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1 Introduction

Probability theory has been developed by measure theory. We want to see to what extend does this theory can
be generalised to theory of categories. This could bring a more conceptual understanding of probabilities, and
we could generalise some results from statistical theory. This is interesting because this could bring uniform
results applying to different model of probabilities, also those results could apply in other contexts and lastly we
could find new results thanks to categorical theory. The idea of categorical probability is to understand random
spaces as objects of a category, and probability densities as morphisms in this category. From here, a great
interest has been in how monads can construct Markov categories, for example the Giry monad constructed by
Michele Giry in A categorical approach to probability theory [3], and on how to theorize information theory,
for example the work of Peter Golubtsov in Method of Additional Structures on the Objects of a Monoidal
Kleisli Category as a Background for Information Transformers Theory [4]. In this project, we will essentially
follow the work of Tobias Fritz in A synthetic approach to Markov kernels, conditional independence and
theorems on sufficient statistics [2]. In Section 2, we state the context, define the notion of Markov categories
as a generalisation of probability spaces and densities, and give some examples coming from the classical
statistical theory. Then in Section 3, we attempt to explain and develop some of the properties we can add on
an arbitrary Markov category, and what it implies. Lastly, in Section 4, we explain some generalisations of
characteristics and theorems from statistical theory.

2 Markov Categories

In this section, we will construct categories in which morphisms can be interpreted as conditional probability
densities. We will see some examples of these, and a way to construct new ones from old.

2.1 Definitions

First it is important to define some important objects, that we will use in order to construct the categories we
are interested in. Those categories will need to be symmetric monoidal, defined as follows.

Definition 2.1. [1, 6.1.1.] A monoidal category M consists of:
1. acategory M,

2. a bifunctor

@: MxXM-M,

called the fensor product, where x ® y denotes the image under ® of the pair (x, y);
3. an object I € M called the unit object;
4. for every triple x,y, z of objects, a natural isomorphism
Uyy; : (X®Y)®7 > x®(Y®2),
called the associator;
5. for every object x, a natural isomorphism
Ay I ®x > x,
called the left unitor;
6. for every object x, a natural isomorphism
Px: X1 — x,

called the right unitor.



We then require that the associator obey to the pentagon identity, which says that for all objects w, x, y, z in
M, this diagram commutes:

wex)®(y®2z)
Awex,y,z Ay x,y®7
(wex)®Y)®z wex® (7).
GWN /%)\z
we(x®y)®z ﬂw;y_z S WwR(x®y)®2)

We demand that the unitors obey to the triangle identity, which says that for all objects x, y in M, this diagram

commutes:
Aaxly

x®D®y — > x®@(U®Y).

Px®1y 1,®4,
Xy

Definition 2.2. With the notation of 2.1, a monoidal category is symmetric when, moreover, for every x,y in
M there is a natural isomorphism
Byy:x®y—-oy®ux,

called the braiding. We require that:

e the braiding and associator obey to the first hexagon identity, which says that for every triple x,y, z of
objects, this diagram commutes:

(X®)) 87 5 x®(182) —> (YO @ x

BAn,‘v@lzle Ela

ex)®z %) y® (x®2) ﬁ) y® (z® x).

e the unit coherence, which says that for every object x, this diagram commutes:

Il — ; 1®x

b

o the symmetry axiom, which says that for every pair of objects x, y, this diagram commutes:

By
X®y —— y®x

N

xXQYy,

Remark. The symmetry axiom in 2.2 and the first hexagon identity together imply the second hexagon identity,
i.e. for every triple of objects x, y, z, this diagram commutes:

x®(®2) N (x®y)®z N z®(x®Y)

1X®B,_Zl l azyy

xX®(z®y) —> (x®2)®y — Z®x)®Y,

B, ®l1y

The following coherence theorem will simplify some calculations in symmetric monoidal categories for
the next section.

Theorem 2.3. [5, 7.2.1.] Let C be a symmetric monoidal category. Every diagram in C made up of associators,
unitors and braidings, and in which both sides have the same underlying permutation, commutes.
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We are now interested in how to define functors between monoidal categories that preserve the structure.
These functors are called lax monoidal functors.

Definition 2.4. Let C and D be monoidal categories with monoidal structures ®: and ®g, respectively. A
functor F : C — D, together with a natural transformation Vxy : F(X)®gp F(Y) = F(X®c¢ Y) and a morphism
n: lp — F(lg), called the unit, is a lax monoidal functor if it respects the monoidal structure, i.e., if the
following diagrams commute for all objects X, ¥, Z in C:

(F(X) ®p F(Y)) ®p F(Z) ——— F(X)®p (F(Y) 8p F(Z))

Vxy®pl F(Z)\L \Ll F®pVyz

F(X®cY)®p F(Z) F(X)®p F(Y ®c Z) 6]

Vxeo Y]l lvx, YocZ

F(X®cY)®cZ) > F(X ®c (Y ®c Z2)),

Flac)

n®p LFx)

Ip ®p F(X) ———— F(Ilg) ®p F(X)

ﬁﬂl lv )

FX) «————— F(¢ ®c X),

F(Ae)

1ra®pn

FX)®p lp ——— F(X) ®p F(Ip)

p”l lv 3)

F(X) <T F(X&c Ic),

where we omitted the indices in a, A and p for simplicity.

If, in addition, a functor preserves the symmetric structure, then it is called a lax symmetric monoidal
functor.

Definition 2.5. Let C and O be symmetric monoidal categories. A lax monoidal functor F' : C — D is
symmetric if, for all objects X, Y in C, the diagram

F(X) ®p F(Y) —23 F(Y) ®p F(X)

vl lvy,x “

FX®cY) ——— F(Y ®cX),

F(Bc)
commutes.

If the structure of the functor is made of isomorphisms, then it is called a strong symmetric monoidal
functor.

Definition 2.6. Let C and D be monoidal categories. A lax (symmetric) monoidal functor F : C — D is
strong (strict) if its coherence maps Vyy : F(X)®p F(Y) » F(X®c Y) and i : I — F(I¢) are isomorphisms
(identities).

Some objects, called monads on a category will be useful to construct new categories from old, having the
probabilistic properties we want.

Definition 2.7. [1, 4.1.1.] A monad on a category C is a triple (T, n,u) where T : C — C is a functor and
n:le¢ = T,u:TT = T are natural transformations satisfying the commutativity conditions

pom*1y)=1r=po(lrxn), po(u=1lr)=puo(ly*pu),

i.e., the diagrams
nxlr 17

Tr——1TT

\ y; 5)



T U TT

Wl lu (6)

TT T) T,
commute.

Definition 2.8. Let D be a symmetric monoidal category. Further, let 7 : © — D be a monad with mul-
tiplication ¢ : TT — T and unitnp : I — T. It is a symmetric monoidal monad if it comes equipped with
morphisms

Vxy :TX®TY > T(X®Y),
natural in X and Y, which makes 7 into a lax symmetric monoidal functor with unit n; : Iy — Ty, and such
that 4 and 7 are monoidal transformations. Concretely, the latter means that the diagrams

v'I'X,TY

TTXQTTY VX% T(TX @ TY) — TT(X®7Y)

uxml L (7)

TX®TY > T(X®Y),
Vxy
X®Y
nx®ny Nxey (8)
TX®TY > T(X®Y),
Vxy

must commute for all X, Y € D.

Definition 2.9. Let D be a symmetric monoidal category with unit 7 being terminal. A monad 7 on D is affine
if T1 = I. By this we mean that the unique morphism 77 — [ has inverse n; : [ — T1.

We can use the monads to construct new categories from old. We will now define the constructions of the
Eilenberg-Moore and Kleisli categories.

Definition 2.10. [1, 4.1.2] Let T = (7, n,u) be a monad on a category C. By an algebra on this monad is
meant a pair (C,&) where C € C, ¢ : T(C) » Cand éone = 1¢, E0 T(€) = € o uc, i.e., the diagrams

c s 711) TTEC) XS T

\ f : T@l lf

re) —— G
commute. If (D, ¢) is another T-algebra, a morphism f : (C,¢) — (D, {) of T-algebras is a morphism f : C —
D of Csuch that f o & = { o T(f), i.e., the diagram

1) —25 T(D)

L
C T) D,
commutes.
As said above, we can construct new categories from old thanks to the monads.

Proposition 2.11. [/, 4.1.3] Let T = (T,n,u) be a monad on a category C. The T-algebras and their mor-
phisms constitute a category, written C* and called the Eilenberg-Moore algebra of the monad and

e for all morphisms of T-algebras f : (C,&) — (D, (), g : (D,{) — (E, x) the composition go f : (C, &) —
(D,{) — (E, ) is defined by g o f in C, so that the diagram

T(gof)
1) =2 1) 2 ()
| I I
C———D——FE

commutes,



o for all T-algebras (C, &), the identity of T-algebras 1¢ : (C, &) — (C, &) is the identity on C 1¢ : C — C,
so that the diagram
Tdc)

T(C) —=T(C)
o
C ———2C,

commutes.

Proposition 2.12. [1, 4.1.4]. Let T = (T, n, u) be a monad on a category C. Consider the forgetful functor

U:C" —C, (CHPC [ f
1. U is faithful;

2. U reflects isomorphisms i.e. if f : (C,&) = (D, () is a morphism in CT and U(f) is an isomorphism in
C, then f is an isomorphism;

3. U has a left adjoint.

The left adjoint F of U maps C € C to (T(C),uc) and f : C — C" to T(f) : (T(C),uc) — (T(C"),uc). The
unit of the adjunction is justn : 1¢ = UF =T and the counit € : FU — 1¢r is given by €cg) = &.

Definition 2.13. [1, 4.1.5]. Let T = (T,n,u) be a monad on a category C. Consider the forgetful functor
U = C' — C and its left adjoint F : C — CT mapping C to (T(C),nc). A T-algebra is free when it is
isomorphic to one of the form F(C) = (T(C), uc), for some object C € C.

Proposition 2.14. [1, 4.1.6]. Let T = (T,n,1) be a monad on a category C. The full subcategory of C*
generated by the free T-algebras is equivalent to the following category KI(T).

e The objects of KI(T) are those of C;
o A morphism f : C — D in KI(T) is a morphism J_‘ :C—->TWD)inC;

e The composite of two morphisms f : A — B, g : B — C in KI(T) is given in C by the composite

! @ pe
A > T(B) > TT(C) — T(O);

e The identity on an object C of KI(T) is just nc : C — T(C) in C.

The category KI(T) is called the Kleisli category of the monad T. The standard inclusion functor F : C — Cr
acts as the identity on objects, and for all morphism f : C — D in C, we define F(f) : C — D in KI(T) by its
representation F(f) : C — T(D) in C given by the composition,

c—Ls b5 (D).
Let us stop here for a moment, and give an example of monad to illustrate.

Example 2.15. Let FinSet be the category of sets and fonctions between them. Now let T : FinSet — FinSet
be the functor defined as follows.
For all objects X in FinSet,
TX :=PX)\{0},

where P(X) is the power set of X.
For all morphisms f : X — Y in FinSet, for all nonempty subsets U of X,

TH(U) = Uf(x) cy

xeU

It is not empty since U is not, so itisin TY.
We show that T : FinSet — FinSet is a functor. For all objects X in C, for all U in X,

T(1x)(U) = U = 17x(U),
5



and for all morphisms f: X - Y, g:Y — Z, forall U in X,

To N = Jeopw= | ) em= | 20)=7f0Te),

xelU yef(U) YeT f(U)

and T is a functor.
For T to be a monad, we need to define the natural transformations  : lg,;, = T andu : TT = T. The
transformation 7 is defined as follows. For all objects X in FinSet, and for all x € X,

nx(x) = {x}.

This defines a natural transformation since for all morphisms f : X — Y in FinSet, for all x in X,

Tfonx(x) =Tf(x}) = {f(0)} = ny(f(x)) = ny o f(x),

and the following diagram commutes

X 21X

fl \LT(f )

YT)TY.

The transformation yu is defined as follows. For all objects X in FinSet, and for all nonempty subsets S of
PXO\[0}, i.e., S € PPXO\OH\(0} = TTX, ux(S) is the smallest object of TX = P(X)\{0} containing all the
setsin S, i.e.,

ux(S) = U Uu.

UeS

This defines a natural transformation since for all morphisms f : X — Y in FinSet, for all S in TTX,
Tfoux(S) = Tf[U W] = UJrw=Jrran= m[U Tf(%l)] = urx o TT(S),
UeS UeS xeU UeS UeS

and the following diagram commutes

Then T satisfies the commutativity conditions:

e For all X in FinSet, and for all nonempty subset {x;, xy, ..., x,} C X,

MX ° UTX({XI’XZ, "'9-xl’l}) = HX({{xl’x27 ceey xn}}) = {XI,.XZ, "'7xn}

= Jtx = ,Ux( g {xi}]ux o T ({1, %2, s Xa).

1<i<n 1<i<n

e For all finite sets X, and for all elements V in TTTX = P(P(P\{0})\{0})\{0}, on the one hand,
px © prx(V) = ,UX(U S] -JUw,
Sev SeV UeS
and on the other hand,
ux o Tpax(V) = ,UX(U ﬂX(S)] - /JX(U U fu] -Jyw
Sev SeVUes SeVUes

We then have
po(usly)=po(ly*p),

and T is a monad. KI(T) is the category of finite sets, with morphisms beeing multivariate morphisms, i.e.,
f:X —> Yin KI(T)is a function f : X — P(Y)\{0}. We call this category MultiVar.

6



Some objects in monoidal categories have interesting properties, they are called monoids and comonoids.

Definition 2.16. Monoids and comonoids. Let C be a symmetric monoidal category. A monoid in C is an
object X, together with two morphisms:

e a multiplication

m: XX — X,
e and a unit
u:l—-X,
satisfying associativity,
1x®m

XX®X —— XX

m®ly @) m
X®X — > X,
and unitality,
u®ly 1x®u

I ——————— XX <——— XQ®1.

@) m O

Ax Px
X

A monoid X is commutative if in addition, it satisfies

X®X—)X®X

N4

Dually, a comonoid in C is an object X, together with two morphisms:

e a comultiplication
cm: X ->X®X,

e and a counit

cu:X -1,
satisfying coassociativity
X < > X®X
cm @) 1x®cm (9)

XX ——— > X®X®X

cm®lx
and counitality

cu®ly 1x®cu

IRX ¢——— XX ——— XQ®1I.

(10)




A comonoid X is cocommutative if in addition, it satisfies

X®X—)X®X

cm cm

Notation. We will represent morphisms in string diagrams. These diagrams are to be read from the bottom to
the top, i.e., for a morphism f : X — Y, we will write

Y

X

If it is clear from the context, we will sometimes omit writing the domain and codomain X and Y.

Now we are ready to define the categories that we want to study: The Markov categories.

Definition 2.17. [2, 2.1.] A Markov category C is a symmetric monoidal category in which every object X € C
is equipped with a commutative comonoid structure given by a comultiplication

copyx : X = X®X,

and a counit
dely : X —> I,

depicted in string diagrams as

copyx = s delX = s

and satisfying the commutative comonoid equations, i.e., the coassociativity (9) depicted in string diagrams as
= , (11

the counitality (10), depicted in string diagrams as
(12)

and the cocommutativity
copyx

e

> X®X,

copyx O

By x



depicted in string diagrams as

ﬁ/ = ?j where H = Bxy =: swapxy,
(13)

as well as compatibility with the monoidal structure,

X®Y XY X Y X Y

- and = . (14)
X®Y X Y XY X Y
i.e.,
delx®1 1;®del
XY X 19y =X Il
O A
X®Y . > 1,
and

-1
Xoy — L (xgY)e((XeY) 2% (XeY)eX)eY

cupyx®1yl ;\La)(’m@ly

XeX)®Y O Xeo¥eoX)®Y (15)

1X®X®£‘”[’YVl \L(1X®Bx,y)®1 Y

X®X)®((Y®Y) ]—E> (XeX)®V)®Y —— (X®(X8Y)8V,

we will name the diagonal composite (X®Y)® (X ®Y) — X®X)®(Y®Y) bygrxy.
C must at last satisfy naturality of deletion, which means that for every morphism f,

x Ly,

delxl /
de‘ly
1

commutes, which can be depicted in string diagrams as

=
(16)
Definition 2.18. Let C be a Markov category. For all couples of objects X, ¥ in C we define the two morphisms,

Px Z:pxolx®d€lX:X®Y—>X,

pyZ:/lyOdely®1y1X®Y—) Y,



called projections on X and on Y, respectively. And for all morphisms f : A — X ® Y in C, we define the two
morphisms,

fei=profiA—Ls xey P X,

fri=prof:A—Ls xey 3y,
called marginalisations on X and on Y, respectively.

Proposition 2.19. Let C be a Markov category. There exists two natural transformations Py : (=)} ® (—), =
(=) and Py : (—)1 @ ()2 — (—), defined as follows. For all couples of objects X, Y in C,

(PDxy =px: X®Y — X,

(P)xy =py:X®Y — Y.

Proof. We show that P, and P, are natural transformations. For all couples of morphisms f : X — A,
g : Y — B, by naturality of deletion (16),

—
®
oQ
| o
I
=
—{ef—e
I
=]

— —e
~
®
| o
Il
B
—{=—
I
M———o
o]

and the following diagrams commute,

XoY 2% AeB Xov <% AcB

Al I » L

Xf)A, YT>B'

This establishes naturality of P; and P;. O

We can construct new Markov categories from Markov categories we already have. One way to do so arises
when we can construct a functor F : C — D from a Markov category to an arbitrary category, preserving some
properties of the monoidal category. We can then construct the structure morphims for D to become a Markov
category, taking the image in D of the structure morphisms in C, as follows.

Lemma 2.20. Let C be a symmetric monoidal category, D a category with the same class of objects, and
F : C — D a functor such that

e F is the identity on objects;

e we can extend ®c to a tensor product g on D, i.e., there exists a bifunctor — ®p — : DX D — D such
that forall X, Y in D,
XY =X®pY =X®&cY,

and
F(f)®p F(g) = F(f ®¢ 8), 17
forallf : X —> A, g:Y—>BinC;

o F preserves naturality of the associator, the unitors and the braiding of C, i.e.,

10



- F(a): —®(—®—-) = (— ® —) ® — defined defined pointwise by,
F(a)xyz := Flaxyz),

for all triples of objects X, Y,Z in D,
- FQ1) : Ip ® — = lg defined defined pointwise by,

F(Dx := F(Ax),

for all objects X in D,
- F(p): —® Ip = 1y defined defined pointwise by,
F(p)x := F(px),
for all objects X in D,

— F(B) defined defined pointwise by,
F(B)xy := F(Bxy),
for all couples of objects X,Y in D,
are natural isomorphisms with respects to all morphisms in D.

Then if we endow D with the associator, the units and the braiding on D defined by respectively F(a), F(Q),
F(p) and F(B) defined above, D becomes a symmetric monoidal category with unit object I := I = I¢, with
respect to which F : C — D is a strict symmetric monoidal functor.
If in addition, C is a Markov category and F preserves naturality of deletion, i.e., F(del) defined pointwise
by the following,
F(del)x := F(dely),

for all objects X in D is natural with respects to all morphisms in D. Then we can construct a structure of
Markov category on D with comultiplication F(copy) defined pointwise as follows.

F(copy)x := F(copyx)
for all objects X in D, and deletion F(del) defined above.

Proof. o We show D is a monoidal category.

1. The bifunctor ®p : D X D — D, the unit object, and the structural natural isomorphisms - the
associator and the left and right unitors - are defined by assumption.

2. The pentagon identity is satisfied since it is satisfied in C, and for all objects W, X, Y, Z in D,

Flawxy) ®p 1z = Flawxy) ®p F(1z) = Flawxy ®c 12),
lw ®p Flaxyz) = F(lw) ®p Flaxyz) = F(lw ®c ax,yz),
by assumption (17), and the identity follows by functoriality of F.
3. The triangle identity holds as well since it is satisfied in C, and for every couple of objects X, Y in
D»
F(px) ®p 1y = F(px) ®p F(ly) = F(px ®c ly),
Ix ®p F(dy) = F(lx) ®p F(dy) = F(1x ® Ay),
by assumption (17), and the identity follows by functoriality of F.
o We show that D is symmetric. The braiding on D is defined for all objects X, Y in D and is natural by

assumption. Hexagon identity, unit coherence and symmetry axiom hold by definition of the monoidal
structure on D, compatibility of F with the tensor product (17) and functoriality of F.

e F is a monoidal functor. Let V : F(=) ®p F(=) — F(— ®c —) be defined as follows. For all objects X, Y
in C,
Vxy :=Idxgy : F(X)®p F(Y) > F(X®c Y),

which clearly defines a natural transformation, and define the unit by
n:=1d;: Ip — F(c).

With these choices in hand, F respects the monoidal structure since all the morphisms involved in dia-
grams (1), (2) and (3) are identities or exactly equal by definition of the monoidal structure on D.

11



e F is symmetric. This is direct, since all the morphisms involved in diagram (4) are identities or exactly
equal by definition of the monoidal structure on D.

o We show that F is a strict symmetric monoidal functor. By definition, V and 5 are identities.

e Moreover, if C is a Markov category, then D, together with the structure morphisms of the statement,
becomes a Markov category. By assumption, we can equip every object X in O with a comultiplication

F(copyx) : X - X®X,
and a counit
F(dely) : X — I.

Then the commutative comonoid equations and compatibility with the monoidal structure are satisfied
since F is a strong symmetric monoidal functor with V and 7 identities, so that the diagrams in D are
exactly the images by F of the diagrams in C, which are satisified since C is a Markov category, and we

have naturality of F'(del) by assumption.
O

2.2 Standard examples

In this section, we will present three standard examples of Markov categories, Set, FinStoch and Gauss.
Example 2.21. The category of sets, with tensor product defined by the cartesian product is a Markov category.

e Set is a monoidal category. The unit object is the set I := {0}. The associator, the left and right unitor
are defined naturally. For every sets X, Y, Z, let
axyz XXY)XZ - XX (Y XZ)
((x,¥),2) = (%, (v, 2))
Ay 1 IXX > X
0,x) > x
px: XXI—>X

(x,0) > x.

They are natural since for all morphisms f : X - A,g:Y — Band h : Z — C, the diagrams

(XX Y)XZ —25 X x (Y x Z)

(f><g)></1l \LfX(th)

(AXB)x C 2% Ax(Bx ),

commute. We can find their inverses, so that they are natural isomorphisms:

ayy; XX (Y XZ) > (XxY)xZ
(x, (7, 2) = ((x,),2),
X > IxX
x b (0, x),
p;(l X > Xx1

x b (x,0).

12



Now the pentagon and triangle identity follow directly. For every 4-tuple W, X, Y, Z,

awx,yxz © anX,Y,Z(((Wa X),¥),2) = llw,x,yxz((W, x), (¥,2))
= (w, (x, (¥,2))
= ly X axyz(w, ((x,),2)) = ly X axyz © awxxyz((w, (x,¥)),2)

= ly X axyz o awxxyz © awx,y X 1z(((w, x),¥),2),

and
Ix X Ay o ax1y((x,0),y) = Ix X Ay(x,(0,y))

=(x,y)
=Ax X 1x((x,0),y).
Thanks to these identities, it follows that Set is a monoidal category.

Set is symmetric. For all sets X, Y, we define the braiding by

BX’Y:XXYHYXX
(x,y) = (3, ).

It is natural since for all morphisms f : X — A, g : Y — B, the diagram

Byxy
XXY — YXX

I Xgl ngf

AXBWBXA,

commutes. We can define its inverse, so that it is a natural isomorphism:
Byy :YXX > XxY
O, x) = (x, ).
The first hexagon identity is then respected for all set X, ¥, Z, and for every x € X,y € Y,z € Z:

X,YXZ

(691 2) F22y (x, (1,2)) 25 (3,2, %)

]V/vayxlz lay,z.x

ayxz 1yXBxg
(9,2 = (3, (x,2) F—5 (2, %)
Unit coherence is also respected,

AxoBxy : XXI - IxX—>X
(x,0) > (0,x) > x
=px: XXI—-X
(x,0) > x.

The symmetry axiom is also respected,

B)I’XOBX’Y:XXY%YXX—)XXY

x,y) = (3,%) = (x,)
:1X7y:XXY—>XXY

(x,y) = (x, ).
Set is a Markov category. For all sets X, the comultiplication is defined by

Ay : X > XxX

x = (X, x),
and the counit by the unique morphism X — [
dely : X —> 1
x 0.

13



Then the commutative comonoid equations are satisfied. First,

X — & s xxX

AX lxXAx

XXX — XXX XX,
AxXly

commutes since for every x in X,

1x X Ax o Ax(x) = 1x X Ax(x, x)
= (X, x, X)

= Ax X 1x(x, x) = Ax X 1x(x, x) o Ax(x).

Then,
X Ax s X x X
\Ldelxxlx
Ax IxX

I

XXXWXXIT)X,

1xXx

commutes since for every x in X,

Ax odely X 1x o Ax(x) = Ax o dely X 1x(x, x) = Ax(0, x)
=x

= px(x,0) = px o 1x X delx(x, x) = px o 1x X delx o Ax(x).

And
X —2 s xxx,

XxX

commutes since for every x in X,
Bxx o Ax(x) = Bxx(x, x) = (x,x) = Ax(x).
We also have compatibility with the monoidal structure,

delxxy,

XxY — 1,

delxxdelyl /'
1

IxI
commutes since for every (x,y) in X X Y,
Ay odely X dely(x,y) = 2;(0,0) = 0 = delx y(x, ).

Moreover,
XXY

Axxy
AxXAy

XXXXYXY ——— > X XY XXXY,
I1xXBxyXly

commutes since for every (x,y) in X X Y,

Ix X Bxy X 1y o Ax X Ay(x,y) = 1x X Bxy X ly(x, x,¥,¥) = (X, ¥, %,y) = Axxy(x,y).

14



Lastly, for all sets X and Y, and every morphism f : X — Y,

x Ly

ldely
dely
I’

commutes since [ is terminal in Set. Thus, we proved that Set is a Markov category.

We note that the projections X X ¥ — X and X X ¥ — Y coincide with px = px o (1x X dely) and py =
Ay o (dely X 1y). This inspired us to define projections on less standard Markov categories in Definition 2.18.

Remark. FinSet is also a Markov category, since I = 0 is a finite set, and all the structure morphisms defined
in Set can be defined just as in FinSet.

Example 2.22. The category FinStoch of finite sets with Markov kernels as morphisms is also a Markov
category. Markov kernels between finite sets X and Y are morphisms f : X — Y represented as stochastic
matrices (fx,)rexyey, Where the entry fy, =: f(y|x) is interpreted as the probability that the Markov kernel f
returns the value y on input x. So we impose the stochastic condition, i.e., for every x in X,

Dfom=1.

yeY

Composition of morphisms is given by matrix multiplication, so that g o f with g : ¥ — Z turns into the
Chapman-Kolmogorov equation,

(g0 fzx) = Z 8@ folx), VxeX.zeZ

yey

The composition is associative, since for all triples of morphisms f: W - X, g: X - Yand h: Y — Z, for
allwin Wand zin Z,

((hog)o f)aw) = > (o )(ax)f(xlw)

xeX
= 27> h(aly)g(e) fadw)
xeX yeY
= > h(@y)(g © o)
yey
= (ho(go zw).
The identities are the morphisms
noa . |1 ifx =x _ .
Le('lx) o= { 0 otherwise. Orx: X=X,

and we have, for every morphism f : X — Y in FinStoch,

FolxOl) = D" FOI) - v = O,

x'eX

Ly o fOI0) = Y 6y - FO/10) = fG),

y'ey

so that FinStoch is a category. The tensor product is given on objects by cartesian product on sets. On
morphisms, let f : A —» X and g : B — Y, then

(f ® )((x,(a, b)) := f(xla)g(yIb).

There exists a functor F' : FinSet — FinStoch, acting as the identity on objects. On morphisms, for f : X — Y
in FinSet, we can define f := F(f) : X — Y, considering that for an input x in X, we are sure to assign one
outputy = f(x)in Y :

1 ify=f(x)
0 otherwise.

f(y|x) = { = 6y,f(x)'

15



The composition is preserved since if f : X — Y and g : ¥ — Z are morphisms in FinSet, then if we
take their representation in FinStoch and then compose, we get the same morphism as if we directly took the
representation of their composition g o f:

2 fol) = { L ifz=g0)andy = £

otherwise
- - 1 ifz = g(f(x) (1%)
= go faw = Z; g ol = { 0 othervie | =897
y
For all sets X, and for all x, x" in X, .
Idx(X'|x) = 6 v = 1x(X|x).

Remark. For all morphisms f : X — Y in FinStoch, g : Y — Zand h : W — X in FinSet,

o @) = ) e fO = D fO, (19)

yey yeg~'(z)

and y

FohGiw) = > FO1) - Onourx = FOIROW)). (20)

xeX

The conditions of Lemma 2.20 are satisfied since
e The functor F is the identity on objects.

e For all objects X, Y in FinStoch,
XY =XxY,

and for all morphisms f : X — A, g : Y — B in Set, we can interpret their product f®3 : X®Y — A®B
in FinStoch in two equal ways:

L if (a,b) = (f(x). ()

0 otherwise

F(f X g)((a,b)I(x,y)) = (f X &)(a,b)|(x,y)) = {

= S(@h) (0,10 21)
= 0a,f) * Ob,1)
= (f®3)(a,b)|(x,y)) = (F(f) ® F(g))((a, b)(x,y)).
o The functor F preserves naturality of the associator, the unitors, the braiding and deletion of C.
— The image of the associator a on FinSet is natural. For all morphisms f: X - A, g:Y — Band

h:Z — C in FinStoch,

F(ax,y,z)«x',(y',z’>)|<<x,y>,z»={ L (3,25 = (@), 2)

0 otherwise,

1 if (@', b"),c’) = ((a,b), )
0 otherwise,

F(aapc)((@, (b, c)l((a,b), o)) = {

so that, by (19) and (20),

F(aapc) o (f ® g) ® h((a, (b, c)I((x, y),2))
=(f ®g) ® h(((a, b), O)l((x, y),2))
=f(alx) - g(bly) - h(clz)
=f® (g ®h)(a, (b, c)I(x,(y,2)
=f ®(g®h) o Flax.yz)(a, (b, c)l((x, y), 2)),

and the following diagram commutes

F
XeY)8Z "™ x oY eZ)

(f ®g)®hl lf ®(g®h)

(A®B)®CmA®(B®C),

establishing naturality of F(a).
16



— The images in FinStoch of the left and right unitors A and p in FinSet are natural. For every
morphism f : X — Y in FinStoch, since
F(Ax)(X'1(0, %)) = 6 s
F(Ay)(y'1(0,y)) = 6y,
F(px)(x'|(x,0)) = 6 x,
Flpy)(y'1(y,0)) = 6y,

we have by (19) and (20),
F(dy) o (1; ® )10, x))
=(1; ® /)0, (0, x))
=1,(0,0) - f(yIx)
=f(lx)
=f o F(Ax)(0, x)),
dually,

F(py) o (f ® 1)(I(x, 0)) = f(3lx) = f o Flox)(yI(x, 0)),

and the following diagram commutes

Tox L9% x 9 xer

1:®fl lf lf@ll

IY —> Y <— Y ®I,
F(py)

F(ly)

establishing naturality of F(1) and F(p).

— The image of the braiding B in FinSet is natural. For all morphisms f : X > Aandg: Y — Bin
FinStoch, since

L af o/, x') = (%)

0 otherwise,

1 if(,d)=(b,a)

0 otherwise,

F(Bxy)((Y, X)I(x,y)) = {

F(Bap)(d',b)l(a, b)) = {
we have by (19) and (20), forallain A, bin B, xin X and yin Y,
F(Ba,p) o (f ® )((D, a)I(x, )
=(f ® &)(a, D)I(x,y))
=f(alx) - g(bly) = g(bly) - f(alx)
=(g ® f)((b, a)l(y, x))
=(g ® f) o F(Bxy)((b,a)l(x,y)),
and the following diagram commutes

F(B.
xov 12N yeox

f®gl lg®f
A®B m B®A,

establishing naturality of F(B).
— The image of deletion by F is natural. For every morphism f : X — Y in FinStoch, since,
F(delx)(Olx) = 1,
F(dely)(Oly) = 1,
for all xin X and y in Y, so that we have, for all x in X,

(F(dely) o f)(Olx)

= 61

yey
=1
=delx(0|x)
17



and the following diagram commutes,

X—)Y

F(dem /iely)

establishing naturality of F(del).

Since the conditions of Lemma 2.20 are satisfied, we can conclude that FinStoch is a Markov category, and F :
FinSet — FinStoch is a strong symmetric monoidal functor. The comonoid operations are defined on FinStoch

by .
dely : X -1
del(0)x) = 1, VxeX,
copyy : X - X xX
1 ifxg=x1=xo

. Yxg, X1, X2 € X.
0 otherwise, 0> 1522

copyx(x1, x2lx0) = {

for all objects X in FinStoch.
Remark. As in Set, there are projection-type morphisms py : X® ¥ — X and py : X ® Y — Y defined by

Px(X1(x, ) = px o 1x ® dely(¥|(x, y))
= 6x,x”
and .
Pr(YI(x,y)) = Ay o dely ® Ty(y'|(x,y))
= 5}',)’“

We remark that if we have a morphism f : A — X X Y, interpreted as the probality for x,y in X X Y knowing a
in A, we can marginalise the probabilities on X and on Y using the composition with jx and p,:

fix(xla) = (Px © (xla)
D b K, Y)la)

(¥, y)eXxY
= > flxyla),
yeYy
firvla) := (py © Fvla)
DL b f@Y)la)

(x,y")eXxY

= > fly)la).

xeX

This coincides with the usual marginalisation in probability theory.

Example 2.23. In [2], Fritz defined the category Gauss with objects the elements of N and morphisms f :
n — m defined by a triple (M, C, s), with M € R™", C € R"™" positive semidefinite, and s € R”. The idea is
to think of this morphism as a conditional distribution of a random variable Y € R™ in terms of X € R" as

Y = MX + ¢,

with ¢ a Gaussian noise independent of X, with mean E[£] := s and covariance matrix Var[¢] = C. If C is
invertible, then the distribution of Y has density with respect to Lebesgue measure on R” given by

1 1
Wexp —E(y —~Mx—-s)TC 'y - Mx- S))’

ie. (YIX) ~ NWMX + 5,0C).
We claim that we can equip Gauss with a structure of a Markov category.

18



Proof. o Gauss is a category. We want to define the composition of two morphisms (M, C, s) : n — m and
(N,D,t) : m — L. If we go back to the probability interpretation, we can represent these two morphisms
by the random variables Y = MX + £ and Z = NY + 5, where £ ~ N(¢,D) and n ~ N(s,C). If we
compose them, then we should get the random variable Z in terms of X, and we would like to reassociate
that to a morphism in Gauss

Z=NMX + Né+7
N———
Gaussian noise

We need to find the distribution of the new Gaussian noise. Assuming that the noises & and 7 are
independent of each other, we can compute the expectation

E[N¢ +n] = NE[€]1+ E[n] = Ns + ¢,
and the covariance matrix
Var[N¢ + n] = NVar[é] + Var[n] = NCNT + D.
This gives us the definition for the composition :
(N,D,t)o (M,C,s) := (NM,NCN" + D,Ns + 1),
which is associative. If (N, D,t) :n —»> m, (M,C,s) :m — land (L,B,r) : | — k, then

(L,B,r)o (M,C,s)o(N,D,1) = (L,B,r)o (MN, MDM" + C, Mt + s5)
= (LMN,LIMDM?" + C)LT + B,L(Mt + s) + r)
= (LMN,LMD(LM)" + LCL" + B, LMt + Ls + r)
=(LM,LCL" + B,Ls+r)o (N, D,1)
= ((L,B,r) o (M,C,5)) o (N,D,1).

The identity morphisms are (1,,0,0) : n — n, with 1, the identity matrix in R" : for every f = (N, D, ) :

n—-m
(1,,0,0) o (N,D,t) = (1,N, 1,,D1,,, + 0, 1,,t + 0) = (N, D, 1),

(N,D,t)o(1,,0,0) = (N1,, NONT + D,NO + t) = (N, D, ),

i.e., the diagram

-

m

f l
I In

]

y

commutes. Note that this choice of identity is consistent with the probability interpretation, since those
identity morphisms give random variables Y € R" in terms of X ¢ R" :

Y=X+¢

with & ~ N(0,0) so that (Y|X) ~ N (X, 0), this means that we are sure to find ¥ = X since the covariance
matrix is 0.

e Gauss is a monoidal category.

1. Itis a category from the previous point.

2. The tensor product is defined on objects n,m in N by :
n®m:=n+m.

On morphisms, if f : n — m and g : k — [ are defined by (M, C, s) and (N, D, t), we want to define
define their product f ® g : n + k — m + [. By — & — we will mean the direct sum of two matrices,
ie,forXeR"and Y € R,

X 0

X@Y:z(o y

) c Rm+l
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Let us think of it as a random variable X&Y € R"™* with X in R” and ¥ in R in terms of A®B € R"**
with A in R" and B in R*, such that
X =MA+¢

Y=NB+n,
where & ~ M(s,C) and n ~ N(¢, D). So we would like to have

XeY=(MeN)A® B+,
where ¢ ®n ~ N(s@t,C & D). So we can define the tensor product by
M,C,s)®(N,D,t) ;=(M®N,Ce®D,sdt).

We show that — ® — is a bifunctor as follows. If fj :n > m', o, :m' > m, g : k - I’ and
&> 1 I’ = | are defined respectively by (M}, Cy, s1) (M>,C», 52), (N1, Dy, 1), and (N, Dy, 15), then
we want to show that

(a®g)o(fi®g)=(20/1)®(g2®g1).
This holds since,

(M3, C3, 52) ® (N2, D2, 1)) o (M1, Cy, 51) ® (N1, Dy, 1))
=(M, ® N;,C2® Dy, 50® 1) o (M ®N;,C;®Dy,s,D1t)
=((M2 ® N))(My & Ny), (M2 & N>)(C1 @ Dy)(M, & N2)' + C2 @ Ds,
(M2 ® Ny)(s1©11) + (52©12))
=((M2M)) & (N2N1), (MaCi My + C2) @ (N2DIN; + D), (Masy + 52) @ (Nati + 1))
=(MyM,, MyC{ M} + Cy, Mysy + 53) ® (NaNy, NyDi NI + Dy, Naty + 1)
=((M2, Ca, 52) © (M1, Cy, 51)) ® (N2, D2, 1) o (N1, D1, 1h)).

3. The unit object is defined by 7 := 0.

4. For every triple [, m, n of objects, we define the associator a;,,, : (® m) ® n — [ ® (m ® n) by the
identity (1444, 0, 0) since (®m)®n = [® (m®n) = [+ m+n. This defines a natural isomorphism.

5. For every object n, we define the left unitor 4, : I ® n — n by the identity (1,,0,0) since / ® n =
0 + n = n. This defines a natural isomorphism.

6. Dually, for every object n, we define the left unitor p, : n ® I — n by the identity (1,,0,0) since
n® I = n+ 0 = n. This defines a natural isomorphism.

The pentagon and triangle identities hold directly, since all the morphisms involved are identities. This
yields that Gauss is a monoidal category.

o Gauss is symmetric. For every n,m € N, define the braiding B,,,, : n® m — m ® n by

((10 1(;”),0,0),
-1
m=((0 %) 0] ((2 5)00) =B

The hexagon identity holds since for every [,m,n € N,

I, 0 O o 1, O 0 1
1m ® Bl,n o Bl,m ® ln = 0 0 ln ,0,0]0 11 0 0 ,0,0] = ((1 n(l)+n) ,0, 0) = Bl,m®n-
0 1, 0 0 0 1, !

The unit coherence and the symmetry follow directly since all the morphisms involved are identities.
This yields that Gauss is a symmetric monoidal category.

o Gauss is a Markov category. For every n € N, we can define a comultiplication copy, : n — 2n,

Copyi’l = ((i:) ’ Oa 0) bl
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and a counit del,, : n — 0,
del, := (0oxn, Oox0, 0ox0),

where Ogx, and Ogxo are matrices of dimension 0 X n and 0 x 0. By this, we mean that for every M in
Rﬂlxn’

OOX””M = O()Xna
M @ 0gy; = (M 0) c R’"X(”J'l),
Ops ® M = (() M) c Rtnx(l+z1)’

005xn ® Ooxim = Oox(ntm)»
00x000xm = Ooxo,
M @ Opxo = M = Opxo ® M,

and 07

osn = Onxo. We can define similar conditions on 0,,xo dually.
The morphisms defined above satisfy the comonoid equations. For every n € N, coassociativity holds,
since

(1, ® copy,) o copy,

(-e({i)-00))- () o)

Il Il
~—_—————
L S o
o ————
N———— -
=
(e)
|
(o)
—_—
—_
—
)
<~
=
(e
~

|
—_
——
P p— o::
-
N —
o S oo
> N—————
(e} M
® £
(e}
— ) S
S
~— o
o —_
_
—_—— —
= ¢
— _
- -
— o
i o
S —
o
N —

=(copy, ® 1,) o copy,.

Counitality holds as well, since
A, o (del, ® 1,)) o copy,
L,
:(lm 03 O) o ((OOXm OOXO’ OOXO) ® (ln’ 0’ 0)) o ((1 ) ) 09 O)
1,
=(1,,,0,0) o ((0 1n),o,o)o((1n),0,0)
=1,

~(1,,0,0) o ((1 o),o,o)o((}"),o,o)

1,
=(15,0,0) o (14,0, 0) ® (0> Oox05 Oox0)) © ((1 )70, 0)

=pPx © (ln ®deln) o copyn-

And cocommutativity is also respected, since

0 1, 1, {1 o
By, o copy, = ((ln 0),0, 0) o ((1,,)’0’ 0) = ((ln),O, 0) = copyy.

Moreover, we have compatibility with the monoidal structure,

deln@m = (OOX(ner), OOXO, OOXO) = deln ® delm,
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(1, ® Byn ® 1,,) o (copy, ® copym)

(I R R R VR

, 0 0 0)(l, O
0 0 1, 0|1, o
o 1, o ollo 1,]%°
o o o 1, lo 1,

l, 0
1y
=, o]0
0 1,
_ 1n+m
~({1zz)-00)
=COPYnem-

Finally, the naturality of deletion holds also in Gauss. For every f : n — m defined by (M, C, s),
dely, o f = (0oxm, Oox0, Ooxo) © (M, C, 5) = (Ogxn, Ooxo, Ooxo) = del,.

This yields that Gauss is a Markov category.

2.3 Markov categories from Kleisli categories

As we mentionned above, one can construct a new Markov category from a monad on an old Markov category.
In this section, we will see how it works.

Proposition 2.24. [2, 3.1]. Let D be a symmetric monoidal category and T : D — D a symmetric monoidal
monad with multiplication u : TT — T and unitn : I — T equipped with the morphism Vxy : TX®TY —
T(XQ®Y). Then, the Kleisli category KI(T) becomes symmetric monoidal, with:

e the tensor product of objects being the one of D,

e the tensor product of morphisms represented by f : A — TX and g : B — TY being represented by the
composite

| v
A®B L%y TXeTY 4% T(X® V).
Moreover, the standard inclusion functor D — KI(T) is strict symmetric monoidal.

Proof. We want to apply Lemma 2.20 to the standard inclusion functor F' : D — KI(T). We now show that
— ®xy(r) — 1s indeed a bifunctor. Recall that the identity on A in KI(T') is 174, and that the diagram

14®D1]B

A®x B —— T(A)®x T(B),

TAe, K,B\L
Vas

T(A ®k; B)
commutes by diagram (8) in Definition 2.8. We still have to prove that composition is preserved.
Letf:A—> X, g:B—>Y, ff:X—> Candg :Y — E morphisms in KI(T) together with their
representatives in Z)z A - TX, g: B—-TY, L’ : X > TC, g_’ 1Y - TE, we want to prove that in D,

(f ®kur) &) o (f ®kury 8) = (f o f) ®kury (8" © ).

‘We have that
f®xig
A®pB —— T(X®p Y),

f®1)§l /
VX Y

TX ®p TY

22



commutes by definition of the tensor product in K/(7") on morphisms,

T(X®pY)
lT(f ®ng)
\Y
Y T(TC @p TE)
VTCTE
TX®pTY, Fom (g,?TC ®D TTE,

commutes by naturality of V,
T(f'®ki8")
TX®pY) —— TT(C®p E),

T(f;'@z;g;)l
TVcE
T(TC ®p TE)

commutes by definition of the tensor product on morphisms in KI(T),

TT(C®p E)
y lﬂC@@E
T(TC®p TE) T(C®pE)

VTC,TET TVC,E

TTC @p TTE ———» TC & TE,

commutes by the diagram (7), from the definition of a symmetric monoidal monad. Putting together all these
commuting diagrams, we get the big commuting diagram

A®p B Lot s T(X ®p Y) e N TT(C ®p E)
lﬂwﬂu
T(f'®pg’) J T(C®pE)
fong TVen (22)
T(TC ®y TE) O Ver

TX®pTY ——ee—s TTC®p TTE —— ———— TC®p TE.

T(/)epT(g)
By definition of composition in KI(T'), going first down, then right in the diagram above, we have:
(e o T(f) o f)®p (up 0 T(g) 0 9) = (f © f) ®p (g 0 9).

By bifunctoriality of — ®p — and definition of composition and product in KI(T'), the following diagrams
commute:

(f'0/)®n(g’°8)
(f"®kir)8)o(f®kur)8) A®p B ——————— > T(C®p E)
A ®p B:*T(C ®p E)
¢ 0f)®m TV“
foxig HeepE 5 fOpg TC®pTE
TﬂC®DI—‘E
TX®pY —) TT(C®p E
X®Y) —ew (Cép £) TX®pTY ———% TTC ®p TTE

T(f)epT(g)
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It follows that by (22), the following diagram commutes

(f"®xkur) 8 )o(f®kiT)8)

A®p B

w\

f®ng

T(f'oxg)
T(X ®pY) —— TT(C ®p E)

HeenE

TX®pTY T(C®pE),

Tq9®;;é3\\\\$ ,////922%

TTC ®p TTE ——> TC®p TE

(f' o f)®xkur)(g'°8)

which confirms the last condition for the tensor product to be a bifunctor.
We will now denote ®x;ry by ® for simplicity.
Recall that F is defined as follows.

e On objects : For every X in Ob(D), F(X) = X.
e On morphisms : Forevery f : X — Yin D, F(f) : X — Y is represented in D by
M =nyof.
We have that F is a functor since for all object C in D,

F(c) =ncolc=nc,

which is the identity on C in Dy and for all morphisms f : A — X, g : X — Y in D, if we denote new
morphisms in KI(T') by their representationin D : f := F(f) =nxof:A—>TX)and g :=F(g) =nyog:
X — T(Y), then composition is preserved, as we now show. Observe that

gof=mnyogof, fog=pyoTnyoTgonyof,
and
TY
/T[JY
TY — TTY,
Tny

commutes by the diagram (5) in the definition of a monad, while

24



commutes by naturality of 7. Putting that together, we have that the following big diagram commutes:

X

O TY

nx /
TX O 1Y
TY

— ~

gof=gof. (23)

Then this functor satisfies the conditions we want, i.e.,

and so

o F is the identity on objects.

o The tensor product is defined on objects by
A®k B=A®pB
for all A, B in KI(T). For any morphisms f : A — X, g : B — Y in D, the product is preserved:
F(f®p8) = [®n ¢ =ixayr©(f ® )

=Vxyox®pny)o(f®ng) = =Vxyo(f®pg)
= F(f)®x F(g),

in D by the diagram (8) from the definition 2.8 of a symmetric monoidal monad. It follows that in KI(T'),

F(f ®p g) = F(f) ®ki F(Q).

e The images of the associator, the unitors and the braiding through F are natural regarding all the
morphisms in KI(T).

— F(ap)isnatural. If f : X - A, g:Y - Band h : Z — C are in KI(T) with representatives
]_‘ X > TA, g: Y —->TBand h:Z — TC in D, then (f ®kyr) &) Qxur)y h and f ®kyry (& Rkir) h)
are represented in D by

(f ®xur) 8) By h = Vags.c © (f ®kur) 8) ®p h = Vagpc © (Vap ®p lrc) o (f ®p g) ®p h,
J ®kur) (8 ®kur) M) = Vagec © f ®p (8 ®kur) M) = Vasec © (174 ®0 Vep) o f ©p (8 ®p h)

We want to prove that the following diagram commutes in KI(T),

(f®kum)Q)®kuTh

X®Y)®Z —— (A®B)®C

F(ax,y,z)\L \LF(HA,B‘C)

f®kur)(8®ki(r)h)

X@Y®Z) — A®(B®(0),

which is equivalent to the following diagram commuting in D,
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(f®ng)®ph v 1
XQY)®Z —— "% (TA®TB)®TC 22 T(A® B)® TC

aX‘Y‘Z\L \LVA®B,C

X®Y®Z) T(A®B)® ()

UX®(Y®Z>\L lT(“’*’B'C)
T(X® (Y ®2)) T(A®(B® C))
T([@;o(g@o@)l lnmmc»
T(TA®(TB®TC(C)) TTA® (B®())

T(lra ®DVB,C)\L \Lﬂmmac‘)

T(TA®T(B®C()) —)) TTA®(B®C(C)) T TA®BO)).

T(VaBec

We have, by naturality of the associator in D, that the following diagram commutes,

(f®pg)®ph
X®Y)®Z —— (TA®TB)®TC

aX‘Y‘Zl laTA,TB,TC

Xo(®z) o TA® (TB&TO).

Moreover, T is a lax monoidal functor, so by diagram (1), the following diagram commutes,

Vas®plyc

(TA®TB)®@TC —— T(A®B)®TC

aTA,TB,TC\L \LVA®B,C

TA®(TB®TC) T(A®B)® ()

174®p Vu,cl lT(“A,B,C)

TA®T(B®C) —— T(A®(B@C)).

By naturality of 17, we have that the following diagram commutes

X@(Y82) ———— TA®(TESTC)
ﬂxmy&zi Ira ®DVB,C\L

oo TAST(BOO) < > TA8(BOC)
T(J:@D(ﬁ@Dh))l
T(TA®(TBQTC()) N7 (Ae(BEC))

T(ITA®DVB,C)\L
T(TART(BR(C) ——> TT(A® (B ()).

T(Va.sC)

We have directly that the following diagram commutes

TA®BCO)

lTIT(A@(l@C))

TTA®B®CO0))

lﬂA@(B@C)

TTAARB®C()) 17— T(A®(B®()).

HA®(B&C)

1T (A®(BRC))
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Putting all the diagrams above together, we have that the big diagram below commutes,

(f®pg)®ph
(X@Y)8Z =2 (TA®TB) & TC ! T(A g B)® TC

ax.y.zl HTA.TB,TC\L lvms,c

XY®Z) ———> TA®(TB®TC) T(A®B)®C(C)
S@n(g®ph)

UX@(Y@Z)\L I7a ®DVB.Cl \LT(“A,B,C)
TX® (Y ®2Z) TA®T(B®C) W TA®(B®C(C))
T(f ®9(§®1)h))l \L’]T(A®(B®(‘))
T(TA® (TB® TC)) e 2 TTA ® (B® C))

T(ITA®DVB,C)\L lﬂA@(B@C)

T(TART(B®()) m TTA®(B®C(0)) v s T(A® (B®()),

confirming that F(a) is natural.

— F() and F(p) are natural. If f : X — Y is in KI(T), represented in D by f : X — Y, then
L ®kiry f:I®X - 1®Y and f ®kyry 11 : X®1 — Y ® [ are represented in Z)_by

11 ®kury f=Viy o ®p f) : 1@ X = TUQY),
f ®xury 11 ZVY,IO(I‘X’D n): Xl ->TXYQI).

We want to prove that the following diagrams commute in KI(T),

rox 2% x xeo1 2% x
11®K1(T)fl lf s S ®K[(T)lll lf
I®Y W Y Yol m} Y

which is equivalent to the following diagrams commuting in D,

Ax nx

19X s X s TX
771®z;£l sz
TISTY TTY

vir| lyy

TU®Y) 7 TY —r TTY — TY,
Y

T(dy)

PX Nx

X®I > X > TX
z%n:l lfz
TYQ®TI TTY

V| iz

T(Y®D W TY T—m) ITY —/(— TY.
By bifunctoriality of — ®p —, the following diagrams commute,

I®X Xel

Li®nf f®nly
UI@DJ:\L \ ) [®z>ml \

TIQTY <— IQTY TYQRTI <— TYQ®I
m®plry I7y®opn;
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By naturality of A and p, the following diagrams commute,

IeX i » X, XoI £x s X,
%ﬁ %1’
I®TY ’ I®TY s
JTV\L /ITY\L
TY TY

Since T is a lax symmetric monoidal functor, the following diagrams commute,

TIRTY <— IRTY TYQRTI <—TY®I

ni®plry Lry®pm
V”\L /ITY\L V“\L pryl

TUSY) —r> TY. T(Y®I) —— TY.

T(y)

By diagram (5) in Definition of a monad,

Hy o Tny = py o nry,

and by naturality of n, the following diagrams commute:

X —" 71X X —2 5 TX
Tf Tf
; TiY ; | TiY :

/ l’” / l’”

TY s 7TY 2 5 TY TY s 7TY 2 5 TY

pyoTny pyoTny

Putting all the diagrams above together, we have that the following two big diagrams commute

19X A s X — ™ s 7x
Li®pf )
771®D[l \* ng
TIQTY +—— IQTY TTY
n®plry f
V”\L /lryl / lﬂy

TU®Y) —s TY —— TTY —= TV,

pyoTny

X®l px X —™ s 71X
I

. Sfenl;
i@;aml \
TY®TI <—TY®I TTY
Lry®opn1 f
VYJ\L pTY\L / l/ly

TY®I) o TY ™ TTY 25 TY,

~

pyoTny

establishing that F(1) and F'(p) are natural in KI(T).
— F(B)isnatural. If f: X > Aand g : Y — C are in KI(T), represented in D by f : X — TA and

g:Y—>TC,then fOkr) 8§ : X®Y > A®Candg®xyr) f: Y®X - C®A a?erepresentedin
D by
f®K1(T)g=VX’yO(]_(®Z)§)IX®Y—>A®C,
g®K1(T)f=VX,yO(§®Q)]_C) YRX > CRA.
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We want to prove that the following diagram commutes in KI(T),

Bxy
X®Y — Y®X

f ®1<z<7>8l \Lg&a(r)f

A®C TC) C®A,

which is equivalent to the following diagram commuting in D,

X.Y Nyex

B
X®Y — Y®X > T(Y ® X)

j:®@§l lT(g%jj )

TAQTC T(TC®TA)
VA,C\L \LTVC'A
T(A&C) TT(C®A)

T(BA,C)\L lllcozm

T(C®A) 7 TT(C®A) —r T(IC®A).

By naturality of the braiding B and 7, we have that the following diagrams commute,

Byxy

X®Y S Y®X s T(Y ® X)

j:®z>§l lg@z)z \LT(&@DD

TA®TC — TC®TA w—p T(TC®TA),

Nyex

TCR®TA X< T(TC ®TA)

lVC.A \LTVC_ A

T(C®A) —— TT(C ® A).

NT(CoA)

Since T is lax symmetric monoidal, by Diagram (4), the following diagram commutes

Brarec,

TA®TC —— TC®TA

VA,C\L

T(A®C)
T(BA,C)\L
T(C®A).

By definition of a monad, diagram (6), the following diagram commutes,

NT(C2A),

T(C®A) —— TT(C®A)

T(C®A) 77— TT(C®A) > T(C®A).

Putting all of the diagrams above together, we have that the following big diagram commutes,

Bxy Nyex

X®Y S Y®X s T(Y ® X)

£®z>5l lg%i lT(E‘X’DJf)

Brarc nreera

TARTC -5 TC®TA L T(TC®TA)

VA.C\L lVC.A \LTVC, A

CA NT(CoA)

TA®C) © T(C®A) 2y TT(C ® A)

o] S e

T(C®A) T TT(C®A) —— T(C®A),
(cea) Heen
establishing the naturality of F(B).
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So Lemma 2.20 applies, implying that KI(T') is a symmetric monoidal category, and that F' is a strict symmetric
monoidal functor. This yields the Proposition. O

Corollary 2.25. [2, 3.2]. Let D be a Markov category and T a symmetric monoidal affine monad on D. Then
the Kleisli category KI(T) is again a Markov category in a canonical way.

Proof. We want to apply the second part of Lemma 2.20. For the naturality of F(del), we have to show that
forevery f: X — Y in KI(T),

x L5y
F(delx)\L \LF(dEIY)
| —— 17

commutes in K/(T). This means that in D, the following diagram must commute

f
X ———TY

lr(@l@p

el TTI
\Lﬂl
T[ _ Tl.

Since D is a Markov category, for every f : X — TY in D,

f
X —> 17,

d(:’]z)xl
delDTy
1

T

TI —— TTI,
TI

commutes by diagram (5) in Definition 2.4 of a monad. The diagram

commutes and

T(delp,)

TY — XTI

delz)vlvyl delz),” 57]1
I

I

commutes by naturality of del and the fact that T is affine (i.e., ; : I — T1 is the inverse of the unique
morphism delr; : T1 — I), so that the diagram

T(delp,)

TY —= TI

delV \)

1

TI,



commutes. Putting that together, we have that the following big diagram commutes

T(delp,)
! T(delp,)
X = Ty LN M Srrr
\Q Hi
> T1
So KI(T) is a Markov category. O

Example 2.26. In 2.15, we have defined the Kleisli category MultiVar of a symmetric monoidal affine monad
on the Markov category FinSet. Then we have the Multivar is also a Markov category.

Example 2.27. We would like to see if FinStoch is the Kleisli category of a monad on FinSet. For f: X —» Y
in FinStoch, we want to interpret it as a function from X to 7Y, a finite set. But if we interpret f as a function,
then f(x) = (A1, Ay, ...4,), with n = [Y| and > o ;c, 4; = 1, so we need f(x) to belong to an infinite space (not
even countable), so 7Y cannot be in FinSet.

3 Properties of Markov categories

In this section, we will see some properties that all the Markov categories have, some particular morphisms,
and some interesting properties that a Markov category can have (but not necessarily).

3.1 Deterministic morphisms

We will first study some particular morphisms in Markov categories, that can be interpreted as functions or
deterministic morphisms.

Definition 3.1. [2, 10.1]. A morphism f : X — Y in a Markov category is deterministic if it respects the

comultiplication,

i.e., f is a morphism of comonoids and the following diagram commutes:

x —L—vy

copyxl lcopyy

X®X Yot
OX T 1

Example 3.2. In Ser,
x —L sy

o ls

XXXW)YXY,
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commutes for every function f : X — Y. So every morphism in Se? is deterministic.

Example 3.3. In FinStoch, if f : X — Y is deterministic,

X ! %
copyx @) copyy
- 4
XxX Y YXxY.

For every (y1,y2) € Y X Y and xy € X, on the one hand,

COpYx,

X xwx Ly yxy,

gives
J® focopyx(y1,y2lxo) = Z F® f1, yalx, x2) - copyx(x1, x2|x0)
(11, 30)EXXX
= f® f(y1, y21x0, x0)
= fOnlxo) - f(y2lx0).
On the other hand,
X Loy P yxy,
gives

copyy o f(y1,yalxo) = Z copyy(y1, y21y0) - f(volxo)

Yo€Y
= fO1lx0) « Sy, y,5
so that f deterministic implies that for every (y;,y,) € ¥ X Y and xy € X,

FO110) - FOalxo) = Fabn) - ., = { stk W =

otherwise,

which happens if and only if

fOilxo) =0,
or .
R
Since
D folo) =1,
yey

for every xo, there exists a unique y € Y such that f(y|xo) = 1, and f(y2|xy) = 6,,,, for every y, € Y. This is
consistent with the probabilistic definition of a deterministic function : for every xy € X, we are sure to assign
only one value y € Y, so that f(yolxo) = 6,,,. The deterministic morphisms also coincide with the images of
functions f : X — Y in FinSet through the standard inclusion functor FinS et — FinStoch defined in Exemple

2.22.

Example 3.4. In Gauss, a morphism f : n — m defined by (M, C,s), M € R™", C € R™" s e R", is

deterministic if
copy,

f O ref

m ——— 2m.

copym
On the one hand,
copyn fef

n—-— 2n —— 2m,
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gives

(f®f)ocopy,,:(M@M,C@C,S@s)o((i"),0,0)

:((MEBM)(}”),(M@M)~0-(M69M)T+C€BC,(M®M)-O+seBs)
- ((1).cocsed)

nL)mMZm,

On the other hand,

gives

copmno = (17)-0.0) o .00

T
L L\ ~(1m Ly

Il
—
—_

3

For every M € R™" C € R™™ s e R",

)= ()
coc=(5 2)
oref)

so that f is deterministic if and only if
c ¢\ _(Cc 0
c c/ \o c)
i.e., C = 0. This corresponds to the probabilistic definition of a deterministic morphism since C = 0 corre-

sponds to morphism with no covariance, i.e., deterministic variables.

Definition 3.5. Let D be a category. Then a morphism f : X — Y in D is an epimorphism if, for all object Z
and all morphisms g1,g> : Y — Zin D,
grof=gof,
implies
81 = 82.

Lemma 3.6. [2, 10.9]. Let C be a Markov category and let f : X — Y and g : Y — Z be morphisms in C.
Then:

1. If f and g are deterministic, then so is gf.
2. If gf is deterministic and f'is a deterministic epimorphism, then g is deterministic as well.
3. If f and g are inverse isomorphisms and if one of them is deterministic, then so is the other.

Proof. 1. Suppose f and g are deterministic. Then,

¢ [¢]
¢] [¢]

where the first equality comes from the fact that g is deterministic, and the second from the fact that f is
deterministic.
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2. Suppose that g f is deterministic and that f is a deterministic epimorphism. Then,
¢ [#]
<] L8]

where the first equality holds since gf is deterministic, and since f is an epimorphism, we get that

;

3. Suppose that f and g are inverse isomorphisms. We can suppose, without lost of generality, that f is

deterministic. Then,
¢ [¢]
] [¢] [g] [g]
= = f = B
I I

where the first and last equalities hold since f and g are inverse isomorphisms, and the second holds
since f is deterministic. We then have that g is deterministic.

i.e., g is deterministic.

O

With the result above in hand, we can construct a subcategory made of the deterministic morphisms:

Definition 3.7. C;,; is the category defined as follows.

e The objects of Cy,; are exactly the objects of C
e The morphisms of Cy,, are the deterministic morphisms in C.

We can actually construc a Markov subcategory out of these deterministic morphisms.

Lemma 3.8. [2, 10.12]. The subcategory of deterministic morphisms Cg.; C C is closed under tensor product
and contains all structure maps, meaning the associators, unitors, del, copy, and swap.

Proof. o Cgye is closed under tensor product. Since ObCy,; = Obg, for all X, Y objects in Cyr, X ® Y is

also an object in Cy;. Now suppose f : X — A, g : Y — B are deterministic morphisms. Then, their
tensor product is also deterministic:

A®B A®B A B A B A B A B
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where the equalities hold by (14).

AQ®B AQ®B
A B A B A B A B
5] i
X Y XY

where the first equality holds by the fact that f and g are deterministic, and the second by (14). This
yields that Cy,, is closed under tensor product.

o Cge contains all structure maps.

— for every object X in C, dely is deterministic:

by counitality (12).

— for every object X in C, copyy is deterministic:

VYY) -

where for the second and third equality, we used coassociativity of the objects in C (11). And this
yields that, for all object X in C:

XX X®X X X X X X X X X

X X X

X X X X X X X X X®X XX
l l
’ copyx ‘ ’ copyx ‘

X X X

where in the third equality, we used cocommutativity of the objects in C (13)
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— for every pair of objects X, Y in C, By y is deterministic:

YeX YeX Y XY X Y XY X Yy XY X YeX Y®X
XY X Y X Y X Y XQY

where the first and fourth equalities hold by (14), the second equality by naturality of the braiding:

copyx®copyy

XY ——————— X®X®YQY

Byxy @) Byxex.yey

YoX ———— > YeVeXeX,

copyy®copyx
and the third equality holds by symmetry of the braiding and first and second hexagon identities:
(1y ® Byx ® 1) o Bxex.yer
= (1y ® Bxex,y) © (Bxex,y ® ly)
=(ly®Byx®1x)o(ly® (Bxy ® 1x o 1x® Bxy)) o (Bxy ® Iy o 1x ® By y) ® 1y)
=(Iy®Byx®Ix)o(ly®Bxy®Ix)o(ly®Ix®Bxy) o (Bxy® 1x® 1y) o (1x ® Bxy ® 1y)
=(Bxy®Bxy)o(Ix®Bxy® ly).

— for every object X in C, Ay and py are deterministic: by Lemma 3.6, we can prove that /1;(1 and
py'- By counitality (10) of the objects in C,

Ax' = (delx ® 1x) o copyx,
Py = (1x ®dely) o copyx,

And we have,

where the first and third equalities hold by counitality (12), and the fourth by (24). So we have that
/l;(l is deterministic, and similarly for p;(l.

— for every triple of objects X, Y,Z in C, the associator axyz : (X®Y)®Z =53 X® Y®Z) is
deterministic. We will detail the commutativity of the diagram introduced by T. Fritz in [2] 10.12.
The diagram

COPY(XeY)®Z

XeY)®Z > (X®Y)®2)(X®Y)®2)

H lgr (XeY)eZ

(X®Y)®ZCWI((X®Y)®(X®Y))®Z m (XeY)eXeY)®((ZeZ),

commutes by (15). The diagram

copyxey®1

XeY)®Z > (XeY)eXeY)eZ

X® Y)®Z(1m®ﬁX®(Y® Y))®Z(Cm®f(X®X)®(Y® Y)eZ,
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commutes by (15) and by the fact that (copyx ® lygy) © (1x ® copyy) = copyx ® copyy = (1xex ®
copyy) o (copyx ® ly) by functoriality of — ® —. The diagram

(X2Y)®(X8Y)0Z 2 (X0Y)® (X8 Y)®(ZeZ)

grxyy®1l lgrx,y®l

(XeX)e(YeY)eZ m (XeX)e(Y®Y)®((ZeZ),

commutes by functoriality of — ® —. The following three diagrams commute by naturality of the

associator.
1®copyy)®1

X®Y)®Z ——— X(¥YeY)eZ

ax.les Elax,my,z

XY ®Z) ———— > X (Y®Y)®2),

1®(copyy®ly)

(copyx®1)®1

Xe¥RY)®Z ———— (X X)®(Y®Y)®Z

aX.Y@Y.Z\L’E zla(mx,(y@y),z

X@((YeY)®2) W) XX)((Y®Y)®2),

(X®X)®(YeY)eZ 2% (XeX)® (YoY)®((ZeZ)

axex.( Y®Y),Zl5 ElaX®X. Y®Y,ZQZ

XeX)e(YeY)®Z) —m> )(X®X)®((Y®Y)®(Z®Z)).

(l®copyz

The diagram

Xo(Yee2) Y XeX)o (Yo )e9Z) 2 Rx e X)o (Yo Y)® (Z®Z)

Xo(Ye® Y)®Z)l®myzgf®((Y® Y)®(Z®Z2)) m XeX)®(Y®Y)®(Z®2),

commutes by functoriality of — ® —. The diagram

Xo¥eZ) Y e (Yo Y)82) 2R X e (Yo Y)® (Z®Z))

| [

X®(YQ2Z) > X (Y®2)® (Y ®2),

1®copyyez
commutes by (15). The diagram

copyx®l

X((YRY)®(Z®Z2) —/ X@X)(YRY)®(Z®2Z))

1®gr2!ll \L] ®gr;![

X®((Y®e2)® (Y ®2) m XeX)®(Y®2)e(Y®2),

commutes by functoriality of — ® —. The diagram

XY eZ) X xe(YeZ)e(YoZ) % XeX)o(YoZ) e (Y ®2)
H lgrx,mz
X® (Y ®2Z) y (X®(Y®2)®(X®(Y®2)),

COPYXe(YRZ)

commutes by (15) and functoriality of — ® —. Putting all the diagrams above together, we have that
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the following big diagram commutes, writting ;" instead of ’®” for brevity,

X;Y),Z opene S (X Y);2);((X;Y); 2)
H lgr(x Y.z
X;Y):Z copnri] S (X3 7)Y Z —<P% (XYY (X: Y)): (23 Z)

ryy;l

(X ¥): 22 o (v )y 2R (X X): (v V) Z S (XX (Y1) (2:2)
axyz | = E\Lﬂx,(y;yv ;\La(x;)()‘(y;y),z
X:(V;2) 50X (V1) Z2) S (X X): (YY) 2) S (X (V; Y): (Z: 2))

X:(V:2) C50% (v: ), 2) B X (v ¥): (2:2) 2 (X X): (V: Y): (Z: 2))

| [ [

Licopyyz copyx;l

X;(Y;2) > X5 ((Y32);(Y:2) —— (X:X):((Y;2); (Y3 2))

H lgrx.y:z

X;(Y;2) > (X5 (Y;2));(X; (Y 2)).

Al

AX:X),(Y:Y)(Z:2)

<L

COPYx:(v;z)

The left vertical composition is exactly equal to ay yz : (X®Y)®Z — X®(Y®Z). And by Theorem
2.3, the right vertical composition morphism is axyz ® axyz : (X®YV)®2)@(X®Y)®Z) —
X®Y®2)’eX®(Y®Z),ie.

-1
axyz ®axyz = grx.yez © (1xex ® gryz) © axex.yerzez © (grx,y ® l1ze7) © grixersz,

so that

COPY(xeY).Z

X®Y)®Z —— = (X®Y)®2)3(X®Y)®2)

ax,yz @) ax,yz®ax,yz

XY ®Z) ——— > XY 2)(Xe(Y®2),

COPYXa(Y®Z)
which means that ay yz is deterministic.

[m]

Since all Markov categories contains a subcategory of deterministic morphisms, this gives an idea of an-
other way of constructing Markov categories, i.e., defining the determinisms and then expanding the category
to non-deterministic morphisms. For example, the subcategory of deterministic morphisms of FinStoch is
FinSet.

3.2 The 2-category of Markov categories

We are now interested in how to define functors between Markov categories, preserving the structure. And
then we can construct a category out of it, that we will call Markov.

Definition 3.9. [2, 10.14] The collection of Markov categories makes up a 2-category Markov, where:
e objects are Markov categories;

e l-morphisms F : C — D are Markov functors, by which we mean strong symmetric monoidal functors
which preserves the comonoids in the sense that the diagram

coly wfm)

FX®FX —> FX®X),

commutes for every X € C, where the horizontal arrow is the relevant structure morphism of F. Functors
that satisfy this property are called comonoid functors;
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e 2-morphisms t : F = G for F,G : C — D are monoidal natural transformations with deterministic
components, i.e., for every X in C, tx : F(X) — G(X) is deterministic, and for every X, X, in C,

F(X) ® F(X2) 2% G(X1) ® G(X2)

V"'xl ,le \LVGXI X

FX; ®X3) W G(X; ® X3),

commutes.

e A comonoid functor F : C — D is a comonoid equivalence if there exists a comonoid functor G : D —
C and isomorphic 2-morphisms i : Idp = GF and j : ldp = FG.

There is a necessary and sufficient condition for a functor to be a comonoid equivalence, which simplify
their construction and the verifications.

Proposition 3.10. [2, 10.16]. A Markov functor F : C — D is a comonoid equivalence if and only if it is an

equivalence of categories, and for every object Y € D there is X € C and a morphism i:Y —— FX which
is deterministic, meaning that the diagram

Y — 3 FX

corvr | Jeomex

Y®Y %) FX® FX,

commutes.

Proof. Suppose that F is a comonoid equivalence. There exists a comonoid functor G : D — C and a
2-isomorphism in Markov i : Idp = GF so that for every Y in O, we can take X := GY and since i has
deterministic components, the following diagram commutes,

Y —2 5 FGY

COI’}’V\L \LCUP,VFGY

Y®Y — FGY ® FGY.
IyQiy

Conversely, suppose that F is an equivalence of categories and that for every object Y in D, there is X in C
and an isomorphism

iy : Y — FX, (25)
which is deterministic. There exists H :  — C being right adjoint to F' via the natural isomorphisms
n:le=HF,
e: FH = 1gp.
‘We can construct a functor G : D — C, defined as follows.
e On objects, for all Y in D, let G(Y) := X, with X the object in (25).

e On morphisms, for all f: Y} — Y, in D, let G(f) : X; — X, be defined by the composition

H(iy) : H(iy,) Ty
X s HF(X) —5 HOY) —2 H(Y) —23 HF (X)) —2 Xa,

where i;' : FX — Y is the inverse of iy. Then G is a functor since for all Y in D, let X := G(Y) the
corresponding object in C,
G(ly) = 11y o H(iy) o H(1y) o H(iy") o 1
= r];(l oH(iyolyo i;,l) onx
=1x' © Luax) o nx

= lx = lgw),
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by functoriality of H, and for all morphisms f : Y} — Y, and g : ¥, — Y3in D, let X; := G(Y}), X5 := G(Y»),
X3 := G(Y3) the corresponding objects in C,

G(g) o G(f) =nx, © Hiy,) o H(g) o H(iy,) o 11x, 0 1y, © H(iy,) o H(f) o H(iy)) o 1x,
=nx! o H(iy,) o H(g o f) o H(iy") o nx,.

again by functoriality of H.

We now shox that F' and G form an equivalence. We show that the morphisms iy define a natural isomor-
phismi: 19 = FG, i.e., for every morphism f : Y| — Y, in D, with X; := G(Y}) and X; := G(Y>), we want
to show that the following diagram commutes,

F(px,) FH(iy")
Y —> F(X,) = FG(Y)) —%% FHF(X)) —> FH(Y1)

! FG(f) @) FH(f)

iy2 _
Y, —— F(X3) = FG(Y3) (@ FHF(X3) m FH(Y,).

By naturality of n and functoriality of F, the following diagram commutes,

FO) —% FHE(X))

i;l‘ o foiyzl lFH(i;,l ofoiy,)

F(Xa) 4 FHF(Xa).

By functoriality of F and H, the following diagram commutes,

FH‘

FHF(X,) —) FH(Yy)

FH(I'}[ Ofoiyz)l lFH(f)

FHF(X3) m FH(Y»).
Putting the diagrams above together, we have that the following big diagram commutes,

F(nx,)

Y —> F(X,) — FHF (X)) —> FH(Y1)

f\L \Li;] ofoiy, lFH(i;,l ofoiy,) \LFH(f)

Y, l—y2> F(X3) m FHF(X,) m FH(Y>),

establishing naturality of i.
Now we need to define a natural isomorphim j : 1¢ = GF inducing with i~! : FG = 1y an adjunction on
the pair F: C = D, G : D — C. Define j : 1¢ = GF on X in C by the composition

X " grx M grerx % Grx

this defines a natural isomorphism, since all the morphisms involved are natural ismorphisms. The triangular
equalities are satisfied. By naturality of € and the triangle equalities of the pair 7, €, the following diagram

commutes,
F(jx)

i Fnzly
Fx £%% prpx 2 ppporx Z EGEX

\ lefx lemn/ l,-;lx

FX ———5 FGFX ——— FX,
FX lFX
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establishing the first triangle equality. By definition of G, G(iy) is the composition

H(iy") H(iy) H(irgy) ooy

GY s HFGY —% GY —% HFGY =% HFGFGY - GFGY,
\//
and by definition of j, jsy is the composition

H(irgy) Tgroy

GY s HFGY =% HFGFGY -2 GFGY,

so that joy = G(iy) and the following diagram commutes,

GY s GFGY

\ lG(i;,‘)
GY,

establishing the second triangle equality.

We now show thati : 19 = FG and j : 1¢ = GF are 2-isomorphisms in the category Markov. By
assumption, i has deterministic components. We need to prove that it is a monoidal natural transformation. We
did not define the isomorphism VGy],yz 1 G(Y) @ G(Y,) —» G(Y; ® 1), so we will define it and show that it
makes the following diagram commute,

Y, 0% 2% FG(Y,) ® FG(Y,)

\LVFG(YI 1G(Y)

F(G(Y) ®G(Y2)

lFVGY].YZ

YIY, T) FG(Y| ®Y>).
187
For all couples of objects Y, ¥ in D, VGW2 : G(Y)) ® G(Y,) = G(Y; ® V) is defined by the composition

G(Vz
JG(r)8G(2) c(y,)c(yz

G(Y)@G(Y2) —— GF(G(Y) e G(Y2) — G(FG(Y1)®FG(Y2))

Vay,, yzl \LGU;I ®iy))

G(Y, oY) G(iver,)

GY1®Yy) «——— GFG(Y1®Y)) «—— G(Y1® ).
\\://

This defines a natural isomorphism by composition of natural isomorphisms. Moreover, the following diagram
commutes, using twice the triangle equalities and three times naturality of i:

vie, 5 FG(Y) ® FG(Y)) Sy F(G(Y) ® G(Y2))
iy, v,
FGY,®Y),) @) irGY eGYy) = | FiG(r))eG(ry))
IFGY|@FGY,
F(JE:Y]@YZ)): i;]G(yleayz) FGF(G(YI) ® G(YZ))
\LFG(V;;;(YI ),.G(Y2) )
Z Z
FGFG(Y1 ® Ys) 45— FCh e N) e FOFGI) @ FGT)),

making the following diagram commute, by definition of Vg,

Y0, “28 FG(Y)) @ FG(Y,)

lVFu(yl )1.G(Yy)

F(ja, )®G(Y2)}: G(Yl ) G(Yﬁ,
F(G(Y1) ® G(Y2)) —— FGF(G(Y)) ® G(Yz)) G(FG(Y1)® FG(Y?))

lF Véy, v, lFG(l 1giy])

YI®Y, —) FG(Y;®Y,) <— FGFG(Y,®Y>,) <— FGY;®Y»),

]G(Y] ®Yy) FGr,
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establishing monoidality of i.

We need to prove that j is monoidal and has deterministic components. For every couple of objects X, X,
in C, the following diagram commutes, by naturality of j for the upper diagram, by naturality of V combined
with functoriality of G for the middle diagram and by triangle equality for the lower one:

Jx; ®Jx,

Xi®X, ———— GF(X))®GF(X»,)

Jx, @le leFXI ®GFX,
GF(jx,®jx,

)
GF(X; ® X,) —— GF(GFX, ® GFX»)

GVFX[ .XZT TGVFGFxl GFX
G(Fjx, ®F j.

G(FX, ® FXy) 28 (FGFX, ® FGFX,),

\_/f

Girx, ®irx,)
and this gives the monoidality of j : 1o = GF, i.e., that the following diagram commutes, by definition of Vg,

JGFX| GFX,

X, 0% 2% GE(X) © GF(Xy) "% GF(GFX, ® GFX,)

-1
\LVGF(Xl )F(Xp) lG(VFqul GFXy )

G(F(X)® F(XZ))G(K—I_W )G(FGFXl ® FGFX3)
\LGVFXIYXZ FX, X,

Xi198X, —— GF(X; ® X»).

jX1®X2

The components of j are deterministic. For all X in C, the following diagram commutes,

FX F(F’;) s FGFX
COpYFx 3 /
Flcopy) U FX®FX, (%X;WFX ® FGFX O Flcopycx)
) N
FX®X) o s F(GFX ®GFX),

by naturality of Vg, by triangle equalities for i and j, and since i has deterministic components and F preserves
comonoids. By fully faithfulness of F, the following diagram commutes,

X —" s GFx

COP}’X\L \LC ODYGFX

X®X — GFX®GFX,
Jx®Jjx

this yields that jx is deterministic. We have proven that i and j are 2-isomorphisms in Markov.

We now show that G : © — C defined above is a 1-morphism in Markov. We can define a unit on G so
that it becomes a strong symmetric monoidal functor. If éf : I — F(I¢) is the unit for F, we can define the
unit for G by its image on F since F is fully faithful,

F(éo) : Fe) — In —2% FG(Ip). 26)

Let us prove associativity of G. For every triple of objects Y1, Y2, Y3 in D, the following diagrams commute by
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naturality of Vg

F(Vay, y,®lor;) F((GY, ® GY2) ®GY3)
TVFGYI 8GY,.GY3
O F(GY, ®GY,)® FGY;
F(G(Y,0Y,) ®GY3) FV6y, y,®F Loy,

VFG(YI ®Y).GY3

FG(Y1®Y,)® FGY;

F(GY; ® (GY, ® GY3)) F(loy, 8%y, )
VFGYI,GY2®GY3T
FGY, ® F(GX; ® GY3) @]

Flgy, ®FVay, v, F(G(Y)®G(Y,®Y3))

V"'Gy] G(Y,8Y3)

FGY, ® FG(Y, ® Y3)
Since F is monoidal, the following diagram commutes,

Flacgy, gy, 6ry)

F(GY, ®GY,) ® GY3) > F(GY; ® (GY, @ GY3))

VFGYI ®GY, ,GY3T VFGYl .GYZ:GY3T

F(GY, ® GY») ® FGY5 FGY, ® F(GX> ® GY3)
VFGYI GY ®lror; © VFG}'1 GY ®lrar,

(FGY, @ FGY,)® FGY; ————— > FGY, ® (FGY, ® FGY3).

¥DFGy, ,FGY,,FGY3

By monoidality of 7, the following diagrams commute,
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F(GY, ® GY,) ® FGY;3

FVGY] ¥y ®Flcy3

VFGYI GYy ®lrar,

FGY1®Y,)® FGY;

(FGY, ® FGY,) ® FGY;

(iy, ®iy, )®iY3T

Y1 ®3Y,)®7s3,

iy, oY, ®ly;

FGY, ® F(GY, ® GY3)

Flcyl ®FVG},2'Y3

Lrey, ®VFGY2.GY3

FGY, ® FG(Y, ®Y3)

FGY, ® (FGY, ® FGY3)

T\iyl &(iy, ®iy;)

Y1 ®(Y,®1Y3),

iy, ®iy,ev;

F(GY;®Y,)®GY3)

VFGIW

FG(Y,®Y,)® FGY;

FV,
Gy ev,.v3 iy, oy, @iy
18729413

~ i(Y1®Y2)®y3

FG((Y1 ® YV2) ® 13),

Y19Y)®Y;

F(GY) ®G(Y2®Y3))

/”01/,.6(1/2@)'3)

FGY, @ FG(Y, ®Y3)

FVGYI,Y2®Y3

iy, ®iy,er;

iy, e(Y,0Y3) ~

FG(Y, ® (Y, ® Y3)).

Y1 (Y, ®Y3)

By naturality of «, the following diagram commutes,

(FGY, ® FGY,) ® FGY; —2% FGY, ® (FGY, ® FGY3)

(iy, ®iy, )®l'y3T T\ih &(iy, ®iy;)
XDy, v,.v3
Y1eY)®Y; ———— V19 (Y2 ® 13).



By naturality of i, the following diagram commutes,

XDy, v,.v3
T1en)eYs — Y1 ®(Y,®Y)3)

FG(Y1®Y,)®Y3) > FG(Y, ® (Y2 ® 13)).

FG(apy, v, y,)

Putting these diagrams together, we have that the following big diagram commutes

¥Coy).6Y, (‘Y;

F((GY1;GYy); GY3) —> F(GY17(GY27GY3))
F(Voy, y,31673) F(or,iVey, v,)
- VFGYl GY, ,GY3T VFGY] GYp:G Y3
F(GY,;GY,); FGY5 FGY,; F(GY»;GY3)

F(G(Yl; Yz); GY;) FVGy Yy Flr, Flgy; FVGYZ.Y3 F(GY], G(Yg, Y3))

VFc(y, 1¥).GY3 /F(,'y,(,'(yz;y3>

Vel 1;Ve
FG(Y1; 1»); FGY3 FGY; FG(Y2; Y3)
F¥y 100, _— (FGYI,FGYZ) FGY; 2% FGY,:(FGY,; FGY) —_ A
(iyy 30,y )3 lY; T\iy] (v, sivy)

Dr1.n.y;

(Yl,Yz) Y —> Yy;(Y2;Y3)

v l(yl V2):¥3 iy)3(¥p:¥3) ~

FG((Y1;Y2); Y3) > FG(Y1;(Y2; 13)),

FGlany, y, y,)

99,99

where we write ;" instead of ® for simplicity, which yields associativity of G since F is faithful.
Let us now prove the unitality of G. Again, it is enough to look at the image under F by faithfulness of F'.
For every Y in D, we want the following diagrams to commute:

FleoGY) E2Y rGl,0GY)  FGY® 1) 2% FGY ® Glp)

F(/IC(;}/)l \LFVG’DV F(Png)\L lFVGYJD

FGY(WFG(ID@JY) FGYWFG(Y@ID)

Since Vp is natural, we have that the following diagrams commute,

F(lo ® GY) FEe®lor) s F(Glp ®GY)

VFIC,GY

Fle) ® FGY 2% kG1, ® FGY,

FGY ®I¢) Foreto) - s F(GY ® Glp)
VFGYJC 1r6y®F (£6)
FGY ® F(Ip) FGY ® FGIyp.

Since F is monoidal, the following diagrams commute,
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F(.®GY) F(GY®I)

F(lo) ® FGY, FGY ® F(lp)
§F®1FGYT IFUV%FT
ico) Iy FGy FGY®1
D5 D.
ADpgy PDFGy
~ ~
FGY FGY

By defintion of & in (26), the following diagrams commute,

Fle) ® FGY “2"kG1,  FGY FGY ® F(Ip) S rGy ® FGIy
§F®1FGYT / 1FGY®§FT /
i1,®lFGy lrey®ir,
1y ® FGY, FGY ® Ip.
By naturality of A, the following diagrams commute,
Ip ® FGY FGYQ®Ip
%iy %ﬂ
Appe;
ooy Y¢— Ip®Y, Y¢——— Y®Ip.
Apy PDy
FGY FGY

By monoidality of i, the following diagrams commute,

F(GIp ® GY) F(GY ® Glp)
VFGIZ).GY VW
FGlp® FGY FGY ® FGlp
i1, ®iy FV(;ID_Y liyolg, FVUY.ID
Ip®Y Yolp
iryey ~ m ~
FG(UIpQY), FG(Y ® Ip).

By naturality of i, the following diagrams commute,

Y </1_ Ip®Y
oy i1pey
iy \
FGY < FGlloy) FG(Ip®Y),
/ VYol
Yoly
iy \
FGY < FClomy) FG(Y ® Ip).

46



Putting these diagrams all together, we have that the following two big diagrams commute,

F(lg; GY)

F(&e:lar)

V%Gy\

Fe): FGY %" pG .

§F;1FGYT /
irg:1rGy

> F(Glp; GY)

FGY

F(dcgy) [1), FGY i1gy3ly FVGID'Y
/ Y l In:Y
FGY o0 FG(Ip;Y),
DY
F(GY;1Ic) — S
\ =
Vegyie MF“)
FGY; F(Ig) FGY: FGlp
lmy:s‘FT %@
Flpcgy) FGY; IZ) liy:lg, FVG”D
PDrgy Y <PD— Yilp
v ivitg
1 / \ ~
R FG(Y;1p).

FG(ppy)

99,93

where we write ”;” instead of ® for simplicity, which yields unitality of G.
For Gtobe a symmetric monoidal functor, we still need to prove that for every couple of objects Yy, ¥, in
D, the diagram

Begy, oy

GY, ®GY, —— GY> ®GY,

VGyl .yzl lVGyz.yl

GY,®Y,) GBDT) GY,®Y))
12

commutes. Again, this is enough to prove this for the image under F. Note that the following big diagram
commutes,

F(GY, ®GY) — "\ b6y, @ GYy)

N N

Vrey, ov, O Veeyov,

DFGY| FGY,

FGY, ® FGY2 —) FGY, ® FGY,

A A

FV6y, 1, O iy, ®ir, O v ®iy, O ¥y, v,
Boy Y,
Y19, - > Y,0Y
iy, Y, @) ivyev,
~ ~
FG(Y;®Y>) FGBy > FG(Y, ® 1).
Y1.Yy
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Since the upper diagram commutes by naturality of Vg, the middle one by naturality of the braiding By, the
lower one by naturality of i, and the vertical compositions are equal to FVs by monoidality of i. This yields
that G is a strong symmetric monoidal functor.

We still need to prove that G preserves comonoids, i.e., that for all objects Y in D, the diagram

GY
copy(,/ %ﬂ)’y)

GY®GY ———— G(¥YQ®Y),

Vayy

commutes. We will prove it for the image under F. Since i is natural and monoidal, with deterministic
components, the following diagram commutes,

FG(copyy)

FGY s FG(Y®Y)
x y ey
COPYFGY cop)ryl FVG”
Yoy
~ ]A
FGY ® FGY . s F(GY ®GY),
Feygy
and the diagram
FGY
F(copygy) \L“OPVFGY FG(copyy)
FGY ® FGY
A}/
F(GY ® GY) = > FG(Y®Y),
Gy

commutes since F preserves comonoids for the left hand side of the diagram, and the right hand side is exactly
the diagram above. This yields that G is a 1-morphism in Markov. We have then proven that F : C — Dis a
comonoid equivalence.

O

3.3 Conditionals

In statistics, we often use what is called conditional statistics. If we have a joint probability p(x, yla), we can
find conditional probabilities p(x|a,y) and p(ya, x), i.e., if we know the probability of x and y together, we
can compute the probability of x knowing y and the probability of y knowing x. In a Markov category, it is
not evident that we can compute such conditionals. In this section, we will give a categorical definition of
conditionals, by T. Fritz, and then see what it means in our examples.

Definition 3.11. [2, 11.5]. Let C be a Markov category. We say that C has conditionals if for every morphism
fiA—=>X®Y,thereis f|y : X®A — Y such that

X Y

Sflx

Flo= : 27)
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i.e.,

A—)X®Y

1x®fx

A®A
X®Y®A X®X®A,

.f®]A\L
l;@deh %X®1A

XQI®A — XQA
Px®14
commutes.

Example 3.12. FinStoch has conditionals. For all morphisms f : A — X X Y in FinStoch,let g,, : Y — [0, 1]

be such that
D gnaly) = 1.

yeyY
for all x € X, a € A. Then define f|y : X X A — Y by the usual notion of conditionals in statistics.
Lol 3y fOuyila) > 0,

flxOlx,a) =4 Zner [yl
8xa(¥) if ZyleY fGeyila) =0

forallain A, xin X and y in Y. We prove that f|y : X XA — Y satisfies (27). Forall xin X, yin Y andain A,
the right side of (27) becomes in FinStoch

(1x® fly) o (copyx ® 14) o (px ® 14) o (1x ® dely ® 14) o (f ® 14) o copya(x,yla)
=(1x ® fx) o (copyx o px o (1x ®dely) o f) ® 14) o copya(x, yla)
=(1x ® fx) o (copyx o px o (1x ® dely) o ) ® 14)(x,yla, a)
= Z (I1x ® f1x)(x, ylx1, X2, a1) - (copyx o px o (1x ® dely) o ) ® 14)(x, yla, a)

x1€X,
x€X,
ajeA
= Z Oxxy * flxOlxa, ar) Z copyx(x1, x2|x3) - px(x3|x4,0) - 8y, x5 - dely(Oly1) - f(xs,y1la) - 640 (28)
x1€X, x3€X,
x€eX, (x4,0)€XXI,
aj€eA (xs5,y1)EXXY,
= Z f‘XUlXZ’ a) Z 6X,X2,X3 . 6X3,X5 . f(XS»y1|a)
xeX x3€X,
(x5,y1)EXXY,
=fIx01x, @) Y f(x,yila).

Y€y

If 2y ev f(x, y1la) > 0,

_ Jxyla)
f\x<y|x,a>);f<x,yl|a> ST y1|a)§f<x vila) = f(x, yla),

and if 3y ey f(x,y1la) = 0
FixGlxa) Y feeyila) = 0 = f(x, yla),
ey
and f|y : X X A — Y satisfies (27), establishing that FinStoch has conditionals.

If f: A - X XY is adeterministic morphism in FinStoch, we show that we can define f|y : X XA - Y
such that it is a deterministic morphism. There exists f : A — X X Y in Set such that for all @ in A, x in X and
yinY,

J(x,yla) = b @Oy fr@-
where fx and fy are the marginalisations of f on X and on Y, respectively. Let g, : ¥ — [0, 1] be defined as
follows.
gx,a(y) = 6)',fy(a)’ for all y € Y,
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since
Z gx,a(y) = 1,
yeyYy
we can define fly : X x A — Y as follows. Forall ain A, xin X and y in Y,
JGla) if 3,y fCx,y1la) > 0,

FlxOlr.a) = { oo
8ra()s if ZyleY Sflx,yla) =0,

Oxsx@Syfy@ :
{ Zyjer Oxfy@Iv fy@’ if ZMEY Ox. fx@Oyi.fy(@ > 0,

Oy, fy(a)» if X ev Ox fi@Oy, fr@ = 0.

ForallainA,xinXandyin Y,
o if x = fx(a), there exists a unique y; € Y such that y; = fy(a) and
Z Ox fxt@) * Oy fy@ = 15
ney

so that
Ox. (@) * Oy, fr(@

2iyiey Ox fx(@) * Oy, fr(a)

f‘x(ﬂx’ a) = = 5y,fy(a)'

o if x % fy(a),

Z Ox.fu@ * Oy, fy(a) = 0,
yieY

so that
F1x01x,@) = 8 = 6y, fy@>-
We finally have
F1x01x, @) = 8y fy(a)-

i.e., f |y : X X A — Y is deterministic. This comes from a more general statement, that we will see below.

Proposition 3.13. Let C be a Markov category. Then Cy.; has conditionals.

Proof. For all morphism f: A - X ® Y in Cye, we can define f|y : X X A — Y as follows.

f‘X :=dely @ ((dely ® 1y) o f) = dely ®fy,

with fy := (delx ® 1y) o f the marginalisation of f on Y.
We show that f|y satisfies (27) and that it is a deterministic morphism.

X Y X Y

l T

flx f X Y

A A

(29)

where the first equality holds by definition (29), the second by determinism of f and the third by counitality

(12). This establishes (27), and f|y : X X A — Y is deterministic since

Y Y Y Y Y Y Y Y
l l T 1LY
Six || flx f f T
i i f i f
‘ ‘
X A X A X A X A
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where the first and last equalities hold by definition of f|y (29), the second by counitality (12) and determinism
of f, and the third by counitality (12). This proves that Cg,, has conditionals. O

Example 3.14. Since Set is the category of deterministic morphisms of FinStoch, it has conditionals.

We want to see in what extend categories with conditionals are preserved. We will analyse the case of the
category of functors between an arbitrary category, and a Markov category with conditionals. We will first
see that it is a Markov category, and then explain the open problem whether the category of functors have
conditionals or not.

Let C be a Markov category and D a small category. Then we will write Fun(D,C) for the category
of functors between P and C, with morphisms the natural transformations between those functors. We use
notation X = (X;)4ep for such functors.

Lemma 3.15. Let C be a Markov category, D a small category and a functor F : C" — C, with n in N. Let
F : Fun(D,C)" — Fun(D,C) be defined by the composition,

Fun(D,C)" —2 Fun(D",C") —X— Fun(D,C") —— Fun(D,C),
where O, Y and F . are defined as follows.

e — Forall objects X = (X")y<i<n in Fun(D,C)",

D((Xo<izn) : D" ——— C",

(di)0<i§n i 4 (Xi(di))0<i2n-

— For all sets of natural transformations T = (t)o<i<pn : X = XDocicn = ¥ = (Y)o<icn with 7 1 X' —
Y, morphism in Fun(D,C)",

D(7) : DX No<icn) === O((Y)o<izn),

(D(T)(di)(kign = (Tfjl.)0<i§n : (Xi(di))0<i§n —> (Yi(di))0<igns
for all (di)0<i§n in O".
° — For all objects G : D" — C" in Fun(D",C"),
¥(G) := G o A™,

where A : D — D" is the iterated diagonal, i.e., A (d) = (d; = d)o<i<n for all objects d in D.
— For all morphisms o : G = H in Fun(D",C"),

Y(or) = o+ AP,

i.e., forall din D, _ ‘
(lP(O—)ld)OQ'Sn = (O—ij)O<i§n~

e F, is the postcomposition functor with F.

then F : Fun(D,C)" — Fun(D,C) is a functor.

If, moreover, there exists a second functor G : C" — C and a natural transformation o : F = G,
define ¥ : F = G as follows. For all object X = (X")oci<n in Fun(D,C)", the natural transformations
Tx : F(X) = G(X) are defined pointwise by

(Ex)a = ox,,
then'Y : F = G is a natural transformation.

Proof. o We show that F is a functor.
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— We show that @ is a functor. For all objects X = (X")g<i<,, in Fun(D, C)", for all (d;)p<i<, in D",

OUdx)doeien = Udxi(a))o<i<n

and ®(Idx) = Idg,. Now for all couples of sets of natural transformations 7, = (Tﬂ Yo<i<n - X =
Xo<isn = ¥ = (Yiocizn, T2 = (Ty)o<icn * ¥ = (Vocicn = Z = (Zi)o<i<n With 7} : X' — ¥ and
7, . Y' — Z', morphisms in Fun(D, C)", for all (d;)o<i<, in D",

D(12 © T1)(d)geen = (T2 0 Tl)iji)oqgl = ((Th)a; © (T))a)o<izn = (@(12) © DT (dygicns

this proves that ® is a functor.
— We show that ¥ is a functor. For all object G : D" — C", for all d in D,

(W(1dg))a = (Idg * A™)y = (IdGw))osi<ns

and ¥(Idg) = Idw). Now for all couples of natural transformations oy : G = H, o0, : H = E,
morphisms in Fun(D",C"),

Yoy 00) = (02 007) x A” = (03« A") o (o) % A™) = P(02) 0 ¥(01),

this proves that ¥ is a functor.
— We prove that F* is a functor. For all objects G : D — C" in Fun(D, C"), for all objects d in D,

(F*(Idg))q = F(Idgy) = Idpeca),

by functoriality of F, and so F*(Idg) = Idp+). Now for all couples of natural transformations
n :G= H,n : H= E, morphisms in Fun(D,C"), and for all d in D,

(F*(n20m1)) = F((72 o n1)a) = F((172)a © (1)),
this proves that F* is a functor.
Since F is the composition of three functors, it is a functor.

o We now show that T is a natural transformation. For all set of natural transformations 7 = (7")o<i< :
X = (Xo<i<n = Y = (Y))o<icn With 7' : X' — Y, morphism in Fun(D, C)",

FXOd) —2 F(v)(d)

(erl lo- Yd

G(X)(d) - G(Y)(d),

commutes for all d in D by naturality of o, which makes the following two diagrams commute,

F(t)

FX)(d) — F(Y)(@)

(ZX)J\L \L(ZY)J

G(X)(d) NN G(Y)(d),

Foo L2 Fr)

S

G(X) o G(Y),

and this establishes naturality of X.
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Proposition 3.16. [2, 7.1.]. Let C be a Markov category and D a small category. Then we can endow
Fun(D,C) with the structure of a Markov category. The tensor product will be defined as follows. For two
objects X, Y in Fun(D, C),

X®Y)s:=XysQc Yy, VYde ObD,

and for two natural transformations T : A = X, 0 : B = Y, morphisms in Fun(D, C),
TQR0)y =74Qc04:(A®B); = (X®Y),.
The comultiplications will also be defined pointwise:

(copyx)a = copycy,,
for all d in D and the counits will be defined by:
(delx)y := delcxd,
Sforalldin D
Proof. o We first show that Fun(D, C) is a monoidal category.

1. The tensor product defined in the statement is a bifunctor since we can apply the first part of Lemma
3.15 to the bifunctor — ®; —, which gives the definition of the tensor product in Fun(D,C) from
the statement of the Proposition.

2. The unit object is the constant functor I = (I;)4ep, With I; = I for all d in D.

3. For all triples of functors X, Y,Z : D — C, objects in Fun(D,C), we defineayyz : (X ®Y)®Z =
X ® (Y ® Z) pointwise:

(axyz)a = dcy,y 1
this defines a natural isomorphisma : (—® -) ® - = — ® (— ® —) by Lemma 3.15.
4. For all functors X : C — D, object in Fun(D,C), we define the left and right unitors pointwise :

(Ax)a = Acy,»
(Px)d = Pey,»

this defines natural isomorphisms A : /® — = landp : —® I = 1 by Lemma 3.15.

5. We show the pentagon identity in Fun(D, C). For all quadruples of functors W, X, Y,Z : D — C,
objects in Fun(D, C),

Wy ®Xy)®(Yy©Zy)
ACyex,vz ACy, XY 497,
(Wa®X)® Yy ®Zy Wi® (Xy® Yy ®7Zy))
9Cwy.xy¥y ®IZ,1\L Tl Wa®aCx, v, 24
Wi (Xa®Yy)®2Zy o > Wa® (Xy ®Yy) ®Zy),
Wy Xg0Yg.2g

commutes for all objects d in D since D is monoidal, making the two following diagram commute:

(WeX)® (Y ®2))
(WeX)®Y)®Z) W (X® (Y ®Z)))

(aw.x.y®lz)a\L T\(l w®dx,yz)d

(We (X))o, — > (We (XY 82,
WeX)e(YeZz)
(WeX)®Y)®Z WeXe (Y ®2)

[lwxy@lzl Tl w®dx vz

WeXeY)eZ > We(XeY)®2),

awxeY.z

establishing the pentagon identity.
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6. We show the triangle identity in Fun(D, C). For all functors X, Y : © — C, objects in Fun(D,C),

acx g7,

(Xa®c Ic)®c Yy > Xa®c (Ic ®c Ya),
PcX/@lN %ﬂcm
Xa®c Yy

commutes for all object d in D since C is a monoidal category, making the two following diagrams
commute:

(XeDeV), X XeUoV). (XeheY - Xe(leY),

®ly)d ®l
(px YI\L m)" ox Y\L m

X®Y)4 XeY

establishing the triangle identity.
This makes Fun(D, C) into a monoidal category.

o We show that Fun(D, C) is symmetric. For all couples of functors X, Y : D — C, objects in Fun(D,C),
we define Byy : X ® ¥ = Y ® X pointwise:

(Bxy)a := Bopy,,,»
this defines a natural isomorphism B_. : - ® - = - ® — by Lemma 3.15.

— We show the first hexagon identity in Fun(D,C). For all triples of functors X,Y,Z : D — C,
objects in Fun(D, C), the following diagram commutes

a
CX4.¥yZa

B
Xy ®Y)®Zy —2% X, ® (Vg ® Zs) —% (Y, ® Zy) ® Xy

Bde,yd ®IZ¢/\L laCyd-ZdXd

Ye®Xy)®Zy yE Vi@ (Xg®Zy) —— Ya®(Za ® Xy),

IYJ®BCX(1.Zd

for all objects d in D by the hexagon identity in the symmetric monoidal category C, making the
following diagram commute:

(X ©2)y Y2 (Xe ¥ ez 2% (Yo z)® X

(Bx.y®1z)dl \L(a YZX)d

(Y®X)®2) > (Y@(XBZD) 53, (Y 8 (Z® X)),

(1y®Bxz
for all objects d in D, and

Bx yez,

XRY)®Z 2 X@(Y®Z) —4 (YRZ)®X

Bxyy@lzl laKZ,X

YOX)8Z > YO(X®Z) > YR (Z8X),

commutes. This establishes first hexagon identity.

— We show unit coherence and symmetry axiom in Fun(D, C). For all functors X : D — C, objects in
Fun(D, C), the following diagrams commute for all objects d in D by unit coherence and symmetry
axiom in the symmetric monoidal category C,

Be § Bey Y,
Xi®clo —=8 Io@c Xy Xa®c Yo —=% Y4 ®c Xa,

\ l/lcxd \ \LBCM Xy
Pex,
X

Xa®c Yy
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implying that the following diagrams commute for all object d in D,

XDy 2% 19X)y (X&), X (yex),

\ \L(/lx)d \ \L(BXX)J
(ox)a
Xy

X®Y),
and this last two diagrams commute,

Bx1 Bxy
X®l — I®X, X®Y — Y®X,

N f* \ L

X®Y

establihing unit coherence and symmetry axiom in Fun(D, C).

o The symmetric monoidal category Fun(D, C), endowed with the structure of the statement, is a Markov
category.

— We verify the commutative comonoid equations in Fun(D, C). For all functors X : D — C, objects
in Fun(D, C), the following diagrams commute for all d in D by coassociativity, and counitality in
C:

cnpycxd

Xy > Xa®c X4

copycy dl \Lcopycxd

Xe®c Xy ——— Xu®c X4 ®c Xy,

copyey , ®c Ix,

Xi®c Xy
de‘chd ®Cllcx/ %@Cdelcxd
Io ®c Xy X4 ®c Ic
ﬁcxdl lPCXd
X4 X4 X4,

copyey,

Xg — Xa®c Xy,

copycy dl /
By,

Xq®c X4
making the following diagrams commute for all d in D:

(copyx)a

Xg — X®X)

(1X®COP}’X)d\L \L(C o0pyx)d

X®X)y ———— X®X®X),4,

(copyx®1x)a
X®X)

(del;&by wdelx)d
I®X)4 X®y
(/IX)J\L l(ﬂx)d

Xa Xa X,

(copyx)a

Xg — X®X)q,

(comx)al 4 y

X ®X)y
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and finally, the three following diagrams commute:

copyx

X ——— XX

1x®copyxl \Lcopyx

X®XCWXX®X®X,
XX
delxy Ya‘delx
I1®X X1
/lxl \LPX
X X X,
X 2 XX,
wpyxl /
Bxx
XX

establishing coassociativity, counitality and cocommutativity in Fun(D, C).

— We now verify compatibility with the monoidal structure in Fun(D,C). For all couples of func-
tors X,Y : D — C, objects in Fun(D,C), the following diagrams commute for all d in D by
compatibility with the monoidal structure in C:

delcy, ®clx, llc®Cde[Cyd

Xe®c Yy ——> Ic®c Yg — Ic®c I¢

| Jo

X;,®Y, > I,
d d df-’lcxdwd 7 1IC
Xa®Y))®X;8Y,) .
Xa®c Yy (Xa®c Ya) ®c Xa) ®c Y4
copyx,®cl Ydl lac vyx®cly,
(Xa®c Xq) ®c Yy (Xa®c (Yqg®c Xq) ®c Yy
ley ex, ®c€017)'cydl (1x®cBcy, v )8cl Ydl
(Xa ®c Xq) ®c (Yq ®c Yq) (Xa ®c (Xg ®c Ya)) ®c Y,
a(})]@X' vy ey, x,.v, €C Ly,

(Xg ®c Xg) ®c Yq) ®c Yy

making the two following diagrams to commute for all object d in D:

dely®1 1;®dely),
(X ® V), W g vy, L2 1 g 1y,

| o

XeY) > a,

(delxey)d
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(XeY)®X®Y))

X®Y), (XeY)®X)®Y),
(copyx®1 Y)dl l(ax.y.x@bl v)d
(X®X)®Y)y (XY eX)®Y),
(1X®X®L'0PYY)1I\L \L(1X®BX,Y)®1Y)d
(X©X)® (Y ®Y)) (X©(X®Y)®Y),

(m %)A

(X®X)®Y)®Y)q

and finally the following two diagrams commute,

X®Y de]x®1§ I®Y 11®deI$ 11

| b

Xer delxgy > 1
X®Y)9(X®Y)
X®Y (X®Y)®eX)®Y
copyx®l1 Y\L \Lax.xx®1 Y
X®X)®Y XeYeX)®Y
1X®X®C(’[’)’Y\L \L( 1x®Byy)®ly
X3X)3(Y®Y) X®X®Y)RY,

O /
m axxy®ly

(XeX)®Y)®Y

establishing compatibility with monoidal structure.

— We finally show naturality of deletion in Fun(D, C). For every natural transformation 7 : X = Y,
morphism in Fun(D, C), the following diagram commutes for all d in D by naturality of deletion
in C (16),

Xd THA Yda

delcy ’\L
h delcyd
Ic

making the following diagram commute for all object d in D,

Xd % Yd»

(delX)d\L
(dely)a
Iy

and finally, the following diagram commutes,

X /Y,

delxl /
dely
1

establishing naturality of deletion in Fun(D,C).

We have proven that Fun(D, C) is a Markov category.

57



One problem that T. Fritz has raised is the following.

Problem 3.17. [2, 11.9.]. Suppose that C is a Markov category which has conditionals, and D a small
category. Then does the functor category Fun(D, Cg4e) have conditionals as well ?

Let us try to answer to this question “naively” and see what problems arise. Soif 7: A = X® Y is a
morphism in Fun(D, Cg.), since C has conditionals, we have that for all objectdin D, 7, : Ay - X;® Y isa
morphism in C and since C has conditionals, there exists a morphism 74|x, : X4 ® A; — Y, such that,

Xy Y,
l
Td|x,
Xq Yy
| |
Taq = T
5 u

Ag
So one idea would be to construct 7|y pointwise by the following.
(T1x)d = Td|x,»
but then we need to verify that this defines a natural transformation, i.e., that for all morphisms f : d — d’ in

D, the following diagram commutes:

Td|xy
X, 8A; —— Yy

X(f)®Y( f)l lY(f )

Xo ®Ay —— Yo,

Ta Xy

and this is where the problem arises. It is not evident that this diagram commutes. We can think about con-
ditions under which it commutes, or maybe about an other way of defining the conditionals on Fun(D, Cy.;),
which we will see in the following example.

Example 3.18. Let D = (Two) and C = FinStoch, with

Two= 1 —L3 2,

together with the identity morphisms. We want to see if Fun(D, Cg,.) has conditionals. For all natural trans-
formations ¥ : A — X X Y, we have that the diagram

)
A ———— Ay

oLl

X X YlX(f)@Yf)Xz X Y,

commutes. And by Proposition (2.19), the following diagrams commute

X; X XQX(f)®Y )XQ XY, XX XZX(f)®Y )Xz X Y,
le\L J/sz le\L \prz
X Tf)> X5, Y Tf)> Y.

Letus definey |y : X®A = Y by

(py, oYy D)(yilar), if (px, o Y)X(H ™ X(H)x)lar) = 0

X1,d1) = -1 x1)).vila . _
(¥l Orber, a0 {(,,‘iji’;ﬁ";&f}iﬁfégié‘,'»Li,), if (px, 0 YX(A XD Elar) > 0,
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where

Y1 XOOT X O ED))lar) = Z Y1), yilan) = (X(F) ® 1y,) o )X (H(x1), yilar),
XEX(N)NX()(x1)
(32)
(px, o Y)DXH) X)) (x))lar) = Z px, o Y1 (xilay) = (X(f) o px, o y)X(NH(xDlay),

X €EX(H X))

and
(Py, 0 ¥2)(2laz), if (px, o ¥2)(x2laz) = 0,
('ﬁ\x)z (yZ|-x2a a2) = { Yo (y2,xalaz) if (sz o ¢2)(x2|612) > 0

(px, o¥2)(x2laz)’

We prove that |y is a natural transformation, i.e., that

X Al
X1 XAy Ve

(i), l(l//\x)z

commutes.
On the one hand, for all @; in A}, x; in X, and y; in Y>3,

(W1x), o (X(f) @ A(F)(y2lx1, ar)
= Z W 1x)s O02lx2, @) X(f)(x2lx)A( ) azlar)

(az,x2)€A XX,

= Z W1x)2 O2l%2, @2) - Sx(py)xs * Oa(pranan

(az,x2)€A2XX>
=W 1x), 021X (f)(x1), A(f)(@1))
={ (Py, © Y2)32lA(f)(a)), if (px, o Y2)X(F)(xDIA(f)(a1) =0

X 2lA .
(pf;gwgﬁggg;z;;{)gg;‘;;;j», if (px, © Y2)X(HDIAf) (@) > 0.

(33)

On the other hand, for all @; in Ay, x; in X1, and y, in Y>,

Y(f) o (W1x); Galxran)
| X epy o g)ilar) l if px, o Y1 (X(NH X () (x))lar) = 0,
‘{ Snen, YN02y) e S teponsian. i Pxi 0 (XN (XN lar) > 0 (34)
) { (Y(f) © py, o Y1)(vilar) if px, 0 Y1 (XN X(Hx)lar) =0,

Byyer; YOG XO X (Ol »
T o XD TRl if px, o Y1 (X(HTX(Hx1)lar) > 0

We now have to prove that (33) and (34) are the same. We know that,

Ay L>X1><Yli>x1

A(f)l lX(f)Q‘va(f) lxm (35)

Ay —)w Xo XYy —— Xo,
2 2

commutes, and since A(f) and X(f) are deterministic, for all a; in A; and x; in X,

px, o i (X(O ' X (P xi)lar) = X(f) o px, o )X (F)xlar)
=(px, o Y2 o A(MNX(N(xDlar) = (px, o Y2)X(HXDIA(f)(ar)).

We also know that
7] px
A] —) X] X Y] —)1 Y]

A(f )\L \LX (XY () \LY(f)

Ar T)szyz o’ Y,
2 2
commutes, so that for all a; in A; and y, in Y>,

(Y(f) o py, oy 1)(2lar) = (py, o ¥ 0 A(f))(2lar) = (py, © Y2)(2AA(f)(@r)).
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Lastly, we have,

Z Y(H) G2y (XCH ™ X)), yilar)

ey
=((1x, ® Y(f)) o (X(f) ® 1y,) o Y1 )(X(f)(x1), y2lar)
=((X(f) @ Y(f)) o y1)X(f)(x1), y2lar)
=2 0 A(UNX(f)(x1), yalar)
=Y (X(f)(x1), y21A(f)(a1)),

where the first equality holds by definition (32), the second by functoriality of — ® —, the third by naturality of
¥ (30) and the last one by determinism of A(f). This yields that (33) and (34) are equal, and /|y is natural.
Now we would like |y : X X A — Y to be a conditional, i.e., that

for n = 1,2. In FinStoch this means by (28) that for all @, in A,, x, in X,, and y, in ¥,,,

lﬁn(xmynmn) = (W‘X)n()’npcna an) : Z lﬁn(xn’y;lan) = (w‘x)n(ynlxm an) . (wn)X,,(xnmn), (36)

i€y,

But since (/|x)2 = ¥2|x,, we know that it holds for n = 2. The case is more tedious for n = 1. For all a; in Ay,
x1 in X, and y; in Y7, let us see if the equality (36) holds.

o If (px, oy )X(NH)NX()(x1))lar) = 0, then (px, o Y1) (xilar) = 0 and ¥ (x1, y1lar) = 0, and the equality
(36) holds.

o If (px, o YDX O HX ) (x))lar) > 0, and if moreover X(f) is injective, then
Y10 XCH T XD x)lar) = g (xn, yilar),
(px, o Y)X() ™ X(HxD)ar) = px, o Y1(xilar),
and the equality (36) holds since

_Yixylan)
(px, o ¥1)(xilar)

But if X(f) is not injective, the equality fails. For example, if A} = Ay = {*} X; = {1,2,3}, X, = {0, 1}
Y1 = Y2 = {Cl,b}, and

Ulx1Onlx, ar) - (px, o yi(xilar)) = <(px, o Yi(xilar)) = yi(x1, yilar).

A(f) =11,
X(f):1m-1
21
30,
Y(f) =1y,
1, al* _l 1,bl*) = !
l/’1( ’a| )_Z7 l/’]( s | )_ 69
1
V12, alx) =3 v1(2,b]%) =0,
1 1
lp1(39 a|*) :ga wl(?’» bl*) = 8’
1 1
l//Z(O’ a|*) =67 1/12(0, bl*) = 89
7 1
lp2(19a|*) :59 ¢2(lsb|*): E’
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then,

A(f)
A —2D oA,

o] I

X1 xY X(Hav f)Xz X Ys,

commutes but
i1, alx) + (2, al*)
1L, al=) + Y (1, bl*) + 1 (2, alx) + (2, bl*)

1 1
7t3 1 7 1
 _ = — —_ = 1, k),
3% 77 Y11, alx)

Wixi(all, %) - (px, o y)(1l%) =

1, 1
313
We don’t know for now if there exists another way of defining conditionals on Fun(D, Cg.,), but this example
shows us that even for very basic and intuitive Markov categories, defining conditionals on the category of
functor is not evident at all. It is also not evident to generalise the definition (31) to other Markov categories

with conditionals, since the conditionals are not defined uniquely.

4 Generalisation of characteristics and theorems from statistical the-
ory

One of the aim of categorical propbabilty is to generalise notions and Theorems from statistical theory to
category theory. In this section, we will see how T. Fritz generalises the notions of sufficient statistics, almost
surely properties, minimality, and Fisher-Neyman factorisation and Bahadur’s Theorems.

4.1 Sufficient statistics

In statistics, a statistical model is an assumption on the model of the probability distribution for a sample space
X. Formally, it is a pair (P, X) where X is the set of possible outcomes, and P is a set of possible probability
distributions for X, indexed by a parameter 9, i.e., P = {py : X — [0, 1]|0 € ®}. For example, the Gaussian
model is a statistical model, whose parameters are the mean and the variance. T. Fritz generalises this to
Markov categories as follows.

Definition 4.1. [2, 14.1.] Let C be a Markov category. Given an object X € C, a statistical model with values
in X consists of another object ® € C and a morphism p : ® — X.

Remark. Sample spaces are generalised to objects in Markov categories. And a conditional probability density
on a sample space X knowing a parameter 6 in ®, then the space of parameters is also generalised by an object
® in a Markov category, and the conditional probability density is generalised by a morphism ® — X. So
statistical models (#,X) are generalised by couples (p,X), with X an object p : ® — X a morphism in the
Markov category.

Now a statistic for a statistical model is any value computed from the output of a probabilistic event, in
order to estimate the parameter of the statistical model. For example, the mean is a statistic. In Markov
categories, T. Fritz defines the notion of statistic as follows.

Definition 4.2. [2, 14.2.] Let C be a Markov category. A statistic for a statistical model p : ® - X inCisa
deterministic morphism s : X — V to some other object V.

Definition 4.3. [2, 12.19.] Let C be a Markov category. Given a morphism f : A - X ® Y in C, we say that f
displays conditional independence A L Y|X if it is of the form

1|
f = ;
|

A A

where the blank boxes represent other, unnamed morphisms in C.
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Example 4.4. In FinStoch, f : A — X ® Y displays conditional independence if there exists g : A — X and
h:X — Ysuchthatforall xe X,y YA€ A

flxyla) = )" (1x ® ) o copyx(x, ') - g(x'la)

x'eX
= > (Ix @ W(x K, x) - g(¥'la)
x'eX
= > 6w - hOIX) - g(¥'la) = hOIg(xla).
x'eX

And we know that
feyla) = fx(xla) f |xOlx, a),

where fx is the marginalisation of f on X. By marginalising on X, we can identify g with fx,

fi(xla) = > f(x,yla)

yey

=" h(1x)g(xla)

yeyYy
=g(xla) ) hO1)
yey
=g(xla).
So f displays the conditional independence if h(y|x) = f|x(Vlx, @) ,i.e., if f|x(|x, a) does not depend on a for
ally € Y and x € X, a € A such that fx(x|la) > 0, which is the usual definition of conditional independance.

We note that f|y(y]x,a) can depend on a where f(x|a) = 0, which means that the pair (x, a) has probability 0
to happen, so this makes sense that we can define arbitrarly the probability of y knowing this pair.

We can generalise this to any category C with conditionals.

Proposition 4.5. Let C be a category with conditionals. If morphism f : A — X ® Y in C is such that if
flx : X®A — Y does not depend on A, i.e., if there exists a morphism g : X — Y such that

Y Y

\
fix| = |8 : (37)
[ ]
X A X A

then f displays the conditional independence A L Y|X.

Proof. For all morphisms f: A - X®Y inC,

flx

&,ﬁ
Il
—e
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It follows that f displays conditional independence A L Y|X if there exists 4 : X — Y such that

X Y X Y

l \
flx

by

A A

If f|x does not depend on A, we can define 4 := g with g the morphism in (37) and

X Y X Y X Y
l
Sflx

=

A A A

and f displays the conditional independence A L Y|X. O

For s : X — V a statistic for a statistical model p : ® — X, we can artificially construct a morphism
displaying conditional independence ® L V|X by the joint distribution

In statistics, we are interested in sufficient statistics, i.e., statistics s : X — V on amodel p : ® — X for which
s(X) does not depend on O, so that the value s(X) is enough to estimate the parameter of the model 6 € ©. T.
Fritz gives the following definition for sufficient statistics in Markov categories.

Definition 4.6. A statistic s : X — V for a statistical model p : ® — X is sufficient if there is @ : V — X such
that




We interpret this definition as follows. A statistic s : X — V is sufficient if we can construct an estimation
e : V — 0 such that the following diagram commutes,

©)
l@
b

©

~
<

Y

B
il
©)

More generally, given the statistic s(X) : X — V, we can find an estimation of the probability of X, @ : V — X
such that the following diagram commutes,

@
l@
B

P )

‘We should then have,

where the first equality holds if p is a particular morphism, called complete, which we will define in section
4.2. So this is not true in general but this gives an idea of what is a sufficient statistic.

4.2 Almost surely properties.

In statistics, we often speak about almost surely properties. If a property happens almost surely, it means that
it happens with probability 1. In a Markov category, T. Fritz gives the following definitions for p-a.s. equality
and deterministic morphisms.

Definition 4.7. [2, 13.1.] Let C be a Markov category. Given any morphism p : ® — X in C, we say that
f-&:X - YinC are p-a.s. equal and write f =,_, ;. gif

4]

Proposition 4.8. Let C be a Markov category. Then for all morphisms p : ® — X in C the relation =p_g ;. is
an equivalence relation. i.e., it satisfies
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1. reflexivity : for all morphism f : X - Y inC, f =p_as [
2. symmetry : for all morphisms f,g : X = Y inC, f =p_as gifand only if g =5 f
3. transitivity : for all morphisms f,g,h: X - Y inC,if f =p_as. gand g =p_qs. h, then f =, . h.

Proof. 1. We prove the reflexivity of =,_ .. For all morphism f : X — Y inC, f =,_,. f since

Y

2. We prove symmetry of =,_, ;. For all morphisms f,g: X — YinC, f =,_,, gifandonlyif g =, ., f

since
4] 4]
= = = .

3. We prove transitivity of =,_, . For all morphisms f,g,h: X —» YinC,if f =, 4, gand g =,_., h,

then f =,_, h since
)

Example 4.9. In FinStoch,forp: ® — X, f,g: X — Y are p-a.s. equal if, forallf e @ and x e X,y € Y,

fOlx)p(x10)
= g(ylx)p(x16),

i.e. if for all § € O, f(y|x) = g(y|x) for all y € Y, for all x € X such that p(x|6) > 0.

(38)

Definition 4.10. [2, 15.1.] Let C be a Markov category. A morphism f : X — Y in C is complete if for all
g h:Y — Zsuchthat gf = hf,
8 =f-as. h.

In the theory of statistics, a statistic s : X — V for a model p : ® — X is complete if for all measurable
function g : V — Y such that g(s(X)) has constant expectation with respect to the parameter 6, g(s(X))
equals its expectation with probability 1. It is boundedly complete if the condition above holds for all bounded
measurable functiong : V — Y.

Example 4.11. Let us analyse the complete morphisms in FinStoch. Let f : X — Y a morphism in FinStoch.
Here we will use the following notation.

Notation. We write
X = Xio<i<ns

with n the cardinality of X. And similarly for Y,
Y = Yioci<m»

with m the cardinality of Y.
For all y in Y, we can define its probability f(y|-),

FO1) = (FOI) fOl) oo fOIR),
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For all x in X, we define the image of x as follows.

fOlx)
fn2lx)

fEw =

SOmlx)

and we interpret it as a vector in the probability simplex of Y, simp(Y), defined as follows.

simp(Y) 1= {Z/li-e,» 10< A < 1,2/1,- = 1},
i=1 i=1

with e; € R™ the basis vector with only Os but a 1 at its ith position. And we call the set of linear combination

of the images the image of f :
Im(f) := {Z Aif () | A; € R}.
i=1

Lastly, we call the following set support of f.

supp(f) = {y|Ax € X s.t. f(y|x) > 0}.

As we have seen above, for all g,k : Y — Zin FinStoch, g =y_,. h if and only if they are equal on the
support of f. On the other hand, if gf = hf, we have forall x e X and z € Z,

D 8@ foln) = > hy) folx)

yeYy yeyYy
i.e., in our notations,
8(zl=) - f(=|x) = h(zl-) - f(=Ix),
and this happens if and only if for all z € Z, g(z]-) - v = h(z|-) - v for all v € Im(f). We now show that f is

complete if and only if for all y; € supp(f), e; € (Im(f)).
If for all y; € supp(f), e; € (Im(f)), then if gf = hf, for all y; in Supp(f),

gy = g(zl-) - e; = h(zl-) - e; = f(@lyi),

so g = hon supp(f),ie. g =p_as. f-
If there exists y; in supp(f) such that e; ¢ Im(f), the idea is to find two applications g(—|—) and i(—|-) that

are equal on Im(f) but not on e;. Let § = Idy and /(—|-) to be the projection matrix on Im(f). Then these
applications verify, for all v in Im(f),

gl v=v=f=) v,
so that
gol-) v =v=fol-) v,
forallyin Y, and gf = hf. But
2(-lyi) = e # f(=ly),
since f(=|y;,) € Im(f). So there exigts y;j € Y such that g(y;ly;)) = 6;; # f(yjlyi), this means f and g are not
equal on the support of f. But since h(—|—) is not necessarly in the probability simplex of Y, it is not necessarly

a morphism in FinStoch, so we need to apply a suitable invertible contraction and translation 7 to f and g, and
get f := T f and g := T g having the required properties.

Definition 4.12. [2, 13.11.] Given p : ® — X, we say that f : X — Y is p-a.s. deterministic if
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Example 4.13. In FinStoch, for p : ® — X, a morphism f : X — Y is p-a.s. deterministic if for all x in X
such that there exists 8 € ® such that p(x]@) > 0 (i.e., x is in supp(p)),

Oy, JO11X) = copyy o f(y1,y21%) = (f ® f) o copyx(y1, y21x) = f(y1lx) f(y2lx)

for all y;,y, in Y using definition of p-a.s. equality in FinStoch (38). This is the same condition as for a
morphism f|;,,,, to be deterministic in FinStoch. So there exists a function f : supp(p) — Y such that for

all x in supp(p),
fOlx) = 6y,f(x)s

forallyinY.

Lemma 4.14. [2, 13.12.] Let C be a Markov category, and p : ® — X, f,g : X — Y be morphisms in C such
that g =p_qs. f- If g is p-a.s. deterministic, then so is f.

Proof.

where we used coassociativity and cocommutativity of the comultiplication (11), naturality of the braiding and
p-a.s. determinism of g. O

Definition 4.15. [2, 13.16.] Let C be a Markov category. We say that C is strictly positive if whenever
morphisms
8

are such that g f is p-a.s. deterministic, then also

2]
=p-a.s.

Proposition 4.16. Let C be a Markov category. If C has conditionals, then C is strictly positive.
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Proof. Let the morphisms p: ® — X, f: X — Yand g : Y — Z in C be such that gf is p-a.s. deterministic.
Lets: Z® X — Y be a conditional for the morphism

so that

where the first and sixth equality hold by defintion of s, the second fifth by (11), the third by p-a.s. determinism
of gf and the fourth and last ones by (11) and (12). O

Example 4.17. FinStoch is strictly positive.

Proposition 4.18. [2, 13.17.] Let C be a Markov category, andp : ® - X, f: X = Y, g: Y — Z morphisms
in C. Suppose that gf is p-a.s. deterministic, and that also

1. fis p-a.s. deterministic, or
2. Cis strictly positive.

Then g is fp-a.s. deterministic.

4.3 Fisher-Neyman Factorisation Theorem

In statistical theory, there exists a necessary and sufficient condition for a statistic to be sufficient given by
the Fisher-Neyman Factorisation Theorem. In this section, we will see a condition in abstract theory. The
Fisher-Neyman Factorisation Theorem says that a statistic 7 : X — V is sufficient for the statistical model
F ={fs : X = [0,1] | 6 € ®} if and only if there exists a statistical model G = {gy : X — [0,1] | § € ®} and a
nonnegative function  : X — [0, 1] such that

So(x) = h(x)go(T (x)).

T. Fritz gives a characterization for sufficient statistics in Markov categories, i.e. in terms of Definition 4.6.
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Theorem 4.19. [2, 14.5.] Let C be a strictly positive Markov category. Then a statistic s : X — V is sufficient
for a statistical model p : ® — X if and only if there is a : V — X such that asp = p and sa =s,_q. 1y.

Proof. o The only if direction holds since if s : X — V is sufficient for the statistical model p : ® — X,
there is @ : V — X such that
X %

by marginalisation on X, we get that asp = p. Moreover, since s is deterministic, and using the defintion
of @, there is @ : V — X such that

)

this proves s =,_,;. 1y

e The ”if” direction of the statement holds since if thereis @ : V — X such thatasp = p and sa =;,_,. 1v,

v

B

|
® -~ He=]

where the first equality holds since asp = p and the last one since sa =,_4,. 1y. For the second equality,
we used that s« is deterministic by Lemma 4.14, and then since C is strictly positive, the equality holds.
[m]

4.4 Minimality and Bahadur’s theorem

The notion of minimality appears in statistics to compare the level of information a statistic can give. We will
say that, for two statistics s : X — V, ¢ : X — W for the same model p : ® — X, s is more informative than ¢
if we can find ¢ knowing s, i.e. if there is a function ¢ : W — V such that c¢s gives the same information as ?.
There are several ways to define this notion in Markov categories. In [4, 7], P.V. Golubtsov defines minimality
on IT-categories, which are the equivalent of Markov categories.

Definition 4.20. [4, 7.1] We will say that > is an accuracy relation on an IT-category (Markov category) C
if for any pair of objects A and B in C the set C(A, B) of all ITs (morphisms) from A to B is equipped with a
partial order » that satisfies the following monotonicity conditions:

fof.grg =gofrgof,
for all morphisms f,f':A — Band g,g’ : B— C, and
fof.gv8 = frgrf g
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for all morphisms f, f': A — By, g,8' : A = B, and where f * g is the equivalent for us of

N m

Definition 4.21. [4, 7.2] An information transformer (a morphism in a Markov category C) a is more infor-
mative (better) than b if there exists an information transformer (another morphism in C) ¢ such that coav b,
that is,

a>be dc coavb.

T. Fritz gives another definition, as follows.

Definition 4.22. [2, 16.1.] Let s : X — V and ¢t : X — W be statistics for a statistical model p : ® — X. Then
we write t < sif thereisc: V — Wsuchthatt =, . cs.

Remark. The defintion of Golubtsov is a generalisation of the one of T. Fritz if =,_, ;. is an accuracy relation,
in terms of Definition 4.20, i.e., if

f =p-a.s. f’,g =p-a.s. g/ — go° f =p-a.s. gl o f/7
for all morphisms f, f": A —» Band g,g’ : B— C in C. The second condition holds in all Markov categories.

Proposition 4.23. Let C be a Markov category. Then < is a preorder for the set S , of sufficient statistics for a
givenmodel p : ® = X in C, i.e., < satisfies

1. reflexivity : Forall sin S, s < s, and
2. transitivity : Forall s,t,uin § ), if s <tandt < u, then s < u.

Proof. 1. We prove the reflexivity of <. Forall s : X — Vin§,, wecantakec =1y : V — Vand s = cs,
SO § =, csand s < s.

2. We prove the transitivity of <. Forall s : X - U,tr: X - V,u : X — Win §, such that s < ¢ and
t<u,wecanfindc:V — Uandd: W — Vsuchthats =, ., ctand t =,_,, du. Then we have that
cd: W — Uands =, cdu, giving s < u.

|

Definition 4.24. Let (X, <) be a preordered set. Then a least element x in X is an element of X such that, for
allx’ e X, x < Xx.

Definition 4.25. [2, 16.2.] A statistic s : X — T is minimal sufficient if it is a least element in the preordered
set of sufficient statistics for the given model p : ® — X.

Bahadur’s Theorem tells us that in the case where there exists one minimal sufficient statistics, then a
sufficient and boundedly complete statistic is also minimal sufficient. T. Fritz proves the same theorem for
strictly positive Markov categories.

Theorem 4.26. [2, 16.3.] Suppose that C is strictly positive. Let p : ® — X be a statistical model which
has a minimal sufficient statistic. If s : X — V is a sufficient statistic for p such that sp is complete, then s is
minimal sufficient.

Proof. let t be a minimal sufficient statistic for p : ® — X. Since s is a sufficient statisticfor p : @ — X, 7 < s.
So there exists ¢ such that ¢s =,_, . t. We show that s is also minimal, by proving that s < t,i.e., we need to
find d such that s =,_,, dt =,_, dcs. Since s and t = cs are sufficient and by Theorem 4.19, there exists o
and S such that

asp = p,Sa =gp_qs. 1d,

39
ﬁCSp = P,Csﬁ =csp-a.s Id, (39)

this implies that
asp = fBcsp,
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and since sp is complete by assumption,
@ =sp-a.s. ﬂC. (40)

Now we are ready to find d. Let us define d := sfc, so that

where the first and last identities hold by suffiencienty of s, the second by (40) and the third by the second
identity in (39). O

5 Conclusion

This project allowed us to understand better the notion of Markov categories, and how it applies to standard
probability theory. We have redifined the notions developed some of the arguments of Tobias Fritz in order
to picture the state of the art in categorical probability theory. This is a very vast and exciting domain. Some
questions that arised during the elaboration of this project remain unsolved, and it would be interesting to work
further on it.

Problem 5.1. Could we extend Lemma 2.20 to functors that happens to be symmetric monoidal, but not
necessarly strict ?

Problem 5.2. Under what conditions the Eilenberg-Moore category of a monad T on a Markov category C
can be endowed with a structure of Markov category ?

Problem 5.3. What properties of a Markov category C are preserved in the Kleisli category of a monad T
satisfying conditions of Corollary 2.25 ?

Problem 5.4. Is it possible to generalise the results we have found in Example 3.18 to other starting categories
than Two ? Or to other Markov categories than FinStoch ?

Problem 5.5. Let C be a Markov category such that there exists a small category D such that Fun(D, C jer).
Under what conditions does the constant functor Cst : CtoFun(D, C) admits a right or left adjoint, i.e. C is
(co)complete ? Or inversely, does it helps that C is (co)complete for Fun(D, C4.;) to have conditionals ?
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