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Adjoint expansions in local Lévy models
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Abstract

We propose a novel method for the analytical approximation in
local volatility models with Lévy jumps. The main result is an ex-
pansion of the characteristic function in a local Lévy model, which is
worked out in the Fourier space by considering the adjoint formulation
of the pricing problem. Combined with standard Fourier methods, our
result provides efficient and accurate pricing formulae. In the case of
Gaussian jumps, we also derive an explicit approximation of the transi-
tion density of the underlying process by a heat kernel expansion: the
approximation is obtained in two ways, using PIDE techniques and
working in the Fourier space. Numerical tests confirm the effective-
ness of the method.
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partial integro-differential equation, Fourier methods
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1 Introduction

We consider a one-dimensional local Lévy model where the log-price X
solves the SDE

dXt = ,U,(t, Xt,)dt + O'(t, Xt,)th + th (].].)

In (1.1), W is a standard real Brownian motion on a filtered probability space
(Q, F, (Ft)o<t<T,P) with the usual assumptions on the filtration and J is a
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pure-jump Lévy process, independent of W, with Lévy triplet (u1,0,v). We
denote by
T X5°

the solution of (1.1) starting from z at time ¢ and by
_ Zth,z]
SDX%I (5) E |:€ T ) 5 € Rv

. 4. . t . . .
the characteristic function of X*. Our main result, proved in Section
4, is a second order approximation formula of ¢yt.: in the case of time-

T

homogeneous coefficients, it reads as follows
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where 1), defined in (4.55), is the characteristic exponent of the Lévy process
(4.56) which is the leading term of the expansion and the constants «y, are
the coefficients of the Taylor expansion of the diffusion coefficient (see the
general notations introduced in Section 2). In some particular cases, we also
obtain an explicit approximation of the transition density of X.

Local Lévy models of the form (1.1) have attracted an increasing inter-
est in the theory of volatility modeling (see, for instance, [1], [4] and [7]);
however to date only in a few cases closed pricing formulae are available.
The approximation formula (1.2) provides a way to compute efficiently and
accurately option prices and sensitivities by using standard and well-known
Fourier methods (see, for instance, Heston [17], Carr and Madan [5], Raible
[27] and Lipton [22]).

We derive formula (1.2) by introducing an “adjoint” expansion method:
this is worked out in the Fourier space by considering the adjoint formula-
tion of the pricing problem. Generally speaking, our approach makes use of
Fourier analysis and PDE techniques. In Section 2, we present the general
procedure that allows to approximate analytically the transition density (or
the characteristic function), in terms of the solutions of a sequence of nested
Cauchy problems. Then we also prove explicit error bounds for the expan-
sion that generalize in a new and nontrivial way some classical estimates. In
the second part of the paper (Sections 3 and 4) the previous Cauchy prob-
lems are solved explicitly by using different approaches. In Section 3 we
focus on the special class of local Lévy models with Gaussian jumps and we
provide a heat kernel expansion of the transition density of the underlying



process. The same results are derived in an alternative way in Subsection
3.1, by working in the Fourier space.

Section 4 contains the main contribution of the paper: we consider the
general class of local Lévy models and provide high order approximations
of the characteristic function. Since all the computations are carried out
in the Fourier space, we are forced to introduce a dual formulation of the
approximating problems, which involves the adjoint (forward) Kolmogorov
operator. Even if at first sight the adjoint expansion method seems a bit
odd, it turns out to be much more natural and simpler than the direct for-
mulation. To the best of our knowledge, the interplay between perturbation
methods and Fourier analysis has not been previously studied in finance.
Actually our approach seems to be advantageous for several reasons:

e working in the Fourier space is natural and allows to get simple and
clear results;

e we can treat the entire class of Lévy processes and not only jump-
diffusions or processes which can be approximated by heat kernel ex-
pansions. Potentially, we can take as leading term of the expansion
every process which admits an explicit characteristic function and not
necessarily a Gaussian kernel;

e our method can be easily adapted to the case of stochastic volatility
or multi-asset models;

e higher order approximations are rather easy to derive and the approx-
imation results are generally very accurate. Potentially it is possible
to derive approximation formulae for the characteristic function and
plain vanilla options, at any prescribed order: for example, in Sub-
section 4.1 we provide also the 3'4 and 4*" order expansions of the
characteristic function, used in the numerical tests of Section 5. The
Mathematica notebook with the implemented formulae is freely avail-
able in the website of the authors.

For completeness, in the last part of Section 4, a standard pricing inte-
gral formula for FEuropean options is stated. Finally, in Section 5, we
present some numerical tests under the Merton and Variance-Gamma mod-
els and show the effectiveness of the analytical approximations compared
with Monte Carlo simulation.

Comparison with the literature. Analytical approximations and their
applications to finance have been studied by several authors in the last
decades because of their great importance in the calibration and risk man-
agement processes. The large body of the existing literature (see, for in-
stance, [16], [18], [28], [15], [3], [8], [6]) is mainly devoted to purely diffusive
(local and stochastic volatility) models or, as in [2] and [29], to local volatility



(LV) models with Poisson jumps, which can be approximated by Gaussian
kernels.

The classical result by Hagan [16] is a particular case of our expansion, in
the sense that for a standard LV model with time-homogeneous coefficients
our formulae reduce to Hagan’s ones (see Section 3.1). While Hagan’s results
are heuristic, here we also provide explicit error estimates for time-dependent
coefficients as well.

The results of Section 3 on the approximation of the transition density
for jump-diffusions are essentially analogous to the results in [2]: however
in [2] ad-hoc Malliavin techniques for LV models with Merton jumps are
used and only a first order expansion is derived. Here we use different
techniques (PDE and Fourier methods) which allows to handle the much
more general class of local Lévy processes: this is a very significant difference
from previous research. Moreover we derive higher order approximations,
up to the 4™ order.

Our approach is also more general than the so-called “parametrix” meth-
ods recently proposed in [8] and [6] as an approximation method in finance.
The parametrix method is based on repeated application of Duhamel’s prin-
ciple which leads to a recursive integral representation of the fundamental
solution: the main problem with the parametrix approach is that, even
in the simplest case of a LV model, it is hard to compute explicitly the
parametrix approximations of order greater than one. As a matter of fact,
[8] and [6] only contain first order formulae. The adjoint expansion method
contains the parametrix approximation as a particular case, that is at order
zero and in the purely diffusive case. However the general construction of
the adjoint expansion is substantially different and allows us to find explicit
higher-order formulae for the general class of local Lévy processes.

2 General framework

In a local Lévy model, we assume that the risk-neutral dynamics of the
underlying asset process X is given by equation (1.1). In order to guarantee

the martingale property for the discounted asset price S; := SpeXt™"t, we
set 2( )
B o“(t,x
,u(t,x) =r—p - Ta (23)
where
r=17r— /R (ey —-1- yﬂ{‘y|<1}) Z/(dy) (24)
We denote by
F(ta o T7 )



the law of Xr}’x, which is the fundamental solution of the Kolmogorov oper-
ator

o?(t, ) B
Lu(t,z) = 5 (Ozg — Oz) u(t, x) + 7OLu(t, x) + Opu(t, )

+ / (u(t,z +y) —u(t,z) — 8$u(t,m)yll{‘y|<1}) v(dy).
R

(2.5)

Notice that the characteristic function of X;x is equal to

Pt () Z/eigyf(t,w;T,y)dy.
R

Example 2.1. Let J be a compound Poisson process with Gaussian jumps,

that is
N
=Y 7n
n=1

where Ny is a Poisson process with intensity A and Z, are i.i.d. random
variables independent of Ny with Normal distribution N, s2. In this case,

v =M, and
p = / yv(dy).
ly|<1

Therefore the drift condition (2.3) reduces to

o?(t, z)
2 b

plt, x) = ro — (2.6)

where
2
7”0:7”—/ (e — 1) v(dy) :r—)\<em+57 —1> . (2.7)
R
Moreover, the characteristic operator can be written in the equivalent form

o?(t, z)
2

+ /}R (u(t,x +y) —u(t,z)) v(dy).

Lu(t,z) =

(Opz — Oz) u(t, ) + ro0zu(t, z) + Opu(t, x)
(2.8)

Example 2.2. Let J be a Variance-Gamma process (cf. [23]) obtained by
subordinating a Brownian motion with drift 0 and standard deviation o, by
a Gamma process with variance k and unitary mean. In this case the Lévy
measure 1s given by

-z Aoz

e
Lipsoy(z)dr + mﬂ{gjd}(m)dm (2.9)

v(de) = o



where

—1 -1
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The risk-neutral drift in (1.1) is equal to

2 T
u(t, ) =ro — o°(t,z)

where
1 . . 1 0
ro:r—i——log(l—)\l)(1+)\2):T+—log 1—-k 94‘5 , (2.10)
K K

and the expression of the characteristic operator L is the same as in (2.8)
with v and ro as in (2.9) and (2.10) respectively.

Our goal is to give an accurate analytic approximation of the charac-
teristic function and, when possible, of the transition density of X. The
general idea is to consider an approximation of the volatility coefficient o.
More precisely, to shorten notations we set

a(t,z) = o*(t,z) (2.11)

and we assume that a is regular enough: more precisely, for a fixed N € N,
we make the following

Assumption Ay. The function a = a(x,t) is continuously differentiable
with respect to x up to order N. Moreover, the function a and its derivatives
in x are bounded and Lipschitz continuous in x, uniformly with respect to t.

Next, we fix a basepoint Z € R and consider the N*'-order Taylor poly-
nomial of a(t,x) about z:

N
ap(t) +2 an(t)(z —2)",
n=1
where ag(t) = a(t,z) and
10%a(t,7)

Then we introduce the n*'-order approximation of L:

Lp:=Lo+ Y ap(t)(@ —2)" (Opz — 0:), n<N, (2.13)
k=1



(Ogzu(t,z) — Opu(t,z)) + TOu(t, z) + Opu(t, x)
(2.14)
+ /]R (u(t, x4+ y) —u(t,z) — Oyult, a:)y]l{|y‘<1}) v(dy).

Following the perturbation method proposed in [25], and also recently used
in [12] for the approximation of Asian options, the n*'-order approximation
of the fundamental solution I' of L is defined by

I (t,x;T,y) : ZG (t,z;T,y), t<T, x,y€R. (2.15)

The leading term G° of the expansion in (2.15) is the fundamental solution
of Ly and, for any (T,y) € R; x R and k& < N, the functions G*(-,; T, y)
are defined recursively in terms of the solutions of the following sequence of
Cauchy problems on the strip |0, T[xR:

LoGH(t,2;T,y) = — 32 (Ln — Ly—1) GF (¢, 2; T, y)
h=1

k
— > op(t)(z — j)h (Ozz — Oz) Gk_h(t7$§ T,y),
h=1
G*(T,z;T,y) = 0.

(2.16)

In the sequel, when we want to specify explicitly the dependence of the
approximation I'" on the basepoint Z, we shall use the notation

o0tz Tyy) = T (t, 2 T, y). (2.17)

In Section 3 we show that, in the case of a LV model with Gaussian
jumps, it is possible to find the explicit solutions to the problems (2.16) by
an iterative argument. When general Lévy jumps are considered, it is still
possible to compute the explicit solution of problems (2.16) in the Fourier
space. Indeed, in Section 4, we get an expansion of the characteristic function
Pt having as the leading term the characteristic function of the process
whose Kolmogorov operator is Lo in (2.14).

We explicitly notice that, if the function o only depends on time, then
the approximation in (2.15) is exact at order zero.

We now provide global error estimates for the approximation in the
purely diffusive case. The proof is postponed to the Appendix.

Theorem 2.3. Assume the parabolicity condition

m < “(1;’95) <M, (tz)e[0,T] xR, (2.18)



where m, M are positive constants and let T = x or T =y in (2.17). Under
Assumption An41, for any e > 0 we have

IT(t, ;T y) —T"N (¢, 2; T, y)| < gy (T — ) DM H(t, 2T y), (2.19)

for x,y € R and t € [0,T[, where T™ is the Gaussian fundamental solution

of the heat operator
Ma;r;r + at,
N+1

and gn(s) = O<ST> as s — 0.

Theorem 2.3 improves some known results in the literature. In particular
in [3] asymptotic estimates for option prices in terms of (T—t)¥ are proved
under a stronger assumption on the regularity of the coefficients, equivalent
to Assumption Asyyo. Here we provide error estimates for the transition
density: error bounds for option prices can be easily derived from (2.19).
Moreover, for small N it is not difficult to find the explicit expression of gy .

Estimate (2.19) also justifies a time-splitting procedure which nicely
adapts to our approximation operators, as shown in detail in Remark 2.7 in

[25].

3 LV models with Gaussian jumps

In this section we consider the SDE (1.1) with J as in Example 2.1,
namely J is a compound Poisson process with Gaussian jumps. Clearly, in
the particular case of a constant diffusion coefficient o(t,z) = o, we have
the classical Merton jump-diffusion model [24]:

2
Xg\/[erton — (7'0 _ %) t+ O'Wt + Jt7

with rg as in (2.7). We recall that the analytical approximation of this kind
of models has been recently studied by Benhamou, Gobet and Miri in [2] by
Malliavin calculus techniques.

The expression of the pricing operator L was given in (2.8) and in this
case the leading term of the approximation (cf. (2.14)) is equal to

Lov(t,z) = a02(t)

(Opgv(t, ) — Opv(t,x)) + 190z v(t, x)
(3.20)

+O(tz) + /R (w(t,z +y) — v(t,2)) v(dy).

The fundamental solution of L is the transition density of a Merton process,
that is

400 n
GOt T,y) = e NT-0 5 QL= D)

n=0

Ln(t,x; T,y), (3.21)

n!



where

. (2= +(T—)rg—$ A1) +nm)’
T, (t,@; T, ) A
n v) = V2m (At T) +n62) (3.22)

A(t,T) —/t ap(s)ds.

In order to determine the explicit solution to problems (2.16) for & > 1,
we use some elementary properties of the functions (I',),,~,. The following
lemma can be proved as Lemma 2.2 in [25].

Lemma 3.1. For any z,y,T € R, t < s <T and n,k € Ny, we have

Loir(t, T, y) :/Fn(t7$§5777)rk(5777§ T, y)dn, (3.23)
R
OTn(t, a3 T y) = (—1)F5T (t,2; T, ), (3.24)
(y - j)krn(ta €, Tv y) = Vt],CT,x,nFn(t? €5 Tv y)> (3'25)

where Vi1 4.n 15 the operator defined by

Vitanf(x) = <x —z+ (T —t)ro— %A(t, T)+ nm> f(zx)

+ (A(t,T) + nd?) 9. f (z).

(3.26)

Our first results are the following first and second order expansions of
the transition density I'.

Theorem 3.2 (1st order expansion). The solution G* of the Cauchy problem
(2.16) with k =1 is given by

+oo
G'(t,a;Tyy) = > Jp ot T2)Tpan(t, T, y). (3.27)
n,k=0

where J, (t,T,x) is the differential operator defined by

An+k
Jé,k(t, T, x) = e_A(T_t)m /t al(S)(S - t)n(T - S)kvt,s,x,ndS (89090 - ax)
(3.28)

Proof. By the standard representation formula for solutions to the non-
homogeneous parabolic Cauchy problem (2.16) with null final condition, we
have

Gt T y) = //thcsnal()('n )
Oy — O )Go(s n; T, y)dnds =



(by (3.25))

~
»
8
3
e
—
S
—~
“ﬂ-
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o
D
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~
N
U
=
U
0
|

(by parts)

AT—t) +oo )\n-{—k
Z n'k'/ a(s (s —t)™

n,k=0

Vien / (D + By (b5 5, )T (5,15 T, y)cdds —
R

(by (3.24) and (3.23))

& )\nJrk

: (axx - 8x)rn+k (t, x; T, y)
and this proves (3.27)-(3.28). O

Remark 3.3. A straightforward but tedious computation shows that the
operator J} k(t T,x) can be rewritten in the more convenient form

3 1
k(6 T 2) ZZ ki, — )0, (3.29)
i=1 57=0

for some deterministic functions fé ki

Theorem 3.4 (2nd order expansion). The solution G? of the Cauchy prob-
lem (2.16) with k = 2 is given by

G*(t,2;T,y) Z Jzik(t T, 2)lpintn(t, T, y)
n,h,k=0

oo
n,k=0

where

n

N =
Tt To) == /t a1 (s)e A (s = )"Vi g am (O — On) I} o (E, 5, T, x)ds

_ B )\nJrk
Tt Tox) =e 02 / as(s)(s — )T — )"V , ds (Opw — Os)
),

10



and j}% i s the “adjoint” operator of Ji i defined by

3

Tp it s, T, x) Zthk” (s T)Vtswh—i-ka (3.31)
=1 5=0

with f} ki G5 0N (3.29). Also in this case we have the alternative represen-
tation

Jn h k(t T,z) = fj : ra 6T (@ = z)1 8L (3.32)

S
I
—

M@ M@
Mmﬁw

T, T x) = 22 (T (@ - 2o, (3.33)

O

=1 j=
with fZ:fll,k,i,j and f k” deterministic functions.

Proof. We show a preliminary result: from formulae (3.29) and (3.31) for
J' and J' respectively, it follows that

/ Fn(ta €58, n)Jé,k(Sv T, U)Fthk(Sa UR T, y>d77 =
R
(by (3.24) and (3.25))

- / T4 w5y T )T (b 5, )T (5, s T )l
R

= E,k(saTaw)/Fn(taJT?S»U)Fthk(S,US Tvy)dn =
R

(by (3.23))
= ‘E,k(‘g?va)FnJthrk(mat;Ta y) (334)

Now we have
G*(t,z;T,y) = I + I,

where, proceeding as before,

T
I = / / GO(t, x5, 1)a1 () (1 — 7)(Dyy — 0) G (5. T, y)dndls

“+o00

-y 2 / 0 ()e™XC~0 (s — 1y

n,h,k= 0

: ‘/t,s,x,n \/R Fn(ta x5 s, 7]) (87777 - aﬂ)‘h},,k(‘% T, n)rh+l€(57 n; T, y)dnd‘g

11



+oo A"

T
= Z F/t a1 (s)e M (s — )™

n,h,k=0

Vis,2,n(Ops — On) /an(taﬂﬁ 5777)=]l1,k(57T7 Mk (s,m; Ty y)dnds =
(by (3.34))

+oo T _
- Z n! / al(s)e_)\(s_t)(s = )" Visan (020 — aﬂc)Ji,k(s» T, z)ds:
nhk=0 " 7t

: Fn+h+k (JL‘, ta T7 y)

+00
= > Tt Tkt 25T, y)

n,h,k=0
and
T
I =/ /Go(t,:css,n)%(S)(n—i‘)Z(&m—%)Go(s,n;T,y)dnds
t R
_A(T—1) = vtk T k
Y T | el = s =0
: ‘/t?s,x,n/RFn(tvx;&n)(ann - aﬂ)rk(svn;T7 y)dUdS
A(T—t) ~ kT k n
o néo nlk! /t oa(s)(T' = s (s = 8)"
'st,gc,n(f)m—51)/an(t,w;s,n)Tk(sm; T,y)dnds
A(T—1) = AT k n
ey - - T— - .
DY T /t s (5)(T — )*(s — 1)

: ‘/t?s,x,nds (aII - 8I)Fn+k (t, x5 T7 y)

—+o00
= > IR T, )Tt 25 T, y).
n,k=0

This concludes the proof. O

Remark 3.5. Since the derivatives of a Gaussian density can be expressed in
terms of Hermite polynomials, the computation of the terms of the expansion
(2.15) is very fast. Indeed, we have

a?trn(taxaT7 y) (_1)Zh"bﬂl(t7Tax - y)

Lut@iToy)  (2(A(,T) +né2))?

12



where

T —t)po — AL, T

V2 (A T) +nd?)

and H; = H;(x) denotes the Hermite polynomial of degree i. Thus we can

rewrite the terms (Gk)k:1 5 1 (3.27) and (3.30) as follows:

G'(t, 2 T,y) = Z Gy (25T, y) o (t, 23 T, )
n,k=0
o

G*(t,2;T,y) = Gkt T y) D ogn(t 23 T, y) (3.35)
n h,k*O

+ Z Gnk t X, T Z/) nJrk(tax;Tvy))
n,k=

z
2

0
where
Gt 5T,9) Z; Zf st D) =) 2 (:(i:;k)(t :(Fni_kg;;?))%
Canalt s T59) é Zf”’”“” M (A?;:T;)hjrk((:; izf v ii/;«s?)) ‘
Coslt i) i ng kot T =27 <:<i:;k>(t fni_k?;?))%'

In the practical implementation, we truncate the series in (3.21) and (3.35)
to a finite number of terms, say M € IN. Therefore we put

M
AT —t)"
G?\/[(tv x; T> y) = ei)\(Tit) Z urn(ta x; Ta y))
n!
n=0
M
G}\/[(tvx;T7 y) = Z G}z,k(tax;Ty Yokt z; T, y),
n,k=0
M
Gyt,o;Toy)= > Gy (62T, y)Cnpnin(t, 25T, y)
n,h,k=0

M
+ Z Gi’i(tw;T,y)ka(t,x;T,y),
n,k=0

and we approximate the density I' by

U3t 25 Tyy) o= Gy (6 s Ty) + Gyt Toy) + Gy (25T, y). (3.36)

13



Next we denote by C(t,S;) the price at time ¢ < T of a European option
with payoff function ¢ and maturity T'; for instance, ¢(y) = (y — K)¥ in
the case of a Call option with strike K. From the expansion of the density
in (3.36), we get the following second order approximation formula.

Corollary 3.6. We have
Ct,Sy) ~ e " Ty (t,log Sy)

where

1
up(t,z) = /]1w EI’%W(t,J:;T, log S)(S)dS

ATt AT =1)"
=e ;771! CBS,(t, x)
M
+ 3 (TR Tow) + T2 T, 2)) CBS,ii(t, @)
n,k=0
M
+ > Tl kT ) CBS i (t, @) (3.37)
n,h,k=0

and CBS,,(t,z) is the BS price! under the Gaussian law Ty (t,z;T,-) in
(3.22), namely

1
CBS, (1, 2) = / Lt 2 T log 8)(S)dS.
R+ S

3.1 Simplified Fourier approach for LV models

Equation (1.1) with J = 0 reduces to the standard SDE of a LV model.
In this case we can simplify the proof of Theorems 3.2-3.4 by using Fourier
analysis methods. Let us first notice that Ly in (3.20) becomes
ao(t)

Ly = - (Opz — Oz) + 10; + O, (3.38)

and its fundamental solution is the Gaussian density

1 (z—y+(T—t)r—1A(t,T))2
GOt ;T y) = ———e TAET) :
2w A(t, T)

with A as in (3.22).

Here the BS price is expressed as a function of the time t and of the log-asset .

14



Corollary 3.7 (1st order expansion). In case of A = 0, the solution G in
(3.27) is given by

G'(t,a;T,y) = J'(t, T, 2)G°(t, ; T, y) (3.39)

where J'(t,T,x) is the differential operator

T
JUE T, 2) = / 01 (5)Vis 2 (Duw — D), (3.40)
t

with Vi s 2 = Visz0 as in (3.26), that is

Viral(0) = (2 =2+ (T = Or = JAT)) fa) + A T)0. 1 0).

Proof. Although the thesis follows directly from Theorem 3.2, here we pro-
pose an alternative proof of formula (3.40). The idea is to determine the
solution of the Cauchy problem (2.16) in the Fourier space, where all the
computation can be carried out more easily; then, using the fact that the
leading term G of the expansion is a Gaussian kernel, we are able to com-
pute explicitly the inverse Fourier transform to get back to the analytic
approximation of the transition density.

Since we aim at showing the main ideas of an alternative approach,
for simplicity we only consider the case of time-independent coefficients,
precisely we set ag = 2 and r = 0. In this case we have

L0:a$$_6$+at

and the related Gaussian fundamental solution is equal to
0 1 _(e—y—(T-1))®
GOt 2T, y) = e 0D
Am(T —t)

Now we apply the Fourier transform (in the variable ) to the Cauchy prob-
lem (2.16) with £ = 1 and we get

G (t, & T, y) = (€2 —i€) GM(t,& T, y)
+ar(i0 + T) (—€2 +1i€) GOt, & T, y), (3.41)
GNT,&T,y) =0, E€R.

Notice that
GOt, 6T, y) = e & T DHi&ly+(T—1)) (3.42)

Therefore the solution to the ordinary differential equation (3.41) is

T
CU&T.y) = —an [ N0, 4 0) (- 4 i€)CO(s.6T.0)) ds =
t
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(using the identity f(&)(i0¢ + )(9(¢)) = (0 + T)(f(£)9(£)) — ig(§)Ie f(£))
=y N0 +3) (€2 4 19l ICE O 67 1))
+iay /t T(—g2 )G (s, & T, y) DD+ g —
(by (3.42))
= —o /tT(iag +5:) —€% 4 ig) et T (T‘“) ds
+ioy /t T(—»g? +ig)(s — t)(—2¢ + i)l WHT-0)-E (T g
(again by (3.42))
=~y (T = 1)(i0 +7) ((~€2 + i) & T, )

—_ )2 A
(T - t) (—€2 4i€) (=26 +)GO(t, & T, y).

+ ’iOél
Thus, by inverting the Fourier transform, we get

GH(t,a;T,y) = oo (T — t)(w — 2)(0; — 02)G(t, 0 T, y)+

=@ <<T — )07 + ((a: —a) (T —t) - g@ — t)2) 92+

(T —t)°
2

+ <_(g; —Z)(T —t) + > ax> GOt ;T y),

where the operator acting on G°(t,z;T,y) is exactly the same as in (3.40).
]

Remark 3.8. As in Remark 3.3, operator J'(t,T,x) can also be rewritten
in the form

3 1
Yt, T, z) ZZ —zY o, (3.43)
=1 5=0

where filj are deterministic functions whose explicit expression can be easily
9,
derived.

The previous argument can be used to prove the following second order
expansion.



Corollary 3.9 (2nd order expansion). In case of A = 0, the solution G* in
(3.30) is given by

G*(t,z;T,y) = J*(t,T,2)G (¢, z; T, y)

where

T o~
J2(t,T,l‘) = / a1(8)Vi,s,2(Opz — 8x)J1 (t,s,T,x)ds
t (3.44)

T
+ / O‘2(5)Vt,2s,xd5 (Ozz — Or)
t

and J' is the “adjoint” operator of J*, defined by

Ji(t,s, T, x) ZZf”sTVt”aZ

=1 j=0

with f}’] as in (3.43).

Remark 3.10. In a standard LV model, the leading operator of the ap-
prozimation, i.e. Lo in (3.38), has a Gaussian density G° and this allowed
us to use the inverse Fourier transform in order to get the approrimated
density. This approach does not work in the general case of models with
Jumps because typically the explicit expression of the fundamental solution
of an integro-differential equation is not available. On the other hand, for
several Lévy processes used in finance, the characteristic function is known
explicitly even if the density is not. This suggests that the argument used in
this section may be adapted to obtain an approximation of the characteristic
function of the process instead of its density. This is what we are going to
investigate in Section 4.

4 Local Lévy models

In this section, we provide an expansion of the characteristic function
for the local Lévy model (1.1). We denote by

D(t,a;T,¢) = F (D(t,2:7,-)) (€)

the Fourier transform, with respect to the second spatial variable, of the
transition density I'(¢,z;T),-); clearly, (t x;T,€) is the characteristic func-
tion of Xr}’x. Then, by applying the Fourier transform to the expansion
(2.15), we find

oxia(€) = ) G (t,2;T,€). (4.45)
k=0

17



Now we recall that G*(t,2;T,y) is defined, as a function of the variables
(t,z), in terms of the sequence of Cauchy problems (2.16). Since the Fourier
transform in (4.45) is performed with respect to the variable y, in order
to take advantage of such a transformation it seems natural to characterize
G*¥(t,z;T,y) as a solution of the adjoint operator in the dual variables (T v).

To be more specific, we recall the definition of adjoint operator. Let L
be the operator in (2.5); then its adjoint operator L satisfies (actually, it is
defined by) the identity

/ u(t,x)Lu(t, z)dxdt = / v(t, z) Lu(t, z)dzdt
R2 R2
for all u,v € C§°. More explicitly, by recalling notation (2.11), we have

- a(T,
ETu(T,g) = “TD 3, (T ) + BT, )0, (T )

- 8Tu(Tv y) + C(T> y)u(Tv y)

+ / (w(T,y + 2) = u(T,y) — 20,u(T, y) 1y <1y) P(d2),
R

where

T0) = dyalt) - (7= 52 ) . elTy) = 500+ O)alTun)

and 7 is the Lévy measure with reverted jumps, i.e. 7(dr) = v(—dz). Here
the superscript in L) is indicative of the fact that the operator L is acting
in the variables (T, y).

By a classical result (cf., for instance, [14]) the fundamental solution
I'(t,z;T,y) of L is also a solution of L in the dual variables, that is

Z(T’y)r(tv o T7 y) = 07 t< T7 z,y € R. (446)

Going back to approximation (4.45), the idea is to consider the series of
the dual Cauchy problems of (2.16) in order to solve them by Fourier-
transforming in the variable y and finally get an approximation of ¢ Xt

For sake of simplicity, from now on we only consider the case of time-
independent coefficients: the general case can be treated in a completely
analogous way. First of all, we consider the integro-differential operator Lg
in (2.14), which in this case becomes

L u(t, z) = %(am — Ap)ult, x) + FOpult, x) + dult, z)
+ /R (u(t,x +vy) —u(t,x) — y@xu(t,x)]l{‘ykl}) v(dy),

(4.47)
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and its adjoint operator
~ Ql
L§u(T,y) = By + 0,)u(T.y) = 70yu(T,y) — dru(T,y)
+ /]R (w(T,y + z) — uw(T,y) — 20,u(T,y) Ly j<1y) P(d2).
(4.48)

By (4.46), for any (t,7) € R?, the fundamental solution G°(¢,x;T,y) of Lo
solves the dual Cauchy problem

E(()T’y)GO(t,:L‘; T,y) =0, T>t yeR, (4.49)
GO(t,z;t,-) = 6. |

It is remarkable that a similar result holds for the higher order terms of the
approximation (4.45). Indeed, let us denote by L,, the n'® order approxi-
mation of L in (2.13):

Ln=1Lo+ Y ap—2)" 0z — 0s) (4.50)
k=1

Then we have the following result.

Theorem 4.1. For any k > 1 and (t,z) € R2, the function G*(t,z;-,-) in
(2.16) is the solution of the following dual Cauchy problem on |t,+oo[xR

~ k T T
LG Ty) = = 2 (B - L) e o))
GF(t,a;t,y) =0,  yeR,
where
LY — L = anly = )" (v = 20y + (= 2) Gh + (y = ) ),
+h(h—1+y—i"))-

Proof. By the standard representation formula for the solutions of the back-
ward parabolic Cauchy problem (2.16), for £ > 1 we have

kT
GF(t,z;T,y) = Z/t /RGO(t,a:;s,n)M,(Ls’n)Gkh(s,n;T,y)dnds, (4.52)
h=1

where to shorten notation we have set

t,x t,x t,x
M — L0 10,

By (4.49) and since
M}(ZT,y) _ ngﬁy) - Eﬁ?)-
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the thesis is equivalent to

k T N
GF(t,;T,y) :Z/ /GO(Sm; T,y) M GE" (¢, 255, m)dnds,  (4.53)

where here we have used the representation formula for the solutions of the
forward Cauchy problem (4.51) with & > 1.

We proceed by induction and first prove (4.53) for k = 1. By (4.52) we
have

T
Gl (t,z;T,y) =/ / GO(t, x5 5,m) ML GO (s, 75 T, y)dnds
t R
T —~—
=/ / GO(s,m; T, y) M{*" GO (t, ; 5, m)dipds,
t R
and this proves (4.53) for k = 1.

Next we assume that (4.53) holds for a generic k¥ > 1 and we prove the
thesis for k+ 1. Again, by (4.52) we have

k+1 .
G (s Toy) =) /t /RGO(ta w55, ))M > G (5, T, y)dnds
=1

T
:/ /Go(t,x‘;s,n)Méi?Go(s,n;T,y)dnds
t R
k T '
+Z/ /Go(tvx;s,n)Mfs’")Gk+l](8777;T,y)d77d8=
ot IR
(by the inductive hypothesis)
g ()
:/t /}RGO(tw;s,n)Mkﬁ G(s,m; T, y)dnds

k T
w3 [ [ @

k+1,j T N .
S / / GO(r, &; T, y) MO GR35 (s, . 7, )¢ iy dss
h=1 75 /R

T
=/ /Go(t,m;s,n)Méﬂ)Go(sm;T,y)dsdn
t R

k k+1-h

+Z Z /T/T Go(t>m§3777)G0(7—7C;T7y)'
t t R2

h=1 j=1

. M](s,n)M}(LT,C)Gkajfh(S’ n; 7, ¢)dnd(dsdr
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T o~
= / / GO(s,m; T,y) M) GOt w3 5,m)dsdn
t R

k T N
1D DY B RECA SO a
h=17t /R

k+1—h  .r
> / AGO<t7x;s,n)M§s’”)Gk*l“(s,n;nodnds d¢dr =
j=1 7t

(again by (4.52))
T —~
=/ /Go(tm;T,y)Méﬂ)Go(t,w;8777)d8d77
t JR

k T N
+3° [ [ @GOG s s
h=1 t R

k+1 T N
=X / / G(7,G; T, y) MO GR (¢, ey 7, ) dC drr.
=17t /R
O

Next we solve problems (4.49)-(4.51) by applying the Fourier transform
in the variable y and using the identity

Fy (E§u(T, ) (€) = $(©a(T,€) — ora(T ), (4.54)

where
0O =~ + i) +ire+ [ (=1 —islen) vids).  (459)

We remark explicitly that v is the characteristic exponent of the Lévy pro-

cess
axf = (7= 3) dt + VagdW; + d.; (4.56)

whose Kolmogorov operator is LY in (4.47). Then:

o from (4.49) we obtain the ordinary differential equation

OrGO(t,a;T.€) = (G (tw: T.€), T >t, (457)
@O(t,x;t,g) = ei?, '
with solution
GO(t, 2, T, &) = e+ (T=1)v(E) (4.58)
which is the O order approximation of the characteristic function
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e from (4.51) with k = 1, we have

8TGA1 (t7 x; T, 6) = %D(f)él (t7 x; T, 6)
+an ((i0 + T)(€2 + i€) — 2i€ +1) GO(t, 25 T, €)
Gl (t7 '1‘; t? 5) = 07

with solution

T
GU(t,x;T,€) = / eV OT =)oy ((i0g + ) (€2 +i€) — 2i€ + 1) GO(t, 23 5,€)ds =
t

(by (4.58))

T
= — VO, / (€ +i) (z -z —i(s —t)Y/(§)) ds

t
— (T Yon (T~ (& + ) (-5 - JT-00(©)).
(4.59)
which is the first order term in the expansion (4.45).

e regarding (4.51) with k = 2, a straightforward computation based on
analogous arguments shows that the second order term in the expan-
sion (4.45) is given by

[\

G?(t,0;T,6) = GO, 0; T,6) Y g (T —t,§)(w -z (4.60)

J=0

where

9o(5,€) = 55%ank(i + 9" (6)

— S8+ 0 () (a3 + 26) — 2000 (€) + 36 (i + €))

— §5 el + 9% (9%

91(5,6) = 5501 +€) (o} (1 — 2i€) + 2ioy(6))

— 5Piad€ i+ &%),

92(5,£) = —ast(i +€) + 55203 + )%

Plugging (4.58)-(4.59)-(4.60) into (4.45), we finally get the second order
approximation of the characteristic function of X. In Subsection 4.1, we
also provide the expression of G¥ (t,2;T,€) for k = 3,4, appearing in the 42
order approximation.
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Remark 4.2. The basepoint T is a parameter which can be freely chosen in
order to sharpen the accuracy of the approximation. In general, the simplest
choice * = x seems to be sufficient to get very accurate results.

Remark 4.3. To overcome the use of the adjoint operators, it would be
interesting to investigate an alternative approach to the approximation of the
characteristic function based of the following remarkable symmetry relation
valid for time-homogeneous diffusions

m(x)[(0,x;t,y) = m(y)T(0,y;t, x) (4.61)

where m is the so-called density of the speed measure

m(x):%mexpugc <022—Z;)—1>dz>.

Relation (4.61) is stated in [19] and a complete proof can be found in [10].

For completeness, we close this section by stating an integral pricing
formula for European options proved by Lewis [21]; the formula is given
in terms of the characteristic function of the underlying log-price process.
Formula below (and other Fourier-inversion methods such as the standard,
fractional FFT algorithm or the recent COS method [11]) can be combined
with the expansion (4.45) to price and hedge efficiently hybrid LV models
with Lévy jumps.

We consider a risky asset S; = eX* where X is the process whose risk-
neutral dynamics under a martingale measure @ is given by (1.1). We denote
by H(t,S;) the price at time ¢ < T, of a European option with underlying
asset S, maturity 7" and payoff f = f(z) (given as a function of the log-
price): to fix ideas, for a Call option with strike K we have

fCall(x) _ (ezr _ K)+ )

The following theorem is a classical result which can be found in several
textbooks (see, for instance, [26]).

Theorem 4.4. Let
fy(w) = e 7 f(x)

and assume that there exists v € R such that
i) fr, € L'R);
i) EQ[S}] is finite.

Then, the following pricing formula holds:

efr(Tft) 0o . .
(.59 = S [ fe+ o gons (6 + ).
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For example, £ verifies the assumptions of Theorem 4.4 for any v > 1

and we have A
Kl —'yezf log K

FE(E +in) = — . .

= G+
Other examples of typical payoff functions and the related Greeks can be
found in [26].

4.1 High order approximations

The analysis of Section 4 can be carried out to get approximations of
arbitrarily high order. Below we give the more accurate (but more compli-
cated) formulae up to the 4™ order that we used in the numerical section.
In particular we give the expression of Gk(t,x; T,¢) in (4.45) for k = 3,4.
For simplicity, we only consider the case of time-homogeneous coefficients

and T = x.
We have

7
G (t,x;T,6) = GO(t,; T,€) > g;(E)(T — t)/
j=3

where
95(6) = 5as(1 — €)&0 (©),
(€) = GiE(i-+9) (2069 (e — 300" (©)
+ vz (3(i + 268" (€) + 26(i + v () )

571~ 1€)6( ~ Banasi + 2000/ (6 + 6oy ()

+ a1t () (af (=1 + 6£(i + €)) — 16026 (i + €)1 (€))
+afe(i+€) (3 + 200"(€) + €6+ OvP(9)) ),

96(6) = —gion (i + €12/ (8) (0 i + 26/ (€)

— 2000/(§) + a3 + v (©)),

97(§) = _4%2 (€@ + )y (6))° .

g5(§) =

Moreover, we have

9
Gt 23 T,€) = GOt T,€) Y g ()(T — t)
j=3
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where
95(6) = —goucli + I (€),
91(6) = &0 +6) (207(€) (03 + Baras — 3awy” (€))
+2((03 +20103) (i + 26) — 40a49/(6)) ¥ (€)
+ (a3 + 20108) (i + VD (),
95(6) = ~ £+ &) (odan(~T + 446G + O)(6)
— (Ta3 + 15anas) £(i + )Y/ (€)?
—20/(6)* (203 + a1 — 18049 (€))
+9/(¢) ((z‘ +2¢) (8aiay — (1403 + 33anas) ¥ (€))
— (1003 + 21a1a5) £(i + )9 (€))
+3adasg(i +€) (40 + 200P (©) + €6+ v () ).
96(¢) = ﬁsu +6)(2 (803 + 21enas) (i +26)0/(€)* — 2o (§)*
+2¢/(€)? (afan(11 = T06(i + €)) + (2603 + 5Taraz) E(i + €)Y (€))
+ adu(€) (5 + 26) (0F(~1 + 12¢(6 + ) — 112028(i + 0" (€)
— 3805€%(1 + )20 (€)) + ade(i + &) (ad (=7 + 366( + )" (¢)
— 26a2€(i + v ()% + atéli + &) (6 + 200 (€) + i+ Ov'(9)) ) ).
g7(8) = ﬁ&%‘ + )% ( — 320%as(i + 200/ (€)° + 2 (403 + 9a105) ¥/()*
+ 201670 + )" (€)*
+ o (§)* (ol (=5 + 268 (i + €)) — 4Taz€ (i + )1 (€))
+ ate(i+Ov'(©) (136 +200"(8) + 3¢ + ¥ (©)) )
5(6) = 15033+ P (€ (a3 + 2600 (€)
— 2020/()” + adé(i + OV(©)).

90(6) = 570de ! + 99/,

5 Numerical tests

In this section our approximation formulae (4.45) are tested and com-
pared with a standard Monte Carlo method. We consider up to the 4" order
expansion (i.e. n = 4 in (4.45)) even if in most cases the 2"4 order seems to
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be sufficient to get very accurate results. We analyze the case of a constant
elasticity of variance (CEV) volatility function with Lévy jumps of Gaussian
or Variance-Gamma type. Thus, we consider the log-price dynamics (1.1)
with

o(t,x) = ooeBVE B e [0,1], o¢ >0,

and J as in Examples 2.1 and 2.2 respectively. In our experiments we assume
that the initial stock price is Sy = 1, the risk-free rate is r = 5%, the CEV
volatility parameter is oo = 20% and the CEV exponent is § = % Moreover
we use an Euler Monte Carlo method with 200 time-steps per year and
500000 replications.

5.1 Tests under CEV-Merton dynamics

In order to assess the performance of our approximations for pricing
Call options in the CEV-Merton model, we consider the following set of
parameters: the jump intensity is A\ = 30%, the average jump size is m =
—10% and the jump volatility is § = 40%.

Figures 1, 2 and 3 show the performance of the approximations against
the Monte Carlo 95% and 99% confidence intervals, marked in dark and
light gray respectively. In particular, Figure 1 shows the cross-sections of
absolute (left) and relative (right) errors of the 15 (dotted line), 2°¢ (dashed
line), 3'¢ (solid line) order approximations for the price of a Call with short-
term maturity 7' = 0.25 and strike K ranging from 0.5 to 1.5. The relative

error is defined as
Call?PProx _ Ca]IMC

CallMC

where Call®®P™* and CallM© are the approximated and Monte Carlo prices
respectively.

In Figure 2 we repeat the test for the medium-term maturity 7'= 1 and
the strike K ranging from 0.5 to 2.5. Finally in Figure 3 we consider the
long-term maturity 7' = 10 and the strike K ranging from 0.5 to 4.

Other experiments that are not reported here, show that the 2 order
expansion (3.36), which is valid only in the case of Gaussian jumps, gives the
same results as formula (4.45) with n = 2, at least if the truncation index
M is suitable large, namely M > 8 under standard parameter regimes. For
this reason we have only used formula (4.45) for our tests.

5.2 Tests under CEV-Variance-Gamma dynamics

In this subsection we repeat the previous tests in the case of the CEV-
Variance-Gamma model. Specifically, we consider the following set of pa-
rameters: the variance of the Gamma subordinator is k = 15%, the drift
and the volatility of the Brownian motion are § = —10% and o = 20% re-
spectively. The results are reported in Figures 4, 5 and 6. Notice that, for

26



Absolute Brror

[T —
[ — 0.02

0.0005

—0.0005

%
—
|

—0.01 -

o —002f

—0.0010 _ T

Figure 1: Absolute (left) and relative (right) errors of the 15 (dotted line),
274 (dashed line), 3'4 (solid line) order approximations of a Call price in the
CEV-Merton model with maturity T = 0.25 and strike K € [0.5,1.5].
The shaded bands show the 95% (dark gray) and 99% (light gray) Monte

Carlo confidence regions
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Figure 2: Absolute (left) and relative (right) errors of the 15 (dotted line),
2" (dashed line), 3¢ (solid line) order approximations of a Call price in the
CEV-Merton model with maturity T = 1 and strike K € [0.5,2.5]

Absolute Brror

Relative Error
£ 03
0.0010 -
F\ 02F
[ ~
0.0005 \\
T~ 01
' e
[
N D B
1.0 15, >
L oo e -0l
—00005Fvent AT
I // : Zon
L—" B
—0.0010_— Z03

Figure 3: Absolute (left) and relative (right) errors of the 15 (dotted line),
274 (dashed line), 3'4 (solid line) order approximations of a Call price in the
CEV-Merton model with maturity T = 10 and strike K € [0.5, 4]
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longer maturities and deep out-of-the-money options, the lower order ap-
proximations give good results in terms of absolute errors but only the 4"
order approximation lies inside the confidence regions. For a more detailed
comparison, in Figures 5 and 6 we plot the 2"? (dotted line), 3'¢ (dashed
line), 4*" (solid line) order approximations. Similar results are obtained for
a wide range of parameter values.
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Figure 4: Absolute (left) and relative (right) errors of the 15¢ (dotted line),
2" (dashed line), 3" (solid line) order approximations of a Call price in
the CEV-Variance-Gamma model with maturity T = 0.25 and strike
K € [0.5,1.5]. The shaded bands show the 95% (dark gray) and 99% (light
gray) Monte Carlo confidence regions

Absolute Error Relative Error

0.0010 T~

[ ~_
N o
i -~

0.0005 -, \~\\\ 06l

[ g, 04l
} Q\/ g, g L ©
L T 1 £ 25
[ 5
\ oo

~0.0005 //
FH/,/’ - 10 13
[ //‘/ 02+

~00010 k"

Figure 5: Absolute (left) and relative (right) errors of the 2" (dotted
line), 3"4 (dashed line), 4" (solid line) order approximations of a Call price

in the CEV-Variance-Gamma model with maturity T =1 and strike
K €[0.5,2.5]
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Figure 6: Absolute (left) and relative (right) errors of the 2" (dotted
line), 3"4 (dashed line), 4" (solid line) order approximations of a Call price

in the CEV-Variance-Gamma model with maturity T = 10 and strike
K €[0.5,5]
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6 Appendix

In this appendix we prove Theorem 2.3 under Assumption Ay where
N € N is fixed. For simplicity we only consider the case of » = 0 and
time-homogeneous coefficients. Recalling notation (2.12), we put

o]

Lo =+ (O — Oa) + 0 (6.62)
and .
Ly=Lo+ Y ap(@—2)" (0 —0:), n<N. (6.63)
k=1

Our idea is to modify and adapt the standard characterization of the
fundamental solution given by the parametrix method originally introduced
by Levi [20]. The parametrix method is a constructive technique that allows
to prove the existence of the fundamental solution I' of a parabolic operator
with variable coefficients of the form

a(x
Lu(t,z) = % (Opg — Oz) u(t, ) + Opul(t, ).
In the standard parametrix method, for any fixed £ € R, the fundamental
solution I'¢ of the frozen operator

Leu(t,z) = @ (Ozz — Oz) u(t,x) + Opul(t, )

is called a parametriz for L. A fundamental solution I'(t,z;T,y) for L can
be constructed starting from I'y (¢, 2; T, y) by means of an iterative argument
and by suitably controlling the errors of the approximation.

Our main idea is to use the N*"-order approzimation T'N(t,z;T,y) in
(2.15)-(2.16) (related to L, in (6.62)-(6.63)) as a parametriz. In order to
prove the error bound (2.19), we carefully generalize some Gaussian esti-
mates: in particular, for N = 0 we are back into the classical framework,
but in general we need accurate estimates of the solutions of the nested
Cauchy problems (2.16).

By analogy with the classical approach (see, for instance, [13] or the
recent and more general presentation in [9]), we have that I' takes the form

T
T(t,o;Ty) =T (6, Toy) + / / TO(t, 2 5, €)Y (s, € T, y)deds
t R

where ® is the function in (6.64) below, which is determined by imposing
the condition LI' = 0. More precisely, we have

T
0= LT(2:¢) = ITN(2:0) + / /R LT0(z: )@ (w5 ) — BV (2:.0),
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where, to shorten notations, we have set z = (t,z), w = (s,£) and ( = (T, y).
Equivalently, we have

T
N(2;¢) = LTV (2:0) + / / LT0(z2; )@ (w; C)duw
t R
and therefore by iteration
N0 =) Zu(=0) (6.64)
where
Zy (%¢) = LTV (%0),
2N, (2:¢) = / /Lrozw (w3 €) (w; C)duw

The thesis is a consequence of the following lemmas.

Lemma 6.1. For any n < N the solution of (2.16), with L,, as in (6.62)-
(6.63), takes the form

Gn(t,l‘,T,y) = Z CZj,k(x_i‘)Z(VT_t)JagGo(t?x;Tvy)a
i<n, j<n(n+3), k< ED)
i+j—k>n
(6.65)
where c ik ore polynomaal functions of ag, a1, ..., Q.

Proof. We proceed by induction on n. For n = 0 the thesis is trivial. Next
by (2.16) we have G" "1 (t,2; T, y) = I,,o — I,,1 where

n+1 T
by :Zah/ /RGo(t,w;s,n)(n—w)hf)éG"H_h(s,n;T,y)dnd& 1=1,2.

We only analyze the case [ = 2 since the other one is analogous. By the
inductive hypothesis (6.65), we have that I, o is a linear combination of
terms of the form

T
/ / GO(t, w55, (VT — s) (n — 2)" PO PG (s,m; T, y)dnds  (6.66)
t R

forp=0,1,2 and h =1,...,n+ 1; moreover we have
t+j—k>n+1-h, (6.67)
i1 <n+1-—h, (6.68)
j<(n+1—h)(n+4—h) <n(n+3), (6.69)
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(n+1—nh)(n+6—h) < n(n +5)

2 - 2
Again we focus only on p = 0, the other cases being analogous: then by
properties (3.25), (3.24) and (3.23), we have that the integral in (6.66) is
equal to

k< (6.70)

T
| T=pviias o 6w 1) (6.71)
t

where Vi 1. = Vi 120 is the operator in (3.26). Now we remark that V/'§
is a finite sum of the form

Vie= Y. b (e — 3N (Vs — )00 (6.72)

0<j1,2% .j3<n
Jj1tig—iz=n

for some constants b” Thus the integral in (6.71) is a linear combination

J1,J2,J3°
of terms of the form

(z — 2P (VT — s P42 G0 1, 2, T, )
where
Ogjla %,]3§h+2, (673)
Jj1+Jo—J3 > h+1. (6.74)
Eventually we have
At+j+je+2—(k+2+73) >
(by (6.74))

>itj—k+h>

(by (6.67))
>n—+1.
On the other hand, by (6.73) and (6.68) we have
ji<h+i<n+1.
Moreover, by (6.73), (6.68) and (6.69) we have
JH2+02<j+2+2n+1)<nn+3)+2+2(n+1)=(n+1)(n+4).
Finally, by (6.73), (6.68) and (6.70) we have

k+2+4+j3<k+2+h+i<k+n-+3
<n(n2—i—5)+n+3: (n+1)2(n+6)‘

This concludes the proof. ]
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Now we set T = y and prove the thesis only in this case: to treat the
case T = x, it suffices to proceed in a similar way by using the backward
parametrix method introduced in [8].

Lemma 6.2. For any e,7 > 0 there exists a positive constant C, only
dependent on ,7,m, M, N and max llok oo, such that

100G (t, 25T, y)| < O(T — )" TMT(t, 2, T, y), (6.75)
oranyn < N,z,yeRandt,T e Rwith0O<T —t<T.
Jor any Y
Proof. By Lemma 6.1 with £ = y, we have

|0,:G™ (¢, z; T, y)| < Z | (\/T—t)j-

i<n, j<n(n+3), k< HED)
i+j—k>n

ore (2 w2 7)) |.

Then the thesis follows from the boundedness of the coefficients oy, &k < N,
(cf. Assumption Ay) and the following standard Gaussian estimates (see,
for instance, Lemma A.1 and A.2 in [8]):

,k_
Gt Toy) <e (VI—t) TVt T,y),

T —y k (6.76)
_ GOt,z;T,y) < cTM*e(t, 2: T, y),
(L) st < 0 ()
where c is a positive constant which depends on k,m, M, e and 7. U

Lemma 6.3. For any e,7 > 0 there exists a positive constant C, only
dependent on e,7,m, M, N and max |ag|leo, such that
E<N+1

N4+n—1

|ZN (t, 2T, y)| < k(T —t) "2 TMT(t,2; T, y), (6.77)

foranyn e N, z,y e R and t, T € R with 0 <T —t < 7, where

e (55Y)

f— Cni
T T (L)

and I'g denotes the Euler Gamma function.

Proof. On the basis of definitions (2.15) and (2.16), by induction we can
prove the following formula:

N
Z3'(%0) = LIV (2:¢) = > (L — Lp)GN"(20). (6.78)

n=0
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Indeed, for N = 0 we have
LT°(2;¢) = (L — Lo)G°(%;0),

because LoG?(z;¢) = 0 by definition. Then, assuming that (6.78) holds for
N e N, for N + 1 we have

LTN*(z;¢) = LTN (2;¢) + LGN (25¢) =

(by inductive hypothesis and (2.16))

N
= > (L= LG (=50 + (L= LG (3:)

"
- Z (Ln - Ln—l)GN+1_n(Z; C)
n=1
N+1
=Y (L= Ly )GN D (50) + (L = Lo)GV M (2 ¢)
n=1
N+1
- Z (Ln - Lnfl)GNJrlin(Z; C)
" N+1
= (L= Lo)GN*' 4 Y (L= L)GN ()
n=1

from which (6.78) follows.
Then, by (6.78) and Assumption Apyy; we have

N
125" (O] <D llangallool = 41" [(Ona — 02)GN (25 0)] (6.79)
n=0

and for n = 0 the thesis follows from estimates (6.75) and (6.76). In the
case n > 1, proceeding by induction, the thesis follows from the previous
estimates by using the arguments in Lemma 4.3 in [9]: therefore the proof
is omitted. O
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