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Abstract

Let (Z,);>o be an R"-valued Lévy process. We consider stochastic differential equations of the
form
dX; =o(X " )dz,
Xj=x, xe€ RY,

where & : R — R9*" is Lipschitz continuous. We show that the infinitesimal generator of the
solution process (X} )5, is a pseudo-differential operator whose symbol p : RY x R — C can

be calculated by
PlX7—)TE _q
c— _lim TRX - -
p(x, &)= lgng ; .

For a large class of Feller processes many properties of the sample paths can be derived by
analysing the symbol. It turns out that the process (X;).5, is a Feller process if ¢ is bounded
and that the symbol is of the form p(x, &) = (@ (x)&), where 1) is the characteristic exponent
of the driving Lévy process.
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1 Introduction

Within the last ten years a rich theory concerning the relationship between Feller processes and their
so called symbols which appear in the Fourier representation of their generator has been developed,
see for example the monographs [15; [16} [17] by Jacob or the fundamental contributions by Hoh
[9; [10; 11]] and Kallmann [20Q]; see also [|5] and [[14] for a survey. In this paper we establish a
stochastic formula to calculate the symbol of a class of Markov processes which we then apply to the
solutions of certain stochastic differential equations (SDEs). If the coefficient of the SDE is bounded,
the solution turns out to be a Feller process. As there are different conventions in defining this class
of processes in the literature, let us first fix some terminology: consider a time homogeneous Markov
process (2, 7, (T ) =0, X )es0, P*),cge With state space RY; we will always assume that the process
is normal, i.e. P*(X, = x) = 1. As usual, we can associate with a Markov process a semigroup
(T,)=o of operators on B(IRY) by setting

Tou(x) :=Eu(X,), t>0, xeR.

Denote by C,, = Coo(RY, R) the space of all functions u : R — R which are continuous and vanish
at infinity, lim,|_,,, u(x) = 0; then (Cq, ||-||) is @ Banach space and T, is for every t a contractive,
positivity preserving and sub-Markovian operator on B,(R%). We call (T,)s, a Feller semigroup
and (X,),>o a Feller process if the following conditions are satisfied:

(F1) T;:Cy — Cy, for every t = 0,
(F2) lim,, ||Ttu — u”oo =0 foreveryu € Cy,.

The generator (A, D(A)) is the closed operator given by

Tu—u

Au :=1lim

for ue D(A) 1)
tl0 t

where the domain D(A) consists of all u € C,, for which the limit exists uniformly. Often we
have to assume that D(A) contains sufficiently many functions. This is, for example the case, if

CX CcD(A). R)

A classical result due to Ph. Courrége [[7] shows that, if (R) is fulfilled, A|cgo is a pseudo differential
operator with symbol —p(x, &), i.e. A can be written as

Au(x) = —f e Ep(x, O)U(E)dE, ueCy (2)
R4

where T(&) = (27) 7@ f e_ingu(y)dy denotes the Fourier transform and p : RY x R — C is locally
bounded and, for fixed x, a continuous negative definite function in the sense of Schoenberg in the
co-variable &. This means it admits a Lévy-Khintchine representation

1 T
p(x, &) = —it (x) + 3£ QuE —f (57 =1-iETy 1y o)) N dy) ()
y#0
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where for each x € RY (£(x),Q(x),N(x,dy)) is a Lévy triplet, i.e. £(x) = (Z(j)(x))lsjgd e R4,
Q(x) = (qjk(x))ls jk<d is a symmetric positive semidefinite matrix and N(x,dy) is a measure on
RY \ {0} such that fy;éo(l Aly|?)N(x,dy) < co. The function p(x, &) is called the symbol of the
operator. For details we refer to the treatise by Jacob [[15} [16}; [17].

Combining and the generator A of a Feller process satisfying condition (R)) can be written in
the following way

d
Au(x) zé(x)TVu(x)—i-% D 7 (x0)8;8u(x)
j k=1

+ f (ulx +y) —ux) = y "Vu(x) - 1p,0)(y)) N(x, dy)
y#0

forue Cc"o(]Rd). This is called the integro-differential form of the operator.

An important subclass of Feller processes are Lévy processes. These are processes which have sta-
tionary and independent increments and which are stochastically continuous. For Lévy processes
(Z;)¢>0 it is well known that the characteristic function can be written in the following way

E? (ei(Z[—z)TE) = g0 (eizjf) = ¢ t¥(E)

where v : RY — C is a continuous negative definite function, i.e. it has a Lévy-Khintchine represen-
tation where the Lévy triplet (£,Q, N) does not depend on x.

This is closely connected to the following result. Every Lévy process (Z,),>o with Lévy triplet
(£,Q,N) has the following Lévy-It6 decomposition

Z, =Lt +XZW, +J y (,uz(ds,dy)—dsN(dy)) + Z AZSﬂ{IAZs|>1} 4
[0,e]x{|y]|<1} O<s<t

where £ € RY, % is the unique positive semidefinite square root of Q € R4*¢, (W,),>0 is a standard
Brownian motion, and u? is the Poisson point measure given by the jumps of Z whose intensity
measure is the Lévy measure N. The second and third terms appearing in (4) are martingales,
while the other two terms are of finite variation on compacts. Therefore every Lévy process is a
semimartingale. Note that all four terms are independent.

The generator of a Lévy process is given by

Au(x) = —f e Ep(E)(E)dE, ueC, (5)
Rd

i.e. Lévy processes are exactly those Feller processes whose generator has ‘constant coefficients’.

Every Lévy process has a symbol (that is: a characteristic exponent) v; on the other hand, every
and every Lévy triplet (£,Q, N) defines a Lévy process. For Feller processes the situation is different:
every Feller process satisfying (R)) admits a symbol, but it is not known if every symbol of the form
([B) yields a process. See [14;[17] for a survey. On the other hand it is known that the symbol p(x, &)
can be used to derive many properties of the associated process X.
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In this paper we prove a probabilistic formula for the symbol. We use this formula to calculate the
symbol of the solution of a Lévy driven SDE. Let us give a brief outline how the paper is organized:
in Section 2 we introduce the symbol of a Markov process. It turns out that the symbol which
is defined in a probabilistic way coincides with the analytic (in the sense of pseudo-differential
operators) symbol for the class of Feller processes which satisfy (R). The main result of the paper
can be found in Section 3, where we calculate the symbol of a Feller process, which is given as the
strong solution of a stochastic differential equation. In Section 4 we consider some extensions; these
comprise, in particular, the case

dX* = &(X*)dZ, + ¥(X*)dt, XI=x,

which is often used in applications. We close by using the symbol of the process X* to investigate
some of its path properties.

2 The Symbol of a Markov Process

Definition 2.1. Let X be an R¢-valued Markov process, which is conservative and normal. Fix a
starting point x and define o = o to be the first exit time from the ball of radius R > 0:

o:=o0x:=inf{t>0: HXf —x|| > R}.

The function p : RY x RY — C given by

—)TE _ g
p(x,&):= —lilmIEx _ (6)

tl0 t

is called the symbol of the process, if the limit exists for every x, & € R? independently of the choice
of R > 0.

Remark 2.2. (a) In [30] the following is shown even for the larger class of It0 processes in the
sense of [6]: fix x € RY; if the limit (6) exists for one R, then it exists for every R and the limit is
independent of R.

(b) For fixed x the function p(x,&) is negative definite as a function of £. This can be shown as
follows: for every t > 0 the function & — EXe!*? —*)"¢ i the characteristic function of the random
variable X7 — x. Therefore it is a continuous positive definite function. By Corollary 3.6.10 of
[15] we conclude that & — —(IE"ei(XrT_X)Tg — 1) is a continuous negative definite function. Since
the negative definite functions are a cone which is closed under pointwise limits, (€) shows that
& — p(x, &) is negative definite. Note, however, that £ — p(x, &) is not necessarily continuous.

If X is a Feller process satisfying (R]) the symbol p(x, &) is exactly the negative definite symbol which
appears in the pseudo differential representation of its generator (2)). A posteriori this justifies the
name.

We need three technical lemmas. The first one is known as Dynkin’s formula. It follows from the
well known fact that

t
MM = u(x,) —u(x) - f Au(X,)ds
0
is a martingale for every u € D(A) with respect to every P*, x € RY, see e.g. [25] Proposition VII.1.6.
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Lemma 2.3. Let X be a Feller process and o a stopping time. Then we have
OAt
E* J Au(X;)ds = E*u(Xgp,) —ulx) 7
0

forall t > 0 and u € D(A).

Lemma 2.4. Let Y be an R-valued process, starting a.s. in y, which is right continuous at zero and
bounded. Then we have

1 t
t
0

Proof. It is easy to see that

E(lf (YSy—YOy)ds)
tJo

The result follows from the bounded convergence theorem. O

<E(sup |Ysy—Y()y0.

0<s<t

Lemma 2.5. Let K € R? be a compact set. Let y : RY — R be a smooth cut-off function, i.e.
x € C®(RY) with
1g,0() < x () < lg,h(¥)

for y € RY. Furthermore we define 15 ) = x((y —x)/n) and u};(y) := )(r’l‘(y)eing. Then we have
forallz €K

(s + ) - wi@) - y TV g, )] < € - [y A1)

Proof. Fix a compact set K € RY. An application of Taylor’s formula shows that there exists a
constant Cx > 0 such that

1z + )~ uX@) = ¥ Vu @), 00)] < G (I[P A1) X o],

lal<2

uniformly for all z € K. By the particular choice of the sequence () )< and Leibniz’ rule we obtain
that Zlalsz H&’aui HOO < Z|a|<2 ||3“x HOO (1+ &%), i.e. it is uniformly bounded for all n € IN. O

Theorem 2.6. Let X = (X,);>o be a conservative Feller process satisfying condition (R). Then the
generator A|Ccoo is a pseudo-differential operator with symbol —p(x,&), cf. (2). Let

o:=o0g:=inf{s 2 0: ||X5—x|| > R}. (8)

If x — p(x, &) is continuous, then we have

X7 —0)TE _q
imE* | ————— | = —p(x, ),

tl0 t

i.e. the symbol of the process exists and coincides with the symbol of the generator.
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The assumption that x — p(x, &) is continuous is not a severe restriction. All non-pathological
known examples of Feller processes satisfy this condition. It is always fulfilled, if X has only bounded
jumps, cf. the discussion in [[5]].

Proof of Theorem Let (x; Jnen be the sequence of cut-off functions of Lemma and we write

ex(x) := e*'€ for x,& € RY. By the bounded convergence theorem and Dynkin’s formula (7) we
see

w0\ T .
B (70T 1) = lim (B (X )ec (X Je—g (x) — 1)

= e_(x) lim B (7 (X7 Jeg (X7) = x5 (x)eg (x))
oAt
= e_g(x)nlingo Exf Ay, ee)(Xs)ds
0
oAt

= e_g(x)nli_)lgo Exf Ay, ee)(Xs-)ds.
0

The last equality follows since we are integrating with respect to Lebesgue measure and since a
cadlag process has a.s. a countable number of jumps. Using Lemma and the integro-differential
representation of the generator A it is not hard to see that for all z € K := Bg(x)

1
Alxnegd(@) S ¢y | 1)+ 5 Z Iqjk(Z)|+f (LAlyPIN(z,dy) | A+ IE1)
jok=1 y#0

< ¢, sup sup |p(z, mI(1+[E);
z€K |n|<1

the last estimate follows with (some modifications of) techniques from [28] which we will, for the
readers’ convenience, work out in the Appendix. Being the symbol of a Feller process, p(x,&) is
locally bounded (cf. [[7] Théoréme 3.4). By definition of the stopping time o we know that for
alls < o At we have z = X;_ € Bp(x) = K. Therefore, the integrand A(y, e:)(X;-), s < o At
appearing in the above integral is bounded and we may use the dominated convergence theorem to
interchange limit and integration. This yields

OANt
E* (ei(xg_")Tg - 1) = e_g(x)IE)xf nli_)rgoA()(,’feg)(zNZ:Xs_ ds
0
OAt

= —e_g(x)E* f ez (2)p(2,&)l;—x,_ ds.
0

The second equality follows from [[7]] Sections 3.3 and 3.4. Therefore,

X (ei(xg—x)Tg _ 1) 1t
lim = —e_g(x)lilrgIEx (?f ex (X )p( ;’_,é)ﬂﬂo,g[(s)ds)
t
0

tl0 t

1 t
= —e_g(x)lim[E* (—f eg(XsU)P(XSU,S)ﬂuo,au(s)ds)
tl0 t 0
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since we are integrating with respect to Lebesgue measure. The process X¢ is bounded on the
stochastic interval [0,c0[ and x — p(x,&) is continuous for every £ € RY. Thus, Lemma is
applicable and gives

£ (ei(xf—x)Tg 1
lgg)l " = —e_g(x)ez(x)p(x, &) = —p(x, &). O

Theorem extends an earlier result from [27] where additional assumptions are needed for
p(x,&). An extension to It6 processes is contained in [[30].

3 Calculating the Symbol

Let Z = (Z,),>o be an n-dimensional Lévy process starting at zero with symbol 1y and consider the
following SDE
dX¥ =X} )dz, 9)
Xy =x
where ¢ : RY — RI*" is locally Lipschitz continuous and satisfies the following linear growth
condition: there exists a K > 0 such that for every x € R¢

|8(x)|* < K(1+ |x]?). (10)

Since Z takes values in R" and the solution X* is R%-valued, (9) is a shorthand for the system of
stochastic integral equations

n
x50 =50 4 ) f s(xX_ykdz®, j=1,...,d.
k=1

A minor technical difficulty arises if one takes the starting point into account and if all processes X*
should be defined on the same probability space. The original space (Q,F,(F;);o,P) where the
driving Lévy process is defined is, in general, too small as a source of randomness for the solution
processes. We overcome this problem by enlarging the underlying stochastic basis as in [24]], Section
5.6:

RY x Q, P¥:=¢, xP, x € R4,
Bl ®F, E::ﬂﬁ

u>t

<3| o

where ¢, denotes the Dirac measure in x. A random variable Z defined on 2 is considered to be
extended automatically to Q by Z(w) = Z(w), for w = (x, w).

It is well known that under the local Lipschitz and linear growth conditions imposed above, there
exists a unique conservative solution of the SDE (9), see e.g. [22]] Theorem 34.7 and Corollary 35.3.

Theorem 3.1. The unique strong solution of the SDE () X (w) has the symbol p : R xR - C
given by
p(x, &) = P(2T(x)E)

where ® is the coefficient of the SDE and 1 the symbol of the driving Lévy process.
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Proof. To keep notation simple, we give only the proof for d = n = 1. The multi-dimensional version
is proved along the same lines, the only complication being notational; a detailed account is given

in [I30]. Let o be the stopping time given by (8). Fix x,& € IR. We apply Itd’s formula for jump
processes to the function ez (- — x) = exp(i(- — x)&):

% EX (ei(Xf—x)g _ 1)

1 t o 1 (" -
= ?E"(J R §J g2 om0 d[x 7, X ) 1
0+ 0+
+e X8 Z (eixgg — X8 iie’leg—gAXsU) )
0<s<t

For the first term we get
1 t
S J (ig e ™m—%) dx?
0+

1 t o s

[ S—
-

0
1 (" -
=B (1M 0 () dZ
0+
1 [ o
=7 (ig ™00, I o(-,8)) d(ts) (12)
0+
1 ‘ e
+ = Ex J (igel(Xsf X)£<I>(XS_)]1[[0,O_]](-’S)) d ( Z AZr]l‘{lAZrl?l}) (13)
t 0+ 0<r<s

where we have used the Lévy-Itd decomposition (4)). Since the integrand is bounded, the martingale
terms of yield martingales whose expected value is zero.

First we deal with containing the big jumps. Adding this integral to the third expression on the
right-hand side of we obtain

T Y (ei(Xf_—x)E (em(xrmzsg - 1—{E0(X, )AZ Ty Axs|<1}) ]luo,a]](-,s))

t 0<s<t

1
= —EXJ Hyg(-55—,y)u*(-3ds,dy)
t 10,1 xR\ {0}

1
= —E"J Hy (55—, y)v(-;ds,dy)
t 10,61 xR\ {0}

tl0 1 .
o (e@(x)yi S l€<1>(x)y]l{|y|<1}) Ndy)
R\{0}

where we have used Lemma and the shorthand

Hy e(w;s,y) = ol X7 (@)=x)E (eirb(xs(w))y& —1— if‘I’(Xs(w))y]l{|y|<1}) Lo op(@, ).
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The calculation above uses some well known results about integration with respect to integer valued
random measures, see [[12]] Section II.3, which allow us to integrate ‘under the expectation’ with
respect to the compensating measure v(-;ds,dy) instead of the random measure itself. In the case
of a Lévy process the compensator is of the form v(-;ds,dy) = N(dy)ds, see [[12]] Example 11.4.2.

For the drift part (12 we obtain

1 ‘ (x°
?WJ (ig - X2 R(X, Yo 07 (->5)E) ds
0+

(" e
=&l -Exzf (e B (X )11 o () ds > iELD(x)
0

where we have used Lemma [2.4]in a similar way as in the proof of Theorem 2.6

We can deal with the second expression on the right-hand side of (11) in a similar way, once we
have worked out the square bracket of the process.

X, x7%: = (X3 = [ 006,04z, [e0x,3dz,])”

t
= J q)(Xs—)Z]l[[O,O'}](': S) d [Z: Z]g
0
t
=J (X, )1 o,67(,5) d(Qs)
0
Now we can calculate the limit for the second term

1 ‘ e
ZEXJO (_gZeI(XS_ X)E) d[XU,XU]SC
+

1 t N s
:ZEXL (-g%e' ™" K)d( fo (@(Xr_)fn[[o,aﬂ(-,r)adr)

J’_

= —% E2QE* G f (e R(X )1 g, 0(-5)) ds)
0

£, —% £2Q(x)-

In the end we obtain
1
p(x, &) = —il(2(x)E) + 5(4>(X)€)Q(<I>(X)€)
: f (e @@ — 1 —i(@()E)y - 1)) (1)) N(dy)
y#0

=P (®(x)E).

Note that in the multi-dimensional case the matrix ®(x) has to be transposed, i.e. the symbol of the
solution is Y (® T(x)&). O
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Theorem shows that it is possible to calculate the symbol, even if we do not know whether
the solution process is a Feller process. However, most of the interesting results concerning the
symbol of a process are restricted to Feller processes. Therefore it is interesting to have conditions
guaranteeing that the solution of (9) is a Feller process.

Theorem 3.2. Let Z be a d-dimensional Lévy processes such that Zy = 0. Then the solution of Q) is a
strong Markov process under each P*. Furthermore the solution process is time homogeneous and the
transition semigroups coincide for every P*, x € R{.

Proof. See Protter [|24] Theorem V.32 and [23]] Theorem (5.3). Note that Protter states the theo-
rem only for the special case where the components of the process are independent. However the
independence is not used in the proof. O

Some lengthy calculations lead from Theorem|[3.2|directly to the following result which can be found
in [[1]] Theorem 6.7.2 and, with an alternative proof, in [[30] Theorem 2.49.

Corollary 3.3. If the coefficient ® is bounded, the solution process X of the SDE given by (9) is a Feller
process.

Remark 3.4. In [I30] it is shown that if ® is not bounded the solution of (9) may fail to be a Feller
process. Consider the stochastic integral equation

t
Xt=x—f X,_dN,
0

where N = (N,),>¢ is a standard Poisson process. The solution process starts in x, stays there for an
exponentially distributed waiting time (which is independent of x) and then jumps to zero, where
it remains forever. There exists a time t, > 0 for which P*(X, = x) = P*(X,, =0) = 1/2. For a
function u € C.(RR) with the property u(0) = 1 we obtain

1
E*(u(X,,)) = > for every x ¢ suppu.

Therefore T, u does not vanish at infinity.
Next we show that the solution of the SDE satisfies condition (R) if ¢ is bounded.

Theorem 3.5. Let ® be bounded and locally Lipschitz continuous. In this case the solution X} of the
SDE

t
X, =x +J ®(X,_)dZ, xeRY,
0
fulfills condition (R)), i.e. the test functions are contained in the domain D(A) of the generator A.

Proof. Again we only give the proof in dimension one. The multi-dimensional version is similar. Let
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u € C(R). By Itd’s formula we get
p, o B0 —u)
t
1 X
= “E"(u(X) ~ u(x))

1 ‘ 1 ("
= ?]EX(L u’(XS_)dXS+£J u’(X,_)d[X,X]¢

+ 0+

+ ] (u(xs)—u(Xs_)—u’(Xs-)AXs))-

0<s<t

Since X, = x + fot ®(X,_)dZ; we obtain

t

D, = %E( f u' (X, (X, )dZ + % f (X, )e(X,-)* d[Z, Z];
0

+ 0+

+f f (u &+ 2x,0)y) —u(xs_)—u’(xs_m(xs_)y)uzc;ds,dy))
y#0J0

where u? is the random measure given by the jumps of the Lévy process Z. Next we use the Lévy-Ito
decomposition Z in the first term. The expected value of the integral with respect to the martingale
part of Z is zero, since the integral

J w' (X, )@(X,-)d (zwt + f y (W7 (ds,dy) - dsN(dy)))
0 [0,6]x{|y|<1}

is an L?-martingale. Therefore we obtain

1 (",
Dt=?E u' (X, )®(X,_)d | Lt + Z Azr]l{|AZr|>1}
0

+ 0<r<s

11 ‘
+——FE~ f u”(X,_)d(X,_)d(x%s)
2t 0+

1 x ‘ / Z
+ ? E (u Xs— + @(XS_)_)/) - u(Xs—) —u (Xs—)q)(xs—)y)nu' ( 5 dS, d}’)
y#0J0

We write the jump part of the first term as an integral with respect to u? and add it to the third
term. The integrand

H( 35S, y) = u(Xs— + (b(Xs—)y) - u(Xs—) - u/(Xs—)q)(Xs—)y ]l{ly|<1}

is in the class F ; of Ikeda and Watanabe, [[12] Section II.3, i.e. it is predictable and

E (J J |H(-;s,y)~ v(-,ds,dy)) <00
0 Jy#0
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where v denotes the compensator of y*. Indeed, the measurability criterion is fulfilled because of
the left-continuity of H(-;s, ), the integrability follows from

|u(Xs— + @(X,2)y) —ulX,_) — /(X )@(X, )y ]1{|y|<1}|
< ‘{u(XS_ + o, )y) — u(X, ) — o' (X, )X, )y} 11{|y|<1}‘ 2l Ly oy

1
< Eyz <I>(Xs_)2 ”u//”Oo ]1{|y|<1} + 2 ||ull o ]1{|y|>1}
< (2viiellg,) (y* A1) (lulloo + fJu”]|)

where we used a Taylor expansion for the first term. Therefore H € F ; and we can, ‘under the ex-
pectation’, integrate with respect to the compensator of the random measure instead of the measure
itself, see [[12]] Section II1.3. Thus,

1" 1
D, =~ E* f ' (X, )8, ) ds + Ef u’ (X, )®(X,_)%* ds
0+ 0+

1 t
+ ? E J J (u X5+ (I)(Xs—)y) - u(Xs—) - u/(Xs—)(I)(Xs—)y]l{ly|<1}) dSN(d.y)
y#0J0

Since we are integrating with respect to Lebesgue measure and since the paths of a cadlag process
have only countably many jumps we get

1 ! 1 ‘
D, = - EXJ u'(X)®(X,)l ds + o E* f u”(X,)®(X,)x?ds
0 0

1 t
+ ?EXJ f (U(Xs +¢(Xs)y)_u(Xs)_u/(Xs)q)(Xs)y]l{|y|<1})N(dy)ds-
0 Jy#0

The change of the order of integration is again justified by the estimate of |H|. By Lemma we
see that

w L (x)9(x) + ézzu”(x)@(xf

+ J (ux +@C)y) = uCe) = ()@Y - 1)y <y ) N(dY):
y#0

As a function of x, the limit is continuous and vanishes at infinity. Therefore the test functions are
contained in the domain, cf. Sato [26]] Lemma 31.7. O

Remark 3.6. In the one-dimensional case the following weaker condition is sufficient to guaran-
tee that the test functions are contained in the domain of the solution. Let ® be locally Lipschitz
continuous satisfying (10) and assume that

X — sup € C(R). (14)

rejoap X +A®(x)

The products u’® and u” & are bounded for every continuous ®, because u has compact support. The
only other step in the proof of Theorem [3.5| which requires the boundedness of @ is the estimate of
|H| in order to get H € Fl}.
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However, implies that for every r > 0 there exists some R > 0 such that
|x + A®(x)| >r forall |x| >R, A<€]0,1]. (15)

Therefore, see the proof of Theorem (3.5, we can use Taylor’s formula to get

|H(';x: .y)|]l{|y|<1} = {u(Xs— + ‘I’(Xs—)J’) - u(Xs—) - u/(Xs—)é(Xs—)y} ]l{ly|<1}

1 2
< Eyzé(Xs_) U’ (X;- + 9y (X)) Ly <y

for some ¢ €]0,1[. Set A := ¥ -y and pick r such that suppu” c B,(0); then shows that
d(X,_)*u”’(X,_ +9y®(X,_)) is bounded.

Combining our results, we obtain the following existence result for Feller processes.

Corollary 3.7. For every negative definite symbol having the following structure

p(x, &) = (& '(x)E)

where 1) : R" — C is a continuous negative definite function and ® : RY — R¥" is bounded and
Lipschitz continuous, there exists a unique Feller process X*. The domain D(A) of the infinitesimal
generator A contains the test functions C° = C°(R") and Alcé)o is a pseudo-differential operator with
symbol —p(x, &).

We close this section by mentioning that in a certain sense our investigations of the SDE (9] cannot
be generalized. For this we cite the following theorem by Jacod and Protter [19] which is a converse
to our above considerations.

Theorem 3.8. Let (Q,5F,(F,);>0,P) be a filtered probability space with a semimartingale Z. Let
f € B(R) such that f is never zero and is such that for every x € R the equation (9) has a unique
(strong) solution X*. If each of the processes X~ is a time homogeneous Markov process with the same
transition semigroup then Z is a Lévy process.

4 Examples

In the case d = 1 we obtain results for various processes which are used most often in applications:

Corollary 4.1. Let Z', ..., Z" be independent Lévy processes with symbols (i.e. characteristic exponents)
P1,...,, and let ®',... ®" be bounded and Lipschitz continuous functions on R. Then the SDE

— &l 1
XX = ' (X )dZ} +- -+ ®"(XF )dZ!

16
K= (16)

has a unique solution X* which is a Feller process and admits the symbol

p(e, &)=Y Y (#(x)), x,E€R.
j=1
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Proof. This follows directly from the multi-dimensional case of Theorem 3.1 if one writes the SDE
(©) in the form
1
Zt
dx, = (®!,...,8")(X,_)d
z;

Xy =x. O

Example 4.2 (Lévy plus Lebesgue). Let &, ¥ : R — R be bounded and Lipschitz continuous and
(Z;)>0 be a one-dimensional Lévy process with symbol 7). The unique solution process X* of the
SDE
dX¥ = &(X* )dZ, + w(X* )dt
X)=x
has the symbol p(x, &) = Y (®(x)&) — i(¥(x)&). Note that the driving processes dX; and dt are
independent since the latter is deterministic.

(17)

Example 4.3 (Wiener plus Lebesgue). Let &, ¥ : R — R be bounded and Lipschitz continuous and
(W,);>0 be a one-dimensional Brownian motion. The unique solution process X* of the SDE
dX = ®(X;_ )dW, + ¥(X )dt

18
X = x (18)

has the symbol p(x, &) = [®(x)|*|E]* — i U(x)E.
Example 4.4 (Symmetric a-stable). Let (Z});»p, j = 1,...,n, be independent symmetric one-
dimensional a;-stable Lévy processes, i.e. the characteristic exponents are of the form (&) = |§ |%i
with a; € (0,2], and let ®; : R — R be bounded and Lipschitz continuous. The unique solution
process X* of the SDE
dX} =& (X7 )dz! +---+ &, (X7 )dZ]
Xy =x

has the symbol p(x, &) = 3.1, |&;(x)| - £]%.

(19)

5 Some Applications

Using the symbol of a Feller Process it is possible to introduce so-called indices which are general-
izations of the Blumenthal-Getoor index f3 for a Lévy process, see e.g. [28}; [14]. These indices can
be used to obtain results about the global behaviour and the paths of the process.

Remark 5.1. It is shown in [13] Lemma 5.2, see also Lemma [6.1]in the Appendix, that

|2

y
| - =J (1—cos(y"p)) ga(p)dp
1+|y[" e
where
1 (*® 2
g4(p)= EJ (2ra)"42e Pl /CD22 45, p e R\ {0). (20)
0

It is straightforward to see that f]Rd\{O} ol g(p)dp < oo forall j=0,1,2,...
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Let p(x, &), x, & € RY, be the symbol of a Markov process. Set

00 pe e
H(x,R):= sup sup (f Rep (y, ) glp)dp + ‘ (y, —) ) (21)
ly—x|<2rlel<1 \J oo R

with the function g = g; from Remark[5.1] If the symbol satisfies the following sector-type condition,
|Imp(x §)| < ¢y Rep(x, &), we set

e
h(x,R):= inf supRep (y, —) (22)
|y—x|<2R |el<1 4KR

where x := (4arctan(1/2c,)) " .

Definition 5.2. Let p(x, &), x, & € RY be the symbol of a Markov process. Then

B = inf{)& > 0:limsupR*H(x,R) = O}
R—0

is the generalized upper index at infinity. If |[Im p(x, &)| < ¢ - Rep(x, &), then

Bo :=sup {A =0: limsupRA sup H(x,R) = O}

R—0o0 xeR4

is the generalized upper index at zero.
In a similar fashion one can define lower versions of these indices using the function h(x,R) and

lim inf which are useful for fine properties of the sample paths, cf. [[28] for details. Here we restrict
our attention to 33 and f3,. The next lemma helps to simplify the Deﬁnition

(5)

Proof. The estimate H(x,R) Z sup|,_y|<2r SUPje|<1 ’ p ( Y, }%)‘ follows immediately from (21)). Since

Lemma 5.3. H(x,R) =< sup sup for allR > 0 and x € R%.

ly—x|<2Re|<1

& — p(x, &) is negative definite, the square root is subadditive, cf. [3]],

VIp(x, € +m) < VIp(xe, E) + 4/ Ip(x, n)

and we conclude that for all R, p > 0 and y € R¢

sup ‘p (y, < sup (\/ y, Lp \/‘p y, (p—LlpD5 ).)
le|<1 le]<1
e
<2 sup ’p (y, —)‘ (1+p).
lel<1 R
Since ffooo(l +p)? g(p)dp < 0o, the lemma follows. O
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Example 5.4. (a) For a d-dimensional symmetric a-stable Lévy process the symbol is given by
p(x, &) = (&) =|E]%, x, & € RY. In this case B, =aand 3 = a.

(b) The symbol p(x, &) = |£]*™), x, & € R, where a : R — [0, 2] is Lipschitz continuous and satisfies
0 < a=infa(x) <supa(x) < a < 2, corresponds to the so-called stable-like Feller process, cf. [2].
In this case 8, = a(x) and , = a.

Lemma 5.5. The only continuous negative definite function vanishing at infinity is constantly zero.

Proof. Let 1 be a continuous negative definite function which vanishes at infinity. For every € > 0
there exists some R > 0 such that |y(&)| < €2/4 if |E] > R. For every y € Bg(0) there exist two

vectors &, € Bg(0)° such that y = & 4+ 7. By the sub-additivity of 4/ |1/)~ we obtain

S| = Ve +m| < @]+ /|[vm)] <e

which completes the proof. O

We can now simplify the calculation of the upper index. The assumptions of the following proposi-
tion are trivially satisfied by any Feller process satisfying condition (R), cf. [7].

Proposition 5.6. Let p(x, &) be a non-trivial (i.e. non-constant) symbol of a Markov process which is
locally bounded. The generalized upper index 33 can be calculated in the following way

log |p(v,n)
BX = B(x):=limsup  sup log |p(y,m|
[nl—oo ly=x|<2/[a|  log]n|

Proof. First we show that 8(x) € [0, 2]. Fix x € R%. For |fr)} > 1 we have only to consider points y
such that } y - x| < 2. The argument used in the proof of Lemma can be modified to prove that

p(,mI<h(y)-(1+In?), h(y)= 4|sél|1<p1 Ip(y, &)l

Since p(y, n) is locally bounded, we see there exists a constant C > 0 such that

2
log|p(y,m)| _log(2C) +log|n|” _ log(2C)
log n| log |n| log [n]

The right-hand side tends to 2 as {nl — 00. This shows that (x) < 2. In order to see that f(x) = 0,

we note that
log|p(y,m)| _ log|p(x,m)|

yx<2la] log|n| ~  log|n|

Because of Lemma there exists a & > 0 such that for every R > 0 there is some & with || = R
and |p(x,§)| > §. Therefore,

lo X, logé
lim sup M = limsup 8

=0,
il log|n| g oee log|n]
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and we conclude that $(x) = 0.
In view of Lemma 5.3} B3 = fB(x) follows, if we can show that

. SUP_y |<a/12) [P €))
lim sup 5 =
|£]—00 13

according to A > f(x) or A < B(x). Let h € R. Then

SUpP|,—y <2/l [P &)
|x—y| ;if}dh ) = exp (log ( sup |p(y,§)~) - (ﬁ(x)+h) logla)
€l |x—y|<2/I€]

ex SUP|y—x|<2/l¢| log }P(y,§)|
’ log]Z|

0 or o0

—ﬁ(X)) -loglil—h-loglil) :

Taking the limsup for || — oo of this expression, the inner bracket converges to zero since 5(x) €
[0,2] as we have seen above. This means there exists some r = r;, > 0 such that for everyR > r

s P2 log P, 0| oo | <"
EI=R log|£]

Thus, if h > 0,

SUP|_y|<aje) [P(Y: €))

lim sup < limsup exp(log(|€] /%)) = 0;
|El—o0 [ €00
ifh<o,
SUP|—y|<a/iz| [PV E)
lim sup =] ﬁélf)llh { = limsup exp(log(|§|_h/z)) = 00,
|00 €] |&|—o00
which completes the proof. O

Theorem 5.7. Let X be a solution process of the SDE (9) with d = n and where the linear mapping
£ — ®'(y)E is bijective for every y € RY. If the driving Lévy process has the non-constant symbol
and index /533, then the solution X of the SDE has, for every x € RY, the upper index B = [g’;é

Proof. Fix x € RY. We use the characterization of the index from Proposition

log [p(y,m)
B}, =limsup  sup M
[nl—co [y—x|<2/la]  10g|n]

From Theorem we know that p(x, &) = (@ (x)&). Therefore,

log|y(2"(y)n)| _ log|v(2"(y)n)| log|®T(x)n]
log|n| log|®T(x)n| log|n|
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where the second factor is bounded from above and below, since the function  — ¢ '(x)n is
bijective. Consequently,

- log |1(2"(y)n)|
B, =limsup  sup = .
Inloe y—x|<2/[a]  log|@TCe)n]
By Lemma 1 does not vanish at infinity. In particular there exists an € > 0 and a sequence
(&, )nen such that \5,1{ — o0 and |¢(§n)| > ¢ for every n € IN. Since 1 — ®'(x)n is linear and

bijective there exists a sequence (7),,),ey such that 1,[)(<I>T(x)nn)| > ¢ for every n € IN and |nn| — 00.
In order to calculate the upper limit it is, therefore, enough to consider the set

{neR: |Y(@"(x)n)| > e}. (23)
We write
log |4 (@"(y)n)|
sup
y—xl<2/n| log|® ()|
_ SUPy x|/ [o] 108 [ (@7 Im)| —log [(@TIM|  log|y(@TCx)m)|
log|<I>T(x)n| 108\‘1’T(X)77~ .

(24)

Denoting the local Lipschitz constant of y — ®(y) in a neighbourhood of x by L, = 0, we obtain for
|y = x| <2/n]

[0 = Com| < |n] - [e() — @] <[] - Le |y - x| <2Ls.

It follows that the numerator of the first term on the right-hand side of (24)) is bounded on the set
because the function y — log } y| is uniformly continuous on [¢,00[; for the second term we

obtain
_logly@'aom)|  log|ly(®)|
lim sup = =limsup ———— = 82
In|—co 108 }<I> (x)n) |00 10g[E]
since the function 1 — ¢ '(x)7 is bijective and linear. O

Remark 5.8. In order to obtain 5 < /5;‘; in the case d < n it is sufficient to demand that ®(y) never
vanishes.

We will first use this theorem to derive a result on the (strong) y-variation of the process X.

Definition 5.9. If y €]0, oo and g is an R9-valued function on the interval [a, b] then
V7(g;[a,b]) =sup > |g(t;) — g(t;_1)|"
[

where the supremum is taken over all partitions 7w, = (a =ty < t; <...<t, = b) of [a, b] is called
the (strong) y-variation of g on [a, b].
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Corollary 5.10. Let X* = (X))o be the solution of the SDE (9) where Z is a Lévy process with
characteristic exponent 1. Denote by 33 the generalized upper index of X. Then

VI(X*;[0,T]) <oo P*-as. forevery T >0

if y > sup, B,
In the situation of Theorem E7| the index sup, 3 = [3’;/; where /33; is the upper index of the driving
Lévy process.

Proof of Corollary[5.10} Since X is a strong Markov process we can use a criterion for the finiteness
of y-variations due to Manstavi¢ius [21]]. Consider for h € [0,T] and r > 0

a(h,r)zsup{IPx(|Xt—x| >r):xeRY,0< t<(hAT)}
Xs—x| ?r).

Using Lemma 4.1 and Lemma 5.1 in [28]] we obtain

< sup sup P*¥ ( sup

t<h yeRd 0<s<t

IPx(sup {Xs—x|>r) <C-t sup sup

0<s<t |y—x|<2r lels1

()

where C = 0 is independent of x and t. Hence,

e
alh,r)<supsup C-t sup sup|p (y, —)
t<h xeRd |y—x|<2rlels1 r

/(2))

< C-h sup ( sup sup |p(y,n)|).
xeRe \ |n|<@/r) |y—x|<(2/|n])

SC-hsup( sup sup
|

xeR? \ |y—x|<2rlels1

From Lemma [5.3|we know that for every A > sup, B

SR/ P )| _
Inj—o0 )n|l B

Therefore we find for every x a compact set K such that

sup  |p(ym)|<C-|n|" <€
|y—x|<2/|n]

on the complement of K. Since the right-hand side is independent of x, there exists an ry > 0 such

that for all r €]0, r,] we have
1

. h
a(h,r)SC-C-7
r

which means that X° (o = ag) is in the class M(1,sup, B3) of ManstaviCius. The result follows
from [21]] Theorem 1.3, as R 1 co. O
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We can use the indices to obtain information on the Hélder and growth behaviour of the solution of
the SDE (9). As usual, we write (X. — X)} 1= supp<,<; |Xs - x{.

Corollary 5.11. Let X* = (X}),5o be the solution of the SDE (9) where Z is a Lévy process with
characteristic exponent v satisfying the sector condition |Im(&)| < coRep (&) for some constant
co > 0. Denote by 5 and [3, the generalized upper indices of X. Then

lim e V2 (X, —x)f =0 if A>supBy and lim t V(X —x) =0 if 0<A<p,.
t—0 x t—00

Under the assumptions of Theorem sup, % is the upper index of the driving Lévy process: [5;’2

Proof. This is a combination of Proposition [5.6|and Theorem [5.7]with the abstract result from [28]],
Theorems 4.3 and 4.6. For the growth result as t — oo we need the sector condition for the symbol
p(x, &) which is directly inherited from the sector condition of 1. Note that one can identify values
for A by using, in general different, indices such that the above limits become +o0. O

Let us finally indicate how we can measure the ‘smoothness’ of the sample paths of the solution of
the SDE (9). Since we deal with cadlag-functions, in general, the right scale of function spaces are
(polynomially weighted) Besov spaces By (LP((1 + t2)"*/2 dt)) with parameters p,q € (0, c0] and
s, u > 0. We refer to the monographs by Triebel [31]] and the survey [|8] by DeVore for details. Note
that information on Besov regularity is important if one is interested in the effectiveness of numerical
adaptive algorithms for the solutions of an SDE. In a deterministic context this is discussed in [8]].

Corollary 5.12. Let X* = (X),5¢ be the solution of the SDE (9) where Z is a Lévy process with non-
degenerate (i.e. non-constant) characteristic exponent 1. Denote by B and f3, the generalized upper
indices of X. Then we have almost surely

1 1
{t =X} eB(LP(1+2)#2dt)) if s-supip,q,BL} <1 and “>/3_+_'
y o P

In particular we get locally

{t =X} €BY(1P(dt)) if s-supip,q,pL} <1
y

and
{tfo}qu;’l“(LP(dt)) if sp>1.

Proof. This is a consequence of Theorems 4.2 and 6.5 in [29]. Note that, although all statements are
in terms of Feller processes, only the existence of a symbol of the underlying process is required. In
[29] we assume that the smoothness index s satisfies the condition s > (p~! — 1)™. This restriction
can be easily overcome by using the imbedding BZ(LP ) — BI(LP) which holds for all s > ¢, all
p €(0,00] and all r,q € (0, 0], see [31]], vol. III, Theorem 1.97. O
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6 Appendix

For the readers’ convenience we collect in this appendix some variations on standard estimates for
symbols of Feller processes. They are based on methods from [[28] and can also be found in [30].
For the rest of the paper we use the notation H f H x ‘= SUP,ek |f(2)| where | - | can be a vector or
matrix norm.

Lemma 6.1. We have

>

T+ J (1 - COS(J’TP)) glp)dp, yeRS,

where g(p) = %f;o(ZnA)_d/z emIPPP/24 o=2/2 4 i integrable and has absolute moments of arbitrary
order.

Proof. The Tonelli-Fubini Theorem and a change of variables show for k € IN,

1 o0
J ol*g(p)dp = Ef (27r7t)d/zf lple P22 dp ™22
0

= %f (an)_d/ZJAk/2|n|ke_"2/zkd/2dn e M2d
0

o0

= %(zﬁ)—d/zf |n|ke_|"|2/2 dn J )L(k+d)/2 e_x/z da,
0

i.e., g has absolute moments of any order. Moreover, the elementary formula
e MyPI2 — (an)—d/ZJ e IPlP/22 iy p dp
and Fubini’s Theorem yield

ly[? 1 (% Ay /2 ,—2/2
L ety gy
1+ |y| 2 J,

(e¢]
= % f f(27'cl)_d/2(1 — eV P) e IPPI22 =212 4 g
0

= J (1-e™"?) g(p)dp.

The assertion follows since the left-hand side is real-valued. O

Lemma 6.2. Let p(x,£) be a negative definite symbol of the form with Lévy triplet
(0(x),Q(x),N(x,dy)) and let K c R? be a compact set or K = RI. Then the following assertions
are equivalent.

@ ||pC, &) Sc,(1+1EP),  EeRY
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) Nlellx +llQllx +

< 00;
K

ly|*
N(-,dy)
J;,;éo 1+ |)’|2

(c) sup sup |p(x, E)[ < oo.
lEl<1 xeK

If one, hence all, of the above conditions hold, there exists a constant ¢ > 0 such that

ly[?
N(-,dy)
L;ﬁo 1+ |J’|2

eIk + IRk + < ¢ sup sup [p(x, E)|.

lEI<1 xeK

Proof. (a)=(b). By Lemma we have

2 r
J i N(x,dy)= J (1—cos(n'y)) g(n)dnN(x,dy)
Y Jy#O

;
= (Rep(x,n) — 1" Q(x)n) g(n)dn

/N

-
) Rep(x,n)g(n)dn

< cpf (1+1n1*) gtm)dn
uniformly for all x € K. Using Taylor’s formula and Lemma [6.1] we find

i£ly

1—el'y 4 5
1+ |yl

L) TEl < [ Imp(x, )| +Imf N(x,dy)

y#0

M 2
< (CP+CJy;éO EME N(x,dy)) (1+1E17)

<c, (Hcf (1+1nP) g(n)dn) (1+1g

uniformly in x € K and for all £ € RY, so ||¢||x < co. Finally,
1ETQ(x)E| < Rep(x, &) < [p(x, )| < ¢y (1+ %)
which shows that ||Q||x < oo.

(b)=(c). Using the Lévy-Khinchine representation for p(x, &) and Taylor’s formula we find

I e dy)(+ 2P
1+[y2

(e, O < 1Ll 1€+ NIl 1817 +2J

(we use the ¢2-norm in R? and R4*9) and (c) follows.

(0)=(a). Set P(&) :=sup,x Ip(x, &)|. Since both & — 4/p(x, &) and the sup, are subadditive, we
conclude

VPE+M <V/PE) +4/P(), &neRY,
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i.e., 4/ P(-) is subadditive. Fix £ and choose the unique N = Ny € IN such that N — 1 < [§] < N.
Applying the subadditivity estimate N times gives

P(§) <N?P (é) <N?%sup P(n) <2 (1 + IEIZ) sup P(n)
N Ini<1 Inl<1

and this is claimed in (a).

An inspection of the proof of (a)=(b) shows that each of the terms ||{||x, ||Qllx and

’fy#) ly2(1+|y>)"INC(, dy)”K is bounded by constants of the form c-c, where c,, is from (a). The

proof of (c)=>(a) reveals that ¢, = 2sup,.cx Sup|, <1 |[p(x, n)| which proves the last statement. [
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