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Abstract. We prove that if we are given a generator of a cadlag Markov process and an
open domain G in the state space, on which the generator has the local property expressed
in a suitable way on a class C of test functions that is sufficiently rich, then the Markov
process has continuous paths when it passes through G. The result holds for any Markov
process which is associated with the generator merely on C. This points out that the path
continuity of the process is an a priori property encrypted by the generator acting on enough
test functions, and this property can be easily checked in many situations. The approach
uses potential theoretic tools and covers Markov processes associated with (possibly time-
dependent) second order integro-differential operators (e.g., through the martingale problem)
defined on domains in Hilbert spaces or on spaces of measures.
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1 Introduction

Since Fick and Einstein, diffusion has been for more than a century and a half a key
concept in many fields, from physics to biology or finance. It is used to describe the transition
of anything like atoms, molecules, particles etc, from a region of higher concentration to a
region of lower concentration, in a continuous way; see the “celebration” paper [31]. Formally,
in this paper, by a diffusion process we understand a Markov process with almost surely
continuous trajectories.

In general, diffusion Markov processes correspond to second order elliptic differential
operators (see [23] or the monograph [2]). However, starting from a given differential operator
or a semigroup of Markov operators, it is a highly non-trivial task to rigorously show that one
can construct an associated Markov process with continuous paths. A seminal contribution
to this subject was given by D. Ray in [32], proving a conjecture of W. Feller stated in [23]
which asserts that on the real line, if (P;)¢>o is a Feller transition semigroup of a (cadlag)
strong Markov process, then the Lindeberg-type condition Py(z,R\ (z — ¢,z + ¢)) = o(¢)
uniformly in £ on compact sets for each ¢ > 0 ensures the a.s. continuity of the trajectories
(see also [26]). This result has also been extended to locally compact spaces, as e.g. in [17,
Proposition 9.10]; see also Proposition 3.8 below for the precise statement. A characterisation
of the Lindeberg-type condition in terms of the associated ”superharmonic function” (the
local truncation property) was given in [16], Proposition 8.2, in the frame of the balayage
spaces. Anyway, there are many situations where such a result can not be applied, e.g.
when the underlying space in not locally compact or the semigroup is not Feller. Another
typical and general situation where more sophisticated tools have to be used in order to
construct an associated Markov process with continuous paths occurs when we start from
the Kolmogorov operator defined merely on a class of test functions, e.g. when the latter
is associated with a stochastic (partial) differential equations with singular coefficients (e.g.
like those considered in [18] or [11]). When a convenient duality measure exits, the theory
of Dirichlet form offers powerful tools in this respect. More precisely, it is well known that
in the case of (non-symmetric) Dirichlet forms, the associated Markov process is a diffusion
if and only if the form is local, i.e. the relative energy of any two elements from the energy
space with disjoint compact supports is zero, see e.g. the monographs [25] or [30]. This result
was further extended to generalized (non-sectorial) Dirichlet forms in [34, Proposition 1.10],
[37, Theorem 3.3], and [27, Proposition 3.6] under suitable conditions. At the core of the
Dirichlet forms approach stand the orthogonal decomposition of elements from the domain of
the form using the hitting distribution (the balayage operator, in potential theoretic terms),



as well as the strong duality theory existing in such energetic spaces.

Having in mind the above mentioned results, it seems somehow frustrating that, on the
one hand, just by looking at a second order operator defined on a class of test functions
one can easily guess if an associated cadlag process should have continuous paths, and on
the other hand, the above established results in this direction require a lot of structure and
regularity for the semigroup or the generator to ensure what at an intuitive level might
seem obvious. As a matter of fact, following another approach, namely the one developed
by D. Bakry and M. Emery in [1], it is indeed possible to analyse the path continuity of a
Markov process in a more direct way, as soon as it corresponds to an operator (through the
martingale problem) defined on a class of test functions whose square field operator satisfies
the so called derivation property. However, the existence of the square field operator requires
a specific algebraic structure. In particular, the class of test functions needs to be an algebra
which is invariant under the action of the operator, and this usually leads to restrictions on
the coefficients.

The previous discussion raises the following fundamental problem which we address in
this paper. Suppose that we are given a second order operator L defined merely on a class of
test functions Dy, which is associated to a cadlag Markov process X, on a general topological
space, with transition function (P;);~0 e.g., through the corresponding martingale problem.
Further, suppose that (L, Dy) exhibits locally a local character in the informal sense that Lu
vanishes where u vanishes for u € Dy, but merely on a fixed open set G C FE, hence L could
also be an integro-differential operator whose non-local part acts only outside G. Given
(L, Dy, X, G) as above, can we decide that X has continuous paths when it lies in G7 Note
that in the above context it is not assumed that Dy is a core or that L is associated to a nice
Dirichlet space. Also, L is allowed to have irregular coefficients, so that Dy is not necessarily
invariant under the action of L. In a nutshell, we show that if Dy is rich enough (yet not
necessarily a core) and (P;);>o has some minimal regularity so that X is at least strong
Markov, then the answer is affirmative. To this end, we first adopt a general LP-approach
(see the main result Theorem 3.6 below), and then we show that, in fact, this approach leads
to a similar result Corollary 3.12 which does not require an LP-context, but only the process,
its transition function, and a choice of the underlying topology. We show that the obtained
theoretical results are applicable to large classes of examples that cover Markov processes
associated (e.g. through the martingale problem) to (possibly time-dependent) second order
integro-differential operators defined on domains in Hilbert spaces or on spaces of measures.

The structure of the paper is the following: In Section 2 we introduce the context and
present some preliminary results, most of them being of self interest. More precisely, we
discuss the problem of existence of a regular copy of a given simple cadlag Markov process,
the concept of diffusion and related potential theoretic tools, and some considerations on in-
finitesimal generators for resolvents on LP-spaces. Section 3 is devoted to the main theoretical
results, namely Theorem 3.6, Corollary 3.12, Corollary 3.13, and Corollary 3.15. Then, in
Section 4 we apply the theoretical results to a large class of examples: Jump-Diffusions on
domains in Hilbert spaces, measure-valued branching processes, diffusions associated with
generalized Dirichlet forms, and even diffusions associated with not necessarily quasi-regular
semigroups. Finally, we also included an Appendix aimed to rapidly introduce the reader
to the main potential theoretical notions and results that are employed in the main body of
this paper.



We would like to end the introduction by pointing out a subtle aspect: In contrast to
the framework of Dirichlet forms which are first order objects and cover operators in both
divergence and non-divergence form, the present analysis is designed mainly for operators L
in non-divergence form. In favour of the large class of herein considered applications, this is a
small price we accepted to pay. Nevertheless, our results definitely apply also to generalized
Dirichlet forms rendering simple conditions to check the path continuity of the associated
process, as done in Corollary 4.9

2 The framework and preliminary results

To achieve our main results from Section 3, we need several results of general nature,
which in our opinion are of self-interest. More precisely, let us address in the sequel three
preliminary topics: 1) the problem of existence of a regular copy of a given simple cadlag
Markov process; 2) the concept of diffusion and related potential theoretic tools; 3) resol-
vents of kernels and some considerations on their infinitesimal generators on LP-spaces.

From Markov processes with cadlag paths to right processes. Let (E,7) be a
Lusin topological spaces whose Borel o-algebra is denoted by B := B(E). For each z € F,
let (X7)i>0 be a cadlag temporally homogeneous Markov process defined on (Q, F, F;, P*),
with transition function (P;);>o and initial distribution d,; just for the sake of generality,
here Q, F or F; may as well depend on x. We denote by U = (U,)a>0 the corresponding
resolvent family of Markov kernels, namely

Usf(x) :/ e P, f(x)dt forall febB,xeFE and a> 0.
0

As announced, the main goal of this paper is to study when X := ((X[)i>0,2 € E) has
continuous paths. However, a preliminary question we wish to address here is whether one
can construct (and hence work with) a more regular copy of X, namely a right process
sharing the same finite dimensional distributions, or equivalently, having resolvent . If this
can be done, the probabilistic potential theory would then be in force. In particular, the
measurability properties of hitting times, excessive functions, and hitting distributions (or
balayage operators) would be guaranteed, as well as the strong Markov property. To do so,
we consider the following hypothesis, which is quite natural to impose in order to guarantee
the strong Markov property, especially if one reads it as generalized Feller property; in fact,
it is essentially the one from [12], page 846.

(Ho) There exists a vector lattice C C C,(E) such that

(i) 1 € C and there exists a countable subset in C which separates the points of E.

(ii) We have Ugf € C for all f € C and 8 > 0.

Proposition 2.1. If X and U are as above and (Hg) is satisfied then there exists a right
process on X' on E which is cadlag with respect to T, sharing the same resolvent U. In
particular, X and X' have the same law on the Skorokhod space of all cadlag paths from
[0,00) to E.



Proof in Section 5.1.

Remark 2.2. (i) IfU is (Lipschitz) Feller, i.e. for some (hence all) o > 0 it holds that
U, maps bounded (Lipschitz) continuous functions to (Lipschitz) continuous functions
on E, then (Hg) is clearly satisfied.

(11) If (Ho) is fulfilled, a major benefit of Proposition 2.1 is that the path continuity proper-
ties for a simple cadlag Markov process can be in fact studied for a more reqular version
of it, for which potential theoretical tools are available.

(111) It is possible to ensure directly the existence of a cddldg right process given a transition
function, by means of potential theoretic tools. For the reader convenience we included
one such result in Appendix, Theorem 6.16.

Right processes and diffusions. From now on, throughout this section, we assume that
X = (, F, Fi, Xy, 0, P7) is a right Markov process on a Lusin topological space (F, T) with
Borel g-algebra B, which is cadlag w.r.t. 7; in particular, 7 is a natural topology on E. The
lifetime and cemetry point of the process are denoted by ¢ and A, respectively; we extend
any function u : E'— R to E U {A} by setting u(A) = 0. The resolvent of X is denoted by
U= (Uy)aso; if B >0, we set Us := (Up+8)a>0- The first hitting time of a set A € B by the
process X is defined by
Ty:=inf{t >0: X, € A}.

Recall that m is called a reference measure if m(A) = 0 implies that A is U-negligible,
i.e. Up(14) =0. It is easy to check that if U is strong Feller (i.e. U,(bB) C Cy(FE) for one
(hence all) a > 0) and supp(m) = E, then m is a reference measure.

The following result is a main tool to show that if a process has continuous paths except
some m-negligible set, then it has automatically continuous paths except some m-innesential
set.

Proposition 2.3. The following assertions hold.

(i) The function v(z) = P*({w : [0,{(w)) 3 t — Xi(w) is not continuous}), v € E, is
U-excessive.

(11) If P*({w : [0,{(w)) 2 t — Xi(w) is continuous}) = 1 U-a.e., then the equality holds
forallz € E.

In particular, if m is a reference measure and the above equality holds m-a.e., then it

holds for all x € E.

(111) If m is a o-finite measure on E and
P*({w : [0,¢(w)) 2 t — Xi(w) is continuous}) =1 m-a.e.,

then the equality holds m-q.e.

Proof in Section 5.1.



Definition 2.4. Let G C E be an open set. For a sequence G,, C G,n > 1 of open subsets

such that G, C Gni1,n > 1, consider the following sequence of (pairs of) stopping times
(Sk Tk)kzl-'

Sl:=Tg , the first hitting time of G,
Ty =54+ Tpgolbs, the first exit time from G after S,
Sk =Ty " 4+ Tq, 0Ok, the first hitting time of G\, afer T,
TF =S¥+ Tro Ogi the first exit time from G after Sk,

We define

M= (SELTHU (S, THU---u(SHTHU---

n’—-n nr—-n n’-n

IG =U Igv

One can easily check that the definition of I does not depend on the choice of the covering
Gp,n > 1.

Remark 2.5. (i) Note that IX C 13t n > 1 and that for each w € Q, Ig(w) is an open
set in [0,00) representing the union of all intervals of time on which the trajectory

X.(w) lies in G.
(ii) Clearly, if G = E then I = (0,00).

(i1i) The reason of approximating G from inside by G,,n > 1 is the following: Suppose for
simplicity that G is a ball in R? and X is a R*-valued Brownian motion. Then OG is
made up of points which are regular for both G and R%\ G, so that Travg 0 0, = 0
and the interval (T, Ta + Tra\g © O1;) would be empty. However, this degeneracy can
be avoided by counting the time spent in G after the process (re)enters G, strictly, as
when considering the above approximation of G by G,,n > 1.

Further, by G we be denote the set of all regular points of G, i.e. x € G" if P*(Tg =
0) =1.

The following definition settles the notion of diffusion which we shall use for the rest of
the paper.

Definition 2.6. Let G C E be open.

(i) For x € E, we say that X is a diffusion in G under P* if

(2.1) P*({w: 0 # Ig(w)N[0,{(w)) >t — Xy(w) is continuous}) = 1.
(11) If (2.1) holds for all v € E (U-a.e., m-a.e, resp. m-q.e.) then we say that X is a
diffusion in G (U-a.e., m-a.e, resp. m-q.e.).

(iii) When G = E then in (i) and (ii) we simply say “diffusion” instead of “diffusion in
E”.



If G C E is (finely) open, let X := ((X%)>0, P*, 2 € G) denote the right process on G
obtained by killing X upon leaving the set GG, given by

XG - Xt, ift<TE\G/\C.
! A, otherwise

We remark that if we set
G =G\ (E\GQ),
then G’ is the largest finely open set such that G C G’ densely (w.r.t. the fine topology), in
particular G C G' C G" and Tp\¢ = Tr\¢, hence X &' can be regarded as the completion
(or saturation, in potential theoretic terms) of X in E by fine density.
We denote the resolvent of the killed process X¢ on G by U% := (US

) a0, hence for all
febB

(2.2) USf(x) =FE° {/OTE\G f(Xy) dt} , 1€QG.

Remark 2.7. The right-hand side of (2.2) makes sense for all v € E, hence we extend UY
to E accordingly. In fact, US f extends from G to G’ by fine continuity, whilst on E\ G’ it
vanishes. Moreover, the following relation holds for all f € bB and a > 0:

(2.3) USf=Usf — BigUaf onE.

The following result is a key tool that one allows to reduce the study the diffusion property
of X in G, to the study of the diffusion property for the killed process X©.

Proposition 2.8. Let G C E be open. The following assertions are equivalent:
(i) The process X is a diffusion in G (m-q.e. on E w.r.t. U).
(ii) The killed process X is a diffusion (m-q.e. on G w.r.t. U ).

(i4i) The killed process X< is a diffusion (m-q.e. on G' w.r.t. UY").

Proof in Section 5.1.

Let us conclude this paragraph with the following useful result. It follows by combining
Proposition 2.8 with Proposition 2.3, (iii), so we skip its formal proof.

Corollary 2.9. Let G C E be open. The following assertions are equivalent:
(i) The process X is a diffusion in G m-q.e. w.r.t. U.
(ii) The killed process X is a diffusion (on G) m-a.e.

Remark 2.10. Let us emphasize that the proof of Corollary 2.9 required more effort in
comparison to that of Proposition 6.13 mainly because in contrast to Proposition 2.3, (i), the
function

Esx—P'({w:0+# Igw)N[0,((w)) 3t — Xy(w) is continuous}) € [0,1]

s not necessarily excessive.



Resolvents, generators, and martingale problems. In this paragraph we discuss sev-
eral useful connections between resolvents of Markov kernels, generators, and corresponding
martingale problems.

Let us first give the following general definition which is going to be used throughout the
entire paper:

Definition 2.11. Let L be a linear operator acting on a class Dy of real-valued B(FE)-
measurable test functions such that for each f € D,

E > xw— Lf(z) € R is B(E)-measurable.

We say that a Markov process (Q, Fy, Xy, P*, x € E) with lifetime ¢ on E solves the martingale
problem associated (m-a.e., if m is a given o-finite measure on E) to (L, Dy) if for each

€Dy

tAC
(2.4) F(Xone) — /O LF(X,) dr, t>0

is a Fy-martingale w.r.t. P*, (m-a.e.) v € E.

Now, let (Uy)as0 be a resolvent of Markov kernels on E. Let g > 0 such that the kernels
Ua, & > ag can be extended to bounded linear operators on LP(m) for some 1 < p < oo; in
particular, it is necessary that m(A) = 0 implies U, (14) = 0 m-a.e., & > 0. In this situation,
we say that the resolvent of kernels U, can be extended to a resolvent on LP(m).

If there exists ap > 0 such that U, can be extended to a resolvent on LP(E, m) for some
p > 1, we denote by (L, D(L}")) the corresponding generator on LP(E,m) given by

(2.5) D(L)') :={Uaf : f € LP(E,m)}
L'Uaf :=aUyf — f foral f € LP(E,m), o> a;

recall that by the resolvent equation, the above definition does not depend on «a.

Concerning the existence of a measure m such that U can be extended to a resolvent on
LP(m), we can always rely on potential measures (i.e. measures of the type puoU,, ), employing
the following known result (see e.g. [36] and [10]).

Proposition 2.12. For any o-finite measure 1 on E and ag > 0, Uy, extends to a strongly

continuous resolvent on LP(E, o U,,) for each 1 < p < ooy in fact, if (P;)i>o denotes the

corresponding semigroup regarded on L'(E, o U,,), then |[e”'Py||;1 < 1,¢ > 0. Moreover,

if T is a topology on E which generates B and lim aU,f = f point-wise on E for all
a—ro0

f € bC(E), then choosing (x,)n>1 to be a dense subset in E and setting 1 == Y. 5:0,,,

1<n<oo

we additionally have that po Uy, has full topological support.

Describing the domain of the generator on LP(y 0 U,) in the sense of (2.5) is not always
an easy task. A situation when we can easily get such information is when one starts from
the martingale problem:



Proposition 2.13. Suppose that X is a Markov process with resolvent U such that U,,
can be extended to a strongly continuous resolvent of bounded operators on LP(E,m), with
generator (L', D(L}')) given by (2.5). If X solves the martingale problem associated m-a.e.
to (Lo, Dy) in the sense of Definition 2.11 and Dy U Lo(Dy) C LP(E, m), then

Dy C D(L)
L f =Lof  forall f € Dy,

i.e. (L', D(L}")) is a (closed) extension of (Lo, Do) on LP(E,m).
Proof in Section 5.1.

A change-of-measure lemma. For technical reasons regarding the proof of Corol-
lary 4.10 below, it will be useful to be able to replace m with some equivalent finite measure,
without loosing information about the domain D(L}') of the generator L' on LP(m). For-
tunately, this is always possible due to the following simple yet general result, which will be
employed several times later on.

Lemma 2.14. Let 0 < p € LY(m) N L>®(m), a > «g, and consider the measure mf, :=
(p-m)oU,.

If U,, extends to a strongly continuous resolvent on LP(m) for some 1 < p < oo, then
mf s equivalent to m and

D(L}") € D(L{™),
L f =L™f  for all f € D(LT).

Proof in Section 5.1.

3 The main results

Having in mind Proposition 2.1, throughout this section we assume that X = (Q, F, F;,
Xy, 0, P%) is a right Markov process on a Lusin topological space (F, 1), with lifetime (,
which is cadlag with respect to 7; in particular, 7 is a natural topology. Further, let m be
a o-finite measure on F such that the resolvent U of X is strongly continuous on L?(m) for
some 1 < p < co. Also, we keep all the notations introduced in Section 2.

Let us first introduce some notions which are slight modifications of the usual ones.

Definition 3.1. (i) An increasing sequence (F,)n,>1 of closed (respectively open) subsets
of E is called an m-nest of closed (respectively open) sets if

P*{sup Tp\p, > C} =1 m-a.e.

(i1)) A function v : E — R is called m-quasi-continuous (on short, m-q.c.) if there exists
an m-nest of closed (or open) sets (F,)n>1 such that u|g- is continuous for each n > 1.



Note that if (F),),>1 is an m-nest of open sets, then (F,),>1 becomes a m-nest of closed
sets. Also, let us give here two general lemmas that are going to be employed in the proof
of the main result, namely Theorem 3.6.

Lemma 3.2. Suppose that (F,)n,>1 15 an m-nest of closed (or open) sets and G is a B-
measurable subset in E. If G, .= F, NG, then

P {sup TE\Gn > TE\G A C} = 1, m-a.e. x € F.

Proof in Section 5.2.

Lemma 3.3. Suppose that (F,),>1 is an m-nest of closed (or open) sets, and in either
situation set

(3.1) vi= i%f BE\F—n on E.

Then the set [v > 0] is m-innesential.

Proof in Section 5.2.
The following definition settles the condition which is at the core of our main result.

Definition 3.4 (Loc,,(G)). For an open set G C E we say that condition Locy,(G) holds
if there exist a sequence of functions (fn), C bpB which are m-q.c. with some common
m-nest of open (respectively closed) sets (F,)n>1, and (¢n)n C C(R,R.) with the following
properties:

(i) (fo)n separates the points of |J FuNG in the sense that for every G >y # x € |J F,NG
n>1 n>1

there exists n such that f,(x) < fu(y).

(ii) 0 < @p(x) S alpse =2 for allz € R and
k

(3.2) C:={o(fu—¢):ink>1eeR,} C D).

o
_—

(i4i) For all u € C we have LJ'u = 0 m-a.e. on [u=0]NG N F, (respectively on [u =
0)NGNFE,) foralln > 1.

Remark 3.5. (i) If the functions f,,n > 1 from Definition 3.4 are continuous, the m-
nest can simply be taken F, := E,n > 1. Also, we emphasize that the elements of the
m-nest are not required to be compact, because the compactness is actually related to the
fact that the process is cadlag (which we already assumed), and not with the continuity
of the trajectories.

10



(i)

(iii)

(iv)

As already observed right after Definition 3.4, an m-nest of open sets generates an m-
nest of closed sets if we take the closure of its elements. So working directly with m-nests
of closed sets sounds more convenient. However, condition (1ii) from Definition 3.4 is
sensitive to the two cases, being more relaxed in the case of an m-nest of open sets; in
fact, in the case of an m-nest of closed sets, condition (iii) could pose difficulties if the
topological boundary of [u = 0] N G N F,, is not negligible with respect to m. However,
in our opinion this possible inconvenience is mostly theoretical; in fact, in practice we
can frequently choose the functions f,,n > 1, to be continuous on E, as detailed in the
following two points.

Suppose we are in the case E = RY and G is an open subset of E. For a function
f € C=(RY) such that f(0) >0, and a sequence (z,)n>1 C G which is dense in G, set

for(@) = f(n(x —x1)), n,k>1,0€RE

It is easy to see that for each k > 1 there exists 1 < n(k) < oo such that f, € C*(G)
for all n > n(k), and if (fn)n>1 is a renumbering of (fn,k)g?(k), then (fn)n>1 satisfies

Locw(G), (i), for any m-nest.

If E is a separable Banach space and M C FE 1is the state space of the Markov process
under consideration, we can mimic the construction from (i) as follows: Let (1,)n>1 C
E’ be total, i.e., ifx € E, l,(x) =0 for alln > 1 implies x = 0, and (x)x>1 be a dense
subset in M. For each n > 1, let f, € CP(R™) such that f,(0) > 0, and set

Jopn (@) = fu(N((z = 28), - n( —21))), n,k>1,2€ M.

Renumbering (fnrxnN)nkn>1 a5 (fu)n>1, we have that for every x # y from M, there
exists n > 1 such that f,(x) < fu(y).

The central result of this paper is the following.

Theorem 3.6. Let G be an open subset of E. The following assertions hold.

(i)
(i)

If condition Locy, (G) is satisfied then X is a diffusion in G m-q.e.

Conversely, if X killed upon leaving G is a diffusion on G m-a.e., then for all m-q.c.
functions u € D(L}")

o
—

Ly'u =0 m-a.e. on [u=0]NG.

Proof in Section 5.2.

Remark 3.7. (i) Theorem 3.6, (i) remains true even if we drop the assumption that the

resolvent U extends on LP(E,m), and we replace the generator (L, D(L)) as follows:
Assume that U respects the m-classes and let V- C L°(E,m) s.t. for some a > 0 we
have U,|f| < 0o m-a.e. for all f € V.. Consider (L, D,(L;V')) given by Do(L; V) :=
{Uof = fEVY, LULf =aUyf — f forall f€V.

11



(i) Theorem 3.6, (i) remains true if we drop the assumption that the process X is cadlag
w.r.t. a Lusin topology on E, and assume instead that the topology is Lusin merely
relative to each element F, of the m-nest that is worked with. This remark is in
particular useful in infinite dimensional Banach spaces, in the case when the process
X 1s cadlag merely with respect to the weak topology which is not Lusin because it is
not metrizable; nevertheless it becomes Lusin relatively to any ball in the space. If a
norm-like function is a-excessive for some o > 0, then one can deduce that the balls of
radius n > 1 form a nest, hence taking into account the above remark our result could
still be applied to deduce the diffusion property in the weak topology.

The measure-free counterpart of Theorem 3.6. Before proceeding to the main result
of this paragraph, for the sake of comparison let us recall that following well known result.

Proposition 3.8 (cf. [17], Proposition 9.10). Suppose that E is a second countable locally

compact space and X is a standard process with Feller transition function, i.e. P,(Co(E)) C

Co(FE) and lir% P,f = f uniformly on E. If for any compact K C E and any open neigh-
—

bourhood D of K it holds that

(3.3) lim ZEANG D)

fim " =0 wuniformly on K,

then X is a diffusion.

o
_—

Remark 3.9. If u € pCy(F) and if we set G := [u = 0] then uniformly on each compact
subset of G, in particular pointwise on G, we have

oy D) —u(@) . Pu() _ JuloP(EN G, 2)

(3.4) li =1 < = 0.
t\0 t t\0 t t
Hence if Lu(x) := 11{% w,x € E whenever the limit exists, then Lu = 0 on [u = 0];

this makes perfect match with the key property iii) of Locy,(G) in Definition 3.4.

Our next aim is to show that Theorem 3.6 can be easily employed to extend Proposi-
tion 3.8 in much more general settings. To this end, assume that the process X is a cadlag
right process on a Lusin topological space F, with resolvent ¢ and transition function (P;);>o.
However, this time we are not given a measure m on (FE, B) for which we can directly employ
Theorem 3.6. Instead, for @ > 0 consider the generator (L, D, (L)) given by:

P —

Do(L) :={ueB: 1{1(1) Y exists U-a.e. on I and there exists V,, € pB(E) such that
P —

(3.5) U, V., < oo and e <V, U-ae. on E},

whilst

(3.6) Lu(z) = lim 42) = u(@)

, u€ Dy(L),xr € E U-ae.
N0 t
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Remark 3.10. If in the definition of the operator (L, D, (L)) we assume that V,, is bounded,
then (L, Do (L)) is similar to (yet still weaker than) the generator introduced by E. B. Dynkin,

[22], page 54; cf. also [24].
We introduce the following pointwise version of property Locy,(G):

Definition 3.11 (Loc(G)). For an open set G C E we say that condition Loc(G) holds if
there exists (fn)n C C) (E), (¢n)n C C(R,Ry) and ag > 0 with the following properties:

(i) (fn)n separates the points of G in the sense that for every G > x # y € G there exists
n s.t. folz) < fuly).

(ii) 0 < @p(x) S alpse =2 for allz € R and
k

Ci={pnlfu—2) ink = 1e € Ry} C Doyl(L)

[e)
—

(111) Lu =0 on [u=0]NG for allu € C.
The main result of this paragraph is the following.

Corollary 3.12. (i) If G is an open subset of E for which condition Loc(G) is satisfied,
then the Markov process X is a diffusion in G.
(ii) Conversely, if the killed process X upon leaving G is a diffusion on G, then Lu = 0

o
_—

on [u=0]NG U-a.e. for every u € D,(L) NCy(E), and everywhere if Lu is in addition a
finely (lower or upper) semi-continuous function.

Proof in Section 5.2.

The non-homogeneous case. Let us show that Corollary 3.12 can be easily extended
to non-homogeneous transition functions and their associated Markov processes. So, let us
assume that (Pssit)ss>0 18 the transition function of a non-homogeneous cadlag Markov
process (X;):>o on a Lusin space E. Then

Qif(s,2) = Pssif(s+t,-)(x) forall z € E;s,t >0

is the transition function of the process Z := ((X,,, ut))i>0 on the product space £ x [0, 00),
where (ut)s>o is the uniform motion to the right. Suppose that Z has a version which is
a right process, denoted also by Z; for example, one can show that this is always true if
P, is Feller, applying Proposition 2.1 to (Q;)is0. Let U := (Ua)aso denote the resolvent
associated to (Q¢)i>0 on E x [0,00) and consider the parabolic generator (A, D,(A)) on E
associated to (Ps s1t)st>0, @ > 0 and s > 0:

- . dr : PS,S-I—tF(Sa ) B F<Sa ) : 77
Dy (A) = {F € bB(E x [0,00)) : %(, ) . < 00, 1{% ; exists U-a.e,
and there exists Vi such that U,(Vr) < oo such that
F—-F —
Qt—‘ < Vg U-aeon E x |0, oo)}
d dF'(x, -
AF(z,t) = (E + Lt> F(x,t) = C(;" )(t) + LiF (-, t)(z), F € Do(A),(z,t) € E x [0,00)

13



where
P. F(- _F
L3F<'7 S)(x) = lim S,t+s ( ,S)(:L‘) (ZE, S)
t\,0 t

, FeD,A),(x,t) € Ex|0,00).

Corollary 3.13. Assume that Loc(G) given in Definition 3.11 holds for G with (L, D, (L))
replaced by (Lg, Do (A)) for every s > 0. Then the homogeneous process Z is a diffusion on
G := G x [0, 00).

Proof in Section 5.2.

Domination hypothesis and diffusions in other natural topologies. Throughout
this paragraph we consider a slightly different framework than in the beginning of this
section, namely we still assume that X = (Q, F, F;, Xy, 0, P?) is a right Markov process on a
Lusin measurable space (F, B), with lifetime ¢, but we do not fix a certain topology 7 on E
with respect to which X is cadlag. Instead, we would like to address the following question:
under which conditions it is true that if X is a diffusion in G' m-q.e. with respect to one
natural topology, then it automatically enjoys the same property with respect to all natural
topologies? In other words, we are interested in understanding when the diffusion property
is stable under changing the (natural) topology.

Proposition 3.14. Suppose that condition (Dy,) from Appendiz holds and let 7 and 7' be
two natural topologies. Then there exists a common nest of compact sets (Fy,)n>1 such that
T|g, = T'|E, for alln > 1. In particular, if G is open (with respect to T or 7'), then:

(i) X is a diffusion in G (m-q.e.) with respect to 7 if and only if it is a diffusion in G
(m-q.e.) with respect to 7.

(11) Condition Locy,(G) holds with respect to T if and only if it holds with respect to 7'.

Proof in Section 5.2.

As an immediate consequence of Proposition 3.14 and Theorem 3.6, we conclude this
paragraph as follows:

Corollary 3.15. Assume that condition (Dy,) is satisfied and let G C E be open with respect
to some natural topology. If Locy,(G) holds, then X is a diffusion in G m-q.e. with respect
to all natural topologies.

4 Applications

4.1 Jump-Diffusions on domains in Hilbert spaces

Let (H, (-,)) be a separable real Hilbert space endowed with the norm topology, and let

- 0 :[0,00) x H — Ls(H) be measurable, where Ly(H) denotes the space of bounded
and symmetric linear operators on H,

14



- (A(t))i>0 be a family of densely defined linear operators on H such that the domains
D(A*(t)) of the adjoint operators A*(t),t > 0 have the property that there exists a
countable subset (e,),>1 C tQOD(A*(t)) which is total in H, and [0,00) 3t — A*(t)x €

H is measurable for any x GitQOD(A*(t)),

- b:[0,00) x D(b) — H be measurable, where D(b) € B(H),

- n(t, z;dy) be a Levy measure on H for each (¢, z) € [0,00) x H such that
[0,00) x H > (t,x) — / LA |y n(t, z;dy) € [0,00)
B

is measurable for all B € B(H).

Further, we set

FCy°(H)
S H =R () =o((hen), - (hen) o€ CF(R™),n > 1}, if dim(H) = oo
| 02 (RY), if H =R,

and consider the time-dependent integro-differential operator given by
1
Lif(w) :=5Tr[o(t, 2)*D f(2)] + (x, A(O)Df (@) + (b(t, 2), D ()

+ [ ) - ) - L2

forallt > 0,2 € D(b), f € FC°(H).

Having in mind situations where one can solve the martingale problem associated to L,
only for some allowed starting points from D(b), let I C [0, 00) be an interval and M C D(b)
be a B(H)-measurable set.

On the class of test functions

D:={f:IxH—=R: f(t,z) = (z,e1),...,(x,e,)), p € CF(I x R"),n > 1}

let us consider the parabolic operator associated to L; given by

Lf:(%—i—Lt)f for all f € D.

Set:
F:={(t,z) €0,00) xR? : n(t,z; -) =0} and
G:=Fn (I x M), i.e. the interior of F'N (I x M) relative to the trace topology on I x M.

Corollary 4.1. Let X be any cadlag right Markov process on I X M with resolvent U, and
m a o-finite measure on I X M such that:

15



(i) For some ag the resolvent U,, can be extended to a strongly continuous resolvent on
LP(I x M,m) for some 1 < p < oo,

(ii) DUL(D) C LP(I x M,m),

(111) X solves the martingale problem associated m-a.e. to (L, D) in the sense of Defini-
tion 2.11.

Then X s a diffusion in G m-q.e.
Proof in Section 5.3.

Corollary 4.2. Let X be a cadlag right Markov process on I x M with resolvent U, which
is a solution to the martingale problem associated to (L, D). Suppose that the coefficients of
L are such that Uy, (|Lf|) < oo for all f € D; this is always fulfilled if the coefficients are
uniformly bounded in (t,x). Then X is diffusion in G.

Proof in Section 5.3.

4.2 Measure-valued branching processes

Let E be a Lusin topological space and denote by M (F) the space of all finite (positive)
measures on F, endowed with the weak topology and corresponding Borel o-algebra denoted
by M(E). Let ¢ be a branching mechanism, i.e.

o(z,\) = —=b(2)\ — c(x)\? —i—/ (1—e™ = u)n(z,du), =€ E,NX>0,
0

where
- 0 < cand b are bounded B(FE)-measurable functions,
- n is a (positive) kernel on E such that z — [ u V u® n(x, du) is bounded.

Further, let £(t);>0 be a standard (hence cadlag) Markov process on E with transition func-
tion (P;)¢>0, and consider the nonlinear semigroup (V;):>o on pbB(FE) given by

(4.1) Vif(x) :==v(t,z), ze€ E,te|0,00),f € pbB(E),
where v is the unique solution to the non-linear evolution equation in mild form

(4.2) v(t,z) = P f(x) +/O P(o(-,v(t—s,9)))(x)ds, t>0,2€E.

Informally, if A is the generator of (P;);>0, then v(¢, x) solves

(4.3) %(ta z) = Av(t,z) + o(z, v(t, 2))
u(0,z) = f(x)
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A key feature of the nonlinear operators f — V;f is that they are negative definite, so they
induce a linear semigroup of sub-Markovian kernels (Q;):>o on M (FE) uniquely characterized
by

(4.4) Qules) (1) = evis(n), 1€ M(E),t >0, € pbiB(E),
where e; : M(E) — [0, 1] is given by
ep(p) = e~ Je /@ rldD)  for each f € pbB(E).

Let X := (X})=0 be a cadlag right process on M (FE) with transition function (Q)i>o;
such a process always exists, see e.g. [24], [28], [3] and the references therein. Recall that
X := (Xp)=0 is called superprocess and £(t);>o is the spatial motion of X.

As in [24], let us consider the following generator of X:

D(A) = {U,(f) : f € bB(E) is finely continuous ,a > 0}
AULf :=aU,f — f, for each U,f € D(A).

Now we are in the position give a description of the generator of X. Set:

Doo(L) := {M(E) 3> pp=p(u(fr), - p(fn) €R : n>1,(fi)i<icn € D(A), v € C°(R™)}
LF() = /)(ﬂ”w,)&w)téMFwaw—b@M%m@MM@

//’ F(p+uby) — F(u) — uF" (i 2)|n(x, du)u(dz), F € Doo(L), ji € M(E),

where

(4.5) F'(p; ) = lim F(p A+ hdg) — Fp)

lim - , u€ME),x€E.

Then, the following result was obtained in [24]:

Theorem 4.3 (cf. Theorem 4.1 from [24]). If F' € Dy(L) then

(4.6) lim QtF(“)t_ FW _ ppgy, pe mm),

In particular, F(X;) — F(Xo) — fg LF(X,)ds,t > 0 is an a.s. locally bounded cadlag mar-

tingale.

In addition, the following estimate on LF' can be easily deduced:
Lemma 4.4. If F € Dyy(L) then
(4.7) ILF(u)| < cu(E) = en(1), e M(E),

where ¢ is some constant that does not depend on p. In particular, there exists a generic
constant ¢ > 0 such that

(4.8) [(QuF () = F(w)/t] < ep(1),  p € M(E),

so that (L, Doo(L)) C (L, Do(L)) for some big enough o« > 0, where the former generator is
the one given by (3.5)- (3 6) with Vi, (p) == cp(l), p € M(E).

Proof in Section 5.3.
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Corollary 4.5. Let N :={x € E : n(x,-) = 0} and U be the resolvent of the base process &.
The following assertion are equivalent:

(i) There exists an open set G C M(FE) such that X is a diffusion in G in the sense of
Definition 2.6.

(i1) n(x,-) =0 for every x € E.
(i5i) The branching process X is a diffusion (on M(E)).

Proof in Section 5.3.

According to [15], X := (Xi)i>o is called pure branching superprocess provided that it
has no spatial motion, that is, each point of E' is a trap for (t);>o (i.e., P*(& = x) = 1 for
all t> 0 and = € F).

As an immediate consequence of Corollary 4.5 we get the following:

Corollary 4.6. Assume that X = (X;)>0 i a pure branching superprocess. Then X is a
diffusion on M(E) if and only if n = 0.

Branching processes with interactions. Now we consider a generalization of (L, Doy(L))
that allow the branching particles to interact, more precisely their base movement and
branching mechanism are allowed to depend on the current state of the population. One
general and direct way to do this is to simply let the coefficients of (L, Doy(L)) depend on
w € M(FE). Proving existence and (especially) uniqueness of such measure-valued processes
with interactions is highly non-trivial. However, recall that our purpose here is another one:
Assuming that such a process exists (be it non-unique), that it is a (right) Markov process
and has cadlag paths, can we decide whether it has continuous paths or not, e.g. merely by
looking at its generator through the martingale problem? Therefore, in contrast with the
beginning of this section, in this paragraph we start with the generator in an abstract form,
while the well-posedeness of the martingale problem shall be an assumption.

We consider that M (FE) is endowed with a Lusin topology 7, e.g. the weak topology. Let
© be a branching mechanism with interaction, i.e.

oz, iy A) = —Ab/(x,u))\—g(x,,u))ﬁ—i-/ (1—e ™ —Xu)n(z, pu,du), =€ E,ue€ M(E),\>0,
0

where
- 0 < Zand b are bounded B(E)-measurable functions,

- 7 is a (positive) kernel on E x M(E) such that (z,u) — [ uV u? n(z, p,du) is
bounded.

—~

Further, let A(pt),enm(m) be a family of linear operators defined on a common class of test
functions D C {f : E — R : f is B(E)-measurable and bounded},

D> f— A(n)f € bB(E).
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Also, we assume that D separates the measures from M (E).
Doo(L) := {M(E) 3 ju= ¢(u(fr), -+ s p(fa) €R 2 n 21, (fi)iizn € D¢ € CF(RY)
LF(0) = [ clas) ' a)p(ds) + /E (A0) P (5-) () = bl ) F (s ) ()
o [ [P a8 = P = uP o)t duue)

for F € Doo(L), n € M(E).

Corollary 4.7. Assume that there exists a right Markov process X := (Xi)i>0 on M(E)
with a.s. cadlag paths with respect to T, such that

(i) X solves the martingale problem associated to (Z,BOO(Z)) in the sense of Defini-
tion 2.11.

(11) There exists oy > 0 such that

EA{ X (1)} <e*'u(l), pe M(E)t>0.

Then, if G denotes the interior (w.r.t. T) of the set {u € M(E): [yn(-, p,-) = 0}, we have
that X is a diffusion in G.

Proof in Section 5.3.

4.3 Diffusions associated with generalized Dirichlet forms

Following [35], let (E, B, m) be as in Section 2, and consider (A, V) a real valued coercive
closed form on H := L?(E,m), i.e. V) is dense in H and A : V xV — R is a positive definite
bilinear form s.t.

~ 1
- Vis a Hilbert space with inner product A; (u, v) := §(A(u, v)+A(v,u))+ (u, v)gy, u,v € V.
- the weak sector condition |A(u,v)| < KA (u, u)2.A;(v,v)2 holds for some constant K > 0
and all u,v € V.

In particular, A corresponds uniquely to a strongly continuous resolvent U := (U, )as0 Of
contractions on H, with generator (L, D(L)) given by

D(L) :={U,f: feH}
L(Uyf) :==aU,f — f for al f € H.

We are interested in non-sectorial perturbations of L: let (A, D(A,#)) be a linear operator
on H s.t.

- (A, D(A,H)) is the generator of a strongly continuous semigroup of contractions on H,
which can also be restricted to a strongly continuous semigroup on )V, with generator

(A, D(A,V)).

19



Throughout we consider the embedding V < H = H' < V'. Then by [35], Lemma 2.3,
A:D(A,H)NVY — V' is closable on V, and the closure is denoted by (A, F). In particular,
F is a Hilbert space w.r.t. the graph norm |- |% := | - |y, 4+ |A(-)[y». Also, the semigroup
generated by the adjoint (A, D(A, H)) of (A, D(A,H)) on H can be extended to a strongly
continuous semigroup on V'. The corresponding generator on V' denoted by (A, D(A, V")
is the dual of (A, D(A,V)). In particular, F := D(A,V') NV is a Hilbert space w.r.t. the
graph norm | - |§: .= |- |y + |A(-)|y». By [35], Lemma 2.7 we have

(Au,v) = (u,Av) for allu € F,v e F,
so the following bilinear form associated with (A, V) and (A, D(A,H)) is well defined:

£(u,v) A(u,v) = (Au,v) ifue FveV
u,v) = R .
’ A(u,v) — (Av,u) ifueV,veF

and & (u,v) = E(u,v) + a(u,v)y for all @ > 0. By [35], Proposition 3.4 there exist two
resolvent famlhes of continuous linear bijections W, : V' — F and W, :V — F st

(4.9) Ea(Wof,v) = (f,0) = Ealv, Wof) forall f eV ve.

Moreover, by [35], Proposition 3.6 the restrictions of W, (resp. Wa) to H, denoted by G,
(resp. G,) are strongly continuous resolvents of contractions on H, and G, is the adjoint of
G.. We denote by (L*, D(L*)) the infinitezimal generator associated to (Gg)aso on H.

Lemma 4.8. It holds that D(Ly) N D(A,H) C D(L*) and

L™ = Lou + Au for all u € D(Lo) N D(A,H).

Proof in Section 5.3.

Further, it is assumed that E is a Lusin topological space whose Borel o-algebra is
precisely B. Also (£,V) is supposed to be a generalized Dirichlet form, i.e. the resolvent
(Ga)a>o is sub-Markovian, and also that it has associated a cadlag right Markov process
X = (O F, Fi, Xy, 0,P*) on E with lifetime (, in the sense that the resolvent of X can be
extended on L?(E,m) and it coincides with (G4 )as0 there.

Now, as a coroboration of Lemma 4.8 and Theorem 3.6, we can conclude this subsection
with the following:

Corollary 4.9. Let G C E be open and assume that Locy,(G) (see Definition 3.4) holds
with D(L}?) from (ii) replaced by D(Lo) N D(A,H), and L7 from (iii) replaced by Lo + A.
Then X s a diffusion in G m-q.e.

4.4 Diffusions associated with LP-semigroups

Recall that in the case when (P;);>o is the transition function of a right process with
state space £ and m is a subinvariant measure w.r.t. (P)i>o, i€, fE P, fdm < fE fdm for
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all f € pB and t > 0, then (FP):>o induces such a strongly continuous semigroup of sub-
Markovian contractions on LP(E,m). A converse of this statement was obtained in [7], in
particular, it was given an answer to the following question formulated by G. Mokobodzki in
1991 and addressed in [21]: given a semi-Dirichlet form (£, D(E)) on L?*(E,m), can we find
a Lusin topology on E such that B is its Borel o-algebra and (£, D(£)) is quasi-regular with
respect to this topology, thus ensuring the association of a cadlag right (in fact standard)
process?

Now we readdress the problem raised by G. Mokobodzki by updating the required path
regularity of the process as follows: Given a strongly continuous semigroup of sub-Markovian
contractions (P)¢>o on LP(E,m), where (E,B,m) is a o-finite measure space, under which
conditions is it possible to find a topology on E and a right Markov process with continuous
paths (i.e. a diffusion) which corresponds to (P;);>0? It is important to mention here that
we do not assume that the semigroup is quasi-regular in any sense.

To answer this question, let us fix p € [1,00) and (F;)¢>0 a strongly continuous semigroup
of sub-Markovian contractions on LP(E, m), where (E, B) is a Lusin measurable space and m
is a o-finite measure on (F, B). Let (V,)a>0 be the sub-Markovian resolvent of contractions
on LP(E,m) induced by (P,)=0 on LP(E,m), Vo = [~ e Pdt, o > 0. An element u €
L¥ (E,m) is called S-potential provided that aVsi,u < u for all @ > 0. Let Ps be the set of
all B-potentials. It is known that if u, v’ € Pg, u < o/, then there exists Rg(u—u') € Pg, i.e.
the réduite of u — v/, defined by Rg(u —u') = AN{v € Pz : v > u—u'}; here A\ denotes the
infimum in Psz. An element u € Py is called regular if for every sequence (u,), C Pg with
u, /" u we have Rg(u — u,) N\ 0. Recall that by [7], Lemma 3.1, that v € Py is regular if
and only if Rs(u — nV,u) TO; also, if V3 = (Vs4a)a>0 is the resolvent of a right process

and u is a Vg-excessive function, v < oo, and u € LP(E,m), then u is regular if and only if
there exists a continuous additive functional whose potential equals u m-a.e.
Consider the following LP-version of condition (D,,) from Appendix, for g > 0:

(DP ) There exists f, € LP(F,m) strictly positive such that every S-potential dominated by
Vi f, is regular.

Corollary 4.10. Let p € [1,00) and (P;)i>o be a strongly continuous semigroup of sub-
Markovian bounded operators on LP(E,m), where (E,B) is a Lusin measurable space and m
is a o-finite measure on (E,B). Let (L)', D(L})) be the LP-generator of (P;)i>0. Suppose that
condition (DP)) as well as the following version of condition Locy,(G),G = E are satisfied:

LoCy,. There exist a sequence of bounded B-measurable functions (gn)n>1 from LP(E,m) and
(¢n)n>1 C C(R,Ry) such that:

(1) (gn)n>1 separates the set of all positive finite measures on E.

(i) 0 < pp(x) S alpse =: a for all x € R and if for some 3 > 0 we define f, =
k
Vsgn,n > 1, then 0 < f, € L>(m) and

(4.10) C:={ox(Efnt+e)ink>1eceR} CD(L))UV(L?),

for some (hence all) a > 0, where (Vy)q is the resolvent of (P;)i>0, which note that on
L is well defined for all o > 0.
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(111) Lu =0 m-a.e. on [u= 0] for allu € C.

Then there exist a Lusin topological space E, with E C E,, E € B, (the o-algebra of all
Borel subsets of E,), B = B,|g, and a (Borel) right process X with state space E,, which is
a diffusion m,-q.e., such that the transition function of X regarded as a family of operators
on LP(E,,m,), coincides with (Py)¢>o, where m, is the measure on (E,, B,) extending m with
zero on E, \ E.

Proof in Section 5.3.

Remark 4.11. Note that condition (4.10) is slightly different than condition i) from Def-
inition 3.4, in the sense that C is richer in (4.10), in particular it could also contain ele-
ments that are lower bounded by a strictly positive constant, thus not belonging to LP(m) if
m(E) = oo. This is why we are lead to relax the inclusion C C D(L}") toC C D(L}")UVo(L™).

5 Proofs

In this section we collect the proofs of the results presented above, grouping them ac-
cording to the corresponding sections.

5.1 Proofs for Section 2

Proof of Proposition 2.1. By dominated convergence and the right-continuity of X it
follows that lim aU,f = f point-wise on E for all f € C. Hence we can apply [12,
a—r00

Proposition 2.1] and Theorem 6.15 from Appendix to construct a right Markov process
X' = (Q,F,F/,X],0,,P”) on a larger Lusin topological space (E’,7') such that £ C E’ is
B(E’)-measurable and 7'|g C 7, whose resolvent denoted by U’ is an extension of U from E
to E', that is (UL f)|g = Us(f|g) for all @« > 0 and f € bB(E’). Let D be the countable set
of dyadics in [0, 00), and denote by Dg the space of the restrictions to D of all cadlag paths
from [0,00) to E (resp. E'). Also, consider the product E'” endowed with the canonical
o-algebra.

Now, by [19], Chapter IV, pages 91-92 we obtain that Dy is a measurable subset of E’ b
so that we can regard the law P* o (X*)~! on Dy as a probability on E'” supported on Dyg.
But now, because any probability on E'” is determined by its finite dimensional marginals,
we deduce that as laws on E'”,

P o (X*) ' =P (X)) forallz € E.

Therefore, P’ o (X’)~! is also supported on D for all z € E, so under P, z € E, the paths
of X' are restrictions to D of cadlag paths in E w.r.t 7. Since 7'|g C 7, we deduce that
the entire paths of X’ lie in E and are cadlag with respect to 7. This means that the right
process X' can be restricted to E and has cadlag paths there. O

Proof of Proposition 2.3. (i). The proof follows by similar arguments as in [12], Propo-
sition 5.1, (i); see also [20].

(iii). Under the hypothesis we have that the finely open set [v > 0] is U-negligible, hence
empty (cf. Remark 6.12, (i)), where v is the U-excessive function from (i).
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The second part of the statement follows by the first one since, under the assumption,
m([v > 0]) implies that [v > 0] is U-negligible.
(iii). It follows similarly to the proof of (ii), but this time employing Remark 6.12, (ii). O

Proof of Proposition 2.8. Let us prove first the equivalence of the “pointwise” versions
of the assertions. Let G,,,n > 1 be a sequence as in Definition 2.4.
(i) = (ii). If * € G then one can easily verify that P*-a.s. we have inf S} = 0 and

T =Tpg,n > 1, hence (0, ATg\g) C I N[0,().
(ii)) = (i). Let d be a metric on E which generates the topology. By the strong Markov
property, we get for each k,n > 1

0<E"¢ > dX, X )p=E<{ Y dX, X, );8 <o

Sk<s<Tk Sk<s<Tk

=E"QE"E ¢ Y d(X, X)) 318k <o

O<S<TE\G

=0,

where the last equality follows from assumption (ii) and the fact that due to the right
continuity of X, Xg € G,, C G on Sk < 0o P*-a.s. for all # € E. In other words, we
obtained for each &k > 1

P {w: X;—(w) # Xy(w) for some t € (Sk(w), T (w)) N [0,¢(w) # 0} =0,
so assertion (i) follows by the fact that I = |JU (SF(w), TF(w)).
n k

(ii) = (iii). To this end, assume that (ii) holds and recall that the process X" killed
upon leaving G’ := E'\ (E'\ G)", is a right Markov process on G’, so by Proposition 2.3, (i),
the function

ver(z) =P ({w : [0,{ A Tp\g(w)) 3 t — X;(w) is not continuous}), = € G,

is excessive w.r.t. X hence finely continuous on G’. Since G is finely dense in G’ and
because vgr = vg = 0 on G, it follows that v = 0 on G-

Since Tp\¢ = Tr\o P*-a.s. for all x € G, the implication (iii) = (ii) is clear.

Let us now deal with the m-q.e. version of the equivalences:

(i) = (ii). Suppose that N C E is an m-inessential set (w.r.t. ¢) such that (2.1) holds
for all z € E'\ N. Then it follows immediately that N N G is m-inessential w.r.t. Y% on G,
hence this implication is proved.

(ii) = (i). The converse of the above implication is not as trivial as the direct one because
in general it is not true that an m-inessential set w.r.t. ¢ is also an m-inessential set w.r.t.
U. Nevertheless, by Proposition 2.3, the function

G2z vg(z) =P ({w:[0,{c(w)) ot +— X;(w) is not continuous})

is U%-excessive. Now, if (ii) holds then clearly m(jvg < 1]) = 0. Also, since vg is U°-
excessive, the set [vg > 0] is finely open w.r.t. U®. But a subset of G which is finely
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open w.r.t. U% is also finely open w.r.t. to U, hence [vg > 0] is finely open w.r.t. & and
m-negligible. Consequently, by remark 6.12 we have that [vg > 0] is m-polar, hence by the
same remark 6.12 it is contained in an m-inessential set (w.r.t. U).

(i) < (iii). The implication (iii) = (ii) follows immediately since [V > 0] C [vg: > 0].
The converse follows by applying (i) = (ii) with E replaced by G, noticing that in this case
we have I N[0, (c) = (0,Cq). O

Proof of Proposition 2.13. Since U, is strongly continuous on LP(m), so is (P;):>0, and
the generator given by (2.5) can also be described by

D(L})) = {f € LP(E,m) : 12% Ptft_ / exists in Lp(E,m)}
Ly'(f) := lim Pfft_ L for al feDLD).

So, if f € Dy, by taking expectations in (2.4) we have

tAC t
Pf() - f(x) = E* { / Lof(X,) ds}z / PLof(z)ds m-ae.,

hence b .
— 1
L7 f = lim i R 0 PLof ds =Lof in LP(E,m).

t—0 t t—0 ¢

Proof of Lemma 2.14. First of all, note that mf, << m and L(m) C L'(m?), since

/E \f| dme, = /E pUal£1 dm < Lol o Ul fll oy < 00,

where ]lj + 1% =1

To show that m << m#, if m?(A) = 0 then U,14 = 0 m-a.e. for all @ > 0. Therefore,
lim aU,1l4 =14 in LP(m) and m(A) = 0.
a—r 00

Now, if f € D(L}'), there exists g € LP(m) s.t. f = U,g in LP(m), hence by the above
inclusion, the equality holds also in L'(m?). The statement now follows from definition (2.5)

and Proposition 2.12 O

5.2 Proofs for Section 3
Proof of Lemma 3.2. Clearly, Tip\q, < Tg\¢hencesupTr\q, < Tp¢ as. IfsupTpg, (W) <
Tr\¢(w) it means that ((w) < supTp\p, (w) < Tr\¢(w), hence the result follows. O

Proof of Lemma 3.3. Clearly, since (F},),>1 is an m-nest, we get that m([v > 0]) = 0,
so it remains to prove that P*(Tj,~q) = oc0) = 1 for all x € [v = 0], or equivalently, that
B[lv>o] = 0 on [v = 0]. But the last equality is clearly satisfied if R[l'u>0] =0on [v = 0], so

let us prove that this latter property holds. In fact, because [v > 0] = ij[v > 1/k] hence

24



lilgn R[1v>1/k] = R[1U>O}, it is sufficient to prove that R[1v>l/k] =0on [v=0] foral £k > 1. To

: — pl
this end, note that v,, := BE\E

is 1-excessive for every n > 1, hence
R[lv>1/k] = inf{w : wis l-excessive and w > 1 on [v > 1/k]}
< inf kv, =0 on [v = 0],
which completes the proof. O]

Proof of Theorem 3.6. (i). Recall that we set (¢ := ( A Tp\¢. By Corollary 2.9, it is
sufficient (also necessary) to prove that the killed process X¢ is a diffusion m-a.e., that is

P*({w : [0, (c(w)) o t —> X;(w) is continuous}) = 1 m-a.e. on G

We show this in five steps.

Step I. Let (F});>1 be a common m-nest of open (respectively closed sets) for (f,,)n>1 and
set G; .= F;NG,i > 1. By Lemma 3.2 and the remark just above it, we have m-a.e. on GG
that

P {w: X; (w) # X;(w) for some t € (0, {g(w))}
— p* {U{w : X, (w) # X,(w) for some t € (O,TE\Gi(w))}}

i>1

S P* U U U U Qi,n,s,a ’

i>1n>1s€Qy e€Q4
where
Qinse = {fa(Xs) <, f"<XS+T[fnz€1°(’s) >e, X, € G, Tif,>e © 05 < (TE\Gi o0}

Indeed, the equality is clear, and if F; 3 X; (w) # X;(w) € G, for some i, then by condition
Locw(G), (i), there exists n > 1 and € € Q s.t. fo(Xi—(w)) < € < fu(Xi(w)). Since f, is
continuous on each Fj, there exists s € Q s.t. f,(X,(w)) < € and t is the first time when
X.(w) hits [f, > €] (but also [f, > €]) after time s, i.e. t = s+ T{y, > © 05(w), which proves
the assertion.

Step II. By Step I, it is sufficient to prove that for each n > 1, s > 0 and € € R, we have
m-a.e. on G

(51) P ({fa(X0) <& fulXarm,oien) > & Xo € Giy Ty 06: < T, 0 6s} ) = 0.
But by the strong Markov property
P ({Fu(X) < & fo (Xosmyoon.) > & X, € Giy Tipzq 00, < Ting, 004 })
=E* {1[fn<s]ﬁGi (X,) E* {1[fn>s} (X11500) 5 Tifuze < TE\GZ}} ;

hence (5.1) holds if E* {1[fn>€] (X15,50) 3 Tifaze < TE\Gi} = 0 m-a.e. on [f,, < €|NG;, which
is in turn true if

(5.2) Bl squmeny (fn — )t =0meae. on [f, <] NG,
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Step III. Since (f, — )™ = suppi(fn — ) we get
k

B[lfnza]u(E\Gi)(fn —e)f = h]?l B[lfnza]u(E\Gi)SDk(fn —¢€) m-ae.,
hence relation (5.2) is true if for each k > 1

(5.3) B[lfnZE]U(E\Gi)(pk(fn —¢)=0on [f, <e]NG; m-ae.

Step IV. Now we show that (5.3) holds, which completes the proof. Let u := @i (f,—¢) € C
and f € LP(E, m) such that u = U f m-a.e. By condition Locy,(G), (iii), we have

o

f=Lu—u=0 m-ae. on [u=0]NG; (respectively on [u = 0] N G;).

Now, the trick is to choose f*: F — R a measurable version of f such that

o
—

f*=0 pointwise on [u = 0] NG; (respectively on [u = 0] N G;).

Note that U; f* is defined merely m-a.e. and U; f* = v m-a.e., but in order to rigorously be
able to replace u with Uy f* in (5.3), as we plan to do in the sequel, we need the previous
equality to hold m-q.e. To show that this is indeed the case, let v be the function defined
in Lemma 3.3 and consider the sets [U;|f*| = oo] and [v > 0] which are both m-innesential.
Then set

Ey = [U1|f*| < OO] N [U = 0],

so that E'\ Ej is also m-inessential. In particular, Fy is finely open and

- ]P)"T{TE\EO = OO} =1forall x € Eo,
- Px{SUpTEO\Fn Z C} = 1, T € Eo,

- u|g, and U; f*|g, are finely continuous on Fj,

where the second property follows by Lemma 3.3. Therefore, by taking the restriction of X
and U to Ey and since m([|u|g, — (U1 f*)|g,| > 0]) = 0, we can apply Remark 6.12, (ii) on E,
to deduce that that u|g, = (U1 f*)|g, m-q.e. on Ey, and finally, since F'\ Ej is m-innesential,
that

u=Uf" m-qe. on E

Let us generically set A := [f,, > ¢] U (E\ G;). Using first Remark 6.12, (iv) and then the
strong Markov property, we get that for m-a.e. v € Ey NG

Bju(z) = By(Uif*)(w) = E"{e” U f*(Xz,)}

=FE* {e_TAIEXTA {/Ooo et fH(X) dt}} =E* {e_TA /000 e (Xiary) dt}
— Ex{ /0 Ty f(Xeery) dt} — Ex{ /T :o e (Xy) dt}

T
=U,f*(x) — Ez{/o e (X)) dt} =0on [f, <e]NG;,
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because f* = 0 pointiwse on [u = 0]NG; D [f, < €] N G; (respectively on [u = 0] N G; D
[fn < €] NG;). Note that all the above expressions involving f* make sense on Ej.
The second part of assertion (i) follows by Proposition 2.3, (iii).

(ii). Assume now that the killed process X¢ is a diffusion on G m-a.e. Let u € D(L) be
m-q.c. and f: E — R B-measurable s.t. f € L?(E,; m) and u = U; f m-a.e. Clearly,

()

Lu = 0m-a.e. on [u=0]NG := D if and only if f =0 m-a.e. on D.

Let UP denote the resolvent of the killed process upon leaving D, given by (2.2). Now,
as in Step IV, if we set Ey := [Uy|f| < oo] N [v = 0] where v is given by Lemma 3.2 for some
m-nest (F,),>1 attached to u, then u = Uy f m-q.e. on E. Moreover, one can easily observe
that (0,(g) 2 t — u(X;) € R is continuous P*-a.s. m-a.e. = € G, and consequently that
Bg\Du = 0 m-a.ce. on G. Therefore,

UP f(x) = u(z) — B}E\Du(x) = 0 m-a.e. on DN Ej.

Since m(E \ Ey) = 0 the above equality holds m-a.e. on D, and by the resolvent equation it
leads to
UPf =0m-a.e. on D for each a > 0.

On the other hand, we have that lim aUPg = g pointwise on D for every g bounded and
a—r00

continuous on (G. Also, it is easy to see that |U£|Lp(m|D) < |Ual|zr(m) for every a > 0, and by
a density argument it follows that (U),~¢ is strongly continuous on LP(m/|p).

The result now follows since f = lim aU? f = 0, the convergence being in LP(m|p). O
a—o0

Proof of Corollary 3.12. (i) Let x € E and set v, := 0, 0 U,.

By Proposition 2.12, we have that for any o > «g, U, extends to strongly continuous
resolvent on L'(E, v), whose generator is denoted by (Lj*, D(L}*)), as in (2.5). By dominated
convergence, we have that llti_{%@ = Lu in L*(E,v,) for all u € C, hence C C D(L}*)).

Then property (Loc(G)) holds for G with respect to v,. This is true for each € E, hence we
can apply Theorem 3.6 to deduce that X is a diffusion in G U-a.e. Then by Proposition 2.3
(ii) applied for X we deduce that X is a diffusion on G, so the result follows by applying
Proposition 2.8.

To prove (ii), let u € D, (L) N Cy(E) and notice that by Theorem 3.6, (ii), applied for v,
and each z € F, we get that

(o]
_—

Lu=0on [u=0] U-ae.

o

If | Lul is finely lower semi-continuous so that [|Lu| > 0]N[u = 0] is finely open, hence empty
according to Remark 6.12, (i). O

Proof of Corollary 3.13. Let T € E x [0,00) and set vz := 0z o U,,.- By Proposi-
tion 2.12 we have that U,, extends to strongly continuous resolvent on L'(E x [0,00), vz),
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whose generator is denoted by (Li7, D(L]7)), as in (2.5). Now one can easily show that
(A, Doy (A)) C (L7, D(L7)), and from now on the proof continues as for Corollary 3.12,
(i). O

Proof of Proposition 3.14. Since the second part of the proposition can be easily de-
duced from the first part, let us prove only the first statement which regards the existence of
the common nest. To this end, we use again Lemma 6.6 from Appendix to assert that there
exists a Ray topology 7 which is finer than both 7 and 7/, and furthermore, by Theorem 1.5
from [6], there exists an m-nest of T-compact sets (K,),. In particular, (£),), is an m-nest of
closed sets with respect to both 7 and 7/. Also, since F,, is T-compact, 7|z, = T|r, = 7’| £,
for all n > 1. O

5.3 Proofs for Section 4

Proof of Corollary 4.1. First of all, note that by Proposition 2.13 we have that (L}, D(L]"
introduced by (2.5) from Section 2 is a closed extension of (L, D).

Let us show that Locy,(G) holds for G: Because (e,),>1 is total in H, following Remark
3.5, (iv) we can construct (f,),>1 C D such that f, > 0,n > 1 and for each (s,z) #
(t,y) € I x M, there exists n > 1 with f,,(s,x) < f.(t,y); in particular, condition (i) from
Definition 3.4 is satisfied with F,, =1 x M,n > 1.

Let (pr)k>1 € CX(R) such that 0 < ¢i(z) /2,2 € R. Then ¢i(f, — ) € D for all

k

n,k > 1,e € Ry, hence condition (ii) from Definition 3.4 is also verified.

Finally, since Lf = 0 on [f = 0] NG for all f € D, condition (iii) from Definition 3.4 is
satisfied, hence Loc,,(G) holds for G and the statement follows by Theorem 3.6. O

Proof of Corollary 4.2. Let T € I x M, and recall that by Proposition 2.12, U,, is
strongly continuous on L!(dz o Uy,). Since by hypothesis D U L(D) C L'(6z 0 Uy,), W

can apply Corollary 4.1 for m = 6z o Uy, and p = 1 to deduce that X is a diffusion in G
6z 0 Ugg-a.e., hence U-a.e. because T was arbitrarily chosen. Then by Proposition 2.3, (ii)
it follows that the killed process X¢ is a diffusion on G, and by Proposition 2.8 we deduce
that X is a diffusion in G. O

Proof of Lemma 4.4. If F € Dy(L) so that F(u) = (u(f1), -, pu(fn)),n € M(E), and
if we set f(z) := (fi(z), -, fo(x)),z € E, then one can easily get from (4.5) that

F(usa —<D¢ D (), F(@),
F"(u;2) = (D*)( fl) () (), f()

Now, (4.7) follows by employing the definition of LF' (1) and the fact that b, ¢ and the kernel
n are bounded, whilst (4.8) follows from (4.7) and [24, Proposition 2.5]. O

Proof of Corollary 4.5. i) = ii). Let z € E, p € G and ¢ > 0 such that u+ d, € G;
note that such € > 0 exists because GG is open and lirré,u + &6, = p weakly in M(E).
E—
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Further, let 0 < ¢ € C°(R) such that [0,¢] C R\ supp(¢) and consider

Yu(r) = Y(x —p(l)), zeR,
Fu(v) = ¢uv(1), ve M(E).

o

Notice that F), € Do(L) and p+ €6, € [F, = 0]NG.

Now, on the one hand, since X is a diffusion in G, by Lemma 4.4 and Corollary 3.12,
(ii) we get that LF),(u + €d.) = 0. On the other hand, since F}(u + €d.;7) = ¢'(e) = 0 =
Y"(e) = F/(1n +¢ed.;x) for all x € E, one can easily see that

0= LF,(ji+20.) = / / T B+ 26, + ud)n(e, du) (u + 26.)(dx)
> s/ooow(e + u)n(z, du).

Now, varying € and 1, by a monotone class argument we deduce that n(z,-) = 0, and since
z € FE was chosen arbitrarily, the implication is proved.

i1) = 1i11). Taking into account Lemma 4.4, this implication is easily deduced from Corol-
lary 3.12, (i).
The implication i) = #ii) is trivial, so the result is completely proved. ]

Proof of Corollary 4.7. 1f (at)tzg denotes the transition function of X, then similarly to
the proof of Lemma 4.4, we get that (L, Doo(L)) C (L, Da(L)) for o > g, where the former
generator is the one given by (3.5)-(3.6) with V,,(u) := cu(1),n € M(FE), where ¢ > 0 is a
generic constant.

Next, it is easy to see that condition Loc(M(E)) given in Definition 3.11 is satisfied by

choosing (f,)n C EOO(E) with the required separation property, so Corollary 3.12 can be
immediately employed to get the result. O]

Proof of Lemma 4.8. Let D(Ly) > u:=U,f € D(A,H) for some f € H. The statement
follows if we show that

(5.4) Gof =Usf + G, AU, f.
Indeed, if (5.4) holds then u = G,(f — AU, f) € D(L*) and
LM = aGo(f — AULS) = (f — AULSf) = aUsf — f + Au = Lou + Au.
To prove (5.4), note that by (4.9), the rhs of the equality belongs to F, and for all v € V

E(Unf + GoAULf,0) = EXUnf,v) — (AULF,0) + Ea(GoAULf,v)
= <fv U) - <AUocfa v> + <AU0¢f: U)
= (f,v).

The claim follows by the uniqueness of W, (= G, on H) satisfying (4.9). O
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Proof of Corollary 4.10. First of all, notice that by Lemma 2.14 and Proposition 2.12
we may assume without loss of generality that p = 1, m is finite and (P;);~o is a semigroup
of (quasi-)contractions. In particular, C C D(L}).

Using that the resolvent (V,),s0 is strongly continuous on L', as in the proof of Theorem
2.2 from [7] (see also Lemma 2.1), we can construct a set I € B and a resolvent of sub-
Markovian kernels W = (W, )40 on F' such that

-m(E\F)=0
- W, =V, > 0, as operators on LP(E,m)

- The set of £(W;s) all Ws-excessive functions is min-stable, contains the positive con-
stant functions and generates B|p, and for each n > 1, we have f,|r = Wgg!|r —
Wsg,, |r-

Let R be a Ray cone associated with Ws such that k A Wsgt|r € R for all k,n > 1,
and consider the saturation Fy of F' with respect to W;s (see Appendix for details) and
the resolvent of kernels W' = (W1),~o on (Fy,B;), whose restriction to F is W|p and
Wi(lp\p) = 0. We endow F; with the (Ray) topology 7 induced by R = {v:vemR}
where v is the unique Wé—excessive extension of v € R from F' to F). It is a Lusin topology
on F} such that B, is the o-algebra of all Borel sets on E; and W' is the resolvent of a right
process X! with state space Fj, we have Wl =V, for all a > 0, regarded as an equality of
operators on LP(Fy, my), where m; is the measure on (F},B;) extending m|p with zero on
Fi\F.

Because condition (DP)) is in force, it follows by Theorem 3.3 from [7] and Proposition
5.1 from [12] that X has cadlag trajectories, possibly after a trivial modification on an
m-innesential set.

Now we show that process X 1'is a diffusion on F} mi-q.e., by applying Theorem 3.6.
To this end, let f, := Wigt — Wjg, be the extension of f,|p, n,> 1, from F to Fy by T-
c%tir}ility. V\fg claim that condition Loc,, (F1) is satisfied on F}, with the augmegted sequence
{fns|faloo = fu}n>1 instead of (fn)n>1. To this end, we first claim that {f,, |fuleo — faltn>1
separates the points of Fj in the sense of Definition 3.4, (i): Let {,n € E; and assume that
};(C) = }”;(77) for all n > 1. From the above considerations we have ((g,) = Lg(¢, Wsg,) =
};(C) = E(n) = 1(gn) for all n > 1 and we conclude that ¢ = 7, since we assumed that the
sequence (g,)n>1 separates the finite measures on E. Therefore, (f,), separates the points

of Fy. But if f,(¢) < f.(n), then (|ﬁ|oO - ﬁ)(C) > (|};|OO — fn)(n), so the claim is proved.

Next, condition Definition 3.4, (ii) is a consequence of (4.10) from assumption Locy, and
the initial remark that C C D(LY"), whilst Definition 3.4, (iii) is clearly fulfilled. Conse-
quently, X! is a diffusion on F; mi-q.e.

Let E, be the disjoint union of F; and E \ F, endow E \ F with any Lusin topology
having as Borel o-algebra B| p\r, and consider the trivial extension X of X ! from F} to E,;
for details see, e.g., Subsection 3.2 from [12]. Then clearly X has continuous paths m,-q.e.
and the transition function of X, regarded as a family of operators on LP(FE,, m,), coincide

with (P;)¢>0, where m, is the measure on (E,, B,) extending m with zero on E,\ F = Fy\ F.
]
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6 Appendix: Basics on right processes with cadlag tra-
jectories

Excessive functions, natural topologies and right processes. Here we follow mainly
the terminology of [5], and we refer to the classical works [17], [33] and the references therein.
Let (E,B) be a Lusin measurable space. We denote by (b)pB the set of all numerical,
(bounded) positive B-measurable functions on E. Throughout, by U = (U, )a>0 We denote
a resolvent family of (sub-)Markovian kernels on (£, B). If ¢ > 0, we set U, := (Uyta)a>o0-

Definition 6.1. A B-measurable function v : E — Ry is called excessive (w.r.t. U) if
aUyv <w for all a > 0 and sup aU,v = v point-wise; by E(U) we denote the conver cone of

«
all excessive functions w.r.t. U.

Assume that U is the resolvent of a right Markov process X = (X(t), F;, P*) with state
space E, a Lusin topological space. Then a non-negative real valued B-measurable function
v is excessive (w.r.t. U) if and only if (v(X(t)))s=0 is a right continuous F; -supermartingale
w.r.t. P? for all z € F; see e.g. Proposition 1 from [9].

If a B-measurable function w : £ — R, is merely U,-supermedian (i.e. al,,,w < w for
all > 0), then its U,-excessive regularization w € E(U) is defined as w := sup Uy ,w.

(H) Throughout this paragraph we assume that £(U,) is min-stable, contains the constant
functions, and generates B for one (hence all) g > 0.

Recall that (H) is necessary (yet not sufficient) for U to be associated to a right process,
as defined below; a practical way to check this condition for a given resolvent of kernels is
given in e.g. [12], page 846, and it is similar to (Hg) from the beginning of Section 2.

Definition 6.2. (i) The fine topology on E (associated with U) is the coarsest topology
on E such that every U,-excessive function is continuous for some (hence all) ¢ > 0.

(i1) A topology T on E is called natural if it is a Lusin topology (i.e. (E,T) is homeomorphic
to a Borel subset of a compact metrizable space) which is coarser than the fine topology,
and whose Borel o-algebra is B.

Remark 6.3. The necessity of considering natural topologies comes from the fact that, in
general, the fine topology is neither metrizable, nor countably generated.

There is a convenient class of natural topologies to work with (as we do in Section 2),
especially when the aim is to construct a right process associated to U (see Definition 6.7).
These topologies are called Ray topologies, and are defined as follows.

Definition 6.4. (i) If ¢ > 0 then a Ray cone associated with Uy is a cone R of bounded
U,-excessive functions which is separable in the supremum norm, min-stable, contains
the constant function 1, generates B, and such that U,((R — R)y) C R for all a > 0.

(ii) A Ray topology on E is a topology generated by a Ray cone.

Remark 6.5. (i) Clearly, any Ray topology is a natural topology.
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(i) By e.g. [12], Proposition 2.2, a Ray cone always exists (its existence is in fact equivalent
with the wvalidity of (H)) and may be constructed as follows: start with a countable
subset Ay C pB which separates the points of E, and define inductively

Ro = Uq(Ao) U Q+
R 1= Qs - R U (Y _Ra) U(AR) U (| Ua(Rn) UU((Ra = Ra)s),
f !

acQ4
where by Y R, resp. N\ R, we denote the space of all finite sums (resp. infima) of
f f
elements from R,,. Then, a Ray cone R is obtained by taking the closure of | J R, w.r.t.

the supremum norm.
The set of all natural topologies has the following remarkable structure:

Lemma 6.6. For any two natural topologies T and 7' there exists a Ray (hence natural)
topology which is finer than both 7 and 7'.

Proof. By Proposition 2.1 from [6] if a natural topology is given then there exists a Ray
topology which is finer than it. Therefore, we may assume that 7 and 7" are Ray topologies
induced by the Ray cones R and R’ respectively and we may construct a Ray cone such that
its closure in the supremum norm includes both R and R'. O

Let now X = (Q, F, F, X(t),0(t),P*) be a normal Markov process with state space E,
shift operators 0(t) : 2 — Q, t > 0, and lifetime (. Let U be the resolvent of X, i.e. for all
febBand a>0

Udf(z) = Ex{ /Ooo e‘atf(X(t))dt}, v € E.

To each probability measure p on (F, B) we associate the probability
() = [ () p(da)
for all A € F, and we consider the following enlarged filtration
F, = ﬂ]—"t”, F = ﬂ]:“,
p 1

where F* is the completion of F under P*, and F}* is the completion of F; in F* w.r.t. P#;
in particular, (x, A) — P*(A) is assumed to be a kernel from (E,B") to (£, F), where B"
denotes the g-algebra of all universally measurable subsets of E.

Definition 6.7. The Markov process X is called right (Markov) process if the following
additional hypotheses are satisfied:

(1) The filtration (Fi)i>o is right continuous and F; = };,t > 0.

(11) For one (hence all) ¢ > 0 and for each f € E(U,) the process f(X) has right continuous
paths P*-a.s. for all x € E.
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(i1i) There exists a natural topology on E with respect to which the paths of X are P*-a.s.
right continuous for all x € E.

We would like to make the following convention: Whenever the space E is given along with
a Lusin topology T and there is no risk of confusion, by saying that X is a right process we
implicitly assume that X has P*-a.s. T-right continuous paths for all x € E.

According to [17], Chapter II, Theorem 4.8, or [33], Proposition 10.8 and Exercise 10.18,
Definition 6.7 leads to a key probabilistic understanding of the fine topology, namely:

Theorem 6.8. If X is a right process, then an universally B-measurable function f is finely
continuous if and only if (f(X(t)))t>0 has P*-a.s. right continuous paths for all x € E. In
particular, X has a.s. right continuous paths w.r.t. any natural topology on E

Definition 6.9. If u € £(U,) and A € B, then the g-order reduced function of u on A is
given by
Rfu =inf{v e EU,) : v>u on A}.

R;‘u is merely supermedian w.r.t. Uy, and we denote by Bun = R;;‘u its excessive reqular-
ization, called the balayage of u on A.

The following fundamental identification due to G.A. Hunt holds (see e.g. [19]):

Theorem 6.10. If X is a right process and q > 0, then for all u € E(U,) and A € B
B(‘;‘u = Ex{e*qTAu(X(TA))},

where Ty :=inf{t > 0: X(t) € A}.

It is well known that T4 is a stopping time and that B,’;‘u is universally measurable for
all A € B and u € bB; see [17] or [33].
Notions of ”small” sets.
Definition 6.11. Let m be a o-finite measure on E.

(1) A set A € B is called

- “U-negligible” if Uy(14) = 0 for one (hence all) g > 0.
- “polar” if P*(Ty < 00) =0 forx € E.
“m-polar” if P*(Ty < 0c0) =0 for all x € E m-a.e.

- “ me-inessential” provided that it is m-negligible and P*(T4 < oo) = 0 for all
re B\ A

(i) A property is said to hold m-quasi-everywhere (resp. U-a.e.), if there exists an m-
inessential (resp. a U-negligible) set N s.t. the property holds for all x € E\ N; on
short, we write m-q.e. instead of m-quasi-everywhere.

Remark 6.12. For the reader convenience, let us recall several potential theoretic facts.
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(1) If A € B is finely open and U-negligible, then A = ().

(ii) If m is a o-finite measure on E s.t. m(A) = 0 implies U;(14) = 0 m-a.e. for all
A € B, then any finely open and m-negligible set A € B is m-polar.

(111) Any m-inessential set is m-polar; conversely, it is known that any set which is m-polar
and m-negligible is the subset of an m-inessential set.

(iv) If u € bB and v is B-measurable s.t. v =u q.e., then B{*v is well defined and equal to
Bi'u m-a.e.

Cadlag paths in different topologies. As far as we know, the stability of the right
continuity of the paths under the change of the (natural) topology ensured by Theorem 6.8
can not be simply extended for left limits, without further conditions. To present such a
condition, we adopt an LP-framework, so let m be a o-finite measure on E such that the
resolvent U of X is strongly continuous on LP(m) for some 1 < p < o0.

Let us recall that an g-excessive function s is called regular if for every sequence of g-
excessive functions u, /‘u it holds that R,(u — uy) \O where R, is the reduction operator

of level ¢ > 0. A ¢- excesswe function s is called m- regular if it has an m-version which is
regular; see [4] and [6] for more details.
Consider the following domination hypothesis:

(D). There exists 0 < fy € bB(E) such that for some ¢ > 0 every g-excessive function v
dominated by U, fy is m-regular.

The role of condition (D,y,) is expressed by the following fact which is a consequence of
the results from [6].

Proposition 6.13. If X is a right process and (Dy,) holds then X has P*-a.s. cadlag
trajectories in E on [0,() for all z € E m-q.e., with respect to all natural topologies.

Proof. Let T be an arbitrary natural topology on E. By Lemma 6.6 from Appendix, we may
replace 7 with a finer Ray topology on E. Now, with condition (D,,) in force, Theorems
1.5 and 1.3 from [6] entail that X has cadlag trajectories in F on [0, () with respect to T,
P™-a.e. Now, by the proof of Proposition 5.1 from [12] we have that the function

Esz—P(weQ:t— Xi(w)is not cadlag with respect to 1)

is excessive, hence [v > 0] is finely open. Also, the above discussion leads to m([v > 0]) = 0,
hence by Remark 6.12 we get that [v > 0] is contained in an m-inessential set. In other
words, X has cadlag trajectories with respect to 7, P*-a.s. for all x € E m-q.e. O]

Existence of a right process with a given resolvent /. Without further conditions,
the assumption (H) from the beginning of this section, although necessary, is not sufficient
to ensure the existence of a right process associated with U, but there is always a larger
space on which such a process exists, and let us briefly recall its construction.

We denote by Exc(U,) the set of all U,-excessive measures: & € Exc(U,) if and only if £
is a o-finite measure on E and § o alUyo < € for all a > 0.
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Definition 6.14. Let g > 0.

(i) The energy functional associated with U, is L : Exc(U,) x EU,) — Ry given by
Li(& v) :=sup{p(v) : pis a o- finite measure, po U, < &}

(11) The saturation of E (with respect to U,) is the set Ey of all extreme points of the set
{¢{ € BExc(U,) : L1E 1) =1},

The map E 3 x +— §,0U, € Exc(U,) is an embedding of E into E; and every U,-excessive
function v has an extension v to Fj, defined as v(§) := L(&,v). The set F; is endowed with
the o-algebra B; generated by the family {v: v € £(U,)}. In addition, as in [7], sections
1.1 and 1.2, there exists a unique resolvent of kernels U = (U}),=¢ on (E4, By) which is an
extension of U in the sense that U, (1g,\g) = 0 and (U, f)|g = Ua(f|E) for all f € bB;,a > 0,
and it satisfies the assumption (H) from the beginning of this section; more precisely, it is
given by

(6.1) ULF(€) = LYE, Ualf|p)) for all f € bpBy,€ € Ey,a > 0.

Notice that (Ej,B;) is a Lusin measurable space, the map x — §, o U, identifies E with a
subset of £y, E € By and B = B |g.

We end this section with the following key result, according to (2.3) from [12], sections
1.7 and 1.8 in [5], Theorem 1.3 from [7], and section 3 in [8]:

Theorem 6.15. Suppose that assumption (H) from the beginning of this section is satisfied.
Then there exists a right process on the saturation (Ey,By), associated with U'. Moreover,
the following assertions are equivalent:

(i) There exists a right process on E associated with U.

(ii) The set Ey \ E is polar (w.r.t. Uy ).
Existence of a right process with cadlag trajectories associated with the resolvent
U. We end this section by recalling a general result that guarantees the existence of a right

process with cadlag trajectories associated to a given sub-Markovian resolvent of kernels
U = (Uy)a>o on a general Lusin measurable space (E, B).

(Hypothesis). Assume that C C bB such that

(H1) C is a vector lattice, 1 € C.

(H2) There exists a countable subset of C, which separates the points of E.
(H3) U,(C) C C for all a > 0.
(H4)

H4 hm aU, f = f pointwise on E.

(H5) There exists a B-measurable function v € £(U,) for some ¢ > 0 such that v < oo

and [v < n|,n > 1, is 7(C)-compact, n > 1, is 7(C)-compact; here 7(C) denotes the
topology on E generated by C.
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Theorem 6.16. If (H1)-(H5) hold, then there exists a cadlag right process X on E, endowed
with the topology T(C), with resolvent U.

Proof. By Proposition 2.2 from [12] there exists a Ray cone R such that the Ray topology
generated by R is smaller than 7(C). Let K, = [v < n], n > 1. It is an increasing sequence
of 7(C)-compact and by Theorem 6.10 if follows that lim,, 7;, = 400 P*-a.s. for every x € E,
where T, := inf{t > 0: X(¢t) € F'\ K,}. Notice that the Ray topology and 7(C) coincide on
each compact set K,. Applying Lemma 3.5 from [8] and Theorem 6.15 it follows that there
exists a right process X with state space E and U as associated resolvent. By Theorem 1.3
from [6] we conclude now that X has cadlag trajectories in the topology 7(C). O]

Remark 6.17. Results related to the domination hypothesis (Dy,) and to hypothesis (H5)
may be found in [14] and [13], in terms of the tightness property for the associated capacities;
see also [29].
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