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Abstract

We prove the existence of a weak solution to a backward stochastic
differential equation (BSDE)

T T
Y;ng—f—/ f(S,Xs,Y;,Zs)dS—/ Zs dWy
t t

in a finite-dimensional space, where f(t, x,y, z) is affine with respect to
z, and satisfies a sublinear growth condition and a continuity condition
This solution takes the form of a triplet (Y, Z, L) of processes defined
on an extended probability space and satisfying

T T
Yt:§+/ f(s,Xs,Ys,Zs)dsf/ Z,dW, — (Ly — L)
t t

where L is a continuous martingale which is orthogonal to any W. The
solution is constructed as a solution measure, with the help of Young
measures theory.

Keywords: Backward stochastic differential equation, weak solution,
martingale solution, Young measure.
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1 Introduction

Aim of the paper Let (Q,F,(Ft)c0,7),P) be a complete probability
space, where (F3)¢>0 is the natural filtration of a standard Brownian motion
W = (Wi)iejo,r) on R™.

In this paper, we prove the existence of a weak solution (in the classical
sense, i.e. defined on an extended probability space) to the equation

T T
1) Yt:§+/t f(s,Xs,Ys,Zs)ds—/t ZodW, — (L — L)
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where where f(t,x,y, z) is affine with respect to z, and satisfies a sublinear
growth condition and a continuity condition, W is an R™-valued standard
Brownian motion, Y and Z and L are unknown processes, Y and L take their
values in R?, Z takes its values in the space L of linear mappings from R™
to R?, ¢ € Lid is the terminal condition, and L is a continuous martingale
orthogonal to any Brownian martingale, with Ly = 0. The process X =
(Xt)o<t<t is (Fi)-adapted and continuous with values in a separable metric
space M. This process represents the random part of the generator f and
plays a very small réle in our construction. The space M can be for example
some space of trajectories, and X; can be for example the history until time
t of some process ¢, i.e. X¢ = ((sat)o<s<T-

Such a weak solution to (1) in the classical sense, i.e. defined on an
extended probability space, can be considered as a generalized weak solution
to the more classical equation

T T
(2) Yt:§+/ f(s,Xs,Ys,Zs)ds—/ Z, AW,
t t

Historical comments Existence and uniqueness of the solution (Y, Z) to
a nonlinear BSDE of the form

T T
Yt:§+/ f(s,Ys,Zs)ds—/ Zy dW
t t

have been proved in the seminal paper [22] by E. Pardoux and S. Peng, in
the case when the generator f(t,y, z) is Lispschitz with respect to (y, z) and
satisfies a linear growth condition ||f(t,y,2)|| < C(1+ ||ly|| + [|z|]). In [20],
J.P. Lepeltier and J. San Martin proved in the one dimensional case the
existence of a solution when f is continuous and satisfies the same linear
growth condition.

Equations of the form (2), whith f depending on some other process
X, appear in forward-backward stochastic differential equations (FBSDE’s),
where X is a solution of a (forward) stochastic differential equation

As in the case of stochastic differential equations, one might expect
that BSDE’s with continuous generator always admit at least a weak so-
lution, that is, a solution defined on a different probability space (generally
larger than the space on which W is defined). A work in this direction but
for forward-backward stochastic differential equations (FBSDE’s) is that of
K. Bahlali, B. Mezerdi, M. N’zi and Y. Ouknine [3], where the original
probability is changed using Girsanov’s theorem. Let us also mention the
works on weak solutions to FBSDE’s by Antonelli and Ma [2], and Delarue
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and Guatteri [12], where the change of probability space comes from the
construction of the forward component.

Weak solutions where the filtration is enlarged have been studied by
R. Buckdhahn, H.J. Engelbert and A. Rascanu in [10] (see also [8, 9]), using
pseudopaths and the Meyer-Zheng topology. Pseudopaths were invented
by Dellacherie and Meyer [13], actually they are Young measures on the
Skorohod space D (see Subsection 3.2 for the definition of Young measures).
Young measures on ) have been re-invented by Pellaumail [23] under the
name of rules, to construct weak solutions of SDE’s. In the present paper, we
also construct a weak solution with the help of Young measures on suitable
spaces of trajectories. Note that the result of Buckdhahn, Engelbert and
Rascanu [10, Theorem 4.6] is more general than ours in the sense that f
in [10] depends functionally on Y, more precisely, their generator f(t,z,y)
is defined on [0,7] x D x D). Furthermore, in [10], W is only supposed
to be a cadlag martingale. On the other hand, it is assumed in [10] that
f is bounded and does not depend on Z (but possibly on the martingale
W). In the present paper, f satisfies only a linear growth condition, but
the main novelty (and the main difficulty) is that f depends (linearly) on
Z. As our final setup is not Brownian, the process Z we construct is not
directly obtained by the martingale representation theorem, but as a limit
of processes Z(™ which are obtained from the martingale representation
theorem.

The existence of the orthogonal component L in our work comes from
the fact that our approximating sequence (Z (”)) does not converge in L2,
actually it converges to Z only in the weak topology of L2, thus the stochastic
integrals fg Z™) W, do not need to converge to fg Z dWy in L?, neither in
distribution. Let us mention here the work of Ma, Zhang and Zheng [21],
on the much more intricate problem of existence and uniqueness of weak
solutions (in the classical sense) for forward-backward stochastic differential
equations. Among other results, they prove existence of weak solutions with
different methods and hypothesis (in particular the generator is assumed
to be uniformly continuous in the space variables) which ensure that the
approximating sequence Z (") constructed in their paper converges in L? to
Z.

Organization of the paper Definitions and hypothesis are provided in
Section 2, along with remarks on pathwise uniqueness and existence of strong
solutions. Section 3 is devoted to the construction of a weak solution: First,
in Subsection 3.1, we construct a sequence (Y (™) Z(") of strong solutions to
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approximating BSDFEs using a Tonelli type scheme, and we prove uniform
boudedness in L? of these solutions. Finally, in Subsection 3.2, we obtain
the solution by passing to the limit, using Young measures.

2 Definitions, notations and hypothesis

For any separable metric space E, we denote by Cg[0, 7] the space of con-
tinuous mappings on [0,7] with values in E. Similarly, for any ¢ > 1, if
E is a Banach space, and if (X,G,Q) is a measure space, we denote by
LL(X) the Banach space of measurable mappings ¢ : ¥ — E such that

lelly = fy ()17 dQ(s) < +oo.

In the sequel, we are given a stochastic basis (2, F, (F¢):c(o,7], P), the
filtration (F) is the natural filtration of an R™-valued Brownian motion
W, augmented with the P-negligible sets. We are also given an R%valued
random variable £ € L2,(€, F,P) (the terminal condition). The space of
linear mappings from R™ to R? is denoted by L. We denote by M a separable
metric space and by X a given (F;)-adapted M-valued continuous process.
Finally we are given a mapping f : [0, 7] x M x R? x R¢ — R? which satifies
the following growth and continuity conditions (H;) and (Hz):

(H1) There exists a constant Cy > 0 such that V(¢,z,y,2) € [0,7] x M x
R x L, [|f(t,2,y,2)|| < Cp(1+ 2]

(Hy) (i) f(t,z,y,z) is continuous with respect to (x,y) and affine with
respect to z,

(ii) for all z € Cy[0,T], y € Cga[0,T)], z € L2[0,T], and t € [0, T,

T

lim (f(s,z(s),y(s),z(s +1/n)) — f(s,z(s),y(s),2(s))) ds =0 a.e.

n—oo t

where v is extended to [T, T 4 1] by v(t) =0 for ¢t > T.

Condition (Hs) is satisfied if e.g. f is continuous in all variables, or if
ft,z,y,2) = g(t,z,y) + h(z,y,z) with g and h continuous with respect
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to (z,y,2). For example, in the first case, we have

T
| a9, 2(s + 1/m) ds
T
:/t f(s=1/n,z(s—1/n), y(s —1/n), z(s))ds

+1/n

T
~ / £ (5,2(5), y(s), 2(5)) ds

+1/n
by continuity of f, x, and y.

Definition 2.1 A strong solution to (2) is an F-adapted, R? x LL- valued
process (Y, Z) (defined on Q x [0,7T]) that satisfies (2).

Remark 2.2 Similarly, a strong solution to (1) should be a triplet (Y, Z, L)
defined on Q x [0,T1]) satisfying (1), and such that L is a continuous martin-
gale orthogonal to any (F;)-martingale (recall that (F;) is the the natural
filtration of W) and Ly = 0, but this notion coincides that of a strong
solution to (2), because then L would be an (F;)-martingale, hence L = 0.

We now define weak solutions as solutions defined on an extended prob-
ability space:

Definition 2.3 A weak solution to (2) is a stochastic basis (Q, F, (F;), i)
along with a triplet (Y, Z, L) of processes defined on 2 such that:

1 There exists a measurable space (I', G), and a filtration (G;) on (', G) such
that
Q=0xTI', F=F®(§, F, =F®G foreveryt,

and there exists a probability measure p on (2, F) such that u(A xI') =
P(A) for every A € F.

Note that every random variable ¢ defined on 2 can be identified to a
random variable defined on €, by setting ((w,7) = ((w). Furthermore, F
can be viewed as a sub-c-algebra of F by identifying each A € F to the
set A x I'. Similarly, each F; can be considered as a sub-o-algebra of F,.
We say that (2, F, (F;)s, 1) is an extension of (Q, F, (Fi), P).

2 The process (Wi)o<t<7 is a Brownian motion on (9, F, (F,)s, i) (where
W(w,7) := W(w) for all (w,v) € Q),
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3 The process Z is L-valued, defined on 2 and (F;)-adapted, with E fOT 1 Z||* ds
< 00, and the processes Y and L are Re-valued, defined on © and (F,)-
adapted, L is a continuous martingale with L € L%d (©) and Lo =0, and
L is orthogonal to every Revalued (F;)-martingale M, i.e. M ALl is a
martingale for all 4,5 € {1,...,d}, where M and LU! are respectively
the ith and jth coordinates of M and L.

4 The BSDE (1) holds.

Remark 2.4 In our definition of a weak solution, Z is assumed to be de-
fined on €2, that is, fot Zs dW represents the (F;)-adapted component of the

martingale Y; — Yy + fg f(s, Xs,Ys, Zs) ds, i.e.

t t
/stWs:Eft </ stWs+Lt>
0 0

where E*t denotes the conditional expectation with respect to F;. Actually,
it is easy to check (see the proof of Lemma 3.3) that (1) is equivalent to

T
3) Y, = B (5 +/ f(s,XS,YS,ZS)ds>
t tT
/ ZsdWy+ Ly = L <§ 4 / f(s,XS,Y;,ZS)d$>
0 0

(4) —E<§+/0Tf(s,XS,Y;,ZS)ds>.

Remark 2.5 One easily sees that, under hypothesis (H;) and(Hs), Equa-
tion (2) may have infinitely many strong solutions. For example, let d =
m=1,€&=0, and f(s,2,y,2) = v/|]y[. Then, for any to € [0,T], we get a
solution by setting Z = 0 and

v = to—t)? f0<t<t
0 iftg<t<T.

Thus, in our setting, pathwise uniqueness does not necessarily hold.

T. G. Kurtz [19] has proved a very general version of the Yamada-
Watanabe and Engelbert theorems on uniqueness and existence of strong
solutions to stochastic equations, which includes SDEs, BSDEs and FBS-
DEs. His results are based on the convexity of the set of joint solution-
measures. But, in our case, as Z is defined on (), this convexity does not
hold. So Kurtz’s theory does not apply directly to our problem, and the
study of the relations between pathwise uniqueness and strong solutions
remains to be done.
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3 Construction of a weak solution

Theorem 3.1 Assume that f satisfies hypotheses (Hy) and (Hz). Then
Equation (2) admits a weak solution.

Note that the counterexample given by Buckdahn and Engelbert in [§]
does not fit in our framework, so we do not know any example of a BSDE of
the form (2) under hypothesis (H;) and (Hs) which has no strong solution.

3.1 Construction of an approximating sequence of solutions

In this subsection, we only assume that f is measurable and satisfies the
growth condition (H7). We construct approximating equations and solutions
and prove some boundedness results of theses solutions through a series of
Lemmas.

Approximating equations The proof of Lemma 3.3 will show that (2)
amounts to the following equations (5) and (6):

T
(5) Y, = E (54_/ f(g,Xs,Yg,Zs)d5>
t tT
/ Zs dWs = E]:t (5 "’/ f(S’XSaY:‘h Zs) dS)
0 0

(© (e [ s x0v 20 0s)

where E7* denotes the conditional expectation with respect to F;. We need
first some notations: in the sequel, f is extended by setting f(¢,z,y,2z) =0

for t > T, and we denote Z§”) = Es <Z§Z)1/n), with Zt(n) =0fort>T.

We can now write the approximating equations for (5) and (6):

T ~
(7) v\ = gF <§ + / F(s, X,, Y™ Z(m) ds>
t

+1/n

t T _
/ ZM qw, = B (5 + / f(s, X, YW Zn) ds>
0 0

T ~
(8) ~E (s + /0 f(s, X5, Y™, Z(M) ds)

Proposition 3.2 The system (7)-(8) admits a unique strong solution (Y (), Z(),

Furthermore, Y;(n) € L2.(Q x [0,T)) and ZMm e 1L.2(Q % [0,T7]).
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Proof Let T, =T — %, k=0,...,[nT], where [nT] is the integer part of
nT. Observe first that for each k, (8) amounts on the interval |Tj41, Tk] to

(9) / t zZ™ aw, = " <§ +

Ty

f(s, X5, Y™ Z{M) ds>

Tk
T

— E e <§ + f(s,Xs,Ys("), Z§">) ds) .

Ty

Now, the construction of (Y (™), Z(") is easy by backward induction: For
Ty <t <T =Ty, we have Y;(n) = E7t (¢) and (Zt(n))Tlgth is the unique

2
adapted process such that E fg (Zt(")) ds < +o00 and

t T
/ Z{" dw, = E™ (s + [ fs, X, Y, 0) ds)
T1 Tl

T

. (g + [ f(s, X5, Y™ 0) ds> .

T

Suppose (Y™, Z() is defined on the time interval |T}, T], with k < [nT7],
then Y™ is defined in a unique way on |Tk41,Tx] by (7) and then Z(™ on
the same interval by (9). Furthermore, we get by induction from (9) that
Z™M € L2(Q x [0,T]). Then, using this last result in (7), we deduce that

Y™ € L2,(2 % [0,T]). [
The following result links (7) and (8) to an approximate version of (2):

Lemma 3.3 Equations (7) and (8) are equivalent to
T ~ T
(10) v =g+ / F(s, X5, Y™, ZM) ds — / 2 aw, — U
t t
with Y™ adapted and
t+1/n _
U =87 ([ 5, X Y, 20 s )
t
Proof Assume (7) and (8). Denoting
T _ t
M = E7 <§+ / f(s,XS,xg<”>,Z§">)ds> = M + / Z{m aws,
0 0

8
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Equation (8) becomes

T ~
Mt(n) _ g (5 +/t f(S’XS,Ys(n),ZS(n))dS>

+1/n
t ~
" / F(s, X, Y 7y as + U™
0
By (7), this yields
t ~
Mt(n) _ Y;(n) +/ f(S,Xs,Y:g(n),Zgn))dS + Utn)’
0
that is,

t ~
Y;(n) — Mt(n) _ / f(S,Xs, Y's(n), Zgn)) dS _ Ut(n)
0
t ¢ N
0 0
In particular,

v —g= s [

T T _
ZM aw, — / f(s, X, YW ZM) ds
0

thus
T T ~
VO -y == [C 2 awt [ e XY 20 s = Ul
t t

which proves (10).
Conversely, assume (10) and that Y™ is adapted. Denote Vz(n) =
fg Zs(n) dW,. We have

Y;(") — E]:t <Y;(")>
T ~ T
=g <5+/ f(s,Xs,Ys("),Zs("))ds—/ ZM dw,
t t
t+1/n _
_ / f(s, X, Y, Zs("))ds>
t

T ~
—E7 (s + / f(s, X0, Y, Z(9) ds) —EF (v - v
t+1/n

T ~
— R (5 +/ f(s, X, YW Zm) ds> ,
t

+1/n
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which proves (7).
Now, using (7) and (10), we have

T o~
E7t <§+ / f(s,XS,YS<">,Z§">)dS>
0

T ~
= E7 £+/ f(S’XS’}/;(n)’ Zs(n))ds
t+1/n
/sts,Y ZMyds + U
t
—y™ g / F(5. X0, Y, Z0) ds + U™
0
T = g (n)
= §+ [ f(S;XsaY:q(n))Zggn)) ds — /t Zén) dWS - Ut
t ~
+ / f(s, X0, Y, Z0Y ds + U™
0
T " T
:§+/ f(s,Xs,Y;<”>,Z§">)ds—/ ZM dw,
0

t

In particular,

T o~
E <s+ / f(s,Xs,Y's("’,Zﬁ"))ds)
0

T » T
=§+/ f(s,Xs,Ys("),Zs(”))ds—/ ZM dw,
0 0

thus
/ " qW, = / " AW, — /
_ <5+/0 f<s,Xs,1@<">,2§”)>dS—E<5+/0 f(S’Xs’n(m’Zs(n))dQ)
d

T " T -
= E7 <§+/ fls, X5, Y, Z0M) ) <5+/ f(s, X, Y, Z<">)d>

which proves (8). ]

10
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Boundedness results In the following part, we show some results that
will be useful to prove that our approximating sequence of solutions (Y(")7 Z (”))
is tight.

Lemma 3.4 Let
_ T " T
ARSI ORI 5oL0 R / f(s, X, Y™, Z(M) ds — / Z{ dw.
t t

There exist constants a,b > 0 such that, for all t such that 0 <t < T,

(11) E/tTHZS(n) 2ds§aE/tT‘
)2

Proof Appling Itd’s formula to the semi-martingale Hf@(n H

~ 2
Y™ ds + p.

S

, taking expec-
tation in both sides and using the fact that ¢’ — fttl Hi(n) dWs is a

martingale (thanks to Proposition 3.2), we get:

o

2

B (7" z|" ds

2 T . . T
—E¢]? + 2E / T f(s, X, Y, Z0)ds — B /
t t

thus

T
E/ HZ§">
t

From (H), this entails

e[

Using that, for a > 0,b > 0, and \ # 0, we have 2ab < a?)\? 4 b2 /)2, we get

T
[l
t

v

2 5 T ~
ds < E €| +2E/t ( .Hf(s,Xs,Ys("),Zs("))H ds.

2 T~ ~
ds < E||¢|? +2cfE/ (YSW ZM ) ds.
t

(1+]

) ds

T
§+2)\2/ ‘
t
T
§+2)\2/ ‘
t

thus, taking A > 207,

(1+ HZQ‘)

2

~ 2 T L
Y ds+ (T — 1) /A% + 1/)\2 / ‘Zs(”) ds
t

2
ds

2
ds>

- 2 T
O ds+ (T = 4)/2% +1/22 / |zt
t

2 T .
ds < E €| + 2} <T/)\2 + E/ HY;(”)
t

(1- ch/A2)E/T HZ@
t

which yields (11). W

11
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Proposition 3.5 Let fft(n) = Yt(n) + Ut(n) as in lemma 3.4. The fami-

lz’es (i(n))OStST,nZL (Y;g(n))OStST,nzl and (Ut(n))OStST,nzl are bounded m
L2.(Q).

Proof Let

T ~ t+1/n B
— E]:t £+/ f(S,Xs,Y;(n)’ Zgn)) + E]:t / f(S,XS,Y:S(n),Zgn)) ds
t t

+1/n
T ~

= E7 (£+ / f(S,Xs,Y;("),ZS(”))dS>
t

So, we have the following inequalities, where C' denotes some constant which
is not necessarily the same at each line but does not depend on n:

|

o

T
2 :EHEE <s+ / f(s,Xs,Y's("),ié"’)ds)

t
T

<o (g [ a2 as)

t 2
<C|(1 E ds ).
<o (e [elFl o)

The last inequality is a consequence of Lemma 3.4. Let g(t) = E H?T(ﬁ)t

zm

}78(71)

2

The preceding inequalities yield

gt) < C (1 + /0 t g(s) ds>

thus, by Gronwall Lemma,

t T
g(t) <C (1 + C/ eC(t‘8>> <C (1 + C/ eC(T‘S)>
0 0

12



hal-00583676, version 1 - 6 Apr 2011

which proves that (z(n))ogth, n>1 is bounded in Léd(Q)-
Now, we have

2

s -5

T ~
o (co om0
t

+1/n

SCE<H§H2+/tT 1+ ]z 2)ds>

+1/n
t 2
gc<1+/E‘ ds>.
0

wich proves that (Y;(n))ogtg:n n>1 is bounded in L2,(9).

}78(71)

In the same way, we prove that (Ut(n))ogth, n>1 is bounded in Léd(Q).

]

Remark 3.6 Thanks to Proposition 3.5, we can improve Equation (11) in
the following way: With the notations of Lemma 3.4, we have, for all ¢,
such that 0 <t <t <T,
2 ¢
ds <aE / ‘
t

E/tt(

where the constants a and b do not depend on ¢ and #'.

Indeed, by Proposition 3.5, (H1), and (7), the family (}Z(n))mt is bounded
in L2,(Q) by some number 9. We can now reproduce the reasoning of
Lemma 3.4, replacing T by ¢’ and E ||£||2 by 2.

~ 2
Zm Y| ds +b,

Lemma 3.7 Let 1 < g < 2. There exists a constant €, o such that, for all
stopping times o and T with values in [0,T],

(12) E HYT(n) ! Z g (Bl o] 202

Our proof of Lemma 3.7 relies on the following lemma, which will be used
also in Subsection 3.2.

Lemma 3.8 Let 1 < g < p. There exists a constant oy, such that, for all
Fr-measurable random vectors V' € L%d and for all stopping times o and T
with values in [0,T],

(13) E HEﬁ (V) —E7> (V)Hq = agp (E|7 — o) P=0/p anigd .

13
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Proof The result remains unchanged if we replace ¢ and 7 by o A 7 and
oV T, so we can assume without loss of generality that ¢ < 7. By the
martingale representation theorem, there exists an adapted process H(V),

2
with EfOT HHS(V) ds < oo, such that, for every ¢ € [0,T],

t
MY =EF (V) -E(V) = /0 HY) aw,.

Let k4 and K, denote the universal constants in the Burholder-Davis-Gundy
inequalities (see [18] for the multidimensional BDG inequalities), that is, for
any continuous R%valued martingale M and any stopping time p,

(14) ko B (M), 7% <B(M})! < K, E(M),"?,

where M} = supg<s<; | Ms||. Applying BDG inequalities to the (Foi¢)i>0-

martingale M, (SQ, we get

s -

o]
< K,E /
T (p—a)/p T » q/p
<K, <E / 1[077}(s)ds> (E / HHS@H ds)
0 0

% T p\ 4/P
< “_(E|r— U‘)(p—q)/p (E H/ HY) aw, )
0

‘HS(V)H(] ds

(kp)?/

iS]

=

s Bl = o) E VI
P

]

Proof of Lemma 3.7 As in the proof of Lemma 3.8, we can assume that
o < 7. We have

T _
EHYT(”) —ym|* :EHEE <§+/ f(s,Xs,Y;(”),Zén))d8>

T ~
—E%e <£+ / f(s,Xs,Y;<">,Z§">)ds)

q

<A+B

14
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where, for some coefficient C; which depends only on ¢,
T ~
A=CyE H E7" (5 + / (s, X, Y, Z{) ds)

T ~
_E7° <§+/ f(s,Xs,Ys<">,Z§">)d3>

q

)

T -
B— CqEHEf“ <$+ / f(s,Xs,Y's("),Z,S"’)ds)

T ~
—E%° <5+ / f(s,Xs,Y;<">,Z§">)ds)

q

Now, by Lemma 3.4, Proposition 3.5 and the growth condition (Hj), the
sequence <fTT f(s, X, Ys(n), Z§”)) d8> is bounded in L%d by some constant
m, < +00. From Lemma 3.8, we get

(15) A< Cyagomy (Blr — of) @972

for some constant ay2. On the other hand,we also have the following in-
equalities, where the coefficient C; does not keep the same value from line

to line:
T . q
s=cunfo ([ soxono.z00a)
T . q
< CqE‘ / fls, X, Y, Z{M) ds
SCqE/ (1+]|2||") as
—C,E (/ 1o ry(s) (14 st(m ) ds>
0
T 9 q/2
< Cy (E|r —o|)*9/2 (E/ <1+ ( AL > ds>
0
(16) < Gy (Blr — o))~/ ony/?
2
where My = sup,, E fOT <1 + ‘ z{m ds < +o0 by Lemma 3.4 and Propo-
sition 3.5. Gathering (15) and (16) yields the result. ]

15
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Lemma 3.9 Let 1 < g < 2. We have

(17) lim supE< sup HUt(n)Hq> L
n—oo p 0<t<T
(18) lim sup sup E <‘ UT(n) _ U(Sn) Q> _o
=0 n o 7ET
0<|T—0o[<§

where T denotes the set of stopping times with values in [0,T].

2
Proof Let 9y = sup,, EfOT <1 + ‘ Zg") H) ds. By Lemma 3.4 and Proposi-
tion 3.5, we have 9y < +00. Using the growth condition (H;), we get

(s 1) = e (e (7 0ol )
0<t<T 0<t<T t
<o <%><2q>/z <E/OT (1+( )2d8>q/2

1\ 2-9)/2
SC;DJIQ <—> — 0 when n — 0,
n

zm

Zm

which proves (17).
Let 0,7 € . Denote temporarily

_ t+1/n _
o = / F(s, X0, Y, Z00) s,
t

Ft(n) = f(t7Xt7 Yt(n)7 Zt(n))

16
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Using Lemma 3.8 and proposition 3.5, we have, for some constant C,
oo -

= (|[e7 (o) - &7 (@)])
- zq—lE((HEﬂ (51) =57 (3)])
(e (220) - ()]

2

<2y (Bl — o) *0 |

2
LRd

T+1/n o+1/n
/ F™ ds — / F™ ds

2
/ F™ ds
A(o,T)

where A(o,7) is the symmetric difference of the intervals [r,7 + 1/n] and
[0, 0+ 1/n], and has Lebesgue measure |A(o,7)| < 2((t — o) A(1/n)). Thus

q
+ 92071

ZM|)2ds+CE

T
gC(EyT—a\)@—q)/?E/ (1+]
0

T
E <‘ um -y q) < C(E|r—o|)> 92 E/ 1+ HZs(n) )2ds
0
T
+C (Bl - o) E/ (1+ | 28] 2as,
0
which proves (18). ]
Lemma 3.10 The sequence (Y ™), is tight in Cgal0,T].
Proof By a criterion of Aldous [1, 14], we only need to prove that
(A) Ve>0, 3R> 0,¥n > 1, P(sup HY,}")H zR) <e
0<t<T

(B) Ve>0,¥p>0, 36 >0:¥n>1, sup P (HYT(”) vy > n) <e

o,7EY
0<|T—0o|<é

17
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where T denotes the set of stopping times with values in [0,7]. Property
(B) is an immediate consequence of Lemma 3.7. Let us prove the following
property (A’), which is stronger than (A):

2
% e sup [0 ) < e
n>1 0<t<T

Using (10), we get

2
sup HYt(n)H < Ap+Bp+Cy
0<t<T
where

2

)

T ~
A, =3 sup §+/ f(s,Xs,YS("),ZS("))dS
0<t<T t+1/n

2

)

T
B, =3 sup / ZM aw,
0<t<T t

(||
Cp =3 sup ||U,
0<t<T

By Lemma 3.4 and Proposition 3.5, (Z(n))ogth, n>1 is bounded in Lﬂ%(Q X
[0,T7]), thus using the growth condition (Hy), we get

T 2
supE [ sup (HSHQ + CJ%/ <1 + ‘ > ds) < +o0
n 0<t<T t+1/n

which entails sup,, E(A,,) < +00. On the other hand, V;(n) = fg z™ aw,
is a martingale, so, using again Lemma 3.4 and Proposition 3.5,

Zm

2
supE (B,) < CsupE HVT(n) < +00.
n n

Finally from (H;), Lemma 3.4, and Proposition 3.5 we have sup,, C,, < +00,
and this proves (A’). ]

Lemma 3.11 The sequence (fT zM dWs)n>1 is tight in Cga[0,T].

18
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Proof We use the criterion of Aldous we already used in the proof of Lemma

3.10. Let us denote Agn) = ftT Z™ dW, and recall that f/t(n) = Yt(n) + Ut(n).
By Lemma 3.4 and Proposition 3.5, we have
(19)
|12 T 2

supE [ sup HAt H <supE|[ sup / <a‘ + b> < 400.

n 0<t<T n 0<t<T Jt

Now, let o and 7 be stopping times, with 0 < ¢ < 7 < T, and let
1 < g < 2. We deduce from (10), (H;), (18), and Lemma 3.7, that

f/S(N)

(20) lim sup E (‘ A(T") — Ag”) q) =0.
6—0 o, 7€ET
0<|T—0o|<é
We conclude from (19) and (20), using Aldous criterion. ]

Lemma 3.12 The sequence (fT f(s, X, Ys(n), Z§”)) ds)n>1 is tight in Cga[0,T.

Proof This is an immediate consequence of (10), (17) and Lemma 3.11.

]

3.2 Construction of a limiting weak solution

This part of the proof of Theorem 3.1 follows the same lines as in [17], with
some complications due to the processes Z(™. We now assume in the sequel
that f satisfies the continuity assumptions (Hs).

Construction of Z By Proposition 3.5, the sequence (Z(™) is weakly
sequentially compact in the space G = L2 (Q x [0,T]). Let us denote by G,
the space G endowed with its weak topology. Considering if necessary a
subsequence of (Y(")7 Z (”)), we can thus assume that there exists a random
variable Z with values in LL such that

(21) (Z™) converges to Z in G,.

Let us denote by H = L2([0,77]), and by H, the space H endowed with its
weak topology. By (21), we have in particular:

(22) (Z™) converges a.e. to Z in H,.
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Indeed, for any A € F and any g € H, the function 14 ® g is in G, thus we

have
T T
lim B (]1,4/ ZMg(s) ds) —E <1A/ Zsg(s) ds> :
n 0 0

As A is arbitrary, we deduce that, almost everywhere,
T T
lim/ ZMg(s)ds = / Zsg(s)ds.
mJo 0

Young measures Let us recall the definition of Young measures, see [27,
6] for more in-depth introductions to the topic. Let E be a separable metric
space, or more generally a Suslin regular topological space (e.g. a Banach
space endowed with its weak* topology). Let B (E) be the Borel o-algebra of
E. A Young measure u with basis P on E is a probability measure on {2 x E,
such that for any set A € F, u(AxE) = P(A). The space of Young measures
with basis P is denoted by Y(Q2, F, P; E). It is very useful to describe a Young
measure u by its disintegration (see [26]): for every u € Y(Q, F,P;E), there
exists a unique (up to equality P-a.e.) family (u,),cq of probabilities on E
characterized, for any measurable nonnegative ¢ : Q x E — R, by

[ o= [ ([ o mtapian).

The space L°(Q;E) of measurable functions from Q to E is embedded in
Y(Q,F,P;E) in the following way: we identify every v € LO(Q;E) with
the unique Young measure p whose support is the graph of u. We then
have p, = 0y(,), where d,., denotes the Dirac mass at u(w). The set
Y(Q,F,P;E) is endowed with a metrizable topology, defined as follows: let
Cgl0,T] be the set of continuous bounded real valued functions defined on
E, then a sequence (™) of Young measures converges to a Young measure
w if, for each A € F and f € Cg|0, T, the sequence (p"(14 ® f)) converges
to u( 14 ® f) (where 14 is the indicator function of A and (14 ® f)(w,§) =
14(w)f(&)). In this case, we say that (u") converges stably to u (this termi-
nology stems from Rényi [24]). Note that the restriction of the topology of
stable convergence to L°(Q;E) is the topology of convergence in probability,
see [27].

The following technical lemma will be useful for limits of integrals of
unbounded integrands with respect to Young measures.
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Lemma 3.13 Let E be a separable Banach space, and let (K™) be a se-
quence of E-valued continuous stochastic processes which converges in Y (€2,

F,P;Cgl0,T]) to a Young measure v. Assume that (Kt(n))te[o,T},nzl is
bounded in LE(Q). Let ¢ : Q x Cg[0,T] be measurable such that

(i) p(w,.) is continuous for all w € €,

(ii) there exists a random variable C € L (Q) such that
|p(w, )| < C(w) (1 + [l])
for all (w,x) € Q x Cg[0,T].

Then

lim o(w, K™ (w)) dP(w) :/ pdv.
=00 JOxCg[0,T] QxCg[0,T]

Proof Each K(™ can be viewed as a Cg[0, T]-valued random variable. The
sequence (K™) is bounded in LéE[O 7)(£2), thus it is uniformly integrable.
The conclusion follows from e.g. the equivalence 3 < 4 in [11, Proposition

2.4.1]. ]

Construction of the extended probability space: the processes Y
and V' We now consider the space Y (2, F, P; Cral0, T x Cgal0,T]), which
we denote for simplicity by ). Let us denote Vt(n) = fot Z ,S") dWs. By Lemma
3.10 and Lemma 3.11, the sequence (Y("), V(")), seen as a sequence of ran-
dom variables with values in Cga[0, 7] x Cga[0,T], is tight. By Prohorov’s
sequential compactness criterion for Young measures [5, 11| we can extract
a subsequence of (Y™ V(™) (for simplicity, we denote this extracted se-
quence by (Y™ V(™)) which converges stably to some p € Y, that is, for
every bounded continuous mapping ® : Cra[0,T] X Cga[0,T] — R and for
every A € F, we have

(23) lim [ @ (Y(”)(w),V(”)(w)> dP(w)
n—oo A
:// 14(w)®(y,v) duw (y,v) dP(w).
Q CRd[O,T]XCRd[QT}

In particular, (Y("), V(")) converges in law to the image of u by the canonical
projection of Q x Cga[0,T] x Cgal0,T] to Cral0,T] x Cgral0,T].
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Let us denote by C the Borel o-algebra of Cra[0,T] and, for each t €
[0,T7], let C¢ be the sub-o-algebra of C generated by Cg[0,T]. We define a
stochastic basis (2, F, (F,)t, ) by

Q=0 X Cpal[0,T] X Cral0,T], F=FRCRC, F,=FRCQC,
and we define a process (Y, V) on Q by
Y(w,y,0) =y, V(w,y,v)=0.

Clearly, the law of (Y,V) is the projection of pu on Cgal0,7T] x Cgral0,T],
in particular (Y™, V) converges in law to (Y, V). Furthermore, (Y, V)
is (F,)-adapted. Now, the random variables (Y () V(") can be seen as
random elements defined on £2, using the notations

YO (w,p,0) = YO (@), VO (w,g,0) = V(@) (n > 1).

Furthermore, (Y™ V(™) is (F,)-adapted for each n. Likewise, we set
W(w,y,v) = W(w).

Lemma 3.14 The process W is an (F,)-Wiener process under the proba-
bility .

Proof Clearly, W is (F,)-adapted. By a result of Balder [4, 5], each subse-
quence of (Y™ V(")) contains a further subsequence (Y, V™) which K-
converges to p, that is, for each subsequence (Y (%), V(7)) of (v () /()
we have

o 1C
R kz—l Oy ) () v ) () = Mo 8-

where §(, ) denotes the Dirac measure on (y,v) and the limit is taken in
the narrow convergence. This entails that, for every A € C;, the mapping
w + py(A) is Fy-measurable!. Then it is very easy to check that W has
independent increments under p which proves that W is again a Brownian
motion on (Q,F, (F,)e, ). Indeed, let ¢t € [0,7] and let s > 0 such that
t+s€[0,T]. Let us prove that, for any A € F, and any Borel subset C' of
R™, we have

(24) p(AN{Wis = Wt € C}) = p(A) p{Wiss — Wy € C}.

!Note that, from [15, Lemma 2.17], this means that (Q,F, (F,):, ) is a very good
extension of (Q, F, (Ft)¢,r) in the sense of [15], that is, every martingale on (2, F, (F¢):, P)
remains a martingale on (R, F, (F,)+, p). This condition is also called compatinbility in
[19].
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Let B = {w € Q; Wiys(w) — Wi(w) € C}. We have

(AN (B x Cral0,T] x Cral0,T1))

]IA(UJ’ Y, ’U)) IIB(W) d,u(w, Y, ’U)

/Qx Cral0,T]xCpq[0,1]
:/,uw(]lA(w, )) 1p(w) dP(w)
Q
= /Q,uw(]lA(w, .))dP(w) P(B)
= //J(A) /L(B X CRd[OaT] X CRd[O’T])’
which proves (24). Thus W;s — W, is independent of F,. ]

Properties of the processes Y and V

Lemma 3.15 Let H and K be R%-valued random variables defined on .
Lett € [0, T]. In order that H and K have the same conditional expectation
with respect to F,, it is sufficient that

/ / 14()9(y, 0) H(w,9,0) djio (9, v) d P ()
XCpa[0,T]xCpq[0,T]
-1/ 14(@)g(y,0) K (60,1, 0) djis (9,v) AP ()
X Cpa[0,T]x Cpa [0,

for every A € Fy and every Ci-mesurable bounded continuous function g :
CRd [O, T] — R.

Proof Let C be the set of functions of the form 14 ® g, where A € F; and
g : Cral0,T] — R is a C;-mesurable bounded continuous function. The set C
is stable by multiplication of two functions and generates F,. Assume that

(25) holds for every 14 ® g € C, and let € be the vector space of bounded
F,-measurable functions i defined on €2 x Cga|0, t] such that

/ / h(w, g, 0) H (@, y,0) dte (y,0) dP()
XCRd[O T]XC }

/ / hMw,y,v)K (w,y,v) dpy, (y,v) dP(w).
X Cpal0,T]xCpq[0,T7]

The space £ contains C. Furthermore, £ contains the constant functions
and is stable under monotone limits of uniformly bounded sequences. By
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the monotone class theorem (see [25, Appendix A0O] and [13, Theoreme 21,
page 20]), £ contains all bounded F,-measurable functions. ]

Lemma 3.16 The process V is a martingale with respect to (Q, F, (F; )¢, it),
and Vo =0 p-a.e.

Proof Let t € [0,T], and let s € [0,7 — t]. By Lemma 3.15, in order to
prove that EZ¢ (V;,,) = V;, we only need to show that, for any A € F;, and
for any C;-mesurable bounded continuous function g : Cga[0,7] — R.

(27) E(141®gViys) =E(la®g V).

Let us denote 7, (v) = v(r) for every r € [0,7] and every v € Cpa[0,t]. The
mapping 7, : Cga[0,1] — R? is continuous. Using the definition of V, and
Lemma 3.13 (with p(w,y,v) = 1a(w)g(v) (mi4s(v) — m(v))), and the fact
that each V(™ is a martingale, we have

E(14®9g (Vigs — V2))
_ / / 14(w)g(v) (Ters — 1) (v) dpsey (y,v) dP(w)
a[0,T]xCpa[0,T]

~ Jim / L@V W) (V1) = V" @) dPw)
- [ v () ar
=0.
Furthermore, if we set g(v) = |[v(0)|| A 1, we get
E(g(V)) =lmE (g(V)) =0
thus Vo = 0 p-a.e. ]

Lemma 3.17 Let V} fo ZsdWs. The martingale L .=V — V is orthogonal
to any (Fi)-martingale.

Proof Let M be an R%valued (F;)-martingale: M; = fg H,dW, for some
(Fi)-adapted L-valued process H with EfOT | H,||* ds < oo. Let us denote
the coordinates processes as in the following examples: V = (V[i])lgigd,

Z(n) (Z(n) 1 k])lgigd,lgkgrm Zy = (Zt[i7k})1§i§d,1§k§ma Wy = (WD ccn.
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Let 4,7 € {1,...,d}. Let us denote by (P, Q) the quadratic cross varia-
tion of two continuous processes P and (). For each n, let

Nl gl (Vf”’“ _ P ) _ < M1y el vm>t

m t t
-y / HH gy / (20041 - ZpH) aw
k=1"0 0
t
_ / i (Z;nw,k} N Z;m) .
0

Let A € Fi, and let g : Cpa[0,7] — R be a bounded C;-measurable contin-
uous function. Let ¢t € [0,7], and let s € [0,7 — ¢]. Using Lemma 3.13, the
fact that N():[o3) is a martingale, and the weak convergence of Z(™ to Z in
L2 (92 x [0,T]), we get

[ ML) (Vo) - TE@)) 1a@ig(o) dutorv)
= [ i) (29 0+ 9) - VL)) La(lg(e) due, o)

= limE (M}ﬂs (Vt(ﬁ?’m - IZR) 14 g(V(”))>

g ths . |
limE( N ST / HPH (Zﬁ”)’[J”“}—ZP“) dr | 1ag(Vt)
1<k<m 0

= [1f@) (VP w0) - PP0) 1a(@)glo) o).

By Lemma 3.15, this result remains true if g is only assumed to be a bounded
Ci-measurable function. Thus M <Vm — ?[j}) is a martingale.

Proof of the main result In order to check that (Y, Z) is a solution to
(2), we prove in the next lemma that we can replace Z () by Z(™) in the limit
of ftT f(s, X, Ys(n), Zs(n)) ds. This is where we use the continuity hypothesis
(Ha-ii).
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Lemma 3.18 For each t € [0,T], the sequence
T _ T
/ fs, Xs, YW, ZM) ds — / f(s, X5, Y, 2 ds
¢ ¢
converges to 0 in probability.

Proof By Lemma 3.4, there exists 9t > 0 such that HZt(")

< M for all
L2
Rrd

t €[0,7] and n > 1. Thus, by Lemma 3.8, we have

2 1
S OQ—W,

vn

which implies by the continuity assumption (Hs-ii) that

B|2%,, - Z"

Fls, X0 Y0, Z00) — f(5, X, Y, 2, )

converges in probability to 0 for all s € [0,7]. But, from Proposition 3.5
and the growth condition (H;), the sequence

n) 7(n n (n)
(FCx Y020 — (X ¥, 25,)

of random variables defined on 2 x [0, T'] is uniformly integrable. So we can
replace Zs by Zg i1 /p:

T
@) Jim B [ X 20 = 16 XY 20 ) ds =0,
The conclusion follows from hypothesis (Ha-ii). ]

Now we use the linearity of f with respect to Z:

Lemma 3.19 There ezists a subsequence of(f_T f(s, X, Ys(n), Z§”)) ds) which
converges in law to fo(s,Xs,}/;,Zgn))ds.

Proof By Lemma 3.18, we only need to prove that (fT f(s, Xs, Y;(n), Zgn)) ds)

converges in law to fo(s,Xs,i/;, Zs)ds.
By hypothesis (Hs-i), f has the form

f(s,2,y,2) = a(s,z,y)z + B(s,z,y),
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where a and /3 are bounded and continuous in (x,y), and « takes its values
in the space of linear mappings from L to R%.
Extracting if necessary a further sequence, we may assume that (X, Y("))

jointly converges in law to (X,Y"). Then (fT B(s, Xs, Ys(n)) ds) converges in
law to f_Tﬁ(s,XS,YS) ds. If

T T
(29) (/ a(s, X, YM) 2 ds) converges in law to / (s, Xs,Ys)Zs ds

then, at least for an extracted sequence,

T T
( [ atsxovinzias, [ ﬁ(S,Xs,Ys("))d8>

converges in law to

T T
</ a(s,Xs,Y;)ZSds,/ B(s,XS,YS)ds>

and the conclusion of Lemma 3.19 follows by continuity of the addition. So,
we only need to prove (29).
Let us show that the mapping

L%M 077(€) % L2,(Qx[0,T]) x LE(Q2 x [0,T]) — R4
. o7
"\ (F.K,H) — E <fOT afs, Fy, Ko)H, ds)

is continuous in (F, K), uniformly with respect to H in bounded subsets of
L2 (Q x [0,T7]).

Let (FW,KW), (F®, K®) € L 5.7(2) x L§a(Q x [0,T]) and let H
in the unit ball of L2 (Q x [0,T]). We have

hal-00583676, version 1 - 6 Apr 2011

o 00 ) <0 (2. )|
< (E / ot B, D) — as, 2, K@) ds) s,
0

and the continuity property of ® follows from Hypothesis (Ha-i).

Now, by (22), we can extract a further sequence such that (X,Y (™),
Z™) converges in law to (X,Y,Z) in Cy[0,T] x Cgal0,T] x Hy. By Ja-
jubowski’s version of Skorokhod’s representation theorem for random vari-
ables in nonnecessarily metrizable spaces [16], extracting if necessary a fur-
ther sequence, we can find another probability space (Q*, F*,P*) and a

27



hal-00583676, version 1 - 6 Apr 2011

sequence (X () Yy () 7))y of Cpp[0, T] x Cra[0,T] x Hy-valued random
variables defined on Q* which converges a.e. to a limit (X*,Y* Z*), and
such that (X Y 7)) has the same law as (X,Y ™ Z™) for each
n. Then, by Proposition 3.5, (Z(™*)) is bounded in LZ(* x [0,T]). By the
continuity property of ®, for each m > 1, and with obvious notations, the
sequence

T T
(E*( / a<s,xgn*>,;g<n*>>,zgm*>ds)> :<E( / a(s,Xs,%”)),Zém)ds))
0 n 0

converges to
T T
E*(/ “(S’X§73§*>7Z§m*)d8)=E(/ a(s, X,,Ys), 2™ ds)
0 0

uniformly with respect to m, when n — oo. But, for each n, as « is bounded,
we have

T T
limE(/ a(s,XS,Ys(”)),Zs(m)ds):E</ a(s,XS,Ys(”)),ZSds>.
m 0 0

We deduce that

n,m

T T

limE(/ als, Xs, Y), 2™ ds) = E(/ a(s, Xs,Ys), Zs ds),
0 0

which implies (29). ]

Remark 3.20 An alternative proof of (29) is possible using Young mea-
sures tools on the locally convex space Cga[0,T] x H,. Indeed, (Y (™) con-
verges in Y(Q, F,P;Cra[0,T]) to a measure v, whereas, by (22), (Z™")
converges in probability to Z in H,. By the fiber product lemma (see
e.g. [7] or [11, Theorem 3.3.1 and Corollary 3.3.5]), (Y™, Z(™)) converges
in Y(Q, F,P; Cga[0,T] x H,) to the measure A defined by A, = 1, ® 0z,
for each w € Q. Furthermore, by Proposition 3.5, the sequence (Y("), Z("))
is uniformly integrable. Thus we obtain (29) by application of the same
reasoning as in Lemma 3.13 to the integrand

¢.{ Q x Cy[0,T] x Cpal0,T] x H, — R4
N\ (w,z,y,2) = al,z(),y()
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Proof of Theorem 3.1 By Lemma 3.14, W is a Brownian motion on
Q,F, (Fy)e, ). Let Ly = My —V;, 0 < ¢t <T. By Lemma 3.16, L is a
(continuous) martingale, with Ly = 0, and, by Lemma 3.17, L is orthogonal
to every (JF;)-martingale. Thus there only remains to prove that (Y, Z, L)
satisfies (1).

Thanks to Lemmas 3.11 and 3.12, we know that the sequence

T _ T
(30) (X,Y(”), / f(s, X, YW, 20 ds, / Zs(")dWs>

n>1

is tight in Cp[0, 7] X Cga [0, T] X Cga[0, T x Cga[0, T']. Furthermore, <fT Z dWs>

n>1

converges in law to Vp—V., and, by Lemma 3.19, <fT f(s, X, Ys(n), Z§”)) d8>

n>1
converges in law to f r f(s, X, Ys, Zs) ds. Extracting if necessary a further
subsequence, we can thus assume that the sequence (30) jointly converges

in law on Cy[0, 7] x Cgra[0,T] x Cgral0,T] x Cgral0,T] to

T
<X,Y,/ f(s, X5, YN Z,) ds, Vi — V_).
Then the process
T T
U =y g [, X Y0, 20 s+ [ 20 aw
converges in law to
T
U~ 6= [ f6 XY Z)ds + Ve -V,

.T T
:Y,-g-/ f(s,Xs,}/s,Zs)ds+/ ZgdWs+ Ly — L.

But, by Lemma 3.9, (supg<;<r Ut(n)) converges to 0 in probability, thus
U =0 a.e., which proves Theorem 3.1. ]
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