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Abstract

A non-time-homogeneous generalized Mehler semigroup on a real sep-
arable Hilbert space H is defined through

pouf(@) = /}H FU )2+ ) pes(dy), > s, o €H,

for every bounded measurable function f on H, where (U(t,s)):>s is an
evolution family of bounded operators on I and s is a family of prob-
ability measures on (H, Z(H)) satisfying s = per * (pr,s 0 U(t, 7)) for
t > r > s. This kind of semigroups is closely related with the “transi-
tion semigroup” of non-autonomous (possibly non-continuous) Ornstein-
Uhlenbeck process driven by some proper additive process. We show the
infinite divisibility and a Lévy-Khintchine type representation of p; . We
also study the corresponding evolution systems of measures (=space-time
invariant measures), dimension free Harnack inequality and their appli-
cations to derive important properties of p, ;. We also prove the Harnack
inequality and show the strong Feller property for the transition semigroup
of semi-linear non-autonomous Ornstein-Uhlenbeck processes driven by a
Wiener process.
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1 Introduction

Generalized Mehler semigroups (p;):>o on a real separable Hilbert space H, which
have been extensively studied in [BRS96, SS01, FR00, LR02, RW03, DL04, DL.SS04,
LRO4] etc., are defined by the formula

pf () = /}H f(Toe 4 y)u(dy), 120, 2 €H, feBy(H).  (L1)

Here B,(H) is the space of all bounded Borel measurable functions on H, and
(T})s>0 is a strongly continuous semigroup on H and (j)¢>0 is a family of proba-
bility measures on (H, Z(H)) satisfying the following skew convolution semigroup
condition

feys = s * (o TSY), 5,6 >0. (1.2)

Condition (1.2) is necessary and sufficient for the semigroup property of (p)i>o:
forallt,s > 0, pps = prys on By(H) (and the Markov property of the correspond-
ing stochastic process respectively).

The transition semigroups of Lévy driven Ornstein-Uhlenbeck processes are
typical examples of generalized Mehler semigroups. See e.g. [App06, PZ07]. Tt is
shown in [BRS96, FR00] that under some mild conditions the reverse result also
holds.



Recently, much work, for instance, [DPL07, DPR08, GL08, Kna09, Woo09],
has been devoted to the study of non-autonomous Ornstein-Uhlenbeck processes.
In these papers, the drift is time-dependent, and the noise is modeled by a station-
ary process, e.g. a Wiener process or Lévy process. To get a full non-homogeneous
Ornstein-Uhlenbeck process, it is natural to consider a more general noise given
by non-stationary processes such as additive processes. To be more precise, let
us describe our framework in detail.

Let (A(t), Z(A(t)))ier be a family of linear operators on H with dense do-
mains. Suppose that the non-autonomous Cauchy problem dz;, = A(t)zdt, t > s,
with initial condition x5 = x, is well posed (see [Paz83]). That is, there exists an
evolution family of bounded operators (U(t, s)):>s on H such that z(t) = U(t, s)x
for € Z(A(s)) is a classical unique solution of this Cauchy problem.

Recall that a family of bounded linear operators (U(t, s)):>s on H is an evo-
lution family if

(1) For every s € R, U(s,s) =1 and for allt > r > s, U(t,r)U(r,s) = U(t, s);

(2) For every x € H, (t,s) — U(t,s)z is strongly continuous on {(¢,s): t >
s; t,s € R}.

An evolution family is also called evolution system, propagator etc.. For more
details we refer e.g. to [Paz83].

Let (Zi)i>s be an additive processes in H, i.e. an H-valued stochastic con-
tinuous stochastic process with independent increments, and (B(t))ier a family
of bounded linear operators on H. Consider the following stochastic differential

equation
dX; = A(t) Xidt + B(t)dZ,
(1.3)
X, =u.
We call the following process a mild solution of (1.3):
t
X(t,5,2) = Ut $)x + / U(t,r)B(r) dZ,. (14)

t > s and x € H, if the stochastic convolution integral in (1.4) is well-defined for
a proper additive process (Z;);>o (see [Det83, Sat06]). Denote the distribution
of the convolution fst U(t,r)B(r)dZ, by fizs. Then the transition semigroup of
X(t, s, x) is given by

Puaf (@) = Bef(X(t5.0) = [ JOC ) +)fualdy). (19

forallt > s, z € H.
The aim of the present paper is to adopt the axiomatic approach from [BRS96]
to study this kind of non-autonomous processes through its semigroup (1.5).
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Complementing the analytic study in this work, the more probabilistic paper
(see [Ouy10]) containing a detailed study of non-autonomous Ornstein-Uhlenbeck
processes (1.4) driven by an additive process is in preparation. For the present
paper, we consider an abstract form of (1.5) given by the following non-time-
homogeneous version of the generalized Mehler semigroup (1.1):

Psif(x) = /Hf(U(t, s)r+y) msdy, v €H, fe By(H). (1.6)

Here pts, s < t, is a family of probability measures on (H, Z(H)) satisfying a
non-time-homogeneous analog of (1.2) (see (1.7) below).

The organization of this paper is as follows.

In Section 2 we shall introduce the non-time-homogeneous transition func-
tion ps; of generalized Mehler type. We show the continuity and characterize
the Markov property of p,,. We also indicate how it fits into the more general
framework of non-homogeneous skew convolution semigroups.

In Section 3 we study the skew convolution equation for measures

Mt,s - Mt,r * (,ur,s o U(t, T)_l) (17)

which is equivalent to the flow property for (ps)i>s, i.e. the Chapman-Kolmogorov
equations (see Proposition 2.2 below). We prove that if j  is stochastically con-
tinuous in s,¢ (cf. Assumption 3.1 below), then for every ¢ > s, u; s is infinitely
divisible. We then investigate the structure and representation of the measures
Ht,s-

In Section 4 we study evolution systems of measures, i.e. space-time invariant
measures, for the semigroup (ps:)i>s. We show some sufficient and necessary
conditions for the existence and uniqueness of evolution systems of measures.
The basic idea can be found in [BRS96, FR00, DPL07, Knd09, Woo09] etc.. But
we are in a more general framework. Theorem 4.3 and Theorem 4.4 below are the
infinite dimensional generalizations of the results in [Woo09] for finite dimensional
Lévy driven non-autonomous Ornstein-Uhlenbeck processes. However, Items (3)
and (4) of Theorem 4.4, which are not in [Woo09], are new also in finite dimensions
and interesting by themselves since they are converse results to Theorem 4.2 below
about the relationship of two evolution systems of measures. We borrow the idea
to use periodic (in time) conditions to prove uniqueness (see Theorem 4.6) from
[IDPLO7, Kné09.

In Section 5 we prove Harnack inequalities for p,; using much simpler argu-
ments than in the previous papers [RW03, Knd09, ORW09, Ouy09a] in which also
Harnack inequalities for generalized Mehler semigroups or Ornstein-Uhlenbeck
semigroup driven by Lévy processes were shown. The method in [Kn&09] and
[RWO03] relies on taking the derivative of a proper functional; the method in



[ORW09, Ouy09a] is based on coupling and Girsanov transformation. Our ap-
proach in this paper is based on a decomposition of p,;. As applications of the
Harnack inequality, we prove that null controllability implies the strong Feller
property and that for the Gaussian case, null controllability, Harnack inequal-
ity and strong Feller property are even equivalent to each other as in the time
homogeneous case.

In Section 6 we apply Girsanov’s theorem to study the existence of martingale
solutions of semi-linear non-autonomous Ornstein-Uhlenbeck process driven by a
Wiener process for possibly non-Lipschitz non-linearities. For the Lipschitz case
we refer to [Ver09]. Our approach is an adaption of the standard procedure when
the linear part A does not depend on time (see [DPZ92, Chapter 10]). Our
main contribution here is to establish a Harnack inequality and hence show the
strong Feller property for the transition semigroup (based on applying a properly
adapted version of the method in [ORW09, Section 4]).

In Section 7 we append a short introduction to control theory for non-autonomous
linear control systems and null controllability. This is closely related to the strong
Feller property of the corresponding Ornstein-Uhlenbeck processes. The minimal
energy representation also proves useful for more precise estimates of the con-
stants in the Harnack inequalities.

2 Non-time-homogeneous generalized
Mehler semigroups

Let H be a real separable Hilbert space with norm and inner product denoted
by |- | and (-,-) respectively. Let (U(t, s))t>s be an evolution family on H and
(ftt,s)t>s & family of probability measures on (H, Z(H)). For every f € B,(H)
and t > s, define

pocf(2) = /}H FU G s) + y) punldy), =€ H. (2.1)

For every (t,s) € A := {(t,s) € R*: t > s}, it is clear that p,, is Feller,
ie. ps+(Cy(H)) C Cp(H), where Cy(H) is the space of all bounded continuous
functions on H. Now we look at the continuity of the map (¢, s, z) — ps.f(x) for
fin Cp(H).

The following proposition is a direct generalization of [BRS96, Lemma 2.1].
The proof is quite similar to the proof in [BRS96].

Proposition 2.1. Assume that (sp,t,) € A, n € N with (s,,t,) — (s,t) as
n — 0o such that pu, s, — pes weakly as n — oo. Then ps, ¢, f(xn) = psif () if
Tp, — x i H asn — oo and f € Cp(H).



Proof. Since 4, 5, — pt,s weakly, by Prohorov’s theorem, for every € > 0, there
exists a compact set K C H such that

tro(K)>1—¢, forall (r,o) € {(t,s), (tn,s,): n € N}. (2.2)

For abbreviation, we set z, = U(t,, s,)z, and z = U(t, s)z.

By the strong continuity of the evolution family (U(t,s)):>s, the set S =
{2, zn: n € N} is compact. Hence S + K is also compact. So there exists N € N
such that for any n > N and any y € K,

|f(zn+y) = fz+y)l <e, (2.3)

since f is uniformly continuous on compacts.
Because the map (t,s) — p:s on A is weakly continuous, (taking N larger if
necessary) we have for all n > N

/]Hf(z +Y) it 5, (dy) — /]Hf(z +y) ut,s(dy)’ — 0. (2.4)

From (2.2), (2.3) and (2.4) we get

[5Gt v ) - [ 5+0) ut,s<dy>’

<

/]Hf(2+y)utn,sn(dy)—/]Hf(2+y)ut,s(dy)'
" /K (i 9) — o+ )] it () + 20| e

<2e(1+ [ fll),
and the result is proved since € was arbitrary. O

We are interested in the case when (ps:)i>s in (2.1) satisfies the Chapman-
Kolmogorov equations:

Proposition 2.2. Forall s <r <'t,
PsaDrt = Dst ( “Chapman-Kolmogorv equations”) (2.5)
on By(H) if and only if for all s <r <t,
firs =ty * (prs 0 UL, 7) 7). (2.6)

For the proof we refer to Example 2.6 below which is based on Proposition
2.5 below where we deal with the more general skew convolution semigroups.

Later on, we shall always assume (2.6) to hold or equivalently the following
equation holds:

ﬂt,s(g) = ﬂt,r(g)ﬂr,s<U<t7 T)*f), g S IH (27)
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Here for every probability measure pu on (H, Z(H)), we denote its Fourier trans-
form by f, i.e.,

(€)= [ uido). ¢,
Obviously, (2.6) implies that ., = dp for all t € R.

Definition 2.3. The family of probability kernels (p;;);>s defined in (2.1) with
(s )i>s satisfying (2.6) is called a non-time-homogeneous generalized Mehler
semigroup.

Naturally there exists a Markov process associated with (ps:):>s by Kol-
mogorov’s consistency theorem. However, this process is of interest only if one
can prove certain regularity properties of its sample paths. One can mimic the
idea in [BRS96] and [FROO0] to construct corresponding Markov processes with
cadlag paths and even show that the process solves some stochastic equation.
This will be contained in [Ouy10].

As noted by Li et al. (see [Li06] for a survey), a generalized Mehler semigroup
is a special case of a so called skew convolution semigroup. In the remainder of
this section we shall briefly discuss non-time-homogeneus skew convolution semi-
groups which constitute a more general framework than non-time-homogeneous
generalized Mehler semigroups. But in the following sections of this paper we
shall concentrate on the setting introduced above.

Let (S, +) be a metrizable abelian semigroup, that is, S is a metrizable topo-
logical space and there is an operation +: S? — S which is associative, commu-
tative and continuous. Let (us;):>s be a Borel Markov transition function on S
satisfying

Ual@ 9, ) = s, ) % sy, ) (2.5)

for every t > s and =,y € S.
Since (us )i is a family of Markov transition functions, the Chapman-Kolmogorov
equations hold, i.e. for all x € S, f € By(S), t >r > s,

s, f (%) = wsp (ur f) (@),
or written in integral form:
[ 1wy de)ustasdy) = [ o), 2:9)
From (2.8) we see that for every t > s
us.4(0, -) = do. (2.10)

Here 0 denotes the neutral element in S.



For every probability measure p on (S, %(S)) we set

ps(4) = [ il Apld), A€ BS)
for every t > s. It is easy to show the following result.
Proposition 2.4. For any two probability measures p and v on (S, %A(S)),
(*v)ugy = (Hugy) * (Vi)
for allt > s.
Now let (fu1,5)1>s be a family of probability measures on (S, %(5)). Define
Qs (@, +) = Usp(2,-) * pres()
for all x € S and t > s. We have the following result.
Proposition 2.5. (gs+)i>s @5 a family of transition functions, i.e.
st = Qsplrty, 2728 (2.11)
if and only if
firs = P (frstirg),  t>7 > 8, (2.12)
or equivalently,
1. (6) = () (irsra) (), €S, t =725

Proof. For every f € By(S), z € S, we have
qg,rqr,tf(x)

:/ QT,tf<y)QS,T‘<‘r7dy)

S

:/ Qr,tf(yl + yZ)US,T(xa d?/l)ﬂr,s(d?h)
52

= | (D) ari(y1 + ya, d2)us, (2, dyr ) p1r s (dy2)
S4

= [ f(z1+ 22)urt(y1 + Yo, dz1) pr r (dzo)us (2, dyr ) pir s (dy2)
g4

= f(z11 + 212 + 22) (Y1, dzan)ur (Yo, d212) p e (d22)us o (2, dyr ) fr s (dy2)
SS

= [ f(z11 + 212 + 22)us (@, dz11 ) 1 (Yo, dz12) e (d22) fir s (dy2)
S4

= flz11 + 212 + 22)us (@, dzay) (por st ) (dz12) i (d22)

3

s
:/ f(2)(us (<) * (prstire) * pre) (dz).
s (2.13)



Here to get the sixth identity we used (2.9). If (2.12) holds, then by (2.13) we
obtain

QS,Tqr,tf<x) = Lf(z) [us,t(xu ) * Mt,s]<d2> - QS,tf(x)-

That is, (2.11) holds.
Conversely, if (2.11) holds, then by taking = 0 in (2.13) and using (2.10),
we get

/S F) st g) * g ](dz) = /S £(2)(pe,6)(d2)
for every f € By(H). This implies (2.12). O

Example 2.6. When S = H is a real separable Hilbert space and us(z, ) =
Ou(t,s)e for every t > s and x € S. Then (gs¢)e>s is the non-homogeneous gen-
eralized Mehler semigroup (ps:):>s defined in (2.1) and the equivalence of (2.11)
and (2.12) in Proposition 2.5 is exactly the equivalence of (2.5) and (2.6) in
Proposition 2.2. The latter is thus proved.

Example 2.7. Let S = M(FE) be the space of all finite Borel measures on a Lusin
topological space E. Let (us;):>s be the transition semigroup of some measure-
valued branching process and (ps)i>s be a family of probability measures on
M(E) satisfying (2.12). Then (gs+)s<: is called an immigration process in [Li02].

3 On the equation p; s = pis, * (,ur,s o U(t, 7“)_1)

3.1 Infinite divisibility

Recall that a probability measure p on H is said to be infinitely divisible if for
any n € N there exists a probability measure p, on H such that p = p" =
L % [l % -+« % [, (n-times). We first look at equation (1.2). If Ty = I, then it
is clear that for every ¢ > 0, p; is infinitely divisible. It is proved in [SSO1] that
in fact p, satisfying (1.2) is also infinitely divisible. Consider (2.6) for the case
when H is finite and U(¢,s) = I. Tt is known (see [1t606] or [Sat99, Theorem
9.1 and Theorem 9.7]) that u, is infinitely divisible provided Assumption 3.1
below holds. In the following, assuming Assumption 3.1, we shall prove infinite
divisibility for p, s satisfying (2.6) for the general case. That is, we generalize
the results mentioned above both to the time-inhomogeneous with general U(t, s)
and infinite dimensional state space.

In the rest of this chapter we fix s, t > s satisfying (2.6) and we shall use
the following assumption.

Assumption 3.1. For every e,n > 0, there exists § > 0 such that for every
t,se Rwith 0 <t—s<4,

ps({: |z > e}) <.
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In this case, we say the family of probability measures (ju;):>s is stochastically
continuous.

Remark 3.2. Note that measures (u)e>o satisfying purs = pe * ps for every
t,s > 0 do not necessarily fulfill Assumption 3.1. See for instance the argu-
ments in [Bre92, Section 14.4]. We also note that for the homogeneous case, the
infinite divisibility of p; satisfying (1.2) is proved without the above continuity
assumption.

Lemma 3.3. (U(t,s))>s is uniformly bounded on every compact interval. That
18, for every fixed sy < ty, there exists some constant ¢ > 0 such that for every
S0 < s <t <ty

\U(t,s)z| <clz|, ze€H, sop<s<t<Ht. (3.1)

Proof. For every fixed x € H, |U(t,s)z| is a continuous function in (¢,s) on
Aty so = {(t,8): s <s <t <ty}. Hence |U(t, s)x| is uniformly bounded on Ay 4,
for every fixed z € H. By the Banach-Steinhaus theorem sup(; e, . [IU(t, s)|| <
oo. That is, there exists some ¢ > 0 such that

\U(t,s)z| <clz|, xeH, s9<s<t<t. (3.2)
U

Lemma 3.4. Suppose that Assumption 3.1 holds. On every compact interval
(S0, to], there exists a § > 0 such that for all s,t € [so,to] with 0 <t —s <4,

s o Ulto, ) '({z € H: |z > ¢}) <. (3.3)

Proof. Since the case t = s is trivial, we shall assume t > s. For convenience, set
A(r) :={x € H: |z| > r} for every r > 0. By Lemma 3.3, there exists a constant
¢ > 1 such that

|U(t,s)z| <clz|, zeH, so<s<t<t.

By Assumption 3.1, for every e, > 0, t € [sq, to], there exists a §; > 0 such that
for each s € (t — d;,1),

pes(A(E'/2)) <n/2, pes o Ulto, 1) (A(€'/2)) < /2,
where we set ¢/ = ¢/c. For each s € (¢,t + &),
pst(A(€'/2)) <n/2,  pse o Ulto,s) " (A(€'/2)) <n/2.

For every t € [so, o], set I, := (t — 0y, t + &;). Then {I;: t € [sg,to]} covers the
interval [so, to]. Hence there is a finite sub—covering {/;,;: j = 1,2...,n} of [so, to].
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Let 0 be the minimum of {d;,/2: j = 1,2,...,n}. Then for every t € [so, o], we
have t € I, for some j. For every s € [s, o] satisfying 0 <t —s < 4§, we have
|s —t;] < Oy, since |s —t;] < |s —t| + [t —t;] <0+ 0y/2 < 6y, Now we consider
the following three cases respectively: 1. s <t; <t;2. s <t <t;;3. t; <s<1.
Case 1. (s <t; <t) By (2.6),
pit,s(A(€") = pra; * (puy,5 0 UL, 1) 71 (A(E))

//Ju (i 9) oy (42) iy 0 U 15) ) ()

< /IH /}H (Lagerj2) (%) + a2y () pre, (da) (g6 0 U, 1)) (dy)
= e, (A(E'/2)) + (5 0 U(t, 1)) (A(€'/2))
n.,.n

<t4-2=n
5 Ty =

Hence

pes o Ulto, t) '({x € H: 2| > ¢}) = e os({x € H: |U(to, t)x| > €})
<prs({xr € H: |z| >¢/c}) <n.

Case 2. (s <t <t;) We first show (us 0 U(t;,t) ") (A(g")) < n by contradic-
tion. If otherwise, we have

(p,s 0 U(ty, 1) M (A(E) > . (3.4)
Then by (2.6), we have
g > iy, s (A(E'/2)) = p; 4 % (pe,s 0 ULy, 6) 1) (A(E'/2))
— [ [ el ) ) o Ul 67 )

> [ o) Lac ) a0 Ut 00
= (A 2F) - (0 U1, AE))

2
n n

>n(1— —) —p- L.

"( 2) ~ 172

Here we used the fact that if |y| > &’ and |z| < /2, then |z +y| > |y| — |2| > &.

The inequality obtained above shows 7 > 7 — "2—2 Consequently, n > 1 which

contradicts (3.4).

Then

pes o Ulto, ) '({x € H: |z| > €}) = prs({x € H: |[U(to, t;)U(t;,t)x| > €})
< s({xr e H: |U(tj, t)x| >¢e/c}) <n.
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Case 3. (t; < s < t) Similar to Case 1 we only need to show p s(A(¢’)) <n
whose proof is similar to the proof in Case 2. Indeed, if u; s(A(g")) > n then

2> i, (AE/2)) = i * (g, 0 Ut 5) ) (A(E'/2)
= /}H /}H Lager2) (€ + 1) pe,s(d) (psg, 0 UL, ) ™) (dy)
> pir,s(A(€") - (s, 0 U(L,5) ) (A(€/2)%)
0(i-2)
This implies n > 1 which contradicts the assumption. O

Remark 3.5. From the proof of Lemma 3.4 (or (3.3)) we obtain the following
result. Suppose that Assumption 3.1 holds and for every fixed sy < tg, there
exists some constant ¢ > 0 such that for every so < s <t <ty (cf. (3.1)),

Uclz| < [U(t,s)z| < clz], x€H, so<s<t<t.

Then (pu4,5)¢,s is uniformly stochastically continuous on compact intervals. That
is, for every sy < to and every e,1 > 0, there exists a § > 0 such that for all
s,t € [so,to] with s <t and t — s < d, we have p; s({z € H: |z| > ¢}) <.

Now we can prove the following theorem.

Theorem 3.6. The measures (ps)i>s satisfying (2.6) and Assumption 3.1 are
infinitely divisible.

Proof. For simplicity we only show that p; ¢ is infinitely divisible since the proof
for arbitray s <t is similar. By (2.6), we can write for every m € N,

. —1
w(2m—1 J+1
o =5 g 40U (1’ 2—m> |

Here we use II* to denote the convolution product. By Lemma 3.4 we know that
10 is the limit of an infinitesimal triangular array. Then by [Par67, Corollary
VI1.6.2] we know that p; is an infinitely divisible distribution. 0

By the Lévy-Khintchine theorem [Par67, Theorem VI.4.10], for every ¢ > s,
there exists a negative definite measurable function 1 ; on H such that

pir,s exp(i(, §)) = exp(—ts(§)), € H

and v ; has the following form

wt,s(g) - _i<at,sa €> + %<€7 Rt,s§> - /

H

i) 1 W& )
(e &7 1 T |:1:\2) m s(dz), (3.5)
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where a; s € H, IR, 5 is a trace class operator on I and m;, is a Lévy measure on
H.
Then condition (2.6) turns to

wt,s<§) = wt,r<£> + wr,s<U<t7 T>*§) (36)

for every t > r > s and £ € H.
For simplicity, we shall denote the infinite divisible measure with characteristic
function exp(—1s) given as in (3.5) by D[ay s, Ry s, mys]. That is,

—

D[ahsv RLS? mt,S](g) = eXp(_wLS(g))v 5 € H.

By (2.6) and the uniqueness of the canonical representation of infinite divis-
ible distributions (see also the proof of [Ouy09a, Corollary 1.4.11]), we have the
following identities

Rt,s = Rtﬂ’ + U(t, T)RnSU(t, T)*,
My s = My + my s © U<t7 7,)717

Qg = Qg p + U<t7 T)ar,s (37)

1 1
+/ U(t,r)x [ — m, (dz)
H\{0} L+|U(t,r)z> 1+ |zf?

for every t > r > s.

3.2 Representation of ji

The following proposition shows a typical form of the measure y, s which satisfies
the equation (2.6).

Proposition 3.7. Let (A s)i>s be a family of negative definite Sazonov continuous
functions on H satisfying M\ s(0) = 1 for every t > s such that the function
s M s(€), € H, t > s, is locally integrable. Assume for everyt > 1 > s,

)\t,s(g) = )‘r,s(U(tv T)*g)v 5 € H. (38)

Let m be a o-finite measure on R. Then

ot e (- | t NalO)7(d)) €M, 1> (39)

with fi; = 1 defines a family of probability measures (ju)i>s such that (2.6)
holds. If the setting for (Ais)i=s above extends to (Ais)i>s then we have

fies(€) = exp (— / t Ao (U(t, 0)€) w(da)) L CEH, t>s, (3.10)
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where we set A\s := Ay 5 for every s € R.

Conversely, let \,: H — C be a negative definite Sazonov continuous function
for every r € R with A\.(0) = 0. Then A\ 5(€) = A (U(t,5)*€), t > s, satisfies
(3.8).

Proof. By the assumptions, it is easy to see that for every ¢ > s, fst Ao (&) m(do)
is also negative definite and Sazonov continuous. Hence by [BF75, Theorem 7.8
we know the right hand side of (3.9) is positive definite and Sazonov continuous.
By Bochner’s theorem (see e.g. [VTC87, Chapter VI; Proposition 3.2(c)]), we
know fi s is well defined through (3.9). It is a probability measure by the fact
that A 5(0) = 1 for every ¢ > s.

Now we verify (2.6). We only need to consider the case when ¢t > r > s. For
every £ € H,

i (O (U)o - @) 7ldo) = [ U o)
~on (- | n©) (o)) = s (€).

Now we show the last assertion. Suppose that for every ¢t > s, A\, =
As(U(t, 5)*€). Then for every t > r > s,

Ar.s (U(t, 7’)*&) =\ (U(’T’, s)*U(t, 7’)*&)
(U 9)€) = A (Ut 5)7€) = MaolE).

0

Remark 3.8. For t > s, let v, be the measure on (H, #(H)) with Fourier
transformation 7, , = exp(—X;5(&)) for every £ € H. Fix sp and set vy = vy4,.
Define a transition semigroup s by ws (2, ) = dy(t,s).(+) for every x € H. Then
(3.8) implies that (14)s>s>s, is an entrance law (or an evolution system of measures,
see Section 4) for .

Remark 3.9. Let \.: H — C be a negative definite Sazonov continuous func-
tion for every r € R with A\.(0) = 0. Then for every r € R, exp(—A,) is the
characteristic function of an infinitely divisible probability measure on H. By the
Lévy-Khintchine Theorem [Par67, Theorem VI1.4.10], for every r € R the symbol
A, can be written in the form

M) = =ifon &) + 56 Re0) - |

H

(&,x .ga
(e o) 1 _ 1@<+ Ii@ m,(dz), €€,
(3.11)

where a, € H, R, is a trace class operator on H and m, is a Lévy measure on H.
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By Proposition 3.7,

jnal€) = o0 (= [ AUy atan) (312

defines a family of measures (f1; s):>s satisfying (2.6). Then p; s an infinite divisible
measure with triplet (a; s, Ry, 1s) given by

t
ars = / U(t,r)*a, m(dr)

t 1 1
o e [ ]

t
Rt,s:/ Ut,r)R.U(t,r)* m(dr),

m;({0}) =0 and my (A) = / m, (U(t,r) " (A)) w(dr), Ac %M\ {0}).

Remark 3.10. For the case when H is a finite dimensional Euclidean space, it
is shown in [Sat06] that a natural additive process Z; admits a factorization and
hence the distribution of the convolution integral f; U(t,r)B(r) dZ, has the form
(3.12). An extension to the infinite dimensional case is in preparation [Ouy10].

The following result is a converse to Proposition 3.7. Recall that we set
P s(§) == —log fi s(§) for every £ € H and r > s.

Proposition 3.11. Assume that (2.6) (equivalently (3.6)) holds. Let & € H and
t e R. If . .(§) is of bounded variation on (—oo,t], then there is a unique signed
measure F{ on ((—oo,t], B((—00,t])) such that

Fl([s,1]) = (), s<t. (3.13)

Let w be a o-finite measure on (R, Z(R)). Suppose that for any t € R and
§ € H, F{ is absolutely continuous with respect to m on ((—oo,t], B((—00,1]))

with Randon—Nikodym derivative A (§) = dd—?(s), s <t. Then A\ s(-) is negative

definite and Sazonov continuous on H, (3.9) hold and (3.8) hold for m almost
every s witht > r > s.

Proof. Define F{([s,7]) = 1 (U(t, 7)) for every s < r < ¢. By (3.6) we have
the following additive property: for every s < o <r <'t,
F(lor]) + Fe([s,0]) = o (U, 7)) + ¥os(U(t, 0)7€)
= Uro(U(t,7)°¢) + thos(U(r, o) U(t, r)*¢)
= ¢rs(U(t, 7)) = Fe([s,7]).
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Note also that s — 1), 4(£) is left continuous at ¢. Hence by the standard extension

procedure of additive set-functions on rings, we know F, g can be uniquely extended

to a signed measure on ((—oo, ], Z((—o0,])) which is denoted still by F{.
Since A;.(€) is the density of Fg with respect to 7, we have

/ Mo (€) m(der) = FE([s,1]) = 10.(6).

Hence

€)= pl—116) =0 (- | ale) w(da)).

That is, (3.9) holds.
Let t > r. For any r; < ry < r, we have

/T2 )‘tﬁ(g) 7T(d0’) - Fg([rlv TQ]) - wmﬂl(U(tv 7‘2)*§) = ’17/)7,27,»1(U(T‘, TQ)*U(ta T)*g)

T1

= Fyellrira) = [ AealUtr)) aldo).

T1

This implies that for 7 almost every s, s <r <'t,

At,s(f) = )‘r,s<U<t7 T>*£>

This proves (3.8). The negative definiteness and Sazonov continuity of A; s(-) are
easy to show by (3.9) and the corresponding properties of )y . O

We shall consider the special case where 7 is Lebesgue measure. We need the
following fact. For the proof we refer to [MV86, Theorem 1] (or the references
therein, e.g. [Hob57, Page 365 (3rd Ed.) or Page 341 (2nd Ed.)]).

Lemma 3.12. Let f be a continuous function on [a,b]. If for each x € (a,b)
either the left deriwative or the right derivative vanishes, then f is constant.

Proposition 3.13. Assume that (2.6) (equivalently (3.6)) hold and for every
EeH and t > s,

(1) the function s — i 4(&) is continuous and left differentiable at s = t.
Denote the left derivative by —\(§), i.e.

n© = Tve =t e, (3.14)

Y
s=t T — t

(2) the function s — A\ (U(t, $)*€) is continuous.
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Then for every t € R, \(-) is negative definite and Sazonov continuous on H,
and for every & € H, t > s,

fi.s(€) = exp (— /st A (U(t,7)€) dr) : (3.15)

Proof. For every £ € H and r < ¢, by (3.6) we get

d;¢t (€) = lim Urar(§) = Yer(§) _ lim Ui (&) + Uy (U(E,7)*E) — 111 (§)
dr ™" r'tr r—r r'tr r—r
i LU TSE) _ e rye).

r'tr r—r

By our assumption, for every & € H, r — \.(U(t,r)*§), r < t, is continuous.
Hence we see that

%q)t,r(g) =0, r<t (ecH, (3.16)

where

®MO:MAO—/&ﬂWWNMm7SL£GH

By Lemma 3.12 we know ®;,(¢) is constant for every r € [s,t]. But ®;:(¢) = 0,
hence @, () = 0 also. This implies

wwazfnwmwom

Since 11 5(&) = —log f1:s(§), we obtain (3.15).
From the negative definiteness and Sazonov continuity of ¢ s(-) we get the
corresponding property of A\ (). O

Remark 3.14. The assumption that s — (U (¢, s)*¢) is continuous for s < ¢ and
¢ € H, is used to ensure that the map s — fst A (U(t, u)*€) du is continuous and
has (left)-derivative —As(U(t, s)*€). This continuity assumption on A\.(U(t,-)*¢)
holds if we assume that for every ¢ > 0, s < t, and for every bounded set B C H,
there exists a 0 > 0 such that sup,cp [Asin(x) — As(2)| < € provided |h| < ¢ and
h <t — s. Indeed, note that

[Astn(U (L, 5+ h)°E) = As(U(t, 5)"€))|
S[Asrn(U(t, s +h)°) = As(U(t, s + 7))+ [As(U(E, s + 7)*€) = A (U2, 8)°E)]

Hence [N in(U(t, s + h)*E) — As(U(t, s)*€)| can be made arbitrarily small, since
the first term on the right hand side of the inequality above can be made small
by the assumption that s — As(x) is continuous uniformly in z on bounded sets;
the second term can be made samll by the strong continuity of U(t,-).
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Remark 3.15. Proposition 3.13 generalize [BRS96, Lemma 2.6] which dealt
with homogeneous generalized Mehler semigroups (see (1.1)) using differentia-
bility condition. For the homogeneous case, there are some generalizations of
[BRS96, Lemma 2.6]. Neerven [vNOO] relaxed the differentiability condition for
general Gaussian Mehler semigroups on Banach space. Dawson et al. [DLO04, The-
orem 2.1] (see also [DLSS04, Theorem 2.3]) used entrance laws to characterize
1 and hence dropped the differentiability condition for homogeneous generalized
Mehler semigroups on Hilbert spaces. For measure-valued skew convolution semi-
groups, the sufficiency and necessity of the representation were proved in [Li96,
Theorem 2] and [Li02, Theorem 3.1] respectively, for the homogeneous case and
the non-homogeneous case by using entrance laws. Proposition 3.11 can be seen
as an attempt to use entrance laws to characterize f,,. But we do not know how
to find a natural measure 7.

4 Evolution systems of measures

Let (ps)i>s be defined as in (2.1) on a separable Hilbert space H with (U(%, s)):>s
and (pu)e>s satisfying (2.6).

Generally, for a family of non-autonomous operators (ps):>s on H, we cannot
expect to have a stationary invariant measure for them. But we can try to look
for a family of probability measures (14)cr on H such that

/p&tf(a:) vs(dz) = /f(:c) v(de), s<t (4.1)

for all f € By(H). Such a family of probability measures is called an evolution
system of measures for (ps;)i>s (see [DPRO8]). Evolution systems of measures
are also called entrance law in [Dyn89].

Lemma 4.1. A family of probability measures (v;)er on H is an evolution system
of measures for (psi)e>s if and only if for every t > s,

s (©P.(U (L, 9)°€) = (), €L (42)

Proof. Identity (4.2) comes from (4.1) for functions f of the form exp(i(¢,x)),
¢ € H, which is enough to ensure (4.1) for all bounded measurable functions. O

Theorem 4.2. Suppose that (ut(l))te]R is an evolution system of measures for
(ps,t)i>s- Let (VﬁZ))teR be another system of probability measures and assume that
there exists a family of probability measures (0y)ier on H such that

1/25(2) = I/t(l) xo, and o,oU(t,s) ' =0y
Then (Vt(Q))teR is also an evolution system of measures for (pst)i>s-
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Proof. For every £ € H,

p2(€) = 10(€)6,(6) = fu ()P (UL, 5)*€)64(€)
ﬂ SOV (UL, 8) ) 65(U(t, 8)E) = fu (PP (UL, 5)*€).

Hence the assertion follows by Lemma 4.1. O

Assume that for every ¢t > s, p, is infinitely divisible and has the form
pts = Dlays, Ry s, my ], where a; 5 € H, R;, is a trace class operator on H, and
m; s is a Lévy measure on H.

By (3.7), we know that for every fixed ¢ € R, (mys)s<; is a decreasing family
of Lévy measures. This allows us to define m; ., for every ¢ € R by setting
m;_({0}) =0 and

my, o (A) = ngoo mys(A), A€ BMH\{0}).

From (3.7) we also see for every x € H and ¢t € R, (R; sz, ) is decreasing in
s. Hence the limit lim, , (R x, x) exists for every z € H. By the polarization
identity, we see that for every t € R, x,y € H, the limit lim,_, (R x,y) exists.
Fixing * € H and letting y € H vary, we get a functional lim, , (R sz, ).
We shall assume sup,, tr Ry s < oo. Then for every t € R, there exists Cy; > 0
such that sup,_,(R; sz, z) < Cy|z|* for every x € H. So we can apply Riesz’s
representation theorem and see that for every x € H, there exists an element
x; € H such that for every ¢ € R and all y € H,

lim (R x,y) = (z;,9).

S§——00

By the property of R, we see that the mapping from x to z} is a trace class
operator and we denote it by R;_,. That is, for every ¢ € R there is a trace
class operator R;_., on I such that

(R —ox,y) = lim (Ryx,y), z,y€ H.
§——00

Consequently for every t € R, the central Gaussian measure with covariance
operator R; _ is well defined.

Theorem 4.3. Suppose that fort € R,
(H1) SUp < tr Ry < 00;

(H2) sup,o; [ (LA ]z]?) my (dz) < oo

(H3) a4, oo := lims oo @ts.
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Then for every t € R, my_o s a Lévy measure, Ry o < 00 is a trace class
operator and the system of measures (V¢)ier given by vy = D]as oo, Rt — o0, Mt —o0),
t € R, is an evolution system of measures for (p&t)tzs.

Proof. Suppose that (H1), (H2) and (H3) hold. For every ¢t € R, we note that
tr Ry oo = SUpg<; Ry s < 00. So R, _o is a trace class operator. Moreover, for
each t € R,

/(1 AlyP)my_oo(dy) = lim [ (1A |z]?) my(do)dr < oco.
H

S§——00 H

This shows that m; _, is a Lévy measure.
Now we show that (14)wcr is an evolution system of measures. By (2.6), for
every t > s > r, we have

s * (Ms,r © U(ta S)_l) = Ht,r- (43)

Note that p; s = Dlays, Ry s, my 5] converge weakly to D]a: —oo, Rt —oo, Myt —o0] = 4
as s - —oo (cf. [FROO, Lemma 3.4]). Hence letting » — —oo in (4.3) we obtain
(vs 0 U(t,s)™") * pus = 1. This proves that (14)ier is an evolution system of
measures for (ps;)s<; by Lemma 4.1. O

The following theorem is the converse to Theorem 4.3.
Theorem 4.4. Let ()ier be an evolution system of measures for (pst)i>s. Then
(1) Conditions (H1) and (H2) hold.

(2) For every t € R there exist x;s € H, s < t, such that 0y, , * 0q,, * (ys o
Ul(t, s)_l) is relatively compact.

(3) There exists some probability measure &, such that 6,, *(v50U(t, s)™') — &,
weakly as s — —oo. Moreover vy = D[0, Ry —oo, My, —o0] * 74, € R.

(4) Assume in addition that the following condition holds
(H4) For everyt € R, v,0U(t,s)"t — oy weakly as s — —o0.
Then the limit in (H3) exists and
=y %0y, t€R. (4.4)

Moreover
oy =0,0U(t,s)"", t>s. (4.5)

Especially, if oy = 0, then vy = vy, t € R.
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(5) If the limit in (H3) exists, then the limit in (H4) exists, and hence (4.4),
(4.5) hold.

Proof. Since (1;)er is an evolution system of measures for (ps;)i>s, by Lemma
4.1 we have for every t > s,

ljt = Hts * (Ds © U(t, 3)71) = D[at,sa Rt,sa mt,s] * (Ds © U(t7 5)71)

4.6
= g * Np, % My % (5,0 U(t,5)71). 46)

Here we set N, , := D[0, Ng, ,,0] and M, , = D[0,0,m,,]. Consider s = —n, n €
N, for (4.6). The sequence 04, _, * Ng, _, * My _,, n € N, is right shift relatively
compact by [Par67, Theorem II1.2.2], i.e. there exist y, ., € H, t € R, n € N
such that the sequence

5yt,—n * (5 * NRt,—n * Mt,*”) = D[yt,*n + Qt,—n,s Rt,fna mt,*n]

at,—n

is weakly relatively compact. This implies (see [Par67, Theorem VI.5.3]) that

supmy ., ({|z| > 1}) < 0.

and

sup (tr R +/ || mt,n(daz)) < 00.
|z|<1

n

Therefore, we can define naturally a Lévy measure m; _,, and trace class operator
R, _ for each t € R. It is easy to show (H1), (H2) by a slightly modified
argument from [FRO0, Lemma 3.4]. This proves (1).

Similarly, from (4.6) and by applying [Par67, Theorem II11.2.2] we get (2).
From (4.6) we also get (3) by applying [Par67, Theorem II1.2.1] since Ng, , * M, ,
converge weakly to Ng, __ * M; . Here we set M; _ := D[0,0,my _o].

Suppose that in addition (H4) hold. Then N, «M, o« (70U(t,s)~!) converges
weakly to Ng, __ * M, _o * 0, as s = —o0. Hence it follows from (4.6) by [Par67,
Theorem II1.2.1] that (J,,_,) is relatively compact. It is easy to see that this
implies (H3). Moreover, the statement 7, = v, * g, also follows easily.

Now we show (4.5). For every r < s <t and £ € H, we have

§T<U<t7 T)*f) = §r<U<57 T>*U<t7 S)*£> (47)

Letting r — —oc in (4.7) above, we get 64() = 65(U(t, s)*¢). This completes the
proof of (4).

The proof of the last assertion (5) uses the same arguments as in the proof of
(4). O

Remark 4.5. Condition (H4) holds if the following conditions (H5) and (H6) hold
(see [Wo009, Lemma 3.7], which also holds for the infinite dimensional case):
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(H5) Forevery t € Rand x € H, U(t,s)z — 0 as s — —o0.
(H6) There exists some ty € R such that (1), is uniformly tight.
In the following we consider periodicity condition in time. We shall assume:

(HT) The function U(t,s), uts on A = {(t,s): t > s} are T-periodic for some
T > 0. That is, for every (t,s) € A,

Ut+T,s+T)=U(t,8), MrTstT = His-

Theorem 4.6. Suppose that (HT), (H1),(H2), H(3) hold and that for everyt > s,
there exist some some M,w > 0 such that |U(t,s)|| < Me 3. Then v, =
Dlat, oo, Rt — oo, Mt —oo] 1s the unique evolution system of measures with period T

fOT ps,t-

Proof. 1t has already been shown in Theorem 4.3 that (14);cr is an evolution
system of measures. It remains to show the uniqueness. Let 7y be a T-periodic
evolution system of measures for p,;. Then for every ¢t € R,

A~

13t+T(§) = ﬂt+T,t(§)’7t(V(t)*§)'

Here we set V (t) := U(t+1T,t). From (2.6) we see that for every t € Rand £ € H

[t 7,00 (§) = fir7,4(§) ft,—o0 (V (1) ).
So, by the T-periodicity we get
WO e Ve
ﬂt,foog) ﬂtJrT,fOO(f) ﬂt,fOO(V@ *f)
Iterating the identity above, for any k£ € N, we get
WO Ve
fi~oo(§) it~ ((V()*)"E)

By assumption, for any x € H we see that (U(t, s))*x converges to 0 as k — oo.
This is enough to see that the right hand side of the identity above goes to 1 as
k — oo. Therefore, we obtain that 7,(£) = fi,_so(€). O

Remark 4.7. Let 14, be the distribution of the convolution integral fst T . dZ,
of a one-parameter Cy-semigroup 7; with respect to a semi-Lévy process Z,. (see
[MSO03]). Then p, is automatically periodic. Assume fjoo T,_,dZ, exists with
distribution v;. Then it is shown in [MS03] that for the finite dimensional case
(which can obviously be extended to the infinite dimensional case), vy is semi-
self-decomposable. Moreover, this is closely related to semi-self similar processes
etc.. We refer to [MS03] for more details.
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5 Harnack inequalities and applications

Let (ps;¢)i>s be as in (2.1), that is p, . f(2) = (p,s * Ou(r,5)2) f for every x € H and
f € By(H). Suppose that for every t > s, 15 = Dlays, Ris,my ] is an infinite
divisible measure on (H, Z(H)) satisfying (2.6).

For each t > s, set

Ngs = D[07 Rhsv O]v :ug,s = D[at,sa 0, mt,s]a

and for every f € By(H), =z € H,

P f () = (s % Guemye) f = /}H Ut 8)z + ) 1 (dy),

Vol @) = Gy 6f = [ )l lay)

With these notations, we have the following decomposition for p, ;.
Proposition 5.1. Foreveryt > s, x € H and f € By(H), ps+f(z) = p§7t(p27t)f(x).
Proof. Note that ju s = pf, * ug’s. Hence we get

ps,tf(x> = (,Ut,s * 5U(t,s)x)f = (Nf,s * ui,s * 5U(t,s)x)f
= (s * Suaye) * (1)) f = /IH 1 % S0t 90 (dy) /IH Fly+2) i o(d2)

=(pif s * Sut.s)0) WL f) = PLi(PLof) ().

U
Define for every t > s,
o= R, 2U(t ) (5.1)
with domain Z(I'y) = {z € H: U(t,s)x € Ri{f(]H)} If v ¢ 2(I't) then set
T, x| := co. Let B;f(H) denote the space of all bounded positive measurable
functions on H.
Theorem 5.2. For every a > 1, ¢ > s and f € B, (H)
N all(x —y))? N

(ps.ef (%)™ < exp ( | Qt(OE Y ) )ps,tf (y), =yeH (5.2)

Proof. Tt is sufficient to consider the case U(t, s)(H) € Rg’/f(]H), since otherwise
the right hand side of (5.3) is infinite by the definition of |I'; 4(-)| and the inequality
(5.3) becomes trivial.

We claim that we only need to show the following Harnack inequality for p?,

|l s(x —y)I?
2(a—1)

(£ ()" < exp ( )pz,tf%y), rycH  (53)
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Indeed, by Proposition 5.1, we know p, ; = pgtpgt. If (5.3) holds, then by applying
inequality (5.3) to p{, and Jensen’s inequality to p}, we see

(poef0)" = (o) < o0 (L0023 1)) 0

<o (D0 (1) ) = e (20 (a0

Applying the Cameron-Martin formula for Gaussian measures (see [DPZ92,

Theorem 2.21]) we see

pta = 2) =

- - 1,
—exp (<Rt,:/2U<t, $)a—y), B)2) = SIRPUG ) - W) .

(5.4)

By changing variables and using Holder’s inequality we obtain

pitf(ﬂf)
~ [ 1t )+ 2 niaz)

— / FUE, s)y + 2)prs(x =y, 2) pe,s(d2)
< exp <_%|Ft,s(:c — y)|2) ( / FAU $)y + 2) o (dz)>1/a.
(/ eXp( S (RUCR, S)(x—y),leﬂZ)) ,Ut,s<dz))(a_1)/a

a—1
—e (G el = ) G000

Applying the previous theorem, we have the following result.

Theorem 5.3. Fizt > s. The implications (1) = (2) = (3) = (4) = (5) of the
following statements hold.

(1)
U(t,s)(H) € Qi (H), (5.5)

(2) ||Tesll < oo and for every a > 1 and f € B, (H),

a(lTesll - [z = y])?
2(a—1)

(p&tf(ﬂf))a S exp ps,tfa<y)7 T,y € IH; (56)
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(3) |ITesll < oo and there exists o > 1 such that (5.6) holds for all f € B, (H);

(4) |ITss|l < oo and for every f € B (H) with f > 1,
1 < 1 ||]‘—‘t75||2 _ 2 ]H
psilog f(z) <logpsef(y) + = —le —yl", wyeH;  (57)

(5) psy is strong Feller.
In particular, if my s = 0, then these statements are equivalent to each other.

Proof. If (5.5) hold, then ||I'; 4| is bounded. Hence by Theorem 5.2, we get (2)
from (1). That (2) implies (3) is trivial. The implications (3)=-(4)=-(5) are
consequences of Harnack inequalities, as proved in [Wan09].

It remains to show that (5) implies (4) in the case m; s = 0. Note that

Pacf(z) = /H F(4) N(U(t, $), Ry.)(dy).

If (5.5) doesn’t hold, then there exists g € H such that U(t, s)xy ¢ Rz,/f (H). Take
T, = a9 € H,n=1,2,---. By the Cameron-Martin theorem (see e.g. [DPZ92]),
we know that for eachn = 1,2, - - - | the Gaussian measure 1, := N(U(t, s)x,,, Ry 5)
is orthogonal to o := N(U(t, s)xg, Rt ) since U(t, s)z, — U(t, s)zog ¢ Ri/f(]H)
That is, there exists A, € #(H) such that p,(A,) =1, po(A4,) = 0. Set A :=
Up>14,. Then po(A) =0, p1,(A) = 1 since po(A) < > 10(A,) = 0 and p1,,(A) >
tn(Ay) = 1.

Take f = 14. We get ps,f(x,) = 1, psf(0) = 0. This contradicts the fact
that ps, is strong Feller, since it is obvious that ps,f(x,) does not converge to
ps+f(0) as x, tends to 0. O

Remark 5.4. If R, ; has the form (7.2), then (5.5) is equivalent to the null con-
trollability of a non-autonomous control system (7.1) (see Section 7 for details).
For this reason, condition (5.5) is also called null-controllability condition. This
gives an equivalent description of the strong Feller property.

Remark 5.5. In [DP95] the fact that the null controllability implies the strong
Feller property was proved for autonomous Ornstein-Uhlenbeck processes driven
by a Wiener process and with deterministic perturbation. Our result generalizes
this result.

In fact (5.5) implies more. Denote the space of all infinitely Fréchet differen-
tiable functions with uniform continuous derivatives on H by UC*(H).

Proposition 5.6. Suppose (5.5) holds. Then for every f € By(H) and every
t>s, psuf € UC®(H).
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Proof. In view of the decomposition py; = pitpi,t shown in Proposition 5.1, we
only need to show that p?, € UC™(H) for every g € By(H). The rest of the proof
is as in [DPZ02, Theorem 6.2.2]. O

We have the following quantitative estimate for the strong Feller property.
This result is shown in [ORWO09] for Lévy driven Ornstein-Uhlenbeck process by
a coupling method.

Proposition 5.7. Let t > s and x,y € H. Then

|ps,tf(x) - ps,tf(y)|2

< (e‘“v*“y”? —1) min {p..f*(2) = (pssf(2))*: 2 =,y } . o8

Proof. Let h = pgvtf. Then by Proposition 5.1 we see that p,,f = p,h. So, for
every z € H, we have

pg,thQ( ) (psth( ))
<Pl f2(2) = (D000 (2))° = posf2(2) — (Derf (2))2.

Note also that x,y play the same role in (5.8). So, according to (5.9) we only

(5.9)

need to show the following inequality
() — L) < (0 21) (L R) - (LA . (5.10)
Recalling formula (5.4) for p; s(x — y, 2), we see
peih(z) = /Hh(U(t, s)x + 2) pi s(dz) = /]Hpm(x —y, 2)hU(t, s)y + 2) i (dz).
So,
pdah(x) — pdsh(y)?
2
= ([ It =02 = 0 9 +-9) ~ )] () )
< [l =02) = 17 @) [ [V 5)y +2) = b)) )

([ vt 1) - /H (U0 s)y+ 2) el 02) = (2,00
_ (e\rt,su—yn? ) (2 22 (y) — (P2 (y))?)
0

Now we apply the Harnack inequality (5.2) to study the hyperboundedness
of the transition function p,;. In [GLO8] hypercontractivity is studied for the
Gaussian case via log-Soboblev inequality.
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Theorem 5.8. Let (14)er be an evolution system of measures for ps,. For every
s<t,a>1,ande >0, let

Cutre) = [ | [enp (-2 20) us<dy>}(l+€) ().

) Nl e rrn) - (5.11)

Then
Hps,tfHLa(Hf)(H,us) < Csila,e

Proof. From the Harnack inequality (5.2) we have

|l s(x —y)I*
2(a—1)

(psif(z))* exp [— ] < psifly), w,yeH.

Integrating both sides of the inequality above with respect to v4(dy) and using
the fact that (14);cr is an evolution system of measures, we get

(_M%éx_—lg)ﬁ) v (dy) S/H|f|a7/t(dy).

(el /)*(2) / exp

H
Hence
2 —(1+e)
a(l4¢) _a\Ft,s(fc —y)| a(l4<)
1) < | [ e (<RI | s
Integrating both sides of the equation above with respect to vs(dz), we get (5.11).
U
6 Semi-linear equations
Fix s € R and consider the following equation for ¢t > s,
dX(t,s,x) = A()X (t,s,x)dt + F(t, X (t,s,x))dt + R/*dW,, 61)
X(s,s,x) =x € H, '

where

(1) (A(t))er is a family of operators on H associated with an evolution family
(U(t, s)i>s) (See Section 1);

(2) R is a trace class operator on H;

(3) (Wy)eer is a cylindrical Wiener process on H on some filtered probability
space (0, (% )ier, F, P);
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(4) F is a measurable map from [s, +00) x H to RY?(IH) satisfying
IRTYV2F(t, ) < ki 4+ kolz)?, teR, zcH (6.2)
for some constants kq, ko > 0.
Proposition 6.1. Equation (6.1) has a martingale solution.
Proof. For every r € [s,t], set X(r,s,z) := U(r,s)x + Wy(r, s), where
Wy (r,s) ::/ U(r,o)RY? dW,.
For every r € [s,t], [¢',t'] C [s,t], define

Vo(r,s) == R™V2F(r, X(r,s,2)) = R™V2F(r, U(r, s)x + Wy (r, s)),

We =W, — / Vo(0, s) do,

M, = exp < [ o away =5 [ e, s>|2da> .

! !

We first show that EM{, = 1. By (6.2), for every r € [s,1],
[0 (1, 8)|? < Ky + 2k (U (7, 8)x|* + |Wi (1, 8)[).

Hence,

1 t
Besp (5 [ luatons)do
t 1 t
<Fexp (kl\Q/kQ/(1+2|U(a,3)x|2)da)EeXp (5/ |WU(J,S)|2da).

Since fst Wy (o, s)|? do is Gaussian distributed, applying Fernique’s Theorem, for

a fine partition s =t <ty < --- <t, 1 <t, =t, we have

1 [*
FE exp (5/ |, (o, s)|2do) < +o00.
ti—1

This implies that for each i = 1,2,--- ,n, M?_  fort € [t;_1,t;], is a martingale.
Noting that My, = My , -+ MF,  we get EM;, = 1.
Consequently, we can define a new probability measure Q, := M/ P on

(Q, #). By [DPZ92, Theorem 10.14], Wf is also a Wiener process with respect
to Q.. Hence

t
X(t,s,z)=U(t, 3)x+/ U(t,r)RY? AW,
t t
:U(t,s)x+/ U(t,r)F(r,f((r,s,x))dr+/ U(t,r)RY?dW,.

This shows that X (£, s, ) is a martingale solution of (6.1) on (€, (.%)ss, Z, Qu).
U
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We shall need the following fact.
Lemma 6.2. Let s € R. Set
s+1
A= tr/ U(s+1,0)RU(s+ 1,0)" do.
Then

Co:= sup Eexp ([Wy(r,s)?/4\) < oo

re(s,s+1]

and for every k > 0 and t € [s,s+ (1 A (4 x)71)],

t
IE exp <m / Wy (r, S)Pdr) < opti=e), (6.3)

Proof. Note that the covariance operator of Wy (r,s) = [/ U(r,o)RY?dW, is
given by [ U(r,0)RU(r,0)* do. By Fernique’s Theorem (see [DPZ92, Propostion
2.16)), it follows that Cy < oo. Moreover,

Eexp (H/: Wi (r, s)|2dr) ~ Bexp (i /: K(t — 8)|[Wulr, s)| dr)

/ E exp (ﬁ(t — s)|[Wy(r, s)|2) dr

<
“i—s
I K(t—s) K(t—s
St— [Eexp (|[Wy(r, s)|2/4)\)}4)‘ =) ar < C’4A (b=s),
O
From Lemma 6.2 we see that for every p > 0, there exists ¢, > 0 such that for
every t € [s,s +1,)],

t
Cpiy(t,s) :=Eexp <2p(2p+ 1)k2/ |Wy (r, s)|2ds) < 0.

In particular, if ks = 0 then C,o(t,s) = 1 for all ¢ > s.

Lemma 6.3. For anyt>s,p>1,6 >0 and z € H,

E(M],)P < (Cpr (L, s))1/2 exp (%/ (ky 4 2ko|U (7, 5)z|?) dr)

E(M},) ™ < (Csp(t, 5) " exp (@ / (1 + 2k |U(r, 5)af?) dr ).

S

Proof. From the proof of Proposition 6.1 we see that for every x € R

t — exp (/@/t(@bw(r s), dW,) / | (1, s |2dr)
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is a martingale. Therefore,

E(M{.)" =Ecxp ( / (W, (1. ) / a(r, 5 |2dr)
.exp< /wﬂs |2dr)
< [ (2 [ (atro o). W)~ 27 [ fiatri o) s )]
[Eew (p<2p— D [ et s)\st)}m
~[Bew (se—1) [ uatrsyas)] "

This implies the first inequality, since by (6.2)

1/2

[$a(r, 8)* < ki + 2ka| Wy (7, 5)|* + 2ks| U (r, 5) .

Similarly, the second inequality follows by

B0 ~Bexp (=3 [ (outrshait) =5 [ oot ar

- exp (525%1/ [ (r, S)Pdr)

t t 1/2
< {E exp (—25 [0, awy 25 [t s)\st)}

: {]E exp (5(25+ 1) /St |9, (7, s)|2dr)} v
= [Eexp (5(25+ 1) /st [, (7, s)|2dr)} 1/2.

By the proof of Proposition 6.1, we see that X(t,s,z) is a solution of (6.1).

Hence we define the “transition semigroup” of X(¢,s,z) by

P;;f(l‘) = EQxf(X(ta S,l‘)), J€ Bb(]H)

We have the following result.

Theorem 6.4. For anyt >0, « > 1, z,y € H, p,q > 1 with a/(pq) > 1, and

f e B (H)
(P) ) (x) < NP (y).
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Here we set '}, = R7Y2U(t,s) and

ap/(2(p—1)) aq/(2(¢—1)) aq|TE (x —y)|?
N i= (Coao(t.9)) (O lt9) p< alTf(z — )|

2(a —q)

+a Bi + q(‘]qtll)} /: [y + ko (U (r, 8 + U (r, s)y]?)] dr).

Assume that for every s < r <t, Pft = PEPE . If ||Ffs|| < oo for everyt > s,

s,rt rt-
then PSI:; 15 strong Feller.

Proof. Recall that X(t,s,z) is a mild solution to

dX(t,s,z) = A(t)X(t,s,z)dt + RY?dW,, X(s,s,z) = .
Let Pgt be the semigroup of X(t, s,x) under P. Then by Theorem 5.2 we have

ally (z —y)P
2(a—1)

(Pf)(x) < P f*(y) exp < ) . JEB/(H), (66)

/

For simplicity, we set p' := -25, ¢' := -5, 0 = a/(pq). By (6.6) we have

Pﬁ&f(x) = Esz({z@v va)) = Eth,sf<X(t7 S, SL’))
< (BfP(X (L, s,2)))/PE(ME ) = (P 7 ()P (B(M )PP

1/(6p)
oIt — 2 , ,
PO, f(y) exp (Mﬂ (EOL7 ).

<
= 200 — 1)

On the other hand, for every g € B, (H),

Plg(y) < Epg(X(t,s,y)) = Eq,q(X(t,s,y))(M!,)™!
< (PLg"(y)VI(E(MY,) =)

So, taking g = f% we obtain

all'f(z —y)?
2p(0 — 1)

(P/of)(x) < PLf*(y) exp ( ) (E(ME ) )7 (B(ME) 7).

This implies the desired Harnack inequality according to Lemma 6.3.

Now we show that Pft is strongly Feller. Let f € B,"(H). By (6.3) and (6.5),
for any a > 1 there exist constants t,,c, > 0 and a positive function H,(r,s),
r € (8,5 + ty) such that

P f(a) < (PLf(y)) e et dtlemuliaee) = (5,5 4 1,). (6.7)
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We take t, < t —s. Then, using the assumption that Pf; is a semigroup, for
every r € (8,5 +t,), we get

lim P, f(x) = lim P P, f(x)
Ty ’ Ty ’ ’

< Tim i Tim [Pfr(Pﬂf)a(y)] 1o eca(r_5)+|$_y|2Ha(7",5) (68)

a—1lr—sz—y

T oo T o e co(r—s)+|z— r,s
< lim lim lim [Pftf (y)} & gealr=s)Ha—yl*Ha(rs) — Psth(?/)

T a—lrosz—y

On the other hand, (6.7) also implies for every r € (s, s + t,)

Psif(l‘) > [Pgr(Pﬁf)l/a(y)]ae—aca(r—s)—aHa(r,s)‘x_y‘z
> [Pﬂfl/a(y)]a e_O‘Ca(T_S)_O‘Ha(ﬂS)\x—y\Q .

So, first letting © — y then r — s and finally o — 1, we arrive at

lim P/, f(z) > Pl f(y). (6.9)

T—Y

From (6.8) and (6.9) we see PF,f is continuous. So, P} is strongly Feller. O

7 Appendix: Null controllability

Consider the following non-autonomous linear control system

{ dz(t) = A(t)z(t)dt + C(t)u(t) dt,

2(s) =z,

(7.1)

where (A(t))ier is a family of linear operators on H with dense domains and
(C(t))ter is a family of bounded linear operators on H. Let (U(t,s)):>s be an
evolution family on H associated with (A(t))ier. Consider the mild solution of

(7.1) t
2(t,s,x) =U(t,s)x +/ Ut,r)C(ryu(r)dr. ze€H, t>s.

z(t, s, x) is interpreted as the state of the system and u as a strategy to control
the system. If there exists u € L%([s, ], H) such that z(¢,s,z) = 0, then we say
the system (7.1) can be transferred to 0 at time ¢ from initial state € H at time
s. If for every initial state € H the system (7.1) can be transferred to 0 then
we say the system (7.1) is null controllable at time t. We refer to [Zab08] (see
also [DPZ92, Appendix B]) for details on the null controllability of autonomous
control systems.
Set for every t > s

Il sz = /t Ut,r)C(r)C(r)*U(t,r)"dr, x€ H. (7.2)
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Proposition 7.1. Let x € H andt > s. The system (7.1) can be transferred to 0
at time t from x if and only if U(t, s)z € H1/2(]H). Moreover, the minimal energy

among all strategies transferring x to 0 at time t is given by |H;;/2U(t, s)x|?, i.e.
11,0 (¢, s)af?

=inf {/g lu(r)|?dr: 2(t,s,7) = 0,2(s,8,7) = z,u € LQ([s,t],]H)} , (73)

Proof. For every t > s define a linear operator
t
Lig: L*([s,t], H) = H, uw~ Ly u:= / U(t,r)C(r)u(r)dr.

The adjoint Ly of L is given by

(L x)(r) =C*(r)U(t,r)>, xcH, relst]
It is easy to check that II; ; = L;sL; . Then by [DPZ92, Corollary B.4], we know
that Ly (L*([s, t], H) =TI, ;(H). Hence the first assertion of the theorem is proved
since the initial state x can be transferred to 0 if and only if U(t, s)z is contained

in the image space of L, ; due to the fact that z(¢,s,x) = U(t, s)x + L su.
By [DPZ92, Corollary B.4] we also get

0,2y = [Lilyl, g € Loo(L3([s, ], H)). (7.4)

Here the inverse is understood as a pseudo-inverse. Taking y = U(t, s)x in (7.4),
we obtain (7.3). O

From Proposition 7.1, we get the following corollary.
Corollary 7.2. The system (7.1) is null controllable at time t if and only if
U(t,s)(H) ;2 (H). (7.5)

From (7.3), it is easy to get upper bounds of \H;SI/QU(t, s)z|*> by choos-
ing proper null control functions u. The following proposition is analogous to
[ORWO09, Proposition 2.1].

Proposition 7.3. Let t > s. Assume that for every r € [s,t], the operator C(r)
is invertible. Then for every strictly positive function & € C([s,t]),

C(r 2d
|H;1/2U(t f 1O r,s)x|? &7 dr
o]
Especially if C(r) = C and |C1U(r, s)z|* < h(r)|C~'z|* for every x € H, then
[ |

Hl/2 tsa:2 r € H. 7.7
0 el < o ST (7.7

, x el (7.6)
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Proof. We only need to consider the case where U(t,s)x € Hi/f(]H) and the
function [s,t] 3 r + &.C(r)~'U(r, s)x belongs to L*([0,¢], H). Then the following
function

&

_fst fr dr
is a null control of the system (7.1). And hence the estimate (7.6) follows from
(7.3). The second estimate (7.7) follows by taking £(r) = h(r)~! for all r €
s, ]. O

C(r) 'U(r,8)x, r € [st],

u(r) :=

Acknowledgment The authors thank Alexander Grigor'yan for a stimulat-
ing question which lead to the discovery of a simple new proof of the Harnack
inequality for the Ornstein-Uhlenbeck processes with Lévy noise.
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