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Abstract We consider the Cauchy problem for systems of viscous conservation laws.
We obtain three different but related stochastic representations of weak solutions of
the problem: in terms of solutions to systems of usual backward stochastic differential
equations, in terms of solutions to some stochastic backward systems, and in terms
of solutions to some forward-backward stochastic differential equations.
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1 Introduction

In [19] Pardoux and Peng introduced the notion of nonlinear backward stochastic
differential equation (BSDE for short) and soon after Peng [23] and Pardoux and
Peng [20] showed that BSDEs provide probabilistic formulas for solutions of systems
of semilinear parabolic or elliptic partial differential equations (PDEs) which may
be viewed as the nonlinear generalization of the celebrated Feynman—Kac formula.
Since then connection between BSDEs and PDEs has been studied intensively by
many authors. As a result we know that viscosity or Sobolev space solutions of the
Cauchy problem or various boundary problems (e.g. Dirichlet, Neumann or obstacle
problem) for single or systems of semilinear PDEs of second order can be represented
by solutions of suitable BSDEs (see, e.g., [9, 11, 22, 27, 30]). However, at present
satisfactory theory exists only in the case where the right-hand side of the semilinear
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PDE is Lipschitz-continuous with respect to the solution and its gradient. A lot of
effort has been made to relax that condition and prove results for semilinear equations
with stronger nonlinearities (see, e.g., [13, 28]). In particular, in a remarkable paper
[13] Kobylanski has obtained a nonlinear Feynman—Kac formula for viscosity and
Sobolev solutions of a broad class of semilinear parabolic and elliptic PDEs whose
right-hand side satisfies some quadratic growth conditions. Let us note, however, that
results of [13] concern exclusively single equations. This is due to the fact that in
proofs in [13] some comparison theorems for BSDEs associated with equations under
consideration are used.

In the present paper we consider weak solutions of the Cauchy problem (for con-
venience we consider terminal condition) for systems of parabolic perturbations of
conservation laws of the form

0 g2

M Au=—diviw), w(T,)=og. (1.1)

as 2
Here ¢ > 0 is a parameter, (p:(gol,...,gom) ‘RY — R™, =1, fa):R" —>
Rm*d (je. fr, k=1,...,d, is a column vector with components (fkl, cen ) are
given functions and u is a solution, i.e. u = (ul, Lo,u™ [0, T] x RY - R" is a

measurable function satisfying the following system of equations:

du' af,(m) 9 . .
l+ A i ZZ fk( ) u a ul(T,'):(Pl, i=1,....m,

dul
k=1 j=1

in a weak sense (see Sect. 2). Systems of the form (1.1) are important theoretically
and in applications. Their importance stems from the fact that in some cases their
solutions converge, as € — 0, to solutions of admissible (physically meaningful) so-
lutions of systems of hyperbolic conservation laws (see [8, 17] for results for single
equation and [5] for the case m > 1). The systems include, for different choices of f,
many basic equations of continuum physics (see, e.g., [8, 17]).

One of the simplest examples of (1.1) is Burgers equation with viscosity which
we get putting m = 1 and f(x) = |x|?/2, x € R?. Since Burgers equation can be
linearized by the Hopf—Cole transformation, one can write down stochastic represen-
tation of its solution by using the classical Feynman—Kac formula and then effec-
tively use the stochastic representation to study properties of the solution. Such ap-
proach has been adopted in many papers (see, e.g., [33] and the references therein).
The Hopf—Cole transformation can be also applied to the study of multidimensional
Burgers equation with data of potential type. The Feynman—Kac representation for
solutions of multidimensional Burgers equation with data of non-potential type is
given in the recent paper [10].

To our knowledge, the problem of stochastic representation of global solutions
(i.e. on fixed interval [0, T']) of general systems of the form (1.1) has not yet been
investigated except for the case m = 1, which is covered by Kobylanski’s [13] results
(see the end of Sect. 3). Multidimensional systems even more general that (1.1) but
on a small time interval are investigated in [1, 4] (see Sect. 5).

In the paper we provide three different but related stochastic representations of
global solutions of (1.1): in terms of solutions to systems of usual BSDEs, in terms
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of solutions to some stochastic backward systems and solutions to some forward-
backward SDEs. Let us stress, however, that in all cases we assume that there exists
a unique bounded weak solution to (1.1). The last problem is difficult except for the
case m = 1. A nice account of available results on the well-posedness of (1.1) is to
be found in [5] (see also Remark 3.3).

In Sect. 3 we prove that if ¢ € L2 (R NL®R)™, fi e CLR™,i=1,...,d,
and there exists a unique bounded continuous weak solution u of (1.1) then for each
(s,x) € [0,T) x R? the pair of processes (Y**, Z%*) with values in R™ x Rm>d
defined by

. ) . out
YOO =l (e, x0Y), Z9Y R = e S (0 X3Y), =1 m, k=1,...d,
Xy
(1.2)
where
X5 = (xsel L xend) s xR =k e (WE - Wh), k=14,
and W = (W', ..., W9) is a standard d - dimensional Wiener process, is a solution
of the following system of BSDE:s:
Ys,x,i _ 71 ZZ T afk vx Ikd@
t = 90 8141
k=1 j=1
d T )
—Z/ zy - kawk, tels, Tl i=1,...,m. (1.3)
k=171
It follows in particular that
u(s,x) =Y, (s,x) €[0,T) x R%. (1.4)

Uniqueness of solutions of (1.3) follows from results of [13] in the case where
m=1and f € C*(R?). We do not know whether uniqueness holds for systems
of equations of the form (1.3). However, for systems we are able to prove slightly
weaker result. It is not difficult to prove that for each (s,x) and i = 1,...,m,
k=1,...,d, there exists the quadratic variation (fk" (Ys-4), XS’x’k)ST of processes

f,f(Y”) and X*** on [s, T] and the second term on the right-hand side of (1.3)
equals Y¢_ sy, XK Tt follows that the family {(YS*, Z5%); (s,x) €
[0,7T) x R4 } defined by (1.2) is a solution of the system

{Yf””— OO + T e e nT =i [Tz aw,

(1.5)
YO =ui(t, X)), tels, Tl i=1,....m

In Sect. 4 we consider general systems {(Y**, Z*¥); (s, x) € [0, T) x R4} of the form

(1.5) with u defined by the first component {Y** (s, x) € [0, T') x R?} of the system

via (1.4). From (1.4) it follows that u is bounded. Since one can show that for any

bounded measurable u the quadratic variation process ¢ > ( f,f ou(-, X5, X5* *k)g
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exists and is a 0-quadratic variation process, it is natural to consider systems (1.5)
such that for each (s, x) € [0, T) x R? the process Y** is a Dirichlet process, i.e.
admits the decomposition into a continuous process of 0-quadratic variation and a
continuous square-integrable martingale. Roughly speaking, our uniqueness result
says that there is at most one family {(Y**, Z5%*); (s,x) € [0, T) x R4} such that
Y** is a Dirichlet process on [s, T'] and (1.5) is satisfied for every (s, x) € [0, T') X R4
with u defined by (1.4).

In Sect. 5 we first consider single equation of conservation law. We give represen-
tation of its solution # by means of weak solutions of some forward-backward SDEs,
which in turn implies that u is a solution of the system

XK = [T fL®, X5)) do + e(WE = WH), rels, T k=1,....d,

u(s, x) = Ep(X3"), (s,x) €[0,T] x R4,
(1.6)
Following [1] we also show that using ideas from [31] one can generalize represen-
tation of the form (1.6) to systems of conservation laws.

The case where m = 1 and ¢, f' are Lipschitz-continuous existence of a unique so-
lution of (1.6) follows from results proved in [21]. Systems of the form (1.6) with reg-
ular ¢ are investigated in [1, 4] by methods completely different from those adopted
in the present paper. In [1, 4] it is proved that there is a unique solution of (1.6) on
[0, Tp] for some small Ty > O.

In the paper we consider exclusively equations of conservation laws, but at the
expense of minor technical complications our results can be extended to equations of
balance laws of the form

u & )
— 4+ —Au=—div f(u) + g(u), (1.7)
as 2

where g : R™ — R™ is a Lipschitz-continuous function.

Stochastic representation of solutions to Burgers equation allows one to study ef-
ficiently various properties of these solutions (see, e.g., [33]). We think that the rep-
resentations obtained in the paper lead to new insights into the structure of solutions
of more general equations (1.1) and (1.7) and as in the case of Burgers equation will
be useful in the investigation of their properties. Our representation may also serve
as the starting point for the construction of numerical algorithms for (1.1), (1.7). To
our knowledge, at present deterministic algorithms based on representation of solu-
tions in terms of BSDEs are known only in the case where the right-hand side of the
equation is Lipschitz-continuous with respect to the solution and its gradient (see,
e.g., [6]). Another kind of algorithms based on probabilistic representation of solu-
tions to semilinear parabolic equations is to be found in [18].

Notation Qr = (0,T) x R?, ||z||> = Tr(zz*) for z € R™*? §/dx! is the partial
derivative in the distribution sense. L” (D) (resp. L°°(D)) is the usual Banach space
of measurable functions on D that are p-integrable (resp. essentially bounded);
W21 (R9) (resp. W20 ’I(QT)) is the usual Sobolev space of all elements u of L2(RY)

(resp. L2(Q7)) having derivatives du/dx; in LZ(R%) (resp. L>(Q7)); Wzl’l(QT) is
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the space of elements of L?(Q7) having derivatives du/dx; and time derivatives
from L2(Q7),and W(Q7) = {u € We"' (Qr) : du/dt € L*(0, T; W; ' (R?))}, where
W, I(Rd ) is the space dual to W21 (RY). By || - || we denote the norm in L*(R?) and
by || - ll2:0,7 the norm in L2(Qr).

2 Preliminary Results

Let W be a standard d-dimensional Wiener process defined on some probability space
(£2,F,P).Forfixed0<s < T set

. N LW
Wi=Wrys— — W, By =W, — 0+/ T 9d0, tel0, T]. (2.1
0 —

Then {W, — Wo; t € [0, T]} is a standard d-dimensional Wiener process and, by Ex-
ercise 3.18 in Chap. IV of [24], {B;;; t € [0, T']} is a standard d-dimensional Wiener
process with respect to the filtration {G} = (.EW'_WO Vv O‘(W())).ﬁ,_}te[o’j‘]. Write

Bs,t = Bs,T+s7t - Bs,T’ tels, T].

By (2.1),
~ LWy — W,
Byi=W,—wW,— | 225 qg.
s 0O—s
Thus,
XK k= %(ij, +BY, —VE), tels, Tl k=1,....d, (22
where

twk_Wk
k k k k 0
Ws,zZWt _Wx’ Vx,t:_/ T.S‘Sd@
s

Let us note that the decomposition (2.2) may be viewed as a very special case of the
strict Fukushima—-Lyons—Zheng decomposition of diffusions corresponding to diver-
gence form operators (see [25, 26]).

Leth=(hi,...,hg):[s, T xR? — R?. Following [29] let us consider the family
of integrals

t
HS* (h) = {H,”(h) = / h(6, X5") xdX5™; 1 s, T]}
N

defined by

d

t t
/ h(6, X55) xdXy* = —er hi(0. X5 ) (dWE, +dVv)y)
s k=1 N

d T
_ 82/ he(0, X;")dBY,, tels, Tl
k=1 THs—t ’
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where i(1,x) =h(T +5s—1,x), (t,x) € [0, TI x R, X" = X35 1 €[s, T).

Let 7] denote the o-algebra o(W, — W, u € [s, t]) augmented by P-null sub-
sets of 7. A continuous {7} }-adapted process A on [0, T] is called a 0-quadratic
variation process if

k(n)—1

E |At.” _Az.”|2 >0
i+l i
i=0

in probability P as n — 0 for any sequence {IT, = {s =1j <t <--- < t,?(n) =T}}
of partitions of [s, T'] such that maxo<; <k () (tl - ") — 0.

Proposition 2.1 Let h : [s, T] x RY — R? be a bounded measurable function. Then
for each x € RY,

(1) H**(h) is a O-quadratic variation process on [s, T].
(i) The quadratic covariation

s, x\!
<h(-, Xr x)’ Xs x>‘Y
d
= Mmoo > (e X5 ) = (e X)X - X
k=1 thelly,, 1 <t " l
exists as limit in probability P and

H =(h( X)), x*), rels Tl

(iii) If, in addition, h € W' (0 1) and E [T |Vh(8, X5™) |2 d6 < oo, then
t
52/ divh(0, X)*)do = H*(h), te€ls,T], P-a.s. 2.3)
S

Proof Assertion (i) follows from the proof of [29, Lemma 3.2(ii)] while (iii) is the
special case of [29, Lemma 3.1]. Assertion (ii) follows easily from the equality

D Ul X)X ) = (8 X DB = B )

ey, 1 <t

—— Y RGN EBL,, - B,

i i+1
si”eﬂ,f, T+s—t<si”§T

where I1; = {T +s —1t/' : t]' € I1,}, and the fact that V; . is a process of finite variation
on[s, T]. O

Identity (2.3) will play the key role in Sect. 4. Integrating (2.3) gives

s

' d
E/ divh(Q,Xg’x)dez—e’lEZ/ he(0, X5*)dVy,. (2.4)
k=1"%
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Notice that one can obtain (2.4) without referring to (2.3) by using the integration by
parts formula.

Let (-, -) denote the duality between Wz1 (R?) and its dual space W, l(R"). Let us
recall that u € W(Q7)™ is a weak solution of (1.1) if u(T) = ¢ and

dul éVin—d/i%d =1
<8s (s),¢>— 2/er ul (s)Vyr x_]; Rdfk(u)an x, i=1,...,m,

for almost all s € [0, T] and all ¢ € W21 (Rd) (see, e.g., [17, Chap. 2]). Equivalently,
u is a weak solution of (1.1) if

S i i i m T ; 81’]i
;/Rd(w n'(T) —u'(s)n (s))dx—gfs /Rd(u (’))W(t)dtdx

82 T ) ) d m T ' 8771_
+7/S /Rdw (t)Vn (t)dtdx=ZZfS /Rd fk(u(t))a—xk(t)dtdx

k=1i=1

forall n=(n',...,n") € W,"'(Qr) (see [14, p. 572).

3 Backward SDEs

Let £(x,s, T)™ denote the space of functions u : [s, T] x R — R having a finite

T . ..
norm ||u||2£2(x’s’T),,1 = [ Jga lu(t, »)? pi—s(y —x) dt dy, where p; is the probability
density of W,, and let W, (x, s, T)™ denote the subspace of L>(x, s, T)™ consisting
of all elements such that ||u||%/V2(X’S’T)m = ||u||2£2(x7mm + ||Vu||2£2(x’S’T)m < 00.

Proposition 3.1 Assume that ¢ € L>(RH)™ N LXRH", fi e CYR™?, i =
1,...,m,and v € W20’1(QT)’” N L®(Q1)™. Then there exists a unique weak so-
lution u e W(Q1)™ N L*®(Q1)™ of the problem

9 2
ML Au=—divi), u(T,)=g. 3.1)
as 2

Moreover, u has a version which is continuous on [0,T) x RY. If, in addition,
v E WS’I(QT)’" and v € Wh(x,s, T)" for some (s,x) € [0,T) x RY, then u €
Wh(x, s, T)"™ and the pair

(Y Z7 ) = (u(t, X7), eVu(r, X7%)), tels, T]
is a solution of the system of linear BSDEs

. . T .
Bt =gl () + [ div (0. X5 do

t
d

T .
—Z/j zy-kawk, tels, Tl i=1,...,m. (3.2)
k=1

@ Springer



1068 J Theor Probab (2013) 26:1061-1083

Proof Since v € L*(Q1)™, we may and will assume that f has compact support.
But then fi(v) € L>(Q7)¢ NL>®(Q7r), i=1,...,m, so thereis a unique weak so-
lution u € Wr(Q1)™ of (3.1) (see, e.g., [15, Theorem 3.1.2] or [14, p. 574]) which
has bounded continuous version on [0, T') x R (see, e.g., [3]). Thus, what is left is to
show that u € Wh(x, s, T)™ and (3.2) is satisfied if v € WS’I(QT)’" NWh(x,s, T)™.
Using mollification one can construct sequences {¢,}, {g,} of bounded smooth func-
tions such that ¢/ — ¢ in L?(R?) and gflvk — fl(v) in WS’I(QT) as n — oo, and
lonlloo < ll@lloos 181 lloo < Il f © V|leo- Let u, be a classical solution of the Cauchy

problem

u e .
L+ T Au,=—divg,, un(T,-)=p,.
os 2

By It6’s formula, the pair (Y", Z! = (2™, L ..., Z™™)) defined by Yt"’i = ”fz(tv X,
= =eVul (t, X)), t s, T], i =1,...,m, is a solution of the system of BSDEs

T T
Y, _<p,,(x”)+/ divg,,(e,xg”‘)de—f ZgdWy, tels,T].  (3.3)
t t

By the above and (2.4),
o0 =BV =Bl (xp) - e Y [ ghale X ave,
k=1"%

Hence

|tn (s, 2)] < l@lloc + & I f 0 VllooERs7 < ll@lloc +& ' f o vlwER0T, (3.4)

where
Ry = Z / ' |W9 o,
5
Using once again It6’s formula we see that
e [ |z P = El () +2EZ/ Y™ divgl (1, X2) .
5

Since u!, div gl =div(ul gl) — Y¢_, 8" (u!,/3xy), it follows from (2.4) that

T
E/ ;" div gl (r, X)) d 1EZY”’g;k t, X)) dVE,

s
,1EZ/ n:k; ZXSX)d
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which when combined with (3.4) shows that sup,.| £ fsT (V44 |?>dt < oo. Thus, {u,}
is bounded in W5 (x, s, T)™ and hence is weakly relatively compact. This shows
that u € Wh(s,x, T)™, because by the well-known convergence results, u,, — u
in Wy"'(Q7)™. Since (3.4) holds true for all (s,x) € [0, T] x R?, the functions
uy, are uniformly bounded and hence, by Nash’s continuity theorem, equicontinu-
ous. Therefore u, — u uniformly in compact subsets of [0, 7) x R?. Using this
and the fact that divgfl — div fi(v), Vufl — Vul in L3(Q7) fori =1,...,m, we
conclude from (3.3) that the pair (Y**, Z°") satisfies (3.2) on [s + §, T'] for every
8§€(0,T —s).Since fiove Ly(x,s, T)"ifveWs(x,s, T)" and we already know
that Vu € L(x, s, T), (3.2) is satisfied on the whole interval [s, T']. O

We are ready to prove existence of solutions of BSDE (1.3) under the following
basic hypothesis:

(H) There exists a unique weak solution v € W(Q7)™ N L*®°(Q7)™ to the Cauchy
problem (1.1).

The problem of existence and uniqueness of global weak solutions to general sys-
tems of the form (1.1) is subtle and difficult except for the case m = 1. A nice pre-
sentation of recent results on the topic is given in [5]. Some sufficient conditions for
(H) to hold are given in Remark 3.3.

In what follows by H?(s, T')" we denote the space of all {F}rers, 1-progressively
measurable m-dimensional processes £ on [s, T'] such that E fs T |€;|%dt < 0o and by
H>(s, T)™ the subspace of H2(s, T)™ consisting of all processes that are P-a.s.
bounded.

Theorem 3.2 Assume that ¢ € L>(RY)" N L®RH", fie C\R™,i=1,....,d,
and (H) is satisfied. Then v has a version u which is continuous on [0, T) x R?
and for each (s, x) € [0, T) x R? the pair (Ys*, Z5*) € H®(s, T)" x H2(s, T)"?
defined by (1.2) is a solution of BSDE (1.3).

Proof Let M = ||v||oo and let g = (g', ..., g™, g =¢fi,i=1,...,m, where ¢ :
R? — [0, 1] is a smooth function with compact support such that ¢(y) =1 if |y| <
M + 1. Suppose that the pair (¥;"*, Z"") = (v(t, X;""), eVu(t, X)), t € [s, T],

is a solution of (1.1) with f replaced by g. Since %(Y,) = %(Yt), tels, T],it

ol
follows that (Y**, Z5-*) solves the original equation (1.3). Thereflore we may and will

assume that f is globally Lipschitz-continuous and bounded, i.e. there exist constants
K, L > 0 such that

[fol <k, max [flx) = fio)| < Lix =yl x,yeR",

Let A > 0 and let V, denote the space V = Wg’l(QT)’" N C([0, T1; LERY)y™)
equipped with the norm

2 -1 2 2 -1.2 2
Il =2"" sup Jus(t, )|+ luallz.0 7 + @O~ e Vurl30.7 -
0<t<T
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where uy (¢, x) = */?u(t, x). Since || - ||;, is equivalent to the usual norm in V, Vj, is
a Banach space. Define the mapping @ : V), — V) by putting @ (v) to be the solution
of (3.1). We shall show that @ is a contraction for all sufficiently large A. Let vy, vy
be two elements of V) and let u; = @ (vy), up = @(v2), u = u1 — u». Then for any

yeWws (Qr)andi=1,...,m,

9 i 2 . . ,
<—8u ,¢> — 8—/ Vu' (t, x)Vr(x)dx =/ (fl (vp) — f* (vz))(t,X)Vlﬁ(X)dx
t 2 Jrd R4

fora.e. e (0,T). Since 2e™u’du’ /91 = 3(e* (u')?) /01 — he™ (u')?, putting ¥ (x) =
e*u’ (¢, x) and integrating over the interval (¢, T) C (s, T) we obtain

. T . .
it [ PG 6 vl 6.0 ) s
t

T
:_2/ /dew(fi(vl)—fi(vz))wi(e,x)dedx
t R

T 2 T
< 4L28_2/ | (v —v2) (. )| d6 + 8—/ M| Vil @, |3 do.
t t

4
Hence
As |0 2 Y i 2 & i 2
sup ol + [ (a0l + S 19 @, R )
0<s<T s
T 2
< 8L28_2/ M (v — v, |5 dt
N
fori =1, ..., m, which shows that @ is a contraction if A > 8dL%s~2. Set ug = 0,

uy, = ®(uy—_1), n € N. By the Banach principle, {u,} converges in V) to the unique
fixed point of @, i.e. to the unique weak solution v of (1.1).
Set

Y =ul (6, X5Y), Zp =Vl (6, X0Y), tels, Tl i=1,...,m.

By Proposition 3.1,

Y =g (XST’X)—}—/ div £ (un—1)(6, X5) d6 —Z/ zp'kawk, rels, 1.
t k=1 1

3.5
As in the proof of (3.4), from (3.5) we deduce that |u, (s, x)| < [|¢]lcc + Ke ' ERo.7.
Since (3.5) holds true for every (s, x) € [0, T) X R?, we see that the functions U, are
bounded uniformly in n € N, and hence, by Nash’s continuity theorem, equicontin-
uous. Therefore we may apply the Ascoli-Arzela theorem and choose a sequence
(still denoted by {n}) such that {u,} converges uniformly in compact subsets of
[0, T) x R? to some bounded u € C ([0, T) x RY)™. Of course, u is a version of v. Set
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Y =ut, X)), t €[s, T). Since Y — Y a.s.fort € [s, T] and Y" are bounded
uniformly in 7, applying the Lebesgue dominated convergence theorems gives

T T
Ef Y — v P dr — o0, E/ Y =Y P dR,, - 0. (3.6)
N N

Since for any n, m € N,

. . T . .
Y-yt = f div(f' un—1) = f'(um-1)) (0, X5*) d0

t
d T ) )
-3 [tz
k=171
applying It6’s formula and using (2.4) gives

E|stl sz| +EZ |Zn1k ;nikZdl
k=1"%

T . . |
N ZE/ (= w3 div(f' n—1) = f* um—1) (2. X;*) dt
d T - ‘ .
_28_1E Z/ (’4; - Min)(f]é (n-1) — f]é (u’"—l))(l, Xf,X)dVS/ft
k=17s
T 5(yi — .
_ ZEZ/ (u ul ) fk (Up—1) — flé (um—l))(l‘, th,x)dt

. . T . .
< 4M£_1E/ |Yll’l,l . th” |2 dRs,t + CE/ |Ytn_l'l _ th—l,l |2dt
s s

d T ) )
+2’1EZ/ |z~ Zm P
k=171

for some C > 0 not depending on n,m, which when combined with (3.6) shows
that {Z"} is a Cauchy sequence in H2(s, T)™. On the other hand, since u, — u in
v, Efsils | Z! — eVu(t, X"")||*>dt — 0 for every § € (0, T — s). Thus, if we set
Z7" =eVu(t, X;"), t €s, T], then

T
E/ | zr = 25| * dr —o. 3.7)
s
Letting n — oo in (3.5) and using (3.6), (3.7) shows that (Y**, Z*¥) solves (1.3). U

Remark 3.3 (i) In case m = 1 existence of a unique weak solution u € W(Qr) N
L*>®(Q7) to (1.1) is well known (see, e.g., [17, Theorem 2.9]). It is known also that
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lu]lco < l@lloo- Observe that the above results follows from the proof of Theorem 3.2.
Indeed, the function u constructed in the proof is a solution of the problem (1.1) with
f replaced by g, so we only have to show that ||#||co < ||¢|lco- The last inequality may
be proved probabilistically as follows. Set M = ||¢||oc and denote by L = {L;;t €
[s, T'1} the local time at zero of the semimartingale Y** — M. By the Tanaka—Meyer
formula, we have

T
(Y;’X_M)+_(YIS’X_M)+:/ Lot.oo) (Y™) d¥y™ + L1 = Ly.
t

Hence

Ny = M) [P =P (v — )P
T T
= A/ M (¥ = m)t P dr + 2/ M (YSF — M) (dYS +dLy)
s s

T
+/ e l(Moo) )|st} dt.
s

Since (Y3* — M) =0, it follows from the above that
T
ME|(vsY — M) —i—AE/ (v — M)t dr
N
T
v [t ()22
,IEZ/ sx_ )+88_JZ<(Yts,x)Z;v,x,kdt
T
< 28_1LE/ MY — M)z |dr
s

T T
e [l P [ a7
s N

for some C depending on &, L. Putting A = C we see that E|(Y;"" — M)T|> =0
which implies that ||u||.c < M.

(i1) Consider now the system (1.1) in space dimension d = 1. Then (H) is satis-
fied if ¢ € L*°(R) N W21 (R), f € C'(R) and f is Lipschitz-continuous with some
constant L > 0. To prove this we only have to show that the solution u constructed
in the proof of Theorem 3.2 is bounded. Observe also that without loss of gener-
ality we may and will assume that f(0) = O (if necessary, we can replace f by
F»=f - f0O).

Applying It&’s formula to (3.5) and taking expectation gives

T
E]YS"’"}Z—i—/ |z dr
N
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T i
= Elo(x") 422 [ e 307) Tt )

s x

fori =1, ..., m. Integrating the above equality with respect to x we get

2
dt

) T oul
. +e? [ 5

||¢HZ+2// S 2Tl x)de dx

<lo-2 [ [
T i

i|2 -1.2 % )

<lo+2te | H S

Since ug = 0, we deduce from the above that

; 2 1T oul
looli+g [ )52

oun 1(t, x)dtdx

2 T 5
di 426721 f e, | dv.
2 s

2 — .
dt<Z“ T =2

< 62L2(T—s) ”(pi ”2 (3.8)

for s € [0, T]. Put v, = du, /0x. ¥ = d¢p/dx. Since

duy, g2 azun of oup — 1
z - ; T,)=o,
at + 2 9x2 ax up(T,)=¢
we have
v, g2 821)" of oup — 1
- = — N T7. — X
ot 2 9x2 ax v (T, )=y
From this it follows that fori =1, ..., m,
T i 2
i 2 ov
lohcs. o+ |G| ar
= v ||2+z/ /vox) 1,0y did
= -2 t,x)dtd
”'ﬁ ”2 8x ( X) X
- T avi 2 Tl m auk 2
<[V +e? / T R ) e
s dx 2 s =1 0x )
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By the above and (3.8) there is ¢ not depending on n such that

dul 2 _—
’a_xn(s’ ) Hz =cleliw (3:9)

foreachi =1,..., m. Since, by the imbedding theorem, there is ¢’ > 0 not depending
on n such that [|u, (s, ) |leo < ¢/[lun (s, ')”W2‘ @) for s €0, 7), it follows from (3.8),
(3.9) that Sup, ¢ llun lloo < C||§0||W21 (R) and hence that |[u[[cc < C”SDHWZI R)"

Note that the above proof is a modification of the proof given in Exercise 10 in
Sect. 15.1 of [32] (the proof given in [32] shows in fact that the assumption that f is
Lipschitz-continuous can be weakened).

(iii) In the general case (m > 1, d > 1) existence and uniqueness of global bounded
weak solutions to (1.1) is known to hold if the system is strictly hyperbolic and the
total variation and the supremum norm of the final condition ¢ are sufficiently small
(see [5] and the references therein).

Let us note that in case of scalar conservation laws, i.e. if m = 1, existence of
solutions of (1.3) follows from [13, Theorem 2.3]. Uniqueness holds under some
further restrictions on f.

Theorem 3.4 Let m = 1. Then under assumptions of Theorem 3.2, if moreover f €
C2(R)?, for each (s, x) € [0, T) x R? there exists at most one solution of BSDE (1.3)
in the class H® (s, T) x H2(s, T)“.

Proof The proof follows from [13, Theorem 2.6], because the function F(y,z) =
ZZ:] iz, yeR, z e R, satisfies hypotheses (H2), (H3) of [13]. O

Remark 3.5 (i) Let (82, F, P) be a complete probability space equipped with some
filtration {ff},e[sj] satisfying the usual conditions, and let )};’x =x+ EW,, te
[s, T], where W is an {ff}-Wiener process on (S~2, f 15) starting at time s from O.
The proof of Theorem 3.2 shows that the pair

(Y, Z0Y) = (u(t, X7°), eVu(t, X)), tels, T, (3.10)

where u is a continuous weak solution of (1.1), is a solution on (fz, F , ﬁ) of the
system

B . T 3f
8,X,1 vx —1 k sx Jjk
Y, _—(p E E f 8uJ deé

k=1 j=1
d .1 )

—Z/Zyww,manﬁwmz (3.11)
— . Jt

(to see this it suffices to observe that in the proof of (3.2), which is used to prove (3.5),
and in arguments following (3.5) we do not use the fact that the underlying filtration
is generated by a Wiener process).
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(i1) Similarly, since in the proof of the comparison principle [13, Theorem 2.6]
the fact that the solutions under consideration are adapted to the natural filtration
generated by a Wiener process is not used, in case m = 1, f € C*>(R)¢, the pair
(3.10) is a unique {]i';‘ }-adapted solution of (3.11) on (£2, F, P) (with the Wiener
process W) in the class H®(s, T) x H2(s, T)¢. Thus, if m = 1 and f € C2(R)?,
then the solution of (1.3) is weakly unique (for the definition of weak uniqueness see
[16] and Sect. 5).

4 Stochastic Backward Systems

From Theorem 3.2 and (2.3) it follows that under hypothesis (H) the family
{(Ys*,z25%; (s,x) € [0,T) x ]Rd} is a solution, in the class H™® x HZ2, of the
stochastic backward system associated with ¢, f in the sense that for every (s, x) €
[0, T) x R? the pair (Y**, Z5*) € H®(s, T) x H>(s, T) is a solution of the system

Vi =X + e 2 [T f@, X5y wdXyt — [T 25" dwy, 1€ls, Tl
Y =u@, X)), tels, Tl
4.1)

Let us point out that from the second equation in (4.1) it follows that u(s, x) =
YS" a.s., so the function u appearing in (4.1) is determined by the first component
{Y$*: (s,x) € [0, T) x R} of the system.

We will say that system (4.1) has a unique solution in H> x H? if v =2y,"*,
tels, Tlas.and E [ |'Z5* =225 1>dt = 0 for every (s, x) € [0, T) x R for any
system {(KY** KZ5%): (s,x) € [0, T) x R} € H® x H2, k = 1,2, associated with
¢, f. Notice also that from the definition of a solution of the stochastic system and
remark preceding formula (2.3) it follows that if f is locally bounded then for each
(s,x) € [0, T) x R the process Y** is a Dirichlet process in the sense of Follmer,
i.e. admits a (unique) decomposition into a continuous square-integrable martingale
and a continuous process of 0-quadratic variation.

Theorem 4.1 Under assumptions of Theorem 3.2 the stochastic system (4.1) has a
unique solution in H>® x H2.

Proof Suppose that {(kY”, kZ”), (s,x)€[0,T) x Rd}, k =1, 2, are two solutions

of (4.1). Set FY$* = uy (s, x) and for fixed s, x write Y = 1y5* —2ysx 7z =lzsx _
278, By It6’s formula for Dirichlet processes (see [7, Lemma 2.5]),

T T
eAT|Y}|2—ek‘9|Y;|2=)\/ eM|Yti|2dt+2872/ MY} dH " (h')
N

N

d T d T
+2Z/ e“y,lz;deHZ/ M|z dr,
k=1%" k=1%"
“4.2)
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where h' = (b}, ... hi), hi = fi(u) — flu). Let {IT" ={s =1} <--- <t"=T}}
be a sequence of partitions of [s, 7'] such that maxo<; <, (¢" ") —0asn— o0

j+1 T
and let s7 =T +s — 1, ;. Since the integral fA MY dH) " (h') exists as limit in
probability of Riemann sums and ¢ e* is of finite variation, for k = 1, ...,d we
have
. T+s—t;7 _ B
Y / it X5) dBY,
T+s— t;+|

s§t7<T

s
WTs—sDgi [ 7 %
=y SUH ‘J)Ys’;l / hi(t, X)) dBY,
Sj

SSS;?<T
s"
- i+l — —
+ Y ST (T, —Y;,,)/ hi(t, X$°) d BY,
P S+l J s ’
s<s} <T J

—>f MY hy(t, X;*) dBF,

) T
N <6A(T+s—-)/2yi L MTHs=)/2 / R (¢, X7) dBf,t>

N N

(here 17} = Y} +s—)- The mutual quadratic variation above can be estimated by

. T
2—1£<6A(T+s—»)/2yi>z_|_2—18—1<€A(T+S—-)/2/ }_z;((t,)_(‘;’x)dBf’t> .

s N

Since Y' is a Dirichlet process with the martingale part Zzzl f . Zék d Wé‘, it follows
that

(e“”s_‘)/zl?i): _ <e(x-)/2Yi>sT _ /T M|z ‘2dt.
s

Moreover,

. T . T
<eMT+S")/2 [ E};(t,)_(f’x)dBf’[> :< / exf/2ﬁ;;(t,;‘(;~X)dB§t>
N )

N N
T ) 2
:/ M| hi (e, X7F)|" dt.
N

By the above,

—25_2E/ eMy! dH* (h <28_1EZ/ MYl hi (e, X)) dVE,
s

T
vE [ ) P
S
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which when combined with (4.2) gives
M E|Y| +)\E/ e dt§28_1EZ/ MY hL(t, X)) dVE,
N k_l A

T
+8’2E/ HMn(r, X§*)Pdr.  (@43)
s

Write u = uy — us, g,i =u h}c By elementary calculations, for every ¢ € (s, T] we

have
. o WEk— Wk
/ (Eg,’c(t, X;t) ——= )dx
Rd t

-8

i1,
2/ g, y) <A;d(yk—xk)p€2(tS)(y—x))dx)dy=0.

Rd E(t —5)

Therefore putting A = Le~2 and integrating both sides of (4.3) with respect to the
space variables, we conclude that ||u’ (s, -)||% =0fori=1,...,m. Thus, u(s,-) =0
a.e. on R? for every s € [0, T']. Since for fixed (s, x) € [0, T) x R4 we have

T
u(s,x)=EYS* = g_zEf (fu) = f)(t, X;7") xdX]*

k k

d T wk—w
_ 1 _ $,X t s
_ E;/ (felwn) = ) (6, X)L == ar,

it follows that

|Wt_Ws|
t—s

T
‘u(s,x)| 58_]LE/ ‘u(l,Xf’x)| dt =0.
N

Consequently, ¥; = — ftT ZogdWy, t €[s,T], and hence Y =0, Z = 0, which proves
the theorem. O

5 Forward-Backward BSDEs

It is worth pointing out that in case m = 1 the continuous weak solution u of (1.1)
may be represented by weak solutions of forward-backward stochastic differential
equation (FBSDE)

{f(f’x =x+ [l f/(¥;5)d0 +e(W, — W), tels, T, 50

Vi =X — [T 25" aws, rels, Tl

associated with (1.1). Before proving the representation, we give definitions of weak
solution and weak uniqueness for the above FBSDE.
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Following [2, 16] by a weak solution of FBSDE (5 1) we mean a triple (.(NZ .7:" 13)
(W, {f,}te[g T1)> (XS5, Y5%, Z5%), where (£2, F, P) is a complete probability
space, {]:t}teh 7] is a filtration of sub-o-fields of F satisfying the usual conditions,
W is an {}"S }-Wiener process on (2,F, P) startmg at time s from 0, the processes
X5%, Y5 are continuous, all processes XSX YSX 75 are {fz}ze[s,r] adapted and
(5.1) is satisfied P-a.s.

If, in addition, ¥** is P-a.s. bounded on [s, T1and E5 [ (1X{™ 24125 1?) dt <
0o, we shall say that the weak solution is of class H22(s, T).

We say that weak uniqueness holds for (5.1) in the class H22(s, T) if for
any two weak solutions (2!, ', P1), (W', (FI}), (X', Y, Z!) and (22, F2, P?),
(W2 (F2)), (X2, 72, Z%) of (5.1) such that (X!, Y, Z!) € H>*2(s, T) the finite-
dimensional distributions of ()~( 1 Y 1 7 1) under P! are equal to the finite-dimensional
distributions of (X2, Y2, Z%) under P2.

Theorem 5.1 Let m =1 and let ¢, f satisfy the assumptions of Theorem 3.2. Then
for each (s, x) € [0, T) x R? there exists a weak solution of FBSDE (5.1) in the class
H22(s, T). If, in addition, f € C*(R?), then weak uniqueness holds for (5.1) in
the class H>2(s, T), and if (X**, YS*, Z5%) € H2%2(s, T) is a solution of (5.1)
on some stochastic basis, then

(Y%, Z0Y) = (u(t, X7°%), eVu(t, X)), tels, T, (5.2)
where u is a continuous weak solution of (1.1).

Proof Existence of weak solutions follows immediately from Theorem 3.2 by Gir-
sanov’s theorem. Indeed, let (Y**, Z%¥) be a solution of (1.3) for some (s, x) €
[0,T) x R?. Let

d
1 ! I
Nts’xzexp<g§ /Yf,g(yg*x)dwg—mfs |f/(Yg”‘)|2d9>, t€ls, T, (5.3)
k=1""

and let P be a measure on JF7 such that d PJ/dP = N;’x. Since under P the process

t
w=(w' .. w), W[k:W,k—s_I/f,é(Yg’x)dG, tels T
s

is an {F;}-standard Wiener process starting at time s from O, it follows from (1.3)
with m = 1 that (X*¥, Y%, Z%), (W, {F¥}) is a solution of (5.1) on (£2, F, P).

To prove uniqueness, let us fix (s, x) and suppose that ()}i, 17[, Zi) e H>®2(s, T),
(Wi {FY), i = 1,2, are two solutions of (5.1) defined on spaces (2, F', P'),
i =1, 2, respectively. Let

d
, 1 t - - 1 ! -
i —exo( <32 [ it~ o8 [\ ipPas). retnm
k=1
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Since M’ is an {F!}-martingale on [s, ] under P’, applying Girsanov’s theorem we
see that under Q' given by (d Q' /d P'") = M’ the process

A .

. ~ t ~
Wi= (Wi, .. Wi, Wt”k=Wt”k+s’1/fk’(Y9‘)d9, tels, T1 (54
N

is an {]i't" }-standard Wiener process on (£2°, Fi,0h starting at time s from 0. There-
fore (X, Y!, Z), (W, {}1["}) is a solution of the BSDE

Xi=x+eW!, tels Tl
{Y’—go(X Y+e 'Y T A ZE ae -4 [T ZERawik, rels, T
on (2, 7, 0'). By Remark 3.5,
(Y/.Z})) = (u(t, X}). eVu(t, X})), tels,T], i=12, (5.5

where u is a continuous weak solution of (1.1). On the other hand, since the distribu-
tions of X! under Q' and X2 under Q2 are equal and for i =1, 2 the density 1/ M%
of P! with respect to Q' may be expressed as a functional of (X!, Y?), equality (5.5)
implies that the finite-dimensional distributions of X' under P! and X2 under P2 are
equal, which together with (5.5) completes the proof of weak uniqueness and (5.2). [

Notice that existence of weak solutions of (5.1) may be proved without referring
t0~Girs~anov’s theorem. Indeed, we can first find a unique weak solution (£2, F, P),
(W, {F:}), X** of the It equation

t
Xt =y +f fi(u(0,X5%))do +e(Wf = WE), tels, Tl k=1,....d,

' (5.6)
where u is a continuous we~ak solution of (1.1), and then as in the proof of Proposi-
tion 3.1 show that the pair (V" Z"%) = (ii(r, X{™*), eVii(t, X;™*)), t € [s, T1, where
i is a continuous weak solution of the problem

8_“+ e Au+ka(u)— =0, aT,) =9,

is a solution of BSDE

T
T = (R5) - f 755 dWe, tels.T]
t
on (2, F, P) By Proposition 3.1, u = ii. Hence Yot = =u(r, X%, t €[s, T], and the
triple (X5, Y5 Z5%) is a solution of (5.1) on (§2, F, P). The above proof explains
why we con51der weak solutions of FBSDEs associated with the problem (1.1). In
general we know only that u is continuous and therefore we do not know whether
there is a strong solution of the forward equation (5.6).
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A strong solution of FBSDE

X;¥ = x4 [L ) dO + (W, — W), 1els. T,

$,X $,X T 5s,x 6.7

Y =Xy ) = [ Zy dWe, te[s, T]
exists under additional assumptions on ¢ and f. For instance, from the general theory
of FBSDE:s the following result follows.

Theorem 5.2 Let m = 1. Assume that ¢, f satisfy the assumptions of Theorem 3.2
and, in addition, ¢ and " = (f{,..., f;) are Lipschitz-continuous. Then for each
(s,x) € [0, T) x R? there exists a unique solution (X**,Y5*, Z5%) € H>%2(s, T)
of (5.7).

Proof The proof follows by the method used to prove [21, Theorem 3.3]. d

Notice that existence and uniqueness of strong solutions of (5.7) also hold under
some monotonicity conditions on ¢, f” (see [12]).

Let us observe that putting # = s in the second equation of (5.1) and taking expec-
tation shows that the family {X*; (s, x) € [0, T) x R?} is a solution of the following
forward system:

X =x+ [T fw®, X)) do +e(W, — Wy), tels, T, 58)
u(s, x) = Epp(X7), (5,x)€[0, T] xR,

Remark 5.3 Using ideas from [31] (see also [1]) one can provide representation sim-
ilar to (5.8) for systems of the form (1.1). To see this, let us denote by I the m x m-
identity matrix and by Fi(y), k=1, ...,d, the m x m-matrix defined by

ai
fk.(y), yeR™, i,j=1,...,m.
ay/

Let (Y5, Z%%) be a solution of (1.3). By [31, Theorem 1], for each (s, x) € [0, T') x
R¢ there exists a unique solution @** of the matrix-valued SDE

t
;" =I+s_1/ (@) F(Yy™),dWy), 1€ls, Tl (5.9
N

ie. @%F is an {F;}-adapted process on [s, T'] taking values in R” ® R™ such that
Y4 E [T 108 Fe(Y ) di < oo and

d ot
(d)ts’x)ijzlij+€712/(Qg’ka(Yg,x))ideGk’ rels Tl
k=1"¢
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fori,j=1,...,m. Let Z‘;‘x’k, k=1,...,k, denote the column vector in R” with

ik . )
components Z;""'", i =1,..., m. Since

4 1
AES ST Z/ Fe(vy™)zy™ "  ao +f Zy* dWy,
k=1"*% s

applying It6’s formula for matrix-valued processes (see [31, Lemma 1]) yields

d T
o = opo(y) - Y [ ey Ry
k=171
+ oy zy N awk, rels, Tl
Write F = (F}, ..., Fy). Since we know that u(s, x) = Y;"* a.s., it follows from the
above and (5.9) that there is a solution {®5*; (s,x) € [0, T) x Rd} of the system

{cbf’x =1 47! [(@y Fu®. Xy™)).dWp), 1€ls.T], (5.10)

u(s,x) = EQ7 p(X3"), (s,x) €[0,T] x R%.

The above representation may be viewed as a generalization of (5.8). Indeed, if m =1
then @) = N, t € [s, T], where N*** is defined by (5.3). Therefore, under P,

t
Xf’x’kzx—i—/ fi(u(0,X5%))do +e(Wf = WE), tels, Tl k=1,....d,
N

where W is defined by (5.4), and the second equation in (5.10) may be written in the
form u(s, x) = E,;go(XST‘x).

Systems of the form (5.8), (5.10), in even more general setting, are considered in
[1, 4] by methods completely different from those adopted in the present paper. In
[1, 4] it is proved, among other things, that under some regularity assumptions on
@, f there exists a unique solution of (5.8) and u is a weak solution of (1.1) for some
sufficiently small T > 0.

Remark 5.4 At the expense of minor technical complications one can carry over re-
sults of Sects. 3-5 to systems (Sects. 3—4) or single equations (Sect. 5) of balance
laws of the form (1.7).
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