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Abstract

Choquet’s theorem is a result for some convex sets in metrisable spaces that
provides a method to represent points as 'barycentres’ of probability measures
supported by its extreme points. It generalises the Krein-Milman theorem in
a setting of integrals over some measures, and provides a translation of some
geometric properties into measure theoretical analytical ones. In this sense
it is a measure theoretic version of the Krein-Milman theorem, or an integral
representation of the Krein-Milman theorem.

There are many applications for the theorem, including in mathematical
physics and economics. One such application in the theory of economics is
shown in [l

The theorem we ultimately aim to show is the following.

Theorem (Choquet). Suppose Q is a metrisable compact convexr subset of
a locally convex topological vector space X. Let xqg € ). Then there is a
probability measure i on QQ whose barycentre is xo and u is supported by the
extreme points of Q.



1 Introduction

Definition 1.1 (Extreme Set). Let X be a vector space and K C X. A set
g # S C K is said to be an extreme set of K if for every x € K, y € K and
t € (0,1) where

(1-tir+tyesS

we have z € S and y € S.

And an extreme point of K are the extreme sets in it that are singletons.
The set of all such points will be denoted E(K). A classical result of the
kind which we wish to generalise is the following.

Theorem 1.2 (Carathéodory). If X C R" is compact convex, then every
x € X is a convexr combination of at most n + 1 extreme points of X.

While the Krein-Milman theorem generalises this into infinite di-
mensions, to get a constructive way to represent these points, it is not enough.
That is what motivates us to search for integral representations, using Borel
measures.

Stated first are some preliminary results from functional analysis and
measure theory, namely the Hahn-Banach extension theorem and the Riesz
representation theorem, both of which will be used extensively in the subse-
quent sections.

Theorem 1.3 (Hahn-Banach Extension). Let X be a normed space, and M
be a subspace. Let [ be a continuous linear functional on M. Then there
1s an f , a continuous linear functional on X such that f = f on M and

£l = 11£1-

Theorem 1.4. If X s a locally compact Hausdorff space, then every bounded
linear functional ® on Cy(X) is represented by a unique reqular Borel measure

i such that
of = [ fau
b's

for every f € Co(X). Moreover,
1] = |ul(X)
And p 1s positive iff ® is positive.

Let us motivate the main theorem by an example that makes it clear why
such a representation exists in some cases.



Example 1.5. Let © be a compact Hausdorff space and consider C(£2), the
continuous real functionals on (2.

Denote by C(Q2); the closed unit ball in C'(£2)*. Now, we consider the
subspace A({2), that is, the affine continuous real functionals on €.

Note that 1 € A(€2). Now consider a positive functional A € A(Q2)* such
that ||A]| = 1 and A(1) = 1. By the Hahn-Banach extension theorem, we are
able to get a A € C(Q)* such that ||A|| = ||A|| and A(1) =1, and A = A on
A(Q)*.

However, by the Riesz representation theorem, we know that there is a
unique regular positive (as the functional is positive) Borel measure such that

Aa) = /Qadﬂ

for every a € C(K) and p(X) = ||A|| = 1. Then p is a probability measure.
Restricting a back to A(K'), we get a unique representation p for every a €

A(K) such that
A(a) = / adpu
Q

So we have really identified these elements of norm 1 with the probability
measures on K, Z(K).

2 Krein-Milman Theorem

Theorem 2.1 (Hahn-Banach Separation). Suppose A and B are disjoint
nonempty convex subsets of a locally convex topological vector space X. Then
if A is compact, B is closed, and X is locally convex, then there exist A\ € X*,
v1 € R, 75 € R such that

Re Az < v <7 < Re Ay

for every x € A and for every y € B

This well known result (see 3.4 from [4] for a proof) will be used to prove
the following theorem.

Theorem 2.2. Let X be a topological vector space on which X* separates
points. Suppose A C X and B C X are disjoint nonempty compact convex
sets in X. Then there exists A € X* such that

sup Re(Az) < ;rel]g Re(Ay)

T€EA

for everyx € A, ye B



Proof. Note first that if X is locally convex, then X* separates points, so we
are using a weaker assumption.
Denote by X,, the space X imbued with the weak topology. Then A and
B are compact in X,,, as they are compact in the strong topology, and they
are convex sets, implying they are weakly compact.
Since the weak topology is Hausdorff, they are also weakly closed, and as
X, is locally convex, we may apply to obtain a A € (X,,)* such that
sup Re(Az) < inf Re(Ay)
zEA zeB
But we know that (X,,)* = X*, so A € X* and we have obtain our required
map. |

Now we are ready to prove the Krein-Milman theorem. Note that by co(-)
we denote the convex hull of a set, or the smallest convex set containing it.

Theorem 2.3 (Krein-Milman). Let X be a topological vector space on which
X* separates points. If @ # K C X is a compact convex set, then K =
o(E(K)).

Proof. Let P be the set of compact extreme sets of K. Since K itself belongs
to the set, it is nonempty. We will use two properties of P.

a) If L is a nonempty subcollection of P, then its intersection S = Myl €
P,ift S#£o

b) If S € P, A € X*, puis the maximum of Re A on S and

Sy={z €S :Re Aw = p}

then Sy, € P.

To show a), note that S is compact as we have a Hausdorff space, and S
is an extreme set, so S € P.

Now b) will be shown. Let tx + (1 —t)y = 2z € Sy, z € K, y € K,
0 <t<1 Since z € Sand S € P, we have that x € S and y € S. Thus
Re Az < p, and Re Ay < p. Since Re Az = p and A is linear, we have that
1= Re Az = Re Ay. Thus we have that x € Sy and y € Si, so b) has been
proven.

Now, let S € P and let
P ={PeP:PCS}

since S € P, P # &. Now let (P’,C) be a partially ordered set, and let €
be a maximal totally ordered subset of P’, and let M be the set

M= ()0

oe
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since €2 has compact sets with the finite intersection property, M # &. By
a), we know that M € P’. Since € is maximal, there is no proper subset of
M in P. Now, apply b) so that every A € X* is constant on M. Since X*
separates points, M only has one point and thus M € E(K). Thus we have
shown that E(K) NS # @ for every S € P, or, every compact extreme set
of K contains an extreme point of K.

As K is compact convex, we know ¢o(F(K)) C K, and so co(E(K)) is
compact.

Let, if possible, zy € K such that zq & ¢o(E(K)). Then by [2.2] we have a
A € X* such that Re Az < Re Az for every z € Go(E(K)). If K, is defined
as in b), then K, € P, but then K, is disjoint from ¢o(F(K)), which is a
contradiction to E(K) NS # @ with S = K, so K =¢o(E(K)). |

However, the Krein-Milman theorem does not suffice for every case. This
can be illustrated by the following example.

Example 2.4. Consider the space Hilbert space s = (2, and the closed

unit ball
B=1= {{xn}nzl cC:y faal < 1}

We wish to find the extreme points of B. Clearly an extreme point must have
norm 1, as if ||z|| < 1 for some = € B then it is the convex combination of
some two other points in the ball. So the extreme points must have ||z|| = 1.

Now, we show that points of norm 1 are in fact extreme points. Let x € B
such that ||z|| = 1. Suppose for the sake of contradiction that there are points
y=Ayn} # 2 ={2,} € B and some 0 < t < 1 such that z =ty + (1 — t)z.
Then, we have that ||z|*> = 1 and from the parallelogram law,

l2]|* = [lty + (1 = t)2||?
= lltyll” + (L = t)z[* + 2t(1 = )y, 2)
= lyll* + (1 = 1)*[]2]]* + 2t(1 — t)(y, 2)

and as ||y]|> <1 and ||2|* <1,

L=|z]? <+ (1—t)24+2t(1 —t){y,2)
=1-2t+2t* +2t(1 — t){y, 2)
=1-2t(1 = 1)((y,2) — 1)

thus (y,z) > 1, but from Cauchy-Schwartz, |[(y,z)| <1, so (y,z) = 1. And



so finally

ly — 2|
=llyll* + 12l* — 2(y, 2)
<1+1-2(1)
=0

so ||y — z|| = 0, and y = z which is a contradiction.

We have shown that E(B) = {{z,} € B : |{z,}|| = 1}. But from
Banach-Alaoglu we know B is weakly compact convex and so we get that
the closed convex hull ¢6(E(B)) = B as E(B) is weakly dense in B. So in
this case we are not getting a useful identification from the Krein-Milman
theorem.

It is clear that a sharpening of the theorem is necessary, as by taking the
closure we forego a way to get a concrete constructive representation.

Milman’s theorem is also relevant, for which an alternate proof will also
be provided using the developed theory.

Theorem 2.5 (Milman). If K is a compact set in a locally convex topological
vector space X, and if ©6(K) is compact, then every extreme point of co(K)
lies in K.

Proof. Suppose an extreme point p of ¢6(K) is such that p ¢ K. Then there
is a convex balanced neighbourhood V' of 0 in X such that

p+V)NK =2
and let xq,...x, € K such that

KC|J@i+V)

i=1
then each A; = ¢o(K N (z; + V)) is compact convex as A; C ¢o(K). And
K CAU---UA,. But then co(4; U---UA,) is also compact, and
(K) Cco(AjU---UA,) =co(A;U---UA,)
But the reverse inclusion is also true since A; C ¢6(K) Vi. So,
co(K)=co(A U---UA,)

Let p=tiyn + -+ tnyy where y; € A; and t; >0, > t; = 1. So

)t2y2 + -+ iNynN

=ty +(1—t
P =t +( ty+ - +iy



shows p as a convex combination of points in ¢6(K), and since p is an extreme
point of ¢6(K'), we must have y; = p. Thus for some 4

peA Cu;+VCK+V

which is a contradiction. [ |

3 Integral Representations

Some integral representation theorems will be shown, leading up to a way to
generalise the Krein-Milman theorem.

First, we will define 'vector-valued’ integration. Let () be a measure space
with real or complex measure p. Let f: Q) — X be a function where X is a
topological vector space. We wish to associate a value to

/Qfdu

Definition 3.1. Let ) be a measure space and p be a measure (real or
complex) on it. Let X be a topological vector space on which X* separates
points. Let f : Q — X be a function such that Af is integrable for every
A € X*. Note that if ¢ € @ then (Af)(q) = A(f(q)). If there exists y € X
such that

Ay = /Q (Af) du

for each A € X* then we define

L;ﬂuzy

The requirement for this definition is that

A(/Qfdu> Z/Q(Af)du

for a A € X* as A is linear it preserves sums, and integration is the limit of
sums. This is the motivation for the definition.

This value is well defined. Let us show this.

X* separates points, so there is at most one y. Thus the value is unique
and well defined. Next the existence of it must be ensured. For our purposes
it is enough to show it for cases where () is compact with continuous f. Then
f(Q) is compact, and ¢o(f(Q)) must be compact.



A probability measure is defined to be a positive measure of total mass
1, or u(X)=1.

Recall also the Jordan decomposition theorem, that any complex measure
may be decomposed into four positive probability measures.

We furnish the existence with the following theorem

Theorem 3.2. Let X be a topological vector space on which X* separates
points and let p be a Borel probability measure on a compact Hausdorff space
Q. Then if f:Q — X is continuous and ¢o(f(Q)) is compact, then

yz/Qfdu

Proof. We only need to prove this for real spaces, since if v is any positive
Borel measure on @), then \v is a probability measure for some A € v. Thus,
by the Jordan decomposition theorem, we may extend it to any complex
measure.

Thus suppose X to be a real space. Let H = co(f(Q)). Let

exists.

L:{Al,...,An}

be a finite collection in X* and let
EL:{yEE:Ay:/(Af)du VA € L}
Q
Now let A; € L and

By = {y e H:Ay— /Q (Asf) dia}

and consider a net {y,} C E\, such that y, — y for a y € H. We wish to
show y € Ej,.
From the continuity of A we have

Ay = Mimy, = lim Ay, :/(Af) du
Q

and thus y € Ej, and the set is closed. We have Fj = U?Zl E\, so By is
closed. Since H is compact by hypothesis, £, is compact. If we show Fj, # @
for any L, then the set of all such E; has the finite intersection property,
and their intersection is nonempty. Thus there exists y in this intersection,
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which would imply Ay = |, 0 Af du for every A € X*. Thus we will now prove
E, #+ 2.
Regard L as a mapping L : X — R" such that

L(z) = (Ai(2),...,Au(2))

and put K = L(f(Q)).
Then put

And define m = (my,...,m,). It will now be shown that m € co(K).

Since L and f are continuous maps and so L o f must be a continuous
map. @ is compact, so K is compact. Since K C R", we know that co(K)
is also compact. Now, R\ co(K) is also convex, and since co(K) is open (by
form of convex hull in R") we have that R \ co(K) is a closed convex set.
Now, we may apply to obtain cq,...,c, € R such that

n n
E ciu; < E citi
=1 =1

for u = (u;)1<i<n € K. Thus for ¢ € Q

Z cilif(q) < Z Cit;
i—1 i—1

Now, we integrate the left side of the inequality over the probability measure
i to obtain > ¢;m; < Y eit; and so t # m. Thus, we must have m € co(K).
Since K = L(f(Q)) and L is linear, m = Ly for some y € H = co(f(Q)).
For this y we get

Ay =mi= [ (Aif)ap
Q
and thus y € Ep. So E;, # @ and by earlier results, the proof is complete. B

Now we are ready to finally get a characterisation of points in a compact
convex sets in terms of their representations.

Theorem 3.3. Suppose X is a topological vector space on which X* separates
points, Q@ C X is compact and H = ¢6(Q) is compact. Then y € H iff there
is a reqular Borel probability measure i on @) such that

yz/Qxdu(ﬂf)

8



Proof. Take X to be areal space. Consider C'(Q), the space of real continuous
functions on @ as a normed space with the sup-norm (making it Banach).
Now, by , the space C'(Q)* of real functionals may be unique identified
with the space of real Borel measures on () that are differences of regular
positive measures. Thus we will define the mapping

$:CQ) - X

= rdu(x
¢(1) / p ()

Let P be the set of all regular Borel probability measures on . We will thus
prove that ¢(P) = H.
Let x € () and consider the unit mass

5 0xe&Q
T lizeqQ

Then clearly 4, € P. Since ¢(0,) = [,xdd, (v) = z, we have Q C ¢(P).
¢ is linear and P is convex so H C ¢(P). By the previous theorem we get
¢(P) C H. Since we have ¢(P) C H and H C ¢(P), if ¢(P) is a closed set
then ¢(P) = H. We will prove this.

First, it will be shown that P is w* compact in C(Q)*. First, note that

Pg{,u:‘/hdu
Q

and this set is w* compact by the Banach-Alaoglu theorem. If h € C'(Q) and

h > 0 define
Q

The map p — [ hdp is continuous so every Ej, must be w* closed. The same
is applied to say that the set

o

is w* closed. Since P is the intersection of E and every Fj, it is also w*
closed and since it is a subset of a w* compact set, it is w* compact.

Now we prove ¢ is continuous when C(Q)* is given the w* topology and
X the weak topology.

<1, ] < 1}



Note that it is a linear map. Every weak neighbourhood of 0 has a set of
the form
W={yeX:|Ay|l<r;1<i<n}

where A; € X* and r; > 0. If we restrict A; to () then

/Aid,u’<r1~1§i§n}
Q

is a w* neighbourhood of 0 in C(Q)*, but then [, A;dp = Ai( [, v du(2)) =
A;¢(p) by definition and so ¢(V) C W and so ¢ is continuous.

Thus we have that ¢(P) is weakly compact and thus weakly closed. So
it is also originally (strongly) closed and so ¢(P) = H. |

V—{MEC(Q)*i

Through this, we may reformulate the Krein-Milman theorem in terms of
integral representations, but first we define some terms.

Definition 3.4. Let i be a positive regular Borel measure on the compact
Hausdorff space ). Let S C @ be Borel. Then p is supported by S if
H(X\ S) =0,

Definition 3.5. Let () be a compact Hausdorff subset of a locally convex
topological vector space X. x is said to be the barycentre of a positive regular
Borel measure p on @ if Az = fQ Adpy for every A € X*.

Theorem 3.6. Let X be a locally convex topological vector space, and let
Q C X be compact convex. Then every x € @ is the barycentre of a probability
measure j1 on Q supported on E(Q).

Proof. Let H = E(Q), then x € 6(H). By , there is a probability measure
with x barycentre. By the Hahn-Banach extension theorem, extend p to @,
and we are done. [ |

Now, to motivate the necessity to generalise this theorem, we need a
representation theorem supported on extreme points, rather than the closure
of the extreme points.

Lemma 3.7. Suppose Q) is a compact convex subset of a topological vertor
space X, and suppose that Q) is metrisable. Then E(Q) is a G-§ set.

Proof. Let d be a metric on (). Define

1 1
F, = {x:x:§(y+2), Y,z € Q, d(y,z)zﬁ}

Then clearly each F), is a closed set and x € () is not an extreme point iff
x € F, for some n € N. So, E(Q)¢ is an F-o set and thus E(Q) is a G-0
set. |
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0., the dirac measure, always represents any x. So, if x is not an extreme
point, there exist other measures whose barycentre is . Thus a point is
extreme iff §, is the only measure representing it.

This statement is known as the theorem of Bauer.

Theorem 3.8 (Bauer). Let X be a locally convex topological vector space and
Q be a compact convexr subset. Then x € E(Q) iff d, is the only probability
measure on Q whose barycentre is x.

Proof. Suppose x € E(Q) and is the barycentre of pu. As p is regular(it is
a regular positive Borel measure), we wish to show that p(D) = 0 for every
compact D C @ \ {z}, to show that p is supported by {x}.

Suppose, for contradiction, that (D) > 0 for one such compact set. Then
there is a point y € D such that (U N Q) > 0 for every neighbourhood U
of y, as D is compact. Let U be a closed convex neighbourhood such that
K:=UnNnQ CQ\{z}. Then K is compact convex and 0 < r = p(K) < 1,
as if u(K) = 1, then its barycentre will be in K.

Define the Borel measures p1, s such that pi(B) = fp(B N K) and
p2(B) = = (BN (Q\ K)) for every Borel B C ). Let z; be the barycentre
of p;, then since py (K) = 1, we have z; € K and so = # x1, and we also have
p=ru; + (1 —r)us, so x =rxy + (1 — r)zy, which is a contradiction. |

Now we may also offer an alternative proof of 2.5 Suppose z € E(co(K)).
By we have a measure p on K such that x is the barycentre of p. By

=0, and so x € K clearly.

4 Choquet’s Theorem

We have finally developed the machinery to state the main theorem of Cho-
quet, and the condition we put is metrisability.

Theorem 4.1 (Choquet). Suppose X is a metrisable compact convez subset
of a locally convex topological vector space E. Let vy € X. Then there is a
probability measure p on X whose barycentre is xq and v is supported by the
extreme points of X.

Before we begin the proof, it is necessary to establish some definitions
and lemmata.
Let C' be convex.

Definition 4.2. A function f : C' — R is said to be affine if

fltr+ (1 =t)y) =tf(x) + (1 =) f(y)
for each z,y € C'and 0 <t < 1.

11



Definition 4.3. A function f : C' — R is said to be conver if

flz+ (1 —t)y) <tf(zx)+ 1 —t)f(y)
for each x,y € C'and 0 <t < 1. f is said to be concave if —f is convex.

Definition 4.4. A function f : C' — R is said to be strictly convex if f is
convex and

[tz + (1 =t)y) <tf(z)+ (1 -1)f(y)
forx #yeCand 0 <t <1.

Definition 4.5. A function f : X — R is said to be upper semi-continuous
if f~1((—o00,r)) is an open set for all real . f is lower semi-continuous if — f
is upper semi-continuous.

Denote by A the set of affine continuous functions on the space X and note
it is a subspace of C'(X). Also note that it contains the constant functions,
and all functions of the form x +— f(x) + r for every f € C'(X).

It is useful first to establish the following lemma about upper semi con-
tinuous functions.

Lemma 4.6. If f is upper semi-continuous, then f is Borel measurable and
the set
F={(z,r) e X xR: f(z) >r}

1s closed

Proof. The first assertion will be proved as follows. Let A = {z € X : f(x) >
a}. Then A=\ {z € X : f(x) > a— L}. These are all open sets as f is
upper semi-continuous, and so A is open, and thus f is (Borel) measurable.

Now the second assertion is shown. Suppose there is a sequence {(z,,7,) }»
in F' and (x,,7,) — (z,7), and suppose for contradiction that (x,r) &
F. Then there is some 6 > 0 such that f(z) < z — 4. But we know
f~Y((—=o0,r —8)) open. So z € f~'((—oo,r —§)). But then F is endowed
with the product topology and so

fH((=00,r = 0))

contains the tail of {z,,} and (—oo,r — §) contains the tail of {r,}. So there
exists some N such that f(zy) <7 —0 and ry > r — §. But then we get a
contradiction from (xy,ry) € F. |

We now define an important special function.

12



Definition 4.7. If f is a bounded function on X and x € X, then f is called
the upper envelope of f and is defined as

f=inf{h(z):hec A h> f}
The following lemma about properties of f is now established.

Lemma 4.8. Let f be bounded on a locally convex, compact X. Then
1. f is concave, bounded and upper semi-continuous
2. f < f and if f is concave and upper semi continuous then f = f
3. if g is also bounded then f+g < f+g and |f — g| < ||f — g|| while
frg=f+gifge A Ifr >0 thenrf=rf.

Proof. Several statements in the lemma are obvious from the definition, so
only the necessary ones are proven. First, 1. is proven. Note that for
0 <t <1 theset

(th(z)+(1—t)h(y) : h € A, b > F} C {thy(x)+(1—t)haly) : ha,ho € A, hy,ha > f}

And so we have that f(tz+(1—t)y) > inf{thi(z)+ (1 —t)ha(y) : h1, hy €
A, hi,hy > f}. But then this is the same as tf(z) + (1 — t)f(y), so —f is
convex, and f is concave. Now we may show it is bounded. As f is bounded
we have f < M for some M > 0 as constant functions are affine, and similarly
from below, so f is bounded.

Let r € Rand y € {# € X : f(z) > r}. Then there is some h € A
such that h > f and f(y) < h(y) < r. Now, y € {x € X : h(x) > r} as
it is open (h is affine continuous) so for any such x, f(z) < h(z) < r. So
{r € X :h(z)>r} C{r e X: f(zx)>r}, making f upper semi-continuous.

Now, suppose f is concave and upper semi-continuous. Then by F
is closed and convex. Suppose f(z1) < f(z1) at some point, then by Hahn-
Banach separation, there is a continuous linear functional A such that there
exists A s.t.

sup A(X) < A < Ay, f(x1))

so, as A(xq, f(x1)) < A(z1, f(z1)), we have A(0,1) > 0. So the function h
such that h(x) = r if A(z,7) = A exists and h € A. And also, f < h, but
h(x1) < f(z1) which is a contradiction. Thus, there is no such point x; and

f=1r

Now let us show 3.

(f +9)(x) =mf{hi(2) | ha > f, by € A}
+1nf{h2($) . hg Z g, hg € A}
:1nf{(h1 + hQ)(ZE) chy > f, hoy > g, hl,hg € A}

13



So as hy + hy > f 4+ ¢, f + g is the inf of a bigger set and so f + g < f + g.
So also

f=(—-9)+9<f—-9g+7

As constant functions are affine, f < [[f|l so f < [|f]l. So f—g <
f—9<|f —gll. We may do the same by interchanging f and g, to obtain
F—gl <l —gl.

Now consider the case ¢ € A. Then g = g and by the previous part,
frg<f+g IfhcAandh > f+g then h—g> fsoh—g>f.
Thus f(z) < inf{h(z) —g(x):h € A, h> f+ g} =inf{h(z): h€ A, h>
f+g}—g(x) = F+9(x) — g(x), 50 f+g=F+§ < T +g, and we already
had the other inequality, so there is equality.

The final assertion is thus shown. Let » > 0. Forany h € A, h > rf <=
b>fosof="1.

|
Now we are finally ready to prove the main theorem.

Proof to Choquet’s theorem[{.1 X is metrisable so C'(X) is separable, and
so A is separable. So choose a sequence {h,} C A such that ||h,|]| = 1
and {h,}22, is dense in A;. And so {h,}>°, separates points as well, as if
hn(x1) = hyp(x2), then for any f € A; there is a subsequence of h,, converging
to it. Which implies f(z1) = f(z2).

Let f =37, 27"hZ. This clearly exists uniformly since C'(X) is a com-
plete space and the Cauchy criterion. So f € C(X) and we wish to show it is
strictly convex. If x # y then h,(z) # h,(y) for some n, so h,, is nonconstant
on [z,y]. Now, a + a? is a strictly convex function, and for 0 < ¢ < 1,

th2(2) + (1= R2(y) > (th() + (1 — t)y)? = K2(tz + (1 — t)y)
thus, there is some § > 0 such that
27"hE(tr 4+ (1 — t)y) < 27" (thi(m) +(1- t)hi(y)) -0
For m # n, h2 is convex. So let m > n. Then
> 27 (tr + (1 - t)y)
i=1

< Zz—f (th?(x) + (1 — t)h2(y)) — 6

:zZ 27 h () + (1—1) Y hi(y) — 6.

i=1
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Now let m — oo, then from this we get that f is strictly convex.
Let B = A+ Rf, that is a subspace of C'(X) generated by A and f. Let
p be a functional defined on C(X)as p(g) = g(zo). This is subadditive as

p(91+ 92) = 91 + g2(0) < G1(w0) + G2(x0) = p(91) + p(g2)

And also, from 3. of [4.8] p satisfies p(rg) = rp(g) if r > 0. For h € A and
r € R, define the functional on B, ¢(h +1f) = h(xo) + 7f(20). We wish to
show that ¢(h +rf) < h+rf(xg) for every h. r.

Let » > 0. Then

o(h+rf) = (h+rf)(x)
=h+1rf(xo) = p(h+1f)

by 3. of . [ is convex so rf is is concave when r < 0 and rf =rf. Now,
using 2. and 3. both, and rf(z¢) > rf(x¢) when r < 0,

d(h+7f) = h(xo) + 7 f(20) < h(w0) + 7 (0)
= h(xo) + 1 f(20) = h+rf(z0) = p(h+1f)

Thus, we have shown ¢ is dominated by p.

By the Hahn-Banach extension theorem, we may extend this to a linear
functional m € C'(X)* such that m(g) < g(xg) for g € C(X) and m(h+rf) =
¢(h + rf) when restricted to B.

If g € C(X) and g <0, then 0 > g(zo) = p(g) = m(g), as 0 € A. Thus,
this means that m is nonpositive on nonpositive functions, and so it is a
positive continuous linear functional.

Applying the Riesz representation theorem, there is a positive regular
Borel measure y on X such that m(g) = [, gdu for g € C(X). Since 1 € A,

1=umﬁﬂmn:/3du=mx>

X

and so 4 is a probability measure. And,
[ £ =mis) = o)
X

f < f, so then clearly fX fdu < fX fdu. So p represents xo. We must show
it is supported on the extreme points.
But if h € A and h > f, then h > f and so

Mm:mw=éﬁwzéfw
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By definition of f, f(zo) > [y fdpu, and so

/deuz/xfdu (1)

Let E = {z: f(x) = f(z)}, i.e. those points where the function coincides
with the upper envelope. Then E is Borel. Then, we have p(E°¢) = 0, i.e.,
the function f — f > 01is 0 a.c.

Let £ = Y2 where y # 2. Then as f is strictly convex, we have

fy) + f(2)
2

fla) < Syaloc < f(x)

2 2
and so this is contained in the set of extreme points, so u is supported by
the extreme points. In fact F is precisely the set of extreme points. This

completes the proof.
|

5 Applications

In this section an application from [2] is shown, which uses this representation
in the field of financial mathematics.

Definition 5.1. A topological vector space X is said to be a Polish space if
X is separable, metrisable, and complete as a metric space.

Denote by Cy(X) the space of real continuous bounded functions on X.
Then we define the following.

Definition 5.2. Let X be a Polish space, and u : C,(X) — R be a function.
We call u a concave utility monetary function if
1. w is a concave function
2. for every f € C,(X) such that f is nonnegative, we have u(f) to be
nonnegative
3. u is monetary, i.e. for every a € R, there is u(f + a) = u(f) + a for
every f € Cyp(X)
4. u is positively homogeneous, i.e., for every f € Cy(X) and A > 0, we
have u(Af) = Au(f)
5. u satisfies the Fatou property, i.e., for every sequence of functions
{futn>1 C Cy(X) such that f,(z) — f(z) for every z € X, and f,
is decreasing, we have u(f,) — u(f) and u(f,) is decreasing, for f €

Cy(X).
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To generalise it to C'(X), the space of real continous functions on X,
which may not necessarily be Banach, the following is true.

The topology endowed on the space is of uniform convergence on compact
sets. Then, we have

Theorem 5.3. Let u: C(X) — R be a function. Suppose that
1. w is a concave function
2. w s positively homogeneous
3. w is a monetary function
4. w is monotone, i.ce., [ < g = u(f) <u(g)
then u s Fatou.

Using this, we get to the main result.

Theorem 5.4. Suppose X is a Polish space and v : C(X) — R is a function
such that

1. u is a concave function

2. u 1s positively homogeneous

3. w 1s a monetary function

4. u 1s monotone
Then there exists a compact set L C X, and a convex set ¥ C X of proba-
bility measures (positive reqular Borel measures of total mass 1) with support
contained in L, i.e. p € ¥ = u(L) =1 such that for every f € C(X),

u(f) =inf{u(f): pe s}

This is an application of the representation we did earlier. For a complete
proof of these statements refer to [2].
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