EVOLUTIONARY SEMIGROUPS ON PATH SPACES

ROBERT DENK, MARKUS KUNZE, AND MICHAEL KUPPER

ABSTRACT. We introduce the concept of evolutionary semigroups on path
spaces, generalizing the notion of transition semigroups to possibly non-Mar-
kovian stochastic processes. We study the basic properties of evolutionary
semigroups and, in particular, prove that they always arise as the composition
of the shift semigroup and a single operator called the expectation operator of
the semigroup. We also prove that the transition semigroup of a Markov pro-
cess can always be extended to an evolutionary semigroup on the path space
whenever the Markov process can be realized with the appropriate path regular-
ity. As first examples of evolutionary semigroups associated to non-Markovian
processes, we discuss deterministic evolution equations and stochastic delay
equations.

1. INTRODUCTION

An important object in the study of a Markov process (say with a Polish state
space X) is its transition semigroup. Indeed, encoded in the transition semigroup
are the transition probabilities of the process and, together with the initial distri-
bution, these determine the finite dimensional marginals and thus the distribution
of the process as a random variable with values in the space of all X-valued func-
tions on [0,00). In particular, in view of Kolmogorov’s extension theorem, we can
construct a Markov process with a prescribed transition semigroup. Depending on
the Markov process in question, it is sometimes possible to replace the space of
all X-valued functions on [0, c0) with a space of more regular functions. The most
important examples are the space C([0, 00); X) of all continuous X-valued functions
and D([0,00); X), the space of all cadlag X-valued functions. But in all cases we
can say that all information about the stochastic process is encoded in the transition
semigroup and vice versa.

In this article, we introduce the concept of evolutionary semigroups on path spaces
to extend the notion of transition semigroups to possibly non-Markovian stochastic
processes. Our main guidelines in establishing this concept are two statements
which may be considered ‘mathematical folk wisdom’ — not proven facts but rather
an intuitive understanding on how a sensible theory should look like. These are as
follows:

If we enlarge the state space appropriately, every stochastic process becomes Mar-
kovian. This suggests that we should incorporate enough ‘history’ of the stochas-
tic process into the state space to make it Markovian. Consequently, as an ‘ulti-
mate state space’, we should consider a space of X-valued functions on the interval
(—00,0], where we consider the value at time ¢ = 0 as the present state of the
process and the value at time ¢ < 0 as the position of the process at the past time
t < 0. Thus, if we seek to describe a stochastic process with continuous paths
(and we will assume this throughout this introduction; however our general setup
also allows for different ‘path spaces’, in particular for cadlag paths), we should

Date: July 25, 2025.

1991 Mathematics Subject Classification. 47D03, 46G12, 60J35.

Key words and phrases. Transition semigroup, non-Markovian stochastic process, Koopman
semigroup, (stochastic) delay equation.



2 ROBERT DENK, MARKUS KUNZE, AND MICHAEL KUPPER

use 2~ = C((—00,0]; X)) as state space. This strategy of ‘incorporating the past’
into the state space is rather standard in the semigroup approach to (deterministic)
delay equations, see [3] and the references therein, but it was also used for stochas-
tic delay equations, see [43]. We should point out that often (in particular in the
references just mentioned) only the history in a finite time horizon is considered,
i.e. one uses C([—h,0]; X) instead of C'((—o0,0]; X).

However, there is a fundamental difference between semigroup theory for deter-
ministic delay equations and the theory that we want to develop here. In the former,
X itself is a Banach space and one constructs a semigroup on the space C([—h, 0]; X)
(or a similar space such as LP([—h, 0]; X)) that describes the evolution of the solution
of the delay equation. On the other hand, in this article, X is not a vector space in
general and (similar to [43]) we want to use the ‘path space’ 2"~ = C((—o0,0]; X)
as state space of a then Markovian process. Thus, the transition semigroup acts
on the space Cy(2~) = Cy(C((—00,0]; X)). In a sense, the semigroup we seek to
construct acts on a function space that is ‘one level higher’ than that considered in
the classical theory. This is similar to considering the Koopman operator (or, in the
time continuous setting, Koopman semigroups) in the study of dynamical systems,
see [17]. Typically, the Koopman operator/semigroup acts either on an LP-space or
(closer to our situation) on the space C(K) of continuous functions on a compact
space K. Only recently, there was a generalization of this theory to the setting of
completely regular spaces in [22].

As a second guideline we require that, as time passes, the past of the process is
merely shifted in time. While this guideline does not need additional explanation,
it raises an important question. What should happen with the past once it is
shifted into the future? In the semigroup approach to delay equations mentioned
above, this question is answered at an infinitesimal level. The generator of the
shift semigroup is (roughly speaking) the first derivative. To obtain a semigroup
governing the evolution of a delay equation, one considers a realization of the first
derivative, defined on a subspace of C'*([—h,0]; X), where the delay equation itself
enters the domain of the generator as a (Neumann-type) boundary condition at
time ¢ = 0. In our situation, the shift semigroup is a rather delicate object (see
Remark 3.10) and this approach does not seem to work.

Therefore, in this article we follow a different approach. Setting 2" = C(R; X),
we identify the space C,(2 ~) with a subspace of Cy(2") as follows: Given z € 2~
and F € Cy(2 ), we can extend F' to a function F € Cy(2), by setting F(x) =
F(ﬂ|(_oo70]). Note that F(x) = F(y) for any 2,y € 2  with %(t) = y(¢t) for all
t < 0 and this property actually characterizes functions that appear as extension of
functions in Cp(2 7). As it turns out (see Lemma 2.5) this property is equivalent to
F being measurable with respect to the o-algebra .%; that is generated by the point
evaluations (m;);<o. Similarly, functions F' € C,(Z") whose value only depends on
%|(—co,s are exactly those that are measurable with respect to F; := o(7s : s < t).
Let us write Cy(2", %) for the space of bounded continuous functions F' : 2" — R
that are #;-measurable. With this identification at hand, we can work throughout
on the space C,(%Z") and, in particular, avoid the central question posed above. If
we shift a function F € C,(Z", %) (say by the time lapse t > 0), we again obtain
a function in Cp(Z"), which is .#;-measurable rather than #y-measurable.

After this preparation, we now define an evolutionary semigroup as a semigroup
(T(t))e>0 on Cyp(X, Fo) such that for 0 < s < t and F € Cpo(Z, F_4) it holds
T(s)F = ©4F, where (0;);>¢ is the shift semigroup on Cy(Z"), see Section 3. This
requirement is a rephrasement of our second guiding principle. In our first main
result, Theorem 4.5, we prove that a semigroup on Cy(Z2 ", %) is evolutionary if
and only if it is given as T(t) = EO; for some bounded linear operator E on Cy(Z")
that takes values in Cy,(2", %) and satisfies EF = F for all F' € Cy(2", %o). This
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operator E determines the semigroup (T (¢))¢>0 uniquely and is called the expectation
operator of the semigroup. Proposition 4.1 shows that E indeed has properties that
are characteristic for expectations. The expectation operator also connects (various
notions of) the generator of T to that of the shift semigroup, see Propositions
4.10, 5.4 and 5.9. We point out that the expectation operator now settles the
central question posed above: Once the shift operator O, transports information
into the future (i.e. producing a function that is not .#y-measurable any more) the
expectation operator E transforms this into an .#p-measurable function (and thus
into a function that we might view as a function on 2" 7).

Let us now discuss some examples.

Delay equations. Our first example concerns deterministic delay equations. We
fix d € IN, h > 0 and define

%y = C([~h,0; RY).

As usual, for a function y € C([—h,00); R?) and t > 0, we define y; € €}, the past
at time t, by setting y;(s) = y(t + s) for s € [—h,0]. Now, given a Lipschitz map
b: %, — R? and an ‘initial history’ £ € %}, we may consider the delay equation

/

Yo = &.

As b is assumed to be Lipschitz continuous, an argument based on the Banach
fixed point theorem shows that (1.1) has a unique solution y¢, see [4, Theorem
11.4.3.1]. In Section 6.1, we will see that, setting X = R? and 2" = C(R;R?) as
above, we can associated an evolutionary semigroup T on Cy(2", %) with such
equations. To describe the expectation operator, given x € 2, we define the
function z_ € 2~ = C((—00,0]; R?) as the restriction z|_ o). Note that g € €,
so that (1.1) has a unique solution y*° for £ = xq. We set

(), ift<0,
y o (t), ift>0.

b @0 y*)(t) := {

Then z_ ®q y* € 2 and we define for F € Cy(Z),
(1.2) [EF)(z) := F(2- ®0 y™).

We will see in Section 6.1, that this is indeed an expectation operator that induces
an evolutionary semigroup by setting T(¢) := EO;.

We point out that there are several semigroup approaches to delay equations to
be found in the literature, see, for example, [15], [3], [19, Section VI.6] or [4, Section
I1.4]. Typically, in these semigroup approaches, the map b is assumed to be linear
and nonlinear maps can be handled via the variation of constants formula. On the
other hand, we obtain an evolutionary semigroup T also for nonlinear b without
relying on the variation of constants formula. The semigroup T can be seen as a
Koopman approach to delay equations or as an extension of the results from [22]
to equations that depend on the past.

Stochastic differential equations. Next, let (B(t));>0 be an m-dimensional
Brownian motion, defined on a probability space (2,%,P). Given functions b :
R? - R? and o : R? — R™*?, we can consider the stochastic differential equation
(1.3) dY (t) =b(Y (t))dt + o(Y(t))dB(t), fort>0,
’ Y(0) =y.

Under suitable assumptions on the coefficients b and o, it is well known that for
every initial datum y € R?, Equation (1.3) has a unique solution (Y¥(t))so. It
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turns out that also to this equation we can associate an evolutionary semigroup on
the path space 2~ = C(R, R?). Motivated by (1.2), we set for F' € Cy(2Z),

[EF](z) := E[F(x_ @ Y*)],

where E refers to expectation with respect to the measure P. Using the fact that
the solutions to (1.3) are Markov processes, we prove in Section 6.2 that E is an
expectation operator that induces an evolutionary semigroup. As a matter of fact,
this is true not only for solutions of stochastic differential equations, but for all
Markov processes that can be realized with continuous paths. Switching to the
path space of cadlag paths, the same result also applies to Markovian processes with
cadlag paths. In Theorem 6.7, we give a complete characterization of evolutionary
semigroups that arise in this way.

Stochastic delay equations. For our last example, consider stochastic delay
equations of the form

b
(1.4) Vo ¢

{dY(t) = b(Y,)dt + o(Y;)dB(t), fort>0,
0

Here, once again, (B(t));>o is an m-dimensional Brownian motion on the probabil-
ity space (2,3, P). However, compared to (1.3), the domain of the maps b and o
changes from R? to the function space €},. Nevertheless, under Lipschitz assump-
tions on the coefficients, it is known that for any £ € %}, Equation (1.4) has a
unique solution Y¢ and we may define

[EF](2) := E[F(z_ ® Y™)].

We point out that the solutions Y'¢ are no longer Markov processes on R?, but they
turn out to be Markov processes on the space %}. Using this fact, we prove in
Section 6.3 that E is indeed the expectation operator of an evolutionary semigroup
on the space 2~ = C(R,R%). In Section 6.4, we discuss some related results in the
cadlag setting.

Organization of this article. In Section 2, we introduce the abstract concept
of a ‘path space’ and establish some preliminary measurability results. Our main
examples of path spaces are C(R; X) and D(R; X)), as we will prove in Appendix B.
In Section 3, we introduce the shift semigroup and present some results concerning
its full generator and its Cp-generator. We should point out that the semigroups
considered in this article are not strongly continuous, whence a different semigroup
theory is used throughout. The main definitions and results of this theory are
collected in Appendix A, where also references to the literature may be found. In
Section 4, we take up our main line of study and introduce the central concepts of
‘evolutionary semigroup’ and ‘expectation operator’. In Section 4 we do not work
in Cy(Z") but rather in By(2"), the space of all bounded measurable functions on
the path space 2 . Continuity properties of evolutionary semigroups are discussed
in Section 5. The choice of the path space plays an important role here. The case
where 2" = C(R; X) is the easier and all of the expected results hold true. The
general case is much more involved and we actually impose additional assumptions
on the ‘path space’ (which, however, are satisfied in the case of cadlag paths). The
basic problem in the case of cadlag paths is that point evaluations are not continuous
functions. Nevertheless, most results from the continuous case generalize. In the
concluding Section 6, we present our examples.

Acknowledgement. We are grateful to Rainer Nagel for helpful comments.
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2. PATH SPACES

Definition 2.1. Let (X,d) be a complete separable metric space. A path space
(with state space X ) is a pair ((27,d), 7) consisting of a complete separable metric
space (X, d) of right-continuous functions x : R — X and amap 7 : 2~ — £, such
that the following conditions are satisfied:

(P1) The evaluation maps m : £ — X, m(x) = %(t) are Borel measurable and
the Borel o-algebra B(.2") is generated by these maps, i.e. B(2") = o(m :
t € R). Every x € £ is continuous at almost every ¢ € R. Moroever, if
%, — z and x is continuous at t, then m;(%,) — m¢(x).
We define some additional o-algebras. Given an interval I C R, we set

F():=oc(m:tel).

Of particular importance is the case where I = (—o0,t) or I = (—o0,t] for
some t € R. We define #;_ := F((—o0,t)) and F; := F((—0,t]).

(P2) The stopping map 7 : X — 2 is Fo_-measurable and 771(A) = A for
every A € %y_. Moreover, 7(x) is continuous at 0 for every x € 2 and
the image 2"~ := 7(Z") is Polish, i.e. there exists a complete metric d~ on
Z ~ that induces the same topology as d on 2 ~.

(P3) For every t € R, the shift ¥, defined by [U:%](s) := %(t + s), maps 2~ to
itself and the map (t,%) — ¥;x is continuous from R x 2~ — 2.

Throughout, elements of the path space Z  will be denoted by lower case black-
board letters %,y,z whereas elements of the state space X will be denoted by lower
case roman letters x,y, z. Likewise, scalar-valued functions on £~ will be denoted
by upper case roman letters F, G, H, whereas scalar-valued functions on X will be
denoted by lower case roman letters f, g, h.

Ezample 2.2. Our basic examples of path spaces are Z¢ := C(R; X), the space of
all continuous paths from R to X, endowed with the metric that topologizes uniform
convergence on compact subsets of R and 2p := D(R; X), the space of all cadlag
paths from R to X, endowed with Skorohod’s Ji-metric. We point out that the
stopping map is defined slightly different in these two examples: for Z¢, we define
[Tc(%)](t) = %(0) for t > 0, whereas for cadlag paths Zp we put [mp(%)](t) = %(0-)
for ¢ > 0.

As our main results only use the abstract assumptions of Definition 2.1, we
postpone the details and proofs to Appendix B.

Ezample 2.3. In the context of continuous paths, we can also consider the spaces

Zos={zxeCR; X): t_ljr_n %(t) exists} = C([—00,0); X)

and, if X is additionally a vector space,

Zoo i ={xe CR; X) Em %(t) = 0}

T — 00

Both are path spaces with respect to the metric

d(zy) = > 27"[1A P ]d(ﬂ(t)aY(t))]~

This choice of path spaces is helpful, for example, in the context of delay equations
with infinite delay, see Equation (3.2) on page 240 of [4].

Example 2.4. Another possible choice for a path space is motivated by adding a
cemetary state to the space X. This is a standard procedure to turn a non-honest
Markov process into an honest one. This construction can be replicated on the
level of the path space. Indeed, given a locally compact X, we denote its one-point
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compactification of X by X', where the added point  is used as a cemetery state.
As X is a complete separable metric space, so is XT. Now set

ot = {z€ C(R; XT) : z(ty) = 1 implies () = 1 for all ¢ > #,}.
We also introduce the following notation. Given an interval I C R, we put
By(Z, F(I)) :={F € By(%') : F is % (I)-measurable}

and Cy( 2, ZF(I)) == Bp(Z,Z(I)) N Cp(Z). We often write By(2', %) and
Co(Z, F:—) instead of By(Z, .7 ((—o0,t))) and Cp( 2, F((—o0,t))). U F: 27 —
R is % _-measurable, we will say that it is determined before t, if F is Z ([t,00))-
measurable, we will say that it is determined aftert. Thus, By(Z", % ([t1,12))) refers
to the space of bounded, measurable functions that are determined before to and
after ¢;. Endowed with the supremum norm || - ||o, all of these spaces are Banach
spaces.
Let us note some easy consequences concerning measurability.

Lemma 2.5. Let ((Z',d),7) be a path space and S be a Polish space with Borel

o-algebra B(S).

(a) For everyt € R and interval I C R, the map ¥ is F (I +1t)/F (I)-measurable.

(b) Fort € R, the map 1 :=9_; o7 01 is F;_-measurable and (74) "1 (A) = A for
all A S jt_ .

(c) A measurable function ® : £ — S is F;—-measurable if and only if & = Por.

(d) It holds 7 = 7. Moreover, x € 2~ if and only if z = 7(x).

(e) It holds z(t) = [T(»)](t) for allt <0 andzx € X .

Proof. (a). This follows directly from the identity 7, o ¥, = 7,4+ for all r € R.

(b). If A € B(Z), then B := 77 1((9_¢)"1(4)) € Fo_ by (P2), so that
(9:)"Y(B) € Z_ by (a), proving the .#; -measurability of ;. If A € %, , then
(9_4)71(A) € Fo_ by (a) so that B = (9_;)~1(A) by (P2). At this point, (a) yields
A= (0)71(B) = (n)"'(A).

(c). If & = ® o 7y, then ¥ is F#;_-measurable as 7y is. Conversely, if @ is .%;_-
measurable, then for A € ¥, ®71(A4) € F;_ so that ®71(A) = (1) "1 (®~1(A)) by
(b). As A was arbitrary, it follows that ® = ® o 7.

(d). Applying (c) to ® = 7 yields 72 = 7. If x = 7(x) then x € 2"~. Conversely,
assume that x = 7(y) € 2" ~. Then 7(2) = 7%(y) = 7(y) = .

(). Let A = {x € Z : %) = [r(»)](¢) for allt < 0}. Then A € Fy_
and thus A = 771(A4) by (P2). On the other hand, 77*(4) = {x : [r(»)](t) =
[72()](t) for all t < 0} = 2 by (d). O

As a consequence of Lemma 2.5(c), an .%,_-measurable function F' € By(2") is
uniquely determined by its values on 2 ~. We may thus use the map 7 to identify

functions on 2"~ with functions on 2" by means of the extension map ® — &,
defined by ® = ® o 7. Concerning measurability, we have the following result.

Lemma 2.6. Let ((Z7,d),7) be a path space, S be a Polish space with Borel o-
algebra B(S) and ® : ' — S.

(a) The Borel o-algebra B(2 ~) is the trace o-algebra of Fo_ on Z .
(b) Then the function ® is B(Z ~)-measurable if and only if  is Fo_-measurable.

Proof. (a). By [6, Lemma 6.2.4], B(Z2 ~) is the trace of B(Z) on 2, ie. A€
B(2Z 7) if and only if there exits B € B(2") with A = BN%Z ~. For A of this form,
it follows from Lemma 2.5(d) that 7(A) = A which, by (P2), implies A € .%,_. This
shows that B(2 ~) C Ho_ and thus B(Z ) is contained in the trace of Fy_ on
Z ~. The converse inclusion follows from considering B € %;_.
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(b). Assume that ® is B(2 ~)-measurable. By (a), for every A € ¥ it is
B:=3"1(A) € B(Z ) C F_. By (P2), d1(A) =7(® 1(A)) =71B) = B,
proving that d is .Zy_-measurable.

Conversely assume that & is .Z(_-measurable. Then for every A € ¥ we have
B := & 1(A) € #,_, whence 7~1(B) = B. This implies 7(B) = B and thus
B C 2 in view of Lemma 2.5(d). In particular, B = BN 2~ € B(Z ).
It follows that 7=1(®~1(A)) = 771(B) and thus ®~(A4) = B proving that ® is
B(Z ~)-measurable. O

3. THE SHIFT SEMIGROUP

Throughout, ((Z°,d),7) is a path space. We next introduce the shift group
(©1)ter C Z(By(Z'),0) by setting

(C")tF)(ﬂ) = F(ﬂtﬂ)

for t € R and F € By(Z"). Here, Z(By(Z),0) refers to the space of bounded
kernel operators, see Section A.1 and, in particular, Lemma A.1.
Lemma 2.5(a) immediately yields

Corollary 3.1. Let I C R be an interval and t € R. If F € By(Z', #(I)), then
O.F € By(Z, F(I +1)).

Let us briefly recall some notions concerning semigroups. A Cjp-semigroup is a
family S = (S;);>0 of Markovian kernel operators on 2" that leave the space Cy,(Z")
invariant and such that the orbit of every bounded, continuous function is jointly
continuous in ¢t and x. The Cy-generator A of a Cy-semigroup S is defined as follows.
We have F' € D(A) and AF = G if and only if sup,¢ 1)t |S(t)F — Flleo < 00
and t~1(S(t)F(x) — F(x)) — G(z) for all x € 2" as t — 0. See Theorem A.12 for
equivalent descriptions of the Cj-generator.

Proposition 3.2. Given (P1) and (P2), condition (P3) is fulfilled if and only if
(©1)ter is a Cyp-group. In this case, the Cy-generator of (O¢)ier is denoted by D
and the following hold true:

(a) D is a derivation, i.e. for F,G € D(D) also the product FG € D(D) and
D(FG) = (DF)G + F(DG);
(b) If F € D(D) is determined before (after) time t, then so is DF.

Proof. If (P3) is satisfied then for every F' € Cy(2") the map (t,%) — (O.F)(») =
F(¥4x) is continuous which shows that (0;)er is a Cp-group.

To see the converse, assume that there exist sequences t,, — t and x%,, — % such
that d(¥¢, %y, %x) > € > 0 for all n € N. As 2 is a metric space, we find a
bounded continuous function F' on £ such that F(¢;x) = 1 whereas F(y) = 0
whenever d(y, ¥4z) > e. For this function F' we have

0= (01, F)(z,) # (0:F)(z) = 1.
Thus, for this particular F the map (¢,2) — [0:F](x) is not continuous, whence
(©1)ter is not a Cy-group.
(a). Let F,G € D(D). Using the characterization of the Cp-generator from
Theorem A.12(iv), we find

®t(FGt) - FG (1) = (0,F)(x) (QtG)(r/zt) — G(x) N (GtF)(x{t) — F (%)
which is uniformly bounded and converges to F'(x)[DG](x) + [DF](x)G(x%) as t — 0.

(b). Let F € D(D) be %;_-measurable. By Corollary 3.1 ©_,F is %;_-
measurable for every s > 0. Thus, for every s > 0 the difference quotient (O_,F —
F)/(—s) is .#;_-measurable hence so is the (pointwise) limit DF.

G(%)
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In the case where F' is determined after time ¢ we can proceed similarly, consid-
ering the difference quotients (OsF — F')/s for s > 0 instead. O

Besides the Cy-generator D also the full generator Dgy of (©)ier is of interest.
This operator is typically multivalued and is defined via the Laplace transform of
the semigroup on By(Z"). Consequently, it may contain functions that are not
continous, which will be important in what follows. For more information about
the full generator, we refer to Section A.2.

Corollary 3.3. The full generator Dey of (©)ter is a derivation in the sense that
if (Fj,G;) € D for j = 1,2, then also (F1Fy, F1Gs + F2G1) € Dai.

Proof. Using the characterization of the full generator from Proposition A.4(iii),
this follows from the multiplicativity of (O¢)icr and the product rule for Sobolev
functions. ]

Next, we introduce some specific elements of Dgy. Given f € By(X) and a < b
and t € R, we define F?(f) and F;(f) by setting

(3.1) / f(x and
(3.2) [FL(f))(%) :=

for every x € 2°. Obviously, F’(f) and Ft( f) are bounded measurable functions
and F'(f) € By(Z',.Z([a,b))). On the other hand, in general F,(f) is not .%;_-
measurable. As this leads to technical problems in what follows, we will often
replace Fy(f) by the function Fy(f), defined by

t—1/n
(3.3) [FF(H)](%) :== lim supn/t f(z(s)) ds.

n—oo _Q/n
In the case where 2" € {Zc, Zp}, we set
e t, if & =2c¢,
t—, if & = 2p.
For future reference, we collect some easy properties of Fy(f).

Lemma 3.4. Givent € R and f € By(X), the following hold true:

(a) FF(f) is Fi—_-measurable;

(b) If f € Cp(X) and t is a continuity point of =, then [F7(f)](») = [F:(f)](%);
(¢) If Z e{Zc,2p}, then Fr(f) = Fi(f) for allt € R and f € Cp(X);

(d) Fors e R, itis O,FF(f) = F  (f).

Lemma 3.5. Let f € Cy(X) and a < b then (F2(f), Ex(f) — Fx(f)) € Dsu.

Proof. For t > 0, we have

[OuFL(f) - /f (t+5) ds—/ £(x

b+t

= F(x(s ))ds—/a f(a(s)) ds
:/0 Fo+ ) ds = | flatats))ds
_ / [04(Fy(f) — Fu( )] (x) ds

- / O (FF (f) — F(/)](x) ds.
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Here, we have used Lemma 3.4(b) and the continuity assumption in (P1) in the last
equality. Now Proposition A.4 yields (F2(f), Fr(f) — EX(f)) € D O

Definition 3.6. We define the operator Dg as follows: D(Dyg) is the algebra gener-
ated by all functions of the form F(f), where a < b and f € Cy(X) and

Do [T F2(f5) =D (Fp (fu) — Fr (f)) [ F2 ()

j=1 k=1 j#k
Then Dy is a slice (see Definition A.7) of Dgy by Lemma 3.5 and Proposition 3.2(b).

Remark 3.7. (a) If f € Cy(X), then FO(f) € Cp(2") as a consequence of the conti-
nuity requirement in (P1). Note, however, that in general F,(f) — F,(f) ¢
Cy(Z). However, if 2 = 2¢, see Section B.1, then F’(f) € D(D) for
f € Cp(X) and it follows that D(Dg) C D(D), i.e. it is a subset of the do-
main of the Cy-generator D.

(b) In the general case, there are several choices of functions G € By,(2Z") such that
(F2(f), @) € Dsuy. For the slice Dy, we choose G = Fy(f)— F(f) and the latter
is .#p_-measurable. Thus, Proposition 3.2(b) generalizes to the slice Dg. The
proof of Lemma 3.5 shows that another possible choice is G = Fy(f) — Fo(f)
which is general not .%,_-measurable.

If 2" = 2D, see Subsection B.2, then for every A € [0, 1] we may choose

G(x) = Af(2(0)) + (1 = A) f(=(b=)) = [Mf(=(a)) + (1 = A) f(=(a=))]-

Recall that a sequence (Fp,)nenw C Bp(27) bp-converges to F' € By(Z) if it is
uniformly bounded and and converges pointwise to F'. Kernel operators are well-
behaved with respect to bp-convergence, see Lemma A.1. A subset M C By(Z') is
called bp-closed if for every sequence (F),),en C M that bp-converges to F' it follows
that ' € M. The bp-closure of a set is the smallest bp-closed set that contains it.
If the bp-closure of a set is all of By(Z), it is called bp-dense in By(Z).

Lemma 3.8. D(Dy) is bp-dense in By(Z').

Proof. Denote by M the bp-closure of the algebra D(Dg). Standard arguments show
that M is also an algebra. By the right-continuity of the paths in 2" it follows that
for every f € Cp(X), it is nFttH/"(f) — Fy(f) pointwise. Consequently, Fy(f) € M
for all f € Cp(X) and t € R. Using that Cy(X) is bp-dense in By(X), it follows
that Fi(f) € M for all f € By(X) and ¢t € R. As M is an algebra, for all choices of
t1 <...<tp, € Rand Ay,..., A, € B(X) we have

1{x€%:x(tj)6Aj forj:l,...,n}:Hth(]lAj)EM7
j=1

i.e. indicator functions of cylinder sets belong to M. As the cylinder sets form a
generator of the Borel o-algebra that is stable under intersections, measure theoretic
induction yields M = By(%"). O

We end this section by establishing that the shift group is uniquely determined
by the slice Dy. This is done by generalizing the concept of a core of an operator,
see [19, Definition II.1.6]. As we are using both the concept of the Cj-generator
and the concept of the full generator, there are two different concepts of a core. For
the former, the appropriate concept is that of a Sg-core (see Lemma A.14), for the
latter the notion of a bp-core (see Lemma A.6) is used instead.

Corollary 3.9. D(Dg) a bp-core for Day. If & = Zc, then D(Dg) is a By-core
for D.
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Proof. This follows from Corollary A.8. Indeed, noting that ©,F2(f) = F Ii(f)
and ©.F,(f) = Fiys(f) condition (i) is satisfied, whereas (ii) follows from Lemma
3.8. Condition (iii) is an immediate consequence of the fact that for f € Cp(X) the
map ¢ — f om is continuous in almost every point as a consequence of (P1).

Now consider the case of continuous paths. As D(Dg) is an algebra that separates
the points of 2, the Stone—Weierstral Theorem, see [26, Theorem 11], yields that
D(Dy) is dense in Cy(2") with respect to Sy. As ©,D(Dg) C D(Dy) for all t € R,
it follows from Lemma A.14 that D(Dy) is a So-core for D. O

Remark 3.10. Even in the case where 2" = Z¢, we cannot expect any function of
the form Fy(f) (or, more generally, F;(f)) which is not constant to belong to D (D).
To see this, we consider the case X = R? Assume that Fy(f) belongs to D(D).
Fixing zg,v € R%, we consider x(t) = xq + |t|v. It follows that

[DFo(£)](z) = ltifg flzo+ t’l;) — f(2o) _ ltiTrgl flzo — tvt) — f(=o)

= —[DFo(f)](%).

This implies that f has in the point xg directional derivative 0 in direction v. As
xo and v were arbitrary, f must be constant.

4. EVOLUTIONARY SEMIGROUPS ON SPACES OF MEASURABLE FUNCTIONS

We are now prepared to introduce the central notions of this article, namely evo-
lutionary semigroups and their associated expectation operators. We start with the
latter and first prove that several possible defining properties are in fact equivalent.
Throughout this section ((2,d), 7) is a path space.

Proposition 4.1. Let E € Z(By(Z),0) be a Markovian kernel operator with
associated kernel k. The following are equivalent:

(i) For every F € By(Z"), the function EF is Fy_-measurable and if F is Fo_-
measurable, then EF = F.

(ii) For every F € Co(Z), the function EF is Fo_-measurable and if F is Fo_-
measurable, then EF = F.

(i) Given A_ € Fy_, Ae B(X) andrxe X,

k(z, A N A) = 05 (A-)k(7(2), A).
(iv) For every F' € By(Z'), the function EF is Fy_-measurable. Moreover,
E(FG) = FEG,

for all F,G € By(Z") where F is Fy_-measurable.

Proof. (i) = (ii). This is trivial.

(ii) = (i). Set

M ={F € By,(%) : EF is %_-measurable}.

By (ii), Cp(Z") C M. Moreover, using that E is o-continuous (see Lemma A.1), it
is easy to see that if (F},)nen is a bounded sequence in M that converges pointwise
to F, then also F' € M. This proves that M is bp-closed. As 2" is Polish, Cy(2")
is bp-dense in B,(2Z") (see [20, Proposition 3.4.2]) whence M = By(Z").

Similarly, one also sees that the second property extends to B,(Z").

(i) = (iii). As EF is always .%y_-measurable it follows from Lemma 2.5 that
k(x, A) = (ELa)(x) = (ELa)(7(x)) = k(7(x), 4)

forall Ae B(Z) and x e 2.
Now let A_ € Fy_, A € B(Z) and x € Z be given. By (i), k(x, A_) =
Ela_ (x) =14_(%). It follow that for x ¢ A_

0<k(zx,A_NA)<k(x A_)=0.
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On the other hand, if x € A_, the same argument shows k(z, A° N A) = 0 and we
obtain

k(z, A) =k(z, A_NA) +k(x,A° NA) =k(zx,A_ N A).
Altogether,

k(x,A-NA)=k(1(x),A_NA) = 0,0 (A_)k(7(x), A).

(iii) = (iv). Condition (iii) yields E(F'G) = FEG whenever F' = 14 for some
A_ € Fy_ and G = 14 for some A € B(Z"). Using measure theoretic induction
twice, this easily extends to arbitrary functions.

(iv) = (i). Let F' € Bp(Z") be Fy_-measurable. As 1 is B(Z" )-measurable and
El = 1 by Markovianity, (iv) yields EF = E(F1) = FEL = F1 = F. O

Note that condition (iv) of Proposition 4.1 implies that E is local in the sense
that E(14G) = 14EG for all A € %#y_ and G € By(2"), and can therefore be
viewed as a conditional function/expectation, see [16] and the references therein.

Definition 4.2. An operator E satisfying the equivalent conditions of Proposition
4.1 is called expectation operator. Given an expectation operator [, we define F; :=
0,EO_; for t > 0. We say that E is homogeneous if E = EE; for all t > 0.

Remark 4.3. In the case of continuous paths, i.e. ((Z7,d),7) = ((Zc,dc), 7c), we
give an alternative representation of E that follows from Proposition 4.1(iii). To that
end, we identify 2"~ := 7(2") with C((—o0, 0]; X) and define 2°" := C([0, >0); X).
Then the map
X=X XT = X, (2-,%20) = 2 @0 24
with
7_ (1), if + <0,
- ® t) =

x- @ox)(1) {ﬂ+(t) — %y (0) +2_(0), if¢>0,
is well-defined, and its restriction to the closed subspace of all compatible pairs

Piomp = {0 %) € 27 x 2 12 (0) = % (0)}

is an isomorphism. Let E € Z(By(2"),0) be a Markovian kernel operator with
associated kernel k. Identifying 2" and Zcomp, Proposition 4.1(iii) yields

(4.1) ((xmy) A X Ay) = 8, (A )k (a_, A})
for (2_,%24) € Zeomp and Ay € B(2F), where we define
by (2o, Ap) ==Kz, {z- @0yt 1y € Ay, 2-(0) = y4(0)})
= |]<(x<_, {z_} x A4 )N %Omp).

Note that by (4.1), the measure k(z, -) is extended by zero to (2"~ x 2" 7))\ Zcomp-
For F' € By(Z), (4.1) and a Fubini argument yield

(EF) :/% (x,dy) = /é’l’—xé’?,’+ Fy- @0 y4+)k((z-,24),d(y—,y+))

(4.2) / (57— ®oy ks (. dys )b (dy_)

- / Flae ®0y4 )k (. dys).
X+

If we want to extend this construction to cadlag paths, it is a natural question
how to glue two functions from D([0, 00); X) and D((—o0, 0]; X) together at 0, i.e.
if there might be a jump at 0 or not. If the evolutionary semigroup induced by [E is
a Cp-semigroup, then Corollary 5.11 below yields that

P*({y : y is continuous at 0}) = 1,
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which suggests that we should glue paths x_ € D((—00,0]; X) and 24 € D([0,00); X)
continuously together in 0. Thus, mutatis mutandis, the same construction as above
can be extended to cadlag paths in this situation.

The above description of E will be used for stochastic (delay) differential equa-
tions below, where we specify ki in terms of the unique solution of the equation,
see Section 6 for details.

Lemma 4.4. Let E be an expectation operator with associated kernel k. The fol-
lowing are equivalent:

(i) E is homogeneous.
(ii) For everyzxe Z,t>0 and A€ B(X),

/ K(dry, 0 A)k(x, dy) = K(x, A).
X

Proof. Let F € By(Z"). Note that

€0-F)) = [ Fo-kindy) = [ Pk dzo (07,

where we write k(z,dz o (J_;)~!) for the push-forward measure of k(x,-) under the
map ¥_;. Therefore

(H‘:tF)(Z() = (@t[E@_tF)(X() = (EG_tF)(’l?tﬂ) = /% F(Z)ﬂ((’l?tﬂ, dz o (ﬁ_t)_l).
It follows that

(EE.F)(x) = / (ELF) (y)k(x, dy)

x

- / / F@)k(@ey. dz o (0_1) " )k(x, dy)
X JX

:/ F(z)/ k(9sy, dz o (9_;) " Hk(z, dy).
A x

This is the same as (EF)(x) for all F' € By(Z") if and only if

/]lA(z)/ m(ﬁty,dzo(ﬁ,t)—l)m(ﬂ,dy):/ k(sy, 91 A)k(z, dy) = k(z, A)
X x x

forallze 2 and A € B(Z). O

Theorem 4.5. Let (T(t))i>0 be a semigroup of Markovian kernel operators on
By(Z, %o—). The following are equivalent:
(i) For every F € By(Z, Fo—) and t > 0, it is T(t)O_+F = F. In particular, if
F is determined before —ty < 0, then T(t)F = ©.F for all 0 <t < tg.
(ii) There exists a homogeneous expectation operator E such that

(4.3) T(t) =EO; forallt>0.

Conversely, if E is a homogeneous expectation operator, then Equation (4.3) de-
fines a semigroup of Markovian kernel operators on By(Z , %o—), which satisfies
condition ().

Proof. (i) = (ii). Fix s > 0. If F' is determined before s, Lemma 2.5 implies that
O_F is determined before 0. Thus, the expression T(s)O_,F is well-defined and
F — T(s)©_F defines a o-continuous mapping from By(Z", Fs_) to By( 2", Fo—).
Consequently, we find a kernel kg such that

T(5)O_ F(x) = /% F(y)ka(x, dy)
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for all F' € By(Z,.Z,—). It follows from Lemma 2.5 that for F' € By(Z", %#s_)
the function ©_(, ) [ is determined before —r < 0. Consequently, (i) implies that
0,0_(15F =T(r)O_(1sF and thus

T(s)@_SF = T(s)@r@_(ﬂ_s)F = —U—(S)—U—(T)@_(r_;'_s)F = —U—(S + r)@—(r+s)F~

This shows that kg(%, A) = keir(%, A) for all » > 0 and A € F,_. We may thus
define

k(z, A) := kq(x, A)
whenever A € Z,_. In this way, k(z,-) defines a finitely additive measure on
7 =Uy>o Fs—-

Note that ks(x, ) is even o-additive on .#;_ and thus can be viewed as a Radon
measure on the Polish space 2 = 75(2"). Consequently, given e > 0 and A € F,_,
we find a compact subset K C %5 such that ks(2, A\ K) < e. Note that K is also
a compact subset of Z . This shows that given A € 2 and ¢ > 0 we find a compact
subset K of 2" that also belongs to & such that k(z, A\ K) < e. At this point [6,
Theorem 1.4.3] implies that k(x, -) is o-additive on 2, whence it can be extended to
a measure on ‘B(2") by means of the Carathéodory theorem (see [6, Cor. 1.11.9]).

We note that the map % +— k(x, A) is measurable whenever A € 2. By a
monotone class argument, this extends to arbitrary A € B(Z), proving that k is a
kernel. We may thus define

EF)(x) i= /% F(y)k(x, dy)

for all ' € By(Z"). By construction, EF = T(s)©_sF whenever F is determined
before s > 0. Applying this to F = ©,G for some G € By(Z", .%o ) yields T(s)G =
EOG for all G € By(Z", %p—). In particular, EG = G for G € By(Z", %o_).

On the other hand, as T(s)O_sF is Fy_-measurable for all F' € By(Z", %) it
follows that ks(%,-) = ks(7(x),-). As s is arbitrary, k(z, A) = k(7(x), A) whenever
A € 2. A monotone class argument extends this to A € B(Z") and it follows that
EF is #y_-measurable for all F' € B,(Z"). Thus, condition (i) of Proposition 4.1 is
satisfied, proving that [ is an expectation operator.

It remains to prove that E is homogeneous. To that end, note that if F' €
By(Z', %y-), then
EOEQ,F =T()T(s)F =T(t+ s)F = E0,0,F
for all t,s > 0. Putting G = ©,F, it follows from Lemma 2.5 that G is determined
before s and that any G determined before s can be written in this form. This
implies that E©:EG = EO;G for every G that is determined before some time
5 > 0 and thus E©;E14 = EO;14 for every A € 2 := (J,.,Fs—. As this is a
generator for B(Z"), measure theoretic induction yields EQ.E = EO; proving that
[ is homogeneous.
(ii) = (i). If T(¢) is defined by Equation (4.3), then for F' € By(%Z", %o_)
-I]—(t)@ftF = [E@t(—)ftF = [EF = F
since [ is an expectation operator. This proves (i). For the addendum observe that
if T is not a priori assumed to be a semigroup but given by Equation (4.3), then
the semigroup law follows from the homogeneity of E. Indeed, as E is homogeneous,
EO:E = EO; for every t > 0 and hence
-I]—(t)-l]—(S) = [E@t[E@s = [E@t@s = [E@t+s = -I]—(t + 8)
for all £,s > 0. O

Definition 4.6. A semigroup T of Markovian kernel operators on By(Z2", %o_) is
called evolutionary if it satisfies the equivalent conditions of Theorem 4.5. In this
case, the operator [ is called the associated expectation operator of T.
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We next show that the operator E; can be interpreted as ‘conditional expectations
given %;_’. Moreover, we obtain a property similar to the Markov property for

evolutionary semigroups.

Proposition 4.7. Let (T(t))>0 be an evolutionary semigroup with expectation op-
erator E. We denote the kernel of E by k and write P* for the probability measure
k(z,-) and E* for the (conditional) expectation with respect to P*.

(a) For every F' € By(Z") and t > 0, it is
EFIF)0) = [EFI) for P-aee. .
(b) For every s,t >0, F € By(Z', %) and x € X, we have
(B[O F |- 7)) (y) = [T(s)F|(dhy) for P*-a.e. y.

Proof. (a). Fix F € By(Z) and t > 0. If A € #,_, then 14 € By(Z, %;_) and
thus ©_;14 € By(Z",-%0-). By Proposition 4.1(iv), we have

E[©_1aF] = E[(©-114)(O-¢F)] = (©0_114)E[O_.F].

Applying ©; on both sides, it follows that E;(14F) = 14E.F. Using this, we see
that for x € Z°

E*[LaF] = [E(1aF)]|(x) = [EEL (14 F)](x) = E[LAE.F](x) = E*[14E. F].

Here, we have used homogenity of E in the second equality. As A € %, was
arbitrary, (a) is proved.
(b). Fix s,t > 0 and F € By,(Z", %o—). It follows from (a) that for P*-a.e. y,

[E* (011 F|.7:- 1] (y) = [E(Or1 s F)](y) = [©:EOFI(y) = [T(s)F](Ysy). U

As already mentioned in the introduction, in (stochastic) delay equations the
case of finite delay h > 0 is of particular interest and in this case, one often uses
a space of functions on the interval [—h,0] as a state space. In our more general
framework we identify functions on the interval [—h, 0] with functions on 2"~ that
are measurable with respect to .#([—h, 0)).

Lemma 4.8. Let T be an evolutionary semigroup with expectation operator E and
h > 0. The following are equivalent:

() T()By( 2, F([~h,0))) C By(Z, F([~h,0))) for all t > 0.
(ii) EBy(2", Z([0,00))) C By(Z", F([—h,0))).

Proof. (i) = (ii). We prove EF' € By(Z",.%([—h,0))) for F € By(2Z", % (]0,00))) in
several steps.

Step 1. We prove the assertion for F' = Fy(f) with ¢ > 0 and f € Cy(X).

To that end, fix t > 0 and f € Cp(X). For every s > 0 we have

EFY (f) = EOu s F5 () = T(t + 8)F5 (f) € Bo(Z, Z([=h,0)))

by (i), as Fyf € By(Z",.Z([-h,0))). For every z € 2 it is [Ff, (f)](x) =
[Fits(f)](z) for almost every s > 0. By right continuity of the paths, Fy,  (f) con-
verges pointwise to F;(f) as s — 0. Since E is bp-continuous and B(2", % ([—h,0)))
is bp-closed, it follows that EF;(f) € By(Z", #([—h,0))) as claimed. Note that this
shows in particular that Fj(f) = EFF(f) = EFo(f).

Step 2. We prove the assertion for F' = H?:1 Fy(f) with 0 <t; < ... <t, and
fl; L. ,fn c Cb(X)

This is proved by induction over n. The case n = 1 is exactly Step 1. Assuming
the claim to be proved for the product of n functions, let 0 < t; < ... < &, <
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tny1 and fi,... fas1 € Cp(X) be given. We put G = Hj:; Fi,(fj), so that F =
[1)2) Fi,(f;) = Fi, (f1)G.- Tt follows that
[EF = [EFt1 (fl)G = [EthFO(fl)@fth = [E@tl [EFo(fl)G,th

= IE@tl [EF(;(fl)Gfth = [E@tng(fﬂﬂ':@,th

= T(tl)[Fg(fl)[EG,th] € By(Z', F([—h,0))).
In the above calculation, the third equality uses that E is homogeneous (whence
EO¢, E = EOy, ), the fourth follows from Step 1 and the fifth from Lemma 4.4(iv). By
induction hypothesis, E©_;, G € By(Z", #([—h,0))) so that also Fi(f1)EO_., G €
By(Z, F([—h,0))). Using our assumption (i) again, it follows that indeed EF €
Bb(%v ‘g([_hﬁ O)))

Step 3. We prove the general case.

By a bp-closedness argument, it follows that the assertion of Step 2 is still valid
for fi1,..., fn € Bp(X). In particular, EF € By(Z", #([—h,0))) whenever F = 14
where A is a cylinder set of the form

A={z:x%(t;) € Ajfor j=1,...,n}

for some 0 < t; < ... <t, and Ay,..., A, € B(X). As these sets are a generator
of .7 ([0,00)) which is stable under intersections, another bp-closedness argument
shows that E14 € By(Z", #([—h,0))) for all A € .Z([0,00)) and the general case
follows from linearity and yet another bp-closedness argument.

(ii) = (i). Let F = H?:1th(fj) where —1r <t; < ... <t, <0and fi,... f, €
Byp(X). Note that O:F = H?zl Fi,++(fj). We pick the index k such that t, +¢ <
0 < tgy1 +t. It follows that

n k n
TOF =E0,F =E[[ Fy (/) = [[ Py e (DE T Foye(F)
=1 =kt
by Proposition 4.1(iv). At this point, (ii) implies T(¢t)F € By(2", % ([-r,0))). As
F([—h,0)) = o(m : —h < t < 0), measure theoretic induction shows T(¢)F €
By(Z', Z([—h,0))) for all F € By(Z", Z(|—h,0))). O

Jj=1

So far, we have not imposed any measurability assumption on the orbits of an
evolutionary semigroup. As it turns out, it is automatically satisfied.

Lemma 4.9. Let T be an evolutionary semigroup with expectation operator E. Then
for every F € By(Z', o), the map (t,%) — [T(t)F](x) is measurable.
Proof. First consider F' € Cy(Z", #o—). As (O¢)i>0 is a Cp-semigroup by Propo-
sition 3.2, if ¢, — t, then O, F — ©.,F pointwise. As [E is a kernel operator, it
follows that

[T(tn)F](x) = [EOy, F|(x) — [EO:F](x) = [T(¢)F](=)
for every » € 2. This shows that for fixed x € 2 the map t — (¢, %) := [T(¢) F](»)
is continuous. At the same time, for fixed ¢ € [0,00), the map = — (¢, %) is
measurable. These two facts imply that ¢ is product measurable. Indeed, setting

n2™ .

Yalton) = Y g (0% (55 %)
=0

we see that 1, is product measurable and converges pointwise to .
Next, consider the set
M :={F € By(Z) : (t,%) — [T(t)(F o 7)](%) is measurable }.
By the above, Cy(2") C M. A moments thought shows that M is bp-closed. As
Cy(Z7) is bp-dense in By(Z") (see [20, Proposition 3.4.2]), it follows that M =
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By(Z). As For € By(Z,%o-) for every F € By(Z") and every element of
By (2, o) is of this form (by Lemma 2.5), the claim follows. O

It follows from Lemma 4.9 that we are very close to the notion of transition
semigroup, see Definition A.3. However, our setting is slightly different from that
considered there, as .%y_ is not the Borel g-algebra of 2. It is also clear, at least
on an intuitive level, that By (2", %y—) does not separate the points in .#(Z"), the
space of all bounded measures on Z°. Note that the duality between measurable
functions and measures lies at the heart of the theory of transition semigroups.
Thus, at first glance, we cannot use the theory presented in the appendix.

However, by means of the extension map F F=Fo 7, we can identify
By (2, #y—) with the space By(2 ~,B(Z 7)), see Lemma 2.6. By means of this
identification, we are in the situation considered in the appendix, namely we work on
the norming dual pair (By(2 ), # (2 ~)). To switch from 2" to 2 ~, we formally
also have to change the semigroup. To wit, if T is an evolutionary semigroup, we
define

(4.4) [T~ ()F](%) := [T(t)F)(x) forall F € By(Z ) and z € 2.

It then follows, that T~ defines a transition semigroup on B,(Z ~) and we may
talk of its Laplace transform, its full generator, continuity properties etc. However,
in order not to overburden notation, we will not distinguish between the semigroup
T and the modified semigroup T~.

We may now describe the full generator Ag, of an evolutionary semigroup in
terms of the expectation operator E and the full generator Dg, of the shift semi-
group. It turns out that Ag, is already uniquely determined by the expectation
operator [ and the slice Dy from Definition 3.6. We use the following notation:

D_(Do) = D(Do) N By(Z', Fo_) and D4 (Do) = D(Do) N By(Z", F ([0, 00))).

Proposition 4.10. Let T be an evolutionary semigroup with expectation operator

E and full generator Asy. As usual, we denote the full generator of the shift group

by [Dfu||. Then:

(a) It is (F,G) € A if and only if there exits (U, V) € Dgy with F = EU and
G=LV.

(b) Define Ay by

n

D(ho) = {ZUervj :n € N,U; € D_(Dy),V; € Dy(Do) forj=1,... n}

j=1
and . N

Ao Y UEV; = [(DoU;)EV; + U;EDo V5]
j=1 j=1
Then Ag is a slice of A and D(Ag) is a bp-core for Ag.
(c) D(Ao) (and thus D(Aq)) is bp-dense in By(Z", Fo—). In view of Lemma A.5,

T is uniquely determined by Ay .

Proof. (a) As E is homogeneous, it is EQ; = EO.E for all ¢ > 0. By Proposition
A.4, we have (U,V) € Dy if and only if

t
eo.U-U :/ O,Vds
0
for all ¢ > 0. Applying E to this equality and using the homogeneity yields
t t
EO:.EU — EU = T(¢t)EU — EU :/ EO;EV ds :/ T(t)EV ds.
0 0

By Proposition A.4, this shows that (F,G) = (EU,EV) € As-
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To see the converse, first observe that the resolvents of Aqy and Dg, are related
via

R(/\,Afu”)F:/ e MEOQF dt = [E/ e MO,F dt = ER(\, Dsui) F.
0 0

Consequently, (F,G) € Agqy if and only if
F = R\, A))(AF — G) = ER(A, D) (AF — G) = EU,

for U = R(A\, D) (AF — G) € D(Dgy). Note that in this case for V =AU - AF +G
we have (U, V) € Dg,. Moreover, EV = G as EF = E2U = EU by construction and
EG = G since G is .%#y_-measurable.

(b) Noting that if a < 0 < ¢, then F’(f) = FO(f) + FS(f), where FO(f) is
Fo-measurable and FP(f) is Jp-measurable, it is easy to see that any element U
of D(Dg) can be written in the form U = Z?Zl U,V;, where U; € D_(Dy) and
Vj € D4 (Do) for j =1,...,n. Using part (a) and Proposition 4.1 (taking Remark
3.7 into account), it follows that Ag is a slice of Agy.

Using that D(Dg) is a bp-core for Dgy by Corollary 3.9, it follows from part (a)
and the o-continuity of E that Aq is a bp-core for A.

(¢) Tt follows from (b) that D_(Dg) C D(Ag). The proof now follows along the
lines of that of Lemma 3.8. |

5. CONTINUITY PROPERTIES OF EVOLUTIONARY SEMIGROUPS

In this section, we study the question, whether an evolutionary semigroup actu-
ally is a Cp-semigroup. The answer depends on the path space 2 . The case where
X = Z¢ is significantly easier than the general case and also yields better results.
This is due to the fact that both the evaluation maps 7; and the stopping map 7
are continuous in this case. The former yields that the operator Dy from Definition
3.6 is not only a slice of Dgy, but actually a restriction of the Cy-generator D, since
in this case DoFC(f) = Fy(f) — Fu(f) € Cp(2") whenever f € Cy(X). That 7
is continuous implies that the extension map F — F does not only establish an
isomorphism between By (2 ~) and By (2", .%o—), but also an isomorphism between
Cb(%_) and Cb(%,yof).

In the case & = Zp of cadlag paths, functions of the form F = F(f) for
f € Cp(X) are not continuous on 2, whence Dy is not a restriction of the Cj-
generator in this case. Moreover, for ¢ = 0 the function F' = Fy(f) belongs to
Cy(Z ~) but its extension F' is not continuous. To overcome this problem, we will
impose additional assumptions on the path space (which are satisfied for cadlag
paths in the Ji-topology) which allow us to generalize at least part of our results.

5.1. The case of continuous paths. Throughout this subsection, we consider
the case ((27,d),7) = ((Z¢,dc), 7c) from Subsection B.1. However, in order to
not overburden notation, we will use our generic notation. Note that in this case
Feo =o(ns:s<t)=0(ms:8<t)=F.

Before stating and proving our first result, we need a little preparation. Let
us briefly recall the notion of a convergence determining set, see, e.g. [20, p. 112].
If (S,d) is a metric space, and pu,, u are Borel measures on S, then p, converges
weakly to p if [¢ fdun — [qfdu for every f € Cy(S); we write p, — p in
this case. A subset M C Cy(S) is called convergence determining if convergence
fsfdun — fsfdu for all f € M implies p,, — p.

A set M C Cy(S) is said to strongly separate points in S if, given z € S and
d > 0, there exist {f1,..., fn} C M such that

inf — 0.
al® s kgf}fﬂlfk(@ ()| >
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It follows from [20, Theorem 3.4.5] that any algebra that strongly separates points
in S is convergence determining.

Lemma 5.1. The sets
7:=JC(2, 7)
t>0
and

- {ZFjGj neN,Fj € Cy(Z,F),G; € cb(%,y([o,oo)))}.
j=1

are convergence determining for Z .
Proof. Fix x € 2 and ¢ > 0. Pick ng so large, that 27" < §/2 and put
F(y):= sup d(x(t),y(t)).

t€[—no,n0]
Obviously, F € Cy,(Z", %#,,) C 2 and F(x) = 0. On the other hand, if d(z,y) > ¢,
we must have F(y) > §/2 as otherwise d(x,y) < d by choice of ng. This shows that
9 strongly separates points. As 2 is also an algebra, [20, Theorem 3.4.5] yields the
claim. The proof for & is similar, considering the functions
F(y):= sup d((t),y(t)) and G(y):= sup d(x(t),y(t)). O

te[—no,0] te[0,n0]

We are now ready to present the main result of this subsection. In its formulation
(and also in the rest of this subsection), we once again do not distinguish between
an evolutionary semigroup T and its modification T~ on By(2 ~) defined by (4.4).
This in particular concerns parts (a) and (b) of the theorem.

Theorem 5.2. Let T be an evolutionary semigroup with expectation operator E and
Cy-generator A. The following are equivalent:
(1) T@)Co(Z, Z0) C Co(Z, ) for allt > 0;
(ii) ECH(Z) C Cp(Z7, Z0);
(iii) ECH(Z",-Z([0,0))) C Co(Z", F0).
If these equivalent conditions are satisfied, the following hold:
(a) T induces (in the sense of (4.4)) a Cy-semigroup on Cp(Z ~);
(b) The operator Ay from Proposition 4.10 is a restriction of A. Moreover, D(Ag)
s a Bo-core for A.

Proof. Throughout the proof, we denote the kernel of E by k and write P* for the
probability measure k(z, -).

(i) = (ii). As EF = T(¢t)©_,F whenever F is determined before ¢, it follows from
(i) that EF € Cy(Z, %) whenever F belongs to the set 2 from Lemma 5.1. This
means that if (z,) C 2~ converges to z € £, then

(5.1) / F(y)P* (dy) = [EF)(xs) = / F(y)P*(dy)

for every F € 9. As 2 is convergence determining by Lemma 5.1, Equation (5.1)
holds true for every F' € Cy(Z), i.e. EF is continuous on £~ for every F € Cp(Z).
As 7 is a continuous map taking values in 2"~ and [EF]|(x) = [EF](7(x)) for all
z e X, (ii) follows.

(ii) = (iii). This implication is trivial.

(iii) = (1). If F € Cpo(Z, %) and G € CW(Z, Z(]0,0)), then it follows from
Proposition 4.1, that E(FG) = FEG and (iii) shows that E(FG) € Co(Z, %). Tt
follows that EH € Cy(Z, %) for every Element H in the set & from Lemma 5.1.
As this set is convergence determining, similar arguments as in the proof of (i) =



EVOLUTIONARY SEMIGROUPS ON PATH SPACES 19

(ii) show that EF' € Cy (X', %) for every F € Cp(Z'), i.e. (ii) holds true. That (ii)
implies (i) follows immediately from the representation T(t)F = EO.F.

Now assume that the equivalent conditions are satisfied.

(a). Let F' € Cp(Z, %), (tn) C [0,00) converge to t and (%,) C 2~ converge
to z. By Proposition 3.2 and Theorem A.10, ©_, F — ©_,F with respect to fy.
By (ii), P* — P* with respect to o(A#(Z"), Co(X")). It follows that

[T(ta) F(z0) /x (O, F](y)P™ (dy) — /% (O F](y)P*(dy) = [T(t)F](x).

(b). Note that, in the case of continuous paths, we actually have Dy C D.
By the construction in Proposition 4.10 this fact together with (ii) shows that
D(Ay) C Co(Z', Fy) and AgF € Co(Z', Fy) for every F € D(Ag). Consequently,
Ao C A.

To prove that D(Ag) is a By-core for A, let F' € D(A) be given. By Proposition
4.10(a), there is some (U,V) € D(Dgy) with F = EU and AF = EV. Inspecting
the proof of that proposition and noting that R(X, Dsy) maps Cp(Z") to itself, we
see that we may choose continuous U, V. This implies U € D(D) and V = DU. By
the above, there is a net (U,) C D(Dg) with U, — U and DU, — DU = V with
respect to By. It follows from (ii) that E is Sp-continuous and thus F, := EU, — F
and AF, = EDU,, — EV = AF with respect to . O

Definition 5.3. An evolutionary Cy-semigroup is an evolutionary semigroup that
satisfies the equivalent conditions of Theorem 5.2.

Proposition 5.4. Let 2" = Z¢ and (T(t))i>0 be a Cy-semigroup on Cp(Z ™) with
Cy-generator A. Then T is induced by an evolutionary semigroup if and only if
D_(Dy) C D(A) and AU = DU for U € D_(Dy).

Proof. Assume that D_(Dg) C D(A) and AU = DU for U € D_(Dy). Fix U €
D_(Dy). As D(Dy) is invariant under the shift semigroup, ©_,U € D_(Dy) C D(A)
for all t > 0. Define ¢ : [0,00) = Cp(Z ™) by setting ¢(t) = T(¢)O_,U.

Now, fix ¢t > 0 and note that

— e_ U-0e_U —
ot + h})L o(t) _ T+ h) (t+h) 4 U T(t+ hfz T(t)e_tU.

Since ©_;U € D(A) the last term Sy-converges to T(t)AO_,U = T(¢t)DO_.U as
h — 0.

Next, observe that

@,(t+h)U - @_tU
h
with respect to Byp. Now, let u € A#(Z ~) be given. As the map r — T(r)'u is
o(M(Z ™), Cp(Z 7))-continuous, the set
S:={T(r)u:ret—1,t+1]N[0,00)}
is o(M(Z ), Cp(Z 7))-compact. By Theorems 5.8 and 5.4 of [50], Sy is not only
the Mackey topology of the dual pair (Cy(2 7)), # (2 ~)) but also the topology
of uniform convergence on the o(# (2 ), Cy(Z ~))-compact subsets of .Z (2 ).
Thus, pg(F) = sup,cg |[(F, V)| is a Sy-continuous seminorm. It follows that for
|h| < max{t,1}
[(T(t+ h)(ALU + DO_U), p)| = [{(ARU + DO_ U, T(t + h) )|
< ps(AU +DO_,U) — 0
as h — 0. Noting that T(¢t + h)DO_;U — T(¢)DO_,U as h — 0 by the continuity
of T, it follows that altogether

<90(t +h) =)

AhU = — —|D®_tU

- ,u> 50— (T()DO_,U, 1) + (T()DO_,U, 1) = 0.
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This implies that the map t — (p(t), p) is constant, whence (T(¢)O_.U, u) = (U, p)
forall t > 0 and p € #(Z ~). As p was arbitrary, the Hahn-Banach theorem
implies T(¢t)©_,U = U for all t > 0.

We note that D_(Dg) is an algebra that separates the points in 2"~ and is thus
dense in Cp(Z ~) by the Stone-Weierstrafi Theorem, see [26, Theorem 11]. It
follows that, given F' € Cy,(Z ~), we find a net (Uy)o C D_(Dg) that converges to
F with respect to y. By the continuity properties of T(¢) and ©_y, it follows that
the equality T(¢)©_,U, = U, implies T(t)©_,F = F. By a bp-closure argument,
this equality extends to arbitrary F € By(Z", %), proving that T is induced by an
evolutionary semigroup.

The converse implication follows immediately from Theorem 5.2. ]

5.2. The general case. We now turn to more general path spaces, where our
main interest lies in the space of all cadlag paths. If 2" = £p then for f € Cp(X)
the function Fi(f) is not a continuous function on Zp. More precisely, Fi(f) is
continuous at the point x € 27 if and only if % is continuous at t. On the other
hand, Fy(f) is continuous on 27, as every x € 2, is continuous at 0. This is an
example of a function F' € Cp( £} ) whose extension F' is not continuous on 2.

To study the subtle interaction of the extension map with continuous functions,
we introduce the following spaces:

Co(Z)={F:FeCy (2 )}={FeBy(Z,%_): F|o- is continuous }
is the space of all extensions to 2" of continuous functions on 2 .
Crext(Z ) ={F€Cy(Z7): FeC(Z,Fo-)} ={F|la-: F €Cy(Z,Fo-)}

is the space of all continuous functions on 2 ~ whose extensions are continuous on
all of 2.

To ensure that these spaces are rich enough, we impose some additional assump-
tions on path spaces.

Definition 5.5. Let ((27,d), ) be a path space. We say that ((:Z°,d), ) is proper
if
(P4) If %, — %, then 7(9:%y,) — 7(V04x) in 2~ for almost every t € R.
(P5) Given a compact subset K C 2"~ and € > 0, there exists § > 0 such that
d(x, 7(V_4x)) < e

forall0<t<¢dand x € K.
(P6) There is a constant ¢ € (0, 1) such that given § > 0 we find ¢y > 0 such that
d(Te, (%), T, (y)) > ¢d for all x,y € 2" with d(z,y) > 6.

In Section B.3, we will prove that 27 is a proper path space, so that all results
of this subsection are applicable in this case.

Proposition 5.6. Let ((Z°,d),7) be a proper path space.
(a) Given F € Co(2 ™) and r > 0 we define
Fo(x) =+ / F(9_1%) dt.
0

r

Then F, € Co(Z, %o—) and F.(x) — F(x) as r — 0 for every z € 2,
uniformly on compact subsets of & ~.
(b) Givenxe 2~ and 0 > 0 there is F € Cpexi(Z ) with

inf{|F(x) — F(y)| :y € Z7,d(»,y) >} >0

In other words, Cpexi(Z ~) strongly separates the points in X .
(¢) Cpext(Z ™) is convergence determining for Z ~.
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Proof. (a). First observe that as F' is determined before 0, F o 9_; is determined
before —t and thus also before 0. Integrating, it follows that Fj. is .%_-measurable.
Now let %, — z. As F' is Fg_-measurable, F(¢_iz,) = F(7(9_4%,)) for all t > 0
and n € IN by Lemma 2.5(c). It follows from (P4) that 7(¥_¢%,) — 7(9_x) for
almost all ¢ € (0,7). By continuity of F' on 2 ~, F(r(¥_¢xyn)) — F(r(¥- )) for
almost all ¢ € (0,7) and the dominated convergence theorem yields Fy.(z,) — F,(%),
proving that F,. € Cp,(Z7, %o ).

Now let K C 2~ be compact and € > 0. As F is uniformly continuous on K
we find 0 > 0 such that |F(x) — F(y)| < e for all z,y € K with d(z,y) < §. By (P5),
there is p > 0 such that d(x, 7(9_¢x)) < 0 for all x € K and 0 < ¢ < p. It follows
for 0 <r < p and x € K that

P - Bl <1 [ 1P - Fr@-m)ldr <

(b). Given x € &~ and 0 > 0, pick rg such that d(z,7(9_¢x)) < 6/4 for all
0 <t < 1. Thisis possible by (P5). As £~ is a metric space, we find F' € Cp(Z ™)
with 0 < F' <1 such that F'(y) =0 forally € 2~ N B(x,d/4) and F(y) =1 for all
y € 27\ B(x,0/2).

Consider the function F,, defined as in part (a). Then F,, € Cy(Z", o) and
F(x) =0. If y € 2~ satisfies d(z,y) > ¢, we find by (P5) 0 < & < 7 such that
dy, 7(—9_1y)) < 6/4 for all 0 < t < e. It follows that d(x, 7(JI_ry)) > 6/2 for all
0 <t < ¢ and thus

1 To 1 €
P - Fiy) = o) = = [ Pt oy > £ [1ae= = =0
To Jo 70 Jo 0
(¢). This follows from part (b) and [20, Theorem 3.4.5]. 0

Corollary 5.7. Let ((Z°,d),7) be a proper path space. Define
7= C( 2, i)

teER

and

- {ZFjGj neN,Fj € Cy(2, %), Gy € cb(%,y([o,oo)))}.
j=1

Then both 2 and & are convergence determining for 2~ and By-dense in Cyp(Z").

Proof. We note that 2"~ is homeomorphic to 27t := 7,(2") via the map ¥_;. Thus,
it follows from from Proposition 5.6(b) that Cy(2", %#;_) strongly separates points
in 2°t. Using condition (P6) it follows that 2 strongly separates the points in 2.
As 2 is an algebra, [20, Theorem 3.4.5] yields that 2 is convergence determining
and the Stone-Weierstrafl Theorem [26, Theorem 11] yields the density.

The proof for & is similar. We note that to prove that & strongly separates
points, we can consider a product F'G, where F' € Cy,(Z", Fy_), i.e. F is an extension
of an element of Cpext(2 ), and G is of the form G(y) = df(y,x) (cf. Equation
(B.1)) for suitably chosen ¢ and x. O

We can now generalize Theorem 5.2:

Theorem 5.8. Let ((£,d),T) be a proper path space and (T(t))i>0 be an evolu-
tionary semigroup with expectation operator E. The following are equivalent:
(i) T()CW( X, Fo-) C Co(277) for all t > 0;
(ii) T(t)Co(Z ) C Co(Z ™) for all t > 0;
(iii) ECy(Z )CC’b(% );
(iv) ECy(2, F([0,00))) C Co(Z 7).
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If these equivalent conditions are satisfied, T induces (in the sense of (4.4)) a Cy-
semigroup on Cp(Z ™).

Proof. Assume condition (i) and fix a sequence (z,) C £~ converging to x € 2.
We denote by p; the kernel of T(¢) and define the measures p,, on 2~ by setting
pn(A) == pi(#n, 7 1(A)) and p similarly, replacing ,, by . Condition (i) implies
that

62 [ PO)du6) =10 > 0O = [ Fo)du)

for every F' € Cpexi(Z ). As this set is convergence determining by Proposition
5.6(c) , the convergence in (5.2) still holds true for all F' € Cy(Z ~) and this means
precisely that T(t)Cy(2 ) € Cy(2 7). This proves the implication (i) = (ii), the
converse implication (ii) = (i) is trivial.

To prove (i) = (iii), let F' € Cp(Z", F#—) for some t > 0. Then EF = T(t)O_+F
is continuous on 2"~ by (i). As t > 0 was arbitrary, it follows for all F' in the set
2 from Corollary 5.7 that EF is continuous on 2 ~. As this set is convergence
determining by Corollary 5.7, (iii) follows by a similar argument as above.

The implication (iii) = (i) follows immediately from the identity T(¢)F = EO.F.

The remaining equivalenct (iii) < (iv) follows as in the proof of Theorem 5.2,
using the set &2 from Corollary 5.7.

Let us now assume that (i) — (iv) are satisfied. We fix a sequence (x,) C 2~
converging to x € £ ~. Denoting the kernel of E by k, it follows from (iii) that
k(#n,-) — k(x,-). Given a sequence (t,) C [0,00) converging to ¢ and F €
Co(Z, Fy-), note that ©_, F — O_,F with respect to Sy as a consequence of
Proposition 3.2. It follows that

(16 FI5) = | O FOIK(ssedy) > [ 0P ()it dy) = [1(1)FI(x).

Using that Cpexs (2 ~) is convergence determining for £ ~, the same convergence
result holds true for F' € C,(2 ), proving the addendum. O

Similarly to the case of continuous paths, we call an evolutionary semigroup T
on a proper path space an evolutionary Cy-semigroup if it satisfies the equivalent
conditions of Theorem 5.8.

A characterization of evolutionary semigroups through the generator in the spirit
of Proposition 5.4 is also possible in the general case. However, as D_(Dy) is not
contained in the domain of the Cy-generator (as DE?(f) ¢ Cy(2)), we have to use
a suitable substitute. We put

D_(D) := D(D) N Cy(Z, Fo_).

Proposition 5.9. Let ((Z',d),7) be a proper path space and T be a Cy,-semigroup
on Cy(Z ™) with Cy-generator A. Then T is induced by an evolutionary semigroup
if and only if D_(D) C D(A) and AU = DU for allU € D_(D).

Proof. The proof is identical to that of Proposition 5.4 with D_(Dg) replaced by
D_(D). We only need to know that D_(D) is So-dense in Cp,(:2"~). But this follows
from Proposition 5.6(a), noting that the function F,. defined there belongs to D(D)
by Proposition A 4. |

We end this section with some results in the case where 2" = Zp (or 2" = Z¢,
where they hold trivially). We recall that t* = t— in this case and we have Fy(f) =
Fy«(f) whenever f € Cy(X) by Lemma 3.4.

Lemma 5.10. Let 2" = Zp and T be an evolutionary Cy-semigroup with expecta-
tion operator E. Then

1T(t)FO*(f) = [EFt(f) = EFy- (f)



EVOLUTIONARY SEMIGROUPS ON PATH SPACES 23

for all f € By(X) and t > 0. In particular, EFo(f) = Fo«(f) for all f € Bp(X).

Proof. Fix f € Cp(X) and t > 0. From the relation of T and E it follows that for
5s>0
T(t 4 s)Fo- (f) = EO¢y s Fos (f) = EF (1 45)+ (f)-

As Fo«(f) € Co(Z ), upon s | 0, the left-hand side converges pointwise to
T(t)Fo«(f) by continuity of the semigroup. As for the right-hand side, note that
Fuyo<(f) = Fi(f) as s | 0 by right-continuity of the paths. Using dominated
convergence, T(t)Fo«(f) = EF;(f) follows. By a bp-closure argument, this equality
extends to f € By(X). O

Corollary 5.11. In the situation of Lemma 5.10, let k denote the kernel of the
expectation operator E and write P* for the measure k(z,-). Given x € Zp, define

Cy ={y :y(0) = y(0*) =%2(0")} = {y : y is continuous at 0 and y(0) = %(0*)}.
Then P*(Cy) =1 for everyz e 2.

Proof. Tt is A_ := {y : y(0*) # %(0*)} € %#y_. It follows from Proposition 4.1(iii)
that k(x, A_) = 0,(A_) = 0, proving that k(x, {y : y(0*) = %(0*)}) = 1. Now let
n € IN and define f,(z) := 1 A nd(x,%(0*)). Then f, € Cp(X) and Lemma 5.10
yields

k(z, {y : d(y(0),%(0%)) > n™'}) < [EFo(fn)](%) = [Fo- (fa)l(x) = 0
for every n € IN. This shows k(x, {y : y(0) # %(0*)}) = 0 and yields the claim. O

6. EXAMPLES

6.1. Deterministic evolutions. In this subsection, we are interested in the situ-
ation where the expectation operator E is deterministic, i.e. for every zx € 2 there
is a unique ¢(x) such that [EF](x) = F(¢(x)). We note that if E is of this form,
then [ is multiplicative, i.e. E(FG) = (EF)(EG). It is well-known, see [10, Theorem
11.2.3], that any multiplicative E is of this form. Throughout, we will work on the
path space ((Z',d),7) = ((Zc,dc), 7c) of continuous paths as these seem more
appropriate for our purposes, see Remark 6.3 below.

Definition 6.1. An evolution map is a continuous mapping ¢ : 2 — 2 such that
(i) p(x) = p(r(x)) for all x € 2
(i) 7(p(%)) = 7(x);

(iii) @(Vep(%)) = (=) for all x € 2" and ¢ > 0.

Proposition 6.2. Let T be an evolutionary Cy-semigroup with expectation operator
E. We denote the Cy-generator of T by A. The following are equivalent:
(i) A is a derivation;
(i) T(t) is multiplicative for every t > 0;
(iii) E 4s multiplicative;
(iv) There is an evolution map ¢ such that [EF](x) = F(p(x)) for allx € 2.

Proof. (i) < (ii). This follows from [22, Theorem 3.4].
(ii) < (iii). If T is multiplicative and F, G are determined before s > 0 then
E(FG) = T(5)0_,(FG) = T()(0_,F)(©_,G)
— [T(5)0_, F|[T(5)0_.G] = [EF][EG).
Thus, E is multiplicative for all functions from the set & of Corollary 5.7. As this
set is Bo-dense in Cy(Z"), the above equality extends to arbitrary F,G € Cy(Z").

If we conversely assume that E is multiplicative, then for F, G € Cy(Z", %), we
have

T(t)(FG) = EQ,(FG) = E(6,F)(0,G) = [EO,F|[EO,G] = [T(t)F][T(£)G].
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(iii) < (iv). If E is multiplicative, it follows from [10, Theorem II.2.3] that there
exists a continuous ¢ such that [EF](x) = F(¢(x)). As EF = EF o7 by Proposition

4.1 and Lemma 2.5, we must have ¢ = po7 and thus (i) in Definition 6.1. Moroever,
EF = F for all F € Cy(Z, %p). Thus, for F € Co(Z, %),

(EF)(2) = F(p(x)) = F(7(p(x))) = F(7(x)) = F(%).

As F was arbitrary, 7 o ¢ = 7 follows. Last, as E is homogeneous, Lemma 4.4 with
[k(m ) = 6@(»:) yields

La(p() = k(x, A) = k(Wip(x), 9:(A)) = Ly, a(p(rp(x))) = La(I-+(p(01p(x))))-

This proves p(x) = 9_+(p(Jp(x))) which is equivalent with @(9:¢(x)) = d1p(x).
Thus, ¢ is an evolution map. The converse is trivial. O

Remark 6.3. Let us consider for a moment the case of cadlag paths, i.e. 27 = 2p.
In view of Corollary 5.11, for every evolution map ¢ that induces an evolutionary
Cy-semigroup, (%) is necessarily continuous at 0 for every x € 2. But then
condition (iii) of Definition 6.1 implies that ¢(x) is continuous at every ¢ > 0.

With the help of Theorem 5.2(b), we can now determine a [y-core for the Cj-
generator of a semigroup T that satisfies the equivalent conditions of Proposition 6.2.
In what follows, we write ¢(t,%) shorthand for [p(x)](t). We recall that Do F2(f) =
Fy(f) — Fo(f). Applying E, we obtain for 0 < a < b and f € Cp(X),

b
EFY(f)](x) = / f(o(s, %)) ds € D(A) and
AEF?()](x) = [E(FW(F) — Fa (D)) = Flolb ) — Flp(ar)).

Via approximation, we obtain more elements of D(A). Compare the follow-
ing Proposition with [22, Proposition 2.12] which concerns deterministic equations
without delay.

Proposition 6.4. Let T be an evolutionary semigroup satisfying the equivalent
conditions of Proposition 6.2. Denote its Cy-generator by A and its evolution map
by ¢. For f € Cp(X) and G € Cy,(Z, Fo) the following are equivalent:
(i) Fo(f) € D(A) and AFy(f) = G;
(ii) For every x € & we have
t —
Fle(t8) = F:(0) _

lim =
t—0 t

Proof. (i) = (ii). Condition (i) is equivalent with

fp(t %) = f(2(0)) = [T() Fo(f) — Fo(f)](») :/O [T(s)G](=) ds,

for all x € 2 and h > 0. Dividing by ¢t and taking the limit as ¢ — 0, using the
continuity of the integrand on the right, (ii) follows.

(ii) = (i). We have t 1 F}(f) € D(D) and t 1 F{(f) — Fo(f) pointwise as t — 0.
Moreover, Dt 1 F¢(f) = t =Y (Fy(f) — Fo(f)). Applying the evolution operator E, it
follows from Proposition 5.4 that

Up:=Et'EFi(f) € D(A) and  Uy(x) — [Fo(f)](»)

ast — 0 for all x € 2. Moreover,

AU = (B (R — o)) = LEEDZIEOD

by (ii). The closedness of A yields (i). O
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A class of examples that falls into the situation described in this section concerns
delay differential equations. Let us discuss this example in more detail. We limit
ourselves to a finite time horizon here. A treatment of an infinite time horizon is
also possible but in that case it is more appropriate to consider a slightly different
path space, see Example 2.3. Thus, fix h € (0,00) and d € IN and define

@, = C([=h, 0 RY),

which is endowed with the supremum norm.

Given a continuous function y : [—h,00) — R and t € [0, 00), we define y; € €},
by setting y:(s) := y(t + s). Then y; is the past at time t. Given a continuous map
b: %6, — R and € € €, we consider the following delay differential equation:

6.1) y'(t) =b(y,) fort >0,
Yo =&
A solution of (6.1) is a continuously differentiable function y : [~h,00) — R,

such that (6.1) is satisfied. It follows from [4, Theorem I1.4.3.1], that if b is Lipschitz
continuous, then for every £ € €, the delay differential equation (6.1) has a unique
solution y*. The proof of [4, Theorem I11.4.3.1], which is based on Banach’s fixed
point theorem, immediately yields continuity of the map & — y~.

Setting X := R? and 2" := C(R; X), we now construct an evolutionary Cj-
semigroup T associated to (6.1). To that end, define the map ¢ : 2" — 2 by
setting

%(t), ift <0,

(62) EOIOE {y 0, 650

As € — y¢ is continuous, it follows that ¢ is continuous. That ¢ satisfies condi-
tions (i) and (ii) in Definition 6.1 is obvious and condition (iii) follows from unique-
ness of solutions to (6.1). Thus, ¢ is an evolution map and it follows from Propo-
sition 6.2 that [EF](x) := F(¢(x)) is the expectation operator of a multiplicative
evolutionary semigroup T. We also note that ¢ — (¢, %) is differentiable on [0, 00).

Proposition 6.5. Let b: 6}, — R? be Lipschitz continuous, define ¢ by (6.2) and
set [EF](x) = F(p(r)). We also define the semigroup T by setting T(t) = E©; and
denote its Cy-generator by A.

(a) For everyt >0, it is T(¢t)By(Z ", Z([—h,0])) C By(Z, F([—h,0])).
b) For every f € CL(R?), it is Fo(f) € D(A) and
6

(
(6.3) [AFL(f))(x) = (Vf)(%(0)) - b(%o)-
(

¢) T is uniquely determined by (b) in the following sense. If S is a multiplicative
evolutionary semigroup with generator B, and for every f € CLH(RY), it holds
Fo(f) € D(B) with BFy(f) = AFo(f) as given by (6.3), then S=T.

Proof. (a). Clearly, (%)
Lemma 4.8.

(b). As [0,00) 3t + p(t, %) solves (6.1), the chainrule shows that ¢ — f(¢(¢, %))
is differentiable with derivative (V f)(¢(t, %)) -b((%):). In particular, the derivative
at 0 is given by (Vf)(%(0)) - b(%g). Note that the latter is a bounded function,
as b is Lipschitz continuous and f has compact support. Thus, (b) follows from
Proposition 6.4.

[0,00) 18 F([—h,0])-measurable. Thus, (a) follows from

(c). Let S and B as in the statement. By Proposition 6.2, the expectation
operator of S is induced by an evolution map 1. We only have to prove that
1 = ¢. By assumption, Fy(f) € D(B) with [BFo(f)](x) = (Vf)(2(0)) - b(%0) for all
f € CL(R?). Applying this for functions f satisfying f(x) = x; on [—n, n]¢ for some
n € WNand j=1,...,d, the characterization of the Cj-generator in (iv) of Theorem
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A.12 implies that for every » € £, the map t — ¢(t,x) is differentiable from the
right in 0 with derivative b(¢(2)o). Now, fix ¢ > 0 and set y = ¥,¢)(x). Note that
y(0) = (2, t) = 9410(%,0). By Condition (iii) in Definition 6.1, it is

w(t +&, ﬂ) — ’(ﬂ(t, ﬂ) — 19t+€w(07 ﬂ) — ﬁt¢(07 ﬂ)

€

€
_ 90,9 (Vb (%) — ¥(0,910(x)) _ ¥(e,y) —¢(0,y)
€ N € '
for all ¢ > 0. Letting e — 0, it follows that ¢t — (¢, %) is differentiable from the
right at every point ¢ > 0 with derivative b(1(x);). This shows that ¢t — (¢, %) is a
WI})’Cm—solution of (6.1) with & = %9. Thus [4, Theorem II.4.3.1] (which works also

for this weaker type of solutions) yields ¥(x) = ¢(x). O

Remark 6.6. It is worth to point out that D(A)\ D_(D) also contains elements that
are not measurable with respect to .#({0}). For example, arguing similar to the
proof of (ii) = (i) in Proposition 6.4, one can show that for every f € C(R9) and
t > 0, the function F, .(f) : x — f(¢(t,%)) belongs to D(A) and

[AF,1(N)I(x) = (V) ((t: 7)) - blp(2)e)-
Then F,; is .Z ([—h,0])-measurable, but not, in general, .# ({0} )-measurable.

Let us compare the evolutionary semigroup T constructed above with other semi-
group approaches to the delay differential equation (6.1). We first consider the
situation where the map b in (6.1) is linear.

Following [3] (see also [19, Section VI.6]), there is a semigroup on the space %
whose generator is given by

(6.4) Au=u' for ue€ D(A)={veC([-h,0];RY) :v'(0) =bv)}.
Note that for D(A) to be a linear space, it is essential that b is linear. We can
identify Cy(%},) with Cy(27,.Z ([—h,0])) as follows. We define the extension map
p:Cn — 2 =C(R;RY) by

%(—r), ift<mr,
(t) if t € (—r,0),

[p(#)](t) = ;
0), ift>0.

%
%
The map F — F := Fop is a homeomorphism between %, and Cy (2", .Z (|—h,0])).

Note that the latter is invariant under T by Proposition 6.5. Using [19, Corollary
VI1.6.3], we see that the relationship between T and T is given by

(T(t)F)(p(x)) = F(T(t)x)  for all z € .
In [4, Theorem I1.4.2], a semigroup is constructed on the product space
MP :=R% x LP((—h,0); RY)

for 1 < p < oco. Thus, an element u of MP? has two components u; € R¢ and
uy € LP((—h,0); R?). Note that us need not have a trace in 0, but one should think
of u; as a replacement for that trace. The generator of this semigroup is given by

A(uz, up) = (b(uz), u5)
D(A) = {v € MP :uy € WHP((—h,0); R?) and u; = uz(0)}.

Again, linearity of b is necessary for the linearity of A.

In the case where b is nonlinear, one can describe solutions of (6.1) in terms of
the semigroup for b = 0 by means of the variation of constants formula. This was
done, for example, in [24], see in particular Section 3 therein for the definition of the
generator. In [24], the representation of the solution via the variation of constants
formula was used to establish regularity of viscosity solutions for the associated

(6.5)
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HJB equation. In our approach, which may be regarded as a Koopman approach
to such equations, even for nonlinear b, we obtain a semigroup directly describing
the solutions, without relying on the variation of constants formula.

We note that in both semigroup approaches, the time derivative plays an impor-
tant role. In (6.4), the generator A itself is a realization of the derivative, whereas in
(6.5), it is the second component of the generator. It is well-known that the genera-
tor of (various versions of) the shift semigroup on C([—h, 0]; R?) or LP((—h,0); R¢)
is a suitable realization of this time derivative. Thus, in our setting, the appropriate
generalization of the time derivative is the operator D, which enters the generator
A of T through the requirement D_(Dg) C D(A) and AF = DF for F € D_(Dy),
see Proposition 5.4. On the other hand, the delay differential equation (6.1) only
appears ‘at the point 0’. In (6.4) via the boundary condition in the generator, in
(6.5) as the first component of A and in A via Proposition 6.5(b).

6.2. Markov Processes. In this section, we show how the concept of a classical
Markov process (with continuous or cadlag paths) fits into our general framework.
Throughout this subsection, we consider 2" € {Z¢, Zp}. We recall that 0* = 0 if
X = Zc and 0* = 0— if 2" = Zp. We note that

o(mox) = m F([—¢,0)).
e>0
With slight abuse of notation, we put % ({0*}) = o(mo+). Note that a function
F € By(Z') is 7 ({0*})-measurable if and only if it is of the form Fy«(f) for some
f € Bp(X).

Theorem 6.7. Let T be an evolutionary Cy-semigroup with expectation operator E.
Then the following are equivalent:
(i) T(t)Fo-(f) is #({0*})-measurable for allt >0 and f € By(X);
(ii) T(t)Eo(f) is F({0*})-measurable for allt > 0 and f € Cp(X);
(i) EF s F({0*})-measurable for all F € By(Z, Z([0,0)));
(iv) EF is .7 ({0*})-measurable for all F € Cp(Z", F(]0,00))).

If these equivalent conditions are satisfied, the following hold true:

(a) T induces a Cy-semigroup T on Cy(X) in the sense that T(t)Fo- (f) = Fo-(T(t) f)
for allt >0 and f € Cp(X).

(b) Denote the kernel associated to E by k and write P* for the probability measure
k(x,-). For every z € 2", under the measure P*, the canonical process (Zy)i>o

given by Z:(x) := »(t) is a Markov process with transition semigroup T starting
at z(0%).

Proof. The implication (i) = (ii) is trivial, while the implication (ii) = (i) follows
from a bp-closedness argument. Taking Lemma 5.10 into account, the equivalence
(ii) = (iii) follows similar to the proof of Lemma 4.8. As T is assumed to be an
evolutionary Cp-semigroup either Theorem 5.2 or Theorem 5.8 yields EF' € C’b(% )
for all F' € Cy,(Z"). Taking this into account the implication (iii) = (iv) is trivial
and the converse implication follows, once again, by a bp-closedness argument.

Now assume that the equivalent conditions are satisfied.

(a). By assumption, given ¢ > 0 for every f € Cp(X), there exists a unique
element T'(t)f € Cp(X) such that T(t)Fo-(f) = Fo-(T(t)f). As T(t)Fo-(f) =
EO:Fo«(f), the fact that E is a kernel operator implies that T'(¢) is a kernel operator
and from the semigroup property of T one easily deduces the semigroup property
of T. Next, let ¢ : X — 2 be defined by [c(2)](¢t) = x. Then ¢ is continuous and
T(t)f(z) = [T(t)Fo- (f)](e(x)). Thus, the continuity of the map (¢, z) — T(t)f(z)
follows from that of (¢,%) — [T(t)Fo«(f)](x). This proves (a).
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(b). Applying Proposition 4.7 to F' = Fy(f) for some f € Cy(X), it follows from
Lemma 5.10 that for every s,t > 0,

[EX[f(Z1+:)| 7} (9) = [EX[O4s Fo ()| F4] (v) = [T(s)Fo- ()] (Wey) = (T(s)f)(Ze(y))
for P*-almost all y € 2. O

It is a natural question, if every Markovian Cp-semigroup T on Cp(X) can be
lifted to an evolutionary semigroup T. For this, it is certainly necessary (by Theorem
6.7(b)) that the associated Markovian process can be realized with continuous, resp.
cadlag paths. We will prove next that this condition is also sufficient. To that end,
we put 21 = C([0,00); X) if 2" = Zc and 27T = D([0,0); X) if 27 = 2p.
Let T = (T'(t))i>0 be a Markovian Cj-semigroup on X and denote by p; the kernel
associated to T'(t).

Definition 6.8. Let T be a Cp-semigroup on Cp(X). We say that the associated
Markov process can be realized with paths in 2+ if

(i) for every x € X we find a measure P* on 2" such that, under this measure,
the canonical process is a Markov process with transition semigroup 7T starting
at x;

(ii) the map x — P7 is weakly continuous.

Remark 6.9. Assume that X is locally compact and that T is a Feller semigroup,
i.e. it leaves the space Cp(X) of continuous functions vanishing at infinity invariant
and is a strongly continuous semigroup on that space. Then the associated Markov
process can be realized with paths in 2" = D([0,00); X). Indeed, the existence
of the measure P* follows from [20, Theorem 4.2.7] and the continuity of the map
x +— P? follows from [20, Theorem 4.2.5].

Theorem 6.10. Let T = (T'(t))i>0 be a Markovian Cy-semigroup such that the
associated Markov process can be realized with paths in 2 +. Then there exists an
evolutionary Cy-semigroup T = (T(t))i>0 such that T(¢)Fo(f) = Fo(T'(t)f) for all
f € Cy(X).

Proof. We denote by (P?),cx the family of probability measures on 2"* such that
under these measures the canonical process on 2 T is a Markov process with tran-
sition semigroup 7' starting at x. Motivated by Remark 4.3, we want to construct
a kernel k with ki (z,-) = P*©). To that end, we let A_ € .F((—00,0)) and
Ay € F([0,00)). Note that we can (and shall) identify these with elements of
B(Z ) and B(Z ) respectively. Given z € 2", we set

k(x, A_ NAL) := 8, (A_)P*O)(AL).

Note that, in particular, every cylinder set can be written as an intersection A_ N
Ay with A_, Ay as above. Arguing as in the proof of Fubini’s theorem (see [6,
Theorem 3.3.1]), k(x,-) can be extended to a measure on all of B(Z"). Also, it is
straightforward to show that = — k(z, A) is measurable for every A € B(Z), so k
is a kernel.

We prove that k satisfies Proposition 4.1(iii). To that end, let A_, B_ € %y_
and By € #([0,00)). Setting A = B_ N By, it follows that

k(x, A NA) =k(x,(A_NB_)NBy) = 6,(A_ N B_)P*)(By)
= 6.(A_)0.(B_)P**)(By)
= 0 () (A )6,y (BL)PTCDN (B )
= 07 (A-)k(7(%), A).

By a monotone class argument, this equality generalizes to arbitrary A € B(Z2").
Thus, by Proposition 4.1, k is the kernel of an expectation operator. To conclude
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that E is the expectation operator of an evolutionary semigroup, it remains to
verify that E is homogeneous. This is easily verified using Lemma 4.4 (note that it
suffices to consider a cylinder set A in that Lemma) and the Chapman—Kolmogorov
equations for the transition kernels p; of T'(¢). In the case of cadlag paths, one
additionally uses the observation that under P* the measure of a cylinder set does
not change, if a condition at a time ¢ > 0 is instead imposed at time t* = t—.
That the evolutionary semigroup associated to the expectation operator E is a Cjp-

semigroup follows from Theorem 5.2 in case of continuous paths and from Theorem
5.8 in case of cadlag paths. Indeed for F' € Cy,(2,.Z([0,0))) =~ Cy(2 "), we have

EF() = | PP (ay)

and the latter depends continuously on z(0—). O

Example 6.11. An example that fits into the setting described in Theorem 6.10 is
given by stochastic differential equations. Consider the equation

{dY(t) =b(Y(t))dt + o (Y (t))dB(t), fort >0,

(6.6) YO =y

Here, (B(t)):>0 is an m-dimensional Brownian motion, defined on a fixed probability
space (©,%,P) and the functions b: R — R? and o: RY — R¥™ are globally
Lipschitz continuous.

Under this assumption it is well-known (see, e.g., [42, Theorem 5.2.1]) that for
every y € R? there exists a unique strong solution (Y¥(¢));>0 of (6.6) which is
adapted to the filtration (%;):cj0,7) generated by {B(s) : s < t}. The process
(YY(t))1>0 is called a (time-homogeneous) Itd diffusion process.

It follows from [42, Theorem 7.1.2], that (Y¥(¢));>o is Markovian. Defining for
each y € R the measure PY on 2 := C([0,00); R%) by PY(A,) :=P(YY € A,),
[42, Lemma 8.1.4] implies weak continuity of the map y +— PY. Thus, by Theorem
6.10, we can construct an evolutionary Cp-semigroup from the measures (PY),cpa.
To describe the evolution operator [E, we use the representation from Remark 4.3
with k, (x,-) = P*(©). By Equation (4.2), we have

(6.7) (EF)(%) = /gblmr F(z_ ®q )’J,.)PX(O)(dy_._) _ EF(ﬂ_ R0 YX(O))-

Note that the integrals are well-defined as the process (Y¥(t));>o has P-almost
surely continuous paths.

For the rest of this subsection, let T be an evolutionary Cj-semigroup satisfying
the equivalent conditions of Theorem 6.7 and denote by T = (T'(t));>0 the induced
semigroup on Cy(X). It is a rather natural question, how the Cp-generator A of T
and the Cy-generator A of T are related. To study this question, we introduce the
following notation. Denote the transition kernels of (T(t))i>0 by (pi)i>0. Given
fis-- fn € Cp(X), we put

F(Sla .. '75TL7$> = / psl(l‘7dy1) Hsz(yj7dyjfl> H fk(yk)
X =2 k=1
Moreover, for n € N and 0 < a < b < 00, we put
D, (a,b) :=={(s1,...,8n) €[0,00)" :a <51 <89 <+ < 5, < b}

Lemma 6.12. With the above notation, the function

T F(s1,...,8n;2)
Dy, (a,b)
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belongs to the domain of the generator A of T and

A/ F(s1,...,5n)

Dy, (a,b)

:/ F(sl,...,sn_l,b)—/ F(a,sa,...,8,).
D,,_1(a,b) Dp_1(ab)

Proof. Making use of the semigroup law and substitution, we see that

T(h)/ F(sl,...,sn):/ F(s1+h,s9,...,8n)
D, (a,b) D, (a,b)

:/ F(s1,...,8n).
Dy (ath,b+h)

We now define the sets D,, and D,, by
Dy(a,b,h) = {(s1,...,80) :a<s1 < <81 <b< s, <b+h}
D, (a,b,h) :={(s1,...,8n):a <81 <a+h,s <s9---<s, <b}

Using these, we see that

awm-nf -/
D (a,b) Dy (ath,b+h)  JD,(a,b)
B /Dn(a+h,b+h) B /Dn(a+h,b) B /Dn(a,b,h)
= L - / +o(h).
Dn(ab,h)  JD, (a,b,h)

Using dominated convergence, it is easy to see that
1

7/ F(sl,...,sn)%/ F(s1y...,8,-1,b)
h Dy (a,b,h) Dpn—1(a,b)

1
E/ F(sl,...7sn)—>/ F(a,s2,...,8n)-
D, (a,b,h) D,,—1(a,b)

Combining this with the above, the claim follows. ]

and

Theorem 6.13. Let T be an evolutionary Cy-semigroup satisfying the equivalent
conditions of Theorem 6.7. We denote by A the Cy-generator of T and by A the
Cy-generator of the induced semigroup T on Cyp(X).

(a) For every u € D(A), we have Fy«(u) € D(A) and AFp-(u) = Fo- (Au).
(b) Functions of the form

(6.8) U= UFy(uj)
j=1
where Uy, ..., U, € D_(D) and u1,...,u, € D(A) form
(i) a Bo-core for A in the case ' = Z¢;
(ii) a bp-core for Mg in the case Z = Zp.

Proof. (a). Let u € D(A) with Au = f. By Proposition A.4, this is equivalent with
THu—u= ¢ = fo s)f ds. Consequently,

T(t)Fo- () = Fo- (u) = Fo- (T(t)u) — Fo-(u) = Fo- (1)

—IE/ F- ; [EFS*(f)ds:/O T(s)Fo«(f)ds.

By Proposition A.4 for T, it follows that Fo«(u) € D(A) and AFy«(u) = For (Au).
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(b). Here, we make use of Theorem 5.2(b) (in the case 2" = Z¢) and Proposition
4.10(b) (in the case 2" = Zp). In both cases, it suffices to show that every function
in D(Ao) is of the form in (6.8). To that end, it suffices to compute EV and EDV
for V€ Dy(Dg), i.e. when V is a product of functions of the form F’(f) (see
Proposition 3.2). Note that any such V can be written as the sum of integrals of

the form
n

10= [ ] s,
[a,b]™ 1.4

where the parameters n € IN and 0 < a < b may vary from summand to summand.

By linearity, it suffices to consider a single integral I. By Proposition 3.2,

n

DI(x) = ) _(fu(x(b)) Hfg %(s;)) :Zn:Wk(ﬂ)
[a,?]
a n—1 =1

k=1

To compute EI and EDI, the order of the varlables $1,...,8, has to be taken into
account. To that end, we make use of the symmetric group S,, and decompose

z/D TT fels(sn

o€S, (asb) =1
It follows that
EI(X) = Z / F(Sa(l),...,Sa(n);ﬂ(o*)).
€S, D,,(a,b)

It is a consequence of Lemma 6.12 that, as a function of x(0*), this is an element
of D(A) and

(AEI)(z Z / F(s5(1)s 5 80(n-1), b;2(0%))

= Z Z / F(s5(1)s+++»80(n—1),b;2(0%))

k=1 oeS, v Dn- 1(a,b)

_ Z / F(a, S5(2)s -+ s So(n); X(O*))

cES, Dy —1(a,b)

= EW; = EDI.
k=1
Here we have used in the last line that as ¢ runs trough all of .S,, with either the first
or the last entry fixed, we run through all of S,,_; in the remaining entries. Thus,
decomposing the integral in Wy, as the integral in I above, the equality follows. [

Example 6.14. In the situation of Example 6.11, the generator of the semigroup 7'
on Cy(R?) related to the Ito diffusion Y is given by

(Au)(y) = b(y) - Vuly) + 5 tx (00T )(y)D?uly)) for y € R,

for sufficiently smooth wu, e.g. for u € C%(R9) (see [42, Theorem 7.3.3]). Theorems
6.7 and 6.13 relate the ‘classical’ semigroup 7" and its generator A to the evolutionary
semigroup T and its Cy-generator A as follows:

T@)Fo(f) = Fo(T(t)f) fort>0and f € Cp(X),
AFy(u) = Fy(Au) for u € D(A).
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Remark 6.15. Although the underlying dynamics are Markovian, the extension of
the transition semigroup to the path space allows to consider path-dependent func-
tions and their evolutions. For example, in finance, this enables the dynamic pricing
of financial derivatives, whose payoffs depend not only on the final value of the un-
derlying asset but also on its entire historical trajectory.

Indeed, if the risk-neutral dynamics (Z;);>¢ are Markovian, then the fair price
of a derivative f(Z;) with maturity 7 > 0 at time 0 < ¢ < 7 is given by

ult, Zi(y)) = [E*[f(Z-(y)) | Z2]](Zu(y))

for P*-almost all y € Z°. Under appropriate assumptions, the value function u
satisfies the final value problem

Opu(t,x) = —Au(t, x),
u(r, z) = f(x),

forall 0 <t <7 and z € X. In particular, the value function is given by u(t,-) =
T(r —t)f, where T denotes the associated transition semigroup with generator A.
Using the extension T on 2t from Theorem 6.10, the value function

@tU(t) = [EX[F | ﬁt]

corresponding to the fair price of a path-dependent derivative F' € By(Z", %,) is
given by U(t) = T(r — t)F. For further details, we refer to our forthcoming article
[14], where we provide a detailed analysis of the connection between such value
functions, martingales, final value problems, and path-dependent PDEs.

Path-dependent functions also play an important role in control theory, where
path-dependent stochastic optimization problems are usually formulated by means
of backward stochastic differential equations [44]. If the controlled function is path-
dependent, then the value function satisfies a semi-linear path-dependent parabolic
equation. For a detailed survey on path-dependent PDEs we refer to [46], in par-
ticular to [45] for Sobolev solutions and [11, 18] for viscosity solutions.

6.3. Stochastic delay equations. In this section, we show that stochastic delay
equations give rise to evolutionary Cjp-semigroups on the path space ((27,d),7) =
((Zc,de), 7¢) of continuous functions. We fix h € (0,00) and use the space 6}, :=
C([~h,0]; RY) introduced in Section 6.1. Also, for a stochastic process (Y (t))¢>—n,
we denote the history at time ¢ by Y; € 6.

Given an m-dimensional Brownian motion (B(t)):>o on the probability space
(©2,%,P), consider the stochastic delay equation

{dY(t) = b(Y;)dt + o(Y;)dB(t), fort >0,

(6.9) Vo ¢

where & € ), is given and b: €, — R? and o: 6}, — R4*™ are Lipschitz contin-
uous. Again, it is well-known that for every £ € %}, the stochastic delay equation
(6.9) has a unique strong solution (Y4(t));>0 which is adapted to the filtration
(4,)1>0 generated by (B(t));>0 and has almost surely continuous paths (see, e.g.,
[41, Chapter 5, Theorem 2.2]).

In the notation of Remark 4.3, we define

PS(A,):=P(Y e Ay)
for £ € 6}, and AL € B(2 ") as well as (analogously to Equation (6.7))
(EF)@) == B [Flx@0 )] = [ Fla 0y )P (dys) = EF(x 50 Y™).
X

Obviously, E is a Markovian kernel operator satisfying condition (ii) of Proposi-
tion 4.1 and therefore an expectation operator.
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To prove that E is homogeneous, we impose an additional non-degeneracy con-
dition: For every & € %}, the matrix o(€) is invertible and supgcq, [lo(£) ™| < oc.
Under this assumption, it is proved in [8] that the stochastic delay equation (6.9)
induces a Markov process on the state space %},. We can use this to establish the
homogeneity of E. To that end, we introduce the following notation: For £ € 4}
and t > 0, let Y*¢ be the unique strong solution of

YHe(s) = £(0) + /t b(Y.)dr + / o(YP9)dB(r), fors>t,

(6.10) ¢

vt =g

We also set
(@0 V) (w, 8) %(s), if s <t,
7 Y (w, s) = )
’ Yt (w,s), ifs>t.
With this notation, we have (EF)(x) = EF(zx ® Y9*0). Also, for ¢t > 0, we have
(E.F)(r) = EF [0_ (042 @ YO ') = EF(z @, Y'*).

The second equality holds due to the uniquenss of the solution of (6.10) and the
fact that B(t+-) — B(t) and B(+) have the same distribution. Using this, we obtain

(EEF)() = B[EF(y @, V")

y=2®0Y ?:%0 } ’

It was shown in [8, Proof of Proposition 4.1] that

EF(y®, Y"")

—E [F(ﬂ ®o YO)

%} P-a.s.

y=2R0Y %0

From this, we obtain
(EE.F)(x) = E[E [F(z ® Y07“0)|%H =EF(z® Y?*) = (EF)(»)

by the tower property. Hence, E is homogeneous and therefore generates an evolu-
tionary semigroup on Cy(Z").

Similar to the case of of deterministic delay equations (see the discussion at
the end of Subsection 6.1), a stochastic variation of constants formula can be used
to describe the solution of the above SDDE by means of the shift semigroup. In
the product space M? = RY x L?((—h,0); RY), where the generator of the shift
semigroup is given by (6.5) with b = 0, this approach was used, e.g., in [30], [13],
[49]. Working in M? allows us to use results from [12] on abstract SDEs in Hilbert
spaces. However, working in a Hilbert space is not always natural from the point
of view of applications, as the coefficients b and ¢ are ill-adapted to this setting. In
this situations, it is preferable to work on spaces of continuous functions (or even
cadlag functions) which, however, poses other problems. We refer the reader to [27],
[23], [25] for recent developments in this directions.

We point out that, similar to the deterministic equation, the semigroup used in
the stochastic variation of constants formula corresponds to an equation with linear
coefficients. Once again, the evolutionary semigroup in our appropach serves as a
Koopman semigroup and yields a direct description of solutions even for nonlinear
coefficients.

6.4. Stochastic flows driven by Lévy processes. In this subsection, we consider
a generalization of the deterministic equations considered in Section 6.1, where the
evolution of our system is influenced by a random parameter which lives in an
external probability space. We will work on the cadlag path space ((27,d),7) =
((Zp,dy,),7p) endowed with the Ji-topology with values in a complete separable
metric space X.
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Definition 6.16. Let Q := D([0,00); R?) be the space of all cadlag functions
w: [0,00) — R? endowed with the o-algebra &4 = o(w(s): s € [0,00)) and the
filtration 4 := o(w(s): s € [0,t]), t € [0,00). A random evolution map is a mea-
surable function ¢ : Q@ x 2~ — 2 such that for fixed w € Q, the map z — ¢(w, %)
is continuous on 2~ and for every w € 2 and x € Z’, the following conditions are
satisfied:

(i) d(w, %) = ¢(w, 7(x));

ii) 7((w,%)) = 7(x);

iii) ¢(w, ) #(w + ¢, %) for all c € RY;
iv)

)

w — TPp(w, %) is ¥;-measurable for all ¢ € [0, 00);
P(Dw, Dd(w, %)) = Fyd(w, x) for all ¢ € [0, 00).

Proposition 6.17. Let ¢ be a random evolution map and P be a probability measure
n (Q,9) such that the canonical process Zy(w) := w(t) is a Lévy process starting
at 0. Then, the operator E: By(Z") — By(Z), given by [EF](%) := E[F(¢(Z,%))],
is a homogeneous expectation operator. The induced evolutionary semigroup is a
Cy-semigroup.
Proof. First, we show that EF is .%y_-measurable for all F' € By(2"). Indeed,
condition (i) implies [EF](x) = E[F(¢(Z,%))] = E[F(¢(Z,7(%)))] = [EF](7(x)) for
all x € 27, and the claim follows directly from Lemma 2.5(c).

Second, we note that EF' = F whenever F € By(Z, %o—). Indeed, since F' =
F o7, it follows from condition (ii) that for every z € 2,

[EF)(x) = E[F (1(¢(Z,%)))] = E[F(7(x))] = F(7(x)) = F(x).

Third, we verify that E is homogeneous. Let F' € B,(Z"). By definition of [Ey,
we have

[E.F)(z) = [0:EO_ F|(%) = E[F(J_,¢(Z, Vix))]
and therefore

[EE,F|(x) = E[E [F(9_16(Z, 9:06(Z, x)))]]

where Z is an independent copy of Z. Moreover, using first the tower property of
conditional expectation, then condition (v) and then condition (i), it follows that

[EF](x) = E[F(¢(Z,2))]
= E[E[F(¢(Z,%)) | 4]
= B[B[F(0-0(Zer, 9:6(Z,%))) | %]
—E[E[F(0-16(Zi1. — Zi + Z0,0md(Z,9)) | %]
:E{ [F(9-46(Z + Zy,9,m(Z, ﬂ)))ﬂ
= B[B[F(0-6(Z,0:6(Z )] | = [FEF)(x),

where Z is an independent copy of Z. Here, in the fifth equality, we used that
the mapping w — 9;10(Z(w), %) is %-measurable due to condition (iv) and that
Zyy. — Zy is independent of ¢;. The sixth equality is valid due to condition (iii).

To verify that the induced evolutionary semigroup is a Cp-semigroup, we use
Theorem 5.8. If (%,)nen IS @ sequence in 2~ converging to x € 2 ~, then by
assumption, we have ¢(w,%,) = ¢(w,x). Given F € Cy(Z), it follows from the
dominated convergence theorem that

[EF](2n) = E[F(¢(Z,%0))] = E[F(¢(Z,%))] = [EF](x). 0
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As an application, we consider a stochastic delay equation, driven by additive
Lévy noise. To that end, let

Py, := D((—h,0); RY).
For fixed w € Q and £ € P, we consider the (deterministic) delay equation

dy(t) = by )dt + dw(t), fort >0,

(6.11) y(t) = b(yt) (t)
Yo = &.

We interpret this as an integral equation and require the solution to be continuous

at 0. Thus, (6.11) is equivalent to y(t) = £(t) for t <0 and

(6.12) y(t) = £(0-) + / b(ys) ds + w(t) — w(0)

for all ¢ > 0. If b is Lipschitz continuous, then, arguing similar as in [4, Theorem
11.4.3.1], we see that (6.11) has a unique solution y(w) € D((—h,o0); R%). Given
w € Qand zx € Z, we define

(6(o)(0) = {*(“’ L

Y%, if t > 0.

We claim that ¢ is a random evolution map in the sense of Definition 6.16. Here
conditions (i) — (iv) can be directly verified. To prove (v), we fix £ > 0 and set
y = 9¢d(w, %). Then we have y(s) = [p(w, )](t + s). It follows that

y(s)

t+s
%(0—) +/O b(p(w, %)) dr +w(t + s) — w(0)

t t+s
- +/ b((b(w,x),.)dr—i—/ b((w, 2),) dr + w(t + 5) — w(0)
— (w0t / b(6(w, )e1n) dr + w(t + 5) — w(t)

(613)  =y(0-)+ / bly, ) dr + () () — (6,)(0).
By uniqueness, ¢(¥;w,y) =y, which is exactly (v).

Ezample 6.18. Let X = R% and b : R? = R? be a bounded, continuous function.
For fixed w € Q and x € 27, consider the delay equation

(6.14) dy(t) =b(y(t — 1))dt + dw(t), yo = x%o.

Of course, we interpret this equation as an integral equation and require the solution
to be continuous at 0 (see Remark 6.3). Thus, (6.14) is equivalent to y(t) = x(¢) for
t <0 and

y(t) = =(0-) + / b(y(s — 1)) ds + w(t) — w(0)

for all ¢t > 0.
This equation can be solved iteratively, yielding the following random evolution
map:
)x(t) if t <0,
—|—f0 %(s — 1)) ds + w(t) — w(0) if t € 0, 1),
+

ol t) = d) w, %, 1— —|—f1 o(w, %, s —1))ds w’(t) —w(0), iftell,2),

This is indeed a random evolution map. Conditions (i) — (iv) can be directly verified
and for (v) one can argue as in Equation (6.13).
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Now, let P be a measure on (€2,%) such that the coordinate process Z;(w) := w(t)
is a Lévy process starting at 0. We denote by (S(t)):>0 the transition semigroup of
this process on By(R%). It is well known, that S is a Cy-semigroup (it is actually
Feller, in the sense that it restricts to a strongly continuous semigroup on Co(RR))
and we denote its Cp-generator by A. Moreover, we denote the expectation operator
associated to ¢ and P via Proposition 6.17 by E and the induced evolutionary
semigroup by T.

We also define the map ¢ : 2~ — 2 by setting ¢(%,t) := %(¢) for t < 0 and
(%, t) == 2(0—)+ fot b(x(s—1))ds for t € [0,1). Afterwards, we define ¢ recursively,
setting o(x,t) := p(z,n—) + f:L b(p(z,s —1))ds for t € [n,n+1).

It follows for ¢t € (0,1) and x € 2" that ¢(Z, %, t) = p(x,t) + Z; P-almost surely,
so that for any f € By(R%),

T(t)Fo-(f)(2) = E[f(6(Z, 2,1))] = Ef (p(%, 1) + Z1) = (S(£) ) (e(2,1)).
Note that ¢ — (x,t) is differentiable with derivative b(p(x,t — 1)) at any point
where z is continuous. If f € C°(R4), then t +— S(t)f is differentiable with respect
to || |l and the derivative is S(¢)Af. With the chain rule, it follows that

OT(t)Fo- (£) () = S(DAS (p(n, 1)) + S() [V f(p(n,1)) - bl t = 1))]
d
=T(t) [For (Af) + 3 For (930 F-1 (b)) )
j=1

for all but finitely many ¢ € (0,1). Proceeding recursively, one can prove the same
result for almost all ¢ > 0. Now Proposition A.4 shows that
d
[Fo- (f), For (Af) + Y For (95£)F-1(b))] € Asan,
j=1
where A, denotes the full generator of T.

Remark 6.19. The stochastic delay equation from Example 6.18 is a special case of
the equations considered in [48], namely we here only consider additive Lévy noise
whereas the authors of [48] also allow a multiplicative noise term depending on the
past. In [48], the authors construct the transition semigroup of the solution on the
state space Z|_p, 0 = D([—h,0]) of cadlag paths on [—h, 0]. As they discuss on page
1416, their semigroup is not a Cp-semigroup. In fact, it neither leaves the space
Cy(Z|—p,0)) invariant nor does it satisfy the continuity condition from Definition
A.9. Inspecting their argument, one sees that the problem is that the function
7_p, which is continuous on 2]_j, o) because of the special role of the point —h, is
mapped by the shift semigroup to the non-continous function w_p ;. In our setting,
this problem does not occur as m_j, is not continuous on £ ~. Indeed, Proposition
6.17 shows that we obtain a Cj-semigroup and using Lemma 4.8 one can easily see
that it leaves Cyp (2, Z#([—h,0))) invariant.

APPENDIX A. TRANSITION SEMIGROUPS

In many cases, the concept of a strongly continuous semigroup, see for example
[19], is too strong to study transition semigroups of Markovian processes. Over the
years, several suggestions have been made for alternative semigroup theories that
can be used instead but, so far, no single theory has prevailed. We mention weakly
integrable semigroups [33], weakly continuous semigroups [9], m-semigroups [47], bi-
continuous semigroups [36, 21] and sequentially equicontinuous semigroups [34]. Let
us also mention [28, 29] where transition semigroups of certain stochastic processes
were studied; here the so-called strict or mized topology plays an important role.

In this article, we use a very flexible semigroup theory, that can be seen as
a special case of the theory of ‘semigroups on norming dual pairs’ introduced in
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[37, 38]. On the other hand, we have also opportunity to make use of the ‘full
generator’ of a semigroup that goes back to the book of Ethier and Kurtz [20,
Section 1.5]. As there is no single reference available where all needed results can
be found, we introduce in this appendix the relevant notions and state the results
that are used in the main part; there are also some new results.

Throughout this appendix, X is a Polish space and B(X) denotes its Borel o-
algebra. The spaces of bounded real valued Borel measurable functions and bounded
continuous functions on X are denoted by By,(X) and Cp(X) respectively. Both are
Banach spaces with respect to the supremum norm || - ||o. The space of bounded
signed measures is denoted by .#(X). We note that .#(X) can be isometrically
identified with a closed subspace of the norm dual By,(X)* and also a closed subspace
of Cy(X)* by means of the identification

(fo) = /X f(@)du(z).

A.1. Kernel operators and bp-convergence. A kernel on X is a map k : X X
B(X) — R such that

(i) the map z — k(z, A) is measurable for every A € B(X);
(ii) k(zx,-) is a signed measure for every = € X;
(iii) sup, |k|(z, X) < oo where |k|(z, -) refers to the total variation of k(z, -).
A kernel k is called positive (Markovian) if every measure k(z,-) is a positive mea-
sure (a probability measure).
Given a kernel k on X, we can define a bounded linear operator K on By(X) by
setting

(A1) (K f](z) := /Xf(y)k:(:c,dy) for f € By(X) and = € X.

We call an operator of this form a kernel operator and k the kernel associated to K
and, conversely, K the operator associated to k.

It may happen, that in (A.1) the function K f is continuous, whenever f € Cp(X).
In fact, this is the case if and only if the map = — k(z, ) is continuous with respect
to the weak topology o(Cy(X), #(X)). In this case, K defines a bounded linear
operator on Cp(X). We call such an operator kernel operator on Cp(X). We note
that any kernel operator on C},(X) can be extended to a kernel operator on By (X)
(by merely using (A.1) for general f € By(X) instead of f € Cp(X)). We will
not distinguish between kernel operators on Cp(X) and their (unique) extension to
By(X).

We now treat the cases Cy,(X) and B, (X) simultaneously and let V' denote either
of these spaces. It turns out that a bounded linear operator on V is a kernel operator
if and only if it is continuous with respect to the weak topology o := o(V, # (X)),
see e.g. [38, Proposition 3.5]. We write .Z(V, o) for the space of o-continuous linear
operators on V. For sequences, o-convergence is nothing else than bp-convergence
(bp is short for bounded and pointwise). Indeed, by dominated convergence, bp-
convergence implies o-convergence and the converse follows by testing against Dirac
measures and using the uniform boundedness principle.

Lemma A.1. Let V € {Cy(X), Bp(X)} and K € Z(V). The following are equiv-
alent:

(i) K is a kernel operator.
(il) K is o-continuous, i.e. K € Z(V,0).
(iii) K is bp-continuous, i.e. if (fn)new C V is a sequences that bp-converges to
f eV, then K f, bp-converges to K f.
(iv) the norm-adjoint K* leaves the space M (X) invariant.

In this case, the o-adjoint of K is given by K' := K*| 4 (x).
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Proof. The equivalence of (ii) and (iv) (as well as the addendum) follow from [38,
Proposition 3.1] applied to the norming dual pair (V, .#(X)). As already mentioned,
the equivalence of (ii) and (i) is [38, Proposition 3.5]. For the equivalence of (i) and
(iii), see [7, Lemma A.1] in the case V = Cp(X) and [2, Lemma 5.1] in the case
V = By(X). O

Remark A.2. In the case V = By(X), the statements of Lemma A.1 remain valid
also for general measurable spaces.

Let us also briefly recall the notion of bp-closure, see [20, Section 3.4]. A subset
M C By(X) is called bp-closed if whenever (f,)new C M bp-converges to f €
By(X), it follows that f € M. The bp-closure of a set S C By(X) is the smallest
bp-closed set that contains S. If the bp-closue of S is all of B,(X), we say that S
is bp-dense in By(X). By [20, Proposition 3.4.2], Cy(X) is bp-dense in By(X).

These notions help overcome a weakness of working with the weak topology o.
As Cy(X) is o-dense in By(X), for every f € By(X) there is a net (f,) C Cp(X)
converging to f with respect to o. However, there need not be a sequence (f5,)nen C
Cy(X) that bp-converges (i.e. o-converges) to f. Using bp-density and bp-closures
allows us to work only with sequences nevertheless.

A.2. The full generator of a transition semigroup.

Definition A.3. A transition semigroup on X is a family of Markovian kernel
operators T' = (T'(t))i>0 C -Z(By(X), o) such that

(i) T(t+s)=T()T(s) for all t,s > 0 and T(0) = I;

(ii) For every f € X the map (t,z) — [T'(t)f](z) is jointly measurable.
If the same is true for a family 7' = (T'(t))ier C Z(By(X), o) with index set R, we
call T' a transition group.

If T is a transition semigroup, then for every f € By(X) and p € .#(X) the
map ¢ — (T(t)f, u) is measurable and, given A > 0, there exists an operator R(\) €
Z(Bp(X), o) such that

(A2) (RO, p) = /0 T eI f e for £ e By(X) and € (X,

This shows that, in the terms of [38, Definition 5.1], a transition semigroup is an
integrable semigroup on the norming dual pair (By(X), .#(X)). By [38, Proposition
5.2], the family (R(X))x>0 is a pseudo-resolvent, i.e. it satisfies the resolvent identity

R(A) = R(p) = (p = A RN R(p)  for A, pp > 0.

For more information on pseudo-resolvents we refer to [19, Section III.4.a].

In general, the operators (R(\))rer>0 are not injective and hence are not the
resolvent of a single-valued operator. However, there is a multi-valued operator
L (called the full generator) such that (A — Lgy) ™! = R()\) for A > 0, see [31,
Appendix A] (also for more information about multi-valued operators). The domain
of Ly is given by D (L) :={f € Bp(X) : (f,9) € Ly for some g € By(X)}.

Proposition A.4. Let T be a transition semigroup with full generator Lgy and
fig € Bp(X). The following are equivalent:

(1) (fa g) € qull'
(ii) For allt >0 and x € X it is

T(t)f(x) — f(x) = / (T(s)g)(x) ds.

(iii) For all x € X the map t — T(t)f(x) belongs to VV&)COO([O7 o0)) and O, T(t) f(x)
=T(t)g(x) for almost every t.
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Proof. The equivalence of (i) and (ii) is proved in [38, Proposition 5.7]. Note that
this shows that our terminology is consistent with that used in the book of Ethier—
Kurtz [20, Section 1.5] who use (ii) for the definition. In view of the fundamental
theorem of calculus for Sobolev functions, (iii) is merely a reformulation of (ii). O

Lemma A.5. Let T be a transition semigroup with full generator Ley. The follow-

ing hold true:

(a) Ly is bp-closed, i.e. if ((fn,gn))nen C L bp-converges to (f,g) € By(X) X
Bb(X)’ then (f7g) € qull;’

(b) If D(Lsu) is bp-dense in By(X), then T is uniquely determined by Ley.

Proof. (a). Let ((fn,gn))nen C L. By Proposition A.4, this is equivalent to

(A.3) T(t) ful) — fola) = / (T(5)gn) () ds

for all t > 0 and « € X. If (f,, gn) bp-converges to (f, g) then the bp-continuity of
the operators T'(t) imply that the left hand side of (A.3) converges to T'(t) f(x)— f(z)
and the right-hand side to fg T(s)g(x)ds. Using Proposition A.4 again, (a) follows.

(b). It follows from Proposition A.4 that ||[T(t)f — T(s) flleoc < |t — s|||lgl|loo for
(f,9) € Liy and t, s > 0. This implies that, for f € D(Lg) the orbit ¢t — T(t)f is
| - lloo-continuous and thus in particular pointwise continuous. Now let 77 and Tp
be transition semigroups with the same full generator Lg, and fix f € D(Lgy). It
follows that

[ etmop@a = [N mmn@a = 0 L sw

0 0
for all A > 0 and € X. By the uniqueness theorem for the Laplace transform [1,
Theorem 1.7.3], (T1(t)f)(x) = (T2(t)f)(x) for almost every ¢ > 0. By continuity,
T, (t) f(x) = Ta(t) f(x) for all ¢ > 0. Thus, for every t > 0, the operators T} (t) and
T5(t) coincide on the set D(Lgy). Now fix ¢ > 0. As the operators T (t), T (t) are
bp-continuous, the set of f for which T} (t) f = T»(t) f is bp-closed. Since D(Lgy) is
bp-dense in By(X) , T1(t) = Ta(t) follows. O

Following [35], we say that a subset C' C Ly is a bp-core, if Lgy is the bp-closure
of C'. We next give a criterion for a bp-core.

Lemma A.6. Let (T(t))i>0 be a transition semigroup with full generator L.
Moreover, let C C Ly be a subspace with the following properties:

(i) If (f,9) € C then (T(t)f,T(t)g) € C for all t > 0;
(ii) The set S := {f € By(X) : (f,g9) € C for some g € Bp(X)} is bp-dense in
Bb(X);
(iii) For every x € X and g € By(X) such that (f,g) € C for some f € By(X),
the map t — T(t)g(z) is continuous at almost every point in (0,00).

Then C is a bp-core for Lgy.
Proof. We denote the bp-closure of C' by M. Since C' is a vector space, so is M.

Moreover, Ly, is bp-closed by Lemma A.5(a), so M C Lg,. We thus only need to
prove that Lgy C M.

Fix (f,g9) € C and tg > 0. We claim that for every A > 0

(/Oto e MT() f dt,/oto e—MT(t)gdt) e M.

To see this, let € X and define the functions ¢(t) := L(g4,)(t)e [T (t) f](x) and
on(t) =31, ]l[ﬂtmﬁto)(t)e”% [T(5Lt9)g](x) and the functions ¢ and 1,
similarly, replacing f with g. It is a consequence of condition (i) and the fact that

M is a vector space that (fgo ©on(t) dt,foto p(t)dt) € M. Since f € D(Lgy), the
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orbit ¢ — T'(t) f is || - ||-continuous (see the proof of Lemma A.5(b)) and hence point-
wise continuous. It follows that ¢ is Riemann-integrable and foto ©n(t) dt, which is
nothing else than Riemannian sums for the integral of ¢ converge to fg ®p(t)dt. Tt
is a consequence of condition (iii), that also the function ¢ is Riemann integrable
and thus the integrals of v,, converge to that of ¢, proving the claim.

Next note that since (f,g) € L, we have

/to e MT(t)gdt = )\/to e MT(t)fdt — f+ e MT(tg)f,
0 0

see, e.g., [38, Proof of Proposition 5.7]. For ¢y — oo, the last term tends (in norm)
to 0 and it follows that

(RN, Lean) f, AR(A, L) f — f) € M

for every f € S. Since S is bp-dense in B,(X) by (ii), the same is true for arbitrary
f € By(X). Now let (fo,90) € Lfun. Note that R(\, L) (Afo — go) = fo- Thus,
applying the above to f = Afo — go, it follows that (fo,g0) € M, finishing the
proof. O

Sometimes, it is more convenient to work with single-valued operators. To that
end, we introduce the following terminology:

Definition A.7. Let .Z be a (potentially) multi-valued operator on By(X). A slice
of £ is a single-valued operator Lo : D(Lg) — By(X) such that (f, Lof) € &£ for
every f € D(L).

From Lemma A.6, we immediately obtain:

Corollary A.8. Let (T(t))>0 be a transition semigroup with full generator Ly
and Lqg be a slice of Ly such that:
(i) For everyt >0 and f € D(L) it is T(t)f € D(Lo) and LoT(t)f = T(t)Lof;
(ii) D(Lg) is bp-dense in By(X);
(iii) for every f € D(Lg)and x € X the map t — T(t)Lof(x) is continuous at
almost every point in (0,00).

Then {(f, Lof) : f € D(Lo)} is a bp-core for Lay. By slight abuse of notation, we
will say that D(Lg) is a bp-core for L.

A.3. Cy-semigroups and the Cj-generator.

Definition A.9. A transition semigroup 7T is called Cy-semigroup if

(i) for every ¢ > 0 the operator T'(t) leaves the space Cp(X) invariant;
(ii) for every f € Cy(X) the map (¢, z) — [T'(t)f](x) is continuous on [0, 00) X X.
A transition group T is called Cy-group if the above hold true for every ¢ € R.

Note that the continuity assumption in Definition A.9 implies via a bp-closedness
argument the measurability assumption in Definition A.3.

We can give an equivalent description of Cj-semigroups using an additional lo-
cally convex topology on Cy(X), the so-called strict topology By. This topology is
defined as follows: We denote by #o(X) the space of all functions ¢ : X — R
that vanish at infinity, i.e. given € > 0 we find a compact subset K of X such that
lp(z)] < e for all z € X \ K. The strict topology 5y is generated by the seminorms
{py : ¢ € Fo(X)}, where p,(f) = ||¢f]ls- This topology is consistent with the
duality (Cp(X), # (X)), i.e. the dual space (Cy(X), Bo)" is 4 (X), see [32, Theorem
7.6.3]. In fact, it is the Mackey topology of the dual pair (Cy(X), # (X)), i.e. the
finest locally convex topology on Cy(X) which yields .# (X) as a dual space. This is
a consequence of Theorems 4.5 and 5.8 of [50]. Consequently, a kernel operator on
Cy(X) (i.e. a o-continuous operator by Lemma A.1) is automatically Sp-continuous.
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By [32, Theorem 2.10.4] 5y coincides on || - ||o-bounded sets with the topology of
uniform convergence on compact subsets of X.
We recall the following characterization from [37, Theorem 4.4].

Theorem A.10. Let T be a transition semigroup such that every operator T(t)
leaves Cy(X) invariant. The following are equivalent:
(i) T is a Cy-semigroup, i.e. the map (t,x) — [T(t) f](x) is continuous on [0, 00) X
X for every f € Cy(X).
(ii) T is Bo-continuous on Cy(X), i.e. for every f € Cp(X), the orbit t — T(t)f
is Bo-continuous on [0,00).
(iii) T 4s Bo-continuous on Cp(X) and locally Bo-equicontinuous.

We note that many transition semigroups are in fact Cp-semigroups, see, e.g.,
the references [29, 2, 35, 7] for concrete examples.

Using the dominated convergence theorem, it is easy to see that if T is a tran-
sition semigroup such that every T'(t) leaves the space Cp(X) invariant, then also
its Laplace transform R(\) leaves the space Cp(X) invariant. If additionally the
continuity assumption in Definition A.9(ii) is satisfied, R())|c,(x) is injective and
thus the resolvent of a unique (single-valued) operator.

Definition A.11. Let T be a Cp-semigroup and (R(A\))re x>0 be its Laplace trans-
form. The Cp-generator of T is the unique single-valued operator L such that
(A=L)™' = R(\)|¢,(x) for all ReX > 0.

As the resolvent of L is merely the restriction of that of Lgy to Cy(X), the C-
generator L is the part of Lgy in Cy(X), i.e. f € D(L) and Lf = g if and only if
(f,g9) € Lean and f,g € Cp(X). We give some alternative characterizations of the
Cp-generator.

Theorem A.12. Let T be a Cy-semigroup with Cy-generator L. For f,g € Cyp(X)
the following are equivalent:
(i) feD(L) and Af = g;
(i) t=Y(T(t)f — f) — g with respect to o ast — 0;
(iii) t=Y(T(t)f — f) — g with respect to By as t — 0;
(V) subye o) 11T f — e < 00 and 71T f(2) — f(x) — g(a) for all
zeX.

Proof. See [7, Theorem A.5]. O
The full generator can be reconstructed from the Cp-generator. In fact, we have:

Corollary A.13. Let (T(t))i>0 be a Cy-semigroup with Cy-generator L and full
generator Ley . Then D(L) is a bp-core for L.

Proof. If f € D(L) and = € X, then Lf € Cy(X) and the map ¢t — [T'(¢t)Lf](x) is
continuous on all of (0, 00) proving (iii) in Corollary A.8. Condition (i) can easily
be obtained from [38, Proposition 5.7]. It remains to prove condition (ii). To that
end, note that for every f € Cy(X), it holds AR\, L)f € D(L) and AR(A\,L)f — f
pointwise as A — 00, see [37, Theorem 2.10]. This proves that the bp-closure of
D(L) contains Cp(X) and hence By(X). Now Corollary A.8 yields the claim. O

Note that the concept of bp-core is only appropriate on the space B, (X). We also
introduce a suitable concept of a core for the Cy-generator. If T' is a Cp-semigroup
with Cp-generator L and D C D(L), we say that D is a fBy-core for L if for every
f € D(L) there is a net (f,) C D such that f, — f and Lf, — Lf with respect to
Bo-

Lemma A.14. Let T be a Cy-semigroup with Cy-generator L and D C D(L) be
such that
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(i) D is dense in Cy(X) with respect to By and
(ii) T(¢t)D C D for allt > 0.
Then D is a By-core for L.

Proof. This follows along the lines of [39, Proposition 2.3] which is concerned with
the full generator. O

APPENDIX B. EXAMPLES OF PATH SPACES

B.1. Continuous paths. Let (X,d) be a separable, complete metric space and
put Zc := C(R; X), the set of all continuous functions from R to X, and

do(y) =Y 27"[IA sup d(=(t),y(t)].

ne1 te[—n,n]
We also set
%(t), ift<0,
t) =
e (0] (1) {X(O% N,

Proposition B.1. The pair ((Zc,dc), 7c) is a path space. Moreover, in this case
the map Tc and every evaluation map m¢, for t € R, is continuous.

Proof. The evaluation maps m; are clearly continuous from Z¢ to X and it is well
known that they generate the Borel o-algebra, proving (P1). We point out that,
by the continuity of the paths, we have .%; = .%;_ in this case. In what follows, we
work with .%; instead of .%;_ whenever 2" = Zc.

Note that 7¢ is continuous and thus certainly measurable. Moreover, as 2 is
closed in Z¢, it is complete with respect to the original metric dg. To finish the
proof of (P2), it remains to prove the measurability requirement. To that end, let
1 <to<...<tp <O0<tpy1 <...<t,and A; € B(X) for j =1,...,n. Consider
the cylinder set

A={z:x%(t;) € A for j=1,...,n} € B(Zc).
Then

(TC)—l(A):{ﬂ;ﬂ(tj)eAj for j=1,....k and x(0) € | Aj}eyo.
j=k+1

As the cylinder sets generate B(Z¢), it follows that 7¢ is Fo-measurable. Note
that in the above situation, the cylinder set A belongs to .%; if and only if k& = n.
In that case 75'(A) = A. Once again, cylinder sets of this form generate %, so
that (7¢)~1(A) = A for all A € %y, proving (P2).

To prove (P3), let t, — too and %, — %eo. Given e > 0, pick Ny so large that
Y on>n, 27" < € and then Ny so large that ¢ + ¢, € [Ny, Ni] for all ¢ € [—No, No
and n € INU {o0}.

As the set {%, : n € NU {co}} is compact, it follows from the Arzela—Ascoli
Theorem that we find § > 0 such that d(z,(t),%,(s)) < e for all n € NU {oo} and
t,s € [Ny, Ny] with |t — s|] < §. Next pick ng so large, that |t,, — too] < 0 and
SUPye(— Ny, ;] A(%n (), %00 (t)) < € for all n > ng. Then for n > ng

A((Ot,20) (£)5 (V10 %00) (£)) = d(#n(t + tn), %00 (L + o))
< dn(t+1n), 20 (t + too)) + d(Zn(t 4 too)y oo (t + o)) < 2¢

for all t € [— Ny, No]. Altogether, it follows that dc(9:, zn, ¥t %e0) < 3¢ for n > ny.
This proves that (¢,%) — 4% is continuous and thus (P3). O
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B.2. Cadlag paths in the Ji-topology. Let (X,d) be a complete, separable
metric space. Without loss of generality, we assume that d(z,y) < 1forall z,y € X.
We consider the set 2 = D(R; X) of all cadlag functions x: R — X i.e. for every
t € R, we have
%(t) = limx(s) and x(t—) :=limx(s) exists.
st st

As is well known (see e.g. [20, Lemma 3.5.1]), any x € 2p has at most countably
many discontinuities. There are several ways to extend Skorohod’s J;-topology,
originally defined for cadlag functions on [0, 1], to unbounded time intervals. Billings-
ley [5] and Lindvall [40] use, similar to the case of continuous functions, a series
over the distance of restrictions of the functions to compact time intervals. We note
that in the Ji-topology, convergence of a cadlag function on a compact time interval
[a, b] implies convergence of the values at the endpoints a and b. In the approach of
Billingsley and Lindvall, the restrictions to the compact time intervals have to be
slightly modified so that convergence with respect to the metric on the unbounded
time interval does not entail convergence of the values in these (technically chosen)
endpoints.

On the other hand, Whitt [51] and Ethier and Kurtz [20] use an integral instead of
a series and no such alteration is needed. We will here follow this second approach.
We should also point out that [51] is one of the few references where also the time
interval R (instead of [0, 00)) is considered.

Given —oo < a < b < 0o, we denote by A® the collection of all strictly increasing,
bijective and Lipschitz continuous functions A from [a, ] to [a,b] so that

Mz :==  sup llogM‘ < 00.
a<s<t<b t—s

On D([a,b], X), the space of X-valued cadlag functions on the interval [a,b], we
define the metric

(B.1) da(%,y) = dnf [z v sup d(x(2), (A1)}
€Ag te(a,b]

This is a complete metric that induces Skorohod’s Ji-topology on D([a, b], X), see
[5, Sect. 12]. We note that d’(z,y) < 1, as d(x,y) < 1 for all z,y € X and the
choice A\(t) =t yields ||[\||L = 0.

Given %,y € D(R; X), we denote their restrictions to [a, b] by 2|2 and y| respec-
tively and define

0 o
dnley) = [ [ eyl drs

This integral is well defined by [51, Lemma 2.4]. By [51, Theorem 2.6] (2p,dp) is a
complete separable metric space (see [20, Theorem 3.5.6]) which induces Skorohod’s
Ji-topology on D(R; X) in the sense that %, — % in (2p,dp) if and only if , | —
2| in D([a,b], X) whenever a and b are continuity points of %, see [51, Theorem
2.5,

To simplify notation, we will not distinguish between a function x € Zp and its
restriction to some compact interval [a, b] in what follows. It will be clear from the
context what the domain of definition is.

On Zp, we define the stopping map 7 by

7(t), ift<o0,

[rp(2)](t) = {x(O—), if t > 0.
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To prove that also the cadlag functions form a path space, we make use of the
following ‘modulus of continuity’:

W'(2,6,T):= inf max sup  d(z(s),=(t)),
(tosostn) I=Lol g telt; 4 t5)

where the infimum is taken over all partitions — 1T = t; < t; < ... < t, =T
satisfying min;(¢; —t;—1) > 4. Similar to the Arzela—Ascoli theorem, this modulus
of continuity can be used to characterize compact subsets of 2p (see [20, Theorem
3.6.3]).

In order to prove that ((£Zp,dys, ), 7p) is a path space, we first establish a Lemma.

Lemma B.2. Let x € D(R; X) be a piecewise constant function with finitely many
Jumps, 1i.e.

ﬂ(t) = xoﬂ(,oo’ro)(t) + ijﬂ[rj,l,rj)(t) + $n+1]1[rmoo)(t),
=1

where —0o0 < rg < r; < ... < ryp < 00 satisfies min;(r; —r;—1) > 6 > 0 and
Xoy- ..y Tnt1 € X. For |t] < § we put

f5(t) == max { log 5 _6 m,log (1 + %) }

Then for |t| < §/2 we have dyj, (, %) < f5(t). In particular, 9z — %z as t — 0.

Proof. Fix real numbers a < b and put

{to,- - tx} = {ro,...,rn} Nla,b]) U{a,b},
so that a = g < t; < --- <ty = b. Now, let |[t| < §/2. Then, for every j =
2,...,k—2wehave t; —t € (tj_1,t;41) but if t > 0 it is possible that t; —t < ¢
and in the case where ¢t < 0 it is possible that t5_1 — ¢t > t§. Define sg < ... < sg
by setting so = tg = a and s =t = b and

t, —t, if j=1and t; —t > tg,

t1, if j=1and t; —t <,
S§;=4qtj—t, ifj=2,....k—2,

tp—1 — 1, ifj:kflandtk_l—t<tk,

tkfl, lf]:]. and ttfl—tztk.

Now define \; € A% in such a way, that \;(s;) = t; and \; is piecewise linear, i.e.

M) =ty + T
for s € [s;_1,s;] We note that A,(s) = d;(t) for s € (sj_1,s;) and d;(t) = 1 for
j=2,...,k—2. Alsoin cases j =1 and j = k — 1 it is possible that d;(¢) = 1 and
this is the case when s; = t;. However, a brief computation shows that in any case
|logd;(t)| < f5(t) for j =1 and k — 1 so that |[A||p < f5(¢).

Noting that 01, _, 1) = L, —1,1;—¢) one sees that (9:x)(Ae(s)) = z(s) for all
s € [a,b] so that d (V¢%,%2) < || M|l < fs5(t). As a,b were arbitrary, the claim follows
from the definition of d, . g

s —sj-1) = t; +d;(t)(s — 55-1)

We are now ready to prove:
Proposition B.3. The pair ((Zp,dys,), ™) is a path space.

Proof. If z, — %, then m(%,) — m(x) whenever t is a continuity point of x ([20,
Proposition 3.5.2]). The fact that the Borel o-algebra is generated by the evaluation
maps ¢ follows from [20, Proposition 3.7.1]. The measurability requirements in (P2)
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can be proved in the same way as in Proposition B.1. To see that 2 is Polish,
define for »z,y € 25

dy, (%) 1=/0 e 'd%,(z,y) dt.

As every z € 27 is continuous at 0, it follows from the results of [51, Sect. 2]
already used above that d defines a complete metric on 2} such that z, — x if
and only if the restrictions to [a, 0] converge in D([a, 0], X) for every a < 0 that is
a continuity point of z. Noting that every element of 27 is constant on [0, b] for
every b > 0 it is easy to see that %, — % in D([a,0],X) if and only if %z, — % in
D([a,b], X) for all b > 0; to see that convergence in D([a, b], X') implies convergence
in D([a,0]; X) use the continuity of x in 0 and [51, Lemma 2.2]. This proves that a
sequence (z,) C Zp, converges to some x € 27, with respect to d if and only if
it converges with respect d;,. Consequently, d; induces the same topology on 27
as dj, the proof of (P2) is finished.

To prove (P3), we show that for any compact subset K of Zp it is ¥z — J4x as
t — s uniformly for x € K. We may assume without loss of generality that s = 0.
Given £ > 0, pick T > 0 such that [° e~'dt <e. As K is compact, there is § > 0
such that w'(%,0,T) < ¢ for all x € K, see [20, Theorem 3.6.3]. For fixed x € K we
find a partition 7 = m(x) of [-T,T],say m = (T =tg <t;1 <...<t, =T), with
min;(t; —t;-1) > ¢ and max; sup; e d(%(t),%(s)) < 2e. Define %, by setting

j—1t5)
27 (8) = 2(to—) L (o010 () + Zﬂ(tj—l)]l[tj,l,tj)(s) +2(tn) Lz, 00 -
j=1

Then d(z-(s),z(s)) < 2¢ for every s € [—(T — 1),T — 1] and, using A(s) = s, it
follows that d®(z.(s),%(s)) < 2e for all —(T'—1) <a <0< b<T—1 and thus
altogether dj, (2x,%) < 2¢.

Basically the same calculation shows dj, (¢4, %%) < 2 whenever || < 1. Tak-
ing Lemma B.2 into account, it follows that

dJl (ﬁtﬂa ﬂ) S dJ1 (19tﬂa ﬁtﬂﬂ') + dJ1 (19tﬂ7r7 X7'!') + dJl (ﬂ‘n'v X) S 66 + f&(t)

for all |¢t| < §/2. Picking |t| so small that f5(t) < e (note that this only depends on
d and may thus be done indepently of the particular x € K), dj, (¥;:%,%) < Te. As
e > 0 was arbitrary, (P3) is proved. a

B.3. Cadlag paths as proper path space. We now verify that 2p, the space
of all cadlag paths endowed with the Ji-topology is indeed a proper path space so
that the results of Section 5.2 apply. We start with a Lemma.

Lemma B.4. Let K C 27 be compact. Then, for any e > 0 there exists § > 0
such that d(x(t),=(0)) < e for allt € [-6,0] and x € K.

Proof. If the conclusion is wrong, we find g9 > 0, a sequence (2,) C K and a
sequence t, T 0 with d(zy(t,),%(0)) > o for all n € N. As K is compact, passing
to a subsequence, we may and shall assume that x, converges to some x € K. In
particular, x is continuous at 0 so that %,(0) — %(0) by [20, Proposition 3.5.2]. But
then [20, Proposition 3.6.5] implies %y, (t,) — %(0) which yields %, (¢,) — %(0). This
is a contradiction. ]

Proposition B.5. The space ((2p,dy,),Td) s a proper path space.

Proof. Let %, — z. By (P3) 9%, — ¥;x for all t € R. Note that ¥;x is continuous
at 0 for almost all ¢ € R. Using [20, Proposition 3.6.5], it is easy to see that
T(04rn) — 7(¥,) whenever ¥;x is continuous at 0. This proves (P4).

The proof of (P5) is similar to that of (P3). Given e > 0 and K C £7, Lemma
B.4 allows us to pick § > 0 so that d(x(t),%2(0)) < e for all t € [-4,0] and z € K.



46 ROBERT DENK, MARKUS KUNZE, AND MICHAEL KUPPER

Next, choose T' > 0 so large that f;i 1 e~tdt < e. Picking a smaller § if necessary,
we may and shall assume that w’(%,26,T) < ¢ for all z € K.

Now, fix » € K and pick a partition 7 = (tp < ... < t,) of [=T,T] such
that min;(t; — ¢;—1) > 26 and max;sup, sep,_, 0,y d(&(8),%(s)) < 2e. As %(t) =
%(0) = z(0—) for all z € 27 we may and shall assume that t,_; < 0 so that
the only partition point larger than 0 is ¢, = 7. Next, 7 is modified to 7 as
follows. If [t,—1| < &, we replace t,—1 by t,_1 := —4 whereas all other partition
points are unchanged. This results in a partition 7 satisfying min; (t — t] 1) >0
and max; supy .7, _, ,) d(2(t),%(s)) < 2¢. Repeating the arguments from above,
dD(ﬂﬁ—,ﬂ) < 3e.

Now let 0 < t < §/2. Note that (9_2z)(s) = %z(s —t) = =(t,_1) for all
s > 1,1+t and thus, in particular, for all s > 0. It follows that 7 (¥ _%z) = 9%z
and Lemma B.2 yields dp (%7, 7o (0—+2z)) < fs(t).

Finally, we estimate dp (7p (9_¢%z), 0 (9_¢x)). If =T < s < 01t is Tp(F_sx)(s) =
%(s — t) and thus d(mp(V_¢2z)(s), (V- )( ) = d(zz(s — t),z(s — t)) § 2¢ by
the above. On the other hand, for s Z 0 it is d(mp(V—12z)(s), 0 (V_tx)(s)) =
d(2(tn_1),2(—t—)) < € by the initial choice of §. Thus dp(mp(9_s%z), Tp(I_+x)) <
3e. Altogether,

dD<)K, TD(ﬁ,tﬂ)) < 6e + f(;(t)
whenever x € K and 0 <t < §/2. This implies (P5).

Finally, we prove (P6). As d’ and thus d, is bounded by 1 we find t* > 0 such
that

0 t*
1
dolay)i= [ [ ey dids > 5dn )

for all z,y € 2. For tg > t*, Lemma 2.5(e) yields d¢« (72, (%), ¢, (y)) = di= (%,y) and
thus

1
d(Tto (ﬂ)’ Tto (Y)) > dis (ﬂa Y) 2 idJl (ﬂv Y)'
This finishes the proof. O
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