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Abstract

This paper deals with a family of stochastic control problems in Hilbert spaces which arises in
many engineering/economic/financial applications (in particular the ones featuring boundary control
and control of delay equations with delay in the control) and for which it is difficult to apply the
dynamic programming approach due to the unboundedness of the control operator and to the lack
of regularity of the underlying transition semigroup. We introduce a specific concept of partial
derivative, designed for this situation, and we develop a method to prove that the associated HJB
equation has a solution with enough regularity to find optimal controls in feedback form.
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1 Introduction

1.1 Stochastic control in infinite dimension and its applications

Stochastic optimal control problems arise in a large variety of applications (see e.g. [74]), and have been
(and currently are) the object of an extensive theoretical and applied literature. In recent years, due
to progress in the methodologies and in the computational power there has been an increasing interest
in studying also what is usually called “the infinite dimensional case”, i.e. the case when the state and
control variables take their values in infinite dimensional spaces. The infinite dimensional case allows for
more realistic modeling and substantially means that the state equation is a Stochastic Partial Differential
Equation (SPDE from now on) or a Stochastic Differential Delay Equation (SDDE from now on).

Such types of state equations arise naturally in a wide range of applied models including physics,
engineering, operations research, economics and finance.

On the one hand state equations of SPDE type are used when one wants to model control processes
where the underlying dynamical system inherently depends on other basic variables beyond time. For
example we recall: the control of SPDEs arising in fluid dynamics (see e.g. [23], [80]), in reaction-diffusion
problems (see e.g. [73]), in modeling air pollution (see e.g. [27], [78]), in robotics (see e.g. [32], [33]), in
elasticity theory and practice (see e.g. [21] [28],]29]), in spatio-temporal economics growth models (see
e.g. [10, 11] in the deterministic case and [48] in the stochastic case), in advertising models (see e.g. [8],
[57)).

On the other hand state equations of SDDE type are used when one wants to model control processes
where the underlying dynamical system is not Markovian in the sense that the value of the state at time
t depends on the past of the state/control variables. Such models arise in optimal advertising problems
(see e.g. [19, 49, 50, 57, 72]); in optimal portfolio problems (see e.g. [15, 39, 76]); in optimal production
planning (see e.g. [17], [83]); in the feedback stabilisation of engineering systems (see e.g. [66]).

1.2 The purpose of our paper: the “unbounded control case” and its interest

Despite its interest for applications, the theory of stochastic control in infinite dimension is still a young
and incomplete area. For this reason we think it is interesting to continue to develop the theory for such
problems, in particular trying to cover new problems arising in applications like the ones quoted above.
For an up-to date account of the theory we send the reader see to the recent book [34]; other books which
partly look at the subject are [24, Chapter 13], [16, Chapters 9-10] and [75, Chapters 5-6]).

This paper is devoted exactly to the above task in cases which are quite common in applications and
for which there are, at the moment, few and incomplete results available: the cases, roughly speaking,



where the control enters in the state equation in an “unbounded” way. Such unboundedness translates
into the fact that, while the state process takes values in a Hilbert space H (e.g. L?(0,1)), the term
which brings the control action into the state equation, say Cu, takes values in a bigger Banach space
H (e.g. any Sobolev space of negative order) which strictly contains H. Typical applications where such
unboundedness arises are stochastic boundary control problems and stochastic control of delay
equations with delay in the control.

Concerning stochastic boundary control problems, i.e. problems where, for structural reasons,
the control is applied only at the boundary of a given region, are quite common in a wide range of
applied problems. In the engineering-related literature we recall some recent papers devoted to specific
applications like, e.g., [31] in the field of robotics; [67, 64, 63, 73] for reaction-diffusion systems (also
in the deterministic case); [65] for stochastic port-Hamiltonian systems; [28] [29] for marine risers and
Timoshenko beams.

Stochastic boundary control problems also arise in advertising models when one wants to take account
of the age structure of the products, see e.g. [8], [38], [56], [57].

On the other hand, stochastic optimal control problems with delay in the control arise since
in many practical situations the effect of the control action persists in the future. We recall, in this respect,
the so-called carryover effect in advertising, see e.g. [19], [49], [50], [72] and, for related deterministic
problems, [43].

Applications to economics (delay in production due to the time to build) are studied in [18] where
a problem with pointwise delay in the state and in the control is studied by means of the stochastic
maximum principle (see also [6] in a related deterministic case).

Concerning applications to finance we recall [15] where a mean-field model of systemic risk with delay in
the control is studied.

Finally stochastic control problems with delay in the control are also related to the problem of information
delay (i.e. the time which may be necessary to implementing the control, which is studied e.g. in [77].

1.3 The novelty of our methodology

We use here the dynamic programming approach with the aim of finding solutions of the associated HJB
equations which are regular enough to write optimal control strategies in feedback form and to prove
verification theorems. In the literature one can, roughly speaking, distinguish three main methods to do
this. The first is to look at the theory of viscosity solutions (which is partly developed in these cases, see
e.g. [41, 53, 81] and [34, Section 3.12 and 4.8.3]); the viscosity solution is not differentiable in general,
however in some infinite dimensional cases some type of differentiability can be proved (see e.g. [40],
[76]) however such methods seems not applicable here due to the unboundedness of the control operator.
The second approach (developed e.g. in [20], [1]) which we may call ”variational” is based on the use of
coercive bilinear forms associated to Ornstein-Uhlenbeck operators on a suitable Gelfand triple. Again
this seems not applicable here since it seems not compatible with the unboundedness of our control
operator and the lack of null controllability estimates of our cases.

The third approach, which is it the one we use here is the theory of mild solutions (see e.g. the papers
[12], [13], [24], [46] [69], [45] and the book [34, Chapter 4]).
Roughly speaking such approach, which works only in the semilinear case, rewrites the HJB equation
in a suitable integral form and tries to solve it using a fixed point argument. It is based on smoothing
properties of an underlying transition semigroup and allows to find solution which are regular enough to
define optimal feedback control strategies.
In the present case there are two technical barriers preventing the use of such approach:

e the need of giving a precise sense to the HJB equation, coming from the unboundedness explained
above, which is the core of our setting;

e the lack of smoothing properties of the underlying transition semigroup.

To deal with such issues we introduce a specific concept of partial derivative, designed for this situation.
We observe that in the literature various concepts of infinite dimensional derivative has been used,
depending on the context. We mention, among others, the papers [55], [68] (which uses the so-called
Fomin derivative), [44, 69, 70] (which use the so-called G-gradient for a bounded operator G), [34,
Chapter 4]-[41] (which use the so-called G-gradient for a possibly unbounded operator G). Our definition
extends the last one to take into account more general cases of unboundedness, more precise explanations



are given in Section 4.

Once such derivative is introduced we perform a nontrivial extension of an idea (which we call “partial
smoothing”) that we used in our previous papers [51]-[52] in a delay case with bounded control operators.
Details are given in Sections 5-6-7.

We must say that this paper is a first step to attack such difficult problems. Here we show how to find
a regular solution to the HJB equation for a special type of cost functionals. A second step, which is the
object of our current research, is to cover more general cost functionals, in particular the ones where the
current cost can be state dependent. Moreover, to make our results more useful for applications we aim
at proving prove verification type results: this would allow to construct the optimal controls in feedback
form, on the line of what is done, e.g., in [2] or in our previous paper [52].

We also think that it would be interesting to study the case with partial observation (on the line
of what is done, in cases which do not include ours, in [4], [54], [7]) or the case of Mc Kean - Vlasov
dynamics (see e.g. [3], or [22]) and to study the applicability, to our setting, of numerical methods for
infinite dimensional HJB equations like the ones developed in [5].

1.4 Plan of the paper
The plan of the paper is the following.
e Section 2 introduces some basic notations.

e Section 3 introduces our driving examples showing how to rewrite them in a suitable infinite di-
mensional setting.

e Section 4 provides the definition of our C-derivatives together with some comments to compare it
with previous definitions.

e Section 5 presents our partial smoothing result for Ornstein-Uhlenbeck semigroups (Proposition
5.9).

e Section 6. generalizes the partial smoothing result to convolutions (Lemma 6.4).

e In Section 7 we first present a general control problem which includes both our driving examples
(Subsection 7.1); then, in Subsection 7.2, we state and prove our main result of existence and
uniqueness of mild solutions for the HJB equation (Theorem 7.5).

e Appendix A is devoted to show that our motivating examples satisfy the assumptions made.

2 Basic notation and spaces

For the reader’s convenience we collect here the basic notation used throughout the paper.

Let H be a Hilbert space. The norm of an element = in H will be denoted by |z|, or simply |z|, if no
confusion is possible, and by (-, ), or simply by (-,-) we denote the inner product in H. We denote by
H* the dual space of H. If K is another Hilbert space, L(H, K) denotes the space of bounded linear
operators from H to K endowed with the usual operator norm. All Hilbert spaces are assumed to be real
and separable.

Let E be a Banach space. As for the Hilbert space case, the norm of an element x in F will be denoted
by |x|g or simply |z|, if no confusion is possible. We denote by E* the dual space of E, and by (-, >EE
the duality between E and E*.

If F' is another Banach space, L(E, F') denotes the space of bounded linear operators from E to F'
endowed with the usual operator norm. All Banach spaces are assumed to be real and separable.

In what follows we will often meet inverses of operators which are not one-to-one. Let Q € £ (H, K).
Then Hy = ker Q is a closed subspace of H. Let H; := [ker Q]+ be the orthogonal complement of Hy in
H: Hi is closed, too. Denote by @1 the restriction of Q to Hy: ) is one-to-one and Im ()1 = Im Q. For
k € ImQ, we define Q~! by setting

QL (k) = Q7 ().
The operator Q! : ImQ — H is called the pseudoinverse of Q. Q™ is linear and closed but in general
not continuous. Note that if k € Im Q, then Q' (k) € [ker Q]*. is the unique element of {h : Q (h) = k}
with minimal norm (see e.g. [84], p.209),



Next we introduce some spaces of functions. Let H and Z be real separable Hilbert spaces. By
By(H, Z) (respectively Cy(H,Z), UCy(H, Z)) we denote the space of all functions f : H — Z which
are Borel measurable and bounded (respectively continuous and bounded, uniformly continuous and
bounded).

Given an interval I C R we denote by C(I x H, Z) (respectively Cy,(I x H, Z)) the space of all functions
f:Ix H — Z which are continuous (respectively continuous and bounded). C%!(I x H, Z) is the space
of functions f € C(I x H,Z) such that, for all t € I, f(¢,-) is continuously Fréchet differentiable with
Fréchet derivative Vf(t,z) € L(H,Z). By UC’;’Q(I x H,Z) we denote the linear space of the mappings
f:+Ix H — Z which are uniformly continuous and bounded together with their first time derivative f;
and their first and second space derivatives V f, V2f.

If the destination space Z = R we do not write it in all the above spaces.
The same definitions can be given if H and Z are Banach spaces.

3 Two examples with unbounded control operator

We present here two stochastic controlled equations that motivates the introduction of generalized partial
derivatives in Section 4. What they have in common is that, once they are reformulated as infinite
dimensional stochastic controlled evolution equations, the control operator is unbounded.

3.1 Heat equations with boundary control
3.1.1 The state equation

Let (Q, F, P) be a complete probability space endowed with a filtration (F3);>0. Fixed 0 <¢ < T < 400,
we consider, in an open connected set with smooth boundary © C R? (d = 1,2, 3) the controlled stochastic
heat equation with Dirichlet boundary conditions and with boundary control:

0 .

T (s,6) = Ay(s, &) + Wo(s,8),  selt,T], £€O,

o (3.1)
y(t,&) = 2(€), £ €O,

where A is the Laplace operator and we assume the following.
Hypothesis 3.1

(i) The initial datum x(-) belongs to the state space H := L?>(O). The set U of control values is a
closed and bounded subset of the Hilbert space K := L*(90).

(ii) Wq is a so-called colored space-time noise (with space covariance Q € L(H)), the filtration (Fy)i>o
coincides with the augmented filtration generated by Wq;

(#i1) the control strategy u belongs to U where
U:={u(): Qx[0,T] = U) : predictable}

Given any (t,z) € [0,7] x O and u € U, we denote, formally, by y"**(s,£) the solution of (3.1) at
(s,€) € [0,T] x O.} We define the operator Ay in H setting (here H?(O) and H}(O) are the usual
Sobolev spaces)
D(Ag) = H*(O)NHF(O)  Agy = Ay for y € D(Ay).

The operator Ay is self-adjoint and diagonal with strictly negative eigenvalues {—\, }nen (recall that
A~ n2/?asn — +00). We can endow H with a complete orthonormal basis {e,, },,en of eigenvectors of
Ap.2 We recall that the linear trace operator D : L?(00) — H is defined setting Da = f where f is the
unique solution of the Dirichlet problem

{ Af(§) =0, £€O,
f(§) =al§),  £€00.

1Such solution could be defined with various methods. Here, similarly to [34, Appendix C] we define such solution as the
unique mild solution (see (3.4) of the infinite dimensional system (3.2) below. Following the path outlined in [34, Appendix
C] we give sense to (3.1) rewriting it as an evolution equation in the space H := L2(0). We assume that the initial condition
z(+) belongs to H. The new state will be a process with values in H given, formally, by X (s;t,z,u) = yb»®%(s, ).

2We know that eq is constant and, when d = 1 and O = (0,7), (en(£))n>1 = (V2sin(né)),>1.




Equation (3.1) can now be reformulated (see [34, Appendix C] for a proof) as

dX (s) = AgX(s)ds + (—Ag)Du(s) dt + Q/2dW (s), (3.2)
X(t) == '
where W(-) is a cylindrical noise in H. We define
BO = (—Ao)D (33)

The operator By, defined in K = L?(00), does not take values in H = L?(0). Indeed for all € > 0, the
Dirichlet map takes its values in D((—Ao)/*475: D € L (K, D((—Ag)*/*7¢)) (see again [34, Appendix
C]). So,

By = (—Ap)*/* T (= Ag) /47 D : K — D((—A) /") :

Here and from now on we take 0 < & < 1/4, indeed the point is to take e as small as possible in order to
have in By a better unbounded part. Hence we have® By € £ (K, D((—A)~3/47¢)). With an abuse of
language with respect to the standard use, we may say that B is unbounded on H, in the sense that its
image is not contained in H but in a space larger than H (here D((—A)~3/47¢ = H~3/272¢(©)) which
we will call H.

The unique mild solution (which exists thanks e.g. to [34, Theorem 1.141]) of (3.2) is denoted by
X(;t,x,u) and is

X(s;t,z,u) = Doy 4 / e~ 40 Bou(r)dr + / eI QV2aW (1), s € [t,T). (3.4)
t t

Consequently, for any (t,z) € [0,7] x O and u € U, we give sense to y»** by setting y"*%(s,&) =
X(sit,x,u)(§).

3.1.2 The optimal control problem

For any given ¢t € [0,7] and 2 € H, the objective is to minimize, over all control strategies in U, the
following finite horizon cost:

J(t,z;u) =E l/t [lo(s) + €1(u(s))] ds + (X (T;t,x,u))|, (3.5)

under the following assumption
Hypothesis 3.2
(i) Lo :[0,T] — R, is measurable and bounded.
(i) €1 : U — R is measurable and bounded from below.

(i) ¢ : H — R is such that, for a suitable finite set {fi,...,fn} C D((—Ao)") (with n > 1/4) and a
suitable ¢ € By(R™) we have

¢0($) = $(<xafl>H7"'a<x’fN>H)'

Such cost can be seen as the rewriting in H of a more ”concrete” cost like

T — —
Jo(t,z;u) =E /t /O[éo(s,g)+£1(u(s,g))] déds + do (" (T, ")) | (3.6)

where (o {1, ¢p are chosen so that the corresponding £q, /1, ¢ satisfy Hypothesis 3.2 above.

Note that here the current cost does not depend on the state, this is due to the fact that putting the
dependence on the state in the current cost would increase considerably the technical arguments in the
solution of the HJB equation. Moreover , in order to bypass the lack of suitable smoothing properties of
the underlying transition semigroup, we have to work on cost functionals which depend on the state only

3Here, for v > 0 we denote by D((—Ao)~7) the completion of H with respect to the norm |- |—y = |4y - |u.



through a suitable operator P, which here turns out to be defined by projections on D((—Ap)") ,with
n > 1/4, see Section 7.1 and 7.2 for further details.
The value function of the problem is

V(t,z) = irellfl J(t, x;u). (3.7
We define the Hamiltonians leaving aside the term not depending on the control u. For p € H, u € U,

the current value Hamiltonian Hey is given by (this is formal since neither Bou nor Bjp belong to H,
in general):

Hev (p;u) i= (Bow,p) i + 1 (u) = (u, Bp) gy + €1 (u) (3.8)
and the (minimum value) Hamiltonian by
Hypin(p) := Inf Hov (p;uw). (3.9)

The associated HJB equation can then be formally written as

_OUBT) ot (@) + Lo(t) + Fin (Vo(t2), L€ [0,T], 7 € H,
ot (3.10)
(T, z) = ¢(z),

where B is defined in (3.3), and A is the infinitesimal generator of the transition semigroup (R¢)o<i<T
associated to the process X when the control is zero: namely A is formally defined by

Alf)(w) = 5Tr QV?f(x) + (&, A"V f (). (3.11)

From (3.8) we easily see that, still formally, H,;,(p) dependsnot on p but on Bip. On the same line also
the minimum point in (3.8), when it exists, only depends on Bp. This means that the candidate optimal
feedback map, if it exists, is a function of BjVwv. For this reason our main goal is to find a solution v
of (3.10) for which BjVv makes sense. For this reason in the sequel we will use the notation (for p € H
and ¢ € K such that the expressions below make sense):

Hev(gsu) == (u,q) i +l1(u) and  Hyin(q) := Jng Hev(q;u), (3.12)

so that

3.2 SDEs with delay in the control
3.2.1 The state equation

In a complete probability space (£2, F,P) we consider the following controlled stochastic differential equa-
tion in R™ with delay in the control:

0
dy(s) = agy(s)ds + bou(s)ds + / u(s +&)b1(d€)ds + odW(s), se€[t,T]

—d (3.13)
y(t) = vo,
U(t—i—é_) :uo(f), §€ [_d,O)

Here we consider the case of delay in the control, the case with delay also in the state is more complicated
and cannot be treated as an application of the techniques introduced in the present paper. We assume
the following.

Hypothesis 3.3
(i) W is a standard Brownian motion in R*, and (F;)i>o is the augmented filtration generated by W ;
(ii) the control strategy u belongs to U where
U:={u(): (Qx1[0,T) = U): predictable}

with U a closed and bounded subset of R™;



(iii) ag € LR™;R™), by € LIR™;R"), o € L(R¥;R™), d > 0;
(iv) by is an m x n matriz of signed Radon measures on [—d,0] (i.e. it is an element of the dual space

of C([=d, 0], L(R™;R™))).

Given any initial datum (yo,ug) € R™ x L?([—d,0], R™) and any admissible control u € U equation (3.13)
admits a unique strong (in the probabilistic sense) solution which is continuous and predictable (see e.g.
[58] Chapter 4, Sections 2 and 3).

Notice that Hypothesis 3.3-(iv) on by covers, but it is not limited to, the very common case of pointwise
delay? but it is technically complicated to deal with: indeed it gives rise, as we are going to see in next
subsection, to an unbounded control operator B. We underline the fact that in the case of pintwise delay
the matrix by is a matrix of discrete measures, like weighted Dirac measures. Recall that, in [51] and [52]
the case of by absolutely continuous with respect to the Lebesgue measure has been treated assuming

b1(d€) = b1 (£)d(€), br € L*([~d, 0], L(R™; R™)); (3.14)

it is clear that such an assumption on b; leaves aside the pointwise delay case which we treat here.

3.2.2 Infinite dimensional reformulation

Now, using the approach of [82] (see [49] for the stochastic case), we reformulate equation (3.13) as an
abstract stochastic differential equation in the Hilbert space H = R" x L?([—d, 0], R™). To this end we
introduce the operator A; : D(A;) C H — H as follows: for z = (z¢,21) € H,

All' = (aoxo -+ 5121(0), 71'/1), D(Al) = {I’ S H LI S V[/l’z([fd7 O],Rn),l’l(fd) = 0} . (315)
We denote by A the adjoint operator of A;:
Az = (ajzo, 7)), D(A}) ={z € H a2y € W"?([~d,0],R"),21(0) = o} . (3.16)

We denote by et41 the Cy-semigroup generated by A;. For z € H we have

- (3.17)

o1 (- =) —aqe,0(-)-

a 0 S)a
tA < To ) eloxg + [Z 1 oelT%0w (s)ds
e
I

Similarly, denoting by e!41 = (et41)* the Cp-semigroup generated by A%, we have for z = (29, 21) € H

etaSZO
etAl < EO > — . (318)
1 D% 20101 (-) + 21 (- + )1 —a—p) (-)-

The infinite dimensional noise operator is defined as
G:RF - H, Gy = (0y,0), y € R, (3.19)

The control operator Bj is defined as (here the control space is K := R"™ and we denote by C’([—d, 0], R™)
the dual space of C([—d,0],R"™))

By : R™ — R™ x C'([-d, 0], R™),

0 (3.20)
(Blu>0 = bou, <f7 (Blu)1>C,C’ = /—d <f(£)v bl (dg)u> , UuE Rmv f S C([_d’ O]’Rn)'

The adjoint B7 is

Bf :R" x C"([—d,0],R") — R™,
0 (3.21)

Bi (o, 1) = bgzo +/dbf(d§)x1(§), (w0, 1) € R" x C([—d, 0], R"™),

40ur delayed SDE includes, for example, the state equation used in [15].



where we have denoted by C”([—d, 0], R™) the dual space of C’([—d, 0], R™), which contains C([—d, 0], R™):
here we consider B} acting on C([—d,0],R™), for a characterization of C"([—d,0],R™), and for the in-
clusion of C([—d,0],R™) in C"([—d,0],R™) see e.g. [59], [60], [61] and [79]. If by satisfies (3.14), B is a
bounded operator from R”™ to H, and we can easily write e*41 B: see [51].

If by is as in Hypothesis 3.3-(iv), then B is unbounded. Still it is possible to write /41 B by extending
the semigroup, by extrapolation, to R™ x C’([—d, 0];R™). We have, for u € R™

0
(etAlBl)O :R™ — R, (etAlBl)O u = e""byu + / 1[,tﬁo]e(’%’ﬂ)“”l)l(dr)u7 (3.22)
—d

0
(8B, R > C=dOFRY, (£ (B, W = [ SOOI asghidn. (323

Let us now define the predictable process Y = (Yo,Y7) : Q2 x [0,T] — H as

3
Vols) =u(s) V)€ = [ a9,
where y is the solution of (3.13) and u € U is the control process. By [49, Proposition 2], the process Y
is the unique mild solution of the abstract evolution equation in H

{ dY (s) = A1Y (s)ds + Biu(s)ds + GdAW (s), t€[0,T] (3.24)

Y(0) =z = (x0,x1),

3
where z1(¢) = / uo (¢ — &)b1(dQ)up(¢ — &), for £ € [—d,0), and ug has been introduced in (3.13) as the
d

initial condition of the control process. Since we have assumed ug € L?([—d, 0],R™). Note that we have
z1 € L%([~d,0];R™)®. The mild (or integral) form of (3.24) is

S S
Y(s) = els™ g —|—/ e B y(r)dr —|—/ e GAW (r), s e [t,T). (3.25)
t t

Here, similarly to what happen in the previous example (see Subsection 3.1.1), we may say that the image
of B is not contained in H but in a space larger than H (here R x C’([—d, 0], R™)) which we will call H.

3.2.3 The optimal control problem

Similarly to the previous section the objective is to minimize, over all control strategies in U, a finite
horizon cost:

T
T (¢ o, wo; u(-)) = E / [to(s) + 62 (u(s))] ds + By(T;t, 7)) (3.26)

undert the following assumption
Hypothesis 3.4

(i) €y :[0,T] = R, is measurable.

(i) £1: U — R is measurable and bounded from below
(iii) ¢ : R™ — R is measurable and bounded.

Such cost functional, using the infinite dimensional reformulation given above, can be rewritten as

J(t, z5u() = E /t [Co(s) + €1 (u(s))] ds + S(Y (T, ) (3.27)

where ¢ : H — R is defined as ¢(zg,21) = ¢(xg) for all x = (z9,71) € H. Note again that here the
current cost does not depend on the state, again this is due to the fact that putting the dependence on
the state in the current cost would increase considerably the technical arguments in the solution of the

5This can be seen, e.g., by a simple application of Jensen inequality and Fubini theorem.



HJB equation.
The value function of the problem is

Vt,z):= 1}25 J(t, x;u). (3.28)

The Hamiltonians can be defined exactly in the same way as in Subsubsection 3.1.2 and (using the
modified Hamiltonians introduced in (3.12)) the associated HJB equation is formally written as

_avg’x) = A['U(t’ )](m) + eo(t) + H’HL’L'TL(BTV’U(Z‘:,J:)), te [071"]7 = H’
t (3.29)
(T, z) = ¢(z),

where B; is defined in (3.20), and A is the infinitesimal generator of the transition semigroup (Ry)o<i<r
associated to the process Y when the control is zero: namely A is formally defined by

Alf](z) = %Tr CCV2f(x) + (, ATV f(2)) . (3.30)

On the same line of Subsubsection 3.1.2 the candidate optimal feedback map, if it exists, is a function of
BiVo.

4 (-derivatives

In this Section we introduce the definition of generalized partial derivatives (that we call C-directional
derivatives, where C is a suitable linear operator) which is suitable for our needs. C-directional derivatives
of functions have been introduced in [69, Section 2], [44] in the case when C is a bounded operator (see
also [51, 52]), and in [41], [34, Section 4.2.1] in the case when C' is possibly unbounded.

Our definition is different from the ones recalled above and is designed to cover a wider class of
“unbounded” examples, in particular it makes it possible to treat the case when the intersection of image
of C and the state space is just the origin, which is, e.g., the case of our examples of Section 3 which
were not treatable within the previous setting.

We also recall that concepts which are connected to the one of C-directional derivative are the one of
Fomin derivative (see, e.g., [9, Chapter 3] and, recently, [68]) and the one of derivative in the directions
of a proper subspace (see e.g. [55]).

Here is our new definition. The operator C' is still “possibly unbounded” in the sense that it does not
take its values in the state space H but in a larger Banach space H such that H C H with continuous
embedding.

Definition 4.1 Let H, Z, K and H be Banach spaces such that H C H with continuous embedding. Let
C: K — H be a linear and bounded operator.

(i) Let k € K and let f : H — Z. We say that f admits C-directional derivative at a point x € H in
the direction k € K (and we denote it by VC f(x;k)) if the limit, in the norm topology of Z,
VC f(x: k) := lim f@+sCh) = f(x)7 (4.1)

s—0 S

exists.

(ii) Let f : H — Z. We say that f is C-Gateaur differentiable at a point x € H if f admits the
C-directional derivative in every direction k € K and there exists a bounded linear operator, the
C-Gateauz derivative VO f(x) € L(K,Z), such that VC f(z;k) = VC f(2)k for all k € K. We say
that f is C-Gateaur differentiable on H (respectively H) if it is C-Gateauz differentiable at every
point x € H (respectively v € H).

(iii) Let f : H — Z. We say that f is C-Fréchet differentiable at a point x € H if it is C-Gadteaus
differentiable and if the limit in (4.1) is uniform for k in the unit ball of K. In this case we call
VC f(x) the C-Fréchet derivative (or simply the C-derivative) of f at x. We say that f is C-
Fréchet differentiable on H (respectively H ) if it is C-Fréchet differentiable at every point x € H
(respectively x € H ).
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Remark 4.2 The main idea behind the use of C-derivatives (starting from the papers [69] and [44]) lies
in the fact that, in applying the dynamic programming approach to optimal control problems which are
linear in the control (with control operator C : U — H where U is the control space and H is the state
space), the natural regularity requirement needed on the value function V' to write the optimal feedbacks
is that VCV is well defined.® This means that only directional derivatives in the directions of the image
of C' matter for the purpose of writing optimal feedback controls. In some cases, like the distributed
control of heat equation (see e.g. [34, Section 2.6.1]), the image of C' is contained in the state space (call
it H), so VOV is always well defined when VV exists. In some other cases, like the boundary control or
the pointwise delayed control (see e.g. [34, Sections 2.6.2 and 2.6.8]) the image of the control operator
C' is not contained in H and it may even happen that the intersection of this image with H is only the
origin, which is the case of the driving examples of this paper.

One strategy, used e.g. in [41, 42] and in [34, Section 4.8] to deal with such cases is to decompose the
control operator C' in the product C;Cy where Cy : K — H is bounded while the “unbounded part” C4
is a closed unbounded operator Cy : D(Cy) € H — H which usually is a power of the operator A driving
the state equation. In this case the derivative needed to express the feedback control is VE1V which is
defined exactly as in [41, Definition 2.2] or [34, Definition 4.4].”

In such setting, due to the boundedness required in [41, Definition 2.2-(ii)], asking that V1V exists
substantially means that we consider the directional derivatives of V' in the directions of Im Cy where C;
is the extension of C; from the whole H to a suitable extrapolation space. The image of C; contains (but
can be much larger than) the one of the control operator C%.

The approach used here is sharper in the sense that we look exactly at the derivatives in the directions
of the image of C, even if they go out of the state space H. In this way we also avoid working with
the decomposition of the operator C'; which is not sharp for our purposes, in particular in the case of
pointwise delayed control of Subsection 3.2 since in this case fractional powers of A are not well defined.’

Remark 4.3 Definition 4.1 is exactly the definition of C-derivative contained in [69, Section 2], [44]
when H = H. This means that, in this case, the classical Gateaux or Fréchet differentiability implies the
C-Géateaux or C-Fréchet differentiability.

In [34, Definition 4.4] the operator C' is a closed, possibly unbounded, linear operator C' : D(C) C
K — H. This case can be partly embedded in the one we consider in Definition 4.1. We explain now
why, restricting to the case when H is reflexive, which is true in our examples.

Let C* : D(C*) C H' — K’ be the adjoint of C defined in the usual way through the duality
(C*h, k) ger jo = (R, Ck) s g, VE € D(C), Vh € D(C*). By [62, Theorem 5.29], since H is reflexive, we
know that C* is densely defined. Let

E = D(C") = {e €H':3a>0: Yk e D(C)|(Ch,e)y | < a|e|H/} cH, (4.2)
endowed with the usual graph norm, i.e.
lwlle = wla +C*wlk,  YweE.

Let then E' := D(C*). Clearly by (4.2) duality H” C E’. Then, by the canonical embedding of the
bidual we have H C H” C E’. We extend, by extrapolation (see e.g. [30, §I1.5] for the general theory
and [37, §3.3] or [35, 36] for specific cases) C to a continuous operator C' : K — E’ setting, for k € K
and y € F,

<5k7y>E/ 5 (k, C™y) g ko

s

6Here we are simplifying a bit since, as one can read in [34, Section 4.8.1.4] (in particular equation (4.294)), the operator
C' in the gradient may be chosen a bit differently, and the linearity in the control can be weakened without affecting the
main issues.

"Note that [34, Definition 4.4] is more general than our Definition in the sense that it allows the operator C' to depend
on the state variable € H. This could be performed here with ideas similar to what is done in [34, Section 4.2]. We do
not do this since it would increase the technicalities without changing the main ideas which we want to make clear for the
reader.

8For example, in the case of Neumann or Dirichlet boundary control in dimension 1, the image of C is two-dimensional
while the one of C7 is infinite dimensional

9A similar issue would arise if we consider boundary control problems where the driving operator A is of first order, like
in the case of age-structured problems, see e.g., in the deterministic case, [37].

11



Continuity of C immediately follows observing that

[(Chay) 1< 106, CY) e | < Ikl | Oyl
and taking the supremum over all y € F in the unit ball.!?
In this context we now compare [34, Definition 4.4] for C' and Definition 4.1 for the corresponding
extension C. Indeed we observe that [34, Definition 4.4-(i)] says, at point (i) (definition of directional

derivatives):
“The C-directional derivative of f at a point x € H in the direction k € D(C) C K s defined as:

T f(w k) 1= lim L& 5CK) = f(@)

s—0 S

, sER, (4.3)

provided that the limit exists.” _

But k& € D(C), in the setting introduced above means that Ck € H. Hence, concerning point (i),
Definition 4.1 extends [34, Definition 4.4].

Finally we observe that, when the image of the operator C crosses H only at the origin, then, [34,
Definition 4.4] cannot be used while Definition 4.1 is still fit. [ ]

Remark 4.4 Observe that, similarly to what observed in [34, Remark 4.5] for Definition 4.4 (see also
[41, Definition 2.2]), even if f is Fréchet differentiable at x € H, the C-derivative may not exist in such
point. This is obvious if we take, e.g., f(z) = |z|>, C: K — H with InC € H. If k € K is such that
Ck & H clearly V¢ f (x; k) does not exist. |

We are now in position to define suitable spaces of C-differentiable functions.

Definition 4.5 Let I be an interval in R, let H, H, K and Z be suitable real Banach spaces. Moreover
let H C H with continuous inclusion, and let C € L(K, H).

o We call C’;’C(F, Z) the space of all continuous and bounded functions f : H — Z which admit
continuous and bounded C-Fréchet derivative. Moreover we call Cl?’l’c(] x H,Z) the space of
continuous and bounded functions f : I x H — Z such that for every t € I, f(t,-) € C;’C(F, Z)
and VOf € C, (I x H,L(K, Z)). When Z = R we write C;’C(F) instead of C;’C(F, Z), and it
turns out that if f € C’;’C(ﬁ), then VO f e Cy (I x H,K")).

e For any a € (0,1) and T > 0 (this time I is equal to [0,T]) we denote by COVC([0,T] x H, Z)
the space of functions f € Cy([0,T] x H,Z) N C’Z?’l’c((O,T] x H,Z)' such that the map (t,z) —
toVC f(t,x) belongs to Cyp((0,T) x H,L(K,Z)). When Z = R we omit it. The space CO1C([0,T] x
H,Z) is a Banach space when endowed with the norm

Hf||cg’1=c([07T]><ﬁ’Z) = sup 7|f(t,l‘)‘ + sup 7ta ||vcf(tax)||£(K)Z) N
(t,z)e(0,T)xH (t,z)e(0,T)xH

When clear from the context we will write simply || f||oo1.c.

10Notice that the second adjoint operator C** : D(C**) C K" — H'' is defined through the equality:
<k’, C*y>K7K/ = <C**k7y>H//7H/ Vk € D(C**)7 Vy € D(C*),

with D(C**) defined analogously to (4.2). So C and C** are operator acting and taking values on different spaces:

<5k,y>E,’E =(C"k, Y g1 7 -

1 Note that here f(t,-) is well defined only in H when t = 0, while for t > 0 it is defined over H. The reason is that
the Ornstein-Uhlenbeck semigroup in our examples and in our setting (and consequently the solution of the HJB equation)
satisfy the same property.
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5 Partial smoothing for Ornstein-Uhlenbeck semigroups

In this section we study the “partial smoothing” properties of the Ornstein-Uhlenbeck semigroup (which
we call Ry, for t > 0) applied to a generic function f weakening the definition of “smoothing” given, e.g.,
in [26] (see also [25, Chapter 9]). Note that a type of partial smoothing has been already developed, e.g.,
in [34, Ch.4] and in [51, 52]. As said above, the main difference here is that the directions along which
we take the derivative can go out of the state space H and this allows to treat in sharper way the control
problems exposed in Section 3.

The following basic assumption holds throughout this section.

Hypothesis 5.1
(i) Let H, K = be three real separable Hilbert spaces'®.

(i1) Let (0, F,(Fi)i>0,P) be a filtered probability space satisfying the usual conditions and let W be an
(Q, F, (Fi)i>0, P)-cylindrical Wiener process in Z where (Fy)i>0 s the augmented filtration generated
by W.

(iii) Let A: D(A) C H — H be the generator of a strongly continuous semigroup et*, t >0 in H,
(i) Let G € L(Z, H) be such that the selfadjoint operator

t
Qi = / e AGG e ds (5.1)
0

is trace class. We call Q = GG* € L(H).
Let Z(-;x) be the Ornstein-Uhlenbeck process which solves the following SDE in H.

dZ(t) = AZ(t)dt + GdW (t), (5.2)
X(0) == '
The process Z(-;x) is to be considered in its mild formulation:
t
Z(tz) = et + / CEDAGAW(s),  t >0, (5.3)
0

Z is a Gaussian process, namely for every ¢ > 0, the law of Z(t) is N'(e*4z, Q;), the Gaussian measure with
mean e*4z and covariance operator @Q; defined in (5.1). The convolution fg (=) AGdW, has law NV(0, Q;)
and will be sometimes denoted by Wa(¢). The associated Ornstein-Uhlenbeck transition semigroup Ry is
defined by setting, for every ¢ € By(H) and = € H,

R[y)(x) = E(Z(t;2)) = /H Bz + N0, Qu) (d2). (5.4)

To study regularizing properties in the directions of an “unbounded” operator C (as introduced in Section
4), and for functions that have a special dependence on the state, through an operator P that we are
going to introduce, we assume the following.

Hypothesis 5.2

(i) Let H be a real Banach space such that H C H with continuous and dense inclusion and that the
semigroup et admits an extension et : H — H which is still a Cy semigroup.

(ii) Let C € L(K,H).

(iii) Let P: H — H be linear and continuous. Assume that, for everyt > 0 the operator Pet : H — H

can be extended to a continuous linear operator H — H, which will be denoted by PetA. With this
notation the operator PetAC : K — H is well defined and continuous.

12These will be usually the state space, the control space and the noise space, respectively.
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We now provide two remarks on the above hypothesis: the first on the adjoint of Pe*4, the second
one on the validity of such hypothesis in our examples.

Remark 5.3 In the framework of the above Hypothesis 5.2 it is natural to identify H with its topological
dual H' and consider the Gelfand triple

HCHCH.
The adjoint of the operator Pet? : H — H which is, clearly, e!*” P* : H — H, indeed takes its values in
H and 18, consequently, the adjoint

(PetA) ‘H-H
of the extended operator Pet4.

Indeed, consider {x,,} C H such that, in the topology of H, we have z,, — & € H. We know, by Hypothesis
5.2, that Petx, — PetAZ, hence, for everyy € H,

<xn, etA*P*y>H = <PetAxn, y>H — <PetA§c,y>H.

Hence, the continuous linear form m, on H (represented, with the Riesz identification on H, by et Pry)
given by
my H R, my(h) = <h,etA*P*y> . heH,
H

can be extended to a continuous linear form

7, H R, 7y(h) = <7Pe“‘i}, y>H hed,

with |7, (k)| < |PetA\£(ﬁ’H)|7L|ﬁ|y|H. This is equivalent to say that, under the Riesz identification of H
with H', etA" Py e H C H.

Remark 5.4 In the case of Subsection 3.1 the above Hypotheses 5.1 and 5.2 are satisfied if we choose,
as seen in Subsection 3.1,

H = L*(0), H=D ((—Ao)_3/4_5) = H™32725(0)  (for suitable small € > 0),

A=Ay, C=B=(—Ag)D as from (3.3), P any continuous operator H — H (we will later take P to be
a finite dimensional projection whose image is contained in D ((—Ag)~") for some n > 0). Since we can
extend immediately et to L
etdo: H — H
then, in this case, Petd = PetA.
In the case of Subsection 3.2 the above Hypotheses 5.1 and 5.2 are satisfied if we choose

H =R" x L*(—d,0;R"), H=TR" x C'([~d,0;R"),

(but also H = R™ x W=12([~d,0];R"™) can be chosen), A= Ay, C = B as from (3.20), and P(z¢,71) =
(x0,0). Here the embedding of L*([—d, 0];R"™) C C’([—d,0]; R™) is to be considered in the following sense:
to any f € L*([—d,0]; R™) we associate the measure s € C'([—d,0];R™) such that pug(d€) = f(£)dE.
Note that

Im P = R" x {0}.

Moreover, by (3.17), we have, for x = (xg,z1) € H,

0
Petdy = (emoxo —|—/ 1[_t,0]e(t+s)“°x1(s)ds,0)
—d

Hence, also in this case, we can extend immediately Pet4 to

PetA:H—> H
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by setting, for x = (xg,z1) € R™ x C'([—d, 0]; R"™)

0
PetAy = <et“°x0 +/ 1[t70]e(t+s)a°x1(ds),0> . (5.5)
—d

Hence, also here Hypothesis 5.2-(iii) is satisfied.

Notice that in the second example P can be immediately extended to P : H — H so PetA = P etA
while in the first example P may not admit such an extension (it does when P is a finite dimensional
projection,).

Finally notice that in both ezamples we have ImPetA C ImP. [ |

We pass to define the spaces where our “initial” data will belong.

Definition 5.5 We call B}’ (H) (respectively CI'(H), UCL(H)) the set of functions ¢ : H — R for
which there exists ¢ : Im(P) — R bounded and Borel measurable and (respectively continuous, uniformly
continuous)™® such that

¢(z) = ¢(Px) Vxe H. (5.6)

Remark 5.6 We observe that, in the above Definition 5.5, when ¢ : Im(P) — R is Borel measurable
(respectively continuous, uniformly continuous), then also ¢ is Borel measurable (respectively continuous,
uniformly continuous). Hence we can easily see that BE (H) (respectively CE(H), UCE (H)) is a linear
subspace of By(H) (respectively Cy(H), UCy(H)).

We also observe that the choice of P in our driving examples (Subsections 3.1-3.2) will consider cases
the case when ImP is closed and finite dimensional. It is then useful to recall that, when the image of P
is closed, we can identify the space BE (H) with By(ImP) (and the same for the others). In particular,
in the case of Subsection 3.2, when ImP = R™ x {0}, we immediately see that B (H) ~ By(R"),
CP(H) ~ Cy(R™), UCF(H) ~ UCy(R™). This will be used in the sequel. [ |

To prove our partial smoothing result we need the following controllability-like assumption.
Hypothesis 5.7

(i) We have
Im PetAC C Im(PQ,P*)Y/2, Vit > 0; (5.7)

Consequently, by the Closed Graph Theorem, the operator
APCH) K - H,  APC@W)k:= (PQ,P*)"'/?PetACk Vk € K,
is well defined and bounded for all t > 0.

(i) For every T > 0 there exists kr > 0 and v € (0,1) such that
IAPC @O ey < ot vt € (0,7].

Hypothesis 5.7-(i) is the analogous of the null controllability assumption which guarantees the strong
Feller property of the associated Ornstein-Uhlenbeck transition semigroup, see e.g. [25] and [84], while
5.7-(ii) is an asumption that guarantees that for ¢ — 0, the operator norm of A”C(t) blows up in an
integrable way. Both the assumptions can be verified in some models, namely in the following we show
that the motivating examples introduced in Section 3 satisfy Hypothesis 5.7.

Remark 5.8 In the case of Subsection 3.1 Hypothesis 5.7 is satisfied, e.g., if we choose:
e H H,A C asin Remark 5.4,
e Q= (—A)"2 for some >0

e P a projection on a finite dimensional subspace contained in D(—A)~% for some o > B + i,

13Here we endow ImP C H with the topology inherited by H.
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See Appendix Al.
In the case of Subsection 3.2 the above Hypothesis 5.7 are satisfied if:

e we choose H H,A,C, P as in Remark 5.4;

0
e we assume that Im (et“‘)bo +/ 1[,t’o]e(t+7’)a°b1 (dr)) CImo, Vt> 0. We notice that this con-

dition is verified when o is invertible, and it is a weaker assumption.

See Appendiz A.2. [ |

Now we give the result.

Proposition 5.9 Let Hypotheses 5.1, 5.2 and 5.7-(i) hold true.
Then the semigroup R¢, t > 0 maps functions ¢ € Bf(H) into functions which are C-Fréchet differen-

tiable in H, and the C-derivative is given, for all z € H, by
VO (R [6]) (2)k = /H 5 (=1 + Pea) (NPCE, (PQUP) ™22 ) N(0, PQIP)(dn)  (53)
—E [q‘s (PX(t; 7)) <AP’C(t)k, (PQtP*)—l/QPWA(t)ﬂ (5.9)
Moreover, for any ¢ € Bf (H) and any k € K,
[ (VR (2), k) | < A0l 2ol oo K- (5.10)

Furthermore, if ¢ € CF(H), then VE Ry[¢] € C((0,T] x H; K). Finally, if also Hypothesis 5.7-(ii) holds,

then the map (t,z) — Ry[¢](x) belongs to CIHC([0,T] x H).

Proof.
If € BI'(H), then, by (5.4), for every t > 0 and = € H,

Rid)(x) = /H 3(P= + PeAm)N(0, Q)(d2), = /H (21 + P 2N (0, PQ.P*)(d2), (5.11)

where we adopt the change of variable z; = Pz and we used that the image of the measure N(0,Q;)
through P : H — H is, clearly, N'(0, PQ;P*). Now notice that, defining, for ¢ > 0,

t
L;:L*0,t;K) — H, Liu = / e=AGu(s)ds,
0

we get, by simple computations, that
|(PL)*x|? = (Q P*z, P*x) which implies Im PL, = Im(PQ,P*)'/?.

Hence, in particular the image of of (PQ,P*)'/? is contained in ImP. Moreover, if Hypothesis 5.7-(i)

holds, the above also implies that ImPetAC C ImP for all t+ > 0. Using this fact, for ¢ € B,f(H), t> 0,
reH, ke K, a eR,
Ri[é](z + aCk) :/ H(Pz + PetA(x + aCk)N(0,Q4)(dz),
H
:/ B(z1 + PetA(z + aCk)N (0, PQ:P*)(dz,), (5.12)
H

where, in the second equality, we still use the change of variable z; = Pz. Now we apply the change of
variable 23 = 21 + Pet4aCk to (5.12) getting that, for every ¢t > 0 and ¢ € B (H),

Ri[¢)(x + aCk) = /H (2 + P 2)N (aPetACk, PQ,P*)(dzy). (5.13)
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Now, for ¢ € BI' (H),z € H, k € K, a € R — {0}, we get, by (5.11)-(5.13),

~ [Ril6)( + 0CK) — Rils@)] = _
:é |:/H (ZB(Zl + PetA.’L')N(OéWC/{Z,PQtP*)(dzl) — /I:I (E (Zl + PetACC>N(O,PQtP*) (dzl)} .

By the Cameron-Martin theorem, see e.g. [24], Theorem 1.3.6, the Gaussian measures N (aPetACk, PQtP*)

and N (0, PQ;P*) are equivalent if and only if Pe!ACk € Im(PQ;P*)'/2. In such case, setting, for
y € Im(PQ,P*)'/2, the density is

dt.9:2) = 350, P )

2
~exp {<<PQtP*>1/2y, (PQPY2) ) \(P@P*)l/?y]H} | (5.15)

Such density is well defined for z € (ker PQ,P*)* (see e.g. [34, Proposition 1.59]). Hence, by (5.14),

1
lim —
a—0 o

[Ri[¢)(z + aCk) — R[] (x)] =

. d(t,aPetACk -1
lim d)(zl—i—PetAx) (b, aPet*Ck, 1) N

a—0 H (%

(0, PQ,P*)(dz) (5.16)

Now we observe that, by the definition of AP>C(t),

d(t,aPetACk,z1) —1 1 PC —1/2 o® | po 2
- = |exp a<A C(Dk, (PQ.P*)~Y/ 21>H7 S IAPC@r[, -1
When a — 0 the above limit is, (AP (¢)k, (PQtP*)’1/221>H, which makes sense for all z; € (ker PQ,P*)*
and is an L?(H; N(0, PQ;P*)) function of z; (see again, e.g., [34, Proposition 1.59]). Moreover, with
respect to the measure N(0, PQ;P*)(dz1) the map

21 Qul) = (APC Ok, (PQPT) ™ 221)

is real valued Gaussian random variable with mean 0 and variance |[A” C(t)kﬁ{ (see, e.g. [26, Remark
2.2]). So in particular, for all L > 0 E[e#2l] < +00. Now it is easy to see that

d(t,aPetCk, z1) — 1 < ol QelH[ATC (@)K

2
H

@
Hence we can apply the dominated convergence theorem to (5.16) getting

1
Jlim —
a—0 «

[Ri[#)(x + aCk) — R[¢](z)] =

1 - d(t, aPetACk -1
lim — ¢(21+Pet‘4x) (t,aPet"Ck, 21) N

a—0 v H o

(0, PQuP™)(d21)

_ / & (21 + Petdy) <AP’C(t)k:, (PQtP*)‘1/2z1> N(0, PQ,P*)(dz)
H H

Consequently, along Definition 4.1-(i), there exists the C-directional derivative VR, [¢] (z; k) which is
equal to the above right hand side. Using that AT (#) is continuous we see that the above limit is uniform
for k in the unit ball of K, so there exists the C-Fréchet derivative VCR; [¢] (z). From the above and
from [34, Proposition 1.59] we get

1/2

VER 0] @i < 1l ([ (APCOR (PQP7)20), N0 PGP 1) )
H
= 1Bl I APE Ol < 1611l APE Dl cccn bl
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This gives the required estimate. The statement on continuity follows using the same argument as in [34,
Theorem 4.41-(ii)]. The last statement follows by the last part of Definition 4.5. |

Remark 5.10 The proof generalizes the one of Theorem 4.1 in [51] and the one of Theorem 4.41 in [34].
The main difference between Theorem 4.1 in [51] and the present proposition is that here we are able to
handle an unbounded operator C by enlarging the space H. Notice that in the proof C appears only through
the operator PetAC. Notice also that, as proved above, the image of such operator is contained in Im P,
which is not obvious due to the presence of the closure. On the other hand, the difference with respect
Theorem 4.41 in [34] is that there P is missing and the partial derivatives are taken in the unbounded
but less general case of Definition [34, Definition 4.4). [ ]

Remark 5.11 Generalizing to our setting the ideas of Proposition 4.5 in [51] it is possible to prove that,
if ¢ is more reqular (i.e. ¢ € CL(H)N CF(H), also VER,[@] has more regularity, i.e. VVCR;[4],
VEVR, [¢] exist, coincide, and satisfy suitable formulae and estimates. We omit them here since we do
not need them for the purpose of this paper. They will be useful to find optimal feedback controls, which
will be the subject of a subsequent paper. [ |

6 Partial smoothing for convolutions

To solve HIB equations like (3.10) and (3.29) we need to extend the partial smoothing result of the
previous section to convolutions.

We need first to introduce suitable spaces where such convolutions live and which will be useful later
to perform the fixed point argument to find the solution of our HJB equations.

Definition 6.1 Let T > 0, n € (0,1). A function g € Cy([0,T] x H) N Cy((0,T] x H) belongs to Z%“,n if

e there exists a function f € Cy([0,T] x H) such that'*

glt,z)=f (t,mx) , V(t,z) € (0,T] x H;

e for any t € (0,T] the function g(t,-) is C-Fréchet differentiable on H and there exists a function
f€Cy((0,T] x H; K) such that

19 (tx) = f (1, PeAz),  V(tw) € (0,7] x H.

Remark 6.2 Arguing as in [51, Section 5], it is possible to define a subspace of E%“,n of functions g such
that there exists the second order derivative VNV'© which depends in a special way on x € H. This could be
useful to prove second order reqularity of the solution of our HJB equations. As in Remark 5.11 we omit
this step here: it will be useful to find optimal feedback controls, which will be the subject of a subsequent
paper. [ |

Remark 6.3 We observe that, using substantially the same argument as [51, Lemma 5.2/, one can prove
that

Sr., is a closed subspace of Cg’l’c([O,T] x H) (6.1)

Moreover we also observe that, by Proposition 5.9, it is immediate to see that, under our Hypotheses
5.1-5.2-5.7, for any ¢ € CF(H), we have Ry[¢] € ZlTﬁ.

We now come back to the abstract common setting and we state a first lemma on the regularity of
the convolution type terms.

4By continuity this also implies g(0,x) = f(0, Px) for all 2 € H.
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Lemma 6.4 Let Hypotheses 5.1, 5.2 and 5.7 hold. Let T > 0, C € L(K,H) and let 1) : K* — R be a
Lipschitz continuous function. For every g € ElTW (where « is given in Hypothesis 5.7-(ii)), the function

§:[0,T) x H — R belongs to . where

g(t, x) :/0 Rt_s[¢(vcg(s,~))](x)ds, (t,z) €10,T) x H. (6.2)

Hence, in particular, §(t,-) is C-Fréchet differentiable on H for every t € (0,T] and, for a suitable
constant k (depending only on T and ),

VOGN @) e <R (BT + 0 gl gre ), V(tw) € (0,7) < H. (6.3)

Moreover, for every g1, gs € ZlTﬁ (where 7 is given in Hypothesis 5.7-(ii)), the function g1 — g2 : [0,T] X
H — R belongs to E%pﬁ and, for a suitable constant k (depending only on T and ),

191(t ) = ga(t, )| + 17 [V (0 (1)) (@) = VO (Ga(ts ) (@)] .
<k (E+t7) llgr = g2llore,  V(tx) € (0,T) x H. (6.4)

Proof. We start by proving that g from (6.2) is well defined, continuous, and C-Fréchet differentiable.
First of all, for any g € ZlTﬁ, we denote by f,; and f, the functions associated to it in Definition 6.1.
Hence, given any g € ElTﬁ, we have, for 0 < s <t, z,z € H:

" (ch(s, Pt e<t*S>Ax)) ) (s*7 7, (s, PesAy 1 Wx)) (6.5)
Hence we can give meaning to the left hand side also for € H. So we can write
[ e o (gt @it = [ [ 0 (Wl ) N0 Q-0
- /Ot /H " (s—vfg (s, PesAz +Wx)) NO,Q,_9)(dz),  ¥(t.x)e[0,T] x H. (6.6)

The above implies that § is well defined on [0, 7] x H. Continuity follows using the same argument as in
[34, Proposition 4.50-(ii)]. Consequently the function f; associated to § along Definition 6.1 is

falt,y) = /0 /H P (S_Vfg (s, Pet? s + y)) N(0,Q+—s)(dz)

and, by the Lipschitz assumptions on ),

1fslle < /O [WLip (19(0)] + 57| folloo) ds < W] ip [[W(O)|T + || fylloo (1 —7) 7T 77]

To compute the C-derivative we first compute, using what is given above,

/0 Rey [ (VC(g(s,)))] (@ + aCk)ds (6.7)

( (s, PesAz 4 PetA(x + aCh))) N(0,Qi—s)(dz)ds
= /0 / P (3_7 fy (s, Pethz —|—Wx)) N (maClﬂ, Qt_s> (dz)ds
e

/ V(s f, (5, Pestz + PetA:L")) d(t — s,aPetACk, 2)N (0, Q:—s) (dz)ds,
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where, in the last two equalities, we have used Cameron-Martin Theorem as in the proof of the above
Proposition 5.9, and the density d is given by (5.15). Hence, using (6.6)-(6.7),

i - [/ Ri_s [ (VO (g(s, )] (x + aCk)ds — /Ot R [ (V¥(g(s,))] (x)ds} =

a—0
d(t — 5,aPelACk, 2) — 1
= Tim = // —ng sPeéAz+PetA )) (t =5, aPeCk2) =100, ) (d2)ds
a—0 (6]

At this point we argue exactly as in the proof of the above Proposition 5.9 getting, uniformly for k& in
the unit sphere of K:

1 l ' c S. - T4+« 5 — ! C 5. - 2Vds| =
lim UO R [ (V(g(s,))] (z + aCk)d /ORt_S 6 (V€ (g(s, )] ( )d]

a—0

/ / _"Yfg s, Pe’4z + PetAx)> <Q 1/2P LACKk, Q,_ 1/2 > N (0,Q;—s) (dz)ds.
This implies the required C-Fréchet differentiability and
(VCy(t,x), k) = (6.8)

— /Of /Hq/) (s’Vfg (s,PgSAZ +Wx)) <(Qt__18/2WCk,Qt__l‘g/ZPz>HN(O,Qt_S) (dz)ds.

Moreover, the right hand side of (6.8) provides, when we substitute Pe!4z with y, the function f;
associated to ¢ along the second part of Definition 6.1.
At this point, in order to prove estimate (6.3), we use the above representation and the Holder inequality:

[(VEat2). k) | <

< sz// 19(0 |+‘s 7fg(sPeSAz+PeM )’)

((@ues) 2PeACK Qo) /2P2) [N (0.Qus) ()

L(K;H)

< Wl [ (RO +57 lollogr) @i LPeRCH|, - as

t
< wrlulusy [ (100457 lallggac) (£ = 5)7 bl s
Since . .
[ 191t = ) bl ds = )iyt
0 Y

t t
|57 Iallogs.e (6= lklie ds = Nl Iklic | 5757 ds = lglcns.e IbacB(1 =, 1= )82,
0 0

where by (-, -) we mean the Euler Beta function, the claim follows.
The proof of (6.4) follows in a similar way, taking into account estimate (6.3) an the fact that ¢ is
Lipschitz continuous:

191(t,2) = G2 (t,2))| + 17 [V (G1.(t,)) (@) = VE(G2(t,)) (@) .

<| / Ro—s [ (VC(01(5.))) — ¢ (V< (ga(5,)))] (x)ds]
+ 1 |vC / Ro_s [0 (V€ (g1(5,))) = (VE (gals, )] (x)ds]

/ / fg1 s, Pe*dz 4 PetAg )) {0 (s“’fgz (S,PeSAz—me)))

(@2PPeACk Q2PP) N (0,Qi-s) (d2)ds| + ntlgr = g2l o
<k(t+t") g — gg||cg,1,c, V(t,z) € (0,T] x H.

O

<7
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7 Applying partial smoothing to stochastic control problems

In this Section we first present the stochastic optimal control problem we aim to treat, then we show how
the theory developed in the previous sections allows us to solve the associated HJB equation.

7.1 A stochastic control problem in the abstract setting

We consider the setting of Hypotheses 5.1-5.2-5.7 which we assume to hold. We present first the objective
functional and then the state equation. The goal of the controller is to minimize the following finite horizon
cost (here X(-;t, ) is the state process starting at time ¢ with the datum z),

J(t,z;u) =K (/t [lo(s) + L1 (u(s))] ds + ¢(X(T5t, 33))) (7.1)

over all controls u(-) in
U:={u:]0,T] x Q = U C K, progressively measurable} (7.2)

under the following assumption.

Hypothesis 7.1 We assume that:
(i) the final cost ¢ belongs to Cf'(H) (see Definition 5.5);
(i) The current cost £y is measurable and bounded;

(iii) the set U C K s closed and bounded and the current cost {1 : U — R is measurable and bounded
from below.

Remark 7.2 Note that here the current cost does not depend on the state. Putting the dependence on
the state in the current cost would increase considerably the technical arguments, namely the fixed point
argument in the proof of Theorem 7.5, Section 7.2, wouldn’t work, and it is left for a further paper.

We also underline that the above technical problem cannot be overcome by transforming our Bolza type
problem in a Mayer type problem (i.e. a problem with only the terminal cost) on the line of what is done
e.g. in [14, Remark 7.4.1, p.714]. Indeed, using such transformation the state dependent running cost
would disappear but the state equation would become nonlinear. This would prevent the use of our results
on partial smoothing which, up to now, apply only to linear state equations.

Before introducing the state equation we observe that, due to Hypothesis 7.1-(i) above, what matters
for the controller is the process PX(-). Now consider the following controlled SDE in the real separable
Hilbert space H (here 0 <t <s<T)

{ dX (s) = [AX(s) + Cu(s)]ds + QY/2dW (s), s e (t,T], (73)

X(s)=x€ H, Vsel0,t]

where A, G and W are as in Hypothesis 5.1 and C € £L(K, H) is as in Hypothesis 5.2. Equation (7.3)
is formal and has to be considered in its mild formulation (using the so-called variation of constants, see
e.g. [25, Chapter 7]) which still present some issues. Indeed the mild solution of (7.3) is, still formally,

X(s) =504y —|—/ eCNACU(r)dr —|—/ eTIAQY2aW (r), s € [t,T). (7.4)

t t

Here the first and the third term belong to H, thanks to Hypothesis 5.1, while the second in general does
not. By Hypothesis 5.2-(i) we see that the second term can be written as

/ els=rACy(r)dr € H.
¢

Hence, even when x € H the mild solution belongs to H but ‘ot to H. Moreover, still using Hypothesis
5.2-(i), we see that the mild solution makes sense for all x € H and belongs to H.
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On the other hand, thanks to Hypothesis 5.2-(iii), even when z € H the process PX(s) belongs to H
and can be written as

PX(s) = Pels—DAg 4 / Pe(s=nACu(r)dr + / Pes=mAQY2dW (r), s e (t,T). (7.5)
t t

We define the value function related to this control problem, as usual, as

Vt,z):= in{l J(t, x5 u). (7.6)

ue

7.2 Solution of the HJB equation
We define the Hamiltonian as follows: the current value Hamiltonian Hgy is
Hev(piu) = (p,u) g + £1(u)

and the minimum value Hamiltonian is

The HJB equation associated to the stochastic optimal control problem presented in the above Section
7.1 is then, formally,

_Oultz) L[v(t, (@) + lo(t) + Hmin(VCu(t,2)),  te[0,T], € H,
ot (7.8)
o(T,r) = ¢(),

Here the differential operator £ is the infinitesimal generator of the transition semigroup (R:)o<i<T
defined in (5.4) related to the process Z solution of equation (5.2), namely L is formally defined by

£U7)(x) = 5Tr QV2F(x) + {r, AV f(2) (7.9)

Definition 7.3 We say that a function v : [0,T] x H — R is a mild solution of the HJB equation (7.8)
if the following are satisfied for some v € (0,1):

1. o(T—-,-) € COLC([0,T] x H);

2. the integral equation

T
v(t,x) = Rr_¢[¢](x) +/t Ry_y [Hmnin(VE0(s,-)) + Lo(s)] () ds, (7.10)

is satisfied on [0,T] x H.

We notice that the request in the previous definition 7.3, point 1, implies that VSv(¢, z) can blow up like
(T —¢)".

We now prove existence and uniqueness of a mild solution of the HJIB equation (3.10) and (3.29) by
a fixed point argument.

Remark 7.4 Since functions in C’?/LC ([O, T] x F) are bounded (see Definition 4.5), the above Definition
7.3 requires, among other properties, that a mild solution is continuous and bounded up to T. This
constrains the assumptions on the data, e.g. it implies that the final datum ¢ must be continuous and
bounded. We may change this requirement in the above definition asking only measurability or only
polynomial growth in x so allowing for more general datum ¢ in Hypothesis 7.1-(i). Our main results
will remain true with straightforward modifications (see [34, Chapter 4] for a treatment of such cases in
the case of bounded control operators).

Similarly we may weaken the request of Hypothesis 7.1-(iii) on the boundedness of the set U. This may
result in the fact that the Hamiltonian H,,;, is not Lipschitz continuous. This case, even if more difficult,
could still be treated using the ideas of [47, 71].

22



Theorem 7.5 Let Hypotheses 5.1, 5.2, 5.7 and 7.1 hold true. Then the HJB equation (7.8) admits
a mild solution v according to Definition 7.3. Moreover v is unique among the functions w such that
w(T —-,-) € X1, and it satisfies, for a suitable constant k1,7 > 0, the estimate

[o(T =, )lcore < rrr (€l + [1€olloo) - (7.11)

Proof. We first prove existence and uniqueness of a solution in ZIT’,W by using a fixed point argument
in it. To this aim, first we rewrite (7.10) in a forward way. Namely if v satisfies (7.10) then, setting
w(t,z) :=v(T —t,x) for any (¢,x) € [0,T] x H, we get that w satisfies

t
wlt,a) = Rlo)(o) + | ReolHnin(V€0(s,0) + (o)) ds,  te (0.7, c€ H,  (112)
0
which is the mild form of the forward HJB equation
dult,z) = L[w(t, )] () + Lo(t) + Hpin(VCw(t, x)), te[0,T),z € H,
ot (7.13)
w(0,z) = ().

Referring to equation (7.12), which is the mild version of (7.10), define the map T on %7 | by setting,
for g € 3F .,

T[g)(0,z) := ¢(x),
and, for (¢,z) € (0,T] x H,

Tlg)(t ) = Rifd](x) + / to(s)ds + / Rie o[ Honin(VC g5, )] () ds. (7.14)

Using Proposition 5.9, in particular (5.11), (5.8) and the last statement on continuity, we see that the
sum of the first two terms of (7.14) belongs to Z%ﬁ with

flt,x) = /Hgg(zl + )N (0, PQ:P*)(dz1) —|—/O Lo(s)ds,

ft.a) = [ a1+ ) (APC0,(PQP) 220 ) N0, PQIP)(d),

Moreover, we use Lemma 6.4 (simply substituting the generic function ¢ with H,,;,,) to deduce that the
third term of (7.14) belongs to X7, . Hence T is well defined in %7 |, with values in %7, _ itself.
As stated in Remark 6.3, ZITW is a closed subspace of C’,(Y)’I’C([O, T] x H), and so if T is a contraction, by
the Contraction Mapping Principle there exists a unique (in ZITW) mild solution of (7.8). We then prove
the contraction property of T.

Let g1,92 € ZlT’,Y. We evaluate

1T (g1) — T(92)||21T’7 = [|T(g1) - T(92)||Cg,1,c-

For every (t,z) € (0,T] x H, we have

t
T(gl)(tvx) - T(QQ)(tax) = / R [Hmzn (ch1(8, )) — Hpin (chg(s, ))] (x)ds
0
Hence we can use the second part of Lemma 6.4, namely estimate (6.4), to get
T (g1)(t, ) = L(g2) (¢, 2)| + 7 [VOL(g1) (t,2) = VL (g2) (8, ) [ < K(E+E)]g1 = gall ore. (7.15)

Hence, if T is sufficiently small, we get that the map T is a contraction in Z}ﬂ and, if we denote by w
its unique fixed point, then v := w(T — -,-) turns out to be a mild solution of the HJB equation (7.8),
according to Definition 7.3.

Since the constant C is independent of ¢, the case of generic T" > 0 follows by dividing the interval
[0,7T] into a finite number of subintervals of length § sufficiently small, or equivalently, as done in [69],
by taking an equivalent norm with an adequate exponential weight, such as

Il core = sup [’ f(ta)l+  sup "V |[VOF (o).
(t,@)€(0,T]x H (t,x)e(0,T|xH
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A Appendix: verifying Hypothesis 5.7 in our examples

A.1 The case of boundary control

We consider the stochastic heat equation with boundary control (3.1), reformulated as an abstract evo-
lution equation (3.2), where we choose, according to Subsection 3.1 and Remark 5.4,

H=1*0), H=D ((—AO)*3/4*E> — H3/>72(0) (for suitable small ¢ > 0),

A=Ay, C =B =(—Ay)D as from (3.3). Moreover, as from Remark 5.8 we take Q = (—A)~2# for some
B > 0 and P a projection on a finite dimensional subspace contained in (—A)~% for some o > § + i.
The covariance operator (Q); is given by

t
Qt:/ (—Ag) e ds = (—Ag) P71 (I — ). (A.1)
0

Notice that it can be deduced by the strong Feller property of the heat transition semigroup that Im et4 C
Im Qi / 2, see e.g. [25, Section 9.4 and Appendix B] for a comprehensive bibliography. Now we estimate
|Q: 2et o (—40 D).
In the sequel we denote by Ay > 0, k > 1, A\ ~ +00, the opposite of the eigenvalues of the Laplace
operator in O:
Aoek = —)\kek, k Z 1.

1
Lemma A.1 Let Q; be defined in (A.1). For every e € (0, Z)’ we get, for some Cy > 0,

Qs /2t (— Ao D) || < Cot~177F, (A.2)

Proof. We notice that @, */2et40 (- AgD) = Qt_l/QetAU(on)%“Ds), where D, = (—Ag)3 <D is bounded
1
Ve € (0, 1) Moreover for every a € 0 O

+oo /\1+2ﬁ+g+2ae_2tkk

QP (~4g) it D a = Y 2 oo | (D=a)?
k=1

1 +o00 (t)\k)(%+26+28)6_2t)"‘
= t%+25+25 ; 1— 8_2t>\k

|(Dea)i/?

1 X (tag) (B 28+2)
= tg+2ﬂ+25 ; ezt)\k — ]_

|(Dea)[?

1 p3+2B+2e T

sup S (Deajf?

<3
t§+2ﬂ+26 >0 el — 1 Pt

1 w3t 1
S e g |(Dea)

2 2
< Cor g lal

So we can conclude that as ¢ — 0, Va € 9 O, |Q;1/26tA0(7A0D)a‘2 blows up at most like ¢t—%/2-26-2¢
and so the claim follows. m|

Now we introduce the operator P. Let a > 0, let vy, ..., v, € D((—Ap)?) be linearly independent, and
let P be the projection on the span of (vq,...,v,), namely

P:H— H, szZ(m,vi>vi,Vx€H. (A.3)

i=1
We set moreover, noticing that P = P*,

Q: := PQ,P = P(—A)"'P(I — Y P (A.4)
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Notice that P, := (—A4p)“P is a continuous operator on H. Hence
PetAo By = Pt (= Ag)iT5((—A9)i D),  (PetM0Bg)" = ((—Ag)i “D)"(=Ag)i = e P,

(QeP*x, P*z) = (I — ) (—Ag) ' 2P Pz, Pox)

The aim now is to verify that Im Pet4o(—AgD) C Im Qtl/z and to estimate HQ;lﬂPetAO(—AOD)H.
Lemma A.2 Let Q; be defined in (A.4). Let o > B+ L. Then, fore € (0, 1),

C

tl—a'

Im PetA(—AoD) c ImQ/2,  ||Q; /*PetA(—AyD)|| <

(A.5)

Proof. In the proof we consider the case of the projection on the space generated by only one element
v € D((—A)%), namely in the proof P : H — H, Px = (x,v)v, Vo € H, the extension to a map as in
(A.3) being direct.

We notice that

_ ~1/2 1— 67216)\;c
<th7x> = |Qt 1’| CE v | Z 1+25 vk
k>1
and so

~—1/2 1 1 1 1
|Qt | 2 —2tA S 1+2 2 2tAp, _ (AG)

|U| Zk>1 ! /\61+2ﬁ k“k t+20]| Zk>1 W%”k

1 1 < 1 1 <C 1
< < < Co
SR Y, AN S TR S 07 AR

Moreover we can write, Va € 0 O and setting D, := (_Ao)i—f
S FAL S4e _
Petdo(—AgD)a = Pe' o (—Ag)i*°D.a = (Z A e Mk(Dea)kvk> v
E>1

so it is immediate to see that
Im Pet4o B € Im Ql/Z.

Taking into account that D, is a bounded operator and that v € D((—A)%) we get

(Z)\EJrEeft)\k (Dsa)kvk>2 _ (ZAEJrafaeft)\k (Dsa)ko\k)avk>2

k>1 k>1

= | ST (D) () oy 2

k>1
3 _
< Z/\Izﬂe 2ae*2“"“|(Dea)i Z)\iavﬁ
k>1 k>1
1
<O Do (EAR) TR (Doa) | A,

k>1

So by these calculations, and by estimate (A.6) we get, with the constant Cj independent on ¢ and that
may change value from line to line,

1 1
t1+2B |4 3 +2e+26—2a

Q; /*PetA(~AgD)al? < Co S (tAg) BRI =20 (D)2 || A%

E>1
1 1 3
s4+2e—2a  —2x 2
V5= Sup 2 e **|D.al’.
"U|4 t§+2[3+25—2a >0

Choosing o > i + [ =1 — 2¢ we conclude the proof. O
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A.2 The case of delay in the control

We consider equation (3.24) in Section 3.2 and we notice that for every (zg,xz1) € H the covariance
operator (J; of the stochastic convolution can be written as

Qt (Io, 1‘1) = (le‘o, O) s (A?)

where QY is the selfadjoint operator in R™ defined as

¢
QY ::/0 e go*ed™ ds, (A.8)

see [51], Lemma 4.6. So
ImQ; = Im QY x {0} CR™ x {0}.

Lemma A.3 The operator QY defined in (A.8) is invertible for all t > 0 if and only if
Im(o, ago, . . . ,agfla) =R", (A.9)

Let P be the projection on the first component: ¥(xg,x1) € H, P(xg,z1) = (20,0). Then (5.7) holds if
and only if

0
Im <et“°b0 + /d 1[_t,0}e(t+r)a0b1(dr)> C Im(o,ag0, ...ap" o). (A.10)
If moreover
0
Im (etaobo —I—/ 1[t,0}e(t+r)a0b1(dr)) ClImo, Vt>O0. (A.11)
—d
then
|(PQ.P*)~'/2PetAr By || < Ct~1/2. (A.12)

Proof. In this case (5.7) is written as
Im PetA1 B; C Im(PQ,P*)"/?, vt > 0.

Recalling (3.22) we see that Pet41 B; is a bounded operator and can be written as

. 0
PetAB, = (em"xo—&-/ 1[t70]e(t+s)“°b1(d8),0> .
—d

Hence the inclusion follows exactly as in [51] in the case when Bj is a bounded operator: indeed, in [51],
formula (4.35), Proposition 4.11 the only difference is that in the present paper b () is not necessarily
absolutely continuous with respect to the Lebesgue measure) but this does not affect the image of Pet4 By.
Hence, by [51], Proposition 4.11, it immediately follows (A.12). |
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