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Abstract

Nonlinear filtering is a pivotal problem that has attracted significant attention from math-
ematicians, statisticians, engineers, and various other scientific disciplines. The solution to
this problem is governed by the so-called "filtering equations.” In this paper, we investigate
the uniqueness of solutions to these equations within measure spaces and introduce a novel,
generalized framework for this analysis. Our approach provides new insights and extends the
applicability of existing theories in the study of nonlinear filtering.
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1 Introduction

The objective of nonlinear filtering is to estimate an evolving dynamical system, modeled by a
stochastic process X, referred to as the signal process. This signal process cannot be directly observed;
instead, it is inferred through a related process Y, known as the observation process. The filtering
problem involves determining the conditional distribution of the signal at the current time, based on
the observation data accumulated up to that time. For a comprehensive treatment of the filtering
problem and a historical overview of its extensive development over the past 80 years, starting with
the foundational work of Kolmogorov, Krein, and Wiener, readers are encouraged to consult [4].

The conditional distribution of the signal given the observation is the solution of a nonlinear
evolution equation. Moreover, it has a version which satisfies a linear evolution equations. In
what follows we shall refer to these to equations as the filtering equations. The filtering equations
have been studied at length by many different contributors to the filtering problem and in different
frameworks. The most popular continuous time framework is that where the signal X satisfies a
stochastic differential equation driven by a multi-dimensional Brownian motion denoted by V', and
the observation Y satisfies an evolution equation of the form

dY, = h(t, X;) dt + dW;,

where the driving Brownian motion W is independent of X. In this case, the filtering equations are
well understood and their solution is shown to be unique in suitably chosen spaces of measures, see,
e.g., [1, for details.
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In this set-up, the equations satisfied by the signal and the observation are asymmetric. There
is no dependence of X on Y, and the observational noise W is chosen independent of the signal and
with a coefficient that does not depend on either X or Y. Possibly a symmetric set-up would require
the pair X := (X,Y) to satisfy a stochastic differential of the form

dXt = a(t, Xt) dt + b(t, Xt)dBt,

where B := (V,W). However, perfect symmetry is not really possible. For example, should the
diffusion observation coefficient depend on the signal, the solution will degenerate, see, e.g., [5] for
details.

In this paper, we introduce a framework which is as close as possible to a symmetric one, see
equations (2)) and (Z2) below. This new framework represents a generalization of several existing
ones, including those covered in [3] and [13]. A simplified version of the present set-up (where the
signal and the observation noises are independent) was studied in [§].

In the new framework the coefficients of the stochastic differential equation satisfied by X depend
on the pair (X,Y). Moreover X is driven by the pair (V, W) and not just by V. Put it differently the
Brownian motion driving the signal is corellated with the Brownian motion driving the observation.
Moreover we do not assume that the diffusion coefficient in the observation equation is invertible.
In the degenerate case when the diffusion coefficient is equal to 0, the observation becomes indepen-
dent of the signal: in this case the conditional distribution of the signal coincides with the (prior)
distribution of the signal.

Within this framework we obtain the filtering equations and show that they have a unique solution
within a suitably chosen space of measures. The following are contributions of this paper:

e We deduce the filtering equations for the signal and the observation processes satisfying equa-
tions (2I)-([22) below. The coefficients of both equations depend on the signal-observation
pair. Moreover, as opposed to frameworks treated elsewhere we do not assume an invertible
diffusion term in the observation equation. We do this at the expense of assuming a special
form for the observation function h, see (Z3]) below.

e We show the equivalence of the uniqueness properties of the two filtering equations, namely the
nonlinear Kushner—Stratonovich equation for the conditional distribution, and the linear Zakai
equation for the “unnormalized conditional distribution”, see equations ([B.I3]) and, respectively,

[BI12) below.

e We establish the uniqueness of the solution of the equation satisfied by the unnormalized
conditional distribution of the signal in the space of measure valued processes.

Let us now explain the novelty of our proof of the uniqueness of the Zakai equation. The so-
called “duality argument” is a standard method for proving uniqueness of the solution of a linear
equation. Bensoussan applied the duality argument in [3] to show the uniqueness of the solution
of the Zakai equation. In the framework treated in [3], the measure valued solution of the Zakai
equation, which is a stochastic partial differential equation was paired with the (function valued)



solution of a deterministic backward PDE[] The proof in [3] involves the use of an It6’s formula to
deduce the evolution of the solution of a deterministic backward PDE integrated with respect to the
measure valued process that is the solution of the Zakai equation. The same argument cannot be
applied in the framework treated here since the coefficients of the operators appearing in the Zakai
equation (hence also in the adjoint backward PDE) depend upon the current observation. As a
result, the dual of the solution of the Zakai equation would now be the solution of a backward PDE
starting at the time ¢ and run backwards in the interval [0, ¢] and, at any time s € (0,¢), would be a
function of the observations on the interval [s,¢], making it random and, moreover, anticipating at
any time s € [0,¢] the future of the observation process. As a result, the Ito6 formula can no longer be
applied. In order to circumvent this difficulty, we replace the dual deterministic PDE by a backward
Stochastic Partial Differential Equation” (or BSPDE for short). For this, we exploit recent results
from Du, Meng [6] and Du, Tang , Zhang [7] which we need to adapt to our framework which requires
a complex—valued BSPDE, equivalent to a system of two real valued BSPDEs, and construct Sobolev
space valued solutions of our system of BSPDEs. Moreover, we exploit classical Sobolev embedding
theorems, in order to deduce enough smoothness of the solution of the BSPDE so that it can be
integrated against an arbitrary measure—valued solution to the Zakai equation.

The paper is structured as follows. In Section 2 we introduce the filtering framework and the
two sets of assumptions that ensure the existence and uniqueness of the filtering equations (see
Assumption E and Asssumption U below). In Section 3 we deduce the Kallianpur-Striebel
formula (Proposition B.H) which implies the existence of an unnormalized version of the conditional
distribution of the signal. Next we deduce the filtering equation ([3.I3]) for the conditional distribution
of the signal, which is a non linear SPDE, as well as a linear equation (3I2) for the unnormalized
version, see Theorem B.IT]below. Finally we show in Theorem BT that equation (8I3]) has a unique
solution if and only if (8:12]) has a unique solution. In Section 4 we introduce several results pertaining
to a class of backward stochastic partial differential equations that are used in the subsequent section
as well as a useful Ito type formula, see Theorem (1] and some preliminary Lemmas. The paper
is concluded with Section 5 where the uniqueness of the solution of equation (BI2]), respectively
BI3) is proved, see Theorem below. Finally in the Appendix we recall the definition of the
Moore-Penrose pseudo-inverse AT of a (possibly) rectangular matrix A, and prove that the mapping
A+ At is measurable.

2 Framework

Let (2, F,P) be a probability space together with a filtration (F3;);>¢ which satisfies the usual con-
ditionsﬁ. We recall that to such a filtration we associate the o—algebra P(F;) of progressively mea-
surable subsets of {2 x R, which is the class of sets A C Q2 x R, which are such that for all ¢ > 0,

AN(Qx0,1) € Fr @ By,

IThe duality property is shown through the use of a collection of exponential martingales first introduced in the
filtering framework by Krylov and Rozovskii.[10]

2The probability space (2, F,P) together with the filtration (F;):>o satisfies the usual conditions provided: a. F is
complete i.e. A C B, B € F and P(B) = 0 implies that A € F and P(A) =0, b. The filtration F; is right continuous
ie. Fy = Fiy, and, c. Fp (and consequently all F; for ¢ > 0) contains all the P-null sets.



where B4 denotes the o-algebra of Borel measurable subsets of [0,¢]. On (£, F,[P) we consider a
P(ft)—measurableﬁ process (X, Y') with continuous paths. The process X is called the signal process
and is assumed to take values in R? (termed as the state space). The process Y is assumed to take
values in R? and is called the observation process.

We will assume that the processes (X,Y) satisfy the following systems of stochastic differential
equations

t t t
Xt - XO_I'/ f(SaXmY:s)dS—l—/g(S>Xsa}/;)d‘/s+/g(SaXmY:s)dWsa (21)
0 0 0
t t
y, = YO+/ h(s,Xs,}/s)ds+/ k(s, Y)dIW,, (2.2)
0 0

where V' and W are mutually independent ¢ (resp. ¢') dimensional standard Brownian motions,
and f.g, g, h, k satisfy suitable conditions so that the system (21])+(2.2]) has a unique solution (see
Assumption E below). In addition, we assume that

h(s,z,y) = hi(s,y) + k(s,y)ha(s, z,y). (2.3)

Let B(R?) and B(R?xR?) be the associated product Borel g-algebra on R? and, respectively, R? x R¥
and let bB(R?) and bB(R? x R?) be the space of bounded B(R? x R?), respectively, B(R? x R?)
measurable functions. Let A, be the following differential operator

d d
ASQO ('I) = Z fZ (Sv x, }/s> algp (.CL’) + 5 Z aw (87 z, }/;) 87,8)80 (,’L’) )
=1 1,7=1

l 4
A (s,2,Y) = D g% (s,2,Y) + > g7g" (s,2,Ys)

p=1 p=1

We will impose the following sets of assumptions on the coefficients of the system 2.1)+(22):
Assumption E. The functions

x R4 x RY — R?
x R? x RY — Rx¢
x R? x R — R

~

have the following properties:

3This means that the mapping (w,t) — (X¢(w), Yz(w)) is P(F;)-measurable.



e f.9,9,h, hy and k are locally Lipschitz in the (z,y) variables. In other words, for any R > 0,
we have that

f (2, 91) — (22, 90)|| < Kr (|lon — 2ol + |y — ), 21,22 € BE, 31,50 € BE,

where B% (resp. B%) is the ball of centre 0 and radius R in R? (resp. in R?) and Kp is a
constant which may depend upon R, but is independent of all variables, with a similar condition
imposed on ¢, g, h, h1 and k.

e f.9,3,h, hy, hy and k satisfy a linear growth condition in the (x,y) variables. In other words,
1f (to, )|l < K (L [af| + |lyll) @122 € RY 1,92 € R,

where K is a constant independent of all variables, with a similar condition imposed on g, g, h, hy
and k.

We also assume that X and Yy have finite second moments, that is E [|| Xo||? + ||Yo||?] < oo. The
following is a classical result in the theory of stochastic differential equations, see e.g., [9] for a proof.

Remark 2.1. Under Assumption E, the system (21))+(2.2) has a unique global solution. More-
over, for any T > 0, we have that

E | sup [|X,|]"| +E

s€[0,7T7

2
sup |[Y||
s€[0,7T7

< 0. (2.4)

Assumption U. The functions f, g, g, hy are bounded on [0, 7] x R x R? for arbitrary 7' > 0.
The functions h; and k are bounded on [0, 77 x R? for arbitrary T > 0. Moreover, for some integer
n > g + 2, all the partial derivatives of the functions f, g, g, h in the x variable with multi-index «,
such that |a| < n, are bounded on [0, T] x R? x R? for arbitrary 7' > 0

Remark 2.2. In the following, the evolution equation of the conditional distribution of the signal
given the observation will be derived under Assumption E, whilst the uniqueness of its solution will
be proved under the joint Assumptions E+U.

Let {)}, t > 0} be the usual augmentation of the filtration associated with the process Y, viz

YVi={(NoY,, sel0t+eh) VN, Y=\ V. (2.5)

e>0 teR4
where A is the class of all P-null sets. Note that Y is P(F;)-measurable, hence ), C F; for all t > 0.

Definition 2.3. The filtering problem consists in determining the conditional distribution ¢ of the
signal X at time t given the information accumulated from observing Y in the interval [0,t]; that is,
for any ¢ € bB(RY),

(e) = Elp(Xy) [ Vi]. (2.6)



3 The Filtering Equations

In the following we deduce the evolution equation for ;. Let W = {Wt, t > 0} be the process defined
as

t
W, = m+/ ha(s, X,, Y)ds.
0

We shall construct a new measure under which W becomes a Brownian motion and ¢ has a repre-
sentation in terms of an associated unnormalised version 7. This 7 is then shown to satisfy a linear
evolution equation which leads to the evolution equation for ¢ by an application of It6’s formula.
Define Z = (Z;),>, to be the exponential local martingale

t 1 t
Z, = exp <—/ ho (s, X, Ys) dW, — 5/ |hg (s,XS,YS)|2ds) : (3.1)
0 0

We will work under the following additional assumption:
Assumption M. We assume that

E[Z]=1, Vt>D0. (3.2)
In particular this implies that Z is a genuine martingale (not just a local martingale).

Remark 3.1. There are several assumptions under which (3.3) holds, see e.qg. Proposition 2.50 in
[T4)]. The sufficient condition (ii) of that Proposition requires that for each t > 0, there exists v > 0
such that

sup Elexp(y|ha(s, X5, Y2)|?)] < oo.

0<s<t
This condition is, in particular, satisfied if ho(t, X;,Y;) is a Gaussian process with locally bounded
mean and variance, and also clearly if hy is bounded. It also follows that Assumption U implies
Assumption M.

Let P be the probability measure defined on the field Uop<t<oo F¢ that is specified by its Radon—
Nikodym derivative Z; on each F; with respect to the corresponding trace of P; that is, for each
t>0:

dP

d_IP) - Zt'
Fi

P restricted to each F; is equivalent to IP since Z; is a positive random Variableﬂ. o
Let Z = {Z,, t > 0} be the process defined as Z, = Z; ! for t > 0. Under P, Z, satisfies the
following stochastic differential equation,

Z/
dZy = Zyho(t, X, V)T AW, = Y~ Zihi (¢, X,, Y;) AW/ (3.3)

Jj=1

4Note that we have not defined P on Fa., where Foo = Vico Ft =0 (U0§t<oo }'t) )

6



and since Zy = 1,

v t 4 t

- . ~ . 1 )

7, = exp (§ :/0 (s, X, Vo) W7 = =S /0 hg(s,Xs,Ys)2ds> , (3.4)
j=1 j=1

then E[Z,] = E[Z,Z,] = 1. So Z is an F, martingale under P and

iy
dP

Z, fort>0.

Fi

The probability measures P and P are therefore equivalent on each o-field F; for any ¢ > 0. The
following proposition is a direct consequence of Girsanov’s theorem:

Proposition 3.2. If assumption M holds, then under P the process W is a Brownian motion inde-
pendent of V.

Remark 3.3. Since P and P are absolutely continuous with respect to each other, they have the same
class of null sets N and therefore the (augmented) observation filtration is the same both under P
and under P.

_ The following proposition is a consequence of the independent increments property of the process
W under P.

Proposition 3.4. Let U be an integrable Fi-measurable random variable. Then we have
E[U | ] =E[U | V). (3.5)

Proof. Under Assumption E, the process Y is the unique strong solution of the equation
t t ~
Y, =Y, +/ hi(s,Ys) ds+/ k(s,Ys)dWy
0 0
driven by the Brownian motion W (under P) and we deduce from this that

ycyvFW

where F'W = & (VNVHS — Wt\ 5> O). Moreover FtW is independent of F;, 2 Y, under P. It follows
that since U is J; measurable,

E[U | Y] =E[E[U | Y, v FW] | V] =E[U | Y)].

In the following, the notation P(PP)-a.s. means that the result holds both P-a.s. and P-a.s.



Proposition 3.5 (Kallianpur—Striebel). If assumption M holds, for every ¢ € bB(RY), and

t € [0,00), o
E[ZfQPSXt) | y] I@(P)—a S
E[Z | V] B

Proof. Since () = E[p(X};)|y], for any A € Y,

E[1ac(e)] = E[Lap(Xy)] -

si(p) =

Consequently . . . .
Ellaci(p)Zi] = E[lap(Xe) 2]

EE[Lac () Z| V)] = E[E[Lao(X) Z| V]

E[14st(0)E[Z: | Vi]] = E[1AE[Zp(X2) | WH]).
It follows that E [1,4 { (QE[Z, | YV)-E[Zp(X,) | yt]}} — 0 for any A € V. Since
§t( ) [Ztyt] [Z%P(Xt)‘yt]
is V;-measurable, we deduce that
< (Q)E[Z; | V)-E[Zip(X:) | Y] =0

P- almost surely. Hence (38) holds by Proposition B4l
Let ¢ ={¢;, t > 0} be the process defined by

¢ =E[Z | Y],

then as Z, is an Fi-martingale under P and ), C F,, it follows that for 0 < s < t,

fE[Ct | ys] [Zt|ys] [ [Zt | ‘F] | ys - [ZS | ys] - INE[ZS | y] = CS)

(3.6)

(3.7)

where the penultimate equality follows by Proposition 3.4l Therefore by Doob’s regularization theo-
rem (see e.g. Theorem 3.13 in [9]), since the filtration ) satisfies the usual conditions we can choose
a cadlag version of (; which is a ),-martingale. In what follows, assume that {(;,¢ > 0} has been
chosen to be this version. Given this version ¢, Proposition suggests the following definition:

Definition 3.6. Define the unnormalised conditional distribution of X to be the measure-valued

process ™ = {m, t > 0} given by my = (5 for any t > 0.



Notation. We shall denote by Mp(R?) the set of finite measures on R, which we equip with
the topology of weak convergence (i.e. ju, — p if (tn, ©) — (i, ), for all ¢ € Cy(R?)), the set of
continuous bounded functions on R

Lemma 3.7. Under assumption M, the process {m;, t > 0} is an M p(R%)~valued cadlag and P(Y,)-
measurable process. Furthermore, for anyt >0, ¢ € bB(R?),

m(p) =E [Ztap(Xt) | y} P(P)-a.s. (3.8)

Proof. Both () and (; are P();)—measurable. By construction {(;, t > 0} is also cadlag. Moreover,
there exists a suitable version of the process ¢ = {¢;, t > 0}, so that ¢; is P());)-measurable probability
measure-valued process for which (2:6) holds almost surely, see Theorem 2.24 in [I]. In addition,
since ) is right-continuous, it follows that ¢ has a cadlag version (see Corollary 2.26 in [I]). In the
following, we take ¢ to be this version. Moreover, for any continuous bounded function ¢, ¢(y) is
the optional projection of ¢(X;) with respect to the filtration ). Finally, since {¢, t > 0} is cadlag
and P()};) measurable, it follows that the process {m;,t > 0} is cadlag and P();)-measurable.
For the second part, from Proposition [3.4] and Proposition it follows that

() = gA@)E[Z | V] = E[ZM(Xt) | Y] P-as.,
From B7), E[Z, | V)] = ¢ a.s. from which the result follows. O
Definition gives us the following immediate corollary:

Corollary 3.8. Under assumption M, for every ¢ € bB(R?),

o () 3
G(p) = (D) Vt € [0, 00) P(P)-a.s. (3.9)

Remark 3.9. The fact that the process ¢ has cadlag paths is an application of the properties of
the optional projection of a stochastic process, see [1] for further details. Whilst it is true that the
optional projection of a process with cadlag paths has cadlag paths, it is not, in general, true that the
optional projection of a continuous process is a continuous process. A counterezample is the Azema
martingale, see Theorem 61, pp 180-182, ,{B/ﬁ

Continuity of both ¢ and w can be ensured if additional constraints are imposed. For example, if
we have that

E[ sup Z] < oo, (3.10)
t€[0,T]
for arbitrary T > 0, then the process C is continuous by the (conditional) dominated convergence
theorem. Similarly, the measure valued process {m;, t > 0} also has continuous paths in M(R?), the
space of finite measures endowed with the weak topology. In turn this implies that also the process
{st, t > 0} has continuous paths in the same topology by (3.9).

SWe thank Martin Clark for pointing out this example to us.



The Kallianpur—Striebel formula explains the usage of the term unnormalised in the definition
of m; as the denominator m,(1) can be viewed as the normalizing factor. Below kT stands for the
Moore Penrose pseudo-inverse of the matrix k (see the Appendix below for its definition). Since
(w,t) — k(t,Y(w)) is P(Y;)-measurable, and from Lemma k +— kT is measurable, we have that
k*(t,Y;) is P();) measurable. Finally h) stands for the transpose of hy in other words the row vector
corresponding to ho

Lemma 3.10. For allt > 0, we have that
t
/ (HTI‘S YTk (s, Y H + ||ms(hy KT K (s H )ds < oo, P-as. (3.11)
0
As a consequence, the stochastic integrals

t
- / 7(Vag + 9] k" (,Y.) (dY — ha(s,Y)ds),  and
0

Fes / ((Tag + 0eh]) — a(@)suh])) K (5,Y:) (dY — <u(h) ds)

are well defined for any function ¢ € C;’2([0, o0) x R?)) and are local semi-martingales with almost
surely continuous paths.

Proof. We only treat the first term in (3.I1)). The second can be dealt with in the same way. We
first note that
T (9K Tk (5, Ys) = 6u(g)ms (DK Tk (5, Y5)

and for any 0 < s <'t,

<s(9)ms(D)ETE (5,Y5)|| < sup m,(1) |7k (s, Y5)|| x [I<s(9)]

0<s<t

Since k™k is locally bounded and the supremum on the interval [0,¢] of the process 7 (1) (7, has
cadlag paths) and of the process ||Ys|| (Y has continuous paths) are finite P-a.s., clearly from (G.2)
below,

sup my(1)* ||k k (S,YS)H2 <oo, P— as.
0<s<t

So it suffices to show that t
[ @R s < oo as
0

This, in turn, is a consequence of the fact that for any entry g;; of the matrix g, using Jensen’s

inequality,
t t
E [ (g ds=E [ B [5[V.|ds
0 0
t
<& [ E[lg, | 2] ds
0

t
:E/ i ; (S>X5,Y;)|2d8
0

< 00,

10



where the last inequality follows from the fact that all coefficients have at most linear growth and

ed.
We next consider the two stochastic integrals. For the first one, we note that it can be rewritten
as

t
/ Ts(VpsG + 0shg VkVk (s,Y,) dW,,
0

and the second one equals

/0 (5(Vpsg + pshy ) — ss(@)ss(hg ) kT k (s, ;) (dVVS - qs(hg)ds) ,

so that the result follows from the first part of the proof, combined with the fact that ||kTk (s, V)| <
C, see ([6.2) below. O

We are now in a position to establish the evolution equations for the processes m and ¢ in this set-
up. Note that all stochastic integrals in the equations for 7 are well defined as per the above Lemma.
Similarly all the deterministic integrals are well defined as the integrands are locally bounded. Similar
arguments apply to the integrals in the equation for .

Theorem 3.11. Under assumption E, the process m; satisfies the following evolution equation
t
m(pr) = mo(po) +/ s (Ostps + Asps) ds
0
t
+/ Ts(Vpsg + @shy )T (5, V) (AYy — by (s,Y,)ds), P-a.s, Vt>0 (3.12)
0

for any function ¢ € Cy*([0, 00) de)ﬁ. Moreover the conditional distribution ; satisfies the following
evolution equation

gt(‘ﬁt) = gO(SOO) + /(; §s(85305 + ASSOS) ds
T / ((Vipug + h3) = uP)s(h])) K (5,Y,) (Y — (h)ds)  (3.13)

for any function o € C*([0,00) x RY).

Remark 3.12. Assumption E includes the degenerate case k = 0. In this case, the observation
process satisfies the evolution equation

t
Y=Y, +/ hy(s,Ys)ds. (3.14)
0

5The set 02’2([0, o) x R9) is the set of functions ¢ : [0,00) x R? — R that are once differentiable in the first
variable and twice differentiable in the second variable and have all derivatives bounded.

11



It follows that Y being deterministic, it is independent of X. Hence both ¢ and w coincide with the
law of the signal X. In particular, since kT = 0% =0, equation (3.12) degenerates to

¢
Wt(%ﬁ) = 71-0(900) + / Ts (as% + ASSOS) ds (315)
0
and so does equation (313).

Proof of Theorem [3.111
We can re-write the equation satisfied by the process (X,Y,Z) as being driven by the pair of
processes (V, W)

t t t
X, = Xo+ / (5. X,.Y,) — Gha(s, X, Vo)) ds+ / o, X, V) dV, + / 35, X0, Vo) IV,
0 0 0

t t
Y, — Y0+/ hl(s,}/;)ds+/ k(s, Y2)dIT,
0 0
t
7, = 1+/ Z (ha(s, X,,Y,)) " dW,
0

To ensure the integrability of the terms appearing in the following computations, we first approximate

Z, with Zf given by . )
7¢ = 2 _ 1 4 :1<1— ! ~).
1+€Zt E]_‘l—th € ]-_l_th
By Ito’s formula, we deduce thatf]

do (6, Xy) = [(0r + A)pl(t, Xo)dt — Vo (8, X) gho(t, Xy, Yy)]de
+(Vg)(t, X;) AV, + Vg (¢, X,) dW,
A4Z; = Z(14¢eZ) 72 (ho(t, X0, Y3)) T AW,
—e(14¢2) 7322 (ho(t, X0, V1)) T ho(t, X, Y;) dt

"In the following V¢ will denote the row vector (91¢, ..., 04¢).

12



Therefore

do (6, X,) Z; = Z;[(0+ A)el(t, X,) — Vo (£, X,) gha(t, Xo, Y)]dt
+7; ((Veo)(t, X)) dV; + Vigg (1, X,) ;)
o (6 X)) Ze(1 4+ 2072 (halt, X, Y3)) T AW,
ot X)) (—5(1 e Z) 322 (ho(t, X, Y0)) T ha(t, X0, Y)) dt)

+V g (t, X)) ho(t, X0, Y Z,(1 + e Z,)~2dt

= Z{[(0+ A)el(t, Xp)dt — Vo (1, X,) gha(t, X, Vi) dt
+Z:V g (6, Xy) KTk (¢,Y;) AWV,
+2;V g (t, X)) (I = KYk (1Y) AW,
+Z; (Vg)(t, X;) AV,
o (X)) Zi(1+eZ)  (ha(t, X0 Y2) T KVE (2, ;) AW,
+o(t, X)) ZE(14eZ)  (ho(t, X0, Y2) T (I — KTk (£, ;) dW;

~ ~ 2
ot X)) (—5(1 veZ) (Zt) (ha(t, X2, YO)) T halt, X;, Y3) dt)
+Vg (t7 Xt)h2(t7 Xy, Y%)Zf(l + 5Zt)_2dt (3-16)

We next take the conditional expectation E(-|)) in this identity, as all the terms in (ZI0) are
square integrable over [0,77] x €. To show this we use repeatedly the fact that

Zf| = 1Z(1+eZ) Y < el |(L+eZ) 7t < L,

that ¢ € Cbl ’2([0, 00) x R%)), the linear growth of f, g, g, by and k, and the square integrability of the
processes X and Y.

We next take the conditional expectation E(-|)) in this identity, as all the terms in (B.16) are
integrable over [0, 77 x €. The conditional expectation operator E(-|Y) commutes with the d¢ and
the dIV; integrations, while E(:|)) of a stochastic 1ntegral w.r.t. dVs and to [I — ktk(s,Ys)] dW, is
zero. The last claim is the content of the Lemma We deduce that

To(p)

INE[ZESO(tXt) | y] = /0 [Za[(a +A ) ]( s) _VQO (SaXs) gh2(SaXs>Y:9)] |y ds

E[Z5V g (s, X,) |V] KTk (s,Y,) dW,

ﬁz

( (142 (2)] (alon XY halo, X% ) 1]

_|_
/ (14 2207 (hafs, X, Ya) T 9] K4 (5, Y2) W,
/Ewg 5, Xo)ho(s, Xs, Y) Z5(1 +Z,) 72| Y] ds (3.17)

13



Using Proposition B4 we deduce from (B.I7) by taking the limit as that ¢ tends to 0 that
(o) = molwo) + /Ot s (Osps + Asps — Vpghs + Voghs) ds +
+ /t Ts(Vsg + @shd )k (5,Y,) (AY, — hy (s5,Yy)ds), P-as., Vt>0 (3.18)
0
In order to justify taking that the limit in (B.17) gives (BI8]), we need to show that the integrands

on the right hand side of (3I1) are uniformly bounded in e by processes that are integrable over the
product space [0, t] x Q. First we have that

ZZ[(0s + Al (s, Xs) = Vep (5, X,) gha(s, X, Vo))
S Z H(as + AS)SO](&XS) - VQO (S>Xs) gh2(S>X5a}/;)]|

<eZ (1 + Z £ (s, X4, Yo)| + % > a¥ (s, X0 YO+ ) 0D 157 (s, X, Yo) B (s,Xs,YS)O

i,j=1 i=1 j=1

< eoZ (L+[1X[° + [YLlP)

where we used the fact that ¢ € C;’2([0, o0) x RY)), the linear growth of f, g, g, ho and k and denoted
by ¢1 = c1 () = 1059l + [|IVell, +1IVVe||, and ¢, is a constant depending of ¢; and on the
constant K from Assumption E. We then observe that

t~ N t
JE[Z @ 1P+ 1Y) ds = [ B[+ 11+ VIR ds < o
0 0

which justifies that the integrand in the first term on the right hand side of (3.17) is dominated by
an integrable bound independent of . This justifies the convergence of the first term in ([B.17).
A similar argument applies to the last two terms of (317, using

‘QO(S,XS) (—a(1+523)—1 <Z§)2(h2(s,Xs,Ys))Th2(s,Xs,Ys))‘ < oZ (L+ | X+ [1YL1%)

Vg (5, X)ha(s, X0, V) Z(1+22,) 7Y < eZ (1+1XIP + Vi)

The convergence of the stochastic terms is harder. We combine them into a single term and re-write
it as

t t
M; = / kT (s,Yy) (AYs — hy (s,Y) ds) =: / Cktk (s, Y)dW,, t>0, (3.19)
0 0

where o . 3
@& = BIZEV0g (5, X,) + 0 ZE(L+ €2) (ho(s, X0 Yo)T V], s> 0

Observe that MF® is a square integrable martingale, however the intended limit
t t
My = / qsk Tk (s,Y5) dw, = / Ts(Vpsg + wshy Jk* (5,Ys) (AYs = hy (5,Y,)ds), , >0,
0 0
4s = Ts(Vpsg + (psh;—), s>0

14



is only a local martingale for any function ¢ € C}?([0,00) x R%)) with almost surely continuous
paths which may not be square integrable, (see Lemma B.I0 for details). To begin the convergence
argument, observe that for any 0 < s <t and a.s.

li_)rn Z?WO@ (s, Xs) + 4,02;(1 + 523)_1 (ha(s, X, Ys))T = ZsV‘Pg (s, X,) + ‘PZS (ha(s, X, YS))T

and

75V g (s, Xs) + ©Z5(1 4+ eZ) " (ha(s, X, Ys))TH < ch\/(1 X P+ Y- (3.20)

|

Therefore, since the term on the right hand side of ([3.20) is P integrable we deduce by the dominated
convergence theorem for conditional expectation that

lim ¢ = ¢,
£— 00
P-almost surely and almost everywhere on the interval [0,]. Also one deduces that

g1 < ess(llgl] + [1hal)ms(1) (3.21)

and since the term on the right hand side of (8:21]) is a.s. bounded on the interval [0, t] (the argument
is similar to that used in Lemma [B.10), we deduce that (we use again the fact that ||kTk|| < C')

E—00

t t
0 < lim / (5 — q5) KTk (5, 3)| [ ds < / g5 — qs])* ds = 0
0 0
P-almost surely. This, in turn, implies that (for example by using Proposition B.41. in 1)

¢
/ (5 —qs) KTk (s,Y,)dW,| =0
0

lim sup |M; — M,;| = lim sup
£=0¢ef0,7] £=0¢ejo,1]

in probability. The justification of the identity ([B312]) is now complete.
To deduce that the conditional distribution of the signal ¢; satisfies (813, we first compute the

evolution equation for the reciprocal of the mass process #(1) which is
1 1 t(hg) < "6s(hy) T
= — — : ETk (s, Y, dWs—l—/ 220k (BTE) (s, Ys) 6o(ho)ds
T D, S e R [ () 0 Y a0
1 "6s(hg) : "6s(hg)
- = N2k k(s Y, dWs+/ D20k k (s, YY) s (ho)ds.
o0 ™y SR [ ) o)

To obtain the second identity we used that, see (6.1]),

(k*k) = k*k,  kktk=k.

15



Finally we use Ito’s formula to deduce that

St(pr)

(1)
(1)

mo (¢ /t s (Ostps + Asps) /t ms(Vsg + @sh;—> + e
+ ds + ETk (s,Ys) dW,
o) T 0w (57

/0 (D) kk:(,Ys)dWst/O ey Ktk (s,Y) 6 (ho)d

t
_ / 6(Vpud + 0uh VKT (5, Y2) 6, (ha)ds
0

)

t
gO(SO(]) + / §S(asﬁ,03 + Asgps) ds
0

+ / (6(Vpsg + psh) — ss(i0)sa(h])) K+ (5, Y3) (AY; — () ds).

O

Lemma 3.13. For any progressively measurable process k assumed to be an m-dimensional row
vector satisfying for any t > 0 Efot | ks ||Pds < oo,

E {/Ot ko[l — k't k(s,Y,)] dW,

y} =0,Vt>0.

Proof. Let N = {N;, t > 0} be the following process

We have

t
Nt:/ k(s,Y,)dW,, t>0.
0

t
Yt=YO+/ hi(s,Y.)ds + Ny, t >0,
0

(3.22)

(3.23)

Denote by N' = {N;, ¢t > 0} the filtration generated by the process N. We prove that Yy V N; = .
To do this we deduce from ([B.23) that N; C ); and also that Yy V N; C V;. Next, if we denote by
U = {¥, t > 0} the process ¥y = Y; — Ny, we get that

t
19,5:%—1—/ hi(s,¥s + Ny)ds.
0

and we deduce from the above that the process 9, which is the unique solution of an ODE with initial
condition ¥y = Yp, and whose coefficient depends upon the process N (note that hy is a Lipschitz
function in the spatial variable), is P()p VN;) measurable. From this we deduce that Y; is measurable
with respect to Vo V N, and therefore that ), C Yy V N, which in turn, implies that Yy VN, = ).
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In the following we will use an argument first used by Krylov and Rozovsky in [10]. Let us denote
by S; the following set of uniformly bounded test random variables:

! I : :
S, = {Qt:exp<irTYo—l—z'/ r;rst+§/ ||k:T(s,Y;)7’s||2ds) , re L™ ([O,t],Rd>, rERd}.
0 0

B B B B (3.24)
Then S; is a total set in L'(Q, Yy VN, P) = L'(Q, ), P). That is, if a € L' (2, V;,P) and E[ab;] = 0,

for all #; € S;, then a = 0 P-a.s. A proof of this result is similar with that of Lemma B.39, pp 355
in [I]. In addition, if 6; € S;, then

t t
0; = exp (ifTYo) + Z/ 987“;r dN, = exp (ifTYo) + z/ OsrTk(s, Y,) dW,.
0 0

In view of this result, all we need to prove is that for any r € L™ ([0, t], ]Rd/), FeR?,

E <9t /Ot ko[l — kT E(s,Ys)] dm) =0.

Since k[I — kTk]T =0, as a consequence of (k¥k)T = kTk and kk™k = k (see (6.1])), we have

t t
E (&/ ko[l — KTk (s,Y})] dWS) =0+ iE/ 0 k(s, Y[ — k¥ k(s,Y,)| kL ds
0 0

=0.
0

Remark 3.14. In Lemma B.39 in [1], the process Y is chosen to be a Brownian motion starting
from 0. In particular Yo = 0. Howewver, the argument does not use the property that'Y is a Brownian
motion and can be extended to any martingale. The additional term i Yy in the argument of 0, takes
care of the non-zero initial condition.

The following lemma is an immediate consequence of Theorem 6 in Chapter V of [15].

Lemma 3.15. Let s be a solution of the evolution equation (313) and consider the following stochas-
tic differential equation

di; = Jisi(hy k' (t,Y:) dN,,
= Jislhy KV E(t,Yy) AW, = L. (3.25)

Then equation (323) has a unique solution j° = {j;,t > 0} for any solution ¢ of the evolution

equation (313).

We next prove.

Lemma 3.16. Let ¢ be a solution of the evolution equation (313) starting from ¢y which is a prob-
ability measure. Then ¢ is a probability measure valued process, P-almost surely. Moreover if j¢ is
the corresponding solution of equation (3.23), then ji< is a solution of the evolution equation (313).

17



Proof. From (3.13)) we deduce that

a-1=-[ (o) = e (h])) K h(t, Ya) (A, — <y (ha)ds),

which implies that a? := ¢(1) — 1 is a solution of the linear equation

day = —ay (hd Yk Tk(t,Y;) (AW, — G (hs)dt). (3.26)
But the fact that a; = 0 is the unique solution of that equation is a consequence of Theorem 6 in
Chapter V of [15]. O

We can now establish the final result of this section.

Theorem 3.17. Let my = ¢y be a probability measure. Then uniqueness of a measure valued solution
of the evolution equation (313) is equivalent to uniqueness of a measure valued solution of the
evolution equation (313).

Proof. Let us assume first that there exists a unique solution of the evolution equation ([3.I3). Let 7!
and 72 be two solutions of the evolution equation ([3.12)) and let 7! (1) and 72 (1) be the corresponding
total mass processes. From (B12), we deduce that these processes satisfy the evolution equation (take

o= 1in @I) t
ri(1) = mi(1) + / (DR (s,Y2) (Y, — B (5, V) ds) (3.27)

Tt

- Then both ¢! and ¢? satisfy the evolution

equation ([B.I3), as follows from the argument in the last part of the proof of Theorem B.I1l Tt follows
that ¢! = ¢ = ¢. Moreover from equation (3.27), we deduce that

Define the normalized version of 7' and 72, ¢ =

A = 1+ [ moZEe e

t
:1+/wwmmbw@nmm
0

In other words, both 7! (1) and 72 (1) are solutions of the equation ([3.25)) and therefore must coincide
by Lemma Hence
l=n'(1)s=7*(1)c =72
Hence the evolution equation (3.I2)) has a unique solution.
Now let us assume that the evolution equation (BI2) has a unique solution. Let ¢* and ¢* be two
solutions of the evolution equation (B.I3) and consider j<', i = 1,2 the corresponding solutions of the
equation (325). Then j¢'¢' and j¢"¢2 are solutions of the evolution equation (3I2) by Lemma BI0

and therefore must be equal, j¢ ¢! = j<°¢2 = 7. It follows that
1

J =M =) = () =5
since ¢ are probability measures, again, by Lemma B.16. In other words for both i = 1,2, j¢
coincides with the total mass process of 7. This gives us

i

1_ T _ T 2
T ET
and hence the evolution equation (3I3]) has a unique solution. O
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4 The Backward SPDE approach to uniqueness
Following from Theorem B.11], the process m; satisfies the evolution equation
dmy(pr) = m (O + Agr)dt + (B @) dWY.

for any function ¢ € Cp*([0,00) x R?)), where we use the convention of summation over repeated
indices, and the notation

Bloe = (Veaulgh™k](t, -, Y))); + ([ kYR, -, Ya)) o, 1< <.

In the classical filtering problem (where Y; does not appear in the coefficients), one associates to the
Zakai equation a proper adjoint backward PDE, which allows to establish uniqueness of a measure
valued solution to the Zakai equation (this is Bensoussan’s approach to showing uniqueness of the
solution of the Zakai equation, see [3] for details).

However, in our situation, this approach is not feasible because the backward partial differential
equation would involve the observation process Y; in its coefficients, resulting in a solution that is
not adapted at each time ¢ to the past of that process. To address this issue, we employ an adjoint
backward stochastic partial differential equation (SPDE) instead of an adjoint backward PDE. The
solution to the SPDE remains adapted at each time t to the past of the observation process. This
approach will be developed in the next section. To facilitate this, we establish a new type of It
formula, which is essential for leveraging the duality between the Zakai equation and an adjoint
BSPDE.

Let Er be the space of progressively measurable (with respect to the augmented filtration gener-
ated by W) processes {u;, 0 <t < T} such that

u e C([0, T); CA(RY)

and . .
ut:uo—l—/ Esder/ NdW? 0<t<T, (4.1)
0 0

where ¥, AV are progressively measurable C,(R%)-valued processes such that
¥ e L0, T;Cy(RY), A e L*0,T; CE(RY).

We denote by U the set of progressively measurable processes with values in Mp(R?) which
satisfy for all T > 0

sup (1) < oo as.
0<t<T

We shall say that p € U solves the Zakai equation if for any ¢ € CZ(RY),

t t
pe(p) = polp) + / fs(Asp)ds + / ps(Blg)dWi, t>0.
0 0
We will now establish a useful Ito formula.
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Theorem 4.1. For any u € Er of the form ({{.1]) and any p € U that solves the Zakai equation we
have (again with the convention of summation over repeated indices)

t

t
e (ue) = po (o) + / fis (Asus + Ss + BIA]) ds + / pis (Blug + AJ) dW7. (4.2)
0 0
Proof. We fix t > 0. Foranyn >1,0 < s <t and z € R?, we let
n—1 n %t
N(s) =30 /( N (1, 2)dr L pe1y (5), (4.3)

and define

It is easy to see that A} — AJ in L*((0,7); C3(R?)) as.. Consequently u, — u in C([0,T7; C3(R?))
in probability. Hence 1f we show ([2) with (u, A7) replaced by (un,A?), the result will follow by
taking the limit as n — 0o. So from now on, we assume that A’ = A is given by (3], and delete
the index n. Now it suffices to prove (£2) with (0,t) replaced by (a,b), with for some 1 <k <n—1,
%t <a<b< %t. In other words, all we need to show is that

iy (u(b)) = pa (u(a)) + / e (Avu(s) + (s) + BIN (a)) ds

b
+ / ts (Blu(s) + A (a)) dW?.

Let now a = sg < s1 < --- < s,y = b, with s;, =a+ ib;,“, where n’ is an integer which will eventually
tend to +oo (while n is kept fixed). We have

frsin (U(8i11)) — s, (uls i))
= o (U(50) = s, (u(52)) + prs, oy (u(sin) — ulsi))

Si+1 Si+1
:/ ps(A ds+/ ps(Blu(s;))dW?

Si+1 -
+ / ban s (5(5))ds -+ s, (N (@) (W — W)

Si+1 Si+1
:/ ds+/ 5:))dW?

7

‘l'/.Siﬂ Iusz+1( ( ))dS (AJ( ))(WSJZH _WSJZ)

~ . Sit1 . ~ . Sit1 ./ .y ~_ .
SOV, =) [ A @)+ (VL =) [ (B @)

% i
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We wish to show that, as n’ — oo,

n'—1

S (o (ulsinn)) — g, (u(s:)]

=0

%/ﬁa&mg+m@+&wawﬁ/mwM@+NmWM2

in probability.
We first show that in probability, as n’ — oo,

ii:—;l [/:ﬂ ps(Asu(si))ds + /:*1 MS(Bgu(si))dwg} — /ab ps(Asu(s))ds + /ab ps(Blu(s))dW}

This statement follows from the fact that, since u € C([0, T]; CZ(R?)), and
sup s Jus(Adfuls) — uls)) < swppa(sup sup (o) — u(s)lopery
1 §5;<8<Sit1 s 1 8, <8<Si41
sup sup [ps(Biulse) — u(s))) < suppa(1)sup sup  [u(se) — u(s) gy, 1< 5 <
i 5;<s<Sit1 K] 1 5;<8<Si41

we have that in probability, as n’ — oo,

n'—1

D Vsrnta(Asu(si)) = pa(Asu(s)) i C([0, T),

n'—1

Y Losinhs(Blu(si) = ps(Blu(s)) in C((0,T]), 1<j< 0.

1=0

Secondly, since Af(a) € CZ(R?), it follows from the Zakai equation that s — pu,(A7(a)) is
continuous. Hence clearly

S W@, ) > [ et

Moreover, we know that p.(BjA(a)) € L>(0,T). Hence a classical arguments yields that

S, ) [ BN @) [ (B a)ds.
i=0 Si a

Indeed, the limit is the joint quadratic variation on the interval [a, b] of the two martingales W, and
Jo 1o(BEAF () dWE.
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We also note that

SO — W) / ia(AN (0))ds| < sup Wi — 17| / 1a( A0 (a)) s
i=0 Si ! a
< Csup W7, — Wi | / 1s(1)]ds
— 0.
Finally, we show that
n'—1 Sit1 b
S [ S nds = [ (S(s)as. (1.4
i=0 v i a

We approximate 3 in L'(0,T; Cy(RY)) by a sequence in C([0,T]; CZ(R?)). For each ¢ > 0, let
Y. € C([0,T]; C3(R?)) be such that fOT sup, |X(¢, z) — 2. (t, z)|dt < e. We have

ol s b L Wl s
S [ s - [ nSonds <3 [ s = X [T e (S
3 [ () — s
b b
4] [ s = [ ()

We observe that the first and the last term on the right hand side of the above inequality are
bounded by (b — a)esup,«s; tts(1). It thus remains to show that for each ¢ > 0 fixed, the second
term tends to 0, as n’ — co. This follows from the fact that, since p, solves the Zakai equation, for
any s; < s < S8iy1,

ans (S2(5)) — 1a(Ze(s)) = / T (A (5))dr + / T e (BIS ()W

We first note that

n'—1 Sit1 Si+1
Z / / (A (s))drds
i=0 v % 5

which tends to 0, as n’ — oo, for any € > 0 fixed. Moreover, for any M > 0, 6 > 0,

4

=l s Sit1 ) o
S [ as [ wmsean;
i=0 v i S

< sup (m(U)]S:(3)llcg) x D (5541 = 5°/2

a<s<b
== i

> 5) <P (aggb(us(l)llza(S)llop > M)

M
+ Ckf? Z(si—’_l — Si)3/2

For any M > 0 and § > 0 fixed, the second term on the right tends to 0 as n’ — oo, while the first
term tends to 0 as M — oo, with € > 0 fixed. (44]) has been established. O
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We will establish the above result with the same assumptions on ¥, and A7 € L?((0,T); C}(R?)).
However, the processes u, 3 and A7 will be given a Sobolev-space valued processus, and the fact that
they take their values in CZ(R?), Cy(R?) and C}(RY) respectively, will be a consequence of classical
Sobolev embedding theorems. Hence the result which will be useful to us is the following theorem,
where H™ := H™(R?) (with m > 0 an integer) denotes the Sobolev space of square integrable
functions whose distributional derivatives up to order m are all square integrable. In particular,
H° = L*(R%). Moreover we will denote by P the o-field of predictable subsets of R, x , and for any
Hilbert space H, L%(2x [0, T); H) will denote the set of H valued processes which are P measurable,
and square integrable with respect to the product measure dt x dP.

For the proof of Theorem below, we need the following fundamental result on SPDEs:

Proposition 4.2. Let for somem > 0 ug € L*(Q; H™), f € LL(Q2x[0,T]; H™ ') and for1 < j </,
¢/ € LL(Q x [0,T); H™). Then the SPDE

t t
up = ugp + / [Aug + flds +/ gldw?i t >0
0 0

has a unique solution u € L3 (Q x [0,T); H™) N L*(Q; C([0,T]; H™)). Moreover, the mapping
(f, g%, ..., g") — w is continuous from L3 (2 x [0,T); H™') x (L%(Q x [O,T];H’”)é into L3(Q x
0.7]; H™) 1 12(9; C([0, T H™)).

Proof. The existence and uniqueness result in the case m = 0 is a particular case of Theorem 1.4 in
[12] (see also [I1]). The continuity follows readily from the estimates there. The result in the case
m > 11is deduced as follows. For any 1 < i < d, v; := Ju/0x; is the solution of an equation to which
the result for m = 0 can be applied. This establishes the result for m = 1. The result for m > 1 is
obtained inductively by taking higher order derivatives. O

Theorem 4.3. Suppose that, for some m > d/2+2, uw € L%(Q x [0,T]; H™)) and moreover for any
0<t<T,

u(?) :uo+/0t2(s)ds+/tAj(s)de(s),

0
where ug € L*(2; H™) is Fo measurable, ¥ € L3 (Q x (0,T), H™ %) and NV € L4(Q2 x (0,T); H™ 1)
forall1 < j <. Then the Ité formula in Theorem[{.]] still holds, i.e.

t

t
0 0

Proof. Let for all 1 < j < ¢ {AJ, n > 1} denote a sequence in LH(Q x (0,7); H™), such that
A — N in L3 (Q x (0,T); H™'). Let moreover {u,, n > 1} (resp. {X,, n > 1}) denote a sequence
in L%(Q x (0,7), H™) (resp. in L%(Q x (0,7), H™')), such that u, — u in L%(Q x (0,7), H™)
(resp. X, — X in LA(Q x (0,7), H™?)). We now define for each n > 1 v,, as the solution of the
following SPDE (where A denotes the Laplace operator) :

U (t) = ug + /Ot[Avn(s) — Auy,(s) + X,(9)]ds + /Ot A (s)dW(s), 0<t<T.
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We shall now use repeatedly the results in Proposition It is plain that this SPDE has a unique
solution v, € L%(Q x (0,7); H™) N LA(Q; C([0,T]; H™)), and as n — 00, v, — @ in L%(Q x
(0,T); H™), where @ is the unique solution in L?(Q x (0,7T); H™) of the SPDE

u(t) = ug + /Ot[Aﬂ(s) — Au(s) + X(s)]ds + /t N (s)dW(s), 0<t<T.

0

But w € L*(Q x (0,7); H™) is a solution of that equation. Hence @ = u. Now from Theorem ET]
which we can use thanks to the Sobolev embedding, which in particular tells us that H™ C CZ(R),

fe (Vn(t)) =pio (uo) + /0 Hs (Asvn(s) + 2n(s) + Alvy — un)(s) + BgAgL(S)) ds
+ /0 fts (Blv,(s) + Al (s)) dW.

Now we can take the limit in that identity as n — oo, which yields the result. Indeed, as n — oo,
for any ¢ > 0, v, (t) — w(t) in L*(Q; H™1),
Avy, + 3, + Av, —uy) + BN — Au+ S+ BN in LH(Q x (0,T); H™?)

for1<j </,
Blv, + N — Blu+ N in LH(Q x (0,T); H™ 1),

H™2(R?) C Cy(R?) with continuous injection, and supy,<p p(1) < co. Combining those facts, we
deduce that that as n — oo, the following convergences hold in probability:

pe(on(t)) = pue(u(t)),
prs(Asvn(s) + Xs + Ay — u,)(8) + BgA‘Z’L(S)) — ps(Asus + X + BZA@ in L2(O> T)

and for 1 < j <k,
Ha(BIa(5) + N () = pa( B, + AJ) in 12(0,T).

The result follows. O

5 A system of BSPDEs

In the following we will make use of a complex valued u € Er of the form (4.1]), which will be the
solution of the BSPDE

duy = — (Auy + Bv] + ir] Blu, + Zrivt’) dt +vldW) | ur =, (5.1)

where again we adopt the convention of summation of the repeated index j from j = 1 to j = ¢.
Under the Assumptions AA,, to be specified below, as a result of Theorem (.2 u will satisfy the
assumptions of Theorem [1.3]
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We write below the corresponding equations of the real, respectively, the imaginary part of u. In
other words, assume that u = u' + iu?. Then (u',u?) satisfy the following system of BSPDEs

i .y L
duy = — (Au} + Blv,? — r] Bluj — rivy?) dt + v, dW], up = o,

o o o . . 5.2
duf:—(Auf—l—B]vf’]—I—riBJutl—I—rivg’])dtjtvf’]dl/[/g, uz = 0. (5:2)

We need to extend to the above system of BSPDEs the results from Du and Meng [6] and from Du,

Tang and Zhang [7], which are established for a single BSPDE, of the same type. Note that the

factor of dt in the u' (resp. u?) equation involves second order derivatives of u' (resp. u?) and first

order derivatives of u? (resp. u'), together with first order derivatives of v! (resp. v?) and zero-th

order derivatives of v? (resp. v!). Hence the coupling between the two BSPDEs comes through terms

of lower order, which is essential for our extension from the results for a single BSPDE to work.
We now first state and prove the extension of Theorem 2.3 from [6] to our system.

Theorem 5.1. In addition to the assumptions E and U, let us suppose that for some k > 0,
g9t (t,x) > kI, ¥(t,x) € [0,T] x R%, a.s., (5.3)
and for some integer n > 1, any multi-index o with || < n,
ess subgryexe(| D%l + | D J| + (D] + [D*hal) < K. (5.4)

Finally we assume that ¢ € H" ™,
Then the system of BSPDFEs (5.2)) has a unique solution such that fori=1,2,

u' € Lyp(Qx [0,T); H™?) 0 L2(; L([0, T]; H™)), v* € L (Q x [0, TT; (H™)=).

Proof. We first need to extend Proposition 3.2 together with Theorem 2.1 from [6]. Let V :=
HY(RY) x HY(R?), H = L*(RY) x L*(R%), so that if we identify H with its dual, V" is identified with
H=Y(R?) x H71(R?Y). Referring to the notations in the proof of Proposition 3.2 in [6], we let

(A —riBJ ;i (B —ri
ﬁ_(erj A )’ M_(rj Bj)'
It is not hard to deduce from condition (5.3]) that Assumption 3.1 in [6] is satisfied, namely there
exists A, C' > 0 such that for any u € V,
Z/
2(u, Lu) + ) (M) ullfy < =Allully + Clullfy, (1€l < Clully -

j=1

It follows that the proofs of Proposition 3.2 and Theorem 2.1 from [6] are easily adapted to yield
that provided the assumption (5.4) is satisfied with n = 0 and ¢ € L2(R?), our system has a unique
solution such that (u’,v*) € L*(Q x (0,T); HY(R?) x (L*(R%))®¢), i = 1,2.

The rest of the proof follows exactly the lines of arguments in [6], with obvious adaptations. [

Assumptions AA,,:
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e (smoothness and boundedness of the coefficients) All coefficients are functions of (w,t,z) €
Q x [0, T] x R which are P ® By measurable and, for some integer m, (5.4 is satisfied for any
multi-index « with |a| < sup{1,m}, and for |a| < sup{2,m} concerning the coefficients of the
matrix a.

e (Smoothness of the final condition) The function ¢ € H™.

In the following we will use the notation

Luv 1 YY) Jni,,2 J 02,7
; = Au, + Bv,” —r|B’u; — riv;”,

2V — Au? 4+ Bivp? 4 rl Biul 4 rivf
Theorem 5.2. Assume that for some integer m, AA,, is satisfied. Then the system of BSPDFEs

duy = —Q;™"dt + v dW}

. . 5.9
du? = —Q7™"dt + v’ dW . (5:5)

with (u, u%) = (¢, 0) has a solution ((u*, v?), (u?, v?)) such that for allT > 0, u* € L%(Q; C,([0,T]; H™)),
vt € LA(Q x [0,T); (H™1H)2), i = 1,2 and we have for i = 1,2 (here || - ||,n stands for the norm in
H™ and ||| - |||m for the norm in (H™)®")

T
B sup 1l + 5 | [ Nt = eona" v 7| <celiol, (56)
B T
B fsup |+ 2| [ N1, | <cr el 57)
t<T 0

Moreover, if m > d/2 then u is jointly continuous in (t,x) almost surely and if m > d/2+ 2 then
(u,v) is a classical solution of [{53).

Proof. The proof is almost identical to the proof of Theorem 2.1 and Corollary 2.2 in [7]. Let us first
explain how (&) follows from (5.6). We first deduce from (5.6]) that

B [sup 1l | < c2
t<T

This clearly implies that
T
B[ llka vl < Bl

But (5.6 is also true for m replaced by m — 1, which implies that
T T - )
E/O /0 ef + kg™ Ve |2., < CE Il
and (51) now follows from these three inequalities.
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Let us now explain how we obtain (5.6) in the simple case where m = 0. Below || - || (resp. ||| -]|)
stands for || - ||o (resp. ||| - |llo), and (-,-) stands for the scalar product in H° = L*(R?). Suppose we
have a smooth enough solution of (&3). Applying [t6’s formula to compute ||ui]|?> and summing up
the results for + = 1 and 2, we obtain

T T
ol = llugl® + llufll® + / {Mvall? + No211? = 2(Qu™", ui) ys + 2/ (ul, 027 )dWY, (5.8)
t ¢
Then

—2(Q5" ul) + (NoglI? + MW217) = =2 (Auy + Bloy? — riBu? —rivi uy)
—2 (Aui + ijij + rgB] + rg s”,us)
+ (IHosll? + l2111%)

= —2(Au u) (Au u)

-2 (B} uy) — 2 (B”Ut ,u?)
+2r] (B'uZ,ul) — 2rl (Bluj,ul) + 2r] (v27,u)) — 2r] (v, u?)

+ (s 1P+ N0311%) -
By integration by parts, we deduce that

=2(Q5™", uy) + (IIvalII” + [[[02][1%)
1
= ([divf — —Dza] ul ul) 4 (a0 ul, 0'ud)

(
((Vv”[gk+k1< Y)),ub) =2 (BRI V)00, )
=2 (Vo [gh RI(t, -, 0), 0 ) = 2 ((WE R RI(E, , Y2)) 027, )

) S ? S
+2r] (Tu2lgh™k)(E, - Y0)) it ) + 2] (RS RFR)(E - )2, )
_QTg ((vu gk+k ) 7Y2) j y Ug ) - 2Tg (([hgk—i—k]( ) 7}/;5))]1’637 s)
+2r] (037, ug) — 2] (v, u)

+ (s H1* =+ M1o2]11%)
2
> (divf — gD%alu', ) + (99" Vul, V) + 3 ek + K kg V|

i1
+(adv  uh)

2] (a2l k(1 10)) , ut) = 2] ((Vullgh* RI(E, YD), )
+2r7 (v27,ul) — 2r] (vl u2),

8 » s s 7S

where

ol = 22 blgk k]t V7)), — 2((hy KTR](E, -, Y0));-
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In the above we have used the convention of summation over repeated indices and the notation
divf = fi, and D%a := ﬁam (here as an exception the repeated indices i and j are both
7 i j

summed from 1 to d), and the fact that £k is a projection operator, hence gg? > gkTkg”, that

2
IRTRIE i i . 1 i i - i
=2(Qu™ ) + [[logllI* + elI* > (99" Vi, Vi) + ([divf — S D%alu’ u) + 3 |llvg + k¥ kg" V|
i=1

(@00, ) 4 (12 (kg VU o )
S IR ST (5.9)
i=1
Let us justify the last inequality. Since rJ is bounded, there exists a constant C' such that
(=17 2rl (k" hg" ) V™ + vi7 uy) > —%III(k+kgT)jVU‘Z’_i + 0717 = Ol
Moreover
(v’ u') = (v + (kT kgh )V, o/ul) — ((kTkgh ) Vul, alul).

We treat the first term on the right as in the last inequality, and by integration by parts the second
term is bounded from below by —C/||u%||>. Now assuming that we can take the expectation in (5.8
and that the expectation of the stochastic integral vanishes (this is not a serious difficulty, although
it requires the use of stopping times), and combining the resulting identity with (5.9]) and Gronwall’s
Lemma, we deduce (5.6) with m = 0, at least with the sup, outside the expectation. (5.6) then
follows using Doob’s inequality. The reader may have noticed that the above argument requires that
all coefficients have bounded first order partial derivatives, and the entries of the matrix a have also
bounded second order partial derivatives.

Next we approximate our pair of BSPDEs with a system indexed by € > 0, where the operator
A has been replaced by A, := A+ ¢cA, where A stands for the Laplace operator. We can now invoke
Theorem [5.1] to obtain the existence of a solution (u!,u?) to our approximate system of BSPDEs.
Clearly the above computations yield that (u’,v!), i = 1,2 satisfies the estimate (5.6]) with m = 0
and a constant C' which is independent of . Hence we can extract a subsequence such that each pair
(ul,v?) converges weakly L2 ((0,T) x Q; H* x (H®)®"), and it is not too hard to show that the limit
still satisfies (5.0 for m = 0, and solves the system of BSPDEs (we take the limit in the equation
written in weak form).

However, we are interested in more regular solutions. Mimicking the computations done in [7],
we can extend the above computations to estimate the norms in H™. Of course, this must be
done sequentially w.r.t. m. It requires to take partial derivatives in our system of BSPDEs, which
introduces a forcing term involving lower order derivatives, but it can be handled in our situation
similarly as both in [7] and in [6]. As a result, we can take the limit weakly in L%((0,7) x Q; H™ X
(H™)®"). The weak continuity of u’ with values in H™ follows by standard arguments. The result
follows. O
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Remark 5.3. Theorem 2.1 in [7] also asserts the uniqueness of the corresponding equation. Whilst
we don’t need it for our purpose, the uniqueness of the solution of (2.1) can be shown in a similar
manner and it is a consequence of (B.0).

Theorem 5.4. Let 0, be the C—valued solution of the SDE
df, = i0rldW7, 6y =1, (5.10)

where r, is an arbitrary element of L=([0,T];RY). Under the assumptions E and U, we get that,
(u,v) denoting the solution of the BSPDE (5.2) and 7, a solution of the Zakai equation (3.12]) which
satisfies

E [ sup 7rt(1)2] : (5.11)
0<t<T
we have _ ' _ N
d9t7rt(ut) = etﬂ't(B]Ut + 'Ug + Z'Tgut)th]. (512)

Moreover the process {6;m(uy), 0 <t < T} is a martingale, and therefore E [0rmh(¢)] = E [x4 (4)].

Proof. Thanks to our assumption, it follows from Theorem that we can apply Theorem [4.3] from
which we deduce that

dmy(uy) = m (Aut — Auy — ijg — irfBjut — z'rgvg + ijg) dt + m (Bl + vf)dVth
= —irlm, (Bluy + vf) dt + m,(Bluy + vl )dW} (5.13)
The identity (5.I2) follows from (5.I0) and (B.I3) by It6’s chain rule. The martingale property of

the process {0ym(us), 0 <t < T} will follow from the Burkholder-Davis-Gundy inequality for the
first moment and the following estimate

T
E \// |0y ( Biug + v] + irlug)|[?ds| < oo (5.14)
0

for 7 = 1, ..., which we now establish. By Theorem [5.2] our current assumptions imply that for
some m > d/2+ 2, u € L*( x [0,T]; H™(RY)) and for 1 < j < ¢/, v/ € L*(Q x [0,T]; H™H(R?)).
Consequently, thanks to the Sobolev embedding theorem, we deduce that

5 T
g
0

So, if we define C7(t,.) := Blu; + vl + irduy, we have that for 1 < j < ¢/,

xT

sup |Vu(t, z)|* + sup |u(t, z)|* + Zsup v/ (¢, :c)|2] dt < oo.

i=1

T
E/ sup |CY(t, z)|?dt < oo . (5.15)
0 x

We first note that for any 0 <¢ < T,

A t
1 .
pi=es (33 [ i)
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is a deterministic quantity, whose supremum over 0 <t < T is finite. Hence we have

T T
/ |9t7rt(Cj(t,~))|2dt < sup |9t|2 sup 7Tt(1)2/ sup|Cj(t,x)\2dt,
0 x

0<t<T 0<t<T

0
B T B T
E / 0r(Ci(t, )2t | < sup [BJE L sup m(1) / sup |C9(t, )|t
0 0 T

0<t<T 0<t<T

T
< sup |0 \/E < sup ﬁt(1)2) \/E/ sup (¢, ) Pdt,
0<t<T 0<t<T 0 x

and (5.I4) now follows from (511 and (E.I5). O

Theorem 5.5. Under assumptions E and U, there exists a unique solution of the equation ([B.12l)
in the class of P(Y,)-measurable measure valued processes satisfying (BI1) for any T > 0. Since the
uniqueness of the solution of equation (312) is equivalent to that of equation (313) following from
Theorem [3.17, we also deduce the uniqueness of the solution of equation (313).

Proof. Assume that there are two solutions of the equation (8:12) denoted by 7, m. We observe the
following sequence of identities

E [HTW%(QO)} =K [Howé (uo)} =K [Howg(uo)] =K [97*71’%((,0)]
and since both St is a total set, and ¢ is an arbitrary smooth function, it follows that 74 = 72. O

Finally we note that the unnormalized conditional distribution satisfies the condition (G.II]).
Indeed, if we let now m; denote that unnormalized conditional distribution at time ¢, we deduce from
Lemma B that m(1) = Z,, which is a P martingale, hence from Doob’s inequality, it suffices to
prove that E[|Z,|?] < oo for all t > 0, which follows from [34) and the boundedness of hs.

6 Appendix

In this Appendix, we recall the definition of the Moore-Penrose pseudo inverse of a possibly rectan-
gular matrix, and prove that the map which to a matrix associates its pseudo-inverse is measurable.

In what follows, At € R*? stands for the Moore-Penrose pseudo-inverse of the matrix A € R¥*¢,
The Moore-Penrose pseudo-inverse A1 of the matrix A is uniquely characterised by the following
four properties

AATA= A, ATAAT = AT, (ATA) = ATA,  (AAY)| = A4T, (6.1)

see [2] for details.

Moreover from the identities in (G]) we deduce that AT A is a projection onto the range of ATA
and I — A" A is a projection onto the orthogonal space of the range of AT A. In particular we deduce
that the norm of AT A as a linear operator is bounded by 1. Since all norms on a finite dimensional
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space are equivalent, for any matrix norm || - ||, there exists a constant C' which depends only upon
¢ and the particular choice of a norm on the set of ¢ x ¢ matrices such that

|ATA[ < C, (6.2)

for any positive integers d, [ and any d x ¢ matrix A.

Next we give details of an explicit construction of the pseudo inverse of a matrix that will help
us prove the measurability of the mapping A — A*. In what follows we use the notation A for a
generic matrix A € R%‘. We follow here the construction and the analysis in [2].

Let 0 < r < min(d,¢) be the rank of A. If r = 0 this means that A = O%¥* where 0% is
the matrix with all entries null. In this degenerate case, AT = O’ is the matrix with all null
entries. If 7 > 0, then A has a invertible minor of order r. Following Theorem 5 page 48 in [2], the
pseudo-inverse is given by

At =GT(FTAGT) ' FT,
where G and F' are matrices which appear in a full-rank factorization of A:
A=FG, FeR¥™, GeR™.

The pair (F, ) is not unique, but we shall give one construction which is based upon a particular
choice of an invertible r xr minor of A. We describe briefly the construction of a full-rank factorization
of A (see also Section 4, in particular page 26 in [2]):

Let 1 <y <y <--- < <dAN/L denote the ranks of the r columns containing all terms of one
arbitrarily chosen invertible r x r minors of A. Let now P be the permutation matrix, which when
applied to A on the right, makes the ¢,~th column of A into the i—th column of AP, 1 < i <r. Let
next P; denote the submatrix of P consisting of its first  columns, and F = AP;. Finally let G be
the unique r x ¢ matrix such that A = F'G. It is clear (see Lemma 1 page 26 of [2]) that the terms
of the i—th column of G are the unique coefficients which express the i—th column of A as a linear
combination of the elements of the basis of R(A) given by the columns of F'. We have A = F@G,
where F' (resp. G) is a d X r (resp. r x £) matrix of rank r.

We now want to prove the following lemma.

Lemma 6.1. The mapping A — AT is measurable from R¥¢ into R,

We note that the above mapping is clearly not continuous (in the case d = ¢ = 1, for A € R,
AT =1/Aif A#0,and 0T =0, s0 if A, >0, A, — 0, then A7 — +o0, while (lim,, A,)* = 0).

Proof. We first need to find a consistent way of identifying an invertible minor of order r of the
matrix A. For this we introduce the following enumeration of the minors. The matrix A has d¢

minors or order 1, d ¢ minors of order 2, ..., and mz.mx(d, 0 minors of order min(d, ¢).
2 2 min(d, ¢)

By convention we add a ‘minor’ of order 0 (to account for the case r = 0) whose determinant is
chosen to be 0. Next we consider

S(A) e R, 9::1+d€+<g><§)+...+<I§1?§((3:§>)),
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S(A) = (0,....),

where S(A) is the list of the determinants of all the minors of A, and we choose a fixed arbitrary
enumeration of all those minors. If r > 0, we denote by m (A) the highest index in the enumeration of
the minors for which the corresponding determinant is non-zero. Such an index exists and m (A) > 1.
This means that

S(A)=(0,..,d(A),0,...,0),
where d(A) is the m (A)-th entry of the vector S (A), that is d(A) = 5 (A),,4) is not zero and all

subsequent entries (if any) S (A),, 441, S (A),a)42 - are zero.
If » = 0, then S (A) has all entries null

and m (A) = 1, by convention.
Note that the function A ++ m (A) is an integer valued function. We split R? into a finite collection
of disjoint sets {Hn}i:1 such that the index m (A) stays constant if S (A) takes values in H,, :

e I, CR?, H, = {(0,0,0,..,0) € R?}. On this set m (4) = 1. In this case, since S(4) =
(0,0, ...,0), A is the null matrix,

e H,CRY H,= {(O,CLQ,O, . 0)ERY ay # O}. On this set m (A) = 2. In this case, the first
ranked minor of A is not zero and the determinants of all the higher ranked minors are zero.

e 3 C R? Hy={(0,asas,..,00 €R? a3 +#0}. On this set m(A) = 3. In this case, the
second ranked minor of the matrix A is not zero and the determinants of all the higher ranked
minors are zero.

e HyCRY Hy,= {(0,a2,a3, nag) ERY ap # O}. On this set m (A) = 6. In this case, the
last minor of A in the list has a non zero determinant.

We distinguish two cases:
If m (A) takes values in the set H; (in other words m (A) = 1 and S (A) = (0,0, ...,0) ), then A
is the null matrix O%** (in other words it is constant) on the preimage of this set

Q1 = {A e R™|S(4) =(0,0,...,0) € Hy }.

If m (A) takes values in each of the remaining sets H;,i = 2, ..., 6, then A has one fixed invertible
minor on the preimage of each of those sets.

Qi={AcR™S(A) e H}, i=23..90.

As a result, on each set Q;, the same (in most cases arbitrarily chosen) invertible r x r minor is
selected. Let P; be the permutation matrix presented above which, when applied to A on the right,
moves the r columns containing elements of the selected invertible minor into the first r columns.
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It is clear that those columns constitute a basis of R(A), the range of A. Denote by P;; the ¢ x r
matrix consisting of the first r columns of F;. The matrix P, ; is constant on );, hence F; = AP, is
a continuous function of A on ();. Next let G; be the unique r x ¢ matrix such that A = F;G;. The
matrix (; is a rational, hence continuous function of the entries of A. Therefore on each set (); the
Moore-Penrose pseudo-inverse of A

At =@ (FTAG]) ' FT

)

is a continuous function of A. Finally, since {A € Q;} is Borel, we get that

0
At — OdXZlAeCh“'ZGzT (ETAGZT)—lFiﬂ{AeQi}

=2

is a measurable function of A. O
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