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OPERATOR SEMIGROUPS IN THE MIXED TOPOLOGY AND THE
INFINITESIMAL DESCRIPTION OF MARKOV PROCESSES

BEN GOLDYS, MAX NENDEL AND MICHAEL ROCKNER

ABSTRACT. We define a class of not necessarily linear Co-semigroups (P;):>0 on Cp(E) (more
1

generally, on Cy(E) := -Cy(E), for some growth bounding continuous function x) equipped
with the mixed topology 7i% for a large class of topological state spaces E. In the linear case
we prove that such (P;)¢>0 can be characterized as integral operators given by measure kernels
satisfying certain properties. We prove that the strong and weak infinitesimal generators of
such Cp-semigroups coincide. As a main result we prove that transition semigroups of Markov
processes are Co-semigroups on (Cy(E), 7i%), if they leave Cy(FE) invariant and they are
jointly weakly continuous in space and time. In particular, they are infinitesimally generated
by their generator (L, D(L)) and thus reconstructable through an Euler formula from their
strong derivative at zero in (Cy(E),7i%). This solves a long standing open problem on
Markov processes. Our results apply to a large number of Markov processes given as the laws
of solutions to SDEs and SPDEs, including the stochastic 2D Navier-Stokes equations and
the stochastic fast and slow diffusion porous media equations. Furthermore, we introduce the
notion of a Markov core operator (Lo, D(Lo)) for the above generators (L, D(L)) and prove
that uniqueness of the Fokker-Planck-Kolmogorov equations corresponding to (Lo, D(Lo)) for
all Dirac initial conditions implies that (Lo, D(Lo)) is a Markov core operator for (L, D(L)).
As a consequence we can identify the Kolmogorov operator of a large number of SDEs on finite
and infinite dimensional state spaces as Markov core operators for the infinitesimal generators
of the Cp-semigroups on (C,@(E‘)7 el ) given by their transition semigroups. Furthermore, if
each P; is merely convex, we prove that (P;):>0 gives rise to viscosity solutions to the Cauchy
problem of its associated (non linear) infinitesimal generators. We also show that value
functions of optimal control problems, both, in finite and infinite dimensions are particular

instances of convex Cp-semigroups on (CK (E), 7',;/”)
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1. INTRODUCTION

This paper addresses a longstanding open problem in the theory of Markov processes.
The literature on Markov processes is huge. We here only refer to a selection from pio-
neering and/or fundamental books on the subject and to the references therein, as, e.g.,
[3][4]]23][28][32][35][39][48][63][66][67][69]. Let us briefly recall the definition of a Markov
process: Let (E,B) be a measurable space and, for each = € E, let (Q,F, (Ft)t>0,Pz) be
a filtered probability space and X (t): Q@ — E JF;/B-measurable maps, ¢ > 0, such that
P,[X(0) = z] = 1. Then the tuple M := (Q, F, (F¢)e>0, (X (t))t>0, (Pz)zecr) is called a (time-
homogeneous) Markov process with state space E, if it satisfies the Markov property, i.e., for
alz e E,A e B,t,s >0,

(1.1) Po[X (s +t) € A|F,] = Pxo[X(1) € A] P,-as.,

where P,[ - |Fs] denotes the conditional probability of P, given Fs. Its corresponding tran-
sition semigroup of probability kernels is defined by the time marginal laws of P, under
X(t),t >0, ie.,

(1.2) pi(z, dy) = (Py o X(t) V) (dy), z € E,t>0.

Usually, one also assumes some path regularity on X(¢),t > 0, by considering topological
state spaces E together with the corresponding Borel o-algebra B := B(E) and assuming
that, for all z € E, the map [0,00) > t+— X(t) € FE is right-continuous P,-a.s.. Define for
f: E — R, bounded, B-measurable,

(1.3) Pf(z) = /E F(0) il dy) = Bo[ (X (1)), x€ E,t>0,
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where E, denotes the expectation with respect to P,. Then the Markov property (1.1) implies
the semigroup property

(1.4) Pisf(x) =P (Ps f)(x), z€Et,s>0.

A common very natural assumption, which is fulfilled in many situations (in particular,
where P, z € E, are the laws of the solutions of a stochastic differential equation (SDE) with
respective initial data z € E and where E is, say a Banach space or just R?) is the so-called
Feller property, i.e.,

(1.5) P feCyE), if feCy(E), t>0.

Here C(E) denotes the set of all bounded real-valued continuous functions on E. Let P(E)
denote the set of all probability measures an (£, B(E)). Then (1.5) means:

(1.6) E >z — pi(x,dy) € P(E) is continuous in the weak topology
on P(E) for all t > 0.

By the assumed right continuity of sample paths and by (1.5) we also have

(1.7) [0,00) 5t — pi(x,dy) € P(E) is right continuous in the weak topology on
P(E) forall z € E.

It is well-known that, if we consider Cp(F) with its supremum norm || - ||, then ¢ — P f
is (in general) not continuous at ¢ = 0 for all f € Cy(E), i.e., (P)s>ois not a Cp-semigroup on

(Co(E); [| - floo)-

If E is metric space, then the next natural choice is the space UCy(F) of bounded uniformly
continuous functions which, when endowed with the the norm || - ||, is a closed subspace
of Cy(FE). It turns out that the gain is very limited. It can be shown that if E is a sep-
arable Hilberts space and (F%),~, is a transiton semigroup of an E-valued Wiener process
that (P),sq is a Co-semigroup on UCy(E), see Proposition 3.5.1 in [17]. This result can be
easily extended to a general Lévy process. However, the transition semigroup of an Ornstein-
Uhlenbeck process in E = R, while it turns out to leave the space UCy(R) invariant, is not
strongly continuous there, see Example 6.1 in [14] and Theorem 2.1 in [70]. The latter result
also implies that the transition semigroup of a general Ornstein-Uhlenbeck process with non-
zero drift is never strongly continuous on Cy(FE).

Hence the theory of Cp-semigroups on Banach spaces (see e.g. [56], [25]) does not apply.
If it did, P;,t > 0, would be uniquely determined by its derivative at t = 0, i.e.,

d 1
(1.8) Lf:= @rtzoptf = llo — }g% E(Ptf - f), [feD),

which defines a linear operator L: D(L) C Cy(E) — Cy(E) with D(L) being the set of all
f € Cy(E) for which the limit in (1.8) exists. In this case P;,t > 0, can be recalculated from
the operator (L, D(L)), called infinitesimal generator of (P;)i>o, through Euler’s formula.
But as said, this is in general not possible on (Cy(E), || - [|o0)-

A way out of this, which only works if F is locally compact (hence excludes, e.g., that F is
an infinite dimensional Banach space, which in turn are the typical state spaces for solutions
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X(t),t > 0, to stochastic partial differential equations (SPDEs) or measure-valued Markov
processes) is to replace (1.5) by

(1.9) Pf e Cx(E), if f € Co(E), t >0,

where Coo(E) denotes the subset of all elements in Cy(FE) which vanish at infinity. (P;)¢>o,
satisfying (1.9) are called Feller semigroups in the literature, which sometimes leads to con-
fusion, since the much weaker property (1.5) is usually called Feller property and the latter
makes sense on general topological spaces (see, e.g., [59]). But, if E is locally compact and
(1.9) holds, there are a large number of examples, for which (P;);>0 is a Cp-semigroup on
(Co(E), || - |loo) and thus uniquely determined by and reconstructable from its infinitesimal
generator (L, D(L)), i.e., from its strong derivative at zero (see e.g. [25]). This is usually
expressed by the symbolic writing P, = ¢/*,¢ > 0. On the other hand, condition (1.9) is very
strong and in general, of course, not fulfilled, even if E = R%,

Another approach is to avoid the Cp- (i.e., strong continuity) property and associate to
(P;)t>0 an operator (L, D(L)), also called generator of (P;)¢>0, which is obtained by inverting
the resolvent of (P;);>0, which in turn is given by the Laplace transform of (P;);>¢ (see, e.g.,
[59]). But this definition of generator uses the whole semigroup (P;);>0 and is thus definitely
not an infinitesimal generator of (P;)¢>o.

Finally, another way out is to replace Cy(E) by an LP(E, u)-space, p € [1,00), for some
suitable reference measure p on (E,B(E)) (e.g., an invariant measure for (FP;):>0). Then
(P)t>0 extends to a Cp-semigroup on LP(E, u), which has a true infinitesimal generator
there (see, e.g., [61] and , [8, Section 4]] and also [35] for symmetrizing measures p). Clearly,
a symmetrizing or invariant measure does not exist in general for (P;)¢>0. In [62, Proposition
2.4], however, it was proved that a natural reference measure p always exists so that the
transition semigroup (P;)s>0 of a Markov process M as above extends to a Cp-semigroup on
LP(E, ). But this measure p again is contructed through the resolvent of (P;)¢>0, hence
again uses the whole semigroup (P;)¢>0. So, the infinitesimal generator of (P;):>0, extended
to a Cp-semigroup on LP(FE, u), is not really ”infinitesimal”. In addition, the analysis of this
extension of (P;);>0, depends on the measure p and statements can always be only made
p-a.e., and the measure p is in no sense unique.

So, concluding it can be said that it has been an open problem whether the transition
semigroup of a general Markov process M as above, which has the Feller property (1.5), is
infinitesimally generated by its strong derivative at zero in a ”suitable” topology on Cy(FE).

The first main contribution of this paper concerning the above open problem is to prove that
such a ”suitable” topology is the well-known mixed topology Ti//l on Cy(E), i.e., the strongest
locally convex topology on Cp(E) which on || - [[s-bounded subsets of C(E) coincides with
the topology of uniform convergence on compact subsets of E (see Section 2 and Appendix A
for details), provided (P;):>0, satisfies the following very general condition (cf. (1.6) and (1.7)
above):

(1.10) [0,00) X K > (t,z) — pi(x,dy) € P(E) is continuous in the weak topology on
P(FE) for all compact K C E
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(see Theorem 3.3 and Proposition 3.6 below). In fact, this is true for very general state spaces
E (see Hypothesis 2.1 below). So, in such a very general case the transition semigroup of
a Markov process with right continuous sample paths is uniquely determined by its strong
derivative at zero with respect to the mixed topology Ti//[ on Cp(FE) and can be reconstructed
through an Euler formula (see Proposition 5.2 (f)).

We would like to mention here that for a special class of stochastic evolution equations on
a Hilbert space, similar to those in Section 4.2 below (see the fundamental book [18] for the
general theory) the strong continuity of the transition semigroups of their solutions at ¢ = 0
in the mixed topology was first proved in [37] (and the reference therein, in particular [15]).
The latter paper was a strong motivation for proving the much more general result above and
for developing the corresponding general theory in the present paper. The necessity to relax
the norm topology on Cy(E) has been well known in the SPDE community and the prob-
lem was approached using many ad-hoc constructions, see for example [14, 15, 17, 59]. In
the aforementioned works no underlying topology making the semigroups of interest strongly
continuous was identified.

Let us summarize the single sections of this paper and at the same time present our further
main results.

Section 2 contains our setup and necessary definitions, in particular, those concerning the

mixed topology. We generalize the situation above by replacing Cy(E) by Cy(E) := 1 - Cy(E)
with corresponding weighted supremum norm || - ||, where k: E — (0,00) is a continuous

function, and consider the mixed topology 7:# on C,(E).

In Section 3 we introduce a general class of Cp-semigroups of operators (P;);>0 on
(Cw(E), ") (see Definition 3.1). In case these P; are linear, we prove that the semigroup
can be represented by a semigroup of measure kernels with certain properties and that any

such gives rise to a (linear) Co-semigroup on (Cy(E), 7:%) (see Theorem 3.3), which is another

VR
main result of this paper. The main underlying fact, why this works, is the well-known result
that the topological dual of (Cy(FE),7i#) coincides with the set My (E) of all signed Radon
measures on (E, B(E)) (see Appendix A for references and a simple proof in Remark A.10

based on the Daniell-Stone Theorem).

Section 4 is devoted to examples on finite and infinite dimensional state spaces. We start
with transition semigroups coming from a large class of SDEs on Hilbert spaces H (taking
the role of F), including, e.g., the 2D-stochastic Navier-Stokes equations as well as stochastic
(fast and slow diffusion) porous media equations (see Section 4.1). Here we consider both
the norm topology on H and (in Section 4.2) also the bw-topology on H. Furthermore,
we look at a class of SPDEs with Levy noise on Banach spaces F, more precisely SDEs
of Ornstein-Uhlenbeck (O-U) type, but driven by Levy noise (see equation (4.18)). Their
corresponding transition semigroups, called generalized Mehler semigroups, also turn out to
be Co-semigroups on (Cy(E),7i#) both when E is considered with the norm topology (see
Section 4.3) and, provided FE is reflexive, also with the bw-topology (see Section 4.4). The
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interesting feature of the bw-topology is that in this case Cy(F) consists of all bounded se-
quentially weakly continuous functions on E.

In Section 5.1 we define the strong and weak infinitesimal generator (L,D(L)) of a Cp-
semigroup on (Cy(E), %) and prove that they coincide (see Theorem 5.5). Furthermore,
we show that the usual ”invariance condition” for identifying cores for (L, D(L)) also holds
in this case (see Proposition 5.3). We introduce the notions of core operators and Markov
core operators for (L, D(L)) (see Definition 5.7). Subsequently, we prove that a sufficient
condition for being a Markov core operator (Lo, D(Lg)) for (L, D(L)) is, that the Fokker-
Planck-Kolmogorov equation for (Lg, D(Ly)) has a unique solution for all Dirac measures
0z, € F (see Theorem 5.9). This is another main result of this paper, which is illustrated by
a number of applications, where we identify the Kolmogorov operator of a large class of SDEs
on R? (see Section 5.2) or on a Hilbert space H (see Section 5.4) as a Markov core operator for
the infinitesimal generator (L, D(L)) of the Cyp-semigroup on (Cy(R%), 7:#) and (Cx(H),77),
respectively, given by the transition semigroup of the SDE’s solutions. Furthermore, in Sec-
tion 5.3 using results from [47], we identify the Kolmogorov operator of SDE (4.18), i.e., the
SDE for the O-U-process with Levy noise on a Hilbert space E, which is a pseudo-differential
operator (see equation (5.30)), as a core operator for the generator (L, D(L)) of the corre-
sponding generalized Mehler semigroup on (Cy(E), 7i#). These results in Sections 5.1 - 5.3
constitute the fourth main contribution of this paper.

In Section 6 we consider the case where the Cop-semigroup (P;);>0 on (Cx(FE), 77) consists
of convex operators. In this case we prove that (P;);>0, gives rise to viscosity solutions (see
Definition 6.1) to the Cauchy problem of its associated infinitesimal generator. Moreover,
we show that every convex Markov Cy-semigroup on (Cy(E), ;%) gives rise to a notion of
a nonlinear Markov process under a convex expectation. This provides an analytic counter-
part to the recent investigations of G-expectations and nonlinear Markov processes, see [57].
The latter appear in the context of financial modeling in terms of a Brownian motion under
volatility uncertainty. Generalizations to uncertainty in the generators of Levy processes and
a class of Feller processes have been made in [53], [42], [20], [52]. In this context and, more
generally, in Mathematical Finance, the so-called continuity from above on Cy(F) of related
risk measures plays an important role. The main results of this section are formulated in
Theorems 6.2 and 6.4.

Section 7 contains examples from stochastic optimal control as applications of the result
in Section 6, both on finite (Section 7.1) and infinite dimensional (Section 7.2) state spaces.

2. BASIC DEFINITIONS AND SETUP

In this section we recall basic definitions and some properties of the so called mixed topology
on a space of continuous functions ¢: E — R. A very general definition of this topology was
introduced in [72] and, in the special case of the space of bounded continuous functions defined
on a completely regular topological space F, it was studied in topological measure theory as
one of the strict topologies, see [71]. In this paper we restrict our attention to a special class
of completely regular topological spaces E, but many results presented in this section, when
appropriately reformulated, hold for larger classes of spaces, or even for every completely
regular Hausdorff topological space.
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The following hypothesis about the space E is assumed to hold throughout the paper and
will not be enunciated again.

Hypothesis 2.1. The space E is a completely reqular Hausdorff topological space, such that

(1) compact subsets of E are metrizable,

(2) the Borel o-algebra B(E) is identical with the Baire o-algebra Ba(E).

(3) a function ¢ : E — R is continuous if and only if ¢ is continuous on every compact
subset of E.

Remark 2.2.

a) Topological spaces that satisfy condition (3) are known as k- or kgr-spaces, see [38]
or [71].

b) Polish spaces satisfy all three conditions of Hypothesis 2.1.

c) Let E = F* be the dual of a separable Banach space F' endowed with its weak* topol-
ogy. Then, F is a Hausdorff topological vector space and thus completely regular, see
[38, Theorem 2.9.2]. We say that a set B C F is bw-closed if its intersection with every
weak*-compact set is weak*-closed. The corresponding topology is completely regu-
lar, and is known as the bw-topology, [22, pages 427-428] or [51, Section 2.7]. Clearly,
the bw-topology coincides with the weak*-topology on every weak*-compact set, and
therefore weak*-compactness is equivalent to bw-compactness. As a consequence, any
function £ — R that is continuous on all weak*-compacts of ¥ endowed with the weak*
topology is continuous on E endowed with the bw-topology. In fact, the bw-continuous
functions are precisely the sequentially weak*-continuous functions. Thus, part (3) of
Hypothesis 2.1 holds. Let us recall that a dual of an infinite-dimensional Banach space
endowed with its weak* topology is never a k¢-space, see [54, Theorem 5.1] and [36,
Corollary 1.14]. By [24, Theorem 2.3], # (E,o (E,F)) = Ba(E,o (E, F)), and since
E is the countable union of weak*-compacts, we have Z (E,o (E,F)) = £ (E,bw).
Hence, # (E,bw) = Ba(E,bw) and thus (2) of Hypothesis 2.1 holds. Since balls in
E equipped with the weak*-topology are metrizable, and weak*-compacts are norm-
bounded, (1) of Hypothesis 2.1 also holds. In particular, every separable reflexive
Banach space endowed with the bw-topology satisifies Hypothesis 2.1.

Throughout, we consider a continuous weight function x: E — (0,00), and Ck(FE) denotes
the space of continuous functions ¢: £ — R with

llollx = sup [r(z)p ()] < oo.
zeE

If kK = 1, we use the notation Cy,(F) instead of C1(E).
On C,(E), we consider various topologies. One of them is the norm topology 7. w.r.t.
| - |l For any compact set C' C E, we define the seminorm

pH,C(SD) = Sug ‘/ﬁ?(.’lf)(p(m)’ ) for P e CH(E)7
S

and we denote the locally convex topology on Cy(FE) generated by the family of seminorms
{pr,c: C compact} by Tff . Note that, by virtue of our assumptions on the weight function &,
the topology T,Cf coincides with the topology Tf of uniform convergence on compact subsets
of E, which is generated by the family of seminorms pc(¢) = sup,cc |¢(2)], for ¢ € Ci(E).

We continue with the definition of the mixed topology, which is fundamental for everything
that follows. For an arbitrary sequence (C),) of compact subsets of E and a sequence (a,,) of
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positive numbers with lim,,_,, a,, = 0, we define the seminorm

Pr(C)(an) (#) = SUD (anpr.c, (9)) = sup sup (ans(z)lp(z)|).
neN neNzeCy,

Definition 2.3. The locally convez topology on Cy(E), defined by the family of seminorms
{Pr(Cu) (an): Cn C E compact, 0 < an, — 0},
is called the mixed topology, and is denoted by T,;//”/

In the language of topological measure theory, 7',;/// belongs to the class of strict topologies,
see [71]. By definition,
7' C 7' C 7'

For the reader’s convenience, we collect some basic properties of the mixed topology in the
Appendices A and B. For a more detailed discussion of mixed (or strict) topologies, we refer
to [71] and [72].

We now introduce the dual objects of Cy(FE). Let My(E) denote the space of all signed
Radon measures pu: Z(E) — R with |u|(E) < oo, where |u| stands for the total variation
measure of u. Recall that, under Hypothesis 2.1, every Baire measure is Borel, and that a
Borel measure p: B(E) — R with |u|(E) < oo is Radon! if, for every Borel set B and every
g > 0, there exists a compact set C. C B such that

1l (B\C.) < 2
A family F C M,(F) is said to be tight if, for every € > 0, there exists a compact C. C F
such that

ilelp lul(E\ Ce) <

We denote the space of all Radon measures p on (E, #(FE)) with
Iul dfc

by M.(E). That is, M(F) = kK - Mb . Let MF(F) be the subset of all nonnegative
measures in M, (F). If p € M,(FE), then the mapping

Cu(E)> pr— / @du is norm-continuous.
E

Throughout, we endow M, (E) with the narrow topology, i.e., the weakest topology such that,
for every ¢ € Cx(F), the mapping

M.(E)> p— / @dp is continuous.
E

By Theorem A.9, the space M, (E) endowed with the narrow topology is the topological dual
of (C’,Q(E),T{/).
In what follows, we consider (nonlinear) operators on Cy(E), i.e., Cx(E) — Ck(FE). We say

that an operator T' on Cy(FE) is norm-bounded if

sup [Tl < oo
vEB

1n some papers in topological measure theory this is called a tight measure.



OPERATOR SEMIGROUPS IN MIXED TOPOLOGIES 9

for all norm-bounded sets B C Ci(E), i.e., sup,ecp ¢|lx < co. An operator on Cy(E) is
called 7‘,{/ -continuous if it is continuous for the mixed topology 7',_{// . In the Appendix B, we

characterize norm-bounded linear operators T' on Cy(E) that are 7;-continuous.

3. STRONGLY CONTINUOUS SEMIGROUPS ON SPACES OF CONTINUOUS FUNCTIONS WITH
MIXED TOPOLOGY

In this section, we introduce the notion of strongly continuous and locally equicontinuous
semigroups on (C’,{(E ), 74 ), which we will refer to as Cyp-semigroups. The following definition
is a straightforward generalisation of the definition of strongly continuous and equicontinuous
semigroups of linear operators on locally convex spaces given in [73].

Definition 3.1. A family of (possibly nonlinear) operators P = (P;)i>0 on Ck(E) is called a
semigroup on Cx(E) if

(i) Pop = ¢ for all p € Cx(E),
(i1) PsPrp = Psiyp for all s,t >0 and ¢ € Cy(E).

The family P is called a Cy-semigroup on (CE(E),T%) if it additionally satisfies:

(iii) The semigroup P is locally uniformly equicontinuous, i.e., for every T > 0, the family
of operators (P;)o<i<T is T%—umformly equicontinuous. More precisely, for every
T >0,e>0, and every seminorm p (k,),(a.), there erists a Seminorm p. (c,),(bs)
and § > 0 such that, for every 0 <t <T and ¢1,p2 € Cx(E),
Pre,(Kn)y(an) (Prp1 — Prp2) <& if py ), 60) (01 — 02) < 0.
(iv) The semigroup P is strongly T,if/—right continuous, i.e., Py — ¢ in 7',;// ast — 0 for
every p € Cy(E). More precisely, for all p € Cx(E) and every seminorm p, (k.,),(an)s

W pe (#6,),(an) (Pyo — ) = 0.

Remark 3.2.

(i) We note that (iii) and (iv) imply that P is strongly 7:/-continuous. Indeed, let
T>0,¢p€Cu(E), e>0,and p, (k,),(a,) Pe aseminorm. Then, by (iii), there exist a
seminorm p,; (c,,),(b,) and ¢ > 0 such that, for all t € [0, T] and 1, p2 € Ck(E),

Pry(Kn)(an) (Pro1 = Prpa) <& i (e, 0) (01 — 92) < 6.
By (iv),
pﬂv(cn):(bn) (Hs_tlgo - S0) < 0.

for all s,t € [0,7] with |t — s| sufficiently small. Hence, if |t — s| is sufficiently small
and w.l.o.g. t < s, then

Prey(Kn) (an) (Ps — Pop) = D (k) (an) (PiPis—tj0 — Prp) < e.

As a consequence for every ¢ € C,(E) by the continuity of P;p on E we easily obtain
that for all compact C' C E the map

[0,00] x C'3 (t,z) = Pip(x)

is continuous.
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(ii) Now let us consider the linear case, i.e., each P, of P is a linear operator. Then

(3.1) sup sup | Prpllx < oo.
t<T [lpll <1

Indeed, let ¢ € Ci(E). Then by the uniform boundedness principle it suffices to show
that

sup || Prplls < oo
t<T

If this is not the case, there exist t,, € [0, 7], n € N, such that

(3.2) [P plls = n.
We may assume that lim ¢, =¢ € [0,7]. Hence by part (i) of this Remark
n—o0
7 — lim P, ¢ = P,
n—oo

consequently, by Proposition A.4 in the Appendix sup,,cy || P, ¢llx < 00, which con-
tradicts (3.2).

By the semigroup property (3.1) is equivalent to: There exist M € [1,00) and a € R
such that

(3.3) | Prolle < Me™||l. for all p € C(E) and t > 0.

(The equivalence of (3.1) and (3.3) is, of course, also true in the nonlinear case.)
Furthermore, if P consists of linear operators, then (iii) is equivalent to:

For every T' > 0 and every seminorm p, (c,),(a,): there exist a seminorm py (k) (6,)
and Cp € (0,00) such that

(3.4) Die,(C),(an) (PeP) < CTDye (1, (60) (0)  for all ¢ € Ci(F) and t € (0,77

We have the following characterization for Co-semigroups on (Cy(FE),7;) consisting of

'R
linear operators.
Theorem 3.3. Let P = (P;)i>0 be a semigroup of linear operators on C.(E). Then, the
following conditions are equivalent.

(a) The semigroup P is a Co-semigroup on (C(E), 7).

K

(b) There exists a family of Borel measures {u(x, -): x € E,t > 0} C My (FE) such that:
(1) The map E 3 x — p(x, B) is measurable for every B € B(E) and t > 0.
(2) For everyt >0, u(-,dy) represents Py, i.e.,

(3.5) Pip(z) = / o) pe(z,dy) for all p € Cx(E),x € E.
E
(3) For every T >0,

supsup (w(a) [ V40 ) < e

(4) For every T > 0 and every compact C' C E, the family of measures

(L2t )

18 tight.
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(5) For every x € E and any sequence (x,) C E with lim,, oo, = = (in E), we
have

ny ) = 590
(t,a;n)lg((],x) He (35 )

in M (E), where 6, denotes the Dirac measure with barycenter x.

Proof. We start with the proof of the implication (b) = (a). Assume that (b) is satisfied. We
have to show (iii),(iv) in Definition 3.1. In order to show that (iii) is satisfied, let 7" > 0. For
n € N let (a,) C (0,00) and (C),) be an increasing sequence of compact subsets of E. Let
by := 27", n € N. By (4), for every | € N, there exists an increasing sequence (K1 n)nen of
compacts in E such that

d
(3.6) sup sup /{(x)/ pl (e, dy) <2727 forallm eN.
+€[0,7] 2€C, B\K., K(Y)

Define, for n € N,

oo

K, = ﬂ Kip.

=1

Then, (K,) is an increasing sequence of compacts, and, for all n € N,

(3.7)
sup sup m(x)/ el dy) < sup sup Zﬁ(m)/ el(a, dy) <27
te[0,T) z€Cy E\K, () tel0,T)z€Cy \ | E\K, ., )

by (3.6). Now, we are going to show (3.4). To that end, let ¢ € C,(E). By homogeneity, we
may assume that

Pr,(Kn)(bn) (P) = 1,
hence

(3.8) Pric, () <2771 for all n € N.
Setting Ko := 0, by (2), for all ¢ € [0,T], we have
Pre,(C)),(ar) (Pep

)
<swparsup (o) [ 1ol) bl )

leN zeC)

< sup a; sup (an,Kn(go)li(x)/ MW) :

leN  zeC \, Ko \Kn_1 K(y)

which, by (3.7) and (3.8), is dominated by

sup a; (Z gnlg=2n ) Sup/ !ut\(x,dy)>
n=2 K1

leN r€E
d
<supa; | 1+ sup supm(:r)/ M =: Cr,
IEN te[0,T) z€E E K(y)

where, by (3), this constant is finite. Hence, by the last part of Remark 3.2 (ii), Property (iii)
follows.
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We proceed to the proof of (iv). Since by Remark 3.2 (ii) we know that (3.1) holds, by
Proposition A.4 we have to show that, for every compact K C F,

(3.9) lim py ik (P — ) = 0.
t—0

Suppose this does not hold. Then, we can find a compact K € F,e > 0, t, — 0, and
(zn,) C K such that

(3.10) | P o () — @ (z)] > € forallmeN.

Since K is compact and metrizable, there exists some x € K such that z,, — z for a
subsequence (ng). Since (3.10) also holds for this subsequence, we get a contradiction to
condition (5).

It remains to establish the implication (a) = (b). If (a) holds, then (3.1) holds by Remark 3.2
(ii). Hence by Theorem B.2, there exists a family of measures {u:(z,-): t > 0, x € E} such
that (1), (2), and (3) hold. If C' C E is compact, then so is [0,7] x C' C R x E, hence we can
use the same arguments as in the proof of Theorem B.2 to prove Property (4). Property (5)
is an immediate consequence of the strong continuity of P at zero. ([l

Remark 3.4. As just proved above, the dependence of the constant C7 in (3.4) on the semi-
group P, for t € [0,T] is only via the quantity

/ \Mt z dy
sup sup k(z
te[0,T] zeF

where p(z,dy),z € E,t > 0, are the representing measures for (P;)>0 in (3.5).

The following proposition renders a convenient sufficient condition to check conditions (4)
and (5) in Theorem 3.3, if E is a so-called Prohorov space, whose definition we recall first
(see [6, Definition 4.7.1(i)]).

Definition 3.5. Let E be as above (i.e., as in Hypothesis 2.1). Then E is called a Prohorov
space, if every compact subset of M;(E) (equipped with the narrow topology) is tight.

Proposition 3.6. Let E be Prohorov. Let p(z,-) € MI(E), t >0, and x € E, such that
E > x — w(x,B) is B(E)-measurable for all B € B(E), t > 0, and po(z,-) = 6 for all
x € E. Suppose that (3) in Theorem 3.3 holds and that, for every T € (0,00) and every
compact C C E, the map

0,T] xC > (t,z) — /Ew(y) pe(z, dy)

is continuous for every ¢ € Cx(E). Then (4) and (5) in Theorem 3.3 also hold.

Proof. Since the continuous image of a compact set is compact, by the assumptions, it follows
that {u(z,-): = € C, t € [0,T]} is a compact subset of M (FE). Hence (4) holds, since E
is assumed to be Prohorov. Condition (5) is fulfilled since {z,,: n € N} U {z} is compact for
every sequence (z,) C E with z, -z € E. O

Remark 3.7. If E is Polish, then E is Prohorov. Likewise, if F is as in Remark 2.2(3), and
equipped with the bounded weak topology 7y, then [6, Proposition 4.7.6(i)] implies that
(E, Tpy) is Prohorov.
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4. EXAMPLES FOR LINEAR C{-SEMIGROUPS ON (Cy(E), ;)

We are now going to present large classes of examples for Cy-semigroups on (Cy(E), ;%)
given by transition semigroups of solutions to stochastic differential equations (SDEs) on
infinite dimensional state spaces, hence including stochastic partial differential equations
(SPDEs) as their main examples. The main tool to show that such transition semigroups
are indeed Cy-semigroups on (Cy(E), 7:#) will be Proposition 3.6.

4.1. Transition semigroups of solutions to SDEs on Hilbert spaces of locally mono-
tone type.

The first class of examples come from SDEs in Hilbert spaces of locally monotone type,
introduced in [49]. Let us recall the necessary details from [49, Section 5.1].
Let E := H be a separable Hilbert space with inner product (, )z and H* its dual. Let V'
be a reflexive Banach space, such that V' C H continuously and densely. Then for its dual
space V* it follows that H* C V* continuously and densely. Identifying H and H* via the
Riesz isomorphism we have that

VcHCV*

continuously and densely and if ,.(, ), denotes the dualization between V* and V (i.e.
ve(z,v)y = z(v) for z € V¥, v € V), it follows that
velz,0)y = (z,v)g forallze HveV.

(V, H,V*) is called a Gelfand triple. Note that since H C V* continuously and densely, also
V* is separable, hence so is V. Furthermore, B(V') is generated by V* and B(H) by H*. We
also have by Kuratowski’s theorem that V' € B(H), H € B(V*)and B(V) = B(H)NV, B(H) =
B(V*)n H.

Let W (t), t € [0,00), be a cylindrical Wiener process in a separable Hilbert space U on a

probability space (€2, F,P) with normal filtration F;, ¢ € [0,00). We consider the following
stochastic differential equation on H

(4.1) dX(t) = A(t, X (t))dt + B(t, X (t))dW (t),
where for some fixed time 7" > 0
A 0,T)xVxQ—=V" B:[0,T]| xV xQ — Ly(U,H)

are progressively measurable, where U is another separable Hilbert space and Lo(U, H) de-
notes the set of all Hilbert-Schmidt operators from U to H.
The coefficients A and B are assumed to satisfy the following conditions:

There exist constants « €]1,00[, f € [0,00[, 8 €]0, 0], Cy € R and a nonnegative adapted

process f € L1([0,T] x €;§t ® P) such that the following conditions hold for all u,v,w € V
and (t,w) € [0,T] x

(H1) (Hemicontinuity) The map A — v« (A(t,u + Av), w)y is continuous on R.

(H2) (Local monotonicity)
2v-(A(t,u) = A(t,0),u = v)y + Bt u) — Bt, )7, w,m) < (F() + p(v)) [lu =],
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where p : V' — [0, +00[ is a measurable hemicontinuous function which is bounded on
bounded sets in V.

(H3) (Coercivity)
2v-(A(t,v), v)v + | B )L, 0,y < Collvllz = Ollvll§ + £(2)-
(H4) (Growth)

o
*

JA( )15+ < (£() + Collo ) (1 + ol 7)-

Definition 4.1. A continuous H-valued (Fy)-adapted process (X (t))iejo,) is called a solution
of (4.1), if for its dt @ P-equivalent class X we have

X e LY([0,T] x Q,dt @ P; V) N L2([0,T] x Q,dt @ P; H)
with o in (H3) and P-a.s.

t ¢
X(t) = X(0) —|—/ A(s, X (s))ds +/ B(s, X (s))dW (s), t € [0,T],
0 0
where X is any V-valued progressively measurable dt ® P-version of X.

The main existence and uniqueness for (4.1) then reads as follows (see [49, Theorem 5.1.3]).

Theorem 4.2. Suppose (H1),(H2),(H3),(H4) hold for some f € LP/?([0,T] x Q;dt @ P)
with some p > B + 2, and there exists a constant C such that

1B, 0) 12201 < CUE) + [[0]13), t€[0,T],0 € Vs
p(v) < CA+ o]$) A+ [[v]F), veV.

Then for every Xo € LP(2, Fo, P;H), (4.1) has a unique solution (X (t))co,r] such that
X(0) = Xo. Furthermore, there exsists C' € [0,00) such that

T

(4.2) E( sup ||X(t)H§Dq> < CE(|| Xoll; +/ fE()dt)),
t€[0,7) 0

where E denotes expectation w.r.t. P.

Moreover, if A(t,-)(w), B(t,-)(w) are independent of t € [0,T] and w € Q, then the laws

Po X(-,2)7Y, x € H, of the solutions X (t,z), t € [0,00), of (4.1) started at x € H, form a

time-homogeneous Markov process.

As shown in [49, Section 5.1] the above framework and Theorem 4.2 apply to a large
class of SPDEs including the stochastic heat equation (see [49, Remark 4.1.8]), the stochas-
tic p-Laplace equation (see [49, Example 4.1.9]), the stochastic slow diffusion-porous media
equation (see [49, Example 4.1.11]), the stochastic fast diffusion-porous media equation (see
[60]), both with general diffusivity, the perturbed stochastic Burgers equation (see [49, Lemma
5.1.6 (1) and Example 5.1.8]) and the stochastic 2D Navier-Stokes equation (see [49, Example
5.1.10)).

For later use we need the following:
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Lemma 4.3. Consider the situation of Theorem 4.2 and let X (t,x), t € [0,T], be the unique
solution of (4.1) with X(0,z) = x € H. Assume, in addition, that there exists Cp € (0,00)
such that

(4.3) SE)PT] 1B(s,2) = B(s,Y)|lLow,m) < Cllz—ylla Va,yeV.
se|0,

Then for all x,y € H

T
E emp(—/o (f(s) + p(X(5,9)))ds) sup [IX(s,2) = X (s,9)l%

s€[0,T

< 257 o -y
In particular, if T,y € H such that lim,,_oc T, =y, then

sup || X(¢t,zn) — X(t,y)||H — 0 in P-measure.
t€[0,T n—0o0

Proof. Letting

t
Pt = eapl(= [ () + p(X(5.5)))d) (> 0). t€ 0.7
we have by It6’s formula (see e.g. [49, Theorem 4.2.5]) and (H2) that Vt € [0, 7]
FOIX(tz) = Xty)lE = Iz —yl?

t
+2 [ P(s) (v (A5, X (5.2) = A5, X (5.9)), X (5.2) = X(s.)v
1B (s, X (5,)) = Bs, X (5,9)) |0 ) ds
= [ P06+ oK) X 510) = X (s, s

+ / F(s)(X(s,z) — X(s,v), (B(s,X(s,x)) - B(s,X(s,y)))dW(s))H

Hence by (H2), the Burkholder-Davis-Gundy inequality with p =1 and (4.3)

sup (F()X(s,2) = X(s.9)%) | <l —yll
s€[0,t]

t 17
+3E{ [ FOPIBs X 012) = Bl X6 1 X 510) = X s,y )’
< llz - il
+3CHE | sup (F()1X(sv2) = X(s.llar) ([ F6)X(s,0) = X5,y )

s€[0,¢] 0

1
<l — I + 5E

1 t
+90,23/ E
2 0

sup (F(s)[[X(s, ) —X(Svy)qu)]

s€[0,¢]

up (F)X(r,z) — X(r, y)H?{)] ds.
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Hence by Gronwall’s lemma Vi > 0

T
902
B |con(~ | (F(5) (X o)) s 11X (5,2) = X o,y | < e =l B
s€|0,t
So, if z, — y w.r.t. || - ||z, then
sup [|X(t,zn) — X(t,y)[lg — 0 in P-measure. O
te[0,T] n—00

From now on in this section we assume that A and B above do not depend on w € Q, t €
[0,00), and that (H1)-(H4) hold with some constant f € [0,00) replacing the function f.
Furthermore, we assume that (4.3) holds.

So, let us now consider the transition semigroup of the unique solution from Theorem 4.2,
ie for pe Cy(H),x € H, t >0,

(4.4) Fip(x) : = Elp(X(t,2))] = /QSO(X(tvw)(w))IP’(dW)

~ [ o) stz dy),
where X (¢,z), t > 0, denotes the solution of (4.1) with initial condition X (0,z) = = € H and
e, dy) = (Po X(t,x)")(dy).

Claim 1.

(Py)i>0 is a Markov Cp-semigroup on (Cy(H), Ti///).

Claim 2.

Let m € [1,00) and

(4:5) R(e) = (L+ [l2llf) ™, @€ .

Then (P;)¢>0 is a Markov Cp-semigroup on (C,.;(H ), ¥ )

'R
Proof of Claim 1: Clearly, (P;)i>0 and p(x,dy), t > 0, xz € H, satisfy conditions (1), (2), (3)
in Theorem 3.3 with F := H (equipped with its norm topology) and x = 1. To show that
also (4) and (5) hold, by Proposition 3.6 we have to show that for every compact C C H and
every ¢ € Cy(H)

(4.6) [0,7] x C > (t,x) — Pyp(x) is continuous.
So, let t,t, € [0,T] and z,x,, € H, n € N, such that
(tn,xn) — (t,z) in [0,T] x H as n — oo.
Clearly, it then follows by Lemma 4.3 that
X(tn,xn) — X(t,x) in P-measure,

since X (t,,r) — X(¢,2) P-a.s. Hence yu, (2y, ) = Po X (tn,2,) "t — Po X (t,2)" 1 = wy(x,-)
weakly as n — oo and (4.6) follows. Therefore, (P;) defined in (4.4) is a Cp-semigroup on
(Cy(E), {”) by Theorem 3.3, and Claim 1 is proved. O
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Proof of Claim 2: Obviously, (P;)>0 satisfies (1),(2) and (for  as in (4.5)) also (3) in Theorem
3.3, since by (4.2) (applied with p = m) for some Cp € (0, 00) we have
1 1
. — < — .

(4.7) Pt<ﬁ>(x)_CT’€(x)Vte 0,T], 2 € H
As above (4) and (5) in Theorem 3.3 follow from (4.6) above, however, to be proved for all
v € Cx(H). So, let ¢ € Cy,(H) and t, — t in [0,T], x,, — x in H. Then

| Prp(xn) = Prp(2)]

= [E[o(X (tn, 2a)) — @(X (¢, ))]]

< el X (tns )13 — X (8, 2) 1]

+ E[\(%)(X(tn,xn)) = (pr)(X (8, 2)[ (1L + IX (8, 2)II5) |

which converges to zero as n — oo, since we already know from the proof of Claim 1 that
X(tn,zn) = X(t,z) in P-measure and since || X (t,,z,)||%, 7 € N, are uniformly integrable
by (4.2), so that the generalized Lebesgue’s dominated convergence theorem applies. Hence
Theorem 3.3 implies Claim 2. O

4.2. Transition semigroups of mild solutions to SDEs on Hilbert spaces with
bounded weak topology.

Let H be a separable Hilbert space with inner product (-,-)y and norm |- |z . We will
denote the space H endowed with the bounded weak topology by Hy,,. In this section we will
consider the following stochastic evolution equation in H:

(4.8) dX () = (AX(t) + F(X(t))) dt + G(X(£)) dW (t), X(0) =z € H .

We assume that

- W is a cylindrical Wiener process on a separable Hilbert space U,

- A generates a Cp-semigroup T3, t > 0, on H,

- I': H — H satisfies the Lipschitz condition with a constant L:
|[F(z) = F(y)|lg < Llz —ylg, =z,y€H,

-G: E — L(U,E) (:= all continuous linear operators from U to H) is strongly measurable
and satisfies the conditions

TG @)y < k&) (14 [2lF) .z € H,
and
IT2 (G(x) = GO,y < k@)le —ylh . @,y € H,
where k € Lj,,(0,00), k > 0. In the above we use the notation ||B||p, ) for the Hilbert-

loc
Schmidt norm of an operator B : U — H. Under the above assumptions equation (4.8) has

a unique mild solution in H given by the formula
t t

X(t,x) =Tz +/ Ti—sF(X(s,x))ds +/ Ti—sG(X(s,x))dW(s), te€]0,T].
0 0

Moreover, by standard arguments we find, that for all x € H, T' > 0
(4.9) SUpE | X (t,2) 5 < Con(T) (1 + [])
t<T
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and
(4.10) sup E|X (t,2) — Tyx|?? < Co(T, 1) K[™?,
:EGBT

te[0,77,
where B, denotes the open centered ball of radius r in H and
t
K —/ (1+k(s))ds, t<T.
0

Let Sip(z) :== Ep (X (t,z)) for ¢ € Cy,, (H). Following the arguments from [37] we obtain
for

(4.11) = (14 2™, m>2,
that
(4.12) I1Stllcie,, (1) Crap (1) < Mime™™", £ > 0.

By an easy modification of the proof in [37] one can prove that under the above assumptions
the semigroup (S;) is a Cp-semigroup in (Cp, (H), %) We will show that (S(t)) defines also
a Cp-semigroup on the space (Cm (Hpyw) ,T,ji{ ) The next proposition extends the result in
[50].

Proposition 4.4. Assume that that the semigroup Ty, t > 0, is compact in H. Then the
semigroup S, t > 0, defines a Cy-semigroup on (C’,{m (Hpyw) ,7”//’).

Km

Proof. By a result in [50] we have S;C} (Hpy) C Cp (Hpy) for any ¢t > 0. Hence by (4.12) it
easily follows that S : Cy,, (Hpy) C Cl,, (Hpy) and that

(4.13) IS c, . (Hyu)—Cr (Hip) < Mime?™", £ > 0.

This is the only part of the proof where compactness of T} is required.

We will show that the semigroup (S:) satisfies conditions (1) - (5) in part (b) of Theorem
3.3, where p(z,V) = P(X(t,z) € V) for Borel sets V' C H. We recall here that the Borel
o-algebras of H and Hp,, coincide and clearly, the mapping

wa ST — ,Ut(xa V)

is B (Hpy)-measurable for every ¢t > 0 and V' € B (Hy, ), hence condition (1) of Theorem 3.3
holds. By (4.13) condition (2) of Theorem 3.3 is satisfied as well. Invoking (4.9) we obtain
forallz € H, T >0

,d
/ e dy) E 1+ X 2)") < Cn(T) L+ [2[f) , t€[0,T],
wa ’im(y)
and condition (3) of Theorem 3.3 follows. Since B, is bw-compact for every r > 0 we can use
(4.9) again to show that for every T' > 0 and every r > 0 the family of measures

{W:xGBT,tST}

is tight, which yields condition (4) of Theorem 3.3. It remains to prove that conditon (5) is
satisfied and it is enough to prove this condition for m = 0. Let ¢ € Cy (Hpy). Let t, — 0
and x,, — x weakly with sup,,>; |z,|y < r for a certain r > 0. For any € > 0 and T" > 0 we
can choose R > r such that

sup sup |Tyz|g < R,
zeB, t<T
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and

sup supP (| X (t,2)|; > R) <e.
z€B, t<T

Let {fx; |flz =1,k > 1} be a dense set in the sphere {f € H; |f|g = 1}. We recall that the

metric
(o)

L E s fa)l
p<m7y)_;2]€1+’<x_y,fk>|’ mvyeBR

defines a Polish topology identical with the weak topology on Br. We have

Stn(p (l'n) =Ep (X (tm xn)) IBR (X (tm .%‘n)) + Egp (X (tm .%'n)) IB% (X (tm l’n))
= p(2)Elp, (X (th,zpn)) + 6 (R, tn, xp)

where
6 (R,tn, 7n) = E (0 (X (tn, 7n)) — ¢ (2)) Ip, (X (tn, 70))
+ Ep (X (tn, 7)) Ig, (X (tn, zn))
- 51 (R) tnyxn) + 62 (R7 tnyxn)
hence
(4.14) 8 (Bt )| < 181 (Bt )|+ I

Let w be the modulus of continuity of the function ¢ on Br. Then

61 (Rytn, zn)| S Ew (p (X (tn, 7n), 7)) Iy (X (tn, 70))

Setting ¥ (t, z) := Tz we obtain

p (X (tnsn), @) < p(X (tn, @n) s ¥ (tny 2n)) + 0 (Y (tns T0) @)
For every f € H the function
[0,T] x Hew 3 (t, ) = (¢(t,2), f)m

is continuous, hence
lm p (¢ (tn, @) ) = 0.

n—o0

Therefore, invoking (4.10) we find that for every ¢ > 0
lim P(p (X (tn,zn),z) >€) =0,

n—oo

hence |01 (R, tp, zn)| — 0 for n — co. Finally, again by (4.9)

: : Cllolloo
limsup S (1) @ (7a) — 9()| < () i sup B, (X (1, 22) + 121
< 2l
- R

and condition (5) of Theorem 3.3 follows by taking R — co. O
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4.3. Generalized Mehler semigroups on Banach spaces with norm topology.
Let E be a separable Banach space and let k = 1. Let (T});>0 be Cp-semigroup of operators
on E. Furthermore, let 1, t € [0,00), be probability measures on (E, B(E)) such that:

(4.15) [0,00) 3t — py € M,(F) is narrowly (i.e., o(#(E), Cy(E))-) continuous.
(4.16) fes = (e o Ts_l) * s t,s € 1[0,00).
Define for t € [0,00), z € E

(4.17) Pip(z) := /Ew(Tt:c +y) me(dy), ¢ € Co(E).

Then (P;)e>0 is (by (4.16)) a semigroup of linear operators on Cy(E), called a ”generalized
Mehler semigroup”. In this generality such semigroups have been first introduced in [10] and
then further analyzed in [34] and many other papers (see e.g. the very recent work [2] and
the references therein). They appear as transition semigroups of Ornstein-Uhlenbeck process
with Levy noise, i.e. solutions to the following SDEs on F

(4.18) dX(t) = AX (t)dt + dY (1),

where A is the generator of (73) on E and Y(t), t > 0, is the underlying Levy process
corresponding to the Levy characteristics appearing in the Levy-Khintchine representation of
the exponent of the Fourier transforms of p;, t > 0. We refer to [34] for details. Obviously,
(P;) has a representation as in (3.5) with

(4.19) we(x,dy) == (01,0 * pe)(dy), te€]0,00), x € E.

So, clearly conditions (1)-(3) in Theorem 3.3 hold. To show that (P;) in (4.17) is a Cp-
semigroup on (Cy(E), 7i%), it remains to prove that (4) and (5) hold, for which by Proposition
3.6 it suffices to show that for all ¢ € Cyp(E) the map

0,00) X E 3 (t,) — /E (T + ) pu(dy)

is continuous. So, let x,,z € E, t,,t € [0,00) such that lim,,_, t, = t and lim, 0o x,, = x
(w.r.t. the norm topology on F). Then we have to show that for all ¢ € Cy(E)

/ © d(O7,, @ * it,) — / © d(07,0 * 1) as n — oo.
E E

By the Portemanteau theorem we may assume that ¢ is Lipschitz with Lipschitz constant
less or equal to one. Then we have

‘/EW(TtﬂfﬂLy) pe(dy) — /Eso(Ttnxn +y) g, (dy)

<| [ olTia+v) (= e, ) )|+ Ti = T,
E

which clearly converges to zero as n — oo by (4.15) and because (T3) is a Cy-semigroup on
E.
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4.4. Generalized Mehler semigroups on Banach spaces with bounded weak topol-
ogy.

Let k =1 and E be a reflexive separable Banach space (in particular, E is as in Remark 2.2
(3)). Let us now consider (E,Tyy), i.e. E equipped with the bounded weak topology (see
Remark 2.2 (3)). Then, since E is separable, we have that Z((E, | - |g)) = B((E, Tpw)). Let
pe, t € [0,00), be as in (iii) above, satisfying (4.16), but instead of (4.15), we assume the
weaker condition

(4.20) [0, OO) S5t — Mt € .//b«E, wa))
is narrowly (i.e., o (A ((E,Tow)), Co((E, wa)))> continuous.

Let (P;) be defined as in (4.17). We want to show that again by Theorem 3.3 and Proposition
3.6 (1) is a Co-semigroup on Cy,(((E, Tp)), 7i?). We recall that Cy((E, 7,,)) are exactly the
bounded sequentially weak*-continuous functions on E and that each 7y,,-compact C' C FE
is metrizable (see Remark 2.2 (3)). Obviously (P;) is a semigroup of linear operators on
Cy((E, Thy)) satisfying conditions (1)-(3) in Theorem 3.3. It remains to prove (4) and (5),
which again will follow by Proposition 3.6. So let t,, — ¢ in [0,T], x,, — = in (F,7p,) and
v € Cy((F, Thw)). We have to show that

(4.21) li_)rn P, o(xy) = Pop(z).
Let us recall the definition of the finitely based C’l}—functions, ie.
FCL={f(l1,...,lm) | mEN, f€CLHR™), ly,...,l, € E*}.

By Theorem A.8 in the Appendix and the Hahn-Banach theorem % C’l} is dense in
Co((E, Thw), 7i%). By (4.17) we have

(4.22) |Pro(x) — Pry ()]

< [E o(Tix +y) (pe — pe,)(dy)

4 /E o(Tiz +y) — o(Tonn + 9)| ue, (dy).

Clearly, since its integrand is in Cy((E, Tpw)), the first integral on the r.h.s. of (4.22) converges
to zero as n — oo by assumption (4.20). To see that this also holds for the second, let € > 0.
Since (FE, T, ) is a Skorohod space (see Remark 3.7), by (4.20) there exists a 75,,-compact set
K. C E such that

(4.23) sup e (KY) < e.
te[0,7

Since T}, zy, j) Tz weakly, there exists a 7y,,-compact set C C E such that
n (o.)

{T},xn | n e N}U{Tizx} C C.
Furthermore, since K. + C is 7j,-compact, there exists ¢ = f(l1,...,ln) € ﬁ‘\C}} such that

(4.24) pPLE.4c(p =) <e.
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Clearly, we may assume that [|1]/c < ||¢]lcc- Then we can estimate the second term on the
r.h.s. of (4.22) by

/K o — |(Thx +y) e, (dy) + /K (0 — |(Th2m +9) 10, (dy)
4l glloe 0, (KE) + 1D flloo |Pon(Tiw — Ty, 0m) e

where P, (2) = (l1(2),...,ln(2)), 2 € E. Letting first n — oo and then ¢ — 0 by (4.23),
(4.24) we obtain (4.21).

5. STRONG AND WEAK INFINITESIMAL GENERATORS

5.1. Definitions and (Markov) core operators.

Definition 5.1. Let (P),~, be a Cy-semigroup on (C,{(E),T,://). Then, we define its infini-
tesimal generator L by the formula
(5.1)

Pyo—¢
motr—

Lo =77 _1i
¥ T tl—>0 t

K

P —
for e D(L):= {¢ € Cu(E): 77 —lim -9 exists} .
t—0 t

In order to formulate the next result, we first recall that, if X is any sequentially complete
locally convex linear space, then a continuous function f: [0,7] — X is Riemann integrable
,and the function F(t) = f(ff(s) ds is differentiable with 4 = f(t) for every t € (0,T) (see
[30] for details). We also recall that, by Theorem A.6, the space (Ci(E), ;) is complete.
In the next propostion we collect some known properties of Cy-semigroups of operators on
C.(E). Parts (b)-(e) of the Proposition were proved in a more general framework in [40],
part (a) in [1].

Proposition 5.2. Let P = (P,),~, be a Co-semigroup on (Cy(E), 7.7
operators with generator L. Then, the following holds:
(a) The ;7 -closure of D(L) is identical with Cy(E).
(b) The generator L is 77 -closed, that is for every net (po) C D(L), such that o, — ¢
and Loy — 1) we have ¢ € D(L) and Lo = 1.
(c) For every ¢ € D(L) we have Pyp € D(L) and LP,p = P,Ly. In particular, each
P;i: D(L) — D(L) is continuous in the 7% -graph topology of L on D(L).
(d) For every ¢ € D(L)

) consisting of linear

t
Ptcpcp:/ P;Lpds.
0

Moreover, for every ¢ € Cy(F)

t t
/ Pspds € D(L), and Pyp—p= L/ Pspds.
0 0

(e) For every A > w and ¢ € Cy(E), the Riemann integral
IWe= [P,
0

is convergent in the topology 7 and J(\) = (\—L)~'. In particular, P is the unique

M

Co-semigroup on (Cy(E), 77) of linear operators with generator L.
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(f) The Euler formula holds, i.e., for all p € Cx(FE)

- nlim (%(% - L)_1>n ©.

— 00

Py =1

Proof. According to the remarks preceding this theorem, we only have to prove (e). But by
Remark 5.6 below this is an immediate consequence of Theorem 5.6 in [11] (attributed there
to F. Kithnemund, see [43]) O

Proposition 5.3. Let 2 C D(L) be a 77 -dense set in Cy(E) such that P,.9 C 7" for every

t > 0, where @L denotes the closure of 9 in the T,{//—gmph topology of L on D(L). Then 9

; M
is a 7/ -core for L.

Proof. Since by Proposition 5.2 (c) each P, is continuous in the 7;# -graph topology of D(L),
we have that P,(2L) C @L, so we may assume that ¥ = Z". Now let ¢ € D(L). We have to
show that ¢ € " = 9. There exists a net (pa) C Z such that

7 —limpe =

We claim that for every o and t > 0

t
(5.2) / Pypq ds € 9.
0

Indeed, this integral initially converges in (Cy(E), 7%), but again by Proposition 5.2 (c) it also
converges in F" = 9 in the 7/ _graph topology of L on D(L). So (5.2) holds. Furthermore,
by definition of the Riemann integral in (C(E), 7:%) we have for all t > 0

'R

t t
7',:/[ —lim [ Pspy ds = Psp ds
“ Jo 0

and since by Preposition 5.2 (d)

t
- 1ig1L/ Pypo ds =7, — lim(Pypa = ¢a) = Fip = ¢,
0
we conclude that
t —L
(5.3) / Pipdse 9 =9.
0

Finally, since ¢ € D(L), it follows that

1 t
—lim- | Pspds=¢p
0

t—0 ¢

e

K

and

1 1t
T,ff/ —limL(- | Pspds| = T,;/// —lim - | P;Lyds= L.
t 0 t—0 t 0

t—0

Therefore, by (5.3), ¢ € 7" = 9.
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Definition 5.4. Let P = (P);5q be a Co-semigroup on (Cx(E), 7). We say that ¢ €

D (Ly) C Ck(E) if and only if there exists some f € Cx(E) such that $(Pyp — ) — 20, ¢

weakly in (Cy(E), T,;///);
(5.4) %111(1)/ Pio(w) = o(x) v(dz) /f
=

for each v € M (F). In this case, we deﬁne the operator Ly, by the formula

Lyp = f.
We say that Ly, is the weak generator of the Cy-semigroup P on (C,{(E),T///

i ) with domain
D (Lw).

Theorem 5.5. Let (P;),~, be a Co-semigroup on (C’H(E), 7',;///) consisting of linear operators.
Then, B

L=1L,.
Moreoever, ¢ € D(L) if and only if

1
(5.5) sup < [ Pip — 90||5> < 00,
t<1 \'t

o Pl) - (@)
(5.6) flw) =l ~E

and f € Cy(FE). In this case, f = L.

exists for all x € F,

Proof. We start with the proof that L = L,,, which is a modification of the proof of [56, p.
43, Corollary 1.2] given for Cy-semigroups in Banach spaces. If ¢ € D(L), then (5.4) follows
by Theorem A.9. Hence, L C L. To show that L, C L choose ¢ € D (L,). Then, by the
semigroup property, t — Pip is a weakly continuous differentiable curve in (CH(E), THJ// )

Hence

/E (Pio(z) — p(a)) v(da) / / PyLuo(x) v(dz) ds = /E < /0 Pl ds) (@) v(d),

where for the secound equality we used that a continuous linear functional on (Cy(E), ;%)

)R

interchanges with the C,(E)-valued Riemann integral. Taking v := d,, for x € E, we get, for
allx € F,

(57) Pupte) — ola) = [ PuLyp(e) ds = (/ Pl g i) a),

where the last integral is the Riemann integral in (CK(E) T ) of s — PsLyu¢, which is a

VR

continuous curve in (Cy(E), %), since Ly, € Cx(E). It follows that

,‘f[—limiptgo_(p =L
t10 t

which shows that ¢ € D(L) and concludes the proof that L = L,,.

Assume that (5.5) and (5.6) hold. Then, one immediately sees that (5.4) is satisfied for every

measure v € My (F), hence ¢ € D(L,,) = D(L) with f = Ly by the first part of the proof.

Conversely, assume that ¢ € D(L). Then, (5.6) with f = L is obvious and, by Proposition

A4, (5.5) holds. O

w807
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Remark 5.6. Tt is very easy to check that in the linear case our Cyp-semigroups on (Cy(E), 7:7)

are special cases of the bi-continuous semigroups introduced in [43]. We also refer to [12],
[27], [41] and [45] for further developments, and furthermore to [31], where only a sequential
Co-property is required. In particular, according to the main result in [43] there is a Hille-
Yosida-type Theorem for characterizing their infinitesimal generators defined in Definition
5.1. Likewise we have a characterization for the latter through a Hille-Phillips-type Theorem
by the very nice recent paper [13] (see Theorems 3.6 and 3.15 therein).

Next we want to discuss examples of infinitesimal generators for Cy-semigroups on
(Co(E), %), which are given by transition semigroups of solutions to S(P)DEs, and the
relation to the Kolmogorov operators associated to the latter. In each case we shall proceed
in two steps. First, we shall prove that the respective infinitesimal generator is an extension of
the Kolmogorov operator associated to the latter. Second, we shall prove “strong uniqueness”
or at least “Markov uniqueness” for the respective Kolmogorov operator, which thus umquely
determines the infinitesimal generator of the corresponding Cy-semigroup on (C’,.@,TH ). We
start with the following definitions.

Definition 5.7. Let P;, t > 0, be a Cy-semigroup on ( (E), ,{/1) with infinitesimal genera-
tor (L, D(L)) and let (Lo, D(L)) be a densely defined (i.e., D(Ly) is dense in (C(E), 7))

0
linear operator on Cy(E) such that Lo C L (i.e., D(L 0) C D(L) and Loy = Lg for all
¢ € D(Lo)).

(i) The operator (Lo, D(Lyg)) is called a core operator for (L, D(L)) if the closure of its

graph T'(Lo) = {(¢, Lop) € Cx(E) X Cx(E) | ¢ € D(Lo)} in
(Cu(E), ) x (Ck(E), 7) coincides with the graph T(L).

(i) Suppose that k is bounded and that (P;),~, is Markov, i.e. Cx(E) > ¢ > 0= Pyp >
0,t > 0; and P1 = 1,t > 0. The operator (Lo, D(Lo)) is called a Markov core
operator for (L, D(L)) if (L, D(L)) is the only operator with Ly C L, which is the

infinitesimal generator of a Markov Cy-semigroup on (CH(E), TH//[)

Remark 5.8. Suppose (Lo, D(Lg)) is a core operator for (L, D(L)). Then (L, D(L)) is the
unique operator with Ly C L, which is the infinitesimal generator of a Cy-semigroup on
(Cx(E), 7). Indeed, if (L, D(L)) is another such operator, it follows that L C L, hence
1 — L C 1— L. But by Proposition 5.2 (e)

Cu(E) = (1 = L)(D(L)) > (1 = L)(D(L)) = Cu(E),

hence p(i) = D(L), because 1 — L is injective (e.g., again by Proposition 5.2 (e)). So,
(L, D(L)) = (L, D(L)) and as a consequence, if x is bounded and (P;);>o is Markov, then
(Lo, D(Ly)) is also a Markov core operator for (L, D(L)).

K

infinitesimal generator (L, D(L)) and let (Lo, D(Lg)) be a densely defined linear operator on
Cw(E) such that Loy C L. Suppose that, for every x € E, the Fokker-Planck-Kolmogorov
equation

Theorem 5.9. Let k be bounded and (P;);>0 be a Markov Co-semigroup on (C(E), T.7) with

t
(5.8) / o) vi(dy) = / () 62(dy) + /0 / Lo o(y) va(dy) ds, ¢ >0, o € D(Lo),
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(see [9]) has a unique solution (v¢)i>0 € C([0,00), M
t € [0,00) and such that

T
(5.9) / / —dypdt < oo, T >0.
o JEK

Then (Lo, D(Lg)) is a Markov core operator for (L, D(L)), on (Cx(E), 7).

K

(E)), such that vi(E) = 1 for all

Proof. Let (L, D(L)) be the infinitesimal generator of a Markov Cp-semigroup (P;);>g on
(Cx(E), 7) such that Lo C L. Let jig(z,-), z € E, t > 0, be its representing measures from
Theorem 3.3. Clearly, (fit(z,-))i>0 € C([0,00), MF(E)), fi(z,E) = 1 for all t € [0,00) and
(5.9) holds with fi;(z, -) replacing v for all € E and by Theorem 5.5 (more precisely, (5.7))
it solves (5.8). Hence the assertion follows. O

Now let us start with an example on a finite-dimensional state space. In fact, the corre-
sponding SDE on R¢ and the assumptions on the coefficients are the standard ones. So, in
this “generic case” our theory of Cy-semigroups on (CH(E), i ) applies and thus identifies
the corresponding Kolmogorov operator Lo with domain D(Lg) = CZ(R?) as a Markov core
operator for the infinitesimal generator of the Cp-semigroup on (C,.;(E), i ) given by the
transition semigroup of the solutions to the SDE. To the best of our knowledge in this gener-
ality this is the first result confirming that the Kolmogorov operator determines the (truly)
infinitesimal generator of the said transition semigroup of the Markov process given by the
SDE’s solution. This appears to have been an open problem for many years.

5.2. Applications to SDEs on R¢.

Let E :=R? and (Q,.7,P) be a complete probability space with normal filtration %, t > 0,
and (W;);>0 be a (standard) (.%;)-Wiener process on R%. Let M (d x di, R) denote the set
of real d x dj-matrices equipped with the Hilbert-Schmidt norm || - || and let

o: R — M(d x di, R),
b: RY — R?,

be continuous maps satisfying the following standard assumptions. There exist K € L}, ([0, 0))
and C € [0,00) such that for all R > 0,

(5.10)  2(z —y,b(x) = b)) i + lo() —o(W)|* < K(R)|x —y[*, z,y e R Jz| |yl <R,
and
(5.11) 20z, b(x)) g + ||o(x)]|?> < CQA +|z[*), for all z € R%

Here (,) denotes the Euclideam inner product on R? and | - | the corresponding norm. Then
it is well-known (see e.g. [49, Section 3] and the references therein) that the SDE

(5.12) dX (t) = b(X (£))dt + o(X (£))dW (), X(0) =z € RY,

has a unique strong solution X (¢,x), ¢t > 0, such that for p > 2 there exists Cr, € [0,00)
such that

(5.13) E[ sup |X(t,2)|"] < Crp(1+ |z|P),
te€[0,T]
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where E denotes expectation w.r.t.P. Indeed, (5.13) is a direct consequence of (5.11) and
It6’s formula. Let

(5.14) k() = (14 |z|™)

and for ¢ € C(R%), t > 0, x € R?,

(5.15) Prp(o) 1= Belp(X(t.0)] = [ oyl dy).
where

e, dy) = (P o X(t,2)™) (dy) € Me(R)
(cf. (4.4)). By [49, Proposition 3.2.1] exactly the same arguments, which prove Claim 2 in
Section 4.1, imply that (P;);>0 is a Markov Cp-semigroup on (C,(R?), 7). Let (L, D(L))
be its infinitesimal generator and let us consider the Kolmogorov operator (Lo, D(Lg)) cor-
responding to (5.12), defined as

. o 0

2 (o@o@)"); grgel@) + (). Ve@)n, = eR,
i,j=1 ¢

¢ € D(Lg) == CZ(R?).

By Theorem A.8 below CZ(R?) is dense in (C,(R?), 7:7). To show that

DO | =

(5.16) Lop(z) =

(5.17) Ly C L,

we need one more condition on b and o, namely we additionally assume
b

5.15) wup P+ lo@I

zER4 1+ ’x|m

Now let us first show that (5.17). So, let ¢ € CZ(RY). Then by It&’s formula and (5.15) we
have for all x € R?

(5.19) Fip(z) = Elp(X (t,2))]

— oa) + /0 E[Lop(X (s, 2))] ds

+ /Ot /Rd Lop(y) ps(x, dy) ds.

Here we note that by (5.18) for some ¢y € (0, 00)
(5.20) |[Low(@)] < co(1+|e|™)|ellce Yz € RY.

So, since us(z,dy), x € RY, s € [0,00), satisfy (3) in Theorem 3.3 by (5.13), the above use of
Fubini’s Theorem is justified and Loy € C,(R?). (5.19) implies that for all x € RY

1
(5.21) (Pt@( / Ps(Lop)(x
So, by the fundamental theorem of calculus
(5.22) lim — (Ptso( ) — ¢(x)) = Lop(x).

t—0 t
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Since by (5.13), for p = m, we have

1 1
sup P— <2C7,—,
tejo, 1] K K
(5.20) and (5.21) imply
1
(5.23) sup —[|Prp — ol < 00,
o<t<1t

and thus Theorem 5.5 implies (5.17).

We would like to stress at this point that at least if x = 1, the proof of (5.17) is completely
standard (as it is also in Section 5.4 below), as far as the part (5.22) is concerned, while part
(5.23) is to be taken care of case by case.

To show that (Lo, D(Lg)) is a Markov core operator for (L, D(L)), we furthermore assume
that

(5.24) For every K C R compact there exists cx € (0, 00)
such that for all £ = (&1,...,&;) € RY
d
Z o &6 = exlél?, zeRY
(5.25) Each (00"), . is locally in VMO(RY).

We recall that a %(R%)-measurable function g : R — R belongs to the class VM O(R?), if it
is bounded and for

O(g, R) == sup sup |B,(z // z)| dydz, R € (0,00),
xR r<R
Y,2€ By (
we have
li —
lim O(g, R) = 0,

where B,.(x) denotes the ball in R? of radius r, centered at € R?, and |B,(z)| its Lebesgue
measure. g belongs locally to the class VMO(R?) if (g € VMO(R?) for every ¢ € C5°(RY).

Under the assumptions (5.10), (5.11), (5.18), (5.24), (5.25) on the continuous maps b and
o above, it now follows by Proposition 5.9 and Theorem 9.3.6 in [9] that the Kolmogorov
operator (Lo, D(Lg)) in (5.16) corresponding to SDE (5.12) is a Markov core operator for
(L, D(L)). In this case one also says that Markov uniqueness holds for (Lo, D(Lg)) on
(Ck(RY), TH///)

Now let us give an example on an infinitely dimensional state space, where we even have
that the Kolmogorov operator (Lg, D(Lyg)) is a core-operator for (L, D(L)).
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5.3. Applications to generalized Mehler semigroups (or OU-processes with Levy
noise) on Hilbert spaces.

Let E be a separable Hilbert space with inner product (-, -) and norm || - ||z and let us come
back to Section 4.3, i.e., (P;)¢>0 is the semigroup defined in (4.17), which as shown there, is
a Co-semigroup on (Cy(E),7i%), (so x = 1). In order to calculate its infinitesimal generator
(L, D(L)) explicitly on a core domain, we need some assumptions. Let A : E — C satisfy the
following hypothesis:

(H1) X is negative definite and Sazonov continuous with A(0) = 0.
We refer e.g. to [34, Section 2] for the corresponding definitions. Then, as is well-known (cf.,
e.g., [55, Theorem VI. 4.10]), A posesses a unique Levy-Khintchin representation of the form

(5.26) &) = —il€,a) + %(5,1%5) —/ <ei<fvx> —1- s z) )M(d:c),

E 1+ ||x||%

where ¢« € E,R : E — FE a symmetric trace class operator and M a Levy measure on
(E,B(E)), i.e. M({0}) =0 and [ |lz]|3 A 1 M(dz) < co. We note that each A of the form
(5.26) is automatically Sazonov continuous on E. Obviously, then there exists D € [0, 00)
such that

(5.27) IAE)| < DA+ [I€lE), € € E, and AM(=§) = A(E), (E€E,

and the real part of A is non-negative. Now we shall choose the measures in (4.17) in the
following way. By [34, Section 2.1] the functions

t
E9§»—>/ NTZE) ds, ¢ 0,
0

are also negative definite, zero for & = 0 and Sazonov continuous, where T denotes the
adjoint operator of Ts on E. Hence by the Minlos-Sazonov Theorem (see [68]) for each ¢ > 0
there exists a unique probability measure u; on (E, B(E)) with Fourier transform

t

(5.28) n(e) ::exp<— [z ds), ccE.
0

(5.28) implies that

ﬂt+5(€) = ﬂs(f)ﬂt(Ts*é), 6 € E,a ta § 2 Oa

which in turn is equivalent to (4.16). Hence for such p;, P;,t > 0 defined as in (4.17), form
indeed a generalized Mehler semigroup, hence by Section 4.3 a Markov Cp-semigroup on
(Cx(B), mi"). Now we want to identify its generator (L, D(L)) on a convenient and large
enough domain which was suggested in [47]. Let us recall its definition. Let Wy be the set of
functions ¢ that have a representation of the form

(5.29) o(@) = f (&) Gno2)), @ € B,

for m € Nand f € S(R™,C) (i.e., the Schwartz space of complex-valued functions, ”rapidly
decreasing” at infinity as well as their derivatives). Obviously, W} is closed under multiplica-
tion. With the notations above, let fo : R”™ — C denote the inverse Fourier transform of f,
i.e. the function fy, such that for all y € R™

f0) = [ o),
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and let v(dv) := fo(v)dv, where dv denotes Lebesgue measure on R™. Let II,,,: R™ — E be
defined by

Hm(vh cee 7’Um) = 7)151 + - +Um§ma

and let v := (II,;, )+, i.e., the image measure of vy under II,,. Then a simple computation
yields that ¢ = ©. Let W be the (R—)vector space, generated by the R-valued elements of
Wo, i.e. those for which

fo(=v) = fo(v), v € R™.
Let us now recall one of the main results in [47], for which we need to assume the following
condition:

(H2) There exists an orthonormal basis {£,|n € N} of E, consisting of eigenvectors of the
adjoint operator A* of A on E.

From this it is easy to see that W is an algebra separating the points of E. Note also that
by definition of the Fréchet derivative ¢’ of ¢ it follows that ¢'(x) € D(A*) for all z € E.

Theorem 5.10. [47, Theorem 1.1] For all real-valued ¢ =0 € Wy and any x € E define
(5.30) Lop(x) ::/ (i(A*{,x) - )\(f))ei@’i)l/(d&) (Kolmogorov operator)
El

and extend Ly by R—linearity to D(Lg) := W. Suppose that (H1), (H2) hold. Then
(i) Lo maps D(Lg) into Cy(E).
(ii)) Prp(z) — () = fg P;Lop(x)ds for all ¢ € D(Lg),x € E and t > 0.

From this result if follows easily that for (Lo, D(Lg)) we have Ly C L. Indeed, by Theorem
5.10 and its consequence that s — PsLoe(x) is continuous on [0, 00) for all ¢ € D(Lg),x € E,
we have that

d
Z P —L
0 1o wo(x) = Lop(x)

and for all ¢ € [0,1]
1
~|Pip(x) = o(2)| < sup [|PsLowlls
0<s<1
(where we recall that x = 1). Hence Theorem 5.5 implies that D(Lg) C D(L) and Loy = Ly
for all ¢ € D(Ly), i.e.,
(5.31) Lo C L.

Now we shall prove that (Lo, D(Lg)) is a core operator for (L, D(L)). For this, according to
Proposition 5.3 it suffices to prove

(5.32) P(D(Ly)) € D(Lo)", t>o0.

Remark 5.11. If A\, restricted to span{&y, - - ,&,}, is infinitely often differentiable for alln € N,
then by [47, Theorem 1.3(i)]

P,(D(Ly) C D(Lg), t>0.

Hence (5.32) holds. But this is in general not true for general A as above.
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So, to prove (5.32) let us fix ¢t > 0 and ¢ € D(Lp). Because P, is linear, we may assume
that ¢ is of type (5.29) with f real-valued. It is easily seen that such a ¢ can be approximated
in the 77-graph topology of L on D(L) by ¢,,n € N, of type (5.29) with the corresponding
fn € S(R™, C) being Fourier transforms of f,, o € S(R™, C) with compact supports. Hence we
may assume that ¢ is of the form (5.29) with compactly supported fy. Consider the following
approximation of A (see (5.26)) for e € (0,1)

633 M =il + 6RO - [

(€i<§,x> . &) )Me(dx),
B

1+ [lz]%
where

Me(dz) =1, <, < 1y M (da).

Obviously, M, is again a Lévy measure on (E, B(E)), and A satisfies (H1). Let ,uga), t>0,
be defined analogously to u, t > 0, through (5.28) with A. replacing A, and Pt(s), t >0,
correspondingly through (4.17) with ,uge) replacing ;. Let (L), D(L?)) be the infinitesimal

generator of the Cp—semigroup (Pt(s))tzo on (Cy(E), 7{”). Since by [47, Proposition 3.3], each
¢ fulfills the condition of Remark 5.11, the latter implies

(5.34) PP e D(Ly), e € (0,1).
Hence, if we can prove
(5.35) PPy =% po,

in the 7{-graph topology of L on D(L), we obtain that Pyp € D(LO)L and (5.32) is proved.
(5.35) follows from the following two claims, under the additional condition (5.36) in Claim
1, which is, however, is always fulfilled, if A is real-valued (see Lemma 5.12 below).

Claim 1.

Assume that

(5.36) {1l € (0,1)}
is tight.
Let g € Cy(E). Then

7'1/// — lim Pt(g)g = Pyg.
e—0
Claim 2.
7 —lim LyP") ¢ = LP;p.
e—0
Proof of Claim 1: By [47, Corollary 3.5] for ¢ € D(Lg) we have

(5.37) lim || P4 — Pyp|; = 0.
e—0

Let py(c,),(a,) be any of the seminorms generating Ti/// on Cp(F). Then there exists a semi-
norm py (g, b,) and C € (0,00) such that

p1,(cn),(an)(Pt(E)¢) < C p1k,),n)s (V)
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for all ¢» € D(Lp) and all € € [0,1), where we set Pt(o) := P;. The fact that the seminorm
P1,(Cyp),(an) Can indeed be taken independent of e € [0,1) is due to assumption (5.36). This
can be seen as follows:

Consider the representing measures ,ul(f) (z,dy), x € E, t >0, of Pt(e), t>0,e€[0,1), which
are given by (see (4.19))

(5.38) i (@, dy) = (91,0 % pt7) (dy).
But by (5.36) for every § > 0 there exists a compact K5 C E such that
(K <5 forall €0,1).
Let C C E be compact. Define
K; = K5 + T,C.
Then Kj is a compact subset of E and
(Ks+T,C —Tix)° C K§ zeC.
Hence, since (K5 + T;C)¢ — Tix C (K5 + T;C — Tix)¢, we have for all z € C
(070 % ) (KS) = 7 (K5 + TiC)° — Tyr) < ) (K§) <6 € €[0,1),.

Therefore, by (5.38), {,utg) (x,dy)le € [0,1),x € C} is tight. Hence exactly the same arguments

as in the proof of ”(4) = (iv)” in the proof of Theorem 3.3, applied to {u§6)|5 €[0,1),z € C}
(with ¢ fixed), and Remark 3.4 imply that p; (x,),,) can be taken independent of € € [0, 1).

Hence for all » € D(Lg)
(5.39) P1,(Cn).(an) (Ptg - Pt(s)g) < 20Dy (k) (b) (9 = ¥) + sup anl| P9 — P
ne

Since D(Lyg) is dense in (Cy(E), 7i%) by Theorem (A.8) below, (5.37) and (5.39) imply Claim
1. g
Proof of Claim 2: By Proposition 5.2(c) and (5.31), (5.34) we have for all € € (0,1)

(5.40)  LPwp— LPP o = (PLop — P Log) + P (Lo — L))o + (L© — Lo) P,

By Claim 1 we have that as ¢ — 0 the first summand converges to zero in (Cy(E), 7i%). For
the second summand we have

1P (Lo — L)) [l1 < [I(Lo — L)1
Defining L(()E) with domain D(Lg) as in (5.30) with A. replacing A and applying (5.31) with
L, Ly replaced by L(E), L(()a) respectively, we obtain that for every x € E
(5.41) LY cro

and hence

(5.42) (Lo — L) (x) (A=(€) = M) & v(dg)

I
5

(Ae (T (0) = A(TLn (0))) T 12 fio (v)do.

m

I
T
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By [47, Lemma 3.1], A\ — A uniformly on bounded subsets of E as ¢ — 0, so by (5.42) and
because fy has compact support, we obtain

lim [|(Lo — L)1 = 0,

e—0
so by (3.1) and Remark 3.2 (ii) the second summand in the r.h.s. of (5.40) also converges to
zero in (Cy(E), 7).

Now let us turn to the third summand. So, let z € E,e € (0,1). Then by an elementary
calculation (see [47, (1.2)])

FO(@) = [ 110 1 eputde) =1 ),

where v§ is the image measure of #EE) (&)v(dE) under Ty : E — E. By (H2) we know that
A* = ajé,7 € N, for some o € R. Hence by Euler’s formula for T} = et we have
T7E = etaﬂ'fj,j € N. Define the diagonal m x m-matrix Dy, by (Dym)ij = (5l-,jet°‘i.

Then, obviously, T3, (v) = Iy, (Dgm(v)) and hence, since v = (I, )« (fodv),

(5.3 (@)= [ con(ife u(0))ge(0)do

where for v € R™
= ([Te ™)@ (M (D7) (0) fo (D (v).-
We note that

m
(5.44) lge| < H YL, fooDi L) sup |o(v)|
— v m

and that g. € S(R™,C) with g.(—v) = g-(v),v € R™. Hence P( )cp € D(Ly), and by (5.41)
analogously to (5.42) we obtain

(L(g) _ LO)Pt(a)SO(fE) _ (L(()E) _ LO)Pt(E)(p(l')
N /E (ME) = Ac(©)) e (de)

N / (AT (v))) - Ae(TLy (v))e T g (v)do.
Hence by [47, Lemma 3.1], (5.44) and because suppfy is compact, we obtain

lim [|(L — Lo) PPl = 0,

e—0

and Claim 2 is proved. O

So, we have that (Lo, D(Lg)) is a core operator of the infinitesimal generator (L, D(L)) of our
generalized Mehler semigroup (P;)s>o defined in (4.17), if (H1), (H2) and (5.36) hold.

We are not entirely sure whether (5.36) always holds, but it does, if A is real-valued,
according to the following:

Lemma 5.12. Suppose \: E — R. Then (5.36) holds.
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Proof. Let £ € E. Then by assumption, (5.26) and (5.33) for all € € [0,1)
1
A€) = 56RO + [ (1 cos(é,a)) M. (da)
E

and A\ () is decreasing in €. Then for all € € [0,1) (recalling that Pt(o) = Pt,,ugo) = i) we
have

—

(5.45) w9 (&) > f(€) Ve € B.

Since 1 is Sazonov continuous, for § > 0 there exists a nonnegative definite symmetric trace
class operator S5 on E such that

1= ie(§) < (56€,8) +0VE € E.
(see [55, Chap. VI, Theorem 2.3]). Hence by (5.45)

p—

1— 17 (€) < (S56,€) +0VE € B
Hence the assertion follows again by [[55, Chap. VI, Theorem 2.3]. O

In the above example the Kolmogorov operator (see (5.30)) was a pseudo differential operator
on E with symbol A\ only dependent on £ (not on xz), i.e., constant diffusion, and linear
drift. Therefore, finally we give an example on infinite dimensional state space E, but where
the Kolmogorov operator is a partial differential operator with non-constant second order
(=diffusion) coefficients and nonlinear first order (=drift) coefficients.

5.4. Applications to SDEs on Hilbert spaces of locally monotone type.

Consider the situation of Section 4.1 (so E := H := a separable Hilbert space H which is
the pivot space of a Gelfand-triple V- C H C V* as defined there). Let the coefficients A
and B be independent both of w € ©Q and ¢ € [0,7] and that U = H. Assume that B
satisfies (4.3) and we assume that A can be written as a sum of two operators C' and F. More
precisely, let (C, D(C)) be a self-adjoint operator on H such that —C' > 6 € (0,00). Define
V= D((—C’)%), equipped with the graph norm of (—C)%, and V* to be its dual. Then it
is easy to see that C extends uniquely to a continuous linear operator from V to V*, again
denoted by C' such that for all u,v € V

(5.46) ve{—Cu,v)y = (u, ) 5.

Furthermore, let F: H — V* be #(H)/%(V*)-measurable such that F' restricted to V
satisfies (H1)-(H4) in Section 4.1 with B = 0, f constant and A replaced by F for a =2, g €
[0,00), and 6 = 0.

Define

(5.47) A(u) = Cu+ F(u), ue V.

Then it is easy to check that A satisfies (H1)-(H4) in Section 4.1 with § = 0y, and a =2, (8 €
[0,00) and f constant. So, by Theorem 4.2, (P;)¢>0 defined in (4.4) is a Markov Cp-semigroup
on (Cu(H),77) with & == (1+] - Im)~!, m € [1,00), due to Claim 2 in Section 4.1. Let

(L, D(L)) be its infinitesimal generator.
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Now fix an orthonormal basis {e, | n € N} of H consisting of elements in D(C) and de-
fine

(5.48) D(Lo) = {f ({er,"), ..., {en,) | N €N, f € CZRM))}.
Define the Kolmogorov operator associated to SDE (4.1) with B as above and A as in (5.47)
with domain D(Lg) as follows:
1 & 0 (0p
4 Lo(z) == S (B(z)es, B(z)e;)— [ ZX.
(5.49) ola) =5 3 (Blelen Bla)e) g (52) @

[e.9]

+> ({x,Cei) + v+ (F(), e5)v)

=1

9

86'(1.)7 x € H, p € D(Ly).

Here % denotes partial derivative in directions e; and we note that all sums in (5.49) are in
fact finite sums, since ¢ € D(Ly).
Now let us prove that

(5.50) Lo C L.
For this we need one more condition, i.e. we assume:

The eigenbasis of (C, D(C)) above can be chosen in such a way
that x — vy« (F(x),e;)y is continuous on H and

v+ (F(z),ei)v|
zeH 1+ Wg

(5.51)

< oo for some m € [1,00) and all i € N.

Remark 5.13.

(i) A typical example for FF : H — V* above is a demicontinuous function (i.e., x —
v+(F(z),u)y is continuous on H for all u € V') with F'(0) € H, which is one sided Lips-
chitz and of at most polynomial growth.

(ii) A typical example for (C, D(C)) is the Laplace operator on an open bound domain O C R?
with Dirichlet boundary conditions considered on L?(O).

Under condition (5.51) a straightforward application of 1td’s formula for It6-processes in
RV, N € N, yields for all ¢ € D(Lg) and for the solution X (¢,2),t > 0,z € E, to (4.1) with
A and B as above:

(5.52) Pip(x) = E[p(X(t,2))]

(5.53) = p(z) +/0 E[Lo p(X (s, z))] ds

(5.54) = p(z) +/0 /H Lo ¢(y) ps(z, dy) ds,
where
ps(z, dy) == (Po X(s,2)"")(dy) € M (R?).

Now exactly the same arguments as in Section 5.2 prove that (5.50) holds.
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To prove that (Lo, D(Lg)) is a Markov core operator for (L, D(L)) on (C(H), ;) we shall
again use Proposition 5.9, i.e. we have to prove uniqueness for the corresponding Fokker-
Planck-Kolmogorov equation, which is in general very difficult here, since our state space
H is infinite dimensional, and more assumptions are needed. Though there are such results
also when B depends on z (see [7]), for simplicity we shall assume that B is constant. More

preasely, we additionally assume that:
(5.55) B(x) = B(e La(H)

for all z € V with B = B*, B non-negative definite with kerB = {0}, and that for the
eigenvalues oy € (0,00),k € N, of B. There exists m € [1,00) such that

0
(5.56) sup (142 ™) ™ 3 o v+ (F(a), exhv ? < oo.
zeH =1

Of course, we may assume that both (5.51) and (5.56) hold with the same m (otherwise we
take the maximum of the two). Then taking this m and x := (1 + || - ||'%)~L, it follows by
[7, Remark 2.1 (iii) and Theorem 2.3] and by (5.50) that all assumtions in Theorem 5.9 are
fulfilled. Hence (Lo, D(Lg)) is a Markov core operator for (L, D(L)) on (Cy(H), 7).

6. CONVEX Co-SEMIGROUPS ON (Cy(E), %)

We now draw our attention to Cop-semigroups on (Cy(E), 7:%) consisting of convex increas-

ing operators on Cy(F). We show that these lead to viscosity solutions to abstract differential
equations that are given in terms of their generator. We start by introducing our notion of a
viscosity solution for abstract differential equations of the form

(6.1) u'(t) = Lu(t), for all t > 0.
In the following, an operator T': C,(E) — Cx(FE) is called increasing if
Tp1 < Ty forall p1,p2 € Cu(E) with ¢1 < pa.
We say that an operator T': Cy(E) — Ck(E) is convex if
T(Ap1 + (1= N)p2) < AT1 4 (1 — X\ Ty
for all A € [0,1] and @1, @2 € Ck(E).

Definition 6.1. Let L: D — C,(E) be a nonlinear operator, defined on a nonempty set D C
Cy(E). We say that u: [0,00) — Cx(E) is a D-viscosity subsolution to the abstract differential
equation (6.1) if u is continuous w.r.t. the mized topology TH/// and, for everyt >0, x € M,
and every differentiable function ¢: (0,00) — Cy(E) with ¢(t) € D, (¥(t))(z) = (u(t))(z),
and Y (s) > u(s) for all s > 0,

(¥'(1)(z) < (Le(t)) (@)

Analogously, u is called a D-viscosity supersolution to (6.1) if u: [0,00) — C.(E) is continu-
ous and, for everyt > 0, x € M, and every differentiable function 1: (0,00) — Ck(E) with

Y(t) € D, (¥))(z) = (u(®))(x), and ¥(s) < u(s) for all s > 0,

(') (@) = (Lo (®)) ().
We say that u is a D-viscosity solution to (6.1) if u is a viscosity subsolution and a viscosity
supersolution.
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Note that the previous definition does, a priori, not require the class of test functions
for a viscosity solution to be rich in any sense. Therefore, in order to obtain uniqueness in
standard settings, one has to verify on a case by case basis that the operator L is defined
on a sufficiently large set D in order to apply standard comparison methods. Concerning the
existence of D-viscosity solutions, we have the following theorem.

Theorem 6.2. Let P be a Cy-semigroup on (CH,T%) consisting of convex increasing opera-
tors with generator L. Then, for every ¢ € C.(E), the function u: [0,00) — Ck(E), t — Py
is a D(L)-viscosity solution to the abstract initial value problem

u'(t) = Lu(t), forallt>0,

uw(0) = .
Proof. Fix t > 0 and x € E. We first show that u is a viscosity subsolution. To that end, let
¥: (0,00) = Cy(E) be a differentiable function with with ¢ (¢) € D(L), (¢(t))(z) = (u(t))(z)
and ¢(s) > u(s) for all s > 0. For A € (0,1), let ¢ := % Then, for h € (0,1) with h < ¢, the
semigroup property implies that
_ BPnp = Pp _ Ppult —h) —ult) _ Bt —h) —ult)

0 - . - /
< Pp(t — h}i — Pp)(t) n Ph¢(t)h— () N W(t) ; u(t)
< <Ph (7/1(15) + M) _ Pmﬁ(t)) i Ph¢(t)h P(t) n p(t) ; u(t))

where, in the last inequality, we used the convexity of the map v — P, (1/1(15) + v) — Py(t).
The strong continuity of the semigroup P and ¢ (t) € D(L) imply that

P10+ HBO) () ) ang P00
as h J 0 in the mixed topology 7',;/”. Using the equality (u(t)) (x) = (¢(t))(m), it follows that

0 < —(¥'(1)(2) + (Leo(1) ().
In order to show that u is a viscosity supersolution, let ¢: (0,00) — Cy(FE) differentiable
with ¢(¢) € D(L), (¢(t))(z) = (u(t))(z) and 9(s) < u(s) for all s > 0. Again, using the
semigroup property, we find that, for all h € (0,1) with h < ¢,

_ Po— PP np _ ut) = Pyu(t—h) < u(t) — Ppp(t — h)

— L(t)

0

h h - h
_ult) =90 | 6 = Pub(t) | Pub(t) = Puslt — h)
h h h
< MO 0) | )= Pt (Ph (10— 1y + SO0 h))7

where, in the last step, we used the convexity of the map v — P, (w(t —h)+ v) — Ppp(t —h).
Again, the strong continuity of the semigroup P and ¢y € D(L) imply that
Y(t) — Prip(t)
h
as h | 0 in the mixed topology 7. Since (u(t))(x) = (¢(t))(z), we find that

0 < —(Ly())(x) + (¢'(1) (),

= —Ly(t) and Py ((t = h) + PO Py — ) - (1)
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and the proof is complete. O

Finally, we derive a stochastic representation for P using convex expectations. For a
measurable space (€2, F), we denote the space of all bounded F-measurable functions (random
variables) 2 — R by By(2, F). For two bounded random variables X,Y € By(Q2, F) we write
X <Y if X(w) <Y(w) for all w € Q. For a constant m € R, we do not distinguish between
m and the constant function taking that value.

Definition 6.3. Let (2, F) be a measurable space. A functional £: By(Q2, F) — R is called a
convex expectation if, for all X, Y € By(2, F) and A € [0, 1],
() E(X)<eY) if X <Y,
(i1) E(m) =m for all constants m € R,
(iii) EAX + (1= A)Y) < AE(X) + (1 = NEY).
We say that (0, F,E) is a convex expectation space if there exists a set of probability measures
P on (2, F) and a function a: P — [0,00) such that

E(X) =supEp(X) — a(P) for all X € By(2, F),
PeP

where Ep(-) denotes the expectation w.r.t. to the probability measure P.

The following theorem is a consequence of [19, Theorem 5.6] and the fact that the 7;7-
continuity of P implies the so-called continuity from above or Daniell continuity of P, for
t > 0.

Theorem 6.4. Assume that E is a Polish space, k = 1, and P is a Cy-semigroup of increasing
convex operators with Pym = m for all t > 0 and m € R. Then, there exists a quadruple
(Q, F,(E%)zer, (X(t))t>0) such that
(i) X(t): Q@ — E is F-B-measurable for allt >0,
(i) (Q,F,E%) is a convexr expectation space with E*(p(X(0))) = ¢(x) for all x € E and
¢ € Cy(E),

(iii) Forall0<s<t,neN,0<t; <...<t, <s and ¢ € Cp(E™),

(62) E* (w(X(tl)v T 7X(tn)7 X(t))) =& ((Pt—sw(X(t1)7 B X(tn)7 ’ )) (X(S))) :

In particular,

(6.3) (Prp) () = E%(p(X(1)))-
forallt >0, x € E, and ¢ € Cy(E).

Let E be a Polish space. The quadruple (Q, F, (£%)zeck, (X (t))t>0) can be seen as a nonlin-
ear version of a Markov process. As an illustration, we consider the case, where the semigroup
P and thus &% is linear for all z € E, and choose ¢(x,y) = ¢(z)1p(y), for z,y € E, with
¢ € Cy(E) and B € B", where B"™ denotes the product o-algebra of the Borel o-algebra B5.

Then, £* = Ep« is the expectation w.r.t. a probability measure P* on (2, F) for all x € E.
Using the continuity from above and Dynkin’s lemma, Equation (6.2) reads as

Ep: (0(X () 1p(X (t1), -+, X(tn))) = Epe [(Pr—sp) (X ()1(X (t1), - .., X ()],
which is equivalent to the Markov property
(6.4) Epe (0(X(8))|F) = (Prostt) (X(s)) P*-as.

where F,; := o ({X(u)|0 < u < s}). On the other hand, if £” = Ep=, the Markov property
(6.4) implies Property (iii) from Theorem 6.4.
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7. EXAMPLES: VALUE FUNCTIONS OF OPTIMAL CONTROL PROBLEMS

7.1. A finite-dimensional setting. In this section, we show that value functions of a large
class of optimal control problems are examples of nonlinear Cp-semigroups. We illustrate this
by means of a simple controlled dynamics in R%, with d € N where the contol acts on the
drift of a diffusion process. However, with similar techniques also other classes of controlled
diffusions fall into our setup. Throughout, let W = (W (t)):>0 be a Brownian Motion on
a complete filtered probability space (Q, F, (Ft)tZO,IP’) satisfying the usual assumptions and
o > 0. For m € N, we consider a fixed nonempty set A C R" of controls with 0 € A and
define the the set of admissible controls A as the set of all progressively measurable processes

a: Q2 x[0,T] - A with
t
E(/ |a(s)]ds) < 0.
0

For a fixed measurable function b:  x R¢ x A — R?, an admissible control o € A, and an
initial value x € R?, we consider the controlled dynamics
(7.1) dX(t,z) = b(X*(t,z),a(t))dt + cdW(t), fort>0, X*0,z)=z.
We assume that the drift term b satisfies the following Lipschitz and growth conditions: there
exists a constant C' > 0 such that

b(x,0) =0, P-as., forallzeR?

|b(z1,a) — b(zg,a)| < Clz —y|, P-as., forall z,zo € R and a € A,

lb(z,a)| < C(1+ |z| +|a]), P-as., forallze R? and a € A.

Under these assumptions, by standard SDE theory, for each initial value z € R? and every
admissible control a € A, there exists a unique strong solution (X“(¢,x))¢>0 to the controlled
SDE (7.1).
We consider the weight function £ = 1 and a running cost function g: A — [0, 00) with
9(0) =0 and
9" (y) = sup (laly — g(a)) < oo
acA

for all y > 0. For ¢ € Cy,(R%), we consider the value function

t
V(t,x;p) := supE(gp(Xa(t,x)) —/ g(a(s))ds),
acA 0
and we define (Pyp) () := V(t,2;¢) forall t > 0 and z € R?. We first show that P;: Cp(RY) —
Cy(RY) is well-defined with || Piploe < ||¢]loo for all ¢ € Cy(R?). Using the Lipschitz condition

of b together with Gronwall’s lemma, we obtain the a priori estimate

E(‘Xa(t,xl) - Xa(t,lﬁg)‘) < %l zy — ao

for all t > 0, 21,22 € R?, and a € A. This shows that the value function V is continuous in
the z-variable. Moreover, |V (¢, -, ¢)|loo < [|¢]loo for all ¢ € Cy(RY),since g(0) = 0. Since the
value function V satisfies the dynamic programming principle, cf. Pham [58] or Fabbri et al.
[29], the family P = (F;)¢>0 is a semigroup.

Using the linear growth of b together with Gronwall’s lemma,

(7.2) E(|X*(t,z) —z|) + || < eCt<|xy +m/i+0t+/0 cya(s)|ds>
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forall t >0, 2 € R% and o € A. Let ¢ > 0, ¢ € Cy(RY), and t > 0. Then, for every r > 0,
there exists some § > 0 such that

lo(y) — @(x)] < g for all 2,y € R? with |z| < r and |z — y| < 0.

Hence, for all x € R? with |z| < r, Equation 7.2 implies that

V(t.ai9) = o) < 5+ 2ol (Lxeqear o) ~B( [ 9fa(s)ds)
< % + 2”S§HOOE(|XO‘(1€,33) - ZL'|) - E(/O g(a(s))ds)
< S+ (O = Dol + €7 (Ct+ ovE) + 17 (A=)

On the other hand, for all z € R? with |z| < 7,

e | 2|l
— t.
5 + 5 a\f

g
o(x) = V(t,z;9) < 5t 2l ellocE(Lfjow@)>61) <

We thus see, that Pip — ¢ uniformly on compact sets.
Now, let R >0, € > 0, and @1, 2 € Cp(R?) with ||@i]jec < R, for i = 1,2, and

‘51|1<p lo1(y) — @2(y)| < % for sufficiently large r > 0.
Yyisr

We observe that, for ¢ € Cp(RY) with [|¢]lec < R, t >0, 2 € R% and o € A with

(7.3) Vit wip) < 5+ IE(go(X"‘(t, 2)) - /Otg(a(s))ds>,
it follows that
(7.4 B [lalas) <ia @ +2( [ aas)) < 547+ 28

Let T,c¢ > 0. Then, for t € [0,T], € R? with |z| < ¢, and o € A satisfying Equation (7.3)
for ¢ = 1.

2e 2¢e 2R

3 +2RE(Lxea)ny) < 5 + CE(X(62)])

-3
2¢ 2R €
<+ TeCT<§ + 2R+c+aﬁ+T(C+§*(1))),
where, in the last step, we used Equation (7.2) and Equation (7.4). Choosing r > 0 sufficiently
large, a symmetry argument yields that

V(t,z;01) — V(¢ x;02)

IN

sup ‘V(t,m;gpl) —V(t,z; @2)‘ <e foralltel0,T].

|z|<c
With similar arguments together with It6’s formula, one finds that the generator L of P on
CZ(E) is given by

2

(L) () = 5 Orecolw) + 5up (b, )0ucp(w) = g(a) ).
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By Theorem 6.2, we thus obtain that (¢,z) — V(t,z;9) = (Pip) () is a CZ(R?)-viscosity
solution to the HJB equation

2

O(t,z) = %&mgo(a:) + 222 (b(a:, a)0zp(x) — g(a)), v(0,2) = p(z).

7.2. An infinite-dimensional example with linear growth. In this section, we consider
a similar setup as in the previous subsection in a separable Hilbert space H with orthonormal
base (ex)ren C H, endowed with the bw-topology. Throughout, let W = (W (t))¢>0 be a
Brownian Motion with trace class covariance operator X: H — H on a complete filtered
probability space (Q,]: , (]:t)te[(),T]aP) satisfying the usual assumptions. For p € (1,2], we
define the the set of admissible controls A as the set of all progressively measurable processes

a: Q2 x[0,T] — U with
¢
IE(/ \aﬁ%ds) < 0.
0

For every admissible control o € A and every initial value x € H, we consider the controlled
dynamics

t
(7.5) X%(t,x) == —|—/ a(s)ds + W (t) forallt>0.
0

We consider the weight function x(z) := (1+ |z|y)~!, for z € H, and a running cost function
g: H — [0, 00) with g(0) = 0 and

gy (y) := sup (lalf;y — g(a)) < oo
acH

for all y > 0. This implies that, for all ¢ € [1,p] and y €> 0,

g:(y) := sup (la|%y — g(a)) < oc.
acH

For ¢ € Cy(Hyy), we consider the value function

Vit 2:0) = sup E(w(xm, 2)) - /Ot g(a(s))ds) ,

acA

and we define (Pyp)(z) := V (¢, x; ) forallt > 0 and x € H. We first show that P;: Cy(Hpyw) —
Cw(Hpy) is well-defined. Let ¢ € Cy(Hyy,) such that,there exists a constant L > 0 and some
n € N with

(7.6) lo(x) — ()| < LY [z —y,e)| forallz,ye H.
=1
Then, for allt > 0 and x,y € H

‘V(t7x;90) - V(t¢y;90)’ < LZ ’<33 _yaei>"

=1

Moreover, for all ¢ € [1, p),

t 1/q
E(‘th,a‘;[){)l/‘IS ‘$|H+HE||W\/£+E</ ’CM(S) %dS)
0
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forallt > 0, x € H, and o € A. Using this estimate, we find that, for t > 0, x € H, and
Y e CH(Hb’w)a

Vit.ai0) < el (14 (X0 a)l)) B [ ala)as)
< e (1 + ol + 1) + 17 (ol

Moreover, for all t > 0, x € H, and ¢ € Cy(Hpy),

V(ta:0) > ~llle(1+ l2lar + [SllavE),
which shows that
1Pl < (el + 7" () ) (1 + £+ ISl vE).

Now, let R >0, & > 0, and ¢1, p2 € Cx(Hpyw) with ||@i|s < R, for i = 1,2, and

sup |e1(y) —v2(y)| < % for sufficiently large r > 1.

[yla<r
We observe that, for ¢ € Cy(Hpy,) with |¢|lx < R, t >0, z € R% and a € A with
€ N t
(1) Vi) < 5 +B(p(xw0) - [ alat)ds)
0

it follows that

E(/Otg(a(s))> < % + 4R<(1 + |z|g + 2HE||tr\/i)p + E(/Ot \a(s)|pd5>>,
which implies that
78) B [ laPds) < 5+ AR+ ol + 21D + 5500+ 4

Let T,c > 0. Then, for t € [0,T], x € H with |z|g < ¢, and « € A satisfying Equation (7.7)
for ¢ = 1.

2¢e
V(t,l‘; 901) - V(tv x; 902) < ? + 2RE((1 + |Xa(t7x)’)1{|X°‘(t,x)\>r}>
2£ 4R

IN

= o B(|X (L a))

2¢ 16(1+R) /e » .
S§+T(§+(1+C+H2Htrﬁ) +T§(1+4R)),

where, in the last step, we used Equation (7.8). Choosing r > 0 sufficiently large, a symmetry
argument yields that

sup |V(t,x; p1) = V(t,z;509)| <& forallt e [0,T].

|| <c

Since the value function V satisfies the dynamic programming principle, cf. Fabbri et al. [29],
the family P = (P;);>0 is a semigroup.
Let € > 0, ¢ € Cy(Hpy) with (7.6) with L > 0 and n € N, and ¢ > 0. Then, for all x € H,

'Wum@—wm)SM@mW€+E(ALMQH—AM®%»

< L|Z||uvVE+tg* (L) = 0 ast — 0.
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Moreover, for all z € H,
p(x) = V(t,2;0) < LS|V
In particular, since the bounded finitely based Lipschitz functions are dense in Cy(Hpy), it
follows that P,y — ¢ uniformly on compacts for all ¢ € C\(Hpy).
By Ito’s formula and Theorem 6.2, we obtain that (¢,z) — V(t,z;9) = (Pip)(z) is a
C?2(Hpy)-viscosity solution to the HJB equation

2

Ow(t, ) = % Drecple) + 5up (0, 0up(w)) —9(a)), 0(0.) = ().

APPENDIX A. SOME FACTS ON THE MIXED TOPOLOGY

In this section we collect some general properties of the mixed topology that was introduced
in Section 2 in a special case suitable for our purposes. For the reader’s convenience, we start
with some basic facts about topological vector spaces (see e.g. [64]).

Let (X, 7) be a topological vector space. Then, there exists a basis % () of neighbourhoods
of zero such that:

(i) f U € () and A € R, then A\U € % (1),

(i) if U € Z (7) and |A| <1, then \U € % (1),
(i) if U € % (7) and x € X, then there exists some A € R such that € AU,
(iv) if U,V € % (7), then there exists some W € % (1) such that W Cc U NV,
(v) it U € % (), then there exists some V € % (1) such that V+V C U.

The topological vector space (X, 7) is Hausdorff if, for every x € X, there exists a neighbour-
hood U € % (1) of zero such that = ¢ U. A topological vector space (X, 7) is locally convex
if there exists a basis % (7) of neighbourhoods of zero consisting of convex sets satisfying the
properties (i) - (v) above. In what follows, all topological vector spaces are Hausdorff and
locally convex.
We say that a subset B C X is bounded if, for every U € % (), there exists some r > 0 such
that rB C U.

We recall the definition of the mixed topology 7. We closely follow [72], where a more
general situation is studied.
Let X be a linear space, endowed with two topologies 71 and 75, with corresponding bases
% (1) and % (12) of neighbourhoods of zero satisfying (i) - (v), respectively. We assume that
(X , 7'1) and (X , 7'2) are Hausdorff topological vector spaces with 71 C 72. For a sequence
v=(Up) C ("), and any U? € % (7%), we define a set

U(,U%) =] (UinkU?).
n=1 k=1
Then, the family
U0y =) co (), v en ()}

satisifies the conditions (i) - (v), and therefore defines a basis of neighbourhoods of zero
for a topology 7% = % (71,72) making (X, 7% Hausdorff topological vector space. The
topology 7% is known as the mixed topology In the present paper, we use this definition
only in the case, where X = Cy(F) with E a completely regular topological Hausdorff space,

4 7 cf. Section 2 for the notations. We list some basic properties of the

1 =177 and =717,
mixed topology in this case.
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Lemma A.1. ([72], Theorem 3.1.1) The mized topology 7, := 7 (¢, 7.%) is identical with

KRR

the topology T,'f[ defined in Section 2 via the family of seminorms py. (c,),(an)-

Proof. For k = 1, this lemma has been proved in [72]. The case of arbitrary k is an easy
modification of the proof in [72]. O

Let us recall that a subset of a locally convex space is bounded if it is absorbed by every
neighbourhood of zero.

Proposition A.2.

(a) (72, Section 2.2]) The topology 7 is the strongest locally convex topology on Cy(E)
that coincides with ¢ on bounded sets of T .

(b) ([72, Corollary on p. 56]) A set B C C(E) is bounded in the topology 7% if and only
if it is bounded in the topology TZ/.

(c) ([72, Corollary 2.2.4]) The topology 7% can be defined as the weakest topology T on
C(E) such that for every locally convex space F' and every linear operator T: C(E) —

F, T is T-continuous if and only if T is T -continuous on TZ/—bounded sets.

Another equivalent definition of the mixed topology 77 is given by the following construc-
tion. Let #((F) denote the family of weights consisting of all bounded functions w: F —
[0, 00) such that, for every € > 0, the set {z € E: k(z)w(z) > £} is compact. For every weight
w € #y(E) we define the seminorm

Prw(p) = sup jw(z)r(z)p(z)| for all p € Cp(E).
Te
Proposition A.3. ([71, Theorem 10.6]) The locally convez topology on C.(E) defined by the
family of seminorms {pew: w € #o(E)} is identical with the topology ;7 .

The following result is a special case of Theorem 10.6 in [72]. Since in our case the proof is
simple, we include it fot the reader’s convenience.

M

Proposition A.4. A sequence (¢n,) C C.(E) is 7,7 -convergent to ¢ € Cr(E) if and only if

sup [|@nll,, < oo and lim ¢, =@ in the topology 7.
n>1 n—o0

Proof. We note that if
(A1) 7 — lim ¢, =0,

n—oo
and sup,, ||¢||x = oo, then there exist x,, € E, n € N, such that x(z,)p,(x,) > n. Choosing
Cpn = {zn}, a, = 1, we have Die,(Cp)y(an) (Pn) = 1 for all n € N, contradicting (A.1). Hence
the assertion follows from Lemma A.1 and Proposition A.2 (a). O

Lemma A.5. For each weight k, the mapping
T : Cy(E) = Cu(E), Tup=rto,

18 a linear homeomorphism of (C’b(E), Tl(i)) onto (CK(E), T,gi)) for all three topologies T , ¢ , 7"

and 7',?, T,(fﬂ, T;{”, respectively.

Proof. The proof is obvious for 7¢ and 7#. By Proposition A.2(c), it is enough to check
continuity of Z, and Z_! on balls of Cy(E) and C,(E) respectively. But this follows from
Proposition A.2(a). O
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Theorem A.6. ([65, Theorem 7.1]) If Hypothesis 2.1 holds, then the space (Cy(E), ;%) is
complete.

Theorem A.7. A set B C Cx(E) is relatively T,://-compact if and only if the following two
conditions hold:
(1)

sup ||| < o0,
peB

(2) B is equicontinuous on every compact subset of E.

Proof. Assume that (1) and (2) hold. By (1) and Proposition A.2(a), it is enough to prove
that B is relatively 7% -compact but this follows immediately from (1), (2), and an appropriate

version of Ascoli’s theorem, see, e.g., [26, Theorem 8.2.11]. The converse statement is obvious.
O

Theorem A.8. (133, Theorem 11]) Suppose that o/ C C.(E) is an algebra that separates
the points of E, and that, for each © € E, there erists a € </ with a(x) # 0. Then < is
77 -dense in Cy(E).

Proof. For k = 1, the theorem was proved in [33]. For general &, it follows from Lemma
A5, O

Theorem A.9. The space M,(E) is the topological dual space of (Cy(E), 7). Moreover, if

M C M (E) such that the set of measures {Ffl,u,; w e M} 1s tight and bounded in variation
norm, then M considered as a set of functions on Cx(F) is T%-equicontinuous.

Proof. If k =1 then by [46] (sce also [33]) the dual space of (C1(E), i) is identified as the
space of Baire measures of finite variation on F for any completely regular space E. In this
paper Borel and Baire g-algebras on E coincide, hence the first claim follows. For the proof
of the second part of the assertion see [16, p. 136, Proposition 3.6] . For arbitrary x the proof
follows from Lemma A.5. O

Remark A.10. We note that if, in addition, to Hypothesis 2.1 we assume that our underlying
space F is Radon, i.e. every finite measure on (E, %(FE)) is tight, which is the case in all
examples in this paper, then the first assertion of Theorem A.9 is a trivial consequence of
the Daniell-Stone Theorem (see e.g. [21]). Indeed, again by Lemma A.5 we may assume that
k = 1. Obviously, each u € My(FE) is in the topological dual (Cb(E),T{/{)/ of (Cy(E), 7).
To prove the converse we first note that it is well-known that every element £ of the latter can
be written as a difference ¢ = ¢+ — ¢~ with (T, ¢/~ ¢ (C’b(E), T{”)/ and both are nonnegative
on nonnegative elements in Cy,(F) (see e.g. [44]). Hence we may assume that ¢ itself has this
property. Since Cy(FE) is a Stone vector lattice, which by assumption (2) in Hypothesis 2.1
generates A(E), we only have to show the Daniell continuity, because then ¢ is represented
by a unique finite nonnegative measure p, which, since E is a Radon space, is in M(E). But
if pn, € Cp(E), ¢ > 0, n € N, such that ¢, | 0 pointwise on E, then by Proposition A.4 and
Dini’s Theorem, we conclude that

7'{//— lim f, =0,
n—oo
hence lim ¢(f,) = 0, and Daniell continuity holds.
n—o0

Theorem A.11. ([33, Corollary on p. 119]) Let M C M, (E) such that k=M is tight and
bounded in variation norm. Then, M is narrowly relatively compact in M (E).
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APPENDIX B. CONTINUOUS OPERATORS FOR THE MIXED TOPOLOGY

The aim of this section is to characterise norm-bounded linear operators T': C..(E) —

Cw(FE) that are T;:” -continuous, i.e., continuous in the topology 7',;/// .

Proposition B.1. ([16, p. 8, Corollary 1.7]) Let F' be a locally convex space, and let T be
an arbitrary family of linear mappings T: Cw(E) — F. The family T is 7',_{// -equicontinuous
if and only if the family

Tlg:={T|p:TeT}
is T -equicontinuous for every norm-bounded set B C Cy(E).

Proof. The result follows immediately from Lemma A.1 and [16, Corollary 1.7]. g

Theorem B.2. Let T: C,(E) — C.(E) be a norm-bounded linear operator. Then, the
following conditions are equivalent.

(i) T is 77 -continuous.
(ii) There exists a family {p(z, -): x € E} C My(FE) such that
(a) for every ¢ € Cy(E),

Ty(z) = [EsO(y)u(x, dy),

(b) the mapping E > x — u(x, B) is measurable for every Borel set B C F,

. sup () [ L5 ) < o0

and for every € > 0 and every compact set K1 C F, there exists another compact
Ky C E such that

|u|(z, dy)
(B2) ;QG@AW Mw)<€

Proof. We first prove the theorem for the case k = 1.

(i) = (ii): Assume (i). We start by showing (a). By Proposition B.1, for every = € E, the
functional I, (¢) = Tp(x) is continuous in the topology i . Therefore, by Theorem A.9, there
exists a measure p(z, -) € M;(F) such that

lo(p) = To(x) =/ o(y)u(z, dy),

E

which proves (a).

In order to prove (b), let U C E be open. Let R denote the Polish space of infinite sequences
of real numbers. Since the Baire o-algebra Ba(F) is identical with the Borel o-algebra Z(FE),
by [5, Lemma 6.3.3], there exists an open set V' C R* and a continuous function f: E — R*®
such that U = f~1(V). Without loss of generality, we may assume that the measures pu(x, -)
are non-negative. Since R* is a Polish space, there exists a sequence (p,,) C Cj, (R*) such
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that 0 < ¢, <1 and lim, o0 ¥n(2) = Iy (z). By the dominated convergence theorem,

pe0) = [ To@edn) = [ 1@t dy)

= lim on(f(y))u(z,dy)

oo J 1)

= le T (ppof)(x) forall xe E.

Hence, the function # — u(x,U) is Borel measurable as a pointwise limit of continuous
functions. Finally, the measurability of the function p( -, B) for any Borel set B C E follows
from Dynkin’s lemma.

Next, we prove (c). Invoking the lattice properties of C(F) and M;(E), we have

sup |lz()| = |pl(z,-).
0<p<1
Therefore,

m/wx@—mmmwu
zel 0<p<lz€eFE

which shows that (B.1) holds.

Let K1 C F be compact. Since T is Ti//[ -continuous, for every € > 0 there exists a Ti/// -
neighbourhood of zero such that, for ¢ € U, we have pg,(T¢) < €. For x € E, we have
To(x) =1,(p) and

pr, (Tp) = sup |l(¢)].
reKq

Therefore, the family {u(x, - ): x € K1} is equicontinuous on U. Now, (B.2) follows from [65,
Theorem 5.1].
(ii) = (i): If (ii) holds, then

sup |Tp(z)| < oo.

zel

By Proposition A.2, the operator T is 7'1//( -continuous if and only if it is T;g -continuous on

every ball B, = {p € Cy(E): |l¢|l, < r} with » > 0. For ¢ > 0 and a compact C' C E, let
U:={p € B,: pc(¢) < e}. Let the compact K C E be chosen in such a way that

€ .
sup |p| (z, E\ K) < 5(1—1—7’) !
zeC

sup (/E!sO(y)HM(:r,dyO < /K\so(y)llul(w,dy)Jr

g
— B,
Uy {306 Sgplw( )!<2M}

where M := 1+ sup,cp |p|(z, E). Then, for every ¢ € Uy,

Then,

Let

1
m/w|Mx@<M+fw
reK
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This shows that Ty € U, for every ¢ € Uy, and concludes the proof for k = 1.
For general k, observe that, if (ii) holds, then

L TTp(0) = (o) [ o))

E K(y)
is 7'{// -T{// -continuous on Cy(E) by the first part of the proof. Hence, by Lemma A.5, T is
T,fi/// —7',:// -continuous on Cy(E). The converse implication follows by a similar argument. [

Corollary B.3. Assume that a linear operator T: Cy(E) — Cw(E) is 77 -1 -continuous.
Then T is positive if and only its representing measures p(z, -) are a non-negative for every
reE.

It follows from Theorem B.2 that every norm-bounded 7;7-7;#-continuous linear operator

K
on C,(E) can be extended to a linear operator from k! B,(E) to K~ 'By(E), where By(E)
refers to the space of all bounded Borel measurable functions.
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