is

sufficiently large to recapture the entire set.

Theorem 1.3 (Krein-Milman Theorem) [9] Let K be a compact convex subset of a separated
locally convex space. Then Ext(K) is nonempty and K is the closed convex hull of it’s extreme
points.

There is also a partial converse to the Krein-Milman Theorem.

Theorem 1.4 (Milman’s Theorem) [12, page 8] Let E be a nonempty subset of a separated
locally convex space. If K :=¢o(E) is compact then Ext(K) C E.

Let K and T be convex subsets of vector spaces. A function f : K — T is said to be affine if for
allz,ye Kand 0 < A <1,

fQz+ (1 =Ny) =Af(z) + (1= A)f(y).

The set of all continuous real-valued affine functions on a compact convex subset K of a topological
vector space will be denoted by A(K). Clearly, all translates of continuous linear functionals are
members of A(K), but not all members of A(K) are translates of continuous linear functionals [12,
page 21]. However, we do have the following relationship.

Proposition 1.5 [12, Proposition 4.5] Suppose that K is a compact convex subset of a separated
locally convex space X then

{a € A(K):a=r+ax%g for some x* € X* and some r € R}
is dense in (A(K), | - |lco)-

Affine maps acting between convex sets preserve some of the geometrical structure of the underlying
convex sets, as the following theorems demonstrate.

Theorem 1.6 Suppose that f : K — T is a surjective affine mapping acting between conver
subsets K and T of vector spaces. Ift € T then f=1(t) is an extremal subset of K if, and only if,
t € Ext(T).



Proof : Firstly, suppose that f~1(¢) is an extremal subset of K. If there exists =,y € T such that
t=Ar+(1—A)y for some 0 < A < 1, then A\f~}(z)+(1=N)f"y) C fF 1Oz +(1-Ny) = fL(#).
Since f~1(t) is extremal, f~'(z) C f~1(¢t) and f~!(y) C f~1(t). Hence x =y =t i.e., t € Ext(T).

Now, suppose t € Ext(T). If there exists z,y € K and 0 < A < 1 such that Az + (1 —\)y € f~1(¢),
then t = f(Ax + (1 — Ny) = Af(z) + (1 — X) f(y). However, since t € Ext(T'), this means f(z) =
fly)=t, orx,y € f1(t), ie., f7(t) is extremal. [

Corollary 1.7 Suppose that K and T are convex subsets of vector spaces and f : K — T is a
surjective affine map. If e € Ext(T), then Ext(f~'(e)) C Ext(K).

Proof : Since e is an extreme point of T, by Theorem 1.6, f~!(e) is an extremal subset of K.
However, by Proposition 1.2, Ext(f~!(e)) C Ext(K). O

Let K and T be compact convex subsets of topological vector spaces and let f : K — T be a
continuous affine map. We define f# : A(T) — A(K) by, f#(a) := ao f. Note that f7 is always
an isometric embedding of (A(T), || - |leo) into (A(K), || - ||co)-

If K, .S and T are compact convex subsets of separated topological vector spaces and g : K — S
and h : S — T are continuous affine mappings then (hog)# : A(T) — A(K) and (hog)?# = g% oh¥.

Theorem 1.8 Let K and T be compact conver subsets of separated topological vector spaces and
let f: K — T be a surjective continuous affine map. Then g € f#(A(T)) if, and only if, g € A(K)
and g is constant on f~'(t) for each t € T.

Proof : Clearly if g € f#(A(T)) then g is constant on f~!(t) for each t € T. Now suppose g is
constant on each f~!(¢) and define a map b : T — R by, b(t) := g(k) for some k € f~1(t). Since
f is surjective and g is constant on f~!(¢), for each t € T, b is well defined. Moreover, since f is
a perfect mapping b is continuous. Finally, it is easy to check that b is affine and hence b € A(T).
Now f#(b) =bo f =g. Thus g € f7(A(T)). O

Next we introduce some notation from topology.

Let the set of all continuous real-valued functions defined on a topological space X be denoted by,
C(X). If Y C X then we shall denote by, 7,(Y") the topology on C'(X) of pointwise convergence on
Y. Furthermore, in the special case when Y = X we shall denote by Cp(X) the set C(X) endowed
with the topology 7,(X).

If K is a compact convex subset of a topological vector space then will shall write A, (K) to indicate
the set A(K) endowed with the topology 7,(Ext(/)) and we shall write B4 to indicate the set

{f € A(K) « [[flloc < 1}.

Corollary 1.9 Suppose that K is a compact convex subset of a separated locally convex space and
M C A(K). Then the mapping f : K — (RM 7,(M)) defined by, f(k)(m) :=m(k) is a continuous
affine mapping onto T := f(K) and ) C fH(A(T)). Thus, if |M| < Rg then )
separable in (A(K), | - |loo)-

18

If X is a topological space then we shall call any measure i defined on the o-algebra of Borel
subsets of X (or their completion with respect to ) a Borel measure. We shall say that p is a
reqular Borel measure if for each Borel subset S of X,

sup{u(K): K C S and K is compact} = u(S) = inf{u(U) : S C U and U is open}.



We say that p is a probability measure if p is a positive measure on X and if u(X) = 1. If pis a
probability measure on X, then we say that p is supported by a set S, or that, u is carried on a set
S, if there exists a u-measurable set B C S such that u(B) = 1.

Let K be a compact convex subset of a separated locally convex space, let u be a regular Borel
measure on K and let % be a subset of A(K). If k is a point in K, then we say that u represents
k over F if,

/fdu—f(k) for every f € 7.
K

If # = A(K), then we simply say that u represents k. The restriction to separated locally convex
spaces ensures the existence of separating functions for K, which in turn, ensures that each Borel
probability measure p represents at most one point.

Theorem 1.10 [12, page 6] Suppose that K is a compact convex subset of a separated locally convex
space and suppose that p is a reqular Borel probability measure on K. If T is a compact conver
subset of K and pu(T) = 1 then there exists a point k € T such that u ‘represents’ k.

Thus each regular Borel probability measure represents a point in K. Hence it is natural to ask the
converse question; namely, does every point in a compact convex subset K of a separated locally
convex space have a regular Borel probability measure that represents it? Trivially, every point is
represented by it’s ‘point mass’ measure; however, if K is metrizable, then we are able to guarantee
the existence of representing measures whose support is carried on Ext(K).

Theorem 1.11 (Choquet’s Representation Theorem) [4] Suppose K is a metrizable compact
convex subset of a separated locally convex space and suppose that k € K. Then Ext(K) is a Gs
subset and there exists a reqular Borel probability measure p carried on Ext(K) that ‘represents’ k.

If K is non-metrizable then we have the following version of Choquet’s Theorem which is less
precise as to the support of the representing measures.

Theorem 1.12 (Bishop-de Leeuw Theorem) [12, page 17] Suppose that K is a compact convex
subset of a separated locally convex space and suppose that k € K. Then there exists a reqular Borel
probability measure p on K that ‘represents’ k and which vanishes on every Gs subset of K\Ext(K).
In particular, if Ext(K) C X C K is universally measurable and Lindeldf (e.g. if X is K-analytic)
then pu(X) = 1.

Although the statement of the above theorem differs slightly to that stated in [12], it’s proof is
the same. An immediate consequence of the Bishop-de Leeuw theorem is the following geometric
result.

Corollary 1.13 Let K be a nonempty compact conver subset of a separated locally convexr space.
If T and {Cy, : n € N} are compact convex subsets of K whose union cover Ext(K) then for each
r € K\T there exist elements y € K, z € J,,cy Cn and XA € [0,1) such that x = Ay + (1 — X))z

Proof : By Theorem 1.12 there exists a regular Borel probability measure y carried on TUJ,,cn Cn
that ‘represents’ . Now, u(7") < 1 since if u(7") = 1 then by Theorem 1.10, x € T". Therefore,
0 < u(Upen Cn) < 1. In particular, this implies that for some k € N, 0 < p4(C},) < 1. Note that if



1(Cy) = 1 then by Theorem 1.10, z € C and so the Corollary follows by letting y := z := x and
A:=1/2. So we will assume that 0 < u(Cj) < 1. For each Borel set B C K let

1 1
M=) W(Ch)
Then both @1 and po are regular Borel probability measures on K. Therefore, by Theorem 1.10
there exist elements y,z € K such that p; ‘represents’ y and po ‘represents’ z. Moreover, since
12(Cr) = 1 it follows from Theorem 1.10 that z € Ck. If we set 0 < XA = pu(K \ C;) < 1
then p(Cr) = (1 = X) and u(B) = Aui(B) 4+ (1 — AN)ue(B) for each Borel subset B of K and so
= A1+ (I — X)pe. In particular, this means that for every a € A(K)

WBNIK\C) and po(B):

n(B N Cy).

otw) = [ adu = [ adiyn+(01-N)

= )\/ ad,u1+(1—/\)/ a dpug
K K
= Xa(y)+ (1 = Na(z) = a(My + (1 — N)2).
Since the elements of A(K) separate the points of K, x = Ay + (1 —\)z. O
For a set X we shall denote by Ax :={(z,2) € X x X : z € X}.

Theorem 1.14 Let K be a nonempty compact convex subset of a separated locally convex space.
Then the following are equivalent:

(i) Ext(K) is a Gg-subset of K;
(ii) Apxy(k) s a Gs-subset of K x K;

(iii) Apxe(r) is a Gs-subset of Ext(K) x Ext(K).

Proof : (i) = (ii). Let m : K x K — K be defined by, m(z,y) := 1/2(x + y). Then m is
continuous and m ! (Ext(K)) = Apxi(xk)- Therefore, if Ext(K) is a Gs-subset of K then Apy (k)
is a Gg-subset of K x K. (ii) = (iii) is obvious. (iii) == (i). Let us begin by noticing that
if (K xK)\Ax CF CK x K and Agyygy N F = @ then m(F) = K \ Ext(K). So to prove
this implication it will be sufficient to show that there exists an F, set FF C K x K such that
(K x K)\ Ag C F and Agygxy) N F = @. To this end, suppose that Apyx) = (V,en Uns
where each U, C Ext(K) x Ext(K) is an open neighbourhood of Agy(g). For each n € N, let
Cy := co[Ext(K) x Ext(K) \ Up]. By a Theorem 1.4, C;, N Agy (k) = @ for each n € N and so

[Ext(K) x Ext(K)] \ Apxr) = [Ext(K) x Ext(K)]n | Ch.
neN

Since Ext(K x K) = Ext(K) x Ext(K) we have that Ext(K x K) C Ag U, ey Cn-
Thus it follows from Corollary 1.13 that if we define

Fing) ={AW+(1—-XNz:ye KxK,z€Cpand 0 <\ < (1—1/m)} for each (m,n) € N?

then (i) F':= gy nyenz Fn is an Fo-set (ii) [K X K]\ Ag € F and F N Apyyr) = 2. U



Let K be a compact Hausdorff space and let P(K) denote the set of all regular Borel probability
measures on K endowed with the weak* topology. If T is also a compact Hausdorfl space and
f: K — T is a continuous surjection then f## : P(K) — P(T) is defined by,

f##(u)(B) := pu(f~1(B)) for each Borel subset B of T.

One can easily check that f## does indeed map regular Borel probability measures on K to regular
Borel probability measures on 7T'.

Theorem 1.15 Let K and T be compact Hausdorff spaces and suppose that f : K — T is a
continuous surjection. Let p be a regular Borel probability measure on K and let v := f##(u). If
g is a bounded Borel measurable function on T then

/gofdu:/gdv.
K T

Proof : Consider first the case when g is a simple function on T, i.e., g = >, ¢ X, where ¢; € R,
{E; : 1 <i < n}is a partition of T' by Borel subsets and X ¢ denotes the characteristic function of
a Borel set S. Furthermore, we note that if E is a Borel subset of T’ then f~!(E) is also Borel in
K. Now,

/TQdV = /ZQXE dV—ZCz/XE dy_ch
- ZCZ“ ZC@/ Xy-1(m) A = Zcz/ Xg o f dp
= /ch X, o f) dp= L(;CiXEi>Ofd/‘:/Kgofdﬂ'

In the general case, when ¢ is a bounded Borel measurable function on 7T, the result follows from
the fact that g can be uniformly approximated by simple functions. [

Next, we state the well-known characterisation of the extreme points of P(K).

Theorem 1.16 [5, page 422] Let K be a compact Hausdorff space. Then Ext(P(K)) = {0y : k €
K} where 6y, is the ‘point mass’ measure for k, i.e.,

|1 ifkeA
0k(A) = { 0 ifkdA for each Borel subset A of K.

In fact the mapping k — &k is a homeomorphism from K onto Ext(P(K)).
The next theorem relies heavily upon this characterisation.

Theorem 1.17 Let K and T be compact Hausdorff spaces and let f : K — T be a continuous
surjection. Then f7# : P(K) — P(T) is a continuous affine surjection.

Proof : Firstly, from Theorem 1.15, it is clear that f## is continuous. However, it is also clear
that f## is affine. Hence it remains to show that f## is onto. Now, f##(P(K)) is a compact
convex subset of P(T). Thus if Ext(P(T)) C f##(P(K)) then by the Krein-Milman Theorem,



P(T) € f##(P(K)).

By Theorem 1.16, Ext(P(T")) = {0; : t € T'} where J; is the ‘point mass’ measure for ¢ on 7. Choose
6 € Ext(P(T)). Since f is onto, t = f(k) for some k € K. Then f##(5;)(A) = S (f~1(A)) for
each Borel subset A of T, i.e.,

(1 ifke fT(A)
eI ={ o he il

That is, f##(0x)(A) =1 <= t € A. Thus, f##(5;) = 6. Therefore Ext(P(T)) C f##(P(K))
and so f## is onto. [

Corollary 1.18 Let X be a compact Hausdorff space. Then there exists a linear topological iso-
morphism from Cp(X) onto A,(P(X)).

Proof : Consider the mapping T : C,(K) — A,(P(K)) defined by, [T'(f)](n) = / fdp. Tt

K
is easy to see that T' does indeed map into A(P(K)) and is linear. Let p € Ext(P(K)) then by
Theorem 1.16, p = 6 for some k € K. Therefore,

(TN = [ 7 8= 7o) for all £ € C(K),

Hence it follows that T is a topological embedding of C,(K) into A,(P(K)). Let a € A(P(K))
and define f : K — R by, f(k) := a(d;). Then f € C(K) as k — J is continuous. Moreover,
T(f) = a and so T is surjective. [

In this way, we see that the study of A,(K), for K a compact convex subset of a separated locally
convex space, includes the study of C(X), for X a compact Hausdorff space. Let us also note that
since A(K) C C(K) we have by Riesz’s representation theorem [for the dual of (C(K), || - ||c)] and
Theorem 1.10 that the weak topology on (A(K), | - ||«) coincides with (A(K), 7,(K)).

This completes the introduction.

2 Separability in (A(K), || - [ls)

We begin this section by describing a family of sets that includes the set of extreme points. Let K
be a compact convex subset of a separated locally convex space. We shall call a subset B of K a
boundary for K if for each a € A(K) there exists a b € B such that a(b) = max{a(k) : k € K}.
Clearly, if B is a boundary for K then for each a € A(K) there exists a b € B such that a(b) =
min{a(k) : k € K}. Hence for any boundary B of K, B4k is closed in the 7,(B)-topology. The
prototypical example of a boundary for K is Ext(K). However, there are many other examples.
For example, if B is any pseudo-compact dense subset of Ext(K) then B is also a boundary for K.

By contrast, with the situation for the extreme points of a compact convex set, there are in general
no integral representations for the points of a compact convex subset in terms of the regular Borel
probability measures supported on their boundaries, see [2, page 330]. Despite this, we still have
the following version of Rainwater’s theorem.

Theorem 2.1 (Rainwater-Simons Theorem) [15] Suppose that K is a compact convexr subset
of a separated locally convex space and B is a boundary for K. If (a, : n € N) is a bounded sequence
in (A(K), || |loc) then (a, : n € N) converges to 0 with respect to 7,(B) if, and only if, (a, : n € N)
converges to 0 with respect to 7,(K) i.e., converges to 0 with respect to the weak topology on A(K).



We now examine the question of when a separable subset of (A(K),7,(B)), for a boundary B of
K, is separable in (A(K), || - ||co)-

Our first result in this direction follows directly from [3].

Theorem 2.2 Let X be a compact Hausdorff space and let B be any boundary for P(X). Then
every separable subset of (A(P(X)),1p(B)) is separable in (A(P(X)),| - ||oc)-

Proof : It is shown in [3] that for any countable subset {f,, : n € N} of C(X) and any x € X there
exists a u € B such that

fo(z) = / fndp  for all n € N.
X

Consequently, for any countable subset {a,, : n € N} of A,(P(X)) we have that {a, : n € N} * "

{ap :n eN }Tp(EXt(P(X))). The result then follows from Corollary 1.18 and Corollary 1.9. O

¥s

This result might lead one to speculate that the following is always true: “Let B be an arbitrary
boundary for a compact convex subset K of a separated locally convex space. Then every separable
subset of (A(K),7,(B)) is separable in (A(K), || - |ls).”

However, there are many examples to show that this naive conjecture is false (e.g., Example 4.5).

To further explore the problem of when a separable subset of (A(K), 7,(B)), for a boundary B of
K, is separable in (A(K), || - ||o) We need to consider some further notions from topology.

The weight w(X, T) of a topological space (X, 7) is the minimal infinite cardinality of any base for
X, while the network weight nw(X, 7) of X is the smallest infinite cardinality of any network in X.
Recall that a network for a topological space X is a family .4 of subsets of X such that for any
point € X and any open neighbourhood U of x there is a N € .4 such that x € N C U. Let us
also recall that the density d(X,7) of a topological space X is the minimal infinite cardinality of
any everywhere dense set in X.

We can now define monolithicity in terms of these preliminary concepts. A topological space X is
called T-monolithic if nw(A) < 7 for every set A C X such that |A| < 7. In particular, a topological
space X is Ng-monolithic if the closure of every countable set is a space with a countable network.
A topological space X is called monolithic if it is 7-monolithic for every infinite cardinal 7, i.e., if
for every Y C X we have d(Y,7) = nw(Y, 7). A related notion to monolithicity is that of stability.
A subset Y of a topological space X is said to be 7-stable in X if for every pair of continuous
functions f: X — Sand g: S — T, nw(f(Y)) < 7 whenever g separates the points of f(Y) and
w(T) < 7. A subset Y of a topological space X is said to be stable in X if it is 7-stable in X for

every infinite cardinal 7.

It can be shown that every Lindel6f Y-subspace of a topological space X is stable in X, (see [1,
Theorem 11.6.21]). Recall that a space X is a Lindelof Y-space if it is the continuous image of a
space Y that can be perfectly mapped onto a space with a countable base. It can also be shown
(see [1, Proposition 11.6.2]) that a pseudo-compact subspace of a topological space X is Ny-stable
in X.

The following theorem, which may be deduced by modifying the proof of [1, Theorem I1.6.8], reveals
the relationship between monolithicity and stability.

Theorem 2.3 Let 7 be an infinite cardinal and let Y be a subset of a completely reqular topological
space X. Then (C(X),7,(Y)) is T-monolithic if, and only if, Y is T-stable in X.



To create a more diverse range of T-stable spaces we can use the following theorem. For subsets X
and Y of aset Z we let XAY := (X \Y)U (Y \ X).

Theorem 2.4 Suppose that X and Y are subsets of a completely reqular space Z. If | XAY| < Ny,
T s an infinite cardinal and M C C(Z) then:

(1) nw(Mv TP(X)) = nw(Ma TP(Y));
(ii) X is 7-stable in Z if, and only if, Y is T-stable in Z.

Proof : (i) Let W := XNY. Then clearly nw(M, 7,(W)) < min{nw(M, 7,(X)), nw(M,7,(Y))}. So
we need to show that max{nw(M, 7,(X)), nw(M, ,(Y))} < nw(M,1,(W)). To this end, let .4 be a
network for (M, 7,(W)) such that |.4| < nw(M, 7,(W)) and let .#” be a network for (M, 7,(X\W))
such that |47 < nw(M,,(X \ W)) = Xg since | X \ W| < Ng. Define A" :={NNN':(N,N') e
A x A"} Then A" is a network for (M, 7,(X)) and |A7| < |A x A7 = nw(M,7,(W)).
This shows that nw(M,7,(X)) < nw(M,7,(W)). A similar argument can be used to show that
nw(M,7,(Y)) < nw(M, 7,(W)).

(ii) Suppose that X is 7-stable in Z. Let W := X NY. We will first show that W is 7-stable in
Z. Suppose that f: Z — S and g : S — T are continuous mappings such that w(7T) < 7 and
g separates the points of f(W). Let G := {z € X \ W : z is a G-point relative to X}. [Recall
that a point € X is called a G -point if there is a family of open subsets {O, : @ € A} such
that {z} = (), c4 Oa and |A| < 7.] Then there exists a topological space R with w(R) < 7 and a
continuous mapping h : Z — R such that f(z) € f(X \ {z}) for each z € G. Let f': Z — S x R
be defined by, f' := fAh [i.e, f'(z) = (f(x),h(z)) for each z € X], let §" := f(Z) C S xR
and let ¢’ := (g x idg)|s/. Finally, set 7" := ¢'(S’) C T x R. Then w(T") < w(T x R) < 7. We
claim that ¢’ separates the points of f'(X). To justify this we first observe that f(X \ G) = f(W),
since if f(x) € f(W) then x is a G-point relative to X. Next, suppose that z,y € X and
J(f(x) =4 (f'(y)), (e, g(f(x)) =g(f(y)) and h(x) = h(y)). If either of x or y are members of
G then h(xz) = h(y) implies that x = y which in turn implies that f'(z) = f’(y). So suppose that
z,y € X\ G. Then f(z), f(y) € f(W) and since g separates the points of f(W) we must have
that f(z) = f(y), and so f'(x) = f’(y). This shows that ¢’ separates the points of f'(X). Since
X is 7-stable in Z, nw(f'(W)) < nw(f'(X)) < 7. However, since f(W) is a continuous image of
F'W), nw(f(W)) < nw(f(W)) <. Hence, W is 7-stable in Z. Now, we show that Y is 7-stable
in Z. To this end, suppose that f : Z — S and g : § — T are continuous mappings such that
w(T) < 7 and g separates the points of f(Y). Note that in particular, g separates the points of
f(W) and so nw(f(W)) < 7. However, f(Y) = f(W)U f(Y \ W) and |f(Y \ W)| < N, therefore
nw(f(Y)) =nw(f(W)) < 7. This shows that Y is 7-stable in Z.

A similar argument shows that if Y is stable in Z then X is stablein Z. O

Corollary 2.5 Suppose that X andY are subsets of a completely reqular space Z. If | XAY| < N

and X is Ng-stable in Z then for any countable set M C C(Z), nw(MTp(XﬁY),Tp(Y)) = Ng.
To deduce separability results in (A(K), || - ||oo) from the above theorems we need to be able to
relate the network weight in (A(K), 7,(B)) to the network weight in (A(K), | - |loo)-

Theorem 2.6 Let K be a compact convex subset of a separated locally conver space and let B be
a boundary for K. If M C A(K) and nw(M,,(B)) = N then M is separable in (A(K),| - ||oo)-
In particular, if (A(K),1p(B)) is Ro-monolithic and d(M,1,(B)) = Ro, then M is separable in
(A, [| - [loo)-



Proof : Without loss of generality we may assume that M is bounded in (A(K),| - ||oc). Let A
be a countable network for M. By possibly making .4 larger (but still countable) we may assume
that 4" has the finite intersection property (i.e. if {N; : 1 < k < n} C .4 and mlgkgn N # o
then (<<, Nk € A".) For each N € .4 choose ay € N. We claim that
o A — T
MCTay:Nerj®

and the latter set is separable in (A(K), || - ||s), by Corollary 1.9. To see this, consider a € M and
let {Ny : k € N} C 4 be a decreasing sequence of sets such that (i) a € Ny for all k € N and (ii)
for every N € .4 such that a € IV, there exists a k € N such that a € Ny C N. It now follows that
(an, : k € N) converges to a with respect to 7,(B) and so by Theorem 2.1 (an, : k € N) converges

to a with respect to 7,(K). Thus, M C {ay : N € C/V}/p(K)' 0

Theorem 2.7 Let B be a boundary for a compact convex subset K of a separated locally convex
space. If X is a co-countable subset of B and B is Ny-stable in K then for any countable subset M

of A(K), ) s separable in (A(K), | - |lco)-

Note: there are examples where (A(K),7,(Ext(K))) is monolithic but Ext(K) is not Ny-stable
in K (i.e., examples where (A(K), 7,(Ext(K))) is monolithic but (C(K), 7,(Ext(K))) is not even
No-monolithic, e.g., see Example 5.7).

We can use Theorem 2.7 to deduce some metrizability theorems for compact convex subsets in

terms of some topological properties of their boundaries, but first we need to consider a closure-

type operation.

Let X be a nonempty set. If A C B C R¥X and Y is a subset of X then the 2-point closure of A,
2 .

relative to B, over Y, denoted A (B’Y), is defined by,

{g€ B: forall y,y/ € Y and all € > 0 there exists an f € A
such that |g(y) — f(y)| < e and |g(y') — f(y)| <<}

Sometimes when it is clear from the context, e.g., when B = C(X) or B = A(X), we shall simply
denote ZTE (B:Y) by ZTS ) .
Let X be a nonempty set. If B C R¥ and Y is a subset of X then:

(B;Y) _ =72 (B;Y)

77.2
(i) if M C N C B then M*"7) C N :

(ii) if M C B then WTE(E;Y) _ MTPZ(B;Y);
(iii) if M C B then MY 0B c II7PY),
(iv) if M C R¥ is a lattice then M"Y A= MTE(B;Y).
Note: in general MT’?(B;Y) UVE(B;Y) = MUN g(B;Y). For example: If X :=[0,1], B := C]0, 1],

M is the set of all non-decreasing functions in B and N is the set of all non-increasing functions
B G NTEY) Z U N while MUNP P

in B. Then M UnN = B. This also demonstrates
that in general the 2-point closure is distinct from the pointwise closure since M U N '”
M'TP(B;X) UNTP(B;X) =MUN

It is also routine to show that if A is a linear subspace of B C R¥X and 1 € A then:

10



_2(B: - . .
(i) A »(BY) _ alg(A) 0 A B, where alg(A) is the algebra generated by A in R¥;
77_2 . —_—r
(ii) A »(BY) _ lat(A) ) B, where lat(A) is the lattice generated by A in R¥;
2 .
(iii) if A separates the points of Y then a»BY) _ g

Corollary 2.8 Suppose that X is a subset of a topological space Z. If X is Rg-stable in Z and M
77_2
is a countable subset of C(Z) then nw(M p(X),Tp(X)) < Ry.

Corollary 2.9 Let B be a boundary for a compact convexr subset K of a separated locally convex
space. If B is Ng-stable in K then K is metrizable if, and only if, there a countable family in A(K)
that separates the points of a co-countable subset of B.

The following example demonstrates that even if K has a Lindel6f boundary B and there exists
a countable family in A(K) that separates all the points of B then K is still not obliged to be
metrizable.

Example 2.10 There exists a non-metrizable compact convex subset K of a separated locally con-
vex space and a Lindeldf space X such that Ext(K) C X C K and B (k) is separable with respect
to 7,(X). In particular, (B a(k), 7p(X)) is not Ro-monolithic.

For the justification of this, see Example 4.5

Question 2.1 Let K be a compact conver subset of a separated locally convex space and let B C K
be a boundary for K. Characterise, in terms of B, when (A(K),,(B)) is No-monolithic.

In the remainder of this section we shall only consider the case when the boundary of K consists
of the extreme points of K.

Theorem 2.11 (Lift Theorem) Let f: K — T be a continuous affine surjection acting between
compact conver subsets of separated locally convexr spaces and let @ # X C Ext(K). If f(X) C
Ext(T), Y := f~Y(f(X)) NExt(K) and g := f|x then g is a topological embedding of Cp(f(X))
into Cp(X) and

{he C(X): h=alx for some a € FEAD) "} C g#(C(F(X))) C C(X).

In particular, if X = Ext(K), then g% is a topological embedding of Cp(Ext(T)) into Cp(Ext(K))
and

2
5 (Ext

{h € C(Bxt(K)) : h = algu(x for some a € FRAT)™ ™} € g#(C(Bx(T)) € C(Ext(K)).

Proof : Clearly g# is a topological embedding of C,(f(X)) into Cp(X). So it remains to show
that
2
{he C(X): h=alx for some a € FAAD) "'} € g*(C(F(X))) € C(X).

T2
Let a € f#(A(T)) PO and let = alx. We claim that a is constant on f~!(e) for each e € f(X).

To this end, let e € f(X). Then by Corollary 1.7, Ext(f~!(e)) C Y C Ext(K). Now since
each member of f#(A(T)) is constant over f~'(e), and in particular, over Ext(f~'(e)), it follows
that a is constant over Ext(f~1(e)). However, since a is continuous and affine, a is constant over
co(Ext(f~!(e))) = f~'(e). Next, since flp-1(s(x)) is a perfect map and a is constant over the fibres
of f|r-1(f(x)) there exists a function k € C(f(X)) such that a(x) = (ko f)(z) for all x € FHf(X)).
Thus h = a|x = g*(k) € g% (C(f(X)). O

11



Theorem 2.12 [13, Theorem 2.10] Let f : K — T be a continuous affine surjection acting between
compact convex subsets of separated locally convex spaces. If w(T) < 7 and X C Ext(K) is Lindeldf
then there exists a compact convexr subset S, of a separated locally conver space, and continuous
surjective affine maps g : K — S and h : S — T such that f = hog, w(S) <7 and g(Z) C Ext(S5).
In particular, if X = Ext(K), then g(X) = Ext(S).

Lemma 2.13 [1, Theorem 1.1.3] Let X be a completely regular space. Then nw(Cp(X)) = nw(X).

Theorem 2.14 Let K be a compact convexr subset of a separated locally convex space. If Ext(K)

is Lindeldf and M C Ap(K) is infinite then nw(MTﬁ(EXt(K))) < |M|. In particular, A,(K) is
monolithic.

Proof : Suppose M C A(K) and |[M| = 7. Consider the mapping f : K — RM defined by,
[f(K)](m) := m(k) for all m € M. Let T := f(K) then T is a compact convex subset with
w(T) < 7. Therefore by Theorem 2.12 there exists a compact convex set S with w(S) < 7 and
continuous affine surjections g : K — S and h: S — T such that f = hog and g(Ext(K)) = Ext(S).
Then by Corollary 1.9, M C f#(A(T)) = g (h# (A(T)) C g#(A(S)). Hence by Theorem 2.11

772 (BExt(K

H := {h € C(Ext(K)) : h = aly ) for some a € M M C (gl F(CEx(S)))

and so nw(H) < nw(C(Ext(S))) = nw(Ext(S)) < 7. The result now follows since the mapping
2
(B - (Bxt(K))) onto (H, 7 (Ext(K))). O

. . wilk
a — alpx(x) is @ homeomorphism from (M ?

It is easy to see that if K is a compact convex subset of a separated locally convex space and
Ext(K) is Lindelof then Ext(K) has a Gs-diagonal in Ext(K) x Ext(K) if, and only if, there is a
countable family in A(K) that separates the points of Ext(K). Hence we may use Theorem 2.14
and Theorem 2.6 to deduce the following well-known result

Corollary 2.15 Let K be a compact convex subset of a separated locally convex space. If Ext(K)
is Lindeldf and has a Gs-diagonal in Ext(K) x Ext(K) then K is metrizable.

The following example shows that although Ext(K’) being Lindeldf is enough to ensure that A, (K)
is monolithic, separability of Ext(K) is not.

Example 2.16 There exists a non-metrizable compact convexr subset K of a separated locally
convez space such that both Ext(K) and (Byk), 7p(Ext(K))) are separable. In particular,
(Bak), Tp(Ext(K))) is not Ro-monolithic.

For the justification of this see Example 4.6.

The following theorem extends Choquet’s representation theorem since if K is a metrizable compact
convex subset of a separated locally convex space then (A(K),| - |lo) is separable and so there
exists a countable family in A(K) that separates the points of Ext(K). On the other hand there are
many examples of non-metrizable compact convex spaces K for which there is a countable family
in A(K) that separates the points of Ext(K), (see, Example 4.5).

Theorem 2.17 (Separable Representation Theorem) Let K be a compact convex subset of a
separated locally convex space. If there exists a countable family in A(K) that separates the points
of Ext(K), then for any separable subspace M of (A(K),| - |lec) and any k € K, there exists a
reqular Borel probability measure p carried on Ext(K) that ‘represents’ k over M.

12



Proof : Choose {f; : i € N} C A(K) so that (i) {f; : i € N} separates the points of Ext(K) and
(ii) {f; : i € N}N M is dense in M with respect to the norm topology on A(K). Define f : K — RY
by,

f(k) = (fr(k), fa(k), - -, fu(K), ).

Let T := f(K) and choose k € K. By Choquet’s representation theorem there exists a regular
Borel probability measure v carried on Ext(7") that ‘represents’ f(k).

By Theorem 1.17, there exists a regular Borel probability measure p on K such that f##(u) = v.
We will show that p is carried on Ext(K) and that u ‘represents’ k over M.

We know that v is carried on Ext(T). Suppose e € Ext(T). Then by Corollary 1.7, Ext(f~(e)) C
Ext(K). Now, f separates the points of Ext(K) and hence Ext(f~!(e)) must be a singleton. It
then follows from the Krein-Milman Theorem that f~!(e) = eo(Ext(f~!(e))) is also a singleton.
Therefore f~1(Ext(T)) C Ext(K). However, since u(f~ (Ext(T))) = v(Ext(T)) = 1, p is carried
on Ext(K).

For each n € N, let 7, be the n*® coordinate projection from T into R. Then f, = m, o f, and so
by Theorem 1.15

/Kfn d/i:/KWnofdMZ/TWn A = 7a(f (k) = (a0 F)(K) = fulk).

Therefore p ‘represents’ k over {f; : i € N} and so over M. [

Theorem 2.18 Let K be a compact convexr subset of a separated locally convex space such that
(i) every regular Borel probability measure carried on Ext(K) is atomic and (ii) there exists a
countable family in A(K) that separates the point of Ext(K). Then every bounded separable subset
M of Ay(K) is separable in (A(K),| - |l). In particular, (B, Tp(Ext(K))) is Ro-monolithic.

»(Ext(K))

Proof : Without loss of generality we may assume that M := {f; : i € N} C By We

will show that M = {f; :i € N}TP(K); which is norm separable by Corollary 1.9. Choose any g € M,
let {k’ : 1 <i < n} be an arbitrary finite subset of K and let ¢ > 0 be given. By Theorem 2.17,
for each k' there exists a regular Borel probability measure u’ carried on Ext(K) that ‘represents’
k' over {g} U{f; : i € N}. Since every measure carried on Ext(K) is atomic, u’ = > jeN )\Jde for

some sequence {ei j € N} in Ext(K) and some sequence {)\i :j € N}in [0,1] with 22, )\; =1.

For each 1 < i < n, let N; be chosen so that 1 —¢/4 < Z : )\’ Then, choose m € N so that for
each {1 <i<nand1l<j<N} |fm(e ])— (])]<s/2 Then for each 1 < ¢ < n,

96) = ] < [l ]
= ;Aé‘[/wm 9~ fmd5] ]lerg fon) (D))
N; 0o
= ZA%(g—fm)(ez)\ + > N9 = fu)())]

3> N;

(/2) Zw g Falloe 3N

J>N;

IN

< 6/2—|—5/2 =ec.

13



Therefore, g € {f; : i € N} ») and hence M is norm separable. [

Theorem 2.18 may be used to deduce a further metrizability theorem for compact convex sets.

Theorem 2.19 Let K be a compact convex subset of a separated locally convex space such that
every regular Borel probability measure carried on Ext(K) is atomic. Then K is metrizable if, and
only if, (B4 k), Tp(Ext(K))) is separable.

Question 2.2 Let K be a compact conver subset of a separated locally convex space.

(i) Characterise, in terms of Ext(K), when Ay(K) is T-monolithic;

(ii) Characterise, in terms of Ext(K), when (B k), Tp(Ext(K))) is Ro-monolithic.

3 Compactness and Tightness in A,(K)

In this section we shall first examine the question of when a separable compact subset of A, (K)
is metrizable. This is connected with our earlier work since a separable compact Hausdorff space
is metrizable if, and only if, it is Ng-monolithic. Secondly, we will examine the question of when
A, (K) is countably tight.

We begin by considering some sufficient conditions for a separable compact subset of A,(K) to be
metrizable.

Theorem 3.1 Let K be a compact convexr subset of a separated locally convex space. If Ext(K)
contains a dense Lindeldf subset X then every compact subset of A, (K) is monolithic. In particular,
every separable compact subset of A,(K) is metrizable.

Proof : Let C be a compact subset of A,(K) and let M be an infinite subset of C' with |M| = 7.
Consider the mapping f : K — RM defined by, [f(k)](m) := m(k) for all m € M. Let T := f(K)
then T is a compact convex subset with w(7) < 7. Therefore by Theorem 2.12 there exists a
compact convex set S with w(S) < 7 and continuous affine surjections g : K — Sand h: S — T
such that f = hog and g(X) C Ext(S). Then by Corollary 1.9, M C f#(A(T)) = g7 (h* (A(T)) C
g" (A(S)). Hence by Theorem 2.11

H:={heC(X):h=alx for some a € MTP(EXt(K))} - (9|X)#(C(9(X)))

and so nw(H) < nw(C(g(X))) = nw(g(X)) < 7. The result now follows from the fact that the
mapping a — a|x is a homeomorphism from (ﬁrp(EXt(K)), 7p(Ext(K))) onto (H,7,(X)). O

The next theorem is the father of all compactness results in A,(K).

Theorem 3.2 [8] Let K be a compact convexr subset of a separated locally convex space. If C
is a norm bounded relatively countably compact subset of Ay(K) then C is relatively compact in

(A(K), mp(K)). In particular, every norm bounded compact subset of Ap(K) is an Eberlein compacta
i.e., is homeomorphic to a weakly compact subset of some Banach space.

From this it follows that each countably compact subset of A,(K) is compact, and in fact, is
Lindelof with respect to 7,(K). Thus each countably compact subset of A,(K) has countable
tightness. Finally, since weakly compact subsets of Banach spaces are fragmented by their norm,
every compact subset of A, (K) is a Radon-Nikodym compacta (see [10] for the definition of Radon-
Nikodym compact).

Next, let us recall that a space Y is surlindeldf if Y can be embedded in C,(X) for some Lindel6f
space X.

14



Theorem 3.3 Let K be a compact convex subset of a separated locally convex space. If X C K is
a Lindelof boundary for K and

(i) the PFA holds or
(ii) the MA(w1) holds and Ext(K) C X C K
then each separable compact subset of (A(K),,(X)) is metrizable.

Proof : Suppose that Y is a separable compact subset of (A(K),7,(X)). Since (A(K), (X))
embeds into Cp(X) and X is Lindeldf, Y is surlindeldf.

(i) If the PFA holds then every surlindel6f separable compact space is metrizable (see [11, Theorem
1.8]).

(ii) The compact space Y can be embedded in A,(K). Hence Y has countable tightness. If the
MA(w;) holds then every surlindel6f separable compact space of countable tightness is metrizable
(see [11, Corololary 1.6]). O

By contrast we have the following counter-examples.
Example 3.4

(i) There exists a compact convex subset K of a separated locally convex space such that A, (K)
contains a non-metrizable separable compact subset;

(ii) If we assume that the continuum hypothesis holds then there exists a compact convex subset
K of a separated locally convexr space and a Lindeldf subset Ext(K) C X C K such that
(A(K), (X)) contains a non-metrizable separable compact subset.

Thus the existence of separable non-metrizable compact subsets of (A(K), 7,(X)), for X a Lindelof
boundary of K, is independent of ZFC.

Question 3.1 Let K be a compact convex subset of a separated locally convex space. Characterise,
in terms of Ext(K'), when every separable compact subset of A,(K) is metrizable.

We now consider the question of when Ay, (K) is countably tight. Our first result in this direction
may be deduced by modifying the proof of Theorem II.1.1. in [1].

Theorem 3.5 Let K be a compact convex subset of a separated locally convex space. Then Ay(K)
is countably tight if [Ext(K)|"™ is Lindeldf for each n € N.

On the other hand, we have the following example.

Example 3.6 [Example 5.7] There exists a compact convex subset K of a separated locally convex
space such that Ext(K) is Lindeldf but Ap(K) is not countably tight.
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4 Examples
All our examples in this section of the paper are based upon the following theorem.

Theorem 4.1 Let S and T be compact convex subsets of separated locally convex spaces. Suppose
that Ext(S) is compact, 0g € Ext(S) and X := Ext(S) \ {0s}. If f : X — T is continuous,
Ey := Ext(T) x {0s}, By :={(f(x),z) :x € X} and E := Ey U Ey, then Ext(K) = E where K is
the convex closed hull of £ inT x S.

Proof : By Milman’s Theorem, Ext(K) C EgUFE; = EgUE; C (T x {0s}) U E;. Now, E; C
E1U(T x {0g}). So Ext(K) C E; U (T x {0s}). However, Ext(K) N [T x {0g}] C Ey. Therefore,
Ext(K) C E. So it remains to show that E C Ext(K). To do this, it is sufficient to show
that E; C Ext(K), since T' x {0g} is an extremal subset of K and hence by Proposition 1.2
Ep = Ext(T') x {0s} = Ext(T x {0g}) C Ext(K). Let x € X and let mg : K — S be the natural
projection of K onto S. Since mg(K) = S and = € Ext(S) it follows from Theorem 1.3 and Corollary
1.7 that mg'(z) N Ext(K) # @. Since Ext(K) C F and 7g'(z) N E = {(f(x),)} it follows that

751 (@) N Ext(K) = {(f(2),2)}, e, (f(x),) € Ext(K). O
We shall apply this construction in a slightly more specialised setting.

If X is a locally compact, non-compact topological space then we shall denote by, a(X) the one-
point compactification of X and we shall let ax denote the point at infinity of a(X), i.e., a(X) :=
XU {Oé)(}.

For a subset A of a topological space X we shall denote by X4 the topological space obtained
from X by retaining the topology at each point of X \ A and by declaring that the points of A are
isolated.

Let us also denote by, # the class of all triples (T, X, f), where T is a compact convex set (of some
separated locally convex space), X is a locally compact, non-compact space and f : X — T\ Ext(T)
is continuous injection.

Given a compact convex subset K of a separated locally space we shall that a subset M C K is
strongly affinely independent if for any finite subset @ # F' C M and map f : FF — (—1,1) there
exists an a € A(K) such that a|p = f and ||a|lcc < 1. The motivation for this definition comes
from the fact that a subset M C K is affinely independent if, and only if, for any finite subset
@ # F C M and map f: F — (—1,1) there exists an a € A(K) such that a|p = f. Then, with
this terminology, we may present the following proposition.

Proposition 4.2 Let (T, X, f) € & and let S := P(a(X)). Suppose that Ey := Ext(T) X {day },
Ey ={(f(x),0;) :x e X}, Ext(T) CM CT\ f(X), Z:=E1UM x{0ay}) andY := MU f(X).

Then we have:

(i) £ := EyU E; = Ext(K) where K is the closed conver hull of E in T x S;

(ii

)

) 7 (A(T)) separates the points of E, where n: K — T is the projection of K onto T;
(iii) if Y is affinely independent then n# (A(T)) is dense in (A(K),7,(Z));

)

)

(iv) if Y is strongly affinely independent then TF#(BA(T)) is dense in (B k), p(Z));

(v) Z is a continuous injective image of Yi(x)-
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(vi) if X has the discrete topology then Z is homeomorphic to Yix) and Z \ Ey is homeomorphic
to [Y'\ EXt(T)]f(X) .

Proof : The proofs of (ii), (iii) and (iv) following easily from the definitions. Moreover, (vi) follows
from the proof of (v). So it remains to justify (i) and (v).

(i) This follows from Theorem 4.1 and the fact that (a) Ext(S) is homeomorphic to (X ); which is
compact, (b) 0, € Ext(S) and (c) the mapping d, — f(z) is continuous mapping from Ext(.S) \
{0ay } into T

(v) Consider the mapping h : Yy x) — Z by,

| (z,0ay) fxeM
h(z) = {(x,(sfl(x)) if o e f(X).

Clearly h is one-to-one and onto. It is also clear that h is continuous at each point of f(X). So
let us consider x € M. Let f*: Ext(S) \ {0ay} — T be defined by, f*(d;) := f(z). As mentioned
previously, f* is continuous. Let U and V' be open neighbourhoods of z and d,, respectively, i.e.,
h(z) € U x V. Now, Ext(S) \ V is compact and hence C := f*(Ext(S) \ V) is compact subset of
Y \ {z}. Thus, U\ C is a neighbourhood of x and h(U\ C) CV. O

Given (T, X, f) € , let (i) Eo(T, X, f) = Ext(T) x {0ay}; (ii) Ev(T, X, f) = {(f(z),d) :
x € X}y (i) BE(T,X, f) = Eo(T, X, f) U E1(T, X, f) and (iv) K(T,X, f) denote the compact
convex set constructed in Proposition 4.2. Moreover, if Ext(T) C M C T\ f(X) let us define (v)
Z(T, X, f,M) = Ei(T, X, f)UM x {0q, } and (vi) Y(T, X, f,M) .= MU f(X).

It is easy to see that Ext(T") is homeomorphic Ey(7T, X, f) and X is homeomorphic to E1(T, X, f)
Thus, if both X and Ext(T") are separable (Lindel6f) then E(T, X, f) is separable (Lindelof). Fur-
thermore, K (T, X, f) is metrizable if, and only if, 7" is metrizable and X is Lindelof or, equivalently,
T is metrizable and ax is a Gs-point of a(X) (see Corollary 2.15). In particular, if X has the
discrete topology then K (T, X, f) is metrizable if, and only if, T" is metrizable and X is countable.

Before we can give our first concrete example we need a couple of elementary facts from analysis.

Lemma 4.3 Let K be a compact Hausdorff space, {ty, : 1 <k <n} CK,{rp:1<k<n+1}C
(=1,1) and let m be a non-atomic regular Borel probability measure on K. Then there exists a

f € C(K) such that || flloo <1, f(tg) =1k foralll1 <k <n cmd/ fdm=r,.
K

Proof : Let £ := 1 — |rp41| > 0 and let V and U be open subsets of K such that:
() {tx:1<k<n}CV CVCU and (ii) m(U) < g/2.

Choose h : K — [—1,1] such that:

(i) h is continuous; (ii) h =0 on K \ V and (iii) h(ty) = ri for each 1 < k < n.
Then choose g : K — [0, 1] such that:

(i) g is continuous; (ii) g =0 on V and (iii) g =1 on K \ U.

Note that

0<1—8/2§/gdm§1 and ‘/hdm‘ge/l
K K

Tl — [z h dm

Let A :=
ng dm

. Then,

rasal 1 fh dml _ [(1—2) + e/

=1
Jx g dm - 1-¢/2

Al <
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and (h 4+ A\g)(tx) = h(ty) = ri for each 1 < k < n. Moreover,

/(h—i—)\g)dm—/hdm—i—)\/gdm—rm_l
K K K

and |[(h 4+ Ag)(®)| = |h(t)| < 1if t € V and |(h 4+ Ag)(t)| = [A||g(®)| < |A| < 1if t € V. Hence if
f = h+ Ag then f satisfies the conclusions of the lemma. [

Corollary 4.4 For each x € [0,1], let i, be the Lebesgue measure on {x}x[0,1]. Then the mapping
g:[0,1] — P([0,1]?) defined by, g(z) := u, is a topological embedding and Ext(P(]0,1]%))Ug([0,1])
is strongly affinely independent in P([0,1]?).

Proof : To show that g is a topological embedding it is sufficient to show that ¢ is continuous
since [0, 1] is compact and g is 1-to-1. To see that g is continuous consider the following. Let
f € C([0,1]?) and for each x € [0,1] define f, : [0,1] — R by, fi(y) := f(z,y). Then x — f, is a
continuous map from [0, 1] into (C[0,1], || - ||c). Now for any z,y € [0, 1]

[t f@#{/ﬁwifhw
[0,1]2 [0,1]2 [0,1] [0,1]

where 1 is the Lebesgue measure on [0, 1]. Therefore, g is continuous. The fact that Ext(P([0, 1]?))U
g([0,1]) is strongly affinely independent in P([0,1]?) follows from Lemma 4.3 in conjunction with
Tietze’s extension theorem and Corollary 1.18. [

< e = fylls

/(h—hmu
[0,1]

Example 4.5 There exists a non-metrizable compact convex subset K of a separated locally convex
space and a Lindeldf space Z such that Ext(K) C Z C K and B a(x) is separable with respect to
™(Z). In particular, (B (xy, Tp(Z)) is not Ro-monolithic.

Proof : Let (i) A be an uncountable subset of [0, 1] that does not contain any uncountable compact
subsets (e.g., A could be a Bernstein set or a perfectly meagre set); (ii) u, be the Lebesgue
measure on {z} x [0,1] for each x € [0,1]; (iii) T := P([0,1]?); (iv) g : [0,1] — T be defined
by, g(z) := pz; (v) X be the set A endowed with the discrete topology; (vi) f := g|x and (vii)
M :=Ext(T)Ug([0,1] \ A).

Then (T, X, f) € 2 and K(T,X, f) is not metrizable since X is uncountable. Furthermore,
Bk (r,x,f)) 18 separable with respect to 7,(Z(7T, X, f, M)) since (i) Y/(T, X, f, M) = Ext(T) U
9([0,1]); which is by Corollary 4.4, strongly affinely independent in 7 and (ii) (A(T),| - |leo) is
separable.

To show that Z (T, X, f, M) is Lindeldf it is sufficient to show that Z (T, X, f, M)\ Eo(T, X, f) is Lin-
del6f. Hence by Proposition 4.2 part(vi) it is sufficient to show that [Y (T, X, f, M) \ Ext(T)] s(x) =
[9([0,1])] ¢(x) is Lindelof. However, g is a homeomorphism from [0, 1] 4 onto [g([0, 1])] t(x) and [0, 1] 4
is Lindelof if, and only if, A does not contain any uncountable compact subsets. [

We can now use Proposition 4.2 to construct another counter-example that was mentioned in

Section 2.

Example 4.6 There exists a non-metrizable compact convex subset K of a separated locally
conver space such that both Ext(K) and (B, 7p(Ext(K))) are separable. In particular,
(Bak), Tp(Ext(K))) is not No-monolithic.

18



Proof : Let C' C [0, 1] be the usual Cantor set and let D be a countable discrete subset of [0, 1]\ C
such that C is the set of all limits of points of D. For each ¢ € C, let & := {d : n € N} C D be
chosen so that lim d, =c. Let X := C' U D and let us define a base for the topology on X by:

n—oo

PB:={{d} :de D} U{{c}U& \ F:ce C and F is a finite subset of D}.

Then X is locally compact, separable (since D is dense in X') and Hausdorff. However, X is neither
metrizable nor compact. Let T := P([0,1]?) and let f : X — T be defined by, f(x) := u, where y,
is the Lebesgue measure on {z} x [0,1]. Then (T, X, f) € 2 since f is a continuous injection into
T. Now K(T,X, f) is not metrizable since X is not metrizable. Furthermore, since both X and
Ext(T) are separable E(T, X, f) is separable and as before B A(K(T,X,f)) 18 separable with respect
to 7, (E(T, X, f)) since (i) Y(T, X, f, @) = Ext(T") U f(X); which is by Lemma 4.4, strongly affinely
independent in T and (ii) (A(T), || - ||s) is separable.

Next we provide the required counter-examples from Section 3.

Lemma 4.7 Let X be a compact Hausdorff space and let x € X be an isolated point. Then
ag € A(P(X)) where, ay : P(X) — [0,1] is defined by, az(p) := u({x}).

Proof : Let f, : X — {0,1} be defined by, f,(y) := 1 if, and only if, x = y. Then f, € C(X)
and a,(p) = / fo dp for all p € P(X). It now follows, as in the proof of Corollary 1.18, that
0 € AP(X)). O

Note: if z € X is a Gs-point then by the same argument as above it can be shown that a, is of the

first Baire class.

Example 4.8 There exists a compact convex subset K of a separated locally convex space such
that A,(K) contains a non-metrizable separable compact subset.

Proof : Let (i) Oy € RY be the zero function on N; (ii) e, € {0,1} be defined by, e,(m) := 1 if,
and only if, m = n, for each n € N; (iii) T := @0 ({On} U {e, : n € N}) C [0, 1]N C RN,

For an uncountable almost disjoint family </ of subsets of N we write ¥U(%/) := &/ UN and define
a base for the topology on V(<) by,

B={{n} neNJU{{M}UM\ F: M € o and F is a finite subset of N}.

Then ¥(/) is locally compact, separable (since N is dense in ¥(¢/)) and Hausdorff. On the other
hand, ¥(47) is neither compact nor metrizable. However, if &/ is a maximal family of almost
disjoint subsets of N then ¥(.o/) is pseudo-compact.

We shall denote by X the set & endowed with the discrete topology and we shall define f : X — T
by,

sanm={ 57 ErS N e

Next, set K := K(T, X, f) CT x P(a(X)) and define 7 : a(¥(«/)) — A(K) by,

2%g(x) ifxeN
[m(@))(g, 1) = p({z}) fzeo for all (g, n) € K.
OK ifx = aq,(%)

where O is the zero function on K. It is easy to check that 7 is well-defined (i.e., 7(z) € A(K)
for each z € a(¥(/))) and injective. Moreover, it is routine to check that 7 : a(¥ (%)) — A,(K)
is continuous and hence a topological embedding. [
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Remark 4.1 In the previous example A,(K) is not Ng-monolithic, but by Theorem 2.18
(Baky, p(Ext(K))) is No-monolithic. Also if & is a mazimal almost disjoint family of subsets
of N then m(V(</)) is a non-compact, pseudo-compact subset of A,(K).

Let X be a topological space. Then we will say that a subset A of X concentrates around a subset
B of X if for each open subset U of X with B C U, |A\ U| < No.

Let # = {h € {0,1} : |[{n € N : h(n) # 0}| < No} and for any A C N let, hy € {0, 1}
be defined by, ha(n) := 1 if, and only if, n € A. Finally, for any family < of subsets of N let,
o i={ha: Ac d}.

Proposition 4.9 If the continuum hypothesis holds then there exists an uncountable maximal al-
most disjoint family of of subsets of N such that o/* concentrates around %, with respect to

({0, 1}¥, 7,(N)).

Proof : Let G := {¢¥ C {0,1}"V : ¥ is a Gs-set and .F C ¥4} and A4 := {M CN:|N\ M| = w}.
Since |G| = |#| = 2¥ = w;, enumerate these families by countable ordinals: G = {¥4, : @ < w1},
M ={Mqy: a <wi}. Fora <w,let Py =3, % For M CN, denote S(M) := {hy : L C M}.
Induction by o < wi, we will construct {4, € N : o < wi}. Assume, we constructed {4z C N :
B < a}. Put A, = @ if there exist a finite C' C « such that My \ Ugee Ap is finite. Otherwise,
there exist an infinite M C M, such that M N Ag is finite for any § < a. Since # N S(M) is dense
in S(M), G :=(S(M)NP,)\ F is nonempty. Take A, C N such that hg, € G. One can see that
(1) A, is infinite; (2) Ao N Ag is finite for any 8 < o; (3) Aa € Ma; (4) ha, € Pa.

Put o :={Ay: Aa # F,a < wi}. (1) and (2) implies that o7 is almost disjoint family. (3) imply
that o/ is maximal and hence uncountable. (4) imply that &/* concentrates around .#. [

Example 4.10 If we assume the continuum hypothesis holds then there exists a compact convex
subset K of a separated locally convex space and a Lindeldf subset Ext(K) C Z C K such that
(A(K),,(Z)) contains a non-metrizable separable compact subset.

Proof : Let o/ be an uncountable maximal almost disjoint family of subsets of N such that .o7*
concentrates around .%. Let T, X, f, K and 7 be as in Example 4.8. Define ¢ : {0, 1}N — T by,

[g(W)](n) = { gfn i ZEZ; ig for all h € {0, 1}V,

Then g is a topological embedding of {0,1} into T. Let M := g(.%#). Then one can check, as in
Example 4.8, that 7 : a(¥(«)) — (A(K),7,(Z(T, X, f, M))) is continuous.

So it remains to show that Z (T, X, f, M) is Lindel6f. However, by Proposition 4.2 part(vi) this
is equivalent to showing that [Y'(7, X, f, M)]¢(x) is Lindeléf. Let 2 := &/ U.%. Then g| is a
homeomorphism from ¢ onto Y (T, X, f, M) and so g|, is a homeomorphism from [##].+ onto
Y(T, X, f, M)]¢(x). However, since &/* concentrates around %, [7]~ is Lindelof. In fact, [7] -
is Lindelof if, and only if, & concentrates around .#. 0O

5 Choquet Boundaries

For a nonempty set X we shall denote by, 1x the mapping 1x : X — R defined by, 1x(x) := 1 for
all x € X. If it is clear from the context then we shall simply write 1 for 1.
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Suppose that X is a compact Hausdorff space and M is a linear (not necessarily closed) subspace
of (C(X),|| - ||oo) containing the constant functions. The state space K (M) of M is:

{z* € M* :||z"|| =1 and z"(1) = 1}.

Then (K (M), weak™) is a compact convex subset of the separated locally convex space (M™*, weak™).

For each z € X, let p(z) € K(M) be defined by, ¢(z)(f) := f(z) for all f € M. Note that ¢ is
a continuous mapping from X into the weak® topology on K (M). Moreover, if M separates the
points of X then ¢ is 1-to-1 and hence an embedding of X into K(M). By applying Theorem
1.1 one can show that K (M) = @"**" [p(X)] and so by Milman’s Theorem, (see Theorem 1.4),
Ext(K) C ¢(X). Hence one can formulate the following definition.

If X is a compact Hausdorff space and 1 € M C C(X) is a linear subspace then the Choquet
boundary B(M) for M is: {z € X : p(z) € Ext(K(M))}, i.e., Ext(K(M)) = o(B(M)).

Given a normed linear space (X, | - ||) over R and an element z € X we define ¥ : X* — R by,
Z(z*) := 2*(x) for all z* € X*. Then (X*, weak*)* = {7 : 2 € X}, [6, Theorem 3.17].

Proposition 5.1 Let X be a compact Hausdorff space and let 1 € M C C(X) be a closed linear
subspace. Then the mapping T : (M, 7,(B(M))) — Ap(K(M)) defined by, T(m) := m|g(ar) is
a linear topological isomorphism that also preserves the norm (i.e., |T'(m)|coc = ||m|loc for all
me M).

Proof : It is easy to see that T' does indeed map into A(K(M)) and is linear. It is also easy to
see that 7' is a topological embedding from (M, 7,(B(M))) into A,(K (M)) since

T(m)(p(x)) = [¢(z)](m) = m(x) for all x € B(M) and m € M.

Moreover since Ext(K(M)) C ¢(X) it follows that ||T(m)||cc = ||m||co for each m € M. So it
remains to show that T is surjective. As T is an isometry, T'(M) is a closed linear subspace of
(A(K(M)), |l - lo) that also contains 1 ys). Therefore, by Proposition 1.5, T'(M) = A(K(M)).
O

The main result that we shall use concerning Choquet boundaries is the following.

Theorem 5.2 [12, Proposition 6.2] Suppose that X is a compact Hausdorff space and 1 € M is a
linear subspace of C(X) that separates the points of X. Then x € B(M) if, and only if, p({z}) =1
for each regular Borel probability measure p on X such that

/fd,u:f(m) forall f € M.
X

Corollary 5.3 Suppose that X is a compact Hausdorff space and 1 € M is a linear subspace of
C(X) that separates the points of X. If f € M, x € X and f(y) < f(z) for ally € X \ {z} then
x € B(M), i.e., B(M) contains all the “peak-points” with respect to M.

Example 5.4 For each (a,b,c) € R let Plabe) * [0, 1] — R be defined by, p(gp.c)(z) = ax®+bxr+c.
Let Q := {p(apc) : (a,b,¢) € R3}. Then 1 € Q, Q separates the points of [0,1] and B(Q) = [0,1].

Proof : Suppose that x € [0,1]. Define (a,b,c) € R3 by, a := —1, b := 2z and ¢ := 1 — 22 then

P(a,,b,c) (l’) =1 and P(a,b,c) (y) < 1 for all Yy e [07 1] \ {l’} since p(a,b,c)(y) =1- (y - :1,‘)2. U
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Example 5.5 Let X be a compact Hausdorff space and let u be a non-atomic reqular Borel prob-
ability measure on X. For each xg € X define

M, = {f ec): [ fau- f(:co>}.

Then 1 € ML, M}, separates the points of X and B(Mk,) = X \ {zo}.

Proof : Clearly ML, is a closed linear subspace of C'(X) that contains all the constant functions
and separates the points of X (see, Lemma 4.3). Thus, by Theorem 5.2, B(M) C X \ {zo}. Now,
suppose that x € X \ {z¢} and m is any regular Borel probability measure on X such that

/fdm:f(:n) for all f € M.

X

Define z* : C(X) — R and y* : C(X) — R by,
(f) = d(m — 6, nd (f) = d(p — dz,)-
S [ Fam=5) wd ()= [ F -6

Then z*,y* € (C(X),] - [loo)* and ME, = Ker(y*) C Ker(z*) and so z* = \y* for some A € R.
Therefore, by Riesz’s representation theorem (m — ;) = A(—dg,). In particular, this implies that
m({r}) =1 = (m —b:)({x}) = AMp — 0z ) ({2}) = Au({2}) — Adgy({2}) =0 - 0= 0.

Therefore, m({z}) = 1 and so by Theorem 5.2, z € B(M4,). O

Remark 5.1 If X is a compact Hausdorff space that is not scattered then there exists a continuous
surjection f : X — [0,1], [14, §8.5.4, (i) = (ii)]. Therefore, f##(P(X)) — P([0,1]) is also
a surjection. In particular there is some measure m € P(X) that maps onto the restriction of
the Lebesgue measure on [0,1]. This measure m is necessarily non-atomic. Hence every compact
Hausdorff space that is not scattered possesses a non-atomic reqular Borel probability measure.

For a topological space X be shall denote by #(X) the family of all Borel sets on X.

Theorem 5.6 Suppose that X andY are compact Hausdorff spaces and f : X — Y is a continuous
surjection. If M is a linear subspace of C(X) that separates the points of X and N is a linear
subspace of C(Y') that (i) contains all the constant functions; (ii) separates the points of Y; (iii)
f*(N) € M and (iv) BIN) =Y then B(M) = U{B(M,) : y € Y}, where for each y € Y,
My :={he C(f~'({y})) : h = gly-1(yy) and g € M}.

Proof : Consider x € B(M). We claim that z € B(My(,). To justify this let m be any regular
Borel probability measure on f~!(f(x)) such that

/fl(f( ))g dm = g(x) for all g € My(,.

Define m : Z(X) — [0,1] by, m(B) := m(B N f~1(f(z))) for every B € #(X). Then m is a
well-defined regular Borel probability measure on X and

/ gdm = / 9l 1@ dm = glr-1(f@) (®) = g(x) for all g € M.
X F7H(f @)
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Since z € B(M), m({z}) = m({z}) = 1. Thus, z € B(M()) € Uyey B(My).

Conversely, suppose that = € Uer (M,) and m is a regular Borel probability measure on X
such that h(z) = / hdm for all h € M. Let v := f##(m) € P(Y). Then for all g € N,
(9o ) = f#(g) € M and

9(f(2) = (go f)(x) = /X (g0 f) dm = /Y g dv.

Since f(z) € B(N), m(f'(f(x))) = v({f(2)}) = L. Define m* = Z(f~'(f(x))) — [0.1] by,
m*(B) := m(B) for each B € Z(f~1(f(x))). Then m* is a well-defined regular Borel probability
measure on f~1(f(x)) and

/f_l(f(x))g’fl(f(z)) dm* = /Xg dm = g(z) = gl;-1(f(x)) (@) for all g € M.

Therefore, since © € B(My(y)), m({z}) = m*({z}) = 1. This shows that x € B(M). [

Let A be an arbitrary subset of [0,1] and let Z4 := [0,1] x {—=1} U A x [0,1]. We shall equip
Z 4 with a topology as follows. First, let 2 denote a base for the usual topology on [0,1] and let
f:Z4 — [0,1] be defined by, f(x,y) := z. Then a sub-base for a topology on Z4 is:

B ={f1U):UecByU{Zs\ {a} x[0,1)):ac A}U{{a} xU :U € B,a € A}.

The space Z4 endowed with this topology is compact and Hausdorff. Moreover, the projection
mapping f : Z4 — [0,1] defined above is continuous with respect to this topology and for each
a € A, {a} x[0,1] is a clopen subset that is homeomorphic to [0, 1].

For each a € A, define m, : (Z4) — [0,1] by, mq(B) := \(B') where, B := {t € [0,1] : (a,t) € B}
and A is the Lebesgue measure on R.

Let us now denote
My = {g € C(Za) :9((a,—-1)) = / g dmy for all a € A} .
ZA

Then from Theorem 5.6 and Example 5.5 we see that B(M4) = Z4 \ (A x {—1}).

Example 5.7 Let B be a Bernstein subset of [0,1/2] and let A:= BU[1/2+ (0,1/2)\ B|. Then
A is a Bernstein subset of [0,1] and B(May) is Lindelof. Let L be the set of all functions f € My
such that

{b € B: for somey € [0,1], f(b,y) >1/2 and f(b+1/2,—1) > 1/2}| < V.

=T *’7'2
Then 1 € L »(B(Ma)) but there are no countable subsets C' of L such that 1 € C p(B(MA)).
Finally, let us show that in Example 5.7, Ext(K (M4)) is not Rp-stable in K(M4). Note that since
(K (My), weak™) is a normal topological space it will sufficient to show that Ext(K(My4)) is not
Ng-stable in p(Z4). In fact, since ¢ is a homeomorphism it will be sufficient to show that B(My)
is not Np-stable in Z4. This is what we do next.
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Let A be an arbitrary subset of [0, 1] and let Y4 :=[0,1] x {—1}UA x {0}. We shall equip Y4 with a
topology as follows. First, let Z denote a base for the usual topology on [0, 1] and let g : Y4 — [0, 1]
be defined by, g(x,y) := x. Then a sub-base for a topology on Yy is:

B =g NU): U e BYU{Zs\{(a,0)} :a € A} U{{(a,0)}:ac A}.

The space Y4 endowed with this topology is compact and Hausdorff. Moreover, the projection

mapping g : Y4 — [0, 1] defined above is continuous with respect to this topology and g separates
the points ([0,1] \ A) x {—1} U A x {0}.

Let f: Z4 — Ya be defined by,
_ @y ify=-1
f@y) = {(1‘,0) if y € [0,1].

Then f is continuous and ¢ separates the points of f(B(Ma)) = ([0,1] \ 4) x {—1} U A x {0},
however, nw(f(B(Ma))) = |A| > Xg. Therefore, B(M4) is not Ng-stable in Z4.
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