ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1214/16-A0OP1164

Document Version
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):
Riedle, M., & Jakubowski, A. (2017). Stochastic integration with respect to cylindrical Lévy processes. ANNALS
OF PROBABILITY, 45(6B), 4273-4306. https://doi.org/10.1214/16-A0OP1164

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 08. Oct. 2023


https://doi.org/10.1214/16-AOP1164
https://kclpure.kcl.ac.uk/portal/en/publications/b3b54150-2937-450e-82b0-4f6f5b3b9c3c
https://doi.org/10.1214/16-AOP1164

Stochastic integration with respect to
cylindrical Lévy processes

Adam Jakubowski Markus Riedle
Faculty of Mathematics Department of Mathematics
and Computer Science King’s College

Nicolaus Copernicus University London WC2R 2LS
Torun, Poland United Kingdom

markus.riedle@kel.ac.uk

November 15, 2016

Abstract

A cylindrical Lévy process does not enjoy a cylindrical version of the semi-
martingale decomposition which results in the need to develop a completely novel
approach to stochastic integration. In this work, we introduce a stochastic integral
for random integrands with respect to cylindrical Lévy processes in Hilbert spaces.
The space of admissible integrands consists of caglad, adapted stochastic processes
with values in the space of Hilbert-Schmidt operators. Neither the integrands nor
the integrator is required to satisfy any moment or boundedness condition. The in-
tegral process is characterised as an adapted, Hilbert space valued semimartingale
with cadlag trajectories.

AMS 2010 subject classification: 60H05, 60B11, 60G20, 28C20
Key words and phrases: cylindrical Lévy processes, stochastic integration, decoupled
tangent sequence, cylindrical Brownian motion, random measures.

1 Introduction

Cylindrical Brownian motion is the most prominent model of the driving noise for stochas-
tic partial differential equations. The attribute cylindrical refers here to the fact that
cylindrical Brownian motions are not classical stochastic processes attaining values in
the underlying space but are generalised objects whose probabilistic distributions are
described by a cylindrical, i.e. a finitely additive, measure. The reasons for the choice
of cylindrical but not classical Brownian motion can be found in the facts that there
does not exist a classical Brownian motion with independent components, i.e. a standard
Brownian motion, in an infinite dimensional Hilbert space, and that cylindrical processes
enable a very flexible modelling of random noise in time and space.

The concept of cylindrical Browian motion is naturally extended to cylindrical Lévy
processes in one of the authors’ work [1] with Applebaum. Some specific examples and
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their constructions of cylindrical Lévy processes are presented in the work [26] by Riedle.
Linear and semi-linear stochastic partial differential equations perturbed by an additive
noise which is modelled by various but specific examples of cylindrical Lévy processes
can be found for example in the works Brzezniak and Zabczyk [3], Peszat and Zabczyk
[21], and Priola and Zabczyk [22]. However, modelling an arbitrary perturbation of a
general stochastic partial differential equations beyond the purely additive case requires
a theory of stochastic integration of random integrands with respect to cylindrical Lévy
processes.

Stochastic integration with respect to cylindrical Brownian processes is developed for
example in Daletskij [4], followed by the articles Gaveau [6], Lepingle and Ouvrard [15]
and many others. Surprisingly, stochastic integration with respect to other cylindrical
processes than cylindrical Brownian motion is much less considered. In fact, only with
respect to cylindrical martingales a stochastic integration theory is developed which
originates either from an approach by Métivier and Pellaumail in [16] and [17] or from
Mikulevi¢ius and Rozovskii in [18] and [19]. The construction by Métivier and Pellaumail
is based on Doléans measures whereas the construction by Mikulevi¢ius and Rozovskii
uses a family of reproducing kernel Hilbert spaces. Thus, both constructions heavily rely
on the assumed existence of finite weak second moments. In Métivier and Pellaumail
[16], the construction is extended to cylindrical local martingales. For the special case
of a cylindrical Lévy process with finite weak second moments one can follow a classical
Itd approach to define the stochastic integral for random integrands; see Riedle [25].
Another approach to stochastic integration in infinite dimensional spaces is introduced
in [13] by Kurtz and Protter for a large class of integrators, so-called #-semimartingales,
under the additional assumption that they are “good integrators”. Although cylindrical
Lévy processes belong to the class of #-semimartingales it is not clear if they are good
integrators in the sense of [13].

The classical approach to stochastic integration with respect to genuine Lévy pro-
cesses or semimartingales exploits their decomposition into a (local) martingale and a
process with trajectories of bounded variation. Alternatively, one can develop an inte-
gration theory by starting with “good integrators”. In this case, one concludes from
the Bichteler-Dellacherie theorem that good integrators are semimartingales. Vice versa,
semimartingales are verified as good integrators by exploiting their decomposition; see for
example the monograph [23] by Protter. However, any approach based on a semimartin-
gale decomposition fails for cylindrical Lévy processes although they are in the class of
cylindrical semimartingales. This is due to the conceptual mismatch that a cylindrical
semimartingale cannot be decomposed into the sum of a cylindrical local martingale and
another cylindrical process, see Remark 2.2. Consequently, our work requires a novel
approach to stochastic integration without decomposing the integrator.

To explain our approach in more detail let (Y (¢) : ¢ € [0,7]) be a classical Lévy
process in a Hilbert space U with inner product (-,-). A simple integrand (U(t) : ¢ €
[0,T7) is of the form ¥ = Tiap ®@P where 0 < a < b < T and ® is a random variable
with values in the space of Hilbert-Schmidt operators from U to another Hilbert space
V. Each sensible definition of stochastic integration leads to

T
</ W(s)dY (s), v> = (B(Y(b) = Y(a)), v) = (Y (b) — Y(a), ®*v)  (L1)
0

for every v € V, where ®* denotes the adjoint operator. A cylindrical process, like the
cylindrical Lévy process, is a family (L(t): ¢t € [0,T]) of linear and bounded operators
L(t) from U to the space of equivalence classes of real valued random variables. If we



substitute Y by the cylindrical Lévy process L in (1.1) then the inner product on the
right hand side in (1.1) corresponds to the application of the linear operator L(b) — L(a)
to the other argument of the inner product such that we arrive at:

</0T\I’(s) dL(s), ”> = (L(b) = L(a)) (2"v). (1.2)

However, a technical and a conceptual problem arise in (1.2):

(1) the linear operator L(b) — L(a), mapping to the space of equivalence classes of
random variables, is applied to a random argument which results in an ambiguity;

(2) in order to obtain a V-valued stochastic integral such as ® (Y (b) — Y(a)) in (1.1),
there must exist a V-valued random variable J satisfying

(L(b) — L(a)) (®*v) = (J, v) for all v e V.

We call the approach for solving the Problems (1) and (2) the radonification of the
increments and present it in Section 4.

However, a much more complicated problem is to extend the class of admissible
integrands to a larger space rather than only simple integrands. Denote by Ho(U, V)
the space of linear combinations of simple integrands of the form as ¥ above. Then, by
means of the radonification of the increments one can define an integral operator

I:Ho(U, V) = LY V), (1.3)

where L% (£2; V) denotes the space of equivalence classes of V-valued random variables. In
the classical setting, the integrator Y is decomposed into a martingale M and a bounded
variation process A, resulting in integral operators I4 and Iy, with I = Ix + Iy It is
straightforward to extend the domain of the integral operator 4. The integral operator
Iy turns out to map to the Hilbert space L%(£2; V) of equivalence classes of V-valued
random variables with finite second moments. Martingale properties and the nice Hilbert
space topology of L%(Q; V) allow to conclude the continuity of Ip; and thus to extend
its domain. However, as mentioned above, the cylindrical Lévy process L does not enjoy
an analogues decomposition, and thus we must work with the integrator operator (1.3)
in a single entity to solve:

(3) if a sequence (¥, )nen of simple processes in Ho(U, V') converges to a stochastic
process ¥ in a larger space in some sense then I(¥,,) converges to a random variable
in LE(Q; V).

Dealing with problem (3) means in particular that, instead of exploiting the It6 isomor-
phism to the Hilbert space L%(2; V), one must establish convergence in the much less
amenable topology in L% (Q; V), i.e. convergence in probability. We solve Problem (3)
in Section 5. Here, the main step is establishing tightness of the set {I(¥,) : n € N}
of Hilbert space valued random variables. We prove tightness of this set by exploiting
the result that tightness of the sum of the decoupled tangent sequence implies tightness
of the original sum. This result originates from one of the authors’ work [8], and we will
introduce and prove a modified version of this result in Section 3. Although this result
was originally introduced with a completely different aim it seems to be tailor-made for
the considerations of our current work.

Concerning the class of admissible integrands, in this work we restrict ourselves to the
space of caglad, adapted stochastic processes with values in the space of Hilbert-Schmidt



operators. In finite dimensions, introducing stochastic integration for the larger class
of predictable integrands can be achieved in two steps: in the first step, the stochastic
integral is introduced for integrands with caglad paths, and in the second step, the
definition is extended to predictable integrands; see for example the monograph [23] by
Protter. In this sense, our work can be seen as completing the first step for stochastic
integrals with respect to cylindrical Lévy processes. In finite dimensions, the second
step is typically achieved by arguments based on the semimartingale decomposition of
the integrator. However, as cylindrical Lévy processes do not enjoy a corresponding
decomposition, enlarging the space of admissible integrands to predictable processes will
require other novel tools different from those in this work.

2 Preliminaries

Let U and V be separable Hilbert spaces with inner products (-,-) and corresponding
norms ||-||. The dual spaces are identified by the original Hilbert spaces. The unit ball
is denoted by By := {v € V : |lv|| < 1}. Throughout the paper, {ex}ren and {fx}ren
denote some orthonormal basis of U and V', respectively.

The space of linear and bounded operators is denoted by £(U, V) and it is equipped
with the operator norm ||-||;;_,,,. The subspace of Hilbert-Schmidt operators is denoted
by Lo(U,V) and is equipped with the norm

o0
2 2
lellz, =Y leexl®.
k=1

A simple argument using the standard characterisation of compact sets in Hilbert spaces
show that a set K C Lo(U, V) is compact if and only if it is bounded, closed and obeys

lim sup llpexll® = 0. (2.4)
N—o00 pEK k:;&-l

The space of Lo(U,V)-valued caglad (continue & gauche, limite & droite) functions is
denoted by

D_([0,T); L2(U,V))
= {1/): [0,T] = L2(U, V) : left-continuous with right—limits}.

This space can be metrizable via the Skorokhod metric

ds(p.) = inf (sup [lp(t) =0 j(t)lle, v sup [t —j(0)]), (2:5)
JEA N tefo,1) te[0,7T]

where the infimum is over the set A of all all strictly increasing, continuous bijections
j:[0,T] = [0,T].

The Borel o-algebra in U is denoted by B(U) and the space of Borel measures on B(U)
is denoted by M(U). The space of Borel probability measures is denoted by M;(U) and
it is equipped with the Prokhorov metric

dp(p,v) :==inf {e > 0: u(B) <v(B.) +¢ and v(B) < p(B.) + ¢
for closed B € B(U)},



where B, := {u € U : inf{||lu—b| : b € B} < e}. Convergence in the Prokhorov metric
is equivalent to weak convergence of probability measures.

Let (2,4, P) be a probability space. The space of equivalence classes of measurable
functions X: Q — U is denoted by L%(Q;U). If G is a sub-o-algebra of A we write
LY%(Q,G; U) for the space of equivalence classes of G-measurable functions. By defining
the function

P Lp(QU) = [0,1], p(X) = E[LA[X]?], (2.6)

the space L%(Q;U) becomes an F-space under the metric d(X,Y) := p(X —Y).
Let S be a subset of U. For every elements uq,...,u, € S, n € N and B € B(R")
define

Clu,...,up;B) :={ueU: ((u,u),...,(u,u,)) € B}.

These sets are called cylindrical sets with respect to S and they form an algebra Z(U, S).
The generated o-algebra is denoted by Z (U, S) and it is called the cylindrical o-algebra
with respect to S. If § = U we write Z(U) := Z(U, S) and Z(U) := Z(U, S).

A function n: Z(U) — [0, 0] is called a cylindrical measure on Z(U) if for each finite
subset S C U the restriction of 7 to the o-algebra zZ (U, S) is a measure. A cylindrical
measure 7 is called finite if 7(U) < oo and a cylindrical probability measure if n(U) = 1.
The characteristic function of a finite cylindrical measure 7 is defined by

Xn: U= C, Xn (1) :/ et {uh) n(dh).
U

Note that this integral is well defined as the integrand is measurable with respect to
Z(U,{u}) for each u € U. The cylindrical measure 7 is called continuous if Xn is
continuous.

A cylindrical random variable in U is a linear and continuous mapping

Z:U — L% (% R).

If C =C(ug,...,u,; B) is a cylindrical set for ui,...,u, € U and B € B(R") we obtain
a cylindrical probability measure 7 by the definition

n(C) = P((Zu,...,Zu,) € B).

The mapping 7 is called the cylindrical distribution of Z. The characteristic function of
a cylindrical random variable Z is defined by

vz:U—C, ¢z(u) = E[exp(iZu)],

and the characteristic function of Z and its cylindrical distribution 7 coincide. For a
function ¢ € L(U, V) one can define a cylindrical random variable in V' by

Z,: V= LY (O R), Zov = Z(p*v).

In general, Z,, is only a cylindrical random variable but if ¢ is a Hilbert-Schmidt operator
then there exists a V-valued random variable ¢(Z): Q — V satisfying

Z(p™v) = {p(Z),v) for all v € V; (2.7)

see [27, Th.VL5.2].

A family (Z(t) : t > 0) of cylindrical random variables Z(t) in U is called a cylindrical
process in U. In our work [1], we extended the concept of cylindrical Brownian motion
to cylindrical Lévy processes:



Definition 2.1. A cylindrical process (L(t) : t > 0) in U is called a cylindrical Lévy
process if for each n € N and any uq,...,u, € U we have that

(L(@)ur, ..., L(t)uy) : t =0)
is a Lévy process in R™.
The characteristic function of L(t) is studied in detail in our work [24]. It turns out
that the characteristic function of L(t) for each ¢t > 0 is of the form
orw:U—C, o1 (u) = exp (tS(u)),
where S: U — C is called the cylindrical symbol of L and is of the form

S(u) =ia(u) — 5(Qu,u) —|—/

(e =1 = i, ) Ly (s ) ) (). (28)
U

Here, a: U — R is a continuous mapping with a(0) = 0, @: U — IR is a positive and
symmetric operator and v is a cylindrical measure on Z(U) satisfying

/ ((u, h)* A 1) v(dh) < oo for all u € U.
U

Since L(t): U — L%(Q;R) is continuous, it follows that the characteristic function
¢r): U — C is continuous, and thus the symbol S: U — C is continuous. According
to Lemma 3.2 in [26] the cylindrical symbol S maps bounded sets to bounded sets.

Remark 2.2. It follows from the Lévy-It6 decomposition in R that for each u € U and
t > 0 a cylindrical Lévy process L with Lévy symbol (2.8) can be decomposed into

L(t)u = a(u)t + W (t)u + /5<1

BN, (t,dB) + / BN (t,dp),

181>1
where W is a cylindrical Wiener process in U with covariance operator ) and
Nu(t,B) = > 1p((L(s)u— L(s=))u) forall t € [0,T], B € B(R\{0}),

0<s<t

and N, is the compensated Poisson random measure defined by N, (t, B) := N,(t, B) —
t(vo (-, u)~1)(B); see [1, Th.3.9]. If L does not have finite weak second moments, that is
E[ |L(l)u|2] = 00, then the (local) martingale part in the semimartingale decomposition
of (L(t)u: t € [0,T)) is given by the sum W (¢t)u + R(t)(u) where

R(t)(u) = /ﬁqﬁNu(t,dﬁ).

As the truncation function 8 — 1g(3) is not linear the mapping u — R(t)(u) is not
linear neither. Thus, (L(¢)u : ¢ € [0,T]) enjoys a semimartingale decomposition for fixed
u € U, but the martingale and bounded variation parts are not linear in u in general.

We equip the probability space (2,.4, P) with the filtration generated by L and
defined by

Fii=o0({L(s)u: ueU, se€l0,t]}) for all t > 0.
For a filtration G := {G; }+c; where I C [0, 00) is an arbitrary index set we define

Y(G):= {T: Q — I : is stopping time for g}.



3 Tightness by decoupling

In the later part of this work, the main argument on extending the definition of the
stochastic integral from simple integrands to a much larger class of integrands is based on
establishing tightness of the set of stochastic integrals for a sequence of simple integrands.
This will be established by the following result which provides a handy criterion for the
tightness of a set of sums of random variables in a Hilbert space. The theorem is a
modification of a result by Jakubowski in [8], and which is also published in a more
general setting in [11].

Theorem 3.1. For each n € N let {X,, : k € N} be a sequence of V-valued random
variables adapted to a filtration F,, := {F,k : k € No}. Define for each k, n € N a
version of the regular conditional distribution

Pn’ki B(V) x ) — [0, 1], Pn,k(B,w) = P(Xn’k €B | ]:n’}c71 )(w)

If there exists a sequence {o, : n € N} of finite stopping times o, € Y(F,) such that
{Ppi*- %Py 7T€Y(F,),1 <7< 0, neN} istight, then

{Xn71+"'+Xn,T : TGT(Fn), 1< 7 <oy, TLE]N} (3'9)
is tight.

Theorem 3.1 provides a method for establishing tightness of the random field (3.9).
We call this method tightness by decoupling for the following reason: for the given se-
quences {X, x : k € N} there exist sequences {X, ; : k € N} of random variables X ,
on a larger probability space (2%, 4*, P*) satisfying:

(i) for every n € N the sequence {X ; : k € N} is conditionally independent over a
o-algebra F* C A*;

(i) P*(X; x € B|F") = P(Xnk € B| Fp 1) for all B € B(V) and k, n € N.
The sequence {X;,k : k € N} is called the decoupled tangent sequence; see Chapter 6 in
[5] or [14]. By defining
0 if 0, =0, 0 if o, =0,
Snlom) = ika else, Snlom) = iX;;k else,
k=1 k=1

one can conclude from Theorem 3.1 that if {S}(c,,) : n € N} is tight then {S,,(0,) : n €
N} is also tight.

Applying Theorem 3.1 in the one-dimensional case yields another result, the principle
of conditioning, which we also use in this work. The original proof can be found in [2]
and [7], and further extensions to Hilbert spaces in [10].

Theorem 3.2. For eachn € N let {X,,  : k € N} be a sequence of real valued random
variables adapted to o filtration F,, := {Fpx : k € No} and 0,,: Q@ — N be a stopping
time for {Fn i : k € N}. Define for each k, n € N:

A’mk: R xQ — @, An,k(67w) = E[eiﬁXnYk | ]:n,k—l ] ((U)



If for each 8 € R there exists a deterministic constant ¢(8) # 0 such that

On

nl;rr;og Apk(B,-) =c(B) in probability,

then it follows that

lim F {ei'@(x’“ﬁ”'*){"vvn)} = c(f).

n—oo

For the proof of Theorem 3.2 we refer to the literature. For the following proof
of Theorem 3.1 we introduce a few notations and objects. A random measure is a
measurable mapping M :  — M(V'), where measurability is with respect to the Borel
o-algebra corresponding to the weak topology on M (V). The mapping M is called a
random probability measure, if it maps to the space M1 (V') of Borel probability measures
on B(V). A random measure M is called integrable, if E[M (V)] < co. In this case,
E[M|(B) := E[M(B)] for all B € B(V) defines an element in M (V). By starting with
simple functions and passing to the limit one shows for bounded, measurable functions
¢: V = R that

E {/V @(U)M(du)} = /Vgo(u) E[M](du). (3.10)
The characteristic function of a random probability measure M is defined by
xm:VxQ—C, XM(U):/ eXvh) M (dh).
v

For an integrable random measure M it follows from (3.10) that
Elxam(v)] = xpp(v) forallve V. (3.11)
A set {M; : i € I} of random measures is called tight, if for each £ > 0 we have:

there exist for all i € I a set A; € A with P(A4;) > 1 — ¢; obeying:

. . . : (3.12)
{M;(-,w) : we A;,i €I} is relatively compact in M(V).
It follows from Prokhorov’s theorem that the last line is equivalent to
sup sup M;(V,w) < oc; (3.13)
i€l weA;
for each g5 > 0 there exists a compact set K C V such that
(3.14)

sup sup M;(K° w) < eq.
i€l weA;

If {M; : i € I} is a family of random probability measures then it is tight if and only if
{E[M;] : i € I} is tight in M(V).
A non-negative, symmetric operator p: V' — V is called an S-operator if

trlp) =D (S, fr) < oo

k=1



The space of all S-operators is denoted by Lg(V). The space Lg(V) is a subspace of the
Banach space of trace class operators, and it is equipped with the Borel o-algebra of the
latter. A set {¢; : i € I} C Lg(V) is relatively compact if and only if

sup tr [p;] < oo; (3.15)
iel
Aim_sup ICZ;V(%J% fr) =0, (3.16)

A set {T; : ¢ € I} of random variables T;: Q@ — Lg(V) is tight if and only if for each
€ > 0 there exist for all i € I a set A; € A with P(A;) > 1 — ¢ such that

{Ti(w) : we A;,i €I} isrelatively compact in Lg(V). (3.17)

Proof. (Theorem 3.1). For each 7 € T(F,) with 7 > 1 and n € N define the random
probability measure

P,(r): B(V) x Q —[0,1], Po(1):= Py Py 1,
and, by denoting S, (7) := X,, 1 + -+ + X,, -, the random probability measure

Qn(1): B(V) x Q —[0,1], Qn(7) = Pu(T) % 0_g, (r)>

where Jy denotes the random Dirac measure in Y € L°(Q; V). In a first and main step
we show that for each ¢ > 0 there exists a compact set {¢, . : 7 € T(F,),1 < 7 <
on, n € N} of deterministic S-operators ¢, » € Lg(V), such that for every n € N and
each 7 € T(F,) with 1 < 7 < 0, we have:

1 —ReE [xq, ) )] < (¢nrv,v) +4e for all v € V. (3.18)
For this purpose, fix € > 0 and define the symmetrisation ﬁmk 1= Pn i x P, where
P (B,w) = P ;(=B,w) for all B € B(V) and w € (2. Define for each 7 € T(F},) with

7> 1 and n € N the random measure

P,(1): B(V) x Q — Ry, Po(r)=Pu1+-+Pur,

and the random S-operator

T.(r): VxQ—=7V, (T, (T)v,v) = /B (v, h)? P, (1)(dh).

As{P,(0,) : n € N} is tight it follows that the set { P, 1%- - -*P, o, : n € N} is also tight.
Part a) of Lemma 3.4 implies that {T5,(7) : 7 € T(Fy,), 1 < 7 < 0, n € N} is a tight
set of random S-operators and that {P,(7)(-NB{): 7 € T(F,), 1 <7< 0,, n € N}is
a tight set of random measures. It follows from (3.13) and from (3.15), respectively, that
there are constants ¢, co > 0 such that for each n € N we have P(Fn(r)(B‘C/) > cl) <e
and P(tr [T, (7)] > c2) < e for all 7 € T(F,) with 1 < 7 < 0,,. Define for each n € N the
stopping times

py, :=inf {k € N: P,(k)(Bf) > c1}, pr=1inf{k € N: tr [T, (k)] > 2} .



The stopping time pn = pl, A pll satisfies for each n € N that P(p, < 7) < 2¢ for all
T € Y(F,) with 1 < 7 < 0y,. Lemma 3.3 implies for each v € V' that

1 —-ReE[xq, ) (v)] < [(1 —Rexg, (v )) ]l{T<pn}] + P(pn < 7)
<1=ReE[xQ,(p.nn(v)] +2¢

P N\T

> (-xp, )

k=1

E + 2¢.

N

The assumed tightness of {P,(7) : 7 € T(Fy), 1 <7 < 0y, n € N} yields tightness of
{Pn L% %D, punon - 1€ N} Moreover, since

Po(pn A on)(By) < Pp(pn — 1)(BY) + Pn m(By)<a+1 for all n € N,

part ¢) of Lemma 3.4 guarantees tightness of {E[P,,(p, AT)](- N BE) : 7€ Y(F,), 1<
7 < op, 1 € N}, Thus, there exists a constant d > 1 such that

E[P,(pn AT){v eV : |v]| >d})] <e. (3.19)

Define for each 7 € Y(F},,) and n € N the random operator

Ru(r): VXQ oV,  (Ru(r)o,v) = /1<|h|<d<v,h)2Pn(T)(dh).

Since 1 — cos 3 < 232 for all B € R we obtain by (3.19) for all v € V' that
P N\T

Z 1 —XB, , (v )]

k=1

—EUV (1 = cos(( >))P(pn/\7)(dh)}

E

<2E +2E [Po(pon AT)({R €V ¢ ||b]| > d})]

/ (v, h)? Py (pn A T)(dR)

Ihll<d
< 2E[(To(pn AT)v,0)] + 2E[(Ryy(pn A T)v,0)| + 2¢
:2<E[T (pn/\T]U v>—|—2<E[ pn/\T)] >+2€.

In the last line we applied part (b) of Lemma 3.4, which can be done as the definition of
the stopping times p/, and p!! guarantees for all n € N that

Ry no < [ WPl - @)+ [ bl Py (an)
1<|[hll<d 1<lhll<d
< d2(61 + 1),

and analogously

(L A o)) STl = DI+ [ B Prgyldh) < ot 1
Irll<1

Moreover, Lemma 3.4 implies that the sets {E[T,,(pn AT)]: T € T(F,), 1 <7< 0op, n €
N} and {E[ wpn AT)] 0 T € T(F,), 1 < 7 < oy, n € N} are relatively compact in
L5(V), which completes the proof of (3.18).
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It follows from (3.18) by Theorem VI.2.3 in [20] that the set {E[Qn(7)] : T €
T(F,),1 < 7 < o,,n € N} and thus also the set {Q.(7) : 7 € T(F,),1 < 7 <
on, n € N} are tight. Since each random probability measure Q,(7) is the convo-
lution of P,(7) and the random Dirac measure d_g, (), and since the set {P,(7) :
T € Y(F,),1 < 7 < op,n € N} is assumed to be tight, it follows that the set
{0_s,(r): T€Y(F,),1 <7< 0, neN}is tight, which completes the proof. O

The following two results are used in the proof of Theorem 3.1.

Lemma 3.3. In the setting of Theorem 3.1 define for some n € N and for a stopping
time T € T(F,) the random probability measure

Qn(r): B(V) xQ —[0,1], Qun(T) =Py *--% Py rx6_g, (),

where Sy (T) == Xp1+ -+ Xpn,-. Then it follows that

T

Z (1- XB, (v))} for every v € V.

k=1

1~ Re E[xq,(n(v)] < B

Proof. Fixv € V, n € N, and define for each j € IN the F, j-measurable random variable
Xn(j) :==1=xp, ,(v) = Rexq, -1 (v) + Rexq, ;) (v),

where we set Q,(0) = dp. We claim that Y, (k) := X, (1) + --- + X,,(k) defines a
submartingale (Y,,(k) : k € N) with respect to F,,. For each k € N we obtain

E[Xn(k) | ]:n,k—l]

3.20
=1- XPp, (1}) - ReXQn(k—l)(U)+ ReFE [XQn(k) (U) | fn,k—l} . ( )

Since the random measure @, (j) is defined as a convolution its characteristic function
obeys

XQ. () (V) = Xs_s, ;, (V)XP, () (V) = €_i<1)’s"(j)>XPn(j)(U) for all j € N,
where P, (k) := P, 1 * -+ * P, ;. Consequently, we arrive at
E X0, (1) (V) | Frg—1] = Xp, () (v)e 5= E [6%(”’)("*” | Frk—1

= XQu(k—1)(V)XP, (U)Xpnjk (v)

= XQn(k—m(U)X]SM (v).
Applying this equality to (3.20) we obtain
E[Xu(k) | Fop] = (1= Rexo,i-1)(©) (1= xp, , (v)).

Since the last line is non-negative it follows that (Y,,(k) : k € N) is a submartingale.
We conclude from (3.11) that

Elxq,(v)] = Elxp, , (0)Ele” "] = xx, , (0)x-x,., (v) = Elxp,, ()],

11



which yields E[Y,,(1)] = 0. Doob’s optional stopping theorem shows for 7 € T(F,) that
E[Y,(r AN)| = E[Y,(1)] = 0 for all N € N, which, by the very definition of Y, (k),

results in
TAN TAN
EIY (1-xp,,0) | 2 B |- Y (Rexq, ;) —Rernu—l)(v))]
k=1 k=1

=FE [1 —Re XQ,,(TAN)(U)] :
Applying the result on monotone convergence to the left hand and Lebesgue’s theorem

of dominated convergence to the right hand completes the proof. O

For the following lemma note that if k: V' x V — R is a bilinear form then a linear
operator K: V — V can be defined by (Kvq,vs) = k(v1,vs2) for all vy, vy € V.

Lemma 3.4. For each n € N let {M,,  : k € N} be a sequence of symmetric random
probability measures adapted to a filtration F,, := {Fpr : k € No}. For 7 € Y(F,)
with 7 > 1 denote M, (1) = M1+ -+ M, and define for some ¢ > 0 the random
operators

To(r): VX Qo V,  (Tu(r)or,vs) = /h|< (01, B){vs, h) T n(7)(dR),

and the random measures
Np(1): B(V)xQ = Ry, N,.(7)(B) = MH(T)(B N A{||v]] > c})

If there exists a sequence {0y, : n € N} of finite stopping times o, € Y(F,,) with 0, > 1
such that {Mp 1 %% My ,, : n €N} is tight, then we have:

(a) the set {Ty(7): 7 € T(F,),1 <7 < op, n € N} of random S-operators and the
set {Np(7): 7€ T(F,), 1 <7 < oy, n € N} of random measures are tight.

(b) wniform integrability of {tr [T,(0,)] : n € N} implies that, for T € T(F,),
ET,(N]: V=V, (E[T,(7)]v,v) = E[{Ty(1)v,v)]

defines a relatively compact set {E[T,(7)] : 7 € T(F,),1 < 7 < oy, n € N} of
S-operators.

(¢) uniform integrability of {N,(c,)(V) : n € N} implies that {E[N,(7)] : 7 €
Y(F,), 1 <7 <0, neN} s relatively compact.

Proof. (a) Let R, denote the infinitely divisible random measure with characteristic
function

Xr,: V xQ—C, Xr, (V) = exp (/ (ei(h’“> - 1) Mn(on)(dh)) .
%

The inequality

l—exp<z ﬁk—1><1—Hﬁk, for all 8, €[0,1], n € N,
k=1 k=1

12



yields for every v € V and n € N the estimate

1 —exp <Z”: (XMH,;C(U) - 1))

k=1

1—Elxg, ()] =E

— B ([ o, <v>] .
k=1

Tightness of {M,, 1 % --- % M, 5, : n € N} implies by Theorem VI.2.3 in [20] together
with (3.11) that the set {E[R,] : n € N} is tight. It follows that for each € > 0 there
exists for every n € N a set A, € A with P(A4,,) > 1 — ¢ such that the set

{ ]]-An (w)Rn('aw) + ]]-Afl (w)(sO() Pwe Qa ne N}

of infinitely divisible probability measures is relatively compact. Theorem VI.5.1 in [20]
implies that the set {T},(0,)(w) : w € An, n € N } is compact and the set { Ny, (o) (-, w) :
w € A,, n € N} is relatively compact. The monotonicity (T5,(7) fx, fe) < (Tn(00) fr, fr)
for all k € N and N,,(7) < N, (0,) for each 7 < 0, completes the proof by (3.13), (3.14)
and (3.15), (3.16).

(b) By applying Tonelli’s theorem we obtain

sup tr [E[T},(0,)]] = sup E
neN neN

Z<Tn(0'n)fka fk>]

k=1

SLGIEE[U‘ [To(on)]] < oo. (3.21)

Let ¢ > 0 be given and choose 6 > 0 such that P(A) < ¢ for any A € A implies
Eltr [T, (0,)]14] < € for all n € N. From part (a) it follows by (3.16) that there are
A, € A, neN, with P(A,) >1—¢ and Ny € N such that

:ggwseu}‘)nk;vf (on)(W) fie, fr)

It follows that

sup Z Un fk,fk>

nG]N
<sup B |14, Z <Tn(0n)fk7fk> +F [tr [Tn(an)] 1?4"}
neN k=N,
2e,
which shows that
Jim sup k;v@m(an)] fir fe) = 0. (3.22)

Both properties (3.21) and (3.22) establish that {E[T},(c,)] : n € N} is relatively com-
pact, which completes the proof by monotonicity (E[T,(7)]fx, fx) < (E[Tn(ow)|fk, fx)
for all k € N for 7 < 0, by (3.15) and (3.16).

(c) Can be proved as (b). O
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4 Radonification of the increments

In this section we solve the problem (1) and (2) mentioned in the Introduction. Recall
the definition p(X) = E[1 A | X||*] for any V-valued random variable X in (2.6). The
following inequality originates from the work [12], but since we only need a special case
we give a short proof here.

Lemma 4.1. There exists a universal constant ¢ > 0 such that for any ¢ € Lo(U, V)
and any cylindrical random variable Z: U — L% (; R) we have

p(oZ) < c /U p(Zu) (v 0 (9*) ") (du),

where v denotes the canonical Gaussian cylindrical measure on V.

Proof. Let (€, A’, P') be another probability space and let I': V. — L%,(Q;R) be a
cylindrical random variable distributed according to the canonical cylindrical Gaussian
distribution v on V. From the inequality

(IA]a)@AA|B]) < 1A |af] for all a, 8 € R,

it follows for a real-valued, standard normally distributed random variable £ that
2 / 2 / 2 2 / 2
(1/\||UH )E [1A|g| ] <E [1/\||v|| €] ] :E[1A|ru| ] for all v € V.
. 21\ ! .
Consequently, by defining ¢ := (E’ {1 NI D we obtain
@A o)) < cE’[l A |ru|2] for all v € V.

It follows that

pleZ) = E[1 A lp2)] < eB [E' [ AN (22)]]
=ck {/v (1A <v,<pZ>2) 'y(dv)}
[ E[1niz@o] sv)
14

[ B[inizu?] (e () au),
U

which completes the proof. O

Let (L(t) : t > 0) be a cylindrical Lévy process in U. We equip the probability space
with the filtration generated by L and defined by

Fii=0{L(s)u: uelU, secl0,t}) for all t > 0.

Fix the times 0 < s < t. An Lo(U, V)-valued, Fs-measurable random variable ® is called
simple if it is of the form

D(w) = Z T4, (w)epi for all w € 9,
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for disjoint sets Ay, ..., A, € Fs and ¢1,...,0m € L2(U, V). The space of all Lo(U,V)-
valued, F¢-measurable, simple random variables is denoted by S(2, Fs; L2). It follows
from (2.7) that for each i = 1,...,m there exists an V-valued random variable ¢; (L(t) —
L(s)) satisfying

(@i (L(t) — L(s)),v) = (L(t) — L(s)) (¢}v) forallve V.

Define an F¢-measurable, V-valued random variable by
J(®) =Y Ta, @i(L(t) = L(s)).
i=1

In this situation we define
(L(t) = L(s))(@*v) := (J(P),v) for all v e V.

The following result enables us to extend this definition of radonified increments from
simple to arbitrary random variables ®.

Theorem 4.2. Let 0 < s < t be fized. For each Fg-measurable, Lo(U, V')-valued random
variable ® there exist an V-valued random variable Y and a sequence {®p, }nen of simple
random variables in S(Q, Fg; La) with ®, — & P-a.s. such that

Y = lim J(®,) in probability.

n—oo
Moreover, the limit Y does not depend on the sequence {®p}nen.

Proof. Since ®: Q — Lo(U, V) is strongly F¢-measurable there exists a sequence {®,, } neN
of simple random variables in S(Q, F; Lo) with ®,, — & P-a.s. It remains to show that
(J(®,,))nen is a Cauchy sequence in L% (2; V). By linearity it is sufficient to show that
®,, — 0 P-a.s. for n — oo implies that J(®,,) — 0 in probability for n — oco. For this
purpose assume that

Op(w) =Y la,,(Wpni forallwe,
=1

for disjoint sets Ap1,...,Apm, € Fs and @p1,...,0nm, € L2(U,V), m, € N and
®,, = 0 P-a.s. for n — oco. Define the cylindrical random variable Z := L(t) — L(s).
Independence of Z and Fg implies that ¢, ;Z is also independent of F,. Using this

15



independence, Lemma 4.1 and (3.11), we obtain for each n € N that

2

mMn

Z ]]-An,i c;011,12

i=1

> L., (17 lna21?)

/ th P90 Z) P(dw)
[ gj L) [ o200 (o100 ) P

=c /Q < /U p(Zu) Mn(du,w)> P(dw)

—c / p(Zu) E[M,])(du),
U

p(J(®n)) = E |1TA

=F

where ¢ denotes the constant derived in Lemma 4.1 and M, is the random probability
measure defined by

M,: B({U) x Q —[0,1], ZJIAM (vo (9.~ ")(B).

Recall the definition E[M,](B) := E[M,(B)] for all B € B(U). For each n € N and
w € Q the measure M, (-,w) is Gaussian with expectation 0 and covariance operator

Qn(w): U =T, Qn(w) = Z 14, , (W)en iPn,i-
i=1
Consequently, we have for all w € U that
Elpn, (w)] = E[e/Qnum)] = Bleil®ulv] 51 asn — . (4.23)

Egorov’s theorem implies that for each € > 0 there exists a set A € A with P(4) >1—¢
such that

sup sup tr [Qn (w)] < oo.
neNweA

As @ (w) is the covariance operator of the Gaussian measure M, (-, w) it follows that the
set {M,,(-,w) : w € A, n € N} is tight. Thus, the set {M,, : n € N} of random measures
is tight, which implies together with (4.23) that E[M,] converges weakly to the Dirac
measure in 0. Since the function u — p(Zu) is bounded and continuous we obtain

/HP(ZU) E[M,)(du) -0 asn — oco.

Linearity of J guarantees the claimed uniqueness, which completes the proof. O
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Theorem 4.2 enables us to define for each 0 < s < ¢t and Fs-measurable random
variable ®: Q — L5(U, V) the V-valued random variable

O(L(t) — L(s)) := lim J(®y,),

n—oo

where (®,,)nen C S(Q, Fs; L2) converges to @ P-a.s. We define then the increments of
the cylindrical Lévy process L under the random mapping ® by

(L(t) — L(s))(®*v) := (®(L(t) — L(s)), v) forall v e V.

We finish this section with calculating the conditional characteristic function of the
radonified increments.

Lemma 4.3. If0 < s <t and ®: Q — Lo(U,V) is an Fs-measurable random variable
then it follows for each v € V' that

E [exp (i(@(L(t) — L(s)),v)) ‘ ]-'5} =exp ((t — 5)S(®*v)) P-a.s., (4.24)

where S: U — C denotes the cylindrical Lévy symbol of L defined in (2.8).

Proof. If ® is simple then it is easy to establish the equality claimed in (4.24). For
an arbitrary Fg-measurable random variable ®: Q@ — Lo(U, V'), Theorem 4.2 guarantees
that there exists a sequence (®,,),en of simple random variables in S(2, F; Lo) satisfying
P, — ® P-as. asn—ooand forallveV:
li_>m (L(t) — L(s))(®5v) = (L(t) — L(s))(®*v)  in probability. (4.25)

On the other hand, as ®,, — ® P-a.s. the continuity of the cylindrical Lévy symbol
S :U — C yields for allv € V

lim exp ((¢ — 5)S (Phv) ) =exp ((t — 5)S (®*v)) P-as. (4.26)

n—oo

The equations (4.25) and (4.26) show that the relation (4.24) can be generalised to
arbitrary ® € L% (Q, Fg; Lo). O

5 The stochastic integral
We begin the definition of the stochastic integral very classical with simple integrands.

An L5(U,V)-valued, stochastic process (¥(¢) : ¢ € [0,7]) is called simple if it is of the
form

N
U(t) =@ Lo (t) + Y ;L p,,,(t)  forall t € [0, 7], (5.27)
j=1
where 0 = t; < --- < tyy1 = T is a finite sequence of deterministic times and each

®;: Q2 — Lo(U,V) is an Fy;-measurable random variable for each j = 0,..., N. The set
of all simple Lo(U, V')-valued stochastic processes is denoted by Ho(U, V).

Let (¥ (¢) : ¢t € [0,T]) be a simple process in Ho(U, V') of the form (5.27) and (L(¢) :
t > 0) be a cylindrical Lévy process in U. Theorem 4.2 guarantees that for each j =
1,...,N and t € [0,T], there exists the random variable

J(@;)(t) == ®; (Lt Atj41) — LEAL)): Q= V,
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satisfying
(L(t Atjyr) — Lt Aty))(@50) = (J(®;)(t),v)  forallveV.
Thus, we can define a random variable in L% (Q; V') for each ¢ € [0,T] by
(o)(t): Q—=V, I(U)(t) == J(®1)(t) + -+ J(Dn)(D).
Obviously, the random variable I(¥)(t) obeys
N N
(HW)(0),0) = 3 (J(@;)(0).0) = 3 (Lt Atya) = L{EA L)) (250)

Jj=1 Jj=1

for all v € V and ¢ € [0,T).
In the following we extend the domain of I to the linear space

H(U, V) :={¥:[0,T] x Q@ — L2(U,V) : adapted and with caglad paths}.

The paths of an element ¥ in H(U, V) are in the space D_ ([0, T]; L2(U,V)) of L2(U, V)-
valued functions which are continuous from the left and have limits from the right
(caglad). Recall from Section 2 that this space is equipped with the Skorokhod metric
dj defined in (2.5). As Lo(U,V) is separable every ¥ € H(U, V) can also be considered
as a random variable U: Q — D_ ([O, T); Lo(U, V))

The definition of the stochastic integral for arbitrary integrands in the space H (U, V)
is given by the following result. The assumed approximation by simple processes is
presented in the subsequent Lemma 5.2.

Theorem 5.1. For every sequence (Vy,)nen C Ho(U, V') which converges to some ¥ €
H(U, V) in probability in the Skorokhod metric, i.e.

lim P(d;(¥,,¥)>¢c) =0 for alle >0,
n—oo
there exists a V-valued, adapted semimartingale (I(¥)(t) : t € [0,T]) with cadlag trajec-
tories obeying for each t € [0,T] and & > 0:
Tim P(I(%,)(0) ~ I(¥)(®)] > <) = 0.

The limit I(V) does not depend on the sequence (¥, )nen, t.e. it is unique up to evanes-
cence.

In this work, we define simple integrands as stochastic processes which equal a random
variable ®; on deterministic but not random intervals (¢;,%;41]. This guarantees that the
radonification of the increments J(®;)(t) is well defined by the approach in Section 4.
If the interval (t;,t;+1] were random the integrand ®; would not be independent of
L(tj+1) — L(t;) and this method could not be applied any more.

Simple integrands defined on random intervals are dense in H(U, V) with respect to
the uniform convergence on [0,7] in probability, i.e. the so-called ucp convergence. In
our case of deterministic partitions, we have to weaken the topology to the Skorokhod
topology.

Lemma 5.2. For every ¥ € H(U, V) there exists a sequence (V,,)en of simple stochastic
processes W, € Ho(U, V'), each defined on a partition (tn k)k=1....n of the interval [0,T)
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with o [tn,j+1 —tn ;| = 0 for n — oo and with {¥,(t) : t € [0,T]} in the closure of
‘7_

{T(t): t€[0,T]} in V such that

lim d;(V,(w),¥(w)) =0 for allw € Q.
n—roo
Proof. This follows from the construction of the approximating sequence as the discreti-

sation in the analogue result for deterministic, cadlag functions, see for example [20,
Le.VIL6.5]. 0

Proposition 5.3. Let u be a continuous cylindrical probability measure on Z(U) and K
be a compact set in Lo(U, V). Then the set {op™t: ¢ € K} is relatively compact in
the space M1 (V) of probability measures on B(V).

Proof. According to [27, Pro.IV.4.2, p.236] there exist a probability space (2,4, P) and a
cylindrical random variable Z: U — L%(£2;R) such that y is the cylindrical distribution
of Z. Then the random variable ¢(Z) is distributed according to the probability measure
pop~! for each ¢ € K. By [27, Co.1in 1.3.9, p.52] the set {uop™! : ¢ € K} is relatively
compact if and only if

lim sup P(|le(2)|| =r) =0, (5.28)
T—00 pEK

lim sup P Z (p(Z), fr)? =7 | =0 for each r > 0. (5.29)
N—o00 pEK RN 1

Recall that (fx)ken denotes the orthonormal basis in V. For fixed m and N in N
with N < m and for ¢ € K define the m — N-dimensional random vector Y :=
(2(2), fns1)s---, (@(Z), fm)). The characteristic function yy: R™ N — C of Y is
given for = (Bn41,...,m) € R™ N by

eXP( Z Brle )] —XZ< i ‘P*(ﬂkfk)>-

k=N+1 k=N+1

xv(B) =

Let € > 0 be given. The continuity of the characteristic function xz: U — C implies
that there exists a § > 0 such that

|1 —xz(u)| < elp,;(u) +21pe(u) < 6+2 for all u € U, (5.30)

where Bs :={u € U : ||u|| < 0}. By applying [27, Pro.IV.5.2, p.205] we obtain for every
r > 0 the inequality

P( Z (@(Z),fk>2>7“> Py (BeR™N |8 =)

k=N+1
<3 (1= (9) v 3

where 4,,_n denotes the standard normal distribution on B(R™ ). Inequality (5.30)
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implies

/]Rm_N (1 Xy (§>) dym—n(B)
- /]RM_N <1XZ <71« i ga*(ﬂkfk)>> AYm—N(BN+1, -+ Bm)

k=N+
< + 2
< I
= Rm—-N 527"2

r O D U ) [ At w (i)

k N+1(=N+1

m 2

> (Bt

k=N+1

AYm—N(BN+1, -+, Bm)

m

2 * 2
=ft 53 Z ™ fiell™ -

k=N+1
By applying the last estimate to inequality (5.31) we obtain for every r > 0:

sup P ( > w(2), 1) > r) = iugw}g}looP ( > (2), ) = r)

PpEK k=N+1 k—N+1

<3t s Z lle™ £l (5.32)

k N+1

Since the mapping ¢ — ¢* is continuous on Lo(U, V) the set {¢* : ¢ € K} is compact
in L£2(V,U). Thus, Condition (5.29) follows from (5.32) by the characterisation (2.4) of
the compact set K. Similarly, we conclude for every r > 0 that

P(I¢(2)] > 1) = lim P(Z<w<z>,fk>2>r> %+ v sup el

m—00
k=1

Thus, Condition (5.28) follows from boundedness of K, which completes the proof. O

Lemma 5.4. If the set {uq : o € J} of infinitely divisible probability measures jio on
B(V) for an arbitrary index set J is relatively compact in M1 (V) then

{u*tl* *uzt;: a; € J, ti20,t1+~-~+tnngorizl,...,n,ne]N}

is also relatively compact in M1(V).

Proof. According to [20, Th.V1.5.3, p.187] the set {us : « € J} of infinitely divisible
probability measures p, with characteristics (aq, Qa,Vs) is relatively compact if and
only if the following three conditions are satisfied:

(1) the set {aq : a € J} CV is relatively compact;

(2) the set {v, : « € J} restricted to the complement of any neighborhood of the
origin is relatively compact;
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(3) the operators T, : V — V defined by
(Tov,0)hi= (Quuce) + [ (o) va(dh)
llpll<1
satisfy the conditions

(i) bupZ (Tafr fr) <

aE]

(i) lim sup Z (Tofr, fr) = 0.

N—>oanJk ~

For a; € J, t; > 0 and t; + --- +t, < T, the infinitely divisible probability measure
[T /féf” has the characteristics

n n n
(Z tiGea,, Z tiQai ) Z tiVa,;) .
i=1 i=1 1=1

It remains to show that these characteristics satisfy the corresponding Conditions (1) —
(3) above.

(1) Define the set

n
—{Ztiaai:aiej, tl,...,tn>O,t1+~~+tn<T,nGJN}.

i=1

Since the set A := {a, : o € J} is relatively compact, it follows by a Theorem of

S. Mazur that the convex hull co(A) of A is relatively compact. Since the mapping
m:[0,T] x co(A) =V, m(t,v) = tu,

is continuous and D C m([0, T]xco(A)), we can conclude that the set D is relatively
compact.

(2) Prokhorov’s Theorem guarantees that the set {v, : a € J} restricted to the com-
plement of any neighborhood of the origin is tight and uniformly bounded in total
variation norm. Clearly, the same applies to

n
{Ztiuai:aiel tl,...,tn20,t1+---+tn<T7nelN},

i=1
and another application of Prokhorov’s Theorem shows that this set restricted to
the complement of any neighborhood of the origin is relatively compact.

(3) For every n, N € N one obtains

sup sup > > (T, frs Ji)

trtr et KT a1, €0 5
tyntn =0 k=N =1

< sup Zt sup Z To fr, fr)

titHtn ST T a€d
tl; tn20

Tsupz Tofrs fr) = as N — oo.
aeJk N
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Analogously we conclude

o0
sup sup E
bt +tn ST ar,.han€d 75 5

n
=111=
t1,.0tn 20

(tTaifi fi) STsup Y (Tafis fi) < oo
aE k=1

The proof is completed. U

For the proof of Theorem 5.1 we now introduce an alternative definition of a stochastic
integral I(W)(t) for simple integrands W. Its definition guarantees that the integral
processes (I(¥,)(t) : t € [0,T]) for an approximating sequence (¥,,) of simple integrands
converge uniformly in probability (Proposition 5.6), which guarantees that its limit has
cadlag trajectories. The original stochastic integral I(¥,,)(¢) converges only as a V-valued
random variable, i.e. at each fixed time ¢ € [0, T]; see Theorem 5.1.

For the definition assume that ¥ € Hy(U, V) is of the form

N
U(t) =P Lyoy(t) + Y _ @ L, (t)  forall £ €[0,T],
j=1
where 0 = ¢t; < --- < ty+1 = T is a finite sequence of deterministic times and each

®;: Q — Ly(U,V) is an F,-measurable random variable for each j = 0,..., N. Then

we define a V-valued stochastic process (I(¥)(¢) : t € [0,T]) by

=

ifte [07152)7

-

cI)j (L(tj+1) — L(tj)), ift € [tk+1,tk+2),k S {1, . .,N — 1},

~n
—~
S
N
—
~
N’
Il
<~
I
—

-

®;(L(tj41) — L(t;)), ift=T.

<
Il
—_

Obviously, I(¥) is an adapted stochastic process in V' with cadlag trajectories.

Proposition 5.5. For every n € N, let ¥,, be a simple stochastic process in Ho(U, V)
defined on a partition {tn i }tr=1...N,+1 and define Gy :={Fy, , - k=1,...,Ny+1}. If
{U,, : n € N} is tight in My (D_([0,T); L2(U,V))) then

{I(W,)(1): T€Y(Gn),nEN}

is tight in V, where Y(G,,) = {T: Q= {th1,....th N, 41} : is stopping time for (]n}.
Proof. Each ¥, is of the form

N,

\Iln(t) = én,O ]]-{0} (t) + Z (I)n,j l(tn,,j,t7L7j+1](t)a
j=1

for 0 = tp1 < -+ < tpn,+1 =T and O, ; € LYE(Q, Fy, 3 Ls) for each j = 0,...,N,
and n € N. Define for each j = 2,..., N, + 1 and n € N the F;  -measurable random
variable

Xn,j = (I)n’jfl(L(tmj) — L(tn’jfl)) 0 — ‘/,
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and choose a regular conditional distribution

P,;: BV)xQ—[0,1], P, ;(B,w)= P(X,m- €B| Fi,, ., )(w)

)

Lemma 4.3 guarantees for every v € V' that
E[exp(i<Xn,ja U>) | “Ftn,j—l ] = exp ((tn,j - tn,jfl)s(q):z,jflv)) P—a.s.,

where S: U — C denotes the cylindrical Lévy symbol of L. It follows for P-a.a. w € Q
that

1 #(tn,j—tn,j—1)
Poj(sw) = (Ao (@ny1(w) ™) , (5.33)
where X is the cylindrical distribution of L(1). For 7 € T(G,,) introduce the notation
[rJ(w) :=inf{k € {1,..., Ny + 1} : 7(w) =t}

Define for every stopping time 7 € Y(G,) with 2 < [r] < N,, + 1 the random probability
measure

P,(r): B(V)xQ—0,1], Po(7) = Py %% Py ).

Let ¢ > 0 be given. Since {¥,, : n € N} is tight there exists a compact set C C
D_([0,T); £2(U,V)) such that P(¥, € C) > 1 —¢ for all n € N. Proposition 1.6 in
[9] guarantees that there exists a compact set K C Lo(U,V) such that {¥,, € C} C
{U,(t) € K for all t € [0,T]} for all n € N. Consequently, the set

A, ={¥,(t) e K forallt € [0,T]} = {®,; € K forall j =0,...,N,},

satisfies P(A,) > 1 —¢ for all n € N. Denoting A\, := Ao ¢! for every ¢ € K,
Proposition 5.3 guarantees that the set {\, : ¢ € K} of infinitely divisible probability
measures A, is relatively compact in M; (V). Lemma 5.4 yields that the set

f{::{)\;‘jl*---*)\:;i“ D81,...,80 = 0, sl+~-~+sn<T,g0j€K,n€IN}

is relatively compact in M; (V). Since (5.33) implies

{Pa(r(@))(, )weﬂ%) <IT<Ny+lwed, neN}
{P tke{2,...,N,+1},we A, neN}

Iﬁ N

it follows that the set
{P.(1): T€Y(Gn),2< [1] < N, +1,neN}
of random probability measures is tight. Theorem 3.1 implies that
{Xno+- -+ Xp 1 7€YX(Gn), 2< 7] <N, +1,n €N}

is tight which completes the proof. O
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Proposition 5.6. For every sequence (¥, )nen C Ho(U, V) which converges to some
U € H(U,V) in probability in the Skorokhod metric, i.e.

lim P(d;(¥,,¥)>¢e)=0  foralle >0,

n—o0

there exists a V-valued, adapted stochastic process (I(¥)(t) : t € [0,T]) with cadlag
trajectories obeying for each € > 0:

lim P ( sup. Hf(\I/n)(t) - I(\Il)(t)H > 5) — 0.

n—o0 telo,T

The limit I(V) does not depend on the sequence (Vy,)neN, i-€. it is unique up to evanes-
cence.

Proof. 1t is sufficient to show for an arbitrary ¢ > 0 that

m,n— o0 tefo,T

lim P ( sup Hf(\l/m)(t) - f(\Iln)(t)H > s> —0. (5.34)

Recall that the V-valued stochastic process (I(¥,,)(t) : t € [0,T]) has cadlag paths due
to its definition. Define for each m,n € N the stopping time

T = inf {t >0 Hi(\ym)(t) _ I(\I/n)(t)H > s} AT,

where inf{()} = co. By the very definition of 7,, ,, it follows that (5.34) is satisfied if and
only if

lim P( Hi(wm)(fm,n) — I(V) (Timn)

m,n— o0

> s) = 0. (5.35)
In order to establish (5.35), it is according to Lemma 2.4 in [11] sufficient to show that

{1) (i) = T(W0)(7nn) : mom € N} s tight in V; (5.36)
and that for every v € V we have

lim  (I(¥)(Tmn) — L(¥0)(Timn), ) =0 in probability. (5.37)

m,n— oo

By merging the partitions where ¥,,, and ¥,, are defined on we obtain for every m, n € N
and ¢ € [0,T] the representation

N n

‘Ijm(t) - \I}n(t) = q:)'m,n,O IL{O} (t) + (I)m,n,j ]]-(tm,n,j,tm‘n,j_,_l](t)a
=1

3

where 0 =ty n1 < - < tmnNp,+1 = T is a finite sequence of deterministic times
and @50 Q@ — Lo(U,V) is an Fy,, , -measurable random variable for each j =
0,...,Nmn.

In order to establish (5.36) note that for each m, n € IN the stochastic process
(I(®,, —W,)(t) : t €[0,T]) varies only at points of the partition m,, , := {tmmr : k =
2,..., Ny, +1}. Consequently, the stopping time 7,,_, only attains values in 7, , and
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thus it follows Ty, n € Y(Gmyn) fOr Gmn = {Ft,, 0
one can apply Proposition 5.5 to conclude (5.36).

For establishing (5.37), define for every j = 2,..., Ny, , + 1 the V-valued random
variable

:k=1,...,Nyun+1}. Consequently,

Xmmj = ®mmjo1 (Ltmn,j) = L{tmn,j-1)): @ = V.

Obviously, we have

I(00) (Timn) — I(W0) (Tin) = Xz + 4 X fron o] (5.38)
where we use the notation
[Tl () :==inf {k € {2,..., Nppn + 1} & Tipn(W) = i }-
Lemma 4.3 implies for all 3 € R and v € V:
Frang(B) = B [#Xmns O Fy
= exp ((tmon,j — tmnj—1) S (B, 0, 1v)) P-as.

Consequently, we obtain P-a.s. that

[Tm,n] [Tm‘n]
Frn(B) =[] Funi(® =exp | D> (tmnj = tmnj-1) S (B®h i 1v)
Jj=2 j=2

e ([ s(6005,06) - Wi as)

In order to show F,,,(8) — 1 in probability for m,n — oo we have to show that
each subsequence (Fy,, n,(8))ken has a further subsequence converging to 1 P-a.s. As
dj(Up,,¥) and d;j(¥,,,P) converge to 0 in probability for & — oo there exists subse-
quences (dj(Vnm,,,¥))ren and (dJ(\I/;Lk_Z,\IJ))Ze]N converging to 0 P-a.s. for { — oco. It
follows that there exists a set Q¢ € A with P(Qy) = 1 such that for each w € Qy we have
that

sup sup. ¥, (@) = W, (@), < o0, (5.39)

LeN tel0,T Lo

and that there exists a Lebesgue null set N, C [0, 7] depending on w such that

lim prw (5)(w) — Wy, (8)(w)‘

{— 00

T 0 forall s €[0,7]\ N,. (5.40)
2
Lemma 3.2 in [26] guarantees that the cylindrical Lévy symbol S maps bounded sets to
bounded sets. Consequently, we can conclude from Lebesgue’s Theorem of dominated
convergence by applying (5.39) and (5.40), that

. Ty My (w)
[Iig.lo /0 S(/B(\P:nkz (S)(w) - \I/:;kg (3)(60))1]) ds
T
< Jim | [S(8(¥3,, (5)(@) — 5, (5)(@)w)| ds = 0.
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Since we considered an arbitrary subsequence we can conclude that F, ,(8) — 1 in
probability for m,n — oo for every § € R. The principle of conditioning, Theorem 3.2,
yields

[Tm‘n]
”L%IEOOE exp | i8 22 (Xomm,j, V) =1 for every f € R.
=
Because of the representation (5.38) this establishes (5.37).
Let (¥n)nen and (V] )nen be two sequences converging to W in probability in the
Skorokhod metric d; and denote by I(¥) and I'(¥) the limits of (I(¥y))nen and
(I(P!))nen. As in the proof of (5.37) we can conclude that

lim (I(¥,, — ¥/)(t),v) =0 in probability for all v € V and t € [0, T7,

n— oo
which shows I(U)(t) = I'(¥)(t) P-a.s. for each t € [0,T]. Since the stochastic processes
I(¥) and I'(¥) have cadlag paths it follows that they are indistinguishable. O

Combining Lemma 5.2 and Proposition 5.6 enables us to define for every ¥ € H (U, V):

() = lim 1(T,),

n—oo

where (¥,,)nen is an approximating sequence of simple processes in Ho(U, V') and the
limit is in probability in the uniform norm as stated in Proposition 5.6.

Proposition 5.7. If U is in H(U,V) then the stochastic process (I(V)(t) : t € [0,T]) is
a semimartingale.

Proof. Denote by £(V, V) the space of all adapted, caglad, simple processes with values
in £(V, V') which are bounded by 1, that is each © € £(V, V) is of the form

N
O(t) =ToIgop(t) + » T Ly, s, () forallt e [0,7], (5.41)
k=1

where 0 = s1 < -+ < syy1 = T is a finite sequence of deterministic times and each
I'y: Q@ — L(V,V) is an F,, -measurable random variable with ||T'x(w)],_,, < 1 for all
w € Q and for each £ =0,..., N. The elementary integral is then defined by

T N
/0 O(s) I(W)(ds) = 3" T (W) (sir1) — I(0)(s)).
k=1

Theorem 2.1 in [12] shows that I(¥) is a semimartingale if and only

{

Lemma 5.2 guarantees that there exists a sequence (¥, ),en of simple processes in
Ho(U, V) converging to ¥ in probability in the Skorokhod metric. As Proposition 5.6
implies that I(¥,,)(s) converges to I(¥)(s) in probability for all s € [0,T], it follows that
(5.42) is established by showing

{

/0 O(s) I(W)(ds)

@ eV, V)} is stochastically bounded. (5.42)

/0 O(s) I(W,)(ds)

:6€£(V,V)7nelN} (5.43)
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is stochastically bounded. Each ¥, is of the form

N,

Up(t) = oo Loy (t) + > Prs L, ,1,,.(t) forallt e [0,7T], (5.44)
(=1

for 0 =ty < -+ < tan,41 =T and @,y € LY(Q, Fy, ;L) for each £ = 1,... N,
and n € N. For given © € E(V,V) of the form (5.41) and ¥,, € Ho(U,V) of the form
(5.44) we can assume, by possibly enlarging the partition (¢, ¢)¢=1,... n,+1, that for every
ke{l,...,N +1} there exists ¢, € {1,..., N,, + 1} such that s =t ¢,. It follows that

/ O(s) 1(1,,)(ds) = Zrk(f@n)(sm—I(%)(sw)

k=1
N Lrp1—1

= Z T} Z Py o (Ltn,e41)) — Lltn,e))
k=1 =Ly
Np,

(T 0 @ne) (L(tnies1)) — Ltn,e)),

~
Il
—

where we use the definition
[,:=Ty for every £ € {lg, ..., b1 — 1}

Note, that fg is Fy, ,-measurable for all £ = 1,..., N,,. Define for each n € N and
¢=2,...,N, +1 the F; ,-measurable random variable

X2, := (Tem10®nyo1) (Ltne) — Lltne—1)): @ — V.

Obviously, we have

T
|0 Tw)ds) = X2+ -+ X2,
Choose a regular conditional distribution
P2, B(V)xQ—[0,1, P2/(Bw)=P(X,€B|Fp,, ) w).

Lemma 4.3 guarantees for every v € V that P-a.s.

E[exp(i(Xn PR | Ftnin ] = exp ((t tn,g,l)S((fg,l o @n,g,l)*v)),
where S: U — C denotes the cylindrical Lévy symbol of L. It follows for P-a.a. w € €

,1) #(tn,e—tn,e—1)

P2y w) = (Ao (Tei(@) 0 @y 1(@) , (5.45)

where A is the cylindrical distribution of L(1). Define for every k € {2,..., N, + 1} the
random probability measure

PO(k): B(V)xQ —[0,1,  P9(k)=P®

n,

©
9 * - *Pn,k'
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Let € > 0 be given. Since {¥,, : n € N} is tight we can conclude as in the proof of
Proposition 5.5 by using Proposition 1.6 in [9] that there exists a compact set K C
L5(U, V) such that the sets

An;:{@n’EEKfOI' aHE:L...,Nn}»

satisfy P(A,) > 1 — ¢ for all n € N. The ideal property of Lo(U, V) guarantees that the
set

Ke:={0ov: e K9eL(V,V)with ||[9],_, <1}.

is a subset of Lo(U,V). Moreover, as K is compact it follows that Kg is bounded
and satisfies (2.4), and thus the closure K¢ is a compact set in Lo(U,V). Denoting
Ao := Aoo~ ! for every o € K¢, Proposition 5.3 guarantees that the set {\, : 0 € K¢}
of infinitely divisible probability measures A, is relatively compact. Lemma 5.4 yields
that the set

X = {/\j;jl*m*/\j;i" 15520, 514+ 8, < T,

o;€Ke, j=1,...,n, ne]N}
is relatively compact. Since (5.45) implies
{PO(k)(w): ke{2,...,N,+1},we A, O€&EV,V),neN} CX,
it follows that the set
{PP(k): ke{2,...,N,+1},0€E(V,V),neN}
of random probability measures is tight. Theorem 3.1 implies that
(X204 + X0, ke{2,...,Ny+1},0 € £V, V), ne N}

is tight which establishes that the set (5.43) is stochastically bounded.
O

Proof. (Theorem 5.1)

Let (U,,)nen be the sequence of simple processes in Ho(U, V') converging to ¥ in prob-
ability in the Skorokhod metric, which exists due to Lemma 5.2. In particular, {¥,(¢) :
t € [0,71} is in the closure of {¥(¢) : ¢ € [0,T]} and the partition (¢, ;);j=1,... N, +1 Obeys

nh_)rrolojﬂsup . [tn,j+1 —tn,;] = 0. (5.46)

Proposition 5.6 and Proposition 5.7 guarantee the existence of the adapted semimartin-
gale (I(U)(t) : t €[0,T]) in V obeying

sup Hi(\lln)(t) — I(\I/)(t)H — 0 in probability.
t€[0,T)

It remains to show that for each ¢ € [0, 7] the V-valued random variable

An(t) == I(U,) () — 1(T,)(): Q= V,
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converges to 0 in probability for n — oco. In order to show this, fix some ¢t € (0,T)
and denote by k,, the element in {1,...,N,} such that ¢t € (¢, x,,tnk,+1] and by @, .
the L£o(U,V)-valued random variable satisfying ¥,,(¢t) = ®,, j, for all n € N. Thus, we
obtain A, (t) = @k, (L(t) — Lty k,)) for all n € N.

Choose a regular conditional distribution

P,: B(V) xQ —[0,1], P.(B,w) = P(A, € B| Fy, . )(w).

As in the proof of Proposition 5.5 it follows that {P, : n € N} is tight. By taking
expectation we obtain that {A,(t) : n € N} is tight.
Furthermore, Lemma 4.3 implies for every 8 € R and v € V that P-a.s.

E[exp(iﬁ(An(t), )| Fnken, ] = exp ((t — tn,;cn)kS'(BCIﬁfL’knv))7 (5.47)

where S: U — € denotes the cylindrical Lévy symbol of L; see (2.8). Theset {®7 ; (w)v:
n € N} is uniformly bounded as ®,, 1, (w) is in the closure of {¥(¢)(w) : ¢ € [0,T]} for
every w € Q and the closure of the latter is compact by Proposition 1.1 in [9]. As S maps
bounded sets to bounded sets by Lemma 3.2 in [26], we conclude from (5.46) and (5.47)
that

lim E[exp(if{An(t),v))| Fnr,| =1 P-as. for every 8 € R. (5.48)

Taking expectation yields (A, (t), v) — 0 in probability for n — oo for all v € V. Together
with tightness of {A,(t) : n € N} it follows from Lemma 2.4 in [11] that A, (t) — 0 for
n — oo in probability, which yields

lim P([I(9,)(t) —I(V)(t)]| >e) =0  for every e > 0. (5.49)

n—oo

It remains to show that (5.49) holds true for each sequence (V! ),en in Ho(U,V)
converging to ¥ in probability in the Skorokhod metric d;; that is we have to establish
for every t € [0, T] that:

lim P([[I(¥),)(t) —I(¥)(t)| =€) =0  for every e > 0. (5.50)

n—oo

For this purpose define for each ¢t € [0,7] and n € N the V-valued random variable
AL () = T(Wy)(t) = I(T,)(t): Q =V,

where (U,,)nen denotes the sequence from above. Because of (5.49), we can establish
(5.50) by showing

lim P(||AL@)||=e)=0  foralle > 0. (5.51)

n— oo

In order to establish (5.51), it is according to Lemma 2.4 in [11] sufficient to show that
{I(P,)(t) — I(V),)(t) : n € N} is tight in V; (5.52)
and that for every v € V we have

lim (I(V,)(t) — I(¥,)(t), v) = 0 in probability. (5.53)

n— oo
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By merging the partitions where ¥,, and ¥/ are defined we obtain for every n € N the
representation

Ny,
\I/n(t) - \I/;L(t) = (pnyo ]]'{0} (t) + Z @nv] ]]'(tn,j7tn.j+1](t) for all t E [07 T]?
j=1
where 0 = t,; < -+ < ty N,+1 = T is a finite sequence of deterministic times and
®,,5: Q— Lo(U, V) is an Fy, -measurable random variable for each j =0,..., N,. For

a fixed t € (0,7] we can assume that for every n € N there exists k, € {2,..., N, + 1}
such that ¢t = t,, 1, . Now we can prove (5.52) and (5.53) as (5.36) and (5.37) in the proof
of Proposition 5.6. O
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