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Abstract

We study a Hamilton—Jacobi—Bellman equation related to the optimal control of a stochastic semilinear
equation on a Hilbert space X. We show the existence and uniqueness of solutions to the HIB equation and
prove the existence and uniqueness of feedback controls for the associated control problem via dynamic
programming. The main novelty is that we look for solutions in the space L%(X, ), where y is an invariant
measure for an associated uncontrolled process. This allows us to treat controlled systems with degenerate
diffusion term that are not covered by the existing literature. In particular, we prove the existence and
uniqueness of solutions and obtain the optimal feedbacks for controlled stochastic delay equations and for
the first order stochastic PDE’s arising in economic and financial models.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The aim of this paper is to study the following Hamilton—Jacobi—Bellman (HJB from now on)
equation
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E;—I;(MC) + %Tr(vax(t,X)) + {Ax + F(x), vy (¢, x)) — Ho (vx (2, x)) + f(x) =0, 1)
v(T,x)=¢x), xe€X, T>0

on a real separable Hilbert space X with the norm | - |. We assume that A is a generator of the
strongly continuous semigroup (e’ A) on X, O : X — X is anonnegative and selfadjoint operator
(not necessarily nuclear), Hy : X — R is a suitable Lipschitz continuous function, F : X — X
is continuous with bounded Gateaux derivative.

We will show that, under some additional assumptions, this equation has a unique solution,
its gradient v, may be well defined and therefore the optimal feedback control can be found for
an associated stochastic control problem.

It is well known that the Hamilton—Jacobi—Bellman equation has no classical solutions in
general, even if dim(X) < oo. This difficulty has been circumvented in the finite dimensional
case by introducing the concept of viscosity solutions, see [16,26] and the references therein. Due
to some basic measure theoretic problems (see [16, Appendix]) the viscosity solution approach
can not be easily adapted to an infinite dimensional case unless Q is of trace class; the first
work on this case is [43], see also [36,39,40,42,50] for more recent results. A first attempt to
deal with the case when tr (Q) = oo has been made in [35]. The viscosity method assures the
uniform continuity of the solution of the HIB equation and its identification as the value function
of a certain stochastic control problem. It does not provide however, at the present stage, the
existence of the gradient v,, hence the existence of optimal control in a feedback form needs
another approach.

Another approach to the HIB equation (1) has been initiated in [7,8] and studied later in [32,
33] by the second author of this paper (see also [9,10,18-20,25,30,34] for other results in this
direction). This approach (that we call the “strong solution approach” in the following) uses
perturbations of solutions of the associated linear equation and is based on the assumptions that

e the data ¢ and f are continuous and bounded,

e F is a bounded function,

e Hj is a Lipschitz function (or simply locally Lipschitz but with globally Lipschitz Fréchet
derivative),

e the solution to the linearized version of Eq. (1) obtained for F = Hy = f = 0 satisfies the
condition

T
/0 e (O d < o0, @)

for any bounded Borel ¢. This means that the Ornstein—Uhlenbeck semigroup associated to

1
(A, Q) is strongly Feller and the minimum energy operator I'(t) = Q, e’ (where Q; is
given as in (19) has integrable norm in a neighborhood of # = 0 (in the finite dimensional
setting this would imply the uniform ellipticity of the differential operator

Lv = %Tr [Qvex] + (Ax, vy), 3)

see [22, Appendix B] for explanations).

These assumptions for the couple (A, Q) are quite restrictive as showed in [32,33] (we may
roughly say that Q cannot be very far from a boundedly invertible operator). This approach
allows us to find continuously differentiable solutions, to identify the solution with the value
function of a certain stochastic control problem and to provide optimal controls in the feedback
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form (9). However, the cases when Q is degenerate or when the Ornstein—Uhlenbeck semigroup
associated to (A, Q) is not strong Feller (or it does not satisfy (2)), are not covered by this
setting.

Let us note that in the two approaches discussed above the HIB equation is studied in the
space of continuous functions, thus imposing quite strong assumptions on the data of the HIB
equation.

The main goal of this paper is to develop an L? theory for second order HIB equations in
Hilbert spaces by perturbation of solutions corresponding to the equation:

{%¢m=%ﬂ%@m&MH%M+F@WWJ» @
v(0,x) = ¢ (x).

We may say that we develop a “strong solution approach” but in a different underlying space. The
crucial assumption is that solutions to (4) generate a strongly continuous semigroup P;¢(x) =
v(t, x) in the space L? (X, ), where p is an invariant measure for (P;) that is

/ammmm=/mmmn
X X

This approach allows us to treat a large variety of stochastic optimal control problems with
irregular data and strongly degenerated operator Q. The price paid is lower regularity of
solutions, but we are still able to prove the verification theorem and to obtain the existence
of the optimal control in feedback form. The results obtained allow us to solve the optimal
control problem in many important cases not covered by the existing theory, like stochastic delay
equations, first order stochastic PDE’s arising in financial and economic models and stochastic
PDE’s in unbounded domains.

We would like also to emphasize that our approach can be adapted to treat more general
problems, including the case of nonlinear state dependent diffusion coefficients (but independent
of the control) and nonlinear state dependent control coefficients, or some boundary control
problems, provided the existence of an invariant measure for an uncontrolled system is assumed.

The only attempts to build a theory of HIB equations in spaces L? (X, 1), we are aware of,
have been made in [15] and [1,2] under assumptions much stronger than ours. In particular, they
assume closability of the operator D¢ (see Section 2.3) and therefore some interesting problems,
like the control of stochastic delay equations (see Section 6.1) are not covered by those papers.

We recall finally the works [4,6,17,37] where some results on strong solutions are proven in
the case of nuclear Q, [30,34] where the strong solution approach is extended to the elliptic case
(infinite horizon case). In [15] a first attempt to exploit the existence of the invariant measure was
made but without any connection with stochastic control. Let us note that formulations and results
similar to ours appear also in some works motivated by stochastic quantization, see e.g. [14].

Recently in a series of papers (see e.g. [27,28]) a deep application of Malliavin Calculus and
of the theory of forward—backward systems has been developed to obtain very general results on
the existence of smooth solutions to the HIB equation. Those papers cover our main examples,
(see Section 6.2) but under stronger conditions on the regularity of data. Indeed, they always
need to work with globally Lipschitz continuous data f and ¢ while we need square integrability
with respect to the invariant measure p only. If i is Gaussian then f and ¢ may be of exponential
growth.

In the remaining part of the introduction we will present the main motivation and features of
our approach.
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1.1. The motivation: Stochastic control problems

It is well known that the solution to (1) may be interpreted as the value function of the
following stochastic control problem with finite horizon 7 > 0 and initial time ¢+ € [0, T].
Consider a controlled stochastic system

{dy(s) - (Ay(s) +F((s)) — Ql/Zz(s)) ds + 0V2dW(s), t<s<T, )

y@) =x€X,

on X, driven by the white noise W, where z (-) stands for the control process and y(-) =
y(-; t, x, z) is the solution of (5). If

T
J(t,x;2) =E {/ [f((si 1, x,2)) +h(2)]ds + (T 1, x, z))} (6)
t

is a cost functional to minimize then the value function of the control problem above is given by

V(t,x) = inf J(, x;2), )
2€M3,(t,T;X)

where M%, (t, T; X) stands for the set of all progressively measurable processes z : [t, T] > X
such that

T
E/ 1z(s)|*ds < +o0.
t

The classical argument of the Dynamic Programming Principle (see e.g. [26, p.137] for the finite
dimensional case) shows that, if the value function V is sufficiently regular, then it is a classical
solution of (1) with the Hamiltonian Hy given by

Ho(p) = swp{(€"2, p) = hia | =1 (0'p) ®)

where h* is the Légendre transform of h. Vice versa, if v is the unique classical solution of Eq.
(1) one can prove, by the so-called dynamic programming method (see Section 5) that v = V
and that there exists a unique optimal control z* given (when H is differentiable) by the formula

* dHy *
() = d_(UX(s’ Y7 (s))) 9
p

where y* is the optimal state given by the solution of the closed loop equation

:dym =[Ay6) + FO6) = 032° @) |ds + 024w (), 1 =5 =T 10

yi)=x, x¢€X.

This fact turns out to be very useful for applications and is one of the main goals of this work. In
fact this result is obtained in the so-called relaxed control setting in Section 5.

1.2. The L? approach
Our main assumption is that the uncontrolled system

{dy(s) = [Ay(s) + F(y(s))]ds + Q'2dW(s), t<s<T, (n

yt)y=xeX, t<T
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possesses an invariant measure i which will be used as the reference measure. Under this
assumption we will study Eq. (1) in the space L?(X, i) using the perturbation method. Then
quite general cases of data A, Q, F, ¢, f, can be treated. More precisely:

e ¢, f € L*(X, u), so they are not necessarily continuous and bounded;
e F is of linear growth so not necessarily bounded,;

e we do not assume any smoothing properties of the linearized version of (1) and therefore
we do not impose any restrictions on Q; it is possible to take O = I but it may be also a
one dimensional projection. This means that the Ornstein—Uhlenbeck semigroup associated
to (A, Q) need not to be strongly Feller (no “uniform ellipticity” of the operator L in (3)).

This generality comes at a price. We can deal only with a class of Hamiltonians of the form
Hy(p) = H (Ql/zp), which correspond to the control process in (5) taken in the form 0172,
This assumption may seem restrictive but in fact it is quite natural in many control problems,
when the operator Q is degenerate. This condition says that the system should be controlled by
feedbacks taking values in the same space in which lives the noise disturbing the system (see
Section 6 for more detailed discussion and examples, see also the introduction of [18]). Let us
note that, if Q'/2 = 0, then both the control and the noise disappear. So, a possible, quite natural,
interpretation of Eq. (11) is that the uncontrolled system is in fact deterministic and the noise is
brought into the system by the control only.

Our main idea of solving Eq. (1) derives from a classical property of diffusion processes that
allows us to apply the perturbation method without using the strong Feller property of the linear
part and which we describe briefly below. Consider a Kolmogorov equation

E;—I;) = %Tr[Qw”] + (Ax + F(x),wy), te [0,T[,x € D(A)

w0, x) =¢x), xe€X.

(12)
The solution to this equation may be identified as the transition semigroup (P;) of the process
y(-; x) defined by Eq. (11), i.e.

w(t, x) = Pp(x) = Eo(y(r, x)) (13)

for a bounded continuous ¢. If there exists an invariant measure w for y then (P;) extends to a
strongly continuous semigroup of contractions on L*(X, u) with the generator A/, which on nice
functions takes the form of the differential operator

1
No(x) = ETT[Q%x] + (Ax + F(x), ¢x) - (14)

Moreover the following fundamental identity holds for every T > 0:

T 2
1prot+ [ [ [ ar = ol (1s)

where || - ||, stand for the norm in the space L2(X, w). Identity (15) can be seen as an L? version
of the smoothing property of the semigroup P; which is used in the strong solution approach

to find C¥ solutions. Identity (15) is well known and easy to obtain if we know an algebra of
functions which is a core for N (see Section 2.2 for precise references).
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Let us now take Eq. (1) with time reversal t — T — ¢. We obtain the equation

:(‘;—L: = %TI'[QMxx] + (Ax + F(x),uy) — HQYu) + f, t€[0,T[,x € D(A)
u@,x) =), xeX,
(16)

which can be seen as a perturbation of (12). By applying the formula for variation of constants,
the above Eq. (16) can be written in integral form as

u(t) = Pigp + /Ot P (f _H (Ql/Zux(s))) ds.

Let Wé’2 (X, i) denote the Sobolev space endowed with the norm

2
||¢||%=fx|¢|2du+fX)Q”z¢x\ dp. (a7

Now, and this is a key point, identity (15) allows us to use the Banach Fixed Point Theorem and
to prove the existence of a unique solution u : [0, T] W]Q’2 (X, w) for the integral equation
(17). Then we identify the solution with the value function V of the stochastic control problem
and, by dynamic programming, we construct the optimal feedback control DH (Ql/ 2 Vx) but
only for almost every (¢, x) € [0, T] x X with respect to the measure Leb ® w. Imposing more
regularity on the data we can obtain more regular solutions. Equivalently, the original control
problem may be approximated by more regular problems converging in an appropriate sense to
the initial one (see Section 5).

We would like to emphasize the fact that the operator Dy = 0'/2D need not to be closable.
In fact, D¢ is not closable in our main examples (see Sections 6.1 and 6.2 and also [31]) and

gives rise to the unpleasant fact that in general Wé’z (X, ) € L*(X, ). We deal with this
problem in Section 2.3.

The strategy sketched above gives a solution to a large class of Eq. (1) and a large class of
the optimal stochastic control problems with rather mild conditions on regularity of the data; the
functions ¢, f : X — R are merely square integrable with respect to the measure u (we will
write ¢, g € L? (X, w)) while F : X — X and H : X — R are Lipschitz continuous. Moreover,
if F(x) € Q'/2(X) then the noise in (5) may be arbitrarily degenerated.

To sum up, we propose a general procedure (obviously, it does not cover all interesting control
problems), which provides a well defined solution to (1) identified with the value function and
gives the optimal control in a feedback form. In some sense it is an L2-counterpart of the concept
of strong solution and of viscosity solution (which are useful mainly in the case of uniformly
continuous data, but see [39,50] for more refined concepts). Moreover, let us mention that the
Lipschitz property of F is not essential for our method. The identity (15) may be proved for a
much larger class of equations than (11). We made it to keep this paper to a reasonable size and
to present the main idea on a relatively simple system. Finally, the case of a locally Lipschitz
Hamiltonian is not treated here but will be a subject of forthcoming research (we recall that in
the special case H(p) = |Q'/?p|?/2 problem (1) can be solved by applying the Hopf transform,
see on this [18,33,25]).

The plan of the paper is the following. In Section 2 we give some notation (Section 2.1),
state the main assumptions and results on the uncontrolled problem (11) (Section 2.2) and give
some preliminary results (needed later but that may be interesting in themselves) on the gradient
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operator Do (Section 2.3) and on the auxiliary operator /C (Section 2.4). In Section 3 we prove
the main results about problem (1) while Section 4 is devoted to the approximation results for
the solution of (1) which are needed for the application to the control problem. In Section 5 we
show how to apply results of Sections 3 and 4 to the control problem (6) and in Section 6 we
apply the above techniques to selected examples.

2. Preliminaries
2.1. Some notation

The following notation will be used troughout the paper. X is a separable Hilbert space with
norm | - | and inner product (-, -).

We denote by Cp(X) (respectively UCp(X)) the space of all continuous (respectively
uniformly continuous) and bounded functions ¢ : X + R. The symbols Cp(X; X) (respectively
U Cy(X; X)) will mean that such functions take values in X. Similar meanings hold for the spaces
Cp([0, T] x X), UCp(]0, T] x X) and so on. Moreover C,’j(X) denotes the space of of functions
¢ : X — R, which are Fréchet differentiable up to order k, k > 1, such that ¢, D¢, ..., Dkd)
are continuous and bounded, where D¥¢ denotes the k-th Fréchet derivative of ¢. In the same
way we define the space C,’j(X , X) of X-valued functions with continuous and bounded Fréchet
derivatives up to the k-th order.

In some case we will drop the subscript b, writing simply C(X), UC(X) and so on. This will
mean that the elements of such spaces may also be unbounded. Cg (R™) denotes the space of all
k-times differentiable, real-valued functions on R" with compact support, k < oo, n > 1.

Given a measure p on X, L2(X, ) stands for the space of all functions X — R which
are square-integrable and L?(X, u1; X) will denote the space of X-valued square-integrable
functions. In both cases the norm of the function ¢ will be denoted in the same way:

12
||¢||=( /X |¢(x)|2u(dX)) .

Let (2, F,(F;),P) be a filtered probability space with the filtration satisfying the usual
conditions. We denote by M%V(t, T; X) the space of all progressively measurable processes
z . [t, T] — X such that

T
E/ 1z(s)|?ds < oco.
t

The norms of operators acting in various spaces will be denoted by ||-|| with subscripts indicating
the spaces explicitly in cases the notation might be ambiguous.

2.2. The uncontrolled problem

We will study first some properties of Eq. (11). The following are standing assumptions for
the rest of the paper. The results will be enunciated without recalling these conditions.

Hypothesis 2.1. (A) The operator A generates a strongly continuous semigroup (e’ A) on X and
there exist M > 1, and w € R such that

etA

‘ < Me*, Vt>0.
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(B) The process (W;) is a standard cylindrical Wiener process on X defined on a stochastic basis
(2, F, (F),P), where (F;) is a filtration satisfying the usual conditions. Moreover, the
operator Q = Q* > 0 is bounded on X.

(C) Forevery t > 0

tr (Q;) < 00, (18)

where

t
0, = /0 e e’ ds. (19)

(D) The function F : X — X is Gateaux differentiable with
sup | DF (x)| < oo.

xeX

(E) There exists a nondegenerate invariant measure p for Eq. (11). Moreover,

/ |x|2y,(dx) < 00.
X
If Hypothesis 2.1 holds then Eq. (11) has a unique solution (y(-; ¢, x)) (see [22, Chapter 7])

which satisfies the integral equation

s s
y(s:t,x) =e DAy 4 / eCAFR(y(rs 1, x))dr + f eGAQ2aw (r).

t t

Moreover, part (E) of Hypothesis 2.1 allows us to extend the transition semigroup (P;) defined in
(13) to a strongly continuous semigroup of contractions on the space L*(X, 1) with the generator
N defined in (14) (see for example [23]).

Let P, be an orthogonal projection in X such that dim im (P,) = n and im (P,) C dom (A*).
We define the space

Fi(a) ={p e3¢ =roPunz0fect®)].

In the notation f o P, above we identify P,x with the the vector ({x, A1), ..., (x, h,)) € R",
where h1, ..., h, generate the space im (P;).

Lemma 2.2. For each ¢ € FC} (A*) we have ¢ € dom (N') and

1
N (x) = 5tr (QD*¢ () + (x. A"Dg (1)) + (F(x), Dp(x) (20)
Proof. Applying the Ito formula to the process ¢ (y(¢, x)) we find easily that for any x € X

fim D120 90 %tr(Qqub(x)) +{x. A*Dp () + (F(x), Dp(x)). @)

t—0 t

It follows from the definition of F Cg (A*) that the function

1
x> Etr(QD2¢(x)) +{x, A* Do (x))
isin L2(X, p). Since D¢ is bounded by definition we obtain from Hypothesis 2.1

/<F<x>,D¢<x)>2u<dx> S/C(I+IXI2>u(dx) < o,
X X
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for a certain ¢ > 0. Hence, using Dominated Convergence, we find that the convergence in (21)
takes place in L2(X, 1) and that (20) holds. Therefore, ¢ € dom(NN) and (20) holds. O

Let g,x ’h, t > 0, h,x € X, denote the solution to the following differential equation (see [22,
Chapter 7] for details):

dg"

= (At DF(y(t, NG, " =h. (22)

By Hypothesis 2.1 |§,x’h| < ae”'|h| for some o, a > 0 and therefore the solution to (22) defines,
for every t > 0, x € X and any path {y(s,x) : s < t}, a bounded operator ¢* : X — X.
Moreover, for ¢ € C g (X)

(DPp(x), h) =E(((¢°)" Dp(y(t, x)), h)), heX. (23)
In particular, if ¢ € C}]; (X) then Q2D P;¢p(x) is well defined for every x € X.

2.3. The gradient operator Dg

We define the operator
Do¢ = 0'*D¢, ¢ € FC;(AY),

where D¢ denotes the Fréchet derivative of ¢. For ¢ € FC g (A*) we define the norm

12 = lIg12 + | Do |

and the completion of F CO2 (A*) with respect to the norm ||-||; will be denoted by Wé’z(X , ).
Since we do not assume that D is closable we will recall below for the reader’s convenience

a standard construction of Wé’z(X , 0) which will be important in the following study of the HJ
equation.

The space Wé’z(X, () may be identified as a subset of L2(X, w)x L%(X, w; X) which consists
of all pairs

(W, ¥) € L*(X, ) x L*(X, j1; X)

such that there exists a sequence (¢,) C F Cg (A*) with the property that,

bn = ¥, in L(X, ),
Dogn — ¥, in L*(X, u; X).

Closability implies that, for any two pairs (Y1, ¥1), (Y2, %) € Wé’z(X , ) such that ¥r; = ¥
in L2(X; ) we have also ¥ = ¥, so that Wé’z(X, W) is naturally embedded in LZ(X, w). If
Dy is not closable then we can find a sequence (¢,) C F Cg (A*) such that

¢n— 0 inL*(X,pu) and Dop, — ¥ #0, inL*(X, w; X).

Therefore, elements of Wé’2(X, u) cannot be identified, in general, with functions from
L2(X, 1) (e.g. the above element (0, ¥)).
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We will show that even in the case when Dg is not closable, it still enjoys some useful
properties when applied to the semigroup (P;). Namely, we will show that D¢ is closable in
a weaker sense that we define below. We will show that this weaker definition is satisfied in a
wide class of problems, including those satisfying our Hypothesis 2.1.

Definition 2.3. Let D C dom(N) be a core of A and assume that D C C bl (X). We say that the
operator (DQ, D) is closable on dom(\) if the following condition is satisfied.
Let (¢,) C D be such that

¢n = 0, N¢y—0 inL*(X,p),
and

0'2Déy — ¥, inL* (X, p: X).
Then ¢ = 0.

Let us define an operator K as follows: given ¢ € C ,1 (X)K¢ is a function from [0, T] to
C}(X; X) given by

Ke(t) = DoPig.

The next proposition is closely related to the similar results in [24], but we present here a
completely different proof.

Proposition 2.4. For every ¢ € C Il (X)

T
fo |DoPe|dt = lgl” = I Prel. o4

Moreover, the operator K has a unigue extension to dom(N') and for each ¢ € dom(N)

T
fo 1Ko dr = 1> — | Proll*.
Proof. Let us recall first the following result (see p. 181 of [52]).

Lemma 2.5. Assume that F € UCg (X). Then for every ¢ € UCIE(X)

t
¢ ((t, ) = Pip(x) + /O (02DPisg(3(s. ), dW(s))  P-ae. (25)

Step 1. We will show that (25) holds for any F which is Gateaux differentiable with [ =
sup, |[DF(x)| < oo and any ¢ € Cé(X). Indeed, fix ¢ € UCg(X) and let (F;) be a sequence of
mappings F; : X — X such that

<,

sup || D Fy [l oo
n

and forall x € X,

lim F,(x) = F(x), and Ilim DF,(x) = DF(x), x¢€X.
n—oo n—oo
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Existence of such a sequence is proved for example in [47] and Theorem A.1 in [47] implies that

lim supE |y, (¢, x) — y(r, x)|> = 0, (26)
n

i
—>00, T
where y, (-, x) is a unique solution of the equation

{dyn = (Ayn + Fu () df + /QdW, on
v(0, x) = x.

Let P/"¢(x) = E¢ (y,(z, x)) be the corresponding transition semigroup. Then for every x € X
lim P/'¢(x) = Pip(x) and lim DP/¢(x) = DPp(x) (28)
n—oo n—o0

by (22), (23) and (26). We find easily that (28) yields (25) for any F which has uniformly bounded
Gateaux derivative and any ¢ € U C,f(X ).

Assume now that F satisfies Hypothesis 2.1 and ¢ € Cg (X). Then, using the same
construction as in [47] we can find a sequence (¢,) C U Cg(X ), such that forall x € X

lim ¢,(x) =¢(x) and lim D¢, (x) = D¢ (x),
n—>00 n—00
and moreover,
Pnlloo = @l and  IDgnllog < [1DPllo -
Then by (23)
lim Pi¢,(x) = Pp(x) and lim DP,¢,(x) = DPp(x).
n—>00 n—>00
This yields (25) for all ¢ € Cg (X).
Step 2. Let ¢ € C;(X). Then (25) yields

t 2
E¢?(y(1. x)) = (P (x))* + /0 E[Q2D Py (y(s. )| ds.

Integrating this identity with respect to p and using the fact that u is an invariant measure we
obtain (24) forall ¢ € C é (X). Note that by (23) we have P, : C g X)—C g (X) which gives that
(I-N)~! Cg (X) C C; (X). Moreover (I —N)~1 C; (X) is a core for N by a standard argument.
Hence, for any ¢ € dom(/N) we can find a sequence (¢,,) C (I — M1 Cg (X) such that ¢, — ¢
in L?(X, ) and (24) implies that (D¢ P;¢,) is a Cauchy sequence in L? (0, T; L*(X, p; X)).
Therefore, the operator K can be extended to a linear operator

K : dom(N) — L? (O, T; L*(X, X)) ,
and
T
/0 I N> dr = 161> = 1 Propll*, ¢ € dom(N). (29)
In fact the extension could be done to the whole of LZ(X, n) but we will do that later. [

Remark 2.6. The crucial fact for the proof of Proposition 2.4 is the Gateaux differentiability
of F which is assured by Hypothesis 2.1. This condition can be relaxed in some situations. For
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example assume that F' is Lipschitz, F(x) € 0'2(X) and
|07 ?PF )|
xex 1+ lx]

By the result in [48] there exists a set Z C X such that v(Z) = 0 for arbitrary Gaussian measure
von X and F is Gateaux differentiable at each point x € X —Z. Since the above conditions imply
that the law of y(z, x) is absolutely continuous with respect to a Gaussian measure (see [22]) it
follows (22) and (23) still hold and then Proposition 2.4 can be proved in the same way. [

Remark 2.7. If F = 0 then the operator N reduces to the Ornstein—Uhlenbeck operator £
and the semigroup (P;) is called the Ornstein—Uhlenbeck semigroup. In this case the invariant
measure for (Py) is the Gaussian measure N (0, Qo) (recall that Q; and O are defined in (19))
and the concept of closability as well as the smoothing properties of the semigroup (P;) have a
useful control theoretic interpretation in terms of the linearly controlled system

V=ay+ 0" 30 =0, (30)
(see e.g. [22, Appendix B]). In fact (see [31]) the closability is equivalent to the fact that the set

{x € X: Ql/zx € Qééz(X)] is dense in X.

Note that & € Q})éz(X ) if and only if the system (30) can be driven to /4 in an infinite time using
the square integrable control z.
Moreover D P;¢ is well defined for # > 0 if and only if

e (X) < 0/ (X)

i.e. every point of X is null controllable in time ¢ (this is also equivalent to the strong Feller
property of the semigroup P;). In this case the singularity of || D P,¢|| at 0" goes as the norm of
the operator

07 P =T ). (31)
Finally D¢ P;¢ is well defined for ¢ > 0 if and only if
102 (x) < 0, (X) (32)

i.e. every point of Q'/? (X) is null controllable in time #. In this case the singularity of | Do P;¢

at 0" goes as the norm of the operator
—-1/2
0; / olA Ql /2
(which is equal to I" (r) Q'/? when the strong Feller property holds). [

Remark 2.8. If D is closable in L%(X, u) then K¢ (t) = D_QPth(t) for all ¢+ > 0 and
¢ € L*(X, ). In this case (24) is easier to obtain and all the machinery to study the HJ
equation and the associated control problem is much simpler. This is true in particular when
Q is boundedly invertible. Closability follows also, rather straightforwardly, if AV is associated
to a nonsymmetric Dirichlet form on L?(X, ), see [44]. In general the question of closability is
rather difficult. Let us note that there are interesting control problems for which the operator Dy
is not closable (see Section 6 or also [31]). This fact has been our main motivation for introducing
the weaker notion of closability in Definition 2.3. O
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2.4. The operator K

We will study here some properties of the operator U which will be a key tool in proving our
main results.

Proposition 2.9. The operator K extends to a bounded operator

K:LXX, u) — L? (0, T: L2(X, u))
with

IKBIZ2 0,7 1200 ) = 1017 = 1Pl (33)
Proof. The proof follows immediately from (24). O

The next lemma is crucial for our study of the HIB equation (1).

Lemma 2.10. For f € L? (0, T; L*(X, ) let

t
Gif(t) = f P_sf(s)ds, t<T,
0
and
t
Gaof(t) = /O K (f(s)) (t — s)ds.
Then
T T
/0 IG1f(D)*dt < T? fo FAGIR:2 (34)

Moreover, G, f (t) € L%(X, w; X) for almost every t € [0, T] and

T T
/ IG2f I dr < T/ ILf (@)1%dr. (35)
0 0
Proof. The first estimate is obvious. We will prove only the second inequality. Assume first that

f € Ch(I0,T] x X) and f(t) € FC3 (A*) forall # > 0. Then Do P, f (s) is well defined for
s <tandsois DoG(t). Moreover,

T T t 2
/ IG2f )7 dr < / (/ HDQP,_sf(s)Hds) dr
0 0 0
T t 5 T T 5
5/ t/ [DoPi—s f(5)| dsdth/ / |DoPi—s f(s)| dtds.
0 0 0 Js

Hence by (24)

T T
fo IG2 ()1 dr < T /O I £ ()]s
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If felL? (0,T; L2(X, w)) is arbitrary, then there exists a sequence f;, € C(I0, T1xX), fult) €
F C(z) (A*), which converges to f in L? (0, T; L*(X, M))- Repeating the above arguments for

t
G’l‘(t) =/0 Pi—s fn(s)ds
we find that
T ’ T
fo |Do (G1() — G @) |Pde < T /O I fu(6) = fn ()11 dt.

Hence the sequence Dy G’l‘ is convergent in L? (O, T; L2(X , u)). Moreover, by the Fubini
Theorem

T 5 7
/ [DoGl ) = G2 at :/
0 0

T T
§T/(; ds/ | Do Prs fuls) = K (f(5)) (¢ — )| dr

2
dr

t
/0 [DoPrs fu(s)ds — K (f(5)) (t — )] ds

T T
=T/O ds/ 1C (fals) — £(5) (1 — 9)|2dr

which gives, by Proposition 2.9

T T
fo |DeGl () — Ga [ dr =T fo [15265) = FOI2 = 1Pr— (fus) = FDI] ds

T
< T/o I £u(s) — F()II* ds (36)
so that Do G" is convergent in L* (0, T; L*(X, 1)) to G and (35) holds. O

Remark 2.11. Let f, — f in L? (0, T; LZ(X, [,L)). Then, by (36), there exists a subsequence
(f,,k) such that for a.e. s, € [0, T]and s < ¢,

Do Pis fuu(s) = K (f(5)) (t —s) in L*(X, ).
This fact will be useful in Section 5. O

Now we use the above to derive a useful approximation result. Let ¢ € L% (X, ) and
fe L? (0, T:L? (X, ,u)). Consider the Cauchy problem

u' @) =Nu@)+ f(@t) tel0,T]
{u(O) =g. 37)
Define the mild solution of (37) as
t
u(t) = Pro +/0 [Pi—s f(s)]ds. (38)

Then the following holds.

Proposition 2.12. Let (,) C L* (X, p) and (f,) C L? (0, T; L* (X, n)) be such that

on — @ in L* (X, )
fo—> f inL? (0, T: L2 (X, u)).
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Then, setting

un(t) = Pigpy + /0 t [Pi—s fu(s)] ds (39)
and
Doun (1) = Kea(1) + /0 e (fu () ( — ) ds
Dou(t) = Ko(1) + fo K ) (0 — s)ds
we have
Uy —> u inC ([0, T1: L2 (X, u)), (40)
Douy —> Dou in L2 (0, T: L2 (X, u: X)). (41)

Proof. We start with the first claim. By subtracting (38) from (39) we get
un (1) —u(t) = Pr (pn — ¢) + fot Pis (fu(s) — f (s))ds
so that, by strong continuity of P,
lin (1) —u (] < Cr [ugon —ol* + /0 I fu(s) = f (s)nzds]
which gives (40), taking the supremum on [0, 7']. To prove (41) we apply Lemma 2.10. In fact
Do (un (1) —u () = K (pn — 9) (1) +/011C(fn(5) —f ()@ —s)ds
so that, by (33) and (35)
T, _ ~ 2 T
[ |Bous 6= Bou )| <o =0+ 7 [ 1505 = £ 0P as

which gives (41). O

The above approximation results substantially tells us that for the mild solutions of Cauchy
problems like (37) an operator D, that extends D¢, can be well defined.

3. The HJB equation

In this section we study the existence and uniqueness of solutions to the following HIB
equation (where we set H (Q'/?p) = Hy (p))

d
d—l;t(t) = Nu(t) — H (Dou(n)) + £ (1),
u@ =¢eL>X,pn), t<T.

(42)

We assume that the following conditions are satisified.
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Hypothesis 3.1. (A) The function Hy (the Hamiltonian) can be written as Hy (p) = H (Q 1/2 p),
where H : X — R is Lipschitz continuous with Lipschitz constant /.
(B) We assume that f € L? (0, T : L*(X, n)) and ¢ € L*(X, p).

Remark 3.2. Note that at the moment the HIB equation (1) is not related to any control problem
and therefore the Hamiltonian Hy need not to be of the special form (8). In fact our existence
and uniqueness results will hold under the above assumptions, even if no control problem is
associated to (1). O

Using the semigroup (P;) and the variation of constants formula we can rewrite Eq. (42) in
the following integral form

t t
u(t) = P —/ Pi_sH (Dgu(s)) ds +/ Pi_sf(s)ds, 0<t<T. (43)
0 0

We will use this integral form (which is often called “mild form”) to define a solution and to state
our existence and uniqueness result. However, due to the nonclosability of the operator D¢, an
unpleasant problem arises in defining the concept of solution to (42). If Dy was closable, then
it would be natural to define the solution of Eq. (43) (that will be called the mild solution of Eq.

(42)) as an element of L2 (O, T; W]Q’z(X, ,u)) such that (43) is satisfied for a.e. r € [0, T] and u

a.e. But here Dy may be not closable, so elements of Wé’Z(X , ) are not functions in general,
but pairs of functions belonging to the product space L>(X, u) x L?(X, u; X) as recalled in
Section 2.2. We will see that, thanks to Proposition 2.9 and Lemma 2.10 this difficulty can be
overcome.

The following definition of solution takes into account that we are dealing with pairs of
functions.

Definition 3.3. By a solution of Eq. (43) (or a mild solution of Eq. (42)) we mean a pair of
functions

w,U) e L? (0, T: Wh2(X, u)) cL? (0, T; L2(X, u)) x L (o, T: L2(X, w: X))

such that, for a.e. t € [0, T] and u a.e.

t

t
u(t) = P +/ P_sH (U(s))ds +/ Pi_sf(s)ds, 0=r=<T (44)
0 0

and

t

t
U1) = K(9) (1) —/O KHU(s))) (t — s)ds +/0 K (f () — s)ds. (45)

Remark 3.4. Note that the second Eq. (45) is an obvious consequence of (44) if the operator Do
is closable and then U = Dgu. O

We now introduce a suitable nonlinear operator M which will allow us to use the fixed point
argument.

For v € L?(0, T; L*(X, p)) such that v(t) € CJ}(X)t-a.e. we define the norm || - || by the
formula
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loll? = /OT (nv(t)n2 +] Q”zDv(t)H2> d.

Next we define the operator M as follows:
dom(M,) = {v eL? (0, T L2(X, M)) L u(r) € CL(X) t-ace. and [Jv]] < oo} :

and for v € dom(M)

t

t
Miv(t) = Pi¢ +/ P_sH (DQv(s)) ds +/ P_sf(s)ds, t<T.
0 0

Note that by Lemma 2.10 Do M v € L2(0, T; L*(X, u; X)) is well defined for every v €
dom(My).

Lemma 3.5. Assume that Hypotheses 2.1 and 3.1 hold. Then M extends to a Lipschitz
mapping Ml : L2(0, T; Wé’z(X, n) — L2(0, T; Lz(X, w)). Moreover, the mapping Do M :
dom(M) — L%(0, T; L>(X, ju; X)) also extends to a Lipschitz mapping

DM : L*(0. T3 Wy (X, w) — LA, T: L*(X, i X)).

Proof. Since, for suitable » > 0, |H(x)| < b(1 + |x]|) it follows from Lemma 2.10 that
Miv € L? (0, T: L*(X, u)) and Do Mjv € L? (0, T: LA(X, ,u)) for every v € dom(My).
Let vy, v € dom(M). Then

t
Mip(wp—v) @) = /0 P (H (DQvl(s)) - H (DQvg(s))) ds

and therefore, since || P;| = 1,

t
My (01 = 02) ()] < 1/0 Doui (1) — Doua()| dr.

Hence,
T T s
/ 1M1 (o1 —v2) O] de < 12T2/ |Dovi(t) — Doua(1)| dr.
0 0

It follows that M| may be extended to the whole of L? (0, T; Wé’z(X , /1,)) by continuity and
the resulting mapping is Lipschitz with the constant /7. Similarly,

t
DoMi (v —w) (1) = /0 Do P (H (DQvl(s)) —H (DQvg(s))) ds

and using notation from Lemma 2.10 we obtain
T
/0 [DoM (1 —v2) @) dr
T
= [ 162 (¢ (Dow) ~ # (Dgu2)) ) o

T T
< T/O |H (Doui () — H (Doua())||* de gzszo | Do 1) — va(e)) || dt,
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and therefore Do M extends to a Lipschitz mapping on L%, T; Wé’z(X , ) with constant
IT. O

Remark 3.6. We observe that, in fact, the operators ml, DQ/\/l1 are defined on the space
L?(0,T; L*(X, u; X)) i.e. they depend only on the second component of elements of

L? (O, T; Wé’z(X, ,u)). It is convenient for us to define them on L2 (0, T; Wé’z(X, /L)) to apply
the fixed point argument below. [

Now we define the operator
M: L2 (o, T: Wh2(X, u)) - 12 (o, T: Wh2(X, u))
M(u,U) = (Mi(u,U), DoM,(u, U)).

Using Proposition 2.9 and Lemma 2.10 we find that for a.e. ¢ € [0, T']
' 1
Mi(u, U)(1) = P —/ Pi_sH(U(s))ds +/ Pi_s f(s)ds,
0 0
and

t t
Do M, (u, U)(1) = K(9)(1) — /0 KHUs))) (t —s)ds +/0 K (f(s)) @ —s)ds.

Theorem 3.7. Assume that Hypotheses 2.1 and 3.1 hold. Then for every ¢ € L%(X, i) there
exists a unique mild solution (u,U) to Eq. (42). Moreover u € C ([0, T1; L*(X, /1,)) and

U= DQu.

Proof. We will apply the Fixed Point Theorem to the mapping M in the space

L2 (o, T: Wh(X, u)) endowed with the norm || - || with T sufficiently small. We have
[IMv — Mwl|l < I/T(T + Dljvi — v2l. (46)
Indeed, by Lemma 3.5
T = i 2 272 2
/ [Mivi(r) = My (@) de < 12T |lvr — vall?, (47)
0
and
LA — —_— 2
/ [ Do M vi(t) — Do M v (1)||"dr < TP|lvy — vall?, (48)
0

for vi,v; € L?(0,T;L*(X, w)). Clearly (47) and (48) yield (46), hence M is a strict
contraction for T sufficiently small. Since the constant in (46) is independent of ¢, the solution
can be continued indefinitely and this concludes the proof of Existence and Uniqueness.
Finally, since H (U) € L? ([0, T); L*(X, ,u)) and (P;) is a Cp-semigroup, we find that u €
C([0,T], L*(X,w)). O

A stronger result can be proved if Dy is closable in L%(X, @) in which case Wé’z(X NRH

continuously embedded in L2(X, nw.
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Theorem 3.8. Assume that Hypotheses 2.1 and 3.1 hold. Assume moreover that D is closable.
Then there exists a unique mild solution u of (42) in the sense that the couple (u, Dou) satisfies

Definition 3.3. Moreover u belongs to L? (O, T; Wé’Z(X, u)) ncC ([0, T], LZ(X, ,u)). Finally, if

f€Cp((0,T1, L*(X, ) then Dou € Cy ([e, T1; L*(X, u; X)) for every & > 0.

Proof. By Theorem 3.7 there exists a unique solution u of (42) such that u €

L? (O, T; W]Q’z(X, ,u,)) and since Dg is closable, WIQ’Z(X, uw) C LZ(X, w) and the first part

of the Theorem follows. Assume that f € Cp ((O, T1, LZ(X, u)). Then we can repeat the
proof of Theorem 3.7 in the space of all u € Cp,((0, T]; L*(X, ) such that Dou €
Cp ([e, T, L2(X, " X)) for every ¢ > 0. This yields easily the desired result. [

We finally give a regularity result.

Proposition 3.9. Assume that Hypotheses 2.1 and 3.1 hold. Let (u, U) be the mild solution of
42). If ¢ € CL(X) and f € C}' (10, T1 x X) then U € C ([0, T1, L*(X, u; X)).

Proof. It is enough to observe that the terms P;¢ and fot P;_s f(s)ds in (43), thanks to (22) and
Lemma 2.10, are such that Dy P;¢ and Dy fot P;_s f(s)ds belong to C ([0, T1, L*(X, u; X)).
Then one can apply the fixed point theorem in a space of more regular functions getting the
required regularity. O

Remark 3.10. We note that the uniqueness of the solution stated in Theorem 3.7 has to be
understood with respect to the reference measure . It may happen that there are two different
classical solutions that are equal p-a.e. In the case of HIB equations arising from stochastic
control problems, as in Section 5 we can identify (u-a.e.) the mild solution with the value
function. In the case when the value function is continuous (which may be the case under
relatively mild assumptions) then we may say (thanks to the nondegeneracy of w) that the value
function is the unique continuous mild solution (in the sense that any other solution is equal to it
at every point of X). O

4. Approximation of mild solutions

We now show, following the approach of [32], that the mild solution of our equation can be
obtained as the limit w-a.e. of classical solutions.
We start by defining the operator A as follows:

D(Np) = {n € UCE(X) : nux € UCH(X, L1(X)); A*ny € UCh(X);
x = (F(x),ny) € UC(X) N L3(X, p)
and x — (x, A*n) € UC(X) N L2(X, )} (49)

1 *
Non = ETr[anx] + (x, A%ne) + (F(x), 1x).

It can be easily seen that FC%(A*) C D(MN)) so that (see [21]) Ny C N and D(Nj) is dense in
L? (X, ). Moreover D(Np) is also dense in U Cj,(X) in the sense of the so-called K-convergence
(the uniform convergence on compact subsets plus uniform boundedness, see [11]). We can now
define the concepts of strict and strong solution of Eq. (42).
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Definition 4.1. A function © : [0,7T] x X — R is a strict solution of Eq. (42) if u has the
following regularity properties

u(-x) e CH[0, T, VxeX

u()e DINg) VYt e[0,T] and sup |lu (@) lIpng) < +00
1€[0,7T)

u, ug, Dou, € Cp([0, T1 x X),  Nou € C([0, T] x X) N L*(X, )
and satisfies (42) in the classical sense with [)Q in place of Dg.

Note that this definition is slightly different from the one of [32] in that it does not require the
boundedness of Nou. This comes from the presence of the nonlinear, and possibly unbounded,
term F' which was assumed to be bounded in [32].

Definition 4.2. A function u : [0,T] x X — R is a strong solution of Eq. (42) if u €
L? (O, T; Wé’z(X, ,u)) and there exist three sequences {u,}, {f,} C L? (0, T, Wé’z(X, /L))
and {g,} C D(Np) such that for every n € N, u,, is the strict solution of the Cauchy problem:
w; = Now — H(Dow) + fn
w(0) = ¢,

and moreover, for n — +00

o — ¢ in L% (X, 1)
fo— f in 22 (0,73 L2 (X, )
Uy —> U inC ([0, T1: L2 (X, u))

Douy —> Dou  in L2 (o, T: L2 (X, X))

Proposition 4.3. Assume that Hypotheses 2.1 and 3.1 hold. The couple (u,U) €
L? (O, T, Wé’z(X, u)) is a mild solution of Eq. (42) if and only if U = EQu and u is a strong
solution.

Proof. Let (1, U) be the mild solution of (42). By the definition of DQu in Proposition 2.12
and the Definition of mild solution 3.3 we immediately get U = l~)Qu. Let {¢n}, {¢,} be two
sequences such that

¢n € DND); ¥ € C ([0, T1; D(ND))

n——+o0o

o — @ inL*(X,p)

n— 400

Vo "I —HDouw + £ in L2 (0,75 L2 (X, ).
These sequences exist thanks to approximation lemmas proved e.g. in [11,21]. Since we have
t
u(t) = P + /0 | Py (=H(Dgu(s) + £ ) | ds.

then setting

t
n(t, ) = Prgn + / Pr s (s)ds
0
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by Proposition 2.12 we get that

u, 23Xy incC ([o, T1: L2 (X, M))

Doun "=5° Dou in L? (0, T L% (X, 1 X)) .

Moreover u, satisfies, in the classical sense, the approximated HJ equation:

at
u0,x) =¢gp(x), xeX,

{au" = Nuy — H(Doun) + fu, 1 € 10,T]x € D(A) (50)

where we set
n——400

fo=Yn —[—H(Dou,)]"==" f inL? (0, T; L* (X, M)),

This proves that a mild solution is always strong. Vice versa it is easy to check that a strong
solution is always a mild one. In fact, if u is a strong solution and u,,, f,, ¢, are its approximating
sequences as in Definition 4.2 then, by the formula for variation of constants, for every n we have

t ~
)= Pogn + [P [~ H Do) + £,5)] s
so, setting ¥, = —H(EQun) + fn we get

t
= Proy + A P [Yn(s)]ds

where ¢, € D(N), ¥, € L* (0, T; L* (X, p)) and
on "5 ¢ in LA(X, )

n—-+00

U 25 —H(Dou) + f in L* (o, T: L% (X, u)) .
Then we can apply Proposition 2.12 and pass to the limit for n — +o0 to get the claim. O

Remark 4.4. We observe that the sequences (¢,),cny and (¥,),cn can be always taken with
values in Fi Cg (A*) i.e. finite dimensional with respect to a fixed orthonormal basis in X.
However the approximate solutions (#,),cn are not in general finite dimensional, except for
some special cases (e.g. when FF = 0, and A, Q are diagonal operators with respect to the
same orthonormal basis in X). Of course these cases could be interesting from the point
of view of numerical approximations, this happens e.g. in some fluid dynamics models (see
e.g.[18-20])). O

Remark 4.5. In the case when Dy is closable then, using the same arguments of Theorem 3.8
above we can prove that

Doun "=5° Dou inC ([e, T1: L2 (X, w: X))

foreverye > 0. O
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Remark 4.6. Using results of Section 2.2 one can prove also the following approximation result
similar to the ones of this section. If ¢, € C}l (X) and lim,,_, o ¢ = ¢ in L2(X, ) then

T
. 2
tim [ (la0) = 1P + | Do (@) = u(t)|) cr =0,
n—oo 0
The same results also holds if we approximate f by f, € C ;([O, T x X). O
5. Dynamic programming

Consider a stochastic controlled system governed by the state equation

y) = [ [ + Vi) | ar

t
s
+f A1 2AW (r), 52120 (51)
t

where x € X which is a separable Hilbert space, A, Q, F, W satisfy Hypothesis 2.1, the function
hi : X — X is measurable and z € M%V(t, T; X). Eq. (51) can be regarded as the mild form of
the stochastic differential equation

{dy(s) = [A46) + QP F () + QI G [ds + QAW (), 15T o

y@)=x, xelX.
The following Proposition is proved in [33] and, in a special case, in [8], (see also [22, Ch 7.1]).

Proposition 5.1. Let hy : X — X be continuous and sublinear. Then, for all 7 € M%V (t, T; X),
Eq. (51) has a unique solution y(-,t, x, z) € M%V (t, T; X). Moreover, if for some 8 > 0,

T 2
/ P HetAQl/QH dr < 400,
0 HS
then the solution y(-, t, x, 7) is continuous with probability one.

We now consider the following abstract optimal control problem in the so-called relaxed
setting (see e.g. [51]). Given 0 <t < T < oo we denote by ZZ,T the set of admissible (relaxed)
controls. The set consists of:

e probability spaces ({2, F, P),

e cyilindrical Brownian motions W, on [t, T].

e measurable processes z € M%‘, (¢, T; X) with sups(, 71 |z(s)| < R for a given constant R > 0
possibly infinite.

We will use the notation (2, F, P, W, z) € .,Tlt,r. When no ambiguity arises we will leave
aside the probability space (regarding it as fixed) and consider admissible controls simply as
processes z € A, 1 == M‘%V(t, T; X) with sups(, 7112(s)| < R.

Letnow x € X and (2, F,P, W, z) € ./Tlt,T. We try to minimize the cost functional

r 1
J(t,x;2) =E {/ [f(y(s;t,x,2) + Ehz(z(S))]ds +o((T;t,x, z))} (53)
t

over all (relaxed) controls z € A, 7.
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Here f, ¢ : X — R satisfy Hypothesis 3.1, h2 : X — R is measurable and bounded from
below and y(-; t, x, z) is the mild solution of Eq. (51). The value function of this problem is
defined as

V(t,x) =inf{J(t,x;2) 1z € A7} (54)

The corresponding Hamilton—Jacobi equation reads as follows

v
{ —Esz—H(DQv%I—f(x), t>0, xeD(A (55)
v(T,x)=¢x), xce€X,
where the Hamiltonian H is given by
H(p) = sup {—(h1(2), p) — ha2(2)}. (56)

zeX

To apply our results we need to assume that Hypotheses 2.1 and 3.1-(B) hold and moreover

Hypothesis 5.2. (i) 4 : X — X is continuous and either (a) bounded or (b) sublinear and there
exists R > O such that |z(s)| < R foreachr <s < T andz € A, r.

@i1) hp : X — R is measurable and bounded below.

Remark 5.3. Hypothesis 5.2 says, in particular, that 41 and % are such that the Hamiltonian
function H : X — R defined by (56) is Lipschitz continuous, so also Hypothesis 3.1-(A) is
satisfied. 0O

We now show how to apply our results on HIB equations to obtain a verification theorem
and existence of optimal feedbacks for the above optimal control problem. We will need some
technical lemmas that guarantee non triviality.

Lemma 5.4. Assume that Hypotheses 2.1 and 5.2 hold and let

T 1 T
p. = exp ( /0 (), AW ) — 5 /0 Ihl(z(r))lzdr) .

Then E* p, = 1 for a.e. x where IE* is the expected value with respect to the law of the process
(-, 0, x). Moreover, there exists a set Z C X such that w(X — 2) = 0 and

sup ]Ex,o? < 00.
xezZ

Finally, the laws of the processes y(-,0, x) and y(-, 0, x, z) are equivalent.

Proof. Standard and omitted. [

Lemma 5.5. Assume that Hypotheses 2.1 and 5.2 hold and that w € L* (O, T; L% (X, /L)) (or
L? (O, T; L? X, u; X))). Then the map

(s,x) — Ew (s, y(s; t,x,2))

belongsto L' ((t,T) x X, Leb ® 1)
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Proof. If z = O then y (-;¢,x,2) = y(:;t, x) is a solution to (11) and so w is its stationary
measure. Therefore,

T
/ / [Ew (s, y(s: £, )] () ds
t H
T T
5/ /E|w<s,y(s;r,x>>|u(dx) ds=/ /Ps_z|w<s, ) )p(dx) ds
t H t H
T T
=/ /Iw(s,x)lu(dx) dsf(CT/ /Iw(s,x)lz,u(dx) ds < +o0.
t H t H
Invoking Lemma 5.4 we find that
T
/ / [Ew (s, y(s: £, x, 2))] u(dx) ds
H
' T T
5/ /E|w<s,y<s;r,x,z>)|u<dx> ds=/ fJEmzw(s,y(s;t,x))m(dx) ds
t H t H
T 1/2
< [ [ (EloPEwE6n0P) k@ ds
t H

T 1/2
<cr, (/ /E|w<s,y<s;t,x>>|2u<dx> ds)
t H

T 1/2
=Cr; ( / /H Po—y lw (s, ) |* (x)a(dx) ds)
t

T 12
= Cp- (/ / w (5. P () ds) < too.
t H

and the claim follows. O

Lemma 5.6. Assume that Hypothesis 2.1, 3.1 and 5.2 hold. Let (u, U) € L? (O, T, Wé’z(X, u))

be the mild solution of (55). Then, for everyt € [0,T], x € X and z € A; 1, the following
identity holds

T ~ ~
)+ [ {HBouGs, y60) + (2650, Douts. ys)) + otz | ds
t

T
=K {/ Lf (y(s)) + ha(z(s))]ds + w(y(T))} =J(t,x,2) (57)
t

where y(s) af y(s; t, x, z) is the mild solution of (51).

Proof. Let (¢,),eN, (Wn)neN be suitable approximating sequences as in Section 4. Then we set

t
n(t, ) = Prgn + / Pr st (s)ds
0
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Then we know that u, satisfies, in the classical sense, the approximated Hamilton—Jacobi
equation:

at (58)

ouy ~
=Nu, — H(Douy) + fu. t €10,T]x € D(A)
{M(O,x) =¢n(x), x€X,

where we set
St %) = Y+ H(Dgua) "= - in 12 (0,75 L2(X, 3 X))

(if Dy is closable then the convergence is in C ([8, TI; LZ(X, uw; X)) for every ¢ > 0 and we
may put Dg instead of EQ). Let v, (s, x) = un, (T — s, x). By using Ito’s formula as in [33] we
obtain

ovy 1 vy,
dv, (s, y(5)) = [ai(s, () + =Tt QU (s, y(s))] ds + <dy(s>, s, y(s)>>. (59)

Ky 2 0x

Then use (52) and (58), integrate on [¢, T'] and take the expectation to obtain
Egn (y(T)) — vy (2. x)
T
=E [ [(Doun(s. 560 m(z(61) + H(Doun(s. 3(5)) = FuT =5.56)] ds. (60)
t

Now we pass to the limit for n — o0 in (60) by using (4.2) and the two Lemmas 5.4 and 5.5
above. It follows that

Eo(y(T)) — v(z, x)

T
= E/ [(Dou(s, y(5)), h1(z(5))) + H(Dgu(s, y(5))) — f(y(s))] ds
t
which gives (57) by rearranging the terms. [

Theorem 5.7. Assume that Hypothesis 2.1, 3.1 and 5.2 hold. Assume also that H is
differentiable. Then problem (55) has a unique mild solution v which coincides with the value
function V defined in (54). Moreover, for any (t, x) € [0, T] x X, there exists a unique optimal
control for problem (53) in the relaxed sense. Furthermore, the optimal relaxed control z* is
related to the corresponding optimal state y* by the feedback formula

7 (s) = DH([)Q Vs, y*(5))). (61)

Proof. First we remark that, by (56) for every s € [t,T]and z € M ‘%V (¢, T; X) the following
inequality holds
H(Dgu(s, y(s))) — (2(5), Dov(s. y(5))) + ha(z(s)) = 0 (62)

so that by (57) it follows that v(z, x) < V (¢, x) on [0, T] x X. To prove the reverse inequality,
let us first recall that, by the regularity of /5, the minimum of (62) is attained if and only if, for
almost every (¢, x, w) € [0, T] x X x {2,

z2(t) = DH(Dgu(t, y(1)))
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(see e.g. [26, Section 1.8]). We then consider the closed loop equation (with 7 > s > t > 0)

y(s) = et 0y ¢ f et (02 FG) + Q2 DH(Dgu(s, y()) | dr + Wa(z, ).
t (63)
This equation has a solution y*(s) (see e.g. [22, Ch. 8]). At this point, taking
2*(s) = DH(Dgu(s, y*(s:1,x)) (64)

we have the equality in (62) and so by (57) v(¢, x) > V (¢, x) on [0, T'] x X. Moreover, the choice
(64) provides the optimal control at (¢, x). Finally, the feedback formula (61) follows from (64)
and from the equality v =V. O

6. Examples
6.1. Stochastic controlled delay equations
Let us consider a simple controlled stochastic differential equation with a delay r > 0:

{dx(t) = (apx(t) +a1x(t —r) + bzo(t)) dt + bdWy (), 65)

x(0) =x9, x(0)=x100), 06 ¢€[—-r0).

This kind of equation is used e.g. in advertising models (see [45]) and can be studied as a
stochastic controlled equation in R (see e.g. [41] or, more recently, [49]). We use here the setting
introduced in [12] by rewriting the equation as a controlled stochastic evolution equation in the
space X = R x L2 (—r, 0; R) as follows. Consider the linear operator on X:

D(A) = {({iﬁ’(» eR x W'2(—r,0; R)}

A <XO ) _ (aom + am(—r)>
x1(-) x1 () '

Then A generates a strongly continuous semigroup S (#) on X and, for x = (xo, x1(-)) € X,
S (t) x can be written in term of the solution of the linear deterministic delay equation

() = apy(t) + a1yt —r), 66)
y(0) =x9, y@) =x10), 0¢€[-r0),
as follows:
_( y®
S)x = (y(t—l—-)) eX, t>0,

(see [12]). Then, set

(2
= <z1(')) €X

_(Wo
W—(W1>€X
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where z) is a fictitious control belonging to L (—r, 0; R) and W is a cylindrical white noise in
L? (—r, 0; R), and define Q : X > X as

X0\ _ b2x0
QQw9‘<0)'

Then the controlled stochastic delay equation (65) can be rewritten as the unique mild solution
of a linear evolution equation

dy = [AY n Ql/2z] dr + 0'2dw,
_ (*o
X(0) = (xl) € H.

We assume that

ag <1, ap<-—ay <y*+al, (68)

where y € (0, ) and y cothy = ag. Under this condition equation (67) has a unique invariant
measure i which is nondegenerate (see [23, Chapter 10]).

Let Dg = QI/ZD be an operator in LZ(X, ) with dom (DQ) = Cg(H). It is shown in [31]
that the operator Dy is not closable on L%(X, w). This fact shows that it is important to treat
cases where the operator D is not closable. Moreover it can be easily seen that Hypothesis 2.1
holds true in this case so that here D is closable in the weak sense introduced in Definition 2.3,
so our theory can be applied.

Now consider the problem of minimizing the functional (setting x = (xg, x1))

(67)

T
Jo(t, x;20) = E { [/ Jo(x (s; t,x,20)) + ho (20 (S))} ds +@o(x(T; ¢, x, zo))}
t

20 € My, (t, T; R) with Sup¢.77 120(s)| < R for a given constant R > 0. The above functional
can be rewritten as follows. Set

f (xo, x1) = (fo (x0),0); h (zo, z1) = (ho (z0) , 0);
@ (x0, x1) = (@0 (x0) , 0)

SO
T
Jot, x;20) = J(t,x;2) = E {/ Lf (Y (s51,x,2)) +h(z(s)]ds + oY (T; 1, x, z))} :
t

The value function of this problem is defined as
V(t,x)= inf{](t,x; 7)1z € M%V(t, T; X), sup |z(s)] < R} (69)
selt,T]

and the HJ equation is exactly (55) with the Hamiltonian Hy given by

Ho (p) = sup {—(z, p)x — h (2)} = sup {—(z0, po)r — ho (20)} .
zeX zeR

Then all the results of Sections 3-5 hold true, and we can find the optimal feedback.
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Remark 6.1. We observe that here, for simplicity of presentation, we considered a simple one
dimensional case of controlled stochastic delay equations. In fact in our framework we can treat
more general cases like semilinear d-dimensional equations of the following type

N
dx(t) = |:aox(t) + Zaix(t +6;)+ Fo(x(), x(t+61),...,x(t +6,))
i=1
(70)
+ bzo(t) | dt + bdWy(2),

x(0) =x9, x(0)=x1(0), 6¢e[-r0).

where the map Fy needs to satisfy suitable assumptions to have existence of a nontrivial invariant
measure for the system, see [23, Section 10.3] on this (for example the case when F{ is bounded
fits in our theory). Finally we could also treat in the same way a control problem where the costs
Jfo and ¢ depend also on the history of the state x.

6.2. Control of stochastic PDE’s of first order

We will consider a controlled stochastic differential equation

d
dy(r,¢) = <£(L §)+ Foly(,-), &) + by, £)z(t, C)) de 4 b(y(r, £)dW (1),
=0, (71)

where b is a bounded continuous function, W is a one dimensional Wiener process and

¢
Fo(y(t,), ) = b(y(t, ) /O b(y(t, rY)dr.

This equation is important in financial modelling, see [46]. It provides a description of time
evolution of the forward rates under the nonarbitrage assumption. We will study this equation in
the following abstract framework. Let H< = L? ((0, 00), p,(£)d¢), where p,(¢) = e *¢ with
k > 0. In particular H® = L? (R). The scalar product and the norm in H* will be denoted by
(-, ), and | - |, respectively. Let

_ 29 _ gl
A_Q’ dom(A) = H, (0, 00).

Then
x@) =x(t+0), 1,020,
and it is easy to check that

HetA H <e ¥,
H¥— H¥

We will assume that
B:H" — H", B(x)(¢)=b(x(¢))
is a Lipschitz mapping and the mapping F : H* — H* defined by

¢
F(x)(¢) = b(X(C))/O b(x(r))dr,
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is a Lipschitz mapping as well. Then Eq. (71) may be rewritten as an abstract equation

dy(r) = (Ay(t) + F(y(1)) + Bz(1)) dr + B(y(1))dW (1), (72)
where z(t) € H” is a control. We need also to consider an uncontrolled equation

dy () = (Ay(r) + F(y())) dr + B(y(1)dW(2). (73)

The proof of the next lemma is similar to the proof provided in [29] and is thus omitted.

Lemma 6.2. Assume that
16lloo + 101, < ¢,
with ¢ > 0 small enough. Then there exists a nondegenerate invariant measure for Eq. (73).

Given the above lemma we can apply the theory of the HJ equation developed in the previous
section to study the optimal control problem for Eq. (72). Note that, as for the previous example,
in this case (DQ, D) is not closable, see [31] for details. O

Remark 6.3. Using the same framework as in the case of the Musiela equation, we can consider
the optimal control of first order equations arising in economic theory (see e.g. [5]) and in the
theory of population dynamics (see e.g. [3,38]). O

6.3. Second order SPDE in the whole space

Let H* = L% (R, pc(¢)d?), where p,(¢) = e I¢l with « > 0. In particular H* = L? (R).
The scalar product and the norm in H* will be denoted by (-, -), and |- |, respectively. Fix m > 0
andlet A = A — m1I, where A is the Laplacian in H° and let S (r) denote the semigroup on
H° generated by A?. The semigroup (5 (1)) is selfadjoint on H® and

[sPw] e (74)

By the results in [23, Section 9.4.1] (S(())(t)) can be uniquely extended to a Cp-semigroup
(S () (t)) on H* with the generator denoted by A*). Moreover,

1,2

HS(K)(I) H NG S (75)
We will consider the equation
dy = (A(")y + JF(y)) dr + Jdw, (76)

where W is a standard cylindrical Wiener process on H® and J : H® — H" is an imbedding:
Jx = x. Moreover, we assume that the Lipschitz mapping F : H® — HY is bounded.

It was proved in [23] that for any « > 0 and m > 0 the solution (76) is well defined in H*
and it admits an invariant measure © = N (0, Q). Moreover, ker (Q~) = {0} for any x > 0
and m > 0. Then by the recent results in [13] there exists a nondegenerate invariant measure uF
for y which has a density with respect to .

Let us consider a controlled equation

dy(®) = (Ay@) + JF(y(t)) — Jz(t))dt + JdW (1),
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where z is a control taking values in L? (R). It may be shown that the transition semigroup of
this process is never strongly Feller, hence the theory of HIB equations developed in [7-9,32,
33] does not apply in this case. We can apply however all the results of the previous sections to
obtain a unique optimal feedback control for the process y.
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