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UNIVERSALLY WELL-CAPPED CONES

L. Asimow

A closed convex cone P is said to be universally well-
capped if it contains a compact convex subset B such that
P\B is convex and P = U,-;nB. The compact convex sets
which are universal caps of some cone are represented as
the positive part of the unit ball of an ordered Banach dual
space with the weak* topology. A characterization, involving
the directedness of the unit ball, is given of those ordered
Banach spaces whose dual cones are universally well-capped.
An application is made to the Choquet boundary theory for
subspaces of continuous functions on a compact Hausdorff
space.

The notion of a cap of a convex set X was introduced by
Choquet [2] for the case where X is a come in a Hausdorff locally
convex space E. Following Choquet, B is a cap of X if B is a
compact convex subset of X for which X\B is convex. If each
point of X is contained in a cap then X is said to be well-capped.
An important property of well-capped closed convex sets is that they
satisfy a Krein-Milman type theorem [1; 2].

If B is a cap of a cone Q such that Q = -, nB then B is
called a universal cap of Q. It is shown in [1] that if X is closed,
convex and well-capped then X x {1} generates a closed convex well-
capped cone @ in the space E x R. Each cap of X is associated
with a cap of the cone @ and each cap B of Q is itself a universal
cap of the extremal sub-cone [J;_,nB. The purpose of this paper
is to give a characterization of those compact convex sets which
are universal caps of some cone. As far as we know, this problem
was first posed by Choquet in lectures given at the University of
Washington in 1964.

A particular instance of a universally capped cone is the case
where the cone has a compact base. It is shown by Klee [11] that
this is equivalent to the cone being locally compact. The properties
of locally compact cones have been studied in some detail. We refer
specifically to the work of D. A. Edwards [5] in which he shows that
a locally compact cone can be embedded in a Banach space with the
weak* topology as the dual of a Banach space with an order-unit norm.

We note here that an analogous construction is possible for
universally capped cones. We give a characterization of the sub-dual
spaces that arise in this context in terms of an ordering property
of the unit ball which we term approximate directedness (definition
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422 L. ASIMOW

below). It is shown that a set is a universal cap of a cone if and
only if it is linearly homeomorphic to the positive part of the unit
ball (weak* topology) in the dual of an approximately directed Banach
space.

If E is an approximately directed subspace of continuous functions
on a compact Hausdorff space then E possesses a Silov boundary.
Since such subspaces need not contain the constants this allows an
extension of the standard minimal boundary theory to a class of
continuous functions vanishing at infinity on a locally compact
Hausdorff space.

2. Approximately directed Banach spaces. Let E be a Banach
space ordered by the closed convex positive cone P. In what follows
we shall denote the dual of £ by E* and the set {xcE:||z]| < a}
by E..

DEFINITION. The ordered Banach space E is said to be a-directed
if whenever x and y are elements of E,, there exists z¢ E, such that
z=2and z=>y. If E is 1-directed we will say simply that FE is
directed. If E is a-directed for all &« >1 we will say that E is
approximately directed. We give an example below (§5) of an
approximately directed space which is not directed.

DEFINITION. Let E be a Banach space with a closed positive
cone P. Define the dual cone

P*={FeE*|F(x) =0 for all xcP}.

Denote by B the positive part of the unit ball in E*, ie., B=
P*n E¥. The set B is always compact in the weak* topology.

THEOREM 1. The following are equivalent:

(1) FE is approximately directed

(ii) B s a universal cap of P* in the weak* topology
(iii) The norm in E* is additive on P*.

Proof. (i)=(ii). Clearly B is compact, convex and P* =
Us.nB. Suppose F and G are elements of P*\B. Then ||F|,
l|G|| > 1. Choose @ > 1 and f, g € E, such that F(f) > «a and G(g9) > a.
Since E is «-directed there exists he E, such that h = f, g. If
0<2x<1 then

IV + A =NG ez [[MF+ 1 = NG -]
ZAF(h) + 1 —NGh) > a.
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Thus ||MF + (1 — N)G|| > 1 and so P*\B is convex.
(ii) = (iii). This follows immediately from the convexity of P*\B.
To show (iii) = (i) we first state a lemma.

LEMMA. Assume the norm in E* is additive on P*. Let h be
an affine function on E* such that h(0) > 0. Assume further that
h|E* is weak* continwous. Define h on E* by h(0) = 0 and

h(z) = ||| - h(@/l| 2])) for @ =0.

Then h|EX is convew, lower-semi-continuous, and h|B is affine.
Also | B < 1| Ex.

Proof of lemma. Observe first that if x = 0
) = [|@ |- M/l c])) + 1 = [[@]])-r(0) .

Thus for all =, A(x) = h(x) + (1 — ||2|)»(0) and it follows that
h(x) — h(0) < h(x) with equality if and only if « = 0 and

h(z) < h(z) if ||| <1

W) = k() if ||x]] =1

R(w) > k(@) if ||z] > 1.

We show first 4 is convex on E*. Let ¢, yc E* and z =2 + (1 — \)y;
0 <M< 1. Suppose first x,y,2+ 0. Let a=1||z||+ @ —=N)]|¥].
Then a > || z|| with equality if @, ye B. Then

h(z) = || 2l h(z/l| 21)) < [ ]| B(z/|| 2]]) + (@ — || 2]))k(0)
= al(l[z[l/e)rz/l| 2])) + (@ — [|2])|/a)r(0)]
= ah(z/a)
ah[(M [l/a)@/ll 1)) + (@ = N) [y ]l/a)y/|ly D]
= Mi(@) + (L = Mh(y)

with equality if_w,yeB. The cases where 2,y or z =10 follow
similarly. Thus % is convex on E* and affine on B.
To show & is weak* l.s.c. on E* it suffices to show

A={@rcE* X R:h(z) <1}
is closed. Let

C={x,reE* X R: h(x) = 7}
and

C'={x,r)eE* X R: h(x) < r}.
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Then C is compact, C’ is closed and we show that
A=C Uconv(CU{0,0}).

Let (x,7) € A. If h(x) < r then (x, 7)€ C. Suppose then i(x) < r < h(x)
and « = 0. Then h(x) > h(z) — k(0), so h(x) > r > (h(x) — h(0)). Let
s = h(0)/(R(0) — h(x) + 7). Then 1 < s < «. Since

& = (1/s)(sx) + ((s — 1)/s)0, k(z) = (1/s)h(sz) + ((s — 1)/s)h(0) .

It follc_>ws from the last equation fmd the definition of s that A(sx) = sr.
Also n(sx) = s||x|| k(z/||z|]) = sh(x) < sr = h(sx) and thus ||sz|| < 1.
So we have

(%, r) = (1/s)(sx, sT) + ((s — 1)/s)(0, 0) € conv (C U {0, 0}) .

If (x,7)eC’ then (x,7r)eA. If (x,7) = \y,s) where (y,s)eC and
0 < <1, we have h(x) = Mi(y) < M(y) = s = . Thus (x, r) € A.
We continue now with the proof of (iii)= (i). Let a > 1 and
f,9cE, be given and let ¢ = a — 1. We show that there exists a
sequence {h,};., of weak* continuous affine functions on E* such that

h(x) = f(x) v g(x) for all xe B,
0 < h,(0) <27,

sup {| h.(x)|:x € EF¥} <1 + aiz“k
k=1
sup {| h.(x) — h,_(2)|:x e E} < 527 for n > 1.
Let
H,={(x,rVeE* x Rir= ||| + ¢/2},
B, = {(®z,r)e B x R: f(x) = r},
B, ={(z,r)e B X R: g(x) = r}
and let A = conv (B, U B,). With the weak* topology on E*, H, is
closed and convex, and A is compact and convex. Also if (x,7)c A,
(W; 7') = )"(xu ""1) + (1 - )\:)(952, 7'2); 0=x\= 1; f(xl) =7,
9(x) = 75 .
Since || - || is affine on B,

el =Mzl + @ =N [[@]] = M) + 1 — Ng(x,) =7r

and so H, and A are disjoint. Using the separation theorem on E* X R
and taking the hyperplane so obtained as the graph of a function on E*
we have a weak* continuous affine function &, such that

h(x) = f(x) V g(x) for xe B, and 0 < £, (0) < ¢/2.
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Since
hyx) < ll2 ]| + €/2, h(2) = 2k, (0) — hy(—2) = —||2]] —¢/2.
Thus
sup{|r(2) ;2 EX} <1+ ¢/2.

Proceeding by induction suppose we have h,_,, n > 1, satisfying the
required properties. Define £, _,(0) = 0 and

haci(@) = [| 2] hasi(@/l| 2])) for 0.

By the lemma, h,_, is convex, l.s.c. on E* and affine on B. Let
H, ,={x7reE*xR:r=h,,+e™". If xeB and z %0 then
ho(®) Z || 2 || f (/]| 2|) = f(). Similarly &, (2) = g(x). Since h,_, is
affine on B it follows that H,_ ,N A = @. Again by the separation
theorem we obtain a weak* continuous affine function k, such that
h(x) = f(x) V g(x) for e B and 0 < h,(x) < 2", Also

ho(@) £ Bpi(@) + 627" < hyy(w) + 627 S 1+ 6 ;:2—,,
_for all xc E* .
Thus sup{| k(@) |: s € B} £ 1+ € 1., 27 Since h,(@) < h,_(z) + c2™7,
ho(@) = 21,(0) — B (—2) = —h,(—2) = —h,_(—2) — 27",
But

= hoi(=2) = hpy(®) — 2R, _,(0) = P, _y(®) — 262770
= h,_(x) — 27",

Thus h,(x) > h,_(x) — 562" and so
sup {| 2.(2) — h,_y(%) |: w € B} < 5e27" .

Define h(x) = lim,_.. k,(x). This defines an affine function % on
E* such that a(z) = f(x) V g(x) for xe€ B and sup{|i(x)|:xc E*} <
1+ ¢e¢=a. Since H0) =0 and A,— h uniformly on E*, & is linear
and weak* continuous on E¥. Thus ke E.

3. Normal cones. Let E be an ordered Banach space with
positive cone P. It will be useful in the sequel to assume that E*
is positively generated, i.e., E* = P* — P*. This property of E* is
related to a property of E called normality.

DEFINITION. The Banach space E is a-normal if

(B, + P)N(E, — P)CaFE,.
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The space E* is a-generating if E* c aconv(B U —B), where B =
P*N E*.

We now list for future reference some easy and/or well-known
equivalences of 1l-normality.

THEOREM 2. Let E be an ordered Bamnach space with closed
positive cone P. Let B = P* N E*. The following are equivalent.

(i) FE is 1l-normal

(ii) xze E implies ||| = sup{| f(x)|: fe B}

(iii) E s tsometrically isomorphic to the space A(B) of con-
tinuous affine functions on B vanishing at 0, where B 1is given the
relative weak® topology

(iv) E* is l-gemerating.

The equivalence of (i) and (iv) is a special case of a theorem of
Grosberg-Krein [8]. The proof below of (i) = (ii) is a minor modifi-
cation of the proof of 23.5 of [10].

Proof. (i)=(ii). Let B° (the polar of B) = {xcE:|f(x)| <1
whenever fe B}. It suffices to show B°C E,. Let x e B° and let » be
any number such that 0 <» < 1. If r¢¢ E, + P then there exists an
f€ E¥ such that f(rx) < inf f(E, + P). But then fe B and f(rx) < —1
so that f(x) < —1 contradicting x € B’. Thus rx e E, + P and similarly
reeE, — P, so rec E, for all », 0 < » < 1. It follows that xc E..

(ii) = (iii). It is well-known (see for example 4.5 of [13]) that
the natural map of E into A,(B) has a norm-dense image. Since (ii)
implies the map is an isometry, (iii) follows.

(iii) = (iv). Suppose fe E*\conv(BU —B). Then there is an
x ¢ E such that ||z]|| = f(x) > sup {g(x): geconv(BU —B)} = ||z ]|.

(ivy)=(i). LetzeFandz=2+p=9y—q;2,yc K, and p,ge P.
Then fe E¥ implies f = N, — 1 —N)f;; 0N <1 and f,, f,€ B. Then

f@) =M@+ p) -1 -Nfly—q = -1
and
FR =My -9 —-—L-Nf(z+p)=1.

Thus | f(z)| £1 for all fe E* and hence ||2]|| = 1.

Davies [4] defines an ordered Banach space to be regular if

(i) Jlyll =|le|| whenever —z <y =< @.

(ii) for each & >0 and for each « there exists y such that
lyll < ||| + ¢ and y = x, —2.

He proves that if E is an ordered Banach space and E* is given
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the dual ordering then E* is a Kakutani L-space [9] if and only if
E is a regular space which is directed and satisfies the Riesz decom-
position property. Such spaces E are termed simplex spaces by Effros
[7]. We note that if F is 1-normal and directed then E is regular.
Also, if E* is an L-space then in particular it is 1-generating and
thus E is l-normal. Hence we have the following:

THEOREM 3. An ordered Banmach space with closed positive come
P is a simplex space if and only if

(1) E has the decomposition property,

(ii) E is l-normal, and

(ili) E s directed.

4. Representation of universal caps. In the following we shall
assume that B is a universal cap of the convex cone @ and that the
space F'= Q — @ is a Hausdorff locally convex space considered in

the weak topology w(F, F') induced by its topological dual F’. If
fe F’ then define

I f1] = sup{| f(x)]: e B}.

THEOREM. With || - || defined as above F’' is a mormed linear
space such that (F',||-|)* with the weak* topology 1is linearly
homeomorphic to F. The dual norm induced on F is additive on Q
and F, = conv (B U —B).

This result is closely related to a theorem of Dixmier [3] which
is used in the proof of the analogous result for locally compact cones
in [5].

~ Proof. The set conv (B U —B) is compact, convex, balanced and
absorbent in F' and thus its Minkowsky functional is a norm on F
such that F), =conv(BU —B). Since Q\B is convex, the norm is
additive on Q. Then the polar F?, is the unit ball for a dual norm
on F' and clearly if feF’ then || f|| = sup{| f(x)|: x € B}. Since F,
is w(F, F’) compact it follows from the Mackey-Bourbaki Duality
Theorem (see 8.3.1 of [6]) that the norm topology on F' preserves
the duality between F'’ and F, i.e., (F',|| -|))* = F’. Obviously the
weak* topology on F' is the same as w(F', F").

COROLLARY. If B s a umniversal cap of @ then B absorbs any
other cap B’ of Q (there exists r > 0 such that B’ c rB).

Proof. Let Q@ = -, nB’. Clearly B’ is a universal cap of @’
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and BNQ’ is also a universal cap of @'. Thus it suffices to consider
the case where both B and B’ are universal caps of . In this case
F =Q — Q can be normed so that F, = conv (B’ U —B'). Since F is
the dual of a normed linear space F' is complete in this norm. Also
F =g nconv(BU —B) and so it follows from the Baire theorem
that F, = conv (B’ U —B’) C r conv (B U —B) for some r > 0. Suppose
xeB'. Then z=7rb,— 1 —N)b); 02 =<1 and b,b,eB. Let
b=xb. Then berB and b —2eQ. If 2 #b choose ¢ =1 suf-
ficiently large so that = + p(b — x) ¢ rB. Then

b=(1-1/mz + 1/ + b — @) .

Thus z € rB since Q\rB is convex. Hence B’ C rB.
It was pointed out by I. Namioka that this corollary can be
proved directly from 10.2 of [10].

THEOREM. Let B be a universal cap of Q and let F and F' be as
above. Then E = A(B) is the ||-||-completion of F'. Let E be
ordered with closed positive cone P as a subspace of C(B). Then E
18 l-normal, approximately directed and E* 1is isometrically iso-
morphic to (F,||-||). This isomorphism is order preserving.

Proof. It follows from the definition of the norm on F’ and
a well-known theorem that F"’ is isometrically-isomorphic to a norm-
dense subspace of Ay(B). Thus E is the || -||-completion of F’. Since
F is the norm dual of F"” it is clear that each x ¢ F' can be uniquely
extended to a bounded linear functional on E with the same norm.,
Thus (F,||-]|]) is identified with E*. To show the identification is
order preserving it suffices to show P*=Q. If 0 ~22ecQ then rxe€B
for some r > 0. Thus f(x) = 0 for all fe P and so xc P*. Since B
is w(F, F') compact it is a w(F, E) closed subset of F, and hence
w(F, E) compact., But then Q N F, = B is w(F', E) compact and so by
the Krein-Smulian theorem Q is w(F, E) closed. Suppose now x € P*\Q.
Then there is an feFE such that f(x) <inf{f(y):ve€@}. Thus
fy) =0 for all yeB and so feP. But inf {f(y):y€Q} =0 and so
f(x) < 0 which contradicts e P*. Thus P* = Q. Since the norm
on F is additive on @ = P*, E is approximately directed. Also,
F, = conv(BU —B) and so F is 1-generating and hence E is l-normal.

COROLLARY. If B 1s umiversal cap of @ then there exists an
ordered Banach space E (=Ay(B)) with closed positive cone P such
that E 1is approvimately directed, l-normal and B 1s affinely
homeomorphic to P*NEF*. If Q s identified with P* then Q is
closed in the weak* topology.
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We remark here that if @ has a compact base then @ is closed
(this is due to Klee [11]). The corresponding fact about @ in the
case that it has a universal cap is also true for the weak* topology
as the dual of complete space but does not hold in general. We give
an example below.

5. Examples. The following example shows that an approxi-
mately directed Banach space is not necessarily directed.

Let ¢, be the space of sequences converging to 0 with the
supremum norm. Let

E= {wecol% + @, = 22‘”9:“3}.
n=0
Clearly E is a closed subspace of ¢,. Let a > 1 be given and let

2,ye E,. Choose z, = a for 3 < n < N where N is sufficiently large
so that a 337 2" =2, Letz,=2,V ¥,V 0 for »n > N. Then

A
Ms

2 27" 2,45 = 20

0

3
I

Thus 2, and 2, can be chosen between 1 and @. Then ||z £ @ and
2, =%, V ¥y, for all n. Thus FE is approximately directed. Now let

x=(1701190) ""0! "')
and
y:(O,l,l,O,---,O,---).

If 2=z 2,y and ||z|| <1 it would be necessary for z, to be
exactly 1 for all n. But z,— 0 so E is not l-directed.

We now give an example to show that a universally capped cone
need not be closed. Let P be the positive cone of [* with the
product topology as a subspace of RY. Let

Q= {xeP: X, = g2xn/n} .

Then Q is not closed, for let a™ be the element of @ for which o =1,
a*=n and a% =0 for m =1, n. Then ¢"—(1,0,---,0,--+)2@Q.
But since (-1,1/2,1/8,-.-,1/n, ---)€c, @ is closed in the weak*
topology on I' as the dual of ¢, Thus B={xecQ: >, xz, <1} is
weak* compact and hence compact in the weaker product topology.
Thus B is a universal cap of Q.

6. Silov boundaries. If X is a compact Hausdorff space and
E is a subspace of the space C(X) of continuous real-valued functions
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on X, then the subset K of X is called a boundary of E if feFE
implies there exists xe K such that |f(x)| = || f||. If there is a
smallest closed boundary of E (one which is contained in every other
closed boundary) it is called a Silov boundary. It is well known that
if E separates points and contains the constants then E possesses a
Silov boundary. However this is not necessarily the case for arbitrary
separating subspaces of C(X) (consider, for example, the subspace of
CJ[0, 1] of functions satisfying f(x) + f(1 — x) = 0 which possesses the
two minimal closed boundaries [0,1/2] and [1/2,1]). This is perhaps
most relevant to the consideration of subspaces of Cy(Y), Y locally
compact Hausdorff; or equivalently to subspaces of continuous functions
all of which vanish at some point of a compact Hausdorff space. We
observe here that the usual arguments in case E contains the constants
can be adapted to show that a closed approximately directed subspace
E of C(X), and consequently any dense subspace of E, possesses a
Silov boundary.

Let E be a closed, separating and approximately directed subspace
of C(X); let B={LeE*: L =0 and ||L|| £1}. Then B is weak*
compact and if ¢ is the usual evaluation map from X to E* then
#(X) is a closed subset of B homeomorphic to X.

PROPOSITION. B = cl-conv (¢(X) U {0}).

Proof. Let K = cl-conv (¢(X) U {0}). Obviously K < B. Suppose
LeB\K and without loss, ||L|| =1. Then Leg¢conv(KU —K): If
Leconv(KU—K) then L =L, — L;; L,, L,e K and || L || + || L,|| = 1.
But since F is approximately directed and

L,L,L,z0, 1 =L = [[ L[| = [[ Lell .
Thus || L,|| = 0. But then there exists fe £ such that
I A1l = L(f) > sup {L'(f): L e conv (K U —K)} = || fI| .
DEFINITION. The Choquet boundary C of
E={reX: 0=+ ¢(x) cext B}

(ext B = extreme point of B).

Since E is separating there is at most one point x, of X such
that f(x)) =0 for all feE. It can be shown with the standard
arguments (see, e.g., [13]) that C is in fact a boundary and that C
consists exactly of the points 2 (excluding 2,) of X for which ¢, is
the only probability measure which represents « in E.

THEOREM. The closure of C in X is the Silov boundary of E
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Proof. (see also Prop. 6.4 of [13]). Let K be a closed boundary
of E and suppose 0 == ¢(x) € ext B\¢(K). Let

U={LeB:|L(f) - filx)| <& i=1,---,m}

be a weak* neighborhood relative to B containing ¢(x) and disjoint from
#K)., Let J;,={LeB:|L(f)) — fix)|=¢e};1=1,---,n and let J =
conv (J;, +++,J,,{0}). Then J is compact, convex and contains ¢(K).
Since ¢(x) is an extreme point of B missing J,, ---,J, and {0},
s(x)eJ. Also |[4(x)|| =1 and it follows from the additivity of the
norm on B that ¢(x) ¢ conv (J U —J). Thus there exists f e E such that

Sf(@) > sup {L(f): Leconv(J U —J)} = sup{| f(¥) |: y € K}
which contradicts the fact that K is a boundary.

Added in proof. Theorem 1, together with the applications in
Sections 3 and 4, has been obtained independently by Kung-Fu Ng
[The duality of partially ordered Banach spaces, Proc. London Math.
Soc. (to appear)].

REFERENCES

1. L. Asimow, Extremal structure of well-capped convex sets, Trans. Amer. Math. Soc.
(to appear)

2. G. Choquet, Ensembles et cones comvexes faiblement, C. R. Acad. Sci. Paris 254
(1962), 1908-1910.

3. J. Dixmier, Sur un theoreme de Banach, Duke Math. J. 15 (1948), 1057-1071.

4. E. B. Davies, On the Banach duals of certain spaces with the Riesz decomposition
property, Quarterly J. Math. 18 (1967), 109-111.

5. D. A. Edwards, On the homeomorphic embedding of a locally compact cone into a
Banach dual space endowed with the vague topology, Proc. London Math. Soc. (3) 14
(1964), 399-414.

6. R.E. Edwards, Functional analysis, Holt, Rinehart and Winston, New York, 1965.
7. E. G. Effros, Structure in simplexes, Acta. Math. 117 (1967), 103-121.

8. J. Grosberg and M. Krein, Sur las decomposition des functionelles en composantes
positives, C. R. (Doklady) de I’Acad. Sci. de 1 URSS 25 (1939), 723-26.

9. 8. Kakutani, Concrete representation of abstract (L)-spaces and the mean ergodic
theorem, Ann, of Math. 42 (1941), 523-537.

10. Kelley, Namioka and co-authors, Linear topological spaces, van Nostrand,
Princeton, 1963.

11. V. L. Klee, Jr., Separation properties of convex cones, Proc. Amer. Math. Soc. 6
(1955), 313-318.

12, M. Krein, Sur las decomposition minimale d’ume functionelle linéaire en com-
posantes positives, C. R. (Doklady) de ’Acad. Sci. de ’'URSS 28 (1940), 18-24.

13. R. R. Phelps, Lectures on Choquet’s theorem, van Nostrand, Princeton, 1966.

Received September 7, 1967. This research conducted while the author held a
National Science Foundation Post-doctoral Fellowship.

UNIVERSITY OF CALIFORNIA, BERKELEY








