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Abstract

The purpose of this paper is to extend the results of [13] and [20] concerning the approx-
imation of the solution of some nonlinear second order stochastic PDEs like those satisfied
by a consistent dynamic utilities, see [9} [I§]. Indeed, in this works, authors showed that the
solution of a SPDE of this class is the compound of two monotonic stochastic flows satisfy-
ing two SDE. The objective is then to take advantage of this representation to establish a
numerical scheme approximating the SPDE’s solution using Euler’s approximations of the
two stochastic flows. This allows us to avoid a complicated discretization in time and space
of the SPDE for which it seems really difficult to obtain error estimates. The case where
the two flows are solutions of two time-continuous SDEs has been treated in [I3] and then
extended to the framework with jumps but with a finite Lévy measure in [20]. In the case
where the measure is infinite, additional terms specific to the truncation method will appear
in our error estimates. In many cases, an optimal choice of parameters allows us to find
a convergence rate equal to those established in [I3] and [20]. However we provide some
examples of Lévy measures with much slower convergence rate.

1 Introduction

The main idea of this work and that of [I3] and [20] finds its sources in the results of El
Karoui and Mrad [9] and Matoussi and Mrad [I§] on the field of dynamic consistent utilities,
introduced under the name of forward utilities by Musiela and Zariphopoulou [21]. This concept
which generalizes the classic utility functions, models possible changes over the time of both the
individual preferences of an agent and the dynamic of the universe of investment. Researchers
in this area have shown that a consistent dynamic utility {U(¢,z,w), t > 0,2z € R,w € Q} is a
solution of a nonlinear second-order stochastic PDE, which has proven to be very complicated
to study and solve theoretically by standard tools. It is only in [9] that the answers to a large
part of the questions concerning this stochastic PDE have been given. The originality is that
authors have succeeded in linking the solutions of these SPDEs with those of two SDEs. They
have shown that it is more appropriate to consider the SPDE satisfied by the marginal utility
{U,(t,z,w)} and then, along the path of a well-chosen process Y, the marginal utility satisfies a

*Strong approximation, Euler scheme, stochastic flow, method of stochastic characteristics, SPDE driven by
Lévy noise, Utility-SPDE, Garsia-Rodemich-Rumsey lemma
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regular SDE whose unique solution X necessarily satisfies a.s. Xi(u.(y)) = U.(t, Y:(y)) for any
t (u is the initial given utility function).

Therefore under the assumption that the process Y is such that y — Y;(y) is homeomorphic

flow, one can easily characterize, by making a variable change, the marginal U, which is written
U.(t,2) = X¢(u(Y; 1(2))) and then U by integration. These results were later generalized to the
framework with jumps in [I§]. Unfortunately, apart from a few special cases, it is complicated,
if not impossible, to obtain closed formulas for the characteristics X and Y (or its inverse Y ~1).
This explains the need to study the composition of the approximations of the two SDEs instead
of trying to directly discretize the SPDEs, which is not an easy task.
Let X" be an approximation of X and £” be an approximation of £ := Y ~! for some convergence
parameter n — 400, our aim is to show that the compound approximation X" (w,&™(w)) con-
verges to X (w,&(w)). For this we need to answer the following questions: Which scheme to ap-
proximate the inverse flow £7 Under which assumptions does the compound approximation w —
X™(w, £"(w)) converge to the compound map w — X (w, &(w)) and in which manner? And finally,
what is the convergence rate and how does it depend on those related to the approximations
X" to X and £ to £7

Note that our study becomes simple if we make the hypothesis that the pair (X, X") is
independent of (£,£™), by using a conditioning argument. This is not the case in this work as
we will explain later. The study is therefore more complex and the classic arguments are not
necessarily effective.

In [I3], authors answer some of these questions in a very general framework and establishes a
strong convergence rates for compound maps in complicated situations where the error analysis
was not available so far. Theorem 1 in [I3] gives a strong approximation of the compound
F;(©.(0)) where the random fields F' and © are arbitrary (not a necessarily semimartingales)
and satisfy some space regularities assumptions. The scope of application of this result is
potentially large: the application to utility-SPDE without jumps is developed in Section 3 of
[13] and applications to stochastic processes (possibly non semimartingales) at random times
(possibly non stopping times) are considered in [12], where the nice interplay with unbiased
simulation scheme of Rhee-Glynn [20] is presented.

In this work, we first study the convergence of the compound of two approximations of two SDEs
with jumps and then we develop an application to the resolution of the SPDE utility. To get
an idea of this equation and its complexity, a dynamic utility in our general framework solves,
denoting by U, and U,, the first and the second derivative of U with respect to z, the following
second-order fully nonlinear Stochastic partial integro-differential equation (SPIDE) driven by
Lévy noise and of HIB type [18],

dU(t,2) = (—zUZ(t, )y + /R (U(t, 2) + H(t, z,e))v(de) — Q(t,z,/@*))dt
+ ’y(t,z)th—i—/H(t, z,e)N(dt,de), (1)
R

where W is a d-dimensional Brownian motion and N the compensated version of an independent
Poisson random measure N on [0, co[xR with intensity measure ¢(t)dt x v(de). (v, H) denotes
the pair diffusion/jump coefficients of U with values in xR¢ x R. The quantity Q(t, z, k*) is the
quadratic form given by

1
2Uzz

Q(t,z,K") /R(U + H)(t,2(1+ £ (t, 2)h° (1, €)) ) v(de) — V2 + U (2, 2) (e — a)|?

+ wzzl(t’z)n/R(Uz+Hz)(t,z(1+/i*(t,z)hs(t,6)))hs(tv€)V(d€)”2-
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With 7 and 7 denoting the interest rate and the risk premium of the market. h° is a column
vector (d x 1) representing the jump coefficient of the vector of risky-assets prices S = (S%)¢_,
of the considered financial market. The process oy is equal to [ h5(t, e)r(de) and the vector
zK*(t, z) (required to lie at any time ¢ in a set of constraints R;, assumed to be a linear space
of R?) denotes the optimal strategy of the investor (with capital z at time ¢ ) and is given by

AR+ U 2) (e — o) /R(UZ I (12014 170 HR7( )R e)p(de)

U..(t, 2) U,.(t, z) ’

2Kk (t, z) =

7R denotes the orthogonal projection of the derivative +y, of the diffusion vector 7 into R.
Both in continuous and discontinuous cases [9, [I8], the spatial first derivative of the SPDE
solution is the compound of the solutions of two SDEs with explicit coefficients and driven
by the same Brownian motion W and the same Poisson random measure N; denote them by
(X¢(z):t> 0) and (Yi(y) : t > 0), parameterized by their initial space conditions = and y at
time 0. More precisely, the utility-SPDE admits a unique concave (with respect to the space
variable z) solution with marginal U, characterized by composition of stochastic flows:

U.(t,z,w) = Xt(uz(ﬁt(z,w)),w), U(0,z,w) = u(2) (2)

where &;(z) denotes the inverse flow of y — Y;(y).

The case of continuous semimartingale (H = 0) was considered in [I3, Theorem 8] where
authors have shown, using Euler’s schemes to approximate X and &, that X}*(u.(£(z))) con-
verge with order 3 to the first derivative U, (¢, z) of the solution U of with initial condition
U(0,z) = u(z). The same convergence rate was also established in [20] for a finite measure v.
The purpose of this paper is to to study the case where the Lévy measure v is infinite.

The paper is organized as follows. In Section [2| we recall a general convergence result [13]
Theorem 1] estimating the Ly-error ||[F"(©") — F(©)||, by assuming locally uniform approxi-
mations of F* — F', and local-Holder continuity on F'. In Section (3, we give more details on our
model, the main assumptions and then study local and uniform estimates for SDE’s solution
and it space-differential, this results are crucial for establishing our main result (Theorem
for compound Euler schemes with the cutoff of the small jumps related to SDEs with jumps,
through their initial conditions. Contrary to the frameworks of [I3] and [20] an optimal con-
vergence rate n~1/2 is not always guaranteed, it depends a lot on the measure v and on the
regularity of the jump coeflicients of the SDEs in the neighborhood of 0. Examples are then
detailed in Section Section [ is dedicated to the proof of Theorem [5] The major difficulty
is to show that the hypotheses of [I3, Theorem 1] are satisfied in order to be able to apply
this result to the framework of this paper. Several intermediate results, whose proofs are long
and complex, are necessary to verify all these assumptions. In Section [5] we come back to the
application to utility-SPDE.

2 Lj,-approximation of compound random maps

Consider a separable Banach space (&, |.|) and a probability space (€2, F,P). Let F' be a random
field, i.e. an F ® B(R%)-measurable mapping (w,z) € (2,RY) s F(w, ) € &, continuous in =
for a.e. w and let © : Q — R? an R%valued F-random variable. Denote by F” and ©" the
approximations of F' and ©, where n — +00 is an asymptotic parameter.



Along this paper, for p > 0 and for a random variable Z : Q@ — & or R?, we set ||Z||Lp =

(E|Z|p)1/p and say that Z € Ly, if || Z]|, < +oo. Despite H||Lp not being a norm for p < 1, we
refer to it as Ly-norm to simplify the discussion.

The following assumptions implies, as it has been established in [13], a general convergence
result for the compound F"(O") to F(©). They also ensure that all the quantities of interest
to us belong to any L, with some locally uniform estimates w.r.t. the space dependence.

(H1) For any p > 0, there exist constants a € [0, +o0[ and C € [0, 4o00[ such that

sup [F(o2)]| < o@Dl yys (H1)

|z|<A

Ly

(H2) There is a k €]0,1] such that for any p > 0, there exist constants a € [0, +oo] and
C € [0, +oo] such that

wp P = Flo)

< c@)ef? gy s (H2)
oy |7 <A Jy <A ly — " P

Ly

(H3) For any p > 0, there exist a constant a € [0, +oc] and a sequence (€Z’)N21 with
5?’ € [0, 4+o00[ such that

T P SR (H3)
LP

sup |FTL(’$) - F(,SL‘)|
z[<A

(H4) For any D > 0, there exist a constant C’ € [0, +oo[ and a sequence (g}’ H4_b)N21
with &’ € [0, +oo[ such that

loll,, viler]y, < cEE - N >1, (H4-a)

lo" el g, YN > 1. (H4-b)

These assumptions being satisfied, the following Theorem states an error estimate on the ap-
proximation of F'(©) by F™"(©"), as a function of n, through the sequences (ET")nZl and
(5"’)n>1-

Theorem 1 (Gobet-Mrad [13]). Assume (H1))-(H2|)-(H3|)-(H4-a)-(H4-b). Then for anyp > 0
and any pa > p, there is a constant @) independent on N such that

|F"(©") — F(O)ly, < e (5T + [ EED), vN > 1. (3)

Quite intuitively, the global approximation error inherits the rates from that on F' and that
on © modified by the local Holder regularity of  — F'(w, x). Note that there is a second variant
of this Theorem (see [13]) which gives an equivalent conclusion but instead of the A-polynomial
dependency of the upper bounds in (H1 —H2 —H3), we consider exponential dependency. This
allow us to analyse the approximation of diffusion process in diffusion time Z; = X\y,| see [I
and [12] for this and and for other applications.



From pointwise to locally uniform estimates From a practical point of view the conditions
(H1-H2-H3) are sometimes very complicated to verify. For example, if 2 is the time variable,
one can verify that (H1-H2-H3) are satisfied by using Doob inequalities or other martingale
estimates. But in other situations this verification can be complex. One can think of using
the Kolmogorov continuity criterion for random fields [16, Theorem 1.4.1 p.31], but it does not
yield the quantitative estimates we are looking for. However, there is an interesting result that
gives refinement compared to the Kolmogorov criterion. It is the Garsia-Rodemich-Rumsey
lemma [11] (see [22, p.353-354]). This result allows us to go from pointwise estimates to locally
uniform estimates, by assuming Holder regularity in L,. In the literature, this approach has
been extensively developed in [4] for studying regularity of local times of continuous martingales
w.r.t. the space variable.

The following two results will be used frequently in this paper. The first one is obtained
from Garsia-Rodemich-Rumsey Lemma [I1], see the proof of [13, Theorem 2], while the second
one is a direct application of the first.

Theorem 2 (Gobet-Mrad [I3]). Let p > d. Assume that G is F @ B(R?)-measurable mapping
(w,z) € (QRY) = G(w,z) € &, continuous in x for a.e. w. Assume that G(x) is in L, for any
x and that there exist constants C(%) € [0, +o0|, 89 €]d/p, 1] and () € [0, 4+00[ such that

1G(2) = Gy, < COla =y (L + |2| + [y)™, V(z,y) e R xRY (4)
Then, for any B €]0, ) — d/p|[, we have
sup w < Cc(G))\ﬁG)—i—B(G)—B’ YA > 1, (5)
svlelaplen v —el?

where C@) s a constant depending only on d,p, 8, %), ().

A similar result is proved in [25] Theorem 2.1, p.26] using the Kolmogorov criterion, with z
and y in a compact set, i.e. with 7(%) = 0; the quoted result is not sufficient for our study.
As a consequence, we obtain the following result that may serve to easily check (H1).

Corollary 1. Let us consider the assumptions and notations of Theorem[3. Then we have

sup |G(z)|

S c@)\’ﬂG)—i-,B(G)’ V)\ Z 1, (6)
|| <A

Ly

where c@) = |G(0)|[y, + cC(G) where c@) is defined in Theorem@ with B = (B¢ —d/p)/2.
In particular, the constant CH) depends only on d,p, &), (G,

3 Application to compound schemes

3.1 Problem’s setting

For the rest of the paper, T' denotes a finite time horizon and the filtered probability space
(2, F,P) is supposed to support two g-dimensional standard Brownian motions W = (W1, ... W9)
and B = (B,...,B%) on [0,7] and an independent ¢’-dimensional Poisson random measure N
on [0, co[xRY with deterministic time dependent intensity measure £(¢)dt x v(de) defined on the
filtered probability space (2, F,F,P). ¢ is the time intensity of jumps with ¢([0,7]) = [0, ¢max]



for some fn.x €]0,00] and v is a positive measure on RY? | satisfying standard integrability
assumption for Lévy processes:

/ (LA JePr(de) < +oo. (7)
R4

We also denote by N the compensated version of N:
N(dt,de) = N(dt,de) — v(de)l(t)dt.

Depending on the potential applications, we may require that B and W are the same, or differ-
ent, or built from each other, possibly in complicated ways. Actually, observe that we do not
assume that the couple (B, W) forms a higher-dimensional Brownian motion: this general set-
ting allows flexibility in further applications. As an example for solving utility-SPDE in Section
we need to consider B as the backward Brownian motion of W.

We are also concerned by two R%valued stochastic processes X and Y, solutions of the following
stochastic differential equations (SDE for short)

AXi(x) = plt, Xe(@))dt + > oi(t, Xo(@))dW; + /R Ch(t X, (y), )N (dt, de), Xo(a) =, (8)
i=1 d

dYi(y) = b(t, Yi(y))dt + Z%(t,ift(y))dB’i + /Rq, 9(t. Y- (y), e)N(dt, de), Yo(y) =y, (9)

where p, b, 0;,7; are deterministic functions from [0,7] x R? into R% and h, g are deterministic
functions from [0,7] x R x RY into R*?", globally Lipschitz in space to ensure the existence
of a unique strong solution.

Denote by X7:(x) (resp. Y;*(y)) the Euler scheme with time step T'/n of X7 (x) (resp. Yr(y)).
Using previous results, we aim at establishing a new convergence result of the compound scheme
X7 (Y*(y)) to the compound random field X;(Y;(y)) as n goes to infinity. This approximation
issue is actually motivated by the resolution of some SPDEs (with or without jumps) by com-
position of stochastic flows. Relating compound SDEs to SPDEs is, in a sense, obvious since
it is sufficient to apply an extension of the Ito-Ventzel’s formula established by @ksendal and
Zhang [23, Theorem 3.1] to the compound process V(¢,y) := X;(Yi(y)). Under good regularity
assumptions on (u, o, h), the quoted result shows that V(¢,y) := X¢(Y:(y)) is still a semimartin-
gale. For simplicity, take d = ¢ =¢' = 1 and W = B, V (¢, y) is solution of a second order SPDE,
with stochastic coefficients, given by

8Y 2
v (t.5) = [0,V (6 S5 + 3 (03V () - 0V () il ) B

Tl V(8,)) + 3,V (8,9)(90) (1, V () LD | gy

9V(t.y)

B YY) o) pdeod

+/R V(ty,e) = V(ty) = hit, V(t,y),e) -

+[ayV<t,y>”§j§:§5§’ +a<t,v<t,y>>} awit [ [Vitwe) - Vi )] N de)
R
Note that V(t7,2) = X;— (Y;-(2)) and V(t,y,e) is defined by
V(ty,0) == Xp- (Y () + 9(5 Y- (9),)) + R (1Yo (9) + 9(t, Y- (), €))-

6



V(t,.,e) corresponds to V(t,.) after a jump on (¢,e) which is the compound of X, (.) +
h(t, X;-(.),e) corresponding to X after a jump on (¢,e) and Y;—(.) +¢g(t, Y;—(.), e) corresponding
to Y after a jump at the same time for the same mark e.

In the reverse direction, i.e., linking SPDE with SDEs is not obvious but it is possible in the
cases considered by Kunita [16, Chapter 6] and utility-SPDEs of [9] [1§].

Preliminary results In the following we will often need to control in Lj,-norms of a d-
dimensional semimartingales Z; = (Z}, Z2, ..., Z&) solutions of a stochastic differential equation
of the following form

Zie sy / bds+ Y / Fdw + / / g (s, )N (ds, de), (10)
0 " 0 0 JRY
J=1

where W is a m-dimensional Brownian motion and Zy = z € R¢['| To do, we use the following
result established in [I7, Theorem 2.11, Corollary 2.12].

Theorem 3. For any p > 2, there exists a positive constant C, such that

’emax

t t
B sup 12:] < Gy {1l +E[( [ 1otasy] +E[( [ 11.2a5)%]

0<s<t
E
—HE // $e|1/deds2 // se|pl/de)ds]}
RY R

3.2 Assumptions

For the rest of the paper, the process X plays the role of the random field F' and Y that of ©
in Theorem [I} In order to apply this Theorem, we need to show that its assumptions namely
(H1-H2-H3-H4) are satisfied by X and Y. As we are concerned with solutions of stochastic
differential equations it is natural to impose certain conditions on their coefficients and not
directly on the solutions. Concerning the X — SDFE, we impose the following time and space
regularities. When we will discuss on approximation of X (Y), similar assumptions will be made
on the coefficients b, 7; and g of Equation @D for Y.

(HP1) The coefficients u, o and h are Lipschitz continuous with respect to the space variable
x, uniformly in time. More precisely, there exist positive constants CX and CX(e) such
that for any ¢ € [0,7], =,y € R? and e € RY

o(t,z) —o(t,y)| <C¥lz —yl,  |o(t,0)] < CX, (HP1)
|h(t,.’1},€) - h(tayve)‘ < CX(e)‘m - y‘v |h(t7076)| < CX(e)a

where the constant C* (e) satisfies [ [C (e)Pr(de) < oo, Vp > 2.

(HP2;) u, o and h are continuously differentiable with respect to the space variable z such
that their derivatives V,u := {V,u(t,x);t € [0,T],x € R4}, Voo = {V,0i(t,x);1 < i <
¢,t € [0,T),z € R%} and V,h := {V h(t,z,e);t € [0,T],z € R? e € R} are §-Holder

!The integrals of the form fot Jaa 9'(s,€)N(ds, de) should be understood as f[o,t] Jaa 9" (s,€)N(ds, de).



for a certain exponent & €]0, 1]. Namely, there exist positive constants C*'V and C%V (e)
such that for any t € [0,7T], x,y € RY and e € RY

Vop(t,z) = Vop(t,y)l < CVV]z —yl’,  |[Vau(t,z)| < CX
Voo (t, @) = Vao(t,y)] < C¥V]w =y’ |[Vao(t,2)| < C (HP25)
[Vah(t, ) Vah(t,y,e)] < CV(e)lz —yl°, [Voh(t, 2 e)] < CXV( );

with [, [CV (e)]Pv(de) < oo, Vp > 2.

(HP3,) p, o and h are Holder continuous in time, locally in space, i.e. there exists an exponent
a €]0,1] and positive constants CX and C'X ) (Jgar C*(e)Pr(de) < oo, Vp > 2), such
that for any = € R% e € RY and s,t € [0, 7]

{ lu(t,x) — u(s,z)| + |o(t,x) —o(s,z)| < C'X(l + [z])[t — 5| (HP3,)

|h(t,z,e) — h(s,z,e)| < CX(e)(1+ |z|)|t — 5|~

(HP4,) V,u, Vyo and V,h are Holder continuous in time, locally in space, i.e. there exists
an exponent o €]0, 1], such that for any z € R4 e € R? and s,t € [0, 7]

Vati(t,2) — Vap(s, )] + [Vao(t, 2) — Vaor(s,2)] < CXT(1+ [a]t — s/
|Voh(t,z,e) — Vih(s,z,e)] < CXV(e)(1+ |z|)|t — s|*
(HP4,)

Some Comments Assumptions (HP3,| and (HP4,) are not necessary to establish a first
convergence result but they ensure an optimal convergence rate, see Theorem [f| In fact, they
allow to take x = 1 in Theorem [}

3.3 SDE: differentiability, local and uniform estimates

In this section we recall some key results concerning L, estimates of the solution X of a reg-
ular SDE in order to verify the assumptions of the general Theorem In view to obtain an
optimal convergence rate we also need similar estimates for the space derivative of this solution
(if it is differentiable). Such random fields are also called stochastic flows and are the main
subject of Kunita’s book and papers [16] [I7, [10], see also [16, Chapter 3 and 4] for continuous
framework. According to Kunita’s results, under the map (¢,z) — Xy(w,z) has a good
modification, continuous with respect to the spatial parameter [I7, Theorems 3.1& 3.2 & 4.1],
we are working with. Moreover, under the additional space regularity of the coeffi-
cients (u, o, h), the strong solution X;(x) to is continuously differentiable in space and its
derivative denoted by VX;(x) is locally a—Hélderﬂ for any € < 0, see [I7, Theorem 3.4]. Further-
more, it is a semimartingale solution of a linear equation, with bounded stochastic parameters

(Vapult, Xi()), Voo (t, Xio(2)), Vah(t, Xi(2), €)) given by

AV Xy (2) = Vapul(t, Xe(2) VX (2)dt + D Vaoi(t, Xo(2)) VX4 (2)dW]
=1
+ V.h(t, X,—(x),e)VX,~ (2)N(dt,de), (11)
R’
VX(](.’L’) = Id.

2That is for any compact K of R? there exists a finite positive random variable C'(K) such that for any z,y € K
we have |VX;(z,w) — VX (y,w)| < C(K,w)|x — y|® a.s., see [IT, Theorem 3.3] for details .



Notations: Throughout this paper, we will make use of different constants that may depend
on the integer p of L,-norm, on the dimensions d and ¢, on the time horizon 7" and on the
constants from the assumptions. These constants will be called generic constant and will be
denoted by the same notation C), even if their values change from line to line. They will not
depend on N.

We now recall some L,-estimates of X;(z) and its derivative V,X;(z), very useful in the rest
of this work, see [20] for the proofs.

Proposition 1. Assume (HP1)). For anyp > 0, there exist generic constants Cp, and C'p,
such that

1Xe(@) 1, < Cpam( + [2]), (12)
1Xe(2) = Xe(y)ll, < Cpmmle = ul, (13)

for any (t,z,y) € [0,T] x R x R%. In addition under (HP2)), for any p > 0 there exist generic
constants C’p’ and Cp, such that

IVXe@)ly, < Cp.@), (14)
[VXi(2) = VX(W)llr,, < Co@gle I’ (15)

for any (t,z,y) € [0,T] x R? x R%.

In order to put the sup over the space variable inside the expectation, we combine Proposition
[ with Theorem 2] and Corollary [I] This is the following assertion.

Theorem 4. Let Assumption (HP1)) hold. For any p > 0 and any 5 €]0, 1], there exist generic
constants C'p’ and pr such that, for any t € [0,T],

sup [ X¢(z)[|| < Cp@r VA1, (16)
lz|<A L,
X -X
syl |y =2l L

If in addition (HP2j)) is satisfied, for any p > 0 and any B €)0, [, there exist generic constants
Cy, (@) Cp, and va such that, for any t € [0,T],

sup |VX(z)] < Cp7>\6, VA > 1, (18)
lz|<A L,
VXi(z) — VX
sup ‘ t(-r) 5 t(y)’ < va)\é—ﬁ’ YA > 1’ (19)
styld<alsn |y —al L
Xi(z) — X
sup ‘ t(x) t(y)| < va)\é’ YA > 1. (20)
svlelsaplen W=l

Remark 3.1.

o Observe that the additional smoothness (HP2s|) enables us to improve (for p < 1)
to (i.e. B =1): this improvement will play a key role in the derivation of our main
Theorem [5, with the optimal convergence order [3.



o As a direct consequence of this Theorem we have, under (HP1) and (HPZ2j)),

1. Assumption (H1) is satisfied by X in place of F', with C = Cp’ and a =1
in view of Theorem [{]

2. Assumption (H2) is satisfied by X in place of F, for any given k €]0, 1[ with C’ =
pr (depending on k) and a =1 — k.

3.4 Compound Euler schemes: Main result

It is well known that, for a general Lévy measure v, there is no available algorithm to simulate
the increments of the driving Lévy process. Moreover, a large number of jumps of N occurring
between two discretization points can lead to a large discretization error, so we cannot apply
the Euler scheme. But, one can read in the literature that there are many works that have
considered this general framework and propose methods to overcome these difficulties. For
example, in [I5] [14], the authors use the fact that it is easy to simulate the jumps of N larger
in absolute value than a certain € > 0 and to take into account the jumps smaller than ¢, they
use the idea of Asmussen and Rosiniski [2] and replace all such jumps with 0.B where B is
an independent Brownian motion and o, is a coefficient chosen to match the variance of the
Brownian approximation with the variance of the small jumps which are removed. See also
[27, 8, 19, [5]. Inspired by these works we use herein a method based on the cutoff of the small
jumps, so we introduce for any € > 0, the finite measure on RY':

ve(de) = 1jg>.v(de) ;

finiteness comes from .

Considering a non-finite measure v certainly impacts the convergence rate but complicates
our analysis a lot since we are composing two schemes. The challenge in the rest of this paper is
to optimally control the error of the compound approximations as a function of the parameter
¢ and of the integer n (related to a discretization step that we will see in the next section) and
study the limit when ¢ — 0, which is not obvious contrary to the framework of [20] where the
measure of Lévy is supposed to be finite and then the error depends only on n which simplifies
the study a lot.

We now follow the presentation of [19] to expose how to simulate the integral with respect
to the Poisson measure v°.

Simulation of the integral with respect to the Poisson random measure v*. Consider
a sequence ej,eg,... of independent random variables with common exponential distribution
with parameter 1. Define

AS(t) = 5 (RY) /0 ((s)ds, t €[0,T].

The number of jumps of the Poisson random measure N¢(dt, de) in an interval [0, ] is determined
as

k
Ja(t) = max{k : Zej < Ag(t)}7

j=1

10



and the total number of jumps in [0,7] is denoted by J¢ = J*(T'). Let us emphasize that for
general Lévy measure v this number tends to oo as € goes to zero. Let A®~! be the right-
continuous inverse of A%, the jump times of the Poisson measure can be defined by 6y = 0,

k
e, ke, J)={1,..., 0,
j=1
and can be computed recursively by

98
e / © R Ye(s)ds, k € [1, J°].

k—1

Once the jump times are computed, we proceed to sample the marks (values of the associated
Poisson point process sorted in chronological order) {E}}, that, conditionally on the values
of the jumps times, are independent random variables distributed respectively according to

SR v¢(de). The random measure with intensity ¢(¢)d¢ x v*(de) can then be constructed as
v

JE
Ne(dt, de) = 5(ge ey (dt, de),
k=1

and, consequently, the stochastic integral with respect to the Poisson random measure, i.e. the
last term in the SDE , can be computed as
JE ()

/ / (s, X4—,e)N°(ds,de) = h(Ok, X(gs)-» Ef), t € [0,T]. (21)
RY 1

—~

e
Il

Euler Scheme We now need a numerical scheme to approximate the solution X of the SDE
and show that it satisfies Assumptions (H2 — H3). Here we consider the Euler scheme for the
simple reason that it is the simplest and the best known scheme to discretize an SDE, see for
example [24] and [B]El As we can read in Theorem |1} the result is true for any approximation
considered for F' and ©, but we have to expect that the convergence rate of the compound of
the approximations changes; the convergence rate for Euler scheme is different from the one of
Milstein for example.

Let n > 1 and consider the discretization family {#; := i, i € [0,n]} of [0,7]. Consider
also the jump times {67,k € [1, J°]} with corresponding marks {E7, k € [1,J°]} as explained
n [19]. Consider the augmented partition given by the union

(t1, 1€ [0.n+ JT} = {i; ._1T7 i e [0,n]} U {65,k € [1, ). (22)

e Set X (z) = x.

e For k=0,...,n+J° —1and t € (tg, tgs1], set

X" (x) = Xt’;f(a:)+u(tk,Xt’Q€(a:))(t—tk)+Zai(tk,Xg’E(x))(Wti—W;k).
=1
- (t—tk))\(tk)/Rq Bt X0 (2), €)v (de).

3[5} is a survey of strong discrete time approximations of jump-diffusion processes described by SDEs.

11



e When t;41 = 0}, we introduce a correction due to jump discontinuities.

= (), EY).

tk+1

X (x) = X7F (@) + h(tegr, X

Bt k41
It can be equivalently written for any time ¢ € [0, T]: denoting by
T = max{tk ke [[0,n+ JE]],tk < t}

the last discretization-time before ¢, we have
t 9t .
X, (2) = = +/ pu(7s, X707 () )ds + Z/ oi(7s, X705 (%))W

t
+ / / h(rs, X%, e)N®(ds, de), (23)
0 Rq/ Ts

where the last integral is as in (21)). Similarly, assume that b, v and g fulfill (HPI)), so that the
strong solution Y to @ is well defined, together with its Euler scheme Y™*¢.

Notations: In the rest of this work, we define for Z = X, Y, p>1and e > 0
z
ere = [ (cHoprg <l = [ (cHepride),
Ra R4
K7 = L//(Cz&ﬂflgxeﬁ4d@.
Ra

Observe that, from (HP1)) and Jensen’s inequality, for any p > 2 and ¢ > 0, Epz © < oo,
EPZ < 400 and lim, Kg( ° = 0. Moreover we assume that for any £ > 0,

gX el = [ X+ [ CY(ew(de) < +oo. (HP5)

lel>e lel>e

Theorem 5 (Main). Assume that (u, 0, h) satisfies Assumptions and (which o-
parameter is denoted by o ) and that (b, 7, g) satisfies Assumptions (HP1)) and (HP3,)) (which
a-parameter is denoted by o ). Let X = min(aX, %) and Y = min(a?, %) The compound
Euler scheme X™¢(Y™*) converges to X (Y.) in any Ly-norm, w.r.t. n and €: For any p > 0,
p >0 and y € R%, there is a constant Cy,p such that for any s, t € [0,T],

X _
1 1 ere\"  [egke x
TL,E TL,E p—
X705 w) = XuVa@Dl, < Cpp |+ s + (- ]+ (5

K b BX*P
HG)E + ()7 4+ (55) 7 (150 o ]
= Cp’pEZ’E(KJ, p).

Under (HP5)), the right-hand side is finite.
Assume additionally that (u,o,h) satisfies Assumptions (HP2s) and (HP4,|) with the a-

parameter equal to o . Then the above estimate holds true with k =1 ans p = 0:

1 1&gk
+ +

+ +(KY<)2

n,e n,e _
IXE2 ) = Xe(Ya(w)ln, < Cp | v + o + o +

12



1 1 1
)+ (KT + (K55°) + (155)7 + (K57 ]

= CpE)*.

Let us emphasize that the constants C), , and C), also depend on lyyax. Compared to [20], the
main novelty is the presence of additional terms in the error of the scheme: 5%/’5, 51X K ; K éX .
Evoke that if the measure v is finite as in [20], the global error is

1 1 1 1
n _ n _
Ep(/ﬁ},p)—rﬁﬁy +n6X—p’ E; a7 —l—nﬁx.

The proof of this main result is postponed in Section [4]

gX,s
Remark 3.2. Note that the cross term
n
example if the Lévy measure has an even density w.r.t. the Lebesque measure and if h and g
only depend on e and are odd ; thus becomes:

may not appear for some particular cases. For

dXy(x) = p(t, Xe(x))dt + Zai(t,Xt(x))thi + /R / h(e)N(dt,de), Xo(z) = =x.
i=1 /

The dynamics of X is the same as in [20] plus a pure-jump martingale independent of X .

3.5 Global error and examples

The global error E;,* in Theorem |5| greatly depends on the Lévy measure v and the asymptotic

behavior of the functions CX,CY . In this section we are interested in some standard examples of

these measures. We study in each case the error of the compound scheme and give under which

conditions the rate of convergence is optimal i.e., E;° = O(n=?), with # = min(a™, oY, %)
Let us mention that under , for any fixed g9 > 0 and € < g9

ngﬁzl CX(e)v(de 1 CX(e)ve(de :On*'BX 1 CX(e)ve(de
/WEO (e)v(de) + /| (e)v(de) = O(n~5) + /|| (e)v*(de).

n n n n

The same holds for Y. Therefore the global error E,° depends on the behavior of v on a
neighborhood of zero. In other words we only have to precise the structure of v close to zero.

3.5.1 Stable case.

Suppose that the Lévy measure is of the form

1
de

lef®

v(de) =

where 1 < a < 3. The stable (tempered) Lévy processes, the CGMY Lévy process ([6]) or the
Meixner process ([28]) have a Lévy measure of this form on a neighborhood of zero.
Evoke that the Blumenthal-Getoor index ¢ of v is defined as follows:

§ = inf {'y > 0, / le|"v(de) < —|—OO} .
le|<1

In what follows, the aim is to establish the next result:

13



Proposition 2. Let 1 < a < 3 and assume that the Lévy measure is of the form

1
v(de) = ——de, the Blumenthal-Getoor index is a — 1.

e

If in addition CX(e) = CX(1 Alel¢) and CY (e) = CY (1 Alel¢) for ¢,¢" > 1, then

—28

e If1 <a<min((,¢)+ 1, By = O(n=?) with e = O(n?mn&Hii-a),

2min(¢, ')

5 +1 ; Eg"s = O(’niﬁ) with € = O(nfa%)

e Ifmin((,(")+1<a<1+

1_ 2min(¢.¢")

2 mi !
2min((, ¢') < a < 3 we have only that Epy° = O(n'~ a-1 ) withe = O(n_%).

o If1+ 41

The condition on C¥(e) and CY (e) is a standard assumption (see among others [3| [7]).
Remark that the rate of convergence only depends on the minimum between ¢ and ¢’ and that:

e if min(¢,¢’) > 2, only the first case holds: 1 < a <3 <14 min(¢,¢') ;

e and if min((,¢’) > B+ 1, then the rate of convergence is of order n~P, whatever a is,
2min(¢, ¢')
B+1

The rate can be deteriorated (compared to n~?) only if min(¢, ¢’) is sufficiently small. Conversely
the larger this minimum is, the slower the convergence of € to zero is.

because a < 3 <1+

Proof. In the proof we write for 3 = min(3%, 3¥)

1 &%
X,n, _ 1
EXm5(¢) = — + L

1 1 1
+ (K,QX,E)z + (K;(,e)p + (Ki[{;a> 2p

and

D=

Y, €
EY,n,a(gl) _ i + 51 i + (KY,5> + (KY,E)% + (KY,E> 21p
p Y n 2 p 2p

and the global error satisfies
b'e Y,
B < BYE(0) + BYM ().
Since the two errors are similar, in the rest of the proof we only study Ef)(’"’s (¢) and for simplicity

we remove the superscript X.
Under this setting for any p > 2

/ C(e)Pr(de) = Cp/ le|P~de + C’p/ le] “de < +o0.
R lel<1

le|>1

That is, (HP1]) holds since p{ —a > —1. Here we can explicitly compute for any ¢ < 1 and

p=2
1 1
P 2 P i—a
= ([ ) = (2 ) e
0<|el<e (pt+1l—a

D=

14



and

1— €<+17a
2——— ifl<a<(+1
9 (+1—-a
£ = / e[~ de +/ le|*de = —— 4+ ¢ —21In(e) ifa=C+1
e<lel<1 le|>1 a—1 CHl-a g
2—— if 1 3.
P f(+l<a<
In particular (HP5|) holds and the global error becomes
1 &s 1 1 1 1 &S 1-a
EpS(Q) = —5 + — -+ (K5)2 + (KR)» + (K5)% < 5+ L 4 Cpeet 2
Moreover 9
— ifl<a<(+1
lIimé&f =< ¢+1—-a ¢
el0 +00 if(+1<a<3.

Finite variation case. If ( > a— 1 (the Blumenthal-Getoor index), & is bounded, and since
B < 1/2 the error can be controlled by:

]. 2 1 l1—a ]_ 1—a
n,e [ T S +5+ = +5%
Ep (C‘) S nﬂ + C + 1 —an + CZLCg 2 S Cavc nﬁ + vacg 2

and n and € can be separately fixed. In some sense, there is a decoupling between n and e:
1 2
EZ7E(<) <n<=n2> 77_3 and € < nm.

Infinite variation case. If a = (+ 1, we have:

1 In(1/e)
E"E(¢) < — +2—"2 4 Cpet/2.
»(¢) < e + - + Cpe
If e = n28/¢, then
1 481In(n) 1 C
n,e - -~ I —_
B0 S o+ e+ Gy S o5
For ( +1 < a < 3, things are more nested:
]_ 5<+1_a l1—a
E}°(¢) < 5+ C, + Cpett T,

and let us take e = N7 for v > 0. Then

E,©(0) < n P+ onA-le1=-07) 4 Cpn*7C+7%'

1
Note that ¢ — %1 > 0 since ¢ > 1. Hence we should have 0 < v < T to ensure
a — p—
convergence to zero of the error. Easy computations show that
: a—1 7 =i if0<y <A
min 1_(a_1_<)’777<_77 = e 2 1
l—(a—=1-()y if 5 <7< 9=

15



Hence the optimal choice is v* = P Moreover for v = %,

—1 2
min(l—(a—l—()'y*,'y*g—fy*az ):afl—l.
And since g € (0,1/2],
2¢ 26 4¢

To summarize, previous calculations lead to the following result.
elfl<a<(+1,Ey°(¢) =0(nP) < e < ecN%Fi-, for some constant c.

o If a = ¢ + 1, it suffices to take e = n=2/C to get an optimal convergence rate, i.e.,
Bj*(¢) = 07,

e lf(+1<a<3ande=n"", v>0, an optimal choice is to take v = %,

2
— when a <1+ % we have Ep°(¢) = O(n™?).

B+1
. 2¢ ME (Y 1- 2
— otherwise, a > 1+ Fil we have only that E,”(¢) = O(n "~ a-T1).
We use this result twice for X and Y with parameters ¢ and ¢’ and the proof of the proposition
is achieved. O

3.6 An example with low convergence rate
We now give an example where the convergence rate is very slow.

Proposition 3. Assume that on a neighborhood of zero the Lévy measure v and the jump
coefficients of X and Y satisfy
1

_ X () — X Yy — Y
v(de) = ]6\3(—ln(e))ade’ a>1 C*(e) =C%le|l and C* (e) = C" |e|.

Then the global error Ep© of Theorem@ is logarithmic, that is, there exists a constant Cp o s.t.

11—«

EZ"E < Cpaln(n) = .

Proof. To simplify, we omit the superscript, the calculations are identical for C* and CY. In
order to get the global error, we have (see Theorem to estimate the quantities &7, K5 and K.
We start with £7,

1/2 1 —In(e)
g = 2/ —de = 2/ % "dx
! c  lel*(=1In(e))~ In(2)

@ —In(e)
= 2/ a:_o‘e”td:v—i—Z/ z % dx.
In(2) o

The first integral in the last line is a constant which we denote by C,. The idea is then to

majorize the second positive integral. Since (z~%%) = 279 1e%(z — a), the functionz +— x~%e®

is increasing on [a, 400 and decreasing on [In(2), «[. This implies that

16



—In(e) In(e
og/ 2% %z < Oy + (—In(g)) "% nE /
In(2) a

< Cyu+ (=In(e)) e H~1In(e) — a)
=Ca+e ((~In(e)' ™ — a(~In(e)) ™)
< Ce (= 1n(e)™* — a(—1In(e))™®) for € small enough,

which implies that lir% e€f = 0 since a > 1.
E—

One can also have a more precise boundaries of the second integral using the mean value
theorem: as the functions x=% and e® keep a constant sign on the interval [a, —In(g)], there
exists a constant ¢(a, €) € [a, —In(e)] such that,

—1In(e) —In(e)
/ x”Yetdr = c(a,a)a/ e®dz = c(a,e) (et —e%).
Observe that c¢(a,e)™® is bounded as o > 0,
(—In(e)) < c(, ) < a~.
Thus,

N @ e “%etdx _C n(e) — «
svm@w“‘%>§ﬂm T S e (e — )

So, for ¢ small enough £ ~ C(g)e~! and from previous calculations liH(l) C(e) =0.
e—

Let now turn to the quantities K. For p > 2,

€
K; = 20/ e’ ~3(—In(e) O‘de—20/ z e Py
0

- e —(p—2)x 20 —a_p—2
S 20(—111(5)) In( )e dx = ﬁ(— IH(E)) e .
—In(e

< Cy(—In(e)) 7' r, p>2.

B =

That is, there exists a constant Cp o s.t. (K)
Taking p = 2, we have

_ -«
Km0 [ aroge =20
In(e) a—1

1—a

< Cu(—In(e)) 2 .

N

Equivalently, there exists a constant C,, (K5)
To sum up, taking e = n~"7, follows

1 +51
nB

>1+c”71 ~a 4 0 (v In(n)) 5
L O™ () + Caly ()

1 1 1
+(K5)2 + (Kp)» + (K3,)

and

1 &

1 1
R (K5)2 + (K;)7 4 (K35,) %

NI
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that is, for some positive constant ¢, o

1

+ 1-a 1 n’
nB

O™ (y () + Calr ()2 < 6paBp° < " (In(n))! = + Caly Inn) 2"

So, for n large enough, there exists a new positive constant (independent of N) such that

11—«

E;f <Cpaln(n) 2.

The proof is then achieved.

4 Proof of Theorem [5l

The proof of this result requires several intermediate results, some of them being completely new
(Theorems [4 and [7] and Proposition [f]). Since Theorem [ above implies (H1))-(H2) (see Remark

, we seek to prove that Assumptions (H3|)-(H4-al) are also satisfied if that of Theorem
hold true.

In this section, to lighten the notations, we assume w.l.o.g. that ¢y.x = 1. Indeed since we
need to control v(de)l(t)dt, we can rewrite

(de)(B)dE = Lomer(de) 2 dt = H(de) (1)t

with 0 < £(t) < 1.

4.1 Euler scheme: local and uniform estimates

In order to prove Theorem 5, we partly generalize the previous results about the SDE to its Euler
approximation. Some derivations are more subtle and require details at some places. Recall the
definition of Euler scheme in ([23]).

First, as for the solution of the SDE ({8)), some estimates for its approximation scheme are
needed. This is the analogue of Proposition[I]given in the first statement of the next Proposition.
Second, using the same arguments than for the SDE case (Theorem , we can put the sup over
the space variable inside the L,-norm to derive the second statement of the following result.

Proposition 4. Let (HP1)) hold true.

(i) For any p > 0 there exist generic constants Cp7 and C’p, such that

sup ‘ths(xﬂ < Cp,(l + |z]), Yz e R, (24)
0<t<T L,

sup | X" (x) — X (y)||| < Co@lz —yl, Vo, y € R4, (25)
0<t<T L,

(ii) The estimates and where we replace X by X™° hold true, up to changing the
generic constants.
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We omit the proof which is quite standard, see that of Theorem 3.2 of Kunita’s paper [17].
Let us now show the following estimates on local increments, it will be needed for the sequel.

Lemma 1. Let Assumption (HP1|) hold true and let p > 0. Then there exist generic constants
C’py and va such that, for any x,y € R? and any t € [0,T],

Tt <u<t “ T Lp . ni/2 )’
sup | X% (z) — X (y) — X205 () + X725 ()]
Tt Su<t L,
|z — y] £
< Co.@ 172 1+ Wiz | (27)

Proof. Here again, it is enough to prove the estimates for p > 2, which we assume from now on.
Also we take d = ¢ = ¢’ = 1 to simplify the exposition. Since, for any u € [0,T7], 7, is the last
discretization time before u, there is no jump in the interval |7, u], so we have

X(a) — X5 @) = [ X @) s+ [ ot X2 )aw,
_ / i) / h(re, X7 (2), €)v(de)ds. (28)
Tu R s

Applying Theorem |3, the Jensen inequality, and using the fact that 7, = 7 for any s € [, t],
there exists a constant C), s.t.

B ( sup |X0%0) ~ X5 @P) < OB (0= Pt X3P + (¢ = 7P ot X2 )P

Te<u<t
p> }

lu(t, )|+ lo(t,2)| < C¥(L+|al) and |h(t, )| < C¥(e)(1 +|a]).

+E (- ny

/ (e, X", )]0 (de)

According to Assumption (HP1)), it follows that for any ¢ € [0, T],

This combined with and the fact that 0 < ¢ — 7, < % for any t € [0,7] , follows

E ( sup [ X7 (a) - X?f(x)\’”)

Tt <u<t

<60 [ (5+ 25 ) + 5 ([ e¥ev@a) | i)

which readily leads to the announced estimate .
Let us now turn to the second inequality. The same arguments combined with Assumption

(HP1)) and lead, for some positive constant Cp, to
E( sup [X}%(z) — X" (y) — X2%(2) + X2 (y)[P)

Tt Su<t

< 6B (ie-nr / s X27() — (s X))
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B (- | o X20) = o, X2 ()P

+E ((t — et

p
ds)
<Gl m [(Cx)p(np + o) </ ¥ (e > } |z =y,

which completes the proof. O

/R|h(TS,X"f(x),e) h(TS,XZE( y),e)|v°(de)
1

Let us explain here Remark [3:2] If h does not depend on z, we don’t need to control the
increments w.r.t. x and becomes:

[z —y|
sup ’ngi(x) — ngf(y) — ng(x) + X?f(y)‘ < Cp7 ©7) 2
T <u<t L, n
as in [20]. If the Lévy measure has an even density and if h only depends on e and is odd, then

in (28), the term [ h(7s, Xn6 (x),e)r(de) is equal to zero and we obtain the same estimate as
in [20] for (26)):

(1+|z|)
< Cp,@) ISR

sup [ X, (x) — X2% ()]
T <u<t

Ly

4.2 Strong convergence results

In order to derive a sharp convergence result, we must take into account the temporal regularity,
Assumption (HP3,)), of the coefficients u, o and h.

Theorem 6. Let Assumptions (HP1)) and (HP3,)) hold and set 5 = min(a, %) Then, for any
p > 0 there exists a generic constant Cp7 such that for any r € R?

n,e “:1X7‘E X,e 1/2 X.e\1/p
sup | X;(z) — X% (2)] — <K2 ) + (KX (20
t<T n

Cp. @) (1 + |2])

Ly

Proof. To simplify, as in the previous lemma, we take d = ¢ = ¢’ = 1. Since it suffices to prove
in the case of p > 2, we assume so. By definition, we have

t

Xifa) = X (@) = [ (1o Xal) — e, X35 + | (s ot = ot X2 ) Jaw,
+/Ot/R<h(s,Xs_(a:), ) — h(rs, X7 (), ¢) ) N*(ds, de)
_|_Atéh(s,Xs_(x),e)(N—Ng)(ds,de).

Using the fact that A(t) <1, Vt € [0,7], Theorem 3| and the Jensen inequality for the first two
terms, we have for some positive constant C),

T
E (SuplXt(x)—X?’e(fE)\p> < Cp{Tp_l/o E (|n(s, Xs(2)) — p(re, X75(2))[7) ds

t<T

T
#1751 [ o5, ) - o, X)) 0
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[NiS)
N————

+E <[/0T/]R |h(s, Xs-(x),€e) — h(Ts,XZ’_E(x),e)\stys(de)]
T

—HE/O /R\h(s,Xs_(m),e) — h(TS,XZLE(m),e)|pu€(de)ds

+E <[ /0 ' /R |h(s,Xs(x),e)\st1Bg(e)u(de)}g>

T
—HE/O /R\h(s,XS(w),e)|p135(e)y(de)ds}.

From now, all terms will be treated in the same way. Taking the jump’s terms, we write for any

p=2,
|h(57 Xs* ($)7 6) - h(7—57 X:;(x)? 6) ’p
= |h(s, X~ (x),e) — h(s, X" (x),e) + h(s, X" (x),e) — h(Ts, X"*(2), €)
(X (), €) — b, X7 (2), )
< 31 (|h(s,Xs_ (z),e) — h(S,X;l_’E(x), e)|P + |h(s, X:_’E(as), e) — h(ts, X:_’E(a:), e)l?

1 (@), €) = h(re X (@), )P

s Ts

+|h(1s, X
< 3p71[CX(6)]p(|Xsf (z) = X5 (@) + (L4 (X5 (@)))P (s — m)P* + [ X () — Xf’—a(x)!p)
where we used (HP1)) and (HP3,) for the last inequality. This leads to

T
/ / |h(S>Xs— (1’),6) - h(TS,an(l‘),€)|pl/6(d€)d8
o JRr Ts

T T
P X(e)Pre(de () — X™(x)Pds ()P (s — T4)P¥ds
< vt [Ie¥epra (| e @ - XE@Pas s [ 04 X @ - md

T
+ / | X7 () — Xf’_a(a?) ]pds), Vp > 2. (30)
0 S

1
Using estimates (24) in Proposition 4| and (26| in Lemma [1| with the fact that |s — 75| < — for

n
any s € 0,77, one can easily deduce, for some generic constant Cp,

T
| [ B0ns X @).0) = b X2 @), )
T X,enp
< G ( | EQX @) = X2 @P)ds + (15 faP) lnl - <1 L) )D
X,e P
R >D &)

npﬁ npb

T
<c, (/ E(|X,- (z) — X" (2)]")ds + (1 + |z]?)
0
where we used that for p > 2, 815( €< be < 400. Again using inequality for p = 2, we have
T
| [ 1t X (0,€) = b, X2 @), )P (e
o JR Ts
T T
< 3 [l @Praa( [ X @) - X @Pds+ [ (14X @) - nds
R 0 0 Ts
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T
+ / |XZ_’8(33)—X:_LLE(1‘)‘2dS>,
0

S

and therefore, by the Jensen inequality

(/OT/RWS,XS(:E), €) = h(rs, X"*(2), ) Pds( de))

T T
< g (g iy / X, () — X% (2)[Pds + / (14 [ X" (2)])P (s — 75)P*ds
0 0 Ts

D
2

T
+ / | X% (x) - X:’_E(x) ]pds>,
0 S

thus we conclude as for , that

(//yhsx €) — h{r, X"(2). o) dsu(de))g)

5 e D a1 ()P
< GE™)E | | BIX(0) = XD @)ds + (L) | 5+ S
Again evoke that SQX © < & < 400. Therefore

E ( T ‘h(&xs— (m),e) — h(TS, X:Sf( ‘ dsy de >g
( /0 R
5

T
< G </0 E(|Xs(x) — X3 (2)P)ds + (1 + |2[7) L

v )

for some new constant Cp,.
E ([/OT/R\h(s,XS(:L‘),@)]stlBe(e)u(de)]g>
—i—E/OT/R\h(s,XS(m),e)]plga(e)l/(de)ds
T p/2
<B [ @+ ix s [( [ @rneman) + [ <0X<e>>f’135<e>u<de>] .
Then, using ,

E <[/OT/R|h(s,Xs_(x),e)|2ds1BE(e)u(de)}5) —I—E/OT/R|h(s,XS_(:n),e)|p135(e)u(de)ds

/2
< Gplt-+ 1ol [(13)" 4 130

By the same reasoning for ;1 and o, we deduce the existence of a constant C), such that

T
E <Sup | Xi(2) — Xf’s($)|p> <G </O E(sup | Xu(z) — X3 (2)|")ds

t<T u<s

1 (&%) X\ xe
Bt T ()R )

+ (L4 [zf?)

The proof is then achieved by applying the Gronwall’s lemma and Jensen’s inequality.
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As mentioned in Remark in Estimate (29)), the cross term 51X °/n can be removed for
some cases.

This result will be useful in the proof of our main result Theorem |5 (see Section , but
unfortunately it is not sufficient at all. In view of Theorem |l| and its assumptions (in particular
(H3)), one should have a sup over |z| < A inside the L,-norm. This is the purpose of the next
derivations.

We now aim at obtaining uniform in space convergence results. Let us start with an easy result.

Proposition 5. Assume (HP1|), (HP3,)) and let 3 = min(a,%). For any p > 0 and any
p € [0, 5], there exists a generic constant Cp,p, such that

1Xe(2) = Xp"(2) = Xe(y) + X (W) g, < Cpp@le —yl”’ (1 || + [y))' =7 x

B—=p

1 5X:5 B B=p B=p
+<1 ) () (1) 7 (32)

nb—r n

for allz,y € RY and t € [0,T]. Furthermore, for anyp > 0 and any p > 0, there exists a generic
constant C,, , @3) such that, for any t € [0,T],

sup | Xy (x) — X;"" ()]
|z[<A

Ly

X B=p
EF

<AC ! L) T (k)T () 33
SAC@ | T + (/2 +(E) (33)

Here again Remark (3.2)) holds. To prove this result we can adapt the one of [13] Theorem
6] except that we have to pay attention to the additional terms €1X <, KQX € and Kg( €.

Proof. Let T'(t,x,y,n) = ||| X¢(z) — X;""(z) — Xi(y) + th’e(y)]HLp and consider p > 1 without
loss of generality. Using triangular inequality in two ways and inequalities ——, we get

L(t,z,y,n) < (Cp@ + Cr@@)) |7 — ul;
SX,a

1 1 X,e p/2 X.e l/p

Let C’p% = (Cp, + C’p,)p/’g (2Cp,) 1,,)/,3’ by interpolation between the two estimates,
it readily follows that

D(t,2,y,m) < 2C,, @ (1 + || + [y])

5)(75 1-p/B

1 p/2 1/p
1-p/B | 1 Xe X,e
=+ +{(K2 )"+ K } ]

L(t,z,y,n) < Gy, @@l — yI” " (1 + [2] + ly])

Jensen
< Cp,p,’x - y|p/ﬁ(1 + |z] + [yl)

B—p
1 51X’€ E Xe ﬂT_ﬁp X B=p
nﬂp+<n +(R3) T (55

therefore is proved.

23



To get it is enough to assume p € (0, 5]; we apply Corollary [1| by checking the assump-
tions of Theorem [2| applied to G(z) := Xi(z) — X;""(z). From we can set

B—p
1 EIX’E 7 X ET_BP .o\ 222
Cc9D=¢C,,m anPJr( + <K2 ) + (Ke) PP |

n

(@) =1 —p/B and &) = p/B provided that p/f € (d/p, 1], which is true for p large enough
(recall that p > 0). Therefore for such p, the estimate @ holds true, which yields the announced
inequality . The estimate for smaller values of p are automatically satisfied invoking once
again the stability of L, norms as p decreases. O

As it is the case for Theorem [6] this result is not sufficient to derive Theorem [5} The next step
is to generalize these two results. By making the best use of the regularity assumptions made

on Vyu and Vo, (see (HP2;) and (HP4,))) we now obtain, in the following crucial Theorem,
improved dependency in n by allowing the case p = 0.

In the rest of the paper,

p/2 1
KXe = (KQX) + K5 4 (KG9, (34)

Theorem 7. Let (HP1)), (HP2s), (HP3,.), (HP4,) hold and let f = min(a*, %) For any

p > 0, there exists a generic constant Cp7 such that

sup | Xy () — X, () — Xu(y) + X ()]

u<t

LP
é 1 EX’E X,e\%
Cou@ (1 + I+ 1y)) [lo = 91 + o — 917 =5 + 2+ (56X (35)

for all z,y € R* and t € [0,T]. Furthermore, for any p > 0 there exists a generic constant
Cp,@a) such that, for anyt € (0,77,

1 &F 1
< NCp@9) (716 1n + (KXfﬁ) ., YA>1 (36)

sup |Xi(z) — X" ()]
|z[<X

Ly

Proof. As in the previous proofs, we argue that it is enough to assume p > 2. To alleviate the
presentation, we additionally assume d = q¢ = ¢/ = 1, the derivation in the general case being
similar. From the dynamics of X and X™¢ we write

Xi(z) — X" (x) — Xo(y) + X{(v)

(15, Xo(@)) = pulry, X125(2) = pls, X (9)) + pol(o, X2 (9)) ) s

S~

~+

+ [ (s, Xe(@)) = o(r X25(2)) = 05, Xo(9) + 0 (70, X127(3)) ) AW,

J. (v
J. (v

x),e) — h(Ts, X:S’f(x), e) — h(s, Xs-(y),€) + h(rs, X:S’f(y), e))]\?’f(ds, de)

>
%

+
S— 5— 5—

2),¢) = h(s, Xo- (y).€),€) ) (N = N¥)(ds, de).

%
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The same reasoning as in the proof of Theorem |§| leads, for some generic constant C),, to

E (sup | Xu(z) — X0 (2) — Xu(y) + Xg’s(?/”p)

u<t

< cp{tp—l / " (|(s, Xu(0) — i X27(0) — s, Xa(0) + s, X25)]) s

) " (Jos, Xu(w) - ol X24() — o5, Xu(0) + (., X25)]) ds

+ /ot/RE (‘h(S,XS(.T}), e) — h(1s, X72°(x),e) — h(s, Xs(y), e) + h(Ts,X.Z’E(y))‘p) v°(de)ds

+E <[/;/R s, X (), €) = h(ra, X2 (2), ) — b5, Xo(y), ) + hirs, X25(0), )| v (de)ds] )
+ /ot/RE (|, Xo(@),€) = his, Xo(w). )] ) 15 (e)v(de)ds

+E<[/0t/R)h(s,Xs(:c), — h(s, Xs( ] 15, (e (de)ds}g> } (37)

1. The first four terms of the right side of above inequality can be treated in the same way, thus
we only detail the computations for the last integral. First write that

h(s, Xs(x), ) — h(7s, X7 (2), €) = (s, Xs(y), €) + h(7s, X727 (), €)
= h(s, Xs(x), €) — h(s, X (), €) — h(s, Xs(y), €) + his, X5 (y), e)
+ h(s, X (2), €) = h(7s, X775 (2), €) — hls, X5 (y), €) + (7, X55(y), ). (38)

Now, we treat the two lines above separately.
1.a) Denoting by X" (z) 1= X (z) + A(X(2) — X4(z)) for X € [0, 1], we have

h(S, Xs(x)a 6) - h(S, X;ha(x)v 6) - h(S, Xs(y)> e) + h(‘s? X;%E(y)? 6)
1
= (Xs(x) — X (z) — Xs(y) + X;“E(y)) /0 Vxh(sts”’E’)‘(a:), e)d)\
1
+ (Xu(0) = X250) [ (Tuh(o X2 @).0) = Vb5, X5 0). )

By definition of X™* using the fact that |V h(t,z,e)| < C*V(e) and |V h(t, ) — Vih(t,y)| <
CXV (e)|x—y|® with Jo(CXV (€))Pre(de) < oo, Vp > 2; there exists a generic constant C), (whose
values may change from line to line)

/R [h(s, Xs(x), €) = h(s, X" (@), €) — h(s, Xs(y), €) + h(s, X(y), €)["r°(de)
<Cp<\Xs( ) = X5 (@) — Xs(y) + X ()P

X (y) — X (y \p/ (1= 2)(Xs(z) — Xs(y)) +A(X§“€(x)—XS’E(y))\épdA)
<C, [yxs(x) — X (x) — Xo(y) + X2 (y) P

X () = X2 (1X0(@) = Xa()| + X0 (2) = X2<(y)|7)]
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where we have used the Minkowsky inequality to handle the dA-integral and also used the
inequality
(a+5) <2070+ (a7 4 57) < 20 (a7 +57), Va, b,y >0,

0 if not
Now, we integrate over (s,w) and apply the Cauchy-Schwarz inequality, to obtain

-1 ify=1>0
Where(*y—l)Jr:{ﬁy n .

E[/O /]R |h(s, Xs(x),e) — h(s, X (x),e) — h(s, Xs(y),e) + h(s, X1 (y), 6)‘p1/5(d6)ds}
=G [/o E (|Xu(2) = X[(2) = Xaly) + X)) ds

T /O VB 0) — X0 (0) P (Xe(o) — Xela) P + X0 ) — X0 () )]
which rewrites, owing to (13)-(25)) and (29),

B[ [ [ 1o, Xu(a).6) = hls, X200, ) = hls, X)) + s, X020 (s

< cp< [ B0~ X256 — Xulo) + XTGP s

1 EXEyw p/2
+ (1 + |y)P|z — y|°P —5 T ", (KQXE) + (KX’E)il ) (39)

np 2p

for a new generic constant C,.

1.b) Now we focus on the second line of identity . Similarly to before, we introduce for
simplicity the notations

XpoA (@) = X8 () + MX7E (2) — X ()
X2 (2, y) = X% (a) + MX7 (y) — X725 (2))

h( , X (), €) — h(Ts, X7°(), €) — (s, X{°(y), €) + h(7s, X75(y), €)
h(s, X{#(x),e) — h(s, X7 (x), €) — (h(s, X{F(y), ) — h(s, X1*(y), €))
+h(8 X7(),€) — h(s, X7 (y), €) — (h(7s, X72%(2), €) — h(7s, X7 (1), €))

:/O Voh(s, X5 (), e) AN (XDE (2) — X8 (x /Vh (s, XA (y), ) AN (X5 (y) — X (y))
+/01 Voh(s, X252 (2, y), e) AN X2 (z) — X8 (y / Voh (75, X252 (2, ), €) AN X2 (2) — X (y))
= /0 1 <Vxh(s, XM (x),e) — Voh(s, X2 (y), e))d)\(X?’E(x) — X (2))

+ /0 1 Vah(s, X252 (y), e)dA x (XP9(x) = X725 () — X (y) + X725 (y))

1
b [ (Vah (s, X5 ), €) = V(e X2, ) JANCER (@) = X2 0).
0
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As in the first step of this proof, taking the power p using the fact that |V h(t,z,e)| < C*V(e)
and |V h(t, 2) — Vih(t,y)| < CV(e)|lz—y|® with [5(CXV(e))Pr(de) < oo, Vp > 2; there exists
a generic constant C), such that

L4h$137@£)fW@X§@%@M&XT@%@+MRJQWM&Wf@@

gcp[/ol

+ [ X0 () = X2 () = XP¥(y) + X2 ()]

U—AXX?W@—X?%MT+MXZ%®—XﬁﬂwwiMM?%ﬂ—Xﬁﬂww

1
o= n [ (14 X0 @)+ M) - X2 @) ) X ) - X))
0

Integrating w.r.t. (s,w), one can easily get, for some new generic constant C,

/0 /RE (|h(s, XJ=(x), €) — h(Ts, X[2% (), €) — h(s, X1°(y), €) + h(7s, X (y), €)[") v°(de)ds

<G| [ (VEIXE @) — X)) + B (X5 @) - X))

« JE (X5 (@) — X2 (@)r)ds

-+/1EUX?Wx%—XZW%%—X?%y%+X%%wV)¢9
0

t

‘e (e VEIXE @)2) + R (X2 ()12 w@ (1% (@) - X%E(y)!*’)ds] :

From results of Proposition 4] and Lemma [T} there is a new constant C), such that
t
B[ [ [ (s, X2%(2),0) = b X325 (0),€) = h(s X2(0), )+ A, X2 0), €)Po(de)ds|
0o JR

L EY eyl (L E
s 1 1
< Cp(|x—y|p (1+ |x|)pn}7/2 (1—|— Tz + o7 1+ Ry

l’_ p
T S ry|p>>

nep

nﬁp npb

1 (& )P
< Cylt +lal + yl)? (12— ol? + Iz — oI) ( 8 ) . (10)
Thus, and combined with lead to

B[ [ [ 1M X29(@).€) = hr X2(@).) = hls XD (0).€) + e, X2(0), ) Polde)s]

<G| [ B(X(0) - X2%(0) - X.0) + X2E)) ds
0
» o 6 1 (€1X’6)p X,e\p/2 X,e\1/2
(L fal + y)? (o =yl + o =yl 5 + S+ (G5 + (1) (41)

27



where C) is a new constant. The same estimates, without the terms K X& and £%¢, hold for u
and o instead of h.
2. For the last two remaining terms in , using (HP1)) and Proposition {4 we have

E (/Ot/R ‘h(s,Xs(:c)) - h(s,Xs(y)))p) 15, (e)v(de)ds < Cylz — yPKX°
5 ([ It ) = s [ 1. emtaenas) ) < Gl —ypiaeF e

Hence, plugging the above into (37)), we obtain the existence of generic constants C), such that

E (sup | Xu(z) — X0 (2) — Xu(y) + Xg’s(?/”p)

u<t

< 0y [ (sup ali) — Xp7(0) = ) + X2 ) s
) o

nﬂp T npb

X X,e\d
+ (1l + [yl) (|o = ol + |2 — y|) ( + 0+ () + (Kgp’€)2> ]

1 (&)
W T

X.,e\P Xyl
< Cp(L+ |z| + [y)P(Jz — yIP + |z — y|°P) ( + K05+ (K3 )2 + (K2p’5>2> ,

where the last inequality follows from Gronwall’s Lemma and Jensen’s inequality, we recall that
KX¢ is defined by ; the proof of is completed.

Let us now deduce from by applying Corollary || with G(z) := X;(z) — X{"°(x). From
(35) we have

P [ 1 (EIX’E)p X,e ’
1G(z) = Gy, < Cp@Coll+ Izl + )P (ke — vl + o — ol?) 5 + L4 KX

B 1 EX,E 1
< 20, g1+ lo] + Iyl — o (nﬁ 2y <KX’€>p) ,

using |z —y| + |z —y|° = |z —y[°(1 + |z —y|' ) < 2|z —y|°(1 + |=| +|y|)*~°. Thus, we can take
1 gX,E 1

@ =2 —+ L KX (@) =2 — ¢ and B(©) = § provided that & € (d/p, 1

0 = 20, g5 | 15+ S 4 (595 ), 7 and B©) = § provided that 8 € (d/p,1]

which is true for p large enough. We then conclude by applying Corollary O

We now have all the necessary elements to finalize the proof of our main result.

4.3 Proof of Theorem [5

We now carefully apply Theorem (lf with F(w,z) = Xi(w,z), F"(w,z) = X(w,z), © =
Ys(w,y) and O" := Y] (w,y).

(a) If the coefficients of X and Y satisfy (HP1)) and (HP3,).

1. As it is highlighted in Remark Assumption (H1) is satisfied with C = Cy,([)
and a := 1 (in view of Theorem {|) and (H2) is also satisfied for any given
k € (0,1) with C i= C),(r7) (depending on x) and a =1-k.
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2. (H3) is valid owing to Proposition |5 where, for any given p > 0, we take a =1

and
ﬁX—p
. (F53) 1 &) X\ T exe st
&y’ = Cpp.B3) 55 + = + <K2 ’ ) + (K;°) »8

with X := min(a¥, %)

3. Finally, (H4) is clearly true using Propositions |1| and [4] applied to Y instead of X,
which yields C’ i= max(C) @), Cp,@3)(1 + [y[), and Theorem IEI, applied to Y
and Y, which gives

- 1 5Y7£ Yeyl 1
Egv = Cp7<1+‘y|) n? ;7/ —|—<K276)2 —|—(K;/:5)P

with 8Y = min(a¥, 1), £° = [, C¥(e)r*(de) and K, © = [, (CY ())P1p. (e)v(de).

Thus, for any given x € (0,1) and p > 0, Theorem [1] gives, for any y

_ 1 1 gre\"  [eke\ T
m, n,e J—
X705 (0) = XV, < Cp | = + e + () 4 (5

BX

K 5 s X —p
HO)E 4 ()5 4 (K35) 75 (10) w2 ] ’

thus the announced result.

(b) Ifin addition to the first case, the coefficients of X satisfy (HP2;)) and (HP4,)). Assumption
(H1) and (H4) are still valid. Assumption (H2) is satisfied with x = 1 thanks to (20).
Assumptions (H3) holds as in the previous case, but now with p = 0 owing to Theorem
[l The rest of the proof is unchanged, we are done.

5 Approximation of utility-SPDE

In this section, we apply the previous results to numerically solve the utility-SPDE . Let us
specify that in this context d = ¢’ = 1 and the marginal utility is, according to , represented

as follows
U.(t,2) = X (u=(&(2))),  U(0,2) = u(z) (42)

where we recall that &(2) := Y, () is the inverse flow of y + Y;(y). Moreover, X and Y are
solutions to two scalar SDEs with coefficients (u, o, h) and (b,7, g) respectively, driven by the
same g-dimensional Brownian motion B and the same Poisson random measure. To simplify,
we take A(t) =1 for any t.

However, it is obvious that Theorem [5| is not directly applicable since at this step remains the
question how to invert y — Y;(y) for all ¢?

Different approaches to answer this question have been discussed in detail in [13, Section 4]
and it turned out that the best way is to compute the inverse flow in a backward way, because
in this case it is a solution of a SDE to which we can consider an Euler scheme as before and
thus easily apply the Theorem [5
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To be more precise, we denote by Y;;(y) the solution, starting from y at time s, of the SDE
with coefficients (b,7,¢g). Let &+ be the inverse map of Y. Our idea consists on considering
the dynamics of the process & ¢(x) in the variable s instead of ¢, this relies on the following key
result.

Theorem 8 ([17, Theorems 3.11 and 3.13 |). Suppose the coefficients b, v and g of the SDE

() satisfy (HPT), (HP24)). Assume further that the maps ¢(t,..€) : y — y + g(t,y,e);R = R
are homeomorphic with 1+ 0yg(t,y,e) being invertible in y for a.e (t,e).

(i) Then the solution Y defines a stochastic flow of C'-diffeomorphisms.

(ii) Let 9(t,.,e) be the inverse maps of ¢(t,.,e) and k(t,z,e) = z — (t, z,e). Assume vy € C12
in (t,x) and [, |k(t,z,e) —g(t, z,e)|v(de) is bounded. Then the inverse flow & satisfies the
following backward SDE

dés1(2) = [b(sjés,t(Z))—3z7(87£s,t(2))-v(sjfs,t(Z)—Ag(svés,t(Z),e)V(de)]ds
Y(t, Es (2 d§ +/ 5,€54(2),€)N(ds,de), s <t (43)
ft,t(Z) =

The notations ds and %s are to remind that the integrals must be considered in a backward
way:

n—1

t
/S o X = B 2 e, i) s =0
t n—1
/ a(s,Xu)dgu = lim Za(tk+1’th+1)(Btk+1 — Btk),
s |A|—>0,C 0
where A = {s =1y <ty <--- <ty =1t} and|A| = oA (te+1 — tr)

With this result in hand, the approximation of §,; is made possible simply using a standard
Euler scheme like (W = B) for X. Using the same notations of Section the backward
Euler scheme 5'7:”1;5 is defined as follows:

e Set &7 (2) = 2. If t = O for some k € [1,J(e)], set °,(2) = z — k(t,z, E}) else
£ (2) = 2

- For s €]m, 1], set
E8() = €~ A(6,E,(2)) - (B~ B) (44)

) ~ 2t ) A ) — [ 0t ). e (o)) ¢~ ),

e For | € [0,n + J¢] satisfying t; < 7,

- ifty = 6y for some k € [1, J], set €7 (2) = &7 (=) —k(t1, &3 (2), Ef) else £ () = &,3(2)
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- and for s € [t(_1),t[

E7(2) = €7, (2) = 10,5, (2) - (B — By) (45)

1

- [b(tl,fz_’a’t(z)) — 8,57(751,{2_’2(2)) . y(tl,ﬁgﬁft(z)) — /Rg(tl,fz_’ft(z), e)v*(de)] (t; — ).

Theorem 9. Assume that the coefficients (u, o, h) of X satisfy (HP1)-(HP2s)-(HP3,)-(HP4,))
(which a-parameter is denoted by X ) and the coefficients (b — dyy - v — [ gv(de), v, k) of &4

satisfy Assumptions HPl— (which a-parameter is denoted by oY ). Denote by ng
the Fuler approzimation (W = B) associated to Xy, and by 5.7},5’6 the Euler approximation
of the inverse flow & 1 of Y 4, according to -.

Then, for any concave function u with Lipschitz marginal utility u,, the compound Fuler scheme
X" (u(€7)) converges to Us(.,.) (solution to the SPDE of the form (1)) in any Ly-norm w.r.t.
n and e: For anyp >0, t € [0,T] and any z,

| et o) - U6 2)

= O(Ey”").

P

From this accurate approximation of U, (¢, z) using two Euler schemes, we can easily retrieve
U(t, z) by standard numerical integration, using that in general the utility of a zero wealth is
equal to zero at any time, i.e., U(t,0) = 0.
Note that the fact that the two Euler schemes are built with the same Brownian motion (actually
one is the time-reversal of the other) justifies the need for a general result like Theorems |1] and
available for arbitrary dependency in F' and ©.
Concerning the proof of this result it is obvious: without the function u,, it would be a direct
application of Theorem [5] However, since u, is Lipschitz, one can easily check that the estimates
are unchanged.

Conclusion. As explained in [20] and in [I3], the solution of a SPIDE can be represented
in some cases as the compound of two random fields. Therefore the approximation of this
compound provides a numerical approximation for some SPIDE. When the Lévy measure is
finite, it is proved in [20] that the rate of convergence is of order n~1/2.

In this paper, we generalize this result for non-finite Lévy measure, by truncation of the
small jumps. We show that there is a balance to find between the time discretization and this
truncation threshold ; in general it is not optimal to fix them independently. As a consequence,
in some cases the rate of convergence can be very deteriorated (compared to n~1/2).

Improvements using other approximations for small jumps (Asmussen-Rosinksy technics or
series representation) are left for further research.
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