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Abstract

This thesis studies adapted Wasserstein distances and their applications to distribu-
tionally robust optimization (DRO) problems in a dynamic context. In Chapter 3,
we propose a transfer principle to study the adapted 2-Wasserstein distance between
stochastic processes. We obtain an explicit formula for the distance between real-
valued mean-square continuous Gaussian processes by introducing causal factoriza-
tion, an infinite-dimensional analogue of the Cholesky decomposition for operators on
Hilbert spaces. We discuss the existence and uniqueness of this causal factorization
and link it to the canonical representation of Gaussian processes. As a byproduct,
we characterize mean-square continuous Gaussian Volterra processes in terms of their
natural filtrations. Moreover, for real-valued fractional stochastic differential equa-
tions, we show that the synchronous coupling between the driving fractional noises
attains the adapted Wasserstein distance under some monotonicity conditions. Our
results cover a wide class of stochastic processes which are neither Markov processes
nor semi-martingales, including fractional Brownian motions and fractional Ornstein—
Uhlenbeck processes.

Subsequently, we contribute to the adapted Wasserstein distributionally robust
optimization (AW-DRO) problem in both discrete- and continuous- time settings.
This framework addresses decision-making under model uncertainty by optimizing
for the worst-case scenario, where uncertainty is captured by penalizing potential
models in function of their adapted Wasserstein distance to a given reference model.
In Chapter 4, we derive a dynamic duality formula that reformulates the worst-case
expectation as a tractable minimax problem. The inner maximum can be computed
recursively in discrete time, or solved by a path-dependent Hamilton—Jacobi-Bellman
equation in continuous time. We further extend these duality results from the worst-
case expectation to the worst-case expected shortfall, a non-linear expectation. Fi-
nally, we apply the AW-DRO framework to optimal stopping problems in discrete
time. We recast the original problem as a classical Wasserstein DRO on a nested
space by introducing a novel relaxation that considers stopping times with respect to

general filtrations.



In Chapter 5, we study the AW-DRO via sensitivity analysis. We introduce a
real-valued parameter into the penalty function to reflect the strength of model un-
certainty. Our main results derive the first-order sensitivity of the worst-case expec-
tation with respect to the penalization parameter. Moreover, we investigate the case
where a martingale constraint is imposed on the underlying model, as is common for
pricing measures in mathematical finance. By introducing different scaling regimes,
we obtain the continuous-time sensitivities as nontrivial limits of their discrete-time
counterparts. Of independent interest, we also establish a novel stochastic Fubini

theorem for a two-fold forward and It6 integral.
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Chapter 1

Introduction

Stochastic modeling in a dynamic setting is a staple of applied mathematics, with
ubiquitous applications in fields ranging from mathematical finance to machine learn-
ing. Traditionally, models were derived from theoretical considerations, combined
with calibration to data, and often had nice analytic representations. More recently,
models are often obtained through a purely data-driven approach, where they are
constructed from the empirical distributions of observed samples. In both scenarios,
however, the model can easily be misspecified, leading to a discrepancy between the
postulated model and the ground-truth distribution. It is therefore of fundamental
importance to develop methods that are robust to such model uncertainty.

A distributionally robust approach is particularly appealing in this context which
offers a connecting bridge between model-based and model-free methods. Distri-
butionally robust optimization (DRO) is formulated as a minimax problem where a
decision-maker seeks an optimal strategy under the worst-case stochastic model drawn
from an ‘ambiguity set’—a collection of plausible models centered around a given ref-
erence model. The performance and tractability of a DRO problem critically depend
on how this ambiguity set is chosen. In recent years, ambiguity sets constructed using
the Wasserstein distance from optimal transport have gained significant attention in
operations research (Mohajerin Esfahani and Kuhn, 2018, Blanchet and Murthy, 2019,
Gao and Kleywegt, 2022, Gao, 2023), mathematical finance (Obtéj and Wiesel, 2021,
Blanchet et al., 2022, Nendel and Sgarabottolo, 2024, Wu and Jaimungal, 2023), and
machine learning (Blanchet et al., 2019, Bai et al., 2023, 2025, Nietert et al., 2023)
due to their statistical guarantees and interpretability. We refer to Rahimian and
Mehrotra (2022), Kuhn et al. (2025) for a comprehensive exposition.

However, for dynamic problems involving stochastic processes, the classical Wasser-
stein distance reveals a fundamental limitation. It views stochastic processes as path-

valued random variables and metrizes the weak topology of probability measures on



the path space, a topology that proves too coarse for many applications in math-
ematical finance. This ‘static’ viewpoint fails to properly capture the ‘dynamic’ of
information carried by a process’s filtration. Consequently, crucial quantities, such as
the value of an optimal stopping problem, are not continuous with respect to the weak
topology. Different notions of adapted topologies have been proposed to refine the
weak topology, such as Aldous’s extended weak topology (Aldous, 1981), Hellwig’s
information topology (Hellwig, 1996), Hoover—Keisler topology (Hoover and Keisler,
1984, Hoover, 1987), nested distance (Pflug and Pichler, 2012), and the adapted
Wasserstein distance (Lassalle, 2018, Bion-Nadal and Talay, 2019). In the seminal
paper Backhoff-Veraguas et al. (2020b), these notions are unified and proven to be
all equivalent to the initial topology of the optimal stopping problems in a discrete-
time setting. The essence of all aforementioned adapted topologies is to consider not
only the law but also the conditional law of the stochastic process with respect to its
natural filtration. Or, in other words, to incorporate the information flow carried by
the underlying process.

In this thesis, we focus on the adapted Wasserstein distance and its applications
to DRO problems. The adapted Wasserstein distance was first introduced in Lassalle
(2018) as a dynamic counterpart of the Wasserstein distance. For p > 1 and two
stochastic processes X; and Xs, their adapted p-Wasserstein distance is given by

AW, (X1, Xy) = inf  E.[d(Xy, X)P]HP (1.1)

TFEHbC(Xl,XQ)

where d is a distance on the path space, and I, (X7, X3) is a subset of couplings with

an additional (bi-)causality constraint. Heuristically speaking, a coupling is causal if
given the past of X7, the past of X, and the future of X; are independent,

as stated in Backhoff-Veraguas et al. (2017). The term bi-causal means that this
condition holds symmetrically for both processes. We refer to Chapter 2 for a formal
definition. A related notion is the p-causal Wasserstein distance CW, obtained by
replacing the set of bi-causal couplings with the larger set of causal couplings in (1.1).

This leads to the adapted Wasserstein distributionally robust optimization (AW-
DRO) problem, a variant of DRO tailored for dynamic contexts. The aim of AW-DRO
is to optimize the worst-case expectation given by

sup E,[f(X)], (1.2)

vEB(1)

where the ambiguity set B(u) is an adapted Wasserstein ball centered at the reference

model p.



However, both computing the adapted Wasserstein distance itself and solving the
AW-DRO problem are difficult, due to the additional causality constraint imposed
on the couplings. This thesis aims to bridge this gap by establishing new theoretical
results that enhance the tractability and applicability of the adapted Wasserstein
distance and the AW-DRO framework.

1.1 Outline and contributions

In this section we will summarize the main results presented in the different chapters
of this thesis without going into the technical details. A more detailed introduction
and literature review will be provided at the beginning of each individual chapter.

Chapter 2 serves as a warm-up, where we introduce basic notations and con-
cepts. From there, we formally introduce the discrete- and continuous- time adapted
Wasserstein distances between probability measures on path spaces, and discuss the
properties of the induced adapted Wasserstein topology. We then introduce the exten-
sion of the adapted Wasserstein distance to the space of adapted stochastic processes
with more general filtrations. This extension, which highlights the crucial role of the
filtration, is essential for the duality results developed in Chapter 4. The material
in this chapter is based on several pioneering works Lassalle (2018), Acciaio et al.
(2020), Bartl et al. (2024).

In Chapter 3, we propose a transfer principle to study the adapted 2-Wasserstein
distance between continuous-time stochastic processes. Heuristically, it says if for
stochastic process X; there exists a representation X; = T;(Y;) such that X; and Y;
generate the same natural filtration for ¢ = 1,2, then the adapted Wasserstein dis-
tance between X; and X5 can be transferred to a bi-causal optimal transport problem
between Y; and Y5. In essence, this principle encourages us to choose an appropri-
ate representation of a stochastic process leading to a nicer parameterization of the
bi-causal coupling, and hence simplifies the computation of the adapted Wasserstein
distance. In Section 3.4, we first apply the transfer principle and obtain an explicit
formula for the distance between real-valued mean-square continuous Gaussian pro-
cesses by introducing the causal factorization as an infinite-dimensional analogue of
the Cholesky decomposition for operators on Hilbert spaces. In Section 3.3, we discuss
the existence and uniqueness of this causal factorization and link it to the canonical
representation of Gaussian processes (Hida, 1960, Hida and Hitsuda, 1993). As a

byproduct, we characterize mean-square continuous Gaussian Volterra processes in



terms of their natural filtrations. Moreover, for real-valued fractional stochastic dif-
ferential equations, in Section 3.5 we show that the synchronous coupling between the
driving fractional noises attains the adapted Wasserstein distance under some mono-
tonicity conditions. We apply the transfer principle and reformulate the adapted
Wasserstein distance as a stochastic control problem. By leveraging the functional
[t6 formula of Viens and Zhang (2019), we verify the synchronous coupling induces a
classical solution to the associated path-dependent Hamilton—Jacobi—Bellman equa-
tion, and thus we show the optimality. Our results cover a wide class of stochastic
processes which are neither Markov processes nor semi-martingales, including frac-
tional Brownian motions and fractional Ornstein—Uhlenbeck processes. To the best
of our knowledge, unlike existing literature Lassalle (2018), Bion—Nadal and Talay
(2019), Backhoff-Veraguas et al. (2022b), these are the very first results considering
processes beyond semi-martingales. This chapter corresponds to the article Jiang and
Lim (2025).

Subsequently, we contribute to the adapted Wasserstein distributionally robust
optimization (AW-DRO) problem in both discrete- and continuous- time settings.
This framework addresses decision-making under model uncertainty by optimizing
for the worst-case expectation (1.2). Our contribution here is to provide tractable
theoretical results via duality theory and sensitivity analysis.

In Chapter 4, we derive a dynamic duality formula that reformulates the worst-
case expectation as a tractable minimax problem. We first extend (1.2) to a general

penalized form

V= sup {E[f(X)] = L(Toc(pt, )},
veEZ(X)

where L is a convex penalty function, and Te(p, V) := infrem,, () Ele(X,Y)] is the
optimal bi-causal transport cost for a given cost function ¢. Here, we take infimum
over Z(X), the set of probability measures on the path space X'. In this setup, model
uncertainty is captured by penalizing potential models in function of their bi-causal
optimal transport cost to a given reference model . By taking L as an indicator
function and an appropriate ¢, one can easily recover (1.2). The main duality result

states the following:
V= mf{L*(}) + UV},

where L* is the convex conjugate of L, and U is a convex function which can be
computed recursively in discrete time, or solved by a path-dependent Hamilton—
Jacobi-Bellman equation in continuous time. We remark that our discrete-time re-

sult retrieves existing Wasserstein DRO duality results (Gao and Kleywegt, 2022,



Blanchet and Murthy, 2019) as a special case. For the continuous-time case, our
approach adapts the non-Markovian stochastic control framework from Bally et al.
(2016, Chapter 8.3). In Section 4.6, we further extend these duality results from the
worst-case expectation to the worst-case expected shortfall, a non-linear expectation.
We demonstrate the extra risk from model uncertainty for an exotic option. Finally,
in Section 4.7 we apply the AW-DRO framework to optimal stopping problems in
discrete time. We recast the original problem as a classical Wasserstein DRO on a
nested space by introducing a novel relaxation that considers stopping times with
respect to general filtrations. A preliminary version of this chapter appeared in Jiang
(2024).

In Chapter 5, we study AW-DRO via a sensitivity analysis, an approach with
deep roots in mathematical finance. Just as the ‘Greeks’ measure the sensitivity of
derivative prices to model parameters, we aim to compute the sensitivity of our robust
price (1.2) to model uncertainty itself. To this end, we fix p,q > 1 with 1/p+1/¢g =1

and introduce a parameterized variant of (1.2) as

V(0) = sup {E,[f(X)] = Ls(CWy (1, v))},
veP(X)
where Ls(-) = 0L(-/0) and CW,, is the p-causal Wasserstein distance. The penalty
strength is controlled through the real-valued parameter § which, in the special case of
an indicator penalty, is simply the radius of the uncertainty ball. Instead of computing
the exact value of the worst-case expectation, our main results derive the first-order
sensitivity of V(0) with respect to the penalization parameter, i.e., a non-parametric
‘Greek’ for model uncertainty. In the discrete-time setting, Theorem 5.15 provides

an explicit formula for the sensitivity:
V(6) = V(0) + 0T + 0(6) with T = L*([| D f || La(u)),

where L* is the convex conjugate of L, D is a gradient induced by the metric chosen
on the underlying path space, and ° denotes the optional projection. Motivated by
the pricing measures in financial applications, we analyze a variant with martingale

constraints imposed on the underlying model:

Vatart (0) = ,,SZI()m{E”[f (X)] = Ls (AW, (1, v)) }-

For p = ¢ = 2, as a special case of Theorem 5.18, we derive

VMart(5> == VMart(O) + 5TMart + O<5) with TMart = L*(H ODf - pID)fHLQ(u)))



which notably involves both the optional projection © and the predictable projec-
tion P. We then consider different scaling regimes, which allow us to obtain the
continuous-time sensitivities as nontrivial limits of their discrete-time counterparts.
To establish our results we obtain several novel results which are of independent in-
terest. In particular, we introduce a pathwise Malliavin derivative as the natural
limit of the gradient D in continuous time. On the common domain, it coincides with
the classical Malliavin derivative almost surely under the Wiener measure. We also
establish a novel stochastic Fubini theorem for a two-fold forward and It6 integral in
Theorem 5.12. Our results open new avenues to hedge model uncertainty, with the
sensitivity T serving as a new tool for risk management. The contents in this chapter
appeared in Jiang and Ob16j (2024).



Chapter 2

Adapted Wasserstein distances

2.1 Basic definitions

We begin with a gentle introduction to the classical Wasserstein distance and basic
notations. Let (X,dy) be a Polish metric space and Z(X) be the set of Borel
probability measures on X. We take p > 1, and by &,(X) we denote the set of

probability measures with finite p-th moment, i.e.,
Pp(X) = {u e Z(X): / dx(z, o) p(dr) < oo}, for some xy € X.
X
It is clear that &2,(X) is independent of the choice of zy as dy is a metric. The
p-Wasserstein distance between p, v € Z2,(X) is defined as

1/p
Wy(p,v) == inf (/ dX(xl,xg)pﬂ(dxl,dxg)) ,
XXX

mell(p,v)

where I1(u, v) is the set of couplings between p and v given by
O(pu,v) ={r € (X xX):7(-x X)=p() and 7(X x ) =v(-)}.

The Wasserstein space (Z2,(X),W,) can be viewed as a lift of (X, dx) to the space
of probability measures, and it inherits many topological properties from the base
space. For example, the map = — 4, gives an isometric embedding of (X, dy) into
(Z,(X),W,), where J, is the Dirac measure at z € X.

We say a sequence of probability measures p,, converges weakly to u € Z(X) if
for any bounded continuous function f : X — R we have the convergence of [ fduy,

to [ fdu. The Wasserstein distance metrizes the weak convergence on &2,(X).

Proposition 2.1 (Villani (2009), Remark 6.9). Let i, p € Py(X). Then p, con-
verges to pu in W, if and only if j1,, converges to p in the weak topology and the p-th

moment [, dx(x,xo)"p,(dz) converges to [, dx(x,xo)’p(dz).

7



In particular, if dy is bounded, then all p-Wasserstein topologies are equivalent to
the weak topology. The following theorem shows that the Wasserstein space inherits

the Polish property from the underlying metric space.

Theorem 2.2 (Villani (2009), Theorem 6.18). (22,(X),W,) is a Polish metric space,

and in particular, it is complete.

In this thesis we are interested in the probability measures on path spaces which
are interpreted as laws of stochastic processes. We will consider both discrete- and
continuous- time settings. In discrete time, we take time index set I as {0,1,..., N}
and the canonical path space X = Ay x &7 x --- Xy the product of Polish spaces;
in continuous time, we consider I = [0,7] and X = C([0,T]; R") the continuous
path space. We equip & with the uniform metric in both cases. Let Idy : X — X
be the identity map on X. It is interpreted as the canonical process and induces a
natural filtration F = (F})er given by F; = o(Idx(s) : 0 < s < t) which denotes the
information available at time ¢.

To incorporate the information structure of the underlying space, the Wasserstein
distance is modified using the key concept of a causal coupling. Heuristically, this
is a transport plan that is constrained to move mass without using any information

from the future.

Definition 2.3 (Causal coupling). Let u,v € Z(X). We say a coupling © € II(u, v)
is causal it

x1 +— .y (V) is #Fi-measurable

for any V; € F; and t € I, where #F; is the completion of F; under p and m,, is
the disintegration kernel given by 7w(dxy,dxs) = u(dzy)m,, (dzs). A causal coupling
7 is bi-causal if further [(xy, x2) — (22, 21)]47 is causal. We write the set of causal

(bi-causal) couplings between p and v as I (u, v) (e (p, v)).

We give a few examples of (bi-)causal couplings.

1. The product measure m = p ® v is always a bi-causal coupling.

2. The Knothe-Rosenblatt coupling between discrete-time scalar processes is a

bi-causal coupling (Backhoff-Veraguas et al., 2017, Proposition 5.8).

3. Let T: X — X be a transport map such that Tu = v. Then 7 = (Idy, )z
is a causal coupling if 7" is non-anticipative, i.e., Ty(z) = Ty(z(- A t)). If further

T is invertible and 7! is non-anticipative, then 7 is bi-causal.



4. Let X(t) = [1{3 — 12(s/t) + 10(s/t)?} dB(s) be Lévy’s non-canonical repre-
sentation of the Brownian motion (Lévy, 1956). The joint law 7 = Law(B, X)
gives a causal coupling between Wiener measure, but it is not bi-causal (Jiang

and Obl6j, 2024, Remark 2.3).

5. Assume that SDE X (t) = x + fot b(X(s))ds + f(f o(X(s))dB(s) has a unique
strong solution. The joint law 7 = Law(B, X) yields a causal coupling as the
solution is given by a non-anticipative It6 map X = F(B). Moreover, this

coupling is actually bi-causal as shown in Cont and Lim (2024, Theorem 3.2).

For here and what follows, we should interpret ‘distance’ in a generalized sense; it
is only a non-negative function d : X x X — Rx¢ U {+00} vanishing on the diagonal

and satisfying a ‘directional’ triangle inequality
d(z,y) +d(y,z) > d(z, z) for any z,y,z € X.

Definition 2.4 (Adapted Wasserstein distance). Let u,v € Z(X) and d a (general-
ized) distance on X. The adapted p-Wasserstein distance between p and v is defined

as

m€pc (p,v)

1/p
AW, (p,v) :=  inf (/ d(l’l,l'g)pﬂ'(dl'l,dﬂfg)) :
XxX

Remark 2.5. A related notion appeared in the literature is the causal p-Wasserstein

‘distance’ defined as

1/p
CW,(p,v) == inf (/ d(xl,xg)pw(dxl,dxg)) ,
XxX

el (p,v)

Unlike the adapted Wasserstein distance, AW,, which is symmetric (assuming the
underlying metric d is), the causal Wasserstein distance CW, is generally not. This
asymmetry comes from the directional nature of the causality constraint. We follow
the convention in the literature and interpret it as a generalized distance.

From the trivial inclusion (1, v) C I (p, v), it is clear that the causal Wasser-
stein distance is dominated by the adapted one. Nevertheless, a crucial result in
discrete time shows that the convergence of lim,_ oo CW, (1, pt,) = 0 implies the
convergence of lim,, .o AW, (u, i) = 0, see for example Backhoff-Veraguas et al.
(2020b), Pammer (2024).

Remark 2.6. In discrete time, d is usually a distance compatible with dy. In con-
tinuous time, the choice of d is more flexible and is often tailored to the specific

application. For example, d is taken as the uniform norm in Bartl et al. (2025a); the
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L? norm in Bion-Nadal and Talay (2019), Backhoff-Veraguas et al. (2022b) and Chap-
ter 3; Cameron-Martin norm in Lassalle (2018), Acciaio et al. (2020) and Chapter 4;
H? martingale norm'in Backhoff-Veraguas et al. (2020a) and Chapter 5, etc.

At this point, it is unclear whether the causal/adapted Wasserstein distance satis-
fies the triangle inequality. We continue with the discussion on the adapted Wasser-
stein topology and postpone the proof of triangle inequality to the end of this chapter
where we accommodate the adapted Wasserstein distance in a more general frame-

work of stochastic processes.

2.2 Adapted Wasserstein space

We start with a simple example in discrete time.

Example 2.7. In Figure 2.1, we consider a two-step case with the path space X =
{0} xR x R, and take d as the Euclidean distance. Let p, = %5(0’1/7%1) + %5(07_1/,%_1),
and p = %(5(0,071) + %5(0707,1), where 0, denotes the Dirac measure concentrated at the
path x. An optimal transport map between p and p, for the classical Wasserstein
distance W, is given by

n\T) =

(0,1/n,1),z = (0,0,1),
{(o, “1/n,1),z = (0,0, —1).

However, T, is not a non-anticipative map as at time ¢ = 1 it splits the mass to 1/n
and —1/n based on the future trajectory at time ¢ = 2. Indeed, one can verify that

w" does not converge to p in AW,

The example above also demonstrates that Wasserstein distance is too coarse for

dynamic problems. If we consider the optimal stopping problem

0S (1) = sup F,[X,]
TET

over the set of F-stopping time .77, we observe a stark discontinuity: OS(u) = 0 while
limy, 00 OS(1t,) = 1/2. The reason for this discontinuity becomes clear from the Snell

envelope theorem, which gives

OS(p) = Eymax{ X, £, [max{ Xy, £,[X5| Xy, Xo]}[X:]}].

IStrictly speaking, in Jiang and Obtéj (2024), Backhoff-Veraguas et al. (2020a) the distance d
is chosen such as d(z1,2z2) = /[x1 — x2|r 7-a.s. holds for any bi-causal coupling 7 between two
square-integrable martingale measures.
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Figure 2.1: An example of convergence in the Wasserstein distance but not in the
adapted Wasserstein distance.

The value of the optimal stopping problem depends not just on the law of the process,
but on its nested conditional laws.

The challenge of finding a topology under which such stochastic optimization prob-
lems are continuous is not new. A key approach, which we will introduce shortly,
involves encoding the information carried by a process as a distribution on a nested
path space. This leads to the nested distribution and the induced nested weak topol-
ogy studied in Pflug (2010), Pflug and Pichler (2012), Bartl et al. (2024).

Definition 2.8 (Nested space). Let X = Xy x A} X -+ x Xn. We recursively define
)?N = XN and

~

X, =X, x X5 =X, x P(Xpp1) for0<n<N-1.

~

For any &, € X,,, we write it as &, = (2, 4}) with 27 € X, and 27 € P(X,41). We

ni»rn

say X = )?0 is the nested space associated to X.

Definition 2.9 (Nested distribution). Let p € #(X), and Idy : X — X the canon-
ical process on X. We recursively define Id ~ = Idy, and I/(\in X — )/(\n as

Id, = (Id,, 1A ) := (Id,, Law(Id,1 | Fp))  for 0 <n < N,

where F = (F,) is the natural filtration on X. We say fi = Law(Idg) € Z2(X) is the
nested distribution associated to u. We say p, € Z(X) converges to p in the nested
weak topology if the corresponding nested distribution ji,, converges to i, in weak

topology as probability measures on X.

The following result is adapted from Bartl et al. (2024, Theorem 1.3).
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Proposition 2.10. In discrete time, the adapted Wasserstein distance AW, is not
a complete metric on P,(X). There exists a Polish metric dy on X such that for
any p,v € P(X), we have AW, (1, v) = Wy(1, V), where [i and U are the nested
distributions associated to p and v respectively. Moreover, (Wp(/i’\), W,) is isometric

to the completion of (Z,(X), AW,).

An immediate implication of the above result is an ‘adapted’ version of Proposi-

tion 2.1 which characterizes the convergence in the adapted Wasserstein topology.

Proposition 2.11. Let y,, 1 € P,(1). Then p,, converges to p in AW, if and only
if p, converges to i in the nested weak topology and fx d(x,x0)P u,(dz) converges to

[y d(x, xo)Pp(dz).

Proof. From Propositions 2.1 and 2.10, it suffices to show that the convergence of
[y d(x, 0)P o (dz) to [, d(x, x9)Pu(dx) is equivalent to the convergence of their nested
counterparts [ d5(Z, Z0)Pfin(dZ) to [5ds(Z, Zo)Pfi(di). Notice the choice of xo and
Zo is arbitrary. We fix an 2o € & and let py = 6,, € Z(X). We observe that the
nested distribution /iy associated to pg is again a Dirac measure, and we write it as
83, € P(X). Tt follows from the isometry in Proposition 2.10 that

[ a0 () = AWy 0)” = Wy (s o) = [ (.0 (d5)
X X
Therefore, we derive the desired equivalence. O

A natural question arises: does the incompleteness of AW, stem merely from the
inadequacy of the natural filtration on the path space X7 For instance, the sequence
1 constructed in Example 2.7 can be made to converge if we equip the Wasserstein
limit p with an enlarged filtration G = {Gy, G1, G2} where G; already contains the
information from JF5. In this case, the filtration at time 1 ‘knows’ the future at
time 2. And the optimal stopping problem with respect to this enlarged filtration G
matches the limit of OS(uy,).

The above arguments suggest a potential path to retrieve the completeness: we
only need to consider all possible filtrations on the path space X'. However, this is
not the case. In Figure 2.2, we consider v,, = }1(5(0,1/”71) +00,1/n,—1) +6(0,0,1) +9(0,0,-1)
and v = %(5(070,1) + 0(0,0,—1y)- A direct calculate gives the limit of the corresponding
optimal stopping values is lim,,_,., OS(v,) = 1/4.

On the other hand, for any random time 7 : X — {0, 1,2}, E,[X;]| can only take
value in {0,1/2,—1/2}. Since 1/4 is not in this set, it is impossible to find a stopping

time for v on X such that recovers the limit of the optimal stopping values. This
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implies that the space X is not sufficient to describe the true adapted Wasserstein
limit of v,.

Heuristically, the formal AW, limit of v,, would require external randomness—a
setting akin to a ‘parallel universe’ where in one branch the future is known, and in
the other it is not. One has to enlarge the base space X to accommodate such a

realization.

Figure 2.2: Adapted stochastic processes on the canonical path space are incomplete
under the AW,

Motivated by the above example, we introduce the extension of the adapted
Wasserstein distance to general adapted stochastic processes. From now on, the time

index set I can be either discrete or continuous.

Definition 2.12. We say an adapted stochastic process X is given by a 5-tuple
(QX, FX PX FX X) where (Q%, F%, FX, P%) is a filtered Polish probability space, and
X : Q% — X is a stochastic process adapted to the filtration F* = (FX)c;.

For an adapted process X = (Q* F%, PX FX X), if F* coincides with FX the
natural filtration generated by X, then we say X is a naturally filtered process. With
a slight abuse of notation, we may also use X to refer the 5-tuple of a naturally
filtered process since itself determines the natural filtration. We denote the space of
adapted processes and naturally filtered processes by AP and NP respectively.

The notion of the causality can be naturally carried over to adapted stochastic

processes as follows.

Definition 2.13 (Causal coupling). Let X; = (Q%i, F%i F%i P% X,) be two adapted

stochastic processes for i = 1,2. We say a coupling 7 € II(P*1, P%?) is causal if

. Xq X
wy > 7y, (Vi) is T F;'-measurable
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for any V; € F;* and t € I, where m,,, is the disintegration kernel of 7 with respect to
Q%1 A causal coupling 7 is bi-causal if further [(wy,ws) — (wg,w; )] is causal. With
a slight abuse of notation, we write the set of causal (bi-causal) couplings between

Xl and XQ as HC<X1,X2) (Hbc<X1,X2)).

Definition 2.14 (Adapted Wasserstein distance). Let X; = (Q% F% F%i p%i X;)
be two adapted stochastic processes for ¢+ = 1,2. The adapted Wasserstein distance
between X; and X, is defined as

AW, (X1, X,) = inf B d(Xy, X,)")”. (2.1)

m€llp (X1,X2)

In the same fashion, we define the causal Wasserstein distance CW,(Xy, X,) by re-

placing the bi-causal coupling I, (X, Xy) with the causal coupling II,(X;, Xs).

Remark 2.15. The recent work of Bartl et al. (2025a) pointed out that the above
definition is too strong in a continuous-time context. Indeed, the induced topology is
strictly stronger than the initial topology of optimal stopping problems, and Donsker’s
theorem does not hold in the adapted Wasserstein topology. A relaxed version of
(2.1) is proposed such that all adapted topologies are equivalent in a continuous-time
setting. Nevertheless, the current definition enjoys better analytic properties and

provide a uniform framework for both discrete time and continuous time.

Remark 2.16. The above definitions are consistent with the definitions introduced in
Section 2.1 by viewing the 5-tuple (X, F,F, u,Idy) as an adapted stochastic process

on the canonical path space.

2.3 Gluing and shadowing

We first present an equivalent characterization of the causality.

Proposition 2.17. Let X; = (Q% F% F% P% X)) be two adapted stochastic pro-
cesses for i = 1,2. For a coupling © € II(P*t, P*2) the following statements are

equivalent:
(Z) T C Hc(Xl,Xg).

(ii) {0, 5} ® F*2 is conditionally independent of ]-"%gl ® {0, %1} under © given
Fre {0,095} foranyt € 1.
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Proof. We notice that © € I1(X,Xy) is equivalent to the © = EXl—measurability of
the map
wi > Ty (Br) = Ex[1p, (w2)|F7 @ {0, 0} (w1)

for any B, € F;2 and t € I. This is further equivalent to the identity

Ex[Lp, (w2)|F7" @ {0, 2} (w1) = Ex[Lp, (w2)| F" @ {0, 2%} (w1)

for any B, € EX"’ and t € I. By the tower property of the condition expectation, we

derive the equivalence between (i) and (ii). O
We introduce the gluing between two coupling measures.

Definition 2.18 (Gluing). Let u, v,n be three probability measures on Polish spaces
X, Y, and Z respectively. For any m € Il(u,v) and m € II(r,n), their gluing is
defined as m3(dz,dz) := w(dx,),dz) where w € Z(X x Y x Z) is given by

w(de,dy, dz) = m ,(dz) T, (d2)v(dy).
In particular, we have 73 1= w|xxz) € II(1, n).

Proposition 2.19 (Pammer (2024), Corollary 2.12). LetX; = (Q% F%i F% pP%i X))
be three adapted stochastic processes for i = 1,2,3. If m € 1 (Xy,Xs) and m €
1, (Xq, X3), then their gluing 5 € 11.(Xy,X3).

Proof. Notice that we have
w(dwy, dws, dws) = ma 4, (dws)my (dwy, dwse) = T2 4, (dws) Ty 4, (dws) p(dwy ).

This yields the disintegration kernel of 73 with respect to Q%' as

73,01 (dwg) = / T2, wo (de)ﬂ'Lwl (dCL)Q).
(92
As m € I (Xy, Xy) and 7 € T1(Xs, X3), we obtain for any W, € Fie
Wy > T34, (W) is P5 FE measurable.

Therefore, we derive w3 € 11(Xy, X3).
O

Corollary 2.20. Both the causal and the adapted p-Wasserstein distance satisfy
the ‘directional’ triangle inequality. Moreover, if d is symmetric than AW, is also

symmetric.
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Proof. Tt follows directly from Proposition 2.19 and the triangle inequality of d. [

Definition 2.21 (Shadowing). Let p, v, i/, ' be probability measures on Polish spaces
X, Y, X', and )’ respectively. For any m € (u,v), 1 € (¢, 1), v € Il(v,), we
say the shadowing of 7 under (71, 72) is given by

R ) = [ alde ) (Al dy)
Xx)Y

Proposition 2.22 (Eckstein and Pammer (2024), Lemma 3.4). Let Xy, Xy, X/, X}, be
four adapted processes. Assumen € T (X1, Xs), 71 € T (X, X1), andye € T (X, X}).

Then the shadowing of m under (v1,72) is a causal coupling between X and X},.

We summarize Propositions 2.19 and 2.22 in the commutative diagram 2.3 below.

Xy X > X,
" {2 N V2
X4 s > X3 X3 p > Xy
(a) Gluing. (b) Shadowing.

Figure 2.3: Gluing and shadowing of causal couplings. The arrows represent the
direction of the causality.

The following proposition establishes the equivalence between two classical view-
points in stochastic analysis for naturally filtered processes. The first perspective
considers various stochastic processes on an abstract probability space, while the sec-
ond, or canonical, perspective considers various probability measures on the fixed

space of all possible sample paths.

Proposition 2.23. Let y,v € P,(X) and X; = (%, F%i F5 P%i X)) be two natu-
rally filtered processes with (X1)4P** = p and (Xo)4P** = v. Then we have

AW, (p,v) = AW, (X, Xa).
In particular, if X1 and Xy have the same law, then AW,(X;,X,5) = 0.

Proof. Let 1 = (Idgx,, X1)4P* and 7o = (X, Idgx, )4 P*2. Notice that we have
X, = Idy 7i-a.s., where we naturally lift both processes to the product probability
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space (¥t x X'. This implies that X; and Idy generate the same ~,-completed natural
filtration, i.e., " ({0,Q%} ® F,) = "(F @ {0,X}). By Proposition 2.17 (i), we
deduce that v is a bi-causal coupling. Similarly, we have -, is a bi-causal coupling.
By Proposition 2.22 for any bi-causal coupling m € Il (X;,Xs) its shadowing
under (71, 72) gives a bi-causal coupling 7" € Iy (u, v), and vice versa. Moreover, it

satisfies that (X, Xs)um = 7. Therefore, we deduce AW, (1, v) = AW, (X;, Xy).
0
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Chapter 3

A transfer principle for computing
adapted Wasserstein distances

3.1 Introduction

Stochastic processes, the building block of stochastic analysis, can be viewed as path-
valued random variables. From this perspective, the convergence of stochastic pro-
cesses can naturally be induced by the weak convergence of their laws as probability
measures on the path space. However, this ‘static’ viewpoint turns out to be insuf-
ficient for ‘dynamic’ problems, especially for many key applications in mathematical
finance and beyond. In particular, the value of a stochastic optimal stopping prob-
lem is not continuous with respect to this weak topology (Backhoff-Veraguas et al.,
2020a, 2022b). Different notions of adapted topologies have been proposed to refine
the weak topology. We focus on the adapted Wasserstein distance which was first
introduced in Lassalle (2018) as a dynamic counterpart of the Wasserstein distance
for stochastic processes. We fix a Polish probability space (€2, F, P) throughout this
chapter. Recall Definition 2.14 and the discussion above, for two naturally filtered
stochastic processes X7 and X5 on (Q, F, P), their adapted 2-Wasserstein distance is
given by

AWo(X1, Xy) = inf  Ep[d(X,, Xy)4Y?, (3.1)

7€M (X1,Xa2)
where we will take d as the L? distance on the path space throughout this chapter, and
T (X1, X5) is the set of bi-causal couplings between X and X5. It has been applied to
the analysis of various aspects of robust finance such as stability (Backhoff-Veraguas
et al., 2020a), sensitivity (Bartl and Wiesel, 2023, Mirmominov and Wiesel, 2024),
and model risk (Han, 2025, Sauldubois and Touzi, 2024). However, computing the

adapted Wasserstein distance analytically, or even numerically, is difficult, due to the
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additional causality constraint. Even in discrete time, few explicit formulas have been
obtained for the adapted Wasserstein distance, see Gunasingam and Wong (2025),
Acciaio et al. (2024), Backhoff-Veraguas et al. (2017), etc. In continuous time, to the
best of our knowledge, there has been little to no results beyond the semi-martingale
framework, see Lassalle (2018), Bion—Nadal and Talay (2019), Backhoff-Veraguas
et al. (2022b), etc.

In this chapter, we leverage a simple yet effective transfer principle to compute the
explicit adapted Wasserstein distance between Gaussian processes and identify the
optimal coupling between fractional stochastic differential equations. Let X;,Y; be
natural filtered stochastic processes for ¢ = 1,2. Given a transport map 7; such that
X; = T;(Y;) and X;, Y; generate the same natural filtration, it immediately follows
from Definition 2.13 that [Ty (X7, Xo) = I (Y7, Ys) and

AW,(X1, Xy) = inf  E[d(Ty (Y1), To(Y2))?] V2 (3.2)

e (Y1,Y2)
This principle transfers the original transport problem from X; and X, to Y; and
Y5 which could have a much simpler structure. In particular, if Y7 and Y5 have

independent marginals, then under any bi-causal coupling, one can verify
Y1(¢) is independent of Y5(s) for distinct s,t € I. (3.3)

In Backhoff-Veraguas et al. (2022b), this principle has been already applied to transfer
bi-causal couplings between SDEs to bi-causal couplings between Brownian motions.
To illustrate the idea, we consider a simpler example of discrete-time Gaussian pro-
cesses from Gunasingam and Wong (2025). Let X; ~ N(0,%;) be an N-step 1D
non-degenerate Gaussian process. We construct X; = K,;Y; where K; is the Cholesky
decomposition of ¥; and Y; ~ N(0,Idy) is a standard Gaussian. Indeed, X; and
Y; generate the same natural filtration as K; is lower triangular and invertible. By
applying the transfer principle and (3.3), we can calculate AWy (X7, X5) as
AW,(X1, Xo)® = tr(B1 + ) =2 sup  Er[(X), Xy)]

m€llpe(X1,X2)

=tr(X; +X3) —2  sup  ER[(K1Y1, KyY3)]
m€llpc(Y1,Y2)
N

=tr(S1+52) =2 sup > (K{Ko)nnEr[Yi(n)Ya(n)].
m€llpc(Y1,Y2) [,

This gives AW (X1, X3)? = tr(21+55) =2 20 |(K7K3) | as choosing E,[Y;(n)Ya(n))]
to match the sign of the diagonal element (K7 K5),, attains the supremum. Heuris-
tically, we can view Y; as a ‘nicer’ coordinate system which leads to a ‘nicer’ param-

eterization of the set of bi-causal couplings, and hence simplifies the computation.
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Our first main result extends the above example to a continuous-time setting and
computes the adapted Wasserstein distance between mean-square continuous Gaus-
sian processes. To apply the transfer principle, in Section 3.3, we introduce a notion
of ‘canonical causal factorization’ as an infinite-dimensional analogue of the Cholesky
decomposition for operators on Hilbert spaces. This notion naturally bridges an
algebraic object ‘nest algebra’ (Davidson, 1988) and a probabilistic object ‘canoni-
cal representation’ (Hida, 1960) of Gaussian processes. Our results give an explicit
formula of the adapted Wasserstein distance in terms of the canonical causal factor-
ization of the covariance operator, or equivalently, of the canonical representation of
the Gaussian process, see Theorem 3.18. For example, any fractional Brownian mo-
tion By has a Molchan—-Golosov representation given by By (t) = fot ku(t,s)dB(s),
where H € (0, 1) is the Hurst parameter, kp is the Molchan—Golosov kernel (Molchan
and Golosov, 1969, Decreusefond and Ustiinel, 1999)

kp(t,s) =TD(H +1/2)" Yt — )" V2F(H — 1/2,1/2 — H H + 1/2,1 — t/8)1 51,

o (@n(b)n 2"
n=0 (¢)n nl’

and (x), = I'(x + n)/I'(z) is the Pochhammer symbol. We have the following result

as a direct application of Theorem 3.18.

F(a,b,c,z) is the Gaussian hypergeometric function F(a,b,c,z) = >

Theorem 3.1. Let By, be the fractional Brownian motion with Hurst parameter

H; € (0,1). Then the adapted 2-Wasserstein distance between By, and Bp, is given
by
T T
AWy (By,, Bi,)? = / / (K, (t,8) — kg, (t, 5))* dt ds.
o Jo

Moreover, the optimal coupling is given by the synchronous coupling between By, and
By,, i.e., they are driven by the same Brownian motion in their Molchan—-Golosov

representations.

Our second result considers the adapted Wasserstein distances between fractional
stochastic differential equations. By applying the transfer principle, we reformulate
the adapted Wasserstein distance as a stochastic optimal control problem of fractional
SDEs. The control only appears as the correlation between the driving noises. We
show the optimality of the synchronous coupling by adapting the path-dependent HJB
equation framework from Viens and Zhang (2019), see Theorem 3.34. In particular,

for SDEs driven by fractional Brownian motions, we have the following result.
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Theorem 3.2. Let X; be the solution of the following fractional SDE

Xi(t) = 2 4+ /0 bi(Xi(s)) ds + /0 o:(Xi(5)) By (5).

where By, is the fractional Brownian motion with Hurst parameter H; € (1/2,1).
We assume that b;,0; € C* with bounded first and second derivatives, and b}, o are
uniformly continuous. Moreover, o; is positive, bounded, and bounded away from zero.

Then, AWqo(X1, X2) is attained by the synchronous coupling between By, and Bp,.

Admittedly, the regularity constraint in the above result is not optimal, as is
often the case in classical stochastic control theory, where strong assumptions are
imposed to ensure the verification theorem. In a forthcoming work, we aim to relax
the regularity constraint through a time-discretization approximation in the spirit of
Backhoff-Veraguas et al. (2022b) and extend results to stochastic Volterra equations
with monotone kernels.

To the best of our knowledge, this is the first work to investigate the adapted
Wasserstein distance between fractional processes. We stress that these processes
are neither semi-martingales nor Markovian, which precludes a direct application of
techniques from the existing literature. Their ability to capture long-range depen-
dence and rough path behavior has led to impactful applications, notably in finance
(Baillie, 1996, Rogers, 1997, Cont, 2005), in physics (Metzler and Klafter, 2000), in
engineering (Lévy-Véhel et al., 2005), and filtering theory (Decreusefond and Ustiinel,
1998).

3.1.1 Related literature

We review the existing literature on the computation of adapted Wasserstein dis-
tances. For broader literature related causal optimal transport problems, we refer
readers to Backhoff-Veraguas et al. (2020b), Bartl et al. (2024, 2025a) and references
therein. In discrete time, Gunasingam and Wong (2025) computed explicitly the
adapted Wasserstein distance between two 1D Gaussian processes. More recently,
Acciaio et al. (2024) extended the previous result to multi-dimensional Gaussian pro-
cesses and also considered an entropic regularization. Both of these results leveraged
a dynamic programming principle from Backhoff-Veraguas et al. (2017), which is dis-
tinct from the transfer principle considered in this work. Instead of computing the
explicit formula of the adapted Wasserstein distance, the Knothe-Rosenblatt coupling
is identified as the optimal coupling between co-monotone distributions in discrete
time (Riischendorf, 1985, Backhoff-Veraguas et al., 2017). In continuous time, it is
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shown in Lassalle (2018), for a Cameron-Martin cost, the adapted Wasserstein dis-
tance between an arbitrary probability measure and the Wiener measure is equal
to the square-root of its relative entropy with respect to the Wiener measure. For
L? cost, it is shown in Bion-Nadal and Talay (2019) and later in Backhoff-Veraguas
et al. (2022b), Robinson and Szélgyenyi (2024) that the synchronous coupling is the
optimal coupling between two 1D SDEs.

Another line of research is to numerically compute the adapted Wasserstein dis-
tance by approximation or regularization. These results are mainly in a discrete-time
setting. For instance, Eckstein and Pammer (2024) proposed numerical algorithms to
compute the entropic regularized adapted Wasserstein distance. In Pflug and Pichler
(2016), Backhoff-Veraguas et al. (2022a), Acciaio and Hou (2024), the authors studied
various smoothed adapted empirical measures and derived the convergence rate to
their limit under the adapted Wasserstein distance.

The notion of causality underpinning the adapted Wasserstein distance, when
placed in the context of linear transformations between (finite-dimensional) vector
spaces, naturally corresponds to the triangularity of these transformations. A suitable
generalization of these triangular forms to Hilbert spaces is the nest algebra, which
originates from the work of Ringrose (1965). The nest algebra is a prime example of
non-selfadjoint algebras and reflexive algebras in the sense of Arveson (1974). Early
research focused on the structure of compact operators in nest algebras, see Ringrose
(1962), Erdos (1968), etc. Further developments include the characterization of the
radical (Ringrose, 1965), unitary invariants (Erdos, 1967), and similarity invariants
(Larson, 1985). The causal factorization introduced in Section 3.3 is motivated by
several pioneering works (Pitts, 1988, Anoussis and Katsoulis, 1997, 1998). We refer
interested readers to Davidson (1988) for a more complete reference.

In order to study the prediction theory of Gaussian processes, Lévy (1956) in-
troduced the canonical representation of a Gaussian process, which provides a full
description of its natural filtration. This canonical representation and the related
notion of multiplicity was systematically investigated in Hida (1960), Hida and Hit-
suda (1993), Hitsuda (1968) and extended by Cramér (1971) to general stochastic
processes. In the sequel, we clarify the connection between the canonical representa-
tion of Gaussian processes and the (canonical) causal factorization of their covariance

operators.
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3.1.2 Outline

The rest of the chapter is organized as follows. In Section 3.2, we recall basic defi-
nitions and properties of the adapted Wasserstein distance and the canonical repre-
sentation of Gaussian processes. In Section 3.3, we introduce the (canonical) causal
factorization and discuss its existence and uniqueness. A characterization of the
Gaussian Volterra processes is given in Corollary 3.10 which we believe is of indepen-
dent interest. In Section 3.4, we apply the transfer principle to compute the adapted
2-Wasserstein distance between Gaussian processes. An explicit formula for the dis-
tance is given in Theorems 3.18 and 3.25 for the unit multiplicity case and the higher
multiplicity case respectively. An optimal coupling is identified in both cases. In
Theorem 3.29, we consider the best martingale approximation to a fractional Brow-
nian motion with respect to the adapted 2-Wasserstein distance. In Section 3.5, we
study the adapted Wasserstein distance between fractional SDEs via a stochastic con-
trol reformulation. We establish a verification theorem for additive fractional SDEs
and reduce the multiplicative case into the additive case via a Lamperti transform

(Lamperti, 1964). Some technical estimates are postponed to Section 3.6.

3.2 Preliminaries

3.2.1 Notations

Let g, p1, pi2 be positive measures on [0, 7]. We write H,, = L*([0, 77, ; R) and (-, -),
as the inner product on H,, with the induced norm || - ||,. We write H,, ={f € H, :
supp(f) C [0,t]} as a closed subspace of H,. We equip H, with the Borel o-algebra
B(H,) and its natural filtration H,, = (H,+):cjo,r], where H,, := o(f € H,,). Here,
we identify H,, with its dual H;,. By B(H,,, H,,) we denote the set of bounded
linear operator A : H,, — H,,, and we write B(H,) = B(H,, H,). Given a closed
subspace N C H,, we denote the orthogonal projection onto N by Py. Let S be a
subset of a normed linear space. By m, we denote the closure of the linear span
of 5.

We say an operator A € B(H,) is positive if (Af, f),, > 0 for any f € H,. We
say an operator A € B(H,) is trace-class, if || Al := >~ (| Alex, ex), is finite for an
orthonormal basis (ej);>1 of H,. An operator K : H,, — H,, is Hilbert-Schmidt, if
K K* is trace-class where K* is the dual operator of K. Its Hilbert—Schmidt norm
is defined as || K|lus = 1/tr(KK*). We denote the set of Hilbert-Schmidt operators
from H, to H,, by By(H,,,H,,). There exists an isometry from By(H,,, H,,)
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to L2([0,T]%, 11 ® pe;R). In fact, every Hilbert—Schmidt operator K has a kernel
k€ L*([0,T]?, u1 ® po; R) such that K f(¢) fo (s)pa(ds) € H,,. We omit
the subscript if g = A the Lebesgue measure on [0, T].

By w1 > po we denote ps is absolutely continuous with respect to p; and write

duz

an . We denote the geometric mean of py and po

their Radon—Nikodym derivative as
by

o dpy dpz
Via(dt) == \/ o £y D + ) (@)

Let C([0,T];R) be the continuous path space. For a functional f on C([0,T];R),
we say f is Fréchet differentiable at w € C([0,T]; R) if there exists a linear functional
O, f(w) € C([0,T]; R)* such that for any n € C([0,T];R) it holds

flw+n) = fw) =, 0uf(w)) + olllnl)-

We call d,f the Fréchet derivative of f. Similarly, we define the second Fréchet
derivative of f and denote it as 92 f. Given two linear functionals f, g € C([0, T]; R)*,

we denote their tensor product as a bilinear functional given by

(1, m2), £ @ g) = (m, £){m2, 9),

for any 11,1, € C([0,T]; R).

3.2.2 Canonical representation of Gaussian processes

We say X : Q x [0,7] — R is a 1D Gaussian process if for any ti,...,t, € [0,T], the
random vector (X (t1),...,X(t,)) is Gaussian. In this chapter, we focus on centered

and mean-square continuous Gaussian processes, i.e.,
E[X(t)] =0 for any ¢ € [0,T], and t — X(t) € L*(Q, P) is continuous.

Notice that mean-square continuity of X implies X has path in H = L*([0,T], \; R)
almost surely. Hence, X4 P yields a Gaussian measure on H whose covariance oper-
ator ¥ : H — H is given by (3f, g) := E[{f, X){(g, X)]. Moreover, 3 has a unique
continuous kernel R(t,s) = E[X (t) X (s)] such that

/ (s

We say a Gaussian process X is deterministic if the behavior of X is completely

determined by its behavior in an infinitesimal time, i.e.,

ﬂspan{X(s) 5 €[0,t]} =span{X(s) : s € [0,T]} C L*(Q, P);

t>0
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and X is purely nondeterministic if the information of X must have entered as a new

impulse at some definite time in the past, i.e.,

() span{X(s) : s € [0, ]} = {0}. (3.4)
>0
We shall not confuse a deterministic Gaussian process with a deterministic path-
valued random variable which is supported on a single path. For example, X (t) = ¢£
where £ ~ N(0,1) is a deterministic Gaussian process but not a deterministic random
variable. We remark that in Corollary 3.10, we show that (3.4) is equivalent to the
condition that Fg, = (\,ooF;= is trivial.

In what follows, we introduce the canonical representation of a Gaussian process
which was initiated by Lévy (1956), and systematically studied by Hida (1960) and
Cramér (1971). It states that a centered, mean-square continuous, and purely non-
deterministic Gaussian process is essentially driven by a countable number of ‘noises’
Such a representation is canonical in the sense that the ‘noises’ precisely generate
the same natural filtration as the one of the Gaussian process. We adapt Hida and
Hitsuda (1993, Theorem 4.1) to our setting.

Theorem 3.3. Let X be a centered, mean-square continuous, and purely nondeter-
ministic Gaussian process. Then there exists N € NU{oo} uniquely determined by X

called the multiplicity of X, such that X has a canonical representation in the form

of
N oot
X =Y / k(¢ 8) AMP(s), (3.5)
n=1 0
satisfying the following conditions:

(i) {M"}N_, are independent Gaussian martingales with independent increments,
(ii) p™(t) := [M"](t) is continuous, non-decreasing, and p*(dt) > p?(dt) > ---,
(1i1) t — k" (t, ) € Hyn is continuous and supp(k™(t,-)) C [0, 1],

(iv) X =FM with M = (M, ..., My).

In general, it is not easy to find the canonical representation of a Gaussian process.
The following result from Hida and Hitsuda (1993, Theorem 4.4) gives a characteri-

zation of the canonical representation.
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Theorem 3.4. Let X be a Gaussian process with a representation of the form of
(3.5). Then it is a canonical representation if and only if for any T' € [0,T] and
fn € HM";

g(t) = Z/o E"(t,s)f"(s)u™(ds) = 0 for all t € [0,T"]

implies f" =0 on [0,T"] for all n.

3.3 Causal factorization

In this section, we introduce the causal factorization as an analogue of Cholesky
decomposition for positive operators on infinite dimensional Hilbert space. We first
recall some basic properties of Cholesky decomposition. For any positive definite
matrix A € RV*Y | there exists a lower triangular matrix L such that A = LL*. If
A is nondegenerate, such a decomposition L is unique up to a multiplication by a
diagonal matrix D with diagonal entries being {1, —1}.

It is clear that lower triangularity is not an intrinsic property, but depends
on the choice of the basis. From a geometric viewpoint, let V = RN and V,, =
span{ey, ..., e, }, where e = {e, }2_, is an orthonormal basis of V. Amap A:V — V
is lower triangular (with respect to e) if and only if VI is invariant under A for any
1<n<N.

We focus on the covariance operator X associated to a centered, mean-square
continuous, and purely nondeterministic Gaussian process X, and denote the set of
such operators as €(H). Notice €(H) is a proper subset of positive trace operators

on H with continuous kernel.

Definition 3.5. Let ¥ € €(H). For a positive continuous measure p on [0,7] and
Hilbert-Schmidt operator K : H,, — H, we say (K, ) is a causal factorization of 3 if
¥ = KK* and K is causal in the sense that K : (H,,H,,) — (H,H;) is measurable
for any ¢t € [0,7]. We say (K, u) is a canonical causal factorization if further K; is

injective for any ¢t € [0,7], where K, := Py, K|g, .

The following property justifies the causality condition as a natural extension to

the lower traingularity in continuous time context.

Proposition 3.6. Let K : (H,,H,) — (H,H) be a bounded linear operator. Then K
s causal if and only if K maps Hit into Hi- for any t € [0,T).
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Proof. Let us first assume that K is causal. For h € H,, we write K*(h) = f + g,
where f € H ;tt and g € H, ;. We notice that from the causality of K

K'{z e H:(hz)<0})={reH,: (hK(x)) <0}
={reHy: (f+g.2)y <0} € Hyu

Since H,y = o({h € H, : supp(h) C [0,t]}), we derive H,, C U for any U € H,,.
In particular, Hit C{zx e H, : (f+9g,2), <0} and hence f = 0. Therefore,
PHN{tK*PHt = 0. Taking the adjoint on both sides, we deduce PHtKPHN{t =0,ie, K
maps H,, into H;".

On the other hand, if H, is mapped into H, under K for any ¢ € [0, 7], then H;-
is mapped into H,,; under K*. For any h € H;* and r € R, we have

K'{zeH:(ha)<r})={zeH,: (h,Kx),<r}={zeH,: (K*h),z), <r}
The causality follows directly from the fact that K*(h) € H,, ;. O

Remark 3.7. When p = A, the set of operators K : H, — H, which leaves H j,t
invariant forms a non-selfadjoint algebra. This algebra is called the nest algebra first
introduced in Ringrose (1965), and we denote it as D9¥(H,). The diagonal algebra
D(H,) is a subalgebra of 91(H,,) consisting of operators K such that both K and K*
are in 9(H,). See Davidson (1988) for a detailed reference.

3.3.1 Existence

We investigate the existence of causal factorization. Similar to Cholesky decompo-
sition, it does exist for any ¥ € €(H). The proof is based on a factorization result

(Anoussis and Katsoulis, 1998, Theorem 13) in nest algebra.

Proposition 3.8. Let pu be a positive continuous measure, and R, = {range(A) :
AeN(H,)}. Forany A € B(H,), there exists B € M(H,,) such that AA* = BB* if
and only if range(A) € R,,.

Theorem 3.9. Let ¥ € €(H). Then there exists a causal factorization (K, u) of 3.

Proof. Let X be a centered, mean-square continuous, and purely nondeterministic
Gaussian process associated to 2. By Theorem 3.3, we have a canonical representation

of X given by

X(t) =Y /0 k" (t,s) AM™(s). (3.6)



Recall we write p"(dt) = [M"](dt), and pu' > p?> > ---. Let u = X\ + p'. Since
Y. € €(H), we notice ¥ uniquely determines a continuous kernel given by R(t,s) =

E[X(t)X(s)]. Hence, it uniquely induces an operator ¥, : H, — H,, given by

S, f(t) = / F($)R(t, 5)pu(ds).

The representation (3.6) yields a representation of ¥, as ¥, = S K7(K")*, where
K" :H,— H, is given by

K0 = [ 1 G o) ()

In particular, K™ € M(H,). If the multiplicity N was finite, then we could apply
Anoussis and Katsoulis (1998, Proposition 27) which states the sum of two factorizable
operators can still be factored in the nest algebra. This would give us a K, € M(H,,)
such that ¥, = K,,(K,)*. We could construct K : H, — H as
! dA
K1) = [ bty Do) Foulds)
0 H
where k,, is the kernel of K. Then it is direct to verify (K, u) would be a causal
factorization of .
Now, we proceed with the case N = oo. The spirit of the proof aligns with

Anoussis and Katsoulis (1998, Proposition 27), but we extend it to a countable sum

of operators. By Proposition 3.8, it suffices to show range(E,l/ ) e R,. We define
T:@,1Hy— D, Hyas

T(fi, for- ) = (ZK”fn,O,...>.

Notice that 7" is a bounded linear operator and range(7") = range((T'T*)'/?) by Dou-
glas (1966, Theorem 1). This yields range(Z}/ ) =32 range(K™). We construct a
sequence of partial isometries {U,, }>°; in 9(H,,) with full range and mutually orthog-

onal initial spaces. Let e, € H, with supp(e,) € [=7, +|. We take {I,n}7°,—; where

n+1’n

I, , are infinite and mutually disjoint subsets of Z,. We define closed subspaces of H,,
by Enm :=span{ey : k € I,k >m} and F,, ;= {f € H, : supp(f) C [, =]}. In

m—+1’
particular, F, ,, are mutually orthogonal. Since E,, ,, is infinite dimensional, we can

find a partial isometry P, ,,, € M(H,) with initial space E, ,, and range F,,. By tak-
ing U, = > °_, Pym, we have U, € M(H,) with full range and mutually orthogonal

initial spaces. Therefore, >~ range(K™) = range(> -, K"U,) € R,. We conclude
the proof by applying Proposition 3.8 and notice range(E,l/ 2) € Ry [

28



We say a process X is Gaussian Volterra if there exists a Volterra representation
fo (t,s)dM(s) with M a continuous Gaussian martingale with independent
1ncrements. The above result gives a characterization of mean-square continuous

Gaussian Volterra processes.

Corollary 3.10. Let X be a centered, mean-square continuous Gaussian process.

The following statements are equivalent:
(i) Foy = Nyso Fi- is trivial.
(ii) X is purely nondeterministic.

(7ii) There exists a Gaussian Volterra process X such that X and X share the same

law.

Proof. (i) = (ii). Notice that span{X(s):s <t} C F;*. Therefore, F3\ is trivial
implies that (),.,span{X(s) : s <t} = {0}, and hence X is purely nondeterministic.

(i) = (iii). If X is purely nondeterministic, by Theorem 3.9 there exists a causal
factorization (K, p,) of X, the covariance operator of X. We can take a Gaussian
Volterra process X fo (t,s)dM(s), where k is the kernel of K, and M is a
Gaussian martingale Wlth independent increments and p(dt) = [M](dt). It is clear
that X has the same covariance operator as X, and hence they share the same law.

(iii) = ( fo (t,s)dM(s) is a Gaussian Volterra process and shares the
same law as X . In partlcular, M is continuous Gaussian martingale with independent
increments, and it is a deterministic continuous time change of the standard Brownian
motion. Therefore, .7-"53 - fé‘fr is trivial, and so as ]-"(ffr

O

On the other hand, a canonical causal factorization does not always exist. In
particular, the following result links the canonical causal factorization to Gaussian

processes with unit multiplicity.

Theorem 3.11. Let ¥ € €(H) and be associated to a Gaussian process X. The

following statements are equivalent:
(i) X is of unit multiplicity and has a canonical representation X (t) = fot k(t,s)dM(s).
(7i) X has a canonical causal factorization (K, p).

(7ii) X has a causal factorization (K, u) such that the span of {k(r,-) : r € [0,t]} is
dense in H,,; for any t € [0,T], where k is the kernel of K.
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Proof. (i) < (i1). We notice by Theorem 3.4, X (¢ fo (t,s)dM/(s) is a canonical
representation, if and only if for any 77 € [0, T] and feH

g(t) = /0 k(t,s)f(s)u(ds) =0 for all t € [0,T"]

implies f = 0 on [0,7"]. This is equivalent to the injectivity of Kr» = Py, K|u,,, for
any 7" € [0,T] where K is given by K f(t) fo Ju(ds). Since K € N(H,,),
this is further equivalent to (K, u) is a canonical causal factorlzatlon of 3.

(i) < (44i). Notice K; = Py, K|y, , is injective if and only if the range of K7 is
dense in H,,. Since ¥ € €(H), R(t,s) = E[X(t)X(s)] = [ " k(t,r)k(s,r)u(dr) is
continuous. This implies r +— k(r,-) € H, is continuous. Therefore, range(K;) =

fo r)dr: g € H;} is dense if and only if the span of {k(r,-) : 7 € [0,t]}

is dense in H it ]

3.3.2 Uniqueness

In the finite dimensional case, Cholesky decomposition is unique up to a diagonal
matrix. This is saying for nondegenerate, lower-triangular matrices K1, K satisfying
KK} = Ky;Kj, there exists a diagonal matrix D such that K; = KyD. However, it

is not the case for the causal factorization.

Proposition 3.12. Let ¥ € €(H) and (K, u) be a causal factorization of ¥. For
any partial isometry U € N(H,) with range dense in H,, (KU, n) is again a causal
factorization of ¥. Moreover, U is not necessarily in the diagonal algebra ©(H,),

i.e., U* is not necessarily in N(H,).

Proof. Since U is a partial isometry with a dense range, we have UU* = Id on H,,.
Therefore, (KU, uu) is a causal factorization of 3. For example, we can take U as in

the proof of Theorem 3.9. And in particular, U is not diagonal. ]

Such non-uniqueness generates non-canonical representations of the same Gaus-
sian process. In the following example, we include Levy’s non-canonical representation

of Brownian motion (Lévy, 1957).

Example 3.13. We define a partial isometry U on H given by U*Ijg,(s) = [3 —
12(s/t)4+10(s/t)*|Ljo4(s). It is direct to verify X (t) f0{3 12(s/t)+10(s/t)?} dB(s)
is a Brownian motlon. However, this representation is not canonical. Notice X (¢) is
independent of fOT sdB(s), which implies Fx C F&.
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If we restrict ourselves to the canonical causal factorization, we retrieve a unique-

ness result analogous to the one for Cholesky decomposition.

Proposition 3.14. Let ¥ € €(H). Assume (Ky,u) and (K, ) are two canonical
causal factorizations of . Then, there exists a diagonal operator D € D(H,) such
that K1 = KyD. Moreover, D is a multiplication operator given by Df(t) = (15(t) —
Lio,m\s(t)) f(t) for a measurable set S C [0,T].

Proof. Since (K, jt) is canonical, we have K is injective and hence range(K3) = H,.
Since K1 K = K3K;, we deduce K7 and K, share the same null space. We can define
an operator D from range K3 to range(K7) such that D(K3f) = K;f. Moreover,
D can be uniquely extended to an operator on H, = m. Therefore, by
taking D = IN)*, we derive K1 = KyD. Noticing KyDK) = K1K{ = KK and
K, is injective, we deduce DK} = K3 and D* = K;'K,. This yields that D is an
orthogonal operator on H,,.

Now, we consider two canonical representations induced by K; and Ky

X(t)z/o kl(t,s)dMl(s):/o ko(t, s) dMs(s),

where k; is the kernel of K;. Since M; and M, generate the same filtration as X, M is
a FM2_martingale. Moreover, M, is a continuous Ocone martingale with deterministic
quadratic variation. Therefore, by martingale representation theorem Vostrikova and
Yor (2007, Proposition), we have M, (¢ fo s) dMs(s) for some predictable process
p(s) taking value in {—1,1}. Together with the fact that Ky = K1 D*, we deduce
ko(t, ) = Dki(t,-) = p(w,-)ki(t,-) € H,, P(dw)-a.s A(dt)-a.e. This implies p(w,-) €
H,, is deterministic and has the form of p(s) = 1s(s)—=1jo,77-s(s). Otherwise, k (¢, ) =
0 on a positive measure set which contradicts the injectivity of K;. Moreover, we
notice the span of {ki(¢,-) : t € [0,7]} is dense in H, as K; is injective, and we
conclude Df(t) = f(t)(1s(t) — Lor-s(t)). O

Remark 3.15. Following the same lines of arguments, we can show that all orthogo-
nal operators O in the nest algebra 9(H,,) with Py, ,O|g, , surjective for all ¢ € [0, T']
are diagonal. This is of sharp contrast to the result of Davidson (1998) which shows
the abundance of the unitary operators in a nest algebra on a complex Hilbert space.
Indeed, under their setting, any contraction in 91(H,) can be represented as a finite
convex combination of unitary operators, and hence there are non-diagonal unitary

operators in 9(H,).
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3.4 Gaussian processes

Before we present our main theorem, we show that we can always decompose a Gaus-
sian process into a deterministic part and a purely nondeterministic part. These
two parts are ‘orthogonal’, and we can calculate the adapted Wasserstein distance

separately.

Lemma 3.16. For any mean-square continuous Gaussian process X, there exists a
decomposition X =Y + Z where Y is purely nondeterministic and Z is deterministic.
Moreover, Y and Z are independent mean-square continuous Gaussian processes. The

adapted Wasserstein distance between X1 and Xo can be decomposed as
AWs(X1, Xo)? = AWo(Y1,Y2)? + Wa(Z1, Z)*.

Remark 3.17. The Wasserstein distance between two Gaussian processes Z; and
Zy is well studied (see Dowson and Landau (1982), Gelbrich (1990)), and can be

calculated explicitly given the covariance operators of Z; and Z,.

Proof. The first statement is a generalization of Wold decomposition to general second
order stochastic processes, see Cramér (1971). The deterministic process Z is given
by Z(t) = Py, X (t) where P, is the orthogonal projection from L?(€2, P) to the closed
subspace span{Xs : 0 < s <t} and Py, = limy_,o4 P;. It is direct to verify (X, 7) is
jointly Gaussian and so is (Y, Z). Therefore, the independence of Y and Z follows from

the orthogonality of the projection. Since mean-square continuity can be preserved
by the orthogonal projection, we have Y and Z are mean-square continuous.

We proceed to show the decomposition of the adapted Wasserstein distance be-
tween X; and X,. Noticing under any bi-causal coupling m € Iy (X7, Xa), FX s
conditionally independent of .7-'1{(2 given F;*2. This implies ]—"f ! = F7 is conditionally

independent of ]—"}/2 given F;2. Hence, we deduce
Er[(Z1,Ya)] = Ex[Ex[(Z1,Y2)|Fi]] = Bx[{ B[ 21| F}), B [Yo| Fi]))-

Notice that E,[Ys(-)|F*?] = Ep[Xa(-) — Zo(-)|F*] = (P, — Pyy)Xa(-). By Lebesgue
dominated convergence theorem, we derive E;[(Z1,Y2)] = 0 by taking ¢ to 0. There-
fore, we have AW, (X1, X5)? > AW, (Y1, Ys)? + AWs(Zy, Z5)?. Finally, noticing for
deterministic process Z;, it holds .7-"0Z+" = }"f", and hence AWs(Z1, Zs) = Wh(Z1, Zs).

For the reverse direction, we consider the optimal bi-causal coupling my (7) at-
taining the adapted Wasserstein distance between Y; and Y, (Z; and Z3). Then

we construct a bi-causal coupling from the independent product 7y ® mz. Let
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T = (Y1 + Z1,Ys + Zy)u(nmy ® mz). By Shadowing Proposition 2.22, there exists
7 € (X1, X5) such that (Xp, Xp)gm = 7. Hence, this yields AW(X;, X5)* <
EL[| X1 — Xo?] = AWs(Y1,Y2)? + Wh(Z1, Z2)*.

3.4.1 Unit multiplicity

We present an explicit adapted Wasserstein distance formula for Gaussian processes

of unit multiplicity.

Theorem 3.18. Let X; be a centered, mean-square continuous, and purely non-
deterministic Gaussian process of unit multiplicity, with canonical representation

fo (t,s) dM;(s) fori = 1,2. Then, the adapted Wasserstein distance between
X1 and X5 is given by

AW (X0, X = [ )Pl + [ o) Pl
0 (3.7)

2 / (a8, ke 5))/73(ds),

where p;(ds) = [M;](ds).
FEquivalently, let ; be the covariance operator of X;, (K, p;) be a canonical causal

factorization of ¥;. We have the adapted Wasserstein distance
T
AWs (X1, X5)? = tr(2) + %) — 2/ | dH K7 K3 dH p, [|us, (3.8)
0
where

T

/ || dHMlK*KQ dHMzHHS - ”h”Ino Z || pit T ,ul S)KTKQ(PMQJ - Puz,S)HHS’
0

and P,,, denotes the projection of H,, to the subspace H,,, = {f € H,, : supp(f) C

[0,t]}. Here, the limit is taken over all partitions P of [0,T] with mesh size ||P||

converging to 0.

Remark 3.19. The distance does not depend on the choice of the canonical repre-
sentation. Indeed, if k; and ky are kernels of two canonical representations of X, by
Proposition 3.14 we have ki (-, s) = ki(-,5)(Ls(s) — Lps(s)). Hence, plugging k

into (3.7) does not change its value.
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Remark 3.20. One shall not expect to relax the condition of the canonical represen-
tation. We consider the non-canonical representation of Brownian motion given in
Example 3.13. Naively plugging in the formula, we would obtain a positive quantity

for the adapted Wasserstein distance between two standard Brownian motions.

Remark 3.21. Although we focus on mean-square continuous Gaussian processes,
the proof can be easily adapted to the discrete-time case. Moreover, (3.8) is consistent
with the discrete-time result given in Gunasingam and Wong (2025). In discrete-time
case, the triangular integral fOT | dH,, K{KydH,,||us can be interpreted as the sum
of the diagonal elements of K K. Here, the notation of triangular integral is adapted

from the literature of nest algebra, e.g., Davidson (1988).

Proof of Theorem 3.18. Since FXi = FMi by definition we obtain Iy (X, X5) =
(M7, Ms). We apply the transfer principle and derive that

sup E.[(X1,X5)] = sup E [(X1, X5)]
ﬂGHbc(Xl,XQ) ﬂGHb((Ml,MQ)

= sup )EWUOT /OTkl(t,s)kg(t,s)[Ml,Mg](ds)dt}.

TI'GH[,C(Ml,MQ

The second equality follows from the fact that M; and M, remain martingales with
respect to the product filtration under any bi-causal coupling, see Acciaio et al. (2020,

Remark 2.3). By Fubini theorem and Kunita—Watanabe inequality, we derive

T T
sip E(X, X)) = sup E[ I k1<t,s>k2<t,s>dt[M1,Mz]<ds>]
WGHbC(Xl,XQ) WEHbC(Ml,MQ) 0 0
T T
— wp E{ / ( / k1<t,s>k2<t,s)dt)mswmxds)}
p()€[-1,1 0 0

) ]
[(F1 (-5 8), ka(s )) v/ pia(ds).

-

The second equality follows from the fact that /uipus > [M;, Ms] and the Radon—
Nikodym density p takes values in [—1, 1]. Moreover, the optimal bi-causal coupling

is induced by a Gaussian coupling

= t —dul s)dM(s) an = t —d,ug s)p(s) dM (s
M) = [\ G () aiits) and 2) = [ [ () AR (s)

where p attains the supremum in the above estimate and M is a Gaussian martingale

with independent increments, [M](ds) = (u1 + p2)(ds).
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For (3.8), we fix s,t € [0,T]. We notice for any f € H,,

(Pust = Brur,s) KT K2 (Pt — Proys) f(r1) = /t</€1('77"1),k2(%2)>f(7‘2)/v02(d7“2)-

This gives
1/2

t t
(Pt =Py s) KT Ko ( Py =Py s) lns = U/|<k1(‘,7“1)7k2('7T2)>!2M1(d7“1)u2(d7”2)

Since X, is mean-square continuous, we have (r1,73) — (k1(-,71), k2(+, 72)) is uniformly

continuous on [0, 7] x [0,7]. This allows us to conclude

T T
| B K K = [ 1009, kol s ViTa(ds)
0 0

We give several examples.

Example 3.22. We consider the adapted Wasserstein distance between a standard
Brownian motion B and a Cantor Gaussian martingale C'. The covariance operator
of the Cantor Gaussian martingale C' is given by E[C(t)C(s)] = F(t A s), where F
is the Cantor function, also known as the Devil’s staircase. In particular, F'(dt) is
mutually singular to the Lebesgue measure. This implies that under any bi-causal

coupling B(t) and C(t) are uncorrelated which gives

AWy (B, C)* = / St F)de

In fact, every bi-causal coupling attains the adapted Wasserstein distance. On the
other hand, one can easily construct a non-bi-causal coupling by the time change of
Brownian motion under which B and C' are not independent anymore and have a
transport cost strictly less than fOT(t + F(t)) dt.

Example 3.23. We consider the adapted Wasserstein distance between two fractional
Brownian motions. For a fractional Brownian motion By with Hurst parameter H,

it has a stochastic representation given by

By(t) = /0 ki (t, s)dB(s),

where kg is the Molchan—Golosov kernel, see Molchan and Golosov (1969), Decreuse-
fond and Ustiinel (1999) for example. In particular, this gives a canonical repre-
sentation of By, see Jost (2006, Theorem 5.1). Therefore, plugging this canonical

representation into Theorem 3.18, we obtain Theorem 3.1 and have
T T
AWa(Bay B = [ (85) = b (0,9) e ds = [ K, = Ko s
o Jo
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We remark that the synchronous coupling is the unique optimal bi-causal coupling.

Example 3.24. We consider the adapted Wasserstein distance between fractional

Ornstein—Uhlenbeck processes given by

X,(0) = 21 — A, /t Xi(s)ds + By (1),

0

whose solution is given by

X;(t) =e Ml + /t MNEIABy (s).

0
Let X;(t) = Xi(t) — e Mz;. Then, X; is a centered Gaussian process, and
AW,(X1, X5)? = AWs(X1, Xo)? + /OT |e Mg, — e 2y, |2 dt.

By Cheridito et al. (2003, Proposition A.1), we can show X, is of unit multiplicity

and with a canonical representation given by

(1) = /0 " AMG0ABy, (s) = /0 t (kHi(t, o) + / LAy (1 5) dr) dB(s)
= /Ot kou,(t,s) dB(s).
By Theorem 3.18, we derive AWQ(Xl,XQ fo fo (kou, (t, s) — kou, (t, 8))* dt ds as
kou, > 0.
3.4.2 Higher multiplicity

We can also extend the result to the case of higher multiplicity.

Theorem 3.25. Let X, and X5 be two centered, mean-square continuous, and purely-

nondeterministic Gaussian processes with canonical representations

moot
:Z/ Ki(t,s)dMi(s) and Xt Z/ kL (t, s) dM](s).
i=1 70

Then, the adapted Wasserstein distance between X; and Xy is given by

AWa(Xi )" Z / I s) P s) + 3 [ kS0 Pras)

-2 Ig%('as)%,j o \/ /L%/L%(d‘S)?
- B dput ; 7 i o qd % j
where ki (-, s) = dM%( $)ki (- s) and ky(-, s) = Mé( $)ky (- s).
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Remark 3.26. We point out that even though the Gaussian process X; is one-
dimensional, its natural filtration is ‘multi-dimensional’. Indeed, we can use X; to
reconstruct a multi-dimensional Gaussian martingale M; = (M7, ..., M{") with inde-
pendent components, sharing the same natural filtration as X;. Hence, the adapted
Wasserstein distance between higher multiplicity Gaussian processes is similar to the
discrete-time multi-dimensional case (Acciaio et al., 2024) where a trace norm is
present. In the same fashion, one can derive the adapted Wasserstein distance be-
tween multi-dimensional Gaussian processes with arbitrary multiplicity. For brevity,

we only present the one-dimensional case.

Remark 3.27. Gaussian processes with higher multiplicity do exist in theory, al-
though they are mostly pathological and not common in practice. For example, the
independent sum of a standard Brownian motion and a fractional Brownian motion
with H > 3/4 is equivalent to a standard Brownian motion (Cheridito, 2001), and
hence the mixture is still a Gaussian process of unit multiplicity Hida and Hitsuda
(1993, Theorem 6.3). In Hida and Hitsuda (1993, Chapter 4), a Gaussian process
with multiplicity 2 is constructed explicitly by taking X (¢t) = Bi(t) + F(t)Ba(t),
where B;, By are independent standard Brownian motions, and F’ is integrable but

F' is nowhere locally square integrable.

The following is an elementary algebraic lemma which we require for the proof of
Theorem 3.25.

Lemma 3.28. Let A € R™™ B € R™" and C € R™". Assume A and B are

semi-positive definite. Then, for any T € R™™ such that (£ 5§) > 0 we have
tr(CT*) < ||AY2CBY?||,,.

Moreover, the equality can be attained by I' = AYV2UV BY? where U and V are given
by the singular value decomposition AY*CBY? = UXV .

Proof. We first show the results for nondegenerate A and B. We notice ({1 L) >0
is equivalent to I > (A"Y2I'B~Y/2)*(A~Y2I'B~Y/2). Moreover, the singular value
decomposition gives

tr(CT*) = tr(AY2CBY2(A™YPT B71%)*) < tr(%) = ||AYV2CBY?|s,.

Now we consider the general case. Since (If‘ g) > 0 is equivalent to (?5 EE) > 0 for
any £ > 0 where A, = A+ el and B. = B +l. We derive tr(CT*) < || AY*CBY?|,
for any ¢ > 0. Therefore, we conclude the proof by taking the limit ¢ — 0 and
noticing the equality can be attained by I = AY2UV BY/2, O
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Proof of Theorem 3.25. We put emphasis on the difference between the unit multi-
plicity case and the higher multiplicity case and only sketch the similar part. We
write My = (M7}, ..., M™), My = (M, ..., M}). Similar to the unit multiplicity case

we notice

sup E.[(X1, X3)] = sup E. (X1, X3)]

m€llp (X1,X2) m€llpc (M1,M2)

— s Y B [ /0 ' /0 Uk skt )M M (ds) dt]

nEllpe (M1, M2) 7

= s SB[ e K ) s,

ﬂEHbc(Ml,MQ) i,j

where T/ is the density of [M?, MJ] with respect to \/ulul. By Kunita-Watanabe
inequality, we derive
. d;Ufl d'um
d1ag<ﬁ,...,d—#§> r

x T duy
I d1ag<ﬁ,...,d—u%

920
)

By Lemma 3.28, we conclude the proof. In particular, the supremum is induced by

the Gaussian coupling

My(8) _/Ot \/diag(‘il—’f,...,d;—f) (s) M (),

My(t) = /Ot \/diag(il—'[f, L dd’”f) (5)T*(s) AV (s),

where v = ul + pd, T' a deterministic process attains the supremum in the above

estimate, M is a Gaussian martingale with independent increments and [M](ds) =
Idv(ds).
]

3.4.3 A martingale approximation to the fractional BMs

It is well-known that, except in the case H = 1/2, the fractional Brownian motion is
neither a martingale nor a Markov process. Hence, models based on fractional Brow-
nian motions in practice are often less tractable and lead to difficulty in numerical
simulation. To this end, we use the transfer principle to derive the best martingale
approximation of a fractional Brownian motion in terms of their adapted Wasserstein

distance, i.e.,

iAI}[fAW2(BH, M)?, where M is a FP#-martingale. (3.9)
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Theorem 3.29. Let ky be the Molchan—Golosov kernel of the fractional Brownian

motion By. Then, the solution to (3.9) is given by

/ _T/ ky(s,r)dsdB(r).

Proof. Since Bpy(t) fo kg (t,s) dB(s) is a canonical representation, we have FP# =

FZ. Without loss of generality, we may restrict (3.9) to the set of centered and square
integrable martingales. Under any bi-causal coupling 7, M is still a FP-martingale.

By martingale representation theorem, we deduce
t
M(t) = / p(r)dB(r), where p is a FP-predictable process.
0

Therefore, we have

inf AW (By, M)* = n;fE _/OT By (s) — /0 p(r)dB(r) st]
=infE -/OT /OS(]{:H(S,T) — p(r))dB(r) 2 ds]
—inf /OT /TT(k:H(s,r) _ p(r)2ds dr].

It is clear that the optimal p is given by py(r) = z fTT ky(s,r)ds. O

We can interpret My as the martingale whose volatility is given by the average
volatility of the prediction process of By. To be more precise, we introduce the
prediction process Oy of By as the double-indexed process given by

Ou(s;t) := E[By(t)|FPH] = /08 kp(t,r)dB(r) for 0 < s < t.

In particular, for any fixed ¢ € [0,T], ©g(-;t) is a martingale with volatility given by
kg (t,-). Therefore, the volatility of the martingale My at the current time r, pg(r),
is given by the current volatility of the prediction process Og(-;t) averaged over the

future period [r, T.

3.5 Fractional SDEs

In this section, we investigate the adapted Wasserstein distance between 1D fractional
SDEs. Let X; be the solution to

t t
X;i(t) = xi—i-/ bi(Xi(s))ds—l—/ o:(Xi(s)) dZ;(s), (3.10)
0 0
where Z;(t) = [, ki(t,s)dB;(s) and B; is a standard Brownian motion.
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Assumption 3.30. We assume

e b;,0; € C? with bounded first and second derivatives.
o b/ and o are uniformly continuous with a modulus of continuity p;.

e 0; is positive, bounded, and bounded away from 0.

Assumption 3.31. We assume Z;(t fo (t,s)dB;(s) is a canonical representa-

tion. Moreover, k; satisfies
o ki(t,s) >0 for any t,s € [0,T].
o ki(-,s) € C([0,T];R) for any s € (0,T].
o |ki(t,s)] < CsY2H|t — s|H=Y2 and |0k;(t, s)| < Cs'/>~H|t — s|H=3/2 for some
H e (1/2,1).
Assumption 3.32. We assume either of the following conditions holds:
(i) (b;/0;) is non-decreasing.
(ii) k1(-,s) and ko(-, s) are both non-decreasing for any s € (0, 7.

The following well-posedness result is standard, and for example, can be found in

Friz and Hairer (2020, Section 8.3), Viens and Zhang (2019, Theorem A.1).

Lemma 3.33. Under Assumptions 3.30 and 3.31, fractional SDE (3.10) is well-posed
with a unique a-Holder continuous strong solution for any o < H. The stochas-
tic integral fg 0i(Xi(s))dZi(s) can be interpreted as a Young integral. Moreover,
Elsupsecior | Xi(t)|P] < oo for any p > 1.

Theorem 3.34. Under Assumptions 3.30, 3.31 and 3.32, the adapted Wasserstein
distance between X, and X is attained by the synchronous coupling between By and
By, i.e., the noises Z1 and Zy are driven by the same Brownian motion. In particular

the synchronous coupling is a bi-causal coupling between X; and Xs.

Remark 3.35. Assumptions 3.31 and 3.32 includes the Riemann—Liouville fractional
kernel RLy(t,s) = T(H +1/2)7(t — s)¥ 712154, as well as the Molchan-Golosov
kernel kg (t,s) for H € (1/2,1).

We split the proof of Theorem 3.34 into two steps. The first step is to show, by a
stochastic control reformulation, the results hold for the additive noise, i.e., o; = 1.
In the second step, we apply Lamperti transform to reduce the general case to the

additive noise case.
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3.5.1 Additive noise

By strong well-posedness Lemma 3.33, we reduce the problem to a minimization over

the bi-causal coupling between the driving Brownian motions.

Lemma 3.36. Let 0; = 1 for i = 1,2. Under Assumptions 3.30 and 3.31, we have
(X1, Xo) = Ioe( By, Bs).

Proof. Tt suffices to show FXi = F5_ From the strong well-posedness, we have F;% C

FPi for any t € [0, T]. Moreover, we notice

Z,(t) = / kit ) dBi(s) = Xi(t) — 2 — / bils, Xi(s)) ds € FXe.

This implies F' = F7 C F;“ from the canonical representation of Z;. Therefore,

]:th- — ]-‘tB © and we conclude the proof. O

Now, similar to Bion—Nadal and Talay (2019), we address the bi-causal optimal
transport problem as a stochastic control problem with the control of the correlation

of the driving Brownian motions. We consider a controlled system

Xl(t) :l‘1+/ bl(Xl(S))dS+/ kl(t,S>dBl(S),

X;L(t) =T + /0 bg(X;(S)) ds + /0 kQ(t, 8) ng(s),

where dBY(t) = sin(u(t)) dBy(t)+cos(u(t)) dBy(t) and By is a Brownian motion inde-
pendent to B;. We notice the control only enters the system through the correlation

of the driving Brownian motions. Our aim is to minimize

in )EVOTyXI(t) _ X;(t)th],

wel([0,T]

over U([0,T]) the set of (F5 v Fgl)—progressively measurable processes. We immedi-

ately see that X no longer enjoys the flow property in the sense that

Xi(t) # X550(1),  where  XPNU(t) = Xy (s)+ / b(X1(r)) dr+ / ki(t, s) dBy(r).

Therefore, the classical approach of dynamic programming does not apply directly.
To go around this issue an auxiliary system © is introduced in Viens and Zhang

(2019) to retrieve the flow property. We adapt their framework to our setting as

O1(s;t) = 1 + /S b1(©1(r;7)) dr + /S ki(t,r)dBy(r),

0 0
O (s;t) = x9 + / b (O (r; 7)) dr +/ ko(t,r) dBgy(r).
0 0
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In particular, (Xi(t), X5(t)) = (©1(¢;t), ©%(t;t)) and

T
0

w€lly (B1,B2) ueU([0,T

We can view {(©1(¢;-),©%(t;-)) : t € [0,T]} as an infinite dimensional flow taking val-
ues in C([0, T|; R?). Naturally, we define the value function v : [0, T] x C([0, T|; R?) —
R as

T
v(r,wy,we) ;== inf FE {/ |©7“ (¢ t) — @;M’u(t;t)fdt},

wel([r,T7)
where

O (-5t :wl(t)+/. bl(@§7w1(3;5))d8+/' ki(t, s) dBi(s),

r

OL“2 (1) = wy(t) + / by (05" (s:5)) ds + / alt,5) dBY(s).

r

We denote the time derivative by 0; and the first and second Fréchet derivatives by
d., and 92 | respectively. The corresponding HJB equation is given by

(O + L1+ Lo+ H)V (r,wr,ws) = —|wi (1) —wo(r)|> with  V(T,wy,wsy) = 0. (3.11)
Here, £; and H are given by

LV (r,wy,wy) = <bi<wi(r>>l[0,T](')7awz‘v(r7 w1, w2)(+))
S0 () 7)), 82,V (1) ()

and
HV (r,wi,w) = inf  a((ky(-,7), ka(-,7)), 02 .V (r,wi,ws) ().

a€[—1,1] Wi
We denote the expected cost under the synchronous coupling by V., which is given
by

T
Vi(r,wi,ws) = E [/ o7 (1) — 052 (1:4) | dt],

r

where

O (i) —wa(t) + [ b i) ds+ [ halt, ) dBa(s),

T

057 (51) =w2(t)+/' ba (O35 (s s)>d8+/' ka(t, s) dB(s).

T s

Our plan is to verify V. coincides with the value function v. To achieve this,
we adapt a functional It6 formula from Viens and Zhang (2019, Theorem 3.10) to
our setting. We note that the kernel k; has the same singularity as the fractional

Brownian motion kernel ky(t,s) for H € (1/2,1), where the singularity can only
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occur as s approaches 0. Hence, for any r > 0 Viens and Zhang (2019, Theorem
3.10) is directly applicable. The derivatives involed here are the time and Fréchet
derivatives, in contrast to the horizontal and vertical derivatives studied in Dupire
(2009), Cont and Fournié (2010). We also remark that a pathwise 1t6 formula for

non-anticipative functionals is derived in Cont and Fournié (2010).

Lemma 3.37 (Functional 1t6 formula). Let u : [0,T] x C([0,T]; R?) — R be a purely
anticipative functional, i.e., u(t,wy,ws) = u(t,wi(- V t),wa(- V1)) for any t € [0,T]
and w; € C([0,T];R). Assume u € C*2, and there exists a modulus of continuity p
such that for any n,n € C([0,T];R), u satisfies the following conditions:

(i) for any wy,ws € C(0, T R),

(7, O u(r, w1, w2)) | < C(1 + [Jwilloo + [lwzllo0) [7]]se
{00, 7), O ulr, wr, w2))| < C(L+ [lwilloo + llwzlloo) 7 lloc 177l o

(it) for any other wi,w) € C([0,T];R),

[{(n.7), 0%, U(T wi,ws) — O, u(r, Wi, wh))|
C(1 + [lwrlloo + llewalloo) 1 lloc 17l ccp(llwr = willoo + [z = whlloo)-

Then under Assumptions 9.30 and 3.31, we have
ult, O (1), 05 (1)
=) + [ Ok £ Lauls, 015 (51, 055°(5 ) d
[ 01 b)), 02,y O 5, 055 )
ﬁ[%mﬁmaw O} (s3-), 05 (s;.))) By (s)
[ a9, 005,025, 05251 ) 4B o),

The following technical lemma states that V, is sufficiently regular to apply the
functional It6 formula of Viens and Zhang (2019).

Lemma 3.38. Under Assumptions 3.30, 3.31, and 3.32, V., satisfies conditions in

Lemma 3.37, and is a classical solution to

(at_’_*cl—l"C?)V;(T? Wi, w2)+<(k1<'7 T): kQ('v T))7 aqug‘/*(rv Wi, w2)()> = _|w1 (T)_WQ(T)F'
(3.12)
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Moreover, there is a probabilistic representation of 83WQV* given by
T
<(7717 772)7 831w2‘/:“(r7 Wi, w2)> = —2F {/ <7717 F?,(:l (t)><772’ Fg’f? (t» dt ) (313)
where I is the unique solution to
t
L3 (t) = o0(t) + / bi (07" (s39)) 135" (s) ds. (3.14)

To not distract the readers, we postpone the proof of this technical result to

Section 3.6 and continue with the main line of our results.

Theorem 3.39. Under Assumptions 3.30, 3.31, and 3.32, V, is a classical solu-
tion to the path-dependent HJB equation (3.11). Moreover, V. coincides with the

value function v, and in particular, the adapted Wasserstein distance is given by
AW, (X1, Xo) = Vi(0, 211 1, 221 0.77) /2.

Remark 3.40. We point out that a similar stochastic control approach was taken in
Bion-Nadal and Talay (2019) where they rely on the regularity and well-posedness
of nonlinear parabolic equations. However, to the best of knowledge, there is no
well-posedness result for nonlinear functional parabolic equations on Banach space
which can be directly applied to our setting. Our estimates are based on probabilistic
methods. We manage to show the existence of the classical solution to the path-
dependent HJB equation by a direct construction. It is interesting and challenging to
build a viscosity solution theory of this type of path-dependent HJB equations. We

leave this as a future research direction.

Remark 3.41. Following the same line of proof, we can show that for any non-
decreasing f; with bounded first, second, and third derivatives, synchronous coupling

is still an optimal coupling for the bi-causal optimal transport problem

nf B, [ [ 100600 - RCx)R el

WEHbc(Xl,XQ)

Also, see Remark 3.48 for more details.

Proof. We prove V, is a classical solution to the HJB equation (3.11). By Lemma 3.38,
it suffices to verify that ((ki(-,7),ka(-,7)), 0% . Vi(r,wi,w2)) < 0. Recall we define

) T wiw2

7Y in (3.14), and it admits a unique solution

%

(o = o)+ [ t exp( / (O (7)) dT) BO7 (s:5)0(s) s, (3.15)

S
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We discuss two cases in Assumption 3.32 separately. If b; is non-decreasing, from
(3.15), we derive (n;, I'**) > 0 for any n; > 0. Plugging it into (3.13), we conclude
Vi is a classical solution to HJB equation (3.11) as k;(-,7) > 0. If ky(-,7) and ka(-,7)
are both non-decreasing, by applying integration by part to (3.15), we derive

o) = [ o [ (12 (i) (s

have the same sign for i = 1,2. Therefore, V, is a classical solution to (3.11).

We show that V, coincides with the value function v. We fix a control u € U([r, T)
and, by Lemma 3.38, we apply functional Itd formula to Vi (¢, 07" (¢; ), ©5“(¢;-)).
We obtain

V*(T, w17w2)
T
__E [ [ @£k eV 07 ), 0 ) dt}
T
—E [ / sin(u(t))((ku(t, ), ka(t, ), Owyen Va(t, OT (85 -), ©572"(t;-))) dt]
T
< —E[/ (O + L + L + H)VA(t, O (£ ), O3 (1)) dt}
T
_ El/ |O7“ (t;t) — @g’“’?’“(t;t)\th}.

The above inequality follows from the fact that V. satisfies HJB equation (3.11).

Therefore, taking infimum over U([r,T]) we deduce

T
Vi(r,wy,we) < inf )E{/

weU([r,T]

2
@i,wl(t)(t; t) o @;,wz(t),U(t;t)‘ dt:| = ?J(T, wl,WQ)-

On the other hand, we notice u(r) = 7/2 gives an optimal control, and hence V, = v.
O
3.5.2 Multiplicative noise

Now we return to (3.10) with diffusion coefficient o; satisfying Assumption 3.30. We

write

|
ale) = [ —rde md V) = 0(500)

Notice that under Assumptions 3.30 and 3.31, X; and Z; are a—Holder with o > 1/2.
This yields, Y;, the Lamperti transform of X, satisfies

)
vy = | (g (Vi(s))) O A
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Lemma 3.42. Under Assumptions 3.30 and 3.31, we have FXi = FBi,

Proof. By Lemma 3.33, X; is a strong solution and hence F;*i C FPi for any t €
(g7 (Yi(s . . .
[0,7]. On the other hand, we notice Z;(t) = Y;(t) tLY’()))))) ds, which implies

0 ai(g T (Yis
]-"tZi - ]_-th Therefore, we deduce
Fr=FrCF SRR
]

The above lemma allows us to reduce the adapted Wasserstein distance between

X1 and X5 to a bi-causal optimal transport problem between Y; and Y5 as

AWa(X0, Xo = inf )E[/ 97 (1)) — 95 (Va2 ]

m€lp (Y1,Y2

7 jog ! . . . 7 —
We construct (b;,5;) = <l”—gl_1, 1). A direct calculation gives b = b, 0 g;' —

0;09;
(biog; ) (ajog; ")

—1
0iog;

and

(b0 g; ")(o}ogh)?

b = (bl og; (oo )~ (biog ) (ologi )~ (biog ot ogr )+~

If b; were bounded, we could verify (b;, ;) satisfies Assumptions 3.30, and (b;/d;) is
non-decreasing if (b;/0;) is. Applying Remark 3.41 we could conclude the proof of
Theorem 3.34. For unbounded b;, we take a sequence of functions b € C? satisfying
Assumption 3.30 and converging to b; pointwise. In particular, we can assume b} = b;
on [—n,nl, and |(b})| < |b)| < L. We define

t t
X' (t) = z; —i—/ b?(XZ-”(s))ds—l—/ oi( X[ (s))dZ;(s).
0 0
By the triangle inequality, we obtain
AW (X7, X3 < AWo (X1, Xo) + AWs(XT, X1) + AW (X7, Xs).

In order to show the synchronous coupling is optimal, we only need to show AWs (X", X;)
goes to 0 since the synchronous coupling is already optimal between X7 and X7} by

previous arguments.

Lemma 3.43. Under Assumptions 3.30 and 3.31, we have lim,,_,o, AWo (X", X;) = 0.

46



Proof. By Lemma 3.42, we have F*7' = F#" | and hence the synchronous coupling sync
between Z* and Z; is a bi-causal coupling between X' and X;. We write Y;" = ¢;(X})
and b} = I;_Z—j’ By our construction of b7, we have b = b; on [—n,n] and |(b?)| <
b < L. Without loss of generality, we may assume |b}'(z)| + |b;(z)] < L(1 + |z|) for
possibly larger L.

Since o; is bounded and bounded away from 0, we derive that

AW2(XZL7XZ)2 S Eﬂ-SyHCI: ‘)(’Ln_‘)(Z”2 = E

Tsync [

~Yi[?].

g (Y=g " (Y)IIP] < CEr, IIY;

Therefore, it suffices to show Y," converges to Y; in H in L?. Notice under Tsync, We

have

V() - |2<2(/ B () — B (Vi(s) rds) +2(/ e <i<s>>|ds)2

§2TL2/0 Y7 (s) — Yi(s )|2ds+2T/ b7 (Yi(5)) = bi(Yi(5)) " Lyie)j2n) ds
§2TL2/0 yﬁfin(s)—m(s)\ds+2TL2/o (14 |Ya(s)D* Lgyi(s) 2y ds.

By Gronwall inequality, we obtain

T
Er Y =Y]7) < C/O B [1Yi(8) P Ly (s)2my ] ds.

By Lemma 3.33, Y; is in L?, and hence we derive the L? convergence of Y. O

3.6 Some additional estimates

Recall _ _
01 (-1 1) = wilt) + / (67 (s ) ds + / ki(t, 5) dBy(s), (3.16)

T

and

Yi(t) = o(t) —l—/ b, (05 (s55))I7 1" (s) ds. (3.17)

r

Proposition 3.44. Let s € [r,T] and n € C([0,T];R). Under Assumptions 3.30
and 3.31, the following estimates hold with a deterministic constant C independent

of w; and n

sup B[O (6:1)]) < C(1+ [|lwilloo) and sup |07 (1) — 672 (£;1)] < Cll1l]oo-
te[r,T] te[r,T]

Proof. Tt follows directly from the Gronwall inequality and the boundedness of &'. [
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Proposition 3.45. Let s € [r,T] and n,n € C([0,T];R). Under Assumptions 3.30
and 3.31, the following estimates hold with a deterministic constant C' independent

of wi, 1, and 1

sup (i, 7 (8)] < Cllilloe and sup (5, 70 (8) = T2 ()] < Cllifll ool 0]l -

telr,T] telr,T)
Proof. Tt follows directly from the Gronwall inequality and the boundedness of 4" and
b". O
The following result shows that I';%" is the first variation process of ;%"

Proposition 3.46. Let n € C([0,T];R). Under Assumptions 3.30 and 3.51, there

exists a deterministic constant C' independent of w; and n such that

sup [O7(t:t) — O (1) — (0, T ()] < Cllnll2-

te[r,T]

Proof. Write AO(t) = O7(t;t) — ©77(t;t) and Ri(t) = AO(t) — (n, I}y (t)).
Plugging (3.16) and (3.17), we notice that

R0 = [ (1 (s () s
Jr/:(/o1 [5(O75 (55.5) + AAB(s)) — b(O]57 (s55))] d)\)A@(s) ds.

By Gronwall inequality and Proposition 3.44, we deduce

sup [Ry(t)] <0Hm|oo/ / B(07 (51 5) + AAO(s)) — H(O7 (s: 8))| dA ds.
ter,T]

Since b} is bounded and sup;cp, 7 [AO(t)] < C||nloo, we derive sup,ep. 7y |Ri(t)] <
Clinllz- 0

We define
t t
=z = [ ew( [ #(O (ri ) a7 (1 (soNIT () @ T () s, (319

which is the unique solution to

Ei(t) = / b;(0;5 (s55))E0 (s )ds+/ b (07 (5;8)) 155 (5) @177 (s) ds. (3.19)

r

Proposition 3.47. Let n,n € C([0,T];R). Under Assumptions 3.30 and 3.31, there

exists a deterministic constant C' independent of w;, 0, and 1 such that

S (7, T3 () = T3 (@) = (), Z2 ()] < Clltlloolnll oo i ([I7lloo)
e|r,

where g; is the modulus of continuity of b!.
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Proof. Write AL(t) = (7, T77"""(t) — T} (1)) and Re(t) = AT(t) — ((n.7), Z5 (1))
Plugging (3.17) and (3.19), we notice that

t
Raft) = [ H(©%(s59) Ralo) ds

o [ 007 (s:5)) — H(O12 (55))AT(s) ds

t
+/ (D072 (515)) — D(O75 (535)) — b (07 (s:8)) (0, T35 ()] (1, 1727 () ds.
By Gronwall inequality, we deduce

sup | Ry (1)]

te[r,T]

/ D(077 " (s;5)) — (075" (s::8))[| AL (5)| ds
+/ (07 (558)) — (07" (s3:8)) — b (07 (53.8)) (m, Tis (s) {7, T (5)) | ds
=1 + L.

By Proposition 3.44 and Proposition 3.45, we notice I1 < 7| ||7]|%,- For I, we plug

in the estimates from Proposition 3.46 and obtain

Iy S lllee sup [Ra(t)]

te[r,T]

+||n||oo/ [BL(O7 " (s3:5)) — bi(O7" (538)) — 0} (672 (555)) AO(s)| ds
< Nillssllnllze + ||77||oo/ / b7 (052" (51 5) + AAB(s)) — b7 (0;)|| AB(s)[ dA ds.

Notice that b is bounded with a module of continuity g;,and sup;e), 7 [AO(t)] <
CIn|[o- By Lebesgue dominated convergence theorem, we show that sup,¢(, 7 Ra(t) <

Cllllsolmlls0 01 (Il 0)-

Il
Let ¢ € C3(R%; R) be a general cost with derivatives growing at most linearly. We

consider

T
)= B| [ (@7 (60,05 ) e

Remark 3.48. For example, we can take c(z,y) = |fi(z) — f2(y)|?, where f; has

bounded first, second, and third derivatives.
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Proposition 3.49. Under Assumptions 3.30 and 3.31, we have u is twice Fréchet

differentiable and weakly continuous. In particular, fori,j =1,2,
D (s on, o) [ / DO (£:1), O3 (1 )T (¢ )dt] (3.20)
P, ulr w1, ) = [/ (B 1) 052 (1 )T () 0 T2 (1)
+5WE{ / Duc(O7 (8 1), O (£ 1)) =1 )dt] (3.21)

T

where 0; j is the Kronecker symbol.

Proof. The linear growth of 82 c yields

c(01,05) — c(61,65) — > ic(61,02) (6; — 6)

1=1,2

<O+ ) (6] +16:])

i=1,2 i=1,2

Plugging 0; = O; M (t;t) and 0; = O] (t;t) into the above estimates, and by

Proposition 3.46, we deduce

u(r, wy + M, wa + 1) — u(r, wy, we) = {/ 0ic(O731 (t;1), ©552 (£ 1)) (s, L727 (t)) dt}
1=1,2
+ o(llm oo + lIm2llo0)-

Therefore, u is Fréchet differentiable, and (3.20) is verified. To show (3.21), we only

need to notice that d;c, ¢ has a linear growth and sup,¢(,. 1 (7, 72" (1)) < CI7| -

By Proposition 3.47 and similar arguments as above, we deduce
(1, Oy u(r, w1 + M1, we + N2) — Oy u(r, wi, wa))
= ] [ OO 60,050 ) 1. () o T30 ]
] [ 0RO (00, 05 50 . T 0 0
EU 010(97{’,?1(15%),95’,“12(15;t))((ﬁ,m),E?{’,fl(tDdt] +o(llmllse + [172llo0)-

Therefore, u is twice Fréchet differentiable and weakly continuous with derivatives
given in (3.20) and (3.21). O

Proof of Lemma 3.38. We first show that u satisfies all conditions in Lemma 3.37.
We recall the regularity condition here. For any 0,7 € C([0,T];R), it holds that
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(i) for any wy,wy € C([0,T];R),

[(0; O u(r, wr, w2))| < C(1 A [lwn]oo + [lwalloo) 17l
{1, 7), Oy ulr, wr,w2)) | < C(L+ [lwilloo + llwalloo) 17lloo 1]l

(3.22)

(ii) for any other wi,w) € C([0,T];R), there exists a modulus of continuity p such
that

({7, 70), O ulr, wr, wa) — 05y u(r, W, wh))|

) YWy Wi

< O+ [Jwilloo + llwalloo) I lloslllccp(ller — willoo + flwz — whlloo)-
(3.23)

We first verify (3.22). By Propositions 3.44 and 3.45, we have

sup E[|0;7" ()] < C(1+ flwilleo) and [(n, T35 ()] < Cllnlloo-

te|r,T]
Plugging the above into (3.20), we derive

(1, Ouul(r, wr,wa))| < Cllnlloe B[1+[O75 (851)] + 0527 (£:1)]]
< O+ [lwn]loe + [lealloe) 7l -

For the second derivative, we notice

[{(n, ), D22 () @ T57 (E))] = [, T3 () (7, 152 ()] < Cllnlloc 77l e

Moreover, from (3.18) and the boundedness of b}, b, we deduce

1) )

[{(n,7), Z5" ()] < C/ [{(n,7), T3 () @ T (s)) | ds < Clinlloo 17l oo

Therefore, by Proposition 3.49 and the linear growth of J;c, 82]0 we derive

[(7,77), 02 ulr, wr,w2))| < C(L A+ [[willoe + lwalloo) 100 17]]c-

Now, we start to verify (3.23). Since 82 ¢ has a linear growth, we have

Dic( @7 (1:1), O3 (1:1)) — 0,c(O (1:1), O3 (1:1)
< C(1 107 (1:0)| + 105 (1:1)| + 1074 (1:0)| + 052 8:1))
X (1072 (1) — 07k (1 )] + 052 (1) — O (1))
C(1+107 (1 0)] +1057 (15 1)] + llon — willoe + s — )

X (lwr = willoo + flwz = whlloo)-
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Similarly, as 97 "ikC has a linear growth, we have
OZe(OF1 (1), 052 (1)) — D2e(O7 (151), ©55% (1:1)
< O+ 00 (0] + 10557 (5 0] + llwr — willeo + w2 — whllo)
X (Jlwr = willoo + [lwn — whllso)-
By Proposition 3.45, we have
(. 0). T () @ T2 (1) = T (0 @ T2 (1)
< O L (1) = TEt (), T2 ()] + Ol T () (1. T3 (1) — Ty (1)
< Clinllsollillso ([lwi = willoo + llw; — wjlloo)-

Plugging the above estimates into (3.18), we derive

(0, 7), Z52(8) = Zr2 )] < Cllnll lllooi (lles — willoo),

where p; is the modulus of continuity of /. Combining the above estimates, we
conclude (3.23).

Now, we show that O,u exists and is continuous. By the Markov property of
(073, 055?%), we have

1,x »

r+4
u(r,wy,we) = E {/ (0751 (t:1), 0552 (t; 1)) dt + u(r + 6, 075 (r + 6;-), O35 (1 + 0; ))}
' (3.24)
Since we have verified (3.22) and (3.23), applying Itd formula we obtain

(7’-'-5 @ro.u(,r_'_é;_)’@12”,:2(70_’_5;.)) —u(T+(5,W17w2)

r+6

— [ Lol O3 (5), 05 (s ) ds
' r+6

[ R8Tl ), 22l O 5::), €52(s:)) s
s

" / (1 (- 8), By u(, 07 (51 ), O3 (5:))) dBa (5)

46
" / (ol 8), Dunu(s, O3 (5:-), 05 (5;-))) By (5).

Plug the above identity into (3.24) and divide both sides by §. Let § go to 0, and we

deduce u satisfies

(O + L1+ Lo)u(r,wi,wa) + (k1 (-, 7), ko 7)), 05 u(r, wi,w2) () = —c(wi(r), wa(r)).
(3.25)
This gives the continuity of d,u. We conclude the proof by noticing u = V, if we take

c(x,y) = |z -yl B
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Chapter 4

Adapted Wasserstein DRO:
Duality

4.1 Introduction

As Box famously said (Box, 1976), all models are wrong, but some are useful. In real-
world applications, practitioners often need to trade off between a model’s fidelity
(its capability to capture system features) and a model’s tractability (its capability
to provide interpretable solutions). A postulated model may capture some important
aspects of reality, while inevitably ignoring some other aspects. This is especially true
in mathematical finance, where the model is often derived from theoretical considera-
tions, possibly combined with some calibration to market data. This inherent Knigh-
tian uncertainty (Knight, 1921) regarding the model is of fundamental importance
and a subject of intense studies in mathematics and economics alike. Mathematical
frameworks such as risk measures (Follmer and Schied, 2008) and sublinear expecta-
tions (Peng, 2019) have been developed to take into account such uncertainty. More
recently, Wasserstein distributionally robust optimization (W-DRO) has emerged as
a powerful tool to counter model uncertainty (Mohajerin Esfahani and Kuhn, 2018,
Blanchet and Murthy, 2019, Gao and Kleywegt, 2022). It is formulated as minimax
problem that optimizes a worst-case objective, evaluated over a collection of models.
This collection is often referred to as the ambiguity set and is taken as a Wasserstein
ball centered at a reference model.

In this chapter, we extend Wasserstein distributionally robust optimization (W-
DRO) to a dynamic setting, where model uncertainty is quantified by the causal /adapted
Wasserstein distance. This distance not only captures the spatial differences between

two models but also the information flow they generate. The choice of ambiguity set
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here is natural in a dynamic setting and, to some extent, becomes essential when con-
sidering optimal stopping problems. Crucially, it allows for models with potentially
different support from the reference model, similar to the classical W-DRO, while
excluding models that can only be obtained from an anticipative perturbation of the
reference model.

Despite its appealing theoretical framework, adapted Wasserstein distributionally
robust optimization (AW-DRO) often suffers from the computational challenges in-
herited from causal optimal transport. Our contribution here is to fill this gap by
providing a tractable dynamic duality formula for the AW-DRO problem in both

discrete and continuous-time settings. We focus on the distributional model risk:

sup B, [f(X)],

vEBs (1)

where Bs(p) is an ambiguity set given by a causal Wasserstein ball or an adapted
Wasserstein ball. We will extend this ambiguity set constraint to a more general

penalized form

V= sup {E[f(X)] = L(Tu(p, )}, (4.1)
veZ(X)

where L is a penalty function, and 7, represents the optimal causal/bi-causal trans-

port cost given by
To(p,v) = inf  Ere(X,Y)],

melL (p,v)
with * = ¢/bc respectively. By choosing an indicator penalization L and an appro-
priate cost ¢, one can easily recover the corresponding ambiguity set Bs(u).

While V; and Vj, are not equal a priori, we will show that under mild regularity
conditions, these two penalizations are equivalent. This allows us to omit the subscript
when there is no ambiguity. Our main results, detailed in Sections 4.4 and 4.5, show
that

V= mf{L"(\) + UV},

where L* is the convex conjugate of L, and U is a convex function given by a dynamic
programming principle. In particular, U can be computed recursively in discrete
time, or solved by a path-dependent Hamilton—Jacobi-Bellman (HJB) equation in
continuous time. Moreover, in Sections 4.6 and 4.7 we replace the linear expectation
v — E,[f(X)] in (4.1) with a nonlinear functional v — F(v) and derive duality
formulas in discrete time. In Section 4.6, we take F' as the expected shortfall, a
concave functional of the model; in Section 4.7, F' is taken as the value of an optimal

stopping problem, which is in general not concave.
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To the best of our knowledge, this is the first result that tackles the duality of
AW-DRO in continuous time and considers optimal stopping problems. In continuous
time, we reformulate the dual problem as a non-Markovian stochastic control problem
and utilize the tools from functional It6 calculus (Cont and Fournié, 2010, Bally et al.,
2016) to establish a path-dependent HJB equation. For the AW-DR optimal stopping
problems, we leverage a novel concave relaxation which lifts the optimal stopping
problem to the space of adapted stochastic processes. The original problem is then

recast as a Wasserstein DRO problem on the ‘nested space’.

4.1.1 Related literature

Distributionally robust optimization (DRO) provides a framework for decision-making
when the underlying stochastic model is uncertain. Unlike classical stochastic opti-
mization, which assumes a single reference distribution, DRO considers a collection of
plausible distributions often defined via statistical distances such as the Wasserstein
distance or ¢-divergences and optimizes for the worst-case expectation over this am-
biguity set. This review is focused on the transport-type DRO; for a broader survey
of the field, we refer interested readers to Rahimian and Mehrotra (2022), Kuhn et al.
(2025).

Wasserstein DRO has found broad applications in operations research, mathemat-
ical finance (Bartl et al., 2020, Blanchet et al., 2022), and machine learning (Bai et al.,
2023, 2025, Blanchet and Murthy, 2019), where robustness to model misspecification
is crucial. A key development in Wasserstein DRO is its duality theory, which reveals
a close connection to regularized optimization. This theory has been progressively
generalized, starting from the data-driven case where the reference measure is an em-
pirical measure (Mohajerin Esfahani and Kuhn, 2018), extending to Borel measures
on Euclidean spaces (Gao and Kleywegt, 2022), general Polish spaces (Blanchet and
Murthy, 2019), and to spaces with the interchangeability property, such as Suslin
spaces (Zhang et al., 2024). More recently, variants of the classical Wasserstein DRO
also have been introduced. These include the robust optimized certainty equivalents
in a penalized form (Bartl et al., 2020), a weak optimal transport-type DRO (Kup-
per et al., 2023), and problems with marginal uncertainty in both source and target
distributions (Fan et al., 2023).

Few results are available for the adapted Wasserstein DRO in a dynamic con-
text, with all existing work focusing solely on a discrete-time setting. Addressing the
causality constraint is a key challenge. In a recent work Han (2025), the author refor-

mulated the causality constraint as an infinite-dimensional linear constraint, which
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leads to a dual optimization problem over an infinite-dimensional test function space.
Our proposed dynamic duality provides a more tractable solution. It not only ac-
commodates a more general penalized setting (4.1), but critically, it leverages the
temporal structure of causal couplings. We remark that our the discrete-time dual-
ity Theorem 4.24 was also independently obtained in Gao et al. (2022), Yang et al.
(2022).

Our continuous-time results rely on tools from functional It6 calculus, which was
first proposed by Dupire (2009), and systematically studied in Cont and Fournié
(2010, 2013). It was then applied to study non-Markovian stochastic control prob-
lems and their associated path-dependent HJB equations. A verification theorem for
the classical solution was established in Bally et al. (2016, Chapter 8.3). The viscos-
ity solution theory, however, has proven more intricate, leading to several proposed
notions, for example in Tang and Zhang (2015), Ekren et al. (2014, 2016a,b), etc.

4.1.2 Outline

The rest of the chapter is organized as follows. In Section 4.2, we introduce the basic
notations and tools. In Section 4.3, as an intermediate step, we derive a general
duality formula for AW-DRO problems where the penalty is given as a function of
causal optimal transport problem. The dual problem involves a causal transport
problem with a fixed source distribution only. A generalized Fenchel-Moreau duality
theorem is proved in Lemma 4.21. In Section 4.4, we focus on the discrete-time setting
and derive a dynamic duality formula in Theorem 4.24. Under a mild continuity
condition, the equivalence between the causal penalization and bi-causal penalization
is established in Theorem 4.27. In Section 4.5, we consider a continuous-time setting
with a penalty given by the Cameron-Martin adapted Wasserstein distance. We
reformulate the dual problem as a stochastic control problem and identify the worst-
case distribution via a path-dependent HJB equation in Theorem 4.30. In Sections 4.6
and 4.7, we extend Theorem 4.24 in two directions. We replace the linear expectation
with the expected shortfall in Section 4.6, and study a numerical example of a two-
step exotic option. In Section 4.7, we consider optimal stopping problems in the
AW-DRO framework. A duality formula is derived in Theorem 4.42 by lifting the

original problem to the space of adapted processes.
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4.2 Preliminaries

Let N € Z, be the number of steps. For any 1 < n < m < N and an N-tuple
(01,...,0N), we denote the truncation (0,,...,0,) by On.m.

By II(u, %) we denote the set of couplings with a fixed first marginal p. Accord-
ingly, IT.(u, *) and ITy(u, %) represent the respective subsets of causal and bi-causal

couplings.

4.2.1 Analytic sets and universal measurability

The analytic sets (also known as Suslin sets) are widely applied to reconcile the mea-
surability issue in dynamic programming principle. We give a minimal introduction

here to serve our purpose.

Definition 4.1. Let X be a Polish space. We say S a subset of X is analytic if S is a
continuous image of a Polish space, and a function ¢ : X — R is upper semi-analytic

if the level set {¢ > r} is analytic for any » € R. The universal o-algebra of X is
defined as (), 5(x) “B(X).

To ease the notation, we will not distinguish any Borel measure p and its com-
pletion. So, for any universally measurable function ¢, u(p) is understood as the

integration with respect to the completion of .

Proposition 4.2 (Bertsekas and Shreve (1996), Corollary 7.42.1). Let S C X be an
analytic set. Then S is universally measurable, and therefore any upper semi-analytic

function is universally measurable.

Proposition 4.3 (Bertsekas and Shreve (1996), Proposition 7.39). Let X and Y be
Polish spaces and D C X x Y an analytic set. Then the projection pj,(D) = {x €
X :(x,y) € D for some y} is an analytic subset of X.

We also recall the following proposition from Bertsekas and Shreve (1996, Propo-
sition 7.50).

Proposition 4.4 (Analytic selection theorem). Let X and ) be Polish spaces and
D C X x )Y an analytic set, and ¢ : D — R an upper semi-analytic function. Define
¢ pjx(D) = R* by

@(z) = sup ¢(z,y),
yED,
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where D, = {y € Y : (x,y) € D}. Then for any € > 0, there exists an analytically
measurable function s : pjy(D) — X such that (x,s(x)) € D for any x € pj,(D),

o(r)—e if &
p(x,s(x)) > {1/5 if

The following result is adapted from Zhang et al. (2024).

and

’Gz

Lemma 4.5. Let (X,B) be a Polish space equipped with its Borel o-algebra, ¢ :
X x X — R upper semi-analytic. Define ¢ : X — R* as

@(x) = sup p(z,y).
yeX

Then ¢ is universally measurable; moreover, it holds that

Eusupp(X,y)] = sup Erlp(X,Y)].
yeX el (p,*)

Proof. Notice that for any » € R we have
{z: sup ¢ (z,y) > r} =pix({(2,9) : o(z,y) > r}).
ye

Since ¢ is upper semi-analytic, we have ¢ is also upper semi-analytic by Proposi-
tion 4.3. Moreover, by Proposition 4.2, we know ¢ is universally measurable. It

follows from the definition that

Eufsupp(X,y)] = sup  Erxfp(X,Y)].
yeX mEIL(p,%)
Now, by Proposition 4.4 there exists an analytically measurable function s,, : X —

X such that
o(x) — % if ¢(z) < oo,
n if  o(z) = oc.

(@, 8n(2)) = {

Moreover, there exists a Borel measurable function ¢,, such that ¢, = s, holds u-a.s.
Then we take 7, = (Id, t,,) zp0 € II(u, *). We derive

B [p(X,Y)] = EM[SO(Xa ta(X))] > Eu[¢1{¢<00}] + nE,u[ﬂ{@:OO}] - l

As n — 0o, we conclude

sup  Er[p(X,Y)] > E,[sup (X, y)].
€T (1, %) yex
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4.2.2 Convex analysis

We recall several basic concepts and results in convex analysis.

Definition 4.6. Let ¢ : R — R* be a convex function. We define the domain of ¢ as
dom(p) = {x € R: p(x) < co}.

We say ¢ is proper if dom(p) # (0, and ¢ is closed if dom(¢p) is closed. A function 1

is proper closed concave if and only if — is proper closed convex.

Definition 4.7. Let ¢ : R — R* be a convex function. The convex conjugate of
¢ : R — R* is defined as ¢*(y) = sup,cr{zy — ¢(z)}. Similarly, we define the concave
conjugate of ¥ as . (y) = inf,er{zy — ¥ (2)}.

The following result is the celebrated convex duality theorem from Rockafellar
(1997, Corollary 12.2.1).

Theorem 4.8 (Fenchel-Moreau Theorem). Let ¢ : R — R* be a closed proper convex
(concave) function. Then, we have ©** = ¢ (P = ).

We introduce the subdifferential of a convex function as an extension of the clas-

sical derivative to the convex functions which are not necessarily differentiable.

Definition 4.9 (Subdifferential). Let ¢ : R — R* be a convex function. For any
x € R, we define the subdifferential of ¢ at = as

Op(z) ={y e R:p(@') > p(z) +y(2’' —2) Va' € R}.

Proposition 4.10 (Rockafellar (1997), Theorem 23.5). Let ¢ : R — R* be a convex
function. If ¢ is proper and closed, then y € Op(zx) if and only if x € dp*(y). And
we have the equality o(x) + ¢*(y) = zy.

4.2.3 Horizontal and vertical derivatives

Following Dupire (2009), Cont and Fournié (2010), Bally et al. (2016), we introduce
the horizontal and vertical derivatives of a non-anticipative functional. We start with

the definition of a non-anticipative functional on the cadlag path space D([0,T]; R™).

Definition 4.11. We say a functional F' : [0, T|x D([0, T]; R"™) — R is non-anticipative
if F(t,x) =F(t,X(-At)) for any t € [0,7] and = € D([0,T];R").
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Definition 4.12. A non-anticipative functional F' is said to be horizontally differen-
tiable at (t,z) € [0,7] x D([0,T];R") if the limit

exists.

DF(t,2) = lim Ft+hz(A t)z — F(t,z(-At))

We call DF(t,x) the horizontal derivative of F at (t,z).

Definition 4.13. A non-anticipative functional F' is said to be vertically differentiable
at (t,z) € [0,T] x D([0,T]; R™) if the map

R"s e F(t,z(-At)+elprm) €R

is differentiable at 0. We call its gradient at 0 the vertical derivative of F' at (t,z)
and denote it by V,F(t,x).

Before we proceed to the non-anticipative functional on the continuous path
space, we introduce some regularity conditions. We equip the product space [0, T x
D([0,T;R"™) with the metric

doo((t, ), (', 2") =t = t'| + stT} le(- At) — 2" (- At)||oo-
s€|0,

Definition 4.14 (Left continuity). We say a non-anticipative functional F' is left
continuous if for any (¢, x) € [0,7] x D([0,T];R") and any sequence (t,, z,) dog (t,x)
in [0,7] x D([0,T];R"™) with t,, increasing, we have

F(tn,x,) — F(t,z).

By C; we denote the space of left continuous non-anticipative functionals which are

also continuous at any fixed time ¢ € [0, 7).

Definition 4.15 (Boundedness preserving). We say a non-anticipative functional F’

is boundedness preserving if for any M > 0 and ¢y < 7" there exists Cysy, such that
|F(t,z)| < Cuagy i |J2(- Ato)]|leo < M.
By C), we denote the space of bounded preserving non-anticipative functionals.

The following class of regular non-anticipative functionals plays a special role in

functional It6 calculus.

Definition 4.16. We say a non-anticipative functional F' is in the class Cb1’2 if the

following conditions hold:
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(i) F admits horizontal and the first and second vertical derivatives for any (¢,z) €
0.7] x D(J0, T R").

(ii) F,DF,V,F,V2F € C,.
(ili) DF,V,F,V2F € C,.

Theorem 4.17 (Bally et al. (2016), Theorem 5.27, Theorem 5.28). Let Fy, Fy be two
non-anticipative functionals in C’b1 2, If Fy and Fy are equal on all continuous paths,

then their first and second horizontal derivatives coincide on all continuous paths.

We say a non-anticipative functional F' : [0,T] x C([0,T];R") is of class C,** if
there exists a non-anticipative functional G : [0,7] x D([0,T];R") — R such that
F =G on0,T] x C([0,T];R") and G € C,**. The vertical derivative of F is defined
as the one of G. The above theorem ensures such definition is independent of the
choice of G.

4.3 A convex duality

In this section, we present a convex duality in Proposition 4.19 which works in both
discrete and continuous-time settings. It decouples the loss function L and acts as an

intermediate step to derive the duality for adapted Wasserstein DRO problems.
Assumption 4.18. We assume the following conditions:

(i) L :R* — R* is a non-decreasing closed proper convex function with L(0) = 0
and L(+00) = +o0.

(ii) ¢: X x X — R* is lower semi-analytic and non-negative with ¢(z,y) = 0 if and
only if z =y for any =,y € X.
(iii) f: X — R is upper semi-analytic and p-integrable.

Proposition 4.19. Under Assumption 4.18, we have the duality

Ve=sup {E[f(X)] = L(Te(p, )} = inf{L*(N) + UN)},
vEP(X) A20
where L* is the convex conjugate of L, and U(N) = sup,ep, () Ex[f(Y) — Ac(X, Y)].

Moreover, there exists a dual optimizer A\, attaining the infimum. If there exist v, € X

and . € Il(u,vi) such that

L*(\) = MEr [e(X,Y)] — L(ER, [e(X,Y)]) and U(N) = Er [f(Y) — Ae(X, Y()Z]l,2>
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then it holds
Vi= B, [f(X)] = L(Tau, ) = L*(\) + UL,

Remark 4.20. Let P 5 p be a convex subset of Z(X) and (11, P) = U, ep e, v).
One can extend the above duality to a closed proper concave functional F': P — R.
Under Assumption 4.18 (i) and (ii), it holds

sup{F(v) — L(Te(, )} = mf {L*() + sup{ F(v) - Te(n, )} .

vep A20 veP

Proof. Step 1. We first show the case L = +001 (51 for some 6 > 0. We write

V()= sup E,[f(X)].
Te(p,v)<6
We claim that V(9) is proper and concave by naturally setting V' as —oo on the
negative real line. The concavity of V follows directly from the convexity of the set
of causal couplings I1.(u, *). By Assumption 4.18 (ii) and (iii), we obtain V' is proper
as V(0) = E,[f(X)] < oo. If V(§) = 400 for some 6 > 0, then V(§) = 400 for any
0 > 0. In this case it is direct to verify the desired duality
V(§) = inf{Ad+ sup {E:[f(Y)—A(X,Y)]}} = +o0.
A>0 weIle (p,%)
Now, we focus on the case V(J) < 400 for any § > 0. In particular, V is closed,
proper, and concave. We calculate the concave conjugate of V' as
Vi(A) = Inf{Ad — Tc(sggEu[f (X} = inf [nf PRECEAV OO

= inf inf {M—-EJ[f(X
JBh ) st [FO]}

- Vei;}fx){)\ﬁ(u, v) — B, [f(X)]}

= inf B M(X,Y) - f(V)].

ﬂ-er(iu'r*)
By Fenchel-Moreau Theorem 4.8, we have V' = (V. ). which yields
V() = g(f){Aé - V.(\)}
= inf{\d — inf ){EW[/\C(X, Y)—f(Y)]}}

A>0 mEI (p,%
= inf{\0+ sup {E:[f(Y)— (X, Y)]}}.
A20 mETLe (%)

The desired duality is shown by noticing L*(A) = A when L = 4001510
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Step 2. We consider a general penalization L satisfying Assumption 4.18 (i). We

notice that

sup {E,[f(X)] = L(Tc(,v))} < sup {V(Te(p,v)) — L(Te(p,v))}

veZ(X) veZ(X)
< sup{V'(d) — L(9)}.

>0

On the other hand, since L is non-decreasing, we have for any ¢ > 0

V(9) = L(9) = T(Suyl;<6{Eu[f(X)] — L(9)} < T(Su3<5{E”[f<X)] = L(Te(p, v))}-

Hence, we derive sup, ¢ 51 Eu[f (X)] = L(T(, v)) } = supsso{V(6) —L(d) }. Plugging

the result from Step 1, we obtain

sup {E,[f(X)] = L(Te(u,v))} = sup{V(d) — L(0)}

veZ(X) 620
=sup inf{\0 — L(0) + sup E;[f(Y)— Ac(X,Y)]}
6>0 220 meIle (p,%)
= 2121](;)) )1\21;{)\5 — L(6) +U(N)}.

Here, U(X) = SuPery, (u0) Erlf(Y) — Ac(X,Y)] either is equal to +oo for any A > 0

or is a closed proper convex function of A. In the former case, it is direct to verify

sup {B,[(X)] = LT, )} = {1 () + U} =+
veZ(X) =

In the latter case, the duality will follow from Lemma 4.21 below.
Step 3. We notice by definition (L* 4+ U) is lower semi-continuous and goes to
infinity at infinity. Therefore, there exists a minimizer \.. Given a pair (v, )

satisfying the slackness condition (4.2), we derive

B, [f(X)] = L(Te(p, vi) 2 MBr [e(X,Y)] = L(ER [e(X,Y)]) + Ex [f(Y) — Ae(X,Y)]
=L"(A\)+UN) =V
The reverse direction is trivial and we complete the proof. Il

We did not find a direct reference for the following lemma, so we include a proof

for the completeness.

Lemma 4.21. Let p,v : R — R* be two closed proper convex functions. Then, we

have the following minimax theorem

sup inf{zy —p(z) +¢(y)} = infsup{zy — p(x) + ¥ (y)}.
z€R Y€ YER zeR
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Remark 4.22. This lemma generalizes Fenchel-Moreau theorem. By taking v as a

linear function, we retrieve the classical Fenchel-Moreau theorem p** = .

Proof. By definition, we have

sup inﬂf{{xy —p(z)+¢Y(y)} < mﬂg sup{zy — ¢(x) +¥(y)}-
z€R Y€ YER 2R

For the other direction, we know

inf itelg{xy —p(z) +Y()}t = ;gﬂg{w* (y) +¥()}-

Without loss of generality, we take yo satisfying 0 € 9¢p*(yg) + Y (yo) and zg €
Jo*(yo) N —0Y(yp). Otherwise, we have ¢* and ) are monotone and bounded from

below, and thus

Inf{e"(y) + ()} = inf " (y) + inf ¥ (y)

= —(0) + inf ¥(y) < sup inf{zy — p(z) +¥(y)}.
yeR z€R YER
By Proposition 4.10, we have

o(x0) + 0" (Y0) = Zoyo,

and
V(y) — ¥ (yo) + 2o(y — yo) > 0.

Therefore, we derive
sup inf{zy — (o) + ¥ (y)} = inf{zoy — p(z) +9(y)}

= ;gﬂg{xoyo — (o) + ¥(yo) + [V(y) — ¥ (yo) + zo(y — yo)l}

> 0" (yo) + ¥ (yo) = ;gﬂgsgﬂg{w —(r) +9(y)}-

4.4 Discrete-time results

In this section, we focus on the discrete-time setting. We take I = {0,1,..., N}
and X = Ay x A x --- x Ay. In light of Proposition 4.19, it suffices to compute
SUDrert, () Ex[f(Y) — Ac(X,Y)], which can be viewed as causal optimal transport
problem with constraint of the source measure only. We will exploit a key dynamic

temporal structure of causal couplings from the following proposition.
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Proposition 4.23 (Backhoff-Veraguas et al. (2017)). The following statements are

equivalent:
o 7€ Il(p,x*) is a causal coupling with the first marginal .

e Decomposing 7 in terms of successive reqular kernels

7T<dx7 dy) = Wo(dx(b dyO)ﬂ-xo,yo (dxlv dyl) T N—1,Y0:N—1 (dl‘N, dyN)7

forany 1 <n < N and m-almost surely xo.,_1, Yon_1 we have

7T-IO:'n,fla?JO:'nfl (dx'nJ dyn) € H(l’be:nfl (dxn>7 *)7
and mo(dzo, dyo) € I(po(dxzo), *).

Theorem 4.24. Under Assumption /.18, we have a dynamic duality formula

Ve=sup {E,[f(X)] = L(Tc(u,v))} = inf{L7(A) + U(N)}, (4.3)

veP(X)

where U is given by

UA) = po(sup {-- - pag., ( sup {f(y) = Az, 9)}) -+ })- (4.4)

YoEXo YNEXN

Remark 4.25. If N = 0, we retrieve the classical Wasserstein DRO duality results
(Blanchet and Murthy, 2019, Bartl et al., 2020, Zhang et al., 2024) in this static
setting.

Proof. We first show that the following quantities are well-defined:

UN(ZUO:NA, yO:N—l) = sup EwN [f(yO:Nfly YN) - AC(JUO:NA, XN, Yo:N—15 YN)]

WNGH(:U'QTO:N71 1*)

andfor 1 <n<N -1

Un (xO:n—lu y(]:n—l) = sup E7Tn [Un+1 (xO:n—la Xn; Yo:n—1, Yn)]

7r"61—1(;’693():71—1 7*)

We claim Uy is upper semi-analytic. It follows from Bertsekas and Shreve (1996,
Proposition 7.48) that

D = {(xO:N—layO:N—laﬂ) . (l’,y) e X x X, T € H(M$O:N—17*>}

is Borel, and
(To:v—1, Yo:n—1,T) = E[f(Y) — Ae(X,Y)]
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is upper semi-analytic. By Bertsekas and Shreve (1996, Proposition 7.47), we obtain
Uy is upper semi-analytic. Therefore, Uy is universally measurable, and this implies
Un_; is well-defined. Recursively, we can show U, is again upper semi-analytic for
any 1 < n < N. By Proposition 4.23, we decompose the optimization problem
SUDrert, (us) Ex[f(Y) — Ac(X,Y)] into single step problems as

UM = sup E;[f(Y)—A(X,Y)]

ﬂ'EHc(/L,*)
= sup Em) o sup E7TN [f(Y) - )\C(X’ Y)] T
mo€I(1o,*) N EN(pay, g %)

As we have shown U, is upper semi-analytic for any 1 < n < N, applying Lemma 4.5
we derive (4.4). O

Our next result answers the question when the bi-causal and the causal ambiguity

sets are equivalent in terms of their corresponding distributional risks.

Assumption 4.26. We assume there exists p > 1 such that the following conditions
hold:

(i) L:R* — R* is non-decreasing and continuous on its domain {L < oco}.

(ii) ¢: X x X — R is continuous and has a polynomial growth

le(z,y)| < C(1 4+ dx(Z,z)P + dx(Z,y)?) for some T € X.

(iii) f: X — R is continuous and has a polynomial growth

|f(z)| < C(14dx(z,z)?) for some T € X.

Theorem 4.27. We assume that X has no isolated points. Under Assumption 4.26,

we have V, = Vi, i.e.,

sup {E,[f(X)] = L(Te(u,v))} = sup {E,[f(X)] = L(Toe(p,v))}-

VEP(X) vEP(X)
Proof. We lift the problem to the space of adapted stochastic processes introduced
in Chapter 2. Recall by AP we denote the space of adapted stochastic processes with
paths in X', and by NP we denote the space of naturally filtered stochastic processes.
It is clear that we can reformulate the desired identity as

sup {Eg[f(Y)] = L(T(X, Y))} = sup {Eq[f(Y)] = L(Tee(X, Y))},

YeNP YeNP

66



where X = (X, F,F,u, X) and Y = (QY, F¥,F¥,Q,Y). Since we assume X has no
isolated points, by Bartl et al. (2024, Theorem 5.4) NP is a dense subset of AP in
AW,. By Assumption 4.26 (ii) and Eckstein and Pammer (2024, Theorem 3.6), both
Y — To(X,Y) and Y — T4 (X,Y) are continuous with respect to AW,. Combining
these facts with Assumption 4.26 (iii), we derive

sup { Eq[f(Y)] — L(T(X, Y))} = sup {Eq[f(Y)] — L(T:(X, Y))},

YeNP YeAP

and
sup {EQ[f (V)] — L(Toe(X, Y)) } = sup {EQ[f (V)] — L(Tu(X, Y))}.

YeNP YeAP
For any Y € AP, we construct Y = (QY,}"Y,ﬁY,Q,Y) € AP where FY = {F¥}er is
the constant filtration with the richest o-algebra. This yields the inclusion II (X, Y) C
I1,.(X,Y) as any coupling is causal form Y to X. Hence, we deduce T¢(X,Y) >
Toc (X, ij?), and together with Assumption 4.26 (i) we show

sup { Eq[f (Y)] = L(T(X, Y))} = sup {Eq[f(Y)] — L(T(X, Y))}

YeAP YeNP

< sup {Eg[f (V)] — L(Te(X, Y))}.

YeAP

The reverse direction is trivial, and we conclude the proof. Il

We remark that this result generalizes the arguments in Bartl and Wiesel (2023,
Lemma 3.1) to abstract Polish spaces.

4.5 Continuous-time results

We set up the continuous time problem as follows. Let (2, F, P) be a Polish proba-
bility space supporting a standard n-dimensional Brownian motion B. We consider

a path-dependent SDE given by

alt) = /Ot b(s,a(- A s))ds + /Ot o (s, a(- A s)) dB(s). (4.5)

Assumption 4.28. We assume SDE (4.5) has a unique strong solution «, and the

law of «(t) is non-atomic for any 0 <t < T.

The strong well-posedness holds, for example in Bally et al. (2016, Theorem 8.1),

if the coefficients b and o are Lipschitz continuous and have linear growth. In a
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Markovian setting, the celebrated Hormander theorem gives a sufficient condition
when the law of a(t) is non-atomic. More recently, it has been extended to a path-
dependent SDE setting in Ohashi et al. (2021).

We take the reference model as = oy P and are interested in the case where
clx,y) = ||z — szé as the square of the Cameron-Martin norm on the path space
X = Co([0, T): R™).

Assumption 4.29. We assume the following conditions:

(i) L :R* — R* is a non-decreasing closed proper convex function with L(0) = 0
and L(+00) = +o0.

(i) f:X — R is continuous and has a quadratic growth |f(z)] < C(1 + ||z|%).

Theorem 4.30. Assume the semi-linear path-dependent PDE
DU (t,z,y; ) + b(t, 2)"(V, + V) U(t, 2, y; \)
1 1
+ 5 trlo(t, 2)To(t2)(VE, + Vi, +2V0)U(t 2,y ) + VUt 2,5 V)P = 0
(4.6)
with boundary condition U(T,x,y; \) = f(y) has a non-anticipative 05’2 solution U

such that V,U(t, x,y) is Lipschitz with a linear growth. Then under Assumptions 4.28
and 4.29 we have
Vo= sup {E[f(Y)] = L(Te(p,v))} = inf{L*(A) + U(N)},
veP(X) x>0

where

UN) :=U(0,0,0;\) = sup E[f(Y)—A(X,Y)].

WGHC (/J’v*)

Remark 4.31. When the reference model p is the Wiener measure v, the above
path-dependent PDE (4.6) reads as

1 1
DU(t,z,y; A) + 5 tr((V2, + Vo, + 2V, )U(t, 2,y N)) + ﬁl\VyU(t z,y; N[> =0.

The change of the variable U = 2Alog(W) turns the above equation to a linear PDE

and yields a unique classical solution given explicitly by

z
U(t,z,y; \) = 2\ log (/ exp(&)%(./\t)(dz)).
O((0.7]:E") 2\
The following result is adapted from Beiglbock and Lacker (2020, Theorem 1.2)

which shows that the set of Monge causal couplings with a first marginal p are dense

in I, (u, x). We postpone the proof to the end of the current section.
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Lemma 4.32. Let I'.(u, *) denote the set of Monge causal couplings with a fized first
marginal p. Under Assumption 4.28, we have
sup E.[f(Y)=Xe(X,Y)]= sup E;[f(Y)—A(X,Y)].
eIl (p,%) mEle(p,%)
Proof of Theorem 4.30. Step 1. We first show the solution to (4.6) coincides with the
value function of a non-Markovian stochastic optimal control problem. For brevity
of the notation, we fix A > 0 and omit the A argument in U. For two paths w,n €
Co([0, T]; R™) with w(s) = n(s) we introduce their concatenation at time s as
w®n(t) = {“’“)’ =
n(t), ift>s.

Let (a®%, 5%¥") be a controlled system given by

0 () = 2(s) + / Bt @ ") dt + / otz ®, ") dB(1),

S

V() = y(s) + /.[b(t, T ®s ™) +u(t)] dt + / o(t,r @s a™*) dB(t),

S S

with the aim of maximizing the objective

T
J(s,2,y,u) = Ep [f<y 2,570 =3 [ o)l dt]

over U([s,T]) the set of FB-progressively measurable processes. The Hamiltonian
associated to the control problem H : [0, T] x C([0, T]; R*") x (R™)? x (R"*™)3 is given
by

H<t7 T, Y, Py Py, Am:a Ayy; A:ry)

1
= sup {b(t, z) (pe + py) + 5 tr(o(t,z)To(t, x)( Az + Ay +244,)) +up, — )\HUHZ}
ucRn”

1
= b(t,2)"(pe + py) + 5 tr(o(t, 2) 0 (t, 2) (Awe + Ayy + 244)) + ”ZyA

In particular, the above supremum is attained when u = % py- Since we assume U is
a C’b1’2 solution, by Bally et al. (2016, Theorem 8.16), it is clear that

U<S7x7y) > sup J(S7x7y7u)'
uel([s,T1)
On the other hand, as we assume V,U is Lipschitz, there exists a unique solution to
4

@ () = 2(s) + / btz ©, o) dt + / o(t, 7 ®, ") dB(#),

' 1
o) = o(s) + [ [o 9,0 + SV Ut sy, g @t (1)

s

+ / o(t,z ®s a®")dB(t).

\ s
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This yields that u.(t) = £V,U(t,z ®, o,y ®, 557Y) € U([s,T]) is an optimal
control since u = % py attained the supremum in the Hamiltonian H. Therefore, we
derive

U(s,z,y) = J(s,z,y,us) = sup J(s,z,y,u).
ueU([s,T])

Step 2. We show U(0,0,0;A) = sup,crp,(us) Exlf(Y) — Ae(X,Y)].  We notice
that (B,a)gP is a bi-causal coupling by Cont and Lim (2024, Theorem 3.2), and
in particular, (o, B) 4P is causal. Moreover, (B,u)xP is a causal coupling for any
u € U([0,T]) since u is FP-progressively measurable. Hence, by the gluing lemma 2.19
we derive that (o, u)xP is a causal coupling which further implies 7" := («, 8%) 2P

is a causal coupling as d* = da 4 du. This gives us

0(0,0.000) = B £5%) = X [ 1001 ] = B [7Y) = xeCx,¥)
< sup  ER[f(Y)— Ae(X,Y)].

- melle(u)
For the reverse direction, let U([0,T];R") be the set of Fo-progressively measur-
able processes. Recall T'.(u,*) is the set of causal Monge couplings with a fixed
first marginal p. For any m € T'((u,*) with E [c(X,Y)] < oo, there exists a non-
anticipative map @ : [0, 7] x C(]0,T]; R") — R" such that Y'(t) = X(t)—l—fot O(s, X)ds
holds 7-a.s. This induces a control u™(t) := ®(¢t,a) € U([0,T]). Therefore, together

with Lemma 4.32 we have

U(0,0,0;A) > sup  J(0,0,0,u) > sup E;[f(Y)— Ac(X,Y)]

uel([0,T];R™) mET e (p,%)

= sup E;[f(Y)—A(X,Y)].

FEHC(MV*)

Notice that Assumption 4.29 implies Assumption 4.18. Applying Proposition 4.19,
we conclude the proof.
]

Proposition 4.33. Under the conditions of Theorem 4.30, if further U(X) is differ-

entiable on its domain, then we have V, = Vi, i.e.,

sup {E,[f(Y)] = L(Te(u,v))} = sup {E[f(Y)] = L(Toe(p, ) }-

vEP(X) veP(X)

Proof. Step 1. We recall that m, = («, f.)«P attains the supremum in

UN) = sup Eif(Y) = Ae(X.Y)]

WEHC(“:*)
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where (v, 8,) is given in (4.7). We claim that 7, is actually a bi-causal coupling. To

see this, we can reformulate (4.7) as

O[(t) = — /0 %va(S, a, ﬁ*) ds + B*(t)

As we assume V, U is Lipschitz, there exists a non-anticipative functional F' such that
a(t) = F(t, B,) holds m,-a.s. This implies that , is a causal from f, to «, and hence
it is a bi-causal coupling.

Step 2. Following Proposition 4.19, there exists a minimizer A, of infy>o{L*(\) +
U(A)}. This implies 0 € 0L*(\,) + 0U(\,). We notice that

UA) =U) = Ex [f(Y) = Ad(X, Y)] = Bz [f(Y) = Ae(X,Y)]
= B [e(X, V) (A= A,
Together with the assumption that U is differentiable, we obtain {—E,. [¢(X,Y)]} =
OU(A.). Hence, we deduce that E. [c(X,Y)] € OL*(\.). Therefore, by Proposi-

tion 4.10 we obtain
L*(\) = MEr [e(X,Y)] — L(EL, [e( X, Y))).
It follows from the bi-causality of 7, and Proposition 4.19 that

Vo= E [f(Y)] = L(Br [e(X,Y)]) < sup {EJ[f(Y)] — L(Toc(pt,v)) } = Vie.

vEP(X)

The reverse direction is trivial as ITp. (g, %) C I (p, *).
O

Proof of Lemma 4.32. When A = 0, it is clear that the identity holds with both sides
equal to sup,cy f(z). For A > 0, we rely on the proof of Beiglbock and Lacker (2020,
Theorem 5.2). Let Z =Y — X. We fix a my € II(p, %) such that E.[||Z]]%.] <
0

oo. We notice @ = (X, Z)4m is also in II(p, ). By Beiglbock and Lacker (2020,
Theorem 1.2), there exist piecewise linear FX-adapted processes {Z,},>1 such that
(X, Z,,) 4o converges weakly to 7. In this case, Z,, can be further chosen such as
limy, 00 EﬂO[HZnH?{é] = EWO[HZH?{(%]. Therefore, m, = (X, X + Z,) 470 € I'c(p, *) and
satisfies

sup E[f(Y)—=Xe(X,Y)] > lim E, [f(Y) = Ae(X,Y)] = Eo[f(Y) = Ae(X, Y)].
el (u,*) n—00
The arbitrary choice of 7y allows us to derive

sup Ey[f(Y) - Me(X.Y)]| > sup E,[f(Y) — Ae(X,Y)].
mEle(p,%) mElle(p1,%)

The reverse direction is trivial as I';(u, x) C T (s, ). O]
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4.6 Distributionally robust expected shortfall

In this section, we consider the extension of our duality formula from a linear ex-
pectation to a convex risk measure in a discrete-time setting. Let f : X — R be a
path-dependent payoff of a contingent claim and « € (0, 1) a risk aversion parameter.

The expected shortfall ES,, is a law-invariant convex risk measure given by

ESa(fip) == sup  E[f(X)].

n<p, %Zéa*

We are interested in its performance under a model misspecification, and write its

adapted Wasserstein distributionally robust counterpart ES, as

ESo(f;p) = sup {ESa(f;v) — L(Te(p,v))}-

veP(X)
Assumption 4.34. We assume the following conditions:

(i) L :R* — R* is a non-decreasing closed proper convex function with L(0) = 0

and L(400) = +o00.

(ii) ¢: X x X — R* is lower semi-continuous and non-negative with ¢(x,y) = 0 if

and only if x = y for any z,y € X.
(iii) f: X — R is non-negative and upper semi-continuous.
We derive the following duality representation of ES,(f).

Theorem 4.35. Under Assumption 4.5/, we have
ESa(fip) = inf {L7(A) +v + U\ 7)},
=20

where U(N, ) = SUp,ep, (s Exla (f(Y) = )" = Ae(X,Y)] can be computed by

u?*

U 7) = po( sup {- -+ pagy_, ( sup {7 (f(y) =) = Ae(z,9)}) -+ ).

YoE€AXo YNEXN

Proof. 1t is shown in Follmer and Schied (2008, Theorem 4.39) that the expected

shortfall has a dual representation given by

ES.(f50) = inf{y + o~ B[(F(X) =) "]}
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In particular, this implies p — ES,(f; 1) is a concave functional. By Remark 4.20,

we derive

ESa(fin) = nf{L*A+ sup {ES(f;n) = Telu,v)}}

veP(X)
= inf{L*(A\)+ sup inf{y+ E;Ja ' (f(Y)—7)" = Ae(X,Y)]}}.
AZ0 mEM (%) 720

Now it suffices to show that we can swap the inner sup and inf and apply the same

arguments as Theorem 4.24. We fix A > 0 and consider the first case when

sup  Erfa (V) = Ae(X,Y)] = +oo0. (4.8)

ﬂeHC(M?*)

The inequality
Y+ Exfam (V) =) = Ae(X,Y)] >y — a7y + Ex[aT f(Y) = Ac(X,Y)]

yields
inf sup {v+ E:la ' (f(Y) =) = Ae(X,Y)]} = +o0.

720 rell ()

On the other hand, we take a sequence of m, € II.(u,*) such that E, [(a"'f(Y) —
Ac(X,Y))] goes to infinity. We write 7, (dz, dy) = p(dx)n,(x,dy) and define

T (dw, dy) = p(dz)[on, (2, dy) + (1 — a)d.(dy)].

It is direct to verify that 7, is again causal as it is a linear combination of two causal

couplings. We further notice
inf{y + B, [a” (f(V) = )7 = A, V)
= inf{y +a "B [(f(Y) =) "]} — AaEr, (X, Y)]

7>0

> sup Bz [f(Y)E] = Aakr, [e(X, Y]

0<¢<a~1,BEz, [¢]<1

> aB, [a f(Y) = A(X,Y))].

The second equality follows from the duality representation of ES,; the last inequality
follows by taking & = g%z € [0,a™!]. Therefore, we deduce the duality holds with

sup inf{y + Ez[a” (f(Y) = 7)" = Ac(X,Y)]} = +o0.

melle (%) 720

The second case is to consider

sup  Erfa ' f(Y) = Ae(X,Y)] < . (4.9)

WEHC(HV*)
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We write
I[:=1inf sup {y+ E; o' (f(Y)—7)" = Ae(X,Y)]}.

720 rell ()
Since Ymax 1= SUP e, (u Erla™ f(Y) = Ae(X,Y)] < o0, it follows from Fan (1953,
Theorem 2) that
I= inf — sup {y+Ela” ' (f(Y)=7)" = Ae(X,Y)]}

YE[0,Ymax] 7 elLe (%)

= swp_inf {4 Bfa T (f(Y) — )] - Ae(X, V).

€I (p,%) VE [0,Ymax]

Let 75 € I1.(p, *) such that

inf  {y+ Bl (f(Y) =) = Xe(X,Y)]} > T —0.

Ye [07’7max]

Since the support of any probability measure on a Polish space is o-compact, we may
assume &, is o-compact for simplicity. In particular, we can write &), = lim,, o, K",
where {K"},,>1 is ascending and compact. We write K™ = i x K" x - - - x KR and

1" .= {mw € (i, *) : supp(m) C X x K™}. Without loss of generality, we assume

1
Ery[Laxemye] + Erg[Laxemye (@ f(Y) = Ae(X,Y))] < —

We fix # € K and define 7 = [z — (z,%)]gu. We construct a causal coupling 7™ as
() =7ms(- N (X X K™) + (1 —7s(X x K™)7(-) e I

— it follows from the fact that ms(- N (X x K™))/ms(X x K™) is causal. Therefore,
we derive

sup inf  {y+ Ex[a” (f(Y) =) = Ae(X,Y)]}

reIl™ YE[0,Ymax]

> inf {3+ B [ (f(Y) =) = Ae(X, Y)]}

T Y€[0,Ymax

> b fy+ B o (F(V) — )T = elX V)] -~ B e(X, x0)])

B S [Ov’Ymax}

STo§- %(1 + By Ae(X, o).

Here, the second last inequality follows from the estimate (4.6). On the other hand,
II"™ is compact under the weak topology, see Lassalle (2018, Theorem 3 (i)). Therefore,
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we apply the minimax theorem from Fan (1953) and derive

sup inf{y + Exfa™ (f(Y) = 7)" = Ac(X, Y]}

() 720

> lim sup mf{’y—i-E[ YY) =)t = Ae(X, )]}

m— 00 Tellm ¥>

)

= lim inf sup {yv + E;[a ' (f(Y) —v)" — Xe(X,Y)]}
(
(

m—00 720 rerm

= lim inf sup {y+ E.ja” ' (f(Y

Mm—00 ¥€[0,Ymax] rell™

S~— S~—
|
2

S~—

>

20

S

=

f—

= lim sup inf {y+ Efa ' (f(Y

M—00 rcTrm YE[0, Ymax]

>1-—0.
The arbitrary choice of § allows us to conclude the proof. ]

Example 4.36. We consider a two-step exotic option. Let X = (Xj, X1, X3) be the
underlying asset, f(z) = (2 — 21 + 1 — K)™ the payoff of the option. We set interest
rates and dividends to zero for simplicity. Let u be a reference pricing measure of
the underlying. In this example we assume p is the finite marginal of a geometric

Brownian motion S given by
dSt = USt th, SO = 1.

We set a = 0.95, 0 = 0.2, (Xo, X1, X2) ~ (S0, S05,51), c(x,y) = |z —y|?, and L =
+001(0.32,400)- In Figure 4.1, we plot the expected shortfall of the exotic option under
different strikes. The classical expected shortfall ES,, the AW-DR expected shortfall
ES,, the W-DR expected shortfall are in solid, dashed, and dotted respectively. The
gap between the solid and the dashed lines corresponds to the extra risk coming from
the model uncertainty.

We emphasize that, in certain cases, restricting to non-anticipative model uncer-
tainty does not lead to a reduction in risk. For example, consider the calendar spread

payoff f(z) = (xo — K)* — (x; — K)* with any separable cost c.

Remark 4.37. We can extend the risk-indifference pricing (Xu, 2006) to a model
misspecification context. For simplicity, we assume zero initial capital and liability.
The risk-indifference (sell) price is the minimum price a trader will charge so that
the total risk of their portfolio will not increase. Here, we take the risk measure as
the distributionally robust expected shortfall to counter the model uncertainty. The

corresponding distributionally robust risk-indifference price is given by

Jnf BSo(f + (HoX)nip) — inf ESo((HoX)n;p),

5
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Figure 4.1: Comparison of W-DR expected shortfall (dotted), AW-DR expected short-
fall (dashed), and standard expected shortfall (solid) for an exotic option.

where H is the set of all predictable hedging strategies and (HoX)y = ZnNzl H, (X, —
X,_1) is the discrete stochastic integral. By Theorem 4.35, we write

éIéIfHIESa(f + (HoX)n;p) = A,lfylzfo{L (A)+v+ élgﬂU()\,’y,H)},

where
U(A,v) = uo(ysgg {- -uxo;N_l(ysgg {o7 ' (fW)+Y | Hu(yn=yn1)—7) " =Aclz,y)}) -+ }).

As «a goes to 0, it is known that the risk-indifference price under ES, converges to
the superhedging price. Under the current context, the robust superhedging price is

given by
p(f):=inf{x:z+ (HoX)y > f — L(T(n,v)) forsome H e H v-as.}.

We stress that this is a nondominated framework and is different from the setting
in Bouchard and Nutz (2015). Indeed, we consider all possible measures v € Z(X)
with a penalization L(7:(u,v)), whereas in Bouchard and Nutz (2015) the authors
considered a collection of measures which is stable under the concatenation of kernels.
If X is compact and f is continuous, one can write down a pricing—hedging duality

as

p(f) = sup  sup  {E[f(X)] = L(Tc(p, v))},

VvEP(X) nKv,neM(X)
where . (X) denotes the set of martingale measures on X. However, it is unclear if

this holds under a more general setting, and we leave it for future work.
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4.7 Extension to optimal stopping problems

In this section, our aim is to derive a duality formula for AW-DR optimal stopping
problems. We stick to a discrete-time setup, and let f,, : Xp., — R for n € I denote
the payoff if the process stops at time n. We introduce the optimal stopping problem

as
OS<f7 ,LL) = Slelg EM[fT<X0:T)]7

where 7 is the set of F-stopping times. The corresponding adapted Wasserstein

distributionally robust counterpart is given by

OS(f;p) == sup {sup E,[f-(Xo-)] — L(Toc(p, v))}. (4.10)
vEP(X) TET

My He

Figure 4.2: Different averages of adapted stochastic processes X; = (X, F,F, 1y, X)
and Xy = (X, F,F, us, X). The upper process is a naturally filtered stochastic pro-
cess, while the lower one is the process carrying extra information from the coin toss.

Before we proceed, we first observe that p +— OS(f;u) fails to be concave in
general. This prohibits us to apply Remark 4.20 directly as in Section 4.6. In
Figure 4.2, we illustrate a concrete example by taking p; = %(5(0,071) + 0(0,0,-1)):
p2 = 3(6(0,0.2) + 0(0,0-2)), and fn(20:,) = |22 — 1|. Under this setting, it is direct to
compute

1 1 3
5(OS(fi ) +OS(fi p2)) = 5 (1 +3) > 5 = OS(fs (11 + p2)/2),
and hence OS(f;u) is not concave in p. In order to retrieve the concavity, we consider

a relaxation of the control set 7. Heuristically, we can realize a process with law

7



%(ul + p2) by tossing a fair coin at the initial step and then follow the process with
law 17 or pus depending on the outcome of the coin. If the stopping time was with
respect to the natural filtration augmented by the coin toss, we would be able to
stop the process depending on the outcome of the coin toss. This would allow us to
achieve an optimal stopping value exactly equal to %(OS( fim1) + OS(f; pa))-

In light of the above arguments, we lift the AW-DR optimal stopping problem to
the space of adapted processes AP to allow richer filtrations. We define

0S(£;X) == sup { sup EQ[f-(Yor)] — L(Tee(X, Y))},

YEAP regY

where X = (X, F,F, 1, X), Y = (QY, FYFY,Q,Y), and T the set of F'-stopping
time. It is direct to verify OS(f;u) is equivalent to the above formulation if we
replace the optimizing set AP by NP. One may argue that on AP there is no natural
linear structure as different adapted stochastic processes may live on different filtered
probability spaces. To resolve this issue, we recall the nested space and the nested

distribution introduced in Chapter 2.

Definition 4.38 (Nested space). We recursively define Xy = Xy and

~

X, =X x X5 =X, x P(Xp1) for0<n<N-—1.

~

For any &, € X,,, we write it as &, = (2., 4}) with 2. € X, and 27 € P(X,41). We

ni»rn

say X = .9?0 is the nested space associated to X.
We naturally extend the nested distribution to AP.

Definition 4.39 (Nested distribution). For a given adapted stochastic process X =
(X, FX FX X, PX) € AP, the associated information process X is given recursively
by Xy := Xy and

Ko = (X7, X0 1= (X, Law(K 75| 7).
We say PX = Law(X,) € 2(X) is the nested distribution associated to X.

Assumption 4.40. We assume there exists p > 1 such that the following conditions
hold:

(i) L:R* — R* is non-decreasing and continuous on its domain {L < co}.
(ii)) ¢: X x X — R is continuous and has a polynomial growth
le(z,y)| < C(14+dx(Z,2)P + dx(Z,y)?) for some T € X.
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(iii) fn : Ao — R is continuous and has a polynomial growth

|fn(IOn)| S C(l + dX(jO:na xO:n)p) fOI‘ some ‘%O:n S XO:n-

The following result shows that the bi-causal optimal transport problem between
two adapted stochastic processes can be solved by a dynamic programming principle,
and this is equivalent to a classical optimal transport problem on the nested space.
The proof is similar to Bartl et al. (2024, Theorem 3.10), and we postpone it to the

end of this section.

Proposition 4.41. Let X = (Q* FX FX P X) and Y = (QY, F¥,FY,Q,Y) be two
adapted stochastic processes. Under Assumption 4./0, there exists a continuous func-
tion ¢: X x X — R such that

TelX,Y) = inf B [(X,Y)]:=T(P.Q).
rel(P,Q)
Theorem 4.42. We recursively define fn : 2?0% — R for n € I as follows. Let
fn(Zon) == f(zgy) and forn =N —1,...,0

fn(j&n) = max{ f,(Z.,), Z%I(fn—&-l(iO:na )}

We assume X has no isolated points. Under Assumption 4.40, we have
08(f: ) = Inf{L*(A) + fsup{F(3) — &(2.)})}.
2 g

where [i € 3”(2?) is the nested distribution associated to X = (X, F,F, u, X) and ¢ is

the cost function given in Proposition 4.41.

Proof. Step 1. We first show OS(f; 1) = OS(f; X). Since we assume X has no isolated
points, by Bartl et al. (2024, Theorem 5.4) NP is a dense subset of AP in AW,. By
Assumption 4.40 (ii) and Eckstein and Pammer (2024, Theorem 3.6), Y — 7.(X,Y)
are continuous with respect to AW,. Moreover, by Assumption 4.40 (iii) and Bartl
et al. (2024, Proposition 6.1 (ii)), the value of optimal stopping problem is continuous
in AW,. These properties yield

OS(f;X) = sup { sup Eq[f+(Yor)] — L(Tee(X, Y))}

YEAP regY

= sup { sup Eg[fr(Yor)] — L(Tec(X,Y))} = OS(f; ).

YENP regY
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Step 2. We now derive the duality formula for OS(f; X). Notice by Snell envelope

theorem, we have

sup Eqlf-(Yor)] = Eglf (X)),

TeTY
where @ is the nested distribution associated to Y. Combining this with Proposi-
tion 4.41 yields
OS(f;X) = sup { sup Eq[f+(Yor)] — L(Tee(X, Y))}

YeAP rcgY

AN

< swp {Eglf(X)] - L(T (. Q)}-
ReF(X)
On the other hand, for any @ S 33(/'? ) we can construct an adapted stochastic
process Y such that @ is the nested distribution associated to Y. Indeed, we can take
Y = (Xon, F.F,Q, X7), where F = B(Xo.y), F = (F,)Y_, with F,, = 0(Xom), X~

is the projection from jC'\O:N to ./"?Om, and
Q(ddg, diy, ..., déy) = Q(dEe)2 (ddy) ... 2%, (dZy).

Therefore, we derive

AN

OS(f;X) = sup {E[f(X)] - L(T (i, Q)}.

Qe (X)
The right-hand side is a static Wasserstein DRO problem. Applying Theorem 4.24
with N = 0, we derive the desired duality. Il

Proof of Proposition 4.41. We recursively define ¢, : ‘)?Om, X )?O:n — R forn € I. Let

en(To:n, Yo ) = (T, You) and
én (i'():na gO:n> - sup Eﬂ' [énJrl (i'O:ny XnJrla gO:ru Yn+1)] .
mell(&F,97)
Notice that each ¢, is a classic optimal transport problem, and hence it is continuous
by Assumption 4.40 (ii) and Bogachev and Popova (2021, Corollary 3.6). We recall

the definition of )?n in Definition 4.39
X = (X7, X5) = (X, Law (X7 FY)).

Now we notice

inf  E.e(X,Y)] = inf FEilen(X,Y)]
71—61_[(1C(X>Y) 7rGI_IbC(Xzy)
= inf  E.[E.|len(X,Y)|FF v
ﬂGHlbI}(X,Y) [ [CN( ) >|‘Fn71 ® ‘anl]

= inf E, su E vl )?;7,,?:77
T€pe (X,Y) [yen()?};,ﬁf) (e En (Ko, & Yor-1, )]

= inf Eﬂ[éN—1<)?O:N—17 %:N—l)]-
WGHbC(X7Y)
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The last equality follows from an extension of Backhoff-Veraguas et al. (2017, Propo-
sition 2.4). We apply the above argument repeatedly, and obtain

Tee(X,Y) = inf E.[6(X,Y)],

TEI(P,Q)

where we set ¢ = ¢&. (]
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Chapter 5

Adapted Wasserstein DRO:
Sensitivity

5.1 Introduction

Naturally, the issue of model uncertainty and its impact on agents’ course of action is a
topic with a long history, including in decision theory and mathematical finance. Any
lecture in mathematical finance covering derivatives’ pricing, will typically also cover
the ‘Greeks’, the sensitivities of the prices to key model parameters, used through-
out the financial industry. Parametric, or similarly specific, sensitivities of optimal
investment problems have been considered in a number of works, see Larsen and
Zitkovi¢ (2007), Mostovyi and Sirbu (2019) and the references therein. Specifically,
the framework of robust utility maximization, which benefits from a strong axiomatic
justification (Gilboa and Schmeidler, 1989, Maccheroni et al., 2006), has been studied
in depth. Its analytic properties such as the existence of optimal strategies (Tevzadze
et al., 2013, Neufeld and Nutz, 2018), for formulation of a dynamic programming
principle (Schied, 2007, Zitkovi¢, 2009, Kéllblad et al., 2018), and relation to 2BS-
DEs (Matoussi et al., 2015), are well-understood. However, except special cases, these
works rarely allow for any explicit computations.

In this chapter, we study adapted Wasserstein DRO by computing the explicit
sensitivity to model uncertainty itself. To this end, we fix p,¢ > 1 with 1/p+1/g =1

and introduce a parameterized variant of AW-DRO as

V() = sup {E,[f(X)] = Ls(CWp(p,v))}, (5.1)

VEP(X)

where L is a penalty function, Ls(-) = 0L(-/d), and CW,, is the p-causal Wasserstein
distance. The penalty strength is controlled through the real-valued parameter o
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which, in the special case of an indicator penalty, is simply the radius of the uncer-
tainty ball. Furthermore, we focus on a case of central interest in robust finance:
pricing financial derivatives in a misspecified non-arbitrage market. This requires

imposing a martingale constraint on the set of models, leading to the problem:

Vitart (0) = Veﬁl/lll()x){Eu[f(X)] = Ls (AW, (1, v))}, (5.2)

where .# (X) denotes the set of martingale measures. We note that we penalize the
two problems using different, though related, distances. As established in Chapter 4,
these penalizations are equivalent in the discrete-time settings we consider here.

We set up the discrete-time framework as follows. Let I = {0,1,..., N} and
X = {0} x (R")N. By | - | we denote the [,-norm on R™ and by | - |, we denote the
l;norm on R™. Let A : X — X be the increment map given by (0,z1,...,zy5) —
(0,21,...,xxy —xn_1). We equip X with the metric given by

N

1/p
dy(z,y) = (Z |Az, — Ayn|p> . (5.3)

n=1

We set CW,, in (5.1) and AW, in (5.2) the distances induced by dy. In Theorem 5.15

we show that under mild regularity conditions the sensitivity of (5.1) is given by

1 .
T = (151_1)1(1) S(V(é) -V(0))=L"|E,

N 1/q
D B D f(X)|F] Ii’] o (54)

where L* is the convex conjugate of L, and D = (Dy,...,Dy) is the pullback of
V = (04,...,0y) under A. For the martingale constraint problem (5.2) with p = 2,
Theorem 5.18 shows that

1
TMart L= (155% S(VMart(a) - VMart(O))

N 1/2
= L7 By | Y B f(X)|F] - Eu[an(X)lfnl]li] : (5.5)

Our discrete-time results (5.4) and (5.5) thus offer a multi-step extension to the
single-period sensitivities studied in Bartl et al. (2021).

With the discrete-time results in hand, we investigate the corresponding continuous-
time limits in different scaling regimes. We focus on stochastic processes with paths

in X = Cy([0,T];R"), i.e., the space of continuous paths starting at 0. For any
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path w € X, we denote by w” = (0,w(T/N),...,w(T)) its discretization. We first

introduce the hyperbolic scaling:

1-1/p
o) = Jim () e ) = o = e

where the Sobolev norm is given by ||wHWg,p = ||w||». This scaling regime is natural
for capturing uncertainty in the drift of a process. Under such scaling, we show in
Theorem 5.22 that the sensitivity converges to a natural continuous-time analogue of
(5.4) given by

T 1/q
T = lim +(V(8) — V(0) = L' (E [ / |Eu[mtf<x>|ﬂ]|zdt] ) (5.6)

where D, is a novel pathwise Malliavin derivative (intuitively) given by

(Dyf(w),e) :==lim flw+celpy) - f(w)

e—0 £

We defer the formal definition of D and the relation to the classical Malliavin deriva-
tive to Section 5.2. However, a similar limiting argument under the martingale con-
straint would feature the difference of the optional and predictable projections, which
is known to be a thin process and would thus give Ty = 0. Alternatively, this is
also clear from Doob’s decomposition: processes at a finite bi-causal distance under
d(w,n) = |lw = nlly» will only differ by their finite variation part. In fact, there
is no other martingale measure in any causal Wasserstein neighborhood of a given
martingale measure y in the current scaling.

Put differently, the hyperbolic scaling is not critical for the martingale constraint
problem. To allow ambiguity in the volatility, we have to ‘zoom out’ by using a

parabolic scaling. For p = 2, this corresponds to a limiting distance given by
d(w,n) = lim dy(w™,7") = V/[w —nlr,
N—o0

where [-]r denotes the scalar quadratic variation at terminal time 7. We take p as
the Wiener measure, denote the classical Malliavin derivative by D and focus on the

objective of the form of
T
F(X) = U(H), for H = / (h(t, X (- A 1)), dX(8),
0

for reasons explored in Remark 5.27. In Theorem 5.30, we derive the sensitivity

T 1/2
Togare = L <Eu [/ et dt} >,
0
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where || - || is the Frobenius norm, T is the linear transpose, and
p(t) = Eu[Dey DU (H) — U'(H)D{h(t, X (- At))|F2).

The terms hyperbolic and parabolic scaling are borrowed from the literature on
hydrodynamic limits of interacting particle systems, see Kipnis and Landim (1999).
Roughly speaking, if the microparticle system has a non-zero mean, its distribution
profile converges to a macroscopic continuity equation under hyperbolic scaling, char-
acterizing a drift process. Conversely, if the particle system is centered, its distribu-
tion profile converges to a macroscopic Fokker—Planck equation under parabolic scal-
ing, characterizing a diffusion process. In our context, hyperbolic scaling corresponds
to the model’s drift uncertainty, while parabolic scaling corresponds to its volatility
uncertainty. In particular, the adverse distribution is approximately a perturbation
of the reference model by a drift process and a diffusion process, respectively.

For the continuous-time results, both scaling regimes are novel since we do not
require an inner product structure on Cy([0,7]; R™). Under hyperbolic scaling, es-
sentially we derive a pathwise first order expansion along any path A in the Sobolev
space Wy ([0, T]; R"). We introduce a pathwise Malliavin derivative such that the di-
rectional derivative of f along 1 can be represented as (D f, 7). For parabolic scaling,
we study the property of the forward integral against a martingale f0T<<I>(t), d=M(t)).
A new stochastic Fubini theorem is established in Theorem 5.12 which states that
we can swap the order of the forward integral and the Itd integral with an extra
correction term. The sensitivity Typ,¢ then follows from a first order expansion in
Lemma 5.36.

5.1.1 Related literature

To study (5.1) and (5.2), there are two lines of research: duality and sensitivity. We
refer to Chapter 4 for a review on the duality approach and focus here on the literature
concerning sensitivity. In the static setting, the classical Wasserstein DRO sensitivity
was first derived in Bartl et al. (2021) with an indicator penalty and later extended
to a general penalization in Nendel and Sgarabottolo (2024). These foundational
results have recently been generalized to multi-step dynamic contexts, with a focus
on settings that have a specific dynamic Markovian structure (Fuhrmann et al., 2023,
Langner et al., 2024, Neufeld and Sester, 2024, Mirmominov and Wiesel, 2024).
Under an adapted Wasserstein setting, partial discrete-time sensitivity results
were derived independently of this chapter in Bartl and Wiesel (2023) for the un-

constrained case, and in Sauldubois and Touzi (2024) for the martingale-constrained
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case. For both works, the authors took an indicator penalty L = +00l(; ) and
considered a standard I, metric dy(z,y) = (32, |2n — yn|?)"/? rather than dy given
in (5.3). We emphasize the choice is critical: while equivalent in discrete time, our
choice allows obtaining continuous time results as limits of the discrete time results.
For the martingale constraint problem in Theorem 5.18, we can formally rewrite it
as an unconstrained problem with a Lagrange multiplier:
Wiart(0) = sup inf {E,[f(X) —ho X]| — Ls(AW, (1, 1))},

vep(x)h€ts
where H, is the set of bounded predictable processes and h o X denotes the discrete
stochastic integral. This formulation aligns with Bartl and Wiesel (2023, Theorem
2.4). However, Bartl and Wiesel (2023, Assumption 2.4) essentially imposes the
uniqueness of the optimizer h* for

inf B,[f(X) - hoX],

heH,,
which is of sharp contrast to the martingale constraint problem where any h € H,, is
an optimizer.

To the best of our knowledge, this is the first work that studies the continuous-
time AW-DRO sensitivity as a limit of its discrete-time counterpart. The closest
setting in continuous time is the recent work by Bartl et al. (2025b), which considers
LP-balls around the drift and the volatility of the reference model under a strong
formulation. We discuss the link between our works in detail in Section 5.4.3 below.
Other related works, such as Herrmann and Muhle-Karbe (2017), Herrmann et al.
(2017) consider related sensitivities albeit in a more specific setup with the penalty
in (5.1) depending on the payoff in a way which makes the sensitivity universal and

independent of agent’s risk aversion.

5.1.2 Outline

The rest of the chapter is organized as follows. Section 5.2 introduces the necessary
notations and concepts. In Section 5.3, we develop the key technical tools for our
analysis, including a novel pathwise Malliavin derivative and properties of the for-
ward integral. We then present our main sensitivity results in Section 5.4, complete
with examples and a discussion of possible extensions. The proofs are detailed in the
subsequent sections: Section 5.4.4 outlines a unified framework, which is then applied
to derive the discrete-time sensitivity (Section 5.5) and the continuous-time sensitiv-
ities under hyperbolic scaling (Section 5.6.1) and parabolic scaling (Section 5.6.2).

Finally, proofs of auxiliary technical results are postponed to Section 5.7.
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5.2 Notations

Throughout the chapter, we fix N;d > 1, T > 0, p > 1 and let ¢ = p/(p — 1). We
use the generic notation (-, -) for the scalar product, where the space is clear from the
context. We consider stochastic processes taking value in R” and recall that we use
the notation | - | for the {,-norm on R", and | - |, for the [,-norm on R™. In discrete-
time, we take time index I = {0,1,..., N} and refer to the canonical path space as
X = {0} x (R")" equipped with its natural filtration; in continuous-time, we take
time index I = [0, 7] and refer to the canonical path space as X = Cy([0,T];R"™). On
the product space X x X, we denote the first and the second coordinate processes by
X and Y. By F = (F;)ier and G = (Gy)ier we denote the natural filtrations generated
by X and Y respectively.
Let VVO1 ? be the Sobolev subspace of Cjy equipped with the norm

Il = l1llzr-

Let A = (A(t))es be a stochastic process. In discrete time we write

N 1/q
[ Allza(u) = (Z Eu[lAnli’]> ;
n=1

and in continuous time we write

Al Lagu) = (/OT EL[JA)]9] dt) l/q_

For A with Ep|[||Al|«] < 00, we denote the optional projection of A by °A which is
the unique optional process (up to a P-null set) such that for any bounded optional
stopping time 7

*A, = Ep[A,|F].

We denote the predictable projection of A by P A which is the unique process (up to
a P-null set) such that for any bounded predictable stopping time 7

PA = Ep[A,|F,_].

Note that in discrete time there are no issues with the pathwise regularity, and the

projections are simply given by

°X, = E[X,|F,] and PX, = E[X,|Fn_1].
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For a multidimensional martingale M, we denote [M] its matrix-valued quadratic
variation process and [M] its trace, which we refer to as the scalar quadratic variation
process. In the sequel, we use regular martingale to refer to a continuous-time square-
integrable continuous martingale M with absolutely continuous quadratic variation.
By .# (X)) we denote the space of regular martingale measures on X. By (-, -)r and
| - [|[¢ we denote the Frobenius inner product and norm respectively.

We adopt Landau symbols o and O. By o(r) we denote a quantity bounded
by I(r)r with lim, o l(r) = 0, and by O(r) we denote a quantity bounded by I(r)r
with lim,_,o () < oo. We stress that I(r) is deterministic and independent of the
underlying probability measure.

By II(u, x) we denote the set of couplings with a fixed first marginal p. Accord-
ingly, IT.(u, *) and Il (s, %) represent the respective subsets of causal and bi-causal

couplings.

5.3 Some tools from stochastic calculus

5.3.1 Malliavin derivative

We follow Nualart (2006) to give a brief introduction to the (classical) Malliavin
calculus. We then introduce the notion of pathwise Malliavin derivative. It arises
naturally as the limit of discrete objects, and we show it coincides with the classical
version on the intersection of their domains. We believe such a pathwise approach to
Malliavin calculus can unlock many interesting results. It links with the functional It6
calculus of Dupire (2009), Cont and Fournié (2013) and will be key to extending our
sensitivity results in continuous time to reference measures beyond the Brownian case.
We plan to pursue this direction of research in a future chapter, see also Section 5.4.3.

Let X be a d-dim Brownian motion on a filtered probability space (2, F, (Fi)ier, P).
For a smooth cylindrical random variable F' = f( fOT<h(t), dX(t))) where f € C} and
h € L*([0,T],R™), its Malliavin derivative DF' is given by

pr—r( [ (h(s), AX(6) )10,

It is well-known that D is closable on L?(P, F;X). Hence, we do not distinguish D
from its closure and denote its domain by DY2. The predictable projection of the

Malliavin derivative solves the martingale representation problem.

Theorem 5.1 (Clark-Ocone formula). Assume Z € D*?. Then we have

7= BplZ] + /T<thZ, AX (1)),
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Malliavin derivative can be interpreted as a ‘gradient’ operator on the ‘tangent

: 1,2
space’, the Cameron-Martin space W;*.

Proposition 5.2. Assume f: X — R and f(X) € DY2. Then for any n € Wy, we

have

li LX) = J(X) :/T<th(X),7'7) dt P-a.s. (5.7)

e—0 £

5.3.2 Pathwise Malliavin derivative

To introduce pathwise Malliavin derivative, we start with the discrete-time setup.

Recall that A : X — X is the increment map given by
Ax = (O, Al’l, . ,ASL’N> = (O,Il,l’g —T1y...-, TN — fol)-

Then the pathwise Malliavin derivative D = (Dy,...,Dy) is defined as the pullback
of V.= (04,...,0y) under A, i.e., for any smooth f

(Df(@),y) = (Vf(2),Ay) = (A™)'Vf(2),y), (5.8)

where (A™1)* is the adjoint operator of A~1. Expressed explicitly, this gives
N
D, =Y 0 1<n<N. (5.9)
k=n

Here, Df is an analogue of Malliavin derivative in the sense that for any deterministic
path x,y € X

= (Df(x), Ay).

In continuous-time setting, while we focus on stochastic processes with continuous

lny [z +€12) — f(z)
path, it is natural to first define pathwise Malliavin derivative for functionals on the
cadlag path space D([0,T]; R™). This approach closely aligns with the functional 1t6
calculus from Cont and Fournié (2013). Proofs of results in this section are deferred
to Section 5.7.

Definition 5.3 (Pathwise Malliavin derivative). Let f : D([0,7];R") — R be a
functional on the cadlag path space. We say that f is pathwise Malliavin differentiable
if there exists Df : D([0,T];R") x [0,7] — R? such that
+eel —
(D,f(w), ) = lim fwteelyn) = fW) -y D([0, T];R"™), e € R".

e—0 £

We call Df = (D f)icjo,r) the pathwise Malliavin derivative of f.
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Definition 5.4 (Left limit). For a functional F': [0,7] x D([0,T]; R") — R, we say F
has a left limit at t € [0, 7] if for any w” converging uniformly to w and t" increasing
to t the following limit exists

lim F(t",w") = F(t—,w).

n—o0

Definition 5.5 (Boundedness preservation). We say a functional F' : [0, T]xD([0,T]; R") —
R is boundedness preserving if for any K

sup  sup |F(t,w)| < 0.
te[0,17] [|w|loo <K

Proposition 5.6. Assume f and D f, t € I, are all continuous with respect to the
uniform topology. Then, for any simple step function n =", _, exly, 1, we have

floten) —flw) _ i@)t Fw), ex).

k=1

lim
e—0 £

If further Df has a left limit for allt € [0,T] and is boundedness preserving then, for
any path n € ACy([0,T]; R™), we have

e—0 g

lim L@ €M = (@) _ / Duf(w). a0 di. (5.10)

We note that (5.10) fully characterizes (up to a Lebesgue null set) the left limit
of the Malliavin derivative. This, in particular, offers us a natural way to define the

pathwise Malliavin derivative for a functional defined on the continuous path space
f:Co([0, T|;R™) — R.

Definition 5.7. We denote D} the space of functionals f : Cy([0, T]; R™) — R which
admit an extension f to D([0,T]; R™) satisfying assumptions in Proposition 5.6, and

for such f we set

Dy f(w) :=Dif(w), te0,T], we Co(0,T];R").

We remark that Df is measurable and does not depend on the choice of the
extension f as the right-hand side only depends on the values of f on the continuous

path space.
Example 5.8. We give a few examples of functionals f € Dj.

L. f(w)=g(w(ty),...,w(t,)), where g € C}.
This gives Dy f(w) = > 11 Oeg(w(tr), - ., w(tn)) Lo -
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2. f(w) = [ g(w(t))f(dt) where g € C} and 6 is a finite measure. This gives
Dif(w) = ;" Vg(w(s))0(ds)

The following property shows that the classical and the pathwise Malliavin deriva-

tives agree on their common domain.

Proposition 5.9. Let X = Cy([0,T];R"™), p the Wiener measure, and X be the

canonical process. Assume f € D} and f(X) € DY2. Then, we have

(D f)(X) =Dy f(X) dp®dt-a.e..

5.3.3 Forward integral against regular martingales

Let X be a d-dim Brownian motion on a filtered probability space (Q, F, (F)ier, P).
The forward integration was introduced as an anticipative extension to the It6 inte-

gral, and it plays a crucial role in our sensitivity analysis. We first recall its definition.

Definition 5.10 (Russo and Vallois (1993)). Let A, B be two measurable stochastic

processes (not necessary adapted). The forward integral is given by

/T(A(t), 4B = lim [ HAW).B((t + ) AT) — B() dr.

e—>00 £

if the right hand side limit exists in probability. We say A is B forward—y integrable
if the above limit exists in L7. A family {Ay},ea of B forward—y integrable processes

is said to be B uniformly forward—y integrable if

sup

AEA €

/0 (Ax(t), d"B(t)) - / LA\, B((t + &) AT) — B(t)) dt

converges to 0 in L7 as € goes to 0.

We focus on the case where the integrator of the forward integral is a regular
martingale. Unlike It6 integral, the expectation of a forward integral can be nonzero

as a consequence of the anticipative nature of the integrand.

Proposition 5.11. Let M be a reqular martingale. We assume ®(t) € F5X for any
tel, and ® is M forward—1 integrable. If the right limit lim,_,,y Dy®(t) = Dy O(2)

converges in L? and sup e [Ds®(t)||p € L?, then we have

Ep {/OT@(t),d_M(tD} = Ep UOT<Dt+<I>(t),d[[X, M](t))r |,
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Proof. By definition of the forward-1 integrability and L' convergence, we have

Ep UOT<<1><t), d—M(t)>] — lim Ep UOT L@@), M((t+ &) AT) - M@®)) dt] .

e—0 g

By applying Clark—Ocone formula to ®(t), we derive

Ep T(Q)(t),d‘M(t)) zlimEp_ 1 TPD;@(t)dX(s), (HE)ATd]\/[(s) dt
I |- [ ] [ o )al

~ lim Ep / Té / T D). [, M]](S»th]

e—0

= o[ [ Do) abx. (o).

where the second line follows from the [t6 isometry and Fubini theorem, and the last
line follows from the dominated convergence theorem and sup, ;¢ (0.7 [Ds®(t)[r € L*.

We conclude the proof by noticing [X, M] is a predictable process. Il

We give now a stochastic Fubini theorem which details the correction term arising
from an interchange between a forward and an It6 integral. To the best of our
knowledge, this is a novel result which we believe is of independent interest. Its proof
is deferred to Section 5.7.

Theorem 5.12 (Stochastic Fubini theorem). Lety € [1,2). Let U : I xIx§ — R¥*%,
M be a regular martingale. We assume that V(s,-) is predictable for any s € I and

satisfies the following conditions:
1. {V(, t) e is M. uniformly forward—y integrable,
2. sup, o 19 (s, 1) |le € L2/,
3. limy_,.y Ep[||¥(s,t) — U(t,t)||z] =0 for any s € [0,T].

Then, we have fT\If(-,t)T dX(t) is M. forward—y integrable. Moreover,

/OT</ST\I,(3, t)T dX(t),d—M(S)>

— /OT</Ot\IJ(s,t) d—M(s),dX<t)> +/OT<\IJ(t,t),d[[X7 M](#))-
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5.4 Sensitivity of AW-DRO

With the tools developed so far, we can now give rigorous statements of our main
results on the sensitivity of AW-DRO problems to model uncertainty. We recall that
p > 1lisfixed, ¢ = p%l, and the parameterized penalty is given by Ls(-) = 0L(-/d). We
impose the following assumption on L. The growth condition ensures that when ¢ goes
to 0, the adversarial distribution will converge to the reference model p. We stress that
the proofs offer direct characterizations of the first-order optimal adversarial model
perturbations. We make this explicit only for the first theorem, see Remark 5.16. As
highlighted in (Bai et al., 2023) this can be as important as the sensitivity computation
itself.

Assumption 5.13. We assume that L : [0,+00) — [0, +o0] is continuous, non-

decreasing, and satisfies

L
L(0)=0 and lim infﬂ = 400

U—00 ub

We write the convex conjugate of L as L* given by

L*(v) = sup{uv — L(u)}.

u>0

5.4.1 Discrete-time results

We start with the discrete-time setting. We state and discuss the results, with the
proofs deferred to Section 5.5. Let CW, and AW, be the distances induced by the

metric
N

1/p
dn(z,y) = (Z | Az, — Ayn|p> ,

n=1

and recall D is the discrete Malliavin derivative in (5.9). We consider

V(é) = ES;I(DX){EV[f(X)] — Ls(CWp(p,v))}- (5.11)

Assumption 5.14. We assume that f : X — R is continuously differentiable. More-
over, D f satisfies for any x € X

IDf(z)| < C(1+ |zPh). (5.12)
Theorem 5.15. Under Assumptions 5.13 and 5.14, we have
V(0) =V (0)+ Y6+ o(6),
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, N , 1/q
=g 5V = VO) = L7 B 2Bt ORI | = 2Bz

Remark 5.16. The first-order optimal adversarial model vs which approximates
(5.11) for small ¢ is given explicitly in the proof as vs = (Id +udA~! o @), u, where
® is given in (5.27) and w is such that T = || *Df||a(u) — L(u).

We now turn to the problem under martingale constraint. Let u € .#(X') and

consider

Vatart (0) = Veﬁ;l/l(DX){Eu[f (X)] = Ls (AW, (1, v)) }-

Remark 5.17. We note that in the discrete-time setting the bi-causal and the causal
penalizations are interchangeable by Proposition 5.35. We use different penalizations

for V(§) and Viyart(9) to be consistent with their continuous-time counterparts.

Theorem 5.18. Let HY denote the set of predictable processes h with ||h|pa() < 0o.

Under Assumptions 5.13 and 5.1/, we have

VMart((S) - VMart(()) + TMart5 + 0(5)7

where
N 1/‘1
* . q * : o
Vo = 1| 08 B, D BBV — ] = 1t 1°D1 = bl )

In particular, if p = 2, we obtain
T Mart = L*(|| °Df — p]D)fHLz(u)).

Example 5.19. In the context of derivatives pricing in mathematical finance, the
AW-DRO sensitivity under martingale constraint can be viewed as a nonparametric
Greek. It captures the sensitivity of the option price to model uncertainty. This was
first observed in Bartl et al. (2021) in the context of perturbations of the distribution
of the underlying stock price process at a given time (the maturity). Having derived
sensitivities in a dynamic context, we can consider perturbations of the actual model
for the price process.

We consider d = 1 and a discrete-monitored Asian option whose payoff is given
by

N
_ o 1
f(X)=max{0,X — K} with X = N1 ;Xn. (5.13)
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Figure 5.1: Comparison of the parametric sensitivity and the nonparametric sensitiv-
ity of the Asian option price under different strikes K.

Let p € #(X) be the reference risk-neutral (pricing) measure. Without loss of
generality, we assume p is centered, otherwise we can always shift the market by a

constant and absorb it into K. Notice that

Dnf(X) = —7=—

For simplicity, we take p = 2 and L = 4+001(1 o). By Theorem 5.18, we derive the

nonparametric ‘Greek’ of the Asian option as

TMart - (E,u

To compare this result with a parametric sensitivity, consider () to be the distri-
bution of a symmetric random walk with jump size £, and set the reference model
as pu = p(1), the distribution of the simple symmetric random walk. In Figure 5.1, we
compare the nonparametric sensitivity (5.14) with the parametric sensitivity to the
jump size A. Whilst the parametric sensitivity captures the main risk, the nonpara-
metric one dominates it, as expected. Inspecting the first-order optimal adversarial
model perturbation, see (5.27), reveals that it involves both the jump size and their

symmetry being broken simultaneously.
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5.4.2 Continuous-time results

We switch now to the continuous-time setting. As before, we state and discuss the
main results, with proofs deferred to 5.6. We start with the hyperbolic scaling where

the metric d is given by

N 1-1/p w— L ifw—ne WLp’
d(w,n) = limsup<—) dy(w,n) = | 77||WO n )
N AT + 00 elsewhere.

Assumption 5.20. Function f: X — R is in D} and satisfies
c [fW) < CO A+ wllg), we &;
o D f is continuous, and |D;f(w)| < C(1 + |lw|Z21), t € [0,T].

Remark 5.21. We recall that D} was introduced in Definition 5.7. Note that we do
not expect the growth of D, f to imply a control on the growth of f. This is because

D, f is only a directional derivative along a proper subspace of the tangent space.

Theorem 5.22. Let p > 1 and suppose Assumptions 5.13 and 5.20 hold, and that
p € P(X) satisfies B [sup,eoq | X (¢)[P] < oo. Then, with V() given in (5.11), we
have

V(8) = V(0) + Y6 + o(6),

where 1
T = lim 5 (V(3) = V(0)) = L* (I °Df | 20¢).

Remark 5.23. We point out when the reference model is the Wiener measure v and
f(X) € D2 the intertwining formula (Bally et al., 2016, Theorem 7.9) gives

E,\Df(X)|F] = Vo E[f(X)|F] ~-as.,

where V, denotes the vertical derivative. Moreover, from Proposition 5.9 the Malli-
avin derivative coincides with the pointwise Malliavin derivative on their common

domain, and this leads to
E,[Df(X)|F] = E,[Df(X)|F] ~-as.

Therefore, we can represent the sensitivity using the vertical derivative as T =
L*(||VoEy[f|Fi)l|La(y))- One can extend the above arguments to more general mar-

tingale reference models by taking an appropriate metric d.
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Example 5.24. We consider Merton’s (Merton, 1969) classical setting of a log in-
vestor maximizing the expected utility of their terminal wealth. The stock price

process follows the standard Black—Scholes model, with .S solving
dS(t) = aS(t)dt + o S(t) dX (t),

where X is a Brownian motion. The agent invests their wealth into the stock and a
riskless asset which grows at a constant interest rate r. Suppose their initial wealth
is k and let 6(t) denote the proportion of their wealth invested in the risky asset at
time ¢, which is assumed to be predictable. Their wealth process (K%(t));c; evolves

according to
dK?(t) = (r + MN(t)o)K?(t) dt + of(t) K°(t) dX (t),

where A = (o — r)/o, known as the market price of risk, is the key market param-
eter the investor has to estimate. Merton’s problem of maximizing E[log(K%(T))]
over the choice of 6 is solved taking 6(t) = A/o, and the resulting wealth sat-
isfies K*(T) = kexp((r + A\?/2)T + AX(T)). Agent’s expected utility is given by
V(0) = E[log(K*(T))] = log(r)+(r+A?*/2)T and its parametric sensitivity to A, which
captures the agent welfare’s sensitivity to the estimated parameter, is %V(O) =\T.
The general sensitivity to model uncertainty, around p the Wiener measure, can be

computed using Theorem 5.22 for
F(X) =log(K*(T)) = log(k) + (r + A?/2)T + AX7.

Taking p = 2 and L = +001(; ), We obtain T = M/T. We see that T recovers the
parametric sensitivity but with a different scaling in time. Indeed, v/7 is the natural
Brownian scaling in time, and we kept the uncertainty penalty L independent of
time. If instead, we set L = 001 /7 ), introducing the natural Brownian scaling
into the size of the uncertainty ball considered, then we obtain T = AT, as before.
Naturally, the parametric sensitivity only makes sense in the specific context of Black—
Scholes price dynamics, and Y offers its natural nonparametric extension to general

investment settings.

Example 5.25. We stress that our continuous-time sensitivity results can also go
beyond the semi-martingale framework. Consider an objective given by a pathwise

rough integral introduced in Cont and Perkowski (2019). We fix a positive integer [
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and a sequence of partitions p = {p1,pa,...} where p, = {0 =1ty < --- <t;, =T}
By Vg (p), we denote the set of paths with finite 2/-variation along p in the sense that

lim Y fwtin) —w(t)]* = W)

[tistiy1]€pn,t;<t

for some continuous function [w]?. For any path w € Vy(p) and g € C**! we define

the rough integral

T 21 () (04
/0 g (w(t)) edw(t) := lim Z Z %(w(tiﬂ) —w(t;))k.

n—oo
[titiy1]€pn k=1

Then we take f(w) = fOT g'(w(t)) e dw(t) and the reference measure as the law of the
fractional Brownian motion with Hurst parameter H = 1/2[. By Cont and Perkowski
(2019, Theorem 1.5), we notice

Elf(X)] = E, @(X(T)) - 9X00) - 5 | oexes) d[X]”(s)]

= .oy - oo - O [ genoxisas.

For simplicity, we take d = 1, p = 2, and L = +001 (1 ). Therefore, by Theorem 5.22,
we derive

T
o5 ft]
0

As mentioned in the introduction, the hyperbolic scaling is not critical for the

9 1/2

T
EulIX(DIT] / g2 (X (s)) ds| || dt
t

martingale constraint problem since, by Doob’s decomposition theorem, the difference
between two martingales is of infinite variation. This gives an infinite transport cost

under hyperbolic scaling, i.e., martingale measures are a ‘totally disconnected’ set:

Remark 5.26. Let p > 1 and p € 4 () satisfy E,[sup;cpr [X(¢)[P] < oo, If a
martingale measure v € . () satisfies CW, (i, v) < oo, then p = v.

As a consequence, we have to zoom out the scaling. Put differently, we need a
metric which allows us to alter the quadratic variation of the path. We focus on the
case p = 2 and the reference measure u being the Wiener measure, leaving the general
case for future studies. Adopting a parabolic scaling, we formally set d as

d(wa 77) = limsup dN(wa 77) = [(,d - 77]T

N—o0
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Remark 5.27. Consider formally taking continuous limit of Ty, in Theorem 5.18

for p = 2:
1/2
lim L* E |E T/Nf )|./T T/N] —F [D T/Nf(X)U:( 71)T/N] 2]
N—oo " " pe " )
nT /N 12
I 3 * 2
i L Z / 1 VDD X >|m||th]

T 1/2
%L*<En[/o HELL[DtDt—l-f(X”E]H}:%dt] )

where we apply the Clark—Ocone formula in the second line and denote the Frobenius
norm by || - ||p. Surprisingly, this limit does not always coincide with Yy for some
objectives of our interest such as f(X) = 3[X]r. If the above limit were true, we
would have Yy = L*(0) = 0 since Dy f(X) = 0 for any ¢ € [0,7]. However, a direct
computation shows that Ty = L*(VT).

Motivated by the above remark, we consider objective functionals f of the form
T
= U(Jy h(t,w(- A1), du(t))).

Assumption 5.28. We assume that h : I x X — R" is continuous, bounded, and
U € C? with a bounded second derivative. There exists v € (1,2) such that under
any 7 € Iy (p, ¥) with 7(X x ) € .#(X) the following holds:

Er[supyeory [A(t X (- A1) = h(t,Y (- A 1)) = o Ex[[X — Y]7]"/?).

o Er[supepr [h(t,Y (- A1) = h(t, X (-At) = [y DIA(t, X (- A1) d(Y = X)(s)]

= o( Ex[[X = Y]]"7?).
o {Dh(t, X (- At))} e is (Y — X) uniformly forward—y integrable.
o sup e [Dsh(t, X (- A )|l € L/C),
o limy o Er[||Dsh(t, X (- At)) — Dih(t, X (- At))||F] = 0 for any s € [0,T7].

« For H = [[(h(t,X(- A 1)),dX(t)), Dy H = lim; .y D;H and Dy D,H =
lim;_,s, D;D,H both converge in L? for any s € [0,T].

Remark 5.29. We remark that d and f can be defined in a pathwise sense. By
Karandikar (1995, Theorem 3) there exists a map ¢ : X — R such that ¢(w) = [w]r
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holds almost surely under any martingale measure . This allows us to interpret
d: X x X = Ras d(w,n) = q(w—n). In particular, under any bi-causal coupling 7

between martingale measures, we have the desired identity
dX,)Y)=q¢X -Y)=[X—-Y]|r m-as.

Similarly, under Assumption 5.28; h is continuous and by Karandikar (1995, Theorem
3) there exists f : X — R such that for any martingale measure p

F(X) = U(/OT(h(t,X(- A t)),dX(t)>) j-a.s.

Theorem 5.30. Take p = 2 and let i be the Wiener measure. Let Assumptions 5.13
and 5.28 hold, and denote H = fOT<h(t,X(- At)),dX(t)). Recall

Vitart (0) = es/%c){E”[U(H)] — Ls(AWs(p,v))}- (5.15)

Then, we have
VMart(é) = VMart(()) + erart(5 + 0(5)7

Totur = L (E | e ] 1/2) (5.16)

o(s) ="{D,,D,U(H) — U'(H)DTh(s, X (- A s))}. (5.17)

where

and

Example 5.31. Let 0 € Cp*. Then h(t,w) = o(t,w(t)) satisfies Assumption 5.28.
The first condition follows from BDG inequality and the boundedness of d,0. For the
second one, we notice that Dsh(t, X (- A t)) = 0,0(t, X(t))1s<;. The estimate follows
from Taylor expansion and BDG inequality by noticing

h(t, Y (- At)) — h(t, X (- A1) — /t DAt X(- At))d=(Y — X)(s)
= [o(t, Y () — o(t, X (1)) — (.0 (t, X (1)), (Y (t) = X (1)) < C|Y (t) = X (8)['*,

for some ¢ € (0,1). Taking v = 2/(1 + €), we obtain the required estimate. For the
third condition, we notice fOT Dh(t, X(- At)d (Y — X)(s) = 0.0(t, X(2))(Y(t) —
X(t)) and uniform forward integrablity follows from the boundedness of d,0. The
fourth condition is again satisfied by the boundedness of d,0. The fifth condition
is a consequence of the continuity and the boundedness of 0,0. The last condition
follows from the fact that D;H = o(t, X (t)) + ftT 0,0 (r, X(r))dX(r) and D;D;H =
Dy (t, X (1) + [ 920(r, X (r)) dX (r) for t > s.

x
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Example 5.32. We continue the theme of Example 5.19 and explore a nonparametric
Greek for option pricing in a continuous time setting. Suppose the price process

follows

dS(t) = S(t)a(t, X (1)) dX (1),

: . . 1,2
where X is a Brownian motion under the reference measure p and o € C°. The

payoff of a log contract is given by —log(S(7")/S(0)) and Itd’s formula gives its price

%(/OTa(t,X(t)) dX(t))2] |

We take L = +00l(1,«) and applying Theorem 5.30, noting its assumptions are

as

Byl loa(S(T)/SO)] = B, 5 [ att X(@)2ax10)| =

satisfied by Example 5.31, calculate the nonparametric ‘Greek’ of a log contract as

1/2

T
TMMt:ENU rgo<t>|2dt} ,
0

where

ols) = {DD(%( / a(t,X@))dX(t)))— / a(t,X<t>>dX(t)@a(s,X(s))}

= o(s, X(s))* + / By |(@a0 (2, X (1)) +a(t,X(t))&ia(t,X(t))’fs} dt.

If o is constant then the price of the log contract is given by p(o) := %UQT while the
above formula gives Yy = o2v/T. The difference in scaling in time comes from
two factors: one is similar to what we saw in Example 5.24 above, the other is due o
being the annualized volatility, while Ty, is not annualized. To wit, note that a
perturbation of the underlying Brownian motion, X to (14 )X corresponds to v/T'§
causal perturbation whilst changing the log contract price from p(o) to p(a(1 + §)).

Thus, the sensitivity to log contract price corresponding to Yypay is

2 2 2
hmla(l—l—é/ﬁ)T UT:gzﬁ‘
5—0 2 )

In general, taking time scaling into the account, we would expect p/(0) < \/TTTMart
and the fact that we actually have equality shows that, up to the first order, the worst
adversarial change to the dynamics comes from a constant shift to . Finally, we note

that, as in Example 5.24, we could take L = +001 (/7 /4, 00) leading to Yypay = 01 =
(o).
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5.4.3 Extensions and further results

Filtrations in discrete time

In Theorem 5.15, we work with the canonical filtration F. This was taken for ease
of notation and to mimic the continuous time results. We can extend our result to
any enlarged filtration ﬁ, and following the same lines of arguments the sensitivity
is again given by T = L* (|| °Dfl Lq(ﬂ)), where the optional projection is with respect
to F. The notion of causality introduced in Section 5.2 is easily transferred to this
setting, see Acciaio et al. (2020) for more details. In particular, if we equip the
reference model with the largest filtration, i.e., F, = F for any ¢ € I, then any
coupling is a causal coupling. Under such an extended setting, we retrieve the static

Wasserstein sensitivity (Bartl et al., 2021) as a specific corollary of Theorem 5.15.

Weak OT objective in discrete time

Another extension is to consider an optimal stopping problem

Vos(0) = sup Eulg(X7)],

and its distributionally robust counterpart

Vos(8) = VGS;%’n{fBB Eulg(X)] — Ls(AW, (1. u>>},

where .7 is the set of (F;)-stopping time. The dual representation for Vipgs(d) is
discussed in Jiang (2024). For simplicity, we focus on the two-period case, and by
Snell’s envelope we notice

sup B, [g(X7)] = Ej[max{g(X1), E,[9(X:)|X1]}] = By [f (X3, Law(X2| X1))].

TET

In this case, the objective f : X} x Z(AX;) — R is a functional not only of the state
but also of the conditional law of the state. Such problems are referred to as Weak
OT and were studied in Gozlan et al. (2017). For this two-period setting, it can be

shown that

Tos := lim(Vos(6) — Vos(0)) /0 = L* (10 f, 8, f )l o)

where 9, is Lion’s derivative, suitably adjusted to the change of coordinates by A.

However, to the best of our knowledge, the general N-period case remains open.
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Semi-martingale ambiguity in continuous time

Our results can be extended to a framework where the ambiguity set is the set of
semi-martingales around the reference model. In order to allow both the drift and
the volatility ambiguity, we need to decompose the semi-martingale into its finite-
variation and its martingale part. For a process X, we write X = X% 4+ X" for its

Doob’s decomposition. We adopt the objective in Theorem 5.18:
T
f(X)=U(H), where H :/ (h(t,X(-At)),dX(t)).
0
Let d =1, p =2, u be the Wiener measure and consider the DRO problem given by

VS.Mart((S) = Sup EZ/[U(H)]a

veEBs

where Bs = B§ N By" is the intersection of two bi-causal balls given by

Bg = {V € y(?{) : inf E; [HXa - YCLHWOLQ} < (5}

mE€Mpe (p,v)

and
By = {V e L (X): inf E[X™—Y"]"? < 5}.

TrEHhc(,U,,I/)
Here .(X) denotes the set of semi-martingale measures. In order to apply Theo-
rem 5.22, a pathwise definition of the Ito integral is needed. For instance, we can

adapt the approach in Example 5.25, and consider the objective of the form of

o) =0 ([ gt au) = v(stn -o0 - 3 [ Fel)aue).

We claim that

_ BLA(X 1 (Y — X)* (Y — X)™) — f(X)]
B 1 (Y — X)%) — FOO] 4 BLF(X + (Y — X)™) — F(X)] 4+ o(d)
=E{O<mﬂwamay—xwvﬂ+E{A<wmdeY—wa»+wwx

(5.18)

where ¢ is given in (5.17), and where the second equality follows by controlling the
higher order terms combining the arguments in the proofs of Theorems 5.22 and 5.30,

and we omit the details. It follows that
TS.Mart - T + TMart- (519)
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This result allows us to detail the relation between our results and the recent work of
Bartl et al. (2025a). Therein, the authors consider LP-balls around the drift and the
volatility of the reference model under a strong formulation. We adapted their results
to the semi-martingale framework as follows. Let (2, F, (F:), P) be a probability

space supporting a Brownian motion W. Consider a DRO problem given by

Vot (8) = inf  sup EP[U( / Th(t)de’%t))},

hell (b’g)eéé

where H is a set of predictable open-loop controls, X (¢)%7 = fg b(s) d5+f(f o(s)dW(s),
and

</OT o(t) - 5(t)|2dt)p/2] " <5

thus an intersection of LP-balls around the drift and volatility coefficients. Bartl et al.

(2025b) shows that
T q/27 /4
(/0 |Z(t)h*(t)|2dt) ] ~ (5.20)

where h* is the unique optimal control of the reference model and (Y, Z) is the solution
to the BSDE:

Y(t) = U’( /0 ' h*(t) dX(t)”"’) - /t ' Z(s)dW(s), te[0,T).

1/p

B= ) £ [ b0 b at] <o

1/q

T rtare = B K/OT Y ()R ()] dtﬂ .

Notice that in our framework we do not specify a probability space, and hence we
only consider feedback (closed-loop) controls h. The intersection between the two
settings is obtained taking b = 0, & = Id and H = {h} for some deterministic control
h. While (5.20) was obtained only for p > 3, we find that (5.20) coincides with
(5.19) by plugging p = 2. Roughly speaking, this indicates that the volatility ball Eg,
while more rigid, is actually equivalent to the bi-causal ball Bs up to the first order

approximation.

Remark 5.33. Above, we took an intersection of a drift ball and a volatility ball to
obtain a direct comparison with Bartl and Wiesel (2023). However, from the causal-
OT point of view, it is more natural to allow a trade-off between the two types of
perturbations and to combine them into one cost function. This leads us to consider
the bi-causal discrepancy given by

1/2

AWso(p,v) = inf  E ||| X*— Ya||§vol,2 +[X™ = Y™

m€lp (1)
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The corresponding DRO problem is given by
VS.Mart((S) = Ssup {EV[U(H)] - LJ(AWQ(/'L? V))}
ves(X)
For simplicity, consider L = +0011 ) as above. Combing the first order approxima-

tion (5.18) with the Cauchy inequality, in this setting one can derive

TS.Mart =\ T2 + T%\/Iart'

5.4.4 A general strategy of the proof

We present a key elementary lemma which provides a unified framework for the
proofs. An upper bound of the sensitivity is given by estimates (5.21) and (5.22).
A lower bound of the sensitivity is a consequence of the estimate (5.23). In the
following proofs, we will verify all three estimates respectively in each case. The
growth estimate (5.21) will follow from the growth assumption of f. Estimate (5.22)
is an asymptotic estimate when the cost is small and is will be derived from the Holder
inequality or the Kunita—Watanabe inequality. For estimate (5.23), we will construct

a sequence of couplings which attain the inequality in (5.22) asymptotically.

Lemma 5.34. Let P C Il(u, *) be a given set of couplings and d a metric such that

the following conditions hold: there exists a constant C' such that for any © € P
El[f(Y)] € C(1+ E,d(X,Y))), (5.21)
there exists r such that for any m € P
ELf(Y) = [(X)] < rEd(X, Y)Y 4+ ol ELJd(X,YV]7),  (5.22)

and for all 6 > 0 small enough, there exists w5 € P such that E[d(X,Y)?] < uPd?
and

Ers[f(Y) = F(X)] = rud + 0(9), (5.23)

where u s given by ur — L(u) = L*(r). Then under Assumption 5.13, we have

sup{ Ex[f(Y) = F(X)] = Ls(Exld(X, Y ]'/7)} = L*(r)3 + o().

TeP

Proof. Since L satisfies lim inf,, % = +00, there exists M; and C; > C' such that

v
Ls(u) > C16'PuP for any § < 1 and u > M;. Combined with (5.21), we see that for
any 0 < 1 we can restrict to measures with uniformly bounded costs

sup{ B[f(Y) — f(X)] = Ls(E[d(X, Y)"]'/")} (5.24)

TeP

= sup{ Ex[f(Y) = f(20)] = Ls(Exld(X, Y)"]'")},

105



where @ =P N {r: E.[d(X,Y)?] < M;}. By (5.22), for 7 € Q we have
E-[f(Y) = F(X)] < GE[d(X, V)],

for some constant Cy. Again by the growth assumption of L, there exists My > 1
such that Ls(u) > Cy*PuP for any 6 < 1 and v > M,. Then on the set of {7 € Q :
E [d(X,Y)?P] > MEoP} it holds that

EL[f(Y) = f(X)] = Ls(E-[d(X,Y)"]'/?) < CLE[d(X,Y )P]"/P — Co6" PEL[d(X,Y )]
< CoEL[d(X, YY1 — (EL[d(X,Y)P]Y?P /8P~ < 0.

Therefore, by taking Ps = {m € Q : E [d(X,Y)?] < MJéP}, we obtain the desired
estimate from (5.22)

sup{ B [f(Y) — F(X)] = Ls(E-[d(X, Y )"]'/7)}

TeP
:Sél%) {En[f(y) - f(X)] — Lg(E,, [d(X’ Y)p]l/p)}
< sup [rE[d(X,Y 17 — SL(E,[d(X, Y)Y /6) + o(8)} < L*(r)8 + o(5).

On the other hand, taking u such that ur — L(u) = L*(r) and 7s in (5.23), we
obtain the other inequality, and hence the desired equality:

sup { EL[f(Y) — f(X)] — Ls(ER[d(X,Y)")Y?)} > rud — SL(u) + o(6) = L (r) + o(6).

TEPs

O

5.5 Proofs of discrete-time results
Proof of Theorem 5.15. 1t is clear by definition that

V()= sup {E:[f(Y)] — Ls(Ex[dn(X,Y)]V7)}.

mE€Ile (k)
By Lemma 5.34 it suffices to verify (5.21), (5.22) and (5.23) with P = I (u, %) and

1/q

o = 1Dl

r = B, |3 | B, f(X)|F)
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We derive (5.21) by noticing f(y) < C(1+ |z|P 4+ |x — y|P). Let m € Il (u, %), and we
notice by Holder inequality

E,f(Y) - f(X)] = / E,[(DF(X + A(Y — X)), AY — AX)]dA
z/é&NWﬂX+MY—X»AY—AXWM
< By (X, YY) / 1°DF(X + AY — X))oy dA.

In order to verify (5.22), we need to show that for any 7, with lim,, o Fy, [dn(X,Y)?] =
0, it holds that

1
imsup || DAY+ MY = X))a(e,) A < |7DF ) g (5.25)
n—00 0

Notice that lim,, .., Fr, [dy(X,Y)?] = 0 implies the convergence of 7, to the identical

n

coupling 7 = (Id, Id)xp in p-Wasserstein distance. Therefore, by Assumption 5.14
and Jensen inequality, for any A € [0, 1], we obtain
limsup|| “Df (X + A(Y — X)) — °Df(X) || La(mn)

n—oo
<limsup [Df(X + A(Y = X)) = Df(X)| za(r,)
n—oo

= [DF(X +A(Y = X)) = DFCX) 1age) = 0.

Assumption 5.14 and dominated convergence theorem now give the desired inequality:

1
imsup [ | "DFCY + MY = X))]1a(r, A < limsup | "B s,
n—00 0 n—00

= [|°Df | Lagu),

where in the last equality, we used the fact that E., D, f(X)|F.®G,] = E,[D, f(X)|Fn]
since m, € I (u, *).
It remains to verify (5.23). We introduce v : R" — R™ given by

U(G) = (61|61|q_27 s 7€d|€d|q_2)' (526)
We fix u > 0 and let w5 = (Id, Id +ud A~ o ®)4u where
Q,(X) =v(E, D, f(X)|F,]), forn=1,...,N. (5.27)

By construction, w5 € I1:(u, *). We compute, using pqg — p = ¢,

N
> \%(X)\p] = (A1) 0.
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On the other hand, by the fundamental theorem of calculus and the definition of I
n (5.8), we have

Er,[f(Y) = (X)) = E[f(X +udA™ 0 &(X)) — f(X)]

—ué/ (DF(X + MdA~ 0 (X)), B(X))] dA.

Using the assumed growth estimates we can apply dominated convergence theorem,
and taking conditional expectations, we see that the term under the integral, for any

fixed A, converges to || “Df]|7,,) as § — 0, and hence

Exy[f(Y) = FOO) = 1D lsago (ull “DFIZE,) )8 + 0(0)

If r = || °Df| raguy > 0 then above estimate is equivalent to (5.23), where we take
u such that L*(r) = ur — L(u). If ||°Df| zay = 0, then the first part has already
implied the sensitivity T = L*(0) = 0. O

In discrete-time setting, (Bartl and Wiesel, 2023, Lemma 3.1) shows bi-causal
couplings Iy (i, *) are dense in the set of causal couplings I1.(u, *). The proof imme-
diately adapts if instead of couplings we consider transport maps. Here, we observe
that both also extend to the setting under a martingale constraint. We state the
results for maps as this is the version we need for the proof of Theorem 5.18. The

proof is deferred to Section 5.7.

Proposition 5.35. Let X = {0} x (R")Y, p € 2(X) and 7 = (Id, ®)»p € (1, *).
Then for any € > 0, there exists ®° such that ||® — ®°||c < € and (Id, P%)pp €
e (g, %). Moreover, if p, Dyp € A (X) then @ can be taken such that ®p € A (X).

Proof of Theorem 5.18. Notice that

VMart((s) = Sup {Ew[f(y>] - L5<E7T [dN(X7 Y)])}
wElpe (p,x),m( X, )EM(X)
By Lemma 5.34, it suffices to verify (5.21), (5.22) and (5.23) with P = {7 &€ I (p, *) :
(X x-) € A (X)} and

1/q

N
r=inf E,|> |ED,f|F] - = inf |[°Df — hllzag)
n=1

heH4

where HY is the set of predictable functionals in L9. Estimate (5.21) follows directly
from the unconstrained case. Let 7 € P and h € H? N CZ. We notice by Holder
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inequality

I
\\

EL[f(Y) DFX + MY — X)), AY — AX)]dA

EDF(X 4 MY — X)) — h(X), AY — AX)]dX
< B.ldn(X, V) UP/ 1°DAX +AY = X)) = A0 [ dA.

Here, the second equality follows from 7 € Iy (i, %) and Proposition 5.37. Following

the arguments used in the proof of Theorem 5.15, noting h is bounded, we derive
Ef(Y) = F(X)] < Ex[dn (X, Y17 °Df = bl page) + o( Exldn (X, Y)7]/).
We verify (5.22) by noticing

inf ||°Df — hllpe = hieanq | °Df — hl|Lacw

heHINC?E

We turn to showing (5.23). For h* we denote the L? predictable projection of °Df,

i.e., the unique optimizer of
: cilome _ RId
inf J[h] = inf | "Df = hllza,)- (5.28)
We use v as defined in (5.26) and define ® = (0, ®y,...,Pyx) : X — X where
P, (X) =v(E,D,f(X)|F.] —hy) forn=1,...,N.

The first variation of (5.28) yields for any g € H

5J117)(9) = tim = (J[h* + 2g] — J[1]) = qB,[(®(X).g)] > 0.

e—0 g

which implies that
B, [0,(X)|Fa] = 0. (5.20)

We fix u > 0 and let 75 = (Id, Id +ud A~ o (X)) 4. A direct computation yields
Erldx(X,Y)) = (ul °Df = 01 85,,) 5"
On the other hand, we have

En[f(Y) = f(X)] = Eu[f(X +udA™" 0 ®(X)) — f(X)]
s /1 E,[(DF(X + AudA~" 0 B(X)), (X)) dA.
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Since f satisfies Assumption 5.14, the dominated convergence theorem gives
1

lim [ E[(Df(X + AudA™" 0 ®(X)), (X)) dX

= B,[(Df(X), 2(X))]
= EL[CDf = 1", @) = [|°Df — B*|I7

La(p)?

where the second equality is a consequence of (5.29). This implies that
E[f(Y) = FCO] = 1°Df = bl (ull Df = K45, )6 +0(6).  (5:30)

The proof would be complete if we were able to show that the constructed 75 € P. By
(5.29), indeed the second marginal of 75 is a martingale measure. But, in general ms
may not be a bi-causal coupling. Instead, by Proposition 5.35, we can approximate s
by a bi-causal coupling 75 € P. Assumption 5.14 ensures that taking € small enough,
e.g., ¢ = 0%, the estimate (5.30) still holds if we replace s with 75. This concludes
the proof.

]

5.6 Proofs of continuous-time results

5.6.1 Hyperbolic scaling

Proof of Theorem 5.22. Recall that X = Cy([0,7]; R™). By Lemma 5.34, it suffices
to verify (5.21), (5.22) and (5.23) with P = II.(u, *) and

T 1/q
r= ([ BIDsCOmA) = 1Dl
We notice that (5.21) follows from

f@)l < CA+lylS) < CA+ 2l +llz =yl ,)-

Without loss of generality, we may assume E,[d(X,Y)?] < co. As we assume [ € D},
by Proposition 5.6 it holds

Blf() — 100 = B [ [ @0 0, (X - vy @y acan)|
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In particular, we can choose a version of (X —Y")" such that it is adapted to (F;®Gy)ser-
Therefore, applying Holder inequality we deduce

Blf(1) — 100 = B [ [ @urx =0, (X - vy @) acan
_ B, [/0 /O EDLF(X 4 MY — X)), (X — Y) (1)) dt d)\]
< (XYY [ 1B+ MY = X)) 0

In order to verify (5.22), it suffices to show that for any sequence m, € P with
lim, 0 Er, [d(X,Y)P] =0 it holds

1
fimsup || DFCCMY = X)) arry AN S DS - (53D
0

n—oo

Since || -[|oo is dominated by |[|-[|yy1.» and D f is continuous with respect to the uniform
topology, following the same arguments as for (5.25) in the proof of Theorem 5.15 we
deduce (5.31). It remains to establish (5.23). We define ® : X — ACy([0,T]; R™) as

B4(X) = / oD, (X)) ds

where v : R” — R" is, as previously, given by (5.26). We fix v > 0 such that
L*(r) = ur — L(u). For any 0 > 0, we construct 75 = (Id,Id +ud®)xpu. Since P is
adapted, we have ms € Il (1, %). A direct computation gives

B YY) = wos, | [ hepscoirar = (ulBri, )
By Proposition 5.6, with n = ®(X) and noting 7 = v(°D.f(X)), we derive
Er[f(Y) = F(X)] = EL[f(X + ud®(X)) — f(X)]
= u5/ / (D f(X 4+ MudP (X)), v(°Dy f(X)))] dt d.

By Assumption 5.20 and dominated convergence theorem, as 6 — 0, we have

lim / / FIX 4+ MudD(X)), oDy f(X))] dEdA = /0 E,[|°Dy (X)) dt.

6—0

This implies that
Exy[£(Y) = FOO) = 1D lsago (ull “DFIZE,) )8 + 0(0)
and hence (5.23) holds. O
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5.6.2 Parabolic scaling

In the proofs that follow, in a chain of inequalities, C' may denote a different constant

from one line to another. Recall that

Vatart () = V:L%X){E”[U(H)] — Ls(AWa(p,v))},

where H = [ (h(t, X (- A 1)), dX (t)).

Lemma 5.36. Let Assumption 5.28 hold. Then, for any m € yc(u, %) with w(X x-) €
M (X) we have

E, {U (/0T<h(t, Y- AD), dY(t)}) - U(/OT(h(t,X(- A ), dX(t)%
_ B, {U’(H) /OT<h(t,X(~ A D)), d(Y — X)(t))]
L E, UOT</; DI, X (- Af))d- (Y — X)(s), dX(t)>} +o(B[IX —V],]'%).

Proof. Since 7 is bi-causal coupling between martingale measures, by Proposition 5.37

we have (X,Y) is a joint martingale under . By Assumption 5.28 and It6 isometry,

|

we notice

Er

/O<h(t7Y(-/\t))>dY(t)>—/0 (h(t, X (- A1), dX(2))

-
|

/T(h(t,X(- At))—h(t,Y(-At)),dX (1))

< CE, /OT<h(t, Y(- A1), d(X - Y)(®)

+ CE;

< CE;

[X = Y]r sup |h(t, Y (- /\t))\2]

te[0,7)

+ CEyr |[X]r sup \h(t,X(-At))—h(t,Y(-/\t))lzl

te[0,T

= o(BA[[X —Y]7]"?),

where in the last step, we use the fact that h is bounded and [X]; = T Since U has

a bounded second derivative, we have

U(y) = U(x) = U'(2)(y — 2)| < Cly — a|*.
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Together with the previous estimate, this implies that
E, {U (/OT<h(t, Y(- A1), dY(t)>) - U(/OT(h(t,X(- A)), dX(t)>)}
—E. [U’(H) (/OT(h(t, Y (- At)),dY (1)) — /OT(h(t,X(- ML), dX(t)>)]
+o(E-[[X = Y]7]'?).

For simplicity, we write

= [ XA, a0 - X))
and
L= /0T</Ot DA X(- Af)) d- (Y — X)(s),dX(t)>.

Notice that U'(H) has a finite moment of any order. To conclude the proof, it then
suffices to show that for v in Assumption 5.28

E[ /T<h(t,Y(- A)), dY (£)) — /T<h(t,X(- A, dX (1) — I — I
= o(EL[[X = Y]z]"?).

’Y] (5.32)

Plugging I; and I, into (5.32), we obtain

g

SCEﬂ{

|

/OT<h(t, Y(-A#),dY (1) — /OT<h(t, X(-A ), dX () — I — I

|

/OT<h(t»Y(- At)) = h(t, X(- A1), d(Y = X)(2))

+oE |

= Jl + JQ.

It follows from BDG inequality and Holder inequality that

Jl S CEW

t€[0,T]

(X = Y2 sup |h(t,Y (- A1) — h(t, X(- A t))|7]

1—v/2
< CEL[X = Y]r]"2E: | sup |h(t,Y (- At)) — h(t, X (- A t))’%/@v)]
_te[o,T]

o 1—7/2
< CEL[X = Y]?E, | sup |h(t,Y (- At)) — h(t, X (- A t))]2]

| t€ [0,

= o(Bx[[X — Y]z]"?).

113

/T<h(t, V(A1) — h(t, X(- A L)) — /t DA X(- Af))d~ (Y — X)(s), dX(t)>

|



Here, the third line follows from the boundedness of i and v € (1,2). For Jy, similarly
by BDG inequality and Assumption 5.28 we deduce

Jy < CEq| sup |h(t,Y (- At)) —h(t, X(- A1) — /t DIA(t, X(-At))d™ (Y — X)(s) 7[X]%/zl
te[0,T] 0
< o(EL[[X = Y]7]"?).
O

The proof of Theorem 5.30 relies on the following proposition, which we adapt
from Acciaio et al. (2020, Remark 2.3 (4)).

Proposition 5.37. Let p,v € #(X). Then m € Uy (u,v) implies that (X,Y) is
an (Fy @ Gy)er—martingale. Suppose additionally that X and Y have the martingale
representation property under p and v respectively. Then (X,Y) is an (Fy @ G¢)rer—

martingale under m € 1l(u,v) implies that 7 is bi-causal.

Proof of Theorem 5.30. Recall that H = [ (h(t, X(- A t)),dX (t)) and
p(t) = "{DDU(H) — U'(H)DIh(t, X (- A1))}.

We remark D, DU (H) is well-defined from the regularity condition of A. By Lemma 5.34,
it suffices to verify (5.21), (5.22), and (5.23) with P = {7 € Ip(p,*) : II(X x

Ye (X)) and .
rzEJAﬁww%w}.

To show (5.21), we notice that h is bounded and U has a bounded second derivative,
and derive

. {U(/OT@(@Y('/\t))’dy(t»)} < c<1+E,, (/0T<h(t,Y(-/\t)),dY(t)>)2]>

< C(1+ E[[Y - X]7]).

Now, we verify (5.22). Since Dih(t, X (- At)) satisfies conditions in Theorem 5.12, by

Theorem 5.12 we calculate

/OT<h(s,X(-/\s)) d=(Y - X)( < X(: /\t))d(Y—X)(S)vdX(t)>
:/OT(h(s,X(-/\s)) 4 (Y - X)( </TDsh t))dX(t),d(Y—X)(s)>
_/OT<D;h(s,X<.As)) d[X,Y — X](s)),
:Aﬂmﬂﬂwyfm@» A(MM&X( D) A[X.Y — X](s)p.
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Therefore, Lemma 5.36 yields

E, {U(/OT(h(t,Y(- /\t)),dY(t))) - U</0T<h(t,X(- At)),dX(t»ﬂ

= B [U’(H)/O (D H,d™ (Y — X)(s)) — U’(H)/O (DIA(s, X(- A s)), d[X,Y — X](s))p
(5.33)
+ o( EL[d(X,Y)*]'?).

Since U’(H) has a finite moment of any order, a simple application of Holder inequality
gives DU(H) = U'(H)DH is (Y — X) forward—/ integrable for any ' € [1,7).
Furthermore, we notice that DU (H) satisfies the assumption in Proposition 5.11, and

hence we deduce

el [ ey —0w)] = 5[ [ @0t any - x|
Plugging the above equality into estimate (5.33) vields

g:o( [ wevenm.avien) - u( [ nexean.axo)]
= Ec| [ D DLU) — V(DI X (). Y = X6 + ol BV
= ] [ a1y = XI)] + ollaor ). (5.3

Hence, by Kunita—Watanabe inequality, we establish (5.22) holds as follows:

E, {U (/OT(h(t, Y(- A1), dY(t))) . U(/OT(h(t,X(- A t)),dX(t)))}
1/2

T 1/2 T
< B [ e alxions] B [ aday - x1e0s| -+ o(laer vy)
T 1/2
< B[ [ I3 BeldCe v+ of Bl V).
We turn now to (5.23) and define ®. = [ ¢(s)dX(s). We fix u > 0 such that

L*(r) = ur — L(u). For § > 0, set 75 = (Id, Id +ud®)»p. By direct computation, we

have

Bld(X, YY) = w8, [#]r] = %, | [0l
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On the other hand, we notice
B, [U'(H) [ e = X0 = ') [ DIh X (A 8, XY = X5y

= o[ [ tetonaxy = X1

— usE, [/OT@(S), #(s) d[[X]]<S)>F} = uo L Uo

Hence, it follows from estimate (5.34) that

||so<t>|r%dt]

Er, {U(/0T<h(t,Y(- A t)),dY(t») B U(/OTUL“’X(' M»’dX(t»)} (5.35)

—wt, | | ) o)l | + 000,

The proof would be complete if it was the case that s € P. However, in general 7
is not a bi-causal coupling. To remedy this, we consider the following approximation
to ms. Let ™ be a sequence of bounded predictable processes such that

lim B, [ / () - so"<t>||%dt] 0.

n—o0

We construct 73 = (Id, Id +ud®™) 4, where " = [ ¢"(s) dX (s). Following the same

argument as above, we have
Err [U (/OT(h(t, Y(- A1), dY(t))) - U(/OT(h(t,X(- A t)),dX(t)))}
— udE, [ /0 T<¢, Pan dt] + o(6).

We notice that indeed X 4 ud®" is a regular martingale. Moreover, for ¢ sufficiently
small, X + ud®" is a non-degenerate martingale, and hence X 4 ud®" has the mar-
tingale representation property. This implies for sufficiently small §, 7§ is a bi-causal
coupling by Proposition 5.37. Therefore, there exists a sequence of bi-causal cou-
plings 75 such that estimate (5.35) still holds if we replace ms by 7s. This concludes
the proof.

]

5.7 Auxiliary proofs

In the section, we present the remaining proofs, in particular for the results in Sec-
tion 5.3.
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Proof of Proposition 5.35. The first part follows directly from (Bartl and Wiesel,
2023, Lemma 3.1). We prove the second part by induction. The base case N =
1 is trivial, and we assume the statement holds for N — 1. Then there exists
(0,95,...,9%_,) with [®¢ — D,| < € for 1 < n < N — 1 such that the projec-
tion of @ on the first N — 1 marginals is a martingale. We may further assume
(0,®5,...,P5 ;) is an injection for any 1 <n < N — 1.

Now, it suffices to construct ®% with |®% — ®x|. < € such that dLu € 4 (X)
4z

and ®° : X — X is injective. We write pj°(z) = [ and construct

®§V(Oax17 s axN) = pJ‘E O(I)N(vala s 7$N) + SOS(xN) - T(Oaxh s 7$N—1)7

where pj° is the projection to the /4 grid, ¢° : R® — (0,¢/4)¢ is a measurable

bijection, and 7 is the residual given by

(0,21, ...,xn-1) = E,y_ [DiF 0PN (0,21, ..., 2 n—1, XN)+0"(XN)]—PF_1 (0,21, ...,z N _1).

Here, pun_1 is the disintegration kernel of p given by

M(dl’l, ceey dZEN) = M(dl’l, Ce ,de_l),uN_l(xl, Ce ,ZEN_l,dlL'N>.

It is clear that @}, — Py < € and ®p € A (X). We now verify that ®° is injective.
Assume ®°(0,z1,...,xy) = ®°(0,2),...,2'y). By induction assumption, we derive

x, =, for 1 <n < N — 1. Therefore, this implies
pjs O(I)N(Oa L1y 7xN) + (ps(xN) = pjs O(I)N<Oa xlb s 71'/N) + (ps(xg\f)

which further implies zy = 2/y. Therefore, ®° is injective and (Id, @), p € [Lc(p, *).
O

Proof of Propositions 5.6 and 5.9. We start by proving Proposition 5.6. If n is a
simple step function, then the result is immediate from the continuity of D, f. This
implies
1 n
flotm) = £@) = [ S+ e
0 k=1
Now, we assume 1 € ACy([0,T]; R™) and take a sequence of simple step functions

N () = > i (tiyr — tR)ed Lyp 1y (t) such that

n

13125 (th —t)(lex] V1) =0 and Z erlpp e, ) — 1 in L'
<k<n k=1
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We can always achieve the above by refining partitions. Therefore, we deduce that

1™ converges to n in the uniform topology. This gives
flw+n) = flw) = lim flw+n") = f(w)

1 n
= lim [ ) (th, — ) D fw+ "), ep) dA
0 e

n—oo

k=1
1 pT "
0 70 k=1

n—oo

Since D, f has left limits, the integrand converges to (D, f(w + An),n(t)), which
is equal to (D;f(w + An),n(t)) dt ® dA-a.e. Furthermore, as Df is boundedness

preserving, we derive by the dominated convergence theorem that

fwtm) - flw) = / / (Duf @ + An), () de d,

from which (5.10) follows.
To conclude that the pathwise and the classical Malliavin derivatives coincide, it
suffices to observe that W, C AC, and that, by (5.7) and (5.10), we have

/0 (D), i (8)) d = / D F(X) () dt, Vi e WEe.
]

Before we prove the stochastic Fubini theorem (Theorem 5.12), we first show that
the forward integral indeed agrees with the [t6 integral if the integrand is predictable.
The below can be viewed as an L extension of Russo and Vallois (1993, Proposition
1.1).

Proposition 5.38. Let v € [1,2), A be a predictable process, and B be a reqular
martingale with d[B](t) = £(t) dt. We assume either

_ , )
Ep| sup ]A(t)’%/@'y)] <oo and Ep [/ 1€(t)|dt| < oo, (5.36)
_te[o,T] 0 ]
or .
r T
Ep / |A(t)? dt] <oo and Ep| sup [E0)/F 7| < 0. (5.37)
LJO te[0,T

Then A is B forward—y integrable, and the forward integral coincides with the Ito

integral, i.e.,

/0 (A1), 4" B(1)) = / (A(t). dB(1).
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Proof. We write the Hardy-Littlewood maximal process as

t
A() = sup 1/ A(s)|ds  for ¢ € [0,T].
(

e€l0,T] € J (t—e)v0

By Hardy Littlewood maximal inequality, we have fOT |A*(t)]?dt < C fo |A(t)|? dt,

where C' is a deterministic constant. Combining this with the assumption and Holder

(/OT |A*(zf)|2@1[B](t))7/2 JSup |A(t)|v(/0T 130] dt)W] < o0,

([ iwwraso)”| < el ([ eoza)” n !£<t>|”/2] < oo

Then by Lebesgue dominated convergence theorem, we obtain

9 v/2
d[B](t)> =0,

as the integrand converges to 0 from Lebesgue differentiation theorem and is domi-
v/2
nated by C < fOT |A*(t)|* d[B] (t)) . Therefore, by BDG inequality, we have the LY

convergence

inequality, we derive either

EP < Ep

or

Ep < Ep

lim 2, (/jé/(t A(s)ds — A(#)

t—e)VOo

lim OT<§/;_EWOA<3) ds,dB(t)> :/OT(A(t),dB(t)).

On the other hand, by the Stochastic Fubini theorem (Veraar, 2012, Theorem 2.2),

the above limit is equal to

lim 0T<§/(tt_s)v0A(s)ds,dB(t)> _g%i T</TA( 8) Lis (se)ar)(t) ds, dB(t )>
i / / )L ooy (1), dB(1)) ds

e—0 &

— lim = < (t), B(t+¢) AT) — B(t)) dt

Therefore, A is B forward—y integrable, and the forward integral coincides with the

[t6 integral.
O
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Proof of Theorem 5.12. By the definition of the forward integral, we write

/OT</ST W(s, )T dX (1), d_M(s)>

~lim & OT</ST W(s, )T AX (£), (M((s +) A T) — M(s))> ds

e—0 &

1 T (s+e)AT
— lim - </ (U(s,6)7 — W(t,)T) dX (¢), (M((s + ) A T) — M(s))> ds

e—0 € 0

1 T (s+e)AT
+ lim </ Wt 1T AX (1), (M((s + ) A T) —M(s))>ds

e—0 & 0

+lim © T</ST (s, ()(M((s + ) A ) — M(s)), dX(t)> ds

e—0 & 0

i T< / T s 00 - M), dX<t>> ds

e—0 g 0

2:J1+J2+J3—J4.

It suffices to show the L” convergence of Jy, Jo, J3, and J; and compute their limits.
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For J;, by Holder inequality, BDG inequality, and Fubini theorem, we obtain

lim Ep
e—0

1 T (s+e)AT ; :
-/O </ (U(s, )7 — (L, )T) dX (), M((s + ) A T) —M(s)>ds

€
v
]ds

<1im & /OT Ep '</(S+E)AT(W(S, BT = Wt 8)T) dX (), M((s + &) AT) — M(s)>

29/@2-)] '/

(s+e)AT
/ (U(s,t)T — W(t, t)T)dX(¢)

v/2

x Ep[|[M((s+e) AT) — M(s)[’]"" ds

oo (AT 2 ~/(2—y)] 177/2
<tim= [ [ 19— v

Ep([M]((s +¢) AT) = [M](s)]" ds

T psrent vy O\ /2
<limC / -/ Ep[I0(s,t) — W(t,)|2] dt ds
e—0 0 € Js
1 (7 v/2
< (2 [ Belinnis + ) A7) - i) as)
0
T 1 (s+e)AT 7/ (2=7) 1
<limC / —/ Ep[||¥(s,t) — W(t,t)|] dt ds Ep[[M]7]2.
e— 0 g s
Since we assume sup; ;077 |V (s, 2)|| € L= and limy_, ., Ep[||¥(s,t)—U(t,t)|3] =
0, by Lebesgue dominated convergence theorem we obtain the L” convergence of
1 T (S+€)/\T
Jy = lim * / (W5, 8)T — (s, )7) dX (1), (M((s + &) AT) — M(s)) ) ds = 0.
e—0 & 0 s

We write Y(s) = [ WT(¢,¢)dX (t) which is a regular martingale. Reorganizing the
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second term J,, we obtain

1 T (8+5)/\T
Ty = lim - / Wt )T X (1), M((s + ) AT) — M(s) ) ds
E—r 0 s

T

:g%% (s +2) AT) =Y (3), M((s +2) AT) = M(s)) ds
=gt [ U9 AT) MG +9) AT = (79 M)
~tt [ Y6+ AT - Y )as
“tim [ (), M((s+ ) AT) = M(s)) ds

0

— (Y, My / (M(s),dY(s)) - / (¥ (s), dM(s))
- / ((s, ), d[X, M](s)r.

The L7 convergence of the second last line is justified from Proposition 5.38 by taking
(A,B) = (Y,M) and (A,B) = (M,Y) respectively. For J3, we interchange the
Lebesgue integral and the Itd integral by (Veraar, 2012, Theorem 2.2) and derive

e—0 &

:/OT</Ot\II(s,t)d‘M(s),dX(t)>'

The last equality does converge in L” by combining BDG inequality and the assump-
tion that {W(-,%)}¢co,r) is M. uniformly forward—y integrable. For the last term Jy,
we apply (Veraar, 2012, Theorem 2.2) and BDG inequality. We derive

Jy = Tim © T</Ot (s, ) (M((s +2) A t) — M(s))ds,dX(t)>

lim B </ /H (s, 1) (M — M(s)),dX(t)>dsW]
_H%EPL/O </@_E)V0qf( )(Mt—M(s))ds,dX(t)> 7}

T 1 t 2 /2
<lmCEp| sup [|U(s,0)]1 / —2</ |M(t)—M(s)|ds) dt
=0 5,t€[0,T) o € t—eV0
T
e—0 0

< limC(/OT Ep[[M](t) — [M]-e)vo] dt) " =0.

/2
sup | M(t) — M(s)\2] dt) Ep

s€[(t—e)V0,t]

1—~/2
sup [ (s, )]z ]
5,t€[0,T)

e—0
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Summarizing above estimates, we conclude [ TW(., )TdX(t) is M. forward—y inte-

/0T</ST U(s,t)TdX (1), d_M(s)>

= Ji+ Jo+ Js— Jy

:[ﬁ<AZW&w¢wa@AX@»+:AZW@JLﬂXJﬂ@»F

grable and
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