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Summary. We investigate a class of Hilbert space valued martingale-valued measures whose covariance
structure is determined by a trace class positive operator valued measure. The paradigm example is the mar-
tingale part of a Lévy process. We develop both weak and strong stochastic integration with respect to such
martingale-valued measures. As an application, we investigate the stochastic convolution of a Cp-semigroup
with a Lévy process and the associated Ornstein-Uhlenbeck process. We give an infinite dimensional gen-
eralisation of the concept of operator self-decomposability and find conditions for random variables of this
type to be embedded into a stationary Ornstein-Uhlenbeck process.
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1 Introduction

The aim of this paper is to introduce some new concepts into stochastic analysis of
Hilbert space valued processes with a view to gaining deeper insights into the structure
of Lévy processes and other processes which can be built from these.

We begin with an investigation of Hilbert space valued martingale-valued measures.
Finite dimensional versions of these (called “martingale measures” therein) were first
introduced by Walsh [38] to formulate stochastic partial differential equations (SPDEs)
driven by a continuous space-time white noise. They were further developed in [23] and
in [3] they were generalised to deal with SPDEs with jumps. In [2], the author found
them a convenient tool for simultaneously dealing with stochastic integration with re-
spect to the Brownian and the compensated small jumps part of a Lévy process, when
the integrands depend both on time and the jump-space variable. Here we extend this
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2 David Applebaum

latter construction to the infinite dimensional context. In particular, we investigate
a class of martingale-valued measures whose covariance structure is determined by a
trace class positive operator valued measure. This is precisely the covariance structure
found in the martingale part of a Lévy process- indeed it is well known that the covari-
ance operator of Brownian motion is trace class (see e.g. [11], proposition 2.15, p.55).
Here we show that the covariance of the compensated small jumps is also determined
by such operators, which in this case are a continuous superposition of finite rank
operators. Our approach exploits the Lévy-1to decomposition of a Lévy process into
drift, Brownian, small jump and large jump parts which has recently been extended
to type 2 Banach spaces by Albeverio and Riidiger [1].
Having established a natural class of martingale-valued measures M, we develop both
weak and strong stochastic integrals of suitable predictable processes. In the first
of these the integrand (F'(¢t,z),t > 0,2 € E) (where E is a Lusin space) is vector
valued and we generalise the approach of Kunita [24], who dealt with the case where
M is a martingale, to construct the scalar valued process fg S (F(s,x), M(ds, dx)) g,
where (-,-)g is the inner product in the Hilbert space H. In the second of these,
(G(t,z),t > 0,z € E) is operator-valued and we generalise the stochastic integral
of Métivier [28] who dealt with the case where M is a martingale (see also [29],
[11] for the case of Brownian motion), to construct the Hilbert space valued object
f(f [z G(s,z)M(ds, dx).
As an application of these techniques, we first study the stochastic convolution
f(f S(r)dX(r), of a Cy-semigroup (S(r),r > 0) with infinitesimal generator J with
a Lévy process X = (X(¢),t > 0). We then apply this to investigate the generalised
Langevin equation

dY (t) = JY (t) + dX (t), (1)

whose unique weak solution is the Ornstein-Uhlenbeck process. Equations of this type
driven by general Lévy processes, were first considered by S.J.Wolfe ([39]) in the
scalar case where J is a negative constant. Sato and Yamazoto [36], [37] generalised
this to the multi-dimensional case wherein —J is a matrix all of whose eigenvalues
have positive real parts. The generalisation to infinite dimensions was first carried out
by A.Chojnowska-Michalik [9], [8] (see also [11], [6] for the Brownian motion case).
Using our stochastic integration theory we are able to give an alternative construction
of the solution in which the Lévy-Ito decomposition is preserved within its structure.
This is useful for later analysis as we see below.

We remark that, in the finite dimensional case, Ornstein-Uhlenbeck processes driven
by non-Gaussian Lévy processes have recently been applied to the construction of
self-similar processes via the Lamperti transform ([18]) and to models of stochastic
volatility in the theory of option pricing [5], [31]. In the latter case, it may be that the
infinite dimensional model as considered here, is more appropriate, as it can approxi-
mate the very large number of incremental market activities which lead to volatility
change.
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Finally, we consider an infinite-dimensional generalisation of self-decomposability. We
recall that a real-valued random variable X is self-decomposable if for any 0 < ¢ < 1,
there exists a random variable Y,, which is independent of X such that

XLexX 4, (2)

Such random variables were first studied by Paul Lévy and they arise naturally as
weak limits of normalised sums of independent (but not necessarily identically dis-
tributed) random variables (see e.g. [35], section 3.15). The definition was extended
to Banach space valued random variables by Jurek and Vervaat [22] (with ¢ still a
scalar) while Jurek and Mason [21] considered the finite-dimensional case of “oper-
ator self-decomposability” where ¢ is replaced by a semigroup (e~*/,¢ > 0), with J
an invertible matrix. Jurek [19] also investigated the case where J is a bounded op-
erator in a Banach space. It is a consequence of results found in [39], [21], [22] and
[37] that X is (operator) self-decomposable if and only if it can be embedded as X (0)
in a stationary Ornstein-Uhlenbeck process. Furthermore a necessary and sufficient
condition for the required stationarity is that the Lévy measure v of X has a certain
logarithmic moment, more precisely f|x‘>1 log(1 + |z|)v(dz) < 0o, so we see that this

is a condition on the large jumps of X (see also [16]).

Here we generalise operator self-decomposability by taking (e~*/,¢ > 0) to be a con-
traction semigroup acting in a Hilbert space H (see [20] for the case where it is a
group acting in a Banach space). We emphasise that, in contrast to the cases dis-
cussed in the previous paragraph, J is typically an unbounded operator. We are able
to obtain a partial generalisation of the circle of ideas described above which relates
self-decomposability, stationary Ornstein-Uhlenbeck processes and logarithmic mo-
ments of the Lévy measure. The failure to obtain a full generalisation arises from
dropping the condition that J is invertible, which appears to be unnatural in this set-
ting and also from the fact that the operators e~*/ are no longer invertible. We note
that the link between stationarity and logarithmic moments has also been established
in [9] using different methods, and by a more indirect route than that given here (see
also [15]).

The stochastic integration theory developed herein will have extensive further ap-
plications. In particular, it can be used to construct solutions to stochastic differen-
tial equations driven by Hilbert space valued processes with jumps, generalising the
Brownian motion case ([11], [25]). The details will appear elsewhere (see [27] for work
in a similar direction).

Notation. RT = [0,00). If X is a topological space, then B(X) denotes its Borel o-
algebra. If H is a real separable Hilbert space, b(H) is the space of bounded Borel
measurable real-valued functions on H and L£(H) is the x-algebra of all bounded linear
operators on H. The domain of a linear operator T acting in H is denoted as Dom(T).

Acknowledgement. I am grateful to Zbigniew Jurek for some useful comments and the
referee for a number of useful observations.
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2 Martingale-Valued Measures With Values in a Hilbert Space
2.1 Hilbert Space Valued Martingales

Let (2, F, (Fi, t > 0), P) be a stochastic base wherein the filtration (F;, ¢ > 0) satisfies
the usual hypotheses of completeness and right continuity. Let H be a real separable
Hilbert space with inner product (-, )y and associated norm || - ||. Throughout this
article, unless contra-indicated, all random variables and processes are understood to
be H-valued. To any such random variable X, we associate the real-valued random
variable || X[, where || X||(w) = || X (w)]|, for each w € {2.
The predictable o-algebra P is the smallest sub-o-algebra of B(R*) ® F with respect
to which all mappings F : RT x 2 — H are measurable, wherein (F(t),t > 0) is
adapted and ¢t — F'(t,w) is strongly left continuous for each w € 2.
If G is a sub-c-algebra of F and X is a random variable such that E(||X]|) < oo,
the conditional expectation of X given G is the unique G-measurable random variable
Eg(X) for which

E(14X) = E(14Eg(X)),

for all A € G (see e.g. [11], section 1.3). Many familiar properties of conditional
expectation from the case H = R carry over to the general case, in particular

EQ((X> Y)H) = <X> EQ(Y))H’ a.s.

if E(]|X]|| V||]Y]]) < oo and X is G-measurable.

An adapted process X = (X(t),t > 0) is a martingale if E(||X(¢)]|) < oo and
E(X(t)|Fs) = X(s) (as.), for all 0 < s < t < oco. A martingale is said to be
square-integrable if E(||X (t)||*) < oo, for all ¢ > 0. By proposition 3 of [24], any
square-integrable martingale has a strongly cadlag modification.

If X is a square-integrable martingale, then (||X(¢)||?,¢ > 0) is a non-negative uni-
formly integrable submartingale, hence by the Doob-Meyer decomposition, there
is a unique increasing, predictable integrable process ((X)(¢),¢ > 0) such that
(JIX (&)= (X)(t),t > 0) is a real-valued martingale (see e.g. [24]). If Y = (Y (¢),t > 0)
is another square-integrable martingale, we may, for each ¢ > 0, define (X,Y)(¢) in
the usual way by polarisation, i.e.

(X,Y)(1) = (X +¥)(0) — (X = ¥)(0)]
Note that for all 0 < s <t < o0,
E((X(1) ~ X(s), Y (1) ~ Y ()l F2) = E(X, V)(0) ~ (X,V)(9)lF(5)).

Two square-integrable martingales X and Y are said to be orthogonal if (X,Y)(t) = 0,
for all t > 0 (or equivalently, if ((X(¢),Y (t))u,t > 0) is a real-valued martingale).

Note. A different definition of () for Hilbert space valued martingales is given in [11],
section 3.4. We prefer to use that of [24] as it appears to be more general.
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2.2 Martingale-Valued Measures

Let (S, X) be a Lusin space, so that S is a Hausdorff space which is the image of a
Polish space under a continuous bijection and X' is a Borel subalgebra of B(S) (see
e.g. Chapter 8 of [10]). We assume that there is a ring A C X and an increasing
sequence (S,,n € N) in X' such that

e 5= UnENS’“
o Y, =Yg CA, foralneN.

A martingale-valued measure is a set function M : RT x A x 2 — H which satisfies
the following (c.f [38], [23]):

1. M(0,A) = M(t,0) =0 (as.), for all A € A, t>0.

2. M(t,AUB) = M(t,A)+ M(t,B) (a.s.), for all ¢ > 0 and all disjoint A, B € A.

3. (M(t, A),t > 0) is a square-integrable martingale for each A € A and is orthogonal
to (M(t,B),t > 0), whenever A, B € A are disjoint.

4. sup{E(||M(t, A)||*), A € X} < oo, for all n € N, t > 0.

Note. In Walsh’s terminology [38], M is a “o-finite L*-valued orthogonal martingale
measure”.

Whenever 0 < s <t < oo, M((s,t], ) := M(t,-) — M(s,-). M is said to have indepen-
dent increments if M((s,t], A) is independent of F; for all A € 4,0 <s <t < 0.

Given a martingale valued measure M, for each ¢ > 0, we can define a (random)
real-valued set function (M)(t,-) on A and (3) ensures that

(M)(t, AU B) = (M)(t,A) + (M)(t, B) a.s.

for all ¢ > 0 and all disjoint A, B € A. A theorem of Walsh ([38], theorem 2.7, p.299)
enables us to “regularise” (M) to obtain a (random) predictable o-finite measure on
B(R™) ® X, which coincides with (M) (a.s.) on sets of the form [0,¢] x A, where
t > 0,A € A. In the sequel, we will abuse notation to the extent of also denoting this
measure by (M).

A positive-operator valued measure or (POV measure for short) on (S, Y) is a family
(T4, A € A) of bounded positive self-adjoint operators in H for which

o Tp=0,
o Tyup=Ts+ T, for all disjoint A,B € A

Note. This is a slightly different use of the term POV measure than that employed
in the theory of measurement in quantum mechanics (see e.g. [13], section 3.1).

We say that a POV measure is decomposable if there exists a strongly measurable
family of bounded positive self-adjoint operators in H, {T,,z € S} and a o-finite
measure A on (S, Y) such that
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for each A € A,¢ € H, where the integral is understood in the Bochner sense.

We recall that a bounded linear operator Z on H is trace class if tr(|Z|) < oo, where

|Z| = (ZZ*)2. Let L£1(H) denote the space of all trace class operators on H, then
L1(H) is a real Banach space with respect to the norm ||Z||; = tr(|Z]) (see e.g.
[34], section VI.6). A POV measure is said to be trace class if each of its constituent
operators is.

Now let M be a martingale-valued measure on R™ x S. We say that it is nuclear if
there exists a pair (7, p) where

o T =(Ty,Ac A)is a trace class POV measure in H,
e pis a o-finite measure on R*,

such that for all 0 < s <t < oo, A€ A,y € H,

E(|(M((s,t], A), ¥)ul*) = (&, Tav)p((s, t]) (3)

A nuclear martingale-valued measure is decomposable if (T4, A € A) is decomposable.

Proposition 2.1 If M is a nuclear martingale-valued measure, then for allt > 0, A €
A,
E((M)(t, A)) = [ITallp((0,2]).

Proof. Let (e,,n € N) be a maximal orthonormal set in H. We have

E((M)(t, A)) = E(||M(t, A)|I*)

= ZE(‘(em M(t7 A))H|2)

= p((0,1)) 3" (en. Tuca)

n=1

= p((0, £])tr(T). N
2.3 Lévy Processes

Let X be a Lévy process taking values in H, so that X has stationary and independent
increments, is stochastically continuous and satisfies X (0) = 0 (a.s.). If p; is the law of
X(t) for each t > 0, then (p;,t > 0) is a weakly continuous convolution semigroup of
probability measures on H. We have the Lévy-Khinchine formula (see e.g. [32]) which
yields for all t > 0,4 € H,

E(exp(i(¥, X (t))n) = "),

where
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W) =i(¢, ) — 5, Q)
W 1 —i(u, ) g lia< v (du), 4
o (1)L () (@)

where ¢ € H, () is a positive, self-adjoint trace class operator on H and v is a Lévy
measure on H — {0}, i.e. fH_{O}(HmH2 A Dv(dz) < co. We call the triple (¢, @, v) the
characteristics of the process X and the mapping a, the characteristic exponent of X.

Example 1 (- Brownian motion)

Q- Brownian motion By = (Bg(t),t > 0) has characteristics (0, @), 0). It is a Gaussian
process with continuous sample paths and covariance operator ) (see e.g. [11], section
4.1) so that E((¢, Bo(t))%) = t(v, Qu), for each ¢ € H,t > 0. If (\,,n € N) are the
eigenvalues of @ and (e,,n € N) are the corresponding normalised eigenvectors, we
have the useful representation of Bg as an L?-convergent series:

Bo(t) = > v/ Aubult)en, (5)

for each ¢t > 0, where (5,,n € N) are independent standard real-valued Brownian
motions.

In the sequel, a Lévy process with characteristics (¢, @, 0) will be called a Q-Brownian
motion with drift, while a Lévy process with characteristics (¢, 0, v) will be said to be
non-Gaussian.

Example 2 (a-Stable Lévy Processes)

A Lévy process is said to be stable if p; is a stable law for each ¢t > 0, i.e. for all
a,b > 0, there exists ¢ € H and ¢ > 0 such that

(Tapt) * (Topt) = 0g * (Tepr),

where for any measure q on H, (7,q)(E) = q(a™'FE), for all E € B(H).

By a theorem of Jajte [17], a Lévy process X is stable iff it is a -Brownian motion
with drift or it is non-Gaussian and there exists 0 < a < 2 such that 7.v = ¢*v, for
all ¢ > 0. We call this latter case an a-stable Lévy process. An extensive account of
stable distributions in Hilbert and Banach spaces can be found in Chapters 6 and 7
of [26].

From now on we will always assume that Lévy processes have strongly cadlag paths.
We also strengthen the independent increments requirement on X by assuming that
X(t) — X (s) is independent of F; for all 0 < s <t < oo.

If X is a Lévy process, we write AX (t) = X(t) — X(t—), for all £ > 0. We obtain a
Poisson random measure N on R™ x (H — {0}) by the prescription:

N(t, E)=#{0<s<t;AX(s) € E},
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for each t > 0, £ € B(H —{0}). The associated compensated Poisson random measure
N is defined by 3
N(dt,dx) = N(dt,dx) — dtv(dz).

Let A€ B(H — {0}) with 0 ¢ A. If f: A — H is measurable, we may define

/f N(t,dz) = Y f(AX(s))1a(AX(s))

0<s<t

as a random finite sum. Let v denote the restriction of the measure v to A, so that
v4 is finite. If f € L*(A,va; H), we define

/f N(t,dz) /f N(t,dx) —t/Af(:c)l/(dx

then by standard arguments (see e.g. [2], Chapter 2) we see that ([, f(x)N(t, dx),t >
0) is a centred square-integrable martingale with

( ) i / 1 ()P (), (6)

for each t > 0 (see also theorem 3.2.5 in [1]).
The Lévy-Ito decomposition for a cadlag Lévy process taking values in a separable
type 2 Banach space is established in [1]. We only need the Hilbert space version here:

tdx

Theorem 1. [1] If H is a separable Hilbert space and X = (X (t),t > 0) is a cadlag H-
valued Lévy process with characteristic exponent given by (4), then for each t > 0,

X(t) =t(+ Bg(t) + / xN(t, dx) —l—/ xN(t,dx), (7)
[|z|]<1 [|z||>1
where Bg is a Brownian motion which is independent of N.
In (7),
/ N (t,dr) = lim N (t,dx),
[|z][<1 o0 S Llall<1

where the limit is taken in the L%-sense, and it is a square-integrable martingale.
Let S = {z € H;||z|| < 1} and take X to be its Borel o-algebra, then it is easy to
check that M is a martingale valued measure on R™ x S, where

M(t, A) = Bo(t)o(A) + /A N, (8)

for each t > 0, A € A. We call M a Lévy martingale-valued measure.
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Here we take A = AgU {0}, where Ag={A € X;0¢ A} andeach S, ={zr € S: 21 <
Izl < 1.

We now aim to show that M is nuclear. To this end, we introduce the family of linear
operators (F4, A € Ap) on H given by

Fay = [ (@)mav(do)

so that each F)4 is a continuous superposition of finite-rank operators (using the Dirac
notation employed in physics, we would write “Fy = [,(|z)(z|)v(dz)”).

It is easy to see that each ||F4|| < [, ||z]|*v(dx) < oo, hence Fy is bounded. Straight-
forward manipulations show that F4 is positive, self-adjoint. F4 is also trace class. To
see this, let (e,,n € N) be a maximal orthonormal set in H, then

o0

tr(Fa) =Y (e, Faca)n

i//l(x,en)fql/(dx)
:AWMM@<M

Theorem 2. If M is a Lévy martingale-valued measure of the form (8), then M is
nuclear with p being Lebesque measure on RT and

Ta = Qdo(A) + Fa_qoy, (9)
for all A € A.

The proof follows easily from the above calculations and (6).

It is straightforward to deduce that (74, A € A) is decomposable, wherein A = v + d
and

Q ifx =0
T(x) = {(:U,)H:U if x # 0.

3 Stochastic Integration

3.1 Weak Stochastic Integration

Let M be a martingale-valued measure. Fix 7' > 0. We denote by HY(T'; S) the space
of all P ® Y-measurable mappings F': [0,7] x S x {2 — H for which

B ( | ' [ s, ) ) <o
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Then HY (T; S) is a real Hilbert space. S(T; S) is the subspace of all F' € H} (T S)

for which

N Ny

F= Z ZFijl(ti,tiﬂ]lAj?

=0 j=0
where N1, Ny € NJO =ty < t; < -+ < tyy41 = T, Ag, ..., Ay, are disjoint sets
in A and each Fj; is a bounded Fj,-measurable random variable. S(T’; S) is dense
in HY(T;S) (see e.g. [2], section 4.1). We generalise the construction of stochastic
integrals with respect to martingales as developed in [24]. For each F' € S(T;.5),0 <
t < T, define

L(F) = lez(FU, M((tNt, t ANtiva], A)))a.
Then o
E(!It(F)IQ)

—ZZZZE i M((E At Atia], A7) i (Fr, M((EA b, A tega], Al )

1=0 j=0 k=0 1=0

1 2

=Y E[[(Fy, M((t A iyt Atiga], 4) ]
=0 7=0
N1 Ny

< SO S CENEGIPIM((E Aty t A tisal, AIP)

i=0 j=0

—E |3 S IE UMY Aty t At Ay)

i=0 j=0

—2[ [ [Pl @s.w).

Hence I; extends to a contraction from HY (T;.S) to L*(§2, F, P). For each 0 < t <

T,F € HY(T;S), t
/0 /S(F(s,a:),M(ds,dx))H = L(F).

By standard arguments, we see that ([;(7");0 <t <T) is a centred square-integrable
real-valued martingale with

E(|1(F |2<E[//||stu M) (ds, dz)|

forall 0 < s <T,F € HY(T;9).
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3.2 Strong Stochastic Integration

In the section we will take the martingale-valued measure M to be nuclear and de-
composable. Let (R(t,x),t € [0,T],z € S) be a family of bounded linear operators
on H. We say that they are predictable if the mappings [0,7] x S — H, given by
(t r) — R(t x)y are P ® Y-measurable, for each ¢» € H. Our aim is to define

fo JoR s M (ds,dx) as random vectors, for each ¢ > 0. We follow the approach
given in sectlon 4.2 of [11] for the case of Brownian motion (see also [28], section
4.22). Let Ho(T; A, p) be the real Hilbert space of all predictable R for which

E < /0 ' /S tr(R(t,x)TxR(t,:c)*)/\(d:c)p(dt)) < 0. (10)

We denote by S(T; A, p) the dense linear space of all R € Hy(T'; A, p), which take the

form
N1 Ny
R= Z Z Rl 40114,

i=0 j=0

where N1, Ny e NJO =ty < t; < -+ <tny1 =T, Ag,...,An, are disjoint sets in A
and each R;; is a bounded operator valued F;,-measurable random variable. For each
Re S(T;\ p),0<t<T, define

N1 Nz

= Z Z Rz]M((t VAN ti, t A ti+1], A])

i=0 j=0

Let (e,,n € N) be a maximal orthonormal set in H. We compute

Similar arguments yield

N1 Na

E([(R)?) =Y > B[R M((t Atiyt Atia], A)|P)
=0 7=0

(o] N1

ZZZE (RijM((t Ats,t Atiga], A, en)ul?)

n=1 =0 j=0
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oo Nj Ny

=Y 3 ) E((Rjjen, Ta, Rijen) u)p((ti At ti At])

n=1 i=0 j=0
N N

= Z Z E(tr(Ri;Ta, ;) p((ti Aty tiva At])

i=0 j=0

= Z ZE (/A tr(RiijRfj)A(dx)> p((ts ANt tip1 At])

J

Hence each J; extends to an isometry from Ho(T; A, p) into L%(2,F, P; H) and we
write [ [ R(s,2)M(ds,dx) := J,(R), for each 0 < t < T,R € Hy(T; \, p). The
process (J;, t > 0) is a square-integrable centred martingale. Henceforth we will always
take a strongly cadlag version.

Notes 1). The condition (10) can be rewritten as

E ( /0 ' /S ||R(t,x)T$||2A(dx)p(dt)> < 00,

where || - || is the Hilbert-Schmidt norm, i.e. ||C||y = tr(CC*) for C € L(H). The
set of all C' € L(H) for which ||C||s < oo is a Hilbert space with respect to the inner
product (C, D)y = tr(C'D*), which we denote as Lo(H), (see e.g. [34], section VI.6 for
further details).

2) Lo(H) is a two-sided L(H)-ideal with ||C1DCslle < ||Cy][.]|Cs|-||D]]2, for all

C1,Cy € L(H),D € Ly(H). From this we easily deduce that

/0 / E(|R(t, 2)|P)er(Ty) Mdr)p(dt) < oo (11)

is a sufficient condition for (10).

3) The construction of this section is easily extended to the conceptually simpler
case of deterministic operator-valued families (R(t,z),t € [0,T],x € S) satisfying

I [t (Rt 2) ToR(t, ) A\ (dx)p(dt) < oo.

If C € L(H) and R = (R(t,z),t € [0,T],z € S), we define CR = (CR(t,z),t €
[0,T],z € S). We will need the following result in section 4.3 below.

Theorem 3. If C € L(H) and R € Ha2(T; A, p) then CR € Hao(T; A, p) and

C/Ot/SR(s,x)M(ds,dm) - /Ot/SCR(s,x)M(ds,dx),

for allt > 0.
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Proof. CR € Hy(T; A, p) follows easily from Note 2 above. The identity is immediate if

R e S(T; X\, p). More generally, let (R,,n € N) be a sequence in S(T"; A, p) converging
to R € Ha(T'; A\, p), then for all ¢ > 0,
CRS:L‘ (ds,dx) //CR S, ) dsdx))

_E ( / / (r(CLR(s.0) = Rl )RG5, 2)" = Rl a) CYNplc)
< licPe ( / [ n(ls0) = Rols IR G 2) = Rl ) DA o))

— 0 as n — o0,

R,.(s,z)|M(ds, dw)

and the result follows. O

3.3 Weak-Strong Compatibility

In this subsection we will assume that the operator-valued family (R(t,z),t €
[0,T],z € S) is such that the mappings [0,7] x S — H, given by (t,x) — R(t,z)*
are P ® Y-measurable, for each ¢ € H.

Theorem 4. If M is a decomposable nuclear martingale-valued measure with inde-
pendent increments and the operator-valued family (R(t,z),t € [0,T],x € S) satisfies
(11) then for all0 <t <T ¢ € H

(w,/ot/SR(s,m)M(ds,dx))H = /Ot/S(R(S,x)*w,M(ds,dm))H. (12)

Proof. First note that since (11) holds, the strong integral appearing on the left hand
side of (12) exists. The weak integral on the right hand side also exists, since by the
independent increments property of M, proposition 2.1 and (11),

E(/OT[g|\R<s,x>*w\\2< s de) ) = // (1R (s, 2)"$] PYE((M)(ds, )

< / / E(||R(s, 2)|P)tr(Tu)A(d) plds) [

To establish the result, first let R € S(T; A, p), then
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t N1 Na

(1/1,/ /R(s,x)M(ds,d:c) =3 > (W, RipM((ti, tia), Aj))
0 JS5 i=0 j=0

= Z Z(RZ}@D, M((tia ti+1]’ Aj))H
i=0 j=0
t

:/ /(R(s,x)*z/),M(ds,dx))H.

0 Js
The general result follows by a straightforward limiting argument. 0J

3.4 A Stochastic Fubini Theorem

The result to be established is in some respects quite simple, however it is adequate
for our later needs. Let N be a Poisson random measure defined on R™ x (H — {0})
as in section 1.3 and let v be its intensity measure, which we will assume to
be a Lévy measure. Let £ € B(H — {0}). If F : R" x H — R is P ® E-
measurable and fo /. E P (|F(s,2)|*)v(dz)ds < oo, we can construct the stochastic in-

tegral fo [ F 5 N(ds,dx). It is a centred square-integrable martingale with

( ):KLMW@m%@Ma

see e.g. Chapter 4 of [2].

Now let (W, W, i) be a finite measure space and let Hy(7', E, W) be the real Hilbert
space of all P ® B(E) ® W-measurable functions G from [0,7] x E x W — R for
which [, [1 [ E(|G(s,2,w)|?)v(dz)dspu(dw) < co. The space S(T, E, W) is dense in
Ho(T, E, W), where G € S(T, E, W) if

N1 Nz N3
G = Z Z Z Gz‘jkl(ti,tiﬂ] 1Aj le

i=0 j=0 k=0

F(s,x) ds dx)

where Ni, No, N3 e NJO =ty <t; < --- <ty41 =1, Ao,...,An, are disjoint sets in
A, By, ..., By, is a partition of W, wherein each By, € W and each Gj;, is a bounded
Fi,-measurable random variable.

Theorem 5. If G € Hyo(T, E, W), then for each 0 <t <T,

/(// ., ) wMJmm—fé(Lawww@Qm@@Me

(13)
f

Proof. First note that both integrals in (13) are easily seen to exist in L*(§2, F, P). 1
G € S(T, E,W), then the result holds with both sides of (13) equal to
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N1 N2 N3

Z Z Z GijeN((ti, tisa], Aj)(Br).

i=0 j=0 k=0

Now suppose that (G,,,n € N) is a sequence of mappings in S(T, E, W) converging to
G e HQ(T, B, W), then
2)

E(Kié(&m@@wywa@awm@m>M@@@
:[iéEO&m@mwy4M&mmMmojmmms

¢
<nW) [ [ [ GG 00) = Guls, ) Pty ds
0o JEJW
A similar argument shows that

—0asn — oo.
JEyE(U;(AiéK%@ﬂﬂ@—(X&LMHNM&&@)MM@2):O,

and the result follows. O

4 Ornstein-Uhlenbeck Processes
4.1 Stochastic Convolution

Let X be a strongly cadlag Lévy process and let (S(¢),t > 0) be a Cy-semigroup
(i.e. a strongly continuous one-parameter semigroup of linear operators ) acting in H.
Basic facts about such semigroups can be found in e.g. Chapter 1 of [14]. We note in
particular that there exists M > 1,4 € R such that

IS < Me™, (14)

for all ¢ > 0. J will denote the infinitesimal generator of (S(¢),¢ > 0). It is a closed,
densely defined linear operator in H and hence its adjoint J* is also densely defined.
Let C € L(H). Our aim in this subsection is to define the stochastic convolution

Xiog)fiﬂtsu-@cuxxg, (15)

for all t > 0. We do this by employing the Lévy-It6 decomposition (7) to write each
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Xyo(t) /St—s)C’Cds—i—/St—stBQ // S(t — s)CxN(ds, dx)
|||l <1

/ /|x|>1 (t — s)CxN(ds, dz). (16)

We need to establish condition under which the process (X, (t),t > 0) exists. To do

this we consider each term in (16) in turn. We define fot S(t — s)C(ds as a standard
Bochner integral. Indeed using (14) we obtain

‘ < (/Otusu—smds) el

< (e = il ¢
Mt||CC| if B =0.

The terms [, S(t—s)CdBg(s) and [, Siapjea SE— s)CxN (ds,dz) are dealt with using

the (deterministic version) of strong stochastic integration as described in section 3.2.

In fact the first of these terms was discussed in [11], section 5.1.2. (see also [7]). Using

the estimate (11) we find that fot S(t—s)CdBg(s) exists as a strong integral provided

( N s)||2ds> t1(Q) < 0o, which by (14) is always satisfied.

/t S(t—s)C(ds
0

Note. [11] impose the weaker condition (10) as they want to explore the degenerate
case where () = I. This falls outside the context of the current work as B is not then
a Lévy process when H is infinite dimensional.

Again using (11) for the compensated Poisson integral, we must estimate

/0 15(t — )| ds A ) = / 15(t — )| s / - elPota)

< o0

Hence we see that [ Sigjea S — s)CxzN(ds, dzx) also always exists.

Finally, we may define the final Poisson integral as a finite (random) sum:

/0 A \>1S(t_ s)CaN(ds,dv) = ) S(t = $)CAX () Lgaljz1) (AX (5))-

0<s<t
In conclusion, we have established the following:
Theorem 6. If X is a cadlag Lévy process, C € B(H) and (S(t),t > 0) is a Cp-

).t
semigroup with generator J, the stochastic convolution X ;c(t) = fg S(t—s)CdX(s)
exists in H for all t > 0.
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We note that the process X ;o = (X ¢ (t),t > 0) inherits strongly cadlag paths from
X.

Note. An alternative approach to defining the stochastic convolution is to employ
(weak) integration by parts to write, for each ¥ € Dom(J*),

(6, Xs0(0)r = (0, [SO)CX (1) — SEHCX(0)])y + / (C* T, S(t — )X (s—))ds.

Another approach, using convergence in probability rather than L2-convergence can
be found in [9].

4.2 Existence and Uniqueness for Ornstein-Uhlenbeck Processes

The development of this section closely parallels that of [11], section 5.2. We consider
the generalised Langevin equation in Hilbert space, i.e

dY (t) = JY (t)dt + CdX (t), (17)

with the initial condition Y (0) = Yj (a.s.), where Yj is a given Fy-measurable random
variable. We consider (17) as a weak sense stochastic differential equation. By this we
mean that Y = (Y'(¢),t > 0) is a solution to (17) if for all ¢ > 0,4 € Dom(J*),

(¥, Y (1) = Yo)u = (C", X (1)) u +/0 (", Y (s))uds. (18)

Our candidate solution to (17) is given by the usual stochastic version of the variation
of constants formula

Z(t) = S()Yp + / t S(t — )CdX(s), (19)

for each t > 0. It follows from Theorem 6 that Z(t) exists for all ¢ > 0.

Note. Da Prato and Zabczyk [11] consider (18) in the case where X is a Brownian
motion. In their formalism, the operators J and the process X are associated to
different Hilbert spaces H; and H,, respectively and C' maps Hs to H;. Our approach
herein is easily extended to this level of generality (in fact one can just take H =
H, @ H,).

Theorem 7. (19) is the unique weak solution to (18).
Proof. We extend the argument used to prove theorem 5.4 in [11]. See [9] for an

alternative approach.

FEzistence. First note that if X ;¢ solves (18) with the initial condition Yy = 0 (a.s.),
then it is clear that Z, as given by (19) solves (18) with the arbitrary initial condition.
Hence we may restrict ourselves to the former problem.
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For each t > 0,1 € Dom(.J*), using (12) we obtain

(0, Xso(®)ar — (€6, X (B) 1) = (w, [ste—- f]CdX<s>)

H

_ /0 (C7[S(t — 8)" — I19), dX(s))n

_ /O t ( /0 - C*S(r)*J*drw,dX(s))H

= [([ vootrerst oy raraxs)

We now need to change the order of integration. Using (16), we employ (13) for the
compensated Poisson integral, the stochastic Fubini theorem of [11] (theorem 4.18)
for the Brownian integral and the usual Fubini theorem for the Lebesgue integral to
deduce that

(6, X et — (C7, X (8)) ) = / t (J*w, / Lo ()50 - s>0dx<s>)H

= /0 (J*¢, XJ’C(T))HCZT’,

as was required.
Uniqueness. This is established in exactly the same way as in [11] (pp. 122-3). O
It follows immediately from (19) that Y has strongly cadlag paths.

Example Let H = L?(U) where U is a regular domain in R?. If A denotes the usual
(Dirichlet) Laplacian acting in H then for each 0 < a < 2, we can define the fractional
power —(—A?%) by e.g. spectral theory, or as a pseudo-differential operator. Indeed
when U = RY, —(—A?%) is a positive self-adjoint operator on the domain H,(R?) =
{f € L2(RY); [ou |02 f (v)2dv < oo}, where f denotes the Fourier transform of f,

and —(—A?) generates a self-adjoint contraction semigroup on H (see e.g. [2], Chapter
3). By the results of this section we know there is a unique weak solution to the
equation

dY (t) = —(—=A3)Y (t)dt + CdX (),

for any C' € B(H) and any Lévy process X. In particular, one can take X to be
a-stable (c.f. [30]).

4.3 Flow and Markov Properties

For each 0 < s <t < 00, define a two-parameter family of mappings @5, : H x 2 — H
by
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Dsi(y) =St —s)y+ /t S(t—r)CdX(r).
The following establishes that {®;,;0 < s <t < oo} is a stochastic flow.
Proposition 4.1 For all0 <r < s <t < o0,
¢s,t o @r,s = @r,t

Using the semigroup property and Theorem 3, for each y € H, we obtain
t
D 1(Pr5(y)) = S(t — $)Ps(y) + / S(t —u)CdX (u)
s t
— S(t— $)S(s — 1)y + S(t — s) / S(s — u)CdX (u) + / S(t — w)CdX (u)

=S({t—r)y+ /8 St —u)CdX (u) + /tS(t —u)CdX (u)
:¢r,t(y)' O

By the construction of stochastic integrals, we deduce that each @,:(y) is Gss-
measurable where Gs; = o{X(u) — X(v);s < u < v < t}, and hence by the in-
dependent increment property of X, it follows that @, ,(y) is independent of F.

From this fact and Proposition 4.1, we can apply standard arguments (see e.g [2],
section 6.4 or [33], section 5.6) to establish the strong Markov property for the solution
to (18), i.e. if 7 is a stopping time with P(7 < co) = 1 then for each f € b(H),t >0

E(f(Y (7 + 1)) = E(f(Y (7 + 1) [Y(7)),

where F. is the usual stopped o-algebra.

By the stationary increments of X it follows that Y is a time-homogeneous Markov
process and hence we obtain a contraction semigroup of linear operators (7;,¢ > 0)
on b(H) via the prescription

(T./)(y) = E(f (Y (0)Y(0) = v),

foreach t > 0, f € b(H),y € H. We easily verify that 7; : C,(H) C Cy(H) for each
t > 0, by a routine application of dominated convergence. In fact (7;,¢ > 0) is a
generalised Mehler semigroup in the sense of [6], [15].

5 Operator Self-decomposability

Generalising ideas developed in [21], we say that a random variable Z is operator
self-decomposable with respect to a Cy-semigroup (S(t),t > 0) if for all ¢ > 0, there
exists a random variable Z; which is independent of Z, such that
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ZL8(1)7Z+ 2, (20)

We aim to show that random variables of the form Z = [* S(r)dX (r), where X is
a Lévy process are operator self-decomposable, when the limit makes sense. For each
t > 0, we define fo r)dX (r) by employing the Lévy-Ito6 decomposition, as in (16).
We assume throughout thls section that the semigroup (S(t),t > 0) is exponentially
stable, i.e. (14) holds with 8 < 0, e.g. all self-adjoint semigroups whose generator
has a spectrum which is bounded away from zero are exponentially stable. In [12],
it is shown that a Cy-semigroup (S(t),t > 0) is exponentially stable if and only if
S 1S (@)z||2dt < oo, for all x € H.

Under this assumption, given any sequence (t,,n € N) in [0, co) with lim,,_, t,, = 00,
we can assert the existence of the following limits:

/ Y srcdr = tim [ S(r)cdr
0

n—oo 0

tn

/OOO S()dBo(r) = lim | S(r)dBo(r)

n—oo

/ / S(r)zN (dr, dz) = hm/ / r N (dr, dz),
0 Jlall<1 e llzl|<1

where the first limit is taken in H and the other two in L*(2,F,P;H). We
need to work harder to consider the limiting behaviour as ¢ — oo of IIgn(t) :=

Jo Jjagiz1 S(r)eN (dr, dx).

Lemma 1. Let A € L(H) with ||A]| <1 and (§,,n € N) be a sequence of iid random
variables. If E(log(1 + [|&1]])) < oo, then >~ | A", converges a.s.

The proof is exactly as in [21], lemma 3.6.5 (p.121). Note that these authors are able

to prove ‘if and only if’ by assuming that A is invertible. That assumption would be
unnatural in our context.

This next result is related to Proposition 1.8.13 in [21], p.36, although the proof is
quite different.

Lemma 2. Let f : H — R™ be measurable and subadditive. ]ffot fl\:vll>1 f(S(r)z)v(dx)dr <
oo then E(f(IIsn(t))) < oo, for each t > 0.

Proof. By subadditivity of f, for each ¢ > 0 we have

fIsn(t) = f ( > S(T)AX(T)Mx||z1}(AX(7”))>

0<r<t

<> f(s (M) Lgja=13 (AX (r))

0<r<t

/ /|9E|>1 N(dr,dx).
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E(f(Isn(1) <E (/ /|x|>1 N(dr, d:r;)>
/ /:v||>1 w(dz)dr < co. O

Theorem 8. (c.f. [39], [22], [21]) Let (S(t),t > 0) be an exponentially stable contrac-
tion semigroup in H. If [ .-, log(1+||z||)v(dz) < oo then limy .o IS Jipjc1 S(r)aN(dr, dz)
exists in distribution. -

Hence

Proof. We follow the approach of [21], theorem 3.6.6 (p.123). By stationary increments
of X and the semigroup property, for each n € N,

k1
/ / r)xN(dr,dz) = / / r)xN(dr,dz)
[|z[>1 [|z||>1

—Z// S(r+ k)xN(dr + k,dz)

[lz]|>1

_251 // (r)aN(dr + k, dz)
[lz]|>1

A S(1)* S(r)zN(dr,dx
Z%(pA[MIM (dr, dx)
iiﬁmm@

where each M}, := :H fl\rll>1 S(r — k)N (dr,dz). The My'’s are independent by the

independent increment property of N. Moreover by the stationary increment property
of N, each

M, :/01 AxlzlS(r)xN(derk,dx) i/ol /|z|21 S(r)zN (dr, dz).

We deduce the convergence in distribution as n — oo of ;" S(r)xN(dr, dz) by lemmas
1 and 2 together with the estimate

log(1 S(x||)v(dz)dr log(1 x| v(dx)dr
L[, st listadaar< [ [ ot el

= log(1 z|Nv(dx).
tﬂulg+um<>
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Now let (s,,n € N) be an arbitrary sequence in [0, 1]. By stationary increments of NV,
for each n € N,

n+sn
/ / r)aN(dr, dx) / / r)aN (dr,dz).
[|z||>1 [|z][>1

Since t — fo (r)zN(dr,dx) is a.s. cadlag, we deduce that
< 1Isl sw

HSn/ /x||>1 r)zN(dr, dz) suwp /S(r)Alea:N(dr,dm)

— 0 asn — oo a.s.
Hence, given any sequence (t,,n € N) diverging to oo, we can deduce the convergence
in distribution as t,, — oo of

/Ot" S(r) Awl N (dr, dz) :/OW /|z||>1 S(ryeN(dr, dw)+/{: /|x|>1 S(rjzN{dr, dv).0

Note. In [9] it is shown that the following conditions are necessary and sufficient for

the existence (in distribution) of lim; . fo r)dK (r) where K is the jump part of
X, ie K(t)=X(t) —t( — Bg(t), foreachtZO

/OO /H_{O}(\\S(r)xH?/\1)y(dx)dr P
tlggo/ /H (0} )x[1p, (S(r)(r)) — 1p, (z)]v(dx)ds exists . (21)

These may be difficult to verify in practice.

The main result of this section is the following:

Theorem 9. If (S(t),t > 0) is an exponentially stable contraction semigroup in H and
X is a Lévy process with Lévy measure v for which f||xH>110g(1 + ||z||)v(dx) < oo,
then lim; fo r)dX (r) ezists in distribution and is operator self-decomposable with

respect to (S(t),t > 0).

Proof. 1t follows from the Lévy-It6 decomposition that fo r)dX(r) — g n(t) and
IIs n(t) are independent. Since each of these terms converges in distribution as t —
00, it follows that their sum also does. For the self-decomposability, we define Z =

[ S(r)dX (r), then

Z = /0 t S(rydX (r) + /t " S(rax(r),

and these terms are independent, by the independent increment property of X. Now
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/too S(r)ydX(r) = /000 S(r+t)dX(r+t) < S(t) /000 S(r)ydX(r),

by the stationary increment property of X. Hence we have (20) with Z; = f; S(r)dX (r).0

Finally, there is an interesting link between self-decomposability and Ornstein-Uhlenbeck
processes (c.f. [39], [4] for the finite-dimensional case).

Suppose that X is a Lévy process with characteristics (¢, @, v), and define the process
X = (=X(t),t > 0), then X is a Lévy process with characteristics (—(, @, 7), where
U(A) = v(—A), for all A€ B(H —{0}). In the following, we define (X (), < 0) to be
an independent copy of X.

We recall the Ornstein-Uhlenbeck process (19)

Y(t) = S(t)Y, + / t St — )dX (s),

for each t > 0, where we have taken C = I.

Theorem 10. If the Ornstein- Uhlenbeck process (Y (t),t > 0) is stationary, then Y,
is self-decomposable. Conversely, if (S(t),t > 0) is an exponentially stable contrac-
tion semigroup in H and foll>1 log(1 + ||z||)v(dx) < oo, then there exists a self-

decomposable Yy such that'Y = (Y (t),t > 0) is stationary.

Proof. Suppose that Y = (Y (t),t > 0) is stationary, then for each t > 0,
t
VoL v(e) =S¥+ [ S(t-nax(),
0

so Yy is self-decomposable. Conversely, define Y, := f?oo S(—r)dX(r), then Yy is self-
decomposable by theorem 9. By theorem 3 and the semigroup property, for each t > 0,
we have

Y(t):/ S(t—r)dX(T)+/0 S(t—r)dX(r)

—0o0

-~ /t S(t—r)dX(r).

—0o0

Clearly Y (t + h) 2 Y (t), for each h > 0. More generally, by stationary increments of
Z we can easily deduce (as in [2], theorem 4.3.16) that

E <eXp {Z i(% Y(t; + h))H}) =E (eXp {ii(uﬁ Y(%’))H}) ,

for each n € N,uqy,...,u, € H,ty,...,t, € RT 0.
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Note. In [9], it is shown that the conditions (21) are necessary and sufficient for

Y to have a stationary solution and the condition sz‘

51 log(1 4 [|z][)r(dr) < oo is

demonstrated to be sufficient for these to hold. In [8] an example is constructed which
demonstrates that this condition is not necessary when H is infinite dimensional.
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