A LIE-TROTTER PRODUCT FORMULA FOR
ORNSTEIN-UHLENBECK SEMIGROUPS IN INFINITE
DIMENSIONS

FRANZISKA KUHNEMUND AND JAN VAN NEERVEN

ABSTRACT. We prove a Lie-Trotter product formula for the Ornstein—Uhlen-
beck semigroup associated with the stochastic linear Cauchy problem

dX(t) = AX(t)dt +dW(t), t=>0,

X(0) = xo.
Here A is the generator of a Co—semigroup on a separable real Banach space
E and {W(t)}+>0 is an E-valued Brownian motion.

1. INTRODUCTION

In this paper we prove a Lie-Trotter product formula for the Ornstein—Uhlenbeck
semigroup associated with the stochastic linear Cauchy problem

dX(t) = AX(t)dt +dW(t), t>0,
(1.1) X(0) = 20,

where A is the generator of a Cp—semigroup {S(t)}1>0 on a separable real Banach
space E and {W(¢)};>0 is an E-valued Brownian motion. A predictable E-valued
process {X (¢, x0)}i>0 is called a weak solution of (1.1) if for all z* € P(A*) the
process {(X(t,zq), A*z*) }1>0 is locally integrable almost surely and for all ¢ > 0
we have, almost surely,

(X (t,x0),2") = (mg, z") —1—/0 (X (s,x0), A"z™yds + (W (t), ).

It is well-known [4] that (1.1) has a unique weak solution {X (¢,x0)}¢>0 for some
(hence, for all) o € E if and only if for all ¢ > 0 the operator Q; € Z(E*, E)
defined by

(1.2) Qix* = /Ot S(s)QS*(s)z* ds, x* e E”,

is the covariance operator of a centred Gaussian measure on F; here Q € £ (E*, E)
is the covariance operator of the random variable W(1). We then may define a
one-parameter semigroup {Z(t)};>¢ of linear contractions on Cy(E), the space of
all bounded continuous real-valued functions on E, by

P f(x) = E(f(X(t,z)), t>0, z€k.

This semigroup is usually referred to as the transition semigroup or the Ornstein—
Uhlenbeck semigroup associated with equation (1.1). The random variables X (¢, x)
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are Gaussian with mean S(¢)x and covariance @Q;. Denoting by u; the centred
Gaussian measure with covariance @, we have

2(t) f(x) :/Ef(S(t)x—l—y)dut(x), t>0, x€E.

In general, {Z2(t)}1>0 fails to be strongly continuous in the supremum norm of
Cy(E). In this paper we consider Cy(E) in its topology 7. of uniform convergence
on compact sets. In this topology, the Ornstein—Uhlenbeck semigroup is known
to be strongly continuous [9]. We shall prove that under suitable conditions the

following Lie-Trotter product formula holds:
PU)f =71~ lim [T(L)L (L))" f

m

for all f € Cy(E), the convergence being uniform on every bounded time interval
[0,T]. In this formula, {#(¢)}+>0 and {7 (t)}+>0 are the semigroups on Cp(E)
corresponding to the drift term and the diffusion term in (1.1). Thus,

L) f(x) = F(S(H)),
T(t)f(x) = /E f(@ + ) dui(y),

where v, is distribution of the random variable W ().

t>0, xeF,

2. PRELIMINARIES

In this preliminary section we recall some well-known facts about Gaussian mea-
sures and reproducing kernel Hilbert spaces. For more details we refer to the books
[2, 18].

2.1. Gaussian measures. Let E be a separable real Banach space. A Gaussian
measure on E is a Borel probability measure p on E with the property that for all
x* € E* the image measure (u, z*) := pox*~! is Gaussian on R. The mean of u is

defined by
m ::/ x du(z);
E

this integral can be shown to converge absolutely in E. We call u centred if m = 0.
If p is a Gaussian measure on F with mean m, there exists a unique compact
operator ) € £ (E*, F), the covariance operator of p, with the property that

(2.1) (Qx*,y*) = /(;zc—mmc*)(gc—m,y*>du(9€)7 x*y* e BT
E
In terms of m and @, the Fourier transform of u is given by
(2.2) / exp(—i(z,z*)) du(z) = exp(—i(m, z*) — 1(Qz*, z*)), z* e E*.
E

Hence as a Gaussian measure, p is determined uniquely by m and Q). Sometimes
we shall use the notation N(m, Q) to denote the Gaussian measure with mean m
and covariance Q.

If {W(t)} is an E-valued Brownian motion, then the distribution of the random
variable W (1) is a centred Gaussian measure on E. Denoting its covariance operator
by @, for all s,t > 0 and z*,y* € E* we have

(2.3) E((W(s),z") W(t),y") = (s A)(Qz",y%),  x%y" € E".
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Conversely, if @) is the covariance operator of a Gaussian measure on F, there
exist E-valued Brownian motions whose covariance is given by (2.3) [2, Proposition
7.2.3].

Let . (F) denote the set of all Borel probability measures on E. Every p €
A (E) determines a positive linear functional on C,(E) in a canonical way. The
induced weak*-topology on . (FE) is usually referred to as the weak topology of

Every measure p € #(E) is tight, i.e., for every € > 0 there exists a compact
subset K C F such that u(K) > 1 —e. A family .# C .#(F) is said to be tight if
for every e > 0 there exists a compact subset K C E such that p(K) > 1 — ¢ for all
u € . By Prohorov’s theorem [2, Theorem 3.8.4], the family .# is tight if and
only if it is relatively compact with respect to the weak topology.

The covariance operator @ of a Gaussian measure on F is always positive, i.e.,

(Qx*,z") >0 forall z* € E*
and symmetric, i.e.,
(Qz*,y*) = (Qy*,z*) for all z* y* € E*.
The converse does not hold: not every positive symmetric operator Q € £ (E*, E) is

the covariance operator of some Gaussian measure. In this connection the following
result, which is a special case of [2, Theorem 3.3.6], will be useful:

Proposition 2.1. Let R € Z(E*,E) be the covariance operator of a Gaussian
measure on E. Let 2 C L (E*,E) be a family of positive symmetric operators. If
there exists a constant C > 0 such that

(Qz”,2") < C(Ra™,27)
for all x* € E* and Q € 2, then every Q € 2 is the covariance of a centred
Gaussian measure j1g on E. Moreover, the family {ng : Q € 2} is tight.

The following result is concerned with weak convergence of sequences of Gaussian
measures [2, Theorem 3.8.9].

Proposition 2.2. Let (m,) be a sequence in E and (Qy,) a sequence of covariance
operators in L (E*, E). For eachn, put v, = N(0,Qy) and pin, := N(my, Qy). Let
further an element m € E and a covariance operator Q € £ (E*, E) be given, and
put v:=N(0,Q) and u:= N(m, Q). Then the following assertions are equivalent.
(1) limy— oo pin, = p weakly.
(2) limy, oo My = m strongly and im,, o vy, = v weakly.
In this situation, for all z*,y* € E* we have
(2.4) lim (Qnz*,y*) = (Qx™,y").
n—oo
Let us now assume that E is a separable real Hilbert space with inner product
[+, ]e. Identifying E* with E in the canonical way, positive symmetric operators
from E* into E can be identified with positive selfadjoint operators on E. Under
this identification, Such an operator @) is the covariance of a centred Gaussian

measure p on E if and only if it is a trace class operator. Moreover, if {ex}3°, is
an orthonormal basis for F, then by (2.1) we have

@5 0= Qeneds= [ S leedd dux) = | [l du(e).
; b ek)E /Z KB dp /E m

E—1
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Proposition 2.3. Let E be a separable real Banach space and let (uy,) be a sequence
of centred Gaussian measures on E with covariances (Q,). Let p be a centred
Gaussian measure on E with covariance Q.
(i) If limg,— o0 b, = p weakly, then:
(1) hmn—>oo[an y]E = [Qxa y]E fO’f’ all T,y € E;

@ Jin [ ol dn(a) = [ lolP duco)

(ii) If E is a separable real Hilbert space, then conversely the conditions (1) and
(2) imply that lim, oo by = 1 weakly.

In (i), (1) follows by considering Fourier transforms and (2) is a special case
of [2, Lemma 3.8.7]. In a formulation where (1) is replaced by a slightly stronger
hypothesis, the converse assertion (ii) is proved in [2, Example 3.8.15]. For the
convenience of the reader we include a proof of (ii) in its present formulation in the
Appendix.

2.2. Reproducing kernel Hilbert spaces. We return to the situation where
is a separable real Banach space. Let Q € Z(E*, E) be an arbitrary positive
symmetric operator. The mapping

(Qz",Qy") — (Qz",y"),  a",y" € E7,
defines an inner product on the range of . The completion of range (Q) with
respect to this inner product is a separable real Hilbert space Hq, the reproduc-
ing kernel Hilbert space (RKHS) associated with . The inclusion mapping from

range (()) into E extends to a continuous inclusion mapping iq : Hg — E. We
have the operator identity

(2.6) Q =1igoig.
The following simple observation will be useful in the next section.
Lemma 2.4. Let Q,R € £ (E*, E) be positive and symmetric operators and as-

sume that Hg C Hp as subsets of . Then the inclusion mapping ig,r from Hg
into Hg is bounded, and for all * € E* we have

(Qa*,2%) < |ligrl*(Ra*, 2*).
Proof. First we claim that i¢g g is closed. Indeed, suppose that h, — h in HQ and
i0.Rhn — h in Hg, Then ighn — igh in E and also ighn = iriQ,rhn — ighin E.
Hence igh = igh in E. But also, igh = igiq rh, and therefore h = ig rh, by the
injectivity of ig. This proves the claim. Boundedness of ig r is now an immediate
consequence of the closed graph theorem.
Next, for all z* € E* and all h € Hg we have
[P, igx g | = [(iQh, )| = [(iriqQ.rh, x")| = |lig.rRh, iR |1y
< lig.rhl mpllige™ (| ar < liQ.rll 1Al e liR2™ || 1y -

Taking the supremum over all h € Hq with ||h[n, < 1 we obtain [|igz*||n, <
liq.rll 7Rz ||z, and hence

(Q,2") = |liga T, < lliQ.rll? llike™ 7, = lliq.rl* (Ra”,27).
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If F is a separable real Hilbert space and @ is a positive selfadjoint operator on
E, then the RKHS associated with @ equals range (Q%) with inner product

1 1
[Q2maQ2y}HQ_[may]Ea %Z/GE-

3. THE LIE-TROTTER PRODUCT FORMULA
For the rest of the paper we will make the following standing assumption.

Assumption 3.1.

(1) {S(t)}i=0 is a Co—semigroup on a separable real Banach space E.
(2) Q € Z(E*,E) is the covariance of a centred Gaussian measure v on E.
(3) For allt >0, the operator Q¢ € L (E*,E) defined by

t
Qix* :z/ S(s)QS™(s)x* ds, z* e E*,
0
is the covariance of a centred Gaussian measure (i on E.

In the following situations, (3) automatically follows from (1) and (2).

o If {S(¢)}+>0 restricts to a Co-semigroup on the RKHS H associated with
Q. This is an easy consequence of Proposition 2.1; cf. [12].

e If F has type 2 (in particular, if F is a Hilbert space) [14]. For the special
case of M-type 2 spaces a more general result was proved by Brzezniak |3,
Section 2].

Let us pause to make a number of simple observations. First, by the positivity
of @, for all 0 < s <t and z* € E* we have

0<(Qu”,a) = [ Q8 (0)a" 5" (@)a") do

(3.1) 0

< / (QS*(o)x™, S*(0)x™) do = (Qsx™, x™).
0

Next, for all s,t > 0 and z* € E* we have

Qirsx™ = Q™ + S(1)Qs 5™ (t)x™

and therefore

(3.2) Me+s = pe * S(t) s,
where the * denotes convolution and S(t)us := ps o S(t)~! denotes the image
measure.
We define linear contractions Z(t) on Cy(E) by
63 PWI@= [ (SOt dul).  ce B >0,
E

It is an easy consequence of (3.2) that the family {27(t)}+>0 is a semigroup on
Cy(E). In general, this semigroup fails to be strongly continuous in the supremum
norm, even on the closed invariant subspace BUC(E) of bounded uniformly conti-
nous functions on E. In fact, {Z2(¢)}+>0 is strongly continuous on BUC(E) if and
only if A =0, i.e., if the drift term is trivial [15, 13]. For this reason many authors
have studied strong continuity of {Z(¢)}+>0 in various locally convex topologies on
Cy(E), cf. [5], 6], [8], [11], [16]. They only consider the situation where E is a
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Hilbert space, in which case 1t6 calculus may be applied. Using analytic methods,
the Banach space case was studied in [10], [12], [13], [9].

We will need the following result from [13], which is an easy consequence of
Proposition 2.1 and (3.1).

Proposition 3.2. We have lim|o iy = po = do weakly, where oy is the Dirac
measure on E& concentrated at 0.

For the proof of the Lie-Trotter product formula it will be necessary to study
tightness of a family of measures that is obtained by ‘discretizing’ the covariance
operators of the measures ;.

Let P = {to,...,tn} be a partition of the interval [0,t]; i.e., 0 =tg < -+ < ty =
t. We define positive symmetric operators QF € Z(E*, E) by

N
(3.4) Pat =3t — 1) S()QS (t)a", 2" € B,

Jj=1

Note that the sum defining QF'z* is the Riemann sum for the integral

t
th*:/O S(s)QS*(s)x" ds

corresponding with the right endpoints of the partition intervals.

For every partition P of [0,], the operator QF is the covariance of a centred
Gaussian measure uf on E. To see this, first note that for all A; > 0, the operator
R; := \;Q is the covariance of the scaled measure v;(B) := v(B/\/\;), B C E
Borel. Next, if R; is the covariance of a centred Gaussian measure v; on E and
if S1,...,SN are bounded operators on F, then Z;\f:l SjR;S7 is the covariance
of the centred Gaussian measure Sivq * --- * Syvy. We finally apply this with
)\j = tj — tj_l and Sj = S(tj).

The mesh of a partition P is the number mesh (P) := max;j=1 .~ (t; —tj_1).

Lemma 3.3. Let (t,) be a sequence of strictly positive real numbers satisfying
lim, oo tn, = t. For each n let P, be a partition of [0,t,], and assume that
lim,,_,o mesh (P,) = 0. Then, for all z*,y* € E*, we have

HILII;O<Qt:x*a y*> = <Qt$*a y*>

Proof. Fix z*,y* € E. Being a Gaussian covariance operator, ) is compact and
therefore the function

¢(s) := (S(s)QS™(s)a",y") = (QS"(s)2, 5" (s)y"), s €[0,00),

is continuous for all * € E*. Indeed, this follows from the weak*-continuity of the
adjoint semigroup {S*(¢)}+>0 which is uniform on compact subsets of E.

Fix € > 0 arbitrary and fix T' > 0 large enough such that 0 < ¢,, < T for all n.
The uniform continuity of ¢ on [0,T] enables us to find § > 0 small enough such
that |¢(s) — ¢(s’)| < e/T for all s,s" € [0,T] with |s — s’'| < 4. Choose N so large
that mesh (P,,) < 0 for all n > N. Then, for all n > N we have

<e.

'< Py>—/ o(s) ds
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Therefore,

t
Qfra )~ (@) = @) - [ oty

<ed|t—tn|- sup |p(s)|
s€[0,T]

From this we conclude that
limsup [(QFa*, ") — (Qua,y")| < e.
n—oo

Since € > 0 was arbitrary, this proves the lemma. O
We define semigroups {.(¢)}i>0 and {7 (¢)}+>0 on Cy(E) by
L) f (@) = f(S(t)z),
701w = [ fa+ ),

t>0, z€eF,

where v, denotes the centred Gaussian measure on E with covariance t@. The first
semigroup, {-%(t)}+>0, can be interpreted as the transition semigroup correspond-
ing to the deterministic equation

(3.5) dX (t) = AX(t) dt.

The second semigroup, {7 (t)}+>0, can be interpreted as the transition semigroup
corresponding to the equation

(3.6) dX (t) = dW (1),

assuming that {W(¢)},>0 is an E-valued Brownian motion such that for all ¢ > 0
the random variable W (t) has distribution v;. Comparing this with (1.1), we see
that equations (3.5) and (3.6) correspond to the drift term and the diffusion term
in (1.1), respectively.

Our main abstract result relates the transition semigroup {Z(¢)}>0 to the semi-
aroups {7 (1)}is0 and {7 (H)}iso.

Theorem 3.4. Let (t,) be a sequence of strictly positive real numbers satisfy-
ing imy, o t, = t. For each n let P, be a partition of [0,t,], and assume that
lim,,_,oo mesh (P,) = 0. Write P, = {ton,...,tN,n}, and for j = 1,..., N, put
Atj)n = tj)n — tj—l,n and

V(Atjn) = T (At ) o L (At ).
If
(3.7) lim ui" =y weakly,

n—oo

then for all f € Cy(F) and all sequences (x,) in E with lim,_, x, = © we have

(38) ,@(t)f(l‘) = TLILH;O [qj/(AtNmn) 00 ’V(Atlm)] f(xn)

Remark 3.5. In Sections 4 and 5 below we will show that condition (3.7) is auto-
matically satisfied in each of the following two situations:

o {S(t)}+>0 restricts to a Cp—semigroup on the RKHS Hg,.
e [ is a Hilbert space.
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Proof of Theorem 3.4. Fix f € Cy(F) and £ € E. For all s > 0 we have

[9(S)OY(S)]f(€)=/E«5”(S) (€ +y)dvs(y /f $)§ + S(s)y) dvs(y).
Writing vt for the image measure S(t)vs, for all s1, 52 > 0 we obtain
[T (s2) 0 S (s2)] 0 [T (51) 0L (s1)] f(§)
= [ 17610 S (6] {206 + S(s2)) v )

= /E/Ef(5(81 + 52) + S(s1 + s2)y + S(s1)2) dvs, (2) dvs, (y)
:/ / F(S(s1+ 52)€ +n+C)dvil () stS21+82(77)

EJE
= /Ef(S(Sl +52)€+ 0)d(v 8811 % VlerSz)(Q).

By induction, for all s1,...,sy = 0 we obtain

[T (sn) oS (sn)]o--0[T(s1) 0L (s1)] f(£)

:/ F(S(s1+ -+ sn)+0)d(vg! *---*I/SS;*"'*SN)(Q).
E

Let us now fix a partition P = {79,...,7n} of an interval [0, 7], take s; = A1j :=
Tj —Tj—1 in the identity above and note that A7y +---4+Am, =7, fork=1,...,N.
The covariance operator of vy *---xviY equals

1 TN

N
> Sm)(ATQ)S (1) = QF.
j=1

Thus, we obtain

[V (Ary)o- -0 ¥(Am)] f / F(S(rw)E+ @) d(wZ,, -+ 572 ) (o)

/f P + 0) diiF (o).

After these preparations we turn to the proof of (3.8). Let N(m,R) denote the
Gaussian measure on F with mean m and covariance R. If lim, .., x, = = in F,
then by (3.7) and Proposition 2.2, we have

lim N (S(tn)zn, Q,i") = N(S(t)z,Q;) weakly.
It follows that

lim [V (Atn,n)o--- 0¥ (Atrn)] f(en) = lim f( (tn)zn + 0) duf" (0)

m—00 n—o0

:/f t)x + o0)du (o) = 2(t) f(x).

This proves (3.8). O
From this result we deduce the following Lie-Trotter product formula for the
semigroup {Z(t) }+>o0:
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Theorem 3.6. For ¢t > 0, let pypn := py", where m, is the equipartition of [0,1]
into n subintervals of equal length. If for all t > 0 we have

(3.9) Hm pep = pe  weakly,
then for all f € Cp(FE) and allt > 0 and x € E we have
(3.10) 2(t)f(x) = lim [7(F) oL (H)]" fla),

the convergence being uniform on finite time intervals [0,T] and compact subsets
KCE.

Proof. Suppose (3.9) holds but (3.10) fails. We will deduce a contradiction as
follows.

By assumption there exist an ¢ > 0, a compact set K C F, a real number T" > 0,
and a subsequence (ny) such that

sw |20 - [T(L)os ()] f@)] =
(t,z)€[0,T|x K

for all k. Thus, we can choose points (t,xy) € [0,T] x K such that

(3.11) |2t 1 (on) = [7 () 0 7 ()] flan)| > 3

for all k. By passing to a further subsequence we may assume that limg oo tx =
t €10,7] and limy_, o0 x = € K exist.

Let 1, denote the equipartition of [0, ¢] into k subintervals of equal length, and
note that limg_, mesh () = 0. Applying Theorem 3.4 to the sequences (tx), (zx)
and the partitions (7y), and recalling that {Z2(t)}+>0 is T.-continuous, we see that

lim P(t) () = 2(0)f(x) = lim [7(2)0.7(2)]" fla).

k—o0

This contradicts (3.11). O

4. THE CASE WHEN {S(t)};>0 RESTRICTS TO A Cy—SEMIGROUP ON Hg

In this section we will show that condition (3.7) holds whenever the RKHS Hg
associated with @ is {S(t) }:>o-invariant and {S(t) };>o restricts to a Cy—semigroup
on Hg.

Let us fix ¢t > 0 and recall that Q; € Z(E*, E) is the positive symmetric operator
defined by

Qix* ::/O S(s)QS*(s)z* ds, x* e B

The RKHS associated with @; will be denoted by H; and the inclusion operator of
H; — E by . It is well-known that

t
H, - { | siars)ds: 1e L2<<o,t>;HQ>}
0
and that ,
il =inf{||f||L2<<o,t>;HQ>: h- | S(S)iQf(S)dS}-

For Hilbert spaces E this is shown in [7, Appendix BJ; the proof carries over to the
Banach space case without difficulty.
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Given a partition P = {to,...,tn} of the interval [0,¢], we define the positive

symmetric operator QF € Z(E*, E) as before by
N

fl‘* = Z(tj — tj_l) S(tj)QS*(tj)l‘*, " € E.

j=1

Let H} denote the associated RKHS with inclusion mapping i : HF < E. Define

N t;
Z/t S(t))iof(s)ds: f e L2((0,t): Ho)

Endowed with the norm
N t;
Al ser == 1nf S ([ fllL2(0,6):00) h:Z/ S(ty)igf(s)ds ¢,
j=1"7%i-1

it is easy to see that T is a separable real Hilbert space.
Lemma 4.1. For dall z* € E* we have QF z* € " and
HQfx*H;ftP < ||fof*||HtP~
Proof. Fix an arbitrary z* € E* and define f,- € L*((0,t); Hg) by
far () =058 (t)z", s€(tj—1,t), j=1,...,N.
Then, using that ig o i, = Q, we have

N t; N
S [ Stiafe-(s)ds = Dot~ 1) S)Q"S (t)a" = QL
j=1"%i-1 j=1

This shows that Qf z* € 4F. Furthermore,

(o7 xIIHP—< ", ")

N
Z’f —t5-1) {QS™(t;)a", 5™ (t)a™) = D (t; — tj-1) [liS™ (¢)a" I, -

Jj=1
Hence,
N

1QF 2 2 < Il fu-

J=1

%2((O,t);HQ) :Z(tj tj— 1)||ZQS*( )t ||HQ = ||Q € ||?th

O

As a consequence, we see that the identity mapping QFz* — QFr* extends
uniquely to a linear contraction mapping If : HY — 7. We will see below that

I} is injective.

Lemma 4.2. Suppose that {S(t)}i>0 restricts to a Co—semigroup {Sq(t)}i>0 on

Hg. Then 7Y C Hy as subsets of E, and for all h € 77 we have

(4.1) Il < ( sup ||5Q(5)||> [l -
s€0,t]
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Proof. Let h € #F be arbitrary and fixed, and choose f € L%((0,t); Hg) such that
h = Z;\;l fttjj_l S(t;)iqf(s)ds. Define g € L((0,t); Hg) by

9s) == Sat; —)f(s),  SE€(tnty), j=1,...,N.
Noting that S(t;) oig = S(s) 0 S(t; — s) oig = S(s) oig o So(t; — s) we have

N t; t; t
h = ;/t“ S(t;)igf(s)ds = . / S(s)iqy(s)ds = /O S(s)igg(s)ds € Hy.

j=1"7ti—1

This proves the inclusion 7" C H;. Moreover,

2l a2, < llgllL2(o.0):Ho) < < 21[10pt] ||5Q(5)||> Il 22((0,0): o) -

Taking the infimum over all function f representing h we obtain (4.1). O

Putting things together we obtain the following commutative diagram:

HY ——— A"

10

l l

E «— H;
In this diagram, the lower three arrows denote inclusion mappings. Since they are
injective, it follows that also I} is injective and we obtain a (contractive) inclusion
mapping I/ : HF’ — 7. Composing this mapping with the inclusion 4" — H,
we obtain an inclusion mapping J£ : Hf < H;, which by Lemma 4.2 has norm
P
(4.2) 1TF]I < sup [|Sq(s)]|.

s€(0,t]

Theorem 4.3. Suppose {S(t)}1>0 restricts to a Co-semigroup on Heg. Let (t,) be
a sequence of strictly positive real numbers with lim,, .., t, = t. For each n let P,
be a partition of [0,t,], and assume that lim,,_o mesh (P,) = 0. Then,

(4.3) lim ,ut}i" = weakly.

n—oo

Proof. Choose T' > 0 so large that 0 < ¢, < T for all n. Combination of Lemma
2.4, (3.1), and (4.2), shows that for all n we have

2 2
(Qira*,a") < < sup ||5Q(8)||> (Qe, 2", 2") < < sup ||5Q(8)||> (Qra™,z”).
S€[0,tn] s€(0,T]

Hence, by Proposition 2.1, the sequence (ui ") is tight.
By Lemma 3.3 we have

Jim (QF o, y%) = (Qua", ),

so from (2.2) we conclude that u; is the only possible weak limit point of the tight
sequence (ut}i ™). A standard argument now gives (4.3). O

Upon combining this result with Theorem 3.6, we obtain:



12 FRANZISKA KUHNEMUND AND JAN VAN NEERVEN

Theorem 4.4. If {S(t)}i>0 restricts to a Co—semigroup on Hq, then for all f €
Cy(E) and allt > 0 and x € E we have

2(t)f(x) = lim [T (L) oS (L)]" f(a),

n—oo

the convergence being uniform on finite time intervals [0,T] and compact subsets
KCE.

5. THE CASE WHEN F 1S A HILBERT SPACE

In this section we will show that condition (3.7) always holds if F is a separable
real Hilbert space.

In the following lemma, F is still allowed to be a separable real Banach space.
Recall the standing assumption that v is a centred Gaussian measure on E with
covariance operator . For t > 0 let p; denote the image measure of v under the
operator S(t); this is a centred Gaussian measure on E with covariance operator

St)QS* ().
Lemma 5.1. The function t — [, |z||*dpi(x) is continuous on [0,00).

Proof. We start by showing that for all ¢ > 0, the family {ps : s € [0,t]} is
tight. Fix & > 0 and choose a compact subset K of E with v(K) > 1 — . Define
L ={S(s)x: s €[0,t], r € K}. Being the image of the compact set [0,¢] x K
under the continuous mapping (s, z) — S(s)z, L is compact. For all s € [0,t] we
now have

ps(L) = ps(S(s)K)=v{ye E:S(s)lye S(s) K} 2 v(K)>1—=¢.

This proves the asserted tightness.

Fix a nonnegative convergent sequence (t,,) with limit ¢. Consider an arbitrary
subsequence (t,, ). The lemma will be proved if we find a further subsequence with
the property that

(5.1) lim / el dp,, (x) = / 2|2 dpy ().
= JE J E

By the above, the sequence (Ptnk) is tight. Consequently, there is a subsequence
(Ptnk ') converging weakly to some probability measure p;. Since the weak limit of
J

a sequence of centred Gaussian measures is a centred Gaussian measure and since

Tim (S(t, JQS" (b, )", 57) = (SRS (2" y")
for all z*,y* € E*, it follows that p; = p;. Hence, (5.1) follows from Proposition
2.3, part (i). O

Suppose now that E is a separable real Hilbert space. Then, we may identify @
with a positive selfadjoint operator on E. Since, by assumption, @) is a Gaussian
covariance, () may be identified with a trace class operator on E and by (2.5),
Lemma 5.1 may be reformulated as saying that the function ¢ — trS(¢)QS™*(¢)
is continuous on [0,00). Only this fact will be needed below, and it is worthwile
to point out that this can be proved more directly as follows. Let (e;) be an
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orthonormal basis of E and suppose that t,, — ¢ in [0, 00). Then,

lim 1 S(tn)QS™ () = lim ZHQ S*(tn)e;]|?

=l 303 Q7S e e = Jim S ls(e )@k
ZIIStQEekIIQ YIS 0Qben sl
k

= Z 1Q2 S*(t)ey||* = trS(t)QS*<t>,

the convergence of the series being justified by dominated convergence, since we
have, for some constant C' > 0, ||S’(tn)Q%ej||2 < C’||Q%ej||27 and the latter is a
summable sequence:

STIQ7es|? = tr Q.
J

Theorem 5.2. Let E be a separable real Hilbert space. Let (t,,) be a sequence of
strictly positive real numbers with lim, . t, =1t. For each n let P, be a partition
of [0,t,], and assume that lim,,_,o, mesh (P,) = 0. Then,

nh_}rxgo uf; "=y weakly.
Proof. By Lemma 3.3, for all z,y € E we have
RILH;O[QQ"%?J]E = [Qiz,ylE
Hence, by part (ii) of Proposition 2.3, it remains to check that

lim / |2 dyaf / 2|12 djue ()

This is equivalent to the condition

hm tr P" = tr Q.

Choose an orthonormal basis {e;};2; for E. Then,

Qi = ZZ (tjm = ti1n) [S(tin) QS (tm)en, ex] 5

kljl

(52) —Z jn ] 1,n Z ]n QS ]n)ekaek]E

k=1
N,
Z —tj-1,0) tr S(t;,0)QS™ (tjn),

where the change in the order of summation is justified by the fact that each term
[S(t,n)QS* (tjn)er, ek}E = [QS*(tjn)ex S*(tj)n)ek}E is nonnegative.
The right hand side of (5.2) is a Riemann sum of the integral

/0 ' trS(s)QS(s)ds
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As we noted, by Lemma 5.1 the function s — tr S(s)@S(s) is continuous on [0, ¢].
Arguing as in the proof of Lemma 3.3, this implies

lim sup
n—oo

¢
teri"—/ trS(s)QS(s)ds| < e
0

for all € > 0. Hence,

n—oo

t
lim trQiZ" :/ trS(s)QS(s)ds = tr Q.
0

Upon combining this result with Theorem 3.6, we obtain:

Corollary 5.3. If E is a separable real Hilbert space, then for all f € Cp(E) and
allt >0 and x € E we have

PO)f() = lm [7(L) o A(L)]" f(a),
the convergence being uniform on finite time intervals [0,T] and compact subsets

K CE.

For separable real Hilbert spaces E, a Lie-Trotter product formula for a class of
transition semigroups on Cy(FE) associated with nonlinear stochastic equations of
the form

IS

<
—~
N

Il

653 F(X(t)dt + B(X(t))dW(t), t>0,

has been obtained recently by G. Tessitore and J. Zabczyk. Here, {W(t)}4>0 is
a Brownian motion with values in E, and F': E — F and B : E — Z(E) are
Lipschitz functions. In the linear case there is a small overlap with our Corollary
5.3. To make this explicit we make two special choices of F' and B in (5.3). First,
we let 7 be the transition semigroup on Cy(E) obtained by taking F' = A, with A
a given bounded operator on E, and B = 0 in (5.3); thus,

T f(x) = f(e"z), t>0, z€E.

Second, we let . be the transition semigroup on Cj(E) obtained by taking F' =
0€ Z(F)and B=1in (5.3); thus,

L) f(x) = /E f@+y)dmly),  t>0, zcE,

where u; is the distribution of W (t¢). This puts us into the setting considered in
Corollary 5.3. From [17, Proposition 3.5] (the special case for uniformly bounded
F and B of the main result, [17, Theorem 3.4]) we now see the following. Let YV
denote the closure with respect to the supremum norm in Cy(E) of the space of all
functions which are bounded and uniformly continuous along with their first and
second Fréchet derivatives. Then for all f €Y, ¢t >0, and x € F,

P(0)f() = lim [T(L)o.s(L)]" f(x),

the convergence being uniform on finite time intervals and bounded subsets B C F.
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6. APPENDIX: PROOF OF PROPOSITION 2.3, PART (II)

Although part (ii) of Proposition 2.3 may be well-known to specialists, we could
not find an explicit reference for it, and for the convenience of the reader we include
a proof here.

Let E be a separable real Hilbert space and let (u,,)32; and u satisfy the condi-
tions (1) and (2) in Proposition 2.3. We choose an orthonormal basis {e;}52, of E¥
and denote by P; the orthogonal projection onto the linear span of {ey,...,e;}.

Lemma 6.1. Let € > 0 be arbitrary and fized. For all k > 1 there exists an index
Ji. with the following property: for all j > Ji and all n > 1 we have

1 €

iz e B o= Pl > 1} < i

Proof. The proof is inspired by an argument in [1].
Denote fiy, ; := Pjpyn and p; := Pjp, and let @, ; and @); denote their covariance
operators. By condition (1), for all 2,y € E we have

HILH;O[Qn,jxa yle = nlLHéo[Panija Yle = JEEO[Q”ij’ Piyle
= [QPjz, Pjylp = [P;Q; Pjz,y] = [Q;7,y]E

Hence by (2.1),
lim / 1Py djua(a) = lim / 1912 bt ()

J
= lim Z / realB iy (9) = lm > [Quer eule

k=1

_ZQJek,ekE—Z/ [y, ex) B dpj (y)

- / ol dys; (4) / | Pyl du(a
P FE

J

By the absolute continuity of the measure ||z||? du(z) with respect to du(x), for
every integer k > 1 we can pick &5 > 0 such that

9 3
[ el auta) <

for all Borel sets A C E with pu(A) < k. Define
€
Aj,k = {J} e FE: ||I — PjJi”Q > —k2k+3} .
By dominated convergence we have lim; .o t(A; ) = 0 for all k£ > 1. It follows
that there exists an index J(k) such that (A4, ) < 0 for all j > J(k). Then, for
all j > J(k) we have

[ el = 1Pl duto) = [ o = Pyl duto)
<[ el [ - Pl duta)
g,k

A],k
9 9 9

< }2k+3 + kok+3 T Lok+2”
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Next, choose an index Ny so large that for all n > Nj we have

/ 2|12 dyan () / 2|12 dpa()

9
/IIPJ<k)9C|| dp(w /||PJ<k)x|| ()| < 15573

The second condition can be met in view of (6.1). Then, for all n > N and
j=Jk),

[z = Pial duat) /nx—PJk)andun = [ 1P = 1Pswyel? dun(a)

<| [ et dato)~ [ fet?duto
[ ||PJ<k>x|| dnnla) — [ |Psyol? (o)
< _°© € _
= k92k+3 + kok+2 + k2k+3 - k2k+1
It follows that for all n > Ny and all j > J(k) we have

g
k2k+3

and

/ ]2 = 1Pyl dulz)

2 9
un{er o — Pyall? > }gk/m—mn An) < gy

By dominated convergence, for every k > 1 we can find an index Ji > J(k) such
that for alln =1,..., Ny — 1 and all j > J; we have
1 €

This J; has the desired properties. O

Proof of Proposition 2.3, part (ii). We follow the argument of [18, Theorem 1.3.7].
Define

1
Vik = {xEE: |z — Pjx|* > E}

Fix € > 0 arbitrary. By Lemma 6.1, for every k£ > 1 we can find an index ji such

that for all n > 1 we have
€
tin (Vi k) < ST

For all n > 1 and r > 0 we have

pode € B+ ol >} < 55 [ ol dien(o) < 5 sup [ ol dio (o

m>=1

Hence, we may choose ry so large that for all n > 1 we have
pfz € B+ fa] > 1o} <
Set

F:= ﬂ E\Vj, & ﬂ {zeE: ||z <ro}.

E>1
Then, F is bounded and closed, and for all k¥ > 1 we have

1
Fg{er: ||I—ijx||2<E}.
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Since every Pj, has finite-dimensional range, an elementary argument implies that
F is compact. Moreover, for all n > 1 we have

oo
9 9

pin(E\F) < ZW +5<e
k=1

We have shown that for every € > 0 there exists a compact set F C E with
tn(F) > 1—¢ for n > 1. This proves that the sequence (p,,) is tight.

By condition (1) and (2.2), p is the only possible weak limit point of (u,). A
standard argument now gives the weak convergence lim,,_, oo 1y, = pt. O
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