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Abstract

Consider a pair (X,Y) of random variables that have both a continuous law. It is well known
that there is a sequence of bijections (F},), such that F,(X) is distributed like Y and the pairs
(X, F,(X)) converge to (X,Y) in distribution. The aim of this thesis is to prove an analogous
statement for stochastic processes with finitely many time steps.

We consider processes X = (Xi,...,Xy) and Y = (Y1,...,Yn), which are compatible in the
following sense: For all ¢ the random variable (Y7, ...,Y;) is conditionally independent of X given
(X1,...,X}), and conversely (X7,...,X;) is independent of Y given (Y1,...,Y}:), as well.

A mapping F' from the path space of X to the path space of Y is called adapted if the ¢-th
component of F(x1,...,xx) only depends on z1,...,2;. A bijection F is called biadapted if
both F and F~' are adapted.

The aim of this thesis is to show that (under suitable regularity assumptions) there are biadapted
mappings F,, from the path sapce of X to the path space of Y s.t. F,,(X) is distributed like Y’
and (X, F,, (X)) converges to (X,Y) in distribution.

The joint distribution of processes X and Y that satisfy the compatibility assumption mentioned
above are exactly the bicausal couplings. Therefore, the claim is equivalent to the fact that
bicausal Monge couplings are dense in the set of bicausal couplings with fixed marginals w.r.t.
weak convergence of probability measures, i.e. testing against continuous bounded functions.
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Kurzfassung

Sei (X,Y) ein Paar von Zufallsvariablen mit stetiger Verteilung. Es ist bekannt, dass eine Folge
von Bijektionen (F),), existiert, sodass F,(X) wie Y verteilt ist, und die Tupel (X, F,,(X)) in
Verteilung gegen (X,Y’) konvergieren. Das Ziel dieser Arbeit ist es, eine analoge Aussage fiir
stochastische Prozesse mit endlich vielen Zeitschritten zu beweisen.

Dazu betrachten wir Prozesse X = (X1,...,Xy) und Y = (Y1,...,Yy), die im folgenden Sinne
kompatibel sind: Fiir jedes ¢ ist (Y7,...,Y;) unabhingig von X gegeben (Xi,...,X;), und auch
umgekehrt: (X7,..., X;) ist unabhéngig von Y gegeben (Y7,...,Y%).

Eine Abbildung F' vom Pfadraum von X in den Pfadraum von Y heifit adaptiert, falls die t-
te Komponente von F(x1,...,Xy) lediglich von xy,...,2; abhingt. Eine Abbildung F heifst
biadaptiert, falls F' bijektiv ist und F und F~! beide adaptiert sind.

Das Zeil der Arbeit ist es zu zeigen, dass es (unter gewissen Regularititsbedingungen) biadap-
tierte Abbildungen F,, vom Pfadraum von X in den Pfadraum von Y gibt, sodass F,,(X) wie Y’
verteilt ist und (X, F,, (X)) in Verteilung gegen (X,Y") konvergiert.

Die gemeinsamen Verteilungen von Prozessen X und Y mit obiger Kompatibilitédtseigenschaft
sind genau die bikausalen Kopplungen von X und Y. Die obige Aussage ist also dquiva-
lent dazu, dass bei festgehaltenen Marginalien die bikausalen Monge-Kopplungen dicht in den
bikausalen Kopplungen liegen, und zwar beziiglich schwacher Konvergenz durch Testen gegen
stetige beschrinkte Funktionen.
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Introduction

The first chapter of this theses covers the static case. In Section 1.1 basic definitions and results
from optimal transport are recalled very briefly, for detailed introduction to optimal transport
the reader is referred to [9] and [10]. Afterwards, we prove the following result (see Theorem
1.20), which was already established in [4, Proposition A.3]:

If 1 is a continuous probability on the Polish space X and v a continuous probability on the
Polish space Y, then the set of couplings between p and v, which are supported on the graph
of a bijection are, is dense in the set of couplings between p and v w.r.t. weak convergence, i.e.
testing against continuous bonded functions.

We give a new proof of this result, which has the advantage that it can be extended to prove
the time-depended version in Chapter 2. This proof crucially relies on the representation of a
coupling 7w between p and v as a coupling 7 between p® A and v ® A, which is supported on the
graph of a bijection T : X — Y (Theorem 1.15).

In the second chapter we prove a time dependent version of this result. We consider the laws
of stochastic processes with values in a Polish space (say R) and N time steps, i.e. probabil-
ity measures on RY. The goal is to prove that (under certain regularity assumptions on the
marginals) any coupling 7 between probability measures p and v on R, that respects the time
structure, can be approximated by couplings between i and v that are supported by the graph
of a bijection that respects the time structure.

We have to clarify what “respecting the time structure” means. For mappings this is the notion
of adaptedness: A mapping T : RV — RV is adapted if, for any ¢ < N, there are mappings
T; : R" — R such that T(z1,...,2x) = (T1(z1),...,Tn(z1,...,2N)). So, one just needs to know
(z1,...,2¢) in order to calculate the first ¢ components of T'(z1,...,zyN).

For couplings causality is the right notion of “respecting the time structure”. That is basically
a relaxation of adaptedness: A coupling 7 is causal if one only needs to know (x1,...,x¢) in
order to calculate %1%~ (B) for sets B C RY x RY that only depend on the first ¢ coordinates
in y-direction (i.e. that are measureable w.r.t. the o-algebra that is generated by the mapping
RY xRN = R : (z1,..., 25,91, YN) = (Y1, .. Yr)).

A bijection T is called biadapted if T and T—! are both adapted and a coupling 7 is bicausal if
it is causal by itself and causal if we exchange the x- and y-coordinates. See Section 2.1 and 2.2
for more details.

Now we have explained the terms to state the main Theorem 2.26 more precisely: Let x4 and v
be probability measures on R (satisfying some regularity conditions) and let 7 be a bicausal



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

coupling between p and v. Then there is a sequence of biadapted mappings (75,),, that push p
to v such that the couplings p o (id, T,,)~! weakly converge to 7.

In order to prove the results of this thesis rigorously without getting lost in technical details,
some measurability aspects were postponed to the Appendix.

Notation

Polish spaces and standard Borel spaces will be denoted with capital letters, such as X or Y.
Collections of subsets of them (e.g. topologies or o-algebras) will be denoted by calligraphic
letters such as B or 7. The power set of X will be denoted by 2X.

We will always equip the spaces X and Y with the Borel o-algebra generated by their Polish
topology. P(X) denotes the set of Borel probability measures on X. Probability measures are
denoted with small Greek letters such as u,v and 7. A always denotes the Lebesgue measure
on [0,1]. For a measure p on (some subset of) R we denote its distribution function as F),, i.e.
F,(t) := p((—o0,t]) and its inverse distribution function (or quantile function) as F,*.

The measurability of mapping is always to be understood w.r.t. the Borel o-algebra. Given a
measurable mapping f : X — Y and measure p € P(X), we denote the pushforward of p under
f as fop, ie. fup(A) == u(f~1(A)) for all A CY Borel. For a further mapping g : Y — Z we
define g, fipr := g« (fupt) = (g o f)«p to avoid unnecessary brackets.

We equip P(X) with the weak convergence by testing against continuous bounded functions, i.e.

M — p <= Vf: X — R continuous and bounded: /fdun — /fdu.

A probability space is a triple (2, F,P), where 2 is a set, F is a o-algebra on Q and P € P().
A random variable is a measurable function from  to a Polish space. We will denote random
variables with sans serif letters to avoid conflicting notations, e.g. X and Y.

The law of a random variable X, denoted by £(X), is the probability measure X,P. We write
X~ p for L(X) = p and X ~ Y for L(X) = L(Y).

A kernel from Z to X is a function 7 : Z — P(X). We denote the probability measure 7(z)
as m%. We introduce a similar notation for functions: Given a function F' : Z x X — Y (which
can also be seen as a function F': Z — YX) and z € Z we define the function F? : X — Y as
F*(z) = F(z,x).

For spaces X and Y we introduce the function e : X xY = YV x X : (z,y) — (y,2), i.e. e
exchanges the order of X and Y.

For more details the reader may consult the appendix.
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Chapter 1

The static case

1.1 Introduction to optimal transport

This section gives a very brief introduction to the optimal transport problem, for detailed intro-
duction to optimal transport the reader is referred to [9] and [10].

The aim of optimal transport is to transport a given distribution g on a Polish space X to
another given distribution v on a Polish space Y in the cheapest way with respect to a given cost
function. The most natural way to clarify what is meant by “transport p to v is considering
mappings T : X — Y that push u to v. This leads to the Monge transport problem

inf {/c(x,T(x))du(m) T: X =Y st Tap= 1/} ,

where ¢: X XY — R is a given cost function.

It turned out that a relaxed version of this problem is more accessible to analytic techniques.
Here the transport mappings 7' : X — Y s.t. Thp = v are replaced by couplings (also called
transport plans):

Definition 1.1. Let € P(X) and v € P(Y). The set of couplings between p and v is defined
as
Cpl(p,v) :={mr e P(X XY) :pry,m = i, pry ™= V}.

This leads to the socalled Kantrovich transport problem:

Definition 1.2. Let ¢: X x Y — R a cost function. Then Kantorovich problem is

inf { / c(a, y)m(dz, dy) : © € Cpl(u, u)} .

A first and crucial oberservation is that transport mappings are special cases of couplings: In
fact, if Thp = v, then 7 := (id,T).p € Cpl(p,v) and [ c(z,y)dn(z,y) = [e(z,T(z))dp(z), so
the Kantrovich problem is indeed are relaxation of the Monge problem. We introduce a notation
for those couplings that are “induced” by a map:
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Definition 1.3. Let € P(X) and v € P(Y). The set of Monge couplings between p and v is
defined as
Cply(p,v) :={(id, T)up : T : X — Y measureable, T,y = v}.

Remark 1.4. One can easily see that m € Cpl(y, v) is a Monge coupling if and only if its regular
disintegration mw(dz,dy) = p(dx)n*(dy) has the property that ©* is u-a.s. a Dirac measure. So,
one can interpret the relaxation from mappings to couplings as introducing some randomization:
Instead of deterministically prescribing that a point z is transported to some point 7'(z), we
prescribe a probability distribution of its target, namely =*.

We want to prove the existence of minimizes for the Kanatrovich problem because this gives a
good intuition for the topic and the lemmas we need for this proof will be needed in other parts
of the thesis as well.

We first observe that the set of couplings with fixed marginals is compact w.r.t. weak convergence
of probability measures:

Proposition 1.5. Cpl(u,v) is compact w.r.t. weak convergence of probability measures.

Proof. Since the mappings 7 +— pry 7 and 7 — pry 7 are both continuous by Lemma A.44,
the set Cpl(u,v) is closed.

We show tightness to conclude compactness with Prokhorov’s Theorem A.21. For € > 0 there
exist compact set Ky C X and Ky C Y s.t. u(K%) < ¢/2 and v(Ky) < ¢/2. Then for any
m € Cpl(p,v):

T((Kx x Ky)°) <@m(K$% xY)+7n(X x Ky) = p(K%) +v(Ky) <e. O
For a continuous bounded function f : X — R the mapping p + [ fdu is per definition
continuous w.r.t. weak convergence. The following lemma generalizes this fact a bit:

Lemma 1.6. Let f: X — R be lower semi continuous and bounded from below. Then

P(X)%R:,ur—)/fdu

is lower semi continuous.

Proof. We first show that there a continuous bounded functions fj s.t. f = sup, fr. To that
end, let d be a compatible metric for X. Then the functions

filw) = | in€ (F(y) + kd(z,y))] A

yeX
are k-Lipschitz and bounded (from above by k and from below by the lower bound of f). Obvi-
ously, fr(z) < f(x), so it suffices to show supy, fr(z) > f(z).
For k > f(z) pick y, € X s.t.

f(ye) + kd(z,yx) < fr(z) + 1/k.

Then

[fel@)+ 5 = 10 < £ [£@ +1+1 it f)I] o0,

T =

Ne]
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so yr — x. Since [ is l.s.c. and by the definition of y, we have

flx) < limkinff(yk) < limkinf fe(x) + 1/k < sup fr(x).
k

Hence, for all £ € N:
/f;cdu = liminf/fkd,un <liminf | fdu,
n

n

and by using dominated convergence in the limit £ — oo

/fdu:li}gn/fkdu§liminf/fd,un. [

These two lemmas are already enough to prove the existence of minimizers:

Theorem 1.7. Let c: X XY — R be lower semi-continuous and bounded from below. If

inf /cdw < 00,

meCpl(p,v)

there exists a minimizer in the Kantorovich problem.

Proof. For n € N let 7, € Cpl(p, V) s.t.

/ cdm, < inf / cdm + l
7TeCpl(p,v) n

By Proposition 1.5 there exists a subsequence (m,, ) converging weakly to some m € Cpl(u,v).
By Lemma 1.6 we have

/ cdm < lim inf / cdm, < liminf  inf / cdm + l = inf : / cd. O

n n  7eCpl(u,v) n TeCpl(p,v

To close this section, we want to mention how the optimal transport problem can be used to
define a metric on the set of probability measures. This metric is called Wasserstein distance.

Definition 1.8. Let X be a Polish space and d be a compatible metric. For p € [1,00) let
Pp(X) be the set of all p € P(X) s.t. [d(x,z0)P < oo for some (and therefore any) zo € X. For
W,V € Pp(X) define

Wolp,v) = inf {/d(%y)pw(d:ﬂ,dy) . e Cpl(p, V)}l/p

It is a very interesting and useful fact that the Wasserstein distance metrizes the weak convergence
of probability measures:

10
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Theorem 1.9 ([9, Theorem 7.12], [10, Theorem 6.18]). Let X be a Polish space, d be a compatible
metric and p € [1,00). Then for any sequence (i) in Pp(X) and p € Py(X) the following are
equivalent:

(i) Wo(pn, ) = 0
(i) pn, — v and [ d(zo,z)Pdp,(z) — [ d(zo,z)Pdp for some (and therefore any) xo € X.

Moreover, W, is complete and therefore a compatible metric for the Polish space Pp(X).

In particular, if d is a bounded metric, then P,(X) = P(X) and W, metricizes the weak conver-
gence of probability measures.

1.2 Representation of couplings between ;, and v as bijective
Monge couplings between 1 ® A and v ® A

In some sense, Monge couplings are simpler than general couplings. In this section we will
consider Monge couplings, which are inducted by bijections.

Definition 1.10. For p € P(X) and v € P(Y') we define the set of Monge couplings supported
on the graph of a bijection:

Cplog(pt,v) :={(id, T)spe : T : X — Y bimeasureable, T, = v}.

A relation R C X x Y is the graph of a bijection from X to Y if and only if R is the graph of a
mapping from X to Y and the inverse relation R~! C Y x X the graph of a mapping from Y to
X. The same is true for couplings:

Lemma 1.11. 7 € Cply,(u,v) if and only if 7 € Cply(u,v) and e, € Cply(v, p).

Proof. Assume that m € Cply(u,v) and e.m € Cply(v, p), i.e. there exist Borel mappings S :
X =Y and T :Y — X such that 7 = (id, S),p and e.m = (id,T),.v. By Theorem A.13 the
sets graph(S) and graph™*(T) := {(T'(y),y) : y € Y} are both Borel. Clearly, «(graph(S)) = 1
and 7(graph™!(T)) = 1. Hence, R := graph(S) N graph™'(T') is Borel and 7(R) = 1. Moreover,
R is the graph of a bijection between pry(R) and pry (R). It is easy to see that pry(R) =
(id, S)~!(graph (7)) and pry(R) = (id, T)~'(graph™*(S)), so pry(R) and pry (R) are both
Borel. Hence, R : pry(R) — pry(R) is a Borel isomorphism by Theorem A.13. By Theorem
A.14 there exists a Borel isomorphism G : X \ pry(R) — Y \ pry (R). Then the mapping

R(z) z€pry(R)
G(z) = ¢pryx(R)

is a Borel ismorphism satisfying = = (id, ). p. O

F:X—)Y:xb—>{

The main goal of Chapter 1 is to show that those couplings are dense in Cpl(u, ) if the marginals
1 and v are both continuous. A crucial step in the proof of this will be a representation of a
coupling 7 € Cpl(u, v) by a coupling 7 € Cply,(p® A\, v ® X). By “representation” we mean that
we can recover 7 from 7 by projecting from X x [0,1] x Y x [0,1] onto X X Y. Precisely, the
aim of this section is to prove the following statement:

11
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Theorem 1.12. Let X and Y be standard Borel spaces, u € P(X), v € P(Y) and let 7 €
Cpl(u,v). Then there exists some measurable bijection T : X x [0,1] = Y x [0, 1] satisfying the
following properties:

(i) T(n®\) =v &\

(i) If prxy : X x[0,1] xY x [0,1] = X XY denotes the projection and 7 := (id, T)(p ® N), it
holds prxvy (7) = 7.

Remark 1.13 (see also [5, Lemma 3.22]). Since the proof of this is quite technical, we consider
an easier problem, namely to represent a coupling m € Cpl(u,r) by a Monge coupling 7 €
Cpl( ® A\, v) in a way s.t. we can recover 7 from 7 when projecting from X x [0,1] X Y onto
X xY.

In Remark 1.4 we have argued that general couplings are in some sense a randomized version
of Monge couplings. So, the idea is to add an additional coordinate, which is distributed as A
and realizes that randomization. By Theorem A.14 we can assume that X =Y = [0, 1]. Define
the mapping T'(z,u) := F.'(u). Clearly, T(x,-),A = 7% If f: X x Y — R is a measureable
function, we see that

76, T) %) = [ e, Pt ) aNwdu(e) = [ £ ()due) = [ o, y)dn(,),
50 pryy,Tu(pp ® A) = 7 and hence Ty (1 @ A) € Cpl(p ® A, v).

If # = (id,T).p € Cpl(p,v) is a Monge coupling, the conditional probabilities w.r.t. the first
coordinate are Dirac measures (i.e. 7° = dp(,)), however the conditional probabilities w.r.t. the
second coordinate do not need to be Dirac, unless the Monge mapping is injective. So, in some
sense a Monge coupling can still contain randomness (given some y € Y one can in general not
determine “from which = the mass in y came”).

Hence, it is reasonable that a representation with Monge couplings supported on the graph of a
bijection will in general need more randomization. The following easy example shows that this
is in fact true:

Expample 1.14. Let X =Y =[0,1], u = A\, v = §p and m = A ® §p. Assume that there is a
bijection T : X x [0,1] = Y s.t. 7 = (id, 7). A% € Cpl(uz ® \,v) = Cpl(A2,8p). Then, on the one
hand 7-!({0}) has to contain exactly one element, on the other hand A\*>(T~*({0})) = 1, which
is a contradiction.

The idea for the proof of the representation of = € Cpl(u, V) as a coupling 7 € Cply, (@A, v @ \)
is to consider the following mapping:

T:X x[0,1] =Y x[0,1] : (z,u) = (y,v), where y = F.! (u),v = Fru(z).

As in Remark 1.13, we calculate y given some x and the randomization u as y = F..' (u). For the
definition of v we observe that it is the randomization variable that belongs to the Y-component
and that we already have a prescribed value for y. So, we have to ask: “given y and knowing that
the result of our calculation is z, what is the suitable value for the randomization?” Therefore,

12
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T

v should satisfy 2 = F,'(v), so v = Fyu(x). Moreover, it is easy to check that the mapping’
S:Y x[0,1] = X x [0,1] : (y,v) = (x,u), where 2 = F,'(v),u = Fra(y)
is the inverse of T', in particular T is a bijection.

This fact (as well as the last step in the motivation of the definition of T") crucially depend on the
fact that the mappings Fr= and F,v are all bijective. This is only possible for couplings 7, whose
conditional probabilities 7% and 7¥ are all non-atomic. Since this is no reasonable assumption on
couplings (it in fails many important cases), we will have to use a somewhat more sophisticated
construction to overcome this issue.

Moreover, we will prove a more general, parameterized version of this theorem in order to avoid
measureability issues in Chapter 2. This proof relies on Corollary A.41, which is proven in the
appendix.

Theorem 1.15. Let X,Y,Z be standard Borel spaces and 7 a kernel from Z to X x Y. Let u
denote the kernel from Z to X defined by p* := pry,m* and denote v be the kernel from Z toY
defined by v* :=pry 7%, (i.e. % € Cpl(p?®,v*) for all z € Z.)

Then there exists a Borel measurable mapping T : Z x X x [0,1] =Y x [0,1] s.t. for all z € Z
the mappings T* : X x [0,1] =Y x [0,1] : (z,u) — T(z,x,u) are Borel isomorphisms satisfying
(i) T?. (" @N) =" @ A

(i) pryy , (id, T%). (1 @ \) = 7.

Proof. By Corollary A.41 there exits a measureable mapping
G:(ZxX)xY x[0,1] —[0,1]?

s.t. for all (2,2) € Z x X the mapping G** := G(z,z,-) : Y x [0,1] — [0,1]? is a Borel
isomorphism satisfying GZ'* (7% ® \) = \2.

Again by Corollary A.41, there exits a measureable mapping
H:(ZxY)x X x[0,1] = [0,1]?

s.t. for all (2,y) € Z x Y the mapping H*Y := H(z,y,) : X x [0,1] — [0,1]? is a Borel
isomorphism satisfying H;Y (7Y @ \) = A2

Consider the mapping S : Z x X x [0,1]° — Y x [0,1]° defined by S(z, 21,22, u1,us) =
(y1,y2,v1,v2), where

(y1,92) = (G>™)Hur,uz)  (v1,02) = HY (21, 22).
Clearly, S is Borel. For z € Z we denote S* := S(z,-): X x [0,1]> = Y x [0, 1]>.

Our aim is to show that for all z € Z the mapping S* is a Borel isomorphism satisfying

1One has to be careful when reading the definition of S: Basically, S is the same mapping as T but for the
coupling exm € Cpl(v, u), where e(z,y) := (y,z). Hence, the F;yl in definition of S are the quantile functions of
7 conditioned on some y € Y, i.e. we do not have just changed the names of the variables  and y when defining
an inverse function, in fact we disintegrate w.r.t. to another coordinate as in the definition of T'.

13
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(1) Sz*('uz ®)\3) =1 R 23

(i) proy. (id, 5°). (4 © A3) = 7°.
In order to prove the injectivity of S*, let (1,22, u1,us) # (Z1, T2, a1, u2) be given. We have to
show that (y1,y2,v1,v2) := S*(x1, T2, ur, us) and (g1, g2, 01, V2) := S*(T1, Ta, Uy, Us) are different.

In the case (y1,y2) # (%1, J=) there is nothing to prove, so we may assume (y1, y2) = (71,%2). We
distinguish two cases:

Case 1: x1 = 1. This implies (G**1)~! = (G*%1)~! and by the injectivity of this mapping we
get (Ul,UQ) = (’ah’ag). Since (l‘l,l‘g,ul,UQ) 7£ jl,i‘g,’l_l,l,l_tg) this 1mphes ) # To and by the
injectivity of H*¥ this implies (v1,v2) # (01, 02).

Case 2: z1 # 1. Then by the injectivity of H*¥* again (vi,ve) # (01, 02).

For proving the surjecitvity, let (y1,y2,v1,v2) be given. By the surjectivity of H*¥ there are
(w1,22) such that H*Y1(x1,22) = (v1,v2). Now, by the surjectivity of (G**1)~1, there exists
(u1,uz) such that (G=*1)~(uy, uz) = (y1,92)-

We have shown that S* is a Borel measurable bijection and by Theorem A.13 it is a Borel
isomorphism.

Property (i). Let f:Y x [0,1]® be measurable function. Then it holds

/f(yhvaUlaUQ)de(NZ ® Ag)(ylay%vlan) =
=/f((GZ’$1)71(u17U2)aH(Z,Pry((GZ’wl)fl(Ulauz)),whm))d(ﬂz ® N°) (21, 22, u, ug)

:/f(yl,yz, HA (1, 22)) d(G=) 7N (y1, o) d(p” @ V) (21, 22)

=d(m**1QN)(y1,y2)

- / F s o, HE (21, 22)) dr () dp (1) dA2 (2, y2)

=dn*(z1,y1)
=dr® Y1 (z1)dv* (y1)

- / F (s yo, HA (11, 22))dm ¥ (2 ) (12) dv® (51 ) A (1)

- / S (s o 1, 02) AHZY (1595 6 X)(0n, v2) di® (52)dA (o)
:d)\2 (’Ul ,’UQ)

:/f(y17y27v17’u2)d(yz @ )\3)(917242,1/17”2)7
which yields S*(u* @ A\?) = v* @ A3,
Property (ii). Note that (pry o (G**1)71),\? = 7% and that

pryy o (idp17s, 9%) : X x [0,1]> = X X Y : (21,32, u1, uz) = (21, pry (GH™) " (u, ug))).

14
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Hence, for any measurable function f: X x Y — R we have
[ vy (o 5. (0" © ) wr,m) =
= [ Forpry () ) ()N 2, 1, )

- / Fn, 1) d(GHE) 70N (ur, ) dp ()

=dr* 1 (y1)dA(y2)

:/f(l‘l,yl)dﬂ'z’xl(yl)dﬂz(xl)
:/f(xl,yl)dwz(ml,yﬂ,

which shows that prxy-, (idy xjo,173, %)« (17 @ A3) = 7%

By Theorem A.19 there exits a Borel isomorphism A : [0, 1] — [0, 1]? satisfying h. A = 3. Define?
T:=(idy x h"')oSo(idy xidx xh): Zx X x [0,1] =Y x [0,1]
Clearly, T is measurable as composition. For z € Z it holds T% = (idy x h™!) o §% o (idx x h),

so T% is a Borel isomorphism as composition of Borel isomorphisms.

Moreover, it holds
T (p* @ \) = (idy x h™1),S8%(idx x h).(p* @A) = (idy x A1), S (n @ A®)
=(dy x ). (* @ X)) =@ A\

Denote 7 := (id, T),(#®)). In order to check that 7% = (id, %), (u* ® \) satisfies pryy, 7% = 7%,
observe that

(idxxp,1],7) = ((idx x h™"), (idy x h™1)) o (idx (0,12, 5) o (idx x h)
and therefore
Pryy © (idxxjo,1,T) = prxy © (idx 0,153, 5) o (idx X h),

where pryy denotes on the left hand side the projection X x [0,1] x Y x [0,1] = X x Y and on
the right hand side the projection X x [0,1]> x Y x [0,1]> = X x Y.

Using this, we see that
PI"XYJ/T2 = prxy*(idXx[O,l]sz)*(liz ®N) = prxy*(idXX[O,l]?’a S§%)i(idx X h)«(p* @A)
= erY*(idXX[O,l]Sv SZ)*(,UzZ ® )\3) = 7TZ,
which shows that T has all the desired properties. ]

We close this section with an example that shows that this representation is not unique:
Expample 1.16. Let X =Y = [0,1], u = v = X and 7 = \2. Then T(x,u) := (u,r) and
S(u,z) := (u,1 —z) are both representation of 7. It is easy to check that T, (u® \) = Tu\? = \?
and pryy o (id, T)(z,u) = (z,u), 50 pryy,(id, 7). (1 ® ) = pryy,(id, T).A* = A*> = 7. Since
the mapping « — 1 — = pushes A to A, one can easily see that S is a suitable representation as
well.

2To clarify the notation: For f: A — B and g : A — C we define (f,g) : A — B x C : a > (f(a),g(a)). For
f:A— Bandg:C — D wedefine fxg: AxC — BxD:(a,c)— (f(a),g(c)).

15
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1.3 Denseness of couplings supported by the graph of a bi-
jection

The aim of this section is to prove that Cply,(p, v) is dense in Cpl(y, v) if p and v are continuous
measures. For that purpose, we need to approximate a given coupling m € Cpl(u, ) by a sequence

(7n)n in Cplgg (g, v).

To that end, we use the representation of m as 7 = (id, T).(p ® A) € Cplyg(u @ A\, v @ A) from
the previous section. Then we choose sequences of partitions (with mesh converging to zero) of
the spaces X and Y (Theorem A.45) and bijections between X and X x [0,1] (and respectively
between Y and Y x [0, 1]), which are compatible with these partitions (Proposition 1.19). In the
proof of Theorem 1.20 we show that the concatenation of these compatible bijections and T is a
suitable approximating sequence.

For a partition M of a metric space X we define its mesh as ||M|| := supy,;c 1, diam(M). The
following proposition that is proven in the appendix ensures the existence of a suitable sequence
of partitions.

Proposition 1.17. Let X be a Polish space and d be a compatible metric. Then there exists a
sequence (M) nen of partitions of X that consist of at most countably many Borel subsets of X
satisfying lim, o || My|| = 0.

Proof. See Theorem A.45 and Remark A.46. O
The following condition for weak convergence is convenient for proving the convergence of the

approximating sequence that we construct in the proof of Theorem 1.20.

Lemma 1.18. Let X be a Polish space and d a compatible metric. For each n € N let M,, be
a partition of X consisting of at most countably many Borel sets such that lim,,_, || My]|| = 0.
Let pin, p € P(X) be satisfying (M) = p(M) for all M € M,,. Then p, — p weakly.

Proof. For n € N consider the coupling

1
Faim Y il @ pla,
MeMy, M(M)

If || - || denotes the total variation norm, we see that
fin| e ©
Z HTL(J\/I)H = Z pin(M) = pn(X) =1,
MeM, H MeMy

so the sum in the definition of 7, converges absolutely w.r.t. the totalvariation norm, hence the
sum converges w.r.t. weak convergence as well. Since the pushforward w.r.t. a continous function
is continuous w.r.t. weak convergence it holds

Un|nm @ WM
Prx T = Z er*n|<]w)| = Z ,Un|M = Un
MeM., " MeMm,,
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and since p, (M) = p(M) for all M € M,, it holds pry ,m, = p as well. By replacing d by
d(z,y) := max{d(x,y),1} we can assume that d is bounded. For estimating the Wasserstein
distance of u, and p using the coupling m,, note that m, (M x M) = u(M) for all M € M,,. Tt
holds

Wi (i, 1) < /ddwn < > /ddwn < > diam(M)m, (M x M)

MeM, MeM,

< sup diam(M) Z w(M)= sup diam(M) — 0,
MeM,, Mo, MeM,,

which implies p,, — p by Theorem 1.9. O

The following proposition is (up to a few technicalities) a consequence of the isomorphism theorem
for measures (Theorem A.19), which states that for any two continuous probabilities measures,
there exists a bijection that pushes the first measures to the second. A detailed proof can be
found in the appendix.

Proposition 1.19. Let X be a Polish space, M be an at most countable partition of X consisting
of Borel sets and p € P(X) be continuous. Then there exists a Borel isomorphism @l/:/i X =

X x [0,1] such that for all M € M it holds (®).(ular) = (1|ar) @ A.
Proof. See appendix. O

Now we are ready to prove the main theorem of this section:

Theorem 1.20. Let X,Y be standard Borel spaces, let y € P(X) and v € P(Y) be both con-
tinuous. Then couplings supported by the graph of a bijective function are dense in Cpl(u,v),
i.€.

Cpl(u, v) = Cplyo(p, v).

Proof. By Proposition 1.5 the set Cpl(p, v) is closed, so it suffices to show that any = € Cpl(p, v)
can be approximated by a sequence ,, € Cplyg(u, ) w.r.t. weak convergence.
According to Theorem 1.12 there exists a coupling 7@ = (id, T).(p® ) € Cplyg(u® A, v ® A) such
that

(i) Th(p®N) =v @ A,

(ii) pryy,7m=m.
Let (An)nen and (B,)nen be sequences of partitions of X and Y consisting of countably many

Borel sets and satisfying lim,_, |[An|| = 0 and lim,,, ||Bnr|| = 0. According to Proposition
1.19, for any n € N there exist bijections ®,, : X — X x [0,1] and ¥, : Y — Y x [0, 1] such that

(iil) @y, (pla) = (ula) @ A for all A€ A,
(iv) ¥,.(v|) = (v|p) ® A for all B € B,

17
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For n € N define the mapping
T, = \If:LlOTO(I)n X —>Y.

It is easy to see that T,, is bijective and satisfies T, = v. We need to check that m, :=
(id, Tp,)«p — 7. Note that A, @ B, := {Ax B: A € A,,B € B,} are partitions of X x Y
consisting of countably many Borel sets satisfying lim,, ., ||A, ® B,|| = 0. Hence, by Lemma
1.18 it suffices to show for all n € N:

VA e A, VB € B, : m(Ax B) =n(A X B).
This is a consequence of the properties (i) to (iv) of the mappings ®,,, V,, and T
(A x B) = f(ANT;N(B)) = pla((@; o T o 0,)(B) =) (ula @ N(T(¥,(B)))
= (@A X [0,1] N T (L (B)) 2 (v & N)(T(A x [0,1]) 1 Wn(B))
= (@A) (W (W (T(A X [0,1])) N B)) = ¥y, (v @ ) (¥, (T(A x [0,1])) N B)

— V(U (T(A % [0,1)) Y (v]5 @ N (T(A x [0,1)))

— (O N(T(Ax[0,1)) 1B x [0,1]) = (d, T~1), (v ® \)(A x [0,1] x B x [0, 1])
—7(Ax[0,1] x Bx[0,1)) € x(4 x B)

1.4 Discussion of the result

Remark 1.21. It is well known that Cply(u, ) is dense in Cpl(u, v) if p is continuous. We can
prove this result with little effort using the tools that we have developed so far. The proof can be
carried out exactly as the proof of Theorem 1.20 with one important exception: The existence
of the bijections ¥,, : Y — Y x [0,1] that push v to v ® A (and are compatible with the given
partition) fails. However, if we just replace ¥ -! by pry : Y x [0,1] — Y in the definition of the
mappings T,,, the only property of T;, that we loose is its injectivity. Hence, we have constructed
a sequence of mappings T), that push p to v s.t. (id, T},)«u converges to the given coupling .

An immediate consequence of Theorem 1.20 is that the optimal transport problem yields the
same value if we restrict ourselves to Monge couplings or even to Monge couplings, which are
supported by the graph of a bijection:

Corollary 1.22. Let € P(X),v € P(Y) be continuous and ¢ : X x Y — R be continuous and
bounded. Then

inf /c(z,y)ﬂ'(d:z:,dy) = inf /c(x,y)ﬂ(dx,dy) = inf /c(a:,y)ﬂ(da:,dy).

m€Cpl(p,v) T€CPly(p,v) mE€Cplog (1,v)

Proof. We can assume that inf ccpi(u,.) [ c(@, y)m(de,dy) < oo (otherwise the claim is trivial)
and, clearly, it suffices to prove

inf /c(x,y)w(dx,dy) < inf /c(x,y)w(dx,dy).

in
7€Cplyg (1,v) 7€Cpl(p,v)
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By Theorem 1.7 there exits m € Cpl(u, V) s.t.

/cdﬁ: inf /c(z,y)ﬂ'(dz,dy).

7eCpl(p,v)

By Theorem 1.20 there exists a sequence m, € Cplyg(u,v) s.t. m, — 7 and by the definition of
weak convergence we have

lim/cdﬂn = /cdﬂ' = inf /c(z,y)ﬂ'(dz,dy). O
n weCpl(p,v)

Remark 1.23. Theorem 1.7 states that the infimum in inf{ [ edm : 7 € Cpl(p,v)} is attained.
We want to discuss under which assumptions the infima in inf{[ecdr : 7 € Cply(p,v)} and
inf{ [ edr : m € Cplyy(p,v)} are attained.

We first discuss an example, where the infimum is not attained that was given in [8, Section 1.4].
Let X =Y = [-1,1] x [0,1] and for ¢ € [-1,1] denote f; : [0,1] — [-1,1] x [0,1] : y — (¢,y).
Consider the continuous measures u := fo, A and v = %(f,l*A + f1.2) and the cost function
c(z,y) =z —yl.

Since dist(supp(u),supp(v)) = 1, every transportplan has at least cost 1, so inf{[cdr : 7 €
Cpl(u,v)} > 1. The coupling dn(z,y) = d\(z)dn®(y), where 7 = $(8(0,1) + 0(0,—1)) shows that
inf{ [ edr : 7 € Cpl(p,v)} = 1 and Corollary 1.22 implies inf{ [ cdr : m € Cply(p,v)} = 1.

Assume that 7 = (id,T),p is a Monge coupling with cost 1, i.e. [|z — T'(z)|du = 1. Due
to dist(supp(u),supp(v)) = 1 it holds | — T'(z)| > 1, hence |z — T'(z)| = 1 for p-almost all
x, which implies that T(0,y) € {(=1,y),(1,y)} for A-almost all y. Clearly, the sets My :=
{(0,y) : T(0,y) = (£1,y)} are disjoint, their union has full measures and it holds Tuu({—1} x
M_ U {1} x M;) = 1. However, since v({—1} x A) = v({1} x A) for all A C [0,1], it holds
v({—1} x M_ U {1} x M) = 1, which is a contradiction to Ty = v.

Since Cplyo(p, ) C Cply(p, v) and inf{ [ cdm : m € Cplyg(p, v)} = inf{ [ edr : m € Cply(p,v)} by
Corollary 1.22, this example implies that in general the infimum in inf{ [ edr : 7 € Cply(p, v)}
is not, attained, as well.

However, Brenier’s Theorem (see e.g. [9, Theorem 2.12]) states that for X = R™ and p absolutely
continuous w.r.t. Lebesgue and c(x,y) = |z — y|? there exists a unique minimizer for inf{ [ cdr :
m € Cpl(p,v)} and that this minimizer is a Monge coupling.

This has the following consequence in the case that p and v are both absolutely continuous:
Denote e(x,y) := (y,x). Since the cost is symmetric, 7 is the minimizer in the transport problem
from p to v if and only if e, is the minimizer in the transport problem from v to u. Hence,
for the minimizer 7 of inf{[edr : m € Cpl(p,v)} both 7 and e,m are Monge couplings, i.e.
7 € Cplyo(p, v). Therefore, the infimum in inf{ [ cdr : m € Cplyy(p, v)} is attained in this case.

In particular, one can restrict to couplings supported on the graph of bijections, when calculating
the Wasserstein distance of two probability measures:

Corollary 1.24. Let (X,d) a Polish space and p € [1,00). Then
1/p
W, (1, v) = inf {/d(:&y)p ImE Cploo(,u,y)}
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Proof. This is a immediate consequence of Corollary 1.22. O

In the remaining part of this section, we show that the assumption that p and v are continuous
is (except for a trivial case) necessary. To avoid tedious case distinctions, we assume for the rest
of this section that X and Y are both uncountable (and have therefore cardinality continuum,
cf. Theorem A.6). First, we give a necessary and sufficient condition for the existence of at least
one coupling that is supported by the of graph of a bijection.

Proposition 1.25. The following are equivalent for p € P(X) and v € P(Y):

(i) There exists a Borel isomorphism f: X —Y s.t. fiu=v.

(ii) There exists injective sequences (Tpn)nen in X and (Yn)nen in Y s.t. p({zn}) = v({yn}) for
alln € N and for allz € X' := X \{zp, :neN} and ally €Y =Y \{yn : n € N} it
holds pu({z}) = v({y}) = 0.

Proof. (i) = (ii): Since p has at most countably many atoms there exists the desired sequence
(zn)nen- Since f is bijective, the sequence defined by vy, := f(z,) is again injective and has
the property v({yn}) = u(f*({yn})) = n({zn}). Iy € Y, it holds f~!(y) € X’ and therefore
v({y}) = n(f~'{y}) =0.

(i) = (i): Clearly, pu|xs and v]ys are continuous measures on the standard Borel spaces X’
and Y’. By Theorem A.19 there exits a Borel isomorpism g : X' — Y’ s.t. gau|x = v|ys. It is
easy to see that

f:X—)Y:x»—){g(I) veXt

Yn T = Tn

has the desired properties. O

Using this, we achieve a necessary and sufficient condition on the marginals for the denseness of
couplings supported by the graph a bijection.

Theorem 1.26. Let X,Y be Polish spaces and p € P(X),v € P(Y). Then Cply,(u,v) is dense
in Cpl(p, v) if and only if one of the followings statements is true:

(i) 1 and v are both continuous measures

(i) p and v are both Dirac measures.

Proof. Assume that there are p and v, which do not satisfy (i) or (ii), s.t. Cplyy(p, v) is dense in
Cpl(u, v). In particular, there exists a Borel isomorphism pushing i to v. Hence, by Proposition
1.25 there exist sequences (25, )nen and (yn)nen s.t. p({zn}) = v({yn}) for all n € N and for all
x€ X\{zp,:neN}andally € Y\{y, : n € N} it holds u({z}) = v({y}) = 0. We assume wlog
that p({z,}) is decreasing and set « := p({z1}). Since u is not continuous, we have o > 0 and
therefore p({z, : n € N}) < oo implies that k := max{n : p({z,}) = a} is finite. We distinguish
two cases:

Case 1: ka = 1. Then u = %Zle 0y, and v = %Zle dy,, where k > 2 because p and v are
assumed not to be Dirac measures. Then Cply,(u, ) is finite and therefore closed, but it does
not contain p ® v.
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Case 2: ka < 1. The set A := {(x;,y;) : 1,5 € {1,...,k}} is finite and therefore closed. Any
m € Cplyg(u, v) satisfies m(A) = ka because any bijection pushing p to v is in particular a
bijection of the atoms of p with mass a to the atoms of v with mass «. Since mass cannot
escape from closed sets in weak limits, any coupling 7 in the weak closure of Cply,(u,v) satisfies
7(A) > ka. However, (u® v)(A) = (ka)? < ka. O

To close this section we give an explicit example of a sequence of couplings supported on graphs
of bijections that approximate a given coupling.

Expample 1.27. Let X =Y =[0,1], p = v = X and 7 = A2, Following the construction in the
proof of Theorem 1.20 we need a bijection T : [0,1]> — [0, 1] such that T.(p ® A\) = v ® X and
pryy, (id, 7). (L ®\) = 7. A suitable choice is T'(z,u) := (u,z), because Ty (u® \) = TLA\? = \?
and pryy o (id, T)(z,u) = (z,u), 50 pryy, (id, T)«(p @ \) = pryy,(id, T) A2 = A2 = 7.

Moreover, we need a sequence (M,,), of partitions of [0,1] (having the properties stated in
Proposition 1.17) and bijections ®,, : [0,1] — [0,1]? that ®,,,(Aa) = M|y @ X for all M € M,,.
We choose the partitions

My = 1{[0,27"], ... (k- 27" (k+1)-27"],...,((2" — 1) - 27" 1]}

We will define the bijections ®,, by using dyadic expansions, which are uniquely defined up
to A-nullsets, which we will ignore in this example. Hence 0,ziz2z3... denote the number
z =32, x;27", where z; will always be elements of {0, 1}.

Clearly, the mapping

o J0 =0
n -
0,x17073 ... — (0, L1 - TpToan+1---L3nTdn+1 - - -3 0, Tpt1---T2nT3n41 -+ L4nLsn41 - - - )

is a bijection with inverse

(1)71 . [07 1}2 - [07 1]
"0, 2 zews .50, y1Y2y3 ) = 0,81 e Tl - YnTrd - - T2 Uit - - Y2 T3 - - -

and it is straight forward to check that ®, pushes A|jxa-—» (111)2-7] 10 A|jp2—n (k41)2-7] @ A for all
k<2m.

In the proof of Theorem 1.20 we see that the mappings
T, = @;1 oTod,

have the desired properties. It is easy to calculate this composition explicitly:

T {[0, 1] - [0, 1]

0, x1z923 +— 0, Tp41---T2pT1 -+ - TpT3np41 - - T4nT2p+1 - - - L3InLHn+1 - - -

In other words, the mapping T, acts on some z € [0,1] as follows: For all £k > 0 swap the
(2k — 1)-th and the (2k)-th digits of = in its expansion w.r.t. the base 2.
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Figure 1.1: Plots of the functions T,.

1.5 Results in probabilistic notation

In the section we state the important results from this chapter in probabilistic notation. We
start this section with elementary observations:

Cpl(u,v) is set of joint laws of random variables X ~ p and Y ~ v: Given m € Cpl(u,v), the
random variables pry and pry on the probability space (X x Y,Bx ® By, w) have the desired
properties. Conversely, given some Borel probabilty space (€2, F,P), an X-valued random variable
X ~ u and a Y-valued random variable Y ~ v it holds, £(X,Y) = (X,Y).P € Cpl(u,v).

The Monge couplings correspond to pairs of random variables of the form (X, F(X)).
The representation of couplings from Section 1.2 written in probabilistic notation looks as follows:

Corollary 1.28. Let X be an X -valued and Y be an Y -valued random variable. Then there exists
a bimeasurable mapping F : X x [0,1] = Y x [0, 1] such that for any uniform random variable U
independent of X and any uniform random variable V independent of Y it holds:

(i) F(X,U) ~ (Y,V)
(”) (X,Fl(x7 U)) ~ (X,Y),

where Fy denotes the first comment of F, i.e. pry o F.
Proof. This is a consequence of Theorem 1.12. O

The version of this representation for kernels (Theorem 1.15) corresponds to a version of the
previous corollary with conditional probabilities:

Corollary 1.29. Let X be a X-valued, Y be a Y -valued and Z be a Z-valued random variable.
Then there exists a measurable bijection F' : Z x X x[0,1] — Y x [0, 1] such that for any uniform
random variable U conditionally independent of X given Z and any uniform random variable V
conditionally independent of Y given Z it holds a.s.:

(i) P(F(Z,X,U) € B|Z) =P((Y,V) € B|Z) VB CY x[0,1] Borel
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(ii) P((X, F1(Z,X,U)) € B|Z) =P((X,Y) € B|Z) VB C X x Y Borel

Proof. By Theorem A.27 there exists a kernel 7 from Z to X x Y such that £(Z)-a.s. it holds
P((X,Y) € A|Z = z) = 7*(A) A C X xY Borel,

ie. 7% = L((X,Y)|Z = 2). Denote p* :=pry,m° = L(X|Z = z) and v* := pry 7% = L(Y|Z = 2).
By Theorem 1.15 there exists a Borel measurable mapping F' : Z x X x [0,1] — Y x [0,1]
s.t. for all z € Z the mappings F(z,) : X x [0,1] = Y x [0,1] : (z,u) — F(z,z,u) are Borel
isomorphisms satisfying

(a) Fz,), (0" @A) =v* @A

(b) prxy,(id, F(z,-))«(n* ® A) = 7.
It is easy to see, that (a) implies (i) and (b) implies (ii). O

Convergence of random variables in distribution is equivalent to weak convergence of their laws.
Therefore, the denseness result from Section 1.3 corresponds to the following result for random
variables:

Corollary 1.30. Let X be an X -valued and Y be an Y -valued random variable. Then there exist
measurable bijections F,, : X — Y such that F(X) ~Y and (X, F,,(X)) converges to (X,Y) in
distribution.

Proof. This is an immediate consequence of Theorem 1.20. [
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Chapter 2

The time dependent case

The aim of this chapter is to extend the results to finitely many time steps. For clearly, we could
just apply our results from Chapter 1 to measures on the path space, but we aim a construction
that respects the arrow of time: Given measures y and v on path spaces of processes with finitely
many times steps (say R"Y), we want to approximate a given coupling with Monge couplings
supported on the graph of bijections F : RV — RY which satisfy the following property:
For t < N, the t-th component of F(x1,...,zy) does only depend on (z1,...,2;) and the t¢-
th component of F~!(y;,...,yn) does only depend on (yi,...,y;). Such mappings are called
biadapted, see Definitions 2.5 and 2.14 for details.

The main result of this thesis is that (under certain regularity assumptions on the marginals)
such an approximation is possible if and only if the coupling is a so-called bicausal coupling, see
Theorem 2.26.

In the first two sections of this chapter, we explain what causal and bicausal couplings are.
Afterwards, we extend our techniques from Chapter 1 to the time dependent case, which enables
to prove our main Theorem 2.26 in an analogue way as we have proven the denseness of couplings
supported on the graph of bijections in Theorem 1.20.

Before we start, we need to introduce some notation for this chapter: N € N will always be the
number of time steps that we consider. X; ..., Xy, Y1,..., Yy are always Polish spaces.

Hi]il X; will be the path space of the first process, whose law will be denoted by p and Hfil Y;
will be the path space of the second process, whose law will be denoted by v.

For 1 < s <t < N we introduce the abbreviation X.; := H::s X;. We use the same abbreviation
for elements of X4, i.e. (Xs, Tsy1,...,T) =: Tgy, and for subsets, i.e. Ag X Agyq XX Ay =: Agy
for A; C X;. We use X as a shorthand for X;.5. For the Y-component we use analogous
notations.

For t < N define .FtX as the o-algebra on X x Y generated by the projections X x Y — X, :
(x,9) = w1, (and FY respectively).

Let u € P(X). Then by Theorem A.24 we can decompose p as u(dz) = pi(dzy)p* (dze.N),
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where 1 € P(X1) and 21 — p*! is a kernel from X; to Xo.n. Iterating this yields
p(dz) = p (day )p* (dz) - - - p* V= (dz ),

ie. u; € P(X;) and for all t < N there are kernels x1.; — p®t from Xq.4 to Xiqq.

2.1 Causal couplings

We start with a quick motivation for causal transport. For € > 0 consider the measures p. :=
2(8c1) +0(—c—1)) € P(R?). It is easy to see that Wi (e, pto) = €, S0 po converges to pp w.r.b.
Wasserstein.

However, if we consider u. as the law of a real-valued stochastic process with two timesteps,
the natures of po and p. for € > 0 are totally different. For the case ¢ = 0 the corresponding
process is a martingale that starts at 0 and is +1 or —1 in the second step, whereas for £ > 0 the
corresponding process is deterministic. Hence, Wasserstein convergence of the laws, is a “bad”
notion of convergence for laws of stochastic processes.

Now the idea is to restrict in the definition of the Wasserstein distance to couplings that “re-
spect the time structure” in order to get a metric that induces a stronger topology that reflects
properties of stochastic processes better.

The following definition clarifies what is meant by coupling that “respect the time structure”.

Definition 2.1. Let y € P(X) and v € P(Y). A coupling 7 € Cpl(p,v) is called causal if for
any t < N and B € F} the mapping X > x — 7%(B) is F;*-measurable. We denote the set of
causal couplings between p and v as Cpl, (u, V).

This condition is obviously equivalent to saying that for any ¢ < N the mapping X — P (Y1) :
x = pry, , m is measurable. The following proposition gives equivalent conditions for causality:

Proposition 2.2 ([2, Proposition 2.3]). For u € P(X), v € P(Y) and 71 € P(X xY) the
following are equivalent:
(i) =€ Cpl.(u,v)
(i) m € Cpl(u,v) and for allt < N : Fx is conditionally independent of F given F;X
(iii) When decomposing
m(dz,dy) = w1 (dx1, dyr )7V (dag, dys) - - - wPHN-DYEN=1 (dg N dyp)
it holds

(a) m1 € Cpl(pry, i, pry,v)
(b) for allt < N and mw-almost all x1.4,y1.4 @ Pry, mwrheVLe = o1t
(c) for allt < N and v-almost all y1.; : 7% (dyi+1) = v (dyy1).

(iv) m € Cpl(u,v) and for allt < N, hy € Cp(Y1.4) and g € Cp(X) it holds

/ht(ylit)[g(xlzN) —/g(ﬂfm,ft+1;N)M$1:f(di”t+1,N) dm = 0.
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Proof. (i) = (ii): Let 7 € Cpl.(p,v) and fix ¢ < N. By Lemma A.43 this implies 7%~ (B) =
721 (B) a.s. for all B € FY. Since ;¥ C FX this implies for all B € FY that! T TN (B) =
77X (B) = o7 (B). Now Proposition A.30 yields the conditional independence of F¥ and FY
given F;¥.

(i) = (i): It is easy to see that one can read the proof of (i) = (ii) in the converse direction
as well.

(ii) == (iii): Fix t < N. It is clear that = € Cpl(u,v) implies (a) and (c). Since F is condi-
tionally independent of ) given F7¥ Proposition A.30 (and Remark A.31) yields 77+ 7% (B) =
W'FtX(B) for all B € Fx. This implies pry, (7%1+¥14) = pry (7%1:¢) = %1t a.s.

(i) = (ii): Clearly, (a) and (b) imply pry,m = p, whereas (a) and (c) imply pry 7 = v. For
t < N condition (b) implies T T (B) = rFe (B) for all B € F¥, which implies the conditional
independence of Fx and F} given F/X by Proposition A.30.

(i) <= (iv)% Let m € Cpl(p,v). Clearly m € Cpl,(u,v) if and only if for all ¢+ < N the mapping
T = pry,, 7 X — P(Y1y) is FX-measurable, which is by Proposition A.17 equivalent to the
FX-measurability of the functions ¢y, (71.x5) = [ hi(y1.4)dm™:N | where hy € Cy(Yi).

X
Fix some h; € Cy(Y1.¢). Observe that ¢ = EfN [h¢]. Therefore, ¢y, is F;<-measurable if and
only if
X X
(id — EZ* )EZN hy = 0.
Since this is clearly Fx -measurable and by the density of C,(X) in L?(X, Fx, 1) this is equivalent

to . FX o FR
Vg € Cp(X) 1 E,fg(id — Ex* )Ex™ hy] = 0.

X X
Since g(id — EZ¢ )]Ef” hy is FR -measurable and y = pry,m we can replace the E,, by E,. Since

X X
FiX and F5 are orthogonal projections, (id — Eft )Ef"’ is selfadjoint, so the latter is equivalent
to . FX FX
Vg € Cp(X) 1 Ex[((id — Ex* )EZN g)h:] = 0.

X
Since g is Fx-measurable, g = Ef” g, so the latter expression is exactly the integral in condition

(iv). O

We give examples of causal couplings. First we return to the measure p. from the motivating
example and consider the optimal coupling between . and g for the Euclidean cost.

Expample 2.3. For € > 0 consider the measures

1 1 1
n=50en+oemn)  v=500n+d0-1n)  T=350C101+010-1)-

Tthe following notations mean conditional probabilities of the measure 7m w.r.t. the o-fields denoted in the
upper indizies

2This part of the proof uses many properties of condtional expectations stated in Theorem A.26, without
explicitly referring to them.
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Clearly, = € Cpl(u,v). If we decompose the measures

1
=g (0402 P =61

1
vy = do 1/025((51—1-(5,1)

1
=5 (8¢c.0) + 6(—c,0)) riel = O(+1,41)>

we see that m € Cpl,(u, ). However, if we exchange the roles of © and v, we obtain a coupling
that is not causal: e,m € Cpl(v, ) \ Cpl.(v, p).

Expample 2.4. Let 4 € P(X) and v € P(Y) be arbitrary. We show that the product measure
m =t ® v is causal between p and v.

To keep the notation simple, we just prove the case N = 2. We consider the decompositions
pldz) = p(day)p* (dz2),  v(dy) = vi(dy)p”* (dy2), w(dz,dy) = mi(dzy, dy )7 Y (dz2, dys).

It is clear that m; = uy ® v1. Therefore, by Proposition 2.2 it suffices to show

Tl T YLyt — ﬂ$1,~~7zt ® YL Yt a.s.

For all f: X xY — R bounded and measurable it holds
/fdﬂ— = /f(mlvxZ,ylayQ)dﬂ’(xhxQ)dV(yl,yQ)
:/f(thfz,ylayz)d/fl(x2)dﬂl(if1)dVyl(yz)dl/l(yl)

=/f($173327y17yz)dﬂxl(ﬂﬁz)dVyl(yz)dM1(331)dl/1(3/1)7

=dpu*1 QuY1 (z2,ys2) =dm1(z1,y1)

which implies dn*1¥1 = du”** ® dv¥* a.s. by the uniqueness of the disintegration.

We have introduced a notion of couplings that respect the time structure. For mappings it is
much simpler to find an appropriate definition:

Definition 2.5. A map T : X — Y is called adaped if for all ¢ < N there exits measureable
functions T} : X;.; — Y; such that

T(-rl:N) = (TI(.’L‘),TQ(.’ELQ), - 7T‘]\/’(.ﬁl}l;]\])).

The term adapted is due to the fact that T is adapted if and only if T} is ;% -measurable for all
t < N. The following lemma states that these two notions of “respecting time struce” fit together,
namely a Monge coupling is causal if and only if it is supported by an adapted mapping.

Lemma 2.6.

Cpl,(p,v) N Cply(p, v) = {(id, T)sps : T adapted ,Top = v}

Proof. Let dm = dop(,)dpu(z), where Ty = v, be causal and fix t < N. Then for all B € F",
the mapping
B 2 Opz)(B)
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is X measurable. Since T~'(B) = ¢ ({1}), this implies that T is F;¥-F) -measurable. Hence,
pry,, o T is FX-measurable. By Lemma A.43 this implies that there is a measurable function

Ty X104 — Y1 st pry, , o T = ﬁ opry,,. Set T; :=pry, o ft.

Conversely, let dr = ddp () du(z), where T' is adapted and satisfies Ty = v. For t < N and
B € FY we need to show that ¢p is F;X-measurable. Since ¢ 5 only takes the values 0 and 1,
it suffices to show that ¢5'({1}) € FX. Indeed, B = pr;l%t(B’) for some measurable B’ C Y7,

and ¢5' ({1}) = T~1(B) = (pry,, o T)~1(B’) € FX, since pry, , o T is F{ -measurable. O
The following proposition is the key argument for the existence of minimizes in the socalled
causal transport problem.

Proposition 2.7 ([3, Theorem 3.1]). Cpl (i, v) is weakly compact.

Proof. Denote Tx the topology on X and 7y the topology on Y. The mappings

X122z — [Lxl € P(XQ;N)
X122 w0 = p2 € P(X3:n)

Xi:nvo1 3 (T1nv—1) = pEN -t € P(Xp)

are all Borel. By Theorem A.9 there exists a Polish topology Ty 2 Tx s.t. these mappings are
continuous from (X, Ty ) to P(X,.n) and (X, T ) has the same Borel sets as (X, Tx).

Denote V; the topology on P(X x Y') generated by testing against 7x x Ty-continuous and
bounded functions and Vs the topology on P(X x Y) generated by testing against Ty x Ty-
continuous and bounded functions. Since the functions appearing in Proposition 2.2 (iii) are
Vs-continuous, Cpl.(u,v) is Va-closed. Since Cpl.(u,v) is tight, it is Ve-compact by Prokhorov’s
Theorem A.21 and therefore in particular V;-compact. O

As for the ordinary optimal transport problem, we can prove the existence of minimizes for the
so-called causal transport problem:

Theorem 2.8. Let c: X XY — R be lower semi-continuous and bounded from below. If

inf /cdw < 00,

meCpl.(u,v)

this infimum is attained

Proof. The proof is completely analogously to the proof of Theorem 1.7, replacing Proposition
2.7 with Proposition 1.5. O
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2.2 Bicausal couplings

Loosely speaking, a bicausal coupling is a coupling that is causal in both directions:
Definition 2.9. A causal coupling m € Cpl,(p, V) is called bicausal if e, m € Cpl, (v, ).
Expample 2.10. Clearly, the calculation in Example 2.4 shows that the product coupling is

bicausal. The coupling considered in Example 2.3 is not bicausal.

We will derive a few facts about bicausal couplings from the corresponding facts about causal
couplings. First, we derive a necessary and sufficient criterion for bicausality which will be crucial
later on.

Proposition 2.11 ([2, Proposition 5.1]). Let p € P(X),v € P(Y) and 7 € P(X xY). Then
the following are equivalent:

(i) m € Cply(p,v)
(i) When decomposing
w(dx,dy) = w1 (dx1, dyr )7V (dag, dyg) - - - wPHN=DYEN=1 (dg n dyp)
it holds
(a) m € Cpl(pry,p,pry,v)

(b) for allt < N and m-almost all (x1.4,y1.¢) : w710Vt € Cpl(p*rt, p¥i).

Proof. (i) = (ii): This is an immediate consequence of (i) == (iii) (a) and (b) in Proposition
2.2 applied to 7 and e,.

(i) = (i): Clearly, (ii) implies that 7 and e.m both satisfy the conditions stated in Proposition
2.2 (iii), which implies that = € Cpl (1, v) and e.m € Cpl, (v, u). O
As for causal couplings the set of bicausal couplings is compact, which implies the existence of

minimizers to the bicausal transport problem.

Corollary 2.12. Cpl,.(u,v) is weakly compact.

Proof. This is an immediate consequence of Proposition 2.7 (and Lemma A.44). O

Theorem 2.13. Let c: X XY — R be lower semi-continuous and bounded from below. If
inf /cd?r < 00,
7eCpl, (p,v)
this infimum is attained.

Proof. The proof is completely analogously to the proof of Theorem 1.7, replacing Corollary 2.12
with Proposition 1.5. O
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The analogue of bicausility for mappings is the following:

Definition 2.14. A map T : X — Y is called biadapted if it is bijective and T, T~! are both
adapted.

Corollary 2.15.

Cply, (1, v) N Cplyg (p, v) = {(id, T)spe : T biadapted , Ty = v}
Proof. This is an immediate consequence of Lemma 2.6. O
We close this section with inductive characterizations of bicausality and biadaptedness, which

will be helpful in the next sections.

Lemma 2.16. Let p € P(X),v € P(Y) and 7 € Cpl(u,v). Then m € Cply.(u,v) if and
only if, when decomposing m as dn(x,y) = dm(x1,y1)dn* Y (x2.N, Y2.N), One has 7Y €
Cplp (™, YY) for mi-almost all (x1,y1).

Proof. This is an immediate consequence of Proposition 2.11. O

Lemma 2.17. Let Ty : X1 — Y7 be a bijection and let S : X1 X Xo.y — Yo.n be a measurable
mapping such that for all 1 € X1 the mapping S™ : Xo.y — Yoy @ wa.n — T(x1,22.8) i
biadapted.

Then the mapping
T:Xi.n = Yy xiny = (Thi(x1), S (z2:n))

is biadapted.
Proof. 1t is clear that T is adapted and it is easy to check that it is injective and surjective.

Therefore, there exits F' := T—! and it suffices to show that F is adapted. To that end, we
denote

F(yi..n) = (F1(y1:n), Fo.n (y1:n))
For each y;. it holds
yi.v = T(F(y1.n)) = (Ty(Fi (y1.n)), ST 0N (Fy.y (y1.8))).- (2.1)
This implies y3 = T1(F1(y1.n)) and since T7 is bijective this yields Tfl(yl) = Fi(y1.n); In
particular, F; depends only on y;. Moreover, (2.1) implies yo.y = SFl(yl)(ngN(ylzN)). Since
SF1(v1) ig bijective, this implies
(SFl(yl))il(yQ:N) = F2:N(y1:N)

and since ST is assumed to by biadapted, there exists F} : Y1.; — X; measureable s.t.

Fo.n(y1:n) = (Fa(y1:2), - - -, Fn(y1:n))- O

At the end of this section we briefly explain how to define the socalled adapted Wasserstein
distance.
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Definition 2.18. Let Xy,..., Xy be Polish spaces with compatible metrics dy,...,dy. Then
the adapted Wasserstein distance of two measures p and v € P(X) is defined as

N
AW(u,v) = inf {/Zdi(xi,yi)dﬂ'(x,y) iTE Cplbc(,u,y)} .

We show that the measures p. mentioned in the motivating example at the beginning of Section
2.1 do not converge to o w.r.t. the adapted Wasserstein distance.

Expample 2.19. For € > 0 consider the measures

1
p=35 00+~ v=35001+d0-1)

N | =

We show that p ® v is the only bicausal couplings between p and v. Let m € Cply.(p,v) and
decompose it as dr(z,y) = dmy (21, yo)dm™ ¥ (29, y2). By Proposition 2.2 it holds

1 1
T € Cpl(ul, l/1) = Cpl (2 ((55 + 675) ,50) = {2 (5(5,0) + (5(_570))}
+e,0 1 o,y 1 _ 1
=0 € Cpl(p™',v¥") = Cpl | 641, 3 (014+d-1)) = 3 (6x1,1) + 0(x1,-1))
Hence, ™ = i (5(5’1)0’1) + 5(5’1,0’,1) + 5(,5’,1’0’1) + 5(,5’,1’0’,1)) =uRUu, which shows that
1

AW(u,v):/(Izl—yllﬂxz—yzl)dwzz (e+vVaTe+Varease) >,

hence p. does not converge top pp w.r.t. the adapted Wasserstein distance.

2.3 Time dependent version of the representation of cou-
plings

The aim is of this chapter is to prove a time dependent version of the representation of a coupling
7 € Cpl(p, v) as a bijective Monge coupling 7 € Cplyo (£ ® A, v ® A). More concretely, we want to
represent a bicausal coupling 7w by a coupling 7, which is supported on the graph of a biadapted
mapping.

To this end, we will have to add an additional coordinate for randomization in each time step in
the X- and Y-component. To keep notations short, we introduce the following abbreviations:

t
X=X, x[0,1), Xuo=[[Xi, X=Xy (2.2)
=1

We will not always be careful about the ordering of the spaces X; and [0, 1] in the definition
of )?M as product of those spaces. Instead of this, we agree to use consistent letters to name
elements of those spaces unambiguously: Elements of X; are always called (x¢, u;), where z; € X,
and u, € [0, 1].
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Therefore, ((x1,u1),. .., (2, ut)) denotes the same element of X1, as (X1, T, U, ..., ug) does,
and the latter is often abbreviated as (2., u1.+). When evaluating functions f : X;.; — R, we
use the same convention, i.e. f(z1.4,u1.4) = f(z1,..., 2,01, ... ue) = f((x1,u1), ..., (T, us)).

pry will always denote the projection )?m = X0 (214, urt) - T1ag
If 4 € P(X), we define 7i € P(X) as p® AN, when X is regarded as (Hf;l X;) x [0,1]V, i.e. for
f:+ X — R we define

[ #da= [y unmduter)irwy).

We use the same convention for the Y-component, where elements of 17,5 are called (y,v¢) with
ye € Yy and v, € [0, 1], etc.

The terms (bi)adapted and (bi)causal are always meant to be understood as the ordering of
the spaces in (2.2) suggests: In each time-step we consider the spaces X, = X, x [0,1] and
Y, = Y, x [0,1]. Loosely speaking, in (not before or after) each time step we “add” one unit
interval in the X-component and one unit interval in the Y-component. Explicitly, a mapping
T:X >Yis adapted if for all ¢ < N there exists mappings T3 : Xl.t — Yt st T(x1.n,u1y) =

(Ty(z1,w1), -, TN (218, u1:N))-
Using this notation, we can formulate the main theorem of this section:
Theorem 2.20. Let p € P(X),v € P(Y) and m € Cpl,.(u,v) be given. Then there exists a
biadapted mapping T : X — Y satisfying

(i) Tuii = U, or equivalently: 7 := (id, T)«j1 € Cpl,.(11,7)

(ll) erXY*% = Tr.
We will prove this theorem by induction on the number of time steps. In order to avoid measur-
ability issues in the induction step, we proof a slightly more general version of Theorem 2.20.

Theorem 2.21. Let Z be a further Polish space and let kernels u from Z to X, v from Z to'Y
and 7 from Z to X XY be given. Assume that n* € Cply.(u?,v?) for all z € Z.

Then there exists a measurable mapping T' : Z x X — Y such that for all z € Z the mappings
#: X =Y (z1n,ur.n) = T(z,21.8,u1.v) are Borel isomorphisms satisfying

(i) T, % = V7, or equivalently: 7 := (id, T%),i* € Cpl,, (1%, V)

(Zl) erXY*? = 7=,

Proof. For one timestep (i.e. X = X, Y = Y7) bicausality is a trivial condition and biadapted
is equivalent to bijective. Therefore, Theorem 1.15 is exactly the claim for one timestep.

Assume that we have already proven Theorem 2.21 for N — 1 time steps. Let p be a kernel from
Z to Xi.n, v be a kernel from Z to Yi.n and 7 be a kernel from Z to Xi.5 X Y.y satisfying
7% € Cply.(p?,v7) for all z € Z.
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For each z € Z we can decompose p*, v* and 7% as
dp® = dp*t*dus dv® = dv¥**dyv”? dr® = dr*v¥ % dnsy.
and by Lemma 2.16 it holds n%1:¥1:* € Cpl, (™%, v¥1%).
By the induction hypothesis, there exists a mapping
S: (X1 xYy x2) x)?Q:N%}A/Q:N

such that for all (z1,y1,2) € X7 x Y7 x Z the mapping S*1¥1% : Xo. n — Yo
S(z1,y1,2,22.N,y2.n) is a Borel isomorphism satisfying?

— —
° Sflyylyz*l/éxl,z = pY1,%

T2 T1,Y1,2 Tz : T1,Y1,2) T T1.E
® Dryy MELYLE = rPLVLE where m%1Y17 = (id, STV, =1

Moreover, by Theorem 1.15 there exists a measurable mapping

T12ZX)?1—>§}1

D (T2:N, YN )

such that for all z € Z, the mapping 77 : )?1 — )A/l ¢ (x1,u1) — Ti(z,21,u1) is a Borel

isomorphism satisfying 77 uf = ;1; and prxy-, (id, TF) o pf = 7f.

We define the mapping

T:ZxX—=Y: (z,21.8, ur.n) = (TF (21, u1), STHP X TT @00 () o )

We have to check that T has the desired properties:

Clearly, T is measurable as composition. Fix z € Z. The mapping T7 is biadapted by Lemma

2.17.

In order to check that T,;* = v%, we consider argr\bitrary measurable function f : Y > R. We

>
M M M xX z — z [ — z
achieve by using the properties S*+¥1:%, 71,2 = p¥1.# and TY ui = v§

/f(yl:Na'Ul:N)de,L/LZ(yl:Na'Ul:N) =

= / F(TE (1, uy), S70Pox T @LU0) (g g, N ) ) A2 (9. v, oy ) dpa (1, uy )

- / F(TE (21, u1), Yoo, vauy ) dSTHPTx T @) a2 (o vg ) dpes (21, ur)

B
=
:dVPrXOTl (wl,ul)az(y2:N,v2:N)

:/f(yl:N,U1:N)dV/yl\’z(y2:N,U2:N)de*le(y17Ul)

:/f(yl:NaUI:N)d;;(yl:Navl:N)a

3As the notation given at the beginning of this section suggests ;71\z is defined via

/ T = / @ umn ) (a8 AN (o)
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ie. TZ% = 7.

It remains to show that 7 := (id,T)./t satisfies pryy,7 = m. Using this and the properties

— . . .
Pryy  mEYLF = qP0V0% and pryy, (id, TF).uf = 77 we obtain for any measurable function
[ X XY =R

/f(x1:N7yl:N)derY*?(xlszyl:N) =
:/f(prxy o (id, T%)(1:n, uron ) ) Apm 1% (o v, uzon ) dpts (21, uy )
B / Frxy ((id, TF) (21, 1)), pryy (id, S7 P T (m000)2) (4 g,y )

i (g, o ) (21, 11)

:/f(erY((id7T1)(w17'Ufl))71'2:Nay2:N)d7TI17y17Z($2:N7y2:N)d,a($1)d)\(Ul)
:/f(xlzNayl:N)dﬂxhyhz(xZNvy2:N)d7Tf<xlay1)

:/f(ﬂ?l:N,ylzN)dW(xlzmyl:N)7

which yields the desired result pryy 7% = 7°. O

2.4 Denseness of biadapted mappings in the set of bicausal
couplings
Analogously to Section 1.3 we use the representation of a bicausal coupling m € Cpl(u,v) as

coupling 7 = (id, 7). (p®@ X) € Cplyo(t @ A, v @ A) to prove the denseness of couplings supported
on the graph of biadapted mappings among bicausal couplings.

First, we state the regularity assumption on the marginals, which is essential for our proof:

Assumption 2.22. Let u € P(X1.v). We say u satisfies Assumption 2.22 if ;1 has a disintegra-
tion
dp(z1.8) = dpa (z1)dp™ (xg) - - dp™ N (xN)

such that py is continuous and for all £ < N and z1.; € X1.; the measure p®*t is continuous.
Remark 2.23. Let X; = Rfort € {1,...,N}. If u € P(X1.n) = P(RY) is absolutely continuous
w.r.t. Lebesgue measure, it satisfies Assumption 2.22.

The part of the proof of the main theorem, where this assumption is crucial, is the following
proposition:

Proposition 2.24. Fort € {1,...,N} let M; be an at most countable partition of X; consisting
of Borel sets. Let u € P(X) be satisfying Assumption 2.22.

Then there exists a biadapted mapping <I>I/LVl : X — X s.t. for all (My,...,Myn) € My x---x My
one has @L‘A*(MMLN) = My @A
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We want to prove this propostion by induction on the number of time steps. In order to avoid
measurability issues in the induction step, we have to prove a slightly stronger claim:

Proposition 2.25. Let Z be a further Polish space and fort € {1,..., N} let M be an at most
countable partition of X; consisting of Borel sets. Let u be a kernel from Z to X s.t. u* satisfies
Assumption 2.22 for all z € Z.

Then there exists a measurable mapping @ﬁ’l CZxX = X st for all z € Z the mapping
@ﬁ’"z = @ﬁ"(z,j X - X isa biadapted mapping satisfying the following property: For all
(Ml,. . .,MN) € My x---x My it holds (I)ﬁ/l’z*(,u,ﬂMl:N) = ,U,Z|M1:N.

Proof. We prove this Proposition by induction on N:

The claim is true for N = 1 by proposition A.42. Assume that the claim is true for N — 1. Let
€ P(X;.n) satisfying Assumption 2.22 and decompose it as

du(zi:n) = dpa (21)dp® (z2:n)
By the induction hypothesis there exists a measurable mapping
v (Z X Xl) X Xo.N — 5(:2;]\7

s.t. for all (z,21) € Z x X; the mapping U**! := U(z,2q,-) : Xo.y — )?2;]\[ is a biadapted

mapping satisfying W57, (4571 |y, ) = 157 1,y
By Proposition A.42 there exists a measurable mapping
O, 7 x X; = X,

s.t. for all z € Z the mapping ®5 := Py(z,-) : X3 — )/(\1 is a Borel isomorphism satisfying
@7, (1ilan) = pilag for all My € My,

Consider the mapping
PN Zx X = X (z,20n) = (D5 (1), U7 (22:1)).

Clearly, <I>£’1 is measurable as concatenation and for all z € Z the map CIJIJ}"’Z is biadapted by
Lemma 2.17. For all (My,...,My) € My x -+ x My and f : m — R measurable it holds

/ Fr, )M (57 ar, ) =
_ / / F(F (1), W™ (23, ) )™ (2, )i (1)
My J Ma. N

- / / 3 (1), 2o, ) AU, (1 agy ) (s ) dpi (1)
My J Ma. N

:d,uz’m1 |M2:N (z2:N,u2:N)

— [ ra )i g (o, 20) 49 () )
My J Ma:n
:/f(zl:NaulzN)dﬂz|M1;N7
which yields ‘I’;/:A’Z*(MZ‘MLN) = /J'Z|M1:N' [
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Now we have provided all tools to prove the main theorem of this thesis. The structure of the
upcoming proof is completely analogue to the proof of Theorem 1.20.

Theorem 2.26. Let u € P(X) and v € P(Y) both satisfy Assumption 2.22. Then the set of
couplings between 1 and v supported by the graph of a biadapted mapping are dense among the
bicausal couplings between i and v w.r.t. weak convergence, i.e.

Cply(p,v) = {(#d, T)spp : T : X — Y biadapted, satisfying Ty = v}.

Proof. By Corollary 2.12 the set Cpl,.(u,v) is closed, so it suffices to show that any 7 €
Cpl,.(, v) can be approximated by a sequence m, € Cplyy(u,v) N Cply, (i, v) w.r.t. weak con-
vergence.

According to Theorem 2.20 there exists a coupling 7 = (id, T € Cplyy (i, V) such that

(i) Thp=v

(ii) pryxy, 7 =.
Fort € {1,...,N} let (AL)nen and (B),en be sequences of partitions of X; and Y; consisting of
countably many Borel sets and satisfying lim,, . ||A% || = 0 and lim,, ||Bt || = 0. According
to Proposition 2.24, for all n € N there exist biadapted mappings ®,, : X — X and U,:Y— Y
such that

(i) @ (lasy) = Hlary for all A4, € AL,

(iv) U, (ulB, o) = V|5 x for all B, € B,

For n € N define the mapping
T, =V 1oTod,: X =Y.

T,, is biadapted as composition of biadapted mappings and satisfies T}, = v. We need to check
that 7" := (id, T™),u — 7. Note that M,, := {A.y x Bi.y : Ay € A, B, € B} are partitions
of X XY consisting of countably many Borel sets satisfying lim, ., ||M,|| = 0. Hence, by
Lemma 1.18 it suffices to show for all n € N:

Wn(Al:N X Bl:N) = ’/T(ALN X Bl:N) for all A; € A%,Bt S B;

This is a consequence of the properties (i) to (iv) of the mappings ®,,, ¥,, and 7', as the following
calculation, where were denote A := A;.y and B := Bj.y shows:

Ta(A x B) = (ANT; N (B)) = pla((@; 0 T 0 0,)(B) =) (ula @ N(T(W,(B))
= (L@ N(AX[0,1]NT (¥, (B))) © (v @ M(T(A x[0,1]) N, (B))
(v @ N) (U, (U HT(A X [0,1]))NB)) =¥, (v @\ (¥ Y(T(A x[0,1])) N B)
v|p(¥, (T(A % [0,1]))) w)( B @ A)(T(A x[0,1]))
(@ N (T(Ax[0,1))N B x [0,1]) = (id, T (v @ \)(A x [0,1] x B x [0,1])

#(Ax[0,1] x B x [0,1]) 2 7(4 x B)
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2.5 Discussion

In [3] a version of the result for causal couplings was shown, i.e. causal couplings supported on
the graph of adapted mappings are dense in the set of causal couplings with fixed marginals. It
was sufficient to require continuity assumptions for the first timestep of the z-marginal.

Since bicauslity is causality in both directions, it is clear that we will need the same assumption
for the y-marginal as well. However, the assumptions in Theorem 2.26 are much stronger than
that.

We give an example that these stronger assumptions than continuity of the z- and y- marginals
in the first timestep are necessary.

Expample 2.27. Let N = 2 and X; = Xo = Y3 = Yy = [0,1]. Consider the measures
,u:/\®50€73(X1 XXQ) andl/:)\2 €P(Y1 XYQ).

Since p and v are both continuous measures, couplings between p and v supported on the graphs
of bijections are dense in Cpl(y,r), see Theorem 1.20. We show that there are no bicausal
couplings between p and v that are supported on the graph a bijection.

Assume that there exists a m € Cpl,.(1, v) N Cplyg (1, v) and decompose it as dr(x1, 22, y1,y2) =
dmy(x1,y2)dm™ ¥ (29,y2). By Lemma 2.16 it holds 7*¥1 € Cply,(pu®*,v¥!) for m-almost all
(z1,41). However, for all 1,y it holds Cply,(u®t, v¥*) = Cplyg(do, A) = 0. Therefore, such a «
cannot exist and Cply, (1, v) N Cplyy (i, v) is empty.

However, there is a sequence (7},), of adapted mappings pushing u to v such that (id, T}, ). p —
By Theorem 1.20 there is a sequence (F,), such that F,, A = A\? and (id, F},)«A — A3. Then
T (21, x9) := F,(x1) has the desired properties.

There are also cases, where Cpl,. (1, ) N Cplyy (i, ) is not empty, but the assertion of Theorem
2.26 is still wrong:

Expample 2.28. Let N = 2 and X; = Xy = Y}, = Y; = [0,1]. Consider the measure
du(zy,x2) = dpq (x1)dp®™ (z2), where pg := X and p*' := (1 — x1)dg + x101. Set v := p.

We claim that Cpl,.(u,v) N Cplyy(p,v) = {(id,id).p}. Clearly, (id,id).pu € Cply.(u,v) N
Cplyg(p,v). Consider an arbitrary m € Cply. (1, ) N Cplyg(u,v). By Lemma 2.16 it holds
wrYt € Cplyg(p®t,v¥) for m-almost all (z1,y1). Note that 71({(1/2,1/2)}) < m({1/2} x

[0,1]) = A({1/2}) = 0 for all m; € Cpl(p1,v1) = Cpl(A, N), so we can neglect the pgint (1/2,1/2)
from now on. It holds

1—x21)0 + 210 T =
Cplyo (1™, v"") = Cplyo((1—=21)d0+x161, (1=y1)d0+y101) = {é( g o 1 (171)} xl # zl
1 1

This implies supp(m1) C A := {(x1,21) : 1 € [0,1]}. By using that (A x B)NA = {(z1,21) :
x1 € ANB} =((ANB) x [0,1]) N A this yields

71 (A x B) =7 ((ANB) x [0,1]) = A(AN B) = A\((id,id) "' (A4 x B)) = (id,id).(A x B),
so mp = (id,id)«\. Hence,

dm(x1, 20, y1,y2) = d(id,id) A(z1, y1)d((1=21)0(0,0)+210(1,1)) (T2, y2) = d(id,id).pu(z1, T2, Y1, Y2)-
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So, Cpl,. (1, v)NCplyy (1, v) = {(id,id).u} and therefore also its closure is just {(id, id).u}, which
does not contain the bicausal coupling y ® v.

To close this section, we state the consequences of Theorem 2.26 for the bicausal transport
problem and for the adapted Wasserstein distance.

Corollary 2.29. Let yu € P(X) and v € P(Y) satisfy Assumption 2.22 and c: X XY — R be
continuous and bounded. Then it holds

inf {/cdﬂ :m € Cplyo (i, 1/)} = inf {/C(:E,T(x))du(x) : T biadapted s.t. Top = z/} .

Proof. We can assume that inf ccpr, () [ ¢(@,y)m(dz,dy) < oo (otherwise the claim is trivial).
By Theorem 2.13, in this case there exits m € Cpl(u, v) s.t.

/cdﬂz inf /c(x,y)ﬂ(dx,dy).

7€Cpl(p,v)

By Theorem 2.26 there exists a sequence m,, € Cplyg(u,v) s.t. m, — 7 and by Lemma 1.6

lim/cdwn = /cdw = inf /c(x,y)w(dx,dy).
n m€Cpl(p,v)

Corollary 2.30. Let p,v € P(X) satisfy Assumption 2.22. Then it holds

AW(pi, v) = inf { / d(z, T(2))du(x) : T biadapted s.t. Topt y} .

2.6 Results in probabilistic notation

In this section we state the main results of this chapter in probabilistic notion.

Theorem 2.31. Consider the discrete time processes X = (X1,...,Xy) and Y = (Y1,...,YnN),
where Xy takes values in Xy and Yy that values in Yy, which satisfy the following properties

e Forallt < N: F) and FX are independent given F;*

e For allt < N: FX and FY are independent given F
Then there exists a biadapted mapping F = (Fy,...,Fy): XY satisfying

(i) If Uy,...,Un are mutually independent uniformly distributed random variables indepen-
dent of X and V1, ...,Vy are mutually independent uniformly distributed random variables
independent of Y, the process Z defined as

Zt = Ft(X17 Ula s ’Xt7 Ut)
satisfies

ZN(Yl,Vl,YQ,VQ,--.,YN,VN).
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(i1) The process W, which is defined as the projections of the Y -compensates of the process Z,
satisfies (X, W) ~ (X,Y).

Theorem 2.32. Consider the discrete-time processes X = (X1,...,Xy) and Y = (Y1,...,YnN),
where X; takes values in Xy and Yy that values in Yy, which satsify the following properties

o Forallt < N: FY and F% are independent given FiX
e Forallt < N: FX and FY are independent given F)
o Forallt < N: the law of X; given X1 = x1,...,X¢_1 = T4_1 @S a.S. conlinuous

o Forallt < N: the law of Yy given Y1 =vy1,...,Y¢_1 = Ys_1 @S a.S. continuous

Then there exists a sequence (F*)ren of biadapted functions F* : X — Y satisfying F*(X) ~Y,
such that (X, F*(X)) converges to (X,Y) in distribution for k — co.

Proof. This is a consequence of Theorem 2.26. O
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Appendix A

A.1 Preliminaries from topology and descriptive set theory

This section is a brief introduction to Polish spaces and a few aspects of descriptive set theory,
for a detailed introduction on these topics the reader is refereed to [6, Chapters 1 and 2].

Definition A.1. A topological space (X, 7) is a Polish space if

e X is seperable, i.e. there is a countable dense subset of X
e X is completely metrizable, i.e. there exits a metric d, which is complete and induces the
topology T.

A metric d having these properties is called a compatible metric.

We collect some important facts about Polish spaces:

Recall that a subset of a topological space is Gy if and only if it is the countable intersection of
open sets. Closed subsets of metric spaces are Gs.

Theorem A.2 ([6, Theorem 4.14]). X is a Polish space if and only if it is homeomorphic to a
Gs-subset of the Hilbertcube, that is [0, 1] equipped with the product topology.

Definition A.3. Let X be a topological space. A point z € X is an isolated point if {z} is
open. Otherwise, it is a limit point of X. The space X is called dense-in-itself if all z € X are
limit points of X. A C X is perfect if it is closed in X and dense-in-itself w.r.t. the subspace
topology.

Theorem A.4 (Cantor-Bendixson, [6, Theorem 6.4]). Let X be a Polish space. Then X can be
uniquely written as X = P U C, where P is a perfect set and C is at most countable and open.

Theorem A.5 ([6, Theorem 6.2]). Any non-empty perfect Polish space contains a homeomorphic
copy of {0,1}".
An immediate consequence of the last three theorems is:

Theorem A.6. Any uncountable Polish space contains a homeomorphic copy of {0,1}N and has
cardinality 2%0.
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Proof. Write X = PUC, where P is perfect and C' is at most countable. Since X is uncountable,
P is not empty, so it contains a homeomorphic copy of {0, 1} and X has at least cardinality
2% Theorem A.2 implies that X has at most cardinality 2%0. 0O

A measurable space (X,.A) is a set X with a o-algebra A C 2¥.

If (X, Ax) and (Y, Ay ) are measurable spaces, a mapping f : X — Y is called measurable if for
all A€ Ay we have f~1(A) € Ay. (X, Ax) and (Y, Ay) are called isomorphic if there exists a
bijection f: X — Y s.t. f and f~! are both measureable.

If (X, T) is topological space the Borel-o-algebra on X is the smallest o-algebra on X containing
all open subsets of X.

Definition A.7. A measureable space (X, .A) is called standard Borel space if it is isomorphic
to a Polish space Y equipped with the Borel-c-algebra. A bijection f between two standard
Borel spaces s.t. f and f~! are both Borel is called Borel isomorphism.

Theorem A.8 ([6, Theorem 13.1]). Let (X, T) be a Polish space and B C X be Borel. Then
there is a Polish topology Tp 2 T s.t. B is clopen in Tg and B(T) = B(Tg).

Theorem A.9 ([6, Theorem 13.11]). Let (X,T) be a Polish space, Y be a second countable space
and f: X =Y be Borel measurable. Then there exists a Polish topology Ty 2 T such that f is
Ts-continuous and B(Ty) = B(T).

Theorem A.10. A measureable space (X, A) is a standard Borel space if and only if it is
isomorphic to a Borel subset of a Polish space.

Proof. Let (X, .A) be isomorphic to a Borel subset B of the Polish space (Y, 7). By Theorem
A8, there exists a Polish topology 75 2 T s.t. B is clopen in 75 and B(7) = B(7g). As open
subset of (Y, Tg), the space (B, Tg|g) is again Polish and has the same Borelsets a (B, T|g). O

Corollary A.11. Every uncountable standard Borel space contains a homeomorphic copy of
{0,1}Y and has therefore cardinality 2%°.

Theorem A.12 (Borel Cantor Bernstein Schroder). Let X,Y be standard Borel spaces, f :
X =Y and g : Y — X be Borel injections. Then there are Borel sets A C X and B CY s.t.
f(A) =Y\ B and g(B) = X \ A. In particular, the mapping

f(z) reA

h:X%Y:xH{g_l(x) v A

is a Borel isomorphism from X toY.

Theorem A.13 ([6, Theorem 14.12]). Let X, Y be standard Borel spaces and f : X — Y a
mapping. Then f is Borel if and only if graph(f) is Borel.

In particular, if f : X — Y is Borel and bijective, then f is a Borel isomphism (i.e. f~' is
measureable).

Theorem A.14 (|6, Theorem 15.6], Borel isomorphism Theorem). Let X,Y be standard Borel
spaces. Then X and Y are Borel isomorphic if and only if they have the same cardinality.
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Corollary A.15. Let X be a standard Borel space. Then X is Borel isomorphic to exactly one
of the following standard Borel spaces:

o {1,...,n} with the o-algebra 211"} for some n € N
o N with the o-algebra 2N

e [0,1] with the Borel-o-algebra induced by the standard topology

A.2 Probability measures on Polish spaces

Let X be topological space. A Borel measure is a measure defined on the Borel-o-algebra of
X. We denote the space of Borel probability measures with P(X). We equip P(X) with the
topology of the weak convergence of probability measures, i.e. a sequence (g, ), in P(X) converges
to u € P(X) if and only if for any f: X — R continuous and bounded [ fdu, — [ fdp.

Theorem A.16. If X is Polish, then P(X) is Polish.

We give equivalent characterizations for the Borel-o-algebra on P(X):

Proposition A.17. The the Borel-o-algebra on P(X) is

e the o-algebra generated by the mappings p— [ fdp, where f varies over all bounded real-
valued Borel functions

e the o-algebra generated by the mappings p +— ffd,u, where f varies over all real-valued
continuous bounded functions

e the o-algebra generated by the mappings p — p(B), where B varies over all Borel subsets
of X

Definition A.18. Let X be a standard Borel space and p € P(X). u is continuous if for all
x € X : p({z}) = 0. We denote the set of continuous probability measures on X as P.(X).

An immediate consequence of this definition is that all countable sets are null sets for continuous
meagsures. Therefore, Corollary A.11 yields that P.(X) # 0 implies that X has cardinality
contiuum.

Note that the pushforward of a continuous measure under a bijection is again a continous measure.

Theorem A.19 ([6, Theorem 17.41], Isomorphism theorem for measures). Let X be a standard
Borel space and p € P.(X). Then there is a Borel isomorphism f : X — [0,1] s.t. fop = A,
where \ denotes the Lebesgue measure on [0, 1].

This obviously implies: If X and Y are standard Borel spaces, i € P.(X), v € P.(Y), then there
exists a Borel isomorphism f: X — Y s.t. fou=v.

We close this section with a crucial compactness criterion for the spaces of probability measures.

Definition A.20. M C P(X) is called tight if for any € > 0 there exists a compact set K C X
s.t. for all g € M it holds u(K°) < e.

Theorem A.21 (Prokhorov). M C P(X) is relatively compact if and only if it is tight.
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A.3 Disintegration and kernels

In this section we briefly discussion conditioning and kernels. The most important measure
theoretic definition in this context is the following:

Definition A.22. Let X and Y be standard Borel spaces. A kernel from X to Y is a Borel
measurable mapping from X to P(Y).
Using Proposition A.17 we see that this is equivalent to the following conditions, which are often
stated as the definition of a kernel:
Definition A.23 (Alternative definition for kernels). Let X and Y be standard Borel spaces.
A kernel from X to Y is a mapping 7 : X x By — [0, 1] such that

e Vx € X : w(x,-) is a probability measure on Y,

e VB € By : x +— w(x, B) is Borel measurable.
The following theorem can be regarded as a generalization of Fubini’s theorem to measures on a
product space that are not necessarily of product structure.

Theorem A.24 ([6, Example 17.35], Measure disintegration Theorem I). Let X and Y be
standard Borel spaces and m € P(X xY). Then there exists a Borel measurable mapping X >
x> " € P(Y) such that

o 1({z} xY) =1 for prx m-almost all x € X

o [fdm = [|[ fdx"]dpryx m(x) for all f: X — R bounded and Borel.

Moreover, the mapping x +— 7% is pry ,m-a.s. unique.

A more general case is the following:

Theorem A.25 ([6, Example 17.35], Measure disintegration Theorem II). Let X and Y be
standard Borel spaces, f : X — Y be Borel. Let p € P(X) and v := fopu € P(Y). Then there
exists a Borel measurable mapping Y > y— p¥ € P(X) such that

o W (f1({y})) =1 for v-almost all y € Y

o [fdu=[[[ fdu¥]dv(y) for all f: X — R bounded and Borel.
Moreover, the mapping y — p¥ is v-a.s. unique.

The probabilistic perspective of this is conditioning, which we introduce here very briefly:

Fix a probability space (Q2, F,P). If G C F is a sub-c-algebra, L%(2,G,P|g) is a closed subspace
of L?(Q, F,P). Therefore there exists an orthogonal projection E9[ -] :=E[ - |G] : L?(Q, F,P) —
L?*(Q,G,P|g). One can extend this operator uniquely to an operator EY : LY(Q,F,P) —
Ll(Q, g, P|g):
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Theorem A.26 ([5, Theorem 6.1], Existence and properties of conditional expectation). Let G
F be a sub-o-field. Then there exits a unique linear operator EY : L*(Q, F,P) — L(Q,G,P|g)
such that

(i) E[(E9X)14] = E[X14] for all X € LY(Q, F,P),Ac G
This operator has the following properties:

(ii) X >0 = E9X >0

(iii) E[E9X| < E|X|

(iv) 0 <X, /X = E9X,, /~EIX

(v) E9(XY) = XEY if X is G-measurable

(vi) EXEFY] = E[YEYX] = E[(E9X)(ETY)]
(vii) RIEHX = E9X
If X,Y are random variables, G C F a c-algebra and A a Borel set, we define EYX := E[X]Y] :

E[X|o(Y)]. Moreover, we define P9(X € A) := P[X € A|G] := E9[14] and PY(X € A) := P(X:
AIY) = P(X € Alo(Y)).

Theorem A.27 (|5, Theorem 6.3|, conditional distribution). Let X be a standard Borel space, Y
be a measurable space, X be an X -valued random variable and Y be a Y -valued random variable.
Then there exits a kernel p from Y to X satisfying

P(X € BIY) = u(Y, B) B C X Borel
on a set with full measure w.r.t L(Y). This kernel is L(Y)-a.s. unique.
Remark A.28. Theorem A.25 and A.27 are basically the same statement, but first is in measure
theoretic notation and the second is in probabilistic notation.
We briefly discuss conditional independence.

Definition A.29. Let Gy,...,G,,H C F be o-algebras. Gy, ...G, are conditionally independent
given H if and only if

P (ﬂ Gi> = [[P*@G) for all G; € G;.
i=1 i=1
Proposition A.30 (|5, Proposition 6.8]). Let G1,Ga, H C F be o-algebras. Then Gy is condi-
tionally independent of Go given H if and only if for all Gy € Gy it holds P91 (Gy) = P*(Gy).

Remark A.31. It is interesting to observe that conditional independence is a symmetric con-
dition (in G; and Gs), but the equivalent condition given in Proposition A.30 is not symmetric.
This yields the equivalence

[VGQ €Gy: Pgl’H(Gz) = ]P)H(GQ)} <~ [VGl € G ]P)gz’H(Gl) = PH(Gl)],

which is essentially the reason why the conditions (i) and (iii) in Proposition 2.2 are equivalent.
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A.4 An isomorphism theorem for kernels

The isomorphism theorem for measures (Theorem A.14) states that for any continuous measure
on a standard Borel space X, there exists a bijection f: X — [0,1] s.t. f.uo = A. The main goal
of this section is to prove a parameterized version of that: If 7 is a kernel from X to Y then
there exists a Borel isomorphism f: X x Y — X x [0, 1] such that f lets the z-component fixed
and for all © € X the mapping f(z,-) pushes 7% to A.

Using the axiom of choice, one could choose for all € X a Borel ismorphism f, that pushes
7% to A and define f(z,y) := (z, fz(y)). However, there is no reason why this function f
is measurable. Therefore, we repeat the construction given in the proof of the isomorphism
theorem for measures given in [6, Theorem 17.41] in a way that is uniform for all . A key role
for this plays Theorem 2.4 from [7] because it ensures the existence of Borel isomorphisms that
let the z-coordinate fixed under suitable conditions. We will first clarify what this means exactly:

For aset AC X xY and x € X we define the a-section of A as A, :={y €Y : (z,y) € A}.

Definition A.32. Let X,Y and Z be standard Borel spaces and let B C X xY be Borel. A Borel
parametrization of B is a Borel isomorphism f : X x Z — B satistying f({z} x Z) = {«} x B,
for all z € X.

Loosely speaking, a Borel parametrization is a Borel isomorphism between B and an rectangular
set, which acts within columns (i.e. lets the z-coordinate fixed). Of course, a necessary condition
for the existence of a Borel parametrization is that all z-sections of B have the same cardinality.
We are interested in the case, where X is uncountable and all z-sections of B are uncountable.
The following theorem answers the question under which conditions Borel parametrizations exist.

Theorem A.33 ([7, Theorem 2.4]). Let X and Y be uncountable standard Borel spaces and let
B C X XY be a Borel set with uncountable x-sections. Then the following are equivalent

(i) B has a Borel parametrization.
(ii) There is a Borel set M C B such that for all x € X the set M, is compact and perfect.

(iii) There exits a kernel from X to'Y such that for all x € X the measure u* is continuous and
satisfies u*(By) = 1.

Lemma A.34. Let X andY be Polish spaces, C C X compact perfect and f : X — Y continuous
and injective. Then f(C) is compact perfect. In particular, homeomorphic copies of compact
perfects sets are compact perfect.

Proof. Clearly, f(C) is compact and hence closed. Assume that f(C) contains an isolated point
y. Then there exits an open neighborhood U of the point y which satisfies f(C) N (U \ {y}) = 0.
Moreover, there exists an (unique) = € C such that f(x) = y. By the continuity of f there exists
an open neighborhood V' of the point x such that f(V) C U. Since f is injective this implies
FVA\{z}) CU\{y} CY\ f(C) and again by the injectivity of f this implies V' \ {z} C X'\ C.
Hence, z is an isolated point of C, which is a contradiction; so f(C') does not have isolated
points. ]

Remark A.35. If B C X xY is a Borel set with uncountable z-sections, Corollary A.11 implies
that for all = the set B, contains a homeomorphic copy of {0,1}" and therefore a compact
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perfect set. Loosely speaking, the assertion (ii) in Theorem A.33 says the these perfect sets can
be chosen in a uniform way.

We recall a few basic facts about the distribution function F),(t) := u([0,t]) of a probability
measure  on [0, 1]. The distribution function F), is increasing and satisfies F},(0) = 0, F,,(1) = 1.
Moreover, it is continuous if and only if p is continuous. In this case it satisfies F}, u = A and
it is easy to see that F), is strictly increasing if and only if every non-empty open interval has
positive measure if and only if supp(p) = [0,1]. In this case F), is a continuous bijection between
the compact Hausdorffspaces [0, 1] and [0, 1], hence a homeomorphism.

The following proposition implies that the function (z,t) — Fy«(t) is jointly measurable for
kernels 7 s.t. 7@ is continuous for all z € X. (Of course the latter assumption is not necessary
for the measurability, but we just need it in that case.)

Proposition A.36 ([1, Lemma 4.51]). Let X,Y and Z be Polish spaces and f : X XY — Z be
a function such that for all x € X the mapping y — f(x,y) is continuous and for all y € Y the
mapping x — f(x,y) is Borel. Then the mapping (x,y) — f(x,y) is Borel.

Since, we want to construct a bijection the set, where the distribution functions of 7% are constant
(hence not injective) are a problem and we will have to modify the function there. First, we
observe that this set is Borel:

Lemma A.37. Let F : X x [0,1] — [0, 1] a measurable mapping such that for all x € [0,1] the
mapping t — F(x,t) is monotone. Then the set

M = {(x,t) € X x [0,1] : H' # t: F(a,t) = F(x,t')}

is Borel and M, is at most countable for all x € X.

Proof. Denote the diagonal in [0,1]? as A and define for n € N the sets

M, ={(2,t) € X x[0,(n —1)/n] : (F(x,1), F(x,t + 1/n)) € A},
M, ={(z,t) € X x [1/n,1] : (F(x,t), F(x,t —1/n)) € A}

As preimages of A under the measureable mappings (z,t) — (F(x,t), F(z,t+1/n)) and (x,t) —
(F(x,t), F(x,t —1/n)) these sets are obviously Borel. The montonicity of ¢ — F(x,t) implies

(z,t) e M < neN (t—l/ne 0,1 A F(x,t):F(x,t—l/n))

vV (t+ 1/ne€0,1] A F(z,t) = F(z,t+ 1/n)),

which shows that M = (J,,cy(M,;F UM, ) . Hence, M is Borel.

M, is at most countable because the preimage of a point under a monotone mapping is an
interval and [0, 1] can contain at most countably many disjoint non-degenerate intervals. O

Proposition A.38. Let X be a dense-in-itself Polish space and 7 a kernel from X to [0,1] s.t.
7w is continuous for all x € X. Then there is a Borel set M C X x [0, 1] such that for all x € X
the set M, is compact perfect and satisfies ©*(M,) = 0.
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Proof. Let (Up)nen be a base of the standard topology of [0, 1]. Since the mappings P([0,1]) —
[0,1] : = p(U,) are Borel by Proposition A.17, the mapping

' ' )0 w(Uy,) >0
: P((0,1]) = {0.1}": jt = (zn)nen, where 2z, = {1 1(U) =0

is Borel as well. For n € N define the set A4, :={z € {0,1}Y: 20 =0,...,2,_1 = 0,2, = 1} and
define A, as the set, which only contains the constant zero sequence. Hence, for all n € NU{oco}
the set A,, contains exactly the sequences (zx)gen that satisfy min{k € N : z; = 1} = n. This
shows that {A,, : n € NU {oc}} is a partition of {0,1}N. It is easy to see that all these sets are
closed and therefore Borel.

For n € NU{oc} define B,, := (®onm)~1(A,). (Recall that 7 is mapping X — P([0,1]).) Clearly,
the sets By, n € NU {oco} are all Borel and form a partition of X. For n € N and = € B,, it
holds U,, C [0,1] \ supp(n®). For x € By it holds supp(n®) = [0, 1].

For n € N the open set U,, contains a nonempty open interval and therefore a non-degenerate
closed interval C),. Clearly, C,, is compact perfect.

The function

f i Boo X [0,1] = By x [0,1] : (x,t) = (2, Fra(t))
is jointly measurable by Proposition A.36 and for all © € By the mapping f(z,-) is a homeo-
morphism between {x} x [0,1] and {z} x [0, 1].

Denote C, C [0,1] the (usual) Cantor set. As isomorphic image of {0, 1} it is clearly compact
perfect. Define the set
M := f(Boo % Coc) U | ) B x Cy.

neN

Clearly, M is Borel and any of its z-sections is a homeomorphic image of C,, for some n € NU{oo}
and therefore compact perfect. O

We are now able to state and prove the main theorem of this section.

Theorem A.39. Let X and Y be standard Borel spaces and 7 a kernel from X toY s.t. ©% is
a continuous probability measure for all x € X. Then there exists a measurable function

G: X xY —10,1]
such that for all x € X the mapping G* := G(z,-) : Y — [0,1] is a Borel ismorphism satisfying

GEn® = X\, where )\ denotes the Lebesgue measure on [0, 1].

Proof. By the Borel isomorphism Theorem A.14 we can assume that Y = [0, 1]. By Proposition
A.36 the mapping
F:X x[0,1] = X x[0,1] : (z,t) = (x, Fr=(¢))

is jointly measurable. By Lemma A.37 the set
N :={(z,t) € X x[0,1] : 3t' # t: F(z,t) = F(z,t')}

is Borel and N, is at most countable for all z € X. The set M := F~1(N) is Borel and satisfies
7 (M) = 7 ([F(z,-)] Y (Nz)) = A(N,) = 0 for all z € X. Clearly, F is a bijection between
(X x[0,1]) \ M and (X x [0,1]) \ N.
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By Proposition A.38 there exist Borel sets A, B C X x [0,1] such that for all z € X the sets
A, and B, are compact perfect and it holds 7%(A4,) = 0 and A(B,) = 0. This implies that
M[F(z,)](Az)) = 0 and 7([F(x, )] ~1(Ba)) = 0.

Consider the sets C := AUFY(B)UM and D := F(A
(42) (P ] (B) 47 (Vo) = 0 and A(De) < NP (e, ](Aa)  A(B2) $AN) =0
[0, ;] \ C and (X x [0,1]) \ D. Moreover,

o there exist Borel parametrizations

for all x € X and F is a bijection between (X x )
C and D both satisfy the assumptions of Theorem A.33,
f:Xx[0,1] >Candg: X x[0,1] = D.

)UBUN. Then it holds n%(C;) <
(z,
S

Clearly, the mapping

F(z,1) te 0,1\ C,

G: X x[0,1] =X x[0,1] : (z,t) — {g(f_ (z,t)) teC,

is a Borel parametrization of X x [0, 1]. Denote pr, the projection on the second component. It
is easy to see that pry, G(a:, )«m® = A for all z € X. Hence, the mapping G := pr, o G has the
desired properties. O

We state two corollaries that will be useful in this thesis.

Corollary A.40. Let X,Y and Z be standard Borel spaces, i a kernel from Z to X and v a
kernel from Z to'Y s.t. u* and v* are continuous probability measures for all z € Z. Then there

exists a measurable function
G:ZxX—=>Y

such that for all z € Z the mapping G* := G(z,-) : X — Y is a Borel ismorphism satisfying
Gip? =v?

Proof. As we see at the end of the proof of Theorem A.39, there are Borel parametrlzatlons

F : Z><X—>Z><[01]andH Z><Y—>Z><[Ol]suchthatpr2*F(,) = A and
pry, H(x, )" = X for all z € Z. Tt is easy to see that G := pry o H~! o F has the desired
properties. O

Corollary A.41. Let X and Y be standard Borel spaces and 7 a kernel from X to Y. Then
there ewxists a measurable function

G:X xY x[0,1] — [0,1]?

such that for all x € X the mapping G* := G(x,-) : Y x [0,1] — [0,1]? is a Borel ismorphism
satisfying GZ(7® @ \) = A2, where \? denotes the Lebesgue measure on [0,1]2.

Proof. Note that 7% ® A is a continuous probability measure on Y x [0,1] for any n* € P(Y).
Hence we can apply Theorem A.33 to standard Borel spaces X and Y x [0,1] and the kernel

At the end of this section we prove another technical proposition that we used a few times
throughout this thesis.
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Proposition A.42. Let X and Z be Polish spaces, M be an at most countable partition of X
consisting of Borel sets and 1 be a kernel from Z to X s.t. u* is continuous for all z € Z.

Then there exists a measurable mapping ® : Z x X — X x [0,1] s.t. for all z € Z the mapping
O* := D(z,) : X — X x [0,1] is a Borel isomorphism satisfying ®(p?|pr) = (1Z|ar) @ A for all
M e M.

Proof. Denote M’ := {M € M : M is uncountable} and X' := |JM’. For M € M’ define the
kernel pps from Z to M as

where pjy is a fixed continuous probability measure on M (e.g. the pushforward of A under a Borel
isomorphism between [0, 1] and M that exists by Theorem A.14). By Theorem A.39 there exits a
mapping @y : Zx M — M x[0,1] s.t. for all z € Z the mapping &%, := Ppr(z,-) : M — M x[0,1]
is a Borel isomorphism pushing pj, to pj; ® A.

Define the mapping

:Zx X = X' x[0,1]: (z,2) = ®pr(z,2), if M is the unique M € M’ st. z € M.

Clearly, ® is Borel as at most countable case-distinction of Borel maps and satisfies ;I;i(ufw) =
Wiy @ A for all M e M.

Now, it remains to modify ® on nullsets to get a bijection ® with the desired properties. By
Proposition A.38 there are Borel sets A C X and B C X x [0, 1] such that for all z € Z the sets
A, and B, are compact perfect and satisty pu*(A,) =0 and p* @ A(B,) = 0.

Define C' := AU®1(B)UX\ X’ and D := ®(A)UBUZ x (X\ X’) x[0,1]. Clearly, C and D both
satisfy the assumptions from Theorem A.33, so there exists a Borel isomorphism ¥ : C' — D
such that ¥({z} x C,) = {z} x D, for all z € Z. Denote pr : Z x X x [0,1] — X x [0,1] the
projection. It is easy to check that the mapping

pr(®(z,z)) ze€ X\C,

D:ZxX—Xx|[0,1]:(z,2) — {pr(\I/(Z7m)) reC,

has the desired properties. O

A.5 Miscellaneous

This section contains a few more technical statements that we needed through out this thesis.

Lemma A.43 (|5, Lemma 1.13], Functional representation). Let (X, X) and (Y,Y) be measurable
spaces and Z be a standard Borel space. Let f : X — Z and g: X — Y be given functions.

f is o(g)-measurable if and only if there exits a measurable mapping h : Y — Z such that
f=hog.
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Lemma A.44 ([5, Lemma 4.3]). Let f : X — Y be continuous, then the mapping P(X) —
P(Y):p— fop is continuous w.r.t. weak convergence.

N<N denotes the set of finite sequences of natural numbers. For s € N<V denote |s| the length
of 5. For 51,55 € N<N let 5155 be the conactenation of s; and s,. Let () be the empty sequence.
Theorem A.45 ([6, Theorem 13.9]). Let X be a Polish space and d a compatible metric. Then
there exists a collection (As)sen<n of subsets of X, which has the following properties:

(i) A, is Borel for all s € N<N

(ii) Ay =X

(iii) As = U;en Asi for all s € N<N

(iv) AsiNAsj =0 for alli# j € N and s € NN

(v) diam(A,) < 2715l for all s € N<N\ {(}

Remark A.46. In particular, for each n € N the collection {A4; : |s| = n} is an at most
countable bijection of X consisting of Borel sets with diameter at most 27". Moreover, the
partition {A; : |s| = n+ 1} is a refinement of the partition {A; : |s| = n}.
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