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Abstract

In this article, the existence of a unique solution in the variational approach of
the stochastic evolution equation

dX(t) = F(X (1)) dt + G(X(t)) dL(t)

driven by a cylindrical Lévy process L is established. The coefficients F' and G are
assumed to satisfy the usual monotonicity and coercivity conditions. The noise is
modelled by a cylindrical Lévy processes which is assumed to belong to a certain
subclass of cylindrical Lévy processes and may not have finite moments.
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1 Introduction

Cylindrical Brownian motion, or equivalently Gaussian space-time noise, has been
the standard model for the driving noise for stochastic partial differential equations
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(SPDEs) for the last 50 years. Cylindrical Brownian motions are naturally extended
to the class of cylindrical Lévy processes in order to capture non-Gaussian and discon-
tinuous random perturbations; see Applebaum and Riedle [2]. However, in contrast
to genuine Lévy processes, cylindrical Lévy processes do not enjoy a semimartingale
decomposition and do not attain values in the underlying space. Consequently, con-
ventional methods, such as martingale arguments or stopping time techniques, are no
longer applicable in the general case.

If the driving noise is only additive, various specific examples of cylindrical Lévy
processes as driving noise of (linear) SPDEs are considered; see e.g. Brzezniak and
Zabczyk [6], Peszat and Zabczyk [22] and Priola and Zabczyk [25]. A general framework
of linear equations with additive noise modelled by arbitrary cylindrical Lévy processes
is developed in Riedle [28] and Kumar and Riedle [16] and [17]. The case of an SPDE
with a multiplicative perturbation is only considered in Riedle [27], however under
the restrictive assumption of weak square-integrability of the driving cylindrical Lévy
process. In this case, similar methods as for cylindrical Brownian motions can be
exploited.

It is the first time in this work, that an SPDE with multiplicative noise is investi-
gated, where the random perturbation is modelled by a cylindrical Lévy process without
assuming any conditions on the moments. The existence of a solution in this situation
cannot be necessarily anticipated from the square-integrable case or other results: it is
known that the irregular jumps of a cylindrical Lévy process, in particular in the case
without moments, can cause completely novel phenomena; see e.g. BrzeZniak et al [4]
and Priola and Zabczyk [25]. We focus on a subclass of cylindrical Lévy processes which
are extensively investigated in the literature as driving noise of additive equations; see
e.g. [4, 19, 22, 24, 25].

More specifically, in this paper we consider an evolution equation of the form

dX(t) = F(X(8))dt + G(X (1)) dL(2), (1.1)

in the variational approach where L is a cylindrical Lévy process. The coefficients F
and G are given operators and are assumed to satisfy standard assumptions such as
monotonicity and coercivity. The variational approach, first in a deterministic and then
in a stochastic setting, goes back to the works by Bensoussan, Lions and Pardoux; a
brief history of the approach can be found in [15]. Existence results for equations of
the form (1.1) but driven by a Brownian motion were derived in Krylov and Rozovskii
[15]. In a series of publications [9, 10, 11], Gyéngy and Krylov generalised these results
to semimartingales as driving noises. The variational approach has been extended in
many directions. It is especially worth to mention the works of Liu and Rockner [18]
and Prévot and Rockner [23], where the assumptions on the coefficients were relaxed,
such that classical models for example from fluid dynamics are captured by the frame-
work. Recently, Brzezniak, Liu and Zhu [5] have considered equations of the form (1.1)



with locally monotone coefficients and driven by a Lévy-type noise, i.e. a noise which
originates from a generalisation of the Gaussian space-time white noise.

The driving noise L in (1.1) is assumed to be a member of a certain subclass of
cylindrical Lévy processes. FElements of this subclass may not have finite moments
but they enjoy a certain kind of semimartingale decomposition. Nevertheless, classical
stopping time arguments or other standard techniques cannot be exploited since the
unbounded potential of the cylindrical Lévy process causes divergence of the Galerkin
approximation. We circumvent this problem by introducing weights in each dimension
accordingly. We present several examples of cylindrical Lévy processes of the subclass
under consideration, and relate those to models considered in the literature.

The organisation of the paper is as follows. In Section 2, we collect some prelimi-
naries and give the definition of cylindrical Lévy processes. In Section 3, we establish
the existence of a solution of equation (1.1) in the case of a cylindrical Lévy process
with weak second moments. Since the arguments are similar to the classical case, inves-
tigated in BrzeZniak, Liu and Zhu [5], we omit details, which can be found in Kosmala
[14]. In Section 4, we introduce the subclass of cylindrical Lévy processes under con-
sideration, and define their stochastic integrals. Section 5 is devoted to establishing the
existence of a unique solution of (1.1) driven by a cylindrical Lévy process from this
subclass.

2 Preliminaries

Let U and H be separable Hilbert spaces with norm |-||,; and inner product (-,-)u
and analogously for H. We fix an orthonormal basis (e;) of U and (f;) of H. The
Borel o-algebra is denoted by B(U). We use L(U, H) to denote the space of bounded
operators from U to H equipped with the operator norm. The subspace of Hilbert-
Schmidt operators from U to H is denoted by Lyus(U, H) and it is equipped with the
norm

o
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Let (S, S, 1) be a o-finite measure space. We denote by LP(S;U) the Bochner space
of all equivalence classes of measurable functions f: S — U which are p-th integrable
with respect to p equipped with the usual norm. We use L°(S;U) to denote the space
of all equivalence classes of measurable functions f: .S — U with the topology induced
by convergence in measure. The underlying measure y and the g-algebra S are always
obvious from the context, e.g. if S = [0,7] x Q then = dt® P and S = B([0,7]) ® F,
where dt is the Lebesgue measure on [0,7] and (2, F, P) is a probability space.

For a subset I' of U, sets of the form

C(uty eyun; B) :=={u e U: ((u,ur), ..., (u,u,)) € B},



for uy,...,u, € I' and B € B(R") are called cylindrical sets with respect to I'; the set
of all these cylindrical sets is denoted by Z(U,T") and it is an algebra. If ' is finite
then it is a o-algebra. A function \: Z(U,U) — [0, 0] is called a cylindrical measure,
if for each finite subset I' C U the restriction of A\ on the o-algebra Z(U,T') is a
measure. A cylindrical measure is called a cylindrical probability measure if A\(U) = 1.
A cylindrical random variable Z in U is a linear and continuous map Z: U — L(Q;R).
Each cylindrical random variable Z defines a cylindrical probability measure A by

X Z(U,U) = [0,1],  AC) = P((Zua, ..., Zuy) € B),

for cylindrical sets C' = C(uy, ..., up; B). The cylindrical probability measure A is called
the cylindrical distribution of Z. The characteristic function of a cylindrical random
variable Z is defined by

wz: U —C, ¢z(u) = Elexp(iZu)],

and it uniquely determines the cylindrical distribution of Z.

Let (F; : t > 0) be a filtration satisfying the usual conditions. A family of cylindrical
random variables L(t): U — L°(;R), t > 0, is called a cylindrical Lévy process if for
any n € N and uq,...,u, € U we have that ((L(t)uy,...,L(t)u,) : t > 0) is a Lévy
process in R™ with respect to the filtration (F;). A version of this definition appeared
for the first time in Applebaum and Riedle [2] with further modifications in [27]. Here,
we include a filtration in the definition. The characteristic function of L(¢) can be
written in the form

ercn () =esp (in(0) = ba(w) + [ (60 1= i) (w2 () )5 (2)

see [2, Th. 2.7] or [26, Th. 3.4]. In the above formula, Bg is the closed unit ball in R,
p: U — R is a continuous function with p(0) = 0, ¢: U — R is a quadratic form, and
v is a cylindrical measure on Z (U, U) satisfying

/ ((u,v)> A1) v(dv) < oo forallu € U. (2.2)
U

A cylindrical measure satisfying (2.2) is called a cylindrical Lévy measure.

We say that L is weakly square-integrable or that it has weak second moments if
E[|L(t)u\2] < oo forallt>0and v e U. In this case, it follows from the closed graph
theorem that L(t): U — L?(£);R) is continuous for each ¢ > 0. Similarly L is said to
be weakly mean-zero if E[L(t)u] = 0 for t > 0 and u € U. For a weakly mean-zero
cylindrical Lévy process L, the covariance operator QQ: U — U is a non-negative and
symmetric linear operator defined by (Qu,v) = E[L(1)uL(1)v] for each u,v € U.



3 Case of finite second moments

In this section L is assumed to have weak second moments. Let QQ: U — U be its
covariance operator. We improve the theory of stochastic integration with respect to
a weakly square-integrable cylindrical Lévy processes introduced in [27] by extendind
the space of integrands so that it depends on the characteristics of the integrator. Let
H = Q'2U be equipped with the scalar product (u,v)y = (Q~Y/?u,Q~/?v)y for
u,v € H. Then (Q/?e,) is an orthonormal basis of H and ¢ € Lys(#, H)) if and only
if Q2 in Lys(U, H) and their norms coincide; see [23, Sec. 2.3.2].

The approach is based on the observation that the cylindrical increments of a cylin-
drical Lévy process can be Radonified by a random Hilbert-Schmidt mapping. More
specifically, for 0 < s <t let ®: Q — Lyg(H, H) be a simple, Fs-measurable random
variable of the form

D(w) =Y Ta,(w)p
j=1

for deterministic operators ¢; € Lus(H,H) and sets A; € F, for j = 1,...,m. The
Hilbert-Schmidt property implies that for each j € {1,...,m} there exists a genuine
random variable J, ;¢ : @ — H such that (L(t)—L(s))(tp;?h) = (Jspj, h) forallh € H.
By linearity one can define a random variable Js;®: Q — H satisfying

(Js1 @, h) = i La; (L(t) — L(s))(¢jh)  forallhe H. (3.1)
j=1

By beginning with simple stochastic processes (¥(t) : ¢ € [0,7]) of the form

N-1

U(t) = olyoy(t) + Y pligy 4, (t)  for t €0, 7],
k=1

where 0 =t; <ty < --- <ty =T and each ®j is a simple F, -measurable Lyg(U, H)-
valued random variable, one can define the stochastic integral as

T N-1
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Using the It6 isometry (see [27])

one can extend the definition to all stochastic processes in the space

T
E /0 U(s)dL(s)

2 T
] _ / E|[9(s)Q27, wm) 45

H 0



A= {\Il: [0,T] x Q — Lus(H, H) : predictable and

T 1/2)2
E[/O IR{GLe; HLHS(U,H)dt} <oo}.

The space A becomes a Banach space with the norm defined by

g 1/2(2 V2
1), = (E UO [T®)QY HLHS(UvH)dt]> . UeA.

In the following theorem we summarise the properties of this integral. If L is a
genuine Lévy process, formulas for the angle bracket processes are well known; see
[21, Cor. 8.17]. Recall that for a square-integrable, H-valued martingale M, the angle
bracket process (M, M) is defined as the unique increasing, predictable process such
that (| M(t)]* — (M, M)(t) : t > 0) is a martingale.

Theorem 3.1. Suppose that L is weakly square-integrable cylindrical Lévy process and
v eA.

(i) The process

(1@) = /0 tqz(s) dL(s): t e [o,:r])

s a square integrable martingale and has a modification with cadlag trajectories.

(ii) <](\p)’[(qj)>(t) :/0 H\I](S)Ql/QHiHs(UH) ds for allt €10,T] P-a.s.

(iii) For any stopping time T with P(T < T) =1 we have
tAT t
/ W(s) dL(s) = / U(s)lgpery dL(s)  for allt € [0,T] P-as
0 0

Proof. Similar results are discussed for integrals with respect to classical Lévy processes,
for (i) see [21, Th. 8.7], for (ii) see [21, Cor. 8.17] and for (iii) see [23, Lem. 2.3.9]. The
derivations for the cylindrical case using the properties of the Radonified increments
such as (3.1) are straightforward and can be found in [14]. O

We now discuss the existence and uniqueness of solution in the square-integrable
case. Let (V,||l/) be a separable reflexive Banach space and let (H,(-,-)y) and
(U, (-,-)v) be separable Hilbert spaces. Let V* and H* denote their duals. Assume
that V is densely and continuously embedded into H. That is we have a Gelfand triple

VCH=H"CV*™



Further, denote with -« (-, )y the duality pairing of V* and V. For all h € H and
v € V we have y«(h,v)y = (h,v)y and without loss of generality we may assume that
vl g < [Jvlly, for v € V and ||hl|y« < [|h]| for h € H.

We consider the equation

dX(t) = F(X(t)) dt + G(X(t)) dL(t) for t € [0,T7, (3.2)

with the initial condition X (0) = Xy for a square-integrable, Fy-measurable random
variable Xy. The driving noise is a cylindrical Lévy process on a separable Hilbert
space U. In this section we assume that L is a weakly mean-zero, weakly square-
integrable, cylindrical Lévy process, i.e. a cylindrical martingale with covariance op-
erator : U — U. In the remainder of the paper, we assume that there exists an or-
thonormal basis (e,,) of U consisting of eigenvectors of ). Note that this does not follow
from the conditions on ), since it needs not be compact. The coefficients in equation
(3.2) are given by functions F': V. — V* and G: V — Lus(H, H). More specifically, we
assume the following in this section: there are constants a, A, 3, ¢ > 0 such that:

(A1) (Coercivity) for all v € V' we have
2y (F(v), v}y +||G@QV2([} .y + llvlly < Mol + 5
(A2) (Monotonicity) for all v, v € V, we have
2y+(F(v1) — F(v2),v1 — v2)v + ||(G(v1) — G(W))QMQH;S(U,H) < Mt — vl s

(A3) (Linear growth) ||F(v)]

ve < (14 |v]y) forallv e V;

(A4) (Hemicontinuity) the mapping R 3 s — v« (F(v1 4 sv2),v3)y is continuous for all
v1,v2,v3 € V.

(A5) The cylindrical Lévy process L is weakly mean-zero and is weakly square-integrable.

Its covariance operator () has eigenvectors (e;), which form an orthonormal basis
of U.

Conditions of this form appear in most of the papers mentioned in the introduction.
For instance in [5] these conditions are formulated for a sum of cylindrical Brownian
motion with covariance equal to the identity (in particular, satisfying (A5)) and a
Poisson random measure. Later, we will consider the case of a non-integrable noise.
We will obtain the existence and uniqueness of solutions by truncating the jumps and
reducing the problem to the case of an equation driven by a process satisfying (A5).
We now give the definition of a solution to (3.2), similarly as in Prévot and Réckner
[23, Def. 4.2.1] or Brzezniak, Liu and Zhu [5, Def. 1.1]. Since we later consider the case
of a driving noise without finite moments and thus the solution cannot be expected to
have finite moments, we do not require finite expectation of the solution.



Definition 3.2. A variational solution of (3.2) is a pair (X, X) of an H-valued, cadlag
adapted process X and a V-valued, predicable process X such that

(i) X equals X dt ® P-almost everywhere;
T —

(ii) P-a.s. / | X (8], dt < oo
0

(iii) X(¢t) = Xo +/ ))ds +/ G(X L(s) for all t € [0,T] P-a.s. (3.3)

We say that the solution is pathwise unique if any two variational solutions (X, X) and
(YY) satisfy
P(X(t)=Y(t) for all t € [0,T]) = 1.

Theorem 3.3. Under Assumptions (A1)—(Ab), equation (3.2) has a unique variational
solution (X, X). Moreover, the solution satisfies

/0 1X@)]] as < oc.

The proof can be obtained by repeating the arguments from [23] and using the
properties of the integral outlined in Theorem 3.1. The details are presented in [14].

4 Orthogonal cylindrical Lévy processes

In this section we consider the case of a driving noise without finite moments. Contrary
to the classical case of a genuine Lévy process, one cannot directly apply stopping time
arguments such as in [21, Sec. 9.7] or interlacing techniques such as in [12, Th. IV.9.1],
since the cylindrical Lévy process does not attain values in the underlying space.

For a bounded sequence of positive real numbers ¢ = (¢;) € (*°(Ry) we define the
sequence of stopping times by

n
75(k) := inf {t >0: Z (AL(t)ej)zc? > k:2} for each k> 0,n € N.
j=1
The stopping time 75(k) can be seen as the first time, the n-dimensional Lévy process
((L(t)(cre1), ..., L(t)(cnen)) = t > 0) has a jump of size larger than k. Since 75(k) is
non-increasing in n, we can define another sequence of stopping times by

7¢(k) == lim 75 (k) for k& > 0. (4.1)

n—oo

Contrary to the the case of a genuine Hilbert space-valued Lévy process, if the noise is
cylindrical the stopping times 75(k) may accumulate at zero, i.e. 7¢(k) = 0 P-almost



surely, see Remark 4.6 below. It will turn out that the distribution of the stopping time
7¢(k) depends on the parameter

mé(k) := Supu<{u eU: i(u, e;)%ct > k2}> for k > 0, (4.2)

neN j=1

where v is the cylindrical Lévy measure of L. If L is a genuine Lévy process in U then
its Lévy measure v is finite outside each ball around 0 and m®(k) — 0 as k — oo. In
the cylindrical case, the situation turns out to be rather different as Proposition 4.1
shows:

Proposition 4.1. Let L be a cylindrical Lévy process with 7¢(k) defined in (4.1) and
m¢ defined in (4.2) for a fixed ¢ € £>°(R4).

(1) We have the following dichotomy for each &k > 0:
(i) m¢(k) =0 < 7¢(k) = 00 P-a.s;
(ii) me(k) €(0,00) < 7¢(k) is exponentially distributed with parameter m¢(k);
(iii) m¢(k) = 0o & 7¢(k) =0 P-a.s.

(2) We have: lim m¢(k) =0 < lim 7°(k) = co P-a.s.

k—o00 k—o00
Proof. (1) Define the mapping

n

U —= U, my(u) = ch(u, ej)e;.
j=1

Note that 75 (k) is the time of the first jump of size larger than & of the finite dimensional
Lévy process LS defined by

L5(t) = ¢L(t)(ej)ej,  t=0.
Jj=1

As the Lévy measure v¢ of LS is given by v¢ := v o (7¢)~L, the stopping time 7¢(k) is
exponentially distributed with parameter

M= ({ueU: ully >k}) = V({u cU: zi:lcj?(u, ej)? > k2}>

(i): the very definition implies that m¢(k) = 0 if and only if A\¥ = 0 for all n € N.
The latter is equivalent to 75(k) = oo for all n € N.



(ii), (iii): the characteristic function @ ¢y of 75(k) is given by

)\k
c . R — C c xTr) = 7’”
Pre (k) » o Pren(2) iz
As A¥ monotonically increases to m¢(k) as n — oo, the characteristic function e
converges to the characteristic function either of the exponential distribution with pa-
rameter m¢(k) or of the Dirac measure in 0.
For establishing (2), note that monotonicity of k — 7¢(k) yields

F (klggo (k) = OO) - P( ﬂ U m {r°(k) > t}> = tli)lglonlgglo P(Tc(n) > t).

teNneNk>n
Since P(7¢(k) > t) = exp(—tm*(k)), this completes the proof of (2). O

We now focus on a special class of cylindrical Lévy processes, which, similarly as
in the case of a cylindrical Brownian motion, can be represented by a sum. That is
we assume a form of the noise as in the Karhunen-Loeve theorem with independent
components but without requiring finite second moments. Let L be a cylindrical Lévy
process with cylindrical Lévy measure v and let (e;) be an orthonormal basis of U. L
is called orthogonal cylindrical Lévy processes if it is of the form

Ltju=>» {;(t)(u,e;)  P-as forallue U, t>0, (4.3)
j=1

where (¢;) is a sequence of independent, not necessarily identically distributed, one-
dimensional Lévy processes. Denote the characteristics (with respect to the standard
truncation function 1p,) of ¢; by (b, s;, p;) for each j € N. Lemma 4.2 in [28] guar-
antees that the sum in (4.3) converges and defines a cylindrical Lévy process if and
only if the characteristic functions of ¢; are equicontinuous at 0 and the following three
conditions are satisfied for every (a;) € ¢2(R):

i 1y (aj)|ol|b; z pj(de 00, 4.4
0 3Ll */mgm—l pi(a)| < (4.4)
(i) (s;) € £=°(R), (4.5)

(ii) g/ﬂ% (!QMQ A 1) pj(dz) < oo. (4.6)

10



Independence of the Lévy processes (¢;) implies that the cylindrical Lévy measure of
L has only support in U Span{e;}. Consequently, the function m®, defined in (4.2),
reduces to

m(k) = gpj ({ZL‘ eER:|z| > %}) for all k£ > 0. (4.7)

In general, due to the non-linearity of the truncation function, cylindrical Lévy
processes do not enjoy a type of Lévy-Itd decomposition. However, the specific con-
struction of cylindrical Lévy processes of the form (4.3) suggests to derive a Lévy-
1t6 decomposition from an appropriate decomposition of the real-valued processes
¢;. More precisely, for a given sequence ¢ = (¢;) € ¢*(Ry) and k£ > 0 we obtain
0i(t) = pj’k(t) + mjk(t) - rjc.’k(t) for all ¢t > 0 where

P (t) = <bj +/ xﬂj(dI)> t, (4.8)
1<|z|<k/c;

m?k(t) = /5;W;(t) +/ x Nj(t,dx), (4.9)

lz|<k/c;

k() = /| . x Nj(t,dz). (4.10)
x Cj

Here, the process W; is a real-valued standard Brownian motion and N; is a Poisson
random measure on [0, 00) X R with intensity measure dt ® p;.

In the following lemma, we summarise the conditions on the cylindrical Lévy process
such that the stopping times 7¢(k), defined in (4.1), do not accumulate at zero and such
that the decomposition of /; leads to a decomposition of the cylindrical Lévy process:

(A6) there exists a sequence ¢ = (¢;) € £*°(R4) such that

. c,k 2 .
(i) (pj (1)>j€N € (*(R) for each k > 0; (4.11)
(ii) sup/ 2% pj(dz) < oo for each k > 0; (4.12)
JEN J|z[<k/c;
(iii) lim m®(k) = 0. (4.13)
k—oo

Remark 4.2. Assume that L is of the form (4.3), i.e. Conditions (4.4)—(4.6) are sat-
isfied. For a square summable sequence (c;), condition (4.6) implies (4.13) by (4.7)
and Lebesgue’s theorem. On the other hand, if ¢; is constantly equal to 1, then
Condition (4.6) implies (4.12). Indeed, suppose for contradiction that the sequence

11



(flxlék 2% pj(dz) : j € N) is unbounded. Then there exists a sequence (a;) € (*(R)

such that
S [ A tdn) =20
z\<k
which contradicts (4.6).

In summary, for the assumption (A6) to hold there must be some balance between
the rate of decay of the Lévy measures (p;) and the rate of convergence of the sequence
c.

Lemma 4.3. Assume that L is a cylindrical Lévy process of the form (4.3) satisfying
(A6) for a sequence ¢ € £**(R;). Then L can be decomposed into L(t) = Pg(t) +
M{(t) + R (t) for each t > 0 and k > 0, where P¢, M} and R{ are cylindrical Lévy
processes defined by

P (t) U—Zp ) (u, €5,
[e.9]

M (t u—Zm ) (u, €5,

00
. c,k
= 7"] ’LL 6]

Jj=1

The process M| is a weakly square-integrable cylindrical Lévy martingale with a di-
agonal covariance operator @ and the stopping times 7¢, defined in (4.1), satisfy
7¢(k) — oo P-a.s. as k — oo.

Proof. We write M (t) = X (t) + Y(t) for each k£ > 0 with

Ou =Y VW) Yo=Y [ oNtdn) ),
j=1 |z|<k/c;

=1

for all u € U. Since condition (4.5) implies

oo
2 2
E[IX@0u] = Y lslu,e)? < sl ull
j=1

we obtain that X (t): U — L%(;R) is well defined, continuous and weakly square-
integrable. We have

E [[ve(u?] = 3 e /W/ijzpjmx)@o

12



by (4.12). Consequently, Y;¢(¢) and thus M (t) are well defined, continuous and weakly
square-integrable. By (4.11), the (deterministic) process Pf is well defined. Since

. = L — M — P{ it follows that the series in the definition of Rf converges and that
R¢(t): U — LO(S; R) is continuous for all ¢ > 0. O

Example 4.4. [Two-sided stable process] An often considered example of a process
given in (4.3) is for £; = o;hj, where h; are identically distributed, symmetric a-stable
-1

Lévy processes and o; € R; see [24, 25]. In this case, ¢; has Lévy measure p; = pomyg .,

where m, : R — R is given by m,, () = oz and p(dr) = %M_l_a dz. By [28, Ex.
4.5], formula (4.3) defines a cylindrical Lévy process if and only if o = (0;) € gra (R).
Moreover, L is induced by a classical process if and only if o € (%(R).

We show that Assumption (A6) is satisfied for the sequence (c;) € ¢*(Ry) defined
by ¢; = |aj|ﬁ. Condition (4.11) is trivially satisfied because each h; has no drift and
the Lévy measure is symmetric. Since

k
2 2 2 2 a—2
x° pj(de —0'-/ z°p(de) = 05 ——|c;0; = )

Ccs . .
|CJ"J|

<

Condition (4.12) is satisfied. Since (c;) € ¢*(Ry) by its very definition, Remark 4.2
establishes Condition (4.13).

Example 4.5. [One-sided stable process| We choose ¢; = o;h; in (4.3) with o; € R
and h; arbitrary, strictly a-stable Lévy process with o € (0,2) and with no negative
jumps. Note, that a # 1, since a 1-stable Lévy process is strictly stable if and only if
its Lévy measure is symmetric. The characteristic function of h;(1) is given by

©n;(1)(T) = exp (—]z|* (1 —itan ¥ sgna)),

see [30, Th. 14.15, Def. 14.16]. It follows that the Lévy process o;h; has characteristics
(b,0, p;) given by

1

a—1 -
b=l ) = (pomy)(de)
where ¢q = — cos (%) (), the function mq, : R — R is defined by me, (z) = oz and

p(dr) = 1 ) (x)ixilfa dx.

We claim that L is a cylindrical Lévy process if and only if o € (2=a (R). Indeed,
Condition (4.4) reduces to

oo
> oyl
j=1

o0
c
b~+/ z(pom;(dr)| = ——— E lajoi|”,
T Sicki<i/lag) (poms,) call —al 77
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whereas Condition (4.6) reads as
- 2 _ 2c - a
> f (et ) tae) = 5 D

Assumption (AG6) is satisfied with ¢; = |aj|ﬁ7 since Condition (4.11) can be cal-
culated as
o

2 Ck‘lia 2 oo e
b-+/ x 'de’) :<> 0|2,
> (1 e o00) = (i) 2w

j=1
Conditions (4.12) and (4.13) follow by the same arguments as in Example 4.4.

Remark 4.6. In both Examples 4.4 and 4.5, Condition (4.13) would not be satisfied
for a constant level of truncation of jumps i.e. with ¢; = 1 for all j € N. By introducing
the weights (c¢;) we compensate the fact that the cylindrical distribution of L is not
tight, i.e. its mass of the span of the higher nodes decays too slowly.

Example 4.7. [One-sided regularly varying tails| Recall that a measure p concentrated
on (0,00) is said to have regularly varying tails with index «a if

=)\ for all A > 0;
200 fi(x, 00)

see [3, 8]. We choose {; = o;h; in (4.3) with a sequence of independent and identically
distributed Lévy processes h; of regularly varying tails of index o € (0,1) U (1,2). For
simplifying the calculations, we assume that the characteristic function of h;(1) is given
by

o (z) = {exp (fooo (ei‘”y —1- ixyIlBR(y)) p(dy) + i:cb) , ifae(0,1),
hi (1) exp (fooo (ei‘”y -1- z:ny) p(dy)) , if « € (1,2),

for a constant b € R. The Lévy measure p of h; has regularly varying tails according
to [7].

We show that if (0;) € (2% (R) for some § < «, then (4.3) defines a cylindrical Lévy
process. For this purpose, we define

Viw) = [ lam o) U= [T pldn). a0,

It follows from [29, Prop. 4.2.1] that V5(0) < co and Us(oo) = co. Theorem VIIL.9.2 in
[8] implies

27 Vs(z) 22—«
lim =
T—00 UQ(Z) a—9

=:c,

14



and therefore there exists M > 0 such that

9 2—6
Uy() < 22 V@) e s M
c
Since both (o) and (oj) tend to 0 we can assume without loss of generality that

> M for all j € N. For verifying Condition (4.6) we obtain

‘O‘JU ‘

a?a? / 2% p(dx) + a?af / 2% p(dz)
0<a<1 l<z< L

! |°‘J il

_ 2 2
=Yoot [ ot +za 0 (o)
= i0j
ia / xzp(dm)+2i\ajaj]5%< ! )
0<z<1 ¢ |ajoyl

i—1 j=1

.

Both sums are finite because of the summability assumptions on « and o. Similarly,
we derive that

oo
> ([eoe) ) < oo
7j=1
which shows Condition (4.6).
Similarly to the stable case in Example 4.5, the sequence (c;) satisfying (A6) can
be defined by ¢; = || a.
Note that the conclusion in this example is not optimal in the case of a-stable

2a
noise. For, in Example 4.5 we can choose o € ¢2-« (R) whereas here we have to choose
26
o € (25 (R) for § < a.

The integration theory developed in [27] and improved in Section 3 relies on fi-
nite weak moments of the cylindrical Lévy process. In the following, we extend this
stochastic integral to the class of cylindrical Lévy processes of the form (4.3) under
Assumption (A6) without requiring finite weak moments. For this purpose, by fixing a
sequence ¢ € {>°(R,) such that Assumption (A6) is satisfied and by using the notation
(4.8)—(4.10) we define for each k > 0:

Li(tu=Y_ (p;’k(t) n m;’f(t)) (ue), t>0,uel.

J=1

Lemma 4.3 yields that L{ = P + M[ is a square-integrable cylindrical Lévy process.
Let @) denote the covariance operator of M} and Hj be the corresponding reproduc-
ing kernel Hilbert space, where we suppress the dependence on the sequence ¢ in the

15



notation for @) and Hy. At the same time, we extend the class of integrands by the
usual localisation arguments. For this purpose, we define the class Ay, as

Aoe = {\If :[0,7] x Q@ — Lus(Hy, H) : U is predictable and

[ e

Theorem 4.8. Assume that L is a cylindrical Lévy process of the form (4.3) satis-
fying (A6) for a sequence ¢ € (*°(R;) and let ¥ be in A.. Then there exists an
increasing sequence of stopping times (o(k)) with o(k) — oo P-a.s. as k — oo such that
W) Lo,k (-) € A for each k € N and

2

dt < oo P-as. for all k € N}.
LHS(UvH)

t
</ \I/(S)]l{sgg(k)} dLi(S) 1t e [O,T]>
0 keN

is a Cauchy sequence in the topology of uniform convergence in probability and its limit
is independent of the sequence c satisfying Assumption (A6).

Theorem 4.8 enables us to define for each ¥ € Ay, the stochastic integrals

/ U(s) dL(s) := lim [ W(s)Lj o) (s) dLi(s),
0 k—oo Jo

where the limit is taken in the topology of uniform convergence in probability. Note,
that although in [13] a stochastic integration theory is developed for a large class of
integrands with respect to arbitrary cylindrical Lévy processes, it does not cover the
case of only predictable integrands.

Proof. Define the stopping times

t
~ . 1/212
7(k,n) := mf{t €10,7]: /0 1 (s)Q}/ s 01y 48 > n}

where we take the convention that inf @ = 4o00. Since ¥ € Ay, for P-almost every
w €  there exists n(w) € N such that fot H\I'(s)(w)QllcﬂHiHs(UH) ds < n(w) for all
t € [0,T], and thus for each £k € N we have 7(k,n)(w) = o for every n > n(w).
Therefore, we conclude P (U5 {7(k,n) = co}) = 1 for each k € N. This guarantees
that for every k € N there exists ny € N such that P(7(k,ny) < 00) < 2% Since & is

2F
summable, it follows by the Borel-Cantelli Lemma that

P (lim sup{7(k,ny) < oo}) =0.

k—oo
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Consequently, the stopping times o°(k) := 7¢(k) A7(k, ny) also converge to +oo a.s. by
Lemma 4.3. Note that if 7" < ¢°(k), then L{ = L¢ on [0,T] and

t

t
| e ALi0) = [ e AL5()

for all ¢ € [0,T]. Consequently, we obtain for each k£ < n and € > 0 that

P | sup > e
te[0,T] H

t t
P </ \I’(S)ﬂ{sggC(k)} sz(S) 75 / \P(S)ﬂ{sggc(n)} deL(S) for some t € [O,T]>
0 0

< P(T = o°(k)) — 0 as n, k — oo,

t t
AW(S)H{Sggc(k)}dLi(s)—/o \I/(S)]l{sggc(n)}dL%(S)

N

which establishes the claimed convergence.

The limit of the Cauchy sequence does not depend on the choice of the sequence ¢
satisfying (A6) because if d is another sequence satisfying (A6), then Lf = L& for all
t€[0,T]) on {T < 7¢(k) A7%(n)} and

t t
/O‘I’(S)]l{sgfe(k)}dLi(s):/o V()L ggrapnyy dLi(s),

which completes the proof. O

5 Existence of a solution for the orthogonal noise

Existence of a cylindrical Lévy process of the form (4.3) strongly depends on the in-
terplay between the drift part b; and the Lévy measure p; of the real valued Lévy
process with characteristics (bj, s;, p;j), see condition (4.4). For this reason, we con-
sider the general case of a cylindrical Lévy process with a possible non-zero drift part.
Naturally, we will tackle this part by moving it to the drift part of the equation under
consideration. For this purpose, recall the decomposition L(t) = P¢(t) + Mg(t) + Ry (t)
of the cylindrical Lévy process L for each k > 0 derived in Lemma 4.3 under assump-
tion (A6) satisfied for a sequence ¢ € (*°(R,). Let @y denote the covariance operator
of My where we suppress the dependency on the sequence c. Furthermore, instead of
the standard coercivity and monotonicity requirements, we introduce assumptions for
each truncation level k € N. Assumptions of this form were introduced in Peszat and
Zabczyk [21, Sec. 9.7] in the semigroup approach. Assume that there are constants
g, Ak, B > 0 such that

(A1") (coercivity) For every k € N and v € V we have

c * 2
2v+(F(0) + PEG (0),v)v + [|G@QY (7, sy + ol < Mllvllyy + B

17



(A2") (monotonicity) For every k € N and vy, vy € V' we have

2v+(F(v1) — F(v2) + PE(1)(G"(v1) — G*(v2)), 01 — va)v
+ (@) =GR | < Mller = o2l

(A3') (linear growth) ||F(v) + Pg(1)G*(v)|l\. < cx(1+[|v]ly) for all v € V;
(A4’) (hemicontinuity) the mapping
R 3 s = v« (F(v1 + sv2) + P (1)G*(v1 + sv2), v3)y
is continuous for all vy, ve,v3 € V.

Note, the term P¢(1) is due to the fact that we allow general cylindrical Lévy
processes with a possible non-zero drift part. Naturally, such a non-zero drift part of
the noise contributes to the dynamic of the equation (3.2) together with the diffusion
coefficient G as an addition to the drift coefficient F. For example, for a cylindrical
Lévy process with symmetric cylindrical Lévy measure and drift p = 0 in (2.1), the
term P{(1) disappears and these assumptions simplify to the more familiar conditions
(A1)-(A4) but with Qj instead of Q.

Theorem 5.1. Assume that L is a cylindrical Lévy process of the form (4.3) satisfying
(A6) on page 11 for a sequence ¢ € £°(Ry.). If the coefficients F' and G satisfy (A1")—
(A4"), then equation (3.2) with an Fo-measurable initial condition X (0) = Xy has a
pathwise unique variational solution (X, X).

Proof. We reduce the case of the general initial condition to the square integrable one
as in [1, Th. 6.2.3]. For k € N let Qx = {||Xo|| < k} and X} = Xolg,. Using
the decomposition L(t) = Pg(t) + M (t) + R} (t), Lemma 4.3 guarantees that M is
a weakly square-integrable cylindrical Lévy martingale with diagonal covariance, and
thus according to Theorem 3.3 there exists a unique variational solution (X§¢, X¢) of

dX(t) = (F(X(t)) + PE{)GH(X(¢))) dt + G(X (t)) dME(2),

with the initial condition X (0) = X&.

Step 1. We first show that for each k& < n we have X7 (t) = X/ (t) P-a.s. on
{t < 7°(k)} N Q.

Define a cylindrical Lévy process Yy, by

V(0= RE(u— Bi(u=3" (/k/ e _xNj(t,dm)> (u, e)

j=1



for all t > 0 and w € U. The cylindrical martingale MS can be rewritten as

= < +/ Nj(tvdx)> (u, ;)
; k/cj<|z|<n/c;

- Z < + /k/cy<|z<n/cj Nj(t’ dx) - /k/c]'<w|<n/c]' xpj(t, dx)) <u’ ej>
= M)+ Y, (B — (PS(L)u — PE(u)t,
Applying this we get
X{ (1) = Xi(t) = ~Xola,y0, + [ (P (¥5(s) = F (X5()) ds
+ [ P (6 (X5() - 6 (X5(s))) ds
0
+ [ (6 (%59) - 6 (X5() (o)
0
—/0 G (X5 (s)) dYy, (s). (5.1)
By introducing the new notation
A) = X{() = X5+ |G (X5(9) Vi),
16) = [ (6 (X5(9) = G (X(s))) Mgl
equation (5.1) can be rewritten as

A(t) = —Xolg g, + /0 (F (Xi(s)) — F (X2(s))) ds

+ /0 PE(L) (GF (XE(s)) — GF (X5(s))) ds + I(2). (5.2)

Note that on {t < 7¢(k)} we have A(t) = X[(t) — X5(t). We apply Theorem 1 in [11]
with v(t) = X[ (t) — X[ (t) and h(t) = I(t) on the set {t < 7¢(k)}. It follows that there
exists an H-valued, cadlag process Z, which is equal to A = X — X Leb ® P-almost
everywhere on T := {(t,w) € [0,T] x 2 : t < 7°(k)(w)} and such that the It6 formula
for the square of the norm holds:

1Z(0) 117
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— 1 Xo[% 10, +2 /0 Ve (F (XE(s)) — F (X5(s)) , Xe(5) — XE(s)v ds
2 /0 Ve (PE(L) (GF (XE(s)) — G (XE(s))) s X(s) — Xe(s)y ds
+ /0 (Xg(s—) — XE(s—)) dI(s) + [T, T](2). (5.3)

We show that X, — X and Z are indistinguishable on T. We have that

(k)
E[A Lizmzxg-xnoy dt| = 0.

This implies that there exists 23 C Q with P(Q;) = 1 such that for all w € €

7¢(k)(w)
/0 ]l{Z(t,w);é(XﬁfXﬁ)(t’w)} dt = 0.

We obtain that for every w € Q; there is a subset A, C [0,7¢(k)(w)) with Leb(A,) =
7¢(k)(w) and such that Z(t,w) = (X; — Xf)(t,w) for all t € A,,. Note that Xj — X¢
is a cadlag process in V*. Fix w € @ and t € [0,7°(k)(w)). Let (¢,) C A, be a
sequence decreasing to t. Since Z(tp,,w) = (X; — X5)(tm,w) for all m € N we obtain
that Z(t,w) = (X; — X;)(t,w) for allw € Q; and t € [0,7%(w)) i.e. Z and X — X are
indistinguishable on Y.

Thus, in what follows, we can assume that for ¢ < 7¢(k) the process Xj — X is
H-valued and cadlag. Let

J(t) = / (Xg(s—) — Xe(s—)) dI(s).
We show that

1A A TR

+ J(ENTk)) + [L, I](t A TE(K)). (5.4)
It follows from (5.3) by taking the left limit at ¢ A 7¢(k) that

IXE((EATR)) =) — XE((E AT(R) )3
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tATE (k) 3 _ _
= |1 Xoll 7 Lo, \0; + 2/0 v (F (X5(s)) = F (X5(5)) , Xi(s) — Xp(s))v ds

tATE (k) _ _ _ —
2 /0 Ve (PE(L) (G (XE(s)) — G (XE(s))) s Xs) — Xe(s)y ds
(AT =) + 1 1) ((EATR)) — ). (5.5)
X

By definition of A, A(s ) o(s)—X5(s) for s < 7¢(k). Taking the limits as s  tAT¢(k)
we get that A((t A 7° —) = Xg((tATe(k) — ) — X5((t AT¢(k)) — ). Since the
only discontinuous processes in (5.2) are A and I, it follows that AA(t A 7¢(k)) =
AI(t AN7¢(k)). Thus

JAGEATR)IT = A A T(R)=) + AAEAT(R)) |5
= | Xg((EAToR) =) = XE((EATE(R)) =) + AIEATR)) |
= | Xe((EATR)) =) + XE((EATR)) = )|[5 + AT ATR) %
+(AI(EAT(R)), XE((EAT(R) =) = X ((EAT(R) = ) m-
Applying (5.5) we obtain

LA A TR
) tATE (k) B _ _ _
= 1 Xol% Tg,n0, + /0 Ve (F (XE() — F (X5()) , X(s) — Xo())v ds
tATE (k) 3 _ 3 _
4 /O v (PE(L) (G (XE(s)) — G (X5(s))) s Xi(s) — Xo(s))v ds

+ J((EATER)) =) + L1 ((E A T6(K)) —
+(AT(EATO(R)), XE((EATE(R)) — ) —

(5.6)
XE((tAT(R) = ) + [ AT(EAT(K))| 7

3(3\/

The jump of the stochastic integral J at t A 7¢(k) equals to
(X ((EATR)=) = X5 ((EAT(R)=), AI(E A T(K))) m,

see [20, Prop. 24.3 and Sec. 26.4]. Thus in (5.6) we can simplify

J((t ANTE(k)) — ) (AI(tANTC(K)), X ((t AT(k)) —) — Xfl((t ATE(k)) — )>H
= J((t AT(k)) =) + AT (t ATE(K))
_J@AT()) (5.7)

Similarly, we obtain that the jump of the quadratic variation of I at ¢ A 7¢(k) equals
|AI(t AT¢(k))||5;, see [20, Th. 20.5(4)], and we can simplify in (5.6):

[LI]((tATE(K)) =) + ||AT(E A TR }|H [, I((t A TE(K))—) + AL I)(E A T6(K))
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= [I,I)(t A7°(k)). (5.8)

Applying (5.7) and (5.8) in (5.6) finishes the proof of (5.4).

We multiply both sides of (5.4) by 1q, and take expectation. For the term involv-
ing the quadratic variation, we use E [[I, I](t A 7¢(k)] = E [(I,I)(t A 7¢(k)] and Theorem
3.1(ii). Recall for the following that the martingale property is invariant under multi-
plication by 1g,, since Qj, is Fo-measurable. Thus E [J(t A 7¢(k))1q,] = 0. We obtain

E (Il A (k)13 10,

=E

tATe (k) 3 B B ~
2 [P (Xi9) — F (¥5(5) Xio) ~ Koo dsﬂm]

+E

tATe (k) _ _ _ —
2/0 v-(PE) (G (X5(5)) — G" (X3(s))) » Xii(s) — Xi(s))v ds]lm]

+E

tATC (k) e e 1/2(2
L6 () = 6 (5500) QU d51 |-
The monotonicity assumption (A2') implies that
) tATe (k) )
B[lA¢A = @)ta] <ME | [ 1) = Xi()lfy dsta,

<xe [ IAG AR asta,].

It follows by Gronwall’s inequality that

tATE(k) 3
E HX,g(t ATE(R)) — XE(tAT(K)) + /0 G (X5(s)) Y, (s)

2
1o, | =0.
H

tATE(k) _
(X,g(t ATE(k)) — X5 (t ATO(R)) +/0 G (X5(s)) dY,;n(s)> lo, =0 as.

Thus

In particular we obtain that
Xi(t) — X, (t) =0 as. on {t < 7°(k)} N Q.
Step 2. The first part enables us to define

X:=X; and X :=XJ on {t < 7°(k)} N Q. (5.9)
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This definition does not depend on the choice of the sequence c: for, if d is another
sequence in (*°(R) satisfying (A6), then one can show similarly as in Step 1, that
X¢ = X2 on {t < 7¢(k) A 7%(n)}. Moreover, since X{ and X{ are equal almost
everywhere on {(w,t) € Q x [0,T] : t < 7¢(k)(w)}, it follows by taking k — oo that X
and X are equal almost everywhere on Q x [0, 7).

Step 3. We show that (X, X) defined in (5.9) satisfies (3.3). Note that

X0V gperetiying, = Xk Lperem)ina,
t t
= Xolo, + Vpcrarn, | FOE) s+ Lcrrgnen, | GRE) L) (.10

From the very definition (5.9) it follows

t t
limn Lcreyen, | FOYE)ds = lim Lpcrmgopnn, [ FOX()ds
—00 0 k—o0 0

= /Ot F(X(s))ds. (5.11)

The last term in (5.10) can be rewritten as

t B t/\TC(k) _
]]-{t<7—c(k)}ﬂ§2k/0 G(Xj(s))dLi(s) = ﬂ{t<r¢(k)}ﬂ§2k/0 G(Xj(s)) dLi(s).

From Theorem 3.1(iii) and the definition of the stochastic integral with respect to L
after Theorem 4.8, it follows that

tATC (k) _ t _
Jim [ G L) = Jim [ GIRE) Lo LG
t
= Jim [ GG serr ALE)
/ G(X (s)) dL(s). (5.12)

By taking the limit £ — oo in (5.10), equalities (5.11) and (5.12) show

X(t):Xo+/ ds/G L(s),

which finishes the proof of the theorem. ]
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