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Abstract

In this paper, we obtain stability results for backward stochastic differential equations
with jumps (BSDEs) in a very general framework. More specifically, we consider a
convergent sequence of standard data, each associated to their own filtration, and
we prove that the associated sequence of (unique) solutions is also convergent. The
current result extends earlier contributions in the literature of stability of BSDEs
and unifies several frameworks for numerical approximations of BSDEs and their
implementations.
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1 Introduction

The goal of this paper is to provide a suitable framework under which the stability -
sometimes also called robustness—property of well-posed backward stochastic differ-
ential equations with jumps (BSDEs for short) is valid. More precisely, consider the
standard data D := (G, 7, (X°, X%),C, ¢, f) of a BSDE—i.e. assuming that a probability
space is given, G is a filtration, 7 is the stopping time serving as terminal horizon for the
BSDE, X° and X! are square-integrable martingales which are the integrators of the
corresponding stochastic integrals, C' is an increasing predictable process playing the
role of Lebesgue-Stieltjes integrator, £ is the terminal condition of the BSDE, and f its
generator—see Papapantoleon, Possamai, and Saplaouras [86, Definitions 3.2 and 3.16],
then we know from [86, Theorems 3.5 and 3.23] that the BSDE

n=f+/ F(5.Yor, 20, U(s,))dC,
(t7T]

*/ stng/ / U(Saz)ﬁXh(dSadI)f/ stv
t t " t

is well-posed, i.e. it has a unique solution 8§ := (Y, Z,U, N) in appropriate spaces.
Assuming now that we are given a sequence of standard data (Dk)kemu{w}, whose
associated solutions form the sequence (8" ) keNU{oo}, We address the following question:

(1.1)

‘How should the sequence (Dk)kemu{w} converge,

so that the sequence (Sk)k.E]NU{OO} converges as well?’
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Our aim is to make precise the way(s) convergence should be understood in the previous
statement, and to provide a framework which is as general as possible, while the condi-
tions are as weak as possible. Naturally, the existing stability results in the literature
should then be recovered as special cases. In particular, numerical schemes—and in
a loose sense their implementations—for BSDEs with stochastic Lipschitz generators
will be considered as sub-cases of our main results (see Theorem 3.1). We would like
to point out the fact that the techniques we use are purely probabilistic, so that the
numerical schemes that can potentially be derived from our results will not rely on
the connection of BSDEs to partial integro-differential equations (PIDEs for short). An
important consequence of this fact is that our results potentially provide stochastic
numerical methods that could be an alternative to finite difference or finite element
schemes for the solution of semi-linear PIDEs. This could be particularly interesting for
high-dimensional non-linear PIDEs arising, for example, in the presence of valuation
adjustments in option pricing; see e.g. Crépey [26, 27] or Bichuch, Capponi, and Sturm
[9].

Let us start by providing some historical references for the problem we are interested
in. When the limit-BSDE—that is, the one that corresponds to the standard data D>°—is
solely driven by a Brownian motion, the articles of Briand, Delyon, and Mémin [18, 19]
provide a suitable framework for the stability property to hold. It is noteworthy that
in these articles, the filtration G* is neither required to coincide with G*°, nor to be
a discretisation of G*>°, which, as far as we know, makes [19] the most general result
for the stability of Brownian-driven BSDEs. More precisely, in [18], respectively in
[19], the authors approximate the Brownian motion driving the BSDE by a sequence of
scaled random walks, respectively by square-integrable martingales. In both articles,
the sequence of filtrations associated to the It6 integrators weakly converges to the
Brownian filtration, thus allowing for the aforementioned generality. The earlier work of
Hu and Peng [59] falls in the category where G* = G, for every k € IN, and the stability
is investigated with respect to the pair (¢, f) only. The articles of Ma, Protter, San Martin,
and Torres [76], Toldo [92], Geiss, Labart, and Luoto [40], and Briand, Geiss, Geiss,
and Labart [20], follow the spirit of [18], i.e., the Brownian motion is approximated
by a sequence of random walks, and respectively study numerical schemes, BSDEs
with random horizon, Holder-continuous terminal conditions, and rates of convergence.
Remaining in the Brownian framework for the limit-BSDE, Jusselin and Mastrolia [66]
provide stability results when the limit-BSDE is driven by a Brownian martingale and is
approximated by scaled point processes.

When the sequence (G*),cn corresponds to refined discretizations of G*°, then we
are essentially dealing with an Euler scheme for the BSDE itself. It is then noteworthy
that the corresponding sequence of discrete filtrations weakly converges to the original
filtration; see Coquet, Mémin, and Stominski [25, Proposition 3 or Proposition 4.A]. In
this line of literature, the majority of the articles consider the case where the BSDE is
driven by a Brownian motion, and only a few deal with a more general case, e.g. BSDEs
driven by Lévy processes. Notably, only the articles of Bouchard and Elie [11], Aazizi
[1] (in the pure jump case), Lejay, Mordecki, and Torres [71], Geiss and Labart [39] (in
[39, 71] the jump part of the driving martingale is a Poisson process), Kharroubi and Lim
[68], with a jump process depending on the Brownian motion itself, Madan, Pistorius,
and Stadje [77] (which follows in spirit the approach of [18]) and Dumitrescu and Labart
[35] (where the jump part of the driving martingale is a Poisson process and the authors
actually consider reflected BSDEs) consider BSDEs which include stochastic integrals
with respect to an integer-valued measure, associated to the jumps of a Lévy process.
See also Khedher and Vanmaele [69] for BSDEs driven by cadlag martingales.

When the martingale driving the BSDE is only an It6 integral, the literature is very rich

EJP 28 (2023), paper 51. https://www.imstat.org/ejp
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and there are mainly two approaches: one that relies on purely probabilistic techniques,
and another that relies on the connection of the BSDEs driven by Brownian motion with
second-order semi-linear parabolic PDEs. In the former approach, the first work that
dealt with the stability of BSDEs is due to Bally [4], who provides an approximation
scheme for a BSDE (driven by a Brownian motion) based on a time-discretisation scheme
constructed on a Poisson net. Contemporary contributions are due to Chevance [22] and
Coquet, Mackevicius, and Mémin [24]. With the exception of some of the aforementioned
articles, the majority of numerical approximations for BSDEs are implementations of
the standard Euler scheme. Indicatively, and with no claim of comprehensiveness, we
can mention Bender and Denk [6], Bender and Moseler [7], Bender and Zhang [8],
Bouchard and Menozzi [12], Bouchard and Touzi [13], Bouchard, Elie, and Touzi [14],
Briand and Labart [17], Chassagneux and Crisan [21], Crisan and Manolarakis [28-30],
Crisan, Manolarakis, and Touzi [31], Gobet and Labart [45], Gobet and Lemor [46],
Gobet and Makhlouf [47], Gobet and Pagliarani [48], Gobet and Turkedjiev [49, 50],
Gobet, Lemor, and Warin [51], Hu, Nualart, and Song [61], Pages and Sagna [84], Zhang
[93, 94]. Numerical solutions of BSDEs via their connection to branching processes
have also been recently explored, and correspond to an alternative incarnation of the
probabilistic approach, see e.g. Bouchard, Tan, and Warin [16], Bouchard, Tan, Warin,
and Zou [15], Henry-Labordere [55], Henry-Labordére, Oudjane, Tan, Touzi, and Warin
[57], Henry-Labordere, Tan, and Touzi [56].

In the latter approach, the work of Ma, Protter, and Yong [75], which deals with the
existence and uniqueness of the solution of a (coupled) forward-backward stochastic
differential equation (FBSDE) as well as the stability of a parametrised family, with
its proposed ‘four-step scheme’ constitutes the cornerstone of the PDE approach. The
papers by Bouchard and Touzi [13], Douglas, Ma, and Protter [33], Gobet and Labart
[43, 44], Milstein and Tretyakov [83], are implementations of numerical schemes based
either on the four-step scheme or PDE arguments.

Let us also mention that recently, new implementations have been proposed based
on modern techniques, such as the use of deep neutral networks, e.g., see E, Han,
and Jentzen [36], E, Hutzenthaler, Jentzen, and Kruse [37], Beck, E, and Jentzen [5],
Huré, Pham, and Warin [62, 63], Germain, Pham, and Warin [41, 42], and of parallel
programming, e.g., see Gobet, Lopez-Salas, Turkedjiev, and Vazquez [52] or Gobet,
Lépez-Salas, and Vazquez [53] and also Abbas-Turki, Crépey, and Diallo [2] for an
application to XVA computations.

A closer examination of the existing literature indicates that there exists no general
(at least in the spirit of Briand et al. [19]) stability result for processes with jumps,
even in the Lévy case. Our paper aspires to fill this gap, and to describe and study a
framework for the stability property for a sequence of BSDEs driven by square-integrable
martingales, covering thus also the subclass of Lévy drivers. To this end, we mainly have
two mathematical tools at hand: the Moore-Osgood theorem, and a general result for
the stability of martingale representations. The former was introduced and successfully
used by Briand, Delyon, and Mémin [18, 19] in order to efficiently control the doubly
indexed sequence obtained by the sequence of Picard schemes; we will follow the same
approach. The latter is presented in Papapantoleon, Possamai, and Saplaouras [87]. It
comes as no surprise that the stability of martingale representations comes into play,
since the existence and uniqueness of the solution of the BSDE (1.1) with stochastically
Lipschitz generator is obtained by means of a martingale representation argument. After
all, the BSDE (1.1) is frequently referred to as the f-nonlinear martingale representa-
tion of £. Additionally to these main tools, our toolbox includes Theorem A.8 and its
offsprings. Theorem A.8 provides a characterisation of weak convergence of measures to
an atomless measure on the real (half-)line and its corollaries are going to guarantee the
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convergence of the Lebesgue-Stieltjes integrals when the integrators are regular enough.
In view of the above brief comments, it is natural to combine the frameworks of [86, 87]*
and to properly enrich them in order to obtain the framework suitable for our purpose.
We postpone the detailed description and the required technicalities until Subsection 3.1.
However, we would like to underline that if we were to derive the unique solution of
BSDE (1.1) by means of a different method compared to the two referred above, we
can, mutatis mutandis, adapt the arguments and derive the stability property as soon as
the alternative method is based on a fixed-point argument, i.e. a Picard scheme. This
would require to introduce appropriate (uniform) integrability conditions related to the
existence and uniqueness of the solution of BSDE (1.1).

Backward SDEs have been used for modelling a vast array of random phenomena in
the areas of economics, finance, game theory, and others, and their numerical solutions
is a topic of significant importance both in theory and in practice. In particular, allowing
for random, and possibly infinite horizon, has found applications in optimal control
and optimal stopping theory, see Hu and Schweizer [60], or even more recently in
contract theory, see Sannikov [91], Pages and Possamai [85], Lin, Ren, Touzi, and
Yang [73]. Notice that it is typical with unbounded horizon to allow for stochastic
Lipschitz conditions for integrability purposes, but we also emphasise that such BSDEs
also naturally arises when one considers Malliavin derivatives of the solutions (see
for instance Imkeller, Réveillac, and Richter [64]), the latter being useful to study
for instance existence of densities, see Mastrolia, Possamai, and Réveillac [78, 79].
Another important application of the results of this paper is in the area of numerical
schemes for BSDEs, where Theorem 3.1 provides a flexible and general framework
for automatically deducing the convergence of such numerical schemes. These can
be viewed as generalisations of the celebrated Donsker’s theorem. In that case, the
martingales of the sequence that approximates the limit-BSDE have to be defined with
respect to their own filtrations, hence the requirement of the convergence of filtrations
becomes necessary. This creates additional technical difficulties in the presence of jumps
in the limit-BSDE, e.g. for the convergence of Lebesgue-Stieltjes integrals as well as for
the required uniform integrability, that have to be carefully handled.

The structure of the paper is as follows. In Section 2 we provide the set of conditions
a sequence of standard data should satisfy for existence and uniqueness of the solution
alongside notation and some helpful comments. In Section 3 the theorem for the stability
of BSDEs is stated, while in Subsection 3.1 we provide the sketch of the proof by describ-
ing the main arguments. There, it will become evident that the stability of martingale
representations plays an important role in obtaining the stability property of BSDEs, as
we have already stated. In Subsection 3.4 and Subsection 3.5 the required technical
lemmata, which verify our claims in Subsection 3.1, are presented. In Subsection 3.6
we briefly discuss the nature of the imposed conditions. Finally, in Section 4 we present
some examples that demonstrate the generality and applicability of Theorem 3.1. In Ap-
pendix A several auxiliary results are proved, and we expand upon the notation used in
the paper.

General notation

Let R, denote the set of non-negative real numbers, R, := R, U {oc} and |z| denote
the absolute value of a real number z € R. We denote the set of positive natural numbers
by IN and we define IN := IN U {oc}. For two arbitrary (p,q) € IN x IN, we identify RP*¢
with the set of matrices with p rows and ¢ columns and real entries. The transpose of
v € RP*? will be denoted by v' € R?*P. The element at the i-th row and j-th column

1To the best of our knowledge, the most general well-posedness results for Lipschitz BSDEs are given in
[86].
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of v will be denoted by v%, fori € {1,...,p} and j € {1,...,q}, and it will be called the
(i, j)-element of v. However, the notation needs some care when we deal with sequences
of elements of RP*4, e.g. if (v*), .z C RP*%, then we will denote by v*¥/ the (i, j)-element
of v*, fori € {1,...,p}, j € {1,...,q}, and k € N. The trace of a square matrix w € RP*?
is given by Tr[w] := >_7_ w". We endow RP*? with the norm defined for any z € RP*4
by ||z||2 := Tr[z T 2] and remind the reader that this norm derives from the inner product
defined for any (z,u) € RP*? x RP*? by Tr[z " u]. We will additionally endow the space
RP*? with the norm || - [|1, which is defined by |[|v||; := >_7_, >>9_, [v"/]. We identify R?
with RP*1, i.e. an arbitrary x € R? will be identified as a column vector of length p. If
(z*) e C R?, then z* denotes the i-th element of z*, fori € {1,...,p} and k € IN.

We abuse notation and denote by 0 the neutral element in the group (RP*9,+).
Furthermore, for any finite dimensional topological space E, B(E) will denote the
associated Borel o-algebra. In addition, for any other finite dimensional space F’, and for
any non-negative measure v on (R; x E, B(Ry) ® B(E)), we will denote the Lebesgue-
Stieltjes integrals of any measurable map f : (Ry x E,B(R}) ® B(E)) — (F,B(F)),
by

/ f(s,z)v(ds,dzx), for any (¢, A) € Ry x B(E),
(u,t]x A
and

/ f(s,z)v(ds,dz), for any A € B(E),
(u,00) X A

where the integrals are to be understood in a component-wise sense. Finally, the letters
p,q, 1,7, k, 1, ¢, m, and n are reserved to denote arbitrary positive integers. Specifically,
the calligraphic letter ¢ will denote the dimension of the state space of a solution of a
BSDE, m will denote the dimension of the state space of an It6 integrator, and n will
denote the dimension of the state space of a process associated to an integer-valued
random measure.

Let us define the maps R” > z H reR and R™ 3 2+ % 227 € R™*™, where we
suppress the dependence on the dimension n for notational simplicity. The space of
functions defined on R, and with state space RP*?, which are right-continuous with left-
limits (cadlag) will be denoted by D(R; RP*?). The metric induced by the J;-topology
will be denoted by d;,, while the supremum norm will be denoted by || - | . Finally, we
will denote the locally uniform convergence of the sequence (o), .5 C D(R4; RP*?) by
af 2y g,

k—o00

In order to simplify the presentation and minimise the introductory remarks, we will
adopt the notation and definitions from [87]. Moreover, definitions related to BSDEs
from [86] are also adopted. Nonetheless, for ease of reference, we present in Appendix A
the main ones that will be used throughout this work. For example, given the probability
space (2, F,P), the expectation under IP will be denoted by E[-]. Another example is the
following: given a filtration I, a stopping time 7 and X € H?(FF,7;R), the space of Ito
integrands is

H?(X,F,7; R>™) .= {Z S (Q x Ry, PF) — (RP™, B(R*™)) :

X 5 x
]EMO’T]Tr[Zt 1o Zt}dct < oo b

In a nutshell, we have adopted the notation from [87] and adapted the dimension
of the state space; the results of [87] remain valid for multi-dimensional martingale
representations.

EJP 28 (2023), paper 51. https://www.imstat.org/ejp
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2 Framework

Let us fix the probability space (2, G, P) for the remainder of this article, as well as
a sequence (D*), i where, for any k € N, D* := (X* G* 7% C* ¢*, f*) are standard
data under (a sufficiently large) B > 02 in the sense of Papapantoleon, Possamai, and
Saplaouras [86, Section 3.1]. More precisely, for every k € IN, they satisfy the following
conditions:

(F1) The martingale X* := (X*°, X*!) belongs to ’HZ’k(Rm) X ’sz(R”) with X**% being
purely discontinuous, and (X*, C*) satisfies Assumption A.1 (see Appendix A.1).

(F2) The terminal condition satisfies ¢* € lLZk

(F3) The generator f*: R, x Q x R? x R¥™*™ x $§¥ — R? is such that for any (y, z,u) €
R? x R¥™*™ x $*, the map

(t,w) — fR(t,w,y, 2,us(w; ) is GF @ B([0,])— measurable.
Moreover, f* satisfies a stochastic Lipschitz condition, i.e. there exist

(R x Q,P) — (Ry,B(R,)) and
9* = (0%°,0%) : (Ry x Q,P) — (R2,B(R%)),

such that, for dC* @ dP — a.e. (t,w) € Ry x Q

2
Rt w, g,z (Wi ) = FR( w2 g (ws )| < rf()ly — ')

(2.1)
+ 0, (w)ller(w) (2 — 2) 12 + 0, (w) (Illut(w; ) = (@i )l (w))2 :

(F4) Let (a¥)? := max{\/Fk,Qk’o,H.k’h} and define the increasing, GF-predictable and
cadlag process

AF = /0'(04’;)2(105. (2.2)
Then there exists ®* > 0 such that
AAF(w) < @, for dC* @ dP — a.e. (t,w) € Ry x Q. (2.3)
(F5) It holds

E

T | f*(t,0,0,0)]7
[onloof
0 (O‘ )t

where 0 denotes the null application from R” to R.

These conditions guarantee that the BSDE (2.5) has a unique solution for every k € IN;
see also Remark 2.3 below for more detailed statements.

At this point let us clarify that the processes associated to the stochastic basis
(©,G,G*, P) will be stopped at 7%, for each fixed k € N. If, for example, L* is a G*-
adapted process, for some k € N, then it will be assumed to be stopped at time 7. In
particular, the process X* is stopped at 7%, for every k € IN.

Notation 2.1. Some notational simplifications and rules are in order:

2 ﬁ is independent of k& € IN. We will refer to it as the common value.
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* we simplify the notation of [87] associated to integer-valued measures. The integer-
valued measure X" will be denoted by u*t, its G*-compensator vX"*¢") wil]
be denoted by v* and the compensated integer-valued measure iX"*¢") will be
denoted by [i*!, for every k € IN;

 letk € N andY be a G*¥-semimartingale. In the notation of its quadratic covariation
k k
[Y]€", resp. its predictable quadratic covariation (Y)&", we will suppress the
dependence on the filtration, and we will simply write [Y], resp. (Y);

« for every k € IN, the notation for the spaces of [86, Section 2.3] associated to the
standard data D* has been the simplified notations introduced in [86, page 16]
extended as follows: the index k will be affixed, succeeding the number 2 (if any)
and preceding any other symbol (if any), e.g., ]HZkh ﬁ,’iw, and so on. The rule for
the norms makes the index k a subscript which precedes the value 3 ort, e.g.,

[N P

M-

Notation 2.2. We introduce some auxiliary notation for two subsets of £ := R4 x R" as
well as for sets of continuous functions with compact support. Let (F, || - ||2), (G, | - ||2) be
Euclidean finite-dimensional spaces.

e Set Ey:= (Ry x {0}) U ({0} x R") and FE := (R4 x R") \ Ej.

e Let f: (F,|-|2) = (G,|| - |l2)- The support of the function f is the set supp(f) :=

I 0
{seF:f(s)#0} * where A''* denotes the closure of the set A under the
metric associated to the norm || - ||2.

e Co(F;G):={f:(F|-ll2) — (G, || |l2) : f is continuous with compact support}.
« C 5(BsRY) := {f € C.(E;R") : supp(f) C E}.

e DoXm c C.(R4;R*™) is a fixed, countable set, possessing the property that it
is dense in I? (R, B(Ry ), (X°°)(w)) for P-a.e. w € Q; for the existence of such a
set the reader may consult Lemma A.14.

e DY C C,5(E; RY) is a fixed, countable set, which is dense in L? (E, B(E), v°°* (w); RY)
for P-a.e. w € () (see Lemma A.15), keeping in mind that z/°°=“(E0) =0, P-a.s., as
well as [, ||z[|3 v°*%(ds, dz) < oo, P-a.s.

We proceed now with the description of the conditions for the sequence (CD’“) relX
to be convergent, i.e., we make precise in which sense the convergence mentioned in
the introduction should be understood. We remind the reader that we have already
mentioned that the stability for martingale representations as given in [87, Corollary
3.10] will be central to our approach. Therefore, it is natural to complement the
conditions of that corollary with conditions that ensure the convergence of the Lebesgue-
Stieltjes integrals associated to the generators of the BSDEs. This is exactly the role of
Conditions (S7)-(S9).

(S1) The filtration G* is quasi-left-continuous and the process X >°-° is continuous; the
process X > is G™-quasi-left-continuous, because of its martingale property.

(S2) The pair (X"°, X*8) € H2F(R™) x H24(GF, 00; R) with M, iz [AX"2[PE] = 0
for every k € IN, such that in addition X* = X*° 4 X%, and

]LZ(Q,QJP;]RZ><2)

(XEe, xk) (X2, X24). (2.4)
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(S3) The martingale X possesses the G*°-predictable representation property.

(S4) The filtrations converge weakly, i.e. GF —— G>.

_ 2 .
(S5) The random variable ¢# € L?(2, G, P;R), for every k € N, and ¢+ —~ Z9FR)

£.

(S6) The sequence

( / eﬁA’:”fk(t’O’O’O)szck>
(0,7%) (af)z ‘ keW’

is uniformly integrable, where f is the common value from Footnote 2, while 0
denotes the null application from R™ to R’.

(S7) The sequence (A% ), _ is bounded by a constant 4 > 0.3

ke

(S8) The generators (f*) weix Possess additionally the following properties:

(i) forevery k € N, W € D(Ry;R?), Z € D>**™ and U € D", it holds that*

(fk(t,wt,zt,U(t,.))te]R+ e D(R,;RY), P-a.s.;

(ii) for every Z € D>*™, U € D", if (W"), . is a sequence of cadlag maps such that

Wk s W then
Ji(RY) % o
(fk(tv Wtk7 Zta U(t7 .)))tel}’ur k1—>—oo> (f (t7 Wt s Zt7 U(tv ')))te]R+a P-as.

Besides, if sup, . |[W*(w)|ls < o0, P-a.s., then

sup H (fk(t7 Wtkv Z, U(t7 ')))tG]R+ Hoo < o0, P-as..
keN

(S9) The sequences (C*),  and ("), . satisfy

0) Ck (J,(R),P ce°;

(ii) Ck :=limy_0o CF € Ry, P-a.s., with Ck 2 C2;

(i) ®* 1Ly o> .= 0

(S10) The stopping time 7°° is finite and Tk —> T

k—o0

Remark 2.3. We include below some brief remarks on the nature of the conditions
assumed above. A more detailed discussion will be provided in Subsection 3.6.

3This allows to write Condition (S6) without the exponential functions.

“In Remark 2.4 we verify that we are allowed to use elements of C ‘E(E R?) as elements of $*. Clearly,

the elements of D°¢X™ also possess the suitable measurability properties as deterministic processes which
are B(R.+)\B(R**"™)-measurable.

EJP 28 (2023), paper 51. https://www.imstat.org/ejp
Page 9/56


https://doi.org/10.1214/23-EJP939
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Stability of backward stochastic differential equations

() We have assumed that (D*),  are standard data under (the common value) $, and

(i1)

(iii)

(iv)

(v)

that 3 is sufficiently large such that the quantities M " (B) and Mfk (B) as defined
in [86, Lemma 3.4] are sufficiently close to 18e®*. The above in conjunction with
(S9).(iii) and [86, Corollary 3.6] ensure that for all but finitely many k € N there
exists a unique quadruplet
k ok 77k Atk 2,k 2,k,0 2,k 2.k, L
(Y,Z,U,N)EIHB X]HB X]HB X]HB
or
k ok 77k nrk 2,k 2,k,0 2,k 2,k, L
(Y*, Z% U" N )GS[; X]HB X]HB xIEIB ,

such that for any ¢ € [0, 7%]

Tk,
v} :5’“+/ fF(s, Y, 25U (s, ))dCy
t
k k '

—/ Zdef’O—/ Uk(s,x)ﬁk’“(ds,dx)—/ dNF, P-as.
t t R" t

We will assume, without loss of generality, that BSDE (2.5) admits a unique solution,
for every k € IN. The unique solution associated to the standard data D* will be
denoted by 8¥, for every k € IN.

(2.5)

The assumption ®> = 0 is compatible with the assumption that X is a quasi-left-
continuous martingale; recall Condition (S1). Indeed, in this case X°°>° (which has
been assumed continuous; see (S1)) has a continuous angle bracket process, and
,u°°’h has an atomless compensator; see Jacod and Shiryaev [65, Corollary I1.1.19].

Condition (S3) states that the pair (X°°’°,X°°*h) possesses the G°°-martingale
predictable representation property. Therefore, the element N € ’H;"”’l of the
solution Y*° has to be the zero process. For the sake of a unified notation, even if

k = oo, we will write the orthogonal martingale N in BSDE (2.5).

Condition (S7) states that the sequence (A%) weix has to be bounded. On the one
hand, this condition implies the equivalence of the norms in the weighted spaces
indexed by 5 with the respective non-weighted norms, i.e. when $ = 0. On the
other hand, Condition (S7) does not necessarily imply that the sequences (ak)keﬂ
and (C"’) keix are bounded. In (S9).(ii) we do assume, however, that C* is P-almost
surely finite, for every k € IN.

In view of Condition (S7) again, Condition (S6) is equivalent to the sequence

175 (t,0,0,0)|2 k)
- 2 dC ,
(/w,oo) (af)? ' ) ew

2 REY
being uniformly integrable. Moreover, Condition (S5) states that £* M

), ¢oo

£,
In particular (|[¢¥(]3), 5 is uniformly integrable, which implies that the sequence
(&%) e is L2(Q, G, P; RY)-bounded

sup ||§]“||]L2(Q g.pme) < 00, OF equivalently by Condition (S7), sup (1€ | 26 < o0,
keN o heN ’

where £ is the common value (see Footnote 2).

Remark 2.4.Let U € CCIE(E;RZ) and k € IN. We have that supp(U) N Ey = ), which
in conjunction with the compactness of supp(U) allows® us to write inf {[|z|, : = €

5We use that every Euclidean space with its usual topology is a normal Hausdorff space.
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supp(U)} > 0. Then, it follows

E[ / WUt )12 u’“’“(dt,dw)} - E[Z ||U<t,Axf’“>||§] < oo,
(0,00) xR™ >0

where we also used the boundedness of the function U and that E { D 0 |AX]H ||§} < o0;

recall that X*f ¢ #>4(GF, 7%, R™). Additionally, by Jacod and Shiryaev [65, Theorem
11.1.8] we have

EU |U(t, )3 Vk’“(dt,dx)] < 0. (2.6)
(0,00) xR™

Therefore, the stochastic integral U 1" is well-defined. Moreover, by He, Wang, and
Yan [54, Theorem 11.21.3] and by means of Property (2.6), we deduce that

(U8, = U? s k8 — Z/ U(t, z)r*8({t} x dx)/ U (t,z)v*5({t} x dz), P-a.s.
s<- " R

The last identity further allows us to write for every ¢t € R+

(Ul @) = KE(UE)3) (@) = ACE )| KEU R, )(@)]f5, P-as. (2.7)
The finiteness of ||U(¢,-)|| (w) is a result of the compact support of U and the o-finiteness
of the transition kernel I?tk (w) (see [65, Proposition 11.2.9.(iv)]). In particular, observe
that U(t,-) € 9% , for C* @ P-a.e. (t,w) € Ry x . Therefore, seeing U as a deterministic
process, we can conclude that D! C $*, for every k € IN. Consequently we are allowed
to evaluate elements of D! in the last argument of the generator f*, for every k € IN.6

3 Stability of backward stochastic differential equations

We start this section with the statement of the main theorem of this article. In
Subsection 3.1 we outline the strategy we will follow in order to prove Theorem 3.1, which
is based on Moore-Osgood’s theorem, see Theorem A.2 and the references therein, while
the remaining technical parts will be presented in Subsection 3.4 and Subsection 3.5.

Theorem 3.1. Let Conditions (S1)-(S10) hold, and for every k € N, denote by 8% :=
(Y* ZF U* N*) the unique solution of the BSDE (2.5) associated to the standard data
D¥. Then

(Jl (R£X3),E2)
ey

(Yk, ZF. XFo 4+ UF 5 bt NF) (Y, 2% . X°° + U™ % i*%,0), (3.1)

(Y9, (28 X2 UF g3 N9, YR, B, [ys, x5 v, N))

Jl(RZXGZ),]Ll N (32)
% ([YOOL [ZOO : XOO)O + UOO *:U’OO)h}aov [Yoo, XOO’O]? [YoonOO)hLO)v
((YRy, (2% - xFoy (UF %), (NF), (YR, XE), (YR, XR9 (VR NFY) 59

(Jl(szz)’El) N
5 ((Y), (250 X°00) (U™ % 1%F), 0, (Y0, X°0) (Y0, X°F), 0),

where 0 denotes the zero process whose state space is a finite-dimensional Euclidean
space.

6The reader may recall the domain of the generator; see Condition (F3).
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3.1 Outline of the proof

The main strategy for the proof can be visualised in Table 1. Conditions (S1)-(S10)
ensure the convergence of the standard data; this corresponds to the first column
of the table, and the respective convergence is denoted with a solid arrow. Using
Papapantoleon, Possamai, and Saplaouras [86, Corollary 3.15], we can associate to
the standard data D¥, for each k € IN, the sequence of Picard iterations (Sk=(p))p€]NU{o}
(where 8% is the zero element of the respective product space), which converges to
the unique solution 8¥; this corresponds to the k-row of the table. Our aim is to prove
the convergence 8* —> 8°°, which corresponds to the convergence in the last column

of the table, and is denoted by a wiggly arrow.

Table 1: The doubly-indexed Picard scheme.

'Dl 81’(0) 817(1) 817(2) Slv(p) IH_OO) 81

D2 | 82000 g2, g2 ... g2 PTX, g2

D3 | 830 g3 (1) g3 ... g3k P, g3

Dk | gk(0) k(1) gk ... gk(p PTZ2. gk
| | | |

Lo ; . ; ¢

Poo | §oo,(0)  goo,(1)  goo,(2) ... goo(p) PTX . goo

Strictly speaking, one can generally construct the elements of the doubly-indexed se-
quence (Sk’(p))keﬂ,pem and not the elements of (Sk)keﬂ- Consequently, in order to achieve
our aim, we will apply Moore-Osgood’s theorem on (Sk’(p))keﬂ,pem- The aforementioned
theorem provides a sufficient framework for the existence of the (unconditional) limit of
a doubly-indexed sequence. In our case we will obtain

lim  [|8"® —8®| = lim lim ||85®) — 8| = lim lim [|8&® — 8| =o0.

(k,p)—(00,00) k— 00 p—00 p—00 k—o00
Moore-Osgood’s theorem requires the uniform convergence in one direction (here, say
horizontally) and the pointwise convergence in the other direction (here, say verti-
cally). Theorem 3.2 guarantees the finally’ uniform in k convergence of the sequence
of Picard approximations {(8%(),c} xcN- In other words, the first condition of Moore-
Osgood’s theorem is relatively effortlessly satisfied. In Table 1, we have denoted these
convergences with a solid arrow. The second condition of Moore-Osgood’s theorem
amounts to proving the convergence

klim |8%:(P) — 8>:(P)|| = 0, for every p € IN. (3.4)
— 00

In Table 1, we have denoted these convergences with a dashed arrow. Naturally, we will
prove the required pointwise convergence by means of induction. However, a series
of helpful comments will reduce the complexity of the proof of Convergence (3.4); the
details are postponed until Subsection 3.3. The first step of the induction will be proved
in Subsection 3.4 and the p-th step of the induction in Subsection 3.5.

"We are going to use the following convention: whenever we write that a sequence (a’”’)k peN
‘converges finally uniformly in k£’ (under the metric §), we mean that there exists kg € IN such that

kp ok
SUPy> ko 8(aP, %) ——— 0.
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3.2 Uniform a priori BSDE estimates

The next result provides uniform a priori estimates for the tail of the Picard ap-
proximations, see Papapantoleon, Possamai, and Saplaouras [86, Corollary 3.15]. In
particular, Theorem 3.2 generalises Briand, Delyon, and Mémin [19, Corollary 10].

Proposition 3.2. For every k € IN, we associate to the standard data D* the sequence
of Picard iterations (8*()),ci (0, where 8¥() is the zero element of S? , x ]I-Ig"k’O X

k.B
HZFE « ]Hg*k’l. There exists k, o € IN s.t.

B
k k,(p)
Jm sup [$* - 8" Iz =0
In particular, supysy, , [|I8"[|? o < 0o

Proof. We choose k, o as the one determined by Lemma A.16. Essentially, we have
constructed contractions associated to the standard data (D*);> k.o whose constant is
smaller than 1/ \/2. Then, for any integer k > k, o, we have

”Sk _ Sk,(p) ||i o< Z 2n+l||8k J(p+n) _ Sk (p+n+1) ”
n=0

2n +1
- Z 2P+n|| k *kﬁ 741 p”Sk 1)||*k67 (35)

*k:B

where in the second inequality we have used [86, Inequality (3.42)] and that in Lemma A.16
N
ME"(B) < 4 for k > ki . Since 8#(?) is the zero element, we obtain by [86, Lemma 3.8]

k 2
50012 < T2 )+ 52 | L

*kﬁ

I+ .
. H 5

Again by Theorem A.16, we derive the uniform bound

k()2
ksgp [l

(3.7)

.. k gk,
<ot s I8 1T g, ) + T2 (7% O,B)’CSBIR
Z2Rg

fk(',0,0,0) 2

% < 00,

o H2
*,k,B

which implies the desired result in conjunction with Inequality (3.5) and Condition (S6).

For the second statement, we combine Inequalities (3.5) and (3.7) and we obtain

s 8
k 2
~3 dkx P 'a05070
<2(1 4115 ’°) s ||£‘“||22 e+ 2(1+ 12 (70, 8)) sup “7,6) < oo,
K>k a W2
where 17" is defined in [86, Lemma 3.8] as follows
Ry xRy 3 (6,0) — 17+ 9e°® e R, 0

Corollary 3.3. Let M5® .= zk®) . xko 4 k(@) x ki + N5P) fork € N, p e NU {0}
and M¥ = 7% . Xk 4 U « g% + Nk, for k € N. Then, there exists k.o € N such that

lim sup HM“”
P70 >k, o

oo||]Lz =0,
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and

2
lim sup E =0,
P70 k>R 0

SF®) = fl (s, v @) Z6 W gh®) (s ) — (s, YE ZE Uk (s, ).

Var[/ Sfk @ dC’f}
(0,00)

2

where, for every s € [0, 0),

Proof. The first limit is immediate from Theorem 3.2, It0’s isometry, the orthogonality of
the respective spaces (see [86, Corollary 2.7]) and the inequalities

B0 — A2 < [IMED — M o < 600 — 57 5

The second limit is again immediate from Theorem 3.2, Cauchy-Schwarz’s inequality
(as applied in [86, Inequality 3.16]), the Lipschitz property of the generator f* for every
k € N, the inequalities

k k,o kb
oo (ozk)Q, 0 0

@2 = <1, forevery k € N,

(ak)Q ’ (ak)Q -

and Condition (S7), i.e., the boundedness of (Ak)keﬁ- More precisely, we have

2

sup E ‘Var{/ s [k @ dC’f]
k>ky 0 (0,00) 2
Z Jacr)] <! s 182713
< sup E Z </ |6ff’(p)’l|dC§> < = sup E{/ eﬁAslmdef}
k>Foo | =1 \J(0,00) B k>k 0 (0,00) (@)

1 — -
<= sup {A||Y’“(p) YR, 4 ([(250) = Z8) . xR 4 (UR @ — Uk *Mkvh)nig,k}
B B

k>ky«.0
Avi ko) ok )
< 3 k;}cpo IS S H*,k,ﬁ — 0. O

3.3 Reducing the complexity of the induction steps and proving Theorem 3.1

The purpose of the current subsection, is to explain the strategy that will allow us to
reduce the complexity of Convergence (3.4) and to prove Theorem 3.1.

Notation 3.4. In order to use as compact notation as possible, we introduce the follow-
ing

o LPW / fF(s, YEW ZE®) k@) (s,.))dCF, fort € [0,00,% k € N and p €
©0.4]

N U {0}. Fori € {1,...,¢}, we denote the i-element of LI"® by LF-®-,

o LF = / fF (s, Y, ZF, U*(s,))dCE, fort € [0,00], k € N and p € NU {0}. For
(0,4]

i€ {l,...,0}, we denote the i-element of L¥ by L.

k szkv(P) va(l’) Ulc,(p) . 2 -
o Th(P) .— / 1% . ’ ’ (s, ))HQdC’f, fork € N and p € NU {0}.
(0,00)

(af)?

8For ¢t = oo, we have abused notation and we understand the interval (0, c0] as (0,00). Actually, the
processes C¥, for k € N, are (left) continuous at ¢ = co and therefore there is no difference on which integral
we consider.
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o AR = Tr[(ZF®) . Xke + Uk @)y gh8) (], fork € N and p € IN.

After the introduction of these helpful notations, we focus on the aim of the current
subsection. We claim that Convergence (3.4) is equivalent to proving the validity of the
following two convergences

L?(Q,6,P;RY)
_

Lk® L) ws®)

k— o0
4 2
k) (1 (RY).L?) o) (LS®)

k—oco

for every p € IN U {0}, in conjunction with
the sequence (Fk”(p)) weix 18 uniformly integrable, (UI(p))

for every p € NU {0}. As should be expected, they will be proven by induction.

Next, we will assume within the current subsection that the aforementioned conver-
gences are true for every p € INU {0}, together with the uniform a priori estimates of
subsection 3.2, and we will prove Theorem 3.1 under these assumptions. Then, we will
prove in the upcoming subsections the validity of these assumptions, i.e. the validity of
convergences (LS2)), (LS®) and (UI), for every p € INU {0}.

3.3.1 Convergence (3.1) is true

Unsurprisingly, we are going to transform the BSDEs associated to the Picard schemes
into martingale representations and then use the stability already proved for the latter;
see [87, Corollary 3.10]. Recall that for every k € IN, we have stopped the processes
indexed by k at time 7*. Therefore, we can substitute for every k € IN the terminal time
7% by oo and we will do so for notational convenience. The reader may also keep in mind
that N>®) = (, for every p € IN.

For every k € IN and every p € INU {0} it is true (by construction) that

YR _ ck +/ fE (s, YE®) Zk®) yh®) (s ))dok
(t.7*]
k

Sk +k -
_/ Zf’(p"’l)de’o _/ / Uk’(p“‘l)(s,x)ﬁk’h(d&dx) _/ dNSla(pH)
t t n t

— ¢k +/ f’“(s,YS’“’(I’),Zf’(p),Uk’(p)(&'))dcf (3.8)
(t,00)

—/OO Zf*(”“)de*"—/oc/ Uk’(pﬂ)(s,x)ﬁk’b(ds,dz)—/OO ANk,
t t m

t

H'H*,k,@
e

By Theorem 3.2, we get that 8 () 8* finally uniformly in k. In particular,

2

52
this convergence implies Y*:(®) LIS finally uniformly in k&, which in turn implies
p—00

p—o0

(Jl (R[)7]L2)
-

Yk () Y* finally uniformly in k. Hence, by orthogonality of the respective

p—o0
parts, It0’s isometry and Doob’s inequality, see [86, Section 3.5], we obtain

(YR®), Zk@) . xko k) it NR@) LI D ok gh ko g7k gl Nk
p—o0
finally uniformly in k. At this point, we will combine two facts in order to rewrite the

above convergence under the J;-topology. The first one is that the convergence under
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the || - ||co-norm allows us to conclude the convergence of the sum of two convergent
sequences. The second is that every || - ||..-convergent sequence is also J,-convergent;
see [65, Proposition VI.1.17]. The latter argument was also used a few lines above.
Therefore

U1 (R™%),12)
P00 (3.9)
(Yk, Zk . Xk’,o + Uk' */A,Zk7h,Nk)7

(yk,(p)7 AL CAE Ly N’m(p))

finally uniformly in k. Consequently, in order to apply Moore-Osgood’s theorem, see The-
orem A.2, it is sufficient to prove that for every p € INU {0}, we have

U (R**%),L?)
k—o0 (3.10)
(yoo,(p)7 7o) . x o000 4 1roo.(p) *ljocvh,NOO-,(p)).

(V@) Zh@) . ke 4 k@) 4 ik NR )

To this end, let us relate BSDE (3.8) to appropriate martingales.® The aforementioned
transformation will allow us to use the stability of martingale representations; see [87,
Corollary 3.10]. For fixed k € IN, p € NU {0} we define for ¢ € [0, x]

L / (s, Y50, 250 Ut 0 (s,.))dCk (3.11)
(0,1]

Wiky [, YI0, 250 U0 s, )ack
(0,00)

—/m Z§v<P+1>dX§v°—/m/ ke (s 1) ﬁk*“(ds,dx)—/oo dNFE(P+D)
t t m t

3.8
(:) Yok,(erl)

o0 o0 o0
+/ Zf’(p"'l)devo +/ / Uk’(p"'l)(s,;p) ﬁ’“h(ds, dz) +/ de7(p+1)
0 0 n 0

- /Oo zk e+ g xke /OO Uk e+ (5, 2) iR (ds, da) — /O<> dNF- P+
t t JRn t

t
_ Yok,(p+1)+/ Zf’(m'l)de’o

0 , , (3.12)
+ / / Uk (s, 2) iR (ds, dz) + / dNF (P +D),
0 m 0

Hence M*®) ¢ H?(G*, 7%, RY) for every k € N and every p € IN U {0}. At this point, for
fixed p € INU {0} we can obtain the convergence

_ Jl(szz)Lz)
k. (p+1) | xko k,(p+1) 4 kb ks (p+1) (
( FURET -~ (3.13)

(Zoo,(erl) . X000 + Uoo,(p+1) *’Eoo,h70)7

if we apply [87, Corollary 3.10] to the sequence (Mk’(p))kew. In view of Conditions (S1),
(S2), (S3) and (S4), we need only to prove the convergence

L?(Q,6,P;RY)
_

ME®) M P (3.14)

k—o0

for every p € N U {0}, in order to apply [87, Corollary 3.10].

9The same technique was used in the proof of [86, Theorem 3.5] in order to use finally the orthogonal
decomposition of square-integrable martingales.
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However, in view of Condition (S5), which states that the sequence (fk) N is I.2-

k,(p+1)

ke
convergent, and recalling that for the Picard schemes holds Y. = ¢F, for every
k € N and p € NU {0}, we immediately obtain from Identity (3.11) that (for the same p)
L?(Q,G,P;RY)

_—

Lk® L) ws®)

k—o0
is equivalent to Convergence (3.14).
Assume for the following that (Lsg‘é)) is valid for every p € N U {0}, i.e. we can
apply [87, Corollary 3.10] for the martingale sequence (M k’(p)) weix- Then, we obtain the
convergence

(Mk,(p)’ Zk,(p+1) . Xk,o + Uk,(p+1) *ﬁk’h,Nk’(erl)) (L(]RZXS),]Lz)

(MOO,(p)’ Zoo,(p+1) - X0 + UOO’(p+1) * ﬁoo’ O)a

(3.15)

for every p € INU {0}. Comparing now Convergence (3.15) with Convergence (3.10)
associated to the (p + 1)-Picard step, we realise that they differ only in the first element.
Recall the definition of M*®), for k € IN; see (3.11). It is immediate!® that we can obtain
the convergence

(Jl (]R/Q)JLQ)
——

(MF-®) y ki (p)) (Moo ) yoe ) - for every p € N U {0}, (3.16)

if the convergence

LR (1. (m%),L.2) 10®) (LS(®)

)

holds for every p € INU {0}. Hence, our claim as stated in the title of the current section
is valid.

Corollary 3.5. If the convergences (LS%)) and (LS®®)) are true for every p € N U {0},
then

L2(Q,6,P;RY)

ME @) M, (3.17)
(k.p)—(00,00)
2 R34

LE) L°(2.6,FR7) % (3.18)

(k,p)—(0c0,00)
In both cases, the iterated limits exist and are equal to the respective right-hand side.
Proof. In view of Theorem 3.3 and Equation (3.14), Moore-Osgood’s theorem (see The-

orem A.2) ensures the convergence in (3.17). For the convergence in (3.18), one
uses (3.11) and (3.17) in conjunction with the convergence

E E(Q]R
f k—

gOO

see Condition (S5). O

10Since we are using the J1-topology, we have to be careful with arguments like this. However, the continuity
of the process corresponding to the Lebesgue-Stieltjes integrals with respect to C*° (recall that °° = 0)
allows us to proceed.
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3.3.2 Convergence (3.2) is true

The reader should recall that the convergences (LS(JZJ)) and (LS®) are assumed true
for every p € INU {0}. We will apply Moore-Osgood’s theorem for the doubly-indexed
sequence ([Sk’(p)])keﬁ,pemu{o}- It is well understood that the convergence of a sequence
of (special) semimartingales does not guarantee the convergence of the associated square
brackets. However, if the sequence is P-UT (see Jacod and Shiryaev [65, Definition
VI.6.1]), then [65, Theorem VI.6.26] ensures that we have the desired convergence. To
this end, we will prove that the P-UT property holds in a proper sense; the details will
be provided below, but one could describe it as ‘the sequence (§(®)) kel penufo} 18 P-UT
finally uniformly in &’.

In this paragraph we focus initially on the sequences corresponding to the martingales
of the Picard schemes, where we have also adjoined the sequence (M*®), €N, peNU{0} -
In this case, an integrability condition, namely [65, Corollary VI.6.30], is sufficient for
the P-UT property.11 Moreover, from Convergence (3.17) we have, in particular, that
the sequence (||M§o’(p) ||§)keﬁ,pemu{o} is uniformly integrable. Therefore, in view of [65,
Corollary VI.6.30], we can conclude that the sequence of martingales is P-UT and the
(joint) convergence of the square brackets is obtained.

In this paragraph we turn our attention to the sequence (Y*®)) keN peNu{o}- Lhe
reader should recall that Y*®) = Ar%:() 4 [#:() for every k € N, p € N U {0}. We have
already argued about the P-UT property of the martingale sequence (M k’(p))k €N,peNU{0}
and the convergence of the associated square bracket sequence. The continuity of
L*, hence the continuity of [L>] = 0, allows us to simply derive the convergence of
([Lk7(p)])keﬁ,pemu{o} to the zero process. Then, we can have the joint convergence of the
square bracket sequences, and the polarisation identity will allow us to conclude the
desired Convergence (3.2). We leave these details to the reader. Hence, it is left to prove
the convergence

0. (R™H),LY)

(k@ 0.

(k,p)—(00,00)
We will use Moore-Osgood’s theorem once again, this time for ([Lk’(p)])keW penufo}- ON

the one hand, from [65, Comment VI.6.6], the sequence (Lk’(p))pemu{o} is P-UT, for every
k € NN, if the sequence

(Tr [Var [L.k’(p)] J )

is tight in R, for every ¢t € R, where the total variation is calculated element-wise.
Using Theorem 3.3 and Theorem 3.2, we have that for the arbitrary € > 0, there exists
po € IN, which depends only on € and not on k, such that

peNU{0}’

sup sup E[HVar[Lk’(p)]tHﬂ

p=po k>ky 0
< 2sup sup ]E{HVar[L.k’(p) — Lk}tHﬂ +2 sup ]E{HVar[Lf“]tHz}
p>po k>kyx,0 k>ky 0

<2 +2 sup E{HVaF[L{“LHﬂ
k

Zkx,0

'aOaO,O)’ < 00

K I
<e+ sup [|8%]], .5+ sup H
k>k«,0 Y k>k.,0

ok H2*k
B

" The reader can immediately verify from Convergence (3.17) that the martingale sequences are I.2-bounded,
a property that implies Condition 6.31 of [65, Corollary 6.30].
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For the derivation of the upper bound of the total variation of L* we have used argu-
ments analogous to Theorem 3.3. Now, Markov’s inequality implies the boundedness
in probability (uniformly in k) of the desired sequence. Hence, for every k > k, o, the
sequence (Lk’(”))pemu{o} is P-UT and consequently

) 1
[LF )] e ) [L*], for every k > k, o,
p—00
by means of [65, Theorem VI.6.26]. We can derive the convergence of the square
brackets finally uniform in %k from the following inequality

14 12 4 2
Tr[[Lk’(”) _ Z Z Lk (p),i Lk I S Z (Z ’A(Lk,(p),i _ Lk,i)t|>

t>0 t>0

< [Var[250) - 2]

which is true for every k. On the other hand, the induction hypothesis for every p € INU{0}
allows us to apply [87, Corollary 3.10], which in particular provides
]Rl XL ) ,]Ll )

(LR ()] Ua( [L>P)], for every p € N U {0}.

k—o0

Overall, the conditions of Moore-Osgood’s theorem are satisfied, hence we have

£x L 1
[Lk7(p)] (Jl(R )7]L ) [Loo] — 0

(k,p)—(00,00)

Both iterated limits of the sequence ([Lk’(p)])keﬁ,pemu{o} exist and are equal to 0. The
continuity of the limit allows us to derive the (joint) convergence (3.2).

3.3.3 Convergence (3.3) is true

The convergence of its martingale parts can be justified because of [87, Corollary 3.10],
whose validity implied the convergence of the martingale parts of (3.1). For the parts
associated to the square-integrable G*-special semimartingales (Y*) rei, wWe observe
that for every k € IN the process [Y*] is a G¥-special semimartingale with canonical
decomposition [Y*] = ([Y*] — (Y*)) + (Y*). Moreover, the arguments presented above
allow us to conclude that the sequence (Tr[[Yk]oo]) el is uniformly integrable. This
further implies'® the uniform integrability of (Tr[(Y*)]), - Hence, the sequence
associated to the angle brackets is also tight in R¢. Therefore, we can apply!* Mémin
[81, Theorem 11] for the sequence ([Y*]), .

3.4 The first step of the induction is valid

Recall that in the proof of Theorem 3.2 we have set Y*(*) = (0,0, 0), for every k € IN.
Now we provide some useful lemmata that we will then use for proving the first step of
the induction in Theorem 3.9.

Lemma 3.6. The sequences (C*),  and (L"),  possess the P-UT property.

12For the sequence spaces ¢! (IN) and ¢2(IN) it is true that ¢! (IN) C ¢2(IN), i.e., for a sequence of real numbers
. 1
= (p)pew it holds [|z(l2 ) == (X ,en l2p1*) 2 < 3w lapl = llzller (v
13See Lenglart, Lépingle, and Pratelli [72, Théoréme 3.2.1)] and use the de La Vallée-Poussin criterion
14 Along with standard arguments and the polarisation identity since the aforementioned theorem is stated in
the real-valued case.
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Proof. First, recall the fact that (C*) reiv 1S @ sequence of increasing processes. Therefore,
Var(C*) = C*, for every k € IN. Secondly, Condition (S9).(i) implies that (C*), i is tight
in D(R;R), which in turn implies that Var(C*), is tight in R for every t € R . Now, we
can conclude by [65, Proposition VI.6.12].

For the sequence (L*(9)), it is sufficient to prove that (Var[L" (%] Ik o is tight in
RY; see [65, Remark VI.6.6]. To this end, we will prove that the sequence is IL2-bounded.
Indeed, by the following inequality (here f*' denotes the i-element of f*, for every

keN,ie{l,...,0})

Var[L’fv(W}oog/ |F5 (5, YE®), 200 k@) (5 ))[dCF,
(0,00)

for every i € {1,...,¢} and by Cauchy-Schwarz’s inequality, applied as in [86, Inequality
(3.16)], we derive
(S6)

supE[HVar[Lk’(O)}ooHﬂ < isup E[Fk’(o)] < 0. O
keN keN

In the remainder of this article, we denote by uc: the (random) measure on
(R4, B(R,)) associated to the increasing and cadlag process C?, for i € IN.

Lemma 3.7. For any subsequence (C*'),cy there exists a further subsequence (C*:);c

such that

(R ki |-
Chu % C™, P-a.s., as well as Cy' L C, P-as.
i—00 1—00

Moreover, fi — s jic~, P-a.s., and SUP;eN Mk, (Ry) < o0, PP-aus.
Y 4—o0 *

Proof. The first statement is direct by Dudley [34, Theorem 9.2.1]. Indeed, the fact that
(D(R4;R), d;,)" and (R, 4).|) are both Polish spaces, together with Conditions (i), (ii) of
(S9) allow us to verify the statement. Passing possibly to a further subsequence we
can assume without loss of generality that both convergent sequences are indexed by
(k1,)ien- The second statement is also true in view of Condition (S9).(iii) (the condition

®>° = (0 implies that C*° is continuous), Theorem A.7 and Theorem A.6. O
Lemma 3.8. The sequences (SUPteR+HL?(O)H§)kEW and (||L’§<’>(O)||§)]CEW are uniformly

integrable.

Proof. Using Cauchy-Schwarz’s inequality as in [86, Inequality 3.16], we can obtain for
every t € [0,00) and k € IN

) L 2 ) k 2
TGy e L ey G B KL e
(0.4 (0.00)

B (ak)? B (ak)?
as well as
k, 2
27 B J0,00) (ak)? ‘
In view of (S6), which states that the right-hand side is uniformly integrable, we obtain
the required result by He, Wang, and Yan [54, Theorem 1.7.1]. O

15The metric compatible with the J; -convergence will be denoted by 47, and the metric associated to a norm
|| - | will be denoted by 4.
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Proposition 3.9. The first step of the induction is valid, that is

J(RO)L?)
7F:(0) (1; )L?) 1,09:(0) (LS©)
—00
and
2 RE
Le® ZBSER, [EO), (LsY)

Proof. Before we present the arguments, let us remind the reader that by definition
(YR Zk©) k(9)) := (0,0, 0) for every k € IN. We are going to apply Vitali’s theorem,
i.e. we will prove initially Convergence (LS®) and (LSSSD)) in probability and then that
the sequences of the respective || - |3-norms are uniformly integrable. The latter has been
proved in Theorem 3.8. The former will be proved by means of Dudley [34, Theorem
9.2.11.

To this end, let us consider a subsequence (L’Zé’(o))

len- BY Theorem 3.7 there exists a

further subsequence (ki,)ien such that u ot L oo, P-almost surely. Consequently,
© i—o0

we have also that SUP; iy Mk, (R4) < oo, P-almost surely. In view of Condition (S8).(ii),

we can apply Theorem A.9 as well as Theorem A.11. Therefore, the subsequence

(LI;Q’(O)),;GN converges P-a.s. to L3?, and the subsequence (L(Cl""(o))
under the J;-topology, P-a.s., to (Lf”’(o))ie]N. O

icN converges

Corollary 3.10. The convergences

(Yk’(l),Zk’(l) . Xk,o + Uk7(1) */jk’h,Nk’(l)) (J1(]R15><3)7]L2)

(YOO’(I),ZOO’(U . X000 + Uoo,(l) *ﬁoo,h’o)’

for
ER1) . ([y’cy(l)}7 [Zh(l) . Xke L k() *ﬁkm]? [Nk’(l)L

D/k,(l)“)(k,o]7 [Yk’(1)7Xk’u], [Y'k',(l)7]\[k,(1)])7

(]1 (REX (Bttmtnto)y 1 )
EF )

([yooﬁ(l)]j (7o) . xo00 oo (D) oy oof] g, [y oo (D) xooe) [yoo,(l)’Xoo,hLO%
and for
Fh) . (<Yk,(1)>7 (ZHD) . xkey (k) 4 ey (R,
Yk xhey (yki(D) xhka), <Yk,(1),Nk,(1)>)7

Fk (1) (Jl (RZX(4Z+771+n+Z)),E1)

(<y<>o,(1)>7 (ZOO’(I) S X0, <U<>0-,(1) * ﬁoo,h% 0, <Y<>o,(1)7 X0, <y<>07(1)7 XfX%h% 0)7
are valid, where 0 denotes the zero process whose state space is a finite-dimensional

Euclidean space.

Proof. Apply [87, Corollary 3.10] for the sequence (M kv(o)) wei» which allows us to
conclude. O

Remark 3.11. (i) Observe that Yolf;(l) is well-defined P-almost surely, for every k € N.
Indeed, by (3.11)

YW = pp© / FE(s, YO, 28O gk (s,.))dCE, for every k € IN.
(0.4

The limit as t — oo of the martingale part exists due to its square integrability and
the limit of the Lebesgue-Stieltjes integral exists P-almost surely; see Theorem 3.6.
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(ii) Although we have accomplished the aim of this section, we will need to obtain
an additional result. Namely, we need to complement our induction hypothesis
on the p-step with the assumption that the uniform integrability of the sequence
(Tk(P+1)y, o (recall Notation 3.4) is inherited by the uniform integrability of the
sequences (F’“v(z’))keﬁ and of the standard data. The following lemma serves this
aim.

Lemma 3.12. The sequence (Fk*(l))kew is uniformly integrable.
Proof. We will use the Lipschitz property of the generator f* as well as the fact that
,,,k gk,o ek,h

(k)2 < (aM)?, (a*)2 <1, and (a*)2

<1 (3.19)

see the definition of o in (F4). Let k € IN. By definition of I'*"(1), the Lipschitz property
of the generator f* and the definition of A*

oE() _ / ka; (s,YSk’(l),Zf’(l), Uk,(1)($7 ))
Joeo) (af)?

2

< / [(045)2||Y9’“’(1)||§ + ||k ZE DS + JuEO O, s}dcf
(0,00) ’

2

17%(5,0,0,0) [, ,
n %55 T2 g ok
/(O,oo) (ak)2

S

:/ Hij(l)deA’;Jr/ dTr[(Zk’(l)~Xk’°+Uk7(1)*/7k’“>s] + RO
(0,00) (0,00)

2

< 2A sup ’|E[§k|gf]||§ +2A sup
teRy teRy

E[ / £5(u,0,0,0)dC*
(t7oo)

gf}

2 (3.21)
+Tr[<M’“(°)>m} 1 Tk (0),

In the first inequality, we used the Lipschitz property and the definition of a* (see (F4))

as well as Inequalities (3.19). In the second equality, we used the definition of A’“, c* and
Il ;; see also [86, Identity (2.9)]. In the second Inequality, we used Identity (3.8), i.e.,

Qf} |
We only need to observe now that the summands on the right-hand side of (3.21) form a

uniformly integrable sequence, for k € IN, as sum of elements of uniformly integrable
random variables; see He et al. [54, Corollary 1.10]. Indeed,

v —E[cts [ 0.0k
(t7oo)

« for the sequence associated to the first summand we have that (||£*||3), . is
uniformly integrable by Vitali’s theorem. Then, we can conclude the uniform
integrability of the required sequence by Theorem A.17;

» for the sequence associated to the second summand, i.e.,

2
( sup gf] ) , (3.22)
teRy 2/ keN
we can prove by means of the conditional Jensen inequality and the conditional
Cauchy-Schwarz inequality, that for all k¥ € IN holds

gf]

E[/ f¥(s,0,0,0)dC*
(t7oo)

2 2

HEU f¥(s,0,0,0)dC*
(t,00)

< HE[/ |[¥(s,0,0,0)dC¥
(0,00)

gf}

2 2
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< E[*©|gk].

Since (Fk7(0))keﬂ is uniformly integrable (see Condition (S6)) we can conclude
the uniform integrability of (3.22) by He et al. [54, Theorem 1.7, Theorem 1.8].
Then, we can conclude the uniform integrability of the required sequence by Theo-
rem A.17;

» for the sequence associated to the third summand we use the fact (which is true in
view of the validity of (LS(?))) that

L?(Q,6,P)

M&(O) Mgg’(o) ,

k—o0
which implies!® the uniform integrability of (Tr[(M k’(0)>00])kem"

 finally, the sequence associated to the last summand is uniformly integrable by
(S6). O

Remark 3.13. The validity of Theorem 3.12 allows us indeed to complement our induc-
tion step with the statement

the sequence (I‘k’(p)) wcnis uniformly integrable. (UI1?®)

The reader may observe that the above property for p = 1 transfers the uniform integra-
bility to the sequence

( sup HLf"(l)H;> B (3.23)
teRy kEN

This is immediate by applying Cauchy-Schwarz’s inequality to (||Lig (1) ||§) reiv (@s in [86,

Inequality (3.16)]) and observing that (I'*(1)), & dominates the sequence (||Lf’(1) ||;)

kEN’
foreveryt € R,.
3.5 The p-th step of the induction is valid
In this sub-section, we assume that Convergences
£ 2
1k=1) (11:1" ), Loor-1), (LS(P-D)
— 00
ngé(pq) E}@L@ L?(pfl)7 @wLsY)
—00
as well as the statement
the sequence (Fk’(”_l)) weN is uniformly integrable, (UI(pfl))

are true for some arbitrary but fixed p € IN. Then, we will prove that Convergences (LS(?))
and (LS(OIS)), as well as the statement

the sequence (Fk’(”)) xeix 18 uniformly integrable (UI1?®)

are also true.
Compared to the first step of the induction, the p-th step is more involved. Let us thus
briefly explain the approach we are going to follow in order to reduce the complexity.

16The uniform integrability of (Tr[[Mk*(O)]oo] ) weiy can also be deduced.
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In view of Vitali’s theorem, it is sufficient to prove initially that Convergences (LS®)
and (LSE}Q)) hold in probability and then we have to prove that the sequences are (suf-
ficiently) uniformly integrable. In order to obtain the aforementioned convergence in
probability, we are going to use that (D(R),dj (re)) and (R, || - ||2) are Polish spaces, as

we did in the first step of the induction. Therefore, in view of Dudley [34, Theo(r?m 9.2.1],
Lk'la p

it is sufficient to prove that from every subsequence (Lkl’(P))ZG]N, resp. ( 00 >l€]N' we
can extract a further subsequence (Lkli’(”))iem, resp. (Ll;é ’(p))iew, such that
pro® D) peom) pgg (3.24)
i—00
resp.
phe® Wy poo) pgs, (3.25)
1—00 o0 ’

Equivalently, for the given subsequence (k;, );cw, there exists a set €2 € G with P[Q] = 1
such that

lim sup {w €Q: 5J1(]Re)(Lkli’(p)(w),Lm’(p) (w)) > 6} =0, Ve > 0,
i—00
resp.
. o . kliv(p) oo,(p) —
limsupiw € Q: || Lod™ (W) — L Joo(W)l2 > e =0, Ve > 0.
1—00
To this end, let us consider anvergence (3.25), fix an ¢ > 0 and assume that for
P-almost every w € 2 there exist Z5)(w, ) € D>**™ and U= (?)(w,-) € D" such that

H/ F2 (s, Y200 720 e ®)(5,.)) dO® — LW < g P-as. (3.26)
(0,00)

2

Then, using the set inclusion, where F* are assumed to be Rf-valued random functions
for k € {1,2,3}

{wEQ:

we can obtain Convergence (3.25) if we can find an Q C Q with ]P[SNH = 1 such that!’

i > 5} c O {w €Q:||FFw), > ;},

k=1

3
> FHw)
k=1

lim sup{w €Q: ‘ LP) (w) — (/ fi(s,Y;’(p),Zf’(p), U (s, ) dC;) (W)l > E} =0,
i—00 (0,00) 5 3
(3.27)
and
limsup{w €Q: H (/ fi(s,ni’(p)72§’(p), [75’(”)(87 ) dCi) (w)
o (0:00) (3.28)
- (/ 2 (5, Y200, 250, =0 (s, ) d@?")(w) > E}: .
(0,50) s 3

Hence, we prove (3.25) if (3.26), (3.27) and (3.28) are true. An analogous decomposition
can be done for (3.24), where the distance is measured by the 511(]RZ)—metric. Returning
now to the uniform integrability that the sequences should satisfy, we will need to

prove that the family (sup;cp, L) 13) s is uniformly integrable, which is a sufficient

condition for concluding both the Convergence (LS®) and (LSS}Z)).

17For notational convenience, we index the k;,-element in the next expression simply by 1.
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Intermediate Assumption. From now on we fix an arbitrary subsequence (L*:(®))
resp. (L};@’(p)

leN’
)le]N‘

Let us conclude the description of our strategy by collecting all the information
we have available for the next subsections. We will state them as a remark so that
they are easily referred to. Moreover, for notational convenience, we can assume that
the sequence for which the forthcoming convergences are obtained PP-almost surely is
indexed by (k;,):;en. This can be done without loss of generality, since we can pass to a
further subsequence finitely many times.

Remark 3.14. (i) By Theorem 3.7, there exist a 5J1(Rz)—convergent (P-a.s.) subse-

ki

quence (C*:), i as well as a §||-convergent (P-a.s.) subsequence (Cuc'), -

(ii) By Condition (S8).(ii), we can assume in particular that

k‘lv Jl(Rz) o0
f Z('7Oa050> —_ f ('70,0,0), P-a.s.

i—00

(iii) The convergences in (LS®~1) and @L.S2™Y), which are assumed true (this is the
induction assumption), allow us to obtain that

4 2
Lruse-1) LB, L= a5 well as JACR Mle, L@ Pas.

i—00 1—>00

(iv) In view of the discussion made in the outline of the proof of Theorem 3.1, see in

particular on Page 16, the validity of the convergences in (LS(p‘l)) and (Lsgﬂ*l))

allows us to apply [87, Corollary 3.10] for the martingale sequence (Mk’(p_l))kew.
More precisely, the convergences

£X 3
(Yk,(p),Zk,(p) Xk 4 k@) *ﬁk,h’Nk,(p)) (3, (RE%3),1.2)

(yoo,(P)7 Z00:(p) . X000 4 700 (p) */joo’hy()%
for
EF () .— ([ylf»(p)]7 [Zk-,(p) - XFke L k@ *ljk’hL [Nk,(p)],
[YF®) xke] [yk®) xhka) [yk®) Nk-,(p)])7

L(REXBLmtnto)) .]Ll)

g U

(Y>> @], [2200). X000 4 U200« i8]0, [y 200, X7, [y ), X, 0),
and for
k) .— ((ykv(p)% (ZF®) . xRy (k) o By (NF @)y

<Yk,(p)’Xk,0>7 <yk’,(p)7Xk7h>7 <Yk,(p)’Nk,(p)>)7

(Jl (REX (484+m+n+e) ),L! )

Fk7(p)
(Y =10), (2i0) . xo00) (U40) 5 0, (v =10, X%00), (Y =(0), X4 0),

are valid. Here 0 denotes the zero process whose state space is a finite-dimensional
Euclidean space. For later reference, we state only the results we are going to
make use of: for k € IN

gk .— (<Zk7(p) CXROY (URP) w pRoRy (2R )L xR xRy (rrh(p) *ﬁk,h7xk,h>)

Hk,(p) (J1 (R (2+m+n) ) }]Ll)

Hoo () (3.29)

k— o0
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Additionally, we can apply Theorem A.17 for the sequence (|‘Mfo’(p*1)||§)keW in
order to obtain that

< sup ||Mf’(p_1)”§> is uniformly integrable. (3.30)
teRy keEN

(v) The sequence (Ak’(p)) reiv 1s uniformly integrable, since it is strongly majored!®
by (Tr[(M kv(”*”%c})keﬂ which is uniformly integrable. The uniform integrability
of the latter sequence is derived by the uniform integrability of the sequence
(1ME "V 18) o

(vi) In view of Conditions (S1)-(S5), we can apply Mémin [81, Corollary 12]. Therefore,
we may assume that

J] (R(77L+7L) X {1+2(m+n) })

(X', [X.(X") —— (X*, X7 (X)), P-as. (3.31)
In particular X! & X8 P-a.s., which, in conjunction with Jacod and

1—> 00
Shiryaev [65, Corollary VI.2.8], further implies

. RY
oh L> g% >t P-a.s., for every g € DF.

71— 00

g*xp
On the other hand, for every i € N holds
g+t = gx bt — g« P P-as., for every g € D"

Since DY is countable, we can assume that this is true for every w € Q, for some
Q € G with P[Q?] = 1. Finally, by the last convergence and Mémin [81, Theorem 11,
Corollary 12], we have that for every g € D" it holds P-a.s.
~q 7 ~q J (RZX(2+Z)) ~00 e’} ~00
(g%, gx "2 (gx ih)) “H— (g* p°% g % ™8 (g* i™%).  (3.32)

71— 00

(vii) In view of (iv) and (vi) we can P-a.s. have that

]1(]R£x(1+2l))
) e
(Mm»(pfl), (7o9(P) . X000y (7o (P) *ﬁoo,h»?

(M (Z00) . X)) 4

Jl (RZX (7n+n))
R

i—00 (3.34)
(2290 X027, (U0) 1 15, g # 205)),

(<Z’“17~,7(P) . szi,o, szi,o% <Ukz,.,7(p) *ﬁkli’h,g*ﬁkli’h»

(viii) Recall (3.11), i.e. Y% ®) = prk-(p=1) _ [k:.(>=1) for every k € IN. We claim that
( sup HYtk’(p ) Hz) is uniformly integrable. (3.35)
teR 4 keN

This can be concluded as follows. We have

sup HY}k’(p)Hz < 2 sup HMtk’(p_l)HZ +2 sup HLf’(p_l)H;, for every k € IN.
teR4 teR4 teR4

185ee [65, Definition VI.3.34].
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For the sequence (sup,cg, |y || ) s We can conclude its uniform integrabil-
ity by arguing analogously to Equation (3.23), since (I'*:(P—1)) wci has been assumed

uniformly integrable; see (UI»~1). Now, we can conclude our initial statement
by (3.30).

(ix) In view of Condition (S9).(iii), which implies that L>(P=1) is a continuous process,
parts (iii) and (vii) above and Jacod and Shiryaev [65, Proposition VI.1.123] we
can conclude that

yhi) 2B yeom) pg g (3.36)

i—00

(x) The sets D° and D" are countable. Therefore, in view of Condition (S8).(ii) we can
assume that

~ ~ £
(£ ey ® 200 o0, ) B0,

teRy i—00

(F2 Y™, Z; 0,020, ) P-as.
teRy

(xi) In view of (S10), we may assume that ki 5 7°° P_a.s. The finiteness of 7
implies that 7% is finally finite P-a.s.

Remark 3.15. The purpose of the above remarks was not only to collect all the available
information, but also to provide us with a set Qg € G with P[] = 1 such that the
above properties hold for every w € Qg,,. In the next subsubsections, whenever we say
that a property holds P-almost surely for a subsequence indexed by (k;,) iciy- the reader
should understand that it holds for every w € (g,. Moreover, we will index the elements
of the subsequence (k;, ), . simply by i € IN; when we use the index k € IN we will refer
to the initial sequence.

3.5.1 The claim (3.26) is true

Proposition 3.16 (Lusin approximation). For every ¢ > 0, there exist AN Qsup X
Ry — R>™ and U5 : Qg x Ry x R® — R’ (which are defined w-by-w) with the
following properties

(i) Zs,(p)(w’ ) c Do,@xm;
(ii) U=® (w,-) € DY;

(iii) the pair (25*(”), 175*(”))19 satisfies

. d<Xoo,o> 2 B
Trl(7°:®) _ 7&:(®) 5 (70:(P) _ ZE PNT1qo>® « —— [9)
[, Tl -z Tt 7TJace < S o €
U™ (P) e (p) 2 dc>® B v 0
Syl 020 = 00| acs < 5 o €
In particular, it holds
H/ Fo (s, Y200 720 @) (s5,.))dCe — L2 P < g Yw € Qgup- (3.37)
0,00) 2

19We will omit the w in order to simplify notation. Moreover, we will denote Z¢ () (w, s) by ZSE’(p ).
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Proof. Let us fix an ¢ > 0. For the first inequality we apply Theorem A.14 and for the
second we apply Theorem A.15; recall that

d<XOO7O>s

/ Tr [(Zsoo,(p) — Z5W) (222w — z&YTgo
(0,00)

- / (25 — zz0)|Pac,
(0700)

S

and
[ W s,a) = 505, ) [ s, da)
(0,00)
~ 2
= / ‘HUoo,(P)(S, ) - U&(P)(s, )H‘ deee.
(0,00) 00,8
Finally, we can prove the validity of (3.37) in view of the following set inclusions?®
€
=5}
5 3

2 62}
27
5 9

{H/ foo(s,Yso"’(p),Zj’(p),(75’(1”)(5,~))ng° — LW
(O’OO)

X

- eéAi"[ ¢ (Z5®) — 72|12
RETARE s

/ fo° (3, ysoo,(p)7 2;67(17)7 [787(17)(3’ .))dgso _ L?(p)
(0,00)

- , 2
(|05 (s, ) = U s, |12, e = 9}22
N o Fer(n) o () [12.1 00 g2
= { 3 /(o,oo) ||Cs (250 = 23 )Hgdcs > 18}

B
BA N 2
U{eA / H‘U“(p)(s, D) - UOO’(p)(S, )|||Z<> e > 5} c 0.
(0,00) ’

B 18
O
3.5.2 The claim (3.27) is true
Lemma 3.17. It holds
lim sup {w en: ‘ LW (W) — (/ fi(s,Y;i’(p),Z;’(p), U=®) (s, ))dC;) (W) > Z} =0.
1—00 (0,00) 2

Proof. Using the Cauchy-Schwarz'’s inequality as in [86, Inequality 3.16], Condition (S7),
the Lipschitz property of the generator and Inequalities (3.19), we have

i

2

i) / Fi(s, Y20, Z20) G=0)(s ))dCt
(0,00)

2
efA

) ~ . . ~ 2 )
< = / H(ng(”) _ Z?(p))ds”z + H‘U;,(p)(.) _ va(P)(s, I dce
ﬁ (0700) 1,8

e’4 o AXEY, .
= Trl[(75®) _ Z&:@\ 222 /8 (7i(p) _ 7e.(P\T]q¢0
B /(O’OC) I"[( s s ) dC; ( s s ) ] s

20We regard the following sets as subsets of Qgyp.
22We have used the fact that <, poo-d < a® (see (F4)) as well as [86, Inequality 3.16].
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BA -
i / H‘U;.(p)(.) G O
B Jo)
In order to argue about the validity of the aforementioned convergence, we initially
return to Convergence (3.31), on which we will apply the usual measure-theoretic
arguments in order to derive for every Z € D°x™

2 )
act. (3.38)

i

d Xi,o s ) . d(Xx 00 s
/ 2,38 g I, 2,357 5 40, poass. (3.39)
(0700) dC; 11— 00 (O,{)O) dC;X’
Let us fix (p,q) € {1,...,m}?. The first step towards proving our aim is to assume an

open interval I C R;. Then, from Convergence (3.31) we have for the pg-elements of
((X"°)er

/ 17 (s)d(xier, xioay, I, 17(s)d(X 5P, X44)  P-a.s.

(0,00) o0 J(0,00)

The reader may recall that (X°°°) is a continuous process, so no doubts are raised on
points of discontinuity because they do not exist. The next step is to assume a step
function, i.e., a finite family of real numbers (ak)ke{l,..‘,n} and a finite family of disjoint
n}s for which

n n
/ 3 aFf(s)d(xior, xieny, L, 3 aF1(s)d(X 0P, X009 P-ass.,
(0,00) ;.5 oo J(0,00) m;
is immediate from the previous convergence. The third step is to assume a function
Z with compact support which has discontinuities of the first kind, i.e., the left- and
right-limits exist. Since every such function is the uniform limit of step-functions, we can
conclude from the second step the validity of

/ Z(s)d(xior, xheay 1, Z($)d(XoP, XY P-a.s.
(0,00) e J(0,00)

Finally, we recall that D°*™ is countable and consists of continuous functions with
compact support. Hence, from the last step we can immediately derive (by summing

suitably the respective elements) Convergence (3.39). Next, from Convergence (3.32)
for U € D"

OO v =3 [ (U,) V) ) [ UG5}
520 n Rn
U] s v, Paas.
1— 00
Returning to (3.34), and using again the usual measure-theoretic arguments, we have in
particular for Z € D°txm23

() LX)

/ 7w 8 g o L [ g *Z,dC2,

(0,00) dCy i=0  J(0,00) dCge

and U € D"

() 0] s =3 [ (U s,)) (s} x da) [ UG (L) 2 do)
s>0/R" R™

L e o vz,

i—00

23We use the fact that Z and U have compact supports and the pointwise convergence on the continuity
points of the limit (see [65, Proposition VI.2.1], in order to attain the value of the integral over R+ on a
compact subinterval.
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We return to (3.33) and at this point we use Condition (S10), which irnplies24

d(xX°o°

/ ng(p)w(zl PN Tac! M 72:(P) )s (z2PHTao,
0,00)

s i—00 (0,00) CSO

(U P) 5 o0y i (U P) 5 17020

1—00

Overall, from all the above convergence and Inequality (3.38) we derive the desired
statement. O

3.5.3 The claim (3.28) is true

We will apply Theorem A.9. In order to proceed further, we will provide the following
preparatory results. Recall that in Theorem 3.15 we have fixed an Qg with P[Qgyp] = 1.
For the remainder of the section we will fix an arbitrarily small € > 0; we will assume
that ¢ < 1. Moreover, Z=(®), U=(P) will be assumed to satisfy the properties described
in Theorem 3.16 and will be hereinafter fixed.

Lemma 3.18. For every w € Qgy,, we have sup, g [|Y"®) (W) < 0.

Proof. We will apply Theorem A.13. To this end, we will ensure that the three required
conditions are satisfied. The first, resp. second, condition is indeed true in view of (viii),
resp. (ix), of Theorem 3.14. Regarding the validity of the last condition, we can argue as
follows

E| limsup HY )HQ] [hm HY” (p)H }25 < E[hm sup HY !’2]

(i,t)— (00,00) ] te R4
< l1m1anE[ sup HY“ (p)H } < SupE[ sup HY;’(’))HZ] < 00
j—o0o ielN teER 4
where in the last step we used Theorem 3.14.(viii) again. Therefore,
PI{ tmaw ¥, =o0)] =0
(4,t)— (o0
which allows us to conclude that

limsup [V (w)]le < 00, for every w € Qgup. O

(i,t)—(00,00)

Proposition 3.19. For every w € (g, holds

/ Fi (s, Y0, Z00) Fo0) (s a0t s
(07']

11— 00

/ foo s, yoov(p) ZE (p) UE p)( ))dC;}O,

11— 00

/(O )fi(s,ni,(p>j§,(p)’(78,(,,)(8’,))dcl RN /O | (5, Y20 ), 750 750 (5, ))dC3F,
oo [ee]

Proof. We will apply Theorem A.11 for the former convergence and Theorem A.9 for the
latter. For both of these, the required assumptions are satisfied

* by Theorem 3.14 we have the weak convergence for the measures associated to

the sequence (C%), ;
* by (S8) we have that the integrands converge in the Skorokhod topology;

e Theorem 3.18 in conjunction with (S8).(ii) imply that the integrands are uniformly
bounded. O

24The reader may recall Theorem 3.14.(xi).
25The equality holds for some subsequence ((i;, tj))jE]N’ which depends on the path, such that (ij,t;) —

(00, 00).
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3.5.4 The claim (3.24) is true

Since the limit process is continuous, the metric ¢y, is identical to the metric induced
by the locally uniform convergence; see Jacod and Shiryaev [65, Proposition VI.1.17].
Hence, we need only to prove that for every N € IN
sup HL?({)) _ Ltoa(p)H2 . 0.
te[0,N] t—co

On the other hand, a closer examination of the properties we have presented in the
previous sub-subsections leads us to the required conclusion. Indeed, starting from the
choice of Z=(®) and U= (") in Theorem 3.16 we have for every N € IN

2
H/ 12 (5, Yoo 720 G0 (5 ) dcse — L)
(0.N] ‘ ‘

2
ef4 = 2 ~
< - ||C§°(Z§’(p) _ Zsoq(p))H2 + |||U€’(1’)(s, N - Uoo7(p)(s7 )m
B J(0,00)
The analogous to Convergence (3.27), resp. (3.28), can be proven in view of the com-
ments in Theorem 3.14 and using the usual measure theoretic arguments, resp. has
been proved in Theorem 3.19.

2

00,8

dCe < %, P-a.s.

3.5.5 Uniform integrability

In this sub-subsection, we will prove that statement (UI?P) is true, i.e. (Fk’(p)) kel
is uniformly integrable. This property will simultaneously ensure that the sequence

(supier, LY (P )]2)k i is uniformly integrable and the valid(it)yQof the induction step.
7
t

Recall that we need the uniform integrability of (supte]R+ |L — in order to apply

keN
Vitali’s theorem and prove that Convergences (LS®)) and (LS%)) hold in I.>-mean and
not only in probability, which we proved in the previous sub-subsections.

Lemma 3.20. The sequence (I'*(?)), i is uniformly integrable.

Proof. We essentially follow the same steps as in Theorem 3.12 in order to derive for
every k € IN

- . 2
TH0) < 24 sup [BIEHGH; + 24 sup [B[247) — L300 gt |
tER+ tE]R+ 2

+ Tr[(M*@=1) ] 4+ Tk,

We only need to observe now that the summands of the right hand side form a uniformly
integrable sequence, for k € NN, as sum of elements of uniformly integrable random
variables; see He et al. [54, Corollary 1.10]. Indeed

» for the sequence associated to the first summand, we have that (|[¢¥]3), . is uniformly
integrable by Vitali’s theorem. Then, we can conclude the uniform integrability of the
required sequence by Theorem A.17;

» for the sequence associated to the second summand, we can prove by means of the
conditional Jensen Inequality and the conditional Cauchy-Schwarz’s inequality that
for all k € IN holds

IB[LEPY — L7V |6H] | < 2m[P0- V]G],

Since (I'*(*=1),  is uniformly integrable (by the induction assumption) we can

conclude the uniform integrability of (H]E[Lﬁé(p_l) S |GF] ||§)kEW by He et al.
[54, Theorem 1.7] and Theorem A.17;
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» for the sequence associated to the third summand we use the fact that (which is true
in view of the validity of (LS(~1)))

L?(Q,G6,P)

k—o0

ME =D Mo (P=1)

26

which implies the uniform integrability of (Tr[(M’“(17*1)>00])k.EN ; recall also Theo-

rem 3.14.(v);

« finally, the sequence associated to the last summand is uniformly integrable by (S6). O

We can now deduce the following.

Lemma 3.21. The sequence (suptE]R+ HLf’(p)H;)k __is uniformly integrable.
€N

Proof. Apply Cauchy-Schwarz’s inequality as in [86, Inequality 3.16] and use the previ-
ous lemma. O

3.6 On the nature of the conditions

In this subsection, we would like to discuss the nature of the conditions we have
imposed in order to set the framework for Theorem 3.1.

Let us start with Conditions (S1)-(S5), which are required for Papapantoleon, Pos-
samai, and Saplaouras [87, Corollary 3.10]. We have repeatedly stated (and it should
be clear from the outline of the proof presented in Subsection 3.1) that the stability of
martingale representations plays a crucial role here. However, one may wonder about
the necessity of the convergence imposed in (S2)

Y};O L*(G;R™™) Y£7
k—o0
which is stronger compared to [87, Condition (M2)]; the latter, assuming that m = n,

reads as
kg L2(GR") ,
o0

Xke 4 x Xo¢ 4 X2,

k—oc0

The answer has two parts. Initially, we would like to allow the driving martingales X*-°
and X% to have different dimensions, for k£ € IN. Afterwards, in sub-subsection 3.5.2,
we need to use the convergence

Jl (R'IIL Xm X R'IL Xn )
%

(7). () ((X), (x), Peas.

1— 00
as well as the respective convergences from Theorem 3.14.(iv). These convergences
are not guaranteed by [87, Theorem 3.3]. Nevertheless, we still have the flexibility
to approximate the continuous martingale part of X°>°?7 with purely discontinuous
martingales, a property which is essential when the discussion comes to numerical
schemes.

Regarding Condition (S7), we have already provided some comments in Theorem 2.3.
Let us provide a more technical remark at this point. The aforementioned condi-
tion comes essentially into play for proving the uniform integrability of the sequence
(I"*(®)), . for every p € IN. There, we need in particular to prove the uniform inte-
grability of the sequence ( [, ., 1Y ))2d4%)
SE)

ke From Theorem A.17 we can prove

the uniform integrability of (sup,cg, [|Y; we» Which is equivalent to the desired

26The uniform integrability of (Tr[[M*(9],]) wei can also be deduced.
27Recall that X°:° € H?°(G™,7°°; R™).

EJP 28 (2023), paper 51. https://www.imstat.org/ejp
Page 32/56


https://doi.org/10.1214/23-EJP939
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Stability of backward stochastic differential equations

property, once Condition (S7) is enforced. In a more general situation, it is not clear if,
or how, the desired property can be obtained.

Let us proceed now to Condition (S8). The first part of this condition provides a
regularity property for the paths of the generators under relatively weak assumptions
and is in accordance with Briand, Delyon, and Mémin [19, Condition (H3) (ii)], which
considers the case where X>° is the Brownian motion and X% = (. One could have
assumed a weaker regularity property but, as a trade-off, the convergence in the second
part should be strengthened, e.g., to pathwise convergence under the supremum norm.
For the second part of the condition, similar conditions are considered when we need
to guarantee the convergence of compositions under the J;-topology, e.g. see Kurtz
and Protter [70, Lemma 2.1]. In the case where (f k)keﬁ are globally Lipschitz with the
same Lipschitz constant, one need not be as abstract as in [70] since one can exploit
the Lipschitz property of the generators. For example, in Briand, Delyon, and Mémin
[19, Proposition 11] under the aforementioned uniform equi-continuity assumption on
the generators, the uniform (in time) convergence for every fixed point (y, z), in our
notation, (see [19, Convergence (7)]) is equivalent to the uniform (in time) convergence
on compacts. Hence, Condition (S8).(ii) is a relaxation of [19, Convergence (7)].

Let us further proceed to the discussion about Condition (S9), which we will analyse
part by part.

(i) The pair (X*, C*) satisfies [86, Assumption 2.10], for each k € IN. The existence of
the integrator C* is ensured by arguments analogous to Jacod and Shiryaev [65,
Proposition I1.2.9]. In other words, we have set

CF == hF((x%°),1d V(Xh’Gk)),

for some function h*, for every k € IN. On the other hand, in view of Conditions
(S1)-(S5), we know by [87, Corollary 3.10] that

R(m+n)x(m+n)),ml)

(X*) 2 (X).

k—o0
Hence, we can choose the sequence (h*),c, which may allow dependence on time,
as soon as it respects the J;-topology. In particular, we may choose h* = h for every

k € N, where h : (D(R),d;,) — (R4, |- |) is a continuous function.

(ii) This is almost analogous to the previous point. Since (X*)., € L'(G), for every
k € NN, the finiteness of Cfo, for every k € N, is immediate by the comments
above. However, there is a subtle point in the convergence part that we will
take care of with the help of Condition (S10). In general, we cannot prove that
(X*) o o, (X>),, although we can prove that [X*]., o, [X°°]o; see

Mémin [81, Proof of Corollary 12] for the one dimensional case. However, the

process (X ) is continuous. Hence, for a subsequence (k;);cy such that

I (R(nL+n) X (m+mn) )
%

(X (X*°), P-a.s.,

=00
it holds for every t € R
(xhy, —ﬂ!‘m (X>),, P-a.s.

Hence, if Condition (S10) is enforced, we can derive for the diagonal elements of
the predictable quadratic covariation processes (which are increasing) that

(Xhuddy o = (XRuddy o Ly (Xo0ddy = (X%090) | P-as. (3.40)

1—00
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By the polarisation identity, we can prove the convergence for all the off-diagonal
elements as well. Hence, the assumption C% % CZ is reasonable.
—00

(iii) In view of (S7) and the previous comments, this assumption is completely natural.

Finally, let us comment on Condition (S10), which was used only for the proof??
of Theorem 3.17 and for arguing about the reasonableness of Condition (S9).(ii). The
finiteness of 7°° seems unavoidable given our need for Convergence (3.40). Regarding
the convergence of the stopping times, on the one hand it is trivially satisfied when the
terminal times are deterministic and not necessarily identical. This case corresponds
to the majority of the articles in the literature. On the other hand, when the terminal
times are random, the required convergence can be proved for specific debut times of a
convergent sequence of processes; see the proof of Jacod and Shiryaev [65, Theorem
1X.1.17]. However, there is no general way (to the best of our knowledge) for constructing
convergent sequences of stopping times when the associated filtrations change. Answers
to this problem in special cases may be offered by Coquet and Toldo [23, Proposition
20] or Kchia [67, Lemma 20]. As a last comment, the convergence we assumed does not
require any integrability condition on the stopping times; as a comparison in Toldo [92]
a uniform integrability condition is required.

4 Examples and applications

In this section, we present a few examples and applications that demonstrate the
power of our framework. We assume that the sequence of processes (Yk) for k € IN
are indexed either in a discrete- or in a continuous-time set; in case the processes
are indexed in a discrete-time set, they can be embedded in our framework in the

obvious way. In other words, the processes (X k) ren could be, for example, random
walks or discretisations or even other continuous-time approximations of the driving
martingales. In case of random walks, which is the natural choice when considering
numerical schemes for BSDEs, each martingale will be defined with respect to its own
filtration, and the convergence of these filtrations is a natural requirement. Otherwise,
our framework allows great flexibility in choosing a convergent sequence of suitable
standard data.

Before we proceed, let us remind the reader that the Skorokhod space endowed
with the J,-topology is Polish. Consequently, we can use Skorokhod’s representation
theorem in order to assume, without loss of generality, that the processes converge in
probability, instead of in law. Of course, there is a crucial point which needs some care:
the weak convergence of the associated filtrations; the reader should recall that this
notion requires the filtrations to be defined on the same probability space, which is the
case throughout this work.

4.1 Continuous martingales

As a first example, we consider the case where the limit-BSDE is driven by a non-
trivial, continuous, square-integrable martingale with independent increments, i.e.,
X0 = (. In this case, we may assume that, for every k € IN, X*% = 0 and, consequently,
the domain of the generator f* is Q x Ry x R’ x R**™, i.e., there is no dependence on
elements of $H*. Consider a sequence (X k’o)keﬁ of square-integrable martingales with

28 Actually, we have not used Condition (S10) when an alternative valid argument could have been used, e.g.,
the use of the compact supports of integrands Z and U.

EJP 28 (2023), paper 51. https://www.imstat.org/ejp
Page 34/56


https://doi.org/10.1214/23-EJP939
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Stability of backward stochastic differential equations

independent increments such that

ko U1.P) , ko L2(2,9PRY)
Xhko 212, X0 and Xk
k—o00 k—o00

00,0
X2,

Then, we obtain the weak convergence of the associated natural filtrations

]FXk,o w ]FXoo,o

)
k— o0

by Coquet, Mémin, and Stominski [25, Proposition 2]. Once Conditions (S6)-(S10) are
satisfied, this yields a slight, but strict, generalisation of the stability results in Briand,
Delyon, and Mémin [19], coming from the fact that we allow for unbounded Lipschitz
constants and integrators of Lebesgue-Stieltjes integrals, which suitably combined
form a bounded family of processes (4*), i, and the fact that we allow for unbounded
terminal times. The natural candidate for the It6 integrator is Brownian motion, however
more general continuous, square-integrable martingales can also be considered. This
was already observed in Briand, Delyon, and Mémin [19, Section 6].

Remark 4.1. Let us point out that the generality of our framework allows to conclude
the convergence for It integrals defined with respect to general (i.e. non-continuous)
martingales, once we assume that X*° = 0, that X* is a square-integrable martingale
(with independent increments), and we restrict the class of integrators to U* = Z* -z, for
every k € IN. In this case, Condition (S3) should be replaced by the strong predictable
representation property; see He, Wang, and Yan [54, Chapter XIII].

4.2 Probabilistic numerical schemes for deterministic equations

As a second example, we are interested in approximating the solution of a (determin-
istic) integral equation with terminal condition via a sequence of solutions of BSDEs.
To this end, for simplicity, we will modify the framework of the previous example by
considering the stochastically trivial case for the limit-BSDE, i.e., X>° = X8 = 0,
The filtration that we associate to the limit-BSDE is the constantly trivial filtration, i.e.,
G = {0,Q} for every t € R.. As a consequence, in the limit-BSDE all the random
elements are trivialised. The reader can verify that, for any sequence (X*°);cn such
that X —>E2(£;’Q’P;RE)
ditions (Sl)—(Sg)ooare trivially satisfied. In particular, Condition (S4) is trivially satisfied
because the only ‘random variables’ one can choose from G are constant numbers.
Let us point out, that we can freely choose the integrator C*° of the Lebesgue-Stieltjes
integral to be any cadlag, increasing function. Almost all the notions of convergence
are clear, e.g., the sequence of processes converges to a constant function and the
sequence of random variables converges to a number. However, the convergence of
the generators f* to the generator f> of the (deterministic) integral limit-equation
needs to be modified. If we want to have a unique solution for the limit-equation, we
should choose the domain of f>° to be 2 x Ry x RY, where of course there is no (true)
randomness, i.e., no dependence on w € ). Now, one should modify Condition (S8).(ii) as

0 and for any sequence of filtrations associated to (X*:°);cn, Con-

follows: if (Wk)k-eW is a sequence of cadlag maps such that W* LN We°, then for every
7 c Do,@xm
(P WE 2, . 2B (o W), Paas
? t ? t t€R+ k_>oo ’ t te]R,+7 N N
In other words, one would expect the Z-variable to vanish in the limit. Now, Theorem 3.1
yields that the sequence of solutions (Y*, Z¥, N*) converges to (Y,0,0), where Y is the
solution of the deterministic integral equation. This allows us to design probabilistic
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schemes for the numerical solution of deterministic equations, which could be interesting
in high-dimensional situations. This example may also be compared to the results
obtained in Backhoff-Veraguas, Lacker, Tangpi, et al. [3], where the authors consider the
case where the Z-variable does not vanish and, thus, uncover interesting phenomena
under suitable scaling.

4.3 PII martingales

Let us turn our interest to more general cases and consider a setting which is not
covered, to the best of our knowledge, in the existing literature. More precisely, we
assume additionally to (S1)-(S10) that the sequence of integrators consists of martingales
with independent increments and the associated filtrations are their natural ones. Since
we do not necessarily require the increments to be stationary, we consider a class which
is broader than the class of Lévy martingales; these are called PII martingales in Jacod
and Shiryaev [65]. We underline that, in view of the independence of the increments,
Condition (S4) is satisfied due to Coquet, Mémin, and Stominski [25, Proposition 2]. Thus,
if the sequence (X ).en consists of processes indexed on a continuous time-set, then
Theorem 3.1 allows to conclude the convergence of perturbations of the limit-BSDE when
we ‘wiggle’ all the elements of the standard data. On the other hand, if the sequence
(Yk)kem consists of processes indexed on a discrete time-set, then Theorem 3.1 can be
applied to derive the convergence of numerical schemes for the limit-BSDE. The reader
may immediately verify that the work of Madan, Pistorius, and Stadje [77] is a special
case of this example.

4.4 BSDEs as dual problems

As a final example, let us recall that in many applications BSDEs can provide an
alternative characterisation for the solution of the problem at hand; a prominent example
is stochastic optimal control problems. The current work covers Lipschitz BSDEs, so
one can immediately derive the stability of, say, stochastic optimal control problems
via Theorem 3.1, as long as their dual problem corresponds to a BSDE with a Lipschitz
generator. Such an approach has been used for the control of population dynamics by
Jusselin and Mastrolia [66]. In [66, Theorem 2] the authors use stronger conditions,
compared to Theorem 3.1, with the only exception of (S8). More precisely, the notion of
convergence for the generators in [66, Theorem 2] requires suitable scaling of the Z-
variable in order to obtain the desired limit. Thus, [66, Theorem 2] cannot be recovered
by Theorem 3.1. The reader may recall from a previous example that the approach of
using a suitable scaling has also been used by Backhoff-Veraguas, Lacker, Tangpi, et al.

[3].

A Awuxiliary results

A.1 Definitions and complete notation

Assumption A.1. 2.10 of [86] Let X := (X°,X") € H*(R™) x H?(R") and C be a
predictable, cadlag and increasing process. The pair (X, C) satisfies [86, Assumption
2.10] if each component of (X°) is absolutely continuous with respect to C and if the
disintegration property given C' holds for the compensator vX*, ie., there exists a
transition kernel KX : (Q x Ry, P) — R(R", B(R")), where R(R", B(R")) is the space
of Radon measures on (R™, B(R™)), such that

VX" (widt, dz) = KX (w;dz) dCY.
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Following the notation of [86], we define

1
ck _ d<ch,o> 2
dCk ’
in conjunction with the notation introduced in Section 2, fort € R, V : QxR xR" — RP
be such that R"” 5 z — V(w, t,x) € RP? is Borel-measurable

~

REV)@) = [ Viwsa)KE(wida), (a1
if/ (IV(w, s,2)||2 A1) KF(w; dx) < oo, otherwise [A(tk(Vb)(w) = 00;

G = / pR{t) X do) = D (Tee) <1
]R”r‘L
and

DO (Vi) (w) = /n V(w, s, 2)v"Hw; {t} x d),

if/ |V (w, s, 2)|[17(w; {t} x dz) < oo, otherwise D}"*(V,)(w) := oo; and
Rn

(Ve @) 1= REQV = 2 RIR@) + (1 - G4 @) ACH ) IREV) @3

Finally, we define the following spaces for dP ® dC*-a.e. (w,t) € Q x R

9l 1= {us (Rn, BR?) — (REBORY), U, (@) < o0}
as well as
9 ={U:Qx Ry xR" — R, Uw,t,-) € H,, for dP @ dC*-a.e. (w,t) € QA x R }.

For every k € NN the following are true: the generator (f*), . : @ x Ry x Rf x R*™ x
$H* — R’ satisfies Condition (F3), i.e., it is such that for any (y, z,u) € R’ x R*™ x §¥,
the map

(t,w) — fP(t,w,y, 2,us(w;-)) is FF @ B([0,t])-measurable.

Moreover, f satisfies a stochastic Lipschitz condition, that is to say there exist
™ (Qx Ry, PY) — (R4, B(Ry)) and 9% = (0°,0%%) . (Qx Ry, P*) — (R2,BR2)),
such that, for dC @ dPP-a.e. (t,w) € R4 x §2
2
|fk(t7wa Y, z, ut(w7 )) - fk(t7w7 ylv Zlv U;’(OJ, ))|

< @)y — o/ + 0 @k @)z — ) + 0 (Ihueleor ) i Ml ()

Moreover, to every generator f* we associate the predictable processes a* and A*, where
a¥ = max{,/r¥,65° 65"}, A¥ .= ((o*)?- C*) , and the bound ®* such that AA* < &F.
All of them are described in Condition (F4).

The spaces that are necessary for the existence and uniqueness result are introduced
in [86, Section 2.3]. For 3 > 0, p € IN and for each k € IN we use the following spaces

]LQB"C = {g : R'-valued, G¥.-measurable, [£[|?,, := {eﬁAi’“ HfHS} < oo},
8
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,H2,k(]RP) ={d¢{Me HQ(Gk7Tk;Rp) . HM”Q SR ) eBAichr <M>(tgk < ool
7 HB (R") © .,_k]
]H?B’k(lRp )= {(;S : RP-valued G*-optional semimartingale with cadlag paths and
k
6l =B [ | e*louliact] <o),
Sé’k(]R” )= {gb : R’-valued G*-optional semimartingale with cadlag paths and
k
61y = B[ sup_ e oulZ] < oo,

te[0,7F]

H?,k,o = {Z . (Q % R+,Pk) SN (RZXW,B(Réxm)) .

]EU Tr{th<X>sZ;}dCt} <oo},
(0,7%] dCS

A aTr[(Z - X’“’°>fk]] < oo},

7]

{

2k {0 (@54 — (R B®R) [ [, anfwmae]] <),

HME = {U € |2k 1Ullggzes == B [ o0 PATATr[(U + ™) & ]}<oo}7
{

2,k, L
M =

Finally, for (Y, Z,U,N) € ]H;k X IEIZ’k’O X ]I-Iz’k’u X Hz’k’L we define
02,0, M) 2= 0 g + 120 + 10 e + IV g
and for (Y, Z,U,N) € S;”“ X ]H;’k’O X ]HZ”“"h X ’Hé’k’l, we define
IV, 2,02 o= 1Y W+ 120+ 10 s+ IV s

A.2 Moore-Osgood’s theorem

Moore-Osgood’s theorem, whose well-known form is Theorem A.2, provides sufficient
conditions for the existence of the limit of a doubly-indexed sequence and can be seen
as a special case of Rudin [90, Theorem 7.11]. Here we provide a second form, since
the second time?’ we need to apply the aforementioned theorem we need to relax
the existence of the pointwise limits; compare the second conditions of Theorem A.2
and Theorem A.3. The interested reader should consult Hobson [58, Chapter VI, Sections
336-338] for more details on the existence of the iterated limits and of the joint limit of
a doubly-indexed sequence. Specifically for the validity of Theorem A.3 see [58, Chapter
VI, Section 337, p. 466] and the reference therein.

Theorem A.2. Let (T',dr) be a metric space and (V)i peN be a sequence such that

Yoo,p = liMp_s00 Vi,p €Xists for every p € N and vy o = limy_, Y, exists for every
ke N. If

(1) phrgo ,ffup dr(Ve,ps Vh,00) = 0,

29The first one is in the proof of Theorem 3.1, while the second is in the proof of Theorem A.9
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(ii) klim dr (Ve,ps Yoo,p) =0, forallp € IN,
— 00

then the joint limit lim -y, exists. In particular holds lim 7, = lim v, =
k,p—o0 ’ k,p—o0 p—o0

lim vk 00.
k—o00

Theorem A.3. Let (R, |-|) and (Y p)kpen be a sequence such that vy oo := limy_sc0 Vi,p
exists for every k € IN. If

(i) lim sup [vkp — Yr,ool = 0,

P—=R0 LN
N imiaf o,
(ii) ,,LHQO{ msup 7y, — lim in Vi, }

then the joint limit lim -+, exists. In particular, it holds lim 74, = lim lim v, =
k,p—o0 k,p—o0 p—00 k—r00

lim lim sup v p.
k—o00 p—00

A.3 Weak convergence of measures on the positive real line

The aim of the current appendix is to provide a characterization of weak convergence
of finite measures3® defined on the positive real line in case the limit measure is atomless.
This characterization uses relatively compact sets of the Skorokhod space instead of
relatively compact sets of the space of continuous functions defined on R endowed
with the supremum norm || - ||«. This result is of independent interest.

Definition A.4. Let (1*), .y be a countable family of measures on (R, B(R4)). We
will say that the sequence (u*)rcn converges weakly to the measure > if for every
f+(Ri, |- lls) = (R,|-|) continuous and bounded holds

lim ] /[Om) f@y it~ [ g )| <o

k—oo [0,00)

We denote the weak convergence of (11*)zew to u™ by i 5 u>.

In this section we will use the set

Wy o = {F € D(R.4) : F is increasing with Fy = 0 and tlim L e IR+}.
’ —00

Remark A.5. We can extend every element of Wo+, - DName I’ an arbitrary element, on
[0, 00] such that it is left-continuous at the symbol oo by defining Fy, := lim;_, o F}.

We provide in the following proposition some convenient equivalence results for the
weak convergence of finite measures. The statement is tailor-made to our needs, but the
interested reader may consult Bogachev [10, Sections 8.1-8.3]. Then we provide in The-
orem A.8 a new, to the best of our knowledge, characterisation of weak convergence of
finite measures to an atomless measure defined on the positive real line.

Proposition A.6. Let ("),  be sequence of finite measures on (R,B(Ry)) with
associated distribution functions (F*), .i, where F* € Wafoo, for k € N.3! We assume
the following

(i) the sequence (u*)ren is bounded, i.e. supyey 1 (Ry) = supgen FIX < 00;

(ii) the sequence (u*)iecn is tight. In other words, for every ¢ > 0 there exists N. € N
such that

k k k .
sup (R \ [0, Ne]) = sup [F, — Fy | <&
keN keIN

30We only consider positive measures, i.e., not signed ones.

31For simplicity we assume that p*({0}) = 0.
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(iii) the limit-measure ;> is atomless, i.e. u*({t}) = 0 for every t € R. Equivalently,
F* is continuous.

Then, the following are equivalent
@ p" =
(b) EF — > I}, forevery t € Ry
—00

(R)

(c) FF 1B, poo.

(d) F* LN F*°, where lu stands for the locally uniform convergence;

(e) sup |pf(I) — p*>(I)| —— 0, for every N € IN, where Iy := {1 c [0,N] :
IeIn oo

I is interval}.

Proof. The equivalence between (a) and (b) is a classical result, e.g. see [10, Proposition
8.1.8]. The equivalences between (b), (c) and (d) are provided by Jacod and Shiryaev
[65, Theorem VI.2.15.c.(i)]. We obtain the equivalence between (d) and (e) in view of the
validity of the following inequalities for every N € IN:

sup [Ff — Fp°| < sup [uf (1) — p>(1)]

te[0,N] Ieln
< sup ‘Ftkf_Fsk_Ftof‘f‘F;CH' sup |Ftk_Fsk_Ftoo+Fsoo‘
s,t€[0,N] s,t€[0,N]
+ sup |Ff —Ff —F°+F|
s,t€[0,N]
<3 sup |Ff—F>®|+3 sup |Ff — F>|
te[0,N] te[0,N]
<3 sup |FF—F>®|+3 sup |FF —FF|+3 sup |FF—F>™|
te[0,N] te[0,N] tel0,N]
<6 sup |FF—F>|+3 sup |FF —FF|
te[0,N] t€[0,N]
Then
limsup sup |u*(I) — p>(I)] <6 lim sup |FF— F®|+3limsup sup |FF — FF|
k—oo I€Iyn k=00 teio,N] k—oo t€[0,N]
<3 sup |F® —F°|=0,
tel0,N]

where we used [65, Lemma VI.2.5] in the last inequality. Hence, for every N € IN,

lim sup |FF— F°| =0, if and only if hm sup |u*(I) — p*>(I)| = 0. O
k—)oote[o N] k—oo 1y

Assume the framework of the previous proposition and that its Part (a) is true. Then,
for 1r, we get
Il
pF(Ry) P 1= Ry ),
—00

or, alternatively written, FX L) F2. The following lemma allows us to use a stronger

convergence for the sequence of distribution functions in the special case we consider,
namely the convergence holds under the supremum norm. In other words, we have the
convergence of the distribution functions under the Kolmogorov-Smirnov distance. For
the sake of completeness we present the details.
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Lemma A.7. Let (F*), _x C W, which satisfies the following properties

(i) Fk I (R) Foo,
k—o0

i) FE L oo,
k—oo

(iii) the limit function F'°° is continuous.

Then it holds F* ’k&& >,
—00
Proof. Let us fix an arbitrary ¢ > 0. We start by exploiting the fact that F'*° € Waf oo 1-€.,
there exists K > 0 such that -
sup {Fgg — Ftoo} < —=. (A.2)
t>K 8

By (ii), there exists k1 = k1(¢) € IN such that

sup |[FF — F®| < <. (A.3)

k> 8
By (iii) there exists § > K such that F{° = %(F}? +F), ie, |[FX —F>X| < 15- By (1), (iii)
and Theorem A.6.(d), there exists ko = k2(e, 5) such that

1 €
sup sup |EFF — F®| < 5FE = FR) < 15 (A.4)
k>ko 0<t<s

where the last inequality is valid in view of (A.2), since 5 > K. Using the fact that the
functions are increasing we derive

sup {sup Ffo—Ftk}: sup {Ffo—ng}

E>k Vs | 5<t<oo K>k Vo
A3 e € € €
< sup |FE—FX|+ sup |[FX—-FX|4+ sup |FE—-FF| < -4 — 4 — =2,
kzlcl\/kz‘ = I kzlcl\/kz‘ =~ B kzkl\/kz‘ 3 lan8 16 16 4
(A.5)

Therefore, by combining the above, we obtain for every k > ky V ko

ko ko b oo AD. A5 £ g & £
sup |y — FY| < Oiggg\Ft -+ S F = F] psSan16 Ta T2 Tg<e O

The next step is to provide a characterisation of the aforementioned weak conver-
gence of measures using relatively compact sets of the Skorokhod space D(R,; RP). Two
remarks are in order. The first remark is that a relatively compact set of the Skorokhod
space is, in general, only locally uniformly bounded, see Jacod and Shiryaev [65, Theorem
VI.1.14.b]. Therefore, we will restrict ourselves to those relatively compact subsets which
are uniformly bounded. The second remark is that proving Theorem A.8 for integrands
in D(R4; R), allows us to generalise the statement for integrands in D(R4; R?), where
the norm in convergence (A.6) should be substituted by || - ||;. Indeed, one can verify that
the modulus w’3? takes care of the ‘uniform local behaviour’ of elements of a relatively
compact set, independently of the dimension of the state space.

The following theorem can be regarded as an extension of Parthasarathy [88, Theorem
I1.6.8], in the special case that the limiting measure is an atomless measure on R, . The
proof of Theorem A.8 is inspired by the proof of the aforementioned theorem. However,

32For o € D(R4;RP), 6 > 0, N € IN we use the modulus w/;(«, 6) as defined in [65, Section VI.1].
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we need to underline that in [88, Theorem I1.6.8] the equi-continuity of the integrands is
used in order to determine for each arbitrary, but fixed, measure p a countable cover
of Ry consisting of p-continuity sets on which the integrands are uniformly arbitrarily
small. This is a property which is not possible to be obtained for relatively compact
subsets of D(R;R) and an arbitrary measure p on (R, B(R.)). Hence, we will need to
properly use the ‘equi-right-continuity’ of the elements of a relatively compact subset of
D(R4;R).

Theorem A.8. Consider the measurable space (R, B(R4.)), let (u*), . be a sequence
of finite measures such that 4 is an atomless finite measure and A C D(R;R). Assume
that the following conditions are true

(i) pkF 5 pe;
(ii) A is uniformly bounded, i.e., sup,¢ 4 || o < 00;

(iii) A is uniformly ‘equi-right-continuous’, i.e., lclfg sup why (e, ¢) = 0 for every N € IN.33
acA
Then

lim sup
k=00 o A

a(x) p*(dz) — a(z) u>(dz)| = 0. (A.6)
/[0,00) (2) i (da) / () 5™ (dz)

[0,00)

Proof. We will decompose initially the quantity whose convergence we intent to prove
as follows

supl [ ate) (@) - [ ale) we(dn)
a€A|J[0,00) [0,00)
<swp| [ a@utdn) - [ a() ()
acAlJ[0,N] [0,N] (A7)
+sup| [ ale) (o) + sup| [ (o) ().
acAlJ[N,0) a€AlJ[N,0)

for some N > 0 to be determined. Then, the first summand of the right-hand side will be
decomposed as follows

sup/ a(m)uk(dx)—/ ax) p>(dx)
acAlJ[o,N] [0,N]
<swp| [ a@ptdo) - [ a0t )
acAlJo,N] [0,N]
+sup/ o(x) ﬁk’a(dx)—/ afz) p®*(dx) (A.9)
acAlJ[o,N] [0,NV]
sup| [ a@)ioon) - [ ale)we(ao),
acAlJ[0,N] [0.N]

where the measures ji*%, for k € IN and « € A, will be constructed given the measure p*
and the function «. For the second and third summand of (A.7) we will prove that they
become arbitrarily small for large N > 0. Then, we will conclude once we obtain the
convergence to 0 (as k — oo) of the summands of (A.9).

To this end, let us fix an ¢ > 0.

33The combination of parts (ii) and (iii) guarantee that A is relatively compact.
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m Condition (i) implies that sup, . uF(Ry) < oo, as well as the tightness of the
sequence since p*(Ry) = 1> (R4). Hence, for M := sup,c 4 ||| < oo, which is
—00

Condition (ii), there exists N = N (¢, M) > 0 such that

N ™

suB,uk([N,oo)) < ﬁ, which implies  sup
keEN keN,ac A

/ afz) p*(dz)| <
[N,00)

In other words, we have proven that the second and third summand of the right-hand
side of (A.7) become arbitrarily small for large N. In the following N is assumed fixed,
but large enough so that the above hold.

m We proceed now to construct, for every k € N and o € A, a suitable measure
fi** on (R4, B(R4)) such that we can obtain the convergence of the summands in (A.9).
Define Ky := sup, . 1* ([0, N]) < co. By (iii) there exists ( = ((¢, Ky) > 0 such that for
every ¢’ < ¢ it holds sup,c qwi (e, (') < [65,
Section VI.1]) for every a € A and every ¢’ < ¢, there exists a (’-sparse set P(iV’C/, ie.

PN {0 = +(0; PYC) < t(1; PV < < t(k* PN = N

. t ';PN’C/ —t . 1,PN’<I > l}’
ie{l?,l,gx_l}( (i P ) — 1 2¢)) > ¢

such that

{Ilnax }sup{|a(s) —a(u) :s,ue [t —1; PNt (i PO][V’C))}
i€{l,....,k*

c c (A.10)

< supwiy (a, (') + < )
4K N acA ’ 4K N 2K N

< wi(a, ) +

To sum up, for every (a,(’) € A x (0,¢) we can find a partition of [0, N], PN-<, satisfy-
ing (A.10). For the following, given a finite measure on (IR+, B(R+)), called ), and a
sparse set PN:¢" we define

» the interval A(i; PN<") := [t(i — 1; PN<), t(i; PN)) for i € {1,...,xk%} and

» the operator A\ — A* where the finite measure \* : (Ry,B(R)) — [0,00) is
defined by

ZA (i P08,y povry ().

Here, §, is the Dirac measure sitting at the point . Using the notation introduced above,
we have

/ o(z) A(dz) — / a(z) A\*(dz)
[0,N] [0,N]
A(dx) / /\0‘ dx
e Z v, A X (@)
oz:rx\dx—/ a(z) \*(dz
;/A(i;PéV’C') (A AP [ATde)

K

-5

IN

/ () Mdz) — alt(i — 1;PY<)A ([t(z‘ —1; PN 1 (i PaN’C’)))|
A@PYC)
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K

>y
z /Mw

e £\ A1l
< 2KN2/A e @)= A (0N, (A11)

/ a(z) — ati—1; Pév’c’))\(doz)
A(iPY

IN

afz) —alt(—1; PNC ‘/\dx

For every k € N and o € A we define ﬁ’““ = (,u’“) . Now, using the approximation (A.11)
for ;*, for k € IN, we obtain

sup
kEN,ac A

k — alz) P (de E. .
/[ON]a@c)u(dx) / () (da)| < & (A12)

[0,N]

To sum up, we have constructed the measures i** such that the first and third summand
of (A.9) become arbitrarily small uniformly on k& € N and on « € A.

m We can conclude (A.6) once we obtain the validity of

i (dx) — a(x) p>%(dx)| = 0.
/[O,N}a(x)u (dz) /[O,N] () 77 (dz)| = 0

lim sup
k—o0 acA

Indeed, for ¢’ € (0,(),

’/[o,zv] ale) i (dz) - /[0 N a(z) p>(dx)

- Z/ ch’ ) "o (da) — Z/A(szc’ ) 72 (dx)

N Z(/A(i;P(iV’C/) a(e) () - /A(z‘;P(iVYC’) o ﬁ"o""(dx)> ‘

i=1

K

= | D afuti P2 [ (s YD) - (i P

i=1

’

(i) il )
< Jlalloo D[ (A PY<)) = p (4G PY<)|
=1

<sup fall 7 sup [ (AG: PYE)) — (4G PY)|
acA 16{1,..‘,5‘%}

< sup [lafloo - 5% - sup |u*(1) —p>(I) (A13)
acA I€Tn

Let us now define m(PY<") := min{t(i; PN<") —t(i — 1, PN, i € {1,...,k%}} > (' by
the definition of PN-¢". Therefore,

sup k% < sup [N—‘ 3 < {N—‘ < o0
acd  aed|m(PYYl T ’
where [z] denotes the least integer greater than or equal to z. Hence, for every fixed
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sparse set PV:¢" which satisfies (A.10) we obtain

sup / Oé(x) ﬁk,a(dx) - / Oé(.f) ﬁoo,a(dx)
acA[J[0,N] 0,]
< sup llafl  sup £ x sup [u* (1) = p (1) | 550,
agA I€Tn oo
where we have used Theorem A.6.(e) which is equivalent to (i). 0

We have presented the previous theorem for A C D(R;R). However, as we men-
tioned before, the result can be readily adapted for A C D(R,;RP). This will be
presented in the following proposition.

Proposition A.9. Consider the measurable space (Ry,B(R4)) and let (u*), i be a
sequence of finite measures such that u*({0}) = 0 for every k € N and ;™ is atomless.
Additionally, let A := (o*), .y C D(R4; R”). Assume the following to be true

() pb =5 pe

(ii) A is uniformly bounded, i.e. sup, ¢ 4 ||&t||c < 00;

(iii) A is 5]1(]Rp)-convergent. In other words, o J;(L))
—00
Then
lim H/ M™(dx) — / a®(z) p>(dz)|| =0.
k,m— 00 0,00) [0,00) 1

Proof, Let us define, for k € IN and m € IN,

o () ™ (dz) — o (2) u>(dz
/[Om) (2) ™ (dx) /[Om) () 5™ (dz)

We are going to apply Theorem A.3 in order to obtain the required result. By Theorem A.8
we have that

k,m

o

1

lgn bup ”y | 0.

In other words, Condition (i) of Theorem A.3 is satisfied. Let us prove, now, that Condition
(ii) of the aforementioned theorem is also satisfied, i.e. we need to prove that

lim <lim sup ™ — lim inf 'yk’m> =0.
m—00 k—00 k—o0

However, it is sufficient to prove that lim,, ., limsup,_, . v*™ = 0, since the elements
of the doubly-indexed sequence are positive. To this end, we have

lim sup %™
k— o0
< lim sup ’/ ™(dz) — / a®(z) ™ (dx)
k—o0 0, oo) [0,00) 1
+ lim sup ‘/ p™(dx) — / a®(z) p° (dx)
k—oo |l/]0, Oo) [0,00) 1
+ lim sup ‘/ p(dz) — / o (x) pe (dx)
k—oo ||J]0, oo) [0,00) 1

34We denote by [2] the least integer greater than or equal to x.
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Initially, we are going to prove now that the two last summands of the right-hand side
of the above inequality are equal to zero. We start with the second summand and we
realise that we need only to use that x* - ;> and Theorem A.8 for the special case
of a singleton. The third summand is also equal to zero as an outcome of the bounded
convergence theorem. Indeed, we have that the sequence A is uniformly bounded and by
[65, Proposition VI.2.1] we have the pointwise convergence o (z) — a>(x) for k — oo,
at every point « which is a point of continuity of «*°. Since the set {x € R : Aa™(x) # 0}
is at most countable, we can conclude it is an ;*°-null set. Therefore, since every element
of A is Borel-measurable, we can conclude.

Finally, we deal with the first summand. Let us provide initially some auxiliary results.
Using again [65, Proposition VI.2.1] we have that

lim sup Hozk(x) - am(x)Hl < HAaoo(x)Hl for every z € Ry, (A.14)
k—o0

because the only two possible accumulation points of the sequence (Ozk’i(x))kem are
a®(z) and a®!(z—), for every i € {1,...,p} and every z € R, . Now observe that the
function Ry 3 z +— | Aa"o(x)H1 € R is Borel measurable and p*°-almost everywhere
equal to the zero function. This observation allows us to apply Mazzone [80, Theorem 1]
in order to obtain the convergence

/[0 ) HAa‘X’(m)Hlum(dx) I, ) HAaOO(:L‘)HluOO(dx) =0. (A.15)

m— 00 [0

In view of the above and the boundedness of the sequence .4, we can apply (the reverse)
Fatou’s lemma and we obtain for every m € IN

lim sup ‘/ o (z) p™(dz) — / a®(x) p™ (dx)
k— oo [0,00) [0,00) 1
(A1)
< / lim sup Hak(x) - ozoo(m)H pw™(dr) < / ||Aoz°°(x)“1 p™(dx).
[0,00) k—o0 1 [0,00)

Now, we can conclude that the Condition (ii) of Theorem A.3 is indeed satisfied by
combining the above bound with Convergence (A.15). O

Remark A.10. Let us adopt the notation of Theorem A.8 and Theorem A.9 and assume
that the measurable space is ([0,77],B([0,7])), for some T' € R;. We claim that we
can adapt the aforementioned results without loss of generality, which can be justified
as follows. The limit measure p*° is atomless, so the generality is not harmed if in
Theorem A.8 the integrands o, for some k € IN, have a jump at point 7. Indeed, by the
weak convergence ;¥ % ;> and Theorem A.6 we have that the sequence of distribution
functions (F*), . which is associated to the sequence (u*), . converges uniformly.
Therefore, we can easily conclude that

lim sup ||Aozk(T)||2uk({T}) = lim sup HAozk(T)H2AF§ < ||Ao¢°°(T)||2AF1‘3° =0.
k—o0 k—o00

In other words, we can simply assume that the distribution functions are constant after
time T in order to reduce the general case to the compact-interval case.

The following corollary is almost evident due to the fact that the limit measure is
atomless. However we state it in the form we will need it in Theorem 3.19 and we
provide its complete (rather trivial) proof.

Corollary A.11. Consider the measurable space (Ry,B(R4)) and let (u*),  be a

sequence of finite measures, where 1*({0}) = 0 for every k € N and ™ is atomless. Let,
moreover, A := (a*), .z C D(Ry;R?) and the following to be true
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@ @ = p
(ii) A is uniformly bounded, i.e. sup,¢ 4 [|a/ s < 00;

(iii) A is dj, (rr)-convergent.

/ o (z) p*(dz Jl(R / *(dx). (A.16)
[0,] k—o0 0,]

Proof. Let F* denote the distribution function associated to the measure p* for every
k € N and

Then

7k (t) ::/ o (x) pk(de) = / a¥(s)dFF € D(Ry;RP) for k € V.
[0.4] [0.4]

We are going to apply Ethier and Kurtz [38, Proposition 3.6.5] in order to prove the
required convergence. To this end, let us fix a t* € R, and a sequence (t*),cn such
that t* — ¢t as k — oo. We need to prove that the requirements (a)-(c) of the
aforementioned proposition are satisfied. However, due to the continuity of the limit,
these three requirements reduce to a single one: for any t* € R, and for any sequence

(t*)rew such that t* Iy 4 holds
k—o0

Hm |[7*(t%) = > @)|, = (A.17)
k— o0
Let us fix a t* € R, and consider a sequence (t*),c such that t¥ —— — 1, 4. Then, by
— 00
R
[65, Theorem VI.2.15.c)], we can easily conclude that F ka Jo(—+—)+ Fﬁm We can now
immediately verify by means of Theorem A.9 that (A.17) is true O

Remark A.12. Let us borrow the notation of Theorem A.9, with F* the distribution
function of the measure ,u’“, for k € IN, where F*° is not necessarily continuous. It is
well-known in the literature of the Skorokhod J;-convergence that a sufficient condition
for the convergence of the integral functions is the joint convergence of the integrands

and the integrators, i.e., if (¥, F'®) kJ—1> (@™, F>~), then o - F* k—) a> - >, where
— 00 — 00

- denotes integration here. When F'*° is continuous, the joint convergence is trivially

obtained because of the continuity of the limit integrator F*°. In other words, we

could have proved Theorem A.11 without using Theorem A.9. However, the purpose

of presenting this approach is twofold: firstly to present the characterisation of weak

convergence of measures as stated in Theorem A.8 and secondly to prove that under the
assumption (a¥, F¥) J—1> (@™, F*), it is true that o - F! J—1> a® - F*°, which

is stronger than o - F'* —> a™ - F>_ In particular

k—o0
: : k L _ 1 : k l CE k ( kE _ a™® 9]
lim lim " - F* = lim { limsupa” - F* — liminf " - F lim o - F B hat
k—o00 l—00 =00 k—00 k—o0 k—>oo

The next natural question is whether a characterisation similar to Theorem A.8 holds if
we consider a weakly-convergent sequence of measures to a limit-measure with atoms.
In view of Mazzone [80, Theorem 1], one should not expect a characterisation based on
arbitrary relatively compact sets of the Skorokhod space.

The following lemma will be helpful in proving that a relatively compact set of
D(R;RP) is uniformly bounded. Observe that every relatively compact subset of
D(R.; RP) satisfies (ii) of the following lemma; see [65, Theorem VI.1.14.b).(i)].
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Lemma A.13. Let (o”)zew C D(RP) such that
(i) o (00) = limy_,oc oF (t) exists and ||a*(c0)||2 < oo for every k € IN;
(i) supgep supseqo v ||e®(t)]|, < oo for every N € IN;

(111) limsup(ht)_,(oo,oo)Hak(t)Hz < 00.
Then the sequence (a*),en is uniformly bounded, i.e. supj,cp ||af/oc < 0.

Proof. Assume that the sequence is unbounded, i.e. for every M € IN there exists
k(M) € N such that [|[o*)], > M. We can extract a subsequence of (k(M)),, ..
called (k(Mp,)), ., such that k(M;) < k(M,,) whenever | < m and M,, — oo as n — 0.
This can be done as follows. For n = 1 we define k(M;) := k(1) and for i € IN\ {1} we set

B(Mig1) i= min{ K(M) € N 0" O0log > [ ) |},

where [z] denotes the least integer greater than or equal to z. Since we have assumed
that for every k € IN the value ||a*(c0)|2 is finite, we have in particular (using that
a* € D(Ry; RP)) that ||a*||. < co. Therefore

|} #0,

and its minimum exists as IN is a well-ordered set under the usual order. In view of these
comments, the subsequence (k(Mn)) is well-defined and, according to our initial
assumption, it has to be unbounded.

By definition of o*(™), there exists t(y;) € Ry such that [|a*™) (¢ )|l > M, a
property which holds in particular for the subsequence indexed by (k(M,,))nen. Let us
distinguish, now, two cases for the sequence (417, ))neN-

{k() € N aH 0D g > [0

nelN

m If (¢(ar,))nen is bounded, then (ii) leads to a contradiction, for N := sup{ty(as,),n € N}.

m If (tx(n1,,))new is unbounded, then there exists a subsequence (tk(Mnl))lE]N such that
tk(m,,) — 00 as | — oo. Therefore, we have also

llirglo HO&’C(MM)(tkuwnl))Hoo Z lli}l;; Mnl = OQ.

But, then (iii) leads to a contradiction.

Now, we have only to verify that the set {|a*||o : k¥ € {1,...,k(1)}} is bounded

in order to conclude that the sequence (a*).ecn is | - ||o-bounded. But the above
is clear since it is a finite set of finite numbers; use that [a*(cc)||2 < oo and that
a* € D(Ry;RP). O

A.4 Some helpful lemmata for the proof of Theorem 3.1

Lemma A.14. There exists a countable setNDo’“m C Co(Ry; R**™) such that for every
Z € H>° and for every € > 0, there exists Z¢ € D°**™ with the property

/ T*&—ﬁﬂWHL—%fP@<QRM.
(0.00) dC,

Proof. Since Z € H*°, then
X
/ Tr [ZSMZST} dC, < oo, P-a.s.
(0,00) ng
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Let Q C Q be the set of w for which the aforementioned property holds and (X) is finite.
Then, for Zn = Zﬂ{HZHQSn} holds

o d(X)s . onr _
Tr|(Zs — Z,) ~(Zs—Z,) :|dcs—>0, Yw € €.
/Ooo) |: dC, n— o0

Therefore, for every € > 0, there exists ny (depending on w) such that

—n . d(X), —n
/ Tr[(Zs—Zs) (X, (Zs—Z2) }dC’ < =, Vn > np,Yw e Q. (A.18)
(0,00) dCs 2’

The fact that Z" is bounded, allows us to write

nd< > "T n ki n k] . . ~
Tr| Z ac, = A(X 0% Xo000) Yy € Q,
x/(O,oo) r|: ° dO :| Z /O ,00) < > .

k=11,j=1
where we have denoted by Z’:M the ki-element of the matrix 7:, forke{1,...,¢} and
i € {1,...,m}. Kunita-Watanabe’s inequality (in conjunction with Young’s Inequality)

writes forall k € {1,...,¢}, (i,j) € {1,...,m}? and w € Q

s s

| e avar e xoea)]
(0,00) (A.19)

1 —n . 1 "
< 5\/ |sz1|2d<Xoo,o,z>s+§/ ‘ZLk]‘2d<XOO7O77> .
(0,00) (0,00)

Now we use the fact that (X°*°?) is a finite, Borel measure on R . Therefore, the set
P
{f:IR_,.—)IR:f—Zai]l[i,
i=1
with «; € Q, I; bounded interval with rational endpoints Vi € {1, ..., p}},

is countable and dense in L%(R, B(R, ), (X>°%)), for every i € {1,...,m}. The regu-
larity of the measure (X°°%) (as finite, Borel defined on a locally compact space for
every w € Q) and Tietze’s extension theorem allow® us to choose a countable subset
of C(Ry; R“™), denoted by D°, which is dense in L*(R4, B(R,), (X°**")) for every
w € Q. We can easily pass to the required set D°**™ by observing now that for every

ke {l,...,¢} and for every i € {1,...,m}, for every w € Q, we can choose Z=*36 such
that
Zno,ki ek 2 00,0,1
/ 72— Zek g, < o vw e,
(0,00)
which in conjunction with (A.18) and (A.19) results in
~ d(X), ~ ~
/ Tr[(Zs —7%) LX) (Zy— Z5)T|dC, < ¢, Yw € Q. O
(0,00) dCs

2
Lemma A.15. Let v be a measure on (E, B(E)) such that fnhlen |lz]|5v(dt, dz) < oo and
v(Ep) = 0. Then, there exists a countable set D C Cy 5(E;RY) such that D? is dense in
L*(E,B(E),v).
35The local compactness a&)ws for the following property: for every K compact and U open, there exists
open V such that its closure V' is compact and K C V C V C U. Then, Tietze’s extension theorem guarantees

the existence of f in C.(R+;R) such that 1 < f < 1y with supp(f) compact.
36We suppress the dependence on w.
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Proof. Since v(Eyp) = 0, it is sufficient to prove that there exists a countable subset of
C.(E;R*) which is dense in L2(E, B(E), V\B(E)). The integrability assumption implies
that V\B( ) is finite on every compact subset of E. In view of the above property, v| B(E)

is a Radon mgasure37 as a locally finite Borel measure. The reader may observe that it is
crucial that F is open, so that we exclude compacts subsets of ¥ which intersect Ej.
Now that we have verified that I/|B( B is Radon, we can use the well-known fact that

the family of the step functions with rational R’-values and supported on rectangles
whose vertices’ endpoints are rational is I.2-dense in the collection of simple functions,
which in turn is dense in L2(E, B(E), v| 5(5))- We will denote by Z the aforementioned
family of step functions. Hence, Z is a countable IL.2-dense set. Let us define

Z. = { f € Z : supp(f) is compact and the rectangles in the representation are closed},
as well as

Z,:= {f € Z : the rectangles in the representation are open}.

For every f. € Z. and for every f, € Z, such that®® f [spp(r.) = folsupp(s,), there exists

by Tietze’s extension theorem f € CC(E; RY) such that f. < f < f,. The collection of
all f € CC(E; RY) with the above property is countable and I.2-dense; we will denote it
by DY. Without destroying the properties of D!, we can assume that the zero function,
denoted by 0, lies in D, Now, we can isometrically identify C.(E; R) and Ci(E; R)
and conclude by using the fact that v(Ey) = 0. O

Lemma A.16. Under Conditions (S6) and (S9).(iii), there exists k, o € IN, such that
ok, 5 1

sup M7 (B) < =,

k>k.0 4

with R, x Ry > (8,®) — M2 (B), defined as in [86, Lemma 3.4].

Proof. For the convenience of the reader, we restate the notation of the aforementioned
lemma. For 3,® > 0 and Cs := {(v,9) € (0, 8]%,7 < 6} we define
8 9 e(0=M?
O%(y,6) = = + = + 99—, with M2(B) := inf MO%(v,9).
(.9) vy o0 (6 =) 8) (1.0)€Cs (.9)

The infimum is attained at (72 (3), 3); the exact values are given in [86, Lemma 3.4].
Hence, using Assumption (S9).(iii) and Remark 2.3.(i), we can assume that there exists
®F+0 such that

kx0 , A kw0 __ke,0 7 1
MY (B) =T (20 ) < o
We observe now that, when we fix v, § € (0, 3]?, then the function
Ry 3 ® 117 (7,6) € Ry, (A.20)

is decreasing and continuous under the usual topology of R. Consequently, by [86,
Lemma 3.4] and the fact that the function in (A.20) is decreasing, we obtain

M2 (B) =m® (72", 8) <2 (72, B)

<m0 7P By = M2 (B) < =, for k > k. (A.21)

| =

O

37In other words, it is finite on compact subsets of E, inner-regular on all open sets and outer-regular on
every Borel set.
38We denote by f|4 the restriction of the function f on the set A.
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Lemma A.17. Let (Ck)keﬁ be a sequence of RP-valued random variables such that
(HC’“H;)%W is uniformly integrable. Then the sequence (supt€R+H]E[§""‘]gf] Hz) is uni-
formly integrable.

Proof. Let ® be a moderate Young function®® for which the sequence (||¢* H;) Ly Satisfies
the de La Vallée Poussin-Meyer criterion (see Meyer [82, Lemme]), i.e.

sup B[ @(]|¢*[3)] < oe. (A.22)
kelN

Then, by [87, Proposition A.9], ¥ := & o quad is a moderate Young function. Using the
fact that ® is increasing, we can write (A.22) as

M= suBIB[\IJ(HCng)} < . (A.23)
keN

The latter form will be more convenient for later use. Before we proceed to prove
the claim of the corollary, we provide some helpful results. In order to ease notation,
let us denote the Orlicz norm of ¥ by || - || ,, which we simplify for the case ||[|¢*[|2||,,
by ||¢¥||2.w for k& € IN; see Rao and Ren [89, Subsection II11.3.1 Theorem 3, p. 54].
Observe that ||¢¥||2.4 < oo, for every k € IN because of (A.23). We head to prove that
sup,c [|¢¥ll2,w < oo. To this end, observe that

mif M <1, then SUpy C"' < 1 by the definition of the Orlicz norm;
m if M > 1, then using the convexity of ¥ and the fact that ¥(0) = 0 we obtain

k E[T(||¢k (A23)
]E{\IJ<|C ”2>} < [ (]”é Hz)] < 1, which implies HC’“HQ,\I, <M.

M

and consequently

& (A.23)
SUEHC low <1VM < oo (A.24)

keN

We proceed now to prove the uniform integrability of (sup;cg, |E[¢*|GF] Hz) It

suffices to prove that

kEN"

2
sup E[@( sup ||E[<’“|gf]||2>} < 0,
kelN teR

or equivalently that sup, I {\IJ(\ES’“)} < oo, where S* := sup,cg, ||E[C¥|Gf]||,- Using
the properties of moderate Young functions, e.g. see Long [74, Theorem 3.1.1, p. 82],

we can obtain .
E|w(v2sh)| < 1vel sy, (A.25)

where ¢, depends only on ¥4°, Recall that ¥ = ® o quad is a moderate Young function.
Hence, for ¥* the conjugate Young function of ¥, we have by [87, Proposition A.9] that
U* is also moderate. Therefore, ¢,, c,. € (1,00); we used that Con = Cy- Consequently,
we can conclude the required property if we prove that sup, |S*|l¢ < oo, where the
v/2 can be taken out, since || - ||y is a norm. To this end we will use Doob’s IL” -inequality.
We can obtain now, by standard properties of norms and the fact that

14 14
1
fells = (Y1) 5 < 3 kel = .
i=1 =1

39Gee [87, Appendix 2].

40 Actually, for a Young function © it is defined Co ‘= SUPg~q % for O(x) the right derivative of ©. ¢4 is
finite if and only if © is moderate; see [74, Theorem 3.1.1 (c), p. 82]. Analogously, we define Co = infz>o %9((5)) .
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and consequently 5% < sup,cg, ||E[C¥|GF]]

.- the following inequalities

Doob’s In.

P p
k k| ok k,j|k — ki
I8 = | sup Il IQJ||1H¢§;Htgg|EK 164, 22, 2l

¥ 112l = 2pE,. 1I¢*]

where we applied Doob’s inequality for moderate Young functions; see Dellacherie and
Meyer [32, Paragraph VI.103, p. 169]. The above inequality and (A.24) imply the desired

< 2pc,. 2,0,

sup [|S¥(|, < 2pe,. sup [|¢¥[l2,w < oo,
keIN kelN

which, in view of (A.25), implies also the finiteness of sup, i E[¥(v25*)]. Therefore,
the sequence

k|ak] )12
(s IEHoF1I)
teR keN
is uniformly integrable since it satisfies the de La Vallée Poussin theorem for the Young
function . O
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