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Abstract

This work is devoted to the study of semimartingales on the dual of a general nuclear
space. We start by establishing conditions for a cylindrical semimartingale in the
strong dual ® of a nuclear space ® to have a ®'-valued semimartingale version
whose paths are right-continuous with left limits. Results of similar nature but for
more specific classes of cylindrical semimartingales and examples are also provided.
Later, we will show that under some general conditions every semimartingale taking
values in the dual of a nuclear space has a canonical representation. The concept
of predictable characteristics is introduced and is used to establish necessary and
sufficient conditions for a ®’-valued semimartingale to be a ®'-valued Lévy process.
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1 Introduction

In recent years, there has been an increasing interest in the study of cylindrical
stochastic processes in infinite dimensional spaces. One of the main motivations is the
use of these random objects to construct stochastic integrals and as the driving noise to
a stochastic partial differential equation (see e.g. [1, 11, 14, 27, 29, 30, 38]). Due to the
great importance of the semimartingales in the theory of stochastic calculus, it is only
natural to consider cylindrical semimartingales as the driving force for these types of
stochastic equations.

Let ® be a nuclear space and let ¢’ its strong dual. Under the assumption that ¢’ is a
complete nuclear space, the concept of ®'-valued semimartingales was firstly introduced
by Ustiinel in [33]. There, Ustiinel used the fact that under these assumptions ®' can
be expressed as a projective limit of Hilbert spaces with Hilbert-Schmidt embeddings
and defined the ®’-valued semimartingales as a projective system of Hilbert space
valued semimartingales. Further properties of ®'-valued semimartingales and stochastic
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calculus with respect to them where explored by Ustiinel in his subsequent works
[34, 35, 36], by Pérez-Abreu [24], and by other authors (e.g. [3, 6, 25]). However,
Ustiinel’s approach for semimartingales as projective systems can no longer be applied
if one assumes that ® is a general nuclear space, because in that case ®’ is usually not
nuclear nor complete (e.g. if S is any uncountable set, R® is nuclear but (R®)’ is not
nuclear; see Remark 51.1 in [32]). Therefore, if ® is assumed only to be nuclear, a new
theory of semimartingales has to be developed and this is exactly the purpose of this
paper; to begin a systematic study of cylindrical semimartingales and semimartingales
in the strong dual @’ of a general nuclear space ®. Our main motivation is the further
introduction of a theory of stochastic integration and of stochastic partial differential
equations driven by semimartingales in duals of nuclear spaces. This program was
carried out by the author in [11] for the Lévy case, but for the semimartingale case
a new approach has to be considered. The necessary properties of semimartingales
are developed in this paper. The corresponding application to stochastic integration
and existence of solutions to stochastic partial differential equations will appear in
forthcoming papers.

We start in Sect. 2 by setting our notation and by reviewing some useful properties
of nuclear spaces, cylindrical processes, and the space S° of real-valued semimartin-
gales. Then, in Sect. 3 we address the first main problem of our study; it consists
in to establish conditions under which a cylindrical semimartingale X = (X, : ¢t > 0)
in ® does have a semimartingale version with cadlag (i.e. right-continuous with left
limits) paths. In the literature this procedure is often known as “regularization” (see
[10, 13, 24]). Our main result is Theorem 3.7 where it is shown that a sufficient con-
dition is equicontinuity for each 7" > 0 of the family (X; : ¢t € [0,7]) as operators
from ® into the space of real-valued random variables L° (Q2,.%,P) defined on a given
probability space (2, .%#,P). In Proposition 3.14 we show that this condition is equiv-
alent to the condition that X as a linear map from @ into S° be continuous. As a
consequence of our result we show that if the nuclear space is ultrabornological (e.g.
Fréchet), then each ®’-valued semimartingale with Radon laws has a cadlag version.
Regularization theorems for more specific classes of semimartingales and examples
are also considered. Our regularization results generalize those obtained by Ustiinel
in [33, 34] and by Pérez-Abreu [24] where only ®’-valued semimartingales (but not
cylindrical semimartingales) were considered and it is assumed that ®’ is complete
nuclear.

Our second main aim on this work is to find a canonical representation for ®’-valued
semimartingales. This is done in Sect. 4 by using our regularization results from Sect. 3.
Our main result is Theorem 4.2 where we show that if for a ®'-valued semimartingale we
assume equicontinuity for each T > 0 of the induced cylindrical process (X, : t € [0,T]),
then X possesses a canonical representation similar to that for semimartingales in finite
dimensions. This equicontinuity assumption is always satisfied if the nuclear space is
ultrabornological and the semimartingale has Radon laws. Furthermore, we introduce
the concept of predictable characteristics for ®’-valued semimartingales. To the extend
of our knowledge the only previous work that considered the existence of a canonical
representation for semimartingales in the dual of a nuclear Fréchet space was carried
out by Pérez-Abreu in [24]. Observe that our result generalize that of Pérez-Abreu to
semimartingales in the dual of a general nuclear space.

Finally, in Sect. 5 we examine in detail the canonical representation of a ®’-valued
Lévy process and its relation with their Lévy-Itd0 decomposition studied by the author
in [12]. It is shown that the predictable characteristics of a Lévy process coincide with
those of its Lévy-Khintchine formula and that the particular form of these characteristics
distinguish the Lévy process among the ®’-valued semimartingales.
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We hope that our semimartingale canonical representation and our definition of
characteristics could be used in the future to study further properties of ®’-valued
semimartingales, as for example to study functional central limit theorems.

2 Definitions and notation

Let ® be a locally convex space (we will only consider vector spaces over R). If pis a
continuous semi-norm on ¢ and r > 0, the closed ball of radius r of p given by B, (r) =
{¢ € ®: p(¢) <r}isa closed, convex, balanced neighborhood of zero in ®. A continuous
semi-norm (respectively a norm) p on ® is called Hilbertian if p(¢)? = Q(¢, ¢), for all
¢ € ®, where @ is a symmetric, non-negative bilinear form (respectively inner product)
on ® x ®. Let ¢, be the Hilbert space that corresponds to the completion of the pre-
Hilbert space (®/ker(p), p), where p(¢ +ker(p)) = p(¢) for each ¢ € ®. The quotient map
® — ®/ker(p) has an unique continuous linear extension i, : & — ®,. Let ¢ be another
continuous Hilbertian semi-norm on ® for which p < ¢. In this case, ker(q) C ker(p).
Moreover, the inclusion map from ®/ker(q) into ®/ker(p) is linear and continuous, and
therefore it has a unique continuous extension i, , : ®, — ®,. Furthermore, we have the
following relation: i, = i, 4 0 7.

We denote by &’ the topological dual of ® and by (f, ¢) the canonical pairing of
elements f € ®’, ¢ € ®. Unless otherwise specified, &’ will always be consider equipped
with its strong topology, i.e. the topology on ®' generated by the family of semi-norms
(ng), where for each B C ® bounded we have ng(f) = sup{|(f, ¢)| : » € B} forall f € ’.
If p is a continuous Hilbertian semi-norm on ®, then we denote by q); the Hilbert space
dual to ®,,. The dual norm p’ on ®;, is given by p'(f) = sup{|(f, ¢)| : ¢ € B,(1)} for all
fe <I>;,. Moreover, the dual operator i; corresponds to the canonical inclusion from <I>;
into @’ and it is linear and continuous.

Let p and q be continuous Hilbertian semi-norms on ¢ such that p < gq. The space of
continuous linear operators (respectively Hilbert-Schmidt operators) from ®, into @,
is denoted by L(®,, ®,) (respectively L2(P,4, ®,)) and the operator norm (respectively
Hilbert-Schmidt norm) is denote by ||-{| (s, ¢, (respectively |||, s, 5,))- We employ an
analogous notation for operators between the dual spaces <I>; and <I>;.

A locally convex space is called ultrabornological if it is the inductive limit of a
family of Banach spaces. A barreled space is a locally convex space such that every
convex, balanced, absorbing and closed subset is a neighborhood of zero. For equivalent
definitions see [16, 23].

Let us recall that a (Hausdorff) locally convex space (®,7) is called nuclear if its
topology T is generated by a family II of Hilbertian semi-norms such that for each
p € II there exists ¢q € 1I, satisfying p < ¢ and the canonical inclusion i, , : &, — ®, is
Hilbert-Schmidt. Other equivalent definitions of nuclear spaces can be found in [26, 32].

Let ® be a nuclear space. If p is a continuous Hilbertian semi-norm on ®, then the
Hilbert space ®,, is separable (see [26], Proposition 4.4.9 and Theorem 4.4.10, p.82).
Now, let (p, : n € IN) be an increasing sequence of continuous Hilbertian semi-norms
on (®,7). We denote by 6 the locally convex topology on ® generated by the family
(pn : n € IN). The topology 6 is weaker than 7. We will call 6 a (weaker) countably
Hilbertian topology on ® and we denote by ®y the space (®,60) and by 59 its completion.
The space &)9 is a (not necessarily Hausdorff) separable, complete, pseudo-metrizable
(hence Baire and ultrabornological; see Example 13.2.8(b) and Theorem 13.2.12 in [23])
locally convex space and its dual space satisfies (®g) = (®y) = Unen @5, (see [10],
Proposition 2.4).

Example 2.1. It is well-known (see e.g. [26, 31, 32]) that the space of test functions
&k = C>®(K) (K: compact subset of RY), & := C>(R?), the rapidly decreasing functions
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#(R%), and the space of harmonic functions H(U) (U: open subset of R%; see [26],
Section 6.3), are all examples of Fréchet nuclear spaces. Their (strong) dual spaces &%,
&', " (R%), H'(U), are also nuclear spaces. On the other hand, the space of test functions
9(U) :=C(U) (U: open subset of R?), the space of polynomials P, in n-variables, the
space of real-valued sequences RY (with direct sum topology) are strict inductive limits
of Fréchet nuclear spaces (hence they are also nuclear). The space of distributions
2'(U) (U: open subset of R%) is also nuclear. All the above are examples of (complete)
ultrabornological nuclear spaces. Other interesting examples of nuclear spaces are the
space of continuous linear operators between a semi-reflexive dual nuclear space into a
nuclear space, and tensor products of arbitrary nuclear spaces. These spaces need not
be ultrabornological as for example happens with the space Z(R)®.7 (R) (see [4]).

Throughout this work we assume that (2, #,P) is a complete probability space and
consider a filtration (F; : ¢ > 0) on (2, #,P) that satisfies the usual conditions, i.e. it is
right continuous and F contains all subsets of sets of F of IP-measure zero. We denote
by L° (Q,.%,P) the space of equivalence classes of real-valued random variables defined
on (Q,.7,P). We always consider the space L° (Q2,.%,P) equipped with the topology
of convergence in probability and in this case it is a complete, metrizable, topological
vector space.

A cylindrical random variable in @’ is a linear map X : ® — L° (Q,.%,P) (see [10]).
If X is a cylindrical random variable in ®’, we say that X is n-integrable (n € IN) if
E (| X(¢)|") < oo, V¢ € ®, and has zero-mean if E (X (¢)) = 0, V¢ € ®. The Fourier
transform of X is the map from ® into C given by ¢ — E(e*X(¢)).

Let X be a ®’-valued random variable, i.e. X : Q — @' is a #/B(®’)-measurable
map. For each ¢ € ® we denote by (X, ¢) the real-valued random variable defined by
(X, ¢) (w) = (X(w), ¢), for all w € . The linear mapping ¢ — (X, ¢) is called the
cylindrical random variable induced/defined by X. We will say that a ®’-valued random
variable X is n-integrable (n € IN) if the cylindrical random variable induced by X is
n-integrable.

Let J = Ry :=[0,00) or J = [0,T] for T > 0. We say that X = (X, : t € J)is a
cylindrical process in ®' if X; is a cylindrical random variable for each ¢t € J. Clearly,
any ®’-valued stochastic processes X = (X; : t € J) induces/defines a cylindrical process
under the prescription: (X, ¢) = ((X¢, ¢) : t € J), for each ¢ € ®.

If X is a cylindrical random variable in ®’, a ®'-valued random variable Y is called a
version of X if for every ¢ € ®, X(¢) = (Y, ¢) P-a.e. A ®’-valued processY = (YV; : t € J)
is said to be a ®’-valued version of the cylindrical process X = (X; : ¢t € J) on @' if for
each t € J, Y; is a ®'-valued version of X;.

For a ®'-valued process X = (X; : t € J) terms like continuous, cadlag, purely
discontinuous, adapted, predictable, etc. have the usual (obvious) meaning.

A ®’-valued random variable X is called regular if there exists a weaker countably
Hilbertian topology 6 on ® such that P(w : X (w) € (®¢)') = 1. Furthermore, a ®'-valued
process Y = (Y; : t € J) is said to be regular if ¥} is a regular random variable for each
t € J. In that case the law of each Y; is a Radon measure in ®’ (see Theorem 2.10 in
[10D).

If U is a separable Hilbert space, recall that a V-valued adapted cadlag process
X = (X; :t > 0) is a semimartingale if it admit a representation of the form

X, =Xo+ M +A, Yt>0,

where M = (M; : t > 0) is a cadlag local martingale and A = (A4; : t > 0) is a cadlag
adapted process of finite variation, and My = Ay = 0. The reader is referred to [21] for
the basic theory of Hilbert space valued semimartingales and to [7, 15, 28] for R%valued
semimartingales.
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We denote by S° the linear space of (equivalence classes) of real-valued semimartin-
gales. We consider on S° the topology given in Memin [22]: define |-|, on S° by

o0
—k
2]y = 22 |21y, ,
k=1

where for each k£ € N,
|z, = sup E(LA|(h-2)k]),
heé&

& is the class of real-valued predictable processes h of the form

n—1

h = Z il (t;,t,,4]x90

=1

for 0 < t; <t < ...t, < 00, a; is an F;,-measurable random variable, |a;| < 1, ¢ =
1,...,n—1, and

n—1

k
(h-2), = /0 hedzs = Z a; (Zt7:+1/\k — Zt,;/\k) .
i=1

Then, d(y, z) = |y — 2|, is a metric on S° and (5°, d) is a complete, metric, topological
vector space (is not in general locally convex). Unless otherwise specified, the space S°
will always be consider equipped with this topology.

If 2 = (z; : t > 0) is a real-valued semimartingale, we denote by ||z||g, (1 < p < 00)
the following quantity:

lells, mf{H[m,m];gu | ida
0

rxr=m-+ta,,
Lr(Q,7,P)

where the infimum is taken over all the decompositions x = m + a as a sum of a local
martingale m and a process of finite variation a. Recall that ([m,m]; : ¢ > 0) denotes
the quadratic variation process associated to the local martingale m, i.e. [m,m]; =
(me,me), + > gc.<c;(Ams)?, where m® is the (unique) continuous local martingale part
of m and ({(m¢,m), : t > 0) its angle bracket process (see Section I in [15]). The set
of all semimartingales x for which ||z||g, < oo is a Banach space under the norm |||,
and is denoted by S? (see VII.98 in [7]). Furthermore, if + = m + a is a decomposition of
x such that ||z||g, < oo it is known that in such a case a is of integrable variation (see
VIIL.98(c) in [7]).

3 Cylindrical semimartingales in the dual of a nuclear space

Assumption 3.1. Throught this section and unless otherwise specified ® will always
denote a nuclear space.

3.1 Regularization of cylindrical semimartigales

In this section our main objective is to establish sufficient conditions for a cylindrical
semimartingale in ®' to have a ®’-valued cadlag semimartingale version. Following
[10] and [24], we call such a result as regularization of cylindrical semimartingales
(see Theorem 3.7). As a consequence of our results for cylindrical semimartingales
we will show that if we assume some extra structure on the space ® then every ®’-
semimartingale has a cadlag version (see Proposition 3.12). We begin by introducing our
definition of cylindrical semimartingales in duals of nuclear spaces.
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Definition 3.2. A cylindrical semimartingale in ®’ is a cylindrical process X = (X; :
t > 0) in &' such thatV¢ € ®, X(¢) is a real-valued semimartingale. A cylindrical local
martingale (resp. cylindrical martingale) in ®’ is a cylindrical process M = (M, : t > 0)
for which M (¢) = (M;(¢) : t > 0) is a real-valued local martingale (resp. a martingale).
In a similar way, a cylindrical finite variation process in ®’ is a cylindrical process
A = (A, : t > 0) for which A(¢) = (A(¢) : t > 0) is a real-valued process of finite
variation (i.e. if P-a.a. of its paths have locally bounded variation).

If X is a cylindrical semimartingale in &/, then each X (¢) has the decomposition
XP =X+ M+ A?, Vit>0, (3.1)

where M?¢ = (M7 : t > 0) is a real-valued cadlag local martingale with M¢ = 0, and
A? = (A? : t > 0) is a real-valued cadlag adapted process of finite variation and A% = 0.
If there exists a decomposition (3.1) with each A? predictable, we will say that X is a
special cylindrical semimartingale. It is important to stress the fact that in general the
maps ¢ — M? and ¢ — A? do not define a cylindrical local martingale and a cylindrical
finite variation process because they might be not linear operators. For more details see
the discussion in Example 3.10 in [1] and Remark 2.2 in [17].

Definition 3.3. A ®'-valued process X = (X, : t > 0) is a semimartingale if the induced
cylindrical process is a cylindrical semimartingale. In a completely analogue way we
define the concepts of ®’'-valued special semimartingale, martingale, local martingale
and process of finite variation.

Example 3.4. One important example of a cylindrical semimartingale in ®’ is a cylin-
drical Lévy process, i.e. a cylindrical process L = (L; : t > 0) in ®' such that Vn € N,
1,...,¢n € @, the R"-valued process ((Li(¢1), ..., Li(¢dy)) : t > 0) is a Lévy process.

In a similar way, an example of a ®’-valued semimartingale is a Lévy processes. Recall
that a ®’-valued process L = (L; : t > 0) is called a Lévy process if (i) Ly =0 a.s., (ii) L
has independent increments, i.e. foranyn € IN, 0 < t; <ty < --- < t,, < oo the ®'-valued
random variables L; , Ly, — Ly,,..., Ly — L;, , are independent, (iii) L has stationary
increments, i.e. forany 0 < s <t, L, — Ls; and L;_, are identically distributed, and
(iv) For every ¢t > 0 the probability distribution p; of L; is a Radon measure and the
mapping t — u; from R into the space of Radon probability measures on &’ (equipped
with the weak topology) is continuous at the origin.

Properties of cylindrical and ®’-valued Lévy processes were studied by the author
in [12]. The reader is referred also to [25, 35] for other studies on Lévy and additive
processes in the dual of some particular classes of nuclear spaces.

Example 3.5. Another important example of semimartingales in the dual of a nuclear
space are the solutions to certain stochastic evolution equations. Let & be a nuclear
Fréchet space and M = (M, : t > 0) be a ®’'-valued square integrable cadlag martingale.
Let A be a continuous linear operator on ® that is the infinitesimal generator of a
(Cop, 1)-semigroup (S(¢) : t > 0) of continuous linear operators on ¢ (see Definition 1.2
in [19]). Denote by A’ the dual operator of A and by (S’(¢) : ¢ > 0) the dual semigroup
to (S(t) : t > 0). If v is a ®’-valued square integrable random variable, it is proved in
Corollary 2.2 in [19] that the homogeneous stochastic evolution equation

dXt = A/det + th, Xo =7,

has a unique solution X = (X; : ¢t > 0) given by

¢
X = M; + S (t)y +/ S'(t — s)A' Mds.
0

In particular, X is a ®’-valued cadlag semimartingale (see Remark 2.1 in [19]).
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Remark 3.6. Under the additional assumption that ¢’ is a complete nuclear space,
another definition of ®-valued semimartingales was introduced by Ustiinel in [33] by
means of the concept of projective system of stochastic process. To explain this concept,
let (¢; : @ € I) be a family of Hilbertian seminorms generating the nuclear topology
on ¢ and let k; : &' — (®’),, denotes the canonical inclusion. A projective system
of semimartingales is a family X = (X' : i € I) where each X' is a (®),,-valued
semimartingale, and such that if ¢; < g; then kg, 4. X7 and X* are indistinguishable.
A ®’-valued processes Y is a semimartingale if k;Y = X’ for each i € I. It is clear that
any semimartingale defined in the above sense is also a semimartingale in the sense
of Definition 3.3. If ® is a Fréchet nuclear space the converse is also true as proved
by Ustiinel in [34] (Theorem II.1 and Corollary II.3). Observe that the definition of
®’-valued semimartingales as projective systems of semimartingales only makes sense
if the strong dual ®’ is complete and nuclear. The above because if ® does not satisfy
these assumptions it might not be possible to express ®' as a projective limit of Hilbert
spaces with Hilbert-Schmidt embeddings.

The following result provides sufficient conditions for the existence of cadlag versions:

Theorem 3.7 (Regularization of cylindrical semimartingales). Let X = (X; : t > 0)
be a cylindrical semimartingale in ® such that for each T > 0, the family of linear
maps (X; : t € [0,T)) from ® into L° (Q, Z,P) is equicontinuous (at the origin). Then,
there exists a weaker countably Hilbertian topology 6 on ® and a (®,)’-valued cadlag
semimartingale Y = (Y; : t > 0), such that for every ¢ € ®, (Y, ¢) = ((Yz, ¢) : t > 0)
is a version of X (¢) = (X¢(¢) : t > 0). Moreover, Y is a ®'-valued, regular, cadlag
semimartingale that is a version of X and it is unique up to indistinguishable versions.
Furthermore, if for each ¢ € ® the real-valued semimartingale X (¢) is continuous, then
Y is a continuous process in ()’ and in ®'.

Proof. Since for each ¢ € ®, the real-valued semimartingale (X;(¢) : ¢ > 0) has a cadlag
version (see [7], Section VII.23), the theorem follows using the Regularization Theorem
(Theorem 3.2 in [10]). O

Corollary 3.8. If ® is an ultrabornological nuclear space, the conclusion of Theorem 3.7
remains valid if we only assume that each X; : ® — L° (Q,.%,P) is continuous (at the
origin).

Proof. If ® is ultrabornological, the continuity of each X; implies the equicontinuity of
the family (X; : ¢t € [0,T]) for each 7" > 0 (see [10], Proposition 3.10). The corollary then
follows from Theorem 3.7. O

Remark 3.9.Let X = (X; : t > 0) be a cylindrical process in ®'. The following

statements are equivalent (see [37], Proposition I1V.3.4):

(1) For each T > 0, the family of linear maps (X; : t € [0,7]) from ® into L° (2, .#,P) is
equicontinuous (at the origin).

(2) For each T > 0, the Fourier transforms of the family (X; : ¢t € [0,7]) are equicontinu-
ous (at the origin) in .

Hence the statement of Theorem 3.7 can be formulated in terms of Fourier transforms.

Example 3.10. Consider the space Z(R%) := C>(R%) of test functions and its dual

2'(R%) the space of distributions. Let z = (z; : t > 0) be a R%-valued semimartingale.

Following [34], we can consider the following cylindrical processes in 2’(R%): for each
t > 0, define the map X; : 2(R¢) — L° (Q, #,P) by

Xi(¢) =6.,(0) = d(20), Vo€ DRY,
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where J, denotes the Dirac measure at = € R?. Each X, is continuous from Z(R%) into
L°(Q,.7,P). Moreover, it is a consequence of Itd’s formula that for each ¢ € 2(R?),
(¢(2¢) : t > 0) is a real-valued semimartingale. Then, (X; : t > 0) satisfies the conditions
in Corolary 3.8, and hence there exists a 2'(R%)-valued cadlag semimartingale (Y; : ¢ > 0)
with Radon distributions such that V¢ € 2(R%), P-a.e. (Y;, ¢) = ¢(z;) forall t > 0.

Example 3.11.Let X = (X; : ¢ > 0) is a cylindrical Lévy process in ¢’ such that
or each T > 0, the family of linear maps (X; : t € [0,7]) from ® into L° (9, .Z,P) is
equicontinuous (at the origin). Then its regularized ®’-valued semimartingale version
Y = (Y; :t > 0) is indeed a ®’-valued cadlag Lévy process (see Theorem 3.8 in [12]).
Moreover, if ® is a barrelled space, and L = (L; : t > 0) is a ®’-valued Lévy process, the
condition of equicontinuity of the family (L, : t € [0,7]) from & into L° (Q,.#,P) for all
T > 0 is always satisfied (see Corollary 3.11 in [12]).

If X is a ®’-valued semimartingale satisfying the equicontinuity condition in the
statement of Theorem 3.7, then X has a cadlag semimartingale version. However, as
the next result shows there is a large class of examples of nuclear spaces where every
®’-valued semimartingale always have a cadlag semimartingale version.

Proposition 3.12. The conclusion of Theorem 3.7 remains valid if ® is an ultrabornolog-
ical nuclear space and X = (X; : t > 0) is a ®'-valued semimartingale such that the
probability distribution of each X; is a Radon measure.

Proof. If the probability distribution of X; is a Radon measure, then by Theorem 2.10
in [10] and the fact that ® being ultrabornological is also barrelled (see [23], Theorem
11.12.2) imply that each X; : ® — LY (Q,.%#,P) is continuous. The result now follows
from Corollary 3.8. O

Corollary 3.13. If ® is a Fréchet nuclear space or the countable inductive limit of
Fréchet nuclear spaces, then each ®'-valued semimartingale X = (X, : t > 0) possesses
a cadlag semimartingale version (unique up to indistinguishable versions).

Proof. If ® is a Fréchet nuclear space or a countable inductive limit of Fréchet nuclear
spaces, then every Borel measure on ¢’ is a Radon measure (see Corollary 1.3 of Dalecky
and Fomin [5], p.11). In particular, for each ¢t > 0 the probability distribution of X; is
Radon. The result now follows from Proposition 3.12. O

Let X = (X, : t > 0) be a cylindrical semimartingale in ®’. Clearly X induces a linear
map ¢ — X (¢) from ® into S°. The next result shows that the continuity of this map is
equivalent to the equicontinuity condition in the statement of Theorem 3.7.

Proposition 3.14. Let X = (X; : t > 0) be a cylindrical semimartingale in ®'. The

following statements are equivalent:

(1) The linear mapping X : ® — S°, ¢ — X (¢), is continuous.

(2) ForeachT > 0, the family of linear maps (X, : t € [0,T]) from ® into L° (Q, %, P) is
equicontinuous (at the origin).

If any of the above is satisfied, there exists exists a weaker countably Hilbertian topology

0 on ® such that X extends to a continuous map from Cfg into S°.

Proof. We first prove (1) = (2). Observe that because convergence in S under the
metric d implies uniform convergence in probability on compact subsets in R, (see [22],
Remarque II1.2), then the continuity of the mapping X : ® — S° implies that for each
T > 0, the family of mappings (X; : t € [0,7]) from @ into L° (Q,.%,P) is equicontinuous
(see the proof of Lemma 3.7 in [10]).

Now we will prove (2) = (1) and the last implication in the statement of Proposition
3.14. Let 6 be a weaker countably Hilbertian topology on ® and a (&59)’ -valued cadlag
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process Y = (Y; : t > 0) as in the conclusion of Theorem 3.7. Because for each ¢ € ®,
(Y, ¢) = ((Yy, ) : t >0) is a version of X(¢) = (X;(¢) : t > 0) € SY, and because ® is
dense in @9, then Y defines a linear map from <f>g into SY. Furthermore, the continuity
for each t > 0 of Y; on (fg easily implies that Y is a closed linear map from 69 into SY.
But because 59 is ultrabornological and S° is a complete, metrizable, topological vector
space, the closed graph theorem (see [23], Theorem 14.7.3, p.475) implies that the map
defined by Y is continuous from @g into S°. However, because for each ¢ € ® we have
(Y, ¢) = X(¢) in S°, then X extends to a continuous map from ®y into S°. Furthermore,
because the inclusion from & into &)9 is linear and continuous, then X : & — S° is
continuous. O

If in the proof of Proposition 3.14 we use Corollary 3.8 instead of Theorem 3.7 we
obtain the following conclusion:

Proposition 3.15. If ® is an ultrabornological nuclear space, we can replace (2) in
Proposition 3.14 by the assumption that each X; : ® — L° (Q2,.#,P) is continuous (at the
origin).

Remark 3.16. The implication (1) = (2) in Proposition 3.14 remains true if ® is only a
locally convex space (see the proof of Lemma 3.7 in [10]).

3.2 Regularization of some classes of cylindrical semimartingales

In this section we study how the results obtained in the above section specialize when
we restrict our attention to cylindrical local martingales and cylindrical processes of
finite variation. We start with the following regularization result that follows easily from
Theorem 3.7.

Proposition 3.17. If in Theorem 3.7 or in Corollary 3.8 the cylindrical process X is
a cylindrical local martingale (resp. a cylindrical process of finite variation), then the
regularized version Y of X is a local martingale (resp. a process of finite variation).

Remark 3.18. If X = (X; : t > 0) is a cylindrical local martingale (resp. a cylindrical
process of finite variation) satisfying condition (2) in Proposition 3.14, then it is not true
in general that X defines a continuous operator from & into the space of real-valued
local martingales M, (resp. of real-valued processes of finite variation V). This is a
consequence of the fact that M;,. and V are not closed subspaces of S° (see [9]).

Regularization of cylindrical martingales were studied by the author in [10]. Observe
that if the cylindrical martingale has n-moments, for n > 2, we obtain a regularized
version taking values in some Hilbert space @g.

Theorem 3.19 ([10], Theorem 5.2). Let X = (X; : t > 0) be a cylindrical martingale in
®’ such that for eacht > 0 the map X; : ® — L°(Q,.#,P) is continuous. Then, X has a
®’-valued cadlag version Y = (Y; : t > 0). Moreover, we have the following:

(1) If X is n-th integrable with n > 2, then for each T' > 0 there exists a continuous
Hilbertian semi-norm qr on ® such that (Y; : t € [0,7]) is a ®; -valued cadlag
martingale satisfying & (SUPte[o,T] q{p(Yt)") < 0.

(2) Moreover, if forn > 2, sup,~, E (|X;(¢)|") < oo for each ¢ € ®, then there exists a
continuous Hilbertian semi-norm q on ® such thatY is a <I>;-Va1ued cadlag martingale
satisfying I (sup,~q ¢'(Yz)") < oc.

If for each ¢ € ® the real-valued process (X:(¢) : t > 0) has a continuous version, then Y

can be chosen to be continuous and such that it satisfies (1)—(2) above replacing the

property cadlag by continuous.

Example 3.20. The following simple example illustrates the usefulness of Theorem 3.19.

EJP 25 (2020), paper 36. http://www.imstat.org/ejp/
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Let B = (B, : t > 0) denotes a real-valued Brownian motion. For every ¢ > 0 define

xw=4¢@w&vmw@»

From the properties of the It6 stochastic integral we have that X = (X; : t > 0)
is a cylindrical square integrable continuous martingale in the space of tempered
distributions S'(R). Moreover, from It6 isometry we have E|X,(¢)|* = ||1(0,4¢| IQL?(R)
V¢ € S(R) and since the canonical inclusion from S(R) into L?*(R) is continuous, it
follows that each X; : S(R) — L°(Q2,.#,P) is also continuous. Theorefore, Theorem
3.19 shows that X has a version Y = (Y; : t > 0) that is a square integrable continuous
martingale in the space of tempered distributions S’(R).

We can learn more about X if we analyse further some families of norms on S(R).
For every p € R, define on S(R) the norm:

2 1\* 2
Hm:2Q+Q<¢mMW

n=1

where the sequence of Hermite functions (¢, : n = 1,2,...) is defined as:

Ont1(x) = Vg(x)hp(x), n=0,1,2,...,

for g(x) = (V27) ' exp(—2?/2) and where (h,, : n = 0,1,2,...) is the sequence of Hermite

polynomials:

L
dz™

g(z)

It is known (see e.g. Theorem 1.3.2 in [20]) that the topology in S(R) is generated by the
increasing sequence of Hilbertian norms (|||\p :p=20,1,...). Moreover, if S, denotes
the completion of S(R) when equipped with the norm |[-||, it follows that S, = S_,,.

Then since sup;>, 1X,(¢)]? = H¢||22(]R) < oo V¢ € S(R), Theorem 3.19(2) shows that
there exists some p € IN such that Y is a continuous square integrable martingale in S_,,

satisfying | (suptzo ||Y;|\2_p) < 00.

In the next result we study regularization for cylindrical processes of locally integrable
variation. Observe that in this case one can obtain a regularized version with paths that
on a bounded time interval are of bounded variation in some Hilbert space <I>;. We denote
by A the Banach space of real-valued processes of integrable variation a = (a; : t > 0)
equipped with the norm of expected total variation ||a|| , = E [; |da,|. Similarly, A
denotes the linear space of real-valued predictable processes of finite variation with
locally integrable variation, equipped with the topology of uniform convergence in
probability in the total variation on every compact interval [0,7] of R.

g(z), n=0,1,2,....

Theorem 3.21. Let A = (/L : t > 0) be a cylindrical process of locally integrable
variation, i.e. such that fl(qﬁ) € Ay, for each ¢ € ®. Assume further that for each T > 0,
the family of linear maps (A, : t € [0,T]) from ® into L°(Q,.7,P) is equicontinuous
(at the origin). Then, the cylindrical process A has a ®’-valued regular cadlag version
A = (A;:t>0) (unique up to indistinguishable versions) satisfying that for every w € 2
and T > 0, there exists a continuous Hilbertian semi-norm ¢ = p(w,T’) on ® such that
the map t — A;(w) defined on [0, T'| has bounded variation in ®/,.

Proof. First, from Proposition 3.17 there exists a weaker countably Hilbertian topology
6 on @, and a (¥4)'-valued adapted cadlag process A = (A, : t > 0) such that P-a.e.
(Ar, @) = Ay (¢) Yt > 0, ¢ € ®. From the above equality it follows that for each ¢ € @,
(A, ¢) € Ajoe. Therefore, from Proposition 3.14 and since 4;,. is a closed subspace of
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SO (see [22], Théoréme IV.7), the process A defines a linear and continuous map from 21\)9
into A;... We will use the above to show that the paths of A satisfy the bounded variation
properties indicated in the statement of the theorem. We will benefit from ideas taken
from [2].

Fix T' > 0. For every ¢ > 0, using the linearity and continuity of the map A from fﬁg
into Aj,., and by following similar arguments to those used in the proof of Lemma 3.3 in
[2] there exists a #-continuous Hilbertian seminorm p on ®, such that

suplE | sup |1-— e (A%(9).v) <e+2p(9)?, Vo<, (3.2)
A ||1/Hz<>A<J <1

where the sup is taken with respect to an increasing sequence of finite partitions A of
[0,7] in such a way that the supremum can be attained as a monotone limit. Let us
explain the notation used in (3.2). f A = {0 =1ty < t; < --- < t, =T} is a finite partition
of [0, 7], A® denotes the linear and continuous map:

¢ = AR(9) = (A(9)(t1) — A(¢)(t0), .- -, A()(tn) — A()(tn-1)),
from ®, into L°(I} ), where [} denotes the space R" equipped with the /!-norm yllp, =

>or—ylyk| for y = (y1,...,yn) € R™. Recall that in R" the dual norm to the [*-norm
||y|\la§ = maxXi<p<n |yk| for y = (y1,...,y,) € R™ is the ['-norm, i.e. we have that
||x|\llA =sup{|[{z, y)| : ||y||lzc < 1}, where (-, -) denotes the scalar product in R™ and X
denotes the space R™ equipped with the [°°-norm.

Let (pm : m € IN) be an increasing sequence of continuous Hilbertian seminorms on
® generating the topology 6. Since ® is a nuclear space, we can find and increasing
sequence of continuous Hilbertian seminorms (g,, : m € IN) on ® such that Vm € IN,
Pm < Gm, and the inclusion i, 4 is Hilbert-Schmidt. We denote by « the countably
Hilbertian topology on ® generated by the seminorms (g, : m € IN). By construction, the
topology « is finer than 6.

Let (e, : n € IN) be a sequence of positive real numbers such that ) ¢, < co. Then,
there exists a subsequence (p,, : n € IN) of (p,,, : m € IN) such that for each n € IV, ¢,
and p,,, satisfy (3.2). To keep the notation simple, we will denote p,,, by p, and the
corresponding ¢, by ¢n.

Let C' > 0 and let A be any member of the increasing sequence of finite partitions of
[0, T for which the supremum in (3.2) is attained. Let (¢;1-"' : j € IN) C ® be a complete
orthonormal system in ®,,. Then, similar arguments to those used in the proof of Lemma
3.8in [10] shows that

IP( sup HAA(¢)H11A>C>

an(4)<1

=P| sup sup |<AA(¢)) , y>| >C
an(@)<1 [yl <1

Ve A 2
< E|l—-—exp{ —=—5 sup sup <A (#), y>
Je—1 202 g, ()< Iyl <1
. Ve 1y ga 2
= lim ——FE sup 1l—exp ——> A2(o")
m—o0 \/e — 1 llyllige <1 202 j:1< ( ’ ) >

IN

m
lim Ve / E| sup |1—exp ZZ Zj <AA(¢?") . Y) ®7L, Ne(dzj),
m j:l

<1
lyllio <
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where N denotes the centred Gaussian measure on R with variance 1/ C?. Now, from
(3.2) the last term can be majorated by

2

: Ve S . m
77}E>noo\[—1 i €n + 2pn ;Zj¢g ®jL, Neo(dz))

2 m
< i YO et 53 ()

m—oo v/e — 1

Ve 2 .
= |&n T =3 ipn,qn
Ve—1 C

From the above bound we have

T
1?( sup /0 |dAt(¢)>C> = 1P< sup sup||AA(¢)||nA>C>
dn

an(¢)<1 ()<1 A

2
LQ((I)‘IH a‘I’pn) ’

= supP | sup [|A%(9)|[, >C
A an(6)<1 a

Ve 2 . 2
Je—1 €n + o2 ||an,qn||z:2(<1>qn,<1>pn) )

where, as before, the sup is taken with respect to an increasing sequence of finite
partitions of [0, T'] for which the supremum in (3.2) is attained.
Then, by taking limit as C' — oo we get that

T
Ve
P dAy(¢)| < o0 | > 1~ 0 (3.3
<qf<$§’<1/o' ) °°> Ve 1° !

Now, if for every n € IN we take

T
An:{ sup / |dAt(¢)|<oo} and Qr= J [ A,
0

an(9)<1 NENn>N

it follows from (3.3), our assumption Zn €, < oo, and the Borel-Cantelli lemma that
P(Qr) =1.

Now, recall that the process A was obtained from regularization of the cylindrical
process A. It is a consequence of the construction of this regularized version (see
Remark 3.9 in [10]) that there exists I' C Q with P(I") = 1 such that for all w € T, for
every t > 0 there exists a f-continuous Hilbertian semi-norm p = p(w, t) on ® such that
the map s +— A,(w) is cadlag from [0, ¢] into the Hilbert space ®;,.

If w € I'NQp, from the construction of the set (21 there exists an a-continuous Hilber-
tian seminorm ¢ = ¢(w,T') on @, with p < ¢, and such that SUDPg(p)<1 foT |dA:(¢)(w)| < 0.
The above clearly implies that ¢ — <i;7qA(w) , ¢> is a linear and continuous mapping
from @, into the Banach space BV ([0,T]) of real-valued functions that are of bounded
variation on [0, 7] equipped with the total variation norm.

Let ¢ be a continuous Hilbertian semi-norm on ¢ such that ¢ < ¢ and ¢, , is Hilbert-
Schmidt. Then, the dual operator i;’ o is Hilbert-Schmidt and hence is 1-summing (see
[8], Corollary 4.13, p.85). Then, from the Pietsch domination theorem (see [8], Theorem
2.12, p.44) there exists a constant C' > 0, and a Radon probability measure v on the unit
ball B; (1) of ®, (equipped with the weak topology) such that,

0 (iq,0f) < C e (f, &) v(dg), Vfed. (3.4)
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Then, the continuity of the map ¢ — (A(w) o ip 4, ) and (3.4) implies that

Z o (i;wAtz‘H (w) = i;-,QAti (w)) = Z o (i;,g (i;-,thi-%—l (W) - izquti (w)))
A A

= ¢ Z ‘<i;7,thi+l (w) - i;;,thi (w) , ¢>| V(d¢)
B (1) A
T
< ||ip,q|\ﬁ2(¢q,q>p) sup / |dA ()| < 0.
q(¢)<1J0

The above bound is uniform on A, therefore

Szpz o (i;’gAtHl (w) =iy, ,As, (w)) < oo,
A

and hence A is a 9’-valued version of A whose paths satisfy the properties on the
statement of the theorem. O

We finalize this section by studying regularization of SP-cylindrical semimartingales.
The next results is a generalization of Theorem III.1 in [33].

Theorem 3.22. Let X = (X, : t > 0) be a SP-cylindrical semimartingale (1 < p < o),
i.e. such that X (¢) € SP for each ¢ € ®. Assume further that for each T > 0, the family
of linear maps (X, : t € [0,T]) from ® into L° (2, #,P) is equicontinuous (at the origin).
Then there exists a continuous Hilbertian seminorm q on ® such that X has a cadlag
versionY = (Y; : t > 0) that is a SP-semimartingale in ®|. Moreover, Y is unique up to
indistinguishable versions as a ®’-valued process.

Proof. First, a closed graph theorem argument similar to the one used in the proof of
Proposition 3.14 shows that X defines a continuous and linear operator from ® into S?.
Since @ is a nuclear space and S? is Banach, the map X : & — S? is nuclear and then it
has a representation (see [31], Theorems II1.7.1-2):

X = i)\lFl ®.’L‘i,

i=1

where ()\;) € I}, (F;) C @' equicontinuous, and (z) C S? bounded. Choose any ¢ > 0,
and for each i a local martingale m’ and a process of integrable variation a’ such that
' =m’ +a’ and

<|le']|50 +e

H[mf,mﬂéé? + [l
0 L?(Q,F P)

Now, since (F;) is equicontinuous and ® is nuclear, there exists a continuous Hilbertian
seminorm ¢ on ® such that (F;) C B,(1)°, where B,(1)? denotes the polar set of the unit
ball B4(1) of q. Define

Mi(w) = Z/\iFi mi(w), Vt>0,weQ,
i=1

and -
A(w) =Y NFaj(w), Yt>0,weQ.
=1

Then, following similar arguments to those used in the proof of Theorem III.1 in [33])
we can show that M = (M, : t > 0) defines a ®;-valued cadlag local martingale with
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E(sup;>q ¢'(M¢)P) < oo, therefore I ([M, M]&/)Q) < oo by the Burkholder’s inequality
in Hilbert spaces, and that A = (A; : ¢t > 0) defines a ®,-valued cadlag process of
p-integrable variation, that is E (| f;* q’(dAt)‘p) < o0. Hence, if we define Y = (Y, : ¢ > 0)
byY, =M;+ AVt >0,thenY isisa <I>;-Valued cadlag SP-semimartingale. Moreover, it
is clear from the definition of Y that it is a version of X. O

Corollary 3.23. If ® is an ultrabornological nuclear space, the result in Theorem 3.22 is
valid if we only assume that each X, : ® — L° (Q0,.#P) is continuous (at the origin).

4 Canonical representation of semimartingales in duals of nu-
clear spaces

Assumption 4.1. Throught this section and unless otherwise specified ® will always
denote a nuclear space.

The aim of this section is to prove the following theorem that provides a detailed
canonical representation for ®-valued semimartingales satisfying the equicontinuity
condition in the statement of Theorem 3.7. We will show later (see Proposition 4.7) that
this equicontinuity condition can be discarded if the nuclear space is ultrabornological,
therefore generalizing the canonical representation for semimartingales in the dual
Fréchet nuclear space obtained by Pérez-Abreu in [24] (see Corollary 4.8 below).

Theorem 4.2 (Semimartingale canonical representation). Let X = (X; : t > 0) be
®’-valued, adapted, cadlag semimartingale such that for each T > 0, the family of
linear maps (X, : t € [0,T]) from ® into L° (Q,.7,P) is equicontinuous (at the origin).
Given a continuous Hilbertian seminorm p on ®, for eacht > 0, X; admits the unique
representation

t t
X=X+ At i+ [ [ gd-nn [ g @
o JB, ) 0 JB, (1)

where

(1) X, is a Fy-measurable ®'-valued regular random variable,

(2) A= (A;:t>0)is ad’-valued regular predictable process with uniformly bounded
jumps satisfying that for every w € 2 and T > 0, there exists a continuous Hilbertian
semi-norm ¢ = p(w,T) on ® such that the map t — A,;(w) defined on [0,T] has
bounded variation in <I>’Q,

(3) M¢ = (Mf:t>0)is a®'-valued regular continuous local martingale with M§ = 0,

(4 p(w; (0,8];T) = > cscr Liax.ery, I' € B(®}) with 0 ¢ T (here &, := '\ {0}), is the
integer-valued random measure of the jumps of X with (predictable) compensator
measure v = v(w, dt, df) that satisfies the conditions:

(a) v(w;{0}; @) = v(w;R4;{0}) =0,
(b) v(w;{t};®) <1Vt>0,
© [ fo 12 &) Alu(ds,df) < oo, ¥ € @, t >0,

(5) (fot I (1) fdlp—v)(s, f):t> 0), is a ®’-valued regular purely discontinuous local

martjnpgale with uniformly bounded jumps satisfying

</Ot/3,(1)fd(”_”)(3’f)’¢>Z/Ot/B/(l)U,¢>d(u—V)(s,f), Voed, t>0,

and B, (1) := B,(1)° ={f e @ : p/(f) <1},
(6) (fot Jo ,qye fduls, f):t = O) is a ®'-valued regular adapted cadlag process which
P
has P-a.a. paths with only a finite number of jumps on each bounded interval of R
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(in particular is a finite variation process) satisfying

t
/ / fdu(s, f) = ZAXsﬂ{AXSEBPI(l)"}a vt >0.
0 Bp/(l)c

s<t

In order to prove Theorem 4.2 we will need to go through several steps. We benefit
from ideas taken from [2] and [24].

First, from Theorem 3.7 there exists a weaker countably Hilbertian topology ¢} on
® such that X has an indistinguishable version that is a (</1319)’ -valued adapted cadlag
semimartingale. We will identify X with this version. Moreover, from Proposition 3.14
the topology ¥} can be chosen such that X defines a continuous linear map from &)19 into
S0, Without loss of generality we can assume that p is continuous with respect to the
topology 9. Otherwise, we can just consider another countably Hilbertian topology on
® generated by p toguether with the countable family of generating seminorms of .
An important consequence of this remark is that the unit ball B,/ (1) of p’ is a bounded
subset in (®,)’.

Now we show the existence of the different components of the representation (4.1).
Observe that since X is adapted, then Xj is a @19)’ -valued random variable that is
Fo-measurable. The continuity of the canonical inclusion from (®,)’ into & shows that
X satisfies Theorem 4.2(1).

Now, consider the random measure of the jumps of X:

p(w; (0,8T) = > Lgax.wpery, Yt=>0,T € B(®). 4.2)

0<s<t

Since (w; (0,);-) has its support on (®4)’, we only need to check that it is finite for
I € B((®y)"\ {0}), 0 ¢ T. But since the (indistinguishable version of) X satisfies that for
P-a.e. w € Q and t > 0, there exists a ¥-continuous Hilbertian semi-norm ¢ = g(w, t) on ®
such that the map s — X, (w) is cadlag from [0, ] into the Hilbert space @/, (see Remark
3.91in [10]), and because (IYQ is a complete separable metric space, then AX,(w) # 0 for
a finite number of s € [0, t]. Therefore p(w; (0,t];T) < oo P-a.e. for each ' € B(®}), 0 ¢ T,
and hence p is a well-defined integer-valued random measure. Furthermore, since p
can be regarded as a random measure on R, x (®y)’, and because ((y), B((®y)')) is a
standard measurable space (see Theorem 2.1.7 in [13]), then by VIIL.66(b) in [7] 1 admits
a (predictable) compensator measure v such that for each non-negative predictable

function g = g(w, t, f):
]E/ /A gdyp = E/ /A gdv, (4.3)
0 (@)’ 0 (@)’

v(w; {0}; (29)) = v(w; R1;{0}) = 0,
v(w; {t}: (Dy)) < 1, Vt > 0.

and

Moreover, since for each ¢ € @9, X(¢) is a real-valued semimartingale, then the process
(X<t ((AXS #)|*> A1) : t > 0) is locally integrable (see [15], Theorem 1.4.47), hence

from (4.3) we have V¢ € <f>19, t >0, P-a.e.
t
L[ e atvas, ) < .
0 J(2s)

Since the canonical inclusion from (®,)’ into @’ is linear and continuous, the compensator
measure v can be lifted to ®’ and satisfy (4)(a)-(c) in Theorem 4.2. In a similar way one
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can show that (see e.g. VIII.68.4 in [7])

// O A, @) v(ds,df) < oo Voed, t>0. (4.4)

Now, from the properties of u it is clear that the integral

t
/ / " fdu(s, f) = ZAXSJI{AXSGBP/(I)C}a Vit >0,
0 B/J/ 1)¢

s<t

isa (&319)/ -valued adapted cadlag process which has IP-a.a. paths with only a finite number
of jumps on each bounded interval of R, . Since the canonical inclusion from (®y)’ into

®' is linear and continuous, then (fot I J(1)e fdu(s, f) :t > 0) as a ®’-valued process
P

satisfying Theorem 4.2(6).
Define Y = (Y; : t > 0) by the prescription

V=X, — Xo—// fdp(s. ), vt 0. (4.5)

Then, Y is a (519)’ -valued adapted cadlag process with Yy = 0. Moreover, we have the
following:

Lemma 4.3. The process Y = (Y; : t > 0) admits a (unique up to indistinguishable
versions) representation
Y, = Mf + M+ A, Yt >0, (4.6)

where M¢ = (My :t > 0) is a ((fﬁ)’-valued continuous local martingale with M§ = 0,
M?% = (M :t>0) is a (by)'-valued purely discontinuous local martingale and Mg = 0,
A = (A; : t > 0) is a (Py)’'-valued predictable cadlag process of locally integrable

variation and Ay = 0.

Proof. First, observe that by construction the set of jumps {AY; : ¢t > 0} of Y is contained
in the bounded subset B,/ (1) in (<T>,9)’, and consequently {AY; : ¢ > 0} is itself bounded
in (®,)'. Therefore, the definition of strong boundedness implies that for every bounded
subset C' in (/1\319 there exists a K¢ > 0 such that

sup sup [(AY;, ¢)| < Kc. (4.7)
$eC >0

However, since for each ¢ € @, the set {¢} is bounded in @, then (4.7) shows that
the real-valued semimartingale (Y, ¢) has uniformly bounded jumps, hence is a special
semimartingale and has a (unique) representation (see the proof of Theorem III.35 in
[28], p.131)

(Yi, ¢) = MP + A?, Wt >0,

where (M : t > 0) is a real-valued cadlag local martingale, (A? : ¢ > 0) is a real-
valued predictable cadlag process of locally integrable variation, and Mg’ = A(d)) = 0.
Furthermore, each M? has a (unique) representation (see [7], Theorem VIII.43)

MP = Mf? + M»®, vt >0,

where (M{® : t > 0) is a real-valued continuous local martingale, (M : t > 0) is
a real-valued purely discontinuous local martingale; these two local martingales are
orthogonal. Therefore, (Y, ¢) has the (unique) representation

Yy, ¢) = ME? + MM + A?, vt >0. (4.8)
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If for every t > 0 we define the mappings Mg : Dy — LO (Q,7,P), ¢ — ME(p) == M2,
Mg : gy — LO(Q,.Z,P), ¢ s M(¢) = Md ,and A, : &y — LO(Q,.Z.P), ¢
flt(gb) = Af, then by uniqueness of the decomposition (see the arguments in the proof of
Theorem 3.1 in [2]) the maps MC, M and At are linear. Therefore, Me = (MC 1t >0),
M¢ = (M@ :t>0)and A = (4, : t > 0) are cylindrical semimartingales in (®,)’ and
hence define linear maps from (/I\)ﬁ into S°. Our next objective is to show they are also
continuous. Since </1519 is ultrabornological, it is enough to show that the maps Me¢, M*
and A are sequentially closed, because in that case the closed graph theorem shows that
they are continuous ([23], Theorem 14.7.3, p.475).

Let ¢, — ¢ in &y and suppose that M(¢n) — m®, M%(¢,) — m? and A(¢,) — a
in S°. By the continuity of Y from &, into S°, we have Y(¢n) — Y(¢) in S°. Since
the set C' = {¢,, : n € IN} is bounded in (/I\)g, then from (4.7) the family of real-valued
semimartingales {(Y', ¢,,) : n € IN} has jumps uniformly bounded by K. But as the
collection of all the real-valued semimartingales with jumps uniformly bounded by K¢ is
a closed subspace in S° (see [22], Theorem IV.4), then (Y, ¢) also has jumps uniformly
bounded by K¢. Therefore, because Y (¢,) — Y (¢) in S° we have that (see Remarque
V.3 in [22]) M(¢,) — MC(p), M4 () — M%(¢) and A(p,) — A(¢) in S°. Hence, by
uniqueness of limits we get that m¢ Mc(ng) = M%) and a = A(¢). Thus, the
mappings M¢, M9 and A are continuous from &, into S°.

Hence, from Propositions 3.14 and 3.17, there exists another weaker countably
Hilbertian topology 6 on @, larger than J, and a ((/I;(;) -valued continuous local martingale
M¢ = (Mg : t > 0), a (®y)’-valued purely discontinuous local martingale M¢ = (Mg :

2 0), and a (@9) -valued predictable cadlag process of locally integrable variation

= (A4; : t > 0) with Ap = 0, all of them such that P-a.e. Vt > 0, ¢ € D,

(Mf, ¢) = M (), (4.9)
(M{, ¢) = M{(¢), (4.10)
(Ar, @) = A(0). (4.11)
But then, (4.8), (4.9), (4.10) and (4.11) imply that IP-a.e. Vt > 0, ¢ € P,
Ve, ¢) = (Mf, ¢) + (M, ¢) + (Ar, ¢) . (4.12)

Now, since the processes Y, M¥¢, M? and A are regular processes, then (4.12) together
with Proposition 2.12 in [10] imply that Y, M¢, M%and A satisfy (4.6). O

Lemma 4.4. The processes M* = (M : t > 0) and A = (4, : t > 0) defined in Lemma
4.3 have P-a.e. uniformly bounded jumps in <I>9

Proof. Let ¢ € CTD(;. By the definition of local martingale and of process of integrable
variation, there exists a sequence of stopping times (7, : n € IN) increasing to co such
that forall n € N, ((Mf,,. , ¢) :t>0) and ((Mg . , ¢): ¢t > 0) are uniformly integrable
martingales and ((A¢ar, , @) : t > 0) is of integrable total variation. Moreover, since
((At, ¢) : t > 0) is predictable and ((My, ¢) : t > 0) is continuous, it then follows from
(4.12) that P-a.e. V¢t > 0,

]E (<AE/\TTL 9 ¢>‘~Ft*) = ]E (<AMtd/\7—n 9 ¢> + <AAt/\Tn 9 ¢> |‘Ft*) = <AAt/\T.,,, ) ¢> . (413)

Now, recall that the set of jumps {AY; : ¢ > 0} of Y is bounded in (), but since the
topology 6 is finer than ¥ the canonical inclusion from (®)’ into (®,)’ is continuous; then
{AY; : t > 0} is bounded in (59)’. Hence, from (4.7) with C' = {¢} and taking limits as
n — oo in (4.13), we have that P-a.e. V¢ > 0,

E((AY;, ¢) [ Fi-) = (A4, ¢).
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Therefore, for any given bounded subset C' in (/I\)g (recall that this space is separable), it
follows from (4.7) that P-a.e.

sup sup |[(AA;, ¢)| < Kc.
>0 ¢eC

But the above inequality together with (4.12) shows that IP-a.e.

sup sup ’<AMtd, ¢>‘ < 2K¢.
t>0 $cC

Hence, the processes M ¢ and A have P-a.e. uniformly bounded jumps in <f>g. O

Lemma 4.5. Foreacht > 0 and ¢ € 9,

Mtd, = t , 0y d(pn —v)(s, f). .
(M, 6) /O/Bp/mw &) (i — v) (s ) (.1)

Proof. First, for each ¢ € ® it is a consequence of (4.4) (see Theorem 2.1 in [18])

that (fot I oy s drdp—v)(s, f):t > 0) is a purely discontinuous local martingale
P

satisfying

A (/0 /JBP,<1> (f, 0 d(uv>(s,f)) = /B,m) (f > &) n({t} f) /B,<1) (f, o) v({t}, f).

P

Thus, since (<Mtd, q5> : t > 0) is also a purely discontinuous local martingale, to prove
(4.14) it is enough to show that

AMtd7 = , ,f) — , v , f).
(M, 6) / (. o) ul{t}, f) / (o)

e (1) o
But the above equality follows from exactly the same arguments to those used in the
proof of Theorem 3 in [24], so we leave the details to the reader. O

To finallize the proof of Theorem 4.2, observe that since the canonical inclusion from
(®y)’ into @' is linear and continuous, then A, M¢ and M? define ®'-valued processes.
From Lemma 4.3 we have that M¢ satisfies Theorem 4.2(3). For A, it follows from
Lemmas 4.3 and 4.4, and Theorem 3.21, that A has an indistinguishable version that
satisfies Theorem 4.2(2). If for each t > 0 we denote M by fot pr/(l) fd(u—v)(s, f), then

it is a consequence of Lemmas 4.3, 4.4 and 4.5 that (fot I oy falp=v)(s, f):t= 0)

satisfies Theorem 4.2(5). Finally, the fact that X admits the representation (4.1) follows
from (4.5) and (4.6).

Remark 4.6. In the proof of Theorem 4.2 we have used a (®)'-valued indistinguishable
version of X, which at a first glance might lead us to conclude that the random measure
1 of the jumps of X depends on the countably Hilbertian topology ¢ on ®. However, this
is not the case as the aforementioned version of X is unique (up to indistinguishable
versions) as a ®’-valued process (see Theorem 3.7). Therefore, the random measure y of
the jumps of X defined in (4.2) is unique and consequently its compensated measure
v. Hence p and v do not depend on the given seminorm p. Similarly, the continuous
local martingale part M€ is independent of the given seminorm p. To prove this, suppose
M"'¢ and M?° denote the continuous local martingale part of any two representations
of X as in (4.1). For any given ¢ € @, let X%? denotes the real-valued continuous
local martingale corresponding to the canonical representation of (X, ¢). Then, by
uniqueness of X“¢ we have P-a.e.

<M§v°‘, ¢> = X0 = <Mt2’c, ¢> V> 0.
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But since M¢ and M?¢ are regular processes, Proposition 2.12 in [10] shows that
Ml,c — MQ’C.

Under additional assumptions on ®, the next result shows that the representation
(4.1) remains valid for any ®’-valued semimartingale:

Proposition 4.7. The conclusion of Theorem 4.2 remains valid if ® is an ultrabornologi-
cal nuclear space and X = (X; : t > 0) is a ®’-valued cadlag semimartingale such that
the probability distribution of each X, is a Radon measure.

Proof. The result follows if in the proof of Theorem 4.2 we use Corollary 3.8 instead of
Theorem 3.7 and if instead of Proposition 3.14 we use Corollary 3.15. O

Corollary 4.8. If ¢ is a Fréchet nuclear space or the countable inductive limit of Fréchet
nuclear spaces, then each ®'-valued cadlag semimartingale X = (X; : t > 0) possesses a
representation satisfying the conditions in Theorem 4.2.

Proof. When ® is a Fréchet nuclear space or a countable inductive limit of Fréchet
nuclear spaces, then every Borel measure on ¢’ is a Radon measure (see Corollary 1.3
of Dalecky and Fomin [5], p.11). In particular, for each ¢ > 0 the probability distribution
of X; is Radon. The result now follows from Proposition 4.7. O

The representation in Theorem 4.2 leads naturaly to the following definition:

Definition 4.9. Let X = (X, : t > 0) be ®'-valued adapted cadlag semimartingale such
that for each T > 0, the family of linear maps (X, : t € [0,T]) from ® into L° (Q, %, P) is
equicontinuous (at the origin). Given a continuous Hilbertian seminorm p on ®, we call
characteristics of X relative to p the triplet (A, C,v) consisting in:

(1) A is the ®'-valued process defined in Theorem 4.2(2).

(2) C:Q xRy x P x ® is the map defined by

Clw,t,d,0) = ({M°, 6), (M®, @) )y (@), V(w,t,0,0) € QXX Ry X O x D,

where M° is as given in Theorem 4.2(3), and {{(M¢, ¢),(M°, ¢) ) is the angle
bracket process of the continuous local martingales (M°¢, ¢) and (M¢, ¢).

(3) v is the (predictable) compensator measure of the random measure (1 associated to
the jumps of X, as given in Theorem 4.2(4).

Remark 4.10. It follows from Remark 4.6 that C' and v do not depend on the choice of
the seminorm p on ®, while A = A(p) does.

5 Characteristics and Lévy processes

In this section we study in detail the canonical decomposition and characteristics of
a ®’-valued Lévy process and how they relate with their Lévy-Ité decomposition studied
in [12].

Let L = (L : t > 0) be a ®’-valued cadlag Lévy process. Suppose that for every T' > 0,
the family (L; : t € [0,7T)) of linear maps from ® into L° (Q,.%, P) is equicontinuous (at
the origin) (see Example 3.11). Under the above conditions it is proved in Section 4
in [12] that the random measure p of the jumps of L is a Poisson Random measure,
that we denote by N, and that its (predictable) compensator measure is of the form
v(w;dt; df) = dtv(df), where v is a Lévy measure on ®’ in the following sense (see [12],
Theorem 4.11):

(1) »({0}) =0,
(2) for each neighborhood of zero U C &', the restriction v e of v on the set U° belongs
to the space M, (®’) of bounded Radon measures on ¢’,
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(3) there exists a continuous Hilbertian semi-norm p on ® such that

[ ot <o and vl )€ D@, (5.1)
B, (1) ’

P

where recall that p' is the dual norm of p (see Sect. 2) and B,/ (1) := B,(1)° ={f €

o 2 p/(f) <1}
Here is important to stress the fact that the seminorm p satisfying (5.1) is not unique.
Indeed, any continuous Hilbert semi-norm ¢q on such that p < ¢ satisfies (5.1).

It is shown in Theorem 4.17 in [12] that relative to a continuous Hilbertian seminorm
p on & satisfying (5.1), for each ¢ > 0, L, admits the unique representation

Lt = tm—l—Wt —|—/
Bp/(l)

FN(t,df) + / FN(t,df) (5.2)

Bp/(l)c

that is usually called the Lévy-Ité decomposition of L. In (5.2), we have that m € ¢/,
N(dt,df) = N(dt,df) — dt v(df) is the compensated Poisson random measure, and (W :
t > 0) is a ®’-valued Lévy process with continuous paths (also called a ®’-valued Wiener
process) with zero-mean (i.e. E((W;, ¢)) =0 for each ¢t > 0 and ¢ € ®) and covariance
functional Q satisfying

E((Wi, ¢) (Ws, ¢) = (tA5)Q(, ), Vo€, 5t>0. (5.3)

Observe that Q is a continuous, symmetric, non-negative bilinear form on ® x . It is
important to remark that all the random components of the representation (5.2) are
independent.
Observe that when we compare (5.2) with (4.1), we conclude that A; = tm, Mf = W,
t t .
and that [, pr,(1) fd(p —v)(s, f) and [, pr,u)c fdu(s, f) corresponds to the Poisson

integrals [, (1) fN(t,df) and I (1y¢ fN(t,df) (for details on the definition of Poisson
P P

integrals see [12]). Moreover, since for each ¢ € ® we have that (W, ¢) is a real-valued
Wiener process, then (see Theorem I1.4.4 in [15]) it follows from (5.3) that

C(Watv(ba (P) = << <W7 ¢> ’ <W7 90> >>t(w) = E(<Wt7 ¢> <Wt7 @0>) = tQ(¢>§0)’

for all (w,t,¢,¢) € Q2 x Ry x ® x ®. Therefore, we conclude that the characteristics of L
relative to p satisfying (5.1) are deterministic and have the form:

A =tm, Clw,t,¢,0) =tQ(¢,p), v(w;dt;df)=dtv(df). (5.4)

The next result shows that the above form of the characteristics is exclusive of the
®’-valued Lévy processes:

Theorem 5.1. Let L = (L; : ¢ > 0) be ®'-valued, adapted, cadlag process such that
for each T > 0, the family of linear maps (L; : t € [0,T]) from ® into L° (Q,.#,P) is
equicontinuous (at the origin). Then, L is a ®'-valued Lévy process if and only if it is
a ®’-valued semimartingale and there exists a continuous Hilbertian semi-norm p on ®
such that the characteristics of L relative to p are of the form (5.4), wherem € ®’, Q is a
continuous, symmetric, non-negative bilinear form on ® x ®, and v is a Lévy measure on
® for which p satisfy (5.1). Moreover, for allt > 0, ¢ € ®,

E <61<Lt,¢>) — @) with
(5.5)

n(¢) =i(m, ¢) - %Q(M) + / (9 —1=i(f. 0) 1,0 () VD).

’
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Proof. We have already proved that if L is a ®’-valued Lévy process then its characteris-
tics relative to p are of the form (5.4). Moreover, in that case (5.5) corresponds to its
Lévy-Khintchine formula (see Theorem 4.18 in [12]).

Assume now that L is a $’-valued semimartingale with canonical representation (4.1)
and such that the characteristics of L with respect to p are of the form (5.4). We will
show that L induces a cylindrical Lévy process in ®’.

Let ¢1,...,0, € ® and let L(¢1, ..., ¢n) = (Li(¢1, ..., dp) : t > 0) defined by

Lt(¢1a"'7¢n) = (<Lt7¢1>,~~'7<Ltv¢n>)7 VtZO

From the corresponding properties of L, it is clear that L(¢s,...,¢,) is a R"-valued
cadlag adapted semimartingale. We now study the form of its characteristics (a, ¢, \)
(Definition I1.2.6 in [15]) relative to the truncation function h(z) = z1p, where B =
Té,...on (B (1)) and g, . ¢, : ' — R™ is the projection

7r¢11‘-~7¢n(f) = (<f7 ¢1>7‘ ) <f7 ¢n>)7 Vf cd.

We study first ¢ = (¢;)i, j<n. Let M°(¢1, ..., ¢y) denotes the continuous local martin-
gale part of the R"-valued process L(¢1,...,®,). From (4.1) and the uniqueness of the
continuous martingale part it follows that:

Then, from the definition of ¢ = (cij)ingn, (5.4) and the corresponding properties of Q,
for each 7, 7 < n we have

Ci,j(tvw) = << <Mca ¢i>a<Mca ¢J> >>t(w) :tQi,ja Yw e Qa tZOv (57)
where g = (¢;5)i,j<n, defined by ¢; ; = Q(¢;, ¢;), is a symmetric non-negative n x n matrix.

Now, A is the predictable compensator measure of the random measure £ of the jumps
of L(¢1,...,¢,). Foraset D € BRy) (R§ = R™\ {0}), we have that

Ewi(0,8;D) = > 1p(ALs(¢1,. .-, 6n)w))

0<s<t
= Z ]17;11 ..... o (D) (ALs(w))
0<s<t
= M(wv (07.6]771-(;11 ..... bn (D)) (58)

But since the predictable compensated measure is unique, we have that for each D €
B(R{),
AMw; t; D) = v(w; t;wqjll’___,%(D)). (5.9)

Then, from (5.4) we have that

.....

Awsdt;dy) = dtvom,' . (dy). (5.10)

Moreover, v o w(gllm . is a Lévy measure on R" since Theorem 4.2(4)(c) implies that

t
t/n |y\2/\11/o7T;117‘__,¢n(dy) = /0 /n |y|2/\ldsyow;i“_,qbn(dy)
t
| [ imeronDE AL vtds, ) < o
0 ’
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We now study the R"-valued predictable finite variation process a = (a; : t > 0). First,
observe that (5.8) and (5.9) show that for all t > 0,

<</ot/3/(1)fd(“_”)(5’f)’¢1>""v</0t/3/(Dfd(M—V)(s,f),¢n>>

/Ot/Byd@A)(s,y), (5.11)

<</ot/30,(1>cfd“<57f>v ¢1>v---v</Ot/3p/(1)cfdu(s,f), ¢>>
:/ot/cydg(s’f)' (5.12)

Then, by considering the canonical decomposition of L(¢1,...,¢,), (4.1), (5.4), (5.6),
(5.11), and (5.12), it follows that

and

ar(w) = ((As(w), 1) ..., (A(w), ¢n)) =tm, YweQ, t>0, (5.13)

where m = ((m, ¢1),...,(m, ¢,)) € R".

Now, the particular form of the characteristics (a, ¢, A\) of the R™-valued semimartin-
gale L(¢1,...,¢,) given in (5.13), (5.7), (5.10) respectively, and from Corollary 11.4.19
n [15], it follows that L(¢y,. .., ¢,) is a R%valued Lévy process. Therefore, L induces
a cylindrical Lévy process in ®’. But then, Theorem 3.8 in [12] shows that L has an
indistinguishable version that is a ®’-valued Lévy process. Hence, L is itself a ®’-valued
Lévy process. O
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