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ABSTRACT. In this paper we are concerned with a class of stochastic Volterra
integro-differential problems with completely monotone kernels, where we as-
sume that the noise enters the system when we introduce a control. We start by
reformulating the state equation into a semilinear evolution equation which can
be treated by semigroup methods. The application to optimal control provides
other interesting results and requires a precise description of the properties of
the generated semigroup.

The first main result of the paper is the proof of existence and uniqueness of
a mild solution for the corresponding Hamilton-Jacobi-Bellman (HJB) equa-
tion. The main technical point consists in the differentiability of the BSDE
associated with the reformulated equation with respect to its initial datum x.

1. Introduction. Stochastic Volterra equations represent interesting models for
stochastic dynamic systems with memory. They appear naturally in many areas of
mathematics such as integral transforms, transport equations, functional differential
equations and so forth, and they also appear in applications in biology, physics and
finance. For a detailed exposition on applications of Volterra integral equations, we
refer to [4, 29] and [42, 43], the first two dealing with deterministic equations only.

In this paper we are concerned with the following optimal control problem for
an infinite dimensional stochastic integral equation of Volterra type on a separable
Hilbert space H:

&I alt = s)uls)ds = Au() + (1, u(t))
+glrtu(t),y@)+W(t)],  te[0,T] (1)
u(t) = uo(t), t<0.
In the above equation W(t), t > 0 is a cylindrical Wiener process defined on a

suitable probability space (Q2, F, (F¢)i>0, P) (whose properties will be specified later)
with values in a (possibly different) Hilbert space Z; the unknown w(-), representing
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the state of the system, is an H-valued process. Also, we model the control by the
predictable process v with values in some specified subset U (the set of control
actions) of a third Hilbert space U.

The kernel a is completely monotonic, locally integrable and singular at 0; A
is a linear operator which generates an analytical semigroup; g is bounded linear
mapping from = into H and r is a bounded Borel measurable mapping from [0, 7] x
H x U into =. We notice that the control enters the system together with the noise.

The optimal control that we wish to treat in this paper consists in minimizing a
cost functional of the form

T
J(uo,v) = E/O 1t u(t), v (8))dt + E(p(u(T))), (2)

where [ and ¢ are given real-valued functions.

We adopt the semigroup approach based on the complete monotonicity of the
kernel as been initiated in [19, 39] and recently developed for the stochastic case in [6,
8, 9]. Within this approach, equation (1) is reformulated into an abstract stochastic
evolution equation without memory on a different Hilbert space X. Namely, we
rewrite equation (1) as

dx(t) = Bx(t)dt + (I — B)P f(t, Jx(t))dt
+(I — B)Pg(r(t, Jx(t),v(t))dt + dW(t)) (3)
x(0) = x.

Here B is the infinitesimal generator of an analytic semigroup e on X. P: H — X
is a linear mapping which acts as a sort of projection into the space X. J: D(J) C
X — H is an unbounded linear functional on X, which gives a way going from x
to the solution to problem (1). In fact, it turns out that u has the representation

u(t) = {Jx(t), t>0,

Uo(t), t S 0.

For more details, we refer to the original papers [6, 32].
Further, the optimal control problem, reformulated into the state setting X,
consists in minimizing the cost functional

J(z,7) = E /0 (t, Tx(8), 7 (£))dt + Eo(Jx(T))

(where the initial condition ug is substituted by x and the process u is substituted
by Jx). It follows that 7 is an optimal control for the original Volterra equation if
and only if it is an optimal control for that state equation (3).

We notice that equation (3) has unbounded coefficients. Similar stochastic prob-
lems are present in literature (see [18, 9, 16, 37, 44]), also in connection with optimal
control. Usually, they arise in a wide variety of applications in physical problems,
see the monograph [29, 46] or the papers [1, 47, 14] for some examples, in interacting
biological populations and harvesting problems and in problems in mathematical
finance. For instance, an example of physically realistic situation which we have
in mind is the control of a fluid in the context of thermo-dynamic or fractional
diffusion-wave equations.

Our purpose is not only to prove existence of optimal controls, but mainly to
characterize them by an optimal feedback law. In other words, we wish to perform
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the standard program of synthesis of the optimal control that consists in the follow-
ing steps: first we solve (in a suitable sense) the Hamilton-Jacobi-Bellman equation;
then we prove that such a solution is the value function of the control problem and
allows to construct the optimal feedback law.

We focus our attention on the following (formally written) Hamilton-Jacobi-
Bellman equation ((HJB) for short)

Fev(s, @) + Lafo(s, )](x) = ¢(s,z, Vo(s, z)(I — B)Pg) (4)
o(T,z) = ¢(z),

where £; is the infinitesimal generator of the Markov semigroup corresponding to

the process x

L)) = 5TV~ B)PgV?h(x)g"p" (1 — B
+(Bx+ (I — B)Pf(t,Jzx), Vh(z)).

We formulate the equation (4) in a mild sense. Setting {Ps[] : 0 < s < t}, to be
the Markov semigroup corresponding to the process x, we seek a function v verifying
the following variation of constants formula:

T
o(s,2) = Pyr[d](x) - / Py, [(r, - [Vo(I = B)(r. ) Pg] (@)dr.  (5)

We solve this equation using a method based on a system of forward-backward
stochastic differential equations. In our case, this is given by the forward equation
(3) and the backward equation

(6)

{dY(s) = (s, x(s,t,x), Z(s))ds + Z(s)dW (s), s €t T],
Y<T) = (b(X(T’ 57$>)

where v is the Hamiltonian function of the control problem, defined in terms of [
and 7, while x(s,t,z) stands for the solution of equation (3) starting at time ¢ from
x € X. It is classical that, under suitable assumption on [, » and ¢, problem (6)
admits a unique solution. Now if we set v(¢,z) = Y (¢), then v(t, ) is the unique
mild solution to the equation (4).

We notice that the formula (5) requires v to be Gateaux differentiable and
Vo(t,x(t))(I — B)Pg to be well-defined. As we will see, to prove these facts, the
crucial point is to show that we can give a meaning to Vu(t,x(t))(I — B)Pg and
to identify it with the process Z coming from the BSDE (6) associated with the
control problem. In fact we recall that P acts from H into the real interpolation
space Xy := (X, D(B))p,2 and it turns out that Pg does not belong to D(B) but
only to Xy, for suitable § € (0,1). Hence we are forced to prove that the map
(t,x,h) — Vo(t,x)(I — B)!=?h extends to a continuous map on [0,7] x X x X. To
do that, we start by proving that this extra regularity holds, in a suitable sense,
for the forward equation (3) and then it is conserved if we differentiate (in Gateaux
sense) the backward equation with respect to the process x.

On the other hand, showing first that x(+;¢,x) is regular in Malliavin sense, we
can prove that if the map (¢, 2, h) — Vu(t,z)(I — B)'~%h extends to a continuous
function on [0, 7] x X x X then the processes t — v(t, x(t; s, 2)) and W admit joint
quadratic variation in any interval [s, 7] and this is given by ftT Vo(r,x(r;s,x))(I —
B)Pgdr. Then we proceed exploiting the characterization of j: Z(r)dr as joint
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quadratic variation between Y and W in [s, 7]. As a consequence, the identification
between Z and Vu(t,x)(I — B)P g follows by the definition of v.

Once the HJB equation has been solved, we can come back to the control problem
and show that the solution of (4) is the value function, that is to say, it realizes the
average minimal cost “paid” by the system starting at time ¢ in . More precisely,
v satisfies the so-called fundamental relation:

T
3z, 7) = v(0,2) + E / [—t6(s,%(s), Vo(s, x(s))(I — B)Pg)
+ Vo(s,x(3))(I = B)Pg r(s, Jx(s),7(s)) + U(s, Jx(s),7(s))] ds. (7)

From the last relation, we are be able to construct the optimal feedback law. In fact,
equality (7) immediately implies that for every admissible control v and any initial
datum z, we have J(z,7) > v(0,2) and + is optimal if and only if the following
feedback law holds:

w(tax’y(t)? vv(tax’y(t)) (I - B)Pg)
= Vo(t,x"(t)) (I — B)P gr(t, Jx"(t),y(t)) + (¢, Jx"(t),7(t))

where x7 is the trajectory starting at z and corresponding to the control v (see
Corollary 3).

The present paper is a first step of our program. Indeed, we consider a stochastic
optimal control problem on finite horizon and under non degeneracy assumptions
on the diffusion coefficient g. Further, we suppose that r and [ are Borel measurable
=-valued functions sufficiently smooth in order that the Hamiltonian ) is Lipschitz
continuous with respect to 7. In this way the corresponding BSDE has sublinear
growth in the variable Z and can be exploited, e.g., using the techniques developed
in Fuhrman and Tessitore [27] or Confortola and Briand [10].

In the present article we consider a cost with linear growth, but more general
situations can be treated, for instance the case of a cost functional with quadratic
growth. In such case, the hamiltonian function associated to the control problem
would have a quadratic growth and the synthesis of the control problem could be
obtained in similar way by using the result on BSDEs with quadratic generator.

W also stress that an optimal control problem for stochastic Volterra equations
is treated in [9], where the drift term of the equation has a linear growth on the
control variable, the cost functional has a quadratic growth, and the control process
belongs to the class of square integrable, adapted processes with no bound assumed
on it. The substantial difference, in comparison with the cited paper, consists in
the fact that, at our knowledge, our paper is the first attempt to study existence
and uniqueness of solutions for the (HJB) equation corresponding to the Volterra
equation (1) and characterize the optimal control by a feedback law.

The paper is organized as follows: the next section is devoted to notations; in
Section 3 we transpose the problem in the infinite dimensional framework; in Section
4 we establish the existence result for the uncontrolled equation, while in Section
5 we study the controlled system. In section 6 we consider the regularity of the
uncontrolled solution, in particular in the sense of Malliavin, while in Section 7 we
will study the BSDE associated to the problem. Finally, in Section 8 we will exploit
the corresponding (HJB) equation in order to construct an optimal feedback and
an optimal control (see, to this end, Section 9).
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2. Notations and main assumptions. The norm of an element x of a Banach
space E will be denoted by |z|g or simply |z| if no confusion is possible. If F' is
another Banach space, L(E, F') denotes the space of bounded linear operators from
FE to F', endowed with the usual operator norm.

The letters =, H, U will always denote Hilbert spaces. Scalar product is denoted
(-, ), with a subscript to specify the space, if necessary. All Hilbert spaces are
assumed to be real and separable.

By a cylindrical Wiener process with values in a Hilbert space Z, defined on a
probability space (2, F,P), we mean a family (W (t));>¢ of linear mappings from =
to L%(Q), denoted & — (&, W(¢)) such that

1. for every £ € E, ((§, W (t)))e>0 is a real (continuous) Wiener process;
2. for every &1,& € Zand t > 0, E((&1, W (1)) (&2, W(1))) = (&1, &2)-

(Fi)e>0 will denote the natural filtration of W, augmented with the family of
P-null sets. The filtration (F;);>o satisfies the usual conditions. All the concepts of
measurability for stochastic processes refer to this filtration. By B(I") we mean the
Borel o-algebra of any topological space I'.

In the sequel we will refer to the following class of stochastic processes with values
in an Hilbert space K:

1. LP(; L2(0,T; K)) defines, for T > 0 and p > 1, the space of equivalence
classes of progressively measurable processes y : 2 x [0,T) — K, such that

T p/2
/0 ly(s) eds

< o0.
Elements of LP(Q; L?(0,T; K)) are identified up to modification.
2. LP(Q; C([0,T]; K)) defines, for T > 0 and p > 1, the space of equivalence
classes of progressively measurable processes y : Q x [0,T) — K, with contin-
uous paths in K, such that the norm

|y|]zp(sz;L2(0,T;K)) =k

P . »
Yr (o ey =E | sup |y(t
| |L (,C([0,T;K)) |j€[0,T]| ( )|K‘|
is finite. Elements of LP(Q;C([0,T]; K)) are identified if they are indistin-
guishable.

We also recall notation and basic facts on a class of differentiable maps acting
among Banach spaces, particularly suitable for our purposes (we refer the reader to
Fuhrman and Tessitore [27] or Ladas and Lakshmikantham [35, Section 1.6] (1970)
for details and properties). Let now X,Y,V denote Banach spaces. We say that
a mapping F : X — V belongs to the class G}(X, V) if it is continuous, Gateaux
differentiable on X, and its Gateaux derivative VF : X — L(X,V) is strongly
continuous.

The last requirement is equivalent to the fact that for every h € X the map
VF(-)h: X — V is continuous. Note that VF : X — L(X,V) is not continuous in
general if L(X, V) is endowed with the norm operator topology; clearly, if it happens
then F is Fréchet differentiable on X. It can be proved that if F € G1(X,V) then
(x,h) — VF(z)h is continuous from X x X to V; if, in addition, G is in G1(V, 2)
then G(F) isin G*(X, Z) and the chain rule holds: V(G(F))(z) = VG(F(z))VF(z).
When F' depends on additional arguments, the previous definitions and properties
have obvious generalizations. In addition to the ordinary chain rule stated above,
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a chain rule for the Malliavin derivative operator holds: for the reader convenience
we refer to Section 6.1 for a brief introduction to this subject.
Moreover, we assume the following.

Hypothesis 2.1. 1. The kernel a : (0, 00) — R is completely monotonic, locally
integrable, with a(0+) = +o0o. The singularity in 0 shall satisfy some technical
conditions that we make precise in Section 3.

2. A: D(A) C H — H is asectorial operator in H. Thus A generates an analytic
semigroup e'.

3. The process (W (t))>0 is a cylindrical Wiener process defined on a complete
probability space (2, F, (F;)i>0, P) with values in the Hilbert space E.

4. The function f : [0,T] x H — H is measurable, for every ¢t € [0,7] the
function f(t,-) : H — H is continuously Gateaux differentiable and there
exist constants L > 0 and C' > 0 such that

|f(t,u) — f(t,v)] < Lglu— v, te€0,7T], w,v € H;
fE&O)+[Vuftulean <C, te[0,T], ue H
5. g belongs to La(Z, H), that is to the space of Hilbert-Schmidt operators from

= to H, endowed with the Hilbert-Schmidt norm \|g||%2(E)H) = Tr(gg™").
6. The function r : [0,7] x H x U — = is Borel measurable for a.e. ¢ € [0,T]

and there exists a positive constant b, > 0 such that
|r(t,ur,y) — r(t,u,v)| < brlur —usl, uy,us € H,v € U;
[r(t, u, )|z < by, ue Hvyel.

The initial condition satisfies a global exponential bound as well as a linear
growth bound as t — 0:

Hypothesis 2.2. 1. There exist M; > 0 and w > 0 such that |ug(t)] < Me“*
for all t < 0;
2. There exist Ma > 0 and 7 > 0 such that |ug(t) — uo(0)] < Mslt| for all
te[-1,0];
3. up(0) € H, for some ¢ € (0,1/2), where H, := (H, D(A)).2 denotes the real
interpolation space of order € between A and H.

Concerning the functions [ and ¢ appearing in the cost functional we make the
following general assumptions:

Hypothesis 2.3. 1. The functions [ : [0,7] x H x U — R and ¢ : H — R are
Borel measurable;
2. There exist a positive constant C' such that for any v € U the following bound
is satisfied

[1(t, ur,y) = Ut ug, y)| < C(1+ us| + |uz|)|ur — uzl, ui,up € Hyy € U
0 < I(t,0,7)| < C.

3. There exists L > 0 such that, for every uy,us € H we have
|p(ur) — p(u2) g < Lglur — uzlg.
Moreover, ¢ € G'(H,R).

We consider the following notion of solution for the Volterra equation (1).
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Definition 2.4. We say that a process u = (u(t)):>0 is a solution to equation (1) if
u is an adapted, p-mean integrable (p > 1) continuous H-valued predictable process
and the identity

/ alt - s){u(s), OV rrds = (@, Ot + / (u(s), A*C) rds

— 00

t t
4 [ o) Qs+ [ gr(s,u(s) (6. Ouds + W (0).0)
0 0
holds P-a.s. for arbitrary ¢ € [0,7T] and ¢ € D(A*), with A* being the adjoint of
the operator A and

= /0 a(—s)ug(s)ds.

—0o0

3. The analytical setting. A completely monotone kernel a : (0,00) — R is a
continuous, monotone decreasing function, infinitely often derivable, such that

n
1\
(=1)" g

By Bernstein’s Theorem [46, pag. 90], a is completely monotone if and only if there
exists a positive measure v on [0, 00) such that

a(t) = / e "v(dk), t>0.
[0,00)

From the required singularity of a at 04+ we obtain that v ([0, 4+00)) = a(0+) =
400 while for s > 0 the Laplace transform a of a verifies

1
a(s) = / v(dk) < +o0.
[0.400) S+ K

We introduce the quantity

a(a):sup{peR:/ sP—2

and we make the following assumption:

(t)>0, te(0,00), n=0,1,2,...

T < OO}

Hypothesis 3.1. «(a) > 1/2.

Remark 1. The function a(t) = e~“**~1 where w > 0, is an example of com-
pletely monotone kernel, with Laplace transform a(s) = T'a] (w 4+ s)~%; an easy
computation shows that a(a) = 1 — «, hence we satisfy assumption 3.1 whenever

we take a € (0, 3).

Remark 2. It is known from the theory of deterministic Volterra equations that the
singularity of a helps smoothing the solution. We notice that a(a) is independent
on the choice of ¢ > 0 and this quantity describes the behavior of the kernel near
0; by this way we ensure that smoothing is sufficient to keep the stochastic term
tractable.

Under the assumption of complete monotonicity of the kernel, a semigroup ap-
proach to a type of abstract integro-differential equations encountered in linear
viscoelasticity was introduced in [19] and extended to the case of Hilbert space val-
ued equations in [6]. In order to simplify the exposition we quote from [6] the main
result concerning the derivation of the state equation (3).
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We will see that this approach allow us to treat the case of semilinear, stochastic
integral equations; we start for simplicity with the equation

d [* _
i) a(t — s)u(s)ds = Au(t) + f(t), tel0,T] ®)

u(t) = uo(t), <0,

where f belongs to L'(0,T; H) and ug satisfies Hypothesis 2.2. A weak solution of
equation (8) is defined as follows

Definition 3.2. We say that a function v € L([0,7T]; H) is a weak solution to
equation (8) if u satisfies the identity

[ alt - s){u(s), O)rrds = (@, g + / (u(s), A*C) s + / (F(s), C)ds

holds for arbitrary ¢t € [0,7] and ¢ € D(A*), with A* being the adjoint of the
operator A and

i = /_ OOO a(—8)uo(s)ds.

In order to solve (8), we start from the following identity, which follows by
Bernstein’s theorem:

[ too at — s)u(s) ds = [ too /[o,m) = =9 3 (dr) u(s)ds = /[o,m) x(t, K) v(dr)

where we introduce the state variable

x(t, k) = / e ")y (s) ds. ©))

—00

Formal differentiation yields

%x(t, k) = —kx(t, k) + u(t), (10)

while the integral equation (8) can be rewritten
[, (xR ) vian) = Aut) + o) ()
Now, the idea is to use equation (10) as the state equation, with Bx = —xkx(x) + u,

while (11) enters in the definition of the domain of B.
In the following we want to give a formal description of the arguments above by
introducing the suitable state space X for x(¢,-) and suitable operators.

Definition 3.3. Let X denote the space of all Borel measurable functions y :
[0,+00) — H such that the seminorm

151 = /[H (R DIyl ()

is finite.

We shall identify the classes y with respect to equality almost everywhere in v.
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Definition 3.4. We let the operator @ : L*((—o0,0]; H) — L*([0, +00); H,dv) be

given by
0

x(0, k) = Quo(k) = / e up(s) ds. (12)
— 00

The operator Q maps the initial value of the stochastic Volterra equation in
the initial value of the abstract state equation. Different initial conditions of the
Volterra equation generate different initial conditions of the state equation. It has
been proved in [6, Lemma 3.16] that Q maps L'(—oc0,0; H) N L°°(—oc0,0; H) into
X. In particular, Hypothesis 2.2 is necessary in order to have a greater regularity
on the inial value of the state equation. In fact in this case [6, Lemma 3.16 (3)])
shows that Qug belongs to X, for n € (0, 1).

Remark 3. We stress that under our assumptions we are able to treat, for instance,
initial conditions for the Volterra equation of the following form

)0, te(—o0,—0);
UO(t){u te[-4,0]

provided @ has a suitable regularity.

We introduce a rigorous definition for the leading operator of the reformulated
state equation (11).

Definition 3.5. Let x € X and u € H. We define the operators J : D(J) € X — X
by

D(j)::{xeX:EluEHs.t./
[

(k + 1)|wx(k) — ul?v(dk) < —l—oo}
0,00)

Jx = u;
B:D(B)C X - X

D(B) := {x e D(J)|Jx e D(A),/ —kx(k) + Jx(k)v(dr) = ij}

[0,00)

(Bx)(k) := —kx(K) + Jx

(P)(s) 1= —— RG(1), A)u,
R(a(1), A) being the resolvent R(a(1), A) := (a(1) — A)~L.

We quote from [6] the main result concerning the state space setting for stochastic
Volterra equations in infinite dimensions and the properties of the linear operators
introduced above.

Theorem 3.6 (State space setting). Let A, a, W, a(a) be as in Hypotheses 2.1
and 3.1; choose numbers n € (0,1), 6 € (0,1) such that

77>%(17a(a)), 9<%(1+a(a)), 077)>%. (13)

Let X, Q, B, J be defined as in Definition 3.3, 3.4 and 3.5. Then

1) the operator B : D(B) C X — X is a densely defined sectorial operator

generating an analytic semigroup e'B;
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2) the operator J : D(B) — D(A) is onto and admits a unique extension J
as a continuous linear operator J : X, — H, where X, denotes the real
interpolation space X,, := (X, D(B))y2;

3) the linear operator P maps H continuously into Xy.

Proof. The assertion of the theorem can be proved by following [6, Section 3]. O

Our idea is to rewrite the semilinear inhomogeneous integral equation (8) into
an abstract evolution equation on the state space X, by using the linear operators
introduced above. More precisely, equation (8) can be reformulated as

x'(t) = Bx(t)dt + (I — B)Pf(t), t>0
X(O) = QUO.

Since B is the generator of an analytic semigroup in X, we can give a meaning to
the solution of (14) in a mild sense as

(14)

m@—étmamy+/:“@3u—3ﬂ7@ma (15)

In the following we will explore the relation between the abstract state space and
Problem (8).

Theorem 3.7. We assume Hypotheses 2.1 (i-iii), 2.2, f € LY(0,T;H) and let
X,Q, B, P be defined as in Definition 3.3, 3.4, 3.5 and J as in Theorem 3.0 (ii);
choose numbers n € (0,1), 6 € (0,1) such that

n>%ﬂfam» 9<%a+a@» afn>é

Set x = Quq. If x given by (15) is the solution in mild sense of the abstract Cauchy
problem (14), then the following assertions hold:

1. x(t) € L}, ([0,00); X)), thus Jx(t) is well defined almost everywhere, and

loc

Jx € Li, ([0,00); H);

loc

2. The function u: [0,00) — H, defined by

o U(](t), Zf t< 0,
u(t) = {Jx(t) if t>0, (16)

is the unique weak solution of (8).

Proof. The result is a direct consequence of [6, Theorem 2.7]. We notice that in
the aforementioned result the authors prove the existence and uniqueness of an
integrated solution, which is, clearly also a weak solution (compare [6, Definition
2.6] and Definition 3.2 above). O

It is remarkable that B generates an analytic semigroup, since in this case we
have at our disposal a powerful theory of optimal regularity results. In particular,
besides the interpolation spaces Xy, we may construct the extrapolation space X_1,
which is the completion of X with respect to the norm ||x[|_1 := [|[(B — I)x| x.

Assume for simplicity that B is of negative type with growth bound wg > 0
(otherwise, one may consider B — wy instead of B in the following discussion). The
semigroup e*? extends to X_; and the generator of this extension, that we denote
B_, is the unique continuous extension of B to an isometry between X and X _;.
See for instance [20, Definition 5.4] for further details.
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Remark 4. 1. In the sequel, we shall always denote the operator with the letter
B, even in case where formally B_1 should be used instead. This should cause
no confusion, due to the similarity of the operators.

2. We notice that the interpolation spaces X.,v € (0,1) and the domains of
fractional powers of B are linked by the following inclusion

D((—B)"*¢) C X,,,e > 0,

(see [17, Proposition A.15]) Hence, if z is any element of X,y € (0,1), we
can find sufficiently small € > 0 such that

I2lly < ll2llp-py+ey = I = B)Feal|x.

We will frequently make use of the above inequality in the following, especially
when we will need to prove that an element of X is, instead in X,.

3. We notice that since B — wyp is the infinitesimal generator of the analytic
semigroup of contraction (e~“°’e!?),>¢ on X with 0 € p(B —wp) we have that
Xp = (D(—B)?) for any o € (0,1) and there exists M > 0 such that

(B = wo)e ™| £(x, x,) < Mt 1077, t>0

Moreover, the norm in Xj is equivalent to the norm x ~ ||(—B)%z|x on
D((—=B)?). The above properties and estimate are well explained in [32, pgg.
23,25 Theorems 1.4.27, Lemma 1.4.15, Corollary 1.4.30(ii)]. For more detail
see also [36, pages 114, 97, 120, Theorems 4.3.5, 4.2.6, Corollary 4.3.12]. We
assume, for simplicity, that wyg > —1, so that the same estimate holds with
B — I instead of B — wy, i.e.

(B = De'Ploix,x,) < Mpt™ 14077, te[0,7],

where Mrp is a positive constant depending only on 7. In the next pages
we will make use of this inequality frequently and of the equivalence between
interpolation spaces and the domains of the fractional power of B, especially
when studying the forward equation, its differentiability and the Malliavin
regularity.

4. The state equation: Existence and uniqueness. In this section, motivated
by the construction in Section 3, we shall establish existence and uniqueness result
for the following stochastic controlled Cauchy problem on the space X defined in
Section 3:

dx(t) = Bx(t)dt + (I — B)Pf(t, Jx(t))dt+
(I = B)Pr(t,Jx(t),v(t))dt + (I — B)PgdW (t) (17)
x(s) = z.
for 0 < s <t < T and initial condition z € X,), for n > (1 — a(a)). The above

expression is only formal since the coefficients do not belong to the state space;
however, we can give a meaning to the mild form of the equation:

Definition 4.1. We say that a continuous, X,-valued, adapted process x =
(x(t))te[s,m) is a (mild) solution of the state equation (17) if P-a.s.,
t
x(t) = =98 4 / e=)B(I — B)Pf (0, Jx(0))do

+ / t et=B(1 — B)Pr (o, Jx(0),y(c))do + / t et~ B(1 — B)PgdW (o).
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Before proceeding with the existence and uniqueness result, we list relevant prop-
erties of the nonlinear term of the reformulated equation.

Remark 5. It follows directly by the properties of the nonlinear mappings f,r
and the operator J that, under Hypothesis 2.1 the function (¢,2) — f(¢, Jz) from
[0,T] x X,, into H is measurable and it verifies the following estimates

[f @, Jz) = f(&, Jy)|n < Lilldloxmlle —ylly £ €[0,T], 2,y € Xy;

If@,JO) <C, tel0,T];

Ir(t, Jz,v) = f& Ty < bell o, mllz =yl t€[0,T], 2,y € Xy, v € Us
Ir(t, Jx,v)| < C, te0,T],z € X,.

Moreover, for every t € [0,T], (t,z) — f(t,J(-)) has a Gateaux derivative at every
point x € X,,: this is given by the linear operator on X,

Vo (f(t, J2))[h] = Vuf(t, J)[Jh].
Finally, the function (z,h) — Vf(t, Jz)[h] is continuous as a map X, x X,, = R
and ||V, f(t,Jz)||, < C, for t € [0,T], x € X,, and a suitable constant C' > 0.

Let us state the main existence result for the solution of equation (17).

Theorem 4.2. Under Hypothesis 2.1, 2.2, chosen n,0,p such that
1 1 1 1
—(1- 0 <=-(1 0 — = —<f-n—-=
n>5(1-ala) < 5 (1 +ala)) >y o S <f0mn—3

for an arbitrary predictable process v with values inU, for every 0 < s <t <T and
x € X,, there exists a unique adapted process x € LP(Q,C([s,T); X,)) solution of
(17). Moreover, the estimate

E sup |[x(@)[; < C(1+ [l][) (18)
te(s,T)

holds for some positive constant C' depending on T,p and the parameters of the
problem.

Proof. The proof of the above theorem proceeds, basically, on the same lines as the
proof of Theorem 3.2 in [8]. First, we define a mapping K from LP(Q; C([0,T]; X,,))
to itself by the formula

K(x)(t) := e 9Bz 4 A(x)(t) + A(x)(t) + T(t), (19)

where the second, third and last term in the right side of (19) are given by

A () = / =B ([ _ B)Pf(r, Jx(r))dr (20)
A(x)(t) = / B — BYPgr(r, Jx(1),y(7))dr (21)
r(t) = / t e=B([ — BYPgdW (r) (22)

Then, we will prove that the mapping K is a contraction on LP(Q; C([0,T]; X))
with respect to the equivalent norm

<l == E sup e P |x(t)]]7,
t€[0,T]

where 5 > 0 will be chosen later. For simplicity we fix the initial time s = 0 and
write A(t), A(t) instead of A(x)(¢), A(x)(t).
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We start by proving that I" is a well-defined mapping on the space LP(€; C([0, T;
X,)) and to give estimates on their norm. The proof of this part is divided in two
steps and is proved combining the classical factorization method by Da Prato and
Zabcezyk [17, Theorem 5.9] and the result in [16, Proposition A.1.1]. According
to these results and taking into account Remark 4, we notice that the thesis is
equivalent to the statement: ¢ — (I — B)"T¢I'(t) € LP(Q; C([0,T]; X)), for suitable
e > 0.

Step 1. For given v € (0,1) and n € (0, 1), the following identity holds:

t
e P (I — B)"TeI(t) = Cv/ e P (¢ — )t By (1) dr
0

where y,, is the process
Yn(T) = / e Po(r — o) Ve Pr=a)er=B (1 _ gyntetlpg i (o). (23)
0

We notice that y, is a well-defined process with values in X. In fact, g maps = into

H and P maps H into Xy for arbitrary 6 > tafa) Moreover, since the semigroup

2
e'P is analytic, § > n and > 1, for each ¢t > 0 the operator e!Z(I — B) maps X
into X,, and (I —B)""* is well-defined on X, (due to the inclusion in D((I—B)"*¢)).
As a consequence, there exists a constant M such that for ¢ € [0,7] the following

estimates holds:

€ (I = Bl £(xp.x,) < MEO777
I(I = B)"z||x < Mllzlly, =€ X,
We shall estimate the LP(€2; X)-norm of this process:

p
Ely, ()" = E

/ eB (1 — o) Ve A=) e(r=0)B ([ _ pyntet1 py qiy (o)
0

Proceeding as in [17, Lemma 7.2] this leads to

Ely,(T)IP

T p/2
<C {/0 ||€7ﬁ”e(T*U)B(I _ B)n+€+1pg (r — J)iveiﬂ(Tio)H%Q(E,X) da] )

hence
e B (I = B)™ M Py L,z x) < Clr = 0)" 0 Nlgll Loz
and the process y,, is estimated by

T p/2
Bl (P < C ([ el e €0 (7 = o) 2040050 g
0
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We apply Young’s inequality to get

T
||y"7‘|ip]__(Q;LP(07T;X)) = (E/o |yn(7)|p dT)

T 2/p p/2
<C </0 672[30”9”%2(5,}1) df’)

(/oo T (28) 12120~ 19) =2+ te=0) dr>
0

p/2

where the last integral is obtained by a change of variables. Hence, for any v+ ¢ <
(0 —n) — 1/2 (notice that we can always choose v 4 ¢ > 0 small enough such that
this holds) we obtain

T 1/p
1 e—(0— —ppo
lYnllLe ;Lo 0,m;m)) < Cr (28)2 7" (0= l/o e PP ||9||I£2(E,H) dU] - (29)

Now, taking into account the assumptions on g, we estimate the integral term above
and we finally arrive at

1y (g
Yl L ;L0 0,m:x)) < C(28)217 (O=n=e), (25)
It follows that in particular y, € LP(0,T; X), P-a.s.

Step 2. In [16, Appendix A] it is proved that for any v € (0,1), p large enough
such that v — % > 0, the linear operator

Ryo(t) = [ 4=yt o(0) o (26)

is a bounded operator from L?(0,T; X) into C([0,T]; X). Using this result in Step
1. the thesis follows.

In a similar (and easier) way it is possible to show that A(¢) and A(t) belong to
L?(Q,C([0,T); X,))) and moreover that the following estimates hold

1/p
E ( sup eﬁ”tlA(t)ll’i,> < C(Ly, |1, T)B"0(1 + [Ix[) (27)

t€[0,T]

1/p
E ( sup e_ﬂptIA(t)llfé> < Clgll L2z, my, b, T)B0 (1 + k[, (28)

t€[0,T]

where Ly, b, are the constant in Hypothesis 2.1. Hence, we conclude that K maps
LP(©;C([0,T]; X)) into itself; but this follows immediately from the analyticity of
the semigroup, provided that e*? is extended by a constant z for ¢t < s:

et=5)By — ¢ fort < s.

Now we claim that K is a contraction in LP(2, C([0,T7; X,,)). Let x, y in it and
consider K(x) — K(y); then

1K) = KT < ep (IAG) = AP + 1A ) = A7) -
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Straightforward calculation show that the following estimates hold:
IAG) = AP < C(Ly 1711, T)B™ = llx —

IAG) = AW < CUlgll Loz, b T Ix — y |
Now find 3 large enough such that

(C Ly, 1, T) + Cllgll Loz my b, THBE? <5 < 1

(this is possible by choosing e such that n 4+ ¢ — 6 is negative). Then, K becomes a
contraction on the time interval [0,7] and by the Banach fixed point argument we
get that there exists a unique solution of the mild equation (17) on [0, T].

Since the solution to (17) verifiess X = K(X) we also deduce from the above
computations that

X" = IEEON" < 61+ [1X7) + C(D)l|=|l;

hence
I1X1 < O+ llzlly)-
O

Remark 6. In the following it will be also useful to consider the uncontrolled
version of equation (17), namely:
dx(t) = Bx(t)dt + (I — B)Pf(t,JJx(t))dt + (I — B)PgdW(t) (29)
x(0) = x.
We will refer to (29) as the forward equation. We then notice that existence and
uniqueness for the above equation can be treated in an identical way as in the proof
of Theorem 4.2.

5. The controlled stochastic Volterra equation. As a preliminary step for the
sequel, we state two results of existence and uniqueness for (a special case of) the
original Volterra equation. The proofs can be found in [9, Section 2].

Proposition 1. The linear equation
d t

@) _at-su(ds=Aul), teloT]

(30)

has a unique solution u = 0.

Now we deal with existence and uniqueness of the Stochastic Volterra equation
with non-homogeneous terms. The result extends Theorem 2.14 in [6], where the
case f(t) = 0 is treated, by considering the case where f is a deterministic function
in L1(0,T; H) and g is as in Hypothesis 2.1.

Proposition 2. In our assumptions, let xo € X, for some loala) o n < %a(a).

2
Given the process

x@)ewxo+/¢ét”BUlﬂPﬂ@ds+/thﬁBUlﬁPg&V@) (31)
0 0

we define the process

uﬂ:{mm,tzm (32)

uo(t), t < 0.
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Then u(t) is a weak solution to problem

G [ at=oue)as = e+ s+ i, e

u(t) = uo(t), t<0.

After the preparatory results stated above, here we prove that main result of
existence and uniqueness of solutions of the original controlled Volterra equation

(1).

Theorem 5.1. Assume Hypothesis 2.1 and 2.2. Let vy be an admissible control and
x be the solution to problem (3)) (associated with ) in X, with n satisfying the
assumptions of Theorem 4.2. Then the process

o Uo(t), t S 0
ut) = {Jx(t), t €0, 39

is the unique solution of the stochastic Volterra equation

%/_w a(t - s)u(s)ds = Au(t) + f(tu(t) + g [r(tu(t), A1) + W(H)], te[0,T]
u(t) = uo(t), t<0.
(35)

Proof. We propose to fulfil the following steps: first, we prove that the affine equa-
tion
d [* .
= / a(t = s)u(s)ds = Au(t) + f(t,a(t) + g [r(t,(8), @) + W(©)], t€0,T]
u(t) = uo(t), t<O0.

(36)
defines a contraction mapping Q : @ — u on the space LP(Q2; C([0,T]; H)). There-
fore, equation (35) admits a unique solution.

Then we show that the process u defined in (34) satisfies equation (35). Accord-
ingly, by the uniqueness of the solution, the thesis of the theorem follows.

First step. We proceed by defining the mapping
Q: LP(Q;C([0,T]; H)) — LP(Q; C([0,T]; H))

where Q(@) = u is the solution of the problem

t
% / a(t — s)yu(s) ds = Au(t) + g(t, a(t) [r(ta(),~0)+W©],  te0,T]
u(t) = up(t), t<O0.
(37)
Let @1, @ia be two processes belonging to LP(Q; C([0, T]; H)) and take uy = Q(a;)
and us = Q(uz). It follows from Proposition 2, that, if x;,4 = 1,2 are the processes
defined as

x;(t) = e'Bx + /0 e =)B(I — B)Pgr(s,;(s),y(s)) ds

t
+/ e=)B(1 — B)PgdW (s),
0
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then the processes w;(t) (i = 1,2) defined through the formula
Jx;(t), te[0,T
wnipy — {0, te0.1)
up(t), t<0
satisfy the stochastic Volterra equations for any ¢ € [0, 77,
d t
it J o

with initial condition

aft = sywils)ds = Awi(t) + F(4,@:(8)) + g [r(t,@(0),7(0) + W ()],

u(t) = ug(t), t<0.
By the uniqueness of the stochastic homogeneous Volterra equation stated in Propo-
sition 1, we have w; = u;,7 = 1,2. Now define U(¢) := u1(t) — uz(t). We have

J t) — t te |0, T
Uy = /il =xe(t), € [0.7]
0, t < 0;
and
E sup e PPU@)P < TN x, mE sup e PP Ixa(t) — xo(t)]I}
t€[0,T) m” t€[0,T)

The quantity on the right hand side can be treated as in Theorem 4.2 and the claim
follows.

Second step. It follows from the previous step that there exists at most a unique
solution u of problem (36); hence it only remains to prove the representation formula
(34) for u.
Let f(t) = f(t, Jx(t)) + gr(t, Jx(t),y(t)); it is a consequence of Proposition 2
that u, defined in (34), is a weak solution of the problem
d [t

o | alt=s)uls)ds = Au(t) + f)+gW(t), telo,T]

(38)
u(t) = uo(t), t <0,
and the definition of f implies that u is a weak solution on [0,T] of
d t
dt J o

with initial condition

a(t — s)u(s)ds = Au(t) + f(t, Jx(t)) + g |r(t, Ix(t),v(t)) + W(t)} , (39)

u(t) = uo(t), t <0,
that is problem (35). O

6. The forward SDE. In the following we are concerned with smoothness prop-
erties of the forward equation, i.e. of the uncontrolled state equation (29) on the
time interval [s,T] with initial condition = € X,,. It will be denoted by x(¢; s, x),
to stress dependence on the initial data s and z. Also, we extend x(-;s,x) letting
x(t;8,2) = x for t € [0, s].

Now we consider the dependence of the process (x(; s, z)):>0 on the initial data.
More precisely, we prove that (x(¢; s, x));>0 depends continuously on s and z and it
is also Gateaux differentiable with respect to x. The following result rely on Propo-
sition 2.4 in Fuhrman and Tessitore [27], where a parameter depending contraction
principle is provided.
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Proposition 3. For any p > 1 the following holds.
1. for each t € [s,T], the map (s,x) — x(t;s,x) defined on [0,T] x X,, and with
values in LP(Q, C([0,T; X)) is continuous.
2. For every s € [0,T] the map © — x(t;s,z) has, at every point x € X,,
a Gateaur deriwative V,x(-;s,2). The map (s,x,h) — Vyx(-;8,2)[h] is a
continuous map from [0,T] x X, x X, — LP(Q,C([0,T]; X)) and, for every
h € X, the following equation holds P-a.s.:

Vax(t;s,)[h] = e =P he
t
/ B — BYP V., f (7, Jx(7; 8, %)) JVax(1; 5, 2)[h]dT,

for any t € [s,T], whereas V x(t;s,x)[h] = h for t € [0, s].

Proof. Point 1: Continuity. As before, we deal with the mappings IC, A, T defined
in (19), (20), (22). We will denote K, A, T and respectively by K(x; s, x), A(x; s, ),
I'(+; s) in order to stress the dependence on the initial conditions s and x. Moreover
we set K(x;s,2) = 2, A(-;s,2) = 0 and T'(x;s) = 0 for ¢t < s and we recall that
K(+; s,x) is a contraction, with contraction constant independent on s and x, in the
space LP(Q,C([0,T7]; X,))) with respect to the norm

Il :=E sup e [|x(#)]5.
t€[0,T]
By a parameter dependent contraction argument (see, for instance [27, Propo-
sition 2.4]), the claim follows if we show that for all x € LP(Q,C([0,T]; X,))
the map ¢t — K(x;s,2) is a continuous map from [0,7] x X, with values in
LP(Q7C([05T];X7]))'
To this end, we introduce two sequences {st} and {s,} such that s} \, s

and s;; ' s and we estimate the norm of K(x;s;},x) — K(x;s;,,2) in the space
LP(Q,C([0,T]; X,,)). We have

WC(x: 577, 2) — K(xs 57, ) [ S B sup e Plelt—sm)Pg — e(t=s)B g2
t€[0,T]

+E sup e M|A(x; s, @) () —A(x; sy, 2) ([P HE sup e P Dt s0) <D (t s, [1b
t€[0,T] te[0,T]

Now we focus on the third member of the above inequality: introducing a change
of variables we obtain

E sup e Dt s7) = T(t;s,)|h

t€[0,T)
t/\s:: P
<E sup e # / e=B([ — BYP gdW (1)
te(sny ,T] Sn n
<E sup e P HF(t; s;)Hp
te(sm,s7] !

<E sup e P|D(t; 0)||§ — 0,
te[0,s7 —s7]

where the final convergence comes as an immediate consequence of [17, Lemma 7.2]
and the dominated theorem, since I'(-;0) € L?(Q2,C([0,T]; X,;)). Similarly, taking
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into account Remark 4,

E sup ||A n,z)(t)—A(X;s;,x)(t)HZ

te[0,T]
t/\s:f p
<E sup / eIB(1 — BYPf(r, Jx(7))dT
te(sn ,T] Sn n
t p
<E sup /7 1€ B (I = Bl 2(xp:x0) 1P oo | £ (75 Jx (7)) | dr
t€[sy ,sn] 1Y Sn
t p
<CE sup (1+[x(7)[}) sup (/ (t— T)GnldT)
t€[0,T] t€[sn ,s7]

< O(sfh —s,)PO (L + k) — 0.

Finally, if we extend e(*=*)B to the identity for ¢ < s we have

E sup e /3tH (t=s)Bp _ Glt— s;)Bpr
te[0,7] n
=FE sup e ﬂtH (t= 9+)B[ e(sz_S;)Bx]Hp - 0
t€[sy ,T] K

and also the map = — {t — e(t_s)Baﬁ} is clearly continuous in z uniformly in s from
X, into the space C([0,T7]; X,).

Point 2: Differentiability. Again by [27, Proposition 2.4], it is enough to show
that the map (x, s, ) — K(x; s, z) defined on LP(2, C([0,T7; X,;)) x [0, T'] x X, with
values in LP(Q2,C([0,T]; X,,)) is Gateaux differentiable in (x,z) and has strongly
continuous derivatives.

The directional derivative Vi K(x; s, ) in the direction h € LP(Q2, C([0, H]; X))

is defined as

lim K(x+¢€h;s,z) — K(x; s, :r)

e—0 3

We claim that the above limit coincides with the process

VoK (x5, 2)[b](t) = / c=DB([ _ BYPV, f(r, Jx(r))Jh(r)dr, ¢ € [5,T],

whereas Vx/C(x;s,z)[h](t) = 0 when ¢ < s. Moreover, the mappings (x;s,z) —
VxK(x;s,2) and h — VyK(x;s,2)[h] are continuous. In fact, let us define the
process
K(x +eh;s,z)(t) — K(x; s, 2)(t)

5

_ / ct=DB([ _ BYPY., f(r, Jx(r))[Jh(r)|dr.

If(t) . =

Since we have the identity

K(x +¢eh;s,z)(t) — K(x; s, 2)(t)
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/ /0 CaE’ =TB([ _ BYPf(r,Jx(r) + € Jh(r))dedr,

- / /0 =B ([ _ BYPY, f(r, Jx(r) + £ € Jh(r))[Jh(r)]d¢ dr,

I¢(¢) can be rewritten as

(t) = tT 1e(t_T)B — T, Jx(T)+ € T T
rw- [ (/ (I — BYPYuf(r, Jx(r) + €€ Jh(r))[Jh(r)
~eDB(L — B)PY, f(r, Jx(7))[Th(r)]d¢ ) .

Moreover by the assumption on the gradient of f, for all € > 0 we have

P

E sup
t€[s,T)

/ dr / (=DB(1 — B)PV, f(r,Jx(r) + £ € Jh(r))[Jh(r)|d¢

P

n

/ ar[e (I — B) |l sixox)

< VWS IPIPIE g, Bl (T = )P0 7771 < 00

< IV L IPIPIT i x,) IIIhHE Sup,

and e*=7)B(I — B)P V., f(r,Jx) J is continuous in x. Therefore, by the dominated
convergence theorem, we get [[[*[}) — 0, as ¢ — 0 and the claim follows. Continuity
of the mappings (x, s,z) = VxK(x; s,2)[h] and h — VK (x; s, z)[h] can be proved
in a similar way.

Finally, we consider the differentiability of K(x; s, x) with respect to x. It is clear
that the directional derivative V /C(x; s, x)[h] in the direction h € X, is the process
given by

VoK(x;s,2)[h] = e""Ph,  telsT],
whereas VK (x;s,z)[h] = h for t € [0,s] and the continuity of V,K(x;s,x)[h] in

all variables is immediate. O

In the rest of the section we introduce an auxiliary process that will turn to be
useful when dealing with the formulation of the fundamental relation for the value
function of our control problem. More precisely, for any x € Xy and ¢ € [0,7] and
h in the space

D:={heXi9CX: (I-B)'"’heX,}, (40)
we define the process (O(t; s, )[h])epo, 1) as
O(t; s, z)[h] == (Vox(t;s,2) — e=9IB)Y (T — B)' 0, for ¢t € [s, T (41)

and O(t; s, z)[h] := 0 whenever ¢ € [0,s). We notice that O(-;s,z) can be seen as
a stochastic process with values into the space of linear mappings on D. In the
following we shall prove that it can be continuously extended to the whole space X
(that with an abuse of notation we still denote by ©). To this end, the first step is
to verify that the domain D is dense in X.

Proposition 4. The space D defined in (40) is dense in X.
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Proof. We recall that the linear operator B is densely defined (see Theorem (3.6))
and that D(B) is contained in all real interpolation spaces X,, p € (0,1). We notice
that if h € D(B) we have

I(7 = B)'~°hlly = (I = B)'™*""h||x < oo
This implies that D(B) C D so that the claim follows. O

Now we are ready to prove that ©(¢;s,x) can be extended as a linear operator
from X into itself.

Proposition 5. There exists a process {O(- ;s,z)[h| : h € X;z € X, s € [0,T]} de-
fined on Q x [0,T] — X,, such that the following hold:

1. The map h — O( - ;s,x)[h] is linear and, on the space D C X, has the
representation given in (41);

2. The map (s,z,h) — O( - ;s,2)[h] is continuous from [0,T] x X, x X into
15°(9; C((0,T); X,));

3. There exists a positive constant C' such that

1O( - 55, 2)[h]| L= (;c(0,17:x,)) < ClIA|, (42)
forall s € [0,T],x € X,,,h € X.

Proof. For fixed s € [0,T], z € X,, and h € X we consider the integral equation
t
O(t;s,z)[h] = / et=B(I — B) PV, f(0, Jx(0;5,x))JO(0; s, ) [h]do
t
—I—/ e=IB(1 — B)PV, f(0,Jx(0;5,2))J(I — B)* %el=Bhds. (43)
Notice that
/t
-
< / He(t_U)B(I_B)”L(Xe;X)HPHL(H;XB)”Vuf(Uv JX(0§3733))||L(H)

11l 2xsmn 11 = B) e8| 1 x x| h]|do

’e(t—a)B(I — B)PV, f(o,Jx(0;s,2))J(I — B)l—Ge(o—s)BhH do
n

t
< C||h||X/ (t— o) o — 5)'~1"7der

1
< Gl (e [ 1= 0ot 100
0
= C||h||xB(8 —n,0)

where B(a, 3) is the beta-distribution of parameter o, 5 > 0. By the above es-
timate we then obtain that equation (43) has P-almost surely a unique mild so-
lution in C([s,T]; X;). Moreover, extending ©(t;s,z)[h] = 0, for t < s, we have
O(;t,2)[h] € L=(Q; C(0,T]; X,)) and [8(+ 5, 2)] s=(@c(oryx,)) < ClAl. Con-
cerning the continuity with respect to s,z and h, we can argue as in the proof of
Proposition 3. Moreover, linearity is straight - forward.

Finally, we prove the representation formula (41) for ©(:; s, z)[k] when k € D.
Setting h = (I—B)'~%k, the equation satisfied by the Gateaux derivative of x(-; s, x)
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at h is given by
(Vax(t;s,x) — e"=98) (I = B)' (k] =
/ t B[ — BYP V. f (7, Jx(7;8,2))JVux(r; 5, 2)(I — B)'~0[k]dr,

and by adding and subtracting the term e("=*)5 (I — B)'~9[k] suitably in the integral
of the above equality we obtain

(Vax(t; s,2) — e =9F) (1 — B)'~O[k]

t
= / eIB(I - BYP V., f(r,Jx(7;5,x))Je" B (I — B)'~[k]dr

+ /t eIB(I — BYP V., f (7, Jx(7;8,2)) J[Vox(7; 8, 2) — T8 (I — B)'~[k]dr.

Comparing the above equality with the equation satisfied by ©(:; s, z)[k] and apply-
ing Gronwall’s lemma we conclude that O(-; s, z)[k] = (V.x(7;s,2) — eT=)B) (I —
B)'=k], P-a.s. for all t € [s,T). O

6.1. Regularity in the sense of Malliavin. In order to state the main results
concerning the Malliavin regularity of the process x we need to recall some basic
definitions from the Malliavin calculus. We refer the reader the book [40] for a
detailed exposition. The paper [30] treats the extension to Hilbert space valued
random variables and processes. For every h € L?(0,T;ZE) we denote by W (h) the
integral fOT (h(t),dW(t))=. Given a Hilbert space K, let us denote by Sk the set of
K-valued random variables F' of the form

F = Z f](W(hl)a IR W(hn))eja

where hy,...,h, € L?(0,T;E), {e;} is a basis of K and fi,..., fm, are infinitely
differentiable functions R™ — R bounded together with all their derivatives. The
Malliavin derivative DF of F' € Sk is defined as the process D, F, o € [0,T],

Dol = Z Zak'fj(w(hl)a oo, W(hy))e; @ hi(o),

j=1k=1

with values in Lo(Z, K); by 0 we denote the partial derivatives with respect to the
k-th variable and by e; ® hy(o) the operator u — e;{hi(c), u)=. It is known that
the operator D : Si C L?(Q; K) — L%(Q2 x [0, T); L2(Z; K)) is closable. We denote
by DY2(K) the domain of its closure, and use the same letter to denote D and its
closure:

D: DY} (K)c L} (Q;K) — L*(Q x[0,T]; L2(Z; K)).
The adjoint operator of D,

§: dom(8) C L*(Q x [0,T]; L2(5; K)) — L*( K),

is called Skorohod integral. It is known that dom(d) contains L% (2 x [0,77]; L2(Z;
K)) and the Skorohod integral of a process in this space coincides with the It6
integral; dom(4) also contains the class L12?(Ly(Z; K)), the latter being defined as
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the space of processes u € L?(Q x [0, T]; La(Z; K)) such that u(t) € DV2(Ly(Z; K))
for a.e. t € [0,T] and there exists a measurable version D,u(t) satisfying

”“H]%LZ(M(E;K)) = ||u||%2(QX[O,T];L2(E;K))
T T

Moreover,||5(u)||2L2(Q;K) < ||u||1%1,2(L2(E;K)).
The definition of L1'2(K) for an arbitrary Hilbert space K is entirely analogous.
We recall that if F' € DV2(K) is Fi-adapted then DF =0 a.s. on Q x (¢, 7).
Now let us consider again the process x = (x(t;s,2))c[s,], denoted simply by
x(t), solution of the forward equation (17), with s € [0,7T], = € X,, fixed. We set
as before x(t) = z for t € [0,s). We will soon prove that x € L*?(X,,). Then it is
clear that the equality D,x(¢) = 0, holds, P-a.s., for a.a. o,s,tif t < s or o > t.

Proposition 6. Assume Hypothesis 2.1. Let s € [0,T] and x € X,, be fized. Then
the following properties hold:

1. x e L1M2(X,);
2. For a.a. 0 and t such that s <o <t <T, we have P-a.s.

Dox(t) = (I — B)e'"=?)BP g+
/ t MBI — B)PV, f(r, Jx(r))JDyx(r)dr. (44)
and
[1Dox ()] Lo(z.x,) < Clt—0)" 771 +1], (45)
from which it follows that for every t € [0,T] we have
Dx(t) € L=(Q; L*(0,T; Lo (Z, X))

3. There exists a version of Dx such that for every o € [0,T), {Dyx(t) : t € (o,
T} is a predictable process in Lo(Z; X)) with continuous path, satisfying, for

p € [2700);
sup B sup (=0 [Dx(0]f, z x, | < C. (16)
o€[0,T] te(o,T) 2(E, X,

for some positive constant C depending only on p, L,T and M := SUP4e0,7]
|etB|. Further, for every t € [0,T] we have x(t) € D?(X,)).

4. For every q € [2,00), the map t — Dx(t) is continuous from [0,T] (hence
uniformly continuous and bounded) with values in LP(2; L*([0,T); L2(Z; X,;)).

In order to prove this proposition we need some preparation. We start with the
following lemma.

Lemma 6.1. If x € L1?(X,)) then the random processes

/t e(t—T)B(I — B)P f(r,Jx(r))dr and /t e(t_r)(l — B)PgdW (r)
0 0
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belong to L2(X,)) and for a.a. o and t with o < t,

t
Dg/ B — B)P f(r, Jx(r))dr =
0

/ (L = BYPY, (. Jx(r)) I Dox(r)dr (47)
while
D, /Ot e MB([ — BYPgdW (r) = =" B(I — B)Pyg (48)
Proof. We start by proving that the process
I(t) := /Ot "B (1 — BYPf(r, Jx(r))dr

belong to L'2(X,)) and that equality (47) hold. By definition, we need to prove
that for a.e. ¢ € [0,T], the random variable I(t) belong to D'?(X,)) with

T T 2
=),
o Jo

To prove (47) we will use the relation between the Malliavin derivative and the
Skorohod integral. In particular, we recall that D'?(X,) = dom(6*) where 6* is
the adjoint of the Skorohod integral. Hence, (47) will be proved once we will have
shown that, for any y € L?(2 x [0,T]; X,)) the equality

drdeo < oo. (49)

t
D, / =NB(T — BYPf(r, Jx(r))dr
0 L2 (E;H)

</ etIB(I — B)Pf(r, Jx(r))dr, 6(y)) 12(0:x,)
0

t
= / e""")(I — B)PD.f(r, Jx(r))dr,y) L2(ax[0,7]:x,)
0

holds. For fixed y € dom(4) we consider the scalar product between I(¢) and é(y) in
the space L?*(Q; X,)); applying Fubini’s Theorem (see [17, Theorem 4.18]) we have

(L(t),0(y))L2(ix,) = EXL(t), 6(y))y

_ /O BB (I — B)Pf(r, Jx(r)), 8(y))y dr

= /0 ("B — B)Pf(r, Jx(r)),0(y)) 2(02:x,) dr-

Now using the duality between the operators § and D we obtain

(I(1),6(y))r2(02:x,)
= [ (P = B)P £ X)) ) 0ntomtae e
— / t tE(DU (e(t_")B(I— B)Pf(r, Jx(r))) \Y) L (25, dodr
0 0
=E t=n)B(1 — BYPD, f(r, Jx(r))dr,y) d
[ ] = ByPD, . ax(r)dry) do

T
= </ e"="B(I — B)PD.f(r, Jx(r))dr,y) L2(2x[0,7]:x,)
0
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Comparing the first and the last term in the above expression we conclude that
I(t) € D}2(X,)) with

t
§*I(t) = DI(t) = / MBI — B)PD.f(r, Jx(r))dr.
0
Now we prove estimate (49). First we notice that
T T t
E/ 11(t))12dt < E/ / e =B (I — B)Pf(r, Jx(r))||2dr dt
0 0 0

T t
< L2PI2 i, B / / (= 2O D (1 T ean ()l dr dt

where L; is the Lipschitz constant of f. The right-hand side is finite for a.a.
t € [0,T]; in fact, by exchanging the integrals we verify that

T t
/O (E / (t = P01 (1 4 ||J|L<X,,;H>|x<r>n>2dr) at

T T
g( / t2<“”>dt> ( / E<1+||J||L<X7,;H>|x<r>||n>2dr><oo,
0 0

since x € LV2(X,) C L3(Q x [0,T); X,;). Next, for every t € [0,7], by the chain
rule for Malliavin derivative (see Fuhrman and Tessitore [27, Lemma 3.4 (i7)]),
D, [f(r,Jx(r))] = Vo f(r, Jx(r))JDyx(r) for a.a. o < r, whereas D, [f(r, Jx(r))] =
0 for a.a. ¢ > r, by adaptiveness. Next, recalling the assumption on V, f,

T T
B[ [ 1IP0I e x, it do
T T t
<E / / / e~ B(I — BYPV, f(r, Jx(r)J Dox(r) |7,z x, dr dt do
0 0 o

T o t
< CHVfu,uJu,uPn]E/O /0 / (t =) Dox(r) |17, (z.x, ) dr dt do,

so that, by an easy application of Fubini’s theorem,

T T
B[ [ 1001, zx, it do
T t t
< CE/@ /o / (t— T)Z(eflfn)||Dax(r)||%2(E;Xn)dr do dt
T t Jr
= C’E/O /0 /0 (t=r)* O Dox(r) 17,z x,)do dr dt

T t r
_ c/ / (t T)2(671777)/ E|Dox(r) 2, z.x, do dr dt.
0 0 0

Now the right hand side of the previous inequality is finite; in fact, by exchanging
the integrals we verify that

T t r
/ (/ (tfr)w*l*")/ E|Dox(r)|2, z.x. do dr> i
0 0 0 o
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T T
< (/ t2(91’7)dt> </ / E||Dax(r)\|%2(5;xn)d0' dr)
0 0 0

T
= (/0 tQ(e_l_n)dt> HDoX||2L2(Qx[o,T];LZ(E;X,,,)) < 00,

since x € L"?(X,). This proves (49).
Now we consider the Malliavin derivative of the stochastic term

t
/ et=MB(1 — B)PgdW (r)
0

and we prove that it belongs to L'?(X,,) and satisfies (48). This will be consequence
of an easy application of the following fact, proved in [27, Proposition 3.4]: if y €
L'%(X,), and for a.a. o € [0, T] the process {D,y(t) : t € [0, T]} belongs to dom(¥),
and the map o — §(D,x) belongs to L*(Q x [0,T]; X,,), then §(y) € D'2(X,)) and
Ds6(y) =y(o) +6(Dsy).

We fix t € [0,T] and we define y(r) := e*""B(I — B)Pg for t > r and y(r) =
0,t < r. Clearly y € L?(X,)) and D,y = 0 for every o € [0,7]. This implies
that (D,y(t))i>0 € dom(6) for a.a. o € [0,7] and o — §(D,y) belongs to L*(Q x
[0,T]; X,,). On the other hand, we recall that the Skorohod and the It6 integral
coincide for adapted integrand, so that

i(y) = /O t "B — B)PgdW (r).
Applying the result mentioned above we get d(y) € L'?(X,,) with
Dy6(y) = Dy / t =B (I — B)PgdW (r)
= e“—’”())B (I — B)Pyg
for a.a.t € [0,T] so that formula (48) is proved. O

Now for o € [0,T) and for arbitrary predictable processes (x(t))ic[o,7] and
(a(t))ie[o, ) With values respectively in X, and Ly(Z; X)) we define the process
H =H(x,q) as

t

H(x, q)or = e=B(I — B)Pg+ / T ([ _ BYPY, f(r, Jx(r))Ja(r)dr.

o

We are now ready to prove Proposition 6.

Proof. [of Proposition 6] We fix s € [0,T). Let us consider the sequence x™ defined
as follows: x° =0 € X,

Xn+1(t)
t t
=elt=9)By +/ eB(I — B)Pf(r, Jx"(r))dr +/ e="B(I — B)PgdW (r)
S S

= K(x")(®),

and x"(t) = z for ¢t < s, where the mapping K was defined in Section 4 (see (19)).
It was proved in Theorem 4.2 that K is a contraction in L2-(Q; C([0, T]; X)), hence,
in particular, in the space L?(Q x [0,7]; X,,). This implies that x™ converges to an
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element x in this space. By Lemma 6.1, x" ! belongs to L'?(X,,) and, for a.a. o
and t with o < t

Dyx"t(t) = e*=)B(I — B)Pg + / t MBI — B)PV, f(r, JX"(r))J Dyx"(r)dr.
’ (50)
Hence, recalling the operator introduced above, we may write equality (50) as
Dx"t' = H(x", Dx").
In the following we prove that
P(x", Dx")E < alDx" B,

for some « € [0,1) and 8 > 0 to be chosen later, where ||- |5 denotes an equivalent
norm in L?(Q x [0,7] x [0,T]; L2(Z; X,,)). More precisely, for 8 > 0, we introduce

the norm
W = / / BB V|12, . x., 0 o

First we estimate the term U := {U,; : 0 < 0 < t < T} defined as Uy := et =B (1—
B)Pg. We have

T T
W= [ [ e NP = Byl do

<cp7q/ / A=) (t — )20=1=M g dt
7cpg/ / ~Hog20=1m go dt

pPE0O—1-m)

<CpyT 32(6-1-n)+1

< 00,

where Cp 4 is a positive constant depending only on the norms of P and g. Hence
{e=)B(I = B)Pg: 0 <o <t<T} is bounded in the space L?(2x [0,T] x [0, T];
Ly(Z;X,,)). Now let us consider the norm of H(x", Dx™): taking into account the
above inequality we get

T T
I(x", Dx™)|f = / / e PTOIE|H(X", DX™)otl[7, (=, x,)do dt

T pt gt 2

< C’P,gl/(ﬁ)—f—/ / / e PR He(tf’")B(I — B)PV.uf(r, JX"(r))JDex"(r)|| drdo dt
0 n

where we set v(3) :=T M. Now changing the order of integration, we have

IH (", Dx™)If;

< Cou +cm/ / (/ (01 e mdt)

DB Dyx"(r)[13, 2., dr do

< Cpgyv(B —i—Cpr/ / < sup / (t_T)—Q(G—l—n)e—,{i’(t—r)dt>
re(o,T)

DB Dyx™(1)|13, (2., dr do,
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where Cp s s is a positive constant depending only on the norms of P, f,J. Since

the supremum on the right-hand side can be estimated by fOT t20=1-me=Btdt we
obtain

[H(x", Dx™)If;
T T
<Cpgv(B) + CP,f,JV(ﬁ)/O / 6_/3(7‘_0)E||D0—Xn(7“)H%Z(E;Xn)dr do.

IDx"[E) < oIDx™ [,

Now we choose /3 large enough such that v(8)(Cpg + Cp s s
for @ € [0,1), so that the above inequality means that

[H(x", Dx")fy < allDx"[E. (51)

with @ € [0,1). From (51) and from the fact that e(*=?)5(I — B)Pg is bounded
in L2 x [0,T] x [0,T]; L2(Z; X,)), it follows that the sequence {Dx"}, _y is
also bounded in this space. Since, as mentioned before x" converges to x in
L2(2 x [0,T); X)) it follows from the closedness of the operator D that x belongs
to L12(X,)). Thus point 1 of Proposition 6 is proved.

We now consider point 2 in Proposition 6. First, we notice that, by Lemma
6.1, we can compute the Malliavin derivative of both side of equation (17) and we
obtain, for a.a. ¢ and ¢ such that ¢ <t the following equality P-a.s.:

Dyx(t) = e*=B(I — B)Pyg
+ / te(t’T)B(I— B)PV, f(r, Jx(r))JDex(r)dr. (52)

Since, for any o < t
1eC=DB(L = B) Py azix,) < (t— o) O PlLinxo ol aex,y,  (53)
by the boundedness of V, f and the Gronwall’s lemma it easy to deduce that
”DUX(t)HLg(aX") <C((t— 0')97’7*1 +1).

In particular it follows that, for every ¢t € [0,7], the mapping o — Dyx(t) is
bounded in L>(Q, L2(0,T; L2(Z; X,))).

We now consider point 2 in Proposition 6, which concerns with the regularity
of the trajectories of Dyx, o € [0,7). We introduce the space V of processes
(dot)o<o<t<T, such that, for every o € [s,T), (dot)te(o,] is a predictable process
in X,, with continuous paths, and such that

sup E < sup efﬁ(tfa)p(t _ U)p(‘)l")llqat||%2(a;xn)) < 00.
o€[0,T] te(o,T)

Here p € [2,00) is fixed and 8 > 0 is a parameter to be chosen later. Let us consider
the equation

t
qor = eIB(I - B)Pg + / e="B(I — B)PV, f(r, Jx(r))Jqgpdr, (54)

o

which we can rewrite as

qot = H(Xa q)o’t7 te (Ua T]
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We claim that equation (54) admits a unique mild solution in the space V. To prove
this, it suffices to show that the term (U,¢)o<o<t<7 defined before belongs to V and
that H is a contraction in the space V. Since, for any o < t

e=B(I — B)Pgll,=x,) < (t — )" Pl Lo |9l o z:x,)
we have

sup sup (t— a)p(H"_g)H@(t_U)B(I - B)Pg”%,Q(EX )y < 0.
o€[0,T] te(0,T) o

This proves that U € V. Further, repeating almost identical passages as those
leading to (50), we can prove that H(x,-) is a contraction in the space V provided
that 3 is chosen sufficiently large. This proves the claim.

Now we prove that q is the required version of Dx. Subtracting (54) from (52),
we obtain, P-a.s., for a.a. o and t with o < ¢

t

Dox(t) — qot = / eB(I — B)PV, f(r, Jx(r)) [J(Dox(r) — qur)] dr-

o

Repeating the passages that led to (51), we obtain

IDox — alfy < allDox — qlf;

for some « < 1, which clearly implies that q is a version of Dx.

To conclude the proof of 3 in Proposition 6 we need to prove that x(t) € D'2(X,,)
for every t € [0,T]. This assertion is clear for ¢ € [0, s] since x(t) = x for ¢ < s. For
t € (s,T] we take a sequence t,, \, t such that x(t,,) € D?(X,) and we note that
by (46), the sequence

T
B [ 1Dt iz, 0o

is bounded by a constant independent of n. Since x(t,) — x(t) in L?(; X,), it
follows from the closedness of the operator D that x € D'2(X,)).

Now we prove point 4 in Proposition 6. To prove that ¢ — Dx(t) is continuous
as a mapping from [0, 7] into LP(£%; L%(0,7T; X,,)) we fix ¢t € [0,7] and let ¢} \ ¢
and t; t. Then, since Dx satisfies equation (54), we have

T

T _ 2
E/ ID,x(t}) = Dox(t;)|2do < 2/ e T Y
0 0 n

T
+2E/
0

tr
/ e(tI_T)B(I — B)PV . f(r, Jx(r))JDyx(r)dr

2

- / " et =B(I — BYPV,, f(r, Jx(r))JDex(r)dr|  (55)

n

We estimate the two terms in the right member of the above inequality separately.
Concerning the first one, which is deterministic we have

T B 2
2/ H(e“i—“)B —elti=By([ B)PgH do
0 n
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tr 2 " _ i 2
/ He(ti*"B(I - B)PgH do + / H(e“i*tn)B — )elta =B (T — B)PgH do
tr n n

t
0

IN

n _ t';
CP,g/ (th = )27 Vdo + Cp el )P — IHQ/ (ty —0)?" 1 Mdo
t 0

We notice that both integrals in the last part of the above expression go to 0 as
n — oo.

In a similar way, using the bound (46) on D,x for p = oo, we conclude that also
the second integral in (55) goes to 0 and the required continuity follows. O

Now we denote by {e; }j cn @ basis on the space = and consider the standard real
Wiener process W (7) = fOT<ej, W (s))ds. We conclude the section by investigating
the existence of the joint quadratic variation of W7, i € N with a process of the
form {w(t,x(t)) : t € [0,T]} for a given function w : [0,T] x X,, — R, on an interval
[0,s] C [0,T). As usual this is defined as the limit in probability of

n

D (Wt x(t) = w(ti—1,x (1)) (W (1) = W (ti1)),

i=1
where {t; : 0=1tg <t; <--- <tp, i =0,...,n} is an arbitrary subdivision of [0, ¢]
whose mesh tends to 0. We do not require that convergence takes place uniformly
in time. This definition is easily adapted to arbitrary interval of the form [s,t] C
[0,T). Existence of the joint quadratic variation is not trivial. Indeed, due to the
occurrence of convolution type integrals in the definition of mild solution, it is not
obvious that the process x is a semimartingale. Moreover, even in this case, the
process w(-,x) might fail to be a semimartingale if w is not twice differentiable,
since 1t6 formula does not apply. Nevertheless, the following result hold true. Its
proof could be deduced from generalization of some result obtained in [18, pg. 193]
to the infinite-dimensional case, but we prefer to give a simpler direct proof.

Proposition 7. Suppose that w € C([0,T) x X,;R) is Gdteaux differentiable with
respect to x, and that for every s < T there exist constants K and m (possibly
depending on s) such that

w(t,2)] < K(L+ [2))™,  [Vw(t,)] < K1+ [2))™, te(0,sleeX. (56)

Let n and 0 satisfy condition (13) in Theorem 3.6. Assume that for every t €
0,7), x € X,, the linear operator k — Vw(t,z)(I — B)'=%k (a priori defined for
k € D) has an extension to a bounded linear operator X — R, that we denote
by [Vw(l — B)'%(t,x). Moreover, assume that the map (t,x, k) ~— [Vw(l —
B)'=9(t,2)k is continuous from [0,T) x X, x X into R. For t € [0,T),x €
X, let {x(t;s,x),t € [s,T]} be the solution of equation (29). Then the process
{w(t,x(t;s,7)),t € [s,T]} admits a joint quadratic variation process with W7, for
every j € N, on every interval [s,t] C [s,T), given by

/ [Vw(I — B)' =0 (r,x(r;s,2))(I — B)? Pge;dr.

Proof. For simplicity we write the proof for the case s = 0 and we write x(t) =
x(t;s,x), w(t) = w(t,x(t)). It follows from the assumptions that the mapping
(t,z,h) — Vw(t,z)h is continuous on [0,T) x X, x X. By the chain rule for the
Malliavin derivative operator (see Fuhrman and Tessitore [27]), it follows that for
every t < T we have w(t) € D'?(X,)) and Dw(t,x(t)) = Vw(t,x(t))Dx(t).
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Let us now compute the joint quadratic variation of w and W7 on a fixed interval
[0,¢] C [0,T). Let 0 =ty < t1--- < t, =t be a subdivision of [0,¢] C [0,7] with
mesh § = max;(t; — t;—1). By well-known rules of Malliavin calculus (see, e.g. [5])
we have

(w(ts) —w(tio1)) (W7 (t;) = W (tio1) = (w(ts) —w(ti-1) /t i AW (t)

= D, (w(t;) —w(t;—1))do +/ i (w(t;) — w(ti,l))&Wj(U),

ti—1 ti—1

where we use the symbol dW7 to denote the Skorohod integral. We note that
D,w(t;—1) =0 for o > t;_1. Therefore setting
Us(o) = (w(ti) = w(ti-1) g, (o)
i=1
we obtain

n

D (w(ts) = w(tia) (W (t;) = W (ti1))

/U5 )AW? (o) + Z 5 Vw(tz,x( ) Dox(t;)e;do.

Recalling the equation satisfied by Dx (see (02)) we have

D (wlts) = wltia)) (W (1) = W (k1))

5/wwwww>
0

n ti
+y / Vw(t;, x(t;)e "= B(I — B)Pge;do
1

ti—

+ Zn: /tt Vuw(t;,x(t;)) /Uti e(T_U)B(I — B)PV, f(r, Jx(r))JDyx(r)e;dr do.

(57)
Now we let the mesh § go to 0. We discuss the three terms in the right-member of
the above inequality separately.

Using the continuity properties of the maps ¢ — x(¢) and ¢t — Dx(t) stated in
Proposition 6 and taking into account the continuity properties of w and Vw, the
estimate (56) and the chain rule D,w(t) = Vw(t,x(t))Dyx(t), it is easy to see that
the map ¢ — w(t) = w(t,x(t)) is continuous from [0, 7] to D?(X,,). It follows that
Us — 0 in L*?(X,,) and by the continuity of the Skorohod integral we conclude
that the first term in the right-member of (57) goes to 0 as § — 0.

According to the definition of Vw(t,x(t)) the second term can be written as

> [Vw(I = Bt x(t:)) / eti=IB(1 — B Pge;do

i=1 ti—1

< YIVu(r = B X))~ B)*Paes(ts o)
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n

+ > [Vu(l = Bt x(t)) / ’ (eti=B (I — B)?Pge;do.

i=1 ti-1
We notice that, for every i =0, ..., n,
sup ’(e(ti_”)B —I)(I — B)?Pge;| < sup ‘(e”B - (I - B)ePgej‘ — 0,
Ue[ti_l,ti] 06[0,5]

as & — 0, by the strong continuity of the semigroup. From the properties of [Vw(I —
B)'~9] and the continuity of the paths of x it follows that

n ti
> [Vw(I - B)')(ti, x(t:)) / ei=)B(1 — B)! Pge;do
i=1 tim1
t
— / [Vw(I — B)'°)(r,x(r))(I — B)? Pgejdr, P —a.s.

0
Now recalling that, by Proposition 6 - Point 2, D,x € L>(2; L?(0,T; X,))) and the
boundedness of V f, we can estimate the third term in the right-member of (57) by

n i t;
> / t Vw(ty, x(t;)) / =B (1 — BYPV, f(r, Jx(r))JDox(r)e;dr do
i=1"ti—1 o

n t; t;
<Cpsy. ||vw(ti>x(ti))|lL(X,,)/ / ((r — o)== + 1)dr do
=1 ti—1Jo

n
< Cppom Y IVwlts,x(t) | Lix) (= ti1)87 + (i — tio1)d]
i=1
where C is a positive constant depending only on P and f. But the last term goes
to 0, P-a.s., by the continuity properties of Vw and the continuity of the paths of
X. O

7. The backward stochastic differential equation. In this section we consider
the backward stochastic differential equation in the unknown (Y, 2):

{dy(T) = (1, x(rt,2), Z(7))dr + Z(r)dW(r), 7€ [s,T), (58)
Y(T) = ¢(x(T} s, 7))

where x(+; s, x) is the solution of the uncontrolled equation (29) (with the convention
x(1;8,2) = x for 7 € [0, s)) and 9 is the Hamiltonian function relative to the control
problem described in Section 1. More precisely, for t € [0,T],2 € X,,,z € E* we
have

Y(t,x,z) = inf {I(t, Jz,y) + 2 r(t, Jx,y) : vy €U}. (59)
For further use, we prove some additional properties of the function :

Proposition 8. Under Hypothesis 2.1 and 2.3 the following hold:
1. There exists a positive constant C' such that for any t € [0,T], 21,22 € X,
and z1,z9 € ZF,
[t @1, 21) = Y(t, @2, 22)| < Clar — 22| + C(A+ [Jzally + [lw2lly) 21 — 22ly;
2. There exists a positive constant C' such that

sup |¥(t,0,0)] < C.
te[0,7]



FEEDBACK OPTIMAL CONTROL FOR STOCHASTIC VOLTERRA EQUATIONS 33

Proof. Point 2 follows from the fact that

|'¢)(t7 0, O)| =

lnu ( » Vo )‘
1\/101'60\281'7 for all Y eU we have

I(t, Jx,v) + 2r(t, Jx,v)

<1t Ja',y) + 2'r(t, T2 y) + |U(E, Jz,y) — Ut 2, 7))

+ |zr(t, Jx,v) — 2'r(t, J2',v)|

<U(t, Ja',y) + 2'r(t, T2 y) + |U(E, Jz,y) — Ut T2, 7))

+|(z = 2 )r(t, Jz,y)| + |2/ (r(t, Jz, ) — r(t, Jz', )]

Ut T y) + 2t ol y) + ClT e = 2 [l (L + (|2l + [12”]1)

+Clz = 2'[+ Cl ||z — 2"l |2"],

and taking the infimum over ~,
0lt,2,2) < V(2" 2) + Cl e o1+ el + 1ll) + Cl= — 2/

+ TNz = ||y |2']
<clz =2 +cllz = 2llp(L+ |2+ [N+ llzlly + [l27]1)

for some ¢, C' > 0. Exchanging x, z with 2/, 2’ we get the conclusion. O

We make the following assumption.

Hypothesis 7.1. For almost every ¢ € [0,7] the map ¥(¢,-, ) is Gateaux dif-
ferentiable on X, x Z* and the maps (z,h,z) — V,9(t,z,2)[h] and (z,z,() —
V.1(t, x, 2)[(] are continuous on X, x X x =% and X,, x =* x Z* respectively.
Remark 7. Under the above assumption we immediately deduce the following
estimates:

IVatp(t, 2, 2)[B]] < C(L+ |lzfly) IRl and  [V.(t, 2, 2)[C]] < CI¢],  he X, (eE

We notice that Hypothesis 7.1 involves conditions on the function ¥ and not on
the functions [ and r that determine v. However, Hypothesis 7.1 can be verified in
concrete situations (for an example, see, for instance, [27, Ex. 2.7.1]).

The backward equation (58) is understood in the usual way: we look for a pair
of processes (Y, Z), progressively measurable, which, for any ¢ € [s,T]

T T
V() + /t Z(F)AW (7) = 6(x(T; 5, 7)) — /t O x (it a), Z(7)dr.

We can now state the following result on existence, uniqueness and smoothness
of the solution to equation (58):

Proposition 9. 1. For all x € X,;, s € [0,T] and p € [2,00) there exists a
unique pair of processes (Y, Z) withY € LP(Q,C([s,T];R)), Z € LP(Q, L*(s, T;
%)) solving the equation (58). In the following we will denote such a solution

by Y(58,2) and Z(;s,x).
2. The map (s,x) — (Y(;s,2),Z(;s,x)) is continuous from [0,T] x X, to
LP(Q,C([s,T];R)) x LP(Q; L?(s, T; Z*)).
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3. For all s € [0,T] the map © — (Y (;8,2), Z(-;8,x)) is Gateauz differentiable
as a map from X, to LP(Q,C([s,T];R)) x LP(Q; L*(s, T,_ )) Moreover,
the map (t,z,h) — (V.Y ( - ;t,z)[h], mZ( ; )

[0,T] x X;, x X to LP(Q,C([s, T];R)) x LP(Q; L?

4. For any x € X,,h € X, the pair of processes (VY (-5 s )[h], V. Z (5 8,x)[h])

satisfies the equation
AdVLY (755, 2)[h] = Varh(r,x(75 5, 2), Z(73 8, 2)) Vox (75 s, ) [A]dT
+V (1, x(7;8,x), Z(158,2))V Z(15 8, ) [h]dT + V. Z (75 5, 2)[R]dW (1),
V.Y (T;s,z)[h] = Ve (x(T; s,2))Vaux(T; s, 2)[h],
for T €s,T], s €[0,T).

Proof. The claim follows directly from Proposition 4.8 in Fuhrman and Tessitore
[27], from the differentiability stated in Proposition 3 and the chain rule (as stated
in Lemma 2.1 in [27]). O

As in the previous section, starting from the Gateaux derivatives of Y and Z,
we introduce suitable auxiliary processes which will allow ourselves to express Z in
terms of VY and (I — B)'~% and then get the fundamental relation for the optimal
control problem introduced in Section 1.

Proposition 10. For every p > 2, s € [0,T], z € X,,h € X there exist two
processes

{II(t; s, z)[p] : t€[0, 7]} and {Q(t;s,x)[h]: t€[0,T]}

with T1(-; s, 2)[h] € LP(;C([0, T);R)) and Q(+; s, z)[h] € LP(Q; L*([0,T];Z*)) such
that if s € [ ,T), z € X;, and h € D, where

D .= {h€X1,9 CcX: (I_B)l_gheXn}v

then P-a.s. the following identifications hold:

_ VY (t;s,2)(I — B)0R),  forallt € [s,T);

H(t; s, )] = {VwY(s;s,x)(I — B)'O[h], forallt € |0,s); (60)
' | VaZ(t;s,2)(I = B)*[R], for a.et € [s,T]

Qt: s, 0)lh] = {0, for allt € ]0,s). (61

Moreover the map (s,x,h) = II(-;s,x)[h] is continuous from [0,T] x X, x X to
LP(Q; C([0, T];R)) and the map (s,x, h) — Q(+; s,z)[h] is continuous from [0,T] x
X, x X into LP(Q; L*([0,T]; Z*)) and both maps are linear with respect to h. Finally,
there exists a positive constant C' such that
p/2
QE*dt)

< O(T = )PP (Lt lafl,)P IR (62)

te[s, T

E sup H(t;s,x)[h]”f’,—i—E(/ |Q(¢; s, x)[h]

Proof. As in the proof of Proposition 5, we introduce a suitable stochastic differen-
tial equation which should give the pair (II(-; s, z)[h], Q(+; s, 2)[h]); more precisely,
for fixed s € [0,T], 2 € X,, and h € X we consider the following backward stochastic
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differential equation on the unknown (II(-; s, z)[h], Q(+; s, x)[h]):
dII(t; s, x)[h] = v(t; s, x)hdt + V. 0(t, x(t; s, 2), Z(t; 8, 2))Q(t; s, ) [h]ds
+ Q(t; s,x)[h]dW (s) tels,T) (63)
(T 5,2)[h] = (s, 2)h,
where
v(t;s,x)h
= Loy (OVat(t Xt 5,2), Z(t5,2)) (O(t: 5, 2)[0] + (1 = B)' ~0el=)Fn)
15,00 = Voo (x(T; ,2)) (O(T;t, )] + (1~ B)''elT—9Ph).

We notice that the processes v(-;s,z)h and n(-;s,z)h are well-defined for every
h € X. Moreover, recalling the estimates on x(-; s, z) obtained in Theorem 4.2, the
properties of V1 (t, x, z) (see Remark 7) and the bound (42) on O(:; s, z)h proved
in Proposition 5, we get

T p/2
E </ |1/(t;s,x)h2dt>
0

T 2
<C,E (/ (1 + [Ix(t; s, 2)[1)* (10(E; s, )Rl + (¢ — ) 77|A]) dt)

p/2

< Co1+ ol [(T = )2 + (T = 5)2O=D=00/2] 2
< Co(1+ Ifolla)? ]

where C;, i = 1,2,3 are suitable constants independent on ¢,z and h. In the same
way, again by (18), (42) and by Hypothesis 2.3 we get

Eln(s, 2)h|P < CE [(1+ |x(T; 5, 2)IN(|O(T5 8, )l + (T — 5)* ) ||R]]]”
< O+ ||l (T = )= =P[R

Hence, taking into account Proposition 4.3 in Fuhrman and Tessitore [27], we obtain
that for every s € [0,T],z € X,,,h € X there exists a unique pair of processes
(II(+; s, 2)[h], Q(+; 8, 2)[R]) solving the BSDE (63) such that IT € LP(2; C([0,T];R))
and Q € LP(Q; L*(0,T;=*)). Moreover, inequality (62) holds.

Reasoning as in the proof of Proposition 5, when h € D we get the representation
given in (60) and (61). Clearly, the map h +— (II(-; s, z)[h], Q(; s, x)[h]) is linear.

Now we prove its continuity. By estimate (62), it is sufficient to prove that it is
continuous with respect to s and « for any fixed h € X, and, again by Proposition
4.3 in Fuhrman and Tessitore [27], it is enough to prove that for all h € X, s, —
5€[0,T), z, = x € X,, we have

p/2

T
I+ I+ =E ( / IVt (8), Z7(1)) — Vatb(t,x(0), (D)2 <) dt)

T p/2
+E (/ |v(t; $p, xn )b — V(8 s,w)h|§(dt>
0

+E [n(sn,xn)h —n(s,z)h|P — 0, n — oo,
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where we set X" (t) = x(t; Sp, zp) and Z"™(t) = Z(t; Sp, xn). We prove that the three
integrals goes to 0 separately. To this end we notice that, by the continuous depen-
dence of x and Z on the initial data, we have x™ — x and Z"™ — Z, respectively in
Lr(Q;C([0,T]; X,))) and LP(Q; L?(0,T;E*)). Thus from each subsequence in N we
can extract a subsequence {n; : i € N} for which }_, [|x"* — x| z»(a;c((0,17;x,) < 0©
and the series ) ,(x™ — x) converges P-a.s. and for all ¢t € [0,T] to an element
x in LP(Q;C([0,T]; X,)), for which ||x™(¢)|], < |[|x(@®)|l, + [|%(¢)|l,, P-a.s. for all

€ [0,7]. Similarly, there exists Z in LP(€; L2(0,T;E*)) such that |27 (t)|z- <
1Z(t)||z + || Z(t)||z-, P-a.s. for all t € [0,T].

Now we use the above claim to prove that I — 0, as n — oo0,i = 1,2,3.
Let us consider I'. By the continuity assumptions stated in Hypothesis 7.1 and
the convergence of (x"i,Z") to (x,Z), P-a.s. for all ¢ € [0,7] we have that
V. (t, x™(t), Z™(t)) converges to V (¢, x(t), Z(t)), P-a.s for all ¢t € [0,7T]. Fur-
ther, by Remark 7, the function in the integral I; is bounded by a constant inde-
pendent on n € N. Hence, by the dominated convergence theorem we have

T p/2
E </0 IVt (), 2™ (1)) = Vatb(t,x(1), Z(E) 17 = dt) — 0.

To prove that I3 — 0 as n — oo we define

V() s = 1is, y(8) (Ot s, w1 + (1 = B)0elt o))
and

V(1) = 1pomy(6) (O 5,2)[0] + (T = B)!*e=Ph),
and we notice that
V(t; 50, an) = Vo (8, x"(t), Z™ (1)) V" (2)
and
v(t;s, ) = Voo (t,x(t), Z(1))V (1)

Then
p/2

I3 < C1E (/0 [(Vatp (8% (8), 2 (1)) — sz/)(t;X(t%Z(t)))V(t)|2dt>

p/2

T
+ CoE (/0 Vo (x" (), Z"()(V(t) = V(1)) dt)

=13 + I5.
Taking into account the continuity assumption and the bound on V4 (¢, z, z) (see
respectively Hypothesis 7.1 and Remark 7), we have

]Etes[%%] (Vatb(t; X (1), 27 (1)) = Vatb(tx(8), Z(1))[?

< CE sup (14 [x"(1)[ly + [1x(t)]l5)?
t€[0,T

< OO [lanlly + llz]l,)?
Further [V()[* < cljs7(t)(1 + (¢t — 5)2@=7=D) and 2( —n — 1) > —1 (since

6 —n > 1/2. Hence, reasoning as it was done for I; we can apply the dominated

A
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convergence theorem and obtain that I3} — 0, as n — oco. To show that I3, — 0, as
n — oo, we apply Holder inequality to ]EfOT |V (x™(t), Z™(t)) (V™ (t) — V(t))\2 dt
to get

T p/2
E </O [Vap(x"(¢), 2" () (V" (¢) — V(t))lzdt>

T 1/r T 1/q
<E (/0 ||Vx¢(t7X"(t),Z"(t))HQTdt) (/0 ||V"(t)—V(t)127th>

T p/2r T p/2q
<CE (/O (1+||x"(t)||7,)2Tdt> (/0 IIV”(t)—V(OI%‘?dt)

T p/2q
<CE <1+ sup IIX"(t)Ilff”> (/ IIV"(t)—V(t)If,th>
] 0

p/2

telo,T
3 T p/a\
<c(1+E sw @i ) (B [ 1vie - velRa
te[0,T) 0
for every r,q such that 1/r +1/g = 1. By the above inequality we see that I3, —

0, n — oo if V™ — V in L?*(Q; L?4(0,T; X,,)). To prove this limit we first note
that

T p/a
E</o ““”’T}(t)@(t?S“?“J"U[h}—1[s7T}(t)@(t;8,w)[h]|2q> 0,

since the map (s,z) — O(-;s,x) is continuous with values in LP(Q; C([0,T7; X))
for any p > 2. Hence it remains to show that

e, 1) (-)(I = B)' el 50 Bh — 1y () (I = B)' %l =) Ph
in L?9([0,7]; X,,). To this end we note that for all s; \, s and s,, s we have

T
1-6 (t—s;)B (t—sh)B
/O H(IfB) (1[S;’T]e — L4 pe )h

st
:/ n H(I_ B)lige(tis:‘)Bh

2q

dt

n

2q
dt

n

n

T
2q dt+/+ H(I_ B)lfee(t—sj:)B (6(5:57517)3 _ I) h

st B
< [ s O | (R 1)

2¢ (T +12¢(6—1—7)
/ (t—sH)2a0 10 qy g,
st

provided ¢ > 1, since § —n > 1/2.
In a similar way as it has been done for I3, we can prove that I3 — 0, n — co. [

We are now in the position to give a meaning to the expression V,Y (¢;s,2)(I —
B)'~% and, successively, to identify it with the process Z(t; s, z).

Corollary 1. Setting v(s,z) =Y (s;s,x), we have v € C([0,T] x X,;R) and there
exists a constant C such that |v(s,z)| < C(1+|z||,)?, t € [0,T), = € X,,. Moreover
v is Gateaux differentiable with respect to x on [0,T] x X, and the map (s;z, h) —
Vu(s,z)[h] is continuous.
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Moreover, for s € [0,T) and x € X, the linear operator h +— Vv(s,z)(I—B)'~h
- a priort defined for h € D (with D as in 40) - has an extension to a bounded linear
operator from X into R, that we denote by [Vu(I — B)*~%)(s, ).

Finally, the map (s,z,h) = [Vo(I — B)'=%(s,z) is continuous as a mapping
from [0,T) x X,;, x X into R and there exists C > 0 such that

VoI = B)' (s, 2)]h]| < O(T = )@=V (L + [lll) |,
tel0,7), xeX,, he X. (64)

Proof. We recall that Y(s, ,x) is deterministic.

Since the map (s, x) — Y (+; s,2) is continuous with values in L?(€2; C(]0,T]; R)),
p > 2, then the map (s,x) Y (s;s,x) is continuous with values in LP(2;R) and
so the map (s,z) — EY (s;s,2) = Y(s;8,2) = v(s,z) is continuous with values in

R.

Similarly V,v(s,z) = EV,Y (s;s,x) exists and has the required properties, by
Proposition 9. Next we notice that II(s;s,z)h = V,Y(s;s,2)(I — B)*~?h. The
existence of the required extensions and its continuity are direct consequence of
Proposition 10 and estimate (64) follows directly from (62). O

Corollary 2. For everyt € [0,T], x € X,, we have, P-a.s.

Y (t;5,2) = v(t;x(t; 8, x)), for all t € [s,T], (65)
Z(t;s,x) = [Vu(I — B)*%)(t;x(t; s,2))(I — B) Pg, for almost all t € [s,T].
(66)

Proof. We start from the well-known equality: for 0 < s <r < T, P-a.s.
x(t;8,x) = x(t;7,x(r; 8, T)), for all t € [s,T].

It follows easily from the uniqueness of the backward equation (58) that P-a.s.
Y (t;8,2) =Y (t;r,x(r; s, )), for all t € [s,T].

Setting r = t we arrive at (65).

To prove (66) we consider the joint quadratic variation of Y (+;s,x) and W(-) on
an arbitrary interval [s,t] C [s,T); from the backward equation (58) we deduce that
this is equal to f: Z(r;s,x)dr. On the other side, the same result can be obtained
by considering the joint quadratic variation of (v(t,x(t;s,)))se[s,7) and W. Now
by an application of Proposition 7 (whose assumptions hold true by Corollary 1)
leads to the identity

/ Z(r;s,x)dr :/ [Vo(l — B)l_e](r,x(t;s,x))(l — B)Y Pgdr,

and (66) is proved. O

8. The Hamilton-Jacobi-Bellman equation. Let us consider again the solution
x(t; s, 2z) of equation (17) and denote by P;; its transition semigroup:

Py ¢[h](z) = Bh(x(t; s,2)), r€X,,0<s<t<T,

for any bounded measurable h : X, — R. We notice that by the bound (18) this
formula is meaningful for every h with polynomial growth. In the following P; ; will
be considered as an operator acting on this class of functions.
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Let us denote by £; the generator of P ;:

L)) = G ~ BYPGV*h(a)gp* (I ~ B’
+ (Bx+ (I — B)Pf(t,Jx), Vh(z)),

where Vh and V2h are first and second Gateaux derivatives of h at the point « € X,
(here we are identified with elements of X and L(X) respectively). This definition
is formal, since it involves the terms (I — B)Pg and (I — B)Pf which - a priori -
are not defined as elements of L(X) and the domain of £; is not specified.

The Hamilton-Jacobi-Bellman (H.JB) equation for the optimal control is

(s, x) + Lso(s, ))(x) = ¥(s,z, Vo(s,z)(I — B)Pg), s€[0,T], z € X,,
o(T', z) = ¢(x).

(HJB)

This is a nonlinear parabolic equation for the unknown function v : [0,7] x X,, — R.

We define the notion of solution of the (H.JB) by means of the variation of constant
formula:

Definition 8.1. We say that a function v : [0,T] x X, — R is a mild solution of
the Hamilton - Jacobi - Bellman equation (H.JB) if the following conditions hold:
1. v € C([0,T] x X,;;R) and there exist constants C,m > 0 such that |v(s, z)| <
C(l + ”‘THH)mv s € [OaT]a x € Xn3
2. v is Gateaux differentiable with respect to « on [0,7) x X, and the map
(s,2,h) — Vo(s,x)[h] is continuous [0,T) x X, x X, = R;
3. For all s € [0,T) and = € X,, the linear operator k — Vu(s,z)(I — B)!=%
(a priori defined for k € D) has an extension to a bounded linear operator on
X — R, that we denote by [Vu(I — B)~%)(s,z).
Moreover the map (s, 2, k) + [Vo(I — B)'=%(s, x)k is continuous [0, T") x
X, x X — R and there exist constants C,m > 0, s € [0,1) such that

IIVo(I = B )5, 0)llx) < O — ) (L + e, s€[0.7),z € X,
4. The following equality holds for every s € [0,T], z € X,

T
/U(va) = PS,T[Qﬂ(I) 7\/ PS,T‘ [77/1(7"7 ) [VU(I - B)lie]('f’7 )(I — B)Gpg] (I)d’f‘
(67)
Remark 8. We notice that Proposition 8 implies that [ (¢, z, 2)| < C(14|z]+|z|2),

so that if v is a function satisfying the bound required in 3 of the above definition
we have

[(t,z, [Vo(I — B)'°)(t,2)(I — B)'Pg)| < C(T — ) *(1 + ||[|,)™+*
and formula (67) is meaningful.

Now we are ready to prove that the solution of the equation (HJB) can be
defined by means of the solution of the BSDE associated with the control problem
(17).

Theorem 8.2. Assume Hypothesis 2.1, 2.2 and 2.3, then there exists a unique mild
solution of the equation (HJB). The solution is given by the formula

v(s,x) =Y (s;8,2), (68)



40 FULVIA CONFORTOLA AND ELISA MASTROGIACOMO

where (x,Y, Z) is the solution of the forward-backward system (17) and (58).

Proof. We start by proving existence. By Corollary 1 the function v defined as in
(68) has the regularity properties stated in Definition 8.1. In order to verify that
equality (67) holds we first fix s € [0,7] and = € X,,. We notice that

¥(s, [Vo(I = B)'")(s,-)(I = B)" Pg)(«)
= ¢(s, [VY(I = B)'"|(s,-)(I - B)"Pg)(x)
and we recall that
Vol — B)'=*)(t;x(t: 5,2))(I — B) Pg = Z(t;5,3).

Hence

Py [(t,- [Vo(I = B)'~°I(t,)(I - B)’ Pg)] (x)

=E[(t, x(t;s,2), Z(t;s,x))] . (69)

On the other hand, the backward equation gives

T T
Y(s;s,x) —|—/ Z(rys,x)dW(r) = ¢(x(T}; s,x)) —/ W(r,x(r;s,x), Z(r; s, z))dr.

Taking the expectation we obtain

o(s,2) = P,.ré)(z) — E / B, x(r; 5, ), Z(r; 5, 2))dr

and substituting in the integral the expression obtained in (69) we get the required
equality (67).

Now we consider uniqueness of the solution. Let v denote a mild solution. We
look for a convenient expression for the process v(t,x(¢;s,)), t € [s,T]. By (67)
and the Markov property of x we have

v(t, x(t; s,x))

— Purlol(x(ts s, 0)
_/t Py [0, VoI = B)'“)(r,)(I = B)Pg] (x(t;5,z))dr
= E [¢(x(T;s,x))]

—E7 /t O(r,x(r; s, z), [Vo(I — B)Y0)(r,x(r; 5,2)))(I — B) Pgdr

— B
[ e xtri,20, 9001 = B x5, 201~ B) Pocr,
where we have defined
€ = 9(x(T;5,2))
[ e xtrs ), 1900~ B s, 00 - BY P

Now we notice that EF*¢ = E**[v(t,x(t;s,2))] = v(s,x). Since & € L*(4;R) is
Fr-measurable, by a well-known representation theorem there exists Z € L%_—(Q X
[s,T]; L2(Z;R)) such that EFt[¢] = f: Z(r)dW (r) + v(s,z) We conclude that the
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process v(t,x(t;s,x)), t € [s,T] is a real continuous semimartingale with canonical
decomposition

v(t,x(t;8,2)) = / Z(r)dW (r) + v(s, x)

—|—/ Y(r,x(r;s,x), [Vo(l — B)lfe](r,x(r;s,x)))(l — B)QPgdr, (70)

into its continuous martingale part and continuous finite variation part.

Now we compute the joint quadratic variation process of both sides of the above
equality with W on an arbitrary interval [0,¢] C [0,T). By the assumption made in
Definition 8.1 - 3 we have that there exists a constant K; such that ||Vu(s, 2)|rx) <
K (1 + ||z||,)™, for s € [0,t], € X,); then we can apply Proposition 7 to conclude
that the joint quadratic variation equals

/0 [Vo(I — B)' =0 (r,x(r;s,2))(I — B)? Pgdr.

Computing the joint quadratic variation of the left-hand side of (70) with W yields
the identity

/ [Vo(l — B)l_e](r,x(r; s,x))(I — B)GPgdr :/ Z(r)dr.
0 s

Therefore, for a.a. t € [s,T], we have P-as. [Vo(l — B0 (r,x(r; s,2))(I —
B)?Pg = Z(r), so substituting into (70) and taking into account that v(T, x(T’; s, z))
= ¢(x(T; s,x)) we obtain, for ¢ € [s, T],

v(t,x(t; s, x)) +/ [Vo(I — B)' 9 (r,x(r; s,2))(I — B)’ PgdW (r)

' T
= o¢(x(T;s,x)) — /t Y(r,x(r;s,z), [Vo(l — B)lfe](r,x(r; s,x))(I — B)HPgdr.

Comparing with the backward equation (58) we notice that the pairs
(Y(t;5,2), Z(t; 5,2)) and (v(t,x(t; s,2)), [Vo(I = B)'""](t,x(t; 5,2))(I — B)’ Pg)

solve the same equation. By uniqueness, we have Y (t;s,2) = v(t;x(¢;s,2)),t €
[s,T], and setting t = s we obtain Y (s; s, z) = v(s, z). O

9. Synthesis of the optimal control. In this section we proceed with the study
of the optimal control problem associated to the stochastic Volterra equation (1).
We reformulate the optimal control problem in the weak sense, following the
approach of [24]. For fixed = € X,, an admissible control system (a.c.s.) is given by
U= (Q,F, (F)iz0, P, (W(t)i>0,%) where
1. (Q, ]:', I@’) is a complete probability space and (ﬁt)tzo is a filtration on it sat-
isfying the usual conditions;
2. W(t))tzo is a cylindrical P-Wiener process with values in = and adapted to
the filtration (ﬁt)tzo;
3. 4(t) €U, P-as. for a.a. t € [0,T] where U is a fixed subset of U.
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To each (a.c.s.) U we associate the weak solution uV of the Volterra equation

4 ffoo a(t — s)uY(s)ds = Au(t) + f(t,u(t))
+g [r(t,a"(t),4(1) + W ()], te[0,T]
uY(t) = ug(t), t<0.
We have showed in Section 3 that we can associate to such equation the controlled
state equation
dxV(t) = BxY(t)dt + (I — B)P f(t, Jx"(t))
+(I — B)Pg(r(t, JXU(t),4(t))dt + dW (¢)
xY(0) = .

Our purpose is to minimize a cost functional of the form

T
J(uo, U) = E /0 1, uY (), 4())dt + Ep(u¥ (T)).

To this end we will consider its translation in the state space setting, where the cost
functional is of the form

T
J(z,U) = IE/O 1(t, JxU(t),5(t))dt + Ep(JxY(T)).

We will work under the assumptions given in Hypothesis 2.1, 2.2 and 2.3. We recall
that the Hamiltonian corresponding to our control problem is given by

U(t,w,2) = inf {I(t, Jw,7) + 2r(t, Jw,7) -y € U}
Y

and we introduce the set of minimizers of (59):

The existence of a minimizer for the Hamiltonian is not a direct consequence of our
setting. Then we require it explicitly.

Hypothesis 9.1. I'(t,z,z) is not empty for all t € [0,T], z € X,, and z € E*
and there exists a measurable selection of T', i.e a Borel measurable function pu :
[0,T] x X;, x Z& — U such that

te0,7), zeX,,z€Z". (71)

Further, by v we will denote the solution of the Hamilton-Jacobi-Bellman equa-
tion relative to the above stated problem

{gtv(t,x) + Lifu(t, )] (x) = (t,z, Vo(t,z)(I — B)Pg), te€l0,T], z € X,,

(T, x) = ¢(x).
(HJB)

As it was shown in the previous section, (HJB) admits a unique mild solution.

We wish to perform the standard synthesis of the optimal control problem, which
consists in proving that the solution of the (H.JB) equation is the value function
of the control problem and allows to construct the optimal feedback law. Again we
follow the approach of Fuhrman and Tessitore [27] with slight modifications.

The first step is to prove the so called fundamental relation, which gives a char-
acterization of the value function of the control problem in terms of the solution of
the Hamilton-Jacobi-Bellman equation.
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Proposition 11. Let v be the solution of (HJB). For every admissible control
system U = (Q, F, (Ft)i>0, P, (Wi)i>0,9) and for the corresponding trajectory x”
starting at x € X,, we have

J(z, %) = v(0,2)

+ ]E/O — (0,x(0)), [Vo(I — B)'~?)(0,x"(0))(I — B)’ Pg) do
T
+ ]E/O [Vo(I — B)lfa](a, XU(O'))(I — B)QPgT(cr, JXU(T’),’A}/(O'»dO'

+ ]E/O (o, JxY(c),4(0))do.

Proof. The proof follows from the same arguments used in the proof of Theorem
7.2 in [27] and is, therefore, omitted. Just notice that in this case by Theorem 8.2
we have Z(t;s,z) = [Vo(I — B)'~?)(t,x(t; s,7))(I — B)? Pg and the role of G in [27,
Theorem 7.2] is here played by (I — B)Pg. O

A straightforward consequence of Proposition 11 is the so-called Verification The-
orem.

Corollary 3. For every admissible control system U = (Q, F, (ﬁt)tzo, P, (Wt)tzo, )
and initial datum x € X, we have J(x,U) > v(0,2), and the equality holds if and
only if the following feedback law

A(t) = p(t, XV (@), [Vo(I — B)'0)(t,xY(t))(I — B)?Pg) P —a.s. for a.a.t €[0,T],
is verified by the trajectory xV starting at x and corresponding to the control 4. In
this case the pair (3(-),xY(-)) is optimal.

We are now in the position to state the existence and uniqueness of the so-called
closed loop equation, which is given by

dx7(t) = BxV(t)dt + (I — B)Pf(t, Jx)(t))
+(I — B)Pg(r(t, Jx7(t),4(t,x7(t)))dt + dW(t)) (72)
x(0) = z.
where 4 is given by
At @) = plt, @, [Vo(I = B)'°)(t,x)(I — B)’ Pg). (73)
The main result of this section thus reads as follows:
Proposition 12. For every t € [0,T],z € X,,, the closed loop equation (72) ad-

mits a weak solution (0, F, (Fy)i>0, B, (W:)i>0, X(t))i>0) which is unique in law and
setting

3(t) = ut,x(t), [Vo(I = B)'~°)(t,x(1))(I — B) Pg)
we obtain an optimal admissible control system (Q, F, (Fy), P, W, %(t))1>0,7).

Proof. Let us take an arbitrary set up (Q, F, (.7:}),520,}1", (Wi)i>0) and consider the
solution (X(t));>0 of the uncontrolled equation

{dx(t) = Bx(t)dt + (I — B)Pf(t, Jx(t)) + (I — B)PgdW (t)

x(0) =z, (74)



44

FULVIA CONFORTOLA AND ELISA MASTROGIACOMO

which exists in virtue of Theorem (4.2). Now we define the control

3(t) = ut,x(t), [Vo(l = B)'°)(t,x(1))(I — B)’ Pg)

and the process

W(t) = Wi(t) — / o %(0),4())dr, te [0,T].

Since the function r is bounded, by Girsanov theorem there exists a probability
P on (Q, F) equivalent to P, such that W is a P-Wiener process with respect
to (F;). Rewriting equation (74) in terms of W we conclude that X is the re-
quired solution of (72). Now applying Proposition 11 and Corollary 3 to the a.c.s.
(. F, (F)t>0, B, (We)i>0,4) with

A(t) = ut,x(t), [Vo(I = B)'~°)(t,x(1))(I — B) Pg)

we obtain the required conclusions. O
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