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Abstract

We consider an Ito stochastic differential equation with delay, driven by brownian mo-
tion, whose solution, by an appropriate reformulation, defines a Markov process X with
values in a space of continuous functions C, with generator £. We then consider a back-
ward stochastic differential equation depending on X, with unknown processes (Y, Z), and
we study properties of the resulting system, in particular we identify the process Z as a
deterministic functional of X. We next prove that the forward-backward system provides a
suitable solution to a class of parabolic partial differential equations on the space C driven
by L, and we apply this result to prove a characterization of the fair price and the hedging
strategy for a financial market with memory effects. We also include applications to optimal
stochastic control of differential equation with delay: in particular we characterize optimal
controls as feedback laws in terms of the process X.

1 Introduction

We will consider stochastic differential equations with delay (SDDEs for short) on a finite interval

of the form
dyt = b(t,yt+.) dt + U(tayt+') th’ te [O’T]’ (1 1)
yo = x(0), 0 € [-r,0], |

for an unknown process (yt)ie|—r7) in R". Here r > 0 is the maximum delay taken into ac-
count, and we use the notation yiy. = (y¢+9)oc|—r,0)- It is customary (see for instance [14]) and
convenient to introduce the space C = C([~r,0];R") and the C-valued process X = (X¢):e(o,1]
defined by

Xt(H) = Yt10, 0 € [—T', 0]

With this notation, b(¢,-) and o (¢, ) are functions defined on C and the equation can be written

dyt = b(t, Xt) dt + O'(t,Xt) th, te [O,T],
Xt = c C.

SDDEs are a classical subject: in the standard reference book [18] (see also [19]) basic re-
sults are established: existence and uniqueness of solutions, regular dependence on parameters,



Markov property of X as a C-valued process, characterization of its generator. In [7] long time
asymptotics is studied in detail.

In this paper we will present new results on optimal control problems for SDDEs. More-
over, since the Markov character of solutions allows for application of dynamic programming
arguments, we will also prove new results on the corresponding Hamilton-Jacobi-Bellman equa-
tion. More generally, we will consider a class of semilinear versions of the parabolic Kolmogorov
equation associated to the process X. This class includes as a very special case some infinite-
dimensional variants of the Black-Scholes equation for the fair price of an option, of great interest
in mathematical finance and already considered in [5].

The main tool will be the use of techniques from the theory of backward stochastic differential
equations (BSDEs) in the sense of Pardoux-Peng, first considered in the nonlinear case in the
paper [24]. We refer to the monographs [8], [23] for an exposition of the basic theory. The BSDE
approach that we follow consists in addressing equation (1.1), but with generic initial values
t € 10,T] and z € C = C([-r,0];R™), and then coupling with another equation of backward
type, with unknown processes (Y, Z). More precisely one considers the forward-backward system

dyt® = b(r, XL*) dr + o (1, XL*) dW,, 7€ [t,T] C [0,T],
Xf "t =1,

dYP® = (1, XL* YE* Z87) dr + Z5* dW,,

Yp" = o(Xg"),

(1.2)

where ¥ : [0,7] x C x R x R — R and ¢ : C — R are given functions. One can then define a
(deterministic) function v : [0, 7] x C — R setting v(t, z) = Y;**. Markovianity of system (1.2)
immediately yields that Y;"" = v(r, X2*). In addition we prove that

Zb" = Vo (1, X57) o (1, XL7), (1.3)
where V| is a differential operator defined by
Vou(t,z) = Vyu(t, z)({0}). (1.4)

To explain the above expression we recall that the gradient V,v(¢, z) at point (¢,z) € [0,7] x C
is an element of the dual space C*, hence an n-tuple of finite Borel measures on [—r,0]. Thus,
Vou(t,z) is a vector in R™ whose components are the masses at point 0 of the components of
Vavu(t,z). We stress the fact that, as it is customary when relating BSDEs and PDEs (see for
instance [25]), the above ‘identification of Z’ is one of the main technical points of this paper.
The proof presented in section 3 is performed by computing the joint quadratic variation of
(v(T, Xﬁ’x))Te[tyT} and (Wr) ¢, 1), using Malliavin calculus techniques.

We are then able to prove that v is the unique solution (in a suitable mild sense) of a
semilinear parabolic equation of the form:

av(t’ $) + Et'U(t, fL') - 1/J(ta L, 'U(t, .’L‘), VOU(t’ w) U(t’ JZ)),
o (1.5)

(T, z) = ¢(x), te[0,T], z € C,

where £; is the generator of the Markov process (X&) (see [18], [19] or Remark 2.4 below).
If one considers the controlled SDDE

{ dy? = b(s, X¥) ds + o(s, X¥) [h(s, XY us)) ds + dWy], se€[t,T],

. (1.6)



where the solution depends on a control process u(-) taking values in a space U, and h : [0,77] x
C x U — R? is given, and one tries to minimize a cost functional

T
J(t,x,u(-)) = E/t g(us) ds + E¢(X7), (1.7)

where g : U — [0, 00), then equation (1.5) is the associated Hamilton-Jacobi-Bellman equation,
provided the hamiltonian function v : [0,7] x C x R? — R is defined by the formula

Y (t,x,z) =inf {g(u) + zh (t,z,u) :u € U}, te[0,7T),z € C,z e R

This way we eventually prove that v coincides with the value function of the control problem
and that Vgv occurs in the construction of the optimal feedback.

Although BSDESs were known to be useful tools in the study of control problems and nonlinear
partial differential equations, applications to infinite-dimensional state spaces are more recent
and difficult: see e.g. [11], [12] for the case of a Hilbert space, and [17] for some related results on
Banach spaces. In these papers, as well as in the present one, the solution of (1.5) is understood
in the so-called mild sense. Special difficulties arise if the space C is used as the state space of
the basic stochastic process X. In particular, even in the deterministic case, it is not clear how
to formulate the state equation as an evolution equation in C, see [14]. The reason for choosing
to work in C is to allow for great generality on the coefficients b, 0 of the SDDEs as well as on
the cost functional of the control problem. For instance the functional ¢ occurring in (1.7) could
have the form

o(z) = / g((0)) u(dd),  ze€C, (18)
[—7,0]

for some g € C*(R) and some (finite signed) measure p on [—r,0]. The special case when p is
supported on a finite number of points is of particular interest and could be studied by direct
methods, but it is included in our results. More generally, if ¢1, ..., ¢, are functionals with the
form (1.8) corresponding to functions g1, ..., g, € C'(R), and if h € C*(R™), then the functional
d(z) = h(p1(2),...,¢Pn(2)), can also be treated by our methods. One could avoid the use of the
space C by looking at X as a process with values in the space L?([0,T];R") instead. This
was the approach taken in [13]. However, this leads to restrictions on the applicability of the
corresponding results.

Optimal control problems for SDDEs have been thoroughly investigated in recent years. The
book [4] is a systematic exposition of the state of the existing theory in all aspects and contains
an extensive bibliography. Typically, one of the main achievements of optimal control theory is
the characterization of the value function as the unique viscosity solution of a Hamilton-Jacobi-
Bellman equation. Unfortunately, the proof of uniqueness reported in [4] seems to contain a gap
(see the inequality at the bottom of page 175 as well as the subsequent arguments) and therefore
we prefer not to rely on this result. In fact, we do not prove any result in the framework of
viscosity solutions. Indeed in our paper, see section 6, we assume stronger conditions, namely a
special form for the control system (1.6) and differentiability assumptions on the data b, o, ¢, 1
with respect to the space variable x € C. Under these assumptions we consider a different notion
of solution and we are able to prove that a unique solution exists and has further properties, in
particular differentiability. We note that the existence of the gradient of v is of special interest in
optimal control theory, since not only does it occur in the (mild) formulation of the corresponding
Hamilton-Jacobi-Bellman equation but it also allows to characterize the optimal controls via
feedback laws and to prove existence of optimal controls after appropriate formulation.

Parabolic equations on the space C of the form (1.5) have also been considered for other
purposes, in particular as an infinite dimensional generalization of the Black-Scholes equation



for the fair price of an option, in case the market models or the claim exhibit memory effects.
In [4] the existence and uniqueness result for a viscosity solution is stated but the proof has the
same problems as in the case of the Hamilton-Jacobi-Bellman equation. In [5], by a verification
theorem, it is shown that if the price of the claim is once differentiable in time and twice in
space and, in addition, for all times it belongs to the domain of the generator of the shift
operator S (see Remark 2.4 below) then it solves the generalized Black-Scholes equation in a
classical way. Here, see Section 7, we prove that, if the coefficients in the market and the claim
are differentiable, then the price is the unique mild solution of the generalized Black-Scholes
equation. Moreover, the special operator Vj defined in (1.4) occurs in the construction of the
hedging strategy. Although more natural than in [5], admittedly our assumptions (in particular
differentiability of the claim) are not totally satisfactory for applications. We finally mention
that in a similar spirit some formulae of Black-Scholes type are proved in [1] for markets with
delay effects.

The plan of the paper is as follows: in section 2 we introduce notation and review some
results on SDDEs, adding some precision on regularity properties of the solution, concerning in
particular their Malliavin derivative. Section 3 is devoted to proving Theorem 3.1, which is the
key of many subsequent results; here the operator Vj is introduced. In section 4 we present the
forward-backward system (1.2) and prove in particular formula (1.3). Section 5 is devoted to
the study of equation (1.5): it is proved that a unique mild solution exists and it is connected to
the solution of the forward-backward system (1.2) by formula (1.3). In section 6 we study the
optimal control problem; we prove in particular that the value function of the control problem is
a solution (in the mild sense) of the Hamilton Jacobi Bellman equation; moreover we show that
the so-called fundamental relation holds, we give criteria for optimality of feedback controls and
we prove existence of optimal controls in the weak sense. Finally in section 7 it is shown how
(1.5) may arise as the a Black-Scholes equation in a financial market with memory effects and
we give explicit conditions for its solvability.

2 Preliminary results on stochastic delay differential equations

2.1 Notations

In this paper we consider a complete probability space (2, F,P) and a standard Wiener process
W = (W;)i>0 with values in R%. We denote by (F;);>o the natural filtration of W augmented
in the usual way by the sets of P-measure 0.

For fixed r > 0, we introduce the space

C =C([-r0;R")

of continuous functions from [—r, 0] to R, endowed with the usual norm | f|c = supge|_rq [ f(0)|-
We will consider C-valued stochastic processes: for T > 0 we say that a C-valued process
(Xt)iejo,m) belongs to the space SP([0,T];C) (1 < p < o00) if its path are C-continuous P-a.s.
and the norm

||X||gp( =E sup | Xy =E sup sup |X(6)

[OrT];C) t€[07T] t€[07T] 96[_T70]

is finite. Here and in the following, if no confusion is possible, we denote the norm of R”, R?
and R™ by | -|.

We next define several classes of differentiable functions between Banach spaces, first intro-
duced in [11] in connection with stochastic processes, which allow to formulate several regularity
results in a compact way.



In the following, if £ and K are Banach spaces, we denote by G!(E, K) the space of continu-
ous functions u : £ — K such that: 1) u is continuous; 2) u is Gateaux differentiable on E, with
Gateaux differential at point € E denoted by Vu(x) € L(E, K) (the latter being the space of
bounded linear operators from F to K, endowed with its usual norm); 3) for every h € E, the
map x — Vu(z) h is continuous from E to K. We note that the map x — Vu(z) is not required
to be continuous from F to L(E, K): if this happens then u is also Fréchet differentiable.

We say that a function v : [0, 7] x E — K belongs to G%'([0,T] x E, K) if: 1) v is continuous;
2) for every t € [0,T1], v(t,-) is Gateaux differentiable on E, with Gateaux differential at point
x € E denoted by Vyu(t,z) € L(E,K); 3) for every h € E, the map (t,x) — Vyv(t,z)h is
continuous from [0,7] x E to K.

Now suppose E = C([a,b];R™), where a,b € R, a < b. We recall that the dual space
of C([a,b]) is the space of finite Borel measures on [a,b], endowed with the variation norm.
Identifying F with the product space C([a,b])™ in the obvious way we conclude that the dual
space E* of E can be identified with the space of n-tuples p = (ug)y_,, where each py, is a
finite Borel measure on [a,b], and the value of ;1 at an element g = (gx)7_; € C([a,b])", where
g € C(la,b]), is denoted

0) - u(df) = 0 do).
/[a,by"” ) =3 /Mgkwk( )

Let v : [0,T] x C — R be a function such that v(t, -) is Gateaux differentiable on C for every
t € [0,T]. Then the gradient V,v(¢,x) at point (t,z) € [0,7] x C is an n-tuple of finite Borel
measures on [—r,0]. We denote by |V v(t, z)| its total variation norm and we define

Vou(t,z) = Vau(t,z)({0}) (2.1)

i.e., Vou(t,r) is a vector in R® whose components V&uv(t,z) (k = 1,...,n) are the masses at
point 0 of the components of V,v(t, z).

Remark 2.1 In the following, a basic role will be played by the space G%!([0,7] x C,R):
according to the previous definitions, it consists of real continuous functions v on [0, 7] x C such
that, for every t € [0,T1], v(t, -) is Gateaux differentiable on C, with Gateaux differential at point
x € C denoted by V,v(t,z) (an n-tuple of finite Borel measures on [—r,0]), such that the map

(t,2) = (Voo(t,z), h)cr .o = /[ ; h(0) - Vau(t, z)(d)

is continuous on [0, 7] x C, for every h € C.

2.2 Stochastic delay differential equations

We fix T' > 0 and we consider the following stochastic delay differential equation for an unknown
process (yt)iecfo,r] taking values in R™:

{ dyt = b(t7yt+'> dt + U(tvyt-f—') tha te [07T]7 (2 2)

Yo = x(ﬁ), NS [*T‘, 0]7

where y;4. denotes the past trajectory from time ¢ —r up to time ¢, namely y;4. = (yt+9)9€[_r70],
and r > 0 is the delay. b(t,-) and o(t,-) are functions of the past trajectory of y and they are
defined on the space of continuous functions, namely b : [0,7]xC — R" and o : [0, 7] xC — R,
where R™ is identified with L(]Rd, R™) the space of linear operators from R? to R™. The function
x € C is the initial condition. We will refer to equation (2.2) as delay equation.

We make the following assumptions on the coefficients of (2.2).



Hypothesis 2.2 1. The functions b: [0,T] x C — R" and o : [0,T] x C — R" are contin-
uous and there exists a constant K > 0 such that for allt € [0,T] and y(-) € C

(8 y()I+ 1ot y()] < K (1 +[y()le);
2. there exists a constant L > 0 such that for allt € [0,T] and y(-),z(-) € C
[b(ty(-)) = bt () + o (8 y () — ot 2()] < Lly() = 2()lc;

3. for allt €[0,T], b(t,-) € GL(C,R"), o(t,-) € G}(C,R™).

In the following we collect some results on existence and uniqueness of a solution to equation
(2.2) and on its regular dependence on the initial condition. It turns out that there exists a
continuous solution, so we can define a C-valued process X = (Xt)te[o,T] by

Xe(0) = yvo, 0 €[-r,0] (2.3)

We notice that if t + 6 < 0 then y,19 = x(t + 0). We will use the notations y* , y¥, X* or X}
to indicate dependence on the starting point x € C.

Theorem 2.3 If Hypothesis 2.2, points 1 and 2, holds true then there exists a unique continuous
adapted solution of the delay equation (2.2), and moreover the process (X)) belongs to
SP([0,T); C) for every p > 2 and

||X||gp([0,T];C) = Et sup |ylP <C

€l—r,T]
for some constant C > 0 depending only on K, L, T, p.
In addition, the map x — X* is Lipschitz continuous from C to SP(]0,T]; C); more precisely,

1/p
[ X* = X*2 [ sp(po,17,0) = (E sup |yt — y” !p> <L sup |[z1(0) — z2(0)]
te[—r,T] 0e[—r,0]
for some constant L > 0 depending only on K, L,T,p.
If we further assume that Hypothesis 2.2, point 3, holds true then the map x — X% belongs
to the space G*(C,SP([0,T]; C)).

Proof. For the proof (in the case of p = 2), we refer to [18], Chapter II: we refer to Theorem 2.1
for existence and uniqueness of the solution of equation (2.2), to Theorem 3.1 for the Lipschitz
dependence of this solution on the initial datum, and to Theorem 3.2 for the differentiability of
the solution with respect to the initial datum. See also [19], Theorems I.1 and I.2. The proof in
the case of p > 2 can be performed in a similar way. O

Let us introduce a delay equation similar to (2.2) but with initial condition given at time
te[0,7):

{ dye* = b(r,y;L) dr + o(ryey) dWe, 7 €T, (2.4)
ytfe = 56(9), NS [_T’ O]
We introduce the C-valued process given by

Xb7(0) =y,  0€[-r0]. (2.5)

By [18], Chapter III, Theorem 2.1, the C-valued process (Xi’x)TE[th] is a Markov process with
transition semigroup, acting on bounded and Borel measurable ¢ : C — R, given by

P, [¢](z) = Ep(XE), 0<t<7<T, zeC. (2.6)



Remark 2.4 The transition semigroup (P ) has been extensively studied in the literature,
see e.g. [18] and [19]. Although our techniques essentially bypass the difficulties related to the
characterization of the generator (P ) and of its domain we briefly recall some result which
will appear in Section 5 in the formulation of the Kolmogorov equation. For simplicity, let us
consider the autonomous case in equation (2.4): b and ¢ do not depend on time and s = 0,
so we consider the one parameter semigroup (Pt)te[o,T}- The transition semigroup (F;) is never
strongly continuous on the space C, nevertheless it admits a weakly continuous generator L, see
[18], chapter IV and [19], chapter II. Let S; : C — C denote the shift operator and let S denote
the weak generator of the corresponding semigroup. To derive a formula for the generator £
we need to augment C by adding an n-dimensional direction. £ will be equal to the sum of
the generator of the shift semigroup & and a second order linear partial differential operator
along this new direction. Let F,, := {vlp:v € R"} and C@ F,, := {f +vlp: f € C,v € R"}
with the norm ||f 4+ vlo|lcar, = |flc + |v|. Suppose that ¢ : C — R is twice continuously
Fréchet differentiable and let f € C. Then the Fréchet derivatives Vé(f) and V2¢(f) have
unique weakly continuous linear and bilinear extensions

Vo(f): Ca F, — R, V26(f): (Co F,) x (Ca F,) — R.

Comparing with (1.4) we notice that Vo(f)(1o) = Voo(f). We are ready to introduce L.
Suppose that ¢ : C — R, ¢ € D(S), and ¢ is sufficiently smooth (e.g. ¢ is twice continuously
differentiable and its derivatives are globally bounded and lipschitz continuous). Then ¢ € D(L)
and Vf e C

L(@)(f) = S(9)(f) + Vo(f)(b Z V2o(f)(o(f)(ei)lo, o(f)(e)lo),  (2.7)

where {e;}" | is any basis of R".
We conclude this remark observing that, if C is replaced by L?([—r,0];R"), then L takes a
much simpler form, see for instance [13] page 314.

2.3 Differentiability in the Malliavin sense

Our aim is now to compute the Malliavin derivative of the solution of the delay equation. We
start by recalling some basic definitions from the Malliavin calculus. We refer the reader to the
book [20] for a detailed exposition.

We consider again a standard Wiener process W = (Wy);>0 in R? and the Hilbert space
L%([0, T); R%) of Borel measurable, square summable functions on [0, 7] with values in RY, with
its natural inner product. This can be identified with the product space (L?([0,T1]))? or with the
space L?(7), where the measure space 7 := [0, 7] x{1,...,d} is endowed with the product of the
Lebesgue measure on [0, 7] and the counting measure on {1,...,d}. Elements h € L2([0, T]; R%)
may be denoted {h’(s), s € [0,T], j =1,...,d} or {h?}, where b7 € L%([0,T)).

For every h € L2([0, T]; R?) we denote

W (h) = /0 - dW, = Zhﬂ ) dW?.

W is an isometry of L?([0,7];R%) onto a gaussian subspace of L%(Q2), called the first Wiener
chaos. Given a Hilbert space K, let Sk be the set of K-valued random variables F' of the form

F=Y fr(W(h),...,W(hn))ky,
r=1



where hi, ..., h, € L?([0,T];RY), {k.} is a basis of K and fi,... f,, are infinitely differentiable
functions R" — R bounded together with all their derivatives. The Malliavin derivative DF' of
F € Sk is defined as the process {DIF; s € [0,T], j € {1,...,d}} given by

DIF =33 " 0ufe(W(ha),...,W(hn)) hi,(5) ky,

r=1 k=1

with values in K; by J we denote the partial derivatives with respect to the k-th variable. It is
known that the operator D : S C L?*(Q; K) — L2(Q x [0,T] x {1,...,d}; K) = L*(Q x T; K)
is closable. We denote by D*?(K) the domain of its closure, endowed with the graph norm, and
we use the same letter to denote D and its closure:

D:DY¥(K) c L*(Q;K) —» L*(Q x T; K).
The adjoint operator of D,
§: dom (6) C L*(QAx T; K) — L*(Q; K),

is called Skorohod integral. For a process u = {ul; s € [0,T], j € {1,...,d}} € dom(8) we will
also use the notations
T d 1T
5(u) = / us AW, = Z/ wl AW,
0 oo

It is known that dom(§) contains every (F;)-predictable process in L?(2 x 7; K) and for such
processes the Skorohod integral coincides with the It6 integral; dom(d) also contains the class
L'?(K), the latter being defined as the space of processes u € L?(Q x T; K) such that ul e
DL2(K) for a.e. t € [0,T] and every j, and there exists a measurable version of Diu; satisfying

d T T ,
el a0y = N2y + B S /O /0 | Dl | d ds < oo.
ij=1

Moreover, Hé(u)“%z(g;[() < ||u|]i1,2(K). We note that the space L12(K) is isometrically isomor-
phic to L?(7;DY?(K)).

Finally we recall that if F € D'?(K) is measurable with respect to F; then D/F = 0 a.s. on
Q x (t,T) for every j.

If K =R or K =R", we write D2 and L}? instead of DV2(K) and LY2(K) respectively.

We now introduce the Malliavin derivative for a functional of a stochastic process. In the
remainder of this section we set E = C([—r,T|;R"). If f € G}(E,R") then, according to the
notation introduced above,

(Vf(x),9)6* E =/ g(0) -V f(z)(dd), g€ E.

[7T7T]

If y is a continuous stochastic process with time parameter [—r,T] then f(y) is a random
variable. We wish to state a chain rule for the Malliavin derivative of f(y ). We will restrict to
the case when y is adapted, more precisely its restriction to [0, 7] is adapted to (ft)te[(),T] and
its restriction to [—r, 0] is deterministic. Clearly, Dy, = 0 for t € [—r,0]. Following [15], lemma
2.6, we have the following basic result (we note that in [15] derivatives are understood in the
sense of Fréchet, but the same arguments apply to the present situation).



Lemma 2.5 For E = C([-r,T);R"), let f € G}(E,R) be a Lipschitz continuous function.
Assume that y = (Yt)ie[—r,1] 8 @ process in R™ satisfying the following conditions:

1. y s a continuous adapted process and Esupye—p 1 lye|? < o0;

2. y € L*([-r,T),DY2) and the process {Dsy;,0 < s < t < T} admits a version such that,
for every s € [0, T], {Dsy,t € [s,T]} is a continuous process and

T
E/ sup |Dgyi|*ds < .
0 tels,T]

Then f(y.) € D2 and its Malliavin derivative is given by the formula: for j =1,...,d and a.e.
s €[0,T] we have, P-a.s.,

DIf(w)) = (V4 (w), Dy} = | Dlvg- VS (o). (28)
—r,T
Next we establish when the solution of the delay equation is Malliavin differentiable, and
moreover we write a stochastic (functional) differential equation satisfied by the Malliavin deriva-
tive. We substantially follow [15], Theorem 4.1.

Theorem 2.6 Let Hypothesis 2.2 be satisfied. Then the solution (yt)te[—r,T] satisfies conditions
1. and 2. in Lemma 2.5. Moreover y; € DY2 for every t € [0,T] and the following equation
holds: for j =1,....,d and every s € [0,T] we have, P-a.s.,

. t .
Diys = o(s,yst.) + / /[ ]Déytw - Vab(t, y4.)(dO) dt
s —r,0

t
; 2.
+ [ [ Dl Veotty @y aws, tels,  *0
) s J[-r,0]
Diy. = 0, te[-rs).
Finally, for every p € [2,00) and s € [0,T] we have
T
IE/ sup |Dsy|Pds < 0. (2.10)
0 tels,T]

Proof. Except for the final statement, the proof can be achieved with techniques similar to the
ones indicated in the proof of Theorem 4.1 in [15]. The only minor difference is that we consider
a general delay differential equation, while in [15] the coefficients depend on the past behavior
of the solution only after time 0: however, the same arguments apply.

The proof of the final statement follows by standard estimates on equation (2.10), taking
into account that Vb and V.o are bounded in the total variation norm. O

Corollary 2.7 Suppose that the assumptions of Theorem 2.6 hold true, let C = C([—r,0];R™)
and (Xt)iejo,r) be the C-valued process defined by (2.3). Suppose that f € G1(C;R) satisfies

V(@) <C+zlc)”,  xe€C,

for some C >0 and m > 0.
Then for every t € [0,T], f(X¢) = f(yir.) belongs to DY? and for j = 1,...,d we have, for
a.e. s €[0,T], P-a.s.,

DI(f(X1)) = (Vf(Xy), Dlyrr)esc = /[_ ) Diypro -V f(X1)(dO). (2.11)



Proof. The conclusion follows immediately from Lemma 2.5 and Theorem 2.6 if f is a Lipschitz
function. The general case can be proved by approximating f by a sequence of Lipschitz functions
obtained by a standard truncation procedure. O

Remark 2.8 The first result on Malliavin differentiability of the solution of a functional stochas-
tic differential equations was proved in [16]. In that paper the aim was to prove that y; belongs
to the domain of the generator of the Ornstein-Uhlenbeck semigroup of the Malliavin calculus,
therefore more restrictive assumptions were assumed on the coefficients of equation (2.2), in
particular they were required to be twice differentiable.

3 A result on joint quadratic variations

The aim of this section is to state and prove a technical result, Theorem 3.1, which will be used
in the rest of this paper. To state this theorem we need to recall some definitions concerning joint
quadratic variations of stochastic processes and to introduce a differential operator, denoted V),
which will also play a basic role in the sequel.

We say that a pair of real stochastic processes (X¢,Y;), t > 0, admits a joint quadratic
variation on the interval [0, 7] if setting

1 T
CFO,T] (X,Y)= 6/ (Xiqe — Xi)(Yige — Vy) dt, € >0,
0

the limit lime o Cfy 74(X,Y) exists in probability. The limit will be denoted (X, Y)(o7).

This definition is taken from [27], except that we do not require that the convergence in
probability holds uniformly with respect to time. In [27] the process (X,Y) is called generalized
covariation process; several properties are investigated in [28], [29], often in connection with the
stochastic calculus introduced in [26]. With respect to the classical definition, the present one
has some technical advantages that are useful when dealing with convergence issues (compare
for instance the proof of Theorem 3.1 below).

In the following we will consider joint quadratic variations over different intervals, which is
defined by obvious modifications.

It is easy to show that if X has paths with finite variation and Y has continuous paths then
(X, Y)jo1r = 0.

If X and Y are stochastic integrals with respect to the Wiener process then the joint quadratic
variation as defined above coincides with the classical one. A similar conclusion holds for general
semimartingales: see [27], Proposition 1.1.

We set C = C([—r,0]; R") and, for every ¢t € [0,T] and = € C, we let { X", s € [t, T]} denote
the process defined by the equality (2.5), obtained as a solution to equation (2.4). In particular
it is an C-valued process with continuous paths and adapted to the filtration {F, q, s € [t, T}
X" (w) is measurable in (w, s,t, ).

Let u : [0,7] x C — R be a function such that wu(¢,-) is Gateaux differentiable on C for
every t € [0,7]. Then the gradient V,u(t,z) at point (¢,z) € [0,7] x C is an n-tuple of finite
Borel measures on [—7,0]; we denote by |V,u(t,z)| its total variation norm and we denote
Vou(t,z) = Vgyu(t,z)({0}), compare (2.1); thus, Vou(t, z) is a vector in R” whose components
VEu(t,x) (k=1,...,n) are the masses at point 0 of the components of V, u(t, ).

We denote W' (i = 1,...,d) the i-th component of the Wiener process W, by o* the i-th
column of the n x d matrix o, and by a}i (k=1,...,n) its components.
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Theorem 3.1 Assume that u : [0,T] x C — R is a Borel measurable function such that u(t,-) €
GY(C,R) for every t € [0,T] and

lu(t,z)| + |Vu(t,z)| < C(1+|z))™, (3.1)

for some C > 0,m >0 and for every t € [0,T], x € E.
Then for every x € C,i=1,...,d and 0 < t <T' < T the processes {u(s, X2), s € [t,T]}
and W admit a joint quadratic variation on the interval [t,T'], given by the formula:

T/ n T/
(ul, X57), W) r) :/ o' (s, X7%) - Vou(s, X;7) ds = Z/ ok(s, X$7) - Viu(s, X7) ds.
t k=1 t

Proof. For the sake of simplicity we write the proof in the case t = 0, the general case being
deduced by the same arguments.
We fix # € C, T" € (0,T) and we denote X°® by X for simplicity. Thus, X; = y(t + ),
t € [0,T], satisfies
dy(t) = b(t,Xt) dt + O'(t,Xt) th, X() =xT.

We will use the results on the Malliavin derivatives stated in Theorem 2.6, and in particular
formula (2.9) that, in view of (2.11), can be written in the form:

Day(t) = o (s, Xs) + / Dylb(r, X,)] dr + / Dyfo(r, X,)] dW,, (3.2)

for 0 <t < s <T. Noting that V,;b(¢t,z) and V,o(t,z) are bounded by the Lipschitz constant
L of b(t,-) and o(t,-), it follows from (2.11) that for every r € [0, 7]

T T
IDB XN <2 [ sup Dy ds, DI X)IP <L [ sup (Do) ds,
0 tels,T] 0 t€[s,T]
(3.3)
where || - || denotes the norm in L?([0,T]; R%).
We have to prove that

. 1 [T . .
C = Clo oy (u(-, X.), W*) = E/o (u(t + € Xige) —ult, Xo)) (Wiye — WY) dt
T/
= / o'(t, Xy) - Voul(t, X;) dt
0

in probability, as ¢ — 0.

We need to re-write C, in an appropriate way, fixing € > 0 so small that 77 +¢ < T. We
first explain our argument by writing down some informal passages: by the rules of Malliavin
calculus we have, for a.a. t € [0,7"],

) ) t+e
(U(t + €, Xt+6) - ’U,(t, Xt))(WtZJrG - th) = (U(t + €, Xt+e) — U(t, Xt))ef / dWS
t
t+e

. t+e R
= Dy(u(t + €, Xite) —ult, X¢)) ds + / (u(t + €, Xiye) —ult, Xi))er dWs,
t t

(3.4)

where the symbol dW denotes the Skorohod integral, and by e; we denote the i-th component
of the canonical basis of R? and by e} its transpose (row) vector. Integrating over [0,7'] with

11



respect to ¢t and interchanging integrals gives
T rt+te
¢ C¢ / / Di(u(t + € Xpse) — ult, X)) ds dt

s/\T’
/ / t + €, Xt+5) - U(t, Xt)) dt €2< dWs

To justify (3.4) and (3.5) rigorously we proceed as follows. To shorten notation we define
vp = (u(t + €, Xiye) —u(t, Xi)) Liom (1), te[0,T7,

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

Using Corollary 2.7 and formula (2.10), it is easy to show that, for all ¢, v; belongs to D%? and
the process vy 14¢(t, -) belongs to L?(Q x [0,77]). By [21] Theorem 3.2 (see also [20] Section 1.3.1
(4)) we conclude that v; 14¢(t, ) e} is Skorohod integrable and the formula

T T T
/ v Lae(t, s) el dWs = vy / Lac(t,s) ef dWg — / Divg 1ac(t, s) ds =: z, (3.6)
0 0 0

holds provided z; belongs to L?(f2). Since fOT 14¢(t,s) dWy coincides with the Ito integral
fOT Lac(t,s) dWs = (Wige — Wi)lp g (t), it is in fact easy to verify that we even have z €
L?(2 x [0,T)); thus (3.6) holds for a.a. ¢, and (3.6) yields (3.4) for a.a. t € [0,7"].

Next we wish to show that the process fOT vel ge(t,-) dte; is Skorohod integrable and to
compute its integral, which occurs in the right-hand side of (3.5). For arbitrary G € D2, by
the definition of the Skorohod integral and by (3.6),

T T
IE/ </ vilae(t, s) dtei,DsG> ds = / / (V¢ ac(t, s) e, DsG)ga ds dt
0 0 R4
_ / [ / velac(t, s) e dW} dt
= E |:G/ 2t dt:|

This shows, by definition, that fOT vl 4<(t, ) dt e; is Skorohod integrable and

T T . T T T .
/ / vlac(t,s) dt ef dWs = / ze dt = / / vl ac(t,s) ef dW dt.
o Jo 0 o Jo

Recalling (3.6) we obtain

T T R T . . T T

/ / vl ac(t, s) dt eF dW, = / o(Wise — Wi) Ly (8) dt — / / Divyeilac(t,s) ds dt,
0 0 0 0 0

and (3.5) is proved.

Recalling that Ds(u(t, X)) = 0 for s > ¢ by adaptedness, and using the chain rule (2.11) for
the Malliavin derivative we have, for a.a. s,t with s € [t,t + €],

Dy(u(t + €, Xipe) —u(t, Xy)) = Do(u(t + €, Xiqe)) = / Dyy(t+e+0) - Vyu(t+ €, X1 ) (d0)
[_7"70]
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and from (3.5) we deduce

t+e
CE — / / _D y(t + €+ 9) varu(t + €, XH-E)(dG) dS dt
[—r,0]

T +¢ s/\T’ “
+ / / u(t + €, Xeye) — u(t, Xy)) dt e dW;
(s—e)t
= Il + ,[2

Now we let € — 0, and we first claim that IS5 — 0 in probability. To prove this, it is enough

to show that the process < fo u(t+e, Xore) —u(t, Xy)) Lae(t, ) dt converges to 0 in LY2. Indeed,
since the Skorohod mtegral is a bounded linear operator from L2 to L?(£2), this implies that

T T
1 N
IS = / / (u(t + e,XtJre) — u(t,Xt))lAe (t, s) dt e;f‘ dWs — 0
o €Jo

in L2(£2). We prove, more generally, that for an arbitrary element y € L12(R), if we set

1 T 1 sAT!
O R R R ey RS O !

€ s—e)Vt

then the process T¢(y) converges to 0 in L?(R). Let us recall that L12(R) is isomorphic to
L?([0,T);DY2(R)). Tt is clear that T¢(y) — 0 in LY2(R) if y belongs to C([0,T];D%2(R)), a
dense subspace of L2([0, T]; DV3(R)). So to prove the claim it is enough to show that the norm
of T¢, as an operator on L12(R), is bounded uniformly with respect to e. We have

1 T T
3 [ ety de [ e = il Lactts) d
0

1
- / ‘yt-‘re - yt‘]]%)l,z(R) 1A6 (t, S) dt,
€Jo

’Te(y)sh?)w(u@

IN

IN

T
|T5(y)|i1,2(R) = / |T€(y)s|1%>1,2(1g) ds

0 . .
1
< e/ ’yt—f—e — yt|]]2])1,2(R)/ 1Ae(t, s) ds dt
0 0

IN

Tl
/ ’yt-‘re yt’[[j)l 2(R) dt

2’y|L12 (R)

IN

This shows the required bound, and completes the proof that I — 0 as € — 0.
Now we proceed to compute the limit of I§. We note that, by adaptedness, Dyy(t+¢e+6) =0
for s > t 4+ €+ 6, so that

T prtte
/ / / Diy(t+e+0) - Vou(t + €, Xite)(dO) ds dt.
[s—t—¢,0]

For fixed t, let us exchange integrals with respect to ds and V u(t + €, X;4)(df) obtaining

T t4e+6
/ / / Diy(t + e+ 0) ds- Vaou(t + e, Xpio)(d) dt.
[—€.0]
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Next we replace Dsy(t 4+ € + 0) by the expression given by (3.2) and we obtain

1 T t+e+0 )
= / / / o'(s,Xs) ds- Vyu(t + €, Xite)(d) dt
=0l t+e+6 pttet6
/ / / / Dib(r, X,)] dr ds - Vau(t + €, X¢yc)(df) dt
€,0]

t+e+0 pttett
/ / / / Dilo(r, X,)] dW, ds - Vzu(t + €, Xi1c)(df) dt
€,0]
= Ji+ J2 + J3

We first show that J§ — 0 in L'(Q). Since, by (3.1),

[Vau(t + €, Xipe)| < C(1+ sup [Xifc)™,
te[0,T]

then, using the notation |V u(t + €, Xi1¢)|(df) to indicate the total variation measure, we have

1 T t+e+0
5l < = / / /
€Jo [—€,0] Jt

ds |vmu(t + ¢ Xt—‘re)‘(de) dta

t+et+0
/ Dilo(r, X,)| dW,

1 T t+e+6 t+et+60
<C(1+ sup |Xilo)™ / s / [ Dilotxo)aw| s at
t€[0,7) 0 t s
T t+e t+e+6
<C(1+ sup |X¢le)™ / sup / Dilo(r, X,)] ds dt.
t€[0,7] fe[—e,0]

Taking the L'(Q) norm of both sides and using the Hélder and the Doob maximal inequality
we have

[BAIFARS
T ptte treto
<CI+ sw 1%i]o)" 2@y, / / sup / Difo(r, X,)] dW, ds dt
t€[0,T] 0€[—e,0] 12(9)
T t+e t+e
</ / Dilo(r, X,)] ds di
(Q

T ptte t+e 1/2
/ / (/ E ’Dz r, Xy) dr> ds dt.
Denoting for simplicity h(s,r) = E |Di[o(r, X )H we obtain
C T pt+e t+e 1/2
|50l < / / (/ h(s,r) dr) ds dt
€Jo Jt t
C T t+e pt+te 1/2
= / </ / h(s,r) dr ds> dt
Ve Jo t ¢
T’ 1 [tte pite 1/2
oVT (/ L/ / h(s,r) dr ds] dt) .
0 t t

Let us note that h € L'([0,7]?), since by (3.3) we have

IN

T
/ / (5,7) dr ds<E/ Do (r, r)]||2dr<L2T/ E sup |Day(t)2ds < oo.
0

tels,T)
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Let us define the operator A, : L([0,7]%) — L([0,T]) by
1 (t+e)ANT  p(t+e)AT
= / / k(s,r) dr ds, ke L*([0,T)?).
€

Then we have ||J§||1(q) < CVT'|| A hHL1 (o.7))> SO to prove that J§ — 0 in L'() it is enough

to show that Ak — 0 in L([0,T]) for every k € L'([0,T)?). This is obvious if & is in the space
of bounded functions on [0,7]?, a dense subspace of L!([0,T]?). So it is enough to show that
[AEN L1 o) < ClIEIl L1 (jo,772) for some constant C' and for every k € L'([0,T]?). This follows
from the inequalities

/ |Ack(t)| dt < - / / / (8, 7) Vi s (tront Licr<(t+eardr ds dt
/ / (s,7) [/ Lis—eyt<teslire e)+<t<sdt] ds dr </ / (s,r)| ds dr,
0

since the term in square brackets is less or equal to e.

This finishes the proof that J§ — 0 in L!(2), hence in probability. In a similar and simpler
way one proves that J5 — 0 in probability.

To finish the proof of the proposition it remains to compute the limit of J{. Exchanging
integrals with respect to ds and V,u(t+ €, Xiy)(df), and then using another change of variable

1 [T t4+e+6
=- / / / o'(s, Xs) ds - Vyu(t + €, Xiqe)(dO) dt
€Jo [—€,0] Jt
1 T t+e )
_1 / / / 0 (5, Xs) - Vou(t + €, Xese)(d6) ds dt
_i" [s t—e,0]
/ / (5, X,) - Vault + € Xoro)([s — t — ,0]) ds dt
T +e
/ / (s, Xs) - Vayu(t,X¢)([s —t,0]) ds dt
t—e
= / / a'(t, Xy) - Veu(t, X¢)([s — t,0]) ds dt
€ Je t—e

1 T +e¢ t ) )

—l—e/ {o"(s, Xs) — o' (t, X¢)} - Vau(t, X¢)([s — t,0]) ds dt
€ t—e

=: Hi + Hs.

Next we show that H5 — 0, P-a.s. Since

[Vou(t + €, Xio)] < C(1+ sup [ Xifc)™,
t€[0,T

we have

we have

1 T +e t . .
|H5| < C(1+ sup |Xt|c)m/ / lo* (s, Xs) — o' (t, X¢)| ds dt
t€[0,T) € Je t—e

IN

T 1 t ) )
C(1+ sup ]thc)m/ / lo*(s, Xs) — o'(t, X¢)| ds dt.
t€[0,T 0 €Jt—et

Let us fix w € Q and note that, P-a.s., o'(-, X.) € LY([0,7]). Let us define the operator
BE : Ll([O,T]) - Ll([O,T]) as

(Bek)(t) = 1/( |k(s) = k(t)| ds, ke LN([0,T1).

€ J(t—e)t
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Then we have |H5| < C(1+supcp 1 [ X¢le)™|1Beo (-, X )| 1 (po,17), P-a.s., so to prove that Hs —
0 in probability it is enough to show that Bk — 0 in L1([0, 7)) for every k € L'([0,T]). This
is obvious if k is in the space of continuous functions on [0, 7], a dense subspace of L!([0,T]).
So it is enough to show that |Bek||pi(jo,77) < Cllklz1(jo,7)) for some constant C and for every
k € L'([0,T]). This follows from the inequality

t

BRI [ k)] ds + KO

(t—e)*

T
| 1wt < 1o, + / / )| ds dt
1 (s+e)AT )
= [kl L1 o) + / / |k(s)| dt ds
€ TO s

< Ikl o2y + /O k()| ds = 20[K ]| 020

This finishes the proof that H5 — 0 P-a.s., hence in probability.
It remains to consider the term

which implies

1 T +€ .
HY = / “(t, Xy) - / Vau(t, Xe)([s — t,0]) ds dt

€

1 T “+e€
t—e J[s— tO

1 T +e€ t+9
- / i(t, X,) / / dsVyu(t, X;)(d6) dt
€ Je [—€,0] Jt

1 T +e
— [ dexy [ (040 Voult X0 (ds) de
€ [—€,0]

€

T'4+e 0 +
. / oi(t X)) - / <1+> Vu(t, X,)(d6) dt.
€ [—7,0] €

We clearly have, P-a.s.,

0 +
/[mn (1+6> Voult, X;)(df) — /[n(ﬂ 10y (6) Vsu(t, X;)(d6)
= Veu(t, Xi)({0}) = Vou(t, Xy),

and by dominated convergence, P-a.s.,
T
HE = / oi(t, X,) - Voult, X,) d.
0

This shows that C*¢ converges in probability and its limit is

T/
(U2 X.), W 0.0 = / oi(t, X,) - Vou(t, X,) dt. O
0
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4 The forward-backward system with delay

In this section we will discuss existence, uniqueness and regular dependence on the initial data
of the following forward-backward system: for given ¢ € [0,7] and z € C = C([—r,0]; R"),

dy; = b(t, X;) dr + o(1, X;) dW,, 7€, T] C[0,T],

Xy =, (4.1)
dY, = (7, X5, Yy, Z,) d7 + Zy dWr, '
YT = ¢(XT)7

Here we use the notation X(0) = y;49, 0 € [—7,0], as before, so the first equation in (4.1) is
the same as (2.4). We extend the definition of X setting Xs = = for 0 < s < t. The second
equation in (4.1), namely

{ dY, = (1, X;,Y;, Z;) dr + Z. dW,, 1€ (0,7,

Yr = ¢(X7), (4.2)

is of backward type. Under suitable assumptions on the coefficients ¢ : [0, T] x C x R x R? — R
and ¢ : C — R we will look for a solution consisting of a pair of predictable processes, taking
values in R x R?, such that Y has continuous paths and

T
(Y, 2)|%..  :=E sup |Y;|? +IE/ 1 Z- |2 dr < o0,
T€[0,7T] 0

see e.g. [24]. In the following we denote by Keon: ([0, 77]) the space of such processes.
The solution of (4.1) will be denoted by (X, Yz, Z;),c[0 1], OF, to stress the dependence on

the initial time ¢ and on the initial datum =z, by (X2*, V", Zﬁ’x)Te[Oﬂ.

Hypothesis 4.1 The maps 1 : [0,T] x Cx R x R — R and ¢ : C — R are Borel measurable
and satisfy the following assumptions:

1. there exists L > 0 such that

W (t>$7yazl) - ¢(t7xay7 ZQ)‘ <L |Zl - Z2| )
W) (t,x,y1,z) - Qz[) (t7x>y2az)| < L |y1 - y2| )

for every t € [0,T], x € C, y,y1,y2 € R and z, z1, 20 € R%;
2. Y(t,,+,-) € G (CxRxRLR) for every t € [0,T);
3. there exist K > 0 and m > 0 such that
IVt (t, 2,y 2)] < K (14 Jzle + [y)™ (1+[2])
for everyt € [0,T], € C, y € R and z € R%;
4. ¢ € G (C,R) and there exist K >0 and m > 0 such that

Vo(x) < K (1+ |z[c)™, x e C.

Under these assumptions we can state a result on existence and uniqueness of a solution of
the forward-backward system (4.1) and on its regular dependence on x.

17



Proposition 4.2 Assume that Hypotheses 2.2 and 4.1 hold true. Then the forward-backward
system (4.1) admits a unique solution (X", Y'* Zt*) € §P([0,T]); C) x Keont ([0,T]) for ev-
ery (t,z) € [0,T] x C. Moreover, the map (t,z) — (X" Y% Z4) belongs to the space
GH([0,T] x C,S8P([0,T); C) x Keont ([0,T))). Finally, the following estimate holds true: for every
p > 2 there exists C' > 0 such that

1/p

[IE sup ’VmYTt’:C’p <C (1 + \:E|gn+1)2) , te[0,T],z € C.

T€[0,T7]

Proof. We only give a sketch of the proof. The forward equation has a unique solution by
Theorem 2.3. Existence and uniqueness of the solution of the backward equation follows from
the classical result [24].

In Theorem 2.3 we have shown that the map x — X%* belongs to C' (C,SP ([0,7]; C)) for
every 2 < p < co. Then the proof of continuity and differentiability of (¢, z) — (X4% Y12 Z1%)
in the appropriate norms, as well as the final estimate on V.Y * can be achieved as in Propo-
sition 5.2 in [11]. The only difference is that in [11] the process X% takes values in a Hilbert
space, while in our context it takes values in the Banach space C; nevertheless the same argu-
ments apply (see also [17] for a similar result in Banach spaces). |

Corollary 4.3 Assume that Hypotheses 2.2 and 4.1 hold true. Then the function v : [0,T] x
C — R defined by
o(t,z) = Y, te[0,T],z € C, (4.3)

belongs to GO ([0, T] x C;R). Moreover there exists C > 0 such that
Vo (t,2)] < C (1 + yx\g"“V) ., tel0,T],zeC.
Finally, for every t € [0,T] and x € C, we have, P-a.s,
YIr = (s, X0"), for every s € [t,T], (4.4)
Zo" = Vv (s, Xﬁm) o(s, Xb"), for a.e. s € [t,T). (4.5)

Proof. It is well known that v(¢,x) is deterministic, and its properties are therefore a direct
consequence of Proposition 4.2. Equality (4.4) is also a standard consequence of uniqueness of
the solution of the backward equation.

To prove (4.5) we consider the joint quadratic variation of Y%* and the Wiener process W*
on an interval [¢t,7T"], with 77 < T. Taking into account the backward equation we obtain

T/
<Yt’x, WZ>[t7T/} = / Z; ds.
t
By Theorem 3.1 we have
T/

<U ('7 Xt7x) 7Wi>[t,T’] = /t O-i('sv Xﬁ’x) ' VOU(S7 X?x) dS,

so that (4.4) implies (4.5). O
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Remark 4.4 If we strengthen slightly the regularity assumptions and we require that, for all
t € [0,T], the functions b(t, -),o(t,-), ¢ are continuously Fréchet differentiable on C and v (t, -, -, -)
is continuously Fréchet differentiable on C x R x R?, then we can prove, with only minor changes
in the proofs, that the function v defined in (4.3) is Fréchet differentiable with respect to x and
the Fréchet derivative is a continuous function from [0, 7] x C to the dual space C* with respect
to the usual norm (i.e. the variation norm).

Remark 4.5 In the context of Proposition 4.2, the law of the solution (X% Y% ZL%) ig
uniquely determined by ,z and the coefficients b, 0,1, ¢. Since v(t,z) is deterministic, hence
determined by its law, we conclude that the function v is a functional of the coefficients b, o, ¥, ¢
and does not depend on the particular choice of the probability space (€2, F, P) nor on the Wiener
process W.

5 Nonlinear Parabolic equations

Let us consider again the Markov process {Xﬁ’x, 0<t<7<T,z e C}, defined by the formula
(2.5), starting from the family of solutions to equation (2.4). Let us denote by (Lt):c(o,r the
corresponding generator. Thus, each L; is a second order differential operator acting on a suitable
domain consisting of real functions defined on C. In the autonomous case, a description of the
generator, denoted by £, was given in Section 2, remark 2.4. In this section we treat semilinear
parabolic equations driven by (L£;), which are generalizations of the Kolmogorov equations. We
will introduce a concept of solution, called mild solution, that does not require a description of
the generators. In the sequel the notation £; will be used only in a formal way.
The parabolic equations that we study have the following form:

M + Lyv(t,x) = Y(t, x,v(t, x), Vou(t,z) o(t, z)),
ot (5.1)
(T, x) = ¢(x), tel0,T], x € C,

with unknown function v : [0,7] x C — R and given coefficients ¢ : [0,7] x C x R x R — R
and ¢ : C — R. We recall the notation Voov(t, z) introduced in (2.1). We note in particular that

Vou(t, ) is a vector in R™ whose components are denoted VEv(t,z) (k= 1,...,n). If we denote
by op(t,x) (k=1,...,n,i=1,...,d) the components of the matrix o(t,x), then Vouv(t,x) o(t, )
denotes the vector in R? whose components are Y 7_, VEu(t,z)ol(t,2), (i =1,...,d).

Recalling the definition of the transition semigroup P;, given in (2.6), and writing the
variation of constants formula for a solution to (5.1), we formally obtain

T
v(t,x):Pt,Tm(x)—/t Por [0, 0(r,), Voo(r, Yo (7, )| (@) dr  t€0,T], 2 €C. (52)

We notice that this formula is meaningful if Vv is well defined and provided ¢ and v satisfy
some growth and measurability conditions. This way we arrive at the following definition of
mild solution of the semilinear Kolmogorov equation (5.1).

Definition 5.1 A function v : [0,T] x C — R is a mild solution of the semilinear Kolmogorov
equation (5.1) if v € G ([0,T] x C;R), there exist C > 0,q > 0 such that

lo(t,z)| + |Veo(t,z)| < C(1+ |z])d, te[0,T], z € C, (5.3)

and the equality (5.2) holds.
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The space G! ([0,T] x C;R) was described in Remark (2.1). |V v(t,z)| denotes the total
variation norm of the R"-valued finite Borel measure V,v(t,z) on [—r,0].

Theorem 5.1 Assume that Hypotheses 2.2 and 4.1 hold true. Then there exists a unique mild
solution v of (5.1). The function v coincides with the one introduced in Corollary 4.3.

Proof. At first we prove existence. For fixed t € [0,7] and z € C, let (X7",Y", Zr") cjoy
denote the solution of the forward-backward system (4.1) and let v(t,z) be defined by equality
(4.3). The required regularity and growth conditions of the function v were proved in Corollary
4.3, so it remains to prove that v satisfies equality (5.2). To this aim we evaluate

Ptﬂ' [w(7 v (7—7 ) » Vou (Ta ) g (7-7 ))] (l‘) =E [w (7—7 ijxv U(Tv Xf—’x% VOU(Tv Y:J)U(T’ ijx))]
— [y (X7, v}, 28],

where the last equality follows from (4.4) and (4.5). In particular we obtain
T T
/ P w(,v(r,),Vov(r,)o(r, )] (z)dr = IE/ P (T, Xﬁ’x, Yf"r, Zi’x) dr. (5.4)
t t

Since the pair (Yt’:” , Zt’x) is a solution to the backward equation (4.2) we have

T T
v / 2L W, = o (X5 ) + / v (XP Y0, 207 dr.
t t
Taking expectation and applying formula (5.4) we get the equality (5.2).

It remains to prove uniqueness. Let v be a mild solution to (5.1), so that for every s €
[t,T] C [0,T],

T
v(s,z) =E¢ (X;m) + E/ Y (X2% v(r, X2%), Vou (1, X2¥) o (1, X37)) d.
S
Since X, is independent on F, the expectations occurring in the last formula can be replaced

by conditional expectations given F,. Next we note that z can be replaced by X5, since X5*

t,x
is F,-measurable. Using the identity X>~* = X%®, which follows easily from uniqueness of the
forward equation, we finally obtain

T
v (s, X07) =B (Xp7) + B / W (X57,o(7, X57), Voo (1, X5%) o (7, X7)) dr
= Efsn —E%s / ) (Xﬁ’”", o(T, Xﬁ’x), Vov (7‘, Xix) o (7‘, Xi:”)) dr,
t
T
where we have defined n = ¢ (X;JC) —i—/ Y (X5 o(r, X57), Voo (1, XE") o(1, X)) dr. By
t

the representation theorem of martingales, see e.g. [6], theorem 8.2, there exists a predictable

process Z € L2 (Q x [0,T] ,]Rd), such that EFsn = / Z-dW, + v (t,x), s € [t,T]. So
t

v (s, X") =0 (t,z) +/ ZdW, — / Y (X5, u(r, XE7), Voo (1, XE7) o(1, XE7)) dr. (5.5)
t ¢

Now we compute the joint quadratic variation with W? of the processes occurring at both
sides of this equality, on an interval [¢t,7'] C [t,T). Considering the right-hand side we obtain
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J; T ZZ dr by the rules of stochastic calculus. By Theorem 3.1 we have (v(-, X"*), Wi =

j; i, XE")Wov(r, XE®) dr. Therefore we have Z, = o(r, X2")Vou(r, X2*) and equality
(5.5) can be rewritten as

v(s, X0") = v(t,x)—l—/t Vou (1, XE") o (7, X2¥)dW-

- / w (X7t'7x7 U<T7 Xf—’x% V()’U (T, Xﬂt_’x) 0—<7—, Xf_,x)) dr
t

T
= ¢ (XtTI) —/ Vou (1, XE%) o (7, X2¥)dW-

s

T
o[ 0 0, X0, Vo (5, X))

By comparing with the backward equation in (4.1) we see that the pairs of processes (Y;.f’gc7 Zﬁx)
and (v(s,Xﬁ’m), ng(s,Xﬁ’m)a(s,Xﬁ’m)>, s € [t, T}, solve the same equation. By uniqueness of
the solution we have Y&* = v(s, X1%), s € [t,T], and for s = t we get Y;"" = v (t, z). |

Remark 5.2 The proof of uniqueness is based on an application of Theorem 3.1. Inspection
of the proof shows that uniqueness holds in a larger class of functions. Namely, if a Borel
measurable functions v : [0,7] x C — R satisfies v(¢t,-) € G}(C,R) for every t € [0,T], and the
inequality

lo(t, )| + |Vau(t,z)] < C(1+ |z]), t€0,T),x € E,
holds for some C' > 0,q¢ > 0, and the equation (5.2) holds, then v coincides with the solution
constructed in Theorem 3.1.

6 Application to stochastic optimal control

Let (€2, F, (F1);>0.P) be a filtered probability space, satisfying the usual conditions, and let W

be an R%valued standard Wiener process with respect to (F;) and P. We consider the following
controlled functional stochastic equation on an interval [¢t,T] C [0, T]:

{ dy:l: = b(S, yg—i—) dS + 0-(87 yg—i—) [h(S, yg+-7 US) dS + dWS]a (61)
Yive = 2(0), 0€[-r0]

The coefficients b and o satisfy the previous assumptions. u(-) denotes the control and y* the
corresponding solution. We assume that controls are (F;)-predictable process with values in a

given measurable space (U,U). The function h : [0,7] x Cx U — R? is measurable and bounded.
We introduce again the process

X¢ = s ={Usye, 0 € [-1, 01}, s €[t T], (6.2)

which now depends on the control and takes values in C = C([—r, 0];R™), so that equation (6.1)
can be rewritten as

dy? =b(s, X¥) ds + o(s, X¥) [h(s, XY, us)) ds + dWs], s € [t,T], (6.3)
Xt = . )
We introduce the cost functional to minimize:
T T
Ttz u() =B [ gu) ds+ Bl ) =B [ glu.) ds + EG(XF), (6.4)
t t

where g : U — [0,00) and ¢ : C — R are given functions.
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Remark 6.1 Without any substantial change, we could consider more general cost functionals
of the form

T
J(twu(-) = E/t [£(ys) + g(us)] ds + E(yr..), (6.5)

where ¢ : R — R. In fact, this kind of cost can be put in the form (6.4) as follows: first note
that in equation (6.1) we can assume r > T, possibly extending the functions b and o in the
obvious way; next we define, for z € C,

bo(x) = /t | Hals)) ds

so that ¢o(X}) = ftT lo(y¥) ds and we conclude that

T
J(t,z,u()) = E / o(us) ds + El(do + 6)(X2)]

which has the required form. In a similar way, under suitable assumptions, one could consider
even more general costs of the form

T
Jeu() =E [ 6o,tu) ds + B0t )
t
However, we limit ourselves to cost functionals with the structure of (6.4).

To proceed further we need to introduce the hamiltonian function ¢ : [0,7] x C x RY — R
defined, for t € [0,T], x € C, z € R?, by the formula

Y (t,x,z) =inf {g(u) + zh (t,z,u) :u e U} (6.6)
and the corresponding, possibly empty, set of minimizers
D(ta,2) = {u €U, glu)+zh(to,u) = (t,2)} (6.7)

Remark 6.2 By the Filippov Theorem, see e.g. [2], Theorem 8.2.10, p. 316, if U is a complete
metric space equipped with its Borel o-algebra, g is continuous, h is measurable bounded, with
u +— h(t,z,u) continuous on U, and if I" takes non-empty values (as it is always the case if U
is compact), then I" admits a measurable selection, i.e. there exists a Borel measurable map
[ :[0,7] x C x RY — U such that I'g (t,z,2) € T'(t,z,2) for t € [0,T), x € E, z € R%.

We are now ready to formulate the assumptions we need .

Hypothesis 6.3 1. (U,U) is a measurable space, g : U — [0,00) is measurable, h : [0,T] x
C x U — R% is measurable and bounded;

2. the hamiltonian v defined in (6.6) satisfies the requirements of points 2 and 3 of Hypothesis
4-1;

3. the function ¢ : C — R satisfies the requirements of point 4 in Hypothesis 4.1, namely it
belongs to G (C,R) and there exist K > 0 and m > 0 such that

Vo(x) < K (1+ |z[c)™, z € C.
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Remark 6.4 1. Hypothesis 6.3 is stronger than Hypothesis 4.1. Indeed, point 1 of Hypoth-
esis 4.1 is a straightforward consequence of the fact that A is assumed to be bounded.

2. In the case U C R¥, h(t,z,u) = u, the previous assumptions require in particular that the
set U where control processes take values should be bounded.

3. The assumptions on the hamiltonian function v can be easily verified in specific cases.
For instance if U is a closed ball of R* centered at the origin, and g(u) = go(|ulP) for
some p > 1 and some convex function gg : [0,00) — [0, 00) such that g € C*(]0,00)) and
g’ (0) > 0, then the hamiltonian is differentiable with respect to z and ¢ satisfies points 2
and 3 of Hypothesis 4.1.

Now let us consider a probability space ((NZ,]? ,P), a standard Wiener process W in R?, and
the following forward-backward system:

dy; = b(r,X,) dr + o(7, X;) dW,, 7€ [t,T] C[0,T],

Xie=2, — (6.8)
dY; = (X, Z;) dr + Z; dW,
Yr = ¢(Xr).
By Remark 4.5, the function v : [0,7] x C — R defined by the equality
v(t,x) =Y (6.9)

is_a functional of the coefficients b, 0,1, ¢ and does not depend on the particular choice of
(Q, F,P) nor on the Wiener process W.

In the following proposition we show that the function v, defined in this way by means of
an appropriate forward-backward stochastic differential system, plays a basic role in the control
problem.

To begin we notice that if ¢ is the hamiltonian defined in (6.6) and ¢ is the final cost in
functional (6.4) then equation (5.1) is the Hamilton Jacobi Bellman equation related to the the
present stochastic optimal control problem. In particular Theorem (5.1) implies that v defined
in (6.9) is the unique mild solution of HJB equation equation (5.1).

Then we obtain, by a customary Girsanov transform argument, see [9], a version of the
so-called fundamental relation:

Proposition 6.5 Assume that Hypotheses 2.2 and 6.3 hold true, and that the cost functional
is given in (6.4). Let v be defined in (6.9). Then for every t € [0,T] and x € C and for every
admissible control u(-) we have

T
o (ta) = J (b2, u() + IE/t W (s, X, Z%) — ZUh (5, X" uy) — g(us)] ds. (6.10)

In particular v (t,z) < J (t,z,u(-)).

Proof. We fix t,r and a control u(-). Let (X}) ¢ be the corresponding process defined by
(6.2). We define the process

Wf:WT—I—/ h(s, X% us)ds, 7€][0,T],

tAT

and we note that X* solves the equation

{ dy* = b(r, X¥) ds + o7, X2) dWr, 7€ [t,T], (6.11)

X(0) =xz(0), 0¢€]-r0].
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Since h is bounded, we can apply the Girsanov theorem and deduce that there exists a probability
measure P* on (€2, F) such that W" is a Wiener process with respect to P*. We remark that,
by uniqueness, X" is in fact a continuous process adapted to the natural filtration generated by
W* and augmented by the P“-null sets. In (€2, F,P*) let us consider the backward equation for
the unknown process (Y, Z%), 7 € [t,T]:

T
Y:ur/ ZUAW = ¢ (X%) + / b (s, X", Z%ds, T €lt,T]. (6.12)

We notice that the forward-backward system (6.11)-(6.12) has the form (6.8) and we conclude
that Y} = v (¢, ), where v is defined in (6.9); in particular, it does not depend on u(-).

Now we wish to prove that f;T Z*dWy has finite expectation, equal to zero. By the Burkhol-
der-Davis-Gundy inequalities, it is enough to prove that

T 1/2
E (/ ]Z;‘\st> < oo. (6.13)
t
We remember that

dP T . 1 /7 " 9
— =exp | — h(s, X ug)dWs— = |h (s, X&' us)|“ds | .

U

dP
We denote P by p, and by E* the expectation with respect to P*. We estimate

T 1/2 T 1/2
E(/ Zg|2ds> =E </ |zg|2ds> p1]
t t
T 1/2
< <E“/ \Z;jy?ds) (B [p2])"*.
t

Since the process Z*, solution to (6.12), is square-summable withe respect to P¥, it remains to
prove that E“ [p_2] is finite. Noting that

T 1 T
o = exp ( | nxtagawe - [ rh<s,X:,us>\2ds),
t t

and recalling that h is bounded we get, for some constant C,

wp - " T " L 17 .
B[] =E {exp2</t (s, X" ug) dW? _2/t ‘h(S,Xs,us)Fds)]

T 1 T
e [exp </ 2h (5, XY ug) dWY — 2/ 41h (s,Xg,us)yst>
t t

T
o ([ 2lnts 2w s
t

T 1 T

< CE" [exp (/ 2h (5, X, ug) AW — 2/ 41|h (s,Xg,us)Fds)
t t

=C.

Now (6.13) is proved and therefore ftT Z*dWys has zero expectation with respect to the original
probability P. If we set 7 =t in (6.12) and we take expectation with respect to P, we obtain

T
o(t,a) = E¢ (X&) + E / [ (5, X2, Z%) — Z0h (5, X2, uy)) ds.
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Adding and subtracting E ftT g (us) ds we arrive at

T
v(t,z) = J(tz,u() + E/t [ (5, XS, Z5) = Z5h (s, X us) — g(us)] ds.

By the definition of 1) the term in the square brackets is non positive and consequently v (¢, z) <
J(t,x,ul(-)). O

The equality (6.10) immediately gives the following consequences:

Proposition 6.6 Lett € [0,T] and = € C be fized. Assume that the set-valued map I' has non
empty values and assume that Ty : [0,T] x C x R? — U is a measurable selection. Moreover
suppose that a control u(-) satisfies

ur = Lo (1, X%, ZY), P-a.s. for almost every T € [t,T]. (6.14)

Then J (t,x,u(-)) = v (t,z) (thus u(-) is optimal) , and the optimal pair (u(-), X") satisfies the
feedback law

ur = Lo (1, X¥, Vou(r, X¥)o (1, X)), P-a.s. for almost every T € [t,T]. (6.15)

We note that (6.15) follows from (6.14) and (4.5).

However, we can not prove the existence of an optimal control satisfying (6.14) (and hence
(6.15)). Such a control can be shown to exist if there exists a solution to the so-called closed-loop
equation

dyr =b(r, X;)dr + o(1, X;)[h(1, X, To (1, X+, Vov (1, X;) 0 (1, X)) )dT + dW,], 7 € [t,T],
{th) —2(6), 00

(6.16)
since in this case one can define an optimal control setting

ur = Lo (1, X1, Vou(r, X )o(7, X;)) .

However, under the present assumptions, we can not guarantee that the closed-loop equation
has a solution in the usual strong sense. To circumvent this difficulty we will revert to a weak
formulation of the optimal control problem.

6.1 Weak formulation of the optimal control problem

We formulate the optimal control problem in the weak sense following the approach of [10], see
e.g. chapter III. The main advantage is that we will be able to solve the closed loop equation in
a weak sense, and hence to find an optimal control, even if the feedback law is non smooth.

Initially, we are given the set U and the functions b,0,h,g,¢. By an admissible control
system we mean

(Q7f7 (ft)tZO 7]P>7 VV7 u()7Xu>7

where (Q, F, (Ft),>0,P) is a filtered probability space satisfying the usual conditions, W is an
R%-valued standard Wiener process with respect to (F:) and P, u is an (F;)-predictable process
with values in U, X satisfies (6.2)-(6.3). An admissible control system will be briefly denoted
by (W, u, X*) in the following. Our aim is now to minimize the cost functional

T
J(t,x, (Wu, X)) = E/ g(us) ds + E¢(X7) (6.17)
t
over all the admissible control systems (W, u, X*). We can prove the following results:
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Theorem 6.7 Assume that Hypotheses 2.2 and 6.3 hold true, and that the cost functional is
giwen in (6.17). Let v be defined in (6.9). Then for every t € [0,T] and x € C and for all
admissible control system (W, u, X*) we have

J (3, (W,u, X)) > o ()
and the equality holds if and only if
ur € T(1, X2, Vou(r, X))o (1, X)), P-a.s. for a.a. 7€ [t,T].

Moreover assume that the set-valued map I' has non empty values and it admits a measurable
selection Ty : [0,T] x C x R? — U. Then an admissible control system (W, u, X") satisfying the
feedback law

ur = Lo(XY, Vou(r, X¥)o (1, XY)), P-a.s. for a.a. 7 € [t,T]

s optimal.
Finally, the closed loop equation (6.16) admits a weak solution (Q, F, (Ft);>q P, W, X) which
18 unique in law and setting

ur = I (7-7 XTa VUU(Tv XT)U(Ta XT)) )
we obtain an optimal admissible control system (W, u, X).

Proof. The proof follows from the fundamental relation (6.10) and the same arguments leading
to Proposition 6.6 and the remarks following it. The only difference here is the solvability of
the closed loop equation in a weak sense, which is however a standard application of a Girsanov
change of measure. O

7 Application to pricing

We consider a financial market, of Black and Scholes type, with one risky asset, whose price at
time ¢ is denoted by S, and one non risky asset, whose price is denoted by B;. We assume the
following prices evolution:

dS; = M(t, St—l—-) Sy dt + O'(t, St+~) S dWe, te [O,T],

Sg = sg, 0 € [-r0], (7.1)
dBt = ,OBt dt, t e [07T]7 '
BO = 17

where p > 0, r > 0 and s € C = C([-r,0],R). We notice that the coefficients ; and o depend
on the past trajectory: Siy. stands for the past trajectory of length 7, i.e. Sit. = (Si16)ge[—r0-
Moreover we consider a contingent claim of the form

¢(ST+~)7

where ¢ : C — R. If » > T then the claim depends on the whole evolution in time of the prices
of the shares: see [3], [22] or [30] and references within for a general discussion on such kind of
options, usually referred to as path-dependent.

We denote by m; the value of the investor’s portfolio invested in the risky asset at time ¢. 7 is
called a trading strategy; we will only consider predictable trading strategies which are square-
integrable, i.e. E fOT |7¢|2dt < oo. We notice that the value V; of the corresponding self-financing
portfolio satisfies the equation

d‘/;g = p‘/t dt + Tt O'(t, St+.) Q(t, SH-') dt + Tt O'(t, St+.) th, (72)
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where
pu(t, Sev) — p

H(t, StJr.) = J(t St+,)

is called the risk premium.

At time T the investor has to pay a contingent claim of the form ¢(Sty.), where ¢ : C — R
is some given function. The pricing problem is to find and characterize pairs (7, Vj) consisting
of a strategy m and an initial capital Vj € R such that

Vi = ¢(S(T +)).

7 is then called a hedging strategy and Vj is called the fair price of the claim at time ¢t = 0.
Throughout this section we assume the following.

Hypothesis 7.1 1. (Wy)e>0 is a real Wiener process defined in a complete probability space
(Q,F,P) and (Fi)e>0 is the filtration generated by W augmented with null sets.

2. pu:[0,T] x C — R is Borel measurable and bounded, and there exists L > 0 such that
[t fFH0) — p(t, fA)F2(0)] < LIfL — fole, (7.3)
for all t € 0,T), f', f? € C; moreover, u(t,-) € G'(C,R) for all t € [0,T].
3. 0:[0,T] x C — R is Borel measurable and there exists ¢ > 0 such that
o (8, )l = ¢, (7.4)
for every f € C, so that the risk premium in (7) is well defined and bounded; moreover
lo(t, fF1(0) = a(t, f2)£2(0)] < LI~ fole, (7.5)

for a suitable L > 0 and for all t € [0,T)], f', f? € C; finally, o(t,-) € G'(C,R) for all
t e [0,T]

4. ¢ € GY(C,R) satisfies |Vo(x)| < O(1 + |z|c)™ for all x € C and some C > 0 and m > 0.

By the Girsanov theorem there exists a probability measure, called risk-neutral probability,
for which

t
W, _/ O(r. S\ ) dr+ W, te[0,T],
0
is a Wiener process. Then
dSt == pSt dt + O'(t, St+.) St th, d‘/t == p‘/;f dt + 7Tt0'(t, St+.) th

The existence of a hedging strategy can be established as follows: using the results of Section 4
we first find a solution to the following forward-backward stochastic differential system

dS; = P Sy dt + o (t, St+') St th, te [O,T],

SOJr- =S5,
AV, = pVi dt + Z, AWy, (7.6)
VT — ¢(ST+)

Next, recalling (7.4), we note that the required hedging strategy can be recovered from the
process Z setting my = Zy/o(t, Si4.).
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However, a better characterization of the hedging strategy and the fair price of the claim can
be obtained. We first consider, for arbitrary ¢t € [0, 7] and s € C, the following forward-backward
system, which generalizes (7.6):

dSh® = pSh* dt + o (1,577) Sb* dW., 1€ [t,T),
S =,

AV = pVP® dr + Z2° dW o,

Vjth — ¢(S’§li)7

with unknown triple (Sﬁ’S,VTt’S,Zi’S). Setting X* = S°

71., then X is a Markov process in C
with generator £. We finally define

v(t,s) = V*, te0,T], se€C.

It follows from Corollary 4.5 that Z2* = Vou(r, X2) o(r, X2*). We conclude that the fair price
and the hedging strategy are uniquely determined as

0,s
Zt

— 2t = Vou(t, X% = Vou(t, Sps).
(. X0 ov(t, X;™) = Vou(t, Siy-.)

Vo = v(0, s), T =
Moreover, see Theorem 5.1, v(t, s) is characterized as the unique mild solution of the equation

ov(t, ) —rolt
5 + Lo(t,x) = ro(t, x), -

u(T,x) = ¢(x), te[0,7], z € C,

which can be considered as a generalization of the Black-Scholes equation to the present setting.
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