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

ROMAIN ABRAHAM - OLIVIER RIVIERE

ABSTRACT. We consider a system of fully coupled forward-backward stochastic differential
equations. First we generalize the results of Pardoux-Tang [6] 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.

AMS Classification numbers: 60H10, 60H30

Keywords: forward-backward stochastic differential equations, partial differential equa-
tions.

1. INTRODUCTION

Let us consider the following Partial Differential Equation:

(1) {%’;(t,x) + Lu(t,x) + g(t, z,u(t,x), (Vuo)(t,z)) =0 V(t,z) € [0,T) x R,
u(T,z) = h(x) Vr € RY,

where u : [0,T] x R - RP, h: R? — RP, g:[0,7] x R? x RP x RP*? — RP,

and Lu(t,z) = }Z(UJ*)'U z,u) Ou —I—Zf'(t T, u VUU)%
’ 2 i RN 8.%81'] p B (9952
where o : [0, 400) x RY x RP — R¥? and f : [0, +00) x R? x RP x RP*4 — 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:

S S
X =g+ / flr, XE* YR Z05)dr + / o(r, XE* Y,P")dB,,
t t
T T
VI® = h(X3") + / g(r, Xb* Y5 7285 dr — / ZLdB,.,
S S

where X®* : [t,T] — RY, Y% : [t,T] — RP and Zb* : [t,T] — RP*¢ are adapted to the
filtration generated by (Bs — By, s > t).

Then the deterministic function u(t,z) = Y;** is a viscosity solution of (1). This has led
to a huge amount of work. We refer to Pardoux-Tang [6], Ma-Yong [4] 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
1
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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

1
g(t,z,y) = — // ear:p(—(u2 + vz)/2t2)f(:c + u,y + v)dudv,
27Tt2 R2

or in probabilistic terms by
g(ta T, y) = E(z,y) (f(Bt))
where (B, t > 0) a planar Brownian motion starting from (z,y).
Therefore g is the solution of the heat equation:
v _1
a2
U(Oa Ly y) = f(.%', 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 [7] suggest
to study the next problem:

L t2,9) = din(6(VU (2, ))VU 1,2.9),

U(va7y) - f(may)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.

AU,

In order to get a gradient in the second order term, we must make o depend on z. This
case is partially studied in [6] 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 o 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) = Yf’x 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(¢, x) 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.

2. REGULARITY OF THE SOLUTION WITH RESPECT TO INITIAL CONDITIONS

2.1. Preliminaries. Let us first recall two well-known results:
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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.
o The associated subspace has dimension 1 and is generated by a vector with positive
components.

Theorem 2.2. (Picard fized 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 (xy)nen of elements of E
recursively by

xo € F,
Tnt1 = f(zn) VneN.
Then

o The sequence (xy)nen converges in E.
o The limit £ of (xn)nen 18 the unique fized point of f.
e For every n € N, we have

i — z0ll < 521 — o]
Ty — T T —T
n ol = 77— l7 0
where c is the Lipschitz coefficient of f.
In particular, we have
— < — .
lwo = €l < 3 llo1 — 2o
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 if endowed with

the norm N;. We denote by £ the space product &1 x - -+ x &,.

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

f:&€ — £
r (fl(x)vf2(x)’afn($))

A matriz A = (aij)1<ij<n @5 said to be a Lipschitz matriz of f if, for every 1 < j < n and
every x = (x1,...,2n) € E and y = (y1,...,yn) € €, we have

Ni(fi(@rs ) = fi(uns -5 un)) < Y aigNi(w: — 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 uy, ..., u, such that f is Lipschitz with Lipschitz constant p(A) with
respect to the norm

n
N(z1,...,20) = ZuiNi(l“i)-
i=1
Remark: Endowed with the norm N, £ is a Banach space.

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
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eigenvector (uj,...,u,) with positive components. So, we set

n
N(zq,...,zp) = ZuiNl(ajz)
i=1

By definition of a Lipschitz matrix, we have, for x = (z1,...,2,) and y = (y1,--.,Yn),

N(f(z) Zu] (fi(@1y o vmn) = fi(y1, - n)
< Zujz% — ;)
= ZN — i Zawu]
= ;Nz’(l‘z‘ — yi)p(A)u;

=p(A)N(z—y) O

2.2. Existence and uniqueness of solutions of coupled FBSDE. Let (2, F,P) be a
probability space, T > 0 and (By,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 (X;,0 <t < T) progressively measurable with respect to the filtration (Fy, ¢t > 0)

and such that
T
E [/ ]XS\st] < +o0.
0

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

E | sup |X{?| < +oo.
te[0,7
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:
o Q% [0,400) x R x R x R? — R*4,
f 0 x[0,400) x RY x R x R? — RY,
g QX [0,—|—oo)><Rd><R><Rdn—>R,
h:Q xR — R.
We are studying the following FBSDE
Xs=x+ /sf(r, X, Y, Z)dr + /S o(r, X, Y., Z)dB,, 0<s<T,
(2) O 7 O 7
Ys = h(X7) —i—/ g(r, Xy, Yy, Z)dr — / <ZT,dB,,>, 0<s<T,

S S
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for which we are seeking solution {(X,Y;, Z;),0 < s < T} that belongs to M2(RY) x
M2(R) x M?(RY). Here, < -,- > denotes the usual scalar product in R

Some conditions for existence and uniqueness of solutions of the FBSDE (2) have been
given in [6]. 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¢, kg .y, kg . such that, for all
t,r, 2’ y,y, 2z, 2 and a.s.,

p(t, 2,9, 2) — d(t, &',y 2)| < kgl — @' | + kpyly — y'| + ko,zl2 — 2.
[H2] There exists a non-negative constant kj, such that, for all z, 2’ and a.s.,
|h(x) - h(:c/)’ < kplr — 2|

[H3] For all z,y, z, the processes f(-,z,y,z2), g(-,x,y,2) and o(-,x,y, z) are progressively
measurable with respect to the filtration (F3,¢ > 0); for all z, the random variable
h(x) is Fpr-measurable and

T T T
E[/ \f(T707070)\2dr+/ \g(r,o,0,0>!2dr+/ |0(r,0,0,0)dr + [n(0)]*| < +o0.
0 0 0

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

U M2(RY) x M2(R) x M2(RY) — M2(R?) x M2(R) x M2(R?)
U,v,\w) — (XY, 2)

where, for every 0 <t < T,

t t
X, — o+ / F(s, Uy, Vo, W,)ds + / o (s, Us, Vi, W,)dB,
0 0

T
Y; = E[h(XT) ‘ ft] +E |:/ Q(Ua Uy, Vi, Wu)du
t

ft}
and (Z;,0 <t < T) is the unique element of M?(R?) such that
T T
h(X1) + / g(u, Uy, Vi, Wy )du — Yo = / <ZS, dBS>.
0 0
In other words, (X,Y, Z) is solution of the system
t t
Xi=at [ fUVWods+ [ o(s.UnViWdB., 0<t<T.
0 0
T T
Y, = h(Xy) +/ o(s, Us, Vo, W,)ds —/ < Z,dB,>, 0<t<T
t t

Let us remark that a solution of the FBSDE (2) is a fixed point of .
For X € M2(), £ =R or £ =R%, let us denote by

Xl = [ [ sup |Xs|2]
0<s<t

Endowed with this norm, M?2(€) is a Banach space.
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Ixt.= ([ TEnXs?]ds) "

and M?2(€) is also a Banach space with respect to this norm.

For X € M?(€), we denote

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

VT [Tk, +4k2, 2\/T\/8k,21k§7x +T(k2,, +2k2K3 ) \/T\/T(kg’m +2k7k2 ) + SKZK2,

Vo | VT\JTH, +4k%, 2T\ [8K3k2, + T(kZ, +2Kk3k3 ) VT\[T(kZ, +2Kk2K3 ) + 8kZRZ

VIR H4RZ. 2 [BIZRZ. + TR+ K2, [T(k . +2k3K3 ) + 8RZKZ .

is a Lipschitz matrixz for V.

Proof: Let (U, V,W) € M2(R?) x M2(R) x M2(R%) and (U', V', W) € M2(R?) x M2(R) x
MZ2(R?). We denote

(X,Y,2) =¥(U,V,W)
(XY, Z) =9(U V' W

AX =X - X'
AY =Y Y’
ANZ=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, Uy, Vi, Wo) = f(u, Uy, Vi, W) | du
0
+/ [U(u, Uu, Vi, Wo) — o (u, U{L,VU’,W{L)]dBu
0

= / A fudu + / Ac,dB,.
0 0
Using the inequality (a + b)? < 2(a® + b%), we obtain

s 2 s
sup </ |Afo, ]du) / Ao,dB,
0<s<T 0 0

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

2

|AX|2 < 2E +2E | sup

0<s<T

T T
|AX|? <2TE [/ ]Afu|2du} + 8E [/ ]AauPdu]
0 0
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But, by assumption [H1],
|Aful® < 3K7 | AU + 3kF, AV, + 37 | AW, |,
Aoy |* < 3k2 |AUL? + 3], |AV,? + 3K2 | AW, [,

Consequently, we obtain

T T
|AX|? < (6Tk:]20,x +24kZ ,)E [ /0 |AUu|2du} + (6Tk]2@7y + 24k3,,y)15; [ /0 |AVu|2du}

T
+ (6TK2, + 24K2 ) [ / |AWu]2du]
0

< 6T(TkF , + 4k2 ) ||AU|Z + 6T(Tk7, + 4k2,) | AV |2 + 6(Tk7 , + 4k2 )| AW 3.

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
AY, =E[h(X7) — h(X7) | Fs] +E [/ Agudu

7]

which yields to

2 T
sup |AY,[? <2 ( sup E“h(XT) — h(X7)| ‘ .7-"3} + sup E {/ |Agy|du
0<s<T 0<s<T 0<s<T s

1)

As the process (E[!h(XT) - h(X})’ ‘ ]-"5},0 <s< T) is a martingale, we have by Doob’s
inequality

E
0<s<T 0<s<T

sup E[[h(Xr) ~ h(X})] ‘fsr] <4 sup E[E[\h(XT) — h(X})] \fsﬂ

< 4E | |h(Xr) — h(XF)[’]

by Jensen’s inequality.
By similar arguments, we have

T
sup E [/ |Agy|du
S

0<s<T

E <E

2
7]

T
sup E [/ |Agy|du
0

0<s<T

<4E [</OT|Agudu>2]

T
< 4TE [/ |Agu\2du]
0

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

2

T
|AY |2 < 8E|[1(Xr) — h(XF)[*] + STE [/ |Agu\2du]
0

T
< 8kZ||AX |2 4 24TE [/ (k;x]AUuP + ko JAVL? + k;z\AWuP)du] :
0
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Plugging into the last estimates the upper bound for ||AX||? leads to the second column of
the matrix.

Eventually, we have for AZ
T 2
|AZ||3 =E [ / < AZ,,dB, >
0

T T
=E ||h(X1) — h(X7) — E[h(X71) — h(X7)] + /0 Agydu — E UO Agudu}

T 2
’/ Agydu
0

T
< 2k2|AX|? 4+ 2TE [/ |Agu|2du]
0
T
< 2k2||AX | 4+ 6TE [/ <k§7x]AUu]2 + kL IAVL? + kg,Z]AWuP)du} .
0

7

< 2 [|n(X1) - (X7)|*] + 2B

and the third column of the matrix follows easily. [J
Let us remark that the matrix A(T') becomes, for T = 0,

0 0 0
A(0) =6 0 0 0
Qka,z 4\/§khka,z \/gkhka,z

whose spectral radius is 4\/§/~chkg,z. We may deduce then the following result:
Theorem 2.6. If the assumptions [H1], [H2], [H3] are satisfied and if moreover
(3) 4v3kpky. < 1

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

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

b
B
—
~
SN—
Il
b
~—~
~
S~—
+
o
— = =
—_ ==
— = =

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 W. Moreover, as the spectral radius is continuous, we may fix T'
small enough and € > 0 such that p(A®(7T")) < 1. Then, Theorem 2.4 gives that there exists a
norm on M?(R%) x M2(R) x M?(R?) for which ¥ is a contraction and, by Picard theorem,
U has a unique fixed point. [J

Remark: we may also fix the terminal time T and, as A tends to the null matrix as
the Lipschitz coeflicients 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 [6], Theorem 4.1.
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Theorem 2.7. Let us suppose that the assumptions [H1], [H2], [H3] and (3) are satisfied.
Let T'> 0 be such that there ezists a unique adapted solution (Xs,Ys, Zs) to the system (2).
Then, there exists a positive constant C' such that

T
Bl sup [X.7] +E[ sup (V] +E| [ 12.Pas]
0<s<T 0<s<T 0

<C (W +E UOT\f(s,o,o, 0)*ds + /OT\g(s,o,o,o)\st + /OT}a(s,o,o,0)|2ds + \h(o)}QD .

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, such that, if we
consider the norm

N(z,y,2) = allzlle + Bllyllc +vll=l2,
then ( )
N(¥(0,0,0)
N((Xs,0<s<T),(Y;,0<s<T),(Z;,0<s<T)) < ———— .
(( Sy _S_ )7(87 _S_ )7( Sy _S_ ))_17P(A€(T))

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

that

2 2 2 T 2 T 2
N (2(0,0,0))” < sup(a, 8,7)°K ( |z|° + E / | £(5,0,0,0)] ds+/ |9(s,0,0,0)|"ds
0 0

T
+E [/ \a(s,o,o,o)\st] + |h(0)\2> .
0
The result then follows easily with

2
c— K sup(a, 5,7) .

(1 = p(A5(T))) inf(e, 3,7)?
2.3. Regularity of the solution with respect to initial conditions. Let us now consider
the solution ((X?x,Yst’x, Zﬁ’x),t <s< T) that corresponds to the initial point (¢, x) for X.
In other words, ((Xﬁ’m, Y;t’z, Zﬁ’x), t<s< T) is the solution of the following FBSDE:

S S
X, =2 +/ fr, X, Y., Z,)dr +/ o(r, X, Yy, Z,)dB,, t < s <T,
(4) Lo b
Y, = h(Xr) +/ g(r, X, Yy, Z,)dr / (Zy,dBy), t <s<T.
S S

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— Bt),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,x) = Y, is continuous on [0,T] x R%,

Proof: Let (tg,x0) € [0,T] x R%. For any (t,z) € [0,T] x R?, let us set
ft(r7x7yaz) = 1fr2tf(7"7377y72)
6t(7’,$7y72) = 1T2t0<rux7y7 Z)

gt(’f’, x,Y, Z) = 17‘Ztg(rv €,Y, Z)
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and let us consider ((X;x, v, Zﬁz), 0<s< T) solution of the system

S S
w:x+/ ft(u,Xi’m,Yj’m,fo)du—k/ 6¢(u, Xo* YE* Z50YdB,,
0 0

T T
Vi h(R) 4 [ X0V 2 [ < s, .
S S

Let us note that

that
}/St,ac — }/tt@
}}-t,ac Yt,:c
s — 1Is
and that
Zt,:c .
s =
Zt,ac o Zt,:v
s — 4s

for0<s<t
fort <s<T,

for0<s<t
fort <s<T,

for0<s<t
fort<s<T.

Hence, (X5 Y% Z6%) may be viewed as an extension of (X% Y% Zt%) on [0, T7.

Let us then define for 0 < s < T,
X’S — Xt,x _ X‘to,xo
S S )

(X,Y,Z) is then solution of the system

staz—xo—i-/ flu, X
0

= h(X7)+

where f,g,5 and h are defined by

flu,2,y,2) = filu,x + Xm0y
(U, x, Y,z ) - gt(uwx + Xéo’zo7y + ?50@07 zZ+ ZAthO’xO) - gto
o(u,x,y,z) = d(u,x + X’fj”xo,y + }Aﬂfo’xo,
h(z) = h(z + X0) — h(X3™).

}7; _ YAtgt,a:

0,20 7 x 710,20
_}/sv , ZS_ _st X

10,20 10,20 r to,zo vto,xo r7to,xo
"i_Yvu7 72+Zu’ )_fto(uv)(u7 7}/117 7Zu’ )7

to, 20 Vv to,ro r7to,xo
('1'1/7"X—1,L7 7YU ’ 7Z’LL’ )7

10,20 ~ 0,20 v to,ro r7to,To
z 4 Z,070) — Gy, (u, X000, Y, 00 7070,

As the functions f, g, & and h also satisfy assumptions [H1], [H2], [H3] and (3) (with the same
Lipschitz constants as f,g,o and h respectively), we may apply Theorem 2.7 to (X,Y, Z).

Thus, there exists a constant A > 0 such that

E sup_|Vi[?

0<s<T

sup | X|*
0<s<T

E UOT \Zu]2du]

T T
A(!x—x02+E[/ |f(u,0,0,0)\2du+/ |G(u,0,0,0)|*du
0 0

+/OT\a(u,0,o,0)\2du+ \h(O)\QD
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But
’ T _ 9 tVito R R R 9
[ 1000 an= [ g0 50, 2050 Fan,
0 t

Nto
and by assumption [H1|, we have

T B 9 tVito 9 R R R
/ | f(1,0,0,0)|"du < C (/ <|f(u,0,0,0)\ + | Xlomo|2 1 |ytoswo)2 4 |ZZo,x0|2> du> .
0 tAto

Then, applying again Theorem 2.7 to (X%, Yto:wo 7t0:%0) we obtain that

E | sup |)§'§°’3”°|2

0<s<T

sup [Vioo)?
0<s<T

+E < +o0.

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

T tVio .
E [/0 |f(u,o,o,0)\2du] <C (yt —to| +E Ut (\f(u,o,o,o)\2 n yzfpvxoy?) duD .

Nto

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

that
T —
+E U \Zu]2du]
0

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

0

E | sup |X,[”

0<s<T

+E | sup |Ys|?

0<s<T

§C<|x—mo|2+|t—to|+E[

+g(0,0,0,0)" + o(1,0,0,0)|* + | Zi0%0[2)

)

Let us now note that

2 ~ N
}U(t, l‘) - U(to, 33'0)| =K [|Y;t’x _ YZ)O#TO|2:|

< 2R [IYJ’I - YJWOP] +2E [mtowo _ ytgo,woﬂ

/tt (}f(u, 0,0,0)|”

+g(,0,0,0)" +[0(1,0,0,0)|* + | 20702

gC(x—xo|2+|t—t0|+E[

1)

T
/ (}f(u,o,o,())\2 +19(1,0,0,0)|* + |o(u,0,0,0)|* + \Z@WOP) du ] < +oo,
0

?|

we deduce that

lim  u(t,z) = u(to, o). O
(t,x)—(t0,%0)

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 wu,
especially in the x variable. For instance, if the function u is uniformly Lipschitz in z, we can
use the same techniques as Delarue in [1] to prove existence and uniqueness of the solution
of the FBSDE over [0, 7] for any positive T
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A quick glance at the last inequality of the previous proof shows that the function u is
indeed Lipschitz in x. But, the Lipschitz constant depends on ¢ and is difficult to estimate
as it involves the spectral radius of the Lipschitz matrix A(t). Therefore, we will not be able
to prove solvability of the FBSDE on any interval.

In [2], Delarue and Menozzi need the function u to be of class C1? 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 u is therefore this strong solution and is consequently differentiable.

As we will next see, the links between FBSDEs and PDEs are not so precise when the
coefficient o depends on Z. Nevertheless, Riviere proposed in [8] another discretization
scheme that do not need so much regularity of w.

3. CONNECTION WITH PDES: THE GENERAL RESULT

In view of the results of [6], 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 applies for functions f and g that do not depend on z.
Consequently, let us first fix the following functions:

M :[0,+00) x RT x R x RY — R4,
f :[0,+00) x RY x R — RY,

g :[0,400) 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:

ou 0%u
5 (t2) + Z M (t,,u(t, ), Vu(t,z)),; 5T, (t,z)
1<i,5<d
(5) —|—<f(t, x,u(t,x)),Vu(t,x)> + g(t,$,u(t,x)) =0 for t € (0,T), z € R,
u(T,z) = h(x) for z € RY.

In view of the results of [6], we surmise that, in order to get a probabilistic representation
of the solutions of (5), we may consider FBSDE of the form:

S
Xbe = x—f—/ f(r, Xt Yt’”)dr+/ o(r, X", YA Z4)dB,, t <s < T,
(6) ! T
Yit = h(Xth) / g(r, X% Y5 dr — / <Zf;x,dBr>, 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 ex-
istence 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 wia the following
equation:

(7) iy ooty ) = 2M (tay, (0 (t ey, 2) 2).
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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,x,y, z,w,

(8) |o(t, 2.y, 2) " w| < Alwl.

Let us define on [0,T) x R? the function u(t,z) = Y;t’gc. Then u is a viscosity solution of the
PDE (5).

Proof: The proof is an adaptation of those of [6], Theorem 5.1.
Let us denote by B(x, p) the closed Euclidean ball in R? centered at = and of radius p.
We must first prove the following lemma:

Lemma 3.2. We have, a.s. for every r > t,
}/rt,z Y?”X (7" Xt x)

Proof: Let us fix t € [0,7] and let U be a F;-measurable random variable. We consider
the FBSDE

S S
X, = U+/ f(r, X, Yy, Z,)dr +/ o(r, X, Yy, Z,)dB,, t<s<T,
t t

9) T T
Y, = h(X7) +/ g(r, X, Yy, Z,)dr — / (Z,,dBy), t<s<T.
S S

It is easy to extend Theorems 2.6 and 2.7 to this case with |z|* replaced by E[|U|?]. We
denote by (X“V YU ZHU) the unique solution of (9). We claim that there exists a positive
constant C such that, for every z € R% and every ¢ > 0,

(10) E |1 apeel¥Y = Y1) < CE [Ly_gjeclU - af?]
Indeed, let us define, for s € [t, T,
Xs — X;,U o X;f,:v’ }_/s — Y'st,U - }/St,:ﬂ’ Zs — Zz,U o Z;f,x

Then, (X,Y,Z) is solution of the FBSDE
S S
XS:U_‘T—F/‘ f(TJXT7YI‘7ZT)dT+/ U(T7X—T7}—/’;”72’r’)dBT’7 t<S<T7
¢ t
T T
Vo= iXn)+ [ 9% Y Zodr - [ (Z,.a,), t<s<T
S S
with
Fry,0,w) = Flryu+ X0, 0+ Y%, w + Z67) — f(r, X092, v}, 70)
g(r,u,v,w) = g(ryu+ X0% v+ Y5 w4 Z5%) — g(r, XE®, V0% 257
a(r,u,v,w) = o(r,u+ X% v+ Y5 w4+ Z5%) — o(r, XE*, Y15 Z07)
u) =

= h(u+ X5%) — h(X5").

The fonctions f, g, & and h still statisfy assumptions [H1], [H2] and [H3].
Let us consider now A € F; and let us set for every r € [t,T7,

(XA YA Z0) = (14X, 14Y5,142,).
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The processes X4, Y4, Z4 are still progressively measurable with respect to the filtration
F and it is easy to see that they are solutions of the FBSDE

s s

Laf(r, X2 YA, Z0)dr + / 145(r, X2, YA, ZNdB,, t<s<T,
r

1A§(7’, X71’47Y;A7Z114)d74 - / <Z1:47dBr>, t S S S T

s

v = 1ah(xf) +

S

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 z) such that

E [ sup |1aX,|*| +EJ

T
+E [/ lAZSst} < CE[14U — 2.
t<s<T t

sup 14712
t<s<T

In particular, we have
E (1Y = VU] < CELAIU - of

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

E [1{|fo|<€}‘u(tv U) - Ytt’Uﬂ < 2E [1gy_gj<ep|u(t, U) — u(t, z)|?]
+ 2E [1{|U—x|<e}|Ytt’x - YJ’UP}
< 20'E [1(y—gi<e}lU — 2*] + 2CE [1{jr_a<e}|U — 2|?]

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

E [’U(ta U) - Ytt’U\Q] <> ELguosmi<ymylult,U) = Y]
kezd

C
<33 Z E [1(u—k/nj<1/N}]
kezd

C24
< ZZ .

As this is true for every integer N, we deduce that Ytt’U =u(t,U) a.s.
We thus proved that, for every r > ¢, a.s.

t,x
Y =, X,
This equality is true a.s. for every r > ¢ by continuity of u, X and Y. Eventually, the equality
Yt,x — YT‘,Xﬁ’Z
T T
is a direct consequence of uniqueness of the FBSDE. [
Let us turn now to the proof of Theorem 3.1. To begin with, we will prove that u 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 (¢, zo) be a
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local maximum of u — ¢. Without loss of generality, we may suppose that (u — ¢)(to,z9) =0
and we want to prove that

9
ot

0%

(t07 mo) + Z M(to, xo, U(to, 1'0)7 V(b(t(), xO))Um
L)

1<i,j<d

(to, o)

+ <f(to, 0, u(to, o)), V¢(t0,$o)> + g(to, w0, 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 < pu < T'—tg such that, for every (¢, z) € [to, to+pu] X B(xo, p),
we have

u(t,x) < o(t, x)

and
0 0?
8—?(1&, x)+ E M (t, z, u(t, ), qu(t,a?))ij 8551';«733‘ (t,x)

1<i,j<d
+ <f(t,:n,u(t, ), Vo(t, $)> +g(t,z,u(t,z)) <0.
Let us define the stopping time 7 by:
T =inf{s € [to, to + p], X" & B(wo, 1)}
and let us set

(XS’Y/S’ ZS) = (Xto,xo Yto,ﬂﬁo 1[to,T](S)Z£O’$O).

SAT » T SAT

Let us remark that the pair (Y, Z) is solution of the BSDE

Fomstrx) [ oot i — [ (an)
SAT

Moreover, applying Itd’s formula to ¢(s, X;O’mo) leads to

B(sAT, XL070) = g(r, Xlow0) / (gf( , X[0"0) + Lyg (v X5°””°,u(v,X£°””°),Zf,°’“"°)) dv

-
_/ <U*(’U,X50’x0,YXO’IO, Zﬁ“““)W&(v,Xﬁ“v“),dB@

SAT

where L, denotes the differential operator

2
quﬁ(s,x,y,z):% Z Ua*(s,x,y,z)u 0°¢ (s,a:)—i—<f(s,x,y),v¢(s,x)>.

1 Qx; 0% ;
1<i,j<d B

Let us set now, for s € [t, to + 1,

(X5, Y, Zs) = (X020, (s AT, X0E0), 0% (s A T, XeZ0 YIRE0, ZW IOV (s A T, Xek20)).

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

Yirr = (7, X10%0) —/T <a¢(v X )+LM¢(U,XU)> dv—/T (Z,,dB,)

AT 8t AT
T 1
—/ Z [500*(U,Xﬁo’z°,u(v,XﬁO"TO),Zio’xo)
SAT 1<i,j<d
= M (v, X[, u(v, X0), Vo (v, X100))] %0 _ (4, xto70)dy
b v b ) v b ) v 7,] 8:618.75J ) v

where Lj; denotes the differential operator

%

Lyo(s,x) = Z M(s,x,u(s,:):), V(b(s,:):))z.j 900, (s,x) + <f(s,:):, u(s, x)),qu(s,x)>.

1<i,j<d

Now using equation (7), we have
1
L 00" (0, X197 u(o, X00), Z8070) =
M (U’Xéo,xo’u(U’Xio,xo), (U*(U,Xio’xo,u(U,XéO’xO), Zf}o,xo))*lzztjo,l’o)
and, by the definition of 7, we have

1
a(v) = 500* (v,Xf,O’xO,u(v,XﬁO’xO),Zﬁo"”O) — M(U,Xéo’mo,u(v,Xf)O’mO), Vgﬁ(v,XﬁO’xO))

—1
_ to,To to,zo * to,xo to,xo to,T0 t0,Z0
- M <v7 X’U 7u(v7 X’U )7 (U (/U7 X’U 7u(/U7 X’U )7Z’U )) Z'U >

71 R
M <U,ngo,u(v,xgm>, (a* (v, X100 (v, Xom0), zgwo)) zv> .

Now, by the Lipschitz property of M and assumption (8), we have
‘a(v)‘ < C’Zﬁo’xo - Z,‘

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

Oé(’U)z‘j - <’Yzi;j7 (Zf}o,xo _ Zv)>
Eventually, let us consider the process Yy — Y, which may be written as:

Yo— Vo= (u—o)(r, X;) + / (‘?;f< Xo) + Lyré(v, X,) +g(v,f<mu<v,f<v>)> dv

/ < 82¢ ’U7 v >d7) _/ <(ZU - Zv)adBv>
SAT
where (79%¢), denotes the R%valued process
0%¢
3$18x]

(v9¢)o (v, X570) 7

1<4,5<d
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We then conclude using the ideas of [5], Theorem 1.6. We first consider the L? real-valued
process (8 defined by:
09 . .

By = E('%XU) + Lad(v, Xo) + (v, Xo, u(v, Xy))

We have then, for every tg < s <7

T

V- Y= - o)) + [

SAT

(5046000 20~ 22)) do ~ [ (2, 2),a8.)

_E [rw(f@ ¥+ [ T

where

Co = ([ (600 - 5 [ 100 ).

In particular, we get

}7%0 — }A/;O = (’u — ¢)(t0,.ﬁ[}0) =E [th,T(YT — }A/T) + / Fto’vﬁvdv] .

to
To conclude, we must remark that, by the definition of 7 we have

Y, -V, <0 and By < 0 for every tg < v < 7.

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

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

(11)
u(T,z) =h(z), 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 ¢ : R — R such that, for every
x € R, we have

x
12 2_opm [ —— .
(12) oaf =2 ()
Moreover, this function ¢ must be chosen such that the next system of FBSDE has a
unique solution. This system is:

S
X —a+ [ o(ZiiB, t<s<T.
(13) t T
v =) - [ zvan, 1<ssT
S



18 ROMAIN ABRAHAM - OLIVIER RIVIERE

An adaptation of the proof of [6], Theorem 3.1 leads to the following condition:

Proposition 4.1. If o and h are Lipschitz functions with Lipschitz coefficient ks and kp
respectively, and if kokp, < 1, then the FBSDE (13) has a unique solution.

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

(A1) M is an even function,

(A2) M is strictly increasing on [0, +00),

(A3) M(0) >0,

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

(

In the sequel, we adopt the convention M(co) = lim M(t) € RU {4o0}.

t——+o0

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

v { [\/2M(0); \/22M(oo)) — [0, +00)

z— aM~HZ)

is a strictly increasing one-to-one function.
Moreover, ¥~ is Lipschitz and its Lipschitz constant is

) M (t)
where o = gl(f] {t—{— 2M’(t)} > 0.

1

«

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)),

IO = Sy e AT

Considering t = y/2M (u) with u € [0, +00), we obtain that ¥ is a Lipschitz function if and

M M
only if %Eg {t + 2 M/((tt)) > 0 that is to say if and only if htg (i)&f M’((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 o is a Lipschitz function whose Lipschitz constant is é, which maps R onto the

interval [\/2M(0), \/2M(oo)>
Moreover, for every z € R we have %a(x)Q =M (i> and, by assumption (A3), the

o(z)

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,z) = Y,"* is a viscosity
solution of the PDE (11) for T small enough.
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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 u and the function f and g are not present. Moreover, we suppose that the matrix M is

diagonal. If we write
_ 51 (.’E, y) 0
e = (67 gay )

then the associated PDE is now

" Bt y) + & (Vult,z,9)) 5% + &(Vult, 2, 9)) 54 for t € (0,T), (x,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.

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 o must be invertible).

Let us consider a function ¢ : R?> — R and let us study here the PDE

ou 0% 9%u
We have then
_ [ ¥y O
M(Qj‘7 y) - < 0 e 9

and we have to find ¢ diagonal such that
a(z,y)* = 2M((o(z,y)) " (2, y))-

It is quite obvious that, if for every y € R, the function z —— (:B ) satisfies the

Yy
) \/%
assumptions of Proposition 4.2, then there exists a function o7 such that

o1(w,y)* =2 <01<z,y)’ \/sz-:>

o(z,y) = < 01(3:,3;) \/02? )

and the matrix o defined by

satisfies equation (7).

5.2. Case 2: The function M is invertible. Let us make the following assumptions on
the function &(z,y) = (fl(x, y),fg(x,y)):
[A1] The function ¢ is invariant under (z,y) — (—z,y) and (z,y) — (x, —y).
[A2] For every (z,y) € (0,+00)?%, & (z,y) = x + a1(z,y) and &(x,y) =y + as(z,y) where
a1 and a9 are nonnegative functions of class cl.
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[A3] The derivatives of a1 and a9 satisfy

0 1 0 1 0
0 < a1 < _ O S ﬂ < -, ﬂ
Ox oy 2 oy

[A4] a1(0,0) > 0 and a2(0,0) > 0.

Under these assumptions, the function a(z,y) = (a1(z,y), as(z,y)) is Lipschitz with Lip-
schitz constant less that 1. Consequently, a well-known result gives that the function ¢ is
invertible on [0, +00)?. Let us denote by 3 = (1, 32) its inverse function, defined on some
domain V of (0,+00)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 |D¢| the Jacobian of &, we have

o1 ) 0% 1 dar _
dx  |DEo m( ﬁ) and dy  |Déop| (H ﬁ)’

As in the one-dimensional case, let us denote by ¥ the function
JV —[0,400)?
(‘Ta y) — (xﬂ1($2/2, y2/2)7 yﬁ?(‘r2/27 y2/2))

The Jacobian matrix of W is

- 1 Oas
2’ Oz

1

ot oy [ rEEI202/2) 4 22 w22, 22) ey (22,2 /2)
viey) = %2 (2?/2,12/2) Ba(a2/2,12/2) + 222 (2212, 4/2)

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

351 2 352) 4222 <3ﬁl 062 0B 352) .

o 2
Dito)] = i+ (25 5% Oy~ Oy O

551 832

By definition, we have (3132 > 0. By the expression of and and assumption [A2], all

the terms in the second term of |D)| are nonnegative. Eventually, the third term is equal to

a:2y2

2?y’|DB| = 1De]

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(30, y), Aa(z, y)) on the image of ¥, 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) = ( “ﬁ’y) Az(g,y) >

on [0, +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 [3], we can try to use another type of
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FBSDE to represent solutions of equation (5). Indeed, Ma, Protter and Yong studied the
relationship between solutions of the FBSDE

X —at [ f0 R T [ ol X T 2, <5 < T
t t
(15)

T T
Yie = h(X;x) + / g(r, X% Y1) dr — / (Z}* o(r, XE*, Y0, Z57)dB, ),
S S

and strong solutions of the PDE

Z(t’x)—i_ Z aa*(t,x,u(t,x),Vu(t,:U))

1<i,j<d

d%u

ij 8%2‘ ox g

(t,z)

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

\ u(T,z) = h(x) for z € RY,

when the coefficients f, g,o are smooth and o is non-degenerate. We see that condition (7)
has disappeared with this representation.

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. N

To begin with, for the waveform relaxation method, we must consider a new function
defined by

where

B t t
Xt=x+/ f(s,Us,v;,Ws>ds+/ o(5,Us, Vi, Wa)dB
0 0

Vi = h(Xr) + / 9, Us, Ve, Wa)ds — / Zy0(s,Us, Vi, W,)dB.
t t

We must note that, for Z to be well-defined in the last expression, we must suppose that o
is non-degenerate. We still suppose that f,g,h and o satisfy assumptions [H1]|, [H2] and

[H3]. Then, the estimates of HA)N( ‘Af/

and are exactly the same as in the proof of
(& C

Proposition 2.5. But, the coefficient ¢ in the stochastic integral that defines Z prevents us
~112
from using the same method to estimate ‘ AZ H . Consequently, we are not able to prove

existence and uniqueness of solutions of the FBSDE (15) nor the continuity of the function
Ut,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 @ is continuous. Then U is a viscosity solution of the PDE (16).
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