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Abstract. In this manuscript we consider a class of optimal control problems of stochastic
differential delay equations. First, we rewrite the problem in a suitable infinite-dimensional Hilbert
space. Then, using the dynamic programming approach, we characterize the value function of the
problem as the unique viscosity solution of the associated infinite-dimensional Hamilton-Jacobi-
Bellman equation. Finally, we prove a Cl:®-partial regularity of the value function. We apply
these results to path dependent financial and economic problems (Merton-like portfolio problem and
optimal advertising).
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1. Introduction. In this paper, we consider a class of stochastic optimal control
problems with infinite horizon with delays in the state equation. Precisely, the state
equation is a stochastic delay differential equation (SDDE) in R™ of the form

dy(t)=bo (y(t)v/_im(&)y(t%) d&U(t)) dt+oo (y(t)v/

0

as()y(t4€) de u<t>) aw(e),

with initial data y(0) = z¢ and y(&) = x1(§) for £ € [—d,0]. Here, u is a control process
ranging in a suitable set of admissible processes U, and the goal is to minimize, for
u(-) €U, a functional of the form

Hasu() =B | [ ey, uonit] . o= (oo

Our goal is to employ the dynamic programming approach and characterize the
value function V for the problem as the unique solution of the Hamilton-Jacobi-
Bellman (HJB) equation in an appropriate sense, and prove its suitable regularity
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properties, having in mind construction of optimal feedback controls. As it is well
known, the main difficulty for delay problems is in the lack of Markovianity, which
prevents a direct application of the dynamic programming method. In fact, even
though the dynamic programming principle can be proved (see [61]), it is not im-
mediately clear how to derive an HJB equation, which is, in general, intrinsically
infinite-dimensional, as the initial datum x; is a function. If the delay kernels a1, as
have a special structure, the HJB equation can be reduced to a finite-dimensional one
(see, e.g., [62]). However, this is not the case in general and other approaches are
needed to tackle the problem. A possible method consists of developing and using
an Itd’s formula based on differential calculus for equations with delay, leading to a
theory of the so-called path-dependent PDEs (see, e.g., [6, 7, 21, 31, 32, 33, 76, 77
and the references therein). Another approach, which is the one we follow here, is to
lift the state equation to an infinite-dimensional Banach or Hilbert space (depending
on the regularity of the data), in order to regain Markovianity. This is done at a cost
of moving to infinite-dimension.! To be more precise, the state equation and the cost
functional are then rewritten in a suitable infinite-dimensional space as

dY (t) = [AY (£) + b(Y (), u(t))]dt + o (Y (), u(t)) dW (), Y (0) =z = (z0,21),

and
Sasu() =5 | [T eyl

with suitable A, b, o, L. This is explained in section 3. Once this is done, one may try
to employ techniques of stochastic optimal control in infinite-dimensional spaces and
study the associated infinite-dimensional HJB equation. We approach this infinite-
dimensional HJB equation by means of viscosity solutions, whose theory is developed
better in Hilbert spaces (see, e.g., [23, 63] for first order equations and deterministic
problems; [36] for second order equations and stochastic problems). Thus we take
the data allowing one to rewrite the state equation in the Hilbert space X := R" x
L?([—d,0]; R™). The HJB equation on X has the form

pv(z) — (Az, Dv(z)) + ﬁ(x,Dzov(x),Dgov(x)) =0, z=(z0,21(")) € X,

where the Hamiltonian H only involves the derivatives with respect to the finite-
dimensional component zq (see section 5).

PDEs in Hilbert spaces have been studied following at least four different ap-
proaches, based on various notions of solutions. We recall them here, together with
their variants, and then describe how these approaches were applied to stochastic
optimal control problems coming from delay problems.

(i) Classical solutions (e.g., see [36, Chapter 2]). Classical solutions are rare as

the regularity required for this notion of solution is typically hard to obtain.

(ii) Viscosity solutions (see, e.g., [63, Chapter 6] and [36, Chapter 3] for a general

overview, respectively, in the deterministic and the stochastic case). This
approach is particularly suitable to treat first and second order fully nonlinear
degenerate HJB equations.

(iii) Mild solutions in spaces of continuous functions via fixed point methods. This

method was initiated in the deterministic case in [4] and then developed by
many other authors (see [36, Chapter 4] for an overview).

IFor the procedure of rewriting deterministic delay differential equations, we refer the reader to
[8, Part II, Chapter 4]. For the stochastic case, one may consult [20, 24, 53, 54, 46] for the Hilbert
space case and [69, 70, 47] for the Banach space case. A “mixed” approach is employed in [40].
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(iv) Mild solutions in (L?, i) spaces, where p is an invariant measure of the un-
controlled system (see, e.g., [36, Chapter 5] and [52]).

(v) Mild solutions in spaces of continuous functions via backward stochastic dif-
ferential equations (BSDEs) methods (see, e.g. [36, Chapter 6] for a complete
picture and also the original works [49] and [50]). This method relies on an ex-
tension to infinite dimension of the celebrated BSDEs approach to semilinear
HJB equation initiated by [73] and then developed by many other authors.

(vi) Regular solutions via convex regularization procedures. This approach was
introduced mostly to study the parabolic case and requires a strong regularity
of the data (e.g., the initial condition of the parabolic HJB must be convex
and C?); see [4]. It was then developed further only for first order equations
(e.g., see [36, Chapter 4, Bibliographic Notes]).

(vii) Explicit (classical) solutions. This method is applied only in special cases,
typically for linear-quadratic and linear-power problems; still it may provide
interesting applications to economic theory. For an overview, see [36, Chapter
4, Section 10].

Regarding applications of these various approaches to stochastic optimal control

problems arising from delay equations, the general “state of the art” is the following.

e The approach based on mild solutions was successfully employed using the
three methods (iii)—(v) to treat such problems. However, the main drawback
of these methods is that they work only for semilinear HJB equations (i.e.,
when there is no control in the diffusion coefficient) and they also require
many technical assumptions on the data. Smoothing properties of the tran-
sition semigroup associated to the linear part of the equation are needed for
the fixed point approach.? The linearity of the state equation, the so-called
structure condition, that is the requirement that the range of the control op-
erator is contained in the range of the noise, as well as constraints on the
data guaranteeing the existence of an invariant measure, are needed for the
(L?,11)® approach. A special structure condition is also needed for the BS-
DEs approach.? In all cases there are also some limits on the generality of
the coefficients of the delay state equation, leaving out some interesting cases
arising in applications; for instance, portfolio problems, where the control
naturally acts in the diffusion, leading to a fully nonlinear HJB equation.

e Regarding the approach based on (vi), such methods were employed in [37, 38,
39] to study a deterministic optimal investment problem with vintage capital.’

e The approach based on (vii) was employed to study deterministic and stochas-
tic problems with differential delay equations, for example in [34, 2, 3, 11, 12,
13).

e The theory of viscosity solutions (ii) was first applied to deterministic control
problems. The notion of the so-called B-continuous viscosity solutions in in-
finite dimension from [23] is employed in [42, 43, 45], where a class optimal
control problem with delays and state constraints was considered: the value

2This property intrinsically does not hold for infinite-dimensional systems coming from de-
lay equations; the problem can be circumvented by looking at partial smoothing properties, see
[55, 56, 57, 66].

3See [53].

4See, e.g., [48] and also [36, Chapter 6, section 6.6].

5Even if, strictly speaking, these are not optimal control problems with delay, their infinite-
dimensional formulation shares the same features with the latter, as the unbounded operator is the
first derivative.
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function was proved to be a viscosity solution of the HJB equation and a par-
tial Ct-regularity of the value function was obtained. This regularity result
allowed one to construct optimal feedback controls. Another concept of vis-
cosity solution was used in [17], where the value function was characterized as
the unique solution in that sense. There have also been some results in the sto-
chastic case. We refer to [85, 86, 87], where approaches using appropriately
defined viscosity solutions in spaces of right-continuous functions and contin-
uous functions were studied. In [79] the authors prove existence, uniqueness,
and partial regularity of viscosity solutions to Kolmogorov equations® related
to stochastic delay equations. Our paper can be considered as an extension
of this paper to the case of fully nonlinear HJB equations.
We now describe in detail the results of this paper and compare them with the related
literature. First, after rewriting the problem as an infinite-dimensional control prob-
lem (see Proposition 3.1), in order to apply the theory of viscosity solutions in Hilbert
spaces [36], we rewrite it further by introducing a maximal dissipative operator Ain
the state equation (see Proposition 3.3) and introduce an operator B satisfying the
so-called weak B-condition (see Proposition 3.5). Then, we prove that the data of the
problem satisfy some regularity conditions with respect to the norm induced by the
operator B'/? (see Lemma 4.1). This enables us to characterize the value function of
the problem as the unique viscosity solution of the infinite-dimensional HJB equation
(our first main result, Theorem 5.4). To the best of our knowledge, this is the first
existence and uniqueness result for fully nonlinear HJB equations in Hilbert spaces
related to a general class of stochastic optimal control problems with delays involving
controls in the diffusion coefficient.

Unfortunately, due to the lack of good regularity results, in general the notion of
viscosity solution does not provide tools to construct optimal controls. In particular,
verification theorems in the context of viscosity solutions are difficult to implement,
especially in the stochastic case.” For these reasons, obtaining regularity results (even
only partial) is very important. In this respect, we have to mention that some of
the aforementioned papers go exactly in this direction. In [42], in a purely determin-
istic framework, using the convexity of the value function, the authors are able to
prove a (finite-dimensional) C!-regularity of the value function with respect to the
ro-component. This result is the basis for construction of optimal feedback controls
via an ad hoc verification theorem using viscosity property of the value function, a
goal obtained in [43]. In our paper, we have to deal with the stochastic framework
and we do not impose conditions ensuring the convexity of the value function, so the
techniques of [42] to prove the desired partial regularity are not applicable. Instead,
we rely on smoothing properties of the noise to obtain a similar result. This approach
is inspired by the arguments of [79] for Kolmogorov equations and a finite-dimensional
reduction procedure which first appeared in [64]. We prove the C*® partial regularity
of V(zg,x1) with respect to the zg-component (see Theorem 6.5) under rather gen-
eral assumptions (we only require some standard Lipschitz conditions on the data,
uniform in the control variable and uniform ellipticity condition of the diffusion on

6Control problems are not considered there.

"To have an idea about how much the problem is tricky and delicate, the reader may look at, in
finite dimension, [84, Chapter 5], [58], and [59]; for deterministic optimal control problems in finite
dimension, see also [5]. For the infinite-dimensional case, the situation is clearly even more technical:
in the deterministic setting some formulations can be found in [63, Chapter 6], [16], and [35]; in the
stochastic case we mention a recent paper [80]. Optimal feedback controls are constructed for a class
of problems with bounded evolution in [67].
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bounded sets). Fixing the infinite-dimensional component x1, we reduce the infinite-
dimensional HJB equation (5.5) to a uniformly elliptic second order finite-dimensional
PDE. Then standard elliptic regularity results give the required C1'*-regularity. How-
ever, our method is different and more efficient with respect to the one used in [79].
In [79], an approximating procedure is employed: infinite-dimensional SDEs with
smoothed coefficients and Yosida approximations of the unbounded operator are con-
sidered, with the corresponding value functions for a smoothed out payoff function.
Then, it is proved there that the finite-dimensional sections of the approximating
value functions are viscosity solutions of certain linear finite-dimensional parabolic
equations for which C'1:®-estimates hold and the result follows by passing to the limit.
In our paper we simplify considerably the argument, avoiding this complex approx-
imating procedure by using deeper results from the theory of LP-viscosity solutions
[15, 81, 82]. And our method works for fully nonlinear equations and hence for control
problems with controls in the drift and the diffusion coefficients.

The O partial regularity result is interesting on its own and seems to be the
first one for fully nonlinear second order HJB equations with unbounded operators in
Hilbert spaces. From the point of view of the control problem, it is particularly rele-
vant as, under some additional natural assumptions, it allows one to define a possible
optimal feedback control. However, to prove that this control is actually optimal is
not an easy task. We will address this in a future publication. Concerning regular-
ity results for HIB equations related to delay problems in the existing literature, we
observe that in [65, 48] the full Gateaux differentiability of the solution is obtained
by means of an approach via BSDEs, assuming the differentiability of the data, and
applied to problems with delays (see also [36, Chapter 6] in Hilbert spaces). For
mild solutions in (L2, i) spaces, in [36, Chapter 5] a first-order regularity of the solu-
tion in a Sobolev sense is proved (applications to delay problems are provided in [36,
subsection 5.6]). In [66], the Gateaux differentiability of the solution is obtained by
means of a partial smoothing of the semigroup. We also mention that in the case of
bounded HJB equations (unrelated to delay problems), some C!:! regularity results
for viscosity solutions were obtained in [9, 10, 51, 64, 67] for first and second order
HJB equations in Hilbert spaces and spaces of probability measures.

We also provide two applications of our results. First, we consider a Merton-type
portfolio optimization problem with path-dependency features in the dynamics of the
risky asset.® Merton’s problem with path-dependency features in the stock price was
studied in [72] (see also the references therein), where an exponential structure of
the delay kernel is assumed; the problem is approached by employing the methods
of [62] to reduce the infinite-dimensional HJB equation to a finite-dimensional one.
Other results in this direction are in [11, 12, 13], where the authors consider the
life-cycle optimal portfolio choice problem faced by an agent receiving labor income
whose dynamic has delays, while the dynamics of the risky assets are Markovian. As
a second application, we illustrate the stochastic optimal advertising problem with
delays, studied in the literature in [53].

This paper is organized as follows. In section 2 we introduce the problem and state
the main assumptions. In section 3 we rewrite the problem in an infinite-dimensional
setting. In section 4 we prove some preliminary estimates for solutions of the state
equation and the value function. In section 5 we introduce the notion of viscosity
solution of the HJB equation and state a theorem about the existence and uniqueness

8See [68] for the original problem formulation and [60] for a complete exposition with a quanti-
tative analysis on why path-dependent models are important in financial modeling.
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of viscosity solutions, and characterize the value function as the unique viscosity so-
lution. In section 6 we prove, under additional assumptions, a partial C'*® regularity
result for the value function. Section 7 is devoted to the two applications.

2. The optimal control problem: Setup and assumptions. We denote by
M™>"™ the space of real valued m x n-matrices and we denote by |- | the Euclidean
norm in R™ as well as the norm of elements of M™*"™ regarded as linear operators
from R™ to R™. We will write « - y for the inner product in R". Given d > 0,
we consider the standard Lebesgue space L? := L?([—d,0];R™) of square integrable
functions from [—d, 0] to R". We denote by (-,-)72 the inner product in L? and by
||z the norm. We also consider the standard Sobolev space W12 := W12([—d, 0]; R™)
of functions in L? admitting weak derivative in L?, endowed with the inner product
(Foghwz = (frg)12 + (f'sg") 12 and norm |flwrs i= (|2 + |f'[2:)%, which render
it a Hilbert space. It is well known that the space W12 can be identified with the
space of absolutely continuous functions from [—d, 0] to R".

Let 7= (Q, F, (Ft)i>0,P, W) be a reference probability space, that is (Q, F,P) is
a complete probability space, W = (W (t)):>0 is a standard R?-valued Wiener process,
W(0) =0, and (F¢):>0 is the augmented filtration generated by W. We consider the
following controlled SDDE:

2.1)
dy(t)=bo (yu), / @O+ da,uof)) dt-+o0 <y<t>, / a©lt+ ), u<t>) aw (1),
y(O) = o, y(&) 2151(5) er [_d7 O)a

where d > 0 is the maximum delay and
(i) zo €R™, z1 € L?([—d,0]; R™) are the initial conditions;
(i) bo: R" x R" x U = R™, 0¢: R" x R" x U — M™¥4;
(iii) a;:[—d,0] = M for i =1,2 and if @] is the jth row of a;(-) for j=1,...,h,
then a! € W'? and al(—d) =0.
The precise assumptions on by, oy will be given below.

Remark 2.1. In (2.1), setting the initial value, we have separated the role of the
present y(0) from the role of past y(§) for £ € [—d,0). This is due to the fact that we
want to embed the SDDE into an infinite-dimensional product space framework which
in our case is the Hilbert space R™ x L2.9 The choice of working within a product space
framework allows more flexibility in the study of the HJB equation, as it naturally
separates, in the infinite-dimensional formulation, the “present” component y(0) from
the “past” component y(£)¢c[—q,0) and allows one to study the regularity of its solution
only with respect to the former one, which is finite dimensional. Other possible kinds
of infinite-dimensional formulations in the spirit of the product space approach have
been introduced in the literature. We refer to [48, 47]. Their advantage, compared
to our approach, is in treating functionals with pointwise delay in the SDDE (cf.
Remark 2.2 below). The variation of the “present component” in these papers is
connected to the notion of the vertical derivative in the so-called functional Ité’s
calculus (see, e.g., [18, 19]).

9 Alternatively, one could, for instance, embed the SDDE in the infinite-dimensional space Banach
space C([—d,0];R™) (then it is natural to take the initial datum y(§), £ € [—d, 0] in C([—d, 0]; R™); for
a comparison between these two approaches, we refer to [8, Part II, Chapter 4] in the deterministic
setting. However, note that C([—d,0];R™) is embedded in R™ x L?; so, if 1 € C([—d,0];R™), nothing
prevents us to take zg = z1(0), so to set y(§) =1 (&) for every & € [—d,0].
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Remark 2.2. As in [42, 79], we assume that the delay kernels ag are regular
functions: a] € W2, Hence, we cannot treat the general case of a] being a measure
(e.g., the pointwise delay given by Dirac delta §_4 are not covered by our approach).
However, we point out that, even though a more general case of a measure can be
handled by the approaches via mild solutions or BSDE’s (see, e.g., [36]), here we are
able to cover the case of control in the diffusion term, leading to a fully nonlinear
HJB equation, and we also avoid assuming differentiability of the coefficients.

Remark 2.3. As in [42, 79], the condition a;(—d) =0, for i =1,2, is technical (see
Remark 4.2). Yet, it is not too restrictive in applications: indeed, one can always take
a slightly larger d. :=d + ¢, and extend a; to an absolutely continuous M"*"-valued
function a$ over [—d.,0] in such a way that a;(—d.) = 0. Clearly, using the above
procedure, the structure of (2.1) changes and so does its solution. However, some
convergences can be guaranteed. We refer to Remark 3.2 for more details.

We consider the following infinite horizon optimal control problem. Given x =
(z0,71) €R™ x L?, we define a cost functional of the form

(2.2) J(esu()) =E [ / ey (), u(t))dt]

where p > 0 is the discount factor, [: R™ x U — R is the running cost and U C RP.
For every reference probability space 7 we consider the set of control processes

Ur ={u(-): Q x [0,+00) = U : u(-)is (F;)-progressively measurable}.

We define
u=\Ju.,

where the union is taken over all reference probability spaces 7. The goal is to
minimize J(z,u(-)) over all u(-) €Y. This is a standard setup of a stochastic optimal
control problem (see [84, 36]) used to apply the dynamic programming approach. We
remark (see, e.g., [36, section 2.3.2]) that

inf J(z,u(-)= inf J(z,u(
Jof (@)= b (@ u()

for every reference probability space 7 so the optimal control problem is, in fact, in-
dependent of the choice of a reference probability space. We will assume the following
conditions.

Assumption 2.4. The functions by, o are continuous and such that there exist
constants L,C > 0 such that, for every z,z, 22 € R", 2,21, 20 € R" and every u € U,

|bo(z, z,u)| < C(1 + || + [2]),
|00(x,z,u)| < C(l + |'73| + |Z|)7
|bo (22, z2,u) — bo (21, 21, w)| < L(|xe — 1| + |22 — 21]),

loo(z2, 22,u) — oo(w1, 21,u)| < L(|wg — 21| + |22 — 21]).

Under Assumption 2.4, by [78, Theorem IX.2.1], for each initial datum z :=
(20,21) € R™ x L?([—d,0];R™) and each control u(-) € U, there exists a unique (up to
indistinguishability) strong solution to (2.1) and this solution admits a version with
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continuous paths that we denote by y**. The proof that the assumptions of [78,
Theorem IX.2.1] are satisfied can be found in [46, Proposition 2.5].

Assumption 2.5. 1: R" x U — R is continuous and is such that the following hold.
(i) There exist constants K, m > 0, such that

(2.3) (z,w)| < K1+ |2") YyeR", Yuel.

(ii) There exists a local modulus of continuity for /, uniform in v € U, i.e., for
each R > 0, there exists a nondecreasing function wg : RT™ — R™ such that
lim, o+ wgr(r) =0 and

(2.4) l1(z,u) —1(2',u)| <wgr(]z = #|)

for every z,z’ € R™ such that |z|,|z'| < R and every u e U.

We will later show that, suitably reformulating the state equation in an infinite-
dimensional framework, the cost functional is well defined and finite for a sufficiently
large discount factor p >0 (see Assumption 4.4).

Throughout this paper we will write C' > 0,w,wpg to indicate, respectively, a
constant, a modulus continuity, and a local modulus of continuity, which may change
from place to place if the precise dependence on other data is not important.

3. The equivalent infinite dimensional Markovian representation. The
optimal control problem at hand is not Markovian due to the delay. In order to regain
Markovianity and approach the problem by dynamic programming, following a well-
known procedure (see [8, Part II, Chapter 4] for deterministic delay equations and
[20, 26, 42] for the stochastic case), we reformulate the state equation by lifting it to
an infinite-dimensional space.

We define X := R" x L2, An element x € X is a couple x = (x¢,z;), where
1o € R, 71 € L?; sometimes, we will write x = [5°]. The space X is a Hilbert space
when endowed with the inner product

0
(x,z>X::xo-z0+<x1,zl>L2:aﬁ0z0+/dxl(f)-zl(f)df, x=(z9,21), 2=(20,21) € X.

The induced norm, denoted by |- |x, is then

0 1/2
jalx = (|xo|2 + [ m©: dg) L 2= (zpm) EX.

For R > 0, we denote

BR::{,’BEXZ|.I“X<R}, B%:={$0€R7li|wo|<R},
Bll% = {:cl S L2[—d, O] : |£L’1|L2 < R}
to be the open balls of radius R in X, R", and L?, respectively. We denote by £(X)

the space of bounded linear operators from X to X, endowed with the operator norm
|L|(x) =sup|y =1 |Lx|x. An operator L € L(X) can be seen as

_|Loo Lo1| |zo B
Lz = |:L10 L11:| |:.’E1:| ’ x*(anxl) er
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where Lgg: R* = R", Lo;: L? - R"™, Lig: R* = L?, Ly;: L? — L? are bounded linear
operators. Moreover, given two separable Hilbert spaces (H, (-, )u), (K, (:,")k), we
denote by £1(H, K) the space of trace-class operators endowed with the norm

|L|£1(H,K) :1nf{2|az|H|bZ|K : Lx:Zbi<ai,x>H,ai eH b, e KVi EN}
i€N i€N
We also denote by Lo(H, K) the space of Hilbert—Schmidt operators from H to K
endowed with the norm |L|z, g x) = (Tr(L*L))Y/2. When H = K we simply write
Ly(H), L2(H). We denote by S(H) the space of self-adjoint operators in L(H). If
Y, Z e S(H), we write Y < Z if (Yz,z) <(Zx,x) for every z € H.
We define the operator A: D(A) C X — X:

Ax = LC?/} , D(A)= {a:: (xo,x1)€X: 11 c w2, Il(O)zxo},

By [8, Theorem 4.2], the operator A is the generator of a strongly continuous semi-

group et on X, whose explicit expression is

Zo

Aty _ [
I_qo(t+ o1 (t+-) + Ijpoe) (4 )0’

e x=(z9,71) € X.

Notice that

(3.1) e x) < (21 +d))Y? v >o0.

The adjoint of the operator A is the operator (see [42, Proposition 3.4])

(3.2) Ax = [‘”1(9)] . D(A")={z=(zg,71) EX 21 € W"?, 21(—d)=0}.
!

We now define b: X x U — X (with a small abuse of notation for by(z,u)) by

b ) = {bo% u)} _ [bo (xo,ffdaléf)m(f) d&u)] | o= (so.c1)€X, uED,

and 0: X x U — L(R?, X) (again with a small abuse of notation for o¢(z,u)) by

o, w)w = {ao(x,U)w} _ [00 (zo,fodag(é)xl(f)df,u) w] ,

0
x=(xg,x1) € X, ueU, weR?.

Given z € X and a control process u(-) € U, we consider the following infinite-
dimensional stochastic differential equation:

{dY(t) =[AY (t) +b(Y (t),u(t))]dt + o(Y (t),u(t)) dW(t),

(33) Y(0) = 2.

It is well known (see, e.g., [26]) that there exists a unique mild solution to (3.3), that
is an X-valued progressively measurable stochastic process Y satisfying

¢ ¢
Y (t) =eMa + / eA=Ib(Y (s),u(s))ds + / A=) (Y(s),u(s))dW(s) Vt>0.

0 0
The infinite-dimensional stochastic differential equation (3.3) is linked to (2.1) by the
following result; see [46, Theorem 3.4] (cf. also the original result in the linear case
[20]).
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PROPOSITION 3.1. Let Assumption 2.4 hold. Given x € X and u(-) €U, let y™

be the unique strong solution to (2.1), and let Y®% be the unique mild solution to
(3.3). Then

You) = (y™ ),y " (t +)l—a0) VE>0.

Proposition 3.1 provides a Markovian reformulation of the optimal control prob-
lem in the Hilbert space X. Indeed, the functional (2.2) can be rewritten in X as

(3.4) J(z;u() =E [/ e PHULY ™" (1), u(t)))dt |,
0
where L: X x U — R is defined by
L(z,u) :==1(zo,u), == (z9,71)€X, uel.
The value function V for this problem is defined by

V(z):= inf J(z;u(-)).
(z):= inf J(@;u())

Remark 3.2. If we use the procedure described in Remark 2.3, we may embed all
the “e-problems” in the space X; = R" x L?([—d — 1,0];R™). Then, calling Y*(¢) the
state of the infinite-dimensional representation for the “s-problems”, it is possible to
prove that there exists A > 0 such that

(3.5) E[|Ye(t) - Y(t)[%,] <Ce/2eMazlk, =5 0.
Then, if J¢, V¢ are the cost functional and the value function associated to the e-
problems, using (3.5) and taking p large enough, one can show that

. crn

E%V (x) =V (z).
On the other hand, the convergence of the derivatives of V¢ to the derivatives of V'
cannot be proved a priori. Hence, the convergence of a (candidate) optimal feed-
back control uX(-) constructed by optimal synthesis to a (candidate) optimal feedback
control u*(+) for the original problem is not clear.

3.1. Rewriting of the state equation using a maximal monotone opera-
tor. In this subsection we rewrite the state equation (3.3) using a maximal dissipative
operator A. This is needed to be in the framework of the theory of viscosity solutions
to the associated HJB equation (see [36, Chapter 3]). To do this we introduce the
operator A: D(A) C X — X defined by A:= A — (z0,0), i.e.,

(3.6) Ax= [;T,O} , D(A)=D(A)= {z=(z0,21) €EX 1z €W"2 21(0) =20} .

PROPOSITION 3.3. The operator A defined in (3.6) is mazimal dissipative.

Proof. Let x € D(A). Taking into account that x1(0) =z, we have

i e e, [m©P)”
(Az,x) x = —|zo| +/_d<x1(§),x1(§)>d§_ EN +[ 5 ]_d
2
:7|x;| — |z (—=d)|* <0,

so A is dissipative.
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In order to prove that A is maximal dissipative we need to show that R(AI — 121) =
X for some A > 0. This means that we have to show that there exists some A > 0 such
that, for each y = (yo,y1) € X, we can find x = (zg,z1) € D(A) such that \z — Az =y,
ie.,

)\ =
(3.7) {$o+$o Yo,

Ary — 1 =y
Indeed this is true for each A > 0. Let A > 0 and take an arbitrary y = (yo,y1) € X.
By the first equation in (3.7), we have

1
T+ A7

o=

Now recall that if z = (zg,z1) € D(A), we must have x1(0) = zo = yo/(1 + ). The
second equation of (3.7) is then the ODE

21 (€) =Az1(§) —y1(§) VEE€([=d, 0], 1(0)=yo/(1+ ).
Its unique solution z; € W2 is given by

1
DY

0
a1(€) e yo + L e My (r)dr V€€ [~d,0].

Therefore, we found the unique solution = = (zg, 1) € D(A) to the abstract equation
(M — A)x =y, showing the maximality of A. d

By Proposition 3.3, we can now rewrite (3.3) using the maximal dissipative op-
erator A as

dY (t) = [AY(t) LY (D), u(t))] dt + (Y (1), u(t)) dW (1),

(3.8)
Y(0)=z€X,

where b: X x U — X is defined by

b(z u)__b(x,u)4[$0]__lbo (movlfdcu(ﬁ)m1(£)d€,u) + 2o

; 0 0 , x=(xg,z1) € X, uel.

Since the operator A is the sum of A and a bounded operator, by [30, Corollary 1.7]
we conclude that (3.8) is equivalent to (3.3) and they have the same (unique) mild
solution given, in terms of A, by

¢ t
(3.9) Y@ :eAtx—i—/ eAt=9) B(Y(s),u(s))ds—i—/ e a (Y (s),u(s))dW (s).
0 0

3.2. Weak B-condition. In this subsection we recall the concept of weak B-
condition (for A) and introduce an operator B satisfying it. This concept is funda-
mental in the theory of viscosity solutions in Hilbert spaces (see [36, Chapter 3]),
which will be used in this paper. We first notice that by (3.2) and the definition of
A, the adjoint operator A* :D(fl*) C X — X is given by

Jrg= {“(0) » “30} . D(A*)=D(A*) = {z = (0,21) € X :21 € W([~d,0); R"),
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DEFINITION 3.4 (See [36, Definition 3.9]). We say that B € L(X) satisfies the
weak B-condition (for A) if the following hold:
1) B is strictly positive, i.e., (Bx,x)x >0 for every x #0;
(ii) B is self-adjoint;
(iii) A*B e L(X);
(iv) there exists Co >0 such that

(A*Bzx,x)x < Co(Bz,z)x VreX.

We construct an operator B satisfying the weak B-condition. Let A1 be the
inverse of the operator A. Its explicit expression can be derived from the proof of the
second part of Proposition 3.3 with y = —z and A =0 (which does not invalidate the
calculations in the proof) and is given by

(3.10) A lg = <x0,x0/0x1(f)d§> Vo = (zg,21) € X.

Notice that A~! € £(X). Moreover, since A~! is continuous as an operator from X to
W12, and the embedding W12 < L? is compact, A~ : L? — L? is compact. Define
now

(3.11) B:= (A" Al = (A" 1A e £(X).

B is compact by the compactness of A~

PROPOSITION 3.5. The operator B defined in (3.11) satisfies the weak B-condition
for A with Cy =0.

Proof. Tt is immediate to see that B € £(X), A*B = A~! € £(X), and B is
self-adjoint. Moreover,

<B$,$>X:<A71$,A711’>X:|/~171I|X20 Ve e X.

We now show that B is strictly positive. Let x # 0. If 29 # 0, we have |f~1_1x|x > 0.
On the other hand, if g = 0, then we must have x; # 0 and then the function
fo x1(€)d€ #Z0. In both cases, by (3.10), we deduce the strict positivity of B.
Finally, by the dissipativity of A, we have

(A"Br,a)x = (A w,2)x = (y, Ay) x <0

by taking y = A~12. The claim is proved. 0
Observe that
Boo  Boi| |zo
3.12 Bz = , x=(xg,21) €X.
(312) [310 Bll} LUJ (20, 21)

By the strict positivity of B, Bgg € M™*™ is strictly positive and By is strictly positive
as an operator L? — L2?. Moreover, since B is strictly positive and self-adjoint, the
operator B/2 € £(X) is well defined, self-adjoint, and strictly positive. We introduce
the |+ |_1-norm on X by

o2y = (B"?2, B'/?x) x = (Bx,x)x
(3.13) = (A YA g a)xy = (A" e, A a)x = |[A 2|} VzeX.
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We define
X_1:= the completion of X under |- |_q,
which is a Hilbert space endowed with the inner product
(@,y)—1:= (B2, B"?y) x = (Bz,y)x = (Ao, A My)x.

Notice that |z|_1 < |A_1|£(X)|x|x; in particular, we have (X,|-|) <= (X_1,|-|-1).
Moreover, strict positivity of B ensures that the operator B'/? can be extended to an
isometry

BY?: (X_1,] - |-1) = (X, |x)-

By (3.13) and an application of [26, Proposition B.1], we have Range(B'/?) =

Range((A~1)*). Since Range((A~1)*) = D(A*), we have
(3.14) Range(B'/?) = D(A*).

By (3.14), the operator A*Bl/2~is well defined on the whole space X. Moreover, since
A* is closed and BY/? € £(X), A*B'/? is a closed operator. Thus, by the closed graph
theorem, we have

(3.15) A*BY? e £(X).

Remark 3.6. In the infinite-dimensional theory of viscosity solutions it is only
required that A*B € £(X) (condition (iii) of Definition 3.4). Such an operator can be
constructed for any maximal dissipative operator A (see, e.g., [36, Theorem 3.11]). In
the case of the present paper, in addition, we also have A*B/2 ¢ L(X). Hence, here
B is better than a generic B that one usually uses in the standard theory.

By (3.10), we immediately notice that
(3.16) lzo] <|z|-1, Vo= (x0,21)€X.

Since B is a compact, self-adjoint, and strictly positive operator on X, by the spectral
theorem B admits a set of eigenvalues {\;}ien C (0,+00) such that A; — 0T and a
corresponding set {f;}ien C X of eigenvectors forming an orthonormal basis of X.
By taking {e;};en defined by e; := ﬁfi, we then get an orthonormal basis of X _1.
We set XV :=Span{fi,...fxn} = Spanl{el,...eN} for N > 1, and let Py: X — X be
the orthogonal projection onto Xy and Qun :=1 — Py. Since {e; };en is an orthogonal
basis of X_1, the projections Pn,Qn extend to orthogonal projections in X_; and
we will use the same symbols to denote them. We notice that

(3.17) BPy =PxB, BQx=QnB.
Therefore, since |BQN|z(x) = |QnB|z(x) and B is compact, we get
(3.18) Jim [BQulecx) = 0.

4. Estimates for the state equation and the value function. In this section
we prove estimates for solutions of the state equation, the cost functional, and the
value function. We first derive regularity properties for b, o, L.
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LEMMA 4.1. Let Assumptions 2.4 and 2.5 hold. There exists C > 0 and a local
modulus of continuity w such that the following hold true for every x,y € X,uecU:

(41) |b(a, u) = b(y, w)| < Clz —y| 1,
(42) (b(x,u) = by, u), Bz —y))x <Clz —yl,,
(4.3) b(z,u)| < C(1+ |z|x),
(4.4) lo(y,u) — o(2,u)|2,re,x) < Clo —yl-1,
(4.5) o (@, )] 2,ra,x) < C(1+ |2]x),
(4.6) |L(z,u) = L(y,u)| <w (lz —y[-1,R),
(4.7) |L(z,u)| < C(1+ |2|}).
Moreover,
(4.8) A}grlooiggﬂ[ o(z,u)o(z,u)*BQn]=0 VzeX.

Proof of (4.1) and (4.2). By our assumptions, we have (0,a}) € D(A*) for every
i < h, where a} are the rows of the matrix a;. Then,

h h
]/ a1 (€)a1 (€ Z\« ) ahx = D210, AA ) x
h h
(19) <D0, 0), A7) < YA O ey = Ol

Thus, by (4.9) and (3.16), we get

b, ) = by, u)| -1 < Clb(w,u) = by, u)|x

< | <x0, /_ Odal(ﬁ)xl(e)dﬁ,u) b (y07 /_ 1a1(9)y1(9)d97u)‘

1o~ 0l <€ (Jaa — ol + \/Odm(e)(xl(e) —y1<9>>deD
(4.10) <Clz —y|-1. )

Inequality (4.2) follows trivially from (4.1). |

_ Proof of (4.3). The estimate follows easily from Assumption 2.4, the definition of
b and the fact that a] € W2 for j=1,... h. 0

Proof of (4.4). We have

lo(y,u) — o(z,u)|£,(me,x)

oo | xo, 0@2(9)x1(9)d9,u — 00 | Yo, 0a2(9)y1(0)d9,u .
—d —d

Since (0,as) € D(A*), by (4.9) with ay in place of a;, we have

00 (:co,/_od a2(9)x1(9)d9,u> — 09 (yo,/_od ag(é’)yl(&)d&uﬂ

¢ <|$0 — Yol + ‘/_Odaz(e)(xlw) —91(9))619’) <Clr —y|-1. a

<C
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Proof of (4.5). Inequality (4.5) follows from the definition of 0: X xU — L(R?, X),
since

o (@, u)|2, e, x) = Y loo(a, u)vil* < Cloo(z,u)[* < C(1 + |2[%),

i=1

where {v; };=1,.. 4 is the canonical basis of RY. O

Proof of (4.6). The proof follows from the definition of L, (2.4), and (3.16), as we
have

| L(2,u) = Ly, w)| wr(|zo — yol) Swr (|2 —y[-1). o

Proof of (4.7). The proof follows from the definition of L and (2.3). 0
Proof of (4.8). We notice that by [36, Appendix B] and (4.5), we have

| Tr [o(z,u)o(x,u)* BQN]| <|o(z,u)o(x,u)* BQN|z, (x)
<lo(z,u)o(z,u)" |z, (x)|BON|c(x)
< |0($au)|2cz(kq,x) IBQN|c(x) <C(L+2)BQN|c(x)-
Thus we obtain (4.8) by taking the supremum over u, letting N — oo and using

(3.18). 0

Remark 4.2. The requirements a;(—d) = az(—d) = 0 are, in general, necessary
to get (4.9). Indeed, consider, for example, the case a;(-) = 1. In such a case the
sequence

N:(N N

T 2y, z)l =0, xiV:NI[_dy_d_H/N}, N>1,

is such that
0
‘/ al(g)xf/(&)df‘ =1 YN>1, |2V|_; =0 when N — oo,
—d

and then (4.9) cannot be satisfied.
We recall [36, Proposition 3.24]. Set
0 ifm=0,

po = Cm—i—%CQm if0<m<2,
Cm+3C?m(m—1) ifm>2,

where C' is the constant appearing in (4.3) and (4.5), and m is the constant from
Assumption 2.5 and (4.7).

PROPOSITION 4.3 (see [36, Proposition 3.24]). Let Assumption 2.4 hold, and let
A > po. Let Y(t) be the mild solution of (3.8) with initial datum x € X and control
u(-) €U. Then, there exists Cy >0 such that

E(Y (O)%] < Ca (L+[2[%) M ve>0.

We need the following assumption.

Assumption 4.4. p> po.
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PROPOSITION 4.5. Let Assumptions 2.4, 2.5, and 4.4 hold. There exists C > 0
such that

|[J(z;u(-)| <C(1+|z|%) VeelX, Yu(-)eU.
Hence,
V(z)|<CQA+|z|%) VreX.

Proof. By (4.7) and Proposition 4.3 applied with A= (p+ pg)/2, we have
[J(z,u(-)| < C’/ e PE[(1+ Y (#)|x)™])dt <C(1+|z|R) VreX, Vu(-)€U.
0

The estimate on V follows from this. 0

Next, we show continuity properties of V. We recall first the notion of B-
continuity (see [36, Definition 3.4]).

DEFINITION 4.6. Let B € L(X) be a strictly positive self-adjoint operator. A
function v : X — R is said to be B-upper semicontinuous (respectively, B-lower
semicontinuous) if, for any sequence {w,}, .y C X such that x, —x € X and Bx, —
Bz as n — oo, we have

limsupu (z,) <u(z) (respectively, liminfu(z,)>u(zx)).
n—o00 n—oo

A function u: X — R is said to be B-continuous if it is both B-upper semicontinuous
and B-lower semicontinuous.

We remark that, since the operator B defined in (3.11) is compact, in our case
B-upper /lower semicontinuity is equivalent to the weak sequential upper/lower semi-
continuity, respectively.

PROPOSITION 4.7. Let Assumptions 2.4, 2.5, and 4.4 hold. For every R > 0, there
exists a modulus of continuity wr such that

(4.11) V(z) = V(y)| <wr(lz —yl-1) Vr,yeX, st |af|y[<R.
Hence V' is B-continuous and thus weakly sequentially continuous.
Proof. We prove the estimate
|J(z,u) — J(y,v)| <wr(Jz —y|-1) Vz,yeX: |z|, |yl < R,Vu(-) €U,

as in [36, Proposition 3.73], since the assumptions of the latter are satisfied due to
Lemma 4.1. Then, (4.11) follows. As for the last claim, we observe that by (4.11)

and by [36, Lemma 3.6(iii)], V' is B-continuous in X. 0
We point out that V' may not be continuous with respect to the |- |-; norm in
the whole X.

5. HJB equation: Viscosity solutions. In this section we characterize V as
the unique B-continuous viscosity solution to the associated HJB equation. Given
v € CY(X), we denote by Dv(z) its Fréchet derivative at z € X and we write

Do) =[]
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where D, v(z), D, v(z) are the partial Fréchet derivatives. For v € C?(X), we denote
by D?v(z) its second order Fréchet derivative at x € X which we will often write as
D2,v(z) D2, v(x)
0

Tox1

DQ’U(.’E) = [DZ v(z) Di%v(‘r)

xT1xo

We define the Hamiltonian function H : X x X x S(X) — R by
H(x,p, Z)

= sup {(—E(x,u),m -

Tr(o(x,u)o(x,u)*Z) — L(x, u)}
uclU

N | =

0
= —&g - po + sup { —bo (330,/ a1(f)$1(§)d§au) “Po

uelU —d
T

- %TY lao (xoa/oaz(f)wl(ﬂdfﬂ) 0 (xo’/_od@(f)xl@)d&U) Zoo —l(wo,u)}

—d

1
=—2o-po+sup —bg(z,u) -po— =Tr [0‘0 (x,u) o9 (m,u)T Zoo} — l(xg,u)
uelU 2

= g (I7p07 ZOO) .
By [36, Theorem 3.75] the Hamiltonian H satisfies the following properties.

LEMMA 5.1. Let Assumptions 2.4 and 2.5 hold.
(i) H is uniformly continuous on bounded subsets of X x X x S(X).
(ii) For every x,p€ X and every Y,Z € S(X) such that Z <Y, we have

(5.1) H(z,p,Y) < H(z,p,Z).
(iii) For every x,p € X and every R >0, we have

(5.2)
lim sup{\H(x,p,Z+ABQN)—H(x,p,Z)|: | Zoo| < R, |)\|§R}:0.
N—oo

(iv) For every R >0 there exists a modulus of continuity wr such that

I O R LR

zZ—1Y|l-
s (1522

for every e >0, y,z € X such that |y|x,|z|x <R, Y,Z € S(X) satisfying
Y = PyYPy, Z=PnZPy,
and
§ BPy 0 < Y O < § BPy —BPy
:\ o Bpy )S\o0o -z )=\ -BpPy BPy )
(v) If C > 0 is the constant in (4.3) and (4.5), then, for every x € X,p,q €
XY, ZeS(X),
(5.4)
1
[H(e,p+0,Y + 2) ~ Ha,p,Y)| < O+ Jalx) ol + 5 (1+ falx)*  Zool.
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The HJB equation associated with the optimal control problem is the infinite-
dimensional PDE

(5.5) pv(z) — (Az, Dv(x)) + H(x, Du(z), D*v(z)) =0, z€X.

We recall the definition of B-continuous viscosity solution from [36].

DEFINITION 5.2.
(i) ¢: X = R is a reqular test function if

pe®:={pcC*X):¢ is B-lower semicontinuous and ¢, Dp, D*$, A* D¢

are uniformly continuous on X };
(ii) g: X = R is a radial test function if

g€G:={g€C*(X):g(x) =go(|z|x) for some go € C*([0,00)) nondecreasing,
90'(0) = 0}.

Note that, if g € G, we have

[ el ifo A0,
(56) Dg(x)_{ 0 if £ =0.
We say that a function is locally bounded if it is bounded on bounded subsets of X.

DEFINITION 5.3.

(i) A locally bounded B-upper semicontinuous function v: X — R is a viscosity
subsolution of (5.5) if, whenever v— ¢ — g has a local maximum at x € X for
ped,ge g, then

po(a) — (@, A" D¢ ()) x + H(x, Dé(x) + Dy(x), D*¢(x) + D*g()) < 0.

(ii) A locally bounded B-lower semicontinuous function v : X — R is a viscosity
supersolution of (5.5) if, whenever v+ ¢ + g has a local minimum at v € X

for o e ®, g€ G, then
pv(z) + (z,A*D(x)) x + H(x,—D¢(x) — Dg(x), —D*¢(z) — D’g(x)) > 0.

(iii) A wiscosity solution of (5.5) is a function v: X — R which is both a viscosity
subsolution and a viscosity supersolution of (5.5).

Define
S:={u: X - R:3k >0 satisfying (5.7) and C > Osuch that |u(z)| < C(1 + |z|%)},

where

_p £ oo
(5.7) {k < orice if 316 =2

Ch+3C%k(k—1)<p if hm>2,

and C is the constant appearing in (4.3) and (4.5).
We can now state the theorem characterizing V as the unique viscosity solution
of (5.5) in S.
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THEOREM 5.4. Let Assumptions 2.4, 2.5, and 4.4 hold. The value function V is
the unique viscosity solution of (5.5) in the set S.

Proof. Notice that V € S by Proposition 4.5.

The proof of the fact that V is the unique viscosity solution of the HJB equation
can be found in [36, Theorem 3.75] as all assumptions of this theorem are satisfied
due to Lemma 5.1. The reader can also check the comparison theorem [36, Theorem
3.56]. d

Remark 5.5. We remark that Theorem 5.4 also holds in the deterministic case,
i.e., when o(z,u) =0. (in which case we may take po = Cm and k < p/C in (5.7)).
The theory of viscosity solutions handles well degenerate HJB equations, i.e., when
the Hamiltonian satisfies

H(z,p,Y)<H(z,p,7Z)

for every Y,Z € S(X) such that Z <Y. Hence viscosity solutions can be used in
connection with the dynamic programming method for optimal control of stochastic
differential equations in the case of degenerate noise in the state equation, in partic-
ular, when it completely vanishes (deterministic case). This is not possible using the
mild solutions approach due to its various limitations described in the introduction
(for more on this, see [36]).

6. Partial regularity. In this section we prove partial regularity of V' with
respect to the zg-variable. To do this we assume the following.

Assumption 6.1. For every R > 0 there exists K > 0 such that
V(y) = V(x)| < Krly —x|-1 Vo,ye X, |af |y < R.

Assumption 6.1 is satisfied in many natural cases when the cost function I(-,u) is
Lipschitz continuous as we illustrate in the following example.

Ezample 6.2. Suppose that I(-,u) is Lipschitz continuous, uniformly in u, and

2
p>C+ %, where C is the constant from (4.2) and (4.4). Indeed, fix z,y € X,
u(-) €U and denote by X (s), Y (s) the mild solutions of the state equation with initial
data z,y, respectively, and the same control u(-). Then, by [36, Lemma 3.20], we have

(6.1) E[|X(r) =Y (r)]2,] <C(r)le —yl2,,
where, recalling that the constant of the weak B-condition in our case is Cy =0,
C(r)= e(2C+C? Bl x))r
Since L(x,u) :2l(x0,u), the Lipschitz continuity of I(-,«) (uniform in u), (3.16), (6.1),
and p>C + % yield
IE/ e PI|L(X (r),u(r)) — LY (r),u(r))|dr < Cl/ e PTE|Xo(r) — Yo(r)|dr
0 0

c?|B
o+ I1Blc(x)

Scl/ e "E[X(r) *Y(T)|71d7"§C1/ 67”6( ’ >Td7"|$*y|f1
0 0
< Calr -yl

and the claim easily follows.
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Remark 6.3. Notice that, if we only assume that I(-,u) is locally Lipschitz con-
tinuous, uniformly in u, the above proof would not work and, by using an argument
outlined in the proof of Proposition 4.7, we would only get that V is uniformly con-
tinuous with respect to the |-|_; norm on bounded sets of X.

Finally, we assume local uniform nondegeneracy of og: R"® x L? x U — R™ x R¢
(recall the definition of og(z,u) in section 3).

Assumption 6.4. For every R > 0 there exists Agr > 0 such that
oo(z,u)oo(x,u)T > A\grI Vz such that |z|x <R Vuel.
For every Z; € L? we define
V™ (20) :=V(20,71) Vo€ R"™

Theorem 6.5 is the main result of this section.

THEOREM 6.5. Let Assumptions 2.4, 2.5, 4.4, 6.1, and 6.4 hold. For every p>n
and every fized T, € L?, we have V*1 € leo’f(R”); thus, by Sobolev embedding, V** €
ch (R™) for all 0 << 1. Moreover, for every R >0, there exists Cr >0 such that

loc

Vo < Cr Vi such that (12 < R

Finally, Dy, V is continuous with respect to the |-|—1 norm on bounded sets of X. In
particular, Dy, V is continuous in X.

Remark 6.6. We point out that Assumption 6.4 is a nondegeneracy assumption for
the finite-dimensional valued matrix og: R™ x L2 x U — R™ x RY, not for the operator
0: X xU — L(R7,X) (recall its definition in section 3), which is (highly) degenerate.
Hence, classical regularization methods via Bismut-Elworthy-Li formula (see, e.g.,
[26]), which assume nondegeneracy of o, cannot be applied. On the other hand, the
Bismut-Elworthy-Li formula has been extended to degenerate cases when the pseudo-
inverse of o is not bounded (see, e.g., [1] and the references therein). These results
have been applied to optimal control problems in the case of uncontrolled diffusion
term and semilinear HJB equation. However, these methods seem to rely strongly on
the semilinear structure of the HJB equation and it is not clear how to extend them
to our fully nonlinear HJB equation, where the viscosity approach seems to be the
only one employable.

With respect to the aforementioned literature, we also point out that our The-
orem 6.5 provides local C'*“-partial regularity of the value function V, without as-
sumptions of differentiability of the coefficients; whereas, in the approaches via mild
solutions/BSDE’s, one usually gets Gateaux differentiability in the whole space under
assumptions of regularity of the coefficients. Hence, when restricted to R™, our result
is stronger.

Before presenting the proof, we explain its basic idea. Since the range of o(z,u)
is finite dimensional (the zj-component of o(z,u)w for w € R? is 0), we first show
that the function V*!, defined on a finite-dimensional space, is a viscosity subsolution
(respectively, supersolution) of a finite-dimensional equation (6.8) (respectively, (6.9))
in R™. This part contains the most technical difficulties. Once this is done, we can
then apply the theory of LP-viscosity solutions (e.g., [82]) to obtain that V! is an
LP-viscosity solution of a fully nonlinear, uniformly elliptic PDE equation in R™ with
a locally bounded right-hand side function, i.e., (6.10). Then, the regularity theory
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for uniformly elliptic equations yields V1 € VVi’f(R”) for every p > mn. As said in
the introduction, this approach is inspired by the arguments of [79] for Kolmogorov
equations, where approximating value functions V,** are proved to be LP-viscosity
solutions of some finite-dimensional parabolic PDE for which C®-estimates hold;
the result follows by passing to the limit. The method we present here is a refinement
of that one: we avoid the complex approximating procedure employed in [79] by using
new and deeper results from the theory of LP-viscosity solutions and are able to prove
directly that V! is an LP-viscosity solution of a finite-dimensional elliptic PDE (6.10),
which then gives the desired C1'*-regularity.

Proof. We organize the proof in several steps.

Step 1. Fix #; € L?, and let R > 1 be such that |Z1]: < R. Let o € R™ be such
that |Zo| < R and ¢ € C?(R™) be such that V1 — ¢ has a strict global maximum at
Zo. We assume without loss of generality that the maximum is equal to 0 and that
»>0if |zg| > 4R. We extend ¢ to X by defining ¢(xo, 1) := p(xo). With an abuse
of notation we will still write p(z¢) for ¢(z) and Dy(xo) = (Dyye(20),0). Note that
Dy(xg) € D(/Nl*) for all z € X. Set & := (Zg,Z1). We consider, for € > 0, the functions

1
P (z) = V(2) = p(w0) = —|z = (w0, 71)|21 = M(Jolx —2R)T™, 2= (z0,21) € X,
where M is chosen so that V(z) < & (|z|x — 2R)7** if |z|x >4R. Then
M m—+4
(6.2) <I>,5(gc)<—7(|gc\x—2R)+ Vre X, |z|x >4R.

Observe that ®. is weakly sequentially upper semicontinuous as V' is weakly sequen-
tially continuous by Proposition 4.7, the functions z — ¢(z0) and = — |z|?; are
weakly sequentially continuous, and the function = — |z|x is weakly sequentially
lowersemicontinuous.

We distinguish two cases: (i) supy ®. > 0 for every ¢ > 0; (ii) ®. < 0 for some
(small) e.

Case (i). Recall that V1 (zo) — ¢(Zo) = 0 and |Z|x < v/2R. Then ®. has global
maximum at some ¢ € X, with |#°|x <4R and ®.(2¢) > 0. Recalling Assumption 6.1
and since V71 — ¢ has a strict global maximum at Zy equal to 0, we have

~E ~E ~E L. ~E =
0< @ (%) <V/(3%) —p(25) — —[& — (@5, 21)1,

It thus follows that
(6.3) [(0,25 — Z1)|-1 < K4ge.
On the other hand, by the fact that supy ®. > 0, we have
V1 (@0) = (@) = sup(V™! = ) =0 <sup. = . ()
<V(E%) — (@) = V(3%) = V™ (25) + V7 (25) — ¢(5)-
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Now, taking the liminf._,o above, by (6.3) and Assumption 6.1, we obtain

VT (Z0) — p(To) < liminf (V™ (25) — ¢(&7)).

e—0

Since V®1 — ¢ has a strict global maximum at Zg we thus must have

(6.4) lim |5 — Zo| = 0.

e—0

In particular, from (6.3) and (6.4) it now follows that

(6.5) lim &5 — Z|_1 =0.

e—0

Case (ii). In this case ®. has a maximum at Z since ®.(Z) =0, so we easily get
(6.5) with ¢ =z.

Step 2. Define ¢ = ¢ + g, where

1 _ m
8(a) = pla) + 2l — (o, 2R gle) = Ml — 2R)7 .
With these definitions we have
V- (b — 9= (st

so that V' — ¢ — g has a global maximum at °. Moreover,

Dé(w) = Dy(wo) + SB(m ~ (20,71)),
Dﬁfod)(x) ZD;COQO(JZ()),

and

(6.6) |D?g(2)| + |Dg(2)| < Cr V|z| <4R.

Notice that, since Dg(z¢) € D(A*), we have ¢ € @, i.e., it is a regular test function
according to Definition 5.2. Moreover, clearly g € G, i.e., it is a radial test function
according to Definition 5.2. We will write Cr to denote a generic constant, possibly
changing from line to line, depending on R and the data of the problem, which is
independent of €, ¢, and on x € Bg. Then, since V is a viscosity subsolution to (5.5),
we have

V(@) = (00 (Dp(af) + LBO0.35 - 7)) ) + H, DY), D(a7)) <o.
By (3.15) and (6.3), we have

ooy 1, .
ST B0, — a1)| = < |A' B2 BY2(0,35 — a)|

~ 1 . B
S ‘A*Bl/2|£(x)g|(07.’lj§ — (El)l,l < CR.

The latter two inequalities, Proposition 4.5, (5.4), (6.6), the fact that [2°|x <4R, and
the definition of H imply

—(2°, A" D(i5)) + H(i%, Dugp(i5), D22 p(5)) < Cr.
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Recalling (6.4), we have
lim A*Dp(&5) = A* Dy(To).
e—0
Hence, letting € — 0 in the previous inequality and using (6.5) and the continuity of
H, we obtain
—(@, A" Dp(0)) + H(%, Dayp(), D220(%)) < Cr.

Now, since V?1 — ¢ has a strict global maximum at Zy and by Assumption 6.1 the
function V*' is Lipschitz continuous on R™, with Lipschitz constant Cr independent
of &1, we have |D,,(Zo)| < Cr. Then, as Dp(Zo) € D(A*) we have |A* Do(Zo)|x =
|~ (Day9(@0),0)|x < Cr. )

Therefore, by (5.4), |Z| < V2R and the definition of H, we have

ﬁ(i‘70,Digg0(i‘o)) - CR S ﬁ(j’Dwow(i‘O)vDiggo(jo))’

so that we obtain

H(]},O,Dig(ﬂ(l‘o)) S CR,
ie.,
1 _
(6.7) sup [2Tr<ao<:z,u)oo@,u)TDiw(a-:o))] < Cr
uelU 0

for some constant C'r > 0 independent of ¢ and 7 if || < R, |#1| < R. Thus, for every
Zy with |Z1] < R, the function V! is a viscosity subsolution of the finite-dimensional
equation

1 = .

(6.8) sug |:—2TI‘(O’0(($L‘07$1),U)Uo((xmxl)?u)TDQU(xo))] =Cgr in {|zo| < R}.
ue

Similarly, we prove that for every |Z1| < R, the function V7! is a viscosity supersolu-

tion of

(6.9) 81615 |:—;Tr(0'0((930,d_71),U)O'()((Io,fl),u)TD2’L}(xo)):| =—Cg in {|zo] < R}.

Step 3. We now employ the theory of LP-viscosity solutions. Since the readers
may not be familiar with it, we will proceed slowly. Hypothesis 6.4 guarantees that the
Bellman operator appearing in (6.8) and (6.9) is uniformly elliptic in {|zo| < R}. Thus,
by [15, Proposition 2.9], for every p > n the function V** is an LP-viscosity subsolution
of (6.8) and an LP-viscosity supersolution of (6.9). Now, by [15, Proposition 3.5], the
function V™ is twice pointwise differentiable a.e. in {|x¢| < R} and by [15, Proposition
3.4] we have that (6.8) and (6.9) are satisfied pointwise a.e. Then, defining the function

f(zo) :=sup {—;Tr(ao((xo,fl),u)ao((xo,fl),u)TDQV‘rl(xo))} ,
uelU

we have |f|p=(p,) < Cr (measurability of f is explained, for instance, in [82]). We
can then apply [82, Corollary 3] (first such result was stated for LP-viscosity solutions
in [81]) to get that for every p > n, the function V®1 is an LP-viscosity solution of

(6.10) sup |:;TI‘(O'(J((I(),i‘l),u)()'o((xo,J_Jl),u)TD2U(I0)):| = f(zo) in {|zo| < R}.
uelU
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We now conclude by standard elliptic regularity (see, e. g, [14, Theorem 7.1}, together
with Remark 1 there, or [81, Theorem 3.1]) that V¥ € W2*(Bg) and [V [ W2 (Br ) <

loc

C’R for some constant Cg. Thus, in particular, by Sobolev embeddings, V*' €
CL%(Bg) for all 0 < a < 1.

Step 4. We now prove that D,V is continuous in |- |_; norm on bounded sets
of X.

Let |z|x < R and assume without loss of generality that z = (0,2;) and V' (0,21) =
0,D,,V(0,z1) =0. Suppose by contradiction that there is € > 0 and a sequence x¥ =
(:z:év,xl )= x=(0,21) in | -|_1 norm such that (z2',zY) € Bag and |(D,,V (z{’,z),

0)]—1 > ¢e. We remind that the |(-,0)|—; and the standard norm in R™ are equivalent.
Let Kr be from Assumption 6.1. Observe that, since V*1 € C’llos‘(]R”) for every
yo € R™ such that

(6.11) [(90,0)|-1 < (Ksrl(0,27 —1)| 1) &5 +2/(25',0) 1,
we have
IV (yo,21)| = [V (30, 1) = V(0,21)] < C|(y0,0)| 5" < C(K3r|(0,2) — 21)| 1
+ (g, 0)[15%).

Then

(6.12)  |[V(yo,2)| < |V (yo,21)| + K3r|(0,27 —21)| -1 < C(K3r|(0,27 —21)| 1
+ (2, 0)|54%).

Now observe that by taking

Dy, V (2, 27)
|(D:cov($o ;21 ),0)| -1

we have (6.11) so that (6.12) holds for |V (yo,z )| Moreover, note that also z{y
satisfies (6.11) so that we have (6.12) for |V (z{’,z%)|. Now, since Vel e ol S(R™),

yo=ap +

((K3rl(0,2) —21)|—1) ™= + (2}, 0)|-1)

loc
we have
V(yo,ml ) > V(l”o y L1 ) "‘Dacov(xo 717{\[) (%o — Ty ) Clyo — QTN‘HQ > V(I(I)V;ﬁv)
1
+ Dy V(o) |2 (K3r| (0,20 — 21)| 1) 7=

|(Da, V (2, 217), 0)| -1
+ (23", 0)|-1) = C(K3r|(0, 27 = 21)[-1) == + |(zf’,0)|-1)' .

Therefore, using |(D,, V (x{Y,21),0)|_1 > ¢, the fact that (6.12) holds for |V (z}’, zV)],
and since |(+,0)|—; is an equivalent norm in R™, we obtain

V(yo, ) 2 ne((Kaplel —a1|-1) T +|(ad,0)|-1) — C(Ksrl (0.2 —z1)|
+ (=g, 0)|14),

where 1> 0 is a constant. Finally, since (6.12) holds for |V (yo, )|, we have
ne((Barl(0, 27 —21)| ) ™% + (2, 0) 1) < C(Karl (0,27 — 1) 1 + (), 0)[15),

which is impossible for large N as a > 0. This concludes the proof of the theorem. O

The regularity result is interesting on its own. It possibly can also be used to
define an optimal feedback map under some natural assumptions.
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Assume that U is compact and that oy does not depend on u. The Hamiltonian
then has the form

H(z,Dv(z), D*v(x))
) — 20 - Dyyv(z) — %Tr [O’o (x) oo (x)TDigv(x)}
x)) — @0 - Duyv()

_ %”ﬁ [00 (xo,/_odag(f)xl(f) d§) o0 (xo,/_od@(f)fﬂl(f)df)

H(x, Dv(x)) = H (2, Dy, v(x))

zmax{ by <xo,/0 a1 (6)71(6) dg,u) Dyyv() — l(a:o,u)}.

uelU _d

=H(z,Dv(zx

Il

anfl
—

&

)

8

o

<

—~ ~—

T
Dig”(ﬂv)] :

where

By Theorem 6.5 we can define a candidate optimal feedback map, i.e.,

u*(z) € argmaxueU{ — by (mo,/o al(g)xl(f)d&u) D, V(x) — l(agu)}.

—d

To show that this may lead to the existence of an optimal feedback control is a difficult
problem, which passes through a verification theorem with only partial regularity
and the study of the closed loop equation (see, e.g., [36, 44] in the context of the
approach via mild solutions or [43] in the case of optimal control of deterministic
delay equations). This problem is addressed in [27], under the additional assumption
that the value function V is |- |_j-semiconvex (that is, there exists C' > 0 such that
V(x) + Cl|z|%, is convex).

7. Applications. In this section we provide two examples of possible applica-
tions of our approach. The first arises in finance, the second in marketing.

7.1. Merton-like problem with path dependent coefficients. We consider
a financial market composed by a risk-free asset (bond) B and a risky asset (stock)
S. The respective dynamics (deterministic for the bond, stochastic for the stock) are
given by

db(t) = rb(t)dt,

0 0
sty =n ([ a@ste+e) e o [ an(@ste+ e st
with initial data s(0) =sg > 0,s(£) = s1(§) > 0 for every £ € [—d,0], b(0) =1, and W
is a real-valued Brownian motion. Moreover,
(i) r>0;
(ii) aj,as are given deterministic functions satisfying the assumptions used in the
previous sections;
(iii) p,v:R — R are given Lipschitz continuous functions.
The investor chooses a consumption-investment strategy by deciding at time ¢ > 0
the fraction u(t) € [0,1] of the portfolio z(t) to be invested in the risky stock S; the
remaining part 1 — u(t) is then invested in the bond B (self-financed portfolio with
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no borrowing and no short selling constraints); The dynamic of the portfolio (wealth)
z(t) is then

dz(t) = u(t)z(t) + —==(1 —u(t))z(t)dt

= [rsto+ (| 0 x(Os(t-+)dg) 1] u(v:()] at

+v </0 ag(f)s(t—i-{)df) u(t)z(t)dW (t),

—d
with z(0) = zq, where zg > 0 is the initial value of the portfolio. The stochastic process
u(+) is the control process. We use the same setup of the stochastic optimal control
problem as the one in section 2. The control set U is now
U=[0,1].

The state equation of the optimal control problem can be seen as a controlled SDDE
in R? for the couple y(t) = (s(t), z(t)) in the form (2.1), where, for every xo = (s9,20) €
RQa (817Z1) € L27 u e U7

0 p([2ga1()s1(6)dg) so
b d =
o (20 [ @i m0+[ ) ] ]

o0 (azo’/od az(§)z1 () dg, u) w— ((ff_ d;:z di?;z;;

The goal of the investor is to solve the following optimization problem:

s | [ et

for some concave utility function g: R — R, where p > 0 is a discount factor. The
optimization of this kind of functionals arises in mathematical finance, for example in
the context of portfolio optimization with random horizon (see, e.g., [41, section 6.1])
or in the context of pension fund management (see, e.g., [28, 40]).

Note that the maximization problem is equivalent to

Jnt B [/Oooeptl(z(t))dt} ,

where I(z) = —g(z). By considering the infinite-dimensional framework of section 3, if
I (or, equivalently, g) satisfies Assumption 2.5, we can use Theorem 5.4 to characterize
the value function V' as the unique viscosity solution to (5.5).

7.2. Optimal advertising with delays. The following problem is taken from
[53]. In the spirit of the model in [53, section 4] we assume that no delay in the control
is present. The model for the dynamics of the stock of advertising goodwill y(s) of
the product is given by the following controlled SDDE:

{dy(t) = [aoy () + /% a1(€)y(t + &) & + cou(t) | dt + oo W (),
y(0) =z, y(§)=z1(§) VE€[-d,0),

where d > 0, the control process u(s) models the intensity of advertising spending and
W is a real-valued Brownian motion.
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(i) ao <0 is a constant factor of image deterioration in absence of advertising;
(ii) c¢o >0 is a constant advertising effectiveness factor;
(iii) @y <0 is a given deterministic function satisfying the assumptions used in the
previous sections which represents the distribution of the forgetting time;
(iv) oo > 0 represents the uncertainty in the model;
(v) o € R is the level of goodwill at the beginning of the advertising campaign;
(vi) 21 € L?([—d,0];R) is the history of the goodwill level.
Again, we use the same setup of the stochastic optimal control problem as the one in
section 2 and the control set U is here

U=0,q]

for some @ > 0. The optimization problem is

oo
inf E {/ epsl(y(s),u(s))ds} ,
uel 0
where p >0 is a discount factor, I(z,u) = h(u) — g(x), with a continuous and convex
cost function h: U — R and a continuous and concave utility function g: R — R which
satisfies Assumption 2.5.

Setting

0 0
bo (x | a@ni© df,u) =am+ [ a(©n(©de+eon

we are then in the setting of section 2. Therefore, using the infinite-dimensional
framework of section 3, we can use Theorem 5.4 to characterize the value function V'
as the unique viscosity solution to (5.5), and Theorem 6.5 to obtain partial regularity
of V.

Remark 7.1. We point out that, since the structure condition (discussed in the
introduction) is satisfied here, this model can be completely solved using the approach
via BSDEs or mild solutions and optimal feedback laws can be constructed in these
cases. However, with the techniques of the present paper, we could also consider a
more general model of the form (2.1) and still apply Theorems 5.4 and 6.5.

Acknowledgments. The authors are grateful to the associate editor and the
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