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Abstract. We consider a stochastic functional delay differential equa-
tion, namely an equation whose evolution depends on its past history as
well as on its present state, driven by a pure diffusive component plus a
pure jump Poisson compensated measure. We lift the problem in the in-
finite dimensional space of square integrable Lebesgue functions in order
to show that its solution is an L?—valued Markov process whose unique-
ness can be shown under standard assumptions of locally Lipschitzian-
ity and linear growth for the coefficients. Coupling the aforementioned
equation with a standard backward differential equation, and deriving
some ad hoc results concerning the Malliavin derivative for systems with
memory, we are able to derive a non-linear Feynman-Kac representation
theorem under mild assumptions of differentiability.
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1. Introduction

During recent years, an increasing attention has been paid to stochastic equa-
tions whose evolution depends not only on the present state, but also on the
past history. In particular, it has been shown that memory effects cannot be
neglected when dealing with many natural phenomena. As examples, let us
mention the coupled atmosphere-ocean models, see, e.g., [9], and their appli-
cations in describing climate changes in the environmental sciences setting,
or the effect of time delay considering population dynamics, when suitable
growth models are considered, see, e.g., [2]. Nevertheless, assumptions that
will be made throughout the work are mainly taken into account having
in mind concrete financial applications. For instance, in [38, 53] the authors
pointed out how delay arises in commodity markets and energy markets, when
it is necessary to take into account the impact of production and transporta-
tion, whereas in [5, 11] the authors provide applications to option pricing
in markets with memory. Similarly, delay naturally arises when dealing with
financial instruments as, e.g., Asian options or lookback options, as studied
in, e.g. [16] and references therein.

For the mathematical foundations of the theory of stochastic functional
delay differential equations (SFDDEs) we refer to [41], as well as to [42] to
many motivating examples concerning the treatment of equations with delay.
In particular the monograph [41] represents an early and deep treatment
of SFDDE’s, where several results concerning existence and uniqueness of
solutions to SFDDE’s as well as regularity results are derived. The theory of
delay equations has seen a renewed attention recently, in particular in [13, 14]
an ad hoc stochastic calculus, known as functional 1t6’s calculus, has been
derived, based on a suitable It6’s formula for delay equations. Also, in past few
years several different works have appeared deriving fundamental results on
delay equations based on semigroup theory and infinite dimensional analysis,
see, e.g. [30, 31], or based on the calculus via regularization, see, e.g. [22, 33].
Eventually, in [30, 22|, it has been shown that SFDDE’s, path-dependent
calculus and delay equations via semigroup theory, are in fact closely related.

Having in mind possible financial applications, the aim of the present
work is to extend some results concerning the non-linear Feynman-Kac for-
mula for a forward-backward system with delay, where the driving noise is
a non Gaussian Lévy process, using the theory of SFDDE’s first introduced
in [41]. It is worth to mention that, particularly during last decades, asset
price dynamics and, more generally, financial instruments processes, have
been widely characterized by trajectories showing sudden changes and ample
jumps. It follows that the classical Black and Scholes picture has to be refined
by allowing to consider random components constituted by both diffusive and
jump components.



A nonlinear Kolmogorov equation for SFDDE with jumps 3

We thus consider the following R—valued SFDDE with jumps
dX () =p(t, X(t+ ), X@)dt+o(t, X(t+-), X(t)dW (t)+

+ [ A X)X (02N o), -
0
where W (t) is a standard Brownian motion, N(dt,dz) is a compensated
Poisson random measure with associated Lévy measure v. Also the notation
X (t+-) means that the coefficients u, o and ~, at time ¢, depend not only on
the present state of the process X but also on its past values. Exploiting the
concept of segment of a process X, see, e.g., [41, 42], we will lift the finite
dimensional R-valued process solution to (1.1) to an infinite dimensional sto-
chastic process with values in a suitable path-space. More precisely, in what
follows we will denote by r > 0 the maximum delay taken into account and
T < oo a fixed finite time horizon. Thus, for an R—valued stochastic process
X, we indicate with X (¢) the value in R at time ¢ € [0,7] and with X; the
corresponding segment, i.e. the trajectory in the time interval [t — r,¢], that
is X;(-) : [-7,0] — R is such that X;(0) := X (¢t + 6) for all § € [—r,0].
Then equation (1.1) can be rewritten as s

dX(t) = w(t, Xe, X (2)dt + o (t, X, X (1)dW (1) +
+ Jp, (1t Xe, X (), 2)N(dt, dz) : (1.2)
(X0, X(0)) = (n(6),)
forall ¢t € [0,T], 0 € [-r,0], x € R and n a suitable R—valued function on
[—7,0].

Remark 1.1. In what follows we will only consider the 1—dimensional case,
the case of a R?—valued stochastic process, perturbed by a general R™—
dimensional Wiener process and a R —dimensional Poisson random measure,
with d > 1, m > 1 and n > 1, can be easily obtained from the present one.

In order to take into account the delay component, we study the equa-
tion (1.2) in the Delfour-Mitter space defined as follows M? := L? ([—r,0]; R)x
R, endowed with the scalar product

((Xe, X (1)), (Kﬁay(t)»Mz = <Xt7Yt>L2 +X(t)-Y(@),
and norm
I(Xe, X@O)Rs, = I XellZ2 + [XOF,  (Xe,, X(1) € M, (1.3)

where -, resp. | -|, stands for the scalar product in R, resp. the absolute value,
and (-,-)z2, resp. ||| 12, is the scalar product, resp. norm, in L?([—r,0]; R) =:
L?. Note that the space M? is a separable Hilbert space, see, e.g., [6]. The
Delfour-Mitter space can be generalized to be a separable Banach space if we
consider p € (1,00), equipped with the appropriate norm. In this work we
will consider the case p = 2.

Alternatively, we could have considered the space of cidlag functions,
i.e. right—continuous functions with finite left limit, on the interval [—r,0],
D := D ([-r,0];R) called Skorokhod space; in particular D is a non separable
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Banach space if endowed with the sup norm || - [[p = supse_, 07| - [ We
also have that D C M? with the injection being continuous, see, e.g., [6].
Nevertheless, choosing M? as state space we cannot deal with the case of
discrete delays, see, e.g., [6, pag. 3], or [41].

The choice of considering the Hilbert space M? instead of the Skorokhod
space D has two main motivations. First, the separability of the Hilbert space
M? allows us to prove a fundamental property for the SFDDE under inves-
tigation, that is we will show that although exhibiting delay, the SFDDE
(1.2) is a M2—Markov process. The same, primary due to the fact that the
Skorokhod space D is not a separable Banach space, does not hold if one
considers D as state space. One can nevertheless avoid this problem consid-
ering weaker topologies on D, such as the so-called Skorokhod topology, under
which D can be shown to be separable, see, e.g [46]. For the sake of simplicity
we will address here the simpler case of an M?2—valued process, leaving the
more technical case of D—process to future investigations.

Second reason we are choosing here the Hilbert space M? is the exten-
sive use we will do of Malliavin calculus. In fact Malliavin calculus provides
a powerful tool to study general regularity properties of a process or, as
in the present case, to obtain representation theorem under mild regularity
assumptions for the process. Nevertheless its generalization to the infinite
dimensional setting, mostly when the driving noise is a general Lévy pro-
cess, is rather technical and the theory, even if promising results have been
obtained, see [4] and references therein, is still not completely developed.
For these reasons, in the present work, we will employ an approach similar
to the one used in [25] for backward stochastic differential equations with
time-delayed generator and in [33] for SFDDE with a Brownian noise. We
will in fact exploit the fact that the original equation (1.2) has value in a
finite dimensional space, so that one can use standard results in Malliavin
calculus. This will imply that, exactly as in [33], we will not use a purely
infinite dimensional formulation for our problem, such as for instance the one
first formulated in [12] and subsequently used in [35]. In fact the M?—setting
will be mainly used to prove existence and uniqueness of a solution and most
important, as mentioned above, we are able to prove that the SFDDE (1.2)
is a M?—Markov process.

We have already mentioned that, despite the fact that the process (1.2)
exhibits memory effects, lifting the problem to consider a M?—value solution
leads to obtain a solution which is a Markov process. Taking in mind latter
result and in order to derive the Kolomogorov equation associated to equation
(1.2), we will consider, following [33, 34, 35|, a classical R—valued backward
stochastic differential equation (BSDE), coupled with the forward equation
equation (1.2), which evolves according to

() = (X, X(0),Y (1), Z(8), fy, Ult, 2)5()(d2)) dt
+Z(H)AW (t) + fp, U(t, 2)N(dt, dz) ; (1.4)
Y(T) = ¢(Xr, X(T))
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where ¢ and ¢ are given suitable functions to be specified later on. We
recall that a solution to equation (1.4) is a triplet (Y, Z,U), where Y is the
state process, while Z and U are the control processes.

It is well known that, when the delay is not involved, there exists a
Feynman-Kac representation theorem that connects the solution of the cou-
pled forward-backward system (1.2) and (1.4), to a deterministic semi-linear
partial integro-differential equation, see, e.g., [24, Chapter. 4] or [7] for fur-
ther details. When the delay is taken into consideration, previous result has
been recently proved in the Brownian case in [33, 35]. In the present paper we
extend latter result taking into consideration a non Gaussian Lévy noise. In
particular, exploiting notations already introduced, we will consider the fol-
lowing coupled forward-backward stochastic differential equation (FBSDE)
with delay, for ¢ € [r,T] C [0,T],

dX 7T (t) = p(t, XT, XTE()dt + o (t, X, XTE(E)dW (¢)
+ Sy V(& XD XTI (1), 2) N(dt, )
(X7, XT12(r)) = (@) € M2

dymma(t) = (t7 X;rm,z7 XTI () Y TE (L), ZTME (L), U-r,n,z(t)> dt’
+ZTIER)AW () + fp, UT (8, 2)N(dt, d2)
Y7 (T) = ¢(X7™"", XT(T))
(1.5)

where we have denoted for short by
UTme(t) == / U™ (t,2)8(2)v(dz) .
Ro

Moreover we have denoted by X" the value of the process with starting
time 7 € [0,7] and initial value (n,z) € M?2. In what follows we will often
omit the dependence on the initial value point (n,2) and we assume that the
process starts at time 7 = 0, i.e. X" =: X,. Also, in order to simplify
notation, most of the results will be proved for 7 = 0, the extension to the
general case of 7 # 0 being straightforward.

We are going to connect the solution to the FBSDE (1.5) to the solution
of the following partial integro-differential Hilbert—space valued equation

%u(tv , x) + ﬁtu(tv n, J?) = 71’ (t7 nT, u(t7 B Jf), 8$u(t7 uB I)J(tﬂ uB J}), ju(t7 ue 'I))
uw(T,n,x) = ¢(n,x), t€[0,T], (n,z)eM?.
(1.6)

where £, is the infinitesimal generator of the forward M?—valued pro-

cess in equation (4.1), 9, is the derivative with respect to the present state
X(t) and J is the operator

Ju(t,n,x) = /R [u(t,n,x +~y(t,n, 2, 2)) —ult,n, x)]6(z)v(dz).
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In particular, we will consider a mild notion of solution to equation
(1.6), so that we say that a function u : [0,T] x M? — R is a mild solution
to equation (1.6) if there exist C' > 0 and m > 0, such that, for any ¢ € [0, 7]
and any (11,21), (92, r2) € M?, u satisfies

[u(t,m, 1) — u(t,n2, z2)| < Cl(n,21) — (2, 22)[2(1 + [(n1, 21) |2 + (N2, 22)|2)™, (1)
lu(t,0,0)| < C, )

and the following equality holds true

T
u(t,n, x) = Prro(n, z)+ / Byl u(s, ), gu(s, (s, ), Tu(s, ))(m,x)ds

(1.8)
for all t € [0,7], and (n,z) € M?, P, ; being the Markov semigroup related
to the equation (1.2). In particular we would like to stress that we require the
solution u to equation (3.5) to be locally Lipschitz continuous with respect to
the second variable with at most polynomial growth, so that the derivative
appearing in the right-hand-side of equation (1.8) is to be defined in a mild
sense, to better specified later on.

We thus define

YT (t) = u(t, X", XT0E(L)

ZTm(t) = Opu(t, X", X712 (4)) o(t, X, XTE(t))

UmT5(t,2) =u(t, X0, XT05() + v X0, XTE(t), 2))
—u (t’ XZ'JI@’ XT’n’z(t))

then the triplet (Y% Z77* [UT"%) is the unique solution to the back-
ward equation (1.4), where 9, is the derivative with respect to the R—valued
present state X (s) of (X, X (s)), u being the mild solution to the Kolmogorov
equation

Soult,n, x) + Leu(t,n, z) = ¢ (t,1,2,u(t,n,z), deu(t,n, z)o(t,n, z), Tult,n, z))
U(T7 TI’ :I/l) = ¢(n7 x) b t e [O7T} I’ (777 x) e M2 .

As regard the notion of mild solution for the Kolmogorov equation (1.6),
we have to mention that different notions can be chosen. Our choice is due
mainly to the fact that, since we do not require for differentiability assump-
tions, it seems to be the most suitable for financial applications. As an ex-
ample, in option pricing one usually have that the terminal payoff of a given
claim is Lipschitz continuous, without being differentiable. Moreover, mild
differentiability assumptions and the use of delayed coefficients, allow the
above notion to be particularly suited to price exotic options, as in the case
of Asian options, see [16]. Furthermore, the notion of mild solution we have
chosen well emphasize the intrinsic stochastic nature of the problem, also
providing an immediate connection to BSDE theory, hence allowing to treat
general semilinear PIDE. We refer to [24] for a comprehensive treatment of
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BSDE’s with general Lévy noise, see also [15] and references therein for a
more financially oriented study of the topic.

We would also like to recall that different notions of mild solution
for partial integro-differential already exist in literature, mostly considering
Volterra-type equations, allowing also to exhibit delays, we refer the inter-
ested reader to [10, 36, 40]. Also, in a setting similar to the present one, a
notion of mild solution for SPDE’s driven by a—stable noise can be found
in [50, 51|, where the authors study mild solutions of semilinear parabolic
equations in an infinite dimensional Hilbert space, in order to obtain the
associated Hamilton-Jacobi-Bellman equation with applications to the sto-
chastic optimal control problems.

Last but not least, rather recently a further notion of mild solution to
delay equations has appeared in literature. This is an ad hoc generalization
of the standard notion of wviscosity solution. In particular first in [27], and
then in [28, 29], a new notion of viscosity solution to PDE with delays, called
path-dependent PDE, has been formulated, based on the newly developed
functional It6 calculus mentioned above. Latter notion has been also exploited
to treat path-dependent PDE with delayed generator, see, e.g., [21], or [17]
for an application to mathematical finance.

The paper is organized as follows: in Section 2 we introduce necessary
notations and formalize the tools necessary to treat delay equations in the
Hilbert space M?2. In particular Section 2 is devoted to the characterization of
fundamental results on SFDDE, such as existence and uniqueness, as well as
the Markov property of the forward process. Thus subsection 2.1 is devoted
to results concerning Malliavin calculus for delay equations which will be
needed in order to prove the main representation theorem. In Section 3 we
prove the main result based on Malliavin calculus, which is related to the
study of the joint quadratic variation of the forward equation and a suitable
function; in Section 4 we give the non-linear Feynman-Kac theorem that is
later used to derive a deterministic representation to the FBSDE. Finally in
Section 5 we give an application of obtained result to optimal control.

2. Forward stochastic functional differential equation with delay

In this Section we introduce the notation used throughout the paper, also
presenting basic definitions and main results related to the mathematical
techniques involved in our approach. Some results are already established in
literature, such as existence and uniqueness of solutions, whereas others are
proved here for the first time.

Let us consider a probability space (2, F, (Ft),c(0,77 > ), where (1) ¢ (o
is the natural filtration jointly generated by the random variables W (s) and
N(ds,dz), for all z € R\ {0} =: Ry and for all s € [0,7], augmented by
all P-null sets, W being a 1-dimensional Brownian motion, while NV is a 1-
dimensional Poisson random measure, independent from W, with associated
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Lévy measure v(dz), satisfying

min{1, z*}v(dz) < oo; (2.1)
Ro

also we define the compensated random measure N(dt,dz) := N(dt,dz) —
v(dz)dt.
We will further assume in what follows that the Lévy measure v satisfies

/ |2|?v(dz) < 00. (2.2)
Ro

We underline that condition (2.1) is a standard assumption in the defi-
nition of a Lévy measure v, whereas assumption (2.2) implies that the process
has a finite second moment, which is a natural assumption if one has in mind
financial applications.

In the following, we fix a delay r > 0 and we will use the notation X (¥)
to denote the present state at time ¢ of the real valued process X, whereas
we use X; to denote the segment of the path described by X during the time
interval [t — r,¢] with values in a suitable infinite dimensional path space. In
particular, we refer to the couple

(Xt +0))perrps XB) = (Xe X (1)) -

From now on, we define M? := L? x R := L?([-r,0];R) x R, endowed with
the scalar product

(Xe, X(8)), Ve, Y () g, = (X Vi) o + X(8) - Y(T),
and norm
(X, X)) 372 = [ Xell7= + X (@) (2.3)

namely the Delfour-Mitter space, which is a separable Hilbert space, see, e.g.,
[41] and reference therein for details.

Furthermore, for any p € [2,00), we denote by SP(t) := SP([0,t]; M?)
and we say that a M?—valued stochastic process (X, X (s)) | belongs to
SP(t) if

s€(0,t

X1 = E | sup I(Xe X())ya | < o0
s €[0,t]
We denote for short SP := SP(T'). For the sake of simplicity, the following
notation is used throughout the paper: |- |2 denotes the norm in M? and |- |
the absolute value in R.

Remark 2.1. Let us stress that we will consider here a R—valued stochastic
process X, nevertheless any result that follows can be easily generalized to
the case of an R¢— valued stochastic process. In particular we would have
considered the Delfour-Mitter space M?([—r,0];R?) := L2([—r,0];R?) x R4,
see, e.g. [6].
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As briefly said in Section 1, the main goal of this work is to study a
stochastic functional delay differential equation (SFDDE) of the form
dX(t) = ,u(t, Xt, X(t))dt + U(tv X, X(t))dW(t) + f]RO 'Y(tv X, X(t)r Z)N(dtv dZ)
(X0, X(0)) = (n,z) € M? ’
(2.4)

for all t € [0,T]. We will assume the functionals u, o and  to fulfil the
following assumptions.

Assumption 2.2. (A1) the coefficients
p[0,T]x M* =R, o:[0,T]x M* R, ~:[0,T] x M*> xRy =R

are continuous.
(A2) There exists K > 0 such that for all ¢t € [0,7] and for all (n,z1),
(12, 22) € M?,

It n, 1) — p(t,m2, 22)[* + |o(t,nu, 21) — o(t,n2, 22)]?

+ ‘7(t7’r]1amlaz) —7(t,ﬁ2,$272)|2l/(d2)
Ro

< K|(7717$1) - (7727-7;2)@(1 + |(n1a$1)‘§ + ‘(772’1'2)@) .

Throughout the paper, we will look for strong solution to equation (2.4)
in the following sense.

Definition 2.3. We say that X := (X;, X (t));c[0,7] is a strong solution to equa-
tion (2.4) if for any ¢ € [0,7] X is indistinguishably unique and (F%),¢(o 7y~
adapted and it holds P—a.s.

t

X(t):er/ y(s,XS,X(s))der/o o(s, Xs, X(s))dW (s)

0
t
n /v(s,XS,X(s),z)]\Nf(ds,dz),
0 Ro
X() =1n.

In what follows we will denote by (X", X™%(t)) the M?—value of the
process at time t € [r,T], with initial value (n,z) € M? at initial time
7 € [0,T]. However, for the sake of brevity, in most of the results, we will
avoid to state the dependence on the initial value (7,7, z) writing for short
(X, X (t)) instead of (X7, X7 ().

Now we provide an existence and uniqueness result for equation (2.4).
Theorem 2.4. Suppose that u, o and v satisfy conditions (Al) — (A2) in
Assumptions 2.2. Then, for all t € [0,T] and (n,x) € M?, there exists a

unique strong solution to the SFDDE (1.2) in SP and there exists Cy =
C1(K, L, T,p) such that

[ X" ]5r < CL(1+ (0, 2)[3) - (2.5)
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Moreover, the map (1, z) — X% is Lipschitz continuous from M? to S and
it exists Cy := Co(K, L, T) such that

[ X — X g, < Col(ny, @1) — (n2, w2) 5 - (2.6)
Proof. Existence and uniqueness of the solution to equation (2.4), as well as
the estimate in equation (2.5), are proved in [6, Th. 2.14].

As regards equation (2.6), exploiting the Burkholder-Davis-Gundy in-
equality, see, e.g. [3, Section 4.4.], we have that, for any ¢ € [0, 7], denoting
for short by C several positive constants,

|X171721 — Xﬁz,wz‘gp —

=E sup [(X[7, XTT(t) — (X0, X2 (1)]; <
t€[0,T

< Cl(m, 1) — (n2, 2)[5

t
+C {/ |p(s, XT0%1 X% (5)) — p(s, X272 X12:%2(5))|Pds
0

t
" ( [ otz x0mn 5)) — o, xpers e <s>>|2ds)
0

t
[ ] htsoxme xme),) —v(s,xzw,X"MQ(s),z>|pu<dz>ds} ,
0 JRg

so that from the Lipschitz continuity in assumption 2.2 (A2), it follows
E sup [(X[07, X7 (L)) — (X272, X772 (1)) [; <
t€[0,T]
< Cl(m,z1) — (12, 22) [5+

T
- / sup (X" XM (s)) — (X272, X202 (s)) [pds
0 s€[0,q]

and the claim follows from Grownall’s inequality. O

Remark 2.5. We want to stress that a result analogous to Thm. 2.4 can
be obtained by replacing the Delfour-Mitter space M? with the space D of
cadlag functions, with the corresponding sup norm || - [p = sup, ¢ (_y07 | - |,
see e.g. [6, 46].

One of the major results, when one is to lift the delay equation into
an infinite dimensional setting exploiting the notion of segment, is that one
is able to recover the Markov property of the driving equation, see, e.g [42,
Theorem II.1]. Similarly also equation (2.4) results to be an M?2—valued
Markov process.

Proposition 2.6. Let X = ((Xq, X(t)))te[O,T] be the strong solution to equation
(2.4), then the process X is a Markov process in the sense that

P((X,, X (1) € BIF,) = P((X,, X(1)) € BI(X,, X(s)) = (n,2)), P—as.,
for all 0 < s <t < T and for all Borel sets B € B(M?).
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Proof. See, e.g. [6, Th. 3.9], or also, see, e.g., [46, Prop. 3.3] or [44, Sec.9.6].
[l

Having shown in Proposition 2.6 that X is a M?—valued Markov pro-
cess, we can therefore introduce the transition semigroup Py, acting on the
space of Borel bounded function on M?, denoted by By(M?), namely, we
define

Pro: By(M?) = By(M?), Prilel(a) =E[p(X["")], @€ By(M?).
(2.7)
Concerning the infinitesimal generator £; of equation (2.4), following
[33, 34, 35|, we will not enter in further details concerning its explicit rep-
resentation or the characterization of its domain, since this goes beyond the
aim of the present work and it is not necessary in order to prove the main
results. Nevertheless let us mentioned that its form can be derived from a
direct application of Ito’s formula, see, e.g. [6, Th. 3.6].

2.1. Malliavin calculus for jump processes with delay

In this subsection we recall some definitions and main results concerning
Malliavin operator and Skorokhod integral for jump processes. We will give
fundamental definition in order to fix the notation and to recall the most
effective results, we refer to [26, 45] for further references and proofs of some
results, or to [23, 25] for application of Mallavin calculus to delay equations.

In particular we stress that very few results concerning Malliavin calcu-
lus for jump processes in infinite dimension exist, where also the most simple
case of jumps processes having values in an infinite dimensional Hilbert space
is difficult to treat, we refer the interested reader to [4]. In order to avoid prob-
lems coming with the Hilbert space setting we will, in the present section,
exploit the same ideas used in [25]. Using the fact that the original SDE has
finite dimensional realizations. This will allow us to exploit standard results
in Malliavin calculus for jumps processes with values in R?. Also, in order to
be able to do so, as in [25], we must work with delay of integral type, which
motivates the choice of the Hilbert space M2,

In order to keep the present paper as much as self contained as possible,
we will first recall definitions and fundamental results for Malliavin calculus
for jumps processes mainly taken from [26]. Eventually we state the main
result of the present subsection, that is, as done in [25] exploiting the finite
dimensional nature of the SFDDE, we prove a Malliavin differentiability re-
sult for SFDDE. Also, for the sake of brevity, we will state the results just
for the jump component and we refer to [35, 42] for the diffusive part.

Let us denote by I,,(f) the n-fold iterated stochastic integral w.r.t. the
random measure N, as

In(fn) = / f((t1,21), .., (bn, 20))N(dty,d21) ... N(dtn,dzn) € L2(Q)
([0, T]xRg)™ 2.8)
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where
feL2(([0,T) x Rg)™) = L*(([0,T) x Rp)"), @v(dz)dt) ,

is a deterministic function.

Thus, every random variable F' € L?(Q) can be represented as an infinite
sum of iterated integrals of the form (2.8). This representation is known as
chaos expansion, see, e.g.[26, Def. 12.1] or [45, Th. 1].

Theorem 2.7. The stochastic Sobolev space DY? consists of F—measurable
random variable F € L*(Q) such that, for (fn)n>o0, with f,, € L* (([0,7] x Ro)™),
it holds

n=0

with the following norm

P12 =" nnd | Lo (£u) 122 (0. m) xmo)m) -

n=0

Given the chaos expansion in equation (2.9), we can introduce the Malli-
avin derivative D; , and its domain D'2, see, e.g. [26, Def. 12.2].

Definition 2.8. Let us consider a random variable F' € D%2, the Malliavin
derivative is the operator D : D12 C L?(Q) — L2(Q2 x [0,T] x Rg) defined as

Dy F = nly1(fn(-t,2)), F € D2 240, (2.10)

n=1
Since the operator D is closable, see, e.g., [26, Thm. 3.3 and Thm 12.6],

we denote by D2 the domain of its closure.
The following result represents a chain rule for Malliavin derivative.

Theorem 2.9. Let F € DY2 and let ¢ be a real continuous function on R.
Suppose ¢(F) € L*(Q) and ¢(F + Dy, F) € L*(Q x [0,T] x Ry). Then,
¢ € DY2 and

Dy .¢(F) = ¢(F + Dy . F) — ¢(F) . (2.11)

Proof. See, e.g. [26, Thm. 12.8]. O

Once the Malliavin derivative has been defined, we are able to introduce
its adjoint operator, the Skorokhod integral, in particular next definition is
taken from [26, Def. 11.1], see, also [45, Sec. 3] for details.

Definition 2.10. Let & : L?(Q x [0,T] x Rg) — L?(92) be the adjoint operator
of the derivative D. The set of processes h € L?(Q x [0,T] x Rg) such that

T
B[ [ Di.Fhi(a)vidz)ds| < I
0 Ro

for all F € D'2, forms the domain of §, denoted by dom 4.
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For every h € dom d we can define the Skorokhod integral as

/ /R he(2)N(dt, dz),

Definition 2.11. We denote by L2 the space of F—adapted processes h :
Q% [0,T] x Rg — R such that h; € D*? and

for any F € D2,

T
IE/ |hi(2)|v(dz)dt < oo
0 JRro
E / Dy (O (dC)dsi(d2)dt < o
[0,T]xRo)?
From Definitions 2.10-2.11 above, we have that L1'? C dom §.If h € L1»2
and D, ,h € domd, then §(h) € D12 and
D, .6(h) = h(z) 4+ 8(Dy .h), (2.12)
see, e.g. [37]. Notice also that L*? ~ L2([0, T]; D'2).
Proposition 2.12. Let h; be a predictable square integrable process. Then, if
h € DY2, we have, for a.e. (s,z) € [0,t] X Ry,

t t
D,. | hydr= / D, .h.dr,
0

t

Dss | he AW (r / D, h.dW(r)

t
Dsyz/ / hTN(dT, dz) :hs+/ D, ¢h.N(dr,d¢).
0 JRo s JRg
Proof. ee, e.g. [45, Prop. 6]. O

Next result is the chain rule for SFDDE, that is the generalization of
Theorem 2.9 to the case of delay equations, that will be needed in the proof
of the main result of the present Section as well as in subsequent sections.

Theorem 2.13. Let F and v € DY2, let also ¢ be a real valued continuous
function on M? Suppose ¢(v, F) € L*(Q) and ¢(¢p + Dy 9, F + D, ,F) €
L2(Q x [-r,T] x Rg). Then, ¢ € DY? and it holds

Dy .¢(h, F) = (¢ + Dy 0, F + Dy . F) — ¢(, F) . (2.13)
Proof. Following [43, Proposition 6.2], let us define a partition of [—r, 0],
I :—r<s1<...<s: <0,
with

[TLg || := 2I£184<Xk(8 si—1) = 0, as k — oo.
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Let I : R¥ — L2([-r,0],R) be the continuous linear embedding asso-
ciated to the partition I as

k
Ik(xla cee ,th)(t) = Z xi[(si—hsi](t)

and set s* the tuple (sq,.. . Let us also define

1 Sk
Qur(¥) = <51 — 50 / v U sk — Sk—1 /skl 1/)(t)dt> ’

the L? projection for ¢» € L?([~r,0],R). Finally, we define a linear map
T% . L2([~r,0],R) — L%([-r,0],R) as

P P = TR =T 0 Qe (¥)

in particular it holds that 7%y — ¢ in L%([-r,0],R) as k — oo, see, e.g. [43,
Lemma 5.1].

We thus define the function ¢* : R¥ x R — R, so that, from the classical
chain rule Theorem 2.9 applied to ¢* we have

Dy 200", F) = Dy 20" (Qu(¢), F) =
= ¢k(Q§k (¢ + Dt,zw) 7F + Dt,ZF) - ¢k(Q§k (¢)5F) =
= d)(-[k © Q§’° (1/) + Dt,zw) 3 F+ Dt,ZF) - ¢(Ik © Q§’“ (7/}) 3 F) .

Then the claim follows taking the limit as & — oo together with [43,
Lemma 5.1], the continuity of ¢ and the Dominated Convergence Theorem.
O

We are finally able to prove next theorem, which is the main result of
the current subsection concerning Malliavin differentiability of the SFDDE
(2.4).

Theorem 2.14. Let us suppose that Assumptions 2.2 (A1)-(A2) hold and X =
(X(1)se[—r7) i the solution to equation (2.4). Then, X € L* ([~r,T];D"?)
and, for every s € [0,T] and z € Ry, the stochastic process {D;s ,X(t) : t €
[s,T]} satisfies

[/ /R sup |Ds . X (t)]*v(dz)ds| < oo . (2.14)

te[s, T

In particular, for any t € [0,T], X(t) € DY? and it holds

Ds-X(t) =(s,Xs, X(s),2)+
+ fst (1 (X + Ds,szX(u) + Ds,zX(u)) — w(Xu, X (u))) du+
+ J1 (0 (Xu+ Ds,2Xu, X (u) + Ds,2 X (u) — 0(Xu, X (u)) dW (u)+ ;
7 o (7 (X + DXy X(0) £ D2 X () — 4(X, X (w))) N(du, dC)
Dy .X() =0, te[-rs),
(2.15)
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Moreover, for any z € Ry, there exists a measurable version of the two-
parameter process

D . Xy ={Ds.X:(0) : s€[0,T],0 € [-r,0]} .

Proof. We will use a standard Picard’s approximation scheme, see, e.g. [26,
Th. 17.2]. Let X°(t) = z and X} = 7, then set, for n > 0,

ntl =z t s. X" X"(s))ds tcrs nX"(s s
XH(f) = +/Ou<,XS,X<>>d+/O (5, X7 X" (5))dW (s)

t
+//’y(s,Xﬁ,X"(s),z)N(ds,dz),
0 JRo

Xyt =n,

where we use the notation X' := (X" (s 4+ 0))yc(_.q-

We are going to prove by induction over n that X"(t) € D2 for any
t € 10,7, D, ,X(t) is a predictable process and that

t
Enp1(t) <CL+Coy En(s)ds,

-

where C, Cy are some suitable constants and

&n(s) := sup E/R sup |Ds . X"(7)]*v(dz) < oc.

0<s<t o s<7<t

For n = 0 the above claim is trivially satisfied. Let us thus assume that
the previous assumptions hold for n, we have to show that they hold also for
n + 1. Indeed we have that fg wu(s, X, X"(s))ds, fota(s,X;L,X”(s))dW(s)
and [} (s, X2, X"(s),2)N(ds,dz) € D"?, and proposition 2.12 guarantees
that

t t
Dy, u(T,Xf,X"(T))dT:/ D, p(r, X7, X™(1))dr
0 s
t

Do [ atr.x2 X)W (r) = / Dyao(r, X, X" (r))dW (7)

and

t
D | ~v(r, X2, X"(7),2)N(dr,dz) = v(s, X', X"(s), 2)

0
t ~
[ [ DXz Xt (0,0 do)
s Ro
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for s < t. Consequently, for any ¢ € [0,T], X"*1(¢t) € DV and
Dy X" THt) = (s, X2, X" (s / Dy pu(r, X2, X (7))dr
t
—|—/ D; o(r, X}, X"(7))dW (1)
St i
+ [ Dt XE X 0,08 @), (210
S Ro

and the representation in equation (2.15) immediately follows from the chain
rule Th. 2.13.

By squaring both sides of equation (2.16), we have

2

t
DX < (s, X2 X" AP + | [ X2, X0 ()i

2

t

+4 o7 (T, X7, X" (7))dW (T)

2
Yoo (7, XT, X" (1), )N (d, dC)

(2.17)
Ro

By exploiting Doob maximal inequality, stochastic Fubini’s theorem and
Ito isometry, we get

E/ sup | D, . X" ()| w(dz) < C []E (s, X2, X" (5), 2)|* v(dz)
Rg s<7<t Ro
2

+E

2

+E / 07 (T, X7, X"(7))dW (T)

T

t t
L E / [t o, X2, X (1)) P dr + E / lora(r, X2, X7 (7)) P dr

t
/ por o (1, X7, X (7))dT

+E Yro (T, XT, X™(7), Q)N (dr, dC)

Ro

<c [E (s, X7, X" (), 2) 2 (d2)
Ro

t
+E | [ m,Z(T,X;X"(r),oFu(dz)dr} ,
’ (2.18)

where we denote for short by C' > 0 a suitable constant.
Exploiting Assumptions 2.2 together with Theorem 2.9, we get
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]E/ sup |Ds X" TH(7)|2v(dz) <
R s<7<t

t
<G / E | [(Ds:X7,Ds-X"(7)) [3v(dz)dr + C2 (1 +E| (X7, X™(7)) [3)
s Ro

t 0 t
< (E/ / |Ds . X" (7 + 0)|? v(dz)dOdr +E/ / |Ds - X" (1) ]2 du(dz)T) +
s —r JRg s JRg
+C3(1+ )

0 t+6 t

<o (E/ / |DS,ZX"(p)\2u(dz)dpde+1a/ / |DS,ZX"(T)\2u(dz)dT) +
—rJs Ro s JRg

+ C3(1+ )

t
§C4E// Do X" (7)2 w(d2)dr + Ca(1+ A,
s JRg
(2.19)

where Cy, Csy, C3 and Cy denote some suitable constants and A is such
that

A=supE sup |X"(s)|3 < co.
n —r<s<T

Also, we obtain
Xt = (Xn+1(t))te[fr,T]

and for any ¢, X"*1(¢) € D12, so that X"*! € L?(Q x [—r, T]; D1?) and, for
p<s, D . X" (p) =0.

It follows that, for any z € Ry, it exists a measurable version of the
two-parameter process

DX ={D,.X]"(0) : s€[0,T],0 € [-r,0]},

such that D, . X" € L2(Q x [0,T] x [~7,0]), see, e.g. [42, Sec. 4].
Therefore, the inductive hypothesis is fulfilled by X™+! and

€ L*(Q x [-r,TY)),

Esup |[X"(s) — X(s)]> =0 as n— oo.
s<T

Finally, thanks to a discrete version of Gronwall’s lemma, see, e.g. [8,
Lemma 4.1] or [26, Th. 17.2], and applying equation (2.19), we have

T
sup]E/ |Ds . X" (7)?dr < 00,
nZO —7r
so that X (¢) € D12
By repeating the same reasoning as before, we have
X = (X(1)ei_rp € LX(Qx[-r,T)), X(t) € D',
for any t, so that X € L?(Q2 x [—r,T]; DY2). The proof is complete by ob-

serving that, for any z € Ry, there exists a measurable version of the two-
parameter process

D, X, ={D;.X,(0) : s€[0,T],0 € [-r,0]},
such that D, . X; € L*(Q x [0,T] x [-7,0]). O
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3. Joint quadratic variation

In order to prove the main result of this work, which consists in giving an
explicit Feynman-Kac representation formula for a coupled forward-backward
system with delay, we need first to prove a joint quadratic variation result.
The main advantage of such an approach is to overcome difficulties that may
arise in dealing with the It6 formula in infinite dimension, since, in general,
the process X; fails to be a semi-martingale, so we cannot rely on standard
1t6 calculus. Furthermore, with the present approach, we are able to relax
hypothesis concerning the differentiability of the coefficients.

Following [33, 35], we introduce a generalized covariation process. The
definition of joint generalized quadratic variation we consider in the present
paper has been first introduced in [48], see also [47, 49], with the only dif-
ference that they consider the limit to hold uniformly on compacts sets in
probability. We have chosen here, following [33, 35], to consider the limit in
probability because the limiting procedure is easier with a stronger notion of
convergence, such as the convergence in probability. Also, it is shown in [48,
Prop. 1.1] that the standard definition of joint quadratic variation, see, e.g.
[3, Section 4.4.3], coincides with the quadratic variation defined below.

Definition 3.1. Given a couple of R-valued stochastic processes (X (t), Y (¢)),
t > 0, we define their joint quadratic variation on [0,T], to be

(X (), Y () o,y =P — 1im Clo g (X (1), Y (1))

where P — lim denotes the limit to be taken in probability and

I
C'[E07T,](X(t),Y(t)) = 1/0 (X(t+e)—=X ()Y (t+e)=Y(t))dt, e >0, (3.1)

€

with 0 <T'+e<T.

Before stating our main result we are to better introduce a mild notion of
derivative we will use throughout the paper. In what follows we will consider
a function u : [0, 7] x M? — R, such that there exist C > 0 and m > 0, such
that, for any ¢ € [0,7] and any (1, 1), (12, 72) € M?, u satisfies

lu(t, m1, x1) — u(t, n2, z2)| < Cl(n1,21) — (n2,x2)l2(1 + (1, T1)|2 + (M2, 2)|2)™ (3.2)
lu(t,0,0)] < C. '
that is we require the function u to be Lipschitz continuous without
requiring any further regularity concerning differentiability. Nevertheless, in
what follows, we will use the notation of 97. In particular following [35] we will
introduce a mild notion of derivative, called generalized directional gradient
0%u. When wu is sufficiently regular, it can be shown that the generalized
directional gradient, in the direction o(t, 7, x), of a function u, coincides with
Ozu(t,m,z)o(t,n,x).
The definition, as well as the characterization of several properties, for
the generalized directional gradient has been provided in [35]. We will only
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state here the definition of generalized directional gradient, whereas we refer
to [35] to a complete treatment of the topic.
In particular it has been shown in [35] that the following holds

(Wl X X0 WO, = [ 6o X X(5)ds (3.3)

where (-, -)_, denotes the joint quadratic variation defined above and ¢ :

[0,T] x M? — R is a suitable measurable map, see also [33, 34, 35| for
details. Under suitable hypothesis of regularity, in [35] the authors show that

(u(~,X.,X(~),W(~))T7t:/ Opu(t, Xs, X (5))o(t,Xs, X (s))ds, P—a.s.,

(3.4)
where we denote by 0, the derivative w.r.t. the present state. Hence, equation
(3.3) can be considered as the definition of the generalized directional gradient
of the function u along the direction 0. We say that the map ¢ : [0,7] x M? —
R belongs to the directional gradient of u, or equivalently that ( € dJwu, if
equation (3.3) holds. Therefore, we use for short the notation 7w to represent
an element of the generalized directional gradient. Since this topic lies outside
our goals, having been deeply studied in a more general setting in [35], we
skip every technicality and invite the interested reader to [35].

The following result represents the core of this paper.

Theorem 3.2. Let us assume that u : [0,T] x M? — R is locally Lipschitz
w.r.t. the second variable and with at most polynomial growth, namely, there
exist C > 0 and m > 0, such that, for any t € [0,T] and any (m,x1),
(n2,2) € M2, u satisfies

lu(t, 1, 1) — u(t, n2,z2)] < C|(n1,21) — (12, 22)|2(1 + (1, 21)[2 + (02, 22)[2)™
lu(t,0,0)| < C.

)

(3.5)

Then, for every (n,z) € M? and 0 <7 <T' < T, the process
{u(t, X{™" X7 (1), ¢ € [r, T}

admits a joint quadratic variation on the interval [7,T’] with

J(t) = /Ot /R zN(ds, dz),

given by

T/
(ule, XTI XTI (), Ty = / /R > Ju(s, XTI, X7 (s)
T 0

+y(s, X$*, XT1(s), z) — u(s, X, X7 (s))] N(ds, dz) .
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Remark 3.3. An analogous of [35, Prop. 4.4] is valid in the present case, that
is the following representation holds

T

(-, XTE XTPE(), W(')>[T,T/] = O u(s, X", X (s))ds

where 97w is the generalized directional gradient. The claim follows from [35]
by observing that the Poisson random measure does not affect the result and
the proof follows exactly the same steps as in [35].

Proof. Without loss of generality, we prove the result for 7 = 0, as the case
of a general initial time 7 # 0 can be proved using the same techniques. Fix
(n,z) € M? and a time horizon 7" € [0,T] and denote for brevity X" by
X. In what follows we will denote with N(dt, dz) the Skorokhod integral.

In order to shorten the notation set

v = (u(t + €, Xiye, X (t+€)) —ult, X¢, X (1)) L1o,7 (L),

and
A ={(t,s) € [0, T x [0,T"] : 0<t<T', t<s<t+e}.

From equation (3.5) and theorem 2.14, we have v, € L2, so that, for
any t, v; € D2 and then v;14<(t,-) € L?(Q2 x [0,T]). Furthermore, equation
(2.12) implies that v; is Skorokhod integrable and from [26, Th. 12.11] we
have

T/
/ / 20l ac(t, )N dt dz) —vt/ / 21 ac(t, )N dt dz)
0 Ro Ro

— / / 2D vl ac(t, s)N(ds,dz) =: 2z,
0o Jre
(3.7)

which holds since z € L?(Q x [0,T]). Also, equation (3.7) implies, for a.a.
te[0,17],

U(t+€,Xt+5,X(t+E))—U(t Xta ( ))(Jt-'re_Jt
t+e
=u(t+e,Xppe, X(t+€) —u(t, Xy, X / /]ROZN (ds,dz)
the (3.8)
_ / /R 2Dy, (u(t + € Xove, X(t+ €)) — u(t, Xi, X (1)) N(ds, d=)
t+e ~
+ / /R z(u(t+ e, Xepe, X(t+€)) —ult, Xt, X(t)) N(ds, dz) .

Let us integrate the right-hand side of equation (3.8) in [0,7"] w.r.t. t.
By noticing that the left-hand side equals to eC¢, we write the right-hand



A nonlinear Kolmogorov equation for SFDDE with jumps 21

side as follows
T ptte
/ / / 2Ds , (u(t + €, Xite, X (t+€)) — u(t, Xy, X (¢))) N(ds, dz)dt
0 t Ro
T’ t+e o
+ / / / (Ut + 6 Xopo, X (24 €)) — ut, Xo, X(1))) N (ds, dz)dt
0 t Ro
T ptte
- / / / Do (ult + € Xope, X (E+€)) — ult, Xo, X (1)) N(ds, d=)dt
o Jt Ry

T +e SAT’ ~ A
+ /0 /Ro /(Se)+ z(u(t+ e, Xpre, X(t+€)) —u(t,Xs, X(t))) dtN(ds,dz) .
(3.9)

It remains to verify that fOT/ zv1 4 (t, -)dt appearing in equation (3.9)
is Skorokhod integrable. From the definition of Skorokhod integral, by using

equation (3.7) for G € DY? and the duality formula, see e.g. [26, equation
(12.14)], we have

T T
E / / / 201 Ae (t, s)dtDs ,Gr(dz)ds
0 JreJo
T T
= / E / / 20l ae(t, 8)Ds ,Gu(dz)ds | dt
0 0 JRo
T T
0 0
so that fOT/ vl 4¢(t, -)dt is Skorokhod integrable. Hence,

T T o
/ / / 201 4e(t, 8)dtN (ds, dz)
o Jo Jre
T T T o
z/ ztdt:/ / / 201 4¢(t, 8)N(ds, dz)dt .
0 o Jo Jre

Exploiting again equation (3.7) we have

T
G/ / 201 pe (¢, S)DS,ZN(CZS, dz)] dt =E
0 JRe

T T’ T
/ / / oy Lac (t, )dt N (ds, dz) = / w0 e — Ty (D)t
0 0 Ro 0

©oT
—/ / / 2Ds vl a<(t, s)N(ds,dz)dt,
o Jo Jrg

and then equation (3.9) is proved.

On the other hand, thanks to the chain rule Theorem 2.13 and from the-
orem 2.14 together with the adeptness property of the Malliavin derivative,
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ie. D, . X(t) =0if s > t, we have that, for a.a. s € [t,t + €,

D vy = Dy L u(t + €, Xpye, X (t+€)) — ult, X¢, X(1))]
=D, Ju(t+ €, Xiye, X(t +¢))]
=u(t + € Xete + Ds 2 Xige, X(t+€) + Ds . X(t +€))
—u(t+e, Xire, X(t+6€)) .

Now, we apply equation (3.9) to get

T pt+te N
7/ / / z [u (t+ €, Xtq4e + Ds, 2 Xtte, X(t+€) + Ds . X(t +€)) N(ds,dz)dt
Ro
T pt+te R
- 7/ / w(t+ € Xepe, X(t+ )] N(ds, d=)dt

T’ +e SAT! .
+ - / / / z (u(t+ €, Xtqe, X (t +€)) —u(t, X¢, X(t))) dtN(ds,dz) .
Ro J(s—e)t

Let us consider separately the two terms

T ptte N
If = - / / / 2 [u (t+ € Xoge + Doz Xope, X(¢+€) + Do 2 X (¢ + €)) N(ds, dz)dt
Ro
t+e€ N
— 7/ / w(t+ €, Xeye, X(t+€))] N(ds,dz)dt

T +e SAT’ ~ o~
/ / / St 4 € Xoge, X(E+ ) — ult, Xe, X(£))) dtN (ds, dz)
Ro J(

s—e)t

As regards I§, the proof proceed as in [35, Prop. 4.4.], see also [33, Th.
3.1]. We report in what follows its main steps for the sake of completeness.
We have to show that

1"
*/ Ut]].Ae(t,S)dt—) 0,
€ Jo

in 12, since this implies I§ — 0 in L?(£2), together with the boundedness of
the Skorokhod integral. Thus, for a general y € L2, we have

1 T 1 sAT
Te(y), = © / (ore — yo)Lae (£, s)dt = /( (Yore — o)t

s—e)Vt

so that we have to show that T¢(y) — 0 in L12.
Let us recall the isomorphism

L? ([0,T]);D"*(R)) ~ L"2.
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Following [35], we have to prove that ||T¢||.1.2(R) is bounded uniformly
w.r.t. €. In fact, we have

. 1 T T
IT(y)s 1512 m) < :2/0 ﬂAE(tvs)dt/O Yere = Yol gy Lac (¢, 5)dt
T/
S/ [Yote = Yelprzgr) La (¢, s)dt ,
0
T/
T Wi = [ 1T By
T T’
S/ |yt+e_yt|]%)1v2(]1{)/ Lac(t, s)ds dt
0 0

T/
< [l = wlBrageyde < 2ulEoge
0

and thus the claim follows by [35, Prop. 4.4.], or [33, Th. 3.1].
As regards I, we have

1 T t+e ~
=1 / / / 2u(t + € Xege + Do Xege, X(E+6) + Do X (¢ + €))N(ds, dz)dt
eJo Ji Ro

1 T t+e N

- 7/ / / sult + € Xeye, X(E+ )N (ds, d2)dt 1= K< — K§ .
eJo Ji Ro
Let us first prove that

KS — / / 2u(t, Xy, X (1))N(dt,dz) , P —a.s. (3.10)
0 JRg
as € = 0.
From assumption (3.5) on the function u, the right-continuity of X, and

exploiting the Lebesgue differentiation theorem together with the dominated
convergence theorem, it follows that

1 T pt+e R
- / / / zu(t + €, Xere, X (t + €))N(ds,dz)d¢
€ Jo t Ro

T +€ 1 (s+e)AT’ R
:/ / zf/ ult, Xo, X(O))dEN(ds,dz)  (3.11)
0 Ry € Jsve

o ' [ sl X, X ()N ().

P—a.s., as € — 0.
Let us now prove that

K¢ — / / cult, X0, X(8) + (6 X0, X (1), 2))N (A, d2) . (3.12)
0 Ro
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Theorem 2.14 assures that

Da X(t+€) =(s, Xy, X (s / D, .[u(q. Xy, X (q)))dg
t+e
+ Dy .[o(g, Xq, X (q))]dW (q) (3.13)

/ [ D.-bla. Xy X (). )N (dg. o).

Proceeding as above, we get

t+e .
7/ / / zu(t + €, Xiye + Ds 2 Xiye)N(ds,dz)dt
€ Jo Ro

T +e .
:/ / zf/‘ +u(t+e,Xt+E+DS,th+E,X(t+e)+DS,ZX(t+e))dtN(ds,dz).
Ro (s—e)
(3.14)

The continuity of u, together with the right-continuity of X, and the
Lebesgue differentiation theorem provide that

T +e (s+e)AT! ~
/ / / wt, Xo + De.o Xo, X (&) + Ds.o X (£))dEN (ds, d2)
Ro sVe

T/
a/ / 2u(t, Xt + Doo Xo, X (1) + Doo X (£))N(At, d2),
Ro
(3.15)

P—a.s. as e — 0.
Moreover, theorem 2.14 implies that
t+6
D872X<t +0) = '7(37 X, X(S>7 z) + DS,z[u(q, Xqs X(q>)]dq

S

/ D .[o(g, X4, X (q))|AW (q)

t+6 ~
[ ] Debla X X (0.0 (.00 0 € [0
Ro
D, . X(t+60)=0, s>t+0,
and exploiting the adaptedness of the Malliavin derivative, namely

Dt,th(e) = Dt,zX(t + 9) = 0, for 6 € [—7", 0) y

Dy . X(t) =~(t, Xy, X(t), 2), (3.16)

and substituting (3.16) into eq. (3.15), we obtain the claim and (3.12) is
proved. Equation (3.6) thus follows and the proof is then complete. O
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4. Existence of mild solutions of Kolmogorov equation

The main goal of this section is to prove an existence and uniqueness result
of a mild solution, in a sense to be specified later, of a non-linear path-
dependent partial integro-differential equation. Such a solution is connected
to a forward-backward system with delay of the form

dxXTm () = pu(t, X XTI ()dE + o (t, X[, XTI () AW (s)
+ frg V(& X XTI (1), 2) N (dt, dz)
(X7, X7 (r)) = (n,2) € M?

dymme(t) = (t7 X;rm,z7 XTI () Y TE (L), ZTME (), U-r,n,z(t)> dt’
HZTIE (AW () + fp, UTE (¢, 2)N(dt, d2)
YT (T) = ¢(X7™"", XT(T))
(4.1)

where we have set for short
UM (t) == / U™ (t,2)8(2)v(dz) .
Ro

In particular the solution to the forward—backward SFDDE (4.1) is the
quadruple (X,Y, Z,U) taking values in M? x R x R x R. We refer to [24] for
a detailed introduction to forward-backward system with jumps.

Let us assume the following assumptions to hold:

Assumption 4.1.

(B1) The map ¢ : [0,7] x M? x R x R x R — R is continuous and there
exists K > 0 and m > 0 such that

[t w1, 91, 21, u1) — (E M2, X2, Y2, 22, u2)| < K1, 21) — (12, 22)]2
+ K(ly1 —yal + |21 — 22| + [ur — ual) ;
\w(t,m,xl,y,z,u) 7¢(t77’23x27y327u)‘
< K+ [(m,21)l2 + (02, 22) |2 + [y])™
. (1 + |Z| + |’U,|)(|(7’]17.’L‘1) - (7727332)|2) ;
%(¢,0,0,0,0,0)| < K,
for all (tvnhxlaylvzl?ul)? (t7n27$27y27227u2) € [OvT} X M2 X RSJ
(B2) the map ¢ : M? — R is measurable and there exist K > 0 and m > 0
such that
|¢(n1, 1) = G(n2, w2)] < K(1+[(n1, 21)[2 + [(n2, 22)|2)™ (71, 21) — (m2, 22) 2,
for all (ny,x1), (n2,22) € M?;
(B3) there exists K > 0 such that the function 6 : Ry — R satisfies

0(2)| < K[(AAz]), 6(2) 20, ze€Ro.
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Remark 4.2. Following [24], we have chosen this particular form for the gen-
erator ¢ of the backward component in equation (4.1), due to the fact that
it results to be convenient in many concrete applications.

Remark 4.3. We want to stress that assumptions 4.1 imply that there exists
a suitable constant C' > 0 such that

W(t,m,2,y,z,u)| < CA+ |(n,2)[5" + |y + 2] + |ul),
l¢(n,z)| < C(1+|(n,2)[5").

In what follows we will denote by K([0,7]) the space of all triplet
(Y, Z,U) of predictable stochastic processes taking value in R x R x R and

such that
T
| 1z@par
0

/T |U(t, z)|2l/(dz)dt] < 0. (4.2)
0 JRg

1Y, 2,0l iE[ sup [Y(1)*| +E

te€[0,T]

+E

The following Proposition ensures the existence and the uniqueness of the
solution to the system (4.1), under suitable properties of the coefficients.

Proposition 4.4. Let us consider the coupled forward-backward system (4.1)
which satisfies Assumptions 2.2 and Assumptions 4.1.
Then, the coupled forward-backward system admits a unique solution

(XTmE yTne Zzrne griey e SPox K([0,T]) .
Eventually we have that the map
(1,7,2) s (XT0E Y T0e e grraey
18 continuous.

Proof. The existence and uniqueness of the solution to the forward compo-
nent follows from theorem 2.4, since Assumptions 2.2 hold true by hypothesis,
whereas the existence and uniqueness of the backward component under As-
sumptions 4.1 follows [7, Cor. 2.3] or [24, Thm. 4.1.3] .
The continuity of the map (7,7, z) — X" is guaranteed by theorem
2.4, whereas the continuity of (7,7, z) — (Y772, Z70 (712 follows from
[7, Prop. 1.1].
O

Theorem 4.5. Let us consider the coupled forward-backward system (4.1)
which satisfies Assumptions 2.2 and 4.1. Let us define the function u : [0,T] X
M? = R,
u(t7 m, 3’3) = tht,n,x >
with t € [0,T] and (n,x) € M?,.
Then, there exist C' > 0 and m > 0, such that, for any t € [0,T] and
any (n1,71), (N2, o) € M2, the function u satisfies
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)m

[ut,n,z1) — u(t,n2, z2)| < Cl(1, 1) — (n2, 22)[2(1 + [(n1, 21)|2 + [(n2, 22) |2
[u(t,0,0)| < C.

)

(4.3)

Moreover, for every t € [0,T] and (n,x) € M? we have P—a.s. and for
a.e. t€[r,T]

YT (L) = w (6 X[ X))
2T () = OFu (b X XTI D))
UTE (¢, 2) = u(t, X7 XT0E () +~(t, X7 XT5(t), 2))
- u(t7 XtT’W, X7 (t)) )

(4.4)

where 07 is the generalized directional gradient in the sense of equation (3.3).

Remark 4.6. Let us recall that, if w is sufficiently regular, then
Z07m9(0) = Dult, X7, X7 ()t X[, XTI(0)).

Proof. The fact that u(t,n,z) = Y, satisfies (4.3) immediately follows
from the continuity of the map

(7—7 "7’ Jj) H (XT7/'77I’ YT,n,z? ZT”’])I’ UT7T]7I) 9

proved in proposition 4.4 together with assumptions 2.2.

The representation of Y and Z follow from [33, Cor. 4.3].

As regards the process U, using the standard notion of joint variation
we have

T
<Yﬂmx(')7j(')>[r,T] :/ /R 2UT*(s,z)N(ds,dz) . (4.5)

On the other hand, Theorem 3.2 implies

<u(" Xrme, XT’WJ('))’ J(')>[T,T]

T
- / / 2 [u(s, XT%, XT1%(s) + (s, XTI, X70%(s), 2))] N(ds, d2)
T Ro

- / /]R z [u(s, X%, XT1%(3))] N(ds,dz) . (4.6)

Comparing now equation (4.5) and equation (4.6), the representation
for U in equation (4.4) follows. d

4.1. The non-linear Kolmogorov equation

The present section is devoted to prove that the solution to the forward-
backward system (4.1) can be connected to the solution of a path-dependent
partial integro-differential equation with values in the Hilbert space M?2.

More precisely, let us consider the Markov process (X; """ X712 (t))
defined as the solution of equation (2.4), and the corresponding infinitesimal
generator L.
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The path-dependent partial-integro differential equation we want to in-
vestigate has the following form

Srult,n, @) + Lou(t,n,x) = (8,1, 2, ult, g, x), 0ut,n, x), Tu(t,n,z)) ,
w(T,n,x) = ¢(n, z),

(4.7)
forallt € [0,7],and (n,z) € M? where u:[0,T]x M? — R is an unknown
function, ¢ and ¢ are two given functions such that v : [0,T] x M? x R x
RxR — Randy: M? — R, 9Ju is the generalized directional gradient and
J is a functional acting as

Ju(t,n,x) = /R (u(t,m,z+~(t,n,x,2)) —u(t,n,x))d(z)v(dz).

In particular, we want to look for a mild solution of equation (4.7),
according to the following definition.

Definition 4.7. A mild solution to equation (4.7) is a function w : [0,7T] x
M? — R such that there exist C' > 0 and m > 0, such that, for any ¢ € [0, T
and any (11,21), (92, r2) € M?, u satisfies

lut, m, z1) — u(t, 2, z2)| < Cl(m,z1) — (72, 22)[2(1 + (71, 21)[2 + [(M2, T2)[2)™

lu(t,0,0)| < C (4.8)

and the following identity hold true

T
u(t,n, z) = Poro(n,z) + / Pyt us, ), 82u(s, ), Tu(s, )] (1, 2)ds |

(4.9)
for all t € [0,7], and (n,z) € M? and where P; 5 is the Markov semigroup
for equation (1.2) introduced in equation (2.7).

Theorem 4.8. Assume that Assumptions 2.2 and Assumptions 4.1 hold true.
Then, the path-dependent partial integro-differential equation (4.7) admits a
unique mild solution u, in the sense of definition 4.7. In particular, the mild

solution u coincide with the function u introduced in theorem 4.5.

Proof. In what follows, as above, we will denote for short
g (s) 1= / U (s, 2)8(2)0(dz)
Ro

Let us consider the backward stochastic differential equation in equation
(4.1), namely,
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YE(E) = o(Xp", X 0T+
T
+ / b (X077 X (5), Y15 (), 2917 (), 0474 s) ) i
t

T T
[ zmsaws) [ vte(s, N s,
t t Ro

Taking the expectation and exploiting equation (4.4), then Y satisfies
equation (4.9).

In order to show the uniqueness let u(t,n,x), 0 <7 <t < T, be a mild
solution of equation (4.7), so that

u(t,n, x) = E [¢(X3™, X5(T))]

+E

T
[ (xeme (o), v ), 20056, 00 ) ds] .
t
By recalling that (X, X7(t)),c(o 1) 15 a M?—Markov process, and

denoting by E! the condltlonal expectation w.r.t. the filtration F;, we can
write

u(t, Xy, X (t)) = B [6(Xp"T, XH0H(T))]

+E?

T
/ b (XL, X0 (5), Y (5), 200 (5), 010 (s) ) ds]

t
~E! [/ Y (XST’"’”7XT’"=”’(3),Y””x(s),ZT’""”(S),(?T’"’”’(S)) ds] :
We set, for short,
= ¢(Xp"T, XP(T))

T
+ / b (XL, X (5), Y2 (5), 200 (5), 00 (5) ) dis.
Thanks to the martingales representation theorem, see, e.g., [3, Thm.

5.3.5], there exist two predictable processes Z € L2?(Q2 x [0,7]) and U €
L?(Q x [0,T] x Ry) such that

u(t, X, XTE(E)) = (T, x)

t
+/ZT’”I // U™ (s, z)N(ds, dz)
T RO

t
= [ (T X, YT (), 270 (), D7) ) ds

Applying theorem 3.2, we have
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u(t, X7 XTID) = G XTI (T))

/ O7us, XTI, X0 () AW (5)

/ [ Tl X7 X)X, X0 (5), )
Ro
5 X0, X0 (5))] N (ds, dz)

T
+ / w (X;'ﬂ?vl" XT7777$(S)7Y7'7777$(8)’ ZTWJ«’(S)7 Uﬂ’?@(s)) ds .
t

By comparing last equation with the backward component of equation
(4.1), we note that (Y™"%(¢t), Z7"*(t),UT"*(t,z)) and the following three
functions

(u(t, X%, XTPE(E), Ogu(t, X%, X7 ()
w (t, X8 XTI (s) + (s, XTI, XT1 (), 2)) — u(t, X%, X7 (s)))

solve the same equation. Therefore, due to the uniqueness of the solution, we
have that
YT () = u(t, X[, XTE(E))

Setting T = ¢, we obtain Y7"*(¢t) = u(¢,n, z) and the proof is complete. O

5. Application to optimal control

We are to apply previously derived results to a general class on non-linear
control problem. The present section closely follows in [35, Section. 7], in
particular we will consider weak control problems, we refer to [32] for a general
treatment of the present notion of control, or [18, 19, 50, 51].

Let us therefore consider the following R—valued controlled delay equa-
tion,

dX(t) = (p(t, Xy, X (1) + F(t, X (1), a(t))) di+
+o(t, X (¢)dW (¢t) + fR (t, X(t),2z)N(dt,dz), (5.1)

(Xto7X(t0)) = (1’,7’]) )
where we have denoted by a: © x [0,T] — A a (Ft),, —predictable process
representing the control, being A C RV a convex set, N € N.

In what follows we assume p, o and 7 to satisfy assumptions 2.2, we
also require that it exists a constant C, > 0 such that, for any ¢ € [0,7] and
r € R,

lo~1(t, )| < C,.
We remark that a possibly choice for the coefficient 1 in equation (5.1)

is of the form .

,u(taXt’X(t)) = X(t+0)w(d0)v

-Tr
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for w a Borel measure of bounded variation on the interval [—r,0].

Following [35, Section 7], we will say therefore that an admissible con-
trol system (acs) is given by U = (Q, F,P,W,v, a, X), where (Q, F,P) is a
complete probability space, with an associated filtration satisfying usual con-
ditions, W is a Wiener process whereas v is a Lévy measure also satisfying
usual assumptions introduced in previous sections, « is the control defined
above and X is the unique solution to equation (5.1). Then we wish to min-
imize, over all control a € A, the following functional

T
I ) 0) = [ b X a)ds +g(X(T). (2)
0
We thus assume the following to hold.

Assumption 5.1.  (i). let F :[0,7] x R x A — R be measurable and such
that there exist Cr > 0 and m > 0 such that, for any t € [0,T],
x, 1, 22 € Rand a € A,
|F(t,z,a)| < C,
|F(t,z1,0) — F(t,x2,0)| < Cp(l+ |z1| + |z2])™" |21 — 22| -

(ii). let A : [0,7] x R x A — RU{+00} be measurable and such that there
exist Cp > 0 and m > 0 such that, for any ¢t € [0,T], z, 1, 2 € R and
a€ A,

h(t,0,a) > —Cp, ugf4 h(t,0,a) < C},,
|h(t, 1, ) — h(t, 22, )| < Cp(1 + |21| + |22|) |21 — 22| + R(t, 22, @) .

(iii). let ¢ : R — R be measurable and such that there exist Cy, > 0 and
m > 0 such that, for any x, 1, zo € R it holds

l9(21) — g(w2)| < Cg(1 + [1] + [w2]) ™21 — 22|

The particular form for equation (5.1) leads to consider an associ-
ated Hamilton-Jacobi-Bellman (HJB) equation which is a semilinear partial
integro-differential equation of the form of equation (4.7) studied in previous
sections. Noticed that the particular form for equation (5.1), in particular the
presence of the control in the drift, is imposed by the techniques we will use.

Then the controlled equation (5.1), together with the functional J in-
troduced in equation (5.2), lead to define in a classical way the Hamiltonian
associated to the above problem as

Y(t,2,2) = — inf {h(t,2,0) + 2074 (5,2)F(s,2,0)}

D(t,z,z) ={a€A: ¢(t,z,2) + h(t,z,0) + zo ' (s,2)F(s,z,a) = 0} .

Let us stress that under above assumptions we have that ) satisfies
assumptions 4.1. Eventually we can formulate the HJB equation associated
to the above stated non-linear control problem to be

{éiu@z na) + Lot z) =yt x,07 Fult,n,x)),

u(T,n,z) = g(x), (5.3)
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where the notation is as above introduced. From Theorem 4.8, it follows that
equation (5.3) admits a unique solution in the sense of generalized direction
gradient.

Eventually, from [34, Theorem 7.2] or [35, Theorem 7.2] which follow in
a straightforward manner in the present case, we have that an acs system is
optimal if and only if

a(t) e T'(t, X(1), C(t, X, X (1))
being ¢ : [0,T] x M? — R an element of the directional generalized gradient.
Theorem 5.2. Let u be a mild solution to the HJB equation (5.3), and choose
¢ to be an element of the generalized directional gradient ag‘lFu. Then, for
all acs, we have that J(tg,z,n,U) > u(to,x,n), and the equality holds if and
only if
alt) eT(t, X (1), (t, Xe, X(t)), P— a.s. fora.a. te€[to,T].
Moreover, if there exists a measurable function ¢ : [0,T] x R — A with
¢(t,x,2) €T(t,x,2),
then there also exists at least one acs such that
a(t) =c(t, X“(t),C(t, X7, X*(¥))), P— a.s. fora.a. tEeE[ty,T],
where (X, X*(t)) is the solution to equation
dX“(t) = p(t, X7, X(t))dt+
+F(t, X (t),s(t, X*(t), C(t, X*(t))))dt+
+o(t, X)) dW (1) + [g, v(t, X (1), 2)N(dt,dz)
(X5, X(to)) = (2,m)
Proof. See [35, Th. 7.2] or also [50, Th. 4.7, Cor. 4.8]. O
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