Dyson type formula for pure jump Lévy processes with
some applications to finance

Sixian Jin®!, Henry Schellhorn®?2, Josep Vives

@ Institute of Mathematical Sciences, Claremont Graduate University, 710 N. College Ave.,
Claremont, CA 91711, USA
bFaculty of Mathematics, Universitat de Barcelona, Gran Via 585, 08007 Barcelona
(Catalunya), Spain

Abstract

In this paper we obtain a Dyson type formula for integrable functionals of a
pure jump Lévy process. We represent the conditional expectation of a Fp-
measurable random variable F at a time ¢t < T as an exponential formula
involving Malliavin derivatives evaluated along a frozen path. The series repre-
sentation of this exponential formula turns out to be useful for different appli-
cations, and in particular in quantitative finance, as we show in the following
examples: the first one is the pricing of options in the Poisson-Black-Scholes
model; the second one is the pricing of discount bonds in the Lévy quadratic
model. We also obtain, for the conditional expectation of a function of a finite
number of the process values, a backward Taylor expansion, that turns out to
be useful for numerical calculations.
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1. Introduction

In [5], a representation theorem for smooth Brownian martingales was ob-
tained. It consists of a series reminiscent of the Dyson series in quantum mechan-
ics. A similar representation was obtained in [6] for functionals of the fractional
Brownian motion for H > 1/2. In both cases, the representation involves the
Malliavin derivative. Here we obtain an analogous formula for functionals of
pure jump Lévy processes. Our work is based on Malliavin-Skorohod calculus
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techniques for Lévy processes. As general references for this calculus we refer
the reader to books [3] and [9].

Note that our result is essentially different from the previous Brownian re-
sults. In that case, the involved operator is the second order Malliavin derivative
whereas in our case only the first order Malliavin derivative is required. So, this
shows that this type of results are intrinsically probabilistic and cannot be cov-
ered by algebraic methods based only on the Fock space structure of the space of
square integrable functionals of a process with the chaotic representation prop-
erty. See [8] or [15] for a discussion about the role of the Fock space structure in
Malliavin-Skorohod calculus. Also, the method of proof is significantly different.

The obtained formula is a new way to compute conditional expectations,
based on the idea to freeze the path on the conditioning time instant. Taking
into account that the price of a financial derivative is nothing more than the
conditional expectation of the final payoff at the current time with respect to
the risk neutral probability, the obtained representation formula is potentially
useful in pricing and hedging, as two examples in the paper show. One of them,
the quadratic Lévy model, is, as far as we know, an original result.

The paper is organized as follows. Section 2 is devoted to preliminaries
about Malliavin-Skorohod type calculus for Lévy processes and Poisson random
measures. For a given conditional expectation of a certain functional, in Section
3 we prove the Dyson type formula and in Section 4 we prove its backward Taylor
expansion, which is of independent interest for numerical calculations, see [5].
Finally, in Section 5, two examples of financial application are analyzed in detail.

2. Lévy processes and Malliavin-Skorohod calculus

2.1. Lévy processes and Poisson random measures

Let T > 0. Consider a real Lévy process X = {X;,t € [0,T]} defined on a
complete probability space (€2, F,P). Denote by FE the expectation with respect
to P and by L?(Q) the space of the square integrable random variables. Denote
by {F:,t > 0} the completed natural filtration of X and assume F = Fr. Recall
that a Lévy process is a process with independent and stationary increments,
null at the origin and with cadlag trajectories. See for example [14] for the basic
theory of Lévy processes.

The distribution of a Lévy process can be characterized by the triplet (v, 02, ),
where v € R, 02 > 0 and v is a Lévy measure on R, that is, a o—finite positive
measure, null at the origin and such that fRo(l A x?)v(dz) < oco.

Let us denote by Br and B the o—algebras of Borel sets of [0,7] and R
respectively. Consider also Ry := R—{0} and denote by By its Borel o—algebra.
Consider the measure space ([0,7] X Ry, G,¢ ® v) where G := Br ® By and ¢
denotes the Lebesgue measure on [0, 7.

For simplicity, throughout the paper, we denote by (m(ds, dz))®™ the tensor
product of a non-random measure m, that is,

(m(ds,dx))®™ := m(ds,,dz,) - - - m(dsy,dzy).



Given G € G, we introduce the random measure J associated to X, defined

as
J(G):=#{t: (t,AX:) € G},

with AXt = Xt — Xt_.

Recall that J is a Poisson random measure on G with intensity { ® v. Let G*
be the family of Borel sets G such that (¢ ® v)(G) < co. Then, for any G € G*,
J(G) is a Poisson random variable with E[J(G)] = (¢ ® v)(G). As usual, from
now on, we write £(d¢) = dt. We can consider the compensated random measure
J(dt,dx) := J(dt,dx) — dtv(dzx), that is a square integrable centered random
measure such that for any G; and G3, subsets of G*, we have

E[J(G1)J(G2)] = (t @ v)(G1 N Ga).

Taking into account that any Lévy process can be decomposed into two
independent parts, the Brownian one and the so-called pure jump one, and since
the Brownian case was treated in [5], we consider in this paper Lévy processes
of the type

t t
Xy =t +/ / xJ(ds, dx) +/ / xJ(ds,dx).
0 Jiz|>1 0 Jlz|<1

Recall that the selection of sets {|xz| > 1} and {|z| < 1} is arbitrary and the
border at 1 can be changed by any fixed § > 0. If for a certain fixed § > 0,

c(0) := /z|§6 av(dz) (2.1)

is well defined, we can write

t t
'yt—i—/ / xJ(ds, dx) —/ / azv(dz)ds
0 JRo 0 |z| <8

/Ot /]RO xJ(ds,dz) + (v — ¢(0))t.

Xy

In this case, the Lévy process X is of finite variation and we can restrict our

analysis to the case
t
X, = / / xJ(ds,dx),
0 JRo

that, for any t, is a.s. a well defined random variable.

If v has finite expectation, that is, fRo |z|v(dx) < oo, condition (2.1) is
satisfied and the variable X; belongs to L(Q) for any ¢.

Another relevant particular case is the case when v is a finite measure, that
is A := v(Rg) < oo. In this case condition (2.1) is also satisfied and we have a
so-called Compound Poisson process. It is well known that in this case we can

associate to X the process
t
Ny ::/ / J(ds,dz)
0 JRg



that is a standard Poisson process with intensity A and rewrite X; = Z;V:to Y;
where Y are independent and identically distributed random variables with
probability law @ := v/\. See for example [2].

Two particular cases of Compound Poisson processes are of particular inter-
est, the standard Poisson process that corresponds with the case Q = §;, the
Dirac-delta at 1, and the so-called simple Lévy processes that correspond to
the case () is concentrated in a finite set of values. In this last case, process X
can be rewritten as a sum of different standard Poisson processes with different
intensities, see for example [12].

2.2. Chaotic representation property and Malliavin-Skorohod operators
Following [3], we can consider the spaces

12 = 12((0.71 < Bo)", 67, (02)")

and define the Itd multiple stochastic integrals I,,(f) with respect to J in the
usual way. Then we have the so-called chaos representation property, that is,
for any functional F' € L?(Q2) we have

F= Zln(fn)

for a certain unique family of symmetric kernels f,, € 2.

This chaos representation shows that L2?(£2) has a Fock space structure. Thus
it is possible to apply the machinery related with the annihilation operator
(Malliavin derivative) and the creation operator (Skorohod integral) as it is
exposed, for example, in [8] and [15].

Define D := {F : F € L*(Q) with > 7, nn'anH]%% < oo}. The Malliavin
derivative of F' € D is an element of L?([0,T] x Rg x Q,G ® F, @ v ®P), defined
as

Dy F = infn,l(fn(m, ), tel0.T), z € Ry,
n=1

Of course the Malliavin derivative can be iterated in the usual way, written
as Dy, .. 4 o, F. The domain of the nth iterated operator is denoted by D".

On the other hand, let v € L?([0,7] x Ry x 2,6 ® F,{ @ v @ P). For every
t € [0,T] and = € Ry, we have the chaos decomposition

Ut,x = Z In(fn(tvxv ))

n=0

where f,, € L2 41 is symmetric in the last n pairs of variables. Denote by fn the
symmetrization in all n + 1 pairs of variables. Then, we define the Skorohod
integral of u by

6(“) = Z In+1(fn)7
n=0



in L?((2), provided u € Dom ¢ that means - (n + 1)! ||fn|\i2 < oo. This
n+41

integral turns to be an extension of It6 type and pathwise integrals in the sense
that for a predictable process u € L2([0,T] x Rg x ), we have

o(u) = /[07T]><]R0 u(s, z)J(ds, dx).

Moreover, according to Proposition 5.4 in [16], we have the following inte-
gration by parts formula:

Lemma 2.1. Assume u € Domé and F' € D such that

E / ui (F? 4+ (Dy . F)?) dtv(dz) | < oo.
[0,T]xRg

Then, the following relation holds:

5(Fu) = Fo(u) — / wt.p Dy F dtv(dz) — 6(DF - u)
[0,T]xRo

provided that one of the two sides of the equality exists.

We define the space 12 as the class of processes of Dom § such that u(t,z) €
D for almost all (¢, z), satisfying

E

/ (Dy wu(s,y))?dtv(dz)dsv(dy) | < co.
0,772 x R2

Then, we have the following lemma.

Lemma 2.2. If both u and v € L*? C Dom §, we have
Ej(u)d(v)] = / Elug 4vs ]dsv(dx)
[0,T]xRg

—|—/ E[Ds yus y Dy yvs o)dsv(de)div(dy).
[0,7]2 xR2

2.8. Clark-Hausmann-Ocone formula

Finally, in this setting, we can establish an abstract Clark-Haussmann-Ocone
(CHO) formula. Given A € G we can consider the o—algebra F4 generated by
{J(A) : A’ € G, A’ C A}. We have, see [8], that F is F—measurable if for
any n > 1, fu(t1,21,...,tn,2n) = 0, ({ @ v)®"-a.e. unless (¢;,x;) € A for all
1=1,...,n.

In particular, we are interested in the case A := [0,t) X Ry, let us call the
corresponding o—algebra as F;_. Obviously, if F' € D and it is /;_ —measurable
then D; I = 0 a.e. for s >t and any = € Ry.



From the chaos representation property we can see that for F' € L?(1Q),

n
F|Ft ZI fn t17x17"'7tnaxn)Hx[O,t)(t’L))
i=1

(see e.g. [8]). Then, for F' € D we have
D, a:E[F|JT"t ] [Ds wF‘]:t }X[Ot ( )7 (va) € [OaT] X Ro.

Using these facts we can prove, see for example [3] section 12.6, the CHO
formula. It says that if F' € D we have

F = E[F] + §(E[Dy . F|F;_]),

where E[D, . F|F;_] is the predictable projection of D; ,F'
Since the integrand is a predictable process, the Skorohod integral § here is
actually an It6 integral. Then, the CHO formula can be rewritten as

FE[F]Jr/[OT] . E[D; . F|F,_|J(ds,dz).

2.4. The Malliavin type derivative on the canonical space

We are interested in the probabilistic interpretation of the operator D defined
before in the canonical space of a Poisson random measure. It is well known,
see for example [13], that this space can be seen as the set of finite or infinite
sequences of pairs (¢;,x;) such that for any € > 0, only a finite number of them
are in [0,T] x S, where

Se:={z eR:|z| > e} CRy.
In this setting, we define, see [4] or [13], the operator ¥, , by
U, F=Fw+e ) — Fw)

where w + e;, denotes to add to w a jump in time ¢ with amplitude . This
operator is linear, closed and well defined from L°(Q) to L°(2 x [0,T] x Ry).
We say that it is a probabilistic interpretation of operator D in the sense that
F e Dif and only if UF € L([0,T] x Ry x Q) and in this case

DF =VF, { Qv xP—a.e..

From now on we will write with a certain abuse of notation D instead of
U, that is, we will use D as an operator defined on L°() taking values in
L2 x [0,T] x Ry).

It is immediate to obtain the chain rule: for any ¢t and x and any measurable
function f,

Do f(G) = f(G+ DioG) — f(G). (2.2)

Moreover, by iteration, we have the following useful formula

Dy, 2y -+ Ds,y 2, F(w) = Z Z (*1)nko(w+esj1 g, Foetes g )
k=0 {j1<--<jr}C{1,...,n}

(2.3)



2.5. Particular cases: standard Poisson process and simple Lévy process

In the particular case of the standard Poisson process {N;,¢ > 0} with
intensity A, we have the compensated Poisson process {N; := N; — A, ¢ > 0}.
In this case, iterated stochastic integrals are written as

T Sn— So— B _
I.(fn) = n!/ / / fr(S1y ey Sn)dNg, -+ - AN,
t Jt t

and the Malliavin derivative satisfies: Dy f(G) = f(G + D:G) — f(G).
Accordingly, the CHO formula is

F = E[F] + /T E[D/F|F;_]dN;. (2.4)

for any F' € D and Fpr—measurable.

The simple Lévy process corresponds to the case where @ is concentrated in
a finite number of jump sizes {z1,...,z;} and ¥; = Zgil Zy, where {Z},~, is
a sequence of independent and identically distributed discrete random variables
taking values in {z1,...,25}. The values of Z represent the jump size at each
jump before time T. We set p(z;) = P(Z = z;) for j = 1,...,J, and then we
can rewrite Y; = ijl sztj where {Nj,l <j< J} are independent standard
Poisson processes with intensities {\; = Ap(z;),1 < j < J}.

Let Y; denote the compensated process. Then

J J
Y, =Y; - )\tz zip(zj) = Z zj (th - )\p(zj)t) = Z z N7,
j=1 j=1 =1

Thus, the It6 integral for Y; can be defined as fOT X,dY, = Z'j]:l fOT szthtj
and the CHO formula becomes:

T J
F = E[F]+ / > E[DY)F|F,_|dN] (2.5)
0 _

where DY) F := D, , F.

3. A Dyson type formula
We introduce first of all the so-called freezing path operator.

Definition 3.1. Given a functional F € L°(Q) and givenw = ((s1, 1), (52, 22), ...
we define the freezing path operator wt as the operator

(W' o F)(w) := F(w'(w))

where wt(w) is the sequence of pairs (s;,x;) of w such that s; < t.



Remark 3.1. Assume the finite variation case. Consider

X; = / xJ(ds, dx).
[0,t]xRg

Based on the definition, we have the following properties of the freezing path
operator:

1. wt OXu = Xu/\t~
2. For any measurable function g(x1, ...,Ty), we have
w'o 9(Xitys s Xt,) = 9(Xtyaty oo Xipnt)-

3. Givent € [0,T] and f € L*([0,T] x Ry), we have

wt 0/ f(s,z)J(ds,dzx)
[0,T]xRo

= / f(s,m)J(ds,dm)—/ f(s,z)v(dx)ds.
[0,t]xRo [0,T]xRg

Now we can establish the main theorems of the paper, the so-called Dyson
type formula, for the Compound Poisson case in Theorem 3.1 and for the general
pure jump Lévy case in Theorem 3.2.

Theorem 3.1. Let F € LY(Q). Assume v(Rg) = X\ < oco. Then, a.s.,

E[F|F) = w oF+Z , / Da oy Day o, F)(v(da)ds) ™. (3.1)
n: tT"xR"

Remark 3.2. Note that the previous equality can be naturally written as

E[F|F]=w'o (exp (/[t _— Ds u(dx)ds) )(F),

and note also that the iteration of operator Ds 5 is symmetric in (S1,21), ..., (Sn, Tn)-

Proof. If F' is integrable and thanks to Jensen’s inequality, the left hand side
of the equality (3.1) is, for any ¢ € [0,7], a well defined random variable that
belongs to L().

If v(Rp) = A < o0, the underlying pure jump Lévy process X associated to v
is a compound Poisson process, that is, there exists a standard Poisson process
N with intensity A that determines the jump instants and v = AQ where Q is
the probability law of the jump amplitudes.

First of all, we show that the right hand side element of (3.1) is bounded by
MT=D E[|F||Fy], so it is a random variable in L*(Q). Tt is enough to show that

an/m] 10 P Do P (¢(da)ds)" < PO B P 7).
now n



Using formula (2.3) and the fact that the underlying process is a compound
Poisson process, the left hand side term in the previous inequality is equivalent
to

Z Z 3 / Pt (@+es, o +otes, a ) (v(dz)ds)®

n=0 """ k=0 {j1<-<jntC {1, [t.T]" xR

Note that integrals
/[ S |F(w(w + €s)y a5, + . tesy, a, N|(v(dz)ds)®™
t ’!'LX n b

are the same for any selection of ji,...,Jk, fixed k. So the previous series is
equal to

,i ni ki ( ) / g |F(w' (W €501 + o + €5,.2,)) | (v(dz)ds)®"

Interchanging sums and computing the n — k integrals not affected by s and =,
we have

n k _ \n—k
Z o Z % /[ [P (! (@ €ay iy o€y )| ((d)ds)

t,T]k xRk

that is equal to

MNT=1) / Hw €spar + 0+ €opa,) | ((d)ds)©F
kz() k! TkX]Rk " o
N (T — 1) v(dx)ds ok
_ A(T—t) A=y F t _—

_ 2AT-1) ZP(NT — N, =k)E [E[|F||NT - Ny = k]‘ft}
k=0
= ATOE(F||F).



Doing similar computations we prove the equality:

oo

[t,T]F xRE

_ MT—1)
Z k! / T ka’f
N (T — )
_ ef)\(Tft)ZT/
k=0 :

k=0
= E[F|A].

The main idea of this proof

(¢,

1
- w'o (Dsy oy ~Dsman)(l/(dx)ds)®")
n=0 [t, 7™ xRy
=D =) > D
n=0 " k=0 {j1 <--<jp}C{l,...,n}
X F(w'(w+es;, .z, 4+ €5y, 2, ) (v(dz)ds)®"
[t,T]" xR
1 < (n
_ - ~1 n—k
> (k)< )
n= =0
8 / w + Cs1,m1 +o Csi, Ik))(y(dx)ds)gm
t, T"XR”
7 72 ( )n k:)\n k(T_t)nfk:
a k! (n—k)!
k=0 n=k
X F(wh(w + €sy,my + -t esk_,g,ck,))(Ij(dx)ds)(@l€

(W esy o + .o F esk,m))(If(dx)ds)@€

dz)ds ok
FwthreSlz + ...t €5 u (l/()
I CLCR ) (Xt

i P(Ny — N, = k)E [E[F\NT - N, = k]\ﬂ}

O

is to use the binomial recombination. Similar

idea for related combinatorics can be found in the proofs of Proposition 4 and
5 of [10].

Theorem 3.2. Assume F € L'(Q), and

w ° F + Z n' / XRﬂ ‘w ° Dsl’wl e Ds”)g;”F)|(V(dw)ds)®n < o0, a.s..

Then, a.s.,

F|F]=w'oF + / Dy, o, Ds, o, F v(dx)ds)®"
E[F|F Zn, tT]ann L L2, F) (v(dz)ds)

10



Proof. If Qr . is the canonical Poisson space when v is concentrated in {|z| > €},
from the finite activity case (Theorem 3.1), we have

E[Flq,,

=1
Fi] = Z 7‘/ w'o (Dsl,xl "'Dsn,,an)(V(dx)d3)®n~
neo ¥ JIt,T]" x{|z|>e}"

Using the hypothesis and dominated convergence, the equality is valid a.s. for
a general v. O

Remark 3.3. Following Section 2.5, we directly obtain the Dyson type formula
for Poisson process and simple Lévy process as corollaries of Theorem 3.1.
In the standard Poisson case, if F € L'(Q), we have

EF|F]=w'oF+) )\”/ w'o (D, -+ Dy, F)(ds)®". (3.2)
n=1 t<s51<...<5,<T
In the simple Lévy process case, we define the operator Ag := ijl )\jD‘Ej).
Then,
E[F|F]=w'oF+)_ / who (A, -+ Ay, F) (ds)®™.
n=1 t<s1<...<s, <T

4. Backward Taylor expansion

In this section, we provide the backward Taylor expansion (BTE) for a func-
tion of discrete pure jump Lévy processes. As was showed in [5] for the Brownian
case, the BTE is useful for numerical applications. We provide an example of
an application in the next section. One can also use, as we did in [5], the BTE
to prove the Dyson type formula by an approximation argument. However, the
conditions for convergence of the Dyson series that we give in Theorem 3.1 are
simpler than what we obtain following the BTE approach, so we do not show
this method of proof here.

We first consider the case of the Poisson process. The case of the compound
Poisson process will be a corollary. Recall that the Charlier polynomials Cy, (x, y)
can be defined by the formula (14 z)%e™%* = >~ %C’n(a:, y) or by recurrence
as Co(l',y) = 1? Cl(xay) =Tr—-Yy and

Cni1(z,y) = (@ —y —n)Ch(z,y) — nyCp_1(z,y).

A well-known relation between Charlier polynomials and multiple stochastic
integrals (see [16] section 3) is given by the formula

T Sp— So— _ _
Cp (N7 — Np, MT — 1)) :n!/ / / dN,, - -dN,, .
t t t

By the integration by parts formula given in Lemma 2.1 and induction, we
can prove the following lemma, which is the counterpart of Lemma 5.3 in [5].

11



Lemma4.1. Let F = f(Nr) € L*(Q) be Fr-measurable and > o0 E [(D%F)z} <
oco. Then forn > 1,

T Sp— So— N B n o0 ) ) o ) )
t t t - 3

xCp_j (N7 = Ny, A(T — 1)) m

Proof. As a consequence of Lemma 2.1 (see also Proposition 6.5.1 in [9]), the
integration by parts formula for the Skorohod integration with respect to the
compensated Poisson process is:

T T T T ~
/ FSN, = F/ dN, — )\/ D Fds —/ D, FSN,. (4.1)
0 0 0 0

Since F depends only on N, we have D,F = Dy F when s < T. Therefore, we
apply (4.1) repeatedly to obtain

T ~ T T
/ F6N, = F/ stf)\DTF/ ds
0 0 0
T T T ~
- <DTF / dN, — AD2F / ds — / D%F6N5>
0 0 0
T N T
= G/ dN, —)\DTG/ ds (4.2)
0 0
where G := 3 ;2 (—1)'D4LF

In general, repeatedly applying (4.2), by induction:

T Spn— So— B _
[ [ o,
t t t

= i i i {(1)i1+..+inD%+..+i7zF/T /SF /Srst1 "'stn
t t t

11=012=0 in=0

_ ) . ) T psn—1— psa— ~ T
+>\(71)Zl+“+ln+1D§—1‘+“+l"+1F/ / .../ dN91 “.dNSn—l / dSl
t Jt t t

T -I—)\n(—l)il+"+i"+nD%+”+i"+nF (d8)®n}

t<s1<... <8, <T

i > _ L i N (T — #)J
_ Z Z (71)11+»~~+1n+JD1}+~+ nJr]FCrn_j(NT o Nt, /\(T - t))(_il)'
§=0i1,...,in=0 (n—j)!y!
O

Note that any Lévy process can be assumed right continuous with left limits
without losing generality. Being T is a prefixed point, the probability of a jump

12



on T is null. Therefore Nt is almost surely equal to Ny_ and of course these
two random variables are equal as elements of L?({2). Similar argument holds
also in the following proof of Theorem 4.1.

According to Lemma 2.2, Proposition 5.4 and 5.7 in [16], and (2.12) in [7],
we have the following lemma. It is the counterpart of Lemma 5.1 in [5].

Lemma 4.2. For the multiple Skorohod integral 6* with respect to the compen-
sated Poisson process, if u € LY2? € Domé” we have:

L

B[] =3 (1) 0 [l

i=0
where
i 2 —i
HDL UHH®(2L—1‘> = / Dy, -+ Dy u(sy, oy SL)(dt)®(L )
[0,T72F
><DS1 tee DsLﬂ.u(tl, ceey tL)(dS)®(L_i)dtL,i+1 e dtLdSL,iJrl t 'dSL.
Recall that the space %2 is the generalization of L2 changing D by D* in
the definition, see Lemma 2.2 above (or Definition 5.5 in [16]).
Based on these two lemmas, we can prove the Backward Taylor Expansion.

For simplicity, we introduce a notation p(m,n) to denote the number of parti-
tions of a positive integer n with exactly m parts, allowing 0.

Theorem 4.1. Suppose F € L?(Q) and 0<t; <..<ty.
1. Poisson process: Assume F = F(Ng,,...,Nt,,) such that for any m =

1. .M-1,Y°E [(D;‘mFﬂ < oo and

L

SE {(ij;fF) 2} AL <§>4(Li!!)2(tm+1 )2l B2 0 3)

=0

Then we have

E[F|F;, ) =) w(m,AN,,)E[D,

tm41
=0

where ANy, := Ny, ., — Ny, and the random coefficient v(m, ANy, ) has the
following representation for I > 0:

F|Fi,01] (4.4)

m

M (t7n+1 - tm)j

(i, AN) = (1) 3 plo, 1)y (AN Ml 1)) =

j+n<l
j<n

2. Simple Lévy process: Assume F = F (fftl,...,ﬁM) such that for any

N
m=1,...,M —1 and adll 7, Z?EOE[(D;;SJ)F> ] < o0; as well as

n; 4 . n;—1i
« m+1 i i ')2

s
nit..4ny=L \i= ()

13



Then we have

E[F|F,, | = Z Wty (m, ANE AN VEIDE Y DD RN E, L

tm+1
l1,...,l;=0
where
,yll’” (m ANtl .. ANt{n) _ (_1)ll+~..+ll
H Z njv —nj — rj)cnj—'r‘j (Athma /\j (tm-‘rl - tm)))‘;j (tm+1 - tm)rj
! :
s vty (n; —rj)ir;!
Tjgnj

Proof. The proof of this theorem is similar to the proof of Theorem 2.1 for the
BTE of Brownian motion in [5]. First, for any m < M — 1, we apply the CHO
formula (2.4) to obtain:

E[F|F,]

tm
+/ E[D,, F|F,,_]dN,
0

tm+1 ~
EF|F, ]~ / EDy,. F|Fo_JdN.,.  (45)
t

m

The equality D, F' = Dy, ., F' in the previous line comes from the assumption
that F = F(Ny,, ..., Nt,,). Applying the CHO formula iteratively, we obtain:

m+1 B ~
E[F|F,] = / / / EIDL  F|Fi,.,_|5K,, 8K,

+RL (4.6)

[tmvtm+1]

where the remainder is defined as

m+41 -
t'rn;t7n+1 : / / / E t +1F|‘Fb ] s1 " 'stL'

Applying Lemma 4.2 to the remainder R% ] and with the help of con-

[tm,,tm,+1
dition (4.3), similarly to the proof of Lemma 5.2 in [5], we obtain:

4 .

E {(R[[;m m+1]) ] ZE { Dy, 1oy ‘~‘Dtm/+17I2L_iF)2:| <§>(£;>2(tm+ltm)2Li

1=0

and this converges to 0, which guarantees that the series (4.4) converge. Now
we define, for any € > 0,

tma1

t7n+1 € ~ ~
G(L,m,e) := / / E[DL F|F, .. —c]0Ng, -+ 6Ny,
t t7n

14



where G(L,m,€) is a Fy,, ., —. measurable random variable. Notice that D F =
Dy, . Fif s € (tm, tmy], by taking € < t;,41 — t, and applying Lemma 4.1 to
G(L,m,e), we obtain

G(Lym,e) =) Y (-1t ti gDt Attt g F,

tm+t1 m+1—6]

O‘(thrl — & tm))j
(n— )5

XCnfj (Ntm+1*5 — Ntm7>\(tm+1 — & — t))

Let T(L,m,¢) be the set

T(L,m,E) = {tm S S1 S S SL S tm+1} - {tm S S1 S é SL S tm+175}~

E[DE

t7n+1

~ ~ 2
Then E {(f”ms) FIFi,..\ <J6Ns, 6N, ) ] =0

On the other hand, E[D;' "L p|F,

tm41
almost surely as ¢ — 0 because N has a finite number of jumps in any finite
interval. Therefore, with the decomposition of the Skorohod integral

tmt1 SL— ~ ~
/t /t / E[DE | F|Fi,., 0N, - 6N,

m tm

= G(L,m,5)+/T(L )E[DLM+1F|]-}M+1,8]5N51-~-5NSL
,M,E

N E[D11+ +Z,L+j+LF|]_-t

m+17€:| timt1 m+1]

and Cauchy-Schwarz inequality, in L?(),

m+41 ~ ~
/ [ [ Bk oo

— Z (— 1)'ll+ +ZL+jE[Dll+ +1L+J+LF|]:t

t,”+1 'rn+1]

§=041,0in =0
(/\(tm+1 — tm))j

(- )i

We notice that the remainder tends to 0. This completes the proof of the
backward Taylor expansion for Poisson processes.

Since the simple Lévy processes can be regarded as a finite sum of Poisson
processes, similar to (4.5), we apply the CHO formula (2.5) and obtain:

XOL_]' (]\/vtm_*_1 — Ntma>\(tm+1 — tm))

e ) N
_ J j
EF\R, ) = EIF\F )~ [ 3D EIDE) FIF. AN,
Keep iterating the above formula using (2.5), with the similar discussions as
what we did for (4.6), the backward Taylor expansion for simple Lévy processes

can be obtained.
O
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As a corollary of Theorem 4.1, we can similarly prove the backward Taylor
expansion for the compound Poisson process. We write X; = f[o H]xRo xJ(ds,dx).

Corollary 4.1. Assume F € L*(Q) such that F = f(Xy,, ..., X¢,,) with 0 <
< St Then if 320 fuy B[ (Dtysss -+ Diy )] (v(d2))® < o0,
v(Ro) = A < 00, and the following condition holds: for any 1 <m < M —1,

L 2L—i 2 wor—i (L\"' ! 2L—i
Z /]RZL” E |:(Dtm+1711,-~7tm+1,IzLiF) :| (V(d.l?)) (Z) (L|)2 (tm‘H o tm)
=0 0

L—oo 0, (4_7)
we have, for any 1 <m < M — 1,
E[F|F,]
!
= BIFIF]+ 3o AX) [ Bl PP (0(00)°
=1 0

where v (m, AX,,) has the following representation: for 1 > 0

()‘(tm+1 - tm))j

Yi(m, AX ) = (—1)! > Crj (AXy, , Mtms1 — tm)) ORI

it =l
j<n

Remark 4.1. A large range of random variables can fit (4.3). Using the Stirling
approximation, we can prove that:

L 4 . L
L 7! - . C
)\2L—'L tm _ tm 2L—1 <
;:0 (Z) (L')2 ( +1 ) = LL

for some fized constant C > 0. Thus, for those random variables F such that
for any [ and t,

E[(DiF)*] <¢ (4.8)

for some constant ¢, (4.3) always holds. A simple example is F = e*NT for any
constant a. We have

L L
L L
D%F — E (_1)L—l(l>eaNT+al — eaNT E (_1)L—l <l>eal — eaNT (ea o 1)L )
=0 =0

Then, E [(D%F)Q} = E[e2oN7] (e — 1)2L < b for some fized c which does

not depend on L and (4.8) holds. Therefore, we can regard (4.8) as an alter-
native condition of (4.3), which is easy to check in practical examples. Similar
discussion also holds for condition (4.7). We can use the alternative condition:

/ E |:(DtM+lgzl to Dtm+1,zLF)2:| (V(dx))®L < cL,
R

to simplify the checking process in practical calculations.
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5. Applications

5.1. Poisson Black-Scholes Model

In this section, we recover the price of the call option under the Poisson
Black-Scholes Model. We notice that the Dyson series approach is simpler and
more direct than the classical PIDE approach, see for example [11], Chapter 11.
Also, we note that we can not use the Dyson series in the Brownian case, since
the maximum function is not differentiable.

Let F' = exp (Nrlog(o + 1) — AT'o) with o > 0. We want to evaluate E[(F —
K)*|F] for some fixed positive K. Let G = (F—K)™*, then for sy, ..., s, € (¢,7T],
using the chain rule of Malliavin derivative and induction, we obtain:

Z(il)nfkr <Z> (eNt log(0+1)—ATo+klog(o+1) K>+

k=0

w'o Dy, --- Dy, G

Thus by the Dyson type formula for Poisson process (3.2),

E[G|F]
_ Z Z(_l)n_k (n) (eNt log(0+1)~ATo+klog(o+1) _ K>+ M
n=0 k=0 k "
(5.1)
_ — > Ak(Tft)k og(o - o og(o +
— o MT t)z:T (eNtl g(o+1)=ATo+klog(o+1) —K) (5,2)

k=0

which matches the classical result shown in [11], Chapter 11.
Rather than these two approaches, we can also obtain a series of the pricing
formula with BTE using Theorem 4.1:

i { > Ci—j(Np — Ny, N(T — 1))

n=0 ™ i4...4+i;+j+l=n
Jj<i

n +
« Z(_l)k (Z) (eNT log(c+1)—ATo+klog(c+1) _ K) } (53)

k=0

N (T —t)?
(L=t

In the following, we numerically compare these three different approaches:
by Dyson series (5.1), BTE (5.3) and regular series (5.2). In each case, we
truncate the series along the first summation symbol up to NV terms.

We choose "=\ =1, t = 0 and the strike K = 1, and approximate these
three series by taking NV = 30 and we show two cases with different values of o.
From Figure 1 and 2, we can easily observe that both backward Taylor expansion
and Dyson type series converge faster than the regular approach. Moreover, this
comparison also implies that the Dyson series matches the BTE numerically for
this particular example.
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Dysan, BTE
Regular

Dysan, BTE
Regular

Figure 1: Option price with 0 = 2 as a Figure 2: Option price with ¢ = 0.5 as
function of the number of terms in the se- a function of the number of terms in the
ries series

5.2. Lévy Quadratic Model

In this section, we use the Dyson type series to evaluate the bond price in
the Lévy quadratic model of interest rates. In [5], Section 3.4, we applied the
Dyson series representation of Brownian motion to evaluate the bond price in
the extended Cox-Ingersoll-Ross model, in which the interest rate is given by
a summation of the square of Gaussian Ornstein-Uhlenbeck processes. In this
section, we extend this model to Lévy processes. In this model, the interest
rate is the sum of sunare of non-Gaussian Ornstein-Uhlenbeck processes, that
is, rg := Zf:l (Ug”) with Us(z) = Ué’) + fos Ui(u)def) for each i = 1,...,d.
{0i},_1, 4 are deterministic volatility functions, U are constants and X are
independent and identically distributed pure jump Lévy processes with finite
Lévy measure v and intensity A := v(Rg) < 0.

This model can be regarded as a special case of a general Lévy quadratic
model. The bond price of the general case is given by (1.2) and (1.3) in [1]
as a solution of a system of Riccati equations. For this particular case, we
use the Dyson series shown in Theorem 3.1 to give an explicit representation

for the bond price E [F|F;] with F' = exp (f /, tT rsds) . We have the following

proposition, which to the best of our knowledge, is an original result.

Proposition 5.1. 1. Ifd=1, Uél) =0 and o1(u) =1, we have:

E[F|F] =exp(—r(T —t) — N(T — 1)) (1 + Z /1 Li(zq, ..., ;) (V(dx))@)
i=1 0

where I; is defined in (5.5) below.

2. Ifd>1 and {ai}izl,.u,d are deterministic volatility functions, we have:

E[F|F) = exp (—r(T —t) —d\T — ) [ (Z/ 0\ (21, ..y ;) (z/(da:))®l>
1=0 ' R%

=1

where bl(i) is defined in (5.6) below.
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Before proving the proposition, we provide two numerical simulations. Let
X be a standard Poisson process with A = 1, take T = 1 and t = 0. We
approximate the bond prices using two series in Proposition 5.1. For case 1, we

simulate e~! (1 + ZZ\; I, ,1)) up to N = 10, see Figure 3. For case 2,

Uél) _ 52) =0 and 01 (u) = oa(u) = e~ =% and simulate

N N
o2 (1 + Z bl(l)(l, . 1)) (1 + ZbEZ)(L . 1))
=1 =1

up to NV = 10 also, see Figure 4. From these two figures, we can observe a
quite stable series converging to the target estimation quickly in four terms.
And the limit values match with the values obtained by Monte Carlo simulation
generating the Poisson variable 22° times. Rather than the large amount of the
data necessary to generate Poisson variables in order to simulate the integral

we assume d = 2,

in £ [exp (— f01 N, f)ds)} , using Riemann sum, the Dyson series has an obvious

simpler way to reach a good approximation with less request of time and data.

0.7

0.6

05

0.4 0.4

03

0.2

Figure 4: The first 10 partial sums of
Figure 3: The first 10 partial sums of Dyson series with d = 2 and o1(u) =
Dyson series with d = o = 1. o2(u) = e—(1—u),

Proof of Proposition 5.1. In the following, we will denote s1Vs2 := max{si, sa2}.
For the first case when d = 1, Uél) =0and o1(u) =1, ie. 75 = X2 and F =
exp (— ftT des). By the chain rule (2.2) and the fact that D} ftT X2ds =0

for any u and  when n > 2, basic calculations show that

CHEED

1 (1< <G} C{1 )

T i T
exp { — / X2ds — Z <2£ch / Xsds+ (T — sjr)xi>
t r=1 Sjr
T
- Z 2(T - sj?“1 \/ ser)‘rjr1 xer} + (_1)" eXp <_/ Xs2ds> 7(54)
t

1<ri<re<i

Ds, 5y -+ Dy, 0, F' =

n
1=

19



where by convention, the sum over 1 < r; < r9 <1t disappears when ¢ = 1.
With the help of symmetry and Remark 3.1, we obtain

/ Wt °© (Dsl’xl e Ds’nﬁan) (V(dx))®n (ds)®n
¢, T]n xRD

n

= (=) (1;)@' exp (—(T —t)X7) (T —t)"" /0 (@, ooy i) (v(da) "

i=1

+(=1)"exp (=X} (T — t)) N (T —t)"

where

Ii(z1,.yzi) = /t< exp (—a1 (X)) (T — 51) — ... — a;(X)(T — 5;)) (ds)®*

<s1<..<s; <T
a;(Xy):=2Xx; + a:? +2zj(xj1 + ... 4+ x1),J > 2 a(Xy) =2Xm + 3.

Since X; can be regarded as a constant in the integral, I; can be evalu-
ated explicitly. For simplicity, we write a; instead of a;(X;). By setting up a
recurrence formula for I; and using induction, we obtain

By,
(o Z ¢ a1 (Qky1 + arg2) o (Grpr + o+ ag) (5:5)

where

(—)*exp (—(ay + -+ +ap)(T —t

) for k > 1 and By := 1.
ak(ak_i_ak_l)...(ak +...+a1)

Bk =

Therefore by Theorem 3.1 and changing summation between n and i, we get

Pl = an/[ o Pun D ) ) (05)°”
t,T|™ T

= exp (—XF}(T —t) = MT — 1)) <1+Z/ (@1, ) (v(dz))® )

Now we provide the bond pricing formula for the case when d > 1 and

{oi};—1 4 are deterministic volatility functions. We calculate E [F|F;] by de-
A\ ®d )

composing the filtration into (ft(z)) where for each ¢, ]—'t(l) is the natural

filtration generated by X (9. Then by the independence of processes X () we

have
T ) s A\ 2 )
exp (—/ (UOZ) _|-/ a,»(u)qu(f)) ds> ’]—‘t(Z)] .
t 0

d

E[FIF]=]]E

i=1
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If we denote D as the Malliavin derivative for X (9, then similar calcula-
tions as in (5.4) give us

n

Dgil),rl e Dgi)yan(i) - Z(_l)n—l Z

=1 {in< . <aircd1,...n}
T 2 l T T
exp ( — / (Us(i)) ds — Z <2xjr / UDoy(s)ds + x5 / o? (s)ds)
t r=1 Sir Sir
T T 2
— Z 2z;, xj,, / 01»2(8)(15) + (—1)"exp <—/ (Us(i)) dS) )
1<r1<ra<l Sirqy VSirg t

where by convention, the sum over 1 < ry < re <[ disappears when [ = 1.
Now if we define

) ! ) T T

bl(l)(xl,...,:cl) ::/ exp(—z 2Ut(l)mr/ ai(s)ds—kajz/ o?(s)ds

[th]L — S S

r=1 il ™

T

=Y e [ oMeds) @)
1<r; <re<l SrqVsry
) T ) T T )
bgl) (z1) :== / exp —2Ut(l)m1/ oi(s)ds — x%/ o2(s)ds | dsy, b(()l) =1,
t S1 S1
(5.6)
with the simple notation bl(i) instead of bl(i)(xl, ..., z7), we finally obtain
E[FIF) = exp (—r(T =) = d(T =)\ ]| (Z / 0" <u<dw>>®l> :
i=1 \i=0 ”Rb
which completes the proof. O
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