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Abstract

In this thesis we will discuss results and ideas in probability theory from a categorical point
of view. One categorical concept in particular will be of interest to us, namely that of Kan
extensions. We will use Kan extensions of ‘ordinary’ functors, enriched functors and lax natural
transformations to give categorical proofs of some fundamental results in probability theory and
measure theory. We use Kan extensions of ‘ordinary’ functors to represent probability monads as
codensity monads. We consider a functor representing probability measures on countable spaces.
By Kan extending this functor along itself, we obtain a codensity monad describing probability
measures on all spaces. In this way we represent probability monads such as the Giry monad,
the Radon monad and the Kantorovich monad.

Kan extensions of lax natural transformations are used to obtain a categorical proof of the
Carathéodorody extensions theorem. The Carathéodory extension theorem is a fundamental
theorem in measure theory that says that premeasures can be extended to measures. We first
develop a framework for Kan extensions of lax natural transformations. We then represent outer
and inner (pre)measures by certain lax and colax natural transformations. By applying the
results on extensions of transformations a categorical proof of Carathéodory’s extension theorem
is obtained.

We also give a categorical view on the Radon—Nikodym theorem and martingales. For this
we need Kan extensions of enriched functors. We start by observing that the finite version of
the Radon-Nikodym theorem is trivial and that it can be interpreted as a natural isomorphism
between certain functors, enriched over CMet, the category of complete metric spaces and
1-Lipschitz maps. We proceed by Kan extending these, to obtain the general version of the
Radon—-Nikodym theorem. Concepts such as conditional expectation and martingales naturally
appear in this construction. By proving that these extended functors preserve certain cofiltered
limits, we obtain categorical proofs of a weaker version of a martingale convergence theorem and
the Kolmogorov extension theorem.



Lay summary

Kan extensions are an important concept in category theory. This is an area in mathematics that
itself can be viewed as an abstraction of mathematics. It provides a universal language to study
different areas of mathematics. One of the advantages of doing this is that results in certain
areas of mathematics can be obtained from abstract categorical principles. Another advantage
is that results and concepts between different fields of mathematics can be compared to each
other. Many parts of mathematics have been investigated from this point of view. However,
probability theory has been studied less from a categorical perspective. The main objective of
this thesis is to describe probabilistic concepts using the language of category theory and prove
results in probability theory using categorical principles. One concept in particular will be used,
which is that of Kan extensions. These are extensions that are optimal in some sense.

We will show that knowing how probabilities work on finite sets, determines how probabil-
ities work on more general spaces; the Kan extension of finitely supported measures gives all
probability measures. Furthermore, a proof of the Carathéodory extension theorem is given
using Kan extensions of lax natural transformations. We will also give a categorical proof for
the Radon—Nikodym theorem. We first observe that for finite sets the result is trivial and then
proceed by Kan extending the trivial version of the theorem to the general version. Furthermore,
this leads to a new proof of the martingale convergence theorem and categorical descriptions of
several probabilistic concepts.
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Chapter 1

Introduction

In this section we will give some preliminaries on probability theory and category theory, in
particular on Kan extensions. In Section 1.1 we will give an overview of several basic concepts
and important results in probability theory. We do this from a categorical point of view. We
start from the very basics of probability theory and end with some more advanced results. We
do this from the perspective of a category theorist and spend plenty of time on discussing which
concepts have straightforward categorical interpretations and which ideas in probability theory
are more difficult to grasp using the language of category theory.

In Section 1.2, we give an overview of results of Kan extensions. We describe the classical
Kan extensions of ‘ordinary’ functors and their main properties. We then proceed by looking at
Kan extensions of enriched functors and Kan extensions of lax natural transformations.

1.1 Probability theory

It is not obvious what the main objects of probability theory are. Several options come to mind:
1. Is probability theory about probability spaces?
2. Is probability theory about random variables?
3. Is probability theory about Markov kernels?

In Section 1.1.1, we discuss why probability spaces are important to describe stochastic events,
but we also discuss why they are not sufficiently powerful to describe everything we want to
model using probability theory. We will also describe some interesting categorical properties
and some categorical limitations about probability spaces. In Section 1.1.2 and Section 1.1.3,
we give an overview of the theory of random variables and the theory of Markov kernels. We
see that both of these offer a more complete framework to mathematically formalize probability
theory. However, we will also see that for certain situations the random variables approach is
more useful than that of Markov kernels and vice versa. We will also see that the framework
of Markov kernels has a more straightforward categorical interpretation than the one of random
variables.

1.1.1 Probability theory is about probability spaces

An important first step in probability theory is to find a way to mathematically model random-
ness. If we want to describe a stochastic event with only a countable number of outcomes, there
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is a very intuitive way to model this. Namely, let A be the countable set of outcomes and let
(Pa)aca € [0,1]” be a collection of real numbers between 0 and 1 such that

Zpa:]-'

For example to describe a fair coin mathematically, we just need to look at the set { H, T'} together
with the probabilities py := 1/2 and pr := 1/2. This model is the Bernoulli distribution with
parameter 1/2.

Another example can be given using whiteboard markers. Suppose there is an infinite supply
of used whiteboard markers, of which 25% still work. We arbitrarily choose a marker and test it.
If the marker does not write well, we throw it away and choose another one. We are interested in
how many attempts it takes to find a working marker. There is a countable collection of possible
outcomes, namely N\ {0}. The probability that we find a good marker on the nth attempt is

given by
- § n—1 }
Pn = 4 1

This model is the geometric distribution with the parameter 1/4 and it will take an average of 4
attempts to find a marker that works.

However, if the set of possible outcomes of our stochastic event is uncountable this definition
does not work anymore. Indeed, if A is uncountable and we have a collection (pg)eeca such that
> acaPa = 1, then there can be at most a countable number of elements in A with a strictly
positive probability. This means that the model essentially reduces to the countable case, which
can not be used to describe every stochastic event.

Suppose we are throwing darts at a regulation dart board (which has a diameter of 173/4 inch).
We assume that every dart lands on the dartboard and that we are not aiming at a specific point
on the dartboard. There are an uncountable amount of points on the board the dart could land
in and the probability of landing in one specific point is 0. However, the probability of landing
in a region A of the board with area S square inch is given by

S

PA =8 85)2r

In particular, the probability of landing the dart within a distance r inch of the center of the board
is equal to (ﬁf . From this example it follows that it is not enough to assign a probability to
every point of the dart board. We also need to assign a probability to every region (i.e. a subset
of points on the board) of which we can measure the surface area.

This idea is formalized by Kolmogorov’s axioms of probability, introduced in [41]. Let
be a set and let F be a o-algebra of subsets of €2, i.e. a collection of subsets that is closed
under countable unions and complements, containing the subsets ) and . The elements of F
are called measurable subsets and the pair (2, F) a measurable space. In the darts example,
Q would be the collection of points on the board and F the collection of regions on the board,
whose surface area we can measure. Then Kolmogorov’s axioms of probability define a probability
measure as follows.

Definition 1.1.1 (Kolmogorov’s axioms of probability). A probability measure on (€, F) is
a map P : F — [0, 1] such that:

1. P(Q) = 1.

11



2. For every countable collection (A,)S2 ; of pairwise disjoint measurable subsets,

r-e(00)
n=1 n=1

A triple (Q, F,P) is called a probability space. In the case that {2 is countable, it is enough
to assign to every element w € Q a number p,, between 0 and 1 such that ) ., p. = 1, since this
can be uniquely extended to a probability measure on (2, P(£2)). Therefore the intuitive model
for stochastic events with countable possible outcomes is also captured by the probability spaces.
In Chapter 3, we will show that Kolmogorov’s generalization arises from a purely categorical
construction.

Measurable spaces often come from more structured spaces, such as topological spaces or
metric spaces. For example, let (X,7) be a topological space. Then (X, (7)) is a measurable
space, where o(7) is the smallest o-algebra containing 7. This o-algebra is called the Borel
o-algebra. Many measurable spaces arise in the following way. Let E be a set and let B be an
algebra of subsets of E, i.e. a collection of subsets of E that is closed under finite unions and
complements, containing the subsets () and E. Consider the smallest o-algebra that contains
B, which is denoted as o(B). Then (E,o(B)) forms a measurable space. However, because a
o-algebra is closed under operations that do not distribute over each other, it is usually not
possible to describe what a general element of o(B) looks like in terms of elements of B. This
makes it difficult to define a probability measure on (F,o(B)). A solution to this problem is
given by Carathéodory’s extension theorem, an important result in measure theory which we will
discuss in detail from a categorical point of view in Chapter 4. The classical proof for this result
can be found in [40] (Theorem 1.53).

Theorem 1.1.2 (Carathéodory extension theorem). Let E be a set and let B be an algebra of
subsets. Let p: B —[0,1] be a map such that:

1. p(E) =1,

2. For all countable collections (A,)ee, of pairwise disjoint subsets in B, such that their union
A:=,_, A, is also an element in B, we have

Zp (An) = p(A).
n=1

Then there exists a unique probability measure P on (E,o(B)) such that for all A € B,

The obvious structure-preserving maps between probability spaces are measure-preserving
maps, i.e. for probability spaces Q7 := (21, F1,P1) and Q9 := (22, F2,P2), a measure-preserving
map is a function f : Q; — Qo such that f~1(F) C F; and such that Py (f~1(A)) = Pa(A)
for all A € F5. In other words, a map is measure-preserving if the pushforward of P; along f,
denoted by Py o f~! or f.IPy, is equal to Py. Clearly, composing measure-preserving maps gives
again a measure-preserving map. Therefore probability spaces together with measure-preserving
maps form a category, which we will denote by Prob.

A first attempt towards a categorical view on probability theory is to investigate this category
of probability spaces. We will do this by studying the limits and colimits in this category and
its canonical symmetric monoidal structure.

12



In Proposition 1.1.5 we will show that Prob does not have products in general. However,
it does a have a natural tensor product. Consider two probability space Q; := (4, F1,P1) and
Qy := (Qg, F2,Py). Using the Carathéodory extension theorem, there exists a unique probability
measure P; ® Py on (Q X Q9, F1 ® F2) such that

Pl ®P2(E1 X EQ) = Pl(El)]P)Q(Eg),

for all £ € F; and FEy € Fo».
We obtain a probability space (21 X g, F1 ® Fa,P; ® Py) which we denote by €2; ® Q9. This
defines a functor
® : Prob x Prob — Prob.

This functor together with the one-point probability space gives Prob a symmetric monoidal
structure.

More generally, given an indexed collection of probability spaces (€2; := (4, Fi, P;))icr, we
can use the Carathéodory extension to prove that there exists a unique probability measure on

(IT;cr Q4. Q,c; Fi) such that
P (H Ai) = HP(A&

il iel
for (A;)ier with A; € F; and only a finite amount of the A;’s different from ;. We denote
this probability measure by @), ;P; and the obtained probability space as &);.;$2;. This is
explained in Section 10.6 in [11].

iel

Theorem 1.1.3. The category Prob has colimits of non-empty diagrams.

Proof. We will first show that Prob has coproducts. Let (€2; := (€, 5, P;))icsr be a non-empty

collection of probability spaces. Define Q := [, ; Q; and

F = {]_[ A; | Aj € Fyfor all i € 1,2, (Ay,) = Py, (Ay,) for all g,y € I} .

K3

The set F is closed under complements, countable increasing unions and finite disjoint unions,
therefore it is a o-algebra. Define P : 7 — [0,1] by sending [[,.; A to P;(4;) for any i € I.
This defines a probability measure on (€2, ), which forms a probability space © := (Q, F,P).
For i € I, there is a measure-preserving inclusion ¢; : £2; — €.

Suppose now that there is a probability space E := (£, G, Q) together with measure-preserving
maps f; : Q; — E for every ¢ € I. There is a map f : 2 — = such that for every i € I,

For E € G, we find that for every i € I,
P(fH(E)) =Pi(fTH(E) N ) = Q(E).
It follows now that f~*(E) € F and that f is measure-preserving. This shows that £ together

with the maps (¢;); is the coproduct of (£2;)e;.
We will now show that Prob also has coequalizers. Consider probability spaces 2; :=

13



(4, F1,P1) and Q5 := (Qo, Fo,P2) and measure-preserving maps fi, fo : 1 — Qs. Let (Q,F)
be the coequalizer of the measurable maps f1, fa : (21, F1) = (Q2,F2) and let e : (Qq, F2) —
(Q, F) be the coequalizer map. Define P as Py o e™!, i.e. the pushforward of P along e. Then
Q := (Q, F,P) is a probability space and e becomes a measure-preserving map. This forms the
coequalizer of f; and f5 in Prob.

Since Prob has coproducts and coequalizers, the claim follows. O

From the proof of Theorem 1.1.3, we can see that the underlying measurable space of the
coproduct of probability spaces is, in general, not the same as the coproduct of the underlying
measurable spaces of the probability spaces. In other words, the forgetful functor U : Prob —
Mble does not preserve coproducts. It does however preserve coequalizers.

Proposition 1.1.4. The category Prob does not have an initial object.

Proof. Suppose there is an initial object Q := (Q, F,P) in Prob, then there is a unique map
Q — 2 ® Q. This has to be the diagonal map A : Q — Q x Q. It follows that Po A"l = P® P.

Now consider any probability space B := (2, G, Q) such that there exists a measurable subset
B € G such that 0 < Q(B) < 1. Because € is an initial object, there exists a unique measure-
preserving map f : £ — E. Therefore A := f~1(B) is a measurable subset such that 0 < P(A) <
1. We will write A€ := Q\ A. It follows now that

0 <P(A)P(A°) =PRP(A x A®) =Po A1 (A x A°) =P(AN A°) = 0.

This is a contradiction. Therefore, no initial object can exist in Prob. O

What Proposition 1.1.4 means probabilistically is that there is no upper bound on the ran-
domness that probability spaces can express. There is no ultimate probability distribution from
which every other probability distribution is the pushforward measure in a unique way.

We will now see that the situation for limits in Prob is more complicated.
Proposition 1.1.5. The category Prob does not have all products.

Proof. Let Q := (Q, F,P) be a probability space, such that there exists A € F with 0 < P(A) < 1.
Suppose Z := (£,G,Q) is the product of € with itself with measure-preserving projection maps
p1, P2 2 — Q.

There is a measurable map (Z,G) — (QxQ, FQF) such that the following diagram commutes:

(
P1 lp D2
(Q, F) <Z(Qx Q,f®> (Q, F)

USY

—
=

Furthermore, there is a measure-preserving map p : £ — E such that we have a commutative

diagram,
Q
VAN
f

Q——E—— Q0
p1 D2

14



However, there is also a measure-preserving map g : 2 ® € — = such that

Q0N
V lgx
Q p1 E p2 Q

From this we can conclude that mypg = p1g = 71 and mapg = p2g = 7o and therefore

pg = laxa.

Similarly, we have that mipf = p1f = 1lq and mapf = pof = 1g, which implies that

pf =A.

Here A : Q — Q x Q is the diagonal map. Since f and g are measure-preserving, we see that
Pof'l=Q=P@Pog ! It follows that

PoA "l =Poflopt=P@Poglopt=PxP.
Let A be the measurable subset such that 0 < P(A) < 1, then
0 < P(AP(A°) =PRP(A x A®) =Po A~} (A x A°) =P(AN A°) = 0.
This is a contradiction and therefore €2 has no product with itself in Prob. O

A more probabilistic way of explaining the result in Proposition 1.1.5 is as follows. Given
two probability spaces Q1 := (Q1,F1,P1) and Qg := (Q2, F2,P2), we can look for probability
measures P on (21 X Qq, FQF) such that ]P’mrfl =P, and Powgl =Py, where m1 : Q1 xQs — O
and s : 1 X Q0o — Q9 are the projection maps. Such a probability measure is called a coupling
of €7 and Q5. The product of the probability measures P; ® Py always forms a coupling, but in
general there are many other couplings. In other words, the two probability spaces €27 and €2,
do not determine a joint probability distribution on (21 x Q9, F; ® F3). This means that if we
model stochastic events by probability spaces, we do not have enough information to describe
the interactions between the stochastic events.

In general we also do not have equalizers in Prob. Indeed, consider the probability space
{H, T} associated to a fair coin. The identity map and the map that switches heads and tails are
both measure-preserving. If an equalizer existed, its underlying map should be the empty set,
but this cannot be a probability space. Since subspace constructions often arise as equalizers,
this indicates that we can not describe conditional probability measures using a categorical
construction in Prob. Given a probability space 2 := (2, F,P) and a measurable subset A
with P(A) > 0, we can try to restrict P to A. However, since we want to end up with another
probability measure, we need to rescale. This gives us the conditional probability measure
defined by
P(BNA)

P(A)

The category Prob does have a terminal object. This is the probability space, whose un-
derlying set is the set of one element. This is not the only limit that exists in Prob. Some
cofiltered limits also exist. This is described by the Kolmogorov extension theorem for which a
proof can be found in Theorem 10.6.2 in [11]. For this we need the concept of standard Borel
spaces. A standard Borel space is a measurable space that is induced by a Polish space, i.e.

P(B | A) :=

15



a separable completely metrizable topological space.

Theorem 1.1.6 (Kolmogorov extension theorem). Let I be a non-empty set and let (;);cr be a
collection of standard Borel spaces. For every finite subset J of I, let P; be a probability measure
on [[;c; Qs such that

for finite subsets Ju C Jo, where my,cy, : HZEJ2 Q; — Hi€J1 Q; is the projection map.
Then there exist a unique probability measure P on [[,.; Qs such that

Pom; =Py,

for all finite subsets J C I, where 77 : [[;c;

Qi — [Lics S is the projection map.

Kolmogorov’s extension theorem can be rephrased more categorically. Let I be a non-empty
set and let (€2;);er be a collection of standard measurable spaces. Let Py (I) be the poset of finite
subsets of I ordered by inclusion. Consider a diagram

D : P;(I)°® — Prob

such that the underlying measurable space of D(J) is equal to J],. ;€ and the underlying
measurable map of D(Ji C Jp) is given by the projection map 7s,cr, : [Lics, & — [lics, Qi
The Kolmogorov extension theorem then states that D has a limit.

The statement does not hold anymore for a collection of arbitrary probability spaces. A
counterexample is described in [2], which shows that Prob does not have all cofiltered limits.

Moreover, it follows that a joint distribution P on [[,.; €; is completely determined by its
finite-dimensional distributions {P o ;' | J C I finite}. In fact, this does hold for arbitrary
measurable spaces. For a collection of measurable space (£2;);e; and probability measures Py

and Py on ], Q; such that

Py o7r;1 =P, o7r;17

for all finite subsets J of I, we have that Py = P,. This is a consequence of Corollary 1.6.3 in
[11] which follows from the 7-A-theorem

Example 1.1.7. Let I = [0,00) and for ¢; < ... < t, in I define a probability measure on R"
by

—(zi—wi—1)®

exp 2tb—t1 1)

for all measurable subsets B of R™.

By the Kolmogorov extension theorem, there exists a unique probability measure P on R’
such that its finite-dimensional distributions are precisely given by P4, . . This is an important
first step in the proof that Brownian motion exists. The remaining part is about showing that
P can be restricted to a probability measure on C([0, c0),R). This is explained in Chapter 7 of
[16].

We can conclude that the category Prob has some nice structures, but is not expressive
enough to properly deal with interactions between stochastic events. The concept of probability
spaces on its own does not provide enough information to study (in)dependence and interaction
between different stochastic events.
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1.1.2 Probability theory is about random variables

In Section 1.1.1, we saw that the concept of probability spaces on its own is not sufficient to
describe interactions between stochastic events. A better way for modelling stochastic events is
given by random variables. This solves the problem of describing interactions between stochastic
events, but also allows us to talk about the (conditionally) expected outcome of a stochastic event.
Furthermore, random variables also form a very convenient tool to describe random events that
evolve over time, by using stochastic processes.

Suppose we want to model a stochastic event whose outcomes lie in a measurable space F.
A typical way to categorically describe the elements of an object A in a category C is to look at
the maps I — A, where [ is the terminal object of the category. By changing I to an arbitrary
fixed object U in the category C, we can talk about generalized elements. The concept of
random variables follows a similar idea. Since we want to generate randomness in the space F,
we fix a probability space Q := (Q, F,P). A random variable is then defined as a measurable
map X : (Q,F) — E. We will often just write X : Q@ — E.

Let us look again at the example of throwing darts. Consider the subset of R? given by
Q:={(z,y) eR? | 2> +¢* < 1/7}.

Let F be the restriction of the Borel o-algebra on R? to Q. The Lebesgue measure A\ on R?
restricted to the subset 2, becomes a probability measure P. This gives us a probability space
Q= (Q, F,P). Every area on the dart board corresponds to a different score between 1 and 60.
Therefore we can model the throw of a dart without aiming at a specific point on the board as
a random variable

X:Q—{1,...,60}.

Suppose we are throwing three darts without aiming to any specific point on the board. Then
these correspond to three independent random variables

X, 0% 5 {1,...,60}, X5:0Q% = {1,...,60} and Xs3:Q% — {1,...,60}.

The total score of the game of darts is then given by a random variable S : Q®3 — {1,...,180}
defined by
S::Xl +X2+X3.

We can now ask questions such as:
e What is the probability that S is equal to 1807

e Given that X; is equal to 60, what is the probability that S equals 1807
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e What is the expected outcome of S?
e Give that X7 is equal to 60, what is the expected outcome of S?

From this, it is —at least intuitively— clear that the framework of random variables can describe
interactions and dependence between different stochastic events.

The first two questions can be answered by looking at the distribution of X. This is the
pushforward measure of P along X, i.e. the probability measure on E defined by

A P(XTHA)).

Typical notation for this measure is given by X, (PP) or Po X ~!. We will use the latter notation.
The probability that a random variable takes values in a measurable subset A of E is then given
by Po X ~1(A), which is also often denoted as P({X € A}). So in the particular case of the game
of darts, the answer to the first question would be that the probability that S equals 180 is

PE3({S = 180}) = P®3({X; = 60} N {Xy = 60} N {X3 = 60}) = P({X = 60})>.

To answer the second question, we need to condition the distribution of S with respect to the

event that X; equals 60. Therefore we find that the answer is equal to

P®3({S =180} N {X; = 60})
P®3({X; =60})

P®3({S = 180} | {X; = 60}) = =P({X = 60})>.
Given two random variables X : § — E and Y : Q — E, there is a random variable (X,Y) :
Q) — E2. The distribution of (X,Y) is called the joint distribution of X and Y. If the joint
distribution of X and Y is equal to the product of the distribution of X with the distribution of
Y,ie. Po(X,Y) ! =PoX '®@PoY ! then we say that X and Y are independent random
variables. We see that X, Xo and X3 are pairwise independent random variables, but X; and
S are not independent.

To answers the last two questions of the darts example, we need to make sure that we are
working with random variables taking values in the real line (or a sufficiently nice Banach space).
For a random variable X : Q — R, we define the expectation of X as

E[X] := / X (w)P(dw),

whenever it exists. We will also use the notation f XdP. For the random variable S of the darts
game we find that E[S] = 3E[X]. To find the expectation of S given that X; = 60 we calculate
as follows:
=l
= Sdp®3
PE3({ X1 = 60}) J{x,=60}
=60 + 2E[X].

E[S | X1 = 60]

We see that the conditional expectation of a random variable X with respect to an event A, such
that P(A) > 0, can therefore be defined as

E[X | A] := P(lA)/AXdIP’.

However, there is a more general concept of conditional expectation. Instead of conditioning with
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respect to one event, we will condition with respect to a whole o-subalgebra of F. Let X :  — R
be an integrable, random variable and let G C F be a o-subalgebra. Define the probability space
Q|g:=(©,G,P|g). Suppose there is a G-measurable random variable Y : Q@ — R such that

/XdIP’:/YdIE”|g
A A

for every A in G, then Y is called the conditional expectation of X with respect to G. It
follows immediately that if such a random variable exists, it has to be P |g-almost surely unique.
This means that if we have Y; and Y5 satisfying the condition, we have that P |g (Y1 = Ys) = 1.
If such a random variable exists, we denote it as E[X | G].

To motivate this definition, consider the o-subalgebra G4 generated by one measurable subset
A of Q,i.e.
Ga:={0,A,A° Q}.

Then define Y : 2 — R by the assignment

EX |4 ifweA
w
E[X | AC] ifw e AC.

Clearly, Y is measurable with respect to G4. Furthermore,

/YdIP’\gA:E[X|A]IP>(A):/XdIP’
A A

and similar equalities for the other elements of G 4. Therefore, we see that the concept of condi-
tioning with respect to an event can be recovered from the general conditional expectation with
respect to a og-subalgebra.

Example 1.1.8. Let us look again at the darts example. A dartboard can be divided in five
areas: the area of single points S, the double ring Ss, the triple ring S3, the outer bullseye S,
and the inner bullseye S5. Let G be the o-subalgebra of F generated by these areas. We can
then define

E[X | Gl(w) = E[X | 5]

for w € S;. For a point w in the triple ring we have

1
EX | Gl(w) = —— XdA
X1916) = 375 /.
1 L A(Ss) 63
3
k=—
IR L
and for w in the inner bullseye we have
1
EX | Gl(w) = — XdA = 50.
X191 = 3y /.

Clearly, we also have for every i € {1,...,5} that

| BIX 1 Glaxlo=BLY | sa(5) = [ Xax

i
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which shows that the defined random variable is indeed the conditional expectation of X with
respect to G.

The conditional expectation of a real-valued random variable that has finite expectation
exists. However, the proof for the existence of the conditional expectation is not obvious. One
way to prove the existence relies on the Radon—Nikodym theorem. This is Theorem 4.2.4 in [11].
One of the conditions of this theorem requires the notion of absolute continuity of a measure
with respect to another measure. A measure p is abosulely continuous with respect to a
probability measure P if u(A) = 0 for every A € F with P(A) = 0.

Theorem 1.1.9 (Radon—Nikodym theorem). Let (2, F,P) be a probability space and let u be
a finite signed measure on (Q, F) such that n < P. Then there exists a P-almost surely unique
random variable X : Q@ — R with finite expectation such that

M(A):/AXCZIF’

forall A€ F.

The random variable we obtain from the Radon—Nikodym theorem is called the Radon—

. . . . . d
Nikodym derivative of p with respect to P and is usually denoted as 5.

Proposition 1.1.10 (Existence of conditional expectation). Let X be a random variable with
finite expectation and let G be a o-subalgebra of F. Then the conditional expectation of X with
respect to G exists.

Proof. We can define a measure p on (€, G) by the assignment pu(A) := [, XdP for every A
in G. Tt is clear that u is absolutely continuous with respect to P |g. It follows now from the
Radon—Nikodym theorem that there exists a Pg-almost surely unique random variable Y (which
is G-measurable), such that for all A € G

/AXd]P’:/,L(A):/AYd]P’g.

It follows that Y is the conditional expecation of X with respect to G. O

Taking the conditional expectation with respect to o-subalgebras has many nice properties,
as described in the following proposition. This is Proposition 10.4.3 in [11]. Here we use the
concept of independent o-subalgebras. Two o-subalgebras G; and G, are independent if

P(AN B) =P(A)P(B)
for every A € Gy and B € G,.

Proposition 1.1.11. Let X and Y be real random variables with finite expectation and let
H C G C F be o-subalgebras. The following properties hold:

e EX+Y |G]=E[X |G]+E[Y |G], P-almost surely.
o If X <Y, then E[X | G| <E[Y | G], P-almost surely.
e E[E[X | G] | H] = E[X | H], P-almost surely.

e E[E[X | G]] = E[X].
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o If X is G-measurable, then E[X | G] = X, P-almost surely.

o If 0(X), i.e. the smallest o-algebra making X measurable, and G are independent, then
E[X | G] = E[X], P-almost surely.

So far we have seen that random variables form an ideal tool to describe dependence and
interaction between stochastic events. But there are more advantages to working with random
variables. They allow us to describe stochastic events that evolve over time, by considering
stochastic processes. One of the key interests in studying stochastic processes is their long-term
behaviour. We are interested in the convergence properties of stochastic processes when time
goes to infinity.

Let © := (Q, F,P) be a fixed probability space and let FE be a measurable space. A collection
of random variables (X; : @ — E | ¢ € [0,00)) is called a stochastic process. One of the
most important stochastic processes is Brownian motion, which is used to model the location
of particles suspended in a liquid or gas. Mathematically, Brownian motion is axiomatised in
the following way. It is a stochastic process (B; : Q — R); such that:

1. Fort; <ty and 0 < s, B;,1s— By, is a Gaussian random variable with mean 0 and variance
s and is independent from By, .

2. The assignment ¢t — B; is P-almost surely continuous, i.e.

P{w € Q| t— B(w) is continuous}) = 1.

Proving that such a stochastic process exists is again not trivial. Part of the proof of the
existence is given in Example 1.1.7. To also prove the second axiom, saying that P-almost surely
every sample path is continuous requires Kolmogorov’s continuity criterion. This is explained in
Chapter 7 of [16].

For t € [0, 00), let F; be the smallest o-algebra that makes B, measurable for all s < ¢. Note
that Byys — By is independent from the o-algebra F;. By Proposition 1.1.11, it follows that

E[Bt+s | .Ft] :]E[Bt+s —Bt ‘ Ft] +E[Bt | ft] :0+Xt

Stochastic process with a property like this form an important class of processes, namely mar-
tingales. These processes are usually defined in the context of filtered probability spaces.

Let €2 := (2, F,P) be a probability space. Let I € {N,[0,00)}. An indexed collection (F; |
t € I) of o-subalgebras of F such that Fs C F; for s <t and such that

o <Ltj]-"t> =F

is called a filtration of Q. A quadruple (Q, F, (Fi)¢,P) where (F3); is a filtration of (2, F,P)
is called a filtered probability space. In more categorical terms, we have a functor D :
[0,00)°P — Prob with D(t) = (Q, F:,P | £,) such that the limit of D is precisely (2, F,P).

If we fix a filtered probability space (Q, F, (F;)¢,P), then we say that a stochastic process
(X: : @ — R); is adapted (to (F;):) if X; is Fi-measurable for every t € [0,00). Suppose now
that we have an adapted stochastic process (X;); such that every random variable has finite
expectation. Then we say that the process is a martingale if

E[Xits | Ft] = X P-almost surely,

for all t € [0,00) and 0 < s.
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We already saw that a Brownian motion is a martingale. However not every stochastic process
is a martingale as shown in the following example.

Example 1.1.12. Let (B;); be a Brownian motion on a filtered probability space (Q, F, (F)¢, P).
Consider the adapted stochastic process (B7);. For s < t we find that

E[B} | Fs] = E[

E[
E[
(t

(B: — B, + B,)* | Fi

(B — Bs)? | Fo] + E[B? | F] + E[2Bs(B; — B,) | Fi
(B — Bs)?] + B + 2B.E[B; — B,]

— )+ B?

Here we used that Bg is Fs-measurable and that B; — B, is a Gaussian random variable with
mean 0 and variance t — s which is independent from F; together with Proposition 1.1.11.

We say that a martingale is continuous if
P({w € |t — Xi(w) is continuous}) = 1.

In a similar way we can define cadlag' martingales. An important reason to consider martingales
is because they have nice convergence properties, as described by Doob’s martingale convergence
theorems. Doob’s orginial proof can be found in Section XI.14 of [13].

Theorem 1.1.13 (Almost sure martingale convergence theorem). Let (X;); be a cadlag mar-
tingale such that
sup E[| X;|] < 0.
t

Then there exist a random variable X : Q@ — R such that X; — X P-almost surely as t — oo.

Theorem 1.1.14 (L' martingale convergence theorem). Let (X;); be a cadlag martingale such
that

Jim sup B [| X1, 5ap)] = 0.

Then there exists a random variable X such that E[|X|] < co and such that X; — X in L' and
P-almost surely as t — oo. Moreover, for all t € [0,00),

E[X | 7i] = X¢ P-almost surely.

There are several variations on this. For example the LP-martingale convergence theorem and
the backwards martingale convergence theorem.

Another main result about the convergence of stochastic processes is the strong law of large
numbers. Intuitively this result says that the average outcome of applying an experiment a large
number of times is close to the true expectation. This result can be proved using a variation of
the martingale convergence theorem (the backward martingale convergence theorem). This proof
can be found in Section XI.19 of [13].

Theorem 1.1.15 (Strong law of large numbers). Let (X,, : Q@ — R),, be a sequence of identically
distributed, pairwise independent, integrable random variables. Then

N

1

NZXH—HE[Xl] as N — oo
n=1

L Continue a droite, limite & gauche, i.e. right continuous with left limits.
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P-almost surely and in L.

Moreover, this is another result in probability theory, where finite approximations determine
the global result.

We can conclude that random variables provide a far better way to model stochastic events
than probability spaces. Not only can we describe dependence between stochastic events, we
can also say a lot about the expected outcome of a stochastic event. Moreover, the theory of
random variables leads to a theory of stochastic processes, which can be used to model complex
stochastic events that change over time.

On the other hand, the framework of random variables is harder to describe from a category
theory point of view. There are no obvious objects and morphisms between them, that could
be considered as a category. Furthermore, we are in the situation where we are looking at
maps where the domain and codomain seem to live in different worlds. A random variable has
a domain that is associated to a probability space and a codomain that is related to a more
structured space (such as a Banach space or metric space). Furthermore, the concept of random
variables requires us to fix a probability space. This gives a certain upper bound on the possible
randomness that can be modelled using random variables. For example, if one would consider a
probability space whose underlying probability measure is a Dirac delta, the random variables
on the probability space could only model (deterministic) elements in the space of outcomes.

1.1.3 Probability theory is about Markov kernels

We saw that probability spaces were not sufficient to model all aspects of stochastic events and
that random variables provide a framework that is powerful enough to solve this issue. One of
the main problems that random variables solve is the modelling of interactions and dependence
between stochastic events. Another approach to describe this is given by Markov kernels. The
idea of dependency between stochastic events is baked into definition of a Markov kernel.

A Markov kernel describes the transition from an experiment with outcomes in a measurable
space X to an experiment, with outcomes in a measurable space Y, that depends on the outcome
of the first experiment.

Let GY be the space of all probability measures on Y together with the o-algebra generated
by the evaluation maps

eva: GY — [0,1]
P — P4

for all measurable subsets A of Y. A Markov kernel from X to Y is a measurable map X — GY'.
We will denote this as X ~» Y. Suppose we have three experiments in a row, where the second
one depends on the outcome of the first one and the third one depends on the outcome of the
second one. We could ask how the last experiment depends on the outcome of the first one. This
can be described mathematically by the composition of Markov kernels. For Markov kernels
f:X~Yand g:Y ~ Z, the composite of Markov kernels f and g is a Markov kernel
go f: X ~» Z that sends an element = to the probability measure on Z defined by

A / )AL (@) (dy).

The following example is Example 1.1 in [46].

Example 1.1.16. Consider a frog that lives in a pond with two lily pads, east and west. Let
X := {e,w} be the space representing these lily pads. Every morning the frog tosses a coin. If
the coin lands heads up, the frog stays on the lily pad where he is. If the coin lands on tails, the
frog jumps to the other lily pad.
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Let p be the probability that the coin lands heads up. This stochastic event can be described
by a Markov kernel f : X ~» X, defined by

[f)){eh) =p,  [fle)({w}) =1-p
[f(w)]({e}) =1—p and [f(w)]({w}) =p.

We can also describe the transition over a period of two days by composing f with itself. This
gives us a Markov kernel fo f: X ~» X.

[f o fl(e)({e}) = /[f(fﬂ)]({e})[f(e)](dx)
(

= ([f(e)]({e})) ([f(e)]({e})) + ([f (w)]({e})) ([f(e)]({w}))
=p*+(1-p)?®

The fact that we have a meaningful composition indicates that there might be a category
in which Markov kernels are morphisms. Since Markov kernels represent measurable maps of
the form X — GY, they remind us of Kleisli morphisms. In Chapter 2, we will see that this
is indeed the case. Markov kernels are precisely morphisms in the Kleisli category of the Giry
monad and the composition of Markov kernels corresponds to the Kleisli composition of these
morphisms. Categories of this form were generalized by Fritz in [20] to Markov categories, which
we will discuss in Chapter 2.

There are several connections between Markov kernels and random variables and probability
spaces. Consider for example a Markov kernel f : X ~» Y and a probability measure P on X.
Then we can define a joint probability distribution on X x Y as follows

Ax B s /A [f(2)](B)P(d)

for all measurable subsets A of X and B of Y. It is not clear if this also works in the other
direction. Suppose we have a joint probability distribution Q on X x Y. We are now wondering
if Q arises from a Markov kernel. Consider the projection map 7x : X XY — X and let Fx be
the o-algebra of X. We could attempt to define a Markov kernel f : X ~» Y by the assignment

[f(@)](B) == Ellxxp | 7x' (Fx)](2).

Here 1x«p is the indicator function X x Y — [0,1] which is 1 on X x B and 0 otherwise. In
this case,

JU@iBi@ersdn = [ | 1xpdo

' (A)

- /ude@ — Q(4 x B).

However, since conditional expectation is only defined Q-almost surely, we need to choose a
representative for every conditional expectation if we actually want to evaluate it. The problem
now is that we need to choose these representatives in a way such that f(z) is o-additive for every
x € X (not just Qo W;(l—almost everywhere). This is very far from trivial, but under certain
conditions it is possible. This leads to a very powerful theorem, the disintegration theorem. This
is Corollary 452N in [18].
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Theorem 1.1.17 (Disintegration theorem). Suppose that X and Y are standard Borel spaces
and let Q be a joint probability distribution on X XY . Then there exists a Q ow}l-almost surely
unique Markov kernel f: X ~»Y such that

Q4 xB) = [ [f@IBIQ o3 1(dr)
We just described the relation between Markov kernels and joint probability distributions.
There is also a connection between Markov kernels and a special class of stochastic processes,
namely Markov chains. These processes are memoryless in the sense that the future only depends
on the present and not on the past. More formally we can define a Markov process as follows.
Let E be the standard Borel space of outcomes of the stochastic process and (Q, F, (Fp,)n, P) be
a filtered probability space. A stochastic process (X, : Q@ — E | n € N) is a Markov chain if

Ef(Xn41) [ Fo] = E[f (Xnt1) | 0(X0)]

for all bounded measurable f : E — R. Here o(X,) is the smallest o-algebra making X,
measurable. In a similar style to the disintegration theorem, it can be shown that for every n
there exists a Markov kernel f,, : E ~» GF such that

f(=)(A) = IE[lX_il(A) | o(X,)] [Po X, ]-almost surely.

Such a Markov kernel is called a regular conditional probability

We can also go the other way around. Suppose we have a collection of Markov kernels
(fn : E ~ E), and an initial probability distribution Py. Then by the Ionescu-Tulcea theorem
(Theorem 14.32 in [40]), there exists a probability distribution P on EN such that (7, : EY — E),,
is a Markov chain and its corresponding regular conditional probabilities are precisely (fy)n-

When studying stochastic processes, one is often interested in its behaviour when time tends
to infinity. This is one of the reasons why the class of Markov chains is important, since they
often have nice properties about convergence to the stationary distribution and about mizing
times.

We can conclude that Markov kernels are a powerful way to model stochastic events, their
interactions and dependence. Even when stochastic events change in time, Markov kernels often
can still be used. Furthermore, we already indicated that Markov kernels have an interesting
categorical interpretation, which we will discuss in detail in Chapter 2. We also do not need to fix
a probability space, causing us to not have to put an a priori bound on the possible randomness
of our model.

1.1.4 Conclusion

We conclude that probability theory is not about one central object. Different objects and con-
cepts are important and we require all of them to truly understand probability theory. Probabil-
ity spaces are the least complete model to describe randomness. Random variables and Markov
kernels offer more complete approaches, however each approach has its advantages and disad-
vantages depending on the type of stochastic event we want to model. Moreover, the concept of
random variables relies on the idea of probability spaces.

Furthermore, some of these concepts are easier to express categorically than others. Prob-
ability spaces and measure-preserving maps between them form a category in an obvious way
and Markov kernels can be recognized as the Kleisli category of a probability monad. Random
variables, however, are more difficult to treat categorically, since the domain and codomain seem
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to live in different categories.

1.2 Kan extensions

In this section we will give an overview of Kan extensions, an important concept in category
theory. Kan extensions are ubiquitous in category theory and mathematics. The original concept
of Kan extensions deals with the problem of extending ‘ordinary’ functors between categories in
a universal way. We study these in Section 1.2.1. However, the concept of Kan extension has
been generalized to enriched functors between enriched categories, which we discuss in Section
1.2.2. A special case of this is given by enriching over Cat or Pos. In Section 1.2.3, we will
briefly discuss a particular example of this, that will be important in Chapter 4. In this example
we will focus on extensions of laz natural transformations.

1.2.1 Kan extensions of ordinary functors

In this section we will discuss the classical Kan extensions of functors between categories. Let
C,D and & be categories and let F': C — D and G : C — & be functors. We are interested
in functors D — £ with a universal property, such that they can be interpreted as the extreme
possible extensions of G along F. These are referred to as Kan extensions. We will focus on the
right Kan extension. However, everything can be dualized to left Kan extensions.

Definition 1.2.1 (Local Kan extensions). A right Kan extension of G along F is a functor
R : D — & together with a natural isomorphism

C,E](—o F,G) = [D,&](—, R).

Therefore, by the Yoneda lemma, a right Kan extension of G along F is a pair (R, €), where
R :D — £ is a functor and € : Ro F' = ( is a natural transformation, such that for every
functor R : D — £ and natural transformation ¢ : Ro F = G, there exists a unique natural
transformation ¢ : R = R such that

c—5% ¢
D

This universal property determines the right Kan extension up to natural isomorphism, therefore
we will usually talk about the right Kan extension of G along F. The functor R : D — & is
denoted as RanpG.

Definition 1.2.2. Let F': C — D and G : C — &; be functors and let (R, €) be the right Kan
extension of G along F. A functor H : &, — &; preserves the right Kan extension of G along
F,if (HR, He) is a right Kan extension of HG along R.

Let G1,G5 : C — & be functors and let 7 : G; = G5 be a natural transformation. This
induces a natural transformation

[C,E](—o F,Gy) = [C,D](— o F,G2).
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If the right Kan extensions of G; and G along F' exist, we obtain a natural transformation
D, &](—,Ranp, G1) = [D,&](—, Rang, G2). Because the Yoneda embedding is full and faithful,
this correspond to a unique natural transformation RanpG; = RanpGs, which is denoted by
Ranpr.

Using a similar argument, we see that Ranp7s o Ranpm = Rang(72 o 71) for natural trans-
formations 7 : G1 = Go and 75 : Go = (3 between functors G1,Go,G3 : C — £.

This indicates that, if the right Kan extension of every functor along F exists, it defines a
functor Ranp— : [C,E] — [D, £] that is right adjoint to precomposition with F.

Proposition 1.2.3 (Global Kan extension). Suppose that the functor — o F : [D,&] — [C, D]
has a right adjoint R. Let G : C — & be a functor. Then R(G) together with the counit
eq : R(G) o F = G is a right Kan extension of G along F.

Under certain assumptions on the categories D and £, we can give concrete constructions of
these Kan extensions. In this case, the Kan extensions are called pointwise.

The following result, which is Theorem X.3.1 in [49] (essentially verbatim), constructs the
right Kan extension of a functor G along F' as a limit.

Theorem 1.2.4 (Right Kan extension as a pointwise limit). Given F :C — D, let G:C — &
be a functor such that the limit

Rd;:lim(d¢F—>ci>5)

exists for all d € D, with limiting cone (A\y : Rd — G¢) t.a—re. Each morphism f : di — do
induces a unique arrow
Rf : Rd1 — Rdz,

commuting with the limiting cones. These formulas define a functor R : D — &, and for each ¢ €
C the components of the limiting cones A1,, =: €. define a natural transformation e : RoF = G,
and (R, €) is a right Kan extension of G along F.

From this we have the following corollaries, which are Corollary X.3.2 and Corollary X.3.3
from [49].

Corollary 1.2.5. If C is small and £ is complete, any functor G : C — &€ has a right Kan
extension along F'.

Corollary 1.2.6. If the functor F is full and faithful, then the universal arrow e : Ro F = G is
a natural isomorphism.

The concept of Kan extensions is very useful. Every universal construction can be written in
terms of Kan extensions, or —in Mac Lane’s words—all concepts are Kan extensions”[49]. The
following examples are Theorem 1 and Theorem 2 and Exercise 3 in Chapter 7 of [49] respectively.

Example 1.2.7. A functor F': C — £ has a left adjoint if and only if the right Kan extension
of 1¢ : C — C along F exists and is preserved by F'.

Example 1.2.8. The right Kan extension of a functor D : C — £ along ! : C — 1 is the limit of
D.

Example 1.2.9. A functor i : C — D is codense if and only if 1p is the right Kan extension of
1 along itself.
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Let F : C — D, be a functor with a left adjoint L : D — C. Then the endofunctor F'.L : D — D
has a canonical monad structure induced by the unit 7 and counit € of the adjunction. The unit
of the adjunction becomes the unit of the monad, and Feg becomes the multiplication of the
monad.

This observation can be generalized to a functor F': C — D, without a left adjoint. Suppose
that the right Kan extension of I’ along itself exists. Then the endofunctor RangF : D — D has
a canonical monad structure. Monads that arise like this are called codensity monads.

Let (T¥,¢) be a right Kan extension of F along F. There is a natural transformation
lg : 1p o F = F, and therefore by the universal property of right Kan extensions there is a
natural transformation 7 : 1p — T such that

C F—— D C F—— D
\F Lr 19/ = \F ¢ pF )
I/ N

Furthermore, there is a natural transformation
FrmF TFe F €
T°T" oF == T" oF = F.

This induces a natural transformation p : T¥T¥ = TF such that

\

F =

\ TFTF

D

C

Fr—— D

F—— D C

The triple (TF,v, ) forms a monad on D, the codensity monad of F. More on this can be
found in Section 2 of [45].

1.2.2 Kan extensions in enriched category theory

The idea of Kan extensions of ‘ordinary’ functors between categories can be generalized to Kan
extensions of enriched functors between enriched categories. This will be the topic of this section.

Let V be a closed monoidal category. For V-enriched categories C,D and £ and V-enriched
functors F' : C — D and G : C — &, we want to study V-enriched extensions of G along F. To
define right Kan extensions of V-enriched functors we can essentially copy Definition 1.2.1 from
the non-enriched case.

Definition 1.2.10 (Local Kan extensions). A right Kan extension of G along F' is a V-
enriched functor R : D — & together with a V-enriched natural transformation

[C,E](= o F,G) = [D, €](—, R).

By the same argument as for non-enriched Kan extensions, a right Kan extension of G along
F is a pair (R,¢), where R : D — & is an enriched functor and € : Ro F = G is an enriched
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natural transformation, satisfying a universal property. This is also explained in Theorem 4.43
in [37].

Similarly to Proposition 1.2.3, we obtain a right adjoint to the functor [D, ] — [C, £] defined
by precomposing with F, if the right Kan extension of any functor along F ezists, generalizing
the concept of global right Kan extensions.

However, for V-enriched functors, we can not use the limit formula from Theorem 1.2.4
anymore. However, we can rewrite the limit formula in terms of weighted limits to make it make
sense in the V-enriched setting. Suppose that the weighted limit

Rd:= {D(d,F-),G}

exists for all d € D. The following canonical morphisms in V induce a V-enriched functor
R:D—E.

Dl ) — (£, ([€.V) (D F-). £(0,6-). e, ) (Pl P, £00.6-))
= [£.V)(£(o, Rdy). £(s, Rdy))
>~ &(Rdy, Rds)

We can define a V-enriched natural transformation ¢ : R o F' — G by defining €. as follows, for
cecC:

I—[CV] (C(c, =), D(Fe, G—))

~[€,V] ([c,w (D(Fe, F-),€(s,G)), €, V] (Cle, =), (o, G—)))

= [€,V](E(e, Ro Fc),E(e, Ge))
~ E(Ro Fc,Ge)

Then (R, €) is a right Kan extension of G along F. Indeed, let R : D — £ be an enriched functor.
Then we have the following isomorphisms in V.

[C.E](Ro F,G) = E(Ro Fe,Ge)

ceC

u/EC[D,V](D(—,Fc),e(R—,Gc)])

= / [D(d, Fc),E(Rd, Ge)]
ceC JdeD

1%

/ [C,V](D(d, F-),E(Rd,G-))
deD

1

=~ E(Rd, Rd) = [D,E](R, R).
deD

This is essentially Theorem 4.38 in [37]. Here we used the Fubini theorem for ends, which can
be found in Section 2.1 of [37]. This isomorphism is natural in R, which shows the claim. Right
Kan extensions that can be expressed using the weighted limit formula are called pointwise
right Kan extensions?.

?Note that Kelly uses this as the defintion of right Kan extensions and refers to our Definition 1.2.10 as weak
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Several results from the non-enriched setting still hold for the enriched context. In partic-
ular, the enriched analogues of Corollary 1.2.5, Corollary 1.2.6 and Example 1.2.7 are given by
Proposition 4.33, Proposition 4.23, Theorem 4.81 in [37] respectively.

Also the concept of codensity monads generalizes to the enriched context. By the exact same
argument as for non-enriched functors, the right Kan extensions of an enriched functor F' has a
canonical (enriched) monad structure.

1.2.3 Kan extensions of lax natural transformations

The Kan extensions in Section 1.2.1 live in the 2-category Cat, while the Kan extensions from
Section 1.2.2 live in the 2-category V — Cat. This leads to the concept of Kan extensions in an
arbitrary strict 2-category. However, Kan extensions can be defined in an arbitrary 2-category.
We will look at a particular example of lax transformations between Pos-enriched functors.

Let C be a Pos-enriched category. Consider Pos-enriched functors F,G : C — Pos, i.e.
functors F,G : Cy — Pos such that Ff; < Ffy and Gf; < Gfy for fi,€ fo € C(A, B) with
f1 < fo

A lax natural transformation A : F' = G is a collection of morphisms (A4 : FA — GA)acc
such that

FA 24, GA

o e

for all morphisms f € C(A4, B).

Let [C,Pos|; be the category that has Pos-enriched functors as objects and lax natural
transformations as morphisms.

For lax natural transformations A1, As : FF = G, we write A\; < Ag if and only if

(A)a(@) < (A2)a(z)

for all objects A in C and all elements x in F'A. This turns the set of lax natural transformations
from F to G into a poset. We can conclude that [C,Pos]; is naturally enriched over Pos.
Therefore, we can interpret [C, Pos|; as a 2-category.

This concept of Kan extensions in this particular 2-category leads to a definition of right Kan
extensions of lax natural transformations. Let F,G, H : C — Pos be Pos-enriched functors and
let A\: F'= H and ¢ : F = G be lax natural transformations. Then a right Kan extension of A
along ¢ is given by a lax natural transformation 7 : G — H such that 7 o: < X\ and such that for
every other lax natural transformation 7 with 7 o+ < A, we have that

7<T.

right Kan extensions [37].
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Chapter 2

Background in categorical
probability theory

In this chapter we will give an overview of some results in categorical probability theory. We
will start with an historical overview, where we discuss papers by Lawvere, Swirsczc, Semadeni
and Giry. In the rest of the chapter we will discuss some more recent work. We will describe
probability monads and the probabilistic interpretation of their Eilenberg-Moore algebras. In the
last section we will give a short overview of the theory of Markov categories. This an important
and useful approach to view probability theory categorically and has led to many results in recent
years.

2.1 Historical overview of categorical probability theory

In this section we will give a selection of some of the earliest research that looks at probability
theory from a categorical point of view. A lot of the ideas described in these works form the
basis of modern research in categorical probability theory. The earliest of these dates back to the
1960s by Lawvere [44]. We will discuss Lawvere’s notes in Section 2.1.1. In the 1970s, Swirszcz
and Semadeni published several papers on categorical constructions in functional analysis, in
particular on convexity. Their work describes certain probability monads and their algebras. We
will discuss two published works in Section 2.1.2. In the 1980s Giry wrote a paper discussing a
certain probability monad and its properties [28]. This monad is now known as the Giry monad
and we discuss this in Section 2.1.3.

In this section we will mostly use the same notation and terminology used by the authors in
the original papers. These might sometimes be different from the terminology and notation used
in the rest of this thesis.

2.1.1 Lawvere

One of the very first descriptions of probability theory from a categorical perspective can be found
in seminar notes from 1962 by Lawvere with the title ‘The category of probabilistic mappings’
[44]. In this note Lawvere defines a category of Markov kernels and uses this to describe Markov
chains and stochastic processes. Lawvere defines a category P as follows:

e Objects: measurable spaces,
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e Morphims: Markov kernels,
e Composition: composition of Markov kernels,

e Identities: for a measurable space X, the identity morphism X — X is given by the Markov
kernel X ~~ X that sends z to the Dirac delta 6.

It is shown that these data indeed form a category and it is called the category of probabilistic
mappings. Lawvere proceeds by defining a functor D : P — Mble. The functor D sends a
measurable space §2 to the collection

DS := {probability measures on Q},
together with the smallest o-algebra that makes

evy: DO
P

- [0,1]

— P(A)

measurable for every measurable subset A of 2. On morphisms the functor D is defined by
sending a Markov kernel T : Q ~» Q' to the measurable map Df : D2 — D’ which maps a
probability measure P on 2 to the probability measure on Q' defined by

A / [T(z)](A)P(dz).

Furthermore, it is shown that this functor has a left adjoint.

In the last part of the note, Markov chains and stochastic processes are discussed using the
category of probabilistic mappings. The first step is done by defining a functor ® : PN — PN,
The functor sends an indexed collection of measurable spaces (£2;,), to

(o)

A discrete stochastic process is now defined as an object Q in PN together with a morphism
in PN,
P:9(Q)— Q.

This means it is an indexed collection of measurable spaces (),,), together with a collection of

Markov kernels
<Pm: 11 kaQm>.

k<m

The Markov kernel P, should be interpreted as follows: given the past and the present (w1, ..., wm—1)
we find a probability distribution of what might happen in the future.

A morphism of discrete stochastic processes from (2, P) to (€, P’) is a morphism
f:Q — Q in PN such that the following diagram commutes:

B(Q), ey vy,

Pné éP;,
Q, ey Q
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These form a category Stoch with discrete stochastic processes as objects.

To define Markov chains, Lawvere uses the monoid N of natural numbers interpreted as a
category with one object. A discrete Markov process is then defined as a functor N — P.
This means that a discrete Markov process is determined by an object = in P together with
a Markov kernel f : Z ~» =. Moreover, every discrete Markov process is a discrete stochastic
process. Indeed, define for every n € N, Q,, :== Z. Then Q := (£2,,),, is an object in P~. Define a
morphism P : ®(Q2) — Q in PN by

Pm(€17 e agmfl) = f(é-mfl)

We therefore see that a discrete Markov process is a discrete stochastic process where the future
only depends on the present and not the past. The full subcategory of Stoch of discrete Markov
processes is denoted by Mark.

Lawvere finishes the note with an open question: Does the inclusion Mark — Stoch have
an adjoint functor?

2.1.2 Swirszcz and Semadeni

In the paper ‘Monadic functors and convexity’ from 1973, Swirszcz studies a category of compact
convex spaces and shows that the inclusion in the category of all compact spaces is monadic [61].
The monad arising from this is a probability monad that is now known as the Radon monad.

A key result Swirszcz uses throughout the paper is a strengthened version of a monadicity
theorem by Linton (Theorem 3 in [47] and Theorem 1.2 in [9]).

Theorem 2.1.1 (Linton’s monadicity theorem). Let D be a category that has kernel pairs of
retractions, and let C be a category that has kernel pairs and coequalizers. Let F : C — D be a
functor. Suppose that

o F has a left adjoint,
o f is a reqular epimorphism in C if and only if F f is,
e (f,9) is a kernel pair in C if and only if (Ff,Fg) is.
Then F' is monadic. In the case that D = Set, the conditions are also necessary.

Swirszcz starts the paper by defining a category of convex spaces. This category has convex
subsets of vector spaces as objects and affine maps between them, i.e. maps that preserve
convex combinations. This category is denoted by Conv. It is shown that the forgetful functor
Conv — Set is not monadic. Affine maps f,g: A — B between convex spaces are constructed
such that (U f,Ug) is a kernel pair in Set, but (f, g) is not a kernel pair in Conv. By Linton’s
monadicity theorem it follows that the forgetful functor can not be monadic.

In the second part of the paper, Swirszcz focusses on the category CompConv of compact
convex spaces. The objects of this category are compact convex subsets of locally convex Haus-
dorff spaces and the morphisms are the affine continuous maps between them. Using Linton’s
monadicty theorem it is shown that the forgetful functors

CompConv —- Comp and CompConv — Set

are monadic. Here Comp is the category of compact Hausdorff spaces and continuous maps
between them.

33



Also in 1973, Semadeni writes a book with the title ‘Monads and their Eilenberg-Moore
algebras in functional analysis’, continuing the work of Swirszcz [56]. In Chapter 7 of this book
the monads associated with the monadic forgetful functors in Swirszcz’s paper are described.

A concrete description of the left adjoint of U : CompConv — Comp is given. The left
adjoint S : Comp — CompConv is defined on objects by sending a compact Hausdorff space
X to the set of Radon probability measures on X together with the topology that makes the
evaluation map evy : S(X) — R : u > [ fdu continuous for every (bounded) continuous function
f: X — R. This is the topology of weak convergence of probability measures. A continuous map
f: X — Y is sent to a continuous map Sf : S(X) — S(Y) that sends a Radon probability
measure p to the pushforward of p along f.

The unit of this adjunction is given by the continuous maps

nx: X — USKX)
x = Oz-

The counit is defined by maps ex : SU(K) — K that sends a Radon probability measure on
a compact convex space to its centroid (center of gravity). By the Krein-Milman theorem the
collection of finitely supported probability measures is dense in SU(K). Because SU(K) and
K are compact Hausdorff spaces it is enough to define ex on finitely supported probability
measures. Using the convex structure of K, this can be done by the following assignment

N N
> Abe, D> A
n=1 n=1

The induced monad has T := US : Comp — Comp as underlying endofunctor, which sends a
compact Hausdorff space to the compact Hausdorff space of Radon probability measures on X.
The unit of the monad is the same as the unit 7 of the adjunction. The multiplication is given
by pu:=Ung : TT — T, which sends a Radon probability measure on US(X) to its centroid in
US(X). Concretely this means that for M € TT(X) we have that

Jix (M) (A) = / A(AM(dN)

for every Borel subset A of X. This monad is now usually referred to as the Radon monad [34].

It follows now from Swirszcz’s result that there is an equivalence Comp? ~ CompConv.
Semadeni also gives a description of this equivalence. A compact convex space K can be given
an algebra structure by the structure map ex. The proof that every T-algebra is isomorphic to
a compact convex subset of a locally convex Hausdorff space such that the algebra’s structure
map corresponds to taking the centroid operation is more involved and forms the largest part of
Chapter 7 of Semadeni’s book.

The monad induced by the forgetful functor CompConv — Set sends a set X to the set of
all Radon probability measures on the Stone-Cech compactification of X.

2.1.3 Giry

In 1984 Giry wrote the paper ‘A categorical approach to probability theory’ [28]. In this paper
Giry describes two probability monads, which are now both known as the Giry monad.

One of the monads that are introduced by Giry is a monad on Mes, the category of measurable
spaces and measurable maps between them. The underlying endofunctor II : Mes — Mes sends
a measurable space ) to the set of all probability measures on ) together with the smallest
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o-algebra that makes every evaluation map

eva: I(Q)
P

[0,1]
P(A)

measurable for every measurable subset A of 2. The functor sends a measurable map f : Q — €/

to the measurable map TI(f) : TI(2) — II(£2’) which sends a probability measure P to Po f~1,
the pushforward of P along f.

For a measurable space €2, there is a measurable map ngq : Q@ — II(Q2) that sends an element
w € 0 to the Dirac delta §,,. For a measurable map f: Q — €', we have that for every w € Q,

0o f7h =01
This means that the following diagram commutes:

Q— o
no

f

Na!

/
I(Q) —— (@)

It follows that we have a natural transformation 1 : 1nges — 11.

Furthermore, we also have a measurable map pgq : I1?(Q) — II(Q2) which sends a probability
measure P on II(2) to the probability measure on Q defined by

A /evAdP.

The fact that uq(P) is o-additive follows from the linearity of integrals and the monotone
convergence theorem. For a measurable map f : Q — Q' we have that

/eVAd[P oTl(f) '] = /eVA oII(f)dP = /erfl(A)dP
for every P € I12(£2) and measurable subset A of €. It follows that the diagram

T12(Q) o=(f)

12(QY)

K Har
!

()~ THY)

commutes. Therefore we a natural transformation p : II?> — II. Giry proceeds by proving that
this is a monad. This is Theorem 1 in [28].

Theorem 2.1.2 (Giry). The triple (I, n, u) forms a monad.
Proof. Let Q be measurable space and let B be a measurable subset of TI(Q2). For a probability
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measure P € I13(Q) we have that

/1Bd [y (P)] = [pnie)(P)] (B) = /QVBGUD = / [/ 1BdP] P(dP).

By the usual argument, it follows that we that for every measurable map f : II(Q) — R

[ sy = | { / fdP} P(P).

In particular for ev, : II(2) — R, where A is a measurable subset of €, we find that

[0 ) (P (4) = [ evad [incoy (P)]

:/[/evAdP] P(dP)

= /evA o podP

= /evAdP o pg

= o (Pong')
= [(pa o (ua)) (P)] (A)

Since this holds for any P € II*(Q) and measurable subset A of €, we have the following
commutative diagram:

() —“2— T2(Q)

“H(Q)‘/ [219]

m2(Q) ———— 1(Q)

1229

Furthermore, for a probability measure P € II({2) and a measurable subset A of €2, we see that

/eVAd[IP’on;Zl] :/eVAonQdIP’:]P’(A)

and
/eVAdép =eva(P) =P(A).

We can therefore conclude that the following diagram commutes:

Q) —) Q) 0 1(0)
(o)

— s 112

11(€2)
This shows that the triple (IL, 7, u) forms a monad. O

Giry constructs a similar monad on Pol, the category of Polish spaces and continuous maps.
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Moreover, Giry notes that the Kleisli category Mesyy of (IL, 7, i) is precisely Lawvere’s category
of probabilistic mappings from [44]. Indeed, the objects of Mesy are measurable spaces and
a Kleisli morphism Q — II()) is precisely a Markov kernel Q ~~ Q'. Furthermore, for Kleisli
morphisms f: Q — II(Q') and g : Q" — II(Q”) the Kleisli composite is given by

T(g)

oL mo) 2(Q) 222 Q).

This means that an element w € 2 is send to a probability measure that sends a measurable
subset A of " to

/ evad [f()og™!] = / (ev4 0 9)(w")[f(w)](dw") = / 9" (A)[F (w)](dw.

We can see now that the Kleisli composition of Kleisli morphisms corresponds precisely to the
composition of Markov kernels.

In the second part of the paper different properties of the monad are studied. In particular
properties related to cofiltered limits (‘projective limits’) are described. Several technical condi-
tions are given on cofiltered diagrams such that the monad preserves the limits of these diagrams.
Giry uses these results to give a categorical proof of the Ionescu-Tulcea theorem.

In the last part of the paper Giry gives a generalization of Lawvere’s representation of discrete

stochastic processes in [44]. For this Giry introduces random topological actions to represent
continuous stochastic processes using the introduced monad.

2.2 Probability monads

It is clear that the monads introduced by Semadeni in [56] and the ones introduced by Giry in [28]
follow the same pattern. Monads similar to these are today commonly referred to as probability
monads. This is an informal term to mean monads that are similar to the Giry monad or the
Radon monad.

Over the years many new monads have been introduced that follow Giry’s and Semadeni’s
constructions. These include monads of Radon probability measures on spaces of complete or
compact metric spaces [25, 34, 62], but also monads of continuous valuations on ordered spaces
[1, 29], monads of Radon probability measures on ordered topological spaces [1, 27, 36] and
monads of probability measures on quasi-Borel spaces [32]. Later in the section we will focus on
one particular example, the Kantorovich monad on the category of complete metric spaces [25].

A more rudimentary example of probability monads is given by the distribution monad on
Set. The underlying endofunctor D : Set — Set sends a set A to the set

{(pa)aeA €014 | Zpa =1,p, > 0 for only a finite amount of elements a € A} .
acA

The unit of the monad 7 : 1get — D consists of maps 174 : A — DA for every set A, defined by

(a)y = lifa=0,
AN = 0 otherwise

for every b € A. The monad’s multiplication is defined by maps pa : DDA — DA for every set
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A. This map sends (px)rep(a) € DD(A) to

Z AaPA

AED(A) acA

The reason this monads deserves to be called a probability monad, is because (ps)aca can be
identified as a finitely supported probability measure on the measurable space (A, P(A4)). Under
this identification, the unit and multiplication of the distribution monad behave in the same way
as those of the Giry monad.

Another example of a probability monad is the Kantorovich monad introduced in [25] on the
category CMet of complete metric spaces and 1-Lipschitz maps between them. A probability
measure P on a metric space (X, d) is called a Radon probability measure if

P(A) = sup{P(K) | K C A, compact},
for every open subset A of X. A probability measure is said to have finite first moment if

/d(~,x0)dIP < 00

for some (and therefore for every) zo € X. Let K(A) be the set of all Radon probability measures
that have finite first moment. For elements P; and Py in IC(A), define

dxc(P1,Py) = sup{‘ / fdp, - / fdP,

|f: X =R 1—Lipschitz} )

Because P; and Py have finite first moment, dx (P1,P2) € [0,00). It is now not difficult to see
that dx defines a metric on K(X), this is the Kantorovich metric. The obtained metric space
(K(X),dk) is called the Kantorovich space. In the case that (X, d) is a complete metric space,
then so is the corresponding Kantorovich space.

Proposition 2.2.1. The pushforward measure of a Radon probability measure of finite first
moment on a metric space X along a 1-Lipschitz map f : X — Y is a Radon probability measure
that has finite first moment on the metric space Y .

Proof. Let A be a measurable subset of Y and let € > 0. There is a compact subset K C f~1(A)
such that

P(f~(A) S P(K) +e
<P(fTU(E)) +e
< sup{[Po f~!(C) | C C A compact} + .

Taking € — 0 gives us that
[Po f~](A) < sup{[Po f1](C) | C C A compact}.

Clearly we also always have the other inequality, proving that P o f~! is a Radon probability
measure.
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Moreover, we know that there exists an zg € X such that

o0 >/dx(,{E())CHPZ/dy(f()7f($())dP:/d(,f(xo))d[]?of_l]

It follows that Po f~! has finite first moment. O

By the previous proposition, we know that for every 1-Lipschitz map f : X — Y there is
a map K(f) : K(X) — K(Y). This map sends a Radon probability measure P of finite first
moment to its pushforward measure along f. Moreover, for elements P; and Py in K(X) we see
that

dg(Pro f~ L Pyo f7) = sup{ /gd[[P’l o f1 - /gd[PQ o f™

=sup{/90deP’1—/g<>fdP2
< Sup{ /ngP’l —/gd]P’g

This shows that the map IC(f) is 1-Lipschitz. The above induces an endofunctor K : CMet —
CMet.

For a complete metric space X, the assignment x — J, defines a map nx : X — K(X). This
map is also 1-Lipschitz, indeed for x; and x5 in X, we find that

lg: Y =R l—LipschitZ}

lg: Y >R 1—Lipschitz}

lg: X >R 1—Lipschitz}

dr (82, 02,) =sup{|f(z1) — f(z2)| | f: X — R 1-Lipschitz} < dx (z1,x2).

There is also a map px : KK(X) — K(X) sending P to the probability measure on X defined
by px(P)(A) := [evadP.

Proposition 2.2.2. Let P € K(X), then ux(P) is a Radon measure.

Proof. Let e > 0. There exists a compact subset K C C(X) such that P(K®) < e.

Let A be an open subset of X. There exists an increasing sequence of continuous maps
(fn : X — [0,1]),, that converge pointwise to the indicator function 14. It follows that the maps

(evfn L K(X) = [0,1] : P> / fndIP’>n

form an increasing sequence of maps that converge to ev4. By the Portmanteau theorem, we
know that evy, is continuous for every n, and therefore it follows by Dini’s theorem that ev4 is
uniformly continuous on the compact subset K. This means that there exists a § > 0 such that
for every P1,Py € K such that dg (P1,P3) < e,

|IP1(A) — PQ(A)| < €.

Since K is compact, there exist Py, ...,P, in K such that

K C | B(Pn,9).
k=1
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Moreover, since P is Radon for every 1 < k < n, there exists a compact subset K C A such that
Pr(A) —Pr(K) < ¢

for every 1 < k < n. This means that
P(A) —P(K) < 2¢

for every P € K. We conclude that

x (P)(A) < /K P(A)P(dP) + ¢

S/KIP’(K)P(d]P’)JrSe

< ux(P)(K) + 3¢
<sup{ux(P)(K) | K C A} + 3e.

Taking € — 0 proves the claim.
O

The map pyx is 1-Lipschitz, as can be seen from the following inequalities for every P; and
Py in KK(X).

dic (e (P1). i (Pa) = sup{ [ fans @) - [ faus (P

:sup{ / [ / deP} Py (dP) — / { / deP’] PQ(dIP)’ |f: X >R 1-Lipschitz}
< sup{ /gdPl - /gsz

Similar to Giry’s proof of Theorem 2.1.2 it can be shown that the triple (K, 7, 1) is a monad.
This monad is called the Kantorovich monad. It is clear that this monad belongs to the class
of probability monads.

Another monad that could be considered as a probability monad is the ultrafilter monad on
Set [45]. The monad’s endofunctor sends a set A to the set of all ultrafilters on A. An ultrafilter
U on A has the property that for every subset B of A, either B or B€ belongs to /. We can
think of the elements of B as the subsets of A with probability 1 and all the other subsets as those
with probability 0. In this way we can interpret an ultrafilter as a finitely additive probability
measure taking values in {0,1}.

Interestingly, the ultrafilter monad can be constructed as the codensity monad of the inclusion
functor Sety — Set, as shown in [38]. In Chapter 3 we will prove that many other probability
monads arise in a similar way.

|f: X =R 1—Lipschitz}

lg: K(X) =R 1—Lipschitz}

2.2.1 Strength

A property that many probability monads seem to have in common is that they are commutative
monads. Intuitively, a commutative monad is a monad on symmetric monoidal category that
interacts well with its monoidal structure.
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Let (C,®,I) be a symmetric monoidal category and let (T',n, 1) be a monad on C. There is a
functor ®(1¢,T') : C x C — C sending (A, B) to A® T'B and there is a functor To® : C xC — C
that sends a pair of objects (4, B) to T(A ® B).

A strength is a natural transformation
T ®(1c,T) —To®

that behaves appropriately with respect to the unitor, associator and braiding of the symmetric
monoidal category and also commutes appropriately with respect to the unit and multiplication
of the monad. A monad on a symmetric monoidal category together with a strength forms a
strong monad.
In the case that C is a symmetric closed monoidal category, for objects X and Y the strength
morphisms 7ixy)y : [X,Y]®@TY = T([X,Y] ®Y) induces a morphism
Tev

(X,V]e Ty 22 (X, V] V) 2% TX,

which correspond to a morphism
[X,)Y] = [TX,TY].

Using the strength axioms it can be shown that this provides an enrichment of the monad T,
where C is viewed as enriched over itself.
The category Mble is a Cartesian monoidal category. A strength for the Giry monad can be
given by the maps
XXGY -G(X xY): (z,P)— 6, P,

for all measurable spaces X and Y. The category Mble is not Cartesian closed and therefore
the strength of the Giry monad does not make it an enriched monad. To avoid this, one can
consider the Cartesian closed category of quasi-Borel spaces, introduced in [32]. The category
Mble can be given a canonical symmetric closed monoidal structure, however it is shown in [55]
that the Giry monad is not strong with respect to this monoidal structure.

The category of complete metric spaces is a symmetric closed monoidal category for the tensor
product (X X Y,dxgy) of complete metric spaces (X, dx) and (Y, dy) defined by

dxey ((T1,y1), (T2,2)) = dx (1, 22) + dy (Y1, y2)

for all 1,725 € X and y1,y2 € Y.

A strength for the Kantorovich monad can be defined in a similar way as for the Giry monad,
namely by the assignment (z,P) — §, ® P. This is Corollary 5.8 in [24]. Since CMet is closed
monoidal, we can interpret the Kantorovich monad as a CMet-enriched monad.

2.2.2 Eilenberg-Moore algebras

An interesting category related to a monad is its category of (Eilenberg-Moore) algebras. The
work of Swirszcz and Semadeni shows that the category of algebras of the Radon monad is
equivalent to the category CompConv of compact convex spaces. This is the category of
compact convex subsets of locally convex Hausdorff vector spaces with affine continuous maps
between them. Moreover, Semadeni gave a concrete description of this equivalence. Indeed,
Semadeni showed that every algebra for the Radon monad is isomorphic to a compact convex
subset in such a way that the algebra’s structure map —under the identification— corresponds
to a barycenter operation.
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Example 2.2.3. Consider the compact Hausdorff space [0,1] and let (R,n, 1) be the Radon
monad as described by Semadeni in [56]. We can define a map « : R([0,1]) — [0,1] by the
assignment

PH‘/Id[Oﬁl]dP,

where Idpg 17 is the identity map on [0,1]. By definition of the topology on R([0,1]), this map is
continuous. For every x € [0, 1],

O[((Sx) = /Id[oJ]d(sx =xT.

Furthermore, for P € RR([0,1]) we see that

amwnzfmmmmm

:/ {/Id[oyl]dA] P(d))

~ [Py

:/Id[01 POO[il]

=a(Poa™t)
From this it follows that ([0, 1],«) is an algebra for the Radon monad and indeed it is also a
compact convex subset of the locally convex Hausdorff vector space R.

Today, the algebras of several other probability monads have been characterized and it should
not come as a surprise that all these descriptions involve some type of convexity structure.

Abstract convex spaces were first studied by Stone in [59] and later by several others such as
Fritz, Gudder and Swirszcz [19, 30, 60]. Fritz defines a convex space as follows.

Definition 2.2.4 (Definition 3.1 in [19]). A convex space is a set X together with an indexed
collection of maps (ay : X x X — X | A € [0,1]) such that

e ap(x,y) ==z for all z,y € X,

o ay(z,z) =z for all z € X and X € [0, 1],

e a)(z,y) =aj_x(y,x) for all z,y € X and X € [0, 1],
e for all z,y,z € X and A\, € [0,1),

ax(au(r,y), 2) = axy (w @ (4, Z)) :
An affine map between convex spaces (X, (ax)x) and (Y, (8))x) isamap f: X — Y such
that r(f(2), f(y) = f(ax(z,)) for all 7,y € X and A € [0,1].
The category of convex spaces and affine maps between them is denoted as Conv. The

following result tells us that this category arises as the category of algebras of the distribution
monad. This is Theorem 4 in [33].

Theorem 2.2.5. The category Conv of conver spaces is isomorphic to the category of algebras
of the distribution monad.

42



The set R has a canonical convex space structure. Indeed, define for A € [0,1] a map
ay : R xR — R by the assignment

(z,y) = Az + (1 —N)y.

However, there also exist less intuitive examples of convex spaces. Take for example the set
X :={0,00} and define for A € (0,1) amap ay : X x X — X by

Oifz=y=0
YY) = .
(@,9) {oo otherwise

and maps o7 and ag by a1(z,y) := x and ap(x,y) := y for all x,y € X. Then this also forms a
convex space.

One of the main differences between these two examples is that R satisfies the cancellation
property, while {0, 00} does not. A convex space (X, («y)A) is said to satisfy the cancellation
property if for z,y € X such that there exists a z € X and a A € (0,1) such that ay(z,z) =
ax(y, z), then x = y.

A convex space that satisfies the cancellation property is how Stone defines an abstract
convex set [59]. Moreover, Stone gives a characterization of these abstract convex sets as the
convex subsets of vector spaces. The following theorem is Theorem 2 in [59] and Theorem 4 in
[10].

Theorem 2.2.6 (Stone). An abstract convex set is isomorphic to a convexr subset of a vector
space.

In [10] and [25], a characterization of the category of algebras of the Kantorovich monad is
given. It is shown that this category is isomorphic to the category of closed convex subsets of
Banach spaces and the affine 1-Lipschitz maps between them. This is Theorem 5.3.1 in [25] and
Theorem 9 in [10]. A quite technical characterization of the algebras of the Giry monad on Polish
spaces is given by Doberkat in [12]. However, a description of the algebras of the Giry monad
on measurable spaces remains unknown.

It is clear from the above that algebras of probability monads have something to do with
integration. We could loosely interpret this as follows: ‘algebras of probability monads are pre-
cisely the spaces where integration and expectation makes sense’. Consider a probability space
(Q,F,P) and an algebra (A, a) for the Giry monad on measurable spaces. Let X : (Q,F) — A
be a measurable map. Then we define the expectation of X as

a(Po X1,
For the particular case that A = [0,1] and « : G([0,1]) — [0, 1] is given by integrating the identity
map Idg 1}, this gives

a(PoXx™1) :/Id[o,l}d[PoX—l] = /XdIP’.

It follows that the generalized definition of random variables taking values in an algebra (A, «)
reduces to the usual definition of expectation of real-valued random variables.

A next natural step is to ask if we can also interpret conditional expectation in the framework
of algebras of probability monads. This question is answered by Fritz and Perrone in [26, 51]
using partial evaluations.
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Definition 2.2.7 (Definition 2.1 in [26]). Let (7,7n,u) be a monad on a category C and let
(A, «) be an algebra for this monad and let S be an object of C. Consider maps p,q : S — T(A).
A partial evaluation of p into ¢ is a map k : S — TT(A) such that the following diagram

commutes
S
N

TA TTA - TA

KA T

The following result says that partial evaluation relation for the Kantorovich monad is pre-
cisely the conditional expectation in distribution relation for Radon probability measures on an
agebra of the Kantorovich monad. This is Theorem 4.2.14 in [51].

Theorem 2.2.8 (Perrone). Let (A, a) be an algebra for the Kantorovich monad and letp,q € KA
(i.e. maps p,q:1 — KA). The following are equivalent.

e There exists a partial evaluation of p into q.

e There exists a probability space (2, F,P) and a o-subalgebra G of F together with an F-
measurable map f: Q — A and a G-measurable map g : Q — A such that

Pofl=p and Pogl=gq

and

aP(—|Gof)=a(P(-|G)og™"),
for all G € G with P(G) > 0.

2.3 Markov categories

Another important category related to monads is the Kleisli category, the category of free al-
gebras. In the work of Giry and Lawvere, we already saw that the Kleisli category of the Giry
monad has a nice probabilistic interpretation. Indeed, Kleisli maps and Kleisli composition pre-
cisely correspond to Markov kernels and their composition in probability theory. Similarly, we
can give a probabilistic interpretation to the maps and composition in Kleisli categories of other
probability monads.

We already saw that many probability monads are commutative. The strength morphisms
(caB:ARTB — T(A® B) of a commutative monad (7', y,n) induce morphisms

TA®TB - T(A®TB) — TT(A® B) X222, T(A @ B)

for all objects A and B in the symmetric monoidal category C. Using this, a tensor product can
be defined on the Kleisli category Cr. Indeed, a functor ® : Cr x Cr — Cr can be defined by
sending a pair objects (4, B) to A ® B and by sending a pair of morphisms f : A; — T'As and
g : By — T By to the morphism

Al ® By & TA2 ®XTBy — T(A2 & Bg)
Together with the object I, this induces a symmetric monoidal structure on Cp. We see that

most probability monads are defined on a semicartesian monoidal category, i.e. a monoidal
category whose unit is the terminal object. Furthermore, because all our examples of probability
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monads are affine, i.e. the terminal object is preserved, the induced monoidal structure on the
Kleisli category Cr also becomes semicartesian.

The semicartesian monoidal categories of interest have also another interesting property:
every object has a canonical comonoid structure.

Example 2.3.1. Consider the Cartesian monoidal category Mble. Then for every measurable
space, there are maps

X = XxX X =1

x = (x,z) T %

These structure maps make X a comonoid in Mble.

Consider an affine monad (T, i, 7) on a monoidal category C, where every object comes with
a comonoid structure. Then also in the induced monoidal Kleisli category Cr, every object has a
comonoid structure. These comonoids are induced by the ones in the category C. Indeed, for an
object X, we have an induced comultiplication X — X ® X Ixex, T(X ® X) and an induced
counit X — 1 2 T1.

Fritz observed in [20] that the above described structures on a Kleisli category of a probability
monad suffice to describe several probabilistic concepts in these Kleisli categories. Fritz uses these
as axioms for an abstraction of such a Kleisli category, a Markov category.

Definition 2.3.2. A Markov category is a symmetric semicartesian monoidal category (C, ®, I)
in which every object X is equipped with a commutative comonoid structure

copyx : X > X®X and delx:X —1,

such that the following diagrams commute for every morphism f: X — Y.

(XQY)®(X®Y)
COPY x @ Y ‘
X®Y =
COPYX®C0pyy\) ‘
(XeX)® (YY)

The definition of a Markov category does not require that the copy maps (copyy : X —
X ® X)xec form a natural transformation. Therefore, there might be morphisms f: X — Y in
the Markov category such that the following diagram does not commute.

X X xeX

fl lf@f

A morphism in a Markov category for which the above diagram does commute is called a de-
terministic morphism.

Example 2.3.3. The Kleisli category of the Giry monad forms a Markov category, as described
above. A deterministic morphism f : X — GY in Mbleg is a morphism such that

[F@A)f(@)](B) = [f()](ANB)



for every © € X and measurable subsets A and B in Y. We can now conclude that f(x)
is a probability measure that can only takes values 0 or 1, or in other words a deterministic
probability measure.

The composite of two deterministic morphisms is again deterministic. Objects of C together
with the deterministic morphisms form a subcategory of C, which is denoted by Cget. In the case
that every morphism in a Markov category is deterministic, i.e. Cqet = C, it follows by Fox’s
theorem [17] that the Markov category is Cartesian.

We have already discussed that probability monads give rise to Markov categories. However,
not every Markov category arises as the Kleisli category of a probability monad. The following
example is Example 2.5 in [20].

Example 2.3.4. The category FinStoch has finite sets as objects. A morphism from A to B
is a matrix (pep)ae.b such that
Zpab =1

beB

for every a € A. The composition is defined by matrix multiplication. A monoidal structure
is defined by taking the Cartesian product of finite sets and the Kronecker product of matrices.
For every finite set A, there is a matrix defined by pg,a,es = 1 if and only if a; = ay = ag. This
defines a morphism

copy 4t A—> Ax A

A morphism dely : A — 1 is defined by p,. = 1 for every a € A.

This defines a Markov category that does not arise as the Kleisli category of a (probability)
monad on Sety. This is shown in [22]. The argument goes as follows. If there would be such a
monad T, then there would be a bijection

FinStoch(A4, B) = Set (A4, B),

for all finite sets A and B. However, for non-empty finite sets A and B, FinStoch(A, B) is
infinite, while Set (A, B) is finite.

Example 2.3.4 gives rise to the following question: ‘When is a Markov category the Kleisli
category of a monad?’. This problem has been discussed in [22]. In this paper conditions are
given for when a Markov category C is isomorphic to the Kleisli category of a monad on Cqet-

Another important property that Markov categories can have is the existence of conditionals.
In Section 1.1.3, we saw that a Markov kernel f : X ~» Y between measurable spaces together
with a probability measure P on X always induce a joint probability distribution on X x Y,
defined by

Ax B /A [f(2)](B)P(dz).

However, it is not always the case that every joint probability distribution on X x Y is induced
by a Markov kernel. We can rewrite this problem in the following way. Given a joint probability
distribution on X x Y, i.e. a Markov kernel I ~» X x Y, can we find a Markov kernel f : X ~» Y
such that following diagram commutes?

I sy X XY XX X S s X x X

X xY
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This would mean that

P(Ax B) = /[&c ® f(@)](Ax B)[Pon |(dw) = / [f(@)](B)[P oy '](da).

A

This motivates the following definition.

Definition 2.3.5. A Markov categories has conditionals if for every morphism I - X ® Y
there exists a morphism f : X — Y such that the following diagram commutes.

I X®Y 1x®delx X Ccopy x X®X

XY

Remark 2.3.6. Definition 2.3.5 is not the most general way to describe conditionals in Markov
categories. Some results require the stronger notion of conditionals with parameters which is
introduced in [20].

Example 2.3.7. By the disintegration theorem (Theorem 1.1.17) it follows that the Markov
category of standard Borel spaces and Markov kernels between them has conditionals.

The axiom of existence of conditionals is an important condition for several important results
in the theory of Markov categories. The applications of these results in the particular example
of Kleisli categories of probability monads has led to categorical proof of several probabilistic
results. In [21] a categorical proof for the de Finetti theorem is given using Markov categories
that have conditionals. Other examples of applications of Markov categories are the d-separation
criterion and categorical proofs for 0-1 laws [53, 23]. Moreover, Markov categories have also been
used to study other areas in mathematics, such as ergodic theory [50].

Another remarkable advantage obtained from using Markov categories is that morphisms can
be represented as string diagrams. This allows for a very intuitive visual way to think about the
morphisms and properties in an abstract Markov category.
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Chapter 3

Probability monads as codensity
monads

3.1 Introduction

A probability distribution on a countable set A is defined as a function p : A — [0, 1] such that

Zp(a) =1.

a€A

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 ) . 4 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 distributions on sets such as R 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 [28]. Monads on categories of measurable and topological
spaces that are similar to the Giry monad are referred to as probability monads [34].

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
[45]. We will show that certain probability monads can be constructed as the codensity monads
of functors that send a countable set A to 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 this chapter by recalling the definition of a codensity monad (Section 3.2). The rest
of the chapter 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 3.3 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 3.4. 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
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of probability measures and integration on topological spaces in Section 3.5 and give a slightly

more general version of the Daniell-Stone representation theorem in Section 3.5.2. This result

will allow us to construct the Radon monad, bounded Lipschitz monad and Baire monad as

codensity monads in Section 3.6. 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 3.4.1
measurable spaces Giry monad of fin. add. probability measures 3.4.4

premeasurable spaces Giry monad of probability premeasures 3.4.6
compact Hausdorff spaces Radon monad 3.6.4
compact metric spaces Bounded Lipschitz monad 3.6.10
Hausdorff spaces Baire monad 3.6.13

Related work: The Giry monad was introduced by Giry in [28]. This monad and the finitely
additive variation of it already have been constructed as codensity monads of inclusion functors
of certain convex spaces in the category of measurable spaces by Avery in [3]. 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 countable simplices. The Radon monad
originates from work by Semadeni [56] and Swirszcz [61] and is further discussed in [36] and [34].
The bounded Lipschitz monad is similar to the Kantorovich monad on the category of compact
metric spaces, which was introduced by van Breugel in [62]. This monad was extended to a
monad on complete metric spaces by Perrone and Fritz [25, 27].

3.2 Codensity monads

We start this section by recalling the definition of a codensity monad.

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% oG — @) be the right Kan extension of G along G.

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

D—C% ¢

AN

. . < .
There is a natural transformation 7¢7% oG —2 T oG X G and therefore by the universal
property of right Kan extensions there exists a unique natural transformation p : T¢T¢ — T¢
such that the following diagrams are equal:

D———¢C D—% ¢

. >
& I %GTG - x ﬂy/TG‘bﬂ
C C
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Proposition 3.2.1. The triple (T, n, 1) is a monad.

A proof for this result can be found in Section 2 of [45]. The monad in Proposition 3.2.1 is
called the codensity monad of G.

Example 3.2.2. 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.

Example 3.2.3 (Kennison and Gildenhuys). Let Sety 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 [38].

The following result, which follows from Theorem 3.7.2 in [8], will be useful to find codensity
monads of certain functors.

Proposition 3.2.4. 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

T9X)=1lm(Xx | ¢ LD 50

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

3.3 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, which
will be discussed from a categorical point of view in Chapter 4. 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 Bx (i.e. a collection of subsets of X
that is closed under complements and finite intersections that contain () and X) a premeasur-
able space. We say that a map f : X — Y between premeasurable spaces is premeasurable
if f~1(By) C By.

Let P: Bx — [0, 1] be a function such that P(X) = 1. The function PP is called a probability
premeasure if P(J _, 4,) = >, P(A,) for every pairwise disjoint collection (A,)32; of
subsets in Bx such that (J;2, A, is also in Bx. If Bx is a o-algebra, P is just a probability
measure. If we only have that P(AU B) = P(A) 4+ 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. 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] and A;, A, ..., A, € Bx such that

n
s = E arpla,.
k=1
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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 (lk]P(Ak)
k=1 k=1

Because Bx is closed under complements and finite unions, we can use a common refinement
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.

Proposition 3.3.1. For simple functions s,t : X — [0,1] such that s+t <1 and r € [0,1], we
have that also s+t and rs are simple functions. Furthermore, Jp(s +t) = Jp(s) + Jp(t) and
Jp(rs) = rdp(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 [4].

Lemma 3.3.2. Let f: X — [0,1] be a premeasurable map. There exists an increasing sequence
(sn)n of simple functions that converges uniformly to f and there exists a decreasing sequence
(tn)n 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 3.3.1.

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 premeasures these are lesser-known. Similar results have been discussed in [63].

Proposition 3.3.3. Let X be a premeasurable space and let P be a finitely additive probability
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.
(i) For premeasurable functions f,g: X — [0,1] such that f < g, we have Ip(f) < Ip(g).
(11i) For a premeasurable map f: X — [0,1],
Ip(f) = inf {Jp(s) | s > f and s € Simp(X, [0,1])}.
(iv) For premeasurable maps f,g : X — [0,1] such that also f + g € PreMble(X,[0,1]), we
have Ip(f + g) = Ip(f) + Ip(g).!

(v) Suppose that P is a probability premeasure. For an increasing sequence of premeasurable
maps (frn : X — [0,1])22, such that f := lim,, o fr is also premeasurable, lim,, o Ip(fn) =

Ie(f).

INote that the finite sum of premeasurable maps X — [0,1] is not necessarily premeasurable. Consider for
example the set [0,1/2]2 endowed with the Boolean algebra generated by open rectangles. The two projection
maps 71,72 : [0,1/2]? — [0, 1] are premeasurable, but their sum is not.
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(vi) Let (fn : X —[0,1])5% be a collection of premeasurable maps such that f =", fn is

Proof.

also an element of PreMble(X, [0,1]). If P is a probability premeasure, then
S
n=1

(i) Since s < s it follows by the definition of I that Jp(s) < I
function ¢ such that t < s we have by Proposition 3.3.1 that Jp(t)
Ip(s) < Jp(s).

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

p(s ) For every simple
< Jp(s) and therefore

The ‘<’ inequality is clear. Now consider an € € (0,1] and simple functions s and ¢ such
that s < f < ¢ and such that ||t — s|| < €, which exist by Lemma 3.3.2. We find the
following inequalities:

Jp(t) = Jp(t —s+s) = Jp(t —s) + Jp(s) < Jp(e) + JIp(s) < e+ Ip(f).

Here we used Proposition 3.3.1 and the definition of Ip. The other inequality now follows.

Let € > 0. By the definition of Jp and (iii), there exist simple functions s¢,t¢, s, and t4
such that sy < f <t; and sy < g <ty and such that

Je(ty) —e < Ip(f) < Jp(sy) +e

and
Je(ty) — e < Ip(g) < Jr(sy) + €.

Since sy + s4 and (ty 4+ t4) A 1 are simple functions by Proposition 3.3.1 and sy + s, <
f+g<(tf +ty) A1, we find that

In(f +9) — 2 < Jp((ty +tg) A1) — 2e < Jp(ty) + Jp(ty) — 2¢ < Ip(f) + Ip(g)
and
Ip(f) + Ip(g) < Je(sg) + Jp(sg) + 2¢ = Jp(sy + s4) + 26 < Ip(f + g) + 2e.

Here we again used Proposition 3.3.1 and (iii) and the definition of Ip. The result follows
by letting € — 0.

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

En, ={xeX| fo(z) >rs(z)}.

( )

Note that E,, , = j—, (f,, *([rax, 1]) N Ay) and therefore it is a subset in Bx.

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

Ie(fn) > Je(rslg, ) = > raxP(Ax N Ey ).
k=1
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Taking the limit 7 — oo on both sides of the inequality gives us that

lim Iy () > Em: (hm P( AkmEm)). (3.1)
k=1

It is easy to verify that (E, ,)nen increases to X. Now define Fy, := Ey, and F, , =
E, -\ Fn_1, and note that (F, , N Ag)nen is a collection of pairwise disjoint subsets in Bx
such that their union is Ay. Using that IP is a probability premeasure we find that

P(Ar) =) P(Fu, N Ay) = lim P (U F, N Ak> = lim P(E,, N Ay) (3.2)

n=1 =1

Combining (3.1) and (3.2) gives us lim, o Ip(frn) > rJ(s) for all r € [0, 1), which implies
that
lim I]p(fn) Z J]p(s).

n—oo

Since this holds for any simple function s such that s < f, we can conclude that lim,, o Ip(fr) >

Ie(f).

(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:

Ie(f) = Ip (nlggo Zﬁ) = lim Iy (Z fk> = lim > Fe(fi) =D Ie(fi)
k=1 k=1 k=1

For the general case we use Lemma 3.3.2 to write f, as Z,;“;l Sk.n, Where sy, is a simple
function for every k and n. This gives us that

(o) o0
n=1k=1
Let ¢ : N\ {0} — N\ {0} x N\ {0} be a bijection. We can now rewrite f as follows:

F= suim
m=1

By the above it follows now that

(f) = Z Ip(sy(my) = Z ZI]P’(Sk,n) = ZI]P’(fn)-
m=1 n=1k=1 n=1

O

Remark 3.3.4. In the case that Bx is a o-algebra, Ip becomes the usual integration operation
and Proposition 3.3.3(v) and (vi) become the usual Monotone Convergence Theorems. Therefore
we will also for the other cases write [ fdP or [, f(x)P(dx) for Ip(f).
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Proposition 3.3.5. Let I : PreMble(X,[0,1]) — [0,1] be a map such that I(1) = 1. If
I(f +g9) = I(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 =Ip.

Proof. Define P(A) := I(14) for all A in ¥x. Clearly, P is a finitely additive probability pre-
measure.

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

For a premeasurable function f : X — [0,1] and for € > 0 there exists a simple function
s=>p i arla, < fsuchthat Ip(f) < Y ;" arP(Ax) +e. We can assume that ay, is an element
of [0,1] N Q for every k. We now see that

Ie(f) <Y apl(la,) +e=1I(s) +e < I(f) +e
k=1

Letting ¢ — 0 gives us that Ip(f) < I(f). Using Proposition 3.3.3(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(1a) = Ip(1a) = P(A)

for every A in Bx. This implies P’ = P. O

Proposition 3.3.6. Let I : PreMble(X,[0,1]) — [0,1] be a map such that I(1) = 1. If
T30 fn) =202 I(fn) for every collection of premeasurable maps (f, : X — [0,1])2%, such

that f := 3, c 4 fn is also an element of PreMble(X, [0,1]) for every finite or cofinite subset A
of N\ {0}, then there exists a unique probability premeasure P such that

I=1Ip.

Proof. By Proposition 3.3.5 there exists a unique finitely additive probability measure P such
that I = Ip. For a pairwise disjoint collection (A,)52; in By such that [J -, A, is also an
element of Bx, we see that ) 14, is premeasurable for every finite or cofinite subset A of
N\ {0}. It follows now that

P (G An> =1Ip (i 1An> = f: Ip(1a,) = iP(An)

O

Corollary 3.3.7. Let X be a measurable space and let I : Mble(X,[0,1]) — [0,1] be a map
such that 1(1) = 1. If I (3202, fa) = doney I(fn) for every collection of measurable maps
(fn + X — [0,1])5% such that >~ | fn < 1, then there exists a unique probability measure P
such that

I = 1Ip.
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3.4 Probability monads on categories of premeasurable spaces

In this section we will present several monads of (finitely additive) probability (pre)measures 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. We write
Set. for the category of countable sets and functions.

3.4.1 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 — [0,1] denote the function defined by the
assignment P — P(A). The set GX becomes a measurable space by endowing it with the smallest
o-algebra that makes ev 4 measurable for all A in ¥x. 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~Y(B):=P(f~(B))
for all B in ¥y . The assignment P+ Po f~! defines a map GX — GY, which we will denote by
Gf. It can be checked that Gf is measurable.
The assignments X — GX and f — G f define a functor G : Mble — Mble.

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

M/Dt—{lifxeA 53)

0 otherwise.

Moreover, these maps form a natural transformation 7 : Ipple — G-

We also have a measurable map pux : GGX — GX that sends a probability measure P on GX
to the probability measure px (P) on X that is defined by

px(P)(4) = [ BAP(P) (3.4)

for all A € ¥ x. Also these maps form a natural transformation p : GG — G. As discussed in
Theorem 2.1.2 and Theorem 1 in [28], the triple (G, n, 1) is a monad, the Giry monad.

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 becomes measurable
with respect to these o-algebras. This leads to a functor j : Set. — Mble. Define the functor
G as ,

Set. 2 Mble ;s Mble
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This means that for a countable set A the underlying set of GA is equal to

{(pa)a S [07 1}‘4 | Zpa = 1} .

a€A

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

acf=(b) beB
Theorem 3.4.1. The Giry monad is the codensity monad of G.

Proof. Proposition 3.2.4 tells us that the codensity monad of G exists. We will now show that
for all measurable spaces X,

G(X) =lim(X | G % Set. < Mble),

which is natural in X. Proposition 3.2.4 then implies that 7¢ = G for all measurable spaces X.
For a measurable map f: X — GA define a map py as

6x %L ggjA 1 GiA = GA.

o= (1),

This means that for P € GX,

Consider a commutative triangle

X
VRN
We have the following equalities:

Gsopr=GsopjaoGf
=Gjsopujaogf
=pujpoGGjsoGf
= 1B © 99 = 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:

(Gsopy)(P Z / fudP = / S fudP= / (Gs o f)sdP = /X gl = py (B,

a€s— a€s—1(b)

We can conclude that (GX, (py)s) forms a cone over the diagram X | G Y, Set. < Mble.
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For a measurable map ¢g : X — Y and a measurable map f : X — GA, we have the following

commutative diagram.

GX — 99 gy

It follows now that there is a natural transformation ¢ : G — TG,

We will now show that (GX, (py)s) is the limiting cone of the diagram X | G 2. Set, <,
Mble. This will imply that ¢ is in fact a natural isomorphism. To do this let us consider
some cone (Y, (qs)s) over the diagram. Let 2 := {0,1} and 1 := {0}. For a measurable map
f:X — 0,1 let f: X — G2 be the measurable map that sends an element x in X to
(1= f(z), f(2)).

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

1,(f) = a7()s.

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<G—tG1.

Because (Y, (g5)f) is a cone over the diagram we also have that the following triangle commutes:

Y
2N

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

For a collection (f, : X — [0,1])%%, of measurable maps such that f :=>"°", f, is also an
element of Mble(X,[0,1]), let h : X — GN be the measurable map defined by h(z), := fn(x)
for n > 1 and h(z)o :=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:

2N 2N

GNG—>G2 GN ————— G2

Therefore also the following triangles commute:

2N RN

GN—>G2 GN ———(——— G2
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It follows now that

L,(fo) = a5(w)1 = (Gsoan(y)1 = Y _ an(y)n (3.5)
neN
and that for every n > 1,
Iy(fn) = a7 ()1 = (Gsn 0 qn(y))1 = qn(y)n- (3.6)

Combining (3.5) and (3.6) gives us that I,(f) = >, .y Iy(fn). By Corollary 3.3.7 it follows that
there exists a unique probability measure P, such that I,, = Ip . The assignment y — P, defines
amap q:Y — GX. We have that evy4oq = (qlf;)l for all A € Xx and therefore ¢ is measurable.

Let f: X — G'A 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'sq o gy = a7 In particular we find for every y € Y that

1y(fa) = a7; () = (Gsa © 45 (y)1 = 45 (Y)a-

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

[proqW)a = Ip,(fa) = Iy(f)a = 45 (¥)a-

This shows that ¢ is a morphism of cones from (GX, (py)y) to (Y, (gf)y)-
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(y)(A) = (pi, 2 dW)1 = a3 (W) = a(y)(A).

This shows that § = ¢ and therefore (GX, (py)r) 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 = TG,

The counit € of the codensity monad is given

en:GGA 94 GA P s (/G paIP’(dp)>

A a

It follows now that the multiplication of the Giry monad satisfies the universal property of
the multiplication of the codensity monad, namely that it is the unique natural transformation
GG — G such that

Set, —— ¢—— Mble Set, —— ¢—— Mble

4 gg/ ) 7 g //
G // = G // o
M\Lle/ M\Lle//

In a similar way it can be shown that the unit of the codensity monad of G is equal to the
unit of the Giry monad. O

Remark 3.4.2. While Theorem 3.4.1 states that RangG = G, it is also true that Ran;G' = G.
This construction immediately gives probability measures as set functions, without using an
integral representation theorem.
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Remark 3.4.3. A different construction for the Giry monad as a codensity monad is given in
[3]. 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.

3.4.2 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
(Gg,m, 1) 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 7 : Set; — Set. be the inclusion
functor. Let G': Set. — Mble be as in the previous subsection and define G5 := G o 1.

Theorem 3.4.4. The Giry monad of finitely additive probability measures is the codensity monad
Of Gf .

The proof for Theorem 3.4.4 is similar to the proof of Theorem 3.4.1. 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 3.3.5 instead of Corollary 3.3.7.

3.4.3 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 Section 3.4.1, 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 premeasures
on X. For A € Bx, 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 ev4 premeasurable for all A € Bx. We will denote this premeasurable space also by
GpX.

Every premeasurable map f : X — Y induces a premeasurable map G, : G,X — G,Y by
pushing forward probability premeasures along f. This defines a functor G; : PreMble —
PreMble.

We can define natural transformations 7, : lpremble = Gp and py, : G,G, — G, in a similar
way as we defined the unit (3.3) and the multiplication (3.4) for the Giry monad of probability
measures. Similarly to Giry monad this construction gives us a monad. This can be seen by
combining the proof of Theorem 2.1.2 together with Proposition 3.3.3.

Proposition 3.4.5. The triple (Gp, 0y, pip) is a monad.

We call the monad in Proposition 3.4.5 the Giry monad of probability premeasures.

For a countable set A let P;(A) be the set of all finite and cofinite subsets of A. A map
[+ A — B between countable sets is called a finite map if f~!(P;(B)) C Ps(A). Note that the
composite of finite maps is a finite map. Let Setf be the category of countable sets and finite
maps. Every countable set A can be turned into a premeasurable space, namely the set A together
with the algebra P;(A). 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/ I, PreMble 2% PreMble.
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For a countable set A the space GpA is the set {(pa)a € [0,1]* | 3,4 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 — GpA is premeasurable if and only if evas o f is premeasurable for every A’ € Fa.

For a finite map of countable sets f : A — B the premeasurable map G, f : G,A = G, B is
given by the assignment

(pa)aeA g Z Pa

o0/ pep
Theorem 3.4.6. The Giry monad of probability premeasures is the codensity monad of G.

Because all the maps between countable sets in the proof of Theorem 3.4.1 were finite, we
can use a similar argument to prove Theorem 3.4.6. However now we need to use Proposition
3.3.6 instead of its corollary (Corollary 3.3.7).

Remark 3.4.7. Let ¢ : Set;’f — Set, be the inclusion functor. We have that the codensity
monad of Gi is the Giry monad of probability measures, since in the proof of Theorem 3.4.1 we
only used finite maps.

3.5 Hausdorff spaces

In Section 3.3 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 with a generalized Daniell-Stone theorem.

3.5.1 Probability measures on Hausdorff spaces

Let X be a Hausdorff space. Recall that the smallest o-algebra that contains all the open sets of
X is called the Borel o-algebra and is denoted by Box. The smallest o-algebra that makes all
the continuous functions f : X — [0, 1] measurable is called the Baire c-algbera and is denoted
by Bax. The following result, which is Theorem 7.1.1 in [14], states that for metric spaces these
o-algebras are the same.

Proposition 3.5.1. For every Hausdorff space X we have that Bax C Box. For a metric space
X we have that Bax = Box.

A probability measure on (X, Box) is called a Borel probability measure and a probability
measure on (X,Bayx) a Baire probability measure. Recall that 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.

Proposition 3.5.2. Every Baire probability measure on a compact Hausdorff space can be ex-
tended uniquely to a Radon probability measure.

A proof for Proposition 3.5.2 can be found in [14] (Theorem 7.1.5).
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3.5.2 Representations of probability measures on Hausdorff spaces

For a collection 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 og-algebra is generated by sets of the form
{f>r}={zeX|f(x)>r}for feLandrecR.

Definition 3.5.3. 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 lecl,

e forall f,ge L wehave fVg, fAg, fVg—fANgeNL,
e forall f e L and for alln e N, nf A1l e NL and

e for all f € L and for all r € [0,1], rf € L.

Definition 3.5.4. We call amap I : L — [0,00) a weak integration operator if I(1) =1
and for every collection (fy)nen in L such that f:= 3 _\ fn € L, we have I(f) =3 - 1(fn)-

The following result is the Daniell-Stone representation theorem with weaker conditions. A
proof, based on [39], is given in Appendix A.

Theorem 3.5.5. 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.

Proposition 3.5.6. 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 — [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
I(1) = 1. Then there exists a unique probability measure P on (X,0(L)) such that Ip(f) = I(f)
for f e L.

The proof of Proposition 3.5.6 of this is given in Appendix A. The proof relies on Dini’s the-
orem. These results can be used to prove several integral representation theorems of probability
measures on certain topological spaces.

Example 3.5.7. 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 ¢(L) = Bax = Box. To see
this, observe that for every closed set A, the function f4 :=d(-, A)A1l: X — [0,1] is 1-Lipschitz
and A = f;'(0) € o(L). Therefore Box C o(L) and clearly (L) C Bay.

It follows now by Theorem 3.5.5 that every weak integration operator I on L induces a unique
Borel probability measure on X such that Ip = I.

Example 3.5.8. 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

/ d(z,y)P(dy) < .
X

2We use the term weak to indicate that this is the weaker version of the integration lattices discussed in
Appendix A. 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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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) = Bax = Box. Theorem 3.5.5 now tells us
that there exists a unique Borel probability measure P such that Ip = I. Since for every x € X
the function d(z,-) : X — [0, 00) is a 1-Lipschitz function, we find

/X d(, y)P(dy) = Te(d(z, ) = I(d(x,)) < o0

and therefore P has finite moment.

Example 3.5.9. In Example 3.5.7 and 3.5.8 we can also use all Lipschitz maps instead of only
the 1-Lipschitz maps.

Example 3.5.10 (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) = Bax.

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 3.5.6 gives us a unique Baire probability measure P on X such
that Ip(f) = I(f) for all f € L. Note that by Proposition 3.5.2 the Baire probability measure P
can be uniquely extended to a Radon probability measure.

Example 3.5.11. 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 3.5.6.

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

Example 3.5.12. 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 Theorem
3.5.5 we see that for every weak integration operator I on L there is a unique Baire probability
measure P such that Ip = I.

3.6 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 subcat-
egory 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 Set .

3.6.1 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 introduced in [56] and [61] and further
discussed in [34] and [36]. 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
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as the algebras of the codensity monad of the inclusion Set; — Set (i.e. the ultrafilter monad)
as discussed in [38] and [45].

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

The following result follows from the Banach-Alaoglu theorem (Section 3.15 in [54]).

Proposition 3.6.1. The topological space RX is a compact Hausdorff space.

Lemma 3.6.2. 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— Po f~! defines a continuous function Rf : RX — RY.

The proof of Lemma 3.6.2 is elementary.

Using Proposition 3.6.1 and Lemma 3.6.2 we can define a functor R : CH — CH.

For a compact Hausdorff X we can define maps nx : X — RX and px : 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 n: lcg — R and p: RR — R.

As has often been observed [34, 36, 56, 61]:

Proposition 3.6.3. The triple (R,n, 1) is a monad.

As discussed before in Section 2.1.2, the monad in Proposition 3.6.3 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 k : Sety — CH.

We will now consider the functor R which is defined as

Set; - CH = CH

This means that for a finite set A, the space RA is the subspace of [0, 1]4 of all families (p,)q such
that > .., pa = 1. A map of finite sets f : A — B induces a continuous map Rf : RA — RB
that sends an element (pg)aca to

Y v

acf=t(b) beB
Theorem 3.6.4. The Radon monad is the codensity monad of R.

Proof. By Proposition 3.2.4 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 3.2.4 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 2L RREA M4 REA = RA.
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That means that

p®)=( [ fadp)aeA.

In the same way as in the proof of Theorem 3.4.1 we can show that (RX, (py)s) is a cone over

the diagram X | R Y, Set; L CH. Let (Y, (gr)s) be a cone over the diagram. In the same
way as in the proof of Theorem 3.4.1, 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 3.5.10, we know that there exists a unique Radon probability measure P, on X such
that I,(f) = [y fdP, for all continuous functions f : X — [0,1]. The map ¢ : Y — RX defined
by the assignment y — P, is continuous and is the only morphism of cones from (Y, (gqs)) to
(RX, (ps)s). This shows that R(X) = T#(X) for all compact Hausdorff spaces X. Moreover,
this induces a natural isomorphism R =2 T*. It can be shown in the same way as in the proof
of Theorem 3.4.1 that the unit and multiplication of the Radon monad are the same as those of
the codensity monad of R. O

Remark 3.6.5. 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 3.6.4 tells us that the
codensity construction gives us Radon probability measures, which are o-additive.

Remark 3.6.6. 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.

3.6.2 Bounded Lipschitz monad

In this section we will consider the metric version of Section 3.6.1. 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 from Section 3.6.1.

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

drx (P, Py) := sup {‘/ fdPy —/ fdPs| | f: X — [0,1] is a 1-Lipschitz function}

X X
for all Radon probability measures P; and Py on X. This metric is called the bounded Lipschitz
metric?.

By Theorem 8.3.2 in [7] Using that the composite 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 z 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(x) — 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.

3The Kantorovich 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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For Radon probability measures P; and Ps on £X we find for every 1-Lipschitz function

f: X — [0,1] the following inequality:
/ erdP1 —/ erdPQ
LX LX

<dcrx(P1,P2)

fdux (Py) - /E Fdux(P)

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 ux is 1-Lipschitz.

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

Similar to the Giry monad and Proposition 3.6.3 we can prove the following result.
Proposition 3.6.7. The triple (L,n, 1) is a monad.

We call the monad from Proposition 3.6.7 the bounded Lipschitz monad. This monad is
similar to the Kantorovich monad, which is dicussed in [25, 27, 62].

Let A be a finite set. Define a metric on A by

1 ifal#ag
0 ifa1:a2

da(ay,a) = {

for all a; and ag 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;.

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 Y oacaPa=1

together with the bounded Lipschitz metric dy 4. The following proposition tells us that dr 4 is
in fact the total variation distance.

Proposition 3.6.8. Let A be a finite set. For p and q in LA,
Zpa_ an |AIQA}

acA’ acA’
Proof. We view A as a metric space by endowing it with the metric d4. For a subset A" of A,
the function 14/ : A — [0, 1] is a 1-Lipschitz function. We find

> Pa— > da| = ‘/ 1A'dp—/ 1A’dQI < dpa(p,q).
A A

acA’ acA’

dra(p,q) = sup {

This shows one inequality.

Define the sets A* = {a € A | p, > ¢o} and A~ = {a € A | py < q.}. For a 1-Lipschitz
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function f: A — [0, 1], we find

[ sar= [ sa0= 3 @)~

acA

< Z f(a)(Pa — qa)

a€At

S ZPG_Qa

acAt+

Yo ba— Y

a€A+t a€A+

—(/ fdp—/qu> <
A A acA— acA—
We can conclude that

‘/Afdp/Aqu’Ssup{ IA’QA},

which proves the other inequality. O

Similarly we find

> Pa— Y. aal-

Y pa— Y da

acA’ acA’

This gives us the following useful corollary.

Corollary 3.6.9. 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

T Z f(@)q

acA’
defines a 1-Lipschitz map X — [0,1] for every A’ C A.

This leads to the main result of this section.
Theorem 3.6.10. The bounded Lipschitz monad is the codensity monad of L.

Proof. We will again use Proposition 3.2.4. Let (X,d) be a compact metric space and let Dx
denote the diagram

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

LX EL priA A riA = LA

This means that for every P € LX,

o= ([ ).

In the same way as in the proof of Theorem 3.4.1, it can be shown that (LX, (py)s) forms a cone
over the diagram Dx.
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We will now show that this is the limiting cone over the diagram. Let (Y, (gs)f) be a cone
over the diagram Dy. For a 1-Lipschitz function f : X — [0,1] let f : X — L2 be the function

defined by f(x) := (1 — f(x), f(x)). Note that this function is 1-Lipschitz.
For an element y € Y define the map I,, : KMet, (X, [0,1]) — [0, 1] by

1,(f) == az)s.

Forn>1,let n:={0,...,n—1}. Let ¢ : 1 — 2 be the map that sends 0 to 1 and let e be the
unique 1-Lipschitz map X — L1. We have that Ltoe = T, i.e. tis a morphism T — e in the
arrow category X | L. Since (Y, (qy)s) is a cone over the diagram Dy it follows that Ltog. = ¢;.
This implies that I, (1) = 1.

Consider 1-Lipschitz functions f1, fo : X — [0,1] such that also f := f1 + f2 is a 1-Lipschitz
function that takes values in [0,1]. Define the map h : X — L2 that sends an element z to
(1= f(x), f1(x), f2(x)). Because 1, f1, fa,1— f2,1— f1,1— f and f are all 1-Lipschitz, so is h by
Corollary 3.6.9. Let s : 3 — 2 be the map that sends 0 to 0 and the other elements to 1. For an
element k € 3, let s : 3 — 2 be the map that sends k to 1 and the other elements to 0.

We have that R
Lsoh=f

and for every k € 3 that R
LSk oh= fk'

Because (Y, (¢r)r) is a cone over the diagram Dy, these equalities imply that
Lsoqn =q5
and for every k € 3 that
Lsy 0 qn = q5;-

Using this we obtain the following equalities:

L,(f) = (Lsoqn(y)1 = qn(y)1 + qn(y)2 = Ls1 o qn(y))1 + Ls2 0 qn(y))2+ = I, (f1) + I, (f2).

By Example 3.5.11 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 ¥ in Y and for a 1-Lipschitz
function f: X — [0,1], we find that

‘/X fdPy, —/deIP’y2

It follows now that ¢ 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
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, 0 qf = a7 In particular we find for every y € Y that

= Ly, (f) = Ly, (D) = lap(y1)1 = g5(y2)1] < dy (91, 92)-

Iy(fa) = a7;(y)1 = (Lsa © g5 (Y)1 = 45 (Y)a-

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

[proa®)la = Ir,(fa) = Iy(f)a = 47 (y)a-

This shows that ¢ is a morphism of cones from (£X, (ps)y) to (Y, (gr)7)-
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Let ¢ : Y — L£X be another morphism of cones. Then for every 1-Lipschitz function f: X —
[0,1] we have that

| 1ai0) = wpo ) = apw)s = 1,00

This show that §(y) = ¢(y) for all y € Y and therefore (LX, (ps)s) is the limiting cone over the
diagram Dx. This implies that £(X) = T%(X) for all compact metric spaces. This induces a
natural isomorphism £ = TF.

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. O

Remark 3.6.11. 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
LX 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 3.6.10.

Remark 3.6.12. The Kantorovich monad on compact metric spaces introduced by van Breugel
in [62] was extended to a monad on complete metric spaces by Fritz and Perrone [25, 27]. 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 Kantorovich distance.

We would like to use the integral representation theorem from Example 3.5.8 to construct
this monad as a codensity monad, but we have been unable to find a way to do so.

3.6.3 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]4 of families (p,)qeca such that
Y acaPa = 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.

Theorem 3.6.13. The Baire monad is the codensity monad of B.

The proof of this result is similar to the proof of Theorem 3.4.6 and Theorem 3.4.1. Therefore
we will only give a short sketch of the proof. We will again use Proposition 3.2.4 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 fX fdP.
Because we use finite maps and the finite sum of continuous functions is continuous, these maps
form a cone over the diagram.

4Finite maps were introduced in Section 3.4.3
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To show that this cone is universal we can use a similar argument as in the proof of Theorem
3.4.1, since all the maps introduced here were finite maps. Only now we use the representation
theorem from Example 3.5.12 instead of Proposition 3.3.6.

Remark 3.6.14. 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.

Remark 3.6.15. 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

Setf % Haus = 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 7 : Set{ — Haus, but we have not been able to do this so far.
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Chapter 4

A categorical proof of the
Carathéodory extension theorem

4.1 Introduction

The Carathéodory extension theorem is an important result in measure theory. It guarantees
the existence of the Lebesgue measure (or more generally the Lebesgue—Stieltjes measure) and of
product measures. But it also is a key result in the proof of the Kolmogorov extension theorem,
which guarantees the existence of Brownian motion and which is closely related to martingale
convergence results.

If we want to define a measure on a measurable space (X,Y), we need to assign to every
subset A € ¥ an element of [0, 00]. However, we often work with o-algebras of the form o(B),
where B is an algebra of subsets of X, i.e. closed under finite unions and complements. In
this case it can be very difficult to know what a general measurable subset looks like and to
assign real numbers to them in a o-additive way. This problem is solved by the Carathéodory
extension theorem. It states that a o-additive map B — [0, 00] can be extended to a o-additive
map o(B) — [0,00]. Here, o-additive should be interpreted as ‘o-additive whenever unions of
countable pairwise disjoint collections exist’. Moreover, this extension is very often, but not
always, unique.

B —— [0,

o(B)

The classical proof for this result is relatively long and technical (see for example Theorem 1.41
in [40]). It consists of different steps of extending and restricting back and requires several smart
‘tricks’ and constructions. In this paper we will give a categorical proof for the Carathéodory
extension theorem using results on extensions of laz, colax and strict transformations between
functors. Several parts of this proof look similar to steps in the classical proof. However, in
our proof all constructions follow from the Kan extension formulas. Moreover, viewing the
Carathéodory extension theorem in this categorical framework, allows us to compare it to ex-
tension results in other areas of mathematics. Furthermore, this technique allows us to easily
generalize Carathéodory’s result to measures taking values in other posets or spaces.

To do this we start by studying categories of certain transformations between functors and
extensions of transformations along transformations. In Section 4.2 and Section 4.3 we do this
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on a fairly abstract level. We discuss (co)laxification (co)monads and are in particular interested
in the case that their (co)algebras are strict transformations. We give several abstract conditions
for extensions of certain transformations to exist.

In Section 4.4 and Section 4.5, we give concrete constructions for the operations and extensions
discussed in Section 4.2 and Section 4.3. In this part (co)lax coends and (co)lax morphism
classifiers play an important role.

In the last two sections of this chapter we apply the previous sections to measure theory. We
start by representing inner and outer premeasures by certain transformations between certain
functors. By applying the extension results to these functors, we obtain our categorical proof
for Carathédory’s extension result. We furthermore make a distinction between left and right
Carathédory extensions. The right one always exists and is the same as the extension in the
classical proof, the left one however does not always exist. This is also related to the fact that
inner measures and outer measures can behave surprisingly different from each other. Moreover,
we immediately obtain a way to characterize these extensions by a universal property, namely
as a maximal or minimal extension. This is interesting when uniqueness is not guaranteed.

Posets of transformations | Extensions of transformations
Abstract theory 4.2 4.3
Concrete constructions 4.4 4.5
Applications to measures 4.6 4.7

4.2 Posets of (co)lax transformations

In this section we will introduce and discuss posets of 3-natural (co)laz transformations and
strict transformations. In particular we will be interested in the embeddings between these and
when these are (co)reflective. Furthermore, we will look at the (co)monads these adjunctions
induce and study their (co)algebras.

This section focuses on abstract existence results of (co)reflection operations; in Section 4.4 we
will give concrete constructions of these operations. In Section 4.6, we will represent inner (outer)
premeasures as 2-natural (co)lax transformations and strict transformations. The (co)reflection
operations described in this section will then correspond to operations that turn inner (outer)
premeasures into premeasures.

Let C be a small poset-enriched category. Let Pos be the category of posets and order-
preserving maps, viewed as enriched over itself. Let F' and G be enriched functors C — Pos. Let
Y be a collection of morphisms in C.

We will study several generalizations of natural transformations. In the first variation we
only have naturality squares for morphisms in the fixed collection X.

Definition 4.2.1. A Y¥-natural (general) transformation 7 : F — G is a collection of
order-preserving maps (74 : FA — GA) acobe such that

FA ™5 GA

o e

FBTGB

commutes for all f € X.

In the other variations we will also allow weaker naturality squares.
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Definition 4.2.2. A Y-natural lax transformation 7 : F' — G is a collection of order-
preserving maps (74 : FA — GA) acobc such that

FA 25 GA

Ffl < in

FB —— GB

for all morphisms f: A — B in C and such that this is an equality whenever f € 3.

Dually, we can define ¥-natural colax transformations, by reversing the inequality sign
in the above definition.

Definition 4.2.3. A strict transformation 7 : F' — G is a collection of order-preserving maps
(Ta: FA — GA)aconc such that

FA ™+ GA

o

FBTGB

commutes for all morphisms f: A — B in C.

Note that a strict transformation is the same as a general Mor(C)-natural transformation. In
the case that ¥ = (), we will omit ‘Y’ in the terminology and notation.
The set of ¥-natural transformations is partially ordered. The order is defined by

l<r?e T}‘(LE) < Ti((L’)

for all A € obC and x € FA and for ¥-natural transformations 7! and 72.

The poset of Y-natural transformations is denoted by [F,G]¥; the subposets of Y-natural
lax transformations, Y-natural colax transformations and strict transformations are denoted
by [F,G|},[F,G)Z and [F,G];s respectively. We clearly have the following pullback square of
inclusions.

G

v

[F,G)> F,G)}

e
-~ \[
P

otk

We will now give conditions on the functors F' and G such that the inclusions in the above
diagram are (co)reflective and such that these posets of transformations are complete.

Proposition 4.2.4. Suppose GA is cocomplete' for all A € obC and suppose Gf preserves all
joins for all f € ¥. Then [F,G)F and [F,G]* are cocomplete and the inclusion U, : [F,G]F —
[F, G]* preserves all joins.

Proof. Let (A%);e; be a collection of Y-natural transformations. Define for all A € obC and
x € FA,

Aa(z) = \/ Ny ().

iel

ISince GA is a poset for every object A in C, GA is also complete.
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For f:A— BeXandz € FA,

Gf(Aa(z) =Gf (\/ mx)) =\/ Gf(Ny(2)) = \/ Np(Ff(x)) = Ap(F f(x)).

el i€l i€l

Therefore A is a Y-natural transformation and it straightforward to verify that this is the join of
(A)ser in [F,G]. If \' is lax for every i € I, then for a map f: A — Bin C and x € FA,

Gf(Aa(z) =Gf (\/ m)) <\ Gf(Nu(@) < \/ Np(Ff(2)) = Ap(F f(x)).

iel iel iel

Here we used that G f is order-preserving and that A’ is lax for all i € I. It follows that X is a
Y-natural lax transformation. This is the join of (\%);c; and clearly U; preserves this join. [

Using Proposition 4.2.4 and the Adjoint Functor theorem for posets, we immediately obtain
the following corollary.

Corollary 4.2.5. If GA is cocomplete for all A € obC and if Gf preserves joins for all f € %,
then U, : [F,G)}* — [F,G)* has a right adjoint R, : [F, G]* — [F, G];".

Since U; is full and faithful, the unit is an equality, i.e. A = R;U;A for a Y-natural lax
transformation A. Clearly, we also have dual results for Proposition 4.2.4 and Corollary 4.2.5.
In particular, if GA is complete for all A € obC and Gf preserves meets for all f € X, then
U, : [F,G)Z — [F,G]* has a left adjoint L. : [F,G]* — [F,G]> and 0 = L.U.0 for a Y-natural
colax transformation o.

Assume from now on that GA is (co)complete and that G f preserves all joins and meets for
f € 3. Using these adjunctions we obtain operations that turn lax transformations into colax
transformations and vice versa. For a ¥-natural lax transformation A, we denote

A= LU\,
and we call X the colaxification of\. For a Y-natural colax transformation o, we write
g = Rl Uc(a)a

and we call g the laxification of o.
In what follows we will often omit the forgetful functors. Using this convention we find that
for a strict transformation 7,
T=T=T.

The map (—) : [F,G] — [F,G]> is left adjoint to (=) : [F,G]Z — [F,G]}'. The following
diagram summarizes this:

FGF 1 T [FG® 1 [FC
R[ Uc

The monad or closure operator on [F, G]lZ induced by this adjunction is denoted by T and is
called the colaxification monad. The induced comonad or interior operator on [F,G]Z is
denoted by S and is called the laxification monad.
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The following proposition discusses the situation where (co)laxifications of Y-natural co(lax)
transformations are strict.

Proposition 4.2.6. The following are equivalent:
1. X is strict for all X € [F, G|},
2. ([F.GIP)" = [F,Gls,
3. g is strict for all o € [F,G]Z
4. ([F,G]2)* = [F. Gl

Proof. 1 = 2: For a strict transformation 7, we have that 7 = (7) = £ = 7, making it a
T-algebra (or T-closed element). For a T-algebra (or T-closed element) A, we have that TA = .
By the hypothebib we also have that the laxifcation of \ is again ), i.e. TA = X. Combining this
gives that A = A, showing that X is strict.

2=3: Because g = Ta, it follows that ¢ is a T-algebra and therefore strict, by the hypothesis.

3 = 4: This is similar to the proof of the implication 1 = 2. Every strict transformation 7
is a coalgebra since ST = 7. For an S-coalgebra (or S-open element) o, we have ¢ = So = 0.
Therefore o is lax and thus strict.

4 = 1: Similarly to the proof of the implication 2 = 3, it follows from the fact that \
SA.

o

We say that the triple (F,G,3) satisfies the strictness condition if it satisfies the con-
ditions in Proposition 4.2.6. In this case the inclusion [F,G]s — [F,G]* has a left adjoint
L : [F,G]F — [F, G, and the inclusion [F, G5 — [F, G]¥ has aright adjoint 12 : [F, G|> — [F, G],.
These operations turn X-natural (co)lax transformations into strict transformations in a universal
way.

If the strictness condition is satisfied, then the poset of strict transformations is also complete
and we can describe what joins and meets look like. This is explained in the following corollary.

Corollary 4.2.7. Suppose that GA is complete for all A € obC and that Gf preserves joins for
all f € . Suppose that (F,G,X) satisfies the strictness condition. Let (7%);er be a collection in
[F,G])>. Then their join exists and is given by

/=X

iel
where Aa(x) :=\,;c; Ti(2) for all A € obC and x € FA.

In the case that (F, G, X) satisfies the strictness condition, we can summarize this section by
the following diagram.

[F, G,

%%E
\\%{’

74



4.3 Extensions of transformations

In this section, we will focus on extensions of (co)lax and strict ¥-natural transformations. We
will give results on their existence and their properties. In Section 4.5, we will give concrete
constructions of these extensions in particular cases. We will apply this to extend premeasures
to measures in Section 4.7, using the representation of inner and outer premeasures as %-natural
transformations from Section 4.6.

Let C be a small poset-enriched category and fix a collection ¥ of morphisms in C. Let F, G, H
be enriched functors C — Pos and assume that GA is complete for all A € obC and that G f
preserves joins and meets for all f € ¥. Furthermore, let ¢ : ' — H be a strict transformation.

We will recall the definition of extensions of lax transformations from Section 1.2.3. Let
A: F — G be a Y-natural general transformation (resp. lax, colax, strict). The left extension
of X\ along ¢ is a ¥-natural general transformation (resp. lax, colax, strict) Lan, A : H — G such
that Lan, Aot > X and such that for every other X' : H — G with AN or > A, we have \' > Lan, \.
We will sometimes use the notations Lan®™, Lan'® Lan®"** and Lan®™* to emphasize that we
are working with left extensions along ¢ of general, lax, colax and strict YX-natural transformations
respectively. 2

F—x—G

v /,/LanL)\

| ¥
A/

H —

We say that the extension is proper if Lan, A o« = A and we call the extension objectwise if
for all A € obC(,
(Lan,A\)4 = Lan, , A\ a.

Dually, we can define the right extension of )\ along ¢.
If an extension is objectwise, then we can reduce everything to Kan extensions of order-
preserving maps. This gives us for example the following lemma.

Lemma 4.3.1. If the left extension of A along v is objectwise and if 14 is full and faithful for
every A € obC, then the extension is proper.

Proof. Because ¢4 is full and faithful for all A € obC, we know by Corollary 6.3.9 in [52] that
(Lan, ,Aa) ota = A for all A € obC. Because the extension of A along ¢ is objectwise, we

conclude that
(Lan,\) or = A\

Therefore the extension is proper. O

Just as for Kan extensions of functors, extending transformations is adjoint to restricting
transformations. The proof is essentially the same as the result for Kan extensions of functors
(see for example Proposition 6.1.5 in [52]).

Lemma 4.3.2. If the restriction map — o : [H,Gl|e — [F,Gle has a right (resp. left) adjoint,
then the right (resp. left) extension of A along v exists for all \ € [F,Gls. Moreover, the right
(resp. left) adjoint is given by Ran,— (resp. Lan,—).

2The universal property determines the transformation, therefore we can talk about the left extension.
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In the rest of this section we will look at conditions for extensions to exist and for them to

be proper or objectwise. Extensions of »-natural general transformations always exist and are
the best behaved.

Proposition 4.3.3. The right and left extension of T along ¢ exists for every ¥-natural general
transformation T € [F, G]*.

Proof. Tt is clear by the proof of Proposition 4.2.4 and its dual, that [F,G)* and [H,G]* are
complete and that — o ¢ preserves all joins and meets. It follows now that the restriction map
— o¢ has a left and a right adjoint. The claim now follows from Lemma 4.3.2. O

For ¥-natural lax transformations things become more difficult. However, we still have that
right extensions exist.

Proposition 4.3.4. The right extension of A along ¢ exists for all \ € [F,G|}. Moreover,
R;(Ran?*")\) = Ran'®”

Proof. Because [F, G]l2 is cocomplete by Proposition 4.2.4 and because — o ¢ preserves all joins,
the restriction map has a right adjoint by the Adjoint Functor Theorem for complete posets.
The left adjoints in the following diagram commute

[Fy5), Gl ——— [F3,G]7

U U

[FJ(B)7 G]E P [FBa G]E

oL
Therefore their right adjoints also commute, i.e.

Ranlfx

[Fos), Gl ————— [F5,G]}
RL Rl

[Fos), G]” ———— [F5,G]”

Ran®°"
B

Therefore we have,
Ran™)\ = R;(Ran%°")).

Remark 4.3.5. We have the following inequality

[H,G]F +Ran,— — [F,G]"

UL Ul

l l

[H, G]E <— Ran,— — [F, G]Z

IN
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If this is an equality and right extensions of 3-general transformations are objectwise and proper,
then so are right extensions of Y-lax transformations.

We have the following useful property about the existence of extensions of Y-natural lax
transformations and when they inherit properties from extensions of ¥-natural general transfor-
mations.

Proposition 4.3.6. We have the following inequality

[HvG]lE i [F’G}lz
o]
| |
[H,G])* — —o.— [F,G]®

If this is an equality, i.e. if

Ri(—ot)=(Ri—)ou,
then left extensions of X-natural lax transformations along v exist and inherit objectwiseness and
properness from left extensions of S-natural general transformations.

Moreover, right extensions of Y-natural lax transformations inherit properness from right
extensions of Y-natural general transformations.

Proof. The map [H,G)* —% [F,G]” has a left adjoint by Proposition 4.3.3 and the following
diagram commutes

[HvG}lE B [FvG]lE
) ;
| |
[H,G)* — —o0o.— [F,G]®

Since U; is full and faithful, it follows from the Adjoint Lifting Theorem (Theorem 4 in [35]) that

[H,G])Y =% [F,G]7 has a left adjoint. By the hypothesis we have that R;(— o) = (R;—) o .
These are all right adjoint, so therefore their left adjoints commute as well, this means that the
following diagram commutes

(H, G]ZE < Lan,— — [F, G]ZE
(J‘l U‘vl
| |
[H,G])* «+Lan,— — [F,G]*

It follows now easily that properness and objectwiseness are inherited from left extensions of
Y-natural general transformations.

Suppose now that right extensions of Y-natural general transformations along ¢ are proper.
Because Uj(—ot) = (U;—) o, their right adjoints commute as well. Together with the hypothesis,
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this leads to the following commutative square.

[FvG]lE — Ran,— — [H’G]lz oL —> [F’G]lz

T ) T

Ry R R
[F,G]* —Ran,— — [H,G]* — —ov— [F,G]*
lira

We now have for a Y-natural lax transformation A : F' — G,

Ran, A ot = Ran, (R UA) o = RIUAN = A

We have dual results for Proposition 4.3.4 and Proposition 4.3.6 for 3-natural colax trans-
formations.

Under even more conditions, we can guarantee the existence of extensions of strict transfor-
mations. Let T be the colaxification monad on [H,G]> as described before Proposition 4.2.6
and let T be the colaxification monad on [F, G]7".

Proposition 4.3.7. Suppose that the following diagram commutes

[Hv G]IZ 7—OL> [F7 G]ZE

T1 T2

l l

[H7 G]ZE T) [F7 G]ZE

Then — o induces an order-preserving map ([H, G]F)" — ([F, G]¥)™2 and this map has a right
alg

Moreover, Ran®\ = Ran'®X for all algebras \ € ([F, G]ZE)TQ.

adjoint Ran

Proof. Tt follows from the hypothesis that the following square commutes.

(H,Gl)™

o (IF.GIP)™

[H,G]Y —— —o.—— [F,G]*
For a Y-natural lax transformation A\ such that Ty A = A, we have that
To(Aov)=T1Aor= Aoy

Therefore the assignment A — A o ¢ induces an order-preserving map ([H,G]F)Tt — ([F, G]7)™
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and we have the following commuting square:

([H’ G]ZE)Tl —or—> ([F7 G]ZE)Tl

[Hv G}lz e — [Fv G]lE

By the Adjoint Lifting Theorem (Theorem 4 in [35]), the right adjoint of —ou : [H, G]¥ — [F, G]?
can be lifted to a right adjoint of the algebras. Because the left adjoints commute, so do the
right adjoints. It follows that properness and objectwiseness are inherited from the extensions
of ¥-natural lax transformations. O

Applying this to the case that the strictness condition holds, immediately gives us the fol-
lowing corollary.

Corollary 4.3.8. Suppose that (H,G,Y) satisfies the strictness condition and that Xot = Xo

—OoL

for all X € [H,G);. Then, [H,G]s — [F,G|s has a right adjoint. Moreover,
Ran®™“'\ = Ran!*"\

for all X € [F,G],.
Proof. For \ € [H,G|?, we have that

To(Aot)=(Aot)=Not)=Xor=(T1A\) o

Here we used that A is a strict transformation, and therefore so is \ o ¢.
—OL

It follows now from Proposition 4.3.7, that [H, G]s —> ([F, G]lE)T2 has a right adjoint Ran™®.
We have that

Ran?lg

[F,Gls — ([F.GIF)"” 2 [H, 6,
is right adjoint to [H, G]s —= [F, G]s. The last claim now also follows from Proposition 4.3.7. [J

Again, there are dual results of Proposition 4.3.7 and Corollary 4.3.8 for left extensions of
strict transformations.

In general, the existence and properties of left and right extensions are not connected. We
can for example have that right extensions do not exist, but left extensions do and are well-
behaved. However, we do have the following connection between left and right extensions of
strict transformations.

—OoL

Proposition 4.3.9. Suppose that [H,G|s — [F, G]s has a left and a right adjoint. Then, left
extensions along v are proper if and only if right extensions along v are proper.

Proof. Let T € [F,G]s. By the universal property of extensions, we have (Ran,7)4 < Ran,,7a
and Lan, , 74 < (Lan,7)4 for all A € obC. We have the following inequalities for all A € obC:

(Ran,7ot)4 <Ran,, 74014 <74 <Lan,, 74014 < (Lan,70¢)4

Suppose that left extensions along ¢ are proper, i.e. Lan,7 o ¢« = 7. By the universal property of
right extensions, it follows that
Lan,7 < Ran, .
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Therefore 7 = Lan,7 o« = Ran,7 o ¢.

Similarly, if right extensions along ¢ are proper, we find by the universal property of left
extensions that Lan,7 < Ran,7 and we can conclude that Lan,7 o+ = Ran, 7ot = 7. O

An overview of the maps we always have is given by the following diagram. We assume that
(F,G,%) and (H,G,X) satisfy the strictness condition. In the diagram, squares of the same
colour commute and the dashed arrows indicate that these form the back of the parallelepiped.

4.4 The (co)laxification formula

In this section we will give concrete constructions for the operations (—) and (—) discussed in
Section 4.2, in the case that the functors are well-behaved. Using these we can give explicit
constructions of joins and meets in posets of Y-natural transformations. These constructions
will be used to construct (pre)measures from inner and outer (pre)measures and to describe
joins and meets in posets of (pre)measures in Section 4.6.

Let C be a small poset-enriched category and let ¥ be a collection of morphisms in C. Let F
and G be enriched functors C — Pos such that GA is a complete for all A € obC and such that
G f preserves meets and joins for all f € 3.

Intuitively it is clear that (F, G, () satisfying the strictness condition is stronger than (F, G, %)
satisfying the strictness condition. This is the content of the following technical result. This
proposition motivates that it is enough to give constructions of these operations in the case that
¥ =0.

Proposition 4.4.1. If (F,G,0) satisfies the strictness condition, then = XQ for all X €
[F,G)F. In particular, (F,G,X) satisfies the strictness condition.®

Proof. The inclusions [F, G|> — [F,G]? and [F,G]* — [F, G]? are meet-preserving maps between
complete posets. Therefore, they have left adjoints > : [F,G]? — [F,G]> and F> : [F, G — [F, G]*
and we have that

Fr (o) =0,

for every general Y-natural colax transformation o : F© — G. Moreover, the following square

3Here (—)® : [F,G]? — [F,G]¥ and (-)?: [F, G]l@ — [F, G]? refer to the operations described in Section 4.2.
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commutes, since their right adjoints do
PG ——— RG]’
LE L?
- = -

This gives the following commutative diagram

.G} ———— [F.G]}

e ul

EE [F7G]Z P [FvG]Q)ﬁ@

ER

[F7G]E A e— [FaG]m
c = c

c

For a Y-natural lax transformation A : F — G, we know by the hypothesis that XQ is strict and
) — —
therefore it is a Y-natural transformation. Therefore A~ = F>\" = \. O

For the rest of this section, let ¥ := (). We will write [F, G]s to mean [F, G]% and we will refer
to (-natural general, lax and colax transformations as just general, laz and colax transformations
respectively.

To obtain the constructions for (—) and (—), we will define new functors F, Fz and F'#

and strict transformations
such that [Fy, G, = [F,Gl; [F}, G, = [F,G] and [F# G], = [F, G}
Using these isomorphisms, we can rewrite (—) : [F,G]; — [F,G]. a
[F. Gy = [F#, G, = [Ff.Gls == [Fy,Gl. = [F.G.
and similarly, we can write (=) : [F, G]. — [F, G]; as

[F,Gl. & [Fy,Gls =% [Ff, Gl 2225 [F*,G), & [F, Gl..

If the extensions in these compositions are objectwise, we can give an explicit expression for (—)
and @ In this section we will discuss conditions for when this is the case.

The enriched functor F# : C — Pos is defined on objects by sending every object A in C to
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the lax coend?*

BeobC
F#A ::§1§ C(B,A) x FB.

The functor F# is called the lax morphism classifier and has been discussed in [5, 42, 48].
The following proposition gives a concrete description of F# A for A € obC. For this, first define
the following preorder P4, for an object A in C:

e The elements of P4 are pairs (B 95 A, y), where g is a morphism in C and y is an element
of FB,

e We write (B; LN Ayyr) = (B 2, A, y2) if there exists a morphism s : By — By in C such
that g1s < g2 and y; < Fs(y2).

Proposition 4.4.2. Let A be an object of C. Then F# A is the poset induced® by the preorder
Pa.

Proof. Let P4 denote the poset induced by the preorder P4. We will now show that P4 satisfies
the universal property of lax coends.

For B € obC, there clearly is an order-preserving map ep : C(B,A) x FB — Pa. A map
s : By — Bj induces

C(By1, A) x FBy S0 0B, A) x FB,

A)
1d ><‘ Fs ‘632
| \
Pa

C(Bl,A) X FBl

PN

€B,

Indeed, for f: By — A and y € F'By, we have that

(f, Fs(y)) = (fs,y).

This means that the poset 75,4 together with the maps (ep)peobe form a cowedge. We will now
show that they form a wuniversal cowedge. To do this, consider another cowedge, i.e. a poset
R toghether with order-preserving maps (ég : C(B,A) X FB — R)pcobc such that for every
morphism s : By — By,

C(s,A)x1Id
—_—

C(Bl,A) XFBQ C(BQ,A) XFBQ

Idx F's = €B,
C(Bl,A)XFBl E R

Let e : P4 — R be the map that sends (B % A,y) to ég(g,y). For (g1,y1) =< (g2, y2) in Pa,
there exists a morphism s : By — Bj such that g1s < ¢go and y; < Fs(yz). Because ép, and
ép, are order-preserving and because the maps (€g)pgeobc form a cowedge, we find the following
relations in R:

4Lax coends are explained in the Appendix B
5A preorder P induces a poset by identifying elements a and b in P with each other if @ < b and b < a.
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€p,(91,y1) < €, (91, Fs(y2)) < €B,(915,42) < €B,(92,v2)-

This shows that e is order-preserving, and therefore it induces an order-preserving map é : Py —
R. This is the unique order-preserving map such that eoep = ég for all B € ob(C. This shows
the universal property. O

Let [C,Pos]; be the category of enriched functors C — Pos and lax transformations and let
[C, Pos];s be the subcategory of enriched functors and strict transformations. The following result
is Theorem 3.16 in [5] together with Section 7.1.2 in [48]. In [5] the result follows from a more
general theorem. Here we will also give a direct proof.

Proposition 4.4.3. The inclusion [C,Pos]s — [C,Pos|; has a left adjoint, which is given by the
assignment F — F#.

Proof. Tt is enough to show that [F#, G|, = [F, G]; for all functors F' and G naturally in G.
Given a strict transformation 7 : F# — G, we can define for every A € obC a functor
A FA — GA by sending = to 74(14,2). These form a lax transformation.
Given a lax transformation A : F' — G, we can define a strict transformation 7 : F# — G, by
the assignment

Talg: B — Ayy) == Ap(Fg(y)).

These define an isomorphism of posets. O

The counit of the adjunction in Proposition 4.4.3 is a strict transformation
U/:F* - F

and is defined by
Iy: F*A = FA:(g:B— Ay) — Fg(y),

for all objects A in C.

Dually, we define the functor Fix : C — Pos by sending every object A in C to the colax

coend
B:C

Fud = C(B,A) x FB.

A construction dual to the one from Proposition 4.4.2 can be given for this poset. We also have
a dual version of Proposition 4.4.3, namely that the assignment F' — Fu defines a left adjoint to
the inclusion [C, Pos]; — [C,Pos|.. The functor Fi is called the colax morphism classifier
and has been studied in [5, 42, 48].

The counit is a strict transformation
C/:F%-—>F’

defined by
dy: FyA— FA:(g,y) — Fyg(y),
for all objects A in C.
Finally, consider the functor Fz& : C — Pos that is defined by sending every object A in C to

FfA:= > C(B,A)xFB.
Beob(C
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Similarly to Proposition 4.4.3, it can be shown that the assignment
#
F— F}

defines a left adjoint to the inclusion [C,Pos]s — [C,Pos]. Here [C,Pos] is the category of
poset-enriched functors and general transformations between them.

The unit F — F7# is an element of [F, F#]; C [F, F#] and therefore it corresponds to a strict
transformation
11 Ff — F*.

We have that
la(g,y) = (9,v)
for all A € obC and (g,y) € FjA.

Similarly, the unit F — Fy is an element of [F, F#]. C [F, F#] and also corresponds to a
strict transformation
c:Fjj — Fy

such that
calg: B — Ay) = (9,v)

for all Ain C and (g,y) in FIA.

This gives us the strict transformations that we will need in the rest of this section:

F
TX
F#
A
#
F#

As explained above, writing the general, lax and colax transformations in terms of F# and F;:

i
EN

allows us to describe the operation (—) as a left extension. For a lax transformation A : F' — G,
let A : F#* — G be the corresponding strict transformation. For A € obC and = € F A, assuming
that the left Kan extension exists, we can write

Aa(z) =Lan,(Aol)a(14,z).

This follows from the following commutative diagram:

[F,Gl, “ [F,G] —X=—— [F,C].
I 174 1
[F#,Gl) ——— [Ff,G] T %G

Suppose now that this left extension is objectwise. Because GA is cocomplete and F;fA is small

84



for every A, we then would have that A4 (z) is equal to

colim(ca | (14,2) — F;fA la, p# g A4, GA)
= \/{S\A(g,y) |g:C — A;y € FC such that Fg(y) < x}
= \/ {Gg(M\c(y)) | g: C — A;y € FC such that Fg(y) < x}
In the following two results (Proposition 4.4.4 and Theorem 4.4.5), we will give conditions for

when this is indeed the case. More specifically, we will give conditions on the functors F and G
such that the colaxification formula,

Aa(z) = \/ {Gg(Ac(y)) | g: C — A;y € FC such that Fg(y) <z},
holds for every lax transformation A\ : FF — G , object A in C and z € F A.
Proposition 4.4.4. For \ € [F,G])* and A € obC, define 74 : FA — GA by

Ta(@) = \/{Gg(A\c(®)) | g: C = Ajy € FC such that Fg(y) < x},

for x € FA. If T is colax, then 7 = L.\, If moreover, X is lax, then T = \.

Proof. Let X be the strict transformation Fj — @, corresponding to A and let 7 be the strict
transformation Fly — G corresponding to 7. We want to show that 7 is the left extension of A
along c¢. We first show that 7oc > A, i.e.

G S
l T
Fyu

For (f: C = A,y) € FJ A,

(Foc)alf,y) = Gf(ro(y) = GF\/{Gg(\o(v))) | g : C' — C;y' € FC' such that Fy(y') <y}
> \/{Gf(Gg(Aer(¥))) | g: C' = Csy' € FC' such that Fg(y') <y}

which means that 7o¢ > .

Suppose now that v : Fiy — G is a strict transformation such that v oc > 5\, ie.

Ff—2 @

#
cl v
Iy
We will now show that 7 < v. Let (f : C — A,y) € FxA. Consider g : C" — C and y' € FC’
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such that Fg(y') <y, then (g,9') € FiC and cc(g,y") < (1¢,y) in FuC and therefore
vo(lo,y) = (voc)a(gy) = Aelg,y') = Gorer(v)-
Taking the supremum over all such (g,y’), we have
ve(le,y) = e (y)
and by applying G f to both sides,

va(f,y) = Gfva(le,y) > Gfro(y) = 7alf,y)-

Here we used that v is strict and the definition of 7. This shows that 7 is the left extension of
Aol along c. O

Let A € obC and z € FA. Consider the subposets of F# A:
Uyda:={(g:C— Ay)| Fy(y) <}
and
(hdz)=={(g:C— Ay) | Fg(y) = =}.

Theorem 4.4.5 (Colaxification formula). Let k be a regular cardinal. Suppose that
(G1) Gf preserves k-directed joins for all morphisms f in C,
(F1) (I'y L )= C Uy | z is cofinal ©,
(F2) C has and F preserves k-wide pullbacks.

Then X is a strict transformation for every lax transformation \ : F — G, i.e. (F,G, () satisfies
the strictness condition.
Furthermore, the colaxification formula holds, i.e. for A € obC and x € FA,

Aa(z) = \/{Gg()\c(y)) |g:C — Ay € FC such that Fg(y) < z}.
Proof. For A € obC and = € F A denote
Saqz :={Ggrc(y) | g: C — A;y € FC such that Fg(y) < z}

and write 74(x) :=V Sa,,. We will now show that Sa , is k-directed.
Let I be a set such that [I| < x. And consider a collection (g; : C; — A,¥y;)ier in Iy | .
From (F1) it follows that for every i € I, there exists a (g; : C; — A,7;) € (I/y | )= such that

(95, yi) = (Gi, 9i),

i.e. for every i € I there is a map s; : C; — C; such that gis; < g; and such that y; < Fs;(7;).”

6 A subset S of a poset P is cofinal if for every p € P there exists an s € S such that p < s.
"Note that we need the axiom of choice here for x > Xg.
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The maps (g;)ies form a s-wide pullback diagram. Let C' be the pullback of this diagram
and let (p; : C — C;);er be the collection of projections.

/\
N, A

Because F'g;(7;) = x for all i € I, we have that (§;)icr € X}, FC;. Since F' preserves this limit,
there exists a unique y € F'C such that Fp;(y) = ¢;. Let g : C — A be the morphism that is
equal to g;p; for all i € I. We find for all ¢ € I that

Ggi(Ac, (yi) < Ggi(Ac, (F'si(3i)))
= Ggi(Ac, (FsiFpi(y)))
< (Ggisipi)(Ac(y))
< (Gagipi)(Ac(y)) = Ggrc(y)

We conclude that Sa , is k-directed. Using (G1), for a morphism f : A — B, we see that

Gfra(x) = \/{GF(Gg(Ac(¥) | g: C — Ay € FC such that Fg(y) < z}
< \/ Sp.Ff) = TB(Ff())).

This shows that 7 is a colax transformation. It follows from Proposition 4.4.4 that A = 7. This
shows the second claim.

To prove the first claim we need to show that for f: A — B
= \/{Gf(Gg()\C(y))) | g: C — A;y € FC such that Fg(y) <z} > \/SB,Ff(z)

Consider (g : C — B,y) inlz | Ff(z). Then by (F1) there exist (g :C = B,j) € (Il Ff(z))=
such that (g,y) < (g, %), i.e. there is a map s : C' — C such that gs < § and y < Fs(7).

Let P be the pullback of f and § and let p; : P — A and p : P — C be the projection maps.

P p— A
| - |
P2 f
| |
C i— B
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Clearly (z,9) is an element of FAxpp F C. Because F' preserves pullbacks, there exists a unique
z € F(A xp C) such that Fip1(z) =z and Fpy(z) = §. We now have

Gg(Ac(y)) < Gg(Ac(Fs(9)))
= Gg(Ac(FsFp2(2)))
< (Ggsp2)(Ap(2))
< (Ggp2)(Ap(2))
= Gf(Gpi1(Ap(2))) < L.

Since (g,y) was arbitrary, this shows that \/ Sg pf) < L. This proves that A is a strict
transformation. U

Remark 4.4.6. In the case of Theorem 4.4.5, (F, G, () satisfies the strictness conditions. There-
fore, Proposition 4.4.1 can be applied.

4.5 The extension formula

In this section we will give sufficient conditions for extensions to be objectwise. This will allow
us to give concrete formulas for the extensions of Y-natural (co)lax transformations that were
discussed in Section 4.3. In Section 4.7 we will use these constructions and results to extend
premeasures to measures, using the representation of (pre)measures as strict transformations
described in Section 4.6.

Let C be a small poset-enriched category and let ¥ be a collection of morphisms in C. Let
F,G, H be enriched functors C — Pos. Suppose that GA is a complete for all A € ob(C and that
G f preserves meets and joins for all f € ¥ and let ¢« : F' — H be a strict transformation.

We will start with a result on the objectwiseness of extensions of ¥-natural general transfor-
mations, this is the content of Theorem 4.5.1. In Theorem 4.5.2, we will give sufficient conditions
for extensions of Y-natural colax transformations to be objectwise.

Theorem 4.5.1. Suppose that F'f and H f have left adjoints (F f). and (Hf). forall f: A— B
in X%, such that the following square commutes

FA «—(rf)»— FB

LA LB

| l

HA «— Hf). — HB

Then left extensions of X-natural transformations along v are objectwise.

Proof. Let 7 : F — G be a Y-natural transformation. It is enough to show that (Lan, ,74)acobc
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is a Y-natural general transformation. Let f: A — B bein X and let z € HA,
GfLan,,7a(z) = Gfcolim(ta | x — FA ™ GA)
= colim(tp |z — FA ™ GA L aB)
= colim(ta |z — FA LS FB 72 GB)
=colim(ta } 2 — 1p | Hf(x) - FB 2 GB)
= colim(tp | Hf(z) - FB 22 GB) = Lan, ,75(H f(z))
The second equality follows from the fact that Gf preserves joins, since f € . Because
Gfra = mgF f, we have the third equality. Equality four, follows from the fact that ¢ is a

strict transformation.
Using the hypothesis, it can be shown that

talaz =g LHf(z) = wa(Ff)
is right adjoint and therefore final. The last equality now follows. O
Theorem 4.5.2. Let k be a regular cardinal.
(G1) Suppose that Gf preserves k-directed joins for all morphisms f in C.
(¢1) Suppose that 14 is k-flat for all A € obC, i.e. 1 | x is k-directed for all x € FA.

(t1) Ff and Hf have left adjoints (Ff)s and (Hf). for all f : A — B in X, such that the
following square commutes

FA <« (Ff).— FB

LA LB

l l

HA <—@#Hf).— HB

Then left extensions of X-natural colax transformations along v are objectwise.

Proof. Let o : F — G be a ¥-natural colax transformation. It is enough to show that (Lan, ,04)acobc
is a Y-natural colax transformation. Let f : A — B be a morphism in obC and let z € HA,

GfLan,,o4(z) = Gfcolim(1a | — FA 22 GA)
= colim(ta |z — FA 2% GA S 6B)
< colim(ty L = 1p | Hf(z) = FB 22 GB)
< colim(tp | Hf(z) — FB 2% GB) = Lan,,o5(H f(z))
In the second equality we use (G1). The inequality in the third line follows from the fact that
o is colax and the last inequality is induced by the inclusion t4 | * — ¢tp | H f(z). This shows
that it is a colax transformation.
To show that the colax transformation is a -natural, suppose that f € 3. In this case

the first inequality becomes an equality because ¢ is a Y-natural transformation and therefore
Gfoa = opFf. From (12) it is straightforward to check that

tadle =gl Hf(x) Za(Ff)s L x

89



is right adjoint and therefore final. It follows that the second inequality is an equality in this
case. O

4.6 Premeasures as transformations

In this section we will represent certain premeasures by certain transformations between functors.
Roughly speaking, colax and lax transformation correspond to inner and outer premeasures and
strict transformations correspond to measures. Using these representations, we can apply the
results from Section 4.2 and Section 4.5 to obtain results and formulas for joins and meets of
certain premeasures and for operations to turn a certain kind of premeasure in a different kind
in a universal way.

In this section we will use the notation () and U to emphasize that we are working with
disjoint unions of subsets.

4.6.1 Premeasures on B

We will discuss a representation theorem for premeasures on a collection of subsets B as trans-
formations from a functor Fj, describing collections of subsets of a premeasurable space (X, B),
to a functor G describing real values (Theorem 4.6.6). This representation result is related to the
ideas in Section 3 of [57]. The rest of this section is focused on proving that (Fg, G, 0) satisfies
the strictness condition and that the colaxification formula holds. For this we use Theorem 4.4.5.

We will use the poset-enriched category Part, whose objects are countable sets and whose
morphisms are partial maps between them. For partial maps f,g : A — B between countable
sets A and B, we write f < g if domf C domg and f(a) = g(a) for all a € domf. This defines a
partial order on the set of partial maps from A to B, making Part. a poset-enriched category.

For a countable set A and an element a € A, let s, : A — 1 be the partial map that is only
defined on the singleton {a}. Let ¥ be the collection of all partial maps with codomain 1 that
are defined on at most one element.

Let (X, B) be a premeasurable space. Define the collection of subsets

oo
B::{UBanEBforallnzl}.

n=1
For a countable set A, define F(A) as the poset
{(Ea)aGA cB* | (Fa)aca is a pairwise disjoint collection} ,

where the order is defined pointwise. For a partial map f : A — B of countable sets, define a
map Fif : FgA — FiB by the assignment

(Ea)aEA — U Ea
f(a)=b beB

This defines an enriched functor Fj : Part, — Pos.
Let A be a countable set. The set [0, 00]4 together with the pointwise order, is a poset which
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we will denote by GA. For a partial map f : A — B of countable sets, the assignment

(pa)aEA = Z Pa

f(a)=b beB

defines an order-preserving map Gf : GA — GB. We obtain an enriched functor G : Part, —
Pos.

Proposition 4.6.1. For a countable set A, the poset GA is complete and for s : A — 1 in X,
G's preserves all meets and joins.

Proof. Tt is clear that GA = [0, 00]* is complete.
Suppose that s is only defined on {a}. For a collection (z;);er in GA, we find that

Gs (\/ xi> = (\/ xi> = <\/(xz)a> = \/Gs(ml)

In the case that s is nowhere defined, we have that
Gs (\/ xl> =0= \/ Gs(z;).
icl iel

The same argument can be used to prove that Gs preserves meets. O

Definition 4.6.2. Let u: B — [0, 00] be an order-preserving map such that u(0) = 0.

o0

e 4 is called a outer premeasure if 4 (¢,

collection (E,), in B.

E,) <Y u(E,) for every pairwise disjoint

o0
n=

e /i is called a inner premeasure if 1 (|2
collection (E,), in B.

LEn) > 30 1w(E,y) for every pairwise disjoint

In the case that B is a o-algebra, these are called outer measures and inner measures
respectively.

Remark 4.6.3. Every premeasure on B can be uniquely extended to a o-additive map 7 : B —

[0, 00]. Indeed, define
Iz (U Bn) = Z/L(Bn)-
n=1

n=1

To show that this map is well-defined, consider pairwise disjoint collections (B,,), and (Cp,)m, in
B such that

n=1

m=1

NE:
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We find the following equations:

Z/‘(Bn) = Zﬂ <Bn N Cm)

n=1 n=1

= Z Z w(B, NCp,)

n=1m=1

()

It is straightforward to see that this is the o-additive map that uniquely extends u. Therefore
premeasures can be identified with maps B — [0,00] that are both an inner and an outer
premeasure.

The poset of order-preserving maps j : B — [0, co] such that x(@)) = 0 with the pointwise order
is denoted by My(X,B). The subposet of outer (inner) premeasures is denoted by M< (X, B)
(M>(X,B). We will write M= (X, B) for the subposet of premeasures, i.e.
M_(X,B) = M<(X,B)N M>(X,B).
For p € My(X,B) and a countable set A, define 7/ : FgA — G A by the assignment
(Eaa = (1(Ea))a-
Theorem 4.6.4. Let i1 € My(X,B), then 7+ := (74) 4 is a ¥-natural transformation. Moreover,
o if w € M<(X,B), then T is a ¥-natural lax transformation;
o if p € M>(X,B), then 7 is a L-natural colax transformation;
o if p€ M_(X,B), then T is a strict transformation.
Proof. Let A be a countable set and let ag € A. For x := (E,)aca € FgA, we have that
Gsao(T4(2))o = 74 (2)ag = (Ea,) = 71 (FBsa(x)).
For a map s : A — 1 that is nowhere defined, we see that
Gs(m(z))o = 0 = pu(0) = 7' (Fps(z))o.

This shows that 7# is X-natural. Suppose now that y is an outer premeasure. Consider a partial
map f: A — B of countable sets. For z := (E,), € FzA and b € B, we find that

Gf(h@)= > wE)>p| ) Ea|=7hFsf(x))
f(a)=b f(a)=b

It follows that p is a 3-natural lax transformation. The other claims follow in a similar way. O
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The assignment p — 7 defines order-preserving maps ¢, @1, @c, ©s which form the following
commutative diagram.

My(X,B) = [F,G)”

-
’
/

M_(X,B) Ps [Fg,G]s

For a ¥-natural transformation 7 : Fz — G, denote the order-preserving map 7, : B — [0, 0o] by
M-

Theorem 4.6.5. Let 7 € [Fg,G]*, then pu, € Mo(X,B). Moreover,
o if T € [Fp, G|, then . € M<(X,B);
o if T € [Fp,G|Z, then p, € M> (X, B);
o if T € [Fp,G]s, then p, € M_(X, B).

Proof. Consider the map s : ) — 1 and let * be the unique element in Fp(@)). Since s € %, it
follows that

pr(0) = 11 (Fs(x)) = Gs(my(+)) = 0.

This shows that pu, € My(X,B). Suppose now that p is a X-natural lax transformation. A
pairwise disjoint collection (E,,),, in B is an element in Fg(N) which we will denote by z. Consider
the map s : N — 1 which is defined everywhere and for every n > 1, let s, : N — 1 be the map
that is only defined on {n}. Since s, is an element of ¥, we find that for every n € N that

™(@)n = Gsn(mi(2)) = 1 (F(7)) = 11(En) = pr (En).
Because 7 is lax, we also have that

Ly <U En> =11(Fps(z)) < Gs(mn(x)) = ZTN(,I)TL.

Combining the above gives us that

Hr (U En) < Z/LT(En)

n=1 n=1

and therefore p; is an outer premeasure. The other claims follow in a similar way. O

The assignment 7 — ., defines order-preserving maps ¥y, ¥;, ¥, 1s which form the following
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commutative diagram.

My(X,B)

M (X,B) Py

-
’
/

M_(X, B) " [Fs, G]s

Theorem 4.6.6. The maps g, Y¥;, Y. and s are the inverses of the maps g, 1, e and s
respectively.

Proof. It is enough to show that ¢y is the inverse of o, since the other maps are restrictions of
these maps. For an order-preserving map p : B — [0, 00] such that p(@) = 0, we find that

Yo(wo(1))(E) = @o(p)1(E) = u(E)

for every E € B. It follows that 1o (wo(p)) = p.

Let 7 : Fg — G be a ¥-lax transformation. Let A be a countable set and let  := (E,)qca
be an element of FgA. For ag € A, let sq, : A — 1 be the partial map that is only defined on
{ao}. Note that this map is an element of . We find the following equalities:

[po(vo(T))]a(@)ae = [o(7)](Ea,)
=T11(Fap)
= T1(FBSa,(2))
= G540 (14(2)) = T4(T) a0

Since this hold for every such A,z and ag, we can conclude that ¢q (1o (7)) = 7. O

4.6.2 The operation m

The operation (—) : [Fg, G]¥ — [Fs,G]% induces an operation

M<(X,B) 25 [Fs, 67 2 [Fs, G 25 Mo (X, B)

which turns an outer premeasure into an inner premeasure. We will denote this operation also

by (—), this means that for an outer premeasure A we obtain the inner premeasure

A= wc((Pl()‘»'
More specifically, we have that for every E € B that
ME) = @i(N), (B).

We want to apply Theorem 4.4.5 to the transformations that represent premeasures. The fol-
lowing two results (Proposition 4.6.7 and Proposition 4.6.8) will help us to verify the conditions
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of Theorem 4.4.5. This will lead to the proof of Proposition 4.6.9 that describes how to turn a
lax transformation Fp — G into a premeasure.
In a similar way we obtain an operation @ that send outer premeasures to inner premeasures.

Proposition 4.6.7. The category Part. has pullbacks and Fp : Part, — Pos preserves them.

Proof. Consider a pullback square in Part,,

AxeB 225 A

pBl lf :

B—F—C
Let (E,)q € FgA and (F}), € FgB such that
) B.= | B
Flay=c g(b)=c
for every ¢ € C. For all a € A and b € B, we can write E, = )0, B% and F}, = -0, B%, where
B2 and B? are elements of B for all n > 1. For (a,b) € A x¢ B define

G(%b) = U Bz n Bfn =FE,NF,.

n>1m>1

Then (G(qp)) is an element of Fg(A x¢ B). This defines a map

(a;b)
@ FBA X FgC FzB — FB(A Xc B)

For ag € A, we find that
U G(a=b) = U G(amb)
pa((a,b))=ao g(b)=f(ao)

= J Eunh
9(b)=F(a0)

= E, N U Fy=Eq,
g(b)=1(ao)

Similarly for by € B, we have that thB((a,b))=bo G(ab) = Fy,- Therefore it follows that ¢ is the
inverse to the canonical map Fp(A x¢ B) = FA X p,c FB. O

Proposition 4.6.8. For f: A — B in Part., Gf preserves directed joins.

Proof. Let (p*);er be a directed collection of elements in GA. For a € A, define p, := sup;¢; P
For b € B, we always have that

Gf( =) pazsup Z pa—squf( ).
Fla)=b " fla)=

To prove the other inequality, consider an element b € B. Suppose first that there exists a €
~1({b}) such that p, = co. In that case, for every N > 1, there exists iy € I such that N < p‘~.
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In that case , , '
N<piv< Y piv<sup > pl.
f(a)=b <l fla)=b
By taking N — oo, we conclude that sup,¢; Zf(a):b p! = oo, which shows the equality.

Suppose now that p, < oo for all a € f~1({b}) and consider a finite set A’ C f~1({b}) and
€ > 0. For every a € A’ there exists i, € I such that

€ i
pa*mgp(y

Because (p')ier is directed and A’ is finite, there exists an iy € I such that p's < p' for all
a € A’. Summing over A’ leads to

Dopa—e< Y P <D p< Y P <sup > pi
#a)=b

acA’ acA’ acA’ Fla)=b el

The claim now follows by first taking ¢ — 0 and then taking the supremum over all finite subsets

of f~1({}). O

Using the previous results (Proposition 4.6.7 and Proposition 4.6.8) we can now obtain a
formula to turn an outer measure into a measure in a universal way, by applying Theorem 4.4.5.

Proposition 4.6.9. The triple (F,s),G,X) satisfies the strictness condition. Moreover, the
map M<(X,0(B)) & [Fy5), Gl — [Fys),Gls = M(X,0(B)), sends an outer measure pi to a
measure @, which is defined as

fi(E) := sup {Z w(En) | o) En C E} :
for all E € 0(B).

Proof. By Proposition 4.6.8, we know that Gf preserves directed joins for f : A — B in Part,.
From Proposition 4.6.7 we know that Fj preserves pullbacks.

We will now prove that condition (F'1) from Theorem 4.4.5 holds. Let A be a countable
set and let (Xa)aea € Fyg)A. Consider g : € — A and (Y.)cec € Fyp)C such that Z, :=
Ug(c):a Y. C X, for all a € A. In other words

(9:C = A (Yo)eeo)

is an element of Iy | (X4)aca-
Ford € CII A =: D, define

~ Y.ifd=¢
Yd2: .
X \Z,ifd=a

It is clear that (Y/)dep is an element of FgD. Consider the partial map g +1: D — A, which is
the same as g on C' and the identity on A. Let s : D — C be the finite partial map that is the

identity on C and is not defined on A.
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We have the following inequality

c—2—— A

D

and we have that Us(d):c Y, =Y, for all c € C and
1) Ya=Zou(Xa\Za) = Xa.
(g+1)(d)=a

for all @ € A. This means that ~
(g +1:D — A, (Yd)dED)

is an element of (I'y | (X4)aeca)= and that

(9, Ye)eec) = (9 + 1, (Ya)aen)-

Therefore it follows that (Iy | (X4)aca)= C ({4 I (Xa)aca) is cofinal. Theorem 4.4.5 now says
that (F, (), G, %) satisfies the strictness condition and that for A € [F, (5, G] and x € F,(5)A

Xa(z) = \/{Ggrc(y) | g: C = Ajy € FC; Fg < z}.

Let p be an outer premeasure, then by definition 7z := p5r. For E € o(B) this means,

O

The following proposition now immediately follows from Corollary 4.2.7, giving us a formula
for the joins of premeasures.

Proposition 4.6.10. The poset M_(X,c(B)) has all joins and for (u;); in M—(X,o(B)),

(\/ m) (E) = Sup{Zstgui(En) ) B C E}

el n=1" n=1

for E € o(B).

4.6.3 The operation R, and (—)

The operation Ry : [F,G]* — [Fs, G|} induces an operation

My(X,B) 2% [Fs, G)” 24 [Fy, G725 M< (X, B)
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which turns an order-preserving map p : B — [0, oo] such that 1(f)) = 0 into an outer premeasure.

~ We will denote this operation also by R;, the means that for an order-preserving map p :
B — [0, 00] such that p(f) = 0 we obtain an outer premeasure

Ri(p) == di(Ri(po(p))-
Therefore, for every E € B we have that R;(u)(E) = R;(po(p))1(E).

Proposition 4.6.11. For u € My(X,B) and for E € B, we have that

Riu(E mf{z,u En}

Proof. By the dual of Proposition 4.4.4 it is enough to show that

E inf{zu(En) |EC | En} =: i(E)

is an outer premeasure for every order-preserving u : B — [0, 00| such that u(()) = 0.

Consider pairwise disjoint (E,), in B and let € > 0. For every n > 1, there exists pairwise
disjoint (E™)., in B such that E,, C [¢)>°_, ET and such that

NE)ZZ#(E&)*QL Z EngEn *2%-

Summing over all n > 1 gives us that

S E) = Y wERNE, )—e>,u<UEn>—e.

n>1,m>1

N
18

Taking € — 0 gives us the result.
O

Since (—) is defined as the restriction of R; to inner premeasures, we have the following

corollary.

Corollary 4.6.12. Let 0 € M (X, B) then for E € B,

o(E) = inf{zcr(En) Ec | E}

n=1

Moreover, the poset M_(X, B) has all meets and for (0;); € M1 (X, B),

(/\cri)(E)inf{imfm ) ECU }

i€l n=1 n=1

for every E € B.
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4.7 The Carathéodory extension theorem

In this last section, we will apply the results of extensions of transformations from Section 4.3
and Section 4.5 to the transformations that represent measures and premeasures, as described
in Section 4.6. This will lead to a proof of the Carathéodory extension theorem.

Let (X,B) be a premeasurable space. Let o(B) be the o-algebra generated by B. Let
¥, Fp, Fy() and G as in Section 4.6. For a countable set A, we have an inclusion ¢4 : FgA —
F,(gyA. These define a strict transformation ¢ : Fz — F,(5). Our goal is to prove that we can
extend strict transformations Fz — G along ¢ and that these extensions are proper.

We will show that right extensions of strict transformations always exist, which will imply the
Carathéodory extension theorem. We will refer to this extension as the right Carathéodory ex-
tension. Moreover, this characterizes the right Carathéodory extension by a universal property.
We will also briefly discuss left extensions. However, we will show that the left Carathéodory
extension does not exist in general.

The operation Ran;™ : [F, G]¥ — [Fy(5), G]7* induces an operation

lax

M<(X,B) 25 [Fg, GIP =2 [Fos), GIF 25 M<(X, 0(B)),

which turns an outer premeasure into an outer measure. We will denote this operation also by
Raniax, i.e. for an outer premeasure A\ we obtain an outer measure

laxy . lax
Ran,™ X := ¢;(Ran,** (¢ (A))).
We use similar notational conventions for Kan extensions of premeasures, inner premeasures and

order-preserving set functions that send @ to 0.

4.7.1 The right Carathéodory extension
Lemma 4.7.1. For u € My(X, B), the right extension of u along ¢ exists and for every E € o(B),
(Ran®"p)(E) = inf {u(B) | EC B,B € B}.

Proof. Tt follows by Proposition 4.3.3 that the right extension of y along ¢ exists. Observe that
the following diagram commutes.

]\40()(7 B) & MO(X7 U(BD

o o

[FBa G]E <_—OL [FO'(B)’ G]Z

Hence the right Kan extensions corresponds to the usual right Kan extension of order-preserving
maps. We only need to verify that inf{u(E) | 0 C E, E € B} =0, but this is trivial. O

We will now describe what right extensions of outer premeasures look like.

Proposition 4.7.2. Let A € M<(X,B). The right extension of \ along ¢ exists. If X is a
premeasure, the extension is proper.

Proof. The existence follows from Proposition 4.3.4. Let E € o(B). By Proposition 4.6.11 and
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Lemma 4.7.1 we find that

8

[Ran'™\|(E mf{z (Ran®*" \)( Q ) En,Ep € o( )}
n=1

For B € B, we always have that
[Ran,*A|(B) < A(B).

We will now show that the other inequality also holds in the case that A is a premeasure. For
€ > 0, there exists a collection (E,,), of pairwise disjoint element in o(B) such that B C (¢);, E
and such that

[Ran,™](B) > Y [Ranf*\](E,) - ;.-

n=1
Using Lemma 4.7.1, it follows that for every n > 1, there exists B,, € B such that E, C B,, and

€

[Ranf" \|(En) = A(By) = gy

It follows now that -

[Ran/*\|(B) > >~ A\(B

n=1

In the case that X\ is a measure, then
[Ran'™\|(B) > A(B) -
because B C |J2, B,,. By letting € — 0, we can conclude that
[Ran'™\](B) = \(B).

Because the following diagram commutes, it follows that the extension is proper in the case that
A is a premeasure.

MS (X, U(B))

—OoL

[Fs, Gl «———— [Fos), GIY

Theorem 4.7.3. For p € M<(X,0(B)), we have that

I |s= |5

Proof. Since u < T, we have that p |[g< 1 |z and therefore p |B <7l
Let C € B. If 1 |g(C) = oo, then we have that co = p |p(C) = f(C). Suppose now that
i s (C) is finite. Define the set

Sc:={Ac€o(B)|Ve>03B e B:pu(AAcB) <eand AUB C C}

Here we use the notation AA¢cB := ((C'\ A)N B)U(AN(C\)), i.e. the symmetric difference of
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subsets of C.

If A € Sc and € > 0, then there exists B such that u(AAB) < e. Therefore u((C\A—A¢B) =
p(AAC(C\ B)) < e. We conclude that C'\ A € S4 and therefore S, is closed under relative
complements within C'.

Let € > 0. For Ay, Ay € S¢, there exists By, Bs € B such that u(41A¢B1) < 5 and
/,L(AQAcBQ) < % Since (A]_ @] Ag)Ac(Bl @] Bg) - (AlACBl) @) (AQAcBQ), it follows that

w((A1 U A3)Ac(B1 U By)) < €. Therefore S is closed under finite unions.

Let € > 0 and let (4,,)%°; pairwise disjoint in Sc. For N > 1, there exist (B,)Y_; such that
p(AnAcBy) < 5t for all n € {1,...,N}. These can be refined to 2%V — 1 disjoint (Bn)iifl
elements in B of which 2V — 1 — N are contained in the intersection of two distinct elements of
(Bn)N_. Let By, ..., By be those subsets that are not contained in an intersection of any two

distinct elements of (B, )_,. For distinct ny,ny < N, we find that

(B, N Byy) < p(Bny N Bry N Apy) + (1(Bny 0 Bry, NC\ Ayy)

< (B, NC\ Apy) + (B, NC\ Ayy)
€ €

gN+1 — 9N
It follows that for k € N +1,...,2V~! we have that pu(By) < 5% It follows now that

N N
1(An) <> (u(An N By) + p(AnAcBy))

H

3
Il
—

n=

IA
g
=
o
<
+
[}

By letting N — oo and then letting ¢ — 0, we find for pairwise disjoint (A,)52 in S¢, that

S (An) < B s(C) < 00 (4.1)

It follows that there exists N > 1 such that > \; u(A,) < §. Because

(6430 (0m) < (Qaen)o © .

n=1 n=N+1
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we have that

0o N N 00
n=1 n=1 n=1 n=N+1

We conclude that S¢ is closed under countable disjoint unions. This means that S is a o-algebra
of subset of C' that contains all elements in B that are contained in C. By Proposition 4.6.9 and
(4.1) it follows that (C) < ma(C). O

Theorem 4.7.4. Right extensions along v of strict transformations exist and are proper.

Proof. Theorem 4.7.3 states that u |5 = Ji | for all outer measures p. This shows that Aow = Ao
for all A\ € [FU(B),G]ZE. Because (Fy(p),G, %) satisfy the strictness condition, the result now
follows from Corollary 4.3.8 and Proposition 4.7.2. O

Theorem 4.7.5 (Carathéodory). Let p be a premeasure on a premeasurable space (X, B). There
exists a measure i on (X,0(B)), such that u(B) = p(B) for all B € B.

Proof. Let p be the measure corresponding to the right extension along ¢ of the strict trans-
formation 77 : Fg — G. Since the extension is proper, it follows that p(B) = p(B) for all
BeB. O

4.7.2 The left Carathéodory extension

We start by showing that extensions of Y-natural colax transformations along ¢ are objectwise
and proper. This is an application of Theorem 4.5.2.

Proposition 4.7.6. Let 0 € M>(X,B), then Lan®'“o exists and is proper.

Proof. For s : A — 1 in ¥ that is defined on {ag}. We have that Fgs : FgA — Fgl is defined
by the assignment
(Ea)aeA —> an.

Now define (Fgs). : Fgl — FgA by

Bifa=ag

() otherwise

(Fgs)«(B)q := {

for all B € Fl and a € A.

It is straightforward to verify that (Fgsg,)« is left adjoint to Fgs,, and these left adjoints
satisfy condition (s2) in Theorem 4.5.1.

It follows now from Theorem 4.5.1 that & := Lan®®"¢ exists and is objectwise, i.e.

[Lan®*"0|(E) = sup{c(B) | BC E}.

Since ¢4 is full and faithful for all countable sets A, we know by Lemma 4.3.1 that the extension
is proper.
We will now show that & is an inner measure. Let (E,), be a pairwise disjoint collection in

B and let € > 0. For every n > 1, there exists a B,, € B such that B,, C E,, and such that

€

o(E,) < o(B,) + on-
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Summing over all n > 1, gives us that

> 5(En)—e<> o(By) <o (U Bn> <é.

By letting € — 0, we can see that Lan®"o is an inner measure.
We know by Proposition 4.3.4 that L.Lan®"c = Lan®®*¢. But since Lan®" is already
colax, it follows that [Lan®'**](E) = sup{c(B) | B C E} for all E € ¢(£) and that Lan®*¢ is

proper. L

However, left extensions along ¢ of strict transformations might not exist in general. In other
words, the left Carathéodory extension of a premeasure does not always exist, as can be seen
from the following counterexample, based on Example 4.20 in [64].

Example 4.7.7. Let B be the algebra of subsets of Q, generated by {(a,b]NQ | a,b € Q}. Let
p: B — [0, 00] be the premeasure that takes the value oo for all non-empty subsets in B. Suppose
that this premeasure has a left Carathéodory extension p. Note that since right Caratheodory
extensions exist and are proper, we know by Proposition 4.3.9 that the left Carathédoroy exten-
sion has to be proper. For r > 0, there is a measure u, on Q that is defined by u,({q}) = r for
all ¢ € Q. We clearly have that u,.(B) = p(B) for all B € B. By the universal property of left
extensions it follows that pu < pu,, i.e. for all > 0 and ¢ € Q, we have

n({q}) <.

This implies that g = 0, which is clearly a contradiction.

Remark 4.7.8. It follows from the 7-A theorem (Theorem 1.19 in [40]), that a finite measure
is determined by its values on a generating algebra of subsets. This means that if there exist a
proper extension, it has to be unique. By the Carathéodory extension theorem (Theorem 4.7.5),
we know that such an extension exist.

It follows now that for finite premeasures, if the left Caratheéodory extension exist it is
necessarily proper by Proposition 4.3.9 and therefore it has to be equal to the right extension.
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Chapter 5

A categorical treatment of the
Radon—Nikodym theorem and
martingales

5.1 Introduction

The Radon—Nikodym theorem gives a correspondence between random variables and measures,
two important concepts in probability theory and measure theory. If we fix a probability space
(Q, F,P), then we can look at the random variables on this probability space and the measures
that are absolutely continuous with respect to P. The Radon—Nikodym theorem tells us that
there is a canonical correspondence between these two. The random variable associated to a
measure p that is absolutely continuous with respect to P is called the Radon-Nikodym derivative
with respect to P. The classical proof gives a concrete construction of these Radon—Nikodym
derivatives and relies on the Hahn decomposition theorem, e.g. Theorem 31.B in [31], Theorem
4.2.2 in [11] and Theorem 3.2.2 in [6]. Important applications of this result are the existence of
conditional expectations and the Girsanov theorem in stochastic calculus.

In Section 5.2 of this chapter, we will give a categorical proof for this result. Moreover,
we will not only prove that there is a bijection between random variables and measures, but
also that this bijection is an isometry. We will do this by starting with the trivial case, when
) is finite. We translate this categorically as a natural isomorphism between certain functors.
We will then proceed by Kan extending the trivial, finite version of the result to the general
result. This happens in two parts. The first part (Section 5.2.2) is straightforward and purely
categorical, not relying on any results in measure theory. The second part of the proof (Section
5.2.3) does require some measure theory, in particular it relies on the Riesz—Fischer theorem
(Theorem 5.2.1). Furthermore, the concept of conditional expectation naturally arises from the
Kan extension construction in Section 5.2.3.

In Section 5.3, we will focus on martingales, a special class of stochastic processes. Important
examples of martingales are Brownian motion and unbiased random walks. Furthermore, mar-
tingales have nice convergence properties, which are described by Doob’s martingale convergence
theorem. The proof of this result relies on stopping times, the optional stopping theorem and
several lemmas about upcrossings by stochastic processes. The original proof can be found in
Section XI.14 in [13]. We will give a categorical proof of a weaker version of this result. We
do this by showing that a certain class of functors preserve certain cofiltered limits (Theorem
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5.3.15). By applying this to the functors representing random variables from Section 5.3.3, we
immediately obtain a proof for a weaker martingale convergence theorem. Moreover, if we apply
the same result to the functor representing measures from Section 5.3.3, we find a Kolmogorov
extension-type theorem. In this section we use the results from Section 5.2. However, we first
lift everything to the enriched setting. We consider everything to be enriched over the category
of complete metric spaces. This part is crucial to obtain the main result in this section (Theorem
5.3.15).

In this chapter we will consider every distance function to be an extended pseudometric,
i.e. a function d : X x X — [0,00] on a set X such that for all z,y € X, d(z,x) = 0 and d(z,y) =
d(y,x), satisfying the triangle-inequality. However,we will refer to an extended pseudometric d
as just metric and to the pair (X, d) as just metric space. The category of these metric spaces
with the 1-Lipschitz maps between them is denoted by Met and the full subcategory of complete
metric spaces by CMet.

For a measurable map f : X — Y and a measure p on X, we write z o f~! to mean the
pushforward measure of i along f, i.e. for every measurable subset E of Y,

(no f71) (B) = u(f~(B)).

5.2 The Radon—Nikodym theorem

The Radon—Nikodym theorem is an important result in measure theory and probability theory.
The goal of this section is to give a categorical proof of this result. We will start this section by
recalling the result and explaining its applications in probability theory. We will then discuss the
trivial finite version of the Radon—Nikodym theorem and explain how this translates categorically.
After that, we focus on ‘Kan extending’ the trivial finite result to the general result.

The Radon-Nikodym gives a connection between measures and integrable functions.

Let Q := (9, F,P) be a probability space. We say that two measurable functions f,g :
Q — [0,00) are P-almost surely equal if P(f = g) = 1 and we write f =p g. This defines
an equivalence relation on the set {f € Mble(,[0,00)) | E(f) < oo} of measurable functions
X — [0,00). The set

{f € Mble(2,[0,50)) | E(f) < o}/ =

becomes a metric space, by endowing it with the L'-metric defined by

duwywzfu—gwm

for all f,g € Mble(9, [0,00))/ =p. We will denote this space of random variables by RV (£2). For
a real number r > 0, let RV,.(£2) be the subspace of random variables f such that P(f <r) = 1.

An important result about the space of random variables that we will need later is the Riesz—
Fischer theorem.

Theorem 5.2.1 (Riesz—Fischer). Let 2 := (Q, F,P) be a probability space and let r > 0 be a
real number. The metric spaces RV(Q) and RV,.(2) are complete.

Proof. This is Theorem 2.2 in [58]. O
For a measure p on a measurable space (€2, F), we say that p is absolutely continuous

with respect to P if u(A) = 0 for all measurable subsets A C Q such that P(A) = 0. This is
denoted as p < P. The set of measures on (2, F) that are absolutely continuous with respect to
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P becomes a metric space, by endowing it with the total variation metric defined by

drv (1, v) = |- v]()
— sup {Zumn) — (4| ) An = Q}

for all u, v < P. We denote this space of measures by M(Q2). For a real number r > 0, we write
M,.(Q2) for the subspace of measures pu on (2, F) such that p < rP, i.e. p(A4) < rP(A) for all
AeF.

Remark 5.2.2. Using the Hahn decomposition of the signed measure p — v, we can see that
drv (u,v) = sup{|u(A) — v(A)| + |u(A%) = v(A)| | A € F}.

In the case that u(Q) = v(Q2), we have that dpv(p, v) = 2sup {|u(4) —v(4)| | A € F}.

We have the following well-known result, for which we will give a short proof. A proof can
also be found in Section II1.7.4 in [15].

Proposition 5.2.3. Let Q := (Q, F,P) be a probability space and let r > 0 be a real number.
The metric spaces M(§2) and M,.(Q) are complete.

Proof. Let (un)n be a Cauchy sequence in M(2). Since |p,(A) — pg(A)] < dpv(pp, pig) for all
A € F, it follows that (i, (A)), is a Cauchy sequence in [0, 00). Define a map u : F — [0, 00) by
A lim p,(A).

n— oo

It is clear that pu is finitely additive. Let (A4,)32; be a decreasing sequence of measurable subsets
such that A, | 0.

For € > 0, there is an N such that dpv(up,pe) < § for all p,g > N. Since uy is o-additive,
there is an M such that for m > M, pun(A,,) < §. Therefore, for n > N and m > M, we have

Mn(Am) S MN(Am) + dTV(:UnaﬂN) S €

Taking n — oo, shows that u(A,,) < € and therefore lim,, o 1(A;;) = 0. We conclude that u
is o-additive.

We finish the proof by showing that (u,), converges to u in M(2). Let K > 1 be a natural
number. Then for every countable partition (A)72, and p,g > N,

[0}

Z'Mp (Ax) — Hgq (Ap)] < dTV(Mvaq) 9

Taking p — oo first and then K — oo gives that
ZW (Ak) — pq(Ar) < 5

for every countable partition (Ax)72; and ¢ > N.
By taking the supremum over all countable partitions, we find that

€
drv (i, pg) < 3
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for all ¢ > N. This shows that p, — p in M(€2). O

The space of random variables and the space of measures on {2 are connected in the following
way. For a random variable f € RV(€2), define a measure ¢(f) on (£, F) by the assignment

A /AdeE”.

If P(A) = 0, then ¢(f)(A) = 0 and therefore ¢(f) € M(€2). Moreover for f,g € RV(Q2) and a
measurable partition (A4,)2, of ,

g /AndeP’—/AngdP‘Sg[qn|f—g|dpz/f_g|dp_

Taking the supremum over all such partitions gives that drv(o(f), ¢(9)) < dpi(f,g). Therefore
the map ¢ : RV(Q) — M(€) is 1-Lipschitz.

Theorem 5.2.4 (Radon-Nikodym). The map ¢ is an isomorphism of metric spaces. In partic-
ular, for every measure p such that < P there exists a P-almost surely unique measurable map
f:Q—[0,00) such that for all A € F,

n(A) = /A fap.

The f in Theorem 5.2.4 is called the Radon—Nikodym derivative of u with respect to
P and is denoted as %'

The following example is an application of the Radon-Nikodym theorem in probability the-
ory. The existence of conditional expectation can be proven using this result. The concept of
conditional expectation is important in martingale theory, which we will discuss further in Sec-
tion 5.3. This is a slight generalization from the concept of conditional expectation with respect

to a o-algebra discussed in Section 1.1.2.

Example 5.2.5 (Conditional expectation). Consider two probability spaces € := (4, F1,Py)
and Qs := (Qg, Fo,P2) and let g : 7 — 25 be a measure-preserving map, i.e. Py o g~ = Ps.
For a random variable f € RV(€4), we can define a measure p on Q5 as

um = [ g,

for all B € F,. If Po(B) = 0, then P1(g~!(B)) = 0 and therefore pn € M(22).
By the Radon-Nikodym theorem (Theorem 5.2.4), there exists a unique f € RV(€22) such
that

/ fdP; = u(B) :/ fdP,. (5.1)
g~ 1(B) B

The random variable f is called the conditional expectation of f with respect to g and is
denoted as E[f | g]. Because of the uniqueness in the Radon—Nikodym theorem, equation (5.1)
is the defining property for the random variable E[f | g].

5.2.1 The finite Radon—Nikodym theorem

In the case that we are working with a finite probability space, the Radon—Nikodym theorem
becomes trivial. We will discuss this trivial version in this section and explain how this can be ex-

107



pressed categorically. To do this we will define two functors, one expressing random variables and
one expressing measures. The finite version of the Radon—Nikodym theorem then corresponds
to saying that these functors are isomorphic.

A finite probability space is a probability space whose underlying set A is finite and
whose o-algebra is the whole powerset P(A). We will write (A, p) instead of (4, P(A),p). For
an element a € A, we write p, or p(a) to mean p({a}).

We denote the category of probability spaces and measure-preserving maps by Prob and the
full subcategory of finite probability spaces by Prob;. The inclusion functor Prob; — Prob is
denoted by 1.

We start by defining a functor of measures M/ : Prob ¢t — CMet. This functor sends a finite
probability space (A, p) to M(A, p) and a measure-preserving map s : (A,p) — (B, q) of finite
probability spaces to the 1-Lipschitz map M/ (s) : M(A, p) — M(B, q), which is defined by the
assignment

m— mos L.

Similarly we can define a functor M{f : Proby — CMet for every positive real number 7.

We can also define a functor of random variables RV : Prob + — CMet in the following way.
On objects this functor is defined by sending a finite probability space (A, p) to the metric space
RV(A,p). On morphisms this functor sends a measure-preserving map s : (A4,p) — (B,q) of
finite probability spaces to the 1-Lipschitz map RV7 (s) : RV(A,p) — RV(B, ¢) which is defined
for g € RV(A,p) by

1 if gy # 0
RV/ (5)(9) : (B.q) - [0.00) : b 1> { Low=sPad(a) 10 7
0 otherwise.

The map RV/ (s)(g) does not depend on the representation of g and therefore it is well-defined.
In a similar way we define functors RV : Prob; — CMet for real numbers 7 > 0.
For a finite probability space (A, p), we define the 1-Lipschitz map

(ph)a: RVI(Ap) — MI(4,p)
g = (g(a)pa)a€A~

The finite version of the Radon-Nikodym theorem can now be expressed in the following way.

Proposition 5.2.6 (Finite bounded Radon-Nikodym). The maps ((p{)a)(ap) form a natural
isomorphism pl RVZ — M{.

Proof. Tt is easy to see that (pf) 4 is well-defined and invertible for every finite probability space
(A, p). If follows now by Proposition 4.2 in [46] that this is an isomorphism of metric spaces. It
is straightforward to check the naturality of pf. O

Since RVY and M/ are isomorphic by Proposition 5.2.6, so are their right Kan extensions
along the inclusion 7 : Prob; — Prob.

M/
_
Prob; o CMet
ZZA
rvY -7 7

T -
-
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In the following two sections, we will study the right Kan extensions of these functors. In Section
5.2.2 we will describe what the right Kan extension of the finite measures functor M/ : Prob; —
CMet along i : Proby — Prob looks like and in Section 5.2.3 we will do the same for the finite
random variables functor RV/.

This will lead to a categorical proof for the bounded Radon—Nikodym theorem in Section
5.2.4.

5.2.2 The measures functor M

In this section we will study the right Kan extension of the functor M{ : Prob ¢y — CMet along
the inclusion functor i : Prob; — Prob.

f
Prob; — ", CMet
P

-
-
-
-
-
-

// f
P
L Ran; M.
.
.
.

Prob

We will first describe how Ran;M/ acts on objects in Theorem 5.2.7 and then how it acts on

morphisms in Proposition 5.2.8. It will turn out that this right Kan extension expresses certain

measures on arbitrary probability spaces. This will then motivate the notation M, := Ran;M/.
We will then show that these functors form a diagram Dy:

M, M, M,

In the second part of this section we will describe the colimit of this diagram. The obtained
colimiting functor will express measures and therefore this will motivate the notation M : Prob —
CMet for the colimit of Dyy;.

Theorem 5.2.7. Let Q := (Q, F,P) be a probability space. Then
Ran; M/ (Q) = M,.(Q).

Proof. Let U : €2 | i — Proby be the forgetful functor and let Dg denote the diagram

f
Qi % Prob; 2% CMet.

We will now show that M, () = lim Dgq.
For a measure-preserving map ¢ : & — A, where A := (A, p) is some finite probability space,
define a map p, : M,.(2) — M/(A) by

py(p) == pog™ .
It can be checked that this map is well-defined and 1-Lipschitz. It is also straightforward to
check that the metric space M, (€2) together with the maps (ps); form a cone over the diagram
Dq.
We will now show that this cone is universal. To do that, consider another cone (Y, (gf)¢))
over the diagram Dgq.
Let E be a measurable subset of Q. Let 2 := {0,1} and let pg be the probability measure
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on 2 defined by

The assignment

lifwekFE
w
0 otherwise,

defines a measure-preserving map 1g : Q — (2,pg).
For y € Y, define a map p, : F — [0,00) by

1y (A) = q1, () (1).

since ¢1,,(y) is an element of M/ (2, pg),

1y (E) = q15(y)(1) < rpp(l) = rP(E)
and therefore p,, < rP.

We will now show that u, is a measure. Consider disjoint measurable subsets 1 and Fy of
Q. Let 3 :={0,1,2} and let pg, g, be the probability measure on 3, defined by

pEl,E’g(l) = ]P(El) and PE.,E, (2) = P(EQ)

The assignment
lifwe B,
w— < 2ifwe by
0 otherwise,
defines a measure preserving map 1g, g, : @ — (3,pg, 5,)- Let s : 3 — 2 be the map that fixes

0. The map 3 — 2 that sends 1 to 1 and the other elements to 0 is denoted by s;. The map
s : 3 — 2 is defined in a similar way.

We have the following commutative triangles:

(Q,F,P) (Q,F,P)
1 /1 ‘ \1 1 / \1
A N e N
(27pE2) <T (37pE1,E2) T> (2apE1) (27pE1UE2) S (3’pE1,E2)

Because (Y,(gy)s) is a cone over the diagram Dgq, we also have the following commutative
triangles:

Y Y
Npy Npy, By Npy 9p,UE, g, &,
Mv{c(27pE2) N va(3’pE1,E2) — MI(27pE1) M£(27PE1UE2) M/ (s) MZ(S’thEz)

M/ (s2) M/ (s1)
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Using the above diagrams we find

py(E1UE2) = qip op, (Y1 = Qip, 5, (W)1+@1p, 5, (W)2 = @1, (W1 + 1, (Y)1 = py(E1) + py (E2),

which shows that p, is finitely additive.
Let (E,), be a sequence of measurable subsets of € that decreases to (). Because 0 <
Ly (En) < rP(E,,), also
0< liylin,uy(En) < rliﬁn[P’(En) =0.

We can conclude that g, is an element of M,(£2). The assignment y — pu, defines a map
q:Y — M. (Q). For y1,y2 in Y, we find for every measurable subset A that

gy (A) = p1ys (A)] + [y, (AC) = 11y, (A9 = Jqr, (1) (1) = qra (r2) (D] + a1, (12)(0) — a1, (y2)(0)]
<drv(qi, (Y1), 14 (y2)) < dy (y1,y2).

Taking the supremum over all A € F, shows us that ¢ is 1-Lipschitz. Let (A4,p) be a finite
probability space and let g : £ — (A4, p) be a measure-preserving map. It follows that

Py(1y)(a) = py © g7H(a) = a1 {ayoq) (W)(1) = a4(y) 0 17,4 (1) = ¢4(y)(a)

for all a € A and y € Y. This means that ¢ is a morphism of cones. Furthermore, this morphism
of cones is unique. We can now conclude that M, (2) = Ran; M, (£2). O

We have just described how the functor Ran;M/ behaves on objects. In the following propo-
sition we will study how it acts on morphisms.

Proposition 5.2.8. For a measure-preserving map of probability spaces f : 1 — s,
M, (f)(1) = po f71
for all p € M,.(£21).

Proof. By the universal property of right Kan extensions, we know that M., (f) : M,.(21) —
M,.(€22) is the unique morphism such that

1 2
% t/q

M/ (A, p)

M, (1)

M,.(Q2)

commutes for every measure-preserving map h : Qs — (A, p), where (A, p) is some finite proba-
bility space. Here p}bf and pfc are the projection maps defined in the proof of Theorem 5.2.7. It
is clear that the map M, (€2;) — M, (€22) defined by the assignment u + po f~! satisfies this
property and therefore the claim follows. O

Theorem 5.2.7 and Proposition 5.2.8 tell us that the functor RaniM,f : Prob — CMet
expresses measures. We will therefore use the notation M,. := RaniMf from now on.

Furthermore, note that in the proofs of Theorem 5.2.7 and Proposition 5.2.8 we have not
used any non-trivial measure-theoretic results. The proofs in this section are straightforward
categorical proofs.
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For r < s, there is a natural transformation M/ — M/ and therefore a natural transformation
M, — Mj. This natural transformation is given by the inclusion maps

M, (£2) — M(€2),
for all probability spaces 2. This gives us a diagram
Dy : (0,00) — [Prob, CMet]
of functors and natural transformations

M, M, M,

In the rest of this section, we will study what the colimit of this diagram looks like. The next
proposition tells us how the colimiting functor acts on objects.

Proposition 5.2.9. Let Q be a probability space, then colimDy(Q) = M(€2).
Proof. Consider the subset
S:={peMQ)|Ir>0:u<rP}
It is enough to show that S is dense in M(€2). For p € M(€Q), define
P i= AP,

For every n, let (P,, N,,) be the Hahn decomposition of the signed measure u—nP. It is clear
that (P,), decreases and let P := ()", P,,. We have that

oo

fin(Ny) = inf { > (Em) AnP(En) | +) Em = Nn} = 1(Ny).
m=1

m=1
It follows that for every n > 1
dTV(Muun) = :U’(Q) - ,un(Q) = :U’(Pn) - /ffn(Pn) < ,U/(Pn>
Furthermore, for every n > 1, we have that

oo > pu(P) > lim nP(R,) > lim nP(P).

n—oo n—roo

This is only possible when P(P) = 0. Since p < P, it follows that u(P) = 0. Therefore,
Jim doy(p, pn) = lim p(Py) = p(P) = 0.
Since p, € S for every S and p, — 1 as n — 0o, the claim follows. O

We will now discuss what the colimit of Dy; does on morphisms.

Proposition 5.2.10. Let 1 := (Qq, F1,P1) and Qg := (Qa, Fa,Pa) be probability spaces and
let f: Q1 — Qg be a measure-preserving map. Then (colimDyy)(f) is the 1-Lipschitz map
M(Q1) = M(Q5) defined by

o fo1
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Proof. The map (colimDyy)(f) is the unique map M(Q;) — M(£22) such that the following
diagram commutes for every natural number r > 0

M(Ql) (colimDn) (f) M(Qg)

[ [

MT(Ql) W MT(QQ)
The 1-Lipschitz map M(€2;) — M(€22) : i+ po f~! satisfies this condition and therefore it has
to be equal to (colimDy)(f). O

Proposition 5.2.9 and Proposition 5.2.10 tell us that the functor colim Dy describes measures.
Therefore we will from now on use the notation

M := colimDyy;.

5.2.3 The random variables functor RV

We will start this section by describing what the right Kan extension of the functor RV,f_ :
Prob; — CMet along the functor i : Prob; — Prob looks like.

RVZ
Prob; ———— CMet
1

-
-
-

-
-

-~" Ran;RV/

-

-
-
-

Prob

We will do this by first showing how RaniRVf acts on objects in Theorem 5.2.11 and then how
it acts on morphisms in Proposition 5.2.13. The conclusion will be that this right Kan extension
describes bounded random variables on arbitrary probability spaces. We will therefore introduce
the notation RV, to mean the functor RaniRVf : Prob — CMet.

We will proceed the section by showing that these functors form a diagram Dgy:
.—RV;, —...— RV —— ... —— RV,, —— ...

In the remaining part of the section we will study the colimit of Dgry. We will show that this
colimiting functor describes random variables and we will therefore denote this functor as RV.

Theorem 5.2.11. Let 2 := (Q, F,P) be a probability space. Then
Ran;RV/(Q2) = RV,(Q).

Proof. Let U : Q | i — Proby be the forgetful functor and let Dg denote the diagram

f
Q1i % Prob; 7y CMet.

We will now show that RV, (Q) = lim Dgq.
For a measure-preserving map f : £ — (A, p) where (A4, p) is some finite probability space,
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define a map p; : RV,.(©2) — RVI(A,p) by

& fr s 9P i py # 0
0 otherwise,

pr(9)(a) = {

for every g in RV, () and a in A. It is straightforward to check that the definition of p;
is independent of the choice of representative. It can also be checked that p; is 1-Lipschitz.

Consider a commutative diagram
Q ' (Ap)
N ls
(B,q)

Let g in RV,.(Q) and b in B, we have

[(BVI) opn@) ®] o= > pallpr(9)@)
ac€s—1(b)
/ gdP
a€s—1(b) f=Ha)

= / gdP.
O]

2

It now follows that (RV, (), (pf)) is a cone over the diagram Dg. We will now show that this
cone is universal. To do that, we consider another cone (Y, (¢¢)s) over the diagram Dgq.

For y € Y and measure-preserving map ER (A, p), we define a simple function Q — [0, c0)

as follows:
sy = (lar@)(@)l-1 ().
acA

Consider a commutative diagram

We find for every b € B that

| 4B = 3 larle)re = a0

s(a)=b

It follows that py(s}) = gg(y). Note that € | i is cofiltered and therefore (s}); forms a net
in RV,.(2). Suppose now that (s%); has a limit sV in RV,(£2). Then it is easy to see that
pg(s¥) = qq(y) for all g € Q | i. By the Riesz—Fischer theorem (Theorem 5.2.1) we only need to
show that (s%)s is a Cauchy net.

For this we will use the following two inequalities, which we will prove in Appendix C. For a
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commutative diagram

(B,r)
we have )
E[(sz) 1< E[(si’c)Q] (5.2)
and
0 < dpi(sf,s9)? <E[(sf —s9)%] = E[(s9)?] — E[(sY)°] (5.3)

Now by inequality (5.2) we conclude that (IE [(s?)z} ) ; is a bounded, monotone net and therefore

it converges. Using (5.3) we can now conclude that (s?) 7 is a Cauchy net. The Riesz—Fischer
theorem (Theorem 5.2.1) tells us that the net (s%) s converges to some s¥ in RV,.(€2). This defines
amap Y — RV, (). It can be checked that this is a 1-Lipschitz map. Because py(s¥) = g4(y)
for every g in € | ¢ it follows that this map is in fact a morphism of cones. Finally, it is

straightforward to check that this is the unique morphism of cones. We can now conclude that
RV,.(Q) = Ran,RV{(Q). O

Remark 5.2.12. Note that the net (slyf)f in the proof of Theorem 5.2.11 could be interpreted as
a martingale. The argument we used to show that this net convergences is similar to the proof
of the martingale convergence theorem in [43].

We now know what the right Kan extension RaniRfo does on objects, but not yet how it
acts on morphisms. This is described in the following proposition.

Proposition 5.2.13. Let f : Q1 — Qs be a measure-preserving map of probability spaces. Let
g € RV,.(Q1). Then
RV (f)(9) =E[g | f].

Proof. By the defining property of conditional expectation it is enough to show that
Eq, [91f-1(p)] = Eq,[RV,(f)(9)15].

for all measurable subsets B of £25. Since RV, is defined as RaniRVf , RV..(f) is the unique map
RV,.(X) — RV,.(Y) such that the following diagram commutes for every measure-preserving map
h: Q9 — (A, p), where (A, p) is some finite probability space.

RV.(f)

RV,.(921) RV.,.(£22)

1 2
%) /m

RV/(A,p)

Here p}bf and p?c are the projection maps defined in the proof of Theorem 5.2.11. Let 2 := {0, 1}
and let ¢ be the probability measure on 2 defined by ¢; := Py (B). Consider the measure-
preserving map

h: Qs — (2,9)
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defined by the assignment

0 otherwise.

h(w) i {1ifw€B

We now find

Eq,[915-1(5)] = a1lphs(9)1(1) = a1[ph RV, ()(9)](1) = Ea,[RV.(f)(9)15]-

This proves the claim.
O

For positive real numbers r < s, there is a natural transformation RV/ — RV and therefore
a natural transformation RV, — RV,. This natural transformation is given by the inclusion
maps
RV.(2) — RV,(©2),

for all probability spaces €. This gives a diagram Dgry : (0,00) — [Prob, CMet] of functors
and natural transformations

RV, RVy RV,

In the rest of this section, we will describe what the colimit of this diagram looks like. We
will describe the colimiting functor’s behaviour on objects and morphisms in the following two
propositions.

Proposition 5.2.14. Let Q be a probability space. Then (colimDgry)(2) = RV(Q2).
Proof. Consider the subset

S:={feRV(Q)|Ir>0:P(f <r)=1}
We will show that S is dense in RV(2). For f € RV(2), define

fni=fAn.

Clearly, f, € S and by the Monotone Convergence Theorem, we have that f, — f in RV(€2).
It follows now that for any complete metric space Y and 1-Lipschitz map f : S — Y, there

is a unique 1-Lipschitz map f : RV(2) — Y. From this it follows that colim(Dgry(§2)) = RV(£2)

and thus (colimDgy)(Q2) = RV(€2). O

We will end this section by showing how colimDgy acts on morphisms.

Proposition 5.2.15. Let Q1 := (Q1, F1,P1) and Qg := (Qa, Fa,Pa) be probability spaces and
let g : @ — Qo be a measure-preserving map. Then (colimDgy)(g) is the 1-Lipschitz map
RV(€Q21) — RV(Qs) defined by

f=Elf gl

Proof. The map (colimDgy)(g) is the unique map RV(£2;) — RV(Q3) such that the following
diagram commutes for every natural number r > 0:

RV(€,) PG gy

[ I

RVT(Ql) W R,VT(Ql)
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From Proposition 5.2.13 it follows that the 1-Lipschitz map RV(Q1) — RV(Qs) : f — E[f | ¢]
satisfies this condition and therefore it has to be equal to (colimDgry)(g). O

Proposition 5.2.14 and Proposition 5.2.15 tell us that the functor colim Dry describes random
variables. Therefore we will from now on use the notation

RV := colimDgy .

5.2.4 The Radon—Nikodym theorem

We will now conclude Section 5.2 by giving a categorical proof of the Radon-Nikodym theorem.
We will first look at a weaker bounded version (Theorem 5.2.17) and then extend this to the
general version (Theorem 5.2.19). In Proposition 5.2.16 and Proposition 5.2.18, we give the
concrete construction of the correspondence between random variables and measures that we
obtain from the categorical proofs.

For the weaker bounded version of the Radon—Nikodym theorem, we will use the functors
M, and RV, as defined in Section 5.2.2 and Section 5.2.3.

Recall that we have a natural transformation pJ : RV{ — M/. This induces a natural trans-
formation Ranip{f : RaniRfo — Ranil\/lic . This is a natural transformation RV, — M,., which
we will denote by p,. In the following proposition, we will describe this natural transformation.

Proposition 5.2.16. Let 2 be a probability space. For g € RV,.(Q) and B a measurable subset
of Q, then (p,)q is the map RV, () — M,.(Q2) defined by the assignment

g»—>/ gdP.
(=)

Proof. Since p, is defined as Ran,pf, the map (p,)q is the unique map RV,.(2) — M,.(£2) such
that the following diagram commutes for every measure-preserving map h : @ — (A, p), where
(A, p) is some finite probability space.

RV,.(2) — (p)2 — M,.(€)

RV
Ph l J/plk\:[

RV/(A,p) — (o), — MI(A,p)

Here pﬁv and p% are the projection maps defined in the proofs of Theorem 5.2.7 and Theorem
5.2.11.

Let 2 := {0,1} and let p be the probability measure on 2 defined by p; := P(B). We have a
measure preserving map

h:Q— (2,p)

hz) :_{1ifx€B

defined by the assignment

0 otherwise.

The commutative diagram for this measure preserving map gives us

[(pr)e(9)](B) = [i' © (pr)a(9)ls = [(p])2 0 pi" (9))r = ElgLly-1(1)] = Elgls],

for all g € RV,(Q) and B € F. 0
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Because p/ is an isomorphism, so is p,.. This gives us the bounded Radon-Nikodym theorem.

Theorem 5.2.17 (Bounded Radon—Nikodym). The natural transformation p, : RV, — M,. is
an isomorphism.

f
Proof. By Proposition 5.2.6, we know that RVf L, M/ is an isomorphism. Using Theorem 5.2.7
and Theorem 5.2.11 and the fact that the Kan extension is functorial, we conclude that

Rar1~pf
RV, —= M,
is a natural isomorphism.

M/
Prob;, o~ CMet

\i RV/ Mj\
N

Prob

O

The natural transformations p, : RV,, — M,. for every r > 0, induce a morphism of diagrams
p : Dry — Dy Therefore we obtain a natural transformation colimp : colimDgy — colimDyy.
This is a natural transformation RV — M, which we will denote by p. The following proposition
describes this natural transformation.

Proposition 5.2.18. Let Q be a probability space, then pq is the map RV(Q2) — M(Q) defined
by the assignment
f »—>/ fdP.
)

Proof. The map pgq is the unique map that makes the following diagram commute for every
r > 0.
RV(Q) —22 5 M(Q)

ir,nT Tjr,ﬂ

RV, () —72 M (@)

Where i, o and j, o are the inclusion maps. We have that for all » > 0,

/(  ina )= jrapr()

for all f € RV,(£2). The claim now follows. O
We are now ready to complete the categorical proof for the Radon—Nikodym theorem.

Theorem 5.2.19 (Radon-Nikodym). The natural transformation p : RV — M is an isomor-
phism.

Proof. Because p,. : RV,, — M,. is an isomorphism for every r > 0, so is p : Dgry — Dy. We find
that p := colimp : RV — M is a natural isomorphism.
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Z

1 RV, —— -+« —— RV

E<r-
E<r-
Z<mr—

5.3 The martingale convergence theorem

In this section we will focus on a special class of stochastic processes, namely martingales. These
stochastic processes have nice convergence properties, of which we will prove one categorically
later in this section. Important examples of martingales are Brownian motion and unbiased
random walks.

Let Q := (2, F,P) be a probability space and let I be a directed poset. A filtration is an
indexed collection (F;);er of o-subalgebras of F such that F; C F; for ¢ < j and such that

o <L6J1f> = F.

We say that (2, F, (Fi),c; ,P) is a filtered probability space. The probability space (22, F;, P |,
) is denoted by ;. For ¢ < j in I, there is a measure-preserving map f;; : ©; — Q; and for
every i € I there is a measure-preserving map f; : £ — €2;.

An indexed collection (X;);er of random variables such that X; € RV(;) is called a mar-
tingale if

E[X; | fi;] = Xi

forall: < jin I.

Martingales often have nice convergence properties. We will categorically prove a weaker
version of the following martingale convergence theorems in Section 5.3.4. The proofs can be
found in Section XI.14 in[13].

Theorem 5.3.1 (Doob’s L' martingale convergence theorem). Let (X,)5%; be a martingale
such that
lim supE[X,1ix, 5] =0,

A—00 p

then (X,)n converges to a random variable X in L'-norm and for all n > 1,
E[X | fu] = Xn.

Theorem 5.3.2 (Doob’s LP martingale convergence theorem). Let p > 1 and let (X,,)22, be a
martingale such that
sup E[X?] < oo,

then (X,,)n converges to a random variable X in LP-norm and for allm > 1,

To give a categorical proof, the setting from Section 5.2 does not quite work. We need to
change everything from Section 5.2 to the enriched setting. We will enrich everything over the
closed monoidal category CMet, which we will discuss in Section 5.3.1. We then show in Section
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5.3.2 and Section 5.3.3 that the results from Section 5.2 still work when everything is enriched
over CMet. We then conclude Section 5.3 by giving a categorical proof for a weaker version of
the martingale convergence theorems in Section 5.3.4.

5.3.1 The closed monoidal category CMet

In this section we will give an overview of well-known results about metric spaces. For complete-
ness, we give proofs for all the results.

Let ¢ : CMet — Met be the inclusion functor of the full subcategory of complete metric
spaces in the category of metric spaces.

Proposition 5.3.3. The category CMet is complete and i : CMet — Met preserves these
limits.

Proof. For a collection of complete metric spaces (X;,d;)icr let X := [[,.; X; and define d :
X x X — [0,00] by

icl
d((zi)i, (yi)i) == sup di(zi, ys)-
icl
It is clear that d defines a metric' and that the projection maps m; : X — X; are 1-Lipschitz.
Let (™), be a Cauchy sequence in (X,d). Clearly, (), is a Cauchy sequence in (X;, d;) for all

i
i € I. Tt follows that (zI),, converges to an element z; in (X;,d;). Denote x := (z;);. For e > 0,
there exists an N > 1 such that for ny,no > N,

d((@i")i, (27%)i) < e

3 3

For i € I, there exists M; > N such that dl(:rfw’,xz) < e. It follows now that

di(xN x;) < dl(a:fv,xfw) + di(xf\/[i,xi) < 2¢.

7
Since N does not depend on i, we can take the supremum over all ¢+ € I and conclude that
d(zN, z) < 2e.

Therefore, (™), converges to = in (X,d) and thus it is a complete metric space. The complete
metric space (X, d) is the product of (X;, d;)ser-
For morphisms f,g: (X,dx) — (Y,dy) in CMet. Let

E={reX|f(z)=g(x)}

and let dg be the restriction of dx to F x E. This forms a metric space (E,dg). For a Cauchy
sequence (e,), in (E,dg) we know that (e, ), converges to some z in (X,dx). Because f and g
are 1-Lipschitz, we see that

f(z) =Tim f(en) = lim g(en) = g(x).

Therefore, x € E and (F,d) is complete. The complete metric space (F,d) is the equalizer of f
and g in CMet.
It is clear that ¢ : CMet — Met preserves these limits. O

IRecall that all our metrics are really extended pseudometrics. Here, d can take the value co even when d; is
finite for every ¢ in I.
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Proposition 5.3.4 (Completion). The inclusion i : CMet — Met has a left adjoint.

Proof. The completion functor (—) : Met — CMet that sends a metric space (X,d) to its
completion (X, d) is left adjoint to the inclusion functor i : CMet — Met. O

Proposition 5.3.4 tells us that CMet is a reflective subcategory of Met. We will use this in
the following result about colimits in Met and CMet.

Proposition 5.3.5. The categories CMet and Met are cocomplete.

Proof. For a collection of metric spaces (X;,d;)icr, let X :=[],.; X; and define d : X x X —

[0, OO] by

iel

d(z,y) = di(z,y) if v,y € X;
Y= oo otherwise.

Then (X,d) forms a metric spaces and the inclusion maps ¢; : X; — X are 1-Lipschitz maps.
The metric space (X, d) is the coproduct of (X;,d;);.

For morphisms f,g : (X,dx) — (Y,dy) in Met, let ~ be the smallest equivalence relation
such that y; ~ yo if there exist an # € X such that f(z) = y1 and g(z) = y2. Denote F :=Y/ ~.
Define a map d : F' x F — [0,00] by

n
d(y1,y2) = inf{>_ dy (zk, 21) | y1 ~ 21,y2 ~ 20 and 2 ~ g1}
k=1

This map is well-defined and is a metric. The quotient map Y — F' is 1-Lipschitz and it is easy
to verify that F' is the coequalizer of f and g in Met.

By Proposition 5.3.4, CMet is reflective in Met; and therefore it is cocomplete. Colimits in
CMet are constructed by reflecting colimits in Met. O

For (complete) metric spaces (X1,d;) and (Xa,ds) let (X1,d;) ® (Xa,ds) be the (complete)
metric space formed by the set X; x X5 with the metric

d((71,72), (y1,y2)) = di(21,y1) + d(v2,92).

For 1-Lipschitz maps f1 : (X1,dx,) = (Y1,dy,) and fy : (Xo,dx,) — (Ya,dy,), there is a
1-Lipschitz map

fl ®f2 : (XlaXm) ® (X27dX2) - (Yladyl) ®d(Y23dY2)

defined by
(1, 22) = (fi(z1), f(22)).

This obtained functor ® : CMet x CMet — CMet together with the metric space 1 consisting
of one element form a symmetric monoidal structure on CMet.

For metric spaces (X,dx) and (Y,dy), let [(X,dx),(Y,dy)] be the set of 1-Lipschitz maps
(X,dx) — (Y,dy) together with the metric defined by

d(f,g) := sup{dy (f(x), g(x)) |z € X}.

Proposition 5.3.6. If (Y,dy) is complete, then so is [(X,dx), (Y, dy)].

Proof. Let (fn)n be a Cauchy sequence in [(X,dx), (Y,dy)], then it is clear that (f,(z)), is a
Cauchy sequence for every x. Therefore (f,(z)), converges to an element f, € Y.
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Define a map f: X — Y by sending x to f,. Consider x; and x in X and let € > 0. There
exists an n > 1 such that

dy (f(21), f(22)) < dy (fars fu(21)) + dy (fa(21), fr(22)) + dy (fr(22), f2,)
S dy(fn($1),fn(l’2) +e€ S dX(xl,xQ) + €.

Taking € — 0 shows that f is 1-Lipschitz.
For € > 0, there is an N > 1 such that for ny,ny > N,

d(fnl?f’ﬂ2) S €.

Let n > N. For x € X, there exists M, > n such that dy (fs, far, () < € and therefore

dy (fe, () < dy (fo, frr, (2) + dy (far, (), fu (7)) < 2€.

Since n is independent from x, we can conclude that d(f, f,) < 2¢ for all n > N, which means
that (fy,)n converges to f in [(X,dx), (Y, dy)]. O

Proposition 5.3.7. The monoidal category CMet is closed.

Proof. Let (X,dx),(Y,dy) and (Z,dz) be complete metric spaces. It is easy to verify that there
is a natural bijection
CMet(X ®Y,7) =2 CMet(X,[Y, Z]).

Proposition 5.3.8. For metric spaces X andY, X QY 2 X ®Y
Proof. Let Z be a complete metric space. We have the following natural bijections:

XY —>Z7
XS
X =Y, Z]
XY -2
Y — [X, Z]
Y — [X,Z]
XY =2

Here we used that by Proposition 5.3.6, [Y, Z] and [X, Z] are complete, since Z is. Since Z was
chosen arbitrarily, the claim now follows. O

Proposition 5.3.7 says that CMet is a closed monoidal category. In what follows we will
look at categories that are enriched over this closed monoidal category. The 2-category of
CMet-enriched categories, enriched functors and enriched natural transformations is denoted as
CMet-Cat.

The forgetful functor U : CMet — Set induces a 2-functor U, : CMet-Cat — Cat.
Therefore, for CMet-enriched categories C and D, there is a functor

CMet-Cat|C, D] — Cat[U.C, U, D).

The following lemmas will be used later to lift the results from Section 5.2 to the enriched setting.
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Lemma 5.3.9. For a CMet-enriched categories C, the functor
CMet—Cat[C, CMet] — Cat[U.C, U,CMet]
1s full and faithful.

Proof. Let F' and G be enriched functors C — CMet. There is a one-to-one correspondence
between 1-Lipschitz maps Fc¢ — Gec and 1 — [Fe,Gc| for all objects ¢ in C. It follows now
that every natural transformation U,F — U,G can be uniquely lifted to an enriched natural
transformation F' — G. O

The following corollary states that if the non-enriched right Kan extension of enriched functors
is an enriched functor, then it is also the enriched right Kan extension.

Corollary 5.3.10. Let C,D be CMet-enriched categories. Let F': C — CMet, G : C — D and
H : D — CMet be enriched functors and let € : U.H o U,G — U, F be a (non-enriched) natural
transformation such that

v.c —YF . U,.CMet

€
U.G

U.D

€ exhibits U, H as the right Kan extension of U, F along U,G, then there exists a unique enriched
natural transformation € : HG — F such that U.€ = € and € exhibits H as the right Kan extension
of F along G.

5.3.2 Prob is enriched over CMet

Let Q4 := (24, F1,P1) and Qg := (Qq, F2,P3) be probability spaces and s > 1. Let prob®[Q, ]
be the set of measurable maps 1 — Q9 such that P; o f~! < sP, in the case that s > 1 and
the set of measure-preserving maps in the case that s = 1. For fi, fa € prob[Qy, Qs], define

da, 0, (f1, f2) := 2sup{P(f; "(A)Af;*(A)) | A measurable subset of }.

This turns prob®[Q, Q5] into a metric space.

For probability spaces £2; and € let Prob;[€21, Q2] be the metric space we obtain by scaling
the metric of prob®[€2;, Q2] by a factor » > 0. Moreover, let Prob;[€2;, Q2] be the completion
of PI‘Obi[Ql, Ql}

For now, we will focus on the case that s = 1 and we will omit the index s in this case. This
means that Prob,[€2;, Q] consists of the measure-preserving maps. Later, in Corollary 5.3.14
we will have to use the case that s > 1.

Note that the limit of the diagram

PI‘Obl[Ql,QQ} — Probr[ﬂl,ﬂg] — ...
is the discrete pseudometric space of measure-preserving maps f : 21 — Qs.
Consider probability spaces €1,€2, and €23. Sending a pair of measure-preserving maps

f:Q2 = Qo and g: Qo — N3, to go f: Q1 — N3, defines a 1-Lipschitz map

— o — : prob[Q2;, Q2] ® prob[Qs, 23] — prob[Qy, Q]
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Indeed, this follows from the fact that

2P1 ((91£1) " (A)A(g2£2) " (A)) < 2Py ((91.f1)  (A)A(gaf1) " (A)) + 2P1 ((g2f1) (A A(gafa) ™"

= 2Py (g7 (A)Agy H(A)) + 2P1 (f1 (g5 (A)) Afy g5 H(A)))
< dﬂz,ﬂs (91792) + dﬂl,QFz (.f17 fQ)

for all measurable subsets of €23. Using Proposition 5.3.8, this induces a 1-Lipschitz map
PI‘Obr[Qh QQ] ® PI‘Obr [QQ, Qg] — PI'Obr [Ql, 93}

The above describes a category enriched over CMet, whose objects are probability spaces and
whose hom-objects are given by Prob,[Q1, 2] for probability spaces €7 and Q3. We denote
this category by Prob,.. The subcategory of finite probability spaces is denoted as Prob{ and
clearly there is an enriched inclusion functor i, : Probf — Prob,. Furthermore, note that
U.Prob., is the (non-enriched) category Prob for all > 0.

5.3.3 The enriched functors M, and RV,

In this section we will show that everything proved in Section 5.2 still works in the enriched
context.

The (non-enriched) functor M, : Prob — CMet from Section 5.3 induces a CMet-enriched
functor Prob, — CMet. Indeed, the assignment f — M,.(f), induces a 1-Lipschitz map

pI‘ObT [917 QQ] — [MT(91)7 MT(QQ)]

To see this, consider two measure-preserving maps fi, fo : @1 — Q. For g € M,(Q4) and a
measurable subset A of €29, we find that

M (f1) (1) (A) = Me(f2) () (A)] = |u(f1 (A)) = p(f3 (A)))]

‘/ Sy T L du

<u(fFHAALLH(A)
<rPi(fi H(A)AfH(A))

Therefore, we have that

ML (f1) (1) (A) = M (f2) (1) (A)] 4+ M (F1) (1) (AT) = M (f2) (1) (A9)] < rda, . (f1, f2)-

Taking the supremum over all measurable subsets A of €25, gives us that

dt, (22) M (1) (1), Mir(f2) (1)) < 72y 2, (1, f2)-

Finally, by taking the supremum of over all ;1 € M,.(2), we see that the assignment f +— M, (f)
defines a 1-Lipschitz map. This gives a 1-Lipschitz map Prob,[2;, Q2] — [M,.(91), M, (22)].
The obtained enriched functor Prob, — CMet is also denoted by M,..

The restriction to finite probability spaces is denoted by My and is an enriched functor since
it is the composite of the enriched functors M,. : Prob,, — CMet and i, : Prob{f — Prob,.
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Proposition 5.3.11. The commutative triangle of enriched functors

s
Prob/ % CMet

Prob,

exhibits M, as the right Kan extension of Mf along i,.

Proof. This follows from Theorem 5.2.7 together with Corollary 5.3.10. U

The (non-enriched) functor RV, : Prob — CMet from Section 5.2 induces a CMet-enriched
functor Prob, — CMet. Indeed, the assignment f +— RV,.(f) induces a 1-Lipschitz map

prob(21, Q2) — [RV,.(21), RV, ()]

To see this, consider two measure-preserving maps fi, fa : 3 — Qa. For X € RV,.(Q1), consider
the measurable subset A* := {E[X | fi1] > E[X | f2]} and let A~ be its complement.? We now
find that

X yrany = Lprran) H sy = Lrao))l

< B pan = Lran T+ B i) = s )
= r(P(f{H(AN)ALHAD) P HA)ASHAT))
<rda, o,(f1, f2)

By taking the supremum over all X € RV,.(£2;), we see that the assignment f — RV,.(f) de-
fines a 1-Lipschitz maps. This induces a 1-Lipschitz map Prob, [, 2] — [RV,.(€21, RV, (22)].
The enriched functor Prob,, — CMet that we obtain will also be denoted by RV,..

The restriction to finite probability spaces is also denoted by RVI and is an enriched functor

since it is the composite of the enriched functors RV, : Prob, — CMet and i, : Probf —
Prob,.

Proposition 5.3.12. The commutative triangle of enriched functors

f
Prob/ — ", CMet

Prob,

ezhibits RV, as the right Kan extension of Rfo along .

Proof. This follows from Theorem 5.2.11 together with Corollary 5.3.10. O

2The subset AT should actually be defined as {g1 > g2} for some measurable maps g; : Q2 — [0,7] and
g2 : Q2 — [0, 7] representing E[X | f1] and E[X | f2] respectively. However, everything that follows is independent
from the choice of g1 and g2 and therefore we just write {E[X | fi] > E[X | f2]}.
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5.3.4 The martingale convergence theorem

Let (€2, (Fi);cr»F,P) be a filtered probability space. For i € I, we write €; for (2, 73, P | ;) and
Q for (Q,F,P). For ¢ < j in I there is a measure-preserving map f;; : ; — Q, and for i € I
there is a measure-preserving map f; : £ — ;. This induces a diagram Dg in the underlying
category of Prob,. of which €2 is the conical limit.

In the case where I = N, we have the following diagram.

Q1 QQ Qg NN Q

Lemma 5.3.13. Let (2, (Fi);c;,F,P) be a filtered probability space. Then for E € F, there
exists a sequence (Ey), in ;e Fi such that

P(EAE,) — 0.

Proof. Note that | J,.; F; is closed under complements and finite intersections and unions, be-
cause [ is directed. The claim now immediately follows from Theorem D in Section 13 in [31]. O

Corollary 5.3.14. Let A be a finite probability space and let s > 1. The enriched functor
Prob;(—, A) : Prob, — CMet°® preserves the limit of Dg.

Proof. We will first show that

|J Prob; (€2, A) C Probi (€2, A)
i€l

is a dense subset. Let f : £ — A be a map such that Po f~! < sp, then there exists an 0 < r < s
such that Po f=! < (s — r)p. We can assume without loss of generality that A = {1,2,...,n}
and that p; > 0 for 1 < i < m and p; = 0 for m < i < n. Let pyin := min{p1,...,pm}. For
0 < € < %Pmin, it follows from Proposition 5.3.13 that there exists an ¢ € I and (Ey)7_, in F;
such that . X .

iil:;P(EkAf (k) < R

Now define the following subsets in X;:

F1 = E1
F2 = EQ \F1

mel = Lm—1 \Fm72

oo ()

k=1
Fm+1 =10

i
=

These define a map f; : ©; — A such that f~1(k) = F}, for every 1 < k < n. We also have
that
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o P(FIAfH1)) < oz < 5.,

e For2<i<m-1:

P(ERAf~HK) S P(ERAFTH(K)) +P(Fy 0 f7H(K))

<B(BLAS T R) + BB A (k=) <275 <

o B(FLAF ) = P (WIS AU £ (0) < 75 PIRAS () < (2m—3)15 <

€

2n

e Form <k <n: P(F,Af~Y(k)) =P(f1(k)) =0.
It follows that for every 1 < k < n, that

Po fi (k) = P(Fi) SPo f} (k) +¢ < (s = r)pk + 5px < spi

It follows that f; € Prob[Q, A]. We also see that

da,a(fi, f) <e.

It follows J;; Prob; (€2, A) is dense in Prob;(£2, A) and therefore it is dense in Prob; (€2, A).
From this we can conclude that

| Prob;(2:,A) C Prob;(,A)
i€l

is a dense subset, which completes the proof. O
Theorem 5.3.15. The functor RV, : Prob, — CMet preserves the limit of Do : I — Prob.

Proof. Since RV, is the right Kan extension of RV,. o4, along 4., it can be represented as a
weighted limit, as explained in Section 4.1 in [37].

RV, (Q2) = {Prob,(2,i.—),RV, 04, }.
Let 1 < s. We will first show that there is a map
RV,.(Q) — {Prob%(Q,i,—),RV/ 1.

Let Y be a complete metric space and let f: Y — RV,.(f2) be a 1-Lipschitz map. We will now
define a natural transformation

Prob:(Q,i,—) — CMet[Y,RVZ (-)].
Let A := (A, p) be a finite probability space and define a map

¢ : Prob; (2, A) — CMet[Y,RV/, (A)]
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by defining ¢4 (9)(y) € RV (A) by the assignment

ar— P% fg_l(a) fly)dP  ifp, #0
0 otherwise.

for every y € Y and g € Prob?(Q, A). Since f < r almost surely and Pog~1(a) < sp,, it follows
that this map is well-defined. Furthermore, since f is 1-Lipschitz, so is ¢ (g).

By the same argument that was used to prove that RV, is an enriched functor in Section
5.3.3, it follows that A itself is 1-Lipschitz.

To prove naturality in A, consider a measure-preserving map s : A — B between finite
probability spaces A := (A, p) and B := (B, q).

Since ) )
Ly / fy)dp = L F(y)d
® &)o@ B J(s9)~1 (@)

for every b € B, we conclude that (pa)a forms a natural transformation. This leads to a
1-Lipschitz map

CMet(Y,RV,(Q)) — [Prob/, CMet](Prob?(Q2,i,—), CMet(Y,RV{ (-)))
— CMet(Y, {Probi(u i), RV{T}).

This induces a map ¥, : RV,(2) — {Probf.(ﬂ,ir—), RV/ } which is natural in 2. This leads

ST

to to following morphisms:
lim RV, (R2;) — lim{Prob(Q;,i,—), RV/,
J J

= {colim,;Prob:(Q;,i,—),RV{ }
= {Prob%(Q,i,—),RV/,
— {Prob,(Q,i,—),RV/ } = RV,,.(Q).

Here we used Corollary 5.3.14 for the second equality. Taking the limit for s — 1, we obtain a
map

¢ : imRV,(£2;) — RV,.(€).
J

For a finite probability space A, we have the outer diagram commutes.

RV.,.(Q)
!

lim; RV,.(£2;) s RV, (£2)

| |

[colim;Proby, (2;, A), RV, (2)] ——— [Prob,, (22, A),RV,,(92)]

Hence the top triangle commutes, by the universal property of RV, () as a weighted limit.
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Moreover, for every j € I, we see that the following diagram commutes.

lim; RV,.(R) " RV, ()
S Rvsr(f,;)/

~ K
RV, (2;)

Therefore, the map
lim RV, (€,) 25 RV, () — lim RV,,,.(€2;)
J J

is the inclusion map. By taking limit for s — 1 in both cases, we can conclude that the canonical
map RV, (£2) — lim; RV(€Q;) is an isomorphism. O

By the previous theorem, the functor RV, preserves the limit of Dg. The limit of RV, Dgq
can be constructed in the usual way we construct cofiltered limits in CMet.
The underlying set of the limit of RV, Dq is given by

{(Xi)iel € HRVT(Q’L) | RV,.(fi;)(X;) = X, for all i < j}

i€l
which is equal to
{(Xi)iel e [IRV-() | E[X; | fij] = Xz}~
iel
This means that the underlying set of lim RV, Dgq is precisely the collection of martingales,

uniformly bounded by r, on the filtered probability space (€2, (F;) F,P). Theorem 5.3.15
now says that the map

iel >
RV.(Q2) — lizm RV.(Q2;)
defined by the assignment
= RV (fi)(X))ier = (BIX | fil)ies

is an isomorphism. In other words, for every martingale (X;); there is a P-almost surely unique
random variable X € RV,.(Q2) such that

EX | fi] = X;.
This proves, categorically, the following weaker martingale convergence theorem.
Theorem 5.3.16. Let (X;);er be a martingale such that for alli € I,

P(X; <r)=1.
Then there exists a unique X € RV () such that for alli € I,

E[X | fi] = X;.

Theorem 5.3.15 also implies that the functor M, preserves the limit of Dgq. Also for this
functor we can construct the cofiltered limit lim M, Dg in the usual way; its underlying set is
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given by
{(Mz‘)iel € HMT‘(Qi) | M (fi)(pj) = p; for all i < j}
iel
which is equal to
{(.Ui)iel € HMT(Qi) | i |7= p; for all i < j}
iel

Theorem 5.3.15 says that the map
M, (€2) — lim M, (£2,)
3

defined by the assignment
o= (My(fi) (1))ier = (1

is an isomorphism. Therefore, for every family (u;);cs of measures, where p; € M,.(€2;) such that
for all ¢ < j,

fi)iel

i |7,= g
there exists a unique p € M,.(£2) such that

Wl 7= i
This gives a categorical proof for the following version of the Kolmogorov extension theorem.

Theorem 5.3.17. Consider a family (p;)icr such that p; is a measure on ; and p; < rP.
Suppose that for all i < j,

Wi | 7= wi.

Then there exists a unique measure p on 2 with p < rP such that for alli € I,

Wl 7= i

Remark 5.3.18. Theorem 5.3.15 implies an even stronger result than Theorem 5.3.16 and
5.3.17. Tt not only says that for every martingale (X;); there exists a random variable X such
that E[X | f;] = X;, but it says that this happens in an isometric way. In other words,
sup; d(X;,Y;) = d(X,Y) for martingales (X;); and (Y;); and their corresponding limiting random
variables X and Y. In a similar way, we have that the Kolmogorov extension from Theorem
5.3.17 is isometric too.

Furthermore, for a consistent family of measures (u;); and its limiting measure p such as in

Theorem 5.3.16, the collection of Radon—Nikodym derivates (}i‘fpf form a martingale and the

limiting random variable of this martingale is the Radoanikodymlderivative of u with respect
to PP.

Remark 5.3.19. An alternative approach we could have taken is to define the category Prob
as the category of probability spaces and equivalence classes of almost surely equal measure-
preserving maps. Using this approach, we would not have to deal with the pseudometric spaces.
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Appendix A

Integral representation theorems

A.1 Carathéodory extension theorem
Let X be a set.

Definition A.1.1. A family S of subsets of X is called a semi-ring if it contains @) and is 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.

Theorem A.1.2 (Carathéodory). Let p: S — [0,00) be a map such that P(()) = 0. Suppose
that for every collections (An)nen of pairwise disjoint elements in S such that their union A is
also in S we have pu(A) = > cni(An). Then p extends uniquely to a o-finite measure p on

(X,0(5))-

A proof of this result can be found in [14] (Proposition 3.2.4).

A.2 Integration lattices

Let X be a set and let f and g be real-valued functions on X. We use the notation f Vg (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 for all f,g € L and r € [0,00) also f Ag,fVg,rf and
fVg—fAg are elements of L.

A map I: L — [0,00) is called an integration operator if I(1) = 1 and for every collection
(fn)n in L such that f:=3 _\ fn is also in L we have I(f) = >, nI(fn)-

Lemma A.2.1. 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:

(%) =mi (if) = <1f> = 21p).



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
rf=aqf+> ,en(@nt1 — @) f and therefore we have that

Irf) =L@ f) + > 1@ — @) f) =@ + Y _(ans1 — @) I(f) = r1(f).

neN neN

O

Remark A.2.2. Lemma A.2.1 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 [39] closely.

Theorem A.2.3. Let I be an integration operator on an integration lattice L. There exists a
unique probability measure P on (X,0(L)) such that

forall f € L.

Proof. For f,g € L such that f < g define

[f:9) = {(,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 < g1 and f3 < g5 in L we have:

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

and
f1,90) \ [f2,92) = [f1,91 A f2) Uf1 V g2, 91)-

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 p : S — [0,00) by
u(lf9)) == 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(@) = u([f, f)) = I(0) = 0. For a collection ([fy,gn))nen of pairwise
disjoint subsets in S such that |, cy[fn, 9n) = [f, g) for some f < g in L we can show that

9—F= (90— fn)-

neN

It follows that

w(£,9) =g = 1) =D Ign = fu) = D 1([fn: 9n))-

neN neN

It follows now from Theorem A.1.2 that p can be extended uniquely to a o-finite measure p on
(X x [0,00),0(9)).
We will now show that o(L) ® Boj,) € o(S). For f € L and r € [0,00) define f, :=
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n(f Vr— f) A1l and note that this an element of L. For s € [0,00) we have
J00,sf2) ={f <r} x[0,9).
n=1

Therefore every subset of the form {f < r} x[0,s) is in ¢(S5). This shows that o(L) ® Boyg,oc) C
a(9).

Now define P: o(L) — [0,1] by P(A) := p(A x[0,1)). Note that for r and s in [0, c0) we have

p({f <r}x[0,8)) =p (U [0, an)>

n=1
= lim p([0,5f5))
= li_>m I(sfn)
= 35,51 Un)
= s lim p((0, fn))

=sp({f <7} x[0,1)) = sP{f <r})

Here we used that [0,sf,) C [0, sf,+1) and Lemma A.2.1. It follows that

p({r1 < f <ra} x[0,5)) = sP({r1 < 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 from p. Therefore PP is a probability measure on (X, o(L)).

For a measurable map f: X —[0,00) there is an increasing sequence of non-negative simple
functions (s, := > ", af 1An)n, with A} of the form {r; < f < ry}, that converges to f. Define

:D x [0,ay)

and note that (J;2, B, = [0, f) and that B,, C B,,41 for all n. We have the following equalities:

1(f) = p([0, f)) = lim_p(By) (A1)
and
p(B Zp A} x [0,a})) Za (AD) = Ip(sy,) (A.2)
k=1

Combining (A.1) and (A.2) 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((/ <)) = lim I4(f,) = lim To(fs) = B({f <r}).

Since the sets {f < r} form a 7-system that generates o(L) we can conclude that P =P'. O
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A.3 Proofs of the results in section 3.5.2

Proof of Theorem 3.5.5. 1t 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.2.2 that

mI(f) = (mVn)

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

mvn f)z(m\/n)l(

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, cyMnfn is also an element of NL. We observe that f =3 >, cna(k, n)fﬁ where

a(k,n) =1if k < m, and 0 otherwise. Note that a(k, n)fn—” is an element of L and therefore

1) =X X () = LS S alk (1) = o Y mal(s)

neNkeN neN keN neN

mvn mvn

We can conclude that I’ is an integration operator on the integration lattice NL and therefore by
Theorem A.2.3 there is a unique probability measure on (X, o(NL)) such that [, fdP = I'(f).
It is clear that o(L) C 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, o (L)) such that fX fdP' = I(f) for all f € L,
then we have that

I’(mf):ml(f):m/ deP’:/ mfdP’.
b's b's
This implies that P’ = P. O

Lemma A.3.1. Let I : L — [0,00) be an additive operator on a weak integration lattice L. For
fyg € L such that f < g we have I(f) < I(g), and if g— f € L then I(g — f) = I(g) — I(f).

Proof. There exists an n such that % € L. We find

i) =1(2) =1 (gf + 7{) =1 (gnf> G

n n n n

Here we use Remark A.2.2. The first part of the statement now follows. The second part can be
proven in a similar way. O

Proof of Proposition 3.5.6. First note that for f € L and n > 1, then

rp=r(" 1)

|
~
N
N
3|
2
~
N—
+
~
/N
Sl— 3
N——
+
~
/N
3 |~
N——

Il

3

~ .
/7~
S |~
~
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By Theorem 3.5.5 it is enough to show that I is a weak integration operator. Let (fy,)nen be a
collection of elements in L such that also f := ) _y fn is an element of L. Define for every n
the function g, := ZK” fr. For every n there exists an m, such that 2= ¢ L for all k¥ < n.
Indeed, for n = 1 this is clear. Suppose the claim holds for a natural number n, then 51—*; and

% are element of L. Because
n

In+1 _ Gn + fn+1
mp mp My

is an element of NL, there exists an m’ such that 1 g”“ € L. Since gl—’“ € L for k < n, we also
have that — € L. Tt follows that for m,1 :=m’ mn we have that — € Lforall 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

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 n
hy = L (f - 9)
m \ my my,

is also an element of L. By (A.3) and the first part of Lemma A.3.1 we find that

I(hn)<I< ¢ ): c . (A.4)

Mpm mym

By the second part of Lemma A.3.1 we have

I (mim> — 1 (&) = I(hy). (A.5)

Using (A.4) and (A.5) and the hypothesis we find the following:

I(f) =D I(f) =1(f) =D mal ()

k<n k<n Mn

<1<£>+1(£>+1(£) ++1<£>)
(I(£>+I(£> +...+1<£’;)>
(I(ﬂi)++[(£‘))

1) - mor (2

(1 () 1(325)

=muymlI(h,) <€

I(f)_mn
=I(f) —mn
I(f)_mn
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Because (I(f) — > < I(fx))m is a decreasing sequence of positive numbers, we can conclude

that I(f) =3 ,enI(fn)- O
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Appendix B

Lax coends

In this section we will give the definition of lax coends. More details about lax coends can be
found in Chapter 7 of [48].
Let A and B be poset-enriched categories and let S : A°? x A — B be an enriched functor.

Definition B.0.1. A lax cowedge w consists of
e an object B in B,
e a morphism wy : S(A, A) — B for every object A in A and

e for every morphism f: A; — Ao,

S .
S(Ar, Ag) X142 g4, )
S(1ay xf) < WAy
S(A1LA) ———— B

Definition B.0.2. Let w' := (B', (w))a, (w})y) and w? := (B?, (w})a, (w})f) be lax cowedges
of S. A morphism of cowedges from w! to w? is a morphism s : B; — By such that

S(fx1a,) S(fx1ay)

S(Aq, As) S(Aa, As) S(Aq, As) S(Ag, As)
S(1a; xf) < S(la, xf) < Wi,
S(Al, Al) wA) —— Bl S(Al,Al) “%241 —_— B2

2
wAl

for all morphism f: A; — As.

The category of lax cowedges of S and their morphims is denoted by Cowedge,;(.S).
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Definition B.0.3. The lax coend of S is an initial object in Cowedge;(S).

If (B,(wa)a, (wys)f) is the lax coend of S, i.e. the initial object in Cowedge;(S), then we

also write
A€ob A
B =: §I§ S(AA).

Dually, we can define a category of colax cowedges of S, Cowedge,(S) and define colax co-
ends as initial objects in this category. The notation we will use for the colax coend of § is

g;Aeob.A S(A, A)
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Appendix C

Inequalities in the proof of
Theorem 5.2.11

Lemma C.0.1. Let (Q, F,P) be a probability space and let (A, p) and (B, q) be finite probability
spaces. Let f: (Q,F,P) — (A,p) and g : (U, F,P) — (B,q) be measure-preserving maps. Let
s: (A,p) = (B, q) be a measure-preserving map such that sf = g. Let s and 53]{ be such as in
Theorem 5.2.11. The following equalities hold.

(i) syst = > peplagW]1) X acs—1mlarW](@)1-1(0).-
(i) Elsysyl = e plae(®)](0)*a-
(ii) (53)* = 2peplasWI0)*1g-10) and (s7)* =3, alar W)(@)*1g-1a).
(iv) E[(s§)*] = Xpe plag)I(0)*qp and E[(s%)%] = 3= ,c alar (¥)](a)?pa-
(v) E[(sy)?] < E[(s})?].
(vi) E[(s)%] — E[(s})?] = E[(s} — s})?].

Proof. For (i),

syst= > [r@lgWIO)L-1@ng1 )
a€AbeEB

= > lr@@lag@)]0) 5151ty

a€AbeB

- Y w@@am®)1 W

beB acs—1(b)

= > lae@I®) > @)1

beB a€s—1(b)

Integration (i) gives us

Elsys¢] = > lao@)]®) Y lar@l(@)pa =Y _lag)](0)ge(y)(b)ae

beB a€s—1(b) beB
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This implies (ii). The results (iii) and (iv) follow from (i) an (ii). For g, # 0,
2

G = Y @@ | < Y larw)@?.

acs—1(b) T a€s—1(b) v

Here we used that  — 22 defines a convex function. Multiplying both sides by ¢, and summing
over b € B, gives us (v). For (vi)

E[(sjyc)z} =E[(s} — sy + s4)?] (C.1)
= E[(s} — s5)°] + E[(s])°] + 2(E[s}s7] — E[(s%)%]) =EI(s} — s%)*] +E[(s])’]. (C.2)
In the fourth equality we used that E[s?sg] —E[(sY)?] = 0 by (ii) and (iv). O

The first inequality in the proof Theorem 5.2.11 that we needed to show is exactly Lemma
C.0.1(v). For the second inequality, we combine Lemma C.0.1(vi) with Jensen’s inequality.
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