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Abstract

In this article, we introduce the parametrix method for constructions of fundamental solutions as a general
method based on semigroups and difference of generators. This leads to a probabilistic interpretation of the
parametrix method that are amenable to Monte Carlo simulation. We consider the explicit examples of continuous
diffusions and jump driven stochastic differential equations with Holder continuous coefficients.

1 Introduction

The parametrix for solving parabolic partial differential equations (PDE’s) is a classical method in order to expand
the fundamental solution of such an equation in terms of a basic function known as the parametrix. This is the parallel
of the Taylor expansion of a regular function in terms of polynomial functions.

The concept of order of the polynomial in the classical Taylor expansion is replaced by multiple integrals whose
order increases as the expansion becomes more accurate. This method has been successfully applied to many equations
and various situations. Its success is due to its flexibility as it can be applied to a wide variety of partial differential
equations. It has been successfully extended to other situations for theoretical goals (see e.g [13], [14] and [16]). In
[9], the authors consider the parametrix as an analytical method for approximations for continuous diffusions. These
analytical approximations may be used as deterministic approximations and is highly accurate in the cases where
the sum converges rapidly. In general, higher order integrals are difficult to compute and therefore this becomes a
limitation of the method.

The goal of the present paper is to introduce a general probabilistic interpretation of the parametrix method
based on semigroups, which not only re-expresses the arguments of the method in probabilistic terms, but also to
introduce an alternative method of exact simulation. Our abstract approach is based on a semigroup method which
clarifies the use of a Taylor-expansion like argument. This leads to the natural emergence of the difference between
the generators of the process and its approximation. This approach will allow the direct application of this method
to various situations.

Let us explain the above statement in detail. The first step in the Monte Carlo approach for approximating the
solution of the parabolic partial differential equation 0;u = Lu is to construct the Euler scheme which approximates
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the continuous diffusion process with infinitesimal operator L. To fix the ideas, consider the diffusion process X,
solution of the following stochastic differential equation (SDE)

dX, = o (X)dW +b(X,)dt, Xo =z,

Jj=1

where W is a multi-dimensional Brownian motion and o;,b : R? — R? are smooth functions. We denote by P, f(z) =
E[f(Xt(x))] the semigroup associated to this diffusion process. Here X;(z) denotes the solution which starts from z,
i.e. Xo(x) = 2. The infinitesimal operator associated to P is defined for f € C?(R%) as

(1.1) Lf(x)= Zai’j(x)aijf(z) + b (2)0; f (2), a:=oc".

By the Feyman-Kac formula, one knows that P,f is the unique solution to d;u = Lu with the initial condition
u(0,2) = f(z). Therefore the goal is to approximate X first and then the expectation in P f(z) = E[f(X;(z))] using
the law of large numbers which leads to the Monte Carlo method.

Now, we describe some stochastic approximation methods for X. Given a partition of [0,7], 7 = {0 =ty < ... <
t, = T}, the Euler scheme associated to this time grid is defined as X (z) = =

m

(1.2) XTI =XT + Y o (X7 )W

tht1

— W) +b(X])h.

j=1
It is well known (see [19]) that X™(x) is an approximation scheme of X () of order one. That is,
(1.3) [E[f(Xr(2))] = E[f (X7 (2))]| < Cpmax{tit1 —ti6=0,...;n =1}

for f measurable and bounded (see [3], [4]) and under strong regularity assumptions on the coefficients o; and b.

Roughly speaking the parametrix method is a deterministic method with the following intuitive background: in
short time the diffusion X;(x¢) is close to the diffusion with coefficients “frozen” in the starting point xg. So one may
replace the operator L by the operator L*° defined as

Lo f(w) = 3 0" (w0) 071 f (x) + b (20) 0 ()

and one may replace the semigroup P; by the semigoup P;*® associated to L. Clearly, this is the same idea as the
one which leads to the construction of the Euler scheme (1.2). In fact, notice that the generator of the one step (i.e.
7 ={0,T}) Euler scheme X™(x¢) is given by L*°.

The goal of the present article is to give the probabilistic parallel of the parametrix method. This probabilistic
interpretation will give an exact simulation method for E[f(X7)] based on the weighted sample average of Euler
schemes with random partition points given by the jump times of an independent Poisson process. In fact, the first
probabilistic representation formula (forward formula) we intend to prove is the following :

Jr—1

(1'4) E[f(XT)] = GTE[f(X;«) H eTk+1—Tk (X:k’X;rk+1)]'
k=0

Here, 7 := {74, k € N} are the jump times of a Poisson process {J;;t € [0, 7]} of parameter one and X7 is the Markov
chain with transition kernel given by

P(XT e€dyl|{m,keN}, XT =ux0) =P (20, dy).

Tht1 Tht1—Tk

For 7, <t < 7,41 we define Xi" = XT . In the particular case discussed above then X™ corresponds in fact to an Euler
scheme with random partition points. ; : R? x R® — R is the weight function.

Before discussing the nature of the above exact simulation formula, let us remark that another such formula is
available for one dimensional processes (see [6]) which is strongly based on the explicit formulas for diffusion process



that one may obtain for one dimensional diffusions using the Lamperti formula. Although many elements may be
common between these two formulas, the one presented here is different in nature.

In order to motivate the above formula (1.4), let us recall the following basic heuristic argument that leads to the
parametrix method

T T
Prf(z) — Prf(z) = _/o O Pr— P f(x)dt = /0 Pr_¢(L — L*) P} f(x)dt.

The above expression is already an equivalent of a Taylor expansion or order one where the notion of first order
derivative is being replaced by L — L*. If we repeat the same procedure again inside the time integral, we will have
the expansion of order 2, where the first order term will now become fOT P:_,(L — L?)Pf f(x)dt. Let us now discuss
the probabilistic structure of the above expressions. The first term P#f(x) corresponds to the Euler scheme, X™*(x)
with 7 = {0, T} with coefficients frozen at z. Now let us suppose that

Pr_ (L = L*) P} f(x) = Pr_, (07— 7 (f)) (2)-

For some function 6; : R* — R%. Then the probabilistic interpretation of the above expression corresponds to an
Euler scheme X™*(x) with time partition 7 = {0,7 — ¢, T} and weight 67_,(X7%,(z)). After proper renormalization,
the time integrals appearing in the first order term may be interpreted as the first jump of a Poisson process which
will have a uniform law once we now that one jump has happened. The term PZ f(x) will therefore correspond to the
case when the Poisson process does not jump in the interval [0, T] and similarly the k-th multiple time integral in the
parametrix method will be interpreted as the case that the Poisson process has jumped k-times.

We will now discuss two technical points: how to obtain the weight function # and how to choose z.

Computing 0 can be done in two ways: The first is to apply directly the operator L — L? to the density associated
to PZ. This will be called the backward method. The second is to compute the dual operator (or carry out an
integration by parts), in order to apply the dual operator to the density associated to Pj_,. This will be called the
forward method which is the one that corresponds to the formula introduced in (1.4). Although it may seem the least
natural form of obtaining the weight 6, the forward method leads to the usual Euler scheme in the case of diffusions.
The backward method will lead to a “backward” (in space) running Euler scheme (for more details, see Section 5.1).

The choice if z is a delicate point in the argument and it is related to the degeneracy of the weight function
O7_¢. In fact, it is not difficult to see that in the continuous diffusion case, the weight function 61 _; is related to the
derivatives of a Gaussian density and that it degenerates as T'—t approaches 0. This rate of degeneration is in general
non-integrable in ¢ if we do not make a particular choice of z. Without giving much more detail, the particular choice
of z will correspond to a “diagonal” case which will require a technical argument and which will finally lead (in the
forward case) to the Euler scheme with random time partition.

Our article is structured as follows: In Section 2, we give the notation used throughout the paper. In Section 3
we provide a general abstract framework base on semigroups for which our two approaches (forward and backward
can be applied). The main hypotheses applying to both methods are given in this section. In Section 4 we give the
analytical form of the forward method which demands less model requirements but as we will see in the examples
requires stringent conditions on the coefficients of the diffusion due to hypothesis 4.2. In Subsection 4.1 we give the
probabilistic representation and in Subsection 4.2, we give the continuity and differentiability properties of the density
functions. This is the usual application of the parametrix method.

In Section 5, we give the backward approach which will require less regularity on the coefficients in the case of
diffusions. As in the forward case, we also give the probabilistic interpretation and the regularity results corresponding
to the backward method in parallel sections.

In Section 6, we consider our main examples. The first corresponds to the continuous diffusion with uniformly
elliptic diffusion coefficient. We see in Subsection 6.1 that in the forward approach we will need that the coefficients
have to be smooth. While in Subsection 6.2, we show that in order for the backward approach to be applicable, we
only require the coefficients to be Holder continuous. In Subsection 6.3 we also consider the case of a jump driven
SDE where the Lévy measure is locally of stable type in a neighborhood of zero. This example is given with two
probabilistic interpretations.

We close with some conclusions, an Appendix and the References section.



2 Some notations and general definitions

We now give some basic notation and definitions used through this article. For a sequence of operators S;, i = 1,...,n
which do not necessarily commute, we define [[;", S; = Sy --- S, and HZ nSi = Sp---S1. We will denote by I, the
identity matrix or identity operator and S* will denote the adjoint operator of S. Dom(S) denotes the domain of
the operator S. If the operator S is of integral type we will denote its associated measure S(z,dy) so that Sf(x) =
| f(y)S(z,dy). All space integrals will be taken over R?. For this reason, we do not write the region of integration
Wthh we suppose clearly understood. Also in order to avoid long statements, we may refrain from writing often where
the time and space variables take values supposing that they are well understood from the context.

In general, indexed products where the upper limit is negative are defined as 1 or I. In a similar fashion, indexed
sums where the upper limit is negative are defined as zero.

As it is usual, A < B for two matrices A and B, denote the fact that A — B is positive definite. Components of
vectors or matrices are denoted by superscript letters. When the context makes it clear we denote by 0; f the partial
derivative operator with respect to the i-th variable of the function f and similarly for higher order derivatives (e.g

derivatives with respect to a multi-index 3, of length |3, are denoted by 9° f.

a(dz) denotes the point mass measure concentrated in {a}, B(z,r) denotes the ball of center € R? and radius
r > 0, [z] denotes the ceiling or smallest integer function for z € R and Ry = (0,00). 14(z) denotes the indicator
function of the set A, C(A) denotes the space of real valued functions continuous in the set A. C,(A) denotes the space
of continuous bounded functions in A. C°(R?) denotes the space of real valued infinitely differentiable functions with
compact support defined on R?. C,f (R%; RY) denotes the space of R'-valued bounded functions defined on R¢ with
bounded derivatives up to order k. The norm in this space is defined as = max|g|< SUPycRrd |85f(ac)| . In the
particular case that £ = 0 we also use the simplified notation || f|lecc = ||f]l0,c0-

¢a(y) denotes the multi-dimensional Gaussian density at y € R? with mean zero and variance-covariance matrix
given by the positive definite matrix a. Sometimes we abuse the notation denoting by ¢;(y), for y € R%, ¢ > 0 the
Gaussian density corresponding to the variance-covariance matrix ¢I. Similarly H:(y) and HI(y), i j € {1,...,d},
denote the multi-dimensional version of the Hermite polynomials of order one and two. Exact definitions and some of
the properties of Gaussian densities used throughout the article are given in Section 8.2.

Constants will be denoted by C' or ¢, we will not give the explicit dependence on parameters of the problem unless
it is needed in the discussion. As it is usual, constants may change from one line to the next although the same symbol
may be used.

3 Abstract framework for semigroup expansions

In this section, we introduce a general framework which will be used in order to obtain a Taylor-like expansion method
for Markovian semigroups. The following is the framework for our work.

Hypothesis 3.1. (P;);>0 is a semigroup of linear operators defined on a space containing C°(R®) with infinitesimal
generator L such that C°(R?) C Dom(L). Pyf(z) is jointly measurable and bounded in the sense
that |Pif|lo. < |Ifllo, for all f € CZ(RY) and t € [0,T).

The first goal of this article is to give an expansion for Prf(z) for fixed T > 0 and f € C>°(R%) based on a
parametrized semigroup of linear operators (P7);>0, 2 € R,

In the case of continuous diffusions to be discussed in Section 6, P* stands for the semigroup of a diffusion process
with coefficients “frozen” at z. We consider this explicit approximating class in Section 6 but maybe there are other
interesting examples of approximating semigroups.

Our hypothesis on (Pf);>0 are

Hypothesis 3.2. For each z € RY, (PF)i>0 is a semigroup of linear operators defined on a space containing C=(R?)
with inﬁm’tesimal generator L* such that C°(R?) C Dom(L?). We also assume that P? f(z) =
ff y)pi (z,y)dy for any f € CX(RY), (x,2) € RY x R? and a jointly measurable probability kernel
p* € C((0,T] x R? x RY).

The link between L and L? is given by the following hypothesis:



Hypothesis 3.3. Lf(z) = L*f(z) for every f € C>(RY) and z € R%.

To simplify notation, we introduce Q;f(x) := P f(z) noticing that (Q¢):>0 is no longer a semigroup but it still
satisfies that ||Q:f]|., < ||fllo for all ¢ € [0,T]. We will use the following notation in the forward and backward
method respectively

Vily) = pi(x,y),
¢i(x) = pi(z,2).
The reason for using the above notation is to clarify to which variables of p}(z,y), an operator applies to. This is the
case of e.g. L*¢7(x) = (L*¢F)(x).
The expansion we want to obtain can be achieved in two different ways. One will be called the forward method
and the other called the backward method. In any of these methods, the expansion is done based on the semigroup

(Pf)i>0, 2 € R?. In the classical Taylor-like expansion one needs to use polynomials as basis functions. In the forward
method these polynomials will be replaced by products (or compositions) of the following basic operator .S,

S.f(x) == / (LY — L) (9)pi (&, g)dy, | € Mpega Dom(L7).

In the backward method, a similar role is played by the operator

(3.1) $uf(y) = / @) (L7 — DY) () da

In the notation throughout the article, we try to denote by x the starting point of the diffusion and y the arrival
point with z being the parameter value where the operator L? is frozen at. In the forward method z will be the starting
point z and in the backward method z will be the arrival point y. Due to the iteration procedure many intermediate
points will appear which will be generally denoted by y;, i = 0,...,n + 1, always going from y, towards y,4+1 going
from x to y in the forward method and from y to = in the backward method.

The above hypotheses 3.1, 3.2 and 3.3 will be assumed throughout the theoretical part of the article. They will be
easily verified in the examples.

4 Forward method
We first state the assumptions needed in order to implement the forward method.
Hypothesis 4.1. P?g, P,g € NyegaDom(L®), Vg € CX(RY), z € RY, t € [0,T).

We assume the following two regularity properties for the difference operator S. First, we assume that there exists
a probability kernel S;(x, dy) which represents S;:

Hypothesis 4.2. There exists a jointly measurable real valued function 6 : (0,T] x R x R? — R, such that for all
f € C®(R?) we have that

S.f(x) = / F )0, y) PE (2, dy) = / F@)0u(a, )08 (2, y)dy, (tx) € (0,T] x RY.

Furthermore there exists p € [0,1) and a jointly measurable non-negative function v} (z,y), such that
pE (2, y) |0c(z,y)| < St (x,y) for (t,2,y) € (0, T] xR xR with sup ; e (0.71xra Jpa Ve (%, y)dy < oo

Note that the above hypothesis implies that the operator S can be extended to the space of bounded functions.



Hypothesis 4.3. A. Under Hypothesis 4.2, suppose that there exists a jointly measurable function v = (v',7?),
p € [0,1) and a constant C > 0 such that for any (t,x,y) € (0,T] x R% x R?

(11) @) 0l < oty)
(4.2) pi(zy) < Cvi(z,y).

The functions v satisfy the following condition.

B. There exists v >0, ( > 1 and a function £ : Ry — Ry such that the following holds:

i) For every zy, z, € R% and R > 0 there exists a constant Cr = Cr(20,2,) > 0 such that for every
neN, §>0,i=0,...,n—1 and (yo,yn) € B(20,7) X B(2n,r) we have

n—2 n—1
(4.3) /dyl o '/dyn—ll{z?gl‘yi‘SR} H V5, (Ui Yir1) V5, (Un—1,9n)¢ < C’Ef(z 6;)-
i=0 i=0

ii) For every zo,z, € R% there exists a constant C = C(z9,2,) > 0 such that for every n € N,
0; >0,i=0,....,n—1, (yo,yn) € B(z0,7) X B(zp,7) and € > 0, there exists R. > 0 with

n—2 n—1
(4.4) /dy1 = '/dynfll{zgﬂywm 1T % i wic )3, (n1,9m) < C"ECD 60).
i=0 i=0

Remark 4.4. (i) We remark here that Hypothesis 4.2 entail some integration by parts property which will be made
clear when dealing with examples in Section 6 (see (6.3)). Hypothesis 4.3 is a uniform integrability hypothesis
together with a uniform estimate of the tails of the convolution of ¢, needed in order to obtain the continuity of
the fundamental solution. The function &(e,8) represents the time variable in the convolution of the functions v*
and will lead to the integrability of this term when we need to integrate the expression with respect to the times
0j. In our examples this function is essentially a constant or polynomial functions in é.

(i) If properties (4.3) with ¢ = 1 and (4.4) are satisfied then we have in particular that there exists a constant C > 0
and a function & : Ry — R such that for everyn € N and §; > 0,i =0,...n—1

n—1

n—2
(4.5) w [Jatm [y TT ok v, nrom) < CPEC3 00,
r i=0

(y0,Yn)€B(20,7) X B(2n, i=0

(iii) In typical examples, we will have vi(z,y) = q(x —y), i = 1,2. Later, in Section 6.3, we will give an exzample
where ¥' and v2 are given by different functions. Although this is not essential, this set up will make verifications
easier in the case of a stochastic differential equation with jumps.

(iv) In order to obtain the existence of the density we will use Hypothesis 4.8.B. with { = 1. Moreover, in order
to obtain the continuity and differentiability of the density, we will need a uniform integrability property which
follows if Hypothesis 4.3.B. is satisfied for some ( > 1 and (p < 1.

In the forward method, the expansion will be given in terms of some operator compositions, denoted by I™, which
are defined for (to,z) € (0,7] x R? and f € C2°(R?) as follows

to to1 n—1 .
. s, >
(46) B = 0 (I S ) Qu (@), ifnz
Q1. (), if n=0.
In order to define the kernels generating I"™(f), define for n > 1, so =0 < 81 < ... < S, Y0, s Ynt1 € RY,

n—1

Hn((si)i:O,.A.,n; (yi)i:O,...,n) = H (Qsiﬂ—s,i(yi,yi+1)pgf+178i(yi,yi+1)) )
i=0



s“ y07yn . / dsn 1° / dsl/dyl/dyn—lHn((s 0,. ,ny(?/z)z 0,. 7n)

to 3: y / dsn/pto Sn yna (.Z‘ yn)dyn

The relationship between the time variables is given by tg —t; = s;. The reason for this change will become technically
clear later. Furthermore, it facilitates the analysis of regularity of the density and it introduces a “natural” time frame
for the stochastic representation to be given in Section 4.1. The following is the main result of this section, which is
a Taylor-like expansion of P in terms of Q.

Theorem 4.5. Suppose that Hypotheses 4.1, 4.2 and 4.3 hold with ¢ = 1. Then for every fived f € C°(R?) and
€ (0,7, I'(f) is well defined and the sum > 2 | I1'(f)(x) converges absolutely and uniformly for (t,z) € [0,T] x R?
and

(4.7) P f(z an

Furthermore, for fized t € (0,T], >>0", I''(x,y) also converges absolutely and uniformly for (z,y) € R x R? and we
have that there exists a jointly measumble function py(x,y) such that P, f(x) = [ f(y)pe(x,y)dy where

(4.8) pe(x,y) = pf (z,9y) ZI" x,y).

In the case that P,f(x) >0 for f >0 and P,1 =1 for allt > 0 then pi(z,y) is a density function.

Proof. Note that I"(f) is well defined due to Hypotheses 3.2 and 4.2. In fact, for f € C>°(R¢) and using Hypothesis
4.2, we obtain that (H?;Ol Sti,tiﬂ) Q:, f(x) is jointly measurable. Furthermore, due to Hypothesis 4.2, we have that
IS¢ flloe < Ct™%||f|loc and due to Hypothesis 3.2 we have that ||Q¢f||cc < C|f|lco- Therefore, applying these results

succesively, we have the following bound with p € [0,1)

n—1
| (H Sti_t,iﬂ) Q.. f
=0

The expansion of order one for P, is obtained, using Hypotheses 3.1, 3.2, 4.1 and 4.2 as follows

n—1

<CTJ = tis) " Ifll
1=0

o0

Py f(x) — B f(x) = / 00, (P2 Py f) (@)dty = / " PE (L~ L)P, f(x)dtr.

Note that the Hypothesis 4.2 ensures the finiteness of the above integral. Using the identity in Hypothesis 3.3,
Lg(z) = L*g(x) with g(y) = P, f(y) we obtain

Pt”f)ftl(L —L*)P;, f(x)

/ (L~ L)Py, f(0)PE . () dy) = / (LY — LYPy, f(0) P2y, (. dy)
= St—t, P, f(2).

Therefore, we have the following forward expansion formula

to to
(4.9) Py () = PY f(2) + / Sty—ts Por f(@)dts = Quy () + / Sto—ts P f(x)dt1.

Notice that the above integral makes sense for f € C°(R?): by Hypothesis 4.2

(4.10) [Sto—t. Pr, f(2)] < Cilto = 1) " || Py fll oo < Crlto —11) ™7 [ fll



and this quantity is integrable because p € (0, 1).
The next step is to iterate this formula. We set to = T and the first iteration of (4.9) gives

to
Puf@) = Quflx)+ / / Stots (., dy) Py, £ (y)dt

Qtof(m) +/0 0 /Sto—h (37, dy) (th(y) +/(; 1 Stl—tzthf(y)dt2> dty

to

to t1
Qo f(x) + Sto—t, Qe f(x)dty +/ Sto—ts St —t5 Pr, f(x)dtadty.
0 o Jo

Repeating the above procedure we obtain

N
Py f(x) =Y (@) + R (f)(x)
n=0

with
N-1

to t1 tN—1
Rgg(f)(x):/o dtl/o dtz.../o dty <H Sti—ml) Py f(2).

=0
We define for p € (0,1)

t ty tn1 n—1
n(t,p) ::/0 dt1/0 dt2-~/0 dty, [t = tivn) ™"
=0

Using repeatedly Hypothesis 4.2 and Lemma 8.1, we obtain that there exists positive constants C' and C; such that
IRy, (N)(@)] < CCT 7 en(T,p)[Ifll =0 and

Do (@) Cliflloe (1 + ZC?Cn(T7P)> < oo,
n=0

n=1

IN

Therefore the series is absolutely and uniformly convergent and the proof of the assertion (4.7) finishes.

Now we prove (4.8). We start going back to the multiple integral (4.6) and we give an explicit expression for the
integrand as a space integral. This is a straightforward calculation with the change of variables tg — t; = s; with
i =1,...,n and an interchange of the order of integration. This gives

to
I (f) (o) = / dsn / Qo () T (102 ).

By Hypothesis 4.2, we have

n—1

(4.11) | Hn((8:)i=o0,...,n3 (Yi)i=0,...n)| < C" H(Si—',-l —50) Va1 —s: Wi Vit1)-
i=0

Furthermore from (4.2) and Hypothesis 4.3 (see Remark 4.4 (ii)) with &; = s;11 — s; (note that 3.7 6 = s,,)

to Sn S2 n—1
Cng(to)/ dSn/ dSn_l .. / dSl H (Si—i—l — Si)ip
0 0 0 i=0
= C"¢(to)en(T p).

Therefore the infinite sum in (4.8) converges absolutely and uniformly for (z,y) € R? x R%. This gives by duality from
(4.7),

IN

|Itr(lJ (y07yn+1)’

oo
pro(@y) = ph () + > IR (2,y).

n=1



where the above series converges uniformly with respect to (z,y) € R?xR<. Finally one proves that as the semigroup P
is positive then py, (z, y) has to be positive locally in y for fixed (to, ) then as P;;1 = 1 one obtains that [ p, (z,y)dy =
1. O

Remark 4.6. One may also interpret (4.9) as a weak type formulation of the following integral equation

(4.12) pe(,y) = pi (2, 9) + / / pe(2s9)Bs—a, 2)pE_ o (2, 2)dzdls.

This formalization is elegant in the forward case but in the backward case becomes too technically involved and therefore
we do not consider it here.

4.1 Probabilistic representation using the forward method

Our aim now is to give a probabilistic representation for the formula (4.7) that may be useful for simulation. In order
to easily understand the probabilistic interpretation, it is better to rewrite the integral for Ij!, using the change of
variables s =ty — tg, k =0, ...,n and Fubini’s theorem to obtain that

to Sn So n—1
(4.13) I (f)(z) :/O dsn/o dsn_l.../o dsi <H ssm_sl,) Qiy—s, ().
1=0

For this, we consider a Poisson process (J;)i>0 of parameter A = 1 and we denote by 7;, j € N, its jump times (with
the convention that 7o = 0).

We fix x € R™ and we consider the following probabilistic scheme on the set {Jr = n} for n € N. Define a
partition of [0,T], 7w := {s;;¢ =0, ...,n 4+ 1} where s; = 7; AT and we construct the process (XtTr)te[O,T] as follows. We
assume that X§ = z and inductively define X , k = 1,...,n + 1, independent from the process J, using the following
conditional probabilities
(4.14) P(X ., €dy | X, =y) =P; (v, dy') =p%, . s (v, ¥y

Sk+1 Sk+1—Sk

The definition of the stochastic process X™, between time grid points, is given by
X§ =X, Sk <8 < Sgt1-

With these definitions, we have that Sy f(z) = E [f(XT )05, (z, XT)] and Qs, f(2) = E[f(XT )]. Therefore using these
representations, we obtain the probabilistic representation of the integrand in (4.13)

n—1
TT Seyiims | Qrosaf (@) = B [FOXF)00, 0 (XT XD )0y (X5, XE)]
§=0

Finally, to obtain the probabilistic interpretation for the representation formula (4.7), we need to find the prob-
abilistic representation of the multiple integrals in (4.13). Conditionally to Jr = n the jump times are distributed
as the order statistics of a sequence n independent uniformly distributed random variables on [0,T]. Therefore the
multiple integrals in (4.13) can be interpreted as the expectation taken with respect to these jump times given that
Jr = n. Therefore, for n > 1 we have

n—1
I%(f)(l’) = eTE 1{JT:ﬂ}f(X§r’) H 07']’4-1*7']' (X77T]7X'2+1)
j=0
where (with a slight abuse of notation), m denotes the random time partition of [0, 7], 7 = m(w) = {1;(w) AT;i =0, ..., Jp(w) + 1}.
From now on, in order to simplify the notation, we denote 7 = 7,.. Given the above discussion, we have the main
result for this section.



Theorem 4.7. Suppose that Hypotheses 4.1, 4.2 and 4.3 hold with ( = 1. Then the following probabilistic represen-
tations are satisfied for f € C°(RY),

(4.15) Prf(z) = e"E[f(XF)Tr(2)],

X7
(4.16) pr(z,y) = €"E [u7 7, (1)lr(2)]
Here, ¥¥(y) = pf(z,y) and T'r(x) = T'r(x)(w) is a random variable defined as

Ir(z) = H;Iial HTjﬂiTj (X:J"X;;Jrl)’ if Jr > 1.
1; Zf JT = 0

Remark 4.8. 1. Note that the above formulas (4.15) and (4.16) are amenable to simulation and they give exact
simulation formulas. Furthermore, extensions for bounded measurable functions f can be obtained if limits are
taken in (4.15).

2. The above representations (4.16) and (4.15) may be obtained using a Poisson process of arbitrary parameter
A > 0 instead of X = 1. In fact, if we denote {J}), t > 0} a Poisson process, by 7" the jump times and by 7y the
corresponding random time grid. Then the formula (4.16) becomes

A XA
pr(z,y) = M E | A JT?ﬁT—Ter (y)L'r(x)
T
This procedure corresponds to an importance sampling method.

4.2 Regularity of the density using the forward method

Now that we have obtained the stochastic representation, we will discuss the differentiability of pr(x,y) with respect
to y. This result is usually obtained when the analytical version of the parametrix method is applied. Before doing
this, we introduce the following assumption.

Hypothesis 4.9. 6;(-,2) € C(R?), for every t > 0 and z € R%.

Theorem 4.10. Suppose that the Hypotheses 4.1, 4.2, 4.3, for ¢ € (1,p™ 1) and 4.9 are satisfied. We assume that
for every (t,z) € (0,T] x R? the function y — p¥(x,y) is continuous. Then (t,x,y) — pi(z,y) is continuous on
(0,7] x R? x R4

Proof. We start proving the continuity of the partial sums in (4.8). For this we define

If(to,y07y7z+1) / dsn/ dsn 1° / dsl/dyl /dynl{z ‘y ‘<R}Hn(( 1)1: 0,. ,ny(yz)z 0,. ,n)pto—sn(ynayn-‘rl)
jfr]f(tOuy07yn+1) - (t07y07yn+1> I (t07y07yn+1)

Consider fixed n € N, (29, 2n+1) € R? x R? and two fixed balls B(zp,r) and B(2,41,7) with r > 0 given in Hypothesis
4.3. From (4.11) and (4.3) (recall that (p < 1) it follows from Lemma 8.1, for any fixed R > 0

T Sn
sup /dsn/ dsp—1 - /dsl /iy1~'~/iyn1{zn;1‘yi‘<R} | Hoa((50)i=0.0o.mi (01)i0,ecn)H s, (s Yns1) | < 00,
0 i=1 =

(Y0,Yn+1)EB(20,7) X B(2n+1,7) J0

This guarantees that the functions

((Si)i:, ,nv(yz)z 1,. JL) — 1{2” Ly \<R}H ((s )7, ,m(yZ)z 0,. ,n)p%:¥s7l(ynayn+1)
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are uniformly integrable (for (yo, ynt+1) € B(20,7) X B(zn+1,7) and 0 < tg < T'). Then one may interchange the limit
lim(to,yo,yn+1)—>(t5,y{,,y;+1) IE(to, 40, Yny1) from outside to inside the integral for fixed n and R. The argument now

finishes fixing € > 0 and therefore there exists R, such that (4.4) is satisfied. Therefore

lim sup L (o, Y0, ynt1) < Climeé(to) = 0.
=0 (yo,ynt1)€B(20,7) X B(2n11,7) elo

Therefore we obtain that
1 If (Y05 yn+1) = 172 (Y0, 4,
(to,yo,yn+1)%(tg,yé,y;,_,_l) to( n—+ ) to( 0 n+1)
and therefore (to,z,y) — I} (z,y) is continuous. We also have

sup |8 (40, ynt1)| < E(t0) Z C"cn(to, p) ~0
n>N Y0:yn+1)€B(20,7) X B(znt1,7) n>N e

and this proves that (tg, z,y) — py, (z,y) is continuous as it is the uniform limit of continuous functions. O

Now we also give a statement about the first order derivatives of the fundamental solutions. The proof is similar.

Theorem 4.11. Suppose that the Hypotheses 4.1 and 4.2 are satisfied. Furthermore, we assume that Hypothesis
4.8 is satisfied with ¢ € (1,p71) for (pf(z,y),v2(z,y)) and also when these two functions in (4.2) and (4.3), (4.4)
are replaced by (Vypf(z,y),vi(x,y)). Then for every (t,x) € (0,T) x R? the function y — pi(z,y) is one time
differentiable. Moreover

™

XTT T
Vypr(z,y) =€e'E [VyprrT (XTTyy)FT(w)] .

Proof. We discuss now the differentiability with respect to y. We have

to S2
vy7l+ljg] (y07 yTH—l) = / dsp -+ / dsy /dyl t / dyan((Si)’i=07~--7”; (yi)i=07---,n)vynﬂpijg—sn (yna yn-i-l)'
0 0

Therefore the same reasoning as in the proof of Theorem 4.10 shows that y — ps, (x,y) is differentiable and

Vo (2,9) = Vi, (2,9) + D VI3 (2,y).

n=1

O

Remark 4.12. 1. We remark that the functions v> and 3 in order to apply the above theorem do not have to
necessarily be the same as the respective functions in Theorem 4.5 or 4.10.

2. The reason why the corresponding theorem for the second derivative is not interesting in the present setting is
due to the fact that in most cases the corresponding condition would not be satisfied. See e.g. Section 6 for a
concrete example.

5 The backward method: Probabilistic representation using the adjoint
semigroup

Usually, in semigroup theory one assumes that for each ¢ > 0, P, maps continuously L?(R%) into itself. Then for every
g € L?(R%) we have

< N9z 1B f1l 2 < Cllgllzz £l 2 -

/ o(2)Pof (a)de
Rd

Then in that case, one may define the adjoint semigroup by

Pia.5)= [ Prat )y = [ a@Pi@s = lo.P)

Rd
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where P}g € L?(R?) is the element which represents the continuous functional f — (g, P,f) by Riesz representation
theorem. Clearly P; is still a semigroup and has as infinitesimal operator L* defined by (L*g, f) = (g, Lf) for f,
g € C(RY). Assume, for the sake of the present discussion, that for every x € R?, P¥ maps continuously L?(R?) into
itself and we define P;"* = (P®)" and L™ by (P""g, f) = (g9, PF f) and (L**g, f) = (g, L* f) for f, g € C>°(R%).

Our aim is to obtain for P* a representation which is similar to the one obtained for P in Theorem 4.7. Unfortu-
nately, the adjoint version of the arguments given in Section 4 do not work directly. In fact, if P,"" denotes the adjoint
operator of P® then the relation Lg(z) = L%g(x) does not imply L*g(x) = (L*)" g(z). To make this point clearer,
take for example the case of a one dimensional diffusion process with infinitesimal operator Lg(y) = a(y)Ag(y) then
L%g(y) = a(x)Ag(y) (for more details, see Section 6). Then L*g(y) = A(ag)(y) and (L*)* g(y) = a(z)Ag(y) = L¥g(y).
So, letting the coefficients of L* be frozen at y = x does not coincide with (L*)* and therefore the previous argument
will fail. In order not to confuse the reader we will keep using * to denote adjoint operators while other approximating
operators will be denoted by ~ (hat) even though they play the role of the approximating operators in the previous
sections!.

A second problem is that the above mentioned continuity of P, in L2(R?) is difficult to verify in the examples.
Instead as in section 4, we will assume that the semigroup P; is well defined in of Cy(R%) C L#(R%). In order to deal
with the adjoint operator, P}, which is not necessarily defined, we will use a somewhat roundabout way (in duality)
to use them without mentioning them directly. This will demand slightly stronger hypothesis than the one required
for the forward method. This methodology is sometimes called densely defined adjoint operators.

Let us introduce some notation and the main hypotheses. We define the linear operator

Ouf(y) = (BY) () = / F@)pt (2, y)dz = / f(2)! (x)d.

We assume that

Hypothesis 5.1. (0)P,f(z) = [ f(y)P:(z,dy) for all f € Co(R?). In particular, Py is an integral operator.
(i) [ p!(z,y)dy < oo, for all z € R* and [ p}(x,y)dz < oo for all y € R%.
(i) lime o P g(w) = P g(w) and lime_,o [ h(2)¢Z(w)dz = h(w) for all (z,w) € R* x R? and
for g, h € C*(R?).
(iti) ¢7 € Dom(L) N (NyeraDom(LY)), for all (t,z) € (0,T] x R%.

With these definitions and hypotheses we have by the semigroup property of P?, that
(5-1) Prgi(x) = piyc(w,2) = ¢y (2).

As stated before, we remark that Q # @Q*. In fact, Q is obtained through a density whose coefficients are “frozen”

Quf||_ = crlifl, for an
t € [0,T]. Furthermore, we make the following hypotheses on the behavior of the “frozen” infinitesimal generators L*
applied to ¢7.

Before introducing the next two hypotheses, we explain the reasoning behind the notation to follow. In the forward
method it was clear that the method went from a departure point x to an arrival point y with transition points y;,
i=0,...,n+1, yo =z and y,+1 = y. In the backward method, the situation is reversed. The initial point for the
method is y, the arrival point is y and yg = y and y,4+1 = x. Therefore the notation to follow, tries to give this
intuition.

at the arrival point of the underlying process. Also note that due to Hypothesis 5.1 then ’

Hypothesis 5.2. We suppose that there exists a continuous function 6 € C((0,T] x R? x RY) and (LY* — LY)¢¥ (y1) =
0:(y1,9) 07 (y1) is integrable Py(x,dyy) for all (s,z) € [0,T] x R? and (t,y) € (0,T] x R

INote that if we wanted to freeze coefficients as in the forward method one may be lead to the study of the operator L*?g(y) =
a(z)Ag(y) +2(Va(z), Vg(y)) + g(y)Aa(z). Although this may have an interest in itself, we do not pursue this discussion here as this will
again involve derivatives of the coefficients while in this section we are pursuing a method which may be applied when the coefficients are
Hélder continuous.

12



Hypothesis 5.3.

Hypothesis 5.4.

There exists a positive constant C, p € (0,1) and a jointly measurable function v = (v, ~?) such that
for all (t,x,y) € (0,T] x R? x RY, we have that ¢{(x) ‘Ot(x y)‘ < Cal(z,y), pl(z,y) < CYE(z,y)
and they satisfy that sup(, ,\epo,r)xre 7t (T, y)dx < 00 and sup(y 4yepo,7)xrae | Vi (T, y)dy < oc.
Furthermore, there exists ¢ € (1,p~1), such that for every R > 0

(5.2) sup /1{\y|§R}%1(957y)Cdy < 00,
(t,z)€[0,T] xR4

Under the conditions of Hypothesis 5.3, we suppose that the functions v* satisfy the following con-
ditions.

There exists r > 0, ( > 1 and a function € : Ry — Ry such that the following holds:

i) For every zy, z, € R% and R > 0 there exists a constant Cr = Cr(20,2,) > 0 such that for every
neN, §;>0,i=0,..,n—1 and (yo,yn) € B(20,7) X B(2n,r) we have

n—1

n—1
(5.3) /dyl /dyn 1lesone 1|y1|<R}’Yao(y0,y1 H%s (i Yi41)* < CRf(Z i)-
=0

ii) For every zo,z, € R? there exists a constant C = C(z9,2,) > 0 such that for every n € N,
0; >0,i=0,....,n—1, (yo,yn) € B(z0,7) X B(zp,7) and € > 0, there exists R. > 0 with

n—1

n—1
(5.4) /dyl"'/dynfll{z Loy Vo0 W0y TT %6, (s wirn) < €€ 60).
i=1 =0

(e}

Remark 5.5. In the examples we will consider in the following section p =1 — 5 where o will represent the order of
Hoélder continuity of the coefficients of the SDE’s.

We define now (recall (3.1) and Hypothesis 5.2)

5.5y / @)y ()l (&, y)d.

Note that due to Hypothesis 5.3 we have that

(5.5)

HStwa < Ot ||| for t € (0,7].

For g € C°(R%) we define

(5.6)

(;50 dtl ftn ! dt ( i= 01 Stiftlurl) Qtng(y)a lf n Z 17

ft" =
() () { Or o). —

Furthermore we define the adjoint operators

O
%
~
—
&
I

/ f()pi (z,y)dy,
i) = / F (), )p (2, y)dy.

Note that due to the Hypothesis 5.1 (i) and 5.3 we have that for any f € L™

(5.7)

(5.8)

sw Q17 < Cllfle

S f

C
< Sl

’ oo
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As in (4.6), we define the following auxiliary operators

_f"’*(f) _ Oto dty--- fotnﬂ dth?ﬂan_l—tn "'S:o—tlf’ n>1,
o Qi f n=0,

n—1

H ((SZ)Z 0,...,n5 (yi)l 0,. ,n) = H (0311+1_3i (yi+1ayi)pgz+1—si (yi+1’yi)) 5
1=0

j?n(y()vyn) 3:/ dsp—1--- dSl/dyl"‘/dyn—lﬁn((si)izo,...,m(yi)izo,...,n)~
0

. to n—1

It (30, Ynt1) 5:/ dty - / dtp /dyl /dyn ((to — ti)i=0,....n: Wi)i=0,....n)PL" (Ynt1, Yn)-
0

z) = [pa fy

Note that (I;"*(f),g) = (f,1]g) and I"™*(f)(

section is

)I;*(y, Ydy for f, g € C°(R?). Our main result in this

Theorem 5.6. Suppose that Hypotheses 5.1, 5.2 and 5.5 hold for ¢ = 1. Then for every g € C>(R?) the sum
S o I (9)(y) converges absolutely and uniformly for (t,y) € (0,T] x R? and the following representation formula is
satisfied

(5.9) Prg(y)=>_ IMg)(y)  dy—as., te(0,T).

The above equality is understood in the following weak sense (Pfg,h) = (g, Pth) = > 7", <ff(g), h> for all (g,h) €

CX(RY) x CX(RY).  Furthermore Y00, I;"*(f)(x) converges absolutely and uniformly for x € R? and fized f €
CX(RY), t € (0,7T] and it satisfies

P f(x Z[”* dr — a.s.
Finally, Y7, f"(y, x) converges absolutely and uniformly for (x,y) € RTxR? for ﬁa:ed t>0 cmd there exists a jointly
measurable function py(z,y) such that we have that for f € C°(R?) we have Py f(x) = [z f(y)pe(z,y)dy and it is
given by

n=1
In the case that Pif(xz) >0 for f >0 and P,1 =1 for allt > 0 then pi(x,y) is a density function.

Proof. Many of the arguments are similar to the proof of Theorem 4.5. First, we prove that each integral ft’; (9)(y)
is well defined. Iterating (5.5), we obtain that for any linear operator @ satisfying that ||Qf| . < C| f|l.,, then

(5.10) H <H Stl_tm) Qf

n—1

<O [T = ti) 11 fllo

0o i=0

Notice that in view of Hypothesis 5.1-(i) we have sup,

. < Cr7 9]l - So, by (5.10) and (8.1), the multiple

integral which defines IA{:] (9)(y) in (5.6) is well defined and have explicit upper bounds. Therefore one can also prove
the absolute convergence of the sum >.°° I*(g)(y). In fact, (see Section 8.1)

(5.11) i ‘
n=0

ft”(g)Hoo <> Cen(T)p) < 0.
n=0
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In a similar fashion, note that for I;"*(f) = JO dty - fg"*l dt,Q; S _y -+ Sf_, [ a similar argument can be
given. In fact, due to (5.7) and (5.8), we have

n—1

@8t Sind] <o T =t 1)

=0

Therefore the same considerations as in the case of ft"( f) apply in this case.

To start with the proof of (5.9), as in the proof of Theorem 4.5, we need to find a one step formula in the
“Taylor”-like expansion. In order to do this, we need an approximation argument. We take £ > 0 and we recall that
due to Hypotheses 3.2 and 5.1 (iii), we have for each z € R? that Pi_,¢Z = ¢%_,.. = pi,.(-,z) € Dom(L) and
Lf(x) = L* f(x). Then from Hypotheses 5.2 and 5.3, we have that for 0 <t < T,

O (PePR2,) o2 (x) = Pu(L—L¥)Pg2 ¥ (z) = /Pt(%dyg)(L — L) Pp2 0% (ys)

/ Py (SU, dys)éTftJre(ya, 92)¢17/“27t+5(y3)~

We take g, h € C2°(R?) and we note that due to Hypothesis 5.3

[ dzlo@] [ P, [ don o)l [r—sec )] D2 (02

Co(T =+ il [ dolota)] [ Puto.de)
CalT =) [l gl

IN

A

The above expression is integrable with respect to 1(o 7y(t)dt for p € (0, 1). Therefore this ensures that Fubini-Tonelli’s
theorem can be applied and multiple integrals appearing in any order will be well defined.
Furthermore, by Hypotheses 5.2, 5.3 (see (5.2)) and the fact that h € C°(R), we have that for fixed ¢ € [0,7T) we

can take limits as e — 0 for [ dy; [h(y1)] ‘9T_t+8 (yg,yl)’ ®%_; (y2), and that the uniform integrability property is

satisfied. Therefore we finally obtain that the following limit exists, is finite and the integration order can be exchanged
so that

timy | P [ tnntw) [ degto) [ o, dya)r—eclvm )t .0
- / ! [ dnntw) [ deg(o) [ Pitedya)br-i (e, i) ).

From the previous argument the following sequence of equalities are valid and the limit of the right hand side below
exists.

T
<5.1¢ dynh(1) (g, Pro) — (g, PY 60)) / dyih(yn) / dg(z) / O (PPYL,) o1 (x)dt

/OT dt/dylh(yl)/dxg(fﬁ)/Pt(x,dy2)9T7t+s(y27y1)¢g“17t+g(y2)‘

In order to obtain the expansion of order one, we need to take limits in (5.12). To deal with the limit of the left hand
side of (5.12) we note that given the assumptions g, h € C2°(R?) and Hypothesis 5.1 (ii), we have

tiy [ db) 9. Pro2) =t [ 9(ue) [ Prvesdu) [ dnhin)or w) = (Prig)

Elig(l)/dylh(yl) (PPg,¢) = Elig%)/dylh(m)P%iZg(yl) = /dy1h(y1)P%l’*g(y1)-
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Therefore taking limits in (5.12), we obtain

(Prh,g)

[ dnn) Py g + [ dihn) [ degto) / " [ Py ()

<Q*Th, g> + /OT <Pt§;;,th,g> dt.

Following the same argument as in the proof of Theorem 4.5, we iterate the above first order approximation formula.

Before this, we note that h € C2°(R?) implies that S5_,h € Cyp(R?) due to Hypotheses 3.2 and 5.3. Therefore we have
by iteration that

(Prh, g) = <Q*Th7g> + /OT <Q2‘§%7th,g> dt + /OT /Ot <PSS;‘,SS';,th,g> dsdt.

Then we continue with this iteration procedure and we need to prove that the residue converges to zero. The residue
will be denoted by R\ (g) and defined as follows. For g € C°(R?), we define the residue terms R{Y (g) by

to tN—1 0
R = [ [T e, ( 11
0 0 i=N—

2

S’ZZ,:M> 9(2).

1

In order to prove the formula (5.9), we proceed with L>(R%)-type estimates. In fact, as a consequence of (5.10) we

have
N—1

. to tN—1
HRi’X@)HO@ < C:)Z,V/O dty - "/0 dtn H (ti —tit1) " [l9ll -

i=0
Therefore (5.9) follows due to the estimates on cy (¢, p) and (5.11).
The proof of the other statements are done in the same way as in the proof of Theorem 4.5.]

Remark 5.7. 1. The previous proof is also valid with weaker conditions on g and h. For example, g € L*(R%) N
L>(R?) and h € Cyp(RY) will suffice with an appropriate change of hypothesis.

2. Recall that L*¢7(x) = Lo} (x) so, by the definition of 0 and S, we have

Stf(y)

/ F(@) (L7 — LV)g!(x)dz = / @)L — 1)} (2)da
(L*

3

- / (L — (LY)) f(@)p (y, 2)da = / (L — (%)) () (BY)" (y, der)

— (L)) ()Y (2 = / (L — (L9)) ] (2)p! () dr

which is the analogue to (if we exchange y and x as well as L and L*)

Suf(x) = / (LY — L) f(y)pt (o, y)dy = / (L — L) f(y) P (z, dy).

which has been used in the previous section. This analogy may suggest that if the generator L is symmetric the two
formulas coincide. In fact this is false: consider again, the example of one dimensional SDE’s (see also Section
6). Then L is symmetric (i.e. L = L*) if and only if b= 30a because in this case L = $a0* + 30ad = 10 (ad).
But then P is not symmetric - in order to have this property P® = (P®)" we need the condition b = 0, making
the situation trivial.
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5.1 Probabilistic representation using the backward method

We deal now with the representation of the density associated with the semigroup Pr. We recall that in the Section
4.1, (see (4.14)) we have performed a similar construction.

Let (J¢)¢>0 be a Poisson process of parameter A = 1 and we denote by 7, j € N, its jump times (with the convention
that T0 = 0)

We fix z € R™ and we consider the following probabilistic scheme on the set {Jr = n} for n € N. Define a partition
of [0,T], 7 := {s4;i=0,...,n+ 1} where s; = 7; AT we construct a Markov chain X;"™, t = s;, which represents the
Euler scheme associated to a partition 7 := {s;;4 = 0,....,n+ 1} where 0 = 59 < 81 < ... < $pp1 =T

More precisely we define

Xo"(y) = v,
P(XET (y) €dyesr | X357 (w) =wn) = C5L o, k) PE o (ks dyrin) = O3 o (k) obe s, (Uks1)dyksn,
08k+1*8k (yk) = / :;/:+178k (yk+1)dyk+1'

Then the same arguments as in the previous section give the representation

n—1
I (9)(y) = €"E | 1pmmy 9(X7" @) Cr—ry (X577 0)) T Crpos oy (X577 (0))0r, 11—, (X7, (), X577 (9))
j=0

We define

Ti(y) = Oy (X5 W) L7205 Coryy oy (X5 (W))0r, -y (X5, (), X257 (1) if  Jr=>1,
T Cr(y) if  Jr=0.

Sometimes we may use the notation X7-7 (y) to indicate that X" (y) = y. The main result in this section is about
representations of the adjoint semigroup P* and its densities.

Theorem 5.8. Suppose that Hypotheses 5.1, 5.2 and 5.3 (with ( = 1) hold then the following representation formula
is valid for any g € C°(RY)

(5.13) Prg(y) = Py g(y) + e"E [g(X3" ()Tr ()1 {srs1y] = € E [9(X5™ () T3 (y)] -

Theorem 5.9. Suppose that Hypotheses 5.1, 5.2 and 5.3 (with ¢ = 1) hold then the following representation formula
for the density is valid

Xop @) o x
(5.14) priz.y) = "E [pr0," (o, X7 W)T5()]

In particular, let Z be a random variable with density h € L'(R%;R,) then we have

X272 o X
Prh(z) = ¢"E [pp 7%, (@, X57(2)03(2)]
In particular, the above result implies the following expression for the Laplace transform of Xp, for a € ]R‘i and
a = H?:l a; >0
—aX 1 T [ X (Z) o «
Ele=¥7) = a~'¢"E [pp Tt (@, X5 (Z2)03(2))

Here, Z is a d—dimensional random vector with exponential distribution of parameter «. Similarly X*™(Z) denotes
the Euler scheme which starts from the same exponentially distributed initial point.

Proof. Using the definition of X*™ we have for g € C>°(R?) (we recall that 77 = 77,.)

E [g(XF)Cr—ry (4) | 77, X, =] = / gD (y,7)dz
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so that (5.13) says that Pj(y,dz) = pk(y, z)dx with

* *’X:Yﬂ-(y) *, 0 *
(5.15) Py @) = €"E [pr_ 7T (X7 (), 2)Tr ()] -

Notice that p4.(y,z) = pr(z,y) so the above equality says that Pr(z,dy) = p4(y,z)dy with pk(y,x) given in the
previous formula. We conclude that the representation formula (5.15) proves that P;(z,dy) is absolutely continuous
and the density is represented by

X:m(y) *, 7T *
pr(z,y) —pr(z,y) = €'E [prTT (z, X7} (y))FT(y)l{JTZU’] :
The representation for Prh can be obtained integrating [ h(y)pr(z,y)dy using (5.14). O

As before we also have that the following generalized formulas with a general Poisson process with parameter \
are valid

pr(z,y) — pr(z,y) = TE

X7 ()
—JA I *,70 *
A JTPT_TTJ% (LXT;%(Z/))FT(ZI)I{J;;}]~

We discuss now the regularity of p:(z,y). We make the following supplementary assumption
Hypothesis 5.10. For any z € R%, p?(-, z) € C1(RY).
Then the same arguments as in Section 4.2 prove:

Theorem 5.11. Suppose that Hypotheses 5.1, 5.2 and 5.10. Furthermore, we assume that Hypotheses 5.8 and 5.4
are satisfied for some p € [0,1) and ¢ € (1,p 1) for (p¥(z,y),vZ(z,vy)) and also when these two functions are replaced
by (Vypi (2, 9),7; (2, 9)).

Then (t,z,y) — pi(x,y) is continuous on (0,00) x R? x R? and for every t € (0,T),z € RY, the function x — pi(z, 2)
is one time differentiable. Moreover,

X7 () *, T r
pr(e,y) = e"E [pp 7 " @, X7 (0)r(y)]

and
X2 (y)

Vopr(a,y) = E [Vop; 0" (0, X7 (9)Pr(y)]

6 Examples: Applications to Stochastic Differential Equations

In this section we will consider the first natural example for our previous theoretical developments: That is, the case
of multi-dimensional diffusion processes. We will consider first the forward method as in Section 4, where we will see
that the smoothness of the coefficients is required in order to find explicit expressions for 6 in Hypothesis 4.2 while
in the backward method, treated in Section 5, we will only need to require that the diffusion coefficient is Hélder
continuous in order to define 6 in Hypothesis 5.3. On the other hand although the backward method recovers the
density function, it does not adapt easily to the simulation of all functions of the diffusion process.

6.1 Example 1: The forward method for continuous SDE’s with smooth coefficients

We consider the following d—dimensional SDE
mo _ t

(6.1) X, = x—l—Z/ 0;(Xs)dW? +/ b(X,)ds.
=i 0

Here o, b : RY — R? o; € CZ2(R%RY) is uniformly elliptic (i.e. 0 < al < a < al for a, @ € R with a = o0*),
b e C’g(Rd;Rd) and W is a m-dimensional Wiener process. Under these conditions there exists a unique pathwise
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solution to the above equation. Then we define the semigroup P;f(x) = E[f(X:)] which has infinitesimal generator

given by Lf(x) = 53, ;a" ()07, f(x) + X, b/ ()0 f(x) for f € CX(R?) and a®I(z) = 3, oi(z)ol(z). Clearly
P, f(x) is jointly measurable and bounded and therefore Hypothesis 3.1 is satisfied. We will consider the following
approximation process:

=z+ Z o (2)W7 + b(2)t
which defines the semigroup
(6.2) P f(z) = E[f (X7 (2))] = /f(y)qta<z> (y — = — b(2)t)dy,

for f € C°(RY), with jointly continuously differentiable probability kernel p7 (z,y) = Qta(z)(y—x—b(2)t). Furthermore
its associated infinitesimal operator (for f € C2(R%)) is given by

=5 2 @) + 3V @)

Therefore Hypotheses 3.2 and 3.3 are clearly satisfied. Hypothesis 4.1 is clearly satisfied as a®/, b® € C’E(Rd) for

i, 7 € {1,...,d}. Now we proceed with the verification of Hypothesis 4.2. Using integration by parts, we have for
fe xRy,

(63 Sif@) = [ = L) fw)Pe . dy)
= 53 [ @0 — @ aioy — 7~ b)), F(0)dy

+3 [00) = ¥ @)t — 2 = B0 )y

Il
—
QU
NS
=
s
/
M| —
\g

o5)

— a7 (2))qta(a) (y —  — b(x)t)))

=3 [t )0 (60~ ¥ @)t (v~ 2 = b))

a"(y) — a7 (2)qra(e)(y — T = b(@)t)) = 07 (2, Y)Gra@) (y — = — b(2)t),
’L(y) - bi(x))Qta(x) (y —T— b(l‘)t)) = pi(xa y)Qta(w) (y —T— b(l’)t),

&
_ .
—
>~

(z,y) = 070" (y )+<9’a"’j(y)hi(w,y)+8iai’j(y)h§(w7y)+(ai’j(y)—ai’j(w))hi’j(w,y),
Pilmy) = Ob'(y)+ (B'(y) = b'(2)) by, y)

6.4) hi(z,y) = Hi,(y—x—b)),

(6.5) he'(ey) = Hpj,(y—o = ba)t).

So we obtain

(6.6) S.f(x / Ay f (8 thatey (¥ — & — B(E)DB(z, ) = / S0, y) PE (x, dy).
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Therefore we have that 1
x y) = 5 E QZ’J(x7y) - E 107t4($7y)’
i.j i

Now, we verify that the Hypotheses 4.2 and 4.3 are verified. We have verified the first part of Hypothesis 4.2 by
the definition of 6 in (6.6). In order to verify the rest of the conditions in Hypothesis 4.2 we see that by (8.3) and
(8.4) with =1

" 1
2t (2,010, 9)] < € (Jlally o +10l],00) 3 el — 2)

for a constant C' > 1 and ¢ € (0,1) and consequently all the conditions in Hypothesis 4.2 are satisfied with p = % and
Y (2,Y) = qeraly — @)

Similarly, Hypothesis 4.3 is satisfied under the the same definition of 4! and 72 = 7 C =1 and £(0,z) = C for
(4.3) by using that Lisnotyy<py < 1. For (4.4), one uses that Lisrtpsmy < <3 ZJ 1 {|y1|> Ry Next, one
performs the change of variables y1 = x1, ¥; — yi+1 = ;41 for ¢ = 1,...,n — 2 in the integral of (4 4) and use the
ndly]|®

R2

inequality 1 (v |> -2 to obtain the following bound

wval

67 /dl‘l /dl’n i
ZZ R (y())UH)EB(zOvT)XB(Znﬂ')

i=1 j=1

n—2 n—1

QCéoa yO) H QCSi&(xi+l)q05n,_1&(yn - xl)
i=1 1=1

Z*’”k

Without loss of generality, using a further change of variables z; = z1 — 39, we may consider the case where yo = 0.

; 12 . )
Next, we use the inequality ‘22:1 a:fc) <nd,_, |z}[>. Then one rewrites the integral in a probabilistic way using

Gaussian random variables. This becomes E[|Z]|?/Zo + ... + Zn—1 = YnlPzo+...+ 2z, (Yn) Where Z; is a d-dimensional
Gaussian random vector with mean 0 and covariance matrix c¢d;al. The conditional variance can be computed
explicitly and the density can be bounded by its maximum value (i.e., y, = 0). Finally, we obtain that (6.7) is

bounded by C' 75 S (|yn|2 + ) with § = Z?;ol 8;. Therefore the condition (4.4) will be satisfied taking R, = ¢~ 2 and

£(e,0) = e(672 + (5 z) and the upper bound in (4.4) becomes C2"&(g,d). We leave the details of the calculation for
the reader. Therefore the existence of the density follows.

In order to obtain further regularity, we need to verlfy the uniform integrability condition for ¢ € (1,
case, we first note that due to (8.4), |V,pf(z,y)| < T < geta(y — x). Therefore we may choose any p € (

p~1). In this
3,2) and let
¢ = 2(1 7 > 1. Finally, we define yi(z,y) = t20- C gera(y — x) and £(z) = C in order to obtain (4.3). One also
obtains (4.4) as in the proof of continuity. Therefore the Hypotheses in Theorem 4.11 are satisfied.

Now, we give the description of the stochastic representation. Given a Poisson process with parameter A = 1
and jump times {7;, ¢« = 0,...}. Given that Jr = n and ¢; := 7, AT we define the process (Xg;)l.:oymyn+1 for
m={t;;i=0,...,n+ 1}, with 0 =ty < t1 < ... <t, <tpy1 =T is then defined as compositions of X*(x) as follows:

Xg‘;c+1 = ka+1 tr (37)

z:w:X;’k ’
for K =0,...,n. Here X§ = x and the noise used for X/
Poisson process J.

Theorem 6.1. Suppose that a € CZ(R%RY x RY), b € CZ(R%RY) and @ > a > a. Define

Ip(z) = Hjio_l Oria; (XTF X"7'TJ+1) iof Jr>1
1 if  Jr=0.

(z) is independent of X[ forall j =0,...,k and of the

k+1—tk

Then for any f € C>(RY) we have
Prf(z) = e"E[f(XF)Tr(x)]

and therefore

™

X7 .
pr(z.y) = €"E [pp 7, (X7,,y)lr(x)
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where (XT),c, is the Buler scheme with X§ = x and random partition m = {73;i = 0,..., 75, } U{T'} where 0 = 719 <

. < Tjp < T where the random times 1; are the associated jump times of the Poisson process J with E[Jp] = T.
Moreover (t,z,y) — pi(x,y) is continuous on (0,00) x R? x R? and for every t > 0 the function (z,y) — pi(x,y) is
continuously differentiable. We also have

Jr—1
ayIpT(xay) = eTE ?Z"frT(Xﬂ- 7y)pT TT 7y H 9T]+1 TJ 77'rJ+1)

where h' is defined in (6.5).

Proof. As a consequence of Theorems 4.7, 4.10 and 4.11 we obtain most of the mentioned results. The fact that
y — pi(x,y) is continuously differentiable will follow from the backward method concerning the adjoint semigroup
that we present in the following section (since a is differentiable it is also Holder continuous so the hypothesis in the
next section are verified). O

6.2 Example 2: The backward method for continuous SDE’s with Holder continuous
coefficients

In this section we will assume the same conditions as in the previous section except the regularity hypothesis on a and
b. We will assume that a is a Holder continuous function of order o € (0,1) and b is a bounded measurable function.
we suppose the existence of a unique weak solution to (6.1). For further references on this matter, see [18]. The
approximating semigroup is the same as in the previous section and is given by (6.2). Therefore we have, as before,

pf (177 y) = ia(z) (y —T— b(z)t)a
7 (®) = Gra(x)(z —z = b(2)1).

In this case, note that for fixed z € RY, ¢* is a smooth density function and therefore C;(x) = 1. Furthermore as in
the previous section, Hypotheses 3.1, 3.2 and 3.3 are satisfied. Similarly, Hypothesis 5.1 can be easily verified. We
will now check Hypothesis 5.2. We define

On(z,2) = %Z(ai’j(m) —a (2)hy? (2, 2) = Y (0 (2) = b'(2))hi(z, 2),

%

hi(z,z) = H! ta() (2 — = b(2)t)
ﬁi’j(x, z) = th;z](z)( —x —b(2)t).
So that, by (8.3)
(L* = L*)¢i(z) = 5 Z R Y1(2))0Z dta() (2 — & = b(2)t)
- Z bl i atha(Z) (Z - = b(Z)t)

= 0i(x, 2)gta(z) (= — = = b(2)1).
Using (8.4) and the Hélder continuity of a®/ we obtain
(@™ () — a™(2))0} ;05 (2)]
Cla —2|"(02;07 ()] < Clz — 2 = b(2)t]* + DI %) [0 jdta(=) (2 — & — b(2)t))|
Ct= gy (z — z — b(2)1).
And using (8.4)(ii) with « = 0 we obtain

(V' () = b'(2)0i¢5 (2)] < 7 [Ibll qta(z — = = b(2)1).

t3

IA

IN

\ po
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Finally we have

(. 2)| < g (L+ bl aia(z — = b(2)1).

We also have ¢} (z) < Cqia(z —x — b(2)t) so we obtain

67 (@) [fu(, 2)| < 75 (14 bl Jaza(z — 2 = b()E).
We conclude that the Hypothesis 5.2 is verified. The verification of Hypothesis 5.3 is done like in the previous section
using p € (352,25%) and ( = (3 — a—2p)~' € (1,p™ ). Therefore we have the following result.

Proposition 6.2. Suppose that a is Holder continuous of order o € (0,1), @ > a > a and b is measurable and bounded.
Then

]T 1
X:’"(y) * ﬂ— *, T *, 70
pT(mv y) = eTE pT_’I:,-T X H 9TJ+1 —Tj XTJ+1( )? XT_; (y))

where X*™(y) is the Euler scheme with X" =y and drift coefficient —b. Moreover (t,z,y) — pi(x,y) is continuous
on (0,00) x R xR? and for every (t,y) € (0,00) x R? the function x — ps(x,y) is continuously differentiable. Moreover

Jr—1
*, T X:’"(y) * 7\- *, T *, T
6xipT($7 y) _eTE hT T (.’IJ, X‘rql (y)>ij:rT X H 973+1 —Tj XTJ+1 ( )7 X’T; (y))

6.3 Example 3: One dimensional Lévy driven SDE with Holder type coefficients

Although we may consider various other situations where the forward and the backward method can be applied and
to test their limits, we prefer to concentrate in this section on the backward method for a one dimensional jump type
SDE’s driven by a Lévy process of a particular type: we assume that the intensity measure of the Lévy process is a
mixture of Gaussian densities. This a quite general class as it can be verified from Schoenberg’s theorem, see [17].

For this, let N(dz, de, ds) denote the Poisson random measure associated with the compensator given by ¢.(x)dzv(dc)ds
where v denotes a non negative measure on R, := (0, 00) which satisfies

Hypothesis 6.3. v(R,) = oo and C, fR ev(de) < oo .

We refer the reader to [12] for notations and detailed definitions on Poisson random measures. Therefore, heuris-
tically speaking, x stands for the jump size which arises from a Gaussian distribution with random variance obtained
from the measure v.

We define n, (u) := v(u,00) and we assume that there exists some s, > 0 and h, C, > 0 such that

Hypothesis 6.4. fooo e ny (L)du > Cys" fooo e n,(u)du Vs > s.

For example, if v(dc) = 1(()71](0)0_(1+5)dc with 0 < 8 < 1 then Hypothesis 6.3 is satisfied and Hypothesis 6.4 is
satisfied with h = .

N(dxz,dec,ds) = N(dz,dc, ds) — g.(x)dzv(dc)ds denotes the compensated Poisson random measure. We also define
the following auxiliary processes and driving process Z

t
Vi = // ¢N(dz,dc,ds),
0 JR4 xR
t
Zy = // N (dz,dc,ds),
0 JR4 xR

N, (dz,ds) = N(dz,dc,ds).
Ry

With a slight variation of some classical proofs (see e.g., Chapter 2 in [1]) one can obtain the following generalization
of the Lévy-Khinchine formula.
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Proposition 6.5. Assume Hypothesis 6.3. Let h: R x Ry — R be such that ’foRJr(ewh(x’C) — 1D)ge(x)dzdr(c)| < oo.

Then the stochastic process Ui(h fo fR g M@, )N (dx,dc,ds) has independent increments with characteristic
function given by

Elexp(i0U; (h))] = exp <t /R . () — 1)qc(w)dffd1/(6)> :

the density of Z; at y can be written as Elgy, (y)]-

Proof. The first part of the proof is classical, while in order to obtain the representation for the density of Z;, one takes
h(z,c) = x to obtain the characteristic function associated with Z; under Hypothesis 6.3. On the other hand, one only
needs to compute the characteristic function associated with the density function E[gy, (y)] to finish the proof. O

Notice that due to Hypothesis 6.3 we have that
(6.8) E[Z?] = t/ u|? go(w)v(de)du = t/ cv(de) < oo.
RxR. Ry

Therefore Z is a Lévy process of finite variance. N, (dz,ds) is a Poisson random measure with compensator p,, (dx)ds :=
fR gc(z)v(dc)dxds and we denote by N (dz,ds) the compensated Poisson random measure. Then we consider the
solutlon of the following stochastic differential equation driven by Z and its corresponding approximation obtained
after freezing the jump coefficient. That is,

(B,) XV'(z) = H// (X¥_(2))uN,(ds, du)

a:+// N, (ds, du).

We assume that o : R — R verifies the following conditions.

(E) X (2)

Hypothesis 6.6. (i) There exists g, @ > 0 such that ¢ < o(z) <7 for all z € R.
(ii) There exists o € (0,1] such that |o(z) — o(y)| < Co |z — y|*.

If o = 1 then (E,) has a unique solution. Here, rather than entering into the discussion of existence and uniqueness
results for other values of a € (0, 1], we refer the reader to a survey article by Bass and the references therein (see [5]).
Therefore, from now on, we suppose that a unique weak solution to (E,) exists so that P} f(z) = E[f(X}(z))] is a
semigroup with infinitesimal operator (note that [ upu, (du) = 0)

I f(x) = / (& + o(2)u) — F(2))pu ().

Therefore Hypothesis 3.1 is clearly satisfied.
Similarly, X"*(z), defines a semigroup P} f(z) = E[f(X;"*(z))] with infinitesimal operator

(6.9) 1% f(x) = / (& + o () — F(@))uo (du).

Our aim is to give sufficient conditions in order that the law of X} (x) is absolutely continuous with respect to the
Lebesgue measure and to represent the density p:(x,y) using the backward method as introduced in Section 5. In
order to proceed with the verification of Hypothesis 3.2 we need to prove the following auxiliary lemma.

Lemma 6.7. Suppose that Hypotheses 6.3 and 6.4 holds for some h > 0. Then for every p > 0 there exists a constant
C such that for everyt >0

(6.10) E[V,?] <Ct k.

23



Proof. Recall that the Laplace transform of V; is given by

E[e "] = exp (—t/R (1- e_“c)u(dc)> .

We use the change s’ = sV; and we obtain
oo
/ Spileisvtds _ vatfp
0

with ¢, = [ s*~le~%ds. It follows that

¢E [V, = /0 T B [ ds = /O T e <—t /R +(1—e_sc)u(dc)> ds.

For s > s, we have using the integration by parts formula and the change of variables sc = wu,

/ (1 —e %) (de) = / due‘“ny(%) > C*sh/ due™"n, (u) =: s"a,
0 0 0

with o, € R;. Therefore, again by change of variables, we have that

/ sP~ L exp <—t/ (1- e_sc)l/(dc)> ds < / sPlemts o gg < t=kC(v,p, h)
s R4 s

* *

with -
C(v,p,h) = hil/ u = Bemv gy < 0o,
0
Since [;* sP~lds = %51*’ the conclusion follows by taking s, = ¢t #. O

Now we can verify Hypothesis 3.2. For this, we need to compute as explicitly as possible the density pj(z,y) of the
law of X;"*(x). In fact, the following is a corollary of Proposition 6.5 and the previous Lemma which is used together
with Lemma 8.2 in order to obtain the needed uniform integrability properties.

Corollary 6.8. Suppose that Hypotheses 6.3 and 6.6 are verified. Then the law of X;*(x) is absolutely continuous
with respect to the Lebesgue measure with strictly positive continuous density given by

Therefore for each fized (t,2) € (0,T] x R, we have that p; € CZ(RxR) and pi (x,y) is jointly continuous in (t,z,x,y).

Note that due to the above result Hypothesis 3.2 is satisfied and ¢} (z) = E [QJ2(Z)\4($ — y)] Furthermore as it
is usually the case Hypotheses 3.3 and 5.1-(0) are trivially satisfied. For Hypothesis 5.1-(i), one only needs to apply
(8.2)-(ii). Hypothesis 5.1-(ii) follows from the joint continuity of pf(z,y) and Hypothesis 5.1-(iii) follows from the
regularity of pj(z,y) as stated in the above Corollary 6.8 and (6.8).

We are now ready to proceed and verify Hypotheses 5.2 and 5.3. We have by (6.9), [ ug.(u)du = 0 and properties
of convolution that

(L"" = LY%)gi(z) = /R R(d’f(fﬂ + o(z)u) — ¢7 (z + o(2)u))ge(u)v(de)du
= /R . (E [qaz(z)vt (x —z+ a(ac)u)] -k [qu(z)vt (x—z+ a(z)u)]) ge(u)v(de)du

= /R]E (402 (2)e+02 () Vi (T = 2) = Qo2 (2)er02 () v, (T — 2)] w(de).
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In particular Hypothesis 5.2 holds with

1

(611)  Gu(w.y) =
' E [qaz(y)vt (Z

/ E [foz(av)chU2 (YVi (l‘ - y) — 452 (y)eto2(y) Vi ('jtj - y)] V(dc) .
- y)] Ry

Theorem 6.9. Suppose that Hypotheses 6.3, 6.4 and 6.6 hold with h > 1 — 5. Then the law of X¥.(x) is absolutely
continuous with respect to the Lebesque measure and its density pr(x,y) satisfies

rg | W) e T 1
pT(a:,y) =e E pT_TTT X H Tit1— TJ ’TJ+1( ) X ( ))

where X" (y) is the Euler scheme given in the backward method starting at X;'" (y) = y. Moreover (t,x,y) — p(z,y)
is continuous on (0,00) x R x R and for every (t,y) € (0,00) x R the function x — p:(x,y) is differentiable and

Jr—1
T X:’W(y) *7r *,7 *,T
Oopr(z,y) = "B |0opp”t " (2, X H Oy 1—r, (X5T, (9), X5 (1)

Proof. We have already verified Hypotheses 5.1, 5.2 and 5.10. It remains to verify Hypothesis 5.3. For this, we have
to estimate

ét(x, y)‘ Qﬁ/(l’) < /R E [|qU2(w)c+U2(y)Vt (x - y) - q02(y)0+02(y)V¢(5E - y)H l/(dc).
+

Let us denote a = = — y and
S =g+, & = o(@)e+ oAy

We assume that s’ < s” (the other case is similar) and note the inequality (with a,b,b’,c > 0)

a+cb b
b>b < =,
- at+cb TV
From this inequality, we obtain
S// 52
8" =& clo?(z) — oa?(y)| < Calal”
s! — o2(x)e+a2(y)Vy T a2(c+ Vi)’

where C, is the Holder constant of o2. Finally, from Lemma 8.3 and (6.12) this gives

?2 C|a|a
%(0) —awle)] = Ccagmqﬁ(cﬂa)(a)
gta c
< _
= g (c+V)i=2 922 (c4vi) (@)-

Returning to our main proof, we obtain (with C' = CC,5* g %)

buta )| o) < ©

R

(6.13)

E [(c + Vt)f(lf%)q§(c+m(x - y)} cv(de).

A first step is to obtain estimates for the right hand of the above inequality, so as to be able to define v!. For this,
we define

(614) awy) = [ BT g @) ot
v(de) = 1(ccijo)cz/(dc), CV:/R cv(de).
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We denote )
X=(1—*>C—|—<T and p:%.
Since 1 — § < h there exists ¢ € (1,p~") with p € (0,1). We fix such a ¢.
We define now .
7151(xay) = tﬁgt(‘ray)

and we notice that by (6.13)
0u(a,y)| 8} (@) < Caula,y) = 1R (@,y) = CL o3 (.).

We also define vZ(z,y) :=E [qa"‘(y)Vt (x — y)} = p}(z,y), and we use Lemma 8.2 in order to define v3

T — _1 1
|81p%(x,y)| § E |:0|_2(y)z‘J/|vtqo2(y)Vt (SC - y):| < CE |:V;t 2qa2(y)Vt(=T - y) =:Ct zlh WE(xay)

With these definitions we need to check that (5.3) and (5.4) holds. We verify the former the latter being similar to
the line of proof in (6.7) if one uses (6.16) at the end of the calculation. To verify (5.3), it is enough to prove that for
neNy >0,i=1,...,n

(6.15) sup /dy1---/dyanéi(yuyHl)
=0

Y0,Yn+1€R?

n

n
7l
2k
LH
2h.

where C' is a constant which depends on p, h and s, which appear in Hypothesis 6.4 and in (6.10). Notice first that
for every a > 0 and = € R one has for a positive constant C,

_
(qa(2))" = Ca™ "7 g (x).
Using Holder’s inequality and the definition of x we obtain

(11— o
95, (Wir Yir1)S < /R E [Vgi( 2 (C+V5’i)(yi - yi+1)<} v(de) < C
+

2

(51 + -

—y - B
R, E [V5 q%(cﬂ/éi)(yz yz+1):| v(dc).

We consider (V;});>0,i = 1,...,n to be independent copies of (V;);>0 and we write

/dyl"'/dyanéi(yi7yi+1)<

S C n]E H ‘/5 / dCl / dcn /dyl /dyn an< (C +V7 y2+1)]
i=1
= " H / (dey) - /?(dcn)Q§ ?:l(ci+vgv)(y0 - yn+1)]
i=1 i
n 1/2 s
< o™ (E H(Vsz,i)_QXC]> (E [/V(dm) . / (dcn)q 2T )(yo - yn+1)})
i=1 :

Notice that V' is a Lévy processes, therefore > Vg has the same law as Vs, 4. 46, so

= |:/ dcl / dc" q2§ (X cit Vs, 4. +5n)(y0 B yn+l>:|

<E [/ (deq) - v dcn 2 }
Dic1 G+ Voitotes,)
(6.16) < E—C { } < CC -
Voret6, G261+ -+ )T
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The last inequality is a consequence of (6.10). Again by (6.10)

(E

so (6.15) is proved. O

n

H(Vé)MD “TT®[(vi)2<])2 < cm [Ta+s;

i=1 i=1 i=1

2x¢

")

N

We give now a probabilistic representation for the density of the solution of (E, ). We consider the Poisson process J
of parameter A = 1 with jump times {7;;¢ € N} and moreover we consider two independent processes V; = fot cny, (ds, de)
and V! = fot cen,,(ds, dec) where n,, and n!, are two independent Poisson random measures of intensity cv(dc)ds. We
denote by (A;j);en and (A;) jen two independent sequences of independent standard normal random variables. Finally,
we also define a sequence of independent random variables (Z;);en with Z; ~ 7(dc) given in (6.14). All the above
r.v.’s are also independent between themselves Then we construct the Euler scheme associated to the random grid
r=rmw)=0<mn < <75, <T) as

Ji—1
XPTw) =yt Y AiVey, = Va)To (X5 ()).
i=0

Notice that .
X527 () = X2 (y) + Ai(Ve,y — Vi)2o (X5 (y))

Ti4+1

so that,
P(X77T (y) € dyia [ {mi3d € N}, X7™(y) = vi) = pyey—ry Wik, i) dyier = PR (Vi dyig)-

Then we define

Jr—1
7(y) = 1:[1 (qg%x:gl<y>>zi+o2<x:;”<y)>(VT'M—V;@-)(Xﬂ“(y)_X”’ )

Cy
X7 (y) *,7T ’
Zi¢7i+’1 77‘{7 (XT1'+1 (y))

o2 (xzm ) Zikor (X2 W) (Vi V2 ) (X20 () — X5 (y))>

Corollary 6.10. Under the Hypothesis of Theorem 6.9, we have

X @) o ™
pr(e.y) = "B [pr " (@, X5 W)TF ()

and
XITW , m g vy
Opr(@,y) = ¢"E |0 75," (@, X5 )TF )|

The drawback of the present probabilistic representation as an expression for simulation is that we still need an
explicit expression or a supplementary simulation method for ¢7 (x).

6.3.1 Another probabilistic representation

In this section, we provide an alternative probabilistic representation which may be preferable for simulation purposes.
First note that using the mean value theorem, we can rewrite (6.11) as

52
ét (:Ca y)d)i! (:C) = CV/ /2 1{02(m)/\o2(y)guSUQ(m)\/UQ(y)}Sgnﬂ (‘Ta y)E [atQuc-‘rJZ(y)Vt (I - y)] duv(dc)
Ry Jo

Here we define



Therefore we have that if we consider U ~ Uni f[o?,5%] independent of all other random variables, we can represent

Ou(x, )¢t (x) as

2

c, _
=5 (0° =2 / 5970 (2, Y)E 1 (02002 <U <02 1o 0} 1t 02 12 (s VAUt 2w (@ — )| D).
R

Here h'! is the Hermite polynomial defined in (6.5). In this case the approximating Markov chain is defined as
Yo" (y) =y

=

YT (y) = YT (y) + 8 (UiZi + (YT () (Veyy — Vi)

Ti+1

The corresponding weight is given by

Jr
™ CV —2 2 I *, 7T *, 70
I7(y) = (2 (0° -2 >> HSQ"U (YL W) YT W)L (02 (viyT, ) o (V2™ () SU S0 (Vi T, ()Vo? (V2" ()

1?1 *, 70 *, 7
hUiZﬁUz(Yf{"(y))Vt <Y"'i+1(y>’y‘f'a‘, (y)) :

A similar result to Corollary 6.10 is also satisfied.

6.3.2 Examples of Lévy measures

We conclude this section with two examples of Lévy measures that satisfy Hypotheses 6.3 and 6.4.

Example 6.11. Let ¢, = k™7 for some p > 1 and define the discrete measure v(de) = > 7~ bc, (dc).

We wverify that all the hypotheses required in Section 6.3 are satisfied in this example. First of all, we consider
Hypothesis 6.5. Clearly v(Ry) = oo, and if p > 1 then [ cdv(c) < oo.

Now we verify Hypothesis 6.4. One has n,(a) = card{k : ¢, > a} = [cf%] - 1(a7% € N) for a > 0. We define
n,(a) = a"7. Then clearly ), satisfies the Hypothesis 6.4 with h = %. Furthermore, 5_%1%(%) — 1., (u) converges
uniformly to zero as s — oo. Then as n, < 1, then Hypothesis 6.4 is verified for n, with h = 1 . So we may
use Corollary 6.10 or Theorem 6.9 for equations with a-Hdolder coefficient o with a > 2(pp L)
oy (du) = gy (u)du with

and the Levy measure

k/Ju

qv(u) er

Example 6.12. We consider the measure v(dc) = 1j 1(c)c™*Fde with 3 < B < 1. Then v(Ry) = oo and [ edv(c) <
0o. One has n,(a) = %(a’ﬁ —1) for a € (0,1) so that Hypothesis 6.4 holds with h = 8 € [0,1). Therefore Corollary
6.10 or Theorem 6.9 can be applied for a- Hélder coefficient o with o € (2(1 — 8),1). One may also compute

y e vy

v(U) = ———=
a(v) ul=8+/2m /u;
so we have the following asymptotic behaviour around 0

226

lim u?# ¢, (u) F=le=vdy < .

u—0 - 1/27‘(‘ 0 y

Therefore the Lévy measure generated by this example is of stable-like behavior around 0.

7 Some Conclusions and Final Remarks

We have given probabilistic representations for semigroup operators that may have various applications. In fact,
there are many directions of generalization which are possible. One of them is to use the current set-up to introduce
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stochastic processes representing a variety of different operators which are generated by a parametrized operator L.
Therefore allowing the stochastic representation for various non trivial operators.

Other extensions may include the study of regularity problems of the density using stochastic representations under
a variation of the Malliavin Calculus.

In fact, recent efforts in infinite dimensional analysis for stochastic differential equations are concentrated in
obtaining probabilistic methods for the regularity of the density of the solution to stochastic systems under weak
conditions on the coefficients. Such is the case in the results of [2], [7], [8] and [11] which require some Holder property
of the coefficients in order to obtain the existence of the density.

The adjoint method we introduced here seems to allow for the analysis of the regularity of the density requiring
Holder continuity of the coefficients through an explicit expression of the density. In fact, one of the future directions
is to study the regularity of the law associated with solutions of SDE’s driven by stable processes with Holder type
coefficients, This topic will be treated in future works.

Finally, the stochastic representation can be used for simulation purposes. In that case, the variance of the
estimators explode due to the instability of the weight function 6 in the forward method or 6 in the backward
method. In fact, the representations presented here have a theoretical infinite variance although the mean is finite. In
that respect, the way that the Poisson process and the exponential jump times appear maybe considered somewhat
arbitrary. In fact, one can think of various other representations which may lead to variance reduction methods.
Preliminary simulations show that different interpretations of the time integrals in the parametrix method may lead
to finite variance simulation methods.

Many of these issues will be taken up in future work. Our intention in this article was to provide in a setting
as simple as possible the probabilistic representation formulas in such as a way that the reader may be able to see
possible uses of these formulas. We have not written our results in full generality so as not to cloud our presentation
in technical arguments. This will be done in future work with the purpose of solving specific problems.

8 Appendix

8.1 On some Beta type coefficients

For tg € R, a € [0,1), b > —1 and n € N, define

n—1

to tn—1
cn(to, a,b) ::/ dt1-~-/ dtnth T (85 = tjea) ™"
0 0

=0
Lemma 8.1. Let a € [0,1) and b > —1. Then we have

b4+n(l—a) F(l + b)F"(l - a’) 1-0
cn(to, a,b) <ty [1+b+n(l—a) .

In particular, for b=0

L n(l—a) Fn(l - a)
(8.1) enllo,a) = enlto,a,0) S to ™ T m A

Proof. Let b > —1 and 0 < a < 1 and use the change of variable s = ut so that

¢ 1
/ (t —s)"%sds = th*“/ (1 —u)"%ldu = t*T17*B(1+b,1 — a)
0 0

where B(z,y) = fol t*~1(1—¢t)¥~'dt is the standard Beta function and b+1—a > —1. Using this repeatedly we obtain

n—1
- . —ay P4 H)0"(1 -
%mﬂw—%W1”H3ﬂ+““laﬂ»@‘*wuwm?miﬁufs

i=0
The last equality being a consequence of the identity B(z,y) = FF(&)ES’)) The function I'(x) is increasing for = > 2 so
the result follows. Letting b = 0 we get (8.1). O
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8.2 Some properties of Gaussian type kernels

In this section, we introduce some preliminary estimates concerning Gaussian kernels. We consider a d dimensional
square symmetric non negative definite matrix a. We assume that 0 < al < a < al for a, @ € R and we define p, :=
The Gaussian density of mean zero and variance a is denoted by

—71 ex 1 a™?
wW) = 5T Vara p( 5 ¢ y,y>>.

For a strictly positive real number A we abuse the notation, denoting by ¢x(y) = ¢a(y) for a = AI where I is the identity
matrix. In particular ¢; is the standard Gaussian kernel on R%. Then we have the following immediate inequalities:

(t) ' a(y)  Vs<t

ISHISY]

(8.2) (i) as(y)

IN

S
(i) patauy) < 4uly) < piaaly).
We define for a € R¥*?, the Hermite polynomials in R? as
Hy(y) = —(a™y)"  Hg'(y) = (a 'y)'(a”'y) — (@)™
Direct computations give

(8.3) 0iqa(y) = Hy(9)qa(y) 07 j4a(y) = HY (y)qa(y).-

We will use the following basic estimates:

Lemma 8.2. For a € [0,1] we have for all i,5 € {1,....,d}, y € R? and t >0

. 1
(84) (Z) | tha | < Ca tli% Qg (y) and
.. « ]-
(i) [yl % (y)l < sztl%a ez (y)-
with . .
Co=(2pa)? ¢ (40)E(4pa +1)  Ch=a""(42) 7" (2pa)% .

Proof. We have

so that

atl=% 2 at

g L fyl” [y
Y| 07ata ()| < 1 qra(y)
We use (8.2) and we obtain
a a
0 0) < phaats) = 2o o0 (= 12 ) 0300

We may find a constant ca such that v*e™" < ¢, for every 0 < A < 2 4 a. Using this inequality twice with A\ = 2*—“
and A = ¢ and for v = ;= ly|* we obtain

vl

—
)

Pa)

" |07 sata(y)| < e

(48) % (4pa + 1)qez (1)

M\D

The proof of (i7) is similar. O
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Lemma 8.3. Let 0 < s’ < s” and y € R then

25" "=
las () = g (W) < \[ 45 (¥) < o ) :

Proof. Using the fact that g solves the heat equation, we have

"

2

: I 11 a
o) -ae)l < [ awlds=; [ 1Gawlas<; [ G+ Do

< C 1q;(y)ds-

In order to obtain the last inequality we have used the following elementary inequality. For every 6,u > 0 one has

vle~

2
T < Co, < 00,Vy € R so that
2 2 2

Yy Yy e
S 0(y) = "em w205 (y) < Cas (y).

Moreover for s < t, one has ¢s(y) < \/gqt(y). This gives

N
W
| =
Q
NS
—
N
-
QU
)
IN
e
Q
(I:\
—~
<
SN~—
N
»
| =
s
)
IN
)
(lJ\
—~
<
S—
—
=
7N
S
N————

s
25" s” 25" s — s
?QS”(?J) In (1 + (s’ - 1)) <1/ 7(15”(20 ( " ) :

From here the result follows. O
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