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Abstract

We consider a stochastic differential equation 0;X = f(Xy, t) + 7, where 7 is
a mixed noise. The It6 formula, for both cases Poisson and mixed noise, will be
given. The truncated moments of mixed noise will be calculated. The generalized
Feynman graphs and rules will be introduced, and a graphical representations of
the truncated moments of mixed noise will be provided.
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1 Introduction and overview
We consider the stochastic differential equation (SDE):

{ 2X,(2) = f(Xo, 1) + (1), (t,2) €0, co[xR "
Xo(z) =z, 20 € RY

where 1 = n(t) is a stochastic noise, X;, f(z,t) € C*(R? x [0, 00]).

It is known that for Riemann integrals one use the fundamental theorem of calculus, which
establishes a connection between integration and differentiation, however for stochastic integra-
tion we do not have such results but we have an Ito integral version of the chain rule called Ito
formula.

In the case when f(z,t) € C?(R? x [0,00[), and  a Gaussian noise the It6 formula is known,
see, e.g, [11].

The Ito formula is one of the most powerful tools of the stochastic analysis due to its vast
range of applications, for example in Mathematical Finance, see. e.g [11]. However the applica-
tions of this formula to other fields like graph theory seems to be not well studied. It is therefore
the aim of this work to provide a link between graph theory and Ité calculus.

In this work the It6 formula for pure jump noise is obtained for a given polynomial f, but it

(I PN
can be extended further by interpreting Z % (8—X> f, as a pseudo differential operator in
—

X. Moreover, we will show how the Poisson noise can be scaled to obtain a Gaussian noise,
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and hence we get back to the classical Ito formula. Finding graphical representations to the
truncated moments of mixed noise seems to be of a great importance since it will simplify the
stochastic integrations and formulas therein, also it will establishes a connection between graph
theory and Ito calculus.

The graphs introduced, during this work, are called Feynman graphs see, e.g [7, 15], and a
numerical value! will be assigned to each graph.

Our graphical model is not restricted to SDE of type (1), in fact one can generalize equation
(1) and make it more complicated, e.g by introduction of non linear terms, e.g for force F' of
gradient type, ' = VV we obtain a non-linear SDE and one can ask the same questions as
before, again expansion into graphs is possible. Generalizing further we pass from SDE’s to the
stochastic partial differential equations (SPDE’s), see.e.g [8, 15].

Before we go over to describe the contents of the present paper, let us mention that, to the best
of our knowledge, a graphical representations of the noise as done in this work, have not been
considered before.

Let us now describe the single sections of the article:

In the next section we will start by some useful notations and representations of the Poisson
noise, we consider the case of a polynomial function f, then we prove the It6 formula for pure
jump noise.

Section 3 will be devoted to Gaussian and mixed noise, we will show how one can scale the
Poisson noise to obtain Gaussian noise.

Section 4 is concerned with the proofs of the main results on the graphical representations of
the truncated moments of mixed noise, for this aim we will introduce the Feynman graph and
Feynman rules.

2 Stochastic equations driven by Poisson noise

In this section we start by introducing some useful notations:

Let S(RY) be the Schwartz Space of all rapidly decreasing functions on R? endowed with the
Schwartz topology, its topological dual is the Space of tempered distribution noted by S’(R%).
We denote by (., .) the dual pairing between S(R?) and S'(R9).

Let 1 : R — C be the Lévy characteristic, see [14], represented by

2t2

Y(t) =iat — AL / (et —1)dr(s), Vt € R. (2)
2 R\{0}

Here a € RY 02 > 0,2 > 0 and r a probability measure on R?\ {0} such that its Fourier
transform is entirely analytic.

Now we will consider a representation of the Poisson noise in terms of corresponding Poisson
distribution:

Let A,, C C R? be a monotone sequence of compact sets s.t, A, T R? as n — oo and Ay = 0.

! The procedure of given each graph a numerical value is called ”perturbation theory”.
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For n € N, Let L,, = A,,\ A,,—1 and we denote the Lebesgue volume of L,, by | L,, |. Let

T
dzx
= Sjorn, T ~<Clor, T>0,° (3)

where J, is the Dirac measure of mass one in , {S;‘}j en is a family of real valued and indepen-
dent random variables with law given by r and N7 is a poisson random variable with intensity
z | Ly |, ie,

Ly |)*
P(N; = k) = el EL Lo [ i ke (4)

The characteristic functional of the noise 1}, for any function h € S(R?) such that supph C L,
is given by:

(Y (o T snh<Xﬂ>>

o Z\L ois dr \!
|L|Z /\/Rd\o h(x ()‘Ln‘)
= exp{z (@) _ 1)dr(s)de} = C p dy,
{ //R\ dr(s) dr} = Cp(h), Vh € SR, (5)

For a fixed random parameter w, let T1(w), To(w), - - -+, Tz (w) be the random times at which
the jumps occur.

To avoid notations complications we will restrict to one dimension,(generalizing to d > 1
will be straightforward), we consider also polynomial transformations, i.e, we let f(X,t) =
Yo Co(t) X9, N €N.

Lemma 2.1. Let X and S be two random variables then:

(X+S)q—Xq:ZSl<£(> X% geN 6)
1=1
Proof. We have
a !
(X +8)7— X9 = lz; mxﬁsl—xq
_ i q! xal gl
2 (g~

2The index p here, is just a notation and we mean poisson noise.
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n
Since Z—f;(X,t) = f(X,t) = Eé\;O (Cq(t) X‘I), it suffices then to determine (Cq Xq> for t &
{Tlv t 7TN§}

Proposition 2.2. Let Ty, - -,Tnz be a discrete random times and X be a derivative without
stochastic terms then:

0

l
8—X> O, X1 (7)

. . 5 q l
(Cqu) = G XY 4 X X+ Y % (
=1

Proof. Let X(T;") = lim X(¢) and S; = X(T}) — X(T} ), we have

T I
(quq> = CpX"+qXTIX
Ni
_ Cqu + qu—Ij( + Z o7, () Cq [(X(Tj—) +Sj)q _ Xq(Tj‘)] )
j=1

using lemma (2.1) and the fact that n' = Ejvjl S;- d7;, which is again a poisson random field,
we obtain

NZ q

. St 9\
7) = q q-1 AN i q
(Coxe) = € X7+ qX X+;5T ;“ (5x) X
: 1 v ! Ul 9 \!
= X7+ qXT X+Zﬂ<a_x> C, X1, 8)
=1
n
By lemma (2.1) and proposition (2.2), the following results holds:
Theorem 2.3. The Ito formula for pure jump noise is given by:
of of SR WA
FX0) = SHXH) + 500 X + IZ T (55) Fex (9)
Proof. From proposition (2.2) we have:
N N L IAPIN N
. B . 1
ft = 3 CxT+ Y qx X+ 3 (1) Yo xe
q=0 q=0 =1 q=0
of of s o= 0\!
- Xt + 2L(x,t) X T2 #(x
o Tax XX l; i (ax) 7660
N 8f 8f a nl 0 \!
= (X0 + (0 X+ Y T (55) (X0 (10)

l

||
N
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3 How to obtain a Gaussian noise from Poisson pro-
cess

We consider the generalizing functional of a function f for a Poisson noise 7?:

T .
Cor(f) = exp (z /0 /Rd\{o} (€57 — 1) dr(s) dt), z >0, (11)

where f]Rd\{O} sdr(s) =0, and let co = fRd\{o} s2dr(s).

Lemma 3.1. Let Cpp be the generalizing function of a function f given by equation (11) and
19 the Gaussian noise, then:

lim q&ﬂ:aﬂﬁ:{em(_%ﬁ?ﬂ@ﬁ) ifn=2 (12)

Z—00 0 , otherweise

Proof. Consider the transformation s — % and let z — oo, then:

T s
Zh_I}nOO Cp(f) = Zli_1>noo exp (Z /0 /]R\{O} (e =IO _ 1)dr(s) dt)
T .
= lim exp (z / / ¢ =0 dr(s) dt)
- zh—r>noo eXp( / /]R\{O} Z TL' z2 (8) dt)

= exp ( /OT /R\{o} _582 f2(t) dr(s) dt)

= exp (_ %2 /OT f2(t)dt)
= Cy (13)

Lemma (3.1) shows that one can scale the Poisson noise to obtain a Gaussian noise with intensity
c9, under this scale it is therefore important to think about the Ité formula in case of higher
order n?'s .

Lemma 3.2. Let nP be the jump noise given by equation (3), then the following holds:
c2 — B
lim  CP)? (f) = eXP( o ) ifg=2,n=1 14
Proof.

§n gin
lim Cn?)4(f) = lim exp / / — () dr(s)dt
zZ—> 00 ( ) ( ) zZ—> 00 ]R\{O} Z ( ) )

n'z2

{exp(c2 fo ) Jifg=2,n=1 (15)
1 Jifg>2,n#1



6 Boubaker Smii

empty vertex | full vertex | leg of type 1 | leg of type 2
o ° « g

Table 1: Different types of vertices and legs.

Applying lemmas (3.1) and (3.2) to the It6 formula obtained by theorem (2.3), one thus get the
following result:

Theorem 3.3. Let n be a Poisson noise given by its generalizing functional (11) then:

o _of of ¢y /D \2
lim fOG8) = S8 + 5000 + 2 (55) (X (16)
Proof.
, . o of of ) Iont 0 \!
lim f(X,t) = lim_ E(X’t)+a—x(x’”x+;ﬂ(a—x) F(x,8)]
of of c2 (0 \2
= S0 + 500 + 2 (55) FXD (17)

If we assume that the random variable X depend on z, i.e, X = X, and in the It6 formula, n?

will be replaced by 79, a pure Gaussian noise, we obtain the classical Ito formula with ¢y = o2.

4 A graphical representation of the noise

In this section we will develop a graphical representation for the mixed noise, for this aim we
need first to introduce the Feynman graph and Feynman rules and to calculate the truncated
moments of mixed noise.

Let G,(t, x) be the Green function which satisfies :

{ %TTW = Gr(tv .T) + (5(.%) ,(t, .T) E]0,00[X R4 (18)

G.(t,z) =0, t<0

Here §(x) is the Dirac distribution.
In the following we will assign to each numerical expression a graphical symbol:

e A 7propagator” of type G,(t — s) will be symbolized by e
e A "propagator” of type §(t — s) will be symbolized by o
e A contribution 7n(s) will be symbolized by a full vertex

e For the power of X, i.e, XP we will consider p legs of type 1 connected to the same full
vertex.

The different types of vertices and legs are resumed in table 1.
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Definition 4.1. A Feynman graph is a graph with two types of vertices called empty vertex and
full vertex, by definition full vertices are distinguishable and have distinguishable legs whereas
empty vertices are non-distinguishable and have non distinguishable legs. FEdges are non-directed
and connect full and empty vertices, but never connect two full or two empty vertices. The legs
of type 1 connect the full vertices whereas the legs of type 2 connect the empty vertices.

We denote the family of all Feynman graph G with n vertices by F(n).

Definition 4.2. Let z1,...,7; € RY I a partition of the set {1,....n + p}, I € P(n + p),
I ={I,..., I} the truncated moments functions (n(z1) - 1(x,4p,))? are recursively defined by:

n-+p

k
<H77(Zi)>: Z H(IﬁT (19)
=1

IeP(n+p) I=1
I={I1,..., I}

where (I;)7 H n(x;))
Je€n

Proposition 4.3. Let n be a mized noise, then the ordinary moments (XP(t)n(s1) - - - n(sn))
are given by:

(XPOn(s1)~nlsn) = [ Gelt=tr)- [ Grlt=ty) > HH?? )T dsy-dsy, dty--dt, .

Ry Ry 1eP(ntp) 1=1 jEI,
I={Iq,....I;;}
(20)
Proof. Let I = {1, -+, Iy} € P(n+p), then
(XP(@n(s1) - nlsn)) = (X(E) - X(&)n(s1) - nlsn))
= Gr(t—t1)--- [ Gr(t —tp) (n(t1) - - ntp)n(s1) - - - nlsn))

Ry R,

dsy - - dsy, dty - - - dt,,

k
= Gr(t—t1) -+ | Get—t,) > T[]0 dsy---dspdty -

R+ R+ IeP(ntp) =1 j€I,

I={I1,....I}}

Where s1 = 1,11, -+, 51 = tp4y.

The following result simplify the calculus of the truncated moments H(H n(t;))7":

=1 jeI,
Theorem 4.4. The truncated moment functions of the (mized) noise n are given by the following
formula

n(xq) - - n(a:n)>T =c, ) 0(x—x1) - 0(x —xp)dx. (21)
R
where
T O
e = (=) o |t=0
= Op, 10+ 0y 20" + Z/ s™dr(s) (22)
R4\ {0}

On, ns being the Kronecker symbol.

dt,
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Proof. For the proof we refer to [2, 8.
]

Definition 4.5. The following algorithm denoted by B(G) and known as Feynman rule assign
a numerical value to each Feynman graph G:

e Assign a value s € R+ to each empty vertex.

e For each leg of type 1 multiply with G,.(t — s) and for each j-th leg of type 2 multiply
with §(s — s;).

e For each empty vertex with n legs multiply with c,.
e Integrate, with respect to Lebesgue measure, over all s.

Theorem 4.6. Let I = {Iy,---,I;} € P(n+p), then the ordinary moments of order p are given
by:

X n(sa)) = [ Golt—t) [ Gult=ty) Y H%/ TT 5(t;—t) dsy-ds, dtr-dt,

R R I€P(ntp) =1 tjern
I={I1,...;I}}
(23)
Proof. By proposition (4.3) and theorem (4.4), we have:
(XP(E)n(s1) - nlsn)) = Gr(t—t1) -+ [ Gult—t,) > n(ty)" dsy - - - dspdty - -
R Ry I€P(ntp) =1 ]EIl
I={I1,...;I}}

- Grlt—t1) - [ Got—t,) > /H% t)dsi - -

R4 R4+ 1eP( n+p) =1 Y"™+jer
I={I1,...,

k
= Gr(t—ty)--- G (t —tp) chl/ H 5(t; —t)dsy - - -

R4 R4+ IeP(n+p) I=1 +j5€er
I={Iy,....I},}

The following example provide a graphical representation of the moments of the noise in the
case when n = 2:
Example. The ordinary moments of order 2 are given by:

(X2(t)n(s1)n(s2)) = c 000 G2%(t — 8) 6(s1 — s9) ds + 2¢3 /000 Gr(t —s)Gp(t — 5)d(s1 — s2) dsds

¢y /OO G%(t — 5) 8(s1 — s9) ds, (24)

following definition (4.5) the corresponding graphical representation will be:

(X2(Wnlsn(se)) = < C +2« .+ << (25)

To derive now the graphical representation of the truncated moments, we need first mixed
truncated expectations of n?'s and n's:

dt,
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Proposition 4.7. The truncated moment of the (mized) noise is given by:

((s1) - 19(s)n(s541) -+~ (5T = Ciganeg / TT 56— ) (26)

Ri=1

Proof. By application of the Fourier transform we have:

E[ei (D) — e—tzz ZT / / (5 T+ 9(0) g (5 )dt)
R\{0}
~ exp / / (670190 1) dr(s) dt)
R\{0}
= Cotpyrnitg (27)
Hence
(n(s1) -+~ n¥simsjen) - n(sn)" = Cigrn—y A H (s — s) (28)
+ =1

By definition (4.5) and proposition (4.7) we derive the following result:

Theorem 4.8. The graphical representation of the truncated moments of the mized noise is given
by a sum over all Feynman graphs that are evaluated according to the rule fized by definition
(4.5), i.e:

(m9(s1) -+ n%(si)n(sjan) -~ n(sn))T = > B(G,n). (29)

G e F(n)

Proof. Taking expectations with a collection of 7's, we see from the form of the truncated
functions calculated above that the ¢g—legs, 1 < g < p, can only be connected with the same
empty vertex and the g—lines is also evaluated with a dirac distribution §, however to each
empty vertex with ¢; + - - - + g, + [ legs we should multiply with Cy, 4...q, 4.
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