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Preface

The Workshop on Stochastic Analysis and Finance took place at City University
of Hong Kong from June 29 to July 03, 2009. The goal of this workshop was to
present a broad overview of the range of applications of stochastic analysis and its
recent theoretical developments, while giving some weight to the research being
carried out in the East Asia region. The topics of the talks given in the conference
ranged from mathematical aspects of the theory of stochastic processes, to their
applications to finance. This is reflected in the organization of the volume which
is split into two sections on stochastic analysis and on financial applications.

In recent times the applications of stochastic analysis to finance and insur-
ance have bloomed exponentially, and for this reason we have devoted to them a
significant attention. Stochastic analysis has also a variety of other applications to
biological systems, physical and engineering problems, requiring the development
of advanced techniques, a representative sample of which is also included here.

A large number of articles in this volume deal with stochastic equations,
and in particular stochastic (partial) differential equations and stochastic delay
equations which arise naturally in physical systems depending on time and space.
Contributions dealing with the numerical simulation and error analysis of these
stochastic systems, which are an obligatory step before carrying out the actual
applications, are also included and can also be of crucial importance to finance.
The important and difficult topics of statistical estimation of parameters in these
models, as well as their control and robustness, are also treated in this volume.

The conference has also covered two areas that are growing rapidly. First
the area of backward stochastic differential equations and all its variants that
have deep connections with non-linear partial differential equations. Secondly, the
recent developments of (non-linear) G-Brownian motion and its potential uses in
risk analysis, which are also opening a new venue of development for stochastic
analysis. From a technical point of view, the existence of densities of random
variables associated with stochastic differential equations is an important matter,
for which a quite complete basic theory is already available for continuous diffusion
processes. The case of jump processes, which has already been the object of many
important advances, is still in need of many developments that are motivated by
applications, as shown in this volume. Concerning the applications to finance, many
of the articles deal with a topic that has taken by storm our current society, which
is how to deal with the valuation and hedging of credit risk in various forms. The
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results presented in the financial applications section cover in particular pricing
and hedging in credit risk and jump models, including recent results on markets
with frictions such as transaction costs, and Lévy driven market models.

The articles contained in these proceedings are survey articles and original
research papers which have been peer reviewed, and we take this opportunity to
thank the colleagues who have largely contributed with their time as referees. We
also thank the contributors for answering our requests to improve the presentation
and results in order to produce a high quality volume, and all workshop partic-
ipants for lively discussions. The participants and organizers are also grateful to
the Lee Hysan Foundation, the Hong Kong Pei Hua Education Foundation, and
the Department of Mathematics at City University of Hong Kong, for their gener-
ous financial support and for providing the conference venue. Last but not least,
we acknowledge Ms Lonn Chan of the Mathematics General Office, whose highly
efficient organizational skills ensured the complete success of the event.

October 2010 Arturo Kohatsu-Higa
Nicolas Privault
Shuenn-jyi Sheu
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Dirichlet Forms for Poisson Measures and Lévy
Processes: The Lent Particle Method

Nicolas Bouleau and Laurent Denis

Abstract. We present a new approach to absolute continuity of laws of Poisson
functionals. The theoretical framework is that of local Dirichlet forms as a tool
for studying probability spaces. The argument gives rise to a new explicit
calculus that we present first on some simple examples: it consists in adding a
particle and taking it back after computing the gradient. Then we apply the
method to SDE’s driven by Poisson measure.

Mathematics Subject Classification (2000). Primary 60G57, 60H05; secondary
60J45, 60G51.

Keywords. Stochastic differential equation, Poisson functional, Dirichlet form,
energy image density, Lévy processes, gradient, carré du champ.

1. Introduction

In order to situate the method it is worth to emphasize some features of the Dirich-
let forms approach with comparison to the Malliavin calculus which is generally
better known among probabilists.

First the arguments hold under only Lipschitz hypotheses: for example the
method applies to a stochastic differential equation with Lipschitz coefficients. Sec-
ond a general criterion exists, (EID) the Energy Image Density property, (proved
on the Wiener space for the Ornstein-Uhlenbeck form, still a conjecture in gen-
eral cf. Bouleau-Hirsch [7] but established in the case of random Poisson mea-
sures with natural hypotheses) which ensures the existence of a density for a
R?valued random variable. Third, Dirichlet forms are easy to construct in the
infinite-dimensional frameworks encountered in probability theory and this yields
a theory of errors propagation through the stochastic calculus, especially for fi-
nance and physics cf. Bouleau [2], but also for numerical analysis of PDE’s and
SPDE’s cf. Scotti [18].

Our aim is to extend, thanks to Dirichlet forms, the Malliavin calculus applied
to the case of Poisson measures and SDE’s with jumps. Let us recall that in the
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case of jumps, there are several ways for applying the ideas of Malliavin calculus.
The works are based either on the chaos decomposition (Nualart-Vives [14]) and
provide tools in analogy with the Malliavin calculus on Wiener space, but non-
local (Picard [15], Ishikawa-Kunita [12]) or dealing with local operators acting on
the size of the jumps using the expression of the generator on a sufficiently rich
class and closing the structure, for instance by Friedrichs’ argument (cf. especially
Bichteler-Gravereaux-Jacod [1], Coquio [8] and Ma-Rdckner [13]).

We follow a way close to this last one. We will first expose the method from
a practical point of view, in order to show how it acts on concrete cases. Then in
a separate part we shall give the main elements of the proof of the main theorem
on the lent particle formula. Eventually we will display several examples where
the method improves known results. Then, in the last section, we shall apply the
lent particle method to SDE’s driven by a Poisson measure or a Lévy process.
Complete details of the proofs and hypotheses for getting (EID) are published in
[3] and [4].

2. The lent particle method

Consider a random Poisson measure as a distribution of points, and let us see a
Lévy process as defined by a Poisson random measure, that is let us think on the
configuration space. We suppose the particles live in a space (called the bottom
space) equipped with a local Dirichlet form with carré du champ and gradient. This
makes it possible to construct a local Dirichlet form with carré du champ on the
configuration space (called the upper space). To calculate for some functional the
Malliavin matrix — which in the framework of Dirichlet forms becomes the carré du
champ matrix — the method consists first in adding a particle to the system. The
functional then possesses a new argument which is due to this new particle. We can
compute the bottom-gradient of the functional with respect to this argument and
as well its bottom carré du champ. Then taking back the particle we have added
does not erase the new argument of the obtained functional. We can integrate the
new argument with respect to the Poisson measure and this gives the upper carré
du champ matrix — that is the Malliavin matrix. This is the exact summary of the
method.

2.1. Let us give more details and notation

Let (X,X,v,d,v) be a local symmetric Dirichlet structure which admits a carré
du champ operator. This means that (X, X, v) is a measured space, v is o-finite
and the bilinear form e[f, g] = % [ ~[f,g]dv is alocal Dirichlet form with domain
d C L?(v) and carré du champ 7 (cf. Fukushima-Oshima-Takeda [10] in the locally
compact case and Bouleau-Hirsch [7] in a general setting). (X, X, v,d,~) is called
the bottom space.

Consider a Poisson random measure N on [0, +00[x X with intensity measure

dt x v. A Dirichlet structure may be constructed canonically on the probability
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space of this Poisson measure that we denote (21,.41,P1,D,T). We call this space
the upper space.

D is a set of functions in the domain of I', in other words a set of random
variables which are functionals of the random distribution of points. The main
result is the following formula:

For all F € D N
I'[F] :/0 /Xsf('y[erF])dN

in which €™ and £~ are the creation and annihilation operators.
Let us explain the meaning and the use of this formula on an example.

2.2. First example

Let Y; be a centered Lévy process with Lévy measure v integrating 22. We assume
that v is such that a local Dirichlet structure may be constructed on R\{0} with
carré du champ ~[f] = 22 f"?(x).

The notion of gradient in the sense of Dirichlet forms is explained in [7]
Chapter V. It is a linear operator with values in an auxiliary Hilbert space giving
the carré du champ by taking the square of the Hilbert norm. It is convenient to
choose as Hilbert space a space L? of a probability space.

Here we define a gradient b associated with + by choosing £ such that

1 1
/ &(r)dr =0 and / E(rydr =1
0 0

and putting
fP=af (@)&(r).
Practically b acts as a derivation with the chain rule (p(f))” = ¢'(f).f° (for
© € Ct N Lip or even only Lipschitz).
N is the Poisson random measure associated with Y with intensity dt x o
such that fot h(s) dYs = [ 1oy (s)h(s)zN(dsdz) for h € L2 (R.).
We study the regularity of

t
V= [ ey,
0

where ¢ is Lipschitz and C'.

1) We add a particle (a, x), i.e., a jump to Y at time « with size x what gives
t

eV =V p(Ya )z + / (o(Yee +2) — o(Yao))dY..

la
2) V? = 0 since V does not depend on z, and

Yy = Yoo )z
(V) (so( >+/]

[e3

o' (Yoo + x)fdes> £(r)

because z° = z£(r).
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3) We compute
t

VeV = [V = (o )o+ [ ¢ (Vee + ey
Ja
4) We take back the particle what gives
t

V) = (Vs Jo+ [ ¢ (Ve Judys)?

Ja

and compute I'[V] = [e y[e"V]dN (lent particle formula)

Iy = / <¢<Ya_>+ / w’(Ys—)dYs> 2* N(dadz)

Ja

t
= Y AVE([ )Y+ plan)?
a<t lo

where AY, =Y, - Y,_.

For real functional, the condition (EID) is always fulfilled: V' possesses a
density as soon as I'[V] > 0. Then the above expression may be used to discuss
the strict positivity of I'[V] depending on the finite or infinite mass of v cf. [4]
Example 5.2.

Before giving a typical set of assumptions that the Lévy measure v has to
fulfill, let us explicit the (EID) property.

2.3. Energy Image Density property (EID)

A Dirichlet form on L?(A) (A o-finite) with carré du champ + satisfies (EID) if, for
any d and all U with values in R¢ whose components are in the domain of the form,
the image by U of the measure with density with respect to A the determinant of
the carré du champ matrix is absolutely continuous with respect to the Lebesgue
measure, i.e.,
U.[(dety[U,UY) - A] < A%

This property is true for the Ornstein-Uhlenbeck form on the Wiener space, and in
several other cases cf. Bouleau-Hirsch [7]. It was conjectured in 1986 that it were
always true. It is still a conjecture.

It is therefore necessary to prove this property in the context of Poisson
random measures. With natural hypotheses, cf.[4] Parts 2 and 4, as soon as (EID)
is true for the bottom space, (EID) is true for the upper space. Our proof uses a
result of Shiqi Song [19].

2.4. Main example of bottom structure in R?

Let (Yi): >0 be a centered d-dimensional Lévy process without gaussian part,
with Lévy measure v = kdz. Under standard hypotheses, we have the following

representation:
t
Y}:// xN(ds,dx),
0 JRe
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where N is a compensated Poisson measure with intensity dt x kdz. In this case,
the idea is to introduce an ad-hoc Dirichlet structure on R%.

The following example gives a case of such a structure (d, e) which satisfies
all the required hypotheses and which is flexible enough to encompass many cases:

Lemma 1. Let r € N*, (X, X) = (R",B(R")) and v = kdx where k is non-negative
and Borelian. We are given & = (&)1 <i,j <r an R™"-valued and symmetric
Borel function. We assume that there ea:zst an open set O C R" and a function
continuous on O and null on R"\ O such that

1) k>0 on O v-a.e. and is locally bounded on O.
2) & is locally bounded and locally elliptic on O.
3) k=2 >0v-ae onO.
4) for alli,j € {1,...,r}, & ;4 belongs to HL (O).
We denote by H the subspace of functions f € L*(v) N LY (v) such that the restric-
tion of f to O belongs to C°(0O). Then, the bilinear form defined by

Vf.g€ H, e(f,9) Z/gw )01 f (2)059(2) () da

3,j=1

is closable in L*(v). Its closure, (d,e), is a local Dirichlet form on L?(v) which
admits a carré du champ ~y:

Vde’Y Zgl,j f()

3,j=1

Moreover, it satisfies property (EID).

Remark. In the case of a Lévy process, we will often apply this lemma with &
the identity mapping. We shall often consider an open domain of the form O =
{z € R |z| < €} which means that we “differentiate” only w.r.t. small jumps
and hypothesis 3. means that we do not need to assume regularity on k£ but only
that k dominates a regular function.

2.5. Multivariate example

Consider as in the previous section, a centered Lévy process without gaussian part
Y such that its Lévy measure v satisfies assumptions of Lemma 1 (which imply
1+ AY; #0 as.) with d =1 and &(x) = 22.

We want to study the existence of density for the pair (Y, Exp(Y):) where
Exp(Y) is the Doléans exponential of V.

Exp(Y), =€ J[ (1 + AYi)e™

s<t
1) We add a particle (a, y), i.e., a jump to Y at time « < ¢ with size y:
(Exp(Y)e) = " [T (1 + AV )e (1 + y)e ¥ = Exp(Y)i(1 + y).

s<t

(a )



8 N. Bouleau and L. Denis

=~

2) We compute y[eTExp(Y )] (y) = (Exp(Y)t)QyQ%.
3) We take back the particle:

_ 102
e e Exp(Y)] = (Exp(YV)e(1+y) ™) yz%
we integrate w.r.t. N and that gives the upper carré du champ operator (lent

particle formula):

LExp(Y)] = /[0 - (Swp(Y)t(l + y)71)2 yz%N(da, dy)
= 3 (Eap(V)(1 + AV ) ;i’((i%))wj.

a<t
By a similar computation the matrix [ of the pair (Y, Exp(Y})) is given by

B 1 Erp(Y)u(1 + AYa) !\ Y(AYL)
N Z ( Exp(Y)e(1+ AY,) ™t (Exp(Y)e(1 + AYOC)*l)2 ) k(AYy) AY.

llgw!

a<t

Hence under hypotheses implying (EID), such as those of Lemma 1, the
density of the pair (Y, Exp(Y})) is yielded by the condition

i £(( gy avy 1 ) @€9T) =2

where JT denotes the jump times of Y between 0 and ¢.
Making this in details we obtain

LetY be a real Lévy process with infinite Lévy measure with density dom-
inating near 0 a positive continuous function, then the pair (Y, Exp(Y):)
possesses a density on R?.

3. Demonstration of the lent particle formula

3.1. The construction

Let us recall that (X, X, v, d,~) is a local Dirichlet structure with carré du champ
1

called the bottom space, v is o-finite and the bilinear form e[f, g] = 5 [ ~[f, g] dv
is a local Dirichlet form with domain d C L?(v) and with carré du champ ~. We
assume {z} € X for all z € X and v is diffuse. The associated generator is denoted
a, its domain is D(a) C d.

We consider a random Poisson measure N, on [0,+o0o[xX with intensity
dt x v. It is defined on (1, A1, P1) where ; is the configuration space of countable
sums of Dirac masses on [0, +oo[x X, A; is the o-field generated by N and P; is
the law of N.

(Q1, A1, Py) is called the upper space. The question is to construct a Dirichlet
structure on the upper space, induced “canonically” by the Dirichlet structure of
the bottom space.
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This question is natural by the following interpretation. The bottom struc-
ture may be thought as the elements for the description of a single particle moving
according to a symmetric Markov process associated with the bottom Dirichlet
form. Then considering an infinite family of independent such particles with ini-
tial law given by (£21,.41,P1) shows that a Dirichlet structure can be canonically
considered on the upper space (cf. the introduction of [4] for different ways of
tackling this question).

Because of typical formulas on functions of the form e"N(/) related to the
Laplace functional, we consider the space of test functions Dy to be the set of
elements in L?(P;) which are the linear combinations of variables of the form e*V(/)
where f belongs to (D(a) ® L*(dt)) (| L' (dt xv) and is such that y[f] € L*(dtxv),
recall that N = N — dt x v.

Remark 1. As we need Dy to be a dense subset, we make what we call a Bottom
core hypothesis. Namely we assume that there exists a subspace H of D(a) () L*(v),
dense in L*(v)NL%*(v) and such that ¥V f € H, ~[f] € L*(v) (see [4] for more details
on the technical hypotheses we adopt).

IfU = Zp )\pem(ff’) belongs to Dy, we put

AglU] = 3" 0 MU (R (alfy]) ~ 5N G, 1)

P
where, in a natural way, if f(z,t) = >, w/(z)¢i(t) € D(a) ® L?(dt)

alf] = alw]g and y[f] = ywlor.
l l

In order to show that Ay is uniquely defined and is the generator of a Dirichlet
form satisfying the required properties, starting from a gradient of the bottom
structure we construct a gradient for the upper structure defined first on the test
functions. Then we show that this gradient does not depend on the form of the
test function and this allows to extend the operators thanks to Friedrichs’ property
yielding the closedness of the upper structure.

3.2. The bottom gradient

We suppose the space d separable, then there exists a gradient for the bottom
space, i.e., there is a separable Hilbert space and a linear map D from d into
L?*(X,v; H) such that Yu € d, || D[u]||% = 7[u], then necessarily
— If F: R — R is Lipschitz then Vu € d, D[F o u] = (F' o u)Du,
— If F is C! and Lipschitz from R? into R then D[F o u] = Z?zl(Fi’ o u)D[u;]
Vu = (ug,...,uq) € de
We take for H a space L?(R, R, p) where (R, R, p) is a probability space s.t.
L?(R,R,p) is infinite dimensional. The gradient D is denoted by b:

Yued, Du=u" € L*(X x R,X @ R,v X p).
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Without loss of generality, we assume moreover that the operator b takes its values
in the orthogonal space of 1 in L?(R,R, p). So that we have

Vu € d, /u"dp =0 r-a.e.

3.3. Candidate gradient for the upper space

Now, we introduce the creation operator (resp. annihilation operator) which con-
sists in adding (resp. removing if necessary) a jump at time ¢ with size u:

€ oy (W1) = W1l {(uyesupp wi} + (W1 + €))L (tu)gsupp w1}
€ 1) (W1) = W1L{(t u)gsupp wi} T (W1 = €t D1 {(t,u)€supp wi}-

In a natural way, we extend these operators to the functionals by
et H(wy,t,u) = H(e, wy,t,u) e H(wy,t,u) = H(e,

wr, t,u).

+
(tu) € (tu)

Definition. For F' € Dy, we define the pre-gradient

—+oo
Ft = / / F)*)dN ® p,
X><R

where N ® p is the point process N “marked” by p, i.e., if N is the family of marked
points (T3, X;), N © p is the family (73, X;,r;) where the r; are new independent
random variables mutually independent and identically distributed with law p,
defined on an auxiliary probability space (Q, A, I@’) So N ® p is a Poisson random
measure on [0, +00[xX X R.

3.4. Main result

The above candidate may be shown to extend in a true gradient for the upper
structure. The argument is based on the extension of the pregenerator Ay thanks
to Friedrichs’ property (cf. for instance [7] p. 4): Ap is shown to be well defined
on Dy which is dense, Ay is non-positive and symmetric and therefore possesses
a selfadjoint extension. Before stating the main theorem, let us introduce some
notation. We denote by D the completion of Dy ® L?([0, +o0|, dt) ® d with respect

to the norm

(IE]/(;OO/XS(’y[H])(w,t,u)N(dt,du)>2
+E/+°°/ (e~ |H)(w, £, w)n(t, u) N (dt, du)
( /+°°/ (w, t,u)v (du)dt)é

+o00
—HE/O /X |H|(w, t, u)n(t, w)v(du)dt,

where 7 is a fixed positive function in L2(R* x X, dt x dv).

1€ [p
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As we shall see below, a peculiarity of the method comes from the fact that
it involves, in the computation, successively mutually singular measures, such as
measures Py = Py (dw)N (w, dt, dz) and Py x dt x v. This imposes some care in the
applications.

Main theorem. The formula

—+oo
VF eD, Ff = / / F)’)dN © p,
X><R

extends from Dy to D, it is justified by the following decomposition:

b ~
FeD 5 etF-FeD™ W) e (T F)) € L2(Py x p) "V Ft e L2(P, x P)

where each operator is continuous on the range of the preceding one and where
L§(Pn x p) is the closed set of elements G in L*(Pn x p) such that [, Gdp =0
Py-a.s.

Furthermore for all F € D

[[F] = E(FF)? :/O+oo/)(57[5+F} dN. (2)

Let us explain the steps of a typical calculation applying this theorem.
Let H = ®(Fy,...,F,) with ® € C' N Lip(R") and F = (Fy,...,F,) with
F; € D, we have:
a) y[eTH] = Z«Iﬂ (et F)®) (et F)y[eTFi, e Fj] P x v-ace.

b) e y[etH] = Z@ F)e~ et Fi, et Fj] Py-a.e.

¢) T[H] = /5_7[5+H]dN = Z@;(F)@;(F)/5_7[5+Fi,s+Fj}dN P-a.e.
j
Let us eventually remark that the lent particle formula (2) has been encoun-
tered previously by some authors for test functions (see, e.g., [17] before Prop. 8).
Here, it is proved on the whole domain I, this is essential to apply the method to
SDE’s and to exploit the full strength of the functional calculus of Dirichlet forms.

4. Applications

4.1. Sup of a stochastic process on [0, t]

The fact that the operation of taking the maximum is typically a Lipschitz oper-
ation makes it easy to apply the method.
Let Y be a centered Lévy process as in §2.2. Let K be a cadlag process
independent of Y. We put
H; =Y, + K,.

Proposition. If v(R\{0}) = +oco and if Pi[sup, < , Hs = Ho] = 0, the random
variable supg <, Hs has a density.
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As a consequence, any Lévy process starting from zero and immediately en-
tering R% , whose Lévy measure dominates a measure v satisfying Hamza condition
and infinite, is such that sup, < ; X has a density.

Let us recall that the Hamza condition (cf. Fukushima et al. [10] Chapter 3)
gives a necessary and sufficient condition of existence of a Dirichlet structure on
L?(v). Such a necessary and sufficient condition is only known in dimension one.

4.2. Regularity without Hormander
Consider the following SDE driven by a two-dimensional Brownian motion
X} =2+ [y 2X'dB! + [ dB? (3)
XP =z + ) X1dB! +2 [} dB2.
This diffusion is degenerate and the Hérmander conditions are not fulfilled. The
generator is A = $(Uf + U3) + V and its adjoint A* = (U? + U2) V with
_ 0 o) o) _ 0 ) )
U1 = %—1—2.%‘18—:62-’-3718—%, U2 = %4—2% an(.i V = —g — 5% The Lle
brackets of these vectors vanish and the Lie algebra is of dimension 2: the diffusion

remains on the quadric of equation 31‘% —x9 + .Z‘3 — 3t =C.
Consider now the same equation driven by a Levy process:

zZ} =z + [y v}
2 = m+ [y 221 dY} + [} dV?
2P =25+ [y ZL AV} +2 [y dV?

under hypotheses on the Lévy measure such that the bottom space may be
equipped with the carré du champ operator v[f] = y?f}2 + y3f5? satisfying the
hypotheses yielding (EID). Let us apply in full details the lent particle method.

For o« < ¢t
y% Y1
o2 =2t | Dan b2 nd¥ b | =74 | 2t 4 |,
Yy + f]a y1dY! + 2yo Y + 2yo
where we have used Y, =Y} because e™ send into P x dt x v classes. That gives
vio iy v
YTz = | id yiA(Y)?+u3 yi2(Y))? ¥ 2
id id Y2 (V)2 + dy?
and
v (Y - AYD) vi(Yy — AYy)
ez = | id yid(Y) - AV yp wi2(Yy - AYL ) 4205

id id vV — AY 2 4 492
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where id denotes the symmetry of the matrices. Hence

LAY -AYY (1 - AV

T(Zi) = Y (AYD)? | id 4V} —AY))? 2(Y}! - AY,)
agt id id (Y} — AY1)?

00 0

+(AYAH?* 0 1 2

0 2 4

With this formula we can reason, trying to find conditions for the determinant of
I'[Z] to be positive. For instance if the Lévy measures of Y! and Y2 are infinite,
it follows that Z; has a density as soon as

1 0
dim £ 20 =AY |, 1 aeJT »=3.
vi-avh )\ 2

But Y'! possesses necessarily jumps of different sizes, hence Z; has a density on R3.
It follows that the integro-differential operator

. z1+
Af(z):/ f(2)=f| 22422191 +y2
23+ 21y1 + 2y2
n
—(f1(2) f2(2) f5(2)) | 22191+ 92 | | o(dyrdy2)
z21y1 + 292

is hypoelliptic at order zero, in the sense that its semigroup P; has a density. No
minoration is supposed on the growth of the Lévy measure near 0 as assumed by
some authors.

This result implies that for any Lévy process Y satisfying the above hy-
potheses, even a subordinated one in the sense of Bochner, the process Z is never
subordinated of the Markov process X solution of equation (3) (otherwise it would
live on the same manifold as the initial diffusion).

5. Application to SDE’s driven by a Poisson measure

5.1. The equation we study

We consider another probability space (22,42, P2) on which an R™-valued semi-
martingale Z = (Z1,...,Z") is defined, n € N*. We adopt the following assump-
tion on the bracket of Z and on the total variation of its finite variation part. It
is satisfied if both are dominated by the Lebesgue measure uniformly:
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Assumption on Z: There exists a positive constant C' such that for any square
integrable R™-valued predictable process h:

Yt >0, E[(/t hsdZs)?] < CQIE[/t |hs|?ds). (4)
0 0

We shall work on the product probability space: (€2, A, P) = (1 xQs, A1 ® A2, P1 X
Ps).

For simplicity, we fix a finite terminal time T > 0.

Let d € N*, we consider the following SDE:

X, :x—i—/ot/Xc(s,Xs,u)N(ds,du) —I—/Ot o(s, Xs-)dZs (5)

where z € RY, ¢ : RT x R x X — R? and o : Rt x R? — R¥*™ gatisfy the set of
hypotheses below denoted (R).

Hypotheses (R):

1. There exists n € L*(X,v) such that:
a) for all t € [0,T] and v € X, ¢(t,-,u) is differentiable with continuous
derivative and

Vu e X, sup |Dyc(t,z,u)| < n(u),
te[0,T],zeR
b) V(t,u) € [0,T] x X, |e(t,0,u)| < n(u),
c) for allt € [0,T] and z € RY, ¢(t,z,-) € d and
sup  le(t, z, )] (u) < 0P (w),
te[0,T], xR
d) for all t € [0,T], all x € R? and u € X, the matrix I + D,c(t,x,u) is
invertible and

sup (I 4 Dyc(t,z,u)) " x e(t,x,u)| <n(u).
te[0,T],weR?

2. For all t € [0,T], o(t,-) is differentiable with continuous derivative and

sup  |Dgo(t, )| < +oc.
te[0,T],z€R?

3. As a consequence of hypotheses 1. and 2. above, it is well known that equa-
tion (5) admits a unique solution X such that E[sup,c(o n | X;:]?] < +00. We
suppose that for all ¢ € [0,7], the matrix (I + 377, D,o. j(t, X, )AZ]) is
invertible and its inverse is bounded by a deterministic constant uniformly
with respect to t € [0,7].

Remark. We have defined a Dirichlet structure (D, £) on L?(Q1,Py). Now, we work
on the product space, 21 x 5. Using natural notations, we consider from now on
that (D, £) is a Dirichlet structure on L?(€),P). In fact, it is the product structure
of (D, &) with the trivial one on L?(Qg,P3) (see [7] ). Of course, all the properties
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remain true. In other words, we only differentiate w.r.t. the Poisson noise and not
w.r.t. the one introduced by Z.

5.2. Spaces of processes and functional calculus

We denote by P the predictable sigma-field on [0, 7] x 2 and we define the following
sets of processes:

~ Hp: the set of real-valued processes (Hy)¢c[o,7], which belong to L2([0,T]; D),
i.e., such that

T T
1H I3, =E[/ |Hy|?dt] +/ E(Hy)dt < +oc.
0 0
— Hp,p: the subvector space of predictable processes in Hyp.

— Hpga,p: the set of real-valued processes H defined on [0,7] x Q x X which
are predictable and belong to L?([0,T]; D ® d), i.e., such that

/OT /X Ht|2u(du)dt]

+/OT/XS(Ht(-,u))V(du)dt+IE

1H 300 » = E

< +o00.

/OT e(Hy)dt

The main idea is to differentiate equation (5). To do that, we need some functional
calculus. It is given by the next proposition that we prove by approximation:

Proposition 2. Let H € Hpga,p and G € Hp.p then:
1) The process
t
Yt € [0,T], X: :/ / H(s,w,u)N(ds,du)
0 Jx

is a square integrable martingale which belongs to Hp and such that the pro-
cess X~ = (Xy-)iejo,r) belongs to Hp p. The gradient operator satisfies for
allt €10,7T):

t
X (w, ) = / / H(s,w, u, ®)dN (ds, du)
D (6)
—I—/ Hb(s,w,u,r)N@p(ds,du,dr).
0 JXXR

2) The process
¢
Ve [0,T], i = / (s, w)dZ,
0

is a square integrable semimartingale which belongs to Hp, Y~ = (Y3~ )icjo,1)
belongs to Hp,p and

vt e [0,T], V¥ (w, ) = /t GH(s, w, )dZs. (7
0
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5.3. Computation of the Carré du champ matrix of the solution

Applying the standard functional calculus related to Dirichlet forms, the previous
proposition and a Picard iteration argument, we obtain:

Proposition 3. The equation (5) admits a unique solution X in H]‘é. Moreover, the
gradient of X satisfies:

t
X} = / / Dyc(s, Xs_,u) - X! N(ds, du)
0o Jx
t
—l—/ / (s, Xo_,u,r)N ©® p(ds, du, dr)
0 JXXR
t
+/ Dyo(s, X,_)- X! dZ,.
0
Let us define the R4*%-valued processes U by

AU, =Y " Dyo. (s, X, )dZ],
j=1

and the derivative of the flow generated by X:
t ~ t
K, :I+/ / Dyc(s, Xs—,u)Ks_N(ds,du) —|—/ dUK,_.
0o Jx 0

Proposition 4. Under our hypotheses, for allt = 0, the matriz Ky is invertible and
its inverse Ky = (K;)™! satisfies:

t
[_(t:I—/ / Ko (I + Dacls, X, u)) " Dac(s, Xo_, u)N(ds, du)
0 X

t
_/ Ko-dUy+ 3" K, (AU (I + AU,) !
0

s<t
t,
+/ K, d<U°U®>,.
0

We are now able to calculate the carré du champ matrix. This is done in
the next theorem whose proof is sketched to show how simple is the lent particle
method.

Theorem 5. For all t € [0,T],

X = Kt/o /X Ky[e(s, Xs—, )| KX N(ds,du)K;.
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Proof. Let (a,u) € [0,T] x X. We put Xt(a’u) =l

(e,u)

X;.

X :x+/ /c(s,Xs((_X’“),u/)N(ds,du’)
0o Jx

—I—/ U(S,Xﬁg’u))dzs+C((X7X§;ﬁ’u),u)
0

—I—/ / c(s,Xé?’u),u/)N(ds,du/)—I—/ U(S,Xﬁg’u))dzs.
Ja,t] J X

Ja,t]

Let us remark that Xt(a’“) = X, if t < « so that, taking the gradient with respect
to the variable u, we obtain:

(X[ = (e, X2 u))? + /] | /X Dye(s, X ') - (X (@Y N (ds, du)
a,t

+ [ Dyo(s, X"y (XY az,.

o8] °

Let us now introduce the process Kt(a’u) = ea u)(Kt) which satisfies the following
SDE:

t t
K =1+ / / Dae(s, X\ )K" N (ds, du') + / AUt g (o
0 JX 0

and its inverse I_(t(a’u) = (Kt(a’u))_l. Then, using the flow property, we have:
vt >0, (X)) = KRS (c(ay Xo-,u)).
Now, we calculate the carré du champ and then we take back the particle:
¥t >0, e, V(X)) = KiKoylo(o, Xo-, KK

Finally integrating with respect to N we get

t
V>0, T[X,] = K, / / Kovle(s, Xoo, )| (w) K N(ds, du) K. 0
0 X

5.4. First application: the regular case

An immediate consequence of the previous theorem is:

Proposition 6. Assume that X is a topological space, that the intensity measure
ds x v of N is such that v has an infinite mass near some point ug in X. If the
matriz (s,y,u) — v[c(s,y, -)|(uw) is continuous on a neighborhood of (0, x,uy) and
invertible at (0,x,up), then the solution X; of (5) has a density for all t €]0,T].
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5.5. Application to SDE’s driven by a Lévy process

Let Y be a Lévy process with values in R¢, independent of another variable Xj.
We consider the following equation

t
Xt:X0+/ a(Xe_,s)dYs, t>0
0

where a : R* x Rt — RF*? ig a given map.

Proposition 7. We assume that:

1) The Lévy measure, v, of Y satisfies hypotheses of the example given in Sec-
tion 2.4 with v(O) = 400 and & ;(x) = ;0; ;. Then we may choose the
operator vy to be

d d
Y(z) -
=) > a2 (0if)? for f € CT(RY).
i=1 i=1
2) a is C' N Lip with respect to the first variable uniformly in s and
sup (I + Dya-u) " (x,t)| < n(u),
t,x
where 1 € L*(v).
3) a is continuous with respect to the second variable at 0, and such that the
matriz aa*(Xo,0) is invertible;
then for allt > 0 the law of X; is absolutely continuous w.r.t. the Lebesgue measure.
Proof. We just give an idea of the proof in the case d = 1:
Let us recall that y[f](u) = %uzfﬂ(u).

We have the representation: Y; = fot Je uN (ds, du), so that

¢
Xt:Xo—l—/ /a(s,XS,)u N(ds, du).
0o Jr

The lent particle method yields:

DX = K2 / /X K20%(s, Xo_ )y 1j] (w) N (ds, dus)

where j is the identity application: v[j](u) = %u))u?
U
So
t
IX] = Kf/ / R2a(s, Xo_) L 02 N (ds, du)
0o Jx k(u)
= AYy)
:K2 K2 2 Xs— ¢( s AY2
to; sa (S’ £ )k(AY—S) s

and it is easy to conclude. O
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Remarks

(i) We refer to [5] for other examples and applications.

(ii) Let us finally remark that, as easily seen, the gradient we have introduced
may be naturally iterated. This yields a criteria of regularity for the density
of Poisson functionals such as solutions of SDE’s; this is the object of a
forthcoming paper.
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