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On martingale problems and Feller processes
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Abstract

Let A be a pseudo-differential operator with negative definite symbol ¢. In this paper
we establish a sufficient condition such that the well-posedness of the (A4, C°(RY))-
martingale problem implies that the unique solution to the martingale problem is
a Feller process. This provides a proof of a former claim by van Casteren. As an
application we prove new existence and uniqueness results for Lévy-driven stochastic
differential equations and stable-like processes with unbounded coefficients.
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1 Introduction

Let (L¢):>0 be a k-dimensional Lévy process with characteristic exponent 1 : R¢ = C
and o : RY — R%** a continuous function which is at most of linear growth. It is known
that there is a intimate correspondence between the Lévy-driven stochastic differential
equation (SDE)

dX; = o(X;—)dLy, Xo ~ p, (1.1)

and the pseudo-differential operator A with symbol g(z, ) := (o (z)7¢), i.e.
Af@) == [ aw O s, fe R,z e R,
R

where f denotes the Fourier transform of a smooth function f with compact support.
Kurtz [6] proved that the existence of a unique weak solution to the SDE for any initial
distribution 1 is equivalent to the well-posedness of the (A4, C2°(R¢))-martingale problem.
Recently, we have shown in [7] that a unique solution to the martingale problem - or,
equivalently, to the SDE (1.1) - is a Feller process if the Lévy measure v satisfies

|z| =00

v({y € R*;|o(z) -y + x| < r)}) 0 forall >0
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which is equivalent to saying that A maps C2°(R?) into C (R%), the space of continuous
functions vanishing at infinity.

In this paper, we are interested in the following more general question: Consider a
pseudo-differential operator A with continuous negative definite symbol g,

y#0

such that the (A, C>°(R¢))-martingale problem is well-posed, i.e. for any initial distri-
bution u there exists a unique solution to the (A4, C2°(R¢))-martingale problem. Under
which assumptions does the well-posedness of the (A, C°(R?))-martingale problem imply
that the unique solution to the martingale problem is a Feller process? Since the infinites-
imal generator of the solution is, when restricted to C°(R%), the pseudo-differential
operator 4, it is clear that A has to satisfy Af € C(R?) for all f € C°(R%). In a paper
by van Casteren [17] it was claimed that this mapping property of A already implies
that the solution is a Feller process; however, this result turned out to be wrong, see [1,
Example 2.27(ii)] for a counterexample. Our main result states van Casteren’s claim is
correct if the symbol ¢ satisfies a certain growth condition; the required definitions will
be explained in Section 2.

Theorem 1.1. Let A be a pseudo-differential operator with continuous negative definite
symbol q such that q(-,0) = 0 and the (A, C>°(R?))-martingale problem is well-posed. If
A maps C*(RY) into Co (RY) and

lim  sup |q(z,8)| < oo, (G)

|z[—00 ] <|z| 1

then the solution (X,;):>o to the martingale problem is a conservative rich Feller process
with symbol g, i. e. (X;):>0 is a conservative Feller process and the infinitesimal generator
(L,D(L)) associated with (X;);>o satisfies Lf = Af for any f € C°(R%) C D(L).

Remark 1.2. (i). If the martingale problem is well-posed and A(C°(R%)) C Cu (RY),
then the solution is a Cj-Feller process, i.e. the associated semigroup (7});>0
satisfies T} : Cy(R?) — Cy(RY) for all t > 0. The growth condition (G) is needed
to prove the Feller property; that is, to show that 7; f vanishes at infinity for any
f€Cx(RY) and t > 0.

(ii). There is a partial converse to Theorem 1.1: If (X;);>¢ is a Feller process and
C>(RY) is a core for the generator A of (X;);>o, then the (A4, C°(R?))-martingale
problem is well-posed, see e.g. [5, Theorem 4.10.3] or [11, Theorem 1.37] for a
proof.

(iii). The mapping property A(C°(R%)) C Cx(R?) can be equivalently formulated in
terms of the symbol ¢ and its characteristics, cf. Lemma 2.1.

(iv). For the particular case that A is the pseudo-differential operator associated with
the SDE (1.1), i.e. q(z,¢) = ¥(o(x)T€), we recover [7, Theorem 1.1]. Note that the
growth condition (G) is automatically satisfied for any function o which is at most
of linear growth.

(v). If one of the conditions in Theorem 1.1 is violated - i.e. A does not map C°(R%)
into Coo(]Rd) or the growth condition (G) is not satisfied - then, in general, the
unique solution fails to be a Feller process. The following (counter)examples are
taken from [5, Exercise 4.1.2] (see also [1, Example 2.27]) and [15, Remark 3.4].
Example I: The process

x

X, =
! V14 ta?
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is the unique solution to the SDE
dX, = —-X}dt, Xo=u=,

and, hence, also the unique solution to the martingale problem for the pseudo-
differential operator A with symbol ¢(z,¢) := iz3¢. As X; — 1/v/2t as 2 — oo
it follows easily that (X;);>o does not satisfy the Feller property; this is not a
contradiction to Theorem 1.1 since the growth condition (G) is violated.

Example II: Let (N;);>o be a Poisson process. The SDE
de, = _Xt— dNt, XO =X,

has a unique strong solution, and therefore the martingale problem for the pseudo-
differential operator with symbol ¢(z,£) = 1 —e~%¢ is well-posed. However, (X;);>0
is not a Feller process since it does not satisfy the Feller property. Indeed: Choose
a function u € Co (RY), u > 0, such that u(0) = 1. As

P*(X; = 0) > P(N; > 1)

we have
E*u(X:) > uw(0)P(N: > 1) = P(N; > 1),

and so E?u(X;) does not converge to 0 as |z| — oco. This is not a contradiction to
Theorem 1.1 since A does not map C>°(R%) into Cu (R?); this follows e.g. from
Lemma 2.1(i).

Although it is, in general, hard to prove the well-posedness of a martingale problem,
Theorem 1.1 is very useful since it allows us to use localization techniques for martin-
gale problems to establish new existence results for Feller processes with unbounded
coefficients.

Corollary 1.3. Let A be a pseudo-differential operator with symbol q such that ¢(-,0) = 0,
A(CX(RY)) C Cuo(R?Y) and

lim  sup |gq(z,8)] < 0.
lwl=o0 g <[] -1

Assume that there exists a sequence (qi)rew of symbols such that g, (z, &) = q(z, ) for
all |x| < k, £ € R%, and the pseudo-differential operator A, with symbol g;, maps C°(R%)
into Oy (RY). If the (Ay, C°(R%))-martingale problem is well posed for all k > 1, then
there exists conservative rich Feller process (X;);>o with symbol ¢, and (X;);>¢ is the
unique solution to the (A, C2°(R%))-martingale problem.

The paper is organized as follows. After introducing basic notation and definitions
in Section 2, we prove Theorem 1.1 and Corollary 1.3. In Section 4 we present applica-
tions and examples; in particular we obtain new existence and uniqueness results for
Lévy-driven stochastic differential equations and stable-like processes with unbounded
coefficients.

2 Preliminaries

We consider R? endowed with the Borel o-algebra B(R%) and write B(z,r) for the
open ball centered at z € R¢ with radius r > 0; ]RdA is the one-point compactification
of R?. If a certain statement holds for x € R? with |z| sufficiently large, we write
“for |z| > 1”. For a metric space (F,d) we denote by C(F) the space of continuous
functions f: E — R; C(E) (resp. Cp(F)) is the space of continuous functions which
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vanish at infinity (resp. are bounded). A function f : [0,00) — E is in the Skorohod
space D([0,0), E) if f is right-continuous and has left-hand limits in F. We will always
consider E = R or E = R{.

An FE-valued Markov process (2, 4, P*, x € E, X;,t > 0) with cadlag (right-continuous
with left-hand limits) sample paths is called a Feller process if the associated semigroup
(Tt)i>0 defined by

Tif(x) =E*f(X;), x€E, febBy(F):={f:F — R;fbounded, Borel measurable}

has the Feller property, i.e. T,f € Co(E) for all f € Coo(E), and (T})¢>0 is strongly

t—0

continuous at t = 0, i.e. ||Tif — fllo — 0 for any f € C«(FE). Following [13]
we call a Markov process (X;);>o with cadlag sample paths a Cj-Feller process if
T,(Cy(E)) C Cy(E) for all t > 0. An R4 -valued Markov process with semigroup (7})>0 is
conservative if Ty1ga = 1ra forall £ > 0.

If the smooth functions with compact support CgO(Rd) are contained in the domain
of the generator (L,D(L)) of a Feller process (X;);>o, then we speak of a rich Feller
process. A result due to von Waldenfels and Courrege, cf. [1, Theorem 2.21], states that
the generator L of an R%-valued rich Feller process is, when restricted to C2°(R%), a
pseudo-differential operator with negative definite symbol:

Lf(x) = — /R (e, &) f(€)de, | e CP(RY), 7 € R
where f(¢) := Ff(€) := (21) "% [pa e "¢ f(2) dv denotes the Fourier transform of f and

006 = a(e,0) ~ib@) £+ 56 Q@I [ (1=t E o (uD) vl ). @)
We call ¢ the symbol of the Feller process (X;);>o and of the pseudo-differential
operator; (b,Q,v) are the characteristics of the symbol ¢q. For each fixed z € RY,
(b(z), Q(x),v(z,dy)) is a Lévy triplet, i.e. b(z) € RY, Q(z) € R¥*? is a symmetric positive
semidefinite matrix and v(x,dy) a o-finite measure on (R4\{0}, B(R?\{0})) satisfying
fy;ﬁo min{|y|?, 1} v(z,dy) < co. We use ¢(x, D) to denote the pseudo-differential operator
L with continuous negative definite symbol g. A family of continuous negative definite
functions (q(x,)),cre is locally bounded if for any compact set K C R¢ there exists ¢ > 0
such that |q(z,€)] < ¢(1 + |¢[?) forall x € K, £ € RY. By [14, Lemma 2.1, Remark 2.2],
this is equivalent to

VKgB#mt:amQ«%w+wun+Qun+/
reK

(Jy? A1) u(a:,dy)) <o, (2.2)
y#0

If (2.2) holds for K = R¢, we say that ¢ has bounded coefficients. We will frequently use
the following result.

Lemma 2.1. Let L be a pseudo-differential operator with continuous negative definite
symbol ¢ and characteristics (b,Q,v). Assume that ¢(-,0) = 0 and that q is locally
bounded.

(@) lim|;00 Lf(z) = 0 forall f € C*(RY) if, and only if,

lim v(z,B(—z,r))=0  forall r>0. (2.3)

|z|—o00

(i1). Iflim|g| o0 SUP|¢|<|—2 | Regq(x, §)| = 0, then (2.3) holds.
(iii). L(C>=(R%)) C C(RY) if, and only if, x — q(z, ) is continuous for all ¢ € R4,

EJP 23 (2018), paper 13. http://www.imstat.org/ejp/
Page 4/18


http://dx.doi.org/10.1214/18-EJP142
http://www.imstat.org/ejp/

On martingale problems and Feller processes

For a proof of Lemma 2.1(i),(ii) see [1, Lemma 3.26] or [8, Theorem 1.27]; 2.1(iii)
goes back to Schilling [13, Theorem 4.4], see also [10, Theorem A.1].

If the symbol ¢ of a rich Feller process (L;);>o does not depend on z, i.e. ¢(z, &) = ¢q(£),
then (L;);>0 is a Lévy process. This is equivalent to saying that (L;);>¢ has stationary
and independent increments and cadlag sample paths. The symbol ¢ = ¢(¢) is called
characteristic exponent. Our standard reference for Lévy processes is the monograph
[12] by Sato. Weak uniqueness holds for the Lévy-driven stochastic differential equation
(SDE, for short)

dX; = o(Xi—)dLy, Xo ~ u,
if any two weak solutions of the SDE have the same finite-dimensional distributions. We
refer the reader to Situ [16] for further details.

Let (A, D) be a linear operator with domain D C B,(FE) and p a probability measure
on (E,B(E)). A d-dimensional stochastic process (X;);>o, defined on a probability space
(Q, A, IP*), with cadlag sample paths is a solution to the (A, D)-martingale problem with
initial distribution p, if Xy ~ p and

MY = (X)) — F(Xo) - /0 Af(X)ds, >0,

is a P#-martingale with respect to the canonical filtration of (X,);>o for any f € D.
By considering the measure Q" induced by (X;);>o on D([0,00), F) we may assume
without loss of generality that 2 = D([0, 00), E) is the Skorohod space and X;(w) := w(t)
the canonical process. The (A, D)-martingale problem is well-posed if for any initial
distribution u there exists a unique (in the sense of finite-dimensional distributions)
solution to the (A4, D)-martingale problem with initial distribution u. For a comprehensive
study of martingale problems see [2, Chapter 4].

3 Proof of the main results

In order to prove Theorem 1.1 we need the following statement which allows us to
formulate the linear growth condition (G) in terms of the characteristics.

Lemma 3.1. Let (¢(z,-)),cre be a family of continuous negative definite functions with
characteristics (b, Q,v) such that ¢(-,0) = 0. Then

limsup sup |q(=,€)] < oo (G)

lz| =00 |€]<[|x| "

if, and only if, there exists an absolute constant ¢ > 0 such that each of the following
conditions is satisfied for |z| > 1.

(1). ‘b(x) + flg\y\<|x|/2 yv(z,dy)| < c(l+ |z]).
). Q@) + [, <iay 2 W12 vz dy) < c(1 + [2]2).
(iii). v(z, {y € R |yl > 1V |z|/2}) <ec.

If (G) holds and q is locally bounded, cf. (2.2), then (i)—(iii) hold for all x € Re.

Proof. First we prove that (i)-(iii) are sufficient for (G). Because of (i) and (ii) it suffices
to show that

P, ) = / e iy Lo (D) vt )
Yy

satisfies the linear growth condition (G). Using the elementary estimates

‘ ) 1
|1,e”l'§|§2 and |1—e’y'5+iy-£\§§|f|2|y|2
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we find

e :
, < viz,d 2 viz,d
POl [ v [ ey

ly|>|x|/2

for all |z| > 1 which implies by (ii) and (iii) that

limsup sup |[p(z,§)| < oo.

|z|—oo [§]<|a|~*

It remains to prove that (G) implies (i)-(iii). For (ii) and (iii) we use a similar idea as in
[13, proof of Theorem 4.4]. It is known that the function g defined by

1 1 I r d
== —_— ————]d R
g(n) B /(o,oo) (2rr)ar? exp ( o 5 T, nel,

has a finite second moment, i.e. [, [n]>g(n) dn < oo, and satisfies

|2? /
= 1 —cos(n- d 3.1
FREE Rd( cos(n - z))g(n) dn (3.1
for all z € R%. As 2
z 1
inf — >0
|z|1§1/2 1+ 22 5 o

we obtain by applying Tonelli’s theorem

s {uilol 2 el 2p < [

lyl>lel/2 1

(#
B /|y|2|x/2 /le (1 m 77|33|y> gln) v, du)
ol 1)

()l <2 suwp [R(QIL+[E),  ¢eR,
cI<t

Since

for any continuous negative definite function v, cf. [1, Proposition 2.17d)], we get

q (x |fj|> ‘ /}Rd(l + [n[*)g(n) dn,

and this gives (iii) for |z| > 1. Next we prove (ii). First of all, we note that

0 <& Q)¢ <Regq(x,§) < [q(x, &)
and therefore |Q(z)| < ¢(1 + |z|?) is a direct consequence of (G). On the other hand,
: 1 4 1
TR R S 5Ial
lyi<lal/2 |22 +[y[? — 5

v(z, {y; ly| > |=|/2}) < 10 sup
<1

implies that
wl)?
41 / 5 ly|? (m)
L 2 vz, dy) < / W, dy) = AV, dy).
5l Jyy<lgl i<zl |zf2 + [y]? wi<lg 1 4 (I \)2
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Using (3.1) and applying Tonelli’s theorem once more, we find

5 7]
[ Pty < i [ Req () st dn
lyI<lzl/2 Rd |z

(o 50)] [0+ Pt dn

and (ii) follows. Finally, as (ii) and (iii) imply that

q(z, &) —i§ - (b(x)Jr/1< - /QyV(w,dy)>

see the first part of the proof, a straightforward application of the triangle inequality

gives
ig- )+ | yv(e, dy)
1<]y|<|z|/2

which proves (i). O

Hence,

)
[ o) < 3P sup
lyl<|z|/2 l€l<1

limsup sup
lz]—oo [€]<|z|~t

< 00,

limsup sup < 00

lz|—oo [§]<|a|~*

Corollary 3.2. Let A be a pseudo-differential operator with continuous negative definite
symbol q such that q(-,0) = 0. If A maps C>°(R?) into C,(R?) and q satisfies the linear
growth condition (G), then there exists for any initial distribution u a solution to the
(A, C>(R%))-martingale problem which is conservative.

Proof. As A(C®(R%)) C C(R?) and A satisfies the positive maximum principle, it fol-
lows from [2, Theorem 4.5.4] that there exists an R4 -valued solution to the (A4, C2°(R%))-
martingale problem with initial distribution p := §,. By considering the probability
measure induced by (X;);>0 on the Skorohod space D([0, ), R4 ), we may assume with-
out loss of generality that X;(w) := w(t) is the canonical process on 2 := D(]0, 00), R4 ).
Lemma 3.1 implies that

lim sup sup |¢(z,€)| <oo  forall x € RY

"0 |z—a|<2r €| <r—t

and therefore [10, Corollary 3.2] shows that the solution with initial distribution §, does
not explode in finite time with probability 1. By construction, see [2, proof of Theorem
4.5.4], the mapping x — P*(B) is measurable for all B € FX := o(X;;t > 0). If we define

PH(B) := /}Rd P*(B) u(dx), Be€FX

then P gives rise to a conservative solution to the (A4, C>°(R¢))-martingale problem
with initial condition u. O

In Section 4 we will formulate Corollary 3.2 for solutions of stochastic differential
equations, cf. Theorem 4.1. The next result is an important step to prove Theorem 1.1.

Lemma 3.3. Let L be a pseudo-differential operator with continuous negative definite
symbol p and characteristics (b, Q,v) such that p(-,0) = 0 and L(C°(R%)) C Cuo(RY).
Assume that v(z, {y € R%;|y| > |x|/2}) = 0 for |x| > 1 and

limsup sup [|p(z,€)] < oc. (G)

lz|—o0 |€]<[|x| "
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(i). For any initial distribution yi there exists a probability measure P* on D([0, ), R%)
such that the canonical process (Y;);>o solves the (L,C>°(R?))-martingale problem
and

PH(B) = /IPI(B)M(dx) forall B € FY :=o(Yi;t > 0). (3.2)

(ii). Foranyt >0, R > 0 and ¢ > 0 there exist constants ¢ > 0 and 6 > 0 such that
P+ <1réff |Ys| < R) <e (3.3)

for any initial distribution p such that pu(B(0, )) < .
(iii). Foranyt > 0, ¢ > 0 and any compact set K C R? there exists R > 0 such that

p(KC) <

< % — P~ (sup|Ys| > R) <e. (3.4)

s<t

Proof. (i) is a direct consequence of Corollary 3.2; we have to prove (ii) and (iii). To
keep notation simple we show the result only in dimension d = 1. Since L maps C°(R)
into C(R), the symbol p is locally bounded, cf. [1, Proposition 2.27(d)], and therefore
Lemma 3.1 shows that 3.1(i)-(iii) hold for all = € R. Set u(x) := 1/(1 + |z|?), € R, then

|/ ()| < 2Jz|u(x)®> and  |u’(z)] < 6u(x)®> forall <€ R. (3.5)

Clearly,

Lu(x)| < I + I where

b@y+/‘ y (e, dy)
1<]y|<|z|/2

/‘ (u(z + y) — u() — o (2)y) v(z, dy)
y<l|z/2

= (@) + 31Q)] ()

12 =

forall |z| > 1. By Lemma 3.1 and (3.5) there exists a constant ¢; > 0 such that I < cju(x)
for all x € R. On the other hand, Taylor’s formula shows

1 /
By [ R Q) vy
lyl<lzl/2

for some intermediate value ( = {(x,y) between x and x + y. Since |y| < |z|/2, we have
[¢] > |z|/2; hence, by (3.5),

[u”(Q)] < 6u(¢)? < 24u(x)>.

Applying Lemma 3.1, we find that there exists a constant c; > 0 such that
I, < 24u(x)2/ ly|? v(z, dy) < cou(x).
lyl<l|z|/2

Consequently, |Lu(x)| < (¢1 + c2)u(z) for all |z| > 1. As Lu is bounded and u is bounded
away from 0 on compact sets, we can choose a constant c3 > 0 such that

|Lu(z)| < csu(xz)  forall z € R. (%)

Define 7 := inf{t > 0;|Y;| < R}. Using a standard truncation and stopping technique it
follows that

Efu(Yiprg, ) — EFu(Yy) = E# (/(0 Lu(Ys) ds> .

ANTR)
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Hence, by (%),

Efu(Yiarg) < EFu(Yy) + esEX </ u(Ysnrn) ds> )
0

t)
An application of Gronwall’s inequality shows that there exists a constant C' > 0 such
that

Efu(Yinr,) < eC'EBFu(Yy)  forall ¢ > 0.

By the Markov inequality, this implies that

1
P (inf [Vl < R ) < PH(Yinral < B) < PHul¥inra)  u(R) < 7 BPulVinca)

~ u(R)

< €CtEHu(Y0).

u(R)
If p is an initial distribution such that u(B(0, 0)) < d, then E*u(Yy) < § + o~2. Choosing
o sufficiently large and § > 0 sufficiently small, we get (3.3). The proof of (iii) is similar.
If we set v(z) := 2% + 1, then there exists by Lemma 3.1 a constant ¢ > 0 such that
|Lv(z)] < cv(z) for all # € R. Applying Gronwall’s inequality another time, we find a
constant C' > 0 such that

]E”U(}/t/\o'R) S eCtE‘uv(%)a t 2 07
where o := inf{t > 0; |Y;| > R} denotes the exit time from the ball B(0, R). Hence, by
the Markov inequality,

P (Sup |Y,| > R) < P*(v(Yinon) = v(R)) < eCTEF(Y).

1
et v(R)
In particular we can choose for any compact set K C R and any € > 0 some R > 0 such
that
pe (squs| > R) << forall z€K.
s<t 2

Now if p is an initial distribution such that u(K¢) < ¢/2, then, by (3.2),

P (supm > R) = [ ¥ (supm > R) i)+ [ v (sup|y;| > R) ()
K c

s<t s<t s<t
<48 O
-2 2
For the proof of Theorem 1.1 we will use the following result which follows e. g. from
[4, Theorem 4.1.16, Proof of Corollary 4.6.4].

Lemma 3.4. Let A be a pseudo-differential operator with negative definite symbol g
such that A : C*°(R?Y) — Cy(RY). If the (A, C>°(R?))-martingale problem is well-posed
and the unique solution (X;);>o satisfies the compact containment condition

=00

sup P <sup | Xs| > 7') —0
reEK s<t

for any compact set K C R?, then x ~ IE* f(X;) is continuous for all f € C(RY).
Now we are ready to prove Theorem 1.1.

Proof of Theorem 1.1. The well-posedness implies that the solution (X;);>¢ is a Markov
process, see e.d. [2, Theorem 4.4.2], and by Corollary 3.2 the (unique) solution is
conservative. In order to prove that (X;);>¢ is a Feller process, we have to show that the
semigroup T} f(z) := E? f(X;), f € Cs(R?), has the following properties, cf. [1, Lemma
1.4]:
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(i). continuity at t = 0: T f(x) — f(z) ast — 0 for any = € R? and f € C..(R?).
(ii). Feller property: T;(Cs(R%)) C Cuo(RY) for all t > 0.

The first property is a direct consequence of the right-continuity of the sample paths and
the dominated convergence theorem. Since we know that the martingale problem is well
posed, it suffices to construct a solution to the martingale problem satisfying (ii). Write
v(z,dy) = vs(x, dy) + v (z, dy) where

vs(x, B) := 1 v(x,d v(z,B) = 1 v(x.d
(B /y|<1vm/2 ply) vl dy) o B) /ylzlle/Z 5 (y) vz, dy)

are the small jumps and large jumps, respectively, and denote by p the symbol with
characteristics (b, @Q,v;). By Corollary 3.2 there exists for any initial distribution x a
conservative solution to the (p(z, D), C>°(R¢))-martingale problem, and the solution
satisfies 3.3(ii) and 3.3(iii). Using the same reasoning as in [2, proof of Proposition
4.10.2] it is possible to show that we can use interlacing to construct a solution to the
(A, C2°(R%))-martingale problem with initial distribution y = §,:
k
X = Z }/t(f‘?'k]l[Tk»Tkﬁ—l)(t)
k>0
where
o Tp:=1inf{t > 0; N, = k} = Zle o, are the jump times of a Poisson process (NV;);>o
with intensity A := sup,cga vi(z, RA\{0}), i.e. 0; ~ Exp()\) are independent and
identically distributed. Note that A < oo by Lemma 3.1.

. (Yt(k’”’“))fzo = (Yt(k))tzo is a solution to the (p(x, D), C2°(R%))-martingale problem
with initial distribution

s (B) = iE( [ 156+ v medn) + O - (e RA©))5(B)

for k > 1 and j(dy) := 6, (dy). Moreover, Y *) and (0;);>x+1 are independent for
all k£ > 0.

* P? is a probability measure which depends on the initial distribution u = §, of
(Xt)t>o0-

Note that if we define a linear operator P by

P(z) = / f+ v uledy) + A —n(zRAON)f(2),  feCn(®Y, 2R (3.7)

then (3.4) implies that

Ok—1—

E* (Y F) = %]Ex(Pf(Y(k_l))) forall f e By(R%), k> 1. (3.8)

Before we proceed with the proof, let us give a remark on the construction of (X;);>o. The
intensity of the Poisson process (IV;);>o, which triggers the “large jumps”, is A = sup, A(z)
where \(z) := v(z, R9\{0}) is the “state-space dependent intensity” of the large jumps.
Roughly speaking the second term on the right-hand side of (3.6) is needed to thin out
the large jumps; with probability A™1IE®((\ — )\(Y(k_l) )) there is no large jump at time

Ok—1—

ok—1, and therefore the effective jump intensity at time ¢t = 04— is A(Y;fjlll).

We will prove that (X;);>¢ has the Feller property. To this end, we first show that for
anyt >0, e >0, k> 1 and any compact set K C R? there exists R > 0 such that

P* <sup |y k)| > R> <e forall ze K,j=0,... k; (3.9)

s<t
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we prove (3.9) by induction. Note that p; = p;(z) depends on the initial distribution of
(Xt)e>o0-

Base (k = 0): This is a direct consequence of Lemma 3.3(ii) since po(dy) = §,(dy).
Inductive step (k — k + 1): Because of Lemma 3.3(ii) and the induction hypothesis, it
suffices to show that there exists C' C R¢ compact such that P=(Y "1+ ¢ 0y < 2/2
for all x € K. Choose m > 0 sufficiently large such that P*(c;, > m) < &’ := ¢/8, and
choose R > 0 such that (3.9) holds with € := ¢/, t := m. Then, by (3.8) and our choice of
R,

T k 1 T k
P (Y ) > ) = A ((PﬂB(o,r)C)(Yék)—D

| (k)
S (]l{supsgm \Ys(k)\SR}(P]IB(OW)C)(YU’“_))
which implies forr > R, x € K
z k+1
Pe(|yy ) > 1)

1
< e + XEJE (ﬂ{sup3<m \Ys(k)lﬁR} [/ ]lB(O.,r)C(Ya(fZ + y) Vl(Ya(f)fv dy) + 2)‘]13(0,7")0(}/0(;]5))])

1 m k)
<3+ <E° (1, . / / v(V,\F) dy) Pe (dt
A\ ( {sup, <, [YA¥|<R} o Jiyisr—r (Y; ) k( )

1
<3+ 3 ‘s‘u<pRV(z, B(0,r — R)).
EIRS

The second term on the right-hand side converges to 0 as r — oo, cf. [13, Theorem 4.4]
or [10, Theorem A.1], and therefore we can choose r > 0 sufficiently large such that
PV > r) <4’ =¢/2forall z € K.

This finishes the proof of (3.9). For fixed ¢ > 0 choose a number k£ > 1 such that
P*(N; > k + 1) < e. By definition of (X;);>0 and (3.9), we get

Ys(j’“j)

ZR} +e<(k+1)e.

k

sup P <sup|X3| > R) < sup P* U {sup
reK s<t e K 0 s<t
Thus, by Lemma 3.4, z — T;f(z) = E*f(X;) is continuous for any f € C,(R%). It
remains to show that 7} f vanishes at infinity; to this end we will show that for any r > 0,
€ > 0 there exists a constant M > 0 such that

P <Hé£ | Xs| < r> <e forall |z| > M. (3.10)

It follows from Lemma 3.1 and the very definition of A that P f defined in (3.7) is bounded
and

Pf()) < / (@ + )| (e, dy) + / (@ + )| (e, dy) + 20 ()]

lz+y|<r |z+y|>r

< flloov (2, B(=2, 7)) + A sup [f(2)] + 2A[f ()]

[z|>7
Jolzee, ) sup |f(z)] == 0,
|z|>r
i.e. Pf vanishes at infinity for any f € C.,(R?%). We claim that for any k > 0, ¢ >0, ¢ > 0
and r > 0 there exists a constant M > 0 such that

P® <iréft|YS(j>“f)| < 7") <e forall j=0,...k |z| > M. (3.11)
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We prove (3.11) by induction.

Base (k = 0): This follows from Lemma 3.3(ii) since p(dy) = 6, (dy).
Inductive step (K — k£ + 1): For fixed » > 0 choose § > 0 and ¢ > 0 as in 3.3(ii). By
3.3(ii) it suffices to show that there exists M > 0 such that

wr+1(B(0,0)) <6 for all |z| > M. (*)

(Note that pg+1 = pr+1(x) depends on the initial distribution of (X;);>¢.) Pick a cut-off
function x € C°(R%) such that 15(9,,) < X < 15(0,0+1), then by (3.6),

« k+1, | ki
i1 (B(0, 0)) < B x(Yg ) = BT (P (Y )).
If || Px|loo = O this proves (x). If |Px||~ is strictly larger than 0, then we can choose
m > 1 such that P*(oy > m) < §/(2]|Px||)- Since Py vanishes at infinity, we have
sup|.>r [Px(2)| < Ad/4 for R > 0 sufficiently large. By the induction hypothesis, there
exists M > 0 such that (3.11) holds with € := A§/4, r := R and ¢ := m. Then

1
B2 (P) (V5] < P (V5] < R) [Pxloe + sup [Px(2)] < 578
lzI>R

for all s < m and |z| > M, and therefore

IN

1 i |, : «
pe (B0, 0)) = TE(PY)(Yy ™)) < JE ( /( )me(i“““)lpak(ds))

IN

)

R L (A AR

2 (m,00)

This finishes the proof of (3.11). For fixed ¢ > 0 and ¢ > 0 choose k£ > 1 such that
P*(N; > k+1) <e. Choose M > 0 asin (3.11), then

k
P*(|X:| < R) <P” U{;gft|y;<j><}z} +e<2 forall |z| > M.

Jj=0

Consequently, we have shown that (X;);>¢ is a Feller process. Since (X;);>o solves the
(A, C°(R?))-martingale problem, we have

E*u(Xipre) — u(z) = BT (/(0 Au(X,) ds) , u € C°(RY),

JAATE)

where 77 := inf{¢t > 0;|X; — 2| > r} denotes the exit time from the ball B(z,r). Using
that A(C°(RY)) C Coo(RY), it is not difficult to see that the generator of (X;);>o is, when
restricted to C°(R?), a pseudo-differential operator with symbol ¢, see e.g. [7, Proof of
Theorem 3.5, Step 2] for details. This means that (X;):>¢ is a rich Feller process with
symbol q. O

Proof of Corollary 1.3. By Corollary 3.2 there exists for any initial distribution p a solu-
tion to the (A, C2°(R?))-martingale problem, and by assumption the martingale problem
for the pseudo-differential operator A, with symbol ¢; is well-posed. Therefore [3, Theo-
rem 5.3], see also [2, Theorem 4.6.2], shows that the (A4, C>°(R%))-martingale problem is
well-posed. Now the assertion follows from Theorem 1.1. O
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4 Applications

In this section we apply our results to Lévy-driven stochastic differential equations
(SDEs) and stable-like processes. Corollary 3.2 gives the following general existence
result for weak solutions to Lévy-driven SDEs.

Theorem 4.1. Let (L;);>0 be a k-dimensional Lévy process with characteristic exponent
1 and Lévy triplet (b,Q,v). Let £ : R? — R%, o : R? — R%** be continuous functions
which grow at most linearly. If

v({y e R¥;|o(x) -y + x| < 7)) =2 g foranl > 0, 4.1)
then the SDE
dXt :£<Xt_)dt+0'(Xt_)st, XO ~ (42)

has for any initial distribution p a weak solution (X;);>o which is conservative.

Note that (4.1) is, in particular, satisfied if

lim  sup |Rev(o(z)T€)| =0,

|z[ =00 |¢|<|z| -1

e.g. if o is at most of sublinear growth, cf. Lemma 2.1(ii).

Proof. Denote by A the pseudo-differential operator with symbol
q(x,€) == —il(z) - £+ (a(x)TE).

Since q is locally bounded and z + q(z, £) is continuous for all ¢ € R it follows from (4.2)
that A(C®(R%)) C Coo(RY), cf. Lemma 2.1. Because ¢, o are at most of linear growth,
q satisfies the growth condition (G). Applying Corollary 3.2 we find that there exists a
conservative solution (X;)¢>o to the (A, C2°(R¢))-martingale problem. By [6], (X;):>0 is
a weak solution to the SDE (4.2). O

For « € (0,1] we denote by

c&ﬂﬁmwyz{fzﬂwﬁmmvmekﬁ sup V@)_ﬂ@|<a}

ly—z|<1 ‘y7x|a

C*(R%,R"™) :={ f: R — R”;supw o
oty |y —|®

the space of (locally) Holder continuous functions with Holder exponent «.

Theorem 4.2. Let (L;);>o be a k-dimensional Lévy process with Lévy triplet (b, Q), v) and
characteristic exponent ). Suppose that there exist «, 8 € (0, 1] such that the Lévy-driven
SDE

dXy = f(Xi—)dt + g(Xi—) dLy, Xo~p

has a unique weak solution for any initial distribution 1 and any two bounded functions
f e C*(R%RY) and g € CP(RY, R***) such that

lg(z)"¢l > cl¢], ¢eR%zeR?
for some constant ¢ > 0. Then the SDE

dXt = E(th) dt + O'(Xt,)st, X() ~
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has a unique weak solution for any { € C2_(R% R%), o € C° (R? R?**) which are at

loc
most of linear growth and satisfy

|z|— 00

v({y e R*;|o(z) -y + x| <r}) ——=0 forall r>0 (4.3)
and
Vn € N 3¢, > 0V|z| <n, 6 € R o(x)TE| > enlé). (4.4)

The unique weak solution is a conservative rich Feller process with symbol
q(w,€) == —il(z) - £ +(o(2)7E), xR’

Proof. Let ¢ € C2 (R?, R%) and o € C_(R?, R%*) be two functions which grow at most
linearly and satisfy (4.3), (4.4). Lemma 2.1 shows that the pseudo-differential operator A
with symbol ¢ satisfies A(C>°(R?)) C O (R?). Moreover, since o, ¢ are at most of linear
growth, the growth condition (G) is clearly satisfied. Set

to(z) = L), |x| < k and (z) = o(x), || < K,
R é(kﬁ), 2| > k TR = a(k‘%l) 2| > k.

By assumption, the SDE
dXt :gk(th)dt-f—O'k(Xt,)st, XO ~ U,

has a unique weak solution for any initial distribution x for all £ > 1. By [6] (see also
[7, Lemma 3.3]) this implies that the (A, C2°(R%))-martingale problem for the pseudo-
differential operator with symbol g (, §) := —ily () - € + (o (7)T€) is well-posed. Since
oy, is bounded, we have

|z|—o00

v({y € R¥;|og(z) -y + 2| <r}) ——=0 forall r >0,

and therefore Lemma 2.1 shows that A; maps C>°(R?) into C,,(R?). Now the assertion
follows from Corollary 1.3. O

Applying Theorem 4.2 we obtain the following generalization of [9, Corollary 4.7],
see also [11, Theorem 5.23].

Theorem 4.3. Let (L;);>o be a one-dimensional Lévy process such that its characteristic
exponent 1 satisfies the following conditions:

(i). v has a holomorphic extension ¥ to
U:={z€C;|Imz| <m}U{z € C\{0};argz € (=9,9) U (7 — 9,7 +9)}

for some m > 0 and 9 € (0,7/2).
(ii). There exist o € (0,2], 5 € (1,2) and constants ¢y, c2 > 0 such that

ReW(z) > ¢i|Rez|®  forall z €U, |z| > 1,

and
“1/(2’)| < CQ(‘Z|Q]1{|Z|S1} + |Z‘ﬁ]l{|z|>1}), zeU.

(iii). There exists a constant c3 > 0 such that |V'(z)| < c3|2|°~! forall z € U,

z| > 1.
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N Lm

—-im

Figure 1: The domain U = U(m,¥) for m > 0 (left) and m = 0 (right).

Let/:R — R and o : R — (0,00) be two locally Holder continuous functions which grow
at most linearly. If

v({z;lo(x)y + x| <r}) =g forall v > 0,
then the SDE
dXt ZE(Xt_)dt—FO'(Xt_)st, XQ ~ W,

has a unique weak solution for any initial distribution p. The unique solution is a
conservative rich Feller process with symbol q(x, &) := —il(x)§ + ¢ (o(z)E).

Proof. [9, Corollary 4.7] shows that the assumptions of Theorem 4.2 are satisfied, and
this proves the assertion. O

Theorem 4.3 applies, for instance, to Lévy processes with the following characteristic
exponents:

(i). (isotropic stable) (&) = |£]%, £ € R, a € (1, 2],

(ii).
(iii).

(iv).

().

(relativistic stable) 1(¢) = (|¢]? + 02)*/%2 — 0%, £ € R, 0> 0, a € (1,2),

(Lamperti stable) ¢¥(£) = (|€> + 0)a — (0)a, £ € R, 0 > 0, a € (1/2,1), where
(r)o :=T'(r + a)/T'(r) denotes the Pochhammer symbol,

(truncated Lévy process) 1(¢) = (|€|? + 0%)%/? cos(aarctan(o![¢])) — 0%, € € R,
a€(1,2), 0>0,

(normal tempered stable) (&) = (k2 + (£ —ib)?)*/% — (k2 = b*)*/%, £ € R, a € (1,2),
b>0, k| > b

For further examples of Lévy processes satisfying the assumptions of Theorem 4.3 we
refer to [9, 11].

We close this section with two further applications of Corollary 1.3. The first is an
existence result for Feller processes with symbols of the form p(z, ) = ¢(z)q(x,&). Recall
that p(z, D) denotes the pseudo-differential operator with symbol p.

Theorem 4.4. Let A be a pseudo-differential operator with symbol q such that q(-,0) =0,
A(C(R)) € Cuoc(RY) and

lim  sup |g(z,&)] < 0.

|z]—=00 || <|a| -1
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Assume that for any continuous bdd. function o : R? — (0, 0) the (o(z)q(z, D), C(RY))-
martingale problem for the pseudo-differential operator with symbol o(x)q(x, &) is well-
posed. If p : R? — (0, 00) is a continuous function such that

lim  sup  (p()]g(z,€)]) < oo, (4.5)
|zl =00 j¢]<|a| -1
and
o(z)v(x, B(—z,1)) 200 forall r> 0, (4.6)

then there exists a conservative rich Feller process (X;);>o with symbol p(z,§) :=
@(x)q(z,€) and (X);>o is the unique solution to the (p(x, D), C>°(R%))-martingale prob-
lem.

Theorem 4.4 is more general than [10, Theorem 4.6]. Indeed: If there exists a rich
Feller process (X;)¢>o with symbol ¢ and C2°(R?) is a core for the infinitesimal generator
of (X¢)i>0, then, by [1, Theorem 4.2], there exists for any continuous bounded function
o > 0 a rich Feller process with symbol o (z)q(x, ) and core C°(R?), and therefore the
(o(z)q(x, D),C(RY))-martingale problem is well-posed, cf. [5, Theorem 4.10.3].

Proof of Theorem 4.4. For given ¢ define

or(z) == (@) po.r) (T) + ¢ (kki) 10,k ().

By assumption, the (¢ (z)g(z, D), C°(R¢))-martingale problem is well-posed. More-
over, the boundedness of ;. and the fact that ¢(z, D)(C>®(R?)) C C.(R?) imply that
or(r)q(x, D) maps C°(RY) into Co (R?). On the other hand, (4.6) gives, by Lemma 2.1,
p(z, D)(C(RY)) C C(RY). Applying Corollary 1.3 proves the assertion. O

Example 4.5. Let ¢ : R? — (0, 00) be a continuous fuction and « : R? — (0,2] a locally
Holder continuous function. If there exists a constant ¢ > 0 such that p(z) < ¢(14 |z|*®))
for all z € RY, then there exists a conservative rich Feller process (X¢)i>0 with symbol

p@,) = @)™,z EeR,
and (X;);>o is the unique solution to the (p(z, D), C2°(R%))-martingale problem.

Indeed: If we set
T
aj(x) = oz(a:)]lB(oJ-)(m) +« jm 10,5 (x),

then [8, Theorem 5.2] shows that for each j > 1 there exists a rich Feller process with
symbol g;(z, &) := |¢|*(®)(x), and that C2°(R?) is a core for the generator. By [1, Theorem
4.2], there exists for any continuous bounded function o > 0 a rich Feller process with
symbol o(z)g;(z,£) and core C>°(R?). This implies that the (o(x)g;(x, D), C>°(R%))-
martingale problem is well posed, see e.g. [5, Theorem 4.10.3] or [8, Theorem 1.37].
Applying Theorem 4.4 we find that there exists a conservative rich Feller process with
symbol p;(z,€) := p(z)g;(z,€), and that the (p;(x, D), C>°(R?))-martingale problem is
well-posed. Now the assertion follows from Corollary 1.3.

Example 4.5 shows that Corollary 1.3 is useful to establish the existence of stable-like

processes with unbounded coefficients. For relativistic stable-like processes we obtain
the following general existence result.
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Theorem 4.6. Let o : RY — (0,2], m : R? — (0,0) and  : R? — (0, 00) be locally Hélder
continuous functions. If

k()
< 4.7
o2n JePm(z)2=a@ =% @7
and
k(z)m(z)e~eim@)/a 117, (4.8)

then there exists a conservative rich Feller process (X;):>o with symbol
a(2,€) = k(@) [(2 + m(@))* D2 = m(@)°@],  z,¢e R,

and (X,);>o is the unique solution to the (¢(z, D), C°(R%))-martingale problem.

Note that x and m do not need to be of linear growth; for instance if inf, a(z) > 0,
then we can choose m(z) := e/*! and x(z) := (1 + |z|¥) for k > 1.

Proof of Theorem 4.6. For a function f : R — R set

fi(2) = F@) (@) + (l)nmm)()

and define
0. €) = (@) [(€2 + ma(a)2)™ 2 = my ()

Since k;, a; and m; are bounded Holder continuous functions which are bounded away
from 0, it follows from [11], see also [8], that the (gx(x, D), C3°(R?))-martingale problem
is well-posed. Consequently, the assertion follows from Corollary 1.3 if we can show that
q satisfies (G) and that the pseudo-differential operators ¢(x, D) and ¢;(z, D), i > 1, map
C°(R?) into Cs (RY). An application of Taylor’s formula yields

S la(e,€)] < (@) (1] 4 m(@)?)" /2 — (m(@)?)" )]
L a(x)

2 2 m(z)*" 72,

< k(x)

and by (4.7) this implies (G). It remains to prove the mapping properties of ¢(z, D) and
qi(z, D). Since z — ¢;(z,£) is continuous and

\at\—>oo
s Ja(e.€) < sl ( inf mlo ) LY
[l< ]z =1
it follows from Lemma 2.1 that g;(x, D)(C>(R%)) C Cu(R?) for all i > 1. To prove
q(z, D)(CX(RY)) C Cu(RY) we note that = +— ¢(z,€) is continuous, and therefore it

suffices to show by Lemma 2.1 that

lim v(z, B(—z,7)) il

|z|—o00

0, r >0,
where v(z, dy) is for each fixed z € R? the Lévy measure of a relativistic stable Lévy
process with parameters (x(z), m(z), a(z)). It is known that v(z, dy) < ck(x)e”¥I™@)/2 gy
on B(0,1)¢, and therefore
v(z, B(—z,r)) < Cﬁ(ﬂ?)/ e~ WIm@)/2 gy = cx(x) (e“‘"”_r‘m(“c)/2 — e_lr+r"”(z)/2) .
B(—z,r)

For |z| > 1 and fixed r > 0 we obtain from Taylor’s formula

v(z, B(—z,7)) < ck(z)m(z)eIeIm@)/4 \ovll;g?o) 0. O
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