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We provide a Clark—Ocone formula for square-integrable functionals of
a general temporal point process satisfying only a mild moment condition,
generalizing known results on the Poisson space. Some classical applications
are given, namely a deviation bound and the construction of a hedging portfo-
lio in a pure-jump market model. As a more modern application, we provide
a bound on the total variation distance between two temporal point processes,
improving in some sense a recent result in this direction.

1. Introduction. Clark—Ocone formulas are powerful results in stochastic
analysis with many significant applications such as deviation inequalities and port-
folio replication; see, for example, [14, 15, 22, 23, 31]. On the Poisson space, the
Clark—Ocone formula provides the following representation of a square-integrable
random variable F:

1
F =E[F] +/0 E[D; F | F,1(N(dt) — dr),

where D, is the finite difference operator [see (4)] and {J;} is the filtration gen-
erated by the homogeneous Poisson process N. Similar formulas for square-
integrable functionals hold also on the Wiener and Lévy spaces; see, for example,
[9]. Various kinds of generalizations have been obtained recently in, for example,
[1, 10].

In addition to the well-known applications cited above, Clark—Ocone formulas
have been recently used to prove Gaussian and Poisson approximation of random
variables; see [19, 24, 25, 28, 29]. In another direction, such formulas have been
used to obtain variational representations for the Laplace transform of functionals
on the Wiener and Poisson spaces; cf. [32, 33].

The main achievement of this paper is a Clark—Ocone formula for point pro-
cesses on a finite interval possessing a conditional intensity; see Theorem 4.1.
Specifically, we shall consider two different notions of conditional intensity. The
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first, denoted by {A,}, which we call classical stochastic intensity, is commonly de-
fined for point processes on the line (see, e.g., [2, 5]). Roughly speaking, A;(w) df
is the probability that the point process has a point in the infinitesimal region d¢
given that it agrees with the configuration w before time ¢. The second, denoted by
{m;} and called the Papangelou conditional intensity, is defined for general point
processes (see, e.g., [0, 18]). Intuitively, m;(w) d¢ is the probability that the point
process has a point in the infinitesimal region dr given that it agrees with the con-
figuration w outside of dr.

The proof of the Clark—Ocone formula in Theorem 4.1 is based on the repre-
sentation theorem for square-integrable martingales, and a use of an integration by
parts and an isometry formula to identify the integrand.

We provide three applications of our result. The first is a deviation inequality for
functionals of the point process (see Proposition 5.1), which extends to our setting
the bound provided in Proposition 3.1 of [31]. The second provides a bound on
the total variation distance between the laws of two point processes possessing
Papangelou conditional intensities; see Proposition 5.5. Under mild assumptions
on the point processes, we improve to some extent the constant appearing in the
analogous bound given in Theorem 4 of [26]; see Remark 5.6. The third provides
a self-financing strategy for option hedging in a market with one risky asset and
dynamics according to a general pure-jump process.

All our results hold for point processes possessing a conditional intensity and
such that the variance of the number of points in the interval is finite. If we further
assume that the point process is locally stable, as defined in Section 2.4, then we
obtain a more explicit deviation bound; see Corollary 5.3 as well as Remark 5.4.
For a large class of renewal processes which is particularly suited to our setting,
we prove local stability in Proposition 2.10.

In order to not overshadow the main ideas with technicalities, in this paper we
stick to the simple case of a 1-dimensional point process on a finite interval. Ex-
tensions of the Clark—Ocone formula to a point process on a more general space,
together with new applications (e.g., to optimal transport problems) are presently
under investigation by the authors and shall be the subject of a future work.

The paper is structured as follows. In Section 2, we give some preliminaries
on point processes, proving that, under natural assumptions, a point process on a
finite interval has a Papangelou conditional intensity if and only if it has a classi-
cal stochastic intensity, while expressing one intensity as a function of the other.
In Section 3, we recall some results related to the martingale representation the-
orem, namely Proposition 3.1 and Proposition 3.2. After these preparations, we
give our main result in Section 4. The aforementioned applications are provided in
Section 5.

2. Point processes with conditional intensities. Let 7 > 0 be a fixed positive
constant. All the random quantities considered in this paper are assumed to be
defined on the space 2 of all integer-valued measures @ on ([0, T'], B([0, T])),
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where B([0, T']) is the Borel o-field on [0, T'], such that w({0}) =0, o ({t}) <1
for any ¢t € [0, T] and w ([0, T]) < co. We define

N(w) =w, w e Q2
and for a Borel set D € B([0, T']) we shall consider the o -field
Fp:=0c{N(A): AeB(D)}.

For ease of notation, we also set F; := Fjo ;] and F;- :=Fo ;) fort € [0, T'].

We set F := Fr, let P be a probability on (€2, F), and consider the canonical
probability space (€2, J, PP). Throughout the paper, we denote by E the expectation
operator with respect to P. For any Borel set D € B([0, T']), we let Qp denote the
space of integer-valued measures w € 2 such that supp(w) C D, where supp(w)
denotes the support of w. We define Pp as the restriction of P to (Q2p, Fp). The
sample measure L p on (2p, Fp) is defined by

1 n
/QD f(@Lpdw) := f(0) +’§ - fm f<§e) dy - diy,

for any nonnegative measurable function f : Qp — [0, 00). Here, ¢; denotes the
Dirac measure at ¢ € [0, T'] and 0 denotes the null measure.

A stochastic process X : [0, T'] x €2 — R is called predictable if it is measurable
with respect to the predictable o-field on [0, 7] x Q defined by o{(a,b] x A :
a,bel0,T], A eJ,}. We often denote X by {X;},c[0,7]. For later purposes, we
recall that if X is predictable, then for a fixed ¢ € [0, T] the random variable X;
is measurable with respect to F,- (and, therefore, with respect to J;); see, for
example, Lemma A3.3.1, page 425 in [5].

The point process N may be described in terms of its points, that is, the random
sequence Top:=0<Ty <Tp <--- < T, <--- < Tnqo,1y), Where N([0,¢]) =n
if and only if # € [T}, T;,+1). Throughout this paper, for a stochastic process
{Xt}rer0,17, We set

t
/OXSN(ds) = X7,110.1(Th), tel0,T].

n>1

We shall consider two different notions of conditional intensity for point pro-
cesses: the classical stochastic intensity and the Papangelou conditional intensity.

2.1. Classical stochastic intensity. We start by recalling the notion of classi-
cal stochastic intensity (see [2, 5]). A nonnegative predictable stochastic process
{As}tef0,17 such that fOT As dt < 0o P-almost surely is a classical stochastic inten-
sity of N if for any nonnegative and predictable stochastic process {X;};c[0,77],

E[/OT X,N(dt)] = E[/OT Xihs dt}.
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Hereafter, given two stochastic processes X, Y : [0, T] x 2 — R we say that
X ~Y if X and Y are equal A;(w)P(dw) dt-almost everywhere on [0, T'] x €.

For p € [1, +00), we denote by P, (1) the family of equivalence classes formed
by predictable stochastic processes X = {X;}:¢[0,7] such that

T
15, =B [ ar] <0

and, for ease of notation, we set Py 2(A) := P1(A) N P2(X). Note that || - lp, is a
norm on P, (1).

Under suitable integrability conditions on X and A, we shall consider the com-
pensated stochastic integral

T
8(X) ::/ X/ (N(dr) — A, dr), P-almost surely.
0

The following proposition is proved in [3] (see Theorem 3 therein) and provides a
fundamental isometry formula for point processes with classical stochastic inten-
sity.

PROPOSITION 2.1.  The following relations hold:

(1) E[8(X)] =0, forany X € P1(1);
(i) E[8(X)8(Y)]=ELf{ X,Y,A, dr], for any X, Y € P12 ().

2.2. Papangelou conditional intensity. We now recall the notion of Papan-
gelou conditional intensity (see, e.g., [6, 18]). A nonnegative stochastic process
{7+ }110,77 1 a Papangelou conditional intensity of N if, for any stochastic process

{X1}iero, 715

T T
ey E[/O X,(N—st)N(dt)}:E[/o X,(N)rr,dt].

If N has a Papangelou conditional intensity {m;};c[0,7], then we define its com-
pound Papangelou conditional intensity 77 : 2 x Q — [0, c0) as

n n

7(0,w):=1 and ﬁ(Z &1, w) =1, (w) 1_[ w(w+ &y + -+ ey,

i=1 i=2
forwe Qandr,..., 1, €[0,T].

A stochastic process is called exvisible if it is measurable with respect to
the exvisible o-field on [0, T] x Q defined by o{(a,b] x A:a,b€[0,T],A €
F10,71\(a,b1}- For later purposes, we note that if X is predictable then X is exvisi-
ble. Indeed, for any a € [0, T'], we have F, = F[o,7]\(a,7]- If N has a Papangelou
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conditional intensity {7;};c[0,7], then for any nonnegative and exvisible process

{X:}iefo,1
E /TXN d))|=E TX d
|, xovean ] <[ [ xom o]

Indeed, by Proposition 5.2 in [8], for any nonnegative exvisible process { X;}¢[0,77,
we have X, (w — &) = X;(w) for any w € Q and ¢ € supp(w).

The next proposition may be found in [17] (see Theorem 3.3 therein) and [20]
(see Theorem 2’ therein).

PROPOSITION 2.2.  Forany D € B([0, T)),
]P’(O < f 7 («, Nio,r)\p)Lp(da) < OO) =1,
Qp

and for any nonnegative random variable Z : Q — [0, 00) we have

IE[Z]:/Q/QD(/QDW,co)LD«iﬁ))_l

X Z(a 4+ w)7 (a, )L p(da)Ppo, 77\ p(dw).

2)

REMARK 2.3. Tt is worth noting that, for any D € B([0, T]), we have
that (ff(,B,a)|[0’T]\D)LD(d,3))_1 is a version of P(N(D) = 0 | N|[0,T]\D =
wlio,r7\p), cf. p. 123 in [17] as well as Remark 2.5(c) in [11]. Consequently, (2)
may be rewritten as

BIZ1= [ Z(a + )7 (@, 0) Lp(da)P(dw).
Qpo,71\p YD
which is the presentation adopted in Theorem 2’ of [20].

As a straightforward consequence of Proposition 2.2, we obtain an explicit pre-
dictable projection of a stochastic process under mild integrability conditions (see
(2.10) in [11] for a similar result).

PROPOSITION 2.4. Let {X;}:c[0,1] be a stochastic process which is either as-
sumed to be nonnegative or satisfying X; € L'(Q, F,P) for all t € [0, T]. Then
E[X; | F;-1(w) has the version

-1
(/ ﬁ(ﬂ,wno,t))L[t,T](dﬂ))
Q1)
3)
x /Q X (& + 0lj0.0)7 (@ @ljo.0) Ly 71 (de),
[t,T]

fort €[0,T) and w € Q. The version (3) of E[X; | ;- |(w) depends only on w|o )
and is therefore predictable by Proposition 3.3 in [15]. It is denoted by p(X):(w).
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PROOF. For A € J;- and t € [0, T'], by Proposition 2.2 we have

B = [ [ - (/. A, L))
X ﬁ(a, a))L[t,T] (dOt)IP)[()’,) (da))

R -1
= /Q/Q[,,TJ (fQLt,T] (B, a))L[z,T](d,B)) Ta(0) X (o + o)
X 7T (o, ) Ly, 71(de)Ppo 1) (dw)

1
Ta(a + w) X (x + w)

-1
- E[JLA(N) ( /Q (B, N|[0,z))L[z,T](d:3)>
[t.T]

< [ Xk Nl (e Moo L@ |
(1,7
which concludes the proof. [

We define the discrete Malliavin derivative of a random variable F : Q — R as
4) D, F(w) := F,+(a))—F(a)), tel0, T],we 2,
where
F(w) if t € supp(w),
F(w+¢r) if t ¢ supp(w).

Under suitable integrability conditions on X and m, we shall consider the
stochastic integral

Fr(w):=F(o+e&)= :

T
AX) = /0 X (N (dt) — 7, dt), [P-almost surely.

In particular, we note that if X is predictable, then as remarked previously, X;(w —
&) = X;(w) and so

T
AX) () = /0 X, (0 — &) (w(dt) — 7, (w) dr).

We conclude this subsection by stating the following lemma, whose proof may be
found in [27] (see Corollary 3.1 therein).

LEMMA 2.5.  Forany {X;}ic0.11 € P1(p (7)) and any measurable F : 2 — R
such that

T T

5 E[/ |FXt|7rtdt] <00 and IE[/ IX,D,Flrrtdt] < 00,
0 0

we have

T
(6) E[FA(X)] = IE[/O X7, D; F dt].
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2.3. Relations between the two notions of conditional intensity. In this sub-
section, we assume that N is such that E[N ([0, T])] < oo.

The next lemma characterizes the classical stochastic intensity of a point process
N which possesses a Papangelou conditional intensity.

LEMMA 2.6. If N has a Papangelou conditional intensity {7 };c[0,T], then N
has a classical stochastic intensity {p(7);}ie[0,T]-

PROOF. Since predictability implies exvisibility, for any nonnegative and pre-
dictable stochastic process {X;};¢[0,7], by Fubini’s theorem and standard proper-
ties of the conditional expectation, we have

T T T

T

Additionally, by taking X; = 1 in the previous series of equalities we get that
fOT p(mr); dt < oo [P-almost surely, and so {p()}:¢[0,7] 1 a classical stochastic
intensity of N. [

The next lemma explicits the Papangelou conditional intensity of a point process
possessing a classical stochastic intensity.

LEMMA 2.7. If N has a classical stochastic intensity {A:}ic0,7), then N has
a Papangelou conditional intensity {m;};c[0, 1] defined by

T
() = eXp(fO (As(@) — As(@ + &) ds
)
T
+ /0 (In(hs (@ + £0)) (@ + £1)(ds) — 1n(xs(w>)w<ds))),

and {A}tej0,1] is a version of {p(7w)t}ic(0,1]-

PROOF. Let IP* be a new probability measure on (2, F) under which N is a
homogeneous Poisson process on [0, 7] with intensity 1. Since E[N ([0, T])] <
00, by aresult in [13] (see also Theorem 19.7, page 315 in [16]) we have that IP is
absolutely continuous with respect to P, and setting P, := Pyo,1 and P} :=PJ, ;.
we have

Pi(dw) = p/(0)P} (dw),

where

pr(w) = exp(/ot(l — As(w))ds + /Ot ln(ks(w))w(ds)>.
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Since {A;};¢[0,7] s predictable, by Theorem T12, page 31 in [2] [see formula (4.4)]
we have that A;(w) > O for any s € supp(w), and P-almost all w € €2. Therefore,
p: > 0 P-almost surely and so the probability measures [P and P* are equivalent.
The claim then follows by, for example, Theorem 1.6, page 41 in [30]. By the
uniqueness of the classical stochastic intensity (cf., e.g., T12, page 31 in [2]), the
latter claim follows by Lemma 2.6. [

REMARK 2.8. Since the stochastic intensity characterizes the law of a point
process (cf. Proposition 7.2.1V., page 233 in [5]), under the foregoing assumption,
by Lemma 2.6 we have that the Papangelou conditional intensity also determines
the probability structure of the point process uniquely.

We also remark that if N has a classical stochastic intensity then, under the fore-
going assumption, the moment formulas in [4] and [8] apply with the Papangelou
conditional intensity given by (7).

2.4. Locally stable point processes and renewal processes. In this subsection,
we begin by recalling the definition of locally stable point processes, a class of pro-
cesses for which, as already mentioned in the Introduction, we are able to provide
a more explicit deviation bound (see Corollary 5.3 and Remark 5.4). We introduce
afterwards a large class of locally stable renewal processes.

Let N be a point process on [0, 7] and assume that E[N ([0, T])] < oo and
that N has a Papangelou conditional intensity {m;};c[0,77. We remark that, due to
Lemma 2.6 and Lemma 2.7, this is equivalent to assuming that N has a classical
stochastic intensity. We say that N is locally stable with dominating function g
(see, e.g., [18]) if there exists S € L([0, T], B([0, T1), d) such that

e < B(1), t € [0, T], P-almost surely.

For classical examples of locally stable point processes whose dynamics are de-
scribed via a Papangelou conditional intensity, we refer the reader to [18, 30]. If
instead the dynamics of N are given by a classical stochastic intensity, then one
may try to check the local stability of the point process with the aid of Lemma 2.7.
As an illustration, we consider a large class of renewal processes on [0, T'] which
is particularly suited to the 1-dimensional setting.

Specifically, we say that N is a renewal process on [0, 7'] with spacing density
f if, conditional on N ([0, T']) = n, the realization 7o =0 < T} < --- < T}, is such
that ;41 — T;, 1 <i <n — 1 are independent and identically distributed random
variables with density f with respect to the Lebesgue measure on [0, co0). We start
by providing a Papangelou conditional intensity of N as a corollary of Lemma 2.7.

COROLLARY 2.9. Let N be a renewal process on [0, T] with spacing density
f which is continuous on [0, +00) and such that f > 0 on (a, C) for some a €
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[0, T] and C € (T, +o00]. Then N has a Papangelou conditional intensity
(=0 f@t—Ti—) [ f(T; —T1)
ifTi—1 <t <T,
o0 o
1@=Tyqory) [ Fs)ds / fls)ds

T—Tn(o,1)

®) T =

fTngory <t <T.
In particular, note that the above assumption on f covers many significant exam-

ples, for example, exponential, gamma, Weibull and Pareto distributions.

PROOF. It is well known that the classical stochastic intensity of the renewal
process is given by

ft—aw)
9 A = 1’
) (@) o
where t € [0, T], and w; := max{w; € supp(w) : w; < t} with the convention

max{J} = 0 (see, e.g., Exercise 7.2.3 in [5]). Note that the classical stochastic
intensity is integrable on [0, T'] because

SUpsero, 77 Jf (5)

(10) A(w) <

fTC f(s)ds
and that {A;}o<;<r is predictable by Proposition 3.3 in [15] since A;(w) =
Ar(@l[0,r)). Letting a);r = min{w; € supp(w) : w; > t} (with the convention

min{@} = +o00), we have
+

(W) = eXp(/twr (As(@) — As(w + &) ds + In(rs (0 + 1))

)»wt+ (w+¢&r)
““( hopt (@) )1{‘"? <T})
t

3 of [ fs—w)  fls=D)
_eXp(/t <fffw,— () du ffftf(u)du)ds+ln(kt(a)+8’))

+1 <)‘wt+(a)+8t))]1 )
)ij(w) {o <T}

+_ - +
_ of=or  f@) el f)
= exp(/twt T F(o)dv du /(; 7™ (v dv du

u

(11

)\w;r (w+ &)
+ ln()\, (CO + 8[)) + IH(W>1{M,+<T})



A CLARK-OCONE FORMULA FOR TEMPORAL POINT PROCESSES 3275

=exp<1n</t°° f(s)ds) —1n<fio . f(s)ds> + I (@ + &)

— Wy —wy

[ee) )\w?—(w + gl‘)
+ln</60t+_tf(s)ds) +1n<7)“w,+(w) )]l{w:r<T}>.

Here, the first equality follows by Lemma 2.7 noticing that A; (@) = As(w + &) for
all s € [0, t]U (w;", T] and the last equality follows by

* S (u) o
_du=—1In x € [0, 00).
0 quO f(S) dS u (/x f(s) ds)? [09 )

Combining (11) with (9), we conclude the proof. [

Finally, we show that the class of renewal processes considered above is locally
stable.

PROPOSITION 2.10. Let the notation and the assumptions of Corollary 2.9
prevail. Then the renewal process with spacing density f is locally stable.

PROOF. It suffices to prove that the two terms in (8) are bounded uniformly
in w by a Lebesgue-integrable function on [0, T']; let us thus fix an w € €2, denote
its supportby wo=0<w; <--- <w, <T andlett € [0, T]. If w; <t < w;4 for
some 0 <i <n — 1, then we separate two cases: f(a) > 0 and f(a) = 0. In the
first case, we have f > 0 on [a, T], and thus

(Supse[a,T] f(s))z
minse[a,T] f(S)

T (w) < 00, P-almost every w € 2.

Next, if f(a) =0 then since f > 0 on (a, C), there exists an € > 0 such that f is
increasing on [a, €]. It follows that

(SUPseo, ] f(s)?
mingefe, 71 f(5)

(@) < [t — 0i) Lo, —wi<e) {wiy1—w;>¢€}

< sup f(s)+ (SUPscio.7) f(s))2 <
B s€[0,¢] minse[s,T] fs)

Lastly, if t > w,,

SUpsepo. 77 S (5) o
I£ f(s)ds

i (w) <

which concludes the proof. []
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3. Predictable representation of square-integrable functionals. Through-
out this section, it is assumed that N has a classical stochastic intensity {A;};c[0,7]-

By the martingale representation theorem (see, e.g., Theorem T11, page 68 in
[2]), we have that any right-continuous {J;};c[o,7]-martingale {M,};c[0, 7] such that
SUpP;¢[0.7] E[M?] < 0o admits the representation

t
(12) M, = My + / uf,M)(N(ds) — Asds), [P-almost surely
0

for some u™) = {uEM)},e[o,T] € P2(1). Note that My is a constant since Fy is the
trivial o -field. Note also that if #™) = {ﬁ;M)},e[o,T] € P,>(1) is such that

t
M, = My + / 17§M) (N (ds) — Agds), [P-almost surely
0

then
ugM) (w) = EEM) (w), P(dw)X; (w) dt-almost everywhere;

see, for example, Theorem T10, pages 67-68 in [2]. In other words, uM) ~ (M)
(using the notation introduced in Section 2.1).

For square-integrable functionals, the following predictable representation
holds.

PROPOSITION 3.1. For any G € L%(Q2, F,P), there exists {uﬁc)},e[o,ﬂ €
Pr(A) such that

(13) G =E[G] + f O(N(dr) —r,dr),  P-almost surely.

We remark that the stochastic process {u,(G)},e[o,T] € P> (1) is not made explicit.
In the next section, we shall give an explicit expression for this process under some
additional assumptions.

PROOF. Define the martingale G, := E[G|J;], t € [0, T']. Since G is square
integrable, a simple application of Jensen’s inequality ensures that we have
SUP;¢(0,7] E[G ] < 00. Since the filtration {JF;};¢[0, 7] is right-continuous (see, e.g.,
Theorem T25, page 304 in [2]), the martingale {G/};<[0,T] is right-continuous, and
by (12) we have

Gr =Gy —i—/ (G) N(dt) — At dt), P-almost surely
for some {u, & }iero.77 € P2(X). The claim follows noticing that by the J-

measurability of G we have Gr = E[G|F7] = E[G|F] = G and by Fy = {T, 2}
we have Go = E[G|Fp] =E[G]. O
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Using the predictable representation (13), it is possible to derive a formula,
called hereafter smoothing formula, which allows to transform the expectation of
the product between a random variable and an integral with respect to a compen-
sated random point measure into the expectation of an integral with respect to the
Lebesgue measure.

We start with some preliminaries. Note that if E[N ([0, T])] < 0o, then P2 (A) =
P1.2(X) and so, for any random variable G € L*(Q2, F,P), the process {ugG) }eelo0.7]
in the representation (13) belongs to Py 2(4). Indeed, for any {u,;};c0,7] € P2(1),
applying the Cauchy—Schwarz inequality we have

r r 172 1/2
E[/O |u,|x,dr}sE[/0 xfdz] ltllpyo0 = E[N (10, T)] g0y < o0,

and sou € P 2(R).
The following smoothing formula holds.

PROPOSITION 3.2. Let G € L2(Q,9’, P) be a random variable whose

stochastic process {u,(G)},e[o,T] in the representation (13) belongs to P12(A) and
let {us}iefo,71 € P1,2(X). Then

T
(14) E[GS(u)] = EUO uun dt].

PROOF. By Proposition 2.1(i), we have E[§(u)] = 0. By Proposition 3.1, we
have G — E[G] = 8 ('9)), for some {uEG)},e[o,T] € P1.2(1). Therefore,

T
E[GS(u)] = E[(G — E[G])8(w)] = E[6(u'D)s(u)] = E[/ ', dt],
0
where the latter equality follows by Proposition 2.1(ii). [

4. Clark—Ocone formula. Throughout this section, we assume that E[N ([0,
T1)?] < 0o. Moreover, we assume that N has a Papangelou conditional intensity
which, due to Lemma 2.6 and Lemma 2.7, is equivalent to assuming that it has
a classical stochastic intensity. Theorem 4.1 below provides a Clark—Ocone for-
mula. Note that, in contrast with the predictable representation (13), the integrand
appearing in (15) is explicit [and given by (16)]. Hereafter, we work under the
convention 0/0 := 0.

THEOREM 4.1. Let G be a random variable which is either:

(i) nonnegative and in LYQ,F,P);or
(i) in L32(Q, F, P).
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Then

(15 G=E[G]+ / oD (N(dt) — p(r);dt),  P-almost surely,

where
) — G):p(m);
16 ©)._ p(@G™) — p(G), ’
(16) 2 ()
fortel0,T].

REMARK 4.2. It should be noticed that under either (i) or (ii), p(G); is well
defined by Proposition 2.4. Additionally, under (ii) we have 7,G;” € L'(Q, T, P)
for dr-almost all ¢ € [0, T'] since

T n T
/OE[|n,G, |]dz:EUO |G|N(dt)}

<Gl 2.5 N0, T 12055 <

17)

where the first equality follows from (1). This implies that p(w G™T), is also well
defined. We also note that under (i) or (ii) the difference p(rG*); — p(G),p(r);
is well defined since the second term is actually finite df dP-almost everywhere
[which can be seen, e.g., by checking that p(G); and p(rr), are integrable]. Note
also that by the Cauchy—Schwarz inequality,

(n’G+) <p@)p((G )2),, t € [0, T, P-almost surely,

and so if p(mw); = 0 then, by the convention 0/0 = 0, <p(G) = 0. Thus, ¢© is
welldefined by (16).

REMARK 4.3. For later purposes, in the following we provide sufficient con-
ditions to ensure that ¢(¢) € P12(p(m)) = P2(p(mr)). More precisely:

() If G € L*(2, F,P) and N is locally stable with dominating function 8, as
defined in Section 2.4, then ga(G) € P1.2(p()). Indeed,

T +\ 2
U 169 p ), dl] U (p(@G™) — p(m): p(G)r) dt}
p(m);

+
<[ 200t
t

+ 2E[/0 p(n),p(G)tzdt:|.
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The first term in (18) is bounded, indeed
T +42 T
p(rG™); ] [ 2 }
19 E/—dtf]E/EnG T, ]de
a9 s|[EE [ B (6 19)
(20) =E[G*N([0, T])]
(2D <IGls@7.p N0, T 120.5p):

where (19) and (21) follow by the Cauchy—Schwarz inequality and (20) follows by
(1). The second term in (18) is also finite since

E[/OT p(n),p(G)tzdt] < E[/OT BOE[G? | F-] dt] =E[G?] fOT B(1)dr.

(i) If G € L®(22, F,P) then '@ € P,(p()), cf. part 1 of the proof of Theo-
rem 4.1.

REMARK 4.4. Under either (i) or (ii) from Remark 4.3, by the considerations
preceding Proposition 3.1 we have that ¢(©) given by (16) is unique in the sense
that any u(%) € P,(p(rr)) which satisfies a representation formula for G of the type
(15) verifies <p(G) ~ u'9) (where the equivalence relation is defined in Section 2.1).

PROOF OF THEOREM 4.1. We divide the proof in two steps: in the first step,
we prove (15) under the stronger condition G € L*°(2, &, P), and in the second
step we prove the general case.

1. Assume that G € L*°(2,F,P). By Lemma 2.6, {p(7);};c[0,7] is a clas-
sical stochastic intensity of N. Since E[N ([0, T])] < oo, we have P, (p(w)) =
P1.2(p(@r)) and so, for any random variable Z € LZ(Q, F, P), the stochastic pro-

cess {u,(Z)},e[o,T] in the representation (13) belongs to P 2(A). Let {u;},c[0,7] be
a predictable stochastic process and, for any n > 0, define u = {uﬁ")}te[oﬂ
by ut(") = ULy, e[—n,n))- We have u®™ e P1(p(m)), for any n > 0, and so by
Lemma 2.5, Proposition 3.2 and Proposition 2.1

T w
E[/ u” n,D,Gdt}
0

=E[GAu™)]
T T
(22) :E[G/O uf”)(N(dz)—p(n),dt)]+1E[G/0 ui”)(p(n),—m)dz}
T
=E[f0 uf")u§G)p(7r)tdt]

T
-HE[G/ u,(")(p(n),—nt)dt} Vi > 0.
0
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Therefore,

0= E[/O u (1:D:G —u'? p(n); — Gp(m), + Gm;) dz]

T
= EI:/O ut(")(E[ﬂtG;wffz ] - Mt P(ﬂ’)t E[Gw’}—]p(ﬂ),) d;] Vn > 0.

As discussed in Remark 4.2, there exist the predictable projections p(w G™) and
p(G). Consequently,

T
@) B[ [ (px6), ~u®pir), ~ p@ypen)di| =0 vnzo.
The stochastic process

v= (ke = (PG —ui” pr) — PG p(T)i oy

is clearly predictable. Since u = {u;};¢[0,7] 1S an arbitrary predictable stochastic
process, choosing u = v, equation (23) reads as

T
EI:[ Uzzﬂ{vte[—n,n]} dt:| =0 Vn > 0.
0

By the monotone convergence theorem, letting n tend to infinity, we deduce
E[ f = 0 which implies

(G)p(rr), p(m G+)t — p(G);p(m);, dtP(dw)-almost everywhere,

and thus

(G (G)

) = =@, , p(m); dtP(dw)-almost everywhere.

2. Now let G be a random variable verifying the assumptions of the theorem.
For a positive integer m > 0, set GM .= sup(inf(G, m), —m), and for ¢t € [0, T]
define

_ @G ) — p(G™)ip (),
p(m); )

By the previous step,
24)  G™=E[G™]+ / m(N(dt) — p(), dr), P-almost surely.

Note that G converges to G P-almost surely and that, by the dominated conver-
gence theorem, E[G"] converges to E[G] as m goes to infinity. So (15) follows
from (24) if we show that

T
f S (N(dr) — p(r), di)
@5

(G)
—— / @; (N (dt) — p(m), dr), [P-almost surely.
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We begin by proving that
m (G)
(26) endl JRNE dr dP-almost surely.

For all ¢ € [0, T'], by Proposition 2.4 and the dominated convergence theorem, we
have p(G™), ——> p(G); P-almost surely. Indeed, |G (w)| < |G (w)] for all

w € Q and

—1
(f (B, N|[0,t))L[t,T](d,3)) /|G(Ot U N1j0.)|7 (et, Nlj0,r)) Lz, 71(dex) < 00,

P-almost surely, since its mean equals E[|G|] which is finite. In order to prove
(26), it remains to show

27 p(r(G"™)7), — p(rG™),, dr dP-almost surely.

Under (i), (27) follows by Proposition 2.4 and the monotone convergence the-
orem. Under (ii), (27) follows by the dominated convergence theorem. Indeed,

7, (@)|(GI"™) (@) < 7,(@)|G* ()| forallw € 2, 1 € [0, T], and
d -1
/0 E[/(/ﬁ(ﬁ’N|[0,I))L[I,T](d/3)> 7 (0 U Nljo,1))

T
x |G (o U Nljo.n)|7 (o, N|[O,,))L[,,T](da)] dt :/0 E[7|G/|]dt < o0,

where the inequality follows from (17). We conclude the proof of (25) by a proper
application of the dominated convergence theorem. For ¢ € [0, T], let us set

__ p@|GTI+ p(m)|G)
a p(), '

Letting {Y;};¢[0,7] be any nonnegative predictable process, we have

T T
IE[[ Y@,p(n),dt]:E[f Y,(m|Gt+}+p(n),|G|)dz]
28) 0 0

:EUOT Y;|G|(N (dr) +p(n)rdt)]»

where the last equality follows by (1), the exvisibility of {¥;};c[0,7] and Proposi-
tion 5.2 in [8]. For n > 0, we define

ln = inf{s €[0,T]: _/(;S(N(dt) + p(m),dt) >n — 1},

and take Y; := 1., (¢) thereby obtaining by (28) the inequality

E[/:" @, PO dt} <nE[|G|].
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Additionally, since @, 1[o,¢,](?) is predictable and, by Lemma 2.6, { p(),}/¢[0,7] 1S
a classical stochastic intensity of N, we have

{Vl {Vl
E[/O @,(N(dt)+p(n)tdt)}:2E[f0 @p(n),dt]§2nE[|G|]<oo.

Hence, for all n > 0, setting

A, = {/: 2, (N(d) + p(m), de) < oo},

we have P(A,) = 1. Moreover,
T
/ (N(dt) + p(r), dt) < oo, P-almost surely,
0

thus ¢, = T for n sufficiently large, P-almost surely. Consequently,

P(foT 7, (N(d1) + p(), di) < oo) (ﬂ A ) = lim P(A,) =1,

n>0

where the second equality follows since the sequence {A,},~0 is nonincreasing.
To conclude the proof by the dominated convergence theorem, it suffices to notice
that dr dPP-almost surely, we have

Elm/|G{| | F-1+ElG| | Fi-1p (), —7
p(m); " O

"] =

We now give a bound on (@), which will be important for some of our appli-
cations.

LEMMA 4.5. Forany G € L (2, F, P),

10/ o @.5p) <20GI>@7p) Ve[0T

If G is further assumed to be nonnegative, then
G
16N x5 < IGILo@ap V€[, T].

PROOF. Note that for P-almost all w € 2 and any ¢ € [0, T'], we have
p@G) = p(G)p(m)| IE[G;% | 5]
p () E[rm; | F;-]

Note also that in the latter inequality one can take |G| ~(q,¥,p) in place of
2||G||LOO(Q’3"’]P) ifG=0 04O

—E[G | F,-1] 22GllL=@,7.P)-

We conclude this section with a remark on two different extensions of the clas-
sical integration by parts formula on the Poisson space; cf. [21].
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REMARK 4.6. Suppose that N has a classical stochastic intensity {A;};¢[0,7]-
Then, under the assumptions of Lemma 2.5, the integration by parts formula (6)
holds with {7;};c[0,7] defined as in (7). Also, under the assumptions (i) or (ii) of
Remark 4.3, the smoothing formula (14) holds with ¢© in place of u(®). Note that
these formulas are not contained in [7] where a different gradient is considered.

S. Applications. Throughout this section, we assume that E[N ([0, T'])] < co
and that N has a Papangelou conditional intensity {7m;};c[0,77 Which, due to
Lemma 2.6 and Lemma 2.7, is equivalent to assuming that it has a classical
stochastic intensity.

5.1. Deviation bound. The following deviation bound holds.

PROPOSITION 5.1. Assume E[N ([0, T])2] < 00. Let G be a random variable
satisfying the assumptions of Theorem 4.1 and such that there exists k > 0 verifying

G
(29) o' )”L°°(Q><[O,T],&"@B([O,T]),dIPdt) <k,
and
T G, — n(G 2
(30) az — / |p(7T )t p( )lp(ﬂ)l‘l dr < o0,
0 p(); L(Q,F,P)
then

2
P(G —E[G] > x) < exp(% - (Z_Z + %) 10g<1 + Z—lz))

< CX[)(—— log(l + _))
2k Ot2 ’

for any x > 0.
The proof of Proposition 5.1 is based on the following lemma.

LEMMA 5.2. Under the assumptions of Proposition 5.1, for all convex func-
tions ¢ : R — R such that ¢’ is convex,

(32) E[¢(G — E[G])] < E[¢(kPo(a?/k?))],

where k is the constant in (29), a2 is defined by (30) and ﬁa(az / k%) is a centered
Poisson distributed random variable with parameter o® | k.

PROOF OF LEMMA 5.2. The claim easily follows combining Theorem 4.1
with Theorem 4.1 in [14] [formula (4.3)]. O
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PROOF OF PROPOSITION 5.1. Taking ¢ (u) := e A >0, in (32), for any G
as in the statement and x > 0, we deduce

P(G - E[G] = x) < kingE[e“G_E[G]_x)ﬂ{G—E[G]zx}]

< inf E[GX(G—E[G]—X)]
A>0

(33) _
< inf E[ek(kPo(az/kz)fx)]
>0

o
k1r>1oexp<k2 (e k—1) x)

Let C > 0 be a positive constant. One may easily see that the function A —
k%(e“c — 2k — 1) — Ax attains its minimum at Ao(C) := k! log(1 + C~'kx) and
)

2 2
Air;%exp((;:—z(e“c — 2k —1)— Ax) = exp(% - (% + Z—z) log(1 + oz_zkx)>.

The proof is complete. [J

The next corollary provides a further deviation bound for functionals of locally
stable point processes. In Remark 5.4, which follows the corollary, we provide a
worse but more explicit deviation bound.

COROLLARY 5.3. Assume that N is locally stable with dominating func-

tion B. Then, for all G satisfying the assumptions of Proposition 5.1, inequality
(31) holds with o? replaced by

T
(4 | BOIENG! ~BIG 1517 1)l e .5, 41
PROOF. We have, for example, by [8],

IN{O. TN 720 52 = EUOT 7:(N) dt] + EUOT /OT #({s.1}, N)ds dt]

S/OT,B(t)dt—}— (/()T,B(t)dt>2<oo,

and so, by Proposition 5.1, inequality (31) holds. Therefore, since the right-hand
side of (31) is nondecreasing in a2, the claim follows if we check that o2 is less
than or equal to the term in (34). To this aim, we note that

|E[J‘[;G,+ | fff] — E[m; | F-1E[G | ffﬁ]}
= E[ﬂz‘G?— — E[G | Stt*]’ | ?f]
<Elm | F,-1"E[~|G} — E[G | STrt—]|2 | 5L~t—]1/2’
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where the last relation follows by the Cauchy—Schwarz inequality. Therefore, by
the local stability we have

T
o < H/O E[x,|GF —EIG | F,-1]* | F,-]dr

L®(Q,F,P)
T
< [ BWIENG —EIG 1512 15 ] g 1
which concludes the proof. [J

REMARK 5.4. Let G € L*(2,F,P). Then by Lemma 4.5, one may choose

_ Gl L= 5,p) if G >0,
211Gl L>(@.5.P) otherwise,

in Proposition 5.1. Moreover, under the assumptions of Corollary 5.3 we have that
the term in (34) is less than or equal to k2|8 I 210, 77.B(0,77).ds)- Thus,

X X
P(G —E[G] > x) < exp<% - (”ﬁ||L1([0,T],B([0,T]),dz) + E)

X
X log(l + ))’
kIBI L1 o, 71,810, T7).dr)

for x > 0.

5.2. Bound for the total variation distance between finite point processes on the
line. Let N :Q — Q be a measurable map and consider the filtration

F,:=0|{N(A): AeB([0,1])}, rel0,TI.

Setting F:=Fr, we denote by P a probability measure on (€2, F v F) under which
N has a Papangelou condltlonal intensity {m} ref0,7] and N has a Papangelou con-
ditional intensity {n,(N )}iero,7]. We set P:.= P|3 and note that since an event
A € J depends only on N, by Remark 2.8 we have P = P|5.

We recall that the total variation distance between (the laws of) N and N is by
definition

dry(N,N):= sup |E[G(N)]-E[G(N)]|,
G:Q2—[0,1],
G measurable

where E denotes the expectation operator with respect to P. The following bound
ondry (N, N) holds.

PROPOSITION 5.5. IfE[N([0, T])?] < oo, then

N T
(35) drv(N. V) < /0 E[|7(N) — % (N)|] dr
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REMARK 5.6. Assume:

(i) sup,eq fOT 7 (w) dt < oo and
(i1) P absolutely continuous with respect to the law of a Poisson process with
intensity 1 on [0, T'].

Then by Theorem 4 in [26] one has

~ T
(36) dry(N, W) < c1(7) /O E[|7(N) — % (N)|] dt

where ¢ (7) is a finite constant such that, for any n* € N U {oo},

cﬂﬁ)f(n*—l)!(%) ( Z T /0 pa *—jds)

(37) .
g
il
where, letting | - || denote the total variation norm for signed measures on [0, T'],
T
£ = sup / |7 (1) — 74 (w2)] df < 00
w102 |01 —w2||=170
and

T
c=c(n*):= sup / |7 (1) — 74 (w2)| dt < o0.
w1,w2€Q:|lwr —w2 || =n*

If n* = oo, we interpret the long first summand in the upper bound as 0. For ¢ =0
and/or ¢ = 0, the upper bound is to be understood in the limit sense. We also recall
that by the definition of the total variation norm | - || the quantity |jw; — w3 ||,
w1, wy € Q, is the total number of points appearing in the support of one of the
counting measures w;, i = 1, 2, but not in the other.

We remark that the proof of (36) in [26] is based on the generator approach to
Stein’s method, and the result indeed holds for finite spatial point processes.

Note that, if we replace condition (i) with the significantly weaker condi-
tion E[I\NJ ([0, T1)?] < oo and condition (ii) with the slightly stronger condition
E[N ([0, T])] < oo, by Proposition 5.5 we have the bound (36) with ¢ (7) = 1.

It is in general a difficult task to further bound the constants ¢ and ¢ in order to
obtain an explicit bound on ¢ (7). In Remark 6 of [26], the authors show that if

e < 1, then
e 1
1 .
Og<1—€)

Note that the term on the right-hand side of (38) is greater than or equal to 1. In
this sense, (35) is certainly a relevant improvement of (36).

(38) c1 () < 1
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PROOF OF PROPOSITION 5.5. Let I be a probability measure on (2, F) un-
der which N has a Papangelou conditional intensity {77; };c[o,1]. We verify first that
P and P’ are equivalent, that is, they have the same null sets. As in the proof of
Lemma 2.7, we use the absolute continuity of the law of a point process with a
classical stochastic intensity with respect to the law of a Poisson process with in-
tensity 1. Let P* be a probability measure on (€2, &) under which N is a Poisson
process with intensity 1. Since, under P’, N has the same law as N under P (see Re-
mark 2.8) and, under IP’, N([O, T)) has a finite mean, we have E'[N ([0, T])] <
where E’ denotes the expectation under P’. Consequently, by Lemma 2.6 and a
result in [13] (see also Theorem 19.7, page 315 in [16]) we have that P and P’
are absolutely continuous with respect to P* and letting P;, IP; and IP; denote the
restrictions of P, P’ and P* on (2, F;), respectively, we have

Pi(dw) = pr(@)Pf(dw) and P)(dw) = p}(@)P} (),

where

t t
pi (@) = CXP(/O (1= p@m)s(w))ds +/0 IH(P(ﬂ)s(w))w(dS))

and
t t
pi() :=exp( fo (1 - p'(@)s (@) ds + fo 1n(p/<ﬁ)s<w))w(ds)).

Here, for a stochastic process {X;}o</<7, {p'(X)¢}ref0,7] denotes the predictable
version of {E'[X; | F;-1}¢ej0.1] (see Proposition 2.4). By Theorem T12, page 31
in [2] [see formula (4.4)], we have p(m)s(w) > O for any s € supp(w), P-almost
surely, and p’(7)s(w) > O for any s € supp(w), P’-almost surely. Therefore, for
any 1 € [0, T1], p; > 0 P;-almost everywhere and p; > 0 P;-almost everywhere,
and so the laws P, P* and PP’ are equivalent.

By Theorem 4.1, for any G : 2 — [0, 1] measurable, we have

r (P/(JNTGJF)z(w) - P/(ﬁ)t(w)p/(G)t(a)))
p' ()i (w)

G(w) =FE'[G]+ /(;
(39)
X ((dr) = p' (@) (@) dr),

for P’-almost every w € Q2. Thus, by the equivalence of P and I/, taking the expec-
tation with respect to P’ in (39) yields

|E'[G] - E[G]|
T Iy e - /
40) S‘EU’ (P(NG )t /lj(ﬂ)zp (G)t)(N(dt)—p(n),dt)]‘
0 P
Tl A/ (SO (5 /
0 p' (),
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by the triangle inequality. Note that the term
p'@GY), — p'(@): p'(G),
p' ()
is bounded by 1 due to Lemma 4.5 (indeed, 0 < G < 1). Note also that
E[/T (P/(JNTGJF)z — p'(@):p'(G),
0 p' (@)
since {p(7);}ieq0,7] 1s a classical stochastic intensity of N under [P and the inte-

grand is bounded and, therefore, belongs to 1 »(p(x)). Combining these consid-
erations with (40), we get

)(N(dt) - p(n),dt)] =0

E[G] - E[G]| [/ p(), — ’(ﬁ>t|dr}
1)

- IE[/ Bl | 5,1 - B 15,1 dr |
0

We note that, for any A € F;-,

/
E[g mﬂA} E#14] = E[E [T, 114] = E[%E/[ﬁ@m}
t t

and so, using the J,--measurability of {p;/p;}:e[0,1], We have
Pi i Pt o
—E[7%|F-]1= n,|9-'t— —E'[7|F,-1, P-almost surely
Ot Ot Pt

which gives E[7;|F,-] = E'[7;|F,-], P-almost surely. Combining this with (41)
and using the definition of the probability measure P, we deduce

_ T
IE[G(N)] —E[G(N)]| gfo E[|7,(N) — 7/(N)|] dr

and the claim follows by taking the supremum over all the functionals G. [

5.3. Option hedging in a market model with jumps governed by a classical
stochastic intensity. In this subsection, we apply the Clark—Ocone formula to op-
tion hedging in a pure jump market model. In the following, we shall use the same
notation as in the previous sections.

The application of the Clark—Ocone formula to mathematical finance is well
documented in both continuous and discontinuous models. It is a central part of
Ocone’s original paper; see Sections 3-5 in [22] and also [9, 15] and Chapter 8
in [23] for additional details on the topic. We refer to these texts for the common
terminology adopted in mathematical finance.
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We consider a market with two assets, one nonrisky and one risky, we assume
that the assets are defined on the probability space (2, F, IP) and that the market is

arbitrage-free. We also assume that the nonrisky asset {S,(O)} re[0,7] has dynamics
ds® =rysPar,  sP =1
and the risky asset {S;};<(0,7] has risk-neutral dynamics
dS; = S;-(r(t)dr + o (t)(N(dr) — p(r), dt)), So=x>0.

Here, r and o are two continuous functions and it is assumed that o (¢) > 0 for
t € [0, T]. We also assume that the market is frictionless and that agents may buy
and sell fractions of both assets. By, for example, Theorem 5.1 in [12], one has
St > 0 forall 0 <t < T, P-almost surely.

Let {ét(o)}te[oj] and {&:};cj0,7) be two predictable processes. We say that

(€@ £) is a portfolio if 5,(0) represents the number of units of investment of an
agent in the risk-free asset at a time ¢, and &; represents the number of units of
investment of an agent in the risky asset at time ¢. The value V; of a portfolio

(5(0), &) at time ¢ is defined by V; := S,(O)S,(O) + &S, t € [0, T]. We say that a
portfolio (¢ O £)is self-financing if

v, = ds\” +&ds;,  1€[0,TI.
In the next proposition, we compute a self-financing hedging strategy replicat-
ing an arbitrary option with payoff G at time 7.
PROPOSITION 5.7. Let the notation and assumptions of Theorem 4.1 prevail

and set

_ p(Gye H s g, gD s
s 0

0
sz():

(42)
tel0,T].

Then (€9, £) is a self-financing portfolio such that its value at time 0 is that of the
option price at time 0 under the nonarbitrage assumption, that is,

(43) Vo =E[G]e™ Jy 7 ds P-almost surely
and its value at time T is equal to G, that is,
44) Vr =G, P-almost surely.
PROOF. Since the arguments used in the proof are standard, we omit some

details. The processes £ () and £ defined in (42) are clearly predictable. According
to the definition of €@, & and V, we easily have

T
Vo= £05" &8 = p(Ghye i TO®
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and so (43) and (44) are verified. It remains to check that the portfolio (¢ 0 &) is
self-financing. By Theorem 4.1, we have

t
E[G|F,] = E[G] + /0 0O (N(ds) — p()s ds)

vt € [0, T'], P-almost surely.

Therefore, since E[G|F;] = p(G);, for any ¢ € [0, T], P-almost surely, by a stan-
dard computation we deduce

12 t t
Vi = Voelh 0 [ el ()65, (N (ds) ~ pler)s ds)
0

Consequently, setting

~

V,:=Ve~ Jor@ds  gng S, = S,e” fér(s)ds, tel0,T],

we have
~ ~ t ~
Vi=W +_/0 o*(s)ésSr(N(ds) — p(n)s) ds, tel0,T]

and the claim follows by the same argument as in the proof of Lemma 8.1.2. in
[23] [the implication (ii) = (1)]. U
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