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Abstract

We consider a Poisson process 77 on a measurable space (Y,)) equipped with
a partial ordering, assumed to be strict almost everwhwere with respect to the
intensity measure A of . We give a Clark-Ocone type formula providing an explicit
representation of square integrable martingales (defined with respect to the natural
filtration associated with 1), which was previously known only in the special case,
when A is the product of Lebesgue measure on R, and a o-finite measure on another
space X. Our proof is new and based on only a few basic properties of Poisson
processes and stochastic integrals. We also consider the more general case of an
independent random measure in the sense of It6 of pure jump type and show that
the Clark-Ocone type representation leads to an explicit version of the Kunita-
Watanabe decomposition of square integrable martingales. We also find the explicit
minimal variance hedge in a quite general financial market driven by an independent
random measure.
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1 Introduction

Any square integrable martingale with respect to a Brownian filtration can be written as
a stochastic integral, see [9] and Theorem 18.10 in [14]. This martingale representation
theorem is an important result of stochastic analysis. Similar results are available for
marked point processes (see e.g. [17, 11] and the references given there) and for general

*Institut flir Stochastik, Karlsruher Institut fiir Technologie, 76128 Karlsruhe, Germany. Email:
guenter.last@kit.edu

"Department of Mathematical Sciences, University of Bath, Bath BA2 7AY, United Kingdom, Email:
m.d.penrose@bath.ac.uk

tPartially supported by the Alexander von Humboldt Foundation through a Friedrich Wilhelm Bessel
Research Award.



semimartingales, see Section I11.4 in [11]. For some Brownian martingales Clark [3] found
a more explicit version of the integrand in the representation. Ocone [21] revealed the
relationship of Clark’s formula to Malliavin calculus.

The topic of the present paper is a Clark-Ocone type martingale representation for-
mula when the underlying filtration is generated by a Poisson process n on a measurable
space (Y,))) equipped with a partial ordering. Our main result (Theorem 1.1) provides
a representation of square integrable martingales as a (stochastic) Kabanov-Skorohod in-
tegral with respect to the compensated Poisson process. In the case Y = R, x X is the
product of R, := [0, 00) and a Borel space X, special cases of this formula are well-known.
Stationary Poisson processes on R were treated in Picard [23], while [1] considered the
more general case of a finite set X. In [26] it was shown how to use the Malliavin calculus
for Poisson processes developed in [22, 12, 20] and the results in [4] to get the Clark-Ocone
formula under an additional integrability assumption in the case where the intensity mea-
sure of 7 is the product of Lebesgue measure and a o-finite measure on X. This is also the
approach taken in [19] and [6] when treating pure jump Lévy processes (without refer-
ing to [26]). Translated to our setting, this is again the special case where the intensity
measure has product form. Our proof of Theorem 1.1 is based on the explicit Fock space
representation of Poisson functionals [18, Theorem 1.5] and the basic isometry properties
of stochastic integrals, and is distinct from the proofs of related results that we have
seen in the literature. In particular we are not using any other martingale representation
theorem for Poisson spaces.

We apply Theorem 1.1 to derive the explicit Kunita-Watanabe projection of square
integrable martingales onto the space of stochastic integrals against an independent ran-
dom measure (in the sense of It6 [10]) without Gaussian component. We also find the
explicit minimal variance hedge in a quite general market driven by an independent ran-
dom measure.

We now describe the contents of this paper in more detail. Throughout the paper we
consider a Poisson process 1 on a measurable space (Y, )) with o-finite intensity measure
A. The underlying probability space is denoted by (2, F,P). We can interpret n as a
random element in the space N := N(Y) of o-finite integer-valued measures p on Y
equipped with the smallest o-field making the mappings u +— u(B) measurable for all
B € Y. We assume that Y is equipped with a transitive binary relation < such that
{(y,2) : y < 2} is a measurable subset of Y? and such that for any y,z € Y at most one
of the relations y < z and z < y can be satisfied. We also assume that < strictly orders
the points of Y A-a.e., that is

Mly)) =0, yeY, (1.1)

where [y] ==Y\ {z €Y :2z<yory<z} Forany pue€ N let p, denote the restriction of
ptoy, :={z€Y:z <y} Ourfinal assumption on < is that (4, y) — p, is a measurable
mapping from N x Y to N.

For y € Y the difference operator D, is given as follows. For any measurable f : N — R
the function D, f on N is defined by

Dyf(p) == f(p+0dy) — f(p), neN, (1.2)

where ¢, is the Dirac measure located at a point y € Y. We need a version of the
conditional expectation E[D, f(n)|n,] that is jointly measurable in all arguments. Thanks
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to the independence properties of a Poisson process we can and will work with

E[D, f(n)In,] = /Dyf(ny + )Y (dp), (1.3)

where I1Y is the distribution of the restriction of 7 to Y\ y,. We use this definition only if
the right-hand side is well defined and finite. Otherwise we set E[D, f(n)|n,] := 0. Note
that E[D, f(n)|n,] = h(n,y), where h : N X Y — R is defined by

n9) = [ Dyt iy + )10 ) (1.4)

Since (i, y) — p, is assumed measurable, the function h is measurable as well. Moreover,
it satisfies

h(py) = h(py,y),  (1y) € NXY. (1.5)

Justified by Proposition 3.3 we call a measurable function h with the property (1.5)
predictable, see Remark 3.6. This notion depends on the ordering <. The fact that this
dependence is not reflected in our terminology, will not lead to confusion.

If h: N xY — R is a measurable function then we denote by §(h) = [ h(n,y)n(dy)
the stochastic Kabanov-Skorohod integral of h with respect to the compensated Poisson
process 7 := n — A [12, 25, 13]. This integral is well defined only, if the integrability
condition (2.8) on h holds. If, in addition, h € L*(P, ® A\) N L*(P, ® \), then Theorem
3.5 in [18] provides a pathwise interpretation of §(h):

5() = [ 1o = d,pn(d) ~ [ hy)Mdy) Pas (16)
In fact, if h € L*(P, ® ) is predictable (i.e. (1.5) holds), then §(h) is well defined and we

have the isometry relation

Ed(h)? = E/h(n,y)Q/\(dy). (1.7)

We prove these facts in Section 2, see Propositions 2.2 and 2.4. For predictable functions
h equation (1.7) can be used to extend (1.6) from L' (P, ®\) ﬂLQ(IP’ ®)\) to L*(P,®\). If
h € L*(P,®\) is predictable and A € Y, then we can define [, h(n, y)7i(dy) := 6(Inxah).
Let P, denote the distribution of n. For f € L*(P,) (i.e. for measurable f:N — R with
Ef (77)2 < 00) we have the following representation of f(n).

Theorem 1.1. Let i be a Poisson process on Y with an intensity measure \ satisfying

(1.1) and let f € L*(P,). Then

E/m FlnPA(dy) < oo (18)

and we have P-a.s. that

) =Ef) + [ EID,Flnfilc) (19)
Moreover, we have for any y € Y that P-a.s.
Elf(n)in] =Ef() + [ EID-fo)lncJi(dz). (1.10)



Define M, :=E[f(n)|n,], y € Y, where f is as in (1.10). If z < y then the o-field o(7,)
is contained in o(n,) and we have the martingale property E[M,|n.| = M, a.s. Equation
(1.10) provides an explicit representation of the martingale (M,) as stochastic integral of
an explicitly known integrand.

In the remainder of this introduction we assume that Y = R, x X, where (X, X) is a
Borel space and that (s,z) < (¢, 2') if and only if s < s’. Assumption (1.1) means that

A{t} xX)=0, t>0. (1.11)

We do not assume A to be of product form. In Section 3 we first discuss Theorem
1.1 in this case. Then we show that a function is predictable essentially if and only if
it is predictable in the standard sense of stochastic analysis. Theorem 3.5 shows that
the Kabanov-Skorohod integral of a predictable function coincides with the (standard)
stochastic integral. This extends results in [12] and [20] for Poisson processes on R;.

In Section 4 we consider instead of the compensated Poisson process 7} a more general
centred independent random measure ¢ (in the sense of [10]) on R, x X. We assume that
¢ has no Gaussian part and a o-finite variance measure with diffuse projection onto the
first coordinate. Then ( can be represented in terms of a Poisson process n as above on
Y:=R; x X x (R\ {0}). Consequently we can apply our Clark-Ocone type formula to
obtain an explicit formula for the orthogonal projection of a square integrable function of n
onto the space of all stochastic integrals against (, see Theorem 4.1. Such projections were
first considered by Kunita and Watanabe [16] in the setting of continuous martingales.
Later these ideas were extended to semimartingales, see e.g. Schweizer [24]. Using a
different approach (and allowing for a Gaussian component) Di Nunno [5] proved a version
of Theorem 4.1 for special (“core”) functions of 1. In fact we prove our results in the
more general case of an independent random measure ¢ on a Borel space (Y',)’) with
a diffuse and o-finite variance measure 3 such that Y’ is ordered almost everwhere with
respect to (.

In Section 5 we consider a quite general financial market with a continuum of as-
sets, driven by an independent random measure without Gaussian component. Again all
processes can be represented in terms of a Poisson process n on a suitable state space.
A function f € L?*(P,) can then be interpreted as a contingent claim. Minimizing the
L2-distance between f(n) — Ef(n) and a certain space of stochastic integrals against the
assets, yields the minimal variance hedge of f(n). Theorem 5.4 finds this hedge explicitly,
while Theorem 5.5 identifies the claims that can be perfectly hedged. These theorems
extend the main results in [2], which treats the case of a market driven by a finite number
of independent Lévy processes.

2 Representation of Poisson martingales

In this section we prove Theorem 1.1, starting with some definitions and preliminary
observations. Let f : N — R be a measurable function. For n > 2 and (y1,...,y,) € Y"
we define a function D, . f: N — R inductively by
n . 1 n—1
Dy ,.f=D,D fs (2.1)

Y2,--Yn
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integrable for A"-a.e. (y1,...,¥y,) and that

Tof (s ooyn) = EDy o f(), (41,5 4m) € Y7, (2.2)

-----

defines a symmetric function in L2(A\™). Moreover, we have the Wiener-Ito chaos expansion

f0) = 3" L(Tf) (23

n=0

where the series converges in L*(P). Here I,(g) denotes the nth multiple Wiener-Ito
integral of a symmetric g € L?*(\"), see [10]. These integrals satisfy the orthogonality
relations

El,.(9)1.(h) = 1{m =n}m!{g, h), m,n € Ny, (2.4)

where (-, -),, denotes the scalar product in L*(A\").
Let h € L*(P, ® ). Then h(-,y) € L*(P,) for M -a.e. y and we may consider the chaos
expansion

h(n,y) =Y In(hn(y)), (2.5)

where h,(y) € L*(\"), n € N, are given by

ho(¥) (Y15 - yn) = EDy (0, y). (2.6)

.....

Let h, be the symmetrization of this function, that is
- 1 <&

hn(yh e JyTH—l) = n—+1 hn(yz')(?/h e Yi 1, Yig1, - - - 7Z/n+1)-
i=1

From (2.5) and (2.4) we obtain that h, € L*(A\"™') and we can define the Kabanov-
Skorohod integral [7, 12, 25, 13, 18] of h, denoted §(h), by

(1) = > Tuga ), (27)

which converges in L?*(P) provided that

(e}

Z(n + 1)!/52(1)\"“ < 00. (2.8)

n=0

We need the following duality relation from [20], see also Proposition 3.4 in [18]. We let
H ’ ”n denote the norm in L2(/\n)‘



Proposition 2.1. Assume that g € L*(P,) satisfies

Z HTnan < 0. (2.9)
n=1
Let h € L*(P,®\) with a chaos expansion satisfying (2.8). Then E [(D,g(n))*A(dy) <
and
[ D,a(n)h0n.5)\(dy) = Eg(n)dh) (2.10)

Proposition 2.1 easily shows that ¢ is closed, see [12] and [20]. This means that if
hy € L*(P, ® ), k € N, satisfy (2.8), hy — h in L*(P, ® \) and 6(hy) — X in L*(P),
then h satisfies (2.8) and 0(h) = X a.s. We shall use this fact repeatedly in the sequel.

The next result shows that the Kabanov-Skorohod integral of a predictable h is defined,
if h is square integrable with respect to P, ® A.

Proposition 2.2. Let h € L*(P, ® \) be predictable. Then (2.8) holds.
PRroOF: Consider the functions defined by (2.6). Since h is predictable, we have that
hn(y)(y1, -, yn) = 0 whenever y; > y for some ¢ € {1,...,n}. This implies that

Lo Wis s Y)Yy ooy Unt1) = 18, (Y15 Un) P (Y1) (Y15 - - -5 Yn)s

n—+1

where

Ay ={(Y1,-yyn) €Yty <L < yn ) (2.11)

In view of (1.1) it follows that

hall?en = (n+ ‘HlAnﬂh [

s [ @A) = = [N,

Hence we obtain from (2.4) and (2.5) that

o0

>+ 1)l = Z/n'nh JI2A(dy)
= Z / EL,( Ady) = / Eh(y)?X(dy) < oo

Therefore (2.8) holds. O

Let h € L*(P, ® A) be predictable and B € Y. Then 1nxph € L*(P, ® ) is also
predictable. Moreover, we have from (2.10) that

§(1nxph) =0 P-as. if A(B) = 0. (2.12)

The following proposition implies a part of Theorem 1.1.
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Proposition 2.3. Let h € L*(P, ® \) be predictable. Then, for anyy € Y,

E[/h(n, 2)n(dz) ny] :/ h(n,z)n(dz) P-a.s. (2.13)

PRrROOF: The right-hand side of (2.13) can be chosen (7, )-measurable. This fact can
be traced back to (2.4): if f € L*(\") is symmetric and vanishes outside B™ for some
B € Y and IP denotes the nth Wiener-Ito integral with respect to the restriction of 7 to
B, then I,,(f) = IB(f) P-a.s.

To prove (2.13), we take y € Y and a measurable function g : N — R such that the
function g, defined by g, (1) := g(u,) satisfies (2.9). Since D,g, = 0 for y < z we obtain
from Proposition 2.1 that

0=Eg(n,) [ 1y < 2}htn,2)i(d2)

From (2.12) and (1.1) we have

/1[y](z)h(n,z)ﬁ(dz) =0 P-as. (2.14)

Hence we obtain from the linearity of ¢ that

Iwm/wmwwzmwvﬁmwmn (2.15)

Yl

Now we consider a function g of the form g(u) := exp[— [ hdp], where h : Y — R, is
measurable and vanishes outside a set C' € Y with A(C') < oo. It can be easily checked,
that g, satisfies (2.9) (cf. also the proof of Theorem 3.3 in [18]). Hence (2.15) holds for
all linear combinations of such functions. A monotone class argument shows that (2.15)
holds for all bounded measurable g : N — R (cf. the proof of Lemma 2.2 in [18]). This is
enough to deduce (2.13). O

PROOF OF THEOREM 1.1: Let f € L*(P,) and define h : N x Y — R by (1.4). Then h
is predictable. Moreover, Theorem 1.5 in [18] implies that » € L*(P, ® \), that is (1.8)
holds. By Proposition 2.2, the Kabanov-Skorohod integral d(h) is well defined. We have
to show that

fm)=Ef(n)+6(h) P-as. (2.16)
Let g € L*(P,) satisfy (2.9). By Proposition 2.1,
Bg(1)o(1) = [ Dyg)EID, ()N )

._/EEWMWWMMDM@WMMMM,

where the second equality comes from Fubini’s theorem and a standard property of con-
ditional expectations. Applying Theorem 1.5 in [18], we obtain that

Eg(n)d(h) = Eg(n)f(n) — (Egn)(Ef(n)),



that is Eg(n)(Ef(n) + d(h)) = Eg(n)f(n). Since the set of all g € L*(P,) satisfying (2.9)
is dense in L*(P,), we obtain (2.16). The remaining assertion follows from Proposition
2.3. [

We finish this section with a standard property of stochastic integrals.

Proposition 2.4. Let h,h € L*(P, ® \) be predictable. Then

B5(1)6(h) = E [ h(n.y)h(n. )M (dy). 2.17)

PROOF: By linearity and polarization we may assume that h = h. Let us first assume
that h is bounded and that h(u,x) = 0 for © ¢ C' € Y, where A\(C) < oo. In particular,
h € L*(P, ® A) for any p > 0. By (1.6),

s =& [ nn -5, y)n(dy))2
~28 ([ 1o~ soma) [ winaan) +e ([ h(n,ywdy))z. (218)

Our assumptions on h guarantee that all these expectations are finite. We are now
performing a fairly standard calculation based on the Mecke equation, see e.g. (2.10) in
[18]. The first term on the right-hand side of (2.18) equals

E / h(n,)?A(dy) + E / / B+ 8y, 2)h(n + 6., )\ (dy) M(de)
“E / B, y)?A(dy) + 2E / [ 10 < i 0t + 80, A,

where we have used symmetry, (1.1) and (1.5), to obtain the equality. The second term
on the right-hand side of (2.18) equals

~28 [ [ 1 < yhhln. )bl -+ 8.y) Ny )
~28 [ [ 14y < 3o 2 )N AD)

Summarizing, we obtain that (1.7) holds, as required.
In the general case we define, for k € N,

hk(ﬂ’x) = 1{|h(,u,x)| < ]C}].{l’ € Ck}h(:uvx)v (/L,ZE) € NxY,

where Cy, T Y and A(C}) < oo. The functions hy, are predictable and satisfy the assump-
tions made above. From dominated convergence we have E [(h(n, z)—hy(n, z))*A(dz) — 0
as k — oo. Then (1.7) implies that §(hy) is a Cauchy sequence in L?(P) and hence con-
verges towards some X € L?(P). Since 4 is closed, we obtain X = §(h) and hence the
assertion. [l



3 Martingales and stochastic integration

Assume that Y = R, x X, where (X, X) is a measurable space. We define (s, x) < (s',2')
if and only if s < §. Throughout this section we consider a Poisson process n on Y
whose intensity measure A is o-finite and satisfies (1.11). We discuss Theorem 1.1 and
the Kabanov-Skorohod integral of predictable functions.

For any s > 0 and p € N we denote by ps (resp. ps—) the restriction of u to [0, s] x X
(resp. [0, s) x X). Theorem 1.1 takes the following form.

Theorem 3.1. Let f € L*(P,). Then

B [ BIDqa )l A, ) < o (3.1)

and we have for any t > 0 that P-a.s.

B0l = BS0) + [ Vo (EID s )l 105, 2). 32)

PRrROOF: Relation (3.1) follows directly from Theorem 1.1. For any ¢ > 0 we have
P-a.s. that

Mﬂmmri/ﬂm+mwwm

where 1" is the distribution of the restriction of 1 to (¢, 00) x X, compare with (1.3). By
(1.11), TI* is also the distribution of the restriction of 7 to [t,00) x X and 7, = 7, a.s.
Hence E[f(n)|n:] = E[f(n)|m—] and (3.2) follows from (1.10) and (2.14). O

Remark 3.2. Let h € L*(P, ® \) be predictable and define

M, ::/1[07t](s)h(7],s,x)ﬁ(d(s,x)), te[0,00].

Proposition 2.3 and (2.14) imply for any ¢ € [0, 00] that E[M|n.—] = M; P-a.s. In the
proof of Theorem 3.1 we have seen that E[My|n,—] = E[M|n:] P-a.s. Hence (M;)ico,00) is
a martingale with respect to the filtration (o (7:))ic[0,0c], Where 75 := 1. This martingale
is square integrable, that is M., € L*(P).

Our next aim is to clarify the meaning of the predictability property (1.5) and to
discuss the Kabanov-Skorohod integral of predictable functions. To do so, we introduce a
measurable subset N* of N as follows. Let C7, Cs, ... be a sequence of disjoint measurable
subsets of Y with union Y. We let N* be the set of all x € N having the properties
({0} x X) = 0 and p(C,) < oo for all n € N. For any ¢ € [0,00] let N; the smallest
o-field of subsets of N*, making the mappings pu — u(B N ([0,t] x X)) measurable for
all B € Y. Here py = pu. The predictable o-field P (see [11]) is the smallest o-field
containing the sets

AXx (s,t] x B, s<t,Ae N;,BeX. (3.3)

The next proposition provides a useful characterization of the predictable o-field. We
have to assume that (X, X’) is Borel isomorphic to a Borel subset of [0,1]. Such a space
is called Borel space, see [14].



Proposition 3.3. Assume that (X, X') is a Borel space. Let h : N* x Ry x X — R be
measurable. Then h is P-measurable if and only if (1.5) holds, that is

h(p, s,x) = h(ps—, s,z), (u,s,z) € N* x X x R;. (3.4)

PROOF: The filtration (NV;);>o is not right-continuous, but has otherwise many of the
properties of a point process filtration as studied in Section 2.2 of [17]. To make this more
precise, we introduce IN,,, n € N, as the set of all finite integer-valued measures pu on C),
such that p(({0} x X) N C,,) =0. Any p € N,, can be written as

p(B) =Y / 15 (50, 2)pa(d), (3.5)

where m > 0, 0 < s; < ... < S, and g, ..., by, are finite non-trivial integer-valued
measures on X. (Here we use the Borel structure of X.) It is convenient to identify p
with the infinite sequence (s;, i), @ € N, where (s;, p;) := (00, 0) for i > m, and 0 denotes
the zero measure. Let N ;(X) be the space of all finite counting measures on X. It is not
difficult to see the this is a Borel space. Moreover, the quantities m, 1, ..., Sy, f1,- -, fbm
in (3.5) depend on p in a measurable way. (This does require the Borel structure of X
and Ny(X)). Therefore we can identify N,, with a measurable subset N/, of the space M
defined as the set of all sequences ((s;, 14i))ien € ((0,00] x N#(X))* with the following
properties. If s; < oo, then s; < s;41 and p; # 0. If s; = oo, then s;,; = oo and
; = 0. The space N/ C M can be equipped with the product topology inherited
from ([0, 00] x N¢(X))*. Now we indentify the whole space N* with N} x Nj x ..,
again equipped with the product topology. The crucial property of this topology is that
the mappings s — pus and s — pu,_ are right-continuous respectively left-continuous.
Therefore it is not difficult to check that Theorem 2.2.6 in [17] applies to the filtration
(M. O

Remark 3.4. The assumption p({0} x X) = 0 for x4 € N* has been made for convenience.
Without this condition the o-field Ay becomes non-trivial, and we have to include the
sets A x {0} x B (A € Ny, B € X) into the o-field P. If we then redefine ug_ as the
restriction of p to {0} x X, Proposition 3.3 remains valid.

We now assume that the sets C),, n € N, are chosen in such a way, that the intensity
measure A of 7 is finite on these sets. Let n* be the random element in N*, defined by
n*:=nif n € N* and n* := 0, otherwise. The second case has probability 0. Let F} and
Fy denote the P-measurable elements of L'(P,- ® \) and L*(P,- ® \) respectively. For
h € Fy we can define the stochastic integral 6*(h) of h against the compensated Poisson
process n* — X in the following standard way, see e.g. [8]. If h € F}" N Fy we define

d*(h) := /h(n*,s,x)n*(d(s,x)) —/h(n*,s,az))\(d(s,z)). (3.6)
In particular,

0 (Laxsgxlnexc,) = 1a(n™) (0" (((s,t] x B)NCy) — A(((s,t] x B)NCy), (3.7)
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where s < t, Ac N,,ne€ N, and Be€ X. Let h € Ff N F; and define h : N xY — R
by h:=hon N*x Y and & := 0, otherwise. By Proposition 3.3, h is predictable. Since
P(n € N*) = 1 we obtain from (1.6) that 6*(h) = §(h) P-a.s. Therefore (1.7) implies the

isometry relation

E6*(h)? = E / By, s, 2)2A(d(s, 7)) (3.9)

for any h € Fy N F5. Since F}' N Fy is dense in Fy we can extend 0* to a linear operator
from Fy to L?(P). Equation (3.8) remains valid for arbitrary h € F;.

We now prove that J extends the stochastic integral 6*. Special cases of this result
can be found in [12] and [20]. For h: N x Y — R, the function h* : N* x Y — R denotes
the restriction of A to N* x Y.

Theorem 3.5. Let h € L*(P, ® \) such that h* is P-measurable. Then §(h) = 6*(h*)
P-a.s.

PRrROOF: Since P(n € N*) = 1, we have from Proposition 2.2 that d(h) is defined.
By (1.6) and (3.6) (and Proposition 3.3) the assertion holds for any h € Fy N Fy. In
the general case we may choose h; € Fy' N Fy, k € N, such that Ay, — h as k — oo in
L*(P, ® A). Then §*(h;) = §(hg) converges to 6*(h*) in L*(P). Since 4 is closed, this
yields the assertion. O]

Remark 3.6. Proposition 3.3 justifies our terminology for measurable functions h on
N x Y satisfying (1.5). By this proposition, if A is predictable then h* is P-measurable.
Conversely, if h* is P-measurable then there exists predictable h with h* = h*. If h €
L*(P, ® A) is predictable then our notation [ hdi) := 6(h) is justified by Theorem 3.5.

Remark 3.7. A standard assumption in the stochastic analysis literature is completeness
of the underlying filtration. Quite often one can find no further comment on this technical
(and sometimes annoying) hypothesis. In this paper we do not make this completeness
assumption, which is rather alien to point process theory.

4 Independent random measures

Let (Y’,)’) be a Borel space and 3 be a o-finite measure and diffuse measure on Y.
Let )}, denote the system of all sets B € )’ such that §(B) < oco. In this section we
consider an independent random measure on Y’ (see [10]) with variance measure 3. This
is a family ¢’ := {{’(B) : B € Y|} with the following three properties. First, E('(B) = 0
and E¢'(B)? = B(B) for any B € ). Second, if By, By, ... € ), are pairwise disjoint,
then ('(By),('(Ba),... are independent. Third, if By, Bs,... € Y are pairwise disjoint
and B := UB,, € ) then '(B) =Y, ('(B,) in L*(P). By [14, Theorem 4.1] the series
also converges almost surely. Since [ is diffuse, it follows that the distribution of ('(B)
is infinitely divisible for any B € Y, see [15, p. 81] for a closely related argument. The
Lévy-Khinchin representation (see [14, Corollary 15.8]) implies that

log Ee™'B) = _qpu? + /(emz — 1 —iuz)\(B,dz), u€R, (4.1)
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where ap € R and A\(B,-) is a measure on R* := R\ {0} satisfying [ 2?A(B,dz) = 5(B).
The measure \(B, -) is the Lévy measure of {'(B) and is unique. We assume that ag = 0,
so that ¢ has no Gaussian component. If B € ) is the disjoint union of measurable sets
By, n € N, then the independence of the ('(B,,) and the uniqueness of the Lévy measure
implies that A\(B,-) = >~ A(By, ). By a well-known result from measure theory (see
[15, p. 82]) there is a unique measure A on Y’ x R* such that A(B x C') = \(B, () for all
B € ) and all measurable C' C R*. Hence equation (4.1) can be rewritten as

log Ee¢'(B) — /13(91:)(6““ —1—iduz)A(d(z,2)), ueR, (4.2)
whenever §(B) < co. By definition,

/z21{x € IAd(z, 2)) = B(-). (4.3)

In particular, A is o-finite.
Let us now consider a Poisson process n on Y := Y’ x R* with intensity measure \.
For any B € ) we define the Wiener-Ito integral

Cﬂﬂrzu/zngDﬁ@Kyﬂﬂl (4.4)

Then ¢ := {((B) : B € )} is an independent random measure with variance measure
(. We might think of a point of 1 as being a point in Y’ with the second coordinate
representing its weight. Then the integral (4.4) is the weighted sum of all points lying in
B, suitably compensated. It follows from (4.2) and basic properties of n (cf. [14, Lemma
12.2] or [15, Section 3.2]) that ((B) and (’(B) have the same distribution for any B € ).
Henceforth it is convenient to work with ¢ and the Poisson process 7.

We now assume that <’ is a partial ordering on Y’ satisfying the assumptions listed
in the introduction, where in (1.1) the measure A has to be replaced with 8. (If y € [y]
for all y € Y’ this is strengthening the diffuseness assumption on (3.) Then we can
define a binary relation < on Y = Y’ x R* by setting (y,z) < (¢/,2') if y <’ ¢/. This
relation also satisfies our assumptions, where (1.1) comes from (4.3) and the assumption
on 3. The measurability of (u,y) — p, can be proved using a measurable disintegration
w(d(y, z)) = K(p,y,dz)p*(dy), where K is a kernel from N x Y’ to R* and p — p* is a
measurable mapping from N = N(Y) to N(Y’) such that pu(- x R*) and p* are equivalent
measures for all 4 € N.

The stochastic integral of a predictable function ~ : N x Y — R against ( is defined
by

[ 1wty = [ antn it 2) (45)

provided that

E [ (o5 0(ds) = E [ i /'7d(y.2) < . (46)
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Let Mg C L?(P) be the space of all square integrable random variables X given by

X = / h(m, 9)C(dy), (4.7)

where the predictable function h satisfies (4.6). It follows from Proposition 2.4 that Mg
is a closed linear space. Hence any Y € L?*(PP) can be uniquely written as Y = X + X',
where X € MZ and X' € L*(P) is orthogonal to MZ. Decompositions of this type
were first considered by Kunita and Watanabe [16]. The following theorem makes this
decomposition more explicit. We use a stochastic kernel J(y, dz) from Y’ to R* such that

ZAd(y, 2)) = J(y, d2)B(dy). (4.8)

Such a kernel exists by a standard disintegration result (cf. [14, Theorem 6.3] for a special
case).

Theorem 4.1. Let f € L*(P,) and define a predictable hy : N x Y — R by

hy(n,y) ZE[ / 2 Dy f(0) I (y, dz) ny] (4.9)

Then hy satisfies (4.6) and we have P-a.s. that
£ =B + [ hyn.w)o(dy) + X (4.10)

where X' € L*(P) is orthogonal to M.

ProoOF: By Fubini’s theorem applied to kernels we have

B [ hy(n.0700s) = [ E( [ £l Do) S0l 0. 2)) ().

Applying Jensen’s inequality to the stochastic kernel J(y,dz) and using (4.8) and (1.8)
gives (4.6). We now define X’ € L?(PP) by

X'i= [ (B0 £l #hslo. )iy, 2) (4.11)

Theorem 3.1 implies (4.10). Tt remains to show that X" is orthogonal to MZ. To this end
we consider a random variable X as given in (4.7). By Proposition 2.4,

EXX' = E [ sh(y) (Do fln] ~ 2hy(.5)\dly. ). (4.12)

We have
E / hiy)hs(n YA d(y, 2)) = E / h(y)hs(n, v)5(dy)
—E / / 271Dy f ()] (5, 7, d2)B(d (5, 2)
/ B(y)E[D(y 2 f(0), A (d(y, 2)).
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Hence (4.12) implies EX X' = 0, as claimed. O

Di Nunno [5] proved Theorem 4.1 for special (“core”) functions f (and allowing also
for a Gaussian part of {) in case Y = R, x X, with <’ given as in Section 3. In the case
where J(y,-) = 0, for f-a.e. y (that is that ¢ has only atoms of size 1), (4.10) reduces to
the Clark-Ocone type formula (1.9).

The following result characterizes the class of square-integrable stochastic integrals
against (.

Corollary 4.2. Let f € L*(P,) such that Ef(n) = 0. Then f(n) € Mg if and only if
there is some predictable h : N x Y' — R satisfying (4.6) such that

E[Dy. f(n)Iny] = zh(n,y) A-a.e.(y, z), P-a.s. (4.13)

PROOF: Assume that (4.13) holds. Then h = hy and the random variable X’ defined
by (4.11) vanishes almost surely. Therefore Theorem 4.1 shows that f(n) can be written
as a stochastic integral against (.

Assume conversely that f(n) € MZ and consider the decomposition (4.10). Since the
orthogonal projection onto ./\/lg is unique, it follows that X’ = 0 P-a.s. By definition
(4.11) this means that (4.13) holds with h := hy. O

5 Minimal variance hedging

We consider a Poisson process n on Y := Ry x X x X', where (X, X) and (X', X’) are
Borel spaces. The partial ordering on Y is defined by (s,z,2) < (¢/,2/,2) if s < s'. As
always, the intensity measure \ of 7 is assumed to satisfy (1.1). Our aim in this section is
to extend the results of Section 4 for the case Y = R, x X. We replace R* by the general
space X’ and the independent random measure ¢ by a more general L2-valued signed
random measure. The special structure of Y’ (and Y) allows for a financial interpretation
of our results. We consider a point (s, z, z) of n as representing a financial event at time
s of (asset) type x and with mark z. We let x : N x Y — R be a predictable function and
interpret k(n, s, z, z) as the size of the event (s,x,z). We assume that

B(:) = E/K(n,s,x,z)Ql{(s,x) € - IA(d(s,x, 2)) (5.1)

is a o-finite measure. The system of all measurable B C R, x X such that 3(B) < oo is
denoted by ). For any B € ), we define by

C(B) = / k(s 5,2, 2)1 (5, 2)(d(s, 7, 2)) (5.2)

a square integrable random variable having E((B) = 0. The stochastic integral of a
predictable h : N x Ry x X — R (here (s,z) < (¢/,2') if s < §’) against ¢ is defined by

/h(n,s,x)((d(s,x)) ::/h(n,sw)n(n,s,a:,z)ﬁ(d(s,x,z)) (5.3)
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provided that

]E/h(n, s,1)°k(n, s,2,2)*A(d(s, 7, 2)) < 0. (5.4)

We denote by A the set of all such predictable functions h.

Remark 5.1. Let A denote the system of all B € X such that [0,¢] x B € ) for all
t > 0. For B € X, we can define the square integrable martingale (see Remark 3.2)

G(B) = /Ii(?], s,x,2) L (s)1p(x)n(d(s, z, 2)), t€[0,00].

We interpret (;(B) as the (discounted) price of the assets in B at time ¢. Note that (;(-) is
a signed measure on X, in a L%-sense. An element / € A can be interpreted as admissable
portfolio investing the amount h(n, s, x) in asset x at time s. Accordingly, if the bond
price is constant, and V;; € R then

V;f = Vb + / 1[0,t]<3)h<777 8,$)C(d(8,$)), le [07 OO],
is the value process of the self-financing portfolio associated with A and an initial value
Vo.

Let f € L*(P,). We interpret f(n) as a claim to be hedged (or approximated) by a
random variable of the form Ef(n)+ [ h(n, s, x){(d(s,z)) with h € A. A minimal variance
hedge of f(n) is then a portfolio hy € A satisfying

B(fn) ~ EfG) ~ [ byl s, 0)0(d(5.2)))
= mEE(f0) ~Bf) ~ [ b)) (59

heA

Remark 5.2. Problem (5.5) requires us to minimize the quadratic risk among all self-
financing portfolios with initial value Ef(n). We might also be interested in minimizing

2
B(f0) —c— [ hn.sa)Cld(s.2) (56)
in ¢ € R and h € A. However, if hy € A solves (5.5) then the pair (Ef(n), hy) minimizes
(5.6).

To solve (5.5) we need to generalize the disintegration (4.8). A kernel J from NxR; xX
to X' is called predictable, if (i, s, x) — J(u,s,x,C) is predictable for all C € X’. In
the next proof and also later we use the generalized inverse a® of a real number a. It is
defined by a® :==a"tifa # 0 and a® :=0if a = 0.

Lemma 5.3. There exists a predictable stochastic kernel J from N x Ry x X to X' such
that

k(n,s,2,2)*\d(s, z, 2)) = J(n,s,2,d2)3(d(s,z)) P-a.s., (5.7)

where the random measure 3 on Ry x X is defined by

B(+) = / 1{(s,z) € -Yu(n, s, 7, 2)*X(d(s, 2, 2)). (5.8)
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PROOF: Define a measure A on Y by
Nd(s, 7, 2)) := (s, 7, 2)A(d(s, 7, ),

where (s, 2, z) := Ex(n, s, z, z)%. Because the measure 3 = A(-xX/) (see (5.1)) is assumed
o-finite and X' is Borel, there is a stochastic kernel J from R, x X to X’ such that

Ad(s, @, 2)) = J(s,2,dz)B(d(s, x)).
It follows that
k(n, s, 2, 2)*Nd(s, z,2)) = &(s, x, 2)%k(n, s, 2, 2)* I (s, x,d2)B3(d(s,z)) P-as.  (5.9)

In particular the random measure 3 defined by (5.8) coincides a.s. with g(n, s, 2)3(d(s, 7)),
where

glits.)i= [ Rls.2) w5, 22T (s, ).
We now define
J(w, s, 2,dz) == g(p, s, ) '&(s, x, 2)®k(u, s, z,2)? J (s, 2, dz),

if g(u, s, ) > 0. Otherwise we let J(pu, s, z, -) equal some fixed probability measure on X'.
Then J is predictable and (5.9) implies (5.7). O

As in Section 4 we let Mg denote the space of all square integrable random variables
that can be written as a stochastic integral (5.3).

Theorem 5.4. Let f € L*(P,) and define

h¢(n,s,x) = //@'(7],s,x,z)®E[D(S,x7z)f(n)|775_]J(77,sw,dz), (5.10)

where the stochastic kernel J is as in Lemma 5.3. Then hy € A and (5.5) holds. Moreover,
we have for any t € [0,00] that P-a.s.

Ef(n)ln] = Ef(n) + / Lo (s)hy(n, 5, 2)C(d(5, 7)) + N, (5.11)

where (Ny) is a square integrable martingale such that N, is orthogonal to /\/lg

PRrROOF: Clearly h; is predictable. The integrability condition (5.4) can be checked
exactly as in the proof of Theorem 4.1. We can now proceed as in the proof of Theorem
4.1 to derive the representation

£(n) = Ef(n) + / hy(n, 5, 2)C(d(s, 7)) + X, (5.12)

where X’ € L*(P) is orthogonal to MZ. This orthogonality implies (5.5). Let t > 0 and
define N; := E[X’|n;]. Taking conditional expectations in (5.12) and using Remark 3.2
yields (5.11). O

The next result characterizes the claims that can be perfectly hedged. The proof is
an obvious generalization of the proof of Corollary 4.2.
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Theorem 5.5. Let f € L*(P,). Then (5.5) vanishes if and only if there is some h € A
such that

E[D() f(M)|ns—] = £(n, 5,2, 2)h(n,5,2)  A-a.e.(s,x,2), P-a.s. (5.13)
In this case we have h(n, s,z) = hs(n,s,x) for B-a.e. (s,z) and P-a.s.

In the remainder of this section we assume that X = N, that is, we assume that there
are only countably many assets. For any j € N we define a measure A\; on R; x X' by

. //1{(3,2) € IA(ds x {j} x d).

Because A is o-finite all measures A\; must be o-finite as well. Hence there exist o-finite
kernels J; from R, to X' and o-finite measures z; on R, satisfying

)‘j(d<sﬂz)) = Jj(‘g?dz)ﬂj(ds)a JEN.

The predictable function  is assumed to satisfy

E [ w(n,5.5,2(d(s,2) <0, j €N

This implies the o-finiteness of the measure (5.1). The kernel J of Lemma 5.3 is given by

—1
J(ILL’S7j7 dZ) = (//{(M,S,j, Z)ij(87d2)> K(/"L’S7j7 Z)ZJj(S,dZ)

whenever [ k(u, s, j,2)%J;(s,dz) > 0. If f € L?(P,) then, according to Theorem 5.4, the
minimal variance hedge hy of f(n) can be computed as

@
hytn5.) = ([ wn.3.275(5.0) " [ (05,5 2Dl (s.d2). (519
Example 5.6. Assume that X’ = R* and that
/ZQAj([O,t] xdz) <oo, teRi,jeN.

Assume further that (7, s, j, 2) = k;(1, )z, for some predictable processes «;, j € N. For
any h € A we then have

/h(n,s,j)((d(s,j)) = Z/h(n, s, j)kj(n, s)d¢;(s) P-as.,
jeN
where (;(t) = [[{s < t}zn(ds x {j} x dz), t > 0, are independent square integrable
processes with independent increments and mean 0 (and no fixed jumps). Assume now
moreover, that \;(d(s,z)) = dsv;(dz) for measures v; on R*, so that the (; are square
integrable Lévy martingales. Then we can choose J;(s, dz) = v;(dz) and (5.14) simplifies
to

o(n5.5) = 5.0)° ([ @) [EDGo @) (615)

This is the main result in [2]. In fact, the model in [2] allows the processes (; to have a
Brownian component but considers only finitely many non-zero measures v;.
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