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Abstract

Motivated by the results of [21], we propose explicit Euler-type schemes for SDEs
with random coefficients driven by Lévy noise when the drift and diffusion coefficients
can grow super-linearly. As an application of our results, one can construct explicit
Euler-type schemes for SDEs with delays (SDDEs) which are driven by Lévy noise and
have super-linear coefficients. Strong convergence results are established and their
rate of convergence is shown to be equal to that of the classical Euler scheme. It is
proved that the optimal rate of convergence is achieved for £?-convergence which is
consistent with the corresponding results available in the literature.
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1 Introduction

Let (Q,{F };>0, F, P) be a filtered probability space satisfying the usual conditions.
Let w be R™-valued standard Wiener process and N (dt, dz) be a Poisson random measure
defined on o-finite measure space (Z,Z ,v) with intensity measure v # 0 (for the case
when v = 0, readers can refer to [21]). Set N(dt, dz) := N(dt,dz) — v(dz)dt.

Let b;(z) and o (z) be P ® B(RR?)-measurable functions in R and R¢*™ respectively.
Also, let v;(z, 2) be a P ® B(RY) ® Z -measurable function in R?. Let T > 0 be a constant

*A substantial part of this work was completed when the first author was working as a Whittaker Research
Fellow in Stochastic Analysis in the School of Mathematics, University of Edinburgh, United Kingdom. The
revision of the paper was done when the first author was working as an Assistant Professor in the Department
of Mathematics, Indian Institute of Technology, Roorkee, India and was visiting the School of Mathematics,
University of Edinburgh, United Kingdom. The first author would like to thank the School of Mathematics,
University of Edinburgh, United Kingdom for the hospitality and support in timely completion of the revision of
the paper.

TDepartment of Mathematics, Indian Institute of Technology, Roorkee, India.

E-mail: c.kumarfma@iitr.ac.in
*School of Mathematics, University of Edinburgh, United Kingdom.
E-mail: S.Sabanis@ed.ac.uk


http://www.imstat.org/ejp/
http://dx.doi.org/10.1214/17-EJP89
mailto:c.kumarfma@iitr.ac.in
mailto:S.Sabanis@ed.ac.uk

Explicit approximations for Lévy driven SDEs

and we fix tg and t; satisfying 0 <ty < t; < T'. In this article, we consider the following
SDE,

dxy = be(xe)dt + o () dws + / Yy, z)N(dt, dz) (1.1)
z
almost surely for any ¢ € [to, t1] with initial value as an F;,-measurable random variable
Ttq in ]Rd.

Remark 1. We use z; instead of z;_ on the right hand side of the equation (1.1) for
notational convenience that shall be used throughout this article. Moreover, this does
not cause any problem because the compensators of the martingales driving the equation
are continuous.

For every n € NN, suppose that the functions b7 (z) and o7 (z) are P ®@ B(R%)-
measurable and take values in R? and R?*™ respectively. Furthermore, let the function
i (x,z) be P ® B(RY) ® Z -measurable with values in R¢ for every n € IN. In this article,
we propose an explicit Euler-type scheme defined below. For every n € IN,

dx} = b?(xﬁ(nyt))dt + Jf(x’;(n_’t))dwt + / %"(xz(n’t), Z)N(dt, dz) (1.2)
z

almost surely for any ¢ € [to, ;] with initial value as an F; -measurable random variable
z in R?. Also, the function x(n, t) is given by x(n,t) := |n(t—to) ]| /n+to forany t € [to, t1].

The SDEs of type (1.1) are popular models in finance, economics, engineering, ecology,
medical sciences and many other areas where problems are influenced by event-driven
uncertainties. In finance, jumps have been studied extensively in modeling of stock
price and volatility. In particular, the interested reader may consult [1], [4], [5], [22]
and references therein for a detailed analysis of suggested stochastic volatility (SV)
processes driven by SDEs with nonlinear coefficients. This fact coupled with the in-
creased popularity of the 3/2-SV-model, which due to its desired property to fit better
implied volatility surfaces than other widely-used models such as Heston’s SV model,
have provided us with our main motivating example for the construction of new, explicit,
Euler-type numerical schemes for SDEs driven by Lévy noise with superlinear coeffi-
cients. In this way, we provide an efficient and extremely fast way for the pricing of any
path-dependent option written on an asset with assumed SV process {v;};>¢ driven by

dvy = Moy (p — |vg|)dt + €|, [2/2dW, + dN (1)

with initial value vy, A\, p and & being positive constants, and W and N being a Wiener
and a compound Poisson process respectively. Similarly, in mathematical biology &
ecology, a detailed analysis of the use of SDEs with superlinear coefficients and jumps
can be found in [7], [8] and in references therein, while in economics one can consult [6]
for such type of SDEs with a possible extension which can include Poisson jumps.
Often, such SDEs do not possess any explicit solution and one has to resort to
numerical schemes to obtain their approximate solutions. Details of explicit and implicit
schemes for SDEs driven by Lévy noise can be found in [19] and the references therein.
It is well known that the moments of the classical Euler scheme of SDE (1.1) may
diverge to infinity in finite time when the coefficients of the SDE grow super-linearly
- [11] proved this result for SDEs with continuous paths. For SDEs with super-linear
coefficients, implicit schemes can be used to obtain their approximate solutions, but
they are typically computationally very demanding. In recent years, the focus has been
shifted to the development of efficient, explicit numerical schemes with optimal rates
of convergence and a stream of research articles has appeared in the literature which
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reported significant progress in this direction. For continuous SDEs, one can refer to
[12, 13, 14, 18, 20, 21, 23] and the references therein, whereas for SDEs driven by Lévy
noise, one can refer to [3, 17]. Moreover, new results appeared in the direction of non-
polynomial lower error bounds for approximations of nonlinear SDEs, see [15, 24, 22].

In this article, we propose an explicit Euler-type scheme (1.2) of SDE (1.1) where
both drift and diffusion coefficients are allowed to grow superlinearly, whereas the jump
coefficient can grow linearly. The strong convergence is established and the rate of
convergence is shown to be equal to that of the classical Euler scheme. To the best of
the authors’ knowledge, these are the first such results in the literature for Lévy driven
SDEs.

Further, the techniques discussed in this article and in [17, 18] can be combined to
develop explicit Milstein-type and higher-order schemes which converge to SDEs (1.1)
with super-linear drift and diffusion coefficients in the strong sense, however this is not
the focus of the current article. Finally, by adopting the approach of [10, 16], the results
obtained here can also be extended to the case of delay equations (SDDEs) as illustrated
in Section 2.2 below.

To conclude this section, let us introduce some basic notation. We use |z| to denote
the Euclidean norm of x €
transpose of 0 € R*™ respectively. For any z,y € R%, 2y stands for their inner product.
I, stands for the indicator function of a set A and |z| for the integer part of a real
number z. The maximum of two real numbers a and b is denoted by a V b. For an R%-
valued random variable X, X € L?(2) means F|X|? < oo and for a sequence {X"},en
of R?-valued random variables, { X"} e € loo(LP(f2)) means sup,,cy E|X"|P < co. B(V)
denotes the Borel sigma-algebra of a topological space V. P is the predictable sigma-
algebra on €2 x R . Throughout this article, K > 0 denotes a generic constant that varies
from place to place.

2 Assumptions and description of results

We fix pp > 2 and make the following assumptions for SDE (1.1). For every R > 0,
consider C'(R) which is an F;,-measurable random variable such that

lim P(C(R) > f(R)) =
R—o0

for a non-decreasing function f: Ry — R..

A-1. x;, € LPo(Q).

A-2. There exist a constant L > 0 and an F,,-measurable random variable M ¢ L% Q)
such that

{22by(2) + (po — Dloy(@)]? }v/ ez, 2)[20(dz) < LM + [2]2)

almost surely for any ¢ € [to,¢;] and = € R.

A-3. There exist a constant L > 0 and an F; -measurable random variable N € L(Q)
such that

/Z e, 2)|Pow(dz) < L(N + |z[Po)

almost surely for ¢ € [t,t;] and x € R9.
A-4. For every R > 0,

2z — 2)(bi(x) — by(@) + on() — on(@)P
+ / e, 2) — (&, 2) Pr(dz) < C(R)|x — 2
Z
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almost surely whenever |z| V |Z| < R for any t € [to, t1].

A-5. For every R > 0,

sup |by ()| < C(R)
|z|<R

almost surely for any ¢ € [to, t1].

A-6. The function b;(z) is continuous in z € RY for every w € Q and t € [tg,t;].
We make the following assumptions for the Euler-type scheme (1.2).

B-1. {2} bnen € loo(LPO()).

B-2. There exist a constant L > 0 and a sequence of F;,-measurable random variables
{M™}pew € loo (L2 (9)) such that,

{220} (2) + (po = Vo7 ()]} v /Z i (@, 2)*v(dz) < L(M™ + |z]?)

almost surely for any ¢ € [tg,t1], » € N and 2 € R%.

B-3. There exist a constant L > 0 and a sequence of F;,-measurable random variables
{N"}ren € loo(L(R2)) such that,

/Z I (@, 2)[Pou(dz) < L(N™ + [2]P)

almost surely for any ¢ € [to,#;], » € N and = € R<.
B-4. There exist a constant L > 0 and a sequence of F; -measurable random variables
{M"}pen € loo (L2 () such that,
b7 (2)|* < L2 (M + |«]?)
o7 (2)|* < L2 (M" + |2?)
almost surely for any ¢ € [tg,t1], » € N and = € R
AB-1. For every R > 0,

ty

lim E [ Iiory<f(r)} |S‘11<PR{|bt($) — b} (@) + |oe(a) — o (x) 7
to z|<

n—oo

+ /Z IVe(z, 2) — 4 (x, 2)[Pv(dz) }dt = 0.

AB-2. The sequence {z}, },en converges in probability to zy,.

Theorem 1. Let Assumptions A-1 to A-6, B-1 to B-4, AB-1 and AB-2 be satisfied. Then,
the explicit Euler-type scheme (1.2) converges to the true solution of SDE (1.1) in
LP-sense, i.e.

lim sup FElz;—2p|P =0
N0 1 <t<ty

for any 0 < p < po.

The proof of the above theorem can be found in Section 4.

For the rate of convergence of the scheme (1.2), we fix a constant p; > 2 and consider
any p satisfying 0 < p < p; and xp(p + 9)/d < po for a § > 0 (however small). Moreover,
one replaces Assumptions A-4, AB-1 and AB-2 by the following assumptions.

A-7. There exists a constant C' > 0 such that
{2z — 2)(bix) — bi(@)) + (01 — Dlon(x) — o4 (@)}
v [ bl 2) = iz, 2)Pr(dz) < Clo —af
z

almost surely for any ¢ € [to,t1] and z,Z € R%.
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A-8. There exist a constant C' > 0 such that
| ila2) = e, 2)lPv(dz) < Cla -~ al?
z

almost surely for any ¢ € [to,t1] and ,7 € R¢
A-9. There exist a constant C' > 0 and x > 0 such that

[bi(z) = 0:(Z)] < C(1+ [2X + [2]%) ]z — 2|

almost surely for any ¢ € [to,t;] and z,Z € R%.

B-5. There exist constants L > 0, x > 0 and a sequence of F;,-measurable random
variables {M"},en € loo(LP°(2)) such that,

by ()] < L(M" + [a]¥*)

almost surely for any ¢ € [to,t;], n € N and = € R?.
AB-3. There exists a constant L > 0 such that, for every n € NN,

ty
E / b nny) = B )P + 106 ) — 7 ()P
to

4 ([ (e ?) =20 e IP(d)) Yt < L7
Z

for p =2,p.
AB-4. There exists a constant L > 0 such that,

Elzy, —xy |P < Ln~ 748

for every n € IN.

Theorem 2. Let Assumptions A-1 to A-3, A-5, A-7 to A-9, B-1 to B-5, AB-3 and AB-4 hold.
Then, the explicit Euler-type scheme (1.2) converges to the true solution of SDE (1.1) in
LP-sense with a convergence rate given by,

__p_
sup Elxy —a}|P < Kn™ v+
to<t<ty

for any p > 2, where the positive constant K does not depend on n.
As a consequence of Theorem 2, one also obtains the following corollary.

Corollary 1. Let assumptions of Theorem 2 hold, then the explicit Euler-type scheme
(1.2) converges to the true solution of SDE (1.1) in £P-sense with a convergence rate
given by,

__P
sup Elz; —a} P < Kn™ 2+
to<t<ty

for any 0 < p < 2, where the positive constant K does not depend on n.

Remark 2. If Assumptions A-1 and B-1 hold for all pg > 0, then one can make § > 0
appearing in Theorem 2 and Corollary 1 as small as possible and hence can obtain a
rate which is arbitrarily close to 1/p and 1/2 respectively. Notice that the optimal rate of
convergence in the above theorem is attained for 0 < p < 2 which is arbitrarily close to
0.5 when Assumptions A-1 and B-1 hold for all pg > 0. Moreover, the rate of convergence
coincide with that of the classical Euler scheme.

The proof of the above theorem can be found in Section 4. In the following two
sections, we provide examples of SDE and SDDE that can fit into our model.

EJP 22 (2017), paper 73. http://www.imstat.org/ejp/
Page 5/19


http://dx.doi.org/10.1214/17-EJP89
http://www.imstat.org/ejp/

Explicit approximations for Lévy driven SDEs

2.1 Explicit Euler-type scheme for SDE driven by Lévy noise

Let B:(x) and a;(z) be B([0,7]) ® B(RY)-measurable functions in R? and R¥*™
respectively. Also, \;(z,z) is a B([0,7]) ® B(RY) ® Z -measurable function in R¢. We
consider the following SDE,

day = Bi(xe)dt + ap(2e)dws + / At (@, z)N(dt, dz) (2.1)
Z
almost surely for any ¢ € [0, 7] with initial value zy, € LP°(Q)). Notice that one defines
SDE (2.1) as a special case of SDE (1.1) with ¢t =0, t; =T and

be(z) = B(x), 0¢(x) = ay (), 11 (x, 2) == A\e(2, 2)

foranyt € [0,7] and x € R%. Moreover, in the assumptions listed above on the coefficients
of SDE (1.1), one uses M = 1 whereas for every R > 0, C(R) is a positive constant.
Similarly, one can define an explicit Euler-type scheme of SDE (2.1) as a special case of
the scheme (1.2) with the following mappings,

by (e) o= ) () 1= e

= T 0 = T 1 2) = o)

foranyn € IN, t € [0,T], € RY and 2 € Z with 2} = x(. It is easy to verify that
Assumptions B-2 to B-5, AB-1 and AB-3 are satisfied. Hence, the results of Theorems [1,
2] hold true.

Remark 3. Notice that in the above example, coefficients of the SDE (1.1) and the
scheme (1.2) are deterministic. In this case, one can use the following condition on b} (z)
in Assumption B-4,

b} ()] < Ln*/?(1 + |x))
with the below mentioned coefficients,

b (o) = )

142z

for any ¢ € [tg, 1], » € N and x € R?. The proof of the Lemma 3 is then followed in similar
way as done in [18, 21] because in such a case, b; (xZ(n,t)) remains F,, ;)-measurable in
order to eliminate the stochastic integral in the second term of the right hand side of
(3.4). Hence, this approach does not increase the moment bound requirements on the
initial value as has been attained in [21].

2.2 Explicit Euler-type scheme for SDDE driven by Lévy noise

Let B¢(y1,---,yr, ) and a;(y1,- - ., Y&, =) be B([0,T]) ® B(R™*) @ B(RY)-measurable
functions in R? and R?*™ respectively. Also, \;(y1, ...,y z) is a B([0,7]) ® B(R¥**) @
B(R%)®Z -measurable function in R¢. Further, let d;(t),. .., d(t) be increasing functions
of ¢ satisfying —H < d;(t) < |t/h|h for fixed constants h > 0 and H > 0 for every
1 =1,...,k. We consider the following SDDE,

dxy = B (ye, xe)dt + ay(ye, ) dw, + / At (ye, x4, 2)N(dt, dz) (2.2)
z

almost surely for any ¢ € [0,7] with initial data z; = & for any ¢t € [—H, 0] satisfying
Esup_p<i<o &P < oo, where y; := (24, (1), - -, Zq, (1)) The SDDE (2.2) can be regarded
as a special case of SDE (1.1) with the following mappings,

by () := Be(ys, ), 0¢(x) := ae(ys, ), Ye(wt, 2) = Ny, @, 2)
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almost surely for any ¢t € [0,7], z € R? and 2z € Z. Suppose that the function f;(y, x)
satisfies B;(y,r) < L(1 + |y|X* + |z|X?) for any y € R** and x € R?, where L, x; and
X2 are positive constants. Then, the explicit Euler-type scheme of SDDE (2.2) can be
defined with the following mappings,

_ Be(yi's @) ot (z) = (g )
L nU2(fyp P o) ™0 T 12 (g P )

FYZL(Z‘?Z) ::)‘t(y?axaz)

b (2) :

almost surely for any ¢ € [0,7] and = € R?. By adopting the approach of [3], one can
show that Theorems [1, 2] hold true.

3 Moment bounds

We make the following observations.
Remark 4. Due to Assumptions A-2 and A-5, for every R > 0,

O'tl'2 t\T, 2 21/ Z) =
jo0(@) V/ZM )Pu(dz) < C(R)

almost surely for any ¢ € [tg, t1] whenever |z| < R.

The moment bound of SDE (1.1) is well know, but for the completeness of the article,
we prove this in the following lemma.

Lemma 1. Let Assumptions A-1 to A-6 be satisfied, then there exists a unique solution
{7t}eeito,r,) of SDE (1.1). Moreover,

sup Elw [P < K,
to<t<t1

where K is a positive constant.

Proof. The proof of existence and uniqueness of the solution of SDE (1.1) can be found
in [9] under more general settings than those considered here.

Define a stopping time 7g := inf{t > ¢¢ : |2¢|] > R} A t; and notice that |z;_| < R for
any tg <t < 7r. By using It6’s formula,

t t
|z|PO = |, |P° —|—p0/ |zs|P0 2 b (25)ds +po/ 24P 2w 04 (2, )dw,
to to

_9) rt t
+ pio(p‘; V[ a1 () s + 2 lau 2oy, ds
to tO

t
—HUO/ / |xs|p0_2$5'}/s($37Z)N(ds’dz)
to JZ
t
+/ /{‘xs +78(x872)|p0 - ‘xs‘po _pO‘l‘s‘p072$s’ys(.ﬁs,Z)}N(ds,dz) (3.1)
to JZ

almost surely for any ¢ € [to, t1]. Now, on taking expectation and using Schwarz inequality,
one obtains,

tATR
Blonsal < Bloe [ + 28 [ o 220,20 + (o0 = Do) P
to

tATR
+F {Jzs+7s(xs, 2) [P0 — |z |P° —p0|xs|p0_2$5’ys(ws,z)}u(dz)ds (3.2)
to z
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for any t € [to,t1]. One notes that when py = 2, then

tATR
Blainzg|* < E|$to|2+E/ {2xsbs(xs)+|05(xs)\2+/ s (s, 2)[*v(dz) }ds
to Z

for any ¢ € [to, t1]. Thus, the application of Assumption A-2, Gronwall’s inequality and
Fatou’s lemma completes the proof for the case py = 2. For the case py > 4, one uses the
formula for the remainder and obtains the following estimates,

E|zipzg|P° < Bl |P° + pOE/ 2P0 2 {22by (25) + (po — 1)|os(2s)| }ds

tATR tATR
—|—KE/ /|x |Po— 2|Ay (x5, 2 )|21/(dz)ds—|—KE /|% (xs,2)|P°v(dz)ds
to

for any t € [to,t1]. On the application of Assumptions A-2 and A-3, one obtains,

u
sup E|rins,|P° < Elrg,|P° + K + K sup E|ryps,[P0ds < 00
to<t<u to to<r<s

for any u € [to,t1]. Hence, the application of Gronwall’s lemma and Fatou’s lemma
completes the proof. O

Before proving the moment bound of the scheme (1.2), we prove the following lemma.

Lemma 2. Let Assumptions B-2 to B-4 be satisfied. Then, for every p € (2,po], the
following holds

n n —£ n|2 n - n n
B} — a0l IFsn.n) < K(n™T(M"™2 +|ap, o |°) +n" (N + |27, 7))
almost surely and for every p € [1, 2], the following holds
E(lzp = 27l IFrmy) < Kn71(IM"2 + |27, »17)
almost surely for any ¢ € [tg, t1], where the positive constant K does not depend on n.

Proof. By equation (1.2), one obtains

t
P
E(|93? _xz(n,t)‘p“:m(n,t)) < KE(‘ /( Y b?(xﬁ(n,s))ds‘ |Fn(n7t))

! p
wKB(| [ o an] IFuan)

t
+KE(’/ /'Y:(IZ(n,syZ)N(ds,dz)
Kk(n,t) JZ

which on the application of Holder’s inequality and an elementary inequality of stochastic
integrals gives,

t
E(|xf — xz(n’t)|p||:,€(n7t)) < Kn7p+1E((/

r(n,t)
+KE(( /ﬁ »
ekB(([ [ e ) Fa)

t
PRE( [ [ a2 Prd)dsIFon)
k(n,t) JZ

p
‘ I:R(’I’L,t))

02 (2 05 ) o))

t 2
n 2
02 @2 ,0))2d5) " [P
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for any t € [to,t1]. Notice that when p € [1,2], then the last term on the right hand side
of the above inequality can be dropped. Furthermore, one uses Assumptions B-2, B-3
and B-4 to complete the proof. O

Lemma 3. Let Assumptions B-1 to B-4 be satisfied, then the following holds

sup sup Ela}|P° < K,
neN to<t<ty

where K is a positive constant and does not depend on n.

Proof. For every n € IN, one applies the It6’s formula to obtain,

t t
2P0 = [ [P + po / |22 P22 (a7 ) s + po / a0 P20 (3 Yo
to

-2 !
L= [ 212102 a7 )

" po—4|, _nx* 2" 2d8+
| | |J ( K(n, s)) ‘ 9 b

b [ [ a2,

+ / /Z (27 4 AP oy 2) PO~ PO —po P2 (a0 o, ) YN (ds, ) (3.3)
to

almost surely for any ¢ € [tg,t;]. The last term on the right hand side of the above
equation can be estimated by the formula for the remainder as before. Hence, on taking
expectation and using Schwarz inequality, one obtains the following estimates,

t
ElaPo < Elal [P + poE / P2 (3 — 2 (@)
0
t
Do n — n n/.n n
+ ?E/t |ms ‘po 2{2‘rn(n7s)bs (xn(n,s)) + (pO - 1)|Us ( fi(n 5))| }dS
0
t t
L KE / / P2 (a2 Pr(de)ds + KB / / P (@ s 2) P (d2)ds (3.4)
to JZ to Y Z
which due to Schwarz inequality, Assumptions B-2, B-3 and B-4 yields,
ElePo < Blal 7 + Kn'E / P2l — 2 [(IM)E + 2%, ) s

t
L KE / &2 (M + [, ) [2)ds + KE / (N™ + ]2 o [7)ds
to

for any t € [to,t1]. Moreover, one uses Young’s inequality and an algebraic inequality to
obtain the following estimates,

s

r(n,s)

t
Blepi < Elaf [P+ KntE / 2 — 2 [P (MOE [
to

t
L KntE / 2 P2 — S I(MPLE o+ e s
to

¢ ¢
+K+K E\x?|p°ds+K/ E|z? Podsg
to

n(n,s)|
to

for any t € [to,¢1]. Also, one notices that for py = 2, the second and third terms on
the right hand side of the above inequality are same which can be kept in mind in the
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following calculations. Moreover, the above can also be written as,
t
Bla} | < Blafy P+ Knd B[ (M5 22 DE (2= Fogr)ds
to

t
1 n — n|i n n n
+I(nllE‘/ |x5(n,s)|p0 2(|M |2 + “rn(ns)DE(p:@ 71’;@(71,,3)”':%(71,8))(15
to

¢
+ K+ K sup Elz]|Pods

to to<r<s

for any ¢ € [to,?1]. Notice that when py € [2, 3], then one uses the case p € [1,2] in Lemma
2 which gives the rate n~?/4 and hence n!/* disappears from the second and third terms.
When py > 3, then the rate is n~! which cancels out n!/* in the second term. As a
consequence, one obtains

u
sup Elzf|P° < K+ K sup Elx;|PPds < oo
to<t<u to to<t<s

for u € [to, t1] where K does not depend on n. The finiteness of the right hand side of the
above inequality is guaranteed as one can easily show by adapting similar arguments as
those in Lemma 1 that,

sup Elzp|P* < K
to<t<ty

where a priori it is not clear whether the constant K is independent of n or not. The
application of Gronwall’s lemma completes the proof. O
4 Proof of main results

First, we make the following observations.

Remark 5. Due to Assumptions A-4 and A-5, for every R > 0,
lo¢(2) — 0e()]* + / (@, 2) = (@, 2)Pr(dz) < C(R)(|lz — 2> + |o — 2])
z

almost surely whenever |z| V |Z| < R for any t € [to,t;] and z,7 € R9.
For proving Theorem 1, one requires the following result.

Corollary 2. Let Assumptions B-1 to B-4 be satisfied. Then for any p € [2,pg], the
following holds,

sup Bz} —ay, y|” < K(n™%+n™1)
to<t<ty

and for any p € [1, 2], the following holds,

o

n__.n p —£
sup FElz} xn(nyt)| < Kn™1
to<t<t1

where K is a positive constant that does not depend on n.
Proof. The proof follows immediately due to Lemmas [2, 3]. O

Proof of Theorem 1. For every n € IN and R > 0, define the following the stopping
times,

Tg = inf{t >ty : |x¢| >R}, Tnr := inf{t > to : 27| > R}

TaR ‘= TR N ThR

EJP 22 (2017), paper 73. http://www.imstat.org/ejp/
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almost surely. Then, one can write,

sup Blz, — 2} < sup  Eloy — 2 Pz p<t jufmn<t JU{C(R)> F(R)})
to<t<ti to<t<ty

+ sup  Elzy — 2 P {rn>t )0 {ren>t 0 {C(R)<F(R)}}
to<t<ti

=: T1 +T2. (41)
For T, one uses Holder’s inequality and obtains the following,
Tii= sup Elzy— 2 P lza<t ronso.0(R)> F(R)}

to<t<ty

2 po—2
< ( sup FEl|z, — xmpo) " (P(Fr < t1,7ur < t1,C(R) > f(R))} ¥
to<t<ty

which on the application of Lemmas [1, 3] yields,

Blaz, | Elaz P o

- T+ P(C(R) > f(R))) "
1 po—2

=+ P(C(R) > f(R)) (4.2)

for every R > 0. Moreover, one notices that 75 can be estimated by,

T1§K<

<K(

Ty := sup Elzy — 2} I{{zp>t:}n{mmn>t )0 {C(R)<S(R)}}
to<t<t

< Sup ElTinr, = @nr, ol o< sy (4.3)
to<t<ty

Also, due to equations (1.1) and (1.2),

t t
2o =2 =y — 2+ [ {ba() = () s + / {04(2s) = (a7 ) b
to

to
t
[ ] Gulaas) = @l 9} s, d2) @)
to JZ

for any ¢ € [to,t1]. Now, one uses [t6’s formula to obtain the following,

t
jp — a2 = [y — a4 2 / (0 — 22 (bs (1) — B (7))

to

t t
+2 [ (@ =al)or(e) = e+ [ (o) = el

to

t
Lo / / (21— 2) {002 2) — (@0 0y, 2) YV (s, d2)
to J/Z

t
[ [ belon) = 2 @ DN s, d2)
to Z
almost surely for any ¢ € [tg, t1]. By taking expectation one gets,

Eltpr,n = Ting, | Ty <s(r)y = Bl —af *liom<sm)
tAThR

+2E Licry<fr)y (@s — 27)(bs(xs) — b3 (775, 5)) ) ds

to

tATRR
+ E/ Liomy<pmplos(@s) — ol (x4 ds
to

tAThR

+E Lemy<smyy /Z Vs (s, 2) = V2 (@) .0, 2)PV(d2)ds

to

EJP 22 (2017), paper 73. http://www.imstat.org/ejp/
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which further implies,

ElZinrn — Tinr, o Ticm<pryy = Elre, — 23 PLiory<fr)

tAThR

+28 /to Liory<p(r)} (@s — T35(,5)) (0s(25) — s (2, ) )ds
tAThR

+2F /to Liory<pryy (@s — ﬂﬁﬁ(n,s))(bs(ﬂfﬁ(n,s)) — b’;(xz(ms)))ds

tATLR
+28 / Lic(ry<f(r)} (Th(n,s) — T3 ) (bs(25) — bs(@is, 5)))ds

to

tATLR
+ 2E/ I{C(R)Sf(R)}($Z(n,s) - x?)(bs(mZ(n,s)) - b?($2(n,s)))d3
-
+ E/ Lior)<f(r)y|os(@s) = os(@h, ) [Pds
nrn
+ E/ Lo <R} |os(@ i 5) — 08 (@0 0. ds
A
+E/ I{C(R)Sf(R)}/ Vs (s 2) = s (€700 2)P0(d2)ds
e ”
2 [ Heusimy |2 =12l D Pr(d:)s

tAThR
28 [ Koty 04(00) = 0lel )N ) = 0 )

to

tAThR
+2E / Iiomy<pryy /Z (Vs(@s,2) = Vs(@(n,5)5 2))
to
X (Vs (T (n.6), 2) = Vs (Thn.s)» 2))V(d2)ds

for any t € [to,t1]. By using Assumption A-4, Schwarz’s inequality and Hélder’s inequality,
one obtains the following estimates,

El&tpryn = Tinr,n| Tiemy<pr)y < Bl —ap, |?

tAThR
+ E/ Liory<f(r)yC(R)|zs — al, |ds

to

tAThR
+ SRE/ Iicmy<prbs (@) ,0) = V5 (@), Ids
to

tATLR

+4E Liory<sr C(R)|xy — ), ) lds

to

tATRR
+ E/ Liom)<fr)y|os (@ 6) = 08 (€0, o)) Pds
to

tAThLR

+E/ f{c<R>§f(R>}/Zl%(xZ(n,sw) — Y8 (@ 005 2)Pr(d2)ds
t
’ tATLR

+2F Licry<sryy (24 los(zs)]* + |05<x2(n,s))|2>|US($:(7L,S)) — 00 (T3 5))|ds

to

tAThR 1
+2E/ Licr)<s(ry} /Ws Ty, 2 )IQV(dZ))Z

([ Pl =92l e ) s

EJP 22 (2017), paper 73. http://www.imstat.org/ejp/
Page 12/19


http://dx.doi.org/10.1214/17-EJP89
http://www.imstat.org/ejp/

Explicit approximations for Lévy driven SDEs

tAThR

2B Tow s /\vs T )P0 (d2))

1
2

/ h/s n(n s)1 % Vs ( Li(n, s) )| V(dz)> 2d8

which further implies due to Remarks [4, 5] that for u € [to, t1],

2 2
SUp Bl inr,, = Tinr, | Tiom<sryy < Elew, — oy
toStSu

+2f(R) / sup  Elzpr,, — 20ns o P lic(r)<s(r)yds
t

o to<r<s
t1

+28 [ Igy<s<rmyliomy<pmy C(R)|28 — ik, o [Pds

to

t1
+ SRE/ To<s<rnliom<r(ry0s (T (n ) — b5 (T () |ds
to

t1

T4E [ Lyy<s<rortliom<pmnC(R)|zg — o, o |ds

t

0 i
+E | L<s<rantliom<rmplos(@n o) = 08 (@00 ds

to

ty
+E/ f{tUSssTnR}f{cm)g(R)}/ZIvs(wﬁm,s)w)—7?( nns)s 2)Pv(dz)ds
to

t1

TAE [ Lyy<s<r.mtliom<pm) (C(R) + Dlos(2y, 6) — 08 (23 6))lds

to
t1

+ 2E/ Iito<s<runtomy<s ()} VO(R)
to

1
([ ) = e Do) s < o0

for any u € [to,t1]. On using Gronwall’s inequality, the following estimates are obtained,

sup  Elzinr,n — ins o licm<s(r)y < eXP(f(R)){EWto —zp|?
to<t<ti
t1 9
+ f(R)E/ I{tDSSSTnR}|x? - x;l(n,s)| ds
t
tlo
+8RE [ Iny<s<raniliom<rmylbs(Tn o) = b5 (25,0 lds
t
0 tl
+ 8f(R)E/ I{tOSSSTnR}|x:L - w:(n,s)‘ds
t
t1 ’
n n(..n 2
T E | L<s<raatiom<rmplos(@n,g) — 08 (@8, )| ds
t
H
+E/ f{tosngnR}f{C(R>Sf<R)}/ZWs(xlf(n,s) 2) = (@0 0 2) Pr(dz)ds
to
ty
+4(f(R)+1)E | Mwsssmmlom<sm Hos(@ ) = 05 (@02, )|ds
0
t1
+2 f(R)E/ Iito<s<ronylio(r)<s(R)}
0
1
2
([ Pl =122 s}
EJP 22 (2017), paper 73. http://www.imstat.org/ejp/
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for every R > 0. Notice that Assumptions A-1, B-1 and AB-2 imply E|x;, — xf0|2 — 0 as

n — oo. Hence, on using Corollary 2 and Assumption AB-1, one obtains

lim sup E|ziar,, — 2F |21 =0
n tATh C(R)Xf(R
nooo 4 Si<t R TnR {C(R)<fF(R)}

i.e. To, — 0 for every R > 0. Further, for any given ¢, one chooses R > 0 sufficiently large
so that T} < €/2 (as it is assumed that limg_,.. P(C(R) > f(R)) = 0) and also n large
enough so that 75 < €/2. As a consequence, one obtains

lim sup El|z, —27* =
N0 <t<ty

which implies that the sequence {|z; — 2 |},en converges to 0 in probability uniformly in

t. Moreover, by taking into consideration Lemmas [1, 3], the desired result follows. O

We make the following observations.

Remark 6. Due to Assumptions B-2 and B-5, there exist constants L > 0, x > 0 and a
sequence of F,,-measurable random variables {M,},en € loo(LZ (Q)) such that, for
every n € N,

o7 (2)]* < L(M™ + |2*F2)

almost surely for any ¢ € [to,#;] and x € R%.

Remark 7. Due to Assumptions A-7 and A-9, there exist constants L. > 0, x > 0 and
C' > 0 such that

loe(2) — 00 (@) < O+ |af* + |29z — 2/

almost surely for any ¢ € [to,t1] and z,Z € R%.
For the proof of Theorem 2, the following lemma is needed.

Lemma 4. Let Assumptions B-1 to B-5 be satisfied. Then for any p € [2,2po/(x + 2)], the
following holds,

n __ ..n P —1
sup  Elay — a2y, n|” < Kn
to<t<ty

for every n € IN, where K is a positive constant that does not depend on n.

Proof. By using equation (1.2), one obtains

t p t P
Blal — ol < KE| b?(x:(n,s>>ds] FRE| [ o al
K(n,t) n,t)

+KE‘/ / Ty N(ds,dz)‘p
(n,t)

which on the application of Holder’s inequality and an elementary inequality of stochastic
integral yields,

t t
E|.’I};L /{(nt |,0 < K’I’L_p+1E ‘b"( /{L(n s))| ds—&—Kn_g'HE |Ug( /{(n s) | ds
K(n,t) K(n,t)

+ Kn~ +1E/( i ([ @i 2lvae) ds

L KE / / (@ 002 2) [P0 (d2)ds
k(n,t) JZ

for any t € [tg,t1]. Hence, Assumptions B-3, B-5, Remark 6 and Lemma 3 complete the
proof. O
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Proof of Theorem 2. By the application of It6’s formula for equation (4.4),

t
e — 2P = gy — 2P+ / [0 — P2 (s — a7)(ba(2s) — B2 (2 )

b [ o = a2 = o) — o2 )
p p 2) p—4 ng..mn * ny|2
+ = B |335 =z [P (os(xs) — o (xn(n,s))) (zs — xy)|"ds
t
p [ 0
+5 [ los — 2P P |os(xs) — o (@), o) [Pds

t
—HU/ / lzs — 2P 2 (25 — ™) (Vs(2s, 2) — Y (Thi(n,s)» 2))N (ds,dz)
to 2
] 0
+ [ [ Al =22+ (00 2) = 9" @l .2 = o 2P
to

—plas — 2P (xs — 2) (vs (s, 2) — VH(xZ(n,s)v z))}N(ds, dz) (4.5)

almost surely for any ¢ € [to,¢1]. One uses the formula for the remainder for the last

term on the right hand side of the above equation along with the Schwarz inequality and
obtains,

t
Blzy — a}|P < Blay, —ap [P +pE | | — 2l P72 (@ — 22) (bs(2s) = 02 (2),4)))ds

s \"'k(n,s)
to

-1 t
20 [ o a2l o) - 2w )P

L KE / / (20 — P25, 2) — 4 (@ 00, ) P0(d2)ds
to

+KE / / (s, 2) = A" (@ 0y, 2) P (d2)ds
to

for any ¢ € [to,?1]. The above can further be written as,

Blzy—ay|P < Elre, —at|” + 5 ’p |f6s g [P7H{2(ws — 28) (bs(ws) — bs(a))

(0= Dlow(@s) — 0a@) + 2p — 1)(0a(2) — 05 (22 (00(&") — 07 () }d3
+pE / [0 — 2P (1 — 27) (ba(27) — B2 ) )

plp—1 K
Mg [ o = a2l o) 2w )P
FRE [ [ o= a2l 0"l Polazhs

+KE/ / 1Vs(@s,2) = 7" (T (n,6): 2)|PV(d2)ds (4.6)
to JZ

for any t € t € [to,t1]. For the second term on the right hand side of the above inequality,
one uses Young’s inequality, 2ab < a?/(2¢) + eb?/2, with e = (p — 1)/(2(p1 — p)) (since
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p < p1) to obtain the following estimates,

(p = Dos(ws) = os(@D)* +2(p = 1)(0s(@s) = 0(20)) (0s(27) = 07 (7} (n,0)))
< (p=Dlos(zs) = os(@)* + (p - 1)1;1 Llos(w,) — ou(a) 2

(p_1)2 n n(..n 2
+7O-st — 05\ Ty(n,s
o) a2 )

= (p1 = Dlos(zs) — o5 (@) + Klog(a7) — o (23 )

which on substituting in the right side of (4.6) gives

t
Blay = }1? < Elary — a7+ 2B [ lay = a2 {20, - a2)(bu(a) - b(a2)
to
+(p1 = Dlos(zs) — os(al)[* s

t
+pE [ g = al[P (@ — ad) (bs(a)) — 03 (27 5)) s

t

Ot
+KE |£L’S—.’I,'?|p_2‘0'5(.’17?)—0' ( n(n s))| ds

to

KB [ o anp? / ye(a, 2) — (2, 2)Pw(dz)ds
to

t

+KE | Jog =2l [ (el 2) = 9" (@00, 2)Pr(dz)ds
4

Kk(n,s)

to
t
+ KE/ / |’75(xsa Z) - V(ifg,Z)lpV(dZ)dS
to JZ

t
+KE / / (@, 2) = 4" (2 ey 2) Pr(d2)ds
to

which on the application of Assumptions A-7, A-8, Schwarz inequality and Young’s
inequality yields,

Elz, — oo |p<E|mt0—xt0|p+K/ Eles— aPds + KE [ [ba(e") — b (z 2 ) P

to

t
KB [ 100 0) 0 )P + KB [ 002 — 0 P
to to

t
L KE / 04 () — O (T )P
y P

2

t
A KE [ ([ putalin) =2l ) Prido) ds
to A
t ) %
+KE/ /|7('/L‘Zns7z)_’yn(nns7 )| (dZ) dS
\ ( s ) )
t
L KE / / (22, 2) = 3@ ) PV(d2)ds
to Z
t
KB [ [ 1@l =17 @2 Po(d2)ds
to
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for any t € [to,t1]. By using Remark 7, Assumptions A-8 and A-9, one gets,

t t1
Elry — 2y |P < Elry, —ap [P+ K | Elrs — o |Pds + K Elz? —x
to tO

ds

H(ne‘

t1
+KFE (1 + ‘x”|X + |$Z (n, s)|X) |(,E - xm(n s) ‘pds
t
b
+KE (1 + ‘xZ|X + |$Z(n7s)| ) |$ - xn(n s)|pd8
to
t1

ty
L KE / bu () — D (@ )P + KB / 04 () — T2 (T )P

to to

11 %
’ KE/ (/ V(@ s 2) = 7 @10 2) P0(d2)) s
to 4
t1
+ KE/ /Z ‘7(332(71,5), z) — ’y”(x:(ms)’ 2)Pv(dz)ds
to

for any ¢ € [to, t1]. Thus, the application of Gronwall’s lemma and Hdélder’s inequality
gives the following estimates,

sup Elr; — 2y |P < Elay, — 2y [P+ K sup  Elxy — xz(n’t)|p
to<t<t; to<t<t1
ty X X 17(17+ ) ié n n pts %
+ K ( (1 + |I | + |:17K,('IL s) ‘ ) ) (E|I9 - xn(n,s) )p ds
to
t1 % p+3S )

+K [ (B 2+ [ah, )2 7 )7 (Blay — xZ(nvs)P*‘;)P%ds

t1
+ KE/ H(n s) b”(x:(ms))\pds + KE/t o (xZ(n,s)) _om (xZ(n)s)des
0
n n n g
+ KE/ /Z |7('If€(n,s)7 Z) -y (IK(7L7.s)a Z)|2V(dz)) ds
to

ty
AKE [ [ Pl 02) = 7" 5k 2P 0(d2)ds
to Z

for any t € [tg, t1]. The proof is completed by using Lemmas [3, 4] and Assumptions AB-3
and AB-4. O

5 Numerical examples
Let us consider the following SDE
dry = (zy — x2)dt + xdw, + xt/ zN(ds, dz) (5.1)
R

almost surely for any ¢ € [0, 1] with initial value g = 1. Let us assume that jump intensity
is 2 and mark random variable follows U(—1/4,1/4). The explicit Euler-type scheme is
given by

ot — (a7, ) (a7, )? N((kir:l)h)
n n kh kh kh n
T =z h Awy +x 2 (5.2)
(k+1)h kh T K kh i
L+ Vhlzg 2 1+ Vhlap,? =N (kh)
almost surely for any k = 1,...,n, where nh = 1 and xzf = z¢. In the above, the last term

denotes the sum of the jumps in the interval [kh, (k 4+ 1)h]. As equation (5.1) does not
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have any explicit solution, the scheme (5.2) with step-size h = 2721 is treated as the
solution of the SDE (5.1) in the numerical experiment. The number of simulations is
60,000. The numerical results of Table 1 and Figure 1 demonstrate that our numerical
findings are consistent with the theoretical results achieved in this paper.

h | VEgr—at* || h | VEgr—a3* || h | VEjor — 2%[?
2—20 0.00084487 2-15 0.01090762 2-10 0.04841924
2-19 0.00175060 o~ 14 0.01535016 279 0.06225525
2-18 0.00297191 2-13 0.02114921 2-8 0.08096656

2 7
2 6

2717 0.00474922 2712 0.02838053 0.10263840
2716 0.00744872 2- U 0.03768887 0.12921045

Table 1: £2-convergence of Euler-type scheme (5.2) of SDE (5.1)

83r — — — Reference Line, Slope=-0.5
N —*— Explicit Euler-type Scheme, Slope=-0.49033

TT

log,(Elx -x"I%) 2
5

-log, (h)

Figure 1: £2-convergence of Euler-type scheme (5.2) of SDE (5.1)
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