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Abstract

We first develop a unifying Malliavin calculus in a jump-diffusion context,
by taking into account all the randomness involved (Brownian motion, jump
times and jump amplitudes) and by stating an integration by parts formula
which gives the starting point of our work. The results are then applied to
study representation formulas both for sensitivities (delta) and conditional
expectations (in terms of non conditional ones) for a two dimensional process
Zy = (X4, Y;), in which X stands for a jump diffusion and Y; = fot X, dr.
Therefore, the link with problems arising from Finance (price/delta of Asian
options) is studied. Several examples are analyzed in details and equipped
with numerical studies.
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Introduction

Let (Q2,.7,P) denote a probability space, where the following ingredients are
defined:

e a standard one-dimensional Brownian motion W; we use the notation

W, =c{W,; s <t} VN, where N stands for the P-null sets;

e a sequence {7;};>1 of positive r.v.’s such that T}, T, — 7,75 — T, ... are
iid. r.v.’s exponentially distributed with parameter A > 0; we denote
by J; the associated counting process, i.e. J. = > ., 1<y, and by

Hrv=0{Js; s <t}

e a sequence {A,;};>1 of independent and real r.v.’s; we assume that there
exists the probability density function g of A;.

From now on, we assume that W, {T;},>; and {A;};>; are independent.

Take now a time horizon 7" > 0 and the vector fields b = b(t,z), o = o(t,x)
and ¢ = ¢(t,a, z), with

b:[0,T]xR—R, o:[0,T]xR—=R, c:[0,T]xR>—R.

The, we assume to be in a one-dimensional framework but the general case
gives no technical difficulties and makes the notations much more complicated.
Suppose for the moment only that b, 0, ¢ are smooth enough in order to en-
sure the existence of the process X solution to the following jump-diffusion
stochastic differential equation (s.d.e.)

t t Ji
X, = x+/ b(r,Xr)dr—k/ o(r, X,)dW, + Y " e(Ti, Ay, Xp-), t<T. (1)
0 0 i=1 '
Now, let us define the pair Z; = (X4, V), t € [0,7], in which

T
Yt:/ X, dr (2)
0

This is our framework, and we can now describe the aim of this paper, which
is twice.



The first part is devoted to an attempt to give a unifying approach to the
Malliavin calculus jointly in the Gaussian direction as well as in the the jump
times and the jump amplitudes one. More precisely, we aim to develop integra-
tion by parts formulas for functionals of the Brownian motion, the jump times
and the jump amplitudes taking into account all the three random sources
involved, even if one has to say that sometimes this cannot be done (see e.g.
next Example 1.1.25). For this purposes, we inspire to the classical Gaussian
Malliavin calculus (there are many references, e.g. the classical book of Nu-
alart [25] or also the approach by Bally [2], which we have used) and the mixed
jump times and amplitudes Malliavin calculus developed by Bally, Bavouzet
and Messaoud [3]. But several other papers handling jump-diffusions should be
cited: a Malliavin calculus in the direction of the Brownian motion has been
recently developed by Davis and Johansson [13] and Forster, Liitkebohmert
and Teichman [15]; in the direction of the jump-times, let us cite also the book
of Bichteler, Graverecaux and Jacod [9] and the recent works by Privault and
Wei [27], [28], by El-Khatib and Privault [14] and the paper of Vives, Ledn,
Utzet and Solé [29].

Once a suitable integration by parts formula is obtained, we can tackle the
second goal: the study either of sensitivities and representation formulas for
the conditional expectation for the pair Z; = (X;,Y;). This has an immediate
application to Finance. In fact, if X models the underlying asset price then
the payoff of an Asian option of European type with maturity 7" is given by
f(T, X7,Yr). For example, one can take

(K —y/T), standard Asian put option

T = u T7 ) = . . .
J(T2,y) = foulT:2,) { (x —y/T), floating Asian put option

and similarly for the call option case, in which K plays the role of the strike
price. Therefore, in our framework the sensitivity analysis relies the study of
the Greeks for Asian options.

In the American context, the payoff function is given by f(¢, X;,Y;) and the
price is usually approximated by means of a Dynamic Programming Principle,
which can be roughly summarized as follows. Set At = T/n € (0,1) and
let (Xgat, Yeat)k=01,..n be a discretization for (X, Y2)iepo,r)- Since the pair
(X:,Y;) is Markovian, the American price P, is approximated by Fy(x,0),
where Piay(Xgas, Yane) solves the following backward problem:

an()_(nm, Ynm) = f(nAt, XAt Ynm) and forany k=n—1,...,1,0
Prai(Xeat, Year) = max (f(kAt, Xiat, Year)

e "M T[Pleg1ya) (Xeat, YkAt))

where the operator T is defined as

T[Pus1)at] (Xkat, Yiar) = E* (p(k+1)At(X(k+1)Ata Yiit1)at)

XkAtv YkAt) )
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in which r stands for the (constant, for the sake of simplicity) spot rate and
E* for the expectation under the risk neutral measure. Therefore, a repre-
sentation formula for the conditional expectation in terms of non-conditional
ones is really helpful in order to set up Monte Carlo methods for the pricing
of American Asian options, as already observed and done in the literature. As
for the pure diffusion case, such arguments have been developed by Fournié,
Lasry, Lebuchoux and Lions [17], Lions and Regnier [23]|, Bouchard, Ekeland
and Touzi [11], [10], Bally, Caramellino and Zanette [4].

Let us finally add that in the case of Asian options, in the already cited liter-
ature one can find formulas allowing to represent the delta as an expectation
of the payoff multiplied by a suitable weight even in the presence of jumps.
Nevertheless, these formulas require the payoff to be dependent on the inte-
gral coordinate only, as in the case of the standard call/put Asian option, and
are not suitable to handle for example floating call/put Asian options, that is
Asian options in which the payoff depends also on the underlying asset price.
This last case has been studied only for pure diffusions, see e.g. Benhamou
[6]. Notice that this is not a trivial complication: the pair (X3, Y;) solves a
degenerate jump-diffusion, and some standard generalizations cannot be ap-
plied. This holds mainly for the problem of finding representation formulas for
the conditional expectation in terms of non conditional ones. And as for this
latter problem, as far as we know, no formulas are available in the presence of
jumps also if one is interested to work with the coordinate X only.



Chapter 1

Malliavin calculus: a primer

In abstract terms, when one is interested to develop a differential calculus of
Malliavin type and the aim is to find representation formulas for sensitivities
(e.g. derivative of expectations w.r.t. the initial state) in terms of weighted ex-
pectations or representation formulas for the conditional expectation in terms
of non conditional ones, the following steps have to be performed.

1.1 Malliavin calculus in the jump noise direction

This section is inspired to the paper by Bally, Bavouzet and Messaoud [3] (see
also [5]), where all proofs and generalizations can be found. The aim is to
deal with a stochastic variational calculus corresponding to Poisson processes,
to be used to the context of our interest: jump-diffusions and applications to
Finance. Many other references should be added (see the exhaustive citations
in [3]). In particular, a special look to financial problems has been given by
El-Khatib and Privault [14], Privault and Wei [27], [28] and by Vives, Ledn,
Utzet and Solé [29].

Let (Q2,.%,P) denote the underlying probability space, i.e. the space such that
all the further random instruments are suppose to be defined on.

Let us consider a sequence {A;};>; of i.i.d. r.v.’s on R (the jump-amplitudes)
such that there exists the probability density function (pdf) g of A;. We
assume that

Assumption 1.1.1. There exist some points —o0o < a1 < by < ag--- < by <
+00 such that the density g of A; is strictly positive on

k
I = U(CL]‘, bj)
7j=1

Moreover, the function log g is continuously differentiable on I and both A;
and log g(A;) belong to LP for any p.



Take now a sequence {7;},>1 of positive r.v.’s (the jump-times) such that
T, T, =T, T5—1T5, ... areii.d. r.v.’s exponentially distributed with parameter
A > 0. Let us set Ty = 0. We denote by J; the associated counting process,
ie. Jy = Y o1 Yn<yy, and 7, = o{Js; s < t}. It is well known (see e.g.
Bertoin [8]) that for a fixed ¢ > 0, the conditional law of T1,...,T,, given that
{J: = n} is absolutely continuous w.r.t. the Lebesgue measure on R" and has
the following probability density function:

n!
p(w, tl, c. ,tn) = t_” 1{0<t1<---<tn<t}(t1> c. ,tn) for w € {Jt = TL}

Moreover, as ¢ = 1,...,n, the marginal conditional law of T; given that {J; =
n} is uniformly distributed, with probability density function given by

1

i y = 17 w)<r<Tii1(w f € J == y 1.1
y2 (w 7’) E—&—l(u}) _E—l(w> {Ti—1(w)<r<Tjt1(w)} Oor w { t Tl} ( )

in which we have set T, = 0 and for i« = n, (1.1) has to be intended with
TTL+]. - t, le
1
pn(u),r) = m 1{Tn(w)<r<t} for w € {Jt = n}, (12)

From now on, we assume the following:
Assumption 1.1.2. {T;};>1 and {A;}i>1 are independent.

The pair {7;};>1 and {A;};>1 defines the compound Poisson process

Ji
Nt == Z Az
i=1

Our aim is here to study a Malliavin type derivative D and a Skorohod type
integral ¢ in order to achieve a duality relationship of the type

E(<DF’ u>7F1{Jt=n}) = E(F(S(u)l{Jth})

or something of similar, for a random variable F' and a random process u,
suitably depending on the jump times and amplitudes, and for some inner
product (-, ).

To our purposes, let us add a standard Brownian motion W, independent of
{T;}i>1 and {A;}i>1. Set moreover #; as the associated filtration augmented
by the P-null sets.

Let us first introduce the functional spaces we are going to work with.
Fix t > 0 and n > 1. We denote by C} ,(A) the set of the #; x B(R") x B(R™.)
measurable functions f : 2 x R" x R} — R such that for any i = 1,...,n,

5



T;(f)(w,-) € C*(I;) a.s., where
I; =1 and
Ti(f) (@) = (@ A1) A (@) 3 Aa @), - Aa@), (1.3)
Ty(w), ... ,Tn(w))

Recall that [ is defined in Assumption 1.1.1.

Similarly, we denote by C: ,(T') the set of the #; x Z(R™) x Z(R'}) measurable
functions f : Q@ x R" x R? — R such that for any i = 1,...,n, Titn(f)(w,-) €
C*(I;1n) a.s.,where

Liyn=(Ti-1(w), Tix1(w)) asi=1,...,n and
Ton(f) () = F (w0, Ba(@), -, An(w), (1.4)
Ti W), .o, Tt (@), 7, Traa (@), .- ,Tn(w))

Again, we have set T, ;1 =t in the above expression.
We also set

Cff,t = Cﬁ,t(A) N Cfi,t(T)-

For a multi index o € {1,...,2n}* set OFf = 8§a1~--$akf' Now we can define
%y (A) and 6),(T) as the set of the function f € CF,(A) and f € Ck,(T)
respectively such that 97 f(w, Ay, ..., Ay, Th, ..., T,) 120y € LP(Q), for any
p,0<j<kand a=(a,...,a;) € {1,...,2n}. We also set

Cg:,t - Cgrlf,t(A) N Cgrlf,t(T)-

Let us now define some further functions, whose meaning is the following: they
are weights allowing to set up the proper scalar product.

Definition 1.1.3. [Weights for the scalar product]
e Asi=1,...,n, set
% = % V U({l{Jt:n}, Al, Ce ,An,Tl, . 7Tn} \ {Az}>

Let
mi QA XR—-R,

be a 9G; x B(R)-measurable function such that

mi(w,y) =0 wheny & I and I > y > m(w,y) € C*(I).

o Similarly, set

g’é—i—n = % \ U({l{Jt:n}a Al) BRI AnaTla s 7Tn} \ {E})7

6



1=1,...,n. Let
7Ti+n:QXR+_>R+

be a Y, x B(R,)-measurable function such that

Tian(w,7) =0 whenr & I, and I; > r — mn(w,r) € CHI).

Assume that

Assumption 1.1.4. Asi=1,...,n, m(w,A;), Tiwn(w, T;) € LP(Q) for any p
and there exists § > 0 such that O,m;(w, ), Opmi(w, T;) € L'T°(Q).

We can now define the set of the simple functionals and of the simple processes.

Definition 1.1.5. [Simple functionals] The set .7}, (A) of the simple func-
tionals of length n up to time t w.r.t. the jump amplitudes is given by the r.v.’s
on R of the form

F=flwAy,..., ATy, Ty) for some feCky(A).

Similarly, the set y,ﬁt(T) of the simple functionals of length n up to time t
w.r.t. the jump times is given by the r.v.’s on R of the form

F=flw,Ay,...;A,,T1,...,T,) for some f EC,’it(T)

We set S, = %, (D) NS5 (T) to denote the simple functionals of length n

n,

up to time t. Whenever f € 6r,({J; = n}), we will write #F ({J; = n}).

Definition 1.1.6. [Simple processes] The set 2 (A) of the simple pro-
cesses of length n up to time t w.r.t. the jump amplitudes is given by the r.v.’s

on R"™ of the form U = (Uy,...,U,), with
Ui =uj(w, Ay, ..., Ay, Th,...,T,) for some u; € C,’;t(A), i=1,...,n.

Similarly, the set t@ff’t(T) of the simple processes of length n up to time t w.r.t.
the jump times is given by the r.v.’s on R™ of the form U = (Uyy1, ..., Us),
with

Uitn = Uisn(w, Ay, ..., Ay Ty, ... Ty for some uiyy, € Cﬁt(T),

as i =1,...,n. Finally, the set Wﬁ’t of the simple processes of length n up
to time t is given by the r.v.’s on R*" of the form U = (Uy,...,Us,), with
U2 = (U,....Up) € 2L ,(A) and UT = (Upsa, . .., Usn) € P25 (T).

The set 2% ({J; = n}) denotes the simple processes corresponding to functions

u € 6r({Jr=n}),i=1,...,2n



As U,V € ZF (A) and U,V € 2 (T) we define

(U, V)2 ZmUv and (U V)L = minlUiinVien.

=1

respectively; if U,V € &2F

ntr We set

(U V) = (UA V™2 4 (UT v ZWZUV

Notice that (U2, VA2 (UT, VT)T and (U, V), are all (random) scalar prod-
ucts (on the proper Space) when w € {J; = n}, whenever the involved weights
m;’s are all non null.

We are now ready to define the differential operator.

Definition 1.1.7. [Malliavin derivative] For F' € .7, F = f(w, Ay,

S AT T, the Malliavin derivative Df = (D1 F, ..., Do, F) is defined

by
D’LF :axif(('U?Al?"'uAnaTlu"'7Tn)1A¢€I
D’H—nF :atif(wvAla-"7An7T1a"'7Tn)]—TiEIia
asi=1,...,n. Therefore,

. ol 0
D : yn’t — l@nvt.

Remark 1.1.8. The operator D; has to be intended as the Malliavin derivative
in the direction of the jump amplitudes if i < n and in the direction of the
Jump times whenever i > n+1. In fact, D = (Dy,. .., Ds,) can be defined also
separately on the jump amplitudes or times only. In fact, D = (D, DT), with

DAE(Dlv"'aDn) : yl (A) <@7(’2,7&(A)

D" = (Dyy1,-- -, Day) ynlt( ) = Z3,(T)
Definition 1.1.9. [Skorohod integral] For U = (Uy,...Us,) with U; =
wi(w, Ay, .. ATy, Ty, @ = 1,...2n, the Skorohod integral §(U) is de-

fined by
2n
U) = Z 9;(U;)
j=1
where, as i=1,...,n (recall that g is the pdf of the jump amplitudes)
61<Ul) = - (al"z (T‘-’LU%) + (ﬂ-iui)ay In g) (w7 AI? R Anu T17 s 7Tn>

6i+n(Ui+n) = — (8151 (7ri+nui+n)> (w, Al, ey An, T17 e ,Tn)

Therefore,
§: P — Sy



Remark 1.1.10. The operator 0; has to be intended as the Skorohod integral
in the direction of the jump amplitudes if 7 < n and in the direction of the
Jump times whenever 7 > n+ 1. Also, the operator § can be defined separately
on the jump amplitudes or times only. In fact, § = 6> + 67 with

08 0 (D) = F(A), §AU) =D 6l
=1

0T = PLUAT) — F2T), 6" (U) = bipn(Uisn)
i=1

Let us finally generalize the definition of Malliavin derivative and Skorohod
integral.

Definition 1.1.11. Fizn >1 andt > 0.
[Malliavin derivable r.v.’s on the set {J; = n}]
The class D), (7, (D), Dy (T) resp.) is given by the r.v.’s F such that
Flg,—py = Foplyj=ny for some F,; € Yrﬁt (Yf,t(A), Y,ﬁt(T) resp.). For
F e .@it we write

DiF1¢,—py = DiFy15,—n)

[Skorohod integrable processes on the set {J; = n}]
The class Fy, (FF,(A), FE(T) resp.) is gwen by the rv.’s U such that
Ulpg,—ny = Unglig,—n} for some Uy, € Pk, (2% (D), P} ,(T) resp.). For
U e ZF, we write

8i(U)1g,=ny = 6i(Un i) 1is=n}

The denomination “Malliavin derivative” and “Skorohod integral” is justified
by a duality relationship, stated in next Proposition 1.1.15. In order to do this,
let us introduce the border term operator, allowing to set up the integration
by parts formula.

For our purposes, we will need only the border term operator with respect to
the jump times, which is defined as follows.

Definition 1.1.12. [The border term operator| For F' € .7, and U €

3327” the border term operator is defined as

[F, Ul = [F.U]z + [F,U];

where (recall that g, defined on I = U?;ll(aj,bj) as in Assumption 1.1.1, is
the pdf of the jump amplitudes A; and p; is the conditional pdf of T; given that

{Jy=n} asin (1.1))

n

PO =3 | (Tulfws) - mig) (w.b) = (Tu(fw) - mg) @.a)| - (1.5)

i=1 j=1



3

[F,U)F = 2_; [(Ti+n(fui+n) ' 7”+"pi> o Tt (1.6)

- (TiJrn(fuiJrn) : 7Ti+n]9i> (w, Tiﬁ}

where f and u;, 1 = 1,...,2n, denote as usual the functions representing F'
and U;, i = 1,...,2n, respectively, and the T;’s being defined in (1.3) and

(14).

Remark 1.1.13. Obviously, the operators |[-,-]> and [-,-]L can be defined sep-
arately on 7 (A) x P} (A) and 7)) (T) x ) (T) respectively.

There are cases in which the border term operators are null, for example if, for
anyi=1,...,n, m(w,y) =0 on I and w; n(w,y) =0 on OI;. The property
[, ]« = 0 turns out to be important, because it gives a duality formula similar
to the classical one (see the following Proposition 1.1.15). Such a case is
widely studied in Bally, Bavouzet and Messaoud [3] (see also [5]). For practical
purposes, they assume g =0 on 01 and take m; =1 for any i =1,...,n, which
give [, ]2 = 0. Moreover, they set

Tipn (@, 7) = (T2 (W) =) (1 =Tica (@) e @) i@ 1= 1ymy (17)

for suitable values of A giving [-,-|F =

As it will be clear later on, we will always set m; = 1 for any i = 1,...,2n and
take g = 0 on dI. Therefore, we will have [-,-]2 = 0, but [-,+]T will not be
equal to zero. In fact, let us consider the following example.

Example 1.1.14. Let us write down the border term operators in the case we
are going to study, that is: g is a lognormal type density and 7; = 1 for any i.

In fact, we will take 1 + A,; Z eZ, with Z ~ N(m, ¢%), so that

_n o (lea(ly) - m)?
Ty d )

which gives I = (—1,400), i.e. k=1, a3 = —1, by = +o0. Since g(—1") =
0 = g(+00), and assuming 7; = 1, one immediately has [F,U]%> = 0 for any F
and U. Concerning the border term operator w.r.t. the jump times, its formula
simplifies as follows:

2 Trr — Tis
Let us add here also another useful observation. The Skorohod integral 6;,
i=1,...,n, contains the quantity 0,1n g(A;). For our choice of g, we obtain
m—0*—In(1+4A;) g m—0*—27Z _,
= e “.
(1+Ai)e? 0?
Notice that A;,0,In g(A;) € LP for any p > 1.

ay In g(Az) =

10



By elementary arguments one has that (recall Remarks 1.1.8,1.1.10 and 1.1.13)

Proposition 1.1.15. For any F € 9, and U € .7,

n,t’

such that
E<[|DiFUi7ri| + |F52(UZ)|] ]_{Jt:n}) < oo foranyi=1,...,2n,
one has
E(DF,U)xl{j=ny) = E(FS(U)1{s=ny) + E([F, Ulz1{,=n})- (1.8)

Moreover, (1.8) holds also if one is interested to work with the jump amplitudes
or the jump times only, i.e. with Dy ,, F},, D, 0, [-,-]x replaced by D, ,(A),

n,t’ n,t’

I (D), DA, 62, [-,-]2 respectively or by Do (1), 1 (T), DY, o7, [ ]f
respectively.

Let us here recall some of the main properties of D and ¢ we are going to use.

Property 1.1.16. [Chain rule] For any continuously differentiable ¢ :
Rd — R and Fl) ey Fd € .@7}0715, ¢(F1, e Fd) < '@7}0775 and

d
DO(Fy, ... F)lgmny = > 00, ¢(Fr, ..., F) DFil{j—y.
k=1

Moreover, the above statement holds also with 2}

+ D replaced by 2, (A), D*
respectively or by 2, (T), DT respectively.

Property 1.1.17. [Skorohod integral of a (special) product] If F € 2, ,
and U € Z), then FU € ., and

5(FU)1{Jt:n} = F&(U)l{]t:n} — <DF1{Jt:n}, U>7r.

Moreover, the above statement holds also with .@it, fn{t, D, o replaced by
71 (A), I1(A), DR, 62 respectively or by D, (T), F,(T), DT, 67 respec-

tively.

In the following, we will need the existence of Malliavin derivatives of higher
order. We define the associated space in the natural way: we say that [’ € .@it
if F e 9}, and D;F € 2, ,. Similarly, we can define 7., for any ¢ > 1.

Property 1.1.18. [Integration by parts formula] Let n > 1 and t > 0 be

fired. Let d > 1, F = (F',..,F%) and v = (v',...,v%), with F7 € 2?2, and
v e ), j=1,....d. Define ypr, as the following d x d random matriz:

’yiD’jF,U = <DFj1{Jt:TL}7Ui>ﬂ'7 Zu] = 17 Tt 7d‘ (19)
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Suppose that on the set {Jt”: n} there ezists the inverse matrix Ypr, of

Yprw and that each entry 4p ., belongs to P),. Let ¢ € C}(RY) and G =

(GY,...,GY), with G € Sy for any j, be such that
E(|D@(F)(G%Fm)im|1{Jt:n}> <oo i=1,...,2n

| (1.10)
E(16(F)5((Gapre) ) 1psmm ) <00 i=1,...,2n

Then, one has

M=

E(ia@aﬁ(m@l%:n}) = E(6(F)3( Y (GAnr)v) Lisen ) +

)

- 1

+E([0(F). Y- (Ghpra)'v')s)-

=1

Moreover, the above statements holds also with @f;’t, f,it, D, 6, [,-]r re-

placed by D% ,(A), I (A), D=, 6%, [,[]% respectively ((1.10) holding for

i=1,...,n)orby 2} ,(T), 7} (T), D", 6", [-,-|L respectively ((1.10) holding
fori=n+1,...,2n).

The (non-symmetric) matrix ypp, defined in (1.9) is a generalization of the
well famous Malliavin covariance matrix o, that is

OF = YFDF = <<DFi1{Jt=n}7DFjl{Jt=n}>7r)‘ - (1-11)
1,7=1,...,

The proof of Property 1.1.18, to be seen in Appendix 1.4, is straightforward.

Remark 1.1.19. Let us briefly discuss how the assumptions in (1.10) will
work in our special context. As observed, we will take m; = 1 for any i and
g as a lognormal type density (see Example 1.1.14). Assuming that F,G and
all the involved Malliavin derivatives belong to LP for any p, and if we take
similarly the v} ’s, a sufficient condition allowing to get (1.10) is that all entries
of Yprw belong to LP for any p. Now, this holds if

| det ,}/DF7’U|_1 e LP, for anyp > 1.

In the case v = DF, it reduces to ask for the p-integrability condition of the
wnverse of the determinant of the Malliavin covariance matrix, which is a quite
standard request in Malliavin calculus.

Let us now consider the case of a pure jump diffusion:

t Ji
X, = x+/ b(r, X,,)dr—{—Zc(Ti,Ai,XTi_). (1.12)
0 i=1

12



Assumption 1.1.20. Suppose that (t,z) — c(t,a,x) and x — b(t,x) are
twice differentiable, with bounded derivatives of first and second order, and
having linear growth with respect to x, uniformly with respect to t and a (that

is |c(t, a, )| + |b(t, z)| < K(1+ |z|)).

Assumption 1.1.20 guarantees the existence of the solution X to the pure-jump
sde (1.12). Moreover, also its first variation process ¢ is well defined (£ = 0,X)
and is given by

Ji

gt_1+/ 0ub(r, X,)pdr + Y~ 0ue(Ti, Ay, X2 )ér,—. (1.13)

=1

Let us recall that, by Assumption 1.1.20, both X; and & belong to L? for any
t and the same holds for & = &', being the solution to

R tA aCﬂ,Az,XT )
gt_l—/o & (0ub(r, X;) = (Qp0(r, X dr—ZgT 1+ 0pe(T, Ay, Xy o)

(1.14)
In order to study the Malliavin derivatives, we have to add the following

Assumption 1.1.21. There exists n > 0 such that, for any r,a,x,
|0uc(rya, )| + |1+ Opc(r,a,z)| > n.
Assumption 1.1.22. There exists n > 0 such that, for any r,a,z,
lq(r; a, 2)[ + [1 4 Opc(r,a, 2)[ 21
where

q(r,a,x) = (&c +b(1 + 8950)) (rya,z) —b(r,x + c(r,a,x)). (1.15)

Then, one has

Property 1.1.23. [Malliavin derivative of a pure jump diffusion] Sup-
pose Assumption 1.1.20 holds and let X and & be the solution to (1.12) and
(1.13) respectively. Under Assumption 1.1.21 and 1.1.22, for any t > 0 and
n > 1, the r.v.’s Xre X1 Xoly <ty with p = 1,...,n (with T, = t),
and fot X,dr all belong to 2,. Moreover, on the set {J, = n} one has, as
1=1,...,n

)

Dz’XTp = 1{Ti§Tp} nggilaaC(ﬂ, Ai’ XTi_)
DX, = 1{T¢<r} ngT_}la‘lc(Ti’ Ai’ XTi_)
Diyn X, = 1{Ti<7”} frgiIQ(Ti’ A, XTz‘i)
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and

0 ifp <
Din X, = q(T;, A, XT;) + 0(T;, XT; + (T3, Ay, XT;)) ifp=1
Er, &t a(Ti, Ay X ifp>i

with q defined in (1.15), the formulas for XT; being immediate to derive from
Xpe = X1, — (T}, Ap, Xp-) ). Moreover, one has

t t
Di / erT = 1{Ti<t} filﬁac(Ti, Ai, XTZ.,) / deT
0 T;

t t
Di+n / erT = 1{T¢<t} gilq(na Aia XTL-—) / grdr
0 T;

Finally, the above statement holds also with Assumption 1.1.21 plus Assump-
tion 1.1.22, 92,. D replaced by Assumption 1.1.21, 22 ,(A), D* respectively
or by Assumption 1.1.22, 92 ,(T), D respectively.

Remark 1.1.24. The conditions of Assumption 1.1.22

|8ac(r,a,x)| Z 77 |q(r,a,x,)| Z 7]

are asked in the paper of Bally, Bavouzet and Messaoud [3] and assure that the
non degeneracy condition, that allows to use the integration by parts formula,
holds true, when one considers the jump amplitudes and times direction of
calculus respectively. We can ask a weaker condition on q(r,a,z) that is the
following:

¢ = q(T;, AN, X1, ) € LP ¥p.

Notice that in the Ornstein-Uhlenbeck model, for which we will consider the
gump times direction of calculus (see Section 2.5.2), we have q(r,a,x) = —ba.
Therefore the condition |q(r,a,x)| > n does not hold true. By the way q; €
LP Yp, being A; log-normal distributed.

In conclusion we will always ask the condition |1 4 0.c(r,a,x)| > n whenever
we will consider the jumps (amplitudes or times) direction, that assures the
existence of the inverse of the first variation process £

The writing of Property 1.1.23 is new and its proof is postponed to Appendix
1.4.
Let us now consider the case of a jump diffusion:

t t Jt
Xi=x+ / b(r, X, )dr + / o(r, X,)dW, + Z o(Ty, Ay, X7, ). (1.16)
0 0

=1

When dealing with Malliavin derivatives, no general formulas can be stated in
the direction of the jump times, as it follows from next simple

14



Example 1.1.25. The r.v. Wp s not derivable in the Malliavin sense in
the direction of the jump times. In fact, one has Wy, = f(w,T1), in which
flw,t) = Wy(w). Since Oy f(w,t) does not exist, the Malliavin derivative in
the direction of the jump times cannot be done, that is Wy, ¢ in,t(T) for any
n > 1 andt > 0. Nevertheless, as observed in Remark 1.2.2, the (generalized)
Gaussian Malliavin derivative exists for any t.

Therefore, we concentrate our attention on the Malliavin derivatives w.r.t. the
jump amplitudes.

Assumption 1.1.26. In addition to what required in Assumption 1.1.20, one
requires that (t,x) — o(t,x) is continuous and x +— o(t,z) is twice differ-
entiable, with bounded derivatives of first and second order, and having lin-
ear growth with respect to x, uniformly with respect to t (that is |o(t,x)| <

K(1+|z|)).
Under Assumption 1.1.26 also the first variation process ¢ is well defined and
given by

t t
(= 1+ / O,b(r, X, )6dr + / D,0(r, X, )EndIV,
Jto ’ (117)
+Zamc(ﬂ,Ai,XTi_>§Ti_.

Again, Assumption 1.1.20 ensures that both X; and & belong to LP for any ¢
and the same holds for ft &', being the solution to

A t A A
=1 —/ fr(axb(r, X,) — (0z0(r, Xr))2)d7"—/0 &-0.0(r, X, )dW,

_Z aCﬂ,A“XT )
T 4 0pe(Ty Ay, X))

(1.18)
Then, one has

Property 1.1.27. [Malliavin derivative of a jump diffusion] Suppose
Assumption 1.1.26 holds and let X and & be the solution to (1.16) and (1.17)
respectively. Under Assumption 1.1.21, for anyt > 0 and n > 1, the r.v.’s
Xopo Xay, Xolg,crery,,, with p = 1,0 (with T,y = t), and [j X,dr all
belong to D¢ ,(A). Moreover, on the set {J, = n} one has, asi=1,...,n,
DiXTp = 1{Ti§Tp} ngfilaac(ﬂa Az’aXTi—>
Din = 1{Ti<r} frfilaaC(Tu Aia XT;)
the formulas for XT; being immediate from XT; = X, — c(Tp,Ap,XT;).
Moreover, one has

t t
Di / err = 1{Ti<t} é.j_“ilaac(iriu Ai7 XT¢—> / é}d?”
0 T;
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Remark 1.1.28. [t is worth to observe that, due to Assumption 1.1.20 and
1.1.26, all the above Malliavin derivatives, also of the second order, belong to
LP for any p > 1.

1.2 Malliavin calculus in the Gaussian direction

Let W; denote a Brownian motion on (€2, .%#,P) and le #; be the augmentation
w.r.t. [P of the filtration generated by W. Let us briefly recall how the standard
Gaussian Malliavin calculus works. The most used and well known reference
for this framework is given by Nualart [25]. Here, we follow the approach of
Bally as in [2]. Set T" as the time horizon and for N € N, set

ANW - (AéVW, AL2NTJ IW)
where
AW = Wi — Wi  k=0,1,...,[2YT] — 1.
oN oN

Set now ¥y the set of the simple functionals of order N: F € .#y if there
exists fF € C°(RZ"T) R) such that

F = f5(ANW).

It is easy to see that /N C Sny1 and we set . = Uy>1.n. Finally, notice
that .7 C LP(Q2) for any p.

Now, we can define the class &y of the simple processes of order N: u € Py
if there exists Uy, ..., Ujanp—1 € SN such that

[2NT|-1

kz:% Uklse[ k k+1 )

[2NT]’ 12N T

Again, PNy C Pny1 and we set & = Uy>1 Py. Notice that a simple process
u € & is not necessarily adapted and if it is, one has that each U, depends on
ANW up toi =k — 1.

Le us also observe that & C LP(H) for any p, where

H = {progressively measurable processes u : u € L*([0,7T]) a.s.}

and
LP(H) ={ue H : E(HUHLz(oT])) < oo}

Therefore, for v € LP(H) we set

p/

iy = B (ly) = (] [ Il
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which makes L?(H) a Banach space. Moreover, since L*(H) = L*(Q2 x [0,T)),
in the special case p = 2, one obtains that L?(H) is a Hilbert space, with inner
product given by

T
(u, v) L2y = E((u, v) r20,1)) = E(/ usvsds).
0

We can pass now to define the Malliavin derivative and the Skorohod integral.
For F € ., the Malliavin derivative is defined as

[2NT]-1
D,F = o, fE(AN )1
kZ:() kf ( ) SE[DII\?TJ’L:K]F;"J)

and for u € &, the Skorohod integral is given by
[2NT|-1

s = S (VAW o, AN W) )

oNT
— 22NT]

being N the one such that FF € %y and u € Py (recall that fUr is the
Cy° function representing U, € .#y). It easily follows that both D and o
are really independent of N, so that they are both well defined. Notice that

d(u) = fOT usdWs (the standard Ito integral) whenever u is adapted.
Therefore, for any p,

D:YCclPQ)—ZClLP(H) and ¢ : & C LP(H) — . C LP(Q) (1.19)

Thinking to (1.19) in the special case p = 2, the following duality property is
immediate to check:

for any F' € . and v € & then E((DF,u)2(0.1]) = E(Fo(u)) (1.20)

which allows to extend the (unbounded, linear) operators in (1.19). In fact,
when the case p = 2 is considered, by using (1.20) one can show that both D
and § are closable: if F,, — 0 in L*(Q) and DF,, — u in L?*(H) then u = 0,
as well as if u, — 0 in L?(H) and 6(u,) — G in L?*(H) then G = 0. So, by
setting

[Flle = IFle@ + 1DFll 2@, Fe, (1.21)
lullse = llull2my + 16(w)l|2), vwe P (1.22)

one can define the set of the Malliavin derivable r.v.’s as
D2 — ?H'”l,z (1.23)
and the set of the Skorohod integrable processes as

Doms(6) = 215 (1.24)
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Such spaces are both Hilbert ones, with inner product given by
<F, G>1’2 = <F, G)LQ(Q) + <DF, DG)Lz(H), F.Ge Di?
(U, v)50 = (U, )20y + (0(),0(v)) 1202y, u,v € Domy(0)

respectively. Now, by construction the duality relationship continues to hold
between DM? and Domy(0):

for any F' € D? and u € Domy () then E((DF,u)) = E(Fd(u))  (1.25)

Unfortunately, both D2 and Doms(d) are not algebras. So, it comes natural
to consider the forthcoming spaces. For a generical p, set

1Flhp = [l + [DFl o, F e, (1.26)
lullsp = lullecn + 16(w)lr), vwe & (1.27)
and
pie — s (1.28)
Dom,,(6) = ! lor (1.29)

By using standard arguments for L? spaces, for p > p, one has D'? C D»
and Dom,(6) C Domy(5). Moreover, if % + % = 1, one has that if F' € D7
and G € D' then FG € D', as well as if F € DV and u € Dom,,(d) then
Fu € Dom,(6). So, one sets

D' = (D" and  Domu(8) =) Dom,(d). (1.30)
p

p

Now the algebra properties hold. For example, F'G € DY when F,G € DV,
as well as F'u € Dom(9) if '€ DY and u € Dom(d). A lot of further in-
teresting and useful facts turn out to be true, and we will soon refer to some of
them specialized in our context. The forthcoming ideas to generalize the Gaus-
sian Malliavin calculus to objects depending on other variables independent
of the Brownian motion have been already used e.g. by Davis and Johansson
[13] or by Forster, Liitkebohmert and Teichman [15].

Let {T;}i>1 and {A;}i>1 denote the jump times and amplitudes respectively,
as before, and suppose they are both independent from the Brownian motion.
Let us also set, as s > 0,

(recall that J; = 3. 1(r,<s}). Therefore, &, gives all the information coming
out from the jump times and amplitudes noise up to time s.
For n > 1 and t > 0 fixed, let us consider the notation

Znt = (yl,...,yn,tl,...,tn) € R"™ x [O,t]n
and th = (Al,. . .7An7T1,. .. ,Tn)
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Definition 1.2.1. [Generalized Gaussian Malliavin derivative] Fiz n >
Landt > 0. Let f : QxR"x[0,t]" — R be #; x B(R™) x B(|0,t]")-measurable
such that w — f(w, zn,) € DY for any z,, € R"x[0,t]". On the set {J, = n},
set

F=f(-,znt) and DoF = Df(-, z,1)

Zn,t:Zn,t Zn,t:Zn,t

The class ]D),ll’ﬁ is defined as the random variables F' as above and such that
F]-{Jt:n} S LP<Q) and DOFl{Jt:n} S LP<H)

For F € D'? DoF1yj,—ny will stand for the Malliavin derivative in the Gaus-

n,ts
sian direction on the set {J; = n}.

We similarly define ID)}:L”ZZ and set Dflfo = ﬂp ]D)Z:?Z_

Example 1.2.2. As an example, Wr, € ]D)fl‘f’ foranyn > 1 andt > 0. In fact,
Wy, = f(w,T1), in which f(w,t) = Wi(w). The Gaussian Malliavin derivative
D = (Dy)y of f(w,t) exists for any t: D, f(w,t) = l{u<sy, so that one has

.DQ?UVVT1 == Dth == 1{u<T1}

t=T,
Similarly we can extend the definition of the Skorohod integral.

Definition 1.2.3. [Generalized Gaussian Skorohod integral] Fizn > 1
and t > 0. Let u : [0,¢] x 2 x R" x [0,t]" — R be B([0,t]) x #; x B(R™) x
AB([0,t]™)-measurable such that (r,w) — u,(w, 2,t) € Dom,(0) for any z,: €
R"™ x R%. On the set {J; = n}, set

u=u(-, Znt) and dp(u) = 5(“('7 Znt))

Zn,t:Zn,t

Zn,t:Zn,t

The class Dom,, ;,(do) is defined as the random processes u as above and such
that

ulyy,—ny € LP(H) and do(u)lis=ny € LF(Q)

For w € Domy,,(00), 60(u)1ys,=ny will stand for the Skorohod integral in the
Gaussian direction on {Jy =n}. We set Domy,t0(60) = ﬂp Dom, ¢ (o).

The duality relationship between Dy and dy holds as well if restricted to the
set {J; = n}. In fact

Proposition 1.2.4. Fixn > 1 and t > 0. For any F' € ]D),lﬁ and u €
Dom,, 12(09) one has

E((DoF, w) 210,11 15,=n}) = E(Foo(u)1ys,—n})-
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Proof. Let us use the following notation: F*»t = f(-, z,;) and u*»* = u(-, 2,4
Recalling that a 7#j-measurable r.v. is independent of %, = o(J,; u < t) V
o(Ajlg<yy; J > 1), we can write

DoF,u) 21011 {i=n} | gz)
Donn,t7 uZ"’t>L2[O,T]) |Zn,t:Zn,t 1{Jt=n}>
DFZ"’t, uZ"’t>L2 [O,T}) |Zn,t:Z'ﬂyt 1{Jt:n})

E an,té(uzn»t)) |Zn,t:vat 1{Jt=n}>

o~~~

and the statement holds. O

By using similar arguments, one can extend the classical properties of the
Malliavin derivative and the Skorohod integral. In fact, the following proper-
ties easily follow.

Property 1.2.5. [Chain rule] For any ¢ € CL(RY,R) and Fy, ..., Fy € ]D),ll’i,
one has

d
Do¢(Fy, .o, Fu)lggmny = Y 00, 0(Fy, ..., Fu) DoFil{j,—ny.
i=1
Moreover, the statement holds if Fy,...,Fy € ]Di,jo and ¢ € C’; (R%,R).
Property 1.2.6. [Skorohod integral of a (special) product] If F' € ]D),lﬁ
and u € Domy,;2(0) are such that Fu € Domy,;2(d) then

t
50(FU)1{Jt:n} = F50(u)1{Jt:n} — / Do,sFl{Jt:n}usds.
0

Remark 1.2.7. As in the classical case, one has Fu € Domy,,(dy) whenever
F e D}L’;p and u € Domy, 4.,4(00), with p,q > 1 and i + % = 1.

Property 1.2.8. [Integration by parts formula] Let d > 1, F = (F', ...,
F?) and v = (v},... v%), with FI € ]D,ll? and v! € Domy,,2(00), j = 1,...,d.
On the set {J; = n}, define yp,ry as the following d x d random matriz:

W’%F,v = (Don,Ui% Li=1,....d (1.31)

Suppose there exists th¢ inverse matriz Ypr, Of Ypyrwe on the set {J; = n}
and that each entry 4p ., belongs to ]D)i% Then for any ¢ € CL(R?), G =
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(G, ..., G such that (GApr,)'v' € Domy,2(8) for any i = 1,...,d, one
has

(Z O, O(F)G' Ly, n}> (¢(F)5o(i(nyDF,v)iv") 1{Jt:n}>_

1=
The case v = Do F gives the Malliavin covariance matrix op on {J; = n}, that
is

OF = VYDoF,DoF = <<D0Fj, DoFi>L2([o,T})>, 4 , on{J;=n}. (1.32)

i,j=1,....d
The proof of Property 1.2.8 is straightforward (see Appendix 1.4).

Remark 1.2.9. The proof of the above integration by parts formula reduces
to the application of the duality formula between DoF and 3 ,(GYpyr)'v'

Therefore, one should have (GYp,rw)'v" € Domy,2(dp) for any i = 1,...,d.
In view of Remark 1.2.7, it would be Suﬁﬁczent that F € DY and (G&DOF,U)"vi
€ Domy,s94(00), with p,q > 1 and * >+ E = 1. Again, one needs (GApyrw)' €
]D>1’2pﬁ and v' € Dom,, ;244(00), with p,q > 1 and l + 17 = 1. As for the first
requirement, it holds if G* € DL and A8 F E D, 2ppq , 5+ =1 And
notice that Yp,ry 15 an inverse matrzx, so that in its entmes also (det '§/D0Fﬂ,)*1
and DoF has to be taken into account. Therefore, the only reasonable general

assumptions giving the integration by parts formula are the following: F* €
D>, vi e Domy,;.5(80) and G* € ]D)1 > forallt=1,...,1, and finally

n,t
]E(] det ‘yDOF’U|’p) < oo for any p.

The only good news are that one can require ¢ € CI} instead of ¢ € C} (see
Property 1.2.5).

Let us now consider the case of a diffusion with jumps:
t t Jt
Xi=z+ / b(r, X,.)dr + / o(r, X,)dW, + Z co(Tiy Ay, X ) (1.33)
0 0 i=1

under the following

Assumption 1.2.10. Suppose that (t,z) — c(t,a,x),0(t,x),b(t,x) are con-
tinuous and x +— c(t,a,z),o(t,z),b(t,z) are twice differentiable, with bounded
deriwatives of first and second order, and having linear growth with respect to
x, uniformly with respect to t and a.

Assumption 1.2.10 guarantees the existence of the solution X to (1.33). More-
over, also its first variation process £ is well defined (£ = 0,.X) and solves the
sde with jumps as in (1.17). Let us also recall that, by Assumption 1.2.10,

both X; and & belong to L for any t and the same holds for ft = &7, being
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the solution to Equation (1.18). Roughly speaking, the assumptions on the
first and second order derivative of the diffusion coefficients allow to handle
the first order and the second order Malliavin derivative respectively. In fact,
one has (see e.g. Forster, Liitkebohmert and Teichman [15])

Property 1.2.11. [Gaussian Malliavin derivative of a jump diffusion]
If Assumption (1.2.10) holds then for any n > 1 and t > 0, X, and for Xydu,

asr < t, and Xr,, as i < n, all belong to Diio and on the set {J, = n} one
has

Xoo= &8 0(s, X))y,
Dy s /r X, du = /r Dy s X,du = /r Euduéto(s, Xy).
0 0 s
Do X1, = &n&5to(s, Xo)lseny,
Moreover, if in addition and there exists n > 0 such that, for any r,a,x,
11+ Oyc(r,a,x)| > n.
then Xr,_, as i <n, belongs to Diio and on the set {J; = n} one has

Elo(s, X,
DosXr,- = SEALE Ls<my

I+ axC(T‘iv Aia XT.L-—)

1.3 Jump diffusions: unifying Malliavin calculus

In this section we develop a unifying Malliavin calculus, which takes into ac-
count all the randomness involved. In particular, we consider Malliavin deriva-
tives and Skorohod integrals in the direction of the Brownian motion, of the
jump times and the jump amplitudes, and we get a duality relationship allow-
ing to set up a stochastic calculus of variation in the context of jump-diffusion
processes.

It has to be said that the joint Malliavin derivatives in the Brownian direc-
tion and the jump times cannot be stated in general for jump diffusions (see
Example 1.1.25).

Now, in the first two sections we have seen the Malliavin derivative for processes
depending on the Brownian motion and on the jump amplitudes and times,
in all directions of randomness. Now, in order to unifying the notations, we
consider the following definitions. Let n > 1 and t > 0 be fixed.

Definition 1.3.1. [Unified Malliavin derivative on the set {J; = n}]
Given a random variable F' we define a Malliavin operator on the set {J, = n}
as

DF = (DyF, D\F, ..., D, F, Dy 1 F, ..., Dy, F)

where:
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o if FeD,?,
.D()F - D()F,
being Dqy as in Definition 1.2.1, otherwise we set DoF = 0;

o ZfF € grll,t(A)7
DiFl{Jt:n} = DiFl{Jt:n}7 1= 1, N,

being D; as in Definition 1.1.11, otherwise we set D;F =0 fori =1, ...,n.
o if F e 9,,(T),

Di+nF1{Jt:n} = Di+nF1{Jt:n}, 1= 1, .., n,

being D;y, as in Definition 1.1.11, otherwise we set DHnF =0 fori=
1,...,n.

Example 1.3.2. Consider for example the r.v. F = Wp + Z;}tzl A;. As
remarked in Example 1.1.25, F' is not Malliavin differentiable in the direction
of jump times but DF can be written, having that on {J, = n}

DF = (Dy,F,DiF,... D,F,0,...,0)
= (1s<n,1,...,1,0,...,0)
Definition 1.3.3. [Unified Skorohod operator on the set {J, = n}|
Given a process w = (ug, Uy, ..., Ua,) made by a random process uy = (Up(t))>0

and a r.v. (Uy,...,Us,) taking values on R*", we define the unified Skorohod
operator on the set {J; =n} as

2n

0(u) = bo(uo) + 253‘((]3')

j=1
where:

e if uy € Domy,;2(d),

50(U0) = 50 (Uo)

being Oy as in Definition 1.2.3, otherwise we set So(uo) =0,

o ifUS=(Uh,...,U,) € F2(A),

5i(Ui>1{Jt:n} = 5i(Ui)]-{Jt:n}, 1=1,..,n,

being 0; as in Definition 1.1.11, otherwise we set 52(U1) =0 fori =
1,...n;
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° @fUT = (Ul-i-m ey Ugn) € fr?,t(T)’

5i+n(Ui+n)]-{Jt:n} = 5i+n(Ui+n)]-{Jt:n} 1= 17 w1,

being 0;vn as in Definition 1.1.11, otherwise we set SZ(UZ) =0 fori =
1,...,n.

Definition 1.3.4. [Compatibility in the Malliavin sense] Fiz n > 1
and t > 0. Let F' and u be a random variable and a random process as in
Definition 1.5.1 and 1.3.3 respectively. We say that F and u are “compatible
in the Malliavin sense on {J; =n}” (shortly: (n,t)-compatible) if

F e D:{i < Up € DOmn7t72(50)
Fegy(A) < U= (Uy,..,U,) €7 ,(A)
FeZ,,(T) < U"=Unt1,....Usn) € I, (T)

If F and U are (n,t)-compatible, on the set {J; = n} we put

2n

t
<DF, U> = / D075FU0(S)CZ$ + Z DlFUﬂTZ
0 i=1

The compatibility in the Malliavin sense relation means, roughly speaking,
that we can perform the Malliavin calculus in the same direction for both F
and U. In fact, it is immediate to check that

Proposition 1.3.5. For any (n,t)-compatible F' and u such that
E<|:|DiFU¢7Ti’ + ]FSZ(UZ)]] 1{Jt:n}) < oo foranyi=1,...,2n,
the following duality relation holds
E((DF, u)1{5,—n}) = E(FS(u)1{s,—ny) + E([F, ulx1{s,—n})-

Let us give a brief discussion in order to avoid confusion. Here, on the set
on {J; = n}, the process u = (ug, Uy, ..., Us,) has 2n + 1 coordinates, being
made by a stochastic process (its Oth coordinate) and a simple process (the
remaining 2n coordinates) in the sense of the jump noise. Now, with [F, u], we
intend the border term operator applied to (Uy, ..., Us,), which is effectively
given by formulas (1.5) and (1.6).

Remark 1.3.6. Let us stress that if the compatibility Property does not hold,
the duality can fail. For example, take n > 2, t > 0, ' = W} and , up =
0, Uy = 0 for any i except for the case i = n + 1: Upy1 = Ty. One has
then (DF,u) = 0 and Fo(u) = —WZ because o14n(T1) = —1. Therefore,
E((DF,u)1(j,—n) = 0. But, here
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. W2
E(Fé(u)liy=1y) + E([F,Ul:1p,=1) = E<WT11{Jt 1})+E(T1{Jt 1)

_ IE( E(W21q,- 1}!/t)>
(

+ K E _1{Jt 1}|jt)>

= E((-T 1{Jt 1})
= P(J;=1E (1—T1|Jt_1)
= P(J; = )(1——)7&0

where Ty is uniformly distributed on (0,1)
Then, the duality fails and in fact, F' and U are not (n,t)-compatible.

Property 1.3.7. [Properties of the Unified operators] The properties
of the Malliavin derivative and the Skorohod integral stated in the previous
sections, can be extended to the unified differential operators. More precisely,

e [Chain rule] for every continuously differentiable function ¢ € Cy(R? R)
and d r.v.’s I, ..., F,, one has

D¢(F17"'7 1{Jt =n} — Zazl Fla"'a )DF]‘{Jt =n}
e [Skorohod integral of a (special) product| given F' and U (n,t)-
compatible, and such that Fu € Dom,,;2(0o) if u € Domy,12(d), then
S(Fu)l{Jt:n} = FS(U)]_{Jt:n} — <DF1{Jt:n}, u);
Moreover,

Property 1.3.8. [Integration by parts formula] Let d > 1, F = (F', ..,
F?) and v = (v!,...,v?) such that F* and v® are (n,t)-compatible for any i =
., d. On the set {J, = n}, let us define the matriz

*yDJF = (DF'1lyj_y,v"), 4,j=1,...,d

and suppose 1t is invertible and let 455, denote the inverse. Suppose moreover

that (1.10) holds with D; replaced by D;, i= 1,...,2n, and that the hypothesis
i Remark 1.2.9 are true with Dy replaced by Dy.
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Let G = (G',...,G) and ¢ € C} be such that Z?Zl(Gﬁf)F’v)ivi and ¢(F) are
(n,t)-compatible. Then,

(Zaxz F)G1py,— n}) = E(¢(F)5(i(G%m)"vi)l{Jtn})

+ E([¢<F>i<%m>l )

In conclusion, consider the s.d.e. (1.12) and (1.33)

t Jt
Xy=z —|—/ b(r,Y,)dr + Zc(Ti,Ai,XTi_)
0

=1

t t Jt
Xt:aH—/ b(r,XT)dr—i—/ o(r, X, )dW, + > e(Ti, Ay, Xr,)
0 0 i=1

For both the solutions of the equations, we can apply the definition of the
unified Malliavin and Skorohod operators on the set {J; = n}. For X we have

D = (0, Dy, ..., Dy,), missing the Brownian part. For the process X, to avoid
non differentiable problems in the jump time direction (see Example 1.1.25),
we can in general consider D = (Dy, Dy, ..., D,,0, ..., 0).

1.4 Appendix

Proof of Property 1.1.18, 1.2.8

We prove here Property (1.1.18), the proof of Property (1.2.8) being identical
with the appropriate notations (mainly, the scalar product (-,-), has to be

replaced by <', '>L2([0,T]))-
By using the chain rule (cfr. Property 1.1.16), on the set {J; = n} we can
write, as 7 =1,...,d,

d d
(Dg(F) Z On d(F)(DF W) = 00, d(F)VE,,
/=1

=1
so that one obtains
d d d
20w d(F)G =D > (DO(F),v):47:,G" = (DO(F), Y _(Giry)
i=1 i=1 j=1 7=l

Notice that ¢(F) € Z,,, v € ,, and G' € 2, satisfy (1.10), so that
we can apply the duahty formula as in Proposition 1.1.15 and the statement

immediately follows.
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Proof of Property 1.1.23

First we fix some useful notations for the proof of the Property (1.1.23), fol-
lowing mainly the paper of Bally, Bavouzet and Messaoud [3]. Consider the
pure jump process solution of the equation (1.12)

Jt

t
X = x+/ b(T,YT)dT%—Zc(TZ-,Ai,XTi_).
0 i=1

We can associate to this equation a deterministic one: fix 0 = ug < uy < ... <
Up, U = (uy,...,uy) € R and a = (ay, ..., a,) € R". Therefore we have

t Jt(w)
Ty = +/ b(r, x,)dr + Z (Ui, @y Ty, ). (1.34)
0

i=1

where j;(u) = k for up <t < ugy1. As a consequence the solution z; of (1.34)
is such that we have

Xt:xt(Al,...,An,Tl,...,Tn) (135)

where X; is the solution of 1.12.
We introduce the flow ® = &, (t,z), 0 < u <t, z € R, solution of the integral
equation

t
O, (t,x) =x+ / b(r, @, (r,z))dr, t> u.

Let us introduce moreover

t
eut(T) = exp (/ 0:b(r, @, (7, x))dr)
for which the following relation holds
eut(r) = 0, Dy (t, )
exploiting that
t
0,0t 7) = 1+ / Dub(r, u(r, 7)) 3, Do (1, ) dr- (1.36)

(For the details see Bally, Bavouzet and Messaoud [3]). Finally remember the
definition of ¢(r, a, z) given by (1.15) that is

q(r,a,x) = ((?Tc +b(1+ axc)> (rya,z) —b(r,x + c(r,a,x)).

We are ready to prove the Property (1.1.23).
Consider first the relation in the jump amplitudes direction, that is
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Din]-{Tp<r<Tp+1} = ]-{Tigr} §rfilaac(ﬂ7 Aia XTZ'*)- (137)

First of all notice that, as a consequence of (1.35), the following relation holds
8aja:t(T1,...,Tn,Al,...,An) = Dth (138)

Moreover, for t < w;, 0,2¢(u,a) = 0 and for t > u;, 0,;x4(u,a) satisfies the
equation

Je(u)
Og;0y = Ogc(uy, aj, Ty~ ) + Z OpC(Uis iy Ty~ ) Oy Ty -+
i=j+1 (1.39)

¢
+ / 02b(r, 2,) 0, . dr.

Now consider the first variation process &. We have that this process satisfies
the stochastic equation

¢ Tt
=1+ / 9:b(r, X, )& dr + Z Ouc(Ai, Tiy Xy )S,—-
0

i=1
Therefore, remembering the relations (1.38) and (1.39), we can conclude that
frﬁilaac(ﬂ, A, Xr—) on {T; <r} and D;X, on {1, <r < T, } are solution
of the same stochastic differential equation and so we can end the proof of

((1.37)).

Consider now the relation in the jump times direction:

Din Xy = &&7 a(Th, Ai, Xy, ). (1.40)

Let T; <t < Tj41. The first variation process can be written as

§ =¢&r, + / 0.b(r, X,)& dr

T}

because between T and ¢ there are no jumps. Let us denote 7, = &fil-
Therefore we have that

t
n =1 —i—/ 0.g - nypdr.
Uj
As in jump amplitudes case, as a consequence of the property (1.35), the pro-

cess x, solution of the associated deterministic equation, satisfies the following
relations for u; <t

8ujzl:t(T1,...,Tn,Al,...,An) = DjJrnXt (141)

and
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aujxt = Q<uj7 Qj, ajuj_>euj7t(xuj)‘ (142)
t

But we have that ey, (74;) = 0, Py, (t, 74;) and, by (1.36), n; and 0, P, (, 7.,
are solution of the same equation. Finally, remembering the relation (1.42),
we have that

DisnXe = Bur(Th, oo, Ty Ay ey A)

and

€t§i1Q(Ea Ay, Xy, )

satisfy the same equation and therefore the relation (1.40) holds.
The proof of the relation between the first variation process and the integral
process follows trivially by the stated properties for the process X.
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Chapter 2
Sensitivity analysis

The aim of this chapter is to find representation formulas for sensitivities, in
particular for the Delta, i.e. the derivative of the price function with respect
to the initial data. The same problem can be found in other contexts, as in
the insurance ones, whenever one has to find the variation with respect to
parameters of interest.

In general, looking at the option hedging problem, given the price of the con-
sidered option, expressed as Elpayof f], the Greeks analysis is the study of
sensitivity of w.r.t. some typical parameters (initial condition, diffusion coef-
ficient, drift coefficient...). The so called “Greeks” can be expressed as

%(Price) = Elpayof f x weight]

using the Malliavin integration by parts formula, previously developed and
stated in Property 1.3.8.

The computation of the Delta has been developed in many papers: Fournié
Lasry, Lebuchoux and Lions [17], Fournié Lasry, Lebuchoux, Lions and Touzi
[18], Davis and Johansson [13], Benhamou [6], El-Khatib and Privault [14],
Chen and Glasserman [12], Bally, Bavouzet-Morel and Messaoud [3], [5].
Here, we consider mainly payoff functions depending on the pair Z; = (X;,Y;),
in which X, stands for a jump diffusion and Y} is integral (w.r.t. the Lebesgue
measure) up to time ¢ (see below) and not only the two components separately.
In financial terms, we are going to study complex or floating Asian options.
To our knowledge, in the literature there are few results for this case, mainly
Benhamou [6], and only the Brownian noise is considered. Here, we extend
this case by discussing several weights, turning out also by handling the jump
noise.

2.1 Delta for payoffs depending on the pair

We are able to focus on the following case: consider the process

Zt - (Xt7 }/t)
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where

e X, is a n-dimensional process. Given a d-dimensional Brownian mo-
tion W, = (W}, ..,W) and an m-dimensional Poisson process J; =
(J}, ..., J™) we have

T d T
Xj= i+ / b, X,)dr + Y / o (1, X, )dWi+

e given f: R" — R, Y, is defined as
t
Y, = / f(X,)dr.
0

In this general framework X; can be thought as a pure diffusion or as a pure
jump process, respectively of the form (1.33), if ¢ = 0 for all i = 1,....n,
j=1,...,m, orlike (1.12), if 0¥ =0 for all i = 1,...,n, j = 1,...,d. In the
following we consider f(y) = y, but the same machinery can be thought for a
general smooth function.

Now, fix a time T > 0, standing for the maturity of the option, and let

(X7, Yr) (2.1)

denote the payoff function. In order to find representation formulas for the
Delta, we are interested to the computation of the following derivative

0

—R(0(Xr, V7)) (22)

that is the initial data sensitivity.

To avoid complex and misleading notations, we suppose in the following that
X is one-dimensional and Y; = f(f X.,dr. The forthcoming results extend what
developed by Fournié, Lasry, Lebuchoux and Lions [17], Davis and Johansson
[13], Benhamou [6] to our general framework.

First, let us state the following

Definition 2.1.1. We say that a jump diffusion X in satisfies the standard
hypothesis if Assumption

e 1.1.20, 1.1.21 and 1.1.22 hold in the pure jump case (i.e. 0 =0)
e 1.2.10 and 1.1.21 hold in the jump diffusion case

are satisfied.
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Roughly speaking, we will see that things are slightly different according to
the case that a pure jump diffusion or a jump diffusion is taken into account
(for example, we have already seen that a Malliavin calculus in the direction
of the jump times cannot be performed if a jump diffusion is considered, i.e.
if the Brownian motion is present). Therefore, Definition 2.1.1 ensures the
hypothesis on the jump diffusion coefficients allowing to get the Malliavin
derivative in the right direction.

Proposition 2.1.2. [Sensitivity w.r.t. the initial condition] Let X sat-
isfy the standard hypothesis and Zy = (X, Y;), with Y, = fg X,du. Let the
payoff function ¢ have polynomial growth and let & be the first variation pro-
cess related to the process X. Let v a process such that F = Zp = (Xrp, Yr),
v and G = (&7, fOT &udu) satisfy the hypothesis in Property 1.3.8, with n > 1
and t =T. Then, with the convention 1y;,—n,y = 1 in the pure diffusion case
(i.e. when c=0),

%E(Qb(XT, YT)l{JT:n}) = E((b(XT, YT>5(W1{JT:H})) (2'3)

+E([¢(XT, YT), wl{JT:n}]W)

where
2 T 2
w=Er) g0 + / &dr Y A2t (2.4)
j=1 0 j=1
and ’?ZT,U == 72;71} on th@ Set {JT = ’n,}; b@zng
7?@ = (DZjl{Jt:n},zﬁ'), i,7=1,2.

Proof. of the Theorem 2.1.2

The proof is straightforward, as a consequence of the Integration by parts
formula. As a matter of fact, we can suppose that ¢ € C}, because the general
case can be handled by standard density arguments using mollifiers. Then,
one has

DE(S(Xr, Yr)lsgen)) = E(0:0(Xr, Y7))ErL )

T
LE(0,6(Xr, Yr)) / Edr-1y,_).
0

Therefore, taking G = (&r, fOT &-dr) in the Integration by Parts formula, the
statement holds. O

Remark 2.1.3. Let us discuss the hypothesis allowing to get the result in
Proposition 2.1.2. First, let us recall that &4 and fOT &.dr are both Malliavin
differentiable (except in the jump times direction in the strict jump-diffusion
case) and that their Malliavin derivatives belong to the desired LP spaces for
any p. Then, one can resume the conditions to require case by case in the
following way: if w denotes the process as in (2.4),
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=1,...,

diffusion case;
o wy € Dom,, 12(0) fori,j=1,2 in the pure diffusion case (i.e. ¢ =0).

Moreover the border term written operator appearing in the weight given by
2.8 1s non null only when we are considering the jump times direction of the
differential calculus (see Definition 1.1.12 and Remark 1.1.18). Therefore in
the direction of the Brownian motion and the jump amplitudes we can state
the following formula:

SLE((Xr, Vi) Logn) = E(6(Xi, Ye)S (L) (2.5)

For practical purposes, Proposition 2.1.2 gives the Delta, since

0:E(o( X7, Yr)) = 0. E(0( X, Yr) 1 jp=0y) + OE(A( X7, Y1) 1i51})
=0, E(¢( X7, Y1) Lgp—oy) + D B(6( X7, Y1) 1(1y—ny)

n>1

Thanks to Proposition 2.1.2, the last term of the above expression is equal to

STEO(Xr, V)3 (wl ).

n>1

Concerning the first term, i.e. 9, E(¢(Xr, Y7)1s.—01), we have to consider sep-
arately the pure jump diffusion and the jump-diffusion case. Let us summarize
all in the following remarks.

Remark 2.1.4. [The case n = 0 for pure jump diffusions] In the pure
Jump case, on the set {Jr = 0}, the process Z; follows a deterministic equation,
having no jumps and therefore stochastic noises. We have that (X;,Y:)i<r =
(4, yt)e<T, where

Ty =b(r,x,) zo=1x

Ut = Ty Yo = 0.
Therefore

0. E(d( X7, Yr)1(sp—0}) = Oud(wr, yr)P(Jr = 0)

Remark 2.1.5. [The case n = 0 for jump diffusions| In the jump-diffusion
case (i.e. o non null), on the set {Jr = 0}, the process Z; is a pure diffusion
and coincides with (X,Y") over [0,T], where

dXt = b(t, Xt)dt + O'(t, Xt>th X() =T
dY, = X,dt Yo =0

Let w be the %([0,T]) x Wr-measurable process given by Proposition 2.1.2
when the pure diffusion (X,Y') is considered. Notice that w = wly;,—oy is
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measurable w.r.t. B([0,T]) x #Wpx _Fr. By recalling that the Brownian motion
and the Poisson process are independent, we can write

0 0
£E<¢(XT> Yr)lj—0) = %E(Cb(XT, Yr)|Jr =0)-P(Jp =0)

= E(¢(Xp, Y2)d(w)1,—0)

and a representation formula holds as well, by using the Gaussian Malliavin
calculus.

Let us focus on the case n = 1, that is on the set {Jr = 1}. Here, some
degenerate facts may happen, as summarized in the next

Remark 2.1.6. [The case n = 1] On the set {Jr = 1}, the process X has
performed only one jump in the time interval [0, T]. Suppose that one wants to
find the weight for the Delta, using the Malliavin calculus only in the direction
of the jump amplitude Ay or only in the direction of the jump time T) (the two
cases are similar, and so we will consider only the first one). Therefore the
differential operators are the following:

D =(0,Dy,0) and 6 =(0,01,0)

Thus the n-dimensional scalar product degenerates in a one-dimensional one,
that is, (U, V), = Uy - V4, U,V simple processes, and the matriz Ybzp becomes

- DXT . ’Ul DYT . Ul
10zr0 =\ pxr.? DYp-0? |

So detvpyz,.,, = 0 for every choice of the process v = (v, v?) and the inverse
matriz Yp g, ,, does not exist. As a consequence the machinery described by
the Proposition 2.1.2 cannot be applied. Therefore, in order to find a weight,
when the jump amplitudes or jump times noise is considered, one is forced
to add a noise in order to get a non-degenerate Malliavin covariance matriz.
Or, obviously, the lonely Gaussian noise direction can be considered. By the
way, it can happen that only one direction of noise must be considered (see
for example the Merton model, where there is not an explicit dependence on
the jump times). In this cases, the pair (X;,Y;) has to be considered as a
one-dimensional process, when there is only one jump on [0,T].
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The above Remarks 2.1.4, 2.1.5 and 2.1.6, giving relations when no jumps or
at least one jump are observed, will be used later, for numerical applications.

The Proposition 2.1.2 gives an expression for the Delta depending on the pro-
cess v. In the next sections we will suggest some possible choices for v, in order
to simplify the weight given by (2.5).

Remark 2.1.7. For a 2-dimensional process v = (v',v?), let v*° be a the
following transformation of v:

v = (o', po?)

a and 3 being non null and possibly random constants. The associated matriz
Ypz.wes 1S therefore defined as

a(DX,v") a(DY,v")
’YDZT,'UD"B =

ﬂ(f)X, v?) ﬁ(DY, v?)

Now, it is immediate to see that the corresponding process w™? defined in (2.4),
coincides with the process w turning out from v. In conclusion, the weight

S(wlyy,—ny), defined by (2.5), does not change by considering the process v™P.

Remark 2.1.8. Notation
We will use the notations:

8aCi = aaC(Ti, Ai? XTi—)
8;501‘ azc(ﬂa Ai’ XTi_)
g = q(ﬂv Aia XT«;*)

where q is defined by (1.15).
Moreover let us define the following process, which we need in the following

8, = /Ot&dr

From now on, when is not specified, we refer to X as a one dimensional process,
in order to simplify the notations. It is clear that the multidimensional case
follows straightforwardly by the one 1-dimensional one.

2.2 Malliavin covariance matrix

The first natural choice of the 2-dimensional process v is the Malliavin deriva-
tive DZ, so that 5, becomes the standard Malliavin covariance matrix (see
Bally, Bavouzet, Messaud [3] for more details), usually denoted through o .,:
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Ophz = Vpzpz- In this case the weight is not simple to be used for numerical
purposes, due to a complicated structure of the covariance matrix. Actually,
we have introduced the process v and defined the generalized covariance ma-
trix 75, for the sake of generalization and mainly, to reduce the complicated
structure of the covariance matrix.

For example, in the pure diffusion case, the Malliavin covariance matrix is
less complicated than in other cases, although difficult to use in practice. As
a matter of fact, remembering the relations between the Malliavin derivative
and the first variation process, stated by Property 1.2.11, we have

S (&€ o (X)) du S (€0 (X0))26(Br — Bu)du
Sy (€7 (X)) (Br — Budu [ (6, 0(X,)(Br — B.))?du

In fact, to our knowledge, the only result appearing in the literature, due to
Benhamou [7] does not use such an instrument. In that paper it is shown that
the weight is given by dy(w), with

Opzy =

foT Yidr —Y, foT Yedr
ox(T [, V2dr — ([) Y2dr)?)

Wy, =

The technique allowing to prove such a result are different from ours but we will
see that such a weight can be reproduced by our approach, that is by using the
generalized Malliavin covariance matrix, as it is shown in next Remark 2.3.3.

Before to consider the jump diffusion case, we stress the fact that the process
Z = (X,Y) does not satisfy the ellipticity condition in every point of the
space (the ellepticity condition assures that the Malliavin covariance matrix is
invertible and non degenerate). In fact

> ( o(r,OXr) )

o= (705 0)

that is a degenerate matrix (much more than non elliptic). By the way it
can be shown that the Hormander condition (see Nualart [25] Section 2.3)
holds true (with the notations of Nualart Ay and [Ag, A] span R?). By this
condition it can be proved that the standard covariance matrix is invertible and
has finite moments of every order, but there are not references in literature,
also if it is a widely accepted statement. Notice moreover that for practical
implementations, to check Hérmander condition is not useful.

and

In order to stress the fact that the use of the Malliavin covariance matrix is
unfeasible in practice for our problem, let us write down it in the case of the
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jump diffusion process Z; = (X;,Y;) (the pure jump one is similar), which
solves

t t Jt
X, = x—f-/ b(r,Xr)dH/ o(r, X, )dW, + Y (T}, Ay, Xr,2)
0 0

i=1
t

Y, = /err
0

As remarked, in this case we can consider (at least in the general case) the
Malliavin derivative only in the Gaussian and jump amplitudes directions. So

we have that D = (Dy, Dy, ..., Dy, 0...,0). Using the formulas for the Malliavin
derivatives involving the first variation process ¢ (w.r.t. the Gaussian and the
jump amplitude noise, see (1.2.11) and (1.1.23) respectively), the standard
Malliavin covariance matrix op, is given by

[ / @) e | / () 20X (51 - Bu)dut

+25T (9aci)?(6r)? +Z§T (9aci)*(Br — Br,) | ér

T T
[ / (€)X (Br = Bdur [ (€)X (51 = B du

+ZfT (Daci)? ﬁT—ﬁT)}f +Z£T )*(Br — Br,)?

It appears clear that the inverse matrix 6, and, as a consequence, the weight
for the Delta given by (2.5), are too complicated to be used in practice. So in
the next section we will see more suitable choices for the process v, differently
constructed according to the direction along which the Malliavin calculus is
considered.

It is worth to be observed that in the one-dimensional case, the choice of v
giving the standard Malliavin covariance matrix, does not produce the same
difficulties as in the multidimensional case (see for example Bally, Bavouzet
and Messaud [3] or Fournié, Lasry, Lebuchoux, Lions and Touzi [18]).

2.3 Generalized Malliavin covariance matrix

In this section we consider the different directions of the Malliavin calculus
separately, in order to define the process v in each case. We stress that by using
the generalized covariance matrix, the calculus of the weight for the Delta is
considerably simplified and the writing of the resulting weight is really plain.
From now on, suppose to have fixed the maturity time 7', at which n jumps
have been observed, i.e. we work on the set {Jr = n}. In the following, we
will consider the jump diffusion process
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t t Jt
X, = x—i—/ b(r,XT)dH/ o(r, X, )dW, + Y e(Ti, Ay, X1,
0 0 i=1
t
Y, = X,dr
0

We will speak about a “pure diffusion” if ¢ = 0; we will say that a “the pure
jump diffusion” is considered when o = 0.
Let us define the following classes of deterministic processes, widely used later

on:
T

" = {a : [0, 7] — R such that / aydu = O} (2.6)
0
and for a € &V, we set A(t) = [ a,du;
a7 = {a € R" such that Zai = O} (2.7)
i=1

As we will see, " and &7 are constructed in order to simplify the structure
of the matrix v, .

Finally we refer to U and V as simple processes, whose general form is U =
(UDuepp), UL, ..., UP) and V = (V) uepr, V., V).

2.3.1 Gaussian direction

Let us first consider the classical Gaussian direction for the Malliavin calculus.
This means that

D=Dy and D,=0fori=1,..,2n

b=06 and & =0fori=1,.., 2n.

Moreover, the underlying scalar product is the standard one in L?([0,77]), that
is

T
UV, = / UOV0du.
0

We can consider the Brownian Malliavin derivative for general jump diffusions,
whenever the right hypothesis on the coefficients are taken into account (see
Assumption 1.2.10 and 1.1.21).

Following Property 1.2.11 giving the relation between the first variation process
¢ and the process X, we have

Do Xr = &é'o(X,)
DouYr = (Br —Bu)E o(X,)
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where from now on we set
t
0

Thus we define the process v = (v!,v?) as follows: for some a € &%,

vl v, =6 N (Xyay v =0 i=1,...,2n
v? g, =& (Xy) 2=0 i=1,...,2n
So the matrix 75, , 18
0 — fOT Butudu

IVDZT,U - 7
Tér THr— [, Budu

Finally, the process w as in (2.4) is then given by
_ T
_ §uo 1(Xu) (1 . fo Brdr U«u)

T
T fy Brasdr

wO,u

In order to show that the machinery runs, it remains to show that, on the set
{Jr =n}, (detypy, )~ € LP for any p. One has,

T
Ligr=ntl det vz, o7 = Lpppmny TE - | / Bty du| ™.
0

Now, 5;1 = éT € LY for any ¢q. Concerning the latter term, one has

Proposition 2.3.1. Suppose that A, = fou asds > 0. Then,

T -1
/ Buty du‘ € LP for any p.
0

Lisr=n}

Proof. One has

/OT \/A_udu - (/OT s du> 1/2</0T 51;1 du) 1/2

so that, setting é =1

(/OTAufudu>_l < cf./OTfudu

being cy = fOT VA, du > 0. Therefore,

T . T T
( / Al du) < ( / Eudu)? < dy,- / £ du
0 0 0
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for a suitable positive constant d,. Now, since (X, f) is a diffusion process

with (very) good coefficients, SUPyeo,r] §u € LP for any p > 1, and the state-
ment holds. a

Remark 2.3.2. In practice, we will take, for s € [0,T], either

as = Z — s or as=sin (277'%)

2
Notice that, in each case, Ay = fos a, du >0 for any s € [0,T].

Remark 2.3.3. In literature Benhamou has considered the floating Asian op-
tions (see [7]), giving an expression of a weight using the Gaussian direction of
the Malliavin calculus, obtained using some considerations on the conditional
expectation. As a process w, he has considered the following one

B2+ 26,(f répdr — TﬁT)>
Br(2 [ r&dr — TBr)

where we have used our standard notation. We can find this particular process
w, choosing in our machinery the process v as

wfen = Sua_l(Xu) <

vt vy, =80 N (X)) vi=0 i=1,....2n
v v, =6 H(Xy) vi=0 i=1,....2n

Notice that this choice of the process v, makes more complicated the calculus of
the weight, instead of an easy one given by the choice introduced in the Section
2.5.1. As a mattter of fact the matriz vp,, , s

&fr B [, Bedr
’y[)ZT,v = T
Tér TBr— [, Bedr

and we have that det(vpy,. ) = & fOT B.dr(T — pr). By straightforward com-
putations, one can verify that the following equality actually holds:

2

2
Ben __ 15 J Z 25 J
Wit =gr Y g, B Y VE, v
=1 j=1

2.3.2 Jump amplitudes direction

We consider now the jump amplitudes direction, that is

o

b =0, Di:aAi fori=1,...,n, D;=0fori=n+1,..,2n
0;

0 =0, Sizéfforizl,...,n, =0fori=n+1,..,2n.

S
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The scalar product is now defined as
(U, V), = (UA, VA2 Z U'Vir,.

Again, we can think to handle a general jump diffusion, on which the right
hypothesis have to be set in order to get the differentiability (see Definition
2.1.1)

Here, we will always assume that m; = 1 and that the jump amplitudes have
a smooth density g, which is null outside I = U}_, (a;,b;) and such that g = 0
on 0I. This means that the border term operator is null:

- ]? =0 on .7, (A) X Zn(A)

(see Remark 1.1.13 for details). We recall that for our numerical applications
we will consider g as a log-normal pdf.

Following Property 1.1.23 on the first variation process £ and the process X,
we have

DiXr = Er&; Outi
DiYT = (br— 5Ti)filaa0i-
Thus we define the process v = (vt v?) as follows: for some a € &7”,

v} =0 i=0n+1,...,2n
v v =¢&0(0.)7 i=1,....n, v}=0 i=0,n+1,...,2n

The matrix vp,, , 1s then
0 - Z:’L:I ﬁTi a;

nér nPr — Z?:l P,
It is easy to verify that the process v and the matrix 95, verify the hypoth-

esis of the Theorem 2.1.2, that is &gZT Ui € fnl’T(A) for i,j = 1,2. We have

supposed the smoothness of the p.d.f. g of the jump amplitudes and therefore
we have that the exists

’YDZT,U =

—(0a, Uk, + Up0a, log g(Ay))
where U = (Uy,...,U,) and Uy = ’ngT,v
Tr(D).

Finally, the process w as in (2.4) is then given by
£, (Daci) ™ (1 2B
Z?:l /BTjaj

w; =0 otherwise

j - 2 ij
vy. This means that Vbzp?

ai> 1=1,...,n

w; =
n

41



Let us discuss the integrability properties for [detvyp, |7 on the set {Jr =
n}. One has,

n
Lppmnyl det vz, |70 = Lpmmynést 1D Bral ™
i=1

Now, 5;1 = fT € L4 for any ¢q. Concerning the latter term, one has

Proposition 2.3.4. Suppose that Ay = Zle a; >0 foranyk=1,...,n—1.
Then, 1ip—ny| >ory Briai| ™t € LP if there exists & > 0 such thatp < n—1—4.
Let us give a discussion before to prove Proposition 2.3.4.

The real important fact is that (1.10) holds in the direction of the jump am-
plitudes. Now, it is simple to see that it reduces to ask for the following fact:
one needs that 1yj,—ny|detyp, |71 € LP for some p > 2. Now, this holds
if 1gpeny| >0, Brai)™" € L** for some § > 0. By Proposition 2.3.4, this
happens whenever n > 4. However, it is worth to say that the above formulas
will be implemented for any n, and we will see how they work from a practical
point of view.

In order to prove Proposition 2.3.4, let us give the following simple

Lemma 2.3.5. Let V be a r.v. Then, |V|~' € L? if and only if

"P(V]<¢)
Proof. The statement easily follows from the fact that

BV = [ ROV s v = [ 5T ae

0 0 gt

in which we have performed the change of variable ¢ = v='/?. Now, the above
integral if finite, i.e. |V|™' € LP, if and only if integral in a neighborhood of
the origin is finite.

O

We can now pass to the
Proof of Proposition 2.3.4. First, notice that

n

n n T T
ZﬁTiai = Z/ §sdsa; = / &s Zai15<Tid3
i=1 i=1 Y0 0

=1

T T
= / gs Z aidS = _/ gsAJst
0 0

i=Js+1

where A;, = Zij;l a; > 0. Therefore,
T T T 1/2 T 1/2
/ VA ds = / VALENE T ds < / Aggas) / £.ds)
0 0 0 0
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in which we have set again é = &1 Then,

n T _1 T T -2
1S Bral ™ = ‘/ Ay €,ds g/ £.ds - (/ \/AJsds>
i=1 0 0 0

Then, since 1y7,-n fOT £,ds € L for any ¢, one has that, on the set {Jr =n},

-1
| >0 Brya;| ™t € LP if (fOT \/Ajsd8> € L+ for some § > 0. Let us then

discuss whenever this happens.
First, notice that

Ti+1

T T n n—1
/ \/AJSdS:/ \/Ajszl{Jsi}dS:Z/ \/Eds
0 0 i=0 i—1 YT

n—1 n—1
= VAT —T) = cay (Tis1 = Tp) = ca(T, — T)
=1 =1

where ¢y = inf{A;;i=1,...,n — 1} > 0. Therefore, the problem reduces to
study when 1,y (T, —T7)~" € LP*. To this purpose, we use Lemma 2.3.5.
Recall that, conditional to {Jr = n}, the probability density function of
(Ty,...,T,) is given by

n!
paw,t, .. ty) = ﬁ10<t1<...<tn<T

as w € {Jr = n}, so that the marginal law of (73,T,,) is
n(n —1)
Tn

Simple but straightforward computations allow to give that

P, (Wt t,) = (tn — t1)" o<ty <tp<T

n—1

(0T~ ¢)

for any ¢ € (0,7T). By using Lemma 2.3.5, (T, — T})~®*9 is integrable con-
ditional to {Jr = n} if and only if n — 1 — p — § > 0. Now, by recalling that
E(V1y) =E(V]A)P(A), the statement follows.

O

Remark 2.3.6. In practice, we will do the following choice: a; = 1 for any
i1<nanda,=1—n, sothat Ay, =k >0 foranyk=1,...n— 1.
2.3.3 Jump times direction
We consider now the jump times direction, that is
D;=0fori=0,1,...n and D, = Op, fori=n+1,..2n
6 =0 fori= 0,1,...,m and o =0 fori=n-+ 1,....2n.
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Recall that in this case we can perform a Malliavin differential calculus only
for pure jump processes (see Example 1.1.25). Obviously, the right hypothesis
on the coefficients have to be set (see Definition 2.1.1).

The scalar product reduces to

<U7 V>7r = <UT7 VT)? - Z Ui—l—n‘/i—&—nﬂ-i-‘,—n'
i=1

Again, we always consider the case m;.,, = 1,7 = n+1, ..., 2n. But, as observed
in Remark 1.1.13, the border term operator appearing in the integration by
parts formula is now non null, as already seen in Formula (2.3). Let us write
down how the border term operator applies on the elements in .7}, +(T) of the
form

F=f(Xr,Yr) = f(Th,...,T,,w) on the set {Jr =n}

in which f denotes a quite general function, in which w denotes generically the
dependence on the jump amplitudes. By recalling Formula 1.1 for the p;’s, for
Ue Z,.T) by (1.6) one has

— - fz*(XT,YT) ) Ui+ _ fi_(XT>YT)Ui_
¥ Ul = 3 I 2

in which we have set
fii(XTa YT) = ' hjl;n f_(Tla "'7712—17 t?ﬂ-l-lv "'7Tn7w)
—Li+1
Ur = lim ¢%(Ty, ..., Ty—1,t, Tyy, ..., Ty w)

! t—Tit1

(recall that Ty = 0 and 7,1 = T), where we have denoted through g¥ the
function such that U; = gY(T1,...,T,, T,w), again w gives generically the de-
pendence on the jump amplitudes on the set {Jr = n}.

Remark 2.3.7. Let us observe that we are performing a choice for the m;’s
differently from Bally, Bavouzet and Messaud [3], whose 7;’s are set in order to
keep a null border term operator. Our main purpose is to handle a (generalized)
Malliavin covariance matriz vz, as simpler as possible (recall that we are in
a multidimensional framework and vz, has to be inverted), and in fact, we
obtain a triangular matriz vz . In other words, our choice m; = 1 turns out
to be fundamental to simplify in practice the calculus of the Greeks.

Recalling Property 1.1.23 on the first variation process £ and the process X,
we have

DiXp = &&rla
DiYr = (Br— b)) 6
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Thus we define the process v = (vt v?) as follows: for some a € 77,

vl =& (q)ta; i=n+1,...,n, w
v

1
v vl =6p(q)t i=n+1,...,2n,

Therefore the matrix vp,, , is

0
0

ST S =

0 =2 Bra
nér nfbr— Z?zl pr,

Notice that in this way we have the same generalized covariance matrix that
in the jump amplitudes case.

In order to verify the hypothesis of the Theorem 2.1.2, we have to verify that
&g PRNUNS S I,%,T(T). By the definition of the Skorohod integral in the jump

times direction 1.1.10 it easy to check that

ryDZT \U -

—(01,Uk4n)
exists. We have denoted Uy, = ’yg Z Uvi.
Finally, the process w as in (2.4) is then given by
_énla)”! (1 =

n Z?:l ﬁTj a;

w; =0 otherwise

w; ai) i=n+1,....2n

Concerning the p-integrability properties for [detyp, ' on the set {Jp =
n}, the same arguments as in Section 2.3.2 (see page 42) can be performed.
Again, The real important fact is that (1.10) holds in the direction of the
jump times, which reduces to require that 1¢s,—ny|detyp, ,|7' € L? for some
p > 2. Now, this holds if

1p=n}| ZﬁTiairl e L** for some § > 0.
i=1

By Proposition 2.3.4, if A, = Zle > (0 for any £k =1,...,n — 1, this happens
whenever n > 4.

Remark 2.3.8. For our numerical purposes, we will take a; =1 for i < n and
a, =1 —mn. Therefore, A >0 for any k=1,...,n—1.

2.3.4 Joint Gaussian and jump amplitudes direction

Once considered separately the three directions of noises, we can take into
account the joint differential calculus with respect to the Brownian motion
and the amplitudes of the jumps. Then, differential operators are

Dy=Dy, D;=0u, fori=0,1,...n, D;=0fori=n+1,..,2n

o = 0, =9¢; fori=0,1,...,n, =0fori=n+1,...2n
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and the underlying scalar product is the defined as

T n
U V), = / UWVldu + Y " UVim;.
0 i=1
As remarked in the previous section, we will define m; =1 fori =1, ..., n.

We define the process v = (v!,v?) as a mixture, in some sense, of the v’s seen
in Section 2.3.1 and 2.3.2: for some a € &%

vl vg, = &uo (X ay vj=0 i=1,...,2n
v v =¢&0(0.)i=1,...,n, v?=0 i=0,n+1,...,n
Therefore the matrix vp,, , is
0 — fOT Bua,du

PyﬁZT,v =

nér nfr— Y, O,
Finally, the process w as in (2.4) is then given by

Wo,u = — — %:i:1 ﬁTi : guo—_l(Xu)au
n [y Bradr
1
wi:—-fTi((‘?aci)_l izl,...,n
n
w; =0 t=n+1,...,2n

Obviously, the functions v' and v? can be chosen also by a different mixtue
involving a process a in A7. In fact, we can also take, for some a € @77,
vl wg, = Guo (X v
v i v =¢&r,(0.c) ey i=1,...,n, v

Then, in this case we have

T&r ThHr— fo Budu

0  —=> 5 Bra

and the process w as in (2.4) is given by

’YDZT,’U =

1
'll)o}u = Tfuail(Xu)

o Budu
TZ?:lﬁTjaj
w; =0 t=n+1,...,2n

Ww; = le.(aaci)*lai 1= 1,...,n

As for the p-integrability properties, we refer to Section 2.3.1 (page 39) and
Section 2.3.2 (page 42).
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2.3.5 Joint jump amplitudes and times direction

We conclude this analysis with the joint differential calculus with respect to
the jump amplitudes and times. The differential operators are in this case
defined as

Dy=0, D; = Op, fori=1,...,n, D, = Op, fori=n+1,..2n
5 = 0, Si:(SZ-A fori=1,...,n, Sizdf fori=n+1,...,2n
The scalar product is
2n
(UV)e =) _ UVim;
i=1

and again we put m; = 1 for i = 1,...,2n.
The process v is defined as a mixture of the v’s seen in Section 2.3.2 and 2.3.3:
for some a € 277,

il = 5Ti(aaci)71&i 1=1,...,n, )
P =tng i=n+1,...,2n, v

so that the matrix vp, 18
0 =2 Ora
nér nfr—y.r . 0r,

/YDZT,U -

Therefore, the process w as in (2.4) is given by

Wy =0
W; = _n—_ : fTi(é?aci)_ a; 7= 1,. ..,n
nzg‘:l Brya;
1
wi:_'ETZ(ql')il t=n+1,...,2n
n

Again, we can also choose v! and v? in order to have a super-triangular gen-
eralized covariance matrix. In fact, for some a € 277, set

=&nq; a; t=n+1,....2n, v

ngT nﬁT - Z?:l BTi
0 > Bra

PYfJZT,v =
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and the process w as in (2.4) is given by

onO
1 1 ,
w; = — - &7,(0uci) i1=1,...,n
n
w; = M.gﬂ(%)—lai i=n+1,...,2n

n Z?:l 6Tj aj

Recall that in this case also the border term operator has to be considered,
and the formula we will use is given by (2.8).

Finally, concerning the p-integrability properties of the inverse of the deter-
minant of the Malliavin covariance matrix, we refer to Section 2.3.2 (page 42)
and Section 2.3.3 (page 45).

2.4 Payoffs depending on each single component

The arguments previously developed for the 2-dimensional framework, can be
applied in the one-dimensional case. Obviously, the generalized covariance ma-
trix is now simply a scalar, the structure of the weight becoming significantly
simpler. By the way, the introduction of the process v gives better results than
considering the standard Malliavin derivative.

In financial terms, we are now going to consider a payoff function ¢ of the
type ¢(Xr) or ¢(Yr), i.e. depending on each single component: underlying
asset price at maturity time 7" or the mean of the underlying asset price over
[0,T]. The result given in next Proposition 2.4.1, is simply a particular case
of Proposition 2.1.2 and for this reason we omit the proof.

Proposition 2.4.1. . Suppose that X satisfies the standard hypothesis. Let ¢

be the payoff function with polynomial growth and let & denote the first variation

process related to the process X. Let F' and G denote either X and & or Yr
T

and fr = [, & du.

Let vf" be a process such that F', v¥', and G satisfy the hypothesis in Property

1.3.8, withn > 1 and t =T. Then,

R (G(F)y-0) = E(G(F) (0 Lyy-0)
+E([¢(F), w1 jp=n]x) (2.9)
with
if F=Xr: wi=w"= &ypxpe) 0¥ (2.10)
fF=Yr: w'=w"= Br(vovy.) ' -v" (2.11)

The above result holds in the pure jump diffusion case (i.e. ¢ = 0) with the
convention 1{j.—ny = 1.
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For the sake of clearness, we can write the hypothesis on w’, with F' = X
and F' = Y7, case by case as follows:

.....

o wy € Domyrs(d) and (W) )j=1,.n € I p(A) i, = 1,2 in the jump
diffusion case;

e wt" € Dom,, 15(8) for i, j = 1,2 in the pure diffusion case (i.e. ¢ =0).

Moreover we recall that in our choice m; = 1, in the direction of the Brownian
motion and of the jump amplitudes we have not a border term (see Definition
1.1.12 and Remark 1.1.13) and therefore we can write Formula 2.9 as

%Ewo{mh:n) = E(¢(Xr)d(w* 15,-0))
%E(qs(ymhn) = E(o(Yr)d(w" 1,-0)) (2.12)

In the following, without entering in details but referring to the section pre-
viously developed, we consider different directions of the Malliavin calculus.
We follow the notation of Proposition 2.4.1 and we write explicitely only the
process w whose Skorohod integral gives the final weight.

e The Gaussian Direction [Section 2.3.1]

We define v¥ = v} = £,0(X,)~!. For simplicity we do not consider the
components of v related to the jump noises, to be thought all equal to
zero. Thus we have

ﬁT&uU<Xu)_1

1
wY = —&0(X,)! and w) =
TﬁT - fo 6udu

=7 Y=

e The jump amplitudes direction [Section 2.3.2]

We define v¥ = v} = &1.(0a,¢;)7", for i = 1,...,n and v;¥ = v} =0 for
i=0,n+1,...,2n. Therefore wX = v} =0fori=0,n+1,...,2n and for
1=1,...,n we have

Brér,(0a,¢:) 7"
nfBr — > i, Brdu

1
wZ-X = —fTi((?Aici)_l and wZY =
n

e The jump times direction [Section 2.3.3]

Let v¥ = v} = &pgt, fori = n+1,..,2n and v¥ = oY = 0 for
i = 0,1,...,n. Therefore w;X = v} = 0 for i = 0,1,...,n and for i =

n+1,...,2n we have
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vy Préng '

"onBr =3 B

Notice that we have defined m; = 1 and therefore the border term operator
has to be taken into account. The formula is given again by (2.3).

1
w' = &gt and w
n

e The joint Gaussian and jump amplitudes direction [Section 2.3.4]

In this case we define
X X _ qu(XU)_l X éTz( Aici)_l

; = i=1,...
v UO,u T v; n 1 ) y TV
oY véfu:—ga( ) vZY:——gTZ A:¢ 1=1,...,n
’ T n
and v¥ =v) =0fori=mn+1,...,2n. Thus the processes w* and w¥
become: wX =w) =0fori=n+1,...,2n and
wX o wy, = if o(X,) ' w = igTaA cti=1 n
. 0,’LL 2T u u 7 2n i i g o e ey
and ¥ -1
w o wy, = 1 ﬁanuU( 2 T
o D i B1 — fo Budu
Op, ¢t
wY: ﬁTle A€ izl,...,n

)

— -
> i1 Br = Jo Budu
e The joint jump times and amplitudes direction [Section 2.3.5]

We define in this case v¥ = v¥ = v, that is in the same way for payoffs
depending on X or on Y only. We have

v =Er(0a,c) " i=1,0 0, vi=Engt i=n+1,...,2n

and vy = 0. This gives

wX o w = %gn(ﬁ&q)l i=1,...,n
u}iX:ifgp.qi_1 t=n+1,...,2n
2n"
w o owY = Brér,(0a,c:) " 1 n
© o 2(nfr — XL Br) Y
y Bréng !

w:

b 2(nBr — Z?:l Br,)

X _ Y —
and wy =w; =

Again, since m; = 1, the border term operator as in (2.3) has to be taken
into account.

50



2.5 Examples

Here, we consider some examples of financial interest, seeing in details what
developed up to now. In some examples, we will prefer to use some specifical
choice of the process v, according to the considered model, instead of the
general definition previously given. In this way we can further simplify the
Malliavin Delta weight.

The models are singularly discussed, analyzing the different directions for the
differential calculus.

2.5.1 Black-Scholes-Merton model
We consider the process Z; = (X, Y;) under the dynamics

t t Ji
X, = 33+/ erdr+/ o X, dW, + > AiXr,
0

0 i=1
t
Y, = /X,dr
0

where b € R and o > 0.

When considering only the diffusion part of the process X, one has the classic
Black-Scholes model; keeping the jump part, one obtains the Merton model.
Notice moreover that Z; satisfies all the standard hypothesis. We can write
the solution process X; explicitly:

J
X; = zexp <(b - %02)15 + OWt> H(l + A)).

=1

As a consequence, the first variation process & and (3; = f[f &.dr are given by

Now, fix the maturity time 7" and the set {Jr = n}. Suppose moreover that
the jump times are as usual (that is, 77, To — 17, ... are i.i.d exponentially
distributed r.v.’s) and that the density g associated to the jump amplitudes is
smooth, non null only on I = Ug(ag,bx) and g = 0 on 9. In the numerical
simulations we will take the jump amplitudes as log-normal distributed.

Remark 2.5.1. Notice that X (and as a consequence Y ) does not depend on
the jump times T; explicitly, the dependence being on J; only. Therefore we
cannot apply the differentia calculus in the jump times direction (see Bally,
Bavouzet, Messaoud, [3])
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Gaussian direction

We apply here the results in Section 2.3.1. Then, the process w whose Skorohod
integral gives the final weight has only the first component non null and given

by

T

1 Y.d

wo = (1= BTy e
oxT fo Y,.a,dr

where a € @V (i.e. a is a deterministic function such that fOT aydu = 0). So,
by recalling Property 1.2.6 on the Skorohod integral of a special product, we
can write

T
~ 1 f Y,.dr T

) = — - =0 W AW,
o{wo) oxT [WT fT Y,a.dr / ¢ "

o

Now,

T ™ T ad T
- Y,.d Dy, Y,d T Dy, Y,.a,.d
_DO7 < fO r >: 0, (fO T) _/ }/;d’r" 0, (fO a T)
0

Ny Yeardr Jo Yeardr (fy Yeardr)?
_ O'L:FSFY;« —Y,)dr B /T V. Ufung;“ Y))ardr
Jo Yeaydr 0 (Jy Yra,dr)?

in which we have used that, here, DOMY} = o(Y, — Y,)1,<,. Therefore, the
weight has the final form

T
~ 1 Y,.dr T
o trir

+m /oT </JT(Y;’ - Yo)drJaudu (2.13)
_i%%%;AYLZK—%mw%M@

Remark 2.5.2. Consider for the Black-Scholes model the weight of Ben-
hamou considered in Remark 2.5.5. The weight of Benhamou can be written
as 0 (wPem) where

u

pen 1 <YT2 + 25 rX,dr — TYT)XU>

o\ Y2 [T e X dr — TYr)

Therefore in order to handle the Skorohod integral S(wfen), we apply Property

52



1.2.6 and we obtain

g<w36n) N 1 { YTWT B /’T O'(YT — Yu)
2 [V rX,dr —TYr Jo 2 [ rX,dr —TYy

“ ox

du

/T oYr(2 [T rX,dr — T(Yr —Y,))
0 (2 ) rX,dr — TYr)?

o (T rX,dr — TY r T (T X, dr —T(Yy — Y,
Uy il r) / Xy —20 [ T el O = Y) ¢ g
YT(Q fO Ter’I“ - TYT) 0 0 YT(2 fO TXTdT - TYT)
T
+20(/ rX,dr — TYr)X
0
y /T <(YT — Y )@ [ rXodr — TYp)) + Yo (2 [ —T(Yr — Yu))>X du}
0 (2 JiF r X dr — TY7))? b

(2.14)
A comparison with Formula (2.13) shows that (2.14) has a much more com-
plicated structure, which in turn suggests the importance of the introduction of
suitable processes-directions v’s for practical purposes.

Jump amplitudes direction

Following Section 2.3.2, the proces w is non null only along the direction of
the jump amplitudes. Here, by using the fact that

Xr Xr
£Ti = TZ) aaci = XTi and L= 1+ Az
x X

i

it follows that
: (1 2o V7
Z?:l YTJ aj

where a € &7 (i.e. a € R™ with Y.  a; = 0). By recalling Property 1.1.17
on the Skorohod integral of a special product, we can write for : =1,...,n,

w; = ai>(1+Ai), i=1,....n

nx

Giw) = L[(1- ZZ—YY)M YAy D@_j)u -]

Now, it is easy to see that

Xu

DiX, =
1+ A
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so that
~ YT] - YTZ

DYy =
571N,

T;<T;

By using the chain rule, the term in which the derivative D, appears can be
written, and the final formula for the weight is

Sw) = [(1— 2 11y )Za (1+A)+

n Z] L Y1,05
1 n n
Z Yra, Z Z (Yr, — Yg,)+ (2.15)
Jj= =1 j=i+1
Z] IYT &
OLZ —Yr)a,

where, recalling Definition 1.1.9 for the Skorohod integral,

n

0i(1+A;) = — Z(l + (14 4Ay)dlog g(Ai)).

=1

For practical purposes, we will consider 1 + A; as a log-normal r.v., that is
14+ Ay =expl, with I' ~ N(m, ¢?). Then, I = (-1, +00) and

log(14+z) —m 1
g(x) = ¢< . >g(1 T o)t

where ¢ denotes the standard Gaussian probability density function and notice
that ¢ = 0 on OI. In this case, we obtain for z > —1

log(l—l—x)—g
01
ogg(r) = 21+ 1)
so that
~ i m—log(l—kAZ) .
(Sll—l-Az = — 5 z:l,...,n. 2.16
A+8)=-3 — (2.16)

Joint Gaussian and jump amplitudes direction

In Section 2.3.4, we suggested two possible choices for the process v = (v!, v?),
giving two different processes w. Let us write down the associated weights in

this context. In both cases, w is non null along the directions 0 and 1,...,n.
In the first case, w is is given by
1 =1 Y1 1
Woy = — -ZTJ*I ~ayand w; = — - (1+4;), 1<i<n
nox fo Y, a,dr nT
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where a € @, The associated weight is then §(w) = dg(wo) + S0, & (w;).
Let us write more explicitely §(w). First, the i-th Skorohod integral in the

direction of the jump amplitudes is simple to write: using directly Definition
1.1.10,

iw) = (14 (1+ A)dlogg(A) (2.17)

where g is the density of A;. Moreover, by applying Property 1.2.6 for handling
the Skorohod integral dy(wy), we obtain

- 1 " Yy (T
So(wo) = [ 2 1, / a, dW,+
0

T
nox fo Y, a,dr

T n
o
TYCLTdT ‘ ( T} ) T> ( )

o Y,
ZJ 1h / / (Y, = Y,)dr du]
( fo Yardr
By resuming, the Delta weight is given by

0(w) = do(wo) + Z&'(wi)

— (2.19)
with d(wo) given by (2.18) and for i > 1, &;(w;) given by (2.17).

Let us now consider the second possible weight, as discussed in Section 2.3.4.

In this case, again w is null along the direction of the jump times and

T
1 f Y, du
u = d i L
Wou = Gy MW T Ty > i1 Y10,

a;(14+4;), 1<i<n

so that one immediately obtains that

~ Wer

do(wg) = T (2.20)

Moreover, by using the chain rule and Property 1.1.17, we have

fo Y, du
Z] 1 Y105
fTi (Y, — Yr.)du
- Z?:l Yr,a;
+Z?=i+1(YTj — Y7,)a, /TY du] .
(i Yra)? Sy
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By resuming, the second possible Delta weight is given by

S(w) = do(wo) + Z 5 (w;)

=1

(2.22)
with dg(wp) given by (2.20) and for i > 1, 6;(w;) given by (2.21).

2.5.2 Ornstein-Uhlenbeck model

Consider now the jump version of the Ornstein-Uhlenbeck process. Our process
of interest Z; = (X3, Y;) is then the solution to the following equation

Jt

t t
X, = :c—/ b~(Xr—(9)d7’+/ JdWT—i-ZaAi
0 0

=1
t
Y, — / X, dr (2.93)
0

In other words, one has b(r,z) = b- (x — 0), o(r,x) = o and ¢(r,a,z) = a - a,
with b,0,a € R and o > 0. Notice that X satisfies the standard hypothesis.
The process X; has a closed form solution:

t Jt
Xy =ze " +0(1—e) + O'G_bt/ e dW, + a Z e tTIA, (2.24)
0 i=1
Therefore, the first variation processes & and (3, = fot &.dr are simply deter-
ministic and given by
1— efbt

b

& =e"and g, =

respectively.
Let a maturity 7' > 0 and a number n of jumps be fixed, so that we are going
to implicitly work on the set {J; = n}.

Remark 2.5.3. By the closed form solution 2.24, we can observe that there is
not dependence between the Gaussian and the jump times parts. Therefore we
can consider the jump time direction of the calculus also in the presence of the
Ito integrals. Thus the condition o = 0 does not hold anymore. Moreover we
can consider a joint Gaussian-jump times direction and even a joint Gaussian-
Jump amplitudes and times direction.

Gaussian direction

We follow now what developed in Section 2.3.1. First, notice that the following
useful equalities hold:

DO,uXr = Ueib(riu) 1US’I" DO,uY; = %(1 - eib(riu)>]—u§r~
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The process w is sensible only in the 0-th direction and

e_b“<1 1—Tb—etT )
Wo,u = v ——— )
ol beT e=bra,dr

for some a € &/". The associated Skorohod integral agrees with the Ito one
and the final weight is

: ~ 1 T 1—Tb—e T [T
O(w) = dg(wy) = — / e AW, — —/ e " a,dW, ) (2.25
(1) = bo{uwo) UT( 0 beT e~tra,dr Jo > (2.25)

Jump amplitudes direction

Let us now consider the differential calculus with respect the jump amplitudes,
as in Section 2.3.2. First notice that for ¢ =1, .., n,

DiXT = G_b(T_Ti)]_TiST and EzYT = g (1 — e_b(T_Ti))]_TiST.

b
Since here d,¢; = a, we have, for some a € @77,

ebei

w; =

n—3 e
1-— — a-)
< > e iay z
fori=1,...,n, and w; = 0 otherwise. Notice that in this case w depends on

the jump times but not on the jump amplitudes. By recalling that, for any
constant c and i = 1,...,n, §;(c) = cd;(1) = —cdlog g(4;), the final weight is

an

| = T n—Z?ﬂff”Tj

Jump times direction

In general, when considering the jump times direction, one has to deal with
a pure jump diffusion. In this particular case, we do not have to set ¢ = 0
in (2.23) (see Remark 2.5.3). Moreover, following Section 2.3.3, in the final
weight also the border term operator has to be taken into account.

First, notice that we have the following formulas for the Malliavin derivatives
hold for i =n+1, ..., 2n:

DiXT = ab €_b(T_Ti)A7;1TiST and DZYT = OZAZ' (1 - €_b(T_Ti))1Ti§T.

Moreover, here we have ¢; = abA;, because 0,¢; = 0;¢; = 0.
Here, form Section 2.3.3, we obtain for a € o7,

e—bTi

Wi = ban/\;

n —bT;
.. € I —n
(1 . E]_l ai)

n —bvT;
Zj:1€ 1a;
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for i = n+1,...,2n, and w; = 0 otherwise. By recalling that, for i =
n+1,...,2n, §;(ce ") = —cbe " for any possibly random but not dependent
on T; (see Definition 1.1.9) and by using Property 1.1.17, we can write

N 1 < et 27,1_1 et
) = — <1 - = i
(w) an ; A it

n bl
i Zj:le 1
1
X T
Zj:le 1A
no T
v e
Z]:l ge_bTi>

a
T e )

ae "+ (2.27)

Now, in this special case the above d(w) does give the weight but the final
formula for the delta involves also the border term operator, given in Formula
(2.8). In oder to use it, first let us use the notation X" (w) and Y (w)
to denote the functions giving the dependence of X1 and Y respectively on
the jump times (the other noises being contempled in the “generical” w). Now,
for any ¢ = 1,...,n, notice that

: Ty oo T 1 T 1T - : :
lim X ittt = X4 qen T (P — T A and

t—T;+1
: Tt Tyt T 1,0 T a, _ T, : .
lim YTl i—1,6lit1 " =Yy — —(6 bT e le) (ebT’il _ ele)Ai
t—T;+1 b

(recall that Ty = 0 and 1,41 =T).

Let us briefly see how the border term operator will work to handle an option
with payoff f(X7, Yr). Using the notations of (2.8), we have, for a continuous
function f,

fE= f(XT + et (T — tTOA, Yo — g(e_bT — T (T — ebTi)Ai>

b
(2.28)
Moreover,
wzi = 1imt_,Ti:|:1 wi(Tl, ceey ﬂ_l, t, E+1, . Tna T’ u)) =
_ ey D Ty (2.20)
abn A, Z?:l ki e—ij@j + e tTitrg, )

We are now ready to write the border term operator:

" f+w+ — f._w,_
X 7Y 7w - — 2 7 7 7

(& ¥r), ) Zl Tiv1 — Ty (2.30)
with £ and wj" given in (2.28) and (2.29) respectively
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Joint Gaussian and jump amplitudes direction

Following Section 2.3.4 (recall that we are going here to write two different
weights), the first process w here becomes

[CR—7
1 Zj:l e =n . 1 —bT; :
Woy = — - = e Ma, and w; = — e, 1 <1 <n
no. 5 e tra.dr na

for some a € &%, and w; = 0 otherwise. The finaly weight is immediate to
write down:

n

B 7}_ ebej —n T 1
d(w) = 2 : / e "a,dW, — — - Z e idlog g(A;). (2.31)
0

T
—br
no fo e 'a,.dr i1

As for the second case, we have

T
1 1 T— [ elrdr
Wy = = e " and w; = fo—

_bT: .
= —" e’ 1<i1<n
Y To To 375 ey ’

for some a € @77, with w; = 0 otherwise, and we obtain

% e o—bu T— fo _brdr T,

Joint jump amplitudes and times direction

We have set two choice of the process v for this direction of Calculus (see 2.3.5.
In the first one, for a fixed a € 77, we have wy = 0 and

Z?:1 b —n —bT; .
w; = € a; 1<i<n
na i e a;
o~ b7
w; = n+1<i<2n
nab A\,

Therefore the Skorohod integral is given by

- n — Zn_ e bt ™ 1 " pe T
S(w) = =1 Tiq;010g g(A; C(2
na) i e, Z e aidlog 9(Aq) + nab = A, (2:33)

As for the border term in the integration by parts, in the jump times direction
(see (2.3)), in this case we have that

s 1 2.34
Ui = A, (2:34)
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and for f* we can look at Formula (2.28). We can summarize the border term
as follows:

" f+w+ — f._w,_

X 7Y 7w .= 7 7 7 7

[f (X, Vi), wle = T =1, (2.35)

i=1
with £ and wj" given in (2.28) and (2.34) respectively

Let us final discuss the second w introduced in Section 2.3.5: here, one has,
for a fixed a € &/, wy = 0 and

e_bTi
w; = 1<:<n
no
n— 27.11 e bT; e~ tig.
itm = = . L1<i<
Witn = T 10 Ty, A 1<n
no Zj:l € a; i

and the Skorohod integral is given by

(2.36)

+ = e
(2o e ia;)?
As for the border term in the integration by parts, in the jump times direction
(see (2.3)), in this case we have that

-5 =0Ty _ o=bTita —bTit1,,.
wh = = 2o ‘ T (2.37)
i+n T n —bT 1 . —bT; ) ) :
nab i1 €Ay + e Mg, A

We can summarize the border term as follows:

~ fiwl — frer
[F(Xr, Yr),wle =3 Ty —T) 4 (2.38)

i=1
with £ and wj given in (2.28) and (2.37) respectively

Joint Gaussian and jump times direction

We consider in this Section the Joint Gaussian and jump times direction of
the Malliavin calculus, that can be taken in account in this particular case (see
Remark 2.5.3. Let introduce the process v as

1. .1 _ -1 _ e bua 1 — -
vt g, = &uo T (Xu)ay = S v; =0 i=1,...,2n
2. .2 -1 _ e~ s 2 — -
v ovf =En(a) T = G i=n+1,....2n, v;=0 i=0,1,...,n
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We follow the same machinery as in previous joint direction of calculus. There-
fore the process w = (wq , W1, ..., Way,) is defined as

W — n72?=1 e 7 e—bua
0,u nafOT e~ bra,.dr u

w; = 0 1=1,..,n
_ e~ bTi S
w; = A 1=n+1,..,2n

Thus the integral Skorohod of w is given by

o(w) = do(wo) + 3o i (Wnrs)
n —ij _ .
= (H_Zjﬂe ) foT e "a,dW, — LY ¢ v

no fOT e~ bra,dr Ay

Notice that the process w has the same n + 1,..,2n components than in the
joint jump amplitudes and times direction of calculus case. Than we have that
the border term, that has to be considered, is the same one (see (2.37) and
(2.38)).

Joint Gaussian and jump amplitudes and times direction

All the the direction of noises are considered in this Section. Thus we have
for this special case that the process involved in the calculus have all the
components different to zero.

Thus let define in a suitable way the process v.

—b .
vt ovg, = 6o N (Xy)ay = € —ow il =0 i=1,...,2n
2. ,2__1 -1 __ e ¥ C
v ) = 587,(0a6i) T = S i=1,...,n
2 _ 1 -1 _ e % .
Ui_igTi(qi) = oA, t=n+1,...,2n.

Then the process w is

Wow = [ 122i= 7 obug,
0,u no fOT e~ bra,.dr w
— € z y
w; = o 1=1,..,n
R — € ? ) —
w; = SabnAs, 1=n—+1,..,2n

We remark that the wy,, is the same as in the joint Gaussian and jump times
direction, w;, i = 1,...,n is the same (multiplied for one half) as in the joint
Gaussian and jump amplitudes direction and, w;, i =n + 1, ..., 2n is the same
(multiplied for one half) as in the joint Gaussian and jump times direction. So
the Skorohod integral S(w) can be easily deduced. The same can be done for
the border term operator.
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2.5.3 CIR Model
We study in this Section the following model

t
Xy = x—i—/(u—nX dr—i—/a\/ AW, —i—ozZA

t
Y, — / X, dr (2.39)
0

where X; is a C.I.LR. model with a jump part.
Let us resume some important facts concerning the pure diffusion version of
this process.

Proposition 2.5.4. Suppose here that X is a pure diffusion:

Xt:x—i—/(u—nX dr—i—/ax/ r AW,
0

Then the following holds.

(i) Set T the first time at which the process X hits 0. If 2v > o* > 0 then
P(1 = +00) =1 and X, € L for any p.

(i3) If 2v > po? then X, € LP and moreover

1\» C, [ €™ \pr-1
E((x%)) <70 (%)
where C,, denotes a suitable positive constant and L(t) = g(l —e ).
(i17) If 2v > 0% > 0 then X; € Db,
(iv) If 4v > 3pa? > 0 then X, € D*P

Proof. (i) is a well known result (see e.g. Lamberton and Lapeyre [22] and the
references quoted therein). (i7) is proved in Lemma 4.1 in Alos and Ewald in
[1]. As for (i7) and (4i7), they can be easily proved as an immediate consequence
of what developed by Alos and Ewald in [1]. O

As for the jump diffusion case, we always assume that
w>02>0 and A; >0

(in particular, A; lognormal distributed), which imply that the solution to
(2.39) never hits 0.

Here, we have not a closed form solution for the process X; and therefore we
can refer to the first variation process &; as the solution process of the stochastic
differential equation

62



t t 0_5
=1—- ) —TdW,. 2.40
& /0 N (2.40)

in which the dependence on the jumps is implicit in X;. As for the existence
and uniqueness of the solution to above Equation 2.40 see again Alos and
Ewald in [1].

Now we can consider the different directions of the differential calculus, having
fixed the set {Jr = n}.

Gaussian direction
Following the definition in Section 2.3.1 we have that

T

.d

. (. M@
ol X, Jo Braydr

where a € &/". As remarked we have not an explicit expression for the
processes & and ;. For simplicity of notation, we write

T
T = fO ﬁrdr )
fOT Bra,.dr

Thus using Property 1.2.6 we can handle the Skorohod integral having

8 1 T ¢, /T Eutt
So(wow) = —— AW, — T AW,
olto.u) UT{ 0 VX 0 VXa

+ /0 ' f/)% : (DMT)du.}

Consider now the term DOMT. In view of numerical applications, it is sufficient
to think of the Malliavin derivative of the first variation process &, being
By = fot &-dr. We have that Dy & := x} is the solution process of the following
equation

u O-SU ! ud
— - r
Xt 2\/7u 0 T]Xr

oG~ )

1
2
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Jump amplitudes direction
As developed in Section 2.3.2, we have that for i =1,....,n
W, = é'TZ (1 Z?:l ﬁTj )
;= _ ==l
n Z;‘L:I ﬁTj a;
where a = (a1, ..., a,) € @/*. For simplicity of notation, we write

Z?:l ﬁT]‘
Z?:l /BTj aj

T:

Using Property (1.1.17) we have
- 1 ¢~ L
0i(w;) = 5{ D 0ilen) =T biéna)
i=1
i=1

We can handle the Malliavin derivative of T as in the previous Section, using
the same Properties of the calculus.
Joint Gaussian and jump amplitudes direction

In this last case, we consider the joint direction of differential calculus, remem-
bering the definitions of Section 2.3.4.
We have

Z?:l /BTi Suau

_n fOTﬁrardr oV X,
w; = gTi, fori=1,...n
n

Also in this case, for simplicity let us denote

b,
_
=, Brapdr

n

In conclusion we have

So(won) = _l{r O 5“““ % o / 5“ u DOuT)du.}
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2.5.4 A jump-diffusion stochastic volatility model

We consider in this section a stochastic volatility model, in which the underly-
ing process X; is a Merton model and the volatility is an Ornstein-Uhlenbeck
one, written on a correlated Brownian motion. As usual Y; denotes the integral
of X over [0,7].

Without loss of generality, for a fixed p € (—1, 1) (giving the correlation process
for the two correlated Brownian motions), let us consider the following 3-
dimensional process

t t Ji
X, =x+ / uX,dr + / - X, <\/ 1 — p2dW}! + def) + Z A Xy
0 0 i=1

t t
at:y—l—/ k(e—ar)dr+/ BdW?
0 0
t
Yt:/ X,dr (2.41)
0

where 1, k,0,3 € R and W = (W', W?) is a standard 2-dimensional Brownian
motion.

We are interested in computing the sensitivity of an option price with respect
to x, the initial value of the process X. In other words, we have to deal with

0.E(f(Xr. ¥r))

and we consider also in this case the 2-dimensional process Z; = (X;,Y}).
Notice that the dependence on the volatility process o is inside the process X;.
First, notice that both X and ¢ can be written more explicitely as

Ji
X, = gelotn—3oRdr+[sor(\/1=p? dW;+pdW?) H(l +A)
i=1

t t
o = y+ k@/ e Rt qr 4 ﬁ/ e_k(t_r)de
0 0

Moreover, the first variation process of X (w.r.t. =) and its integral are

X Y,
=" B=—

T T

Notice that if one is interested in 0, E(¢(X%, Y;)), then the first variation process
of the volatility process does not need to be taken into account. Moreover, o
satisfies an autonomous stochastic differential equation, in which X and then
its starting point does not appear.

Moreover, as in the Black-Scholes and Merton models, there is not an ex-
plicit dependence on the jump times 7; and therefore we can consider only the
Gaussian or/and the jump amplitudes direction for the Malliavin calculus.
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The Malliavin derivatives of the process X are given by

[)O,uXT Y 1— szuXT]-uST

~ X
DiXT = 1+TA'1T«L§T for i = 1,...,71,‘

Now fix the maturity time 7" and the set {Jr = n}. We briefly consider the
Malliavin calculus with respect to the Brownian motion W1, the amplitudes of
the jumps and joint direction, remarking that this case can be easily deduced
by the Merton model Section 2.5.1.

Gaussian direction

We apply here the results in Section 2.3.1, considering the Malliavin calculus
with respect to W?!. We take into account that in this case ¢ is not constant,
but is a process governed by an independent stochastic differential equation
(independent of W1). Then, the process w whose Skorohod integral gives the
final weight has only the first component non null and given by

T
1 Y,.dr
wo,u=—< ——‘&’ -au>, u € [0,7]
ouxT+/1 — p? Jo Yea,dr

where a € &% (i.e. a is a deterministic function such that fOT a,du = 0).
Notice that wy, is the same as in the Merton model, and o, not depending
on W', is not involved in the differential calculus. Thus we can follow the
same steps of Section 2.5.1 in order to compute the Skorohod integral, that is

- T “Y.dr [T
§(w) at— o Yrdr / S gy
0

_ 1 [ /
Y i
1 /T /T o
S Y, —=Y,)dr)— du 2.42
fOTKardr 0 ( u ( ) >Uu (2.42)

fOT Y, dr /T /T Ay
—_Jo 7 Y, = Y,)a,.dr|— du
(fOT Y,a,dr)? Jo ( u ( ) >Uu }

Jump amplitudes direction

The process X does not depend on o; in the jump part. Then the Malliavin
derivative of X with respect to the jump amplitudes is the same as in the
Merton case.

As a matter of fact, the i-th coordinate of the process w is given by
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1 ( 21 YT,
w=—\1-=—~—
> io Y104

nx
where a € &7 (i.e. a € R" with 7"  a; = 0).
Finally we have

ai>(1—|—Ai), i=1,....n

< 1 S Y n
5w :_[(1— j=1 1 ) 5.1+ A+
( ) nT Z]_l YTja] — ( )
1 n n
t=nVw (YTj —Yr7,)+ 2.43
2 j=1Y1,45 ;j_i—i-l (243)

Z;'L—l YT-
— 2 i Yo — Yo )as
(S Ve 2™ 2 (= Yy

where, recalling Definition 1.1.9 for the Skorohod integral,

i1+ A;) = — Z(l + (14 4Ay)dlog g(Ay)).
i=1
As for the Merton model, we will consider 1+ A; as a log-normal r.v., that is
1+ A; =expl, with I' ~ N(m, 0?). Then, as seen in (2.16), one has

< " m —log(1+ A
ira)=-Y" og(l+8:) 1

2
i=1 0

Joint Gaussian and jump amplitudes direction

We conclude this Section with the joint direction. We can follow exactly what
done in Section 2.5.1 having two possible choices for the process v that lead
to the following two processes w. In the first one we have

) " Yo oa, 1
23_1 T} .a—andwiz—'(l‘l‘Ai)? 1< <n

_nx\/l — p? ' fOT Y,a,dr Ou n

where a € "W The associated weight is then 0(w) = dg(wo) + S, & (w;).
In the second case we have

Wo,u =

T
1 Y,d
and w; = — J o “
Tx) i Yra;

Wo,u

" Txy\/1— po,

In Section 2.5.1 an explicit expression of the Skorohod integrals of the process
w is given in both cases.
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Joint Gaussian direction

In this case we use the Malliavin calculus considering both the directions of
the Brownian motions W' and W?2. Then the definitions of the differential
operators and, in particular, of the process v are slightly different with respect
to the definitions of Section 2.3.1, having one more component. By the way, we
will follow the same idea to have a triangular Malliavin generalized covariance
matrix.

So we have to consider the derivative as D = (D§, D2, ...,0, ...,0) where D}
is the derivative in the W direction, i = 1,2. For simplicity let write Dy =
(D§, D), leaving out the components related on the jump amplitudes and
times. We have that

Dé,uXt =V - PZUuthugt

Dg,uXt = Xt1u§t< — / UTDS WOrdr +4/1 — / D0 uardW:

u

POy + p/ Do uaTdWQ

Dé,uat =0 Dauat = ﬂe_k(t_“) 1u§t
bé,uY; =V 1- pQO-u(}/t - Yu)luﬁt Dg,un = pO‘u(Yt - Yu)luﬁt

Now let us define the process v, that have 2n + 2 components, the first two
related to the Brownian motions W' and W?2. Also in this case we consider
only the pair of the non null components. We set

T vy (2.44)

Oy 1— p2 Oup
1 1

Ouy/ 1 —pQ’ O'up)

o=

v? =

Therefore the matrix vp,, , is

0 -2 fOT Y,a,dr

’YDZT,U = T
QTXT 2(TYT - fO Y;od’l“)

Thus the process w is such that the first component related to the Brownian
motion W1, is

68



wo= (1 Jﬂﬁi@)
Ov 0T /1— p?

Ou IOT Yrardr Oy
and the second one, related to the Brownian motion W2, is given by

T
2 1 (1 Jo Yedr %)‘

wg, = — - —
S 22Tp\oy, fOT Y, a,dr Ou

Notice that w&u and wau are, unless the constant of correlation p, identical.
Moreover o, is adapted and therefore we do not have to use Property 1.2.6 of
the Skorohod integral. Thus, the weight for the Delta is given by

2 T
. 1 Y,.d Ty . T :
Sw) = Y { Jy Yor /0 a—dW5+/0 AW

— 22T fOT Y, a,dr Oy Oy

i T T
T—l/ (/ (Y, = Y,)dr)a,du
Jo Yradr Jo u

' T T T
__;&Qﬁﬁgf(/<n—mmwww%
0 u

(f, Yeaydr)

where we have denoted 4} the Skorohod integral with respect to the Brownian
motion W* and with y; = /1 — p? and x2 = p.

2.6 Numerical experiments

We present here several numerical experiments in order to compare the differ-
ent Malliavin approaches (in the direction of the Brownian motion or the jump
amplitudes and times) and the finite difference method for the Delta hedging.
We consider the models analyzed in Section 2.5 and we look at different types
of options: floating Asian call/put options, standard and Asian call/put op-
tions, standard and Asian digital options. For the sake of clearness, let us
write down the above mentioned payoffs f(Xr, Yr):

e floating Asian call and put option:

f(Xr,Yr) = (Xr — Y /T)4 and f(Xr,Yr) = (Yr/T — Xr)4

e standard call and put option:

f(Xp,Yr) = (Xr — K)y and f(X7,Yr) = (K — X7)4

e Asian call and put option:

f(Xp, Yr) = (Yp/T — K)y and f(Xr,Y7) = (K = Yp/T)4
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e standard digital option:
J(Xr, Yr) = 1x,5k

e Asian digital option:
[( X7, Yr) = 1y, jrsk

Let us summarize some facts concerning the forthcoming numerical experi-
ments.

e In our simulations, we have to deal with n = 0 and n = 1. We have
already observed how to handle these cases in Remark 2.1.5, 2.1.4 and
2.1.6.

e In the following experiments, we will always consider a benchmark value,
obtained using the finite difference method with 250, 000 simulations.

e When a discretization of the time interval is needed (e.g. for the simula-
tion of the process Y, as well as for the simulation of the CIR process),
we consider the time interval split in 100 subintervals.

e Some parameters are set once for all. More precisely,

as for the jump amplitudes, se always set A; Z emtoN

0= 0.05 and NV denoting a standard Gaussian r.v.;

, with m = 0,

— as for the intensity A\, we generally set A = 5, unless specified (some-
where we test the weights also for a small value of \);

— as for the maturity time, we set T' = 5.
— as for the starting underlying asset price value, we set z = 100.

The parameters strictly connected to the chosen model will be declared
case by case.

e The functions a € &" and a € &7/ are set as in Remark 2.3.2, 2.3.6 and
2.3.8.

We consider separately the different models and for each model, we look at
some of the above options.

But, let us first open a brief discussion on a localization method we are going
to use in practice.

2.6.1 Localization methods

Here, we present a variance reduction technique based on a localization me-
thod. For European and Asian call/put options, we follow the localization
function used by Bavouzet-Morel and Messaud [5]. For Floating Asian call/put
options, we introduce here a natural generalization.
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Call options
Roughly speaking, we are interested in the evaluation of the derivative
O0u[( X7 — Y /T)4]

where = denotes the initial value of the process X. For a fixed ¢ > 0, let us
define the following functions:

(0 fors<t—c¢
1 _ s—(t—¢)
Bl(s,t) = 0 for s e[t —e,t+¢]
€
! fors>t+e¢
(0 fors<t—c¢
2 _ s—(t—¢)
BZ(s,t) = o for s €[t —e,t +¢]
€
[ —% for s >t+¢
(0 fors<t—c¢
—(t — 2
Ge(s,t) = % for s € [t —e,t +¢]
[ s—1 fors >t+e¢
(0 for s<t—e¢
—(t—¢))?
(s (4 2)) for s € [t — e, 1]
F.(s,t) = €
(5,1) s—t—(s—(t—g))?
for s € [t,t + €]
4e
0 fors>t+e¢

Notice that the following relations hold:

Bal(s,t) = 0;G:(s,1), Bf(s,t) = 0;G.(s,t) and
Fe(87t> = (8 - t>+ - GE(S’t)

so that, on the set {J; = n}, we have
afE((XT - %)Jr) = azE<Gs (XT, %)) + aa:E(Fe (XT7 %))
— E(0.G.(Xr, %)) + E(F(Xr, )d(w))

where we have used Proposition 2.1.2 and in particular (2.5). Looking at the
first term we have

E(0.G. (X, %) ) =B (0.6 (X, % )0, X7 + G- (Xr, % ) 0,% )
—E(B!(Xr, %) & + B2(Xr, %) - b ).
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Digital options
We can use the same idea of the previous section with digital options with
payoff

1x,>x or 1y, >k

Thus, given € > 0, we can introduce the following functions:

(

0 fors < K —¢
K 2
i<S +€> for s € [K — ¢, K]
Be(s) = 238 s — IE( —e\2
3K kg
2¢e €
w fors > K +¢
(0 fors< K —¢
_ 3
%(ﬁ) fors < K —¢
Ge(s) = c
€ 1 — K —e\3
—(!> +1 forse K, K+¢
2¢e €
[ 1 fors > K+«
(0 fors < K —¢
1/s— K 3
——(u> for s € [K — ¢, K]
Fe(s) = 123—K5—5 3
—(—) for s € [K, K + €]
2¢e €
0 for s > K +¢

Notice that
G.(s) = B(s) and F.(s) =1,k — G.(s).

Fix the set {Jr = n}. Therefore we have:

axE[lXT>K] = aa:E[GE(XT)] + 8J:E[F€(XT)]

= E[0,G-(Xr)] + E[F.(X7)d(w)]

where we have used Proposition 2.1.2 and in particular (2.5). Finally the first
term 1s

E[0,G.(X7)] = E[B.(X7)7].

When we will consider the payoff 1y, /7~ xk, we will use the same localization,
replacing Xr with Y7 /T and & with Sr.
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2.6.2 Merton Model

Let Z; the Merton model considered in the Section 2.5.1. In this case we
compare the three different Malliavin direction of calculus of the Section 2.5.1.
Moreover we compare these results with the localized methods and the finite
difference method.

We take the following values for the constants of the model: o = 0.2, b = 0.1.

Floating Asian options

Figure 2.1 and 2.2 show a comparison among different Malliavin weights, using
the different directions of calculus, and the finite difference method, for the
Delta of a Floating Asian Call and Put options. In general, as shown in the
figures, to consider the weight obtained using the joint direction of Malliavin
calculus gives better results than to consider the weight obtained using sep-
arately the Gaussian and jump amplitudes calculus, perhaps because in this
case both noises give a similar contribution in the Malliavin weight.

Floating Asian call
1.05 T T T T

T
W Direction —+—
A Direction ---x--—-
AW Joint Direction
Finite Difference &
Benchmark —-=-— o

0.95

0.9

0.85

0.8

075 1 1 1 1 1
20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.1: Merton model

Using the localization method introduced in Section 2.6.1 we obtain sensible
better results. We have results very similar to the exact Monte Carlo Delta,
as shown in the Table 2.1. Let us explain better what we are speaking about.
In the Merton model we have an explicit expression for the Delta, that is

delta = price )
T

73



Floating Asian put

0.13 T T T T T .
W Direction —+—
« A Direction ---x---
0.125 | 1 AW Joint Direction 7
i Finite Difference &
0.12 Benchmark —-—= - |
0115 | | 4
X
0.11 v i
x “‘ \
0.105 VAR ARV

m‘ﬁgg\i!‘ge e 55!9;:
% ‘\:" X ¥ o N

014
0.095

0.09

0.085

0.08 |- i .

0. 075 1 1 1 1 1
20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.2: Merton model

This is due to the special form of the payoff. In fact,

0.6 ((Xe - 7)) =E(0, (X2 - 5¥r) )

1 1 1 1
~E(1y —%wo;(XT - ?YT» =2 E( (X - ?YT>+)

Therefore with “exact Monte Carlo Delta value” we mean the Monte Carlo
price divided by the initial value x.

MC sim. | exact MC DF JA W | JA and W

20000 0.862895 | 0.863427 | 0.862905 | 0.863654 0.864142
40000 0.839891 | 0.840280 | 0.840981 | 0.840961 0.840279
60000 0.858012 | 0.857856 | 0.857685 | 0.856851 0.856760
80000 0.866198 | 0.866429 | 0.866416 | 0.866496 0.866236
100000 0.846873 | 0.846675 | 0.845960 | 0.847124 0.847096
120000 0.848036 | 0.848036 | 0.847720 | 0.848024 0.848097

Table 2.1: Comparison of the Localized Malliavin Delta with the finite difference method
and the exact Monte Carlo.

Figure 2.3 shows the result for a Floating Call Option. In order to look at the
improved results using the localization methods, in Figure 2.4 we compare the
localized and the non localized Malliavin delta in the joint direction Gaussian
and jump amplitudes, for the Floating Asian call.
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Floating Asian call

0.91 T T T T L -
n) loc. W Direction —+—
loc. A Direction ---x---
09 loc. AW Joint Direction - |
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MC Simulations
Figure 2.3: Merton model with localization
Floating Asian call
1.05 T T T T X
loc. AW Joint Direction —+—
AW Joint Direction -~
Benchmark ------
l - -
0.95 - —
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20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.4: Merton model. Comparison between localized and non localized weights
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The choice A = 5 and T" = 5 assures that we have a (quite) large number of the
jumps (in mean 25). The numerical experiments shows that for a too small
number of the jumps the weight obtained considering the jump amplitudes
direction of the calculus does not give good results (see also Bavouzet and
Messaoud [5]). As a matter of fact, we expect that a small number of jumps
does not assure sufficient noise to perform Malliavin methods in the direction
of jumps.

In the Merton model, we tested also a small value for \.  When A = 0.5,
the jump amplitudes contribution is too small and the Malliavin weight com-
ing from taking into account the jump amplitudes direction (both lonely and
jointly with the Gaussian one) lose accuracy, as it follows from Figure 2.5. It is
worth to say that in such a case one presumably has not the desired LP proper-
ties for the inverse of the determinant of the generalized Malliavin covariance
matrix (see the discussion in Section 2.3.2, at page 42).

In other models, the lack of contribution given by a direction of calculus is due
to the process structure and does not depend on the parameters choice, as we
will see in the Ornstein-Ulhenbeck and Cox-Ingersoll-Ross models.

Floating Asian Call
12 T T T T

T
W Direction —+—
A Direction ---x---
AW Joint Directjon
10 - Finite Differefice @
Benchm}”flrk -

20000 40000 60000 80000 100000 120000
MC Simulations

Figure 2.5: Merton model with a small value for A\ (A = 0.5).

Figure 2.5 shows that the results of the Gaussian direction and of the jumps
amplitudes directions are not comparable: all the graphs practically overlap
except for the case of the single jump amplitudes (by the way, the joint direc-
tion give a good result, due to the presence of the Brownian noise).

Also considering the localization method for the Floating Asian Call option
introduced in the Section 2.6.1 we do not have nice results using only the jump
amplitudes direction of the calculus. In Figure 2.6 we compare the localized
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and the non localized Delta using only the jump amplitudes direction of the
Malliavin calculus. In Figure 2.7 we show the result using the localized method
in the other directions of the calculus, not considering the jump amplitudes

direction.
Floating Asian call
12 T T T T T -
loc. A Direction —+—
A Direction -~
Benchmark ------
10 j —
8 - -
6 - .
4| 4
2 - -
. it
, " /|
0 :H%W#*#{?‘M*#Mf%*&\i R E ﬁ\ */HWWW »e‘\ * W KA
! \¥ /
21 y i
. 1 1 1 1 1
20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.6: Merton model with localization and

Floating Asian call

a small value for A (A = 0.5).
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0.286 - Benchmark &
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Figure 2.7: Merton model with localization and a
weights except for the lonely jump amplitudes one.
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Floating Asian Call for the Black-Scholes Model. Comparison with the
Benhamou weight

Fix a = 0, that means that we consider the pure diffusion Black-Scholes model.
We compare now our Malliavin weight with the Benhamou one (see Benhamou
[7]). We have already remarked that from a theoretical point of view, our
approach is less complicated, due to a simpler process w (see Remark 2.3.3).
The comparison is shown in Figure 2.8.

o I I ' T T

W direction —+—

Benhamou W direction ---x---

Finite difference ---x---
0.68 - T |

i )
I X

0.66 » ‘ “‘ |

0.64

0 .58 1 ):L 1 1 1 1
20000 40000 60000 80000 100000 120000

MC simulations

Figure 2.8: Black-Scholes model. Floating option.

To consider the localization method gives very nice results, for both weights.
In the next Figure 2.9 we compare both the localized Delta with the finite
difference and the Benchmark value.
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Figure 2.9: Black-Scholes model. Floating option.
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Standard call option

Consider now a standard call option, with payoff

with K = 100. In this case we consider only the joint direction of the Malliavin
calculus in order to compare the finite difference method with the one dimen-
sional weight of Proposition 2.4.1, the two dimensional weight of Proposition
2.1.2 and the weight coming from the standard Malliavin covariance matrx
(that is, choosing v as the Malliavin derivative of Xr). This last case is the
one considered by Bally, Bavouzet and Messaud [3].
also by a numerical point of view, to choose v in a suitable way and then

f(X7,Yr) = (Xr — K)4

consider the generalized covariance matrix, give better results.

Standard Call
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Figure 2.10: Merton model.
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Digital options

In the case of digital options we have the following payoffs:

f( X7, Yr) =1y, r-x and  f(Xp,Y7r) = 1x, 5k

for the Asian digital option and the Standard digital one, again with K = 100.
Being the payoff a non smooth function, we have that the finite difference does
not give nice results. In this case, the Malliavin methods give better ones.
In Figure 2.11 and 2.12 we consider respectively a Standard digital and an
Asian digital option. These graphics show that the Malliavin methods, in all
directions, give sensible better results than the finite difference method.

Standard Digital

0.0035 T T T T T, "
W Direction —+—
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Figure 2.11: Merton model.

Moreover we consider for the Digital options the localized methods introduced
in Section 2.6.1. Figure 2.13 and 2.14 show a Standard digital option using
the localization. In the latter we have not included in the graphic the Finite
Difference. The first figure shows that the other methods give comparable
results.
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Asian Digital
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Figure 2.12: Merton model.
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Figure 2.13: Merton model with localization.
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Figure 2.14: Merton model with localization, without the finite difference method.
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2.6.3 Ornstein-Ulhenbeck Model

We consider here a jump-diffusion Ornstein-Ulhenbeck process. As remarked,
for this process we can consider all directions of noises, the Gaussian one and
both related to the jumps amplitudes and times (see Section 2.5.2). For this
model to use only the jump times direction of the differential calculus give the
best results.

We choose the following parameters: r = 0.4, 0 =5, « = 10, 0 = 5.

Floating Asian Options

In this Section, as remarked, we consider a Floating Asian Option, noticing
that we obtain the best results using the jump times direction of the calculus.
Figure 2.15 shows the outcome of the numerical simulations, considering the
three different directions of the Malliavin calculus.
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Figure 2.15: OU model. Floating Asian option.

In Figure (2.16) we have considered the joint direction of calculus. Remember
that the Ornstein-Ulhenbeck model allows to consider also the joint Gaussian
and jump times, and the Joint Gaussian, jump amplitudes and times directions
(see Section 2.5.2)

To avoid confusion we have not considered the Benchmark value in the previous
two Figures.

We stress that the jump times direction of calculus gives the best result (see
Figure (2.15)). Figure (2.17) compares the jump times direction with localized
joint Gaussian and jump amplitudes. The results are very similar, proving the
high accuracy of the jump times direction.
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Figure 2.16: OU model. Floating Asian option.
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Figure 2.17: OU model. Floating Asian option.

Introducing the localization method, we obtain nice results, as shown in Figure

(2.18)
In order to give a general comparison between the different direction of calcu-
lus, we show the numerical results in the Table 2.2

Remark 2.6.1. The first variation process of the Ornstein-Ulhenbeck process
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Table 2.2: Comparison of the Malliavin Delta with the finite difference Method

is & = e (see 2.5.2) and does not depend on the jump amplitudes or Gaus-
sian noise. In particular &, gives instead a dependence on the jump times.
Therefore in the Malliavin weight for the Delta there is a little dependence on
the Gaussian noise and jump amplitudes, while there is a strong dependence on
the jump times(see (2.26), (2.36)). This can explain why the numerical results
using only the jump times direction of calculus are more performing than the
other, independently by the parameters choice.

20000 40000 60000 80000 100000 120000
MC simulations

Figure 2.18: OU model. Floating Asian option.

MC sim. DF A A T Wloc

10000 | -0.023498 | -0.010911 | -0.028231 | -0.023294 | -0.023232
20000 | -0.023679 | -0.017034 | -0.024909 | -0.023707 | -0.023712
30000 | -0.023865 | -0.025125 | -0.035790 | -0.023958 | -0.023957
40000 | -0.023887 | -0.024354 | -0.022254 | -0.023810 | -0.023905
50000 | -0.023939 | -0.029813 | -0.029413 | -0.023947 | -0.023854
60000 | -0.023770 | -0.013654 | -0.028609 | -0.023751 | -0.023755
70000 | -0.023845 | -0.018955 | -0.025972 | -0.023857 | -0.023837
80000 | -0.023827 | -0.016633 | -0.023818 | -0.023636 | -0.023886
90000 | -0.023906 | -0.024866 | -0.028164 | -0.023835 | -0.023961
100000 | -0.023853 | -0.027804 | -0.024888 | -0.023763 | -0.023888
110000 | -0.023806 | -0.024226 | -0.020025 | -0.023897 | -0.023815
120000 | -0.023782 | -0.024233 | -0.025865 | -0.023700 | -0.023752

Digital Options

We consider in this Section a standard Digital option with payoff 1y, ~x.
It is a non smooth payoff, and therefore the Malliavin methods give better
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results than the finite difference one. We remark that the jump times direction
gives the best result.

Figure (2.19) shows the comparison between the different direction of Malliavin
calculus and the finite difference.

0.014 T T T T T X
W direction —+—
A direction ---x--—-
n] T direction
Finite difference 8
0.012 ¥ o Benchmark —-#-— |
n]
6] [n] g
: n]
0.01 | g Lo 7]

0.008

0.006

0.004 - ‘ oo ; 8

0002 1 1 » 1 1 1
20000 40000 60000 80000 100000 120000

MC simulations

Figure 2.19: OU model. Digital option.

The high variance of the finite difference, does not allows to compare the
different direction of the Malliavin calculus. Thus in the next Figure (2.20) we
have taken off the finite difference.

In Figure (2.21) we compare the jump times direction of the calculus with the
localized joint Gaussian and jump amplitudes as in the Floating Call Section,
showing the high accuracy of the T-direction.

Figures (2.22) and (2.23) show the joint directions of calculus and the localized
ones.

Standard Call Options

We consider now the pure jump Ornstein-Ulhenbeck Model, taking ¢ = 0, in
order to compare our results with Bally, Bavouzet and Messaoud (see [3]) ones.
Next Figure 2.24 confirms that the use the jump Times direction gives nice
results, similar to the Finite Difference, and in the case of the Call Options
the result are really very precise.

The Variance of our Malliavin weight is much less than the one coming from
the weight by Bally, Bavouzet and Messaoud in [3]. Table 2.3 gives such a
comparison, as ¢ varies.
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Figure 2.20: OU model. Digital option.
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Figure 2.21: OU model. Digital option.
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Figure 2.22: OU model. Digital option.
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Figure 2.23: OU model. Digital option.
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Standard Call
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Figure 2.24: OU model. Standard call option

o | Var weight | BBM Var weight
15.8114 0.000180 0.028512
16.6667 0.000222 0.041721
17.6777 0.000277 0.040069
18.8982 0.000341 0.041013
20.4124 0.000422 0.043306
22.3607 0.000535 0.040048
25.0000 0.000685 0.040713
28.8675 0.000902 0.036272
35.3553 0.001224 0.034315
50.0000 0.001749 0.033329

Table 2.3: Comparison between the variances of our weight and the weight by Bally,
Bavouzet and Messaoud.
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2.6.4 Cox Ingersoll Ross Model

We study now the C.I.R. process, as it has been considered in Section 2.5.3.

The parameters of the model are: ¢ = 0.2, v = 0.6, n = 0.6, a = 0.6.

Floating Asian Call Option

As remarked in Section 2.5.3, we cannot write the C.I.R. process in a closed
form solution. From a numerical point of view, we have to simulate all the pro-
cesses, included X; and Y;. Moreover, being a square root process, the C.I.R.
process has an high variance that makes the numerical results less performing
than the other models.

In the next figures we consider a Floating Asian Call Option. We have not
included the benchmark value, because we obtained a value overlapping the
finite difference ones.

Figure 2.25 shows the non localized results. As remarked, the values are not
so close to the finite difference ones.

Floating Asian Call
0.1 T T T T

T
W Direction —+—
A Direction ---x--—-
Joint AW Direction
Finite Difference &

0.05

-0.05

-0.1

0.2 1 1 1 1 1
20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.25: CIR model.

Following the ideas in Remark 2.6.1, we can notice that we have obtained the
best numerical results using the Gaussian direction of the Malliavin calculus.
In this case, the Malliavin weights do not depends explicitly on the jump
amplitudes (see Section 2.5.3) and therefore, we expect a less performing weight
when the jump amplitudes are taken into account.

The introduction of the localization considerably improves the results, as
shown in Figure2.26.
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Floating Asian Call
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Figure 2.26: CIR model.

Last Figure 2.27 shows a comparison between the localized and the non local-
ized weight found using the Gaussian direction of the Malliavin calculus.

Floating Asian Calll

01 ' i T T T .
W Direction —+—
Loc. W Direction —-x-—-
Finite Difference ---*---
0.05 4
-0.05 \/v 4
-0.1 |
-0.15 L I 1 | .

20000 40000 60000 80000 100000 120000
MC Simulations

Figure 2.27: CIR model. Floating Asian call option
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2.6.5 Stochastic Volatility Model

Consider now the Stochastic Volatility Model as in Section 2.5.4. We have
chosen the parameters as follows: oy = 0.5, »r = 0.1, £ = 0.6, 8 = 0.6,
(£ = 0.05. The correlation between the two Brownian motions is p = 0.5.

Floating Asian Call Option

Figure 2.28 shows that, for a Floating Asian Call Option, the Malliavin meth-
ods, in all directions (a for the Gaussian one, w.r.t. the Brownian motion W1)
give result comparable with the Finite Difference.

Floating Asian Call
3 T T T T

T
W Direction —+—
A Direction ———<-—-
Joint AW Direction
Finite Difference —&
Benchmark —-#-—
25 ¥ —

05 1 1 1 1 1
20000 40000 60000 80000 100000 120000

MC Simulations

Figure 2.28: SVM model. The “W” direction is w.r.t. W',

Digital options

As noticed in the Merton model, the Finite Difference methods do not give
good results, due to the non smoothness of the payoff. Figure 2.29 and 2.30
are related to a Standard Digital Option and an Asian Digital one respectively.

93



0.0018

0.0016

0.0014

0.0012

0.001

0.0008

0.0006

0.0004

0.0002

0.003

0.0028

0.0026

0.0024 |

0.0022

0.002

0.0018

0.0016

Standard Digital

T
W Direction —+—
A Direction ---x---
Joint AW Direction -
Finite Difference &
Benchmark —-=-—

B ua
1 1

L o 8 |
1 1 1 1 1
20000 40000 60000 80000 100000 120000
MC Simulations
Figure 2.29: SVM model.
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Figure 2.30: SVM model.
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Chapter 3

Representation formulas for the
conditional expectation

We consider here the problem of the representation of the conditional expec-
tation in terms of non conditional ones. This problem appears in the recent
literature, e.g. in Lions and Regnier [23], Bally, Caramellino and Zanette [4],
Bouchard, Ekeland and Touzi [11].

More precisely, our aim is to give a representation formula for the conditional
expectation

E(F (X, Yy) [ Xs = a1, Vs = ag) (3.1)

in terms of non conditional ones, as t > s > 0, where (X3,Y;) is the two-
dimensional stochastic process already considered, i.e.

t t Ji
X, = x+/ b(r,X,Jdr—l—/ o(r, X, )dW, + Y (T}, Ay, Xr,)
0 0

i=1
t

Y, = /err
0

This problem has an important relevance in finance, being related with the
pricing of American Asian options. In fact, if ®(¢, X;,Y;) denote the payoff
function, the associated American price is usually approximated by means
of a Dynamic Programming Principle, which can be roughly summarized as
for (Xi,Yi)iepor)- Since the pair (X, Y;) is Markovian, the American price
Py is approximated by Py(z,0), where Pyai(Xgae, Yiar) solves the following
backward problem:

Poai(Xnat, Yoni) = f(nAt, Xoar, Yoae) and for any k=n—1,...,1,0
pkAt(XkAta ?kAt) = max <f(k?At, Xmu YkAt) ) e Al T[P(k+1)At] (th, Yk:At))
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where the operator T is defined as

T[Pus1)at] (Xkae, Yiar) = E* <p(k+1)At(X(k+1)Ata Yiernae) | Xeat, Ykm>,

in which r stands for the (constant, for the sake of simplicity) spot rate and E*
for the expectation under the risk neutral measure. Therefore, a representa-
tion formula for the conditional expectation in terms of non conditional ones is
really helpful in order to set up Monte Carlo methods for the pricing of Amer-
ican options, as already observed and done in the literature. Moreover, in the
case of American Asian options, it is worth to stress that even if the option
is a non floating one, that is written on only on Y; (for example, a standard
Asian put option), the Markov property, holding for the pair and not for Y;
only, obliges to work with conditional expectation written on the pair (X,Y).
In the pure diffusion case (i.e. ¢ = 0), representation formulas have been
developed by Bouchard, Ekeland and Touzi in [11] for general d-dimensional
diffusion processes, but they cannot be used in our context. In fact, one of the
starting point of their work is that the diffusion coefficient in non degenerate,
an hypotheses which seems to be impossible to relax and, obviously, fails in
our case.

Therefore, we try to study what can be done in our degenerate case. We
theoretically solve the problem using the approximation of the Dirac Delta as
the derivative of the Heavyside function, by using all the different directions
of the Malliavin Calculus. However, we will see that this approach lead to
weights which are difficult to implement in practice, and this is due mainly to
the fact that the integration by parts formula has to be applied twice. As an
example, we discuss the Black-Scholes-Merton model, to give an idea of the
practical application of the Theory.

Then, we briefly recall an alternative approach introduced by Malliavin and
Thalmaier in [24], based on the use of the Poisson kernel.This is important
because, roughly speaking, one has to use the integration by parts formula
only once and in practice, one obtains simpler weights. The problem is that,
at the present time, it is not clear how the resulting weights work in practice,
because there are problems of high variance, as it results from some private
numerical experiments of ours and recently studied in an interesting work on
this subject by Kohatsu-Higa and Yasuda [19].

3.1 Classical Heavyside approach

The idea of this section is to write the conditional expectation (3.1) as a ratio,
using the Dirac delta, which we consider as the derivative of the Heavyside
function, in some sense. Therefore we will use similar arguments as in the
chapter on Sensitivity Analysis, exploiting the integration by parts Formula in
order to have suitable representation formulas.

Consider the process Z; = (X;,Y;), fix 0 < s < t < T and the number of the
jumps by fixing the sets A = {J; = n} ({J; = m}, with m > n.
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Notice that we can write the conditional expectation (3.1) as

]E(f<Xt7 YQ)AO(Xs - 041)/\0(3/3 - 042))
E(A%(X; — a)A%(Y; — as))
where A° is the 1-dimensional Dirac delta in zero. A° can be thought as the
derivative of the 1-dimensional Heavyside function, that is, setting H({) =
Lie>op,

(3.2)

2 2
[[2@) =22, ,, Ha(z) = 02, [ [ H (x0)
=1 =1

Now the ratio (3.2) cannot be handled directly. So we first consider the fol-
lowing problem.

Let ¢ : R? — R and f : R? — R denote infinitely differentiable functions with
bounded derivatives. The problem is to find a suitable weight, that we denote
with H(Z;s,t), independent of ¢ and f, such that for any 0 < s <t < T, for

by =121%#],

E(0;, ., 0(Z:) [ (Z)1a) = E(6(Z) f(Z,) - H(Z:s,t)14). (3.3)

In Formula (3.3), looking at (3.2), we think ¢(Z,) = Hy(Z, — ). We asked
smoothness properties for ¢ that of course are not satisfied by the Heavyside
function. However, by using density arguments, allowing to approximate Hy
through smooth functions, one can deal with the problem in (3.3). This is a

standard way to proceed, for details see Bally, Caramellino and Zanette [4] or
Bouchard, Ekeland and Touzi [11].

3.1.1 Notations

Now, let us start by fixing the notations and definitions. The main difference
between this problem and the problem of sensitivities is that in the latter
there is only one time of interest, the maturity 7. Therefore we have used
one time the integration by parts formula, and we have defined the process v
and the matrix 75, only on the time interval [0, 71, fixing moreover the set
{Jr = n}. Here, we have to deal with two time intervals [0, s] and [s, ], using
twice the properties of the differential calculus. We will use in particular the
following notations.

From now on we consider 0 < s < t < T and fix the sets {J; = n} and
{Jy = m}, with m > n > 1. Let us denote

A={J,=n}( {J =m}.

We split our calculus over the time intervals [0, s] and [s, ¢].
Up to time ¢, on the set A we have always ordered the random sources related
to the jump noise as

Alu"‘7An7An+l)"'7Am7T17-‘-7Tn7Tn+17"')Tm
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and we will continue to do that. Moreover, on A, in each time interval of
interest, the noises from the jump part are given by by:

e Ay,...,A,,T1,..., T, on the time interval [0, s];
e Ait, s Ay, Ty, ..., Ty on the time interval [s, ¢].

We can now pass to the Malliavin derivative operator and Skorohod integral
one over the two time interval [0, s] and [s, t]. Roughly speaking, we consider
only the random sources related to each interval and, in some sense, we freeze
the others.

Malliavin derivatives on [0, s] and [s, t]

On the set {J; = n}({J: = m}, the r.v.’s of interest depend on the evolution
of the Brownian and the jump one up to ¢t. As for the latter, one has 2m noise
sources, which we have written as:

e components 1,... . m: Ay, ..., AL Ani, - A

e components m+ 1,....2m: Ty,.... T, Thi1, ..., Ty
Notice that components 1,...,n,m + 1,...,n + m refer to what happens in
the time interval [0, s], while components n+1,...,m,n+m+1,...,2m refer

to what happens in the time interval [s, t].
We then define the following generalized Malliavin derivatives:

D,, =(Dy*,Dy,..,D"0,..0,D ... D% .. 0,..,0)

m—+n?

Dip = (Dy',0,..,0,D 1, ... D,0,....,0, D7\ .., D)
in which

. [)8’8 and Dg’t denote the Gaussian Malliavin derivative over the time
interval [0, s] and [s, t] respectively;

e the superscripts n and m means that we are considering the first n jumps
and the remaining m — n jumps in the generalized Malliavin derivative
w.r.t. the jump noise over the time interval [0, s] and [s, t] respectively.

Therefore, we will use Dy”* and Dj* to handle the Malliavin calculus over [0, s]
and over [s, t] respectively.

Skorohod integrals on [0, s] and [s, ]

On the set {J; = n}({J; = m}, the processes of interest depend on the
evolution of the Brownian and the jump noise up to t: u = (ug, Uy, ..., Usp).
In particular, they are made by 2m + 1 components. The Skorohod integral
acts on the first component, identified by the subscript 0, as the Gaussian one.
As for the the remaining 2m components, the Skorohod integral acts
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e w.r.t. A; on component i, asi=1,...,m;

e w.r.t. 7; on component 1 +m, ast=1,...,m;
Let us recall again that components 1,...,n,m + 1,...,n + m refer to what
happens in the time interval [0, s], while components n + 1,...,m,n + m +
1,...,2m refer to what happens in the time interval [s, t].

We then define the following generalized Skorohod integrals:

n m—+n
Bunl) = 0 (uo) + Y 61U + Y 5 (U)
=1 i=m+1

Oem(u) =063 (o) + Y oMU+ Y 6M(UL)

i=n+1 i=n+m+1
in which

. 58’8 and 58’t denote the Gaussian Skorohod integral over the time interval
[0, s] and [s, t] respectively;

e the superscripts n and m means that we are considering the first n jumps
and the remaining m—mn jumps in the generalized Skorohod integral w.r.t.
the jump noise over the time interval [0, s|] and [s, ] respectively.

Therefore, we will use gs,n and St,m to handle the Malliavin calculus over [0, s]
and over [s, t] respectively.

Generalized Malliavin covariance matrixes on [0, s] and [s, ]

Fix a 2-dimensional process v = (v',v?). On the set A, we set the 2 x 2

generalized Malliavin covariance matrixes on [0, s] and [s,t] as vp  , , and
YDy 20 TESPECtIVEly. This means that, as i,j = 1,2

(V5,0 z.0)” = (DenZl,0") and  (vp, 7.0)" = (DemZi,0%)
in which, as usual, Z! = X and Z2 =Y.

3.1.2 Representation of the conditional expectation

We start by finding a formula of the type

We will see soon that
H,(Z,:G) =4, ( S 4w G) (3.4)
j=1
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holding when m; = 1 for any 7 and considering the case ¢ non null (giving a
null border term operator). Now, for our purposes G = f(X}), so that (3.4)
gives

B(0r 6(Z)1(2)) = E(0(, Zv J2)).

It is clear that the problem is the presence of f(Z;) in the argument of the
Skorohod integral. Now, f(Z;) can be put outside by using the Skorohod
integral of a special product property but this will make the derivatives of f
appearing. So, in order to handle them, the idea is to perform a Malliavin
calculus over the time interval [s, t].

As already remarked, we use here essentially the same arguments previously
used. So, we will choose m; =1 for i =1, ..., 2m.

Remark 3.1.1. We have fized the sets {Js = n} and {J; = m} withm > n. If
m = n, that means that the process X has no jumps on the time interval (s,t],
the Malliavin calculus in the jump direction cannot be applied. Also if n =1 or
m = n+1, that means that X has only one jump on [0, s| or (s, t] respectively,
the generalized Malliavin covariance matriz method cannot be applied because
it has null determinant. We refer to Remark 2.1.4, 2.1.5 and 2.1.6, where we
have discussed this topic.

We can state now a first important result.

Lemma 3.1.2. Let 0 < s < t < T be fired and let ¢, f : R? — R differen-
tiable functions with bounded derivatives. Suppose that X satisfies the standard
hypothesis. Let v a process such that the generalized Malliavin covariance ma-
trizes Vp, 7.0 Ond Vp, 7, ., are invertible on A, and let vy 5, and Yp, 4,
denote the inverses. Let F' denote a r.v. Fiz now 1 = 1,2 and assume that:

o &(Zs) and f(Z;) Z; lﬁg ew v F are (n, s)-compatible on [0, s];

e f(Z;) and 23 lfyD Z. v] are (n, s)-compatible and moreover, suppose
that

if Zagmz% w)Lueios F € Domys2(0)

[\

then f(Zy) Ags nzwvg(u)lue[o,s]F € Domy, 52(60);

Jj=1
e f(Z,) and Z?,k,zﬂ B! are (m, t)-compatible over [s, 1], where
BY = (D, Zf 4% WIF)

VD nZayw
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Then,
B (0, 0(Z) f(Z0)F1a) = E((Z)F(Z) A (Z;5,1)14)
+ B([0(2.): (2 B (Zss.)1als) - (35)
where
2
ﬁf(z;s,t):zss,n(@gi L VE) = Y 6 (BIAE W) (3.6)
=1 e k=1 et

and the border term is given by

[6(Z,); f(Ze); HE (Z;5,4)14] =

9 2
Z D Zo o UJF [f(Zt)7¢(ZS) Z Bk] Dt mZt,0 Ul]ﬂ'
— 3.k, 1=1

We recall that since 7; = 1, the border term is null considering the Gaussian
or jump amplitudes directions of the Malliavin calculus.

Proof of Lemma 3.1.2

We prove the Lemma assuming that o # 0, that is, in the direction of the
Brownian motion or jump amplitudes. The proof in the jump times direction
follows straightforwardly by considering also the border term.

We first consider the Malliavin calculus over [0, s]. By the integration by parts
formula as in Property 1.3.8, one has

B(00,0(2.)f(Z)F14) = E(8(Z) Hi(Z £(Z)F)La).
where

A2 S0P =03 35, PP

Exploiting the Skorohod integral of a (special) product Property 1.3.7, we can
write:



The first term of the r.h.s. contains exactly the first term of the weight
HY(Z;s,t) given by (3.6). So consider the second one. By the chain rule,
stated in Properties 1.3.7,

[\

Ds,nf(Zt) = Z axk.f(Zt)Ds,nZt-

k=1
Therefore we have
2 ~ .. 2 )
B[6(2) Y (Do (20,55, P B[ 3 6(Z)0, 1(2)B1].
J=1 k=1

Now, by performing the Malliavin calculus over [s,t] and by using the chain

rule, one has
2

0uf(2) =) A5 4 ADemf(Z)0")

=1

Thus, again by the integration by parts formula as in Property 1.3.8 we obtain

E| Z O(2,)00 (2 B 14| =

J.k=1
2 2 N )
=K [f(zt) > 5t,m(¢(Zs)Bf%’jmzt,vv”)1A] :
dk=1 =1
Now
~ k,j~k,l n N k,j ~k,l n
dem(S(Z)BIAG , 0") = $(Z)0um(BIAE o)

because ¢(Z) does not depend on W, as r € [s,t], and on (141, ..., Ti, A1,
., Ap,) (or, in an equivalent way: D, ,,¢(Zs) = 0 in the Skorohod integral of
a (special) product Property 1.3.7). Finally we have

E[6(2) Y (Donf (20,35, W F)La|

<
—_

=E[(Z)f(Z) 3 bum(BI A, o)14]

that ends the proof. [J
As a consequence of the Lemma 3.1.2 we can solve the problem to finding the

weight H(Z;s,t) stated by (3.3) that is the core of this Chapter. Thus we
have the following
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Theorem 3.1.3. Suppose the hypothesis of Lemma 3.1.2 holds under one of
the two following cases:

(i) i=1and F = HX(Z;s,t);
(it) i =2 and F = HY(Z; s,t).

Then,
E(02,,,0(Z)f(Z)1a) = E(6(Z.)f(Z) H(Z;s,t)14)
+ B(16(2.): F(Z0; H(Zs5,1))s14)
+ B([0,0(2.); (20 BN (Z:5,0))14). - (37)
where

f[f{%(Z;s’t)(Z; s,t) in case (i)
f]fll(Z;s’t)(Z; s,t) in case (i1)

and the border terms are defined in Lemma 3.1.2.

H(Z;s,t):{

Proof.
Using Lemma 3.1.2, one has

B(02,.,0(Z)f(Z)1a) = E(0,,(0s,6(Z.))f(Z)14)
= E(0,0(Zs) f(Z)H} (Z;5,1)1,)
+ E(0:,0(Z); f(Z0); HI(Z:5,8)]x1a)  (3.8)

Again by Lemma 3.1.2, setting H(Z;s,t) = Hf}(Z;S’t)(Z; s,t), one has

E (0w, (Z:) f(Z)H (Z;5,t)1a) = E(¢(Zs)f(Z0)H(Z;5,t)14)
+E([¢(ZS)§ f(Z); H(Z; s, t)]ﬂlAX&g)

and the statement holds. O

3.1.3 Poisson kernel approach

We discuss here an alternative approximation of the Dirac delta, using the
Poisson kernel, which allows to represent the solution of the heat equation. In
the last years the first approach based on the Heavyside function was widely
applied, studying also variance reduction techniques, localization and opti-
mization methods (see again example Bally, Caramellino and Zanette [4]or
Bouchard, Ekeland and Touzi [11]). On the other side, recently also a sec-
ond approach has been introduced, by Malliavin and Thalmaier in [24], which
allows to simplify the writing of the weights.
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Let us come back to the relation (3.2), i.e.
E(f(Z)A5(Zs — @)
E(A3(Zs — a)

where, in general, A%(x), x € R denotes the Dirac mass in the origin. Then,
one can write

A§ = AQq

A denotes the Laplace operator on R? and @, stands for the Poisson kernel,
that ()4 is such that the convolution Q)4 % f gives the solution to Au = f in
R?, for any f € C2. Qg4 has an explicit form:

Q2(z) = %lnm (3.10)

Qa(z) = —c(;l\x]_(d_z) (3.11)

in which ¢y denotes the area of the unit sphere in R?. Then,
T
9 Qa() = OdW (3.12)

with Cy = 1/(27) and Cy = ¢;'(d — 2) for d > 3.
Then, the idea is the following. Assuming o # 0 (and then, a null border term
operator), the result in Lemma 3.1.2 would give

2

E(f(Z)AS(Z — @) = > E(f(2)D2,,Q2(Zs — )

= E(f(Z&) iaxiQQ(ZS - a)Hi1<Z§ 57t))

By using such an equality also for f = 1, one would obtain

_ S BU(2)0:,Q5(Zs — ) H (Zs 5,1))
> i B0, Qe(Z, — ) H(Z; 5,1))

where 0,,Q2 is given in (3.12).

Obviously, the above mentioned ideas should be formalized with the right
hypothesis, and this could be actually done. Let us give here a discussion
comparing with the previous results.

The main difference between formula (3.13) and the formula stated by Theorem
3.1.3 is that in the first we need only one integration by parts, instead of two.
Therefore this approach brings to less complicated weights. Nevertheless, there
are numerical problems in using (3.13). In fact, private numerical experiments
of ours show that the variance of the Monte Carlo estimators is too high. But
recent studies by Kohatsu-Higa and Yasuda [19]. could be helpful to go deep
in the development of such an approach.

E(f(Z)|Zs = o) (3.13)
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3.2 Examples

Propose here two examples, to give an idea of the structure of the weights
defined by (3.6). The same machinery can be applied to the other models
considered in the Sensitivity Analysis Chapter. But the calculus of the weights
is very complicated.

3.2.1 The Black-Scholes-Merton model
Let Z, = (X;,Y;) defined by

t t Ji
X, = x+/bXMr+/cdﬁM@+§:AJj_
0 0

i=1
t

Y, = /XTdr.
0

with o # 0. For the properties of this process and of its first variation one,
see Section 2.5.1. We analyze the different directions of calculus, namely the
Gaussian, jump amplitudes and the joint Gaussian and jump amplitudes di-
rection.

Gaussian direction

We define the process v = (v',v?). Both v! and v? has only the first component

non null and equal to

Ay 1
vh, = — and v3, = —
’ ox ’ ox

respectively, in which a is deterministic and such that

S t
/audu:/audu:()
0 s

Straightforward computations allow to write

R 1 s F
HE (Zis,t) = -

sY, — [ Y,dr
os Jo Xs

u+1)dW,
f(]s}/;ardr Gt )

1 LE (t—s)Y,— [[Ydr
e

ot—s X, fst Y,a.dr

X
1 (*F/Y,—Y,
PRy
U/s X, fstYTardr

au+1>dW@

and
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HE (Z:s,t) = — audW,

1 / a

o Jo [y Yeapdr
1 (" F

+ —/ ——a,dW,
0 Js fs Y, a,dr

Jump Amplitudes direction

We choose here v = (v!,v?) as follows: v} = v =0 and

ol ool = HA‘aZ i=1,...,m, vl =0 otherwise
vii v = 1+xA i=1,...,m, v2=0 otherwise
where a4, ..., a, are deterministic and such that
n m
E a; = E a; = 0.
i=1 i=n+1

Straightforward computations give

~ HY; — T-L_l YTj
Hﬂ&aw::zyﬂ O+AN 2 %+U)

i1 ’I’LXS Z?:l YTJ- Q;
- F1+A) (m=—n)Y,=>" Y
. Z 5’;,”( ( ) (( ) t Z] +1 al+1)>
i=n-+1 (m - TL)X Ej =n-+1 YT CL]

m

Y (LR v v)a)

i=n+1 X 2ienn Y1305

and

n

~ F(1+ A
Ly 6;”(#%)
Joint Gaussian and Jump Amplitudes direction

We take here the process v = (v!, v?) as

1 1 1

vl Uy = o-ay vy = otherwise
v =8 j=1..m, v?=0 otherwise



in which again we ask that

S t
/ audu:/audu:o.
0 s

Straightforward computations give

]:If(Z;s,t) = /S (F(an _;jﬂ Y, au>qu
0 noX, fo Y,.a,dr

N 25n< 1+A )

B /t(F(( m—n)Y; — Z] n+1YTa )dW
s (m—n) aXsf Y.a,dr !
m( F(1+A;)
B Z o ( X)
i=n+1
F(Y, = Y)ay,
/s <0XS J:Y,,ardr)dwu
and
R s F

t
" /s <Ufst§{;a¢d7’)auczwu

3.2.2 Brownian motion with jumps
Consider now the following easy model

Ji
X = x4+ Wi+ ) A

t
Y, = /X,,dfr.
0

(3.14)

where W, is a standard Brownian Motion. Such a model is studied with the
purpose of writing explicitly the weight H(Z; s,t) and really testing it in prac-

tice.

Obviously, here the first variation process is constant: & = 1. As a conse-
quence, (3, = f(f &-dr = t. Moreover, one has c(t,a,x) = a, so that d;¢; = 1.
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Gaussian direction

Let v = (v',v?) be such that v} and v? are all null except for the component
1 =0, and we set

1 _ 2 _
Vo, = @y and v, =1

with

S t
/audu:/audu:o
0 s

In such a case, one has

2

N 1 s S S
HF (Z:s,t) = —<—/ FaydW, /Fqu)
1 (Z5s.1) s\2 [ ra.dr Jo “ + 0

1 (t—s)? [1 t
_ (t_8)<2f;mrdr / Fa,dW, + / Faw,)

and

~ 1 s
HY(Z:s,t) = — —/ Fa,dW,

1 t
+ — / Fa,dW,.
fs a,dr Js

By Theorem 3.1.3, the final weight for the conditional expectation is given by
H(Z;s,1) = B*7(2,).

Let us now compute it.

First of all, notice that in the weight H}(Z,), defined by (3.6) with F' = 1, the
Skorohod integrals are Ito ones. As a matter of fact the arguments of these
integrals are or a, or 1. Therefore the only difficult is to handle the Skorohod

~ 771
integrals in the weight Hfl 2(Z‘“)(Zs). Thus, we can conclude giving an explicit
expression, as follows
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s S 2 s t
At = i (St o W) | Jo ool J, avdilry
2 [, radr Jo radr [, raydr
W, 5 a,dW, W, [ a,dW,
s fos ra,dr S fos ra,dr
t—s fst a?du — (fst arcﬂ/V,,)2 s ardW, fst a,dW,
- 3 < t + s )
2 [ ra.dr [; ra,dr o raydr
L1 <(Wt — W) [y audw, (W — W) [! audwu>
t—s fos ra,dr f; a,dr

(3.15)

Jump amplitudes direction

We consider now the jump amplitudes direction of the Malliavin calculus.

Firstly, we define the process v = (vl v?) as
Ly wl=a; i=1,...,m, v} =0 otherwise
2: 0v2=1 i=1,...,m, v2=0 otherwise

with
WS WS

The final version for the Welghts HE(Z;s,t) and HE(Z;s,t) is the following:

BF(Zise) = ns—>3 i, a25n Fa;) + %ZS?(F

ny i Tia; —
(m_n)t_Zj =n+1 J -
_ 5" (Fa,) o (F
nZ] lTaJ 1271—:1-1 z:zn—:i-l ( )
t—s =~
+ = 0"(Fa;
Zj:lTjaj ( )

and
> 15?(F@i) n D onpic 15;”(Fai)
> i Tha, > itni Tiag
By considering F' = 1, and using the definition of the Skorohod integral (see
1.1.9), in the weight H;(Z;s,t) we quantities of the type

n

> 67 (ai) = =) a;0a,logg(A)
i=1

i=1
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where g(A;) is the density of A; (see Definition 1.1.1). The same holds in the
time interval [s, t], considering the jumps between n+1 and m. Therefore, pro-

ceeding similarly as in the Gaussian direction, we obtain the following explicit
expression

H(Z;s,t) = H™2%Y (7, 5,1)

? <

- ﬁ<—(8:§><)2 _ Zi Di(SP)a | (S = SpISEY

n > et Trar S Tean
P (S X A G G 85*)835)
n Zkzl Tray Zk:n+1 Ti.ap
(ISR S0 | (S SP) Bl DRSSP
n > it T > henir Trar
WL (-S::X (8% = 8%)  (Si = 87 (S — SO DR (SR SzX)>
n > k1 Thak > hent1 Trar

where, for simplicity, we have used the following notations:

Cs — ns— Z?:l ,‘FL

Z?:l Tia;
L nemi—ns— ST
' Z?:l Tia;

Xi = Oa,logg(A) fori=1,..,m

Sy = ZXk
Sgbx = Zakxk (316)

Joint Gaussian and jump amplitudes direction
We define here the process v as

1. 1 _
vl Vg =
2

v 0?2 =

Ay 0 otherwise
1 =0 otherwise

again with



The weights HI (Z;s,t) and HY (Z; s,t) are as follows

., ns—>  T; [* 1 < -
HY (Z;s,t :S—]_lj/Fuqu—i—— o (F
1( 757> nforardr 0 a n; l()
— -5 Tt 1 UL
. (m n)s Zt:k_n+1 ]/ Fauqu+ Z 5Zn(F)
(m—n)fS ra,dr s m-n -
and
HY (Z:s t)——;/sFa aw, +;/tFa aw,
2 )9 fos rardr 0 u u f;?‘ard’r . u u-

Notice that in this particular case, ﬁf (Z;s,t) does not depend on A; as i =
1,..,m, simplifying the differential calculus in the jump amplitudes direction.
Thus, we have that

H(7Z: _ 22:1 Xk fos a,dW, fst a,dW,
(Z;s,1) = (o S )
n foracdr— [ra,dr

ns—3 0 Tj (fos aldr — (] aTdVVT)2 N Iy ardW, fst ardWr>

+ n [, ra.dr Jy radr fst ra,dr
Z;n:n—&-l X’C <f08 a'f“dWr fst ardWr>
+ - — =
m—n_\ [fra.dr [, ra,dr

(m—n)s—3" Tj ( ( fst ardW,,)2 — fst azdr [ a,dW, fst aTdWT>
(m —n) f; ra,dr fst ra,dr Jy raqdr
(3.17)

where x; = Oa, logg(A) for i =1,...;m.

3.3 Numerical experiments

We present in this Section some numerical experiments related to the The-
ory developed in the Representation formulas of the Conditional expectation
Chapter. We consider the Brownian motion with jumps, that is the simple
model (3.14), which has been introduced actually with the purpose of numer-
ical applications.

This Chapter is divided into two parts. In the first one we present a Malliavin
localization method, based on the idea to reduce the variance of the Heavyside
function with an exponential function (see Bally, Caramellino and Zanette
[4]). In the second, we show the numeric results, comparing the Malliavin
method with the localized one and the explicit simulation of the trajectory of
the process Z.
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3.3.1 Localization methods

We consider a variance reduction method introduced in Bally, Caramellino and
Zanette [4] in a one-dimensional framework for the pricing of the American
option.

Let A°(y1,42) = 1,,501,,50 be the Heavyside function on R?. Remembering
Formula 3.2, we have to deal with he following expectation

E(p(Z)A(Z, — a)) (3.18)
where ©(Z;) = f(Z;) or ¢(Z;) = 1. Consider the following function:

Y(z) =Y(z,y) = %e—uuww

which a probability density function on R?, and we denote with ¥ the associ-
ated distribution function, i.e.

xT

U(z) =¥(z,y) = )\ZQ/ el dy - /y e Ml dy.
(3.18) can be then written as
E(p(Z)6(Z, - a)) + E(9(Z)(H - 9)(Z, - )H(Z;s,t))  (3.19)

where H is the Heavyside function and H(Z;s,t) is the weight given by the
Theorem 3.1.3. Therefore in the first term of (3.19) the Heavyside function
does not appear, whilst in the second, the presence of ¥ allows to get a con-
siderable reduction of variance of the Heavyside function, as we will show in
the next numerical applications.

In the numerical experiments we have chosen y = t — s, how suggested by
Bally, Caramellino and Zanette [4], which we refer for more details.

3.3.2 Brownian motion with jumps

We consider now the Brownian motion with jumps model as in (3.14), with
the following choice of parameters: s = 1, ¢t = 2 and we have supposed the

jump amplitudes to be normal distributed, that is, A; ¥ N, with N standard
normal r.v. The intensity parameter is set as A = 25, meaning that we have
in mean 25 jumps both on [0, s| and [s, t]. Moreover we have set X, = 100.
We have considered a grid for some possible values of X, and Y, built from
numerical simulation of the process in the time interval [0, s]. In particular the
grid considers values for X and Yj in [99, 101], with step of 0.1.

We have performed 10,000 simulations for each point in the grid, dividing
the time intervals [0, s] and [s,¢] in 100 steps in order to simulate the integral
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component Y. In fact, we have tested the conditional expectation in (3.1) with
the function .

F(Z) = (X, 1Y)
In order to have an exact result with which comparison with the Malliavin
method can be done, we consider first the model with no jumps, that is

Xt = x+ Wt
t
Y, = / X.dr. (3.20)
0
Here, we can write the following exact formula:
Y 1 _m?
E((Xt - 7'5)+|X5 =, Y, = a2> = m@(%) + %6_217
being ® the distribution function of a standard normal distribution, and
S — Qg g t—3s ( 2)
- - 2 =—1(3 t— .
m P v el Cols (t—s)

Figure 3.1 shows a comparison of localized Malliavin method in the Gaus-
sian direction with the exact value and the “trajectory simulated” method on
the grid, that is, the standard computation of the conditional expectation by
Monte Carlo through the simulation of the process starting at time s.

For the sake of clearness, we fix X; = 100 and Y, = 100 to obtain the 2-
dimensional sections of the surfaces in Figure 3.1, as shown in Figure 3.2 and
3.3. There, we can see how the localized Malliavin method gives results much
better than the trajectory simulated.

Notice that without localization, the Malliavin technique are really not sat-
isfactory, as well known in the literature on this topic. As an example, we
propose Figure 3.4, which clearly shows this fact.

Let us consider now also the jump part, i.e. the model (3.14). Here, there is not
a closed form solution, because the presence of the jumps makes impossible
to calculate explicitly the conditional expectation. Thus, we can compare
the (localized) Malliavin method with the trajectory simulated. We do not
consider the simple Malliavin method, for the reason already explained.

Next Figure 3.5 summarize the results in all the directions of the Malliavin
calculus (i.e. with respect to the Brownian motion, to the jump amplitudes
and the joint one).

As in the previous case, the numerical experiments show that all the directions
of the differential calculus give good results. In order to point out the numerical
result for each direction of the calculus, we consider them separately. In Figure
3.3.2 and 3.7 we present the sections of the surfaces given in Figure 3.5, fixing
X, =100 and Y, = 100 respectively. As a consequence, it has to be stressed
that the Malliavin approach with localization gives a sensible stability to the
results.
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1.2

0.8
0.6
0.4
0.2

-0.2

loc. W direction —+—
Trajectory simulated ---<---
Exact value --->---

Figure 3.1: Conditional expectation for a Brownian motion without jumps.

0.7 T T

T

loc. W direction —+—
Trajectory simulated --—----

K Exact valuey --- ¢~

0.1 L L

100
X(s)

Figure 3.2: Brownian motion without jumps.

of X, [with Y, = 100].
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0.7

T
loc. W direction —+—
Trajectory simulated ---x---
Exact value ---*---

0.6 -

05

0.2

Ol Il Il Il
99 99.5 100 100.5 101

Y(s)

Figure 3.3: Brownian motion without jumps. Conditional expectation as a function
of Ys [with X, = 100].

4 T
loc. W direction —+—
W direction - -
Exact value ---
3k 4

4 J L L L
99 99.5 100 100.5 101

X(s)

Figure 3.4: Brownian motion without jumps. Conditional expectation as a function
of X [with Y; = 100]. Comparison between the localized and the non localized
formulas.
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loc. W direction —+—

loc. A direction —--<---

loc. joint AW direction -~ -~
Trajectory simulated &

101

Figure 3.5: Conditional expectation for a Brownian motion with jumps. All direc-
tions.

Og I j H . .
loc. W direction —+—
loc.A direction ---<---
loc. joint AW:direction -~

0.8 - g Trajectory simulated &~ -

0.1 \ ! ! !

99 99.5 100 100.5 101
X(s)

Figure 3.6: Conditional expectation for a Brownian motion with jumps as a function
of X, [with Y, = 100].
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0.9 T T T " N
loc. W direction —+—
X loc.A direction ---x---
os b A loc. joint AW direction -

7\ Trajectory simulated 2]

0 L L L Dv
99 99.5 100 100.5 101
Y(s)

Figure 3.7: Conditional expectation for a Brownian motion with jumps as a function
of Y [with X, = 100].
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