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Abstract

In this paper, we consider a class of semilinear stochastic evolution
equations on Hilbert space driven by a stochastic vector measure. The
nonlinear terms are assumed to be merely continuous and bounded on
bounded sets. We prove the existence of measure valued solutions gen-
eralizing some earlier results of the author. As a corollary, an existence
result of a measure solution for a forward Kolmogorov equation with
unbounded operator valued coeflicients is obtained. The main result is
further extended to cover Borel measurable drift and diffusion which
are assumed to be bounded on bounded sets. Also we consider control
problems for these systems and present several results on the existence
of optimal feedback controls.
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1. MOTIVATION

Let us consider the deterministic evolution equation

&t =Arx+ F(x),t>0

1.1
(1) z(0) = xo
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in a Hilbert space H where A is the infinitesimal generator of a Cy-semigroup,
S(t),t>0,on H and F: H — H is a continuous map. It is well known
that if H is finite dimensional, the mere continuity of F' is good enough to
prove the existence of local solutions with possibly finite blow up time. If H
is an infinite dimensional Hilbert space continuity no longer guarantees the
existence of even local solutions unless the semigroup S(t),t > 0, is compact.
Because of this, the very notion of solutions required a major generalization
to cover continuous as well as discontinuous vector fields [1-5, 11]. Using
the general concept of measure solutions one can completely avoid standard
assumptions such as the local Lipschitz property and linear growth for both
the drift and the diffusion operators as often used in [8]. We are interested
in the stochastic system governed by an evolution equation of the form

gy OO = A Fa(O)d+ Gle-)M ), £ 0
. z(0) = o,

where A and F are as descrbed above, and G : H — L(FE, H) is a contin-
uous map and M is an E-valued stochastic vector measure defined on the
sigma algebra By of Borel subsets of Ry = [0, 00).

For simplicity of presentation we have considered both F' and G inde-
pendent of time. However the results presented here can be easily extended
to the time varying case without any difficulty.

The rest of the paper is organized as follows. In Section 2, we recall
some important facts from analysis sufficient to serve our needs. In Section
3, we present a result on the question of the existence of measure valued
solutions and their regularity properties for the system (1.2). In Section
4, we discuss further extensions covering Borel measurable vector fields: F'
and G. In the final section, we consider control problems and present several
existence results.

2. INTRODUCTION

Recently the author dealt with the question of the existence of measure
valued solutions for semilinear stochastic differential equations with contin-
uous but unbounded nonlinearities driven by a cylindrical Brownian motion
[3]. Here we admit Borel measurable, possibly unbounded, vector fields and
replace the Brownian motion by a more general stochastic vector measure.
Properties of the stochastic vector measure are stated later on.
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Radon Nikodyme Property & Lifting

To study the question of existence, we need the characterization of the dual
of the Banach space L;(I, X) where I = [0,7] is a finite interval of the real
line and X is a Banach space. It is well known that if both X and its dual
X* satisfy Radon-Nikodym property (RNP) then the dual of L;(I,X) is
given by Lo (I, X™*). In case they do not satisfy the RNP, it follows from the
theory of “lifting” that the dual of Ly(I,X) is given by L% (I, X*) which
consists of w*-measurable (weak star measurable) functions with values in
X*. For h € Ly, (I, X”), define || b |[Lw 1, x+)= an where ay, is the smallest
number for which the following inequality,

ess —sup{| < h(t),z > |, te I} < ap || @ |1x,

holds for all x € X.

Let Z denote any normal topological space and BC(Z) the space of
bounded continuous functions on Z with the topology of sup norm, and let
Y ba(Z) denote the space of regular bounded finitely additive set functions
on @, with a total variation norm where ®. denotes the algebra generated by
the closed subsets of Z. With respect to these topologies, these are Banach
spaces and the dual of BC(Z) is ¥,44(Z) [see Dunford and Schwartz 10,
Theorem 2, p. 262]. Let II,4,(Z) C ¥,pa(Z) denote the class of regular
finitely additive probability measures furnished with the relative topology.
Since the pair {BC(Z),%,4,(Z)} does not satisfy RNP, it follows from the
characterization result discussed above that the dual of L;(I, BC(Z)) is
given by LY (I,%,pe(Z)) which is furnished with the weak star topology.
Similarly, let B(Z) denote the space of bounded Borel measurable functions
on Z with the topology of sup norm. The dual of this space is given by
the space of bounded finitely additive measures on ®. with a total variation
norm. This is denoted by ¥, (7). We let Iy, (Z) C Xpo(Z) denote the class
of finitely additive probability measures and let LY (I,¥y,(Z)) denote the
dual of the vector space Li(I, B(Z)).

Special Vector Spaces Used in the paper

Now we are prepared to introduce the vector spaces used in the paper. Let
H, E be two separable Hilbert spaces and

(Qafaft T,tZO,P)
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a complete filtered probability space, M (J), J € By, an E valued F; adapted
vector measure in the sense that for any J € By with J C [0,t], M(J) or
more precisely e*(M(J)) is F; measurable for every e* € E* = E. For the
purpose of this paper, we consider F; = FM V o(xg), where FM, o (x0)
are the smallest sigma algebras with respect to which the measures M and
the initial state xg respectively are measurable. Let I x £ be furnished
with the predictable o-field with reference to the filtration F;,t € I. Let
MY o1 x Q5040 (H)) C LY o(I X Q,%p4(H)) denote the vector space of
Yrba(H) valued random processes {A;,t € I}, which are Fi-adapted and
w*-measurable in the sense that, for each ¢ € BC(H), t — M(¢) is a
bounded F; measurable random variable possessing finite second moments.
We furnish this space with the w* topology as before. Clearly, this is the
dual of the Banach space

MLQ(I X Q,BC(H)) C LLQ(I X Q,BC(H))),

where the later space is furnished with the natural topology induced by the
norm given by

1/2
e l= /I<5(Sllp{|<p(t,w,€)\,£ € H})2> dt.

Here we have chosen X = BC(H)) and X* = ¥,4,(H)). For X = B(H) and
X* = Ypa(H), one can verify that M) 5(I x Q, ¥y, (H)) is the dual of the
Banach space M 2(I x 2, B(H)). We will use both these spaces.

Some Basic properties of M

(M1): {M(J),M(K),JNK = 0,J,K € By} are pairwise independent E-
valued random variables (vector measures) satisfying E{(M(J),&)} =
0,J € By, & € E, where £(2) = [, zP(dw).

(M2): There exists a countably additive bounded positive measure 7 on By,
denoted by 7 € M.(Rp), having bounded total variation on bounded
sets, such that for every &,( € F,

E{(M(J), ) (M(K),Q)} = (& Q)p 7(J N K).
Clearly, it follows from this last property that for any £ € E

E{(M(]),€)*} = [¢[Em(J),
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and that the process N, defined by

N{t) = /OtM(ds),t >0,

is a square integrable F-valued Fi;-martingale. A simple example is given
by the stochastic Wiener integral,

M(J) = /Jf(t)dW(t),J € By

where W is the cylindrical Brownian motion on Ry with values in the Hilbert
space F and f is any locally square integrable scalar valued function. In
this case w(J) = [, |f(t)|*dt. If f is an Fr-adapted square integrable random
process, the measure 7 is given by w(J) = E [, |f(t)|?dt. If f = 1, 7 is the
Lebesgue measure. In the latter case the system reduces to one driven by
cylindrical Brownian motion [3].

3. EXISTENCE OF MEASURE VALUED SOLUTIONS

In recent years, the notion of a generalized solution, which consists of regular
finitely additive measure valued functions, has been extensively used in the
study of semi linear and quasi linear systems with vector fields which are
merely continuous and bounded on bounded sets; see [1-3, 11] and the
references therein. The existence of solutions for deterministic systems, such
as (1.1), was proved in [1-2, 11] with varying generalities. Our objective here
is to prove the existence of measure solutions for the stochastic system (1.2)
generalizing a previous result of the author [3]. Since the measure solutions
may not be fully supported on the original state space H, it is useful to
extend the state space to a compact Hausdorff space containing H as a dense
subspace. Since every metric space is a Tychonoff space, H is a Tychonoff
space. Hence SH = H™, the Stone-Cech compactification of H, is a compact
Hausdorff space and consequently bounded continuous functions on H can
be extended to continuous functions on H . In view of this we shall often use
H™ in place of H and the spaces M 2(I x Q, BC(H")) with dual M o(I x
QY (HT)) D M o (IxQ, 1,5, (H")). Here M o (I %, L5, (H™T)) is the
set of all finitely additive probability measure valued processes, a subset of
the vector space MY o(I x Q,¥p,(H™")). Note that, since H* is a compact
Hausdorff space, X,pq(H') = X0 (HT). In view of the fact that the measure
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solutions of stochastic evolution equations restricted to H are only finitely
additive, we prefer to use the notation ¥,4,(H ') to emphasize this fact
though they are countably additive on H*.

Without further notice, throughout this paper we use D¢ and D?¢ to
denote the first and second Frechet derivatives of the function ¢ whenever
they exist. We denote by W the class of test functions as defined below:

U = {qf) € BC(H) : D¢, D¢ exist, continuous and bounded on H} .

Define the operators A B and C with domains given by

D(A) = {$p € U : Ap € BC(H*)}

DB)={peV:Dpe D(A*) & Bp € BC(H™)},
where

(Ap)(&) = (1/2)Tr(G*(D?*¢)G)(S)

= (1/2)Tr(D*¢ GG*)(€), ¢ € D(A)
By = (A*D¢(¢), &) + (F(£), Do(§)) for ¢ € D(B)
Co(§) = G*(§)Do(§).

We consider the system
(3.2) dx(t) = Az(t)dt + F(x(t))dt + G(z(t—))M(dt), z(0) = xo,
and use the notion of measure (generalized) solutions introduced in [3].

Definition 3.1. A measure valued random process
€ MY (I x Q1pa(HT)) C MY o(1 X Q,50pa(HT))

is said to be a measure (or generalized) solution of equation (3.2) if for every
¢ € D(A)ND(B) and t € I, the following equality holds

t

s 1(9) = (o) + /O s (AB) m(ds) + /0 12(Bo) ds

+/t < ps—(Cop),M(ds) > P — a.s.
0
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where

() = /H UEmlde), e 1.

Remark 3.2. Note that equation (3.3) can be written in the differential
form as follows:

dpe(9) = pe(A@)m(dt) + pe(Bo)di+ < p—(Co), M (dt) >

with uo(¢) = ¢(xo). This is in fact the weak form of the stochastic evolution
equation

(3.4) dus = A"y (dt) + B pedt+ < C* pe—, M(dt) > g, po = Oz,

on the state space X, (H) where {A*, B*,C*} are the duals of the operators
{A.B,C}.

To proceed further we shall need the following

Assumptions.
(A1): there exists a sequence {F),, G, } with F,,(z) € D(A),Gn(x) €
L(E,D(A)), for each 2 € H, and

F,(z) — F(z) in H uniformly on compact subsets of H

Gn(z) — G(x), strongly in L(F, H), uniformly on compact
subsets of H.

(A2): there exists a pair of sequences of real numbers {«,,, 3, > 0}, possibly
O, B — 00 as n — 00, such that

| Fo(z) = Fu(y) IS om |z =y [l; || Fulz) [|< an (14 | 2 []),

I Gn(x) = Gn(y) lcoem< Bu l =y 5 | Gul@) ll2o,m< Bu(1+ | = )

for all x,y € H; where Lo(E, H) denotes the Hilbert space of Hilbert-
Schmidt operators from F to H.

We note that under the very relaxed assumptions used here, nonlinear-
ities having polynomial growth are also admissible.

The following result generalizes our previous result [3, Theorem 3.2].
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Theorem 3.3. Suppose A is the infinitesimal generator of a Cy-semigroup
in H and the maps F : H — H, G : H — L(E, H) are continuous, and
bounded on bounded subsets of H, satisfying the approrimation properties
(A1) and (A2); and M is a non atomic vector measure satisfying (M1) and
(M2). Then, for every xo for which P{w € Q : |zo|lg < oo} = 1, the
evolution equation (3.2) has at least one measure valued solution

AV e MY H(I x Q, Spe(HY))
in the sense of Definition 3.1. Further, \° € Moujﬁ([ X QM (HT)).

Proof. Since D(A) is dense in H and xy € H, a.s (almost surely), there
exists a sequence {29,} € D(A) such that zg, —— xo a.s. Consider the
Cauchy problem:

55) dzx(t) = Apz(t)dt + F(x(t))dt + Gp(z(t—))M(dt),
. z(0) = zo p,

where A,, = nAR(n, A),n € p(A), is the Yosida approximation of A. Since
for each n € N and = € H, F,(z) € D(A), Gp(x) : E — D(A), it follows
from assumption (A2) that equation (3.5) has a unique strong solution z,, =
{zn(t),t € I} which is Fi-adapted, and for each n € N, t € I, z,(t) € D(A)
and

sup{E || zn(t) |3,t € I} < .

Since standard assumptions hold, this result follows from classical existence
and regularity results given in [8]. Now let ¢ € D(A) ND(B) with D¢ and
D?¢ having compact supports in H. Since z,, is a strong solution it follows
from Ito’s formula that, for each t € I

B(n(t)) = B(zon) + / (And)(@n(5))7(ds) + / (Bo6) (i (5)) ds
(3.6) 0 0

t
+ [ < (Cot)an(s-) M(ds) >
0
where the operators {A,,B,,C,} are as given by (3.1) with {4,, F,,G,}

replacing the operators {4, F, G}. Letting d.(d§) denote the Dirac measure
concentrated at the point e € H, and defining A\'(d§) = 6,,,(;)(d€),t € I,
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A5 (dE) = 04y, (d€), and using the notation of Definition 3.1 we can rewrite
(3.6) as

AM(D) =25(9) + [ Ai(Ang) m(ds) + [ Ai(Bng) ds
e [raor:

t
—1—/ < A_(Cho),M(ds) > P —a.s.
0
Notice that, for each integer n, the functional ¢, given by

) =€ [ wtoN(de)dt = / Bt w,€) AP (d€) didP,

IxH+ IxQxH+

is a well defined bounded linear functional on Mjo(I x Q, BC(H™")) and
that

(D) < 1% a1 o(1x,BO(m+)), for alln € N.

Thus the family of linear functionals {/,,} is contained in a bounded subset of
the dual of M 5(IQ2, BC(H™)). Equivalently, the family {\"} is contained in
MY o(IxQ, 4 (H™)) which is a bounded subset of MY o(IxQ, Bypa(HT)).
Hence, by Alaoglu’s theorem, there exists a generalized subsequence (subnet)
of the sequence (net) {\"}, relabeled as {A\"}, and a \° € MY ,(I x €,

w*

Srpa(HT)), so that A* —— A\ We show that \? is a measure (generalized)
solution of equation (3.2) in the sense of Definition 3.1. Define

P1n(€) = (1/2)Tr(GH(D2$)Gr)(€)) = (1/2)Tr (((D?¢)GnG})(€))
$1(8) = (1/2)Tr ((GH(D?*$)G)(€)) = (1/2)Tr(((D*¢)GG¥)(€)).

It is clear that if G, (x) — G(z) strongly in £(F, H) uniformly on com-
pact subsets of H, so does G} (x) — G*(z) strongly in £(H, E) uniformly
on compact subsets of H. Since D?¢ has a compact support, and, for each
¢ € D(A), we have 91,11 € BC(H), it follows from assumption (A1) that
Y1, — 1 uniformly on H, that is, 11, — t; in BC(H™). Combining
this with the fact that the measure 7 has a bounded variation on bounded
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sets, it follows from the weak® convergence of A" to A° that, for any z €
Ly(Q,F,P) = L2(Q), and t € I, we have

(3.8) / 2 A2 (1 )7 (ds)dP — 2 A (ap1)7(ds)dP.
Qx[0,t] Qx[0,t]

Define

P2n(€) = (AL (D)(£),€) and () = (A™(De)(£),E)-

Since A, — A on D(A) in the strong operator topology and, for ¢ €
D(A) N D(B), Dp(x) € D(A*), and further, by our choice of ¢, D¢ is
continuous having a compact support, we can deduce that 19, — 19
uniformly on H; that is, 12, — 19 in BC(H"). Hence, again we have

(3.9) / 2 A" (Wg.n)dsdP — » A2(4hn)dsdP.
Qx[0,t] 0x0,¢]

Similarly, define

P30 () = (Fu(§), D(§)) and ¢3(§) = (F(£), Do(E))
Pan(8) = GL(E)DO(E) and Pa(§) = G*(£) D(£).

Again, since ¢ € D(A) N D(B) and D¢ has a compact support and by our
assumption F,, — F uniformly on compact subsets of H, it follows that
Y3, — 13 in the topology of BC(H™). Thus, we have

(3.10) / z Ny (3 n)dsdP — z A2(13)dsdP
Qx[0,t] x[0,t]

for every z € Ly(€2). Combining (3.8)—(3.10) we conclude that, for every
z € Ly(Q) and ¢ € D(A) N D(B) with D¢, D?¢ having compact supports,

(3.11) / 2 N2 (An) w(ds)dP — 2 \O(A@) 7(ds)dP
Qx10,t]

Qx[0,t]
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(3.12) / 2 \"(B,¢) dsdP — 2 \(Bo) dsdP.
Qx[0,t] x[0,t]

Since 29, —— 2o a.s and ¢ € BC(H"), we have ¢(x0,) — ¢(x0) a.s.
Then, by Lebesgue dominated convergence theorem, for every z € La(2) we
have

(3.13) Af¢@mmplﬁézwme:AzMwmp

where X\g(¢) = [ #(£)dz,(d€). Recall that the vector measure M induces
a square integrable E-valued F; martingale denoted by {N(¢) = fot M (ds),
t > 0} with the quadratic variation given by the measure fg m(ds) = w(]0,t]).
Considering the stochastic integral in (3.7), since D¢ is continuous having
a compact support and G, is continuous and bounded on bounded sets, we
have C,¢ € BC(H™, E). Thus, m being a bounded positive measure having
a bounded total variation, it follows from this that

£ / | (Ca)) @n(s—)) |13 m(ds) < o0

for each n € N. Hence the last (stochastic) integral in (3.7) is a well defined
square integrable F; martingale. Our objective is to show that for any
z € Lo(92) we have

(3.14) g{z/ot <AL (Cng), M (ds) >E} n—oo

S{z/ot < A_(Co), M (ds) >E}, tel.

This can be proved using well-known properties of iterated conditional ex-
pectations following similar arguments as in [3]. Consider the expression on
the left of (3.14). For z € Ly(Q), it follows from the properties of conditional
expectation and the martingale theory that
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(3.15) g(z /ot < A-(Cng), AN (s) >E>

_ 5(zt /0 LN (Cod), dN(s) >E)

where z; = E{z|F;} is a square integrable F; martingale. Hence there exists
an Fi-adapted processes 1(t),t > 0, with values in E and an F measurable
random variable zg € La(§2) such that

£ /I () 13 w(dt) < oo,

and that
t
(3.16) 2zt = 20 —i—/ <n(s),dN(s) >g .
0
Thus
t
5<zt / < N (Cad), dN(s) >E>
0
(3.17)

— ([ a0 @) e mas)).

Since D¢ has a compact support, C,,¢0 — C¢ in the topology of BC(H ™, E)
and hence

<(t), (Cad)(t,6) >p——<1(t),(CP)(t,€) >p in BC(HT) mx P —a.e.

In fact, due to square integrability of n with respect to the measure m x P
on the predictable sigma field and the boundedness of the sequence {C,¢},
it follows from the dominated convergence theorem that

< n7c’n¢ >Ei>< 7770¢ >E7

in the topology of Mj o(I xQ, BC(H™)) as n — oo. Using this result (strong

w*

convergence) and the fact that X" — A% in MY o (I x Q,%,pa(HT)), we
conclude from duality of the two spaces involved that, for each t € I,
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5</Ot<77(s),)\2 (Cnd) >E7rds> 5(/0t ),Cod >5)7 (ds)>
£

— (/Ot A (<n(s), (Co) >)7T(d3))

£ /0 L ()N (Co) > ﬂ(dS))

(
E(zt /Ot < A_(Co),dN(s) >>
-/

:52 < X\°_(Cd),dN(s) >

_ 5(2 /0 < Xo_(Co), M(ds) >).

The second line follows from the convergence properties just stated, the third
line is obvious and the fourth and the fifth lines follow from the martingale
property of z;,t > 0, and its representation (3.16); and the sixth line follows
from the definition of the martingale N generated by the vector measure
M. Thus (3.14) follows from (3.15)—(3.18). Now multiplying both sides of
equation (3.7) by an arbitrary z € Ly(£2) and taking the limit of the expected
values, it follows from (3.11), (3.12), (3.13) and (3.14) that

(3.18)

() = ) + € (= [ K(40) n(as))

(3.19) . 5(2/0t \°(Bg) ds) +g<z/0t < A;_(C9), M(ds) >E>.

Since this holds for arbitrary z € La(Q2), we have, for each ¢t € I,

X(8) = 35(6) + [ A Ag) n(ds) + [ A2(Bo) ds
U S

t
+/ <AN_(Co),M(ds) > P — a.s.
0

By virtue of the fact that \> € MY (I x Q, Xppa(HT)), it is evident that for
each ¢ € D(A)ND(B), A (Agp), AO(BQS) A_(C¢) are well defined F; adapted
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processes and that \°(A¢) € Li(m, L2()), \°(Bg) € L1(I, L2(Q)), \°(Co) €
Li(1,L2(92, E)). Thus equation (3.20) holds for all ¢ € D(A) N D(B) and
not only for those having first and second Frechet differentials with compact
supports. Hence \° is a measure valued or generalized solution of equation
(3.2) in the sense of Definition 3.1. The proof of the last assertion of the
theorem follows from the fact that positivity is preserved under weak star
convergence. Thus \° € MY o(I x Q,Tl4,(H™)). This completes the proof.

Remark 3.4. It is clear from the above result that for generalized (mea-
sure) solutions it is only required that F, G are continuous and bounded on
bounded sets. Thus these maps may have polynomial growth [3]. In con-
trast, for standard mild solutions it is usually assumed that F, G are locally
Lipschitz having at most linear growth [7, 8]. Our result provides a stochas-
tic finitely additive regular measure valued process as the solution. However,
it is countably additive on the compact Hausdorff space H™ containing the
original state space H as a dense subspace.

The following corollary is an immediate consequence of Theorem 3.3.

Corollary 3.5. Consider the forward Kolmogorov equation,

dﬁt == A*’ﬂtﬂ'(dt) + B*ﬁtdt
(3.21)
19(0) =1,

with A*, B* denoting the duals of the operators A, B respectively. Suppose
{A,F,G,M,r} satisfy the assumptions of Theorem 3.3. Then, for each vy €
0,pq(H), equation (3.21) has at least one weak solution v € LY (I, 11,4, (HT))
C LY (1,344 (H™)) in the sense that for each ¢ € D(A)YND(B) the following
equality holds

(3.22) v (@) = (o) +/O vs(Ap) m(ds) +/O vs(Bo)ds,t € 1.

Proof. The proof is quite similar to that of Corollary 3.4 of [3, p. 85], and
hence we present only a brief outline. Since H is separable and v € L, (H)

there exists a random variable z( taking values in H P-a.s (possibly on a
Skorokhod extension) such that £(z¢) = vy and for each ¢ € BC(H),

Ed(wo) = € /H OO () = /H RG]
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Here we have used ¢ itself to denote its extension from H to H'. Using
defined above as the initial state, it follows from Theorem 3.3 that equa-
tion 3.2 has at least one generalized solution \° € MY (I x Q,TLpq(H™))
satisfying equation (3.20) for each ¢ € D(A) ND(B). Then the map

v —e( [ )

is a continuous linear functional on Ly (I, BC(H™")). Hence, by duality pro-
vided by the theory of lifting and the fact that A° € Mo“ég(f X QM (HT)),
there exists a unique p € LY (I, 1,4,(H ™)) so that

(3.23) 5(/] A?(¢)dt> =< >= /]ut(w)dt.

Now following similar arguments as in [3, Corollary 3.4], one can justify that
w satisfies the identity (3.22) with gy = v9. This completes our brief outline
of the proof that equation (3.21) has a weak solution in the sense of identity
(definition) (3.22). |

Remark 3.6. Note that Corollary 3.5 proves the existence of (measure)
solutions for Kolmogorov equation (3.21) with unbounded coefficients. This
generalizes similar results of Cerrai [6] for parabolic and elliptic equations
on finite dimensional spaces.

So far we have not discussed the question of uniqueness of solutions. In [4]
the uniqueness of measure solution was proved using spectral properties of
the operator A. A direct proof based on a semigroup approach was given
in [5]. Using a similar technique as in [5], we can prove the uniqueness of
(weak) solution of equation (3.21) as presented below.

Corollary 3.7 (Unigeness). Suppose the assumptions of Corollary 3.5 hold
and that D(A)ND(B) is dense in BC(H). Then the solution (weak solution)
of the evolution equation (3.21) is unique.

Proof. We prove the uniqueness of (weak) solution by use of a similar tech-
nique as in the general semigroup theory; see also [5]. Accordingly, it suffices
to demonstrate that for a given m € M.(I), the pair {A4*, B*} determines a
unique evolution operator {U*(¢,5),0 < s <t < 0o} on X,4(H). This will
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guarantee the uniqueness of weak solution (whenever it exists) of equation
(3.21) having the representation,

e = U*(t,O)Vo, t > 0.

By Corollary 3.5, for each given initial measure, equation (3.21) has at least
one weak solution. For the given quadratic variation measure m € M.(I),
associated with the martingale measure M, suppose the pair {A*, B}, i =
1,2, generates the evolution operator U/ (t,s),0 < s <t < o0, i=1,2. For
¢ € D(A;) N D(B;) and v € D(AY) N D(BY), define the function,

h(r) =< U5 (t,7)U; (r, s)v, o >= v(Us(r, s)Ua(t, r)p),r € [s,t].

It is a well-known fact that the infinitesimal generators commute with their
corresponding evolution operators on their domain. Using this fact, it is
easy to verify that, for A; = Ay and By = Bs, the variation of h on [s, ] is
zero. Hence h is constant on [s, ] and so h(t) = h(s) implying v(Ui(t, s)p) =
v(Us(t, s)¢). This holds for all ¢ € D(A;) N D(B;) and v € D(A¥) N D(BY).
Since D(A;)ND(B;) is dense in BC(H ), and v is arbitrary, we have U (¢, s) =
Us(t,s) for 0 < s <t < oo proving uniqueness. [ |

Remark 3.8. Using the unique transition operator corresponding to the
Kolmogorov equation (3.21), as stated in Corollary 3.7, and the variation
of constants formula, we can prove the uniqueness of weak solution of the
stochastic evolution equation (3.4) on X4, (H ™). This is done by using the
corresponding Volterra type functional equation,

t

pe = U*(t,0) o +/ U*(t,s)(C*us—)M(ds),t € I.
0

Remark 3.9. If the martingale measure M is nonatomic and the associ-
ated quadratic variation measure 7 is absolutely continuous with respect to
the Lebesgue measure, it follows from expression (3.20) that the measure
solution t — A{ is weak star continuous.

4. EXTENSION TO MEASURABLE VECTOR FIELDS

In some situations F' and G may not be even continuous. However, assuming
that they are bounded Borel measurable, it is possible to prove the existence
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results similar to those of deterministic evolutions [4]. We present here a
result analogous to that of theorem 3.3 with the major exception that in the
present case the measure solutions are no longer regular. They are bounded
finitely additive measure valued processes.

Theorem 4.1. Consider the system (1.2). Suppose {A, M} satisfy the
assumptions of Theorem 3.3 and that F: H — H and G : H — L(E, H)
are Borel measurable maps bounded on bounded sets. Then, for every xg
for which P{w € Q : |zolg < oo} = 1, statistically independent of M,
the evolution equation (1.2) has a unique measure or generalized solution
A€ MY o (I x Q, Sy (HT)). Further, \° € MY o(I x Q, Ty (HT)).

Proof. First suppose that {F, G} are bounded Borel measurable maps (i.e.
uniformly bounded on H). Then it follows from Proposition 3.2 of [4] that
the pair {F, G} has an approximating sequence{ F},, G, } satisfying (A1) and
(A2). Given this fact, the proof is almost identical to that of Theorem
3.3 with the replacement of ¥,.p,(H 1) by Xp(H1). In other words, for
uniformly bounded Borel measurable maps F' and G, the system (1.2) has
a unique measure solution. For the unbounded case, define the composition
maps

F,=FoR,,G, = GoR,,7 € Ry

where R, is the retraction of the ball B, = {z € H :|| « |g< 7}. Clearly,
these are (uniformly) bounded Borel measurable maps and it follows from
the preceding result that the system (1.2) with {F, G} replaced by {F,,G,}
has a unique measure solution X7 € MY o(I x Q, Xpo(H")). Then following
a similar limiting process as in [4, Theorem 3.3], one can show that the net
{\,y € Ry} has a weak star convergent subnet converging to an element
A% € MY o(IxS, Xpq(HT)) which is the unique measure solution of equation
(1.2) in the sense of Definition 3.1. |

Remark. Our results can be extended to include vector measure M with
atoms and hence jump processes under some additional assumptions on G.
In this case the operator C is given by

(CHe) (&) E/O G*(&)D(€ + 0G(E) M ({t}))db.

If ¢ is not an atom, this operator reduces to the one given by (3.1).
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5. OPTIMAL FEEDBACK CONTROLS

Consider the control system
dr(t) = Az(t)dt + F(x(t))dt + D(w(t)) ult, =(t)) dt
(5.1) +Gla(t—)) M (dt)
z(0) = o,

where I' : H — L(E, H) is a bounded Borel measurable map with = being
another separable Hilbert space and u : I x H — = is any bounded Borel
measurable function representing the control. Let BM (I x H, =) denote the
class of bounded Borel measurable functions from I x H to Z. Furnished

with the uniform norm topology,

|| w||= sup{|u(t, x)|=, (t,x) € I x H},

it is a Banach space. For admissible controls, we use a weaker topology
and introduce the following class of functions. Let U be a closed bounded
(possibly convex) subset of = and

(5.2) U={ueBMIxH,E):u(t,z) eUV (t,z) eI x H}.

On BM(I x H,E), we introduce the topology of weak convergence in =
uniformly on compact subsets of I x H and denote this topology by Tyu.
In other words, a sequence {u,} C BM(I x H,E) is said to converge to
ug € BM (I x H,Z) in the topology 7y, if, for every v € Z,

(un(t,z),v)z — (uo(t,z),v)=

uniformly in (¢,x) on compact subsets K C I x H. We assume that ¢/ has
been furnished with the relative 7, topology. Let U,q C U be any Ty
compact set and choose this set for admissible controls.

In view of system (5.1), we consider the Lagrange problem P1 : Find
u® € U,q that minimizes the cost functional

T
(5.3) J(u) = 5/0 0(t, z(t))dt,
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with ¢ being any real valued Borel measurable function on I x H which is
bounded on bounded sets. Since, under the general assumptions of Theorem
3.3 and Theorem 4.1, the control system (5.1) may have no path wise solution
but has a measure solution, the control problem as stated above must be
reformulated in terms of measure solutions. For this purpose we introduce
the operator B, associated with the control u as follows. For each u € U4,
define

(Buo)(t,€) = (u(t,£),I(§)Dp(E))=, (t,€) € I x H,

where T*(§) € L(H,E) is the adjoint of the operator I'(£). Clearly the op-
erator B, is well defined on D(.A) N D(B). Then the correct formulation of
the original control problem is given by (P1) : find u°® € U,q that minimizes
the functional

T T
(5.4) J(u) :5/ / L(t, )N (dE)dt :5/ 0(t, N\ )dt
o JH 0
where A" is the (weak) solution of equation

dM\i = A*Atﬂ(dt) + B*\idt + BZAtdt—F < C*)\t_, M(dt) >E,
(5.5)
X0 = 6sy-

Other control problems are considered later. We need the following result
on the continuous dependence of solutions on control.

Lemma 5.1. Consider the system (5.5) with admissible controls U,q as
defined above, and suppose the assumptions of Theorem 4.1 hold and that
I': H— L(E,H) is a bounded Borel measurable map. Then for every u €
Uqq the system (5.5) has a unique weak solution \* € MY o(I x Q, T (H™))
and further, the control to solution map u — A* from U,q to MO“QQ(I X
Q, Y (HT)) is (sequentially) continuous with respect to the topologies Ty
on Uaq and weak star topology on M 5(I x , Ypa(HT)).

Proof. The existence of solution follows from Theorem 4.1 with the oper-
ator B replaced by the sum B + B, and uniqueness follows from Corollary
3.7. We prove continuity. Let {u” u°} C Uyg and u™ ™% u° and suppose
{A" N} € MY o(I x 9,10y (H")) denote the associated weak solutions of
(5.5). Then clearly, the difference p" = X" — X\° € MY (I x Q, %, (H™)) is
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a sequence satisfying the identity

1 (p) = / W (Ag)m(ds) + / 12 (B + Buo)g) ds
(5.6) 0 0

—i—/o < ul_(Cp),M(ds) > —i—/o )\Z((Bun - Buo)w)ds

with pg = pg_ = 0. Since the set {A",\°} is contained in MY 5(I x €,
Iy, (HT)), the difference sequence {u"} with the initial condition uf = 0,
is contained in a bounded subset of MY o(I x Q, Xy, (H")). Thus by virtue
of Alaoglu’s theorem, both these sequences have w* convergent generalized
subsequences or subnets which we relabel as the original sequence. Let \*
denote the weak star limit of A\ and p* the limit of p™. Since u™ converges
to u® in 7y, topology, and Dy has a compact support and I' is a uniformly
bounded Borel measurable operator valued function, it follows from the
dominated convergence theorem that, for any z € Ly (),

(Bun — Buo)g) = 2(u” —u®,T* D)z == 0 in Myl x O, B(H™)).

Combining this with the fact that \" 0, A*, we obtain
t
lim 5(2’/ Ay (Byn — Buo)go)ds>
n—oo 0

= lim 5(/; AL (2((Bur — Buo)go))ds> =0,tecl.

n—oo

Then multiplying (5.6) by z € L9(Q2) and taking the expectation on both
sides and following similar limit arguments as in the proof of Theorem 3.3,
we obtain

t t
i () = / i (Ap)n(ds) + / 12 (B + Buo)p) ds
(5.7) 0 0

t
+/ < ws_(Cp),M(ds) > ds,t € I,
0

for all ¢ € D(A) N D(B). This is a homogeneous linear Volterra type func-
tional equation for p*, and hence, following the same procedure as in [5],
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we find that p* = 0. In other words, the weak star limit \* coincides with
A°, the weak solution corresponding to the limit control u°. This proves the
continuity as stated. [

Now we consider the control problem P1.

Theorem 5.2. Consider the system (5.5) and the Lagrange problem (5.4)
with admissible controls Uyq. Suppose the assumptions of Lemma 5.1 hold
and that £ is a Borel measurable real valued function defined on I x H and
bounded on bounded sets and that there ezists a function ly € Li(I) such
that

(t,€) > o(t) ¥ € € H.

Then there exists an optimal control for the problem P1.

Proof. Since { is bounded from below by an integrable function ¢y, we have

(5.8) J(u) = 5</0T€(t, A;‘)dt) > 00, V 1 € Uy

Clearly, if J(u) = 400 for all u € U,q, there is nothing to prove. So suppose
there are controls for which J(u) is finite. Define inf{J(u),u € Uyq} = m,
and let {u"} C Uyq be a minimizing sequence. Since U,q is Ty, compact,
there exists a generalized subsequence (subnet), relabeled as the original

sequence, and a control u® € U,q such that " ™% w°. Then by virtue

of Lemma 5.1, along a further subnet if necessary, we have \*" TN,
Note that the functional (5.8) is linear in A* and bounded (since {u"} is a
minimizing sequence) and hence continuous along the minimizing sequence
{\*"}. Thus lim, oo J(u") = J(u°) = m and u° is the optimal control. m

Next we consider the control problem P2 :
(5.9  Juw)=¢ ’ H{ﬁ(t,f) + p(&)u(t, &)z} N (d€)dt — inf,
X

where p is a positive bounded Borel measurable function on H with compact
support and A* is the weak solution of the stochastic evolution equation (5.5)
corresponding to control wu.

Theorem 5.3. Consider the Lagrange problem P2 with the objective func-
tional (5.9) subject to the dynamic constraint described by the system (5.5)



150 N.U. AHMED

with admissible Uyq. Suppose £ satisfies the conditions as stated in Theorem
5.2, and p is any real valued nonnegative bounded Borel measurable function
on H having a compact support. Then there exists an optimal control for
the problem P2.

Proof. Again by virtue of the assumption on ¢, we have J(u) > —oo. If
J(u) = 400 for all u € U,q there is nothing to prove. So we may assume
the contrary. Let {«"} be a minimizing sequence so that

lim J(u") = inf{J(u),u € Upa} = m.

n—oo
We show that the second term of the objective functional (5.9), denoted
by Jo, is Ty, lower semi continuous on U,y. Since U,q is Ty compact, the
sequence {u"} contains a generalized subsequence, relabeled as the original
sequence, which converges in 7, topology to an element u°® € U,4. Consider
the value of Jy at u°,

(5.10) Tou) =& [ p()lu(t,€)|= A (d€)dt.
IxH

Since u°(t,§) is a = valued bounded (Borel) measurable function, by Riesz
theorem there exists a By(Z) valued bounded (Borel) measurable function
1n° on I X H such that

|uo(ta£)|5 = (uo(t’£)7no(ta£))5a V(t,g) €l xH.

In fact, one can take 1n°(¢,&) = u®(t, &) /|u®(t, &)|= with the convention that
0/0 = 0. Hence (5.10) can be written as

Jo(u?) =€ IxHp(é)(U"(t,@m”(t,f))a A (d€)dt

=& p(O) (WO, £),m° (£, €)= (A" — A¢") (d€)dt
(5.11) It

+¢& P(E)(u(t,€) — u(t,€),1°(t,€)) A" (d€)dt

IxH

+& p(&)(u™(t,€),n°(t, €)= A" (d€)dt.

IxH
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By virtue of Lemma 5.1, the first term of (5.11) converges to zero as n — oc.
Since p has a compact support and u® ™% u°, it is clear that p(u® —
u"™,n%)z — 0 uniformly on I x H, hence strongly in M; (I x Q, BC(H)),
while A" converges to A"’ in the weak star topology of M o (IXQ, Xrpa(H)).
Thus the second term of (5.11) also converges to zero as n — oo. Clearly,
it follows from positivity of both p and the measure solutions, and the fact
that [n°(¢,€)|= = 1, that the third term is majorized by Jo(u). From these
facts one can easily verify that

(5.12) J2(u®) < liminf Jo(u™).

n—oo
Thus Js is 7, lower semicontinuous. It was already seen in Theorem 5.2
that the first term of the cost functional is continuous. Thus u — J(u) is
Twyu lower semi continuous. Since {u"} is a minimizing sequence with limit
u® € Uyg, it follows from 7, lower semi continuity that

m < J(u°) < liminf J(u") < lim J(u") = inf{J(u),u € Uyq} = m.
Hence u° is the optimal control proving existence. [

Remark. The assumption of compactness of the support of p seems to be
restrictive. It can be partially remedied by choosing an increasing sequence
of compact subsets {Cy} of H, converging to H, and a sequence of {py} with
support C} approximating any bounded Borel measurable function p. Then
in the limit one has the optimal control associated with the original weight
function p.

Another interesting control problem, identified as P3, consists of maximizing
the functional:

(5.11) J(u) = FEN, (1), -+, EX (pa))} — sup

where f : RY — R is a function, and {¢;} € B(H) is a finite set of bounded
real valued Borel measurable functions on H.

Theorem 5.4. Consider the system (5.5) with admissible controls U,q C U
as defined by (5.2) and suppose the assumptions of Lemma 5.1 hold. Further,
suppose the stochastic vector measure M 1is nonatomic and the associated
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quadratic variation measure m is absolutely continuous with respect to the
Lebesgue measure and the function f is upper semicontinuous from R® to R
and {¢;} € B(H) are real valued bounded Borel measurable functions. Then
the Problem P3 has a solution.

Proof. Since M is nonatomic and 7 is absolutely continuous with respect
to the Lebesgue measure, it follows from the integral expression (3.3) or
(3.20) that ¢ — A} is weak star continuous P-a.s. Hence t — A(y) is
continuous P-a.s for each ¢ € B(H). Thus by Fubini’s theorem, A} (¢;) is a
well defined integrable random variable for alli = 1,2, -+ ,d. Let {u"} € Uyq
be a maximizing sequence. Since U,y 1S Ty compact there exists a u® € U,y
such that, along a subsequence if necessary, u™ =% u°. Hence it follows from
Lemma 5.1 that

5AZ"(<PZ’) — 5/\;1;’((%)71' =1,2,---,d.
Thus, by upper semicontinuity of f, we have

Hmsup f(ENS (91), -, EXL (0a)) < FENT (1), ENE (@)

n—o0o

Hence J is upper semicontinuous with respect to 7, topology, that is,

limsup J(u") < J(u?).

n—oo

Since {u"} is a maximizing sequence and u® € U,q, it follows from this that

m® = sup J(u) = lim J(u") <limsup J(u") < J(u®) < m°.

u€Uag n—oo n—00

This proves that «° is a maximizing control and hence follows the existence
of an optimal control. [

A fourth interesting problem, identified as P4, can be stated as follows. Let
U € B(H) and g € Cy(R) be given. The problem is to find a control that
minimizes (maximizes) the functional

(5.12) J(u) = EgNL(T)).
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Theorem 5.5. Consider the system (5.5) and the objective functional (5.12)
with admissible controls U,y C U as defined by (5.2) and suppose the as-
sumptions of Lemma 5.1 hold. Further, suppose the martingale measure M
1s nonatomic and the associated quadratic variation measure m is absolutely

continuous with respect to the Lebesgue measure and the function g € Cy(R)
and ¥ € B(H). Then the Problem P4 has a solution.

Proof. Since M is non-atomic and w is absolutely continuous with respect
to the Lebesgue measure, it follows from (3.20) that t — A} is weak star
continuous P — a.s. Hence, for ¥ € B(H), {N}/(¥),u € Uyq} is a family of
well defined real valued random variables. Without loss of generality, we
may assume that | ¥ ||< 1. Clearly, then

IME(O)| <1, P —a.s,V u € Uyg.

For each u € Uyy, define the probability measure p* on B(R), the Borel sets
of R, by setting
pt(L) = P{Ap(¥) € '}

for I € B(R). Then the expression (5.12) is equivalent to

(5.13) J(u) = /R g(Q)u(dC) = L(u®).

Since g € Cy(R), it is clear that L is a continuous linear functional on the
space of probability measures M;(R). Note that the family of probability
measures,

Mo = {p" u € Uypg},

is contained in M and has a compact support given by the interval [—1, +1],
and therefore it is uniformly tight and hence a relatively weakly compact
subset of M. Using the assumption of 7, compactness of the set U4, one
can prove that My is also weakly closed. Thus Mg is a weakly compact
subset of M;(R). Therefore the linear functional L, which is continuous
and hence weak star continuous, attains its minimum (maximum) on the
set My and consequently J attains its minimum (maximum) on Uyg. This
proves the existence of an optimal control for the problem P4. [
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A Special Case

Suppose o € B(H) is the target set and we want to maximize the expected
value of concentration of mass on . Then we take ¥ = y,, and g € C;" (R)
a (any) monotone increasing function. According to the above result, there
exists a control u® € U,q such that

E{gNF (0))} 2 E{g(N1(0)}, ¥ u € Uaa-

The obstacle avoidance problem can be treated similarly.

A problem closely related to (P4) is the problem (P5) given by

(5.14) J(w) = E{g0 (1), . A (pa)) | — inf.

Here g : R* — [0,00), {t; € I,; € B(H)}, and d € N. Using a similar
procedure as in Theorem 5.5 one can prove the following result.

Theorem 5.6. Consider the system (5.5) and the objective functional (5.14)
with admissible controls Uy, g € Co(RY),p; € B(H),t; € I, and suppose

{M,r} satisfy the assumptions of Theorem 5.5. Then the Problem P5 (5.14)
has a solution.

Proof. The proof is very similar to that of Theorem 5.5. Here J(u) is given
by

T = [ goua)

with the measure p* defined by
pt(o) = PN (1), AL, (02), -+, Al (pa)) € o},

for o € B(RY) and Mo = {u* : u € Upq} C M1(R?). Again the assertion
follows from the facts that the family Mg(R?) is tight and weakly closed
and g € Cy(RY). ]

Another interesting control problem is to find a control u € U,y that maxi-
mizes the functional
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(5.15) J(u) = & /I g(t (G (1)) dt —> max,

subject to the dynamics (5.5) with A = A", where t — G(¢) is a multifunc-
tion with values in ¢(H)(nonempty closed subsets of H) and continuous (in
the sense of the Hausdorf metric) and g : I x [0,00) — [0, 00) is a nonnega-
tive continuous function and nondecreasing in the second argument. Clearly,
this problem is equivalent to tracking a diffuse moving target. We call this
problem PG6.

Theorem 5.7. Consider the system (5.5) with admissible controls Uyq and
objective functional (5.15) with {M,} satisfying the assumptions of Theo-
rem 5.5. Let t — G(t) be a multifunction with values which are nonempty
closed subsets of H and continuous in the Hausdorf metric. The function
g :Ix]0,00) — [0,00) is nonnegative, continuous and bounded on bounded
sets and nondecreasing in the second argument. Then problem P6 has a
solution.

Proof. Since for all t € I and u € Uy,q, N\ (G(t)) € [0,1] = K with prob-
ability one, the objective functional (5.15) is equivalent to the following
functional

(5.16) T = [ a2 de)de = L)

where the measure valued function p* is given by
(5.17) pi' (o) = P{N'(G(t)) € 0},0 € By

with B; denoting the sigma algebra of Borel subsets of the unit interval K =
[0,1]. Let M;(K) denote the space of probability measures on B; endowed
with the standard weak topology. Since the weak topology is metrizable (for
example, Prohorov metric), and K is compact, M;(K) is a compact metric
space with a metric, say, d. Consider the topological space C'(I, M;) with
the topology of uniform convergence on I induced by the metric,

D(p,v) = sup{d(pt, vt),t € T}
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Since M (K) is a complete metric space, so also is (C'(I, M1(K)), D). Now
consider the set

(5.18) Co={pu",u € Uyq}

where p* is given by (5.17). Since t — A} is weak star continuous P-a.s
and ¢ — G(t) is continuous in the Hausdorf metric, we have ¢ — pf
continuous with respect to the topology induced by the metric d. Using the
integral expression (3.3) or (3.20) with the operator B replaced by B+ B, it
follows from nonatomicity of the measure M and absolute continuity of the
measure 7 with respect to the Lebesgue measure that, for each t € (0,7
and ¢ € D(A) N D(B),

P{lim (\a(e) = A(9) = 0f = 1,
uniformly with respect to u € Uyq. Thus the set Cj as given by (5.18), is an
equicontinuous subset of C'(I, M;). Since M;(K) is compact, it is obvious
that each t-section of Cy given by Cy(t) = {us, 1 € Cp} is relatively compact
in M;(K). Thus by Ascoli-Arzella theorem, Cj is a relatively compact subset
of C(I, M1(K)). Further, it follows from sequential continuity (see Lemma
5.1) and 7, compactness of U4 that Cj is sequentially closed. These imply
that the set Cp is sequentially compact. Thus the functional L,, defined by
(5.16), being linear and continuous, attains both its minimum and maximum
on the compact set Cy. Hence there exists a u® € Cy or equivalently a control
law u° € Uyq at which L, attains its maximum. This proves the existence
of an optimal control for the problem P6. [

Remark. For the construction of optimal controls, it is essential to develop
necessary and sufficient conditions for optimality. This will be considered in
a forthcoming paper.

Open Problem. It would be interesting to admit = which may contain
atoms. In other words it will allow inclusion of continuous as well as jump
processes for the martingale measure M.
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