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1 Introduction

The first ever study on extreme points dates back to Minkowski in 1911. Minkowski [1]]
examined the relation connecting convex sets in three-dimensional spaces, and their set
of extreme points. His research uncovered that a compact and convex set (in a three-
dimensional space) coincides with the convex hull of the set of its extreme points. His
work inspired other mathematicians to explore whether extreme points of convex sets
are associated likewise in a more general setting. The most significant research regard-
ing this speculation is due to the mathematicians Mark Krein and David Milman in
the year 1940. The result presented in their paper [2] is known as the Krein-Milman
theorem, and is the most recognized statement regarding convex sets within functional
analysis. It extends Minkowski’s result from three dimensional spaces, to locally con-
vex Hausdorft spaces.

As with any theorem or statement in mathematics, it is natural to speculate in what man-
ner the Krein-Milman theorem may be adopted to our advantage. After the publishment
of the paper by Krein and Milman, mathematicians have employed the Krein-Milman
theorem in various forms. De Branges [3] applies the Krein-Milman theorem to prove
the notorious Stone-Weierstrass theorem, which states (in short) that a separating sub-
space of the continuous functions is dense. In the majority, the Krein-Milman theorem
is utilized to reduce the problem of identifying what elements belong to some set, to
finding the extreme points of this set. Kadets [4] and Phelps [5] utilize this technique to
prove Berstein’s theorem, which describes completely monotone functions as Laplace
transforms of non-negative Borel measures. Mauldon [6] proves Kendall’s theorem,
which states that the extreme points of the space of (possibly infinite) doubly stochastic
matrices are exactly the permutation matrices.

The objective of this thesis is to study the various applications of the Krein-Milman
theorem, within numerous fields of mathematics. The first part of the thesis famil-
iarizes the reader with several necessary definitions, theorems and other terminology.
Subsequently, the statement of the Krein-Milman and its proof are introduced. Then,
numerous applications of the Krein-Milman theorem in functional analysis, integra-
tion theory, linear algebra and graph theory are studied. The thesis is concluded with
a discussion on the assumptions of the Krein-Milman theorem, where compactness is
largely considered. Klee [7] and Nachbin [8]] consider families of (not necessarily com-
pact) convex sets satisfying a statement similar to the Krein-Milman theorem. Roberts
[9] provides a complex counterexample to the Krein-Milman theorem if the space is not
locally convex.



2 Preliminaries and basics

This section covers the basic notions regarding the theory of topological vector spaces
that will be used in the thesis. Throughout this section let E be a topological vector
space over the field of real or complex numbers. Many definitions introduced in this
section will be familiar to the reader, however we repeat them for the purpose of com-
pleteness.

2.1 Convex sets and extreme points

In defining the convexity of sets, the notion of a line segment or interval is required.
For any two points a, b € E, the open line segment between a and b is the collection of
all convex combinations Aa + (1 — A)b for A € (0,1). Note that the open line segment
excludes the so-called endpoints a and b. Similarly, the closed line segment connecting
a and b is the union of the open line segment and its endpoints. Notationwise, it is
customary to write (a, b) for the open interval between a and b, and [a, b] for the closed
one. Now one can define convex sets.

Definition 2.1. A subset A C E is called convex if [a,b] C A forall a,b € A.

Intuitively, one can think of convex sets as ones that contain no holes or inlets. Such sets
have many interesting properties, some of which are the Krein-Milman and the Hahn-
Banach theorem. An important operation for the Krein-Milman theorem is taking the
convex hull of a given set. For a set A C F, the convex hull of A, denoted by conv A
is the intersection of all convex subsets of E containing A. Thus conv A is the smallest
convex set containing A. Observe, that any intersection of convex sets is convex again.
In (possibly non-convex) sets, there exist points that are not contained in any line seg-
ment connecting two other points. It turns out that knowledge about these points gives
us information of the entire set, whenever the set in question is convex. These points
are the so-called extreme points.

Definition 2.2. Let A be a convex and nonempty subset of E.

(i) An element x € A is called an extreme point of A if x ¢ (a,b) for all a,b € A.

(i) A set X C A is called a face or an extreme subset of A whenever the following
implication is valid: if \a + (1 — \)b € X for some a,b € A and X € (0,1),
then a,b € X.

The set of all extreme points of some set A will be denoted by ext A. Extreme points
can also be defined for non-convex sets. In this case, a point z € A is called an extreme
point if it is not contained in any open line segment contained in A. A consequence of
the definition of a face is the following

Proposition 2.3. Let A C FE be a convex set and X any collection of faces of A. Then
(X is also a face of A.

Proof. Observe that the empty set is always a face of a convex set, thus assume (| X’ #
@. Let us argue by contradiction, thus assume that [ X is not a face of A. Then there



exists an element z € (| X and a,b € A where a ¢ (X such that € (a,b). Asa
consequence there must exist a face X € X that does not contain a, otherwise a € [ X.
Regardless of where the point b lies, it follows that the set X is not a face since z € X
is contained in a line segment of which at least one endpoint lies outside of X. This is

a contradiction since X was assumed to be a face, which implies that (| X’ is a face of
A. O



2.2 Locally convex spaces, semi-norms and the Hausdorff property

Recall the definition of the base of a topology. A base of a topology 7 on F is a collec-
tion of open sets 5 C 7 such that any set in 7 is the union of open sets in B. A locally
convex topological vector space is one with a specific kind of base.

Definition 2.4. A topological vector space is called locally convex if there exists a base
of convex neighborhoods of zero.

From here onwards, a locally convex topological vector space will be referred to as a
locally convex space. Such spaces can also be defined differently. Recall first some ter-
minology on semi-norm induced topologies. For a semi-norm p on E, define the open
ball of p with radius € as B, . = {x € E : p(z) < ¢ }. For a family P of semi-norms
on F, let Bp be the collection of all finite intersections of open balls B,, ., with p € P
and € > 0. The topology induced by ‘P on E is the topology with base Bp.

It turns out that the topology on a locally convex space over the complex or real numbers
is always induced by a family of semi-norms [[10]. These semi-norms can be used to
characterize convenient properties of topological vector spaces. Several of these will
be presented here. Let us start with the Hausdorff property. Recall that a topological
vector space is called Hausdor{f if for any two distinct elements a,b € E there exist
disjoint open neighborhoods A of a, and B of b. The next proposition demonstrates the
convenient criterion for the Hausdorff property in locally convex spaces.

Proposition 2.5. Let E be locally convex and ‘P the family of semi-norms inducing the
topology on E. Then E is Hausdor{f if and only if for all a € E, there is a semi-norm
p € P such that p(a) # 0.

For a proof of this proposition, we would like to refer to [10]. The condition on P in
the proposition is often referred to as the separation condition. If a family of semi-
norms satisfies this condition, then it is called separated. Proceeding, let us consider a
characterization of continuity of linear maps between locally convex spaces. A proof
of this criterion can be found in [11]].

Proposition 2.6. Let E and F be locally convex spaces, whose topologies are induced
by the totally ordered families of semi-norms P and Q respectively. The linear map
L : E — F is continuous if and only if for every q € Q, there exists ap € P and
M > 0 such that forall x € E

q(L(z)) < M p(x)



In locally convex spaces, boundedness of sets is completely prescribed by the values
attained by the semi-norms on this set, which is demonstrated by the next proposition.

Proposition 2.7. Let E be a locally convex space whose topology is induced by the
family of semi-norms P. A subset A of E is bounded if and only if p(A) is bounded for
allp € P.

A proof can be found in [L1]. Conveniently, with the aid of this proposition, showing
boundedness of sets reduces to deriving finiteness of the semi-norms on this set. Lastly,
there exists a beneficial convergence characterization with respect to the semi-norms.

Proposition 2.8. Let E be a locally convex space whose topology is induced by the
family of semi-norms P, that contains the net (f:)rer. Then fr — f if and only if
p(fr — f) = Oforallp € P.

The reader can consult [[11]] for a proof of this statement.



2.3 Weak*-topology, product topology and the Banach-Alaoglu the-
orem

Two topologies will be introduced in this section. These are the product and the weak*-
topology. The main benefit of these topologies is that they are well-behaved with respect
to compactness of their subsets. Both of these topologies provide a sufficient structure
for checking compactness quite effortlessly. For sets equipped with the product topol-
ogy, the Tikhonov theorem will be our main tool, and for the weak*-topology this will
be the Banach-Alaoglu theorem.

First we introduce some necessary terminology. Let E; be a family of real or com-
plex topological vector spaces, where ¢ € T is an index set. Further, define E to be
the infinite direct product of the sets F;. On the set E define the canonical projections
m; : ' — F; which map an element in F to its ¢-th coordinate. With this terminology
the product topology can be defined.

Definition 2.9 (Product topology). Let E; (t € T) be a family of topological spaces
and let E be the direct product of the sets E;. The product topology on E is the coarsest
topology for which all canonical projections m; are continuous.

Equipping a set with the product topology turns it into a topological vector space. A set
equipped with the product topology is often called a product space. A product space
is HausdorfT if each of the topological spaces in the product are Hausdorff. The same
holds for local convexity, if each of the spaces in the product are locally convex, then
the product space is locally convex as well. The product topology often goes by another
name, the Tikhonov-topology. A result related to the product topology is Tikhonov’s
theorem. It states that compactness of a set in each of the topological spaces E; of a
product space [, is equivalent to compactness in E itself with respect to the product
topology. The formal statement is given below.

Theorem 2.10 (Tikhonov theorem). The product space E = [],.q E; is compact if
and only if E, is compact forallt € T.

A proof of the Tikhonov theorem may be found in [4]. Let us shift our attention from
the product topology to the weak*-topology, which will be defined in this section as
well. Before introducing this definition, the concept of a dual space is necessary.

Definition 2.11 (Dual space). The dual space E* of E is the set of all continuous linear
functions f : E — K.

A function that belongs to the dual space is called a functional. A conventional norm
on the dual space is the operator norm. The operator norm can be defined for general
spaces of continuous linear maps between normed vector spaces, but we chose to define
it for the dual space of a normed vector space only.

Definition 2.12 (Operator norm). Let E be a normed space with norm || - ||. The
operator norm || - || op on the dual space E* is the norm defined by

[ fllop =sup{[f(z)| : x € E, [[z|[ <1}



So the operator norm evaluates the supremum of a function attained in the unit ball
in E. Conveniently, equipping the dual space with the operator norm and the weak*-
topology (which will be defined shortly after), provides a structure that allows the unit
ball to be compact, as demonstrated by the Banach-Alaoglu theorem. The convenience
of the weak*-topology is encouraged even more when considering the fact that the unit
ball is not compact in any infinite dimensional normed space, with respect to the norm-
induced topology. There are many (equivalent) ways to define the weak*-topology, but
in this thesis we use the definition regarding the continuity of evaluation functionals.

Definition 2.13 (Weak*-topology). The weak*-topology on the dual space E* is the
coarsest topology such that the evaluation functionals 0, : E* — K defined by 6,.(f) =
f(zx), are continuous for all x € E.

For an explicit construction of the open sets in the weak*-topology topology, we would
like to refer to [[10]. Equipping a dual space with the weak*-topology, turns it into a
locally convex Hausdorff space. A convenient characterization of convergence in the
weak*-topology emerges from the definition, which is demonstrated by the next propo-
sition.

Proposition 2.14. Let (f,),cT be anetin E*. Then f. — f with respect to the weak*-
topology if and only if f,(x) — f(x) forall x € E.

Proof. Suppose first that f; — f with respect to the weak*-topology. Then for all
x € X the evaluation functionals J,, are continuous and therefore 6, (f) — 9, (f) inK,
which is exactly pointwise convergence. It is easily checked that the inverse mappings
of the evaluation functionals are continuous also, since we are free to choose a topology
on K (for example the discrete topology). Therefore, by a similar argument, if f; (z) —
f(z) for all x € E, then f, — f with respect to the weak*-topology. O

Thus a net convergences with respect to the weak*-topology if and only if it converges
pointwise in K. Now we are ready for the Banach-Alaoglu theorem, which is stated
without proof. The interested reader can find a proof in [4], though most books on
functional analysis supply a proof of this statement.

Theorem 2.15 (Banach-Alaoglu). Let E be a normed space and equip E* with the
operator norm. Then the closed unit ball in E* is compact with respect to the weak*-

topology.



2.4 The Riesz-Markov-Kakutani representation theorem and mea-
sure theory

The main result introduced in this section is the Riesz-Markov-Kakutani representation
theorem, or shorter the Riesz-representation theorem. Additionally, some necessary ter-
minology from measure theory will be introduced. Throughout this section, let (.S, X)
be a measurable space. Let us first deal with Borel measures.

Let (F, ) be a topological space and ¥ some o-algebra on E. A measure y on the
measurable space (E, Y) is called inner regular if

w(A) = sup{ u(B) : B C A, compact and measurable }, A € 3.
Similarly, the measure p is called outer regular whenever
w(A) =inf{ u(B) : B D A, open and measurable }, A € ¥.

A measure that is both inner regular and outer regular is called a regular measure. Pro-
ceeding, let B(7) be the smallest o-algebra containing all of the sets in 7. This o-algebra
will be referred to as the Borel o-algebra with respect to T. A measure on a topolog-
ical space F is called a Borel measure when it is a measure on the measurable space
(E, B(7)). Furthermore, such a measure  is called a probability measure if it is also
regular and satisfies u(E) = 1.

In addition to measures that take values in [0, co], we will also consider signed mea-
sures and complex measures. A signed measure or charge defined on the measurable
space (5, ) is a function p : ¥ — R that is o-additive and satisfies (@) = 0. Signed
measures admit a practical decomposition, which allows us to write them as a linear
combination of non-negative measures. This is called the Hahn-Jordan decomposition.
Before introducing this result, we consider a closely related result, called the Hahn-
decomposition theorem. A proof of this statement can be found in [4].

Theorem 2.16 (Hahn-decomposition). Let u be a signed measure on the measurable
space (S, X). Then there exist measurable sets Sy and Sy such that
(i) S1USy=Sand S1NSy = @;

(i) w(B) > 0 for all measurable B C Sh;

(iii) pu(B) < 0 for all measurable B C Ss.
Moreover, this decomposition is unique op to null sets.
It is customary to write (51, Se) for the Hahn-decomposition of a measure space. Given
a signed measure defined on a measurable space (S, X)), the Hahn-decomposition can
be adopted to create a decomposition of the signed measure p. This decomposition is

given in the next statement and is, as mentioned priorly, referred to as the Jordan or the
Hahn-Jordan decomposition.

Theorem 2.17 (Hahn-Jordan decomposition). Let 1 be a signed measure on the mea-
surable space (S, %) with Hahn-decomposition (S1, Sa). Then p has a unique decom-
position = T — u~ such that

10



(i) uT and u~ are non-negative;
(i) pt(B) = 0 for all measurable B C Ss;
(iii) p~ (B) = 0 for all measurable B C S.

A proof of the Hahn-Jordan decomposition theorem can be found in the same reference
of the Hahn-decomposition theorem. Proceeding, for a signed measure p, we define the
variation measure using the Hahn-Jordan decomposition as

ul = p* +pm

When dealing with signed measures, rather than the measure itself, the variation mea-
sure is often considered instead. Additionally, define the rotal variation || 1t || of a signed
measure p on (S, X) as the value of |u|(.S). When integrating a measurable function f
with respect to the variation measure, it is customary to write [ f |du|.

A function 1 : ¥ — Con (S, X) is called a complex measure if it is o-additive and satis-
fies (&) = 0. Similar to complex valued functions, complex measures can be decom-
posed into a real and an imaginary part. Intuitively, for a complex measure p and mea-
surable set B € X, define the real part and complex parts as (Re u)(B) = Re(u(B))
and (Imp)(B) = Im(pu(B)) respectively. Consequently, it is obvious that for all
BeX

pw=Rep+iImpy.

Observe that the real and imaginary part are signed measures, which can be decomposed
into non-negative measures due to the Hahn-Jordan decomposition. Hence complex
measures can be decomposed into non-negative measures. For complex measures, the
variation measure can be defined as well. However, this is different from the definition
of signed measures. Let B € ¥ and let 7(B) denote the family of all finite pairwise
disjoint collections of measurable subsets of B. Then the variation measure of the
complex measure p is given by

ul(B)= sup > |u(A)].

Ben(B) AeB

One can check that both definitions for the total variation measure coincide whenever
W is a signed measure. Again, when dealing with complex measures, rather than the
measure itself, the variation measure is often considered instead.

At this moment we will shift our focus towards the Riesz-Markov-Kakutani representa-
tion theorem. Similar to the Hahn-Banach theorems, there are many statements similar
to the one given here. The Riesz-Markov-Kakutani representation theorem associates
continuous linear functionals with complex Borel measures.

11



Recall thata function f € C(E, C) is said to vanish at infinity if for all ¢ > 0 there exists
a compact set A C F such that | f(z) | < & whenever 2 ¢ A. Denote by Cy(F, C) the
space of functions f € C(E, C) which vanish at infinity. Lastly, the space E is called
locally compact if every element x € E has a compact neighborhood.

Theorem 2.18 (Riesz-Markov-Kakutani). If E is locally compact and Hausdor{f and
Y € Co(E, C)*, then there exists a unique regular complex Borel measure i such that

vif) = [ Fau. forall f € Co(.0).

In addition, if the functional v in the statement is positive, then p is a non-negative
measure. For a proof of the Riesz-Markov-Kakutani representation theorem we refer to
[12]. There are many convenient consequences of the Riesz-representation theorem, as
we will now demonstrate.

For a topological vector space F, denote by B the vector space of all regular com-
plex Borel measures on E. Here we consider Cy(E, C)* with respect to the weak™-
topology. As a consequence of the Riesz-representation theorem, there exists a bijection
p: B = Cy(E,C)*, that is defined by (p(u) )(f) = [, f dp. Indeed, this mapping
is injective due to the uniqueness in the theorem. Additionally, surjectivity is a direct
consequence of the Riesz-representation theorem.

Additionally, using the Riesz-representation theorem we can define the weak*-topology
on the space of measure 3. The weak*-topology on B is the unique topology on 3 such
that p is a homeomorphism. The open sets of this topology are exactly the images of
the open sets of the weak*-topology on Cy(E, C)*, under the bijection p. Recall the
convenient convergence criterion in Cy(E, C)* (with respect to weak*-topology) from
Proposition [2.14] A similar result holds for the weak*-topology on 83, namely that a
net (i, ) e converges to  with respect to the weak*-topology if and only if | g dur
converges to [, f dp forall f € Co(E,C).

12



2.5 Other required results

This final section on the preliminaries and basics introduces the last required results
that are necessary for the thesis. This includes one of the Hahn-Banach theorems. First
we recall a proposition from set theory, namely the Kuratowski-Zorn lemma.

A set P that is equipped with a partial ordering < is called a partially ordered set.
For this, one usually writes (P, <). For the corresponding definitions on partial order-
ings we refer to [10]. A subset C' of a partially ordered set P is called a chain if for any
two elements a,b € C either a < b, or b = a. Such sets are also referred to as linearly
ordered or totally ordered sets. Lastly, a majorant or upper bound of a chain C' is an
element ¢ € P such that b < a for all b € C. The Kuratowski-Zorn lemma admits a
criterion for the existence of maximal elements in the set P with respect to the partial
ordering <. A proof of this statement can be found in nearly all books on set theory.

Lemma 2.19 (Kuratowski-Zorn). If every chain in a partially ordered set (P, <) has a
majorant, then P has maximal elements.

Continuing, we shift our attention from set theory back to functional analysis, and in
particular to the Hahn-Banach theorem, which forms a fundamental result in the the-
ory. The proof of the Hahn-Banach relies strongly on the Kuratowski-Zorn lemma.
The Hahn-Banach theorem stated here is also known as the Hahn-Banach separation
theorem or the geometric Hahn-Banach theorem.

Theorem 2.20 (Hahn-Banach). Let A, B C FE be nonempty convex and disjoint.

« If Ais open, then there exists a continuous linear functional f suchthatRe f(a) <
Re f(b) foralla € Aandb € B. Furthermore, sup,c 4 Re f(z) < inf e p Re f(x).

e If E is locally convex, A is compact and B closed, then there exists a continuous
linear functional f such that Re f(a) < Re f(b) foralla € Aand b € B.
Furthermore, sup,¢ 4 Re f(z) < infcp Re f(2).

A proof of the Hahn-Banach theorem presented here can be found in [11]. Another
well-known result is the extreme value theorem, which we do not prove.

Theorem 2.21 (Extreme value theorem). I[f K =R, A C Fiscompactand f : E — K
continuous, then f is bounded and attains its supremum and infimum on A.

13



Proceeding, we state and prove two results regarding compact sets.
Lemma 2.22. Any compact subset of a Hausdor{f space is also closed.

Proof. Let A C E be compact and choose x € A€. Observe that, as F is Hausdorff,
for any y € A there exist open neighborhoods N, . of x and M, ) of y, such that
Ngy)N Mg, = @. The family {M(, )|y € A} of open neighborhoods now defines
an open cover of the set A, regardless of x. Recall that A was compact, hence it has
a finite subcover of open sets. That is, there exists a finite subset A’ C A, so that the
family {M(, .|y € A’} is also a cover of A. Now let N = (), 4, N(z4), then N is
open as it is the intersection of finitely many open sets. Furthermore, it is easily seen

that NNA =g, since NN | Uycar Mz } =gand A C U cu

also x € N. Thus N is an open neighborhood of z. Hence, A° C int A, implying that
A€ is open. Therefore A is a closed set. O

M(ac,y) Trivia]ly,

To conclude, we state Cantor’s intersection theorem.

Lemma 2.23 (Cantor’s intersection theorem). If E is Hausdorff and A,, a decreasing
sequence of non-empty compact subsets of E, then

ﬁAﬁe@.

n=0

Proof. Let us argue by contradiction, thus suppose that for a decreasing sequence A,, of
oo

non-empty compact subsets of a Hausdorff space E, the intersection () A, is empty.

n=0
Define the sets B,, = Ay \ A, then

UBn:AO\UAn:AO\QzAO

n=0 n=0

The sets B,, are also open in Ag as they are complements of closed sets (A,, are closed
due to Lemma[2.22). Thus the sets B,, are an open cover of Ay. Since Ay was compact,
there must exist a finite subcover { By, By,, ..., B, } of Ao, consisting of B,, sets.
It is easily seen that B,, is an increasing sequence of sets. Hence By, = By, , for
M = k,,, contains all other sets in the finite subcover and A,; = Bj,. Therefore,
Ay = Ao\ By = By \ By = 9, thus a contradiction implying that the intersection

[ee]

(] A, must be non-empty. O

n=0

14



3 The Krein-Milman theorem and the integral version

The main topic of this thesis is the Krein-Milman theorem named after the mathemati-
cians Mark Krein and David Milman, who where the first to prove the statement in
[2]. This theorem demonstrates the relation between a compact convex set and its ex-
treme points. More specifically, only information of the set of extreme points allows
us to construct each element in the set. In this section we first present a proof of the
Krein-Milman theorem, which is largely due to [10]. Afterwards, the integral version
of the Krein-Milman theorem is proved as well. Throughout this section, let E' be a
topological vector space over the field of real numbers.

3.1 The Krein-Milman theorem

Here we provide a proof of the Krein-Milman theorem. In the proof of the theorem the
next lemma will contribute nicely.

Lemma 3.1. Let A be a nonempty compact subset of a real locally convex space E.
For any continuous linear functional f on E let

a = sup f(z)
z€A

Then the set B = {x € A: f(x) = a} is an extreme subset of A.

Proof. Firstly, the set B is nonempty, which follows from the extreme value theorem.
Hence also the supremum becomes a maximum. Now let z1, 22 € Aand A € (0,1) so
that Az1 + (1 — A\) zo € B. Let us show that then also 1, x5 € B. Observe that, since
f is linear, it is true that

FAz1+ A =Nz2) =Af(z1)+ (1 =N f(z2) =«

Recall that « is the maximum value attained by f for the elements in A. Thus indeed
f(z1), f(z2) < a. Suppose f(z1) < aor f(x2) < a. Then

M)+ (1 =N f(z2) <da+(1—-XNa <«

Which is a contradiction as equality was required. Thus f(z1) = f(z2) = « implying
that z1, 25 € B. O

Let us proceed immediately with the proof of the Krein-Milman theorem.

Theorem 3.2 (Krein-Milman). Let E be locally convex and Hausdorff. If A C E is
nonempty, compact and convex, then ext A # & and conv ext A = A.

Proof. Firstly, let us show that A has extreme points. Let X be the family of nonempty
compact extreme subsets of A and equip this set with the partial ordering defined by
X <Y <« Y C X. Here X # I since A € X. Now choose C C X to be any
chain within X'. Observe that the intersection of all elements in this chain (.. C is
non-empty due to Cantor’s intersection theorem. Furthermore, recall that any intersec-
tion of faces is once again a face, thus [, C is a face of A . Consequently, by the
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Kuratowski-Zorn lemma, the family & has maximal elements.

Choose a maximal element X € X. Proceeding by contradiction, assume that there
exista,b € X, with a # b. Then a and b may be strictly separated by the Hahn-Banach
theorem, that is, there exists a continuous linear functional f so that f(a) < f(b). Set-
ting v = maxgzex f(z) and X' = {z € X : f(z) = ~}, it follows from Lemma
B.1]that X" is an extreme subset of X. It is in fact a proper subset as a ¢ X'. Hence
X < X', which is a contradiction since X was assumed to be a maximal element of the
family X'. Hence X can only contain one element. By definition, if an extreme subset
of A contains only one element, then this element is an extreme point of A. Thus A has
at least one extreme point.

Now follows the inclusion conv ext A C A. Observe that since F is Hausdorff, A
must be closed as it is compact. Hence conv A = A, as A was assumed to be convex
also. Trivially, ext A C A by definition of extreme points. Now observe that A is a
closed convex set containing ext A. Thus A is an element of the family of closed con-
vex sets containing ext A. Implying that certainly conv ext A C A.

All that remains is the backward inclusion. Here, let C denote the closed convex hull
of the extreme points of A. Let us proceed by contradiction, thus suppose that A ¢ C.
Fix any a € A so that a ¢ C. Observe that due to Hahn-Banach, and since C' is closed
and convex, there exists a linear continuous functional f on E such that f(a) > «,
where o = sup,co f(z). Then the set S; = {& € C': f(z) = a} is an extreme
subset of C. This follows from Lemma3.1] Furthermore, let 3 = sup,c 4 f(x). Then
So ={x € A: f(xr) = B}, defines an extreme subset of A. Subsequently, one can
see that 5 > o as f(a) > aanda € A\ C. That is, for all elements z € C it is
true that f(z) < a < (. This implies that Sy and C' must be disjoint. Thus A has
an extreme subset disjoint from C'. Therefore there exists an extreme point in A \ C,
namely within Ss. This cannot be true as it must be contained within ext A and thus C.
Hence a contradiction, thus A C C. ]
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3.2 Integral representation of the Krein-Milman theorem

This section establishes the implication of the integral form of Krein-Milman from the
classical statement. The proof that will be presented here is largely due to Phelps [J5].
Firstly, let us introduce the concept of representation by measures.

Definition 3.3. Let E be a locally convex space, A C E nonempty and compact and
1t a probability measure on A. A point v € E is represented by the measure p if
fx) = fA f du for all continuous linear functionals f on E.

The integral form of the Krein-Milman theorem gives a criterion for when a point can
be represented by a measure.

Theorem 3.4 (Integral representation of Krein-Milman). Let A be a non-empty com-
pact and convex subset of a locally convex Hausdorff space E. Then every point in
x € A can be represented by a probability measure i on ext A. That is

for every continuous linear functional f on E.

Proof. As aconsequence of the Krein-Milman theorem, any x € A may be represented
as the limit of a net () ,¢7 of the form z, = Z?;l AT y7, where y are extreme points
of A, AT > 0and ) ;7 A\T = 1. Let £] be the probability measure on A defined by
el(B) = 1,ify] € B, and zero if y] ¢ B. Then the measure u, = Y A&7 isa
discrete probability measure and represents the point x, since for any continuous linear

functional f on F it follows that

=S fa) = dys.
flee) = N Sta) /mfu

Let M be the set of all regular Borel measures on E and endow it with the weak*-
topology. Furthermore, let P C M be the set of all probability measures on ext A.
Then, due to the Riesz-Markov-Kakutani representation theorem, there exists a map-
ping p : P — C(ext A)* defined by (p(1) )(f) = [z 4 f dpt. Which is a homeomor-
phism onto its image.

Let Q be the image of p, then it is easily seen that @ = {f € C(ext A)* : f >
0, f(1) = 1}. Therefore, Q is a subset of the unit ball By in C(ext A)*, which is
compact with respect to the weak*-topology in C(ext A)* by the Banach-Alaoglu the-
orem. Let us show that Q is closed. Let ¢ be an accumulation point of Q and (¢, )rer
a net converging to ¢ with respect to the weak*-topology. Then, by pointwise con-
vergence of the weak*-topology, it follows easily that (1) = lim,¢c ¢.(1) = 1 and
o(f) = lim;er o, (f) > 0forall f € C(ext A)*, implying that ¢ € Q. So Q is a
closed subset of a compact set, hence Q must be compact also.

It follows from the continuity of p~! that the set P is compact in M. Consequently, i,
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is a net in the compact set P, which implies that it has a subnet (u).cx converging
to some probability measure y with respect to the weak*-topology. Observe that, since
the net x. converges to x, the subnet z,, converges to = also. Now for any bounded
linear functional f on F, it follows that

@) = fllima) = tin f(z,) =tim [ = [ fd.

Thus x is represented by the measure p. Clearly, p is a probability measure on A that
is supported on the ext A, which concludes the proof. O
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4 Applications of the Krein-Milman theorem

We will now proceed with various is applications of the Krein-Milman theorem. First
is a proof of the Stone-Weierstrass theorem.

4.1 The Stone-Weierstrass theorem

A well known result in functional analysis is the Stone-Weierstrass theorem, due to
Stone in [13]]. As a generalization of the Weierstrass approximation theorem, the Stone-
Weierstrass theorem admits a criterion for a vector subspace of continuous complex val-
ued functions to be dense within this space. This section provides a proof of this result
using the Krein-Milman theorem, which is largely inspired by the proof of de Branges
in [3]. Throughout this section E is a topological vector space over the complex num-
bers.

Let us start with some terminology and notation. For a vector subspace S of Cy(E, C),
let M (.S) be the set of all real Borel measures x on E that have the following two prop-
erties: y has a total variation of at most 1 and for any f € S it follows that [ f dp = 0.
Observe that M (S) is non-empty as the zero-measure is always contained, regardless
of the subspace S. Equipping M (S) with the weak*-topology turns it into a locally
convex Hausdorff space. Some basic properties of M (.S) are established in the next
lemma.

Lemma 4.1. The set M(S) is compact and convex. Furthermore, if S is not dense in
Co(E,C), then M(S) contains a nonzero element.

Proof. Firstly, let us consider the compactness. Here the dual space Co(E,C)* is
considered with the weak*-topology and the operator norm. By the Riesz-Markov-
Kakutani representation theorem, there exists a mapping p : M(S) — Co(E,C)*
defined by p(p)(f) = [, fdu, which is a homeomorphism onto its image. Let Q
be the image of M (.S) under p. Now for every measure p € M (S) it follows by the
Hahn-Jordan decomposition and the triangle inequality that

/Efdu‘:’/E(ﬁ—f‘)d(u*—u‘)’ < [t n) = [ 10

Consequently, if f is bounded by 1 it follows by the bound on the total variation of y

that
[ £l < [ 1dul = ey <1.
E E

Using this inequality it is easily derived that

H/EfduHOP:sup{‘/Efdu‘:feCo(E,(C)and|f|§1}§1

Therefore, the image Q is a subset of the closed unit ball in Cy(F, C)*, which is com-
pact with respect to the weak*-topology as a consequence of the Banach-Alaoglu the-
orem. Additionally, Q is closed in Cy(FE,C)* by pointwise convergence. Hence Q
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is a closed subset of a compact set, implying that it is compact as well. Recall that p
is a homeomorphism. Therefore, M (.S) is compact with respect to the weak*-topology.

Now consider convexity, let p1, us € M(S) and A € (0,1). Defining u = Apy +
(1 — A)pa, observe that

el <Al + @ =M [l p2 |l < 1.

Thus the total variation of y is at most 1. Now for any f € S it follows by linearity in
the measures that

/Efdu:)\/Efduﬁ(l—/\)/Efdug:O.

Therefore, € M (S) implying that M (.S) is convex. Now suppose that S is not dense
in Cy(E, C). Then, since S is not dense in Cy(E, C), there exists a function f in the
complement of S. This function can be strictly separated from S as a consequence of
the Hahn-Banach theorem. That is, there exists a functional ¢ € Cy(E, C)* satisfying
|Re(p(f))| > sup, 5 |Re(p(g) )| Observe that it is required that ¢(g) = 0 for all
g € S. To see this, suppose this were not true. Then, by linearity and the fact that
S is a vector subspace of Co(E,C), it follows that sup .z |Re(¢(g) )| = oo. This

contradicts the strict separation of f and S.

By the Riesz-Markov-Kakutani representation, it follows that ¢(f) = [ f dp, for some
measure ;. Then 4 is a nonzero measure and satisfies [ gdu = 0, for all g € S. Fur-
thermore, p can be scaled according to || p || < 1. If u is a complex valued measure,
then Re(u) is a real valued measure satisfying the same properties. Therefore, M (S)
contains a nonzero element. O

Lemma 4.2. Let S C Cy(E,C) be closed under complex conjugation and . a nonzero
extreme point of the space M (S). If f is a complex valued Borel measurable function
on E that is essentially bounded with respect to 1 and satisfies

/ fgdu =0, forallge S,
E

then f is a constant almost everywhere with respect to p.

Proof. Let p be a non-zero extreme point of the space M (S). Observe that such a point
exists, otherwise the set M (.S') would consist only of the zero measure as a consequence
of the Krein-Milman theorem. Observe that |u|(F) € [0, 1] since the total variation is
bounded from below by 0, and from above by 1. If |u|(E) = 0, then it follows that
must equal the zero measure, leading to a contradiction. If |u|(E) € (0,1), then there
exists a A > 0 such that || < |Ap| and the total variation measure |Ay| is bounded
from above by 1. Observe that also | f d(Au) = 0, for all f € S, hence Au € M(S).
Consequently, the measure p is a convex combination of Au and the zero measure, im-
plying that 1 is not an extreme point. Therefore, it is required that |u|(E) = [ |du| = 1.
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Let us proceed by contradiction. Without loss of generality let f be a positive real
valued Borel measurable function satisfying | f |du| = 1 and the assumptions of the
lemma, but is not equal to a constant almost everywhere. Let 37! > 0 be the essential
bound of f with respect to © and suppose that 3 > 1. Then it follows that

Joi=atiant= [ 1= s1aul = [ jaul = [ flau=o.

Therefore f = 1 almost everywhere with respect to i, which contradicts the hypothe-
ses that f was a constant almost everywhere. Hence it is required that 8 € (0,1).
Consequently, we can define the two Borel measures 1, pio on E by

i) = [ fan ) = [ =

Clearly, p is a convex combination of 11 and po. All that remains is to check that both
w1 and po belong to M (S). It is easily seen that the total variation of both uq and s
are bounded from above by 1. This is a consequence of the assumption [ f |du| = 1
and the property that the measure p has a total variation of at most 1. Consequently, by
the definition of integrals and ; and p2 one can show that forall g € S

gdpy = [ fgdp, | gdus = gl__ﬁfdw
Jyoi= [ o [ o= [ 055

Both of these integrals evaluate to zero by the assumptions on f, Therefore, the second
property is also satisfied, implying that i, us € M(S). Hence  is no extreme point
of M(.S), contradicting the assumptions and thus proving the statement. O

Theorem 4.3 (Stone-Weierstrass). Let F be locally compact and Hausdorff. If S is a
vector subspace of Co(FE, C) that satisfies the following properties:
(i) Forall a € E, there exists a function | € S such that f(a) # 0;
(ii) Forall a,b € E, a # b, there exists a function f € S such that f(a) # f(b);
(i) If f,g € S, then fg € S;
Giv) Iff €S, then f € S.

Then the set S is dense in the space Cy(E, C).

Proof. Let S be a subspace of Cy(E, C) that satisfies the properties (ii)-(iv) and is not
dense within Cy(E, C). Let us derive a contradiction to property (i). Due to the Lem-
mas and there exists a nonzero extreme point p of M(S). Let f € S be an
arbitrary function. Then for any g € F, the product fg is also in F by property (iii).
Since € M(S), it follows that [ fgdu = 0. Then Lemmaimplies that f = A
almost everywhere with respect to p, where A is some constant.

By continuity of f, it follows that f = A on the support of ;.. Additionally, the support

of 1 consists of only one point. To see this take any two points a, b € S, such that a # b.
Then by (ii) there must exist a g that separates these points. However, g(a) = g(b) on
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the support of 11 as g was constant here. Therefore, it is required that a = b, implying
that supp = {p }, for some p € S.

Recall from the proof of Lemma |4.2[ that |u|(E) = 1 and therefore |u|({p}) = 1,
as p is an extreme point of M (S) and the support of u consists only of the point p.
Observe that |u|({p}) = |w({p}) | since the only subset of {p} different from itself
is the empty set. Therefore, 1({p}) = 1. Now the equality [ fdp = 0 implies that
Aru({p}) =0, hence Ay = 0. Thus f(p) = 0, contradicting property (i) since f was
chosen arbitrarily. U
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4.2 Completely monotone functions and Berstein’s theorem

This section provides an application of the integral Krein-Milman theorem on the class
of completely monotone functions. Using this theorem one can prove Bernstein’s the-
orem, which says that any completely monotone function may be constructed from ex-
ponentials. More specifically, it states that such a function is the Laplace transform
of a non-negative finite Borel measure. The proof of Bernstein’s theorem presented
here is largely inspired by [4] and [5]]. Recall that a function f : (0,00) — [0, 00) is
called completely monotone if it has continuous derivatives of all orders and satisfies
the following property

(=1)* f™ () >0, fort>0andn=0,1,2,...

It follows from the definition that completely monotone functions are non-negative
(f(t) > 0), non-increasing (f’(t) < 0) and convex (f”'(¢t) > 0). Furthermore, if f
and g are completely monotone, then the product and any linear combination of the two
is also completely monotone.

Let C*°(0, 00) be the set of infinitely differentiable continuous real valued functions
on the interval (0, c0). One can check that the functions

p(f) = max [f V@), neN (1)
te[ n]

are semi-norms on C'*°(0, co). Equipping C'*°(0, co) with the topology generated by
the family of these semi-norms turns it into a locally convex Hausdorff space. The
Hausdorft property is satisfied since the family of semi-norms is separated. Recall that
a topological vector space is called Montel if any bounded and closed subset is also
compact. As demonstrated in [4] and [14]], the space C°°(0, co) is Montel. Observe that
the family of completely monotone functions is contained in C'*°(0, 00). Let us study
the family M of completely monotone functions that are bounded from above by 1. One
can deduce interesting results regarding this family. However, before considering these,
let us present a convenient lemma regarding convergence that will be used onwards.

Lemma 4.4. Ifanet f; — fin C*(0,00), then f. — f pointwise.
Proof. Without loss of generality, suppose (f;)-cr is a net converging to zero. For
any fixed n € N, let us show that f. converges pointwise on the interval [%, n]. To
achieve this, we will derive that ff(nfk) converges pointwise on [%, n],for1 <k <n.
The proof will be by induction on k. Consider first the case where k¥ = 1. Then, by
Proposition [2.8]it is easily seen that

polfr) = max |F0V0)| 0.

[

Therefore, fT("_l) converges pointwise on [%, n]. Proceeding, suppose that ff(n_k) con-

verges pointwise on [%, n|, for some 1 < k < n. Then, by the fundamental theorem of

calculus, it follows that

$ 0 = 5070 (D) [ £ 0w o
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Thus fT("fk) converges pointwise on [#n], for 1 < k < n, concluding the inductive
part of the proof. Consequently, f. converges pointwise on the interval [%, n]. Observe
that for arbitrary ¢ € (0, 00), there exists an m € N such that ¢t € [%, m]. Hence f,
converges pointwise on (0, co). O

The next lemma deals with the criteria necessary for the application of the Krein-
Milman theorem.

Lemma 4.5. The family M C C*°(0, 00) is convex and compact.

Proof. Let f1, fo € Mand X\ € (0,1). Take f = A\f; + (1 — \) f2, then

(=1)" 7 (1) = MDA (0 + (= N (1) 2 0
for all ¢ > 0 since f1, fo € M. Thus f is completely monotone. Furthermore,
fO) =A@+ A=) fe(t) <A+ (1-X) =1

for all ¢ > 0 implying that f is also bounded by 1. Thus f € M. Hence M is convex
in C*°(0, 00).

Since C'*°(0, c0) is a Montel space, compactness of M is equivalent to it being closed
and bounded. Let f be an accumulation point of M, then there exist a net (f;),er in
M converging to f. Additionally, the mapping of taking first order derivatives is con-
tinuous. To see this, observe that for arbitrary n € N and all g € C°°(0, 00) it follows
that

p(g’) = max |g™ (1)< max [g™ ()| =patalg).
te[%,n] te[%ﬂ,n-&-l]

Therefore, by Proposition [2.6] the mapping of taking first order derivatives is continu-
ous. Consequently, by induction on n, the mapping of taking n-th order derivatives is
continuous as well. Thus, by continuity of the differential operator

n n n
I T Y [ Sy
dtn dt™ reT T€T dtn —

(=1 0.
Now together with the pointwise convergence established in Lemma 4.4} we conclude
that the limit f is also completely monotone. One can show that f is also bounded by
the same argument. Therefore, f € M implying that M contains all its accumulation
points. Hence M is closed.

Let us proceed with showing that M is bounded. One can conclude that M is bounded
whenever sup{p,,(f) : f € M} is finite for all n € N. This is exactly Proposition 2.7}
Observe that this is implied whenever sup;c, o) | f (") (1)] is finite for all n € N and
a € (0,1). Proceeding by induction on n, let us show that for any function f € M

|f(”)(t)| <qg 2t/ peN, te [a, 00).

The base case is trivial since all functions in M are required to be bounded from above
by 1, and from below by 0. Now assume that the induction hypothesis holds in the case
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n. Applying the mean value theorem to the function f(™ on the interval [5,a] implies
the existence of a constant ¢ € [%,a] such that (£) f"*V(c) = f™(a) — f™(2).
From this it is easily derived that f(")( 2) > —(%) f("*V(c) which implies that

(07 (5) = (0 (5) 1@ = () (5) S0 ).
Since either both (—1)™ and £(™) are non-negative or non-positive and (—1)"+! f(»+1)
is non-increasing. Hence also

el == cr (00 ) = ()b G

Now applying the induction hypothesis at 5 gives that

£ ()| < <2> (5) " 2 = g D)
a

Therefore, the upper bound we set out to show is valid at a and thus also at any other
value by the non-increasing property of | f(*+1)|. Hence SUPyefa,00) | f (") (#)| is finite
for all n € N. Consequently, the set M is bounded. Thus M is compact in C*°(0, 00).

O

Since the set M is compact and convex in a locally convex Hausdorff space, it contains
extreme points as a consequence of the Krein-Milman theorem. A natural question to
ask is what completely monotone functions make up the set of extreme points. This
question is answered by the next statement.

Lemma 4.6. The extreme points of the family M are the exactly functions f(t) = at

fora €[0,1].

Proof. Firstly, let us show that any extreme point is of this form. Let f € ext M and
define, for some fixed 7 > 0, the function p(t) = f(t+7) — f(¢) f (7). Now define the
functions f1 = f — pand fo = f + ¢ itis easily checked that both f, fo € M. Now
suppose that ¢ is not the zero function. Then f can be written as % (f1 + f2) implying
that f is not an extreme point. Hence ¢ must be the zero function. Therefore f satisfies
f(t+7) = f(t)f(7). it follows that f must be of the form a’. This is a well-known
result in analysis. It is required that f(#) = a’ must be bounded by 1 and completely
monotone. To satisfy complete monotonicity it is required that

ndnat n n t
o > 0= (—1)"In(a)"a" >0

(=1)

which is satisfied exactly when a € [0,1]. At the same time the requirement to be
bounded by 1 is also satisfied.

It remains to show that any function of the form a® for a € [0, 1] is also an extreme

point. Trivially, the constant functions 0 and 1 are extreme points of M. This is due
to the fact that functions in M are bounded from above by 1, and by 0 from below.
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If these were the only extreme points then any function would be constant due to the
Krein-Milman theorem. Thus there must exist at least one other extreme point, which
is an exponential function. Let £(¢) = «' be this extreme point, where o € (0, 1). Now
define the bijective mapping B : M — M by B(f) = f(8t) for some arbitrary 5 > 0.
This mapping preserves convex combinations since

B(Afi+ (1 =A)f2) = AM1(Bt) + (1 = X) f2(Bt)

for any f1, fo € M and A € [0,1]. Therefore an extreme point gets mapped onto an
extreme point. Hence the function B(¢) is also an extreme point. Since 5 was arbitrarily
chosen, any function f(t) = a’ for a € [0, 1] is an extreme point, which concludes the
proof. O

Using the information about the extreme points of M one can proceed to prove Bern-
stein’s theorem using the integral Krein-Milman theorem. The statement was first proved
by Bernstein in [[13]].

Theorem 4.7 (Bernstein). Let f be a bounded and completely monotonic function, then
there exists a probability measure i on the interval [0, 1] such that for all t > 0

f0 = [ o du(@)
[0,1]

Proof. Again, let M be the family of completely monotone functions bounded by 1.
Due to Lemma [.5]and [4.6]it is clear that the extreme points of M are the exponential
functions a’ for a € [0, 1]. The set of extreme points is also closed, this follows from
Lemma[4.6] It follows now from the Krein-Milman theorem in integral form that there
exists a probability measure v on ext M such that

f:/Idz/

ext M
for any f € M. Here I denotes the identity mapping. Now define the function
M :[0,1] — ext M defined by M (a) = a’. Then M defines a continuous function.
Furthermore, it’s inverse exists and is continuous also, thus M is a homeomorphism.
Define now the measure p on the interval [0, 1] by u(A) = v(M(A)). Thus p mea-
sures the image of a set under the mapping M. Therefore the integral above may be
rewritten as

f= / Tdv = /M(a)du(a)
ext M [0,1]
Implying that
10 = [t du(@)
(0,1]

So far we have only addressed completely monotonic functions that are bounded by 1.
For general completely monotone functions the same result is achieved via normaliza-
tion of the function. This concludes the proof. O
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4.3 Doubly stochastic matrices and Kendall’s theorem

This section provides a proof of Kendall’s theorem using the Krein-Milman theorem. It
is named after the mathematician David Kendall who first proved the result in [16]. As
a generalization of the Birhkoff-von Neumann theorem, this theorem states that infinite
doubly stochastic matrices may be approximated by convex combinations of permuta-
tion matrices.

Let us first introduce some definitions. A finite or infinite square matrix is called doubly
stochastic if all of its entries are non-negative real numbers and the row- and column-
sums are all equal to 1. A class of such matrices are the permutation matrices. A permu-
tation matrix is a square matrix in which all rows and columns contain exactly one entry
that is equal to one, and has all other entries equal zero. Multiplying any matrix with a
permutation matrix of equal dimension will permute the order of rows or columns of this
matrix. Lastly, for a square matrix A with dimension n we set dim A = {1,2,...,n}.
Intuitively, if A is infinite, set dim A = N.

The setting of this section will be the following. The spaces M, (R) of finite n-dimensional
square real valued matrices, and M, (R) infinite square real valued matrices are Banach
spaces when equipped with the supremum norm defined by

[|Allco =sup{|a;| : (i,j) € dim A x dim A }.

Consequently, we will write M (R) for these spaces if the distinction between finite
and infinite is not necessary. Equipping this space with the topology generated by the
supremum norm turns it into a locally convex Hausdorff space. Let us study the set D C
M (R) of doubly stochastic matrices, which is convex and compact as demonstrated by
the next lemma.

Lemma 4.8. The set D is compact and convex in M (R).

Proof. Consider first the compactness of D. It is easily seen that the limit of a sequence
of doubly stochastic matrices in M (R) is again doubly stochastic. In the finite case it is
now easily checked that D is compact. This is a direct consequence of D being complete
and totally bounded. For the infinite case, observe that these matrices may be viewed
as elements of R°° by simply rewriting the entries. Note that there are multiple ways to
achieve this, but this will not matter. Let ¢ : Mo (R) — R* be the mapping associat-
ing each matrix with its representation in R*°. Clearly, ¢ is continuous. The image of
D under ¢ takes values in the infinite direct product of the interval [0, 1], which is com-
pact as seen in Section Consequently, the image (D) is compact, since (D) is
closed by continuity. Therefore, D must be compact also as a consequence of continuity.

Next consider the convexity of D. Let Dy, Dy € D and A € (0,1). Setting D =
AD;1 + (1 — X) D5 it follows easily that the row- column-sums of D evaluate to 1 and
that all entries are non-negative, implying that D is doubly stochastic. Thus D is a
convex set, proving the Lemma. O

27



Now we can turn our attention towards Kendall’s theorem. In the proof of the theorem,
the next lemma will contribute greatly, of which the proof is due to Mauldon [6].

Lemma 4.9. If A is a, possibly infinite, real valued nonzero matrix such that | a;; | < %
foralli, j and that both " j Qij and ), a;; are integers. Then there exists a real valued
nonzero matrix B such that | b;; | < | a;; | for all i, j and whose row- and column-sums
are all zero.

Proof. 1t is easily checked that applying permutations to the rows and columns of the
matrix A preserves the assumptions. Let us do so to ensure that dq; # 0. Next we
define the notion of a path and a cycle in a matrix. A path P, in a matrix A is a finite
sequence (i, jn), forn =1,2,..., N, consisting of distinct indices of the matrix such
that

() ai,j, #0foralln=1,2,..., N;
(ii) (i1,71) = (1,1) and either i = 1 or jo = 1;
(iii) if i, = ip—1,then ju41 = jn # jn—1,andif j, = jn_1,theni, 1 =i, # ip_1.

Intuitively, property (iii) ensures that the sequence must swap from row after swapping
from column, and vice versa. An endpoint of a path is the index (ix, jn). Similar to a
path, a cycle is a path starting in an arbitrary non-zero entry, with the first entry equal
to the last. Let P denote the collection of all endpoints of all paths in A.

For an index (k,l) € P, let us distinct between the cases where there exists either a
unique path with this index as its endpoint, or not. Consider first the easy case where
the path is not unique. Then there are at least two paths with endpoint (k, [), which need
not have disjoint indices. Then there exists a cycle in A which may be constructed from
these paths. Let C,, = (i, jn) be this cycle and define the constant

b= min Ja;;, |
(ingn)€Cn "

Consequently, construct the matrix B with indices given by

, o Jif (i, §) # C),
v (_1)71 b 7if (Za.]) = On

Then it is clear that | b;; | < |a;; | for all ¢ and j. Additionally, the row- and column
sums evaluate to zero, since every row and column contains only zero entries or has
pairs of two consecutive terms of the cycle (which clearly sum to zero). Thus the ma-
trix B is as required.

Now consider the second case, namely that for every index in P there is a unique path
with this index as its endpoint. For any such index (k, 1), define the predecessor P(k, 1)
of (k,1) as the previous index on the unique path ending in (k,!). Now observe that
P(k,1) and (k, 1) either lie in the same row, or in the same column. Regardless, let Xy,

28



be the sum of the entries in this row or column. Consequently, define the coefficients
w;j by
ap(i;
wi; = (4,5) .
ap(i,j) = Sij
Then \wij | < 1, since |aij | < % and %;; is integer. Using these coefficients, define
the coeflicients m;; inductively by

m_:{o Jif (i,5) & P

Wij Mp(,;5) otherwise

At last, we can construct the matrix B. Its entries are prescribed by the product b;; =
my; a;;. All that is left to show is that B is as required. Observe firstly that \ My | <
| mp(;,j |- since | w;; | < 1. From this it follows easily that [ m,; | < 1, which implies
that | b;; | = | my; || aij | < |asj|. So that the first condition is satisfied.

Now consider the second property, namely that the row- and columns sums are zero.
To this end, fix a nonzero column of B, say c. Then this row must contain indices from
P as it has nonzero entries. Additionally, the column must have exactly two entries. If
it had only one, then the row- and column-sums would not evaluate to an integer in A
and if there where more than 2, this would contradict the uniqueness of the paths. Let
(k, ¢) and (I, ¢) be the indices of these entries, with k& < [. Then it follows that
Qe
bic = Myc Qe = ———5— Qe Mpe = —Ae Mike = —Dbe.
Qe — Elc
Since the column-sum is simply the sum of the entries b, and b;., this sum is equal to
zero. Therefore, all columns sum to zero. By the same argument it can be shown that
the rows of B also sum to zero. Hence B is as required, concluding the proof. O

Theorem 4.10 (Kendall). The extreme points of D are exactly the permutation matri-
ces.

Proof. Firstly, let us show that any permutation matrix is an extreme point. Arguing by
contradiction, let P be a permutation matrix and suppose that is not an extreme point.
Then P = AA + (1 — A\)B with A, B € Dand A € (0,1). Hence if p;; = 0, it follows
that Aa;; + (1 — A\)b;; = 0, which implies that a;; = b;; = 0 since the entries in
a doubly stochastic matrix are non-negative. By the same argument, it follows that if
pij = 1, then a;; = b;; = 1. Therefore, it is required that A = B = P, implying that
P may only be represented as a convex combination of itself. Thus P is an extreme
point.

Now let D € D be any doubly stochastic matrix that is not a permutation matrix. Sub-
sequently, construct the matrix M with the entries given by

dy; if diy <
mi; =
J dij -1 if dij >

(IR
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Observe that if M is the zero matrix, then A must be a permutation matrix, leading to
a contradiction. Hence M must be a nonzero matrix. It is obvious that in each row and
column of M, at most one of the entries m;; has value a;; — 1. Therefore, the rows and
columns of M must sum to either zero or 1. Additionally, it is true that | M | < %
Thus Lemma [4.9]is applicable to M, implying that there exists a real non-zero matrix
B which rows and column sum to zero. Then the matrices A+ B are not equal to A and
have row- and column-sums equal to 1. Additionally, these matrices have non-negative
entries since | b;; | < |m;; | < |d;; | for all 4, j. Therefore, A is a convex combination
of A+ B and thus no extreme point. U

By the Krein-Milman theorem, the set D is equal to the closed convex hull of the set
of permutation matrices. Thus each doubly stochastic matrix may be approximated by
convex combinations of permutation matrices. In the finite case, a doubly stochastic ma-
trix may be presented as a (finite) convex combination of permutation matrices, rather
than approximated. This is exactly the Birkhoff-von Neumann theorem.
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4.4 Numbering lattice points.

Consider the integer lattice Z? and suppose that we want to associate with each lattice
point a real number in the interval [0, 1], such that the value assigned to each point is the
average of its neighbours. We will show that all such functions are constants between
Oand 1.

Essentially, we are looking for functions f : Z2 — [0, 1] such that

Fay) = 3 [F@ = Ly) + Fy+ 1) + fa+1,9)+ oy - 1),

for all (z,y) € Z2. This condition will be referred to as the average condition. Re-
call that the vector space L. (Z?) is a Banach space when equipped with the essential
supremum norm defined by

| Flloe = sup{| f(z,9) | : (z,9) € Z*}, f € Loo(Z?).

It is import to specify that Z? is considered as the measure space (Z2,¥, §), where ¥
is some o-algebra on Z? and d the counting measure. Additionally, equip L (Z?) with
the topology of pointwise convergence, which turns it into a locally convex Hausdorff
space. Let F be the set of all non-negative functions satisfying the average condition
and || f ||eo < 1. Itis easily checked that F is a closed set. Furthermore, F is a subset
of Lo (Z?) that is compact and convex. Indeed, compactness follows from Tikhonov’s
theorem. To see this, consider R> with the product-topology and define the spiral
continuous mapping ¢ : Lo (Z?) — R> by

¢(f) = (f(070)7 f(l,O), f(17 1)7 f(07 1)’ )7 S LOO(ZQ)

By Tikhonov’s theorem, the infinite Cartesian product of the intervals [0, 1] is a com-
pact subset of R°°, since the interval [0, 1] is compact in R with respect to the usual
topology. Observe that the image of F under 9 is closed due to continuity and is a
subset of the infinite direct product of [0, 1]. Hence, this image is compact also. Thus,
by continuity of ¢, F must be compact also.

For convexity, let f1, fo € F and take A € (0,1). Then it is easily checked that the
convex combination f = Af; + (1 — ) fo satisfies the average condition and the bound-
edness from below by 0, and from above by 1. Hence f € F, implying that F is convex.

Therefore, F has extreme points as a consequence of the Krein-Milman theorem. Clearly,
the constant functions 0 and 1 are extreme points of . Now suppose that f is an extreme
point of F other than 0 and 1. Since f satisfies the average condition, f is a convex com-
bination of the four shifted functions f(x—1,y), f(z,y+1), f(z+1,y), f(x,y—1).
This can only be possible if the shifted functions are identical, since then f would not
be an extreme point. Consequently, f is a constant function, leading to a contradiction.
Hence the functions 0 and 1 are the only extreme points of F.

By the Krein-Milman theorem, F is the closure of the convex hull of the set of extreme

points. From this it follows trivially that any f € F is a constant function between 0
and 1.
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4.5 Numbering vertices of locally finite graphs

In this section the question asked in Section 4.4 will be generalized from the integer
lattice to infinite connected graphs. The integer lattice Z? can be considered as an infi-
nite graph, with the coordinates (z,y) € Z? being the vertices of this graph and edges
between its neighbours in Z2. Let us refer to this graph as the Manhattan-graph, which
will be denoted by M.

An infinite graph G is called locally finite if each vertex has a finite degree. The
Manhattan-graph is an example of a locally finite graph. For a graph G and a ver-
tex v € V(G), denote by N (v) the neighbours of v in G. The question asked regarding
the Manhattan-graph was the following. Do there exist functions f : V(M) — [0,1]
such that f(v) is the average of the numbers f(u) for u € N(v), but f is not a constant
functions. More generally, for a locally finite graph G, this question translates to the
following: Are there functions f : V(G) — [0, 1] such that

1
IO = Fay 2 fW:

uEN (v)

for all v € V(G), other than the constant functions. As seen in the previous section,
there do not exist such functions for the Manhattan-graph. It turns out, there exist lo-
cally finite graphs for which these functions do exist.

We will now present a graph G and construct function f that is not constant but sat-
isfies the average condition. An embedding of a part of the graph G containing the
root can be found in Figure[T] To construct the graph, start with a single vertex, which
will be referred to as the root of G. Proceeding recursively, the graph is generated by
branching the neighbours of the root into two vertices, and then also the neighbours of
these vertices into two, continuing forever.

Let us now construct a function f that satisfies the average condition, but is not con-
stant. Denote by s the root vertex and let s1, so be its neighbours. Define S; to be the
subgraph of G containing s and all vertices v such that s; lies on every path connecting
v and s. Similarly, one can define So. Intuitively, one can view the subgraphs S; and
Sy as the left and right side of the graph GG. Note that s is in both S; and S2, but any
other vertex is in only one of these. Define the depth of a vertex v as the length of the
shortest path in S; or S connecting s and v, which will be denoted as w(v). Observe
that by the structure of 57, any path is the shortest path.
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The value assigned by f to a vertex will be based on its depth. Define the sequence
(Sn)n>0 recursively as
1
Sp = g (Sn—l + 2571+1)7

with initial values sy = % and s; = % + 4, for some § > 0. Observe that this is exactly
the average condition for all vertices in S; except the vertex s. This is a homogeneous
second-order difference equation having constant coefficients, of which the solution can
be obtained by finding the roots of the characteristic equation. The roots are r; = 1
and ro = %, hence the general solution reads s,, = ¢1 + ¢ (%)” Applying the initial

conditions it follows that
1 1 n—1
n=—-+20—0 | = .
s 3 + ( 5 >

By the same construction, one can construct the sequence (,,),>0 in S only with the
adjusted initial condition ¢; = % — ¢. The resulting solution then reads as

1 1 n—1
e ()

Itis clear that (s, )n>0 and (£, )n>0 converge and have their limits at £ + 26 and 1 — 26
respectively. Consequently, the function f is defined as

Sr(v)s ifv € Sy

flv) = Lr(v);s ifveSy, ,veV(Q).
1

3 ifv=s

Clearly, 6 may be chosen such that both (s,,)n>0 and (¢,,),>0 are bounded from below

by zero, and from above by 1. For such a 4, it is easily checked that | f | € [0, 1] and
that the average condition is satisfied.

Figure 1: A partial embedding of the graph G, containing the root vertex and the re-
sulting vertices of branching three times from the root.
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5 Consequences of weaker assumptions in the Krein-
Milman theorem

This section discusses the consequences for the statement of the Krein-Milman theorem
when the assumptions in the theorem are weakened. Except for the local convexity
requirement, it is clear that the statement will be false whenever the assumptions are
weakened, as demonstrated by counterexamples in this section. For local convexity, the
theorem will also fail as proved by Roberts in [9]. Firstly, let us consider weakening the
assumption on compactness.

5.1 Weakening compactness: the binary intersection property and
linearly closed sets

Trivially, for a non-empty convex subset A of a locally convex Hausdorff space, the
statement of the Krein-Milman will be false in general. A counterexample is provided
by the space of real numbers R with respect to the standard topology, since R does not
contain extreme points. The first consequence of weakening compactness is losing cer-
tainty of the set A being closed, since compact sets in Hausdorff spaces are closed as
shown in Lemma@ Additionally, in some sense, boundedness is lost as well.

A natural question to ask is whether there exist locally convex Hausdorff spaces, in
which some class of sets that are closed, bounded and convex, satisfy the Krein-Milman
theorem, but are not compact. It turns out that such a class exists. Before considering
such a class of sets, some necessary terminology has to be introduced. Let A C E be
closed, bounded and convex and define the translations set of A as

T(A)={ N +zx:2€E, A>0}

Proceeding, a family of sets A is called pairwise-intersecting if A1 N Ay # @ for all
Aj, Ay € A. Lastly, a set A is said to satisfy the positive binary intersection property if
each pairwise-intersecting subfamily A C 7(A) has a non-empty intersection. Nachbin
proved in [8] that a closed, bounded and convex subset A of a locally convex Hausdorff
space E satisfying the positive binary intersection theorem, also satisfies the statement
of the Krein-Milman theorem.

Another class of non-compact sets satisfying (a slight variation of) the Krein-Milman
theorem, has been studied by Klee in [[7]. In his study, Klee generalized the statement
of the Krein-Milman theorem to sets that are locally compact, closed and convex. Klee
introduces the concept of a linearly closed set, which he uses in the proof of the two
main results. Before defining what is meant with linearly closed sets, recall the defini-
tion of a line. A line from a through b (with a,b € E)istheset {a+ b : A€ R}. A
convex set A is called linearly closed if its intersection with every line is closed.
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Additionally, Klee introduced the concept of an extremal ray. Recall that a ray or
half-line emitting from the source a through the point b (with a,b € F) is the set
{a+ Ab : A > 0}. Now, an extremal ray of the set A, is aray p C A such that the fol-
lowing implication is valid: if the line segment (a, b) C A intersects p, then (a,b) C p.
Observe that if p is an extremal ray of A emitting from a € A, then a is an extreme
point of A. The set of extremal rays is denoted by rext A.

The version of the Krein-Milman theorem satisfied by the class of linearly closed con-
vex sets is marginally different from the formal statement. Klee proves two results, the
first assuming that F is finite dimensional and the second assuming that the set A is
locally compact. In the statements, another constraint is enforced on the set A, namely
that it contains no lines. It is demonstrated by Klee that if A contains a line, then it
cannot have extreme points. The proofs of both statements can be found in [[7]].

Theorem 5.1 (Klee - I). If E is finite dimensional and A C FE a linearly closed and
convex set containing no line, then A = conv (ext A U rext A).

Observe that in this statement the space F' is not required to be Hausdorff or locally
convex. Proceeding, the second (and main) result proved by Klee is the next statement.

Theorem 5.2 (Klee - I). Let E be locally convex and Hausdorff. If A is a locally
compact closed convex set, containing no line, then A = conv (ext A U rext A).

Let us give an example in which Theorem [5.1] can be applied, but the Krein-Milman
theorem can not. Equip R? with the standard topology and consider the closed first
quadrant, which is the set

Q1 ={(z,y) €R? :z>0andy > 0}.

In this context the Krein-Milman theorem would fail, since (), is clearly not compact.
However, @), is convex, linearly closed and contains no line. It contains only one ex-
treme point, which is the origin. The extremal rays are exactly the positive parts of
the vertical and horizontal axes. Hence, by Theorem [5.1] the closed first quadrant is
the convex hull of union of these and the origin. In other words, any point in the first
quadrant may be written as a convex combination of points of the form (0, @) and (a, 0),
for a € R. This is, of course, a trivial result. However, it demonstrates the benefit of
Theorem[3.11

5.2 Existence of extreme points in non-convex sets

The Krein-Milman theorem may be split into two independent results. Namely, the
statement that a compact convex subset A of a locally convex Hausdorff space E con-
tains extreme points, and the statement that A is equal to the closed convex hull of its
extreme points, where the first result is a consequence of the second. Clearly, the sec-
ond assertion fails whenever A is not convex. An easy counterexample would be given
by a non-convex polygon P C R?, with respect to the standard topology. Trivially, the
extreme points of a polygon form a subset of its vertices. Then trivially, the convex hull
of the vertices would be a convex polygon, which is not equal to P. However, the first
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consequence of the Krein-Milman theorem is still valid.

Indeed, compact subsets of locally convex Hausdorff spaces contain extreme points.
Observe that the proof of existence of extreme points in the Krein-Milman theorem
(Theorem [3.2)) does not use that the set A is convex. It is important to notice that ex-
treme points of compact sets are not as interesting as extreme points of convex sets.
Due to the lack of structural theorems, as the Krein-Milman theorem, for non-convex
sets, the study of extreme points of such sets is less interesting. However, acquiring
information of extreme points of compact sets is not entirely worthless. For instance,
continuous linear functionals attain their supremum or infimum in extreme points of
compact sets. This can be deduced from Lemma[3.1]
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5.3 Counterexample for non-locally convex spaces

The least obvious requirement needed for the Krein-Milman theorem is the local con-
vexity of the space E. In the proof presented in this thesis, the Hahn-Banach separation
theorem would not be applicable if the space were not locally convex. Therefore the pre-
sented proof would fail in this context. The counterexample (and its proof) presented
by Roberts in [9] is rather complicated. Therefore, we will only construct the compact
convex set in a non-locally convex space that does not contain extreme points, and not
prove that it is a sufficient counterexample.

Firstly, some necessary terminology and notation will be introduced. Let F be the set
of all functions f : [0,1] — R that are finite linear combinations of indicator functions
functions of the form 1, ), where a,b € [0, 1]. Observe that the functions in F are
essentially simple functions, with an extra restriction on the sets on which the indicator
functions are non-zero. Then F is a vector space with respect to the usual addition and
scalar multiplication. Equipping the interval [0, 1) with the Lebesgue measure A (and
its corresponding o-algebra ), define the norm || - || on F as || f || = [ | f|dX. Observe
that the integration is valid since the functions in F are measurable. Proceeding, let
(mn)nen be a sequence of partitions of the interval [0, 1] such that each I € =, is of
the form [a, b) (with a,b € [0, 1]), all I € 7, have equal measure and the partition 7,
refines 7,,41. Additionally, define the sequence of vector subspaces (V;,),ecn of F as
Vo, =span{ly : A€m,} LastlyleteD={feF : f>0,and [ fdA <1} and
define the sequence of sets (Fy, )nen = Vi, N D.

Let V' be the completion of the vector subspace UZOZI V,, of F. Roberts shows that
V' is a non-locally convex Hausdorff space. In this space, the set E, which is the clo-
sure of £ = U;zo:l FE,, is convex and compact in V, but does not contain extreme
points.
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