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In this article, we introduce the parametrix technique in order to con-
struct fundamental solutions as a general method based on semigroups and
their generators. This leads to a probabilistic interpretation of the parametrix
method that is 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 technique for solving parabolic partial dif-
ferential equations (PDEs) 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 smooth function in terms of poly-
nomials.

The concept of order of the polynomial in the classical Taylor expansion is re-
placed by multiple integrals whose order increases as the expansion becomes more
accurate. This method has been successfully applied to many equations and var-
ious situations. Its success is due to its flexibility as it can be applied to a wide
variety of PDEs. It has been successfully extended to other situations for theoreti-
cal goals (see, e.g., [9-12] and [14]). In [6], the authors consider the parametrix as
an analytical method for approximations for continuous diffusions. These analyt-
ical approximations may be used as deterministic approximations and are 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 interpreta-
tion of the parametrix method based on semigroups, which not only reexpresses the
arguments of the method in probabilistic terms, but also to introduce an alternative
method of simulation with no approximation error. This leads to the natural emer-
gence of the difference between the generators of the process and its parametrix
in the same manner as the concept of derivative appears in the classical Taylor
expansion.

Received June 2013; revised June 2014.
ISupponed by grants from the Japanese government.
MSC2010 subject classifications. Primary 35K 10, 35K15, 65C20; secondary 65C05, 65C30.
Key words and phrases. Parametrix, stochastic differential equations, density, Monte Carlo meth-
ods.

3095


http://www.imstat.org/aap/
http://dx.doi.org/10.1214/14-AAP1068
http://www.imstat.org
http://www.ams.org/mathscinet/msc/msc2010.html

3096 V.BALLY AND A. KOHATSU-HIGA

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 equa-
tion d;u = Lu is to construct the Euler scheme which approximates the continuous
diffusion process with infinitesimal operator L. To fix the ideas, consider the diffu-
sion process X; = X;(x) solution of the following stochastic differential equation
(SDE):

(L)  dX,= ZUJ(X,)dW]+b(X,)dt 1 €10, T], Xo = xo,
j=1

where W is a multidimensional Brownian motion and o, b: R? — R4 are smooth
functions. We denote by P; f (x) = E[ f(X;(x))] the semigroup associated to this
diffusion process. The infinitesimal generator associated to P is defined for f €
C2(RY) as

(1.2) Lf(x):%Zai’j(x)ai%jf(x)—i—bi(x)a,-f(x), a:=o0".
i.j

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

Now, we describe some stochastic approximation methods for X. Given a par-
tition of [0, T], 1 ={0 =1y < --- <, = T}, the Euler scheme associated to this
time grid is defined as X (x) =x

XI, ()= <x>+Za, @)W, — W)

(1.3)
+b(X], (X))(tk+1 —1).

It is well known (see [17]) that X™ = X (x) is an approximation scheme of X of
order one. That is, there exists a constant C ¢ (x) such that

[BLf (X7 ()] = ELf (XF )]

<Cr(x)max{tit; —t;i=0,...,n—1}

(1.4)

for f measurable and bounded (see [2, 3]) 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;(xg) 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

1 - .
L f () =2 3 a) (x0)d7 1 f () + b (x0)i f (x)
iJ
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and one may replace the semigroup P, by the semigoup P, associated to L*0.
Clearly, this is the same idea as the one which leads to the construction of the Euler
scheme (1.3). In fact, notice that the generator of the one step (i.e., # = {0, T})
Euler scheme X7 (xp) is given by L*0.

The goal of the present article is to give a probabilistic representation formula
based on the parametrix method. This formula will lead to simulation procedures
for E[ f (X 7)] with no approximation error which are based on the weighted sam-
ple average of Euler schemes with random partition points given by the jump times
of an independent Poisson process. In fact, the first probabilistic representation for-
mula (forward formula) we intend to prove is the following:

Jr—1
a5 EFK] =eTE[f(X’%) I efkﬂ_fk(XZ,X;zH)}

k=0

Here, 1o = 0 and 7 := {tx, k € N}, are the jump times of a Poisson process
{Ji;t € [0, T]} of parameter one and X7 is a continuous time Markov process
which satisfies

P(X7, , €dyl{n, k €N}, X7, =x0) = P;’ _, (x0, dy) = p., 4, (x0, y) dy.

In the particular case discussed above, then X™ corresponds in fact to an Euler
scheme with random partition points. 6; : R? x R? — R is a weight function to be
described later.

Before discussing the nature of the above probabilistic representation formula,
let us remark that a similar formula is available for one-dimensional diffusion pro-
cesses (see [5]) which is strongly based on explicit formulas that one may obtain
using the Lamperti formula. Although many elements may be common between
these two formulations, the one presented here is different in nature.

In order to motivate the above formula (1.5), let us give the following basic
heuristic argument that leads to the forward parametrix method:

t
Pf(x)— PY f(x) = / 0, (P, Py f)(x)dt
(1.6)

/ (L — L¥)P, f(x)ds.

Here, we suppose that P; f € Dom(L — L*). The above expression is already an
equivalent of a Taylor expansion of order one where the notion of first-order deriva-
tive is being replaced by L — L*. Its iteration will lead to higher order Taylor ex-
pansions. Another way of looking at this is to consider (1.6) as a Volterra equation
in Pf(x). This will be our point of view here.

In fact, if ¢ is considered as the time variable and considering (1.6) as an equa-
tion, one sees, after an application of the integration by parts on the diffferential
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operator L — L*, that {P; f;¢ € [0, T]} for f € CZ° can also be considered as a
solution of the following Volterra type linear equation:

t
Pf(x)=PXf(x)+ fo / P (e y) (L — LYY Py f (y1) dyy ds
(1.7)

t
=P S@+ [ [bsrpl 0RO dy ds.
Here, we have used the function 6, defined as

0r—s(x, yl)ptz_s(x» Y lz=x

= (L —L%) pi_(x, )y |z=x
(1.8)

1 .. .
=2 X0 ) = a @) pi_y(xr. ) )
i,j

=780 () — b @) pi_y(x, D) 1)
i =
Equation (1.7) can be iterated in P; f in order to obtain a series expansion of the
solution which is the equivalent of the Taylor expansion of P; f.
We may note that the second term in this expansion for t = T can be rewritten
using the Euler scheme with partition points 7 = {0, 7 — s, T} as

T
/ / 07— (x, y) P (6. YD) P f (1) dyy ds
(1.9) 0

T
= [ ELF(XF)6r (v, X7 0)] s

This is the first step toward the construction of what we call the forward parametrix
method.? It requires the regularity of the coefficients and it is based on the usual
Euler scheme for the sde (1.1). Note that (1.9) will be associated with the term
Jr = 11in (1.5). In fact, if there is only one jump of the Poisson process J in the
interval [0, T'], then the distribution of the jump is uniform in the interval [0, T'].
This leads to the probabilistic interpretation of the time integral in (1.9).

Let us now discuss an alternative to the above method which requires less regu-
larity conditions on the coefficients of (1.1). This method will be called the back-
ward parametrix method and it is obtained by duality arguments as follows. That is,
consider for two functions f, g € C2°(R¥) the pairing (f, P,"g). Then we will use

2This also explains the logic behind the choice of variables in the integrals. Through the rest of the
paper y; will denote the integrating variables in the order given by the corresponding Euler scheme.
Similar rule will apply with the times #;, i € N. For example, we will have that r; =¢ — 51 in (1.6).
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the approximating semigroup Q,g(y) = (P))*g(y) = [gx)p] (x,y)dx. A sim-
ilar heuristic argument gives

t
W@@%%EU%OO=AL/@—LUPLAaWUDﬂ%@Odm$
(1.10)

t ~
=f0 /Qt—s(YI»y)Pty—s()’l»)’)P;kg(yl)dyl ds.

Note that in this case the operator L — L7 is applied to the density function
p;_s(-,y) with the coefficients frozen at y, therefore, no derivative of the coef-
ficients is needed in this approach. In fact,

Or—s (31, V) PE_s (91, Y)|omy
=(L—LY)p;_s . )Y z=y

1 . .
{Ezw”mrw”@mJ

i,j

+> (B (1) — ' (2))9; }Pf('» O

(1.11)

(1.12)

7=y

As before, we can obtain a probabilistic representation. In this case, one has to be
careful with the time direction. In fact, due to the symmetry of the density function
p;_.(y1, y) one interprets it as the density of the Euler scheme at y; started at y.
Therefore, the sign of the drift has to be changed leading to what we call the
backward parametrix method. In the particular case that f is a density function, it
will be interpreted as a “backward running” Euler scheme from 7 to 0 with random
initial point with density f. The test function g is replaced by a Dirac delta at the
initial point of the diffusion x¢. See Section 6 for precise statements.

Therefore, the behavior of forward and backward methods are different. In fact,
the forward method applies when the coefficients are regular. In many applied
situations, one may have coefficients which are just Holder continuous and, there-
fore, the forward method does not apply. In that case, one may apply the back-
ward method which demands less regularity. For this reason, the treatment of the
forward method and the backward method are essentially different and they are
treated separately. Issues related to simulation will be discussed in another article.

Our article is structured as follows: In Section 2, we give the notation used
throughout the paper. In Section 3, we discuss the existence, uniqueness and reg-
ularity properties of the solution of the linear Volterra equations of the type (1.7)
or (1.10) which will be applicable to both probabilistic representation formulas to
be discussed later. In Section 4, we provide a general abstract framework based
on semigroups for which our two approaches (forward and backward) can be ap-
plied. The main hypotheses applying to both methods are given in this section. In
Section 5, we give the analytical form of the forward method. In Section 5.1, we
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give the probabilistic representation, and in Section 5.2, we give the continuity and
differentiability properties of the density functions. This is the usual application of
the parametrix method.

In Section 6, we give the backward approach which was first introduced in [13].
We also give the probabilistic interpretation and the regularity results correspond-
ing to the backward method in parallel sections.

In Section 7, we consider our main examples. The first corresponds to the
continuous diffusion with uniformly elliptic diffusion coefficient. We see in Sec-
tion 7.1 that in the forward approach we need the coefficients to be smooth. While
in Section 7.2, we show that in order for the backward approach to be applicable,
we only require the coefficients to be Holder continuous. In Section 7.3, we also
consider the case of a jump driven SDE where the Lévy measure is of stable type
in a neighborhood of zero. This example is given with two probabilistic interpre-
tations.

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

2. Some notation and general definitions. We now give some basic nota-
tion and definitions used through this article. For a sequence of operators S;,
i =1, ..., n which do not necessarily commute, we define [];_; S; = S;--- S, and

il:n Si = S, -+ 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 mea-
sure S(x,dy) so that Sf(x) = [ f(y)S(x,dy). All space integrals will be taken
over R?. For this reason, we do not write the region of integration which we sup-
pose 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 . In a similar fashion, indexed sums where the upper limit is negative are
defined as zero.

Asitisusual, A < B for two matrices A and B, denote the fact that A — B is pos-
itive 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 ith variable of the function f and similarly for higher order
derivatives. For example, derivatives with respect to a multi-index 8, of length | 8],
are denoted by dg f. Time derivatives will be denoted by 9;.

We denote by §,(dx) the point mass measure concentrated in {a}, B(x,r) de-
notes the ball of center x € R and radius r > 0, [x] denotes the ceiling or smallest
integer function for x € R and R4 = (0, 00). The indicator function of the set
A is denoted by 14(x), C(A) denotes the space of real valued functions contin-
uous in the set A. The space of real valued measurable bounded functions de-
fined on A is denoted by L°°(A). Similarly, the space of continuous bounded
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functions in A is denoted by C;(A). The space of real valued infinitely differ-
entiable functions with compact support defined on R? is denoted by C & (RY).
The space of R/-valued bounded functions defined on R? with bounded deriva-
tives up to order k is denoted by C Ib‘ (R4; R"). The norm in this space is defined
as || fllk,co = maxg|<k SUP,crd |9 f (x)|. In the particular case that k = 0, we also
use the simplified notation || f||co = || fl0,00-

The multidimensional Gaussian density at y € R? with mean zero and covari-
ance matrix given by the positive definite matrix a is denoted by g, (y). Some-
times we abuse the notation denoting by ¢,(y), for y € R, t > 0 the Gaussian
density corresponding to the variance—covariance matrix ¢/. Similarly, H, (; (y) and

H;'(y) fori, j € {l,...,d}, denote the multidimensional 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 A.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.

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 x 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,always going from yy = x toward y, = y in the forward method and from
yo =y to y, = x in the backward method. As stated previously, the time variables
will be evolving forward in the sense of the Euler scheme if they are denoted by ¢;,
i=0,...,n from fg = 0 to t, =t or backwardly if denoted by s;, i =0,...,n
from sg =1t to s, = 0.

3. A functional linear equation. In this section, we consider a functional
equation of Volterra type which will include both equations (1.7) and (1.10).
Therefore, this represents and abstract framework which includes the forward and
backward method.

We consider a jointly measurable functions a: (0, T] x R? x RY — R and we
define the operator

t
Va0 = [ [ fs.masx ndvds.
0 JRA
Our aim is to solve the equation

(31) f:g+Uaf

and to study the regularity of the solution. Formally, the unique solution is obtained
by iteration and given by H,g := > o>, U/ g. In order to make this calculation
mathematically sound, we have to study the convergence of the series. For this, we
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consider the iterations of the operator U,. We define U 2 to be the identity operator,
U! = U, and we define by recurrence U" = U"~'U,,.

LEMMA 3.1. If I,(t,x) = [gala;(x,y)|dy € L®([0,T] x RY) and g €
L%([0, T] x R?), then the equation (3.1) has a unique solution in the space
A= {f € L¥([0, T] x RN limy o0 [1U" flloo = 0}

PROOF. In fact,

t
|Uag(t. 9w = [ Tt ) ool hatt = 5. | s

Then by induction it follows that

T" || falls
[Ua8loe = — " 18l

This means that the infinite sum H,g := > o2, Ul'g converges absolutely and,
therefore, is well defined in L*°([0, T] x Rd). Furthermore, it is easy to see that
the sum is a solution of equation (3.1) satisfying H,g € A.

For any solution f of (3.1), one obtains by iteration that

N
f=2 Ugs+U,f.
n=0
Therefore, if f € A then f satisfies f = H,g. From here, one obtains the unique-
ness. [l

Unfortunately, in our case | |a;(x, y)|dy blows up as r — 0 and we center our
discussion on this matter. We see from (1.8) and (1.11) that the rate of divergence is
determined by the regularity of the coefficients. We will call this regularity index
p in what follows. In order to introduce our main assumption, we define for a
function B:(0, T] x RY x RY — R, the class of functions I'g such that there
exists a positive constant C which satisfies the following inequality for every n €
N, o, yat+1 € R? and every 8; > 0,i =1, ..., n with s(8) := "8,

(3.2) / dy; - / dyn [ 15 Ot yi41) < C™ Boiey (5o, yns).
i=0

HYPOTHESIS 3.2. There exists a positive constant C and a function y € I'g
such that sup; yepo.11xre J [Vi(x, ¥)|dy < 00 and p €10, 1) such that for every
(t,x,y)€ (0, T] x RY x R4

C
(3.3) ja; (x, y)| < v ).

Furthermore, there exists a function B such that y € T'g.
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If we define Cg(t, x) := [§ ds [dy Bi—s(x, y) for (t,x) € [0, T] x RY, we will
also assume that

HYPOTHESIS 3.3.  Cg is a bounded function.

We denote® Dy = {((t,x),(s,y):0<s<t<T,x,ye€ Rd}. To the function a,
we associate the function A : D7 — R defined by

A((t9 x)’ (S, )’)) = al‘*S(X’ )’)
Then we define the operator U, : L*° ([0, T] x RY) — L°([0, T] x RY) by

Uaf(t. x)-/ ds [ dy 5, DA, 5. 7)) / ds [ dy fGs. (..
In fact, note that if f € L°°([0, T] x R?) then

! [y—s(x, y) 1—p
Uat 0] =1l [ ds [ ay T30 < oot

Note in particular that this estimate implies that U f is well defined for f €
L%([0, T] x R?). We also define for0 < s <t < T and x, yE R4

A1, 00, 5, 1) = A((t, ), 5, ),
G A0, 6.3) = [ dsi [ an f dsa [dyz [ dses [[dyac

x 1‘[ (Csiv yi)s (Sig1s yit1))
i=0

with the convention that s = ¢, yo =x and s, = s, y, = y, n > 2. Notice that we
have that A, is finite. That is, we have the following.

LEMMA 3.4. Assume Hypothesis 3.2, then there exists a constant C(T, p)
such that
C"(T, p)

(B.3)  [An(@2). (5. ) = ChrsCr, ) X T o

t
(3.6) An1((t, %), (5. ) = f ds1 f dy1 An((t, %), (51, Y1) A((51, y1). (5, 7).

3Notice that according to our remark about the meaning of the variables in the integrals of (1.9),
this order of time is reversed with respect to the order in space.
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PROOF. We use Hypothesis 3.2 and we obtain (with so = ¢, yo = x, s, =
S, Yn=1Y)
|Al’l(([v x)’ (Sv )’))|

S0 S0 S0
S/ dSl/dyl/ dSz/dyl dsn—l/dyn—l
s S1 Sp—2
n—1

X H(Si = $it1) "Vsi—si Ui Yig1)
i=0

50 S0 50 n—1 _
< Cnﬁso—sn(y07)’n)/ dS1/ dS2~-'/ dsp—1 [ [(si = sisD) ™"
s S Sp—2 i=0

r" Cc\(T,
R L I AN LL
[1+np]! [1+ np]!
the last inequality being a consequence of the change of variables s; = so — t; and
Lemma A.1 where we have set C(T, p) = CT'=PT'(p). O

<C"Br—s(x, (¢

Now that A, is well defined we can now give an explicit formula for U} .

LEMMA 3.5. Assume Hypotheses 3.2 and 3.3. Let f € L*®([0, T] x R?) then
t
(3.7) Ui ran = [ ds [ dyan(@ . 60) 6.

PROOF. For n =1, this is true by the definition of U,. Suppose that this is true
for n and let us prove it for n 4+ 1. By (3.6),

U™ £, x)

t
=UlU,f(t,x) =j(; dufdzAn((t, x), (u,2))Uq f (u, 2)
=/0t du/dzAn((t,x), ,2) fo dv/de((u,z),(v,w))f(v,w)
= /Ot dv/dwf(v, w) /Ut du/dzAn((t,x), (u,2))A((u, 2), (v, w))

=/0t dv/dwf(v,w)/dzAnH((t,X), (v, w)).

So (3.7) is proved. The integrability of the above expressions follows from
Lemma 3.4 and Hypothesis 3.3. [

The main estimate in this section is the following. For this, we define

— C"(T, p)
Crip=Y P
7(p) §[1+np]!
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THEOREM 3.6. (A) Assume that Hypotheses 3.2 and 3.3 hold true. Then the
series

o0

(3.8) Sa((t, %), (5,3)) =D An((t, x), (5, ))

n=1
is absolutely convergent and
|Sa((t’x)7 (S, )’))| =< CT(p)ﬂt—S(x? y)
(B) Moreover, for f € L*([0, T] x RY) the series
e}
Hof(t.x) =) Uy f(t.x)
n=0
is absolutely convergent and
|Ha f(t, )| < Cr(p)Cp(t, )| fllco-

Finally,

H, f(t x):/t/f(s,y)Sa((t,x) (s,y))dyds.
9 0 b 9
(C) Let f, g € L*®([0, T] x R?) such that

f=g+U.f.
Then f = H,g.

PROOF. From Lemma 3.4, (3.5), we conclude that the series S,((z,x),
(s, ) =202 Au((t, x), (s, y)) is absolutely convergent and | S, ((¢, x), (s, y))| <
Cr(p)Bi—s(x, y). We consider now a function f € L>®([0, T'] x R9). As a conse-
quence of (3.5),

c"(T, Cc"(T,p)
v [ [ CTD) 1 e
ot x) < T ],Ilflloo YBi—s(x,y) = TEEIT g, ) flloo
It follows that the series H, f(t,x) := Y_,2 o U f(t, x) is absolutely convergent

and |H, f (¢, x)| < C1(p)Cg(t, x)|l f oo Furthermore, from the above estimates it
is clear that we can exchange integrals and sums in order to prove that H,g is a
solution to the equation (3.1). For any given bounded solution f to (3.1), we obtain
by iteration of the equation that the solution has to be H,g and, therefore, we get
the uniqueness. [J

We give now a corollary with the study of the fundamental solution. This will
be used in order to obtain the density functions corresponding to the operators



3106 V.BALLY AND A. KOHATSU-HIGA

appearing in (1.7) and (1.10). The proof follows directly from the statements and
method of proof of Theorem 3.6. For this, we define

t
M= {G:(O, T]x R? x RY — R;/ ds/dz|Gs(z,y),[i'lfs(x,z)| < 00,
0

vy e R vt €0, T]}.

Furthermore, for G € M and g € L*([0, T] x R%), we define Gg(t,x) =
[dyg()Gi(x,y).

COROLLARY 3.7. Assume that Hypotheses 3.2 and 3.3 hold true. Then S,
is the fundamental solution to the equation f = g + U, f. That is, for any g €
L®([0, T] x R?), the solution can be written as

t
f(r,x>=g<t,x>+/0 ds/dyg(s,wsa((z,x),(s,y)).

Furthermore, consider the equation f = Gg + U, f where g € L*([0, T] x R?)
and G € M. Then the unique solution can be written as f(t,x) = Gg(t,x) +
[dy g S.((t,x), (0, y)) where S, is given by the following uniform absolutely
convergent infinite sum:

— t
Sa((,x), (0, y)) =/0 ds/dz Gs(z, y)Sa((t, x), (5,2))
3.9

=’;/Ot dS/des(z,y)An((t,X),(s,z)).

S, is usually called the fundamental solution of the equation f = Gg + U, f.
We will now start discussing regularity properties of the solution. We have to re-
place hypothesis (3.2) by a slightly stronger hypothesis which will lead to uniform
integrability.

HYPOTHESIS 3.8. Given some functions y :R. x R x R - Ry and G €
M. Assume that there exists r > 0, { > 1 and a function & : Ry — Ry such that
the following holds:

(i) For every zo, zn € R? and R > 0 there exists a constant Cg = Cg (20, zn) >
0 such that for every n > 2, 6; > 0,i =0,...,n — 1 and (y9, y») € B(z0,r) X
B(z,,r) we have

n—2
_/dyl B ‘_/dyn_l I{Z:':f lyil<R} 1_!) Vs (Vi yi-i-l)K ‘Gan—l (Yn—1, yn)’C
i=

(3.10)

n—1
< Che (Z 5,-).

i=0
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(i) For every zo,zn € R? there exists a constant C = C(29, z,) > 0 such that
foreveryneN, §; >0,i =0,...,n—1, (3o, yn) € B(zo,7) X B(zn,r) and & > 0,
there exists R, > 0 with

/dy1 /d)’n 11{2;1 11 1yi]> Re) l_[V(S (ylayH-l)GS l(yn 1> Yn)
3.11)

n—1
< c"sg(z si).
i=0

The reason for both conditions should be clear. The first one, gives a uniform in-
tegrability condition on compact sets. The second condition states that the measure
of the complement of the compact set {Z;’:—ll |yi| < R} is sufficiently small.

LEMMA 3.9. Assume Hypotheses 3.2 and 3.3. Suppose that Hypothesis 3.8
holds for some ¢ € (1,p~") and y given in Hypothesis 3.2. Furthermore, as-
sume that (t, x,y) = (G(x, y), a;(x,y)) is continuous in (0, T] x RY x RY . Then
(t,x,y)—> S, ((t, x), (0, y)) is continuous.

PROOF. First recall that (3.9) is a uniform absolutely convergent sum, there-
fore, it is enough to prove the joint continuity of each term in the sum. Each term
is divided in two integrals on disjoint sets. The first, on a compact set, is uniformly
integrable because

S0 d d S0 d d k) d d 1
sup 81/ yl/ s2/ yl.../ S _1/ Yn—1 n—1.,
yollya| <K Js 51 sy n= IS Ivil=RY

n—2
x [TIA(Gsi. ). (si+1, Yi4D)| |Gy Guet, y)|* < 00

i=0
so that we have uniform integrability for the integrand. Then one may interchange
the limit limg, y ) (s YY) from outside to inside the integral for fixed n
and R.

The argument now finishes fixing ¢ > 0 and, therefore, there exists R, such that

(3.11) is satisfied. Therefore,

lim / dSl/dM/ dszfdy1-~-
40 (yy, yn)GB(Zo r)xB(zn r)
/ dsn— I/dy” st =R

x H!A (si5 Yi)s Gis 1, Vit D)|| G, (n— 1,yn)\<ChmeS(so)
i=0
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This gives the continuity of the partial sums and then of the series itself due to the
uniform convergence in (3.9). O

We discuss now the differentiability properties.

THEOREM 3.10. Assume Hypotheses 3.2 and 3.3 and suppose that G;(x,
v) :=VyG(x,y) exists forall (t,x,y) € (0,T] x R? x RY. Furthermore, assume
that Hypothesis 3.8 is satisfied with (y, G) replacing (y, G) then the application
y — Sa((t, x), (0, y)) is differentiable for t > 0 and y € R? and the sum below
converges absolutely and uniformly for (t,x,y) € [0, T] x R? x R4,

_ S
VySa((t, x), (0, y)) = Z/ ds/dz VyGi(z, y)A,,((t,x), (s, z)).
n=1 0

The proof is done in a similar way as the proof of Lemma 3.9 using the definition
of derivative.

4. Abstract framework for semigroup expansions. In this section, we in-
troduce a general framework which will be used in order to obtain a Taylor-like
expansion method for Markovian semigroups.

HYPOTHESIS 4.1. (P:);>0 is a semigroup of linear operators defined on a
space containing C2° (R?) with infinitesimal generator L such that cr R4 <
Dom(L). P; f (x) is jointly measurable and bounded in the sense that || Py f ||co <
| flloo forall f € CSO(R‘J) andt €[0,T].

The first goal of this article is to give an expansion for Py f(x) for fixed T > 0
and f € C° (R?) based on a parametrized semigroup of linear operators (P7) >0
zeRY.

In the case of continuous diffusions to be discussed in Section 7, P? stands for
the semigroup of a diffusion process with coefficients “frozen” at z. We consider
an explicit approximating class in the diffusion case in Section 7 given by the
Euler-Maruyama scheme.

Our hypothesis on (P;);>¢ are:

HYPOTHESIS 4.2.  For each z € RY, (Pf);> is a semigroup of linear opera-
tors defined on a space containing C2° (RY) with infinitesimal generator L* such
that CZ° (R?) € Dom(L?). We also assume that PF f(x) = [ f(y)pi(x,y)dy for
any f e C® RY), (x,z) € R? x R? and a jointly measurable probability kernel
p? e C((0,T] x R x RY).

The link between L and L* is given by the following hypothesis.



A PROBABILISTIC INTERPRETATION OF THE PARAMETRIX METHOD 3109
HYPOTHESIS 4.3. Lf(z) = L*f(z) for every f € CSO(R‘I) and 7 € R,

To simplify notation, we introduce Q; f(x) := P, f(x), noticing that (Q;);>0
is no longer a semigroup but it still satisfies that ||Q; flleo < || flloo for all ¢ €

[0, T']. We will use the following notation in the forward and backward method,
respectively

Y (y) = pf(x,y),
&7 (x) == p;(x, 2).

The reason for using the above notation is to clarify to which variables of p; (x, y)
an operator applies to. This is the case of, for example, L*¢; (x) = (L*¢;)(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 (P/);>0,
z € 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) fO)¥ (») dy, fe ﬂ Dom(L").

xeRd

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

@.1) $F () = f FO(LY = L)¢) (x) dx.

The above Hypotheses 4.1, 4.2 and 4.3 will be assumed throughout the theoret-
ical part of the article. They will be easily verified in the examples.

5. Forward method. We first state the assumptions needed in order to imple-
ment the forward method.

HYPOTHESIS 5.1.  Pfg, P,g € N epd Dom(L¥), Vg € CP(RY),z e RY, 1 €
[0, T].

We assume the following two regularity properties for the difference operator S.

HYPOTHESIS 5.2. There exists a jointly measurable real valued function
0:(0,T] x R? x R? — R, such that for all f € Cfo(Rd) we have that

S f () = / FO0 (. y)PE (x. dy) = / FO6:Cxa ) pF (. y) dy,

(t,x) € (0, T] x R4,

We assume that the function a;(x,y) = 6;(x, y)p; (x,y) verifies the Hypothe-
ses 3.2 and 3.3 and that G;(x, y) = p; (x,y) € M.
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Note that the above hypothesis implies that the operator S can be extended to
the space of bounded functions.

HYPOTHESIS 5.3. For the functions (a, y) and the constant p € [0, 1) satis-
fying Hypothesis 3.2 and G(x, y) = p; (x,y) € M we assume that the Hypothe-
sis 3.8 is satisfied for some ¢ € (1, p~1).

REMARK 5.4. We remark here that Hypothesis 5.2 entails some integration by
parts property which will be made clear when dealing with examples in Section 7
[see (7.3)].

Define for (s, x) € (0, T] x R? and f € cx (R?) the following integral opera-
tor:

12 ()@)

50 Sn—1 n—l )
. fo ds].../o dsu TT Ss—sis |05 fG0), ifn > 1,
T i=0

Qyo f (X)), ifn=0.

We denote by A, the kernels associated to a;(x, y) defined in (3.4). Then using the
change of variables #; = sg — s; we obtain the following representation Is’g (Hx) =
J FO)I (x, y)dy with

Iy (x,y)
(52) In+1

Int1
= /0 dty / sz,,n+1_1n (Vns y)An((ln—H» x), (tn41 — tn, yn)) dyn.

The following is the main result of this section, which is a Taylor-like expansion
of P based on Q.

THEOREM 5.5. Suppose that Hypotheses 5.1 and 5.2 hold. Then for every
f e Cfo(Rd) and t € (0, T], I'(f) is well defined and the sum Zflozl I'(f)(x)
converges absolutely and uniformly for (t,x) € [0, T] x RY. Moreover,

(5.3) Pf(x) =) I'(/Hx).

n=0

Then for fixed t € (0, T1, >0l I]'(x, y) also converges absolutely and uniformly
for (x,y) € R? x R? and we have that P, f (x) = [ f)pi(x,y)dy where

(5.4) pi(x,y) =pi.y)+ D 1" (x, y).

n=1

Furthermore, suppose that Py f (x) > 0 for f >0 and P;1 =1 forall t > 0. Then
p:(x,y) is a density function.
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PROOF. The linear equation on P; f is obtained, using Hypotheses 4.1, 4.2,
5.1 and 5.2 as follows:

t
P,f(x)—Pff(x)z/O By, (P, Ps, f)(x)ds1 = / o—s (L= L") Py, f(x)ds1.

Note that Hypothesis 5.2 ensures the finiteness of the above integral.
Using the identity in Hypothesis 4.3, Lg(x) = L*g(x) with g(y) = Py, f (),
we obtain

Py (L= L)y @) = [(L = L) Py fOOP, (. dy)

— / — L) Py F() P (x, dy)
= SZ—S1 Pflf(x)'

Therefore, we have the following equation:

t
(535 Pf@=P @+ [ dsi [dy Py S0 i ).

This is equation (3.1) with a;(x,y) = 6;(x, y)p; (x, y). Therefore, due to Hy-
potheses 5.1 and 5.2 we obtain that the hypotheses needed for the applica-
tion of Lemma 3.4 and Theorem 3.6 are satisfied. Therefore, we obtain that

oo ' (f)(x) converges absolutely and uniformly and is the unique solution
of (5.9).

Corollary 3.7 gives (5.4). Finally, one proves that as the semigroup P is positive
then p;(x, y) has to be positive locally in y for fixed (¢, x) then as P;1 =1 one
obtains that [ p;(x,y)dy=1. O

5.1. Probabilistic representation using the forward method. Our aim now is
to give a probabilistic representation for the formula (5.3) that may be useful for
simulation.

HYPOTHESIS 5.6. There exists a continuous Markov process X™* ={X[;t €
[0, T'1} such that X[ = x and for any t > s

(5.6) P(XFedy|XF =y)= P’ (y,.dy) = p;_;(y,y)dy'.

With this assumption, we have that S f(x) = E[f(X] )0 (x, Z )] and
On f(x)=E[f(X ’f) ]. Therefore, using these representations, we obtain the prob-
abilistic representation of the integrand in (5.1):

n—1
(T 41100 ) @7 0 = BLA KT 67 XD+ X)L

j=0
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Finally, to obtain the probabilistic interpretation for the representation for-
mula (5.3), we need to find the probabilistic representation of the multiple integrals
in (5.1).

For this, we consider a Poisson process (J;);>o of parameter A = 1 and we de-
note by 7, j € N, its jump times (with the convention that 7o = 0). Conditionally
to JT = n, the jump times are distributed as the order statistics of a sequence n
independent uniformly distributed random variables on [0, T']. Therefore, the mul-
tiple integrals in (5.1) 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 (fHx) = eTE|:1{JT:n}f(X’;) l_[ Orj1—1; (ij X;.'Tj+|):|’
j=0
where (with a slight abuse of notation), 7 denotes the random time partition of
[0, T, =n(w) ={ti(w)AT;i=0,..., Jr(w)+ 1}
From now on, in order to simplify the notation, we denote 77 = 7,. Given the
above discussion, we have the main result for this section.

THEOREM 5.7. Suppose that Hypotheses 5.1, 5.2 and 5.6 hold. Recall that
Vi (y) = pi (x, y) and define I'r (x) = 't (x)(w) as

Jr—1
Ir(x)= HO O, (X7, XT,) =1,

]:

1, if Jr =0.
Then the following probabilistic representations are satisfied for f € C° (RY):
(5.7) Prf(x) =e"E[f(X])TT(x)],

X7

(5.8) prx,y) =e" E[y: " ()T (x)].

REMARK 5.8. 1. Extensions for bounded measurable functions f can be ob-
tained if limits are taken in (5.7).

2. The above representations (5.8) and (5.7) may be obtained using a Poisson
process of arbitrary parameter A > 0 instead of A = 1. In fact, if we denote {J}*, t >
0} a Poisson process, by rl.X the jump times and by ; the corresponding random
time grid. Then the formula (5.8) becomes

T,
prx.y) = TERT T ()]
T

5.2. 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 type of property is also proved when the analytical
version of the parametrix method is discussed in the particular case of fundamental
solutions of parabolic PDEs (see, e.g., Chapter 1 in [7]).
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THEOREM 5.9. Suppose that the Hypotheses 5.1, 5.2, 5.3 are satisfied. Fur-
thermore assume that (t,x,y) — (pf(x,y),a:(x,y)) is continuous in (0, T] x
R x R4, Then (1, x, y) — p:(x,y) is continuous on (0, T] x RY x R4,

THEOREM 5.10. Suppose that the Hypotheses 5.1, 5.2 and 5.3 are satisfied.
Furthermore, we assume that y — p; (x,y) is differentiable for all (t,x) € Ry x
R? and that Hypothesis 3.8 is satisfied for Vyp; (x,y) instead of G. Then for every
(t,x) € (0, T] x RY, the function y — p;(x, ) is differentiable. Moreover,

e

X‘L’
Vypr(x,y) =" E[Vyp; " (X7, y)I1(x)].

6. The backward method: Probabilistic representation using the adjoint
semigroup. We will now solve equation (1.7) in dual form. We start with a
remark in order to beware the reader about the nonapplicability of the forward
method directly to the dual problem.

Usually, in semigroup theory one assumes that for each ¢+ > 0, P; maps con-
tinuously LZ(R?) into itself. Then P} can be defined and it is still a semigroup
which has as infinitesimal operator L* defined by (L*g, f) = (g, Lf) for f,
geCx (Rd). Assume, for the sake of the present discussion, that for every x € R4,
P maps continuously L2(R?) into itself and we define P;"* = (P)* and L** by
(P""g, f)= (g, P* f) and (L**g, f) = (g, L* f) for f, g € CX(RY).

Our aim is to obtain for P* a representation which is similar to the one obtained
for P in Theorem 5.7. Unfortunately, the adjoint version of the arguments given in
Section 5 do not work directly. In fact, if ;""" denotes the adjoint operator of P/
then the relation Lg(x) = L*g(x) does not imply L*g(x) = (L*)*g(x). To make
this point clearer, take, for example, the case of a one-dimensional diffusion pro-
cess with infinitesimal operator Lg(y) = a(y)Ag(y) then L*g(y) = a(x)Ag(y)
(for more details, see Section 7). Then L*g(y) = A(ag)(y) and (L*)*g(y) =
a(x)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 the superscript * to denote adjoint
operators while other approximating operators will be denoted by the superscript”
(hat).

Note that in the diffusion case, proving that for each ¢t > 0, P; maps continu-
ously L?(R?) into itself is not easy in general. Therefore, instead of adding this as
a hypothesis, we will make additional hypotheses on the approximation process.

4Note 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 Holder continuous.
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This issue will demand us to introduce hypotheses that did not have any coun-
terpart in the forward method. Still, once the linear Volterra equation is obtained,
the arguments are parallel and we will again use the results in Section 3. Let us
introduce some notation and the main hypotheses. We define the linear operator

0,1 (y) = (P)) f(y) = / FpY (e, y)dx = / F] (x) dx.

We assume the following.

HYPOTHESIS 6.1. (0) P, f(x)= [ f(y)Pi(x,dy) forall f € Cp(RY). In par-
ticular, P, is an integral operator.
Q) [ pl(x,y)dy <oo,forall x e R and [ p] (x,y)dx < oo forall y € RY.
(i) limg_ Py}, g(w) = P{ " g(w) and limg_o [ h(2)¢pZ(w) dz = h(w) for all
(z,w) e R? x R and for g, h € CX(RY).
(iii) ¢f € Dom(L) N (ﬂyeRd Dom(L”)), forall (t,z) € (0, T] x R4,

With these definitions and hypotheses, we have by the semigroup property of
PZ<, that

(6.1) Pig(x) = piye(x,2) = ¢y, (x).

As stated before, we remark that Q # Q*. In fact, Q is defined through a density
whose coefficients are “frozen” at the arrival point of the underlying process. Also
note that due to Hypothesis 6.1 then || Q; f|loco < C7ll flloo for all t € [0, T].

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

HYPOTHESIS 6.2. We suppose that there exists a continuous function 6 e
C((0, T1x R? x RY) such that (L' — Ly)¢>ty () = é, 1, y)d),y (y1). Moreover, we
assume that ét(yl, y)qﬁ,y(yl) is integrable P;(x,dy1) for all (s,x) €[0,T] x R4
and (t,y) € (0, T x R4,

Define the function d, (x, y) := 6;(y, x) p¥ (v, x) = 6:(y, X)¢* ().

HYPOTHESIS 6.3. Assume that the function a satisfies the Hypotheses 3.2
and 3.3 with G;(x,y) = p*(y, x) € M. Furthermore, we assume that the corre-
sponding function y satisfies Sup(; y)co,7xRd [ 1yi(x, y)|dx < oo and that there

exists ¢ € (1, p~) such that for every R > 0

(6.2) sup / e 1<ry [y (x, »)|* dx < o0.
(t,y)€l0,T1xR4
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HYPOTHESIS 6.4. For the function a,(x, y) we assume that Hypothesis 3.8 is
satisfied for some ¢ € (1, p~1).

We define now [recall (4.1) and Hypothesis 6.2]
5.7 = [ 0y d.
For g e C* (R?), we define

()

S0 Sn—1 n—1 . R ‘
o A ds] .. /(\) dSn 1_[ SS,‘—SH_I ang(y), lfn Z 1’
o i=0

0508(»), ifn=0.

Furthermore, we define the adjoint operators
01 £):= [ Fpi ) dy,

517 i= [ F0anyx)dy.
Note that due to the Hypotheses 6.1(i) and 6.3 we have that for any f € L™
(6.4) 0p]| 07 f o = €1 oo,

- C
(6.5) 187 f o < 1 flloe.

As in (5.1), we define the following auxiliary operators for
! & Ak Ok QO
i[n,*(f) — /(; dtn"'/(; dtlQnStz—tl "'St—tnfy n>1,
0; f

(50, Ynt1)
t %] A
::fo a't,,---/o dn/dy1---/dyn An((t, 30), ¢ = tn, y)) Pi" Yn 15 Yn)-

Here, An di:notes the same fl}nction deAﬁned in (3.4) where A& is used instead of a.
Note that (1, "(f), &) = (f, Iyg) and [;""(f)(x) = [ fF (01" (v, x)dy for f, g €
cx (Rd ). Our main result in this section is:

THEOREM 6.5.  Suppose that Hypotheses 6.1, 6.2 and 6.3. Then for every g €
cx (R?) the sum Y0201 (g)(y) converges absolutely and uniformly for (t,y) €
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(0, T1 x R? and the following representation formula is satisfied:

o0
(6.6) Prlg(y) =Y I,  dy-as.,t€(,T]

n=0
The above equality is understood in the following weak sense (Pfg,h) =
(g, Prh) = Y% (I (g). h) for all (g, h) € CR?) x CX(RY). Furthermore,

[e%) fn,*

ne0 1y~ (f)(x) converges absolutely and uniformly for x € R? and fixed f €
Cfo(]Rd), t € (0, T] and it satisfies

Pif(x)= Y I""(fHx),  dx-as.

n=0

Finally, Y72 f[’ (y, x) converges absolutely and uniformly for (x,y) € R? x R4
for fixed t > 0 and there exists a jointly measurable function p;(x, y) such that we
have that for f € CZ,’O(R‘I) we have P; f (x) = [ f(y)p:(x,y)dy and it is given by

pl‘(xvy):pty(xvy)—i_zfzn(yvx)

n=1
Furthermore, suppose that P; f (x) > 0 for f >0 and P;1 =1 forall t > 0. Then
p:(x,y) is a density function.

PROOF. Many of the arguments are similar to the proof of Theorem 5.5. In
fact, we first establish the Volterra equations satisfied by P;*. In order to do this, we
need an approximation argument. We fix ¢ > 0 and we recall that due to Hypothe-
ses 4.2 and 6.1(iii), we have for each z € R that P%_sqﬁg = ¢ZT_S+8 = p§+8(-, z) €
Dom(L) and Lf(x) = L* f(x). Then from Hypotheses 6.2 and 6.3, we have that
forO<s<T,

35 (Py P )20 (x) = Py(L — L") P ¢p°(x)
- / Py dy)(L — L) P2 20 (y)
= / Ps(x,dyl)&T—s—l—s(yO’ yl)-

We take g, h € C° (R?) and we note that due to Hypothesis 6.3
[ axlgol [ Pxay) [ dolnro)llar—ee(o. )

scg(T—s+s>—p||h||oo/dx|g<x>|/Ps<x,dy1>

<G (T =9)"lhlliglh

The above expression is integrable with respect to 1 7)(s)ds 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.
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Furthermore, by Hypotheses 6.2, 6.3 [see (6.2)] and the fact that 4 € C° (RY),
we have that for fixed s € [0, T') we can take limits as ¢ — 0 for [ dyo|h(yo)| X
|ar —s+e (Yo, y1)|, 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

T
lim /0 dt / dyoh(y0) / dx g(x) / Py e, dy)ar—s e (30, 1)

e—0

=/0T dt/dyoh(yo)/dxg(x)fPs(x,dyl)&T—s(yO’)’l)-

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

[ dxonGorllg. Pro) - e, PPe)
T
6.7) - / dyoh(yo) / dx g(x) fo 8,(P, P2 )20 (x) dr

:/OT dt/dyoh(yo)/dxg(x)/Ps(x,dyl)flT—ers(yo,yl).

In order to obtain the linear Volterra type equation, we need to take limits in (6.7).
To deal with the limit of the left-hand side of (6.7), we note that given the assump-
tions g, h € C° (Rd ) and Hypothesis 6.1(ii), we have

tim [ dyohGolle. Pre2) = tim [ g [ Pro,dw) [ dyorGos? o)
= (Prh.g)

tim [ dyo (o) (PP *.620) = lim [ dyoh(0) P00

- / dyo h(y0) P2 g (30).

Therefore, taking limits in (6.7), we obtain

(Prh, g) = / dyo h(y0) P (30)
T
+ / dyo h(y0) / dx g(x) /0 ds / Py e, dy)ar—s (o, y1)

A T A
= (Oth.g)+ [ (PS}h.g)ds.

Rewriting this equation with the adjoint of a densely defined operator, we obtain
the Volterra-type equation

A T ~
Pig(x) = Org(x) + /0 ds / dyPFg(y)ar—s(x, y).
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This equation has a solution due to the results in Section 3 as we have made the
necessary hypotheses to apply the results of Corollary 3.7. Therefore, it follows
that (6.6) is the unique solution of the above equation. The proof of the other
statements are done in the same way as in the proof of Theorem 5.5. [

REMARK 6.6. The previous proof is also valid with weaker conditions on g
and h. For example, g € L' (R?) N L®(R?) and h € Cp,(R?) will suffice with an
appropriate change of hypothesis.

6.1. Probabilistic representation and regularity using the backward method.
We deal now with the representation of the density associated with the semi-
group Pr. We recall that in the Section 5.1 [see (5.6)] we have performed a similar
construction.

HYPOTHESIS 6.7. There exists a continuous Markov process {X;"" (y),t €
[0, T}, y € R? such that Xg’n (y) =y and for any t > s we have

P(X; () €dya] X2 (y) = y1) = C, () P (1, dy2)
= Lo e () dya,

Crms () = / 8 () dyn.

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 tg = 0). Then the same arguments as in
the previous section give the representation

"))

= eTE[l{JFn}g(X?’” M)Cr—, (X737 ()

n—1
X H Crjpi—; (X:}n (y))efj+1—fj (X:]ZI ), X:]ﬂ(y)):|
j=0
We define
T7(»)
Jr—1
CT_TJT (Xf:}: ()’)) 1_[ CTj+1-‘L’j (X;kj’n (y))ef_]‘+1—‘[j (X;k;fl (y)9 X:;ﬂ (y))v
j=0
= if Jp > 1,
Cr(y),
if Jr =0.
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Sometimes we may use the notation X jjz” (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 6.8. Suppose that Hypotheses 6.1, 6.2 and 6.7 hold then the fol-
lowing representation formula is valid for any g € C2° (RY):

Pig(y) = Pyig(y) + e  E[g(X7" )T D 1r=1]

(6.8) . . .
=e E[g(XT’ (y))FT(y)]-
THEOREM 6.9. Suppose that Hypotheses 6.1, 6.2 and 6.7 hold then the fol-
lowing representation formula for the density is valid:
XET(7)
(6.9) prix,y)=e"Blp; " (x. X3T (0))T5 ()]
In particular, let Z be a random variable with density h € L' (R%; R.) then we
have
XE7(Z)
Prh(x) =€ E[p; 7, " (x. X5 (2)TF(2)].
PROOF. Using the definition of X*” we have for g € C2° (R?) (we recall that
T = tJT)

E[¢(X;™)Cre ler X7 =y] = [gC0p}?, (00 dx

so that (6.8) says that P (y, dx) = p}(y, x) dx with

* X7 ()
(6.10) pr(y.x)=e"E[p; T (X7 (), x)T7 ()]
Notice that p%(y,x) = pr(x,y) so the above equality says that Pr(x,dy) =
pr(y,x)dy with p%(y, x) given in the previous formula. We conclude that the
representation formula (6.10) proves that P;(x, dy) is absolutely continuous and
the density is represented by
XET

prx.y) = prx.y)=e Elp; T " (x, X5F OD))TF D) =1
The representation for Prh can be obtained by integrating [ h(y)pr(x, y)dy us-
ing (6.9). O

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

X372 )

_TA J
pr(x.y) = pre.y) =" ERATTpp L (0 XET OO oy )-
T

A
T

We discuss now the regularity of p;(x, y).
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THEOREM 6.10. Suppose Hypotheses 6.1, 6.2 and 6.3.

(1) Furthermore assume that (t,x,y) — (pty(x, v), a;(x,y)) is continuous in
0, T] x RY x R2. Then (¢, x, y) = p:(x,y) is continuous on (0, 00) X RY x R4,
Moreover,

" X )P

PT (x )’) - e [pT T

(ii) Furthermore, we assume that x — p; (x,y) is differentiable for all (t, y) €

R x RY and that the Hypothesis 3.8 is satisfied for V. p; (x, y) instead of G . Then
the function x — p;(x, z) is one time differentiable. Moreover,

Vipr(x,y) =E[V xpTrTf(y)( X:T )P ().

7. Examples: Applications to stochastic differential equations. In this sec-
tion, we will consider the first natural example for our previous theoretical de-
velopments, that is, the case of multidimensional diffusion processes. The for-
ward method will need smooth coefficients and the backward method will require
Holder continuous coefficients.

7.1. Example 1: The forward method for continuous SDE’s with smooth coeffi-
cients. We consider the following d-dimensional SDE:

m t ) t

(7.1) X;=x+) :/ 0j(Xs)dW) +/ b(Xy)ds.
: 0 0
J=1

Here, o0}, b:RY > RY, oj € Ci(]Rd; ]Rd) is uniformly elliptic (i.e., 0 < al <a <
al fora,a e Rwitha=00%),b € Cg (R?: R?) and W is a m-dimensional Wiener
process. Under these conditions, there exists a unique pathwise solution to the
above equation. Then we define the semigroup P; f (x) = E[ f (X;)] which has in-
finitesimal generator given by Lf(x) = %Zi,j ai’j(x)ai%jf(x) + 3 b (x)d; f(x)
for f e CX (R and a'J (x) = >k alé (x)akj (x). Clearly, P; f(x) is jointly measur-
able and bounded and, therefore, Hypothesis 4.1 is satisfied. We will consider the
following approximation process:

Xix) =x+ Y o;@W/ + b1,
j=1

which defines the semigroup

72 PAF0) =E[f(X:)] = f F D drate)(y — x — b(@)1) dy.
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for f e CX (R4), with jointly continuously differentiable probability kernel
pi(x,y) = Gra(z)(y — x — b(z)t). Furthermore, its associated infinitesimal oper-
ator [for f € CCZ(Rd)] is given by

1 - .
LX) =52 a (007, f () + 30 (00 (7).
i,J i

Therefore, Hypotheses 4.2 and 4.3 are clearly satisfied. Hypothesis 5.1 is clearly
satisfied as a"/, b' € C,%(Rd) fori, je{l,...,d}. Now we proceed with the veri-
fication of Hypothesis 5.2. Using integration by parts, we have for f € C° RY)

S f () = f (LY — L*) £ (y) P¥ (x. dy)

1

= 23 [ @) = )arater v = x = BN, FOdy
LJ

(73) +y / (6" () = b () gragey (y — x — b)), £ () dy
1 2 i,] i,j
= [y 7 (5 2@ ) = 0 ) (3 = x = b))
i,j

= [y FOI0( 0) = B 0)diacn (v = x = b)),

In view of (A.3), we have
07 (@ (y) — @™ (0))grae (y — x = b()1)) = 6, (¢, )1 (y — x — b)),
3 ((b"(3) = b' (0))grat) (y = x = b()1)) = p; (X, Vraco (y — * — b()1),
where we define for the Hermite polynomials H (see Section A.2)
67 (v, y) = 02 ;0" (y) + 8ja™ (Kl y) + 8™ (k] (x, y)
+ (@ () — @ ())hy (e, ),
py (e, y) = 3ib' (y) + (b (y) = b () (x, ),
(7.4) hy(x,y) = H}yo)(y = x = b(x)1),
(7.5 byl (x.y) = Hlo (y —x — b)),
So we obtain

S f(x) = / dy FO)drate)(y — % — b (x. y)
(7.6)

- f F0:Cx, ) P (x, dy).
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Therefore, we have that
1 ;o .
00, y) =520, (6, 3) = 3Py (x, ).
ij i

Now, we verify Hypotheses 5.2 and 5.3. We have verified the first part of Hy-
pothesis 5.2 by the definition of 6 in (7.6). In order to verify the rest of the condi-
tions in Hypothesis 5.2, we see that by (A.3) and (A.4) with o =1

1
Py (x, )0 (x, y)| = C(llallz,o0 + IIblll,m)chta(y —x)

for a constant C > 1 and ¢ € (0, 1), and consequently all the conditions in Hypoth-
esis 5.2 are satisfied with p = % 4+ po and y;(x,y) = B (x,y) = tPqz(y — x).
Here, po € (‘515, 1).

Similarly, Hypothesis 5.3 is satisfied under the £ (x) = C for (3.10) by using that

1 (5 yil<Ry = < 1. For (3.11), one uses that

n—1 d
Lt ismy = z;l{\y;il>R/(n~/3)}'

Next, one performs the change of variables y; = x1, y;i — yi41 = Xj41 for i

Al

1,...,n — 2 in the integral of (3.11) and use the inequality 1{|yf|>R/(nﬁ)}
n2d|y] 2 . .
—x2— to obtain the following bound:
n—1 d n
Z— dxi - /dxn | Zxk qasoa()q Y0)
i=1j=1 R? (o, yn)eB(zo r)XB(zn r)/

7.7
7.7) n—2 n—1
<[] qca,-a(xi+1)qc5,,1a<yn - ZXi>-

i=1 i=1
Without loss of generality, using a further change of variables z; = x; — yp, we
may consider the case where yp = 0. Next, we use the inequality |} _, x,g 1> <
n Zi: 1 |x,{ |. Then one rewrites the inFegral in a probabilistic way using Gaussian
random variables. This becomes E[|Z,ﬁ |2/Zo +- A+ Zn1=lpzott2, 1 (Vn)
where Z; is a d-dimensional Gaussian random vector with mean 0 and covariance

matrix cd;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 (7.7)

is bounded by C 2 2 f(|yn|2 + 8) with § = Z?:_ol 8;. Therefore, condition (3.11)
will be satisfied taking R, = ¢~!/? and £(8) = 8§~/ + 6!/? and the upper bound

in (3.11) becomes C2"£(5). We leave the details of the calculation for the reader.
Therefore, the existence of the density follows.
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In order to obtain further regularity, we need to verify the uniform integra-
bility condition for ¢ € (1, p‘l). In this case, we first note that due to (A.4),
[Vypi (x,y)| < tl%qczg(y — x). Therefore, we may choose any p € (%, %) and

let ¢ = ﬁ > 1. Finally, we define y,(x,y) = t(l/z)(l_ffl)qcta(y — x) and
&(x) = C in order to obtain (3.10). One also obtains (3.11) as in the proof of
continuity. Therefore, the hypotheses in Theorem 5.10 are satisfied.

Now, we give the description of the stochastic representation. Given a Poisson
process with parameter A = 1 and jump times {7;,i =0, ...}. Given that J; =n
and t; := 7; AT we define the process (Xg)i:()““’n_t'_l form={t;i=0,...,n+1},
withO=1t <t; <---<t, <t,y1 =T is then defined as compositions of X*(x)
as follows:

X;.][(Jr] = XtZkJr] —Itk (.Xf) |Z=X=XZ( s

Z

for k =0, ...,n. Here X§ = x and the noise used for X;  _,

of Xg forall j =0,..., k and of the Poisson process J.

(x) is independent

THEOREM 7.1. Suppose that a € Cg(]Rd; RY x ]Rd), be Ci(Rd; ]Rd) and a >
a > a. Define

Jr—1
T T .
I'r(x)= jl:[() QTJ‘H*T./‘ (er» er)v if Jr > 1,
L, if Jp =0.

Then for any f € CX (R?) we have

Prf(x)=e"E[f(XF)I'r(x)]

and, therefore,

Xz
prx.y)=e"E[p; " (XT..y)T7(x)],

where (X7 )ien is the Euler scheme with X[ = x and random partition w =
{t;;i=0,...,t5,} U{T} where 0 =19 < --- < 1y, < T where the random times
{t;}; are the associated jump times of the simple Poisson process J, indepen-
dent of X™ with E[Jr] = T. Moreover, (t,x,y) — p;(x,y) is continuous on
(0, 00) x RY x R? and for every t > 0 the function (x,y) — p;(x, y) is continu-
ously differentiable. We also have

Jr—1
. Xfr'[
0y pr(x.y) = E[h (K73 (57 3) T ooy (KT, x;;H)],
j=0

where h' is defined in (7.5).
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PROOF. As a consequence of Theorems 5.7, 5.9 and 5.10, we obtain most of
the mentioned results. The fact that y — p;(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 continu-
ous so the hypotheses in the next section are verified). [J

7.2. Example 2: The backward method for continuous SDEs with Holder con-
tinuous 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 « € (0, 1) and b is a bounded measurable
function. We suppose the existence of a unique weak solution to (7.1). For further
references on this matter, see [16]. The approximating semigroup is the same as in
the previous section and is given by (7.2). Therefore we have, as before,

ptz(xv y) == Cha(z)(y — X — b(Z)t)a
¢ (X) = Gra() (2 — X — b(2)t).

In this case, note that for fixed z € R4, ¢* is a smooth density function and
therefore C;(x) = 1. Furthermore, as in the previous section, Hypotheses 4.1, 4.2
and 4.3 are satisfied. Similarly, Hypothesis 6.1 can be easily verified. We will now
check Hypothesis 6.2. We define

) 1 . L
9t(x,z)=§Z( a (x) — a @)y (x, 2) = Y (b1 () — b (2)hi(x, 2),

i,j i
h (x Z) ta(z)( —X = b(Z)t),
ht J(x 7)) = t.aj(.z)( —x — b(2)t)
so that, by (A.3),
1 . .
(LY = LY)¢; (x) = = Z(a”f(x) - a”’(z))Bf Gra(z) (2 — x — b(2)1)
2 J
i,j

—}jH@)lmm,%mw—x—mmw

=0,(x, Dqra(z)(z — x — b(D)1).
Using (A.4) and the Holder continuity of a®J, we obtain

(@ (x) = a1 (2))07 7 (x))|
< Clx —z|%187 ;¢7 (x)]
< C(jz —x = b@t|" + 1611%1*)|97 grac) (z — x — b(2)1)]
< Ct Do (z — x — b(2)1).
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And using (A.4)(ii) with « = 0, we obtain

. . 2
(6" (x) = b'(2))3i g7 (x)] < el 16llccgra(z — x — b(2)t).

Finally, we have

A C
6 (x,2)| < tl——a/z(l + 16ll00)gia(z — x — b(2)1).

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

A c
¢; (00 (x, 2)| < tl——a/Z(l + 1blloc)q2ra(z — x — b(2)1).

We conclude that Hypothesis 6.2 is verified. The verification of Hypothesis 6.3 is
done like in the previous section using p € (2_7"‘, 3_7“) and{ =B —«a— 20) e
(1, p~1). Therefore, we have the following result.

PROPOSITION 7.2. Suppose that a is Holder continuous of order a € (0, 1),
a>a > a and b is measurable and bounded. Then

Jr—1

X, XET(9)) ]_[ Oy -, (X5T, (0), X5 (y))]

?()
prx,y)=e E[prT ’

where X*7 (y) is the Euler scheme with XO’ =y and drift coefficient —b.
Moreover, (t,x,y) — pi(x,y) is continuous on (0, 00) X R x R? and for ev-
ery (1, y) € (0,00) x R? the function x — p,(x, y) is continuously differentiable.
Moreover,

axipT(x7 )’)

X"

=‘eTE[”T_TT(x,x:ﬂy»m_w (v, X5 ()

Jr—1

X l_[ érj+1—rj Xj Zl()’), X:}’ﬂ(y))]
j=0

7.3. Example 3: One-dimensional Lévy driven SDE with Holder type coeffi-
cients. 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 con-
centrate in this section on the backward method for a one-dimensional jump type
SDEs driven by a Lévy process of a particular type: we assume that the inten-
sity 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 [15].

For this, let N(dx, dc, ds) denote the Poisson random measure associated with
the compensator given by g.(x) dx v(dc) ds where v denotes a nonnegative mea-
sure on Ry := (0, o) which satisfies the following.
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HYPOTHESIS 7.3. v(Ry) =00 and C, := /R+ cv(dc) < oo.

We refer the reader to [8] for notation and detailed definitions on Poisson ran-
dom measures. Therefore, heuristically speaking, x stands for the jump size which
arises from a Gaussian distribution with random variance obtained from the mea-
sure v.

We define 1, (u) := v(u, o0) and we assume that there exists some s, > 0 and
h, Cy > 0 such that we have the following.

HYPOTHESIS 7.4.  [5° e "ny(5)du > Cysh JoT e ny(u)du Vs > s,.

For example, if v(dc) = 1(g,11(c)c= 1P dc with 0 < B < 1 then Hypothesis 7.3
is satisfied and Hypothesis 7.4 is satisfied with & = 8.

]V(dx, dc,ds) = N(dx,dc,ds) — q.(x)dx v(dc)ds denotes the compensated
Poisson random measure. We also define the following auxiliary processes and
driving process Z:

!
V,=// cN(dx,dc,ds),
0 JR, xR

t
Z,:// xN(dx,dc,ds),
0 JRy xR

Nv(dx,ds):/ N(dx,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.

PROPOSITION 7.5.  Assume Hypothesis1.3. Let h:R x Ry — R be such that
|foR+ (elfPhx.0) _ 1)gc(x)dx dv(c)| < 0o. Then the stochastic process U;(h) :=

fot fR+ <rh(x,c)N(dx,dc,ds) has independent increments with characteristic
function given by

Elexp(i0U; (h))] =exp<t /R (e/0htx0) _ l)qc(x)dxdv(c)>

XR+

the density of Z; at y can be written as E[qy, (y)].

PROOF. The first part of the proof is classical, while in order to obtain the rep-
resentation for the density of Z;, one takes h(x, ¢) = x to obtain the characteristic
function associated with Z; under Hypothesis 7.3. On the other hand, one only
needs to compute the characteristic function associated with the density function
Elgyv, (y)] to finish the proof. []
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Notice that due to Hypothesis 7.3 we have that

(7.8) E[Z?] =r/R lu>ge(u)v(dc) du =t/ cv(de) < o0o.

XN +

Therefore, Z is a Lévy process of finite variance. N, (dx,ds) is a Poisson ran-
dom measure with compensator u, (dx)ds := fR+ qgc(x)v(dc)dx ds and we de-
note by N, (dx,ds) the compensated Poisson random measure. Then we consider
the solution of the following stochastic differential equation driven by Z and its
corresponding approximation obtained after freezing the jump coefficient. That is,

t ~
(E)) Xf(x):x%—/o /RG(X;’_(x))uNU(ds,du),

(E2) X,‘”Z(x)=x+/0t/Ra(z)uﬁv(ds,du).

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

HYPOTHESIS 7.6. (i) There exists 0,0 > 0 such that 0 < o(x) <o for all
x eR.
(ii) There exists o € (0, 1] such that |o (x) — o (y)| < Cqlx — y|*.

If « =1, then (E,) has a unique solution. Here, rather than entering into the
discussion of existence and uniqueness results for other values of o € (0, 1], we
refer the reader to a survey article by Bass and the references therein (see [4]).
Therefore, from now on, we suppose that a unique weak solution to (E,) exists so
that P’ f(x) = E[ (X} (x))] is a semigroup with infinitesimal operator [note that
S upey(du) = 0]

L' () = [ (0 ou) = 00 ).

Therefore, Hypothesis 4.1 is clearly satisfied.
Similarly, X"(x), defines a semigroup P f(x) = E[f(X;"*(x))] with in-
finitesimal operator

(7.9) LV f(x) = /R (f(x + 0 (@u) — £(0))o(du).

Our aim is to give sufficient conditions in order that the law of X} (x) is abso-
lutely continuous with respect to the Lebesgue measure and to represent the den-
sity ps(x, y) using the backward method as introduced in Section 6. In order to
proceed with the verification of Hypothesis 4.2, we need to prove the following
auxiliary lemma.
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LEMMA 7.7. Suppose that Hypotheses 7.3 and 7.4 holds for some h > 0. Then
for every p > 0 there exists a constant C such that for every t > 0

(7.10) E[V, "] < Ct=P/",
PROOF. Recall that the Laplace transform of V; is given by
E[e"] = exp(—t/ (1— e_ac)v(dc)).
Ry
We use the change s’ = sV, and we obtain
o
/0 sPle™Vidgs = c,v,7P

with ¢, = [§° sP~1e™* ds. It follows that

B[V, P = /OOSP_IE[e_SV’]ds = /Ooo sP~1 exp(—t'/]R (1- e_sc)v(dc)) ds.

0
For s > s, we have using the integration by parts formula and the change of vari-
ables sc = u,

o o u o
/ (1—e"*)v(dc) =f due_“nv(—) > C*sh/ due™"n, () =: s"ay
0 0 s 0

with «, € R4. Therefore, again by change of variables, we have that

* p—1 % p—1—tsh
/ sP exp(—t/ (1-— e_sc)v(dc)) ds 5/ sP~le % ds
Sk R+ Ss

<t7PhC(, p, h)
with

o
Cw,p,h)y=h"" / u~ =P/ = gy oo,
0
Since ]5* sP=lds = %sf the conclusion follows by taking s, = ~Vh O

Now we can verify Hypothesis 4.2. For this, we need to compute as explicitly
as possible the density p?(x, y) of the law of X,**(x). In fact, the following is a
corollary of Proposition 7.5 and the previous lemma which is used together with
Lemma A.2 in order to obtain the needed uniform integrability properties.

COROLLARY 7.8. Suppose that Hypotheses 7.3 and 7.6 are verified. Then the
law of X,"*(x) is absolutely continuous with respect to the Lebesgue measure with
strictly positive continuous density given by

ptz(-xa y) = ]E[qo'z(z)vt ('x - Y)]

Therefore, for each fixed (t,z) € (0, T] x R, we have that p; € Cg(R x R) and
pi(x,y) is jointly continuous in (t, z, X, y).
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Note that due to the above result Hypothesis 4.2 is satisfied and ¢; (x) =
E[%Z(z)v, (x — y)]. Furthermore, as it is usually the case Hypotheses 4.3 and 6.1(0)
are trivially satisfied. For Hypothesis 6.1(i), one only needs to apply Corollary 7.8.
Hypothesis 6.1(ii) follows from the joint continuity of p;(x,y) and Hypothe-
sis 6.1(iii) follows from the regularity of p;(x, y) as stated in the above Corol-
lary 7.8 and (7.8).

We are now ready to proceed and verify Hypotheses 6.2 and 6.3. We have
by (7.9), [uq.(u) du = 0 and properties of convolution that

(L™ = LY%)gf (x) = A; R(qﬁf (x + o (x)u) — ¢f (x + o (2u))qc(w)v(dc) du

+ X

= R+XR(E[CI0’2(Z)W (.x — 7+ O—(x)u)]

— E[qaz(z)vt (x —z+0(@)u)])gc(u)v(dc) du

= /RE[%Z(X)Haz(z)W(x —2) —4o2)eto2(x)V, (X — 2)]v(de).

In particular, Hypothesis 6.2 holds with
1
E[qaz(y)V, (x — y)]

0r(x.y) =
(7.11)
X fR E[qoz(x)c+02(y)vz(x =) = 4a2(pyeta (v, X — y)]v(dc)}.
+

THEOREM 7.9. Suppose that Hypotheses 7.3, 7.4 and 7.6 hold with h > 1 —
. Then the law of X} (x) is absolutely continuous with respect to the Lebesgue
measure and its denszly pr(x, y) satisfies

X7 Jr—1
T (y)
PT(x,y)=eTE[pT T e X5 ) l_[ 01—t (X5 Zl(y),Xij’.”(y))],

where X" (y) is the Euler scheme given in the backward method starting at
XS’” (y) = y. Moreover, (t,x,y) — p;(x,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

) e JT_1
() A
axpr<x,y)=eTE[axpT T @ X5 ) T O (X3, (y),Xijt”(y))]
j=0

PROOF. We have already verified Hypotheses 6.1, 6.2 and the differentiability
of p;. It remains to verify the hypotheses in Lemma 3.9 and Theorem 3.10. For
this, we have to estimate

|él(xv Y)|¢zy(x) S /R EHqUz(x)c—i-o'z(y)Vf (X - )’) - qu(y)c—f—o'z(y)v, (x - y)|]V(dC)

+
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Let us denote a = x — y and
s'=a’Me+a* MV, s"=0 @We+a OV

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

b= b a—+cb - 2 ‘
- a+cb — b
From this inequality, we obtain
=2
> <% and
s T a2

(7'12) /" / 2 2
— _ o
5" = 5| _ clo®@®) —*WI _ cColal

' T or)e+al()Ve T al(c+ V)’

where C, is the Holder constant of 2. Finally, from Lemma A.3 and (7.12) this
gives

2 c|a|a
g5 (a) — gy (a)| < CCy T (e+v) (@)

EZ+CZ c

=G ot (c+ V,)l—a/zqﬁz/z)(cwt)(a)-

Returning to our main proof, we obtain (with C = CCoa21t%a %)

101 (e, )7 ()
(7.13)
< c/ [(c+ V) ™" Pg 02 10y e,y (6 — M]ev(de).

A first step is to obtain estimates for the right-hand side of the above inequality,
S0 as to be able to define y. For this, we define

—(1—a/2 _
gz(x,y)=%l;{ E[V; 42 oy vy (6 = )9O,

+

(7.14) le > 0)

v(dc) = cv(dc), C, 2[1‘% cv(dc).
+

We denote

_(;_“ ¢—1 _X
x—( )§+ 2 and ,o_h.

Since 1 — 5§ < h, there exists ¢ € (1, o~ 1) with p € (0, 1). We fix such a . We
define now

v, y) =1t g (x, y)
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and we notice that by (7.13)

10: (x, V) |¢7 (x) < Cgr(x, y) = Ct =¥ My(x, y) = Ct Py (x, y).

We also define G, (x, y) := Elg,2¢y, (x =) = p7 (x,y), and we use Lemma A.2
in order to define >

lx — yl
|8Xpty(xsy)| S [ 2( )V qo'z(y)V[(x )’)] < C]E[ 4102(};)\/[(35 —)’)]

—.cim1/en 3(x y).

With these definitions, we need to check that (3.10) and (3.11) holds. We verify the
former as the latter is similar to (7.7) if one uses (7.16) at the end of the calculation.
To verify (3.10), it is enough to prove that forn e N, §; > 0,i =1,...,n

Cn

19w [an fan Flmone |
( )yoyHeRd yi- yn]_[)/a(y ) S G

where C is a constant which depends on ¢, p, h and s, which appear in Hypoth-
esis 7.4 and in (7.10). Notice first that for every a > 0 and x € R one has for a
positive constant C,

(qa ()" = Ca=C=V2g, /0 (x).

Using Holder’s inequality and the definition of x, we obtain

—(1-a/2 _
85 i yir1)* S/R E[Vsi( “/ )§Q(§2/2)(C+V5i)(yi — yit1)]v(de)

+

<C . E[VSTXQ(E2/2(§))(C+V5i)(yi —yit1]v(de).
+

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

n
/dyr“/dyn [ s i yis1)®
i=0

n

5C‘”E[H(Vgi)_x/ﬁ(dcl)---/ﬁ(dcn)/dyl---/dyn

i=1

X H ‘1(52/(2;))@,+VS )()’z - yl+1):|
i=1

:C‘”E[]_[(V({i)_va(dcl)---
i=1
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X f V(den)d @200 v v (Y0~ y"+1)]

(o)

i=1

1/2
X (E[/ i(dcl) U / v(dcn)q(ZEZ/(Z{)) Z?:[(ci+vgi)(y0 - Yn+l)]> .

Notice that V is a Lévy processes, therefore, ) !, Vsi,- has the same law as
V1448, SO

E[/ U(dcl) v /v(an)q(ZEZ/(zo) Z?=1(0i+Vaii)(y0 - yn+l):|
- E|:/ i(dcl) e /v(an)q(ZEZ/(Qé-))(Z:lzl Ci+V81+~-+6n)(y0 - yn+1)]

2
SE[/V(dcl)---/i(dcn)_Z m ¢ :|
o iz ¢i + Voi4ets,)
2¢ 1 C¢
SrzE[V ]5—2 et eh
o Sittsnd 0 (81t +8n)
The last inequality is a consequence of (7.10). Again by (7.10),

n 1/2 n .
<E|:H(V5ii)—2x§i|) — H(E[(V(Sii)—ZX(])I/Z < c" HS;X{/h

i=1 i=1 i=1
so (7.15) is proved. [J

(7.16)

We give now a probabilistic representation for the density of the solution of
(Ey). We consider the Poisson process J of parameter A = 1 with jump times
{7i;i € N}, and a sequence of i.i.d. standard normal random variables (A ;) jeN.

First, note that using the mean value theorem, we can rewrite (7.11) as

=2
~ o
6;(x, )7 (x) :CU.AI; /2 Lio2(0)ac2(y) <u<o?(x)vo(y)) S8 (X, ¥)
+Ja

X E[01yc102(yyv, (* — ¥)]duv(dc).
Here, we define
1, if o2(x) > az(y),
sgn_(x,y) =
o (6, ) ! “1.ifo@) <o)

Therefore, we have that if we consider U; ~ Unif[o2,52] an i.i.d. sequence of
random variables independent of all other random variables, we can represent
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0,(x, y); (x) as
0, (x, )] (x)

C
=2 6% - oY)

X /R 50y (X, ME[L52 () r02() <0 z02(x)vo2 (1)

1.1 _
X o200y, & VUctar v, (X — y]v(de).

Here, h'! is the Hermite polynomial defined in (7.5). In this case, the approximat-
ing Markov chain is defined as Y;"" (y) =
1/2
YT () = YET ) + A (Ui Zi + 02 (Y™ (0) (Ve — Vi) 2.

The corresponding weight is given by
Cy,_ T
r7(y) = (f(a2 - 22))
x [ Iseny (Y27 (). Yo7 (1))

X o2y em (A2 (V™ () <V 202 (VT (Ve (VET (7))

1,1 *,7T
X hUiZi'f'Uz(Y:,"ﬂ()’))Vt( Tl+1(y) Y (y))

COROLLARY 7.10. Under the hypothesis of Theorem 7.9, we have

T(y)
prix.y)=e’ [pT o YT O)TTO]
YET(y)
drpr(x.y)=e Elocpr T, (x. YET(M)TFO)].

7.3.1. Examples of Lévy measures. We conclude this section with two exam-
ples of Lévy measures that satisfy Hypotheses 7.3 and 7.4.

EXAMPLE 7.11. Letcg = k™" for some p > 1 and define the discrete measure
v(de) =Y 32 8¢ (do).

We verify that all the hypotheses required in Section 7.3 are satisfied in this
example. First of all, we consider Hypothesis 7.3. Clearly, v(R;) = oo, and if
p > 1then [cdv(c) < oo.

Now we verify Hypothesis 7.4. One has n,(a) = card{k:cy > a} = [a=1/P] —
1(a~Y? € N) for a > 0. We define n,(a) = a~V/P_ Then clearly 1, satisfies the
Hypothesis 7.4 with h = %. Furthermore, s ~1/7y, (%) —n/,(u) converges uniformly



3134 V.BALLY AND A. KOHATSU-HIGA

to zero as s — oo. Then as 1, < 7/, then Hypothesis 7.4 is verified for n, with
h= %. So we may use Corollary 7.10 or Theorem 7.9 for equations with «-Holder

2(p=1)
P

coefficient o with o > and the Lévy measure u,(du) = g, (u) du with

_ 2
qv(u)——_ka/z e,

EXAMPLE 7.12. We consider the measure v(dc) = 1[0,1](c)c_(1+ﬂ) dc with
1 < B <1 Then v(Ry) = oo and [ cdv(c) < 0o. One has n,(a) = %(a—ﬁ -1
for a € (0, 1) so that Hypothesis 7.4 holds with 2 = 8 € [0, 1). Therefore, Corol-
lary 7.10 or Theorem 7.9 can be applied for an «-Holder coefficient o with
o € (2(1 — B), 1). One may also compute

1
y TPV dy

ul=P\/ 2 /1;2/2

so we have the following asymptotic behavior around O for ¢, :

qv(u) =

28 2% B—1,—y
li = e Vd .
er%u qv(u) \/2_/0 yooe y < 00

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

8. Some conclusions and final remarks. The parametrix method has been a
successful method in the mathematical analysis of fundamental solutions of PDEs
and we wanted to show the reader the possibility of other directions of possible
generalization. One of them is to use the current set-up to introduce stochastic
processes representing a variety of different operators which are generated by a
parametrized operator L*. Therefore, allowing the stochastic representation for
various nontrivial operators.

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.

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 repre-
sentations 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 vari-
ous other representations which may lead to variance reduction methods. Prelim-
inary 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.
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APPENDIX

A.1l. On some Beta type coefficients. For 7o € R, a € [0,1), b > —1 and
n € N, define

10 fn—1 n—l
ca(to, a, b) ::fo dtlm/o dipt? [Tt —tj40 7
j=0

LEMMA A.1. Leta<]0,1)andb > —1. Then we have

n(to, a b)<tb+n(1—a)F(1+b)Fn(1_a) > l_b'
R =10 [14+b+n(l—a)] l—a

In particular, for b =0,

n(l—ay T"(1—a)

(Al) Cn(t(), a) = Cn(t(), a, b) < ZO m forn > (1 — a)_l.

PROOF. Letb > —1 and 0 <a < 1 and use the change of variable s = ut so
that

t 1
/ (t—s)_”sbds=tb+1_a/ A —uw) U’ du ="' B +b,1 — a),
0 0

where B(x,y) = fol t*~1(1—1)¥~ 1 dt is the standard Beta function and b+ 1 —a >
—1. Using this repeatedly, we obtain

n—1
cntosa,b) =15 O T B +b+i(1 —a), 1 —a)

i=0
_ bni—a) ra+nred-a
0 F(+b+n(l-a)
The last equality being a consequence of the identity B(x, y) = %{L(yy)) The func-
tion I"(x) is increasing for x > 2 so the result follows. Letting b = 0, we get (A.1).

O

A.2. Some properties of Gaussian type kernels. In this section, we intro-
duce some preliminary estimates concerning Gaussian kernels. We consider a
d dimensional square symmetric nonnegative definite matrix a. We assume that
0<al <a <al for a, a € R and we define p, := . The Gaussian density of
mean zero and covariance matrix a is denoted by

[ISHESY]

S NP G T )
qa(y)—(zﬂ)d/zmexp( Sl v y))-
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For a strictly positive real number A, we abuse the notation, denoting by g, (y) =
qa(y) for a = Al where [ is the identity matrix. In particular, g; is the standard
Gaussian kernel on R¢. Then we have the following immediate inequalities:

42
(i qs<y>s(—) a()  Vs<t,
(A2) S
(i) 07%qu(y) < () < 0¥ qa(y).

We define for a € R?*?, the Hermite polynomials in R? as

Him=-@"y".  HIn)=@"y'(@"y) — "
Direct computations give
(A3) 0iqa() = Hy(»qa(y), 7 ;0a(y) = Hy/ ()qa ().

We will use the following basic estimates.

LEMMA A.2. For a € [0, 1], we have for all i, j € {1,...,d}, y € RY and
t>0,

. 1
@ 1107 j9ra )] = Cary=o 92 (y)  and
(A4)
.. 1
(i1) Iyl"‘\aiqm(y)! = Cém%a/z()’)
with
= 2pa)a" @) * (dpa + 1), C.=a""da) T2 (2p,)4.

PROOF. We have

2
ij |yl 1
so that
L yl” (Iy)?
91102 100 = —=75 t“/2< 1))
We use (A.2) and we obtain
dj2 dj2 |)’|2
qra(y) < ;" "qra(y) = 2pa)™'“ exp T4 qra2(y).

We may find a constant ¢, such that v*e~V < ¢, for every O <A <2+ «a. Using
this inequality twice with A = 242'“ and A = 5 and for v = 4m | y|2 we obtain

y1%107 j91a (9| < %(4 )42 (404 + Dgran(y).

The proof of (ii) is similar. [
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LEMMA A.3. Let0<s' <s" andy € R then

2s” s =
g0 () — v ()] = —,qs~<y)( : )
S S

PROOF. Using the fact that g solves the heat equation, we have using (A.2)
and (A.4)

1

S// s// s// 1
4w =g = [ Palds =3 [ @2amlds<c [ qpds
S S S

s s" 1 2s" s”
(AS) < [Savpo [ ds < —/qs/«y)ln(—,)
S s’ S A S
2s” s” 2s" s —s'
= 7qsv(y)ln<1+<?—l))§ 7%//@)( = )

From here, the result follows. [
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