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FORWARD-BACKWARD STOCHASTIC DIFFERENTIAL EQUATIONS
AND PDE WITH GRADIENT DEPENDENT SECOND ORDER COEFFICIENTS

ROMAIN ABRAHAM! AND OLIVIER RIVIERE?2

Abstract. We consider a system of fully coupled forward-backward stochastic differential equations.
First we generalize the results of Pardoux-Tang [7] concerning the regularity of the solutions with
respect to initial conditions. Then, we prove that in some particular cases this system leads to a
probabilistic representation of solutions of a second-order PDE whose second order coefficients depend
on the gradient of the solution. We then give some examples in dimension 1 and dimension 2 for which
the assumptions are easy to check.
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1. INTRODUCTION

Let us consider the following Partial Differential Equation:

9u(t,z) + Lu(t,z) + g(t, z,u(t,z), (Vuo)(t,z)) =0 V(t,z)€[0,T) x RY,
w(T,z) = h(x) Vr € RY,

where u : [0,T] x R — RP, h: R? — RP, g: [0,T] x R? x RP x RP*4 — RP,
and Lu(t,x) = %Z” (o0*)ij(t, z,u) 65/‘5ng +Y, fi(t,x,u,Vua)g—;
where o : [0, +00) x R? x RP? — R4 and f: [0, +00) x R? x RP x RP*? — R,

We know that we can represent (with some assumptions) the solutions of (1) with the solution of a Forward
Backward Stochastic Differential Equation (FBSDE in short). Let {B;,t > 0} be a Brownian motion in R% and
let us consider the FBSDE:

X?:c =z +/ f(?“, X:,x7y;t7x, Zﬁ’x)dr +/ 0'(7“, Xf.’”,Y,.t"”)dB,.,
t t

S

T T
vie =iy« [ gt xe ez [ zia,
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where X% : [t,T] — R4, Y4% : [t,T] — RP and Z5% : [t,T] — RP*4 are adapted to the filtration generated by
(BS — Bt,S Z t)

Then the deterministic function u(t,2) = Y;** is a viscosity solution of (1). This has led to a huge amount
of work. We refer to Pardoux-Tang [7], Ma-Yong [5] and the references therein for more precise results on the
subject.

The goal of this paper is to generalize these kind of results to PDEs whose coefficient o depends on Vu, which
is completely new as far as we know. Our motivation comes from image analysis. Indeed, let us consider a noisy
image. The most basic way to smooth this image is to convolute it with a Gaussian kernel whose standard
variation is a parameter t. If we represent the original noisy image by a continuous function f : [0, N]? — R,
the result of the convolution is

g(t,z,y) = ﬁ // exp(f(u2 + v2)/2t2)f(x + u,y + v)dudv,
™ R2

or in probabilistic terms by
g(ta &€, y) = E(:C,y) (f(Bt))

where (By,t > 0) a planar Brownian motion starting from (x,y).
Therefore g is the solution of the heat equation:

o _1
ot 2
U(O,Z’,y) = f(x7 y)'

This methods makes the noise disappear but its major drawback is that it also smooths edges. In order to take
into account this problem and attenuate it, Perrona and Malik [8] suggest to study the next problem:

AU,

O (1 m.) = Aiv(p(VU (1,2,9) VU (1,,),

U(07 x? y) = f(x’y)7

with, for instance, ¢ a Gaussian density. This has led to the so-called anisotropic diffusions. The main idea of
these methods is to smooth the image in a direction parallel to the edges in order not to degrade them or in
other words in the orthogonal direction of the gradient of the image. Consequently, all the coefficients of the
PDEs that appear in these studies depend on the gradient of the solution.

In order to get a gradient in the second order term, we must make o depend on z. This case is partially
studied in [7] concerning existence and uniqueness of the solution of the FBSDE but nothing else is done for
that case. In the next section, we thus study a general FBSDE with ¢ that depends also on z. We give another
proof of existence and uniqueness of the solution on a small interval of time. We also focus on the regularity
of the solution with respect to the initial conditions. In particular, we prove that the function u(t,z) = Y;"" is
still continuous in that general case.

Then, we study the links between FBSDEs and PDEs. Here, we cannot deal with a general equation. Our
result only applies for functions f and g that do not depend on z when o does. We prove that, given a quasi-
linear PDE, we may, under some additional assumptions, find a FBSDE such that the function u(¢,z) is a
viscosity solution of the PDE.

Unfortunately, these additional assumptions are not very easy to verify and, in sections 4 and 5, we give
sufficient conditions in dimension 1 and 2 for these assumptions to be satisfied.

Eventually, we propose in the last section another kind of FBSDE that would give an easier representation
of the solution, avoiding the additional assumptions mentioned before. However, the techniques used in this
paper cannot be directly extended to this case.
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2. REGULARITY OF THE SOLUTION WITH RESPECT TO INITIAL CONDITIONS

2.1. Preliminaries
Let us first recall two well-known results:
Theorem 2.1 (Perron-Frobenius).
If A is a square matriz of order n > 2 with positive entries, then
o The spectral radius p(A) is a real positive eigenvalue.

e The associated subspace has dimension 1 and is generated by a vector with positive components.

Theorem 2.2 (Picard fixed point theorem).
Let E be a Banach space and let f be a contraction on E (i.e. a Lipschitz function with Lipschitz coefficient
strictly less than 1). We define the sequence (xp)nen of elements of E recursively by

X € E,
Tnt+1 = f(zn) VneN.

Then
o The sequence (x,)nen converges in E.
e The limit ¢ of (xy)nen is the unique fixed point of f.
o For every n € N, we have

1—¢"
lon = @oll < 57— ll#1 = 2ol
where ¢ is the Lipschitz coefficient of f.
In particular, we have
oo — ] < 7= llor o]l

We deduce from the Perron-Frobenius theorem another useful result: let n be a fixed integer greater than 2.
For every i € {1,2,...,n}, let & be a Banach space endowed with the norm N;. We denote by &£ the space
product £ X --- X &,.

Definition 2.3. Let f be a map from & to &:

f € — £
xr (fl(l‘),fg(lﬂ),,fn(x))

A matrix A = (a;j)1<ij<n is said to be a Lipschitz matrix of f if, for every 1 < j < n and every x =
(1,...,2n) € Eand y = (y1,...,yn) € €, we have

Nj(fi(wr, - an) = iy, yn)) < ZaijNi(xi — Yi)-
i—1

Theorem 2.4. Let A be a Lipschitz matriz of f. If every entry of A is positive then there exist positive constants
Uty ..., Uy such that f is Lipschitz with Lipschitz constant p(A) with respect to the norm

n
N(zy,...,z,) = ZuiNi(xi)-
i=1

Remark. Endowed with the norm NV, £ is a Banach space.
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Proof. As the entries of A are supposed to be positive, we can apply Perron-Frobenius theorem. Consequently
we know that p(A) is a real eigenvalue of A and that there exists an eigenvector (ui,...,u,) with positive
components. So, we set

N(z1,...,25) :ZuiN T
i=1

By definition of a Lipschitz matrix, we have, for x = (z1,...,z,) and y = (y1,. .., Yn),
N(f( Zu] f] Ila---amn)_fj(ylv---ayn))

z w

2.2. Existence and uniqueness of solutions of coupled FBSDE

Let (2, F,P) be a probability space, T > 0 and (B;,t > 0) be a d-dimensional Brownian motion. We
set (Fi,t > 0) the completed natural filtration of B, and we denote by M?(€) the set of £-valued processes
(Xt,0 <t <T) progressively measurable with respect to the filtration (F3,¢ > 0) and such that

T
E / | X [2ds
0

We denote by M?2(E) the subset of M2(€) of continuous processes (X;,0 <t < T) such that

< 400.

El sup |X¢|?| < +oo0.

te[0,T)

Here, the notation | - | refers to the absolute value, the Euclidean norm or the square root of the sum of squares
of the components respectively when the content is a real number, a vector or a matrix.

We consider here a general FBSDE. Let us first fix the following functions:

:Q x [0, +00) x R x R x R — RI*9,
Q% [0, +00) x R x R x RY — R,
:Q x [0,400) x R? x R x R — R,
QO xRY— R,

> @ = 9
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We are studying the following FBSDE
X,==z +/ for, X, Y., Z,)dr +/ olr, X, Y., Z.)dB,, 0<s<T,
0 0

T T
Yszh(XTH/ g(r,XT,YT,ZT)drf/ (Z,dB,),  0<s<T,
S S

(2)

for which we are seeking solution {(X,Y;, Z,),0 < s < T} that belongs to MZ(R%) x M2(R) x M?(R%). Here,

{-,-) denotes the usual scalar product in R<.

Some conditions for existence and uniqueness of solutions of the FBSDE (2) have been given in [7]. We will
study here a Picard iteration that leads to other conditions for existence and uniqueness of the solutions as a

by-product but the purpose of this subsection is the final Theorem 2.7.
We will suppose that the functions f, g, h and o satisfy the following properties:

[H1] For ¢ = f, g, 0, there exist non-negative constants k¢ 5, k¢.y, ke » such that, for all ¢, z,2',y,v’, z, 2" and

a.s.,
‘d)(ta z,Y, Z) - ¢(t,$/, y/a Z/)| < k¢,x|x - I/| + k¢,y|y - y/| + k¢,z|z - Z/|'
[H2] There exists a non-negative constant kj, such that, for all z, 2’ and a.s.,

|h(z) — h(z)| < kp|z — 2'].

[H3] For all z,y, z, the processes f(-,z,y,z2), g(-,z,y,2) and o(-,x,y, z) are progressively measurable with

respect to the filtration (F, ¢t > 0); for all «, the random variable h(z) is Fr-measurable and

T T T
EV |f(r,o,o,0)|2dr+/ |g(r,o,o,o)\2dr+/ |0 (r, 0,0,0)[*dr + [R(0)]* | < +oc.
0 0 0

Under these conditions, we may consider the map ¥ defined by:

T M2(RY) x M2(R) x M2(RY)  —  M2(R?) x M2(R) x M?(R)
(U,V,W) — (X,Y,2)

where, for every 0 <t < T,
t t

Xemat [ FoUVoWds + [ (a0 Ve Wo)dB,
0 0

Fi

T
Y; = E[h(X7) ‘ F]+E / g(u, Uy, Vi, Wy, )du
t

and (Z;,0 < t < T) is the unique element of M?2(R?) such that
T T
h(XT)Jr/ g(u, Uy, Vo, Wy )du — Yy = / <Z5,dB5>.
0 0
In other words, (X,Y, Z) is solution of the system

t t
Xt:x+/ f(S)US7‘/;‘)WS)dS+/ U(S)US)VS7Ws)dBS7 OStSTa
0 0

T T
ift:h(XT)+/ g(s,Us,Vs,Ws)ds—/ (Z,,dB)),  0<t<T
t t
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Let us remark that a solution of the FBSDE (2) is a fixed point of W.
For X € M2(€), £ =R or & =R4, let us denote by

Xl = (/E [ sup |Xs|2].
0<s<T

Endowed with this norm, M2(€) is a Banach space.

For X € M?(€), we denote
T
112 = < / Enxsmds)

and M?(€) is also a Banach space with respect to this norm.

1/2

Proposition 2.5. Let us suppose that the assumptions [H1], [H2], [H3] are satisfied. The matriz A(T) defined by

VT\|Tk3 , +4k2, 2\/?\/8@211@3@ +T(k2, + 2k3k3 ) \/T\/T(kfm +2k7k3 ) + 8k7k2,

VB | VT\JTh, +4k2, VT \[8kZK2, + T(k3, +2k2k3 ) VT\/T(kZ, +2k2K3 ) + 8KZRZ

VIR FARZ . 2 [BRRRZ S TRERS FRE.) [Tk .+ 2K3R3 ) + 8RR

1s a Lipschitz matriz for U.

Proof. Let (U, V,IW) € M2(R?%) x M2(R) x M2(R%) and (U, V', W’') € M2(RY) x M%(R) x M?(R%). We
denote

(XY, 2) =9(U,V, W)
(XY 20 = w(u', V!, W)

AX=X-X'
AY =Y -Y’
AZ=27-7
AU =U-U'
AV =V -V’
AW =W — W',

First, let us estimate ||[AX]||.. For 0 < s < T, we have

X, - X! :/ [f (U, Vies W) — f(u, UL, VW) du
0

ur u?

+ / [o(u, Uy, Vi, W) — o(u, U, V., W) ]dB,
0

::/ Afudqu/ Ac,dB,.
0 0
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Using the inequality (a + b)? < 2(a? + b?), we obtain

S 2 S
sup (/ |Afu |du) / Aco,dB,
0<s<T \Jo 0

We then apply Cauchy-Schwartz inequality for the first term and Doob’s inequality for the second to get

T T
/ |Af,[2du / |Aau|2du] .
0 0

2

JAX][Z < 2E +2E | sup

0<s<T

|AX|Z <2TE +8E

But, by assumption [H1],

|Aful® < 3kF AU + 3K7 | AV, + 3k7 | AW, |?,
|Acu|? < 3k2 | AU + 3k2 | AV, + 3K2 | AW, |°.

Consequently, we obtain

|AX|2 < (6TkF, + 24k2 ,)E + (6Tk7, + 24k2 )E

T
/ |AU, |*du
0

T
/ |AWU|2du]
0

< 6T(TkG , +4k2 )| AU + 6T (TkF , + 4k2 DAV |2 + 6(Tk , + 4k2 ) | AW 3.

T
/ |AV, |2 du
0

+ (6Tk7 , + 24k7 ,)E

The first column of the matrix follows then easily.

Let us concentrate now on the estimate for ||[AY||.. By definition of Y, we have for 0 < s < T, with obvious

notations,
T
/ Ag,du | Fy
S

T 2
/ |Agy |du .7:81

As the process (E“h(XT) — h(X'T)| ‘ fs} ,0<s< T) is a martingale, we have by Doob’s inequality

AY, =E[h(X7) — h(X}) | Fs] +E

which yields to

sup |AYi[*<2| sup E“h(XT) — h(X7)| } fsr + sup E

0<s<T 0<s<T 0<s<T

e | s Bl - [ 2]'| <4 sup gl -l | 7]

< 4E[[n(Xr) - h(xp)[’]

by Jensen’s inequality.
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2
fS]

By similar arguments, we have

T
/ |Ag,|du

E| sup E
0<s<T

T
/ |Ag,|du
0

T 2
< 4E (/’|Agudu>
0
T
/ |Ag > du
0

by Cauchy-Schwartz inequality. So, using assumptions [H1] for Ag and [H2], we have

T
/ |Agu|2du
0

T
/0 (K2LIAULJ + B2, |AV, [ + k§7z|AWu|2)du1 .

2
.7-}] <E| sup E
0<s<T

<ATE

|AY2 < 8E[|h(Xr) ~ h(X7)[*] +8TE

< 8kZ||AX|? + 24TE

Plugging into the last estimates the upper bound for |AX||? leads to the second column of the matrix.

Eventually, we have for AZ

2

T
|AZ|2 =E /<A%@&»
0

T 2
h(X7) — h(X}) — E[h(Xr) — h(X})] + /O Agudu —E

T
/ Ag,du
0

T
/ |Agu|2du
0

T
/0 (k§7x|AUu|2 +E2 AV, + k:;Z|AWu|2)du] .

T
/ Ag,du
0

<9E [|h(XT) - h(X'T)ﬂ +92E

< 2k2||AX|? + 2TE

< 2k |AX|2 + 6TE

and the third column of the matrix follows easily. (I

Let us remark that the matrix A(T") becomes, for T' = 0,
0 0 0
A0)=Vv6| 0 0 0
2ka,z 4\/§khka,z \/gkhka,z

whose spectral radius is 4\/§khkmz. We may deduce then the following result:
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Theorem 2.6. If the assumptions [H1], [H2], [H3] are satisfied and if moreover

4V3Bkpky. < 1 (3)

then the FBSDE (2) has a unique solution if T is small enough.

Proof. We want to apply Theorem 2.4 to the map W. As we need a Lipschitz matrix with positive entries, let
us set, for € > 0,

1 1 1
AT =AT)+e| 1 1 1
1 1 1

As the matrix A(T') has its entries non-negative, the entries of A°(T") are positive and A®(T') is still a Lipschitz
matrix of ¥. Moreover, as the spectral radius is continuous, we may fix 7" small enough and £ > 0 such that
p(A%(T)) < 1. Then, Theorem 2.4 gives that there exists a norm on M2(R%) x M2(R) x M?(R?) for which ¥
is a contraction and, by Picard theorem, ¥ has a unique fixed point. O

Remark. we may also fix the terminal time 7" and, as A tends to the null matrix as the Lipschitz coefficients
tend to 0, we have, by the same kind of arguments, existence and uniqueness of the solution on the interval
[0, T if the Lipschitz coefficients are small enough.

As announced before, the purpose of this section is not to prove existence and uniqueness of the solutions
(which have already been proved) but the use of the Lipschitz matrix leads to some estimates in the same spirit
of [7], Theorem 4.1.

Theorem 2.7. Let us suppose that the assumptions [H1], [H2], [H3] and (3) are satisfied. Let T > 0 be such
that there exists a unique adapted solution (Xs,Ys, Zs) to the system (2). Then, there exists a positive constant

C such that
T
/ |Z,|?ds
0
T 2 T 2
/ | f(s,0,0,0)| ds+/ |9(5,0,0,0)| ds
0 0

+/O \a(s,o,o,o)fder\h(o)fD.

Proof. We still consider the matrix A°(T') for some £ > 0 small enough such that
p(A(T)) < 1. Then, by Theorem 2.4, there exist positive constants «, 3,7 such that, if we consider the norm

E[ sup |XS|2} +E[ sup |Y5|2] +E
0<s<T 0<s<T

<C <|ac|2 +E

N(z,y,2) = allzlle + Bllylle + ]2,

then
N((Xs,0<s<T),(Ys,0<s<T),(Z;,0<s<T)) < %-

But, by the same computations as in the proof of Proposition 2.5, there exists K > 0 such that

N(2(0,0,0))” < sup(a, 3,7)2K (Iﬂle +E

T 2 T 2
/ | f(5,0,0,0)| ds+/ l9(s,0,0,0)| ds]
0 0

T
+E / |o(s,0,0,0)|ds
0

+ |h(0)\2> .
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The result then follows easily with

L KswBoP -
(1= p(A(D)) 2 k(a2 5.7)?

2.3. Regularity of the solution with respect to initial conditions

Let us now consider the solution ((Xﬁ“, Yie 76t < s < T) that corresponds to the initial point (¢,x)
for X. In other words, ((Xﬁﬂ', Yhe 767t < s < T) is the solution of the following FBSDE:

Xs = +/ f(r) XT‘)Y!‘) ZT‘)dr +/ U(T, XT7Y;'7Z7‘)dBT7 t S S S Ta
t T t T (4)
Ys = h(X7) —|—/ g(r, Xy, Yo, Z)dr —/ <Z,.,dBT>, t<s<T.

We suppose that the conditions [H1], [H2], [H3] and (3) are satisfied so that there is a unique adapted (to the
filtration generated by ((Bs — B),s > t)) solution to (4) for T small enough. Moreover, we consider in this
section only deterministic functions f, g, h and o.

Then, by Blumenthal zero-one law, the variable Ytt’x is deterministic.

Theorem 2.8. Under these assumptions, the function u : [0,T] x R? — R defined by u(t,z) = Ytt’m is

continuous on [0,T] x R9.
Proof. Let (to,x0) € [0,T] x R%. For any (t,z) € [0,T] x R?, let us set

ft(raxayaz) = ITth(T,x,y,Z)
OA-t(waay)Z) = 17-215‘7(7“7%9;2)

gt(rwxaya Z) = 17‘Ztg(ra z,y, Z)

and let us consider ((X5%,V*, Z5%),0 < s < T) solution of the system

Xt gy / Folu, X0 Y07, 260y + / by (u, X7, V0 Z07)dB,,
0 0

T T
Yo — p(RET) + / Gu(u, X7, T2, 700y — / (75 dBy).

Let us note that

Xte =g for0<s<t
X?“’ = X?“' fort <s<T,
that .
Yhr =Y for0<s<t
LT =YhT fort <s<T,
and that R
be =0 for 0 <s <t
Aﬁ’x = Zﬁ’” fort <s<T.

Hence, (X%, V5% Z4%) may be viewed as an extension of (Xt#, Yt* Zt) on [0,T).
Let us then define for 0 < s < T,

Xs = X?l - Xﬁml‘o’ Ys = }/;t7x -
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(X,Y,Z) is then solution of the system

S S
Xs :x_IO +/ f(u7Xu)Yu7Zu)dU’+/ a(u)XU7YU7Zu)dBu7
0 0

T T
ZZB(XTH/ 3, X, Yo, Z )du—/ (Zu,dB),
S S

where f,g,5 and h are defined by

Fl2,9,2) = otz 4 1070y 4+ Ffom0 2 4 20070) = f fu, Kip™o §fomo, Zip0),
g(u, z,y, u, x+Xto,£Co _i_f/to,:co Z—l—ZAtOJO — U7Xto7l‘0,f/to,$o72tml‘o ,
g Yy Z) = Gt Y Gto u u u
z) = 64(u, x+Xto,£C0 y+yto,xo Z+Zt0710) OA-to(uaX1€07£05y71to’x0727t107£0)5
)=

6(“’ €,Y,z t
h(z + X5970) — h(X70™).

h(z

As the functions f, 7,5 and h also satisfy assumptions [H1], [H2], [H3] and (3) (with the same Lipschitz constants
as f,g,0 and h respectively), we may apply Theorem 2.7 to (X,Y, 7). Thus, there exists a constant A > 0

such that
T —
/ | Z|?du
0

T = 2 T 2
/ | f(u,0,0,0)| du+/ |9(,0,0,0)| du
0 0

T — 2
+/O |5(u,0,0,0)[*du + |(0)] D

E[ sup | X, |2] +E[ sup |Ys|2} +E
0<s<T <s<T

§A<|:c:£0|2+IE

But,

T ) tVio . . . )
/ | F(u,0,0,0)] du:/ | f(u, X0, Yoo, Zieo) " du,
0 t

Nto

and by assumption [H1], we have

T tVto . . .
/ |f(u,0,0,0)|2du <C (/ (|f(u,0,070)|2 + |X5071‘0|2 + |Y1fo,$o|2 + |Z;07£0|2) du) .
0 t

Nto

Then, applying again Theorem 2.7 to (X'0-%0 Ytoo Zto70) e obtain that

E[ sup |Xt0’“0|2] —HE[ sup |1A/St°’“|2] < +o00.
0<s<T <s<T

Thus we have proved that there exists a constant C such that

T 9 tVig 9 A
E[/O |7 (1,0,0,0)| du SC(|t—t0|+E[/t (17 (. 0,0,0) + |2 |2)duD.

Nto
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The same reasoning also applies for g and ¢ and we get that there exists a constant C' such that

T —
/ | Z|2du
0

§C’<|:c:c0|2+|tt0|+IE{

E[ sup |)_(s|2] —HE[ sup |}7&|2} +E
T

0<s<T 0<s<

/tt (|f(u,0,0,0)\2

0

+g(w,0,0,0)[" + [o(w,0,0,0) " + 20 2) du

)

Let us now note that
2 P
‘u(t,x) - u(to, xo)‘ —F [lytt,a o th;o,:co|2}
< 2E [D}'tt,x _ Ytto,:co|2} +9E |:|}A/tt(),$0 _ ?ttomxolg}
t
<C (Ix — aof* + |t — to| + E H/ (1£(.0,0,0)[*
to

+9(4,0,0,0)* + [o(u,0,0,0) " + | 2L ) du

)

As
§ [/OT (‘f(U7O,O7O)|2 - |g(u,0,070)|2 T |0(“’070a0)‘2 + |Zé°’”°|2) du| < +oo,
we deduce that
(t,x)li%m%)u(tx) = u(to, o). .

The continuity result of the former theorem is enough for the purpose of this paper: the link with PDEs.
Nevertheless, we might like to have more regularity on the function u, especially in the x variable. For instance,
if the function u is uniformly Lipschitz in x, we can use the same techniques as Delarue in [2] to prove existence
and uniqueness of the solution of the FBSDE over [0, T] for any positive T'.

A quick glance at the last inequality of the previous proof shows that the function u is indeed Lipschitz in
. But, the Lipschitz constant depends on t and is difficult to estimate as it involves the spectral radius of
the Lipschitz matrix A(t). Let us add that this Lipschitz condition will not be enough to prove the solvability
of the FBSDE on an interval of arbitrary length since Antonelli [1] gave some simple counter-examples where
existence fails under Lipschitz conditions. For instance, Delarue adds a strong ellipticity condition in order to
prolongate its solutions.

In [3], Delarue and Menozzi need the function u to be of class C!'? to prove convergence of their numerical
scheme in order to simulate the solutions of the FBSDE. This regularity is obtained thanks to the links between
FBSDEs and PDEs. If we are able to prove (by analytical techniques) uniqueness of the viscosity solution
and existence of a strong solution of the PDE, then wu is therefore this strong solution and is consequently
differentiable.

3. CONNECTION WITH PDES: THE GENERAL RESULT

In view of the results of [7], we must consider functions o that do depend on z in order to get a representation
of solutions of PDEs with gradient dependent second order term. However, the proof of the next theorem only
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applies for functions f and g that do not depend on z. Consequently, let us first fix the following functions :
M :[0,400) x R x R x R% — R*4,
f :[0,4+00) x RY x R — RY,
g :[0,+00) x R x R +— R,
h :R?— R.

Let also fix the terminal time 7" > 0. The more general quasilinear parabolic PDE we will handle is of the
following type:

Ju 0%u
E(t,x) + Z M(t,x,u(t,x),Vu(t,x))ijm(t,x)
1<4,5<d
+<f(t,:c,u(t, :E)),Vu(t,:c)> + g(t, x, u(t,:c)) =0 for t € (0,T), z € R4, (5)

u(T, z) = h(z) for x € RY.

In view of the results of [7], we surmise that, in order to get a probabilistic representation of the solutions of (5),
we may consider FBSDE of the form:

Xbt =g +/ flr, X5® YR%)dr —|—/ o(r, XL* Y* Z6YdB,, t <s < T,
t t

T T
Yh* = h(X;x) —|—/ g(r, XE*, YE®)dr — / <Zﬁ’”,dB,«>, t<s<T.
S S

Here, o is a R**%valued function that we will choose later.

We suppose that the conditions of the previous section are satisfied in order to have existence and uniqueness
of the solution of the system (6) and the global continuity of the function u. Then, we have the following result
that links the PDE (5) to the FBSDE (6):

Theorem 3.1. Suppose that o is an invertible matriz and is related to M via the following equation:
Vt, z,y, z, oo*(t,x,y,z) = 2M(t,x,y, (U*(t, x,, z))_lz). (7)

We suppose moreover that the functions f, g, h are globally continuous, that M is globally Lipschitz and that o
satisfies the additional assumption: there exists a positive constant A such that, for all t,z,y, z, w,

|lo(t, 2, y,2) " w| < Awl. (8)

Let us define on [0,T) x R% the function u(t,z) = Y. Then u is a viscosity solution of the PDE (5).

Proof. The proof is an adaptation of those of [7], Theorem 5.1.
Let us denote by B(z, p) the closed Euclidean ball in R? centered at x and of radius p. (]

We must first prove the following lemma:
Lemma 3.2. We have, a.s. for everyr > t,

t,
v = v < u(r, XE0).

T
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Proof. Let us fix t € [0,T] and let U be a Fy-measurable random variable. We consider the FBSDE

Xo=U+t [ f0.X0 Ve Z)dr+ [ ol X, Y 2B, t<s<T,
¢ T ¢ T (9)
Ys=h<XT)+/ g(r,Xr,lc-,Z,«)dr—/ (Z,.dB,),  t<s<T.

It is easy to extend Theorems 2.6 and 2.7 to this case with |z|? replaced by E[|U[?]. We denote by
(XU ytU Z6U) the unique solution of (9). We claim that there exists a positive constant C' such that,
for every z € R? and every € > 0,

E [1)y_g< VPV - Yfﬂﬂ < CE [1jy_pj<cU — 2] . (10)
Indeed, let us define, for s € [¢,T],
X _ Xt,U _ Xt,a: Y_' _ Yt’U _ Yt,a: Z _ Zt’U _ Zt,a:
s — Ng s » 1ts — 1s s o Hs T s s

Then, (X,Y, Z) is solution of the FBSDE

with

g(r,u+ Xf.’z, v+ Yf’z, w + Zﬁz) —g(r, X,’f’m, Yf’z, me)
(Tv U+ Xﬁ’xa v+ Yj’xv w + Zﬁ’x) - U(Tv Xﬁ’xv Yrt’xv Zﬁ,x)
h(u+ X5%) — h(XE™).

(ruv

q |

fru,v,w) = fryu+ X0 0+ Y05 w+ Z8%) — f(r, X0, V52 Z57)
w)
w)

(r;u

(U)

The functions f, g, & and h still satisfy assumptions [H1], [H2] and [H3].
Let us consider now A € F; and let us set for every r € [t, T,

(XA YA Z2) = (14X, 14Y,,142,).

The processes X4, YA, Z4 are still progressively measurable with respect to the filtration F and it is easy to
see that they are solutions of the FBSDE

Xf:]_A(U*IL')Jr/

1af(r, XA, YA Z8dr +/ 1a6(r, X2, YA, Z8dB,, t<s<T,
s
YA =1,4h(X3) + /

r
]-Ag(ra X:an;Aaz;q)dr 7/ <Z;4adBr>; t<s< T.

We then apply Theorem 2.7 to this FBSDE which gives (after noticing that f(r,0,0,0) =0 and so for g, & and
h) that there exists a constant C' (that does not depend on ) such that

T
E{ sup |1AXS|2} —HE{ sup |1AY;|2] +E / 14Z.|%ds| < CE[14|U — z|?].
t<s<T t<s<T t
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In particular, we have
E (14" = V*Y[2] < CE[14[U - af?]

which gives equation (10) for A = {|U — z| < €}.
Now, we have

E 1{\U—x|<€}|u(t7 U) - Y;t’U|2:| < 21 [1{|U—x\<6}|u(t7 U) - U(t,l‘)|2]
19K [1{‘U7m|<€}|ytt,x B Y;t,Uﬂ
<20 [1(—aj<e)|U = 2*] +2CE [1(jy 2 <c}[U — 2I]

where the last inequality follows from Theorem 2.8 and inequality (10).
We end the proof by writing, for every positive integer N,

E ||u(t,U) — Y;t’U|2} < Z E [1qu—r/ni<iynylult, U) = Y]
kezd

C
< el Z E [1{u—k/ni<1/N})
kezd

c2
< 2= .
< 3

As this is true for every integer N, we deduce that Y;*Y = u(t,U) a.s.
We thus proved that, for every r > t, a.s.

t,
R )

This equality is true a.s. for every r > t by continuity of u, X and Y. Eventually, the equality

T,X:’,’w

Yt,a: — Y;«

T

is a direct consequence of uniqueness of the FBSDE. U

Let us turn now to the proof of Theorem 3.1. To begin with, we will prove that w is a viscosity supersolution
of (5). The fact that u is also a viscosity subsolution can be proved by a similar argument. So, let ¢ be a C?
real-valued function on [0,7) x R? and let (¢, o) be a local maximum of u — ¢. Without loss of generality, we
may suppose that (u — ¢)(tg, zo) = 0 and we want to prove that

0 0?
_¢(t0,x0) + Z M(to,:L'o,’u,(to,Io),vgf)(to,xo))ijﬁ
i0T;

ot (t()a xO)
1<i,j<d

+ <f(to,xo7u(to7$0))7V¢(to, I0)> + g(to, mo, u(to, z0)) = 0.

Let us suppose that this inequality is false. In other words, by continuity, let us suppose that there exists a real
number 0 < p < T — to such that, for every (¢, ) € [to,to + u] X B(xo, u), we have

u(t,z) < o(t, x)
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and
%(t, x) + Z M(t,x,u(t, x), qu(t,x))ij%(t,x) + <f(t, x, u(t,x)),v¢(t, x)> + g(t,x,u(t, ac)) < 0.

1<i,j<d
Let us define the stopping time 7 by:
T = inf{S S [to,to + /J/], Xﬁo,wo g F(xo,u)}
and let us set o
(Xer Yar Zs) = (X7 YR Lag 01 (8) Z280°70).
Let us remark that the pair (Y, Z) is solution of the BSDE

T T

g(r, X127, u(r, XE%))dr — / (Z,,dB,).

SAT

Y, = u(r, Xlo:wo) +/

SAT
Moreover, applying Itd’s formula to ¢(s, X!*°) leads to

. e . . .
O(s AT, X70) = d(r, X[07) — / (a—f(v,X?’““) + Lo (v, X{070, (v, X [0, Zfﬁ’“)) dv
SAT

- / (0" (v, X100, Y100, Z1050)7 6 (v, X1070), dBB,)

SAT

where L, denotes the differential operator

1 . 9?
Lad)(saxay7z) = 5 Z o0 (Saz7yaz)ij 01O
1<i,j<d v

(s,z) + <f(s, :E,y), Vo(s, :L')>

Let us set now, for s € [to, to + pl,
(Xsa Ys; Zs) = ( ;0/\’7:'60a (S AT, Xzo/\’fo)a o (S AT, Xzo/\’:oa st/({zrmoa Z;?\’fo)v(b(s AT, X;‘?\yfo))'

Then, we rewrite the previous equation (in order to make the function M appear) in the following form:

N ) T 0 N N T
Vonr = (7, X1070) / (a—f(v,xv)www,xw) do - / (Z0,dB,)

AT SAT
—/T Z 1UU*(U,Xto’ﬁ”‘),u(U,XtO’“"”),Z’f"’a”")
SAT . 2 Y Y Y
1<4,5<d
- M(v Xloro (v, X10%0) V(v Xto’z")) ¢ (v, Xlo-*0)dy
y Ay ) y Ay ) s Ny . axlax] s Ay

where Lj; denotes the differential operator

0%¢

tj é)xi 8Ij

LMQS(SVT): Z M(S,:L’,U(S,IL'),V¢(S,IL'))

1<i,j<d

(s,z) + <f(s, x, u(s, :L')) ,Vo(s, ac)>

Now using equation (7), we have

1 -
500* (Ua Xlt)oyﬂﬁo’ U(Ua Xit;mzo)v 2507950) =M (U’Xﬁo,zovu(vaimwo)’ (U*(07X507m07u(vaX:jo’zo)v Zioymo)) 12507950)



200 R. ABRAHAM AND O. RIVIERE

and, by the definition of Z , we have

1
Oé(’U) = 50-0-* (Ua X'Zioymoa U(Ua X’ZOJO)) Z'ZO’CEO) - M(U7 X50’107 u(v, Xioyl’o), V¢(Ua X'Zimzo))

=M (U,Xto’xo,u(’u,XtO’xO), (0.* (’U,Xt‘)’l'“,u(U,XtO’l'O),ZtO’x")>IZt‘”l'O)
- M <07Xto,:co’u(v’Xto,:co)7 (J* (vatoaxo’u(vatoaxo)’ Zto,wo))_lzv) )

Now, by the Lipschitz property of M and assumption (8), we have
‘a(v)‘ < C‘Zﬁ“’z" - Zv‘

for some constant C. Consequently, for every index (i,7), there exists a bounded R%-valued adapted process
Y4 such that

a(v)i; = <%ﬁj7 (Zpowe — ZU)>
Eventually, let us consider the process Y, — Y, which may be written as:

Y; - Ys = (u - QS)(T; X‘I’) + /: <gf(v X )+LM¢(1}7X7J) +g(U,X7j,U(’U,Xv))) dv

+/T <(702¢)@,Z@—Z@>dv—/7 (Z, - 2,).dB,)

SAT SAT
where (79%¢), denotes the Re-valued process

826

26
(5% 0x;0x;

10,20\ 17
(v, X5 ")7

1<i4,5<d

We then conclude using the ideas of [6], Theorem 1.6. We first consider the L? real-valued process (3
defined by:

617 - _(U X )+ LM¢(U X )+g(’l),Xv,u(U,X7j))
We have then, for every tg < s <7

Vo-Yo=-o)n X+ [ (B4 (00002~ 2)) do- [ (2, 2,).4B,)

SAT SAT
]-"S]

Fs,v = exXp (/y<(,ya ¢ uvdB / ‘ 762 | du)

Y_;fo - YA;fo = (U - ¢)(t07x0) =K |:Fto, (Y YAVT) +/ Fto,vﬁvdv] .
to

) {FM(YT —-Y)+ / Ls.oBudv

where

In particular, we get
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To conclude, we must remark that, by the definition of 7 we have

YT—?TSO and By < 0 for every tg < v < 7.

Consequently, we have that (u — ¢)(to, zo) < 0 which contradicts our first assumption. OJ

The problem now is to find some conditions on M such that there exists a function o that satisfies the
condition (7). An obvious necessary condition is that, for every (¢,x,y, z), M(t,z,y,z) must be a symmetric
invertible matrix. But a sufficient condition is much more involved and we will restrict ourselves to very specific
cases.

4. THE ONE DIMENSIONAL CASE: CASE OF AN INCREASING FUNCTION M ON [0, +00).

We will take here d = 1 and consequently, all the considered functions will be real valued. Moreover, as
equation (7) only involves the z-dependence of M and does not depend on f and g, we may restrict our
attention to the following one-dimensional PDE:

ou

ou 0%u
8(tx)+M(8:E( ))@(t,x)—O, 0<t<T, z€eR,

u(T,z) = h(x), x€R,

where M and h are real-valued functions defined respectively on [0,7) x R and R.
The condition (7) now consists in finding a function o : R — R such that, for every = € R, we have

o(2)? = 2M (i) : (12)

o(x)

Moreover, this function ¢ must be chosen such that the next system of FBSDE has a unique solution. This
system is:

xir =t [(a(zmap, 1<a<n
L (13)
YE® = h(Xh") _/ ZbdB, t<s<T.

An adaptation of the proof of [7], Theorem 3.1 leads to the following condition:

Proposition 4.1. If 0 and h are Lipschitz functions with Lipschitz coefficient k, and kj, respectively, and if
kokn < 1, then the FBSDE (13) has a unique solution.

We will only consider functions M which satisfy the next conditions:

Al) M is an even function,

A2) M is strlctly increasing on [0, +00),

A3) M(0) >

A4) M is contmuously differentiable on (0, +00),
A5) the zeros of M’ are isolated,

A6) M’ has a right limit at 0.

In the sequel, we adopt the convention M (o0) = lim M(t) € RU{+oo}.

t——+o0

Py
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Proposition 4.2. Let us suppose that M satisfies (A1)-(A6). Then the function U defined by:

\p:{[\/QM )i V2M(5) ) = [0, +oc)

z — M~ (;)

s a strictly increasing one-to-one function.
Moreover, U~ is Lipschitz and its Lipschitz constant is g where a = infy~q {t + 2M/((tt))} > 0.

Proof. We obtain that ¥ is increasing as a composition and product of positive increasing functions. Moreover,
it is obvious that ¥ maps its domain onto [0, +00).

By deriving ¥ !, we obtain that, out of some isolated points of [\/QM(O); \/2M(oo)),

1
THER/2) 2 MM (E2/2))

(W) =

Considering t = 2M(u) with v € [0,+00), we obtain that ¥ is a Lipschitz function if and only if
infy~q {t + 2%(&)) } > 0 that is to say if and only if lim inf;_, A]y,—((tt)) > 0, which is the case by assumptions (A2),
(A3) and (A6). O

Let us define the even function o which is equal to ¥~=1 on [0, +00).
The function ¢ is a Lipschitz function whose Lipschitz constant is é, which maps R onto the interval

WQM(O), \/2M(oo)).

Moreover, for every z € R we have 1o (z)? = M (agx)) and, by assumption (A3), the condition (8) is satisfied.

Consequently, we have the following result:

Proposition 4.3. Let us suppose that M satisfies the assumptions (Al)—(A6) and that h is a Lipschitz function
with Lipschitz constant less than «. Let o be defined as previously. Then, the FBSDE (13) has a unique solution
and the function u(t,x) = Y;t’m is a viscosity solution of the PDE (11) for T small enough.

5. SOME PARTIAL RESULTS IN TWO DIMENSIONS

As announced before, the problem in higher dimension is much more difficult. We will only consider two
very specific cases where the methods used in dimension one can be adapted. In both cases, we still consider
a simplified equation where M depends only on the gradient of v and the function f and g are not present.
Moreover, we suppose that the matrix M is diagonal. If we write

M(zy) = ( El(g,y) 52(9(3),31) )

then the associated PDE is now
9u(t,z,y) + & (Vult,z,9)) S xQ 4+ & (Vu(t,x y)) g7 =0 fort€(0,7), (z,y) € R%
(14)
u(T,z,y) = h(z,y)  for (z,y) € R%.

In that case, the matrix o that satisfies equation (7) is also diagonal by the Cholesky decomposition of M.
We will here only focus on finding a function o that satisfies equation (7) and will not deal with its regularity.
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5.1. Case 1: One entry of M is constant

We will focus here on the case where M is diagonal and one entry of M is constant equal to £ > 0 (we cannot
take € = 0 and consider a degenerate PDE as the matrix ¢ must be invertible).
Let us consider a function 1 : R? — R and let us study here the PDE

ou 0%u 9%u
E + ’lﬂ(vu)w + Ea—yQ =0.
We have then ( )
_ [ ¥(xy) O
M(xay) - ( 0 c ) )

and we have to find o diagonal such that
o(z,y)* =2M((0(z,y)~" (2, 9)).

It is quite obvious that, if for every y € R, the function z — (Jc, \/LE) satisfies the assumptions of Proposi-
tion 4.2, then there exists a function oy such that

()

o1(z,y)" V2e

and the matrix o defined by

= (700 0

5.2. Case 2: The function M is invertible

satisfies equation (7).

Let us make the following assumptions on the function &(x,y) = (51 (x,y),&(x, y))

[A1] The function ¢ is invariant under (z,y) — (—z,y) and (z,y) — (z, —y).

[A2] For every (z,9) € (0,+00)?, £1(2,y) = @ + a1(z,y) and &(z,y) = y + as(z, ) where a1 and ay are
nonnegative functions of class C*.

[A3] The derivatives of a; and o satisfy

8041 1

Oy 1 0o
0<=Lteo- 0<Z2 <z,
- ~ Oy 2

y

< 1 8042
2’ Oz

<1
ox 2 2

[A4] @1(0,0) > 0 and a2(0,0) > 0.
Under these assumptions, the function a(z,y) = (ai1(z,y), az(x,y)) is Lipschitz with Lipschitz constant less
that 1. Consequently, a well-known result gives that the function ¢ is invertible on [0, +00)2. Let us denote by
B = (B1, B2) its inverse function, defined on some domain V' of (0, +0c)2. Moreover the Jacobian of ¢ is always
positive, consequently, 3 is differentiable on V' and its differential application is the inverse of the differential
application of . In particular, if we denote by |DE| the Jacobian of &, we have

O _1 () Doz 9 _ 1 dos
WID506I<1+8y ﬂ) and 8y|D§05|<1+8x 5)'

As in the one-dimensional case, let us denote by ¥ the function

VvV — [0, +00)?
. (Za y) U (1‘51(1‘2/2,y2/2),yﬂg(l‘2/2,y2/2))
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The Jacobian matrix of ¥ is

D, y) = Bi(x?/2,2/2) + 222 (222,12 /2) vy (22 /2,1%/2)
e zy G (22 /2,9°/2) Ba(a? /2,52 /2) + > G2 (/2,42 /2)

and its Jacobian is (all the functions are evaluated at (z2/2,y%/2))

352) +ay? (% 0B 9B 352) .

dy dr 0y Oy Ox

9/

| D (, y)| = 8132 + (30252% +y° B

By definition, we have 313> > 0. By the expression of % and 86—% and assumption [A2], all the terms in the

second term of |Dw)| are nonnegative. Eventually, the third term is equal to

2,2 a?y®
7y | DB DE|
which is positive since (0,0) ¢ V' by assumption [A4].

Consequently, the Jacobian of the function W is always positive and the function ¥ is everywhere locally
invertible. By the Borel-Lebesgue characterization of compact sets, we may then define a function A(z,y) =
()\1 (x,y), A2 (z, y)) on the image of W, which is locally invertible everywhere and whose inverse is W.

If moreover the image of ¥ is [0, +00)2, it is easy to see that the matrix o defined by

o(z,y) = ( Al(g’y) Ag(g,y) )

on [0, 4+00)? and extended to R? by symmetry, satisfies equation (7).

6. ANOTHER REPRESENTATION

As the last two sections illustrate, condition (7) is rather difficult to handle and highly restrictive. In view of
Ma, Protter and Yong’s work [4], we can try to use another type of FBSDE to represent solutions of equation (5).
Indeed, Ma, Protter and Yong studied the relationship between solutions of the FBSDE

s S
Xt [ f0 T [ ot X T 2B 1< s < T
t t

(15)
Y!’“’=h(X§’””)+/ g(ﬁXﬁ’”,Yf’x)dr—/ (Zp%,o(r, X0, Y,0%, Z00)dB,),
S S
and strong solutions of the PDE
ou 0%u
—(t, *(t,z,ult,z), Vu(t,z)) . t,
0t( x) + 1<;j<daa ( z,u(t, z), Vu( :L'))U 0xi0xj( x)
(16)

+(f(t,z,u(t,x)), Vu(t,z)) + g(t, z,u(t,z)) =0 fort € (0,T), = € RY,

u(T, z) = h(x) for x € RY,

when the coefficients f, g,o are smooth and o is non-degenerate. We see that condition (7) has disappeared
with this representation.
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Let us see how the method used in the present paper can be adapted to this kind of FBSDE with Lipschitz
coefficients. We will only focus on the one-dimensional case (d = 1) in order to simplify the notations.

To begin with, for the waveform relaxation method, we must consider a new function ¢ defined by
(5(:;}7; 2) = {E(Ua V’ W)

where

t t
Xt::c+/ f(s,US,VS,Ws)der/ o(s, Uy, Vo, W,)d B,
0 0

T T
V= hEr) + [ g UV Walds = [ Zuo(s,U Ve WodB..
t t

We must note that, for Z to be well-defined in the last expression, we must suppose that ¢ is non-degenerate.
We still suppose that f, g, h and o satisfy assumptions [H1], [H2] and [H3]. Then, the estimates of HA)?

Hm?

and
C

are exactly the same as in the proof of Proposition 2.5. But, the coefficient ¢ in the stochastic integral
c

~ ~112
that defines Z prevents us from using the same method to estimate HAZ ‘ . Consequently, we are not able to
2

prove existence and uniqueness of solutions of the FBSDE (15) nor the continuity of the function (¢, z) := Y;"".
However, the proof of Theorem 3.1 can easily be adapted to get the following theorem:

Theorem 6.1. Suppose that o is non-degenerate, that the coefficients f, g, o, h are globally continuous and that
o satisfies (8), that there exists a unique solution to the FBSDE (15) and that the function U is continuous.
Then u is a viscosity solution of the PDE (16).
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