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BACKWARD STOCHASTIC DIFFERENTIAL EQUATIONS
AND PARTIAL DIFFERENTIAL EQUATIONS
WITH QUADRATIC GROWTH

By MAGDALENA KOBYLANSKI

Université de Tours

We provide existence, comparison and stability results for one-
dimensional backward stochastic differential equations (BSDEs) when the
coefficient (or generator) F(t,Y, Z) is continuous and has a quadratic
growth in Z and the terminal condition is bounded. We also give, in this
framework, the links between the solutions of BSDEs set on a diffusion
and viscosity or Sobolev solutions of the corresponding semilinear partial
differential equations.

1. Introduction. Backward stochastic differential equations (BSDE) are
equations of the following type:

T T
1) Yt=§+/ F(s,YS,ZS)ds—f Z,dW,  0<t<T,
t t

where (W,)o-,<r is a standard d-dimensional Brownian motion on a prob-
ability space (2, 7, (%)o<i<r> P), with (%)o<;<7 the standard Brownian fil-
tration. The random function F:[0, T] x R* x R"*¢ — R" is generally called
a coefficient, T the terminal time, which may be a stopping time, and the
R"-valued Zp-adapted random variable ¢ a terminal condition; (F, T, ) are
the parameters of (1). The integer n is known as the dimension of the BSDE.

A solution is a couple (Y, Z;)o,<r of processes adapted to the filtration
(Z;)o<t<T> Which have some integrability properties, depending on the frame-
work imposed by the type of assumptions on F'. In order to simplify the nota-
tions, we sometimes write (Y, Z) for the process (Y;, Z;)o</<7-

Nonlinear BSDEs were first introduced by Pardoux and Peng [15]. When F
is Lipschitz continuous in the variables Y and Z and ¢ is square integrable,
a solution is a couple (Y, Z,)o~;<7 of square integrable adapted processes. In
that framework, Pardoux and Peng gave the first existence and uniqueness
results for n-dimensional BSDEs. Since then, BSDEs have been studied with
great interest. In particular, many efforts have been made to relax the assump-
tions on the driver; for instance, Lepeltier and San Martin [14] have proved
the existence of a solution for one-dimensional BSDEs when the coefficient is
only continuous with linear growth.

The interest in BSDEs comes from their connections with different math-
ematical fields, such as mathematical finance, stochastic control, and partial
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differential equations (see [10] for an extensive bibliography). We are espe-
cially concerned in this paper with the latter connection.

Numerous results (for instance, [16], [1]) show the connections between
BSDEs set from a diffusion (or forward-backward system) and solutions of
a large class of quasilinear parabolic and elliptic partial differential equa-
tions (PDEs). Those results may be seen as a generalization of the cele-
brated Feynman—Kac formula. Through all these results, a formal dictionary
between BSDEs and PDEs can be established, which suggests that existence
and uniqueness results which can be obtained on one side should have their
counterparts on the other side.

This idea is the starting point of this work, where we consider BSDEs
with quadratic growth in Z. Indeed, [4, 5, 6] and [3] have given existence and
uniqueness results for quasilinear PDEs set in a bounded domain when the
nonlinearity has a quadratic growth in the gradient of the solution.

In this paper, we obtain general existence and uniqueness results for one-
dimensional BSDEs when the coefficient has a quadratic growth in Z, and
connections with both viscosity and Sobolev solutions of PDEs when the non-
linearity has a quadratic growth in the gradient.

Here, because of the quadratic growth of the coefficient, we are looking
for solutions such that (Y,)y<;<r € #7°(R), where #;°(R) is the set of one-
dimensional progressively measurable processes which are almost surely
bounded, for almost every ¢ (in short, (Y;)o-;<7 is a one-dimensional bounded
process) while (Z,)y-;<r remains in H2(RY) where #72(R) is the set of pro-
gressively measurable processes (Z,)y-,;-p with values in R? such that

T
[E/O 1Z,2ds < oo

(in short, (Z,)o<;<r is an integrable adapted process).

Although many ideas of [4, 5, 6] or [3] are used throughout this work, the
difference of framework and of the studied subject, require additional argu-
ments. In fact, our results are not the exact counterpart of their results, since
they formally correspond to PDEs set on RY and not on bounded domains, a
rather important difference for PDEs.

In the first section, we are concerned with general BSDESs, whose coefficient
is continuous with quadratic growth, whose terminal time is not necessarily
deterministic nor bounded and whose terminal condition may be a stopping
time. We first give existence results under general assumptions. We next give a
uniqueness result: the one-dimensional framework allows us to provide a com-
parison result which implies uniqueness as a by-product. However, to prove
it, we use stronger assumptions on the coefficient F' than for the existence
result: the quadratic growth is meant, roughly speaking, as linear growth
on the partial derivatives of F' with respect to Z. We also give a stability
result: the solutions (Y, Z") of BSDEs with parameters (F", £*) converge to
the unique solution (Y, Z) of the BSDE with parameters (F, ¢) under very
general assumptions of the convergence of (F"), to F when F satisfies the
assumptions required for the uniqueness result to hold.
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The second section provides connections between the solutions of those
BSDEs and solutions of related quasilinear PDEs. Of course, when the solu-
tion of the PDE is smooth enough, the meaning of this connection is as usual
straightforward. Such a regularity may be obtained under strong assumptions
on the coefficients of the PDE and of the nonlinearity [15]. Conversely, if one
assumes that such assumptions hold on the coefficients of a forward—backward
system, the flow thus defined has also a great regularity, and it can define a
classical solution of the PDE.

However, when the hypotheses are such that the PDE has to be solved in
a “weak” way, difficulties arise. Different approaches can be used relying on
different notion of weak solutions for the associated PDEs. A first one consists
in using the notion of viscosity solutions. This notion of “weak solutions” was
introduced by Crandall and Lions [8] for first-order Hamilton—Jacobi equa-
tions, and extended to second order equations by Lions. The connection with
BSDEs has been done by Pardoux and Peng [16] for Lipschitz continuous
coefficients. In Section 2.1, we give, in our framework, a proof that the BSDEs
provide a viscosity solution for the associated PDE. We also prove a unique-
ness result for the viscosity solution of this PDE.

Another way of defining weak solutions of PDEs, which is more classical,
is the notion of Sobolev solutions. Barles and Lesigne [2] were the first to use
this approach in order to connect the solution of the PDE with the associated
BSDE. It gives interesting insights, as the solutions of the PDE allow one
to obtain the whole solution (Y, Z,)o,<r rather than only (Y,)o-;<7 as the
viscosity solutions do. It also seems to match better the Hilbertian aspect of
stochastic integrals theory. This is the subject of Section 2.2.

2. BSDEs with quadratic growth.

2.1. Existence. In order to justify the assumptions we introduce to prove
the existence result (more precisely, what we understand by quadratic growth
of the coefficient on the one hand, and why we require the boundedness of the
terminal condition ¢ on the other hand) we give two examples.

These examples are also an occasion to use the techniques of the exponential
change of variable and of the application of Itd’s formula to a well-chosen
function, which are central tools throughout this chapter.

ExaMPLE 1. We consider the following equation:
T T
2) Vte[0,T], Y,= §+/ %|ZS|2ds—/ Z.dW,.
t t

The exponential change of variable y = exp(Y') transforms formally this equa-
tion a.s.:

T
(3) vtelo,T], yt=exp(§)—/t 2, dW,.



BACKWARD SDE AND PDE 561

The latter equation being linear, we have, when
(4) exp(¢) € L*(Q),

the existence of a unique solution (y, z) € #7(R) x #2(R?) of (3). The process
y is given explicitly by

vtel0,T], ¥ = E[exp(§)|.7],

and the process z is given by the theorem of representation of continuous
martingales (see, e.g., [13]).

Taking & € L*(Q) is a sufficient assumption to require on ¢ in order to
have (4). Indeed, if ¢ € L>®(Q), exp(¢) € L*(Q) c L%(Q) and there exists a
unique solution of (3). Moreover,

Vie[0,T],  y;=exp(—[éll)

and one can define
Vtel0,T], Y, =In(y,), Z, =2y

It is then easy to check that the pair (Y, Z) € #°(R) x #2(R?) is a solution
of (2).

The uniqueness in #3°(R) x #2(R%) comes from the fact that the expo-
nential change of variable is no longer formal and from the uniqueness for
equation (3).

EXAMPLE 2 (a priori estimates). Let a:R* — R and b:RT™ — R* be two
functions and C be a positive constant. We say that the coefficient F satisfies
condition (HO) with a, b, C if for all (¢, v, z) € R* x R x R?,

F(t’ v, Z) = aO(ta v, Z)U + FO(ta v, Z)
with

ag(t,v,2z) <a(t) as.,

(HO)
|Fo(t,v,2)| <b(t)+Clz> as.

In this example we consider a BSDE with parameters (F, 7, £) where the
terminal time is a stopping time 7 and the terminal condition ¢ is bounded.

In this case we call a solution of the BSDE with parameters (F, 7, £) a pair
of adapted processes,

(Y, Z) e #°(R) x 72 (RY),
such that:

(i) Y, = ¢ and Z, = 0 on the set {t > 7}.
(i) E [y |Z,?dt < oc.
(iii) Forall 0 <t < T, Y, =Y+ [T F(s,Y,, Z,)ds —

tA

Trt 7 dW

AT S s®
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PROPOSITION 2.1. Let (Y, Z) € #°(R) x #%(R?) be a solution of the BSDE
with parameters (F, 7, §), and suppose that F satisfies condition (HO) with
a, b, C, such that

vT >0, a” = max(a, 0),b € LY(0, T) and C > 0.
Then forall0 <t < T,

Ytg[sgp(YT):rreXp(/ a ds) f b exp(/tsaAdA)ds a.s.
(resp. Ytz[igf(YT)}_exp</ a ds) f b exp</:aAdA>ds a.s.).

Moreover, there exists a constant K depending only on Y|, [la*|z: and C
such that

[E/ |Z,2ds < K.
0

An immediate consequence of this proposition is the corollary.
COROLLARY 2.2. Let (Y, Z) € #>(R) x #2(R?) be a solution of the BSDE
with parameters (F, 7, £).
(1) If 7 is bounded (1 < T a.s.), ¢ € L*(Q) and F satisfies condition (HO)
with a, b, C such that a*,b e LY(0,T),C > 0,
1Yl = (1llo + 18] 210.7))exp(lla™ | 10.7))-

(ii) If 7 is unbounded, ¢ € L*(Q) and F satisfies condition (HO) with a, b, C
such that there exists a constant oy such that a < oy < 0, b € L*(R") and
C >0,

161l s
||

PRrROOF OF PROPOSITION 2.1. Let T € R be such that T' < ||7||, and consider
the solution ¢ of the ordinary differential equation

1Y llo < €]l +

+ T
o= suprn)| + [ (e, +b)ds
[9) t

For0<t<T,

Q= |:s1(1)p(YT)i|+exp(/t a ds) / b exp([tsa,\d)\> ds,

our aim is to prove that Y, < ¢,. We apply Itd’s formula to the process Y, —
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and to an increasing C? function ® yet to be determined:
TAT
DY, —)=PY 7 —or)+ /M (Y, —@)[F(s,Y,, Z,) — (agp, + b,)] ds

ThrT TAT
— [ Y e ZPds— [ V(Y- ¢)Z,dW,.
InT tAT
We set, for 0 <s < T,
a, =ay(s, Y, Z,).
The function ® being increasing, for all 0 < ¢ < s < T, we have
(I)/(Ys - ¢s)[F(Sr Ys7 Zs) - (as¢s + bs)]
= (I),(Ys - QDS)[dsYs + bs + C|Zs|2 - (asgos + bs)]
=< q),(Ys - @s)[ds(Ys - (Ps) + (ds - GS)QDS + C|Zs|2]

and since (@, — ay)p, <0,

Thrr
PV —¢) < ®(Yr—e)+ | @@ (Y, —e)(¥,~¢,)ds
Tnrr
(5) + [Cq)/_%(b”](ys_@sﬂzs'zds

AT
Tnrr
- (D/(Ys_¢s)zdeS'

tAT

We set M = |Y ||, + |¢ll and we define on [—M, M| the function ® by
e?Cv — 1 —-2Cu — 2C?u?, for u € [0, M],
0, for u € [-M, 0].
For all u € [-M, M], one can check easily that
®(u) > 0and $(z)=0 ifand onlyifu <0,
'(u) =0,
0<ud(u)<2(M+1)CP(u),
Co'(u)— %d)”(u) <0.

d(u) = {

Hence, setting k, = a;/2(M + 1)C, the function % is positive and deterministic
and, forall0 <¢ < T,

TAT YN
0¥, ~g)< [ kDY, —g)ds— [  W(Y,~¢)Z,dW, as.
IAT INT
and therefore,

T Thrt
0=0(Y,—¢) < [ k@Y, —g)ds— [ @Y, )Z,dW, as.
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Since (¥'(Y ;—@;));<s<7 is bounded, (¥ (Y ;—¢ ) Z,),-,-1 € #7(R?), and taking
expectations in the above inequality yields

T
0<EXY, —¢) < [ RENY, —¢,)ds.

Applying Gronwall’s lemma,
vVt el0,T], Ed(Y, — ¢;) =0;
therefore, since ®(u) > 0,
Vtel0,T], DY, —¢,)=0 as.
and since ®(u) = 0 if and only if u < 0 we obtain
Vtel0,T], Y,—¢, <0 as.
The proof of

Y, > [i%f(YT):|exp</ a ds) / b exp(/:a)\d)\> ds

relies on the same computations. Indeed, if ¢ is now the solution of the ordi-
nary differential equation

o= int(rn)| + [ (ae,~b)ds

applying It6’s formula to ® defined as above and to ¢, — Y, yields to

ThrtT Trt
Do ~Y) = Pler—Yo)+ [ ke, ~Y)ds— [ k(e ~Y,)Z,dW,,

and the same argument allows us to conclude.
In order to estimate E [ |Z,|*ds, we use again (5) with ¢ = 0, ¢ = 0 and
M =Y |, and ® defined on [-M, M] by

b(u) = 202 [exp(2C(u + M)) — (1 +2C(u + M))].
It is straightforward to check that, for u € [-M, M],
P(u) = 0,
'(u) = 0,

M
0<ud(u)< E(e‘lCM -1),

%tb”(u) —Cd'(u)=1,
Therefore, (5) gives

0= 0¥ =a(Yy)+ [ ai (@M 1)ds

_ /OTM|ZS|2ds— /O V(Y)ZdW,,
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which leads to
Trt M
E[1Z,Pds = o) + (e — Da* |1
0

and the proof is completed by letting T' — oo.

The existence and the monotone stability results. Let ag, By, b € R and ¢
be a continuous increasing function. We say that the coefficient F satisfies
condition (H1) with aq, By, b, c if for all (¢, v, z) € R* x R x RY,

F(t,v,z)=ay(t,v, z)v+ Fy(t, v, 2),
with
Bo <ag(t,v,z)<a, as.,
(H1) 0 = ao )= ap
|Fo(t,v,2)| <b+c(|v))|z]*> as.

The main result of this section is the following theorem.

THEOREM 2.3 (Existence). Let (F, 7, ) be a set of parameters of BSDE (1)
and suppose that the coefficient F satisfies (H1) with «y, By, b € R, and ¢: R™ —
R* continuous increasing, ¢ € L*(Q), and:

(i) The terminal time 7 is either bounded, (1 < T a.s.) or
(ii) The terminal time is such that T < oo a.s. and ay < 0.

Then the BSDE (1) has at least one solution (Y, Z) in #>°(R) x #2(R?) such
that the process Y has continuous paths.

Moreover, there exists a minimal solution solution (Y ,, Z,) [resp. a maximal
solution (Y*, Z*)] such that for any set of parameters (G, 7, {), if

F<G and ¢<{(resp. F>Gand ¢>{)
and for any solution (Y g, Zg) of the BSDE with parameters (G, 7, {),
Y, <Yqs (resp.Y*>Yg).
Before giving the proof of Theorem 2.3, we state the following proposition

which gives the main argument of the existence. It is presented under general
assumptions as it will also be used in the next section.

PROPOSITION 2.4 (Monotone stability). Let (F, 7, &) be a set of parameters
and let (F", 1, &), be a sequence of parameters such that:

(i) The sequence (F"), converges to F locally uniformly on R* x R x R?,
for each n e N, & € L>*(Q) and (¢&"),, converges to ¢ in L*((}).

(ii) There exists k: Rt — R* such that for all T > 0, k € L'(0, T and there
exists C > 0 such that

(6) VneN,V(t,u,z) e Rt x R x RY, |F"(t,u,2)| < ky + C|z|2.
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(iii) For each n, the BSDE with parameters (F", 7, £") has a solution
(Y™, Z") € #(R) x #2(RY),

such that the sequence (Y™), is monotonic, and there exists M > 0 such that
foralln e N, |[Y"],, < M.
(iv) The stopping time 7 is such that T < o0 a.s.

Then there exists a pair of processes (Y, Z) € #°(R) x #%(R?) such that for
all T ¢ R,

lim Y" =Y uniformly on [0, T],

n—oo

(ZM), converges to Z in #2(R%)

and (Y, Z) is a solution of the BSDE with parameters (F, 7, §).
In particular, if for each n, Y™ has continuous paths, the process Y has also
continuous paths.

REMARK. The limit coefficient F satisfies the assumption of quadratic
growth, but not necessarily a comparison principle. Hence the solution we
find here might not be unique.

PROOF OF PROPOSITION 2.4. Since for all ¢ € Rt the sequence (Y7}),, is mon-
otonic and bounded, it has a limit which we denote Y,.

In view of Proposition 2.1, there exists a constant K such that, forall n e N,
[E/ 1Z,2ds < K.
0

Therefore, there exists a process Z € #2(R?) and a subsequence (Z"/) j of
(Z™),, such that
(7) Z" — Z weakly in #2(R%).
The point is now to show that in fact the whole sequence converges strongly
to Z in #2(R9).

We notice that, by inequality (6), setting K = 5C,

|F™(t,v,2) — FP(t,0,2)| <2k, + K(lz— 22+ |2/ — 2'* + |2"]?).

STEP 1. The strong convergence of (Z"), in #2(R%). The main argu-

ments of this step are adapted from [5]. We have, for all n, p e N,
|F™(Y", Z") — FP(YP?, ZP)| <2k, + K(|Z" — ZP|* + |Z" — Z|* + | Z|?).

Let us apply Itd’s formula to the process (Y} — Y{)o<i<r for n, peN, n < p,
and to an increasing function ¢ € C?[0, 2M], such that ¢'(0) = 0 and (0) = 0.
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The function ¢ is yet to be chosen:

Y(Y5 - Y5)

Trt
= (Y5 =YP)+ [ (VI -YD)(F(Yi, Z)) - FA(YL, ZD))ds
0
1 Tar " 2
—3 [ w(r-YDIZ: - zIPds

TAT
[ Twar vz -z aw,.
0
As ' (Yr—-YE)>0,
P(Y5 - Yg)
» YN
<w(Vh-Yp)+ [ (Y -¥D)
x [2k, + K(1Z7 — ZP)* + |20 — Z* + | Z,»)] ds
Trr TAT
- %fo WY -YD)Z: - ZP)? ds—/0 W (Y —YP)(Z" — ZP)dW,.

We now transfer the terms in |Z? — Z%|? and |Z" — Z,|? to the left-hand side
of the inequality, and we take the expectation. As Y” — Y ? is bounded,

ThAtT
E[ w(Y:-YP)Z:—ZD)dW, =0
0
and,
E (Y5 - Y§)
YN 1 »
TE[ [ - Ky NYE - YD)z
—ZIP - Ky/(Y: - YD)|ZL - Z [ ds
TAT
SEQ(YG - YR +E [ WY - YD) 2k, + K|Z,) ds.
0

We want to pass to the limit as p — oo along the subsequence (7 ;); defined
in (7). The convergence of Y? — Y being pointwise, and Y? being bounded,
one has, by Lebesgue’s dominated convergence theorem,
Tt
Ey(Yy —Yy)+ liminf E (3¢ — Ky'| (Y -Y)|Z" — ZF |2 ds
p 0

— 00, pe(n ;)

Trt

—E[ Ky/(YI-Y,)Z:-Zds
0

TAT
<EW(YE—Yr)+E [ 0/(Y] Y )2k + KIZ,P)ds,
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and as
ThrT
lim inf [—[Ef WYy —Y)ZE Zé’lzdS}
p— 00, pe(n ;) 0
TrT
<—E[  W(¥i-Y)IZ - Zds,

0

we obtain,

ThAT
Ey(Yy —Yo)+ liminf E ([%(V -2Ky' (Y -Y ) |Z} — Zf|2 ds

p—00, pe(n ;) 0

=(5k%)
Tnrr
SEW(Yh - Yp)+E [ 9(YD-Y)(2k — KIZ,)ds.
0
We now choose ¢ such that (xx) = 1, namely,
1 ak

= — (""" —4Ku —1).

() = (e u-1)

It is straightforward to check that ¢ is a C* function, increasing on [0,2M]
and such that ’(0) = ¢(0) = 0.
Noting that by the convexity of the l.s.c. functional,

TAT
J(Z) = [Efo \Z" — Z |2 ds,

one has

TAT Trr
E[1Zi-ZPds< liminf E[ |ZI-ZP[ds,
0 p—oo, pe(n;) JO

we obtain
TAT
Eg(Y" — Yo) + [E[ \Z" — Z 2 ds
0
TAt

=sBy(Y7r—Yr)+ [E/O V(Y5 —Y,)(2k, + K| Z[*) ds.

By Lebesgue’s dominated convergence theorem, the right-hand side of this
inequality converges to 0 as n — oo, as well as the first term of the left-hand
side. Now, passing to the limit as n — oo, we find, for all T' > 0,

ThT
limsup[E/ |Z" — Z [*ds = 0.
0

n—oo

Consequently the whole sequence (Z"), converges to Z in #2(R%).

STEP 2. The uniform convergence of a subsequence of (Y"), to Y. At this
stage of the proof we know that

for all £ € R*, lim Y? =Y, the sequence (Z"), converges to Z in #2(R%).
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We proceed as in [14], applying the following lemma.

LEMMA 2.5. There exists a subsequence (Z"/); of (Z"), such that (Z"/);
converges almost surely to Z and such that 7= sup; |Z"/] € H2(R).

PrROOF. For the convenience of the reader, we sketch the proof of this
lemma. Extracting if necessary a subsequence, we may assume without loss of
generality that the sequence (Z"),, converges almost surely to Z. Since (Z"),,
is a Cauchy sequence in #2(R), we can extract a subsequence (Z™); such
that || 2" — Z"|| 4. < 1/2/, for all j € N. Then we set

g=|Z™|+ > |Z"w — Z"|.
j=0

Because of the properties of the sequence (Z"/);, we have

o]
lglle < 127 gz + 221274 = 27 e

j=0
> 1

SN2+ 3 o5
- v 2J

< 4o00.
Moreover, for any p € N, we also have
p
|Z"r| < |2+ Y] |ZMn = 2] < g.
j=0

Therefore, Z = sup;|Z"| € #*(R) and the proof is complete. O

For the sake of simplicity of notations, we still denote by (Z"), the sub-
sequence (Z"/); given by Lemma 2.5 [resp. (Y"), and (F"), the sequences
(Y"/); and (F"/) ;] and therefore we have

Z" > Zas.dt® dP and Z= sup |Z"| € #%(R).
Recalling that the sequence (F"), converges locally uniformly to F, we get,
for almost all w € Q and ¢ € [0, 7],

lim F"(t,Y", Z") = F(t,Y,, Z,).

n—oo

Since F" satisfies condition (6), we have,

|F™(t, Y7, Z1)| < k, + Csup | Z}2 = b, + CZ2.
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Thus, for almost all w € () and, uniformly in ¢ € [0, 7], Lebesgue’s dominated
convergence theorem gives

TAT ThrT
lim Fr(s,Y", Z")ds = / F(s,Y,, Z,)ds.
n—>00 JiaT AT

On the other hand, from the continuity properties of stochastic integral, we
get

ThAtT YN
ZydW, — Z. dW,

AT IAT

lim sup =0 in probability.

n—>00 g 4o

Extracting a subsequence again if necessary, we may assume that the last
convergence is P a.s.
Finally,

TAt
Vi YR < [Vh YR+ [ s, YT, 25) — BT (s, Y], 20| ds

| TAT T |
+|[ zraw,- [ zraw,|.
| YAt t |
Therefore taking limits on m and supremum over ¢ € [0, 7], we get, for almost
all w € Q,

N
OSItlpTlY? -Y,|=|Y7 - Yl +/O |F(s, Y3, Z3)~ F™(s,Y,, Z,)| ds

+ sup /th;}dWs—/;zdes

0<t<T

b

from which we deduce that (Y"), converges to Y uniformly for ¢ € [0, T'] (in
particular Y is a continuous process if the Y" are). We can now pass to the
limit in
Trt Tt
Y/ =Yh+ [ Fr(s,YP,ZD)ds— [  Zraw,
IAT

IAT

obtaining that (Y, Z) is a solution of the BSDE with parameters (F, ¢).

PrROOF OF THEOREM 2.3. The proof consists now in finding a good approx-
imation of F, in order to apply the previous theorem. We use a truncation
argument in order to control the growth of F in u and an exponential change
in order to control its growth in z.

We first suppose that instead of (H1) the coefficient F' satisfies the following
condition: there exist a,, By € R, B, C € R*, such that, for all (¢, v, z) € Rt x
R x RY,

F(t’ v, Z) = aO(ta v, Z)U + FO(t’ v, 2)
with

(8) :80 = aO(t’ v, Z) = 200}
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and
|Fo(t,v,2)| < B+Clz]* as.
and moreover, that either:

(1) The terminal time is bounded 7 < T a.s., or
(i) The terminal time is finite 7 < co a.s. and a4 < 0.

Let (G, 7, {) be a set of parameters such that
9 G<F and {<¢,

and suppose that it has a solution (Y, Zg) € #>(R) x #2(R%). Our aim is
to find a solution (Y, Z) € #>°(R) x #2(R?%) of the BSDE with parameters
(F, 1, &) such that

Yao<Y.
By Proposition 2.1, setting

7 { (1€)lo + BT) exp(ag T), in case (i),
[l + B/latols in case (i),

for any solution (Y, Z) of (F, 7, £), one has

1Y < M.
We define
(10) M = max(M, |Y ¢|l).

During the proof we will use several times C*® functions ¢ x: R — [0, 1] such

that
(11) b () = { L ifful < X,

0, if|ul>K+1.

STEP 1. The exponential change. The exponential change v = €*°* trans-
forms formally a BSDE with parameters (F, 7, £) in a BSDE with parameters
(f, 7, e*¢¢) where

_ In(v) =z 1]z|?
f(t,v,2) = 2CvF<t, e %) - 1EE

and

2
g(t,v,z)zgch<t,ln(”) Z) 12

2C '2Cv) 2 v’
We consider a function ¢: R — [0, 1] such that
1, ifu € [exp(—2CM), exp(2CM)]

P(u) = { 0, ifu¢[exp(—2C(M + 1)), exp(2C(M + 1))],
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and we use the convention 0 x co = 0 for the sake of simplicity of notations;
we set, for (£, v, z) e R* x R x R?,

f(t,v,2)=y((v)f(t,v,2) and &(t,v,2) = y(v)g(t, v, 2).
We have, setting
l(v) = ¥ (v)(aguIn(v) + 2CBv)
that

2

(J/(U)(Bovln(v) — 2CBv — T) < f(t,v,2) <l(v).

We remark that [ is a Lipschitz continuous function bounded from above by a
constant, say, L.
We also remark that defining

yg =exp(2CY ;) and zg =2CZ;exp(2CY ),
the pair (yg, z¢) is a solution of the BSDE of parameters (g, 7, e2¢¢).

STEP 2. The approximation. We can approximate f by a decreasing
sequence of uniformly Lipschitz continuous functions (f?),.y such that for
all (¢,v, 2) e RT x R x R?,

< 1
g, v,2)<f(t,v,2) < fP(t,v,2) <Il(v)+ o5

For instance, if /7 are C*™ functions such that

f+

(the existence of such functions is given by a standard argument of regular-
ization), and if the functions ¢, are defined as in (11) a way of obtaining them
is to set, for all p e N,

F7(6,0,2) = (80,206 0]+ [21) + (1) + g5 )[1= (0] + 12D

Then classical results of existence and comparison for Lipschitz continuous
coefficients give for each p the existence and uniqueness of a solution (y?, z?)
of the BSDE with parameters (f?, 7, ¢£), and

. 1
p —
gt =fP=F+5;

yo < yPH < yP <yl
Moreover, in case (ii) we remark that the process (¢2?¥, 0),_, is the solution

of the BSDE with parameters (0, 7, e2°¥) and the process (e 2, 0),_, is the
solution to the BSDE with parameters (0, 7, e 2“). Since for p large enough,

M > *%¢ and 0> fP(M,0),
and for all p,

e—QCM < eZC§ and 0 < fp(e_ZCM,O),
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the comparison result for Lipschitz continuous coefficients (cf. [11]) gives, for
all p large enough,

, 1
e 2M < yPT < WP < o2M 55 forall t e RT.

We come back to the first problem by setting

fP(t, e2C%, 2Ce*Ctz)

FP(t,u,z)= 9Co2Cu

+C|z|2

and

f(t, 620”, ZCe2C“z)
2C e2Cu

= () F(t, u, 2) + (1 - y(27))Clz).
The pair (Y7, ZP) defined by

F(t,u,z)= +C|z|?

P p
Yf _ lnéﬁ(’:’t) p_ 2y

is a solution of the BSDE with parameters (FP?, 1, £). Let us recapitulate what
we have obtained.

(i) The sequence (ﬁ")n converges to F locally uniformly on R* x R x R?,
for each n € N, " € L>*(Q) and (£"),, converges to ¢ in L*>(Q).
(i1) There exist K, C > 0 such that

vneN,V(tu,z) e R" xR x RY, |F"(t,u,z)| < K+ C|z%
(ii1) For each n, the BSDE with parameters (ﬁ”, 7, £") has a solution
(Y™, Z") € #(R) x #2(RY),

such that the sequence (Y"), is decreasing, and there exists M > 0 such that
foralln eN, |Y"| < M [with M = M in case (ii)].
(iv) Foralln e N, Y5 <Y™

Therefore, applying Theorem 2.4, the process (Y ?), converges uniformly to ¥

and there exists Z, in #(R?) such that a subsequence of (Z?) p» converges to
Z and (Y, Z) is a solution of

T T
Y, = §+/ F(s, YS,ZS)ds—f Z.dW,.
t t
Moreover, we prove that

(12) 1Yl < M.

In view of the remark made above, we only need to give the proof in case (i).
Indeed, it follows from Proposition 2.1 as

ﬁ(t, v,2z)=ay(t, u, z)+ ﬁo(t, u,z)
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with
ao(t, u, z) = P(e2“ay(t, u, z) < a*
and
Fo(t, u, 2) = p(*™)Fo(t, u, 2) + (1 = p(e2°"))C2[;
hence

|Fo(t, u, 2)| < B+3C|z]2.
By Corollary 2.2 we have,
1Yl < (€l + BT)exp(aT) = 3 < M.

Therefore, (Y, Z) is also a solution of the BSDE with parameters (F, 7, £).
Moreover,

Yo<Y and |Y|, <M.

STEP 3. The truncation. We now suppose that F satisfies (H1). Let
(G, 7, {) be a set of parameters such that (9) holds true and let (Y4, Zg) €
HX(R) x #2(R?) be a solution of the BSDE with parameters (G, 7, {). For M
defined by (10) we set for all (¢, v, z) € Rt x R x R4,

F(t,v, 2) = ag(t, v, 2)v+ Fo(t, by (v)v, 2),  G(t,v,2) = G(t, dy(v)v, 2).

The coefficient F satisfies (8), and (Y, Zg) is also a solution of the BSDE
with parameters (5, 7, {). Applying Steps 1 and 2 we obtain a solution (Y, Z)
of the BSDE with parameters (F, 7, £) such that Y; < Y. As ||V, < M,
the process (Y, Z) is also a solution with coefficient . We have proved the
existence of a maximal solution.

The proof of the existence of a minimal solution relies on the same proof
but with the change of variable v = e~ 2¢%, O

2.2. Uniqueness and stability. As we mentioned in the introduction, the
one-dimensional frame allows us to prove a comparison principle between sub-
and supersolutions which implies uniqueness as a by-product. We give it for
BSDEs with a bounded terminal condition ¢ and with a coefficient F which
is locally Lipschitz continuous and has a quadratic growth in Z in a strong
sense (i.e., the partial derivatives of F have a linear growth).

We first recall that a supersolution (resp. a subsolution) of a BSDE with
coefficient F' and terminal condition ¢ is an adapted process (Y, Z;, C;)o<;<r
satisfying

Y, = f—i—/tTF(s, Y, Zs)ds—/tTstWS—i—/tT dCs<resp. —/tT dCs>,

where (C,)o;<7 is a right continuous increasing process (C € RCI) and where,
in the classical framework (i.e., when F is Lipschitz continuous in Y and
Z, and when ¢ is square integrable), the process (Y, Z,)o-;<r is assumed
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to be square integrable (this notion is introduced in [11]). Because of the
quadratic growth of the coefficient, we will assume here that (Y,)o,<r is a
one-dimensional bounded process and (Z,),~,~r is a square integrable process
(Y, € #°(R), Z, € #E(RY)).

We say that the coefficient F satisfies condition (H2) on [-M, M| with [, k
and C if for all t € R, u € [-M, M), z € R,

|F(t,u,2)|<l(t)+Clz|* as.,
(H2)

‘i—F(t,u,z) <k(t)+C|z| as.
z

and the coefficient F satisfies condition (H3) with c, and ¢ if for all ¢ € R™,
veR, zeRY,

oF
(H3) E(t’ u,2) <1(t)+¢lz]? as.
Our main result is the following theorem.

THEOREM 2.6 (Comparison principle). Let (F!, 7, &) and (F?, 7, £2) be two
sets of parameters for BSDEs and suppose that:

(1) &' < % as.and F' < F2.

(ii) For all &, M > O there exists I,1, € L, k € Lg, C < R such that either
F1 or F? satisfies both condition (H2) on [-M, M] with I, k, C and satisfies
both condition (H3) on [—-M, M| with [, and e.

Then if (Y}, Z}, Clozor [resp. (Y2, Z2, C2)ozyor] € #7(R) x HF(RY) x

RCI(R) is a subsolution (resp. a supersolution) of the BSDE with parameters
(F1, 7, &) [resp. (F?, 7, £2)], one has

VteR"Y, Y!<Y? as.

REMARK 2.7. It holds true if either F(¢,Y}, Z}) < F?(¢t,Y}, Z}) a.s. for
all ¢ and F? satisfy (H2) and (H3), or if F1(¢,Y%, Z2) < F2(¢,Y?, Z?) as.
for all ¢t and F! satisfy (H2) and (H3).

We postpone the proof to give an important application.

THEOREM 2.8 (Stability of BSDEs). Let (F", 1, £"), be a sequence of para-
meters of BSDEs such that:

(i) There exists ay, By, b € R and an increasing function c such that for all
n € N the coefficient F" satisfies condition (H1) with «, By, b € R and c.

(ii) For all n there exists a solution (Y", Z") to the BSDE with parameters
(F"*, 7, &").

Let (F,7,§) be a set of parameters of BSDEs such that the coefficient F
satisfies the assumptions of Theorem 2.6.
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Then, if the sequence (F™), converges to F locally uniformly on R* x R x R?,
and if the sequence (£"),, converges to & in L*°((}), there exists a pair of adapted
processes (Y, Z) € #> x #2(R?) such that sequence (Y"), converges to Y
uniformly on [0, T] for all T, (Z"),, converges to Z in #?(R%) and (Y, Z) is
the solution of the BSDE with parameters (F, £).

ProOF. We define
G" =sup F?, H" = inf F?

p=n p=n
and

" =supé?, & =inf¢?

p=n pzn

and we consider the maximal solutions (Y™*, Z"*) of the BSDE with parame-
ters (H", ™) and the minimal solutions (Y7 Z?) of the BSDE with parameters
(G™, &), as both:

(i) The sequence (&™), is decreasing and the sequence (G"),, is decreasing
and converges locally uniformly to F'.

(ii) The sequence (&%), is increasing and the sequence (H™),, is increasing
and converges locally uniformly to F'.

Then we have:
(i) The sequence (Y"*), is bounded and decreasing, and for all n € N

therefore by Theorem 2.4, there exists (Y*, Z*) such that (Y™*), converges
uniformly to Y*, and (Y*, Z*) is a solution of the BSDE with parameters
(F,1,8).
(ii) The sequence (Y7?), is bounded and decreasing, and for all n € N,
Yr<vyn

therefore by Theorem 2.4, there exists (Y,, Z,) such that (Y?), converges
uniformly to Y,, and (Y,, Z,) is a solution of the BSDE with parameters
(F,,&).
(iii) By Theorem 2.6, we have both
vn YP<Y"<Y™ and Y, =Y"=Y;
therefore the sequence (Y"),, converges uniformly to Y. O

We now turn to the following proof.

PROOF OF THEOREM 2.6. Following the method used by [3] for PDEs, we
first show the comparison principle under a structure condition on the coeffi-
cient. We next complete the proof by giving a change of variable that trans-
forms a BSDE with a coefficient satisfying hypotheses (H2) and (H3) into a
BSDE with a coefficient satisfying this structure condition.
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STEP 1. The comparison result under structure condition. Let a € R and
b: R™ — R be a function. We say that the coefficient [ satisfies condition (STR)
with a and b if for all (¢, v, z) € Rt x R x R?,

af

of ?
(STR) ﬁ(t’ u,z)+a g

(t,u,z) <b(t) a.s.

z

PROPOSITION 2.9. Let (f1, &), and (f2, £€2) be two parameters of BSDE,
and let (Y}, Z1, C}),, and (Y2, Z?2, C?), be associated supersolution and sub-
solution. Suppose

1_ ¢2
& <& as.,

(13)
flt,u,2)<ft,u,z) as. forallt,u,z,

and suppose that there exist a > 0 and b € L} such that either f! or f? satisfy
condition (STR) with a, b, then,

Vtel[0,T], Y}<Y? as.

REMARK 2.10.

(i) It holds true in # (R) x #72(R?) instead of #°(R) x #7(R?) when b
is bounded instead of being integrable and when a > 1/2(p — 1) instead of
a > 0.

(i) It still holds true if either f1(¢, Y}, Z}) < f2(¢t, Y}, Z}) as. for all ¢ and
f? satisfies the structure condition (STR), or if f1(¢, Y%, Z2) < f2(¢,Y?, Z?)
a.s. for all ¢ and f! satisfies the structure condition (STR).

PROOF OF PROPOSITION 2.9. We set Y, = Y; — Y2, and Z, = Z! — Z2
Tanaka’s formula applied to the process Y = max(0, Y) yields

_dY?_ == 1{Y+Zo}8ft dt —_ 1{Y+20}Zt th + dKZr + dC} - dC%,

=dc,

where K, is a nondecreasing process and grows only at those points ¢ for
which Y, = 0.
Now Itd’s formula gives for p e N, p > 2,

p(p—-1) (T _
iy + P2 [T vzt ds
T T
=p[ 8f(YD)ds—p [ (YHP'Z,aW,
t t

T T
+p[ (YDA +p [ (Y1)NdC,,
t t

=0 <0
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where
st = f1(37 Y;’ Z;) - fz(sa Yga Z?)
= fl(s7 Y;’ Zs%) - f2(sa Y;a Zi)—f‘fZ(S, Y‘ia Zi) - f2(sa Yg: Zg)»

<0

o, = ([ Lwa)ot-vh+ ([ Lear)z -2
with
()= (s, \Y + (1= NYZ,AZ, +(1-V)Z2).
We then use the well-known inequality 2(«, 8) < |&?| + | 82| with

N P e

1 -
B= E(Yi)(p P27 A iyesy-
Hence, with M = max(| Yl |Y?].c),
ot o) Lo
SF(YIP < [ 2 ta| T (AMY Y + (V)P 12, P Ly,
<b(s)

Coming back to Ité’s formula,

» 1\ (7 _
YO+ (=D ) [ Ly (YDHP2Z P ds
(14) 2 2a ) Ji

T T
< [ b)Y Pds—p [ (Y1) Z,aW,.
t t

As Y is bounded, (Y*)?"1Z € #2(R?), and taking the expectation,
p 1 T _
607+ 5 (=1 50 JE [ Ly (VD 212, ds

< p [ BRI ds.

For p large enough, (p — 1) — (1/2a) > 0. It now follows that Gronwall’s
inequality that for all ¢ € [0, T'], E(Y;)? < 0; therefore for all € [0, T],

Y} <Y? as.

STEP 2. The change of variable. We now look for a change of variable that
transforms parameters of BSDE satisfying conditions (H2) and (H3) into
parameters satisfying the structure condition (STR).

Let (Y, Z,)o<;r be a solution in #;°(R) x #7Z(R?) of a BSDE with coeffi-
cient F and bounded terminal condition &.
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Take M € R such that |Y|, < M, and consider the change of variable
i = ¢ 1(u) where ¢ is a regular increasing function yet to be chosen. Setting

w(u) ¢'@),Y,=¢"WY,), Z, = Z,/w(Y,), the couple (Y,, Z )O<t<T is the
solution to the BSDE with coefﬁc1ent f and terminal condition ¢~1(£), where

it 2) = 5o )(Fu (u), ¢'(u)2) + ¢>”<u>z)

Writing u for ¢(i2), z for ¢'(#)z and w for w(Y), a straightforward computation
gives

]f(t i, Z) = ——F(t u, z)+ (t u, z)—i—l—l 2I—i-—/—(t u,z)z

_ 1 1w”|z|2+w/ &Fz F —i—w&F
T w\2 dz u )’

/

af . . oF w
—((t,u,z)=—(t,u,z z—.
072( ) &z( )+ w

We now show that a good choice of ¢ allows [ to satisfy the structure condition
(STR). Indeed, if ¢ is such that w > 0 and w’ > 0, then

(% +a )(t i, 2)

1(1 , o, (dF JF JF w' |
=—\35 ! - _F - _ta 5 -
w<2w 21"+ w r?zz +wr7u ta (92( u2)+2w

171
- ;[wazﬁ + ! (k(D)l2] + U(2) +2C|zl2)}

12 2
F1,(6) + elz? + a(k(t) + (c + %)m)
) 1w’ w' w’ 2
<|lzZP|=—+ —=2C+e+alC+—
2 w w w

+ || [%k(t) + 2ak(t)<C + %)} + %l(t) +1,(t) + a(k(?))?

)
+ %/l(t) +1,(¢) + (1 + 2a)(k(2))2.

Thus, if we find ¢ satisfying all the required assumptions and such that on
[_M7 M]a

1 "\
(15) il + ﬂ2C’ + (%) < -6 <0,
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then choosing a and & small enough, the coefficient before |z|? is nonpositive
for all u. Therefore (STR) is satisfied.

Setting
1 AAD 1
¢(v) = Xln(%) - M,

a straightforward yet tedious computation gives w(u) = A — exp(—A(u + M));
when A > 1 and A > 0, we have w > 0, w’ > 0, on [-M, M] and moreover as

/ 2
1w—+—20+<w>
2w w

_exp(=Au+ M)
(A —exp(—A(u + M)))?

y [)@(_% + ;exp(—)\(u + M))) + A2C(A — exp(—A(u + M)))}

is nonpositive on [—M, M] for a proper choice of A and A.
The proof is now complete. O

3. BSDEs and PDEs. We consider the following forward-backward
system

dXy* =b(s, Xv*)ds +o(s, X5*)dW, fort<s<T,

(16a)
Xy =xeRe,

—dYL = F(s, X45,Y0r, Zh*)ds — ZL*dW, fort <s<T,

(16b)
th‘x = g(XtT"x)’

where b and o are Lipschitz continuous functions on (0, 7') x R” taking values,
respectively, in R" and in the space of n x d matrices such that there exists a

constant K such that for ¢t € [0, T'] and x, y € R",
b(¢, x) = b(t, y)| + |o(t, x) — o(t, y)| < K|x — yl,

(H4)
[b(t, ©)? + |o(t, 2)|* = K2(1 + |x[?).

F is a real-valued continuous function defined on (0, T') x R* x R x R?, and
g is a real-valued bounded continuous function defined on R”.

The diffusion (16a) is associated with the second-order elliptic operator L
defined by

Pu

n
a7 =5 Z l]( Z
i, j=1 J i, j=1
where a is the symmetric positive matrix defined by a = oo” where o7

denotes the transposed of o.
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The forward-backward system (16) [or BSDE (16b) set on the diffusion
(16a)] is connected to the following PDE:

u
——+Lu—-F(t,x,u,o(t,x)Du)=0 1in (0,T) x R",
s (% (t, %, w, o(t, x)Du) (0,7)

u(T, x) = g(x) in R™.

Indeed, suppose that u is a solution of (18) of class C?; applying It6’s formula
to u(s, X, *) gives that the process (Y% *, Z%*),_,.r defined by

(19a) Yi©=u(s, X5¥)
(19b) Zt* = (6T Du)(s, Xb%),

is a solution of the BSDE (16b).

In this section we generalize this connection between PDEs and BSDEs
when the solution u of (18) does not have such a regularity. We first use the
notion of viscosity solutions of PDEs. This method allows one only to justify
equation (19a). We then use the notion of Sobolev solutions of PDEs. It allows
giving a meaning to both (19a) and (19b), and it is better suited for expressing
the Hilbertian aspect of stochastic integrals.

REMARK 3.1. (i) The assumptions (H4) on b and o give the existence and
uniqueness of the diffusion process X, as well as the continuity of the flow
(¢, ) > (X5 )gor

(i1) We will precise later the assumptions taken on the coefficient F' of
(16). They will assure the existence and uniqueness of the solution and the
continuity of the process (¢, x, s) = Y%* when needed.

(iii) We want to emphasize that the representations of solutions of semi-
linear by (18) hold only for those PDEs whose nonlinearity f has the peculiar
form given by

f(t, x,u, p)=F(t x,u, o(t, x)p).

3.1. Viscosity solutions. The notion of viscosity solution was introduced by
Crandall and Lions [8] in order to solve first-order Hamilton—Jacobi equations,
and then extended to second-order partial differential equations by Lions.

Consider an equation of the form

(20) —i—l:—i—H(t, x,u, Du, D*u) =0 in (0,7T) x R™.

This equation is said to be parabolic if H satisfies the following ellipticity
condition:
H(t,x,u,p, My<H(t,x,u,p, N) if M > N,

foranyt €[0,T],x €cR", u e R, p e R" and M, N € S"” where S™ is the space
of n x n symmetric matrices. In our case H is given by

H(t,x,u, p, M) = =Tr(aM) — (bp) — F(t, x, u, o7 (¢, x) p).
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We recall that a lower semicontinuous (resp. upper semicontinuous) function
u is a viscosity subsolution (resp. viscosity supersolution) of (20) if for any
¢ € C%([0, T] x R*) and (t,, xo) € [0, T] x R™ such that ¢(t,, x0) = u(ty, x,)
and ¢(¢, x) > u(t, x) [resp. ¢(¢, x) < u(t, x)] on [0, T'] x R", one has

_%(to, xO) + H(t07 X0, ¢(t07 xO)’ D(;b(tO’ xO)! D2¢(t07 xO)) =<0

[TGSP- - %(tm x0) + H(to, x9, d(tg, %0), D (tg, 20), D*P(2g, %)) > O]

The function u is a viscosity solution if it is both a super and a subsolution.
For further details, we refer to [7].

In this section we first provide a proof of a uniqueness result for viscosity
solutions of a PDE with quadratic growth with respect to the gradient. Then
we show that the forward-backward system (16) provides a viscosity solution
of (18).

3.1.1. Uniqueness for viscosity solutions. We suppose that F' satisfies the
following assumptions: there exist a positive constant C and, for any ¢ > 0,
there exists a constant c,, such that for all t € [0, T], x € R”, u € Rand q € R?,

(a) }F(t, x,u, ol (t, x)q)} <C+|oT(¢, x)q/?,

®) |2t x,u, 070, 2))| < €A+ 1072, 2)a))

(H5) oF
(C) a_(th’ u’UT(t’ x)Q) = cs—l—s|0'T(t,x)q|2,
w

(d) )%(t, x,u, o (t, x)q)\ = C(1+o"(¢, x)ql?).

THEOREM 3.2 (Uniqueness for viscosity solutions). Under assumptions
(H4) and (H5), there is a comparison result for the viscosity solutions of (18).
More precisely, if u is a bounded upper semicontinuous viscosity subsolution
of (18) and v a lower bounded semicontinuous viscosity supersolution of (18),
such that

u(T,x)<v(T,x) inR",
then
u<v onl0,T)xR".
REMARK 3.3. Assumptions (H5)(a)(b) are very close to condition (H2), and

(H5)(c) to condition (H3). (H5)(d) corresponds to the assumption we need on
the coefficient of the BSDE (16) in order to prove the continuity of the flow

(£, %) = (Yg*)sz0-

ProOOF OF THEOREM 3.2. For the same reasons as for the proof of the com-
parison result for BSDE, we first make a change of variable, which preserves
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viscosity sub- and supersolutions and which transforms the equation into
an equation easier to use. In fact, we want to have a nonlinearity H which is
increasing with respect to u, hence F to be decreasing in that variable.

STEP 1. The change of variable. We set M = max(|| u ||, | v |) + 1 and we
consider the real-valued function

Av
b(v) = %m(eAT“).

¢ is one-to-one from R onto (—(In A)/A, +00).

For A and A such that —(In A)/A < M we consider the change of variable
u = ¢ (X (u — M)), where K is a positive parameter and ¢ a positive
increasing function, both yet to be chosen.

We set w(u) = e X'¢/(w) = du/du and p = w(u)p. Equation (18) gives way
to the following equaiton:

Ju
(21) ——u—i-H(t x,u, Du, D*u) =

where
H(t,x,u,p, M) = -Tr(oco”(t, x)M) — b(x)p — F(t, x,w, o7 (¢, x)P)

with F defined by

F(t, 2.7 o7t 2)p) = 29D |72, x)p] — K2

¢'(w) )
+ (:f;) F(t,x,e Ko@)+ M, e i/ (@)aT (2, x)D).

Then

F(t,x,u,o(t, x)p) = w'(u)|ol(z, x)ﬁ|2
(22) u— M
- K

One has, after some computation, using (H5) and supposing that w'(z) > 0,

——F(t,x, u, w(u)ol (¢, x)p)

(Zj(t x,u, o’ (t, x)P)
ol 2 oT
<l & 0pF gzj))m (') +2Cw () + ew(w) + 1T LD2 Lf)t(’ux))mcgw’(u)
w'(u) w'(u)
—K(l—l—(M—u)w(u))—l—ca—l— O
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Noting that
w) "t o ww)
o (2, %) pl O (u)+ Wci
we obtain
F ol 2
%(t, 2,4, 0" (¢, 2)P) < %(w"(u) +(2C + Dw'(u) + sw(u))
—K+c,+ —L;/((Z))(—K(M —u)+C+c?).

In order to have

(23) < K1+ |o7(t, x)p|?)

aF
du —

(which corresponds to a proper equation in [7]), we now choose A and & such
that w’(u) + (2C + Dw'(u) + ew(u) < =6 < 0 on [-M, M] x [0, T']. Then
choosing K great enough, the second term can also be made smaller than —§.
Choosing then A great enough and the change of variable is valid, one has for
allt€[0,T], x € R*, u eI, p € R", F satisfies the following conditions:

JF

(a) %(t, x,u, o’ (t, x)p) < —Izv(1 + o (¢, x) p|?),
(24) (b) g(t, x, %, a’(t, x)p) < C(1+|aT(¢, x)p|?),
© 22(t, 2,7, 07(t, 2)P) = C(1 + |0 (1, 2)p)

for some positive constants KanC.
In order to simplify the statement of the next result, we set, for all x, y in R,
p,qin R”,

loT(t, x) p|? N loT(t, ¥)q|?

t%/t7!77 :1
(t,x,y,p,q) =1+ 3 5

LEMMA 3.4. Suppose that F satisfies assumption (24), then for all t € (0,T),
x,y €eR", u,veRand p,qeR" we have, if u — v > 0,

F(t, x,u, ol (t, x)p) — F(t, y,v, ol (¢, ¥)q)
<%, x,y,p, q)(— I?(u —v)+Clx — v +6|0T(t, x)p — ol (¢, y)q|>.
ProoOF. Forall x,y e R", u,v € R and p, ¢ € R" we have

F(t,x,u,0"(t,x)p) — F(t, y,v, 07 (¢, y)q)

Yot x)p)

=F(t,x,u,o"(t,x)p) - F(t, x, 4 ;_
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+F<t, x, 2 ; 2 o7, x)p> - 7(& ¥, uTJrU ol (t, y)q)

ﬁ<t y A2 T, y)q) F(t, y.v. o7 (t, y)q).

hence
F(t,x,u,o”(t,x)p) — F(¢t, y,v, 7 (t, ¥)q)
1 19F
—/ ﬁ(*1)01/\( 5 U) +/0 %(*2)(35_3’)
)0t 2)p = o7 (1, ) A
+/ —(*3)d)\< . ”),
with

#1= (%, Au+ (1= A)(u+v)/2, a7 (¢, x)p),
9 = (Ax + (1= Ay, (w+v)/2, A’ (¢, x)p + (1 = Vol (¢, ¥)q).
*3 = (y> A(u + U)/2 + (1 - )\)U, UT(t> y)q)

The proof is now straightforward. B
We now prove the uniqueness result with F' as nonlinearity.

STEP 2. Uniqueness under the structure conditions (24). Let u be a subso-
lution and v a supersolution. As u and v are bounded u — v has a supremum
M. The proof consists in showing that M < 0.

2a. The regular case. Suppose that u and v are regular C%([0, T] x R")
functions and that there exists (¢, x) € [0, T') x R" such that M is reached for
(¢, x). If t =0, then M < 0.

Suppose now ¢t € (0, T') and M > 0. We have

du Jv
== M — = —
u(t,x)=v(t,x)+ M, i (t, x) o (t, x),

Du(t, x) = Dv(t, x), D?u(t, x) < D%v(¢, x).

Then, as u is a subsolution,

J _
(25) —= + H(t, x, u(t, %), Du(t, x), D?u(t, x)) < 0,
and, as v is a supersolution,

(26) _f;_l;ﬁ(t’ x, v(t, x), Du(t, x), D*v(¢, x)) > 0.
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Subtracting (25) from (26), and using (24)(a), we have, as M > 0,
0<F(¢x, u(t,x), ol(¢, x)Du(t, x)) — F(t, x, v(¢, x), o7 (¢, x) Du(t, x))

= M/ (¢, %, Au(t, x) + (1 = Mo(t, x), o7 (¢, x)Du(t, x)) dA < 0

which is a contradiction.
2b. The general case. The difficulty is double. First, the functions u and v
are only supposed to be semicontinuous and second, the maximum of u — v is
not necessarily reached on [0, T') x R”. The method consists in penalizing.
We define

M= sup [u(t’ x) - U(ta x)]a
xeR", t€[0, T

the supremum of the bounded function u — v, and also

M(h)= sup [u(t,x)—v(t,y)] and M = hm M(h).

lx—y|<h

One has, of course, M < M'. One purpose is to prove that M’ < 0.
Let us consider

|x — y|? 2 2
T2 n([x]” + |¥[%).

lps,n(t7 x,y)=u(t, x)—v(t,y) -

Let M, , be a maximum of ¢, , and (¢
maximum is reached.

As we seek to prove that u < v, we assume to the contrary that u(s, z) >
v(s, z) for some s and z; it follows that

Xg n» Ye ) the point at which this

e, n

M, >u(s,z)—v(s,2)=6>0 forall gn.

&M

We need the equivalent of Lemma 3.1 of [7].
For the sake of simplicity of notations, we write ¢ instead of ¢, ,, (resp. %, ),
and we introduce the following notation: if (a, ,) is a sequence we write

limsup|[a, ,] =limsup [lim sup a,, 7]]

ekn—0 n—0 e—0
and
liminf [a, ,] = liminf [hm inf a, ]
e«n—0 n—0 e—0
If
limsup|a, ,]=liminf[a, ,]=a,
e«n—0 s<n—>0
we write

a= lim a
ekn—0
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LEMMA 3.5.
(i) lm M, h =M, lim wu(é, x)—v(é, y)=M
eLn—0 ekn—0
(i) (a) lim M, =M, (b)  lim u(f, %) —v(f, §) =M/,
nKe—0 n<Ke—>0
(© lim u=o, (@ lim (&2 + |5 =0.
n<Ke—=0 & n<Ke—0

We postpone the proof of this lemma and continue the main stream of our
proof.
Theorem 8.3 of [7] allows us to state the following.

LEMMA 3.6. Weset p=2(£—79)/e?+2n% and q = 2(X—9)/e2—2n5y. There
exists X,Y € /N such that

27) H(C, %, u(é, %), p, X) <0< H( 5,0 9), ¢, Y)
and
X 0 2 I -1 I 0
Multiplying (28) by (Zg;;) from the right side and by ("(c x)) from the left

side and taking the Trace, we find
Tr(O'O'T(é, £)X) — Tr(ool (¢, $)Y)

2| 0(é %) — o(E, 9)I12 5 4 ¢, 9
§ TN ooz, )13+ oG 9D

&
2% — JI*
> ~lolly (25570 + 208 + 15P))

In order to complete our proof we only need to show that (27) is in contradiction
with M’ > 0. Indeed, (27) gives

~Tr(oo” (¢, £)X) + Tr(oo” (£, $)Y) — b(f, £)p + b(%, 9)q
< F(f %, u(f, £), p) — F(£, 5, v(Z, 9), q).
We use the majoration provided by Lemma 3.4 for the right-hand side, hence

2|x
(It + 1eth) (2575 + 2+ 1517

< #(4, %, 9, p. Q) (~K(u(f, £) — v(f, 9))).

Therefore, by Lemma 3.5,

o(1) < # (£, £, 9, p, )(~K(M' + o(1))).
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As ¥ (t,%,9,p,q) > 1, we can divide by ¥ (£, %, 9, p, q), and pass to the
limit. We get

0<-KM,

which is the expected contradiction. O

PrROOF OF LEMMA 3.5. For all «x, y, ¢,

lx — y|?
w(t, x) —v(t, y) = —5— n(|x® + /%)
(29) . NN e R .
<M, ,=u(tx)—v(t ) — = n(|£)* + |91?)

Using the first inequality of (29) with x = y = 0 one has

% — 3l

2
X — A A
Q2 + (12 +191) < 2(lullo + 1v]l00);

hence, with C = \/2(|u]|« + [|v]ls ), We have the following first estimate:

c

(30) |2 =3 =Ce,  |Z],|9] < o

STEP 1. We have, using (30),
u(t, £) — v(t, ) < u(f, £) — v(t, &)+ v(f, £) — v(t, 9).

<M — 0 when
n is fixed and ¢—0

Let (¢, x;,) be a sequence such that

}Lin(l) u(ty, xp) — v(ty, x5) = M.

Inequality (29) gives, when 7 is fixed,
u(ty, 2p) = v(ty, x4) = 2|y < M, , < w(f, 2) = v(E, ) < M + o(e).

Letting successively ¢ — 0, n — 0 and A — 0 in the inequality above gives
both

M <liminf M, y < lim sup Ms,n <M

ekn—0 ’ e<n—0
and

M <liminf u(f, £) — v(£, §) < limsup u(f, £) — v(¢, ) < M.
<=0 e<n—0
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STEP 2. Using (30) we have
u(f, £) — v(t, ) < M(Ce).
Let (¢, x5, y5,) be a sequence such that

|xp, —ypl <h and }lin% u(ty, xp) — v(ty, yp) = M'.
It gives in (29),

h A _ .
u(ty, xp) —v(t, yh)—g—”fl(lthZJrlyhlz) <M, ,<u(tx)-vs,y) < M(Ce).
Letting first n — 0, A — 0, then &£ — 0,
M' < liminf M, , <limsup M, , < M,

n<Ke—>0 n<Ke—0

M’ <liminf u(f, £) — v(f, §) < limsup u(f, £) — v(f, ) < M.
n<Ke—0 n<e—0

Now passing to the limit in the previous order in (29) gives the last three
results. This ends the proof of the lemma. O

3.1.2. Existence of viscosity solutions given by BSDE. Let (X%*),_,.r be
the diffusion defined by (16) under assumption (H4), and suppose that F sat-
isfies (H5). In view of Remark 3.1(i) and of (H5)(d), the function (s, u, z)
F(s, X!* u, z) converges locally uniformly to (s, u, z) = F(s, X%, u, 2z) as
(¢, ") — (t, x). The immediate application of Theorem 2.8 allows us to state
the following theorem.

THEOREM 3.7 (Continuity). If o and b satisfy assumptions (H4) and F
satisfies assumptions (H5), the flow (t,x) — (Y% %), is a.s. continuous. In
particular, the deterministic function (x,t) — Y is continuous.

The main result of our section is this theorem.

THEOREM 3.8 (BSDE and viscosity solutions). Under assumptions (H4) on
L and (H5) on F, the function defined on [0, T] x R? by u(¢,x) = Yo" is a
viscosity solution of (18).

The proof of this result does not depend on a comparison result. It is a
local proof and therefore closer to the spirit of viscosity solutions. The main
argument is given by the following theorem.

THEOREM 3.9 (Touching). Let (Y,)o<,<r be a continuous adapted process
such that

dY, = b(t)dt + o(t)dW,,
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where b and o are continuous adapted processes such that b, |o|? are integrable.
If Y, >0 a.s. for all t, then for all t,

1{Yt=0}0'(t) =0 a.s.,
l{Yt:O}b(t) > 0 a.s.

PROOF. Let ¢:R* — R be a positive C2 bounded increasing function such
that #(0) =0, ¢'(0) =a > 0, ¢$"(0) = B < 0.
Set Y, = ¢(Y,). Itd’s formula gives

dY,=b(t)dt + 5(t)dW,,

where (1) = /(Y )o(t) and B() = &/(Y )b(t) + 36"(Y )| o (0)|2
Let us apply now It6’s formula to ¢ ,(Y,) where (,), is a sequence of C%(R)
convex functions that converges to ¢~ (with ., = —1 on R™):

~ ~ t ~ . ~ t ~
(Y — ¢ (Y,) = /s (Y )b(7) + S4U(Y )|a(r)|* dr +fs Y (Y, )a(r)dW,
for all 0 < s < ¢t. Hence
¢ B ¢
(31) 0> / ~Lig _oyb(r)dr — / 1y _o(r)dW,.

Taking the expectation we get

/t E(1{1~,T=0}Z)(T)) dr >0,

dividing by ¢ — s and letting ¢ — s and as s — E(1 {ggzo}l}(s)) is lower semicon-
tinuous, we get, for all s € (0, T,

[E(l{yszo}i)(s)> > 0.
This implies that, for all « > 0 and 8 < 0,
E(Lyy, -0y (ab(s) + $lo(s)[2)) = 0.
Letting B to —oo, one gets
l{yszo}|a(s)|2 =0 as.forall0<s<z.

This implies that for all 0 < 7 < ¢, one has both

1y _p0(1)=0,

1{17,:0}5(7) = 1{17,:0}0‘5(7)-

Back in (31), it gives the second inequality and completes the proof. O
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PrROOF OF THEOREM 3.8. For the sake of simplicity of notations let us write
(X,) for the diffusion process (X'°™) starting from x, at ¢, and (Y,, Z,) for
the solution (Y™, Z!**) of the BSDE driven by this diffusion.

First notice that u(¢, X,) = Y,. This is readily seen from the Markovian
property of the diffusion process X, and from the uniqueness of the BSDE.

Let ¢ be a C? function such that ¢(ty, xy) = u(ty, x) and ¢(¢, x) > u(t, x)
for all (¢, x) € [0, T'] x R". Hence ¢(¢, X,) > Y,.

We now show that u is a viscosity subsolution of (18). One has

—dY,=F(Y,, Z,)dt— Z,dW,;Y,,

~doe. X) = (%

As ¢(t, X,) > Y,, Theorem 3.9 gives, for all ¢,

+ LqS)(t, X,)dt — oTDp(t, X,)dW,; d(r, X,).

db
Ligce, X,>—Y,}<—<5 + Ld’)(t, X,)-F(,, Zt)> <0 as,
Ly, x)=vp3l — Z¢ + o'D¢(t, X)>=0 as.

As ¢(ty, X)) =Y, for t =t,, the second equation gives Z, = aTDo(¢,, X))
and the first inequality gives the expected result.

3.2. Sobolev solutions and BSDEs.

3.2.1. Sobolev solutions for PDEs with quadratic growth. We first give
existence and uniqueness results of Sobolev solutions for a quasilinear ellip-
tic PDE, and then some regularity results for its linear part together with
properties of its first eigenvalue.

The homogeneous Dirichlet problem. In this paragraph we study the PDE
Lu — f(x,u,Du)=0 in #,
(32) ( )
u e Hy(?),

where # is an open bounded subset of R" and the operator L is, throughout
this section, considered in the divergence form

1 2 9 u
33 Lu=-= Za; (x)=),
ey ¢ 21'2-;1 Ix; (a”(x)f?x')
» J= J
where we assume without loss of generality that a; ; = a; ;, and we first recall

existence and uniqueness results of a solution of (32).
For the existence result we suppose that

a;; € L>(2), 0<i,j=<n,

and there exists a > 0 such that

(34) > ai’jfifj > a|é)? forall ¢ cR" and a.e. x € O

i, j=1
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and that the function [ is a Caratheodory function defined on € x R x R" (i.e.,
f(x,.,.)is continuous for a.e. x € & and f(-, u, p) is measurable for all u € R
and p € R") such that for almost all x € & and for all u e R, p € R",

f(x,u, p) = —ao(x)u — fo(x, u, p),
with
(35) 0<ag<ay(x)<By aein@
and
|fo(x, u, p)| < Co + b(|ul)|p|”

for a positive constant C, and an increasing function b.

THEOREM 3.10 [5]. Under assumptions (34) and (35), there exists at least
a solution in HY(#) N L>(&) of (32).

For the uniqueness result we suppose that the function f defined on & x R x
R" is a Caratheodory function, such that for a.e. x € & the function (u, p) —
f(x, u, p)is locally Lipschitz continuous with

Jd
‘%(x, u,p) <Co(lu)(1+|p|) forae. xec@,uck, pecR
(HS6) If(x,u,0)] <Ci(Ju]) forae xe@,ucR, peR,
d
a—f(x,u,p)f—ao <u forae.xel,uck, peR
u

for a constant «y and for increasing functions C, and C;.

THEOREM 3.11 [3]. Assume that (34) and (H6) hold. If u, and u, belong
to HY(#) N L®(#) and are, respectively, a subsolution and a supersolution of
(32) such that (uy — uy)* € Hy(&), then

u; <uy in?.

In particular (32) has at most one solution in Hy(#) N L*(&).
An immediate consequence of this comparison principle is the corollary.

COROLLARY 3.12. Assume that (34) and (H6) hold. If u € Hy(&) N L=(&)
is a solution of (32) then

€,(0)

leelloe <
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PROOF. Indeed, the function defined by
ui(x) = C1(0)/ag =C
is a supersolution of (32), since

Luy(x) — f(x, uy(x), Duy(x)) = —f(x, C, 0)

C
= —f(x,0, 0)—[0 %(x,u,O)
> —C1(0) + ¢,C = 0.

In a similar way, we can show that —C is a subsolution.

PROPOSITION 3.13. Assume that (35) and (H6) hold, then equation (32) has
a unique solution in Hy(&)N L®(&).

PROOF. The proof relies on a truncation argument. Indeed, for all K > 0
we consider a C? function, ¢, such that ¢(u) = u for —K < u < K, ¢ is
constant when |u| > K +2 and 0 < ¢’x(u) <1 for all u € R, and we set

fr(x,u, p) = —apu + f(x, dg(u), p) + agdx(u).

The function f x obviously satisfies assumptions (H6) with the same constants
as [ and satisfies also assumptions (35) with ay g(x) = @y, Cy x = ao(K+1)+
Co(K+1)+C(K+1)and bg(u) =2Cy(K +1), hence applying Theorems 3.10
and 3.11, equation Lu—f g(x, u, Du) = 0 has a unique solution u in H}(#)N
L*°(#), and by Corollary 3.12, |u k| < C1(0)/ag. As fg(c,u, p) = f(x, u, p)
for all x € Z, |u|] < K and p € R”, uy is also the unique solution of (32) as
soon as K > C(0)/ay.

The nonhomogenous Dirichlet problem. We now consider the following
PDE:

Lu—f(x,u,Du)=0 in&#

(36) 1
u—4ge HO(ﬁ)a

where L is defined by (33), and

(a) The boundary of # has a C1! regularity.
(b) ge W2P(&) with p > N.
(¢) a;i(x)e W2>(#),1<i,j<N, and there exists a > 0
such that fo’jzl a;i(x)&'E > alé|? for ae. x € € and & € R".

(H7)

THEOREM 3.14 (Nonhomogenous Dirichlet problem). Assume that (H6)
and (H7) hold. Then there exists a unique Sobolev solution u in H(&)N L>*(&)
of (36).
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PrROOF. Under assumption (H7), the Dirichlet problem
Lg=0 in@,
§—g e Hyo)
has a unique solution § € W2 P(#) (cf. Theorem 9.15, page 241 of [12]). As

p > N, Sobolev imbeddings show that g € C}(#) N C?(#).
Consider now

Lw — f(x, w, Dw)=0 in #,

(37) L
w e Hy(?),

where f is defined by f(x, u, p) = f(x,u — g(x), p — D(x)).

As g € CY(#), it is obvious that u € H}(#) N L®(#) is the solution
of (36) if and only if w = u — g is the solution of (37), but as f satisfies
the assumptions of Proposition 3.13, (37) has a unique solution in H é(é’) N
L°°(#), which completes the proof. O

The linear operator. We recall some classical results on the linear equation
Lu+aqu=/f, in &,
38) 0 0
u=g ondo,

where L is defined by (34) and «, is a nonnegative constant.

PROPOSITION 3.15. (i) If f, € L%(#) and g = 0, there exists a constant C
depending only on & and ag such that

”u”H})(ﬁ’) = C||fo||L2(ﬁ)-
(ii) Assume a;j € CL (&) forall1<i, j< N, fye C*%&);00 € CH1, g €
CL%(9&); then the unique solution u of (38) belongs to C*>*(£)N CY(F) and

1ol
||u||oosmax( olee g );

2]

in particular, this result holds true under assumptions (H7).

(iii) Assume (34); then the operator L is self-adjoint strictly elliptic, its first
eigenvalue A, > 0 and the associated eigenfunction e, is unique up to a mul-
tiplicative constant e; > 0 in &. Moreover, if we suppose that 2 holds true,
e, € C>4(o).

For the proof, see, for instance, [12].

3.3. Connections with BSDEs. We first define the system of forward-—
backward equations associated with (36).
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The diffusion process—the exit time problem. From now on, we suppose
that (H7) holds true, and we define
1 & day;

bi=—52

=1 Jx j

and o: # — R"*" is such that co” = a and, forall i, j < n, g; j,b; € Wl (@).

L is the infinitesimal generator of the diffusion process

dX; =b(X})dt+ o(X7)dW, for0 <t < +oo,
Xi=x(xe?).
We note 7 to be the first exit time of the process X from &,
7(x, w) =inf{t > 0, X} (w) ¢ £}.

As a is not degenerated, 7 is almost surely finite. In fact, the exit time and
the first eigenvalue of L are connected in the following way:
(39) E(e’™) < oo forall A < Ay,

for all x € # [9].
The flow of BSDEs. For all x € &, we define the coefficient set on the
diffusion starting from x by

F (t,v,2)(0) = f(XF(0),v, (0T (X} (0))) 2)
for all w € O, ¢t < ™(w),v € R,z € R*, and we consider the BSDE with
parameters (F,, 7%, g(X%)),

x

(40) Yf:g(Xfx)+/ F.(s,Y* Z%ds— [ Z*dW,.
IATY

tAT™

THEOREM 3.16 (BSDE). Assume that [ satisfies (H6) and that (H7) holds
true; then for all x € @, there exists a unique solution (Yy, Z§)o<;<,= of (40).

The proof is a direct consequence of the results of Section 1, since all the
required assumptions are obviously satisfied.

We now give the Feynman—Kac formula corresponding to equation (38)
expressed in terms of BSDEs.

_ LEMMA 3.17 (Feynman—Kac formula). Assume that (H7) holds true and
fo € C% and let u be the solution of (38). Setting

Yi =u(X7),

Z; = (o"Du)(X?),

for every x € &, the process (Y}, Z});<re is in #°(R) x H#2(R") and is the
solution of

—dY?* = —ayY¥ + fo(XF)dt — Z¥dW,,
= = 8(X7).
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PrROOF. It is a simple application of Ito’s formula to the C? solution u of
(38) and to the process (X7 )o<s<sx-

Our main result is the following theorem.

THEOREM 3.18. Assume that (H6) and (H7) hold true and let u be the solu-
tion of (36). Setting

Y7 =u(X7),
Z; = (" Du)(X?),
then:
(i) For almost every x € &,
(Yf)OStsrx € %?(R)a
(Z7)o<t<r= € HE(R).
(ii) For almost all x € &, the process (Y, Z§)o<;<,+ 1S the solution of
—dY§ = f(X}, Y}, (o7 (X}) ' Z)dt — ZF dW,,
YE = g(X%).
PrOOF OF THEOREM 3.18 Part 1. We want to show that if ¢ is in L*>(&#)
or in L%(#), then for almost every x € &, ¢(X}) € #(R) or #2(R). This has
been done in [2] when the domain is the entire set R". Indeed, these authors

have shown that, under assumptions (H7)(c), there exist two nonnegative con-
stants K; and K, such that for all ¢ € L%(R"),

Kl ollemny < /Rn ||¢(X?)||;fﬁ(wd>dx < Ky|| bl L2wn)
where
T 2
o Xz mey = [E/O |p(X7)I" dt.
This equivalence of norm is linked in our case with the first eigenvalue prob-

lem as can be seen in the following result.
We introduce the following measure on the space & x R* x Q;

du(x, s, w) = e (x)l,_.. dxdsdP.

LEMMA 3.19. For all ¢ € LY(#), (X)) e LY@ x Rt x Q, u) and

@ [ e dr=nE [ |7 6(Xdn
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In particular:
() If ¢ € [L>®(#)]¢ then, for almost all x € &, p(X7T) € #L(R?), and
Io(X Oz may < Dl (e)-

(i) If ¢ € [LY(P)]? then, for almost all x € &, p(X7T) € #L(R?) and
L 16D morer(x) da < [l

(iii) If ¢° — ¢ in [LY(#)]? then one can extract a subsequence such that, for
almost all x € €, $* (X}) — d(X7) in HL(R?).

PRrROOF.

STEP 1. Take ¢ € C%%(#); consider the solution u € C?(&)N C(&) of the
equation

Lu=¢ inao,
u=0 ondo.

By the Feynman—Kac formula u(x)=E [ ¢(X})dt and in view of Theorem
3.15, the functions u, e; belong to C**(#)N C(#). This allows justifying the
following computations based on Green’s formula:

| #()er(x) dx
4

- / Lu(x)ey(x) dx

(oo

L] 1
1 X d deq u dey
— __ —la: — |dx / e x)do(x
2i§1“/ﬁaxi( ”Jax) + (an\L+soﬂa (x)do(z)
T =0

- / u(x)Ley(x)dx
1z

- Al[E/ﬁ /0 S(XF)ey(x) dx ds.

A first consequence of this regular case is that for any negligible subset A
of 7,

{(x,s,0); XX(w) e A} € € x R x O

is also negligible for the measure du. This implies (i).



598 M. KOBYLANSKI

STEP 2. Take ¢ € L(#), and let ¢° be a sequence of C%*(#) functions
converging to ¢ in L1(#). As Step 1 holds for ($?),,

[ 197 = ¢ (@)lexx)dx = ME [ [ 167(XD) ~ °(X3)ler(x) die ds,

hence ¢*(X7) is a Cauchy sequence in L'(Q x & x R, 1,_ .e;(x) dx dsP) and
it has a limit Y when ¢ — 0. Extracting a subsequence if necessary, one can
suppose that ¢° converges to ¢ for almost all x and ¢°(X¥) converges to Y
for almost all x, ¢, . Hence there exists a negligible subset A of # such that
¢°(x) > ¢(x) when ¢ — 0 for all x ¢ A; consequently ¢*(X7) - ¢(X7) when
e — 0 for all (w, x, ¢) such that X} ¢ A.

As {(w, x,t); X{(w) € A} is negligible, one can identify the limit Y with
¢(X7). Hence passing to the limit in

[ o*@er@ydx=ME[ [ ¢5(X3)du,
e /o

we have proved (41).
Let us now prove (ii) and (iii).
Let ¢ € [L'(#)]?. Then, as

T* . 1
LEL 6(XDle@)deds = bl wan <o,

we have

[E/T |(X¥)|dt dx < 0o for almost all x € &.
0

Let ¢ € [LY(#)]?, and suppose ¢® € [L1(#)]? is a sequence converging to ¢.
We have

[ 16°(x) = dp@ler(x)dx = ME [ [ [°(X3) = d(XD)ley(x) dx ds;
e eJ0
hence

/ [E/ 16°(X%) — p(X)|es(x)dxds —> 0 as e — 0,

e Jo
and therefore one can extract a subsequence &' such that, for almost all x € #,

[E/T 165 (XT) — p(X)|ey(x)dxds — 0 as & — 0.
0

This completes the proof of Lemma 3.19. O

Let u € HY(#) N L*(#) be the solution of (36). Lemma 3.19 gives that, for
almost all x € #, one has both

(u(X;C))Ostsfx € Jf;‘f’(ﬁ),
(" u)(XP)ozrer € HE(O).
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PROOF OF THEOREM 3.18 Part 2. The idea is to argue by approximation.
Finding a good approximation is not easy. We first show our result when f is
bounded, and then we use a result of [x].

The bounded case. Suppose that
f(x9 u, p) = —apglU + fO(x7 u, p)

on # x R x R" where oy > 0 and [ is a bounded continuous function and
suppose that there exists a solution u in H}(#)N L>*(#) of (36). Define for all
x €O,

F(t.Y,Z)=f(X],Y,(c"(X]) " 2).

LEMMA 3.20. Under the above assumptions on f, the process
(w(X?), (" Du)(X7))

t<t¥

is a solution of the BSDE with parameters (F,, ™, g(X%)) for almost all x €
O . Moreover,

(X < max("f°"°°, ||g||oo).

@

PROOF. We define
fo(x) = fo(x, u(x), Du(x)) for x € #.

The function f, € L™(#), let f£ be a sequence of C% "(#) functions uniformly
bounded such that fg — fo as € > 0in L2(#). In view of Theorem (3.15), the
equation

Lu’® + agu® = f°(x) in &,
u®=g onéo,
has a unique solution u® € C%(#) N C'(#),

o < max( 180 g, ).
In particular, u¢ is uniformly bounded. Furthermore,
[u® —ullgie < C||IF8 - IFOHL2(ﬁ)-
Hence according to Lemma 3.17, the process (Y} °, Z;"*),<,- defined by
Y- u (XD,
Z7¢ = (0" Dus)(X7)
is the solution of

(42) YE© = g(X%) +/ Fo(XYdt — Z5° dW,.
t
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Applying Lemma 3.19 and taking a subsequence if necessary, one may assume
that, for almost all x € &

(i) u®(X7) is uniformly bounded and u®(X¥) — u(X¥) in #2(R) when

e— 0
(i) o’ Du®(X}) — o Du(XY) in #%(R") when & — 0;
(ii) f2(X¥) - f(X¥)in #2(R) when & — 0.

Hence, passing to the limit as £ — 0 in (42), we obtain
wX)) =X, )+ [ aYi+fo(XD) ds— [ (¢7Du)(X¥)dW,.
t N——— t
F (s, u(X3), (o7 Du)(X7))

We have proved that the process (w(X7), o7 Du(X7))o-;=,« is the solution of
the BSDE with (F,, 7%, g(X,:)) as parameters.

The general case. We now suppose that f satisfies assumption (H6).

LEMMA 3.21 (Approximation [5]). There exists an approximation of [ by
bounded functions f¢, such that the associated solutions u® satisfy

C,(0
(43) < maax( S22 ).
2]
(44) lin&(ua —u)=0 in H(&) strong
and

(45) lin(% fe(x, u®(x), Du®(x)) = f(x,u(x), Du(x)) in LY(&#) strong.

The proof of (43) is nothing but the application of the maximum principle
property; the proof of (44) is difficult; the proof of (45) relies on the Vitalli
theorem. See [5] for details. The approximation of f given in this paper is
f(x,u, p)
1+ &l|f(x, u, p)|
Consider f¢ and u® given by Lemma 3.21. According to Lemma 3.20, the
process (Y, Z{%)o~4<,- defined for almost all x by
Y;C’s = ug(ijfC)a
Z}¢ = (o' Du”)(X7),
is the solution of the BSDE with parameters (FZ, 7%, g(X%,)).

Applying Lemma 3.19 and taking a subsequence if necessary, we have, for
almost all x € #:

(i) u®(X7) is uniformly bounded and lim,_ , ©®(X}) = u(X7) in #2(R);
(i) lim, o 0" Du®(X?) = 0T Du(X¥) in #2(R");

fs(x’ u, p) =
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(i) lim, o f(X7, u*(X7), (6" Dus)(X})) = f(XF,u(X7), (¢ Du)(XY))
in Z2(R).

Therefore, passing to the limit when £ — 0 in

Yi=g(X2)+ [ F(X5ut (XD, (e Dut)(X3) ds,

we obtain the expected result.
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