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FUNCTIONAL ITO VERSUS BANACH SPACE STOCHASTIC CALCULUS
AND STRICT SOLUTIONS OF SEMILINEAR PATH-DEPENDENT EQUATIONS

ANDREA C0OSSO* FRANCESCO Russof

April 24, 2015

Abstract

Functional It6 calculus was introduced in order to expand a functional F'(¢, X. 1+, X+) depending
on time ¢, past and present values of the process X. Another possibility to expand F'(¢, X.1¢, X})
consists in considering the path X.; = {X,4, © € [T, 0]} as an element of the Banach space of
continuous functions on C([—T,0]) and to use Banach space stochastic calculus. The aim of this
paper is threefold. 1) To reformulate functional 1t6 calculus, separating time and past, making
use of the regularization procedures which matches more naturally the notion of horizontal
derivative which is one of the tools of that calculus. 2) To exploit this reformulation in order
to discuss the (not obvious) relation between the functional and the Banach space approaches.
3) To study existence and uniqueness of smooth solutions to path-dependent partial differential
equations which naturally arise in the study of functional It6 calculus. More precisely, we study
a path-dependent equation of Kolmogorov type which is related to the window process of the
solution to an It6 stochastic differential equation with path-dependent coefficients. We also
study a semilinear version of that equation.

Keywords: functional It6 calculus; Banach space valued stochastic calculus; path-dependent
partial differential equation; strict solutions; calculus via regularization.

AMS 2010 subject classifications: 60H05; 60H10; 60H30; 35A09; 35K10.

1 Introduction

Recently, a new branch of stochastic calculus has appeared, known as functional Ité calculus, which
results to be an extension of classical 1t6 calculus to functionals depending on the all path of a
stochastic process and not only on its current value, see Dupire [12], Cont and Fournié [3, 4, 5].
On the other hand, C. Di Girolami, the second named author and more recently G. Fabbri, have
introduced a path-dependent type calculus having similar objectives in a series of papers ([8, 9,
11, 10, 7]), which is a stochastic calculus for processes taking values in a separable Banach space
B (which includes the case B = C([-T,0])).

The aim of the paper is threefold.
1. First, to reformulate functional Itd calculus, separating time and past, making use of the

regularization procedures which matches more naturally the notion of horizontal derivative
which is one of the tools of that calculus.
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2. Exploiting this reformulation of functional It6 calculus in order to discuss the relation be-
tween the functional and the Banach space approaches. In particular, to investigate the (not
obvious) nature of the so-called horizontal derivative.

3. Study path-dependent Partial Differential Equations (PDEs) of Kolmogorov type which are
associated to window processes of solutions to It6 stochastic differential equations with path-
dependent drift and diffusion coefficients.

The paper is separated into two sections/parts: items 1. and 2. above are in the first part, while
item 3. is studied in the second part. Let us now describe more in detail these two sections.

In the first part of the paper, we revisit functional It6 calculus by means of stochastic calculus
via regularization. We recall that Cont and Fournié [3, 4, 5] developed functional It6 calculus and
derived a functional It6 formula using discretization techniques of Follmer [14] type, instead of
regularization techniques. One of the main issues of functional [t6’s calculus is the definition of the
functional (or pathwise) derivatives, i.e., the horizontal derivative (calling in only the past values
of the trajectory) and the vertical derivative (calling in only the present value of the trajectory).
As mentioned above, the idea of regularization makes the approach more natural since it matches
better the notion of derivative (for instance horizontal). On the other hand we have decided to keep
separated “time” and “past”, the sum of the time derivative plus “our” horizontal derivative would
give Dupire’s horizontal derivative. In [3], it is essential to consider functionals defined on the space
of cadlag trajectories, namely D([—T",0]), since the definition of functional derivatives necessitates of
discontinuous paths. Therefore, if a functional is defined only on the space of continuous trajectories
(because, e.g., it depends on the paths of a continuous process as the Brownian motion), we have to
extend it anyway to the space of cadlag trajectories, even though, in general, there is no a unique
way to extend it. In contrast with this approach, our point of view is to consider a state space which
get stuck as much as possible to the “natural space” of continuous functions C'([—T,0]). In the
classical literature of functional dependent stochastic differential equations (as delay equations,
see for instance [2]), the process takes values into L?([—~T,0]) x R, the first component staying
for the past of the trajectory and the second one for the present. This space is isomorphic to
L%([~T,0],dp) where p is the sum of Lebesgue measure and Dirac measure at zero. This space
contains strictly C([—T), 0]) as a dense subspace. Our idea was to consider as state space €' ([-T,0]),
that is a space which contains C'([—T,0]) as a dense subset and is isomorphic to a product space
which allows to separate past and present. On %([—T,0]) we define the functional derivatives.
¢ (|—T,0]) is the space of bounded trajectories on [T, 0], continuous on [—7',0[ and with possibly
a jump at 0. We endow €' ([—7,0]) with a topology such that C'([-T,0]) is dense in € ([T, 0]) with
respect to this topology. Therefore, any functional i [0,T] x C([-T,0]) — R, continuous with
respect to the topology of € ([—T,0]), admits at most a unique extension to & ([—7,0]), denoted
u: [0, T|x%([-T,0]) — R. We present some significant functionals for which a continuous extension
exists. Then, we develop the functional It6 calculus for w: [0,7] x €([-T,0]) — R.

Notice that we use a slightly different notation with respect to [3]. In particular, instead of a
map U: [0,7] x C([-T,0]) — R, in [3] a family of maps F' = (F})icpo,1], With Fy: C([0,t]) — R,
is considered. However, we can always move from one formulation to the other. Indeed, given
F = (Fi)scjo,1), where each F;: C([0,]) — R, we can define U [0,T] x C([-T,0]) — R as follows:

Utn) = FmC+Dlog)  &n) €[0,T] x C([=T,0]).
Vice-versa, let U: [0,T] x C([-T,0]) — R and define F' = (F});c(o,7] as

Fi(n) = U(t,n), (1) € [0,T] x C([0, 1]), (1.1)



where 7 is the element of C'([—T7,0]) obtained from 7 first translating 77 on the interval [—¢, 0], then
extending it in a constant way up to —7', namely 7(x) := 7j(z + )1 g (z) + 7(—t) 17— (x), for
any x € [=T,0]. Observe that, in principle, the map U contains more information than F', since in
(1.1) we do not take into account the values of U at (¢,n) € [0,T] x C([-T,0]) with n not constant
on the interval [T, —t]. Despite this, the equivalence between the two notations is guaranteed by
the fact that, as it will be clear later, when we consider the composition of U with a stochastic
process, this extra information plays no role. Our formulation has two advantages. Firstly, we
can work with a single map instead of a family of maps. In addition, the time variable and the
path have two distinct roles in our setting, as for the time variable and the space variable in the
classical It6 calculus. This, in particular, allows us to define the horizontal derivative independently
of the time derivative, so that, the horizontal derivative defined in [3] corresponds to the sum of
our horizontal derivative and of the time derivative. We mention that an alternative approach to
functional derivatives was introduced in [1].

After this reformulation of functional It6 calculus, we can now investigate the relation between
functional It6 calculus and Banach space valued stochastic calculus (via regularization), for the
case of window processes. This latter and brand new branch of stochastic calculus and stochastic
analysis has been recently conceived, deeply studied, and developed in many directions in [10, 11, 9],
[7] and for more details [8]. For the particular case of window processes, we also refer to Theorem
6.3 and Section 7.2 in [7]. In the present paper, we prove formulae which allow to express functional
derivatives in terms of differential operators arising in the Banach space valued stochastic calculus
via regularization. In particular, while the identification of the vertical derivative is rather expected,
we found a not obvious relation between the horizontal derivative and second order derivative
operators of Banach space valued stochastic calculus.

Dupire [12] introduced also the concept of path-dependent partial differential equation, to which
the second part of the present paper is devoted. Di Girolami and the second named author, in
Chapter 9 of [8], considered a similar equation in the framework of Banach space valued calculus,
for which we refer also to [13]. We also drive the attention to the recent contribution of [18].

In the last part of the paper we focus on path-dependent semilinear Kolmogorov equations
driven by a path dependent generator associated with a delay equation, for which we provide a
definition of strict solution (namely smooth solution; we prefer to use the term “strict” instead of
“classical” because all the theory of path-dependent partial differential equations is very recent).
We prove a uniqueness result for this kind of solution, by means of probabilistic methods based
on the theory of Backward Stochastic Differential Equations (BSDEs). More precisely, we show
that, if a strict solution exists, then it can be expressed through the solution of a certain backward
stochastic differential equation. Therefore, from the uniqueness of the BSDE it follows that there
exists at most one strict solution. Then, we also prove an existence result for strict solutions. In
the companion paper [6], for the same type of equations, we introduce a more general notion of
solution, that we have denominated strong-viscosity solution, for which we provide existence and
uniqueness results.

The paper is organized as follows. In section 2 we develop functional It6 calculus via regu-
larization: after a brief introduction on finite dimensional stochastic calculus via regularization
in subsection 2.1, we introduce and study the space €' ([—T,0]) in subsection 2.2; then, we define
the functional derivatives and we prove the functional It6 formula in subsection 2.3; in subsection
2.4, instead, we discuss the relation between functional It0 calculus via regularization and Banach
space valued stochastic calculus via regularization for window processes. Finally, in Section 3 we
study strict solutions to path-dependent PDEs.



2 Functional It6 calculus: a regularization approach

2.1 Background: finite dimensional calculus via regularization

The theory of stochastic calculus via regularization has been developed in several papers, starting
from [23, 24]. We recall below only the results used in the present paper, and we refer to [26] for
a survey on the subject. We emphasize that integrands are allowed to be anticipating. Moreover,
the integration theory and calculus appears to be close to a pure pathwise approach even though
there is still a probability space behind.

Fix a probability space (€2, F,IP) and T' €]0, oo[. Let F = (F});¢[0,7] denote a filtration satisfying
the usual conditions. Let X = (X;)icp0,7] (resp. Y = (Yy)ieo,r)) be a real continuous (resp. P-a.s.
integrable) process. Every real continuous process X = (Xt)te[o,T] is naturally extended to all
t € R setting X; = Xo, t <0, and Xy = Xp, t > T. We also define a C([-T,0])-valued process
X = (X4)er, called the window process associated with X, defined by

X¢ = {Xt4a, x € [-T,0]}, teR. (2.1)

Definition 2.1 Suppose that, for every t € [0,T], the following limit

t t X _ X
/st_Xs = lim [ Y,o5t Ty (2.2)
0

e—0t Jo 5

exists in probability. If the obtained random function admits a continuous modification, that process
1s denoted by fo Yd~ X and called forward integral of Y with respect to X.

Definition 2.2 A family of processes (Ht(e))te[O,T] is said to converge to (Hy)ycpor) in the ucp

sense, if supg<;<7 |Ht(€) — Hy| goes to 0 in probability, as e — 0.

Proposition 2.3 Suppose that the limit (2.2) exists in the ucp sense. Then, the forward integral
fd Yd~ X of Y with respect to X exists.

Let us introduce the concept of covariation, which is a crucial notion in stochastic calculus via
regularization. Let us suppose that X,Y are continuous processes.

Definition 2.4 The covariation of X and Y is defined by
1 t
(X,Y], = [V, X], = lim — | (Xspe — Xs)(Ysqe — Ys)ds, t €0,T],

e—=0T € Jo

if the limit exists in probability for every t € [0,T], provided that the limiting random function
admits a continuous version (this is the case if the limit holds in the ucp sense). If X =Y, X is
said to be a finite quadratic variation process and we set [X| := [X, X].

The forward integral and the covariation generalize the classical It6 integral and covariation for
semimartingales. In particular, we have the following result.

Proposition 2.5 The following properties hold.

1) Let S, e continuous IF-semimartingales. en, , 1s the classical bracket , =
i) Let S', S b ] F ) ingales. Th St 52 is the classical bracket [S', S?
(MY, M?), where M* (resp. M?) is the local martingale part of S* (resp. S?).



(ii) Let V' be a continuous bounded variation process and Y be a cadlag process (or vice-versa);
then [V] = [Y,V] = 0. Moreover [(Yd~V = [ YdV, is the Lebesgue-Stieltjes integral.

(i) If M is an F-local martingale and Y is an F-progressively measurable cadlag process, then
fd Yd~ M exists and equals the Ito integral fo YdM.

Proof. Assertion (i) follows from Corollary 2 and Proposition 9 in [26]. Concerning (ii) we refer
to item 7) of Proposition 1 in [26]. (iii) follows from Proposition 6 in [26]. 0

We end this crash introduction to finite dimensional stochastic calculus via regularization pre-
senting one of its cornerstones: It6’s formula. It is a well-known result in the theory of semimartin-
gales, but it also extends to the framework of finite quadratic variation processes. For a proof we
refer to Theorem 2.1 of [25].

Theorem 2.6 Let F : [0,T] x R — R be of class C¥?([0,T] x R) and X = (X;);e(0,7] be a real
continuous finite quadratic variation process. Then, the following Ité formula holds:

t t t
F(t,X;) = F(O,X0)+/O 8tF(s,Xs)ds—|—/0 8$F(3,XS)dXS+%/O &2 F(s, X,)d[X]s, (2.3)

forallO <t <T.

2.1.1 The deterministic calculus via regularization

A useful particular case of finite dimensional stochastic calculus via regularization arises when ()
is a singleton, i.e., when the calculus becomes deterministic. In addition, in this deterministic
framework we will make use of the definite integral on an interval [a,b], where a < b are two real
numbers. Typically, we will consider a = =T or a = —t and b = 0.

We start with two conventions. By default, every bounded variation function f: [a,b] — R will
be considered as cadlag. Moreover, given a function f: [a,b] — R, we will consider the following
two extensions of f to the entire real line:

0, x> b, f(b), x>0,
fj(.%') = f(CC), T € [a’ b]’ fj(.%') = f(CC), T € [a’ b],
fla), z<a, 0, T < a,

where J :=]a,b] and J = [a, b].

Definition 2.7 Let f,g: [a,b] — R be cadlag functions.
(i) Suppose that the following limit

/[ , SO f(s) = Jim oy(5) 175 = I305) )

=0t Jr €

)

exists and it is finite. Then, the obtained quantity is denoted by f[a b] gd™ f and called (determin-
istic, definite) forward integral of g with respect to f (on [a,b]).
(ii) Suppose that the following limit

/[b} g(s)d™f(s) := lim gJ(S)fj(S)_f7(S_€)d

=0t JR €

S,

exists and it is finite. Then, the obtained quantity is denoted by f[a b] gd™ f and called (determin-
istic, definite) backward integral of g with respect to f (on [a,b]).



The notation concerning this integral is justified by the fact that when the integrator f has
bounded variation then previous integrals are Lebesgue-Stieltjes integrals on [a, b], as stated in the
following proposition, whose simple proof is not reported.

Proposition 2.8 Suppose f: [a,b] — R with bounded variation and g: [a,b] — R cadlag. Then,
we have

/[avb]g(s)d‘f(s) = /[a,b]g(s_)df(s) = g(a)f(a) + / g(s™)df (s),

Ja,b]

/[avb]g(S)def(S) - /[avb]g(s)df(s) = @+ [ airs)

Ja,b]

Let us now introduce the deterministic covariation.

Definition 2.9 Let f,g: [a,b] — R be continuous functions and suppose that 0 € [a,b]. The
(deterministic) covariation of f and g (on [a,b]) is defined by

T

£0@) = 0 fl@) = tm 2 [0 - f6)s o) - gohds, e o]
if the limit exists and it is finite for every x € [a,b]. If f = g, we set [f] := [f, f] and it is called
(deterministic) quadratic variation of f (on [a,b]).

We notice that in Definition 2.9 the quadratic variation [f] is continuous on [a, b], since f is a
continuous function.

Remark 2.10 Notice that if f is a fixed Brownian path and g(s) = ¢(s, f(s)), with ¢ € C1([0, 1] x
R) (for simplicity, we take [a, b] = [0, 1]), then f[o,l] g(s)d™ f(s) exists for almost all (with respect to
the Wiener measure on C([0,1])) Brownian path f. This latter result can be shown using Theorem
2.1 in [16] (which implies that the deterministic bracket, introduced in Definition 2.9 below, exists,
for almost all Brownian paths f, and [f](s) = s) and then applying It6’s formula in Theorem 2.6
above, with P given by the Dirac delta at a Brownian path f. O

We conclude this subsection with an integration by parts formula for the deterministic forward
and backward integrals, whose simple proof is omitted.

Proposition 2.11 Let f: [a,b] — R be a cadlag function and g: [a,b] — R be a bounded variation
function. Then, the following integration by parts formulae hold:

/[a ; g(s)d” f(s) = g(0)f(b) — | f(s)dg(s), (2.4)

Ja,b]

/[b] g(s)d" f(s) = g®)f(b7) = [ f(s7)dg(s). (2.5)

Ja,b]

2.2 The spaces ¢ ([-T7,0]) and € (|-T,0])

Let C([-T,0]) denote the set of real continuous functions on [T, 0], endowed with supremum
norm [|7fjec = sup,e(—,0) [n(2)|, for any n € C([-T,0]).



Remark 2.12 We shall develop functional It6 calculus via regularization firstly for time-indepen-
dent functionals U: C([-T,0]) — R, since we aim at emphasizing that in our framework the time
variable and the path play two distinct roles, as emphasized in the introduction. This, also, allows
us to focus only on the definition of horizontal and vertical derivatives. Clearly, everything can be
extended in an obvious way to the time-dependent case U: [0,7] x C([-T,0]) — R, as we shall
illustrate later. O

Consider a map U: C([-T,0]) — R. Our aim is to derive a functional It6’s formula for /. To
do this, we are led to define, in the spirit of [12] and [3], the functional (i.e., horizontal and vertical)
derivatives for . Since the definition of functional derivatives necessitates of discontinuous paths,
in [3] the idea is to consider functionals defined on the space of cadlag trajectories D([—T,0]).
However, we can not, in general, extend in a unique way a functional & defined on C([—T,0]) to
D([—T,0]). Our idea, instead, is to consider a larger space than C'([—T,0]), denoted by € ([-T',0]),
which is the space of bounded trajectories on [T, 0], continuous on [—7,0[ and with possibly a
jump at 0. We endow %([—7,0]) with a (inductive) topology such that C'([-T,0]) is dense in
€ ([-T,0]) with respect to this topology. Therefore, if I is continuous with respect to the topology
of €([-T,0]), then if it admits a continuous extension u: € ([—7,0]) — R this is necessarily unique.

Definition 2.13 We denote by €(|—T,0]) the set of bounded functions n: [-T,0] — R such that
n s continuous on [=T,0[, equipped with the topology we now describe.

Convergence. We endow € ([—T,0]) with a topology inducing the following convergence: (M, )n
converges to n in € ([—T,0]) as n tends to infinity if the following holds.

(1) Imnllee < C, for any n € N, for some positive constant C' independent of n;
(ii) supeg |mm(x) —n(z)] = 0 as n tends to infinity, for any compact set K C [-T,0];
(iii) 7,(0) — n(0) as n tends to infinity.

Topology. For each compact K C [=T,0[ define the seminorm pg on € ([-T,0]) by

pr(n) = ig}gln(fﬂ)lﬂn(@)l, vn € €([-T,0]).

Let M > 0 and G ([—T,0]) be the set of functions in € ([—T,0]) which are bounded by M. Still
denote pi the restriction of px to € ([—T,0]) and consider the topology on €n([—T,0]) induced
by the collection of seminorms (pr)i. Then, we endow € ([—T,0]) with the smallest topology
(inductive topology) turning all the inclusions ips: €r([—T,0]) — €([—T,0]) into continuous maps.

Remark 2.14 (i) Notice that C([-T,0]) is dense in € ([T, 0]), when endowed with the topology
of €([-T,0]). As a matter of fact, let n € € (|[—7,0]) and define, for any n € N\{0},

o) = {n(x), T <z<-1/n,
! n(n(0) = n(=1/n))z +n(0), —1/n <z <0.

Then, we see that ¢, € C([-T,0]) and ¢, — n in €([-T,0]).
Now, for any a € R define

Co([=T,0)) = {n € C([=T,0]): n(0)
a([=T,0)) = {ne€<(=T,0]): n(0)

~—

}7
}.

—-T,0 a
-T,0 a



Then, C,([-T,0]) is dense in 6, ([—T,0]) with respect to the topology of € (|—T',0]).

(ii) We provide two examples of functionals U: C([-T,0]) — R, continuous with respect to the
topology of € ([—T,0]), and necessarily with respect to the topology of C(|—T,0]); the proof is
straightforward and not reported.

(a) Un) = g(n(t1),...,n(tn)), for all n € C([-T,0]), with -7 < t; < -+ < t, < 0 and
g: R — R continuous.

(b) U(n) = f[—T,O] o(x)d n(x), for all n € C([-T,0]), with ¢: [0,7] — R a cadlag bounded
variation function. Concerning this example, keep in mind that, using the integration by
parts formula, ¢(n) admits the representation (2.4).

(iif) Consider the functional U(n) = sup,c(_r,g n(x), for all n € C([-T,0]). It is obviously contin-
uous, but it is not continuous with respect to the topology of € ([—7,0]). As a matter of fact, for
any n € N consider 7, € C([—T,0]) given by

Oa —TS,IS—Q%,
n+1
Me(x) = 2T T+ 2, —zln<x§—2n%,
n+1
_2T X, —271%<.%'S0

Then, U(n,) = supyej_1,0 M (z) = 1, for any n. However, 7, converges to the zero function in
% ([-T,0]), as n tends to infinity. This example plays an important role in the companion paper
[6] to justify a weaker notion of solution to the path-dependent semilinear Kolmogorov equation.

O

To define the functional derivatives, we shall need to separate the “past” from the “present”
of n € €([-T,0]). Indeed, roughly speaking, the horizontal derivative calls in the past values of
n, namely {n(x): = € [-T,0[}, while the vertical derivative calls in the present value of 1, namely
n(0). To this end, it is useful to introduce the space €' ([—T',0]).

Definition 2.15 We denote by €([—T,0[) the set of real-valued bounded continuous functions
~v: [=T,0[— R, equipped with the topology we now describe.

Convergence. We endow € ([—T,0[) with a topology inducing the following convergence: (Yn)n
converges to v in € ([—T,0[) as n tends to infinity if the following holds.

() supzero[m(z)| < C, for any n € N, for some positive constant C independent of n;
(ii) sup,ex |vn(z) —y(x)] = 0 as n tends to infinity, for any compact set K C [-T,0].

Topology. For each compact K C [=T,0[ define the seminorm qx on € ([—T,0[) by

ax(y) = Sg}g!v(w)h Vy € €([-T,0].

Let M > 0 and G ([—T,0[) be the set of functions in € ([—T,0[) which are bounded by M. Still
denote qr the restriction of qx to €r([—T,0]) and consider the topology on €n([—T,0]) induced
by the collection of seminorms (qx)k. Then, we endow € (|—T,0]) with the smallest topology
(inductive topology) turning all the inclusions iy : €r([=T,0[) = € ([—T,0]) into continuous maps.

Remark 2.16 (i) Notice that € ([T, 0]) is isomorphic to € ([—T,0[) x R. As a matter of fact, it
is enough to consider the map

J: €(-T,0]) — €([-T,0]) x R



n = (=70, 1(0)).

Observe that J~1: €([-T,0[) x R — €([-T,0]) is given by J~(v,a) = v1j_1,0{ + alfo}-

(ii) € ([-T,0]) is a space which contains C'([-T',0]) as a subset and it has the property of separating
“past” from “present”. Another space having the same property is L?([—T,0];du) where p is the
sum of the Dirac measure at zero and Lebesgue measure. Similarly as for item (i), that space is
isomorphic to L?([—T,0]) x R, which is a very popular space appearing in the analysis of functional
dependent (as delay) equations, starting from [2]. O

For every u: €([-T,0]) — R, we can now exploit the space € ([-T,0[) to define a map
u: €([-T,0]) x R — R where “past” and “present” are separated.

Definition 2.17 Let u: €(]—71,0]) — R and define u: €([-T,0[) x R — R as
a(y,a) = u(yl_po[ +algy), V(v,a) € €(]-T,0[) x R. (2.6)
In particular, we have u(n) = w(n)—r1,01(0)), for all n € €([-T,0]).

We conclude this subsection with a characterization of the dual spaces of ¢([—T,0]) and
¢ (]—T,0]), which has an independent interest. Firstly, we need to introduce the set M([—T',0])
of finite signed Borel measures on [—T,0]. We also denote M([—T,0]) € M([-T,0]) the set of
measures 4 such that p({0}) = 0.

Proposition 2.18 Let A € €([-T,0))*, the dual space of €([-T,0]). Then, there exists a unique
we M([-T,0]) such that

A= [ n@ulde), Yo e@(-T,0),
[7T70}
Proof. Let A € €([-T,0])* and define

Ap = Ay, Vo e C([-T,0]).

Notice that A: C([-T,0]) = Ris a continuous functional on the Banach space C'([-T',0]) endowed
with the supremum norm ||- ||oc. Therefore A € C([—T,0])* and it follows from Riesz representation
theorem (see, e.g., Theorem 6.19 in [22]) that there exists a unique pu € M([—T,0]) such that

szl/ p@)u(dr), Yo O(-T.0).
[—T,0]

Obviously A is also continuous with respect to the topology of €([—T,0]). Since C([-T),0]) is
dense in ¢'([-T,0]) with respect to the topology of ¢'([~7,0]), we deduce that there exists a
unique continuous extension of A to € ([—T,0]), which is clearly given by

An=‘/ n(@u(dz), Ve C(-T,0).
[—T,0]
O

Proposition 2.19 Let A € €([-T,0])*, the dual space of €([-T,0[). Then, there exists a unique
we Mo([-T,0]) such that

Ay = [ q@utdn), ¥ e(-T0).
[-T1,0



Proof. Let A € €(]—T,0])* and define
Ay = Apro), Vo€ €(=T,0). (2.7)

Notice that A: €([~T,0]) — R is a continuous functional on €([—T,0]). It follows from Proposition
2.18 that there exists a unique p € M([—T,0]) such that

An = / n(x)p(de) = / n(@)u(de) +n(0)u({0}),  VneE([=T,0). (2.8)
[~T,0] [~7,0[

Let m1,m2 € €([~T,0]) be such that m1j_p o = n2l|_7[- Then, we see from (2.7) that Ay = An,
which in turn implies from (2.8) that x({0}) = 0. In conclusion, u € My([—T,0]) and A is given
by

Ay = / V@)u(dz), ¥y € E(-T,0).
[—=T,0]

2.3 Functional derivatives and functional Ito’s formula

In the present section we shall prove one of the main result of this section, namely the functional
Ito’s formula for U: C([-T7,0]) — R and, more generally, for ¢: [0,7] x C([-T,0]) — R. We
begin introducing the functional derivatives in the spirit of Dupire [12], firstly for a functional
u: €(]-T,0]) — R, and then for U: C([-T,0]) — R.

Definition 2.20
Consider u: €([-T,0]) — R and n € €([-T,0]).
(i) We say that u admits horizontal derivative at n if the following limit exists and it is finite:
Jli—ror +n(0)1 — -—¢e)li_por+n(0)1
DHu(n) — lim u(n(-) [—T.,0] n(0) {0}) u(n(- —¢) [-T,0] 1(0) {0})'

e—07* €

(i)’ Let @ be as in (2.6). We say that @ admits horizontal derivative at (v,a) € €([-T,0]) x R
if the following limit exists and it is finite:

DHi(y,a) = lim 2000 Z80C=€)a) (2.9)

e—0t €

Notice that if D™ u(n) exists then DH&(U\[—T,O[, n(0)) exists and they are equal; viceversa, whenever
DHii(vy,a) exists then DHu(’yl[,T,O[ + alygy) ewists and they are equal.

(ii) We say that u admits first-order vertical derivative at 7 if the first-order partial derivative
at (ny—r,o0;1(0)) of & with respect to its second argument, which we denote by O,u(n 7,0, 1n(0)),
exists and we set

DYu(n) = Outu(n_7,0[1(0)).

(ili) We say that u admits second-order vertical derivative at n if the second-order par-
tial derivative at (n—7,[,n(0)) of @ with respect to its second argument, which we denote by
A2, u(n—1,0n(0)), exists and we set

vau(n) = 82a@(77\[—T,0[,77(0))-

Definition 2.21 We say that u: € ([—T,0]) — R is of class € ?(past x present) if the following
holds.
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(i) w is continuous;
(ii) D"u exists everywhere on € ([—T,0]) and for every v € €([~T,0]) the map
(,a) — DPa(y(- —€),a), (e,a) € [0,00[xR
is continuous on [0, co[xR;
(iii) DVu and DVVu exist everywhere on € ([~T,0]) and are continuous.

Remark 2.22 Notice that in Definition 2.21 we still obtain the same class of functions €2 (past x
present) if we substitute point (ii) with:

(i) DHu exists everywhere on %' ([-T,0]) and for every v € €([—T,0[) there exists §(v) €]0, oq]
such that the map

(e,a) — DHu(y(- —¢),a), (e,a) € [0,00[xR (2.10)
is continuous on [0, d(y)[xR.

In particular, if (ii’) holds then we can always take 6(7y) = oo for any v € €([—T,0[), which implies
(ii). To prove this last statement, let us proceed by contradiction assuming that

§*(y) = sup {0(v) > 0: the map (2.10) is continuous on [0,(y)[xR} < oo.

Notice that 6*(y) is in fact a maz, therefore the map (2.10) is continuous on [0,*(y)[xR. Now,
define 4(-) := (- — 6*(7y)). Then, by condition (ii’) there exists d(7) > 0 such that the map

(8,@) — DH{L(:Y( - 8)7 a) = DH&(V( —&- 5*(7))7 a)

is continuous on [0, d(7)[xR. This shows that the map (2.10) is continuous on [0, 0* () + 6(7)[ xR,
a contradiction with the definition of §*(7). O

We can now provide the definition of functional derivatives for a map U: C(]-T,0]) — R.

Definition 2.23 LetU: C([-T,0]) - R andn € C([—T,0]). Suppose that there ezists a unique ex-
tension u: € ([-T,0]) = R of U (e.g., ifU is continuous with respect to the topology of € (|—T,0])).
Then we define:
(i) The horizontal derivative of U at n as:

DHU(n) = DHu(n).
(ii) The first-order vertical derivative of U at n as:

DYU(n) := DVu(n).
(iii) The second-order vertical derivative of U at n as:

DYVU(n) = D"Vu(n).

Definition 2.24 We say that U: C([-T,0]) — R is C%?(past x present) if U admits a (necessarily
unique) extension u: € ([—T,0]) — R of class €12 (past x present).

11



Theorem 2.25 Let U: C([-T,0]) — R be of class C1%(past x present) and X = (Xt)elo,r) be a
real continuous finite quadratic variation process. Then, the following functional Ité formula
holds, P-a.s.,

UX) = UXo) + /0 tDHU(XS)ds+ /0 tDVU(XS)dXS+% /0 tDVVu(Xs)d[X]S, (2.11)

for all 0 <t < T, where the window process X was defined in (2.1).

Proof. Fix ¢ € [0,7] and consider the quantity

t _ t+e €
Io(e,t) = / UXsie) ZURXS) 0L U(Xs)ds—l/ UX)ds,  &>0.
0 € € Ji € Jo

Since (U(Xs))s>0 is continuous, we have that Ip(e,t) converges ucp to U(X;) — U(Xp), namely
supg<i<r [lo(e,t) — (U(X;) — U(Xp))| converges to zero in probability when e — 0%. On the other
hand, we can write Iy(e,t) in terms of the function @, defined in (2.6), as follows:

ds.

Ie.t) = /t ﬂ(Xere[T,O[,Xereg) — (X =0 Xs)
0

Now we split Iy(e,t) into two terms:

ta X - 7XS —u XS — 7X8

R e (2.12)
0
Ea(Xg—ron Xste) — (X —ror, Xs

De,t) = / izt Xove) = 8airop Xo) (2.13)
0 3

We begin proving that
t

Ii(e,t) % ) DHU(X,)ds. (2.14)

Firstly, fix v € €([—T,0]) and define
o(e,a) = u(y(-—e),a), (e,a) € [0,00[xR.

Then, denoting by 97 ¢ the right partial derivative of ¢ with respect to ¢ and using formula (2.9),
we find

0F¢(e,a) = lim

r—0+t r
_ g 0 =e)a) —al( —e—1).a)
r—0+t r

= —DHu(y(- —¢),a), V(e,a) € [0, 00[xR.
Since u € €1?(past x present), we see from Definition 2.21(ii), that 9+ ¢ is continuous on [0, co[xR.
It follows from a standard differential calculus’ result (see for example Corollary 1.2, Chapter 2,

in [21]) that ¢ is continuously differentiable on [0, co[xR with respect to its first argument. Then,
for every (g,a) € [0, 00[xR, from the fundamental theorem of calculus, we have

o(e,a) — ¢p(0,a) = /06 0-¢(r, a)dr,

12



which in terms of @ reads
(.0~ it =) = | “DHa(y( — 1), a)d. (2.15)

Now, we rewrite, by means of a shift in time, the term I;(e,t) in (2.12) as follows:

1—1(8 Y = /t a(XSH—T,O[7X5) — a(XS_‘fH_TvO[’XS)dS N /t+€ ﬁ(XsH—T,O[aXS) - a(XS_EH_T’O[’XS)dS
) 0 e ¢ 93
€ X o 7XS — U Xs, — 7XS
_/ (X~ 00 Xs) :( e|[=T.0] )ds. (2.16)
0

Plugging (2.15) into (2.16), setting v = X;,a = X, we obtain

t 1 € t+5
Ii(e,t) :/0 g</0 DHﬁ(Xs—r[—T,o[7Xs)d7">dS+/ (/ D (X, r|[=T0[ X )dr>d
- / 1( / DHﬂ(XS_T[_T,O[,XS)dOds. (2.17)
0 €\Jo

t 1 5 e
/—</ D a(Xy oy X )dr>d5 =5 DH (X,)ds.
0o €\Jo ’ e=0t Jo

Similarly, we see that the other two terms in (2.17) converge ucp to zero. As a consequence, we
get (2.14).

Regarding I5(e,t) in (2.13), it can be written, by means of the following standard Taylor’s
expansion for a function f € C?*(R):

Observe that

1
F0) = J@)+ F@b=a) + 3 @00+ [ (1= a)(f(a+alb =) = (@) (b - a)de.

as the sum of the following three terms:
- X
Iy (e,t) = /510 s|[=T,0[ Xs) Lote ———ds
— X.)?
122(57t) = /a u 5|[ TO[ )( s+e 8) ds

Ins(e,t) = /o (/ (1 — @) (02, 0(Xgy 1,00, Xs + U Xgye — X))

0

_ 2
- agaa(xs\[fT,O[, Xs)) Mda) ds.

By similar arguments as in Proposition 1.2 of [25], we have

uc 1 1 ¢
Ing(e,t) =B = a (X op Xs)d[X]s = 5/ DVVu(X,)d[X]s.
0

5%0"‘

Regarding Is3(e,t), for every w € Q, define v,,: [0,7] x [0,1] x [0,1] — R as

ww(sv a,e) = (1 - O‘)agaa(xsl[—T,O[(w)? Xs(w) + a(Xspe(w) — XS(W)))v
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for all (s,a,e) € [0,7] x [0,1] x [0,1]. Notice that 1), is uniformly continuous. Denote py, its
continuity modulus, then
- X,)?

T
X
sup (et < [ g (o F =R
te[0,T] 0 €

ds.

Since X has finite quadratic variation, we deduce that Io3(e,t) — 0 ucp as € — 07. Finally, because
of In(e,t), I1(g,t), Iza(e,t), and Ia3(e,t) converge ucp, it follows that the forward integral exists:

t t
Li(e.t) =5 | 0au(Xg 100 Xs)d™ X, = / DVu(X,)d™ X,
0

e—=01 Jo

from which the claim follows. O

Remark 2.26 We notice that, under the assumptions of Theorem 2.25, the forward integral
fg DVU(X,)d™ X, exists as a ucp limit, which is generally not required. O

We conclude this subsection providing the functional It formula for a map U : [0, T x C([-T',0])
— R depending also on the time variable. Firstly, we notice that for a map U : [0,7]x C([-T,0]) —
R (resp. u: [0,T] x €([-T,0]) — R) the functional derivatives D/, DV, and DVVU (resp.
D"y, DVu, and DVVu) are defined in an obvious way as in Definition 2.23 (resp. Definition
2.20). Moreover, given u: [0,7] x €([-T,0]) — R we can define, as in Definition 2.17, a map
u: [0,T] x €([-T,0]) x R — R. Then, we can give the following definitions.

Definition 2.27 Let I be [0,T] or [0,T]. We say that u: I x €([-T,0]) — R is of class €2 ((I x
past) x present) if the properties below hold.

(i) w is continuous;
(ii) Owu ezists everywhere on I x € (|—T,0]) and is continuous;
(iii) DHu ezists everywhere on I x € ([—T,0]) and for every v € €([—T,0]) the map
(t,e,a) — DHa(t,v(- —¢),a), (t,e,a) € I x [0,00[xR
is continuous on I x [0,00[xR;

(iv) DVu and DVVu exist everywhere on I x €([—T,0]) and are continuous.

Definition 2.28 Let I be [0,T[ or [0,T]. We say thatU: I x C([-T,0]) = R is C12((I x past) x
present)) if U admits a (necessarily unique) extension u: I x €([~T,0]) — R of class €V2((I x
past) X present).

We can now state the functional It6 formula, whose proof is not reported, since it can be done
along the same lines as Theorem 2.25.

Theorem 2.29 LetU: [0,T] x C([=T,0]) — R be of class C12(([0,T] x past) x present) and X =
(Xt)telo,1) be a real continuous finite quadratic variation process. Then, the following functional
Ité formula holds, P-a.s.,

t t
Ut,X,) = u(o,x0)+/ (8tu(s,Xs)+DHZ/{(5,XS))ds+/ DVU(s,X,)d™ X,
0 0

+ % /O DYV (s, X dIX]., (2.18)

forallO <t <T.
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Remark 2.30 Notice that, as a particular case, choosing U(t,n) = F(t,n(0)), for any (¢t,n) €
[0,T] x C([-T,0]), with F € C12([0,T] x R), we retrieve the classical Ito6’s formula for finite
quadratic variation processes, i.e. (2.3). More precisely, in this case U admits as unique continuous
extension the map w: [0,7] x €([-T,0]) — R given by u(t,n) = F(t,n(0)), for all (¢t,n) € [0,T] x
€([-T,0]). Moreover, we see that D¥f = 0, while DVU = 0, F and DVVU = 92, F, where 9, F
(resp. 02, F) denotes the first-order (resp. second-order) partial derivative of I with respect to its
second argument. O

2.4 Comparison with Banach space valued calculus via regularization

In the present subsection our aim is to make a link between functional It6 calculus, as derived in
this paper, and Banach space valued stochastic calculus via regularization for window processes,
which has been conceived in [8], see also [10, 11, 9], and [7] for more recent developments. More
precisely, our purpose is to identify the building blocks of our functional It6’s formula (2.11) with
the terms appearing in the It6’s formula derived in Theorem 6.3 and Section 7.2 in [7]. While it
is expected that the vertical derivative DY can be identified with the term Dggl/{ of the Fréchet
derivative, it is more difficult to guess to which terms the horizontal derivative D/ corresponds.
To clarify this latter point, in this subsection we derive two formulae which express D¥1{ in terms
of Fréchet derivatives of U.

Let us introduce some useful notations. We denote by BV ([—T,0]) the set of cadlag bounded
variation functions on [—T',0], which is a Banach space when equipped with the norm

Inllzv =0y = MO+ InlNvarq-10y, 1€ BV([=T,0]),

where [|][var(=7,0)) = |dn|([=T,0]) and |dn] is the total variation measure associated to the measure
dn € M(]-T,0]) generated by n: dn([-T,—t]) = n(—t) — n(-T), t € [-T,0]. We recall from
subsection 2.1 that we extend n € BV(|-T,0]) to all z € R setting n(z) = 0, x < =T, and
n(x) = n(0), = > 0. Let us now introduce some useful facts about tensor products of Banach
spaces.

Definition 2.31 Let (E, | -||g) and (F.| -||r) be two Banach spaces.

(i) We shall denote by E @ F the algebraic tensor product of E and F, defined as the set of
elements of the form v =", e; ® f;, for some positive integer n, where e € E and f € F. The
map Q: E X F — E® F is bilinear.

(ii) We endow E ® F with the projective norm 7 defined as follows:

n n
m(v) = inf { Z ledllellfillr = v= Zei ® fz}, Vve E® F.

i=1 i=1
(iii) We denote by E®,F the Banach space obtained as the completion of E ® F for the norm .
We shall refer to EQF as the tensor product of the Banach spaces E and F.
(iv) If E and F are Hilbert spaces, we denote E&,F the Hilbert tensor product, which is still
a Hilbert space obtained as the completion of E ® F for the scalar product (¢ @ [’ " @ f") =
(e, eplf', ", for any €',¢” € E and f', f" € F.
(v) The symbols E®72T and e®? denote, respectively, the Banach space EQ.E and the element e ® e
of the algebraic tensor product E ® E.

Remark 2.32 (i) The projective norm 7 belongs to the class of the so-called reasonable crossnorms
aon E® F, verifying a(e @ f) = |lel|e|lf||F.
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(ii) We notice, proceeding for example as in [11] (see, in particular, formula (2.1) in [11]; for more
information on this subject we refer to [27]), that the dual (E®,F)* of E®, F is isomorphic to the

space of continuous bilinear forms Bi(E, F'), equipped with the norm || - || g, r defined as
||(I)HE,F = sSup |(I)(€,f)|, Vo GBZ(E’F)
eeE,feF
llellz, I fll 7<1

Definition 2.33 Let E be a Banach space. We say that U: E — R is of class C*(E) if
(i) DU, the first Fréchet derivative of U, belongs to C(E; E*) and
(ii) D?U, the second Fréchet derivative of U, belongs to C(E;Bi(E, E)).

Remark 2.34 Take E = C([-T,0]) in Definition 2.33.
(i) First Fréchet derivative DU. We have

DU: C([-T.0)) — (C(-T,0)))" = M(]-T,0)).

For every n € C(]—T,0]), we shall denote D41 (n) the unique measure in M([—T,0]) such that
DUGe = [ e@Dultls), o< O(-T,0)

Notice that M([—T,0]) can be represented as the direct sum M([—T,0]) = M([-T,0])&Dy, where
we recall that Mo ([T, 0]) is the subset of M([—T',0]) of measures p such that p({0}) = 0, instead
Dy (which is a shorthand for Dy([-T,0])) denotes the one-dimensional space of measures which
are multiples of the Dirac measure &y. For every n € C([—T,0]) we denote by (DU (n), Dg‘;lx{(n))
the unique pair in Mo ([—7,0]) @ Dy such that

DysUd(n) = DgU(n) + DU ().
(ii) Second Fréchet derivative D*U. We have
DU C([-T,0]) — Bi(C([~T,0)),C([~T.0))) = (C([-T,0)&C([-T,0]))",

where we used the identifications of Remark 2.32(iii). Consider n € C([—T,0]); then a typical
situation arises when there exists Dg, g,U(n) in M([—T,0]?) for which D?U(n) € Bi(C([-T,0]),
C([-T,0])) admits the representation

DUMe) = [ D), Ve € O(-T,0)

Moreover, Dy gy (1) is uniquely determined. O

The definition below was given in [8].

Definition 2.35 Let E be a Banach space. A Banach subspace (x, || - |ly) continuously injected

into (E®72T)*, e, |-l >l H(E®2)*, will be called a Chi-subspace (of (E®,2T)*)
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Remark 2.36 Take £ = C([-T,0]) in Definition 2.35. As indicated in [§8], a typical example
of Chi-subspace of C([-T, O])®72r is M([-T,0]?) equipped with the usual total variation norm,
denoted by | - ||var- Another important Chi-subspace of C([-T, O])®2

also a Chi-subspace of M([—T,0]?):

xo = {p€M([-T,0%): u(dz,dy) = g1(z,y)dxdy + \do(dz) @ So(dy)
+ g2(z)dz @ X2do(dy) + A3dp(dx) @ g3(y)dy + ga(x)dy(dz) @ dy,
g1 € L*([-T,0), 92,93 € L*([-T,0)), g4 € L®([-T,0]), A1, A2, A3 € R}.

is the following, which is

Using the notations of Example 3.4 and Remark 3.5 in [11], to which we refer for more details on this
subject, we notice that x( is indeed given by the direct sum xo = L?([—T,0]?)&(L*([-T,0])®,Do) &
(Do®nL?*([—T,0])) ® Doo([—T,0]?) & Diag([~T,0]*). In the sequel, we shall refer to the term
94(x)dy(dr) ® dy as the diagonal component and to gs4(x) as the diagonal element of . O

We can now state our first representation result for DHi4.

Proposition 2.37 Let U: C(|-T,0]) — R be continuously Fréchet differentiable. Suppose the
following.

(i) For any n € C(|=T,0]) there exists D2U(n) € BV ([-T,0]) such that

DzU(n) = D¥U(n)dz.

(ii) There exist continuous extensions (necessarily unique)
u: €(-T,0]) — R, Diu: €([-T,0]) —» BV(]-T,0))
of U and DU, respectively.
Then, for any n € C([-T,0]),
D) = [ D), 2.19)
[—T,O}

where we recall that previous deterministic integral has been defined in Section 2.1.1. In particular,
the horizontal derivative DY U(n) and the backward integral in (2.19) exist.

Proof. Let n € C([—T,0]), then starting from the left-hand side of (2.19), using the definition of
DH14(n), we are led to consider the following increment for the function wu:

u(n) —u(n(- —e)lro; +n(0)10})

- . (2.20)

We shall expand (2.20) using a Taylor formula. Firstly, notice that, since U is C' Fréchet on
C([-T,0]), for every n; € C([-T,0]), with 7:(0) = n(0), from the fundamental theorem of calculus
we have

1 0
Uln) —Uln) = /0 ( / TDiCU(nJrA(m—n))(n(w)—m(x))d:c>d>\.

Recalling from Remark 2.14 the density of C)([~7,0]) in %, )([~T,0]) with respect to the
topology of € ([—T,0]), we deduce the following Taylor’s formula for u:

1 0
wn—utn) = [ ([ D+ 2 =)o) ~mepac)ar, @2

=T
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for all m1 € € (0)([—T,0]). As a matter of fact, for any § €]0,7/2] let (similarly to Remark 2.14(i))
m(z), —T' <z <-4,
771,5(56) = 1
5(m(0) = (=6))r +m(0), —0<x<0

and 71 0 := n. Then m 5 € C([-T,0]), for any § €]0,7/2], and 11 5 — m in €([-T,0]), as § — 0.
Now, define f: [-T,0] x [0,1] x [0,7/2] — R as follows
f(x,X,0) = Dpfu(n + Ans —n))(n(z) = ms6(x)),

for all (x, \,d) € [-T,0] x [0, 1] x [0,7/2]. Notice that f is continuous and hence bounded, since its
domain is a compact set. Then, it follows from Lebesgue’s dominated convergence theorem that

/01 (/0 DU + M, —n))(n(x) — 771,6(33))dx> d\

-T

- /01 (/OTf(m,A,a)dm>dA 6207 /01 (/OTf(m,A,O)dm>dA

_ /01 (/OT D2u(n+ A(m — n))(n(z) — nl(:c))da;> i,

from which we deduce (2.21), since U(n1,5) — u(m) as & — 0F. Taking m(-) = n(- — )lj_q o +
n(0)150y, we obtain

u(n) — u(n(- — &)l_r,o; + 1(0)1s0})

1 0 x)—nlzr —¢
:/0 </_TDgcu(n+A(n(-—e)—n(-))1[_T,O[)"() z )daz>d)\
= 11(77’6) + 12(77’6) + 13(77,6),

where

noee) = [ ([ a0 (A -9 - n0)1r)

=T

- Diiw(n + )\(77(‘ —€) - 77('))1[—T,0[)>d$> dA,

1 0
Bne) = ( / U(x)D;ieu(U+)\(77(‘—5)—77('))1[—T,0[)d$>d)\,

€ Jo —€

1 M -T .

Bone) = =2 [ ([ a0l 2 -9 - n0) 1 ra)de )
—1 —€

Notice that, since n(x) = 0 for x < —T', we see that I3(n,e) = 0. Moreover, since D2%u(-) = D§u(-),

for z > 0, and 7 + A(n(- — ¢) — ()1 —ro = 7 in €([-T,0]) as ¢ — 0%, it follows that (using

the continuity of D2%u from € ([—T',0]) into BV ([—T,0]), which implies that D§u(n+ A(n(- —¢) —

() -ro) = Diu(n) as € — 0F)

0
2 [ @Dl + A~ €)= ) o)

€ —&
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’ e—0t
= < / n(x)de D§cu(n + A(n(- =) = n(-))1re) > n(0)D§u(n).

Finally, concerning I(n,¢), from Fubini’s theorem we obtain (denoting 7.\ := 7+ A(n(- —¢€) —
?7('))1[4,0[)

noee) = [ ([ ) (DFutnn) - D cutaen)ae )

-T

=] (L (] Pt oo

1 1 0Ay
— —/ (/ —</ n(x)dx>D3§u(77€,>\)>d)\ = I1(n,e) + La(n,e),
0 \J]=Te] & \J(=T)V(y—¢)

1 1 0Ay
Ii1(n,e) = —/ </ —(/ :cd:n) Di¥fu(nz ) — Diu )d)\,
1 (¢) U 2y M@ ) (Piutnen) = Diuto)

1 1 0Ay
natne) = = [ ([ L[ wlee) Digutn) )ax

0 |-Te] € (=T)V(y—e)

1 0Ny
_ —( / —( / n(m)dm)Ds;um).
]-Te] € (=T)V(y—e)

Recalling that D3°u(-) = D§u(-), for > 0, we see that in I11(n,¢) and I12(n, €) the integrals on
| — T, ¢] are equal to the same integrals on | — T',0], i.e.,

e = - [ /]mg( /(O:;V(ye) o)) (Diutnes) ~ Digutn) )i
= [, 2] o) (D) - Do) o
Io(ne) = - /]_Mé( /(OT)() le)ds ) Digutn) = - /]_Mé( / ' wla)da ) Digutn

Now, observe that

where

e—0t

[u(n,e)l < nllocllD*u(nen) — DX u(n)lvar (-0 — O

Moreover, since 7 is continuous at y €] — 7', 0], we deduce that fyy_a n(x)dx/e — n(y) as e — 0.
Therefore, by Lebesgue’s dominated convergence theorem, we get

ot
han.e) =5 = [ a()Digutn).
]—T,O}
In conclusion, we have

DHU(n) = n(0)Diu(n) — /]_m n(y)Dgyu(n),

which gives (2.19) using the integration by parts formula (2.5) and noting that we can suppose,
without loss of generality, DiSU(n) = D§U(n). O

For our second representation result of D{f we need the following generalization of the deter-
ministic backward integral when the integrand is a measure.
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Definition 2.38 Let f: [-T,0] — R be a cadlag function and g € M([—T,0]). Suppose that the
following limit
[ st s = g [ gan =020
[7T70}

e=0t J—7,0] €

exists and it is finite. Then, the obtained quantity is denoted by f[—T 0] gd™ f and called (determin-
istic, definite) backward integral of g with respect to f (on [—T,0)]).

Remark 2.39 Notice that if ¢ is absolutely continuous with density cadlag (still denoted by g)
then Definition 2.38 is compatible with the one in Definition 2.7. O

Proposition 2.40 LetU: C([-T,0]) — R be twice continuously Fréchet differentiable such that
D?U: C([~T,0]) — xo0 C (C([~T,0))&-C([~T,0]))* continuously with respect to xq.
Assume that there exist continuous extensions (necessarily unique)
u: €([-T,0]) = R, D?lmdy“‘ ¢ ([-T,0]) — xo

of U and thﬁdyu, respectively. Let n € C([-T,0]) be such that the (deterministic) quadratic
variation on [—T,0] exists and suppose also the following.

(i) D2V (), the diagonal element of the second-order derivative at m, has a set of disconti-
nuity which has null measure with respect to [n] (in particular, if it is countable).

(ii) The horizontal derivative DHU(n) exists at .

Then

D = [ DUt~ [ DX ) (2.22)

In particular, the backward integral in (2.22) exists.

Proof. Let 7 be as in the statement of the proposition. Then, using the definition of DH/(n) we
are led to consider the following increment for the function u:

u(n) —u(n(- —e)l_rof +n(0)1y)

: (2.23)

with € > 0. Our aim is to expand (2.23) using some Taylor formula. To this end, we begin noting
that, since U is C? Fréchet, for every n; € C([—T,0]) the following standard Taylor’s expansion
holds:

1

Ulm) = Un) + DaaU(n) (m (x) = () + 5 / Dy aU(m) (m(z) —n(z)) (m(y) —ny))
[-T7,0] [—T,0]2

1
e [ [ (Pt Xom =) = D) 0n(e) = ) n0) = ) )

Now, using the density of Cy o) ([~7,0]) into &) ([T, 0]) with respect to the topology of the space
¢ (]—T,0]) and proceeding as in the proof of Proposition 2.37, we deduce the following Taylor’s
formula for wu:

u(n) —u(n( —l_ro +1(0)l1y) _ (@) —n(z —e)
| = [, Do " 224
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1 / D3 () (n(z) = n(@ —<)(ny) —nly —<)) 1 roix(zol(® )
7.0

2 €

1
- [an( [, (Pt e xat - a1
(n(x) —n(x —€))(n(y) —nly —€))

€

- D3, dyu(n)) L7 oix[-10[(Z; y)> dA.

Recalling the definition of x¢ given in Remark 2.36, denoting by D%’fU(n) € L*([-T,0)?) the
element g; and by Dy""™U(n) € L®([~T,0]) the diagonal element g4 of D2, ayU(n), we notice
that (due to the presence of the indicator function 1\_7 ox[—70[)

/ D3, () (n(x) —n(x —¢))(nly) —nly —¢)) L ropeiro(®:9)
[7T,0]2 g
_ / D2FU(n) (n(z) —n(z —))(nly) —nly —¢)) dy

[—T,0]2 93

(n(@) —n(x —2))* .

Z.

[ ey
[—T,O}

We denote by Dg’yLQu and D2y, the extensions of Dg’yLQU and D29 to €([~T,0)), respec-
tively, which are continuous. In particular, (2.24) becomes

u(n) —u(n(- —&)l_ro +n(0)10})
g

= Ii(e) + Iz(e) + Is(e) + 1a(e) + I5(e), (2.25)

where

O U

L) = / p2ry @) =@ =) nly) —nly =€) ;.
2 Ji-10 Y €
) —nxr— 2
13(6) = _% /[T ; Dg,Diagu(n) ("7( ) 776( 5)) d:C,

1@ = - [a-x( e (P00 20 =) =)o)

Dg,Lzu(n)) (n(z) —n =) (n(y) —nly —2)) ,_ dy> ax,

€
B = - [N [ (PR A -9 - )
D2 Dzagu > 77(33 6))2 dm)d)\
Firstly, we shall prove that
Le) =% 0. (2.26)

To this end, for every £ > 0, define the operator T.: L?([~T,0]?) — R as follows:

T :/ g(%y)(n(:v)—n(:v—e))(n(y)—n(y—e))dxd% Vg e L2(-T,0]%).
[T,0]2 €

21



Then T. € L?([-T,0])*. Indeed, from Cauchy-Schwarz inequality,

Togl < lglirap \/ /{W (n(z) = (e =) P(nly) =y =2)? )

62
2
X) — xTr — €&
Hglly([mz)/ (n(x) —n( ) s
[—T,O} €

and this last quantity is bounded with respect to € since the quadratic variation of 1 on [T, 0]
exists. In particular, we have proved that for every g € L*([—T,0]?) there exists a constant M, > 0
such that

sup |T.g| < M,.
O<e<1

It follows from Banach-Steinhaus theorem that there exists a constant M > 0 such that
sup [Tt 2oy < M. (2.27)
O<e<1
Now, let us consider the set S := {g € L?([-T,01%): g(z,y) = e(x)f(y), with e, f € CY([-T,0])},
which is dense in L?([-T,0]?). Let us show that

e—0

T.g =% 0, vges. (2.28)

Fix g € S, with g(z,y) = e(x) f(y) for any (x,y) € [-T,0], then

Tg = 1 /[Tm e(z)(n(z) —n(z — 6))dfc/ F@)(ny) = nly — €))dy. (2.29)

€ [7T70]

We have

— ‘ /[—T,O] (e(z) — e(z +¢€))n(x)ds

< 6(/
[~T,0]

)

‘ /[_Tp] e(x)(n(x) — n(x — €))da

/ e(x + e)n(x)dz + / (i + )n(a)dx 6()|de +2He||oo> oo
[—T—e,—T]

[_570]

Similarly,

' /[_m ) (nty) =ty - €>>dy\ < ( /[_TO] F(y)ldy + 2HfHoo> 7llc-

)

Therefore, from (2.29) we find

ool < e [t 2l ) ([ Flay + 25l Il

) )

which converges to zero as e goes to zero and therefore (2.28) is established. This in turn implies
that

T.g =% 0,  Vge L}[-T,02). (2.30)
Indeed, fix g € L2([-T,0]?) and let (g,)n C S be such that g, — g in L?([~T,0]?). Then
Te gl < |To(9 — gn)| + Tz gn| < HT5HL2([,T,0]2)*H9 - gnHLQ([fT,OP) + [T gnl-
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From (2.27) it follows that

Tegl < Mllg— gnHLQ([—T,O}Q) + |7% gnl,

which implies limsup,_,g+ [Tt g| < M||g — gullz2(—7,02)- Sending n to infinity, we deduce (2.30)
and finally (2.26).

Let us now consider the term I3(¢) in (2.25). Since the quadratic variation [n] exists, it follows
from Portmanteau’s theorem and item (i) that

B = | p2Dissy (@) — 0w Z ) D2y () dln) ().
[—T,0] IS5 e—0t [—T,0]

Regarding the term I4(e) in (2.25), let ¢,: [0,1]> — L*([-T,0]?) be given by

6n(e N () = DA u(n + An(-— &) — n(-) 1 1op)-

By assumption, ¢, is a continuous map, and hence it is uniformly continuous, since [0, 1% is a
compact set. Let py, denote the continuity modulus of ¢y, then

1D u(n+ An(- — &) = () zo) = D2 UMD o)
= [gn(e; A) = &n(0, Ml 2=r02) < P, ()

This implies, by Cauchy-Schwarz inequality,

‘ /01(1 — )\)</[T,0]2 (Dg’yLQu(n F AN =€) = ()10

B Dﬁ’fu(n)) (n(z) — n(x — 6))6(77(31) —ny-2) dy> dA'

1
< [ @=NID*P uln + A = 2) = ()1 7)
0

2 z) —n(z —e))? — —&))2
_JD%LL“"”“P“*RW”x/AiTmz(n() e = D2000) = 1y = D g, 4,

/O 1( N)pg, (€) ( /{_m (n(z) — Z(x —¢))? dx) dA

_ 1 (?7(90)—77(96—8))2 . e—0F
= 2p¢n(6) /[_Tm - dr — 0.

IN
—_
|

Finally, we consider the term I5(¢) in (2.25). Define 9,: [0,1]? — L>([-T',0]) as follows:
U, N)() = DPPU9u(n + (- — <) = n()1-1,0])-
We see that 1, is uniformly continuous. Let py, denote the continuity modulus of v, then

1225 (0 + A(n(- = &) = 1)1 =r0) = D2 SUM| poe 0
= |[¥n(e, A) = Pn(0, M| oo =0y < Py, (E)-

Therefore, we have

/01(1 —-A) < /[T,O] <D%Diagu(77 +A(n(-—¢) — 77(.))1[7710[)
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e

/01(1 Y ( /[_T’O] pun (@) (n(z) — 778(90 - a))2d$> i

_ 1 (n(z) —n(z —e))? | or
= 5,01%(5) /[T,O] - der — 0.

_ Di,Diagu(n)) (n(x) = n(z —¢))? dx) d)\'

IN

In conclusion, we have proved that all the integral terms in the right-hand side of (2.25), unless
I1(g), admit a limit when e goes to zero. Since the left-hand side admits a limit, namely D" 4(n),
we deduce that the backward integral

o I e g o
O Rl RO

exists and it is finite, which concludes the proof. O

3 Path-dependent SDE and Kolmogorov equation

3.1 The framework

Consider on (€2, F,P) a real Brownian motion W = (W;);>9. We denote by F = (Fi)¢>0 the
natural filtration generated by W, completed with the P-null sets of F. Fix a finite time horizon
T €]0,00[ and let C'([-T,0]) be the Banach space of all continuous paths n: [T, 0] — R endowed
with the supremum norm ||1]cc = supge_7,0) [n(z)|. For any (t,1) € [0,T] x C([-T,0]) consider
the following path-dependent SDE (recall that X is the window process associated to X, see (2.1))

{dXS = b(s,X,)dt + o(s,X,)dWs, t<s<T, 51)

X :U(S_t)a -T+t<s<t,
where the coefficients b and o satisfy the following assumption.

(H1) b,0:[0,T] x C([-T,0]) — R are Borel measurable functions satisfying, for all ¢t € [0,7],
77’77, € C([_T’ 0])5

Mi(1+ [[9]loo),
Ll = n'[lso>

bt )| + lo(t,n)|
[b(t,m) = b(t, 1) + lo (8, m) — o (t, )]

IA A

for some positive constants M; and L.

Proposition 3.1 Under Assumption (H1), for any (t,n) € [0, T]|xC([-T,0]) there exists a unique
(up to indistinguishability) F-adapted continuous process X" = (X;’n)[_T+t7T} strong solution to
equation (3.1). Moreover, for any p > 2 there exists a positive constant C, (depending only on
p, T, My ) such that

E| sup XU < Cp(1+IInlE): (3.2)

se[—T+t,T]

Proof. Since Hypotheses (14.15) and (14.22) in [17] are satisfied under (H1), the existence
and uniqueness part follows from Theorem 14.23 in [17]. Concerning (3.2), raising to the p-th
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power both sides of equation (3.1), recalling that (1 + -+ + 2,)? < nP~Y(a} + - + 2h), for any
T1,...,o, > 0, we obtain (X% is the window process associated to X" see (2.1))

|th|p < 3P~ l{m )P+ ‘/ rXt’” ‘/ }

Set X" = SUPye[—T4t,] | X5, for all s € [t,T]. Then, we have

+ sup

e < @ ol + s
u€lt,s]

u€lt,s]

u p
/ b(r, ij")dr
t

p}. (3.3)

< (s—t)pt / ) |b(r, X7 P - (3.4)

u
| ot
t

From Holder’s inequality, we get
U p
/ b(r, XEMYdr
¢

On the other hand, from Burkholder-Davis-Gundy’s inequality and Holder’s inequality, it follows
that there exists a positive constant c,, depending only on p, such that

D

2]

u P S
/ o(r,XLM) ] < cpEH/ ‘O’(T,Xi’n)fd?”
t

< cp(s—t)2 111«:[/ |or(r, XL |pdr} (3.5)

sup
u€l(t,s]

E [ sup
u€lt,s]

Taking the expectation in (3.3), then exploiting (3.4) and (3.5), afterwards using the linear growth
condition of b and ¢ in (H1), we see that there exists a positive constant C),, depending only on
p, T, My, such that

2P < G(1+ Il + [ BQAPIA), Ve (1)
t

We can now deduce estimate (3.2) from an application of Gronwall’s inequality. |

Our aim is to study the following path-dependent Kolmogorov equation, which turns out to be
related to (3.1):

oU + DU + b(t,n)DVU
+20(t,n)*DVVU + F(t,n,U,o(t,n)DVU) = 0, VY (t,n) € [0,T[xC([-T,0]), (3.6)
UT,m) = H(n), Vn e C([-T,0]),

where F': [0,7] x C([-T,0]) x RxR — R and H: C(]—T,0]) — R are Borel measurable functions.

Remark 3.2 As already recalled, our functionals are defined, differently from [3], in such a way
that time ¢ and path 7 are not related to each other, so that the non-anticipative property imposed
by [3] is automatically satisfied. More precisely, the non-anticipative property is implicit in the
definition of our functionals, since given a pair (¢,7) the path 7 always represents the past up
to time ¢t. Indeed, in general n stands for a path of X;, which is the path of the process X on
[T +t,t]. O
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3.2 Strict solutions

We introduce the concept of strict solution to equation (3.6) and then study its well-posedness.
Definition 3.3 A map U: [0,T] x C([-T,0]) — R in CT2(([0, T[xpast) x present) N C([0,T] x
C([-T,0])), satisfying equation (3.6), is called a strict solution to equation (3.6).

Let us begin focusing on the uniqueness of equation (3.6). Actually, we shall prove a stronger
result, namely, that any strict solution of (3.6) can be represented in terms of a backward stochastic
differential equation. For this probabilistic representation formula, it is convenient to introduce
the following spaces of stochastic processes.

o SP(t,T), p>1,0 <t <T, the set of real-valued continuous F-adapted stochastic processes
Y = (Ys)i<s<r satisfying

p — p
Y1y, 5= B[ sup ) < oo

e HP(t,T), p > 1,0 <t < T, the set of real-valued F-predictable stochastic processes Z =

(Zs)i<s<t satisfying
T NG
12ip, , ,, = EK [ 1z d8> } < .

Theorem 3.4 Suppose that Assumption (H1) holds. Let F: [0,T] x C([-T,0]) x R x R —
R, H: C([-T,0]) — R be Borel measurable maps and consider a strict solution U: [0,T] x
C([-T,0]) = R to equation (3.6), satisfying, for some constants C,m > 0,

|F(t,77,y,z) - F(t’n’y/"z,”
|H ()| + |F(t,n,y,2)| + U, n)]

< Clly =y +1==2),
< i+ nlm), (3.7)
for all (t,n) € [0,T] x C([-T,0]), y,9/, 2,2 € R. Then, we have

Utt,n) = Y ¥ (tn) €0,T] x C(=T,0]), (38)

where (Y37, Z&")seipr = U(s,X57), (0DYVU) (5, XeM) 1 7((5))seper) € S2(t, T) x H2(t,T) solves the
backward SDE: P-a.s.,

T T
vin = H(XL + / F(r, XN YEN 750 dr — / ZENAW,, t<s<T. (3.9)
S S

As a consequence, there exists at most one strict solution to equation (3.6) satisfying a polynomial
growth condition as in (3.7).

Proof. Take (¢t,n) € [0,T[xC([-T,0]) and define, for any t < s < T,
VhT = U(s, X5, ZET = o(s, XEM)DVU(s, XE) 1 pi(s)

Let Ty € [t, T, then an application of the functional It formula (2.18) to U(s, X5"), yields (recall
that U solves equation (3.6))

To To
Y = vpl+ / F(r, Xt ybn zbmdr — / ZENAW,, t<s<Tp. (3.10)
S S
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To conclude to the validity of (3.8) we have to take the limit 7y — 7" in (3.10). To this end, it is
enough to have a uniform (with respect to Ty) bound on the norm of Z%" in H?(¢, Tp)). This follows

from the following standard estimate for backward SDE, see Proposition B.1 of Appendix in [6],
with K = 0:

To T
B[ 12Rds < (1Y + B [ IFGX00PS),  vThe T
t t

where C' is a positive constant, depending only on T and C. From estimate (3.2), we get, for any
p =2,

E[ sup th"np} < o (3.11)
t<s<

Notice that from the polynomial growth condition of &/ and (3.11) we have [[Y*"||g2, ) < o0,
therefore Y € S%(¢,T). As a consequence, using monotone convergence theorem, we obtain

T T
B [ 12Pds < (1Y +E [ IF(G0,0Pds )
t t

This implies, using estimate (3.11) and the polynomial growth condition of F, that Z € H?(¢,T).
Moreover, from the uniform Lipschitz property of F' with respect to (y, z), we see that E ftT |EF(r
XLy ZEM) [2dr < oo. In conclusion, we can send Ty — T in (3.10) and obtain the probabilistic
representation formula (3.8).

As it is well-known that there exists a unique solution (Y7, Z47) € S2(¢t,T) x H2(¢,T) to the
backward SDE (3.9) (see, e.g., Theorem 4.1 in [19]), we deduce the uniqueness result for U. O

We now provide two existence results, i.e., Theorem 3.5 and Theorem 3.6, for strict solutions
to equation (3.6), when the coefficients have a cylindrical form. First, we consider the case where
F does not depend on (y, z), then we address the general semilinear case.

Theorem 3.5 Suppose that F = F(t,n) does not depend on (y,z) and there exists N € N\{0}
such that, for all (t,n) € [0,T] x C([-T,0]),

) = 5(n [ roan@, [ vt oae)
o) = ot [ etndaw. [ e i),
(0], ot roane, [ vt i)
H(n) = </[ T70 o1(x 4+ T)d n(zx), “.7/[—T70} @N(x—l—T)d_n(x)),

Qi

iy

F(tﬂ?) -

where

(i) b and & are continuous functions, with first and second spatial derivatives continuous and
satisfying a polynomial growth condition. Moreover, for all (t,x) € [0,T] x RV, x1,xo € RY,
[b(t.x)| + |5 (¢, x)|

|b(t,x1) — b(t,x2)| + [o(t, x1) — 7 (t, x2)|

My(1+ [x]),

<
< Li]x; — xal,

for some positive constants My and L;.
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(ii) F is continuous and, for all s € [0,T), the function F(s,-) belongs to C*(RY) and its second
order spatial derivatives satisfy a polynomial growth condition uniformly in s.

(iii) H € C%(RYN) and its second order spatial derivatives satisfy a polynomial growth condition.

(iv) @1, on € C*([0,T7)).

Then, the function U given by
T
uttn) = B[ [ P+ HE)], i € 0.1 x C(-T.0),
t
is a strict solution to equation (3.6).
Proof. Fix (t,n) € [0,T] x C([—T,0]) and remind that, for any r € [t,T],

nir—t+z), -T<z<t-—r,
X = 4" t
s —r<xz<0.

Then, can show that, for any i = 1,..., N and r € [t,T], P-a.s. we have
T
/ oi(x 4+ r)d X (z) = / iz +t)d n(x) +/ oi(u)d X5, (3.12)
[77‘70} [*t,o} t

where the left-hand side is intended P-a.s. as a deterministic forward integral. Indeed, the approx-
imation of the left-hand side of (3.12) is given P-a.s. by

0 tn tn
X -X
/ i+ 1) (z+e) - X"(z)
—r—¢ e
t—r _ t _ _ t 0 Xtvn _ Xtvn
— / 801'(33 + T)U(V" +T+ 8) 77(7" + 1‘) dx _|_/ SDi(CU + ’I“) r+z+e r+:vdx
—r—¢ € t—r €
0 _ r xtn o xtn
= / i(x+ t)n(x il 62 n(x)dm + / o (u) =2 . Y du.
—t—e¢ t

Since ¢; € C?([0,T]), by Proposition 2.11, the left-hand side of the previous chain of equalities
goes P-a.s. to

/ iz + r)d_XfJ"(m).
[_7’70}

Using again Proposition 2.11, we have

/0 iz + t)77(3€ +¢) —n@) dx €_>—0>+ / iz +r)d n(z).
[~7,0]

—t—g g

Finally, taking into account Definition 2.1 and Proposition 2.5(iii), we deduce the following con-
vergence in probability

T Xtvn _Xtvn + T
/ mm%du =0 / oi(u)d XL,
t t
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from which (3.12) follows. Therefore, equation (3.1) becomes for all s € [t,T],

X" = n(0)+ffb< S eilz + d (@) + [ i qu’"w--)d?"

—|—ft30< f[tocplx—i—t)d n(z) + [} ¢i(u de/’,...)dWr, t<s<T,
XU = n(s—t), ~T+t<s<t

For any (¢,x) € [0,T] x RV, consider the system of equations in RV (we denote ¢ = (¢1,...,0N))
s _ T
Xh* = x +/ w(u)b(u, X5 du, + / p(u)a (u, XEX)dW,, Vrelt,T). (3.13)
¢ ¢
Under assumption (i) on b and &, it is well-known (see, e.g., Theorem 1.1, Chapter 5, in [15]) that

there exists a unique (up to indistinguishability) continuous process (Xt*1 ... XtN) = XX =
(Xi’x)re[tﬂ solution to (3.13). Notice that, when x = (x1,...,zy) € RY is given by

o = / oi(z + B)d (),
[—t,O}

then, by uniqueness of (3.13) and (3.12),

P / pile + 1) X (z) = / pila + ) () + / ci(w)dXI. (3.14)
[—7,0] [—t,0] t

As a consequence, we obtain

Ut,n) = E[ /t TF(s,X?”)ds%—H(XtT’")}

_ E[/TF<5,...,/[_LO] gpl-(x%—t)d_n(x)+/tsgpl-(u)dXZ’”,...>ds
i(r +t)d n(x) + ! wi(u)dXhn ...
[ tO] t

+H
— ( i o1(z +t)d n(x),. /[t,o} sozv(a:+t)d77(fv)>,

where

U(t,x) = E[/tTF(s,X?X)dsJFFI(XgLX)], VY (t,x) € [0,T] x RY.

Notice that ¥ € C([0,T] x RN), as a consequence of the continuous dependence of X5™ on (t,x)
and of the standard estimate sup,c(o 1), jx|<r E[SUPscf, 1] |X5*|P] < oo, for any p > 1 and R > 0. If
F =0, it follows from Theorem 6.1, Chapter 5, in [15], that ¥ € C12([0,T] x RY) and satisfies the
following backward parabolic equation:

O (1) + 31 i (0)b(t %) Dy, ¥ (2, %)
+3 20 et (D% (6, %) D2, U (t,x) =0, V(t,x) € [0, T[xRY,
U(T,x) = H(x), Vx € RV,
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When F # 0, the result is still true and the proof is based on Duhamel’s principle. More precisely,
we fix s € [0,7] and consider the following equation:

0 0° (¢, %) + 1L @i(1)b(t, %) Dy, U (8, )
+1 N @it ()52 (8, x) D2, W (t,x) = 0, V(t,x) € [0, s[xRY, (3.15)

Us(s,x) = F(s,x), Vx € RV,
Let A :={(s,t) €[0,7] x [0,T]: 0 <t < s} and define the map
T(,): AxRY - R
(s,t,x) = U3(t,x) = E[F(s,X,¥)], YV (t,x) € [0,s] x RY.

Notice that ¥'(-,-) € C(A xRN), as a consequence of the continuous dependence of X5™ on (s, ¢, x)
and of the standard estimate sup;c(o 77, jx|<r E[SUPrcf1) |X0¥|P] < oo, for any p > 1 and R > 0.
Using again Theorem 6.1, Chapter 5, in [15], we see that, for any s € [0,7], the function ¥*
belongs to C12([0, s] x RY) and satisfies equation (3.15). Moreover, from the proof of Theorem
5.5, Chapter 5, in [15], we see that, for any ¢ = 1,..., N, the map D, ¥ (-,-): A x RV — R is
continuous. As a consequence, it follows from (3.15) that the map 9;¥'(-,-): A x RV — R is also
continuous. Then, by direct calculation, we see that W, which can be written as

vt = 8| [ Fexis+m0)| = [ v +Ele)

is a classical solution to the backward parabolic PDE

W (t,x) + SN 0i(1)b(t, x) Dy, U(t, %)
+3 N i) (a2 (8, x) D2, (t,x) + F(t,x) =0,  V(t,%) € [0, T[xRY, (3.16)

U(T,x) = H(x), Vx € RV,
Finally, we derive formulae for the derivatives of U, expressed in terms of the derivatives of W. We
begin noting that, taking into account Proposition 2.11, we have

0
/[to] wilr +t)d n(x) = n(0)p;(t) — / n(x)i(z + t)dz, vn e C([-T,0]).

—t

This in turn implies that ¢/ admits a continuous extension (necessarily unique) u: € ([-7,0]) — R
given by

w) = ¥t [ oo, [ onter i)

for all (t,n) € [0,7] x €([-T,0]). We also define the map @: [0,7] x €([-T,0]) x R — R as in
(2.6):

—t

0
a(t,y,a) = u(t,yl_ro +alyy) = ‘I’<t,---7a<ﬂi(t)—/ 7($)¢i($+t)d$,--->7

for all (t,7,a) € [0,T] x €(]-T,0]) x R. Let us evaluate the time derivative 9,4 (t,n), for a given
(t,n) € [0, T[xC([-T,0]):

Ot ) = Bt\I/<t, /[w] or(z+0)d (), ..., /

o +t>dn<m>)
[—,0]
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Notice that

o [, et naa@) = a(noet - [ ot )

= 0(0) ~ (-0 — [ n@)pilo+ )da

—t

Let us proceed with the horizontal derivative. We have

DHu(t7 77) = DHu(ta 77) = DHﬁ(ta Mi=1,0[ 77(0))
~ a(t,m—r,0(+),n(0)) —a(t, m—1,0(- —€),n(0))

e—0* €

€ —t

- é\l' <t, ;1(0)pi(t) — /_i (@ —e)gi(x +t)de, .. )

— é/oe ENJDx v <t ..... n(0)g; () — /0 n(@ —y)pi(z +t)dz, .. ) y (n(O)wz(t)
=1 —t

Notice that

0, (10yeit) - | : e —wato+0ds) = =0,( [ " wwipitey+ i)

. <n<—y>¢>i<t> (-t =)0 + [

" n(x)éi(z+y+ t)dw) )

Therefore

MUt = — tim = [ ZDM‘I’G ..... 00 - [ in<x—y>¢i<x+t>dx,...)(n<—y>¢>i<t>



—t

- /0 n(x)@i(z + t)dw) :

Finally, concerning the vertical derivative we have

DVU(t, 77) = Dvu(ta 77) = aaﬂ(ta 771[—T,0[ + 77(0)1{0})

— iilei\I] <t, /[—t,O] o1(z+t)d n(x),... >80z‘(t)

and

DYVU(t,m) = DVVu(t,n) = Oz a(t,nli_r1o+1(0)10})
= ,]ZlDW < /[—t,o] 801(x+t)d_77(x),...>Spi(t)gpj(t)_

From the regularity of W, we see that & € C12(([0,T[xpast) x present)) N C([0,T] x C([-T,0])).
Furthermore, as W is a solution to (3.16), it follows that U solves equation (3.6). O

Theorem 3.6 Suppose that there exists N € N\{0} such that, for all (t,n,y,z) € [0,T|xC([-T,0])

xR x R,
) = 3 [ atwrniam. [ exrnae)
o(t,n) = 0( oo’ pr(z +)d n(z), . ,/MO] wN(ert)dn(x)),
Ft,n,y,2) = F(h oo’ pr(z +)d n(z), . ,/MO] wN(w+t)dn(w),y,Z>,
o) = A [ e D, [ vt T ).
where

(i) b, 7, F, H are continuous functions satisfying, for some positive constants C and m,

[b(x) = b(x)| +|o(x) — o (x)| < Clx =X,
Pt x,,2) = F(t, %y, 2)] < C(ly =y + = = #1),
|F(t,%,0,0)| + [H(x)| < C(1+ [x|™),
forallt €[0,T], x,x' € RN, 4,9/ €R, and 2,2 € R.
(ii) b and & are of class C® with partial derivatives from order 1 up to order 3 bounded.
(iii) For all t € [0,T], F(t,-,-,-) € C3(RY) and moreover the following.

(a) F(t,-,0,0) € C3(RYN) and its third order partial derivatives satisfy a polynomial growth
condition uniformly in t.

(b) DyF, D,F are bounded on [0,T] x RN xR x R, as well as their derivatives of order one
and second with respect to x1,...,TN,Y, 2.
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(iv) H € C3(RY) and its third order partial derivatives satisfy a polynomial growth condition.

(v) @1, v € C*([0,T1).
Then, the map U given by
Ut = Y, V() €0,7] x C([-T,0)),
where (Y3, Z;’n)se[t7T} € S%(t,T) x H2(t,T) is the unique solution to (3.9), is a strict solution to
equation (3.6).

Proof. The proof can be done proceeding as in the proof of Theorem 3.5, and it is based on
Theorem 3.2 in [20] instead of Theorem 6.1, Chapter 5, in [15]. More precisely, adopting the same
notations as in the proof of Theorem 3.5, set ¢ = (¢1,...,¢n) and consider, for any (f,x) €
[0, T] x RN, the forward-backward system of stochastic differential equations:

{X?x = x+ [ (r)b(r, Xp¥)dr + [} (r)o(r, X7)dW,, s€[t,T, (3.17)

Y = HXEY + [T F(r, X0 v 20%dr — [T zaw,, s e [t,T).
Under assumption (i) on b and &, we see that that there exists a unique (up to indistinguishability)
continuous process (X®%1 . XtXN) = Xbx = (X?X)se[t,ﬂ solution to the forward equation in
(3.17), see, e.g., Theorem 1.1, Chapter 5, in [15]. Moreover, from Theorem 4.1 in [19] it follows that,
under assumption (i) on F' and H, there exists a unique solution (Y5* Zt%) € S2(¢,T) x H2(¢,T)
to the backward equation in (3.17). Now, fix n € C([-T,0]) and define x = (z1,...,7x) € RY as

x; = / iz +t)d n(x). (3.18)
[—t,O}
Then, similarly as for (3.14),
X = [ et id @+ [ ewaxi = [ pletnd xe)
[—t,0] t [—7,0]

and therefore

T T
vix = HXL + / F(r, XN yE* 782 dr — / ZExdW,., t<s<T.
S

S

Since (Y47 Zt1) also solves the above backward equation, from the uniqueness to the BSDE it
follows that Y5* = Y7 in S2(¢t,T) and Z** = Z%" and H?(t, T'), whenever x = (2i)i=1,.. N is given
by (3.18). Now, from the definition of & and the equation (3.9) satisfied by (Y%7 Zt7) we have
(with n and x related by (3.18))

T
Utn) = ¥ = E[ / F(s,xz’",ntv",zzws+H<X§’~">]
t
T — —
= | [Pl X 2% + H K|
t
Then, we define

T
U(t,x) = E[/t F(s,ngX,lgth,ZgX)ds+H(ng)], V(t,x) €[0,T] x RV,
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It follows from Theorem 3.2 in [20] that ¥ € C'12([0, 7] x RY) and satisfies the following backward
semilinear parabolic equation

8t\Il(t7 X) + Zz]il “Pi(t)g(tv X)Dﬂci\I}(tv X) + % 2%:1 Pi (t)()oj (t)62 (t7 X)Dgiqu}(t? X)
FE(t %, Ut x), N, 5(t %)@ (1) Dy, W(t, %)) = 0, VY (t,x) € [0, T[xRY,

\I](T’X) :H(X)a \V/XGRN.

Finally, the claim follows expressing the derivatives of U in terms of the derivatives of W as in the
proof of Theorem 3.5. O
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