N

N
N

HAL

open science

Weak approximation of second-order BSDEs

Dylan Possamai, Xiaolu Tan

» To cite this version:

Dylan Possamai, Xiaolu Tan. Weak approximation of second-order BSDEs. The Annals of Applied

Probability, 2015, 25 (5), pp.2535-2562. 10.1214/14-AAP1055 . hal-01102789

HAL Id: hal-01102789
https://hal.science/hal-01102789
Submitted on 27 Jan 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-01102789
https://hal.archives-ouvertes.fr

Weak approximation of second order BSDEs *

Dylan Possamai Xiaolu Tan *

July 16, 2016

Abstract

We study the weak approximation of the second order Backward SDEs (2BSDEs),
when the continuous driving martingales are approximated by discrete time martin-
gales. We establish a convergence result for a class of 2BSDESs, using both robustness
properties of BSDEs, as proved in Briand, Delyon and Mémin [7], and tightness of
solutions to discrete time BSDEs. In particular, when the approximating martingales
are given by some particular controlled Markov chains, we obtain several concrete nu-
merical schemes for 2BSDEs, which we illustrate on specific examples.

Key words. Second order BSDEs, weak approximation, numerical scheme, ro-

bustness of BSDE.
MSC 2010. Primary 60F05, secondary 93E15, 65C50

1 Introduction

Weak approximation is an important technique in stochastic analysis. A famous and
classical result in this spirit is Donsker’s theorem which stipulates the following. Let
(Ck)k>1 be a sequence of i.i.d. centered random variables such that Var (¢;) = 1, and
define

1 [nt]
St = \/ﬁ;@,

then the process S™ converges weakly to a Brownian motion W. In particular, sup-
pose that f : R — R is a bounded continuous function, we then have the following

convergence
E[f(57)] = E[f(Wr)].

Similar result have been obtained for diffusion processes defined as solutions to stochas-
tic differential equations (SDEs in the sequel), see e.g. Jacod and Shiryaev [19]. We
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also remind the reader that in this Markovian setting, the value E[f(Wr)] can be
characterized using the heat equation from the Feynmann-Kac formula.

Backward stochastic differential equations (BSDEs in the sequel), which were intro-
duced by Pardoux and Peng [24], as well as the more recent notion of G—expectation
of Peng [25], are particular cases of so-called non-linear expectations, and their weak
approximation properties have attracted a lot of attention in the recent years. Hence,
in Briand, Delyon and Mémin [7], the authors studied the convergence of the solutions
of the BSDE when the driving Brownian motion is approximated by a sequence of mar-
tingales. In particular, when the Brownian motion is approximated by some random
walks, they obtained a weak convergence result similar to the above Donsker’s theo-
rem. More recently, Dolinsky, Nutz and Soner [11] studied the weak approximation of
G—expectation. Since G—expectation can be considered as a sublinear expectation on
the canonical space of continuous trajectories, by the analogue of Donsker’s theorem,
they approximated it by a sequence of sublinear expectations on the canonical space of
discrete time paths. Extending BSDE and G—expectation, the Second-order Backward
SDEs (2BSDEs) introduced by Soner, Touzi and Zhang [26], can be represented as the
supremum of a family of nonlinear expectations on the canonical space of continuous
trajectories. In particular, it generalizes the Feynmann-Kac formula to the fully non-
linear case. We are then motivated to extend the weak approximation property to
2BSDEs.

We notice that the weak approximation property should be an important property
of the continuous time dynamic models, when it is the continuous limit of discrete time
models. For example, in finance, it is convenient to use a Brownian motion to model
the evolution of a risky asset, despite the fact that such a price only exists on discrete
time instants. Therefore, it is important to confirm that as we take the limit of the
discrete time model, it converges to the continuous time model.

Finally, weak approximation is also an important technique in numerical analysis,
see for example Kushner and Dupuis [2I] in the context of stochastic control problems,
and Dolinsky [I10] for pricing the financial “game” options. The main idea is to interpret
the numerical scheme as a controlled Markov chain system, which converges weakly to
the continuous time system. We notice also that another point of view is from the
PDEs, which characterizes the solution of these dynamic problems in the Markovian
case. A powerful numerical analysis method in this context is the monotone convergence
theorem of Barles and Souganidis [I]. Comparing to the PDE numerical methods,
the weak approximation method permits usually to relax regularity and integrability
conditions, and also permits to study the non-Markovian problems as shown in Tan
[30].

The main contribution of the paper is to prove a weak approximation property for a
class of 2BSDESs, which can be considered as an extension of Donsker’s theorem in this
nonlinear context. Further, using some controlled Markov chains as approximating
martingales, we obtain some numerical schemes for a class of 2BSDEs. In particu-
lar, these numerical schemes are coherent with the classical schemes proposed for the



nonlinear PDEs in the Markovian cases. We also notice that these related numerical
schemes have been largely tested in the previous litteratures, see e.g. Fahim, Touzi and
Warin [14], Tan [29], Guo, Zhang and Zhuo [17], etc.

The rest of the paper is organized as follows. In Section [2] we introduce the class
of 2BSDEs that is studied in the paper, and give first an equivalence result using two
different classes of driving martingales. By considering a sequence of discrete time
equations, we give a general weak approximation result, i.e. the discrete time solution
converges to the solution of a class of 2BSDE. Then in Section [3] by considering some
particular controlled Markov chains, we can interpret the discrete time equations as
numerical schemes, and the weak approximation result justifies the convergence of the
numerical schemes. Section is devoted to some numerical examples, highlighting
the convergence of the proposed numerical schemes. In Section 4.1 we complete the
proof of the equivalence theorem, and finally in Section [4.2] we report the proof of the
weak approximation theorem:.

Throughout the paper, we use the following notations. For every (x,7) € R? x R?, we
denote by x -y the usual scalar product of z and y, and for any (z,y) € R¥*4 x RXd,
we denote by z : y := Tr(zy). Similarly, 7 will denote the usual transposition and
|z| the Euclidean norm in the corresponding space.

2 The 2BSDE and its weak approximation

In this section, we first introduce the class of second order BSDEs, that we next pro-
pose to approximate by the supremum of a family of BSDEs driven by approximating
discrete time martingales. A convergence result is given under sufficient conditions,
while the proof is postponed to other sections.

2.1 A class of 2BSDEs

Let Q := {w € C([0,T],R?) : wy = 0} denote the canonical space of continuous paths
on [0,7T] which start at 0, B be the canonical process, F = (F;)o<t<7 the canonical
filtration and Py the Wiener measure on ) under which B is a standard Brownian
motion. Denote by F™ = (F;")o<i<r the right-continuous filtration defined by F," :=
Ns>tFs for all t < T and Fj = Fr. For every probability measure P on (Q, Fr), we
denote by F the P-augmented filtration of F and F* the P-augmented filtration of
F*. Moreover, for any x € Q, and for any ¢ € [0,T], we note ||z||, := supgc < 24| . A
probability measure P on §2 such that B is a P-local martingale will be called a local
martingale measure.

We recall that by results of Bichteler [3] (see also Karandikar [20] for a simplified
exposition) there are two F—progressive processes on §) given by

t 1
(B), = BtB;‘F—2/ B,dBT and @ = limsupf(<B)t—<B>t_5),
0 elo €



such that (B) coincides with the P—quadratic variation of B, P—a.s., for all local
martingale measures P.

We consider next a set A such that
AC S:; is compact, convex and a > goly, Va € A, (2.1)

where Sj{ is the set positive, symmetric d X d matrices and where ¢y > 0 is a fixed
constant. We denote by Py the collection of all local martingale measures P such that
a € A, dP x dt—a.e., and by Pg C Py the subset consisting of all probability measures

t
P =Py o (on>fl where Xta ::/ a;/QdBS, Py — a.s.
0

for some F—progressively measurable process « taking values in A.

Let now & : @ — R be a random variable, g : [0,7] x @ x R x R? x ST — R4 be a

function which will play the role of our generator. Then for every P € Py, we consider
the following generalized BSDE under P:

T T
yF = g(B) / g(saB-ayE)aZfaaS) : d<B>S / Z;P)dBS 7-/\/’{%11) +/\/'th” (22)
t t

whose solution is a triple of IFTFP—progressive processes, denoted by (M, ZF, NF), such
that T is a ]Fjp—martingale orthogonal to B and holds true P—a.s. We shall
assume sufficient conditions (see Assumption below) to guarantee the existence
and uniqueness of the solution to under every P € Py. In particular, whenever
P e Pg, turns out to be a classical BSDE whose solution satisfies N¥ = 0 and
VP ZP are ﬁ—progressive. This is due to the fact that by Lemma 8.2 in [27], every
probability measures in Pg satisfies the predictable martingale representation property
and the Blumenthal 0 — 1 law. This also implies in this case that y[I)P is a deterministic
constant.

The main purpose of the paper is to study the weak approximation of the following
optimization problem:

Yy = sup V. (2.3)
PePg
Remark 2.1. The above problem Yy in (2.3)) is related to the solution of the following
2BSDE, in the sense that Yy is the initial value of the Y component of its solution

T T
}/;f = E(B) _/ (g(saB-7Y;7ZS7aS) 1as)d8—/ Zs'st+KT_Kt7 PS_ q.S.
t t

which has been introduced by Soner, Touzi and Zhang [20]. We also refer to their
Section 3.8 for more details, and simply emphasize here that given the boundedness
assumptions we make below, it is not necessary in our setting to work on the subset
Py of Ps introduced in [26]. We would also like to comment on the fact that in [206],
the solution (Y, Z) is BT -progressive, while we defined the solution to the BSDE
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7]:[]) .
to be B+ —progressive. However, thanks to Lemma 2.4 of [27)], for any P € Pw, any
7]P1 ~
F+" —progressive process X has a P-version X which is F*-progressive, so that this is
not a real difference.

We shall impose the following assumptions on the terminal function £ and generator
function g throughout the paper. For ease of notations, and since this function will be
the main focus of our paper, we define the function f:[0,7] x Q x R x R x S:{ - R

f(t7x7 ?J»Z,U) = g(t,X,y,z,u) T u.

Assumption 2.1. (i) £ : Q — R is a bounded Lipschitz continuous function.

(ii) The process t — f(t,X., Yy, Zy,14) is progressively measurable given progressive
processes (X,Y, Z,v), and is uniformly continuous with modulus p in the sense that for
every s <t and X,y, 2, u,

‘f(t,Xs/\.,y,Z,’U,)—f<S,XS/\.,y,Z,U)‘ S p(t—S)

(iii) f s uniformly Lipschitz in (x,y, z), i.e. for all (t,X1,X2, Y1, Y2, 21, 22, U),

|f(tvxlaylvzl7u)7f(tax27y2vz2au)| < M(||X17X2||t+‘y17y2|+|zl722|)7
for some constant p > 0.

(iv) u — f(t,x,y,2,u) is conver and uniformly continuous for every (t,x,y,z) €

[0,T] x 2 x R x RY,
(v) We have the following integrability condition, for some constant C' > 0,

st |f(t%,0,0,u)] < C.

(t,x,u)€[0,T]xQx A
Let us give an existence and equivalence result on the above 2BSDE, whose proof is
postponed to Section

Theorem 2.1. Suppose that Assumption[2.1] holds true. Then for every P € Py, the
BSDE ([2.2) has a unique solution (¥, Z%, NF). Moreover, we have

Yo == sup Yy = sup EF[)7]. (2.4)
PePg PePw
Remark 2.2. Suppose that £(x) = &o(xr) and f(t,x,y,z,u) = fo(t,x¢,y,2,u) for
some deterministic functions & : R* — R and fo : [0,7] x R x R x R? x A — R.
In this Markovian case, the value function can be given as the viscosity solution v(t,x)
of the nonlinear equation

1
— 0w — sup <fa - D% — fo(t,at,v,Dv,a)> = 0, (2.5)
acA 2

with terminal condition v(T,x) = &o(x). We refer the reader to the paper by Soner,
Touzi and Zhang [26] for more information.



2.2 Weak approximation of 2BSDEs

Under every probability measure P € Pg, the canonical process B is a continuous mar-
tingale, which drives the BSDE . When this martingale is approximated “weakly”
by a sequence of martingales, it follows by the robustness property for BSDEs proved by
Briand, Delyon and Mémin [7], that the corresponding solutions of the BSDEs driven
by the approximating martingales converge to J* (see their Theorem 12). In the con-
text of 2BSDEs , the solution is given as the supremum of the family of solutions
to BSDEs driven by the family of martingales (B|p)pepg. Therefore, it is natural, in
order to obtain weak approximation properties, to consider a sequence of families of BS-
DEs driven by approximating martingales. In particular, we shall consider a family of
discrete time martingales, motivated by its application in the numerical approximation
described in Section [3

For every n > 1, we denote by A, = (t}')o<k<n @& discretization of [0,77], such that
0=ty <tf <--- <ty =T. Let |[Ay] := sup;<<,(t} —}_,), and we suppose that
|A,] — 0 as n — oo. For ease of presentation, we shall simplify the notation of
the time step size At} := ¢} —t}!_; into At when there is no ambiguity. Similarly, we

suppress the dependence in n of ¢} and write instead tj.

For every n > 1, let (Q™, F™,P™) be a probability space containing n independent ran-
dom variables (Uy)i<k<n. Moreover, we consider a family of functions (H}')i<g<nn>1
such that every H : A x [0,1] — R? is continuous in a and for some § > 0, we have
for any a

E[H}(a,Uy)] =0, Var (Hf'(a,Uz)) = aAt, E[|H}(a,Up)[>T0] < CAEE, (2.6)
where it is understood that the expectation is taken under P".

Define the filtration F" := (F}} )1<k<n, with 73, = o(Uy,--- ,U) and denote by E,

the collection of all F"—predictable A—valued processes e = (af,,---,af ). Then for
every e € E,, M€ is defined by
Mg = > HP(af,Us). (2.7)
i<k

Remark 2.3. An easy example is when Uy is a Gaussian random vector (d-dimension)
with distribution N(0,14) and HJ'(a,u) := aulAt. More examples which induce several
different numerical schemes will be given later in Section[3

By abuse of notation, we define a continuous time filtration F* = (F")o<t<r, with
Fi = F[, Vt € [tg,tr41) and a continuous time martingales Mf := M , for all
t € [tg,tgr1) on (2", F™, P"). We next consider the completed filtration under P,
denoted by G" := o Clearly, G" is right-continuous and complete under P", and
M?¢ is a right-continuous, piecewise constant in time, G"-martingale for every e € F,,.

We notice that the predictable quadratic variation of M€ is given by

(M), =AMy, = afAt;.

i<k i<k



For every n > 1, with the time discretization A,,, we introduce the truncated generator
fult,x,y, z,a) == gn(t,X,y, z,a) : a where

gn(t,x,y,2,a) = g(tk,X,y,2,a), whenever t € [tg,tps1)-

Then for every e € E,, and n > 1, we consider the following BSDE
e T e T
Ve =€)~ [ gn(s, B8V 25 al) s ) — [ 25 Mg - N AT (28)
t t

whose solution is a triple of G"-progressive processes (J¢, Z¢, N¢) such that N¢ is a
G"— martingale orthogonal to M€, and where Me denotes the continuous interpolation
of M€ on the interval [0,7]. We then have the following wellposedness result for the
BSDE (2.8)), which is a direct consequence of Proposition reported in Section
and the fact that by taking conditional expectation with respect to G", the component
the solution to is given explicitly by the following scheme:

Vg, = &(M°)

Vi, =BV - (1 M, V%, 25 af, ) A
e e \— e (29)
Zg =Ep [Ayt“l(atﬁi IAMM}
\A t€k+1 = ytek+1 B E?k [ytek-ﬁ-l] B Ztek ’ AMka,

where Ef, [-] represents the conditional expectation w.r.t. Fj.

Lemma 2.1. Suppose that Assumption [2.1] holds true. Then for every n > 1 and
e € E,, there is a unique solution (Y, Z¢,N©) to the BSDE (2.8)) such that

t
B [ sup [DEP+ [ Ia922iPas + (05)] ] <
0<t<T 0

for some constant C' independent of e and n. In particular, V5 is a deterministic
constant.

Proof. The existence and uniqueness is immediate by (2.9). Moreover, Proposition
gives us the required estimate for n > ng for some ng. Since only a finite number

of values for n remains, the result is immediate by the fact that the solution given in

(2.9) has the required integrability. O

For every n > 1, denote now

Yy = sup ). (2.10)
EeEn

The next assumption is a monotonicity condition for the discretized BSDEs.

Assumption 2.2. For every e € E, and n > 1, the backward scheme in (2.9)) is
monotone, i.e. let (Y1, Z1), (V% Z2) be two solutions of (2.9), then

ytlkJrl S ytZIﬁLl = ytlk S thk szou 7n_]--
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We now state our main result.

Theorem 2.2. (i) Suppose that Assumption holds true. Then

liminf Yg* > Yo

n—oo

(ii) Suppose in addition that Assumptz’on holds and f does not depend on z. Then

lim Yy = Yo

n—oo
Remark 2.4. We are not able to show (ii) when the generator depends on z. This is
deeply linked to the fact that there are considerable difficulties to obtain any convergence
results for the z part of the solution. Moreover, since we are working under many
measures, the canonical process is no longer always a Brownian motion, which prevents
us from recovering the strong regularity results of [31)] for instance. We leave this open

problem for future research.

In the case where f = 0, the solution of the 2BSDE is the so called G—expectation
of Peng. Then, in particular, the above result generalizes the weak convergence result
for G—expectation in Dolinsky, Nutz and Soner [11]. We shall report its proof later in
Section .2l

Remark 2.5. Let (Y1, Z1), (Y%, 22) be two solutions of (2.9), we have then clearly
(1= Loy A (W, = V2) = B3, [0, = 92,,) (14 Lapes - () AME )| (211

where Ly, , (resp. Ly, ) is a R-valued (resp. R%-valued ) and Fi, -measurable random
variable bounded by the Lipschitz constant Ly, (resp. Ly .). Then for At small enough,
the monotonicity condition in Assumption holds whenever

‘LfvzHl?(atkakN < ‘atk|7 Vi<k<n.

In particular, when f is independent of z, Assumption always holds true for At
small enough.

3 Numerical schemes for 2BSDEs

As discussed in Remark the solution of the Markovian 2BSDE can be given
as viscosity solution of a parabolic fully nonlinear PDE, for which a comparison prin-
ciple holds. Several monotone numerical schemes have been proposed for PDEs in or
closed to this form, for example the generalized finite difference scheme of Bonnans,
Ottenwaelter and Zidani [5], the semi-Lagrangian scheme of Debrabant and Jakobsen
[9], and the probabilistic scheme of Fahim, Touzi and Warin [14], Guo, Zhang and Zhuo
[17], where the convergence is ensured by the monotone convergence theorem of Barles
and Souganidis [1].

Similarly to Tan [30] in the context of non-Markovian control problems, we can inter-
pret these schemes as a system of controlled Markov chains. Using these controlled



Markov chains as the families of driving martingale (M€).cp, in , Theorem
also justifies the convergence of the corresponding numerical schemes. Moreover, it
permits to extend these numerical schemes to the non-Markovian case. The aim of this
section is to present a general abstract numerical scheme for 2BSDESs, which we then
specialize in two particular examples. In particular, these schemes are coherent with
the numerical methods proposed and tested in the previous literature, for which we
can refer to [14], [29], [I7], etc. We nonetheless start by studying the solution to the
discrete-time BSDEs.

3.1 An explicit scheme

We notice that for every fixed e € E,, and n > 1, the backward iteration in (2.9) is in
fact the so called implicit scheme for BSDEs. In practice, we consider also the following
explicit scheme

Vi, = £(M°)

s, = BRI, - (e MEEL %, ) 25 0, ) A (3.1)
— Aye e 71AM6
7, — g, | D 2 |
Denote
Yy = sup V§. (3.2)
eeEn

The following Lemma shows that the implicit and explicit schemes only differ by an
amount proportional to A,,.

Lemma 3.1. There is a constant C independent of n > 1 such that
Yo' Y5 < ClAl|

Proof. It is enough to prove that there is some constant C' > 0 independent of n > 1
and e € F, such that

V5 -Vl < ClAal

First, by (2.9) and (3.1)) and the Lipschitz property of the generator f, it is clear that
for every 0 < k < mn —1, there are bounded G;; —random variables aj and S such that

OV, =V5) = EpVi,, — Vi) + aeVf—BL g, D)+ B8 (25, — 25,
= (1+apADE] [(yfkﬂ — Ve ) (14 (1 + A By - AMkH)}
+ flte, MEVE 25 a5 ) A,
Then using Young inequality (a + b)? < (1 +~h)a® + (1 + %h)b2 and Cauchy-Schwartz
inequality, we get for some constant C' independent of e and k,

(VE, = V)2 < (L+~A)A+ CANER (Vs — V5]
+ Cf2(tk, MYt kaﬂ,agk)Atz



Taking expectations en each side and using the Lipschitz property of f, we get
~ \2 ~ 2
5y | (5 - 95) | < = |+ can (35, - 35..)']
+ CAtQEg [|]/\4\€|2 + |ye|2 + |Ze|2:| )

Finally, it is enough to conclude using Gronwall Lemma together with the estimates
given by Lemma [2.1 O

For every n > 1, we can reformulate the problem (2.10]) for Y and (3.2 for }N/O” as a

numerical scheme defined on

A" = U {tk} ~ Rdx(k+1)‘

0<k<n
For every n > 1, (ty,x) € A" and a € A, we define M'%a ¢ R¥*(k+2) by

7

te,x,a tr,X,a
ME% = M+ HP (0, Ug).-

tht1

{Mf""x’a = x; for every i < k

We then define ™ : A,, — R and @™ : A,, — R by the following backward iterations.

The terminal conditions are given by
U (tn,X) = @'(tn,x) = &(X), Vx e R+

and the backward iteration for u™ and @" are given by, for all x € R#*(k+1)

u"(tg,x) = sup ul(tg,x),

acA
UZ (tk’ X) = E[U(tk+1, Mtkp(’a)} - f(tka )A(a uZ (tk:a X)? Dug(tkv X)v CL) Ata (33)
ty,x,a),—1 tg,x,a
Dull(tg,x) :=E [u(tk“’M t Aia AMi } .
and
(15, ) = sup (ag(tk,x) — F (b %, @7ty X), DA (b, ), a)At),
ac
ﬁg(tkv X) = E[a(tk+1v Mtk,x,a)]’ (34)
5 a(t ’Mtk,x,a _1AMtk,x,a
Dii(,x) = | M ML

We have the following dynamic programming result
Proposition 3.1. Let Assumption[2-9 hold true, then
@"(0,0) = Y and u"(0,0) = YJ.

Proof. It is in fact a standard result from the dynamic programming principle, see
e.g. Bertsekas and Shreve [2] for a detailed presentation on this subject. We also
notice that the arguments are almost the same in Theorem 3.4 of Tan [30] for a similar
problem. O

10



3.2 Concrete numerical schemes of 2BSDE

By constructing the driving martingales (M€).cg, as a family of controlled Markov
chain, we can also compute the solution of using a backward iteration, under
some monotonicity conditions. In particular, it can be considered as a numerical scheme
for the 2BSDE ([2.3). For particular choices of functions (H}')1<k<nn>1, We may obtain
some numerical schemes, including a finite difference scheme and a probabilistic scheme.

3.2.1 Finite difference scheme

Let us stay in the one-dimensional case d = 1 for notational simplicity, where Az € R
is the parameter of the space discretization. Denote p, := aAt/Az?, suppose that
pa < 1/2 for all a € A. Clearly, for every n > 1 and space discretization Az, we can
construct a function H" : A x [0,1] — {—Az,0, Az} such that, for any uniformly
distributed random variable U

P"[H"(a,U) = Az] =P"[H"(a,U) = —Az| = p, and P"[H"(a,U) = 0] =1 — 2p,.

Let H}! := H", and denote xPE = (xg,- - ,xp, 2 £ Az) and xF0 = (20, , 2p, 1)
for every x = (xq, -+ ,xp). Then it follows by a direct computation that the numerical
iteration in (3.4) turns to be

|
Aty %) = G(tprs, xM0) + sup {§a D2 — f(-, ita, Dil, a) (tk,x)}. (3.5)
a€A

where @, (tg, x) = @(tp1,x70) + 2aAtD?a(ty, x), with

{L(tk-+1, Xk’+) — 2ﬁ(tk+1, X) + 'Zb(tk+1, Xk’i)
Ax? ’

DQQZ(tk, X) =

and

a(tk+17 Xk7+) B a(tk+17 Xk’i)
2Az '

Remark 3.1. (i) For the above choice of (H}!)1<k<n, Assumption holds true when-
ever Ax < Ly ..

Dﬂ(tlﬁx) =

(ii) To ensure that p, := aAt/Ax? < 1/2, we should choose Ax ~ \/At. Moreover,
the family of functions (HJ')o<k<n associated with the finite difference scheme satisfies

the condition (2.6]).

(iii) In the high dimensional case d > 1, the construction of finite difference scheme
will be harder in general. We refer to Kushner and Dupuis [21] in the case where all
a € A are diagonal dominant, and also to Bonnans Bonnans, Ottenwaelter and Zidani
[3] in general cases.

3.2.2 Probabilistic scheme

For parabolic nonlinear PDEs including ({2.5)), Fahim, Touzi and Warin [14] proposed
a probabilistic scheme, which was reinterpreted and generalized in a non-Markovian

11



stochastic control context in Tan [30]. We can easily adapt this probabilistic scheme
in our context.

/

Let ag € S:lr be a fixed constant, denote og = a(l) 2, Suppose that for all a € A,

1
a > ap andl—i(a—ao)aalzo.

For every n > 1, denote p, : A x R — R by

1
21 At)4/2| 0| 1/2

1. _ _
pn(a,x) = ( exp (— §Ax Yelag'z)n,(a, 2), (3.6)

with ) 1
Mn(a, ) = <1 - §a : aal + §At_1a . aolxxT(ag)_1> .

It is easy to verify that x — py,(a,x) is a probability density function for every a € A.
Then following Tan [30], we can construct H"(a,x) which is continuous in a and such
that H"(a,U) is a random variable of density function p,(a,z) whenever U ~ U]0, 1].

To make Assumption hold true, we suppose in addition that f is independent of z
(see Remark [2.5). Define then the family of functions (H}')1<p<n by Hj} = H". We
can then rewrite 4! in (3.4) by the following: let AW ~ N(0, Atly),

@ (tg, %) = Efa(tpsr, (x, 25, + H"(a,U)))]
=FE |:ﬁ(tk+1, (%, z + agAW)) nu(a, aoAW)}
E

[ﬂ (tk+1, (X7 T + CLOAW))]

AW AW — At[da_l}
a1t

1 -
+ §Ata -E [u (tk:—i-la (Xv Tg + GOAW)) (Ug) At2

Therefore, the explicit numerical scheme can be rewritten in the following way:
in a probability space (Q°, FO,P), let X© := (agWy,,--- ,aoW;,) € R>*HD - where
W is a standard d—dimensional Brownian motion. Let X denote continuous time
process obtained by linear interpolation of the discrete time process X°. The terminal
condition is given by Y; = ¢ ()A( .), and the backward iteration:

Yi, =By, [Vi,,,] + AtG (tk, X0, By, [Yis1], I‘tk) , (3.7)
with .
Iy = By, YGHI(US”)*I AWkJrlAz%;l — AtIdUo_l] 7
and

1 1
G(t,X, ya’Y) ‘= sup <f(t,X, y+5a- ’yAtv a‘) +5a- 7) :
acU 2 2

Notice that the above scheme is closely related to the scheme proposed by Fahim, Touzi
and Warin [14] for nonlinear PDEs.

12



3.3 Numerical examples

We provide here some numerical tests on the schemes proposed in Section[3.2] Let d =1
for simplicity, we shall consider two different equations with the following generators

J1 and fa:

filt,z,y,z,a) = in}f{ {rya}, for some compact set K C R, (3.8)
re

fo(t,x,y,2z,a) = %((\/52 + b/\/5)7>2 —zb— %bQ/a, (3.9)

and the terminal condition is given by

£(x) == K1+ (/OTxtdt—IQ)

for some constant K7 < Ks.

+

_ </OT xtdt—K2>+, (3.10)

We would like to point out to the reader that the first example of 2BSDE with generator
(3.8) is motivated by a differential game type of problem

T
sup inf E [exp (/ rsa5d8>§(X,a)} ,
acA TEK 0

while the second example with generator is taken from the robust utility maxi-
mization problem studied by Matoussi, Possamai and Zhou [23] (see the generator in
their Theorem 4.1, when the set A, is chosen to be [0, +00)). We also insist on the fact
that the generator fo depends on the z variable and is of quadratic growth, so that our
general convergence result does not apply in this setting. Nonetheless, as shown by the
numerical results below, our numerical schemes still converge in this case, leading us
to the natural conjecture that convergence also holds in this more general setting.

Moreover, with the above terminal condition (3.10)), by adding the variable M. :=
Jo X¢dt in the diffusion system, we can also characterize the solution of the 2BSDE by
the following degenerate PDE on v : (t,,2,m) € [0,T] x R? — R:

1
Ot + x0pv + SIGIB (5613%95“ + f(t,z,v,0pv, a)) =0, (3.11)
a

with terminal condition v(T,z,m) := K1 + (m — K1)* — (m — Ka)*.

For each of the two 2BSDEs, we implemented the finite difference scheme given by
(3.5) and the probabilistic scheme (3.7]). As a comparison, we also implemented PDE
(3.11)) with a splitting finite difference scheme, that is to split it into two PDEs:

1

Ot + x9,v =0 and 0 + sup (5(18%9&11 + f(t,a:,v,@w,a)) =0,
acA

and then to solve the two PDESs sequentially with the classical finite-difference scheme.

Since each equation is one-dimensional, the associated classical finite-difference scheme

is bound to be a good benchmark for our schemes. We implemented the numerical

schemes on a computer with 2.4GHz CPU and 4G memory.
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In the following two low-dimensional examples, we choose Xy = 0.2, K = [-1,1],
Ky =-0.2, Ko = 0.2 and A = [0.04,0.09], corresponding to a volatility uncertainty in
[0.2,0.3]. Using difference time-discretization with time step A¢, the numerical solu-
tions of schemes and are quite stable and closed to the PDE numerical results
w.r.t. the relative error. In Figs [I] and 2] below, we give the numerical solutions with
different time discretization. The line PDE-FD denotes the splitting finite-difference
method on the PDE , 2BSDE-FD denotes the finite-difference scheme on
the 2BSDE, and 2BSDE-Proba refers to the probabilistic scheme on the 2BSDE.
For the probabilistic scheme, we use a simulation-regression to estimate the conditional
expectation arising in the backward iteration . When At = 0.02, a single compu-
tation takes 1.72 seconds for PDE-FD, 1.92 seconds for 2BSDE-FD, and 103.2 seconds
for the 2BSDE-Proba method (using 2 x 10° simulations in the simulation-regression
method). In this two-dimensional case, it is not surprising that the finite-difference
scheme is much less time-consuming comparing to the probabilistic scheme.

0.147 —

0.146 —

0.145 o

— PDE-FD
— 2BSDE-FD
— 2BSDE-Proba

0.144 —

0.143 —

0.142 4

Figure 1: The comparison of numerical solutions for 2BSDE with generator (3.8). The

faire value should be very closed to 0.146, and the probabilistic scheme seems more volatile
comparing to the other schemes.
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0.135 o
0.130 —
0.125 —

0.120 —

— PDE-FD
— 2BSDE-FD
— 2BSDE-Proba

0.115 —
0.110 —

0.105 —

0.01 0.02 0.03 0.04 0.05

Figure 2: The comparison of numerical solutions for 2BSDE with generator (3.9). The faire
value should be closed to 0.129. For finite-difference scheme, when At is greater than 0.025,
we need to use a coarser space-discretization to ensure the monotonicity (similar to the
classical CFL condition), which makes a big difference to the numerical solutions for the
case At < 0.25. However, the convergence as At — 0 is still obvious.

4 Proof of the convergence result

4.1 Proof of Theorem 2.1]
(i) The wellposedness of the BSDE ({2.2)) is a already proved in Proposition .

(ii) We fix a filtered probability space (0, F°,F?, P?), where the filtration FO satisfies
the usual hypotheses. Let P, denote the collection of all martingale probability mea-
sures P € Py such that the density process a is piecewise constant, that is to say a; =
Y opy at, Lic(ty,trir)s AP X dt-a.e., for some time discretization 0 =g < --- <t, =T.
Let M be a F'-martingale, whose distribution lies in Py,. We can approximate M by
a sequence M" such that PO o (]/\4\”)_1 € Pp, and

T
EF [/ lay — at|2dt] — 0, and E¥
0 n——+oo

— 2
sup ‘M[L—Mt‘] — 0,

where a}' 1= % and a; := %. Then in the spirit of Proposition |A.2| we have
sup EVy] = sup E[Dg).
PePy, PePw
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Further, we claim that for every Py, € Py,

E[Yy"] < Yo := sup Vi (4.1)
PePs
It follows that
sup E[V5] = sup E[Jf] < sup ).
PePw PePy, PePg

By the trivial inequality Yy < suppep,,, E[V5], we get (2.4)).

(iii) It remains now to prove the claim . We follow closely the randomization
argument in Step 3 of the proof of Proposition 3.5 of Dolinsky, Nutz and Soner [I1].
We emphasize that the proof in [IT] only uses the fact that the set where the density
of the quadratic variation of the canonical process is both convex and compact, which
is the case for our set A. We notice that under Py, € Py, the canonical process B is a
martingale such that the density of its quadratic variation is piecewise constant. Let
us denote it by

n—1
Qp 1= Z 1[tk,tk+1)(t)04(k)a
k=0

where the a(k) are Fy -measurable. Further, denote W; := f(f ozs_l/ZdBS, which is

clearly a Pp-Brownian motion. Then by exactly the same arguments as in the step 3
of the proof of Proposition 3.5 of [I1], we can consider a probability space (Q,F,P)
equipped with a Brownian motion W and i.i.d uniformly distributed r.v. (Uk)lgkgn;
independent of W, and construct, using regular conditional probability measures, ran-
dom variables &(k) which are o(U;, 1 < j < k) V o(Ws, 0 < s < t;)-measurable and
such that the following equality holds

the law of (W, (&(i))o<i<n—1) under P = the law of (W, (a(i))o<i<n—1) under P,

Define next the martingale

t /n—1
M, := /0 (Z 1[tk7tk+1)(s)(d(k))1/2> dWs, P —a.s.
k=0

We deduce that Po M~! = P,. Let us moreover consider the family of conditional
probability measures (@0)66[0’1]7L of P w.r.t. the sub-o-field o(Uy, 1 < k < n) and define
P, := P, o M~!. We have that P, € Pg for every ¢ € [0, 1]™. It follows that

P
EDy"] < sup Ve < sup VE,
cel0,1]n PePs

which justifies the claim (4.1]), and we hence conclude the proof. O

4.2 Proof of the convergence theorem

To prove Theorem we shall first provide some technical lemmas.

16



Lemma 4.1. Let the functions H}} satisfy (2.6]), then there are some constants 6 > 0
and C > 0 such that for every e € E,, n > 1,

EUM?\M} <Cand || <O, V1< k<n, P"—as. (4.2)
In particular this implies that for every e € E,,
(M) — (M)s <C((t —s) + |An)1g, P" —a.s. (4.3)

Moreover, any sequence (M°")p>1, with e, € E,, ¥Yn > 1, is relatively compact and
any limit of the sequence lies in Py .

Proof. Let n > 1 and 0 < s <t < T, we can suppose without loss of generality that
t—s>|Ay| by (2.6). Then for every e € E,,,

E[ sup (Mf — MSE)QM} < CE[([Me]t _ [Me]s)1+%:|

s<r<t a

= CEK ) \Hf(ez‘aUz‘)lz)Hg}

s<t; <t

- C(t—5)1+%E[< = > ‘H?(ei,Ui)/\/Kt‘Z)Hg}

(t—s) s<t; <t

25 Y |mrevvar

(- s<t;<t

< C(t— 3)1+5/2E[ 2+‘5}

< C(t - 3)1-"_%’

where the first inequality follows from BDG inequality, the second from Jensen’s in-
equality and the last from . It follows that and hold true, and hence
any sequence (M ),>1 such that e, € E, is relatively compact (see e.g. Stroock and
Varadhan [2§]). Finally, let P be a limit probability measure, it follows by exactly the
same argument as in Lemma 3.3 of Dolinsky, Nutz and Soner [I1] that P € Py, which
concludes the proof. O

Lemma 4.2. Let u™ be defined in (3.4) and (3.3)), then there is constant C independent
of n such that

™ (1) — 0" (s )] < O(x1 = xali + V/IA]). (4.4)

Proof. (i) Suppose that u”(t;41,x) is Lipschitz in x with Lipschitz constant Lj1, let
x!,x% € R™* then using the same argument as in (2.11)), we have for every a € A,

AM||At

‘uZ(tk,xl) — ug(tk,XZ)‘ <(1- Lf,yAt)_l (1 + Lf,z]EH + Lf,xAt> ‘xl — XQ‘.

|al
It follows that for some constant C' independent of n,

|[u(tg, x') — u"(tg,x*)| < Liy1(1+ CA),

which implies that «” is Lipschitz in x uniformly for all (tx)o<r<pn and all n > 1.
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(ii) By the Lipschitz property of u"™, we have immediately

w(tprt Mitexa a_lAMtk’x’a
Duy(ty,x) = E st Ai L

is uniformly bounded, which implies that f(tx,x, ul(tx, x), Dul(tx,x),a) is uniformly
bounded. It follows by the expression (3.3]) that

W (tg, x) — u"(tpg1,x™*)| < CVAL

Proposition 4.1. Let Assumption[2.4 hold. We have the following properties

(i) For everyn > 1, there is e, € E, such that the solution (Yn, Z°n Nn) of (2.8)
satisfies yf: = u™(t,, M), P"-qa.s.

(ii) The sequence (Y )p>1 is tight, and (Z°),>1 is uniformly bounded.

Proof. (i) Let n > 1 be fixed, using the continuity of H}} in a and the dominated
convergence theorem, a — u/!(tx, X) is continuous, where u]! is defined by . Since
A is compact, there is always an optimal a for the maximization problem . It is
then enough to use a classical measurable selection theorem to construct the required
optimal e}, € Ey,.

(ii) Notice that since we assumed that Assumption holds, we can apply Propo-
sition Therefore, by (3.3) and using (4.4)), it follows immediately that
(0 (b, M) = (b, M) ) (o) L AMET

Atgiq ’

Zn — B}
ty = Ttk

is uniformly bounded. Further, using the expression ({3.3]) with direct computation, we
can easily verify that

B [(AV)] < cat

for some constant C' independent of n, which implies, since Y°» is a pure jump process
that

(Yer)y < Oty tyy <t <ty
Finally, we notice that the deterministic non-decreasing process

n—1

G™(s):=C trraly, g, (),
k=0

converges weakly to the deterministic process s — C's as n — oo. Then it is enough
to apply Theorem 2.3 of Jacod, Mémin and Métivier [I8] for the tightness of (Y ),>1,
where their condition C'1 holds for the non-decreasing process G". O
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Remark 4.1. In the context of BSDE, Ma, Protter, San Martin and Torres [22] gave
a similar tightness result for their numerical solutions, which is also a key step to prove
the convergence of their numerical scheme.

Finally, we are ready to provide the proof of Theorem in two steps.
Proof of Theorem Part (i) Let us consider the BSDE (22.2) under some prob-

.- . —P —Br .
ability measure P € Pg. In this case, we know that F = FW" | for some P-Brownian
motion W¥ and thus that thanks to the predictable representation property, we can

——P
write for some FW' -predictable process a
t
B, _/ al2dwf, P —a.s.
0

We may now always approach the process a by a sequence (a?),>o of piecewise-constant
processes, over a grid (tﬁ)ggkgp, whose mesh goes to 0, in the sense that

——P T 2
ay, 6.7:22/@ , for each 0 < k < p, and EF {/0 )d;/z—(&g)lﬂ’ ds] — 0.

p——+oo

p
Ly
regularity, we further approximate (by classical density arguments) the random vari-

Next, since there is a priori no reason that the applications w — a; (w) has any
ables (@} )o<k<p by Lipschitz-continuous functionals (@} )o<k<p such that the following
convergence holds true
P||=p _ =pmn|2
& laf, —af ] o0

Let us finally denote by a™ := a™". For every n > 1, let now (Q", F" P") be a
probability space containing n independent random variables (Ug)1<k<p, and consider
the following discrete-time martingale defined exactly as in Section [2| with functions
Hj! satisfying (2.6))

My =0, and M}’

tr4+1

= Mj, + Hl(af, (W), U),
where WP is a discretized version of W defined by

Pn Pn Pn n\— n ng.n n
W™ := 0, and W' = W™ + (af ) "V2(WE™ H (0, (WE), U).

k+1

Consider now the following BSDE under P"
P T P T
yp = E(3Im) — / gn (s, I 4 a0 ) < d(MT) — / an 2 AWT — Np 4 NP,
t t

which is clearly in the same form of BSDE ([2.8) and hence yj < Y.

We know that WF" converges weakly to WF. Using Skrorohod theorem and changing
the probability space under which we are working, it is clear with Lemma [£.1] that we
may assume without loss of generality that WP actually converges to WF strongly
in 8% (see also Corollary 14 in Briand, Delyon and Mémin [7] for similar arguments).
Moreover, since the filtrations are Brownian filtrations, we know from [7] (see their
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Proposition 3) that the corresponding filtrations also convergeH Then, using the uni-
form continuity of g in ¢, we can apply Theorem 12 in [7] to obtain that

. n o __ P
Jm = 9
Therefore, we get
liminf V' > liminfyy = ).
minf Yy > it = %
which implies the first assertion of Theorem [2.2] O

To prove the second part of Theorem we shall consider the weak limit of the triplet
(Men, Yen, aez)nzl introduced in Proposition 4.1l Let us first introduce the associated
canonical space. For the process (M¢n, ), it is natural to consider the spaces of all
cadlag paths on [0, T] equipped with Skorokhod topology C([0,T],R%) and D([0,T], R)
(let us refer to Billinsley [4] for a presentation of this canonical space). For (a®n),>1,
we follow Kushner and Dupuis [21I] in their numerical analysis to use the canonical
space of measure valued processes (see also El Karoui, Huu Nguyen and Jeanblanc
[12], or El Karoui and Tan [I3] for a more detailed presentation). More precisely,
since a®» take values in compact set A, we define M as the space of all measures m on
[0, T] x A such that the marginal distribution of m on [0, T is the Lebesgue measure. By
disintegration, m can be write as m(dt, da) = m(da)dt, where every m, is a probability
measure on A, which can be viewed as measure-valued processes. We then take ) :=
C([0,T),R%) x D([0,T],R) x M as canonical space, with canonical process (M,Y, m)
and the canonical filtration F = (F;)o<t<7 generated by the canonical process. For
every o € CZ(R? x R), we define a process on

77‘—7—t1a'27ﬁ1a5
Ctm) = o1 — [ [ SasDPe(8) m(da.ds),

and another process

t
DL,V m) = Ef//f@MJ@@mwm%L
0 JA
as well as
¢
Df(M,?,m) = Y}—I—/ /fn(s,M.jys,a) ms(da,ds),
0o JA

for every n > 1. Notice that for every fixed ¢ > 0, the two random variables C/ and D,
are both bounded continuous in (M, Y, m).

Proof of Theorem Part (ii) Let us take the sequence (€} ),>1 introduced in
Proposition we denote (M®, Y an) by (M™, Y™, a™) to simplify the presenta-
tion. Then

limsup )y = limsup Yy
n—o0 n—o0

! In the sense that, if (F}")o<i<7 denotes the natural filtration of W™ and (F;)o<¢<r that of WF¥, then
for every A € Fr, E[14|F]] converges u.c.p. to E[14]F].
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Denote

"(dt,da) = 25 (da)dtlyery 1p,)-

Let P” denote the law on © induced by (M " Y™ m™) in probability space (Q", F", P"),
where M" is the linear interpolation of (M} )Jo<r<n. Since (M™,Y"),>1 is tight (by
Proposition which uses Assumption and A is a compact set, then (@n)nzl is

relatively compact. Let P~ be a limit probability measure, we claim that

C?(M,m) and D(M,Y,m) are both F-martingales under P> (4.5)

Let 0 < s <t <Tand ¥ : C([0,T],RY) x D([0,T],R) x M — R be a bounded
continuous function which is Fg-measurable. Then by the definition of (M™, V™) in

(2.8)), it is clear that

N

P [ (A1, )(Cf(ﬂ,m)—cg’(ﬁ,m)ﬂ —0,

and
EF [\p (M, Y, m) (Df(M, Y. i) — D*(M,, m))] —0.

Since the functionals ¥, C/ and D; are all bounded continuous, by taking the limit
n — oo, it follows that

BF [w (3,3, m) (¢ (3,m) — c£ (M, m) )| =0,
and

o [\y (M., m) <Dt(ﬂ, Y, m) — Dy(M, Y, m>)} —0,
which implies claim by the arbitrariness of ¥ and s < t.

It follows that there exists some probability space (2%, F*,P*) containing the processes
(M*,Y*,m*) whose distribution is P*. Let F* = (F;)o<t<r be the right-limit of the
filtration generated by (M*, Y*,m*), completed under P* and let a} := [, a mj(da)
(notice that a* also takes values in A, since this set is assumed to be convex). Then
M* is a martingale w.r.t. F* with quadratic variation fot a¥ds and D(M*, Y*,m*) is a
martingale w.r.t. F* by claim . Further, by the convexity of f in a, we have

/A (s, %y aymi(da) > f(s,%y,a5).

It follows that YV} — fot f(s, M*, V¥ a%)ds is a bounded F*-submartingale.

s S

Next, since this is a bounded submartingale, applying Doob-Meyer decomposition and
the orthogonal decomposition for the F*-martingales gives us the existence of a [F*-
predictable process Z*, a cadlag F*-martingale N'*, orthogonal to M* and a non-
decreasing process K* such that

T T T T
y;:g—/ f(s,M.*,y;",a:)ds—/ z;dM;—/ d/\/;—/ Kt P* — as.
t t t t
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Consider now (37*, 25N *) the unique solution of the following BSDE under P*

B T B T T
Vi=¢ / f(s, M*, V% a%)ds / ZrdM; / AN}, P* —a.s. (4.6)
¢ ¢ ¢

We now claim that we necessarily have

.~

E” (V5] = EF (5] (4.7)
This implies that

limsup Yy" = limsup V5" = EF” V5] < EF” [373 ] < sup EF [yg” | = sup y}f’ ,

n—00 n—00 PePw PePs

which proves the desired property.

It remains now to prove the claim (4.7)). It follows from a classical linearization argu-
ment, which we give for completeness. Using the fact that f is uniformly Lipschitz in
y, we may define bounded F*-progressively measurable process A such that, P* — a.s.

T T T T
S = —/ AGV* ds —/ SZrAM? —/ d(GN) +/ dK?,
t t t t
where
OV =V =Y, 02 = Z — Z], ON] =N — N/
Then, denote A; := exp (— fot )\sds). Applying It6’s formula to A¢6Y; and remember-
ing that M* is orthogonal to A* and N *, we deduce that

T
B [53)] = BF" [ / Asd/cs] >0,
0

which ends the proof. O

A  Appendix

We provide here some classical results on BSDEs which are used in the paper. Let us
start by stating a general wellposedness result for BSDEs in an abstract setting, which
will encompass all the cases considered in this paper.

Proposition A.1. Let (Qy, F,P) be a complete probability space carrying a square in-
tegrable continuous martingale M, adapted to a complete and right-continuous filtration
FO = (f,?)ggtST and a sequence of square-integrable cadlag martingales M™ adapted
to some filtration F" := (F[")o<t<T which are complete and right-continuous for each
n. Let fo and f, be functions from [0,T] x Qo x R x R% to R and assume furthermore
that

(i) (M) is absolutely continuous with respect to the Lebesgue measure, with a density
(as)o<s<T taking values in A.
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(ii) There exists a deterministic sequence (an)n>0 converging to 0 such that
(M™y — (M™s <C(t—s+ap)ly, 0<s<t<T, P—a.s.,

for some C' > 0.

(iii) For each (y,z), fo(.,M.,y,z) (resp. fo(.,M" y,2)) is progressively measurable
with respect to TV (resp. F™).

(iv) There is a constant p > 0 such that for each n >0 and each (t,y,y’, z,2")

‘fO(taM.vyWZ) - fO(ta M.;y/azl)‘ S 1% (‘y - y/| + ‘Z - Z,D
| fult, My, 2) = fult, M7y 2N < i (Jly =o'+ ]2 = 2))

(v) For all (y,z), fo and fn are continuous in t.

Then, for n large enough, the following BSDEs under P
T T
Vim¢= [ (s M Vo200~ [ 2, dM - N+ N, (A1)
t t
T T
yp :5_/ Fulsy MP, Y™ Z0Yd(M™, —/ Z0 M, ~ NP AP, (A2)
¢ t

where N (resp. N™) is a cadlag FO-martingale (resp. F"-martingale) orthogonal to M

(resp. M™), have a unique solution such that

T 1
EP | sup \yt|2+/ a2 Z,%ds + (N)p | < C
0<t<T 0
9 T
EP sup |V +/ Z?(ZQ)T:CKM")S#—(N")T < C.
0<t<T 0

for some constant C' > 0 independent of n.

Proof. This is actually a direct consequence of the proof of existence via fixed point
arguments in [7]. Indeed, the assumptions above imply directly that their assumptions
H1, H2 and H3 hold, with the exception that we do not assume that M"™ converges
to M and that our martingale M can be written as

t
Mt_/ al/2aws,
0

where W is (P, F®)—Brownian motion.

However, by looking carefully at their proofs of Theorem 9 and Corollary 10, it is easy
to see that they can be carried out with the exact same arguments in our setting to
obtain the desired results for the BSDE for n large enough. Moreover, since the
martingale M satisfies their assumption (H1)(ii) with a constant C' := sup,c 4 |a| and a
deterministic sequence a,, = C|A,|, we can once again follow their proof of existence to

obtain easily that existence, uniqueness and the desired estimates also hold for (A.1)).
O
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We will now provide a particular robustness result for BSDEs. We go back to the
canonical space (£, Fr) and fix a measure P € Py. We let W be a IE‘TP—Brownian
motion under P, (as)o<s<r be a F-progressively measurable process and (a"),>0 a
sequence of F-progressively measurable processes such that

T
EF [/ la” — a,)? ds} — 0. (A.3)
0 n——+0o00
We next define the following Fjp—martingales under P

t t
M, ::/ al/2dW, and M ::/ (aM)Y2dW,, P — a.s.
0 0

Notice that we than have immediately that M converges to M in the sense that

—~ |2
EF | sup ‘Mt—Mf
0<t<T

— 0. (A.4)

n—-+o0o

We would like to approximate the following BSDE

T T
Vi =& — / f(s, M., Vs, Zs, a5)ds — / (as)V2Z2,-dWs — Np + N, P—a.s. (A.5)
t t

by the following one for n > 0

T T

Y= gn—/ f(s, M"Y, Zg,ag)ds—/ (aM)V2Z"-dW,— N2+ N}, P—a.s., (A.6)
t t

for some Fr-measurable random variable &,, converging to ¢ in L?(P).

Remark A.1. Notice that existence and uniqueness for these BSDEs are once again
guaranteed by Proposition [A.]]

We have the following result, which can be proved using classical stability arguments
for BSDEs. We nonetheless give the proof for completeness.

Proposition A.2. Let Assumptions[2.1] hold. Then, we have

EP

~ 2 T, . 2 ~
sup ’Yt"—yt‘ —I—/ ‘Zf—Zt’ ds+<N”—N)T] — 0.
0<t<T 0 n—+00

Proof. Let us apply It6’s formula to e"t(}A/t” — )2, for some constant 7 to be fixed
later. We obtain, using the fact that N™ and N are orthogonal to W

()2 27 — all?z,

~ T 2 T ~
(Y — V)2 + / e’ ds + / ePd(N™ — N)s
t t
T A~ — AN A~
<Ol — 6 =2 [ (T = ) (£ T2 22 ) ~ Fls, MV Zuvcs)) ds
t

T
ol
t

[ e vy - ), (A7)

~ 2 T ~
Y= Vs| ds— 2/ (Y =) <(a’;)1/2Zg - a;/QZS) - dW
t
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Next, using the uniform continuity of f in w and its Lipschitz continuity in (x,y, z), we
have for some modulus of continuity p and using the trivial inequality ab < ea® + %b2
for any € > 0

T
| e @ =20 (568052, 220a2) - 5. M. V2. Zuva) s
t

T
gllj e [0 = || (5,307, 92, 20, ) — f(5, M., T, 20, a,) | ds
T
+/‘JSK?—X;f@Jll?JﬁﬂQ—f@JIJQZ&%)%
t
rn 2 T 2/ .n 1 Tr]s vn 2
<C HM —MHT—|— p°(ay —as)ds | + C+E e Y = Vs| ds
t t
T ~ 2
—i—e/ e\ Zr — Z4| ds. (A.8)
t

Using the fact that a™ and a are uniformly bounded, if we take the expectation in (A.7)
and use the estimate (A.8]), we obtain by choosing 7 large enough and € < 1

p 1o 2 T, .
E MMJ4+/\£—&
0

2ds—i— (]/\\f" —N>T]
< CE? [\gn — P+ Hz\?” - MHQT + /OT P2 (a” — as)ds] .

By the dominated convergence theorem and using the fact that &, converges to £ and
M"to M , the right-hand side above goes to 0. Now the proof can be finished by taking
the supremum in ¢ in and using the BDG inequality. Since this part is classical,
we refrain from writing its proof. O
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