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A STABILITY APPROACH FOR SOLVING MULTIDIMENSIONAL
QUADRATIC BSDES

April 6, 2017

Jonathan Harter,1 Adrien Richou”

Abstract

We establish an existence and uniqueness result for a class of multidimensional quadratic backward stochastic
differential equations (BSDEs). This class is characterized by constraints on some uniform a priori estimates
on solutions of a sequence of approximated BSDEs. We also present effective examples of applications. 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?*_yalued progressively measurable process, satisfying the equation

T T
Y,zé—&—/ f(s,YS,ZS)ds—/ ZydW,, 0<t<T, a.s. (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 [Kob0O]. Since then, many authors have worked on this question and the theory is now well understood: we
refer to [Kob0O, Tev08, BE13] when the terminal condition is bounded and to [BH06, BEK13, DHR11] for the
unbounded case.

In this paper we will focus on existence and uniqueness results for quadratic BSDEs in the multidimensional set-
ting, i.e. d > 1. Let us remark that, in addition to his intrinsic mathematical interest, this question is important
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 problems for several
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interacting agents in [ET15, FDR11, Frel4, BLDR15], financial price-impact models in [KP16, KP16], principal
agent contracting problems with competitive interacting agents in [EP16], stochastic equilibria problems in incom-
plete 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 [FDR1 1] 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 [Frel4, KP16]. 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 mar-
tingales 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(st))ds—/ ZMaw,, 0<i<T, as.
t Jt

where p™ is a projection on the centered Euclidean ball of radius M. Then existence and uniqueness of (YM 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™, Z™) = (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 / 'Zﬁw dW;. Subsequently, 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
Yy =& +/ f(Z;’)ds—/ ZidW,, 0<i<T, as.
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 / Zﬁ.u dW;. But, contrarily to the scalar case,
0

it is not possible to show that we have an a priori estimate on the BMO norm of the martingale / Zﬁ” dW; under

general quadratic assumptions on the generator (let us recall the counterexample provides by Frei and dos Reis



in [FDR11]). So, this a priori estimate on the BMO norm of the martingale / .Z?/IdWs 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?dW;, and this a priori 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 [DTOS].

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 / 'Zg’dWs. This is the purpose of Section 5
0 0

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 [DTO0S8]. Section 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, (ﬁ’,)te[oﬂ,P) a complete probability space where (% )c[,7) is @ 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) L<i<k is a process with values in R¥ 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 ;<M,M>> .

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

ForA € g (R), AUP) will be the column p € {1,....k} of A, and A" the line I € {1,...,d}. If Be L (R¥* RY),
. k . o
we write for i € {1,....k}, Bt € Z(R? RY) the linear map such that Bx = ZB(:"”:)x(:”) for all x € RVK If A
i=1

and B are two processes with values in .#;;(R) and R, the quadratic variation (A,B) is the RY vector process

00

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) € Mar(R) X My (R) by
( < Al Bl j>>
!

d

=

dd'

M=~

1

i,j=1



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

1Y

1/p
ymE<wmmﬂ . and [|¥] - —esssup sup [¥].
’ 0<s<T ’ 0<s<T

If Z is a random variable with values in Rd, we define
1
1Z]o =E(|Z]P)7.

A continuous martingale M with values in R is in 527 (R), or only #7 when it is not necessary to specify the
state space, if /(M,M)r € L”. And we define the .7#’” norm by

1/
s RS

If M is a martingale with values in RY, M is in 27 (R?) if |M| is in P (R). A real martingale M = (M,)o<;<7
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 fMT)2|<9}) <C?as.

The best constant C is called the BMO norm of M, denoted by [[M|[o(p) or sometimes only ||M||gy,0. In
particular, the one dimensional local martingale ZxW! = / 'Zs dWS1 is BMO if there exists a constant C > 0
0

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

T 2
B[ 12
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].

Fork>1,%;° (R*) is the set of all " functions with values in R defined on R¥, which have bounded derivatives.
Letg:[0,7] x RY — RY and a € (0, 1], we denote by €' the space of all Holderian functions of exponent c/2
with respect to the first variable and exponent o with respect to the second variable. More precisely, g € €% if

ﬁ}) <C?as.

|g(t,x) —g(t’,x’)|

sup
|2 4 =)

(1) A ¥)e[0,T]xRE [t =1/

o Inequalities — BDG inequalities claim that ||.|| ., and ||.|| ,, are equivalent on martingale spaces with two
universal constants denoted C;,, C,. It means that for all continuous local martingales M vanishing at 0,

1M]| yr < Cp IM]| 50

and
M

o0 SC, M| -

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

(pfl)g(p@2])>2 if p>2,

P 44/= 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 R?-valued



martingale M and p > 1,
p
M| 5p < =1 1Mz,

and for p = oo,
(M|

o S ||MTHL°°'

1 1
If p €]1,0[, we will denote by p* the conjugated exponent of p such that — + — = 1. Finally, we say that a
P P

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

E(|L7|"|F:) < K, 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][50. (12)

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

E((M)7 — (M),)"|Z:) < n!||M|3h0- (1.3)

Consequently the space of BMO martingales is a subset of ﬂ JP. We recall also the so-called Fefferman
p=1

inequality: for X € 2! and Y € BMO,

T
B ([ 06TLT) < XL 1o

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.
(@) IfX € " and M € BMO, then X xM € ™ and

1X % M| m < V21X om [M | o -
(i) IfX € " and M € BMO, then (X, M), € L" and
X M) 7w < V2 X | [M | g0 -

The John-Nirenberg inequality gives a useful estimation on exponential moments of (ZxW)r: if ||ZxW||g,,0 <
1, for any stopping time T € [0, 7] we have

34‘1) < (1.4)

E(e-ffr‘z‘v‘zds < -
1= 1ZxW gm0

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; > 0 and ¢, > 0 depending only on B, such that for
any BMO martingale M, we have for any BMO martingale N such that ||N|| BMO(P) < B,

1 HMHBMO(P) <M - <M7N>||BM0(Q) <@ HMHBMO(P) , where dQ = &(N)r dP.
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" xW ), .n. We

denote K = sup || Z" W || gys0 < o0 and assume that Z" xW converge in €™ to a martingale ZxW. Then ZxW
neN
is BMO too and satisfies the same inequality || ZxW || gp0 < K.



Proof. Let us define by .# the measure d.# = dP ® dx. Firstly we show that convergence in ¢ 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,
1
M(Z"—Z| > €) < HZ”*WfZ*WHéﬁ < |Z" %W —Z %W | %pm.

Moreover, if m < 2 we also have

1m/2 T m/2
MZ"—Z| > €) < (/ |Z" — Z,|™d ) E (/ |zg—zs|2ds) .
0

For the both cases, we get convergence in measure. Hence there exists a subsequence (1) such that

727> — |Z)* A —ae.
k—roo
The Fatou lemma gives us for all stopping time 7 € [0, 7],
L. T 2
/ 12,2 ds < liminf / Z%2ds  as,
JT k—yoo T
and taking the conditional expectation

T T T
E(/ |Z,|* ds %) gE(liminf/ |27 |* ds 9}) < liminfE(/ 2% % ds
JT k—o JT k—>o0 T

Finally Z+W is BMO and ||ZxW || g;0 < K. o

ﬂ}) <K as.

Sliceability — For a process X and a stopping time T we denote by *X the process started at time 7, that is
X = KXmax(.,7) — X7 where XJ7 is the process stopped at 7. For two stopping times T < © a.s, we denote by

“X1 the process started at T and stopped at o
era _ (rX)JG
Associativity property of the stochastic integral can be rewritten with this notation:
TH*W)® =HxTWI°.

Between T and o, the started and stopped process is simply a translation of the stopped process: for all # such
that Tt <u < 0o as,
(e}
X~ x, —X,.

This process is constant after o and vanishes before 7. 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 < 71 < ... < Ty = T such that

T (X )V T <e.

BMO

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

) BMO, = 7=

>0

Moreover the BMO norm of a started and stopped stochastic integral process *Z *W1% has a simple expression:



PROPOSITION — 1.3

Cg\T')a

where T 5 = {T/ stopping time 1T <7 <o a.s}.

(e}
TZ*WJ"H =esssup sup E(/ |Z,)* ds
BMO T

eI

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

P ={f((g1*W)r,....,(gn*xW)r) : 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]) ® Z,dx® dP) defined by

D,F = i 8,-f((g1 *W)T, ey (gn *W)T)gi(l‘).
i=1

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

1712 = [B(1F7) + B (IDF )]

We can show that D is closable, consequently it is possible to extend the definition of D to D' = 77 Besides,
D' is dense in Lz(Q). For further considerations on Malliavin calculus we can refer to [NuaO6]. We finish this
paragraph by the following useful result proved in [Nua06] (Proposition 1.2.4).

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

[p(x) —o(y)| < K|x—y].

Let (F',...,F%) avectorinD'?(R))NL™(Q). Then ¢(F) € D'*(R?) and there exists a random vector (G, ...,G?)

such that
d

Do(F)=Y G'DF', and |G|<K.

i=1

§ 1.2. Framework and first assumptions

In this paper we consider the following quadratic BSDE on RY:
T T
Y, =5+/ f(s,Ys,Zs)ds—/ ZdW,, 0<t<T, as. (15)
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
(v,z) € RY x R* and r € [0,T], (f(z,y, 2))o<i<r 18 progressively measurable, (Y,Z) is a process with values in

RYxRY* and & € ? (%‘T,Rd).

DEFINITION — 1.1 A solution of BSDE (1.5) is a process (Y,Z) € .7*(RY) x > (RY*¥) satisfying usual integra-
bility conditions and solving initial BSDE:

(i) /OT (16 Y20 P +1ZP ) ds < 0 as,

T T
i) =&+ [ fXZ)ds— [ ZaW, 0<e<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) Forall (y,y,z,7) € (Rd> X (Rka> , we assume that there exists (Ky,Ly,K;,L;) € (RT)*



such that P— a.s forallr € [0,T):
|f(t7y,z) _f(tay/vz” < (Ky+LY‘Z|2)|y_y/|v

|f(t,3,2) = f(t,3:2)] < (Ko +Le(f2] +1]) |2 =2,
T
(i) E (|§ ? +/O |f(s,0,0)2ds> < oo,
We denote by B" (L, L) the following quantity depending on L, and L.:

—-L.C L L.C' )2
Cm T my+(2m) ifLy#O,

B"(Ly, L) := v2mL, (1.6)

1
S if L, = 0.
2V2L.C, ?

For all m > 1, let us denote by %3} the set
o= {Z, R¥* —valued process /ZmLy 1Z| % W 5p0 + 2V 2L.Co ||| Z| % W | gago < 1} ,
which can be rewritten as
o = {Z, Rk _ valued process / NZI* W] grro < IB%’"(Ly,LZ)} ,

where B"(Ly,L;) is defined in (1.6). We also denote by ngﬁcom the set of all R“**-valued processes Z for which
there exists a sequence of stopping times 0 = Ty < T} < ... < Ty = T such that "izlTi+1 ¢ Zgyo forallie {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™(t,y,z) = f(t,y,p™ (z)) where p : R** — R?¥* satisfies the following
properties :

e p™ is the identity on Brax (0, M),
e p™ is the projection on B« (0,M + 1) outside Braxi (0,M + 1),
o pMisa €™ function with [Vp™ (z)| < 1 for all z € RV,
Thus f™ is a globally Lipschitz function with constants depending on M. Indeed we have for all (z,y,y’,z,7 )€

0,7] x (RY)? x (Rdxk)z,

<If (2, pMR) = £ (0, . 0" @)+ |f (6.5, pM(2) — £ (1,¥ . o™ ()]
<(Ky+Lylp™ @) ) |y =y |+ (K- + L. (1™ @)+ 1p™()])) |2 — 2|
<<K}’+L,V(M+ 1)2) ’y_y/’ + (Kz + 2L (M + 1)) |Z_Z/| .

Mt y,2)— M,y ,7)

Then, according to the classical result of Pardoux and Peng in [PP90], there exists a unique solution (¥ M ,ZM )€
FHRY) x 7% (RPF) of the localized BSDE

T T
Y,M:§+/ fM(s,ZSM,Zf,W)ds—/ ZMaw,, 0<t<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 Malli-
avin 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||= = sup [[D;&]z= < oo.
0<I<T

SIS

(DE,b) (i) Forall (r,y,z) € [0,7] x R? x R¥*k, we have
T T
f(t,y,z) eD'?(RY), and E (/ / |Duf(s,y,z)|duds> < oo,
0o Jo

(ii) There exists C > 0 such that for all (u,z,y,z) € [0, T]2 x R? x Rk,
D.f(t,y,2)| < C (1 + \zIz) a.s.

(iii) For all (u,1) € [0,T]?, there exists a random variable C,(¢) such that for all (y',z',y?,7%) €
(Rd % Rdxk>2

2 2
D32 =Duf ey, )| <Culr) (142 +|27) b =22+ (1] [+ [2) [ =) as.
By recalling that (Y M M ) 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"(L,,L;) such that

sup H‘ZM|*W||BMO <Kk
McR*

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) € ./*(RY) x 2%, such that

esssupq, [o,7] [Z] < +oo.

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 faiag : Q@ x [0,7] x R”* — R? and g : Q x [0,T] x R? x R"** — R? such that for
alli € {1,...,d} we have _ _ _
F1(t,3,2) = faiag(t:2) +8'(1,,2).



e There exist five nonnegative constants Ly, Ky, Lay,Ka;,La such that for all (¢,y,)’,z,7) €
0,7] x (RY)? x (RM)2 and i € {1,...,d}:

b

i)~ 200 2] 1) -2

|g(t,,2) — g(t,y,2)| < (Kd,y +Lay \ZIZ) ly=y1,

‘g([,)@Z) _g(t?yvz/)‘ < (Kd,z +Ld,z (|Z| + ’Z/D> ’Z_Z/‘ .
This kind of framework has been introduced by Hu and Tang in [HT16] (see also [JKL14]).

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

(&) sup H!ZM‘*WHBM0<B7
MeR*

c
(ii) c%dL,LyIB%z <1, 2 Lyy+ < 1, where c{ and c; are given by Proposition
C1 ’

26%\/;1L ) 4\/3C%L¢;,ZIBSZ
d,z

c 1 —c3dL, B2

1.1 with B = 2L,B.

We also assume that & € L™(Q, 1) and f(.,0,0) € .#=(RY). Then, the quadratic BSDE (1.5) has a unique
solution (Y,Z) € .7 (R%) x BMOg such that

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

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 assume 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 in R ,
PEN*

d’ > 1, and a function f: R? x R? x R¥** — RY such that for all (t,y,2) € [0,T] x RY x R¥*:

f(f>)’7Z) = f(atay7z)'

Besides, we assume that (H) holds true for f.
(i) There exists D € R* and & € (0, 1] such that for all (y,z) € R x R¥* (B, ') € (R)%:

1)
£(B.v.2)— (B 3.)| <D (1+1) [B— B @1
Forn € L*(Q, Zr), B €. and M € R", we denote by (Y(M""’ﬁ),ZW’n’ﬁ)) the unique solution of the BSDE

T T
YZ(M,n.,B>:n+/t fM(ﬁs7),vs(M,n-,B)7Zs(M,ﬂ,ﬁ))ds_/t ZMB) W 0<t<T, 2.2)

where for all (1,y,z) € [0,7] x R? x R¥** and R -valued processes o, we have ™ (0y,y,2) = fM(t,y,z). Finally,
assumption (BMO,m) will be replaced by the following one.

(BMO2,m) We assume that & € L*" (€,.%r) and that there exists a constant K < B" (L, L,) such that

s e[, e
MeR* ”nHLZm* (QﬁyT)gHé”LZm* (@Q,7r)

B ||L2(Q>< 0.7 <l a”LZ(QX[O’T])

10



THEOREM — 2.3 (EXISTENCE AND UNIQUENESS (2)) Letm > 1. Under the main assumption (H’) and the BMO
estimation (BMO2,m), the quadratic BSDE (1.5) has a unique solution in .#*" (R?) x (2™ (RV*Yn 24 ).

REMARK — 2.1 It is also possible to extend the result of Theorem 2.2 (diagonal case) to more general terminal
conditions 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 assumptions
(i) and (ii) of Theorem 2.2 are fulfilled. The aim is to show that numerous results on multidimensional quadratic
BSDE:s 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| *W 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 (r,y,z) € [0,7] x R x R¥**, we have |f(t,y,2)| < }/|z|2,
(if) 477 [&]J7- < 1.

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

1

1 2>2
— (1= 1—4p2 )€ ) <B"(L,,L,),
5 (1-Vi-er el ) <Er

the BSDE (1.5) has a unique solution in .#*™ (RY) x (™ (R* N Z3,,). If in addition (Dxi,b) and (Df,b)
hold true, there exists an unique solution (Y,Z) € .7%(RY) x 23, 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 > 0 and &,y > 0 such that for all (s,y,z) € [0,7] x R? x R?*¥
v-£(5,3,2) < aly|—plyP + vyl Iz,

(i) 47 €))7~ < L.

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

1 3
_ _ 2 A2 m
—ﬂy(l V1 4yA) <B"(Ly,L;)

with A = max <||§ | Z), the quadratic BSDE (1.5) has a solution in .#>"™ (R?) x (™ (RT*YN 208,0). If

in addition (Dxi,b) and (Df,b) hold true, there exists a unique solution (Y,Z) € .7 (R%) x Z ., such that
q BMO

esssuPg . [o,7] 1Z] < +eo.

11



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,2) = faiag(?,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 R¥*K, we have
‘fdiag(t>z)‘ < Gd ‘Z|2a |g(t,y,z)\ < G|Z|27 (23)

(iii) _
42;1:1 eZGd”‘:IHUX’ G
Gy

N

< 1, where c| and c, are given

2 2 —1
o, ., ¢ 23Vd 4dc3L, ,(4G4G)
iv) ¢5dL;,(4G,G)™ < 1, —+v/Lay+ L,
(iv) c3dLgy,(4G4G) <c1\/7” 2 dyz 1= 3dLy,(4G,G) !

by Proposition 1.1 with B=2L, (4GdG)_1/2.

Then, the quadratic BSDE (1.5) has a unique solution (Y,Z) € .~ (R?) x BMO 4, G)-1/2 such that

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

REMARK — 2.2 The growing assumption (2.3) is only one example of hypothesis that can be tackle by our ap-
proach. 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 RY x R¥*K,

l8(t,3.2)] SC(1+]y]) + ez
and T, € are supposed to be small enough. This framework is studied in [HT16, JKL14].

e We assume that for all (z,y,z) € [0,T] x RY x RY*k,

g(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 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
BSDE:s is proposed by Darling in [Dar95].

Let us now define more precisely the problem. A so-called linear connection structure is required to define martin-
gales on a manifold ./ in a intrinsic way. A contrario for the 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.
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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 for all F € € (M), F oX is areal 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
F(Y)t—%/o VdF(dY,dY),

is a real local martingale on [0,7]. Again it is not very hard to see with the It6 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

quadratic variation of ¥ with respect to the (0,2)-tensor field VdF. This notion is defined by considering a
proper embedding (x;);<i<q 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

/.b(dY,dY)s = /‘b,-,-(ys)d<yf,yf>s
0 0
does not depend on (x) | <;<4 and so the quantity / VdF (dY,dY ), is intrinsic. It is well-known that for all m € .#,
0
vV dF)ij (m) = D;F (m) — Ffj(m)DkF(m)’
where Ff-‘j(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
Yf:§+/ f(&YwZS)ds_/ ZSdWY) 0<I<T7
t 1

1 SN (e
with f: [0,7] x RY x R”* — R? defined by f(s,y,z) = 3 (Ff'(j()’)z(l").z““)) . It is an easy consequence of

1<k<d
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}

I50) —TH0)| <2Ly[y—y

)

Ficj(y)‘ <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) = £t ,2)| < Lylzf |y =

and with the symmetric property of the Christoffel symbols, we have
1 . i o i j,: 1 . i i i e
f(t,y,z/) —f(t,y,z) = _5 Zrlj(y) (Z( 7.)'Z(JP) - (Z/)( ’.)'(Z/)(]“)) = _Ezrtj(y) (Z( 7 (Z/>< ’ )) (Z(J’ ) + (Z/)(]’ )) )
i,j LJ

which implies that
|f(t;y,Z) _f(tvyazl)| gLZ (|Z‘ + |Z/D |Z_Z/‘ .

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

DEFINITION — 2.1 We say that a function F € ‘52(///,R) (seen as a function on RY) is doubly convex on a set

13



G CRYifforally e Gandz e R,
min {Hess F (y)(z,2), VdF (y)(z,2)} = 0,
and, for oo > 0, F is o-strictly doubly convex on G if forally € G and z € R¢,
min {Hess F (y)(z,2), VAF (y)(z,2)} > atz]*.

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 = (Fd”) (] — °,0]) is compact and & € G,

(ii) F9 is doubly convex on .4, and there exists o > 0 and m > 1 such that F% is o-strictly doubly convex on

G and satisfies
1/2
o
< sup {Fd%x)Fd"(y)}) < /I xmL),

(x,y)eG?
(iii) (HGam) holds true.

Then there exists a unique V-martingale Y in .#=(R?) with terminal value & such that \/| (Y,Y)|«W € Z 0.
Moreover, if (Dxi,b) holds true we have

esssupq,fo,7) | (¥, Y) | < +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 random progressively measurable processes.

2.2.5 The Markovian setting

The aim of this subsection is to refine some results of Xing and Zitkovié¢ 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 £ € [0,7] and x € R¥ we denote X"* a diffusion
process satisfying the following SDE

(2.4)

dX!* = b(s,X")dr + o (s,XF)dW,, s €1, T],
X =x, sel0,1].

In all this part, we assume following assumptions that ensure, in particular, that for all (z,x) € [0,T] x Rk, 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 & : [0,7] x R¥ — R¥* is symmetric, measurable and there exists a
1
constant A > 0 such that Alu|* > |0 (¢, x)ul* > A |u|? for all (#,x) € [0,T] x R* and u € R¥,

e ) and o are Lipschitz functions with respect to x.

The aim of this subsection is to study the following Markovian BSDE
T T
Y =9(X7) + / f (s, X%, Y, Z1%) ds — / Zaw, t<u<T, (2.5)
u JUu
for which we assume following assumptions:

(HMark) e (s,y,2) € [0,T] x R? x R* —; f(s5, X!, y,7) satisfies (H),

14



e There exists D € R and k € (0, 1] such that for all (x,x') € (R¥)?,

9| <D, |9x)—9)| <D|x—x|".

As in [XZ16] 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,
e forall (r,x) € [0,T] x RF, (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 RK.

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) Let g : [0,T] x R* x R x R¥”** — R? 4 Borel

function. A nonnegative function F € ‘52(Rd,R) is said to be a Lyapunov function associated to g if for all
(t,x,,2) € [0,T] x R* x RY x R¥*k:

1 ¢ L
EgHessF(y) (Z("l),z<"l)) —dF(y)g(t,x,y,2) = |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,T] x
(Rk)z X Rd X Rka,

f(s,2,9,2)] SD(L+y[+ ), [f(s,x,3,2) —f(s,x,3,2)| < D(1+[z]) [« = ¥|",

(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 € €*. In particular, 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 small BMO estimates obtained in the proof of 2.5 and Remark 4.7
but the approach is less direct than in [XZ16]. Concerning the uniqueness, Xing and Zitkovi¢ give a uniqueness
result for generators that do not depend on y: our result allows to fill this small gap. Finally, Xing and Zitkovi¢
prove that the Markovian solution, when there exists, satisfies v € ‘5", with ¥’ € (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.
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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 |||Z| x W || g, (s€€
the proof of Theorem 2.5 and Theorem 2.6).

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
U=C+ [ (AUABY+f)ds— [ VW, 0<i<T, 3.1)
t t
where ¢ € L*(%r,RY),f € L*(Q x [0,T]) and A,B, f are three bounded processes with values in .2 (R? RY),

Z (R* R?) and R?. 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(S,‘ST§+/ S, fids
t

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

To extend this last formula in the general case we define, as in [DT08], a process S as the unique strong solution of

tg.t)a Ogth)

where

k
s, =y, SBUP AW, + S, A e, So = Tsa-
p=1

PROPOSITION — 3.1 (FORMULA FOR U)

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

| S (glr) - B Loy
dS; _ Z (Bt.,p., ) —A, |di— Z] B[~-,P~,~ dVth S; , Sa =1jixa-
p=

p=1

(ii) The BSDE (3.1) has a unique solution (U,V) in 72 (Rd) x A (Rka), and U is given by:

T
U, = E(S,ISTC—i-/ S8, fids
Jt

g;) , (3.2)

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

U=C(+ / AU+ Y BV 4 p ) ds— Y / Ve awp.
t p=1 p=1 1
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The It6 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(wp,.) Uit S,‘G("p)) aw’,
p=1
and thus we get, for all # € [0, 7],

! "5 (5560 ()
StUt:STC—i—/t szsds—/t Y (S04 SV ) awy.
p=1

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

%) . Adaptability and invertibility of S give

the result. ©

§ 3.2. A result about SDEs

We consider a SDE on R?*¢ of the form
ot k t
X :Xo+/ F(s,X;)ds + Z / G? (s, X;)dW? (3.3)
0 = Jo
p=1

where F : Q x [0,T] x R — R and for all 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 exis-
tence 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 [ such that
(i) (Regularity) F(t,0) =0, G(t,0) = 0 and for all (x1,x2,t) € (RY)* x [0,T],

|F(t,x1) —F(t,x)| < o |x1 —x2| a.s,
k
Z |G (t,x1) — GP(t,x2)|* < B2 x1 — 2 as.

(ii) (Sliceability) (v/axW, BxW) € BMOg, x BMOg, with the condition
2med +V26,C), < 1.

Then there exists a solution X € ./ m(Rd) to the equation (3.3) and a constant Ky, ¢, ¢, such that

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)

g Km,Sl,Sz HXOHL’" :

COROLLARY — 3.1 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) € (RY)* x [0,T],

|F(t,x1) = F(t,%2)| < o [x1 —x2| as,
- 2 2
Z P(t,x1) — GP(t,x2)|* < B2 |x1 —x2|* as.

(ii) (Sliceability) (v/axW, BxW) € BMOg, x BMOg, with the condition

2med +V26,C), < 1.
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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
54 m(Rd) and satisfies for a constant K, depending only on C,,, m, k and €, &:

E( sup |X§7ld‘m‘ﬁt> gK,’;’ysl,gz.

t<s<T

In particular, if X is an invertible solution to the equation (3.3), we get the reverse Holder inequality

E( sup |X11Xs|m‘ﬁ,> < K"

m,€1,& "
1<s<T ’

Proof. We can use Proposition 3.2. For all ¢ € [0, 7] and all event A € .%;,

X" x 14

Fm([t,T]) < Kney.er [lHa X Lallpn -

Then we get, for all 7 € [0, T],

E( sup [X( 11A|’”> <Ko B (14",

t<s<T
and we have
m
E < sup |X{%|" x nA) <Kpe oEa).
1<s<T
Finally, the definition of conditional expectation gives us the result. o

§ 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 g = e, 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: (\/axW, BxW) € BMOg, x BMOg, with the condition

2med +V2&,Cp, < 1.

Then
(i) If{ € L™(Q, Fr) and f € S, then U € 7 (R?) and

[Ull= < Kney.er (Gl +T 1 fl] =),

(1) Let us assume thatm > 1. If § € L™(Q,.%r), and \/|f|*W € BMO, then U € .~ and
2
101 < 00 Ko (1605 + VW)

T
(iii) Let us assume that m > 1. For all g > m" = e T if <C,/ | fs] ds) € LIx LY, then U € .7(R?) and
m— 0

q)
L4

. g q a/m* . T
P e (R TP

q/m*
In the following we will denote simply g m.e, e, = 2‘17]K,‘,’17£1 & (q*) .
qg—m
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Proof. The formula (3.2) gives us, for all 7 € [0, T]:

Ul <E(]S;'S7][¢]| ) +E</ IS, 1| |f:| ds |7

)

with
ds; = Z SBYT AW + SiA 1, So = Lixa.

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) €
(RP*4)2, GP(s,x) = xB{"") and F(s,y) = yAs. Let us note that ‘B “Pot ’ < |B| for all p € {1,...,k}. Thus there
exists a constant Ky, ¢, e, such that:

E< Sup |Sl_lsv|m> <KI’;11€1 &

t1<s<T

o If £ € L” and f € %, by using the Holder inequality we have

1/m

o Letus consider m > 1 and assume that § € L™, \/|f|*W is BMO. Then, by using Holder and energy inequalities

* l/m*
T m
Ui SKiney e Hé”L‘>0 +KM,81.,52E<(/ |fs|ds> yt)
t

2
<y (180 + VW ).

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

0 <I1E = Kty WE((T—z) sup [5715,]"

t<s<T
SKiney ey (S]]~ + T [f ]| =)

T
U, |7 <2971 (E(ys,‘STIICII%)quE(/ |S, 1S, £ ds

l)tz/m

+217 ‘E<sup S, s| E( |fs|ds

1<s<T
q/ *
+E \fs | ds

7))

t q/m*
%>
- q/m*

ﬁ,) are two martingales with terminal values,

<2 g (|55 7,)"" (ICI

gzq_lKr({l,El,Ez (|§|

T m*
The processes M; = (|C| ‘ z) and N, = ((/0 fs|ds>

* T m*
respectively given by |{|" and ( / | £ ds) . Hence the Doob maximal inequality gives us, if g > m",
0

£ ( sap o) = < (— " i~ (— )" e
b 1M yq/m*\ q—m Tllyg/me = q—m La>

0<I<T
R q a/m* || T q
E(sup Nt|q/m)<< *) ‘/ |fs|ds
0<t<T q—m 0

L4

and
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So we obtain the announced result:

q 1y 4q ahn q r
010 <2 K (524 ) (10 [ 110

q)
La

COROLLARY — 3.2 (AFFINE UPPER BOUND) Let m > 1. Let us consider A and B adapted, bounded respectively
by two real processes o and 3 of the form

as:K'i‘LvQ{ﬁ BSZK/"‘L/%M

with (K,L,K' L") € (RY)*, o7, B two non negative real processes such that \.of W and B xW are BMO with
the condition

2
2mL)’\/gf*W"BMO+ﬁL’ 1B %W 3y Cly < 1.

We have the following estimates, with constants K, g, depending only on m,q,K,,K;,L,,L, and the BMO
vVl xW B*W | gro-

norms ‘ ,
BMO

(i) If¢ € L(Q,.Fr) and f € %, then U € .7 (R?) and

It

e <K ([[Cl 1=+ T IS

ff"")v

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

101- < )& (el + [VITW )

BMO

m
m—1

T
(iii) Let us assume that m > 1. For all ¢ > m" = if (C,/ | f5] ds) € LI x LY, then U € .79(R%) and
0

q ] q q/m* q T q
U\, <27'Ki | —— + / | d .
” ”yq m( *) <C||Lq H 0 |fs| S 1ﬂ>

q/m*
In the following we will denote simply J; ,, = 2’1711(,’,1, (6]*) .
; q—m

Proof. We obtain easily estimates about BMO-norms of /ot xW and 3 xW by using the triangle inequality,
IVoxW o < VKT +VL|V.o W |guo,  |B*W|smo < K'VT +L'|B*W |suo,

and it follows that \/ax W, 8 xW are BMO. To use Proposition 3.3 we just have to show that v/otxW and f§xW
are respectively € and & sliceable with 2m£12 + \/ESQC;,[ < 1. To this end, we consider the following uniform
sequence of deterministic stopping times

T
Tj:.lﬁ7 ]E{Ov“'vN}v

and a parameter 11 > 0. With the Proposition 1.3, previous inequalities become on [T}, T;+1]

|orvaswitia|| < /Kn+ VIV W lswo, G4
“n+lﬁ*WJn+l||BM0gK/\/ﬁ“FL/H@*WHBMOa (35)
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By taking 1 small enough, we get 2m812 + \f2£2C,’n < 1 since the following upper bound holds true

2
2mLH\/;27*WHBM0+ VL | B5W || gy Cly < 1.

REMARK — 3.2 In inequalities (3.4) and (3.5), we have used that HTI;@*WJTM iy S5 W gy and
T/ of x Wt Mo < Hvd *WHBMO. We can easily obtain a more general result by replacing the following

assumption: .o, 4 are two positive real processes such that vV.oZ x W, Zx W are BMO with the condition

2
sz"\/gf*W“BM0+ V2L | B5W || gy Cla < 1,

by the new one: &/, % are two positive real processes such that v.&/ x W, % xW are in BMO,, and BM O, with
the condition
2mLet +V2L eC), < 1.

REMARK — 3.3 We have not mentioned the dependence of the constants with respect to Hvd *WH o and
BM

|| %W || gas0 in the notations but we will precise it explicitly when it will be important.

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

§4.1.  Stability results

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 (Y?,Z?), with terminal conditions &'
and 52 and generators respectively f; and f>:

T T
Yz1=<§1+/t fl(S,Ysl,Zsl)dS—/t Zlaw,, 0<r<T,

T T
=g [ pr2z) - [ Zaw, o<i<T.
t t
We assume that f1,f satisfies the usual conditions (H). Let us denote
SYo =Y -V}, 8Z,=7{ -7, OF=fi(sY),Z)~ fr(s,Y].Z]),

1S s R A

8fs=fi(s.¥2Z0) = f(s,¥7, 7)) and 8§ =§'-&%
The process (0Y,8Z) solves the BSDE

T T
6%, =&+ [ SRds— [ 8zaW,  0<i<T. @.1
t t

*

m
THEOREM — 4.1 (STABILITY RESULT) Letm > 1, p > 5 and let us suppose that

. 2
(i) 2mLy || |ZII*WHBM0+\6LZ (I |Zl‘*WHBMO+ 12%] *W | gpg0) G < 1,
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@) (§1,6) € (L),
T
(iii) /0 |8fs|ds € L?P.

|Z2| *W”BMO) (depending only on p,K,,L,,K;,L,,T and the

o)

Then, there exists a constant i(\; (H |Z1 | *WHBMO, ||
BMO norms of‘Z1 ’ *W and |22’ *W) such that

181 162 W s < By (12 Wy 122 W ) (1081554 | [ 165105

Proof. By using the classical linearisation tool, we can rewrite (4.1) as
T T
6Y =36+ [ (ASY.+B.(52,)+64)ds [ 8z.aw,
t 1

where

o Bisa . Z(RP* RY) process defined by blocks by, for all i € {1,...,k},

2 2
i fi(s, Y7, S) fl(sY Z)(TEZ ) if 87, #0,
BS = |62s|
0 otherwise,

k .
and B,67Z, = Y Bi§Z\",
i=1
o Aisa Z(R? R?)-process defined by

!,z Y2,z
f(s, Yy, s) fi(s, X7, ‘)(T5Y3> if Y, # 0,
Ay = |6Ys|

0 otherwise,

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

|By| < K.+L. (|2 |+12}])

Ay < Ky+Ly|Z) |
Step 1 — Control of §Y. A and B are bounded respectively by two real processes & and 3 defined by
a=K,+L|Z'*, B=K+L(Z'|+|2?),

and (8Y, 0Z) solves a linear BSDE of the form (3.1) with & f instead of f. We can apply Corollary 3.2, (iii) with

2

% =|z'|+|2*|, , I'=L, K=K, K=K, and L=1L,,

q
) . “4.2)
La

o =|Z!

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

T
1810 < o (15518, + | [ 05105

Step 2 — Control of 6Z. The Itd formula applied to |6Y\2 gives us
T ) ) ) T T
/ 16Z,2ds = |5E | — |8Yo| —2/ 5Y,.(8Z,dW,) +2/ (5Y.6F ) ds
0 0 0

T T
<|5EP -2 /0 5Y,.(8Z,dW,) +2 /0 (8Y.5F), ds. 4.3)
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Recalling assumption (H) we have
R| = [£i(s.¥).20) = (5,2 20| < (K + Ly |22 [ ) 1%+ (Ko + Lo (|20 +]22])) 152 + 18 4]

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

T
<2 [ [(K+L |27 ) 180 + (Kot L (122 +|22))) 18K |82+ 3£ 18] ds

T 1 1 T T 2
<2( sup |5Ys|2>/0 [K},—&-Ly]ZS'|2+(Kz—i—Lz(‘ZS]]—&-‘ZSZ]))Z—i-z} ds+§/0 |5ZS|2ds—|—(/0 |5fs|ds> :

0<s<T

By using this last inequality in (4.3) we obtain

L, e 2 T
5/ 67,2 ds < |SE| —2/ 5Y,.(8Z, dW,)
0 0

T 1 T 2
+2< sup |6YS|2)/0 [Ky+Ly|ZH2+(KZ+LZ(]ZSI|—|—]Z§|))2+2} ds—l—(/o |6fs|ds) :

0<s<T

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

>p/2>
5 [T 5 1 ) p/2 T p
+E (sup |5, [K},—&—Ly]ZSI‘ + o (K +L: (|2} +127))) —H]ds) +E<(/ |6fs|ds> ) :
0<s<T 0 2 o

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:

r/2
E ( sup ) = ‘
0<I<T

Since we have
p/2 ko T a2\ T p/4
=E (Z / (8,.628) ds> <E (sup 8%, / 6zs|2ds) :
02 =170 0<s<T 0

16Z|*W ||y < K

1
/ 5Y,.(8Z, dW,)
0

0<t<T

18E(E, +E (( sup

p/2 p/2

t
/ 5Y,.(8Z, dW,)
0

/' 5Y,.(8Z,dW,)
0

<(C )"

/ 5Y.(82,dW,)
0

7p/2 pl?

then the Cauchy-Schwartz inequality gives us

E ( sup
0<I<T

/ 8Y.(8Z,W,)
0

t
/ 8Y,.(52,dW,)
0

p/2 / 2 /2 /2
) <(C )PP 182+ W15, 18T 1175
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Moreover we obtain with Cauchy-Schwarz and Young inequalities:

116Z] *WII%y

<K | [18E I, + 1821« W25 [ 8Y 1175 +

18Y]1%,,, E ((/OT[1+|z§!2+|23|2]ds)p>]/2+1«:(</oT6fs|ds)p>
2+ 1I8Y|I%, E ((/OT [1+yz§\2+\z§!2]ds>p>1/2+E((/(;Tléfslds>p)]

K| [|16E]1Z,

1
+ 3118215 W Iy,

T p
The energy inequality allows us to bound E ((/ [1 + |Zs1 |2+ |Zs2|2i| ds> ) by
Jo
( +H’ZI|*WHBM0+H|ZZ| W”BMO)

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

T
62141 < K (18815, +1071%5,+ | [ 165105

P
) . “4.4)
Lp

Step 3 — Stability. Considering p > m? and combining (4.2) where ¢ = 2p with (4.4), we obtain existence of

a constant k\; (|| |Z1 | *WHBMO, H ’Zz| *WHBMO) which depends only on p,K,,L,,K;,L;,T,K and the BMO norms
, Zz‘*W such that

p

LZﬁ) .

16Y 1170, +I18ZIx W%y < Kp (H 1ZH W | gy |

T
1225 W| o) <Il65llep H [ 1s5as

REMARK — 4.1 We can obtain also a symmetrized version of assumption (i) in Theorem 4.1 by changing the
linearisation step in the proof. For example we can commute Z' and Z* and (i) becomes

1

2
2mLy H ’22| *WHBMO+ V2L, (H|21 | *WHBM0+ H‘Zz, *WHBMO) Cp < 53

But we can also note that 6 F; = ANSSYS +B,8Z; + d fy, where

~ 1
A 0Y = 5 (fl(sﬂYslvzsl) _fl(vasz7Zsl) +f1(S7Yslvzsz) _fl(s7Y527Zsz))ﬂ
~ 1
BSSZS = 5 (fl(svys27zsl) _fl(svyszvzsz)"_fl(s7yslvzsl) _fl(svyslvzsz))v

and we get symmetric bounds for A and B:

A By| <K.+L:(|2!|+|Z]]).

<K+ (]Z\ +\22])

Then (i) becomes

mLy (1215 W [as0+ 1122 W i) +V2LCon (11215 W g+ 122 W) < 1.
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We keep the notation I?p (H ‘Zl } *WHBMO,
result.

’Zz‘ *WH BMO) for the constant appearing in the following stability

*

COROLLARY — 4.1 (STABILITY RESULT (2)) Letm > 1, p > m? and let us assume that
@) (&1,6) € (L),
T
(ii) / 16 f,|ds € L2,
0

IfZ" and 7* are in ZEvior then there exists a constant i(vp (H ‘Zl ’ *WHBMO’
p. K, Ly, K, ,L,, T and the BMO norms of |Z1 }*W) such that

’Zz‘ *WHBMO) (depending only on

o)

REMARK — 4.2 By using Remark 3.2, it is clear that Corollary 4.1 stays true when Z' and Z? are only in ngﬁco’m.

Indeed, if we denote 0 = Toj < le <. < T/\?J’ the sequence of stopping times associated to Z/ x W for j € {1,2},
we can define a new common sequence of stopping times:

131+ 1BZ1W 1y < B (112 W 122 W ) (19580, + | [ 135

Tvisi = (T'VTHATE,, i€{0,..,N' —1},k€{0,...,N*—1}.
Then, by applying the stability result on each interval [T}, T;, 1] for i € {0, N'N* — 1} we obtain
NIN2—1

+16Z W, <N'N* T] K(
k_

16y (|” || Tk ’ZZ|*WJTI<+1

T |Z1 ! *WTkes1

T BMO

o)

) (10g1g+ | [ 1071as

Obviously, when sequences of stopping times are the same for |Z ! | *W and |Z2| * W, we can use it directly as the
common sequence of stopping time.

§4.2. A 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 [JKL.14]).

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 amblgulty, instead of z("). Let us consider two solutions (Y, tz! ) and (Y 2,Z2) which correspond to terminal
conditions &', 2 and generators f] = faiag,1 + 81, f> = faiag2 +&2. We have foralli € {1,...,d},

T T
Yt’:6§’+/ 5F;ds—/ 8Z1.dw,,
t t
with
8Y, =Y -v? 67z,:=27!-72

8FS = (fdiag.,l(&zg} 7fdiag.2(s7zg)) + ( (S7Ys 7Zs) gz(s,YSZ,Z%)) and 66 = 61 *62'
We also define
8fs=f(s,Y2,22) — fals. Y2, Z).

THEOREM — 4.2 (STABILITY RESULT FOR THE DIAGONAL QUADRATIC CASE) Let us assume that
(i) f1 and f, satisfy (Hdiag),
(ii) there exists B > 0 such that (Y',Z") and (Y*,Z%) are in = (R?) x BMOg and
2vdd ) 4/dc3L, B>

2 2 (&)
dL; B < 1 —\/Lagy+——= —
© .y ’ (Cl .y C% 4z 1— C%dl;d_’yBZ

<1, (4.5)
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where c1 and ¢y are given by Proposition 1.1 with B = 2L;B.

Then there exists a constant [% (H ‘Zl ’ *WHBMO ,
such that

|Z2‘ * WHBMO) depending only on B and constants in (Hdiag)

18Y [y + 118Z15 W | gas < K9 (||| 2| %W | 5p10»|

20 Wlao) (1081, + [ VW)

BMO

REMARK — 4.3 For a given Ly and a given B, condition (4.5) is fulfilled as soon as Ly , and Ly ; are small enough.

Proof.
Step 1 - Control of §Y. We write 8F' as

SF; = (faiag1 (5:20) — faing 1(5,22))" + (21 (5,¥,, Z}) — g1 (5, Y2, 2)) ' + 8
= BiSZi 4 al8Y, + Tr(Y.8Zs) + 8 f.,

where B/, o’ and ¥ are defined by:

féiag,l(s’zsl> _féiag,l(svzsz
B = 67

0 otherwise

) (Tesz;i) if 871 £ 0,

i 1 ~1 i 2 ~1 i 2 ~1 i 2 22
; gll(S’YS’Zs)_gzll(s’YS’ZS) (TEYY) 1f5YY7£0 ) gll(sastZs)_gzll(SaYsaZs
ol = |8Y,| S 62|

0 otherwise 0 otherwise

) (Teszs) if 87, 40

Since we have the following estimate on 3 [ forallie {1,...,d},
B <La (21| +[(22)]),

and that (| (2N %W, |(Z%)] *W) € BMO x BMO, we deduce that | 3| xW is BMO too and & (B’ *W) is an uniform
integrable martingale. Consequently we can apply the Girsanov theorem:

. . T . . . T . .
5Y,l=5§'+/ (a;6Y5+Tr(y;SZS)+6fs’)ds—/ 5Z:. (AW, — Bids)
t t
ST , ‘ ro
—SE4 / (Y, + Tr(16Z,) + 617) ds — / 571 dW; | (4.6)
t t

where W' is a Brownian motion with respect to the probability Q' defined by dQ' = & ([3[ *W)T dP. Taking the
Q'-conditional expectation we get

o IS Kae+Lae (|2'+27]),

. i i r. i '
6Ytt — EQ (6§’+/ (a:6Yy +TI'('Y;SZS) +5f?l) ds
t

Following estimates hold true:
112
| < Ky +Lay|Z'|

and consequently, we obtain

2
[ia W] <Rt Lo 12 W g U5 Wlanio < KT+ Lo (N2 43 g 122 W o).

Since \/(|Oti| |6Y |+ |vi]||6Z| + |6 fi|) »W is a BMO martingale, we can apply Proposition 1.1: there exists a con-
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stant ¢, that depend only on L; and B such that

2
\/ o[ xW

BMO

2
)
BMO

8| <68 + & (|

- 118Z15 W lgngo ||V [+ W | pygor+ H\/5fi

and consequently we get

d .
< S v
< Vd’nsawc%(
< V|5~

+3 11182+ Wllauo (de»Zﬁ"'deJ (H ’Zl | *WHBM0+ H‘Zz, *WHBMO)) +Cde\/|57*WH

2
VI W[ +d|18Z1%W o |14 W a0+ || V167 *WHm)

(KdyT+Ldy lia ‘*WHBMO>

BMO~
4.7

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

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

N—1 —k
8Y, = 8YrLyry(t) + Z 5v, A0, with &Y, =8Y 1y 5 (), ke{0,...N—1}. (4.8)

On the interval [T}, T}, 1] the inequality (4.7) becomes:

~k > 2
<va|ory, | vad|visw]

5 ~k
+c | d||oY

Then, we can choose N large enough to get 1 — c%d (Kayn + Ld)yIEBQ) > (. Finally we obtain

Vd

—~k
v

7

(Kd,yn + Ld.sz) +

Tx |6Z] *WTker1 -

Bzl

, (dKy./1+2dLy ;B) > :

—~k

~k
' 5

P = 1— C%d(KdyT] —‘rLd’y]Bz) Tie I
2 2
| 520w Wi c5d(Kq /M +2L, . B) H 571+ WH sd
BMO 1 — c3d(Kyyn + Ly yB?) BMO 1 — c3d(Kyyn +LayB?)

4.9)

Step 2 — Control of 6Z. Applying the Itd formula for the process |5Y i ’2 and taking the Q’-conditional expecta-
tion, we get for all 7 € [0, T],

. T
onPw? ([ oz o
t

%>|65i|2+2EQ’(/tT (8Y.(g1(s, Y, Z]) — g1(s, Y2, Z2)) ) ds

Martingales \/|5Yi| [(g1(., Y1, ZY) — g1(.,Y2,Z2))i|xW and /|6Y!| |6 f{|*W are BMO, since under (Hdiag) we
have, for all s € [0, 7],

i T . .
+2EQ (/ SY/.(81),ds
t

g1 (5,70,20) = g1 (5. Y2,Z0)| < (Kay + Lay |Z1) 8%, + (Koo + Laz (|20] + |72])) 18]
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By using Proposition 1.1, there exist two constants ¢; > 0 and ¢, > 0 that depend only on L; and B such that

2

VI8 1l (120~ (12, 22 W

\/|8Y |8 f | xW

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

G182 W lguso < 188 +263

BMO
2

+ 20%

BMO

7w,

+2c3d ||8Y ||

2
VIs1 (Y121 — g1 (Y2, 22) [« W
BMO

2 2
A 182 Wllgyo < 188 7= +2¢3d [|8Y || 5

< 16813 +263v (TKy + Lay [[1Z' %W [ 5300) 16 1

+2c5d (Ka.T+La (H’Zl‘*WHBMO+ H‘ZZI*WHBMO 116Z]
VIef *WH

Once again, for each k € {0, ..., N — 1} we can write this inequality on [T, T ], and with the same notations as in
(4.8) we obtain

+202d\|5Y||5m

BMO'

2

2
2 || Tk ‘5Z|*WJT1<+1 o

—~k
< ‘ 6YT/<+1

+2c3d (NKyy + Ly B H
L B

+2c3d (NKy,+2BLy )

+2c§dH<§? H H\/F*wH

|

T |52| * W Tk o

BZd BMO~

2
We apply Young inequality to the terms and H V61| * WHBMO and we obtain

T 16Z| * Wk o

263d (NKy-+2BLy.) ’5?" T |57 Wi <2% (anZ+2BLd_Z)2HSY/k ’ L4 ) 57] Wi |
’ ’ gpeo BMO cq ’ ’ e 2 BMO
and for all € >0
it | |vimew], <o+ v

g BMO yw BMO’
Consequently we get
% Tk|6Z|*WJTk+I BMO< gf/}m (\fcz\/(m+\/17ylﬂ§) (anz+2IBLdZ +8> H Hyw

ﬁidum*wu . @.10)

€ BMO

Step 3 — Stability. Combining (4.9) and (4.10), we can obtain a stability result on [T}, T, ] as soon as 1 and €
are sufficiently small to get c3d(Ky 1 +Lg,B*) < 1 and

C%d (Kd,z\/ﬁ + 2Ld7zE)
1— C%d(Kd,yn +Ld,y]B2)

2 3d
C£ (\/Ecz\/;i (\ /MKy + \/Ldﬁy]B) + \[2762 (an,z + ZBLd’Z) + 8)
1 1
We obtain the existence of a constant K which does not depend on k such that

L IVmewl,)

~k
Hay

+ |7 |8Z] x WTiess
BMO

<K (HéYTk :

Fo
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N—1
Since ||8Y || g < Z
k=0
obtain a constant K such that

N-1

—k
and [||8Z] %W lgyo < Y
7 k=0

oY

Te| 87|« WiTkr1 o

, by a direct iteration we finally

2
||6Y||yw+|||62|*W||BMO<K(||6&||Lw+H¢|6f|*WH )

BMO

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

§ 4.3. Proofs of Theorem 2.1 and Theorem 2.2

We recall first that (Y™, Z™) 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 Z*. 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]ltl/lpesssupgx[oﬂ |ZM| < 4o

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, YZM
and ZM are respectively in D'?(RY) and D'?(R?*¥). Moreover the process (D, Y™, D,Z*) = (D, Y, D

solves for all u the following linear BSDE in R**¥:

M
wly )o<t<T

T
DY =D,&+ /t (Vny (s, Y™ ZNDYM + v M (s,¥1, 2 ) D,z
T
(D M) (s,xxM,zgw))dsf/ D.ZMaw;, 4.11)
t

and (D,Y;)o<<r is a version of (Z;)o<;<7. In particular, there exists a continuous version of Z. Let us emphasize
that BSDE (4.11) means that for each p € {1,...,k},

T
DPYM = DrE +/t (vny (s, YM ZM)DLYM 4V M (5,vM ZM) DEZM
T
L") (5 ¥2.2) )ds— [ Dpzaw,, @12)
t
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, ¥ 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),

VM (5, YM ZM) | = [V, f (5,02, pM (ZM)) | < Ky + Ly |27,
[V M (s, Y720 | = | Vof (s, YM, pM(Z)) | < K. +2L; |ZY].

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

oM =K, +L, 2"}, BM =K. +2L.|7"|.

For all p € {1,...,k}, by recalling (BMO,m), we can apply Corollary 3.2 (iii), to the BSDE (4.12) with the follow-
ing constants and processes:

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

D™

k 2
g < (m*)\ K,y Z <||D{,’§||Lm + H\/|1)5fM(_,YM,zM)|*W )
p=1 BMO
2
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 || |ZM | *WH smo and so, could depends 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

k
= <) |DEYY
p=1

<G (nnuam VD2

N—1 1 ¢ N—1 1 [

> < ( ).

2\ 1= 2mLy | ZM %W || 3010 — 2L | ZM %W || gaso Ch & \1-2mL/K* -2L.KC),
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,7) € [0,T]?,

E(/T D, M (s, Y1, ZM)| ds

7)< (T 12 W ).

hence we deduce

V1D (M, 20w

sup <ﬁ<ﬁ+sup|||ZM!*WHBMo)'
v BMO M

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

< oo,

™ -
S}‘&p H %

| 7= = 50 [ (DY) efo.r1] e < suPsUP [ DY ™|

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

S;P esssSuUPq . [0,7] |ZM| < 4oo.

We are now able to prove Theorem 2.1.

Proof. [of Theorem 2.1] For the existence result, we can fix M* > sup esssupq (0,7 1ZM| according to Proposition
Iy :

4.1. Thanks to assumptions on f and /™, we get
™M (s,YSM*,Z?”*> _ (s,YSM*, pM (ZM)) —f (s,YSM*,Zﬁw ) P®[0,T]ae.

Then, (YW,ZM*) becomes a solution of the quadratic BSDE (1.5) in .#2(R?) x (.= (R¥*Yn 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 esssupg,, 0.1 1Z !14]Z?| < +-oo then they are solution of the Lipschitz localized

BSDE (1.7) where M = esssupq,[o | Z' |+ |23
o

REMARK — 4.4 By using Remark 3.2, 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 < 71 < ... < Ty = T of stopping times (that does not depend on M)

30



such that

(i) 2mL, K> +V2L,KC), < 1, or equivalently K < B"(Ly,L,),

< K.

(i) foralli € {0,...N—1}, sup HTfsz;*WJTm
McR+ BMO

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) € 7= (R?) x Z4™" such that

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

§4.4. 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 argu-
ments. 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:
IDE"|| e < 0.

More precisely &" can be chosen of the form ®" (W, ,...,W;,) where ®" € €,°(R"), (t1,...,1,) € [0,T]" and £" tends
to & in every L? for p > 1 (see [Nua06], Exercise 1.1.7).
Since « is adapted, we can approach this process with a sequence of sample processes o of the form

pn—1
Z (th]lln A t 5

1 t+1

where (¢]')!" ) is a sequence of subdivisions of [0, 7], with ~ sup WH — tl”| — e 0,and, forall 0 <i < p, — 1,
0<i<pn—1

neN, aisa Fn-measurable random variable. We have a convergence of this sequence to o in L*(Qx0,T)):

o[ o)

We can assume in addition that for all n and for all 0 < i < py, o' has a bounded Malliavin derivative since this
set is dense in LZ(Q). Itis obvious thatforall 0 <u < T and 0 <t < T,

Pn—1
Doy = Z D, 0”1 [ e, ().

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

Df(0,y,z) =GD,e, 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") € .#?(R%) x 2%/, of the equation

T
yt":gu/ f(ol,Y",ZY) ds—/ ZMdWs, 0<t<T.
t
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Step 2— Application of the stability result. We can assume that for all n, ||&" |2 < ||€]| 20+ If it is not true,

16112

we consider the sequence £" = &" instead of £”. The same argument allows us to assume

18l e 1€ = &l e

that
o™z (uefo,ryy < 0l 2 (@0, -
Under (BMO2,m), we have the estimate

1
mLy H|Zn|*W||%MO+ﬁLZ'HZn‘*WHBMOC;n < mLsz—’_\/ELZKCIITI < 5

Hence, for all ny,n; € N, we can use Corollary 4.1 for p = m* which gives us:

Y™ =2 e+ 127 =22 % W | e

w\ 1/2
_ } T 2m
gKm* ||én1€n2||TZM*+E<</O |f(atnletn2,Ztn2)f(atnzaYtnszthHdt) )

where the constant K- appearing does not depend on n 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 L2 so

ny _ gnz
€7 = &%, 0.

For the second term, we use the Holder inequality:

T 2m*
E<(/ (a0, 27) (o 7.27) | ) )
0
T 5 2m*
gDz’”*E<(/ (1+‘Z;’2‘2) ’Ottnl _O‘rnz’ dl‘) )
0
, i\ 1/2
<D || —a”ﬂl?ﬁﬂ((/ (1+]z§’2]2) dt) ) . (4.13)
0

Since |Z"|*W € BMO, and (BMO2,m) holds true, we have

- am\ 1/2
U] 2
sup E </ (1+|Zt ’)dt) < oo,
nyeN 0
Moreover, by using the uniform continuity of trajectories of ¢ on [0, 7], we get:

sup oyt —oy?| — 0 as.
t€[0,T) oo

Since we have

E|( sup |o" —a,”2’4m*+1 <2CE ([ sup |op " T < oo,
t€[0,7] t€[0,T]

then, a uniform integrability argument gives us

E( sup |oy" —a{‘zr""*) — 0.

1€[0,7) Ny, —ree

Finally we get
T 2m*
n n U n n T
E ((/0 If (o™, Y, 2) — £ (04, 2,Zt2)|dt) ) w—zlmo.

Consequently (Y", Z" W ),c is a Cauchy sequence in.7”>™ (R?) x ™ (R?*¥), thus it converges in .7#>" (R%) x

32



™ (RTF) 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"| x W|| gss0 holds true for |||Z|x W|| g4;0 and so the uniqueness follows from the stability the-
orem. o

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 exist 7 > 0, D > 0 and 6 € (0, 1] such
that for all (8,5',y,z) € (R?)? x R x R¥** we have

)
)

[£(B.y.2) (B 3. 2)| <D (141> ) [B—B

then we do not have to assume that « 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<(/ (72, 27) (a7 2 ) )
JO

ny |2—1 n ny |6 e
1+|27| )\a, —o?|dr

T
D*™E /
(£
T 2m*[p T . 2m* [ p*
<D2'"*E<(/ (1+]z,”2]2”)pdt> x(/ o — o] dt) )
0 0
T
(I

<

<D2m* E

2m*\ /P T y 2\ 1/P"
1+]z;’2{2”)pdz> ) E((/O o — o] %" dt) )

o Ao T e\ 1 . 4m* [ p*
<D T E (/ (1+1z) dt) o o 2w | 7
0 ,/) -m

With the energy inequality, the first term is uniformly bounded with respect to n, under the assumption (BMO2,m)
by choosing 1 < p < S The second one tends to zero when n1,7, go to infinity since the convergence in every

" for r > 1 holds true.

REMARK — 4.7 By using Remark 3.2 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=Tp <71 <...<Ty=T
of stopping times (that does not depend on M) such that

(i) 2mLK>+2V2L.KC), < 1,

(ii) foralli€ {0,..N—1}, sup sup HT’ ‘Z(M’”‘ﬁ) ’ * Wl
MeR* 71l 2 < IS 2+

18112007 SNl 1204 (0.17)

<K
BMO

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

esssupq,[o,7] [Z] < +-oe.
REMARK - 4.8 Itis 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 Corollary 4.1.
Nevertheless we can only obtain an existence and uniqueness result for terminal conditions (resp. generators) that
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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

. . . . . . M M
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, YM € .7 and we
have the following estimates:

. 1
@) |||ZM|*WHZMO<W<1 14y2|c§||iw>,

@) [V e <1+ 275 [y
We can note that upper bound do not depend on M.

Proof. To simplify notations in the proof, we skip the superscript M on (YM ZM ) and M. The unique solution
(Y,2)e s 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 (¥, Z"), .y such that (Y",Z"), .y tends to (¥,Z) in .2 (Rd) o (Rka> .
This sequence is given by

T T
Y,”*‘:a;—+/ f(s,lg",zg)ds—/ 77w, 0<i<T, (¥°,2°%=(0,0).
t t

We will prove with an induction that: for alln € N, Y" € &, |Z"|xW € BMO and

1
n 2 2
12" W o < 525 (1—\/1—472||€||Lw)~

Loosely speaking the case n = 0 is satisfied. Let us suppose that Y" € . and |Z"|*W € BMO. Then for all
t € [0,T], under (HQ),

T
| <Egl5) +yxn( [ 2P e
t

%) . (5.1

We get Y"1 € . since HY"Jrl Hyw <&l + 712" *WH123M0- It6 formula gives the following equality

2 T T T 2
| :|g|2+2/t YS”“.f(s,YS”,Zg’)ds—Z/t Y;’“.(Z;’“dWs)—/t 1z ds.

%)
%)

By taking conditional expectation we get for every stopping time 7:

T T
|YT”+1\2+E</ |Z§+1\2ds‘%><5|2+2E</ YL f(s,Y] Z)) ds
T T

T
<l 2y [ vizifas

N8Nz +27 [y ] e 12715 Wl ps0

and finally

HYn+1

T
;w+E</T |21 ds

2
32) <JE IR+ 2y [y

2
7= 11275 Wligao

<&+ e + P27 %W a0
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Thus |Z"T!|*W € BMO and we have

112 | W [y < IE N2+ P NZ" W -

Using the induction assumption we obtain

2 1 2
2 W o < 535 (1=V/1= 471805 ).
Y
1
The induction is achieved. Now we can use Proposition 1.2 with K = T ( 1—/1—4y2|E ||im> since Z" x W
1
tends to Z+ W in .2, we conclude that |||Z|*W||§M0 < 7 <1 —/1—4y2 ||§|im) Finally, we use that Y"
tends to ¥ in .2 to obtain the final upper bound on [|¥ | - . 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

1
xeR*»ﬁf%(l—\/l—Mﬂxz)z
Y

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

§ 5.2.  Proof of Proposition 2.2

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, Y™ € . and we
have

T
(i) esssup sup E(/t oMb |Z§”|2ds 2y

t€[0.T]

) < 3 (1-VI=7R2).

with A = max <||§||Lm , Z)

Proof. To simplify notations in the proof, we skip the superscript M on (Y™ ZM) and fM. The unique solu-
tion (Y,Z) of (1.7) can be constructed with a Picard principle. We consider a sequence (Y",Z"),_y such that

(Y",Z" % W),y tends to (Y, ZxW) in > (Rd> x H* (Rka), with

T T
Yt"+':€+/ f(s,Ys"“,z;’)ds—/ 77w, 0<i<T, (¥°,2°%=(0,0), .
t t

We can easily show that replacing Y ntl by Y in the generator does not affect the convergence of the scheme since

f is a Lipschitz function. Moreover, applying It6 formula to X’ ’Yt”H ]2 with K large enough, we justify with

classical inequalities that for all n € N, Y"*! € .7, with a bound that depend on M for the moment. Applying Ito
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2 .
formula to the process e #/ |Y,”+' ‘ , we obtain
T
2 2 2
eyt e TIEP = [ (et P 2o e o, 2 2 ) ds
T
-2 / e Myt (zetawy) .
t
Taking conditional expectation, and using assumption (HMon), we get:

T
et e ([ 2em0on (it Bt Pyt 2R) as

T
—E(/ e M) yzg“\zds‘,%) :
t

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

%)

2
a’YSnJrl’ < % ‘YSH]’2+%’

and thus
nt1 2 kT | |2 T eils=1) (02 | g2
Yt <m0 g B ([ 2e koD (St i) as
t

ar
2u ‘/')
r 2
E(/ e M) |Z’,'+1| ds‘ﬁ,)
: S
a2

T
ST+ 25 (1= ) 42y x E( A A AR

T
y}) <A’ +2yxE </ e M |y |20 ds
t

t%>

T
<A +2y|[y"*!|| . esssup sup E(/ e M=) |02 ds
1€(0,7] !

%>

<A?

—E(/T ¢ M=) |Z;’+1 lzds

t

Finally we obtain

|Y,"+1f2—|—E</T e Hs—1) |Z;1+1 |2ds
t

5).

Then

T
HY”HH;w +esssup sup E(/ e K1) |Z§’H|2ds
’ t€[0,T] t

%) (5.2)
2

A

Z"| «W € BMO,Y" € . and

T 1
esssup sup E</ e Hi—) |Z;'|2ds‘%> < 2 (1 -1 74)/2A2) )
!

t€[0,T]

T
<A+ HY"*lH;w—&-)/zesssup sup E(/ e H=D |z 2 ds
t€(0,T] t

Once again with an induction we show easily that for all n € N,

Moreover the inequality (5.2) gives us

||Yl’l+1

T
e SYXESSSUP SUD E(/ e M6 | Z0 2 ds
refo,r] \Jt

T
3“,) +1|AZ+¥2 [ esssup sup E</ e~Hls=1) | Zn|* ds
efo.r) \Jr

7))
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Letting n to infinity, and with the Proposition 1.2, we finally get

y,) <L (1 —\/1—47/2A2>.

T
esssup sup E(/ e M0 | Z|% ds 27

t€[0.7] 1

and so we deduce that

¥l o (1 VT 2782) +\/Az+41y2 (1-viap)

REMARK — 5.1 What about the BMO norm of ZM 2 — we can slice [0, 7] with a uniform sequence (7)Y, such
T
that 0=TH <1 <...<Ty=Tandforalli, h =T — T}| = N The last inequality can be used for each started

)

and stopped process " | Z" | *WTir,

Tivy
esssup  sup E(/ . |Zf,"1|2ds

Ti<t<Tiy t

Tit1
35[) ée#h (esssup sup E</ + o Hs—1) |Z§4’2ds
!

Ti<t<Tiy1

eHh

<272(1—m).

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 |ZM ] *W
is | 1

eath 2

—(1—\/1—4}/2A2) .

V2y

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

§ 5.3.  Proof of Proposition 2.3

We consider the diagonal framework introduced in section 2 and subsection 4.2. We assume that the generator
satisfies (Hdiag), so the generator f can be written as f = faiag(f,2) +&(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 |[|Z" |« W ||, where (Y™, Z")
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,y,7) € [0,T] x RY x R¥k,

| futiag (1,2)| < Galzl*,  Ig(t,,2)| < Glzf*.

(i) )
459 2648
== G 5.3
Gy (5.3)
Then, |ZM | *W € BMO, Y™ € . and we have following estimates:

\/Elogz

11ZY W |0 < (4GaG) ™12, Y] 2Gq

o S NSl +
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Proof. To simplify notations in the proof, we skip once again the superscript M on (YM ZM ) and f™. The unique
solution (Y,Z) € & 2 (Rd) x H* (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"), .y defined
by

T T
V=Bt [ funsls.Z )+ (X0 Z A= [z W, 0<i ST, (10,2°) = (0,0).
t

t

Obviously, we can easily show that (Y”,Z"), .y tends to (Y,Zx W) in .7 (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

\flogZ
2G4

NZ"|xWllgaro < (4GaG) ™2, Y| e < 1€+ (5.4

The result is obvious for n = 0. Let us assume that for a given n € N we have Y" € ./~ (Rd>, |Z"|xW € BMO

and (5.4) is true. The Lipschitz regularity of f gives us that (Y"*!, |Z"Jrl | *W)e s~ (Rd) x BMO. By following

the idea of [BC08], we introduce the C* function ¢ : R — (0, 4o0) defined by
e?Gal 1 —2G, ||

prxm S L ot )= 26y 9/ =1
d

We pick a stopping time T and applying It6’s formula to the regular function ¢, we compute, for all components

ie{l,..,d},

)
n+11 n+11 n+1,i ni zn,i ¢ (Y;lJrll) Z;Prl’l
o (1) =g () + [ | 0 () s 200 ) 405,10, 200) - . ds
r . .
_/ (P/ (YSn—H,z) Z;H_l"ldVVs
T
7 (2G|’ (¥ | = g (1) )
‘ ' i 172
<o(|&-)+ [ : 2 4Gl (| 1z ) ds
T . .
_/ (p/(YSnJrl’l)Zngl’ldWS.
T
Since ¢"(.) —2G4|¢'(.)| =1, 0 > 0and|(p )| < (ZGd)_leZGdHYHU”y'” whenever x| < ||[Y"""| .., taking the
conditional expectation with respect to .%;, we compute
1 T 12 : _ nt1,i
ZE( |1z ff) < 0([|&]],-)+ G2Ga)~ %I e 1z 1 W 0.
Thus, we get the estimate
2G n+1,i . n 2
2 W [ < 0112 + GG 5™ o 127w By (5.5)

By using the a priori estimate given by Proposition 1 in [BHO8] we also have, for all stopping time 7 and i €
{1,...,d},

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

ZG n+ll

< ezcdHé’ﬂwE(ezcdc_{f\zwds

2018l

1—2GdG|||Z”|*W||BMo

2Gd||yn+l t||

38



We put this last inequality into (5.5) to obtain

Z?:lewdn‘?iﬂw 1
%) " 7
2G, 1 =2G,G|||Z"|xW |Izpr0

2
12 W o <

Since we have assumed that [||Z"| *W |30 < (4G4G) ™! and (5.3) is fulfilled, we get
124 W [y < (4GaG) !
and, by using previous calculations,

log2

\/c?logZ
ZGd ) )

2Gy

e < e+ B2 o [ < 80+

which concludes the induction. Finally, we just have to use the fact that (Y",Z"xW),y tends to (Y,ZxW) in
7? (Rd) x H* (Rka) and Proposition 1.2 to obtain the desired result. o

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 & : R¥** — R satisfying:

0 if |z <M,
M (z) = 12|
M+1

2
) —1 if g =M1,

and let us define a localisation p™ : R¥*k — R¥*¥ given by

P (2) = ——

VI (z)

As usual we denote by (Y M M ) the solution obtained by replacing f by M. This choice of p™ will be useful
in the following computations. For F € (52(/// ,R), the It6 formula with F seen as a function on R? gives for all

stopping time 7T:
g‘[) 9

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 Z¥ and p™ (ZM), we get

E(F(é) —F(YTM)’,?Z}) =K (/T (; iHessF(YsM) (Z%(:,l)7Z?’1,(:,l)) _dF (YsM) ™ (YSM7Z§W)> ds
T =1

E(F(&)—F(x")|7)

~3E ( / ,i (M (22 Hess F(rM) (p™ (Z2) 00, pM (Z2) 40 ) 4V aF (x) (p (Z2)00, pM (Z2))) ) 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

39



(5.6) appliedto F = F d", integrating between 7 and ¢ together with (ii), that for all ¢ > 7 a.s,

E(FdC(Y{,” )’9}) > F(YM) as.

1
Let us consider for all n € N the following sequence of stopping times: ¢" = inf {u > | Fie(yMy < - a.s} .
n

X 1
Each o" is finite almost surely since & € G. Continuity of Y™ gives foralln € N, F de (Yg’,{) < — a.s. So we get for
n
all stopping time 7:

. . 1
PO (v <B(F (r)| 7)< as.

and, consequently, P(Y; € G) = 1 for all 7 € [0, T]. Moreover the a-strictly doubly convexity on G gives us
E(F(&) - F(v)| #:)

k
>ZE ( X (e o] ) ) o
=1

a L
34}) = 2E(/T |Z¥|"ds

3“1> . (5.7)

And finally, continuity of F% on G yields

2
I1Z¥ W a0 < ax( sup {ch(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. o

§ 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 (z,x) € [0,T] x R¥ and we denote (Y'*,Z'*) (resp. (Y'*,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 4.2. In order to do that, we must show that ’Zt’x| *W and ‘Z’ ”“ *W
are &-sliceable BMO martingales. By applying Theorem 2.5 in [X7.16], we obtain the existence of k¥’ € (0, 1] such
that v € €% and ¥ € €. We underline the fact that Theorem 2.5 in [XZ16] only gives a locally (in x) Holderian
estimate of v and v when ¥ is only locally Holderian but the result stated before can easily stem from a careful

reading of the proof of Xing and Zitkovi¢ (see also [Str81]). Now, let us apply the Itd formula to F(Y'"): we
consider two stopping times 7 and ¢ such that T < ¢ a.s and we take the conditional expectation
° 1,x tx ytx —tx 1 : ° tx 1. (5:0) £ (5:0) a
—E( — [ dF(v(u XX, Y 2 dut 5 Y [ HessF (v X()) ((Zu’ ) (2 )du Z
T =177
° 2
E(/ |71 du’f/‘}) .
T

The map F is a Lipschitz function on the centred Euclidean ball of radius [[u| ;o 77xRre) V 1]l 1 (0, 7]xrE)- Denot-

E(F (v(0,X5")) — F (v(t,X"))|Zx)

WV

40



ing by L its Lipschitz constant, we obtain

E(/cy 12 du
T

91) <LXE(|v(0,X5") —v(t,X:")|| )

< C><E(|c—r\"'/2+ X5 — X2 %)

<Clo—T1]

T
where we have used in the last inequality a classical estimate for SDEs. For N € N* we set T; = ZN Then, for all

<CZ,
N

<K, Vie{0,..,N—1}

i €{0,...,N— 1} and stopping time 7; < T < T;;| we get

T
E(/ |2 du|. 7
T

and finally, for N large enough, we have that

T; ( ) *WJ i+1

BMO

with 2LyK2 +2V2L.KC) < 1. Obviously, this estimate is also true for Z'** which means that Z'* x W and Z'"* x+ W
. T
are in Z1%. By using Remark 4.2 we get that v(z,x) = 7(7,x) and E (/ Iw(s, XI7*) —w(s,X17)|? ds) =0. Since
1

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

Regularity Now we prove Theorem 2.6. We consider (v,w) a continuous Markovian solution of (2.5). We set
1,/ €[0,T] and x,x’ € R*. Without restriction, we can assume that # < r’. Then,

tx t'x tx t' X ' X! X!
YI7_YIV thu_Yl7 +Yt _Yt/, .

|v(t,x)—v(t',x’)| = f

Since we have, for s < ¢/,

Y

Y t/ !
Y/ * =Y,l,’x +/ f(mx/,YLf’x,O)du
N

then, a standard estimate gives us
!
Ytt Y Y/

2

<Cle—1|.

To conclude we just have to study the remaining term

t t' X . . .
toy ‘ Thanks to calculations done in the uniqueness

part of the proof, we know that there exist some determmlstlc times 0 = Tp < T1 < ... < Ty = T such that
lig, «WlTi e 22 forall i € {0,...,N — 1}. Let us emphasize that times 0 = To KT <...<Ty=T can be
chosen independently from (z,x). Then, by using once again Remark 4.2 and assumptions on ¢ and f, we obtain
Y Yt',x’l th y!'
t t

ds

/ l 1/4 YN
E ‘g tx —g(X}’x ) +E<‘/ ’Xstx,th th)—f<S,XS[’X,YSt’x,Z;’X)

4 1/4 . r Y 1/4
) +E | sup (H—/ |z ds)
5€[0,7] 0
4\ 174 8k 1/8 T 2 8
) +CE [ sup 1+E < / |z ds)
s€[0,T] 0

4> 1/4

<C E ‘th tx Xst,x_Xst’,x’4

1/8
t.x t' X
Xim =X
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where C does not depend on (z,x). Since we have an upper bound on H ‘Z’ *"| *WH pyo Uniform with respect to
(¢,x), then an energy inequality gives us
8K‘> /8

<c (2|,

1x ' X tx t' X
‘Yt 7Yt XS" 7Xs

<CE| sup
s€[0,T]

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

XZ‘/,X, 7xt,x

78

to obtain that L )
=y e (=2 - [P,

6 APPENDIX — TECHNICAL PROOFS

Proof. [of Proposition 1.3] Let us show the BMO property for a started and stopped process. Let us consider a
stopping time 7’ such that 0 < 7’ < T a.s. we have

E(("zxw'o) —(1z1xW'7) | #0) =E(((121%W)e = (1215 W) in(e) ) |72
=E(((|Z1x W)y — C 1215 W) ) L or<o)| F)

Since © |Z| W vanishes before 7 and .71 C Frpax(v/ 1), We get:

E((("121%W)g = 1Z1%W) ) Locrco) | For) =B ((1Z1%W)o = (Z15Wnax(v 1) ) Lio<e<o)| Fo)

:E(E<(<|Z‘ *W>0' - <|Z‘ *W>max(1’,r)) ]1(0<T’<0') ymax(r,r’)) ‘ﬁ})

<esssup sup E((|Z|xW), — (|Z|xW)|.7).
Tegne

Finally we have shown that

esssup sup E((F|Z|xWIo) —{T|1Z|xWI°) |Z,) <esssup sup E((|Z|xW), — (|Z|xW).|.Z7),
p sup T p c 7
0<T'<T T o e Tt

and the inequality is obviously an equality. o

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

+

1X ]|y <|xo||Lm+H [ Psx)s
m

k .
Y [ 6x)awr
p=170

ym

u m 1/m k T m/z
<|X0||L,,1+E( sup (/ ocS|XS|ds> > +C,E Z/ |Gl’(s,Xs)|2ds
0<u<T \/0 p=1"0

T my 1/m T m/2 1/m
<|X0||Lm+E(</ Ochsds>) +C,’nE<</ ﬁ3|xs|2ds) )
0 0

On the one hand, according to Lemma 1.1 we have

1/m

T mN 1/m
E((/O asXs|ds)> = [[(VoxW,ValX)) W),
<V2m|Vasx W[ g0 (Ve X )5 W[
<2 X g [V AW [ 5316
On the other hand, we get for the last term

’ ((/Oﬁz |xs|2ds)m/2> e

Hence we obtain the following inequality

o = X% (B*W) | sm < V21X 1B *Wllgpso -

X

2
o (1 —2m||Vax W[5, — V2C, 1B *W||BM0) < [1Xol - 6.1)

The constant behind || X || - 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 = 7o < 77 < ... < Ty =T a.s such that for all i €
{0,..,N—1}:

ﬂ\/a*wJTm <el,

BMO

< &.
BMO

’Tiﬁ < WTix

The process X is equal to

N—1 _
Xe=) Xz,
i=1

where each X' is the restriction of X to the stochastic interval [T;,7;11]. By convention we extend Xito [0,T] by
zero outside [T, T;41]. X; satisfies the following SDE:

i o B L kot ~ A -

X =X +/F@,X;)de/Gl’(s,xg)deWQT’“, t€[T, Ty, and X '=X,.
T; /T
i pl i

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

<

—~i-1
(1 —ome? ezfzc,’n) < HXT’

5// m om !

Denoting by K¢, ¢, the constant
1

K = >
LT _ome2 — £V/2C,

we have _
<

<K X7
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and finally we obtain

m-

N-1 0
pm S (;)Kiﬁﬁz) HX

N1
||X||(5/im g Z HXl
i=0

€1,82°

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