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ASYMPTOTIC PROPERTIES OF
STOCHASTIC SEMILINEAR EQUATIONS
BY THE METHOD OF LOWER MEASURES

BY

B. MASLOWSKI (PRAHA) axp I SIMAO (LISBOA)

Introduction. The aim of the paper is to establish the convergence of
probability laws of solutions of certain infinite-dimensional stochastic differ-
ential equations in the strong (variational) norm. This type of convergence
has been previously studied in connection with investigation of ergodic and
mixing properties of autonomous stochastic evolution equations. In the sim-
plest case of a reaction-diffusion equation perturbed by a space-time white
noise the strong law of large numbers and the strong mixing have been estab-
lished by Maslowski [28] and Manthey and Maslowski [25] by a method going
back essentially to Khas'minskii [19], which consists in proving topological
irreducibility and the strong Feller property for the induced Markov process.
These results have been extended by Da Prato, Elworthy and Zabczyk [4],
Maslowski [26] and, recently, by Chojnowska-Michalik and Goldys [2] by
means of suitable technical tools like the Elworthy formula and the mild
backward Kolmogorov equation. Analogous results have been obtained by
Da Prato and Gatarek [5] for the stochastic Burgers equation, by Da Prato
and Debussche [3] for the stochastic Cahn—Hilliard equation and by Flandoli
and Maslowski [9] for the two-dimensional stochastic Navier—Stokes equa-
tion.

The ergodicity for stochastic semilinear equations with a multiplicative
noise term was established by Peszat and Zabczyk [30] and further extended
by Gatarek and Goldys [14]. The case of o-finite invariant measures and
related recurrence properties have been studied in Maslowski and Seidler
[29] and, in a more general setting, in Seidler [32]. An alternative method
based on a more direct verification of the geometric ergodicity has been
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developed by Jacquot and Royer [16], [17], and applied, for instance, to a
two-dimensional stochastic parabolic equation of the 4th order (stochastic
plate equation).

Most of the ergodic results mentioned above are based on the verification
of the topological irreducibility and the strong Feller property. The method
used in the present paper is different. Its idea comes basically from the
theory of deterministic discrete-time dynamical systems (cf. Lasota [21],
Lasota and Yorke [23], and Lasota and Mackey [22]) and it has been previ-
ously applied by Maslowski [27] to finite-dimensional stochastic differential
equations. It allows us to establish the convergence in the variational norm
of (in general, time-inhomogeneous) Markov evolution systems, and, in the
time-homogeneous case, to prove the existence of an invariant measure. In
comparison with the above quoted ergodicity and mixing results, there are,
in some sense, more restrictive requirements on the nonlinear term of the
equation in our case. On the other hand, the equation is allowed be nonau-
tonomous (i.e., the induced Markov process need not be homogeneous).
Also, in some cases, the speed of convergence can be estimated.

The paper is divided into three sections. Section 1 includes definitions
and general results on lower measures for evolution systems of Markov op-
erators. A general statement on convergence of the evolution system of
Markov operators under the assumption of existence of a system of lower
measures (the so-called I-condition, Theorem 1.4) is quoted in the form
proved in [27]. In Theorem 1.5 a general estimate on the speed of conver-
gence is established. Proposition 1.7 is in fact a corollary of Theorem 1.4
covering the case of some more particular Markov operators that are studied
in Section 2.

In Section 2, the general theory is applied to the Markov process induced
by an infinite-dimensional stochastic equation. The main result is contained
in Theorem 2.6 where the variational convergence of the adjoint Markov evo-
lution system and, in the autonomous case, the existence and uniqueness of
the invariant measure are established. Corollaries 2.7 and 2.8 are further
specializations simplifying the assumptions of Theorem 2.6. Propositions
2.2 and 2.4 provide verification of general assumptions of Proposition 1.7 in
the concrete case of the the equation (2.1). At the end of Section 2 three
examples are given: An equation of the form (2.1) with a more particular
nonlinear term in the drift (Example 2.10), a stochastic nonautonomous
semilinear parabolic equation (Example 2.11) and a stochastic integrodiffer-
ential equation (Example 2.12).

Section 3 contains the proof of the crucial Proposition 2.2. It provides
a lower bound on the density of the transition probability of the Markov
process induced by the equation (2.1) with respect to the corresponding
Gaussian transition probability and could be of independent interest.
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For Banach spaces Y, Z we denote by L£(X,Z) the space of bounded
linear operators Y — Z, L(Y) := L(Y,Y), and by C(Y, Z) the space of
continuous functions Y — Z. The symbol D(A) stands for the domain of

the operator A. More notation is introduced at the beginning of Sections 1
and 2.
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1. The general method of lower measures. Let (X,F) be a mea-
surable space and denote by M, M, and P, respectively, the sets of finite
real, finite nonnegative and probability measures on F. We consider the
usual linear structure on M.

1.1. DEFINITION. A linear mapping § : M — M is called a Markov
operator if S(P) C P.

1.2. DEFINITION. A system X = {S;; : 0 < s <t < oo} is called an
evolution system of Markov operators if each Ss; is a Markov operator, and
SutSsu = Sst for every 0 < s <u <t < oo.

For v € M denote by ||v||, vt and v~ respectively, the total, positive
and negative variations of v. We put simply ||v| = ||v[[(X). Note that
[ = v (X) and [[v~[| = v~ (X).

1.3. DEFINITION. A system {us : s € Ry} C My is called a system of
lower measures (with respect to X) if

1.1 inf ,(X) >0

(1.1) Sgﬁ%ﬂ( ) >

and

(1.2) [(Ss,ev — ps)~ || — 0, t — o0,

for every s > 0 and v € P. If us = p does not depend on s, then y is called
a lower measure (with respect to X).
The condition (1.2) is sometimes called the I-condition (cf. [21], [27]).

1.4. THEOREM. (a) If there exists a system of lower measures with respect
to X then

(1.3) ||Ss,ev1 — Ss el — 0,  t — o0,

for every s > 0 and v1,v5 € P.

(b) Assume that the system X' is homogeneous, i.e., Ss.t = Ssyn t+n does
not depend on h > 0 for 0 < s <t < oo, and set S; := Sp . Then there
exists a lower measure with respect to X iff there exists an invariant measure
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w* € P with respect to X (i.e., Sep™ = p* fort >0) and
(1.4) |Siv — pu*|| — 0, t— oo,
for every v € P.

The proof of Theorem 1.4 is based on an idea due to Lasota and
Yorke [23], [21], and in the present setting is contained in [27].

1.5. THEOREM. Let X' = {S;;: 0 < s <t < oo} be an evolution system
of Markov operators and let there exist a system {us:s € Ry} C My such
that

A= ;121% ps(X) > 0.

Let vi,v3 € P, e € [0,1/2] and o € (0,1/2) and assume that there exists a
set B € F such that

(i) Sov1(X\ B) < e and Sy 1v2(X \ B) < ¢ for every 0 < o <t < o0,
and

(i) there exists T > 0 such that for every p € P with u(B) = 1, and
o > 0, we have

||(Sa,a+7':u — o) || < Aa.
Then
12¢

1- Go

(1.5)  [Ssv1 = Seavall < gitllvn —vel +12¢ ) ah < qillvr — vl +
=0

for every s >0, t>nt+ s and n € N, where ¢, :=1— (1 —2a)A € (0,1).
Proof. Assume that
(1.6) IS5, stnr (11 = v2)|| < qilln — val + 126> g, + 6e
i=1
for some n € N. Our aim is to show (1.6) with n replaced by n + 1. Set
Nl(A) = Clss,ernTVl(A N B), //*2(14) = C2Ss,s+nTV2(A N B)7 A€ f,

where ¢; = (Ss s4nrv1(B))! and co = (S5 s4nrv2(B))~! are normalizing
constants. Since p; and po are probability measures we have

= lut = lu" Il = 3lul

for = p1 — po. Without loss of generality we can assume n > 0. Note that

g
(17) ”SS,S+7’LTV1 - NlH + HSs,s+nTV2 - N2H < 2<5 + 1—_€> < 6e

by (i). Furthermore, we have
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(1'8) |’Ss+n7,s+(n+1)7—NH = 77H(SernT,er(n+1)7—7771N+ — Wstnr)
_(Ss+n7,s+(n+1)77771:u7 - MS+HT)H'
Since n™tuT € P, tu= € Pand n7pt(X\ B) =1~ (X\ B) =0,
we obtain
||(Ss+m',s+(n+1)7-7771:“Jr - ,um'—i-s)iu <A
and
“(Ss+n7,s+(n+1)77771:u'7 - ,UfnTJrs)iH < Aa.
Therefore,

|’Ss+n7',s+(n+1)7'77_1ﬂ+ — Hnrisll < Ss+nT,s+(n+1)T77_1N+ (X) = pstnr(X)
+ 2”(Ss+nr,s+(n+l)r7flﬂ+ - ,Uerm—)i H
<1-=X+2a\=q,,

and SimilarIY7 |’Ss+n7—,s+(n+1)7—77_lﬂ_ - ,Uerm—” < Ga- By (18) this yields

“SS+HT,S+(H+1)T/J’“ < 277% = HMqum
and by (1.7) it follows that

||Ss,s+(n+1)‘r(yl - VQ)H < ||Ss+n‘r,s+(n+1)‘r(SS,S+HT(V1 - VQ))H
< NSstnr st (ni1yrpll + 66 < qallp]| + 62
< 4a(||Ss,s4nr (1 — 12)|| 4 6¢) + 6=

n
< o (a2l — vall +122 Y i + 6= + 62) + 62
i=1
n+1 .
<" H|vy — v + 126 Z q., + Ge.
i=1
Thus we have obtained (1.6) with n replaced by n + 1 and since for n = 0,
(1.6) holds evidently, it is satisfied for all n € N by induction. From the
definition of a Markov operator it easily follows that Ss, : (M, - ||) —
(M, ]| - |I) is bounded for any 0 < s < r < oo, with the operator norm less
than or equal to one. Therefore,

185,61 = v2)[| = [SstnrtSs,s4nr (1 = 12)|| < [|Ss,54mr (1 — 12|
for any t > s + n7, which concludes the proof. m

1.6. Remark. The preceding theorem gives a possibility to estimate
the speed of convergence in (1.3), (1.4) in the case when, given any € > 0
and v1,v9 € P, we are able to find the set B and to estimate the value of 7
from above. Usually, B is a “large” ball in a suitable state space, in which
case the conditions (i) and (ii) of Theorem 1.5 are a kind of boundedness in
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probability and a “locally uniform” I-condition, respectively (see Remark 2.9
below).

If X is homogeneous and € = 0 then Theorem 1.5 tells us that X is
geometrically ergodic.

In the rest of the section we consider the case when the family of oper-
ators X = {S, .} is a two-parameter adjoint Markov evolution system cor-
responding to a Markov process in X. More precisely, let P = P(s,z,t, A),
0<s<t< oo, zeX,AcF, be the transition probability function of a
nonhomogeneous X-valued Markov process X = (X3), i.e.,

(1.9) P(s,z,t,A) =E; zxa(Xy), 0<s<t<oo, ze€X, A€ F,

and let Py, : M — M be defined as

(1.10) Piv(A) = S P(s,z,t,A)v(dr), 0<s<t<oo, veM.
X
It is easy to see that

(1.11) $:={P:0<s<t< o0}

is an evolution system of Markov operators in the sense of Definition 1.2.
Below we present a useful sufficient condition for existence of a system of
lower measures with respect to X' defined by (1.11).

1.7. PROPOSITION. Assume that for every s > 0 there exist [(3(s) > 0,
bs € My, and B(s) € F such that

(i) for any = € X there exists to = to(s,x) such that P(s,x,t, B(s))
> ((s) for all t > to,

(ii) inf{P(t,z,t +1,A) :x € B(s), t > s} > [15(A) for all A€ F, and

(111) infszo ﬁ(s)ﬁs(X) > 0.

Then there exists a system of lower measures with respect to X = {PJ,}.
If B, B and ji can be found independent of s € Ry then there exists a lower
measure with respect to .

Proof. Fort>s>0,v € P and A € F, we have
Prav(A) =\ | P(t,y,t + 1, 4) P(s, 2,t,dy) v(dz)
X X
>\ | Pty t+1,4) P(s, x,t,dy) v(dz)
X B(s)

> fis(A) | P(s,2,t, B(s)) v(dw)
X

by (ii). Since liminf, . {x P(s,z,t, B(s)) v(dz) > ((s) by (i), we obtain
1(P5v = B(s)ps) || = 0, & — oo
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Hence {us := B(s)iis : s € Ry} is a system of lower measures with respect
to X ={P;,} =

2. L-condition for semilinear stochastic equations. In this section
the general method developed in the previous part is applied to the case
when the Markov process is induced by a semilinear stochastic equation of
the general form

(21) dXt = [AXt + f(t,Xt)]dt + th, t>s52> 0, XS =€ H,

where H is a separable Hilbert space. Throughout the section we assume
that W; is a cylindrical Wiener process on H with identity covariance, A is
a self-adjoint and negative unbounded linear operator on H with a nuclear
inverse. Hence there exists an orthonormal basis {e,,} in H consisting of
eigenvectors of A and the corresponding eigenvalues satisfy

(2.2) Ae, = —Aen, Ap>X >0 neN,
and
(2.3) > A <0,

n=0

It is well known that under the assumptions (2.2) and (2.3) there exists a
unique mild solution to the linear counterpart of the equation (2.1),

(2.4) dZ, = AZdt +dW,, Zs=xz€c€H, 0<s<t< .

This solution is an H-valued Ornstein—Uhlenbeck process defined by the
formula

t
(2.5) Zy=St—s)z+\St—r)dW,, t>s,

S
where S(-) is the (analytic) semigroup generated on H by the operator A
(see, e.g., [7] for details on the semigroup theory of stochastic equations).
The function f : R x H — H is assumed to be at least measurable and
such that (2.1) has a unique weak solution and induces in a natural way a
Markov process in the space H (cf. [1], [7] for explicit sufficient conditions
on f). However, in this section, more restrictive assumptions on f have to
be selectively used and they are specified below.

Denote by B(H) and P the o-algebra of Borel sets of H and the set of

probability mesures defined on B(H), respectively, and let

P=P(s,z,t,I') =Exp(X;"), xe€H, 'eB(H), t>s>0,
and
Q=Q(t—s 1) =Exr(Z), wz€H I'eB(H), t>s>0,
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be the transition probability kernels corresponding to the processes X; and
Zy, respectively, where X;** and Z;*" stand for the solutions of the respective
equations (2.1) and (2.4). (This notation is used to emphasize the initial
conditions X5* = z and Z>* = z.) We shall apply the results of the
previous section to the adjoint Markov evolution system P* defined by

(2.6) Pyl =\ P(s,z,t,Iv(dx), veP,IeBH)
H

with X = H and F = B(H). In order to formulate some assumptions
we recall the concept of the conditioned (or “pinned”) Ornstein—Uhlenbeck
process defined by the equation (2.4), which was studied in the infinite-
dimensional context by Simao [33], [34]. For ¢ > 0 and z,y € H, set
Tn, = (X, €n), Yn = (Y, €n), wp(t) = (Wi, e,), and

1 — e 2 n(t+1-s) S —An(t+1—u)
(2.7) Yo (s) = —— ¢

o—An(t+1—s) 1 — o—2ha(tHl—u) duwn (u)
t

fort < s <t+1and n € N. The Ornstein-Uhlenbeck process given by

(2.4), conditioned to go from x at s=ttoyat s=t+1, Z(s) = Ztthy(s),

is given by the expansion

(2.8) Z(s) = Zi () = Y Zn(s)en,
n=1
where
N B o 1— 672)\n(t+1fs)
(2.9) Zn(s) = e M7t o n
e Pl =2\
4+ eAn(t+1=s) = Yn + Yn(s)
for s € [t,t + 1] (cf. [34]). Set
(2.10) dp = sup{|(f(s,x),en)|:s>0, z€ H}, mneN

Below, the assumptions (A1)—(A3) are formulated.
(A1) 4, < oo for n € N and

ZénAgl/Q = Zsup{|(f(s,3:), (=A)"V2e,):5>0, z € H} < 0.
n=1 n=1

(A2) There exists a > 0 such that
Eexp{a|f(s, Z"*(s))]*} < oo
forallt e Ry, s€[t,t+ 1] and z € H.
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(A3) There exist f > 1 and functions vy,v : H — Ry, bounded on
bounded sets in H, such that

t+1
Eexp {6 | 17(s, Z() ds} < va(w)oa(y)

t

for t € Ry and z,y € H, where Z(s) = folvy(s) is defined by (2.7)—(2.9).

The assumptions (A2) and (A3) are trivially satisfied if |f| is bounded
on Ry x H, in which case we also have §,, < oo for any n € N. It is
not difficult to construct an example of an unbounded function f so that
(A1)—(A3) are satisfied. However, we have the following statement, which
was communicated to us by Jan Seidler:

2.1. Remark. Let D C R? be a bounded domain, H = Lq(D),
F € C(R) with a linear growth, and define

f@)(§) = F(x(§)), xeH, {eD.
Assume that there exists a g € D((—A)'/?) such that

o<(§g(§)d§(<oo

and |(—A)Y2g| < 1. Then (A1) yields
sup{|F'(y)| : y € R} < o0.
To see this, note that (A1) implies that
(2.11) M = sup{|(—A)"2f(x)|: z € H} < o0,
that is,
M = sup{[(f(2), ] < |(~A)/2h] < 1, h € D(—A)V2), x € H}
> sup{|(f(2),9)| : @ € B} = sup {| | F@(€)g(¢)de| s w e 1},
D

Thus, if we assume that there exists a sequence y; € R such that
|F(yx)| — oo, then setting x(£) = yg, we get

M = sup{|(=A) "2 fwy)| : k € N} = sup {| | Flyn)g(¢) dg| : k € N}
D

> | § 9(¢) dg| sup{| Fy)| : k € N} = ox,

which contradicts (2.11).

The proof of the main result of the paper is based on the following
proposition whose proof is given in Section 3.
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2.2. PROPOSITION. Assume (A1)—(A3), set v:= Q(1,0,-) and

(2.12) Dz{yGH:Z&n\(y,enH <oo},
n=1

and let B € B(H) be a bounded set in H. Then P(t,z,t+1,-) is absolutely

continuous with respect to Q(1,x,-) for any t >0 and x € H, and

nf dP(t,z,t +1,-)
dQ(an )

~v-almost everywhere on H, where h : H — R, is a bounded measurable
function depending on B such that h(y) > 0 for y € D.

(2.13)

(y): x € B, tER+}2h(y)

2.3. PROPOSITION. For every bounded set B C H there exist constants
K1, ko > 0 such that

dQ(17 xz, )
dy

for x € B and vy-almost all y € H.

(2.14) (y) > k1 exp{—raly|}

Proof. We have Q(1,z,-) = N(S(1)z,Q1) and v = N(0,Q1), where
Q1 = S(l) S(2t) dt satisfies

1
e Pnte dt = —(1—e *)e,, neN

(2.15) Qren = o

O e =

It is clear that Range(S(1)) C Range(Q1) and by the closed graph the-
orem it follows that Q;'S(1) € L(H). By the Cameron-Martin formula
(see, e.g., [7], Proposition 2.24) we obtain

B y) = e {11502, 01 %) - Q1 25 (1)al)
> exp{~|Q1 'SVl - |yl - 31@; S (1)}
> exp{=51Q1 2 - QTS o 21}
x exp{~|Q7 " S(1) |zl - [y[}
> k1 exp{—kra|y|}. m
In the following Proposition 2.4 specific conditions on f are given for

the general Proposition 1.7 and Theorem 1.5 to be applicable to the adjoint
Markov semigroup generated by (2.1).

For r > 0 denote by B, = {z € H : |z| < r} the open ball in H with
center 0 and radius r. The following assumption (A4) is introduced:



STOCHASTIC SEMILINEAR EQUATIONS 157

(A4) For every x € H the function f(-,z) : Ry — H is continuous and
for every r > 0 there exists a constant K, > 0 such that

for t € [0,7] and x,y € B,.
Set

m:sup{E‘iS(t—r)dWr

:t2820}.

From (2.2) and (2.3) it easily follows that m < cc.

Note that under the assumptions (A4) and (2.16)—(2.18) below there
exists a unique mild solution to (2.1), and that (2.1) induces a Markov
process on H (cf. [8], [7]).

2.4. PROPOSITION. Assume that f satisfies (A4) and
(2.16) (Az + f(t,x +y),2) < —w®)z]* +alt, |y)]z|

fort € Ry, . € D(A) and y € H, where w : Ry — Ry and a: RT — Ry
are measurable and bounded on bounded sets, a(t,-) is increasing for every
t >0,
o+T
(2.17) inf{ S w(A)dA:JER+}—>oo as T — oo,
and
t t

(2.18) M :=sup { Sexp{ - Sw()\) d)\}Ea(r, lp(r))dr it > s> 0} < 00,

where
-

o(r) = SS(T —u) dW,.

Then for every 0 < s <t < co we have
(1) B X5 ()| < m + |zle” = “PM 4 AL,
Furthermore,

(ii) for every e > 0 and Ry > 0 there exists Ry > 0 such that P(o,x,t,
H\ Bp,) <e¢ forz € Bgr, and 0 <o <t < o0, and
(iii) for any constants 3, L > 0, satisfying

(2.19) (1—B)L>m+M

and every Ry > 0 there exists T > 0 such that P(o,x,0+t,Br) > gfor all
r€DBpr,,c c Ry and t > T.
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Proof. By a straightforward modification of the proof of Theorem 7.10
in [7] it can be shown that under the present conditions there exists a unique
solution v = v(t, s, x, 1) of the equation

¢
(220)  o(t)=SEt—s)z+ St —r)flrvr)+¢(r)dr, s<t<T,

for every T > s > 0,2 € H and ¢ € Cy([s,T],H) := {p € C([s,T],H) :
©(s) = 0}, such that v(-,s,z,v) € C([s,T],H), and the mild solution of
(2.1) has the form X (t) = v(t, s, x, ¢(:)) + ¢(t), t > s. Set R(n) = nR(n, A),
where R(n,A) = (nI — A)~! is the resolvent of A, n > 0, and define a
sequence v,, € C([s,T], H) by

vp(t) = Rn)S(t —s)x+ \R(n)S(t —r)f(r,v(r) +¢(r))dr, s<t<T,

B ey

where v is defined by (2.20). Note that for s < T we have
sup |(R(n) = I)(S(t —r)f(r,o(r) +¢(r)) + St = s)z)| — 0

s<r<t<T

as n — 0o, and hence it is easy to see that

(2.21) sup |v,(t) —v(t)] — 0, n— oo,
s<t<T

and
(2.22) sup [0,(t)] = 0, n — oo,

s<t<T
where

dvy,

Ba(t) = L (8) = Ava(t) = (. va(t) + (1))

dt
Since

d
| (2)] - E‘Un(t)‘
< (Avp () + f(vn(t) + (1), vn (b)) + (0n(t), v (1)), t=s,
we obtain
d-

(O] < —w®)lvn (O] +alt, [0(O)]) + 10 (O], t =,

by (2.16), and, consequently,

vn(t) < |z|e” L w(N)dA

+ gexp{ ey d)\}(a(r, W) + [6,()) dr, > s

S T
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By (2.21) and (2.22) it follows that

t t
o(t) < Jele” 2P 4 fexp { — fw() dra(r fp@) . t> s,
which yields

E|X* ()] = Elo(t, s, 2,6() + ¢(t)] < m+ [zle” »*NN 4 11

for every 0 < s <t < oo and = € H, which is precisely (i). The assertions
(ii) and (iii) follow immediately from (i) by the Chebyshev inequality and,
in the case of (iii), by (2.17). Note that 7" is found by (2.17) so that
o+T
inf{ | wydr:oe R+} > —log[l — B — R~ Y(m+ M)]. m

2.5. COROLLARY. Assume that f : Ry x H — H satisfies (A4) and
(223) |f(t7$)| S]<‘i1—|_]’{‘)2|$|7 (t7$) €R+ X H,

for some ki, ks > 0 such that ka < Ao (cf. (2.2)). Then (2.16)—(2.18) are
satisfied, and hence the assertions (i)—(iii) of Proposition 2.4 hold.

Proof. Note that (Az,z) < —\g|z|? for € D(A), and, therefore,
(Az + f(t.x +y), 2) < —Xola|* + ka|z| + kalz|(Jz] +[y])
< (<o + ko)l + (k1 + ka|y])||

for x € D(A), t € Ry, and y € H. Thus we obtain (2.16) with a constant
w= Ao — ko and with a(t,0) = k; + k20,60 > 0. m

Now we can state the main result of the present section.
2.6. THEOREM. Assume (Al)—(A4), (2.16)—(2.18), and

(2.24) (D) > 0,
where v and D are defined in Proposition 2.2. Then
(2.25) HP;tyl — P;tugH — 0, t— oo,

for all s > 0 and vy,vy € P. If, moreover, f(t,x) = f(x) does not de-
pend on t, then there exists a unique invariant measure p* € P for the
equation (2.1) and

|1Pfv —p*[| =0, t— oo,
for every v € P, where P} is the adjoint Markov semigroup of the (homo-
geneous) Markov process defined by (2.1).

Proof. Take a fixed L > m 4+ M, where m and M are the constants
from Proposition 2.4, and # > 0 such that (1— )L > m+ M. We verify the
assumptions of Proposition 1.7 with B(s) = By, 8(s) = [ and a suitable
lower measure fi (independent of s). The condition (i) of Proposition 1.7 is
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satisfied by Proposition 2.4(iii). Furthermore, for any s > 0, I' € B(H) and
x € By, we have

dP(t,z,t+1,-)
dQ(lv:Ev )

h(y) Q(1, x,dy)

(y) Q(1,z,dy)

(2.26) P(t,z,t+1,I) =

>

Nt N

by Proposition 2.2, where h > 0 does not depend on t € Ry and = € By,
and h > 0 on D. Proposition 2.3 yields

(2.27) J h(y) Q1 2, dy) > k1 | h(y) exp{—ralyl} (dy),
r r
where k1 and ko are independent of x € By. Setting
A(T) = k1 | h(y) exp{—raly|} (dy)
we obtain )

inf{P(t,z,t+1,I"):x € By, te Ry} >pu(l"), I'e€B(H),
hence the condition (ii) of Proposition 1.7 is satisfied. Since
f(H) > k1 | h(y) exp{—ra|y|} 7(dy) > 0
D
by (2.24), the remaining assumption (iii) of Proposition 1.7 is also satisfied

and the proof is finished by applying Proposition 1.7 and Theorem 1.4. m

Note that if v(D) > 0 then, in fact, y(D) = 1 since D is a Borel linear
subspace of H and so the Kallianpur 0-1 law applies (see, e.g., [18]).

If the mapping f is bounded in the norm of H, the assumptions of
Theorem 2.6 are considerably simplified.

2.7. COROLLARY. Assume that |f| is bounded, (A4) is satisfied, and

(2.28) i S, 12 < o0,
n=1

(2.29) W({ye H: Y aully.en)l < o}) >0,
n=1

where 0, = sup{|(f(t,z),en)| : t > 0, x € H}. Then the assumptions of
Theorem 2.6 are satisfied.

Proof. The conditions (2.28) and (2.29) are, in fact, the assumptions
(A1) and (2.24), respectively. The assumptions (2.16)—(2.18) are satisfied
by Corollary 2.5 and the remaining assumptions (A2), (A3) are satisfied
trivially. =
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Some more specific sufficient conditions for (2.28) and (2.29) to hold will
be given. Denote by D%, o > 0, the domain of the fractional power (—A)®
equipped with the graph norm.

2.8. COROLLARY. Assume that the function f satisfies (A4) and |f| is
bounded. Moreover, let one of the three conditions (1)—(iii) be satisfied:

(1) 2oz 0n = > 2 sup{[(f(t,z),en)[? 1 >0, 2 € H} < 0.
(i) f: Ry x H — D9 is bounded for some a > 0 such that (—A)™% is
a Hilbert—Schmidt operator.

(i) 3°°°, A < 0.

Then the conclusions of Theorem 2.6 hold true.

Proof. By Corollary 2.7 it suffices to verify (2.28) and (2.29). If (i)
holds then

ixgl/m < (ix;l)m . (nilag)m < o0

by (2.3), and

S altwen <wl( 3 02)"
n=1 n=1

for y € H. Tt follows that D = H and (2.28), (2.29) are obviously satisfied.
Part (ii) is a particular case of (i) since

253 = Zsup{](f(t,x),enHQ >0, z€ H}
n=1 n=1
=Y sup{[((-=A)*f(t,2), (~A) en)[* : t 20, z € H}

<sup{|(=A)*f(t@)? >0, € HY - Y |(—A) e[

n=1

e 20, v € HY-|(—4) s < oo,

= sup{[f(t, )

where | - |gs stands for the Hilbert—Schmidt norm of operators on H.
If (iii) is satisfied then

i)\gl/%n Ssupén'i)\glﬂ < 00

n=1 n=1

since supd,, < sup|f|, and setting y,, = (y,e,) for y € H and n € N, we
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have

i ’yn‘én = f: )‘;1/4’)‘711/4yn‘5n
n=1 n=1
<sud, - (3o00)" (0w
n=1 n=1

<supf]- (A7) Ay
n=1

for y € D114/ * hence D D D114/ oIt s easy to check that (iii) implies that
W(D;/Al) =1 and, therefore, (2.29) holds. m

2.9. Remark. Proposition 2.4(i) together with a lower estimate on
[(H), where 11 is the measure defined in the proof of Theorem 2.6, make
it possible to apply Theorem 1.5 to estimate the “speed” of convergence in
(2.25) (cf. Remark 1.6). More precisely, given vy, € P and € > 0 we can
use the fact that
P(o,2,t, H\ Bg) < R '(m+|z| + M), 0<oc<t<oo, z€H, R>0,
in order to find R > m + M such that

Pywi(H\ Br)<e, Pywn(H\Bgr)<e

o

for every 0 < 0 <t < oo. Furthermore, for any p € P with u(Bg) = 1,
0>0,7>1and I' € B(H), we have

(230) P;,aJrTlu(F) > X P(U +7 = 17 z,0 +T, F) P;,UJrTfllu(dx)

Br

> inf{P(c+7—1,z,0+7,I"): x € Br}

X P;,U+771M(BR)7
and tracing the proof of Theorem 2.6 (with B, = Br) we obtain
(2.31) inf{P(c+7—-1Lz,0+7,I): 2 € Br} P, . 11(Br)

> /’/Z(F)P;,U+T—1M(BR)'

Choosing 3 > 0 such that 8 < 1— R~ (m+ M) we get, by Proposition 2.4(i),

(2.32) P;,U+T—1M(BR) = S P(o,z,0 + 1 —1,Bg) u(dz) > B
Br
for 7 =1+ T, where T can be found by (2.17) so that
o+T

(2.33) inf{ | wydr:ioe R+} > —log[l — § — R~Y(m + M)).

o
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From (2.30)—(2.32) it follows that

1(P5 5 4rma(-) = BE()) [ =0
for all 0 € Ry and for 7 = 1+ T defined by (2.33). Thus (2.33) gives us the
upper estimate on 7 required in Remark 1.6.

2.10. ExamMPLE. Consider the equation
(234) dXt = (AXt + f(t,Xt))dt + th, t Z S, XS =,

on a Hilbert space H, where W; is a standard cylindrical Wiener process on
H and A satisfies (2.2)—(2.3). The mapping f: Ry x H — H is assumed to
have the form

N
(235) f(t7$) = Zaj(t)goj (t,ﬂj‘), (t7$) € R+ X Ha
j=1

where a; : Ry — H and ¢; : Ry x H — R are bounded and continuous,
and ¢;(t,-) : H — R are Lipschitz on bounded sets for all ¢ > 0 and
Jj =1,...,N. Moreover, assume that a; : R, — D9 for some o > 0 such
that (—A)~® is a Hilbert-Schmidt operator and |(—A)%a;(-)| are bounded
for j =1,..., N (note that (—A)~* is always Hilbert—Schmidt for o > 1/2).
Then by Corollary 2.8(ii) the conclusions of Theorem 2.6 hold true for the
Markov evolution operator {Py, : 0 < s <t < oo} induced on P by the
equation (2.34).

2.11. ExaMPLE. Consider the nonautonomous stochastic parabolic
equation

ou 0*u

+E(tu(t,§)) g, t=520, £€(0,1),
with the initial condition wu(s,&) = wug(§), £ € (0,1), and the boundary
conditions
0%u 0%u
u(t,0) = u(t,1) = a—éﬂ(t,O) :8—62@71):07 t=>s,
where ¢ stands symbolically for a space-time white noise and F': Ry x R
— R is bounded, continuous, and Lipschitz in the second variable. The

formal equation (2.36) is rewritten in the usual way as an equation of the
form

(21) dXt = (AXt + f(t,Xt))dt + th, t> S,
in the Hilbert space H = Ly(0,1), with the initial condition X, = ug € H,
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where

84 82u azu
sy T aer P {” € Hi(0,1): 55 (0) = 5 (1) = o},
ft,2)(0) = F(t,x(0)), x<cH, 0c(0,1), tcR,,

and W; is a standard cylindrical Wiener process on H. (See, e.g., [15], [6],
[20] or [31] for related existence and regularity results.) It is obvious that
A = A* is negative on H, A~! is nuclear and the eigenvalues of —A satisfy

(2.38) An ~nt,

so clearly > > | A\, 12 < 0. Thus Corollary 2.8(iii) may be applied. We
conclude that the statements of Theorem 2.6 hold true.

2.12. EXaMPLE. Consider the stochastic integrodifferential equation of
the form

ou 0%u

(2.39) E(t,@ = o2

1

+\E (& rult,r) dr +aige, t>s>0, £€(0,1),
0

(t,€)

with the Neumann type boundary conditions

ou ou
2.4 —(t,0) = —
and an initial condition u(s, &) = us(€), € € (0,1), where K : R, x (0,1)? x
R — R is bounded and measurable and satisfies
(241) |K(t,£,7",91) _K(t7£>r792)| < kT|01 _92|

for all t € [0,7],T > 0 and (£,7,61,6) € (0,1)2 x R2, where the constant
kr > 0 depends just on T, K(-,&,7,0) : R, — R is continuous for every
(&,7,0) € (0,1)2xR, K(t,-,r,0) € C(0,1) for every (t,7,0) € R, x(0,1)xR,
and 0K /O¢ is bounded on R, x (0,1)? x R. The system (2.39)—(2.41) can
be rewritten in the usual way as an equation of the form

(2.1)  dX, = (AX, + f(t, X,))dt + dW,, X,=u, € H, t>s>0,

(t,1) =0, t=>s,

in the space H = L(0, 1), where W, is a standard cylindrical Wiener process
on H, A = 0%/0¢? is defined on the subspace of H?(0,1) consisting of
functions satisfying the boundary conditions (2.40), and f: Ry x H — H
is given by

1
(242)  f(ta)(€) =Kt &ra(r)dr, xzeH, teRy, £€(0,1).

0
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It is well known that A satisfies the conditions (2.2)—(2.3) with a suitably
defined orthonormal basis {e,} in H and with A\, ~ n%. From the above
assumptions on the kernel K it easily follows that f defined by (2.42) is
bounded in the norm of H and satisfies (A4). Furthermore, since Di‘/ 2 =
H'(0,1) in the present case (cf. [12]) and

1

S

0

9 1 2
7 VK (t,&r a(r)dr| de

0

is bounded by a constant independent of ¢ € R, and x € H, we obtain
SUp{|(—A)1/2f(t,gj)| : (t,l‘) € R—i— X H} < 0.

Noting that (—A)~'/2 is Hilbert-Schmidt we conclude that the statements
of Theorem 2.6 hold in the present case by Corollary 2.8(ii).

3. Proof of Proposition 2.2. We keep the notation introduced at
the beginning of the preceding section and the assumptions (2.2)—(2.3) and
(A1)-(A3). In order to prove Proposition 2.2, two auxiliary results are
established. For n € N set f,,(¢t,x2) = (f(t,x),e,) for (t,z) € Ry x H.

3.1. LEMMA. Assume (2.2)—(2.3) and (A1)-(A3). Then
(i) there exist k > 1 and ¢y, > 0 such that

E exp {k( i T Fa(s, Z(s)) dwy(s)

n=1 t
m t+
t

n=1

t+1

N | —

a5, Z()P ds) } < cyor (2 (y)

for everym e N and t € Ry,
(ii) for every x € H,y € D, k > 0 and m € N we have

Bexp (| 32 | (5. Z(5)an (s 3m) ds
t
< exp{2k§:5an:2—_;\z\fn|} < 00,
n=1

2)\n€_>\"(t+1_5)
1 — e 2n

—n

(3'1) an(5>33n’yn) = (yn —€ ﬂin),
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iii) for every k > ere exists a constant c, > epending only on
k>0 th St tant ¢, >0 d di [ k
such that

m t+1 2)\ 6_2>\"(t+1 s)

EeXp{k‘Z S _ _2>‘n(t+1 ) |Y( )|d8} < C;c

n=1 t

forall me N and t € R

Proof. The above statements are straightforward modifications of
known results: The estimate (i) follows from (A3) in the same way as, e.g.,
the inequality (1.10) in [10], Chapter 7, Section 1, while the proof of (iii) is
completely analogous to the proof of Lemma 4.1 in [33]. Simple calculations
yield

m t+1
nxn’
‘nz:l ) fnsZ( ))an (S, T, Yn) ds‘<225 — o,

and (ii) follows. m

Set

(3.2) o(t,x,y) = Zgbnt:ny LlhmZQSnt:Ey

m—0o0

fort e Ry, x € H and y € D, where L;-lim denotes the limit in the mean,

t+1 t+1

onlta,y) = | fuls, 2D dun(s) — 5§ 1fuls, Zs)) ds
tt+1 A t
+ S (s, Z(8))an(s, zpn, yn) ds

t

t41 N A, e~ 2An(t+1=s)
=2 | fuls. 2() sy Yo

t
and a,, Y, and Z(s) are defined by (3.1), (2.7) and (2.8), respectively.
The limit passage in (3.2) is justified since the series in (3.2) converges in
probability while the condition (A3) and Lemma 3.1(ii), (iii) imply that the
partial sums in (3.2) are uniformly bounded in L, for some p > 1 and,
therefore, uniformly integrable.

(s) ds,

3.2. LEMMA. Assume (2.2)—(2.3) and (A1)—-(A3). Then
dP(t,x,t +1,-)
dQ(an )
foranyt e Ry and x € H.

(3.3) (y) = Eexp{o(t,x,y)} ~-a.e.y € D
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Proof. Let x € H and t € Ry be fixed. By the Girsanov theorem we
have
dP(t,x,t +1,-)
dQ(laxa )

Q(1,x,-)-a.e., where g = L1-lim p}* and

m t+1 1 m
0y = exp { Z S fn(s, Z8%(5)) dwy, (s) — 5 Z

(cf. [26], [13], [33], Lemma 3.1). As m — oo, E(o* | Z4*(t + 1) = y)
converges in Ly (H, B(H), Q(1, z, )) toE(o; | ZM"(t+1 ) = y) and, therefore,
there exists a subsequence of E(of* | Zb%(t + 1) = y) (denoted again by
E(of™ | Z"*(t+1) = y)) which converges Q(1, z, -)-almost everywhere. Since
the Ornstein—Uhlenbeck process Z defined by (2 4) is strongly Feller in the
present case (see, e.g., [26]), the measures Q(1,x,-) and v = Q(1,0,-) are
equivalent and we arrive at

(y) =E(o¢ | ZM(t+1) = y)

t+1

.
[ 1fa(o 2 () ds |

gv

(34)  lim E(g" [ Z""(t+1) =y) =E(e: | Z""(t+1) =y) 7-ae
Now, for each m € N, we have

(35) E(of" | Z""(t +1) =)

- E<exp{§: T Fuls, Z8(s)) dZb(s)

n=1 t

3 Fuls, 287 ()M 257 (s) ds

n=1
1 m t+1 . e
52 [zt (NP ds} |20+ 1) =)
m t+1 R R
:Eexp{z | fu(s,Z(s) dZy(s)
m t+1 1 m t+1 R
30 ) fals. Z6)AZa(s)ds = 5 | |fn(s,Z(s))|2ds},

where Z (s) is the Ornstein—-Uhlenbeck process conditioned to go from = at
s=ttoyat s=t+1, and Z,(s) = (Z(s),en). The processes Z,(s) satisfy
the stochastic differential equation
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AZn(s) = dwn(s) — A Zn(s) ds

(36) oy 6—2)\n(t+1—s) Zn(S) _ e—2>\n(t+1—s)yn
n 1 — e—2An(t+1—5)
Zn(t) = 2,

ds,

(cf. [35] for the details from the theory of conditioned processes). Solving
(3.6) we get the formula (2.9). It follows that

(3.7 E(of" | Z"(t+1) =)

:Eexp{

1 m t+1 R
~ 330 1 s Z(s)) P ds
n=1 t
m t+1 R
=23 " | fals, Z(s)An
n=1 t

X

672)\n(t+1fs)2n(8) _ e*)\n(tJrlfs)yn
1 — e—2hn(t+1—s) ds -

Using (2.9) we calculate that

672)\n(t+1fs)2n(8) _ e*)\n(tJrlfs)yn

2An 1 — g2 n(t+1-5)

2/\n672)\n(t+1fs)

= —an (8 Tn,Yn) + W Y, (s),

therefore, (3.7) yields

(3.8) E(of" | 2(t+1) =y) = Eexp{ > éu(t,z,9) }.

n=1

As for (3.2) it can be checked that

Jim Eexp {3 6u(t2.y)} = Eexp{o(t.2.1))
n=1

fort € Ry, x € H and y € D (uniform integrability of the partial sums
follows from Lemma 3.1(i)—(iii)). This, together with (3.8) and (3.4), implies
that

E(or | 2""(t+1) = y) = Eexp{o(t, z,y)}
for v-almost all y € D. m
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Proof of Proposition 2.2. For all m € N we have

m t+1 m t+1
B3 | Sl Z6) dwnls) — 530 | s, ()P ds

t+1
<2Eexp{ | [£(s,2(s)P ds} < 201()ea(y)
t
by (A3). This, together with (ii) of Lemma 3.1, implies that

|yn - eiA"l‘n|

2
Blo( 2,y < o1 + o (@)eay) +2 3 00— oo

for (t,z,y) € Ry x H x D, where ¢; is a constant. Since vy is bounded on

bounded sets in H, it follows that for every bounded set B C H there exists
a constant ¢ such that

Bl < cn[L 5 )+ 36+ ).
n=1

The sum on the right-hand side converges for y € D, so setting

9(y) =cB [1 +v2(y) + Z(‘Sn’yn‘ + 5116_)\")]
n=1

for y € D, we obtain

Eexp{¢(t,z,y)} > exp{E¢(t,z,y)} > exp{—E|o(t, z,y)[} > exp{—g(y)}

forall t € Ry, x € Band y € D. Setting h(y) = exp{—g(y)} for y € D and
h(y) = 0 otherwise we complete the proof of Proposition 2.2. =
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