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Abstract

In this paper we develop a Malliavin-Skorohod type calculus for additive processes in the L® and
L' settings, extending the probabilistic interpretation of the Malliavin-Skorohod operators to this
context. We prove calculus rules and obtain a generalization of the Clark-Hausmann-Ocone formula
for random variables in L'. Our theory is then applied to extend the stochastic integration with
respect to volatility modulated Lévy-driven Volterra processes recently introduced in the literature.
Our work yields to substantially weaker conditions that permit to cover integration with respect to
e.g. Volterra processes driven by a-stable processes with a < 2. The presentation focuses on jump
type processes.
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1 Introduction

Malliavin-Skorohod calculus for square integrable functionals of an additive process is today a well
established topic. K. It6 proved in [17] the so-called chaos representation property of square integrable
functionals of the Brownian motion. A generalized version of this property in terms of a random
measure associated to a Lévy process was proved by the same author in [18]. Later, a Malliavin-
Skorohod calculus for Gaussian processes strongly based on the chaos representation property was
developed. We refer the reader to [24] for the Gaussian Malliavin-Skorohod calculus.

In [25] it was proved that an abstract Malliavin-Skorohod calculus could be established on any
Hilbert space with Fock space structure. An analogous abstract framework was described in [16].
Indeed, during the following years, the Malliavin-Skorohod calculus based on the Fock space structure
was developped for the standard Poisson process (see [25]), for a pure jump Lévy process or a Poisson
random measure (see [7] and [21]), for a general Lévy process (see [11], [28] and [34]), and for additive
processes (see [14] and [35]). We refer the reader to [15] for the Malliavin-Skorohod calculus for Lévy
processes.

In [26] a version of the Malliavin-Skorohod calculus for the standard Poisson process was developed
on the canonical Poisson space introduced by J. Neveu in [23]. They defined a difference operator and
its adjoint and proved that these operators coincided respectively with the gradient and the divergence
operators based on the Fock space structure associated to this process. So, this work puts the basis for
a Malliavin-Skorohod type calculus beyond L? in that context. J. Picard, in [29] and [30], extended
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and developped this theory to the more general context of Poisson random measures. Many of these
ideas are nicely reviewed in [31].

Later, J. L. Solé, F. Utzet and J. Vives introduced a Neveu-type canonical space for the pure jump
part of a Lévy process and defined an increment quotient operator, which turned out to coincide with
the gradient operator based on the corresponding Fock space structure, see [33] and [34]. On this
basis they developed a Malliavin-Skorohod calculus for Lévy processes beyond the L? setting in the
canonical space, extending the results of [26]. More results in this framework were obtained in [3].

The purpose of this paper is two folded. First we want to set the basis for a Malliavin-Skorohod
calculus for general additive processes, which allows to deal with L' and L° functionals of the process.
We recall that additive processes can be thought of as Lévy processes without stationary increments,
see [32]. On one hand we extend substantially the theory of [34], using also ideas from [29] and [30].
The results also extend the L? Malliavin-Skorohod calculus developed in [35]. Moreover, taking a
different perspective, the Skorohod type integral introduced in this paper, defined for the additive
processes, extends the Ito integral in L! (see e.g. [8]) to the anticipative framework.

The second goal of the present paper is to discuss explicit stochastic integral representations in
the L' setting. Indeed we prove various rules of calculus and a new version of the Clark-Hausmmann-
Ocone (CHO) formula in the L! setting. This formula extends on the one hand the L? CHO formulas
for Lévy processes that can be found in [7], [11], [14], [15], [31] and [33]. On the other hand the formula
extends the pure Brownian CHO formula in the L' setting obtained by I. Karatzas, J. Li and D. Ocone
in [20] and also the formula obtained in [29] for integrable functionals of the standard Poisson random
measure. Moreover, our formula allows to identify the kernels of the martingale representation for
additive processes covering many of the cases treated in [10], [13].

In a summary the original achievement of this paper is to establish and work with techniques
proper of canonical spaces to obtain results of stochastic integration in L° and L' settings. While
the statements of the results may not sound surprising as we try to extend the Malliavin-Skorohod
integration scheme, the fact that we have substantially enlarged the very set of integrators and in-
tegrands opens up for new possible applications. For example, our theory allows to treat stochastic
Malliavin-Skorohod integration with respect to a-stable processes when o < 2, in which case there is
no second moment available and, in some cases, not the first either. We recall that a-stable processes
are heavy tailed distributions and they appear e.g. in the analysis of financial time series of returns
(see e.g. [9]) and weather linked securities (see e.g. [1]). Moreover, we apply our theory to extend the
integral suggested in [4] for Volterra-type processes. Indeed we can treat the case of processes driven
by pure jump additive processes in L and L'. These models, called volatility modulated Volterra
processes (also part of the family of ambit processes), are a flexible class of models used both in
turbulence and in energy finance, where the risks may derive from natural phenomena (e.g. wind)
with extreme erratic behaviour. In this case the driving noises are characterized by a large tailed
distribution, without second moment, see e.g. [5].

The paper is organized as follows. Section 2 is devoted to preliminaries about additive processes.
In Section 3 we present fundamental elements of the L? Malliavin-Skorohod calculus for additive
processes as a point of departure of our work. In Section 4, we extend the canonical space for Lévy
processes developed in [34] to the context of additive processes. In Section 5 we introduce a Malliavin
calculus in the L% and L' settings for Poisson random measures and in particular for pure jump
additive processes. We work in the canonical space and we exploit its structure. Section 6 is dedicated
to the CHO formula. Our work focuses on the pure jump case. For what the Brownian component
is concerned, we recall the results of [20] about the CHO formula in the L'. The integration with
respect to pure jump volatility modulated Volterra processes is discussed in Section 7.



2 Preliminaries about additive processes

Consider a real additive process X = {X;,¢ > 0} defined on a complete probability space (2, F,P).
Denote by E the expectation with respect to P. Denote by {F;*,¢ > 0} the completed natural filtration
of X and define FX := V;>0FX. Recall that an additive process is a process with independent
increments, stocastically continuous, null at the origin and with cadlag trajectories. See [32] for the
basic theory of additive processes.

Set Ry := R — {0}. For any fixed € > 0, denote S, := {|z| > €} C Ry. Let us denote B and By
the o—algebras of Borel sets of R and R respectively. The distribution of an additive process can
be caracterized by the triplet (I'y,07,14), t > 0, where {T'y,t > 0} is a continuous function null at the
origin, {oZ,¢ > 0} is a continuous and non-decreasing function null at the origin and {4, > 0} is a
set of Lévy measures on R, that is, a set of positive measures such that for any ¢t > 0, 14({0}) = 0 and
Jo (X A 2?)y(dz) < co. Moreover, for any set B € By such that B C S, for a certain € > 0, v.(B) is a
continuous and increasing function null at the origin.

If in addition we assume stationarity of the increments (namely, X is a Lévy process), then, for
any t > 0, the triplet becomes (yrt, O'%t, vit), where v, is a real constant, Jj% is a positive constant and
vy, is a Lévy measure on R. Note that, thanks to the stationarity of the increments, a Lévy process is
fully characterized just by the triplet (yz,0%,vr), that is, the triplet in the case ¢ = 1.

Set © := [0,00) x R. Let us denote by 0 := (¢, x) the elements of ©. Accordingly, df will denote
the pair (dt,dxz). For T > 0, we can introduce the measurable spaces (O, B(©r,)) where O7, :=
[0,T] x Se and B(©r,) is the corresponding Borel o-field. Observe that O 0 = [0,00) x Ry and that
© can be represented as © = O o U ([0,00) x {0}). Also observe that [0, 00) x {0} ~ [0, c0).

We can introduce a measure v on O o such that for any B € By we have v([0,t] x B) := 14(B).
The hypotheses on 14 guarantee that v({t} x B) = 0 for any ¢t > 0 and for any B € By. In particular
v is o—finite. Given G € B(© ) we introduce the jump measure N associated to X, defined as

N(G)=#{t: (t,AX;) € G},
with AX; = X; — X;_. Recall that N is a Poisson random measure on B(O ) with

E[N(G)] = E[(N(G) — EIN(G)])?] = (@)

Let N(dt,dz) := N(dt,dz) — v(dt,dz) be the compensated measure.
According to the Lévy-It6 decomposition (see [32]) we can write:

X, =T+ Wi+J;, t>0. (2.1)

Here I is a continuous deterministic function null at the origin and W is a centered Gaussian process
with variance process o2 independent of J (and N). In relation with W we can also define a o—finite
measure o on [0, 00) such that ¢([0,#]) = 7. The process J is an additive process with triplet (0,0, ;)
defined by

Jy = / «N (ds, dz) + lim aN(ds, dz), (2.2)
O¢,1 el0 O¢,e—06¢,1

where the convergence is a.s. and uniform with respect to ¢ on every bounded interval. Following the
literature, we will call the process J = {J;,t > 0} a pure jump additive process.

Moreover, if {FV, ¢ > 0} and {F/, t > 0} are, respectively, the completed natural filtrations of
W and J, then, for every ¢t > 0, we have FX = FV v F/. The proof is the same as in the Lévy case
(see [34]).

We can consider on © the o—finite Borel measure

w(dt,dz) := o(dt)do(dz) + v(dt, dz).



So, for E € B(0),

(E) = /E R / / ot d),

where E(0) = {t > 0: (¢,0) € E} and E' = E — E(0). Note that u is continuous in the sense that
p({t} x B) =0 for all t > 0 and B € B. See [13] for a discussion on the importance of this condition
for random measures with infinitely divisible distribution. Then, for E € B(©) with u(E) < oo, we
can define the measure

ME) = [ awi+ 2~ lim / / N(dt, dz),
E(0) ntoo J J{(t,x)eE: L <|x|<n}

that is a centered random measure with independent values such that E[M (E1)M (Es)] = p(E1 N Es)
for E1,Ey € B(O) with p(F1) < oo and p(E2) < oo. The measure M appears as a mixture of
independent Gaussian and compensated Poisson random measures. We can write

M (dt,dz) = (W ® &) (dt,dz) + N(dt,dz).
Remark 2.1

1. If we take 02 =0, u = v and M = N, we recover the Poisson random measure case.

2. If we take v = 0, we have u(dt,dx) = o(dt)dp(dx) and M(dt,dx) = (W ® dp)(dt,dx) and we
recover the independent increment centered Gaussian measure case.

3. If we take o7 := 0%t and v(dt,dx) = dtvy(dz), we obtain M(dt,dz) = o (W ® 8)(dt,dz) +

N(dt,dx) and we recover the Lévy case (stationary increments case).

4. If v =0 and o7 = o7t, we have pu(dt,dz) = o3 dtdo(dr) and M (dt,dx) = oW (dt)do(dz) and we
recover the Brownian motion case.

5. If 02 = 0 and v(dt, dz) = dtd,(dzx), we have p(dt,dx) = dtd,(dz) and M(dt, dz) = N(dt)s, (dzx)
and we recover the standard Poisson case.

Remark 2.2 A similar situation can be developed with the mixtures fi(dt,dz) = o(dt)do(dx) +
2?v(dt,dz) and M = (W ® &) + xN as can be seen in [18] and [34] in the particular context of Lévy
processes.

Remark 2.3 Given u we can consider the Hilbert space H := L?(©, B, 1) and introduce the so-called
isonormal additive process on (€2, FX P), i.e. a process L := {L(h),h € H} such that L is linear and

]E(ez‘zL(h)) =exp(¢(z,h)), z € R,
with

d(z,h) = /@ (M) 1 —izh(t, z)) g, — Z;hz(t,x)]l{o})u(dt,dx).

Observe that we can rewrite

o) = |

See [35] for the details. In the case v = 0, L becomes an isonormal Gaussian process (see [24]).
Note also that F¥, which is the natural completed oc—algebra generated by L, coincides with F¥ and
M(A) = L(1,), for any A € B.

o L2
((eizh(t,m) . z‘zh(t,x))u(dt, dx) _ / %hQ(t’O)J(dt).
0

0,0



3 Malliavin-Skorohod calculus for additive processes in L2

Here we summarize the Malliavin-Skorohod calculus with respect to the random measure M on
its canonical space in the L2 —framework. The construction is the same as for the stationary case and
follows [35], but in a way it is close to [34] and [2]. This is the first step towards our final goal of
extending the calculus to the L' and L frameworks.

3.1 The chaos representation property

Given pu, we can consider the spaces L2 := L2 (@”,B(@)®n, u®") and define the It6 multiple

stochastic integrals I,,(f) with respect to M for functions f in L2 by linearity and continuity starting
from L,(f) == M(Ey)--- M(E,) if f := 1g,x..xp, with E1,..., E, € B(0O) pairwise disjoint and with
finite measure p. In particular, for any f € L2 we have I,,(f) = I,( f ), where f is the symmetrization
of f. By construction, I, does not charge the diagonal sets, i.e. the sets

{(01,...,0,) € ©" :0;, =--- =0, for some different i1,...,i, € {1,...,n}}.

So, we can consider f € L2 to be null on the diagonal sets. Then we have the so-called chaos
representation property, that is, for any functional F' € L?(Q, FX,P), we have

F= Z In(fn)
n=0

for a certain unique family of symmetric kernels f,, € IL2. See [18] for details of this construction. For
the chaos representation property see also Theorem 3.3 in [12] and Theorem 2.2 in [14].

3.2 The Malliavin and Skorohod operators

The chaos representation property of L2(£2, FX,P) shows that this space has a Fock space structure.
Thus it is possible to apply all the machinery related to the anhilation operator (Malliavin derivative)
and the creation operator (Skorohod integral) as it is exposed, for example, in [25].

Consider F = Y% I,(fn), with f,, symmetric and such that Y > nn! ||fn|]i% < 0o. The Malliavin

derivative of F is an object of L%(0© x Q, u ® P), defined as

DyF = ann,l(fn(e, -)), 0co. (3.1)
n=1

We will denote by DomD the domain of this operator.
On other hand, let u € L*(© x Q,B(0) ® FX,u ® P). For every § € © we have the chaos
decomposition

wo =3 Ln(fa(6.))
n=0

where f, € L2 41 is symmetric in the last n variables. Let fn be the symmetrization in all n + 1
variables. Then we define the Skorohod integral of u by

5(”) = ZIH+1(f~n)a (3.2)
n=0

in L*(Q2), provided v € Dom , that means Y oo (n + 1)! Hf””]i? < 00. Moreover if u € Dom § and
n+1
F € Dom D we have the duality relation



E[é(u) F| = E/@ up Do F' 11(d0). (3.3)

We recall that if u € DomJd is actually predictable with respect to the filtration generated by X,
then the Skorohod integral coincides with the (non anticipating) Ito integral in the L?—setting with
respect to M.

3.3 The Clark-Haussmann-Ocone formula

Given A € B(©) we can consider the o—algebra F4 generated by {M(A’) : A’ € B(©),A’ C A}.
Following [25] we have that F' is F4—measurable, if for any n > 1, f,(61,...,0,) = 0, u®" — a.e.
unless §; € A Vi=1,...n.

In particular, we are interested in the case A := [0,¢) x R. Let us denote from now on, F;_ :=
Flo,xr- Obviously, if F' € Dom D and it is J;— —measurable then D;,F = 0 for a.e. s >t and any
x € R. From the chaos representation property we can see that for F € L%(Q),

E[F|F] =Y In (fn(ela s 00) T o (tz')>,
n=0 i=1
(see e.g. [15]). Then, for F' € DomD, we have

Dy, E[F|Fi_] = B[Dy . F|Fi gy (s), (s,2) € ©.

Using these facts and following Theorems 4.1, 12.16 and 12.20 of [15] (or the same steps as in
Proposition 1.3.14 in [24]), we can prove the so-called Clark-Hausmann-Ocone (CHO) formula:

Theorem 3.1 If F € DomD we have
F =E(F) + 6(E[Dyo F|F-]).

Remark 3.2 Being the integrand a predictable process, the Skorohod integral § in Theorem 3.1 above
is actually an Ito integral.

Remark 3.3 The CHO formula can be rewritten in a decompactified form as

F=E(F) + / E(Ds oF|Fs—)dW; + / E(Ds . F|Fs—)N(ds,dx).
0 (S

0,0

See [7].

4 A canonical space for additive processes

First we consider the pure jump case (process J) and then the general case (process X).

4.1 A canonical space for J

We will set our work on the canonical space for J, introduced in [34]. Hereafter, we review the
construction in a slightly different way, more convenient for our purposes, and in the more general
context of additive processes. First we will consider the process on O, for fixed T' > 0 and € > 0,
and then we will consider O taking 7' 1 oo and € | 0.

Assume for the moment that v is concentrated on O, or otherwise let us consider v = vlg,,.
Observe that in particular, v(Or,) < co. Note that in this case,



co(t) = /Ot /6<|I|S1:w(ds,dx) :/Ot /11 ev(ds, dz)

and |ce(t)] < v(Oy,) for any t € [0, T]. Then, taking the characterization (2.2) into account, the process
Ji + ¢c(t) can be identified with a time inhomogeneous compound Poisson process with parameter
v(O71,), that in particular has a finite number of jumps on [0, T7.

Any trajectory of J can be described by a finite sequence ((t1, 1), ..., (tn, %)), for some n, where
t1y...yty €10,T]: t1 <tg <--- < ty, are the jump instants and x1,...,x, € S are the corresponding
sizes. Let a denote the empty sequence. So we can define

(i)
QYJ“,E = U @%ea

n>0

where @%e = {a}. Note that for any n # n/, ©F N @%’76 = {:
(ii) Fre:=0{B C Q. : B=U,soBn(disjoint), B, € B(@T,e)@m} = V50 B(O1,0)®™;

(iii) The probability measure Py, such that, for B = J,, B, (pairwise disjoint) with B, € B(O7,)%",

o ®7’l
(O, Z’/ (B)
]P)Tve(B) =€ V( TV) n:o n! : ’

where ¥ = §,.

The pure jump process {J;, t € [0,T]} on (Q%}E,}'T,&,]P’T’E) is given by
n t rl .
) = { iz @i lpa(t) = o [y avids,da), ifw = ((an),o(tuea)), )
—Jo |2, xv(ds, dx), if w=a.

Recall that given a measurable space (E, &), it is easy to see that the family of sets 5 = {C €
E® . C is symmetric} is a o-field. Here C is symmetric if for all permutations 7 of {1,...,n}
we have C = 7(C) = {7(z) : x € C} where 7(z) := (Tr(1),- -, Tr(n))- Recall also that a function
[ E" — Ris ESp -measurable if and only if f is £%"-measurable and symmetric. Let now Frcsym

be the sub-o-field of Fr . defined as

fT,e,sym = \/ B(GT,E)®TL

sym”
n>0

Let .7:%6 be the o-field generated by J. It is easy to see that ]:%6 = FT, sym-

Now we extend the construction given above to the space ©, ¢ through a projective system of
probability spaces.

First of all observe that Q%e is a metric space. In fact for u,v € Q%,e, u € @%6, v e @5”176, we can
define the distance

o 1, if n#m, or n=m and da,(u,v) > 1,
u,v) 1=
dop(u,v), if n=m and da,(u,v) <1,

where d}, is the Euclidean distance on R*. Then Q% . is a Polish space (metric, separable and complete)
and the o-field Fr . coincides with the Borel o-field. We say that (Q%e, Fre) is a separable standard
Borel space. See Definition 2.2 in [27].

For m > 1, let (Q#,fm,]?m) = (Q;;’L,}"m’%,l[”m 1) be the canonical space corresponding to
O, == [0, m] x S1. Observe that:

‘m



1. {©,,,m > 1} and {Q/,,m > 1} are increasing sequences of sets;
2. Ox,0 = Up>10,, is an increasing union of sets;

3. O0,0 = Um>1(Om — Opy—1) is the union of pairwise disjoint sets. Remark that for m = 0 we
have the empty set.

Consider the maps my,: Q7 ,; — Q7 defined by

Wm((tl,l‘l), ey (tr, acr)) = ((tiwxil)v ey (tisa$is))a

where (t;,,2i,) ..., (ti,, ;) are the points of (¢1,21) ..., (¢, z,) belonging to ©,,. If there are no points
on this subspace we have ﬂ'm((tl, 1)y, (tr, xr)) = a. It is straightforward to check that

Pp(B) = Ppyi(m, (B), VB € Fp.

The canonical space Q7 for the pure jump additive process J on Os,0 can be defined as the
projective limit of the system (€, m,,m > 1). Let F be the o-field generated by the canonical
projections 7, : Q7 — Q. Then, from [27], there is a unique probability P on (Q7, F), such that

P,.(B) = P(7,,,}(B)), VB € Fp.

m

By construction, the projective limit Q” is the set of all sequences (w),w® ... ,) with w(™ € Q/ such
that 7, (w™*1)) = W™ In our setup, O/ = UpZ 005 o and the probability measure P is concentrated
on the subset of Q7 given by the following elements:

e The empty sequence «, corresponding to the element (o, a, ... ).

e All infinite sequences of pairs (t;,x;) that are constant in the tail, that is, it exists r > 0 such
that (ty44,Zr1i) = (tr,2,) for any 7 > 0. This corresponds to the elements (w™®,w® ... ) such
that w(™ = w1 . for some r. In this case we will usually write only the relevant finite part.

e All infinite sequences ((t1,21), (t2,22),...) such that for every m > 0 there is only a finite
number of (¢;,x;) on ©,,.

Furthermore, given the interpretation of Q7 as the set of finite or infinite sequences

((tlu x1), (t2, x2), .. )

above exposed, the canonical projection

Tm: Q7 — QL

gives ﬁm((tl, x1), (to, z2), .. .), which is then the finite sequence of points (¢;, z;) such that ¢; € [0,m)]
and |x;| > % In the sequel, both Q7 and 7, should be understood in this sense.
Now define the o-field on Q7 :

Foym = \/ T (]:m Sym).

n>0

Finally, the process {J;, t > 0} on (2’ , Fsym, P) can be defined as follows. For any ¢, if w =
(W™ 1 € Q7 set



assuming Jt(o) = 0. Here the convergence is P—a.s. and the J(™) are given as in (4.1). Moreover F”,
the o—algebra generated by J, is equal to Fgym. The existence of the limit above is proved exactly as
the It6-Lévy representation of a pure jump Lévy process which gives the convergence a.s., uniform on
t €10, 7], for any T > 0, of an equivalent sequence. Moreover, computing the characteristic function,
it is straightforward to see that J = {J;, t > 0} is a cadlag additive process with triplet (0,0, ).
Observe that, in general, a random variable F on Q7 is given as

F(w) =a.s. — lim Z (F(7m(w)) = F(Tm-1(w))) + F(a) = a.s. — lim F (7, (w)),
m=1
provided these limits exists.

4.2 A canonical space for X

Let (Q, FW,PY) be the canonical Wiener space and {W;, t > 0}) be the canonical centered
Gaussian process with independent increments and variance process o2. That is, QW = Co(]0,00)),
is the space of continuous functions on [0,00), null at the origin, with the topology of the uniform
convergence on the compacts, F" is the Borel c—algebra and P! is the probability measure that
makes the projections W7 : Q" — R, t > 0, be a centered Gaussian process (with independent
increments) with variance process 2. Let (7, F/, P/ {J;,t > 0}) be the canonical pure jump additive
process associated to the measure v defined before. We consider the product space (QW x Q) FV @
FI PW @P7) and put Wy(w,w’) := W (w) and Jy(w,w’) := J¢(w'). Finally, we consider the continuous
deterministic function I'. Then

X =T +Wi +J;

is the canonical additive process with triplet (s, 02,14), t > 0.

5 A Malliavin-Skorohod type calculus for J on the canonical space

In this section we establish the operators and the basic calculus rules of a Malliavin-Skorohod
calculus with respect to a pure jump additive process on the canonical space.

5.1 An abstract duality relation

Let 6 = (5,7) € Onop. Let w € Q7 that is, w := (61,...,0,,...), with 0; := (s;, ;). We introduce
the following two transformations from O ¢ x 07 to Q7 :

egw = ((s,2), (s1,21), (s2,22),...),

where a jump of size x is added at time s, and

€gW 1= ((5171’1)7 (52,72),. ) - {(8,1‘)},

where we take away the point § = (s, z) from w.

Observe that et is well defined on Q7 except on the set {(f,w) : # € w}, which has null v ® P
measure. We can set by convention that on this set, e;w := w. The case of ¢, is also clear. In fact
this operator satisfies €, w = w except on the set {(6,w) : § € w}. For simplicity of the notation, when
needed, we will denote w; := €, W-

These two transformations are analogous to the ones introduced in [29], where they are called
creation and annihilation operators. Some of the results presented here have their correspondent in
that paper, but our proofs are constructive on the canonical space. This differs from the approach
used in [29] and extends substantially the ideas presented in [26], from the standard Poisson to the



additive case. See [22] for general information about creation and annihilation operators in quantum
probability.

Let L°(Q7) denote the set of random variables defined on Q7 and by L%(O4 0 x Q) the set of
measurable stochastic processes defined on © ¢ X Q7. Now we consider the following two definitions:

Definition 5.1 For a random variable F € L°(Q7), we define the operator
T: LO(QJ) — LO(@OO,O X QJ)?
such that (TpF)(w) = F(ejw).
If F is a F/-measurable, then

(TF)(-): O x Q) — R

is B(Oc0,0) ® F/— measurable. Moreover, it F' = 0, P-a.s., then T.F(-) = 0, v®@P-a.e. So, T is a closed
linear operator defined on the entire L°(Q7). See [34] for a proof.

If we want to secure T.F(-) € L}(Ouop x ©7), we have to restrict the domain and guarantee that

E/ Ty F|w(d6) < oo.
eoo,O

Remark that this requires a condition that is strictly stronger than F' € L'(©27). Concretely, we have
to assume that

Ze V(Om—O 1)va/ F(b1,...,00)|v(d61) ... v(d6,) < oo

'm_@m 1)”
whereas F € LY(Q) is equivalent only to

o0

3 e HOn—Ons va/ » Fby,...,0,)|v(d6y)...v(doy) < oo

m=1 m— 1

Definition 5.2 For a random field u € L%(On 0 X Q) we define the operator

S : DomS C L%(Ou x Q7) — L)
such that

(Su)(w) = /@ o )N (d0,0) = 3 o, (@) < o

In particular, if w = a, we define (Su)(a) := 0.

The operator S is well defined on L'(O4 ¢ x 27) as the following proposition says:

Proposition 5.3 If u € LY (O o x Q7), Su is well defined and takes values in L*(Q). Moreover

E /@ woleg w)N(d6,w) = E /@ g (w)(d6).

10



Proof. Fix Q7 and denote, for any n > 0, w := (01, ...,6,) and 0 := (s, z). Denote also ¢, := e~*(©m),
We have

- ZC’T/ g, (01, ..., 0, ..., 0,)0(d6y) - - v(dby)
S]

n=1 m =1
= ZCTT/ nug(01, ..., 0h—1)v(db1) - - - v(dbp—1)v(d0)
n=1 %
= . ug(bh, ..., On—1)v(dbh) - - v(dbn—1)v(d)
Om

m

_ sz/@l/ (O, - O (d0r) - - - v(d6y)(d)
= Blllgy, [ uv(d9)

m

The general case comes from dominated convergence. m

Remark 5.4 We have proved that L' (04 o x 07) € DomS. Moreover S is closed in L! as an operator
from L'(Quo0 x Q7) to L'(Q). In fact, if we take a sequence u(™ € L'(On0 x Q) converging to 0
in this space and we assume that Su(™ converges to G in L'(©Q7), we can show that G = 0. This is
immediate because

E|G| < E|G — Su™| + E[Su™].

Moreover, the first term in the right hand side converges to 0 by hypothesis and the second one, using
Proposition 5.3, can be bounded by

E|Su™| < E / ™ (67.0)| N (d6,w) = E / ™ (d8),
600,0

00,0

which also converges to 0 by hypothesis.

Remark 5.5 Given 6 = (s,x), for any w, we can define @, as the restriction of w to jump instants
strictly before s. In this case, obviously, €, s = @s. If u is predictable we have ug(w) = ug(@,). In
this case, we have

ug(egw) = up((egw)s) = ug(@s) = ug(w),

and

(Su)(w) = / wgleg w)N (8, w) = / g ()N (6, ).
90070 €")oo,O
Hereafter we introduce a fundamental relationship between the two operators S and T

Theorem 5.6 Consider ' € L°(Q7) and uw € DomS. Then F - Su € L*(Q7) if and only if TF -u €
LY(Ouo0 x Q) and in this case

E(F - Su) = E/ TyF - ugv(do).
O0,0

11



Proof. Using the fact that F'is symmetric, i.e. Fgy,, —measurable in the canonical space, we have

E(F~Su-]lm)
_ / For, ... 00)(Su)(01, ., 0)(d01) - - 1(dBy)
C
— Zln'/n 91, ZUQ wz d91 (d@n)
_ Z Cm/ Ty F (01, .. 0, O )ug. (&)0(d61) - - - (dBy)
n=1 i=1 n! o

_ /@ - / TyF (01, . O 1)ttg(@)0(d01) - - (df, 1 )(d6)
- E(n% /@m TgFUgV(dG))

Finally, we extend the result to Q7 using the dominated convergence theorem. m
Moreover we obtain the following rules of calculus:

Proposition 5.7 If u and TF - u belong to DomS, then we have F - Su = S(TF -u), P — a.e.

Proof. This is an immediate consequence of the fact that Ty, F(&;) = F(w). =

Proposition 5.8 If u and Tw are in DomS, then Ty(Su) = ug + S(Tyhu), v @ P — a.e.

Proof. For the left-hand side term we have
Ty(Su)(w) = (Su)(efw) = ug(w) + Z ug, (6,65 w)
and for the right-hand side term we have Z
ug(w) + S(Tou)(w) JFZ“G €5 €,
The equality comes from ee_iegw = e;“eg—iw, rP—ae m

5.2 The intrinsic gradient and divergence operators and their duality

With the results of the previous sections we are ready to introduce two operators which also turn
out to fullfill a duality relationship. These operators will be hereafter called intrinsic operators, being
defined constructively on the canonical space.

We define the operator

Wy =Ty — Id.

Observe that this operator is linear, closed and satisfies the property

Ug(FG)=GUgF 4+ FUyG + Vy(F) Uy(Q).

On other hand, for u € L%(© o x 27) we consider the operator:

£ :Dom€E C L%(Oup x Q7) — LY(Q7)

12



such that

(Eu)(w) ::/ ug(w)r(dh).
900,0
Note that Domé is the subset of processes in L(Ouo 0 x Q7) such that u(-,w) € L'(O ), P—as.

On other hand recall that, for w fixed, we have e, w = w, if § # 6; for any i, and that v({6 : 0 =
0;, for some i}) = 0. So,

/ ug(e, w)v(dh) = / ug(w)v(dh), P —a.s. (5.1)
eoo,O 6c>o,0
Then, for u € Dom® := DomS N Dom& C L°(O 0 x 27), we define
Qu := Su — Eu.
Remark 5.9 Observe that L!(Ox x ©7) C Dom®.

Remark 5.10 Observe that from Proposition 5.3 and (5.1) we have that E(®u) = 0, for any u €
Ll(@oo’(] X Q)

Remark 5.11 From Remark 5.5 and (5.1) we have

(df,w),

&
£

I

o
8
[=}

g
S
£

=

for any predictable u € Dom®.

As a corollary of Theorem 5.6 we have the following result:

Proposition 5.12 Consider F € L°(Q7) and u € Dom®. Assume also F-u € L} (O x Q7). Then
F-®ue LYQY) if and only if UF -u € LY(Oooo x Q7) and in this case

E(F - du) :E(/@ \IlgF-ugu(dH)).

00,0

Analogously to the previous subsection we have also the following two results that can be proved
immediately using Propositions 5.7 and 5.8 and recalling the definitions ¥ =7 — Id and ® =5 — £.

Proposition 5.13 If F € L°(Q7) and u, F -u and WF - u belong to Dom®, then we have
F-ou=®(F u)+®VF -u)+&WF- -u), P-a.s.
Proposition 5.14 If u and Yu belong to Dom®, we have
Uy(Pu) = ug + ®(Ygu), reP—a.e.

Remark 5.15 If we change v(ds,dz) by z?v(ds,dz) and we define the operators
o g TP —F

13



(Eu)(w) := / U o (w)z v (ds, dx)
eoo,O

and

P:=5-¢,

we can prove similar results to ‘Ehe previous ones. For exa_mple, if F e L°(Q7), u € Dom®, and
F-u€ LY (Ou0 x Q7), then F - du € LY(Q7) if and only if UF - u € L} (Ooop x Q7) and in this case

E(F - du) = E(/ U o F - us m2u(ds,d:c)>.
(S

0,0

Note that the domains of ¥ and W are slightly different in view of the different measure v. This
has natural consequences also on the evaluations in L'. For example,

E / B, Fla?v(ds, dz) = E / U, Fl[2|(ds, dz)  E / W0 Flu(ds, dz).
600,0 eoo,() 9c>o,0

5.3 Relationships between the intrinsic operators and the Malliavin-Skorohod op-
erators.

In the last part of this section we study the intrinsic operators ¥ and ® in comparison with the
Malliavin derivative and Skorohod integral defined in Section 3.2 restricted to the pure jump case,
i.e. associated with N(ds,dz). We will write D’ and 67, respectively. We show that the intrinsic
operators are extensions of the two classical concepts.

First we need to recall some preliminary results. The following key lemma is proved in [34] (see
the proof of Lemma 5.2) and it is an extension of Lemma 2 in [26].

Lemma 5.16 For any n > 1, consider the set

On = {(01,...,600) € O : 0, # 60 if i # j}.

Then, for any gi € LQ(G)];:O), for k>1, and w € Q7 we have

Te(gr) (w) = /@k 9k(01 ..., 0,)N(w,dby) -+ N(w,dby), P—ae.

T,e

Proof. Both expressions coincide for simple functions and define bounded linear operators. We
remark that g, does not need to be symmetric. m

The relationships between D7 and ¥, and 67 and ® are given by the following results, which extend
corresponding results for the standard Poisson process given in [26].

Lemma 5.17 For a fized k > 0, consider F = Ix(gx) with g a symmetric function of LQ(@’;SO).
Then, F belongs to DomD? N Dom¥ and

D' Ii(gk) = Ii(gk), v@P— ace.

Proof. The fact that F € DomD? N DomV is obvious. From the definition of ¥ we obtain

oli(gr)(w) = In(gr)(eg w) — Tx(gr) (w)

14



:/k gk(el,...,ek)N(egw,del)--.N(egw,dek)—/k gi(01, ..., 0p)N(w,dby) - - N(w, dby)
Sl eor”

0,0 00,0

k
:/ek’* k01, 0) T[N (w, d0y) +N(9,d0i))—/®k7

00,0 =1

k
(01, ..., 0 H w, do;)

Using the fact that gy is null on the diagonals, only the integrals with k — 1 integrators of type N and
one integrator of type N remain. Using the fact that g is symmetric in the last expression we obtain

00,0

\Ilgfk(gk)(w) = k/@k_l . gk(ﬁl, .. .,Gk,l,G)N(w,dﬁl) s N(w,dgkfl) = D@]Ik(gk).

0,0

Lemma 5.18 For fized k > 1, consider ug = Ix(gx(-,0)) where gi(-,-) € LZ(GI;(%’*) is symmetric
with respect to the first k variables. Assume also u € Dom®. Then,

d(u) =67 (u), P—ae.

Proof. First of all, note that

07 (I(gi (-, 0)) (@) = Ti1 (G () (@) = T (g () ()
- / eor 901 Ok, O)N (w, dbh) - N (w, dO) N (w, d6) — / ugv(df)
O 0 O o

0,0
= E /k gk(ela7€k799)N(w7d91)N(w7d0k) _/ UQI/(dG),
- er*
7 0,0

900,0

where the different 0? are the jump points of w = (69,69,...).
Recall that gi, the symmetrization of g with respect to all its variables, is null on the diagonals,
SO HJQ has to be different of all 6;, for i = 1,...,k. Now observe that we can write N(w,df) =

N (0?, do) + N (egow, df), where for simplicity we write &; := €,0w- Then we have,
J J

6 (u) = ZZ( )/ k(015 O, 09N (09,d6y) - - N (69, d0,) N (@5, dbuy1) - - N (6;, Ay )

— / ugr(do)
900,0

— Z/k X gk(91, coe, Or, 9?)](7((;}]', dGl) - N(@j, dek) — / ugy(dﬁ) — (I)(u)
i 790 Ooc,0

Remark 5.19 Recall that u € L?(O ¢ x Q) does not imply that u € L'(Ou o x Q7), nor that
u € Dom®.

Theorem 5.20 Let F € L?(Q7). Then F € DomD” if and only if VF € L?(Ounon x Q7) and in this
case we have

D'F=9F, veP-—a.e.
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Proof. Note that ' € Dom%¥ because DomV is the entire L°(Q”). Consider uy = Ix(gi(-,0)) as
in Lemma 5.18, that is, we are assuming also that v € Dom®. Then from (3.3), Lemma 5.18 and
Proposition 5.12 we have formally that

E/ Dy Fugv(df) = B(F7 (u)) = E(F®(u)) :E/ Wy Fugu(dh). (5.2)
0.0 00,0

The objects in (5.2) are well defined either if F € DomD? or if WF € L?*(On 0 x Q7). In particular the
previous equalities are true in the case gg(01,...,0k,0) := 1 4,(01)--- 14, (6x)1L4(0) for any collection
of pairwise disjoint and measurable sets Aj,..., Ar, A with finite measure v. In fact in this case
u € LY (B0 x Q) € Dom®. So, in particular we have

E(I(155 . 4,) /A D} Fu(d9)) = E(L(15E, .. 4,) /A Uy Fu(do)).

By linearity and continuity we conclude that VF = D/F, v @ P —a.e. m

Theorem 5.21 Let u € L?(Ouoo x Q7) N Dom®. Then u € Domd” if and only if du € L*(Q’) and
in this case we have

8u=du, P-—as.
Proof. Let G = Ij(gr) as in Lemma 5.17. Note that G is in DomD”. Then from (3.3), Lemma 5.17

and Proposition 5.12 we have formally that

(57 (u)G) = E /@ wy D] Gu(df) = E /@ Uy G(df) = B(GD(w)). (5.3)

00,0

The objects in (5.3) are well defined if either ®(u) € L%*(Q7) or if u € Domd”’ hold. Then the
conclusion follows. m

Remark 5.22 Similar results can be obtained for the operators ® and ¥. See Remarks 2.2 and 5.15.

6 The Clark-Hausmann-Ocone formula

6.1 The CHO formula in the pure jump case

As an application of the previous results in the pure jump case we present a CHO type formula
as an integral representation of random variables in L'(Q”). This in particular extends the formula
proved in [29] for the standard Poisson case, as well as the formulae of CHO type proved in the L?
setting, see e.g. [7], [15].

Theorem 6.1 Let F € L'(Q7) and assume VF € L' (O 0 x Q7). Then
F=E(F)+ ®(E(V . F|F-)) P—a.s.
Proof. The argument is organised in two steps.

1. Assume first that we are in . In this case, v is a finite measure concentrated on ©,y,.

Given F € L*(Q7) we can define, for every n > 1, F, such that F,, = F if |F| < n, F, = n if
F, >nand F, = —n if F < —n. Of course, F,, € L*(Q7). And moreover |F,| < |F| for any n
and

(V| < [TE| + [Fo| < [TF| + [F| < [WF[ 4 2[F].
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Applying Theorems 3.1, 5.20 and 5.21 we obtain

F, :E(Fn)+q)(E(\p9Fn|ft7))7 P —a.s.

Being v finite, we note that UF, € L?(Ou0 x Q7) and E(VgF,|F;—) € L?(O o0 x Q)N Dom®.
Using Remark 5.11 we obtain

F, =E(F,) +/ E(UyF,|F )N(dF), P —a.s.
Om

Clearly, F,, — E(F},,) converges in L' to F' — E(F). So, to prove the formula for F € L'(Q) it is
enough to prove that

/ E(Vg(F — F,)|Fi— )N(df) —ntoo O,

m

with convergence in L'(Q7). Indeed we have

|/"HawaFE»uz>Nmmhs/ EUWMFEJU%)NM®+/ E(|Tg(F—Fy)||Fi )(do).
Om

m m

So, it is enough to show that both summands on the right-hand side converge to 0. Observe that
using Proposition 5.3 and Remark 5.5 these two quantities have the same expectation, which is
equal to

B [ |w(F - Flu(ab)
Om
Now, the sequence |¥(F — F,,)| converges to 0, P-a.s., and it is dominated by

(W(F — Fp)| < [WF[ 4 [WF,[ <2(|9F| + |F]),
as this last quantity belongs to L'(0©,, x Q) by hypothesis.
2. Now we consider the general case. Then we have

Flg; —E(Flgy) = 11%/ E(UyF|Fi_)N(dF), P —a.s.

m

It is immediate to see that if ' € L'(€27) the left-hand side of the equality converges to F'—E(F).
The convergence of the right-hand side is a consequence of the fact that

E(n% /@m E(\IIQF\]-}_)N(dH)D < Q/G)OO’OE(\\I/(;F\)V(dQ)

and the dominated convergence.

By this we end the proof. m

17



Remark 6.2 Observe that under the conditions of the previous theorem we have

U, E[F|F_] = E[V, . F|F_ 1y, veP-—ae.

Indeed, on €2, we consider the functionals F}, introduced in the proof of the previous theorem and we
have

U E[F|Fi] = B[V o Fo|Fi-lgyy, v@P—ae.

The sequence V¥ . F;, converges a.s. to W, F' and the term is bounded in Ll(@oo70 X Q;;), so the
right-hand side term converges to E[W, , F'|F;_|1jg s 1qs . Then, the left-hand side has a limit in L.
On other hand, this left-hand side term also converges v ® P-a.e. to ¥y, E[F|F;_]. So, the result
follows.

Example 6.3 Consider a pure jump additive process L, i.e. for all t, Ly can be represented by the
following Lévy-Ité decomposition:

t t
Ly=Ty —I—/ / xN(ds,dzx) + / / xN(ds,dz).
0 J{lz|>1} 0 J{lx|<1}

Consider Ly (for T > 0). If we assume E(|Lp|) < 0o, or equivalently that

T
/ / |z|v(ds, dz) < 0o
0 J{lz[>1}

(see [9] Proposition 3.13), then we can write
T T ~
Lyr=Trp +/ / zv(ds,dx) +/ / xN(ds,dz).
0 J{z>1} o Jr
On the other hand, applying the CHO formula, we have

‘ljs,xLT = xIl[O,T} (S)

and

E(\Ils,mLT’]:s—) = x]l[O,T)(S)'

So, the conditions of Theorem 6.1 are equivalent to

IE/OT/R\mW(ds,dx) < . (6.1)

So, under this condition, the CHO formula gives

LT:E(LT)—F/OT/R:CN(ds,d:c).

This is clearly coherent with the Lévy-Ité decomposition because, under (6.1), we have

T
E(Ly)=Tp —I—/ / xv(ds,dr).
0 {|z|>1}
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Example 6.4 Let X := {X;,t € [0,T]} be a pure jump Lévy process with triplet (ypt,0,vrt). Let
S; := Xt be an asset price process (see e.g. [9] for the use of exponential Lévy models in finance). Let
Q be a risk-neutral measure. Recall that e "™t is a Q—martingale under the following assumptions
on vy and yr:

/ e“vr(dzr) < oo
j|>1

and

L = /R(ey — 1=yl <1y)v(dy).

See [9] or [19] for details. These conditions allow us to write without lost of generality,

t ~
Xt:a:+(7“—cz)t+/ /yN(dS,dy),
0o JR

where

g 1= /R(ey —1—y)vr(dy)

and N is a Poisson random measure under Q. According to Theorem 6.1, if F = Sy € L'(Q7) and
Eg[Vs . S7|Fs—] € LY([0,T] x Q) we have

St = Eq(St) + / Eq[Us . S7|Fs_|N(ds, dz).
O,

Observe that Vs ; ST(w) = St(e®* —1), ¢ xvpxQ—a.s., and this process belongs to Ll(@oqo x Q) if

and only if [ |e® —1|vr(dz) < co. Here  denotes the Lebesgue measure on [0,T]. Then, in this case,

we have

Sr = Eq(Sr) + / (T (2 _ 1)S,_ N (ds, da).
OT,0

So, this result covers Lévy processes with finite activity and Lévy processes with infinite activity but

finite variation.

6.2 The CHO formula in the general case

For the sake of completeness we present a version of the CHO formula in the general additive case
that extends the formula in Remark 3.3 from the L? setting to the L' setting.

Let W be an isonormal Gaussian process indexed by a Hilbert space H. The classical construction
of the Malliavin derivative for functionals of an isonormal Gaussian process is as follows, see e.g. [24].
Let S be the space of smooth functionals of type F' = f(W(h1),..., W (hy)) where f € Cp°(R") and
hi,...,hy, are elements of H. For a given F' € &, its Malliavin derivative is the H—valued random
variable defined as

DVF = (0if)(W(h), ..., W(hn))hi.
=1

Associated to these definition and for any p > 1, we can define the space D' as the closure of S with
respect the norm

3 =

IF

1p = (E(FP+[[DVFIf)7.
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In particular we can consider the spaces D2 and D'!, as the closures with respect the norms

1
1Pl 2 == (E(F]® + || DY FI[7)?.

and

1Pl = E(F]) + E([DY Fl|m),

respectively. Observe that we have the inclusions D'? C LP(Q") and that D%? C D!, By closure,
tha Malliavin derivative can be defined in any space D7,

In particular, if H := L?([0,00), o), the Gaussian process W introduced in Section 2 is an isonormal
Gaussian process on H. Then, for any F' € D!, we have the following version of the CHO formula
(see [20]):

Theorem 6.5 For any T > 0 and F € Db! we have

T
F=FE(F)+ / E(DY F|F_)dW; P —a.s.
0

In this case we can also relate the operator DV with the operator Dy, which is restricted to the
Gaussian case (compare with (3.1)). We have also the following results (see [24]):

Proposition 6.6 Let F € L>(QY) such that F € DomDY. Then DV F € L?([0,00) x QV) if and
only if F'€ DomDy and in this case,

DioF =D}"F. (6.2)

Recall now that © = G40 U ([0,00) x {0}) and Q = QW x Q7| hence w = (W, w’) € QW x Q7.
Using the independence between W and .J we interpret D" and ¥ as operators on LO(QW x Q) =
LOQW: L9(Q7)) and LY(QW x Q7) = LY(Q7; L°(QW)) respectively, on their suitable domains. See
[34] for a similar construction in L2(Q" x Q7). Compare also with [15].

Now, for F € L2(Q" x Q7) we define the operator

ViaF = n{o}(x)DtW F 4 g, (2)¥ . F (6.3)
on the domain
DomV :=D"(QW; L°(Q7)) n L2, LO(o)).

Note that V extends Dy, from D%2?(2) to DomV. Note also that in the right-hand side of (6.3), if
o = 0 only the second term remains and if ¥ = 0 only the first term remains.
Then, we have the following result

Corollary 6.7 If F € L?>(Q) N DomV, we have

UF € L*(Ou0 x Q) and DF € L*([0,00) x Q) <= F € DomD,

and in this case

Dy F =V F uwxP—ae. (6.4)

Hence we can extend the CHO formula to the following theorem:
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Theorem 6.8 Let F € L'(Q) N DomV and assume WF € L'(Ou o x Q). Then,

F:IE(F)+/

E(‘I's,xFlfs)N(ds,dm)Jr/ E(DY F|F,_)dW? P —a.s.
eoo,O 0

Proof. The result can be proved applying Remark 3.3 to the approximating sequence F;, introduced
in Theorem 6.1 and using Theorems 6.1 and 6.5. =

Remark 6.9 This CHO formula identifies the kernels of the predictable representation property
proved in Theorem 8 in [10], in the case of additive integrators.

7 Integration with respect pure jump volatility modulated Volterra
processes

Consider a pure jump volatility modulated additive driven Volterra (VM.AV) process X. The
definition of a VMAY process is the extension of the definition of a pure jump volatility modulated
Lévy driven Volterra (VMLV) process as described in [4]. The process X is given as

X(t):/o g(t,s)o(s)dJ(s) (7.1)

provided the integral is well defined. Here J is a pure jump additive processes, g is a deterministic
function and o is a predictable process with respect the natural completed filtration of J.
Recall that using the Lévy-It6 representation J can be written as

J(t):FtJr/

xN (ds, dz) + / xN(ds, dz),
O¢,0—6¢,1

O¢,1

where I' is a continuous deterministic function that we assume of bounded variation in order to admit
integration with respect dI'. Recall also that in the case fg f|z|>1 |x|v(ds, dz) < 0o, we can rewrite the
previous expression as

J(t)—FtJr/

:):N(ds,d:):)—i-/ zv(ds,dz).
O¢,0

O¢,1

For each ¢, the integral (7.1) is well defined (see [4]) if the following hypotheses are satisfied:

) [ lat e <,
(H2) /9 1A (g(t, s)a(s)$)2u(dw,ds) < 00,
(H3) /@ |9(t, 8)o ()2 [Lgjg(t,5)0(s)al<1} — Ljei<1y] [v(dz, ds) < oc.

Hereafter we discuss the problem of defining an integral with respect to X as integrator, i.e. to
give a meaning to

/0 tY(s)dX(s)

for a fixed t and a suitable stochastic processes Y.

Indeed, exploiting the representation of J, an integration with respect to X can be treated as the
sum of integrals with respect to the corresponding components of J. That is, it is enough to define inte-
grals with respect fg g(t, s)o(s)dl, fot fl$\<1 g(t,s)o(s)zN(ds,dz) and fg flw\>1 g(t,s)o(s)xN(ds,dx).
Under the assumption that I" has finite variation and using the fact that N is of finite variation on
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{|]z| > ¢}, for any 0 > 0, the integration with respect to the first and third term presents no difficulties.
We have to discuss the second term, specifically the case when J has infinite activity and infinite vari-
ation and the corresponding X is not a semimartingale. In fact, if X was a semimartingale, we could
perform the integration in the It6 sense. However, in general, X is not a semimartingale. We can refer
to [4] for the characterization of the restrictions on g to guarantee the semimartingale structure of X.
Also in [4] a definition of an integral with respect to a non semimartingale X driven by a Lévy process
is given by means of the Malliavin-Skorohod calculus. Their technique is naturally constrained to an
L? setting.

Within the framework presented in this paper, we can extend the definition proposed in [4] to
reach out for additive noises beyond the L? setting. Specifically we can present the following result:

Theorem 7.1 Assume the following hypothesis on X and Y :
1. For s > 0, the mapping t — ¢(t, s) is of bounded variation on any interval [u,v] C (s, 00).

2. The function

t
Kq(Y)(t,s) :=Y(s)g(t,s) +/ (Y(u) = Y(s)) g(du,s), t>s,
is well defined a.s., in the sense that Y (u) — Y (s) is integrable with respect to g(du,s) as a

pathwise Lebesgque-Stieltjes integral.

3. The mappings
(s,2) — Kg(Y)(t,5)0(s)xlle, g6, (s, 2)

and
(87 .%') — \IJS,GE(K:Q(Y) (tv S)U(8>)x]1®t,o—9t,1 (87 :B)

belong to Dom®.
Then, the following integral, is well defined:

)

/0 Y (s)d( /0 /xlglg<s,u>a<u>m<du,d@> = Bk, (Y)(t, 5)o(3) Loy, o, (5, )
(

+ @ x\IIS,x(ICg(Y)(ta S))U(S)]l@t,o—@t,l (s, 2))
+ g(x\I’SI(ICg(Y)(t’S))U(S)ﬂ@t,()*@m(s’x))'

The result is proved following the same lines given in [4]. The proof relies on the definitions of ®, ¥
and the calculus rules of Propositions 5.13 and 5.14.

Here we stress that the theory presented in Section 5 of this paper allows to go beyond Definition
3 in [4] and to treat pure jump additive processes J, in particular without second moment. To be
specific, in the finite activity case, L?(On0,0 X Q) crL! (O0,0 X Q7). Then Theorem 7.1 is an extension
of Definition 3 in [4]. In particular, for example, hypothesis (3) in Theorem 7.1 is verified if the two
mappings are in L'(O4 0 x Q7) for any ¢ > 0. On the contrary, in the infinite activity case, Theorem
7.1 reaches cases not covered by Definition 3 in [4] and viceversa.

As illustration we give an example of a pure jump Lévy process without second moment as driver
J and we consider a kernel function g of shift type, i.e. it only depends on the difference (¢t — s). The
chosen kernel appears in applications to turbulence, see [4], [5] and references therein.

Exzample 7.2 Assume L to be a symmetric a—stable Lévy process, for a € (0,2), see e.g. [9],
corresponding to the triplet (0,0,vr) with vy(dr) = c|lz|1=%dz. Recall that in the case o < 1 the
process is of finite variation whereas if a > 1, the process is of infinite variation. Take

glt.s) = (t = )7 e M7 4y ()
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with 8 € (0,1) and A > 0. Note that

g(du, s) = —g(u, s)(i_J + A)du.

Take 0 = 1. We concentrate on the component

J(t) = / 2N (ds, da),
O¢,0—6¢,1

and so on the definition of the integral

X(t) = /Ot £ s)dJ (s / /x|<1 (t, $)a N (ds, d), (7.2)

fort > 0. As anticipated, the component
/ xN(ds,dx)
O¢,1

1s of finite variation and the corresponding integral
t
| [ attseNs.dn) =3 glt.s)z,
0 J)|z|>1 p

presents no problems because the sum is P-a.s. finite. In relation with (7.2), which is not a semi-

martingale (see [6]), we have four situations:
1. If a € (0,1) and B > %, g(t,s)z belongs to L* N L*

2. Ifa €[1,2) and B> L, g(t, s)x belongs to L? but not to L'.

3. Ifa € (0,1) and B < L, g(t,s)x belongs to L' but not to L.

4. If a €[1,2) and B < %, g(t, s)z belongs not to L* nor to L*.

The case (1) is both covered by Definition 3 in [4] and our Theorem 7.1. The case (2) is covered by
[4], while the case (3) is only covered by our Theorem 7.1. It seems not possible to cover case (4).
Recall that the domain of W is L°(Q), but the domain of ® is only slightly greater than L'(©u 0 x Q).

Just to show the types of computation involved, let us consider the particular case of a VMAY

process as integrand. Namely,
S ~
= / ¢(s —uw)zN(du,dz), 0<s<t,
lz|<1
where ¢ is a positive continuous function such that the integral Y is well defined. Consider the case

a<1and B € (0,1). In order to see that fg Y (s—)dX(s) is well defined we have to check:

1. The process Y (u) — Y (s) is integrable with respect to g(du,s) on (s,t], as a pathwise Lebesgue-
Stieltjes integral.

2. The mappings
(8,2) —> 2Ky (Y)(t, 8) o, (8) Nyja<1y

and
(5,2) — 2V o (Kg(Y)(t, 5))Njo,4(8)Nqjz<1}

belong to Dom®.
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Ke(Y)(t,s) = g(t,s /[0 /||<1 s —v)zN (dv, dz)

- / gl 5)( " /[u /|z|<1 u — v)o N (dv, da)du
_ / o, 5) (=8 [6(u — v) — 6(s — V)& N (dv, dz)du.
In terms of ® we can rewrite
Kg(X)(t,s) = g(t,5)P(d(s — )zl {z<13Lo,s))

[ s (4 NS = )y U (e

[

0,5) /|

z|<1

t 1— B
- / g(u, S)(ﬁ + NP([p(u— ) = d(s — )]zl fjz)<1y Ljo,6) () du.
Moreoever, using Proposition 5.14, we have

WKy (X)(1:5) = ety [ 900 8)0(u = ) (L + Vg (s)d

So, it is enough to check that the two mappings

(8,2) — xCy(Y) (L, 8)Wjo,q(8) Nyjz)<1y

and
(8,2) — 2V o (Kg(Y)(2,8)) Ljo,4 () Lja)<1y

are in L' (O 0 X Q).
To proceed further with the illustration we consider the case ¢(y) = y? with v >0 and B+ v > 1.
Note that using Proposition 5.3 we have

E]/ab/mglf(v)xﬁ(dv,dx)] < c/ab\f(u)uv,

where 0 < a < b, ¢ is a generic constant and f is an integrable function.
We study the first mapping. For the first term of this first mapping we have

E/Ot /|y|<1 lyl g(t,s) ‘ /[0 o Do $(s — v)zN(dv, dx)‘y(dy)ds

< c/tg(t,s) /8 $(s —v)dvds < B(8,7 + 1)t? < .
0

0
Recall that

B(m,n) := /01 "t - tdat (m,n > 0).

The second term satisfies

ef Lo o [ a0 f“( /[ ey Bl = 0)N (v, do) () ds

// u, S) +/\/ ¢(u — v)dvduds
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t t 1— /8
— 5Pt
< C/O /s (u—s)""7( + A)duds < oo.

u—=s

Finally for the third term we have

u S

B[ [ ] o= )| [ )=o) = s o o)t

§c/0t/:g(u,s)(i:f+)\) /OS|¢(U—U) — ¢(s — v)|dvduds

t t 1_5 B .,
§c/0/sg(u,s)(u_8+/\)(u s)sTduds

t t 1= B
< c/ / (w—s)"PH—E 4+ N)duds < .
0 s u—3S
Note that this last term is the only term that requires 5 + v > 1. For the other terms, 5,~v > 0 is
enough. Note that if B < %, the first mapping is not in L?.
The study of the integrability of the second mapping is immediate assuming also v+ 3 > 1:

E/Ot /|xg1 ]a:|/:g(u, S)qﬁ(u—s)(i:i + N duv(dz)ds

< C/Ot /Stg(u, s)o(u — s)(1 =5 + A)duds.

u—=S

Hence we conclude that the integral fg Y (s—)dX(s) is well defined.

Remark 7.3 Following similar computations we can provide another example with J a pure jump
additive process by taking e.g.

v(dt,dz) = ch(t)|z| """ %dtdz, a € (0,2),

with h a positive deterministic function such that fg h(s)ds < oco.
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