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The covariation for Banach space valued processes and
applications

Cristina Di Girolami ¥ Giorgio Fabbri’ and Francesco Russo

January 17th 2013

Abstract

This article focuses on a new concept of quadratic variation for processes taking values in a Banach space
B and a corresponding covariation. This is more general than the classical one of Métivier and Pellaumail.
Those notions are associated with some subspace y of the dual of the projective tensor product of B with
itself. We also introduce the notion of a convolution type process, which is a natural generalization of the
It6 process and the concept of y-semimartingale, which is a natural extension of the classical notion of
semimartingale. The framework is the stochastic calculus via regularization in Banach spaces. Two main
applications are mentioned: one related to Clark-Ocone formula for finite quadratic variation processes;
the second one concerns the probabilistic representation of a Hilbert valued partial differential equation of
Kolmogorov type.

[2010 Math Subject Classification: | 60G22, 60H05, 60H07, 60H15, 60H30, 26E20, 35K90 46G05

Key words and phrases Calculus via regularization, Infinite dimensional analysis, Tensor analysis,
Clark-Ocone formula, Dirichlet processes, It6 formula, Quadratic variation, Stochastic partial differential
equations, Kolmogorov equation.

1 Introduction and motivations

The notion of covariation and quadratic variation are fundamental in stochastic calculus related to
Brownian motion and semimartingales. However, they also play a role in stochastic calculus for non-
semimartingales.

In the whole paper a fixed strictly positive time 7" > 0 will be fixed. Given a real continuous process
X = (Xt)telo,1), there are two classical definitions of quadratic variation related to it, denoted by [X].
The first one, inspired to [23], says that, when it exists, [X]; is a continuous process being the limit, in
probability, of Z?;J(Xtiﬂm — Xiat)? where 0 = tg < t; < ... < t, = T is element of a sequence of
subdivisions whose mesh max?;ll(tiﬂ —t;) converges to zero. The second one, less known, is based on
stochastic calculus via regularization; it characterizes [X| as the continuous process such that [X]; is the
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limit in probability for every ¢t € [0,7T], when & — 0, of %fot(Xerg — X,)%ds,t € [0,T]. In all the known
examples both definitions give the same result. We will use here the second formulation, which looks
operational and simple. If [X] exists than X is said finite quadratic variation process. A real process
X such that [X] = 0 is called zero quadratic variation process; we also say in this case that X has a
zero quadratic variation. If X is a (continuous) semimartingale, [X] is the classical bracket. Consequently,
if W is the real Brownian motion then [W]; = t.

In Section 5 we remind a suitable notion of quadratic variation for a process X with values in a
Banach space B, [17, 14]. This has significant infinite dimensional applications but it also has motivations
in the study of real stochastic processes with finite quadratic variation, even for Brownian motion and
semimartingales.

Indeed, the class of real finite quadratic variation processes is quite rich even if many important
fractional type processes do not have this property. Below we enumerate a list of such processes. All the
considered processes will be continuous for simplicity. A survey of stochastic calculus via regularization
which focuses on covariation is [45].

1. A bounded variation process has zero quadratic variation.

2. A semimartingale with decomposition S = M + V, M being a local martingale and V' a bounded
variation process is a finite quadratic variation process with [S] = [M].

3. A fractional Brownian motion X = B¥ 0 < H < 1 has finite quadratic variation if and only if
H > % If H> %, it is a zero quadratic variation process.

4. An important subclass of finite quadratic variation processes is constituted by Dirichlet processes,
which should more properly be called F6llmer-Dirichlet, since they were introduced by H. Follmer
[24]; they were later further investigated by J. Bertoin, see [2]. An a (.%;)-Dirichlet process admits
a (unique) decomposition of the form X = M + A, where M is an (%#;)-local martingale and A is
a zero quadratic variation (such that Ap = 0 a.s.). In this case [X]| = [M]. It is simple to produce
Dirichlet processes X with the same quadratic variation as Brownian motion. Consider for instance
X =W + A where W is a classical Brownian motion and A has zero quadratic variation. In general
we postulate that Ag = 0 a.s. so that the mentioned decomposition is unique.

5. Another interesting example is the bifractional Brownian motion, introduced first by [29]. Such a
process X depends on two parameters 0 < H < 1,0 < K < 1 and it is often denoted by B7-X. If
HK > % then B™X has zero quadratic variation. If K = 1, that process is a fractional Brownian
motion with parameter H. A singular situation produces when HK = % In that case X is a
finite quadratic variation process and [X]; = 2! 7¢. That process is neither a semimartingale nor a
Dirichlet process, see [40]. In particular not all the finite quadratic variation processes are Dirichlet

processes.

A simple link from real valued processes to Banach valued processes is the following. Let 0 < 7 < T.
Let X = (X;,t € [0,T]) be a real continuous process, that we naturally prolongate for ¢ < 0 setting
X; = Xo and Xy = Xr if t > T. The process X (-) defined by X = X(-) = {X;(u) := Xipu;u € [—7,0]},
constitutes the 7-memory of process X. The natural state space for X is the non-reflexive separable space
B = C([-7,0]). X(-) is the so called window process associated with X (of width 7 > 0). If X is a
Brownian motion (resp. semimartingale, diffusion, Dirichlet process), then X (-) will be called window
Brownian motion (resp. window semimartingale, window diffusion, window Dirichlet process).

If X = W is a classical Wiener process, X = X (-) has no natural quadratic variation, in the sense
of Dinculeanu or Métivier and Pellaumail, see Subsection 5.2. However it will possess a more general



quadratic variation called y-quadratic variation, which is related to a specific sub-Banach space x of
(B&,B)*.

A first natural application of our covariational calculus is motivated as follows. If h € L?(Q), the
martingale representation theorem states the existence of a predictable process & € L?(Q x [0,T]) such
that h = E[h] + fOT &sdWs. If h € DY in the sense of Malliavin calculus, see for instance [34, 31|, the
celebrated Clark-Ocone formula says s = E [D7"h|.%5] where D™ is the Malliavin gradient. So

h=E[h] + /OT E [D™h|.Z,] dW,. (1)

A.S. Ustunel 48] obtains a generalization of (1) when h € L?(Q), making use of the predictable projections
of a Wiener distributions in the sense of S. Watanabe [51].

A natural question is the following: is Clark-Ocone formula robust if the law of X = W is not anymore the
Wiener measure but X is still a finite quadratic variation process even not necessarily a semimartingale? Is
there a reasonable class of random variables i for which a representation of the type h = Hy +" fOT &sdX,
Hy € R, ¢ adapted? Since X is a not a semimartingale, previous integral has of course to be suitably
defined, in the spirit of a limit of Riemann-Stieltjes non-anticipating sum. We decided however to interpret
the mentioned integral as a forward integral in the regularization method, see Section 3. We denote it as
Jo &d™ X,

So let us suppose that Xg = 0, [X]; =t and 7 = T for simplicity. We look for a reasonably rich class of
functionals G : C([-T,0]) — R such that the r.v. h:= G(Xr(-)) admits a representation of the type

T
h=%+/£@wm (2)
0

provided that Go € R and ¢ adapted process with respect to the canonical filtration of X. The idea is to
express h = G(Xr(+)) as u(T, Xr(-)) or in some cases

h=G(Xr() = lmu(t, X,(),

where u € CH2 ([0, T[xC(|—T,0])) solves an infinite dimensional partial differential equation, and (2) holds
with & = Du(t,n)({0}),t €]0,T[. At this point we will have h = u(0, Xo(+)) + fOT &sd™ X, recalling that
Du:[0,T] x C([-T,0]) — (C(]-T,0])* = M([-T,0]). This is the object of Section 7.3. A first step in
this direction was done in [16] and more in details in Chapter 9 of [15].

A second interesting application concerns convolution processes, see Section 5.3. Consider H and U two
separable Hilbert spaces and a Cp-semigroup (e*) on H, see Sections 2.2 for definitions and references. Let
W be an U-values Q-Wiener process for some positive bounded operator @ on U. Let o = (o4,t € [0,T))
and b = (b, t € [0,T]) two suitable predictable integrands, see Section 2.3 for details. An H-valued
convolution process has the following form:

t t
X, = etz —|—/ et AG AW, —|—/ Ay dr t € [0, 77, (3)
0 0

for some xg € H. Convolution type processes are an extension of Itd6 processes, which appear when
A vanishes. Mild solutions of infinite dimensional evolution equations are in natural way convolution
processes. They have no scalar quadratic variation even if driven by a one-dimensional Brownian motion.



Still it can be proved that they admit a y-quadratic variation for some suitable space y, see Proposition
5.21.

Another general concept of processes that we will introduce is the one of Dp-semimartingales. An H valued
process X is said Dp-semimartingale if there is Banach space 7 including H (or in which H is continuously
injected) so that X is the sum of an H-valued local martingale and a bounded variation 7y-valued process.
A convolution process will be shown to be a Dy-semimartingale, where the dual 7§ equals D(A*), see item
2. of Proposition 5.21.

Let us come back for a moment to real valued processes. A real process X is called weak Dirichlet
(with respect to a given filtration), if it can be written as the sum of a local martingale and a process
A such that [A, N] = 0 for every continuous local martingale. A significant result of F. Gozzi and F.
Russo, see [28], is the following. If f : [0,7] x R — R is of class C%1, then Y; = f(t, X¢),t € [0,T] is a
weak Dirichlet process. A similar result, in infinite dimension, is obtained replacing the process X with
its associated window X (-), see [14]. The notion of Dirichlet process extends to the infinite dimensional
framework via the notion of v-weak Dirichlet process, see Definition 5.9. An interesting example of v-weak
Dirichlet process is given, once more, by convolution processes, see Proposition 5.21.

Generalizing the result of [28], it can be proved that, given u : [0,7] x R — R of class C%! and
being X a suitable v-weak Dirichlet process with finite x-quadratic variation, where x is Chi-subspace
associated with v, then Y; = u(¢,X;) is a real weak Dirichlet process. Moreover its (Fukushima-Dirichlet
type) decomposition is provided in Theorem 6.7. That theorem can be seen as a substitution-tool of Itd’s
formula if v is not smooth and is a key tool for the application we provide in Section 8. Examples of
such v-weak Dirichlet processes are convolution type processes, or more generally 7p-semimartingales, see
Proposition 5.15, item 2. In Section 8, we study the solution of a non-homogeneous Kolmogorov equation
and we provide a uniqueness result for the related solution. The proof of the result is based on the a
representation result for (strong) solutions of the Kolmogorov equation that is obtained thanks to the
uniqueness of the decomposition of a real weak Dirichlet process. The uniqueness result covers cases that,
as far as we know, were not yet included in the literature. For instance, in our results, the initial datum
g of the Kolmogorov equation is asked be continuous but we do not require any boundedness assumption
on it. This kind of problem cannot be studied if the problem is approached, as in [4, 26], looking at the
properties of the transition semigroup on the space Cy(H) (resp. on By(H)) of continuous and bounded
(resp. bounded) functions defined on H, because, in this case, the initial datum always needs to be
bounded. More details are contained in Section 8. In the same spirit, further applications to stochastic
verification theorems, in which the Kolmogorov type equation, is replaced by an Hamilton-Jacobi-Bellman
equation, can be realized, see for instance [22].

2 Preliminaries

2.1 Functional analysis background

Given an underlying Banach space B (resp. Hilbert space H), | - |g (resp. |- |m) will generally denote
the norm related to B (resp. H). However, if the considered norm is clear we will often only indicate it
by | - |. Even the associated inner product with | - |z will be indicated by (-, )z or simply by (-,-). Given
an element a of a Hilbert space H, we generally denote by a*, the corresponding element of H* via Riesz
identification. We will use the identity g+{(a*,b)g = (a,b)y = (a,b)y without comments. Let Bj, By be
two separable real Banach spaces. We denote with B; ® Bs the algebraic tensor product defined as the
set of the elements of the form Z?:l xr; ® y;, for some positive integer n where x; and y; are respectively
elements of By and By. The product ®: By X By — B; ® Bs is bilinear.



A natural norm on B; ® Bj is the projective norm 7: for all u € By ® By, we denote with 7(u) the
norm

n n
m(u) = inf{2|xi|31|yi|32 : uZ:cz@yZ}
i=1

=1

This belongs to the class of the so-called reasonable norms |-|, in particular verifying |21 ®@x2| = |21]| 5, |v2|B,,
if 1 € By, x2 € By. We denote with B1®,Bs the Banach space obtained as completion of B; ® B, for the
norm 7, see [46] Section 2.1. We remark that its topological dual (Bl®ng)* is isomorphic to the space
of continuous bilinear forms Bi(B1, Bz) of continuous bilinear forms, equipped with the norm || - || 5,5,
where ||®||, B, = SUPu, By aseB, | P(a1,a2)|.
a1lpyslaz|B, <1,

Lemma 2.1. Let B; and By be two separable, reflexive real Banach spaces. Given a* € B and b* € B}
we can associate to a* ® b* the elements j(a* ® b*) of (B; ® Ba)* acting as follows on a generic element
UZZ?:1$i®yi e Bl®BQZ

n

Gla* @b),u) =Y (a* @) (b, ).
i
Jj(a* ®b*) extends by continuity to the whole By ® By and its norm in (B ® Bz2)* equals |a*|p: [b*
particular if v; is a (dense) subspaces of B}, i = 1,2, then the projective tensor product 11 &= can be
seen as a subspace of (B;®,Bs)*.

Bj- In

Proof. See [22] Lemma 2.4. O

Remark 2.2. We remark that B;®, Bs fails to be Hilbert even if By and By are Hilbert spaces. It is not
even reflexive space. Fore more information about tensor topologies, we refer e.g. to [46].

Let us consider now two separable Banach spaces By and By. With C(By; Ba), we symbolize the set
of the locally bounded continuous Bs-valued functions defined on B;. This is a Fréchet type space with
the seminorms

[ully == sup{[u(2)|p, : = € Bi, with|z|p, <r} (4)

for r € N*.

If Bo = R we will often simply use the notation C(B;) instead of C'(B1;R). Similarly, given a real
interval I, typically I = [0,T] or I = [0,T[, we use the notation C'(I x By; By) for the set of the continuous
Bs-valued functions defined on I x B; while we use the lighter notation C(I x By) when By = R. Eventually
a function (t,n) — u(t,n) € C(I x By) will be said to belong to C*2(I x By) if d;u(t,n) belongs to C(I x By)
while (denoted with D and D? the derivatives w.r.t. the variable n € By) Du(t,n) belongs to C(I x By; B1*)
and D?u(t,n) to C(I x By;Bi(B1, B1)).

We denote by L£(B7; Bs) the space of linear bounded maps from By to By. It is of course a Banach
space and we will denote by || - [|z(B,:B,) the corresponding norm. We will often indicate in the sequel
by a double bar, i.e. ||-|| the norm of an operator or more generally of a function. As a particular case,
if we denote U, H two separable Hilbert spaces, L(U; H) will be the space of linear bounded maps from
Uto H U = H, we set L(U) := L(U;U). L2(U; H) will be the set of Hilbert-Schmidt operators
from U to H and £1(H) (resp. L] (H)) will be the space of (non-negative) nuclear operators on H. For
details about the notions of Hilbert-Schmidt and nuclear operator, the reader may consult [46], Section



2.6 and [8] Appendix C. If T' € Lo(U; H) and T* : H — U is the adjoint operator, then TT* € L1 (H)
and the Hilbert-Schmidt norm of 7" gives HT||252(U_H) = |[|TT*||z, (rr)- We recall that, for a generic element

T € £,(H) and given a basis {e, } of H the sum ) ° | (Te,, €,) is absolutely convergent and independent
of the chosen basis {e,}. It is called trace of T and denoted with Tr(T"). £41(H) is a Banach space and we
denote by || - ||z, (z) the corresponding norm. If 7' is non-negative then Tr(T) = ||T||z,(z) and in general
we have the inequalities

ITr(T) <\ Tl Y 1 (Tensen) | < T ey, (5)

n=1
see Proposition C.1, [8]. As a consequence, if T is a non-negative operator, the relation below
T2,y = Tr(TT™). (6)

will be very useful in the sequel.

Observe that every element v € H&,H is isometrically associated with an element 7}, in the space of
nuclear operators £1(H). The identification (which is in fact an isometric isomorphism) associates to any
element w of the form Y .2, a, ® b, in H ®xH the nuclear operator T, defined as

Tu(x) = Z (@, an) by, (7)

i=1

see for instance [46] Corollary 4.8 Section 4.1 page 76.
We recall that, to each element ¢ of (H&,H)*, we can associate a bilinear continuous map B, and a
linear continuous operator L, : H — H such that

(Lyp(2),y) = By(z,y) = ez ®@y) for all z,y € H, (8)

see [46], the discussion before Proposition 2.11 Section 2.2. at page 24. One can prove the following, see
[22] Proposition 2.6 or [15] Proposition 6.6.

Proposition 2.3. Let u € H®,H and v € (H®,H)* with associated maps T, € £1(H),L, € L(H; H).
Then

(H®, H)* (psuyge g =Tr(TuLy).

Proposition 2.4. Let g: [0,7] — £ (H) measurable such that

/O 190 L oy < 0. (9)

Then fOT g(r)dr € LT (H) and its trace equals fOT Tr(g(r))dr.

Proof. fOT g(r)dr € L£1(H) by the the first inequality of (5) and by Bochner integrability property. Clearly
the mentioned integral is a non-negative operator. The remainder follows quickly from the relation between
the trace and the £1(H) norm that we have recalled above; indeed if (e,,) is an orthonormal basis,

N T T N
Z / g(r)dren,, e, ) = / Z (g(r)en, €n) dr
n=1 0 0 n=1
and we can pass to the limit thanks to (5), (9) and Lebesgue’s dominated convergence theorem. O



2.2 General probabilistic framework

In the whole paper we will fix T > 0. (£2, F,P) will be a fixed probability space and P will denote the
predictable o-field on Q x [0, T]. (%) = (S, t € [0,T]) will be a filtration fulfilling the usual conditions. If
B is a Banach space, B(B) will denote its Borel o-algebra. A B-valued random variable C' is integrable if
E(|C)) is finite and the quantity E(C) exists as an element in B. It fulfills in particular the Pettis property:
A(E(C)) = E(p(C)) for any ¢ € B*.

Given a o-algebra G, the random element E(C|G) : @ — B denotes the conditional expectation of C
with respect to G. The concept of conditional expectation for B-valued random elements, when B is a
separable Banach space, are recalled for instance in [8] Section 1.3. In particular, for every ¢ € B* we
have E (Up-(p,C)p) = E (V- (p,E(C|G))B), for any bounded r.v. G-measurable V.

A stochastic process will stand for an application [0,7] x  — B, which is measurable with respect
to the o-fields B([0,T]) ® F and B(B). If B is infinite dimensional, the processes are indicated by bold
letters X,Y,Z. Given a Banach space B, a process X : ([0,7] x ,F) — B is said to be strongly
(Bochner) measurable if it is the limit of 7- measurable countably-valued functions. By default, a
process [0,7] x & — B, which is measurable with respect to the o-fields P and B(R) is said to be
predictable with respect to the given filtration (%, t € [0,7]). A priori, such a process will also be
considered as strongly measurable. Any cadlag or caglad process is strongly measurable.

Let H,U be separable Hilbert spaces, @ € L(U) be a positive, self-adjoint operator and define Uy :=
Q'/?(U). This is again a separable Hilbert space. Even if not necessary we suppose @ to be injective,
which avoids formal complications. We endow Uy with the scalar product (a, b>U0 = <Q_1/ 2q,Q" Y/ 2b>.
QY2: U — Uy is an isometry, see e.g. [8] Section 4.3. Assume that W@ = {W? : 0 < ¢ < T} is an U-valued
Z-Q-Wiener process (with WOQ =0, P a.s.). The notion of Q-Wiener process and (% )-Q-Wiener process
were defined for example in [8] Chapter 4, see also [25] Chapter 2.1. We recall that Lo(Uy; H) stands for
the Hilbert space of the Hilbert-Schmidt operators from Uy to H.

An U-valued process M: [0,T] x Q — U is called (.#;)-martingale if, for all ¢ € [0,T], M is (%;)-
adapted with E [|[M;|y] < 400 and E [M|.%;] = M; for all 0 < ¢ < s < T. In the sequel, the reference
to the filtration (%, t € [0,T]) will be often omitted. The mention “adapted”, "predictable” etc... we will
always refer to with respect to the filtration {F},~,. An U-valued martingale M is said to be square
integrable if E [|MT|%]] < 400. A Q-Wiener process is a square integrable martingale. We denote with
M?(0,T;U) the linear space of square integrable martingales indexed by [0,7] with values in U, i.e. of
measurable processes M : [0,7] x Q@ — U such that F(|Mr|?) < co. In particular for M € M?(0,T;U),
the quantity

1/2
M|z (0,150 = (E sup |Mt|%]>
t€[0,T]

is finite. Moreover, it defines a norm and M?(0,7T;U) endowed with it is a Banach space as stated in
[8]Proposition 3.9. An U-valued process M: [0,7] x  — U is called local martingale if there exists
a non-decreasing sequence of stopping times 7,,: Q — [0,7] U {400} such that Ma,, for ¢ € [0,7] is a
martingale and P [lim, o 7, = +o0] = 1. All the considered martingale and local martingales will be
supposed to be continuous.

Given a continuous local martingale M: [0, T] x 2 — U, the process |[M|? is a real local sub-martingale,
see Theorem 2.11 in [30]. The increasing predictable process, vanishing at zero, appearing in the Doob-
Meyer decomposition of [M]|2 will be denoted by ([M]5*“,¢ € [0,T7). It is of course uniquely determined
and continuous.

A B-valued process A is said to be a bounded variation process or to have bounded variation if



almost every trajectory has bounded variation i.e. if, for almost all w, the supremum of sz\; [Ay, (w) —
Ay, (w)| g over all the possible subdivisions 0 = ¢y < ... < ty, N € N*, is finite. If B = U is a Hilbert space,
following [32], Definition 23.7, we say that an U-valued process X is a semimartingale if X can be written
as X = M + A where M is a local martingale and A a bounded variation process. The total variation
function process associated with A is defined similarly as for real valued processes and it is denoted by
)

2.3 The Hilbert space valued It6 stochastic integral

We recall here some basic facts about the Hilbert space valued It6 integral, which was made popular for
instance by G. Da Prato and J. Zabczyk, see [8, 9]. More recent monographs on the subject are [25, 38|.

Let H and U be two separable Hilbert spaces. We adopt the notations that we have introduced in
previous subsection 2.2. Zy(0,T; U, H) will be the set of the processes X: [0,7] x Q@ — L(U; H) that are
strongly measurable from ([0,7] x ©, &) to L(U; H) and such that

T 1/2
Xl g0, 10,1 = <E/O IIXrlli(U;H)d[M]§’Cl> < +oo.

Tm(0, T U, H) endowed with the norm | - |z, 0,70, ) is a Banach space. The linear map

I:Ty(0,T;U,H) = M?*(0,T; H)
X [ X,dM,

is a contraction, see e.g. [32] Section 20.4 above Theorem 20.5. As illustrated in [30] Section 2.2 (above
Theorem 2.14), the stochastic integral w.r.t. M extends to the integrands X which are strongly measurable
from ([0,T] x , Z) to L(U; H) and such that

T
/O X120 MR < 400 as. (10)

We denote by J2(0,T;U, H) such a family of integrands w.r.t. M.
We have the following standard fact, see e.g. [30] Theorem 2.14.

Proposition 2.5. Let M be a continuous U-valued (F;)-local martingale, X a process verifying (10). Then
N, = fg X,dM,,t € [0,T], is an (% )-local martingale with values in H.

Consider now the case when the integrator M is a Q-Wiener process, with values in U, where @ be
again a positive injective and self-adjoint operator in @ € L(U), see Section 2.2. We counsider Uy with its
inner product as before. By (6) we can easily prove that, given A € L2(Up; H), we have HAH%Z(UO;H) =
Tr (AQY2(AQY?)*) . Let W2 = {W& : 0 <t < T} be an U-valued (F;)-Q-Wiener process with W = 0,
P a.s. In this case the Ito-type integral with respect to W extends to a larger class, see Chapter 4.2 and
4.3 of [8]. If Y is a predictable process with values in Lo(Up; H) with some integrability properties, then

the Ito-type integral of Y with respect to W, i.e. fot Y,dW,,t € [0,T],t € [0,T], is well-defined.

Proposition 2.6. Let M be a process of the form

t
M, :/ Y, dWe,t € [0,T], (11)
0



where Y be an £(U; H) N L2(Up; H)-valued predictable process such that

T
/ TrY,QY?(Y,Q'?)*]dr < co a.s. (12)
0

Then M is a H-valued local martingale. Moreover we have the following.

(i) If X is an H-valued predictable process such that

T
/0 (X, Y, QY2(Y,QY?)*X,) gdr < o0, a.s., (13)

then the process
t
N = / (X,,dM, ).t € [0, T, (14)
0

is a real local martingale. If the expectation of (13) is finite, then N is a square integrable martingale.

(i) If, for some separable Hilbert space E, K is a L(H, E)-valued, (.%;)-predictable process such that
T
/ Tr[K,Y,QY?(K, Y, Q)" |dr < co a.s., (15)
0

then the F-valued Ito-type stochastic integral fg KdM, t € [0,T], is well-defined, it is a local martin-
gale and it equals fg KYdW®.

Proof. The results above are a consequence of [8] Section 4.7. at least when the expectations of (12), (13)
and (15) are finite. In particular the first part is stated in Theorem 4.12 of [8]. Otherwise, on proceeds by
localizations, via stopping arguments. O

Remark 2.7. In the sequel we will also denote previous integral by fot (X, dM, )y, t € [0,T], or by
fot - (X, dM,) g, t € [0, T], using the Riesz identification.

3 Finite dimensional calculus via regularization

3.1 Integrals and covariations

This theory has been developed in several papers, starting from [41, 42]. A survey on this subject is
given in [45]. The formulation is light, efficient when the integrator is a finite quadratic variation process,
but it extends to many integrator processes whose paths have a p-variation with p < 2. Integrands
are allowed to be anticipative and the integration theory and calculus appears to be close to a pure
pathwise approach even though there is still a probability space behind. The theory clearly allows non-
semimartingales integrators.

Let now X (resp. Y') be a real continuous (resp. a.s. integrable) process, both indexed by ¢ € [0, T].

Definition 3.1. Suppose that, for every ¢ € [0, T], the following limit

Xope— X
/Yd X, := lim YLdr (16)

e—0 €

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



Definition 3.2. If the limit (16) exists in probability for every ¢ € [0,T[ and lim;_,p fot Yd~ X exists in
probability, the limiting random variable is called the improper forward integral of Y with respect
to X and it is still denoted by fOT Yd—X.

As we mentioned, the covariation is a crucial notion in stochastic calculus via regularization.

Definition 3.3. The covariation of X and Y is defined by

e—0t €

[Xa Y]t = ([Ya X]t) = lim 1/0 (Xs+6 - XS)(Y;-%E —Ys)ds,t € [O,T],

if the limit exists in probability for every ¢ € [0, 7], provided that the limiting random function admits
a continuous version. If X = Y, X is said to be finite quadratic variation process and we set
[X] := [X,X]. A vector (X! ..., X™) of real processes is said to admit all its mutual brackets if
(X% X711 <i,j <mn, exist.

One natural question arises. What is the link between the regularization and discretization techniques
of Follmer ([23]) type? Let Y be a cadlag process. One alternative method could be to define fOT YdX as
the limit of

n—1
Z Yy, (Xti+1 - Xti)a N e N*v
i=0

when the mesh maxf-vzgl(tiﬂ — t;) of the subdivision
O=to<...<tny=T (17)

converges to zero. A large part of calculus via regularization could be essentially translated in that
formal language via discretization. However, even if it is not essential, we decided to keep going on
with regularization methods. First, because that approach is direct and analytically efficient. Second,
in many contexts the class of integrands is larger. Let us just fix one simple example: the Wiener
integral with respect to Brownian motion. Let g € L?([0,T]) and W be a classical Wiener process;
fg gd~W,t € [0,T] exists and equals Wiener-Ito integral fot gdW,t € [0,T]. However the discretizations
limit of Z?;ol g(ti)(Wy,,, —W;,) may either not exist, or depend on the sequences of subdivisions. Indeed,
as an example, let us choose g = lgno,7) where Q is the set of rational numbers. If, all the ¢; elements
of subdivision (17) where irrational (except for the extremities), then the limit would be zero, as for the
1t6-Wiener integral, being g = 0 a.e. If on the contrary, all of the ¢; are rational, then the limit is Wp — Wj,.

In the proposition below we list some properties relating It6 calculus and forward calculus, see e.g.
[45].

Proposition 3.4. Suppose that M is a local continuous martingale and Y cadlag and predictable. Let V'
be a bounded variation process. Let S, S? be (.%;)-semimartingales with decomposition S* = M* + V¢,
i = 1,2, where M% i = 1,2 are (.%;)-continuous local martingales and V* continuous adapted bounded
variation processes. We have the following.

1. M is a finite quadratic variation process and [M] is the classical bracket (M).
2. [, Yd~ M exists and it equals Ito integral [j Y dM.

3. Let us suppose V to be continuous and Y cadlag (or vice-versa); then [V] = [V, V] = 0. Moreover
JoYd"V = [[YdV, is the Lebesgue-Stieltjes integral.
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4. [S7] is the classical bracket and [S?] = (M?).
5. [91,57 is the classical bracket and [S1, S%] = (M, M?).

6. If S is a continuous semimartingale and Y is cadlag and adapted, then fo Yd—S = fo YdS is again
an Ito6 integral.

Coming back to the general calculus we state the integration by parts formula, see e.g. item 4. of
Proposition [45].

Proposition 3.5. Let X and Y be continuous processes. Then
t t
Y X = Yo Xy +/ Yd_X—i-/ XdY 4+ [X,Y]s,
0 0
provided that two of the three previous integrals or covariation exist. If X is a continuous bounded
variation process, then [} Xd~Y =V, X, — YoX, — [} YdX.

The kernel of calculus via regularization is It6 formula. It is a well-known result in the semimartingales
theory, but it also extends to the framework of finite quadratic variation processes. Here we only remind
the one-dimensional case, in the form of a It6 chain rule. It is essentially a consequence of Proposition 4.3
of [44].

Theorem 3.6. Let F : [0,7] x R — R such that ' € C?([0,T[xR) and X be a finite quadratic
variation process. We set Y; = F(t, X:),t € [0,T]. Let Z = (Z, ¢t € [0,T]) be an a.s. bounded process.
We have

t t t 1 [t
/ Z,.d7Y, = / Z0pF(r, X, )dr +/ 7.0, F(r, X, )d™ X, + 5/ Z,02 F(r, X,)d[X],, (18)
0 0 0 0

in the following sense: if the first (resp. the third) integral exists then the third (resp. the first) exists and
formula (18) holds.

Taking Z = 1, comes out the natural It6 formula below.

Proposition 3.7. With the same assumptions of Theorem 3.6 we have
t t 1t
/ 0. F(r, X, )d” X, = F(t,X;) — F(0, Xo) —/ 0 F(r, X, )dr — 5/ 02 F(r, X,)d[X],.
0 0 0

Theorem 6.3 will extend the formula above to the case of Banach space valued integrators.
An adaptation of Proposition 11 of [45] and Proposition 2.2 of [27] gives the following. Given a real
interval T and h: I — R be a bounded variation function, we denote by ||h||var the total variation of h.

Proposition 3.8. Let I be a real interval and f, g : [0,T7]x I — R. Let X and Y be two real processes such
that (X,Y") admits all its mutual brackets and f(¢,-) and g(¢,-) have bounded variation for any ¢ € [0, T].
We suppose moreover that t — || f(t,-)|lvar, t = ||g(t,*)||var are bounded.

Then [f('aX)ag('aY)]t = f(;5 azf(saXs)azg(SaYs)d[Xa Y]s-

Below we introduce the notion of weak Dirichlet process which was introduced in [21] and [28].
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Definition 3.9. A real process X: [0,7] x 2 — R is called weak Dirichlet process if it can be written
as

X=M-+A, (19)
where
(i) M is a local martingale,
(ii) A is a process such that [A, N] = 0 for every continuous local martingale N and Ay = 0.
Proposition 3.10. 1. The decomposition described in Definition 3.9 is unique.
2. A real continuous semimartingale S is a weak Dirichlet process.
Proof. 1. is stated in Remark 3.5 of [28]. 2. is obvious since a bounded variation process V is a zero

quadratic variation process by item 3. of Proposition 3.4. O

3.2 The deterministic calculus via regularization.

An useful particular case arises when {2 is a singleton, i.e. when the calculus becomes deterministic.
We will essentially concentrate in the definite integral on an interval J =la, b], where a < b are two real
numbers. Typically, in our applications we will consider a = —T or a = —t and b = 0. That integral will
be a real number, instead of functions.

We start with a convention. If f : [a,b] — R is a cadlag function, we extend it naturally to another
cadlag function f; on real line setting

f)y : x>b
frlxy=< f(z) : z€]la,b
0 o <a.

If g is finite Borel measure on [0,7], we define the deterministic forward integral jia b g(dx)d™ f(x)
(or simply jia p 94 f) as the limit of f]a b 9U€s) (£ /(s +¢€) — fs(s)), when € | 0, provided it exists. In

g
most of the cases g will be absolutely continuous whose density will be still denoted by the same letter. A

similar definition can be provided for the (deterministic) covariation of [f, g] of two (continuous) functions
f and g defined on some interval I. Without restriction of generality, we suppose that 0 € I. We set
lg, f](z), « € I, the pointwise limit (if it exists), when e — 0 of

dr

[ G+ =gonirr vy - o) Foaer

If g = f, we also denote it with [f].

Remark 3.11. The following statements follows directly from the definition and are left to the reader.
The reader may consult [43] for similar considerations. By default, the bounded variations function will
be considered as cadlag.

1. If f has bounded variation then f]a b g(s)d™ f(s) is the classical Lebesgue-Stieltjes integral f]a b gdf.
In particular, if g = 1, f;g(s)d’f(s) = f(b) — f(a).
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2. If g has bounded variation, the following integration by parts formula holds: f]a . g(s)d™ f(s) equals
g0 (B) — [,y F()dg()

3. A deterministic version of Theorem 3.6 can be easily stated, with respect to integrals of the type
f]a ) instead of fot

Besides B = C([—T,0]), we introduce another Banach space. Given a continuous function g : [T, 0] —

R we define the 2-regularization variation by [g|2var := supg..; fET (g(s+e)—g(s))? %. We define

by Va the space of g € B such that |g[2,var is finite. If n € C([-T,0]), we denote || = sup,c(_1q [7(2)]-

Proposition 3.12. The functional g — |g|so| + |g|2,ver is @ norm on Va. Moreover Vs, equipped with that
norm, is a Banach space.

Proof. To prove that |- |2 yqr is @ norm, the only non-obvious property consists in establishing the triangle
inequality. This follows because of the triangle inequality related to the L2?([—T,0])-norm. It remains to
show that any Cauchy sequence in V5 converges to an element of V2. Let (g,) be such a sequence. Since
C([-T,0]) is a Banach space, there is g € C([—T,0]) such that g, converges uniformly to g. Let M > 0.
Since (gn) is a Cauchy sequence with respect to | - |2 yar, there is N such that if n,m > N, with

0 2 dr
[T<<9n = gm)(r+2) = (g0 = gm)(r)* — < M,

for every 0 < e < T. Let us fix 0 < e < T. Choosing m = N in previous expression and letting n go to co
it follows that

IN

[ rra-aor T < 2 (g-gm+e) - g-an()* T

T € =T

0
+ 2 lavlr o —on)’ F

0
< Mt [ (e - L

Taking the supremum on 0 < ¢ < T, we get that |g|2 ver is finite and the result follows. O

V4 is a Banach subspace of B. Given a continuous function v : [0,7] — R be a continuous increasing
function such that (0) = 0, we denote by V3, the space of functions 7 : [-T,0] — R such that [n] exists
and equals .

Proposition 3.13. V5 4 is a closed subspace of V5.

Proof. Let (gn) be a sequence in V5o i.e. such that [g,](z),z € [T, 0] exists and equals 1. We suppose
that g, converges to g in V. Now, for fixed € > 0, x € [T, 0] we consider

gdr

0
Io(ea) i= = [ drglr+2) =)’ T - 0(a). (20)
We want to prove that for every x € R, I, (e, z) converges to ¢, when ¢ — 0+. The left-hand side of (20)
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is bounded by 414 (e, N, z) 4+ 412(e, N, x) + 4I3(N, ), where, for z € [-T,0], N € N*,

BN = |[ (-am)r+e) - lg—ow)* L
BN = |[ (ovtr+2) - gx )’ T - lonl(o) e
BN2) = llow)@) — (e

We fix « € [-T,0]. Since gy € Vay then [gn] = [g] = ¥ and I3(N,x) equals zero. Let 6 > 0 and N such
that for every 0 < e < T, I1(g,N,z) < §. Choose g9 such that Ir(e, N,x) < if 0 < e < g9. Consequently
for 0 < € < g9, then we have I, (e, ) < 26. This shows that I,(e,x) converges to zero and so Va4 is a
closed subspace of V5. |

4 About infinite dimensional classical stochastic calculus

4.1 Generalities

Infinite dimensional stochastic calculus is an important tool for studying properties related to stochastic

evolution problems, as stochastic partial differential equations, stochastic functional equations, as delay
equations. When the evolution space is Hilbert a lot of work was performed, see typically the celebrated
monograph of G. Da Prato and J. Zabezyk [8], in particular Section 2.3 mentions the corresponding notion
of stochastic integral. An alternative, similar approach, is the one related to random fields, see e.g. [50]
and [11]. Infinite dimensional stochastic calculus has been also developed in the framework of Gelfand
triples, used for instance in [36]. Contributions exist also for Banach space valued stochastic integrals,
see [3, 13, 12, 49|, where the situation is more involved than in the Hilbert framework: the so-called
reproducing kernel space cannot be described as I m(Ql/ 2), as in Section 2.3, and the notion of Hilbert-
Schmidt operator has to be substituted with the one of y-radonifying.
The aim of our approach is to try to introduce suitable techniques which allow to treat typical infinite
dimensional processes similarly to finite-dimensional diffusions. As we mentioned, stochastic process with
values in infinite dimensional space will be indicated by a bold letter of the type X,Y,Z and so on. Let
B a separable Banach space and X be a B-valued process. Consider F' : B — R be of class C? in the
Fréchet sense. One may ask what could be a good It6 formula in this framework. We are interested in
an Ito type expansion of F(X), keeping in mind that, classically, I1td formulae contain an integral term
involving second order type derivatives and a quadratic variation. We first introduce some classical notions
of quadratic variation very close to those of the literature, see [18, 33, 32|, but in the spirit of calculus via
regularization. Those above mentioned authors introduce in fact two quadratic variations: the real and
the tensor quadratic variation. The definition below is a reformulation in terms of regularization of the
real quadratic variation of X. We prefer here, to avoid possible confusions, to replace the denomination
real with scalar.

Definition 4.1. Consider a separable Banach spaces B. We say that a strongly measurable process
X: [0,7] x 2 — B admits a scalar quadratic variation if, for any ¢ € [0,77], the limit, for ¢ \, 0 of

K X’l“ € Xr 7
X, X]oF .= / Brve = Xilp g,
0

€

exists in probability and it admits a continuous version. The limit process is called scalar quadratic
variation of X and it is denoted with [X, X]®.
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In Definition 1.4 of [17] the authors introduce the following definition.

Definition 4.2. Consider two separable Banach spaces By and Bs. Suppose that either By or Bs is
different from R. Let X: [0,7] x Q@ — By and Y: [0, 7] x Q — Bs be two strongly measurable processes.
We say that (X,Y) admits a tensor covariation if the limit, for € \, 0 of the B;®, By-valued processes

X, ¥]#e :=/ s 2 2) 6 (ree = o),
0 €

exists in the ucp sense (i.e. uniform convergence in probability). The limit process is called tensor
covariation of (X,Y) and is denoted with [X,Y]®. The tensor covariation [X,X]® is called tensor
quadratic variation of X and denoted with [X]®.

Remark 4.3. Let X, Y be strongly measurable processes defined on [0, T] x  with values respectively on
B and By. We have the following.

1. If X has a zero scalar quadratic variation and Y has a scalar quadratic variation then [X,Y]® =
[Y,X]® = 0. Moreover X + Y has a scalar quadratic variation and [X + Y]® = [Y]¥;

2. If X is a bounded variation process then X admits a zero scalar quadratic variation.

3. Let M be a local martingale with values in a separable Hilbert space H. Then it has scalar quadratic
variation.

4. If B = R™ the space B®,B is associated with the space of n x n real matrices, as follows. Let
(e;,1 < i< mn) be the canonical orthonormal basis of R”. A matrix A = (a;;) is naturally associated
with the element Z?jzl aje; ®e;. X = (X1,..., X™) admits all its mutual covariations if and only

if X admits a tensor quadratic variation. Moreover [X, X] = Z?jzl[Xi, Xlei ®@e;.

Ttems 1. and 2. are easy to establish. Item 3. is stated in Remark 4.9 of [22]. Ttem 4. constitutes an easy
exercise, but it was stated in Section 6.2.1 of [15].

Let us consider now F : B — R be of class C?. In particular DF : B — L(B;R) := B* and
D?F : B — L(B; B*) = Bi(B, B) = (B®,B)* are continuous. As a first attempt, we expect to obtain
an Itd formula type expansion of the following type.

t t
1
F(Xy) = F(Xo) +”/O p(DF(X,),dXs)p " + 5/0 (B®“B)*(D2F(Xs),d[X]S>B®ﬂB. (22)
This supposes of course that the tensor covariation [X,X]® exists and it has bounded variation. A rea-
sonable sufficient condition for this demands that the scalar quadratic variation [X, X]® exists. A formal
proof of the Ito6 formula, inspired from the one-dimensional case could be the following. Let ¢ > 0. We
have

€ e—0

/ PG Z PRy v, py ) bt [0.7)
0

By a Taylor’s expansion the left-hand side equals the sum of

(Xs—i-e - Xs)®2
€

K Xs e_Xs K
/OB*<DF(X5),%)Bds +/O (B®WB)*<D2F(XS), )Bé, pds + R(e, 1),

where R(e,-) converges ucp to zero. Consequently, from previous formal proof, requires a good notion of

quadratic variation. Moreover the first (stochastic) integral needs to be defined. The following natural
obstacles problems appear.
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e In many interesting cases mentioned at the beginning of Section 4.1, X is not a semimartingale, and
it has not even a scalar and tensor quadratic variations.

e Stochastic integration, when the integrator takes values in a Banach space is not an easy task.

4.2 Tensor covariation and operator-valued covariation

In Definition 4.2 we introduced the notion of tensor covariation in the spirit of Metivier Pellaumail.
Before proceeding and introducing the more general definition of x-covariation we devote some space
recalling another (somehow classical) definition used for example by several authors in stochastic calculus
in Hilbert spaces, as Da Prato and Zabczyk.

Let H be a separable Hilbert spaces and M, N two H-valued continuous local martingales.The first
covariation was denoted by [M, N]®, the second one will be denoted by [M, N]¢. A first difference arises
by the fact [M, N]® takes values in H®, H and [M, N]¢ lives in £1(H).

We remind from Section 2.1 that every element u € H&, H is isometrically associated with an element
T, in the space of nuclear operators £ (H), so it makes sense to compare Definition 4.2 and the definition
of operator-valued covariation.

Definition 4.4. Let X and Y be two H-valued continuous processes. We say that (X,Y) admits an
operator-valued covariation, denoted by [X, Y], if there exists a bounded variation process V with
values in £1(H), denoted by [X,Y]?, such that, for every a,b € H, the covariation (in the sense of
regularization) of (a, X) and (b, Y) equals (Va, b). In the sequel we will also use the notation [X, Y] (a, b) :=
(Va,b). In other words the continuous linear functional [X, Y] (a,) is Riesz-identified to Va. We will of
course identify without further mention V(a) and [X, Y]%(a, ).

Remark 4.5. 1. If X and Y are local martingales then (a,X) and (b,Y) are real local martingales
and previous covariations in the sense of regularization are classical covariations of martingales, see
Proposition 2.4 (3) of [43] and item 5. of Proposition 3.4.

2. If X = Y is a local martingale and V is [X,X]¢, then, by Doob-Meyer decomposition, V fulfills
the following property. For every a,b € H, we have (a, X)(b,X) — (Va,b) is a local martingale and
obviously (V.(a),a) > 0 is a non-negative increasing process for every a € H; in particular, for every
t €10,T], V; is a non-negative map of L4 (H).

3. Proposition 3.12 in [8] states that for a continuous square integrable martingale X, the quadratic vari-
ation exists (and is unique). By stopping arguments, this can be extended to every local martingale
X.

The proposition below illustrates some relations between the tensor covariation and the operator-valued
covariation.

Proposition 4.6. 1. The operator-valued covariation is unique.

2. If (X,Y) admits a tensor covariation then, it also have an operator-valued covariation and, after the
identification above between H®,H and L1(H), they are equal.
In particular, for every a € H,b € H, (j(a* ® b*),[X,Y]®) = [(X, a), (Y,b)].

3. If X' and Y are local martingales then they admit a scalar, tensor and operator-valued covariations.
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Proof. Let ¢ > 0. Taking into account Lemma 2.1, choosing ¢ € (H®,H)* of the type ¢ = j(a* ® b*)
where a,b, € H, we have

1 t
<<,0, ! / (Xote — Xo) @ (Yore Ys>ds>
(H&, H)* €Jo H& . H

1/t 1/t
=2 [ 05 o (0 ke =X © (Vere =Yg, = 7 [ dslRese = Xera(¥are = Varb)

€
(23)
So the first expression of the equality above converges if the covariation of the real processes (X, a) and
(Y, b) exists.
1. Let be two L1 (H)- valued processes V1, V2 verifying
(Vi(a),b) = [(X,a), (Y,b)],i = 1,2,

for every a,b € H. Let U’ be the associated process with values in H®, H in the sense of the usual
isomorphism (7) between H®.H and £!'(H). Then, taking into account (23), for every ¢ € [0, 7]
we have (p, U}) = (o, U2), for every ¢ in (H&,H)* of the type ¢ = j(a* ® b*). Since, by Lemma
4.17 of [22], the algebraic tensor product H* @ H* is weakly-star dense in (H &, H)*, the uniqueness
property U! = U? holds.

2. Suppose that [X,Y]® exists. Let a,b € H and set ¢ = j(a* @ b*). If [X,Y]® exists, by (23), then
(o, [X,Y]®) = [(X,a),(Y,b)]. We set now [X,Y]%(a,b) = [(X,a),(Y,b)]. By the usual isomorphism
(7), between H®,H and L1(H), according to the convention in Definition 4.4, a + [X,Y]%(a,-)
defines an £ (H)-valued process.

3. If M and N are local martingales, then Ml and N admit a scalar quadratic because of Proposition 1.7
of [17]. Moreover (M, N) admits a tensor covariation by Lemma 4.16 of [22]. By previous item, it
also admits an operator-valued covariation.

O

We specify now our result for some particular Hilbert valued martingales, namely for the Brownian
martingales. The framework is the same we used in Subsection 2.3.

Proposition 4.7. Let U and H two separable real Hilbert spaces. Let @ be a positive self-adjoint,
injective operator in £(U). We set Uy := Q'/2(U) and we consider W@ = {W& :0 < ¢ < T} an U-valued
@Q-Wiener process with W? =0, P a.s. Let us suppose that (%) is the canonical filtration generated by
W% and consider a predictable Lo(Uy, H)-valued process (®;) such that

T
/ Tr[®,QY?(®,QV?)ldr <co P —a.s. (24)
0

and the process M defined as M; = fot ®,.dW?,.,t € [0,T]. We have the following.
1. [M,M]§' = [ Q®dr where

QF = (2.Q'2)(2:Q"?)".
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2. [M,M]? is characterized by (j(a* ® b*), [M fo a,Q2b)ds for any a,b € H.

3. For every ¢ € (H®,H)*, we have
! >
6.y (5 M, M]?)HQ@”H = /O Tr(L,QF)dr. (25)

Proof. 1. Tt is a consequence of Theorem 4.12 in [8], where the result is stated under the hypothesis that
the expectation of (24) is finite. It can be extended to the general case with a stopping argument.

2. From Proposition 2.6 we know that M is an H-valued local martingale. So by item 3. of Proposition
4.6, M admits both a tensor and an operator-valued quadratic variation; thanks to item 2. of the
same proposition, they coincide once we have identified H&,H with £ (H). Ttem 2. of Proposition
4.6 describes also the relation between the two and gives the evaluations [M, M]?(a* ® b*). Since,
by Lemma 4.17 of [22], the algebraic tensor product H* @ H* is weakly-star dense in (H®, H)* the
evaluation of [M, M]? on j(a* ® b*) characterizes [M, M]¥

3. It follows from Proposition 2.3 and Proposition 2.4.
O

Lemma 4.8. Under the same assumptions of Proposition 4.7 we consider an L£(H)-valued process (Y;)
such that

T
/ Tr (YT@TQUQ(YT(I)TQVQ)*) dr<oo P—as. (26)
0

Denote by J; the element of (H&, H)* corresponding to Y; through the isomorphism described in (7).
Then

t t
/ (H&. H)* <Jr,d[M,M]§>H®”HdT = / Tr [E((I)TQl/Q)(@TQl/2>*:| dr
0 0
Proof. Tt is a consequence of item 3. of Proposition 4.7 and by Lemma 4.9 below. O

Lemma 4.9. Consider L and 7' in the sense of the lines before Proposition 2.3. Let G : [0,T] — L(H),
and ¢ : [0,7] — (H®,H)* such that for every re [0 T] G(r) = ( ) is Lebesgue-Bochner integrable on
[0,7]. We define G : [0,T] — L(H), by fo r)dr and g(t fo r)dr. Let J : [0,T] — L1(H)
and j : [0,T] - H®, H such that for every r E (0,77, J( ) =T}y

If [ [T ()G () 2, (rrydr < o0, then

/0 t (0, )+ 9(1), J(M) e gdr = /O t Tr (G(T)J(r)) dr < co.

Proof. The proof follows first showing the equality for step functions j (resp. J), and then passing to the
limit. O
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5 Notion of y-covariation

5.1 Basic definitions

We introduce now a more general notion of covariation (and quadratic variation) than the ones discussed
before, which are essentially only suitable for semimartingale processes. The basic concepts were introduced
in [15, 17, 14]. The notion of x-quadratic variation and y-covariation is based on the notion of Chi-subspace.
Let B, B1, Bs be separable Banach spaces.

Definition 5.1. A Banach subspace x continuously injected into (B; &, Bs)* will be called Chi-subspace
(of (B1®5Bs)*). In particular it holds

-1 = 1l Bi& o= (27)
Typical examples of Chi-subspaces are the following.

1. Let 11 (resp. v2) be a dense subspace of B} (resp. Bj) then a typical Chi-subspace (of (B1®,B2)*)
is the topological projective tensor product of v, with vs, denoted by v1&,1vs. This is naturally
embedded in (B1®,Bs)* as recalled in Lemma 2.1.

2. In particular, if vy is dense subspace of B*, then y := 1y®,R is a Chi-subspace of (B®,R)*, which
can be naturally identified with B*. By a slight abuse of notations one could say that vy is a
Chi-subspace of B*.

3. Let B is a separable Hilbert space H and A is a generator of a Cp-semigroup on H, see [20] and
[37] Chapter 1 for a complete treatment of the subject. Denote with D(A) and D(A*) respectively
the domains of A and A* endowed with the graph norm, see again [37] Chapter 1 or [20] Chapter
II. Then a typical Chi-subspace of (H&,H)* can be obtained setting x := 1y®,1p and vy = D(A*)
endowed with its the graph norm.

4. If B = C([—,0]), then x could be the space M ([—,0]?) of finite signed measures on [—7,0]2. Other
examples of y-subspaces are given in Section 5.2.

5. It is not difficult to see that a direct sum of Chi-subspaces is a Chi-subspace. This produces further
examples of Chi-subspaces, see Proposition 3.16 of [17].

Let X be a Bj-valued and Y be a Bs-valued process. We suppose X to be continuous. Let x be a
Chi-subspace of (B;®Bs)*. We denote by C([0,T]) space of real continuous processes equipped with the
ucp topology. If £ > 0, we denote by [X, Y]¢ be the application

[X,Y]¢: x — C([0,T7])

defined by

0 € te[0,7]

where J : B1®.By — (Bl®,ng)** is the canonical injection between a Banach space and its bidual
(omitted in the sequel).

Definition 5.2. (X|Y) admits a y-covariation if
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(H1) For all (e,,) | 0 it exists a subsequence (€, ) such that

T H(XTJrenk - XT) ® (YTJrenk - YT) .
sup/ X dr <oo a.s.
k 0 Gnk

(H2) There exists a process, denoted by [X, Y]X : x — C([0,T]) such that

[X,Y](¢) —= [X,Y](¢), Vo€ x.

e—0

—~ —~

(H3) There is a x*-valued bounded variation process [X,Y]x : [0,7] x @ — x*, such that [X,Y]x,(¢) =
X, Y]X(¢)s,Vt € [0,T] a.s. for all ¢ € .

Definition 5.3. If B = B; = By, and X = Y, we say that X has a y-quadratic variation, if (X, X)
admits a y-covariation.

Definition 5.4. When (X,Y) admits a y-covariation, the x*-valued process [X,Y] (which is indeed a
modification of [X,Y]) will be called y-covariation of (X,Y). If X admits a quadratic variation, the

—_ —

x*-valued process [X, X], also denoted by [X], is called quadratic variation of X.

Remark 5.5. 1. [X]x will be the quadratic variation intervening in the second order derivative term
of Ito’s formula stated in Theorem 6.3, which will make formula (22) rigorous.

—_—

2. For every fixed ¢ € y, the real processes (([X,Y]X)(¢),t € [0,7]) and ([X,Y]X(¢)s,t € [0,T]), are
indistinguishable.

3. The x*-valued process m is weakly star continuous, i.e. [X](¢) is continuous for every fixed ¢ € x,
see [17] Remark 3.10 1.

A particular situation arises when y = (B1®,B2)*.

Definition 5.6. e We say that (X,Y) admits a global covariation if it admits a y-covariation with
X = (B1®xB2)*. In this case we will omit the mention x in [X, Y]x and [X, Y]X.

e~

e The modification [X, X], which is a (B®7TB)**—va1ued process is also called global quadratic vari-
ation of X.

Remark 5.7. The following statements are easy to establish, see Remarks 4.8 and 4.10 of [22].

1. If X has zero scalar quadratic variation then X has a zero tensor quadratic variation and X has a
zero global quadratic variation.

2. If X and Y have a scalar quadratic variation and (X,Y) has a tensor covariation, then (X,Y) admit

a global covariation. Moreover [X, Y] = [X, Y]®, where the equality holds in B;®, Bs.

3. If (X,Y) admits a global covariation, then they it admits a y-covariation for every Chi-subspace x.

—_—

Moreover [X, Y]X(¢) = [X, Y]:(¢), for every t € [0,T],¢ € x.

20



Proposition 5.8. Let X' = M’ 4+ V?,4 = 1,2 be two semimartingales with values in B;. Let y any
Chi-subspace of (B;®,B2)*. Then (X!, X?) admits a y-covariation and

e~

[XlaXQ]X(d)) = H®WH<[M17M2]®5 ¢>(H®,,H)*7 V(b € X-

Proof. By item 2. of Remark 4.3, V has a zero scalar quadratic variation. By Proposition 4.6 3. (M, My)
admits a tensor covariation. By item 1. of Remark 4.3 and the by linearity of tensor covariation it follows
that [X1, X2]¢ = [M!,M?]®. Again by point 1. of Remark 4.3, X! and X? have a scalar quadratic variation.
Again by Remark 5.7 2., (X!, X?) admits a global quadratic variation and so the result follows by Remark
5.7 3. s

Indeed the notion of global covariation is closely related to the weak-* convergence in (B@,B)**. If
the probability space €2 were a singleton, i.e. in the deterministic case, if X admits a y-quadratic variation
then

%, %] 5 [X,X),, ¥t € [0,7).
e—

As we mentioned, the notion of weak Dirichlet process admits a generalization to the Banach space
case.

Definition 5.9. Let V, X be two B-valued continuous processes and 1y be a dense subspace of B*. We
set v =19 ® R.

1. V is said (&) — v-martingale orthogonal process if for any real (%#;)-local martingale N we have
[V,N]* =0

2. X is said (%) — v-weak Dirichlet if it is the sum of an a (.%;)-local martingale M and an (%) — v-
martingale orthogonal process.

Remark 5.10. 1. If B =R, then any (.%#;) — v-weak Dirichlet (resp. (.%;) — v-martingale orthogonal)
process is a real (%;)-weak Dirichlet (resp. (.%#:)-martingale orthogonal) process.

2. The notions of Dirichlet, weak Dirichlet, v-weak Dirichlet process depend on an underlying filtration
(%#:). When not necessary it will be omitted. We will speak about Dirichlet (resp. weak Dirichlet,
v-weak Dirichlet process) instead of (%;)-Dirichlet (resp. (% )-weak Dirichlet, (% )-v-weak Dirichlet
process).

Remark 5.11. Let H be a separable Hilbert space and vy be a Banach space continuously embedded in
H*. We set x = vg®x10, v = vg@R. A zero y-quadratic variation process is a v-weak orthogonal process.
This was the object of Proposition 4.29 in [22].

We introduce below the useful notion of 7y-semimartingale.

Definition 5.12. Let (S;,¢t € [0,7]) be an H-valued progressively measurable process and a Banach
space 7 in which H is continuously embedded. S is said 7p-semimartingale (or more precisely 7y — (%;)-
semimartingale) if it is the sum of a local martingale M and a process A which finite variation as 7p-valued
process.

Proposition 5.13. 1. An H-valued 7p-semimartingale is a semimartingale as y-valued process.
2. The decomposition of a Py-semimartingale is unique, if for instance we prescribe that Ag = 0 a.s.

Proof.
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1. Indeed an H-valued martingale is clearly a gp-valued martingale and consequently, by stopping
arguments, an H-valued local martingale is a 7p-semimartingale.

2. It follows by the decomposition of a vp-valued semimartingale.
O

The uniqueness of the decomposition of a vg-semimartingale allows to define an extension of It6 integral,
that will still denoted in the same way.

Definition 5.14. Let H, E be separable Hilbert spaces. Let 7y be a Banach space in which H is con-
tinuously injected and S = M 4+ A be a H-valued which is a Dp-semimartingale. Suppose that (Y;) is a
progressively measurable, such that

T T
A|Wwam@ﬂM$d+A|wwammwmu<m, (28)

where r — [|A(r)| is the total variation function of r — A(r). We denote by fot Y,dSs = fot Y, dM; +
[3 Y dAg, t € [0,T).

Proposition 5.15. Let H be a separable Hilbert space, continuously embedded in a Banach space .
Let S = M+ A be an H-valued process which is a 7p-semimartingale. We set vy = 7. We set x = Vo= 0.
1. A admits a zero y-quadratic variation.

2. [M, AJX = 0.

3. Sis a vy®,R-weak Dirichlet process.
X
4. S has a x-quadratic variation. Moreover [S,S] (¢) = (yg_p)- (&, M, M]®) o 4.
Proof. 1. Observe that, thanks to Lemma 3.18 in [17], it will be enough to show that

T
Ha:1£|m@+QMM®2

€

e—0

yrdr — 0, in probability. (29)

In fact, identifying x* with the space of bounded bilinear functions on vy, i.e. Bi(vg,vp), recalling
that vy = 7, the left-hand side of (29) gives

10 = £ [ s A+ = A0).6) (Al +0) — A0).8)dr

‘d""’oa |w|1f0S1
T
A|mv+a—Ammmn

Since A is an pp-valued bounded variation process, previous quantity converges to zero, by Remark
4.3 2.

IN

2. Tt follows by very close arguments. In particular, an adaptation of Lemma 3.18 of [17] shows that it
will be enough to show that

T
70 =7 [ I8+ = ) @ Mlr +) = 1(r)

e—0

yrdr — 0, in probability. (30)

Then we use the fact that M is a 7p-local martingale and therefore, by item 3. of Proposition 4.6, it
has a scalar quadratic variation, as ry-valued process.
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3. follows by Remark 5.11.

4. Indeed the bilinerarity of the y-covariation and items 1. and 2. imply that [S,S]X = [M, M]X. The
result follows then by Proposition 5.8.
O

Below we will state examples of processes having a y-quadratic variation.

5.2 Window processes

Let B = C([-,0]), for some 7 > 0, X = (X¢,t € [0,T]) be a real process and X = (X;(-),t € [0,7T)),
the corresponding window process, i.e. such that X;(z) = X;y,, 2 € [—7,0]. We start with some basic
examples.

Proposition 5.16. If X has Holder continuous paths with parameter v > % then X (-) has a zero scalar
quadratic variation and therefore a global quadratic variation.

Proof. Tt follows directly from the definition and the Holder path property. O

A typical example of such processes is fractional Brownian motion with Hurst parameter H > % or the
bifractional Brownian motion with parameters H, K and H K > %, see for instance [29, 40]. By Proposition
4.7 [17], the window of a classical Wiener process has no scalar quadratic variation so no global quadratic
variation since condition (H1) cannot be fulfilled. For this reason, it is important to investigate if it has
a x-quadratic variation for a suitable subspace x of (B®,B)*. In the framework of window processes,
typical examples of x are the following.

1. M([-T,0]?) equipped with the total variation norm.
2. L?([-7,0]?).
3. Do = {pldz,dy) = Xdo(dx) @ do(dy)}.

4. Let Dy be the one-dimensional space of measures obtained as multiple of the Dirac measure dg.
The following linear subspace of M([—T,0]?) given by Dy o & L*([-T,0])®Dy & Do L?([-T,0]) &
L?([-T,0]?). This is a Banach space, equipped with a self-explained sum of three norms. By the
lines above Remark 3.5 in [17], that space is the Hilbert tensor product (Do & L2)®i.

5. Diag := {p(dx,dy) = g(x)d,(dx)dy; g € L>([-T,0])}.

6. The direct sum x( of the spaces defined in 4. and 5. is a Chi-subspace. We remind item 5. at the
beginning of Section 5.2.

Remark 5.17. The window Brownian motion W(:) does not have a y -quadratic variation for x =
M([-7,0]?). This follows because the bidual of C([—7,0]?) is isometrically embedded into its bidual,
and the window Brownian motion has no scalar quadratic variation. In particular condition (H1) of the
x-covariation cannot be fulfilled.

In all the other cases a classical Wiener process has a x-quadratic variation. Indeed this also extends

to the case of a generic finite quadratic variation process. The proposition below is the consequence of

Propositions 4.8 and 4.15 of [17] and the fact that the direct sum of Chi-subspaces is a Chi-subspace.
From now on, in this section, for simplicity we set 7 =T
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Proposition 5.18. Let X be a finite quadratic variation process. Then X (+) has a xo-quadratic variation.
Moreover, for u € xg, we have

X (Vo) = /D dpu(,)[X)sadl,

where Dy is the diagonal {(x,y) € [-T,0)%| —t <z =1y < 0}.

In fact a Chi-subspace will plays the role of a suitable subspace of (B&,B)*, in which lives the second
Fréchet derivative of a functional F': B — R is forced to live, in view of expanding F(X) via a Itd type
formula of the type (22).

Example 5.19. Here are some typical particular cases of elementary functionals whose second derivatives
belong to some Chi-spaces mentioned above. The details of the verification are left to the reader.

1. F(n) = f(n(0)) where f : R — R is of class C?. Then D?F(n) € Dy for every n € B.

2 A~
2. F(n) = (fET n(s)ds) . Then, for every n € B, D2F() € (Do & L?)&..

3. F(n) = fET n(s)?ds. In this case D*F(n) € Diag for every n € B.

5.3 Convolution type processes

Let H be a separable Hilbert space. Those processes, taking values in H, are the natural generalization
of Itd type processes. Let A be the generator of a Cy-semigroup on H. Denote again with D(A) and D(A*)
respectively the domains of A and A* endowed with the graph norm.

Let Uy, U be separable Hilbert spaces according to Sections 2.2 and 2.3. Let W be a Q-Wiener
process with values in U where @ € L(U) a positive, injective and self-adjoint operator and define again
Up == Q'?(U) endowed with the scalar product (a,b), = (Q~'/2a,Q7'/?b). Let 0 = (o¢,t € [0,T])
with paths a.s. in Lo(Up; H) and b = (b, t € [0,T]) with paths taking values in H being predictable such
that

T
P [/0 (||at||§2(UmH) + |bt|) dt < oo‘| = 1. (31)

Let g € H.

Definition 5.20. A continuous process of the type

Xy = etz + /
0

is said convolution type process (related to A).

t

t
e(tfr)AordWTnL/ e(tfr)AdeT, (32)
0

et stands of course for the Cy-semigroup associated with A. Clearly if A = 0, the semigroup is the
identity, then a convolution type process is a It6 type process. Natural examples of convolution processes
are given by mild solutions of stochastic PDEs, see for instance [8] Chapter 7 or [25] Chapter 3.1.

Proposition 5.21. Let X be a convolution type process as in (32) and
vo = D(A*) C H*, x = 1p®at0.

The following properties hold.
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1. X admits a decomposition of the type M + V where

t

t
M; = xg +/ o.dW,, V, :/ brdT-i-At, te [O,T],
0 0

where A is a progressively measurable process such that
t
H<At;¢>H* = / H<XT,A*¢>H*dT, V(b S L. (33)
0

2. Let 7y be the dual of D(A*), 7y contains H since D(A*) and H are Hilbert spaces and then reflexive.
Then X is an 7p-semimartingale with decomposition M + V, M being the local martingale part.

3. The process A appearing in 1. admits a y-zero quadratic variation.

4. X admits a y-quadratic variation given

& X = [ I (Lol @)@ ) dr. e (34)

where L, was defined in (8).
Proof. 1. This follows by Theorem 12, [35], see also lemma 5.1 [22].

2. The process A can be considered as a 7p-valued process. From (33), it follows that, for 0 < s <t < T
and ¢ € D(A*), using (33), we have

t
i (Ar— Ay, 6) . =/ ds 1 (X, A*6) .

so the | - |z, norm of Ay — A; is estimated by

0

t t
sup (e~ ) < [ ds swp (6 A0 < [ Pl
pED(A™) s PpED(A™) s
[¢lpax)<1 [¢lpax)<1

Previous inequalities show that A has a total variation as y-valued process which is bounded by
fOT dr|X,|g. Since the Zp-norm is dominated by the H-norm and [ b.dr is an H-valued bounded vari-
ation process, then V is also a bounded variation 7y-valued process. Finally X is a ¥y-semimartingale.

3. follows from item 1. of Proposition 5.15.

4. follows from item 4. of Proposition 5.15 and item 3. of Proposition 4.7.

6 Stochastic calculus

6.1 Banach space valued forward integrals

Let U, H be separable Hilbert spaces and B, E be separable Banach spaces.
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Definition 6.1. Let (Y ¢t € [0,7]) be a strongly measurable process taking values in L£(B, E) and

X = (X¢,t €[0,7]), be a B-valued continuous process and the following. fOT IYrllz(,Eydr < oo. a.s. We
suppose the following.

o lim._ [} Y,

Xr«#a*
g

£ dr exists in probability for any ¢ € [0, T].

e Previous limit random function admits a continuous version.

In this case, we say that the forward integral of Y with respect to X, denoted by fo Yd~X exists.

Remark 6.2. 1. If £ = R than we often denote [, Y,dX, = [; p-(Y,,dX,)s.

2.

6.2

If X =V is a continuous bounded variation process, and Y is an a.s. bounded strongly measurable
process having at most countable number jumps (as for instance cadlag or caglad), then fo Y,d~ X,

exists and it equals the Bochner-Lebesgue integral fo Y,.dX,..
If X is a.s. is absolutely continuous with derivative r — X, then, whenever fOT ||YT||L(37E)|XT|Bdr <
o0 a.s. fo Y, d~ X, exists and it equals the same Bochner integral as before.

In both cases, the proof is similar to the case when the processes are real-valued, see e.g. Proposition
1.1 in [42] making use of stochastic Fubini’s theorem, i.e. Theorem 4.18 of [§].

Suppose that B = H and E = U. Let X = M be an (%#;)-local martingale and Y be a predictable
process such that fOT Y2 H)d[M]IEaCl < oo a.s. Then fot Y, d~ M, exists and it equals the Ito6 type

integral fot Y, dM,., see Theorem 3.6 in [22].

Suppose that M = W is a -Wiener process with values in a separable Hilbert space H and Y
is a predictable process such that fOT Tr((Y,Q2)(Y,Qz)*dr < oo a.s. Then the forward integral
fot Y,d~W,,t € [0, T] exists and it equals the It6 integral fot Y, dW.,.,t € [0,T], see Theorem 3.4 in
[22].

A consequence of the previous two items is the following. If X = M+V is an H-valued semimartingale,
and Y is a cadlag predictable process, then fot Yd~=X,t € [0,T], exists and it is the sum fot YdM +
J; Yav.

Ito formulae

We can now state the following Banach space valued Ité’s formula, see Theorem 5.2 of [17].

Theorem 6.3. Let B a separable Banach space, y be a Chi-subspace of (B&,B)* and let X a B-valued
continuous process admitting a y-quadratic variation. Let F': [0,T] x B — R be C1? Fréchet such that

D?*F :[0,T] x B— x C (B&,B)* continuously.

Then for every t € [0, 7] the forward integral

/ o (DF(s.X.).d X0 (35)

exists and the following formula holds.

(X)) = F(0,X0) + / 0, F(r, X, )dr + / - (DF (X, ), 47X, 5+ 2 / ' (DPF(r X,), ],y (36)
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The assumption that the second derivatives to lives in a suitable x-space can be relaxed in some
situations, see for instance Proposition 6.4.

Proposition 6.4. Let H be a separable Hilbert space. Let 1y be a dense subset of H*. We set x = 1®x1p.
Let X be a y-finite quadratic variation H-valued process. Let F': [0,T] x H — R of class C*? such that
(t,z) — DF(t,x) is continuous from [0,7] x H to vy. Suppose moreover the following assumptions.

(i) There exists a (cadlag) bounded variation process C': [0,7] x Q — H®,H such that, for all ¢ in
[0,7] and ¢ € X,

16, 1(Ce(), O e, m- = K XF(O)()  as.

(ii) For every continuous function I': [0,7] x H — vq the integral

/0 (00 X0), dX,) (37)

exists. Then

FX) = F(0.X)+ /tH* (0. F(rX,), d°X,)
0
(38)

1t t
* 5/0 (H&, H)* <D2F(T’XT)’dCT>H®,,H+/O OpF(r, X, )dr.

Proof. In Theorem 5.4 of [22], the result is formulated for the particular case vy = D(A*) where A is the
generator of a Cy-semigroup; the arguments to extend the result to the case of a generic v are the same.

O

Remark 6.5. Clearly

e~

(t,w) = (¢ = = (Cr(w), d)y) = [X, XXy (w),
are indistinguishable processes with values in y*, if we identify x* as a space which contains the bidual of
H&, and therefore H®, itself.

A consequence of previous proposition is a natural It6 formula for convolution type processes.

Proposition 6.6. Let X be a convolution type process as in Definition 5.20 with o and b verifying (31).
Assume that F € C%2([0,7] x H) with DF € C([0,7] x H, D(A*)). Then, for every t € [0,7],

t
F(t,Xt):F(O,XO)+/ OpF(r,X,.)dr
0
t t
+/ (DF(r,XT),bT)dr—i—/ (DF(r,X;),0,dW%)
0 0

+/Ot (A*DF(T,XT),XT>dr+%/OtTr[(UTQl/Q) (arQl/Q)*DQF(r,XT) dr, P—as. (39)

where for (r,n) € [0,T] x H, again we associate D?F(r,n), which is in principle an element of Bi(H, H),
with a map in £(H), as in (8).
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Proof. It is a consequence of Proposition 6.4 using Proposition 5.21 as follow. Let y = 1vy®,vy with
vy = D(A*)

Indeed, thanks item 4. of Proposition 5.21, X admits a y-quadratic variation. Consider the decompo-
sition M+ V defined in item 1. of Proposition 5.21. We first check that hypothesis (ii) of Proposition 6.4
is satisfied. fg(F(r, X,),d"M.,.) (resp. fg(F(r, X;),d™ [, brdr)) exists and it equals the Ito type integral

/0 (00, X,), M) (40)
(resp.
/O (D(r, X,), by)dr). (41)

This happens because of items 2. and 3. of Remark 6.2. Consequently fot (T'(r,X,),d"X,) exists if

/t <F(r, X, d_AT> , t €0,T], (42)

exists and it equals the sum of (40), (41) and (42). We recall that A was defined in Proposition 5.21.
So let us show that (42) exists. For every t € [0, 7], using (33), we evaluate limit of its e-approximation,
using item 1. of Proposition 5.21.

1 t 1 t r+e
- / (T(r, X)), Apge — Ay dr = — / / Xy, A T(r, X)) dudr
0 €Jo Jr

€
t

1 t u .

The validity of Hypothesis (i) comes out setting C; = fOt(O'TQ%)(O'TQ%)*dT. It holds because X is a 7y-
semimartingale, taking into account Proposition 5.15 4. and item 1. of Proposition 4.7. Expression (39)
results now from (38). The first integral of the right-hand side of (38) gives the second, third and fourth
integrals of (39). In particular the second and the third ones are obtained differentiating M and fo b,dr,
using Remark 6.2 2., 3. and Proposition 2.6. The fourth integral comes from (43) choosing I' = DF.
Finally the last integral in (39) comes from the third addendum of (38), taking into account (34) and
Lemma 4.9 with j = C and ¢(r) = D*F(r,X,.). O

The theorem below operates as a substitute of a non-smooth It6 formula. It is a stability of v-weak
Dirichlet processes, which was the object of Theorem 4.2 of [22].

Theorem 6.7. Let H be a separable Hilbert space. Let vy be a dense subset of H*. We set v = 1y @R and
X = 1®x1p. Let F € C%1([0,T] x H) such that DF is continuous from [0, 7] x H to vp. Let X = M+ V
be a (%) — v-weak Dirichlet process and we suppose that X has a y-quadratic variation.

Then (F(t,X,;)) is a real (#;)-weak Dirichlet process with martingale part M where

t
MF = F(0,Xo) +/ (DF(r,X,),dM,) .
0
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7 Calculus with respect to window processes

Let X be a real (continuous) process such that [X]; = 1(¢) with ¢(t) = 0%t, 0 > 0. Let B = C([-T,0]).
Let u: [0,7] x B — R) of class C%'([0, T[xB. For t € [0,T[,n € B, we set

In this section, for ¢ € [0, 7], we will also denote

Dy = {(z,y) € [-t,0*|z = y} . (44)

7.1 The case of vanilla random variables

A window diffusion X is naturally related to an infinite dimensional Kolmogorov type equation. But in
fact this link remains valid when the diffusion is a non-semimartingale with the same quadratic variation.
Let us concentrate on the case of a (non-necessarily semimartingale) process X such that [X]; = 0%t t €
[0,T1], for o > 0.

In order to motivate the discussion, we start with the simple representation a r.v. of the type h = f(X7r)
where f : R — R is continuous with polynomial growth. We suppose the existence of v € C12([0, T[xR) N
C°([0,T] x R) such that

{ ou(t,x) + %Qagzv(t, x)=0
o(T,z) = f(z).
Then .
hi= F(X7) = (0, Xo) +/ Duv(s, X, )d~ X,
0

where previous integral is an improper forward integral. That result appeared in [47], [52]. The proof
can be easily formulated through Proposition 3.7. Later on, generalizations were performed in the case of
Asiatic options and other classes in [7, 1] and [6], which also considers r.v. of the type h = f(X3,,..., Xty ),
forO=ty<...<ty=T.

The natural question concerns the validity of a similar formula when A is path dependent.

Previous toy model can be revisited using infinite dimensional calculus via regularization.

Proposition 7.1. We set again B = C([—T,0]) and n € B and we define G : B — R, by G(7) := f(1(0))
and u : [0,T] x B — R, by u(t,n) := v(t,7(0)). Then u € C*2([0,T[xB;R) N C°([0,T] x B;R) and it
solves

{ duu(t,n) + G (D*u(t,n), 1p,) =0, (tn) € [0,T|x B, (45)
U(Tv 77) - G(T}), n e B.

Proof. The final condition is obviously verified since w(7T,n) = v(T,7(0)) = f(n(0
Moreover u is obviously of class C12([0, T[x B)NCY([0, T]x B) and d;u (t,n) = dyv (
(¢

dxv (t,1(0)) do and D?u (t,n) = 92 v (t,n(0)) do ® . Finally dyu (t,n) + & 2 D2y

)) = G(n) for all n € B.
t,n(0)); also Du (t,n) =

s N )(Dt _0 D

Suppose that u : [0,7] x B — R is of class C%!([0,T[xB). A quantity which will play a role in the
sequel is the deterministic forward integral f] D Tu(t,n)d n(z), see Section 3.2.

Suppose that for a given (t,n), D, u(t,n) is absolutely continuous, we denote by x — D2°u(t,n) the
corresponding derivative. If moreover x +— D3“u(t,n) has bounded variation, then previous deterministic
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integral exists and,
/] | Dt () = n(O) DL (e m)((0)) ~ /] | D),
—t, —t,

because of Remark 3.11 2.
In the toy model mentioned above, that integral is clearly zero since D" is identically zero.

7.2 It6 formulae for window processes

The Ito formula stated in Theorem 6.3 can be particularized for the case when X = X (-) is a window
process (with 7 = T), associated with a finite quadratic variation process X. We recall that X admits
a Yo-quadratic variation, where yq is the Chi-space of signed measures on [T, 0]? introduced in item 6.
before Proposition 5.18. In particular Theorem 6.3 applies, so that integral (35) exists and it it decomposes
in the sum

t t
/ D% F(r,X,)d” X, +/ p (D F(r,X,),d"X,)p, (46)

0 0
where D% F and D F were defined at the beginning of Section 7, provided that at least one of the two

addends exist.

Remark 7.2. 1. The second term is the limit in probability of the expression

t 0
Xr T *Xr T
/ dr | Dj F(r,X,)2ete  2rve (47)
0 &

-r
when € goes to zero.

2. If X is a semimartingale, then the first integral is the Ito integral f: D% F(r,X,)dX,. Consequently
the second one is forced to exist.

3. If X is not necessarily a semimartingale, sufficient conditions for its existence can be provided.
Suppose that the deterministic quadratic variation of almost all path of X exists. In particular [X]
exists as an increasing real process. In this case a sufficient condition for the existence of the second
integral in (46), is the realization of following Condition related to F'. We recall that the space V5 4,
for a fixed increasing continuous function ¢ : [0,7] — R such that ¢ (0) = 0, was defined at Section
3.2. B denotes here C([—T,0]).

Definition 7.3. A continuous function u : [0,7] x B — R of class C%1([0, T[x B) is said to fulfill
Condition (C) (related to 1) if the following holds.

(a) For each t € [0,T],n € Va4, the deterministic integral

/ Diut, n)d n(z) (48)
|—t,0]
exists.
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(b) For any € > 0,t € [0,T],n € B, we denote

e = [ Drutt n)wd:& (49)

We suppose the existence of J : [0,T] x V5, — Ry such that [I(¢,n,¢)| < J(t,n),Vn € Vo, and
such that for each compact K of B included in V3 4, fOT SUPy e i J(s,m)ds < 0.

As far as last point is concerned we remark that relatively compact subsets of B are very tiny.

Sufficient conditions for the validity of Condition (C) will be given below. Clearly this condition
implies the existence of the second integral of (46). In fact the set {Xs(-),s € [-T,0]} is compact in
B and included in V5 . If Condition (C) is verified then

(s, Xs(-),€)| < sup J(s,n),
nekK

where K = K(w) = {X;(-),s € [-T,0]}. The result follows by Lebesgue dominated convergence
theorem.

A sufficient condition for the realization of Condition (C) is given below. This will be a consequence of
integration by parts and Ito6 chain rule (18) in Proposition 3.6, expressed in the context of deterministic
calculus via regularization.

Lemma 7.4. Suppose the existence of continuous maps F; : [0, 7] x Bx [-T,0] = R, G; : [0,T] x [T, 0] x
R — R, 1 < i < N, such that D7, u(t,n) is absolutely continuous and Dz, u(t,n) = D%u(t,n)dr =
Zi]\il Fi(t,n,z)G;(t,z,n(x))dz, with the following properties for any subset K of V5, such that

sup ||n]]2,» < oo and it is a compact subset of B. (50)
neK

For every 1 < ¢ < N, for any such K, we suppose the following.
e For any (¢,7) € [0,T] x Va,y, Fi(t,n,-) has bounded variation.
o (t,m) — [|Fi(t,n,")||var is bounded on [0,7] x K.
o G; € C%Y([0,T] x [-T,0] x R).

Then w fulfills Condition (C) with respect to 1.

Proof. By additivity we can reduce to the case N =1 and we set F' = F}, G = GG;. Let K be a subset of
Va, such that (50) is fulfilled.

Let F : [0,T] % Va4 x [=T,0] — R be measurable such that for every ¢ and n we suppose that © — F(t,n,x)
has bounded variation and (¢, 1) — || F;(t,7, ) |lvar is bounded on [0, T] x K. Let G : [0, T]x [-T,0] xR — R
of class C*11([0, 7] x [~T.,0] x R). Let 1 € Vo, and set G :[0,T] x [-T,0] x R — R the primitive defined

by G(t,z,y) fo (t,x,7)dy. By formula (18) in Proposition 3.6 and Remark 3.11 3., we obtain

[ FenaGean@)d i@ = [ Fenad @) -5 [ Ftn00,wGte ) di)
1-1,0] 1-1,0] 1-1,0]

- / F(t,m,2)9,C(t, 2, n(x))d,
J—t,0]
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provided that the first integral after the equality symbol is well-defined. By Remark 3.11 2., that integral
equals

F(t’nao_)é(taoan(o)) _/] 10] F(tanad‘r)é(t’xan(x));

consequently item (a) of Condition (C) is fulfilled.
In the sequel of the proof, for n € B, we denote by Ry (t,7n,¢) a quantity such that for every 0 < & < 1,
SUPse (0,7, ne i | B(E, 1, €)| < O(T, K), where C(T, K) only depend on 7' and K. We denote

= | )

which is clearly a compact subset of R. We need to control the quantity

/ ’ Flt,n, )Gt 3, () 1EEE) =0@) ) (52)

—t e

We set again G(t, x,y) = foy G(t,z,g)dy fort € [0,T] and z € [-T,0],y € R, so that %(t,x,y) =G(t, z,y).
By Taylor expansion (52) equals

Il(tana E) - IQ(ta naE) - I3(ta naE) + RK(ta naE)a

where

0
hitne)i= [ TP (Gt ente ) - Cltan(a).

—t

0 ~
h(tn.e)i= [ SR G ()

0 1 ~
h(t..9)i=5 [ T Ptna) [ daGE e +asn@) + alia +e) = a(a) (na + €) = n(a)”.

I (t,n,€) equals

0
[ d (F(t,n,z) — F(t,n,z —¢)) G(t,z,n(z)) + R (t,n,€)

t E
t ’d y+€
:/ £(t,n, dy) / Gt (@) + Ric(tn,2). (53)
[—t,0] y

Consequently, for 0 < € < 1 we have

[Ltne) < swp |Gtay)  sup  [|F(t10,)oar + sup [Ri(t,n,e)| = Cu;

z€[—T,0] nekK,te[0,T) nekK
yeKo 0<e<1
te[0,7) te[0,T]

I5(t,m,€) can be handled in similar (but easier) way to I;. There is a constant C such that

sup |Iz(t,n,e)| < Cs.
z€[—T,0]
neK
te[0,T
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Concerning I3(t,n,¢), for 0 < & < 1, we have

oG
el s sw (82w s (el (sl )
z€[-T,0] | 9Y z€[—T,0] nekK
yeKo nekK
t€[0,T]
which is bounded because of (50). Finally item (b) of condition (C) is also fulfilled. O

7.3 An infinite dimensional PDE

In this subsection again B will stand for C'([-T,0]). We are interested here in a class of functionals
G : B — R such that the r.v. h:= G(Xr(-)) admits a representation

T
h:%+/§JX& (54)
0

where G is a real number and ¢ is adapted with respect to the canonical filtration (%) of X. If X is a
classical Wiener process, and h belongs to some suitable Malliavin type Sobolev space, then Gy = E(h)
and Clark-Ocone formula says that ¢ in (54) is given by & = E(D}"h|.%;),t € [0,T].

In this section we want to show that the replication of a random variable h = G(X(+)), is robust with
respect to the quadratic variation of X, for a large class of G; the fact that the underlying process is
distributed according to Wiener measure is not so relevant. We are indeed interested in a representation
(54), which formulates Gy and £ through two functionals of X, which do not depend on the specific model
of X such that [X]; = o?t,t € [0,T].

The methodology for expressing a Clark-Ocone type formula for finite quadratic variation processes
consists in two steps.

1. We need to choose a functional w : [0,7] x B — R which solves the infinite dimensional PDE (56)
with final condition G.

2. Using an Itd type formula we establish a representation form (54).

The proposition below represents the second step of the procedure.
Below ¢ will stand for v (t) = 0°t, for some o > 0.

Proposition 7.5. Let X a process such that a.s. the limit [X, X] in Definition 3.3 holds a.s. and gives 1.
Let u: [0,7] x B — R be a function of class C1? ([0, T[xB) N C° ([0,T] x B). For (t,n) € [0,T] x B, we
decompose Du(t,n) = D%wu(t,n)do + D u(t,n). We symbolize again through the Chi-space xq of signed
measures M([—T',0]?) defined in item 6. in Section 5.2. We suppose the following.

1. w fulfills Condition (C) and we denote

K@) = [ Dhult @), @) € 0.7)x Vo, (55

2. For all t € [0,T],n € Va,y, D*u(t,n) € xo and the map (¢,n) — D?u(t,n) is continuous with respect
to the topologies of [0,T] x B and xo.
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3. u solves the solving the infinite dimensional PDE
pu(t,n) + I(w)(t,m) + 5 (D?u(t,n) , 1p,) =0, (t,n) € [0,T] x Vay,

u(T, ) =G.

Then representation (54) holds with G = u(0, Xo(+)) and & = D%u(s, X,(-)).

Remark 7.6. The condition on X implies that X is a finite quadratic variation process and [X], =

0?t.This is a little bit stronger but it is fulfilled in almost the known models where [X] = 1. A typical X

with this a.s. property is the sum of a Wiener process and a Holder process V' with respect to an index
1

Proof. The proof the proposition is a consequence of Theorem 6.3 and of the considerations following the
statement of Condition (C). In particular we remark that for all ¢ € [0, 7], a.s. we have

I(u)(t, X.())) = /0 B+ (DTF(r,X,),d"X,) 5. (57)

O

Coming back to the two steps mentioned at the beginning of Section 7.3, Theorem 9.41 and Theorem
9.53 of [15] give some sufficient conditions to solve (56). This constitutes step 1. This can be done for
instance in the two following cases.

1. G has a smooth Fréchet dependence on L?([—T,0]).

2. hi=G(Xr()) = f (fOT p1(s)d=X,, ..., [T %(s)dfxs),

e f:R"™ — R continuous with linear growth
e v, € C*([0,T];R),1 <i < N.

Remark 7.7. Suppose that X = W. There are cases where the methodology developed here is operational
and the classical Clark-Ocone formula does not apply. For instance in some cases h may be allowed even
not to belong to L'(2) and a fortiori h ¢ D2 or h ¢ L?(2), see for instance Proposition 9.55 in [15].

Remark 7.8. 1. Remark that our representation theorems also holds when o = 0.

2. In a work in preparation, the authors extend the present theory to the case when X is replaced with
the window of a generic diffusion process.

3. The present approach was developed at the same time and independently than functional 1t6’s
calculus of B. Dupire, R. Cont, D. Fournié, see e.g. [19, 5].
8 Applications to study of Kolmogorov equations
In this section we illustrate how to use the tools of stochastic calculus via regularization in the study of

solutions of forward Kolmogorov equations (i.e. Fokker-Planck equations) related to an evolution problem
in infinite dimensions, for instance a stochastic PDE. Kolmogorov equations in infinite dimension constitute
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a classical field of study, they appear for example in quantum field theory and in stochastic reaction-
diffusion. We do not have here the ambition of summarizing the existing literature but only to describe
how the development of the theory we have described in previous sections can help to treat some cases
that are not covered by the existing literature.

We are interested in studying a class of Kolmogorov equation associated to an evolution equation
of the form (3) using the strong solution approach. In other words we will define the solution of the
Kolmogorov equation using approximating sequences, see Definition 8.7. The main results of the section
are the following:

(i) We provide, first of all, in Theorem 8.8, a probabilistic representation of strong solutions (¢,7) —
v(t,n) of the Kolmogorov equation decomposing it into two stochastic terms: the evaluation of the
initial datum of the Kolmogorov equation along the trajectory of a reversed evolution equation and
a stochastic integral term depending on the first derivative of v.

(ii) In Proposition 8.9 we show that a strong solution of the Kolmogorov equation is also a mild solution.
The definition of mild solution will be recalled in (64). As a corollary we get the uniqueness of the
strong solution.

With respect to similar contributions in this sense (see e.g. [4, 26, 10]) we are able to prove the uniqueness
of the strong solution in cases in which the stochastic evolution equation connected to the Kolmogorov
equation is not homogeneous and in which the regularity of the solution (¢,7n) — v(t,n) is only requested
to be C%! with Duv(t,n) € C([0,T] x H; D(A*)), where A is the generator of the Cy-semigroup appearing
in the infinite dimensional stochastic evolution equation, see e.g. (3), related to the Kolmogorov equation.
More details about comparison with existing results are given in Example 8.10 and Remark 8.11.

8.1 The setting

Let H be a separable Hilbert space and A be the generator of a Cy-semigroup on H, see Section 5.3.
We denote again with D(A) and D(A*) respectively the domains of A and A* endowed with the graph
norm. Let fix again 7" > 0.

Let us again consider (€, F,P) a complete probability space and (%), a filtration on it satisfying the
usual conditions. Assume that U, Uy are separable Hilbert spaces, @ € L(U) is a positive, injective and self-
adjoint operator as in Section 2.2 or 5.3 and define Uy := Q'/2(U). Let again W@ = {W? : 0 <t < 400}
be an U-valued (% )-Q-Wiener process, with ng =0, P a.s.

We consider two functions b and o as follows.

Hypothesis 8.1. b: [0,7] x H — H is a continuous function and satisfies, for some C' > 0,

[b(t,n) —b(t,v)| < Cln =1,
[b(t,m)| < C(1+ [nl),

for all n,y € H,t € [0,T]. 0: [0,T] x H — L3(Up; H) is continuous and, for some C' > 0,

lo(t,n) = ot y)ll.co oy < Cln =71,
llo ()l 2o oy < C(L+[nl),

for all m,v € H, s € [0,T].
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Remark 8.2. Observe that, thanks to the definition of norm on Uy, the hypothesis ||o(t,1)| 2, wo;m) <
C(1+ |n|) implies

lo(t, QY| cowimy < CAL+1nl), (t,n) € [0,T] x H

and then

[(ot.m@ ) (oem@?) || <2+, ) € 10,71 x H,

L1(H)

For n € H, we consider the equation

{ dX, = (AXy + b(t,Xy)) dt + o(t, X, )dWE, (58)

XQZU.

The solution of (58) is understood in the mild sense, so an H-valued predictable continuous process X
is said to be a mild solution of (58) if

T
P </O (|Xr| + |b(7“, Xr)l + HU(Ta XT)”%Q(UO;H))dT < +OO> =1
and
t t
X = etAn—i—/ et Ap(r, Xr)dr—i—/ A6 (r, X,.)dWE (59)
0 0
P-a.s. for every t € [0,T],

Thanks to Hypothesis 8.1, standard results about stochastic infinite dimensional evolution equation,
see e.g. Theorem 3.3 of [25], ensure that there exists a unique solution X of (58), which admits a continuous
modification. So for us, the solution X can always be considered as a continuous process.

8.2 The Kolmogorov equation

Let g: H — R be a continuous and bounded function. We introduce now the following non-homogeneous
Kolmogorov equation.

{ —0w + (A*Dv,n) + %TT [J(t,n)o* (t, U)D2’U} + (Duv,b(t,n)) =0 (t,n) €10,T] x H, (60)

v(0,m) = g(n), neH.

In the above equation, given (t,n) € [0,T] x H, given v : [0,T] x H x H, Du(t,n) (resp. D?v(t,n)) is the
Fréchet (resp. second Fréchet) derivative of v w.r.t. to the second variable 7; it is identified with elements
of H (resp. with a symmetric bounded operator on H, taking into account the identification (8)). v is
the derivative w.r.t. the time variable.

We recall that the spaces C([0,T]x H),C(H),C([0,T] x H; D(A*)) are Fréchet type spaces if equipped
with the topology defined by the seminorms (4). We denote with %, the operator on C'([0,T] x H) defined
as

{ D(%) = {p € CY([0,T] x H) : Dy € C([0,T] x H; D(A*))} =

Zo()(t,m) == —0pp(t,n) + (A*Dp(t,n),n) + 2Tr [o(t,n)o* (t,n) D*p(t,n)] .
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Using this notation, (60) can be rewritten as

{ Zo(v(t,-)) + (Dv,b(t,n)) =0,  (t,n) €[0,T] x H,
v(0,n) =g(n) neH.

8.3 Mild, strict and strong solutions

We recall here three different definitions of solution of the Kolmogorov equation, see e.g. [10] for more
details. Assume that Hypothesis 8.1 is verified. Fix s € (0,7]. By the same arguments as those at the
end of Section 8.1, the equation below has a unique mild solution Y* on [0, s]:

{ dYS = (AY, 4 b(s — t,Y$)) dt + o(s — £, Y5)dWS, ¢ €0, s], (63)
Y§ =n.

We will be in fact mainly interested in its value at point s.

Definition 8.3. [Mild solution of the Kolmogorov equation]|.
We call mild solution of the Kolmogorov equation (60) the function

Vi) = E[a(v)| (64)

where Y* is the solution of (63).

Remark 8.4. Whenever b and o does not depend explicitly on time we have Y¢ = X;, where X is the
solution of (58), so the definition given above reduces to the mild solution given in [10] Section 6.5 page
122. In this case the mild solution can be expressed in terms of the transition semigroup (Pt > 0)
corresponding to (58). More precisely one has V(t,n) := Pi(g)(n), where, for any ¢ €]0,T], and for any
bounded, measurable function ¢: H — R, P; is characterized as

(P #)(n) = E[p(X4)]. (65)

We recall, in a slightly more general situation, the notion of strict and strong solutions. Let consider
h e C([0,T) x H), g € C(H) and the Cauchy problem

{ (Lo(v) +h)(t,n) =0,  (t,n) €[0,T]x H, (66)
v(0,n) =g(n), neH.
Moreover, for any s € (0,T], we consider the following Kolmogorov equation with final datum:
dyu(t,n) + (A*Du(t,n),z) + 5Tr [o(t,z)0* (t,2) D?u] + h(t,n) = 0, (t,n) €10,s) x H,
(67)
u(s,n) = g(n), neH.
Introducing the new notation
{ D(Zy) = {(p € CY2([0,s] x H) : Dy € C([0,s] x H;D(A*))} , (68)
68
L5 (9)(t,n) = up(t, ) + (A*Dp(t,m),m) + 5Tr [o(t,n)o*(t,n) D>(t,n)] ,
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the equation (67) can be rewritten as

{ (L5 (w) +h)(t,n) =0,  (t,n) €[0,s[xH,
u(san):g(n)a neH.

Remark 8.5. Observe that the sign in front of d; are opposite in (60) and (67).

Definition 8.6. [Strict solution of the Kolmogorov equation)].

Consider h € C([0,T] x H) and g € C(H). We say that v € C12([0,T] x H) (resp. u € C([0,s] x H))
is a strict solution of (66) (resp. of (69)) if v € D(.%) (resp. if u € D(Z§)) and (66) (resp. (69)) is
satisfied.

Definition 8.7 (Strong solution of the Kolmogorov equation). .

Let h € C([0,7] x H) and g € C(H). We say that v € C%*([0,T] x H) with Dv € C([0,T] x H; D(A*))
(resp. u € C%'([0,s] x H) with Du € C([0,s] x H; D(A*))) is a strong solution of (66) (resp. of
(69)) if there exist three sequences {v,} C D(%) (vesp. {un} C D(Z5)), {hn} C C([0,T] x H) (resp.
C(]0,s] x H)) and {g,} € C(H) fulfilling the following.

(i) For any n € N, v, (resp. uy) is a strict solution of the problem

{ fO(”n)(tan)) + hn(tan) =0, (t,n) c [O,T] X H,
vn(0,n) = gn(n)  meH.

(L5 (un) + hy)(t,m) =0, (t,n) € [0, s[xH,
resp. of
e { un(s,m) = gn(n),  n€ M. ) (71)

(ii) The following convergences hold:

v, = v in C([0,T] x H), u, = u in C([0,s] x H),
hn, = h in C([0,T] x H), resp.  h, = h in C([0,s] x H),
gn — g in C(H), gn — g in C(H).

8.4 Decomposition for strong solutions of the Kolmogorov equation

Theorem 8.8. Consider g € C(H). Assume that Hypothesis 8.1 is satisfied. Suppose that v €
C%1([0,T] x H) with Dv € C(H; D(A*)) is a strong solution of (66). Then, given s € (0,7] and n € H,
we have

v(s,n) = g(Y3) — /OS <Dv(s - Y;),0(s —, Yf_)de> , (72)

where Y* is the solution of (63).
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Proof. We denote by v, the sequence of smooth solutions of the approximating problems prescribed by
Definition 8.7, which converges to v. We fix s > 0 and we observe that ¢ — u(¢,n) := v(s—t,n) is a strong

solution of
{ dvu+ (A*Du,n) + 3Tr [o(s — t,m)0™ (s — t,n)D*u] + (Du,b(s — t,n)) = 0, 73)
u(s,n) = g(n),

in the sense of Definition 8.7 (in the case of (71)) if we use, as a approximating sequence, u,(t,n) =
vn(s — t,n). Thanks to Proposition 6.6, every u,, verifies, for ¢ € [0, s],

t
Un(t,Y5) = un(0,17) + / Byun (r, Y2 dr
0

t t
4 / (A* Dun(r, Y2), Y2) dr + / (Dun(r, Y2), b(s — 7, Y2)) dr
0 0

1

+ 3 /t Tr [(0‘(8 -, Yi)Ql/Q) (a(s -7, Yf)Q1/2)* D2un(s -7, Yj)} dr
0

t
+ / (Dun(r,Y3),0(s —r, Yﬁ)de?> . P—a.s. (74)
0
Since w,, is a strict solution of (73) the expression above gives, for ¢ € [0, s,
t
Un(tan) = Un(()ﬂ?) + / (Dun(r, Yi),a(s - Yas")dWT> . (75)
0

Define, for ¢ € [0, s],
M = un(t,Y7) — un(0,n). (76)

(M™)pen is a sequence of real local martingales (vanishing at zero). Since, thanks to Theorem 7.4 of [8]
one has

E sup (1 + |Y§|N) <400 for any N >1,
te0,s]

M™ converges ucp, thanks to the definition of strong solution, to
My = u(t,Y;) — u(0,n). (77)

Since the space of real continuous local martingales equipped with the ucp topology is closed (see e.g.
Proposition 4.4 of [28]) then M is a continuous local martingale.

Now set vy = D(A*), x = 1y®@xvp and we show how the theory developed in the previous sections can
help us here. Proposition 5.21 2. ensures that Y?® is a p-semimartingale with 7y being the dual of D(A*).
By Proposition 5.15 3., it is a 19®,R-weak Dirichlet process with decomposition M + A where M is the
local martingale defined by M; = n+ f(f o(s—r,Y3)dWY? and A is a vp@, R-martingale-orthogonal process.
Moreover X has a finite y-quadratic variation by Proposition 5.21 item 4.

Theorem 6.7 and Proposition 2.6 (ii) ensures that the process u(-, Y?) is a real weak Dirichlet process
whose local martingale part being equal to

Ny =u(0,m) + /0 (Du(r,X,),0(s — r,Y2)dW2) . (78)
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Observe that 13 is satisfied thanks to 8.2 and the continuity of Dv, X and Y*.
By item 1. of Proposition 3.10 the decomposition of a real weak Dirichlet process is unique so, identi-
fying (77) with (78), for any ¢ € [0, s], we get

u(t,Y7) = u(0,n) + /Ot <Du(r, Y?),o(s =, Yi)dW9> ) (79)
Since v(s,n) = u(0,n), for any ¢ € [0, s], by (79) it yields

v(s,n) =u(0,n) = u(t,Y;) — /Ot <Du(r, Y;),0(s —r, Yf)dW9> ) (80)
In particular, for ¢t = s, since u(s,-) = g by (73), it follows

o) = w0 =g(v) - [ " (Du(r. Y2, 0(s — v, Y3)AWE)

g(Y3) — / <Dv(s - YY), 0(s —r, Yi)dW?> ,
0

which concludes the proof. O
We are now able to establish uniqueness of the solution of the Kolmogorov equation.

Proposition 8.9. Assume that Hypotheses 8.1 are satisfied and that g is a continuous function from H
to R. Let v € C%1([0,T] x H) with Dv € C(H; D(A*)) be a strong solution of (60). Let v such that Dv
has most polynomial growth in the 1 variable. Then the following holds.

(i) The expectation appearing in (64) makes sense and it is finite; consequently the function V' is well-
defined.

(ii) v="V on [0,T] x H.

Proof. Thanks to Theorem 8.8, we can write, for any s € (0,77,
oo+ [ (Dol = r ¥, a(s = n Y2)aWR) = g(¥2) (81)
0

Observe that, by Theorem 7.4 in [8], all the momenta of sup, (¢ [Y7| are finite. On the other hand Dv
has polynomial growth, then, recalling Remark 8.2, for ¢ € [0, s],

E/Ot <Dv(s -, Y, (O’(S -, Yﬁ)le) (O’(S -, Yﬁ)Q1/2)* Du(s —r, Yﬁ)> dr

is less or equal to, for all ¢ € [0, s],
¢
E/ C(1+|Y:|N)dr
0

for some constants C' and N and then, thanks again to Theorem 7.4 of [8] is finite.
Consequently, by Proposition 2.6 (i)

¢
tv—>/ <Dv(s—7’,31(;?’),0(577",§{'§)d\7§77(’i2>7 te€l0,s],
0
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is a true martingale vanishing at 0. Consequently, for any ¢ € [0, s], its expectation is zero. In the left-hand
side of (81) we have a deterministic value and a random variable with zero-expectation, so the expectation
of the right-hand side is well-defined and equals v(s,n). In particular we have

vlsv) = E|g(12)]
which concludes the proof. O

Example 8.10. Whenever b and ¢ do not depend directly on the time and then the Kolmogorov equation
is homogeneous, if X is the solution of (58) and Y* the solution of (63) we have

X=Y* on [0, s],

for any s €]0,T]. So in particular v(s,n) = V(s,n) = Ps(g)(n) where (P;) is the transition semigroup
associated to (58). In this case Proposition 8.9 gives a result similar to that of Theorem 7.6.2 Chapter
7 of [10]. In that case the authors do not use a strong solution approach. The two results have different
hypotheses; in fact the one contained in [10] requires that v is in twice differentiable with locally uniformly
continuous derivatives in the 1 variable while our result require the C*! regularity and that Duv(t,n) €
C([0,T] x H; D(A*)).

Remark 8.11. The technique we have presented here can easily be adapted to treat other cases. One is
the case in which b = 0 and the function h appearing in (66) is a generic continuous function.

In this case the uniqueness result can be formulated as follows: any strong solution with the regularity
required by Proposition 8.9 can be expressed as

(s, ) = E{Q(Yi) + /0 h(s —r, Yﬁ)dr} .

Whenever ¢ does not depend directly on the time the expression above can be rewritten as
S
v(s,n) = E|:Q(XS) + / h(s —r, Xr)dr} )
0

So the existence of E [g(X,)] implies the existence of E [ f; h(s —r,X,)dr] and vice-versa. When one of
the two exists (e.g. if g of h are bounded or have polynomial growing) we can write latter expression as

Py(g)(n) + /O ) P.(h(s —r,-))(n)dr.

Then v is the mild solution used for example (in the particular case o being the identity) in [26]. In that
paper, the author uses a strong solution approach, introducing a series of functional spaces that allow to
deal with a possible singularity at time 0 (that we do not have here), but he does not explicitly provide a
uniqueness result.

Observe that in [26, 4] the problem is approached by studying the properties of the transition semigroup
defined in (65) on the space Cy(H) of the continuous bounded function (or in some cases, on the space
By(H) of bounded function) defined on H introducing a new notion of semigroup (see also [39]). This
kind of methodology structurally requires the initial datum g to belong to Cy(H) (or By(H)) and then
Kolmogorov equations with unbounded initial datum cannot be studied.
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Remark 8.12. The ideas we used here to prove the relation between strong and mild solutions of the
Kolmogorov equations can be used to study second order Hamilton-Jacobi-Bellman equation related to
optimal control problems driven by stochastic PDEs and provide consequently verification theorems. This
kind of approach is used for example in Section 6 of [22].
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