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Chapter 1

Introduction

The present work is concerned with a class of pseudo differential operators which arise as
generators of Markov processes and Feller semigroups.

Pseudo differential operators are a well known tool from the theory of partial differential equa-
tions, but at first sight there seems to be no closer relation to probability theory. To understand
how the notion of pseudo differential opertors enters into the field of stochastic processes, it is
most convenient to consider first the well-studied case of Lévy-processes, since the investigation
of Lévy-processes by Fourier analytical methods has a long tradition in probability theory going
back to S. Bochner.

By definition a Lévy-process (X;);>0 is a process on R™ with independent and stationary in-
crements which is continuous in probability. The independence of the stationary increments
immediately implies that the distributions pu, = £(X,4 — Xs) = L(X; — Xo) of the increments
form a convolution semigroup ():>o of probability measures. Consequently, if we turn to the
Fourier transforms of the measures p;, the semigroup property yields that there is a continuous
function 1 : R™ — C such that the Fourier transforms are given by

fu(€) = e,

For every initial distribution this function 1 completely determines the distribution of the
Lévy-process (X;) and is called the characteristic exponent of the Lévy-process.

Now a function 9 : R — C such that ¥(0) > 0 and which has the property that e™* is a
positive definite function in the sense of Bochner for all ¢ > 0 is called a negative definite function
(see Theorem 2.3 for equivalent definitions). Thus by the theorem of Bochner, [4], Theo.3.2,
the characteristic exponent of a Lévy-process is a continuous negative definite function and it
turns out that there is a one-to-one correspondence between Lévy-processes, the corresponding
convolution semigroups and continuous negative definite functions.

Note that moreover properties of the Lévy-process like transience and recurrence, conservative-
ness and path properties can easily be deduced from properties of the characteristic exponent
1, see for example [73], [25] and [11]. Furthermore every continuous negative definite function
admits a unique representation by the Lévy-Khinchin formula, see Theorem 2.13, which de-
scribes diffusion, drift, killing and jump part of the Lévy-process in the Lévy decomposition,

see [74].



In addition it is well-known that the convolution semigroup (f):>o induces a semigroup (73):>0
on the space of continuous functions vanishing at infinity given by T,u = wu % u;, which is
a translation invariant Feller semigroup and all translation invariant Feller semigroups are
obtained in this way, see [4]. In this situation the convolution theorem for the Fourier transform
then yields for testfunctions u € C§°(R")

nuu0=:/ () - a)ac = | Ve O (g ag,  daé = (2m) " dg,

R"
and therefore the generator A of this semigroup is given by

1 et 1
— i — _ — 1 () T~
Au(x) 11_{% t(Ttu(x) u(z)) 11_{% - e ;

(g dg =~ [ () afe)ag

Thus in the translation invariant case of Lévy-processes it turns out that the situation is com-
pletely described by the charactristic exponent, i.e. the continuous negative definite function
. In particular the semigroup operators 7; and the generator A are types of Fourier multiplier
operators and the multiplier of the generator is (up to the sign) just given by the continuous
negative definite function .

Therefore it is reasonable to conjecture that a similar representation of the generator holds also
in the non-translation invariant case, i.e. the generator is given by an operator

n

Au(z) = —p(z, D)u(z) = - / (. €) - al€) e,

where & — p(x,§) is a continuous negative definite function for each fixed z € R".

Operators of this structure are called pseudo differential operators, the function p : R" xR" — C
is the symbol of the operator. Symbols which are continuous negative definite functions with
respect to the second variable we call negative definite symbols.

The link between operators of this type and generators of Markov processes now is given
by a theorem of Ph. Courrege [13] concerning the positive maximum principle. Note that a
generator of a Markov process (X;) in R"™ satisfies the positive maximum principle, that is
for each function ¢ in the domain of the generator A which attains its nonnegative maximum
in a point zy € R" we have Ap(zy) < 0, since obviously E* [p(X;) — ¢(xg)] < 0, where
[E*0 denotes the expectation of the process started at zy. In this way the positive maximum
principle for the generator describes the fact that the associated semigroup is the transition
semigroup of a process, i.e. is positivity preserving. Moreover the positive maximum principle
also characterizes the submarkovian property of Feller semigroups. More precisely in the case
of strongly continuous semigroups in C,,(R™), the space of continuous functions vanishing at
infinity, the positive maximum principle for the generator is equivalent to the submarkovian
property of the semigroup, i.e. that the semigroup is Feller.

Thus the positive maximum principle is a natural property of generators of Markov processes
and the affirmative answer to the above conjecture is given by the theorem of Ph. Courrege (see
Theorem 2.16), which states that a linear operator defined on C§°(R") and which satisfies the
positive maximum principle is a pseudo differential operator —p(z, D) with a negative definite
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symbol p(zx,§).

Courrege also gave another equivalent representation of this class of operators as so-called
Lévy-type operators. These are operators consisting of a second order diffusion operator plus
an additional non-local integro-differential part, which is characterized by a kernel of measures,
the Lévy-kernel of the operator, see Theorem 2.12. This second representation is widely used
in probability theory, since it does not involve Fourier transform and gives an immediate in-
terpretation of the coefficients of the operator in terms of the characteristics of the associated
process. On the other hand it turns out that using the representation as a pseudo differential
operator has certain advantages. It clearly provides a rich L?-theory and L2-estimates obtained
in this way yield additional informations for an associated process and give a link to the theory
of Dirichlet forms. Moreover note that as in the case of the characteristic exponent for a Lévy-
process also the negative definite symbol has a natural probabilistic interpretation in terms of
the associated process, see [45].

Therefore our starting point will be a negative definite symbol p(z, &) . Our primary interest is
the question whether there exists a R"-valued Markov process or a semigroup which is associated
to the corresponding pseudo differential operator —p(x, D). Moreover, since all information on
the process must be contained in the symbol, another complex of problems is related to the
question how these information can be read from properties of the symbol. We will consider
questions of this type in the last two chapters. Let us also mention in this context related
results of R.L. Schilling concerning the path behaviour of the processs, see [77], [78], and in
particular the monograph [44] by N. Jacob, which presents a good summary of all topic in this
subject.

Let us emphasize from the very beginning that we are working with in general non-local oper-
ators. Therefore an associated process is a jump process and we have to replace the continuous
path space of a diffusion process by the space of all cadlag paths, i.e. paths which are right
continuous and have left limits. Note also that we are in particular interested in the case that
the generator has no leading second order term. This means that the non-local part is the
dominating part itself and it cannot be treat as a perturbation of a diffusion part. Moreover it
is important to remark that in general continuous negative definite functions are not differen-
tiable, as for example the characteristic exponent £ — |£|* of the symmetric a-stable process,
0 < a < 2, shows. Thus a negative definite symbol p(z,§) in general is not differentiable with
respect to £&. But standard symbol classes of pseudo differential operators like the Hormander
class S7s require a C*°-behaviour of the symbol. Therefore the corresponding calculus for
pseudo differential operators is not applicable and we have to use other techniques.

Since the translation invariant case of Lévy-processes is well-understood and described by the
characteristic exponent, i.e. a continuous negative definite function, our general philosophy
will be the following. We fix a continuous negative definite function v as a reference function
and consider negative definite symbols p(z, &) which satisfy estimates in terms of the reference
function. Then —p(z, D) is regarded as an operator with “variable” coefficents which is com-
parable to the generator —i)(D) of the associated Lévy process, just as a diffusion operator
is compared to the Laplace operator. The Lévy-process then can be regarded as a reference
process for a process associated to —p(x, D). An essential idea for the following therefore will
be to model our analysis in terms of this reference function .



In this connection we not necessarily aim at the most general behaviour of the symbol p(x, )
with respect to x, since this is simply a question how regular the “coefficients” are. But we want
to be as general as possible concerning the behaviour of the symbol with respect to £, since
this behaviour determines the type of operator under consideration. In particular we make no
homogeneity assumptions.

We next give a summary of the subsequent chapters with a particular emphasis on the results
obtained by the author:

In Chapter 2 first some properties of negative definite functions are provided. In particular we
give a generalized Peetre-type inequality, Lemma 2.6, in terms of a negative definite function,
which will be very important for our analysis in the following.

Section 2.2 is devoted to the result of Courrege. We give a new proof of the Lévy-Khinchin
formula (Theorem 2.13). This proof is based on a characterization of functionals that satisfy the
positive maximum principle (Proposition 2.10), which is taken from an unpublished manuscript
of F. Hirsch. We then easily deduce both representations of an operator satisfying the positive
maximum principle as a Lévy-type operator as well as a pseudo differential operator (Theorem
2.16).

After this preparatory chapter we turn in Chapter 3 to the first construction of a process
associated to a pseudo differential operator using the martingale problem. Our main result
(Theorem 3.15) gives the existence of a solution of the martingale problem for a pseudo differ-
ential operator with a continuous negative definite symbol p : R" x R” — C, p(z,0) = 0, such
that

[p(, )] < (1 + ).

A natural interpretation of this condition is that the operator has bounded “coefficients”. This
result improves the result obtained in the author’s paper [32], where only real-valued symbols are
treated. It includes the existence results of Komatsu [51] and Stroock [81], which are formulated
for Lévy-type operators. It is more general since it is also applicable in cases of variable
order where the coefficients of the Lévy-type operator may become discontinuous, but the
symbol remains continuous. This will be important in Chapter 7, where operators of this type
are considered. For the proof the symbol is first decomposed by a convolution-like operation
(Theorem 3.12) into a small part which is treated as a perturbation and a part for which the
corresponding operator can be extended to functions on the one-point compactification of R™.
For this part the martingale problem is solved by an approximation argument and a tightness
result for solutions of martingale problems, which is derived in Section 3.1 and which in the
case of jump processes relies on a result of Th.G Kurtz [56].

From Chapter 4 on we restrict to the case of real-valued symbols. As already mentioned
we now fix a continuous negative definite reference function ¢ : R — R. We define the
function A(x) = (1 +(£))"/2, which is more convenient to state assumptions on a symbol. We
want to apply modified Hilbert space methods to investigate an operator —p(z, D). For this
purpose we introduce in Section 4.1 an appropriate scale of anisotropic Sobolev spaces H S’)‘(R”),
s € R, which are defined in terms of the reference function. The main result of this section
are certain commutator estimates (Theorems 4.3, 4.4) for pseudo differential operators with



negative definite symbol. These results, which are improvements of the commutator estimates
obtained in [29], show that also in the case of negative definite symbols the commutator has
an order reducing property. This is very useful, because it allows to treat the effect of the
x-dependence of a symbol as a lower order perturbation.

Using these results we decribe in Section 4.2 the approach of N. Jacob [43] to generators of
Feller semigroups. Here it is assumed that the continuous negative definite symbol has a
decomposition

p(xaf) = pl(g) +p2(x>€)7

where p;(€) is bounded from above and below in terms of the reference function and ps(z,§)
is sufficiently smooth with respect to xz and also satisfies upper bounds with respect to the
reference function. If these bounds are sufficiently small, the operator —py(z, D) is a small
perturbation of the generator —p; (D) of a Lévy-process and the equation

(p(z, D) +7)u = f

is solvable by modified Hilbert space methods for 7 > 0 sufficiently large. This, a Sobolev type
embedding and the positive maximum principle then show via the Hille-Yosida thorem that
—p(x, D) generates a Feller semigroup and therefore a Markov process.

In Chapter 5 the assumptions on the symbol are reduced using the martingale problem. For
this purpose we prove well-posedness of the martingale problem, i.e. there is a unique solution
of the martingale problem for any initial distribution. These results are first proven in the
author’s article [32]. We obtain in Theorem 5.7 that the martingale problem is well-posed for a
continuous negative definite symbol p(z, £) which is sufficiently smooth with respect to , which
together with the derivatives satisfies an upper bound with respect to the reference function
and which also admits a lower bound in terms of the reference function. In contrast to the
results of Section 4.2 here no smallness assumptions of the upper bound is assumed and also
merely a local lower ellipticity estimate is supposed.

The improvement is mainly due to the localization procedure for solutions of the martingale
problem, which is discussed in Section 5.1. In particular we give in Therorem 5.3 a reformulation
of this technique in terms of the symbols of the operators. Therefore it is enough to prove well-
posedness for a localized symbol, i.e. a symbol which coincides on a small ball with a given
continuous negative definite symbol and which is independent of z outside some neighbourhood
of this ball. By a refined decomposition of this symbol using a Taylor expansion we can
prove in Section 5.3 that the corresponding pseudo differential operator generates a strongly
continuous semigroup in an anisotropic Sobolev space H**(R™). This yields well-posedness
of the martingale problem, since in Section 5.2 it is shown that well-posedness is implied by
the solvability of the corresponding Cauchy problem in H**(R"), which can be done using the
semigroup.

Note that there are a lot of recent results concerning well-posedness of the martingale problem
for Lévy-type operators. But often they either assume a dominating second order elliptic
term, see Komatsu [51], Stroock [81] or a particular structure of the operators as for example
perturbations of generators of a-stable processes in Komatsu [52],[53]. More general examples



are included in the paper [70] of Negoro and Tsuchiya, but they need a strong integrability
assumption for the Lévy kernel, which is only satisfied by operators of order less than one. In
the one-dimensional situation Bass [1] proves well-posedness for the martingale problem for the
generator of stable-like processes, i.e. operators of variable order. The advantage of Theorem
5.7 however lies in the fact that in gives well-posedness for a general (real-valued) continuous
negative definite reference function without assuming a particular structure.

Let us also mention that a solution of the martingale problem also can be obtained as a solution
of a stochastic differential equation of jump type as introduced by Skorohod [80], see also
Lepeltier, Marchal [61], but the relation between the coefficients of the stochastic differential
equation and a Lévy-type operator or a pseudo differential operator is merely measurable and
therefore only useful if a priori additional informations on the structure of the operator are
known, see Tsuchiya [86].

Once well-posedness of the martingale problem is established it is well-known that the family of
processes given by the unique solutions of the martingale problem starting at the points x € R"
define a strong Markov process. Moreover it is easy to see, that the solution of the martingale
problem depends on the initial distribution in a continuous way. But it is important to note that
in the case of jump processes this does not immediately imply that the transition semigroup
maps continuous functions to continuous functions, since the one-dimensional projections are
not continuous in contrary to the continuous paths case. Nevertheless under a mild additional
assumption on the symbol we prove in Section 5.4 that the semigroup defined by the Markov
process is even a Feller semigroup. In particular it leaves the space of continuous functions
vanishing at infinity invariant (see Theorem 5.23). These results are taken from the article [33].

In Chapter 6 we establish a symbolic calculus which is suitable for pseudo differential opera-
tors with negative definite symbol as it is developed in the articles [34] and [36] of the author.
A symbolic calculus is very useful since it allows to carry out intuitive ideas in a justified
framework. Moreover it supplies a rich L2-theory and therefore yields L?-estimates as in the
approach of Chapter 4, but witout the restriction to consider only small perturbations of oper-
ators with xz-independent symbol. Now continuous negative definite symbols p(z, &) in general
are not differentiable with respect to £ and also in the differentiable case the derivatives do
not satisfy the requirements of standard symbol classes for pseudo differential operators. The
idea to overcome the differentiability problems is to restrict to symbols having Lévy-kernels
with bounded support. The symbols then turn out to be infinitely differentiable with respect
to £ and the derivatives satisfy estimates that remind of the behaviour of standard symbol
classes. Basing on these considerations in Section 6.2 we define symbol classes S;"”\ and S;" A
appropriate for continuous negative definite symbols in terms of a continuous negative defi-
nite reference function and we discuss some typical examples. In Section 6.3 a corresponding
symbolic calculus is established. We show that the associated operators form an algebra sim-
ilar to the standard case, i.e. the composition of two operators and the formally adjoint are
again pseudo differential operators (Corollaries 6.12, 6.13) and the corresponding symbols have
expansion formulas, which in highest order are the product and the complex conjugate of the
given symbols (Corollary 6.18). Moreover the order m € R of a symbol in ng’)‘ has a natural in-

terpretation in terms of mapping properties of the corresponding operators between anisotropic
Sobolev spaces H**(R") (Theorem 6.14).

Furthermore as a more refined technique for pseudo differential operators also the Friedrichs



symmetrization is introduced for the symbol class SQ””’A, which assigns to every operator with
real-valued symbol a symmetric operator which coincides with the original one up to an lower
order perturbation, see Section 6.4.

In this way an appropriate symbolic calculus is associated to every given continuous negative
definite reference function. In Section 6.5 the results are applied to a situation which is elliptic
in the sense that the symbol satisfies a lower estimate in terms of the reference function. In
particular for continuous negative definite symbols in class Sg”\ we obtain examples of generators
of Feller semigroups (Theorem 6.29).

Starting with an arbitrary continuous negative definite symbol the idea is to decompose the
corresponding Lévy-kernel into a part supported in a bounded neighbourhood of the origin,
which is treated by the calculus, and a remainder part consisting only of finite measures. The
remainder part therefore typically can be considered as a perturbation. In Section 6.6 the results
of [37] are presented, where in particular the question is investigated whether the remainder
part is a bounded operator in L?(R") and in the space C,(R") of continuous functions vanishing
at infinity. Note that the class of generators of strongly continuous L?-semigroups and Feller
semigroups is stable under this type of perturbation. It turn out that the equi-continuity of
the symbol p(z, &) at £ = 0 with respect to = is equivalent to a tightness property of the Lévy-
kernel and in particular implies that the remainder part is a bounded perturbation in C,(R")
(Theorems 6.31 and 6.33). We also show that in typical examples the remainder part also
defines a small perturbation in an L?-sense.

The symbolic calculus is not restricted to elliptic situations. In Chapter 7 we study the explicitly
non-elliptic situation of symbols of variable order. These results were obtained in the article
[35]. For a continuous negative definite symbol s € S 5’A, which also satisfies a lower ellipticity
bound in terms of the reference function we consider the continuous negative definite symbol

p(x, &) = s(x, &)™

of variable order with a function m : R” — (0, 1]. We assume that m has bounded derivatives,
satisfies an oscillation bound and is strictly bounded away from 0. We now apply typical
techniques for pseudo differential operators in the framework of the calculus of ng)‘ to study the
corresponding operator. The Friedrichs symmetrization yields a sharp Garding inequality, that
is a lower bound for the associated bilinear form in terms of a lower order norm (Theorem 7.7),
which reflects the non-ellipticity of the operator. From this we deduce that the bilinear form is a
closed coercive form on a domain which is continuously embedded between anisotropic Sobolev
spaces H**(R"). This implies weak solvability of the corresponding equation (Theorem 7.2).
To get more regularity of the solutions we use in Section 7.3 the symbolic calculus to construct a
parametrix, that is an inverse modulo a smoothing operator. These results finally imply by the
Hille-Yosida theorem that —p(x, D) extends to the generator of a Feller semigroup (Theorem
7.1). In Section 7.4 we show that the localzation technique for the martingale problem enables
weaker assumptions for the function m(x) and we get an associated Feller semigroup for smooth
m without oscillation bound and without strict lower bound (Thereom 7.10.)

The results obtained so far yield not only examples of generators of Feller semigroups, but
the representation as a pseudo differential operator also implies L?-estimates in terms of the
norms in anisotropic Sobolev spaces for the operator as well as for the associated bilinear form.



In Chapter 8 we use these estimates as a starting point and show that they have important
implications for the corresponding process and semigroup. First we see that the operator also
generates a strongly continuous semigroup in L?(R") and moreover the bilinear form defines
a regular semi-Dirichlet form, see [66], [65]. But moreover we have an explicit knowledge on
the domain of the form in terms of spaces H**(R™). This implies a Sobolev inequality for the
semi-Dirichlet form. It is well-known that Sobolev inequalities for Dirichlet forms can be used
to get hypercontractivity bounds for the norms ||T}||;, ;. of the associated semigroup (7).
But these results are not applicable, since the operator is nor symmetric neither the adjoint
operator generates a submarkovian semigroup in general. We therefore use an approach via the
dual semigroup, show that it defines a strongly continuous contraction semigroup on L'(R™)
and prove a hypercontractivity estimate using the original approach of Nash (Theorem 8.7).
Moreover, this result is used to extend a result, which was obtained jointly with N. Jacob in
[40], and to prove that the semigroups even have the strong Feller property.

In Chapter 9 we consider symbols which do not satisfy an upper bound p(x,€) < ¢(1 + |£]?)
uniformly with respect to . We discuss the question under what conditions on the symbol in
the “unbounded coefficient” case nevertheless there exists an associated non-exploding process
in R”. We use an approach via the martingale problem. It turns out that the growth of the
symbol with respect to x as |z| — oo is admissible if it is compensated by the decay of the
reference function as |{| — 0, see Theorem 9.4. In particular for the reference function |£|* of
the symmetric a-stable process the maximal growth with respect to x is given by |z|, that is

p(z, &) < cla|” - 1€ for all [z > 1

implies non-explosion. For a = 2 we obtain the well-known quadratic growth condition for the
second order coefficients of a diffusion operator.

The result is combined with the uniqueness results for the martingale problem of Chapter 5
and well-posedness is proven also in the case of not uniformly bounded symbols (Theorem 9.5).
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Notations

The notations we use are mostly standard. For the readers’ convenience here we summerize
some important definitions. We usually work on the n-dimensional euclidian space R”", its
one-point-compactification is denoted by R® = R" U {A}.

Function spaces

C(E) continuous functions on a metric space E
Cy(E) bounded continuous functions

Co(E) continuous functions with compact support
B(E) bounded measurable functions

M(FE) real-valued maps on E

Cx(R™)  continuous functions on R"vanishing at infinity
C*(Q) k times continuously differentiable functions on €2
C>(Q) arbitrarily often differentiable functions on {2
Ce(Q)  testfunctions on

S(R™) Schwartz space of rapidly decreasing testfunctions
D'(Q) distributions on (2

DW'(Q)  distributions of order k on

S'(R™) tempered distributions

LP(R™) LP-space with respect to the Lebesgue mesure
H*(R™)  L?-Sobolev space of order s

H**(R™) anisotropic Sobolev space, see Section 4.1

The function spaces are always assumed to consist of real-valued functions, except for Chapter
6, where for complex-valued function spaces this is remarked separately using the notation like
C(R",C).

By A and V we denote minimum and maximum, u* is the positive part of a real-valued function.

|- |lze 1 <p < oo, LP~norm with respect to the Lebesgue measue
| llo  L*morm,

|| [l L°°—morm or sup—norm,

l|-]ls s €R, standard Sobolev space norm,

(-,-)o  scalar product in L?

[l norm in HM(R?)

(*,-)sa inner product in H*R")

11



M () and M,(+) denote spaces of probability measures and signed measures of bounded vari-
ation, respectively.
The Fourier transform is defined by the convention

u(€) = /n e @Oy (z) du,

then the inverse Fourier transform is given by
u(zr) = / e @4 (x) de,

where we use the notation d§ = (2m) "™ d§.
In connection with the Fourier transform is helpful to use for partial derivatives the notation

D=(Dy,...,D,) = (~id,,,...,—id, ).

We sometimes use the notation (€) = (1 4 |¢]*)"/2.
For a multiindex o = (aq,...,a,) € Ni, let |a] = a1 + ... + an, o) = oyl - ... - a,! and

=& gimfor &= (&, .. .,6,) €RM

Moreover we use the notation (A, D(A)) for a linear operator A with domain D(A).

Finally by ¢ we denote a nonnegative constant, the values of which may be different at every
occurrence.
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Chapter 2

Negative definite symbols

2.1 Negative definite functions

In this section we summerize properties of negative definite functions. Negative definite func-
tions are investigated in great detail in [4] by Ch. Berg and G. Forst. For all proofs concerning
this subject we refer to this monograph.

Definition 2.1. A function ¢ : R" — C s called a negative definite function if for all
m € N and for any choice of & € R*, 1 < j < m, the matrix

(W) + (&) = (€ = &))ig=1,..m

1s non-negative Hermitian, i.e. for all cq,...,c, € C
(2.1) > W(E) + (&) —w(E = &) eig > 0.
ij=1

We first give some elementary properties of negative definite functions which follow easily from
the definition.

Proposition 2.2.

(i) The set of negative definite functions is a convex cone containing the non-negative con-
stants.

(ii) For a negative definite function v we have

and

Re(€) > 4(0) > 0.

In particular, a real-valued negative definite function is non-negative and even.

(i4i) For a negative definite function v also Rev and 1 are negative definite.
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(iv) The continuous negative definite functions form a convex cone which is closed under locally
uniform convergence.

There are some other equivalent definitions of negative definite functions (see [4], 7.4, 7.8):
Theorem 2.3. For a function 1 : R® — C the following are equivalent:

(i) ¥ is negative definite.

(ii) ¥(0) > 0, (=€) = (&) and for allm € N and &y, ..., &, € R™ we have

m

D (€ = E))eg <0

ij=1
forall ey, ..., cp, € C satisfying Y 7", ¢; = 0.
(iii) ¥(0) > 0 and the function e=™ is a positive definite function for all t > 0.

Recall that a function ¢ : R" — C is called positive definite if for all m € N and &;,...,&, € R
the matrix

(& = €))ij=1,..m

is non-negative Hermitian.

The equivalence of (i) and (iii) in Theorem 2.3 is known as the theorem of Schoenberg (see
[79]). By the famous theorem of Bochner [7] the set of continuous positive definite functions
on R™ coincides with set of Fourier transforms of bounded measures on R™. Thus, in the case
of a continuous negative definite function ¢ by condition (iii) there exists a family (p)i>0 of
bounded measures on R" with Fourier transforms

(2.2) (€)= / 108 1 () = ¢~tO)

and total mass
u(R") = fu(0) = e < 1.

Moreover, the functional equation of the exponential function translates by the convolution
theorem immediately into the property

(2.3) fhs * fly = [lsis for all s, > 0.

Therefore (u¢)¢>0 is a convolution semigroup of (sub-)probability measures on R"™. Moreover,
because e~ P 1, we see that p; converges weakly to the point mass £y at the origin as ¢t — 0

and (¢)¢>0 is continuous with respect to the weak topology. Conversely, given a weakly con-
tinuous convolution semigroup (:):>0 on R, (2.2) consistently defines a function ¢ : R* — C,
which is negative definite by the theorem of Schoenberg and continuous since Fourier transforms
of bounded measures are continuous (cf. [4], 8.3). Thus we have seen

Theorem 2.4. The set of weakly continuous convolution semigroups (ft)i>0 of sub-probability
measures on R™ is in one-to-one correspondence with the set of continuous negative definite
functions ¢ : R" — C. The correpondence is given by (2.2).
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We summerize some typical examples of continuous negative definite functions and the corre-
sponding convolution semigroups on R™ in the following table.

¥(§) n

’ 1 exp (—EEY. . .
<l Gz &P~ ) - dx (Brownian semigroup)
i(b,¢) e_w(dz) (shift semigroup)

1€]", 0 < a <2 | symmetric a-stable semigroup

M) ——t—r - da Cauchy semigrou
€] ) e ( y semigroup)

1 — ¢i8) Yopeget 2, Eky(d) (Poisson semigroup
with jumps of size y € R™)

Note that obviously the convolution semigroup consists of probability measures if and only if

$(0) =0,

In the following we will work with symbols of pseudo differential operators which are defined in
terms of continuous negative definite functions. For that purpose estimates which are automat-
ically fulfilled by continuous negative definite functions, for example for the growth behaviour
at infinity, are very helpful and will play an important role. First we note

Proposition 2.5. Let ¢ : R® — C be a negative definite function. Then

(2.4) VIvE+n) < VIRE©OI+VIvl,  &neRrR”,

Y| is subadditive.

Proof: By definition of a negative definite function we have

0§det< Y(&) +¥(€) — v(0) ¢(€)+w(—n)—¢(€+n))

U(=n) + (&) —(=¢—n)  &(=n) +¢(=n) —¥(0)

= (2Re (&) — ¥(0)(2Re ¥ (n) —1(0)) — [¥(& +n) — (&) — L ()],
where we have used 1(€) = 1)(—¢€). Thus, since ¥(0) > 0

200(E)| - 2[(m)| = (2Rew(€) — ¥(0))(2Revo(n) — ¥(0))
> (& +m) —v(E) —v(n)|

and therefore

[WE+n] < [E+n) —0©) — v+ O]+ [ ()]
< 2V Vv |+w Ol + ()

= (VIv(¢ |+\/I@/) : O

15




Because (/|1 is an even function, (2.4) also implies a triangle inequality from below:

(2.5) VIO - VIBWI| < VIE—n)l,  &ner”.

Another elementary but important consequence is the validity of a generalized form of Peetre’s
inequality

1+£2 ) S S n
(2.6) (II%#) <M +le—nP),  seR £neR

Lemma 2.6 (Peetre type inequality). Let ¢ : R" — C be a negative definite function and
se€R. Then

LI - g NN "
27 (TEl) <ovaripe-mh,  cnewe

Proof: By (2.5) and (2.6) we see

L+ @1 _ (1 V@ _ ) 2
() (1+ |w<n>\2> < 290+ (VID©] - VIe)l) )

< M4 pE =)
= 2@+ (e —mhH.

O

Finally by the subadditivity of \/|¢| we see that the growth of () for large values of ¢ is
controlled be its values in a neighbourhood of the origin:

Theorem 2.7. Let ¢ : R" — C be continuous negative definite function. Then

(2.8) W) <ep(1+1€)%),  EeRT,

where ¢, = 2 sup [P(§)].
|€1<1

Proof: By Proposition 2.5 we have for all £ € N

6O = VIPET = m < (k\/Tg)D — 12|y (g)'

For given & € R™ choose ko = inf{k € N : |¢| < k}. Then k2 < 2(1 + [£[*) and

(O] <21+ |- '¢ (,é)‘ <2 sup ()] - (1 + €)

[nl<1
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In particular, the map & — 1 — /@8 + f(%fl)z defines for fixed x € R™ a continuous negative

definite function on R™. Thus by Theorem 2.7

1— @8 4 —on ) <y (14
with a constant
Cp = ) sup 1 — ei(x,g) + Z(I, £)2 —9 sup 1 eiz i 1z '
[€1<1 1+ |37’ —lz|<z<]z| 1+ ‘I|
z€R

depending on z. But for — |z| < z < |z| we have

et ——| <2+ —= <2+ 255
1+ |z] 1+ |z] L[ 2
as well as
N o |z|? L o |z| 2
1—e¢ +—2§‘1—e +zz‘+|z|—2§—|95|7L 2_|x|,
1+ || 1+ |z)” — 2 1+ ||

where we have used Taylor formula. Therefore

5
<23 A <71
2 1+ |z
and we have shown
Lemma 2.8. For all x € R™ and £ € R
) 2
2.9 1_61'(9075)_{_M §7'L'1+f2-

2.2 The Lévy—Khinchin formula and the positive maxi-
mum principle

We have seen in the introduction that the positivity preserving property of a semigroup is
reflected by the positive maximum principle on the level of the generator. The main concern
of this section is the result of Ph. Courrége [13] that characterizes those operators as pseudo
differential operators having symbols that are defined in terms of continuous negative definite
functions. Since this result is fundamental for the sequent we shall give a complete proof.
This proof moreover admits an easy approach to the closely related Lévy—Khinchin formula
and the representation of the operator as a Lévy-type operator. The proof relies on a result
(see Proposition 2.10 below) concerning the representation of linear functional satisfying the
positive maximum principle. This result seems to be obtained first by J.P Roth and basing on
his ideas a proof was given by F. Hirsch (unpublished manuscript, but see also [27]. p.115).
We remark that there are several other proofs of the Lévy—Khinchin formula, which employ
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different techniques, let us mention among others the proofs given by Courrege [12], Rogalski
[75], Harzallah [24] and a recent proof by Jacob and Schilling [48].

Denote by M(R"™) the space of all real-valued functions on R” and let A : D(A) — M(R"™) be
a linear operator defined on a subspace D(A) of M(R™). We are mainly interested in the case
D(A) = C5°(R™).

We say that A satisfies the positive maximum principle on D(A) if for all ¢ € D(A) such

that sup p(z) = ¢(z) > 0 for some x5 € R™ (depending on ¢) we have
TER™

Ap(zg) <0.

Moreover we define for a linear functional 7' : C§°(R") — R:

T is called almost positive if ¢ € C§°(R"™), ¢ > 0, ¢(0) = 0 implies T'p > 0,

T satisfies the positive maximum principle if ¢ € C{°(R"), supp(x) = ¢(0) > 0 implies
zeR?

T <0.

Note that the positive maximum principle for 7" implies that T is almost positive. In fact, for

© € C3°(R™), ¢ >0, p(0) = 0 it follows —¢ € C§°(R") has a nonnegative maximum in 0, hence
by the positive maximum principle T = —T'(—p) > 0.

Clearly the positive maximum principle for the operator A is a pointwise statement, i.e. A :
CP(R™) — M(R™) satisfies the positive maximum principle if and only if for all z € R” the
functionals A, : C5°(R") — R fulfill the positive maximum principle, where A, is defined by

App = [A(p(- = 2))](2).

We therefore first concentrate on the positive maximum principle for functionals. To begin
with we note that such functional satisfies certain continuity properties by itself.

Lemma 2.9. Let T be an almost positive functional. Then T € D@ (R"), i.e. is a distribution
of order two, this means for all compact sets K C R™ there is a constant cx such that

Tol <cx Y supldfp(e)]  forall p € C°(K).

aeNp T€K
lal<2

Proof: Let ¢ € Cg°(K) and M = Z sup |0%p(z)| and define

T‘aﬁzg zeK
(2.10) B(x) == () — ¢(0) - x(z) — Z Oup(0)x () - 73,

where x € C§°(R") is chosen such that 0 < x <1 and x =1 in a neighbourhood of 0. Then

IN

Or (i X(2))

02 ., ()]

02 (@) + 12(0)] |02 (@) | + D 180, 0(0)
i=1

< oM for all x € R"
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and ¢(0) = 0,,¢(0) =0, i=1,...,n. Therefore ¢ € C§°(R") and by Taylor formula

n

Bl < 5 3 sw

J,k=1

o2 (p‘ ] < gcx M- |zff forallw € R™

Zj,Tk

Now choose Wy € C$°(R") nonnegative such that Wy (z) = |z|” in K Usupp x. Then

ch~M-\I!Ki¢20

and vanishes in 0. Thus, since T is almost positive,

T(ch~M-\I!K:tgb)20,

ie.
Tg| < gcx M Ty

But by (2.10)

O

Functionals satisfying the positive maximum principle are now characterized in the following
way.

Proposition 2.10. Let T : Cg°(R") — R be a linear functional that satisfies the positive
mazimum principle. Then there are unique constants a;;,b;,c € R, i,5 =1,...,n and a unique
Borel measure i on R™\ {0} such that

(1) (@ij)ij=1,..n 1S @ symmetric nonnegative definite matriz,
(ii) ¢ >0,

(Z”’) f]Rn\{O} 1+|x‘2 M(dm>

and we have for all ¢ € C§°(R™)

(2.11) To = Y aij0n0,0(0) = > bidr,p(0) — c - (0)
i=1

EINCA ()
o o) =) = E) ),

Proof: By Lemma 2.9 T is a distribution in D®'(R"). It follows that |-|*- T € D'(R") is a
positive distribution, because for all ¢ € CS°(R™), ¢ > 0 clearly |z|* - ¢(z) > 0 and vanishes in
0. Thus, since T is almost positive,

(P T.) = (T,|-]* - ) > 0.
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Therefore there is a Borel measure v on R” such that |-|*- 7 = v.

Let p = ﬁ - V|gm\{0}- Then 4 is a Borel measure on R™ \ {0} and we have

(2.12) p=Tleng i DR {0}).

We show that (iii) holds. Clearly

(2.13) /0<| o () = ({0 < el £ 1) < o0

Moreover for ¢,g € C5°(R™), 0 < p,g < 1, suppy C {|z| > 1} and suppg C {|z| < 1} such
that g(0) = 1 we have

sup (g + @) (z) = g(0) + ¢(0) = 1.

zeR™

Thus by the positive maximum principle T'(g + ¢) < 0, which yields
/ pdp=(T,¢) < —(T,g).
R™\{0}

Taking the supremum over all possible choices of ¢ we see that p{|z| > 1} < oo. This together
with (2.13) gives (iii).

Next define for ¢ € C5°(R") the linear functional

(z, V(0))
1+ |x|2

(214) Ste)= [ (6@ (0 - ) ().

The integrand in (2.14) is bounded and vanishes of second order in 0, so the integral is well-
defined. Furthermore, S clearly is almost positive and hence S € D@’ (R") by Lemma 2.9.
Therefore

P=T-S°5

is also a distribution of order two and moreover for ¢ € C§°(R™\ {0})
(2.15) S = [ plauldn) =T,
R™\{0}

that is P(p) = 0 and consequently supp P C {0}. But any distribution supported in the origin
is a linear combination of derivatives of the point mass in 0, hence

n

Po =" ;j02,05,0(0) = Y b:05,0(0) — c - o(0)
=1

,5=1

with a;; = aj;. Thus T'= P + S has the form as claimed in (2.11).
We check the properties (i) and (ii). Choose a sequence () C C§°(R™) such that ¢ > 0,
v = 1 in a neighbourhood of 0 and ¢, T 1 as K — oco. Then

St = [ (o) = Da(n) 0

k—o00
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hence
(2.16) T = P, + S = —cpr(0) + Sy, ¢
But Ty, < 0 by the positive maximum principle, which gives ¢ > 0.

Furthermore, choose a sequence (xx) C C5°(R™), 0 < xx < 1, xx = 1 in a neighbourhood of 0
such that suppy: C B%(O). Since T is almost positive, we have for all £ = (§,...&,) € R

Tl 5697 20
and further
(2.17) T(xk - %(5, )2 = Py %(57 )2) + S(xe - %@7 )
3 1
= ”21 ai;6i&5 + /Rn\{o} i (z) - §(§;$)2)u(dac)
(2.18) > e
2,7=1

that is ZZj:l aij&;fj Z 0.
It remains to prove the uniqueness of the representation. But by (2.16) and (2.17) the constant

c and the symmetric matrix (a;;) are uniquely determined. Moreover, for all ¢ € C§°(R™\ {0})
by (2.15)

Ty = /R o) o(z) p(dz),

which determines the measure p. Consequently we can calculate Y | b;0,,¢(0) for all ¢ €
Cg°(R™), which also fixes b;. O

Remark 2.11. Note that conversely every functional of type (2.11) obuviously satisfies the
positive mazimum principle. So (2.11) gives a complete and unique representation of linear
functionals that fulfill the positive maximum principle.

By the remark preceding Lemma 2.9, Proposition 2.10 immediately yields

Theorem 2.12. Let A: CP(R™) — M(R™) be a linear operator. Then A satisfies the positive
maximum principle if and only if there exist, uniquely determined by A for every x € R",

- a nonnegative definite, real, symmetric matriz (a;(z))ij=1...n,

a vector b(z) = (by(x),...,b,(z)) € R",

a constant c¢(x) > 0 and

a Borel measure p(x,dy) on R™\ {0} satisfying fR"\{O} % p(z, dy) < oo
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such that

219 () = D () deyole) = D b()p(e) — e (o)
I e @Vl
# [ (P9 = ote) = D) ).

Operators of type (2.19) are called Lévy-type operators, the family of measures u(x,dy) the
corresponding Lévy-kernel.

Proposition 2.10 also admits an easy proof of the Lévy-Khinchin formula:

Theorem 2.13. Let ¢ : R* — C be a continuous negative definite function. Then there are a
real, nonnegative definite, symmetric matriv a = (a;x);k=1,.n, @ vector b = (b;);=1
a constant ¢ > 0 and a Borel measure p on R™\ {0}, the so-called Lévy-measure, satisfying

-----

fR"\{O} 1+|x‘2 p(dz) < oo such that

(2.20) Z a;jr€;Ek + ZZ bi&; + ¢ +/ (1— @9 4 i(x,é’)Q) p(dx).

= R\ {0} 1+ |z|

Here a, b, ¢ and p are uniquely determined. Conversely, each such choice of a, b, ¢ and p
defines by (2.20) a continuous negative definite function.

Proof: First note that for given a, b, ¢ and p as above (2.20) defines a continuous negative
definite function as a superposition of continuous negative definite functions. Therefore let
conversely 1 : R* — C be a continuous negative definite function and let (p);>0 be the con-
volution semigroup of sub-probability measures associated to the continuous negative definite
function ¢ by Theorem 2.4, i.e. i, is defined by its Fourier transform

() = e,

Let T : C§°(R™) — R be the linear functional defined by

(2.21) To=— [ ¥(§)-p(E)ds.

Rn

By Theorem 2.7 9(&) - (&) is integrable for all ¢ € C5°(R™) and T is well-defined (Recall that
d¢ = (2m)~"d€). By Fubini’s theorem we have for any ¢ € C§°(R")

/n(w(()) ) b (d) /n /n (1 — @) p(8) dépuy (d)

= [ () = (=)0 86 = [ (0 =00 dg

— O [ (1 Z et OO 5(e) e,
R’VL
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where we have used (—¢£) = ¥(§). Recall also that Re (¢(£) — ¥ (0)) > 0. Because for all
2€C,Rez >0,

) 1 _ e—tz
lim =z
t10 t
and 1 »
—te < |z| for all t > 0,
we obtain by dominated convergence
1 ) )
tim & | (£(0) = (x)) p(de) :/ (V(€) — ¥(0)p(€) ¢ = i DE)PE) dE = T,

Moreover, if ¢ attains its nonnegative maximum in 0, we have [g,(¢(0) — ¢(z)) p(dx) > 0,
hence T'p < 0, i.e. T satisfies the positive maximum principle and by Proposition 2.10 has the
representation

(2.22) To = 3 apded,0(0) = 3 b 0(0) = c- o(0)
k=1 =1
x, V(0
S RCCEEUR %) u(da)
R"\{0} 1+ |z]
with coefficients as claimed in the theorem. Using o(z fRn €) d¢ we see that
Ty = / (— S apéb - Zb & - ) )¢
7,k=1

1 (x7£) ~ d dq}
/n\{o} /n 1+|x|2)¢<§> $u(dr).

By Lemma 2.8 we may change the order of integration in the second term and obtain

Ty =- /Rn LZ a8k + 1 Zb § +e+ /Rn\{o}(l — @8 4 i(x’g)Q)u(dx)] (&) de.

k=1 1+ |z]

Since this holds for all ¢ € C§°(R™) a comparision with (2.21) yields the representation (2.20).
Finally, because for all p € C§°(R™) with supp ¢ C R™\ {0} by (2.22)

Ty = /R o) o(z) p(dr),

the measure p is uniquely determined by 1. In turn also the coefficients aj, b; and ¢ of the
polynomial part of (2.20) are unique. a

Remark: Later on we shall be interested mainly in the case of continuous negative definite
function which are real-valued. Replacing in (2.20) all terms by their complex conjugates we
see by the uniqueness of the representation that for real-valued v the linear term iZ?:1 b;&;
vanishes and the Lévy-measure is symmetric. Therefore
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Corollary 2.14. Let ¢ : R" — R be a real-valued continuous negative definite function. Then

n

223 WO =Y angbt et [ (1= cos(a, ) uldo)

Gk=1 R™\{0}

where (aji) s a real-valued, nonnegative deﬁm’te symmetric matrixz, ¢ > 0 and p s a symmetric
Borel measure on R™ \ {0} such that fR"\{O} 1+\x|

Moreover, (a;i), ¢ and p are uniquely determined by .

— L u(dr) < oo.

A particular case of Corollary 2.14 will turn out to be useful to estimate the Lévy-measure

2
of a continuous negative definite function. Note that the function y — lJlry||y|2 is a bounded

continuous negative definite function on R™. It has a bounded Lévy-measure. More precisely:

Lemma 2.15. There is a bounded measure v on R™ such that [, (1 + €12 v(d€) < oo and
2

_lyl n
(2.24) /n<1—cos<y,s>>v<ds>—HW, yeR"

v(d€) = (/000 et (dmt) "2 exp(—%) dt) - dE.

Proof: Define

Then )
/ v(d€) = / e_t/ (4t) /2 exp(—ﬁ) dédt = / etdt =1
and
€] v(dE) = / / (4mt) ™% exp(— |€| )dfdt / 2nt - e~ ' dt = 2n
R" n 0
and finally

|- oy = 1- [ et [ conty )4ty exp( L dea

> 2 1 |’
= 1—/ e te Wl g =1 — 5 = 5
0 L+ yl 141y

O

We now combine the Lévy-type representation and the Lévy—Khinchin formula. The result
is essential for the following and provides another equivalent representation of an operator
satisfying the positive maximum principle as a pseudo differential operator. This representation
was first observed by Ph. Courrege [13].

Recall that by a pseudo differential operator we understand an operator p(z, D) of the type

2.29 pa Do) = [ e pO)d ¢ e CRERY.
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The function p : R” x R®™ — C which defines the operator is called the symbol of the operator.
If not stated otherwise we will always assume that the pseudo differential operator p(x, D) is
defined on C§°(R™). For symbols p(§) which do not depend on x we simply write p(D). Note
that unlike the situation of usual symbol classes we do not a priori assume strong smoothness
assumption for the symbol.

Theorem 2.16. Let A: CP(R™) — M(R™) be a linear operator. Then A satisfies the positive
maximum principle if and only if A is a pseudo differential operator

A= —p(z,D),
where the symbol p : R™ x R™ — C has the property that

£ p(a,§)

1 a continuous negative definite function for all x € R™.
The symbol p : R" x R" — C is uniquely determined by p(x, D).

Thus there is a one-to-one correspondence between this type of operators and Lévy-type operators
(2.19) in Theorem 2.12, which is given in the following way: For each x € R™ the coefficients
and the Lévy-measure of the continuous negative definite function p(x,-) in the Lévy—Khinchin
representation (2.20) coincide with the corresponding terms of the Lévy-type operator in (2.19).

Proof: By (2.25) it is clear that the operator determines the symbol p in a unique way. As
the same holds true for the coefficients of the Lévy-type operator (2.19) it remains to prove the
equivalence of both representations. Replacing ¢ by [, €' @93(£) d€ in (2.19) we obtain

Ap(z) =
- _/ {Za]k gjskHZb )& + c(w
R k=

i) ("Jvf) d } i 5(6) d
+/Rn\{0}(1 e +1+|y|2)u(x, y)| e p(E) ds

_ / e p(a, €)p(¢) de.

where we have used again Lemma 2.8 to interchange the order of integration. a

We therefore introduce the following notion:

Definition 2.17. A symbol p : R" x R" — C such that £ — p(z,§) is a continuous negative
definite function for all x € R™ is called a negative definite symbol.

We remark that a negative definite symbol satisfies p(z, =€) = p(x, &) by Proposition 2.2 (ii)
and therefore the corresponding pseudo differential operator maps real-valued functions into
real-valued functions. This of course can also be seen from the Lévy-type representation of the
operator.
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If we assume additional smoothness for the symbol with respect to x it is easy to see that p(z, D)
then maps testfunctions into classes of smooth functions. Our minimal standard assumption
will be that the symbol p : R* x R" — C is a continuous function of both variables. In this
case for x in some open, relatively compact subset U of R"” we know by Theorem 2.7

p(z, )] < cpu(1+1¢),

where ¢,y = 2sup |p(z,€)| < co. Therefore by dominated convergence
|€1<1
zelU

z [ e Tp(x, £)@(€) e

R
depends continuously on z for all ¢ € C§°(R") and we have shown

Theorem 2.18. Let p: R" x R" — C be a continuous negative definite symbol. Then
—p(x, D) : CF(R") — C(R™)
s a linear operator that satisfies the positive maximum principle.

Note that the converse is not true, i.e. for a negative definite symbol p the property that
—p(z, D) maps C{°(R") into C(R™) does not imply that p(z,§) is a continuous function, see
[13] for a counter example.

Let us also mention that for continuous negative definite symbols the Lévy-kernel in the Lévy—
Khinchin representation (2.19) actually is a kernel in the sense of measure theory, that is
p(x, dy) depends on z in measurable way. This follows from the following lemma.

Lemma 2.19. Let p : R" x R" — C be a continuous negative definite symbol with Lévy—
Khinchin representation (2.19) and Lévy-kernel u(x,dy). Then for all ¢ € C3°(R™\ {0}) the

map
2

xr —

Py
R\ {0} 1+ |y
is continuous on R™. In particular the map v — u(x, A) is measurable for all Borel sets

A C R\ {0}.

Proof: Let ¢ € C3°(R™ \ {0}) and define ¢ € C§°(R") by ¢(y) = lf“ |2<p( y) for y # 0 and
¢(0) = 0. Then 9, (0) = 92 . p(0) = 0 and therefore by Theorem 2.16

Ty

2

Yy -
[ oty = / o(y) (e, dy)
R\ {0} L+ lyl R\ {0}

n

= > au(@)dy,, Zb — c(z) - $(0)

o - o>—M>u

R\ {0} 1+ |y|?

=~ [ g

RSYE
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which depends continuously on x. The measurability statement now follows from a standard
approximation argument. O

Often we will consider some extension of the operator —p(z, D) and we need the positive
maximum principle also on the larger domain of definition. For that purpose the following
proposition is useful, it is based on the proof of Theorem 9.3 in [42]. We recall that C(R™)
denotes the space of all continuous functions on R” that vanish at infinity.

Proposition 2.20. Let (A, D(A)) be a linear operator in Coo(R™). If C°(R™) C D(A) is
a core of A and A satisfies the positive mazimum principle on C5°(R™), then A satisfies the
positive mazximum principle also on D(A).

Proof: Let u € D(A) such that sup,cgn u(x) = u(zg) > 0 for some o € R". Choose a
function x € C§°(R™) such that x(zo) = 1, but x(z) < 1 for all = # x,. Then for all n > 0

suﬂg (u+nx)(x) =u(zg) +n > 0.
e R»

Since C§°(R™) is a core of A we find a sequence (¢])gen of testfunctions such that
(2.26) ol = u+nx, Ap] — Alu+ny) uniformly as & — 0.

For each k € N choose a point z; € R”, where the testfunction ¢} attains its maximum. By
the uniform convergence of ¢} to u 4 nx we have

(2.27) wr(ze) = u(zo) +1

as k — oo. Suppose that there is a neighbourhood U(zg) of zq such that z; & U(xg) for all k.
Then by the properties of y there is an € > 0 such that

(u+nx)(z) <u(zg) +n—¢ for all z € R™\ U(xy).
But this contradicts (2.27). Thus there is a subsequence of (zy)reny that converges to x.
Without loss of generality we may assume that z;, — x¢ and that ¢} (z;) > 0 by (2.27). But A
satisfies the positive maximum principle on C§°(R™), hence by (2.26)

Au(zo) = Au +1x)(x0) = nAx(z0) = lim Agy(zx) —nAx(zo) < —nAx (o).

Since 1 > 0 was arbitray, we have Au(zg) < 0. O
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Chapter 3

The martingale problem: Existence of
solutions

3.1 The martingale problem for jump processes

The martingale problem presents a possibility to describe the relation between a stochastic
process and an associated generator in a purely probabilistic way. Introduced by Stroock and
Varadhan [82] in order to characterize diffusion processes corresponding to diffusion operators
with merely continuous coefficients, the martingale problem was also extended to jump pro-
cesses, see the monograph [83] as a standard reference. A good introduction to the topic is also
contained in [17].

Let (E,d) be a separable metric space. By Dg we denote the space of all cadlag—paths with
values in F, i.e.

Dp ={w:[0,00) - E : w is right continuous, liglw(s) exists for all ¢ > 0}.

Clearly, w € Dg has at most countably many points of discontinuity and all discontinuities are
of first kind. Moreover the oscillation of w is bounded in the following way, see [5], p.110:

Lemma 3.1. Let w € Dg and T > 0. Then for all e > 0 there is anm € N and 0 =tg < t; <
v <t < T < t,, such that

sup  d(w(s),w(t)) <e (i=1,...,m).

S,te[ti_l,ti)

In particular w € Dg has at most finitely many jumps of size greater than any given € > 0 in
any compact interval of time.

Dg is equipped with the Skorohod topology. This topology generalizes the topology of locally
uniform convergence for continuous paths to the cadlag—case. It is defined in the following way:
Let A be the set of all bijective, monotonously increasing Lipschitz functions A : [0, 00) — [0, 00)

such that
A(s) — A1)

[Ally := sup |log

s>t>0

<
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For any wq, ws € Dg, A € A and u > 0 we define

D(wy,wa, A, u) = sup d(wi(t Au),wa(A(t) Au)) Al

>0

and

D(wq,ws) :irelzf\ [H)\HA\//O e " D(wy,wa, \, 1) dur| .

Then D is a metric on Dg which turns Dg into a complete separable metric space and induces
the Skorohod topology, see [17], 3.5. Note that convergence in the Skorohod topology does not
imply pointwise convergence everywhere in the usual sense, but locally uniform convergence if
we allow an arbitrary small distortion of the time scale, i.e. wy — w in Dpg if and only if there
are functions A\, € A such that ||\, }H—O>OO and

lim sup |d(wg(t),w(Ae(t)))] =0 for all T' > 0,
k—0 0<t<T

see [17], 3.5.3. In particular, wg(t) — w(t) at all points ¢ of continuity of w, whereas at points
t > 0 of discontinuity of w there is always a sequence (wy) which converges in the Skorohod
topology to w, but not pointwise at ¢. In other words the map w +— w(t) is discontinuous unless
t = 0 and its points of continuity are given by those w € Dg which are continuous at t.

We will consider the canonical Dg-process in the following sense: let
X;: D — F, t €10,00),

be the position map
Xi(w) = w(t).

We define the o-algebras of the corresponding canonical filtration
Fi=0(Xs:5<t), t €0,00),

and the o-algebra
F=0(X;:te|0,00))

on Dg. Moreover let as usually

X;_ = lim X, for t > 0,

sTt

and

For =) Fe

s>t
Note that the o-algebra F coincides with the Borel g-algebra generated by the Skorohod topol-
ogy.
By M;(Dg) we denote the set of probability measures on (Dg,F). Then M;(Dg) equipped
with the weak topology is a separable and completely metrizable space (see [17], 3.5.6). Hence

by the Prohorov theorem, see [17], 3.2.2, relative compactness and tightness of subsets of
M (Dg) are the same.
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For every probability measure P € M;(Dg) the family (X;);>0 defines a cadlag—process which
is obviously adapted and by right-continuity even progressively measurable with respect to the
filtration (F;). Conversely, for every process with paths in Dg there is a unique probability
measure P € M;(Dg) such (X;);>o has the same finite-dimensional distributions under P.

We already have mentioned that the set of paths w where X; is continuous is given by the
set of all paths which do not jump at time t. Therefore the weak convergence of a sequence
of probability measures Py to P in M;(Dg) in general does not imply the weak convergence
of the corresponding finite-dimensional distributions. Nevertheless, such a result is true, if we
take a small exceptional set into account (see [17], chap.3.7):

Proposition 3.2. Let (Py)ren be a sequence of probability measures in My(Dg) which con-
verges weakly to a probability measure P. Then the set

Tp={t>0:P(X,_ =X,) =1}

has an at most countable complement in [0, 00) and for allt, ..., t,, € Tp the finite-dimensional
distributions (Xy,, ..., X4, )(Px) converge weakly to (Xy,, ..., Xy, )(P).

Definition 3.3. Let A : D(A) — B(E) be a linear operator with domain D(A) C B(E). A
probability measure P € M1(Dg) is called a solution of the (Dp —) martingale problem for
the operator A if for every ¢ € D(A)

(3.1) o(Xy) — /Ot Ap(X5) ds, t>0,

is a martingale under P with respect to the filtration (F).

If for every probability measure p € My(E) there is a unique solution P, of the martingale
problem for A with initial distribution

PM © AX()_1 = K,
then the martingale problem for A is called well-posed.

Remark 3.4.

(i) Recall that if A is the generator of a Feller semigroup then the fact that (3.1) is a
martingale is just a probabilistic reformulation of the semigroup property in terms of
the corresponding Feller process. Thus the martingale problem in general gives a weak
formulation of the correspondence of a Markov process and its generator. However, if the
martingale problem is well-posed then the process is even strong Markov and typically
defines a Feller semigroup.

(ii) Note that the fact that an E-valued process (Y;):>0, which is progressively measurable
with respect to the canonical filtration, turns

(3.2 o) - [ Ap(V)ds,  t20,
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into a martingale only depends on the finite dimensional distributions of the process and
so any progessively measurable version of the process will do.

Therefore it is no serious restriction in Definition 3.3 to assume a priori that the solution
of the martingale problem has cadlag paths, since typically a cadlag version exists. This
result mainly relies on the result of Doob ([15], p.363) that there always is a cadlag version
of the martingale in (3.2) and hence of (p(Y;)). This property extends to (Y;) itself if the
domain of A satisfies a certain point seperation condition, which is fulfilled in all cases
we are interested in. See [17], 4.3 for details concerning this question.

In order to prove existence of solutions to the martingale problem it is a standard procedure to
first approximate the operator A by a sequence of operators, for which the martingale problem
is solvable in an elementary way. In a second step one proves tightness of the solutions for the
approximating operators and identifies an accumulation point as a solution of the martingale
problem for A.

The class of approximating operator we have in mind are operators K : B(E) — B(E) of the
type

(3.3) Kf(z) = A / () — F(x)) (e, dy),

E

where A > 0 and p(z, dy) is a kernel of sub-probability measures on E. By replacing the kernel
w(z, dy) by p(z, dy)+ (1 —p(x, E)) -, (dy) we may and do assume that u(z, dy) is even a kernel
of probability measures.

Note that in the case £ = R"™ the operator K is a Lévy-type operator having no diffusion part
and a Lévy-kernel which consists of uniformly bounded measures. In particular K is a bounded
operator in B(FE) and generates a strongly continuous (Markovian) semigroup

TR o O
(3.4) T, =e —kZ:Oe TF

in B(E), where I'f(z) = [, f(y) u(z,dy) is the operator in B(E) generated by the kernel
w(z,dy), ie. K = XNIT —1d), see [16], IT 2.2.2, IT 2.2.18. It is well-known that for any initial
distribution v € M;(E) there is a Markov process (Z;);>o in E generated by the transition
semigroup (73);>0, which can be defined by

(3.5) Zy =Y (Vy).

Here (V;)i>0 is a standard Poisson process with parameter A and (Y (1))en, is an E-valued
Markov process, independent of (V;), with discrete parameter set Ny, initial distribution v and
transition function p(z, dy) (see [17], 4.2 for a detailed derivation). We then have

(3.6) E [f(Zus)|F/] = Tf(Z)  as.
for all f € B(F), s,t > 0, where (F7) is the canonical filtration of (Z;). It is now easy to show

Proposition 3.5. Let the operator K with domain B(E) be defined as above. Then for any
initial distribution v € My(E) there is a solution of the martingale problem for K.
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Proof: The process (Z;) has paths in Dg by construction and the distribution of Z;, =
Y (Vy) = Y(0) equals the given measure v. It remains to verify that

f(Zt)_/oth(Zs)dSa t>0,

is an (F7)-martingale, then the distribution of (Z;) on the path space is a solution of the
martingale problem. To this end note that the semigroup (7;) in B(E) is strongly continuous.
Hence by (3.6) for 0 < t; <ty

B [12)- [ en) i
— TtQ_tlf(Ztl)—/tQ w-ts (K f)(Zy,)d /0

t1

— Tuuf(z)- | LR P2 d /O
AR RS ICATT.

O

Let us also mention that the solvability of the martingale problem is stable under perturbations
of type (3.3). For the proof of the following proposition we refer [17], Prop.4.10.2.

Proposition 3.6. Let A be a linear operator in B(E) such that the martingale problem for A is
solvable for all initial distributions and let K be given by (3.3). Then for all initial distributions
there is a solution of the martingale problem for A+ K.

The idea of the proof is based on the fact that the process (Z;) as defined in (3.5) has only
finitely many jumps in finite intervals of time and remains constant in between. The solution
of the martingale problem for A+ K then can be obtained by interlacing the solution of A with
jumps corresponding to K.

Once we have found solutions P, € M;(Dg) of the martingale problem for a sequence of
operators of type (3.3) that approximates the general operator A, we have construct in the
second step a limit element of the sequence (P,). For that purpose a tightness criterion for
subsets of M1(Dg) is needed. Therefore we define the following expression, which generalizes
the modulus of continuity for a continuous path to the case of cadlag paths: for w € Dg, 6 >0
and T > 0 let

(3.7) w'(w,0,T) = inf sup d(w(s),w(t)),

Z(&,T) s te[t t1+1)

where Z(6,T) denotes all finite partitions 0 =ty <ty < ... <t <T < t,41 with m € N and
. mf (tl-+1 —t;) > 0. Note that the map w — w'(w,d,T) is F-measurable for fixed § and T

-----

( f [17], 3.6.2). Moreover, we have obviously by the triangle inequality for w,w’ € Dp
(3.8) w'(w,0,T) <w'(W,0,T)+2- sup d(w(t),w'(t)).

0<t<T+6
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Now analoguous to the theorem of Arzela—Ascoli the relatively compact subsets of Dg are char-
acterized as sets of paths which are locally uniformly bounded and whose oscillation measured
by w'(+,0,T) tends uniformly to 0 as § — 0.

By the Prohorov theorem this leads to the following standard characterization of tightness of
probability measures in M;(Dg) (see [5], p.125 or [17], 3.7.2, 3.7.3).

Theorem 3.7. Let (P,)acr be a family of probability measures in My (Dg) indexed by a set I.
Then the family (Py)acr is tight if and only if

(i) the compact containment condition holds:
For all T > 0 and all € > 0 there is a compact set Kr. C E such that

(3.9) sup Po(w € D : w(t) & Kre for some 0 <t <T)<e

a€cl

and

(ii) for all T >0 and all € > 0 there is a 6 > 0 such that

(3.10) sup P, (w € D : w'(w,8,T) > ¢) <¢

acl o

The condition (3.10) on the oscillation of the paths can be replaced by an upper bound for the
variation of the paths. The following condition is due to T.G. Kurtz [56], (4.20), see also [17],
Th. 3.8.6. We use the notation ¢ = d A 1, where d is the metric in F, the expectation with
respect to P, is denoted by E“.

Theorem 3.8. Let (P,)acr be a family of probability measures in My(Dg). If the compact
containment condition (3.9) is satisfied and if

()
(3.11) sup E* [¢(X¢, Xo)*] — 0

ol t—0

and

(ii) for all T > O there is a family of measurable functions

vs : Dg — [0, 00), 0<d6<1,

such that
(3.12) supE“ [vs] — 0
a€cl 6—0
and
(3.13) E* [q(Xrsus X2)? - a( X, Xomo)*|Fi] < B [5]F] (Pa-a.s.)

forall0<t<T,0<u<di<land0<v<JiAt,

then (Py)acr is tight.
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Provided we already know that the measures P, are solutions of the martingale problem for
certain operators A, the situation fortunately is more easy. If in this case we have a uniform
bound for the operators A,, it is then enough to check the compact containment condition
(3.9), whereas the uniform control on the oscillation of the paths can be derived directly from
properties of martingales of type (3.1). To see this we first note

Lemma 3.9. Let (P,)acr be a family of probability measures in My(Dg) that fulfills the com-
pact containment condition (3.9). Moreover let D be a subspace of Cy(E) which is dense
with respect to uniform convergence on compact sets. For every f € Cy(E) and every P,
let Py, € My(Dg) be the distribution of the paths of the R-valued cadlag process (f(Xt))iso
under P,.

If for every f € D the set (Pra)acr is tight in Mq(Dg) then (Py)acr is tight in My (Dg).

Proof: (see [17], 3.9.1) We first prove that (Pf4)aer is tight for all f € C,(E). Let f € Cy(E)
and (f,)nen a sequence in D that converges uniformly to f on compact sets. Moreover fix T' > 0
and € > 0. Then by (3.9) there is compact set K7, C E such that

Mr. ={we€Dg:w(t)e Kr. forall0 <t <T+1}

satisfies .
(3.14) P,(Mp.)>1— 5 for all o € 1.
Since for n suffciently large we have sup |f(z) — f.(z)] < Z, (3.8) implies for such n and

Q:EKT,E
0 < 0 <1 sufficiently small

Pra(w'(8,T) > &) = Pa(w/(f(X.),8,T) > )
< Pu((w'(f(X.),6,T) > ) N My.) + Pa(ME)

< Pal(W(fa(X),0,T)+2 sup |f(Xe) = fu(Xe)| =€) N Mre) + %
0<t<T+1

< Palw/(fuX),0.7) 2 5) + 5
— Pra(,8T) 2 5)+ 2 <e

by tightness of (P, o)acsr and Theorem 3.7, condition (ii). Thus (Pfq)ae 1 also satisfies con-
dition (ii) of Theorem 3.7 and moreover clearly satisfies the compact containment condition
(3.9), since f is bounded. Consequently by the converse direction of Theorem 3.7 (Pfq)aer is
tight for all f € C,(E).

In particular, this holds true for the bounded and continuous functions z +— ¢(x,z2), z € E,
where ¢ = d A 1 and d is the metric of E. We prove tightness of (P,)aes using Theorem 3.8.
Let ¢ > 0, T > 0 and Kr., My, as above. Then we find finitely many points z,..., 2y, € Kr,
such that the open balls B.(z;) of radius € cover the compact set Kr.. Therefore, for y € Kr.
there is an i € {1,..., N.} such that

q(z,y) < q(@,2) + q(y, z) < la(w, z:) — q(y, zi)| + 2¢ for all v € E.
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Consequently for 0 <t <T,0<d<land 0<u<9d,0<v<IAL

(315> q2(Xt+u7 Xt) : q2(Xt7 Xt—v) S Q(Xt—mu Xt) : Q(Xta Xt—v)

< max {]q(Xew, 20) — a(Xe, 20)] - 10X, 2) — (X, 2)[} +4(e +25) +1 ¢
1=1,..., e T,e
< _max, w (q(X.,2),20, T +1) A1 +4(e + &) + Lo =%,

77777 € T,e

where the last inequality follows from the fact that w'(-,20,7 + 1) is calculated from the
oscillation of the path on intervals of length not smaller than 2. Thus at least one of the
intervals [t —v,t) or [t,t+ u) is completely contained in such intervals. In particular, (3.13) in
Theorem 3.8 holds with this choice of ;.

For n > 0 we fix € and hence N, such that

E_n
4 N+ - <o
(e+¢€%)+ 5 =5
By Theorem 3.7
sup E® [w'(¢(X ., 2:),20, T +1) A 1] < il foralli € {1,...,N.}
a€el QNE
if 9 is sufficiently small. Thus by (3.14) and (3.15)
sup E* [5] <,

acl
i.e. (3.12) holds, since n > 0 was arbitrary.
Finally we have by definition of w’ for 0 < ¢ < T and £ > 0 with the notation as above

(X, Xo) < q(Xi, Xo) < max [q(Xy, 1) — ¢(Xo, z:)[ +2e +1 o

< ! ;
_max w (¢(X., 2),t,T) + 2e + 1M[]

and thus again with the argument as above by Theorem 3.7 and (3.14)
sup E¢ [qQ(Xt,XO)} —0>0,

a€cl t—

i.e. (3.11) is satisfied and (P, )aes is tight. O

The tightness criterion for solutions of the martingale problem now reads as follows (cf. [17],
3.9.4).

Theorem 3.10. Let D be a subalgebra of Cy(E) which is dense with respect to uniform con-
vergence on compact sets and let ((Aa, D))acr be a family of linear operators in Cy(E) with
common domain D. Assume

(3.16) sup ||Aa fll, < 00 for all f € D.

acl

If for each a € I the measure P, € My(Dg) is a solution of the martingale problem for A,
and (P,)acr satisfies the compact containment condition (3.9), then (Py)acr is tight.
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Proof: By Lemma 3.9 it is enough to check that for all f € D the process (f(X;)):>o defines
a tight family of distributions (P4 )aer in Mi(Dg). Let X : Dg — R, ¢t > 0, the canonical
position map on Dy and F* = o(X} : t > 0), F = 0(XE : s <) the corresponding o-algebra
and filtration. A function f € Cy(F) induces a map

f:Dg — Dg
w — fouw.

f is F-FR_and F, - ]-"QR -measurable and Py, is the image of P, under f . We use Theorem 3.8
to prove tightness of (Pfqa)acr. Clearly, (Prq)acr satisfies the compact containment condition
(3.9), since f is bounded.

Let T>0and 0 < < 1. ForeverysetAEﬂR,0§t§TandO§u§5wehave

[ i xErar, = [ (e F - XFe frar,
A F-1(a)
- [ (f(Xt+u) - f(Xt>>2 dp,
F=1(A)
(3.17) = [ B () — SOPIR] P
=14

But P, is a solution for the martingale problem for A, and f, f> € D. Therefore
B [(f(Xira) — F(X0))*| ]
= [EF [f2(Xt+u) - f2(Xt)|-7:t] —2f(X}) E"= [f(Xia) = F(X0)|F]
_ g [ T ALK dsm} —2f(X) EP { T AL ds|
< 3 AN +2 Il 6 Al = s 0 Preas.

¢
with a constant ¢y independent of . Thus by (3.17)

B (X — X017 <6

In particular, conditions (3.11) and (3.13) of Theorem 3.8 hold true for (X}*);>0 and 75 = ¢4+ ¢
and we conclude that (Pyq)aer is tight for all f € D. O

3.2 The solution of the martingale problem for pseudo
differential operators

We now turn to the concrete situation that the operator A is a pseudo differential operator.
For that purpose let
p:R"xR" — C

be a continuous negative definite symbol. Then by Theorem 2.18

—p(x, D) : CF(R") — C(R™)
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is a linear operator that satisfies the positive maximum principle. To prove existence of solution
for the corresponding martingale problem, we want to solve the martingale problem for an ap-
proximating sequence of operators and then apply Theorem 3.10 to the so obtained sequence of
probability measures. In order to do so, in principle we have to check the compact containment
condition, but our strategy will be a little bit different. We first extend the operator —p(z, D)
to an operator defined on functions on the one-point compactification of R™. Then we get the
compact containment condition for free. The difficulty of course is only postponed to a later
stage and we will have to check in the end that the solution of the martingale problem does
not approach the point at infinity in finite time.

Therefore denote by T R" = R™ U {A} the one-point compactification of R, A is the point at
infinity. We equip R” with a metric d that induces the topology of R™ such that (R”,d) is a
separable and complete metric space.

Unfortunately, for a function ¢ € C5°(R™) it is in general not possible to extend p(x, D)y to R™
in a continuous way, since the limit of p(x, D)y at infinity may not exist, even under bounded-
ness condition on the symbol which are uniform with respect to x. The problem is due to the
nonlocality of the pseudo differential operator p(z, D). Unlike in the situation of a differential
operator, which maps functions with compact support to functions with compact support, this
is not the case for —p(z, D). Looking to the Lévy-type representation (2.19) of —p(z, D) we
see that the nonlocality is governed by the Lévy-kernel u(x,dy) . Thus, in order to control the
nonlocal behaviour we will cut off the Lévy-kernel by multiplication with a density € which
vanishes at infinity. On the level of the symbol this corresponds to a convolution-like opera-
tion. The remainder part of the symbol then corresponds to the Lévy-kernel (1—0(y)) u(z, dy),
which consists of finite measures and thus can be handled as a bounded perturbation. The
next proposition clarifies the situation.

Proposition 3.11. Let § € S(R"), 0 < 0§ <1, (0) =1 and let p : R*" x R" — C be a
continuous negative definite symbol with Lévy—Khinchin representation

G189 )= e 0@+ [ (0= ) i, i)

where q(x, &) for fizred x denotes the quadradic form. Define

w9 = [ oeg+ )~ o) B g

and

P& = [ (9o~ pla& )+ plan)) B
Then pf,p5 : R* x R® — C are continuous negative definite symbols such that

(3.19) p(x,€) = pi(x,€) + ph(,€)
and the Lévy—Khinchin representations

320) il €) = ale. &) +i00) 15,0 + [ (1= 009 LS 00 (o, ay),
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and

(3.21) ACRIE Rn\{o}(l — W) (1= 0(y)) p(x, dy),

hold, where b(z) = (by(x), ..., by(x)) € R™ is given by b;( fR"\{O} 9<y))1+\ E p(z, dy).
Proof: By Theorem 2.7 we know that

p(z, &) < e(1+ [¢),

where the constant ¢ can be chosen locally uniform with respect to z. Thus clearly p{ and pf are
continuous functions, which satisfy (3.19). Moreover, once (3.20) and (3.21) are established, we
see immediately from the Lévy-Khinchin formula that pf and p$ are negative definite symbols.

Note that for & = (&1,...,&.), n=(m,...,m,) € R"

| &+ m)& +m) = nn) by dn
= §6.00) — i€ (0,0)0) ~ 6 (0,,0)(0) = &,
since V6(0) = 0, and
| (&) =) by dn = 600) =,

thus also

(3.22) . {a(x, & +n) +i(b(x), & +n) — gla,n) = i(b(x),n)} O(n) dn = q(w, &) +i(b(x), ).
On the other hand by Lemma 2.8

‘(1 — ei(yf-*-??) + Z(y’é +;7>) o (1 . ei(y,n) + Z(y7n>2)
1+ [yl 1+ [yl

|?/|2 2 2
c (I+[E+n"+n") < e
1+ [yl 1+ |yl

Therefore Fubini’s theorem yields

PRICES ) iy, €+ 1) — (1 — ¢fym) i(y,n) ) a0 6
/n /Rn\{o}( * 1+ [y )= +—1+|y|2) pu(, dy) 8(n)dn

_ / / ( ) _ piy€) pilym) 4 Z(y—,ﬁ)Q) é(n)dnu(x,dy)
R\{0} JR7 1+ [y|

-/ n\{o} (600 = e09003) + 255 ) )
(

1+ |yl

1 i yf))my)u(m,dm [ =0 2 e, ay)
R\ {0} Y|

Rn\{O} + Jy)? 1+
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Note that the last integral exists, since 1 — #(y) vanishes of order 2 in the origin, and this

integral equals i(b(z), ). Together with (3.22) this implies (3.20).
Finally by (3.19)
Z(:ga 5) T

= — ¢Hw:8) _ - — (b
/R"\{O} (1 + 1+ |y|2) (1= 0(y)) plz, dy) —i(b(x),£)

= [ (=) (1= 0 sl ),
R7\{0}

that is (3.21). O

Our aim is to decompose the operator p(x, D) by Proposition 3.11 into an operator pf(z, D),
which extends to functions on R”, and an operator p$(z, D), which has a uniformly bounded
Lévy-kernel and which in the end will be handled as a perturbation as in Proposition 3.6. To
do so, we choose # in Proposition 3.11 to have compact support.

Theorem 3.12. Let p : R" x R" — C be a continuous negative definite symbol such that
p(x,0) =0 and let 0 € C§°(R™) be a cut-off function such that 0 < 6 <1 and 6(0) = 1. Let

p(w,&) = (@, &) + py(,€)
be the decomposition as in Proposition 3.11. Then —p{(z, D) maps C*(R™) into Cy(R™) and
—p4(x, D) is a Lévy-type operator of pure jump type
329 e D) = [ e y) —u@) i), we GRRY)
R™\{0

where the Lévy-kernel fi(x, dy) consists of finite measures, which satisfy

e B (0) < 0 [ Repe.€)vlde) < o
Rn
Here v is the finite measure defined in Lemma 2.15.

Proof: We know that p{(z,&) is continuous negative definite symbol und thus pf(x, D) is
continuous for all ¢ € C§°(R™) by Theorem 2.18. To prove the first statement it remains to show
that p{(z, D)y has compact support. The Lévy-type representation of —pf(x, D) is given by a
diffusion operator, which is local and preserves the compact support, plus an integro-differential
part. Thus for z ¢ supp ¢ by Proposition 3.11

(y, Vo(z))

—pf(x, r) = x — () — 5
pa D) = [ (otren - ptr) - BT

) 6(y) (e, dy)
_ / oz +y) 0(y) ule, dy),
R7\{0}

where u(x,dy) is the Lévy-kernel of p(z,£). But this expression vanishes for |z| sufficiently
large, since then supp ¢(x + -) Nsupp 6 = 0.
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By (3.21) pf is given by

Hr O = [ 00— o) e, dy)

and thus as in the proof of Theorem 2.16 we find (3.23) with a Lévy-kernel ji(x,dy) =
= (1—-0(y)) p(z,dy). Because 1 — 6 vanishes of order 2 in the origin and is bounded, we have
with a suitable constant cg > 0

ly|®
1—-0y) <c
V=TT

and therefore by Lemma 2.15

AR {0)) < o / W e, dy) = /n\{o} [ = costy. ) viag) ey

moy 1+ [y
< o / Re p(z, €) v(de).
O

Let p: R" x R" — C be a continuous negative definite symbol and 6 as in the above theorem.
We consider C(R™) as a subspace of C'(R™) with the convention p(A) = 0 for all p € Cop (R™).

Define an operator Ay in the Banach space C'(R") with domain

(3.24) D(4Ag) = {p € C(R") : (¢ — p(A)) € C*(R™)}
by 0 .
(3.25) topte) = { Do Bl e

Then by Theorem 3.12 Ay maps D(Ay) into C(R"), hence Ay actually is an operator in C(R"),
which extends —p{(z, D). Moreover Ay is densely defined, 1 € D(Ay) and Ayl = 0. Finally A,
satisfies the positive maximum principle on D(A4y), since —p{(z, D) does.

For operators of this type J.P. Roth has shown that they can be approximated by Lévy-type
operators with bounded Lévy-kernel, see [76], Prop. 1.2.3 (see also [17], 4.5.3):

Theorem 3.13. Let Ay be as above. Then there are kernels of probability measures i (2, dy)
on R", k € N, such that

(3.20 b [ (olo) - o) mela dy) — Ang(@)

uniformly on R™ for all ¢ € D(Ay).
The proof mimics the Yosida approximation of a generator L by its resolvent (R)):

Lu= lim k(kRx —1d)u,  ue€ D(L),
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Proof: Since Ay satisfies the positive maximum principle, it is dissipative in C (R"), see [17],
4.2.1. Therefore, k — Ay is continuously invertible in C(R"), but the inverse is not necessarily
densely defined. For k € N and x € R define a linear functional 7} on the range R(k — Ap) by

Tio = k(k — Ag) 'p(x).

Then [TF¢| < [l¢]l, by the dissipativity of Ag. Moreover 1 = (k — Ag); € R(k — Ap) and
Tl =1. Thus for ¢ >0

Tep =T el + Tele = llell) = llelle = 1 = llellc)ll = 0.

Hence T} is a positive linear functional of norm 1 on R(k — Ag), which extends by the Hahn-
Banach theorem to a (not uniquely determined) positive linear functional of norm 1 on C(R™).
Thus by the Riesz representation theorem there is a probability measure uf € M;(R") such
that

Teo = [ eWnildy)  forall p € Rk~ Ay)
Let MP = {p € My(R*) : Tffp = Joo(y) p(dy) for all ¢ € R(k — Ag)} # 0.

As usual we equip M;(R") with the weak topology. For fixed k € N we like to construct a
kernel ji;(z,dy) on R™ such that for each z € R™ we have yy(x,-) € MF. This measurable
selection is possible by the selection theorem of K. Kuratowski and C. Ryll-Nardzewski [55],
see also C.J. Himmelberg [26], Theorem 3.5, provided M C M;(R") is closed for all z € R®
and the set {z € R* : M¥NC # ()} C R is measurable for all closed subsets C' C M;(R"). The
first property is clear from the definition of M}’ and the properties of weak convergence. To see
the second, let (z;);en be a sequence in R™ such that there are y; € MINC and 3, —z € Rn.

l—o0
Since M1 (R") is compact with respect to the weak topology, there is a subsequence of (1)en
that converges to a measure po, € C. Moreover 1o, € M7, because for all ¢ € R(k — Ay)

Tro = k(k — Ap) to(z) = llim k(k — Ag) to(x) = llim T = llim | pdu = /gpduoo.
oo —00 —0oo Jjn n

Thus {x € R": M N C # ()} is even closed and hence measurable.

Having chosen a kernel . (x,dy) as above it remains to show (3.26). For ¢ € D(Ay)
1 1
ey (e, dy) =+ | (k= Ag)e(y) (e, dy) + | Aop(y) pi(, dy)
n n Rn
1

= Tk = Ag)g] + % /WAosO(y) pur (2, dy)

= s@(x)Jr%/ Ago(y) p(z, dy).

n

But Ay is bounded, so we have

(3.27) /go(y) w(x, dy) P o(x) uniformly on Rn.

n
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Moreover, since D(Ay) is dense in C (R") with respect to uniform convergence, (3.27) holds true
for all ¢ € C(R"). Finally we have for ¢ € D(Ay) as above

k /n(w(y) — () p(z, dy) = k / oY) (v, dy) — ko(r)

n

_ / Ago(y) pe(, dy),

n

which tends uniformly to App by (3.27) as k — oo, that is (3.26) holds. O

We now solve the martingale problem for the operator Ay

Proposition 3.14. Let Ag be as above. Then for any initial distribution v € My(R") there is
a solution P € My(Dgw) of the Dgm-martingale problem for Ay.

Proof: Let A; be the operators defined by

A = / (o) — o(@)) e dy), o € D(Ay),

n

where (2, dy) are the kernels of probability measures defined in Theorem 3.13. By Proposition
3.5 for all & € N there is a solution P, € M;(Dgx) of the martingale problem for A, with initial
distribution v. Moreover, since Ayp P~ Apy uniformly for all ¢ € D(Ay), we have

sup || Agep|| . < 00
keN

for all ¢ € D(Ay). Thus, since R” is compact, the compact containment condition is fulfilled
by (Pi)ren and Theorem 3.10 implies that a subsequence of (P;) converges to a probability
measure P € M;(R"). We claim that P solves the martingale problem for Ay with initial
distribution v.

To simplify the notation we denote the subsequence again by (Py)ren. Because the position
map Xo : Dgw — R is continuous, this implies

ProXy! — PoXy;' in My(R"),

k—o00

hence P o X;' = v. Finally we have to check that for ¢ € D(Ay)

¢
o(Xy) — / App(X,) du, t>0
0

is a martingale under P. That amounts to show that

EP

(¢<Xt2> (X)) - / ? (X, du) - mﬁ hm<xsm>] _0

t1

forall 0 < sy < ... < sy <t <ty and all h,, € C(R"). Let Tp be the dense subset of
[0,00) defined in Proposition 3.2. By the right-continuity of the paths it suffices to consider
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S1y..-ySm,t1,ta € Tp. Then the distributions of (X, ..., Xs,,, X, Xt,) under Py converge
weakly to that under P and, since Pj is a solution of the martingale problem for Ay,

(¢<Xt2>—so<xtl>— / Ap(X )Hh ] 0.

t1

Ex

Hence, it is left to show

to M
(3.28) lim B / Avp(Xy)du- hm(Xsm)]
- 1 m=1
to M
= EF / Agp(Xy) du - [ ] h(Xs,,)
t m=1

(Agp)ken is uniformly bounded and converges uniformly to Agp. Thus, if we interchange the
order of integration in (3.28), it is enough to show that

M
Py P
lim B | Ap(X H . = EP | Agp(X 11 B (X ]
for all u € Tp. But this is evident, because
M
k P .
lim B | Agp(X H B, =E" | App(X,) L[l hm(Xsm)]

by the weak convergence of (P;) and

lim E*

k—o0

(Agp(Xu) — Arp(X Hh ] 0

by the uniform convergence of (Ayp). This completes the proof. a

The main result of this section now reads as follows.

Theorem 3.15. Let p : R" x R" — C be a continuous negative definite symbol such that
p(z,0) =0 for all z € R". Assume that

(3.29) p(z, &) < c(1+[¢), zeR* EeR™

Then for all initial distributions u € My(R™) there is a solution of the Dgn-martingale problem
for —p(x, D).

Remark: We know that (3.29) is satisfied with a constant which is locally uniform with respect
to x. The global bound thus should be considered as a generalization of a boundedness condition
for the coefficient of a diffusion operator. Note also that (3.29) implies

p(x, D) : C5°(R") — Cy(R™).
To prove Theorem 3.15 we need the following lemma.
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Lemma 3.16. Suppose p : R® x R™ — C is a continuous negative definite symbol that satisfies
p(z,0) = 0 and (3.29). Then there is a sequence (pr)gen of CF°(R™)-functions, such that
(pr)ren as well as (p(x, D)pg)ren are uniformly bounded and converge pointwise in R™ to 1 and
0, respectively, as k — oo.

Proof: Choose ¢ € C°(R™), 0 < ¢ < 1, suppy C B1(0), ¢|p, ) = 1 and define ¢ (z) =
¢(%). Then (pr)ren is uniformly bounded, converges pointwise to 1 and, since ¢ € S(R") we
have

sup [p(x, D)pr(z)| < sup [ |p(z,§)]|@w(§)] dE

reR™ zeR™ JRn

< o[ @elgpw ool de
< cosup(1+ D) / K G(kE)]| dE + / (1+ [€R" [p(k)] de
|€1<1

lg1<1 €[>1

< k" p(k€)| a 2En kel a
< o[ RO de e [k kel a

< of @t [ e a

R'Il
and this is bounded as k — oco. Similarly we find for each fixed zy € R”
(3.30)  [p(z, D)pr(wo)l < [ |p(w0, )| K™ |p(KE)| €
Rn
< s 9l [ IRk e [ (IR a0
5 1

1 1 1
|f‘§ﬁ S\/E |§|>\/E

< owp o8- [ lp@acre [ ke ag e [ ek a

€< 75 Je<lelt l€l>1
1o 1
< ¢ sup |p(x0,§)|+ﬁ(k: —1)—1—@
<>
and this tends to 0 as k — oo, since p(xg,0) = 0. O

Proof of Theorem 3.15: We decompose p(z,¢) as in Theorem 3.12:

p(x,€) = pl(x, &) + pi(x,8).

Denote again by Ay the extension of —pf(x, D) : C°(R") — Cy(R™) defined by (3.24), (3.25).
Then by Proposition 3.14 there is a solution P € M;(Dg) of the Dgz-martingale problem for
Ay and the initial distribution p € M;(R™) C M;(R"). We show that P-a.s. the paths of the

solution are in Dpn.
Define the {F;; }-stopping times

1
T = Inf{t > 0:d(A, X;) < E}’ m € N,
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where d is the metric R7. It is sufficient to show that for all 7> 0 and Zy = lim,,_.cc X1 A7
we have P(Zy € R") = 1.

For this purpose consider the sequence of C§°(R™)-functions (¢ )ren of Lemma 3.16 and let
¢r(A) = 0 as usual. Then the sequences () and (Agypy) of functions on R are uniformly
bounded and tend pointwise to 1g» and 0, respectively, as k — oo. Moreover

t
o(X0) — / Apon(Xo)du, 120,
0

is an {F;, }-martingale by right-continuity of the paths and optional sampling yields

T AT
E” [gok(XTmAT) — / Agpr(X,) du} = E" [pe(X0)], k,m € N.
0

Thus for m — oo

E” [SOk(ZT)] —-E”

SUp,, en(TmAT) p
/ Agpr(Xy) du| = E" [¢r(Xo)]
0

and for kK — oo
E” [1gn(Z7)] = E” [1gn (X0)] = u(R") = 1

and we may assume that there is a solution to the martingale problem with sample paths in
Dgn. This means the Dgn-martingale problem for —p{(z, D) is solvable.

To complete the proof it is enough to note that by Theorem 3.12 the operator —p§(x, D) is a
pure jump Lévy-type operator

(o Dhele) = [ (plato)—pla)) il dy) = [ (o) -pla)) il dy=a), ¢ € CFRY),

n

The Lévy-kernel ji consists of uniformly bounded measures, since by (3.29), Theorem 3.12 and
Lemma 2.15

sup [z, ). < cosup [ Rep(a&)vlde) <c [ (1+[¢)ulde) < o

zeR™ zeR™

Here v denotes the measure defined in Lemma 2.15. Hence —p(x, D) is a perturbation in the
sense of Proposition 3.6 and the Dgn.-martingale problem for —p(z, D) = —p{(z, D) — p§(x, D)
is solvable for all initial distributions. O
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Chapter 4

Generators of Feller semigroups

4.1 Technical preliminaries

A diffusion process can be regarded as a certain perturbation of Brownian motion, i.e of the
Lévy-process corresponding to the continuous negative definite function & — |£]>. Now the
philosophy for all the subsequent will be the following:

We fix a continuous negative definite function ¢ as a reference function and we consider con-
tinuous negative definite symbols p(x, &) which for fixed z are compatible with v in a suitable
sense. This means that we take the Lévy-process corresponding to ¢ as a reference process
and we investigate jump processes which are in a certain sense comparable with this given
Lévy-process.

Here and in the following we will limit our examinations to the case of real-valued continuous
negative definite symbols. Therefore let

(4.1) v:R" 5 R

be a fixed continuous negative definite reference function. It turns out that we will need a
mild no-degeneracy condition on ¢, namely a minimal growth condition for |{| — oo. More
precisely, we assume that there is a constant r > 0, possibly very small, such that

(4.2) (&) Zclgl” for ¢l =1

with a suitable constant ¢ > 0. In the following we will always state estimates for the symbols
in terms of the function

(4.3) A(&) = (1+(€)"?

instead of the function v itself, because this often turns out to be more convenient. Clearly
(4.2) implies

(44) \E) > cle”

for some ¢ > 0. Note that by (2.8) we always have r < 2 and the case r = 2 is attained for the
continuous negative definite reference function ]§|2 which corresponds to Brownian motion and
diffusion processes.

46



A very useful tool to investigate pseudo differential operators with symbols compatible with
the reference function ¢ (or A) will be an appropriate scale of Sobolev spaces, which are defined
in termes of the function \: For s € R we define an anisotropic Sobolev space by

(4.5) }FNRﬂz{uES@M:/TVﬁﬂhﬁd§<uﬁ

n

equipped with the norm

(4.6) = ([ 2 o ag)

These anisotropic Sobolev spaces in the context of continuous negative definite functions and
pseudo differential operators where first introduced by Jacob, see [42] and the references there
in, but see also [4]. It is easy to see that HS*(R") is a Hilbert space with inner product

(17) (e v)or = [ N© 0l T de.

The continuous embeddings

(4.8) H2MR™) — HR"), Sy > 81

hold and C§°(R™) is dense in H**(R™) for all s € R. In particular H**(R") = L*(R") and

2
therefore we mostly denote the norm and the inner product in L*(R™) by |[|-||, and (-, )o.

In the special case 1(€) = |£]* we recover the ordinary fractional L*-Sobolev spaces:
H5(+HED(Rn) = H#(R"). The spaces H**(R") thus can be regarded as a generalization of
the usual Sobolev spaces to an in general anisotropic situation. If we identify L*(R") with its
dual space, H¥*(R")" becomes canonically isomorphic to H~**(R") and

u,v
(4.9) lll_,, = sup 10l
Vg () [Vl

where we extend the L?(R™)-inner product (-, -)o in the obvious way.

Note that by (4.4) and (2.8) we have
cr(1+ €17 < AE) < ea(1+ [€])",

which implies
(4.10) H*(R") — H*MR") — H7*(R")

for all s > 0. In particular, since H*(R") — C(R") for s > 2, see [54], Lemma 3.2.5, we have
the following Sobolev embedding.

Proposition 4.1 Assume (4.4). Then
Hs,/\(Rn) SN CQQ(]Rn)
if s> 1.
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Moreover note that for all € > 0 and s3 > s, > s; the elementary estimate
N2(6) < 2 NF(€) + c(e)® A*(€)

implies
(4.11) lullsy 0 < € llully, s +c(e) lully, ., we H*R").

Finally, let us remark that by definition
(4.12) ull, , = [N (D) ul], for all u € H"(R")

or more general

(4.13) [ulln = [N(D) ], for all v € H*™*(R™)

s+t,

for s,t € R. In this context it is natural to replace the usual notion of the order of an operator
by the one given by the anisotropic Sobolev spaces H**(R"). Then (4.13) just means that
A(D) can be regarded as an operator of order ¢ between these Sobolev spaces H**(R"), which
should be regarded as a generalization of an elliptic operator.

For a general pseudo differential operator p(z, D) with a negative definite symbol defined in
terms of the given reference function () it now reasonable to expect a similar behaviour. In
fact, estimates for p(x, D) in the Sobolev spaces H**(R") will play an central role in order to
handle the operator by an analytic approach. We start with the following easy, but essential
lemma.

Lemma 4.2. Let M € N and p : R® x R" — R be M-times continuously differentable with
repect to the first variable. Moreover assume that for every 3 € Ny, |5| < M there is a function
®s € L'(R™) such that

(4.14) |07p(@,§)] < @p(z) - X*(€),  x€R", EER”

holds for all |5 < M. Let

B0, ) = / @O, ) dr, R,

be the Fourier transform of p(x, &) with respect to x. Then there is a constant Cyy > 0 depending
only on M and the space dimension such that

(4.15) B, O < Cur- D @l gy ()™ X2(9),

[B1<M

where we have used the notation (n) = (1 + |n|>)/2.

Proof: Choose C'y; such that

(4.16) WM < - S ).

[B1<M
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For g € N, |3] < M we have by partial integration

7 00 = | [ e g

[ e

< [ foa@]- () da
H(I)ﬁHLl(Rn) ’ >‘2<§>‘
Summing up this estimate for all || < M and using (4.16) proves the assertion O

As usual we denote by [A, B] = AB — BA the commutator of two operators. The main
auxiliary tool to treat the variable coefficient case, i.e. the case of symbols that depend on
x, will be certain commutator estimates. In the case of two differential operators of order
my and mao, respectively, it is well-known that their commutator is of order m; + mo — 1
and hence the order of the commutator is strictly less than the sum of the order of both
operators. This result carries over to pseudo differential operators in classical symbol classes.
It is this behaviour of a commutator which allows to treat the effect of variable coefficients as a
lower order perturbation in an appropriate sense. But in the case of negative definite symbols
considered here the standard symbolic calculus for pseudo differential operators is not available
so the arguments used for classical pseudo differential operators fail.

Nevertheless we can show order reducing properties of the commutator using a different proof,
which relies on estimates for negative definite functions.

Theorem 4.3. Let M € N and p: R" x R" — R be a symbol that satisfies (4.14) for that M.
Then for all s,t € R such that |s — 1|+ 1+ [t| + n < M we have

[\ (D), p(z, D) th,)\ < CMosit Z ||(I)ﬂ||L1(Rn) ) ||u||t+s+1,>\ for all uw € Cg°(R").

BENG
|BI<M

Here cpr s @5 independent of the particular choice of p.

Note that under assumption (4.14) we expect p(x, D) to be an opertor of order 2 and A*(D) is
of order s. Thus Theorem 4.3 states that the order of the commutator is s + 1, which in fact
is one order less than the sum of the operator orders.

Proof: First note that by Theorem 2.7 the reference function satisfies ¥(€) < cy(1+ [€]?) =

cy (&), hence
(4.17) AME) < (1 +¢)Y2- () for all £ € R™.

Moreover note that A(€) = (1 + (€))!/? is the square root of a continuous negative definite
function. Thus by (2.5)

(4.18) IACE) = Am)| < A€ —n)
and by Lemma 2.6 the generalized Peetre inequality

A(€)
4.19 TP A (e
(119) o (€ n)
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holds for all £,n7 € R™. An elementary calculation yields

(W(D)pla DY) (€) = [ 5l = m.m) (¥(©) = W) o)

and thus for all v € C§°(R") by Plancherel’s theorem

(4:20) [((D).pla Do)l < [ [ 1ol = mm] 1N€) = Wl o) [5(6)] ande.
Next note that for all z,y > 0 by the mean value theorem

2" =y < sl o —yl - (2" + 9
holds, which gives by (4.18) and (4.19)

[A*(€) = A°(n)] [s] - IAME) = Am)| - (A H(E) + A" ()

|- A& —m) - (212N ) - ARTHE =) + X)) - A(E) - ATI(E)
228712 s - A€ =) - A€ =) - AT () - 22N (€ — ) - A () - ATH(E)
_ 2(|371|+|t\+2)/2 |S’ . )\|sfl|+\t|+1(€ . 77) . )\t+571(n) . Aft(f)

INIAIA

Hence by (4.15), Lemma 4.2 and (4.17)

(WD), p(, D) w, v),|
< Oy 212 )

> 196l gy /R ) / g =y NI — ) X ) () - ATHE) [0(8))]

peNy
|BI<M

< Oy -2Y2. (2(1 + Cw))(\s—1\+|t\+1)/2 ER
- 125l ey / / (€ — ) MHTIEEL NS ) ()| - A [0(6)] dnde.

peNg
[8l<M

By the assumption on s and ¢ the function (-)~ M=+ i integrable on R™. Therefore,

using first Cauchy-Schwarz- and then Young’s inequality finally yields

(X (D), pla, D), v)ol < earsaw D 1®sllpiggny * ullisssrn - 01

BENG
1Bl<M

with a constant

(4.21) et = Cur 91/2 (2(1 + C¢))(|s—1\+|t|+1)/2 Is] - H<_>—M+|s—1|+|t|+1

LI(R")

By (4.9) the theorem now follows immediately. O
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For later purposes we introduce the Friedrichs mollifier J, : L*(R") — L?(R"), € > 0, defined
by J.u = j. * u, where

. T n . FLE for |x| < 1
4.22 (x)=¢ —), v € R", and = ¢°¢€ )
( ) Je() ‘7(5> o i) { 0 for |z| > 1

and ¢ is chosen such that [, j(z) dz = 1. Because (Jou)(§) = j(e€) - u(§) and j € S(R™), we
have J.u € H¥*(R") for all s > 0. Moreover, since |j(5§)| < j(0) = 1, we find for u € H"(R")

||J£U||t,>\ < Hth,)\

and
Ju U in H"(R™).

For the Friedrichs mollifier the following uniform commutator estimates hold.

Theorem 4.4. Let M € N and p: R" x R" — R be a symbol that satisfies (4.14) for that M.
Then for all s > 0 such that |s — 1|+ 1+n <M and all0 <e <1

||[J€,p(l‘, D)] u”s)\ >C ||u||s+1,>\ fOT’ all u € Cgo(Rn)

with a constant ¢ independent of €.

Proof: Note that

(423 (bl D) (€) = [ 56 = m.a)(i(e) — et d

and

(424) 5(e€) = Jlen)] - (1 + €)'/ < (1 + ¢ = nI")"?

with a constant ¢ independent of 0 < € < 1, since (4.24) is trivial, if | — 5| > and otherwise

the meanvalue theorem and the estimate |Vj(€)| < ¢(1 4 |£]7)~"/2 yield

o\ —1/2
2 ) (14 €)1

-1/
< o1+ E—n)? <1+@> 12-<1+|£|2>”2
- " g2 2 '

(€)= jlem)l - (L + €)' < fe€ —en] - ¢ (1 +

Combining (4.23), (4.24), Lemma 4.2 and (4.17), (4.19) we obtain
|(X*(D) [Je, p(, D)] u) (€)]
= | [ ite = nntico - e o

IROR(9)
()& —n) ©

T ) 2N ) A =) adn)| dn

AN Jal)] dn

IA
o

VAN

(€ — ) M S L gy Ja(n)| dn
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with a constant ¢ not depending on £. Observe that by assumption (->7M+1+|871| is integrable.

Thus by (4.12) Young’s inequality again yields the desired estimate. a

4.2 The construction of Feller semigroups

In this section we develop the direct approach to Feller semigroups via the Hille-Yosida theorem
as it was carried out by Jacob. In this context first results for pseudo differential operators with
continuous negative definite symbols were obtained in [42] for symbols having a particular sum
structure. These resulte were improved in [29] by using better commutator estimates based
on properties of the underlying negative definite functions as described in the previous section.
Finally the specific sum structure of the symbol could be dropped and in this general case Feller
semigroups were constructed by Jacob in [43]. The results presented here are taken essentially
from [43].

We recall the definition of a Feller semigroup.

Definition 4.5. A Feller semigroup on R" is a family of bounded linear operators T, :
Co(R") — C(R™), t > 0 such that Ty = Id and

(i) TsoTy = Tyiy for all s,t >0 (semigroup property),

(i1) Tiu U in Coo(R™) for all u € Cyo(R™) (strong continuity),
(7ii) For all u € Coo(R™) such that 0 < u <1 and all t > 0 we have

0<Twu<l1 (submarkovian property).

In other word a Feller semigroup is a strongly continuous contraction semigroup on C,,(R")
which is also positivity preserving. As usual we can define the generator (L, D(L)) of this
strongly continuous semigroup with domain

1
D(L) ={u € C(R") : lg% ;(Ttu —u) exists in Co (R™)}

by

.1
As it is well-known, (L, D(L)) is a densely defined and closed operator in C.(R") and deter-
mines the semigroup (7;):>0 in a unique way, see [90]. By the theorem of Hille-Yosida we have
a complete characterization of all generators of strongly continuous semigroups. Let us recall

this theorem for generators of strongly continuous contraction semigroups in a general Banach
space (B, ||]|), see [17], 1.2.6:

Theorem 4.6. A linear operator (A, D(A)) in a Banach space (B, ||-||) is closable and the
closure is the generator of a strongly continuous semigroup of contractions (T})>o if and only

of
(i) D(A) is dense in B,
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(i) A is dissipative:
lTu — Au|| > 7 [Jul] for allT>0, ue D(A),

(i11) the range R(T — A) is dense in B for some T > 0.
Note that in the case that B is a Hilbert space H, (ii) follows from

(—Au,u)g >0 for all w € D(A).

There is a refined version of this theorem, which characterizes generators of Feller semigroups,
see [17], 4.2.2.

Theorem 4.7. A linear operator (A, D(A)) in C(R™) is closable and the closure is the gen-
erator of a Feller semigroup if and only if

(i) D(A) C Coo(R™) is dense,
(i) A satisfies the positive mazximum principle on D(A),
(i1i) the range R(T — A) C C(R™) is dense for some T > 0.
Note that the positive maximum principle implies that the operator A is dissipative, i.e.
lTu — Au|| > 7|l for all f € D(A), 7> 0,

see [17], 4.2.1. Therefore Theorem 4.7 is based on the Hille-Yosida theorem 4.6. The stronger
assumption of the positive maximum principle implies that the semigroup is in addition pos-
itivity preserving, i.e. a Feller semigroup. In other words a strongly continuous contraction
semigroup on Cy (R") is a Feller semigroup if and only if the generator satisfies the positive
maximum principle. Hence, provided C§°(R") is contained in the domain of the generator, by
Theorem 2.16 the generator must be a pseudo differential operator —p(z, D) with a negative
definite symbol p(z, €). Conversely an operator of this type satisfies the conditions (i) and (ii)
of Theorem 4.7. Our aim therfore will be to find conditions for the symbol such that the range
condition (iii) of the Hille-Yosida theorem is also fulfilled. This amounts to show that the
equation

(4.25) (p(z,D)+T)u=f

has solutions for sufficiently many right hand sides f.

To solve this problem we will apply a Hilbert space approach based on the anisotropic Sobolev
spaces which were introduced in the previous section. Let again ¢ : R” — R be a continuous
negative definite reference function which satisfies the non-degeneracy condition (4.2). Moreover
let

AE) = (1+1(¢)"

and
p:R"xR" —>R
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be a continuous negative definite symbol. For an arbitrary point zy € R™ we split the symbol
into two parts

p1(§) = p(xo,§)

and
p2(7, &) = p(x, &) — p(wo,§),
(4.26) P, ) = p1(€) + pal, ).

The symbol p;(§) is independent of x, so the corresponding operator —p; (D) is just a Fourier
multiplier and well-understood. Actually p;(£) is a continuous negative definite function and
—p1(D) is the generator of a Lévy process.

Now the idea is to regard po(z,£) as small perturbation of the symbol p;(§). We therefore
consider the following assumptions:

Let M € N. For M > n+ 1 the function <->_M+l is integrable over R™. Then by v, we denote
the constant .
Ll(R")) ’

(4.27) ™M= (SCM(Q(l o)) 2 ()
where the constants C)y; and ¢, are defined in (4.16) and (4.17). We assume:

(A.1) There are constants cp, c; > 0 such that
(4.28) coA* (&) < pi(§) <X (€)  forall ] >1

and for M € N:

(A.2.M) the symbol ps(x,§) is M-times continuously differentiable with respect to x and for
B €Ng, || < M there are functions @5 € L'(R™) such that

(4.29) |07 p2(, €)| < p(x) - N(8),
and for M > n + 1:
(A.3.M) with the constant v, > 0 as in (4.27) we have

(430) Z HqDﬁHLl(Rn) S IMm - Co,

BENG
|Bl<M

where ¢ is the constant given in (A.1).

The first assumption says that the symbol p; () has the same behaviour as the reference function
P (§). Of course we could have taken p; (§) itself as the reference function. But the slightly more
general assumption (A.1) enables us to obtain uniform estimates for a whole class of symbols.
(A.2.M) relates also the z-dependent part to the reference function.

The condition (A.3.M) states that the perturbation of p;(&) by pa(x, &) is small, where the size
of the perturbation relative to p; is measured by the constant ~,;.

We first note that p(z, D) is a well-defined object in the anisotropic Sobolev spaces H**(R™).
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Theorem 4.8. Assume (A.1) and (A.2.M). Then for s € R such that |s — 1|+ 1+n < M we
have
(4.31) Ip(z, D)ull, 5 < ellu]

For s = 0 this estimate holds even if M > n.

for all uw € C§°(R").

s+2,\

Proof: The condition (A.1) implies by (4.12) and Plancherel’s theorem

@82 (Dl = D)D),
1/2 1/2
- ([ wemouera) <q ([ prouel )

= H)\s+2(D)UHO =c Hu“erQ,)\'

Concerning an estimate for py(x, D) we first consider the case s = 0. Then by Plancherel’s
theorem and Lemma 4.2

Ip2(z, D)ull, = sup |(p2(z, D)u, v)ol
vECE (R™)
llvllo=1
(4.3 = sw | [ [l nm)ita)o@) dndg
vEC(‘]’Q(]Rn) n n
llvllp=1
—M ~ ~
< s Cu S @l [ [ (€= m) N )] [o(6)] dnie
Ivlo=1 e
< Cn S Wallrn - [0 Tl
< O 3 1Bl 07 gy Tl el
Illo=1 1B1<
—-M
= Cut D 1@l pagany - [0l
BENT (R™)
0
|Bl<M

where for the last inequality we used Cauchy-Schwarz- and Youngs’ inequality. Note that by
assumption M > n and hence (-)~" is integrable. In particular py(x, D) extends continuously
to H?*(R")

Now let s € R be arbitrary. Then

(2, D)ull 5 = [[A*(D) pa(x, D)ull,
< lpa(z, D) A (D)ully + [[X(D), pa(, D) ully

But by (4.33)

[p2(z, D) A*(D)ully, < Cu Z H(I)B”Ll(Rn)

BEND
|BI<M

= Cu Z H(I)BHLl(Rn)

BENY
|B|<M

7

. IA*(D)ull;

L1(R"

7]

L
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and by Theorem 4.3

IX°(D), p2(, D)] ully

IN

CM,S,zp Z ||®B||L1(R")

BeNT
[Bl<M

CM,s,9 Z Hq)ﬁ“Ll(Rn) ||uHs+2,)\7
BENG
|BI<M

|u||s+1,>\

IN

which together with (4.32) implies (4.31). O

Therefore under the assumptions of Therorem 4.8 we may extend p(z, D) to a continuous
operator
p(x,l)): }{s+2A(Egn) N f{&k(ﬁg”)

and p(z, D) is consistently defined for different values of s.
Theorem 4.8 shows that p(z, D) indeed behaves like an operator of order 2 in the scale of
Sobolev spaces H**(R™).

In order to find solutions for the equation (4.25)
(p(z, D)+ 1)u = f,
we are first seeking for a weak solution. We therefore define the bilinear form
(4.34) B:(u,v) = ((p(z, D) 4+ 7)u, v)o, u,v € C(R").
It turns out that B, extends to a continuous and coercive bilinear form on the space H*(R").
Theorem 4.9. Assume (A.1) and (A.2.M) with M > n+ 1. Then
(4.35) Bow,o)| < cllullyy-llolly  for allu,v € CGF(RY),

i.e. B, extends continuously to H'*(R™) x HA(R™).
If moreover (A.3.M) is satisfied, then there is a constant 19 € R such that for all T > 19

(4.36) B (u,u) > % ||u||fA for all w € H"R™).

Proof: First we obtain by Plancherel’s theorem and (A.1)

(1 (D)u, v)o| =

| @i
4 [ N1 A 0] de

A flullyx - Mol -

IA

IA
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Moreover we find as in (4.33) using (4.17) and (4.19)

(s Dy hol < Cor 3 1@l [ [ €= A )] Ao 1€

BENG
|Bl<M

< O 200+ e
(4.37) Y @l [ [ 6= a7 A )] A o(€)] dn

BENG
|Bl<M
—M+1
< Cur QO+ ) 3 1@l |7 ullyn ol
= (R™)
|Bl<M

which implies (4.35), since of course
|7 (w, v)ol < [l ully - [Vl -

To prove the lower estimate first note that by (A.1) with a suitable constant 75 > 0

Dy = [ m@la©Fas = [ (@i -l s
(4.39 = allull, — .

But by (4.37), the choice of vy, and (A.3.M)

1 2 Co 2
[(pa(, D)u, u)ol < o— D 1Pl gy - lull? < 3 el

BENG
|B1<n

Therefore combining the above estimates yields

(p(l’, D)U,U)O Z (pl(D)U,U)O—|(p2($,D)U7U>O|
Co
> (eo— L) Jully ~ 7o ul?
Co
> Dl — ol
that is (4.36). O

For each f € L?(R") the map v — (f,v)o is a bounded linear functional on H'*(R"). Thus
under the conditions of Theorem 4.9 the Lax-Milgram theorem (cf. [96], p.92) immediately
yields a weak solution of the equation (4.25) in the following sense:

Theorem 4.10. Assume (A.1), (A.2.M) and (A.3.M) with M > n+1. Then there is a 79 € R
such that for all T > 79 and for all f € L*(R™) there is a unique u € H"(R") such that

B, (u,v) = (f,v)o for all v e C3°(R™).
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Of course a weak solution in H%*(R") is not sufficient for our purposes, since we are aiming
for a solution in Cw (R™) to satisfy the conditions of the Hille-Yosida theorem. By the Sobolev
embedding given in Proposition 4.1 it is therefore necessary to look for a regularity result for
the solution in higher order Sobolev spaces. Because of the lower bound for the symbol given
in (A.1) we expect an elliptic-like situation. In fact we can prove

Theorem 4.11. Let s > 0 and assume that (A.1), (A.2.M) and (A.3.M) with M > |s — 1|4+14n
hold true. Then for all u € H*2*(R™) we have

(4.39) [ull a0 < clllp(z, D)ull,  + [lully)-

Proof: By continuity it is enough to prove (4.39) for u € C§°(R™). For the operator p;(D)
the assumption (A.1) and (4.11) yield

(4.40) Dl = [ @ ) de
> [ @ - ala©) ae

1
2 2 2
= G lulliron —cllullix = 765 lullion — e llully

or
1
lp1 (D)ullyn = Seollullypon —cllufly-
Moreover we see from the proof of Theorem 4.8
-M
P2 DYl y < Cor 3= 196y [ o Ileron+ eats 3 19l Il

BENY BEND
|BI<M 181<M

Thus by assumption (A.3.M) and again by (4.11)

LI(R"

1 1
I, D)ulls < 2o lull o n + 20 llull o+ cllully

8 8
1
= ZCO ||U||s+2,x tc HUHO .

We combine this result with the esimate for p;(D) and obtain
Ip(z, Dyullyx = lp1(D)ull x = [Ipa(e, D)l ,
Co
> Dl clully
and (4.39) follows. O

Theorem 4.11 implies the following regularity result for solutions of the equation (4.25)

Theorem 4.12. Let s > 1 and assume that (A.1), (A.2.M) and (A.3.M) hold with an

M > s+mn. Then for any f € HSR™) there is a unique solution u € HT2*(R") of the
equation

(4.41) (p(z,D)+1)u=f

for all 7 > 19 and 1y is chosen as in Theorem 4.9.
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Proof: With this choice of s and M the assumptions of the Theorems 4.4, 4.8, 4.9, 4.10 and
4.11 are satisfied. In particular p(x, D) : H*2MR") — H*)(R") is continuous for all 1 <t < s
and for s = 0. By Theorem 4.10 there exists a unique weak solution u € H'*(R") of (4.41):

B, (u,v) = (f,v)o for all v € C3°(R").

We first prove that u € H>*(R"). Choose a sequence (uy)rey in C5°(R™) which converges to u
in HYA(R™). Let J. be the Friedrichs mollifier defined in (4.22). Note that J. is a symmetric
operator in L*(R™) and that J. commutes with p;(D). Then for all v € C§°(R"™)

(442) ((p(x, D)+ 7)Jeu,v)o = (Je(p(x, D) + 7) u,v)o — ([Je, p(, D) + 7] ug, v)o
= ((p(ﬂ?, D)+T> uk?‘]f?v)o_ ([Je,p(JJ,D)] uk7v)0
= B (ug, Jov) — ([Je, p2(z, D)] ug, v)o.

Note that J. maps H*(R") continuously into H"*(R") for all ¢,# > 0. Moreover, by the
commutator estimate, Theorem 4.4, we know that

[Je, pa(x, D)] uy, — w. € L*(R")

in L*(R™) and |Jw.||, < K is uniformly bounded for all 0 < ¢ < 1. Therefore we obtain for
k — oo

(443) ((p(x’ D) + 7—)‘]5 u, U)O = B‘r(ua Jav) - (U)s, U)O
= (f» JaU)O - (wa’ ?J)O
= (J.f,v)o — (we,v)o.

Taking the supremum over all v with [|v]| 2 gn) = 1 yields
[(p(x, D) +7)Je ullg < e fllo + llwelly < [[fll + K.

Thus both [|(p(z, D) + 7)J- ul|, and ||J.u||, are uniformly bounded for 0 < ¢ <1 and hence by
Theorem 4.11

sup || Jeull,, < oo.
0<e<1

Since H**(R™) is a Hilbert space, there is a sequence (g;)rey tending to 0, such that (J., u)
converges weakly to an element @ € H>*(R"). But Jgkuk—> u in HY*(R™), thus @ = u and we

have u € H**(R").

We now iterate the argument. Suppose that u € H®(R") for some 2 < t < s+ 1 and
use in (4.42) a sequence (ug)ren of testfunctions that converges to u in H®*(R"). We then
obtain (4.43) with supg..<; ||well,_; , < oo. Taking in (4.43) the supremum over all v such

that [v]l,_, , = 1 yields that (p(z, D) + 7)Jou and J.u are uniformly bounded in H'~"*(R").
Consequently by Theorem 4.11 the same holds true for J.u in H*%*(R") and we conclude as
above that u € H'"MA(R").

Therefore, after a finite number of iterations the result u € H*"2*(R") follows.
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Finally we have to remark that u is a solution of (4.41) in the strong sense. But clearly for
any sequence (uy)ren of testfunctions that converges to u in H*t?*(R") and all v € CZ°(R")
we have

((p(w, D) + Tur, v)o — ((p(x, D) +7)u, v)o

— 00

as well as
((p(x, D) 4+ T)ug,v)o = Br(ug,v) JH—O)OBT(U’ v) = (f,v)o,

that is (4.41) holds. O

Using this regularity result it is now easy to find a solution of the equation (4.25) in C,(R"). In
combination with the Hille-Yosida theorem we finally can prove that pseudo differential opera-
tors with continuous negative definite symbols give examples of generators of Feller semigroups.
We have the following theorem, cf. [43], Theo. 5.2.

Theorem 4.13. Let ¢ : R® — R be a continuous negative definite reference function that
satisfies (4.2) for some r > 0 and define A(§) as in (4.3). Assume that the conditions (A.1),
(A.2.M) and (A.3.M) hold with an integer M > (2V 1) +n. Then —p(z, D) with domain
CR(R™) is closable in Coo(R™) and the closure is the generator of a Feller semigroup.

n

Proof: Fix s € R as a number strictly between » vV 1 and M —n. Then s > 2 and
M > s+4n. Therefore the assumptions of Theorem 4.13 are satisfied and the Sobolev embedding
H'A(R™) — C,(R") is valid for all t > s by Proposition 4.1. Define a linear operator (A4, D(A))
in C(R™) by

D(A) = H*PMR™) C Coo(R™)
and
Au= —p(z,D)u  for u € D(A).
Then A is an well-defined operator in Cy(R"), since p(x, D) : H*"*AR") — H**(R") C
Cs(R™). Moreover by Sobolev embedding, Theorem 4.8 and Theorem 4.11 we see that the
graph norm of A in C,(R")

lull s = llull  + 1 Aull,  w€ D(A) = HHH(R"),
is weaker than the norm |[ul|,,, , and therefore C§°(R") is a core of A.

Since p(z, ) is a continuous negative definite symbol, —p(x, D) satisfies the positive maximum
principle on C§°(R™) by Theorem 2.18. But then by Proposition 2.20 A also satisfies the positive
maximum principle on D(A). Hence A fulfills the conditions (i) and (ii) of the Hille-Yosida
theorem 4.7. Moreover for 7 > 0 chosen as in Theorem 4.9, for any f € H®*(R") there is a
u € H"2MR™) = D(A) such that
(A—T)u=f.

As H**(R") is dense in Co,(R") all conditions of the Hille-Yosida theorem are satisfied. Thus
A is closable in C, (R") and the closure generates a Feller semigroup. But, since C§°(R") is a
core of A, this closure coincides with the closure of A = —p(x, D) with domain C§°(R"). O

Of course the derivation of this result has yielded more informations on the generator expressed
in terms of estimates in appropriate Sobolev spaces. These estimates are of interest for their
own, because they imply results for the semigroup and accordingly, they have probabilistic
implications. We will focus on this point in Chapter 8 below.
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Chapter 5

The martingale problem: Uniqueness
of solutions

5.1 Localization

In the previous chapter we have seen that modified Hilbert space methods represent a use-
ful tool for the investigation of pseudo differential operators with continuous negative definite
symbols. In particular we constructed a non-trivial class of examples of generators of Feller
semigroups, which are controlled in terms of a general continuous negative definite reference
function. A certain drawback of the method is that the assumptions on the symbol are restric-
tive in the following sense. Condition (A.2.M) demands that the z-dependent part ps(zx,§) in
the decomposition (4.26) of the symbol is bounded by an integrable function with respect to
x. Since the same is assumed also for the derivatives up to a certain order higher than the
space dimension, (A.2.M) in the end means that ps(z, &) vanishes for |z| — oo. Therefore, for
|z| — oo the symbol p(x, &) is asymptotically independent of z. Moreover, condition (A.3.M)
imposes a strict bound on the size of the z-dependent perturbation ps(x, £) of the z-independent

part p;(§).

One way to overcome these difficulties is the use of the martingale problem. This is mainly due
to a localization procedure for solution of the martingale problem. We will briefly explain this
technique.

We are looking for conditions for the pseudo differential operator such that the martingale
problem is well-posed. This is appropriate, because in this case the martingale problem gives a
unique characterization of a Markov process generated by the operator. Consider the following
situation. Let again E be a separable, complete metric space and let A : D(A) — B(FE) be
linear operator with domain D(A) C Cy(E). Define the Dg-martingale problem as in Section
3.1. We need the notion of the stopped martingale problem. Let P € M;(Dg) be a solution
of the martingale problem for A, i.e.

¢
o(Xy) — / Ap(Xy) ds, t>0,
0

is a martingale with respect to the filtration (F;);>o under P. Now let U C E be an open set
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and let 7y be the (F;)-stopping time
w=inf{t>0: X, gUor (t>0and X;_ €U)}.

Note that 7y (w) is the first contact time of the closed set Ut by the cadlag path w € Dg, i.e.
the first time ¢ such that the closure of the path w up to time ¢ hits U C. Therefore (see [17],
2.1.5), 7y actually is a stopping time with repect to the canonical filtration (F%).

Then by optional stopping obviously

tATY
(5.1) o(Xinr, ) — / Ap(X5) ds, t>0,
0

is an (F;)-martingale under P for all ¢ € D(A). Therefore we say that P € M;(Dg) is a
solution of the stopped martingale problem for A and U, if (5.1) is an (F;)-martingale under
P and

(5.2) P(X; = X, forallt >0) =1

to fix the values of (X;) after stopping. If for all initial distributions v € M;(F) there is a
unique solution of the stopped martingale problem with

PoX,'=v,
then the stopped martingale problem is called well-posed.

Up to the stopping time 7y the assumption on a solution for the stopped martingale problem
and the original martingale problem coincide and after 7; the values of the process of the
stopped martingale problem are prescribed by (5.2 ). Therefore it is not hard to see:

Theorem 5.1. If the martingale problem for A is well-posed, then the stopped martingale
problem for A and U is well-posed, too.

For a proof we refer to [17], 4.6.1, see also [82], Theo.3.4, for the case of continuous paths.
The important feature of the stopped martingale problem is that we can reverse this procedure
and the well-posedness of the stopped martingale problem for a family of open sets, which cover
the state space, implies the well-posedness of the original martingale problem:

Theorem 5.2. Let (Ug)ren be an open covering of E. Suppose for all initial distributions
there ewists a solution of the martingale problem for the operator A. If the stopped martingale
problem for A and Uy is well-posed for all k € N, then also the martingale problem for A is
well-posed.

A detailed proof of this statement is given in [17], 4.6.2. The idea of the proof is based on
the fact that it is possible to split a solution P € M;(Dg) of the martingale problem along a
stopping time. More precisely, for an (F;)-stopping time 7 we can find a regular conditional
probability distribution P,(A|F,), i.e. a kernel of probabiltity measures on M;(Dg), which
for every A € F is a version of the conditional probability P(A|F;)(w) and which has the
additional property that for all w € Dg

Pw(Xt/\T = Xt/\T(w)) =1
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Here as usual F, = {A e F: An{r <t} € F forallt > 0} is the o-algebra of events up to
7. It turns out that up to an exceptional set of measure 0 for all w € D the measure P, (-|F;)
describes a solution of the martingale problem which starts at time 7(w) at the point X, (w).

Conversely, it is possible to compose a solution of the martingale problem by glueing together
a solution up to the stopping time 7 and solutions after 7 in the following way: We can define
a kernel of probabiltity measure on Dg, which for each w € Dy is a solution of the martingale
problem starting at time 7(w) in X (w), and which is F,-measurable with respect to w. We then
obtain a solution of the original martingale problem by integrating this kernel with respect to
the solution of the martingale problem up to the stopping time 7. This feature of the martingale
problem formulation is often called a hidden Markov property. We refer to [83] as a standard
reference concerning this topic, in particular Theo. 1.2.10, see also [81], Theo.1.2 for the case
of jump processes, as well as [17], section 4.6.

Note that for the argument above it is important that 7 is a stopping time with respect to the
cananical filtration.

In the situation of Theorem 5.2 we therefore can compose a solution of the martingale problem
by piecewise joining solutions of stopped martingale problems along the stopping times 7y,
in the above manner. Since the solutions of all stopped martingale problems are unique, this
property carries over to the solution of the martingale problem itself.

We reformulate the localization technique for the case of pseudo differential operators in terms
of the symbols

Theorem 5.3. Let p,pr : R x R — R be continuous negative definite symbols, k € N, and
suppose that the corresponding pseudo differential operators p(x, D) and py(x, D) map C§°(R™)
into Cp(R™). Assume that for each initial distribution there is a solution of the martingale
problem for —p(x, D). Moreover assume that there is an open covering (Uy)ken of R™ such that

p(z, &) = pp(z,§) for all x € Uy, £ € R™.

If the martingale problem for —py(z, D) is well-posed for all k € N, then the martingale problem
for —p(x, D) is well-posed, too.

Proof: Note that for ¢ < 7y, we have X; € Uy and therefore

@(Xthk)—/o TUk(—p(:B,D)gp)(Xs)ds = cp(XtATUk)—/O TUk(—pk(m,D)cp)(Xs)ds

for all t > 0 and all ¢ € C3°(R™). Thus P € M;(Dgn) is a solution of the stopped martingale
problem for p(xz, D) and Uy if and only if it is a solution to stopped martingale problem for
—pi(z, D) and Ug. By Theorem 5.1 the stopped martingale problem for —py(x, D) and Uy is
well-posed, hence the stopped martingale problem for —p(x, D) and Uy is well- posed for all
k € N. Now the assertion follows from Theorem 5.2. a

63



5.2 A general uniqueness criterion

A probability measure P € M;(Dg) is determined by its finite-dimensional distributions, i.e.
the distributions Po (X;,,..., X;, )"}, where t1,...,t; € [0,00). For solutions of the martingale
problem the situation fortunately is more easy, since in this case uniqueness is implied by the
uniqueness of the one-dimensional distributions:

Lemma 5.4. Let A : D(A) — B(E) be linear operator with domain D(A) C Cy(E). If for
all p € My(FE) and solutions Py, P, € M1(Dg) of the martingale problem for A with initial

distribution | we have
(5.3) PioX;'=PoX ! forallt >0,

then for every initial distribution there is at most one solution of the martingale problem for A.
This result is again a consequence of the hidden Markov property as discussed in the previous
section. Note that it is necessary to have uniqueness of the one-dimensional distribution for

all initial distributions, even if one is interested only in the unique solvability for a particular
initial distribution.

Proof: We follow the argument given in [17], 4.4.2. Let P, P’ € M;(Dg) be solutions of
the martingale problem for A with an initial distribution v. It is sufficient to check that for all
m € N and all strictly positive functions fi,..., f,, € B(F) and all 0 < ¢; < ... < t,, we have

We prove (5.4) by induction. For m =1 (5.4) follows from the assumption (5.3).
Taking for granted that (5.4) holds for some m € N we define probability mesures Py, P, €

(5.4) E” =E”

P(B)=E" |(1po#,,) H (Xy,) /EP

and

Py(B) =E" |(1p06,,) H fr(X) / E”

k=1

for B € F, where 6, : Dp — Dg is the F—F—measurable shift operator given by: 0, w(t) =
w(t +tm)

Then for a Borel set C' C E the function 1¢ = (14 1¢) — 1 is the difference of strictly positive
functions in B(E). Therefore by (5.4)

(5.5) P {X, € C}=E" |1a(X,,) - ﬁ fe(Xy) / E” ﬁ fk(th)]
= EV 1C(Xtm)~ka(th) /EP’ ka(xtk) = P{X, € C}.
k=1 Lk=1
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Furthermore for r e N, 0 < 51 < ... <8, < 8,41 < 8,49, functions by € B(E),l=1,...,r, and
¢ € D(A) we have

E™

Sr41

() 06— [ gt ) lﬁlhmxsl)

Sr42 +tm

= EP |:(90(X3T+2+tm) - SO(XST—Q—l"th) - /

7‘+1+tm
: hl Xsl+tm th E fk th :Oa
[Tk Taen| /2 Tace)
=1 k=1

k=1
since 0 <t <...<tp, <s1+tn<...<8 +tn <811+ tm < Spu0+t, and P is a solution
of the martingale problem for A. Analogously

(soogr”) o) = [ Apx) du) l]jm(xsl)] o

Sr41

Ap(X) ) -

E

Therefore P, and P, are solutions of the martingale problem for A , which have the same
initial distribution by (5.5). Consequently, by assumption (5.3) and by (5.4) we obtain for all
tmi1 =ty +t' with ¢ > 0 and all f,,.; € B(F)

m+1
E” H fe(Xe) | = EP [frnn (X)) ka X, ]
k=1
B [fn (%)) B[] (X0)
k=1
m+1
= H fk(th) )
k=1
i.e. (5.4) holds with m replaced by m + 1. O

We want to apply Lemma 5.4 to prove well-posedness of the martingale problem for a pseudo
differential operator —p(z, D). The usual way to check the condition (5.3) is based on an
analytic argument namely the existence of sufficiently smooth solutions of the Cauchy problem
for the operator & — p(z, D) (see [83], Theo. 6.3.2). To solve this kind of problem we again
want to employ Hilbert space techniques in anisotropic Sobolev spaces H**(R") as developed
in the previous chapter. We therefore formulate a criterion to verify (5.3) in terms of operators
in spaces H®*(R"). Thus assume that H**(R") is defined as in (4.5), (4.6) and suppose that

for some sy > 0 we have the Sobolev embedding
(5.6) HMNR™) — Cyo(R™) C Cy(R")

For T > 0 by C([0,T], H**(R")) and C*([0,T], H**(R")) we denote the spaces of strongly
continuous and strongly continuously differentiable mappings v : [0,7] — H**(R"), respec-
tively, equipped with the norms supg<,<r [lu(t)||, , and supy<,<p [[u(t)|] , +supo<,<r [/ ()], -
In particular with the choice of sy as above

(5.7) C([0,T], HMNR™)) — Cy([0,T] x R™)
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holds. Furthermore, since C§°(R™) C H**(R"), it is clear that we can regard C5°([0, 7] x R™)
as a subspace of C1([0, T], H**(R")).

Theorem 5.5. Let p : R x R — R be a continuous negative definite symbol and p(z, D)
the corresponding pseudo differential operator defined on C$°(R™). Assume that (5.6) holds for
some sg > 0 and that p(z, D) extends to a continuous operator

p(x, D) : HOT2NR") — HOMNR™).

If for all T > 0 and for all ¥ € C5°([0,T) x R™) C C([0,T], H***(R")) the evolution equation
in H*A(R™)

u’—p(:c,D)u = _\P(> on [OvT)a
(5.8) W(T) = 0
has a solution u € C([0, T|, H*+2X(R"))NC([0, T], H®*R™)), then for any initial distribution
there is at most one solution of the martingale problem for —p(x, D).

The proof uses the following lemma which concerns a time dependent formulation of the mar-
tingale problem as considered in [83], Theo.4.2.1, see also [81], Theo.1.1 for the non-local case.
Here we consider the case of operators defined in spaces H**(R").

Lemma 5.6. Let sy and p(x, D) be as in Theorem 5.5 and let P € My(Dgn)be a solution of
the martingale problem for the operator (—p(x, D), C§°(R™)). Then for each T > 0 and each
u € C([0,T], HoT2XR")) N C*([0, T), H***(R™)) the process (M;)i>o,

S

(5.9) M, = ult, X,) — /Ot <(di . D)) u> (5, X.)ds, 0<t<T

18 a P-martingale up to time T.

Proof: First note that for all ¢ € H*0+2*(R") the process

(5.10) o) - | (—ple, D)p)(X.)ds, 20,

is a martingale under P, because for a sequence of testfunctions (¢ )ren that approximates ¢
in H*0+t2A(R") we know by Sobolev embedding that () tends to ¢ and (p(x, D)gy) tends to
p(z, D) uniformly. Therefore the martingale property is preserved.

Next note that we may assume u € C1([0,T], H***2*(R")). In fact, given u as in the as-
sumption we extend u by reflexion to an open neighbourhood I of [0,7] in such a way that
u e C(I, HP2AR™)) N CY(I, H**R")). For some ¢ € CF(R), ¢ > 0, [ ¢(s)ds = 1, and
small € > 0 we define

ug(t):/légo (t_5> u(s)ds, 0<t<T,

€

as a Bochner integral. Then u. € C*([0,7T], H***?>*(R")) and a straight forward calculation
yields that u. — w as ¢ — 0 in C([0,T], H*™>*(R")) as well as in C'([0,T], H**(R")).
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Hence, by (5.7) ue, u. and p(x, D)u. converge boundedly and uniformly to u, v’ and p(x, D)u,
respectively, considered as functions in Cy([0, 7] x R™). But the martingale property of (5.9) is
preserved under this convergence.

Therefore suppose that u € C1([0, T], H**2*(R")). We now adapt the argument given in the
proof of [83], Theorem 4.2.1, taking into account that by (5.6) we can calculate v’ considered

as an element of C,([0,T] x R") as the usual partial time derivative, i.e. v/ = Zu(-,-). For all

— ot
0<t; <ty <Tand A € F, we get

E” [(u<t27 th) - u(tb th)) ) 1A]
= E" [(u(t% XtQ) - u(tb th)) ’ 1A] + E” [(u(tb Xt?.) - u(tl? th)) ’ 1A] :

Since u(t;) € H**"2*(R"), we obtain by the remark (5.10) above
E” [(u(tz, Xep) — ults, Xy,)) - 14]

= EP Vt u' (s, Xy,) ds - 1A] + E” [/tQ(—p(zL’, D)u)(ty, X,) dv - 1A]

t1 t1

_ EP Utt (% . D)) u(s, X.)ds - 14

+EP [/t (W (s, Xs,) — (s, X)) ds - 1

t1

+ / 2 ((=p(x, D)u)(ty, X,) — (—=p(x, D)u)(v, X)) dv - 1A] .

t1

Thus, to prove the lemma we have to show that the second expectation vanishes. But again by

(5.10)

E” Utz(u’(s,xb) — (s, X,)) ds - 1A] =E” U: (/Stz(—p(a:,D)u’)(s,Xv)dv> ds - 1A] .

t1

On the other hand

2 [ [ (ot D(ts Xo) = (-plo DY X) o1

t1

= —E” [/: (/t d%(—p(x,p)u)(s,xv)ds) dv - 1,4} :

Note that u' € C([0,T], H*+2A(R")), p(z, D)u € C*([0,T], H**(R")) and that
p(z, D)u' = 4 (p(x, D)u) as elements of C([0,T], H**(R")) and hence by (5.7) also as elements
of Cy([0,T] x R™). Therefore, since both iterated integrals are intergals over the same region,

the integrals cancel. a

Proof of Theorem 5.5: Let ¥, € C5°([0,7")) and ¥y € C§°(R™) and
u € C([0,T], H*T2XR")) N C*([0,T], H**(R")) be a solution to (5.8) with inhomogenity
U(t,x) = Vy(t) - Uo(x). Then by Lemma 5.6

M, = u(t, X,) — /0 (di ~ p(w, D))uls, X.) ds

S
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is a P-martingale up to time 7" for any solution P to the martingale problem for —p(z, D) and
initial distribution p. Hence

/0 Uy (s) - B [Wy(X,)] ds
= EF {/0 U(s, Xs) ds] = E” [My] = EP [My] = EF [u(0, Xo)] = E* [u(0, )]

and the expectation on the left hand side is uniquely determined by the initial distribution
p. Since ¥ is arbitrary und the paths of (X;) are right-continuous, the same holds true for
EP [Uy(X,)] for all 0 < s < T. Now W, and T are also arbitrary, so we conclude that the
one-dimensional distributions P o X! are uniquely determined by pu for all s > 0 and do not
depend on the choice of a particular solution to the martingale problem. Now the theorem
follow from Lemma 5.4 a

5.3 Well-posedness of the martingale problem for a class
of pseudo differential operators

Assume again that
Y :R"—R

is a continuous negative definite reference function, which satisfies

(5.11) WO Zclel forall g >1

for some 7 > 0 and ¢ > 0. Define A(€) = (1 + (£))Y/? as ususal. Our aim is to prove the
following uniqueness result for the martingale problem.

Theorem 5.7. Let p : R® x R® — R be a continuous negative definite symbol such that
p(x,0) =0 for all z € R". Let M € N be the smallest integer such that

(5.12) M > (; v2)4n

and suppose that

(i) p(z,§) is (2M + 1 — n)-times continuously differentiable with respect to x and for all
BeN:, |l <2M+1-n

(5.13) |00p(z, )] <eA*(€),  x,€R", R,
holds and
(i1) for some strictly positive function vy : R™ — R*

(5.14) p(z,€) > y(x) - N2(€) for all z € R™, [£] > 1.
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Then the martingale problem for the operator —p(x, D) with domain C{°(R™) is well-posed.

We want to apply Theorem 5.5 to prove this result. It is well-known (see [84]) how to solve
the evolution equation (5.8) using a semigroup which is generated by the operator —p(z, D)
in H*0*(R"). So we are again led to the investigation of the operator —p(x, D) in the scale
of anisotropic Sobolev spaces. In particular, by the Hille-Yosida theorem we are led to the
problem of solving the equation (4.41). To attack this problem it is reasonable in view of our
localization result, Theorem 5.3, and in view of the conditions we had to assume in the previous
chapter, to modify the symbol p(x,&) in the following way:

Fix 2y € R" and ¥ € C5°(R") such that 0 < ¥ <1, ¥ = 1 in By 3(0), supp ¥ C B;(0), and
define for R > 0

[
(5.15) U () = \If( I 0) .
Now consider

(5.16) pa(r,8) = Wa(x)-p(z,§) + (1 = Ve(z)) - plao, §)
= p(0, &) + Va(2)(p(x, €) = p(wo,£))-

Then pg(z,&) coincides with p(z,€) in the neighbourhood Bp/s(x) of xo. Moreover, p, as
a convex combination of continuous negative definite symbols is also a continuous negative
definite symbol and has a decomposition as in (4.26) with a perturbation part

(5.17) pa(,€) = We(z)(p(x, §) — p(2o, §)).

When R is chosen sufficiently small, we may hope that this perturbation also becomes small
and the method of the previous chapter applies.

Unfortunately, the situation is more delicate, since condition (A.3.M) requires smallness not
only for py(z, £), but also for the derivatives with respect to z. But for ps(z, £) chosen as in (5.17)
these derivatives in general explode as R — 0. We therefore have to refine the decomposition.
With the notation of Theorem 5.7 let N be the smallest integer such that

N> (Zv2),
r
i,e. M = N 4+ n. We obtain by Taylor’s formula

PO =peo 0+ Y L o6 4 Rate ),

0<|BI<N

where

! r —x0)?
Ry =+ 1) [(a-0" ¥ EER @ - n o

|BI=N—+1
A comparison with (5.16) thus yields
— B
mnd) = o+ 3 0 (0) 0 0, ) + W) (.6
o<|BI<N
(5.18) = pleo &)+ Y ba@ps©+ Y as(e,),
0<|B|<N |Bl=N+1

69



where for 3 € Nij we introduced the notations

r — T B
() = Waln) 0L

ps(&) = 97p(z0,€),  0<|Bl <N,

1 _ B

I
0 ol

Note that bg and ¢g depend on R, although it is not marked to avoid a too complex notation.
Nevertheless we carefully have to keep track of the dependence of estimates for the correspond-
ing operators on R.
The advantage of the decomposition (5.18) lies in the fact that we can force gg(x, ) to be small
for R — 0 because of the factor W, (z)(z — 2¢)?, |8] = N + 1, which vanishes arbitrarily fast if
N is sufficienty large. On the other hand also the terms bg(z) - pg(§) will be controllable due
to their simpler product structure.

0<|B| <N,

(0Pp)(tx + (1 — t)xo, &) dt, 1B| =N +1.

In order to prove Theorem 5.7 note first that (5.13) for § = 0 implies by Theorem 3.15 that
there is a solution to the martingale problem for —p(z, D) for every initial distribution. Then
for xg € R™ define the symbol pg(z, ) as in (5.16). Note that again by (5.13) the operators
p(z, D) and pg(z, D) map C$°(R™) into Cp(R™). If we can prove that for each zq € R™ there
is an R = R(xg) > 0 such that the martingale problem for —pg(z, D) is well-posed, then we
can choose a countable set of points x¢ in such way that the balls Br,) /2(x0) cover the whole
space R™. But then by Theorem 5.3 also the martingale problem for —p(z, D) is well-posed.

Thus the proof of Theorem 5.7 is reduced to verify

Theorem 5.8. Let p(x,€) be as in Theorem 5.7. Fiz o € R™ and define prp(x,€) as in (5.16).
Then there is an R > 0 such that the martingale problem for —pp(z, D) with domain C§°(R™)
18 well-posed.

As mentioned above we want to apply modified Hilbert space methods as in Chapter 4 to
solve an evolution equation corresponding to px(x, D) and then apply Theorem 5.5. To that
end we need some preparations. We begin with commutator estimates for each term of the
decomposition (5.18) of pp(x,&). Recall the defintion of M in (5.12).

Lemma 5.9. Let 0 < s < M —n. Then there is a constant K;(R) with limg o K1(R) = 0
such that for all |B| = N +1

(5.19) IIX*(D), gs(x, D) ully < Ky(R) - flull 4 5 for all u € C5°(R™).

Proof: By (5.12) we know that 2 +n < M. Hence for all 0 < s < M — n we have
|s — 1| +1+n < M. Therefore Theorem 4.3 yields (5.19) provided

(5.20) |02as(2,§)| < Pa(z) - A*(€)  forall a € NG, [af < M,

for functions @, € L'(R") and the constant K;(R) then is given by

(5.21) Ki(R) = ey D), 1Rallpsee)-

€Ny
|o| <M
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But by definition of ¢, Leibniz rule and assumption (5.13)

|07 qp(, )| <

< v [ a-oer [ o 0 - 09| d

= e [ om0t (4) o [ S e e+ 0 - prg) @
< ey [ 1<1t>N§<;(?;) o [wa) Sl [ o) a

< Z(fj) o {\If;x)(xﬁ%q-cv(@.

V<o

Note that because of |5+ 7| < N+ 1+ M =2M + 1 — n all derivatives of p exist. Therefore
(5.20) holds with L'-functions

win=e 2 (5)

7<a

o w0

and the assertion is proved as soon as we show

lim sup /
R=0 y<a JRe

But again by Leibniz rule

SUP/
y<a JR®

o [\p()ﬂ} =0

9= {\IJR(:U)MH dx

6]
< sup / Z (7> ’85\I/R(x)‘ : 8”‘5M' dx
<M J Bg(ao) 5<y g ‘ : f!
Y —16 [ ada (L — Lo 7_5(93—930)ﬁ
< sup ( )/ RNON)(—=—)| dx- sup |[0] '————
7<M{5z<; 0 ) JBaa) R 2€Br(z0) o

< sup Z (g) Rll+n /BI(O) ‘G;S\I/(x)‘ dr-cg5 Sup |(x - xo)ﬁ’('y"s)‘ ,

[v| <M 5<~ z€BR(x0)
v7—6<p3

where it is sufficient to let the sum run over v — § < 3, since otherwise 97" (z — 2¢)” vanishes.
In particular | — (v —0)| = |B] — || + |9] and so

[ .

il dz

o {%(m)
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v —[6]+n 5 . RISI-h+
< sup QY (5)%,%5}2 /B1(0) 03U ()| dw - RIPI1

‘W‘SM 6<~
Y—6<p

<M

as R — 0, because n + |3| — |[y| > n+ N +1— M =1 by the choice of N. O

Recall that bg(x) = Wg(x) (xfg’;o)ﬁ, 0 < |B] < N is a smooth function with compact support.
Hence for all o € Nj

(5.22) 102 (bs (@) - ps())] < [97bs(2)] - ¢ X*(€)

and

10208 11 (gny < C(R).
Therefore we find as above

Lemma 5.10. Let s > 0. Then for all 0 < |3| < N
[N (D), bs()ps(D)] ully < C(R) [|ullyyy s for allu € C°(R™).

We also have commutator estimates for the Friedrichs mollifier analogous to that of Theorem
4.4.

Lemma 5.11.

(i) Let 0 < s < M —n. There is a constant C(R) independent of 0 < & <1 such that for all
Bl =N +1

[l sl D)l < CCR) [l s for allu € CF(R?).

1) Let s > 0 .There is a constant mndependent of 0 < e <1 such that for all 0 < <
L Th C(R d d f h that f I I}
N
12 bsOpsD ull,, < CR) [lull, 0y for allu € C(R™).

For the proof it is enough to note that the estimates (5.20) in the proof of Lemma 5.9 and
(5.22), respectively, are exactly the assumptions of Theorem 4.4

We now turn to the solution of the equation
(5.23) (pr(z, D)+ T)u = f.

For this purpose in principle we want to repeat the arguments of chapter 4. But the commutator
estimates in Lemma 5.10 show that the operators bg(-)ps(D) in the decomposition (5.18) cannot
be treated as in chapter 4, since the constant C'(R) may be very large for small R, and there is
still a little more work to do. Since we are interested in a semigroup on a space H**(R"), we
will construct a weak solution of (5.23) already in this space. We begin with some continuity
properties of the operators under consideration.
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Lemma 5.12.

(i) Let s > 0. Then for all0 < |3] < N

(5.24) [p(o, D)U”s,,\ <c ”u||s+2,,\v

(5.25) [ps(D)ull, \ < cllullsyq

and

(5.26) 165(-)ps(D)ull, < C(R) [lullyyq Jor all u € Cg°(R").

(i) Let 0 < s < M —n. Then there is a constant Ko(R) with Il%in})Kg(R) =0, such that

(5.27) lgs(z, Dyull, \ < Ka(R) [Jull ;s
for all |3 = N +1 and u € C§°(R").

Proof: The estimates (5.24) and (5.25) follow by the same arguments as in (4.32). Moreover,
by Lemma 5.10 and (5.25)

1bs()ps(D)ull, = [IA(D)bs(-)ps(D)ull,
< Nos()ps(D)X* (D)ully + [[X*(D), bs(-)ps(D)] ull,
<

(5.28) c HbﬁHLoo(Rn) ”U“3+2,A + C(R) HUHSH,A )

which gives (5.26).
For |B| = N + 1 we find as in the proof of Theorem 4.8, (4.33),

pny 2 1Pallzieny  lull

a€NY
la|<M

lasa, Dyully < Cay - || ¢)7]

where ®, € L'(R") are the functions in the estimate (5.20). But as shown in the proof of
Lemma 5.9 we have limp o || ®al[ 1 gn) = 0 and hence

lgs(z, D)ully < Kg - [Jull,,
with a constant Ky such that limg_.g Kz = 0. Furthermore, by Lemma 5.9

lgs(x, D)ull, \ = [IN*(D)gs(x, D)ull,
< |lgs(x, D)X (D)ully + I[N (D), gs(z, D)] ull,
< Kgr- [N (D)ully, + Ki(R) [Jull g4 5
< (Kp+ Ki(R)) [lullyyg.y -

In particular pg(z, D) maps H*"2*(R") continuously into H**(R") for all 0 < s < M — n.
We now fix a number sy > 2 such that

n
5.29 M — > —
( ) n > s 5
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This is possible by (5.12). Note that by Proposition 4.1 in particular the Sobolev embedding
(5.6) and hence the assumption on sq in Theorem 5.5 hold with this choice of sg. We investigate
the equation

(pr(z, D) + Nu = f
in H*0*(R™). First we look for a weak solution. Therefore define for u,v € C§°(R™) the bilinear
form

(5.30) B (u,v) = (pr(x, D)u,v)s 2.

We decompose B® in the following way.

(5.31) BR(u,v) = BRuv)+ > BRww+ S Biu,v),
0<|BI<N |Bl=N+1

where

By (u,v) = (p(zo, D)u,v)sons
Bf(u,v) = (bs(-)ps(D)u,v)sen, 0 <[B] <N,
B (u,v) = (qs(z,D)u,v)sn, [B]=N+1.
Proposition 5.13. The bilinear form BT extends continuously to H®*+AMR™) x H%+LA(R™)

and

(5.32) | B (u,v)| < C(R) |ull
holds.

so+L A ||u||50+17/\

Proof: We estimate all terms of the decomposition (5.31) in turn. By Cauchy-Schwarz
inequality and Lemma 5.12 we obtain for u,v € C§°(R")
(5.33) | B (u,v)| = [(A*(D)p(zo, D)u, X**(D)v),|
= |\ H(D)plao, D)u, AP (D)v)o|
< lp(zo, D)ullgyyn - [[0]l5y41.0
< cffull ]l

so+1,A so+1,A "

Using Lemma 5.10 and Lemma 5.12 we find analogously for 0 < 3] < N
(5.34) | B5 (u,v)| = [(A*H(D)bs(-)ps(D)u, X***(D)v)o]
< [(Bs()ps(D)XH(D)u, A (D)w)o|
+ [([A7H(D), bs()ps(D)] u, AT (D)v)o|
< c ||b,8||Loo(Rn) : ||u||so+1,>\ : HUHSOH,A + C(R) “UHSO,A : ||U||50+1,)\'

Finally we have for |§| = N + 1 again by Lemma 5.12

(5.35) B, 0)] = [\ (D)gs(r, DY, X (D)oo
< lgs(a, D)ull g2y - [0llsgian < K2(R) ullgyprn - 010 -
Combining (5.33), (5.34) and (5.35) completes the proof. O

Condition (5.14) allows to prove a lower estimate for B® given by the following Garding in-
equality.
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Theorem 5.14. If R > 0 is sufficiently small, then there is a constant T7(R) depending on R
such that

’7(930)

(5.36) B (u,u) > 5

lall3y 0 = T(R) lully, 5 for all u € H*TIAR™).

Proof: By (5.14) there is a constant ¢ > 0, such that
p(0,€) > (o)A (€) — ¢
and therefore as in (4.38)
(5.37) By (u,u) = (o) [[ull i n — ¢ llulliy -

Moreover, by (5.34) for all € > 0 we get for 0 < |3| < N

2
\Bg(u,U)} <c ||b,8||Loo(Rn) : ||U||30+1,A + C(R) ||u||so+1,A ) ||u||50’>\
2 2
< (elbgll oo ny &) llully 10 + C (R €) [[u]

S0, °
Since ( 5
r—z
(5.38) ool = S0 \IIR(:C)TO) 0 asR—0,
z€BR(xo .
we find for R and ¢ sufficiently small
V(o)
(5.39) > B (uu)| < o Ml n+ COR) ully,
0<|BI<N
and furthermore by (5.35)
V(o)
(5.40) o B < Y Ka(R) [lulll i, < — lullfyx
1Bl=N+1 1Bl=N+1

Summarizing (5.37), (5.39) and (5.40) we find
BR(u,u) > Bé%(u,u) — Z ‘Bg(u,u)} — Z }Bg(u,u)|
0<|BI<N |Bl=N+1

7(1’0) 2 2
5 Nullsgrip = T(R) [lull, x -

Vv

O

Let us fix R sufficiently small such that (5.36) holds true. Then for all 7 > 7(R) by Proposi-
tion 5.13 and Theorem 5.14 BE(--) + 7(-,+)s,.x is a continuous and coercive bilinear form on
H*FTLA(R™). Thus by the Lax-Milgram theorem ([96], p.92) for each f € H**(R") we find
a weak solution u € H*+tLA(R™) of the equation (pr(z, D) + 7)u = f, i.e. there is a unique
u € HoTA(R™) such that

(5.41) BE(u,v) + 7(u, )00 = (f,0)sn for all v € HOFLA(R?).

Our aim is again to prove that for this solution u € H*™2*(R") holds. We claim
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Proposition 5.15. If R > 0 is sufficiently small, then there is a constant C(R) such that

(5.42) lullyy 20 < CR) (Ipata, Dyl + ull, )
for all u € HoT2A(R").

Proof: As in (4.40) we have by (5.14)

2 2 2
(5.43) lp(zo, DYull, = v(x0)* ullson — e llullya-

Next for 0 < |5| < N we obtain by (5.28) and (4.11) for all e > 0

165(-)ps(D)ull,, = IN*(D)bs(-)ps(D)ull,
< c HbﬁHLoo(Rn) ||u||50+2,,\ + C(R) ||u||so+1,)\
< (clbgll poogny + ) ullgyran + C (R €) llulls,

which gives for R and ¢ sufficiently small by (5.38)

x
(5.44) S IbsOws Dl < Tl COR .

0<|BI<N

Finally by Lemma 5.12 (ii) for small R > 0

’7(330)
(5.45) > lgs(, Dyull, < > Ka(R) [Jull, o < 1 Ml
[BI=N+1 [Bl=N+1

holds. Hence, combining (5.43), (5.44) and (5.45) yields

Ipe(z, Dyull,, > lp@o, Dyully,x— Y. lbs(ps(D)ull, — > las(z, D)ul,
0<|BI<N |Bl=N+1

v(x
0 o5~ COR)

ie. (5.42). O

v

807)‘ )

Now we can prove

Theorem 5.16. Let R > 0 be sufficiently small and 7(R) be the constant given in Theorem
5.14. Then for all 7 > 7(R) and all f € H*R") there is a unique solution u € H*T2A(R™)
of

(Pr(z, D) +1)u = f.

Proof: Choose R > 0 sufficiently small, such that the statements of Theorem 5.14 and
Proposition 5.15 hold and let u € H*+1A(R") be the unique weak solution of (5.41), note that
so > 2. Choose functions u, v € C°(R"), k € N, such that (u;) converges to u in H*+t1A(R™).
Then

BR(ukv v) = (pR(I7 D>uk7 U)507>\ = (pR<l’, D)U’k7 )‘2SO(D)U)0'
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For k — oo we get pg(z, D)uy, — pr(x, D)u in L?*(R™) by Lemma 5.12 and thus
(pr(x, D)u, \**(D)v)y = B (u,v) = (f — Tu,v)sx = (f — Tu, A2 (D)v)o.

Since A% (D)(Cg°(R™)) is dense in L*(R™), this gives (px(x, D) + 7)u = f in H*(R").

We claim v € H*T2*(R"). Recall the definition of (J.).so in (4.22). We know that J.u €
H*0+t22(R") for all 0 < ¢ < 1 and J.u converges to u in H**(R") as ¢ — 0. Consequently
(J-u)p<e<t is bounded in H*0*(R™). The same holds true for (pg(x, D)J.u)o<e<1, because by
Lemma 5.11

Ipr (2, D) Jeully, x < I Jepr(@, D)ully, 5 + (|12, pa(z, D)} ull, 5

< pa(e Dyulln+ D WJebsCps(D)ullyy+ Y e as(z, D)) ull,,
0<|BI<N |BI=N+1

< Al n el x4+ CCR) [lull gy irx < 00

So, by Proposition 5.15 we find that (J.u)o<.<; is bounded in H*+2A(R") and this implies
u € H5F2A(R™), O

Finally we are in the position to conclude the proof of our uniqueness result.

Proof of Theorem 5.8:

Choose R > 0 sufficiently small such that Theorem 5.14 and Proposition 5.15 hold. Then the
operator —(pg(x, D)+7(R)) with domain H*0*2*(R") is a densely defined operator on H**(R™)
which by Garding’s inequality (5.36) is dissipative. Moreover, Theorem 5.16 yields that the
range of —(pg(z, D)+ 7(R)) — 7 is H***(R") for all 7 > 0. Thus, by the Hille-Yosida theorem,
Theorem 4.6, —pgr(x, D) is the generator of a strongly continuous semigroup (S;):>o of linear
operators on H**(R"). Hence given T' > 0 by [84], Theorem 3.2.2, for ¥ € C*([0, T], H**(R™))

ult) = /t ' S, U(s) ds

defines a solution u : [0, T] — H®F2XR") satisfying u € C1([0,T], H**(R")) of the evolution
equation (5.8) with p(z, D) replaced by pg(z, D). Moreover, by (5.8) we have pg(z, D)u €
C([0,T], H**(R")) and thus the regularity result (5.42) gives u € C([0,T], H**2*(R")).
Therefore by Theorem 5.5 the martingale problem for —py(z, D) is well-posed. a

5.4 The Feller property

The martingale problem formulation presents a comparatively weak relation between an op-
erator and an associated process. But once well-posedness of the martingale problem for an
operator —p(z, D) is proved, we have much stronger results for the corresponding process. In
particular for any point z € R™ there is a unique solution P* € M;(Dgn) of the martingale
problem starting at the point x, i.e. having the initial distribution ,. It is a general result
that this family (P*),crs depends on z in a measurable way (see [17], 4.4.6 ).

Moreover in this case the family of processes ((Xt)i>0, (P*)zern) even satisfies the strong
Markov property:
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Theorem 5.17. Let p be a continuous negative definite symbol and let the martingale problem
for —p(x, D) be well-posed. Then ((X;)i>0, (P*)zern) defined as above is a strong Markov family
with respect to the filtration (F), i.e. for every (Fiy)-stopping time T and ollt > 0, f € B(R")
we have

B [f(Xper) | Fra] = EX7 [f(X)] o {r < o0} P*-as.,

where E* denote the expectation with respect to P*.

This theorem can be proved as in [41],p.205, Theorem 5.1, see also [17], 4.4.2. Thus in the
case of well-posedness we have a complete characterazation of a Markov process in terms of it
generator.

But furthermore in [91] J. van Casteren as shown that the well- posedness of the martingale
problem is almost equivalent to the statement that the operator extends to the generator of a
Feller semigroup. See also [71] concerning this subject. In particular Proposition 2.6 in [91]
implies

Proposition 5.18. Assume that p(z, D) maps C§°(R™) into Co(R™). If the martingale prob-
lem for —p(x, D) is well-posed, then —p(x, D) has an extension which is the generator of a
Feller semigroup.

In general the range of a pseudo differential operator p(z, D) as considered in the previous
chapters is not contained in C(R™) due to the non-local behaviour. Therefore they can’t be
extended to the generator of a Feller semigroup, which by definition is a semigroup in Cy.(R™),
and the result is not applicable directly.

Nevertheless using the tightness results for solutions of the martingale problem as developed
in Chapter 3, we can prove under an additional weak assumption that the solution P* depend
on z in a continuous way. Using this result we will show that the associated process actually
defines a Feller semigroup.

Let p : R" x R™ — C be a continuous negative definite symbol such that p(z,0) = 0 for all
xr € R" and

(5.46) Ip(x,€)] < (1 +[¢])

and hence the existence result Theorem 3.15 applies. The additional assumption on the symbol
will be the equicontinuity at £ = 0, i.e.

(5.47) sup |p(x, &) — 0.

z€R™ §—0
We need the following auxiliary result.

Lemma 5.19. Let p(x,&) be as above, in particular assume (5.46) and (5.47). Then for any
@ € C5°(R") we have with pr(r) = p(F), R >0

(5.48) lim sup |[p(z, D)pgr(z)] =0

R—o0 TERM
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Proof: It is enough to repeat the argument in (3.30) in the proof of Lemma 3.16 (replace k
by R) and to note that by assumption SUPjej< 1 Ip(z,€)| tends to 0 uniformly with respect to
— VR

xr as R — oo a
We now can prove

Theorem 5.20. Assume that p(x,§) is a continuous negative definite symbol that satisfies
(5.46), (5.47) and let (p)ren be a tight set of probability measures in R"™. Let Py, € My(Dgn)
be a solution of the martingale problem for —p(x, D) and the initial distribution py, then the
set {Pk}keN 18 tlght m Ml(DRn).

Proof: Since (—p(z, D), C§°(R™)) is a linear operator in Cy(R"), the result follows from
Theorem 3.10 (with a family (A,) chosen such that all A, are equal to —p(x, D)) provided the
compact containment condition holds for (Py)gen. This means for all 7' > 0 and all € > 0 there
is a compact set K C R” such that

sup P (X ¢ K for some 0 <t <T) <e.
kEN

Choose ¢ € C§°(R™) such that 0 < ¢ < 1, (z) = 1 for |z| < 3, suppy C Bi(0) and let

or(z) = p(5) for R > 0.
Given €, T > 0 the tightness of {uy }ren implies

(23) <3
su x| > — =
e T\ T2 =
for R sufficiently large. We define the F; -stopping time

T =inf{t > 0: |X;| > R}.

Then optional sampling gives for the right-continuous martingale

on(X2) - / (—p(x, D)pr)(X.) du

that
B [1 — () + " (e D)gr)(X.) du

B (1 - pn(X0) = [ (1= gn)din < 5.

n

Moreover, again for R sufficiently large we have by Lemma 5.19

19
D < =
sup Ip(x, D)pp(x)| < 5T

and therefore

o) ( sup || > R) < P (| Xonr| > B) < EP [1 — on(Xopr)

0<t<T

< S g /TAT|(( D)or)(Xu)| du| < S +T7= — ¢
- x W] du| < = — =g,
=3 A S 2 T tor
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which proves the compact containment condition. a

Theorem 5.20 now immediately implies

Corollary 5.21. Let p(x,&) be a continuous negative definite symbol such that (5.46) and
(5.47) hold. If the martingale problem for —p(z, D) is well-posed and P* denotes the solution
starting at x € R™, the the map x — P is a continuous map on R™ into My (R") equipped with
the weak toplogy.

Proof: Let (x)ren be a sequence of points in R” which converges to x € R™. Then the initial
distributions pj = €, converge weakly to e, and form a tight subset. Thus, the corresponding
solutions P** also form a tight set and have at least one accumulation point P € M;(Dgn).
Since Xy : Drn — R"™ is continuous, this implies that the one dimensional distributions
P* o X;' =g, have Po X' as a cluster point for the weak topology, hence P o X;' = ¢,.
Moreover, a look to the argument in proof of Proposition 3.14 (choose Ay, Ay all equal —p(z, D))
shows that P is also a solution of the martingale problem for —p(z, D). Thus well-posedness
implies that the cluster point P = P* is uniquely determined and hence P** converges to P*.

O

Since in the case of well-posedness the family (P*),cgn of solutions of the martingale problem
defines a Markov process, we obtain a Markovian semigroup (F;);>o acting on the bounded
Borel measurable functions by

Bif(x) = E*[f(X)].

If we would know that the distributions of X;, ¢ > 0 depend on the starting point z in a
continuous way like the measures P* do , then P; even maps C,(R") into itself, because in this

case
Pf(x) = BPXC [f] - BP°X7 [f) = Pf (o) as © — g € R”.

But the random variables X; : Dgr» — R™ are not continuous for ¢ > 0 as it is the case
for the continuous path space. Hence we cannot immediately conclude that the continuous
dependence of P* on z implies the same for the one-dimensional distributions. Nevertheless
P* — P weakly implies P* o X, ! — proo X, 7! weakly, if we know that X, is continuous at
least at P*°-almost all points w € Dgn (see [5], p.30, Theorem 5.1). But the continuity points
w of X; are given by the points which satisfy X;(w) = X;_(w). Therefore we need the following

Proposition 5.22. Let p(z,§) be as in Corollary 5.21 and let P be a solution of the martingale
problem for —p(x,&). Then the process (Xi)i>o has no fized times of discontinuity, i.e.

P(Xy # X-) =0

forallz e R", t > 0.

Proof: Choose a sequence (¢ )ren in Cg°(R™), 0 < ¢ < 1, that separates the points of R"
in such a way that for any x,y € R", x # y, there is a ¢ such that ¢x(z) = 1 and ¢x(y)=0.

80



Let 0 < sp < s < t. Since P solves the martingale problem, we have for all A € F,, and all
keN

/,4/:<p(x’D>90k)(Xu) du dP

[0 - ntx) ap|

< |t = s| sup |p(z, D)gy(z)]|
geRn

and for s Tt we find
(5.19) [ foutx) = ) ap =0
A

for all A € F, and, since s < t is arbitrary, also for all A € F;,_ = 0{X; : s < t}. In particular,
for A = {¢i(X;—) = 0} equation (5.49) yields for all k € N

P (X)) = 1pn(X,) = 0) = / Lo (1) dP
{pr(X¢—)=0}
< / on(X)) dP = / on(X, ) dP = 0,
{or(Xt—)=0} {or(Xt—)=0}

which finally gives

PXy# X)) =P (U{<Pk(Xt) =1, 0p(Xi-) = 0}> =0.
O

To prove that (P;);>o is a Feller semigroup it remains to show that P; leaves C(R") invariant.

Theorem 5.23. Assume that p(z,£) is a continuous negative definite symbol such that (5.46)
and (5.47) hold. If the martingale problem for —p(x, D) is well-posed then (P;)i>o defines a
Feller semigroup, whose generator is an extension of —p(z, D). In particular, p(xz, D) maps
CP(R™) into Coo (R™).

Proof: By Proposition 5.22 and the remarks preceding it we know that (F;);>0 is a semigroup
of Markovian operators on C,(R™). Let ¢ € CP(R™), 0 < ¢ < 1, p(0) = 1, suppy C B1(0)
and put ¢, r(z) = ¢ (£522), 20 € R”, R > 0. Then by Lemma 5.19

sup |p(z, D)y, r(x)] — 0as R — oo
rER™

and a look to the proof immediately shows that this limit holds uniformly with respect to x,
ie. P{im o(R) = 0, where
o(R) = sup sup [p(z, D)pag,r(z)] -
xgER™ xeR"™

Thus, for any ¢ € C§°(R") and x¢ ¢ suppy we have with R = dist(xo, suppy) > 0

[P (xo)| = [E™ [0(Xo)]] < [[¢]lo P*(Xe € suppt)) < [[0f] o B [1 = @ug, m(Xe)]

t
= [Vl B [00,r(X0) = a0, r(Xe)] = [[¢]| oo B [/0 (p(z, D)@ay,r) (Xu) du

< Wl -t o(R) — 0 as || — oo.
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Therefore, since C§°(R") is dense in C(R™), P, maps C(R™) into itself. Moreover, for fixed
z € R™ we find for f € Co(R") by Lebesgue’s theorem

lim P,f(x) = Im B [£(X)] = B [f(X0)] = f(z).

Recall that bounded pointwise convergence implies weak convergence in Cy, (R™), since the dual
space of C'o(R™) consists of signed measures of bounded variation. Therefore (P;):>¢ is a weakly
and by [96], p.233, even a strongly continuous semigroup in C..(R"), i.e. a Feller semigroup.
For a testfunction ¢ € C§°(R™) the generator is given by

Pf(z) — f(x)

iy AHIZID iy | o060 - o030
T~ E | ot rocx du] _ E* [—p(z, D)o(Xo)] = —p(@, D)e(x),

where the pointwise convergence again implies weak convergence and therefore strong conver-
gence in C(R™) by [84], Theorem 3.1.2. O

We combine this result with the the well-posedness criterion of the last section. Let ¢ : R* — R
be the continuous negative definite reference function, which for some » > 0, ¢ > 0 satisfies
(&) > [€]" for |€] > 1 and let A(€) = (1 + (€))% as usual. Let M be the smallest integer
such that M > (%\/2) + n and define k =2M + 1 —n.

Theorem 5.24. Let p : R" x R" — R be a continuous negative definite symbol. Moreover
assume that

(i) the map x — p(x,&) is k-times continuously differentiable and

00p(x,€)| < cA*(€),  BeNG |8 <k
holds,
(ii) for some strictly positive function vy : R™ — R
p(a,€) > y(x)- X&) for [(]> 1z eR"
and
(iii)
sup p(z,§) — 0.
xER™ £€—=0

Then —p(x, D) : CP(R™) — C(R™) has an extension that generates a Feller semigroup given
by
Fif(x) = E*[f(X)].

Here IE* denotes the expectation taken with respect to the solution of the associated well-posed
martingale problem starting at x.

82



Chapter 6

A symbolic calculus

6.1 General remarks

Up to now we used the notion of a pseudo differential operator simply for an operator which
has a representation

o D)p(a) = [ e =Ipla,€)p(6) e
and we assumed that the symbol is negative definite that relates this type of operator to
generators of Markov processes and Feller semigroups. In a narrower sense pseudo differential
operators are classes of operators which can be handled by a symbolic calculus. This means
that operations on the level of the operators have an equivalent on the level of the symbols.
For example the composition of two operators corresponds to the product of their symbols plus
terms of lower order.

In this context an important notion is the asymptotic expansion of a symbol into a series
of symbols of decreasing order (Here the order of a symbol has to be specified either by the
mapping properties of the corresponding pseudo differential operator or by growth properties
of the symbol p(z, &) with respect to £). This series does not converge in the usual sense, but
adding the first terms of such expansion describes the given symbol up to a remainder part,
whose order decreases when more and more terms of the expansion are taken into account.
The terms of this expansion, for example for the composition of two operators, are computable
in a more or less algebraic way. Therefore a symbolic calculus for pseudo differential operators is
often useful to justify intuitive ideas in a well founded framework. This explains the importance
of pseudo differential operators as an auxiliary tool in the theory of partial differential equations.
As standard references in this field we refer to the books of Hérmander [28], Kumano-go [54]
and Taylor [85].

The standard class of symbols which are considered in this context is the Hormander class S}’
of all C"*° functions p : R” x R™ — C such that

(6.1) 080 p(x,€)| < Ca g (€)M elHOI] for all o, 0 € Ni.

Here m € R is the order of the symbol and p, § are parameters that satisfy 0 < § < p < 1.
In the classical case o = 1, § = 0 this class generalizes the behaviour of the symbols of linear
partial differential operators, which are polynomial with respect to &.
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For us it is important to note that in the standard case ¢ > 0 the power m — g|a| + ¢ (3| in
(6.1) decreases to —oo as |a| — 0o0. Since terms of the asymptotic expansion are determined
by derivatives of the symbol, it is this property of the symbol, which permits a reasonable
asymptotic expansion with remainder terms of arbitrary low order.

Unfortunately, continuous negative definite symbols do not fit into this framework. First of all
they are in general not even differentiable with respect to £. But also in the case of differen-
tiable negative definite functions the derivatives do not have a behaviour as it is needed for
Hormander type symbols. Therefore the classical theory of pseudo differential operators is not
applicable and this was the reason to develop new techniques for pseudo differential operators
with continuous negative definite symbols as presented in the previous chapters.

The direct construction of the Feller semigroup by solving the corresponding equation and us-
ing the Hille-Yosida theorem in Chapter 4 yields also L2-estimates for the generator. These
estimates provide important informations for the semigroup and the corresponding process (see
Chapter 8), but in order to make the approach work we had to restrict ourselves to small
perturbations of the z- independent case. On the other hand by the martingale problem we
can treat a reasonable class of continuous negative definite symbols which are defined in terms
of a continuous negative definite reference function without smallness assumptions. But by
the localization technique we loose the L2-type estimates in the anisotropic Sobolev spaces. It
is therefore desirable to possess a symbolic calculus for this kind of pseudo differential opera-
tors, since such calculus provides us with good L?-estimates for the operators, but will not be
restricted to the case of small perturbations.

The main idea to overcome the lack of differentiability of continuous negative definite symbols
with respect to £ is to restrict to the case, where the Lévy measures of the continuous negative
definite functions have a bounded support. In Proposition 3.11 and Theorem 3.12 we have
seen that we can split the Lévy measures of a continuous negative definite symbol into a
part supported in some bounded neighbourhood of the origin and in a remainder part. This
remainder part consists of bounded Lévy measures and we can hope to treat this part as a
perturbation in the spirit of Proposition 3.6.

Now the first part turns out to be differentiable with respect to £&. But in view of the properties of
symbols in Hormander class it is also important to have estimates for the derivatives. Therefore
let 1) : R™ — R be a continuous negative definite function with Lévy—Khinchin representation

(62) HO=a@ rer [ (1 cosly§)nds).

where ¢ > 0 is the quadratic form, ¢ > 0 is a constant and p is a symmetric Lévy measure, see
Corollary 2.14. Then we have the following theorem.

Theorem 6.1. Let ¢ : R” — R be a continuous negative definite function with Lévy-Khinchin
representation (6.2). If for some ball Br(0), R > 0 the Lévy measure satisfies

supp jt C Br(0),

then v 1s infinitely often differentiable and we have the estimates

»(E) a=0
(63) VO < au{ VRO i lal=1 e
1 la| > 2

84



The constants cjo| depend only on ||, n, R and the constant cy in the upper bound
W(€) < cp(L+ ).

Proof: Define the absolute moments

M, = / ly|" p(dy)
E™\{0}

and let A be the maximal eigenvalue of the quadratic form ¢q. Then by the assumption M is
finite for all [ > 2.

For a = 0 there is nothing to prove. Let || > 1. We may consider all terms in the representation
(6.2) of ¢ separately. The constant term is trivial and the estimate (6.3) is well-known for the
quadratic form with constants ¢; = 2AY2, ¢, = 2A and ¢; = 0 for [ > 2. So we may restrict to
the integral part in (6.2) and assume that

wO = [ (1= costy. Dl

Since the moments M;, [ > 2 are finite, we may interchange differentiation and integration and
find

(&) = — /R . y* cos'l®V (y, &) p(dy),

which gives for || = 1 by Cauchy-Schwarz inequality

%010)] < (/]R"\{O} lyil” u(dy)> " ( /R o sinQ(y,é)u(dy)> .

< (/Rn\{o} \y!2u(dy)>l/2- (2 /Rn\{()}(l - COS(y,f))u(dy))l/2
= (2My)"? - 1 2(g)

and for |a| > 2
orv©] < [ el |eost (e )] ()
Rn\ (0}
< [ Iyl u(dy) = My
Rn

This proves (6.3) for co = 1, ¢; = (2M3)/? +2AY2 ¢y = My + 2A and ¢; = M, for [ > 2.
To complete the proof it is sufficient to remark that

A = sup ¢(€) < sup (€) < ey sup(1 + [€]%) = 2¢,
|€]<1 |€1<1 |€]<1

85



and by Lemma 2.15 for [ > 2

2

Y
M, = / lyl' p(dy) < CR,I/ Lglﬁ(dy)
Br(0)\{0} Bro)\{o} (1+ [y[7)

= — dy)v(d v(d
i [ Oty ) un ) S e [ w©) e

< enaes [ (14 I 000)

6.2 The symbol classes S and S

As before we again fix a continuous negative definite reference function
Y R" — R.

We assume that 1 has a Lévy measure which has support in a bounded set. This is no
restriction, because we are only interested in the growth behaviour of v for |{| — oo and this
will not change if we cut off the Lévy measure outside some neighbourhood of the origin. As
usual we assume that

(6.4) W) Zelel forall ¢ 21
for some r > 0 and ¢ > 0 and we use the notation
(6.5) A€) = (1 +9(€)"2.

Consider a real-valued continuous negative definite symbol p : R" x R* — R that can be
estimated by the reference function:

(6.6) p(z,8) < eX*(€).
Then the Lévy-Khinchin formula yields
€)= (e &)+ ole) + [ (1= cosly, )l dy)
R™\{0}

where ¢, ¢, and p satisfy for each x € R" the same conditions as the corresponding terms
in (6.2). We now decompose p as described in the previous section. For that purpose let
0 € Cg°(R™), 0 < 0 <1, be a some even cut-off function such that 6(x) = 1 in a neighbourhood
of the origin. Then we obtain the decomposition

(6.7) p(z,§) = p(2,£) + pr(z,§)

by splitting the Lévy-measures into a leading term

€)= a(o O el + [ (1= cos(y. ) 600) (. )
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and a remainder term
P €)= [ (1 cos(u. €)) (1 - 6(0)) (o dy)
R™\{0}

By Proposition 3.11 and Theorem 3.12 p, p, : R® x R” — R are continuous negative definite
symbols and the Lévy-type representation of p,(x, D) is given by

o Do) = = [ (ola+) —o(0) (1= 0) e )

Moreover, Theorem 3.12 implies because of (6.6) that the Lévy-kernel (1 — 0(y)) u(z, dy) of
pr(z, D) consists of finite measures with uniformly bounded mass. This shows that p,(x, D)
is bounded as an operator on the space of bounded Borel measurable functions. Moreover,
under a mild additional conditions C,,(R™) is invariant and in typical examples the operator is
bounded on L?(R"), see Section 6.6. Therefore we regard p,(x, D) as a perturbation of p(x, D)
and we will look in following to the part p(z,£) which contains the typically dominating part
of the Lévy-measure concentrated around the origin.

To simplify the notation we introduce with regard to (6.3)
(6.8) o(k) =kN2, k € Np.

Since all Lévy-measures of the continuous negative definite symbol p(z, ) are supported in
supp 6, Theorem 6.1 applies to p(x, &) and we have

(6.9) 02p(2,6)] < capla, €)3C-elD)

Ca)\(g)@—e(la\))
with a constant ¢, not depending on z. The estimate (6.9) reflects the typical behaviour of
negative definite symbols and in order to define a proper symbol class it is quite natural to

assume the same estimate for the derivates 9°p(z, €) of the symbol. Then real-valued continuous
negative definite symbols are symbols of order 2 in the sense of the following definition.

Definition 6.2. Let \(€) and o be defined as in (6.5) and (6.8) and let m € R. A C*®-function
p: R"xR" — C is called a symbol in class S;””\ if for all o, B € N there are constants co 3 > 0
such that

(6.10) ‘8‘“85])(:6,5” < copA(€)mellel) reR" £eR™

The number m € R is called the order of the symbol.
Let us also define the following enlarged class of symbols.

Definition 6.3. A C*°-function p : R" x R" — C is called a symbol in class Sg””\ iof for all v,
B € Ny there are constants c, g > 0 such that

(6.11) 0800p(2,€)| < capA(&)™,  xz€R", £€R™
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In the definition of S Qm’)‘ and Sg" * we have replaced the weight function () of Hérmander type
symbols by the more general function A\(§). Symbol classes defined by general so-called basic
weight functions A(£) had been considered before by H. Kumano-go (see [54]), but his assump-
tions on A are not satisfied by continuous negative definite functions in general. Therefore the
major part of the work that has to be done is to show that arguments similar to those in [54]
can be applied in the situation here. For that purpose we have to exploit again estimates for
continuous negative definite functions that replace estimates for the basic weight functions used
in [54]. See also the paper [67] of M. Nagase where he also considers basic weight functions
as in [54]. In his paper Nagase also lines out how the technique of Friedrichs symmetrization
applies to his class of symbols. We adapt this procedure to our situation proving also in our
case a Friedrichs symmetrization and a sharp Garding inequality.

Let us consider some typical situations, where continuous negative definite symbols in class
SQZ”\ appear.

Example 1: Let i be a symmetric Lévy-measure on R™\ {0} and define a continuous negative
definite reference function

b(E) = / (o, )

and let A\(§) as in (6.5). Suppose that u(z,dy) is a Lévy-kernel with Lévy-measures absolutely
continuous with respect to fi, i.e. there is a density f defined on R™ x R™ \ {0} such that

w(z,dy) = f(z,y) fp(dy).

Assume that f(z,y) has bounded derivatives with respect to x of all orders. Then the symbol
po€) = [ (1 cos(y. ) (. dy)
R™\{0}
has a decomposition p(z, &) = p1(z, ) + p2(x, &), where

P, €) = / (o) )

and

pa(, €) = /| (1 costy, ). d)

Then we have p; € SQQ”\. In fact

/0 (o, )92 )

IN

supo?f| - / (1 sl ) i)

s N(€)

IN
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and for |a| >1

|0207p1 (2,6

IN

020”2 /0 <|yKl(l — cos(y, §)) f(x, y) idy)

IN

sup £ - / ly® - cos@(y, €)| fi(dy)

0<]y|<1
< c¢5-¢a A2—ellal)

where in the last step we used the argument of the proof of Theorem 6.1.

Moreover, we will see in Section 6.6 that ps(x, D) is a bounded operator in Co(R™) as well as
in L2(R").

Example 2: In particular, continuous negative definite symbols of the following sum structure

are covered:
N

p(w,8) =D bi(x)1;(8)
j=1
for some N € N. Symbols of this type are considered in [42], [29], [30], [39], [31] and [3§],
where associated Feller semigroups, Dirichlet forms and solutions to the martingale problem are
constructed. We can regard these examples as special cases of Example 1. Thus if ¢; : R® — R
are continuous negative definite functions having Lévy-measures with bounded support and
if b; : R" — R* are C*-functions with bounded derivatives, then p € S>* for A(§) = (1 +

S ()Y

Many more examples can be obtained by subordination of the symbol using Bernstein functions.
A Bernstein function is a C'*°-function

f:(0,00) = R,

which satisfies

They admit a unique representation

(6.12) f(s) =a+bs+ /000(1 —e ) p(dr),

where a, b > 0 are constants and  is a measure on (0, 00) such that [+~ u(dr) < occ.
Typical examples of Bernstein functions are the fractional powers s +— s* for 0 < a < 1.
Bernstein functions are considered in more detail in the monograph [4].

Bernstein functions have a unique continuous extension to the complex half-plane Rez > 0
which is holomorphic in the open half-plane Rez > 0. In particular the composition of a
Bernstein function and a continuous negative definite function is well-defined. The important
feature of Bernstein functions is that this composition is again a continuous negative definite
function. It can be shown that Bernstein functions are the only functions with this property,
see [23].
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Note that there is a close connection to the subordination of stochastic processes (see [18]),
that is a time change of a process by a subordinator, i.e. an process with independent and
stationary increments and almost surely increasing paths on R™. A subordinator is described
by a Bernstein function f in the sense that the Laplace transforms of the transition functions are
given by e~*/. In particular, for a continuous negative definite function v the Lévy-process with
characteristic exponent 1 subordinated in this sense is again a Lévy-process with characteristic
exponent f o).

For the derivatives we have the following result, which in the case of so-called complete Bernstein
functions is contained in [47], Lemma 2.10.

Proposition 6.4. For the derivatives of a Bernstein function f : (0,00) — R™ we have

(6.13) ‘f(m(s)‘ < f—;f(s) for all s > 0.

Proof: From the estimate 1 + xk—lf < e, x > 0, we obtain
pFe™ < k(1 —e™), x > 0.

We may assume that a + bs = 0 in the representation (6.12), since the estimate for these terms
is trivial. Therefore (6.12) and interchanging differentiation and integration yield

o / T e ldr)

/ ke u(dr)
0

K[
s* Jo

k!

= —f(s).

sk

|f®(s)| =

(1— ) u(dr)

We return to the symbol classes Sg””\

Example 3: Let f: (0,00) — R* be a Bernstein function that satisfies f(s) < ¢s” for s > 1
and some 0 < r < 1 (Note that this is always true for r = 1). Let A(€) = (1+(£))"/? as above
and let p € S;"’A, m > 2, be a real-valued elliptic symbol, i.e.

p(z, &) =2 cA"(§)

holds for some ¢ > 0. Let N(&) = (1 4 ¢"(€))"/? the reference function obtain from the
continuous negative definite function v".
Then fop € SZL”\ . In particular for an elliptic continuous negative definite symbol p € S 5’)‘,

i , . . Q2N
also f op is a continuous negative definite symbol in 57 .
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Proof: If g is a differentiable function on R?*" then for v € N2" we find by induction on |7|
using Leibniz rule

v J

O(fog)=3 [Pog - > en.n)-[]ove
j=1 Y1ty =y 1=1
Y1rees ’y]'EN(Q)n

For o, 3 € NI let v = (a, 3) € N2" and g = p(z,&). This gives by (6.13)

v

020 (f o p)(x,€)] < CZ\f(j)(p(x,£))|~ > I leg ok, 9]

a1+...,+aj:a =1
B1+...+B;=8

7]

< ch!-f(p(x,ﬁ))' > H

ajt.Faj=a =1
B1+-- +ﬂj =0

aala% (=, é)‘

v

S (CX)D DEED DI | PR

j:l a1+.“,+aj=a =1
B1+.--+8;=8

< cap pla, &) A7 (g)
by subadditivity of o. Therefore
0207 (f 0 p)(@, )] < cap A™(E) - AV (E) < oA eI () < g s(N) 0D (€)

6.3 A calculus for S and S

We now start with the investigation of the symbol classes Sg”’A and S;)" * and develop a symbolic
calculus for the corresponding pseudo differential operators.
Since in the following the symbols are not assumed to be negative definite in general, it is
reasonable to consider the case of complex-valued functions.

First we remark that \™ (&) gives a generic example of symbols in S;"”\.
Lemma 6.5. For m € R and oo € Nj we have
(6.14) |0EA™(€)| < caA(§)melleh,
In particular \™ € Sg”’)‘.
Proof: By Theorem 6.1 we know

102(1+9(€))] < call +1(g))V/2Eele)
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and therefore

6.15) 01+ ()

—ze(lal) — —o(lal)
| < el () H e

holds. Next note that by induction on |a| using Leibniz rule we have

oY 5))
Z clon, ..., 0, m) 1+1/) ,

DN () = D1+ (€)™ = (1 + w(€)""*

a1+...+a‘a| =«

where ay, ..., q)q € Nj, and therefore

o ) ollas))
A" < ed™©) Y, [ <™ Y A =

oq—l—...—&-oz‘a‘:a =1 a1+...+a‘a|:o¢
< e am-ella)

again by subadditivity of o. a

Clearly for two symbols p; € Sg" i”\, 1 = 1,2, by Leibniz rule we have

(6.16) (0202 (p1-po)(@. &) < e Y |0 piw, )| - |07 0 palw, )| < eX™T2(€),
o' +a' =«
B'+8"=p

ie. p-ps € S(7)m+m2’A and (S(;n’)‘)meR forms an algebra of symbols, which repects the order of
the symbols.

Definition 6.6. For symbols in S;”’)‘ and S(T’)‘ we denote the corresponding classes of operators
defined by

o D)) = [ (o, €) - p(e)de
by \If’;"“’\ and ‘116”’)‘, respectively.
By Theorem 2.7 the operators in ¥$* and U5 are well defined on S(R”,C) and moreover for

ue S(R",C), o, e Ny and N > |B| +m+n
o ([ o peipiz nte)c)

02 (o [ eoptr uterte)| -

_ / T <a1)( )(25) 09 D p(, €) D a(E)de

ajtag=

B1+B2=

o[ <s>'5‘ () Y |opace)] de

IvI<lal

< o[ 9P s |©Y 3 (i

£eRn

IN

[v1< el

Since the Fourier transform is continuous on S(R™, C) this gives
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Proposition 6.7. An operator p(x, D) € \116””\ maps S(R™, C) continuously into itself.

Let us recall the definition of oscillatory integrals (see [54], Chapt.1.6). A C'*°-function g on
R™ x R™ is called of class A if the estimates

(6.17) 05090 y)| < cap(m)™ " y)T, @B EN,
hold for suitable m € R, 0 < § < 1 and 7 > 0. In this case the oscillatory integral is defined by

(6.18) OS_// iy nydyd‘n—hm// W) (en, ey) g(n,y) dydn.

where y € S(R" x R™) having the property x(0) = 1. The oscillatory integral is well-defined
for any g of class A and independent of the particular choice of the function y.

If we choose [,I" € Ny sufficiently large (depending on m, ¢ and 7) the oscillatory integral
coincides with the ordinary integral

Os— / / ~w g, y) dydn / / ) 2”<Dn>2l’{<n>_2l<Dy>mg(n,y)} dydn,

(6.19)
Where we use the standard notation D, = (D,,,...,D,,) = (—=i0,,,...,—i0, ). Moreover the
following partial integration rule holds

(6.20) O — / / e 1 g(n,y) dydn = O — / / e Deg(n,y)dydn, o €Nj.

We introduce the class of double symbols in terms of the reference or weight function A.
Definition 6.8. Let my, my € R. The class Sg“’mQ’)‘ of double symbols of order my and mq
denotes all C*®°-functions p : R" x R® x R" x R" — C satisfying

(621> aafag’laf’/p(xv 57 'rla €/>‘ S Ca,ﬁ,o/ﬂl/\<€>m1 ’ )\(5’)”@) Q, ﬁ? O/J ﬁ/ € Ng

Forp e Sén’m,’A we define the corresponding operator

(6.22)  p(x, Dy, ', Dy / / / @=a)OH@ )y € ! € a(e)de da' de.
for allu € S(R™,C).

As in the classical situation it turns out that double symbols determine the same classes of
operators ‘Ilom”\ as simple symbols, but they are a very useful tool for their investigation. More
precisely we have

Theorem 6.9. Let p € S™™ and u € S(R,C). Then the iterated integral in (6.22) exists
and defines a pseudo differential operator in the class \I/g”m,’/\. Moreover

(6.23) pr(z,&) = Og — / / e~ p(x, &+ n,x + y, )dydn

1s a symbol in SS"JFm/’)‘ and defines the same operator, i.e.
p(l’, Dw7 xlv -D:E’)u - pL(«T7 D)u
for allu € S(R™,C).

93



Definition 6.10. In the situation of Theorem 6.9 pr(x,£) is called the simplified symbol of
p(:'E? 57 ‘7;,7 6,)'

Recall that by Lemma 2.6
A(€)

(6.24) ) < 22 ARl — )

for all s € R and all £, € R™. Thus by (6.24) and (2.8)
07307 (. €+, + 9, )] < A (E+MA™ () < AH(E) A1) < )™
Therefore the integrand in (6.23) is of class A and the integral is well defined. Moreover note

Remark 6.11. The oscillatory integral in (6.23) actually defines a symbol py, in S{" A To
see this we use the representation (6.19) for the oscillatory integral. For [, sufficiently large
we get by exchanging differentiation and integration, (6.21) and (6.24)

025) || < con [ [ 0N E SN O dudy
S Caﬂ/\m+m/ (é) :

Moreover note that the constants c,3 are expressed in terms of the constants c,g.g for the
double symbol in (6.21). In particular, if a family of double symbols satisfies (6.21) uniformly
for each «, 3,¢/, 3, then also the simplified symbols satisfy an estimate (6.25) with uniform
constants c,g.

Proof of Theorem 6.9: We adapt the consideration in [54], Chapter 2, to our situation.
Choose x € S(R™ x R") such that x(0) = 1 and note that (see [54], Lemma 1.6.3)

(6.26) 62‘85 Ix(en,ey)| < ca5<n>*|a|<y>*lﬁl uniformly for 0 < e < 1.

For 0 <e <1let p.(x,& 2",&) = x(e(§ = &), e(a’ —z))p(x, & 2", &). Then by Leibniz rule and
(6.26) have

(6.27) 020908 00 p-(w,€,4, )| < Capor, g AT (E)A™ (€)

with constants ¢, g 3 independent of €. Define
Pue(@, 6,28 = pelw, &2, &S
w0, 60) = [ (a0

!

Tu,s (.ZU, §> = / e_i(z 7'E)(]u,é: (Ia 57 I/)dl'/

and fix [, n9 € N such that 21 > n4+m™ and 2ny > n. Note that ¢! £) = (2/) 72" (D)0 i*" ),
Thus for all |5'| < 2l by partial integration and Leibniz rule

85//(]%5(% £7 x/) S 85,/ / <x/>*2n06i(xl,£’) <DE’>2nOpu,e($, £7 ZU/, £/>d£/

(6.28) < Cputmo A (€))7,
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where the estimate is again uniform in . Therefore r, . is well defined and as above
sl )] < ‘<g>-2l [ O el )

(6.29) < Gt N (E) - () < Cputmon ()T

uniformly in e, where the last inequality follows from (2.8). Thus the integral

po(a, Do, Do )ular) = / SO, (2, €)de

n

exists. In particular for ¢ = 0 we see that the iterated integral in (6.22) is well defined.
Moreover, since the estimates (6.28) and (6.29) are uniform with respect to 0 < e <1, we find
by a successive application of Lebesgue’s theorem

p(x, Dy, 2’ Dy )u(z) = / / / ei((m_z/)’g)Jri(m/’gl)limpu,s(x,§,x’,§')d‘§’dxd§

= lim / / / (@) O, (1 of €V de dude

(6.30) = hmps 2, Dy, ', Dy )u(x).

For ¢ > 0 define

(6.31) prc(e€) = [ O (o€ o+ v, €y,
Then by definition of the oscillatory integral

(6.32) lim py (2, €) = pr(2,€)

and moreover by partial integration for [y, € Ny such that 2[; > |m|+n, 2I] > n

pre(@,€)l = /n /n e ()= (D, L) (D) x (e, ey)ple, €+, +5,6) | dydn‘
< o f [ A €y
< o[ ey
= A ()

uniformly in 0 < € < 1. Therefore by (6.32)

(6.33) lii%p,;va(x, D)u(x) = pr(z, D)u(x), ue SR, C).

On the other hand substituting 2’ = x + y and £ = £’ + 7 shows
pe(r, Dy, 2, Dy / / / (= OHE Ny, (0, €, of €€ e d' d

= / / / @)Wy (en, ey)p(a, & +n, @ +y, & )a(¢)de dydn

- /// Sy (2, €€ €

(6.34) = pre(z,D)u
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Thus combining (6.30), (6.33) and (6.34) gives
p(x, Dy, 2, Dyr)u(x) = pr(z, D)u(z).

O

Theorem 6.9 has a series of useful corollaries. First we consider the composition of two operators.

Corollary 6.12. Let p; € SS”"’A, m; €R, i =1,2. Then py(z, D) o py(x, D) € \Ijgnﬁmg,x'

Proof: Put p(z,&, 2, &) = pi(x,€) - po(x’,€). Then p € ST, Therefore py(z, D) €
GrtmeA and for u € S(R™, C)

pi(z, D) o po(x, D)u(z) = /ei(m’g)pl(x,ﬁ)/ e_i(:”,’g)/ ei(‘vl’g)m(x’,f’)ﬂ(f’)d{'dm’d{
= p(x, Dy, 2", Dy)u(x) = pr(x, D)u(z).

We also can handle the formally adjoint operator in L*(R", C).

Corollary 6.13. Let p € S7"*. Then there is a p* € S7™ such that
(p(flf, D)U, U)O = (U,p* (ma D)U)O
for all u,v € S(R*,C).

Proof: Define p(x, &, 2/, &) = p(2’,€). Then p € S(;”’O’* and as in the proof of Corollary 2.2.5
in [54]

(p(z, D)u,v)o = /n /n @ (! €)u(€)de - v(a')dx'

_ / / —i(z.8)y, { / ei(”’/’f)p(x',f)mdx'}dmdf
_ / / n / O €Yol da'deda

= ) /n/n/n i(z—a’ §)+i(z’, §)p( 5) (5,)d€/d$/d€dx
= (u,p(x, Dy, 2’, Dy

which proves the corollary with p*(x, D) = pr(x, D). Here we applied Fubini’s theorem several
times. This is possible in particular since

= (&7

| et ot | 0Dl G| < ele) )

is integrable w.r.t. £ for ny € N sufficiently large. a
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Summerizing we find that J,, . U is an algebra of pseudo differential operators with multi-
plication o and involution * that respects the graded structure given by (S;" ’)‘)meR, ie.

A gt gt
(g < gt

! !
R I e

Next we extend the domain of the operators. Corollary 6.13 immediately implies by duality
that p(z, D) € ¥ has a continuous extension p(z, D) : §'(R",C) — &'(R", C) defined by

(p(x, D)u,v) = (u,p*(x, D)v), ue SR, C), veSR",C).

We show that the order m of an operator p(z, D) € ¥{"* has a natural interpretation in terms
of mapping properties between the anisotropic Sobolev spaces introduced in Chapter 4, see
(4.5), (4.6); the definition extends immediately to the complex-valued case.

Theorem 6.14. A pseudo differential operator with symbol p € Sg”’)‘ 1S a continuous operator
p(z, D) : H¥T™XR™ C) — H*(R"™, C)
for all s € R and we have

(6.35) Ip(e, Dyl s < cllullyy  for all u € HF™ (&2, C).

Proof: It is sufficient to prove (6.35) for v € S(R™,C). First suppose s = m = 0. Then
pE Sg * has bounded derivatives and by the well-known L?-continuity result of Calderén and
Vaillancourt [9] we find

Ip(z, D)ully < ellull,

with a constant ¢ depending only on the constants c,g in (6.11) for ||, |5] < 3. Next suppose
s = 0 and m arbitrary. Then

plz, Dyu(x) = / e p(, )N (E)A™(E)a(€)dE

n

and p(x, )A"™(€) is a symbol in SJ*. Therefore
Ip(z, D)ully < c[[N"(D)ully = ¢l[ull, » -
Finally for the general case observe that A*(D) o p(z, D) € U5 by Corollary 6.12 and thus

Ip(z, D)ull, x = [IA*(D)p(z, D)ully < ¢ |lul

s+m,A °

Remark 6.15. Observe that from the above proof, Corollary 6.12 and Remark 6.11 it is clear
that the same constant ¢ in (6.35) may be chosen for a family of pseudo differential operators
which satisfy (6.11) uniformly.
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The symbol classes S;" * lead to a reasonable algebra of pseudo differential operators, but are
bad symbol classes in the sense that all derivatives of the symbols are estimated by the same
power m of A({) as in the case of Hormander class Sg, and not by a smaller power. Therefore
we cannot expect asymptotic expansion formulas for this type of symbols. On the other hand
the symbols of class S;”’A have a somewhat better behaviour of their derivatives with respect to
&. This will yield expansion formulas including terms up to order 2. We consider the expansion
of the simplified symbol.

Theorem 6.16. Given a double symbol p € Sg"’m'* such that
(6.36) oep(x, &, o' ') e syrelelm

holds for all o € Nij. Then for all N € N the simplified symbol p;, satiesfies

1 m+m/—o(N),\
(637) pL<3775) - Z apa(maf) € SO " o) )
la|l<N
where ,
(6.38) pal,€) = DLOEp(x, 6,0 &) oy € Sy ele0,
£=¢

Proof: We modify the argument given in [67]. By Taylor’s formula we have

p(3775+777$+2’»5) = Z %6? p(a:,g,x+z,§')|§/:€

la| <N

77’7
+N Z _lpw(x72,§a77)

lyl=N "
with .
p’Y<x7 Z?&?ﬁ) = / (1 - t>Nilag p(l', f + t777l’ + 275/)‘8:5 dt
0

and therefore by (6.23)

1 ; /
pule.§) = Y 05— [ [ e emag e gin b €)lodedy

lo| <N
N —i(2:m) Y
+ > 105 - e "EMnp.(x, 2, €, n)dzdn
=N " R
1 N
- Z Jla(xvg)—i_ Z JJ“{QT?&)
lajl<N lyl=N "
We have to show that /
(6.39) I, = po € Syt —eledA 1) < N
and /
(6.40) J, € SgrtmmetA

98



Let |a] < N and choose x1, x2 € C§°(R™) such that y; and y» equal 1 in a neighbourhood of
the origin. Then by definition of I, and (6.20)

because x2(ez)e™

(6.36).

Moreover for ||

Io

"X1(%) converges to the unit mass at 0 as ¢ — 0, and p, € S;

OS - /n /n e*i(z,n)naﬁg‘ p(aj)é’x + Z,£/>|£,:§ dZdT]
Os” / / e CIDOE plu, & w + 2, &) dady
15“/ / " (e2) DIOF pl, & )y el

lim X2(€Z)€ ( )D ag p(l‘ f,:}c §)|az =T+z dz
e—0 R™ ¢=¢

Dg/a? p(l‘, fa 'I,v gl)lgf? = poz(xa €>7

metm' oo\

= N we have by (6.36), (6.24) and (2.8)

0002 0005 . (2,2, €, 1)

<

IN

<

1
/X1-ﬂ”%ﬁ@6&f(%p@é#tmx+%€mfJd4
0

1
ot 5 / =o)X (€)dt

1
Cma/ﬂﬂ,ﬁ)\mfg(]\/') (g)Am (5) /0' >\|mfg(N)| (tn)dt

ot AN TN (E) ()L

Hence again by (6.19) for I,ng € N, 2l > N + |m — o(N)| + n, 2ny > n,

080 T, (x,€)|

IA

<

which gives (6.40).

[ om0 {20 [ 0g0p, o2, 6.)] ) dad

Cza,g/ / —2l+N+|m—o(N)]| <z>_2”0)\(§)m+m/_9(mdzd‘n

Cla/j)\

Remark 6.17 .

the class Sg’”m/_g('a‘)’/\ and Sgler,_g(N)’)‘, respectively, and moreover satisfy estimates (6.11)
with constants ¢, that depend only on the constants ¢, g g in (6.21) of the double symbol
p(z, &, 2, &) itself.

gymm (N

The proof shows that p, and the remainder term p; — ZI&KN épa are in
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We apply Theorem 6.16 to the double symbols of the composition of two pseudo differential
operators and of the formally adjoint operator, see Corollaries 6.12, 6.13 and their proofs, and
obtain the following expansion formulas.

Corollary 6.18. Let p; € S;”l’)‘, P2 € 5';”2”\ and p € ng”\. Then the symbols p. and p* of the
composition p.(x, D) = p1(x, D) o pa(x, D) and the formally adjoint p*(xz, D) = p(x, D)* satisfy

pc(xag) = pl('rag) 'pQ(xag) + Zagjpl(xﬁf) ’ ijp2($a€) +pr1($?€)

J=1

and

(2, €) = p(w,§) + > 0, D, p(w, €) + prs (2, ),
j=1

—2,\ —2,\
where p,, € ST and p,, € S50

Note that in particular the highest order terms are given by the product and the conjugate of
the symbols.

Remark 6.19 .

(i) Since p(k) < 2, the expansions given by formula (6.37) do not improve for N > 2 towards
terms of lower order. In this sense we obtain expansion formulas with terms up to order
two. Obviously this effect is due to the choice of the function o(k) = k A 2, which is
determined by the behaviour of negative definite symbols.

(ii) Of course the statement itself does not depend on the specific choice of ¢ and choosing
another increasing subadditive function p : Ny — R, will not affect the proof.

6.4 Friedrichs symmetrization

It is well-known that a pseudo differential operator with real-valued symbol is in general no
symmetric operator if the symbol depends on z, but there is a modification that is symmetric
and differs from the original operator only by a lower order perturbation. This modification
can be constructed explictly by the so-called Friedrichs symmetrization. The purpose of this
section is to show by the results obtained in the previous section that also for symbols in S;“”\
a Friedrichs symmetrization is available. For that end fix a function ¢ € C§°(R™) such that ¢
is even, non-negative, supported in the unit ball B;(0) and [, ¢*(0)do = 1 and define

(6.41) F(&,¢) =& ™" q((¢ = &) - A2(9)).

For a symbol p € S;" * let us define its Friedrichs symmetrization to be the double symbol
pr not depending on x given by

pr(€, 2, €) = / F(&, Qple!, ¢, ) F(E, Q).

n

Then we have
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Theorem 6.20. Let p € SJ™*. Then
(6.42) 03 0 0 pr(€.2",€)| < carpp A 220 () - N300 (¢).
In particular pr € 587“0’)‘ and the simplified symbol pr 1, € Sg’“. Moreover, if p € ng,)\ we have

(643) P —DPFrL & S(;m_l A
First we prove

Lemma 6.21. For all 8 € N we have

(644 O2F(€, Q) = MO T S 930 (©- (€= 0 2H©) - (070) (€ = O - A H©)),
[vI<|8]

_1 A
where g~ € Sy 2e(PDA,

Proof: Obviously (6.44) holds true for 3 = 0 with @g00 = 1. Note that
D™ (€) = A" (A (E) - I M(E).
Proceeding by induction we differentiate (6.44)
O, 0 F(£,) =
=3 3 [ © + 8, O] (€= O AT - (@0)((€ - O) - AT(E)

[v<|8

+ 5 (€= C) - NTVHEO)TE - (@7g)((€ — ¢) - XTV*(6))
+ 0 (©UE =) - AT - (@) (€ =€) - AT2(©))
+ ) O D((E = O AT (@) (€ - Q) - A9
k=1
with
W0 () = —sog,w<f>-(4+%)x ()0 M0
wg’)‘h’h(f) = a@@ﬂﬂﬂl(f)a
iligzm(&) = 7173‘)‘71/2(5)90@77’71(5)7
W5 (&) = ATVA()pp0(6),
U916 = ~ A OO (0)
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which is of the form claimed in (6.44) and we have to check that ¢/3771 e g, 2elrFA

l=1,...,5. Note that \™V/2 € 80_1/2’/\ and A\~ 185/\ € Sy, see Lemma 6.5. Since @00 = 1
we see for = 0 that

Y

P € Iin{AT2 A1, A} € S,

which also implies g, € Sgl/Z’A for |[3] = 1. Next note that J, A~ 12 ¢ 3, 322 and

Je, (A710:,\) € Sy >, which yields Oc, ¢g € Sy P for (8] = 1. Thus by the algebra
property (6.16) of the symbols we find for |5| = 1 that ¢ﬁlvv e s,

But Sy LA is stable under taking derivatives and therefore again (6.16) yields @bﬁ v €50 LA for
all || > 2 by induction. O

Proof of Theorem 6.20, Estimate (6.42): By Lemma 6.21 and the support properties of
q we have

0% 0707 pr (€, 2, ¢)

[ otrie 0ozate' c)og FIEL O
< /\(f) AN )T Z Z “Pﬁ”yw 906’,7’,7{(5,”'

WI<IBl <18
ny <y

/

| e (€= X (€ = - X2

IE/_CIS)\l/Q(é-I)

/

(07)((€ = Q) - ATV2(€) (0" ) ((€ = ¢) - AV(E)) - 0% p(a’, ¢)dC
(6.45) < Ca,ﬂﬂ,)\(g)—n/4/\(§/)—n/4/\<§)—%@(Iﬂ\))\(g)—%@(\ﬁ’l) 1,

where

o /
ez |0eP(T O‘ dc.
‘fl—C‘S)\l/Q(f/)

Observe that by (4.18) and (2.8) for |o| <1

AE+ A (Eo) < MO + AN (o)
< AE) + 1+ A2 o))
(6.46) < ().

Hence using the substitution ¢ = & + A\2(€) - ¢ we find by Cauchy-Schwarz inequality

9 1/2 1/2
0= (f 9t
|E—¢I<AL/2(€) &7 —¢I<AL/2(¢")

1/2 1/2
_ yn/d of 1206y . | n/4 (¢!
e (e oo ar) e (fao)
< AAMHONHENN (),

?//p(.%/, C)
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which together with (6.45) gives (6.42).

In order to prove (6.43) we need the following

Lemma 6.22. Let p € S, t € R and o € R". Then

(6.47) 950 (p(w, € +tA2(€) - 0)) = D Wprn ()20, &+ INV2(€) - 0) - (o)™,

[7I<18]
1<y

where g, € S

Proof: Since also 0¢p(x,§) € Sg””\ for all @ € Ni as well, we may replace p by dgp and
assume a = 0. With 100 = 1 there is nothing to prove for 3 = 0. Let & = & + tAY2(¢) - 0.
Then by induction

0 00p@.) = Y {05 (@ID)(2.E) - (1)

<8l
M=y
050 () (7P (2,€) - (o)™
3 G (OO D) () - O N2(E) - (1) |
k=1
which proves the lemma, since 9, A1/? € S¢ A, O

We now finish the proof of Theorem 6.20.
Proof of (6.43): By the expansion formula (6.37) (replace o(-) by 1o(-), which does not affect
the proof) and (6.42) we know that

~1,
PrL — PFro — Z Pra €8y 7

|a|=1
Thus it is enough to prove
(6.48) pra €Sy for ol =1
and
(6.49) pro—p €S

Let || = 1. Then

OEF(Em) = 98 (AHEal(n —ONY2(€)))

A - [l - X)) A ©EAE)

n

=50 (1= ON(E)) - (i — &) - AV2ONA(E)EA2(€)

k=1

(0" q)(n = ONM2(E) - A9
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and consequently with o = ( — &)A~1/2(¢)
Pra = Dyo¢ pF(é}x’,é’)lgg;:g = [ O¢F(&n) - Dip(e,n)F (& n)dn
- R

- —gxl(g)agu(g)- / ¢ (0)D7p(, £ + N (€)o)do

n

£ Y NOENY) - [ ndialo) ale)Dipla. € + N (E)o)do

k=1 "
= W [ (@000 Dplw,§ + NE))do
= [1 + [2 + I3-

We consider each term separately. Observe that [;, ¢*(0)Dp(x, & + A/2(€)o)do is a symbol
in S, since using Lemma 6.22 and (6.46)

826! / P(0)D2pla. € + NV (€)0)do

< (o )aéﬁﬁDO‘p(m €+ \V2(&)o)do

IN

S Wanl [ ¢0)|(020D20) .6+ N2()0) |7 do

IvI<|8l
1<y

< o / POME+ NP (©o)"do < ¢ / P(0)do - A™(€) = eA™(€)

n

and AMOgN € Sy gives I € S
Analogously

/ 010,4(0) - q(0)Dp(w, & + N2 (€)o)do € S5

and thus by >\1/23§‘/\_1/2 € Sy " we have I, € 8",
Moreover concerning I3 we have by Taylor’s formula

0“q(0)q(o) Dep(x, & + X*(€)o)do

R

= 9%q(0)q(o)do - DIp(x, &)

Rn

+ A2 Zak / (0, D2p) (x, & + N2 (E)to)dtdo.

Rn

By the symmetry of ¢ the first term vanishes and we find for the derivatives of the second
integral using again Lemma 6.22

1
agaf 0%q(o)q(o)oy - / (angg‘p) (r, &+ Al/z(f)ta)dtda
0

R
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IN

207 (D20, p) (x,& + AV2(&)to)| dtdo

[ ool |

c | 0%(0)q(o)ok - /1 NPHEF N2 (@) to)dtdo < - ATHE).
R™ 0

IN

Hence [, 0%q(c)q(o)Dsp(z,& + AV2(€)o)do is in Sy Y22 which means Iz € S;" ' and we
have (6.48). Let us turn to (6.49). By Taylor’s formula we find

pra(r.€) = [ @olo €+ XPQ)o)do

B / QQ(U){p(fU, &) + Z N2(€) - o - D, pl, €)

By the symmetry of ¢ the integral over the first order term again vanishes and therefore
pro(z,§) — plx,§) = 7, / / (1= t)¢*(0)a™ (97 p) (w, & + tAV?(€)o) dtdo.
IvI=2 "

Using again Lemma 6.22 and (6.46) we see as above that the integral defines a symbol in S(;"_Q’A
which gives (6.49) O

9

The next theorem summerizes the important properties of the Friedrichs symmetrization.

Theorem 6.23. Assume p € Sy is real-valued. Then pp(Dy,«', Dy) with domain S(R",C)
is a symmetric operator in L*(R",C). If moreover p(x,§) is non-negative, then pp(D,,x', Dy)
18 non-negative.

Proof: This is clear, because for u, v € S(R™,C) and if fgjx denotes the inverse Fourier
transform

(pF(Dx@ Dy
= ( / n / O ) (5’)d§’dx’) (x)o(@)da

|7
= [ [ [ e [t (€ iyt de T
L1

do) [ ESOPE e [ S OR(Emidcnds.
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6.5 Application to generators of Feller semigroups

In this section we want to apply the results of the previous sections to pseudo differential
operators with negative definite symbols. In particular we assume the symbols to be real-
valued. As we have seen it is a natural condition to assume that the symbols are of class S 5’)‘
for some convenient A(§). To prove that a pseudo differential operator fulfills the assumptions
of the Hille-Yosida theorem and therefore is the generator of an operator semigroup to most
extent amounts to solve the equation

(6.50) p(z, D)u+ Tu = f,

as we have seen in Chapter 4. We will solve this problem for elliptic elements in ng”\. In order
to apply modified Hilbert space methods we need again some estimates for the operator and
the corresponding bilinear form. It turns out that by the symbolic calculus, once it was proven,
these estimates are obtained in a considerably more elegant way.

As an application of the Friedrichs symmetrization we first prove the sharp Garding inequality
which gives a first non-trivial lower bound for the corresponding sesquilinear form.

Theorem 6.24. Let p € SET’)‘ be nonnegative. There is a K > 0 such that

Re(p(z, D)u,u)g > —K ||u||%nT71/\ for all u € S(R™,C).

Proof: By Theorem 6.20 we know that p(x, D) — pp(D,, ', D) is of order m — 1. Since
p(x,€&) > 0 we have by Theorem 6.23

Re(p(z, D)u,u)o

Re(pF(Dxa xlv DI’)ua U)O + Re((p(l', D) - pF(DOC :U/7 DI'))“? U)o
> Re (A*”T”(D)(p(x,z)) — pr(Dy, 2!, Dy))u, N5 (D)u

2
_KHUHWT*,A-

Vv

We are interested in further bounds for the sesquilinear form, in particular in the elliptic case.

Theorem 6.25. Let p € ng,x be real-valued, m > 0. Then
(6.51) |(p(z, D)u,v)o| < ¢ ||U’||m/2,)\ : ||U||m/2,)\’ u,v € S(R",C)
and the sesquilinear form extends continuously to Hm/”‘(R”, C). If moreover

(6.52) p(z,§) = 6A™(E), || >R,

for some 6 > 0 and some R > 0, then the Garding inequality

(6.53) Re(p(z, D)u,u)o > g l|lu

2 2
%,)\_CHUHmT—l’A, ueHm/Z}\(Rn,C),
holds.
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Proof: We know that
|(p(x, D)u, w)o| = [(A~% (D)p(x, D)u, A% (D)u)o| < [l nn - 10l mn s

since A\™™/2(D) o p(z, D) is of order 2.

Now assume (6.52). Let p,(z,&) = p(x,€&) + 7. Then for 7 sufficiently large

pr(,6) > 6A™(§)
holds for all £ € R™. We put ¢(z,§) = p-(z,£) — 0A™(§) > 0. Theorem 6.24 implies

Re(p(z, D), w)o — 3 a2 + 7 ull2 = Re(ql, Dy, u)o > K [Julfas
which gives (6.53) by (4.11). O

Let us turn next to estimates for the operator itself. The operator p(x, D) € \I/gM is a continuous
operator between the Sobolev spaces H**(R",C), see Theorem 6.14, i.e. |p(x, D)ull,, <

cllull, i, - Again, if moreover (6.52) holds, we even have a converse inequality.

Theorem 6.26. Let p € S;”’)‘ be real-valued and assume the ellipticity condition (6.52). Then
for s > —m

2
(6.54) Ol

2 2
5 Nullspmn < lIp(z: DYullgy + e llullgym-p -

Proof: Let q,(z, &) = p(x,£)2A\2(€) > §2A2m+9)(¢) for |€] large. By Corollary 6.18 we know
that the highest order term in the expansion of the symbol of p*(z,&) is given by p(z,§) =
p(x,§). Thus

Hp(l‘7 D)“Hi,)\ = (/\S(D)p(l” D)ua /\S(D)p(x’ D)U)O
= (p*(z, D)N*(D)p(x, D)u,u)o = Re(qs(z, D)u,u)o + Re(q(x, D)u, u)o,

where q(z, D) € SOQ(erS)_I’)‘. Hence Theorem 6.25 implies

2 2 2 2
Ip(a, Dyull s = 6% ullgan = ltellnamsn = € Mullipe s

O

The proof of regularity results for solutions of (6.50) again involves commutators for the
Friedrichs mollifiers as defined in (4.22). Obviously J. is a pseudo differential operator with
symbol j(££) in S S’A and the constants ¢, s in the corresponding estimate (6.10) are uniformly
bounded for 0 < & <1, cf. [54], Lemma 1.6.3. Let p € S;””\. We consider the commutator

p(z, D), J:] = p(x, D)J. — Jp(x, D).

Recall that the commutator is described by the difference of the double symbols p(z, &) - 7(e€’)
and j(e€)-p(2’,&"). Therefore it is now obvious to see that the commutator has an order reducing
effect, since the highest order terms in the expansion series (6.37) cancel, and [p(z, D), J.] is
an operator of order m — 1. Moreover the remaining terms of the expansion are controlled
uniformly with repect to ¢, see Remark 6.15 and Remark 6.19. Therefore we get
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Proposition 6.27. Let p € S;”’A and s € R. There is a constant ¢ > 0 not depending on
0 < e <1 such that
llp(z, D), JeJull, < elfullypo -

We summerize the results obtained so far and solve equation (6.50).

Theorem 6.28. Let p € S;”’)‘, m > 2, be a real-valued symbol, s > 0 and assume that
(6.52) holds. If T > 0 is sufficiently large, then for f € H*»R"™ C) there is a unique solution
u € Hst™AR", C) of the equation

p(z, D)u+ Tu = f.
Proof: By Theorem 6.25 we know that
(u,v) = ((p(x, D) + 7)u, v)o

is a continuous coercive form on H™/2*(R", C) for 7 large enough. Thus, see [20], Theo. 1.14.1,
there is a unique weak solution u € H™?*(R", C) of

((p(z, D) + T)u,v)o = (f,v)o  for all v € H™?**(R",C)

and the proof is complete, if we show that u € H**™*(R",C). Let u. = J.u. Then u. €
HmAR", C) for all t < s, 0 < & <1 and by Therorem 6.26 and Proposition 6.27 we have
||u€||t+m,)\ < c|lp(z, D)Jeu“t,)\ +c ||J€u||t+m—%,)\
< c|lJe(plz, D) + m)ull, y + el Jeull,x + clllp(e, D), Jull, y + el Jeullyy -1z
< ¢ HJEth,)\ +c Hth,)\ tc ||th+m—1,>\ +c Hth—i—m—%,)\

< elfla+elulimsa

So u € H"™ 2A(R", C) implies that (uc)oeec; is bounded in H™™(R™ C). Since u, — u
in H*m=2A(R" C) as e — 0, this implies u € H™(R", C). A recursive application of this
conclusion starting with ¢ = 1’7’" proves the theorem. a

We finally state our result about generators of Feller semigroups. Recall that we have assumed
a lower bound (6.4) on the reference function, that is for some r > 0

(6.55) A(€) > clel”?

for some ¢ > 0 and || large. Under this condition for s > 2 the dense and continuous
embedding, see Proposition 4.1,
HS,)\(R’VL) SN Coo(Rn)

holds. Now we have

Theorem 6.29. Assume that (6.55) holds. If p(x,§) is a negative definite symbol of class 5'5)‘
and moreover

p(w,€) = 5A*(€)
for some § > 0 and || large, then —p(x, D) defined on C{°(R") is closable in Cs(R™) and the

closure generates a Feller semigroup.
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Proof: It is enough to repeat the arguments in the proof of Theorem 4.13. Recall that for
a continuous negative definite symbol the operator p(x, D) preserves real-valued functions.
Choose s > 2. Then the operator A = —p(z, D) : H****(R") — H**R") C C(R") is a
densely defined operator in Oy (R") with domain H**2*(R") und thus A fulfills condition (i)
of Theorem 4.7. Since C§°(R™) is dense in H*T?*(R™), we see again from the continuity and
the regularity estimate (6.35), (6.54) and the Sobolev embedding that C§°(A) is a core for A.
Moreover by Theorem 2.16 A satisfies the positive maximum principle on C§°(R") and therefore
also on H**2*(R™), see Proposition 2.20. This is (ii) of Theorem 4.7 and finally (iii) is the claim
of Theorem 6.28. O

6.6 Perturbation results

In section 6.2 we used the decomposition of a continuous negative definite symbol into a part
with Lévy-measures supported in a bounded set and a remainder part. The first part was
studied using the symbolic calculus. In this section we consider the remainder symbol, which has
a Lévy-kernel consisting of finite measures. In particular we are interested in the perturbation
effect of this remainder part in terms of estimates in L*°- and L?-norms.

Let us assume that p : R” x R” — R is a continuous negative definite symbol that satisfies

(6.56) pla, &) < e(1+[¢).

For simplicity we assume that p(x,0) = 0. This is no restriction since an operator of the type
¢ — ¢(-) - p with a bounded continuous function ¢(z) is a bounded operator in C(R™) as well
as in L*(R™).

We decompose the symbol according to Proposition 3.11 and Theorem 3.12 by using an even
cut-off function # € C*(R™), 0 <60 <1, 0(0) = 1:

(6.57) p(w,€) = pi(w,6) + py(w,€) = pr(@, ) + pa(x, €).
In particular
pae€) = [ (&) = bl &+ )+ plas ) By i

Then po(z,dy) = (1 — 0(y)) pu(z, dy) is the Lévy-kernel of ps(z, &), where p(z, dy) is the Lévy-
kernel for p(z,§), and we have

(655  —pole, D)ple) = / (p@+ ) — @) palr,dy), € CF(R).
R7\{0}

Moreover

639 mRAPD < [ pegvia <c [ g <

by Theorem 3.12 and (6.56). The central question of this section is, whether the original
operator p(z, D) which we get from p; (x, D) by the perturbation ps(z, D) has similar properties
as p1(z, D). For the readers’ convenience we recall a standard perturbation result for generators
of contraction semigroups (see for example [17], 1.7.1).
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Theorem 6.30. Let (A, D(A)) be the generator of a strongly continuous contraction semigroup
on a Banach space (X, ||-||) and (B, D(B)) a linear dissipative operator in X such that D(A) C
D(B) and

|Bul| < ovf|Aul| + B lull, e D(A),

for some0 < a <1and (> 0. Then (A+B, D(A)) generates a strongly continuous contraction
SEMIGroup.

The theorem in particular applies to bounded perturbations, that is if B is a bounded operator,
then B — || B|| - Id is a dissipative operator. Therefore A 4+ B generates a strongly continuous
semigroup, but not necessarily a contraction semigroup.

In the case of Feller semigroups however the submarkovian property is characterized by the
positive maximum principle. Therefore if A is the generator of a Feller semigroup, then for any
bounded operator B such that A + B satisfies the positive maximum principle, also A 4+ B is
the generator of a Feller semigroup.

In order to see that py(z, D) defines a perturbation of this type first note that by (6.58) and
(6.59) pa(z, D) has an extension to the bounded Borel measurable functions B(R™)

pa(z, D) : B(R") — B(R")

which is continuous with a bound given by 2 - sup,cgn ||p2(2, -)|| .. In order to apply Theorem
6.30 to the perturbation —ps(x, D) in the case of Feller semigroups we have to show that C,,, (R")
is invariant under po(x, D). In general this is not true, since the non-local character of py(z, D)
may destroy the behaviour at infinity. A reasonable condition to control the non-locality is the
tightness of the Lévy-measures us(x, dy). We give a complete characterization of the tightness
in terms of the symbol.

Theorem 6.31. Let p: R" x R" — R be a continuous negative definite symbol such that
p(z,€) < c(1+|£%) and with Lévy-Khinchin representation

e ©) =) o)+ [ (1 costy, )t )

Then the following are equivalent:

(i) for every e > 0 there is a ball Br(0) C R™ such that sup u(z, BR(O)B) <eg,
z€R™

(1) sup (p(z,§) = p(x,0)) =0 as§ — 0.

zeR”
In this case p(x, D) maps C3°(R™) into Coo(R™).
Note that typically a condition on the symbol for small £, here the equicontinuity at & = 0,
implies properties of the Lévy-measures are infinity.

Proof: Note that by the assumptions ¢(z,&) + c¢(z) < ¢(1 + |[€[°) therefore ¢(x) and the
coefficients of ¢(z,-) are bounded. Thus they are equicontinuous at £ = 0 and we may assume
that

pe €)= [ (1 cos(n,)) utr. )
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Assume that (ii) holds true. Let ¢ € CP(R"), 0 < ¢ < 1, ¢(0) = 1, suppy C B;(0) and
¢or(z) = p(x/R), R > 1. Then

660 w50 < [ (oal0) ~ oalv) e, a)

- / / (1= cos(y, €))én(€) A€ p(z, dy) < / ple,€) [6nlé)] de
n\{0} JR" R™

<,
lel< =

< ¢ sup p(x,8) ||l +eR** - 0as R — oo
lE1< =

P, )R |$(RE)| de + ¢ / (1+ |€)? R (Re)~ 9 d

1
\ﬂ>;§

uniformly with respect to xz, i.e. (i) holds true.
Conversely, if (ii) is not true, then there is a sequence (&)ren, & — 0 such that

sup p(z, &) =n >0
rER™

and we can choose z; € R", k € N, such that p(xy, &) > n/2. Then for a compact neighbour-
hood K C R” of the origin and any x,£ € R”

K0 = 5 [ (= cos(y.€) uta )
(6.61) = @9 = [ (= cos(. &) ulo.dy).

Let v be the measure defined in Lemma 2.15 and
A= [ g <c [ @+l ud < o
reER™ n n

Choose a > 0 such that a < ﬁ There is a kg = ko(K) € N such that for k£ > kg

1

1 —cos(y, &) <a(l — ——
:8) S all =

) forally € K

and therefore for all k > kg

/K(l — cos(y, &) p(z, dy) < a/Rn\{O}(l - +1|y|2) p(z, dy)

_ B B | ;
= a/n\{o} /n(l cos(y, €)) v(dé) p(x, dy) = a/Rnp(x,f) v(dé) <a-A< T
Hence by (6.61) for all k > kq

u(xk,KE) > =p(wr, &) —

DO | —
>~
v
0|3
vV
=

1
2
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which contradicts (i).
Finally, if (i) or (ii) is satisfied and ¢ € C§°(R"), then p(z, D)y is continuous and we have by
the Lévy—Khinchin representation (2.19) of —p(x, D) and (6.60) for = & suppy

p(x, D)(z)]| =

/ oy P 0 )] < gl s suppa +) = 0
R7\{0

as |z| — oo, i.e. p(x, D)y € Cx(R™). O
As C3°(R™) is dense in Coo (R™) the result implies in particular in the situation considered above

Corollary 6.32. Let ps be as above and assume

(6.62) sup pa(z,&) — 0 as & — 0.

TER?
Then ps(x, D) maps Co(R™) continuously into itself.

Observe that (6.62) is determined directly by the original symbol p(z,§), because p; in (6.57)
always satisfies sup,cgn (p1(2, &) — p1(2,0)) — 0 as £ — 0. This can be seen for example using
Theorem 6.31, since the Lévy-measures of p; are supported in a bounded set. Thus (6.62) is
equivalent to the condition

(6.63) sup (p(x, &) — p(z,0)) — 0 as £ — 0.

z€eR™

We combine the results with the perturbation argument of Theorem 6.30 and the subsequent
remark. Note that (6.58) shows that —ps(z, D) obviously satisfies the positive maximum prin-
ciple on C(R™). Thus we have proven

Theorem 6.33. Let p : R" x R" — R be a continuous negative definite symbol that satisfies
(6.56) and (6.63) with decomposition (6.57). Assume that —pi(x, D) extends to the generator
of a Feller semigroup. Then —p(x, D) has the same property.

Denote by A(€) = (1+1(€))Y/? the reference function for the symbolic calculus as in the previous
sections, in particular assume (6.4). Then by Theorem 6.29 the assumption that —p;(z, D)
generates a Feller semigroup is satisfied if pi(x, &) is an elliptic symbol in SQZ”\. Moreover we
can prove

Corollary 6.34. Let A\(§)be as above and p : R" x R" — R be a continuous negative definite
symbol that satisfies p(x,€) < (1 + |£[%),

sup (p('rvf) —p(SC,O)) — 0 as 5 — 0

z€R™

and for some § > 0
p(e,§) 26N () forall [¢] > 1.
Let 6 € C5°(R™) be an even function such that 0 < 6 <1 and 6(0) = 1. If the mollified symbol

(2,6) — [ p(z,n)0(&—n)dn

R

18 1N Sg’)‘, then —p(z, D) has an extension that generates a Feller semigroup.
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Proof: We decompose p as in (6.57), see Proposition 3.11,
p(z,§) =/ p(z, M —n)dn —/ p(x,m)0(n) dn + pa(x, €).

The assumptions yield that = — [, p(x,n)é(n) dn is in Cy°(R™). Therefore the symbol
Jan plz,n)(0(€ —n) — 0(n))dn is in Ss”\ and, since po(z,€) is bounded, it is bounded from
below by ¢ A\*(€) for |£| large and suitable ¢ > 0. Thus it satisfies the assumptions of Theo-
rem 6.29 and the corresponding pseudo differential operator has an extension that generates a
Feller semigroup. Moreover the symbol py(x, ) defines a bounded operator on C,(R™) and we
conclude as above. a

Finally we turn to L%-estimates and we study the question whether py(x, D) is also a pertur-
bation in the L2-framework.

For this purpose consider the situation of Example 1 in section 6.2, i.e. let ji be a symmetric
Lévy-measure on R™ \ {0} and define the continuous negative definite reference function

wO= [ (1 cos(y. ) ildy).
0<yl<1
Let A(€) = (14 ¢(€))Y/? and consider for f: R® x R™\ {0} — R* the symbol

(6.64) pr€)= [ (0 conly, ) Se.9) i),

where we may assume that f is even with respect to the second variable. The symbol is
decomposed in

(6.65) P, ) = /0 1 eos ) £, 9) )
and )
(6.66) pa(,€) = / (T eos.6) 1) ()

We have seen that p; € S 3’)‘ provided f has bounded derivatives of all order with respect to z.
Moreover, if f(x,y) > 6 > 0 we also have the ellipticity bound

(e, €) > 6 / (s, )) ) = 5016),

i.e.
pi(@,&) +7 > N*(E)

for 7 sufficiently large. The Theorems 6.14, 6.25, 6.26 and 6.28 yield the following L2-results
for such symbols.

Theorem 6.35. Let p; : R" x R™ — R be a continuous negative definite symbol in Sg’)‘ and
assume that for some 6 > 0 and 7 sufficiently large

pi(z,8) +7 > 3 N(E).
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Then for k sufficiently large the bilinear form ((p1(x, D) + k)u,v)o, u,v € C§(R™) has a
continuous extension to a coercive form on HY(R™).
Moreover py(x, D) is closable in L*(R™), the closure is given by the continuous extension

pi(z, D) : H*MR™) — L*(R"),
the estimates
crllullyy < llpCe, D)ull e + llull » < coflullyy, e >0,
hold and for k sufficiently large the equation
(p1(2, D) + K)u = f

has a unique solution u € H>**(R™) for every f € L*(R"). In particular —(pi(x, D) + k)with
domain H>**(R™) is the generator of a strongly continuous contraction semigroup on L*(R™).

The result about the semigroup follows from the Hille-Yosida theorem 4.6, recall that the
coercivity of the bilinear form implies dissipativity for the operator —(p;(z, D) + k).

We now have

Proposition 6.36. Define pa(x,&) as in (6.66) and assume that f(x,y) < M for some M > 0.
Then py(x, D) is bounded in L*(R™):

(6.67) [p2(z, D)ully < cllully-

Proof: Let u € C§°(R™). Since the Lévy-kernel of py consists of finite measures we have

~po(z, Dyulz) = / (W)~ ) ) ()

i
= /y|>1 u(z +y) f(z ( \y|>1f T, y) i (dy)) -u()

and it is enough to prove continuity in L?(R") for the first term. Let v € L*(R").

u(z x,y) fi(dy) -v(x)de| < M ulz ol de i(d
L] e st s <o [ [ ol o) deita

vl ([ e+ nf ac) " ([ o ae) " ataw)
= Ml > 1) - el ol

Dividing by ||v||, and taking the supremum over all v with [jv||, = 1 gives the result O

IN

Therefore po(z, D) is a small perturbation of operators as considered in Theorem 6.35 and we
obtain
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Theorem 6.37. Assume that py is as in Theorem 6.35 and py is as in Proposition 6.36 and

let p=p1+ pa.

In particular this holds true if p is given by (6.64) with sup |02 f(x,y)| < oo for all p € Ny and
.y

f(z,y) 26>0.
Then the following estimates hold

Ip(z, Dyully < cllullyy
[ullop < elllpCe, D)ully + llully),
|(p(z, D)u, v)o| < cllully y - [[olly 4
(p(, Dyu,u)o = e |lullf \ — ez lull;

foru,v € C$°(R™). Moreover the continuous extension of —p(z, D) to H*>*(R") is the generator
of a strongly continuous semigroup in L?(R™).

Proof: This follows immediately from the corresponding estimates for p;(x, D), the bound-
edness of py(z, D) in L?(R™), the continuous embeddings H?*(R") — H'A(R") — L*(R"),
and (4.11). O

Note that for symbols p defined as in (6.64) with continuous bounded f the operator py(z, D)
is also a bounded operator in C,(R™). Thus if —p;(x, D) generates a Feller semigroup, by the
perturbation result Theorem 6.30 the operator —(p;(z, D) + pa(x, D)) also generates a Feller
semigroup.
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Chapter 7

Operators of variable order

7.1 Statement of results

In the previous chapter a symbolic calculus was developed which is suitable for continuous
negative definite symbols. As an application we have shown that in an elliptic situation the
calculus again yields results concerning the generation of Feller semigroups. The purpose of the
chapter is to show that the symbolic calculus also applies in an explicitly non-elliptic situation,
that is in the case of operators of variable order. Recently several investigations were made
in the case of the best known example of this type, the generator of the so-called stable-like
process which is given by the symbol

(7.1) p(z,€) = |
or to avoid problems with differentiability
(7.2) p(e,€) = (1+ [¢%)2°@),

where 0 < a(z) < 2. For fixed x the operator —p(z, D) with symbol (7.1) coincides with
the generator of a symmetric a(x)-stable process, but the order varies with x. Note that in
particular for fixed z the symbol is a negative definite function.

In the one-dimensional situation Bass [1] proved well-posedness of the corresponding martingale
problem under weak assumptions on a(z). In the higher dimensional case the process corre-
sponding to (7.1) was constructed by Tsuchiya [86] as the solution of a stochastic differential
equation. Symbols as in (7.2) are contained in the Hérmander classes Sy’ and were studied
by the symbolic calculus of pseudo differential operators by Unterberger Bokobza [88],[89],
Unterberger [87], Visik, Eskin [94], [95] and Beauzamy [3].

In [46] Jacob and Leopold constructed a Feller semigroup generated by operators with symbols
(7.2). Their approach is mainly based on the method described in chapter 4 and the results of
Leopold for pseudo differential operators of variable order and corresponding Sobolev spaces,
[58],[59],[60]. See also Negoro [69] and Kikuchi, Negoro [64] for further results concerning
existence of transition densities and path behaviour of stable-like processes.

We will consider a more general situation. The functions [¢]* and 1 + |¢|° in (7.1) and (7.2)
are associated to a diffusion process, i.e. Brownian motion. Thus the stable-like process can be
regarded as a diffusion subordinated by a subordinator given by the exponent 1/2a(z), but the
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subordinator depends on x. Our starting point will be the generator —(D) of a Lévy process
or even a generator with variable coefficients which satisfies upper and lower estimates with
respect to the reference function 1. We denote this symbol by s(z, &) and consider the symbol

(7.3) p(z,€) = s(z, &)™,

where 0 < m(x) < 1. Note that if s(x,&) is a negative definite symbol, then p(zx,&) also is
negative definite.

As in Chapter 6 let ¢ : R® — R be a continuous negative definite reference function with the
property that the Lévy measure of ¢/ has bounded support. Moreover we will assume that
has the minimal growth behaviour at infinity, i.e. there are constants r > 0 and ¢ > 0 such
that

(7.4) v zclEl", Kl=1
As usual let
(7.5) A(E) == (1 +(€))"2.

Define the symbol classes S;””\ and S as in Chapter 6. Our main result is the following

Theorem 7.1. Let s € SS”\ be a real-valued negative definite symbol which is elliptic in the
sense that there is a 6 > 0 such that

(7.6) S(,6) > 6X2(6).
Consider a C*®-function m : R" — (0;1] with bounded derivatives and let M = supm(z),
TER™
po= wlen]gnm(w)
If
1
(7.7) M—,u<§ and >0
then
(78) p(z,€) = s(w, &

defines an operator —p(z, D) : C§°(R") — Co(R™), which is closable in Coo (R™) and the closure
is the generator of a Feller semigroup (T3).

The proof of Theorem 7.1 again relies on the theorem of Hille-Yosida. In particular for some
7 > 0 we have to find solutions of the equation

(7.9) (p(z,D)+1)u=f

for sufficiently many right hand sides. We split the proof into a part concerning the existence
of (weak) solutions and a part dealing with regularity. We treat both parts using typical
techniques for pseudo differential operators, but in a suitably modified way.

To prove existence of solutions we first apply the modified version of Friedrichs symmetrization
that yields again a sharp Garding inequality, that is a lower bound for the corresponding bilinear
form in terms of the lower order norm |-, ;. We then show that the bilinear form is continuous
on the space obtained by closing the symmetric part of the form and finally obtain
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Theorem 7.2. Let p(x,§) be as in Theorem 7.1 and T > 0 sufficiently large. Then for any
f € H#MNR") there is a unique u € H*(R™) such that

(p(z, D) + 1)u = f.

Next we show that the operator p(z, D) admits a (left-)parametrix, i.e. there is a symbol ¢
such that
q(z, D) op(x,D) =id + r(x, D),

where r(x, D) is an operator of negative order, hence has smoothing properties. We then easily
obtain the following regularity result.

Theorem 7.3. Let p(z,£) as in Theorem 7.1 and u be a solution of (7.9) for some f €
H*A(R™), k> 0. Then for all e > 0 we have

= Hk+2u75,)\(Rn).

7.2 Existence of solutions
In this section let s € S 92”\ be a negative definite elliptic symbol, i.e. there is a 6 > 0 such that
(7.10) s(z,€) > 0 A%(8), z, & €R",

and let m : R™ — (0;1], m € Cp°(R™) be as in Theorem 7.1, that is for

(7.11) M = sup m(z), = inf m(z)
xeR™ zcRn

we assume .

(7.12) M—u<§, >0

and consider
p(z,€) = 5(,6)").

The first property we have to check is whether p(z, &) is a symbol in the symbol classes Sg””\.
Since the exponent m(z) depends on z, differentiation of p with respect to z yields certain
logarithmic terms of s(x, ). In the case of symbols (7.2) this can be treated by considering the
Hormander classes 57’5 with 0 > 0. A similar procedure for symbols in ng”\ causes problems for
the symbolic calculus, since the order of the derivatives Gg‘p(x, €) does not decrease arbitrarily
as |a| — oo. Therefore it is more convenient to capture the effect of the z-derivatives by slightly
increasing the order of the symbol, i.e. to prove p € S gM +eX for £ > 0. First we need

Lemma 7.4. Let G,K,L : RV — R be C*®-functions, G > 0, L # 0. Then we have for
vENY, I=v

(i)

ll
0"exp K =exp K - Z C{W}HﬁwK,
Vit Y=y i=1
I'=0,1,...
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(i)
!
, a%G )
0" log G = E C{W}HT if v# 0,
i=1

Y1+ FN=y
(iii)
1 1 0L
=1 D {%}H

Ao n=

The summation is taken over all choices of multiindices v1,...,vy € NY and v1,...,v € Ny,
respectively, that have sum . The constants c(,y, c’{%} and c’{’%} depend on the choice of the
multiindices.

The proof by induction is an elementary application of the chain rule. See also Fraenkel [19]
for general higher order chain rules in several dimensions.
We now are able to prove

Proposition 7.5. Let p(z,§) be as above. Then for all e > 0
(7.13) 080 p(x, )] < capeplx,€) - A~1VTE(¢).

In particular p € S§M+6”\.

Proof: We have to estimate the derivatives
e p(,€) = DL s(, €)™ = 90 exp (m(x) - log s(x,€))

We apply Lemma 7.4 (i) with N = 2n, v = (o, 3), I = |a| + |8|. Thus

v
(714) ‘agafp(% €)| < exp (m(x) : logs(x, 6)) : Z Cla;,Bi} Htoéiﬁi ([E, 5)
=1

al+...fap=a
Bit..+By=0
'=0,1,...1

where
(7.15) to,5,(x, &) = 3?1051' (m(x) -logs(z,£)) = Z ( gﬁ ) afi—ﬁém(x) ) agaiafé log s(x, ).
B <Bi

Again by Lemma 7.4 (ii), if & = |ay| + |5]] # 0

ka8 of;
a; A3 a ]a s g)
oo ogs(@ ) = D epap H

a1t+...tag=a;

Br+...+BL=0,
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Since s(z,§) is an elliptic symbol im S Q”‘ we find

k
8giﬁfilogs(aj,§) < Cap Z H)\*a(ldjl)(g)
art..+ap=a; j=1
B1+..+Bk=0,

< capA (g,

where we used the subadditivity of g in the last step. Moreover we always have |log s(z, )| <
clog M(€) < e A1 (€). Since m € Cg°(R™) we therefore get from (7.15)

A—eeil) ;
|t0¢iﬁi(l‘7§)| < CaBie { )\s/l<§><7€>7 Oéia:f)o

and finally by (7.14)

020lp(x,8)] < p(@,8) cape Y IT re=he)- TT »")

a1+ tap=«a i=1,..,l' 1.0
B1+...+By =0 o; 70 a;=0
I'=0,1,...1
S p(xa 5) * Cafe )\—g(|a‘)+6(£>‘
The second statement follows immediately from p(x, &) < ¢ A2M(€). a
We want to consider the equation
(7.16) (p(x, D)+ 1T)u=f

for 7 > 0. Let p,(2,€) = p(x,€) + 7 and
B (u,v) = (p,(x, D)u,v)o, u,v € C°(R"),

be the associated bilinear form. We note

Lemma 7.6. Let g € ng”\. Then the bilinear form

(u,v) — (q(x, D)u,v)y, u,v € C°(R"),

has a continuous extension to H™*(R").

This follows immediately from

|(a(z, D)u, vo)| = |(A™(D) o q(x, D)u, N""(D)v)o| < ellull, 5 1010

by Cauchy-Schwarz inequality, since by Corollary 6.12 both A™"*(D) o ¢(z, D) and A™(D) are
operators of order m.

Observe that by the ellipticity of s there is a ' > 0 such that

(7.17) p(x,£) > 8" A*(€).
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Theorem 7.7. Let € > 0 such that M — p+¢e < 1/2 and let M' = M +¢/2. Then B, extends
continuously to H M”A(R”) and if T is sufficiently large, the sharp Garding inequality

/

5
(7.18) B (u,u) > o [|ully
holds.

Proof: The first statement is immediate from Lemma 7.6, since p, € S §M A, Let Qz,&) =
p(x, &) =0 N#(€) e SQQM/’)‘. By (7.17) we have Q(x,&) > 0 and hence by Theorem 6.20 we know
that the Friedrichs symmetrization Qr(z, D) is a symmetric nonnegative operator with symbol
Qr € SO2M/”\ such that r = Q — Qp € SonLl”\.

Then by Lemma 7.6

(p(z, D)u,u)o — &' |lull;,, = (Q(z, D)u,u)o
= (QF(xv D>u7 U)U + (T(SC, D)ua U)O
5

2 2 2
2 —cllullaprjop 2 =5 llullyy = (@) ully,

Here in the last step we used (4.11) Choosing 7 > ¢(d") proves (7.18). O

B, is a continuous bilinear form on H™'*(R") but satisfies a lower bound only with respect
to a lower order norm, which of course reflects the character of varying order. To get a weak
solution of (7.16) in terms of this form B, we will use a method which is known from the case
of degenerate elliptic differential operators, see Louhivaara, Simader [62] [63]. For that purpose
let

~ 1 /
B, (u,v) = §(BT(u,v) + B, (v,u)), u,v € HM MR,

be the symmetric part of B,. Then obviously

(7.19) Be(,0)| < elullygn - 0l
and 5
(7.20) Br(u,u) = 5 ul?,

Therefore B, is a symmetric bilinear form on HM'*(R") which by (7.20) is positive and not
degenerate, i.e. ET(u, u) = 0 if and only if v = 0, that is ET is an inner product. Of course in
general H M”A(R”) is not complete with respect to this inner product. By HP we denote the
completion of H™"*(R") with respect to the norm I-ll,, = BY?. Then (HP7,[]-][,.) is a Hilbert
space. By (7.19) and (7.20) we can construct the completion in such a way that the continuous

and dense embeddings
HMAR") — HP" — H*(R™)

hold.

Lemma 7.8. B. is a continuous bilinear form on (HP7, |||, ).
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Proof: Since p,(z,€) is real-valued, Corollary 6.18 yields

S (el D) + 922, D)) = 5 (2, D) 4 ol D)) +72(, D) = pr(a, D) + 71, D),

where r, € S 71 and therefore for u,v € Ce(R™)

’BT(U,U)’ = ’(p7($,D)u,U)0’ < ‘%((p‘r(muD) —|—pi(x,D))u,v)0 + ’(rl(x’D)uu"})Ol

= [Betw)] s Dl

B, is continuous on HP?™ by definition and by Lemma 7.6 (ri(z, D)u,v) is continuous on
HM'=1/2X(R") and therefore also on HP7, because by M’ — 1 < ;i we have the continuous
embedding

HP s H,u,)\(Rn) SN HM/_I/Q’A(RH).

O
Remark: Thus B, with domain HP" is continuous with respect to the norm given by its

symmetric part. In other words B; is a sectorial form in the sense of Kato [50], VI.2 or a
coercive closed form in the sense of Ma, Réckner [66], 1.2.3.

It is now easy to give a

Proof of Theorem 7.2: By Lemma 7.8 we know that B, is a continuous and by definition
coercive bilinear form on HP7. Thus by the theorem of Lax-Milgram for any f in the dual space
(HP7)" there is a unique u € HP such that

B (u,v) = (f,v) for all v € HP".

We choose a sequence (ug) in C3°(R™) which converges to v in HP™ and consequently also in
H®XR™). Note that for any v € C$°(R") the map u — (u,v) has a continuous extension to
HP=2MNR™) and p,(z, D) : HPMR?) — H*2M A (R™) is continuous. Thus the equation

(pr(z, D)ug,v) = By (uy,v), v e CP(RY),
yields for £ — oo
(pr(z, D)u,v) = B(u,v) = (f,v) for all v € C§°(R™)

and therefore

pr(x, D)u=f.
In particular because of the embeddings HP~ — H**(R") and H **(R") — (HP")" we have a
unique weak solution u € H**(R™) of equation (7.16) for any f € H~**(R"). O
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7.3 Regularity of solutions

Let p(z,€) as in Section 7.2 and € > 0 such that M — p+ ¢ < 1/2. Our aim is to construct
a (left-)parametix to the operator p,(z, D), that is an inverse modulo a smoothing operator.
From the existence of such parametrix we then easily obtain regularity for the solution of equa-
tion (7.16).

The symbolic calculus for S;””\ does not yield expansion series with remainder terms of arbi-
trarily small order. But it turns out to be sufficient to use a first order expansion to get a

smoothing remainder term, i.e. an operator which is order improving with respect to the scale
of Sobolev spaces H**(R").

Define
1

q‘f'(xa 5) = pT(SL’, 5)

Lemma 7.9. We have
qr € S—Qp,—i—a,)\
T o *

Proof: We apply Lemma 7.4 (iii) to estimate the derivatives of ¢.(z, &) and it follows with
L= lal+5]:

1
‘a aBQT JJ g)‘ pq—(ﬂf,f) Z C{az ﬁz} H

a1+...+o= =1
51+~~+5z=ﬁ

pr(,§)

O Ofip (x, f)‘

8107 pr (.€)

By (7.13) we have PRERI)

‘ < Ca,p,e A0UDFE(E) for any £ > 0 and therefore by (7.10)

(08074 (2, )] < cape A7(€) A21DFe(¢)
for all € > 0 by the subadditivity of o. a

Now the proof of Theorem 7.3 is almost immediate.

Proof of Theorem 7.3: Let f € H**(R") and u be the solution of (7.16), which is in H**(R")
by Theorem (7.2). Then Corollary 6.18 gives

(7.21) ¢-(z, D) o p.(z, D) =id + r(z, D),

where r € Sy for —t = (=2u+¢e)+ (M +¢&) —1=2(M — j+¢ — 1) < 0. We apply (7.21)
to u and obtain

u=q,(x,D)op(x,D)u—r(x,D)u=q,(x,D)f —r(zx, D)u.

We have q.(z,D)f € H*2==XR") and r(x, D) is order improving, that is u € H**R")
implies r(x, D)u € H***(R") and hence u € H¢HDNE+2u=e)A(R") Applying this argument
recursively finally gives u € H¥2#=A(R"). O

In order to find solutions of (7.16) also in C'(R™) we need the Sobolev embedding
H(R") — C(R")  if s> 2,
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which hold true by assumption (7.4), see Proposition 4.1. Let us give the

Proof of Theorem 7.1: Let again ¢ > 0 satisfy M — u+e < 1/2. We know that p € SEMJFE’A.
Choose k > 0 such that k > 2. Then H¥"?M*+eA(R™) and H**(R™) can be considered as dense
subspaces of C(R") and it follows that

—p(ZE,D) . Hk:-i—QM-&-a,)\(Rn) _ Hk:,A(Rn)

is a densely defined operator in C,(R™).

Moreover C$°(R™) is a core for this operator, because C5°(R") is dense in H*T2MFeA(R™)
—p(x, D) maps H*2M+&A(R") continuously into H**(R") and both H**2M+eA(R") and H**(R™)
are continuously embedded in C (R").

Furthermore, p is a continuous negative definite symbol. Hence by Theorem 2.16 and Proposi-
tion 2.20 we know that —p(x, D) satisfies the positive maximum principle on H*+2M+eX(R?),
Finally let 7 > 0 be sufficiently large and f € H*+2M=#+e)A(R™), Then by Theorem 7.2 and
Theorem 7.3 we know that there is a u € HFF2(M-pte)F2u—eA(Rn) = [rk+2M+eA(R7?) guch that

pr(z, D)u = f.

In other words the range of the operator p,(z, D) = 7— (—p(z, D)) with domain H*+2M+eA(R™)
contains H¥*+2M=1+e)A(R") and is therefore dense in Cy (R™).

The theorem of Hille-Yosida 4.7 now implies that the closure of (—p(z, D), H*?M+=A(R"))
generates a Feller semigroup (73). O

7.4 Localization by the martingale problem

The restriction (7.8) for the oscillation of the exponent function m(x) implies in particular that
the bilinear form B; is continuous with respect to its symmetric part, i.e. sectorial and therefore
is necessary in the above approach. We can avoid this condition as well as the boundedness of
the derivatives of m(x) if we use an approach via the martingale problem. This is mainly due
to the localization technique for the martingale problem, see Theorem 5.3 and moreover to the
fact that well-posedness of the martingale problem is closely related to the property that the
operator generates a Feller semigroup, see Section 5.4, Proposition 5.18.

In this way we obtain

Theorem 7.10. Let s(xz,£) be as in Theorem 7.1, m : R" — (0;1] be a C*-function and
p(z,§) asin (7.8).
Then —p(x, D) : C°(R") — C(R™) has an extension that generates a Feller semigroup (Ty).

Remark: Let us first note that we may restrict to the conservative case, that is we may consider
the symbol p(z,&) := p(x,&) — p(x,0). Both p(z,£) and p(z, ) are negative definite symbols
and x — p(z,0) is a bounded continuous function. Therefore both —p(x, D) and —p(z, D)
satisfy the positive maximum principle and their difference is a bounded operator in Cy(R™).
By the standard perturbation result for generators of (Feller-)semigroups, see Theorem 6.30,
hence —p(x, D) generates a Feller semigroup if and only if —p(x, D) does.
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Proof of Theorem 7.10: Let p(z, ) be as in Theorem 7.10, i.e p(z,€) = s(z, £)™®), where
s € SQQ”\ is an elliptic negative definite symbol and m is a C*°-function on R™ with values in
(0;1]. Then
ﬁ(‘ra g) = p(l‘7 §> - p<I7 0)

is a negative definite symbol such that p(x,0) = 0 and for a suitable ¢ > 0

P, &) < e(1+ ).

Thus by Theorem 3.15 there is a solution to the martingale problem for —p(x, D) for any initial
distribution.

Next fix o € R" and choose open relatively compact neighbourhoods U,,, V;, of z¢ such that
xy € U, C U,, C V,, and

1
Im(x) —m(zo)| < R for all x € V.
Let ¢, € C5°(R™) such that 0 < ¢, <1, ¢,, =1 in U,, and supp ¢,, C V., and define
Mg (£) = g () - M) + (1 = pay () - m(0)-

1
Then m,, € Cp°(R™), inf my,(z) > 0 and supmy,,(x) — inf m,,(z) < = and therefore the
zERn zCRP zERN 2

symbol
Pay (7, &) = s(x, )"0

satisfies the conditions of Theorem 7.1 and —p,,(z, D) has an extension that generates a Feller
semigroup. By the above remark the same holds true for —p,,(z, D), where

]5550(-%5) = ﬁxo(%f) _ﬁxo(x?o)'

It is well-known that for a given initial distribution generators of Feller semigroups have at

most one solution to the martingale problem (see for example [17], Cor. 4.4.4). Thus again by

the above existence result the martingale problem for —p,,(z, D) is well-posed.

To proceed with the proof of Theorem 7.10 we choose a sequence pg(z, &) = pu, (2,€), k € N,

out of the family (p,(z,&))zern such that UU% = R". Since pg(x, &) coincides with p(z, ) for
keN

x € U,,, Theorem 5.3 implies that the martingale problem for —p(x, D) is well-posed.

The statement of Theorem 7.10 for —p(z, D) or equivalently —p(x, D) is therefore implied by

Proposition 5.18, once we know that —p(z, D) is an operator in C(R"), that is

—p(x, D) : C(R™) — Coo(R™).

But this follows immediately by Theorem 6.31 since by our assumptions supp(x,&) — 0 as
zeR?

&— 0. a
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Chapter 8

Associated Dirichlet forms,
hyper-contractivity estimates, and the
strong Feller property

In the previous chapters we constructed in a number of different ways semigroups generated by
a pseudo differential operator p(z, D) with a continuous negative definite symbol. The approach
to Feller semigroups via Hilbert space techniques always gave additional information for the
operator and the associated bilinear form in terms of estimates in L?- Sobolev spaces H**(R™).
In particular these estimates yield that the operator also generates a strongly continuous semi-
group in L?*(R™). Let us recall the results we have obtained so far in different cases. In the
situation considered in Chapter 4, Theorem 4.13, we have by Theorems 4.8, 4.9, 4.11 and 4.12

(8.1) I=p(z, D)ully < cllullyy, u € H*AR"),

(8.2) lull,y < ell=p(a, Dyully + llully),  we H*(R")

and for the bilinear form B, obtained by continuous extension of (u,v) — ((p(x, D) 4+ 7)u, v)o,
u,v € C§°(R™), we have

(8.3) B-(u, )| < clully - olly, — we HYRY,

(8.4) Br(u,u) > §ulf,, u e H (R

for 7 sufficiently large and a constant o > 0.
Moreover for all f € C$°(R™) there is a unique solution u € H*>*(R") of the equation

(8.5) (p(x, D)+ 1)u = f.

In particular these results yield that the operator —p,(z, D) = —(p(x, D) + 7) with domain
H**(R") is a closed operator in L?(R") with core C$°(R"). Furthermore by the Hille-Yosida
theorem, Theorem 4.6, (—p,(x, D), H**(R")) generates a strongly continuous contraction semi-
group in L*(R"). Moreover B, with domain H**(R") is a closed coercive form.

Analogously, the symbolic calculus yields the same estimates (8.1) — (8.4) and (8.5) in the
situation of Theorem 6.29, see Theorems 6.14, 6.25, 6.26 and 6.28. Moreover note that this
remains true in the case of perturbations considered in Theorem 6.37.
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Finally also the symbols of variable order in Chapter 7 fit into this framework: In the situation
of Theorem 7.1 the associated bilinear form B, is a continuous coercive form on the intermediate
Hilbert space (H?", [|-[|, ), where for all £ > 0 and y, M as in Theorem 7.1

HM—}—&,)\(Rn) s HPT H“’A(Rn)

are continuous and dense embeddings, see Lemma 7.8 and the subsequent remark. Moreover
we see as in the prove of Therorem 7.1 (with k& = 0) that the continuous extension

pT(IB,D) . H2M+E,)\(Rn) N LQ(Rn)

of the operator satisfies the conditions of the Hille-Yosida theorem, Theorem 4.6, in L*(R"™),
since it is densely defined in L?*(R™), dissipative as B, (u,u) > 0 and satisfies the dense range
condition, because for 7/ > 0 the equation

prin(a, Dyu= f

has a solution u € H*M*+eA(R") for all f € H*M-r+a)A(RM).
Therefore the closure of (—p.(z, D), H*+=*(R")) is again the generator of a strongly contin-
uous L*-contraction semigroup.

Moreover C3°(R™) is a core for the generator of the semigroup, since C§°(R™) is dense in
H*M+eAR™) and p,(x, D) : H*M+5X(R") — L*(R") is continuous.

Furthermore in all the cases above the domain of the closed coercive form B, is either the
Sobolev space H'*(R™) or in the case of operators of variable order is embedded into the Sobolev
space H"*(R™). Since by the standard assumption (4.4) we have that H**(R") — H3°  the
Sobolev inequality (see [85], p.20) implies

(8.6) H**(R™) — L(R™)

for ¢ = nQ_ZS > 2 if r - s < n, otherwise (8.6) holds for all ¢ > 2. Therefore the coercivity of B,
gives

(8.7) Jll porny < eBr(u,u),

for all u in the domain of B, and ¢ is determined as above.

To simpify the notation we will cover all these example under the following frame:

Assume

(B.1) A is a closable linear operator in Cy(R") as well as in L?(R") with domain
D(A) = C°(R™). Moreover

the closure A(®) of A in Oy (R") generates a Feller semigroup (7})s>0 in Coo(R™)
and

the closure A® of A in L?(R") generates a strongly continuous contraction semigroup
(7)o in L2(R").
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(B.2) There is a Hilbert space (H, ||-||;;) such that the dense and continuous embeddings
O (B H — (R

hold and the bilinear form B(u,v) = (—Au,v)o, u,v € C§°(R") extends continuously to
a bilinear form on H x H, i.e

(8.8) Buo) <cllully ol woeH

such that
B(u,u) > ||ull?, u e H,

for some § > 0.
Moreover assume that for some 2 < ¢ < oo the inequality

(8.9) lull pany < cllully, uweH
holds.

Let us first remark that the L?-semigroup and the Feller semigroups are compatible in the
following sense.

Proposition 8.1 For the semigroups (Tt@))tzo and (T})i>o0 in (B.1) we have
TPu=Tu  for allu € L*(R") N Cx(R"),

where as usual L?(R™)-functions that admit a continuous version are identified with this uniquely
determined function.

Proof: Let (RS.?))M and (R,)a>0 be the resolvents associated to (Tt@))tzg and (7})>o,
respectively. Since the generators A and A(>) coincide on C§°(R™) and Cg°(R™) is a core for
these generators, we know by the theorem of Hille-Yosida, Theorem 4.6, that for all a > 0

V = (a— A)(CFRY)
is dense in L?*(R") and in C.(R") and
R? = (a— At =R, on V,

hence by continuity
R =R,  on L*(R") N Cy(R").

«

Therefore, for the Bochner integrals in L?(R™) and in C,.(R"), respectively,

/ e’atTt(Q)u dt :/ e Ty dt
0 0

for all u € L*(R") N C(R™). For all ¢ € C5°(R™) the map u — [, u - ¢dz is a continuous
linear functional on L?(R") and C(R"). Thus by the properties of the Bochner integral

/ eat(/ E(Q)U S dl’) dt = / eat(/ Ttu S dx) dt.
0 n 0 n
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By the strong continuity of the semigroups and the uniqueness of the Laplace transform we
consequently obtain

/ Tt(z)u-90d$:/ T - pdx for all p € C3°(R"), t >0,

which completes the proof. O

Next we show that under the assumption above we obtain examples of Dirichlet forms. Recall
that a densely defined, positive definite, real-valued bilinear form (£, D(€)) in L*(R") is called
a closed coercive form in the sense of [66] if the domain D(E) is complete with respect to the

norm &% (u, u) = (£(u,u) + |[ul|>)/2 and satisfies the sector condition
& (u,v)] < K511/2(u,u) -511/2(2),1}) for all u,v € D(E).

A closed coercive form (€, D(£)) is called a semi-Dirichlet form if for all u € D(E) one has
the contraction property
ut A1 e D(E) and

(8.10) Eu+u" ALu—utAl)>0.
If also the dual form satisfies (8.10), i.e.

Eu—ut ALu+ut Al) >0,

then (€, D(E)) is called a (non-symmetric) Dirichlet form. If (£, D(£)) is symmetric, then
(8.10) is equivalent to E(ut A 1L,ut A1) < E(u,u).

A (semi-) Dirichlet form in L?(R") is called regular if Cy(R™) N D(E)) is dense in both Cy(R™)
with respect to |||, and in D(&) with respect to 511/2.

We refer to the monograph by Fukushima, Oshima, Takeda [22] as a standard source for all
question related to Dirichlet forms as well as to the book [66] by Ma and Réckner, where the
non-symmetric case is covered. In this context see also the monograph [72] by Oshima. Semi-

Dirichlet forms and the construction of an associated process are investigated by Ma, Overbeck
and Rockner in [65].

Now assume (B.1) and (B.2). Note that by (8.8) the bilinear form (B, H) is a closed coercive
form on L?*(R™) in the sense of [66], which is obtained as the closure of the bilinear form
(—Au,v), u,v € Cg°(R"™), since C§°(R") is dense in H.

Moreover, the closure A® of A is the Friedrichs extension of A, because A® generates the

L?-semigroup (Tt(Q)). Therefore, see [50], (B, H) is the unique closed coercive form associated

to the operator A® in the sense that
B(u,v) = (—APu,v), for all u € D(A®), v € H.

Now (T,*)) coincides on L2(R™) N Cso(R™) with the Feller semigroup (7;). Thus (7)) is also
submarkovian, i.e:

0< Tt(Q)u <1 for all v € L*(R™) such that 0 < u < 1.
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But for the strongly continuous contraction semigroup (Tf@) in L?(R"™) the submarkovian prop-
erty is equivalent to the contraction property (8.10) of the bilinear form associated to the
generator A see [66], 1.4.3, 1.4.4. Therefore (B, H) is semi-Dirichlet form. Moreover, since
C°(R™) < H densely and continuously, the semi-Dirichlet form is regular. This implies the
following results.

Corollary 8.2. Let p(x,&) be a continuous negative definite symbol either as in Theorem 4.13
or as in Theorem 6.29. Then for T sufficiently large the bilinear form

B-(u,v) = ((p(x, D) + T)u,v)o,  u,v € CF(R"),

extends continuously to HY*(R™) and (B,, H"*(R")) is a reqular semi-Dirichlet form in L*(R™).
The domain of the associated L*- generator is given by H**(R™).

In the case of symbols of variable order we obtain

Corollary 8.3. Let p be as in Theorem 7.1. Then for T sufficiently large the bilinear form
B, (u,v) = ((p(x, D) + T)u,v)o, u,v € C(R™), is closable in L*(R™) and the closure (B, HP")
1s a reqular semi-Dirichlet form with a domain HP™ such that for all € > 0 the embeddings

HM—i-a,)\(Rn) s HPT < H“’A(Rn)
are dense and continuous.

Note that in general the operator p(z, D) is nor symmetric in L?(R™) neither the adjoint oper-
ator generates a submarkovian semigroup. Therefore in general we will not obtain a Dirichlet
form. In the special case however, that p(x, D) is a symmetric operator, we obtain a symmetric
submarkovian semigroup in L?(R™) associated to —(p(z, D) + 7). In this case it is well-known,
see [14], that the semigroup extends to a submarkovian contraction semigroup on all LP(R™),
1 < p < oo. Moreover, —p(z, D) generates a Feller semigroup. Thus, if we choose the param-
eter 7 = 0, the submarkovian semigroup is contractive on L>°(R™) and by duality on L'(R")
and finally by interpolation on L?*(R™). Hence the associated form is a Dirichlet form and we
obtain

Corollary 8.4. Asumme that p(x,§) is as in Theorem 4.13 or in Theorem 6.29 and p(x, D) is
a symmetric operator in L*(R"™). Then the associated bilinear form (By, HY*(R™)) is a reqular
symmetric Dirichlet form.

Under assumption (B.2) we have that
(8.11) ||u||iq(Rn) < cllull? < ¢ B(u,u) for all v € H.

This Sobolev inequality has a number of interesting and important consequences for the semi-
group and the associated process. In particular in the examples considered above we know by
(8.7)
2 2
[l 7oy < €Br(u,u) = c(Bo(u, ) + [lully)

for all u in the domain of the Dirichlet form.

If p(xz, D) is symmetric, therefore the following theorem of Fukushima [21], Theo. 2, is ap-
plicable; see [22] for the definition of the process and the capacity associated to a Dirichlet
form:
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Theorem 8.5. Suppose that (£, D(E)) is a symmetric reqular Dirichlet form in L?*(R™) and
satisfies
2 2
[l o (gny < c(€(u, u) + [Jully)

for some q > 2. Then for the associated standard Markov process there is a Borel set N C R"
of capacity 0 such that the transition functions p(z,-), t > 0, are absolutely continuous with
respect to the Lebesgue measure for all z € R™\ N.

It is well-known that the Sobolev inequality (8.11) also implies bounds for the norms ||-||,, ;.
for the associated semigroups, see [92] and [10] for the symmetric case. In the non-symmetric
case similar estimates are obtained if the semigroup is well-defined in LP for 1 < p < 2, see
[93]. Unfortunately in our case the semigroup is only defined in LP-spaces for 2 < p < oo and
the results are not applicable.

Nevertheless we will show that (8.11) implies ||-||;2_, ;~-estimates for the semigroup also in the
non-symmetric case. For this purpose we have to consider the dual semigroup.

Recall that the dual space of Cy(R") is the space My(R"™) of all signed measues on R™ of
bounded variation equipped with the total variation norm |[-||;,. We identify functions f €
Li(R™) with the measure f - dr with density f with respect to the Lebesgue measure. Then

L'(R™) becomes a closed subspace of M(R") and we have || f| 1gny = [If - dz||,-

Assume that (B.1) holds. Then it is obvious that the adjoint operators TP* and T} define
semigroups of positivity preserving contractions on L?(R") = L*(R™) and C,(R™) = M,(R"),
respectively. Note that in general these dual semigroups are not submarkovian. Moreover the
strong continuity of (Tt@)) and (7}) yields that the dual semigroups (Tt@)*) and (7)) are at
least weakly-*-continuous. Since weak-*-continuity in the Hilbert space L*(R™) is equivalent to
weak continuity and weakly continuous semigroups are strongly continuous, see [96], p.233, we
see that (T2 is even a strongly continuous semigroup on L2(R"). It is well-known that the

generator of (Tt@)*) is given by the adjoint operator A®*, see [8]. Moreover we have

Proposition 8.6. The space L'(R") is invariant under (T}) and the restriction of (T} );>o to
LY(R™) is a strongly continuous semigroup on L'(R™).

Proof: Denote the dual pairing of My(R") and Cy(R") by (-,-) and let v € L*(R™) N
L*(R™) = L*(R™) N My(R™). Then by Proposition 8.1

(Tt(z)*u, V) = (u,Tt(z)v)o = (u, Tyv) = (T} u,v) for all v € L*(R™) N C (R™),

that is

| vi@o = [ 0@,

which implies that the measure T;u has the L?-density Tt(Q)*u with respect to the Lebesgue
measure and /

by the contraction property of T;*. Hence T;u € L'(R") and we have shown that

1—;5(2)*“

de = [T ully < lu-dz|y, = [lu]l L g

T; : LY(R™) N L*(R™) — L*(R™) N L*(R™).
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Since L'(R™) N L*(R") is dense in L'(R"), L'(R") is a closed subspace of M(R") and T} is
continuous on M,(R"), it follows that L!'(R") is invariant under T} and (T}") is a semigroup
on L'(R"™).

Note that we obtained in particular

TP =Tru  for all uw € L'(R") N L*(R™).
To prove the strong continuity note that the set

M={uelL: Tt*uﬁmt in L'(R™)}

is a closed subspace of L'(R"), cf. [8], Prop. 1.1.4.6. Therefore it is enough to prove L% (R™) N
L*(R™) C M, where L% (R") denotes the non-negative functions in L*(R").

Let uw € LY (R™) N L*(R™). Since (T2 is strongly continuous we have
T u= 79" o in L*(R"),

in particular T;u converges to u € L*(R™) in measure with respect to the Lebesgue measure.
But then by [2], 21.7,
T u U in L'(R"™)
provided [Ty ul| 11 gny P [|ull 1 (gny- To that end let & > 0. Then there is a compact set K. C R”
such that fKCudx < 5 and there is a . € Co(R™) and a t. > 0 such that ¢. = 1 on K,
0<p.<1and
€
(Tyu, o) — (u, pe)| < 3 for all t < t.

by the weak-*-continuity of (77"). It follows that

5 £
1T ull ey < llwllprgeny :/ udx g/ udr + = S/ u- . dr + =
R" K. 2 n 2
< / Tiu-@.de+e < / Tiude + & = [T ul| pa gy + €
for all £ < t., hence || T3ul| ;1 gy P [wll 21 gy O

Using the ideas of Nash [68] we now can prove L!-L2-estimates for the dual semigroup which
imply L2-L°°-estimates for the original one.

Theorem 8.7. Assume (B.1) and (B.2) and let N > 0 be defined by x- = %—%. If (T}) denotes
the dual semigroup on L*(R™) of (T}), then we have with a suitable constant ¢ > 0

(8.12) 1T ull p2gny < ct=NA. [wll g1 (gny for all u € L'(R™) N L*(R™)
and
(8.13) [ Tyul| poo gy < ct™N4. 1wl L2 ny for all u € L*(R™) N Cy (R™).
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Proof: We have already mentioned that the bilinear form (B, H) is the unique closed coercive
form associated to the operator A in the sense that

B(u,v) = (—A®u,v), for all u € D(A®), v € H.

But then, see [50], VI.2.5, the bilinear form (B*, H) defined by B*(u,v) = B(v,u) is associated
to the adjoint operator A®®* and therefore by (8.9)

D(A®*) c D(B*) = H c LY(R")
and we have for all u € D(A®*) by (8.8) and (8.9)
(8.14) (—AD*u )y = B*(u,u) = Bluyu) > 8 lully > el e
for some ¢ > 0.

Now let u € L*(R") N L*(R"), u # 0 and t > 0. Since A®* is associated to a closed coercive
form, its complexification is sectorial in the terminology of [50] and therefore the semigroup

(Tt(z)*) is the restriction of a holomorphic semigroup. In particular
Tt(2)* L L2(R™) — D(A(z)*)
and we have shown
Tru =T u € LNR™) N D(A®*) ¢ LYR™) N LYR™).
Now (Tt@)*) is strongly continuous, hence by (8.14) following Nash [68]

7 1T ull72 o (Lw Tiu)o = 2(2 17w, Tiu)o = 2 (A®*Tu, T u)o

dt
< —c|Trullz,

Let ¢+ 5 = 1. Then by Holder inequality: Hf||4/q < FIZ - 11115 W2 for all f € LYR™) N
L4(R™). By the contraction property of T} we have (|| Ty ul| 1 / [|ull 1))~ < 1, hence
[ . 114 24 . |244/N —4/N
o 1Tl < —cl|TFull2 Sl 7T = —e Tl
Thus
d d
. ||—4/N « - v 11(=4/N)— . 12
< (ITrul#™) = —«wTuM»2W>= Tl T
> 5l

This differntial inequality yields
Tl = Sl ¢ > mn@TWW“V < Nl )

—4N
ull "

which gives

. c \ N/
177l < (5t) e
i.e. (8.12) with a constant ¢ independent of u and ¢. Now (8.13) follows by duality. O

Applied to our examples Theorem 8.7 immediately yields
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Corollary 8.8. Let p(x,£) as in Theorem /.13 or Theorem 6.29 or Theorem 7.1. Then there
are constants T > 0 and ¢ > 0 such that the Feller semigroup generated by —p(x, D) satisfies

Tt

(8.15) | T, < C;W Nullye  for allu € LA(R™) N Co(R™).

Here N = q% and q is determined as in (8.7), In particular, N = 27” if n > r in the case of

Theorem 4.13 or 6.29 and N = f—Z if n > ru in the case of Theorem 7.1.

The hypercontractivity estimate (8.15) has another useful application to semigroups generated
by pseudo differential operators. Under a weak additional assumption on the symbol, (8.15)
implies that the Feller semigroup (7}):>0 possesses the strong Feller property:

Recall that by the Riesz representation theorem, there exist submarkovian kernels 1 (z,dy),
such that

(8.16) Tou(z) = / Culy)pulr,dy)  for allw € Cu(RY), £ 0

Therefore (8.16) defines an extension of the semigroup to B(R™), the bounded Borel measurable
functions, i.e. T; maps B(R™) into itself.

We say that the Feller semigroup (7;) is a strong Feller semigroup if 7; maps B(R"™) into
Cy(R™) for all t > 0. We now can generalize Theorem 2.1 in [40]

Theorem 8.9. Let p: R™ x R™ — R be a continuous negative definite symbol such that

p(,€) < c(1+[¢]%)

and assume that

sup (p(x, &) — p(x,0)) — 0.
reR™ §—0

If —p(x, D) has an extension that generates a Feller semigroup (T})i>0 and for all t > 0
(8.17) [ Thull o, < et [Jull g2 gn) for all u € L*(R™) N C (R™)

holds, then (T})i>o is strongly Feller

Proof: Let o € R™ and 1 > 0 be fixed. We first claim that for the kernels p;(z, dy) defined
in (8.16)
(8.18) sup  pe(z, Br(0)%) — 0.

€ By (z0) R—o0

Define p(z,§&) = p(z,§) — p(z,0) and k(z) = p(z,0). Then k£ € C,(R") is nonnegative and
p(z,€) is a continuous negative definite symbol. Therefore the operator

Bu=kFk-u
is a bounded operator in Cw(R™) and —p(z, D) as well as —p(x, D) = —p(z, D) + B (with

domain C§°(R™) ) are operators in Co(R™) that satisfy the positive maximum principle by
Theorem 2.18. Therefore by Theorem 6.30 and the subsequent remark also —p(z, D) extends
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to the generator of a Feller semigroup (ﬁ)tz(), which is given by submarkovian kernels ji;(z, dy)
as in (8.16). Now for u € C°(R™), u >0

/ Culy) el dy) = Tou(e) = ula) + / To(—p(z, D)u) (x)ds

= u(:v)—l—/o Ts(—p(x, D)u)(x)ds — | Ts(Bu)(x)ds

= Twu(z) — /0 Ty(k - u)(z)ds < Tyu(z)

= / u(y) fu(z, dy).

Thus (8.18) will follow from
(8.19) sup fi(z, BR(O)C) — 0.

€ By (z0) R—o0

To that end let ¢ € Cg°(R") be such that 0 < p <1, ¢[p, ,0) = 1 and suppy C By(0). Set
¢r(z) = p(%) for R > 0. Then by Lemma 5.19

(8.20) lim sup |p(z, D)pgr(z)| = 0.

R—00 yeRrn

Now we have pg(z) =1 for all z € B, (x¢) provided R > 2(|zo| + 7). For these R’s we find

sup jis(w, Br(0)®) < sup / (1 = wr(y)) fun(z, dy)
x€By(z0) x€By (o)
< sup (pr(z) — Tipr(z))
x€By(xo)

g/ Bz, D)pr)(z) ds

L(p(x, D)en)|| <t 15, D)pll. — 0

< t-sup
0<s<t

by (8.20) and (8.19), (8.18) are verified.

Now let u : R — R be a bounded measurable function and

(5.21) ola) = Tuae) = [ uly)pula,dy),

We have to prove that g is continuous. Let ¢ > 0 and choose R > 0 such that

C €
sup i (v, Br(0)”) < :
xz€By(x0) 4”“”00

We take R > 0 such that BR(xO)C C BR(O)E and define uz(y) = 15, (7o) - u(y). Then it follows
that

lg(z) — g(z0)] =

[t = [ty dw\
[ watndenan - | st dn)

+llully, - (e, Ba(o)®) + (w0, Ba(o)L)).

IN
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But for x € B, (x) we have

lull, - (e, B(20)®) + pe(0, Ba(z0)®))
< ull - (e, Br(0)® + w(xo, Br(0)%)

£ g £
(3.22) < Jull, - ( n ) _c
Ml 3l =2

On the other hand, we claim that ¢gz(z) defined by

gale) = [ ugly)mlz,dy

is continuous. Indeed, since uz € L*(R") and C§°(R") is dense in L?(R™), we can approximate
up by a sequence of uniformly bounded testfunctions pointwise almost everywhere and in
L*(R™). Moreover, by (8.17) it is clear that the measures py(z,-) are absolutely continuous
with respect to the Lebesgue measure. Therefore, we find using (8.17), (8.21), the dominating
convergence theorem and the fact that 7, maps C§°(R") into Co(R™) that gz can be uniformly
approximated by continuous functions. Thus there exists 6 € (0,7) such that for all z € Bs(zy)
we have |gz(2) — gp(20)| < 5. Using (8.22) we finally get for 2 € Bs(z)

l9(2) — g(x0)| < lgale) - galan)| + 5 <.

proving the theorem. a

Therefore finally Corollary 8.8 yields

Corollary 8.10. Assume that p(z,€) is as in Theorem /.13, 6.29 or 7.1 and

rER™ §—0

Then the Feller semigroup generated by —p(x, D) is strongly Feller.

Note that the strong Feller property of the semigroup offers the possibility to investigate the
operator —p(z, D) in the potential theoretical framework of balayage spaces as introduced by
Bliedtner and Hansen [6]. In [40] among others this approach was used to study the Dirichlet
problem for the operator —p(z, D). The solution obtained in this way then can be identified
with the solution obtained by Dirichlet space methods and probabilistic solutions. From the
combination of the different approaches one gets more information for the solution. Note
in particular that balayage space theory is a pointwise theory, which yields solutions of the
Dirichlet problem in the class of continuous functions.
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Chapter 9

A non-explosion result

So far the continuous negative definite symbol p(z, £) satisfied at least an upper bound of type

(9-1) [p(z,6)] < (1 + [€).

Since the function (1 + |£|°) describes the maximal growth behaviour of a continuous negative
definite function, see Theorem 2.7, the natural interpretation of (9.1) is that p(z,£) is a con-
tinuous negative definite symbol with bounded “coefficients”. In the case of a local operator,
i.e. a diffusion operator

n

Lu(z) = Z au(e )&vjaxk )+ Zb aLEJ

Jk=1

it is well-known that it is not necessary that the coeflicient functions a;z(x) and b;(z) are
bounded in order to have an associated process with infinite life time. In this respect the stan-
dard assumption on the coefficients is a quadratic growth condition for the diffusion coefficients

Jagi(@)] < c(1+[a]*)
and a linear growth condition for the drift coefficients
()] < e(1 4 [x]).

Under this conditions the associated processes constructed by solving a stochastic differential
equation will not explode, i.e. is conservative, see [49], Theorem 5.2.5. Under the same condition
also a solution to the martingale problem will not run to infinity in finite time, see [83]. The
question we want to study in this chapter is, what growth of a general continuous negative
definite symbol is allowed such that an associated process does not explode. To get some idea
we first consider a simple heuristic example. Let

p(x,§) =ax)- 5", 0O0<a<2,

where a(z) is a continuous positive function on R", i.e. p(z,§) is the symbol of the symmetric
a-stable process furnished with a coefficient function a(z). It is well-know that if n > « the
potential- or Green-kernel for the generator of the symmetric a-stable process is given by the
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Cn,a

g LY € R™, see [57]. Therefore the potential operator for

Riesz potentials N, (x,y) =

o

—p(z, D) is given by the kernel
1

G%Z/ :Na r,Y)- - ——

(5:0) = Nl

and we can calculate the expectation of the occupation time in a ball for an associated process
started in x € R™:

Cnya 1

/ P*(X; € Bg(0))dt = / G(z,y)dy = / — - dy.
0 Br(0) Br(0) [ —y["™" aly)

Thus if a(z) > ¢(1+|z|”), ¢ > 0, we obtain for 3 > a and R — oo

/ P*(X, € R")dt < o0
0

and thus the process has to leave R" in finite time with positive probability. It is therefore
reasonable to conjecture that the critical behaviour is given in the case o = 3. In fact the
result of this chapter will show that for § < a no explosion occurs.

To consider a general case fix again a continuous negative definite reference function

Y:R" =R
such that ¢(0) = 0. To avoid trivial cases assume ¢ Z 0. Now define a function
(9.2) Alo) = s ¥(©), 0> 0.

lel<s

For o — oo the function A, measures how rapidly the reference function vanishes in 0. Note
that Ay(o) > 0 for all o > 0, since if ¢ vanishes in a ball Bi(0) then by Proposition 2.5

¢ = 0, which was excluded. Moreover A, : (0,00) — (0,00) is a decreasing function, such that
lim, .o Ay(0) = 0.

It will turn out that for a symbol p(z, ) with a behaviour in & defined in terms of ¥ (&) a
sufficient condition for non-explosion is that the growth of the symbol with respect to x as
|z| — oo is compensated by the decay of A,(p) as o — .

In order to describe non-explosion or conservativeness we use a formulation via the martingale
problem. Recall that in Chapter 3 we defined a solution of the martingale problem as a process
with paths in Dg=, that is with paths of infinite life time. Thus the existence of such solution
is a way to state that the solution is conservative. In fact we used the following procedure in
the proof of existence of solutions of the martingale problem in Chapter 3:

First the existence of a solution with paths in the one-point compactification R” was verified
in Proposition 3.14 and next in the proof of Theorem 3.15 we showed that this solution is
conservative, i.e. has paths in Dgn.

We will apply a similar procedure to symbols which are not bounded in the sense of (9.1). In
the first and essential step we specify a condition which implies that a solution of the martingale
problem with paths in Dg does not explode. In this step we restrict to the case of operators
with range in Coo(R™). Let the reference function ¢ be as above and define A, as in (9.2).
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Proposition 9.1. Let p: R" x R" — R be a continuous negative definite symbol, p(z,0) = 0,
such that the operator p(x, D) maps C§°(R™) into Coo(R™). Consider p(z, D) as an operator in
C(R") by identifying Coo(R™) with the subspace of functions u € C(R™) such that u(A) = 0.

If there is a solution of the Dgw-martingale problem for —p(x, D) with an initial distribution in

My (R™) and if
1
(9.3) p(z,§) < cm “(€) for all |z| > 1,

then the solution has almost surely paths in Dgn.

Proof: For the proof we simply have to repeat literally the first part of the proof of Theorem
3.15. Note that the extension of the operator to functions in C(R") is denoted by Ay in this
proof. The only thing we have to check is the existence of a sequence of functions p, € C5°(R"),
k € N, such that (¢x) and (p(z, D)gy) are sequences of functions on R™ which are uniformly
bounded and converge pointwise to 1 and 0, respectively. Thus the proposition follows when
we replace Lemma 3.16 by the following lemma. a

This is the key result of this chapter.

Lemma 9.2. Let p: R" x R — R be a continuous negative definite symbol, p(z,0) = 0, such
that (9.3) holds. Let ¢ € C§°(R™) such that 0 < ¢ < 1, p(x) =1 for |z| < 1, suppyp C By(0)
and define pr(x) = o(%), R > 1. Then (¢r)r>1 and (p(x, D)pr)r>1 are uniformly bounded
and

lim pp(z) =

R—o0

1
}%im p(x. D)pr(z) = 0 pointwise on R".

To prove the lemma we need an auxiliary result. For that purpose let § € § (R™) such that
0<6<1,60(—z) =0(zx), #(0) =1 and 6 > 0. Define for p > 0

(9.4) 0,(z) =0 (g) ,

0
(9.5) Xo(2) =1 = 0y(x).
Note that by assumption 6,(€) = ¢" - §(0€) is the density of a probability measure on R".

Lemma 9.3. Let 0 be as above and define for the given reference function v

(9.6) Ajlo) = | $(&)-0,(€)dE,  o>0.

R”
Then Af, : (0,00) — (0,00) and there is a constant c¢pg > 0 such that
(9.7) A(0) < cup Agle). 0> 0.
Moreover
(9.8) lim AZ)(Q) =0

0—00

and
(9.9 A%(0) < 4.4%(20),

If in particular 0(x) = el then Az) is strictly decreasing.
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Proof: Note first that ég is strictly positive in a neighbourhood of the origin and therefore
Ay(o0) > 0 unless ¢ = 0.

Because & +— @D(%) is a continuous negative definite function for all ¢ > 0 we have by Theorem

2.7
" (é) < 2 sup) (ﬁ> (14 [€P)
0 In|<1 0

< 2 sup ¢(n) - (14 [€]°) =244 (0) - (L + [¢]).

Inl<3
But 6 € S(R™), hence ‘é(f)’ < Cno (14167~ E+2 and (9.7) follows from

20 = [ woo@de= [ wo-siwac= [ v(4) b

< 24,(0)- / o (14 1€ G < &, Ay (o).

This implies in particular lim, Az(g) =0.
Next note that by Proposition 2.5

0026) = VI8 < (VI + Vi) = 4(6)

and A
00(€) = (20)" 0(208) = 2" 0,(2€),
which gives (9.9), since

Alle) = Rn¢(€)99(£)d£=2” Rnw(%)ég(%)dg
SR 025(€) A€ = 4 A (20).

By Corollary 2.14 the continuous negative definite function ¢ has a Lévy-Khinchin representa-
tion

GO =a@)+ [ (1= cosy, ) (),

where ¢ > 0 is a quadratic form. Thus by (9.4) and (9.5)

Ao = [ w©d - e [ [ (0 eon(n.) 0, moldni

0100 = [ o8) s / o = G

= é q(f)é(f)dﬁJr/ Xo(y) by (dy).

R~ R7\{0}
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|2
For the particular choice 6(z) = e~I*" we see that Xo(x) =1— e el is strictly decreasing in .
Therefore, since either ¢ or iy, does not vanish, (9.10) shows thatAfL is strictly decreasing with
respect to p. O

Proof of Lemma 9.2: The statement on (¢g) are obvious and that limpg . p(z, D)pgr(z) =0
for fixed z € R" follows as in the proof of Lemma 3.16, since p(x,0) = 0 by assumption. It
remains to prove that p(x, D)pg is uniformly bounded with respect to R.

Recall the Lévy-Khinchin representation (2.19) of the pseudo differential operator p(z, D) for
p € CP(RM):

P oy s GTEEDY

pia D)ote) == 3 antor et [ (00 = ot )+ BTEED ) oy
n 82

= Y g gee) + [ (o) = ol )+ e (V) )

J,k=1

for all n > 0, where the last equality follows from the fact that the difference of both integrands
is even and integrable with respect to the Lévy-kernel. Since for real-valued continuous negative
definite functions the Lévy-measures p(z, dy) are symmetric, the integrals are equal.

We first consider the second order term. Let g(z, &) = > 7| a;r(2) &k, where aji(v) = ay;(z).
Then for |z] <1

(9.11) sup |a;i(x)] < sup sup g(z, &) < sup sup p(z,§) < oo,
|z|<1 |z[<1 |£]<1 lz|<1 |€]<1

since p is continuous. For |z| > 1 we know by (9.3)

1
Ay ([z])

Thus if there is at least one xy in {|z| > 1} such that ¢(zo,-) # 0, then there is a constant
¢ > 0 such that

q(x,§) < ~p(8)-

Ay(o) = Sup V(&) = ¢ Ay(Jo) - sup q(x0,€) 2 co™”
€l<5 €<

and further

1 2
|aji(z)] < |s&p1 q(x,&) < A -algpltb(ﬁ) <c- |z

Thus together with (9.11) we have |a;;(x)| < ¢(1 + |z|*) for all z € R™ and therefore
o (7)
dx;j0x,, \R/|’

which is bounded uniformly for all R > 1, since supp D¢ (E) C Bsr(0).

ijaxk

n

Por "1+ |.21:|2
. PR < )
Z ajk(x) &@0% (ZE)‘ = Cjz R2

jk=1 k=1
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Next consider the second part

(9.12) Pz, D)p(r) = /Rn\{o} ((x) — o(@ +y) + Lyy<ny - (v, V(@) plz, dy).

By Taylor’s formula we have

n

vr(z +y) = pr(z) + (v, Vor(x)) +/0 (1—1) Z D*pr

= Ox;j0xy,

(1—t)z+ty) - yypdt

J

and we estimate the remainder term by

n

/1(1 0> L (1 ety gt < 22 sup |2 @)y < Ry
0 = 0z ;0xy, Y) Yibk at) = 2 ' mEiRPn 0z ;0xy, yr= i
K= J,k=1,... n
where £ = in®-sup epn afi;‘; ~(x)| is independent of R. Therefore
j7 =Ly J

(9.13) r(x) = ol +y) + (. Vor(@)| < & - R72-|y[*.

Set O(z) = eI’ O,(x) = 0(%), Xo(x) =1 — 0,(x) and define Af as in Lemma 9.3. Then there
is a constant K > 0 such that K (1 —6(z)) > 1 for |z| < 1 and K (1 — 0(z)) > & - |z|* for
|z] < 1. It follows

K- x,(x)
K - xo()
We consider four different cases:

Case 1: |z| < R.
Then pr(xz) =1 and Vyg(x) = 0 and therefore

014 1 for |z| > o
(9.14) /@-% for |z| <o

AV

B D) = [ (1= oo+ 9) ).

If |z| < 1 we know by Theorem 2.7 and the continuity of p

n|<
|z|<1

and therefore since R > 1

e Dipn@] < [ B en@ds<e [ Q1) B (RO dg

< o[ @lehod <o

independently of R.
Now assume that |z| > 1. Note that for |y| > R by (9.14)

1—prz+y) <1< K-xgr(y)
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and for |y| < R by (9.13) and (9.14)

1—grlz+y) <r-R2y> < K- xry).

Hence
P Don@)| < K- [ xaW) ple.dy) = K - / / (1~ cos(y, €))0r(€) & (. dy)
R7\ {0} R7\{0} JR™
= K- | 9@ 0n@d < K- | pla€)-Or(6)ds
e L ¥ _ e AR
= R o VO = R
A(R)
< KLy

where in the last step we used the monotony of A,. But this in bounded uniformly with respect
to R by (9.7).

Case 2: 2R < |z| < 4R.
Then pgr(z) =0, Veogr(z) =0 and

Again for |y| > R

and for |y| < R by (9.13)

or(z+y) <k -R2Jy| < K-xr(y).

Thus as in Case 1 by (9.9)

p(z, D)pr(z)] < K- Rn\{o}xR(y)u(x,dy)

ALR) L AYR)
S R S R A
A9 (4R)

Ay(4R)

< 16c¢- K

Case 3: |z| > 4R.
Then as in Case 2

p(x, D)pr(r) = — / or(x +y) p(w, dy)

R\ {0}
and
vr(r+y) =0< K-Xp-2r(y) for |y| < |z| - 2R,
vr(r+y) <1< K- Xp-2r(y) for [y| > [z —2R.
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Hence

p(z, D)pr(z)| < K- Rn\{o}xm_m(y)u(%dy)
A —2R) AL
= W R (T)
9|2
= e R e

by the monotony of AfL. Hence (9.7) again gives the uniform bound.

Case 4: R < |z| < 2R. We choose the free parameter 7 in (9.12) to be n = R. Then for
yl = R

or(2) = ¢r(r +y)l <1< K- Xr(y)
and for |y| < R by (9.13)

lor(x) — er(z+y) + (1, Vor(x))| < 5 - R72 - |y]> < K- xa(y)
and therefore again

p(z, D)or(z)| < /Rn\{o} lor(x) — er(z +y) + Lyy<ry - (v, Vor(®))] p(z, dy)

< K- Xr(y) p(z, dy)
R\ {0}

A% (R A% (2R
< ¢ K w(F) <4c K s ),
Ay(|z|) Ay(2R)

which is a uniform bound also in the last case. O

We now use Proposition 9.1 in order to construct a non-exploding solution of the martingale
problem in the general case.

Theorem 9.4. Let ¢ : R® — R be a continuous negative definite reference function, b # 0,
such that 1(0) = 0. Define Ay(0) as in (9.2).
Let p : R" x R™ — R be a continuous negative definite symbol such that p(z,0) = 0. If

pla,€) < m BE)  for o> 1,

then for any initial distribution € M1(R™) there is a solution of the Dgn-martingale problem
for —p(x, D).

Proof: Let 0 € C§°(R") such that 0 < 6 <1, 8(—=x) = 6(z), 0(0) = 1, supp# C By(0) and
6 > 0. One easily checks that such function can be obtained for example as 0 = 6 %0 for a
function 6 € CS°(R™), § > 0, §(—z) = 6(z), suppf C By 2(0) and [, 0%(z)dz = 1.
Moreover let #,(z) = 6(%), 0 > 0. Define

P &) = [ &+ m) = ple.) g, (n) dn
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and decompose
p(w,&) = pl(w, &) + pi(x, €).

Then Theorem 3.12 yields, fix « for a moment, that p{(z,&) and p(z, &) are negative definite
symbols and

(. Dyu(x) = / (ule +y) — u(@) fila,dy), € C(RM),
R7\{0}

is a Lévy-type operator with a Lévy-kernel consisting of finite measures
plz, dy) = (1 =011, (y)) u(, dy),

where u(x,dy) is the Lévy-kernel of p(z, &).

Moreover pf and p$ are continuous since for all (x, ) in a relatively compact set of R” x R" we
know p(x,n) < ¢(1+ |n|*) and therefore for all N € N

(0w, € + 1) = pla,m) 1, 1)

2

< (e+leaf)y e i) (5va) o ((Blvi) )

< 1+ (1+]

< oL+ [t

Thus for N sufficiently large we have a uniform integrable bound for the integral which defines
p{(z,€) and continuity follows from dominated convergence.

Moreover note that

(9.15) Pl(z, D) : CC(R™) — Co(R™).

In fact for ¢ € C§°(R™) such that suppp C Bg(0) consider z € R™ such that |z| > 2R V 2.
Then x ¢ supp ¢ and therefore by (3.20) using the Lévy-Khinchin representation

He Do) == [ ol )0 () (e ).

2

But supp ¢(z + ) Nsupp # ., = () by construction and hence supp pf(z, D) C Bagya(0).

Since pf(x, D) satisfies (9.15) it is possible to extend —p{(z, D) to an operator Ay on functions
in C(R") as defined in (3.24), (3.25). Hence by Proposition 3.14 the corresponding Dgx-
martingale problem is solvable and consequently Proposition 9.1 shows that for any initial
distribution € M;(R"™) there is a solution of the Dga-martingale problem for —p{(z, D).
Thus by the perturbation argument of Proprosition 3.6 the theorem is proven provided the
total masses of the Lévy-measures ji(z, dy) of p§(x, &) are uniformly bounded.
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To that end define AY, as in Lemma 9.3 for the given cut-off function §. Then for |z| < 1 again
p(x,€) < ¢(1+ |€]%) and therefore with the notation of Lemma 2.15

| 2

i = [ -y <e [ U e

rrygoy 1+ Jyf”
= o[ [ = cos(y.©) vlde) (. dy)
R7\{0} JR"
< ¢ / & ude) < ¢ / (1€ () < oo

On the other hand for |z| > 1

/R"\{O} <1 - 9‘%‘“@)) p(, dy)
) /"\{0} /n(l _Cos(y’g))'%w@) d¢ pu(x, dy)

c
Ay ([z]) Jen

< [ )bl <

o AGv)  al) | )

Ay(|z]) Ay(l2]) Ay(lzl)’

which is uniformly bounded by Lemma 9.3. O

(8) - D11,y (6) A€

To conclude the investigations we finally combine this result with the uniqueness result derived
in Chapter 5 and use the localization technique. We obtain the following result.

Theorem 9.5. Assume that v : R™ — R is a continuous negative definite reference function

with ¥(0) = 0, which satisfies for |£] > 1

b(§) = clel’

for some r >0, ¢ > 0. Let Ay(0) = supg<1 ¥(§), ¢ > 0, and let M be the smallest integer

such that M > (%\/2)4—71, k=2M+1—n.
Let p : R" x R" — R be a continuous negative definite symbol, p(x,0) = 0, such that p(-,&) €
CR(R™). If

1

p(lﬂ,f) < Cm ’ w<€) fOT ’x‘ > 17 56 Rn’

and for a locally bounded function f:R™ — R* and all |B] < k

0p(2,8)| < flx) (&) forz eR™, ¢ >1,

and for a strictly positive function g : R™ — (0, 00)

p(x,é) > g(‘T) ' 2/}(5) fOT’J,’ € Rn: ’£| > 17

then the Dgn-martingale problem for —p(x, D) is well-posed.
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Proof: By Theorem 9.4 there is a solution for every initial distribution. Moreover note that
p(z, D) maps C§°(R") into Cp(R™). In fact for u € C3°(R™) such that suppu C Bg(0) we have
for g choosen as in Lemma 9.2

u(@)] < lully - or(@).

Therefore for |z| > 2R using the Lévy-type representation of p(z, D)
[p(z, D)u(z)| < / y }IU(rv+y)| p(, dy) < lull / [or(z +y)| plz, dy)
R™\{0

R\{0}
= ully - (=p(z, D)r)(x).

But p(z, D)¢g is bounded by Lemma 9.2 and hence p(z, D)u € Cy(R™).
For a ball Br(zg) let x € C§°(R"™) be such that 0 < y <1 and xy =1 in Bg(z). Define

pr(7,§) = p(xo, &) + x(2)(p(x,§) — p(20,§)).

Then pg is a continuous negative definite symbol which satisfies for all |3| < k

|8pr(x,§ﬂ

IN

ootan &) +| X () 02 x(0) 0200t €) = plan. )

v<B
vENG

< c () for all [£] > 1

by the support properties of y and since f is locally bounded. Moreover for || > 1

pr(z,§) x(@)g(z) - (&) + (1 — x(x))g(wo) - ()
(g(wo) A g(x)) - () for all [£] > 1.

Therefore pr satisfies the assumptions of Theorem 5.7 and the Dgn-martingale problem for
—pgr(z, D) is well-posed.

Note that pr(z,€) < ¢(1 + |£]%) by the above calculations and therefore pg(z, D) : CS°(R") —
Cy(R™). Moreover pg(z,€) coincides with p(x, &) for x € Br(xy). Cover R™ by countably many
balls Br(xp). Then the localization procedure of Theorem 5.3 yields the desired result. a

AV,
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