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Abstract

We construct the basis of a stochastic calculus for a new class of processes: filtered
Poisson processes. These processes are defined by an fBm-like stochastic integral but
a Poisson process is subsided to the Brownian motion. We use Malliavin calculus to
first construct a gradient then a divergence operator, which will play the role of an
anticipative stochastic integral. We study into details the sample-paths regularity
of this integral and give an It6 formula for Ito-like processes.
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1 Motivation

Modeling physical phenomena by stochastic processes should satisfy two constraints:
a model must capture the prominent features of the phenomenon under considera-
tion but it must also lead to tractable computations. It is thus necessary to always
enlarge our catalog of processes for which we can do some calculations. Motivated
by potential applications to mathematical finance, we are interested in stochastic
calculus, anticipative or not, with respect to a new class of processes we call filtered

Poisson processes. By filtered Poisson process (fpp for short), we mean a process
defined by:

NE= | t/R K (t, $)w(ds, d2), (1)
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where w is a marked Poisson measure, i.e., with a deterministic compensator (or
dual predictable projection) v and K a deterministic kernel. When K is of the
form K(t,s) = k(t — s), N¥ is a so-called Shot-Noise process. Such processes pro-
vide reasonable models for many phenomena in electronics, hydrology, climatology,
telecommunications (see [1], [2], [3] and references therein), insurance (see [4] and
references therein) and finance (see [5] and [6] for a review on this topic).

These processes are intimately related to pure jump Lévy processes. Pure jump
Lévy processes have the representation

N, /Ot/Rz(w(ds,dz) —v(ds,dz)),

where v is the compensator of w and is assumed to be deterministic. Taking K (¢, s) =
1/4(s) and d = 1, a pure jump Lévy process thus appears to be a filtered Poisson
process plus a deterministic process. When it comes to stochastic calculus, determin-
istic processes are in some sense negligeable, thus what follows can also be applied
to pure jump Lévy processes.

If K, in (1), is smooth enough, N¥ is a semi-martingale so that stochastic calculus
with respect to this process can be done inside the classical framework. We want
here to construct the tools required to handle the situation of a somehow singular
kernel K and the tools required for anticipative calculus. This means that we want
to develop a Malliavin calculus for our new class of processes. Such a problem has
already been considered in several publications: a first track consists of using chaotic
decomposition as in [7,8] and more recently by [9-11] for pure jump Lévy processes.
Developing and using Hida calculus for pure jump Lévy processes, Di Nunno et al.
[10] constructed an anticipative integral and established, among other results, an
anticipative Ito formula.

As usual when it comes to Malliavin calculus for jump processes, we can choose
another approach and introduce a different gradient operator via a sample-path
perturbation (see [12,8,13]). That is the way we proceded here. Still, it must be
noted that our definition of the gradient does not coincide with the definition given
in [12] or [8]. Actually, our goal is to define a gradient such that its adjoint restricted
to predictable processes coincides with the Lebesgue-Stieltjes integral with respect
to w — v. For, we have to “twist” the perturbation in the definition of DF'(h), see
(2), otherwise we would have additional terms as in [12, Formula 3.11]. The paper is
organized as follows. In Section 2, we construct the basis of the Malliavin calculus for
marked point processes. The material here is mainly excerpted of [13] though we can
establish more properties because of the specific form of the compensator. Once this
is done, we develop the stochastic calculus with respect to N¥ in Section 3. Since
NE may have finite variation, we take care to compare Lebesgue-Stieltjes integral
with our newly constructed integral. As Theorem 19 shows, they do not coincide.
Nevertheless, the divergence is an interesting tool because it is the convenient one to
establish the Ito formula by which we conclude this paper. The necessary material



about deterministic fractional calculus is recalled in the Appendix.

2 Stochastic Calculus for Marked Point Processes
2.1 Introduction

The space of simple, locally finite on [0,7] x R? (T deterministic finite or not)
integer-valued measure is denoted by 2. Assume that we are given a probability
measure 7 on R? and a positive, square integrable function, \, on [0, 7] (A will both
denote the function s — A(s) and the measure A of density A with respect to the
Lebesgue measure) such that m := inf,co771 A(s) > 0. We define the probability P
as the unique measure on ) such that the canonical measure w is a Poisson random
measure of compensator v(ds,dz) := A(s) dsn(dz). The canonical filtration § is

defined by :
So=10,Q} and F= 0{/05/Bw(ds,dz),s <t,Be B(Rd)}.

The predictable o-algebra on 2 x Rt x R? is denoted by P. We denote by 7}, the
n-th jump time and by Z,, the n-th mark, this means that

w(ds, dz) = o1,.2,(s, 2)

n>1

The mark point process N is defined by

Ne=Y ZJdug<n-

neN**

Following [14], we introduce the following notations: For every measurable and
locally bounded or non-negative process f,

(f # )il // (s, 2)(w)p(w,ds, dz)
Rd
— Z f TL 7 TL w))H[Tn(W)Sﬂ
n>1

The process N is of finite variation on every compact of time. Thus, for every
measurable and locally bounded or non-negative process X the process defined by :

(x ¥ W)= [ "X, (w)dN, ()

exists for a.e. w € Q and t € RT in Stieltjes-Lebesgue way and we have :

SL
(X( "N =Y Zn(W) X7, () ()7, )<t

n>1



We recall here the main results of [13].

Definition 1 A functional is said to be cylindric whenever it is of the form

F= f</OT/Rd F1(8)g1(2)w(ds, dz),...,/OT [ Fu(5)gn(2)(ds, dz)>,

where f is a bounded twice differentiable function with bounded derivatives, f;g; €
L2(v) f; is continuously differentiable with bounded derivatives for all i = 1...n.
We denote by S the set of cylindric functionals.

Definition 2 For any functionals F € S and any h € L*(v), we define DF(h) by

_ zn: gi (/OT y f1(8)g1(2)w(ds,dz), . .. ,/OT y Jn(8)gn(2)w(ds, dz))
1

v ' i fi'(s)gi(z)()\(s) [ b A dr ) wlds, ). (2)
The main properties of DF'(h) are summarized in the following theorem:
Theorem 1
(1) D is a derivation : for F, G € S, and h € L*(v),

DFG(h) = FDG(h) + GDF(h).
(2) D satisifies the following integration by parts formula :

E[DF(h)] =E |F.(h % (w=1v))r]. (3)

The particular hypothesis we have here, enables us to simplify the theory developed
in [13).

Theorem 2 For all F € S there exists a constant ¢ > 0 such that, for any h €
L2(v), we have:
E||DF(R)]’] < cllhl[22,)-

In what follows, ¢ denote any irrelevant constant and may vary from line to line.

Proof. Using the boundedness of the functions f;, f’; and g; there exists a constant
¢ such that:
2]

E[|DF(h)P] < cE

/OT/Rd /\(ls) /OS h(r, z)\(r) drw(ds, dz)



Since A is lower-bounded by m > 0, we have:

[ L

Moreover, using Cauchy-Schwarz inequality,

/T/Rd h(s,z)w(ds,dz) 2]

< 2E (s,2) w—y)dsdz

E ||DF(h)]*| < cE

/ )dr} w(ds,dz)

|

(s,2)v(ds dz)

Rd

gm:/ﬁ% 5, 2) w—deM] L/Adw—udswﬂ
+—2J/L/' 5,2)2 v(ds, dz)

<2E :/()T/Rdh(s,z)zu(ds,dz)]. ([0,T] x E) +2// s,2) v(ds,dz)
< 2(1 +v([0,T] x Rd)) /0 /]Rd h(s,2)? v(ds,dz).

We thus get the following relation:

E[|DF(h) <9/Ad/ )mrm@@@. (4)

Using the special form of the measure v, we can write:

[ L

J/ )dr} A(s) n(d=)ds
</ éd</fﬂr;z wﬁh><AiVO%ﬁ>A@)Md@ds
</4J/ifrz@M0<KK%MOA@mwms
<INBING [ [ 22 2)Ar)dr ().

From that and from relation (4), we infer that

E [|DF(h <c/ [ B2 2)A(r)drn(d)

The proof is thus complete. O

Theorem 3 For any F € S, there exists VF € L2([0, T] x ExQ, v®dP) measurable
with respect to the three variables such that:

DF(h) =< VF,h >, forallhe L*(v)



Proof. Let F' € § be fixed. Consider the application:
or: L2(v)QL*(Q) — R
h® G — E[GDF(h)].

It is clearly linear, let us show its continuity. One considers the projective tensor
product (see Kothe [15] section 41 for details) equipped with the following semi-
norm :

2] = infz th‘H£2(u)HGiHQ
=1

where the ’inf’ is taken over all the possible decompositions of z in the form z =
1 hi ® G;. It is then sufficient to show the existence of a constant ¢ such that:

6r(> ki ® G| < ol S hi @ Gl (5)

i=1 i=1
According to Holder inequality and to the previous theorem, we have
\¢F(Zhi®G Z |G;DF(h;)] |
i=1 i=1
< Y _lGI2[DE ()]
i=1
Z |Gll2]lAl]220)

i=1

Thus, ¢ is a continuous linear form. Using the identification of tensor product of
L? type spaces:

L2(Q x [0,7] x R: dP @ v) ~ L2 (v) ® L*(Q),

we can invoke the Riesz representation theorem which ensures the existence of a
measurable random variable VF € L2([0,7] x R? x Q, v ® dP) such that:

(bF(G ® h) =< VF; G®h >]L2(Q)®£2(u)
=E[G < VF;h >p,)| =E[GDF(h)].

The proof is thus complete. O]

Theorem 4 The application F — VF is closable in 1L*(P).

Proof. Let {F,,n > 1} a sequence of S such that F;, tends to 0 in L?(P) and such



that VF), tends to a limit called L. For any G € S and any h € L?(v) we have :

E[<Lh> G| = lim E|< VF,h > G|
= 11H1E[<VF Gh>£2 )}

— :111;:(1@ (< V(F.G),h >p2)] = E[< VG.Fy b >p2)])
= lim (B [< V(F.G), h >p20)| = E[< VG, h >p2) F))
(s1)
*

:O,

— lim (E [FHG.(h (w— y))T} —E[<VG.h >0 F))

since F, tends to 0 in L?(PP). As § is dense in L*(P), we infer that L = 0 P-a.e.. [
Definition 3 On S, we introduce the norm : for any F € S,

1E1: = I1FI3 + E[IVFlz0)
and the space Dy 1, the closure of S with respect to this norm.

The usual properties then follow (see [13]): for (F,G) € (Dq;)?, and ¢ € C}, we
have:

VFG = GVF + FVG and V(¢(F)) = ¢/ (F)VF.

Definition 4 Let ¢ be an L%(v)-valued random wvariable, it is in the domain of &
(dom(9)) iff, there exists ¢ such that for any F € S we have :

[E[DFO]] < d|F]l2
In this case, §(C) is defined by:

E[F3(Q)] =E[DF(Q)].

Proposition 1 Any element of L*(v) belongs to dom(5) and 6(h) = (h % (w —

l/))T.

Proof. Since, for h € L?(v), we have:

EDFW)] =E|F(h % =), (6)
it is clear that £2(v) C dom(d) and by identification that §(h) = (h % (w—
I/))T. ]

Theorem 5 For any a € S and any h € L*(v), a.h belongs to dom(d) and

d(ah) = ad(h) — Da(h) (7)



Proof. For F € S, it is easy to see, by definition of DF'(h), that if a is a random

variable, we have:
DF(ah) = aDF(h).

Moreover, since S is an algebra, we get:

E[DF(ah)]

E[aDF(h)]
E[D(aF)(h) = FD(a)(h)]
E[Fad(h)] — E[FD(a)(h)].

It is then clear that:
[E[DF(a)]| < c||F]|2,

this shows that a.h € dom(9) and that §(ah) = ad(h) — Da(h). O

Now, we generalize the previous construction by considering £?(v)-valued random
variable. The set of cylindrical processes S(L£2(v)) is the set of processes of the form:

k
®=> Fu Fy € S,v; € L*(v).
i=1

By definition,

k
D®(h) => DF,(h)®v;  F, €8,v € L(v).

=1

Proposition 2 For any ® € S(L*(v)), V® is an Hilbert-Schmidt operator.

Proof. Note first that the map f +— [; f(r)A(r) dr is Hilbert-Schmidt from £?(ds)
into itself. Indeed, this can be written

T
| t0amA@)se) ar,
and the kernel (¢,7) — 1j4(r)A(r) is clearly square integrable on [0, 1]2.

Let (a;, j > 1) and (bj, j > 1) be CONB of respectively £2(\) and £2(n). It is clear
that

E| > <D®(a;®b); DP(a;  by) >52(u)]

Jk=1

<cE jgl //\éls)/os a;(r)bg(2)A(r) drw(ds,dz)} ]

<cE _il/ (/Osaj(r))\(r) dr>2 ds] ,

and the result follows. O




To motivate the following, recall that in the Brownian setting, it is well known that
E [6(u)?] = E [|[ul?] + E [trace(Vu o Vu)] . (8)

Unfortunately, this property does not hold any longer in our situation. We want to
find its analog. On one hand, one can keep the analog of the second term of (8) but
we have to introduce an operator I' such that:

E {5(u)2} =E [< u, l'u >L2(,,)} + E [trace(Vu o Vu)].

This is the main result of theorem 6. On the other hand, one can keep the analog
of the first term of (8) but we have to define another gradient V such that:

E [0(u)?] = E [|[ull?2(] + E [trace(Vu o Vu)] .
This is the result of theorem 10, which is valid only when one does not have marks.
The gradient V is easily linked with the covariant derivative introduced by Privault
in [16-19].
We need to introduce a few notations. Consider the following space H":

HY = {h € L2(v): g}; € ,CQ(I/)}

equipped with the following inner product:

dg Oh
< g, h >p=<g,h >p2) + < =, — >r2) -
g, H 9, L2(v) + Os’ Os L£2(v)

Consider {¢; : i € N*} a CONB of H”. Obviously H* C L*(v) and define with
obvious notations S(H").

Proposition 3 Let us consider the following operator:

I:SH) - L*Qx[0,T] x E,dP®v)

C — Zfil < C,&i >y F(Ez)

with I'(e;) = V(d(g;)). Then, T is continuous.

Proof. Let us show that for any h € S(H"),

E [|IV () 3] < o0



First of all, let h € ‘H", we have:

||V( ||£2 i<v ez >£2 )
iDWMWV

But §(h) is cylindrical, so we can write:

V /R s )\18/sei(r,z)k(r)drw(ds,dz)r]

2

[ o[t 5 et o] s
1

o0

E [[[V()lzaw) < Z

IN

=1
oo

T oh*
= / [05 (5,2) A(s)? Z<61’H[OT} >L2
1 (Tr Oh®
<= a. 2
[ 5e (5.2) M2 v(ds, d2)
1 8h2
mi/ /Rd 83 v(ds,dz)
< 1

= m2||$||£2(1/)'

v(ds,dz)

We thus have:

mmmsz@mﬂ+Emvumma4

Oh
< IhllZ2q) + 3 ||f||c2

1
< (1 A m2> ||A]]7 -

§ : H” — Dy is thus continuous and V : Dy; — L2(Q x [0,T] x E,dP ® v) is also
continuous by construction. Then,

Vod:H —L*Qx[0,T] x E,dP®v)

is a linear continuous application, i.e., there exists a constant ¢ such that, for any
h e H":

E [[[V(6(W)lIz2)] < ellbllfe (9)

and thus for any 7 € N*
E[|IV(6(e0)lZ20)] < e (10)
Consider now ¢ € S(H"), ( = Fh with F' € S (thus bounded) and h € H". Then,

10



we have:
0 2
B [ITOlE] =B I3 < .o Tl
=1

> 2
<[IFIE Y < hyei >3 B [II0E) o)
=1

(o]
<c|FIR Y < he >2,
i=1

< ¢ |[F]|% [[hlfe < 0.
The proof is thus complete. n

Theorem 6 (1) For any ¢ € S(H") we have:
6¢)=> [< C e > 0(g)— << V.(, & >pv,e4(.) >£2(V)} : (11)
i=1

(2) For ( € S(H") we have:
V(0 =3 < oo e Va(3(e0)) +8(V.0)
i=1

x indicates the free variable.
(3) For any ¢ € S(H") we have:

E[0(¢)] = E[< (;T¢ > o] + Eltrace(VE o V()] (12)

Proof. To prove the first point, we reproduce the proof of Theorem 5. Furthermore,
by linearity and continuity of ¢:

o0

0(C) =D 0 (< Gy > &)

i=1
Applying the first point of this theorem with a =< (;&; >3 we get:

o0

3(¢) = [< e pe 8(ei)— < V(< Gr a0, 8() >p20)] -
i=1
Since ¢; is deterministic, we can invert the inner product and the gradient and write:
< V(< Gei>n),ei() >0 =<< V.(, & > 6i(.) >r20),

so that the result holds.

On the one hand we know that:

oo

5(§) = Z {< C,Ei >y (5(&)— << V.C,& >H"a5i(-) >£2(,,)] . (13)

=1

11



On the other hand:

V.0) = f: < Vil >0 0(e)— << V.(V)C 8 >wn,6i() S| (14)

1=

[y

Applying V to both sides of (13), we get:

o0

VL(8(6)) = D_[< G o0 >n Vil0(e0)) + V(< G >p)0(e)

=1
— V., << VC,ei >qv, € >£2(u)]
= Z [< V.(, e >nv 5(&)— <V, <V(,¢ >H”a5i<~) >£2(V)}

i=1

+ Y < (e > Vi(d(e)
=1
[< V*C,é“i >y 5(&)— << V*VC,,&‘ >H”;5i(') >52(,})]

i=1

+ i < C,e5 >pr V*((S(Z‘:Z))

=1

According to (14), we get the second formula.

We are now in position to compute the second moment of §({). According to the
previous results, we have:

E [5(0)?] = E[5(0)5(¢)

=E [< G, Va0(0) >r2()]
=E|< g*,z < (o8 > Va(0(20) > 20 | + B [< G 6(V.0) > 2|
=1

=E [< ¢ TC¢ >0 + E[< 6, 0(Vi0) >r20)] -

Furthermore,
E [< G, 8(V-0)) >e20] = [/ [ Go0(T s, dz)]

= E [~/() /]Rd ~/0 Rd vu,st,zVS,ZCUvUV<du’ dU)V(dS, dZ)
= E [trace(V( o V()],

the proof is thus complete. O

Consider, for ® € S(H") the following norm:

I905,]° = 5 (& 191, +E (001 aq,]) + E IVl )00) -

12



Consider D}, (H") the closure of S(H") with respect to this norm.

Remark 1 In the Brownian framework, I" is equal to identity and we get the usual
norm Dy ;.

Proposition 4 We have:
Dg,l(H”) C dom(9).

Proof. Consider ¢ € Dy, (H”) and {, : n € N*} a sequence of S(H") which tends
to ¢ in Dy (H"). For any F' € S, we have:

[E[DF(G)]| = [E[FS(C)] ]
< [10(Ga)l21 £ 2
< [IGall21,

according to (12) and the result follows. O

We now define the integral with respect to N.

Definition 5 For any u from [0, 1] into R, we set u(s, z) = z.u(s). If & € dom(d),
we define 6V (u) by

and \ is denoting the measure:

A(ds) = /Rd 2v(ds,dz) = /Rd 22n(dz)\(s)ds.

Note that by construction, [[ul| ) = lil|c2)-

Proposition 5 For any h € L*(\), h belongs to dom(6™) and

Ny = ¥ N

Proof. Since § coincides with the Stieltjes-Lebesgue integral with respect to (w —v)
for predictable processes, we have:

(SL) <

(W(u) = /()T/Rd 2u(s)(w—v)(ds,dz) = (u x" N)p.

We denote by DY the adjoint of 5N,

13



Proposition 6 We have

DNF(u) = DF(q) for any F € S.

The associated gradient is equal to:

VNF_M/ Vs.Fzn(dz) for any F € S.

Proof. The first point comes from the following identity:
E[F5" (u)| = E[Fé(u) = E[DF ()]
For any F' € S, we have:
T
DNF(u) = / / Vs ZFZ n(dz) u(s)A(s) ds
o F 2 n(d A(d
- [ fRdzndz Ly VeeF 2 nfd2)u(s)A(ds)
=<< V F,u >£2(:\) .

]

Following the same lines as above, we can introduce, on the space of cylindrical
processes, a norm ||.||3; and extend this space with respect to this norm to get a

space denoted by ]Dé\? (H*). We can easily prove the next theorem.

Theorem 7 (1) o ~
]Dé\fl(H)‘) C dom(5™)
(2) For any a € Dyy and any ¢ € D%(H;\) we have:
6 (a¢) = ad™(()= < VNai ¢ > agsy

(3) For any ¢ € Dgfl(H’\) we have:

E[0¥(0)?] = E[< (:TN¢ > o5y | + E [trace(VV¢ o VY]

Thus Dgf 1 (H:\) is included in the 6V domain. We now state the relationships between
any of the integrals previously defined.

Theorem 8 Let u € Dy (L%(v)), then we have:

d(u) = (u l (w—=v))r— /(]T/Rd Vs us . v(ds, dz).

14



Furthermore, for u € Dgl(ﬁz(;\)), we have:
~ T -
V() = (u % th—/ VVuA(ds).
0

Proof. For the sake of clarity, we will prove only the second point. The first one is
analogous. Let u = 37" w;l, 4, ;) with u; € Doy and let ¢ € S. Since the Skohorod
integral and the Stieltjes-Lebesgue coincides on deterministic processes:

(SL) - - (SL) - - v
E [(U * N)¢:| =E [Z ui(H(ti,ti+1] * N)¢‘| = Z]E {51\7 (H(ti,ti+l]>ui¢:|
i=1 i=1
= ZE |:< VN[UZQb], ]I(ti7ti+1]) >£2(5\)}
i=1

= ZE {< ¢VNUZ, ]I(ti,ti+1} >£2(5\)} + ZE {< UZVN¢7 ]I(ti,ti-q-ﬂ >£2(5\)} = A1 + AQ.
=1

i=1
Moreover,

n

M= o [ VIl (DA =B |o [ TFuitas).

i—1
and

Ay, =E

<VN¢§ Z uiﬂ(ti7ti+1}> =E [d) 5N (Z uiH(tithl]))} :
=1 £2(N) =1

The equality is true for any ¢, so, the result is established for processes of the form
w =" ully, 1., The general result follows by a limit procedure. O

Note that V¥u, is equal to 0 dP © A(ds) a.s. for u predictable and in Dy (L2(v)),
it is then straightforward that

SI
Theorem 9 The integrals 6 and (*) coincide for predictable processes and the

< (SL SI
integrals 6, (*) and (*) coincide for predictable processes.

2.2 Covariant derivative and Weitzenbock formula

Consider the space
MM ={h e L2(N):h € L2(N),h(T) =0},
where A’ denotes the time derivative of h, equipped with the scalar product

< g, h >p=<g,h >r20 T < g',h' >r2n) -

15



Introduce the following operators:

I' . L2 — HM It HM™ — [?
and
u— (t— [gu(s)ds) u— .

Definition 6 For (u,v) € H*, we define:
~ 1
Vu(v) = — X Il I . (15)

We can write

Va(0) =< V.(0),u(.) > 200

where i i ]
V() : (1) = Vi(u)(t) = - ) I ] (6)Lo(s)- (16)
Proposition 7 Let (u,v) € [H™]. We have:
D(3(0)) () = B(Tul0))+ < 1,0 e a7
Proof. Consider ¢, : s — )\(13) J& w(r) X(r) dr. We have v'q, = —V,(v) and by the

very definition of D:

O
Proposition 8 Consider now F € S and (u,v) € [H™]*. We have:
D(DF(u))(v) = D(DF(v))(u) = DF(V,(u) = V,(v)).
The proof rests on the following lemma.
Lemma 1 Let (u,v) € [H™]?, then
I Maulao — I aw]gu = du, (18)
with ) i i
w= (Il ul = PP I ™ o]) = V() = Vo (u). (19)

16



Proof. On the one hand, as

we have:

[_l[QU]q’U - [_1[Qv]Qu

I L U I L U
2 I [)\u].X] [/\U]+XI [Av] + 2 I [)\v].XI [)\u]—xl [Au]

— i\ (ull[)\v] — vIl[)\u].>

On the other hand, letting g = ul'[A\v] — vI'[Au] we have:

I"'g]

I ) P[] + udv — Tl ) — vAu
T )] — Tl T ).

Thus I7![g] = Aw with w defined by (19). Since g(0) = 0, we can say that g = I'[ ]
and A\~'g = ¢, which ends the proof of the lemma. n

Proof of Proposition 8. Since D is a derivation operator, it is enough to show the
results for an elementary cylindrical variable of the form F' = f(f; fi(s)w(ds)). We
have:

Thus, we have

D(DF(w)(v) = DDF(v))(w)
=+ Alsetds). [ 1 (5)an(s) = T fa)($)a () (ds)

Apply lemma 1, we have:

I flgua — T Aaan = g + FT  aud — e — flaud (]
= [199,(0) % ()"

17



The proof is completed if we remark that :
D(DF(u))(v) — D(DF(v))(u)

= ([ AR ). [ ) a0, 00500 (5 2) (ds,d2)
— —DF(Vy(v) — V,(u)).

O

Definition 7 We define the space S(H™) of cylindrical functionals of the form Fu
with F € S and v € H*. Consider ( = Fu and ¢ = Gv in S(H*), it is possible to
extend the covariant derivative definition by:

Vur(vG) = FuDG(u) + FGV,(v) (20)
and to define the associated gradient still denoted by V:
s — V,(0G) = vV,G + GV, (v) (21)

with V defined by the Theorem 3 and NV by the relation (16).

Proof. By definition, we have:

Vur(vG) = FuDG(u) + FGV,,(v)
= Fv < V.G, u(.) >0 +FG < @_v,u(.) > 2
=< oV.G,u(.)F >p20\ + < Gﬁv,u(.)F >r2(\)
=< V.G + GV, u(.)F >z -

The proof is thus complete. n

Proposition 9 Let ® € S and (¢, ¢) € [S(HM)]?. We have:

D(D®(())(¢) = D(D®())(¢) = DR(V4(¢) = Ve(9)).

Proof. We start with the left-hand-side, we can write:

D(D®(())(9) — D(D2(9))(C)

— GD(FD®(u))(v) — FD(GD®(v))(u)

= GFD(D®(u))(v) + GD®(u)DF(v) — FGD(D®(v))(u) — FD®(v) DG (u)
— FG(D(QQD(U))(U) D(D®(v))(u)) + GD®(u)DF(v) — FD®(v) DG (u)
= FGDO(V,(u) = Vu(v)) + DO(uGDF (v)) — DO(vFDG(u))

= DO(FG(V,(u) — Vu(v) + uGDF(v) — vF DG (u))

— DOV (uF) — VuF (vG)).

The proof is thus complete. O
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Theorem 10 Let ( € S(H™), we have:

E[6(¢)?] = E [|I¢]Z20n] + E [trace(V(¢) o V(())]

Proof. Let ¢ = vG and ¢ = uF in S(H**). Using integration by parts and derivation
properties of D, we have:

E[6(¢)6(¢)] = E[FD(5(Gv))(u)]
= E[FD(G5(v))(u)] — E[FD(DG(v))(u))
=E[F[GD(6(v))(u) + 0(v)DG(u)]] = E[FD(DG(v))(u)]
=E [FG3(V.u(v)] + E [FG < u,0 >3] + E [F3(0) DG (u))
—E[FD(DG(v))(u)]
=K |< (¢ >pm| +E[DFG)(V(v)] + E[D(FDG(u)(v)]
—E[FD(DG(v))(u)]
= E < (¢ >e0| +E[D(FG)(Vu(v)| +E [DG(u)DF (v)]
+E[FD(DG(u))(v)] —E[F (D v))(u)]
=B |< (0> } [GDF(@ (v))]

Taking ¢ = (, we get:

E[5(0)?] = E[[[Cllexn| + 2B [FDF(Vy(w)] + B [[DF@)]’] = E[[I¢]| 2] + B

The trace term has the following integral expression:

trace(V(¢) o V() / / VC(HVC(5)A(ds)A(dt)
_/ / DV F + FV,(u(t)][u(s)VeF + FVi(u(s))]A(ds)A(dE)
- / / 1)V Fu(s) Vo FA(ds)A\(dt)
42 / / (VL FFV,(u(s))A(ds)A(dt)

+/ / FV,(u(t)) FVy(u(s)A(ds)A(dt) = By + By + Bs.

Note, then, that By is nothing but the first term of B, By is the second one and Bj
is equal to zero because (s,t) — V(u(t)) Vi(u(s)) is non null on a A® A negligeable
set. O
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As in the previous section, we define, for ¢ € S(H**) the following norm:

[161151])" = E[11912200] +E [IIV6] 22 m 2] -

and we consider DY, (H**) the closure of S(H**) with respect to this norm. The same
demonstration as that of Proposition 4 implies that D', (H**) is a subset of dom(d).
Following the ideas of Privault [18,17,19] we can introduce exterior derivative, for

¢ € S(H™) by:
do(s, 1) — ; (V6(t) = Vi(s)) for all (s,1) € [R*]
and
<dg,hy N ha >r2ognc2y = ; (< Vi, ho >r200 — < Vi, b >LQ(>\)) :

thus
1dol c2ynczny = ; /0 /0 (Vop(t) — Vid(s))? Mds) A(dt).

We can now state a Weitzenbock type formula:

Theorem 11 Let ¢ € S(H™), we have:
E [5(02] +E [Hd<’|%2()\)/\£2(/\)] =E [HCH%?(A)} +E UW(C)H%z(A)} :

Proof. Follows from Theorem 10 by polarization. ]

3 Stochastic Calculus for Filtered Poisson Processes
3.1 Filtered Marked Poisson Processes

Let K be a deterministic kernel and define, when it exists, the following process:

t
NtK:/ (t,5)dN, : //ths (ds, dz). (22)
0

We call it Filtered Poisson Process and its compensated version is defined by:

_ /0 t/Rd SK (L, s)(w — v)(ds, d2). (23)

If {(T,,, Z,) : n € N} denote impact times and corresponding marks of N, we can
write:

n>1
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Hypothesis 1 (1) The kernel (s,z) — 2K (t, s) belongs to L*(v) for any t > 0.
(2) K is triangular in the following way:

K(t,s) =0 for all s >t > 0.
(3) K “does not explode on the diagonal”:
K(t,t) < oo forallt > 0.

(4) For anyt > 0 the function:

K(t,.):[0,tf] — R is cadlag.
s — K(t,s)

(5) For any s > 0 the function:

K(.,s):[s, T — R has bounded variations.
t — K(t,s)

Note that under hypothesis 1, the processes N¥ and NE are well defined, with
cadlag sample-paths and N¥ has finite variation on [0, 7.

Example 1 From the expression (24), one can note that this class of processes
includes 7 Shot Noise processes 7, which corresponds to a convolution kernel
K(t,s) =k(t —s).

Example 2 One can also take the kernel defining the fractional Brownian motion:
K This process will be called fractional Poisson process. This process is a
fractional Lévy motion, a class of processes defined in [20]. Note that the third
point of the hypothesis 1 excludes the case of the kernel K#) with H < %

Example 3 One can also introduce an “Ornstein-Ulhenbeck process” by consider-
ing the kernel:

(s,t) — e (t=9)
where « a positive constant. It will be denoted by N©Y).
The following proposition is clear.
Proposition 10 N¥ is not a marked point process. If K is continuous then N¥ has

the same jump times as N and if K is null on the diagonal and if K is continuous,
then N is continuous.
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Theorem 12 The following results hold for any t € [0,T] and any t' € [0,T]:

E [NK} —0.
//R v(ds,dz) = /OtK(t,s)QX(ds).
Cov NtK,Nf , /tAt/Rd # s)v(ds,dz) /Ot/\t’ K(t,s)K(t',s)\(ds).

These formulas are known as the Campbell’s formulas. However, one can give a new
proof y using the following lemma which is a very interesting result in itself:

Lemma 2 If for any r € [0,T] we have:

T
/ / 2Z2K*(r, s)v(ds,dz) < oo
0 JRd
Then, for every fixed r € [0,T], the process:
t
{MZ" = //de(r, s)(w —v)(ds,dz),t > O}
0J/R
is a (§¢)-martingale with the following quadratic variation:

t
<M M" >p= //d 2K2(r, s)v(ds,dz) for all t € [0,T].
0/r

Proof. A time r fixed, we are in the presence of a stochastic integral relative with
the martingale measure (w — v) and thus in the presence of a martingale. O

Proof of Theorem 12. The first equality is the definition of N. For the second one,
as M" is a (§;)-martingale, we have:

E[(M])?| =E[< M",M" >]

= /Ot/Rd 22K%(r, s)v(ds,dz).

It is now enough to take r =t to get:

t
E [(M})] = E[(NK)?] = / / 2Kt s)v(ds, dz).
0./Re
The third one follows by polarization. O]

Theorem 13 N¥ is a semi martingale but not a martingale.

Proof. 1t is a semi-martingale because it is a finite variation on time compact pro-
cess. It is not a martingale because it is continuous (in the case K null on the
diagonal). O
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Theorem 14 For any function f locally bounded, it is possible to define, in Stieltjes-
Lebesque way, the following processes:

{(f ONKY, e R+} .

Proof. The process N¥ being of finite variation. The integral is well defined in
Stieltjes-Lebesgue way. ]

Theorem 15 There exists an application K* : L2(X) — L*(\) linear, continuous,
satisfying K*(Tjo4) = K(t,.) and, for any f € L*(N) locally bounded,

(SL) (SL)

(f % NX), = (K*(f) * N) forallt €R".

Proof. For any f € £2()), we have the following relationship:

1 lc2any = ¢ [1f1l 25y (25)

In fact, by definition we have:

A(ds) = /Rd 22 n(dz)\(s)ds,

thus using the lower-boundedness assumption on A we can write:

[ Py = [ 2z [ PN 2 m [ i) [ s

and (25) follows. Now, let us introduce the following operator K:

K : £L2(\) — £2(dt)
foo— [T Kt s)f(s)A(ds)

It is known [21] that K is a continuous operator from L£*(dt) in L£?(dt), according
to (25) it is also continuous from £2(\) into £2(dt). Consider now the operator:

152 £2(N) — L2(dt)
foo= I f(s)ds

23



We have:
T 2 T 2
(D) = [ (] Fwdu)?ds
< OT/O f2(u) duds
SC/O P (w)du

< CHfH;(}\)

thus Il is continuous from £2(\) into £2?(dt), moreover, its adjoint is given by:

]0+ . ;CZ — ;CZ()\)

In fact, we have:

T
< honl9) > = [ 1)
0 0
0 f(s)g(t) Iy (s)dtds

= [ ot0) [ f(s)dsa

=<g, I%ﬁ(f) >r2 .

I
S—
S~
S

Then, we introduce for g € £2(\), the linear form:

0,: L2(\) — R
foo= Jda(s)K(f)(s)ds.

Using the Cauchy-Schwartz inequality and the relation (5), we have:

[ o) )] < lgllencan KO L

< callgllc2qan [ f1l 225y
< CHfHﬁ?(Z\)'

The linear application is thus continuous, so there exists a continuous operator K*
such that:

0y =< K*(9), f >3,
this means:

/OT 9(s)K(f)(s)ds = /T K*(9)(s)f(s)A(s)ds.

0
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For any g € £%()\), using Fubini in the third equality, we get:

Thus,

Finally, we define the operator:

K2 L2(N) — L2()\)
foo= Ko IR

K* is linear and continuous from £2(\) to £2()). It is then easy to show that

K*(Ing) = K(2..). (26)

Let us now show that

(f N5) = (i () % N) for all f € £2()).

For any ¢ € [0, 7], we have:

5 < (SL)
(Lo * N5), = NE = (Ipg % §5).

In fact,
- . (SL) ~
T * N%)e = (K*(Ipg) * N
(SL) <
= (K(t, )(H[O,t]> * N)t
= NE
(SL) -~

= (H[O,t] * NK)t

It is then routine to extend this result to any f € EQ(S\). O

We now define the vector space

T =span{ly : t € [0,T]},
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equipped with the following scalar product:
<Toug;Ljp,s) >z=< K(t,.); K(s,.) >p23) -
Finally, let Z% be the closure of Z with respect to this inner product.

Theorem 16 K* is an isometry from IX into L2(N) and for any f € IX, g € TX

we have:
SL ~ SL ~
(*)NK) (*)NK)T =< f,9 >1x .

E (f T-(g

Proof. For any t € [0, 7], we have:

[Togllze = [[K @ )l e2xy = K" o)l c2x)

The isometry identity is thus satisfied by elements of Z. Since K* is continuous,
the result holds for elements of Z¥. The second point follows from the following
computations:

(SL (SL (SL) (SL) +
k

E1(f N®)r.(g N®)r N)r

B[ () ¥ MK (o)

= (K*(f). K(9)) 225
=< f,9 >7K .

Theorem 17 The processes NX and N have the same filtrations.

Proof. On the one hand, for any t € [0, T, there exists (ay,t;) € (R x [0, T])N such
that:

K(t,)=L?— hmz ailljo,1,)- (27)

n—oo

On the other hand, for any s € [0, T, there exists (3, s;) € (R x [0, T])Y such that:
ljo, = L — hmZﬁZ (8i,-)- (28)

From (27), we deduce that

(K(t,.) % N) =12 —hmZaz [0,t:] “ N)

TZA)OO

NE =1L3(P) - hmz Ny,

n—oo i=1
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Thus, N5 € & which shows the first inclusion. Now, from (28):

(H[O,s] (S*L) N) = — lim Z ﬂz Sza . (SL) N)
NS :IL2 —hmZﬁzNK
It follows that Nt belongs to %’f( and the result follows. O

We now turn to the definition fo the Skohorod-like integral with respect to marked
point processes.

Definition 8 For any u such that K*(u) € dom(6™) we define the integral with
respect to N¥ by: ) ~
SV (u) = 0N (K* (u)) = 6(2.K*(u)).

Definition 9 Forany F' € S, for any h € EQ(S\) we define the directional derivative
by:

DN F(h) = DNF(K*(h))
= DF(2.K*(h))

_ Y gj; (/ - f1(8)g1(2)w(ds, dz), / o Jn(8)gn(z (ds,dz))

. /0 /R d fi’(s)gi(z)(w /0 KC* () (F)A(r) dr) w(ds, dz).

The following properties motivate the previous definition:

Proposition 11 For any F,G € S and any h € £2(\) we have:

DN (FG)(h) = F.DN"G(h) + G.DV" F(h).
E[DY*F(h)| =E[F.5"" (B)].

Proof. Let F,G € S and h € £*()\) we have:

NY(FG)(h) = DN(FG)(K*(h)
= F.DY(G)(K*(h)) + G.DN(F)(K* ()
— FDYG(h) + G.DV" F(h).
E[DY"F(h)] = E[DYF(K*(h))]
= E [F.6"(K*(h))]
=E [F.6"" (h)].
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]

Proposition 12 For any F € S, the L2(\)-valued random variable, VN™ (F), de-
fined by

v E

VYV (F) = Ko VV(F),

satisfies ) ~
DV F(h) =< V" (F), h > a5, -

We call VN™ the gradient map associated to DN¥,

Proof. Let F € S and h € L*()\), we have:

v K

DY F(h) = DY(F)(K* (h)
=< VNF; ]C*<h,) >L2(5\)
=< KoVYFih > .

O

It is obvious that this gradient satisfies the properties of derivation and integration
by parts. Moreover, it is the adjoint operator of §* * and it follows from Proposition
11 that the mapping F — V" F is closable in L2(P). Consider the following space:

HE = {¢e L) K*(¢) € H*}
With notations now classical, we define on S(HX) the operator ' by:
& S(HE) — L2(Q x [0,7] x RY, dP @ v)
¢ = KooK

and we set

19155 = 2 (B [Illcags] + B [IT5®l o)) + E 1197 0B B gyongy) -

Consider D3, (H*) the closure of S(H") with respect to this norm. We, of course,
have .
K
D5, (H") € dom(6").
Theorem 18 For any a € Dy and any ¢ € D, (H®) we have:
v K vEK v K
SN (a¢) = ad™ (O)— < VN a; ¢ >r23) (29)

and for any ¢ € D5, (H®) we have:

B (670 = E[< G0 a] + B [mace(V U0 0 VU0 00)
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Proof. Apply theorem 7 to K*C. O

Theorem 19 Let u € D§1(£2([0,T]), then, if the different terms converge, we get
the following equality:

. . T o -
SV () = (u ¥ NE), - / VY u A (ds)
0

Proof. Let u =37 wily, 4, ) with u; € ]Dgfl and let ¢ € S, we have:

B ot ¥ 5] = S [(Ca ¥ F)muo)]
= > E 5™ (L]
= Z:E :< VY i) Lt 4] >£2(X)}
= iE :< VAR () Lt ] >£2(5\)}

"’ ZE {< UZVNK [¢] H(t t1+1] >£2 } Cl ‘|— CQ.

ai=efo '3 uzmtn+ﬂanx<dﬂ]

_n !/ wllgy oy (s nx<dsﬂ

=E gzﬁ/o Vév USS\(ds)],

Cr =

<VNK ZUZ (t;, t1+1] > j|
L£2(X)

Zu H(t stit] )]

=1

=E[ps" w)].

=F [MNK

A

We then get the following relation:

E |o(u (SL) NK)T] — & P/OT VéVKuSS\(ds)] +E [¢5NK(U)] .

29



Since this relation holds for all ¢ € S, the result is proved for processes of the form
w =" Ully, 1,.,)- The general result follows by a limit procedure when both terms
converge. O

Theorem 20 Let t € [0,T] be fized. Consider Kf the adjoint of K in L2(\)
£2([0,8],7).
For any u € L2(\), we have:

IC;: (U) = ’C;(u ]I[O,t]) H[O,t] .

Proof. It is enough to show that for any g € £2(\) we have:
<Ki(u), g >p2=<Ki(ulpy) Loy, g >r2 -
We have,

<Ki(u), g Zpgy TS U, K(g) =2\
=< U]I[Oﬂg] s lC(g) >£2(5\)
=< [Ir- }_I(UH[Ot}) K(9) >r25

_/ / (0)A(v)dv. [Ir_] " (ull ) (7)dr.

We then get:

<Ki(u), 9> / / “ul 1) (1) drg(v)\(v)dv.

Set
T
U(t,v) = /0 K (7,0).[Ir-] " (ull ) (r) dr.
Let us show that W(t,v) = 0 as soon as v > t:

U(t,v) = /UT K(,v).[Ir_]  (uljpq)(7) d + /OU K(7,v).[Ir_] N (uljo4) () dr.

On the one hand, by triangularity, K(7,v) = 0 as soon as v > 7 thus the last term
is null. On the other hand, [Ir_]~'(ullp4) has its support included in [0,¢] C [0, v].
It follows that the first summand is also equal to zero. This implies the following
relations:

‘I’(t, U) = K* (0] [[,T]_l (uﬂ[(]’t])(v) = /C*(U]I[07t})(v)]1[0,t] (’U)
The proof is thus complete. O
Remark 2 We then have

(K () = 0(K(w) = 6(K* (uls ).
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Hypothesis 2 There exists a > 0 such that K is continuous, triangular and one-
to-one and onto from L? into Lov1/2,2-

Hypothesis 3 We assume that the operator I is continuous from L2(Qx[0,T], dP®
3) to L2(Q x [0,T],dP ® ).

Consider the following norm: for any ® € S(H?),

0113 = E [[|@]2% 5] +E [[IVY0I 200000

and define D}, (H*) as the closure of S (H*) for this norm.

Proposition 13 Under the Assumption 2, we have:

DY (HY) € DY, (7).

Proof. The operator I is linear and continuous thus
2 2
E[|[P®|[Z05)] < ¢E 19117
Then, we have

[0y < ¢ (E[I0lRe] +E VYOl spprz])

the result follows. 0

Theorem 21 For any o € [1/2,1], under the Assumptions 2 and 3, if u belongs to
D (HY) N dom(6%) with ap > 1, then, the process

(05 (Kt (u)) = 6" (ulppy) : t € [0,77}

admits a modification whose paths are a.s. (o — 1/p)-Hélder continuous. Moreover,
there exists a constant ¢ > 0 such that:

16" (W)lle2@itrota—17p) < € IKFI - ]y

Proof. Let (s,t) € [0,T]?. By the relation (2) and by continuity of the divergence
from DY, (H*) to L*(Q), there exists a constant ¢ such that:

E (6% (u )] < ¢ (I () IFy]” (31)
<e (I )]

where the last inequality comes from the Assumption 2. On the other hand, the
Assumption 2 of continuity of K from £2? to T, /2,2 coupled with the fact that oo > %
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insure that X is continuous from £? into Z,_; /2,2. Consequently K* is continuous

from [Ia—l/mr =T1/2—q,2 to L2 Denote by ||K*| its operator norm. We have:

E [|0™ (K" (u T ) P]

T -
< e M (B [loTucll,, ]+ E | [ I9¥ubalE,, ] ).

According to the Proposition 15 with = o —1/2 and ¢ = 2, we know that Z,_1/2
is continuously embedded in L= p, hence:

ﬁé = {Cﬁr C {Ia—l/mr =T1/2-a2
Since the embedding is continuous,
Nulisallz o ns < c2llulisgll, 2
Apply now Holder inequality to write:
lulsallzsm0e < c2llullze |Tisnllco

with L = %4—% (by assumption ap > 1). It is easily seen that ||Ijs ||z = [t —s|*7V/P
hence:

T
E[|0¥(C (ulu))IP] < K7 |t = 577 E [Hunp + [ 19 Nall, dr]
< c|Klfe = s|* 7l
and thus, by the very definition of the norm on Hoélder space, we have:
16" (W)lle2@irota—17)) < € ICFI - Hlullpy,

and the result follows. O]
3.2  Without marks

In this case, we can proceed as in Definition (20):
VE(WG) == FK*(v)DG(K*(u)) + FGVi()(K*(v))
An obvious consequence of relation (19) and proposition 9 is:

Proposition 14 Let ® € S and (¢, ¢) € [S(H™)]?. We have:

DV (DY ®(¢))(¢) — DV (DY ®(4))(¢) = DY D(VE(() — VE(9)).
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The analog of theorem 10 cannot be written in terms of covariant derivative but we
can state:

Theorem 22 Let ¢ € S(H™), we have:

E[™(0F] = B[IC(©lf] + E [rrace(V (7€) 0 VU ()]
= B [JIClB] + E [trace(V(C*(()) 0 VIK*(©)))]

To write Weitzenbock formula, it is enough to define an exterior derivative:

d%¢ = d(K*(9)).
The result then follows from theorem 11:

Theorem 23 Let ¢ € S(H™), we have:

B [5NK(C)2] ) [HdKC“%Q(A)MQ(A)} =E [||C||%K] +E “W(’C*C)H%m)}

We can then extend S(H*) to alarger space named ]D)g’lK(H)‘*) by considering the
norm:

2 .
ICIEE]™ = BIK(Ollz2] +E [V (O 22y

By using this norm, we can avoid hypothesis 3 of continuity of I'® to establish

theorem 21. In fact, relation (31) is replaced by:

V * * 2
E [|6V (K (uXi)) ] < [[IK" (ulg)l[51]
the rest of the proof remains the same. We get:

Theorem 24 For any « € [1/2,1], under the assumption 2, if u belongs to ]Dgl(H’\*)
and to dom(6%) with ap > 1. Then, the process

N2ie

{65 (Kr(u)) = ™" (ulpy) : t € [0, T}

admits a modification whose paths are a.s. (o — 1/p)-Hélder continuous. Moreover,
there exists a constant ¢ > 0 such that:

185 (lz@strot@-1/m) < € IKTI - [lully)-

4 It6 formula for cylindrical functionals

Theorem 25 Let F' be a C? function and u belong to S(L*(v)) i.e. u = F.v with

S -
F € S and v € L*(v). Consider Zy = z + (u 5 NEY,. Then u.F' o Z is in
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Domd gk and we have P-almost surely: for any t € [0,T],

F(Z) = F(2) + (u(s) F'(Z) % N5),. (32)

Proof. Consider € > 0, we have:

F(Ziso)=F(Ze) = F'(Z)(Zire—Z0) +(Zoy = 20)° /OT F'((1=u) ZpyetuZy)(1—u) du.

For any test function ¥ we get:
E[(F(Zie) = F(Z) V] = E[F(Z)(Zire — Z1) - V]
T
+ E [(Zt+e — Zt)2/ F//((l — U)Zt+5 + UZt)(l — u) du . \IJ
0
== Al + Ag.
Apply theorem 19, we get:

(SL)
*

Ziye — 2y = (uﬂ[t,tJre] NK)T

= oV (uI L As)d
= (ullfy 41q) + , Vs (ullf444)(5)A(s)ds

N t+e N ~
= OV (K (ull ) + /t (V™). u(s) A(s)ds.
Thus A; splits into two terms:

Ay =K [F'(2,) 6" (K* (ulp44q)) - U] + E [F’(Zt) /t T u(s) As)ds . W
= D, + D».

On the one hand, it is obvious that:

lim * B, = E[F/(2) (K9Y), u(t) A(t) . 9] (33)

e—0 ¢

On the other hand, we have:
T -
Dl =K l/ VéV(F/<Zt)\Ij) K*(Uﬂ[tﬂpre]) )\(S)dS] .
0
An application of the derivation formula splits D; in two terms and using the
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adjunction property we get:

D, —F [ /0 DUV (F(20) K (ully ) (5) X(s)ds]

VE [ / U F(2) VY (0) K (ully ) (5) X(s)ds]

[ [ T ) K010
+8 | [ P 0070 a9 N1
= [v [T (2)) u(s) As)is|
FE[P(2) [ 00T), (0 uls) As)ds]

Thus,

lim K {\If / V) (F(Z))) uls) A(s)ds

e—0 €

1 t+e ~ ~
lim ~E {F’(Zt) /t (V) (W) u(s) A(s)ds
=E [F'(2) (KVY)() u(t) A(t)] . (35)
Note that:
(KVY)(F'(Z)) ult) + F'(Z) (KVY),ult) = (KVY)(F'(Z) u(t)).

Consequently, by the relations (33), (34) and (35), we have shown that:

lim S A, = E [F/(2) (KVY),(0) u(t) A()] + E [0 (KV)o(F'(Z0) u(t) A)]

e—0 ¢

Moreover, since F” is bounded,
li 1A =0 36
g 242 =0, 0
Thus, we have:

lim A [F(Ziee) = F(Z)) . W) = E |[F'(Z) (V™) () u(t) )]

+E [V (KVY)(F'(Z) u(t) Alt)
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We can now write:

E[F(Z)¥) - F(2) = |

+lv. [ V)L (F 0 Z(5)u(s)) A(s)ds|
= E[w. 8V (K} (F'(Z) u(s))]

+E 11/ i CCVY).(F o Z(s).uls)) S\(S)ds: |
We then apply theorem 20 to write:
E[F(Z)V] - F(z) =E 0. 6N( “(F'(Zs) u(s) Tog(s)))]
LE | / (KV™).(F o Z(s).u(s)) Ms)ds]
—E[0.6% (F/(Z,) u(s) To(s))] '
FE (W [T o 2(5).us)) Als)ds
= E[v (5NK (F' o Z(s).u(s) Ty (s))
[ 0T 0 20506 Toa(e) Ao |

_E [qf (FoZu ¥

)
(
NK)J

The relation (32) is obtained by identification for all ¢ € [0, T'| P-a.e. but both terms
are continuous so it is true P-a.s. for all ¢ € [0, 7. O

5 Appendix : Deterministic Fractional Calculus

For f € £'([0,T]), the left and right fractional integrals of f are defined by:

5.1)@) = g7 [} F0 =07~ db, > 0,
(I f)(z) = F(la) / (- 2Vt < b,
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where o > 0 and I° = Id.

For any o > 0, any f € £P([0,T]) and g € £L([0,T]) where p~! + ¢~ < a, we have:

[ 5 sg)s)ds = [ (13- 1)()gls) ds. (37

The Besov space I§ (LP) ot ,p 1s usually equipped with the norm:

[ l1zep= (o fll -

In particular Z, » is a (separable) Hilbert space and we have the following continuity
results (see [22,23]):

Proposition 15 e Ifa—1/p <0, then Z,, is isomorphic to I (LP).
e [f0<a<l,1<p<l/a, then Iy, is a bounded operator from LP([0,T1]) into
L£9([0,T]) with ¢ = p(1 — ap)~'.
o Forany0 < a <1 and anyp > 1, I,, is continuously embedded in Hol(o —
1/p) provided that o« — 1/p > 0. For 0 < v < 1, Hol(v) denotes the space of
Holder—continuous functions, null at time 0, equipped with the norm.:
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