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Abstract

In this paper we prove that every random variable of the form F(Mrp) with
F : R¢ - R a Borelian map and M a d-dimensional continuous Markov mar-
tingale with respect to a Markov filtration F admits an exact integral repre-
sentation with respect to M, that is, without any orthogonal component. This
representation holds true regardless any regularity assumption on F. We ex-
tend this result to Markovian quadratic growth BSDEs driven by M and show
they can be solved without an orthogonal component. To this end, we extend
first existence results for such BSDEs under a general filtration and then obtain
regularity properties such as differentiability for the solution process.

AMS 2010 subject classifications: 60J25, 60H05, 60H10
Key words and phrases: Martingale representation, existence of quadratic BSDEs,
differentiability of BSDEs, continuous Markov martingale.

1 Introduction

One of the most useful and striking property in stochastic calculus is probably the
martingale representation property (MRP). Given a d-dimensional martingale M :=
(M*,-- -, M%) with respect to a filtered probability space (2, Fr, F := (Fp)iejo.r]): P),
we say that M enjoys MRP if for every F-(local) martingale Y, there exists an inte-
grable predictable process Z such that Y can be decomposed as:

Y:YO+/ Z,dM,. (1.1)
0
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Alternatively, MRP entails that for every integrable Fp-measurable random variable
(¢, there exists an integrable predictable process Z such that

T
g:YO+/0 Zsd M, (1.2)

which is a direct consequence of (1.1) by representing the martingale Y := IE[(|.F].
This second formulation is well-known under the name of Clark-Haussmann-Ocone
formula. Relations of the type (1.1)-(1.2) are very useful in applications, like for
example in Financial Mathematics, where ( represents a contingent claim and Z a
strategy which loosely speaking allows one to replicate ”optimally” (in some sense
to be precised) in a dynamic and predictable way this claim. MRP is a very strong
property and unfortunately usually fails to hold for a given martingale M. Indeed,
according to the, by now, classical theory (see e.g. [18, Theorem 4.6] or [6]), MRP
is basically equivalent to the fact that P is an extreme point of the set of martingale
measures for M. Since this is usually not the case, a relation of the form (1.1) can
not hold true for a given F-martingale Y and one as to consider in addition of Z, a
martingale N strongly orthogonal to M (i.e. (M*,N) =0, i = 1,---,d) such that
(1.1) is replaced with the so-called Galtchouk-Kunita-Watanabe decomposition:

Y:Yb—i-/ ZsdMg+ N. (1.3)
0

Note, besides, that the absence of MRP for a martingale M is not a quantitative
statement, that is, we do not know a priori which are the martingales Y for which
the component N is really needed. This remark leads to the following question.
Can we characterize the martingales Y (or the random variables () on (2, Fr, F =
(Ft)eco,17), P) for which a representation of the form (1.1) (or (1.2)) holds? Or, at
least, can we provide a class of martingales Y or of variables ¢ which fulfill (1.1)-(1.2)7
An even more complex question, related to the first one, is to study a generalization of
martingale representation property, namely to study existence/uniqueness/regularity
of solutions of Backward Stochastic Differential Equations (BSDEs), which in our
context, given an Fpr-measurable random variable ¢ and a predictable process f :
[0,7] x R x R — R, consists in finding a triple (Y, Z, N) such that the following
equation is satisfied:

T T T
Yt:<+/ (s, Ya, Z.)d(M, M>S—/ zdeS_/ AN, Ve [0,T]  (14)

where Y and Z are predictable processes and N is a martingale strongly orthogonal
to M (here for simplicity we wrote the equation for d = 1). One is then interested, in
giving conditions on the data of the equation, namely, the terminal condition ¢ and
on the generator (or driver) f, under which the orthogonal component of the solution
N vanishes.



The objective of this paper is three fold. First for specific martingales M, we provide
a class of martingales Y or of random variables ¢ for which their representation with
respect to M holds without any orthogonal component like in (1.1) or (1.2). More
precisely, assuming that M is a square-integrable martingale which is at the same time
a strong Markov process with respect to a filtration (F).c(0,7], we prove in Theorem
3.1 that every integrable random variable of the form F(My) where F : R? — R
is just a Borelian function admits a representation of the form (1.2), and also that
(1.1) holds for the martingale Y := IE[F(M7)|F.]. At this point, we stress that no
regularity assumption whatsoever is assumed on the map F. We will say that M
admits a weak martingale representation property since all martingales of the form
Y := E[F(Mr)|F] admits an integral representation against M without an orthogo-
nal component. In a second time, we turn to the same type of properties for quadratic
growth BSDEs (qgBSDEs for short), meaning that the map f in (1.4) has quadratic
growth in the z variable. Before, proving that the component N of the solution van-
ishes (under some conditions) we have to fill a gap in the existence theory of such
BSDEs and we have to prove existence of solutions in that context. Note that this is
not covered by the literature up to now, since the only existence results in this area
are those obtained by Morlais [13] and very recently by Barrieu and El Karoui [2]
under the assumption that the filtration F is continuous (so there are no discontinu-
ous martingales on such spaces). This assumption is really needed in both mentioned
papers. Hence in our second main result: Theorem 4.1, we fill this gap and prove
that under a general right-continuous filtration F, equations of the form (1.4) admit
at least one solution (Y, Z, N) (in the good space) when the terminal condition ( is
a bounded random variable and the driver f has quadratic growth in z. Note that
for this property we simply assume that M is a continuous martingale under F and
in particular we do not assume that M is a Markov process. We are able to prove
this result by combining arguments of [2] and of [13], and by replacing a monotone
stability result obtained in [2] for a special class of continuous semimartingales with
a compactness type argument derived by Barlow and Protter in [1] valid for general
semimartingales. Finally, the third main result of this paper is to show in Theorem
5.5 that in a continuous Markovian setting (i.e. M is a continuous martingale and
a Markov process with respect to F; and the terminal condition { is of the form
F(Xp, Mr) with F' any bounded Borelian map, and X denotes the strong solution of
an SDE driven by M), the solution N vanishes (we refer to Section 5.3 for a precise
statement). This property requires additional results on the regularity of the solution
(Y,Z,N) (given in Sections 5.1 and 5.2) which once again are not contained in the
literature.

We would like to make some comments about results in the literature. While we
were writing the Note [17] which was a pre-version of the present paper, we realized
that related results have been obtained in the literature. For instance we mention



the paper by Jacod, Méléard and Protter [7] where the authors prove (among other
things) a Clark-Haussmann representation formula for random variables of the form
F(Myp) where M is a cadlag Markov martingale and F is a deterministic map reg-
ular enough. Basically the Markov setting allows one to represent the martingale
Y := E[F(Mr)|F] as a deterministic function u of time and M (i.e., Y; = u(t, My)).
Then the smoothness on F', transfers to u so that one can deduce that the orthogonal
component N in (1.3) vanishes. In [7], the authors basically assume that F' is such
that u is differentiable in time and twice differentiable in space. As we will see, in the
continuous case this regularity is not needed and especially the regularity in time. Our
method is also based on the representation of Y as w(t, M;) but our analysis differs
from the one presented in [7]. Another technology presented in the literature consists
in combining the Markovian structure and the Malliavin calculus for some particular
cadlag Markov martingales to get an exact representation for F'(Mr) but once again
under some regularity properties for F' (especially if M is continuous), we refer to the
monograph by Privault [15, Section 3.7].

We proceed as follows. First in Section 2 we present the main notations and def-
initions that we will be used in our framework. Then, we derive in Section 3 the
representation property for a continuous Markov martingale. Then in Section 4 we
give an existence result for a qgBSDEs driven by a continuous martingale with respect
to a not necessarily continuous filtration F. Finally, we prove in Section 5 that such
BSDEs can be solved without any orthogonal component in a Markovian context for
general terminal conditions.

2 Preliminaries

Fix T'in (0, 00). Let M := (M;);cjo,7] be a d-dimensional continuous square integrable
martingale (d > 1) with respect to a right-continuous completed filtration (F;):cjo 1y
(so satisfying the usual conditions), both defined on a probability space (€2, F,P). The
expectation with respect to IP will be denoted by IE. In the following we will assume
that 7 = Fp. The Kunita-Watanabe inequality implies that there exists a R**?-
valued predictable process ¢ := (q):cjo,7] such that [M, M], = fot qsq:dCs, t € [0,T]
with €' := arctan(Y0,[M®, M®]) (for more details we refer to [13]) and where ¢*
denotes the transpose of the matrix g. Throughout this paper, [P, P,] will denote the
quadratic co-variations between two semi-martingales Py and P, and (P;, P,) stands
for its compensator. For a given martingale P, we denote by P¢ the continuous mar-
tingale part of P. In addition if P is continuous, we denote by £(P) the stochastic
exponential of P, i.e. the stochastic process defined as: £(P) := exp(P — (P, P)).
Remark that by definition, ¢*q is a positive semidefinite matrix and thus by Cholesky’s
decomposition we can assume that ¢ is a lower triangular matrix with non-negative di-
agonal entries meaning that ¢ itself is positive semidefinite. We use the notation |-| for



the Euclidian norm on R%. We introduce several spaces of interest in our context. For
any p > 1, we denote by SP the set of one-dimensional predictable processes Y such
that IE[(sup;e(o 1) Y;|?)P/?] < oo, by HP the set of d-dimensional predictable processes

/2
Z such that [E {(fOT |Z5q;‘|2d08)p ] < 00, and by OP the space of one-dimensional

cadlag martingales N strongly orthogonal to M (i.e. (M N) =0, i = 1,...,d)
such that Ny = 0, P-a.s. and such that ]E[[N]’}/Q] < o0. Note that since M
is continuous, we also have for N in OP that [M',N] = 0, ¢« = 1,...,d. By
Galtchouk-Kunita-Watanabe’s decomposition, every square integrable cadlag mar-
tingale on (€2, F, (F)cjo,r, P) starting from zero at time zero can be decomposed

as:
. d .
/ ZSdMS+N:Z/ ZldM! + N
0 i—1 Y0

where Z = (Z1,...,Z%) is a d-dimensional process in H? and N belongs to O%. In
this paper, by martingale we always mean a martingale with respect to the filtration

(]:t)te[O,T} .

At the exception of Section 4, we will always assume in addition, that M is a strong
Markov process with respect to (F)¢co,r) and that the filtration is a Markov filtration
in the sense of [4, (3.4)]. For (¢,m) in [0,T] x R we denote by M"“™ the process M
starting at m at time ¢ defined as ME™ := m+ M, — M,, s € [t, T]. For any stochastic
process o = (o )iejo,r], we write a = 0 for ay = 0, dP ® dC; — a.s..

Throughout this paper, ¢ will denote a positive constant which can differ from line to
line. Given non-negative integers p, ¢, r, we set C?%([0,T] x R") the set of Borelian
functions u : [0,7] x R” — R such that the map [0,7] 3 t — wu(t,x) is p times con-
tinuously differentiable for every element x in R”, and the map R" 3 x — u(t, x) is ¢
times continuously differentiable for every ¢ in [0, 7]. We finally introduce the space
of BMO martingales. A cadlag martingale P is said to be a BMO martingale is the
there exists a constant o > 0 such that |AP|*> < o (where AP denotes the jumps of
P) and
esssup, o) E[[Plr — [Pl-] <o, P—as.

where the essential supremum is taken over all the F-stopping times 7 in [0, 7.

3 Weak martingale representation property for con-
tinuous Markov processes

This section is devoted to prove the following theorem which constitutes one of the

main results of this paper. We use the definitions, assumptions and notations of
Section 2.



Theorem 3.1. Let ' : R? — R be a Borelian function such that F(Mry) is a square
integrable Fp-measurable random variable. Let Y be the square integrable martingale
defined asY := IE[F(Mr)|F]. ThenY admits the following martingale representation
(without orthogonal component):

Y:Y(]+/stMs
0

where Z is an element of H?.

We will say that M admits a weak martingale representation property. The proof of
Theorem 3.1 will be given at the end of this Section and requires several intermediary
results including the following Lemma which is a key result in our approach and which
is a refinement of the main result of the Note [17].

Lemma 3.2. Let m > 1 be an integer. Let L := (L)) be a square integrable
continuous semimartingale with values in R™. Let (Y;)icpr be a one-dimensional
cadlag semimartingale with decomposition:

t
Yt:YOJr/ ZydLs+ Ny + Ay, t€[0,T] (3.1)
0

where Z is a predictable process such that the stochastic integral fo ZsdM, makes
sense and 15 a local martingale, N 1s a one-dimensional square integrable martingale
satisfying [L', N] = 0, i € {1,....,m} and A is a continuous predictable process
with finite variation. If there exists a bounded Borelian deterministic function u :
0,7] x R™ — R with x — u(t,z) differentiable for every element t in [0,T)], with
derivative Oyu continuous in (t,x), such that Y = u(-,L.). Then N = 0.

Proof. First note that since u is a Borelian function and since L is a predictable
process (since continuous), the process Y = wu(-, L) is a predictable process. Then
by [8, Proposition 1.2.24] the jump times of Y are predictable times. Since the later
are exactly the jump times of N it entails that N is a continuous martingale (see [8,
Corollary 1.2.31]). This remark is crucial in our proof where we mimic a technique
used in [5] and in the Note [17]. The core idea is the following. Since N is continuous,
N =0 if and only if [N, N] = 0. By (3.1) it holds that [N, N] = [V, N], which can be
computed using the Markovian representation of Y.

Let 7™ = {0 =t < ¢{" < ... <) = T} be a sequence of subdivisions of [0, T
whose mesh |7(™| tends to zero as n goes to the infinity such that

ps—1
i — (n) — u(t™ N| =
lim . Y, N1, ;0 (w531, Ly ) = ulty”, L)) AN | = 0 (3.2)
where the limit is understood in probability with respect to P, A;N := N L) — N A
Jj+1 J
)

and g = 7 such that tgn) <s< tﬂl. For simplicity we will drop the superscripts (n)

n)

6



in the rest of the proof except when its absence could lead to a confusion. We will
show that [Y, N] = 0. We have that

ps—1

[Yv N]S = Z(u(tj+17Ltj+1) _u<tj7Ltj))AjN

j=0

= Z <(u(tj+1, Ltj> - u<tj7 Ltj))AjN

#3 (ultge L) = ultn, )N
j=0
= A" + A, (3.3)
We consider the two summands above separately. We start with the term A, and we
prove that
lim sup |A | =0, in P — probability.. (3.4)

n—=00 0<s<T

For 7 in {1,...,d}, we denote by M the ith component of M. We have

ps—1
AT = (ultyin, L) = ultin, L)) AN

j=0
ws—1 m

= > Y AN(ultjp, L, Ly Lo L)
j=0 i=1

—u(tj, Ly, L LY L)

ps—1 m

_ > Opulty, L)) A M AN + Ry (3.5)
j=0 i=1

where Ry, is defined as

tig1 t_H) 8:B¢u<tj7Ltj))7
i=1
X" is a random point between Li and L;  , and A;L* = Lj,

— Lj,. Now consider
the remainder term » "o Ry ;.. We set:

+1

m

oM .= sup > |owule, (Ly, . Ly Ly, LY L L) = Ogu(b, Ly)|

a€[s,t], [t—s|<|m(m)| i=1

We have that

zn: Ryjn| <6 i zn: |A;MA;N| < 25™ zm: zn: |A;L? + | A N2
j=0 i=1 j=0 i=1 j=0



Now by continuity of d,u and of X, it is clear that lim,_,. 07 = 0, P-a.s. whereas
Doy 2o [AG L 4 |A N |* converges in P-probability to 77, [M*, M']z 4 [N, N]r
has n goes to infinity, hence

=0, in P — probability.

fin 1> Ru
=0
Then it follows using (3.5) that

ps—1

nh_{lolo Aglz) = nh_fgo Z (u<tj7 Ltj+1) - u<tj7 Ltj))AjN = Z/{; &mu('ru Lr)d[Lzu N]s =0
=0 i=1

by strong orthogonality between L and N which proves (3.4). Then (3.2) and (3.3)
entail that limy, . SUpg< <y |A§"1) — [Y, N]s| = 0, in P — probability and so

lim sup |A£n1) — [N, N]s| = 0, in IP — probability.

n—o0 0<s<T ’

We will prove that P := [N, N] is a martingale, since it is by definition of finite
variation and continuous this will show that [N, N] = 0. We know that IE[|[V, N],|] <
00, Vs € [0,T]. Now fix 0 < s3 < s9 < T. For an element t; of the subdivisions
considered above we let 6;u := u(t;41, Li;) — u(t;, Ly;). We have that

Psg—1 Psg—1

E[P,,|F,] = E | lim > SuAN|F, | =E | lim > §u N+ (N, = Ny, )| F,
=0 =0

n—oo 4

(3.6)
where the last equality is a consequence of the continuity of the martingale N. In
addition the sequence of random variables (Eﬁ%_l oju AjN + (Ng, — Ny, )) is uni-

formly integrable. Indeed, since the function u is bounded we have that
2

g052—1 g052—1
E||Y 6us,N+ Ny Ny )| | =Y E [|5ju|2|AjN|2+ (N, —Ntm)ﬂ
j=0 j=0
Psy—1
el 0 B[Nyl = NP+ N7~ (N ]
7=0
= CIE[|NS2|2]7

2
thus sup,, IE “Zf%l dju AjN + (N, — N¢32)’ ] < cE[|N,,|?] < co. Applying Lebesgue’s

dominated convergence Theorem in (3.6) we get

998271
E[Py|Fo] = m B | Y du AN + (N, = Ny, )| F,
j=0



n—oo

‘Pslfl
= lim ( > bju AN +B[(6,, u) Ay, N|F.,]

Jj=0

Psg—1
+E Z d;u AjN + (N, — Nt(ps2 )|~7:51]>

j:<;031+1

= Py, + lim ((65,0) (Noy = Ny, )) = Py

where for the last equality we have used the fact that u is bounded and the conti-
nuity property of the martingale N. Putting all the previous facts together, P is a
continuous martingale which by definition has finite variations so

[N,N], =[N,N]o=0, forallsel0,T], P—a.s.
which entails that N = 0. [l

The proof of Theorem 3.1 will be given thanks to an approximating procedure.
More precisely, let F': R — R be a bounded Borelian function. For € in (0, 1) we set:

d x2
exp <_ E@':l i)

. d
(x) = (Gne) 72 , VreR%

and
F.(z) = (F x ¢.)(z) := /RF(y)Qbe(:c —y)dy, VrcR% (3.7)

Hence F; is a Borelian bounded function which is infinitely differentiable. This regu-
larity will ensure the representation of F.(My) without orthogonal component.

Lemma 3.3. For any ¢ in (0,1) let Y := E[F.(My)|F]. There exists a bounded
deterministic function u. : [0,T] x R — R in C%([0,T] x R?) such that

YP =wu(t, M), te€[0,T], P—a.s.

Proof. Using the Markov property of M we directly have that u.(t, z) := E[F.(My")]
where we recall that M := x + M, — M, for every s € [t,T]. To show that wu. is
Borelian we will prove that it is continuous. Indeed, let (s,¢,z,y) in [0,7]* x (R?)2.
The fact that F. is bounded and Lebesgue’s dominated convergence Theorem yield

lim ‘%(371’) - Ue(t,y)‘ < lim )]EHFE(M;"'”) _ F{_:(M%ym

(s,2)—(ty) (s,2)—=(ty
= B[ lim |F(M;") — F(M7Y)]]
(s,2)—(ty)
:IE[ lim |F€(x+MT—MS)—FE(erMT—Mt)H =0
(s,2)—=(ty)



since F. and M are continuous. We now deal with the differentiability in space. To
this end we prove that F. is Lipschitz. Let x in R? and i € {1,...,d}. We have

|0, F= ()| = [(F * O, 02 ) ()]

/Rd F(y) 0y, Pe(z — y)dy’
1

/R F(y) (@ — yi)®e(z — y)dy’

9 d
c
<= | |z =yl P (r —y)dy
13 Rd
c

)2
= _/ |z; — y;| exp (—@227%)) (2me) M 2dy;
€

R
2 1/2

/ |$z - yi|28X (—M) dy;

R 2e

which proves that F. is Lipschitz continuous. For every element z in R?, 1 < i < d,
and e; := (0,...,0,1,0,...,0) where the 1 is at the ith component, we write M®"®
for the ith component of M"*, 9, F. for the partial derivative of F. with respect to
x; and V,F, for the vector (0,, F, ..., 0y, F:). We have

C

£
< Cc
- 51/2

u(t,r + ae;) — u(t, x)

lim
a—0 o
o BIR(MEE) - R(M)
a—0 o
1 . _ . . ) .
_ i{% a ]E[@xiFa(M%’t’x, o M%—l,t,x’ M, M[}-{—l,t,x’ Mg,t,m) SM,},t,a:—f—ael _ M'}’tﬂ:)J]
:M,f;t’”“;i,—M;t””:a

= lim B[O, Fe(Mp"™, ..., My ", M, M M)
a—
where M := z + M} — M with z between = + « and x, and M;tw =x+ ML — M}
(M? being the ith component of M). Hence by continuity of d,,F. and since 9, F. is
bounded, Lebesgue’s dominated convergence Theorem implies that

lim u(t, r + ae;) — ul(t, x) _E
a—0 (%

[0n, Fe (M7")].

Hence V,u(t, z) = E[V,F.(M}")]. We finally prove that V,u, is continuous. For this
we prove that V,F. is Lipschitz continuous. Let 1 < 4,5 < d. For z in R?, it holds
that

1

Orir Po2) = (F 0,1, 0)(2) = 55 [ POl =) = )y = 1) = <)y <

10
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Fix (t,z) in [0,7] x R% Let s in [0,7] and y in R? such that |(s,y) — (t,z)| < 1. We
have

lim | (Veu(t,a) = Veuls g < | lim BV = VoF (M)

(s:y)—=(tx (s.;y)—=(t,z
<c lim E[Mp® — M|
(s,:y)—=(t,2)
=c¢ lim E[lz—y— (M, — M)|]=0
(s,:y)—=(t,2)

where for the last equality we have used Lebesgue’s dominated convergence Theorem,
since, |M;— M| < 2sup,¢jo 7| | M,| which is square integrable by Doob’s inequality. [

We are now in position to prove Theorem 3.1.
Proof of Theorem 3.1: The proof is done in two steps.

Step 1: We first assume that F' is bounded. We define as in Lemma 3.3, for every
e in (0, 1), the square integrable martingale Y¢ := IE[F.(Mr)|F.] where F_ is defined
by (3.7). The martingale Y admits the representation: Y* = Y5 + [ ZidM, + N°
with N¢ a square integrable cadlag martingale such that [M, N¢] = (M, N¢) = 0. In
addition, from Lemma 3.3, there exists a deterministic function u. € C%*([0, T] x R?)
such that Y© = u.(, M). Hence Y* fulfills the assumptions of Lemma 3.2 and so
N¢ = 0 which means that Y* = Y§ + [/ Z5dM,. Let 6. be the square integrable
martingale 6. := Y° — Y. Then Burkholder-Davis-Gundy’s inequality and Doob’s
inequality imply that there exists a constant o > 0 independent of € such that

B[V - N3] < B| [ 12 - 2)gPac,+ v - N | < aBIE - D))

Now since F. and F' are supposed to be bounded, we get using Lebesgue’s dominated
convergence Theorem that

lim I [[N* ~ N3] < o B lim(F. ~ F)(My)) =0

e—0

since for every x in RY, it holds that lim. o F.(z) = F(z). Thus N = 0 and
Y =Yy+ / Zsd M,
0

(note that we get at the same time that Z = lim._,o Z¢ in H?). So the representation
holds true without orthogonal part.

Step 2: Now we consider a Borelian function F'. Let F™(z) := max(—n, min(F(z),n))
for every integer n > 1. Then the sequence (|F™ — F|), is decreasing. Since every

11



function F™ is bounded, the result of Step 1 implies that each square integrable mar-
tingale Y := IE[F"(Mr)|F] can be represented as Y™ = Y§* + [ ZI'qidM, with Z"
in #2. Using once again Burkholder-Davis-Gundy and Doob inequalities applied to
the martingale Y™ — Y, we get that

E [[N]7] < o B[|(F" - F)(Mr)|]

and lim,, o, IE[|F" — F(M7)[?] = 0 by monotone convergence Theorem which con-
cludes the proof. O

Remark 3.4. We have assumed that M is a square-integrable martingale. Obviously,
the results of this section hold true if one considers only a local martingale. Then all
the proofs are unchanged up to a localization argument and naturally, the process Z

obtained in the decomposition only belongs to Hi. .

4 Existence of solutions of quadratic growth BS-
DEs under general filtration

We have proved that every random variable of the form F(Mr) where F' is a Borelian
map and M a continuous Markov processes can be represented (up to a constant) as a
stochastic integral of a predictable process against M, and we refer to such a property
as a weak martingale representation property for M. The usual martingale repre-
sentation property is the basic ingredients to solve Backward Stochastic Differential
Equations which can be viewed as a non-linear version of martingale representation.
We will prove in Section 5 that the representation (without orthogonal component)
we have obtained in the previous section can be extended to solving BSDEs driven
by a continuous martingale without an orthogonal part in the continuous Markovian
realm. But before that we need to fill some gap about the existence of BSDEs (with
quadratic growth) driven by a continuous martingale with respect to a general filtra-
tion, that is a filtration which allows for discontinuous martingales. This program is
realized in this Section.

More precisely, in this section, we will prove existence of a solution for quadratic
growth BSDEs driven by a continuous martingale M with respect to a general filtra-
tion (F¢)icpo,r), and M is not assumed (in this Section only) to be a Markov process
anymore. We just assume that M is a d-dimensional martingale with respect to a
right-continuous complete filtration (F).c0,77. We use the notations and assumptions
of Section 2 (once again except the Markovian one). Note that the first results about
existence and uniqueness of solutions for quadratic growth BSDEs with respect to
a continuous martingale are given by Morlais in [13], and rely on the fact that the
filtration is continuous, whereas the Lipschitz case has been treated by El Karoui and
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Huang in [9]. We will prove existence of a triple (Y, Z, N) in 8% x H? x O? solution
to:

T T T
Vi=(— / £(s.Ye, Z,)dC, — / Z.dM, — / AN, tel.T]. (41)
t t t

Here ( is an Fp-measurable bounded random variable and f satisfies a quadratic
growth condition of the form |f(z,y,2)| < ¢(ly| + 2|2[*). Note that the terminal
condition ¢ and the driver f are the data of the equation. The important feature
here is that a priori the martingale N is only cadlag and not continuous. In [13],
the proof of existence of a solution relies on the assumption that N is continuous
since the filtration is. The key argument consists in showing that if (4.1) admits a
solution, then the process Y is bounded. This is proved in [13, Lemma 3.1 (i)] (see
also [3, Theorem 2] when M is a Brownian motion), by showing that a well-chosen
process depending on Y is a submartingale whose terminal value depends only on
¢ and on some constants related to the growth condition of the driver f, which al-
lows one to conclude that Y is bounded (we refer to [13, Lemma 3.1 (i)] for more
details). However, the computations (which involve Itd’s-Tanaka’s formula) leading
to this submartingale break if the orthogonal component is not continuous any more,
since in that case, extra terms introduced by the use of [to’s-Tanaka’s formula make
the analysis intractable. One possible way to avoid this technicality is to assume that
the driver f does not depend on Y (see e.g. [14, Lemma 3 (i)]). Once the boundedness
of Y is established one can combine a so-called Cole-Hopf transform with a mono-
tone approximation procedure to deduce the existence of a solution. Very recently,
Barrieu and El Karoui [2] have described a new method for providing solutions to
quadratic growth BSDEs under continuous filtration, by simultaneously approximat-
ing the driver by a sequence of Lipschitz growth ones, and by controlling the norm of
Y uniformly. They then conclude using a pretty general monotone stability argument
for so-called ”quadratic semimartingales”. The existence result for qgBSDESs is then
in their paper a by-product of this monotone stability property for quadratic semi-
martingales.

We will follow the main stream of the proof of [2] concerning the uniform control
of the norm of the Y process and the monotone approximation, and replace the sta-
bility argument by a result on compactness for general semimartingales due to Barlow
and Protter in [1], and refine the estimates used in [13]. Note that in a sense, the
compactness result established by Barrieu and El Karoui can be viewed as a deeper
analysis of the result of Barlow and Protter in the continuous filtration framework.

The main result of this section is the theorem below.

Theorem 4.1. Let f: [0,T] x R x RY — R be a continuous function in (y,z) such
that the following growth condition is satisfied:

£ty 2 e Uyl + 21eP, V(s,,2) € [0,7] x R x B,
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with b a positive constant and, 1 = ()i @ non-negative predictable process
bounded by a positive constant a. Let ( an Fp-measurable bounded random wvari-
able. Then there exists a triple of processes (Y, Z, N) € 8 x H? x O? solution to the
BSDE:

T T T
A / F(5, Yo Zog?)dC — / Z.4M, — / N, te0.T].
t t t

In addition Y is bounded by a positive constant which only depends on a, b and ||(|| -
Finally, the process fo ZsdMg+ N is a BMO martingale.

Proof. The proof is done in several steps.
Step 1: Let p > 1 be an integer and set

R Y2 Y 9 R Rd
Qp<37yaz> = 5‘2 |1|z|§p+(7p‘z| —527 )1\z\>p+b|y|+nsa (S7y7z) € [O7T] X X :

Since ¢, is uniformly Lipschitz in (y, z), there exists (see [9, Theorem 6.1]) a (unique)
triple (UP, VP, WP) € §% x H? x O? solution to

T
¢+ [ alsn v - / VrdM, - / awr, e o,1)
t t
The objective of Step 1 is to prove that:

(1) Utp e essusp ]EQV |:Cef ftT ﬁrdcr _ LT e fts 6rdcrnsts _ %fot e~ fts ﬁrdCerqsy:dCs
B€[7b7b}7 ‘I/|Sp
with % =& ( fo fyydeS), and [, v two predictable continuous processes.

|

(ii) The sequence (U?), is increasing.

(iii) There exists a constant ¢ > 0 which only depends on «a (i.e. the bound on 7), b,
on ||¢]|« such that |[UP| < ¢, P —a.s., ¥p > 1. In particular ¢ is independent of

p.

The claim (i) is shown using duality arguments. Indeed, we have:

qp(S,y,Z) = Sup {ZB7V(87y72)}7 V(S,y,Z) € [O,T] X R X Rd
B€[7b7b}7 ‘I/|Sp

with lg,(s,y,2) = =By + 72qsV; — FvsqsVi + ns. For processes 3, as above, let
(YBv ZBv NBV) € 8% x H? x O? be the solution to the Lipschitz BSDE:

T T T
Y=+ / L5, Y, 207 q;)dC, — / Z3"dM; — / dND", e [0,T].
t t t
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Using comparison Theorem (Lemma 6.1) and [10, Proposition 3.2] (which clearly can
be reproduced in the general continuous martingale BSDE setting) it holds that:

UP = essusp Y/ (4.2)
ﬁe[_bvb}v \77|§P

An application of integration by parts formula allows us to write for every processes
ﬁ € [_ba b]7 |V| §p7

T
Ytﬁ’” _ Yﬁ’ye_ ftT BrdCr / o I Brdcr(%ysqsy: — ns)dCS
t

T T
- / e I BriCr 7B (AN, — ~qF quvdCL) — / e PG AN
t ~ NV -~ t

=:dMY

Since v is bounded, the process L” := & (fy fo ydes) is a true martingale and we can
define the probability measure Q" as: dc% := L¥ under which M" and N?¥ are true
martingales. Hence we get:

T t
Y =g {ce—ff prdCr _ / e I PO dC, — % / e i By, qurdC E]
t 0

which together with (4.2) lead to

T t
Utp = essusp EQ» |:<€ ftT BrdCyr / e~ I ﬁrdcrnsdcs . 1 / o I 5rdCrysqSV:dCs
Bel-bb, v|<p ' 2 Jo

7.

Concerning (iii), note that for every processes § and v as above, it holds P-a.s. that

T t
C@i ftT ArdCr _ / e I BrdCr,nsts - 1 / e Ji BrdCr VSQSV: dC
f 2 Jo ——

>0

T
< ge_ftTBTdCT _/ e_ftsmdcrnsdcs < eb(HCHoo + a)

t

where we have used the fact that ¢ is a positive semidefinite matrix and that |C| < %
This ends the proof of (iii). It remains to prove (ii) which is a direct consequence of
comparison Theorem (Lemma 6.1) and of the fact that by construction, |g,| < |gy+1
for every p > 1.

Step 2: Let f: Qx [0,7] x R x R — R be a continuous function in (y, z) such that
there exists p > 1 satisfying:

—ap(5,42) < J(69,2) S Uyl + 2P+, H(s9,2) € DT RXRE - (43)
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where 7 is a predictable process bounded by a positive constant a. Let n > |max(b, p)|.
We set:

Fuls,y,2) = mE{f (s, u,w) + nly — ul + nlz —wl}, (s,y,2) € [0,T] x B x R,

Let (Y™, Z™ N™) € 8 x H? x O? be the solution to the Lipschitz BSDE

T
=C+/ fn(s,Ys",Z?q;*)dCs—/ Z2dM, — /dN" e [0,7).
t t

Then,

(iv) The sequence (Y™), is increasing and |Y"| < |U"| < ¢, P — a.s., where ¢ > 0
is the same constant given in (iii) of Step 1 (so it is independent of n), and
(U™, V"™ W™) denotes the solution to the BSDE with terminal condition ¢ and
driver ¢, studied in the previous Step.

(v) There exists a triple of processes (Y7, 27, N?) € 8% x H? x O? solution to the
BSDE:

T
—c+ [ st zzgac, - [ zan, - / W te T
¢ t

and \Yp | <¢& P —a.s. where ¢ > 0 is a positive constant so in particular it is
independent of p. In addition,

T T .
sup [E [/ | ZPq*|?dC, +/ d[N?], |.7:] ¢
T<T T e

with ¢ another positive constant which also does not depend on p, and the
supremum runs over all F-stopping time smaller than 7. In other words,
Jo ZPdM, + NP is a BMO-martingale.

Since n > p, it holds that | f,,| < max(gp, ¢,) = ¢,. In addition by definition, f,, < f,41.
Hence, comparison theorem in conjuction with the fact that |f,(s, vy, 2)| < gu(s,v,2)
and (iii) of Step 1, imply that (Y™), is increasing and |Y"| < |U"| < ¢, P—a.s.. Now
we turn out to the proof of claim (v). We have seen that the sequence (Y") is increasing
and bounded by a universal constant ¢ > 0. Hence the process yr = lim,, o Y™
is well defined and belongs to S§? since it is bounded. In addition, by construction
limy, o0 ||[Y™ —Y?|| s> = 0. By definition, Y can be decomposed as Y = Y4 P" 4 A"
with P" := [[ Zl'dM,+ N} and A" := || fu(s, Y], Z1'q})dC,. In order to prove the
claim we will control each of these components and then use a compacity argument
obtained by Barlow and Protter in [1]. We start with the martingale part. We recall
that ¢ > 0 is a constant independent on n such that |[Y"| < ¢ P —a.s. for every n > 1.
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Define ¢(x) := W and ) (z) := 1(z + ). For the estimate on the continuous
part of P", we can adapt the argument of [13, Lemma 3.1 (ii)], and then we will
complete the argument to get the estimate for its jump part. Let 7 be a stopping

time less or equal than T'. Let (7%)r>1 be a localizing sequence for the a prior: only
local martingale [ ¢/(Y,_)Z'dM, + [, ' (Yo—)dN?. Let k > 1. Itd’s formula yields

1 Tk _ 1 Tk
+5[nwnm@QWQ+§1 AN,
— YR + / (Y (s, Y 200 )dC, — / (V) ZrdM, — / (YR )ANT
= ) W) - DY) = P (YV)AY

T<s<TE

where (N™)¢ denotes the continuous martingale part of N”. Now we compute the
jump part of the formula above to get that is is non-negative. Indeed, denoting for
simplicity Y :=Y" + ¢, we get

> = (V) = (Y)AYT

T<s<TL
Y- N - eth_
_ Z [ — 1 — A Y] = Z O(yAY)
T<s<Tg v 0<s<T

with ®(z) := e — 1 — 2z which is non negative for every real number x. Hence coming
back to the computations above we get that

3 | iz g [y,

< DY) / Y fuls, Y, Z061)dC, — / G (Y ZrdM, — / & (Y )dN™.
Now remark that ¢'(z) > 0 for x > 0, which implies in conjunction with the growth

condition on f, (i.e. |fu(t,y,2)| < bly| + Z|2|?) and with the fact that Y™ + ¢ > 0,
that

1 " l/ n n\c

§T¢< ")z |dc+/wy>[<N>]

< (Y7 b|Y"\+—\Z” 12 4 ny)dC, — /1/1 ) ZrdM, — /1/1 _)dN™.
Hence

s [ imararon oo, [T oo,
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< DY) + / (ol (Y)Y + 1)dCs / g ZrdM, - / (V)N

In addition, by definition of ¢, we have that ¢ —y1 = 1, hence the previous inequality
reads as

1 T 1 T T n\c
5 | tzakac,+ 5 [ iroaey,

<o)+ [Cwremtengac.— [T aamzzam - [y,

Now taking conditional expectation with respect to . in the previous expression,
using the fact that Y™ is bounded by ¢ and noting that ¢” > 0, we finally get a
constant ¢; > 0 depending only on the data of the equation and independent on n

such that IE [f:’“ |Znq:|?dC,

FT} < ¢;. Taking the limit in the previous expression

‘7‘—7} < ¢

and using monotone convergence Theorem we get that [E [ fTT | Z1qt |2dCy

and hence

T
esssUPo<, <7 I [/ |23 q5|?dCs fT] <. (4.4)

T

To complete our estimate for the term P" we now need an estimate on the quadratic
variation of the orthogonal martingale N™. This can be done as follows. Applying
It6’s formula to [Y"|? we get that

T T
YR 4 / dIN"), + / Zng:Pdc,

T T T
PPz [ Vi YR Ziedc, -2 [ vrzia, <2 [ vrane
which leads to

5 [ / "N, ]—“T] |

Using once again the growth condition on the driver f,, and the fact that Y is bounded
by ¢ > 0 (which does not depend on n) we get that

E [/T d[N"], FT] <c (1 + IE [/T |Z0q 2dC, J-“TD

T
essSUP <, <7 IE {/ d[N"]s

T
FJ < EB[Y7[|F] +2E U Y (s, Y, Z4q5)dCy

which leads to

f’r:| SCQ
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by (4.4), where ¢y > 0 is a constant which only depends on a, b, v and ||{||. Hence,
we have proved that

T T T
esssuponglE[ / d[P", ] :esssupongTlE[ / lg.Z7[2dC, + / dIN"),

T:| S C3,

c3 1= ¢1+co, so each P" is a BMO martingale whose BMO norm is uniformly bounded
with respect to n (indeed note that AP™ = AN™ = AY™ and Y is bounded by ¢ > 0,
hence |[AN™| < 2¢). Now as a particular case of the previous result (taking 7 = 0),
using Burkholder-Davis-Gundy’s inequality we have that:

E [ sup |P/|*| < cE[[P"]7] <&

te[0,7)

where ¢3 > 0 does not depend on n. We now turn to a uniform control (with respect
to n) of the the finite variation part A™. Indeed, using the growth condition on f,
and (4.4), we have that

’ g
| <E| [ o+ Jizzp + nac)
0

T
c (1 +1E {/ |Z§q;‘|2dC’5}) <c
0

Hence we have proved that there exists a constant ¢ > 0 independent on n such that

43 - E |

/ Fuls, Y, ZMYdC,

E[sup,co 7 | 5| + [Ar|] < ¢ for every n. In addition since V7 £ tim, Y™, by [1,
Theorem 1], there exist a martingale P and a finite variation process A such that
lim,, oo E[[P" — P]lT/Q] = 0, lim, oo E[sup;cpo 7y [A7 — At = 0 and Y? = P+ A. Since
the driver f is assumed to be continuous we get that, there exists a process ZP in H!
and a martingale N? with ]E[[N]I/Q] < 00 such that

T
=C+/ f(s,ii”,Zf)dCs—/ Z0dM, — /de € (0,7,
t t

In addition, DA/A” | < ¢ by construction. By reproducing the computations of this step
with (YP?, ZP, NP) and using the fact that Y? is bounded we get that

T T
sz B| [ 1226 4C+ [ a7 < e
where c3 is the very same constant obtained above which means that fo ZfdMS + NP

is a BMO martingale (since the jumps of N?” are bounded by 2¢) and also that
(ZP,N?) € H? x O?. This is in fact a reformulation of the well-known link in the
Brownian setting between a bounded terminal condition and the BMO property for
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the martingale part of the solution to a BSDE.

Step 3: Let f:[0,7T] x R x RY — R be a continuous function in (y, z) such that the
following growth condition is satisfied:

1
[F(ty,2) < olyl+ Slal® + 00, V(s,y,2) €0, T) x R x R

Then there exists a triple of processes (Y, Z, N) € 8% x H? x O? solution to the BSDE:

T T T
Y, = §+/ f(s,Ys, Zsq)dCs — / Zsd M, —/ dNg, t€0,T].
t t t

In addition, there exists a constant ¢, > 0 which only depends on ||(]|, b, and 7 such
that |Y| < ¢4, P — a.s., and the process [, Z,dM, + N is a BMO martingale.

To prove this claim we use the usual decomposition f = f* — f~ for f. Now let
f7P(s,y,2) == inf, ,{f(s,y,2 )+p|y — u| + p|z — w|}. The function f~P satisfies
condition (4.3) and we denote by (Yp Z?, N*) one solution to the BSDE with termi-
nal condition ¢ and driver f* — f~" obtained in Step 2. By comparison Theorem,
the sequence (Yp)p is decreasing. In addition we have proved that each process Y is
bounded by a universal constant ¢ > 0 which does not depend on p. As a consequence
we can define Y := lim,_, Y? and the convergence also holds in S?. Using again
point (v) of Step 2, there exists a constant ¢ > 0 independent on p such that:

T T
esssupg<, ¢ I [ / |28 q:|PdC, + / d[N],

FT} < ¢
which in conjuction with Burkholder-Davis-Gundy inequality implies that

t
E [ sup / ZPdM, + NP

t€[0,T]

where c is a constant independent on p. Finally, we have that

T
]E{ ]Sc(lJrIE{/ |Z§q;|2dcs])§c
0

where ¢ is a again a constant independent on p which comes from the previous esti-
mates. Hence using [1, Theorem 1], there exists a process Z in H! and a martingale

N orthogonal to M with IE[[N]UZ] < oo such that

’(s, Y7, Z0q3)dC,

T T T
Y, = C+/ f(s,Ys, Zsq2)dCy — / ZydM, — / dNg, te€0,T].
t t t

Once again since Y is bounded, we can reproduce the computations of Step 2 to
prove that (Z, N) belongs to H? x O? and even to prove that fo ZdMg+ N is a BMO
martingale. O

20



Remark 4.2. Here we did not address the question of uniqueness of solutions to keep
the length of this paper within limits but we believe that under standard additional
assumptions of the type [18, Assumption (H2), p. 128] on the driver, the uniqueness
could be obtained. This point is left for future research.

5 Solving Markovian quadratic BSDEs without or-
thogonal component

We now are in position to extend the weak martingale representation property ob-
tained in Section 3 to solving qgBSDEs driven by a d-dimensional strong Markov
process M which is also a martingale under a strong Markov filtration (Ficjo7) (in
the sense of [4, (3.4)]) as described in Section 2. On the filtered probability space
(2, F, (Fi)ieo,r, P), we now consider in addition to the square integrable continu-
ous martingale M, a stochastic process X>*™ := (X)) defined as the unique
strong solution of the following n-dimensional stochastic differential equation

X =t [l X MM [ b X MEC, s € (1T, ¢ € [0.7)
t t

(5.1)
where o : [0, T] x R" xR — R™4 p: [0, T] x R" x R? — R are deterministic functions
of class C%1([0,T] x (R™ x R?)) with locally Lipschitz partial derivatives in z and m
uniformly in time, and such that there exists a positive constant k satisfying

|o(t, 21,m1) — 0 (8, 22, m2)| + [b(E, 21, m1) — b(t, w2, m>)]

< k(‘.ﬁlfl — l’2| + |m1 — mg\), V(t, I1,$2,m17m2> € [O,T] X (Rd)z X (Rn)2,

where we use the notation | - | for both the Euclidian norm on R" and on R?. Let
us finally introduce the object of interest of this section that is the following BSDE
coupled with the forward process X“®™ as

T T
Y*st,m,m :F(X;lm’m7 M%m) o / Zﬁ,m,mer _'_/ f(r, Xﬁ,m,m’ M;ﬁ,m’ Y'Tt,:z:,m7 Zﬁ,m,m)dcr

T
_/ ANb&™, (5.2)

where F : R* x R — R is a bounded deterministic function and the generator
F:[0,T] x R* x R x R x R? — R is assumed to be B([0,T]) ® B(R™ x R? x R x R%)-
measurable (B(E) denoting the Borel o-filed on an Euclidian space E), so that
f(r,x,m,y, z) is deterministic for non-random (r, x,m, y, z) in [0, T]x R" x RY x R x R<,
In the main result of this section, we will make use of the assumptions below. For
convenience, we set: © := R? x R” x R x R?,
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(QG): The driver f:[0,7] x © — R is continuous in (y, z) and there exist a nonneg-
ative predictable process 1 = (1;)icpo,r) bounded by a positive constant a, as well as
positive constants b and v > 0 such that

|f(t,z,m,y, 2)| < n(1+bly|) + %|z\2, V(z,m,y,2) € O, P®dC; — a.e..
In addition, for every 5 > 1, fOT |f(£,0,0,0,0)|dC; belongs to L?(dP).

(D1): The functions F : R*" xR? — R, 9,F : R* xR? — R™ and 9,,F : R" x R? — R4
are globally Lipschitz.

(D2): The driver f : [0,7] x © is differentiable in (z,m,y, z), there exist a posi-
tive constant r such that dPP ® dC; — a.e. it holds:

0. f(t,x,myy, 2)| <r(l+|z]), V(r,m,y,z) €O, a€{xr,m,y,z}, and
|8af(t7x17m17y17 zl) - aaf<t7 Lo, M2, Yo, 22)|
< (@bl + [21] + [22]) (|21 — @2 + [my —ma| + |y1 — y2| + |21 — 22|), a € {z,m,y},

for every (x;, m;, v, 2;) € ©, i = 1,2. Finally 0, f is Lipschitz in (z,m, y, z) uniformly
in time.

We have shown in Theorem 4.1 that under assumption (QG), there exists a triple
(ytem zbtwm Nbomyin §2 x H? x O? solution to the BSDE (5.2).

5.1 Markov property of the solution

We start with an important fact about Markov processes which can be found in [4,
Theorem (8.11)] or in [16, V. Theorem 35].

Proposition 5.1. The process (XL, MEY™)serm is a strong Markov process for the
filtration (Ft)te[o,T]- If in addition M is assumed to have independent increments then
the stochastic process (XL"™) e is a strong Markov process.

We now want to prove that the Markov property of the pair (X" ME™) cp
transfers to the solution of (5.2). The idea is usually to follow the proof of existence of
a solution and to show on the way that the solution process is given as a deterministic
function of (¢, X, M). For the Lipschitz case, we can reproduce in our context the proof
of [5, Theorem 3.2] without any changes since we use arguments which are valid for
general martingales provided the process C'is continuous. However, in the quadratic
case the proof of the Markovian feature of the solution given in [5, Theorem 3.4] was
following the proof of existence given in [13]. However, with a possible discontinuous
orthogonal component, this proof cannot be reproduced and we had to produce a new
one. For that reason we will also have to give a new counterpart of [5, Theorem 3.4]
in our setting. We first state the result in the Lipschitz case.
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Proposition 5.2. Let f : [0,T] x © — R such that there exists a constant K > 0
such that

|f(t,a:1,m1,y1,z1) - f(t,x,mg,y2,22)|
< K(‘yl - yz‘ + ‘21 — 2’2|)7 v<t7 in,mi,yz‘,zi) € [OvT] x0,i=1,2

and IE [fOT |£(¢,0,0,0, O)|2dC't] < oo. Let (Yt@m zbwtm NLT™) be the unique solution
in 8% x H? x O? of the BSDE

T T
}/;t’x’m = F<X%m7ma M;“’m)_'_/ f(n Xﬁ,m,m’ lef,m7 Yj,x’mu Z?m’mq:)dcs_/ dNi7m7m7 s € [t7 T]

Then, there exist two deterministic functions u,v : [0,T] x R* x R* = R, B([0,T]) ®
B.(R™ x R?)-measurable such that (Y5*™ Z6&m) satisfy:

Y;t,a:,m _ U(S,Xz’x’m, Mst,m)’ Z;f,x,m — ’U(S, X;f,x,m’ M;t,m)’ S &€ [t, T]

where B.(R™ x R?) is the o-field on R™ x RY generated by the functions
T
(r,m) =+ E l / o(s, X5m, ME™)dC,
0

with ¢ : Q x [0,T] x R* x RY — R a continuous bounded function.

Proof. The proof follows the line of the one of [5, Proposition 3.2]. Note that in [5]
the filtration was assumed to be continuous. However, for the particular result [5,
Proposition 3.2] this assumption is not needed. Only the fact that N is a martingale
is important. So we can reproduce every argument of the proof without any modifi-
cation. In order to keep the length of this paper within limits, we leave this point to
the reader. O

Now we deal with the quadratic case and give a counterpart to [5, Theorem 3.4].

Theorem 5.3. Assume that the driver [ satisfies (QG). Let (Y™, Zb®m Ntem)
be a solution in 8* x H? x O? to the BSDE (5.2) with driver f. Then there exists a
deterministic function u : [0,T] x R" x R? — R, B([0,T]) @ B.(R" x R%)-measurable
such that

YEOm = (s, XEPm ME™Y, s € [t T).

Proof. Since the construction of the solution to the BSDE (5.2) differs from the one
used in [5] we produce here another proof which is in fact slightly simpler. We follow

the steps and we use exactly the same notations of the proof of the existence result:
Theorem 4.1. We first assume that the driver f satisfies (4.3) like in Step 2 of the

23



proof of Theorem 4.1. To be more precise we know have that f in Step 2 has a
Markovian structure that is:

(5,9, 2)(w) = f(s, X" (w), M{™ (), y, 2)

with the growth condition (4.3) for some p > 1. Now the solution YPLE™ £ this
BSDE with this driver f is given as: YP6%™ = lim,,_,o, Y™™ where Y™™ denotes
the solution to the BSDE with terminal condition F(X:™", My™) and driver f,:
the inf convolution of f with the function (u,w) — n|u| + n|w|. By construction

fn is a Lipschitz function thus from Proposition 5.2, there exists a maps u", v"
[0,T] x R" x RY — R, B([0,T]) ® B.(R" x R?)-measurable such that

Yn,t,a:,m — un("Xt,x,m’ Mt,m)’ Zn,t,x,m — ,Un("Xt,x,m’ Mt,m)’ ]P) —a.s..
In particular it holds that u”(¢, z,m) = Y;""**™. Letting

uP(t,z,m) := limsupu" (¢, z,m), v*(t,z, m) := limsupv"(t, x, m)
n—oo n—o0

we obtain that u?, v? are B([0,T]) ® B.(R™ x R?)-measurable and
Yp,t,x,m _ up(_’Xt,J:,m’ Mt,m)’ Zp,t,a:,m _ ,Up(_’Xt,J:,m’ Mt,m)’ P—a.s.

(the convergence of (v™), to vP follows from the fact that Z? is the limit in H?
of the (Z"),). We know relax the assumption on f made before and we just as-
sume that (s,x,m,y, z) — f(s,z,m,y, z) satisfies (QG). Then once again as in Step
3 of the proof of Theorem 4.1, the solution process Y can be approximated by a
sequence of processes ypitam has above (i.e. Y5™™ = lim, . Y””m P — a.s.,

and ZH"™ = lim, o, Zptem ip H?). From what we have proved before, there exist
B([0,T]) ® B.(R" x R%)-measurable maps u?,v” such that in particular YPH#m —
uP (-, Xbem Mbmy and Zebem = gp(. Xbem Aftm) - Hence if we define u(t, z,m) =
limsup,, ., u?(t,x,m) and v(t, z,m) := limsup,_, ., v7(t, x,m) we get u, v are B([0, T])®

B.(R" x RY) and Y = u(t, Xt®™ Mb™), Z = v(t, X2®™ M) hold true. O

5.2 Regularity property of the solution

With more assumptions on F' and f we can even give regularity properties on the
function wu.

Proposition 5.4. Assume that the assumptions (QG), (D1)-(D2) are in force. Then
the function u given in Theorem 5.3 satisfies:

(i) The map (x,m) — u(t,z,m) is of class CO1([0,T] x (R™ x R?)) for allt € [0, T].

(ii) There exists two constants ¢; and (o depending only on ||F||s and on the con-
stants a,b in Assumption (QG) such that ; < u(t,z,m) < (o, V(t,z,m) €
[0, 7] x R* x R
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Proof. From the Markovian representation of Y4%™ we have that u(t, z,m) = ;"""
Hence part (ii) follows from the fact that the solution process Y™ of (5.2) is bounded
by Theorem 4.1. We now focus on part (i) of the theorem and more precisely on the
continuity in (¢, x, m) of the map u. Let (t1, 21, my), (t2, 29, ms) in [0, T] x R" x R? with
t; < ty. For simplicity, we use the following notations: (X', M*) := (X'to®imi ftim:)
(P, 20, Ny o= (Ytorome | Zhomomi Ntswoms) G =12 §X = X'— X2 §M = M' — M?,
0Y :=Y' ~Y? §Z:= 7' — 72, 6N := N' — N? and ¢ := F(XL ML) — F(X2, M2).
Let s € [t;,T]. We have

T T T
53/3 = C - / 5Zrer _'_/ g(T, 5}/“ 5ZTQ:)dCT‘ - / d<5Nr>7 (53)
with ¢(r,0Y,,02,q}) :== 6 Z,q; AZ + 6Y, AY + dMFAM + X AX and

1
47 = [ Vg XML 224 (2~ 2o
0

1
A= / Vol (r, X, My Y72 +a(YE =Y, Zqg7)do
0

1
Ayzzi/ Vo f(r, X1, M2 + a(M2 — MY), Y2, Z2q")da
0
1

T r ry Ly

AY ;:/ Vo f(r, X2+ a(X2 - X1, M2, Y2, Z2¢")da.
0

In addition, since f satisfies (QG) and (D1)-(D2), the condition (AP) (defined in
Section 6) is true for g and so the apriori estimates of Proposition 6.2 can be applied.
More precisely, we obtain for any p > 1

lu(ty, £1,m1) — u(ty, 29, mso)|?P

=E[Y, - Y]

< (E[Y; - Yo" + E[|Y; - Y2[7])

1/q
<c|E[Y, -Y "]+ E

T 2pq
¢ + ( / |oMF AM 4 (5X;‘Af<|dCr) (5.4)

to

where ¢ > 1 comes from the a priori estimates of Proposition 6.2. Lebesgue’s dom-
inated convergence theorem leads to limyg, ¢, 4 <, E[|Y,} — Y1 [?#] = E[|A, Y!*] =
E[|Ay, N1|?’] = 0 since N'! is a martingale (so its jumps does not occur at predictable
times). In a similar way we have that 0.X satisfies an SDE on [ty, T] with initial value

x1 —x2+ X, — X} and thus classical a priori estimates for SDEs (see e.g. [16, Lemma
V.1]) lead to (for any k& > 1)

E[ sup ([6X[* +[0M[*)] < c(lz1—as*+ma—ma* + B[ X;, = X;, P+ B[ My, — My, [*])".
s€[t2,T)

(5.5)
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Coming back to (5.4) and starting with the integral term we get:

T 2pq
E [( / |OMFAM + 6XFAX |dCr)

to

r T T Pq
<¢E ( [ o1+ oxciyac, [ \qu;f\?da«) }
L to to

[ T 2pq 1/2 T 2pq
<cE (/ (|5M:\ + \5X:|)2d0r) ] E [(/ \qu:\QdCr)
to

t2
where we have used the fact that |V, f(s,z,m,y, 2)+ V. f(s,z,m,y, z)| < c(1+]|z|) by

assumption (D2), and two times Cauchy-Schwarz inequality. Since M := [ Z2dM, is

a BMO martingale it belongs to H* for every real number k > 1 (i.e., E[[A;[]gﬂ]l/’“),
11/2

2pq
hence the term IE {( ftf | qu;f|2d0r) < 00. As a consequence, the previous

1/2

computations together with the estimates (5.5) yield

T 2pq
([ dsarz1+ ioxziac, ]
to

< c(jor — wof* + [ma — mol* + B[XG, — X 7] + B[ M,, — M, [*])*".

1/2

T 2pq
E [(/ |6M*AM + 5X;‘A§|d0r) <cE

t2

Lebesgue dominated convergence Theorem and the continuity of X! and M imply
that

lim E

(t1,21,m1)—>(t2,x2,m2)t1 <t

T 2pq
( / MEAM 4 5X;‘A§|d0r> o,
to

Now it remains to deal with the term IE[|¢|?*?] in (5.4). To this end, we apply the
Lipschitz assumption on F' to get

E(|¢]*] < cB[| X7 — X7[* + [ Mg — Mz "]
and we conclude with (5.5). Putting together these results we have proved that:

li t —ult P =,
(tl,xl,ml)ﬁ(ltrgr,lmg,mg)tl<t2 |U( 1,21, ml) U( 2, L2, m2)|

Obviously the case t; > t5 can be treated similarly.
We have proved that the function u is continuous. In addition we know that Y% =

w(t, XH5m M5™) hence Y is continuous. As a consequence the orthogonal component
N is also continuous. So our situation now perfectly matches the setting of [5], we can
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directly apply their result to get that for every ¢ € [0, T}, the map (z, m) — wu(t,z,m)
is continuously differentiable (we refer to [5, Propositions 4.5 and 4.7]). Note that
incidently some typos can be found in the proof of [5, Proposition 4.7] where a bound
on quantities of the form IE[sup,c(, (| X2+ — X[rzmz[2k | Mo — Mfizme [28)]
are given only in terms of the difference between m; — ms whereas they should be
given as in (5.5). Anyway this quantity tends to zero as (t1, z1,m1) goes to (t2, o, m2)
which is enough for our purpose. Note also that as in [5, Proposition 4.5] we can prove
that (9,Y5*™ 9,Z%™ 9,N""™) satisfies a BSDE. O

5.3 Representation without orthogonal component

We can now state and prove the main result of this section.

Theorem 5.5. Assume that f satisfies the assumptions (QG) and (D2). Let F' be
bounded Borelian map. Then N%*™ in (5.2) is equal to zero and equation (5.2) be-
comes

T T
viem < pocem) = [zt + [ g zisngac,
Proof. We proceed again by approximation. For every ¢ in (0, 1) we define F. := Fx®,
where ®. is defined by (3.7). Hence, F. satisfies assumption (D1) (we refer to the proof
of Lemma 3.3 where we have proved that for every bounded function F', the associated
F. functions are Lipschitz with Lipschitz derivative). Now we set (Y, Z¢ N¢) the
solution of the BSDE (5.2) where F' is replaced by F., meaning:

T T T
YE = Fe(XE5™ ME™) + / F(s, Xbom Mb™ YE 726%)dC, — / ZdM, — / dNE.
t t t

By Theorem 5.3 and Proposition 5.4, there exists a deterministic function w, : 0,7 x
R" x R? — R in C%1([0, T] x (R™ x R%)) such that Y = u.(-, X, M). Hence by Lemma
3.2, N° = 0. Let 6Y := Yo Ve §7 .= Zbmm — 78 (% = F(XE™™ My™) —
Fe(Xp5™ M2™) we have that (0Y, 67, N»™) is solution to

T T T
oY, =(° +/ g(r,0Y,,02,q;, N, )dC, — / 0Z.dM, — / dNW2™ s e [t T
s t t

with g(r,8Y,,07Z,q}) := 6Z,.q; AZ + AY 0Y, and AY| AZ defined in a similar way than
in the proof of Proposition 5.4. By (D2), the generator g satisfies (AP) of Section 6
and so a priori estimates of Proposition 6.2 allows us to write for every p > 1

E [sup SV,

s€t,T)

T p :
o W 02,4, 'zd@) } + I [[NtrmE] < e[|

where ¢ > 1 is given by Proposition 6.2. Since F' is bounded, F* is also bounded
and Lebesgue dominated convergence Theorem leads to lim. o IE[|¢¢|?*?] = 0. Hence
Nt=m = (), O
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Remark 5.6. We restrict our result to the case where the function F' in terminal con-
dition is bounded because existence results for quadratic growth BSDEs are essentially
valid under this hypothesis. To be more precise it is still possible to prove existence of
solutions of BSDEs whose terminal condition admits finite exponential moments and
we refer to [3]. However, this result has been proved in the Brownian framework and
differentiability results have not been given up to our knowledge. Finally, if the driver
[ is uniformly Lipschitz in (y, z) then Theorem 5.5 is valid for any Borelian map F
such that F(X5™™, ME™) is square integrable (the proof is similar to the Step 2 of the
proof of Theorem 3.1).

Remark 5.7. Note that such an exact representation allows for numerical schemes
for the solution of qgBSDFEs driven by a general continuous Markov process. Indeed,
usual such schemes are attainable only in a Markovian framework and it would be
very difficult to simulate an orthogonal component whose structure is completely un-
known. Our result then opens the way to the study of schemes for qgBSDFEs driven by
continuous Markov processes other than the standard Brownian motion.

Remark 5.8. Another application of Theorem 5.5 is that we can obtain so-called
representation formulas for the solutions of BSDEs (5.2) with its application to cross-
hedging in Finance without the assumption called (MRP) in [5] which was crucial in

[5]-

6 Appendix: a priori estimates and comparison
theorem

We collect in this Appendix first a comparison theorem for Lipschitz growth BSDESs
and a priori estimates. Here the main point is that the stochastic process M is a
continuous d-dimensional martingale with respect to a right-continuous complete fil-
tration (Ft)te[O,T}- Since the later is not assumed to be continuous, the orthogonal
component /N solution to the BSDE as above is just a square integrable cadlag mar-
tingale. In this Appendix, M is not assumed to be a Markov process. We start with
a comparison theorem for the Lipschitz case whose proof basically follows the usual
setting (see e.g. [10, Theorem 2.2] or [12, Chapter 1 Theorem 6.1]). We nevertheless
give a proof for making the paper self-contained.

Lemma 6.1. Let (1, (o in L2(Fr), fi, fo: [0, 7] x @ x R x R — real two functions
and Ky, Ky > 0 two positive constants satisfying

\filt,y, 2) — filt,y, )| < Ki, Yy, z272)€0,T] xR x (R)?.i=1,2.
Let (Y',Z', N") € §2 x H? x O? be the solution to the BSDE:

T
Yt’:§,~+/ fi(s,lfsi,qu:)dCs—/ ZidM, — / dN', te€0, 7], i=1,2.
t t

28



If G > G, P—as. and fi(t,Y? Ziq;) > fo(t,Y7 Ziq;), dP @ dC; — a.s., then
Y'>VY? dP®dC, — a.s..

Proof. Let 6Y = Y! - Y? 67 = Z' — 72 6N := N' — N% 6¢ := ¢! — (* and
5f = fl('7Y27 22q*) - fQ('7Y27 ZQq*) We set:

Js = {f LoV Z2D) Y2220 i Gy, £ 0,
=

Ys
0, otherwise, and

|Zsqz]?

fl(37Y517Zslq;)7fl(svysl7Q§qz)5Z lf 5Z * |2 O
Hs _ Sy ‘ Sq‘s‘ 7£ )
0, otherwise.

The triple (6Y,0Z,dN) is solution to the following linear BSDE
T T T
0Y; = 4¢ +/ (Js0Ys +0Zsq;(Hsqy)" + 0 f5)dCs —/ 0Zsd M —/ oNs, t€10,7].
t t t
This expression rewrites as

T T T
5Y; = 5¢ + / (JOY, + 6£,)dC, — / 52, (dM, — ¢, H.dC,) — / 5N,, te0,T)
t t ~ ~- ~ t

=:dMH

Letting L7 := &( [, H,dM,). Since |Hq| is bounded, L is a true martingale, so are
M and N under Q with ¢ := L. Let I'(t) := elo 7:1Cs  Using integration by
parts formula and taking conditional expectation with respect to QQ in the expression
above yield T'(t)0Y; = E© [FT5YT + ftT 0 fdC, ]:t] , Vt € [0,T] which concludes
the proof.

We turn out to apriori estimates for stochastic Lipschitz BSDEs of the form (4.1)
where the driver f satisfies the assumption below:

(AP): There exist a R™“valued predictable process K and a constant a € (0, 1) such
that K - M is a BMO martingale satisfying dPP ® dC-a.e.

(1= v2) (f (5,91, 2) — [ (5,42, 2)) < |as K1 [y — yol 2 V(i 2) € RXRY, i = 1,2,
and |f(s,y,21) — f(s,y, 20)| < |gsKZ||z1 — 20/, V(y, z) ER X RY, i =1,2.

Proposition 6.2. Let (Y, Z, N) be a solution to (4.1) with driver satisfying condition
(AP) and ¢ is a bounded random variable (so here N is a priori only cadlag). We

assume that for every 5 > 1 we have fOT 1f(5,0,0)|dCs € LP(P). Let p > 1, then there
exist constants q € (1,00), ¢ > 0 depending only on T, p and on the BMO-norm of

K - M such that
T p
LR K/ \qu:|2dCs> } + R[N
0
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1
q

<cE [\CIQ’” + (/0 \f(870,0)|d03)

Proof. Here we sketch the main steps of the proof which basically follows the same
lines that the proof of [5, Lemma A.1] and we will only indicate the main changes in
the proof. We proceed in several steps.

In a first step we exploit properties of BMO-martingales. Let

f(&Ys,quz)—f(S,Ostq:) lf Y O
b { LY, £0,

Y

0, otherwise, and

H, =

$,0,Z5q*)—f(5,0,0 . X
i |(IZZ);\2f( )237 if ‘qSZs |2 # 07
0, otherwise.

Then BSDE (4.1) has the form

T T T
Y, = (= / ZodM o+ / (LY, + (@ H) (@ Z2) + £(5,0,0)) dC;s— / dN,, te[0,1).
t t t

Due to (AP) we have |¢H*| < |¢K*| and it follows that H - M is a BMO(PP) martingale.
Furthermore we know from [11, Theorem 3.1] that there exists a ¢ > 1 such that
the reverse Holder inequality holds, i.e. there exists a constant ¢ > 0 such that
EH-M);'E [E(H : M)%LE] < ¢. By [11, Theorem 2.3] the measure Q defined
by dQ = E(H - M)rdP is a probability measure. Girsanov’s theorem implies that
A= [, ZdM, — [ (q:H?)(qsZ%)*dCs + N is a local Q-martingale. Note that the
difference with the same expression in proof of [5, Lemma A.1] is that N is in the
definition of A but not in the definition of Q. To be more precise, Q takes into account
the quadratic growth of the driver which is only in Z so there is no need to introduce
N in the measure changes. However, due to the presence of N now in the equation,
we need to introduce N inside the quantity A. As in the initial proof, there exists
an increasing sequence of stopping times (7"),en converging to 7" such that A, is a
Q-martingale for any n € N. Letting e; = exp(2 fot lgs KX|>*dC5), t € [0, T, with Ito’s
formula applied to e;Y;? we have

d<€t|m‘2) = Q‘QtK:‘Qaet}/det -+ 2€tm,dn —+ €t|th£k|2dCt -+ etd[Nc]t -+ €td[N]t
= 26t|Y2|2(|th:|2a — Jt)dct + 26th—dAt — 2€tY;ff(t, O, O)dCt + et|th:|2dCt + etd[N]t,

since C' is a continuous process. With the inequality J; < |¢,K;|**, t € [0, T], which
follows from assumption (AP) we know for ¢t € [0, 7"

n n n

e V3|2 §67n|YTn|2—/ QeSYSdASJr/ ZeSYSf(s,O,O)dCS—/ es|qSZ;|2dCs—/ esd[Ns.
t t t t
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Note that e, > 1 for all ¢ € [0, 7] and hence

n n n

et\Y}\Q—i-/ |qSZ;\2dCS+/ d[N]s §€Tn|YTn|2—/ QesstAs—l—/ 2e,Y5f(s,0,0)dCs.
t t t t

In a second step we provide an estimate for Y. We take the conditional expectation
under the new measure Q in the previous inequality. As in the proof of [5, Lemma
A.1], we have that the process e belongs to SP(P) for all p > 1, ;Y2 er|(|* and
fOT 2e:|Y;]|f(t,0,0)|dC; are in LP(Q) for all p > 1. In the same way we get the

integrability of fOTn 2e,|Ys|dAs. Hence,

T
e Y2 < EQ {emYTi +/ 265|Y5||f(s,0,0)|d05|.73} ., t< T,
0

Now we let n tend to infinity

T
eV < EY [6T|C|2 +/ 268|Y9||f(8,0,0)|d08|ft:| ,
0

where we may apply the dominated convergence theorem. The Young inequality with
a constant ¢; > 0 gives

1 T
Y72 <E? |er|¢]P + — sup IYtl2+cle%(/ If(s,O,O)IdCs)Qlft]
i C1 te[0,1) 0

1
<EY|— sup |Y;5|2 +e§@T|}}
_C1 te[0,T]

9

where we set O7 = \C|2+201(f0T |£(s,0,0)|dC;)? and we take into account that ey /e; <
er for all s,t € [0,T] and ey < e%. Let p > 1, then we have
p

1
sup |Y}|2p < sup EQ | — sup |Y}|2+e%p@T|}"t
te[0,T] te[0,T] C1 tefo,1)

We apply Doob’s inequality to obtain

£ | sy i

te[0,7)

)

and choosing ¢; such that ¢/¢ < 1 we have IE© [supieqo 7 Ve ] < cEQ [efeh]. 1
Step 3 we give an estimate on Z and N under the measure Q. For p > 1 we deduce
from the computations above that

(/ . |qsz:\2dc;)p av . d[N]s)p
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C1 tel0,1]

< cEY sup Y% + ePeb | |

€[0,T]

< cIEY ( [— sup |Y}|2+6T@T|}"T
1
X




n

T p T p
c<|eTn§/fn|P+/ e.YadA, +</ 2es|y;||f(s,o,0)|dcs) )
0 0

Since the right hand side is exactly the same than in the proof of [5, Lemma A.1] we
get following the same lines that

2 [( [ wzpac) « () ) | <ewe [\dm + ([ 1r.00c) ] i

(6.1)

where 7, k > 1 are exponent coming from Holder inequalities. We utilize the Holder
inequality with rk to the estimate obtained for the process Y in Step 2 and hence
have

2prk ﬁ
< ¢EQ [‘C|2prk + </T |f(5,0,0)‘d05) ] . (6.2)
0

In step 4 we ﬁnally want to take the expectation under the measure P. Let us define
M, = fo Hgd[M, M|, and note that since H - M is a BMO(PP) martingale the

process H M and hence —H - M are BMO(Q) martingales (see [11, Theorem 3.3]).
Furthermore by [11, Theorem 3.1] there exist a w, w’ > 1 such that E(H-M)r € LY (P)
and E(—H-M)p € LY (Q). As E(H-M)™' = E(—H-M) we have dP = £(—H-M)dQ.
Now using the Hélder inequality with the conjugate exponent v of w (and v" of w’)
and estimate (6.2) we deduce

E® [sup Y[

t€[0,T]

E | sup |YVi[*?| = E®|E(=H - M)y sup [V,
t€[0,7) i t€[0,T)
<EC |E(—H - MDY | B2 | sup [y
L te[0,7)

1
rk

T 2pv'rk
<c|me [\dzpv’rk 4 ( / \f(s,o,o>|dc;) ]
0

. T 2pvv’rk
<cE[E(H M)"|*E [|C|2pw/rk + </ |f(8,0,0)|d05) ]
0

1
rkvo’

Setting ¢ = vv'rk and treating estimate (6.1) similarly gives the desired result. Re-
mark that since N does not appear in the definition of the measure Q, Step 4 of this
proof is exactly the same than the the same step in the proof of [5, Lemma A.1]. O
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