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Abstract: Using analytical methods, we prove existence uniqueness and
estimates for s.p.d.e. of the type

dUt + A’U,tdt + f (t, ’LLt) dt + Rg (t, Ut) dt =h (t, x, Ut) dBt,

where A is a linear non-negative self-adjoint (unbounded) operator, f is
a nonlinear function which depends on u and its derivatives controlled by
VAu, Rg corresponds to a nonlinearity involving w and its derivatives of
the same order as Au but of smaller magnitude, and the right term contains
a noise involving a d-dimensional Brownian motion multiplied by a non-
linear function. We give a neat condition concerning the magnitude of these
nonlinear perturbations. We also mention a few examples and, in the case
of a diffusion generator, we give a double stochastic interpretation.
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1 Introduction

The starting point of this work is the following stochastic partial differential
equation in divergence form:

L Guo)dt (1)

duy — Z 95 ( aI Qjuy dt+f(t T, Uy, 7

3,j=1

N
o 1
+Z@l <a”gj(t7$,ut7 ﬁVutU > Zh t , Uty VUtO')dBt s

i=1

where a = %O’O'* is a symmetric non-negative definite matrix valued function
defined from R into RV*N B = (B!, ..., BY) is a d-dimensional Brownian
motion and f,ﬁ,% are only assumed to be Lipschitz continuous. We prove
existence, uniqueness and estimate the solution (with initial condition) un-
der very weak conditions on the entries of a. They may be discontinuous
and even degenerated.

Due to the analytical methods we use, we see that in fact one can solve
a s.p.d.e. in a much more general context, namely

d
duy + Awgdt + f (t,ue) dt + Ry (t,ue) dt = > by (t,u) dB}, (2)
=1

where A is a self-adjoint non-negative operator defined on a Hilbert space,
f,g,h are adapted random functions defined on [0, +oo[x F' where F' is the
domain of A2 and Rg corresponds to a term of the same degree as A, but
of lower magnitude in some sense. The functional approach makes things
clearer and it also has the advantage of including as particular cases other
examples, like for instance the bi-laplacian in R or the Ornstein-Uhlenbeck
operator in infinite dimension.

The plan of the paper is as follows. In Section 2 we set notations, hy-
potheses and we announce the main results. In Section 3 we treat the rele-
vant deterministic equations and in Section 4 we prove existence, uniqueness
and estimates in terms of the data of the solution of the equation (2). Sec-
tion 5 is devoted to some examples. Finally, in the last section we give the
probabilistic interpretation to the solutions of the above equation (1) under
the supplementary condition of uniform ellipticity.

2 Notations, hypotheses and main results

2.1 Hilbert framework and hypotheses

Let (H,(-,-)) be a separable Hilbert space whose norm is simply denoted
by [|-]| and (P;) a symmetric strongly continuous semigroup on H. Let
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(A,D(A)) be the infinitesimal generator of the semigroup. It is a non-
negative, densely defined, self-adjoint operator. The operator A'/2 will play
a special role in what follows, so that we introduce the notation F =
D (AY?) € (u,v) = (AY2u, AY?p) and € (u) = HAI/QuH2 for u,v € F.
The usual norm on F is given by [|u]|% = & (u) + |[ul|*, and we recall
that F' is a Hilbert space with respect to this norm. The space D (A)
is also considered as a Hilbert space endowed with the norm defined by
a0y = 1wl +

The aim of this paper is to study the solutions of the nonlinear stochas-
tic partial differential equation of parabolic type (2), where (B;) represents
an adapted d—dimensional Brownian motion defined on a standard filtered
probability space (2, F, F¢, P). The letter R denotes a bounded linear op-
erator R : K — F’ defined on some Banach space K, with values in the dual
F' of F, and it is assumed to map a dense subspace J of K into H. We shall
adopt the usual convention that F' — H < F’, so that we may write this
condition in the form RJ C H. The letters f, g, h denote time dependent
random functions which depend on the unknown solution u in a nonlinear
manner. They are defined as follows:

f @ RixQxF— H,
g : Ry xQxF— K,
h : RyxQxF— H?
where H% = H x --- x H denotes the cartesian product of d copies of H.

These functions are assumed to be predictable and to satisfy the following
Lipschitz conditions

Hf(t,w,u) —f(t,w,’u)”
lg (t,w,u) =g (twv)llg < Cllu—vl|+af(u-10)
h (tw,u) = h(tw, o)y, < Clu—v|+BE@w—0v)"",

IN

Cllu—vllp , (H1)
1/2

for u,v € F,t > 0 and almost all w € 2, where C, a, # are positive constants.
The space H? is equipped with the product norm:

Vo = (01, 2a) € HY, oy = \/loall? + o+ ol
The constants a and 3 should satisfy the following condition:
20 |[R]l+ 52 < 2, (H2)

where ||R|| denotes the norm of the linear operator R. This means that
the size of the second degree perturbation introduced by R and the first de-
gree perturbation associated with the Brownian motion, should be relatively
small. Indeed, in the case of the equation (1), the term Rg (u) contains sec-
ond order derivatives of the unknown function u (see Subsection 5.1). But,
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if the constant « is small, then the linear term Aw controls the nonlinear
term Rg (u) . E.g. if one assumes that h = 0, then the equation (1) becomes
a deterministic parabolic equation and the condition (H1), with § = 0, be-
comes the usual condition which ensures that the problem is well posed. On
the other hand, the fact that the constant 3 should be small is well-known
in the context of doubly stochastic BSDE (see [15]). In fact, E. Pardoux
proved in [14] that a condition on [ is necessary for (1) to be a well-posed
stochastic parabolic equation.
Moreover it is assumed that

f ('7 )O) € Ll20(2 (R+ X QvH)v (HS)
g (W K O) € l;ix:(I{4- X (2;](),

P(0) € LR (Ry x Qi HY),
where L2 (Ry x ; H) denotes the set of H—valued functions u such that
for all T > 0, u € L% ([0,T] x Q; H).

Throughout this paper, we will assume that the hypotheses (H1), (H2),
(H3) are satisfied.

2.2 Notations

If (a,b) is an open interval we will use the notation L2 _ ((a,b); H) to denote
the space of all functions u : (a,b) — H such that

S
/ [ ug|? dt < oo
T

for any closed interval [r, s] C (a,b). The space L?  (R4; H) will consist of
all measurable maps u : Ry — H such that all the following quantities are
finite

T
/ Jug||? dt < oo, T > 0.
0

Similar spaces will be considered with H replaced by F' and D (A4). We
denote by F the subspace of L? (R.;F) consisting of all maps u that are

loc
H -continuous and endow it with the seminorms

T 1/2
(= ( sup ||ut||2—|—2/ E(Ut)dt> T > 0.
0<t<T 0

The space of test functions in our study will be D =C° (R1) @ D (A), the
algebraic tensor product of the space of infinite differentiable functions on
[0, 00) vanishing outside a finite interval with the domain of the infinitesimal
operator A. Since C2° (R, ) is dense in L2 (R ) and D (A) is dense in F and

loc
in H, it follows that D is dense both in L? (Ry;F) and in L2 (Ri; H).

loc loc
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We now introduce some spaces of processes defined on our given prob-
ability space. We denote by P (H) the space of all predictable processes
u: Ry x Q — H for which the quantities

T
E/ lJugl|* dt , T > 0,
0

are all finite. Factorizing the space P (H) by its subspace consisting of pro-
cesses for which the above quantities vanish we get a subspace of L?O (R x Qi H).

Similarly, P (F) denotes the space of all predictable processes u : Ry X —
F for which the quantities

T
E/ (Hut||2 + 28 (ut)) dt T >0,
0

are finite. By factorization with respect to the subspace of nulls of the above
quantities, P (F) becomes a subspace of LZ (R4 x ; F) . Finally we denote
by P (F) the sub-vector space of processes u € P (F) with H -continuous
trajectories, that is, u (-,w) € F almost surely. This space will be endowed

with the seminorms

1/2
(E HuH%) T > 0.

The space P (F) is the basic space in which we are going to look for solutions.

The conditions (H1),(H3) imposed to f,g,h imply that if u € P (F),
then f (-, u.),h; (,u.) € P(H) for alli € {1,...,d} and g (-, u.) is predictable
and belongs to the space L? (R x ; K). In particular we may define the
solution of the stochastic partial differential equation as follows.

Definition 1 We say that u € P (F) is a weak solution of the equation
(2) with initial condition ug = x € L*(Q, Fo, P; H) if the following relation
holds almost surely, for each ¢ € D,

Aw[(u57as ) -& (uS’QPS) - (f (Saus) 3905) - (Rg (Svus) 7803)F’,F]d8+

d 00
Y /0 (hi (5, us) , 03) dBY + (2, 0) = 0.
=1

In fact, we will work with the notion of mild solution, which will be
well-defined in section 4 (see Proposition 6).

Definition 2 We call u € P (F) a mild solution of the equation (2) with
wnatial condition ug = x, if the following equality is verified almost surely,
for each t > 0,

t ¢
u = Pix — / P_sf (s,us)ds — / P,_sRg (s,us)ds
0 0

d ¢
Y /0 Py ohi (s,us) dBL.
=1
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2.3 Main results

The main results of this work are the following.

Theorem 2.1 The notions of mild and weak solutions coincide, moreover
there exists a unique solution to equation (2) with initial condition u(0) =
x € L?(Q, Fo, P; H). It belongs to P (F) and satisfies the following estimate

T
E( sup ||u||? +/ E(Ut)dt>
0<t<T 0

T
<t (ol + [ (In(e.013 17 0+l 1.0} ) ).

See Theorems 8 and 9 of Section 4. All along the proof, we make a special
effort to get optimal conditions on the constants of Lipschitz continuity of
the nonlinear terms. Our best result is that condition (H2) suffices to ensure
the validity of the above theorem. Results of this kind for diffusion equations
and even more precise information have already been obtained by Krylov
[11], Mikulevicius and Rozovskii [13], and Gongy and Rovira [10]. However
their methods do not seem to cover such general situations as our paper
does (measurable coefficients, without strict ellipticity condition). One also
has to mention the early work of Chojnowska-Michalik [5], which also treats
SPDE ’s in the general framework of Hilbert spaces, as we do. Our paper
uses more or less the same type of arguments (e.g. contraction principle and
semigroup properties), but we deal with two spaces: H and F. Therefore
we produce more precise estimates so that to take into consideration the
Lipschitz continuity of the nonlinear terms with respect to both the norms
of H and F (as it is stated in (H1)). And another thing that our paper
brings is the neat condition (H2).

In Corollary 12 we give a probabilistic interpretation of the solution in
the case of the concrete equation (1), where the coefficients (aij ) are assumed
to be measurable and uniformly elliptic. That is, we show that the solution
admits a doubly stochastic representation, in the sense that wu(t, Xp_) is
expressed as a sum of stochastic integrals with respect to B and X, where
X is the process generated by A. The doubly stochastic representation was
first proved by E. Pardoux and S. Peng in [15]. They proved it directly under
different conditions and then used it to investigate the spde itself. Our result
follows from an approximation result stated in Lemma 10, which shows that
the solution of the linear stochastic equation is pathwise approximated by
the solutions of certain deterministic linear equations. In fact these deter-
ministic equations are obtained from the stochastic equation by replacing
the Brownian with its usual polygonal approximation. The lemma holds in
the general Hilbert space framework and may have other applications.
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3 Preliminaries on the deterministic linear equa-
tion

In this section we introduce some notations and gather some facts concerning
the deterministic linear equation, facts that are proved by standard methods
from the theory of semigroups of operators (see [8]). For example it is well-
know that if x € H, then for all ¢t > 0, P.x € D(A), and the map t — Pz is
H —continuous on [0, +o0o[ and H-differentiable on ]0, +-00[ and its derivative
is 0y Pyx = —AP,x. (The semigroup is even analytic, but we will not use this
fact.) We also have that Yu € D(A), Yv € F, E(u,v) = (Au,v), which
is useful when working with the notion of weak solution. We use several
notions of weak solutions taken from [12].

The next lemma allows one to extend the space of test functions ¢ per-
mitted in the weak relations related to the solutions of evolution equations
and their time derivatives.

Lemma 1 Ifw: Ry — F has compact support and is F-differentiable with
F-continuous derivative Oyw, then there exists a sequence (w™) C D such
that

limsup [} — wil ;=0
n t

limsup ||Qyw" — Qyw||p =0 .
nooy

A similar approximation holds for H valued functions.

Proof. Assume that 7' > 0 is such that w; = 0, for each t > T. As
C (Ry) is dense in C. (R4+) and D(A) is dense in F, it is clear that there
exists a sequence (z") in D which converges uniformly to dw in F' on [0, T].
We put

t
Vit > 0, wy = w(0) +/ xhds,
0
which clearly is an element in D. One verifies that
t
Vt € [0,T], [[w) —we||p < / |2y — Osws||pds < T sup ||xf — Opw|| -
0 t€[0,7]

The proof is complete.O

Definition 3 A functionu € L? ((a,b); H) is said to admit a weak deriva-

loc

tive on the open interval (a,b) if there exists a function Opu € L2 ((a,b); H)

loc
(that we shall call the weak derivative of u) which satisfies the relation

b b
/ (ut7 875%0) dt = - / (8tut7 (10) dt7

for all test functions ¢ € D such that p, = 0 fort outside a compact interval
contained in (a,b) .
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Definition 4 Given z € H and w € L} (Ry;H), an s -weak solution of
the linear equation
O+ Au = w (3)

with the initial condition u (0) = x, is a function u € L2 ((0,00);D (A)) N

loc

C (R4, H) which admits a weak derivative (in H) on (0,00), such that the
relation

8tut + Aut = W¢
is satisfied for almost all t > 0, and such that ug = x.

The s in this name stands for the word “separate” and refers to the fact
that in this definition the operator d; + A splits in the sum of two separate
parts: 0y and A. This is in contrast to another notion of weak solution we
will introduce later on in the Definition 4 and to its stochastic version from
the Definition 1.

The next lemma is the basic uniqueness result for the solutions consid-

ered in this paper. In particular it ensures uniqueness of s -weak solutions
of the above equation.

Lemma 2 Ifu € L? (R;F) satisfies the relation

loc

AMMm8%>—5wh%nﬁ=o,

with any ¢ € D, then uw =0, as an element of L?, . (R4; F).

Proof. Take w € D and set v; = ftoo P,_jwsds. A direct verification shows
that
8tv = A'l)t — Wt.

Assume that T is such that w; = 0 for t > T, and hence also v; = 0, for
t > T. Then one has

_Amu%wom _ A*@%GW_Awﬁﬁ:
- /ooo[(ut’ dvy) — € (ug, vy)]dt.

By the preceding lemma one gets a sequence (v"™) C D such that v, — v,
uniformly in F together with the derivatives. The last expression written
with v,,

/Ooo[(ut, o) — & (ug,vy)]dt =0,

vanishes according to the hypothesis. In the limit we have
oo
/ (ut, wt) dt = 0.
0
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Since w is arbitrary, it follows that v = 0.0
The next proposition gives a formula for the solution of equation (3) and
the basic estimates in terms of the data.

Lemma 3 Ifx € H and w € L? _(Ry; H) are given, then

loc
t
up = / P,_swgds+ Pix , t € Ry,
0

is an s -weak solution of the linear equation (3), with initial condition ug = x.
Moreover uw € F' and it satisfies the following relations, with any T > 0,

1 ) T T 1 '
el + [ yar= [ i) de+ 3o, (i)
0 0

T
Jull?. < ¢ (HwHQ - Hwt\?dt) . (i)

Besides these, if x € F, the solution satisfies the relation

r 2 2 T 2
&)+ [ (10l + |Awl?) de = £ )+ [ fulPa. i)
0 0

Proof. Fix T > 0 and assume first that w € D and = € D(A). Then, it is
clear that the maps t — Px, t — fot P;_qwsyds belong to C([0,T], D(A3/?))
and are H-differentiable with continuous derivatives. From this, we deduce
that ¢ — wu; belongs to C([0,T],D(A)), it is also H-differentiable with con-
tinuous derivative and we have

dut

t _
vVt > 0, L

= Wt — Aut. (4)

In particular it is an s -weak solution of (3) and moreover one can verify

du
that Opuy = d_tt belongs to F'.
Next we are going to establish the relations from the statement in this
particular case. Integrating by parts, we have

T T
/ (Brue, us) dt = [lur|]? — |z])? — / (e, Oy dt
0 0

SO

T
lur|® — 2 = 2 /0 (Orue, ) dt

T
= 2/ (wt—Aut,ut) dt
0

_ 2</OT(wt,ut)dt—/OT€(ut)dt>
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which is relation (7). The relation (i7) follows from this one by using the
Schwartz inequality

T T
2 / (wr, ug) dt < / w2 -+ [uel|?)
0 0

and then applying Gronwall’s lemma.
In order to deduce the third relation one starts with the following equality

lwel* = 10l + [| Auel|* + 2 (Bru, Auy)

which is simply a consequence of (4). Then one integrates both sides of this
equality. Since 2 (Oyu, Aut) = 2 (Oru, ur) = O:E (u) , one has

/T 2 (D, Aug) dt = € (ur) — € (z)
0

and so we get the relation (i77) .

In order to obtain the result in the general case one approximates x
and w with objects of the preceding kind. The three relations of the state-
ment pass to the limit. The function u} = fg P,_swsds always belongs to
L? (Ry;D(A)). The function u) = Pix only belongs to L2 ((0,00) ;D (4))

loc
in general. But this suffices to fulfil the requirements of the definition of an
s -weak solution. O

Remark 1 The s -weak solution of the equation (3) always satisfies the

relation . .
Up — Ug = —/ Au,dr +/ wy-dr,
S S

for any 0 < s < t. If u(0) = x belongs to F, then the equality (iii) of the
preceding proposition ensures that Au, is integrable up to 0. Therefore, in
this particular case, the relation also holds with s = 0 and one has, for each

t>0,
t t
ut—m—/ Aurdr+/ wydr.
0 0

Now we are going to treat equations involving the operator R.

Definition 5 Let z € H, w' € L? (Ry;H) and w" € L? (Ry;K) be

loc loc
given. A weak solution of the equation

(0 + A)u = w + Ruw" (5)

with initial condition u (0) = x is a function u € L}  (Ry; F) such that the
next relation is fulfilled with any ¢ € D,

(Q?, ()00) + /[(uta 87%0) - S (utv got) + (wllfa (pt) + (R’ng wt)FIVF]dt = 0
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Clearly an s -weak solution of the equation (3) is also a weak solution of
(5) with w’ = w and w” = 0. The uniqueness of the solution associated to
given data follows again by Lemma 2. The existence will also be obtained by
an explicit formula. To treat the term containing R we need to give a sense
to the formal integral fg P, Rw,ds with w € LZQOC (R4+; K) . This integral is

well defined if w € C2° (R4) ® J, where J is the space associated to R in the
introduction. Denote by U : C2° (R4) ® J — F the operator defined by

¢
Uw), = / P, Rwsds , t > 0.
0

The next lemma proves that we can extend it by continuity. Later we
will use the formal expression f(f P;_gsRwgds rather than Uw.

Lemma 4 The operator U admits a uniquely determined continuous exten-
sion _
U:L} . (Ry;K)— F.

loc

IfweL? (Ry;K), thenu = Uw is a weak solution of the equation

loc
(Or+A)U =w,u(0)=0.

Moreover it satisfies the following relations,

1 ) T T
glorl?+ [ &@yat= [ (Ruup g (i)

2 T 2 4 2

ol < 267 IR [ ool at). (i)
Proof. One easily sees that if w € C° (Ry) ® J, then Rw € C*° (R4) ® H.

By Lemma 3, we deduce that u = Uw is an s -weak solution of (3) with data
Rw and initial condition z = 0. ;From relation (¢) of that lemma we get

1 T T
5||UwT||2+/ S(th)dt:/ (Ruwy, Uwy) dt.
0 0

Since, in general, one has (z,y) < ||z|| @ ||yl , as soon as x € H and y € F,
the last integral is dominated by

T 1/2
el /0 lwrllye (0wl + € (Urwn)) .

Using Schwarz’s inequality and then Gronwall’s lemma one deduces the re-
lation (i7) from the statement. The result with general w € L? (R4; K)
follows by approximation.O

Combining the preceding two lemmas one gets the following one.
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Lemma 5 The equation (5) admits a unique solution given by
t t
ur = Pix —I—/ Pt,sw;ds —1—/ Pt,SRw;’ds ,te Ry
0 0
It belongs to F and satisfies the following relations

1 9 T T ,
Slurl+ [ etudi= [ ((utw) + (Rulu) ) de+ 5 ol
0 0

ol <26 (R4 [ e+ g [t ar).

4 Stochastic parabolic equations

In what follows, we consider stochastic integrals of processes in (P (H))%

with respect to our Brownian motion. They have to be seen as Hilbert-space
valued stochastic integrals. For this, we refer to Da Prato and Zabczyk
[7], who deal with the more general case when the Brownian motion is
also infinite dimensional. So, we know that this stochastic integral has
good properties such as continuity in time, predictability and that a suitable
version of It6’s formula holds.

One basic ingredient in the treatment of stochastic parabolic equations
is the following result. Let us note that the assertion (v) of this proposition
was proved in [5] under more general conditions.

Proposition 6 Letx € L2(Q, Fo, P; H), w = (w1, -, wg) € (P (H))4, w' €
P(H) and w" € P(K). We set

d t t t
YVt >0, uy = Pix + Z/ P,_sw; 4B + / P,_swlds + / P,_sRuwds.
— Jo 0 0

Then u has a version in ﬁ(F) and for each ¢ € D, it verifies the fol-
lowing weak sense relation almost surely,

/OOO[(usa 8890) - g (US? (ps) + (wls7 903) (Rws ) (PS)F/ F]ds

d 00 '
+ Zl/(; (wi,57 st) dBS + (.%', QOO) =0. (7/)

Moreover, for allt > 0:

t d t
el + 2 /0 € (us) ds = 2] +23 /0 (s, wi) dBi+
=1
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¢ ¢ ¢
—i—/o (s, wh) ds—l—/o (U37ng)F7F,dS+/O [ ws]| ds, (ii)

S0

t t
Blulp+28 ([ ds) = e+ 5 ([ (uut)as)+
0 0

t t
+E </0 (s, Rwl) o o ds) +E (/0 ||wsyy§ds> . (iii)

And we have the estimate

T
EHullzTSCE<IIwHQ+ /O (Hth3+!\wZHQ+\\w2’Hi)df>v (iv)

where ¢ is a constant which only depends on T.
Finally, if w" = 0, the random variables fg ugds, t > 0, take value in
D(A) and they satisfy the next relation almost surely

t d  rt t
up + A/ usds = x + Z/ w; sdB. + / whds. (v)
0 = Jo 0

Proof. We use the sequence of operators Pi1 to construct a smoothing
approximation

wh

— R 'mo__ /
is = P%wlys , w)' = Piw

n __ "nooon o
Ww, , 2, = P1Rwg ,2" = P1x.
n n n

Then (w™) is a sequence of elements in (LQ([O,t] X Q,D(A)))d N (P (H))d
which converges to w in (L?([0,¢] x £, H))d , (w"™) is a sequence of elements
in L2([0,#] x Q,D(A)) which converges to w’ in L2([0,t] x Q, H) , (2") is a
sequence in L2([0,t] x Q, D(A)) which converges to Rw” in L2([0,t] x Q, F"),
for all + > 0, and (z™) converges to x in L?(Q2; H). Define for all n € N*,

d t ¢ t
uy = P + Z/ Pysw;' dBg + / P_swi"ds + / P,_zlds.
— Jo 0 0

We decompose u and u™ as
1 2 3
ut — U/t + ut + ut ;
n_ . 1n 2n 3,n
Uy =u F Uy up,
with

d ¢ t t

u% = Z/ P w; sdBy, th = Pux +/ P,_swlds, u? = / P,_sRuw”ds,
; 0 0 0
=1
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an
t t

/ P SwZSdB’ = Pt:):"—i—/ Py_swi™ds, uf” = / P_szlds.
0 0

We first study the stochastic part. One easily sees that u!"® = P1u! and

hence, it is not difficult to see that ut " and fo ut™ds belong to D (A), for
all ¢ > 0. Then we may perform the following calculations

t t t d s d gt
A/ ul"ds :/ Aulmds :/ Z/ APs_er-l’TndBﬁds = Z/ / APS_TwZ»l’:dsdBﬁ =
0 0 0 2170 ’ =1 J0 Jr ’

d t d t
--3 / (Pt,,«wil” —w; )dBZ —uy" ) / w; " dB,
i=1"0 i=1"0

which proves that «™ has a version which is a H-valued semimartingale; as
a consequence, it is H-continuous. Then, by It6’s formula, one has

2 t t 9
= 2/ (ui",dui") +/ Hw;’"Hdds =
0 0

t d t
—2/ (u;’”,Au;’")d8+2Z/ (u;’" 1” dBl / leands
0 — Jo

As for all s >0 ,(u;’”,Aui’") = 5(u§ ok "), we get

t d t t
Cr2feuryas =23 [ (i) amis [,
0 i=1 "0 0

which implies
T 2
Z/ Ln wn ) dBE| + /‘w}’"H dt.
0 d

The Burkholder-Davies-Gundy’s inequality ensures that there exists a
constant ¢; such that

1n
Uy’

1n
Uy’

2
supHui’nH < 2sup
t<T t<T

PR 1/2
E sup /(u;”, >dB’ < F ub", 1” ds <
t<T = Jo
1/2
< F supHu%" ‘wtl" dt‘ <
t<T 0
2 2 T 2
< cE|supllu™ + 9 wi™|| dt ),
t t
t<T de 0 d
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for all € > 0. So, taking € small enough, we get

9 T
E | sup Hui” < »F </ ’ w" dt> :
t<T 0

where ¢y is another constant. Moreover, by taking the expectation in (6),

we get
T
E/ E(ul™)dt < E</ \wg" dt).
0

A similar calculation can be done for the difference u'” — ub™, so as to
deduce a suitable convergence of 4™ to u' and establish the estimate

B(|[u'|ly) < B </OT Hwt|§dt) , (7)

with a constant ¢ which only depends on 7. Now, one sees that u}’ = P1 uy,

so as previously we may perform the following calculation

t t
/Au”ds-x —1—2/ w;' LdB: + / ;’"ds—i—/ zods,  (8)
0

which shows that u} is a H-valued semimartingale. By applying Ito’s for-
mula, one obtains

[ ul||? +2/5 )ds = ||z +zz/ ,) dBi+

¢ ¢
+/ (uy, wi™) ds+/ (uy, 2] ds—l—/ Hw”Hdds
0 0

Thanks to Lemmas 3, 4 and the previous estimate, we know that ul —
us in the space L2([0,t] x Q; F), and hence one deduces that (u?,z7) —
(us, Rwy) g pr in LY([0,#] x ©; R). Therefore one easily sees that the above
relation passes to the limit and one gets the relation (i7) of our proposition.
The relation (7i7) is obtained by taking the expectation.

In order to deduce the relation (¢), one multiplies (8) with a test function

¢ € D and applies It6’s formula over the interval [0,¢] with ¢ such that
p(t) =0,

t
A [(U?; 8890) - (AU?, (ps) + (wg,n’ (ps) + (Z;L, (ps)F’,F]ds

d . '
t Z/O (wils, @) dBg + (2", ) = 0,
i=1
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letting n tend to oo, we get the relation (7).
To obtain the relation (iv) of the statement, we use (7) and Lemmas 3
and 4 which ensure that, almost surely

T T
il < (el + [ ot ae) < e [ ot an

This directly leads to the desired relation.
Assume now that w” = 0. As for all n

¢
u?—i—A/ ugds = ™ —I—Z/w dB: + / wh"ds,

we obtain the last assertion by letting n tends to infinity, using the fact that
A is a closed operator. [

If f, g and h do not depend on u then the equation (2) is a linear equation.
In this case the relation defining the notion of a mild solution simply becomes
a relation which defines the object that is a mild solution. Proposition 6
ensures that it is also a weak solution. In general we have the following
result.

Proposition 7 The notions of weak and mild solutions coincide. Any so-
lution belongs to P (F).

Proof. The fact that any mild solution belongs to P (F) and is a weak

solution follows from Proposition 6.
Conversely, assume that u is a weak solution and define the process

d ot t t
vy = PtﬂU—i‘Z/ Pi_sh; (s,us) dBé—/ Pi_sf (s,us) ds—/ P,_sRg (s,us) ds.
= Jo 0 0
We should prove that u = v. Comparing the value of the integral

/ (0, 0u0) — € (g, 0,)]ds,

obtained from the relation defining a weak solution, and the value of the
same integral with v in the place of u, given by the relation (i) of the
preceding proposition, we observe that the two are almost surely equal. So,
we deduce that

/ [(’U,s - ,US765S0) - & (US — Vs, g05>]d8 = 07
0

almost surely, for each ¢ € D. Since D contains a countable set which is
dense in it, we deduce that the relation holds with arbitrary ¢ € D, outside
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of a negligeable set in €2. By Lemma 2 we deduce that u = v, almost surely,
concluding the proof. O

As the above propositions suggest, a first candidate for the space where
the solutions are searched for would be P (F'). However the norms of this
space are too strong and would imply strong conditions on the Lipschitz
constants of the nonlinear terms to obtain a contraction inequality needed
to produce the solution. To avoid this, another space will be introduced so
that to obtain an existence result under relaxed conditions on the Lipschitz
constants (the constants o, and ||R|| are particularly involved and the
condition (H2) is the optimal choice concerning them, with respect to the
contraction argument we employ). The new space is denoted by P (F,T") and
consists of processes defined only on an interval [0, 7] of a certain length 7" >
0. More precisely, it is the space of all predictable processes u : [0, T|xQ — F
for which the norm

T 1/2
lullg,p = ( sup Ellut||2+2E/ E(Ut)dt>
0<t<T 0

is finite. By factorization with respect to the null sets, the pair (7/5 (B,7), 1l g T)

becomes a Banach space.
The main existence result is the following theorem.

Theorem 8 There exists a unique solution to equation (2) with initial con-
dition u (0) = x € L*(Q, Fo, P; H) and it belongs to P (F).

Proof. The main point in the proof will be to show that the map A
P (F,t) — P (F,t), defined below, is a contraction with respect to the norm
||| g ¢for ¢ small enough:

t t
(Au), = Pux —/ P_sf (s,us)ds —/ P,_sRg (s,us)ds
0 0
d t '
+Z/ Pt—shi (S7u8) dB;
i=1"0
Proposition 6 gives, with u,v € P (F,t),
t
E||Au; — A’Ut”2 + 2/ EE& (Aus — Avg) ds =
0
t
—2/ El(Aus — Avs, f (s,u5) — f (5, 05))+(Aus — Avs, R (g (s,us) — g(8,5))) p pr]ds
0
t
+/ E||h(s,us) — h(s,v5)|3 ds.
0
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The integrands of the three terms in the right hand side are estimated, by
using the Lipschitz conditions (H1) and some elementary inequalities, as
follows

02
2[(Aus — Avs, f (s,us) — f (s5,05))] < i [ Aus — AU8”2 + 6 [Jus — USH%W

2 (Aus — AUS, R (g (37 Us) —4g (Savs)))F,F’

< 2||Aus = Avs|| g X [[R (g (s,us) = g (s,05)) ||
< 2| Aus = Avs| g < (IR [[(g (s, us) = g (5, 0))l
< 2RI x 1Ay — Av | x (C llus = vill + Q€ (us = v)'7?)

1
(8 +a || R|)) [[Aus — Avg|7: + || RI? C25 llus — vsll* + || RI € (us —vs).

1
I o) = s, ) < 2 (145 ) e =l 2 (1 )€ (s = ).

for any > 0 . Then one finds that

t
E||Au; — Avg|* + (2 -6 — a||R|) E/ £ (Aus — Avy) ds <
0

2

<T +é+a HR||> / Bl Aus — Avy|? ds

+ (500t S (1R 1)) [ Blu—lPas

+ (0 +a|R|+ 6% (1+9)) E/ & (us — vs) ds.
Now, since by the hypothesis (H2) one has 2a || R| + 3% < 2, we may choose
two positive constants 01,0, such that o ||R|| + 6% < 1 < 6y <2 — R

Then we take § small enough to have & + || R| + 8*(1+46) < 61 and
02 <2—0—a||R| . Finally we conclude the preceding estimations obtaining

t
E||Aut—Avt||2+92E/ £ (Aug — Avy) ds <
0

¢ t t
03/ EHAus—AvS|]2ds+04/ E ||us —US||2d8+91E/ E (us — vs) ds,
0 0 0

where c3 and ¢4 are constants which only depend on C, o, 5 and || R|| . Gron-
wall’s lemma implies that, for any ¢,

t
E || Auy — Avg|]* + HQE/ E (Aus — Avg) ds <
0
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t ¢
ec3t[04/ E ||us — vs|* ds + 01E/ E (us — vg) ds].
0 0
The left hand side of this inequality is minorated by
0

¢
5 <E | Auy — Avg||* + QE/ € (Aus — Awvy) ds>
0

while the right hand side is dominated by

0
ecst <c4t + %) ||lu — UH%J .

Thus we get the important inequality

1Aw — Av||T;, < Olu—vl, . (9)

with 6 := e®s! (C4t + 971) . Choosing t small enough to ensure that § < 1 we

obtain that A is a contraction on the space P (F,t). The fixed point of this
contraction u = Au, is a solution of the mild equation on the interval [0, t].
Observing that mild solutions have a flow property, one extends the solution
on R . Finally, thanks to Proposition 6, it is clear that this solution belongs
to P(F).0

The next theorem shows that the solution satisfies estimates with respect
to the data similar to the estimate (iv) of Proposition 6.

Theorem 9 There exists a constant ¢ which only depends on C,a, 3, || R
and T such that the following estimate holds for the solution of the equation

(2),
T
B ul}} < cB (||x||2 + [ (I w0+ 17 @01 + g 0l dt) .

Proof. We shall use the inequality (9) established in the preceding proof.
We first remark that the length ¢ and the constant # have been chosen only
dependent on the constants C, «, § and || R|| .

A solution satisfies the relation u = Au and so we may write

lullgy = [[Aull g, < |[Au — A0 g, + |AO]| g, < \/EHU”Et + |A0l g ¢ »

which implies the estimate

1 2
ol < (=75 1A0lE,

Since in general one has HvH%t < E |||, we may apply this and the es-
timate (iv) of Proposition 6 to dominate the last term of the inequality
obtaining

ot <e (=) 2 (1ol [ (10l + 17 01 + s (013 ).
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This estimate can be iterated over each interval of the form [nt, (n + 1)¢] so
that we arrive at an estimate over an arbitrary interval [0, 7],

T
s s (1ol + [ (10 (s 03+ 17 (5,001 + L (50) ) ). |
(10

with a new constant cs, which depends on 7'
Now we apply the estimate (iv) of Proposition 6 to u = Au obtaining

2 2 r 2 2 2
Bl < e (ol + [ (1)l +1F ool + g e unl) )

Using the Lipschitz properties of f, g and h the last expression is dominated
by

T
cob (ol + [ (I 603+ 17 OIF + g .01 ) )

r 2
+C7E/ (HutH +5(ut)) dt.
0

Finally, since we have EfOT <||Ut”2 +& (ut)> dt <(1+1T) HUH%T, thanks to
inequality (10) we obtain the estimate asserted by the theorem.O

5 Examples

5.1 The case of a diffusion generator in a finite-dimensional
state space

We can apply the above theorem to the standard finite dimensional diffusion
operator of (1):

! Vuta)dt

du; — Z 8 ’38 Uy dt—i—f(t x, Ug, 7

1,j=1

N d
+ ; 0; <a”§j(t,x,ut, %Vum)) dt = ; hi(t, ug, \/_Vut(f)dBZ
The second order operator associated with a is a semi-elliptic operator with
zero Dirichlet boundary conditions. To define it precisely we follow Section
3.1 of [9] . So the requirements of our framework are so weak that the
diffusion coefficients could be even degenerated and discontinuous. More
precisely, let D be a domain of the finite dimensional space RY, and ¢ =

( ti=1,..,N,j=1,. k) a measurable (IV, k) -matrix field defined on
D. Then the square N -matrix field a = 200 a = 5 Zl 1 alal, defined
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on D is measurable, symmetric and non-negative definite.We only assume
that a is locally integrable with respect to the Lebesgue measure and that
it generates a Dirichlet space. To be more specific, let us define the bilinear
form

€ (u,v) = /D Zaij (x) Oyu (z) Ovj (x) dzx, w,v e CF (D),

denote by (u,v) = [, uv the usual scalar product in L? (D) and set & (u,v) =
€ (u,v)+(u,v). What we assume is that (C° (D), &) is closable in the sense
of [9] (see Section 3.1 ). This means that the closure of C2° (D) with respect
to the norm generated by £; can be identified with a subspace of L% (D).
Still following [9], we know that this is the case if a is strictly elliptic or if
for all 4,5 € {1,..., N}, aa;’ij belongs to L? (D). This last condition shows
that we may consider the case where a is degenerated and even the totally
degenerated one, a = 0, which corresponds to the case where we deal in fact
with an (infinite dimensional) ordinary stochastic differential equation.

The basic Hilbert space H is L?(D) and F is the closure of C° (D)
with respect to 511 /2 The semigroup (P;) is the semigroup associated to this
Dirichlet space and it corresponds to zero boundary condition. The operator
A, its infinitesimal generator, can be formally written as a divergence form
operator, i. e. A= —3", . 0;(a"9;).

Suppose that we have the predictable functions

R, xQxDxRxRF SR,
(G1, - 9n) Ry x Qx D x R x R¥ - RV,
= (ﬁl,...,ﬁd):R+><Q><D><R><Rk—>Rd,

SN

that satisfy the Lipschitz conditions with respect to the last two variables
as follows,

‘fN(t,w,.%,y,Z) —J?(ty%%y/,zl)’ < C('y_y,‘ + }Z—Z/‘),
|§(t,w,w,y,z)—ﬁ(t,w,x,y',z')’a(x) < C’y—y"—l—a}z—z",
d B ) 3
(Z w,w,w,m—hi<t,w7w,yzz'>\) < Cly-y|+8]e-2],
=1

where C, «, 3 are some constants, the seminorm |v\a(m) , for a vector v € RV,
is expressed by |v|3(l,) = D a (z)vv; and the sign |-| stands for the
Euclidean norm in RY or R*. Assume also that

F(550,0) € L2([0,T] x 2 x D), (V) T >0, (H')
|§|a() ('7 RR) 07 0) € L2 ([Oa T] X € x D) ) (V) T> Oa

R\ (-,-,-0,0) € L*([0,T] x Qx D), (V)T > 0.
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We denote by 2 the set of all classes of measurable functions u: D — RY
for which the seminorm

1/2

fullsy = { [ 30 (@) @) u, 2 da

is finite. Then K is nothing but L2, the quotient of 12 with respect to the
subvector space {u €12 ||ul2 = 0} . The operator R is formally defined by

Vu = (uy,...,uy) € L2, Ru—Za au;) .

More precisely, as an element of the dual F’ it is defined by
(Ru,0) pr p = —/ Zaij(m)uj(x)aiv(x) dz, YveCX (D).
) D T

For functions v € F one has a well-defined generalized gradient so that
the vector Vuo makes sense (Vuo (z) is the vector in RF of components
Zi]il(aiu)o} (x),j =1,...k; see [2] for more details) and we may write

(Ru,v)pr g = —/ %ZZG%(x)af(x)u](x)&v(x) dzx, Yv e F.
De5i

;From the inequality
(R, 0) g | < ull 3 €72 ()

it follows that the operator norm of R satisfies ||R|| < 1.
On the other hand, to the concrete functions f, g, h, one associates the
abstract operator-functions defined on F,

fo R+><Q><F—>H,f(t,w,u)(-):f(t,w,-,u(-),iVuo(-)),

V2

1

EVUU('))y
d ~ 1

h R+><Q><F—>H,h(t,w,u)(-):h(t,w,-,u(-),ﬁVua(-O.

g : R+XQXFHK,g(t,w,u)(-):§<t,w,-,u(-),

The Lipschitz condition of g implies that for u,v € F' one has

Hg (t7W,u) -9 (tvwvv)HK

7t ), 590 () = (10 (0, 50 ()
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— 'Hg (t,w, ule), %Vua (-)> — <t,w, S (), %VW (')>
1

7 (Vu—Vu)o L < Cllu—v| 2+

= Clu—v|p2+aEY? (u—v).

allL2

SHC’|u—v[+a Vu—Vo)o

1
el p
This shows that the condition in (H1) is fulfilled. Similarly one can verify
the other conditions in (H1) concerning f and h. In the present case the
condition (H2) simply becomes 2a + 3? < 2 and the condition (H3) imme-
diately follows from the assumption (H’). Thus we deduce from our main
theorem that under the condition 2o+ 32 < 2 the equation (1) has a unique
solution and it satisfies certain estimates. Under uniform ellipticity we will
prove a double stochastic formula in the last section.

5.2 An example with the bi-laplacian

We consider the following equation:

dug + Aupdt + f(t, ., ug, Vg, D?uy)dt

d
+Ag(t, z,uy, Vug, D2ut)dt = Z hi(t, x, ug, Vg, Dzut)dBZ,
i=1

with initial condition ug € L? (RN ) , where the state space is RY | Vu =
(O1u, ...0Nw) is the gradient, D*u = (9;0;u,i,7j = 1,...N) is the Hessian of a
function v and A is the Laplace operator. The functions f,ﬁ,ﬁ are defined
as follows

f R: x QO xRY xRx RN x RVN L R,

.9
ho= (7117"‘aﬁd)3R+XQXRNXRxRNXRNXN_)Rd.

They are assumed to be predictable, uniformly Lipschitz continuous with re-
spect to the last three variables, f (-,-,-,0,0,0),9(,-,-,0,0,0), h; (-,-,-,0,0,0) €
L2 ([0,T] x @ x RY) for any T > 0, and i € {1,---,d}. More precisely this
continuity is expressed by

)f(tvwvl‘aya Zaw) —]?(t,w,x,y',z’,w’)‘ < C(|y_y,’ + }Z—Z/‘ + ‘w—w"),
-9g

‘ﬁ(t,w,:v,y,z,w) (t,w,x,y’,z’,w')’ < C (|y fy" + }z — Z") + « }w - w",

IN

Clly =yl + |z =) +Blw-w],

~ ~ 2
hi (t,w,x,y, Zaw) - hl (taw7x’y, Zaw)‘

i=1

teRy,weQreRY y v eR,z 2 e RN, w,w’ e RV,
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The constant C is arbitrary while o and § should satisfy the inequality
2aN? 4+ 2N* < 2, which ensures the fulfillment of the technical condition
(H2). The bi-laplacian A2 is simply the square of the standard Laplacian
on RM. So one has

H=K=L*RY), A=A F=J=D(A)=W**R"),R=A.

The “concrete” functions f, g, h of this example yield the following functions
acting on the functional spaces,

f(t,w,u) = fN(taw7'7u7 VU,DQU) ,g(t,w,u) = f](t,w, ',U,VU,D2U) )
h(t,w,u) = Tz(t,w,-,u,Vu,DQU),

where f,g : Ry x F — H and h : R; x F — H9 In order to check the
condition (H2) of the abstract framework , we use the following inequalities

|00l < llAul, we W2 (RY),
IVall = /= Au) < < ||Auf +C. [lul], uw e W22 (RY),
with ¢ arbitrary small and C. depending on €. So, one has
C (|lu—v|| +||[Vu— Vo|) + a ||| D*(u —v)|||

<
< Collu—v| + (e +aN?) [|A(u—v)|
= C.|lu—v|+ (e +aNHEw —v)'/?,

”g (t,w,u) -9 (tawa U)H

and a similar relation for h. Moreover, it is clear that in this case, |R|| < 1.
The s.p.d.e. associated to the bi-laplacian models some physical phe-
nomena (see [4] and the references therein for further results).

5.3 An example with an infinite dimensional state space

We use the notation of [3] and denote by (W, m) the Wiener space with
Wiener measure on it, H denotes the Cameron-Martin space, D is the Malli-
avin derivative, 0 is its adjoint, the divergence. The s.p.d.e. we consider has
the form

1 ~ ~
du — §5Dutdt + f (t,w, w,ug, Dug) dt + 0g (t, w, w, up, Duy) dt
d ~ .
= Z hi (t,w,w, u, Dug) dBj (w) .
i=1

The functions f, g, I are defined as follows

f @ RixQxWxRxH— R,
g  RixQxWxRxH—H,
h = (hi,--hg) : Ry xQx W x RxH— R
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They are predictable, satisfy the integrability conditions

f('7'7'7070)7hi('>'7'a0a0) € L2([0>t]XQXW)7t>07i€{17"'>d}
g('>'7'a0a0) € LQ([O7t]XQXW;H)at>07

and the Lipschitz condition in the form

)f(tawvwvyvz) _f(tawaway,7zl)‘ < C(|y_y,’ + }z_zl"H)’
w2 G (g )y < Cly—v]+als— 2y,
d ~ ~ 2
Z hi(taw7w7y7z)_hi(tvwaway/a'z/) < C‘Z/—y,’_‘_ﬂ"z—z,’%a

i=1

with an arbitrary constant C' and «, § satisfying 2a + 32 < 1.

In this case the state space is W and H = L?(W,m),A = —%5D
is the infinite dimensional Ornstein-Uhlenbeck operator, F = D2, and
& (u,v) = % [ (u,v);, dm. The semigroup (P;) generated by A is the infinite
dimensional Ornstein-Uhlenbeck semigroup. The space K is L? (W, m;H),
while R = 6. A direct verification shows that the conditions imposed on «
and [ ensures applicability of the general result.

6 Doubly stochastic interpretation of solutions

The doubly stochastic interpretation of solutions of s.p.d.e. was first ex-
plored in [15] and turned out to be a powerful tool, giving a direct approach
to the study of s.p.d.e.’s. Further recent investigations are in [1] and [17].
In this section we only show that the doubly stochastic interpretation holds
in our case too.

We first construct an approximating sequence for the solution of the
following simple form of the main equation

d
du; + Augdt = Z wj,tng , ug=20.
j=1

We do this in the abstract setting. In fact, we already know an expression
for the solution and it was studied in Proposition 6. It will be approximated
by solutions of the following deterministic equation with suitable data w™,

(O +A)v" =w", vy =0.

The next lemma may presumably have other applications. We are not
aware wether it is known.
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Lemma 10 Let w = (wy,...,wq) : Ry x Q — (D (A))?, be such that w €
~ d
(77 (F)) and

Esup || Awg|3 < oo, Esup |w][3 < oo, (¥) T > 0.
t<T t<T

Define the following process in the sense of Proposition 6,

d ¢
Uy = Z/ Pt,swj,sng
j=1"0

and set .
v[‘:/ P_swds,
0

where the integrand in the right hand side is defined by wy* = Z?Zl 2" (Bg?z+1 — Bg,l) Wyt

fort € [t} 7)) and t} = 57,1 € N.
Then v™ converges to u, in the following sense

lim Esup vy — wl> =0, (V)T > 0.
noo4<T

As a consequence, there exists a subsequence (V™ )en such that

limsup ||v;" —u]| =0, a.s. (V)T > 0.
L 4<T

Proof. We are going to compare the approximands v” with the processes
u", defined by

d ¢
n __ n j An n gn
Uy = E / PrswidB] , 0 = wjm , s € (8]t ,].
. 0
7=1

By Proposition 6 , we have

lim Esup ||ju; — ul||* = 0.
n—-+0o00 t<T

We are first going to estimate u! — v for some fixed dyadic number 7
which is written as 12“—2 for any large enough n, that we also considered as
fixed for the moment. One starts with the remark that we may write the
value of v in the form of a stochastic integral,

d T
n __ n J
vy = g / e; dBy,
j=1""Y
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2% . .
where el - = 2" [*" Pr_jwjy,dr, for s € [t7, 47 ) with ¢}, < 7 and j €
{1,...,d}; then we may write

d T
Elup =P =>"E / 1Pty — e || ds.
=t 70

n 4n

Now, considering j € {1,...,d} and s € [t},t}, ;) with ¢}’ | < 7,we have

ti

tm
i+1
n n o __ . _9n . _9n . _ .
PT_swj78—ej75— r—sWj gn 2/ PT_,«w],thdr—2/ (Pf—swj,t? PT_Tw],ter)dr.
t

n n
i ti

Then, using the estimate ||[Pz — x| < t||Ax|, we get

tmn
i+1
N n n )
HPT_Swj’s — ejysH <2 / |r — s] HAw],t?
tn

i

1
ds < o || Awj iy

)

which yields

1 2
E|u®—o"|? < (2—> TEsup || Aw|3 .
t<rt

Using this estimate for all dyadic numbers less than 7, we get

2"
i=0

where C; is a constant which depends only on 7.

Now we are going to estimate the oscillation of u™ with respect to our
partition. Thus, for ¢ € ( S t?ﬂ) and ¢}, ; < 7 we have thanks to Proposition
6,

2 1
<

— 11
< Cr (11)

n n
Uin — VU
t 7

t d  pt
up — g = — [ Aulds + / W dBY,
& j=1"t"
which leads to )
sup ’ up —upn || <
te(trer, ) '
n d
1 ti+1 2 . . 2
<@+1) |5 (/ | Auz|? ds> 3 e * s (B - BE)
£ Jj=1 te ()
and hence
2 1
sup sup ‘u?—u?n <(d+1) <nX"+Un> ,
i€{0,., 2" =1} te (e e7, ) ‘ 2

where

X”:/ | Aun | ds
0
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and

N2
Un = sup wjn sup - B,
i€{0,...,2"7— HZH - H te(trtp, ( tl)
As
Vs € [0,7], A / P, . A@},dB],

we get using again Proposition 6

)
EX" < TE/ |AG" |2 dr < 72F sup || Aw2.
0 t€[0,7]

The dominated convergence theorem ensures that

lim EU™ =

n—-+o0o

and so we conclude from the preceding estimates

2
lim E sup sup ’ uy — Upn =0. (12)
n—+00 1€{0,..,2n7—1} tE(tf,t?+l) ¢

Further we are similarly going to estimate the oscillation of v™. Again with
te (7, thy) and £, <

d t
n _ n § : n J J .
Uy = Pt,t?vt? + 2 (Bt?+1 — Bt?) /n Pt,sw],t?ds,
j=1 t;
and hence
2 d 2 t
‘vf —op | < (@) HPt,t?v;; ol :(Bi?ﬂ — Bg?) on / P gw;nds
: tn
]:1 %

In order to estimate this, one takes into account the following

2 1)\2 2
< (—) HA/U;LTL

P v — vl
H t ti tlﬂ tZTL )

2

t

2

L s R o
2

So we get
n n 1 n n
sup sup ‘vt —vp|| < (d+1) %V +Y"),

i€{0,..,2n =1} ee(tn it )
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with

2
V"= sup HAU}}L
i€{0,...,2n7—1} ‘
and
d 2
n_ i _pi 2
Y" = sup g Btzn“— in ijvt?

i€{0,....2nr—1} 24

The conditions imposed to w and the dominated convergence theorem lead to
limy, .00 EY™ = 0. On the other hand we have Avf, = 37, [(* Ae? dBI,
which implies via Doob’s inequality,

‘Avfn
K2

E  sup

2 T
§4E/ |Ae||Zds < 47E sup || Aw|3,
i€{0,...,2n7} 0

tel0,7

because if s € [t7, 7, [, Ael, =2" ;_Z“ Pr_y Aw; ¢ndr. Therefore we deduce
that '

2
lim F sup sup ‘ vy — Upn =0.
n—oo . k3
1€{0,..,2n7—1} te(t?,thl)

It is now easy to conclude from this relation, (11) and (12).0

Now we are going to apply the preceding results to a more concrete
object, which is a particular case of the first example from the introduction.
Namely we shall assume that H = L? (RN) and A =—-L=— Z” 0; (aijf)j)
is the infinitesimal generator of a symmetric diffusion process in RY with
measurable coefficients satisfying the uniform ellipticity condition,

AP <D a7 (2) €8 < AJEP, 2,6 € RV,
1,J

where A and A are positive constants. This means that F' coincides with the
Sobolev space VVO1 2 (RN ) = w2 (RN ) . When the diffusion is obtained as
the solution of a stochastic differential equation, then the diffusion coeffi-
cients are expressed in terms of the coeflicients of the stochastic differential
equation, which are usually denoted by 02, as follows

1 n
a9 == E O"]LCO'%,
2
k=1

where n represents the dimension of the Wiener process driving the stochas-
tic differential equation. Because it is common to write the backward
stochastic differential equations with this notation, and this is what we
will do next, we will preserve the notation. However we will not use the
underlying probability space of the Wiener process, rather we work with
the Markov realization of the diffusion, X = (', F', F/, X, 0;, P*), on the
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canonical space of trajectories Q' = C ([0, x); RN ) . The martingale part of
the component X} will be denoted M*, while the backward martingale part
will be denoted by M. For these notions, we refer to [9], p 246; this is a
particular case of the theory of symmetric Markov processes associated to
(symmetric) Dirichlet forms. The Lebesgue measure in R will be denoted
m and T > 0 will be a fixed number. Still following [9] , we know that

t
<MZ,M7>t = 2/ a'’ (Xs)ds,
0
and that for all v € F|, the process t — u(X;) admits a continuous version.

Proposition 11 If w = (wy,...,wg) € (P (LQ(RN)))d, then the process
Uy = Z?:l fg Pt,swmsng admits a double stochastic representation as fol-
lows,

d t )
u(w,t, Xp_(w') = Z/ w; (w, s, Xr_s(w')) dBI (w) —
j=1"9

i/T Ouu (T — 5, X, (o)) dMI (&)

=171t

The relation holds P ® P™ -almost surely, for each 0 <t <T.

Proof. We first establish the formula in the case of an elementary process,
wj (W, t, ) = Xp; (W) Xy rg) (B) €5 () 5

with 0 < r; < rpand for all j € {1,....,d}, A; € F, , e € D(A3/2) N
L>®(RN) so that Ae; € F. We recall that D (A3/2) N L>®(RY) is dense in
L?*(RN) (see [3] or [9]). In this case we may apply the previous lemma with
the same notations in the space L%(RY) as well as in F so that besides the
relations from the lemma, we get

lim Fsup & (vy" —ug) = 0. (13)
no4<T

Since one has (9; + A) v™ = w", for each point w € 2, we may write the
following relation, P™ (dw’) -almost surely (see [2]),

" (w,t,XT_t(w')) = /0 w" (w, s, X7_¢ (w')) ds (14)

N T
—Z/ ou" (w,T—s,Xs (w’))dMg (w’).
=171t
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Taking the limit with n — oo in this relation, we get the formula of the
statement. Convergence of the martingale term follows from relation (13),
because

E™ (; /TT_t (00" (w0, T — 5, X, (W) = Ou (w, T — 8, X ())) dM. (w’)) =

N T
Em™ Z /T tai,j(Xs(w’)) (0;(v"™ — u)aj(vn — ) (u),T ~ 5, X, (w’)) ds —
ij=1"1-
T
= E((W" —u) (w,T — s))ds,
T—t

where E™ denotes the expectation under P™. We should only see what
happens with the first term in the right hand side of the relation (14). We
shall take, as in the previous proof with the same notations, a fixed dyadic

number 7. We have -

w" (w, s, X7_s (w’)) ds

0
2" r—1 d ' 4 tﬁ{
-3 2”Z(Bgﬂ+l—B§n)/ w; (w, 7, X7y (W) ds.  (15)
=0 =1 toJe

On the other hand, the integral

/OT w; (w, s,XT_S(w’)) dBJ () (16)

is approximated in the usual way by

2nr—1
Z <B§?+l(w) — Bgy (w)) wj (w,t?,XT_t? (W)
=0

To see that (15) converges to (16) one should estimate the following

i = Z“Xd: Bl —BL) [ ey (0 X ()=, (w067 Xy ()
- Xy (B, - t>/t wy (0,87, Xp_y (&) —wj (0, 67, Xp_pn ())]ds.

Taking the expectation with respect to P(dw), on has

2" r—1

[t :
E(d)? = E Z 2" Z (/ [wj (w, ], X (@) — w; (w,t?,XT_t? (w'))]ds)
=0 j=1 \"#

(wj (w, t Xp_s (w’)) — wj (w,t?,XT,t? (u/)))2 ds.

|

N

™
—
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Now, we use the explicit formula for w, so that for n large enough

d 2" (TArg)—
B < Sor) S [ e (e ) e ()
Jj=1 1=2"(TVr1) i
d 2" (TArg)—
2
) [ (e (s () O ()
j=1 1=2"(TVr1)

Using the continuity of the process s — e (X7_s (w')) for m-almost all w’,
we apply the dominated convergence theorem with respect to ds® P™ which
yields

lim E™E(d")? = 0.

n—-+o0o

To pass to the general case with w arbitrary in (P (L2 (RN )))d , consider
a sequence (w"),>o of combinations of elementary processes which converges

to w in (73 (Lz))d. For all n, we set

d .t
uy = Z/ Pt,sw;:sng.
j=1"0
Then we deduce
t ‘ 2
E™E </ (wj — w;‘) (w,s, Xr_s(w')) dB? (w))
0
t
= EmE/ (w; — ?)2 (w, s, X7—s(w')) ds
0

= E/ E™ (w —w])2(wsXT s(W))ds

= 5 [ o -l as,

and

N T ) 2
EE <;/T_t (Ou — Ou™) (w, T — s, X (W')) dM (w )>

N T
= EE™ Z 9 (u—u") 0 (u—u") (w, T — 5, X, () d (M, Mj>S ()
=Tt
T
= FE E(ur—s —up_g)ds.
T—t

Then, we use the relation (i7) of Proposition 6 to conclude, because it is also
clear that u™ (w,t, X7_(w')) converges to u (w,t, X7_4(w'))in L2(RY).O
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Now we are going to interpret probabilistically the solutions of the non-
linear equation. We assume that the “concrete” functions from the first
example in the introduction satisfy all the conditions mentioned there and
that 2+ 3% < 2. Then the conditions to apply Theorem 8 are satisfied and
one deduces the existence and uniqueness of the solution of the equation (1).

Corollary 12 Let u be a solution of the equation (1). Then this solution
admits a double stochastic representation as follows,

U (w,t, Xr_y (w')) = U (w, Xr (w’))

_ /Ot f(s,w,XT—s (W), u(w, s, Xp_s (W), %Vua (w, s, X7—s (d))) ds

/T i <T s X (&) o (0, T — s, X, (o)) %Vuo (0T — 5, X, (d))) dM ()

[ (500 @) o, X (@) T (5, X0 () ) AT ()
fa( .

S [ e s ) )

- = / , 1 , ;
—I—jz::l/o h (S,W,XT—S (W), u(w, s, Xp_s (W), EVUJ (w, s, X7—s (w ))) dBJ (w).

Proof. Taking into account the formula of the mild equation (Definition 1)
and the representation obtained in the preceding proposition, it is enough
to prove a double stochastic representation for a process of the type

¢ ¢
v = Pug —/ Pi_sweds —/ P g 0" w; sds
0 0 r

where ug € LQ,w,wj epP (L2) . But this process satisfies, on almost each
trajectory, the following deterministic equation

(& — L) v (w,t) +w (w,t) — Zaiaijwj (w,t) =0, v (w,0) = ug(w).

Its representation then follows from [18], namely one has

v (w,t,XT_t (w’)) = ug (w,XT (w’))

- [ X ) ds
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a

33 [ sx ) )

+ /Ot w; (w, s, Xr_s (w')) AN (w')

[ s s x @) avi ().
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