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A STABILITY APPROACH FOR SOLVING MULTIDIMENSIONAL
QUADRATIC BSDES

March 9, 2018

Jonathan Harter,' Adrien Richou®

Abstract

We establish an existence and uniqueness result for a class of multidimensional quadratic backward
stochastic differential equations (BSDE). This class is characterized by constraints on some uniform a priori
estimate on solutions of a sequence of approximated BSDEs. We also present effective examples of appli-
cations. Our approach relies on the strategy developed by Briand and Elie in [Stochastic Process. Appl. 123
2921-2939] concerning scalar quadratic BSDEs.

1 INTRODUCTION

Backward Stochastic Differential Equations Backward stochastic differential equations (BSDEs) have
been first introduced in a linear version by Bismut [Bis73], but since the early nineties and the seminal work of
Pardoux and Peng [PP90], there has been an increasing interest for these equations due to their wide range of
applications in stochastic control, in finance or in the theory of partial differential equations. Let us recall that,
solving a BSDE consists in finding an adapted pair of processes (Y,Z), where Y is a R?-valued continuous
process and Z is a R¥*_valued progressively measurable process, satisfying the equation

T T
Y,:§+/ f(s,YS,ZS)ds—/ Z,dW,, 0<t<T, as. (1.1)
t t

where W is a k-dimensional Brownian motion with filtration (%, ),cg+, & is a %#r-measurable random variable
called the terminal condition, and f is a (possibly random) function called the generator. Since the seminal
paper of Pardoux and Peng [PP90] that gives an existence and uniqueness result for BSDEs with a Lipschitz
generator, a huge amount of paper deal with extensions and applications. In particular, the class of BSDEs
with generators of quadratic growth with respect to the variable z, has received a lot of attention in recent
years. Concerning the scalar case,i.e. d = 1, existence and uniqueness of solutions for quadratic BSDEs has
been first proved by Kobylanski in [Kob0OO]. Since then, many authors have worked on this question and the
theory is now well understood: we refer to [Kob00, Tev08, BE13] when the terminal condition is bounded and
to [BHO6, BEK13, DHR11] for the unbounded case. We refer also to [GY 14] for a study of BMO properties
of Z.

In this paper we will focus on existence and uniqueness results for quadratic BSDESs in the multidimensional
setting, i.e. d > 1. Let us remark that, in addition to its intrinsic mathematical interest, this question is im-
portant due to many applications of such equations. We can mention for example following applications:
nonzero-sum risk-sensitive stochastic differential games in [EKHO03, HT16], financial market equilibrium
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problems for several interacting agents in [ET15, FDR11, Frel4, BLDR15], financial price-impact models in
[KP16b, KP16a], principal agent contracting problems with competitive interacting agents in [EP16], stochas-
tic equilibria problems in incomplete financial markets [KXZ15, XZ16] or existence of martingales on curved
spaces with a prescribed terminal condition [Dar95].

Let us note that moving from the scalar framework to the multidimensional one is quite challenging since
tools usually used when d = 1, like monotone convergence or Girsanov transform, can no longer be used when
d > 1. Moreover, Frei and dos Reis provide in [FDR11] an example of multidimensional quadratic BSDE with
a bounded terminal condition and a very simple generator such that there is no solution to the equation. This
informative counterexample show that it is hopeless to try to obtain a direct generalization of the Kobylanski
existence and uniqueness theorem in the multidimensional framework or a direct extension of the Pardoux
and Peng existence and uniqueness theorem for locally-Lipschitz generators. Nevertheless, we can find in the
literature several papers that deal with special cases of multidimensional quadratic BSDEs and we give now a
really brief summary of them.

First of all, a quite general result was obtain by Tevzadze in [Tev08], when the bounded terminal condition
is small enough, by using a fixed-point argument and the theory of BMO martingales. Some generalizations
with somewhat more general terminal conditions are considered in [Fre14, KP16a]. In [CN15], Cheridito and
Nam treat some quadratic BSDEs with very specific generators. Before these papers, Darling was already able
to construct a martingale on a manifold with a prescribed terminal condition by solving a multidimensional
quadratic BSDE (see [Dar95]). Its proof relies on a stability result obtained by coupling arguments. Recently,
the so-called quadratic diagonal case has been considered by Hu and Tang in [HT16]. To be more precise, they
assume that the nth line of the generator has only a quadratic growth with respect to the nth line of Z. This type
of assumption allows authors to use Girsanov transforms in their a priori estimates calculations. Some little bit
more general assumptions are treated by Jamneshan, Kupper and Luo in [JKL14] (see also [LT15]). Finally,
in the very recent paper [XZ16], Xing and Zitkovi¢ obtained a general result in a Markovian setting with
weak regularity assumptions on the generator and the terminal condition. Instead of assuming some specific
hypotheses on the generator, they suppose the existence of a so called Liapounov function which allows to
obtain a uniform a priori estimate on some sequence (Y",Z") of approximations of (¥,Z). Their approach
relies on analytic methods. We refer to this paper for references on analytic and PDE methods for solving
systems of quadratic semilinear parabolic PDEs.

Our approach Our approach for solving multidimensional quadratic BSDEs relies on the theory of BMO
martingales and stability results as in [BE13]. To get more into the details about our strategy, let us recall the
sketch of the proof used by Briand and Elie in [BE13]. The generator f is assumed to be locally Lipschitz and,
to simplify, we assume that it depends only on z. First of all, they consider the following approximated BSDE

T T
th:ng/ f(pM(Zéw))ds—/ ZMaw,, 0<1<T, as.
t t

where p™ is a projection on the centered Euclidean ball of radius M. Then existence and uniqueness of
(Y M zM ) is obvious since this new BSDE has a Lipschitz generator. Now, if we assume that & is Malliavin
differentiable with a bounded Malliavin derivative, they show that Z¥ is bounded uniformly with respect to
M. Thus, (Y™,7ZM) = (v, Z) for M large enough. Importantly, the uniform bound on Z is obtained thanks to

a uniform (with respect to M) a priori estimate on the BMO norm of the martingale / . Zi” dW;. Subsequently,
0

they extend their existence and uniqueness result for a general bounded terminal condition: & is approximated
by a sequence (§"),en of bounded terminal conditions with bounded Malliavin derivatives and they consider
(Y",Z") the solution of the following BSDE

T T
Yr”:§”+/ f(Zs")ds—/ Zdws, 0<r<T, a.s.
t t

By using a stability result for quadratic BSDEs, they show that (Y",Z") is a Cauchy sequence that converges
to the solution of the initial BSDE (1.1). Once again, the stability result used by Briand and Elie relies on a

uniform (with respect to n) a priori estimate on the BMO norm of the martingale / ‘ Z"dW;.

0
The aim of this paper is to adapt this approach in our multidimensional setting. In the first approximation
step, we are able to show that Z” is bounded uniformly with respect to M if we have a small enough uniform

(with respect to M) a priori estimate on the BMO norm of the martingale / ‘ Z?” dW;. But, contrarily to the
0

scalar case, it is not possible to show that we have an a priori estimate on the BMO norm of the martingale



/ Zé” dW; under general quadratic assumptions on the generator (let us recall the counterexample provides
0

by Frei and dos Reis in [FDR11]). So, this a priori estimate on the BMO norm of the martingale / .Zﬁw dW;
Jo

becomes in our paper an a priori assumption and this assumption has to be verified on a case-by-case basis
according to the BSDE structure. In the second approximation step, we are facing the same issue: we are able
to show the existence and uniqueness of a solution to (1.1) by using a stability result if we have a small enough

uniform (with respect to n) a priori estimate on the BMO norm of the martingale / Z!dWs, and this a priori
0

estimate becomes, once again, an assumption that has to be verified on a case-by-.case basis according to the
BSDE structure. Let us emphasize that the estimate on the boundedness of Z¥ and the stability result used in
the second step come from an adaptation of results obtained by Delbaen and Tang in [DTO8]. The fact that
our results are true only when we have a small enough uniform estimate on the BMO norm of the martingale

/ ZM AWy or / Z;dW; is the main limitation of our results. Nevertheless, we emphasize that this limitation
0 0

is related to a crucial open question that could be independently investigated. To be precise, we would like
to know if the classical reverse Holder inequality for exponential of BMO martingales (see Theorem 3.1 in
[Kaz94]) stays true in a multidimensional setting, i.e. when we have a matrix valued BMO martingale. For
further details we refer the reader to Remark 3.2.

To show the interest of these theoretical results, we have to find now some frameworks for which we are able

to obtain estimates on the BMO norm of martingales / ' Zf.” dW; and / . Z!dW;. This is the purpose of Section
0 0

5 where results of [Tev08, Dar95, HT16] are revisited. Let us note that one interest of our strategy comes
from the fact that we obtain these estimates by very simple calculations that allow to easily get new results:
for example, we are able to extend the result of Tevzadze when the generator satisfies a kind of monotone
assumption with respect to y (see subsection 2.2.2). Moreover, we can remark that obtaining such estimates is
strongly related to finding a so-called Liapounov function in [XZ16]. Result on the boundedness of Z is also
interesting in itself since it allows to consider the initial quadratic BSDE (1.1) as a simple Lipschitz one which
gives access to numerous results on Lipschitz BSDEs: numerical approximation schemes, differentiability,
stability, and so on.

Structure of the paper In the remaining of the introduction, we introduce notations, the framework and
general assumptions. We have collected in Section 2 all our main results in order to improve the readability of
the paper. Section 3 contains some general results about SDEs and linear BSDEs adapted from [DTOS8]. Sec-
tion 4 is devoted to the proof of stability properties, existence and uniqueness theorems for multidimensional
quadratic BSDEs. Finally, proofs of the applications of previous theoretical results are given in Section 5.

§ 1.1. Notations

o Let T > 0. We consider (Q,.7, (%)te[o,T]vP> a complete probability space where (% );c[,r] is a Brownian
filtration satisfying the usual conditions. In particular every cadlag process has a continuous version. Every
Brownian motion will be considered relatively to this filtered probability space. A k-dimensional Brownian
motion W = (Wi) I<i<k is a process with values in RF and with independent Brownian components. Almost
every process will be defined on a finite horizon [0, T], either we will precise it explicitly. The stochastic
integral of an adapted process H will be denoted by H x W, and the Euclidean quadratic variation by (.,.).
The Dolean-Dade exponential of a continuous real local martingale M is denoted by

&(M) 1= exp <M é(M,M>) .

o Linear notions — On each R?, the scalar product will be simply denoted by a dot, including the canonical
scalar product on .# (R):

For A € .#;(R), AP) will be the column p € {1,....k} of A, and A" the line I € {1,....d}. If B¢
k
LR RY), we write for i € {1,...,k}, B“") € Z(R? RY) the linear map such that Bx = ZB(:’i’:)x(:’i)

i=1

for all x € R”*¥_ If A and B are two processes with values in .7 (R) and R*, the quadratic variation (A, B)



is the R? vector process
d

(£

and we have the integration by part formula d (AB) = dA.B+A.dB+d(A,B). We can also define the
covariation of (A,B) € 4 (R) X M (R) by

(£0em)

=1 ij=1

i=1

¢ Functional spaces — In a general way, Euclidean norms will be denoted by |.| while norms relatively to ®
and 7 will be denoted by ||.|.
For a .% -adapted continuous process Y with values in RYand 1 < p < oo, let us define

1/p
||Y||,W=E<sup w) . and ||¥|y- = esssup sup |Ki.
0<s<T 0<s<T

If Z is a random variable with values in Rd, we define
1
1Z],, = E (217",

A continuous martingale M with values in R is in 7#7(R), or only 2#” when it is not necessary to specify
the state space, if \/(M,M)r € L”. And we define the .7#°” norm by

1
Ml = (100)57) " <

If M is a martingale with values in RY, M is in 27 (R?) if |M| is in s#P(R). A real martingale M =
(My)o<i<r is said to be BMO (bounded in mean oscillation) if there exists a constant C > 0 such that for
every stopping time 0 <t < T

E((Mr —M:)*|7:) < C* as.

The best constant C is called the BMO norm of M, denoted by ||M || gy;0p) or sometimes only ||M||y0- In

particular, the one dimensional local martingale Z+ W' = / . Zs dWSl is BMO if there exists a constant C > 0
0

such that, for all stopping time T with values in [0, 7], we have

T 2
E(/ 1z, ds
T

In the sequel, to simplify notations we will skip the superscript .! on the Brownian motion after a star. For
more details about BMO martingales, we can refer to [Kaz94].

For k > 1, €;°(R¥) is the set of all ¥ functions with values in R defined on R¥, which have bounded
derivatives.

Given by € R? and a sequence (a,,) € (0,1]N, a function g : [0,7] x R? — R? is said to be in %b((?")‘l”c if
there exists a sequence (c,,) of positive constants, such that, for all n € N,

34}) <C?as.

t _ t/ /
sup g (t,x)| + sup Ll ’ax)/z s ’x)‘a <,
(%) €[0, % By (bo) (1X) A K)E0T]xBa(bo) [E =177 + [x — X[

where B,(by) states for the Euclidean ball on RY of center by and radius n. If the last term does not depend
on by, we shall say that g is in € (*)/°_ Finally, for a given o € (0, 1], a function g : [0,7] x R? — R? is
said to be in €% if

t _ t/ /
wp s s

(LA e T)xRE |1 — | 4 [x— x|

Remark — 1.1. We can plainly show that if there exists (o) € (0,1]N such that a bounded solution v is in
gom)loc then v e €%,

o Inequalities — BDG inequalities claim that ||.|| ,,, and ||.|

_pr are equivalent on martingale spaces with two



universal constants denoted C;,,C ». It means that for all continuous local martingales M vanishing at 0,
M|l 0 < Cp[IM|| 500

and
IM|| 5 < Cp [IM]] 0 -

In [MR16], Marinelli and Réckner deal with martingales taking values in a separable Hilbert space. In par-
ticular, the upper constant C’ (Proposition 2.1 and Proposition 3.1) defined below is valid for all dimensions:

<pfl)g (p(p2—1)>2 if p>2,

p 4,1= if p<2,

4 if p=2.

We remark that in the case p = 2, the scalar BDG constant is valid. In the following every BDG inequality
should be understood with this choice of C’. The Doob maximal inequality claims that for every RY-valued
martingale M and p > 1,

P
M|l 5 < o1 M|,

and for p = oo,
M| g < |Mr ]| -

1 1
If p €]1,00[, we will denote by p* the conjugated exponent of p such that — 4 — = 1. Finally, we say that
p P

a process L = (L;)o<r<7 With values in RY satisfies a reverse Holder inequality for some integer 1 < p < oo
if there exists some constant K, such that for every stopping time 0 < T < T a.s,

E(|L7|"|#%) < Kp|L:|” as.

© BMO martingales properties — We recall here several results on BMO martingales that will be useful in the
sequel. The energy inequality (see [Kaz94]) tells us that for every BMO martingale M and every integer

n > 1, we have
E ((M)7) < n!||M ]|z (12)

and a conditional version of this inequality is also true: for all t € [0, T],

E((M)7 — (M))"|F:) < n![|M][530- (1.3)

Consequently the space of BMO martingales is a subset of ﬂ AP, We recall also the so-called Fefferman
p>1
inequality: for X € .7 and Y € BMO,

T
B ([ 1806)1) < XL 17 Ly

This inequality yields the following technical lemma (see [BB88] and [DT08] for more details).

Lemma - 1.1. Let m > 1. We consider X an adapted process and M a local martingale.
(i) If X € " and M € BMO, then X xM € 7™ and

X *xM|| ypm < V2|X

m M| gyo-
(i) If X € A" and M € BMO, then (X,M); € L™ and
1 M) 1 [l n < V2m |1X| o | M || g -

The John-Nirenberg inequality gives a useful estimation on exponential moments of (ZxW)7: if [|Z W || g1 <



<

1, for any stopping time T € [0,T] we have

E(efrr‘zs‘zds y}) <« (1.4)

S 3
1= 1ZxW |50

We have also a result about changes of probability law and equivalence of BMO norms on a BMO ball (see
Lemma A.4 in [HT16] and Theorem 3.6 in [Kaz94]).

Proposition — 1.1. Let B > 0. There are two constants c¢1 > 0 and ¢y > 0 depending only on B, such that
for any BMO martingale M, we havefor any BMO martingale N such that ||N||BM0 <B,
€l ||M||BM0 < M- (M, N>HBMO ) ||M||BM0 (p)» Where dQ = &(N)rdP.

To conclude this paragraph, let us show a technical proposition that will be useful in this paper.

Proposition — 1.2. Let m > 1 and a sequence of BMO-uniformly bounded local martingales (Z" « W), ox-
We denote K = sup || Z" W || gy < o and assume that Z" W converge in ™ to a martingale ZxW. Then
neN

Z*W is BMO too and satisfies the same inequality || Z*W || gy0 < K.

Proof. Let us define by .# the measure d.# = dP ® dx. Firstly we show that convergence in 2#"" implies
the convergence for the measure .. Indeed, if m > 2, the Jensen inequality gives us

T
B( [ 2-2Pas) < 2w - 2o W,
0
and thus we get the convergence in measure, since for all € > 0,
M2 =2 >€) < HZ”*W ZxW|3 < = ||Z”*W—Z*W||_2”m.

Moreover, if m < 2 we also have

T1- m/2 T m/2
///(|Z" Z| >£ (/ |Z" Z| ds) S Tem E (/ |Z?ZY|2ds) .
0

For the both cases, we get convergence in measure. Hence there exists a subsequence (), such that

2> —|Z* M —ae.
k—yo0
The Fatou lemma gives us for all stopping time T € [0, T],
T g 2
/ |Zs|"ds < liminf/ |ZFk|“ds  a.s,
T k—oo Jg
and taking the conditional expectation

T T T
E(/ 2 *%) <E<liminf/ |23k ds %) <liminfE</ |z 2 ds
T koo Jr k—o0 T

Finally Zx W is BMO and ||ZxW || z1,0 < K. O

3%) <K as.

Sliceability — For a process X and a stopping time T we denote by "X the process started at time T, that is
X = KXmax(.1) — X1¥ where X/7 is the process stopped at T. For two stopping times T < G a.s, we denote by

*XJ° the process started at T and stopped at ¢
Txlo = (*x)l°,
Associativity property of the stochastic integral can be rewritten with this notation:

T(H*W)® = Hx"Wl°.



Between T and ©, the started and stopped process is simply a translation of the stopped process: for all u
suchthat T <u <0 as,
Xi% = X, — X,

This process is constant after 6 and vanishes before T. Let us suppose that X is a BMO martingale. We
say that X is e-sliceable if there exists a subsequence of stopping times 0 =Ty < T1 < ... < Ty =T, where
N € N is deterministic, such that

T, ( X)J Tht

<E.
BMO

The set of all e-sliceable processes will be denoted by BM O . Schachermayer proved in [Sch96] that

N BMO, = 7=

e>0

Moreover the BMO norm of a started and stopped stochastic integral process *Z *WI° hasa simple expres-

sion:
e
=esssup sup E(/ |Zs|“ ds 3‘}/),
BMO Ve s v

where Iy 6 = {I/ stopping time 1T <1 <0 a.s}.

Proposition — 1.3.
TZxWlo

A proof of this proposition is given in the appendix part.
o Malliavin calculus — We denote by

P ={f((g1*W)r,....(gu*xW)7): f €6, (R"),g; adapted ,n > 1},

the set of all Wiener functions. For F € &, the Malliavin derivative of F is a progressively measurable
process DF € L*([0,T] x Q,%([0,T]) ® .7 ,dx®dP) defined by

D.F — ia,-f«gl AW (80 WD) (1),

In particular D ((h*W)7) = h for all adapted process 4. We define a kind of Sobolev norm on & with the
following definition

Pl o= [E(1FP) + B (IDFIZ)]
—12

We can show that D is closable, consequently it is possible to extend the definition of D to D2 =
Besides, D' is dense in Lz(Q). For further considerations on Malliavin calculus we can refer to [Nua06].
We finish this paragraph by the following useful result proved in [Nua06] (Proposition 1.2.4).

Proposition —1.4. Ler ¢ : RY — R. We assume that there exists a constant K such that for all x,y € RY,

0(x) —e)[ < K|x—y|.

Let (F',....F9) a vector in D"*(RY) NL™(Q). Then ¢(F) € D'?(R?) and there exists a random vector
(G',...,G%) such that

d
Do(F)=Y GDF', and |G|<K.
i=1

l

§ 1.2. Framework and first assumptions

In this paper we consider the following quadratic BSDE on R%:
T T
Yt:EJ-|-/ f(s,Ys,ZS)ds—/ ZdW,, 0<t<T, a.s. (1.5)
t t

where f is a random function Q x [0, 7] x RY x R¥** — R called the generator of the BSDE such that for all
(,z) € R x R* and 1 € [0,T], (f(1,y, 2))o<i<r 18 progressively measurable, (¥,Z) is a process with values

inRY x R and & € 12 (%,Rd).



Definition — 1.1. A solution of BSDE (1.5) is a process (Y,Z) € .#*(R%) x #*(R?**) satisfying usual inte-
grability conditions and solving initial BSDE:

@) /OT <|f(s,YS,ZS)|2+ |Zx|2) ds <o as.,

T T
(i) Y, =§+/ f(s,YS,ZS)ds—/ ZdW,, 0<t<T, as.
t t

Some locally Lipschitz assumptions on f and integrability assumptions on & and f will be assumed all along
this paper.

2 2
(H) (i) For all (y,y,z,7) € (Rd> X (Rka> , we assume that there exists (K,,Ly,K;,L;) €
(R)* such that P — a.s for all 7 € [0, T]:

lf(t7yﬂz) _f<t,y/,Z)| < (K),+L);‘Z|2>|y—y/|’

|f(t,y,2) = f(t,3,2)] < (K + Le(|2] +|2])) |2 — 2],

T
(i) E <|§ 2 +/ |f(s,0,0)|2ds) < too
0
We denote by B"(Ly,L.) the following quantity depending on L, and L.:

—L.C),++/mLy+ (L.C.,)? i1, £0,
B”(Ly,L.) := V2mLy (1.6)

V=T l
_ if L, =0.
2V2L.C, i

For all m > 1, let us denote by Z3),, the set
Do = {Z, R¥* _valued process /2mLy I1ZI %W (| 2000 + 2V 2LCl 1| Z| x W | gaso0 < 1} ,
which can be rewritten as
o = {Z, Rk _ valued process / NZ|*W || grro < IB%"’(L),,LZ)} ,

where B"(Ly,L;) is defined in (1.6). We also denote by Zsc™ the set of all R¥**-valued processes Z for

which there exists a sequence of stopping times 0 = Tp < 71 < ... < Ty = T such that TizlT ¢ o for all
i€{0,...,N}.

To conclude this introduction, we finally consider an approximation of the BSDE (1.5). To this purpose let
us introduce a localisation of f defined by f™(r,y,z) = f(,y,p™(z)) where p™ : R¥** — R¥ gatisfies the
following properties :

e pM is the identity on Byaxi (0, M),
e p™ is the projection on Brax (0, M + 1) outside Byaxi (0,M +1) ,
o pMisa € function with |Vp™ (z)| < 1 for all z € R¥*¥,

Thus f is a globally Lipschitz function with constants depending on M. Indeed we have for all (t,y,y,2,7) €
2
[0,7] x (RY)? x (Rka) ,

<|f (e @) = £ (65 0™ @) |+ |f (.5 pM () — £ (1,5, pM ()]
< (K)7+Ly|PM(Z)|2> ’y—y” + (Kz +L, (|PM(Z)| + |PM(Z/>|)) ‘Z_Z/’
<(Ky+Ly(M+ 1)) [y =y |+ (K. + 2L (M + 1)) [.— 2|

M (t.y,2) = M.y, 2)|



Then, according to the classical result of Pardoux and Peng in [PP90], there exists a unique solution (Y™, Z") ¢
S2(RY) x A% (RYF) of the localized BSDE

T T
Y,M:§+/ fM(s,YSM,Zf/’)ds—/ ZMaw,, 0<i<T. (1.7)
t

t

2  MAIN RESULTS

We have collect in this section principal results proved in our article. All proofs are postponed to sections 4
and 5. The following subsection gives some existence and uniqueness results while subsection 2.2 is dedicated
to particular frameworks where these existence and uniqueness results apply.

§ 2.1.  Some general existence and uniqueness results

2.1.1 Existence and uniqueness results when the terminal condition and the generator have bounded
Malliavin derivatives

We consider here a particular framework where the terminal condition and the random part of the generator
have bounded Malliavin derivatives. More precisely, let us consider the following assumptions.

(Dxi,b) The Malliavin derivative of & is bounded:

IDE [|.7= = sup [[Dy§ 1= < oo.

0<e<T

(Dfb) (i) Forall (t,y,z) € [0,T] x RY x R¥**, we have
T ,T
f(t.y.2) eD2(RY),  and E( I |Duf<s7y,z>|duds> <o,
0 JO

(if) There exists C > 0 such that for all (u,z,y,z) € [0, T]2 x R? x RY*K,
Duf(r,y.2) <C(1+127) as.

(iii) For all (u,1) € [0, T]z, there exists a random variable C,,(¢) such that for all (y1 .zl y2,Z2) €
(Rd % Rdxk) 2

DSy 2) = Duf 3% )| <Culr) (14124127 ' =32+ (14 [ [+ 12)) [ =2])  as.

By recalling that (Y™, Z) is the unique solution of (1.7), we will also assume that we have an a priori estimate
on |ZM | W uniform in M and small enough. For a given m > 1 we consider the following assumption:

(BMO,m) there exists a constant K < B"(Ly, L) such that
sup H‘ZM|*W||BMO sk
MeR*
Theorem — 2.1 (Existence and uniqueness (1)). Let m > 1. Under the main assumption (H), the BMO a

priori estimate (BMO,m), and the boundedness of the Malliavin derivatives of § and f, (Dxi,b)—(Df,b), the
quadratic BSDE (1.5) has a unique solution (Y,Z) € .#*(R?) x 2%, such that

esssupq,[o,7] 2] < +-ee.

A result similar to Theorem — 2.1 can be obtained when the quadratic growth of z has essentially a diagonal
structure. Thus, we replace assumption (H) by the following one:

(Hdiag)



e There exist fgiag : @ % [0,7] x RY** — R? and g : Q x [0, T] x RY x R¥** — R such that
foralli e {1,...,d} we have

fi(t,y,z) :féiag(taz) Jrgi(ta))az)'

e There exist five nonnegative constants Ly, Ky y, Ly y, Kq 7, La ; such that for all (z,y, v,z,7) €
[0,7] x (R?)? x (R*¥)? and i € {1,...,d}:

e 1:2)~ Ft )] < L (207 | [ia =)

b

|g(t.y,2) —g(t.y.2)| < (Kd,y +Lgy \ZIZ) ly=y],

|g(t.v,2) — 8(t,,7)| < (Kaz+Laz (2| +|2]) |2 — 2]

This kind of framework has been introduced by Hu and Tang in [HT16] (see also [JKL14]). The following
result of existence and uniqueness is specific, and do not follows directly from Theorem — 2.1. Indeed, if an
uniform upper bound is assumed (assumption (i) below), we can use specific tools in the diagonal case to
obtain an upper bound small enough.

Theorem - 2.2 (Existence and uniqueness (1) - Diagonal Case). We assume that (Hdiag), (Dxi,b), (Df,b) hold
true and that there exists a constant B such that

(i) sup H’ZM’*WHBMO <B,
MeRT

< 1, where c| and c; are given by Proposition — 1.1

262\/3 4\/362Ld Bz
e 2 2 2 25d,z

i dL; B~ <1, —+/Lgy+ L

() czdLa, ( 1 = c? d’z> l—c%deJIB%z

with B = 2L,B.

We also assume that & € L™(Q, Fr) and f(.,0,0) € /= (R?). Then, the quadratic BSDE (1.5) has a unique
solution (Y,Z) € .#*(R?) x BMOg such that

esssupq[o,7] 2] < +-oo.

The main difference between assumptions in Theorem 2.1 and Theorem 2.2 comes from the form of constants
used in the bound of the BMO norm. In particular, for any L; > 0, there exists € > 0 such that (ii) in Theorem
2.2 is fulfilled as soon as Ly, < € and L, ; < € while we cannot take L, as large as we want in Theorem 2.1.

2.1.2 Extension to general terminal values and generators

Now we are able to relax assumptions (Dxi,b) and (Df,b) with some density arguments. To do so, we as-
sume that we can write f as a deterministic function f of a progressively measurable continuous process: the
randomness of the generator will be contained into this process.

(H’) (i) There exists a progressively measurable continuous process ¢ € ﬂ P with values
peN*
in RY, @ > 1, and a function f: RY x R? x R“** — R? such that for all (t,y,2) €
[0,7] x RY x R4k
f(t7y7Z) = f(atayaz)'
Besides, we assume that (H) holds true for f.
(ii) There exists D € R* and § € (0, 1] such that for all (y,z) € RY x R (B,B) € (R¥)%:

)
8B, 3,2) —£(B",y.2)| <D (1+1*) [B—B'|°- @1
Forn € L*(Q,.Z7), B €. and M € R, we denote by (Y(M*”’B),ZW’”’B)) the unique solution of the BSDE

T T
M [ (B 2 g [T 2P aw, o< <T, (22)
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where for all (¢,y,z) € [0,T] x R? x R¥** and R? -valued processes o, we have (o, v,z) = fM(t,y,z). Fi-
nally, assumption (BMO,m) will be replaced by the following one.

(BMO2,m) We assume that & € L>" (Q,.%7) and that there exists a constant K < B"(Ly,L;) such that

sup sup H’Z(M*n’ﬁ)‘*WH <K

+ BMO
MeRT |n HLZm* (Q,%r) < H& ”L2m* (@Q,7r)

”B”Lz(QX[O)T])gHa‘HLZ(QX[O’T])
Theorem - 2.3 (Existence and uniqueness (2)). Let m > 1. Under the main assumption (H’) and the BMO
estimation (BMO2,m), the quadratic BSDE (1.5) has a unique solution in.#*™ (RY) x (™ (R>*)n 250 ).
Remark — 2.1.

e Let us emphasize that the uniqueness result in Theorem 2.3 lies in a different space than the space used
in Theorem 2.1.

e It is also possible to extend the result of Theorem — 2.2 (diagonal case) to more general terminal condi-
tions and generators. Nevertheless, the result obtained would be less general than Theorem — 2.3. See
Remark — 4.8 for more details.

§ 2.2.  Applications to multidimensional quadratic BSDEs with special structures

In this subsection we give some explicit frameworks where assumptions (BMO,m) and (BMO2,m) or assump-
tions (i) and (ii) of Theorem — 2.2 are fulfilled. The aim is to show that numerous results on multidimensional
quadratic BSDEs already proved in the literature can be obtained with similar assumptions by our approach.
We want to underline the simplicity of this approach since we just have to obtain some a priori estimates on the
BMO norm of |Z| xW by using classical tools as explained in section 5. Moreover, it is quite easy to construct
some « new » frameworks where (BMO,m) and (BMO2,m) or assumptions (i) and (ii) of Theorem — 2.2 are
also fulfilled.

2.2.1 An existence and uniqueness result for BSDEs with a small terminal condition

In [Tev08], Tevzadze obtains a result of existence and uniqueness for multidimensional quadratic BSDEs when
the terminal condition is small enough by using a contraction argument in . x BMO. We are able to deal
with this kind of assumption with our approach. We consider the following hypothesis.

(HQ) (i) There exists y € R* such that for all (,y,z) € [0,7] x R? x R**, we have |f(r,y,2)| <
vl
(i) 3277 [|E 17~ < 1.

Proposition — 2.1. Let m > 1. Under (H’)—(HQ), and the following condition on y:

1 1/2
—(1=4/1-32y2 2w> <B"(L,,L,),
75 (1-vi-rie (L1

the BSDE (1.5) has a unique solution in ™ (R?) x (™ (RV*)N 2,0 If in addition (Dxi,b) and (Df,b)
hold true, there exists an unique solution (Y,Z) € .7*(R%) x 29, such that

esssuPq,[o,7] 2] < +-oo.

2.2.2 An existence and uniqueness result for BSDEs with a monotone generator

In this part we investigate the case where we have for f a kind of monotonicity assumption with respect to y.

(HMon) (i) There exists i > 0 and o,y > 0 such that for all (s,y,z) € [0,7] x RY x R

y-f(s,3,2) <aly|—plyl*+yyl |z,

o
(i) 32y*A% < 1, where A = max (&, Il E)'

11



Proposition — 2.2. Let m > 1. Under (H’)—(HMon) and the following estimate on y:

1 1/2
_ _ 242 m
NG (1 V1-3272A ) <B"(Ly,L,),

the quadratic BSDE (1.5) has a solution in "™ (R?) x (™ (RY*)n 20%,,). If in addition (Dxi,b) and
(Df,b) hold true, there exists a unique solution (Y,Z) € .7 (RY) x 2%, such that

esssuPg . [o,7] [Z] < +eo.

2.2.3 An existence and uniqueness result for diagonal quadratic BSDEs

Now we consider the diagonal framework introduced in section 2.1.1. We assume that the generator satisfies
(Hdiag), i.e. the generator f can be written as f(¢,y,z) = faiag(t,2) + &(#,¥,2) Where fgiag has a diagonal
structure with respect to z.

Proposition — 2.3. We assume that
(i) (Hdiag), (Dxi,b) and (Df,b) hold true,
(ii) there exist nonnegative constants Gq and G such that, for all (t,y,z) € [0,T] x R? x Rk, we have
| faiag (1,2)| < Galz*, |8t %,2)| <GP, 2.3)
(iif) .
5t ol
Gy

N

< 1, where c| and c; are

2 2 -1
. 2 -1 2 2C2 d 4\/6_1C2Ld’z(4GdG)
iv) c5dLg,(4G,G)™ " < 1, —+/Lay+ L
(i) c3dLa,(4GaG) <c1 T ‘“) 1 —c3dLyy(4G,G) ™!
given by Proposition — 1.1 with B = 2L4(4G,G)~'/%.

Then, the quadratic BSDE (1.5) has a unique solution (Y,Z) € .= (R?) x BMO G, G)y-1/> such that

esssuPq,[o,7] 2] < +-oo.

Remark — 2.2. The growing assumption (2.3) is only one example of hypothesis that can be tackled by our
approach. It is also possible to obtain the same kind of result by replacing (2.3) by one of the following
assumption:

e We assume that for all (¢,y,z) € [0,T] x R? x R¥*¥,

l8(t,3.2)] S C(1+]y]) +e 2
and T, € are supposed to be small enough. This framework is studied in [HT16, JKL.14].

e We assume that for all (¢,y,z) € [0,T] x R? x R¥*¥,

8(t,y,2)| < C(1+y)).

This situation is already studied in [HT16].

2.2.4 Existence and uniqueness of martingales in manifolds with prescribed terminal condition

The problem of finding martingales on a manifold with prescribed terminal value has generated a huge amount
of literature. On the one hand with geometrical methods, Kendall in [Ken90] treats the case where the terminal
value lies in a geodesic ball and is expressed as a functional of the Brownian motion. Kendall gives also a
characterisation of the uniqueness in terms of existence of a convex separative function, i.e. a convex function
on the product space which vanishes exactly on the diagonal. Besides, in [Ken92], Kendall proved that the
property every couple of points are connected by a unique geodesic is not sufficient to ensure existence of a
separative convex function, which was conjectured by Emery. An approach by barycenters, of the martingale

12



notion on a manifold, is used by Picard in [Pic94] for Brownian filtrations. Arnaudon in [Arn97] solved the
problem in a complex analytic manifold having a convex geometry property for continuous filtrations: the main
idea is to consider a differentiable family of martingales. For all these results, a convex geometry property is
assumed. The first approach using the tool of BSDEs is proposed by Darling in [Dar95].

Let us now define more precisely the problem. A so-called linear connection structure is required to define
martingales on a manifold .# in a intrinsic way. A contrario, for semimartingales, a differential structure is
enough. The definition of a martingale can be rewritten with a system of coupled BSDEs having a quadratic
growth, so we begin to recall it. We can refer to [Eme89] for more details about stochastic calculus on
manifolds.

Let us consider (., V) a differential manifold equipped with a linear connection V. This is equivalent to give
ourselves a Hessian notion or a covariant derivative. We say that a continuous process X is a semimartingale
on M if forall F € ‘52(/// ), F oX is a real semimartingale. Consistence of the definition is simply due to the
It6 formula. We say that a continuous process Y is a (local) V-martingale if for all F € %2(/// ),

1 t
()5 /0 VdF(dY,dY),

is a real local martingale on [0,7]. Again it is not very hard to see with the Itd formula that this definition is
equivalent to the Euclidean one in the flat case. Let us remember that / VdF(dY,dY); is a notation for the
0

quadratic variation of Y with respect to the (0,2)-tensor field VdF. This notion is defined by considering a
proper embedding (x;); << into R? such that every bilinear form b can be written as b = b;; dx’ @ dx/ (implicit
summation). On the other hand it can be proved that the quantity

/O.b(dY,dY)s - /0 bij (V) (YY)

does not depend on (x')1<;<s and so the quantity / VdF (dY,dY ), is intrinsic. It is well-known that for all
0
me M,
(VAF);; (m) = DyjF (m) =T}, (m)DyF (m),

where l"fj(m) denotes a V-Christoffel symbol at the point m. The coefficients are symmetric with respect to
i, j. Hence martingale property in the domain of a local chart is equivalent to the existence of a process Z such
that (Y, Z) solves the following BSDE

T T
N=t+ [ feoxz)ds- [ Zaw, 0<i<T,
t t

1 i (i
with f : [0,T] x R? x R¥** — RY defined by f(s,y,z) = 3 (Ff?j(y)z(”‘).z(f")) Lcied It is an easy consequence

of the representation theorem for Brownian martingales and the definition applied to F = x. We consider in
addition the following assumption

(HGam) there exists two constants L, and L, such that for all i, j,k € {1,...,d}

Ff'{j ) — Ff'{j (y’)

<2Ly ’y -

FZ()’)‘ <2L..

)

For example (HGam) is in force if the domain of the chart is a compact set. It is also true if we choose an
exponential chart. Without loss of generality we can suppose that .# has a global system of coordinates: all
the Christoffel symbols will be computed in this system.

2
Under (HGam), assumption (H) is in force: for all (y,Y',z,7’) € (RY)? x (Rka) ,

|f(t,3,2) = £, 2)| <Lyl [y =],

and with the symmetric property of the Christoffel symbols, we have

1 N . . 1 . . . A
ft.3,2)=ft,3.2) === Y I (y) (209 200 — ()0 (2Y0)) = = Y I3 (y) (25 — () (209 + ()0 )
»,Z »,Z 2;/ /y(z z z z ) 2,'2,,' Jy(z z )(z +(z )
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which implies that
|f(t7yvz) _f(tvyazl)’ <Lz (|Z‘ + |Z/D |Z_Z/‘ .

To obtain some important a priori estimate for the BMO norm of Zx W, Darling introduce in [Dar95] a convex
geometry assumption.

Definition — 2.1. We say that a function F € €*(.#,R) (seen as a function on R?) is doubly convex on a set
GcRYifforallye Gandz e RY,

min {Hess F(y)(z,2), VdF (y)(z,2)} > 0,
and, for ot > 0, F is o-strictly doubly convex on G if forall y € G and z € R?,
min {Hess F (y)(z,2), VAF (v)(z,2)} > &[]

This property means that F is convex with respect to the flat connection, and, with respect to the connection
V.

Theorem — 2.4. Let m > 1 and assume that:

-1
(i) there exists a function F% € €*(.# ,R), such that G = (ch) (] = o0,0]) is compact and & € G,

(ii) F is doubly convex on ., and there exists o > 0 and m > 1 such that F% is o.-strictly doubly convex

on G and satisfies
1/2
o
<( sup {ch(x)—ch(y)}> < \/;XBm(L)’vLZ)v

x,y)€G?
(iii) (HGam) holds true.
Then there exists a unique V-martingale Y in .7~ (RY) with terminal value & such that \/| (YY) |xW € 2310,
Moreover, if (Dxi,b) holds true we have

esssupgjo7] | (¥, ¥) | < +oo.

Remark —2.3. By using the same approach, it should be possible to extend the previous result to V-Christoffel
symbols that depend on time or even that are progressively measurable random processes.

2.2.5 The Markovian setting

The aim of this subsection is to refine some results of Xing and Zitkovi¢ obtained in [XZ16]: in this paper,
authors establish existence and uniqueness results for a general class of Markovian multidimensional quadratic
BSDEs. Let us start by introducing the Markovian framework. For all ¢ € [0,T] and x € R¥ we denote X'~ a
diffusion process satisfying the following SDE

{dex =b(s,X;")dt +0 (s, X;)dW;, s € [1,T], 24)

X =x, sel0,1].
In all this part, we assume following assumptions that ensure, in particular, that for all (z,x) € [0, T] x R, there
exists a unique strong solution of (2.4).

(HX) e The drift vector b : [0,T] x R* — R¥ is measurable and uniformly bounded,
e The dispersion matrix 6 : [0,7] x R¥ — R¥*¥ is symmetric, measurable and there exists

1
a constant A > 0 such that Alul* > |0 (t,x)ul* > N |uf* for all (#,x) € [0,T] x RF and

ue Rk,
e b and ¢ are Lipschitz functions with respect to x.

The aim of this subsection is to study the following Markovian BSDE
T ! ! T
V=g 0+ [ Xz ds - [ Zraw, e<u<T, 2.5)
u u
for which we assume following assumptions:
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(HMark) e (s,,2) € [0,7] x RY x R¥** —; £(s5, X!, y, 7) satisfies (H),
e There exists D € RT and % € (0, 1] such that for all (x,x') € (R¥)?,

G (x)| <D, |9(x)-9(X)| <D|x—x"K.

Asin [XZl6] we say that a pair (v,w) of functions is a continuous Markovian solution of (2.5) if
e v:[0,7] x R* = R is a continuous function and w : [0, 7] x R¥ — R?** is a measurable function,
o forall (z,x) € [0,T] x RX, (Y'*,Z!%) := (v(.,X"*),w(.,X"*)) is a solution of (2.5).

Two Markovian solutions, (v,w) and (v, w'), are considered equal if v(z,x) =V/'(¢,x) for all (¢,x) € [0,T] x R¥
and w = w' a.s. with respect to the Lebesgue measure on [0, 7] x R,

Some existence and uniqueness results about continuous Markovian solutions of (2.5) are obtained in [XZ16]
by assuming the existence of a so-called Lyapunov function. We recall here the definition of these functions
given in [XZ16].

Definition — 2.2 (Lyapunov function associated to g). Letg: [0,7] x R x R x R 5 R? a Borel function.
A nonnegative function F € €(R?,R) is said to be a Lyapunov function associated to g if for all (z,x,y,z) €
[0,7] x RF x RY x Rk

1 & N
El;HessF(y) (z("l),z<"l)> —dF(y)g(t,x,y,z) > |z|2.

We are now able to give a uniqueness result that partially refine the result given by [XZ16].
Theorem - 2.5 (Uniqueness for the Markovian case). We assume that

(i) (HX) and (HMark) are in force.

(ii) there exists a Lyapunov function F associated to f.
Then (2.5) admits at most one continuous Markovian solution (v,w) such that v is bounded.
Moreover, we are also able to precise the regularity of the solution when it exists.
Theorem — 2.6 (Regularity of the Markovian solution). We assume that:

(i) (HX) and (HMark) are in force,

(ii) there exists D € R™ and x € (0,1] (same constant K as in (HMark)) such that for all (s,x,x',y,z) €
[0,7] x (RF)? x RY x RY*K,

Fs, %3, KDL+l +[2),  [fls,x,3,2) =fs,8'3,2)| < D(1+[2) [ =],

(iii) there exists a Lyapunov function F associated to f.

If (v,w) is a continuous Markovian solution of (2.5) such that v is bounded, then v € €. Particularly,
if K =1 then w is essentially bounded: the multidimensional quadratic BSDE (2.5) becomes a standard
multidimensional Lipschitz BSDE by a localisation argument.

Remark — 2.4. An existence result is given by Theorem 2.7 in [XZ16]. A less general existence result can
be obtained thanks to our approach by combining estimates obtained by Xing and Zitkovi¢ in Theorem 2.5 of
[XZ16], small BMO estimates obtained in the proof of Theorem — 2.5 and Remark — 4.7 but the approach is
less direct than in [XZ16]. Concerning the uniqueness, Xing and Zitkovi¢ have proved a uniqueness result for
generators that do not depend on y: our result allows to fill this small gap. Finally, Xing and Zitkovié prove
that there exists a Markovian solution that satisfies v € €% ¢ with k' € (0,x]. Thus, our regularity result gives
a better estimation of the solution regularity since the regularity of the terminal condition and the generator
is retained. In particular, we obtain that Z is bounded when k¥ = 1 which can have important applications, as
pointed out in the introduction.

Remark — 2.5. The existence of a Lyapunov function seems to be an ad hoc theoretical assumption at first
sight but Xing and Zitkovi¢ provide in [XZ16] a lot of examples and concrete criteria to obtain such kind
of functions. Moreover we can note that the Lyapunov function can be used to obtain a priori estimates on
I|1Z| *W || gps0 (see the proof of Theorem — 2.5 and Theorem — 2.6).
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3 GENERALITIES ABOUT SDES AND LINEAR BSDES

We collect in this section some technical results that will be useful for section 4 and section 5.

§ 3.1.  The linear case: representation of the solutions
We investigate here the following linear BSDE

T T
Ut:c+/ (AXUY+BSVX+fY)ds7/ VW, 0<r<T, G.1)
t t

where { € L*(Z7,R?), f € L>(Q x[0,T]) and A, B, f are three processes with values in 2 (R?,RY), £ (Rka7 Rd)

and RY. For the linear case we have an explicit formulation of the solution. Let us begin to recall the classical
scalar formula which can be obtained using the Girsanov transform.

Remark — 3.1 (One-dimensional case (d = 1)). It is well-known that the solution of (3.1) is given by the
formula

T
U, = E(St'STC +/ S8, fds
t

t 1 t t t
S; =exp </ BydW, — 5/ |BS|2ds—|—/ Asds> =& (BxW),exp (/ Asds) .
0 0 0 0

To extend this last formula in the general case we define, as in [DTO08], a process S as the unique strong solution
of

«%) 0<r<T,

where

ds, = ZS, SPAWP 1 S, Aty So = Lyxa.

Proposition — 3.1 (Formula for U).

(i) The process S is almost surely invertible for all t € [0,T] and S~1is the solution of

k k
dSt—l _ [(Z (Bt(:,Pﬁ))Q_At) g — IB Lpst) aw” | s
p=

p=1

-1 g
v So =laxa-

(ii) The BSDE (3.1) has a unique solution (U,V) in S (Rd) x A (Rka), and U is given by:

y,) , 3.2)

T
U :E(S,ISTC +/ ;1S fods
t

Proof. Existence and uniqueness of a solution (U,V) in .?(R?) x 2 (R%*¥) is guaranteed by the Pardoux
and Peng result in [PP90]. The solution (U, V) satisfies

d )y ) ST
U = C +/ AU + Z Bs.7p7. Vs.’p +fs | ds— Z/ Vs”'p dW‘p
! p=1 p=171
The It formula gives the invertibility of S and the formula for S~! on the one hand. On the other hand:
k . . .
d(SU) =S fide+ Y (S,Bt(%.) Ut S,v,“’)) e,
p=1
and thus we get, for all 7 € [0, T],

r T (o plord) ()
SU=Sr5+ [ Sifds— [0 Y (SBEPU sy ) awy.

t p=1
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T
By taking the conditional expectation S;U; = E (STC + / Ssfsds
t

%) . Adaptability and invertibility of S
give the result. O

§ 3.2. A result about SDEs

We consider a SDE on R?*¢ of the form
t k t
X, =X +/ F(s,X,)ds+ Y / GP (5, X, )dWP (3.3)
0 —1J0
p=1

where F : Q x [0,T] x R?*Y — R and forall p € {1,...,k}, G” : Q x [0, T] x R¥*? — R?*? are progressively
measurable functions. We start by recalling a result of Delbaen and Tang (see [DTO8], Theorem 2.1) about
existence and uniqueness of a solution to the equation (3.3), under BMO assumptions.

Proposition — 3.2. Let m > 1. We suppose that there are two non-negative adapted processes o, and B such
that

(i) (Regularity) F(t,0) =0, G(t,0) = 0 and for all (x1,x2,t) € (R*¥)? x [0, T],

|F(t,x1) —F(t,x2)| < 04 |x1 —x2| a.s,
L 2 2
Z |GP(t,x1) — GP(t,x2)|* < B2 |1 —x2|*  a.s.
p=l1

(ii) (Sliceability) (v/o.xW, B xW) € BMOg, x BMOg, with the condition
2med +V2e,Cp, < 1.
Then there exists a solution X € ./ ’"(Rd) to the equation (3.3) and a constant K, ¢, ¢, such that

1X|5om < Kingy e, 1 X0l -

For the reader convenience a proof of this result can be found in the appendix. From this last proposition we
can deduce the following corollary (see [DT08], Corollary 2.1)

Corollary —3.1. Let m > 1. We suppose that there are two non-negative adapted processes 0. and B such that
(i) (Regularity) F(t,0) =0, G(t,0) = 0 and for all (x1,x2,t) € (R*¥)? x [0, T],

|F(t,x1) = F(t,%2)] < 0 [x1 —x2| as,
J 2 2
Z |G?(t,x1) — GP(t,x2)|” < Btz |x1 —x2]° a.s.
p=1

(ii) (Sliceability) (v/o.xW, B xW) € BMOg, x BMOg, with the condition

2med +V2e,Cp, < 1.

Fort € [0,T), let X" the unique solution defined on [t, T of the SDE (3.3) such that X, = I;. Then X" is
in. m(Rd) and satisfies for a constant K, depending only on C,,, m, k and € ,€,:

E( sup |X;Jd|m‘3z[> gK;Zl,e] € 34

t<s<T

In particular, if X is an invertible solution to the equation (3.3) and if F and G are linear with respect to x, we
get the reverse Holder inequality

E( sup }thXs|m‘35,) < K"

m,€1,€°
1<s<T ’
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Proof. We can use Proposition — 3.2. For all # € [0,7] and all event A € .%;,

||Xt’1‘1 x 1a

m([t,T]) <Ky gy [1la < Lalpm-

Then we get, for all € [0, 7],

E( sup X0 m”‘) <K, JE(14™),

t1<s<T

and we have
E ( sup |X;»1d|m X ﬂA) <Kye e, E(1a).

t<s<T

Finally, the definition of conditional expectation gives us the result. If X is invertible and if ' and G are linear
with respect to x, the process X,_IX is for all # a solution taking the value I; at s = ¢. The particular case is
shown using (3.4). O

Remark — 3.2. The main limitation of Corollary — 3.1 comes from assumption (ii): we need to have a small
BMO norm estimate on processes (v/ou W, pxW) to get a reverse Holder inequality. It is well known that
we have a more general result when d = 1: if & = 0 and B xW € BMO then there exists m > 1 (that depends
on the BMO norm of § xW € BMO) such that X satisfies a reverse Holder inequality with the exponent m
(see Theorem 3.1 in [Kaz94] and references inside, or [CM13] for a new recent proof). We do not know if
this result stays true in the multidimensional framework but we emphasize that this is a crucial open question.
Indeed, if such a result is true, then we whould be able to prove that Theorem — 2.1 and Theorem — 2.3 stay
true without assuming K < B™(L,,L;) in hypothesis (BMO,m) (at least when the generator is Lipschitz with
respect to y, i.e. Ly, = 0).

§ 3.3.  Estimates for the solution to BSDE (3.1)

We come back to the linear BSDE (3.1), and we want to obtain some .¥?-estimations for U with ¢ large
enough, including ¢ = oo, under BMO assumptions.

Proposition — 3.3. Let m > 1. We assume that B and A are adapted, bounded respectively by two non negative
processes B and o such that: (v/oxW, p*W) € BMOg, x BMOg, with the condition

2med +v2e,C, < 1.

Then

(i) IfC € L*(Q,.Zr) and f € =, then U € .= (R?) and
Uy < K (1811 + T (1 fll.=)

(i) Let us assume thatm > 1. If { € L*(Q,.Zr), and \/|f| *W € BMO, then U € . and

2
PRt (PN W] W R
BMO
m r d
(iii) Let us assume thatm > 1. Forall ¢ > m* = T if C,/ |fs] ds | € LY x LY, then U € .9(R?) and
m— 0

q)
L4

q e q alm q !
e P e I (7 T

q/m”*
In the following we will denote simply Ky e, e, = 2‘1_1[{%81‘82 (%) )
; CE R g
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Proof. The formula (3.2) gives us, for all t € [0,T]:

Uil <E(|S; 1ST||f;||<fz)+E</tT 15715, 1] ds

ﬁf)v

ds, = Z S,BUPIAWP +S,Adt,  So = Lya.

with

S is the solution of an SDE on R?*? for which we can use Corollary — 3.1 by taking, for all 1 < p < k and
(x,y) € (RV*2, GP(s,x) = xBSP) and F(s,y) = yAs. Let us note that ‘B<:’p’:)’ < |B| for all p € {1,...,k}.
Thus there exists a constant Ky, ¢, ¢, such that:

E(sup N ) Khe e,

t<s<T

o If { € L” and f € .77, by using the Holder inequality we have

Ur| <€ ||~ Kine, e

Ky ey (IS ll= + T 1f 1) -

>l/m

¢ Let us consider m > 1 and assume that { € L™, /|f| *W is BMO. Then, by using Hoélder and energy

inequalities
* 1 / m*

<( —1) sup |8, IS‘

1<s<T

T m
|Ut| SKing, e, ||§ ||LN +Km,81~£2E<</ |fs|d5>
t

(") Kne, e, <||§||L°°+H\ﬁ WHBMO>

o Let us consider m > 1 and ¢ > m™*. We get, for all z € [0, T],

T q
U7 <277 <E(|SH&||<§||%)"+E(/ |57185] 1 /sl ds 3]) >
/ *
7)""
m q/m T m*
3»‘) E (/ IstdS)
t

(( / fslds>

" q/m*
(%>
X T m*
The processes M, = E(|C|m ’%) and N; = E((/ |fs|dS>
0

%) are two martingales with terminal
. T m
values, respectively given by |{|" and ( / | fs|ds> . Hence the Doob maximal inequality gives us, if
0

<2‘1_1E(|S;1$T|m‘</) E(g"

+ 2‘71E< sup [S;7'Sy|

t<s<T

<2q71K}ZL,€1£2 <|C|

q > m",

%

£ sup ) = a2 < (— " e = (—)"" e
p y’q/fn*\ q—m* Tllpg/me = q—m* L1

<i<T
. g T q
E< sup [N;[2/" ) < ( ‘/ filds
0<t<T q— 0

and

q/m*
m’* ) L4
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So we obtain the announced result:

. _ q q/m* . T
010 <2 K (52 ) (16054 [ 1105

q)
L4

O

Corollary - 3.2 (Affine upper bound). Let m > 1. Let us consider A and B adapted, bounded respectively by
two real processes 0. and B of the form

oy =K+Lot, PBs=K +L %,

with (K,L,K',L') € (RT)*, 7, B two non negative real processes such that o/ W and B+W are BMO
with the condition

2
ZmLH\/;zi*WHBMO—i— V2L | B5W || gy Cly < 1.

We have the following estimates, with constants K,,, J; ,, depending only on m,q,K,,K.,L,,L; and the BMO
v W H || BAW
BMO

norms

lsmo-
(i) If§ € L*(Q,.Zr) and f € S, then U € .7~ (R?) and
Ul g < K ([IC Ml = + T 1f ] =) »

(i) Let us assume thatm > 1. If § € L™(Q,.%r), /|f|*W € BMO, then U € .~ and

101 < 0K (161 + VT )

BMO

T
(iii) Let us assume thatm > 1. Forall g >m" = Ll’ if (C,/ | £ ds> € LI x LY, thenU € .79(R?) and
m— 0

q)
L4

. » q q/m* . T
i, <2 (L) (1t | [ 11

q/m*
In the following we will denote simply Ky, = 20714 (L> .
, q—m

Proof. We obtain easily estimates about BMO-norms of /ot x W and B «W by using the triangle inequality,

IV xW o < VKT + VLIV W |guo.  |IB*W o < K'VT +L'| B*W |suo,

and it follows that v/o. x W, B xW are BMO. To use Proposition — 3.3 we just have to show that /o, x W and
B x W are respectively €; and €, sliceable with 2m812 + \/zszCﬁ,, < 1. To this end, we consider the following
uniform sequence of deterministic stopping times

T
TJ:J]ij JE{OvaN}7

T
and a parameter | > 0. With Proposition — 1.3 and definingn = N’ previous inequalities become on [T}, Tj41]

HTI'\/E*WJTM oir S VEN+ VLIV W gy, (3.5)
B * W/ Tt | g0 <K'/ +L'|| B 5 W || 53o- (3.6)
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By taking 1 small enough, we get 2m€12 + \/EEQC;,! < 1 since the following upper bound holds true

2
2mLH\/d*WHBMO+ VAL | B %W || gy Cly < 1.

O

Remark — 3.3. In inequalities (3.5) and (3.6), we have used that
HT,', /o« WiT+1

ing assumption: <7, 9 are two positive real processes such that v o7 x W, 2+ W are BMO with the condition

’Tigg*wJTm

BMO < | Z* Wl gy and

< H v *WH . We can easily obtain a more general result by replacing the follow-
BMO BMO

2
2mLH\/,;zi*WHBM0+ VL | B5W || gy Cla < 1,

by the new one: &/, # are two positive real processes such that Vo7 x W, « W are in BMO,, and BMO,
with the condition
2mLet +V2L'exC), < 1.

Remark — 3.4. We have not mentioned the dependence of the constants with respect to H Vol xW H and
BMO
|| % * W|| gps0 in notations but we will precise it explicitly when it is important.

4 STABILITY, EXISTENCE AND UNIQUENESS RESULTS FOR GENERAL
MULTIDIMENSIONAL QUADRATIC BSDES

§4.1. Proofs of Theorem — 2.1 and Theorem — 2.2

We recall first that (YM Vid ) is the unique solution of the localized BSDE (1.7). To show Theorem — 2.1 we
begin to prove the following proposition which gives an uniform estimates for ZM. This is the keystone of our
procedure.

Proposition — 4.1. Let m > 1. If assumptions (H)—(BMO,m)—(Dxi,b)—(Df,b) hold true then

S}tl/[pesssupgx[oﬂ 1ZM] < oo,

Proof.

Step 1 — Malliavin differentiation. We assume that f is continuously differentiable with respect to (y,z).
This assumption is not restrictive by considering a smooth regularization of f.

Recalling assumptions (Dxi,b) and (Df,b), Proposition 5.3 in [EKPQ97] gives us that forall 0 <u <t < T, Y,M
and ZM are respectively in D'?(R?) and D' (R?*¥). Moreover the process (D,Y",D,z") = (D, Y. D, ZM o</ <1
solves for all u the following linear BSDE in RY*k:

T
DY =D+ [ (VM (s X2 DY 4 VM (5.3, 22) D2
t
T
D) (5.11.2Y) Jas - [ D, ZMaw, @1
t

and (D,Y;)o<<r is a version of (Z;)o<;<7. In particular, there exists a continuous version of Z. Let us empha-
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size that BSDE (4.1) means that for each p € {1,...,k},
DY =D+ [ (V¥ (X2 DY 4V (502 D2
+(DE M) (5,7, ZM) )ds - /t ' D2 ZMaw;, (4.2)
besides DPYM is a process with values in R? for each p € {1,...,k}.

Step 2 — .#~-Estimation. We are looking for an .*-estimate of D, Y for all u € [0, T] applying results
of section 3. Since |V_p™(z)| < 1, we obtain the following inequalities by recalling the main assumption (H),

VoM (5, YMZM) | = [V, f (s, X2, 0M (ZM)) | < Ky + Ly |2,
[V (s, Y720 | = | Vof (s, YM oM (Z)) | < K. +2L; |ZY].

Let us consider the two positive processes o and B defined below,

oM =K, +Ly|Z"

2 OpM =K +2L|2M].

For all p € {1,...,k}, by recalling (BMO,m), we can apply Corollary — 3.2 (iii), to the BSDE (4.2) with the
following constants and processes:

L=L, K=K, K=k, ['=2L, o=|2"7° 2=|2"
Thus, we obtain, for all u € [0,7],
k

k
[0 < X 0p - < )15 (nngﬁnm |Vt 2 e
p:

2
p=1 BMO
2
Y
BMO

where C,, does not depend on M. Indeed, it is important to remark that the constant K,,, given by Corollary — 3.2
depends on H ’ZM ’ *WH smo and so, could depend on M. But, by checking the proof of Proposition —3.2 in
the Appendix it is easy to see that the constant K, given by Corollary — 3.2 is equal to

<Co (nnua o+ H\/IDufM(-,YM,ZM)I*W

o 1 <% ()
< :
2\ 1= 2mLy | ZM %W || 3000 — 2L | ZM %W || gaso C 5 \1-2mL,K?-2LKC,

where N is an integer large enough and the uniform bound with respect to M follows.
Under the assumption (Df,b) together with (BMO,m), the last term has a .’*-upper bound uniform with
respect to M. Indeed we have, for all (u,1) € [0,T]?,

T
E(/ ’DufM(S,YSM7Z?/[)}dS '%> < C(T+ |HZM|*WHZMO) ’
t

hence we deduce

V1D (M, 2 W

sup < ﬁ<ﬁ+sup|||zM|*w;|BM0).
M BMO M

The last supremum is finite under assumption (BMO,m) and we obtain the announced result since

SEPHZM = =P DY) 0,11 e < supsup DY e < oo,

When f is not continuously differentiable with respect to (y,z) we consider a smooth regularization of f and
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we obtain by this classical approximation that

S]l‘l/lp €sSSUPQ . [0,7] |ZM| < oo,

We are now able to prove Theorem — 2.1.

Proof. [of Theorem — 2.1] For the existence result, we can fix M* > supesssupg, . 0.7] |ZM | according to Proposition — 4.1.
Iy ;

Thanks to assumptions on f and f™, we get
™ (s,YSM*,z;W) :f(s,YSM*,pM* (z”*)) :f(s,YSM*,Zé"’*) P®[0,7] ae.

Then, (YM*,ZM*> becomes a solution of the quadratic BSDE (1.5) in .#*(R?) x (.= (R***)n 2%,,). The
uniqueness comes from the classical uniqueness result of Pardoux and Peng [PP90]: indeed, if we have two
solutions (Y!,Z') and (Y',Z') with €SSSUPQ[0,7] 1Z'| 4 |Z%| < +oo then they are solution of the Lipschitz
localized BSDE (1.7) where M = esssupq,[o,7] |zt +|Z2|.

O

Remark—4.1. By using Remark — 3.3, Theorem — 2.1 can be adapted if we replace (BMO,m) by the following
one: there exist a constant K and a sequence 0 =Ty < 77 < ... < Ty =T of stopping times (that does not depend
on M) such that

(i) 2mL,K>+V2LKC,), < 1, orequivalently K < B"(Ly,L,),

<K.

ii) foralli e {0,..N—1}, su
( ) { } MGII{)+ BMO

T1|ZM|*WJT1‘+1

In this case, if all the other assumptions{ of Theorem — 2.1 are fulfilled, then the quadratic BSDE (1.5) has a
unique solution (¥,Z) € .= (R%) x Zse" such that

€sSSUPQ . [0,7] |Z| < +oo.

We do not give the proof of Theorem — 2.2 since it is quite similar to the proof of Theorem — 2.1. Indeed, the
main point is to show that Proposition — 4.1 stays true. To do that we just have to mimic its proof and replace
the application of Corollary — 3.2 (iii) by a new tailored one adapted to the diagonal framework and proved by
using the same strategy as in the proof of Theorem — 4.2.

§4.2.  Stability result

With the classical linearisation tool we can prove a stability theorem for the BSDE (1.5) by using results of
section 3. Let us consider two solutions of (1.5) in R? x R¥*¥, denoted (Y!,Z') and (¥?,Z?), with terminal
conditions &' and &2 and generators respectively f; and f:

T T
=gl [ fsxlz)as- [ Zlaw, o<i<T,
t t

y2 :‘:2+/,sz (s,ys27zsz)ds—/tTZSZdWS, 0<t<T.
We assume that f1, f> satisfies the usual conditions (H). Let us denote
8Y, =Y -¥?, 8z,=7 -7, 8F=/fi(sY).Z))- h(sY].Z),
8fe=fi(s.Y2.Z) — fo(s,¥7.Z]) and  SE=E'-E%

The process (0Y,8Z) solves the BSDE

T T
5Y,=5§+/ SFSds—/ 52,dW,,  0<i<T 4.3)
t t
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*

Theorem - 4.1 (Stability result). Letrm > 1, p > mT and let us suppose that
(i) 2mLy |2 *W||§M0+ VL (|||2'] *W|| a0+ |22 15 W | gys0) G < Lor (Z'.2%) € 2310 X Lo,
(i) (§1,82) € (L*)?,

T
(iii) / 18 £, ds € L2,
0

73| xW (depending only on p,K,,L,,K,,L,, T and
| ’ HBMO) yo by

p
L2 )

Then, there exists a constant f{vp (H |21 | *WHBMO , |
the BMO norms of |Z1 | *W and |Z2‘ * W) such that

—~ T
I8V 18211 < By (11259 o 112249 ) (151 + | 18510

Proof. We firstly assume that

2
2miy |25 W [0+ V2L ([[1Z1]5W L gy + 11221 W [l gys0) G < 1.

By using the classical linearisation tool, we can rewrite (4.3) as

T T
8Y =88+ [ (A,8Y,+B,(3Z)+8f)ds~ [ BZaW,
t t

where
o Bisa . Z(R"* R?) process defined by blocks by, for all i € {1,....k},
h (S’Yg’ZSl) _fl1 (SaY527Zsz)

B = 182,
0 otherwise,

(ToZ5y it sz, #0,

K .
and B,8Z, = Y Bi5Z\",
i=1

o Aisa Z(RY R?)-process defined by

fl (vaslaZsl) _fl (vaSZaZsl)
As = |6Yv|2
0 otherwise,

(Tays) i£8Y, £0,

Assumption (H) on f; and f; gives the following inequalities:

Bo| < K. +L: (|2} +]2])) .
|As‘ <Kyt Ly |Zs1|2

Step 1 — Control of 3Y. A and B are bounded respectively by two real processes o and B defined by
a=K+L|Z'? B=K+L(2'|+]2%),

and (8Y, 8Z) solves a linear BSDE of the form (3.1) with d f instead of f. We can apply Corollary — 3.2, (iii)
with

B =7 +|2? ’ I'=L, K=K, K=K, and L=L,

, o =|Z'

which gives, for all g > 1 such that g > m",

q
) . 4.4)

L4

T
1871 < i (1821 + | [ 18105
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Step 2 — Control of 5Z. The Ito formula applied to |3Y|* gives us
T 5 5 5 T T
/ 52,2 ds = |8E |2 — [5Yo| —2/ 8Y,.(5Z,dW,) +2/ (8Y.8F),ds
0 0 0
5 T T
<|SE[E—2 / 8Y,.(5Z,dW,) +2/ (8Y.5F),ds. 4.5)
Jo 0
Recalling assumption (H) we have
2

SFI= (s, ¥, 20) = fols, Y2 ZD)| < (K + Ly [ZE7) 181+ (K L (|20 4 221) 192, + 18 £

With the Cauchy-Schwarz and Young inequalities, we get
T T
z/ (BY.8F)sds < 2/ 187, [8F, | ds
0 0

T
<2 [ (K +L |27 ) 0P + (Ke+ Lo (122 +|22))) 18K 52|+ [8.£][8¥] s

T 1 1 (T T 2
<2( s 8P) [ K+ L2 (L2 4 Z) 5| ase g [ 5zPas ([ sles)

0<s<T
By using this last inequality in (4.5) we obtain
LT 2 2 T
> [z fas<iseP -2 [ oy (sz.aw)
2 Jo 0
2 T 12 1 22, | T :
+2( sup [3Y / Ky+Ly|Z} |+ (K. + L (|2} |+ |Z2])) "+ = | ds+ / 8 flds ) .
0<s<T 0 2 0

Thus, for all p > 1, there exists a constant K depending only on p such that

/)

5 [T 2 l | a2 p/2 T P
+E sup |8 | Ky+Ly|Z| +2(KZ+LZ(]ZS\+]ZS\)) +1]ds +E | |8 f;| ds .

rt
1152] +W| / 8Y,.(82, dW,)
0

p
ar SK

1881, +E (( sup

0<t<T

0<s<T

In the following we keep the notation K for all constants appearing in the upper bounds. Then, according to
the BDG inequalities, we get for all p > 1:

p/2
E ( sup ) =
0<I<T

Since we have
p/2 ko oT N T p/4
—E / (sn.szg.,z>> ds <E (sup |8YS|2></ SZS|2ds) ,
wp/2 170 0<s<T 0

i=

p/2 p/2

<(C, /z)p/2

t
/ 8,.(82, dW,)
0

/' 8Y,.(82, dW,)
JO

/"sy.(szsdws)
JO

7p/2 pl?

/' 5Y.(82,dW;)
0

then the Cauchy-Schwartz inequality gives us

E <( sup
0<i<T

p/2

1
/ 8Y,.(82, dW,) p2.
0

r/2 y 2 p/2
) < (C PR I8 WL |5
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Moreover we obtain with Cauchy-Schwarz and Young inequalities:

118Z] *WII%y

2 2
<K | I8& 17, + 1821+ W/1%5 I8 Y117 +

PN\ 1/2 P
I8Y7,., E ((/OT (14121 +122)] ds) ) +E(</OT8fs|ds) )

T P\ 1/2 T P
K ||8ég||’L’p+||8Y||’;,,,+||z‘>Y||;2pE((/0 [1+|zsl|2+\z§y2}ds> ) +E<</O |5fs|ds> )]

1
t3 I1BZIxW (% -

T P
The energy inequality allows us to bound E (( / [ 142! |2 122 ﬂ ds) > by
0

K (1411215 W [hio + 122 W 50 )

which is finite recalling assumption (i). Finally, for all p > 1, there exists a constant K (which depends only
on p,Ky,Ly,K:,L.,T and the BMO norms of |Z' | W) such that
P
) . (4.6)
Lr

Step 3 — Stability. Considering p > mj and combining (4.4) where ¢ = 2p with (4.6), we obtain existence
|Z%| xW|| 5,,0) Which depends only on p,Ky,Ly,K;,L;,T,K and the BMO

.

Step 4 — The alternative assumption (i) We can deal with assumption (Z',Z%) € 2%, x 2%, by chang-
ing the linearization step in the proof. We can remark that 8 F; = A;0Y; + B;8Z; + 0 f, where

ozwi

T
oo <K (18815, +1871%5,+ | [ 1851as

of a constant I?,: (H ’Zl ‘ *WHBMO’

1571 B2 Wy < Ry (125 o 1225 ) (19815, | | 1

ASYs == (s, vz — 1 (s, Y2 Z) + £ (s, Y} 22) — 1 (5,Y2,22))

N =

Bz =5 (/122 (s Y2204 £ s ¥ 20— £ (s ¥, 22))

and we get symmetric bounds for A and B:

i<k +L (yz\ +Z2), |B| <Kt Lo (2] +12).
Then (i) becomes
mLy (12 W o+ 1122 W [[yso) +V2LCo (12! 5W [0+ 22 W) gy < 1.
wich is fulfilled as soon as we have (Z',2%) € 2%, X 2310 O

Remark — 4.2. A more restrictive stability result is already obtained in [KP16b] (see Theorem 2.1).

Remark — 4.3. By using Remark — 3.3, it is clear that Theorem — 4.1 stays true when 7' and Z? are only in
Ziem ndeed, if we denote 0 =Ty < T/ < ... < Ty, the sequence of stopping times associated to Z/ x W for
j € {1,2}, we can define a new common sequence of stopping times:

Twisi = (VT ATE,, i€{0,...,N' =1}, ke {0,...,N*—1}.
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Then, by applying the stability result on each interval [T}, T;, 1] for i € {0,N'N? — 1} we obtain

o) (18812 [ oslas

Obviously, when sequences of stopping times are the same for |Z'| W and |Z?|*W, we can use it directly as
the common sequence of stopping time.

Ty |Zl|*WJTk+1 || T |Z2|*WJT1<+1

N> —1
Y1, 1521y <N T K (
k=0

o)

BMO

§4.3.  Stability result for the diagonal quadratic case

We give here a specific result when the quadratic growth of z has essentially a diagonal structure: we assume
that assumption (Hdiag) is in force. As explained in section 2.1.1, this kind of framework has been introduced
by Hu and Tang in [HT16] (see also [JKL14]).

To simplify notations in this paragraph, the line i of z will be denoted in a simple way by (z)’, or Z' if there is no
ambiguity, instead of z("). Let us consider two solutions (Y',Z') and (¥2,Z?) which correspond to terminal
conditions &', &2 and generators fi = faiag 1 + &1, /2 = faiag2 +g2. We have foralli € {1,...,d},

ooT T
SY;ZSQUF/ SFS’ds—/ SZ,.dWs,
t t
with
8Y,:=v!—-v? 8z,:=z'-72

OF = (fdiag,l(szzsl)_fdiag,Z(sazsz))‘F(gl(vasl>Zsl)_g2(57Y52aZs2)) and 8& ::E.:I_EZ'
We also define
8fy = fi(s, Y2, Z5) — fals, Y2, Z3).

Theorem - 4.2 (Stability result for the diagonal quadratic case). Let us assume that
(@) f1 and f; satisfy (Hdiag),
(i) there exists B > 0 such that (Y',Z") and (Y*,Z%) are in 7= (R?) x BMOy and
2\/c_1c‘%L ) 4\/c_z’c%Ld‘ZIB%2

5 2 (&)
dL,; B° < 1, \V L 1_2J7, B2
CrdLqy <C1 dyy c% 4z 1 c%de‘yIBZ

<1, A.7)

where c1 and ¢y are given by Proposition — 1.1 with B = 2L;B.

Then there exists a constant I?di\;’} (H ‘Z' ’ *WHBMO, H |Z2| *WHBM0> depending only on B and constants in
(Hdiag) such that

I8 -+ 11820+ Wl < K595 (112" [+ o |22 W ) (188 1+ [ VAW )

Remark — 4.4. For a given Ly and a given B, condition (4.7) is fulfilled as soon as Ly, and L, are small
enough.

Proof.
Step 1 - Control of §Y. We write SF' as

SF! = (faiag 1(5:2)) — faag 1 (5. 20)) + (&1(5, ¥, 20 = 21 (5,2, 22)) + 8 £
= BISZ +0/8Y, + Tr(y'5Z,) + 5 f,

where B’, o’ and Y are defined by:

) féiag,l( ) fdlagl( ’Zs)
By = 821

0 otherwise

(Tszl) i 821 40,

)
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i gil(S7Ysl>Z;)_gl(s Y Z ) (TSY) lfSYS 750 ; gil(s7yszvz ) gl(s Y2 Z )
ol = 37,2 NS 132>
0 otherwise 0 otherwise

(Tsz) 82,40

Since we have the following estimate on B, for all i € {1,...,d},
B <La (V)| +]2)]),

and that (|(Z")/|*W,|(Z?)!|*W) € BMO x BMO, we deduce that |B| W is BMO too and & (B’*W) is an
uniform integrable martingale. Consequently we can apply the Girsanov theorem:

o A _ T .
ay,l:sgur/ ((x;SYS—i—Tr(y;SZS)—i—Sﬁ)ds—/ 571, (AW, — B ds)
t t
. T . . . T .
:5§’+/ (OL;,SwaLTr(yf,SZY)+8f;)ds—/ 8Zi.dwy', (4.8)
t t

where W' is a Brownian motion with respect to the probability Q' defined by dQ' = & (Bi*W)T dP. Taking
the Q'-conditional expectation we get
5).

):

. i . T . . .
8y =EQ (8§’+/ (0,8, + Tr(yi8Zs) + 8 f;) ds
t

Following estimates hold true:

o] < Kdy+Ldy\z

I <Ky +La (|2 +]22

and consequently, we obtain

2
H\/ |0‘|*WHBM0 SKayT +La,y || |Zl‘*WH1231v107 Y[ *W || gp0 <Kdaz\fT"'Lttz (H‘Zl | *WHBMO+ H |Zz, *WHBM()) .

Since \/(|Oci| |8Y |+ |Y|18Z] + 18 f1|) *W is a BMO martingale, we can apply Proposition — 1.1: there exists a
constant ¢, that depend only on L; and B such that

2

BMO> ’

2
NN

BMO

+|62|*W||BM0!llv"!*WHBMO+H Yz

577 <[j5& ] - +3 (

and consequently we get
d
18Y ]| 5= < )

i=1

< VABE |- + 3 (dnsylyw

2
VIl W[ +d[18Z1W o |V W a0+ || V157 *WHBMO)

< VABE =+ 38|y (KT + Lay 125 W )

+ 3 18Z*W g0 (dez\/_+dez (12" > Wl gps0 + H’Zz‘*WHBMO)) +02dH VI8 f *WHBMO
(4.9)

T
As in the proof of Proposition — 3.2, now we slice [0, 7] in small pieces. We consider 1| = N with N € N* and

we set T; = in fori € {0,...,N}. The process 8Y is equal to

N—1__ —
8Y, = 8Yrlpy (1) + Z SV, (1), with 8V, =81y 5 ((1),ke{0,. . N=1}.  (4.10)
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On the interval [T}, T+ 1] the inequality (4.9) becomes:

+ad||VTw]
L~

1,

<\/_H8YTk 1

—I—c%(ng/

Then, we can choose N large enough to get 1 — c%d (Kaym —&—LdlyIB%z) > 0. Finally we obtain

BMO

(Kayn +LayB%) + . (dKq /M +2dLy B) > .

T |5 Z| « WiTkn .

Bl

—~k d —~k
oo 17€2d(Kd7yT| +Ld7sz) ket [
2d(K, 2L 3
|78 2) W w T c5d (KM +2L4 /B +H 7]+ WH 5d
BMO 1 —c3d(K M + Ly yB?) BMO 1 — c3d(KyyM +LayB?)

@11

Step 2 — Control of 8Z. Applying the It6 formula for the process }SY i|2 and taking the Q'-conditional
expectation, we get for all r € [0, 7],

. T
5Y/|” +EQ (/ BARGES
t

. ; T . .
) =loe 42k ([ (o0t 0.0 2) - 15122 ) s

. T . X
+2E? (/ SY.(8 f1)sds ﬁ,) .
t

Martingales \/\SYi\ |(g1(., Y1, Z") —g1(.,Y2,Z2))i|«W and 1/|8Y?| |8 fi| x W are BMO, since under (Hdiag)
we have, for all s € [0, T],

g1 (5. 70,20) = @15, Y2 ZD)| < (Kay + Lay |21 18|+ (Koo + Laz (|20] + |22])) 3.

By using Proposition — 1.1, there exist two constants ¢; > 0 and ¢ > 0 that depend only on L; and B such that

2

IV (11, 20) — g1 (Y2, 22) W

2
\VBY 3 [+ W

By summing with respect to i and by using assumption (Hdiag) we obtain

G2 W o < 185 +263

BMO

+ ZC%

BMO

\/|87*WH

G IZI5 W yso < 185 12 + 23 157 L - |y ler (- ¥1,2) — g1 (,¥2,22) wH

BMO
2
< I3 +263vd (TKay+ Lay [[1Z2' [+ W|[gys0 ) 187115~
2630 Ky T+ L (121 W 221 5W 1)) 1BZ15 Wl |31
2324 |5 || - || /T8 1] WH
+2c3d [|8Y | & | o
Once again, for each k € {0,...,N — 1} we can write this inequality on [T}, T} ], and with the same notations
as in (4.10) we obtain
2|7, T || <k |7 2 NIRRT
A k|5z|*WJ kt1 <H8YT/<+1 +2c5d (anO,JrLd,yIB% )HSY
BMO I w
~k —~
+2c3d (K4, +2BL,.) ‘SY T8 7]« Wik +2c§dH6Y H 13 f]
’ ’ e BMO BMO~
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2
and H\/ |5f|*WHBMO and we obtain

We apply Young inequality to the terms

Te152| % w Tk o

23d MKy, +2BLy.) ‘E‘T{/k T |§ Z| % W Tkt Qﬁ (an_Z+2IBaLdZ)2H§§k ’ Ld sz« |*
’ ’ oo BMO cq ’ ’ e 2 BMO
and foralle >0
adsv'| Vs, <o L |V
e BMO _m BMO'

Consequently we get

£ i 18Z] % W Tkt

<\/_C2\/_(\/T|Kdy+\/Ld}B) (T]Kdz+2BLdz +8) H
Cde\/|6 *WH . @.12)

MO

—~k
<
BMO HSYTkH

P

Step 3 - Stability. Combining (4.11) and (4.12), we can obtain a stability result on [T}, Tj4+1] as soon as M
and ¢ are sufficiently small to get c3d(Ky,M +Lg,B*) < 1 and

V2 c3d c3d(Ky /M +2L4 . B)
2 (V2evd (vMKgy+ /LayB 22~ MKy, +2BL g ) 248 =
C1 <\/_CZ\/_( Nyt @ ) * \/_ €1 (T] 4t d’Z) " ) 1- C%d(Kd,yn +Ld,sz)

We obtain the existence of a constant K which does not depend on k such that

~k
5Y sz« w ket <k (|87 H\/ 5f *WH
H e | 182 BMO T + | BMO
N-1 N-1
Since ||8Y || g < Z SY and |[|3Z]*W || gy0 < Z T8 Z| « Witk , by a direct iteration we
k=0 7 = BMO

finally obtain a constant K such that

18Y (| e+ 113Z] % Wl g0 < (IS%IILHHW*WHBMO)

and K depends only on B and constants in (Hdiag). g

§4.4. Proof of Theorem — 2.3

Theorem — 2.3 is proved by relaxing assumptions (Dxi,b) and (Df,b) of Theorem — 2.1 thanks to some density
arguments. To ensure the convergence, the keystone result will be the stability Theorem — 4.1.

Proof. [of Theorem — 2.3]

Step 1- Approximations. We can approach & with a sequence of random variables (§"),en such that for
every n, £" has a bounded Malliavin derivative:

[DE"|] e < oo

More precisely " can be chosen of the form ®"(W,,,...,W;,) where ®" € 6;°(R"), (11,...,t,) € [0,T]" and £"
tends to & in every L? for p > 1 (see [Nua06], Exercise 1.1.7).
Since a is adapted, we can approach this process with a sequence of sample processes o of the form

Pn—1
1
= L ol (),
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where (1]')1" is a sequence of subdivisions of [0,7], with  sup [¢\| —1]'| —>e 0, and, for all 0 < i <
Oéigpnfl

pn— 1, n €N, a"" is a Fn-measurable random variable. We have a convergence of this sequence to o in
1

L*(Qx[0,T]):
T
E (/ |ocs"—ocs|2ds> — 0.
0 n—oo

We can assume in addition that for all n and for all 0 < i < py, 0" has a bounded Malliavin derivative since
this set is dense in LZ(Q). It is obvious that forall 0 < u < T and 0 <r < T,

Do = Z Du(xtl7n]l[t,-",t;’+][(”)'

According to Proposition — 1.4 applied to ¢ = f(.,y,z), there exists for all » € N and ¢ € [0,7] a bounded
random variable G such that

Df(o),y,z) =GD,o, and |G| <D(1+z).
For each n € N: &" satisfies (Dxi,b), f(a”,.,.) satisfies (Df,b) and (BMO,m) is fulfilled. So, we can apply
Theorem — 2.1: there exists an unique solution (Y",Z") € .*(RY) x 2%, of the equation

T T
=g [ R zds- [ Ziaw, 0<i<T.
t t

Step 2— Application of the stability result. We can assume that for all n, [|E" |2 < || || 20+. If it is not

1€ 112

true, we consider the sequence & = &" instead of £&". The same argument allows us

B ||& HLZ’"* + H&n _§||L2m*

to assume that
e |2 (uefo, )y < 0l 2 (@010, -
Under (BMO2,m), we have the estimate

1
mLy |[|Z" [ W [3a0 + V2L || 2" % W || g Cry < mLyK? +V2LKC,, < 3
Hence, for all n;,n; € N, we can use Theorem — 4.1 for p = m* which gives us:

[P — Y2 4 [||Z0 = 272 % W | e

w\ 1/2
. ; T 2m
gKm* ||&nl §n2||z12m*+E<</o |f(atnlaYln27Ztn2)f((x'ln27Ytnzvztnz)|dt> )

where the constant K« appearing does not depend on 7 under (BMO2,m). This fact was already highlighted
in the proof of Proposition — 4.1 where an explicit formula for K, was given. We recall that (£"),.y is a

. *
Cauchy sequence in L™, so

ny_gn
L L]

For the second term, we use the Holder inequality:

T 2m*
E<(/ 72,28 £ (o7 2 )
JO

) T 5 5 2m*
0w (] (o)t -afa)” )

; am\ 1/2
<D2’"*||06"1—a’12||24z§*sE<(A (1+12P) o) ) - @19
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Since |Z"|*W € BMO, and (BMO2,m) holds true, we have

. A\ 1/2
supE((/ (H—’Z;’Z’Z) dt) > < oo,
nyeN 0

Moreover, by using the uniform continuity of trajectories of o on [0, 7], we get:

sup |(x 1—0c2’ — 0 as.
ref0.7) ny 1y e

Since we have

E< sup |oy"! —OL,”2|4m*+1> < 2CE< sup 0(,|4m*+1> < oo,

t€[0,7] t€[0,T]

then, a uniform integrability argument gives us

E<sup \oc,’"—oct”z\4m*> — 0.

1€[0,T) nyny—ree

Finally we get

T 2m*
E ((/O |f (o, Y,2,2%) — £ (0,,Y,"2, 2| dt) ) O
Consequently (Y",Z"«W),cx is a Cauchy sequence in .7 (R?) x .22 (R?*¥), thus it converges in .#>" (RY) x
™ (RF) to a process (Y,Z*W), and (Y, Z) solves the BSDE (1.5). Finally, according to Proposition — 1.2

the upper bound for |||Z"|* W ||z, holds true for |||Z]* W|| g, and so the uniqueness follows from the sta-
bility theorem. g

Remark —4.5. If f is a deterministic function, then the assumption (Df,b) is not required.

Remark — 4.6. If we replace the inequality (2.1) by the new one: there existm >0, D >0 and 8 € (0, 1] such
that for all (B,B’,y,z) € (Rd/)2 x RY x R¥* we have

[£(B.y.2) — (B 3:2)| < D (14[z ) B~

then we do not have to assume that o is a continuous process. Indeed, we can change the inequality (4.13) by
the following one: by using the Holder and Cauchy-Schwartz inequalities we have, for all p > 1,

T 2m*
E<(/ (o722 £ (o7 2 ) )
T 5 2m*
([ () o )
T 2m* [p T . 2m* [p*
<D2'”E<(/ (1+]z,”2]2")pdt> x(/ o — 02| dt) )
0 0
» 2m*\ /P T - 2\ /"
((/ (1+]zef™) dt) ) E((/ \oc,”'—oc;“|1’dt> )
0
o\ /P -
o ([ (i) a) ) e[
0 pAm*

With the energy inequality, the first term is uniformly bounded with respect to n, under the assumption

<D

D2m E

(BMO2,m) by choosing 1 < p < T The second one tends to zero when ny,n, go to infinity since the
convergence in every ¢ for r > 1 holds true.

Remark —4.7. By using Remark — 3.3 once again, Theorem — 2.3 can be adapted if we replace the assumption
(BMO2,m) by the following one: & € L*"" and there exist a constant K and a sequence 0 =Ty < 71 < ... <
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Ty =T of stopping times (that does not depend on M) such that
(i) 2mL,K? +2V2LKC), < 1,

<K.

(ii) foralli € {0,...N—1}, sup sup HTI )Z(Mﬂ»ﬁ)‘*WJ i+l o

MeR* ||Tl HLZm* g”& ”LZm*
B HLQ(QX[O,T])gll(xHLz(QX[O‘T])

In this case, if all the other assumptions{ of Theorem — 2.3 are fulfilled, then the quadratic BSDE (1.5) has a
unique solution (¥,Z) € .7 (RY) x Zgp™ such that

esssupq,[o,7] 2] < +oe.

Remark — 4.8. 1Tt is possible to extend the existence and uniqueness result for the diagonal case given by
Theorem — 2.2 to more general terminal conditions and generators. More precisely, it is possible to apply the
same strategy as for the proof of Theorem — 2.3 by applying the stability result given by Theorem — 4.2 instead
of Theorem — 4.1. Nevertheless we can only obtain an existence and uniqueness result for terminal conditions
(resp. generators) that can be approximated in L™ (resp. BMO) by terminal conditions satisfying assumption
(Dxi,b) (resp. generators satisfying assumption (Df,b)).

5 PROOFS OF SECTION 2.2 RESULTS

§5.1.  Proof of Proposition — 2.1

We start by proving some uniform (with respect to M) a priori estimates on (Y \Z )

Proposition — 5.1. Let us assume that (H) and (HQ) are in force. Then ‘ZM‘ *W € BMO, Y™ € .7 and we
have the following estimates:

. 1
O 121 W o < gz (1-V/1-327 005 )

@) VY] e < NE = +¥ || 2Y[ W[ s

We can note that upper bound do not depend on M.

Proof. To simplify notations in the proof, we skip the superscript M on (Y, Z") and f™. The unique solution
v,2)e s 2 % 2 of (1.7) can be constructed with a Picard principle as in the seminal paper of Pardoux and

Peng (see [PP90]). We consider a sequence (Y",Z"),_y such that (Y",Z"), .y tends to (¥,Z) in .2 (Rd) X
H? (Rka). This sequence is given by

T
Y = §+/f Y" 7 d —/ Zmlaw,, o<e<T, (¥°,2° =1(0,0).
t

We will prove with an induction that: foralln € N, Y" € &%, |Z"|*W € BMO and

1
2 Wiko < g (1-/1- 32 I - ).

The case n = 0 is obviously satisfied. Let us suppose that Y" € .”” and |Z"|*W € BMO. Then for allt € [0, T],
under (HQ),
) . (5.1)

We get Y"1 € .7 since ||Y"Jrl | g < NE =+ 11127 *W||%s0- 1t6 formula gives the following equality

T
e < B l7) +rxn( [ 2P a2
t

T T
}gﬂ+l\2:|§|2+2/t YO (s, YL 2 ds—Z/ Ytz awg) — /, |22+ ds,
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By taking conditional expectation we get for every stopping time <:

T
th"“\ZjLE(/ |z ds
T

T
#.) <u(gl| )+ [ vtz
T

2 n+1 T n2
<[l +2 v | - B( [ vizzas

<|€ I +2v ||y

2
= 12" < Wllgpo -

Taking the essential supremum with respect to T in following inequalities, we obtain
2 2 2
<N +2v [y e NZ" 15 Wl 310

T
B[ 12 Pasl ) < IR+ 2v
T

Thus |Z""'|*W € BMO and we have:

2
e 11Z" [ * Wl gao0 -

PP 1255 W By <218 e+ 74 e 1275 W

2 2 4
L2 N+ Y| e + 4V 112" 5 W ar00»

which leads to )
11275 W ([ g < 208 17 + 47 112" W (310 -

Using the induction assumption we obtain

1
2 Wi < s (11327 IR ).

1

The induction is achieved. Now we can use Proposition — 1.2 with K = &y (1 —1/1=32y2|E ||iw) since

1
Z"«W tends to Z«W in 2, we conclude that |||Z|*W||§M0 < v (1 —4/1—-32y2 |§||im) Finally, we

use that Y" tends to Y in .# to pass to the limit into (5.1) and to obtain the final upper bound on [|¥|| e . O

Proof. [of Proposition — 2.1] The proof of the proposition is a direct consequence of Theorem — 2.3 together
with Proposition — 5.1: since the map

+ ; _ _ 22%
xeR Hzﬂy(l V1 32’yx)

is nondecreasing, the assumption (BMO2,m) is satisfied. O

§5.2.  Proof of Proposition — 2.2

. . . . .. . M M
Once again, we start by proving some uniform (with respect to M) a priori estimates on (Y, Z").

Proposition — 5.2. Let us assume that (H) and (HMon) are in force. Then |ZM | *W € BMO, YM ¢ .7~ and
we have

T
(i) esssup sup E(/ ¢ Hls=) |z§”|2ds‘%> < 8%2 <17\/173272A2),

t€[0,7] !

i M RN R sy vyy LI SR T v yAS
@) 7V < 4 (1- V1=327222) +, [24 + Tep (1-v1=32p47) "
. a

wzthAmax(||§||Lw,“>.
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Proof. To simplify notations in the proof, we skip the superscript M on (Y™, Z") and . The unique solution
(Y,Z) of (1.7) can be constructed with a Picard principle. We consider a sequence (Y",Z"), .y such that

(Y",Z"xW), .y tends to (Y, ZxW) in .72 (Rd) x A* (Rka>, with

ne

T T
Y,”“:E_,—i—/t f(s,YS”“,Z;’)ds—/ zZmttaw,, o<r<T, (¥°,2%=(0,0),.

t

We can easily show that replacing Y" ! by ¥” in the generator does not affect the convergence of the scheme
since f is a Lipschitz function. Moreover, applying Ité formula to ¢! |Yt"+1 |2 with K large enough, we justify
with classical inequalities that for all n € N, ytl e “, with a bound that depend on M for the moment.
Applying It6 formula to the process e " ’Y,”H ‘2, we obtain

T
e B e B O e O Y A A L
t
T
—2 / WYL (20 ).
t

Taking conditional expectation, and using assumption (HMon), we get:

T
et Pt T [ 2o (ot = e Py e 22 s

r 2
E(/ e H(s—1) ’Zf‘+1| ds‘%) '
t

With the Young inequality we have the following estimate for all 7 and s € [0, T]:

t%>

o2
am‘nﬂ’ <%|st+l|2+ﬂ’

and thus
112 —u(T— 2 T —u(s—T az 1 2
’Ytn+ ’ <e M '>H§||Lm+E / 2o R(s=T) E—i_y‘YSH ||Z;’| ds|.%#
t
_ T ) | pr1 2
E e |z " ds|. 7
2

t
o r ,
e MT-D g Hiw + e (1 —eiH(T*l)) +2y x E(/t e M=) |YS"+1 ’ 12" ds

T
ﬁ) <A +2yx E( / e MOy |Z0 P ds
t

%)

<A?

—E(/T e W) | zot] lzds

t

Finally we obtain

’Ytn+l|2+E</Te—p(s—t) |Z§’+1|2ds
t

Then

T
HY”*lH;w—f—esssup sup E(/ e MG |Z§’+1’2ds‘3“,>
t€[0.7] !

T
<2A? +4y ||Yn+1 || gwesssup sup E </ e he |Z;l‘2d5
‘ t€[0,7] !

3‘7) (5.2

2
5.

<2A2 =+ ||Yn+1

T
;m +(2y)*esssup sup E </ e M |Z7 2 ds
t€[0,7] ¢
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Once again with an induction we show easily that for all n € N, |Z"| xW € BMO, Y" € . and

r 1
esssup sup E(/ e hi) |Zf|2ds’35,) < & (1 —+/1 73272A2) .
t

t€[0,7]

Moreover the inequality (5.2) gives us

HYn+1

T
<2y xesssup sup E</ e M0 |z 2 ds
t€[0,7T] !

ytx:
t€[0,7]

J))

T
gZI) + 4| 242 + 492 (esssup sup E(/ e M) |Zn)* ds
t

Letting # to infinity, and with the Proposition — 1.2, we finally get

%) <L (1—\/1—3272/42).

T
—u(s—1) |7 |2
esssup sup E(/ e Mz, 2 ds 8

t€[0,T] 1

and so we deduce that

1] e < — (1 -1 —3272A2) + \/2A2+ L (1 -1 —3272A2)2.

4y 16y2

0

Remark —5.1. What about the BMO norm of ZM ? — we can slice [0, T'] with a uniform sequence (7;)Y_; such

T
that 0=To <71 <..<Ty=Tandforalli, h=|T;1,—T| = N The last inequality can be used for each

started and stopped process 7 |ZM | * Wil

AP s M2
| <e esssup sup E e ’ZS ’ ds
t

Ti<t<Tiy;

Tin
esssup  sup E(/ . |Z£’1’2ds

L<i<Tiyy  \Ji

T
<M (esssup sup E Ll |Zf,w|2ds

T<i<Tiyy  \Ji

euh

<gp (1—\/1—3272,42).

We are now in position to prove Proposition — 2.2.

Proof. [of Proposition — 2.2] The previous Remark — 5.1 shows that for all M € R and all & > 0, the process
|1ZM|xW is

1
e2hh 1/2
— (1 —=+/1—32y2A2 — scliceable.
(2\/57 ( ! ) )

We just have to apply an adaptation of Theorem — 2.3 given by Remark — 4.7. U

§ 5.3.  Proof of Proposition — 2.3

We consider the diagonal framework introduced in section 2 and subsection 4.3. We assume that the generator
satisfies (Hdiag), so the generator f can be written as f = faiag(?,2) +&(¢,y,2) Where fgiag is diagonal with
respect to z. If we want to apply Theorem — 2.2, we have to obtain a uniform estimate on || |ZM | *WH BMO

where (Y M zM ) is the unique solution of the Lipschitz localized BSDE (1.7). This is the purpose of the
following lemma.

Proposition — 5.3. Let us assume that there exist nonnegative constants G4 and G such that

(i) forall (t,5,2) € [0,T) x R* x RP* | fuiag (t,2)| < Galz*, |8(t.3,2)| < Glz*.
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(ii)
2G,||EH]], o
457 e allE7] G

G (5.3)

N

Then,

™ | *W € BMO, Y™ € .#% and we have following estimates:

Vdlog2
129 Wl < (4606 2 77 < e+ Yo

Proof. To simplify notations in the proof, we skip once again the superscript M on (Y M zM ) and fM. The
unique solution (Y,Z) € .7 (Rd ) x A (Rka) of (1.7) can be constructed with a Picard principle slightly

different than the one used in the seminal paper of Pardoux and Peng (see [PP90]). We consider a sequence
(Y",Z"),cn defined by

T T
! :§+/ faiag (5,20 1) + g (5, Y7, Z") ds —/ Zmtaw,, o<r<T, (¥°,2° =1(0,0).
t t

Obviously, we can easily show that (Y",Z"), .y tends to (Y,Zx W) in . (Rd) x A (Rka> since we are
in the Lipschitz framework. We will prove by induction that: for alln € N, Y" € %, |Z"|xW € BMO and

\/—log2
I1Z") %W (| gpg0 < (AGaG) ™2, |[Y"]] yu < JIE || + 2G, 5.4
The result is obvious for n = 0. Let us assume that for a given n € N we have Y" € ./~ (Rd) , 12" xW € BMO

and (5.4) is true. The Lipschitz regularity of f gives us that (Y"*!, ’Z’H'l‘ *W) e s~ (Rd> x BMO. By
following the idea of [BHO6], we introduce the C? function @ : R — (0, +o0) defined by

2Galxl — 1 —2G,
QxS 26, d|x|7 sothat @"(.)—2G.|¢'(.)|=1.
d

We pick a stopping time T and applying Itd’s formula to the regular function ¢ , we compute, for all components

ief{l,..,d},

12
Z;H—l,t

ds

1,i
| e ()
0 (YTnJrlz =@ _|_/ Yn+11 (fdiag(S’Z;H»I,Z)+g(s’YSn,z7Z§L,z)) _ 5

T . .
_/ (P/ (YSnJrl,l)Z;lJrl.,ldWs

T

n+11
TSR i G
L= 2

! n+1,i
¢\ b 12 / 1 2
ZH Gl (| 1Z9] | ds

T . .
_/ (P/(YSn-H"l)Z;l-H’IdVVs-
T

Since ¢”(.) —2G4 |@'(.)| =1, ¢ > 0and |¢'(x)| < (2G,4)~ 1267 = whenever x| < ||Y"+1”'||yw, taking
the conditional expectation with respect to .%, we compute
1 T 12 i 1,264 ||[Y"™ Y| oo ([ 2
EE i ‘Zs ’ ds|-F¢ <(P(HZ3 "Lw)‘f‘G(zGd) e 7= 1Z"[*W || 3p0 -
Thus, we get the estimate
|HZ”+11|*WHBM0 H& HL'” +G(2Gy)~ leZGdHYnH,i”yw |||Z”|*W||%;M0~ (5.5)
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By using the a priori estimate given by Proposition 1 in [BH06] we also have, for all stopping time T and

ief{l,..,d},
54}).

Then, the John-Nirenberg inequality (1.4) coupled with the induction assumption on Z" gives us

ZG Yn+l k)

< POl (2000 2P

20d[& ]|

X » ) .
1=2GaG 12" * W[5m0

eQGd ||Yn+] Ji ||(§/°°

We put this last inequality into (5.5) to obtain

Z?ZIQZG‘J”gi”L‘” 1

gn+l W2 < ’
121 W [paro 2G5 1-26G,G |2 W 20

Since we have assumed that [||Z"| W |50 < (4G4G) ™! and (5.3) is fulfilled, we get

11255 W [0 < (4GuG) !
and, by using previous calculations,

log2 \/_log 2

2G,’

HYn+1,i ( and so ||Yl’l+l|

o SNl +

which concludes the induction. Finally, we just have to use the fact that (Y",Z" x W), _y tends to (Y,ZxW) in
7 <Rd) x A (Rka) and Proposition — 1.2 to obtain the desired result. g

Then the proof of Proposition — 2.3 is direct: we just have to apply Theorem — 2.2 by using Proposition — 5.3.
Remark—5.2. As explained in Remark — 4.8, it is possible to extend Proposition — 2.3 to more general terminal
conditions and generators.

§ 5.4. Proof of Theorem - 2.4

Proof. [of Theorem — 2.4] Let us consider for all M € R a smooth map 1" : R”* 5 R satisfying:

0 if |o| <M
M@ =07l \°
1 if g =M,
<M+ 1) if |z| +
and let us define a localisation p™ : R¥* — R¥*¥ given by
M Z
P (2) = "
1+1M(z)

As usual we denote by (YM ZM ) the solution obtained by replacing f by ™. This choice of p™ will be useful
in the following computations. For F € ¢ 2(,/// ,R), the It6 formula with F seen as a function on R? gives for

all stopping time T:

since the local martingale part is a martingale because F has bounded first derivative. By using the definition
of f, its formulation in the local chart and the link between ZM and p™(ZM), we get

E(F(E)—F(¥")| %) = E( / ' (% fHessF(YsM) (Z"E0, 2 E0) — aF (v) (YSM,Z¥)> ds| 7
T =1
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E(F(&)—F({")|7)

— _E</TTI_Z: (hM(Zﬁw)HessF(YSM) (pM(Zéw)(:’l),pM(Zg/[)(:J)) +VdF (YSM) (pM(Zél/[)(;J)’pM(Zéw)(:J))) ds

(5.6)

By using same arguments as Darling in [Dar95] we can show that Y is in G almost surely. Indeed, we know
with (5.6) applied to F = F9, integrating between T and 6 together with (ii), that for all 6 > 1 a.s,

E(FdC(Yé” )’3&}) > F(YM) ass.

Let us consider for all n € N the following sequence of stopping times: 6" = inf{u =1

1
Fle(yMy < = a.s}.
n

, 1
Each 6" is finite almost surely since & € G. Continuity of Y gives for all n € N, F%° (¥}1) < - ass. So we
n
get for all stopping time T:

Fo (r) <E(F* (vah)| #:) < % as.

and, consequently, P(¥; € G) = 1 for all ¢ € [0, T]. Moreover the a-strictly doubly convexity on G gives us
E(FO(E) ~ Fe(rh)| 7:)

T k
%E( / Z(hM(zﬁ”)\pM<z§”><%’>\2+\pM<z§”><:=’>]2) ds
=1

T
%) - %E(/T |2 ds

91) . (5.7

And finally, continuity of F' ¢ on G yields

2
IZY W a0 < ax( sup {Fd%x)—ch(y)}).
(x,y)eGXG

Thus, assumption (ii) ensures assumption (BMO,m). Since the terminal value is bounded (in G), Theorem — 2.3
together with Remark — 4.5 gives the result. g

§ 5.5. Proofs of Theorem - 2.5 and Theorem - 2.6

Proof. [of Theorem — 2.5 and Theorem — 2.6]

Uniqueness We start by proving Theorem — 2.5. Let us consider two continuous Markovian solutions (v, w)
and (7, ) such that v and 7 are bounded. We set (7,x) € [0, 7] x R and we denote (Y'~,Z"") (resp. (V'*,Z!*))
the solution of the BSDE (2.5) associated to (v,w) (resp. (¥,w)). The idea of the proof is to compare the two
solutions by using the stability result given by Remark 4.3. In order to do that, we must show that ’Z’ * | *W

and |Z’ ~ | * W are g-sliceable BMO martingales. By Remark 2.6 part (2) in [XZ16], we know that there exist
bo € R and (ot) € (0,1]N such that v, € Cﬁh(:”)’loc. Moreover, by following same arguments than in the proof

of Theorem 2.9 in [XZ16] we can show that v, 7 € % (*)/°_ Finally, we just have to apply Remark — 1.1 to
conclude that there exists k" € (0, 1] such that v, ¥ € ¢~
Now, let us apply the Itd formula to F(Y"*): we consider two stopping times T and ¢ such that T < © a.s and
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we take the conditional expectation

E(F (v(0,X5")) — F (v(1,X™))|Zx)
< / dF (v(u, X! B(u, X225, Y5, Z10%) du—l—— / Hess F (v, X)) ((2)" . (2%) ) du 9})
° 2
>E(/ |Z*|" du f/}).
T

The map F is a Lipschitz function on the centred Euclidean ball of radius [[v[[ = (o 7)xr¢) V 7]l = (j0. 7] xR¥)-
Denoting by L its Lipschitz constant, we obtain for all n € N,

(/ 12 au ’ )<L><E(|v(G,Xé’x)—v(’c7X£’x)||<%,-)

K’ 9})

<Lx E(\c 24 |Xs" — X2

K/2

<Clo —1]

where we have used in the last inequality a classical estimate for SDEs when b and 6 are bounded. For N € N*

T
we set T; = lﬁ Then, for all i € {0,...,N — 1} and stopping time 7; < T < T;4| we get

Tty T K//Z
E(/ Uz du 54}) <c(—) ,
T N

and finally, for N large enough, we have that
<K, Vie{0,..,N—1}

T\ 760 | ol T

BMO

with 2L, K2 4+ 2v/2L,KC} < 1. Obviously, this estimate is also true for Z** which means that Z'~ W and Z'~* «
: T
W arein %, By using Remark — 4.3 we get that v(z,x) = #(¢,x) and E (/t Iw(s, XI7%) —w (s,X17))? ds) =

0. Since this is true for all (z,x) € [0,T] x R* and, due to (HX), X% has positive density on R¥ for s € (0, 7],
w = W a.s. with respect to the Lebesgue measure on [0, 7] x R¥. Then, (v,w) and (+/,w’) are equal.

Regularity Now we prove Theorem — 2.6. We consider (v,w) a continuous Markovian solution of (2.5) such
that v is bounded. We set #,7' € [0,T] and x,x’ € R¥. Without restriction, we can assume that # < ¢". Then, we

can write

’ ’ t [/ / 1, [/ / l/ / l/~/
‘v(t,x)—v(t ’x)|: Yt,x_Yﬂ,x < Yt,x_Yt X Y, X _Yt,,x

X

+

b

I
where we have extend the definition of (¥!*,Z/* )ir<us<t 10 [0,7] by setting
t/ x/ t/ x/ t/ / f, x/ l/ x/ /
v/ =y +/ f(u,x,Yu’ ,O)du, 7% —0, 0<s<r,
s

which is equivalent to take 6(s,.) = 0 and b(s,.) = 0 for s € [0,#/]. By the same token we can extend

(Y, ZL ) e<usr to0 [0,1]. Then, a standard estimate gives us

' X! t' X
Yt' 7Yt/’

<Clt—1],

where C does not depend on (#,x) and (¢',x"). To conclude we just have to study the remaining term

x Y[t/ X ’
Thanks to calculations done in the uniqueness part of the proof, we know that there exist some determinis-
tic times 0 = Ty < 71 < ... < Ty = T such that TZ"* x W/Ti+1 ¢ %30 and Tig'Y ewllian ¢ Q%ZMO for all
i €{0,...,N—1}. Let us emphasize that times 0 = Ty < 7} < ... < Ty = T can be chosen independently from
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(t,x) and (¢',x'). Then, by using once again Remark — 4.3 and assumptions on ¢ and f, we obtain

A 1/4
) +E<

Y Y
1.x X s
Y-yl S

<

y4

ds

1/4
T i 4
<c E(]%(X’T”‘)—%(X}“"/) | [rxes ez <o (s x v 22 )
0

/14K 1/4 4k T 312 4 1/4
+E| sup 1+/ |ZS’ | ds
s€[0,T1] 0
4\ 1/4 8K 1/ T ) 8
) +CE | sup 1+E (/ |z ds)
s€[0,T] 0

where C depends on N and the BMO norms of 71Z'* * Wi (see an explicit value in Remark — 4.3). However
N stays finite in the sequel and, as already mentioned in the Proof of Theorem — 2.1 and Theorem — 2.2, an
Tigpt' X il

<clE ( X},x _X;:,x X;,x _Xst/m

1/8

<CE(X%“—X¥”“ X=X

uniform estimation on HT"Z”’“*WJT"+1 and

gives an uniform upper bound on C
BMO

(particularly C does not depend on (¢,x) and (¢',x")). Then an energy inequality gives us
8K> /8

<C(|x—x’|—|—|t—t"1/2),

1)
1x 1/ X
X" — X,

Y Y| <CE( sup
s€[0,T]

Thus, we just have to use the classical estimate on SDEs given by

Xt’,x’ _Xt,x

78

to obtain that L )
|Y,t’x—Ylt’x|<C(‘x—xl‘K+|t—t/‘K/ )

Acknowledgements. The authors would like to thank Hao Xing for useful remarks and comments on a
preliminary version of this article.

6 APPENDIX — TECHNICAL PROOFS

Proof. [of Proposition — 1.3] Let us show the BM O property for a started and stopped process. Let us consider
a stopping time ' such that 0 < ©’ < T a.s. we have

E(("lzswle) —(F121xw)®) | 7o) =E((C 125 Who —C 12 Whninec) ) | 72)
= E((( 1215 W)o = C 1215 W)e) Losrrca| Fo).

Since *|Z| x W vanishes before T and .71 C Frpax(z/ 1)> We get:

E((C1Z16W)o = (1215 W)) Locw<o) | Fe) =E( (1216 W)o = (1215 Whnas(or) ) Ro<er<o)

—E (E((<|Z| *W)s — (|2 *W)max(ﬂx)) 1(0<t<o)
<esssup sup E((|Z|xW); — (12| xW):|-F7).

Te o

%)

gzmax(r,'c’)) ’3;1’>
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Finally we have shown that

esssup sup E(<T \Z|*WJG> —<’“' |Z|*WJ°> /’5‘}) <esssup sup E((|Z|* W), — (|Z|xW):|-F%),
0<T/<T T T tegTo

and the inequality is obviously an equality. g

Proof. [of Proposition — 3.2] We are going to use inequalities given by Lemma 1.1. Let us suppose the exis-
tence of a solution X for the equation (3.3). We have forallm > 1,

1X

o <t | [ P55

k .
3 [orsx)any
p=170

+
m m

u my 1/m k T m
<l & sop ([“abrlas) ) e ( (X [ 1676 x0F s
0<u<T \/0 p=170

T my 1/m T m/2 1/m
<|Xo||Lm+E((/ OLsXsds) ) +c,’nE<(/ BSZ|XS|2ds) )
0 0

On the one hand, according to Lemma 1.1 we have

/2 l/m

E (( | "o Xs|ds)m) L aew (W),

<V2m |V W o (VX )+ W[
<2 X | o |V *W |50

On the other hand, we get for the last term

o [B*Wlligmo -

T 5 m/2 1/m
E (( [ B2ixas) ) = B IXD %W = 1 (B W)l m < V2 X
Hence we obtain the following inequality

2
X[ (1= 2 [V W 3110 = V2Ch 1B % W0 ) < [Xoll 6.1)

The constant behind ||X|| ,m is not always positive, but we can use the sliceability assumption in order to
construct piece by piece the process X, and on each piece the constant will be positive.

More precisely there exists a sequence of stopping times 0 = Tp < 71 < ... < Ty = T a.s such that for all
i€{0,..,N—1}:

Ty fo Wit

< €1,
BMO

’TiB S Wil

< &.
BMO

The process X is equal to

N—1 _
Xi= Y X5, (0
i=1

where each X' is the restriction of X to the stochastic interval [T}, 7;11]. By convention we extend X' to [0,T]
by zero outside [T}, Ti+1]. X; satisfies the following SDE:

i o Y L koot ~ . -
X=X +/F(s,x;)ds+2/GP(s,x;)deWQT’“, t€[T, Ty, and X '=X,.
T; T;
i p—l i

For all i € {0,...,N — 1}, by considering above computations on each [T}, T;11[, (6.1) becomes

1

—i
) (1 —2me%—szﬁc,’n) < HXT’ ‘

B n ’
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Denoting by K¢, ¢, the constant
1

K = >
TR _ome? —eyv/2C,

)

we have -

m < Kél-ﬁz HXOHU”’

and finally we obtain

N=l,
Xl < X [[X
i=0

om-*

N—-1 0
gm S (;)Kéhﬁz) HX

€1,€2°

N-1
The result follows by setting K, ¢, ¢, = Z K
i=0
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