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PROBABILITY MONADS AS CODENSITY MONADS

RUBEN VAN BELLE

ABSTRACT. We show from a categorical point of view that probability measures on
certain measurable or topological spaces arise canonically as the extension of probability
distributions on countable sets. We do this by constructing probability monads as the
codensity monads of functors that send a countable set to the space of probability
distributions on that set. On (pre)measurable spaces we discuss monads of probability
(pre)measures and their finitely additive analogues. We also give codensity constructions
for monads of Radon measures on compact Hausdorff spaces and compact metric spaces
and for the monad of Baire measures on Hausdorff spaces.

A crucial role in these constructions is given by integral representation theorems, which
we derive from a generalized Daniell-Stone theorem.
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1. Introduction

A probability distribution on a countable set A is defined as a function p : A — 10, 1]

such that
> pla) =1.

acA

For uncountable sets however, this definition is not good any more. Indeed, let p :
A —[0,1] be a function on an uncountable set A such that ) _,p(a) = 1; then the
support of p is countable. But this means that p is essentially a probability distribution
on a countable set. Therefore, to express probability distribution on sets such as R
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or C([0,00),R) we need a different definition. Using measure theory a definition of a
probability measure can be given by Kolmogorov’s axioms.

An endofunctor G on the category of measurable spaces Mble can be defined by
sending a measurable space X to the measurable space of all probability measures on X.
Using Dirac delta probability measures and integration, this endofunctor can be given a
monad structure. This monad is called the Giry monad [7]. Monads on categories of
measurable and topological spaces that are similar to the Giry monad are referred to as
probability monads [8].

The right Kan extension of a functor along itself, assuming that it exists, can be
given a natural monad structure. The obtained monad is called the codensity monad
of that functor [12]. We will show that probability monads can be constructed as the
codensity monads of functors that send a countable set A to the the space of all probability
measures on A. This shows that probability measures arise naturally as the categorical
extension of the more intuitive probability measures on countable sets. We will discuss
this construction for several monads of different kinds of probability measures on different
kinds of measurable and topological spaces.

We begin the paper with the definition of codensity monad (section 2). The rest
of the paper can be divided in two parts. In the first part we will discuss probability
monads on categories of measurable spaces. For completeness we start in section 3 with a
detailed overview of probability measures and integration, which will lead to an integral
representation theorem for probability measures. After this we will construct the Giry
monad and variations of this monad as codensity monads in section 4. Here the integral
representation theorem from before will play a key role. The second part is similar to the
first part, only here we will talk about probability monads on categories of topological
spaces. Again we start with an overview of probability measures and integration on
topological spaces in section 5 and give a slightly more general version of the Daniell-
Stone representation theorem in section 5. This result will allow us to construct the Radon
monad, bounded Lipschitz monad and Baire monad as codensity monads in section 6. In
this section we will also briefly discuss another probability monad and the problems that
arose in the attempt to construct this monad as a codensity monad.

An overview of the results in this paper is given in the following table.

Category Probability monad Theorem
measurable spaces Giry monad 4.2
measurable spaces Giry monad of fin. add. probability measures 4.5

premeasurable spaces Giry monad of probability premeasures 4.7
compact Hausdorff spaces Radon monad 6.4
compact metric spaces Bounded Lipschitz monad 6.10
Hausdorff spaces Baire monad 6.13

Related work: The Giry monad was introduced by Giry in [7]. This monad and the
finitely additive variation of it already have been constructed as codensity monads of in-
clusion functors of certain convex spaces in the category of measurable spaces by Avery in
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[1]. The constructions we will present are different but related to Avery’s constructions.
Avery uses powers of the unit interval and affine maps, while we will use finite and count-
able simplices. The Radon monad originates from work by Semadeni [14] and Swirszcz
[15] and is further discussed in [9] and [8]. The bounded Lipschitz monad is similar to
the Kantorovich monad on the category of compact metric spaces, which was introduced
by van Breugel in [16]. This monad was extended to a monad on complete metric spaces
by Perrone and Fritz [5, 6].

Acknowledgements: [ would like to thank Tom Leinster for helpful discussions. I
would also like to thank the anonymous referee for suggesting to decompose the functor

G : Set,— Mble as Set, 2y Mble & Mble and similar decompositions in the other
sections. This led to several simplifications in the proofs and constructions.

2. Codensity monads

Every functor G : D —C that has a left adjoint F' : C — D induces a monad on C,
namely the endofunctor GF : C — C together with the unit of the adjunction as unit
of the monad and Gep as the multiplication of the monad. Suppose now that we have a
functor G : D —C such that the right Kan extension of G' along G exists; then G still
induces a monad on C. Let (T : C—=C, v : T o G—G) be the right Kan extension of
G along G.

There is a natural transformation 1 : 1¢ o G — G and therefore by the universal
property of right Kan extensions, there exists a unique 7 : 1o—G such that the following
diagrams are equal:

N

D cC D

C
) . / \G . G4 )
c T
NS N
G
There is a natural transformation T¢T¢ o G 2% TG o G 2 G and therefore by the

universal property of right Kan extensions there exists a unique natural transformation
p: TTY —T% such that the following diagrams are equal:

@

3

¥,

I
aQ —

xQ

D G C D G - C
G TeTa = G T%
\ . / \ . o er

2.1. PROPOSITION. The triple (T n, i) is a monad.

A proof for this result can be found in section 2 of [12]. The monad in Proposition 2.1
is called the codensity monad of G.
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2.2. EXAMPLE. The codensity monad of a right adjoint functor G : D—=C is the monad
induced by the adjunction. This follows from the fact that RangG = GF', where F' is the
left adjoint of G.

2.3. ExaMPLE. [Kennison and Gildenhuys| Let Set; be the category of finite sets and
maps. The codensity monad of the inclusion functor Set ;—=Set is the ultrafilter monad.
This is a result from [10].

The following result, which follows from Theorem 3.7.2 in [3], will be useful to find
codensity monads of certain functors.

2.4. PROPOSITION. Let G : D—=C be a functor, where D is an essentially small category
and C is a complete category. Then the codensity monad of G exists and

TX)~21lim(X | G5 D S0

for every object X in C. Here U : X | G—="TD is the forgetful functor.

3. Premeasurable spaces

In this section we will discuss probability premeasures and their finitely additive analogues
on premeasurable spaces. We will give an overview of results on integration with respect to
a probability premeasure and end the section with an integral representation theorem. In
the case of probability measures, these correspond to standard results in measure theory.
Premeasures play an important role in extension theorems such as the Carathéodory
extension theorem. Because integration with respect to a premeasure is far less common
than the usual Lebesgue integral, we will give detailed proofs for all results.

We will call a set X together with an algebra of subsets By (i.e. a family of subsets of
X that is closed under complements and finite intersections) a premeasurable space.
We say that a map f : X — Y between premeasurable spaces is premeasurable if
f1(By) C Bx.

Let P : Bx —[0,1] be a function such that P(X) = 1. The function P is called
a probability premeasure if P(|J~, A4,) = > -, P(A,) for every pairwise disjoint

n=1
collection (A,)22, of subsets in By such that |J~, A, is also in Bx. We say that P is a
probability measure if By is a o-algebra. If we only have that P(AUB) = P(A)+P(B)
for disjoint subsets A and B in By, then we call P a finitely additive probability
premeasure. This is also known as a charge. If Bx is a o-algebra we say that P is a
finitely additive probability measure. Note that every probability (pre)measure is a

finitely additive probability (pre)measure.

3.1. EXAMPLE. The set [0,1] together with the smallest algebra that contains all the
open intervals of [0,1] is a premeasurable space.

Let (X,Bx) be a premeasurable space. We will call a function s : X —[0,1] a
simple function on X if there exists a natural number n > 1 and aq, as, ..., a, € [0, 1]
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and Ay, As, ..., A, € Bx such that

n
S = E aklAk.
k=1

Note that a simple function is always premeasurable. The collection of simple functions
on X is denoted by Simp(X,[0,1]). Given a finitely additive probability premeasure P,
we can define a map Jp : Simp(X, [0, 1]) —= [0, 1] by the assignment

Z aklAk — Z akIP’(Ak)
k=1 k=1

Because By is closed under complements and finite unions, we can use a common refine-
ment argument to show that the assignment is independent of the representation of the
simple function.

Again using a common refinement argument, we obtain the following proposition.

3.2. PROPOSITION. For simple functions s,t : X—=[0, 1] such that s+t < 1 andr € [0, 1],
we have that also s+t and rs are simple functions. Furthermore, Jp(s+t) = Jp(s)+ Jp(t)
and Jp(rs) =rJp(s). If s <t, then also t — s is a simple function and Jp(s) < Jp(t).

The following useful lemma follows from the construction described in the proof of
Corollary 4.5.9 in [2].

3.3. LEMMA. Let f : X —[0,1] be a premeasurable map. There exists an increasing
sequence (sp)n of simple functions that converges uniformly to f and there exists a de-
creasing sequence (t,), of simple functions that converges uniformly to f.

Let PreMble(X, [0, 1]) be the set of premeasurable maps from X to [0, 1]. We define
a map Ip : PreMble(X, [0, 1]) — [0, 1] by the assignment

frsup{Jp(s) | s < f and s € Simp(X, [0,1])}.

This map is well-defined because Jp is order preserving by Proposition 3.2.

The following proposition summarizes results about the additivity and continuity of
Ip. In the case of probability measures, these are classical results in measure theory. For
finitely additive probability premeausres these are lesser-known. Similar results have been
discussed in [17].

3.4. PROPOSITION. Let X be a premeasurable space and let P be a finitely additive prob-
ability premeasure on X. We have the following properties:

(i) For a simple function s : X—=[0, 1], we have Ip(s) = Jp(s). In particular Ip(1) = 1.

(i1) For premeasurable functions f, g : X—=[0, 1] such that f < g, we have Ip(f) < Ip(g).
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(11i) For a premeasurable map f: X —=10,1],
Ip(f) =inf{Jp(s) | s > f and s € Simp(X, [0,1])}.

(i) For premeasurable maps f, g : X—=[0,1] such that also f+g € PreMble(X, |0, 1]),
we have Ip(f +g) = Ie(f) + Ie(9)-

(v) Suppose that P is a probability premeasure. For an increasing sequence of premea-
surable maps (f, : X —=10,1])22, such that f :=lim, . fn is also premeasurable,

(vi) Let (fn, : X —=[0,1])32, be a collection of premeasurable maps such that f :=
Yoo fn is also an element of PreMble(X, [0,1]). IfP is a probability premeasure,
then

1(f) = " Ie(fa).

PROOF.

(i) Since s < s it follows by the definition of I that Jp(s) < Ip(s). For every simple
function ¢ such that ¢ < s we have by Proposition 3.2 that Jp(t) < Jp(s) and
therefore Ip(s) < Jp(s).

(ii) This follows from the fact that for a simple function s such that s < f we also have
s <g.

(iii) The ‘<’ inequality is clear. Now consider an € € (0,1] and simple functions s and
t such that s < f <t and such that ||t — sl < €, which exist by Lemma 3.3. We
find the following inequalities:

J]p(t) == J]p(t — s+ S) == J]p(t — S) + J]}D(S) S JP(E) + JP(S) S €+ I]p(f)

Here we used Proposition 3.2 and the definition of Ip. The other inequality now
follows.

(iv) Let € > 0. By the definition of Jp and (iii), there exist simple functions sy, ty, s,
and ¢, such that s; < f <ty and s, < g <t, and such that

Jo(ty) — e < Ip(f) < Je(sy) + €

and
Jp(tg> — € S I[p(g) S J]p(tf) + €.

Since s¢+ s, and (7 +t,) A1 are simple functions by Proposition 3.2 and s¢+ s, <
f+g9<(ty+1t,) A1, we find that

Ie(f + g) — 2 < Jp((ts +tg) A1) — 2 < Jp(ty) + Jo(ty) — 2¢ < Ie(f) + Ip(9)
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and
[Ip:(f) + ]p(g) S Jp(Sf) + JP(SQ) + 2¢ = Jp(Sf + Sg) + 2¢ S ]p(f + g) + 2e.

Here we again used Proposition 3.2 and (iii) and the definition of Ip. The result
follows by letting e — 0.

(v) Since f, < f we have by (ii) that Ip(f,) < Ip(f) and therefore lim, o Ip(f,) <
Ip(f). Now consider a simple function s = > )" axla, such that s < f. For
r € [0,1) and a natural number n define the set

E., ={ze X | fulx) >rs(z)}.

Note that E,, = U, (fi *([rax, 1]) N A) and therefore it is a subset in By.

The function rslg, , is simple and satisfies rslg,, < f,. It follows now that

In(fn) > Je(rslg,,) = kaIP’(Ak N En.).

k=1

Taking the limit n — oo on both sides of the inequality gives us that
lim Ip(f,) > Zr <hm P(A, N EnT)> . (1)

It is easy to verify that (E,,)nen increases to X. Now define Fy, := E;, and
F.,:=FE,, \ F,-1, and note that (F,, N Ax)nen is a collection of pairwise disjoint
subsets in Bx such that their union is A;. Using that P is a probability premeasure
we find that

n—00 n—00
n=1

P(A ZIP’ Fo,.NA) = lim P (UFlmAk> = lim P(E,, NA4;) (2)

Combining (1) and (2) gives us lim,_,o Ip(f,) > rJ(s) for all r € [0,1), which
implies that
n—oo

Since this holds for any simple function s such that s < f, we can conclude that

(vi) We first show the result for the case that every f, is simple. Because the finite sum
of simple functions is again a simple function we can use (iv) and (v) to show the
following equalities

'Note that the finite sum of premeasurable maps X—=|0, 1] is not necessarily premeasurable. Consider
for example the set [0,1]? endowed with the Boolean algebra generated by open rectangles. The two
projection maps 1, 7o : [0,1]2 —= [0, 1] are premeasurable, but their sum is not.
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Ip(f) = Ip <nﬂlm2fk> = lim f (Z fk) = ninoozfp(fk) = I(fi).
k=1 h=1 h=1 =1

For the general case we use Lemma 3.3 to write f, as Zzozl Skn, Where si, is a
simple function for every k£ and n. This gives us that

f = Zzsk,n-

n=1 k=1

Let ¢ : N\ {0}—N\ {0} x N\ {0} be a bijection. We can now rewrite f as follows:

= sum:
m=1

By the above it follows now that

L(f) =Y Ie(suem) = Y D Ie(skn) = ) Ie(fa).

n=1 k=1
]

3.5. REMARK. In the case that By is a o-algebra, Ip becomes the usual integration oper-
ation and Proposition 3.4(v) and (vi) become the usual monotone convergence theorems.
Therefore we will also for the other cases write [, fdP or [, f(z)P(dz) for Ip(f).

3.6. PROPOSITION. Let I : PreMble(X, [0,1]) —= [0, 1] be a map such that I(1) = 1. If
I(f4+9)=I1(f)+I(g) for all premeasurable maps f,g : X —=|0, 1] such that also f+g €
PreMble(X, [0,1]), then there exists a unique finitely additive probability premeasure P
such that

I =1Ip.

PROOF. Define P(A) := I(1,4) for all A in ¥x. Clearly, IP is a finitely additive probability
premeasure.

We have I(qf) = qI(f) for all ¢ € [0,1] N Q and for all premeasurable functions
f : X —=10,1]. For a simple function s such that s < f we have that f — s is a
premeasurable function and it follows that 1(s) < I(f).

For a premeasurable function f : X —[0,1] and for ¢ > 0 there exists a simple
function s = Y ;" axla, < f such that Ip(f) < > 7" axP(Ag) + €. We can assume that
ay is an element of [0,1] N Q for every k. We now see that

NE

In(f) <Y arl(la,) +e=1(s)+e<I(f)+e

T

1
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Letting € — 0 gives us that Ip(f) < I(f). Using Proposition 3.4(iii) we obtain the other
inequality in a similar way.
Let [P’ be another finitely additive probability premeasure with this property; then

P/(A) = Ip(14) = I(14) = Io(14) = P(A)

for every A in By. This implies P’ = P. n

3.7. PROPOSITION. Let I : PreMble(X, [0,1]) — [0, 1] be a map such that (1) = 1. If
T2 fo) =202 I(fn) for every collection of premeasurable maps (f, : X—=[0,1])5>,
such that f := Y _, fn is also an element of PreMble(X, [0,1]) for every finite or
cofinite subset A of N\ {0}, then there ezists a unique probability premeasure P such that

I = Ip.

ProoOF. By Proposition 3.6 there exists a unique finitely additive probability measure P
such that I = Ip. For a pairwise disjoint collection (A,)%, in By such that | J -, 4, is
also an element of By, we see that ) _, 1,4, is premeasurable for every finite or cofinite

subset A of N\ {0}. It follows now that

(00) - ($0) - S Sren

u
3.8. COROLLARY. Let I : Mble(X,[0,1]) —[0,1] be a map such that I(1) = 1. If
TS o) =200 I(fn) for every collection of measurable maps (f,, + X —=[0,1])5%,

such that > 77 | fn <1, then there exists a unique probability measure P such that

I = Ip.

4. Probability monads on categories of premeasurable spaces

In this section we will present several monads of (finitely additive) probability premeasures
on categories of (pre)measurable spaces. We explain how each of these monads can be
constructed as a codensity monad.

We will denote the category of measurable spaces and measurable maps by Mble and
the category of premeausrable spaces and premeasurable maps by PreMble. We write
Set,. for the category of countable sets and functions.

GIRY MONAD OF PROBABILITY MEASURES. Here we will discuss the monad of probability
measures on the category of measurable spaces, which is known as the Giry monad. We
show how this monad arises as the codensity monad of a functor G : Set.— Mble.

Let (X, Xx) be a measurable space and let GX be the set of all probability measures
on X. For a measurable subset A of X let evy : GX —10, 1] denote the function defined
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by the assignment P — P(A). The set GX becomes a measurable space by endowing it
with the smallest o-algebra that makes ev, measurable for all A in Y y. We will denote
this measurable space also by GX.

Let f : X —Y be a measurable map between measurable spaces X and Y. Every
probability measure P induces a probability measure Po f~! on Y which is defined by

Po f~1(B):=P(f7(B))

for all B in Xy. This probability measure is called the pushforward measure. The
assignment P+ P o f~! defines a map GX — GY, which we will denote by Gf. It can
be checked that G f is measurable.

Let Mble be the category of measurable spaces and measurable maps. The assign-
ments X — GX and f — Gf define a functor G : Mble — Mble.

For every measurable space X we have a measurable map ny : X — GX that sends
an element x € X to the probability measure 9, that is defined by

5I(A)::{1ifx€A 3

0 otherwise.

Moreover, these maps form a natural transformation 7 : 1ympe —G.
We also have a measurable map puy : GGX — GX that sends a probability measure
P on GX to the probability measure px(P) on X that is defined by

ix(P)4) = [ PAP(P) )
X
for all A € Y x. Also these maps form a natural transformation p : GG —G.

4.1. PROPOSITION. [Giry, [7]] The triple (G,n, i) is a monad.

The monad in Proposition 4.1 is called the Giry monad (of probability measures).
Every countable set A can be turned into a measurable space, namely the set A
endowed with the whole powerset of A as o-algebra. Every function of countable sets be-
comes measurable with respect to these o-algebras. This leads to a functor j : Set.—=Mble.
Define the functor G as .
Set, < Mble < Mble

This means that for a countable set A the underlying set of GA is equal to

{(pa)a € [07 1]A | Zpa = 1}
acA
For a map f: X — GA we will use the notation f, to mean evy, o f. Note that a map
f : X — GA is measurable if and only if f, is measurable for every a.
For a map of countable sets f : A— B the measurable map Gf : GA—GB is given
by the assignment

(pa)aeA = Z Pa

ac /=1 (b) beB
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4.2. THEOREM. The Giry monad is the codensity monad of G.

PROOF. Proposition 2.4 tells us that the codensity monad of G exists. We will now show
that for all measurable spaces X,

G(X) 2 lim(X | G L Set. & Mble).

Proposition 2.4 then implies that 7% (X) = G(X) for all measurable spaces X.
For a measurable map f : X — G A define a map py as

X 75 ggiA 1 GgiA = GA.
This means that for P € GX,
()

X a€A
Consider a commutative triangle

X

/ \g\
GA GB

We have the following equalities:

Gsopr=Gsopjaogf
=Gjsopujaogf
=njpoGgjsoGf
= pj 0 Gg = py

In more measure theoretic terms this means that for a probability measure P on X
and an element b in B we have the following:

(Gs opf Z pf

acs™

= Z /fadP

acs™

=/ Z fadP

aes~1(

:/X(Gsof)bd]P’
:/ngdpng(zp)b.
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We can conclude that (GX, (pf)s) forms a cone over the diagram X | G Y Set. &
Mble. We will now show that this is the limiting cone of the diagram. To do this let
us consider some cone (Y, (¢f)¢) over the diagram. Let 2 := {0,1} and 1 := {0}. For a
measurable map f : X —[0, 1] let ]?: X — (G2 be the measurable map that sends an
element z in X to (1 — f(z), f(z)).

For an element y € Y define a map 1, : Mble(X, [0, 1]) — [0, 1] by

1,(f) = q]?<y)1-

Let t : 1 —2 be the map that sends 0 to 1 and let e be the unique measurable map
X — (G1. We find the following commutative triangle:

X
G2 - G1

Because (Y, (gf)r) is a cone over the diagram we also have that the following triangle

commutes:
Y
7N
G2 o G1

It now follows that I,(1) = ¢;(y); = 1.

For a collection (f, : X —=[0,1])22; of measurable maps such that f := > 7 f, is
also an element of Mble(X, [0, 1]), let h : X — GN be the measurable map defined by
h(x), = fu(x) for n > 1 and h(x)y :=1— f(x). For n > 1 let s, : N—2 be the map
that sends n to 1 and every other element to 0. Let s : N—=2 be the map that sends 0

to 0 and every other element to 1. We have the following commutative diagrams:

X

X
/ x h J?
GN o

G2 GN G2

Therefore also the following triangles commute:

Y
/ V\ qan a7
GN oo

G2 GN G2




PROBABILITY MONADS AS CODENSITY MONADS 823

It follows now that

L,(fo) = a5(y)1 = (Gs o an()1 = Y an(®)a (5)

neN

and that for every n > 1,

L(fn) = a5, (y)1 = (Gsn 0 qn(y))1 = an(Y)n- (6)

Combining (5) and (6) gives us that L,(f) = > enLy(fn). By Corollary 3.8 it follows
that there exists a unique probability measure PP, such that I, = Ip,. The assignment
y = P, defines a map ¢ : Y —GX. We have that evq o ¢ = (¢r;): for all A € Xx and
therefore ¢ is measurable.

Let f : X—=GA be a measurable map and let a be an element of A. Let s, : A—=2 be
the map that sends a to 1 and every other element to 0. Since we have that Gs, o f = f,
we also have that G's, 0 g5 = 47 In particular we find for every y € Y that

Iy(fa) = a5;()1 = (Gsa © ¢5(¥)1 = 45(Y)a-
Using this we obtain for every y € Y and for every a € A that

proq¥)a=Ip,(fa) = I,(f)a = ¢ (Y)a-

This shows that ¢ is a morphism of cones from (GX, (ps)¢) to (Y, (gr)s)-
Let ¢ : Y —=GX be another morphism of cones. Then for every measurable subset A
of X and for every y in Y we have that

q(W)(A) = (p7, 23 = a3 (¥)1 = q(y)(A).

This shows that ¢ = ¢ and therefore (GX, (pf)s) is the limiting cone over the diagram.
This implies that G(X) = T%(X) for all measurable spaces X. Moreover this induces a
natural isomorphism G = TC.

It is straightforward to check that the unit and multiplication of the codensity monad
of G are equal to the unit and multiplication of the Giry monad. n

4.3. REMARK. While Theorem 4.2 states that RancG = G, it is also true that Ran;G =
G. This construction immediately gives probability measures as set functions, without
using an integral representation theorem.

4.4. REMARK. A different construction for the Giry monad as a codensity monad is given
in [1]. Avery shows that the codensity monad of the inclusion of the category of powers
of the unit interval and affine maps in Mble is isomorphic to the Giry monad.

GIRY MONAD OF FINITELY ADDITIVE PROBABILITY MEASURES. In the same way as the
Giry monad of probability measures was defined, we can define a monad (Gy,n, ) of
finitely additive probability measures on Mble. We call this monad the Giry monad of
finitely additive probability measures.

Let Set; be the category of finite sets and maps and let i : Sety — Set. be the
inclusion functor. Let GG : Set. — Mble be as in the previous subsection and define

Gf ZIGO’i.



824 RUBEN VAN BELLE

4.5. THEOREM. The Giry monad of finitely additive probability measures is the codensity
monad of Gy.

The proof for Theorem 4.5 is similar to the proof of Theorem 4.2. There are two
places where the proof is slightly different. First, instead of using a countable index set
N, it is now enough to use a finite index set. Second, for this proof we use the integral
representation result Proposition 3.6 instead of Corollary 3.8.

GIRY MONAD OF PROBABILITY PREMEASURES. In this section we will discuss how the
monad of probability premeasures on the category of premeasurable spaces arises as the
codensity monad of a functor G,. This functor G, is similar to the functor G in the
previous section, however here the domain needs to be restricted to finite maps, because
we are working with premeasurable maps.

Let (X, Bx) be a premeasurable space and let G,X be the set of all probability pre-
measures on X. For A € By, let eva : G,(X)—]0, 1] be the map that sends a probability
premeasure P to P(A). The set G,X becomes a premeasurable space by endowing it with
the smallest algebra that makes ev, premeasurable for all A € By. We will denote this
premeasurable space also by G, X.

Every premeasurable map f : X —Y induces a premeasurable map G, : G,X —G,Y
by pushing forward probability premeasures along f.

Let PreMble be the category of premeasurable spaces and premeasurable maps. The
above defines a functor G; : PreMble — PreMble.

We can define natural transformations 7, : lpremble — G, and p, : G,G, — G, in a
similar way as we defined the unit (3) and the multiplication (4) for the Giry monad of
probability measures.

Similarly as in Proposition 4.1 this construction gives us a monad.

4.6. PROPOSITION. The triple (G, np, 1) is a monad.

We call the monad in Proposition 4.6 the Giry monad of probability premeasures.
For a countable set A let F)4 be the set of all finite and cofinite subsets of A. A map
f : A—= B between countable sets is called a finite map if f~'(F5) C F4. Note that
the composition of finite maps is a finite map. Let Setf: be the category of finite sets and
finite maps. Every countable set A can be turned into a premeasurable space, namely the
set A together with the algebra F,. Every finite map between countable sets becomes
premeasurable with respect to these algebras. We obtain a functor j, : Setf —PreMble.
Now define the functor G, as

Set! 7 PreMble 2% PreMble.

For a countable set A the space G,A is the set {(pa)a € [0,1]* | 3" ,c 4 Pa = 1} together
with the smallest algebra that makes ev 4 premeasurable for every finite or cofinite subset
A" of A, A map f: X —G,A is premeasurable if and only if evy o f is premeasurable
for every A’ € Fu.
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For a finite map of countable sets f : A— B the premeasurable map
Gpf : GyA—G,B

is given by the assignment

(pa)aeA = Z Pa

acf=1(b) beB

4.7. THEOREM. The Giry monad of probability premeasures is the codensity monad of
G.

Because all the maps between countable sets in the proof of Theorem 4.2 were finite,
we can use a similar argument to prove Theorem 4.7. However now we need to use
Proposition 3.7 instead of its corollary (Corollary 3.8).

4.8. REMARK. Let i : Set! —=Set, be the inclusion functor. We have that the codensity
monad of i is the Giry monad of probability measures, since in the proof of Theorem 4.2
we only used finite maps.

5. Hausdorff spaces

In section 3 we presented several results about probability measures on measurable spaces.
If we assume that the measurable space has more structure, we can say more about the
probability measures on that space. This will be the topic of the current section. We
will assume extra topological structure on the space and study the consequences for the
probability measures on that space. We end the section by a generalized Daniell-Stone
theorem.

PROBABILITY MEASURES ON HAUSDORFF SPACES. Let X be a Hausdorff space. The
smallest o-algebra that contains all the open sets of X is called the Borel o-algebra
and is denoted by Boy. The smallest o-algebra that makes all the continuous functions
f + X —|0, 1] measurable is called the Baire o-algbera and is denoted by Bax. The
following result, which is Theorem 7.1.1 in [4], states that for metric spaces these o-
algebras are the same.

5.1. PROPOSITION. For every Hausdorff space X we have that Bax C Box. For a metric
space X we have that Bax = Boy.

A probability measure on (X,Boy) is called a Borel probability measure and a
probability measure on (X,Bay) a Baire probability measure. A Borel probability
measure P is called a Radon probability measure if

P(A) = sup{P(K) | K C A and K is compact}

for all A in Box. The next result tells us that on compact Hausdorff spaces, Baire
probability measures correspond to Radon probability measures.
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5.2. PROPOSITION. Fvery Baire probability measure on a compact Hausdorff space can
be extended uniquely to a Radon probability measure.

A proof for Proposition 5.2 can be found in [4] (Theorem 7.1.5).

REPRESENTATIONS OF PROBABILITY MEASURES ON HAUSDORFF SPACES. For a collec-
tion L of real-valued functions on a set X let o(L) denote the smallest o-algebra on X
such that every f € L is measurable. Note that this o-algebra is generated by sets of the
form {f >r}:={x e X | f(x) >r}for fe Landr € R.

5.3. DEFINITION. Let X be a set and let L C [0,00)% be a subset of non-negative valued
functions on X together with the pointwise ordering. Let NL := {nf | f € L}. We call L
a weak integration lattice® if:

e lec [,

o forall f,g € L we have fV g, fAg, fVg—fANgeNL,
o forall f € L and for alln € N, nf A1 € NL and

e forall f € L and for allr € [0,1], rf € L.

5.4. DEFINITION. We call a map I : L — [0,00) a weak integration operator if
I(1) = 1 and for every collection (fyn)nen in L such that f := > _fn € L, we have

I(f) = 2nen L(fn)-

The following result is the Daniell-Stone representation theorem with weaker condi-
tions. A proof, based on [11], is given in the Appendix.

5.5. THEOREM. Let I be a weak integration operator on a weak integration lattice L on
a set X. There exists a unique probability measure P on (X, 0(L)) such that

Ie(f) = I(f)
forall f € L.

5.6. PROPOSITION. Let X be a compact Hausdorff space and let L be a weak integration
lattice such that every f € L is continuous and such that f + g € NL for all f,g € L.
Let I : L —=1[0,00) be a function such that I(f + g) = I(f) + I(g) for f,g € L with
f+ g € L. Suppose also that (1) = 1. Then there exists a unique probability measure P
on (X,o(L)) such that Ip(f) = I(f) for f € L.

The proof of Proposition 5.6 of this is given in the appendix. The proof relies on Dini’s
theorem.

The above integral representation theorem can be used to prove several integral rep-
resentation theorems of probability measures on certain topological spaces.

2We use the term weak to indicate that this is the weaker version of the integration lattices discussed
in the Appendix. For example, the subset of all 1-Lipschitz functions on a metric space form a weak
integration lattice, but not an integration lattice.
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5.7. EXAMPLE. Let X be a metric space and let L be the set of all 1-Lipschitz functions
on X taking values in [0, 1]. Then L is a weak integration lattice and o(L) = Bax = Boy.
To see this, observe that for every closed set A, the function f4 :=d(-, A)A1: X —=]0,1]
is 1-Lipschitz and A = f;*(0) € o(L). Therefore Box C (L) and clearly o(L) C Bay.

It follows now by Theorem 5.5 that every weak integration operator I on L induces a
unique Borel probability measure on X such that Ip = I.

5.8. EXAMPLE. Let (X,d) be a metric space. A Borel probability measure P on X is
said to have finite moment if for all z € X we have

/Xd(x,y)]P’(dy) < 0.

Let X be a metric space and let L be the set of all 1-Lipschitz functions on X taking
values in [0,00). Then L is a weak integration lattice and o(L) = Bay = Box. The-
orem 5.5 now tells us that there exists a unique Borel probability measure P such that
Ip = I. Since for every x € X the function d(x,-) : X —=10, 00) is a 1-Lipschitz function,
we find

/ d(z, y)P(dy) = Ie(d(z, ) = I(d(x, ")) < o0
X
and therefore P has finite moment.

5.9. EXAMPLE. In Example 5.7 and 5.8 we can also use all Lipschitz maps instead of
only the 1-Lipschitz maps.

5.10. EXAMPLE. [Riesz-Markov representation theorem| Let X be a compact Hausdorff
space and let L be the set of all continuous functions on X taking values in [0,1]. Then
L is a weak integration lattice and o(L) = Bay.

Let I : L—[0,1] be a function such that I(1) = 1 and such that I preserves binary
sums that exist in L. Then Proposition 5.6 gives us a unique Baire probability measure
P on X such that Ip(f) = I(f) for all f € L. Note that by Proposition 5.2 the Baire
probability measure P can be uniquely extended to a Radon probability measure.

5.11. EXAMPLE. Let X be a compact metric space and let L be the set of all 1-Lipschitz
functions on X taking values in [0,1]. Then L is a weak integration lattice that satisfies
the conditions of Proposition 5.6.

Therefore for a function I : L—[0, 1] such that I(f+g) = I(f)+1(g) for all f,g € L
with f + g also in L and such that I(1) = 1, there exists a unique Radon probability
measure P on X such that Ip = 1.

5.12. EXAMPLE. Let X be a Hausdorff space and let L be the set of continuous functions
X —[0,1]. We see that L is a weak integration lattice and o(L) = Bax. Using Theo-
rem 5.5 we see that for every weak integration operator I on L there is a unique Baire
probability measure P such that Ip = I.
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6. Probability monads on categories of Hausdorff spaces

In this section we will present monads of Radon probability measures and Baire probability
measures and explain how they arise as codensity monads. We will introduce two new
probability monads: the bounded Lipschitz monad and the Baire monad.

We write Haus for the category of Hausdorff spaces and continuous maps. The full
subcategory of compact Hausdorff spaces is denoted by CH. The category of compact
metric spaces and 1-Lipschitz maps is denoted by KMet;. For the category of finite sets
and functions we write Sety.

RADON MONAD. We will discuss a monad of Radon probability measures on the category
of compact Hausdorff spaces, known as the Radon monad. This monad was first intro-
duced in [14] and [15] and further discussed in [8] and [9]. We explain how this monad can
be constructed as the codensity monad of a functor R : Set; — CH. Although Radon
probability measures are o-additive, the domain of R is the category of finite sets and
maps. Note that compact Hausdorff spaces arise as the algebras of the codensity monad
of the inclusion Set; — Set (i.e. the ultrafilter monad) as discussed in [10] and [12].

Let X be a topological space and let RX be the set of all Radon probability mea-
sures on X. Endow RX with the smallest topology such that the evaluation map
evy : RX —=[0,1], that sends P to [ + JdP, becomes continuous for every continuous
function f : X —[0,1]. This is the topology of weak convergence of probability mea-
sures. We will denote the obtained topological space also by RX.

The following result follows from the Banach-Alaoglu theorem (section 3.15 in [13]).

6.1. PROPOSITION. The topological space RX is a compact Hausdorff space.

6.2. LEMMA. Let f : X—=Y be a continuous function between compact Hausdorff spaces
and let P be a Radon probability measure on X. Then also Po f~1 is a Radon probability
measure. Furtermore, the assignment P — P o f~1 defines a continuous function Rf :
RX —TRY.

The proof of Lemma 6.2 is elementary.

Using Proposition 6.1 and Lemma 6.2 we can define a functor R : CH— CH.

For a compact Hausdorff X we can define maps ny : X—RX and ux : RRX—RX
in the same way as we did for the Giry monad. These maps are well-defined and continuous
and they induce natural transformations 7 : lcg— R and p: RR —R.

As has often been observed [8, 9, 14, 15]:

6.3. PROPOSITION. The triple (R,n, ) is a monad.

The monad in Proposition 6.3 is called the Radon monad.

Every finite set A endowed with the whole powerset as topology, forms a compact
Hausdorff space. Every map of finite sets is continuous with respect to these topologies.
This gives a functor £ : Set; — CH.

We will now consider the functor R which is defined as

Set; % CH % CH
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This means that for a finite set A, the space RA is the subspace of [0, 1]4 of all families
(Pa)a such that > _,p, = 1. A map of finite sets f : A— B induces a continuous map
Rf : RA— RB that sends an element (p,)sca to (Zaef,l(b) Da)beB-

6.4. THEOREM. The Radon monad is the codensity monad of R.

ProOF. By Proposition 2.4 it follows that the codensity monad of R exists. Let X be a
compact Hausdorff space. We will now show that

R(X) = 1lim(X | R % Set; &% CH).

Proposition 2.4 then implies that T#(X) = R(X) for all compact Hausdorff spaces X.
For a continuous function f : X — RA, define a map py : RX — RA by

RX B RREA M4 REA = RA.

o ().

In the same way as in the proof of Theorem 4.2 we can show that (RX, (pf)s) is a cone

over the diagram X | R % Set X CH. Let (Y, (¢r)f) be a cone over the diagram. In the
same way as in the proof of Theorem 4.2, we can define a map I, : CH(X, [0, 1]) —[0, 1]
and show that this map sends 1 to 1 and preserves binary sums that exist in CH(X, [0, 1]).
Now by Example 5.10, we know that there exists a unique Radon probability measure P,
on X such that I,(f) = [, fdP, for all continuous functions f : X —[0,1]. The map
q 1Y —="RX defined by the assignment y — P, is continuous and is the only morphism
of cones from (Y, (gs)s) to (RX, (ps)s). This shows that R(X) = T#(X) for all compact
Hausdorff spaces X. Moreover, this induces a natural isomorphism R = T¥. It can be
checked that the unit and multiplication of the Radon monad are the same as those of
the codensity monad of R. n

That means that

6.5. REMARK. The domain of R is the category of finite sets and maps. We would expect
that this would only yield finitely additive measures. However Theorem 6.4 tells us that
the codensity construction gives us Radon probability measures, which are o-additive.

6.6. REMARK. Instead of using the category of all finite sets as the domain of R it is
enough to use the category of sets A with |A| < 3. This is similar to the ultrafilter monad.

BOUNDED LIPSCHITZ MONAD. In this section we will consider the metric version of the
Radon monad. We introduce a new monad of Radon probability measures on the category
of compact metric spaces with 1-Lipschitz maps. We show that this monad is the codensity
monad of a functor L. This functor is similar to the functor R in the previous section.

Let X be a compact metric space and define £LX to be the metric space of all Radon
probability measures on X together with the metric d,x defined by

/X FdP, — /X #dP,

dex (P, Ps) == sup{ | f: X—=][0,1] is a 1-Lipschitz function}
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for all Radon probability measures P; and P, on X. We call this metric the bounded
Lipschitz metric?.

Note that this metric space is homeomorphic to RX as a topological space and there-
fore it is also compact. Using that the composition of 1-Lipschitz functions is a 1-Lipschitz
function we can show that pushing forward along a 1-Lipschitz function f defines a 1-
Lipschitz function Lf.

Let KMet; be the category of compact metric spaces and 1-Lipschitz maps. The
above defines a functor £ : KMet; — KMet;.

For a compact metric space (X, d) let nx and px be the maps as defined for the Radon
monad. For x and y in X we find

dex(nx(z),nx(y)) = sup{|f(z)—f(y)| | f: X—=[0, 1]is a 1-Lipschitz function} < d(z,y),

because |f(z) — f(y)| < d(z,y) for every 1-Lipschitz function f : X —[0,1]. Therefore
nx is 1-Lipschitz with respect to the bounded Lipschitz metric.
For Radon probability measures P; and Py on £X we find for every 1-Lipschitz

function f : X —[0, 1] the following inequality:
/ erdP1 —/ erdP2
£x £x

<dgrx(Pq,Py)

fdux(P1) — fdux(P2)
LX LX

In the last step we used the fact that the map evy : LX — [0, 1], which sends a Radon
probability measure P to | « fdP, is 1-Lipschitz. Since f was arbitrary we conclude that
px is 1-Lipschitz.

It follows now that we have natural transformations 1gnget, —= £ and LL— L which
we will also denote by n and p.

Similar to Proposition 4.1 and Proposition 6.3 we can prove the following result.

6.7. PROPOSITION. The triple (L,n, 1) is a monad.

We call the monad from Proposition 6.7 the bounded Lipschitz monad. This
monad is similar to the Kantorovich monad, which is dicussed in [5, 6, 16].
Let A be a finite set. Define a metric on A by

1 ifal;éag

0 ifCLl:CLQ

da(ay,as) = {

for all a; and ay in A. This makes A a compact metric space. Every function of finite sets
becomes 1-Lipschitz with respect to these metrics. This gives a functor [ : Set /—KMet,;.

3The Wasserstein distance is the metric obtained by taking the supremum over all 1-Lipschitz function
on X taking values in R instead of [0,1]. The obtained metric space is called the Kantorovich space of
X.
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We will now consider the functor L which we define as
Set; - KMet, = KMet;.

Let A be a finite set. The space LA is the subset of [0,1]* of families (p,), such that
ZaeA Pa = 1 together with the bounded Lipschitz metric dy 4.

6.8. PROPOSITION. Let A be a finite set. For p and q in LA,

> pa= > da IA’QA}.

acA’ acA’
PROOF. We view A as a metric space by endowing it with the metric d 4.
For a subset A’ of A, the function 14 : A—[0, 1] is a 1-Lipschitz function. We find

> Pa— > =

acA’ ac A’

-

‘/ Ladp — 1A’dQ‘ <dra(p,q).

This shows one inequality.
Define the sets At ={a € A|p, > q.} and A~ ={a € A | p, < qu}. For a 1-Lipschitz
function f: A—[0, 1], we find

| san- /qu—Zf

a€A

2{: f _'Qa

acAt

S jg: Pa — 4a

a€At

> P Y

acAt acAt

([ [g)

acA— acA—
We can conclude that

‘/fdp /qu‘<sup{ ]A’CA}

which proves the other inequality. [

Similarly we find

> pa— > -

> Pa— D ta

acA’ acA’
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This gives us the following useful corollary.

6.9. COROLLARY. Let X be a compact metric space and let A be a finite set. A map
f: X —LA is 1-Lipschitz if and only if

defines a 1-Lipschitz map X —=[0,1] for every A’ C A.
This leads to the main result of this section.

6.10. THEOREM. The bounded Lipschitz monad is the codensity monad of L.

PrROOF. We will again use Proposition 2.4. Let (X, d) be a compact metric space and let
Dx denote the diagram

X | LY Set; & KMet,.
For a 1-Lipschitz function f : X — LA define the map p; : LX — LA by

LX Es rriA ™A riA =LA

This means that for every P € LX,

(1)

In the same way as in the proof of Theorem 4.2, it can be shown that (£LX, (pf)s)
forms a cone over the diagram Dyx.

We will now show that this is the limiting cone over the diagram.

Let (Y, (gf)¢) be a cone over the diagram Dx. For a 1-Lipschitz function f : X—0, 1]
let f : X—=L2 be the function defined by ]?(a:) := (1—f(z), f(z)). Note that this function
is 1-Lipschitz.

For an element y € Y define the map I, : KMet; (X, [0, 1]) — [0, 1] by

Forn > 1,let n:={0,...,n— 1}. Let ¢t : 1—2 be the singleton map that sends 0 to 1
and let e be the unique 1-Lipschitz map X — L1. We have that Lt oe = T, ie. tisa
morphism 1—=e in the arrow category X | L. Since (Y, (¢7)) is a cone over the diagram
Dy it follows that Lt o g. = ¢;. This implies that [,(1) = 1.

Consider 1-Lipschitz functions fi, fo : X —[0,1] such that also f := f; + fy is a
1-Lipschitz function that takes values in [0, 1]. Define the map h : X — L2 that sends
an element = to (1 — f(x), fi(x), fa(z)). Because 1, fi, fo, 1 — fo, 1 — f1,1 — f and f are
all 1-Lipschitz, so is h by Corollary 6.9. Let s : 3—2 be the singleton map that sends 0
to 0 and the other elements to 1. For an element k € 3, let s, : 3—2 be the singleton
map that sends k£ to 1 and the other elements to 0.
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We have that

-~

Lsoh=f

and for every k € 3 that R
Lspoh = f.

Because (Y, (qf)¢) is a cone over the diagram Dy, these equalities imply that
Lsogy = g
and for every k € 3 that
Lsy o qn = q7-

Using this we obtain the following equalities:

L,(f) = (Lsogn(y) = an(y)1 + au(y)2 = Lsi o qn(y))1 + Lsz 0 qu(y) )2+ = L, (f1) + 1, (f2)-

By Example 5.11 there exists a unique Radon probability measure P, such that I,(f) =
Ip,(f). The assignment y — P, defines a map ¢ : Y — LX. For y; and y; in Y and for
a 1-Lipschitz function f : X —=[0, 1], we find that

/deIP’yl—/deIPy2

It follows now that q is 1-Lipschitz.

Let f: X —= LA be a 1-Lipschitz map and let a be an element of A. Let s, : A—2
be the singleton map that sends a to 1 and every other element to 0. Since we have that
Ls, o f = f, we also have that Ls, o qf = a7 In particular we find for every y € Y that

= 1, (f) = L, (P = lap(y)r — ap(2)1] < dy (y1, 92).-

Iy(fa) = a7:(y)1 = (Lsa 0 q(y)1 = 45 (Y)a-

Using this we obtain for every y € Y and for every a € A that

proq(y)a=1Ip,(fa) = 1,(f)a = 4 (Y)a-

This shows that ¢ is a morphism of cones from (LX, (pf)s) to (Y, (qr)y)-
Let ¢ : Y —= LX be another morphism of cones. Then for every 1-Lipschitz function
f: X —=[0, 1] we have that

/X Fdd(y) = (70 A = 4z = L,(f).

This show that ¢(y) = ¢(y) for all y € Y and therefore (LX, (py)s) is the limiting cone
over the diagram Dy. This implies that £(X) = TH(X) for all compact metric spaces.
This induces a natural isomorphism £ = T'*.

It can be checked that the unit and multiplication of the codensity monad of L are
equal to the unit and multiplication of the bounded Lipschitz monad. [
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6.11. REMARK. Note that the bounded Lipschitz monad can be extended to a monad
on the category KMet of compact metric spaces and all Lipschitz maps. The compact
metric space £X is isomorphic to the Kantorovich space in this category. This monad
can also be obtained as a codensity monad in a similar way. The proof of this is a simple
adaptation of the proof Theorem 6.10.

6.12. REMARK. The Kantorovich monad on compact metric spaces introduced by van
Breugel in [16] was extended to a monad on complete metric spaces by Fritz and Perrone
[5, 6]. The underlying endofunctor of this monad sends a complete metric space (X, d)
to the Kantorovich space of (X, d). This is the space of all Radon probability measure of
finite moment together with the Wasserstein distance.

We would like to use the integral representation theorem from Example 5.8 to construct
this monad as a codensity monad, but we have been unable to find a way to do so.

BAIRE MONAD. In this section we will introduce a new monad of probability measures,
which we will call the Baire monad and we explain how this monad arises as a codensity
monad. We write Haus to mean the category of Hausdorff spaces and continuous maps.

For a Hausdorff space X let BX be the space of Baire probability measures on X
with the smallest topology such that evy : BX —|0, 1] is continuous for every continuous
function f : X —[0,1]. Much as in the previous sections this induces a functor B :
Haus — Haus where Haus is the category of Hausdorff spaces and continuous maps.
We can define a monad structure on this endofunctor and we call this monad the Baire
monad.

For a countable set A let BA be the subspace of [0, 1] of families (p,)sca such that
Y weaPa = 1. Every finite map? f : A—= C of countable sets induces a continuous map
Bf : BA—=BC. Let Set/ be the category of countable sets and finite maps. We obtain
a functor B : Set! — Haus.

6.13. THEOREM. The Baire monad is the codensity monad of B.

The proof of this result is similar to the proof of Theorem 4.7 and Theorem 4.2.
Therefore we will only give a short sketch of the proof. We will again use Proposition 2.4
and show that BX is the limit of the diagram

X | B — Set! %, Haus.

Every continuous map f : X—=BA induces a map py : BX—=BA by sending P to [ + fdP.
Because we use finite maps and the finite sum of continuous functions is continuous, these
maps form a cone over the diagram.

To show that this cone is universal we can use a similar argument as in the proof of
Theorem 4.2, since all the maps introduced here were finite maps. Only now we use the
representation theorem from Example 5.12 instead of Proposition 3.7.

4Finite maps were introduced in section 4
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6.14. REMARK. The results in this section would also work for arbitrary topological
spaces. Because it is not common in probability theory to study probability measures on
non-Hausdorff spaces we chose to restrict everything to Hausdorff spaces.

6.15. REMARK. The construction of the Baire monad as a codensity monad is slightly
different from the other probability monads. Here the functor is not of the form

Set/ %y Haus 2 Haus.

Therefore it does not completely follow the pattern of the constructions in the previous
monads. We tried to construct this monad as the codensity monad of a functor of the of
form Bi for some (inclusion) functor i : Set! — Haus, but we have not been able to do
this so far.
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A. Integral representation theorems

CARATHEODORY EXTENSION THEOREM. Let X be a set.

A.1. DEFINITION. A family S of subsets of X is called a semi-ring if it contains () and
18 closed under finite intersections and such that the relative complement of a set in S can
be written as a finite union of sets in S.

Let o(S) denote the smallest o-algebra on X that contains S.

A.2. THEOREM. [Carathéodory| Let u : S —=[0,00) be a map such that P(0) = 0.
Suppose that for every collections (Ay)nen of pairwise disjoint elements in S such that
their union A is also in S we have p(A) = > .y 1(Ay). Then p extends uniquely to a
o-finite measure p on (X, o(S)).

A proof of this result can be found in [4] (Proposition 3.2.4).

INTEGRATION LATTICES. Let X be a set and let f and g be real-valued functions on X.
We use the notation fV g (f Ag) to mean the pointwise maximum (minimum) of the two
functions.

Let L C [0,00)* be a subset of non-negative valued functions on X. A subset L is
called an integration lattice if 1 € L and forall f,g € Landr € [0,00) also fAg, fVg,rf
and fV g— f A g are elements of L.

A map I : L —10,00) is called an integration operator if /(1) = 1 and for every
collection (f,), in L such that f:=3>" ¢ f, is also in L we have I(f) =3 _yI(fn)-

A.3. LEMMA. Let I be a integration operator on a integration lattice L and let r € [0,00).
Then I(rf)=rI(f).

PrOOF. For n,m > 1 and f € L we find the following:

{(21) - (29) -2 (10) - 20

It follows that the statement holds for r € [0,00) N Q. Now take any r € [0,00) and let
(gn)n be an increasing sequence of rational non-negative numbers that converges to r. We
find that 7f = ¢1 f + >_,cn(@nt1 — @) f and therefore we have that

I f) = I f)+ ) I(gnir = @) f) = @1+ Y _(qns1 — gu) I(f) = rI(f).

neN neN

A.4. REMARK. Lemma A.3 is also true in the case that I is a weak integration operator
on a weak integration lattice L and r is an element of [0, 1].

The following result is a variant of the Daniell-Stone representation theorem and the
proof follows Kindler’s proof in [11] closely.
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A.5. THEOREM. Let I be an integration operator on an integration lattice L. There exists
a unique probability measure P on (X, 0(L)) such that

Ie(f) = I1(f)

forall f € L.
PROOF. For f,g € L such that f < g define

[f9) = {(x,1) € X x[0,00) | f(z) <t < g(x)}

and let S be the family of all subsets of X x [0, 00) of this form.
For fi < gy and f5 < g9 in L we have:

[f1,91) N [f2,92) = [[1 V fa, 91 A g2)

and
1,91) \ [f2,92) = [fi, 90 A fo) U[f1 V g2, 91 A (g1 V g2)).

Since we also clearly have that ) € S and L is closed under taking finite minima and
maxima, we conclude that S is a semi-ring.
Now define u : S —[0,00) by

w(lf,9)) == 1(g - f)

for all f < g. Note that this is well-defined since g— f = gV f —g A f, which is an element
of L. We clearly have that u(0) = u([f, f)) = 1(0) = 0. For a collection ([f,, gn))nen of
pairwise disjoint subsets in S such that (J,cx[fn, 9n) = [f, g) for some f < g in L we can

show that
g_f = Z(gn_fn)

neN
It follows that

wlF,9) =19 =)= 1gn = fa) = D 1l[fnr 90))-

neN neN

It follows now from Theorem A.2 that u can be extended uniquely to a o-finite measure
pon (X x[0,00),0(5)).

We will now show that o(L) ® Bojo) € 0(5). For f € L and r € [0,00) define
fn=n(fVr—f)A1land note that this an element of L. For s € [0, 00) we have

o

M0 sf) = {f <r} x[0,9).

n=1

Therefore every subset of the form {f < r} x [0,s) is in ¢(S). This shows that o(L) ®
BO[()’oo) - O'(S)
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Now define P : o(L)—=[0,1] by P(A) := p(A x [0,1)). Note that for  and s in [0, c0)
we have

p({f <7} x[0,5)) = p ( [O,an)>

= lim ([0, 5f,))

= Jim I(sfn)

= n, #1Un)

= s lim ([0, f,))

=sp({f <r}x[0,1)) =sP({f <r})

Here we used that [0, sf,) C [0, sf,+1) and Lemma A.3. It follows that

p({r1 < f <re} x[0,5)) =sP({r; < f <ra}).

We have
P(X) = p(X x[0,1)) = p([0,1)) = I(1) = 1

and the o-additivity of P is inherited by p. Therefore P is a probability measure on

(X, o(L)).

For a measurable map f : X —[0, c0) there is an increasing sequence of non-negative
simple functions (s, := ;™ aglap),, with A} of the form {r; < f < ry}, that converges
to f. Define

UA” 0,ay)

and note that | J -, B, = [0, f) and that B, C B, for all n. We have the following
equalities:
I(f)=p(0,f)) = lim p(Bn) (7)
and .
ZP (AR > [0,a3)) = Y afP(AR) = Ip(sn) (8)
k=1

Combining (7) and (8) with the monotone convergence theorem we conclude that I(f) =

Ip(f).
Let " be another probability measure with this property. Then we have for all f € L
and r € [0,00) that

P({f <r}) = lim I4(f,) = lim Ie(f,) = B({f < r}).

Since the sets {f < r} form a 7-system that generates o(L) we can conclude that P = P'. m
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PROOFS OF THE RESULTS IN SECTION 5.

PrROOF PROOF OF THEOREM 5.5. It is easy to verify that NL is an integration lattice.
For an element mf € NL define I'(mf) := mI(f). Suppose mf = ng for f,g € L. Then
we have by Remark A.4 that

mlI(f) = (mVmn)

1(F) = (mv ) g) =nl(g).

mvn f)—(m\/n)](
This shows that I’ is well-defined and that I'(f) = I(f) for all f € L.

It is clear that I(1) = 1. Let (my,fn)nen be a collection of elements in NL such that
mf =3 cxMnfnis also an element of NL. We observe that f =" ZkeNa(k,n)%
where a(k,n) =1 if & <m,, and 0 otherwise. Note that a(k, n)% is an element of L and
therefore

I(f) :Zzl<a(i;n>f) - %Zza(hn)[(f) = %Zmn[(fn)

neN keN neN keN neN

mvVn mVn

We can conclude that [’ is an integration operator on the integration lattice NL and
therefore by Theorem A.5 there is a unique probability measure on (X, 0(NL)) such that
Jx fAP = I'(f). Tt is clear that o(L) € o(NL). For mf € NL and r € [0, 00) we find that
{mf <r}={f < L} € o(L) and therefore also o(NL) C o(L).

Let P’ be another probability measure on (X, 0 (L)) such that [, fdP' = I(f) for all
f € L, then we have that

[’(mf):mI(f):m/de]P”:/med]P".

This implies that P’ = P. n

A.6. LEMMA. Let I be a weak integration operator on a weak integration lattice L. For
f,9 € L such that f < g we have I(f) < I(g), andifg—f € L then I(g—f) = 1(g9)—I1(f).

PRrRoOOF. There exists and n such that % € L. We find

l[(g)z[<g>zf<g_f+;>:I(g_f)+%f(f)2%f(f)~

n n n n

Here we use Remark A.4. The first part of the statement now follows. The second part
can be proven in a similar way. n



840 RUBEN VAN BELLE

PrROOF PROOF OF PROPOSITION 5.6. First note that for f € L and n > 1, then

(52

(=) ()

By Theorem 5.5 it is enough to show that [ is a weak integration operator. Let (f,)nen
be a collection of elements in L such that also f := > _ fy is an element of L. Define for
every n the function g, ==, <n Jr- For every n there exists an m, such that ;%= € L for
all £ < n. Indeed, for n = 1 this is clear. Suppose the claim holds for a natural number
n, then 5; and f;’; are element of L. Because

In+1 g_n+ Jni1

Mmp My, mp

is an element of NL there exists an m’ such that Wlb g:n“ € L. Since TZL—’“ el for kE <n,
we also have that € L. It follows that for m,; := m'm, we have that —#— - € L for
all k <n+1. The clalm now follows by induction.

The functions (g,), form a sequence of continuous functions that increases pointwise
to the continuous function f. Because X is a compact Hausdorff space, Dini’s theorem
tells us that (g,), converges uniformly to f.

Let € > 0. There exists an n such that

1f = gnll <€ (9)

By the above there exists an m,, such that migk € L for all £ < n. Because L is a
weak integration lattice, there exists an m such that

1
hn::_<i_9_n)
m \ my, my,

is also an element of L. By (9) and the first part of Lemma A.6 we find that

](hn)gl( ‘ ): — (10)

Mpm MM

By the second part of Lemma A.6 we have

I (mfm> .y (mi"m) = I(hy). (11)
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Using (10) and (11) and the hypothesis we find the following:

I

(1= 1) =107 = Smat (L)

k<n k<n

()1 (52)

=m,ml(h,) <€

Because (I(f) — > p<m I(ft))m is a decreasing sequence of positive numbers, we can

conclude that I(f) = . I(fn)- =
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