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Abstract: We consider a class of semilinear stochastic evolution equations driven
by an additive cylindrical stable noise. We investigate structural properties of the
solutions like Markov, irreducibility, stochastic continuity, Feller and strong Feller
properties, and study integrability of trajectories. The obtained results can be ap-
plied to semilinear stochastic heat equations with Dirichlet boundary conditions and
bounded and Lipschitz nonlinearities.

1 Introduction

The paper is concerned with structural properties of solutions to nonlinear stochastic
equations
dXt :AXtdt+F(Xt)dt+dZt, tz(), Xo =T c H, (11)

1 Supported by the M.I.U.R. research projects Prin 2004 and 2006 “Kolmogorov equations” and by
the Polish Ministry of Science and Education project 1PO 3A 034 29 “Stochastic evolution equations
with Lévy noise”.

2 Supported by the Polish Ministry of Science and Education project 1PO 3A 034 29 “Stochastic
evolution equations with Lévy noise”.



in a real separable Hilbert space H driven by an infinite dimensional stable process
Z = (Z). In particular, we study Markov, irreducibility, stochastic continuity, Feller
and strong Feller properties for the solutions, and investigate integrability of trajecto-
ries. The main results are gradient estimates for the associated transition semigroup
(see Theorem 4.17 when F' = 0 and Theorem 5.7 in the general case), from which we
deduce the strong Feller property, and a theorem on time regularity of trajectories
(see Theorem 4.6).

To cover interesting cases, we consider processes Z which take values in a Hilbert
space U usually greater than H. Moreover A : dom(A) C H — H is a linear possibly
unbounded operator which generates a Cp-semigroup (e*4) on H and F : H — H
denotes a Lipschitz continuous and bounded function.

In the case when Z is a Wiener process the theory of equations (1.1) is well under-
stood. The situation changes completely in the stable noise case and new phenomena
appear. For instance, even in the linear case F' = 0, it is not known when solutions
of (1.1) have cadlag trajectories. That lack of cadlag regularity is possible was noted
in ([15, Proposition 9.4.4]) in a similar situation. Another difficulty is related to the
fact that general necessary and sufficient conditions for absolute continuity of stable
measures on Hilbert spaces exist only in the subclass of Gaussian measures.

Structural properties of solutions in the case when Z is a cylindrical Wiener process
were an object of a large number of papers (see [5], [6] and the references therein).
Some results are also available when Z has a non-trivial Gaussian component (see
[19], [16] and the references therein). The situation is different if the Lévy process
Z has no a Gaussian part. Even the existence of regular densities for the transition
probability functions has been analyzed rather recently and only in finite dimensions,
i.e., for ordinary differential stochastic differential equations (see e.g. [17] and the
references therein).

According to a well known result due to Doob, see [6, Theorem 4.2.1], our Theo-
rems 5.5 and 5.7 about irreducibility and strong Feller property show that the process
X = (X}?) in (1.1) has at most one invariant measure. We also deal with a closely
related question of existence of regular densities for the transition probability func-
tions. The lack of translation invariant measures in infinite dimensional spaces makes
these problems more difficult. We restrict our considerations to SPDEs with additive
noise as even in this case some new phenomena, related to the cylindrical Lévy noise,
appear. We hope that the results presented here will form a proper starting point to
treat general equations with multiplicative Lévy perturbations. Let us also mention
that the recent reference [15] is mostly concerned with existence questions for SPDEs
driven by Lévy noises rather than with structural properties of the solutions.

In this paper we consider a cylindrical a-stable process Z = (Z;), a € (0,2),
defined by the orthogonal expansion

Zy=> PBnZi'en, >0, (1.2)

n>1

where (e,,) is an orthonormal basis of H and Z]* are independent, real valued, nor-
malized, symmetric a-stable processes defined on a fixed stochastic basis. Moreover,
(Br) is a given, possibly unbounded, sequence of positive numbers.

The results of the paper apply to stochastic heat equations with Dirichlet bound-



ary conditions

dX (t,€) = (AX(t,€) + f(X(t,€))) dt + dZ(t,€), ¢ >0,
X(0,6) = x(¢), €€D, (1.3)
X(t,&6 =0, t>0, £€0D,

in a given bounded domain D C R having Lipschitz-continuous boundary dD. Here
z(€) € H=L?*(D), f : R — Ris bounded and Lispchitz continuous and the noise Z is
a cylindrical a-stable process of the form (1.2), where (e, ) is a basis of eigenfunctions
for the Laplace operator A (with Dirichlet boundary conditions).

After short Preliminaries, concerned with notations and basic definitions, in Sec-
tion 3, we deal with real and Hilbert space valued a-stable random variables. We
derive some useful lemmas about a-stable densities needed in the sequel. The most
important result here is a necessary and sufficient condition for the absolute continu-
ity of shifts of infinite products of symmetric a-stable, one dimensional distributions
(see Theorem 3.4). It is an improvement of an old result by Zinn (see [24]) with a
direct proof.

Section 4 is concerned with linear equations

dX, = AXdt +dZ;, t>0, Xo=x¢€ H. (1.4)

We assume that vectors (e,) from the representation (1.2) are eigenvectors of A.
The solutions, called Ornstein-Uhlenbeck processes, have received a lot of attention
recently (see, for instance, [4], [3], [11], [7], [19] and [15]).Transition semigroups deter-
mined by solutions X = (X}*) to (1.4) are also studied under the name of generalized
Mehler semigroups.

In Proposition 4.4 we give if and only if conditions under which X, the solution
of (1.4), takes values in H, and establish its basic properties like measurability and
markovianity. Then we deal with the time regularity of trajectories. The main re-
sult here is Theorem 4.6, which establishes stochastic continuity of the solution and
integrability of its trajectories. Better regularity, like right or left continuity of tra-
jectories is established here in very special cases and is an open question for general
equations. Note that in [11] it is proved that trajectories of (X}’) are cadlag only in
some enlarged Hilbert space U containing H. This lack of time regularity introduces
additional difficulties into the theory (see also Proposition 9.4.4 in [15]). We establish
also irreducibility of the solution. Theorem 4.15 gives conditions under which all tran-
sition laws of X are equivalent and establishes a formula for the densities. Moreover
(see Theorem 4.17) under the assumptions of Theorem 4.15, the transition semigroup
corresponding to X is not only strong Feller but transforms bounded measurable
functions onto Fréchet differentiable functions with continuous derivative. Important
gradient estimates are established as well.

Theorems on Ornstein-Uhlenbeck processes are based on results about stable mea-
sures established in Section 3.

Section 5 is devoted to nonlinear equations (1.1). The proofs of the Markov
property and irreducibility require special attention due to the lack of cadlag regularity
of the trajectories. They are given in Theorems 5.4 and 5.5. Then estimates of Section
4 are used to establish the strong Feller property of the solution to the nonlinear
equation (see Theorem 5.7). The main tool here is the so called mild version of the



Kolmogorov equation and Galerkin’s approximation. Since a-stable processes have
finite moments of order p if and only if p < « additional difficulties arise in the study.
It is proper to add that the classical approach to get strong Feller using the Bismut-
Elworthy-Li formula is not available in the non-Gaussian case. A related formula,
but requiring a non trivial Gaussian component in the Lévy noise, was established in
finite dimensions in [18].

An earlier version of this paper has appeared as Preprint 692 (2008) of the Institute
of Mathematics of the Polish Academy of Sciences, under the same title.

2 Preliminaries

H will denote a real separable Hilbert with inner product (-,-) and norm |- |. By
L(H) we denote the Banach space of all bounded linear operators from H into H
endowed with the operator norm || - || z(z). We will fix an orthonormal basis (e,) in
H. Through the basis (e,) we will often identify H with /2. More generally, for a
given sequence p = (p,,) of real numbers, we set

= {(zn) €R™ : > alp’ < oo}, (2.1)
n>1
where R® = RN, [2 becomes a separable Hilbert space with the inner product:

(,y) = D51 TnYn iy, for = (zn), y = (yn) € 1.
The space C,(H) (resp. By(H)) stands for the Banach space of all real, continuous
(resp. Borel) and bounded functions f: H — R, endowed with the supremum norm:

[fllo = supzen [f(2)].

The space C{f(H ), k > 1, is the set of all k-times differentiable functions f : H — R,
whose Fréchet derivatives D'f, 1 < i < k, are continuous and bounded on H, up to
the order k. Moreover we set C2°(H) = N>y CF(H).

Let us recall that a Lévy process (Z;) with values in H is an H-valued process
defined on some stochastic basis (2, F, (F¢)e>0,P), having stationary independent
increments, cadlag trajectories, and such that Zy = 0, P-a.s..

One has that

E[e’{%0%)] = exp(—ty(s)), s € H, (2.2)

where ¢ : H — C is a Sazonov continuous, negative definite function such that
¥ (0) = 0 (see [14] for more details). We call 1) the ezponent of (Z;). Given 1 with the
previous properties, there exists a unique in law H-valued Lévy process (Z;), such
that (2.2) holds.

The exponent 1 can be expressed by the following infinite dimensional Lévy-
Khintchine formula,

j i<87 y>
) Qs, s a,s / (e“s’y)—l— >V dy), s€ H, 2.3
(s) = < )()H 1+,y|2() (2.3)
where () is a symmetric non-negative trace class operator on H, a € H and v is the
Lévy measure or the jump intensity measure associated to (Z;) (see [21] and [15]).

According to Proposition 3.3 (see also Remark 4.1) our cylindrical a-stable process
Z appearing in (1.2) is a Lévy process taking values in the Hilbert space U = l%? see
(2.1), with a properly chosen weight p.



Let (P,) be a transition Markov semigroup acting on B,(H) (see, for instance,

9),
Puf(z) = /H F) pelasdy), | By(H), € H, t >0,

The semigroup (F;) is called Feller, if Pif € Cy(H), forany ¢t >0, f € Cy(H). It
is called strong Feller, if

P.f e Cy(H), forany ¢t>0 and f € By(H). (2.4)

If all transition probability functions p;(x,-), t > 0, x € H, are equivalent, the semi-
group (F;) is called regular.

3 Stable measures on Hilbert spaces

A random variable £ with values in H is called a-stable (o €]0,2]) if, for any n, there
exists a vector a, € H, such that, for any independent copies &1,...,&, of &, the
random variable

nYeE + . &) —an

has the same distribution of £. A Borel probability measure p on H is said to be
a-stable if it is the distribution of a stable random variable with values in H.

We will mainly consider stable measures which are product of infinitely many one
dimensional a-stable distributions.

3.1 Stable one dimensional densities

Let us consider a one dimensional, normalized, symmetric a-stable distribution pu,,
a €]0, 2], having characteristic function

fia(s) = e ¥" seR. (3.1)

The density of jq, with respect to the Lebesgue measure, will be denoted by p,. This
even function is known in closed form only if @« =1 or 2.
We need to know the precise asymptotic behaviour of the density p,, o € (0,2).

We have that for any o € (0,2), there exists C, > 0 such that

C,

«a
pa(x) ~ W’ as T — o0, (32)

see [23] and [21, page 88]. According to [10, pages 582-583], one can derive (3.2) using
representations of p, by convergent power series.
The following result concerning the derivative of p, is straightforward.

Lemma 3.1. Let p, be the density of the one dimensional a-stable measure po in
(3.1). Then, for any a € (0,2), po € C®°(R)NCH(R) and moreover (with p,,(x) = ‘%’)

z2pl (x) € L®(R). (3.3)



Proof. Let p = pq. It is well known that p € C*>°(R) N Cp(R) (see, for instance, [21,
Chapter 1]). To get the second assertion, we use the inversion Fourier formula and
integrate by parts,

1

22 (x) = 5 sze_i”yye_‘wady

a d —izy 7|y|o¢ l’/ i T
_ dy — ixy o — |yl ( a_1>d
[ ety = 2 [ e (alyf 1)y

. 2 .
_ Tt [ iy lyle Y 0 [ emimertity (2 1 )
= e e —s—dy + — [ e e Y —— — — | dy.
27 /R ly|>— 27 Jr ly|> =2 y|>—e
From this formula the assertion is clear. O

We need also the next technical lemma.

Lemma 3.2. Let us consider the function
o) =1 [ )R- a)ds e (-1,0)
R

We have

1 / 2
g(x) ~ cax? as x— 0, where c,= / Po(?) dz. (3.4)
8 R pa(z)

Proof. Let p = p,. Clearly g(0) = 0. In order to prove (3.4) we will apply Hopital’s
rule. To this purpose we prove that g is twice differentiable, with ¢’(0) = 0 and
g"(0) # 0. We have, for |z| < 1,

g'(x) = ;/Rpl”(@mp’(z—w) dz.

The differentiation is justified by (3.2) and (3.3), using also the fact that p is a positive
function on R. We only point out the following useful estimate: for any M > 1, there
exists ¢ > 0, such that, for any z € (—1,1), |2| > M,
1 c (|Z| + 1)1/2+a/2
1/2 1., <
p (z)puz(z ) p(z — )| < Z[/2Ha2 |z — 12

We also get ¢'(0) = 3 [pp/(2)dz = 0. We show now that there exists the second

derivative of g. To this purpose, we write
1
g @) =3 [ p+a)
R

We have, for any x € (—1,1),

1 P(z+x) 1

i /

= — d .
g'(@) 4/Rpl/2(z+x) p1/2(2)p(z) )

The differentiation can be done, since, for any M > 1, there exists ¢ > 0, such that,

for any =z € (—1,1), |z| > M,
P'z+a) () _ (=l + D

1

P2 () p'(2)dz.

P2z +x) pt/2(2) T [P lz -1
We have also that ( )2
1 [Pz
"
g (0)= / dz
D=1/ e
and so (3.4) is proved. O



3.2 Supports of stable measures

Let us consider a sequence (&) of independent real random variables, having the same
law 1o and defined on a probability space (2, F,P). Take nonnegative numbers g,
and consider the random variable

g = (Q1§1, ) Qngna . ) (35)

with values in R*. We start with a preliminary result, which is a special case of [13
Corollary 2.4.2]. We provide a proof for the sake of completeness.

Proposition 3.3. For any « €]0,2], the random variable & in (3.5) takes values in
12, P-a.s., if and only if
> g < oo (3.6)
n>1
If, in addition to (3.6), ¢, >0, n=1,2,..., then the support of the law of & is [°.

Proof. We will use the following theorem (see, for instance [12], page 70-71): let U,
be a sequence of independent and symmetric real random variables; then the following
statements are equivalent: ) -, U, converge in distribution; > -, U, converges PP-
a.8.; Y51 U2 converges P-a.s.. -

We have, for any N € N, h € R,

2

E[e! X1 Inénh] H [ein€nh] = ¢~ Xnla 0 A1,

Then it is clear that Zivzl qr€k converges in distribution if and only if (3.6) holds.
Moreover if (3.6) holds, then we have convergence in distribution to the random
variable 51(22021 q5 YU/ Tt follows that the series > k>1 @K€k converges, P-a.s., and
also that -

Z 4 &2 < oo, P—a.s., (3.7)
k>1

and this proves the first part.

To prove the second assertion, we fix an arbitrary ball B C I?, B = B(y,r) with
center in y = (y;) € [ and radius 7 > 0. Using independence, we find

P(Z(Qkﬁk —y)? < 7’2)

k>1

N
(Z aén — yk)* <€, Z(Qkﬁk —yp)? <r?— e)
k=1

k>N

> P(é(ﬂ]k{k —yr)? < 6) P( > (anbe —yn)* <1’ — 6)-

k>N

Now we use that the one dimensional measure p, has a positive density on R. This
implies that, for any N € N, € > 0,

N
P(Z(Qkﬁk —yp)® < 6) > 0.
k=1
Since P(Y 4o n(@6€k — yk)> <1r? —€) — 1, as N — oo, the assertion follows. O



3.3 Equivalence of shifts of stable measures

In general conditions for equivalence of stable measures in Hilbert spaces are not
known. Here we give necessary and sufficient conditions in order that shifts of infinite
products of one dimensional a-stable distributions, are equivalent. This equivalence
result seems to be new. Moreover, according to Zinn [24] (see Remark 3.5) this result
is sharp.

Theorem 3.4. Let us consider the I2-random variable & in (3.5) under the condition
q. >0, k>1, and ZkZI qp < oo. Take arbitrary u,v € 12 such that

2
3 M < . (3.8)

k>1 £

Then the law of the random variable £ + u and the one of & + v are equivalent.
In addition, if p and v denote the laws of £ +u and & + v respectively, the density
d—’,j of 1 with respect to v is given by

=

b 2
(6%

dﬁ: lim [[—2% 2 in L'(v), a€0,2).
s T L (3

The proof requires Lemma, 3.2.

Proof of Theorem 3.4. The result is well known when o = 2 so let p, = p with
€ (0,2). The measures p and v can be seen as Borel product measures in R®, i.e.,

0= H ,uk , v= H V¥, where ,uk, V¥ have densities, respectively,
E>1 E>1

1 Zk — Uk 1 Zk — Uk

—p( ) and —p( )

dk dk dk dk
Now we will use the Hellinger integral. According to [5, Proposition 2.19], u and v
are equivalent if and only if

1/2
-1 / )

Define, for any k > 1,

a = /R<d/:k(2k)> <dzk(zk)> dzy,
_ 1/2 _ Uk 1/2 _ U
/R[p (zk Qk)p (zk Qk>] dz, € (0,1].

H ap = H (1= (1—ay)) = exkz1 m-(1—ax)

k>1 k>1

Note that, if 0 <1 —a < 1/2, then

1/2 1/2
H/ dzk dzk> (dz) > 0.

k>1

Note that

In(1—-(1—a)) > (—2log2) (1 —a).



Consequently, if we prove that there exists kg such that, for all £ > kp, 0 <1 —a <
1/2, then we get

H ap, > 67210g2 Zkzko (1fak)'

k>ko

Let us write

U v v U
1—ay = 1—/p1/2(zk—k)p1/2(zk— —k)dzk. = 1—/p1/2(z)p1/2(z—(k — —k)) dz.
R dk gk R gk 4k

and so ve
1_ak:g(7_7))
qk dk
where the function g is considered in Lemma 3.2.

Using (3.4) and (3.8), there exists ko such that, for any k > ko,

Ca |Vk  Ug2

1—a, < —=|= <1/2. 3.9
qk qk / ( )
It follows that ,
—ca log2 g~
H%Zecog (Zkzro ai )>0
k>ko

and so szl ar > 0. The second assertion follows from the first one, applying [5,
Proposition 2.19]. O

Remark 3.5. The result agrees with [24, Corollary 8.1], which shows that the law
of € +u, u € 12, is absolutely continuous with respect to the one of ¢ if and only if

We point out that in [24], there are no conditions to assure the equivalence of a-stable
measures.

4 The linear stochastic PDE
Here we consider the linear equation
dXt = AXtdt + dZt, x € H. (41)

The process Z is a cylindrical a-stable process, a € (0,2), given by

Zy = Zﬁnzy’fnena t >0,

n>1

where (e,) is the fixed reference orthonormal basis in H, (3,) is a given sequence
of positive numbers and (Z;') are independent one dimensional a-stable processes
defined on the same stochastic basis (2, F, (F;), P), satisfying the usual assumptions.
We have, for any n € N, ¢ > 0,

E[e’4h] = M h e R.



Remark 4.1. Identifying, through the basis (e,), the Hilbert space H with [? and
using Proposition 3.3, one gets that our cylindrical Lévy process Z is a Lévy process

with values in the space l/%, see (2.1), where (p,) is a sequence of positive numbers

such that ) -, B3 ply < oo.

We make the following assumptions.

Hypothesis 4.2. (i) A: D(A) C H — H is a self-adjoint operator such that the
fized basis (e,) of H verifies: (e,) C D(A), Aey, = —ynen with v, > 0, for anyn > 1,
and ~y, — +00.

«
(i1) Z B < oo (recall that (B, >0, for any n>1).
n>1 Tn
Clearly, under (i),
D(A)={z=(zn) € H : Zm?{yﬁ < +o0}.
n>1
In addition A generates a compact Cp-semigroup (e4) on H such that

etep, = e Mtle,, keN, t>0.

Example 4.3. Consider the following linear stochastic heat equation on D = [0, rr]¢
with Dirichlet boundary conditions (see also (1.3))

dX(t,&) = AX(t,&)dt + dZ(t,&), t>0,
X(0,§) =x(§), ¢€D, (4.2)
X(t, & =0, t>0, £€0D,
where Z is a cylindrical a-stable process with respect to the basis of eigenfunctions

of the Laplacian A in H = L?(D) (with Dirichlet boundary conditions). The eigen-
functions are

ej(gb cee 7£d) = (\/ 2/7r)dSin(n1£1) T Sin(ndgd)v f = (gla cee 7£d) S Rda
j = (n1,...,nq) € N% The corresponding eigenvalues are —7j, where 7; = (n? +
...+ n?2). The operator A = A with D(A) = H?(D) N Hg(D) verifies condition (i) in
Hypothesis 4.2. Moreover (see [22, Section 4.4.3]) we have
HYD)NH}D) if 1<p<2,
D((-Ay?) = Hg (D) if 1/2<p<1,
H*(D) if 0<p<1/2.

If we identify H with [? then D((—A)P/?) can be identified with the weighted space
l% (see (2.1)) where p = (p;) and p; = 75)/2. The corresponding dual spaces can be

identified with {2 /p Or with Sobolev spaces of distributions H ™" (D). O

According to Hypothesis 4.2, we may consider our equation as an infinite sequence
of independent one dimensional stochastic equations, i.e.,

X[ =~y XJdt + BodZ),  X§ =2y, nEN, (43)

10



with @ = (z,,) € [> = H. The solution is a stochastic process X = (X{) which takes
values in R* with components

t
X! =e My, + / e =34z neN, t>0 (4.4)

0
(the previous stochastic integral can be defined as a limit in probability of Riemann

sums). It turns out that the process X takes values in H as the next result shows.

Proposition 4.4. Assume (i) in Hypothesis 4.2. Then, for any x € H, the process
X = (X7) given in (4.4) takes values in H if and only if condition (ii) holds. Under
(ii) it can be written as

X{ = Xiew=cha+ Za(t), where (45)
n>1
t t
Za(t) :/ et=9)4qz7 — Z (/ e—%(t—s)lgndzg) €.
0

n>1 v0

The process (X[) is Fy-adapted, x € H. Moreover X is Markovian.

Proof. Let us consider the stochastic convolution
t
V" =2Z4(t) = / e 1m=)g dz", neN, t>0. (4.6)
0

A direct calculation shows that, for any h € R,

t
B ) = exp [ - g3 I0fe [ emomsas] —exp [ < i o),
’ 1 — e @Ml\1/a (47)
where ¢, (t) = 3, <aei%) .

It follows that ‘ ‘

E[e" Y] = E[e™ L] heR, (4.8)
where (L,,) are independent a-stable random variables having the same law p, (see
(3.1)). Now the first assertion follows directly from Proposition 3.3.

The property that (X}) is Fi-adapted is equivalent to the fact that each real process
(X}, er) is Fi-adapted, for any k£ > 1, and this clearly holds.

The Markov property follows easily from the identity

t+h
Za(t+h) — " Z4(t) = / etHh=4qz. t h>0.
t

O]

Example 4.5. (Continuation of Example 4.3) By considering sequences (3;) of the
form (B;) = (’yj‘?) one can easily indicate Sobolev spaces of distributions in which
the cylindrical Lévy process Z might evolve and, at the same time, the Ornstein-
Uhlenbeck process X has trajectories in L?(D).

11



For instance, assume that Z is a standard cylindrical a-stable process, that is
Bj =1, for any j = (n1,...,nq) € N If p > 0 and pj = 75/2, then l%/p can be

identified with H~P(D). But (see Proposition 3.3)

Z(Zg)zfyj_p <o, t>0, P—a.s.,
JjeNd
if and only if ZjeNd ’yj_ap/z < oo and if and only if ap > d. Consequently, 7Z; €
H~P(D), t > 0, if and only if p > g. O

4.1 Time regularity of trajectories

If the cylindrical Lévy process Z in (4.1) takes values in the Hilbert space H then,
by the Kotelenez regularity result (see [15, Theorem 9.20]) trajectories of the process
X which solves (4.1) are cadlag with values in H. However Z; € H, for any t > 0, if
and only if

> B < oo, (4.9)

k>1

and this is a very restrictive assumption. We conjecture that the cadlag property
holds under much weaker conditions but, at the moment, we are able to establish a
weaker time regularity of the solutions.

Theorem 4.6. Assume Hypothesis 4.2. Then the Ornstein-Uhlenbeck process X =
(X}) satisfies:

(i) for any x € H, X is stochastically continuous;

(ii) for any x € H, T > 0, X has trajectories in LP(0,T; H), for any 0 < p < «,
P-a.s..

Proof. Let 0 < p < a. We set Y; = Z4(t), t > 0, and first show that

_ p—Ynt «@
Bl < g 3 1o Y (4.10)

«
n>1 Tn

where the constant ¢, depends only on p. Recall that (X}’) and (Y;) are defined on the
same stochastic basis (2, F, (Ft)t>0,P). Consider a new probability space (€, F', )
where a Rademacher sequence (ry,) is defined (i.e., 1, : @ — {1, —1} are independent
and identically distributed with P'(r, = 1) = P'(r, = —1) = 1/2).

The following Khintchine inequality holds, for arbitrary real numbers c1, ..., ¢y,

for any p > 0,
1/2 1/
(Z CZ) <¢p (EI Zrncn P) pa
n>1 n>1

where the constant ¢, depends only on p (for p = 1, we have ¢; = v/2) and E/ indicates
the expectation with respect to IP’.
We fix w € Q, t > 0, and write

(Z @) < e (@] S rrel)”

n>1 n>1
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Integrating with respect to w and using the Fubini theorem on the product space
Q x Q, we find

EYi < G E[E

> Y
n>1
—cpIE’ ‘Zrn/ e~ Mn(t=s) BndZy

n>1

Since, for any ¢ > 0, A € R (using also that |r,| =1, n > 1),

p
‘”} — W [E‘ S Yy ] (4.11)
n>1

]

. t —
B[ Szt 7n¥7] = oA Ss 18l Ji e =ds.

we get easily assertion (4.10).

(i) Let us prove the stochastic continuity. We will show that, for any € > 0,

lim supP(|Yiyp — Y| >€) =0. (4.12)
h—0+ t>0

This will imply the stochastic continuity.
Note that, for any t > 0, h > 0,

t+h t t
Vion— Vi = / (lt+h=5)Agy | 6hA/ =947 _/ =944y,
¢ 0 0

t+h
— ehA}/;t _ }/% +/ €(t+h_s)AdZS.
t

Let us choose p € (0, ). We have

€ t+h _ €
P(|Ysin — Y| > €) < P(|"Y; — Vi| > 2) + (] / etth==4qz7,| > 3)
t

2

h
E|ehAY;s _ Yt’p Lop E| fO €SAdZS‘p

< 2P
- €p €p

= I1(t, h) + Ly(h).

But (see (4.10))

_ p—Qnt «
EPP < (3 18,2 L))

n>1 Tn

and so
[I(h)]*'P — 0, as h— 0T,

Concerning [, we find, using again the Khintchine inequality,

e hAy, _ (Z\ (e —mh _ 1Y )1 <cp(E’ Zr e mh _ 1Y,

n>1 n>1

)1/13

and, reasoning as in (4.11) with 3, replaced by (1 — e~ 7",

— e~ M) )p/a

Eleh Y, — Yt|p<cpIE’IE’Zr e _yyrl < o (Z| (1—e~ Mg, \a( -
n

n>1
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< G (Z \(1—6_%}1)@1\“)10/04’ >0,

- ap/a

n>1 Tn
Since o
i (21
h—0+ 1 Yn
we get

lim supli(t,h) =0
h—0t tzg 1( )

and so assertion (4.12) is proved.

(ii) We need to show that, for any x € H, for any p € (0, ),
T
/ | X[ |Pdt < 00, P—a.s..
0

To this purpose, it is enough to show that
T p/2
E/ (Z |y;"12) dt < oo, (4.13)
0 “u>1
where Y; = Z4(t), t > 0. Using (4.10) we get
—aynt)

T T L(1= pla Bn|*\P/a
/OEmpdtgcp/o (Zlﬁnl (;) dthp,aT(Z‘ ‘) < o

n>1 n n>1 Tn

The proof is complete. O

Remark 4.7. In the limiting Gaussian case of a = 2, the previous proof allows to
get the well known result that trajectories of X are in L?(0,T; H), for any T > 0.

Recall that the o-algebra P of predictable sets is the smallest o-algebra on [0, co[x 2
containing the sets {0} x Ay, |s,t] x A, for any 0 < s < t, Ay € Fp, As € Fs. A
stochastic process with values in H is said to be predictable if it is measurable as an
application from ([0, co[x$2, P) with values in (H,B(H)), where B(H) is the Borel
o-algebra of H.

Using that X = (X[), € H, is stochastically continuous and Fi-adapted (see
Theorem 4.6 and Proposition 4.12) we can apply [5, Proposition 3.6] and obtain

Corollary 4.8. For any x € H, the process (X[') has a predictable version.

Forp € (0,1), LP(0,T; H) is a linear complete and separable metric space with respect
to the distance

T
d,(f. 9) = /0 F(8) — g@Pdt,  f.g € LP(O,T: H).

From Theorem 4.6 it is straightforward to obtain

Corollary 4.9. Assume Hypothesis 4.2. Then, for any T > 0, x € H, P-a.s.,
the Ornstein-Uhlenbeck process X = (X{)ejo,r) 8 a random variable with values in
LP(0,T;H), for any 0 < p < a.

14



4.2 Support

We start with a preliminary one dimensional result.

Proposition 4.10. Let L = (L;) be a one dimensional a-stable process, a € (0,2).
Let v € R and set

t
K(t) = / O )dL,,  t>0. (4.14)
0

Then, for any p > 0, T > 0, the random wvariable (K, Kr) has full support in
LP(0,T) x R.

The proposition is a direct corollary of the following general lemma. Recall that
for an arbitrary Borel measure v on R, we have the unique measure decomposition

Y= h]ac + h]s (4‘15)

where [y]4c has a density and [v]s is singular with respect to the Lebesgue measure.

Lemma 4.11. Let L = (L;) be a real valued Lévy process with intensity measure v
(see (2.3)). Suppose that there exists R > 0 such that v restricted to (—R, R) has an
absolutely continuous part with a strictly positive density (see (4.15)). Then, for any
p >0, T >0, the random variable (L, Lt) has full support in LP(0,T) x R.

Proof. We set v =1(_g g)V + 1r\(—R,R)V = Mo+ p1, where pg = 1(_pg ryv denotes the
Borel measure such that po(A) = v(AN (=R, R)), for any Borel set A C R.
Then, according to (4.15),

pio = [polac + [tols = (G A DL _rr)L1 + (9= [9 AN DR R)L1 + [10]s

(£1 denotes the one dimensional Lebesgue measure). We write v = vy + v, where

vo=p1 + (9—[gANI)L—rr L1 + [mo]s and v1 = (g A1)1(_g Rr)L1-

Note that vy and 11 are both positive measures and moreover v is a finite measure
with a positive density g A 1 on (=R, R).

Let us introduce two independent Lévy processes L° = (LY) and L' = (L}). The
exponent 1 of LY (see (2.3)) is the same of L but with the jump intensity measure v
replaced by 9. The exponent of L! is given in (2.3) with Q = 0, a = 0 and v replaced
by v1, i.e., L' is a compound Lévy process with intensity measure vy.

By using the characteristic function and independence, we obtain that the process

L=IL'4+1° ie, Li=L}+L? t>0,

has the same law of the initial Lévy process L. It follows that the law of (L, Ly) is
the convolution of the laws of (L% LY.) and (L', LL.). Our assertion will follow from
the fact that (L', L1) has full support in LP(0,7T) x R.

Taking into account that pice-wise constant functions taking value 0 at t = 0 are
dense in LP(0,T), for any p > 0, we only have to prove that for a fixed pice-wise
constant function ¢ : [0,7] — R, with ¢(0) = 0, for a fixed a € R and € > 0,

T
IP’(/O |L{ — ¢(t)|Pdt + | LY — a| < e) > 0. (4.16)

15



We may assume that ¢(7') = a and that ¢ takes real values 0,1, ...,25_1, T = a,
respectively on intervals [0, ¢1[, ..., [tg, T'[, with 0 < ¢; < ...t <T. Define

S =sup{|z;|, i=1,...,k}.

Let 0 < 7 < ... < 7 be the first k consecutive moments of jumps for the process L'
and denote by Y1, ..., Y} the random variables L Ll ;set Yy =0and 79 =0.

Tl,... )

Note that 7; — 7,1, j = 1,...,k, and Y; — Y1, 7 = 1,...,k, are independent
random variables. Moreover, 7; — 7;,_1 have the same exponential distribution and

Y; — Y;_1 have the positive density g A 1 (f(—R R) 9/ 1)71 on (—R, R).
For arbitrary i,5 € {0,...,k}, 6 > 0, M > S — R the independent events
{lm —t] <6}, {lYs —ay[ < M}
have all positive probabilities. Using this fact and the property of independence, we

get easily (4.16). O

Proof of Proposition 4.10. We consider 7 # 0 (the case v = 0 follows from
Lemma 4.11). Using [20, Theorem 3.1], we know that there exists an a-stable process
Z = (Z;) such that
t 1— efoz'yt
/ e=dL, = Z(h(t)), where h(t) = =S >0,
0 ary

Consequently, K(t) = e Z(h(t)) (see (4.14)). Using Lemma 4.11 and the fact that
h € C*([0,4o00[) with A/(t) # 0, t > 0, we get easily the assertion. O

Theorem 4.12. Assume Hypothesis 4.2 and fix T > 0, x € H and p € (0,«).
Consider the Ornstein-Uhlenbeck process X = (X{)ic(0,1), solving (4.1). The support
of the random variable (X, X7) : Q — LP(0,T;H) x H is LP(0,T; H) x H.

Proof. Let XF = (X[*), t > 0. It is enough to prove that, for any € > 0, and for any
(¢,a) € LP(0,T; H) x H, one has

(/ (Z’X" bn(t) > dt < e, Z‘XT—%\2<6)>O.

n>1

By using a standard density argument, we may assume that (¢, a) is of the form

N
é(t) =Y dx(t)er, G—Zakelw

k=1

for some N € N. We write, using that p/2 < 1,

(/ (Zyxt (1) ) dt<eZ\XT—an\ <e)
_P(/O Z\Xt on()Pdt <. 21|XT—an| <o)
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T
> P(/O X! = G0t < /N, |X}— a1 < ¢/N) -

T
([ 1XY —onpir < N, XY —anf < e/N).

using independence. By Proposition 4.10 we know that the previous product of prob-
abilities is positive. The proof is complete. ]

Corollary 4.13. Under Hypothesis 4.2, for any x € H, the OU process (X}) is
irreducible, i.e., for any open ball B C H, t > 0,

P(X? € B) > 0.

4.3 Equivalence of transition probabilities

Here we will assume Hypothesis 4.2 together with

Hypothesis 4.14. For any t > 0,

_ 1
e Int o7 /Oé
sup

= (C; < . (417)
n>1 ﬁn

Theorem 4.15. Assume Hypotheses 4.2 and 4.14. Then the laws uf and pi of Xy

and X/, respectively, are equivalent, for any t > 0, z,y € H, a € (0,2). Moreover
the density 3”7{, of u¥ with respect to py is given by
t

—e Ykt
Zr—e€ T
N pa<7

ck_(t)t ) in L' (i), where ci(t) = ﬂk(
ze—e” kY,
k=1 pa( (D) )

%: lim

1 — e @i\ 1/a
du% N—o0 ) ’

A Vg

(4.18)
where po, 15 the density of the one dimensional a-stable measure considered in (3.1).

If (4.17) does not hold then for some x € H, ui is not absolutely continuous with
respect to Y (the law of XY = Z4(t)).

Remark 4.16. If we assume Hypothesis 4.2, then Hypothesis 4.14 is sharp in the
limiting Gaussian case of &« = 2. Indeed, under Hypothesis 4.2 and a = 2, Hypothesis
4.14 is equivalent to each of the following facts:

(i) the laws of XJ and X/ are equivalent, for any t > 0, z,y € H;

(ii) the Gaussian Ornstein-Uhlenbeck semigroup (R:) associated to (X7) is strong
Feller (see [5, Section 9.4.1]).

In addition, under Hypothesis 4.2 and a = 2, the following regularizing property:
Rtf € CZSO(H)v > 07 f € Bb(H)7

holds if and only if (e~ /g—’g) is a bounded sequence.
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Proof of Theorem 4.15. Fix © = (z,) and y = (yn). Let Y; = Z4(t) and p = p,.
Consider formulas (4.4), (4.6) and (4.8). The density of the random variable Y}* is

clearly ﬁp(%) so that the density of X} is

1 (zk - e‘”ktxk)
p
ck(t) cx(t)
The measures uf and uf can be seen as Borel product measures in R, i.e.,
py = H wek, ol = H pi*,  where py*, uf* have densities, respectively,
E>1 E>1
1 (zk — e iy
cx(t) cx(t)

To get the assertion we will apply Theorem 3.4. To this purpose, one checks that

-Vt
zp—e yk)

) and ckl(t)p ( 0]

Z e—2’ykt|xk _ yk‘|2

< .
e (t)? >

k>1

This follows easily from (4.17).
If (4.17) does not hold, for some t > 0, then it is easy to see that there exists

Z = (Z,,) € H such that

e~ 2wt iﬁi

——= = 00.

= a®)?

According to Remark 3.5, this condition means that Mf, the law of X7, is not abso-
lutely continuous with respect to p. O

4.4 Smoothing effect

We now consider the transition Markov semigroup (R;) associated to (X}), i.e. Ry :
By(H) — By(H),

Rif(x) =E[f(X])], =€ H, feBy(H), t>0.

The next result shows not only that (R;) is strong Feller, but also that it has a
smoothing effect, i.e., that gradient estimates hold for it.

Theorem 4.17. Assume Hypotheses 4.2 and 4.14. Then, for anyt > 0, the transition
semigroup (R;) maps Borel and bounded functions into C}{(H)— functions. Moreover,
for any k € H with |k| <1, f € By(H), t > 0, we have

e—%t 'leL/a
sup (DR, f(x), k)| < 8co Ct||fllo, where Cp=sup
zeH n>1 571

(co is defined in (3.4)). Finally, for anyt >0, f € Cy(H), x = (x5), h = (hy) € H,
we have

(4.19)

,( ykt)) 67'thhk 0

(DRf@.1) = [ fethary) Y Sm80E R ), @)

k>1 a(ck(t)

where 1Y is the law of XP = Z(t).
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Proof. We fix t > 0. The proof is divided into some steps. By the first three steps,
we will show that, for any f € Cy(H), R.f is Gateaux differentiable at any = € H
and moreover that equality (4.20) holds.

I Step. We assume that f € Cy(H) is cylindrical, i.e., it depends only on a finite
numbers of coordinates. Identifying H with [ through the basis (e,), we have

f@) = f(z1,...,25), weH, (4.21)

for some 7 > 1, and f : R — R continuous and bounded. In this first step we also
assume that f has bounded support in R7.

Fix arbitrary xz,h € H. We want to show that there exists Dy R, f(x), the direc-
tional derivative of R;f at x, along the direction h. Set hy = Zivzl hrer so that
hy — hin H.

Since f is cylindrical, for m > max(j, N), we get

Rif(x / fly H o = f(z) lﬁpa (Zk —C:(t;ktxk) ckl(t) dzy.

k>1 Rm

Using our assumptions on f, it is not difficult to show that there exists

N o w it
DpyRif(z) = / (ZPQEZk —e Wgc ;vkg €CZ(t;Lk> '

k=1 Pa

—_

ci(t

- zE—e th:):k 1
I;I A )ck(t) a2

(3
/ Us pt paEZk : vgctxkg ec:zt;lk> kl;Il/i (dzx), N €N

Mz

In order to pass to the limit, as N — oo, we show that

N o, (B2 oty
gn(t,x) = Z (W) eck(t)k

k=1 Pa K

converges in L?(uf). (4.22)

Using that, for j # k,

e VKt —e ity
e—th,, e—ryjthj/ pi)(Zk Cek(t) m) p;(zy Cej(t) :vg)
cp(t) ¢t ekt —e itz
K0 eilt) Jre p, (oo (ame b

(e (P s

:/p/a(?/k)d?/k /p;(yj)dyj =0
R R
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(since p!, is odd) we get, for N,p € N,

Z e Tkly
N+p Zk—€ 'R Tk NG >€ th
’ Zk e ’yktmk) ’ Ht dZ)
k=N Pa
2p—e Vktz
/ N+pp/°“( 0N k)e %thk‘ f[ ( — wmk) Ly
ReH T IN Pa(‘zkif;(?;txﬁ —N cr(t)
N —e Tktxy
:/ -‘rp < on t) ) —2’ykth2 (dz)
H P2 (M) 2 (t) Hi
k=N Fao cx(t)
N+p _27kth2 N+p
— Z € 2 k/Pa(?/k) dyy, < 8%022];7
2272W e palun) 2
where 8¢o = [ f)%j((g)) dy (see (3.4)). This proves (4.22).
Note that, for any N € N,
N / Zk
Pal oty ) e kthy,
DpyRif(z) =~ [ f(z+ ) (Z ( 1; ) @) ),ug(dz).
H k=1 pa (Ckéct)) k
Up to now we have showed that
hy) — 1 [°
fuf(e+ s ]SV) Rif(z) _ 8/ DuyRif(x +rhy)dr, s € (—1,1). (4.23)
0

Using also (4.22), it is not difficult to show that, for any r € (—1,1), N € N,

© Dol oty ) e mth
hm DhNRtf(x—i—rhN / f(z+ ez +rh)) (Z ( Z(k)) ec (t)k),u?(dz).
k=1 Pa (ck(t)) k
(4.24)

Moreover, | Dy, Rif(z+rhy)| < 8coCt|hl|| f||o, for any r € (—1,1). Thus we can pass
to the limit, as N — oo, in (4.23) and get

Rif(z +sh) — Ref(x) _ 1/8u(t,w+rh) dr, s€(-1,1), (4.25)
0

S S

where u(t,z + rh) is the right-hand side of (4.24). This shows that R.f is Gateaux
differentiable at = € H along the direction i and moreover that (4.20) holds.

II Step. We consider f € Cy(H) which is only cylindrical (i.e., f is given by (4.21)
but the function f is not assumed to have bounded support in ]RJ)

Define f,(y) = f(y)qb(%), for any y € R/, where ¢ : [0, +00[— R is a continuous
function such that, ¢(s) =1, s € [0,1], ¢(s) =0, s > 2.

We have that || fu]lo < ||fllo, » € N, and moreover f,,(y) — f(y), as n — oo, for

any y € RJ. B
Let fn: H =R, fu(z) = fu(z1,...,2;), forany x € H, n € N.
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We find by the previous step, for any n € N and x € H,

Rtfn(x + Sh) Rtfn
S

'/ DuRufule +rh)dr, se(=1,1).  (4.26)
Passing to the limit, as n — oo, it is easy to see that (4.25) holds for f. This shows

the Gateaux differentiability of R;f on H and also the equality (4.20).
IIT Step. We consider an arbitrary f € Cy(H). Let us introduce the cylindrical

functions gy,
n
= f(Zxkek>, neN, reH.
k=1

It is clear that ||gnllo < ||fllo, » € N, and moreover g, (z) — f(x), for any z € H.
Repeating the argument of the previous step, with f,, replaced by g,, and passing to
the limit, we get that the assertion of the previous step holds even for any f € Cy(H).

IV Step. Let f € Cy(H) and consider the Gateaux derivative of R;f in z € H

) et

Dol
DR f(x / f( e’ x+y p((;) ) €k u?(dy).
E>1 e

It is not difficult to show that DR;f : H — H is continuous. This gives that R;f
is Fréchet differentiable at any x € H. Moreover, we have the required gradient
estimate

IDR:fllo < 8caCtl| fllo

V Step. To complete the proof, take g € By(H). A well known argument (see [6,
Lemma 7.1.5]) shows that R:g is Lipschitz continuous on H, for any ¢ > 0. Then the
semigroup law gives that R;g € Cg(H ), for any ¢ > 0. The proof is complete. O

Remark 4.18. Under the assumptions of Theorem 4.17, one could show the following
regularizing property

Rif € Cy°(H), t>0, fe€ By(H).

This generalizes the well known smoothing property of the Gaussian Ornstein-Uhlenbeck
semigroup (see Remark 4.16).

Remark 4.19. Theorem 4.15 can be also deduced from Theorem 4.17 and Corollary
4.13 if one applies the Hasminkii theorem (see [6, Proposition 4.1.1]).

5 Nonlinear stochastic PDEs
We pass now to the main object of the paper, namely nonlinear SPDEs of the form
dXy = AXydt + F(Xy)dt +dZ;, Xo=xz€l®>=H, (5.1)

where Z = (Z;) is a cylindrical a-stable Lévy process. Throughout the section, we
will assume Hypothesis 4.2 and also

Hypothesis 5.1. F: H — H s Lipschitz continuous and bounded.
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5.1 Existence, uniqueness and Markov property

We say that a predictable H-valued stochastic process X = (X[), depending on
x € H, is a mild solution to equation (5.1) if, for any ¢ > 0, z € H, it holds:

t
X? =t + / UDAR(X®)ds + Za(t), P—a.s., where
0 . (5.2)
ZA(t) = / e(tis)AdZSa
0

see (4.5). In formula (5.2) we are considering a predictable version of the process
(Z4(t)) according to Corollary 4.8.

Note that, since F' is bounded, the deterministic integral in (5.2) is a well defined
continuous process. Moreover, as far as the regularity of trajectories is concerned,
the mild solution will have the same regularity as (Z4(¢)). In particular, according
to Theorem 4.6, any mild solution X will be stochastically continuous.

To show existence and uniqueness we need the following deterministic result which
is not standard in the case p € (0,1).

Recall that, for an arbitrary Cp-semigroup (e*4) on H, there exists M > 1 and
w € R such that HetAHL(H) < Me“t, t > 0. Moreover, in the sequel, Lip(F) will denote
the Lipschitz constant of F.

Proposition 5.2. Let F : H — H be Lipschitz continuous and bounded and f €
LP(0,T;H), for some p > 0. Let A : D(A) C H — H be the generator of a Cy-
semigroup (et?).

1) For any x € H, the equation
(i) y ; q

y(t) = etz + / IR (y(s) + £(5))ds (5.3)
0

has a unique continuous solution y : [0,T] — H.

(ii) There exists a constant C' = C(p,w, M, Lip(F), ||F'llo) > 0 such that for solutions
y and z € C([0,T]; H), corresponding respectively to functions f, g € LP(0,T; H) and
to the same x € H, we have the estimates

T 1/p
@ Ny ==logoman < C( [ 110 —gwrar) ™, p=1

T
®) |y zlleqorym < C /0 (6 — g()Pdt, pe (0,1).

Proof. Assertion (i) follows easily by a fixed point argument. Let us consider (ii).
The proof of (ii) when p > 1 is an easy application of the Gronwall lemma. Thus we
only prove (b).

We consider a family of equivalent norms ||-||» on the Banach space E = C([0,T]; H),
for A >0,

Ihllx = sup e Mh(t)], heE
t€[0,T]
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(for A = 0 we get the usual sup norm). For a fixed f € LP(0,T; H), let us define the
operator Ky : E — E,

t
(Ky)(t) = etz + /0 AR (y(s) + f(s))ds, yeE, tel0,T].

We find for A > w, for any y,z € E,

t
Ky — Kz < C sup e / =9)A1y (5) — 2(s)|ds
t€[0,T7] 0

t

—(A—w)(t—s c

<Clly =l sup [ O < Ly -],
t€[0,7] 40 — W

Let us choose \g large enough such that ¢y = /\()L—w < 1. We have
HKfy_KfZHAo SCOHCU—ZH)\O; y,z € E. (54)

Let now f and g € LP(0,T; H). We get, for any t € [0,T], y € E,

[(Kry)(t) = (Kgy) ()] < M/O INE(y(s) + f(s)) = Fly(s) + g(s))lds.

Since F' is bounded and Lipschitz continuous, it is also Holder continuous of order
p € (0,1) and we find

T
1Ky — Kyl < cMesT /0 () — g(s)Pds.

If we have solutions y and z corresponding to f and g, then y = Ky and z = K z.
We get
1y = 2lxe = K5y — Kgzr

T
< | Kry = Kpzllxg + [[Kpz = Kgzlls < CT/ [£(s) = g(s)[Pds + colly — =[x,
0

and the assertion follows since ¢y € (0, 1).
O

Remark 5.3. Clearly the previous result holds when F is only Lipschitz continuous
and f € LP(0,T; H) with p > 1.

Theorem 5.4. Assume Hypotheses 4.2 and 5.1. Then there exists a unique mild
solution (X[') to the equation (5.1). Moreover (X7) is a Markov process and its
transition semigroup is Feller.

Proof. Step 1. Existence and uniqueness. Uniqueness follows by the Gronwall lemma.
Let us prove existence. By using Proposition 5.2 and Theorem 4.12 we find that, for
any x € H, there exists a continuous Fi-adapted process (Y;) = (Y;*) with values in
H which solves P-a.s.

t
Y, = etz +/ eEAR(Y, + Zy(s))ds, t>0.
0
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Let us define
X =Y+ Z40), t>0,x€ H.

Since Z4(t) is predictable it follows that X = (X}) is predictable as well. Clearly
(X}) is the unique mild solution.

Step 2. Markov property. The proof of the Markov property is quite involved. Indeed
since our solution is not assumed to have cadlag trajectories, we have to proceed
differently from [5, Theorem 7.10].

For any measurable function v : [0,7] — H, let y(¢) be the unique continuous
function with values in H which solves the equation

t
y(t) = /O IR (y(5) + 1)(s))ds.

Set y(t) = y(t,v), t € [0,T], to indicate the dependence on ). We have, for t,t +h €
[0, 77,

t+h
y(t + hyo) = / EHR=IAR (5, ) + 1p(s))ds
0
t t+h
= [Py, ) o s)ds 4 [ IRy (s,) 4 0(s)ds
0 t

= e"y(t,¥)] + /Oh eMIAP(y(t + 5,9) + ¥(t + 5))ds.
Define a new function on [0, — ¢,
() =yt + - ) — DAy (E v)).
We have

h
o(h, ) = /0 B (s, 1) + e Aly(t, ¥)] + bt + 5))ds, h e [0,T —1].

By uniqueness, v(h,¥) = y(h, e A[y(t, )]+ (t+-)) and so we get for ¢, t+h € [0, T],
y(h, DA y(t, )] + ot + ) + Ayt 0)] = y(t + h, ). (5.5)
Defining u(t,v) = y(t,¢) + (t), t € [0,T], we find
ult + hy ) =t + k) = u(h, e ult, ) — ()] + 9 (t + )
—"u(t, ) = ()] = Yt + ) + " ult, ) — b (t)]
and so we get
u(t + h, ) = uh, e ult, ) — (1)) + 4t + )

which is the same formula at the end of [5, page 256]. Now the Markov property
follows arguing as in [5, page 257].
Step 3. Feller property. Fix z,y € H. From the estimate,

t
X2 = XP) < e cqan b — ol + /0 [ gy |F(XE) — F(XY)Ids,  (5.6)
using the Lipschitz continuity of F' and the Gronwall lemma, we find that, for any

T>0,|XF—X/| < Mplz—y|, t €[0,T], z,y € H, P-a.s.. The Feller property follows
easily. O
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5.2 Irreducibility

We establish now irreducibility of the solutions to (5.1). In fact we have the following
result.

Theorem 5.5. Assume Hypotheses 4.2 and 5.1. Then, for any x € H, the mild
solution X = (X}') to the equation (5.1) is irreducible.

Proof. Fix x € H, T > 0, and denote by X = (X;) the solution to (5.1) starting from
x. Set
Yi =X, — Za(t), te€][0,T],

where
dZ(t) = AZA(t)dt + dZy,
Z4(0)=0, t>0.
Note that .
Y, = etta + / eUDAR(Y, + Za(s))ds.
0

Let 2* and y*? be the solutions, driven by a control function u € L?(0,T; H), of the
following control systems, respectively,

dz
o= Ax(t) +u(t), (5.8)
2(0)=0, te[0,T),
% = Ay(t) + F(y(t)) +u(t), (5.9)
y(0)=z € H, tel0,T].
Thus ¢
2(t) = / =M u(s)ds, ¢ € [0,T], (510
0

and y** is the solution of the following integral equation

y(t) = e + / t e=DAR(y(s))ds + 2%(t), t € [0,T].
0

By Theorem 7.4.2 of [6] we know that the system (5.9) is approximately controllable
at time 7" > 0 in the sense that, for any z,a € H and for any € > 0, there exists a
control function u € L?(0,T; H) such that |y“*(T) — a| < e.
Let
§(t) =y () — (1), t € [0,7)

Note that

y(t) = ea + / eEDAR((s) + 2%(s))ds.
0

Take p < a with p € (0,1). By estimate (b) in Proposition 5.2 we get, P-a.s.,

T
wp%MMﬁc/@@f@mw
te[0,7] 0
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and so |Yr — g(T)| < CfOT |Z4(t) — 2%(t)[Pdt or, equivalently,

T
[ X7 = ZaA(T) —y"*(T) + 2"(T)| < C/O |1 Za(t) = 2%(8)[Pdt.

We write, for any a € H,

[ X7 —a| <[X7 = Za(T) = y"*(T) + 2*(T)| + | 2a(T) + y**(T) = 2*(T) — al

T
= C/ 1Za(t) = 2" () [Pdt + [y"*(T) — a| + | Za(T) = 2"(T)| = I + T2 + I3.
0

For a given € > 0, let us fix a control function w such that Ir = |y**(T) — a| < €/3.
Using Proposition 4.12, we get with positive probability that Iy < ¢/3 and I3 < €/3.
The result follows. 0

5.3 Strong Feller property
Let (P;) be the Markov semigroup associated to X = (X}7), i.e. P, : By(H) — By(H),

P.f(z) =E[f(X{)], =€ H, feBy(H), t>0. (5.11)
To show the strong Feller property of (P;), we will assume Hypotheses 4.2, 5.1 and
Hypothesis 5.6. There exist ¢ >0, v € (0,1), Ty > 0, such that

_ 1/a o
eIt c
Supi% —o <<

. e (0,Ty).
n>1 By Y (0. 7o)

Note that this hypothesis is stronger than Hypothesis 4.14 (in Example 4.3 it is
satisfied, for instance, if inf,>q 3, > 0 and a > 1).
Our aim is to prove the following result (where ¢ A 1 = min(¢7,1)).

Theorem 5.7. Assume that Hypotheses 4.2, 5.1 and 5.6 hold. Then, for anyt > 0,
the transition semigroup (P;) (see (5.11)) maps Borel and bounded functions into
Lipschiz continuous functions. Moreover, there exists C = C’(’y,ca,é, | E o, To) > 0,
such that, for any x,y € H, we have

[Pef(x) = Pof ()| < Ol fllo

1
— t By(H). 5.12
t»y/\l‘m y‘a >0, fE b( ) ( )
By the semigroup property, it is enough to have estimate (5.12), for any ¢ € (0, Tp].

To prove the result we first investigate generalised solutions to the Kolmogorov equa-
tion associated to (P;) (or to (X})) as in [5, Section 9.4.2].
Note that the generator Ay of (FP;) is formally given by

Aof(x) = (Az + F(z), Df (2)) + 3 42 /R (F(x+ enz) - f<enz>>|z|}mdz, (5.13)
n>1

for regular and cylindrical functions f : H — R. The associated Kolmogorov equation
is

{atu(t, x) = Aou(t,)(z), t>0, z€H, (5.14)

u(0,z) = f(z), z € H.
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Let us fix T' > 0 and consider the space

AOT) = {u € COOTECH) = sup fult ) < oo}

where ||u(t,-)|1 = ||u(t,)|lo + || Dsu(t, )]0 and v € (0,1) is fixed in Hypothesis 5.6.

According to [5] a mild solution to the Kolmogorov equation (5.14) (on [0,7] with
initial datum f € By(H)) is a function u € A(0,T") such that

u(t,x) = Rif(x / Ri—s( Du(s,-)))(z)ds, t€[0,T], = € H, (5.15)

where D = D, and (Ry) is the transition semigroup determined by the linear equation
(4.1). To stress the dependence on f, we will also write

u=ut,z) =ul(t,x), tc[0,T], =€ H.

Note that using Theorem 4.17 and Hypothesis 5.6, we get that for any f € By(H),
Co X
|IDR:fllo < ?Y”me t €]0,Tp], where Cpy = 8¢, ¢. (5.16)

Thanks to (5.16), we can adapt the proof of [5, Theorem 9.24] and obtain that the
mapping S : A(0,T) — A(0,T),

S(u)(t,2) = Ruf(x /Rt . Du(s, )))(@)ds, weAO,T),  (5.17)

is a contraction for T small enough. Therefore, we obtain

Proposition 5.8. For any f € By(H), T > 0, there exists a unique mild solution
u=ul to (5.14). Moreover, for any t > 0, we may define:

ptf() = uf(t7)7 f EBb(H)
It turns out that (P;) is a semigroup of bounded linear operators on By(H).

In the proof of the next lemma, we will use the following Gronwall lemma. Let
a, b,y be non-negative constants, with v < 1. Let T" > 0. For any integrable function
v:[0,T] — R,

t
0<wv(t)<at ™+ b/ (t —s) "v(s)ds, t€[0,T] a.e., implies v(t) < aMt 7,
0

(5.18)
€[0,T], a.e.. (where M = M(b,v,T)1 +bk,T'™7).

Lemma 5.9. There exists ¢ = c(7, Ca, ¢, || Fllo) > 0 such that, for any f € By(H),
t G]O,T()L

~ C
IDFfllo < 11/ lo-
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Proof. We have
Du(t, ) = DR, f(z) + /0 DR._y((F(), Du(s, )))(x)ds, ¢ H.

Hence, by (5.16),

Co

W!\FlloHDU(& lods, ¢ €]0,To].

C, t
1Du(t. o < 21510 + |
0

The Gronwall lemma implies that

CoM

|Dut, Yo < =%

fllo, t€]0,To], M = M(v,ca,¢,|Flo) > 0.
O

Galerkin’s approximation. To show the regularizing effect of (P;), according to
[5, Theorem 9.27], it would be enough to prove that (P;) and (P;) coincide. However
the proof of [5, Theorem 9.27] is not complete and we are unable to fill the gap in our
situation.

We therefore resort to Galerkin’s approximations and we will only identify suitable
finite-dimensional semigroups which approximate (P;) and (P;) respectively.

Let us consider orthogonal projections 7, : H — H,, n € N, where H,, is the subspace
of H generated by {ei,...,e,}. For any n € N, 2 € H, define the H,-valued process
(Y") = (Y{*(x)) as the unique mild solution to

t
VP = etAng 4 / eU=9An (1 0 Fom,) (Y )ds + Za, (t), (5.19)
0

where A, = m, o A. Let F,, = m, o F' o m,. Note that, for any n € N, it holds:
[Fullo < [[Fllo, Lip(F,) < Lip(F), (5.20)

where Lip(F,,) denotes the Lipschitz constant of F,.

Consider the mild solution u,, to the Kolmogorov equation corresponding to Y;", i.e.,

wi(t.) = ul(,2) = B @)+ [ B ((Pu). Du(s,)) @)ds, = € I,

(5.21)
where RP'f(z) = E[f(e!x 4+ m,Z4 ()] = /H fe e + my)pd(dy).
Define two approximating semigroups on By(H ):
Pl f(z) =E[f(Y*(x))], Blf(x)=uj(t,z), feBy(H), (5.22)

see (5.19) and (5.21).

Lemma 5.10. For any function f € By(H), n € N, we have

P'f=PF'f, t>0.
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Proof. We fix n € N. It is enough to prove the assertion for any cylindrical function
f € By(H), which depends only on the first n-coordinates. Identifying (P}*) and (P}")
with the corresponding semigroups acting on By(R™), we have to check that

PI'f=Prf, feByR"), t>0. (5.23)

To this purpose (identifying F,, with the corresponding Lipschitz continuous function
from R" into R™) first note that (P/*) is a strongly continuous semigroup of positive
contractions on Cp(R™) (see [2, Section 6.7]). Here Cy(R™) denotes the space of all
real continuous functions on R™ vanishing at infinity.

Let us consider now (Pj*). We start to show that P/*(Co(R™)) C Co(R™), t > 0.
~ Let f € Co(R") and ¢ €]0, Tp]; we will use an inductive argument to prove that
P, f € Co(R™). By (5.17), we know that

Prf= lim S™(0) = lim (So...08)(0) in

m—00 m—00

A0,T) = {u € C(J0,T}; C;(R™)) : o, t|ult, )]l < oo}

We prove that, for any m € N, S™(0)(¢, -) and D,S™(0)(t,-) € Co(R™). We have (for
m =1) SY0)(t,-)(z) = R¢f(z), and so

DS (0)(t,)(x) = DRy f(z) = - F(ea +y) Un(y, t) py(dy), = €R",

" T Yk 1
where p;' has density Hpo‘(ck(t)> en (D) and (5.24)

" PalGhy) et

Da cr(t
=3 )

It follows easily that S*(0)(¢t,-) and DS (0)(¢, ) € Co(R™). Assume that the assertion
holds for an arbitrary m € N. Since

t
S™HH0)(t, ) (2) = Ry f(2) + /Rt s((Fn(-), DS™(0)(s, ) () ds,

D, S™(0)(t,-)(z) = DRI f( / DR} ((Fu(-),DS™(0)(s,)))(x) ds
= DR} (x)
# s [ GBI 1) DO e ) Unt =) ()

x € R™, we have easily that the assertion holds also for m + 1.
Using Lemma 5.9, we get that (]-:’t”) is a strongly continuous semigroup of bounded
linear operators on Cp(R"™).

We will prove (5.23) when f € Cp(R™). Indeed, by a standard argument (see [9,
Chapter 4]) this is enough to get (5.23).

By Ito formula Dy = C2(R") = {f € Co(R") : Df and D?*f € Co(R")} is invariant
for (P}*) (compare with [2, Theorem 6.7.4]). Moreover, Dy Cdom (A,), where A, is
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the generator of (P/"). By a well known result, Dy is a core for (P}*) (see [8, page
52]). Note that

A (@) = (A + Fo(w). DF@) + 3 B¢ [ (Fla+ex2) = flexs)) =, S € Do
k=1 R

Let us consider (P/*). If f € Dy, we can solve (by the contraction principle)

u(t,z) = R} f(x) —I—/O R?_S(<Fn(-),Du(s, -)>)(x)ds, r e R,

in the space C([0,Tp]; C3(R™)) and get that Dy is also invariant for (P;).

A straightforward calculation, shows that Dy Cdom (A,), where A, is the gen-

erator of (P"). Thus Dy is a core also for (PP"). Moreover, A, coincides with A, on
Dy. It follows that (P/*) and (P}") coincide on Cp(R™) and this finishes the proof. [

Proof of Theorem 5.7.

I Step~. Using (5.21), Lemmas 5.9 and 5.10 and the semigroup property, there exists
C = C(v,cq,¢ || Fllo, To) > 0 such that, for any f € Cy(H),

|un(t, ©) — un(t,y)| = [P f(x) = P f(y)]
< R f(x) — Ry f(y)

+AIM;G&OJMM&%M@—RlAGM%DW@J»@WB (5.25)

1

<C
< ||f||oﬂAl

|t —y|, x,ye H, neN, t>0.
II Step. For any f: H — R which is continuous and bounded, we have:
lim P"f(x) = Pf(z), x€ H, t>0.

Recall that P f(x) = E[f(Y"(x)))] (see (5.19)). The assertion will follow by proving
that
lim V)" (z) =X}, z€H, t>0, P—a.s.. (5.26)

n—oo

To show (5.26), we fix x € H and write

t
X? =etta + / eU=AE (XP)ds + Za(t) + fn(t), where
0

fult) = /Ot eU=AF(X?) — F(X®)]ds, t>0, neN.
(see the notation in (5.19)). Defining U* = X} — Za(t) — fu(t), we have:
Ul = et + /Ot eU=DAR (Us + Za(s) + fn(s))ds.
Note that

t
Y (z) = ea + / AR, (Y (2))ds + Za, (t) + gn(t), where
0
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gn(t) = ez — ez, t>0, neN.

Introducing V;* = Y;"(x) — Z 4, (t) — gn(t), we find

t
V' = ety + / e(t_s)AFn(VS” + Z4,(8)+ gn(s))ds.
0

Now to estimate |U;* — V;|, we use (b) in Proposition 5.2. Let us choose p € (0, ) N
(0,1) and fix any T' > 0. We have

T
sup [Uf" = V"< C / 1Za(s) + fn(s) = Za,(s) — gn(s)[Pds. (5.27)
te[0,7) 0

Note that Z4, (t) = m,Z4(t), n € N. Moreover, it is easy to see that
lim |fn(t)| + |gn(t)| =0,
n—oo
for any t > 0. Applying the dominated convergence theorem in (5.27), we infer

lim sup |U—V/"|=0.
=00 ¢e0,T)

Using the inequality
Vi (z) = X{[ < Y/"(2) = Za,(t) — gn(t) = X7 + Za(t) + fu(D)]
+’ZAn(t) + gn(t) - ZA(t) - fn(t>‘7

t >0, n € N, and passing to the limit as n — oo, we get assertion (5.26).

IIT Step. By the previous steps we know that, for any f € Cy(H),

|Pif(x) = Pof ()] < Cllfllo

ﬂ/\1|x—y|, x,y€ H, t>0.

Now we use an argument from the proof of [5, Theorem 9.28] (see also [6, Lemma
7.1.5]). It holds, for any ¢t > 0, z,y € H,

Var[pi(x,-) — (pe(y, )] = sup \Pef(z) — Pef(y)
fEBy(H), | fllo<
C
= P.f(z)— P, < |z-—
fer(ffl)l,IT\flloél‘ Hiw) = Bl < (A1) = =l.

where p;(x,-) denotes the kernel of P, and Var the total variation. This completes
the proof. O
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