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REPRODUCING KERNEL HILBERT SPACE BASED ON SPECIAL
INTEGRABLE SEMIMARTINGALES AND STOCHASTIC
INTEGRATION

SAEED HASHEMI SABABE*, MARYAM YAZDI, AND MOHAMMAD MEHDI SHABANI

ABSTRACT. In this paper, we consider the integral of a stochastic process with
respect of a sequence of square integrable semimartingales. By this integrals, we
construct a reproducing kernel Hilbert space and study the correspondence between
this space with the concepts of arbitrage and viability in mathematical finance.

1. Introduction

Motivated by a general problem in mathematical finance, based on the relation of
No Free Lunch and No Arbitrage, we propose to study the reproducing kernel Hilbert
space introduced by stochastic integration with respect to a sequence of special semi-
martingales. The case of stochastic integration with respect to a sequence of special
semimartingales is a particular case of a theory of cylindrical stochastic integration,
first studied in literature by Mikulevicius and Rozovskii [24, 25] and developed in
the following by several research [6-14,16,20,21,23|. Infact, we can see a sequence
of martingales as a cylindrical martingale with values in the set of all real-valued
sequences.

A semimartingale P is a special semimartingale if it can be decomposed into P =
M+ A where M is a local martingale and A a process with predictable finite variation,
with Ag = 0. Such a decomposition is then unique and say canonical. While the finite
variation part A is easy to use and have suitable properties, our challenge is to play
with the local martingale part M. A fundamental research in this area is done by
Mémin [26] based on some results due to Dellacherie [15] and Choulli [4,5]. The basic
idea is that “by making use of an appropriate change in probability, it is possible to
replace the integral with respect to a semimartingale with an integral with respect to
the sum of a square integrable martingale and a predictable process with integrable
variation”. That is a powerful and interesting result, allow us to break the integrator
such that the integral with respect to a sequence of semimartingales would be replaced
with the sum of an integral with respect to a sequence of square integrable martingales
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and an integral with respect to a sequence of predictable processes with integrable
variation.

The process is a motivation for making a reproducing kernel Hilbert space with
respect to these integratins. A particular case is studied before by Kardaras [22].
This research is a generalization of his research.

2. Preliminaries and Results

We start this section with some definitions, notations and profitable theorems. Let
T € R* and (Q,.%#,P,(F)o<i<r) be a probability filter space satisfying the usual
conditions. For a cadlag process Y, Y* is a process such that

vy = sup |V,
0<s<t

We denote by S? .(P) the set of semi-martingales Y such as Y* is locally square
integrable and write S?. when the probability function P is significant respect to
context. In this case, the space of the local martingales and locally square integrable
are denote by .# and .}, respectively. Moreover, the set of integrable integrating
martingales is denoted by .Z .

Let Q be a probability law on the filter space (Q,.7,P,(F)o<i<r) and M €
M0e(Q). We designate by £2, (M, Q) the set of predictable processes & with value in

oc
R? such that the growing process fot ELd(M) &, is locally integrable where £, be the
vector transpose from of &.
If X = (X;)o<i<r is a semimartingale with value in R?, a predictable process dimen-
sional is said to be X-integrable if the sequence of processes converges for the topology
of semimartingales.

It is good to recall that a real valued stochastic process X is called a semimartingale
if it can be decomposed as the sum of a local martingale and an adapted finite-variation
process. Semimartingales are ”good integrators”, forming the largest class of processes
with respect to which the It6 integral.

DEFINITION 2.1. A real process Z is called martingale density for X if Z, ZX €
M. and Zy = 1 be P a.s. If in addition Z is strictly positive, Z is called strict
martingale density for X. Moreover, let X € S?_ has the canonical decomposition
X = Xo+ M + A, B be a increasing predictable process such that (M') < B,

o d(ME MY
1 =1,...,d and o the symmetric matrix defined by ¢" = % We say that

X satisfies the conditions of embedded structures if there exists A € £2.(M) such

loc

that dA = o AdB. In this case we set Z = &(—\.M) and the process Z will be called
"minimum martingale density for X.

THEOREM 2.2. [4] Suppose that X has a strict martingale density Z and that:

X is continuous (2.1a)
or
XeS§
o 2.1b
{Ze%; (2-10)

Then the following assertions are equivalent:
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(1) X satisfied the structural conditions. .
(12) There is a single local martingale L € ., strongly orthogonal to each M*, i =
.,d, such that:

Z=&(-\M+L)

COROLLARY 2.3. [4] With the same assumptions as Theorem 2.2, we have:
(i) o € L2.(M) fori=1,....d
(i7) a) If (2.1a) satisfies we have Z = &(—A\.M)& (L)
b) If (2.1b) holds we have L € #}...

Now, it is good to have a brief view of reproducing kernel Hilbert spaces. These
spaces have wide applications, including complex analysis, harmonic analysis and
mathematical finance. See [1,3,17-19,27,28|.

A reproducing kernel Hilbert space (RKHS) is a Hilbert space S of functions, say
f, on a fixed set X such that every linear functional (induced by z € X),

E.(f):=[f(z), feA (2.2)

is continuous in the norm of 7.
Hence, by Riesz’ representation theorem, there is a corresponding h, € 7 such
that

Eof = (f,ha) (2.3)
where (-, ), denotes the inner product in J#. Setting
K (z,y) = (hy. ha) o, (2,y) € X x X
we get a positive definite kernel, ie., Vn € N, V{a;}}, V{x;}], a; € C, z; € X, we

have
Z Z a;a; K (z;, ;) > 0. (2.4)

Conversely, if K is given pos1t1ve definite, i.e., satisfying (2.4), then by [2], there is
a RKHS such that (2.3) holds.
Given a positivie definite kernel K, we may take J# (K) to be the completion of

= Z K (-, 2;) (2.5)

in the norm

’WH;&” (K) = Z Zalaj (@i, ;) (2.6)

A well-known example of a RKHS is the space of random variables respect to covari-
ance function as the kernel function.

As a specific case, let X = (X;;¢t € RT) be a semimartingales. The covariance
matrix @ with entrees Qg = [ X, X;] is defined such that Qg holds in the following
diagram:

L2(Q,.7,P) x L2, F,P) &Y RE « RT

2
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It is well known that this matrix is positive definite in matrix sense and by the theorem,
corresponding to any positive definite matrix, there exist a RKHS.

Kardaras in [22] extended the above definition to a collection of semimartingales
as follows:

DEFINITION 2.4. [22] A collection Q ~ (Q¥; (i,7) € I x I) € F™*! of adapted,
continuous processes of finite variation will be called an stochastic aggregate kernel
on I x I, if, for each fixed pair (i,5) € I x I, Q;; = Qj; holds and for every 0 < s <t
and every finite subspace J of I, we have

> w(QF Q)% >0, (2)ies R’ (2.7)

(ij)eIxJ

where Fin(/) is any finite subset of I and § is the set of all adapted and right-
continuous scalar processes B of finite first variation on compact time intervals, with
B(0) = 0.

Indeed, he introduces an extended concept of positiveness. Moreover, he is con-
structed matrix ) by a collection of continuous semimartingales, that is, he just
studied the condition 2.1a. In more general case of structural conditions, the similar
results can be gained and we study them under conditions 2.1b. That is because the
continuity is a strong condition on a collection of semimartingales. Instead, we select
the collection X = (X*;4 € I) with martingale density Z such that X’ € §? ., X} =0
and Z' € M2, (P) for each ¢ € I and forming the matrix @ of covariances. The
main reason that we need the structural conditions is to define an inner product on
the space, introduced by the function space of integral operator with respect to the
matrix Q.

Let X ~ (X% i € I) be a family of S, with the Doob decomposition:
X' =A"+ M, iel,

and Q ~ (Q%) via Q¥ := (M*, M), for all (i, j) € I x I. In this way, Q is a covariance
function. Now we can considering the columns of matrix ) as a process. So, for any

& = (£%) be a family of predictable process belongs .42 (M) the following process are
well-defined:

- / > E(t)dQY(t) where Fi= / D EMdU(t) el (28)
° jeI o jeI
In this way, we have
=Y "ddQ" and |dF|3, =) €dF = > £dQi¢g,  (2.9)
el iel (t,g)eIxI

Let J7(dQ) be the space of all linear predictable combination of the columns of the
matrix d@. Clearly, dF € (dQ). We can define the following bilinear form on

H(dQ) as:
(IR 4G a0 = 3 6040 010
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for any

dF =Y &(t)dQY and dG =" ('(t)dQ"(t). (2.10)
(4,3) (4.9)
In this case, we can construct the Hilbert space

H(Q) = {F €T ‘ dF € 2(dQ), /0 1dET ()07 < oo} . (2.11)

LEMMA 2.5. #(Q) is a reproducing kernel Hilbert space.

Proof. Matrix @) is positive definite in the sense of stochastic matrices (2.7). More-
over, for any F' € 2 (Q)) we have

QY. Flr = / (dQ",dF) 4 (q) = F'
0
which is the reproducing property. Therefore, @ is a reproducing kernel for £ (Q). O

In the following, we focus on a specific forms of predictable stochastic process as
integrand. Let F' € §. We define a process with respect to F' as follows:

—1
. 1 i
of = (aF") := lim <dQ + = > |dF| I[R> dF (2.12)

n—00
el

It is easy to see that a!” is a predictable process and we have
P / S afi(1)dQ" (1) (2.13)
o jeI

With respect to af’, we define a non decreasing, [0, co]-valued following process

T T
/ 14F 1% aq) = lim / ("™ (t), dF(t))gs, T €R*
0 n=o0 Jo

With the above notation we can define the following spaces:

T
H(Q) = {F €S ‘ dF € 7 (dQ), Sl}p/ ||dFJ(t)|’?yf(dQJ) <oo, VTEe€ R+}.
0

where 57 (dQ”) is any finite dimensional subspace of 5 (dQ) and dF” is the restriction
of dF to dQ’. On #(Q) we can define the following bilinear form

(F.G) () 5:/ (dF,dG) (40

0
Clearly, #7(Q) is a subspace of JZ (Q). With the restricted kernel function, 7 (Q) is
also a reproducing kernel Hilbert space. In (@), we need to define (dF(t), dM (t))ao)-
For doing that, let S(M) be the space of all local semimartingales L that are stochastic

integral respect to Mof the form
L= / > aldM
0 Ger
which vanish in zero and such that

T
/ Z aldQy o] < oo forall T €R" (2.14)
0

i,j5€1
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We first provide the following lemma.

LEMMA 2.6. Every F' € J7(Q) has unique representation of the form F =
((L, M%) if and only if L € S(M) satistying in (2.14) .

Proof. Let F € #(Q) has a representation of the form F := ((L, M")). By the
(2.13) there exists predictable process a!” such that

| S aragiel” = [ 1O, < (2.15)

ijel
Set L = [, > adM'. Conversely, let L € S(M) satisfying in (2.14) and set
F = ((L,M")). In this way [, ||dF| i{’(dQ) equals (2.15). O

Similar to lemma 2.6, for every F' € 2(Q) there exist a predictable process o =

(af?) as in (2.12) which satisfies in (2.14). Moreover, since F' € 5 (Q) by (2.9) the
relation (2.15) holds. Define

MF = / S afanr (2.16)
O ier
In this way, (M*, M") ;y(q) = F" for all i € I and

(MP, M) i) = / 1AF )|y < o0

Therefore, M* € S(M). By lemma 2.6 the above definition is well-defined and we
have F' = (M¥, M). Therefore, we can write

dMF = ZaFidM" = (dF, dM) y(a0)
iel

and consequently
MF = [ (aP().aM O} rao (217)
0

Clearly M¥ is a semimartingale.
In another hand, we have a nice result of the structural condition.

LEMMA 2.7. Let X be a collection of stochastic process satisfying the structural
condition SC' and X' = A'+M?* be the Doob decomposition. Then A = (A?) € 7(Q).

Proof. By a consequence of the structural conditions, dA" < d{M* M?"), that is
there exist a; such that dA" = a;d(M?*, M"). Then

T T
| 1AW ey = [ atoaorar) <, VT € R,
So A € #(Q). 0

Now, we can define the following space:
S(X) = {{F(1), AW + (F(E), MO)ri) | F € 2(Q)}

Actually, the S(X) is a set of semimartingales. The main reason to select X with
structural conditions is to make sure that dA(t) makes sense and we can define S(X)



Reproducing kernel Hilbert spaces and stochastic integration 645

safely.

For any two elements 71, Z € S(X) such that:
Zy = (F(t), A1) @ + (F(t), M(1)) (@)
Zy = (G(1), A1) (@) + (G (1), M (1)) ()

One can define the following bilinear forrn.
(Zv, Za)sx) = (F, G
where F' and G are as (2.10). We can show that
COROLLARY 2.8. Any Z € S(X) is a square summable semimartingale.

Proof. By definition of Z, it has a decomposition of a finite variation part and and

a square summable part. Therefore Z € S? O

LEMMA 2.9. For any Z € S§(X), it holds that ((Z, M*); i € I) € 7(Q).

Proof. Let Z € S(X). We have seen that Z is a semimartingale, so has a decompo-
sition Z = A°+ M?° which A? is finite variation and M?° is a local martingale. Therefor
by definition of matrix @), there exist a collection of predictable process £° such that

d{M°, M*) =37, £7dQY € H#(dQ) and we have
Hd(MO Mz ||dQ —ngd Moz Mz Z é'OZdQ’LJéfOJ < 00.

iel (i,9)eIxI
Then
T .
sup [ 10 MY () By, < o
for any finite J subset of I. The last inequality holds by the specific form of Z. [

This leads us to have a Hilbert space isomorphism.

THEOREM 2.10. Two spaces S(X) and J€((Q)) are isomorphic. So the space S(X)
of extended stochastic integrals admits the representation , and is topologically iso-
morphic to the stochastic aggregate reproducing kernel Hilbert spaces 7 (Q).

Proof. We claim that the mapping ¢ : A € #°(Q) — S(X) is a an isomorphism
Y(E)() = (F(t), A1) se(q) + (F(t), M (1)) Q)
Since A € #(Q), then there exists a predictable process A’ = (A/;j € .J) such that
A = AdQ" and by definition, dA and therefore (dF(t), dA(t))aq@) make sense. So 1
would be well defined. In this case, it is easy to see that the mapping ¥ is 1-1 and onto,
naturally. Moreover, it preserves the spaces operations, because the integral is a linear
function. The closeness of both spaces guaranties that a bijection homomorphism is

an isomorphism. This isomorphism preserves the inner product and consequently the
norms. So two spaces are topologically isomorphism. O
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