Estimate of Transition Kernel for
Euler-Maruyama Scheme for SDEs Driven by

a-Stable Noise and Applications

Xing Huang®, Yonggiang Suo*”), Chenggui Yuan®
@) Center for Applied Mathematics, Tianjin University, Tianjin 300072, China
b)School of Mathematics, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China
©)Department of Mathematics, Swansea University, Bay Campus, Swansea, SA1 8EN, UK

xinghuang@tju.edu.cn, suoyonggiang@nuaa.edu.cn, c.yuan@swansea.ac.uk

December 31, 2023

Abstract
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which implies Krylov’s estimate and Khasminskii’s estimate. As an application, the
convergence rate of Euler-Maruyama scheme for a class of multidimensional SDEs with

singular drift (by the use of Zvonkin’s transformation) is obtained.

AMS subject Classification: 60H10, 34K26, 39B72.
Keywords: Zvonkin’s transformation, Euler-Maruyama scheme, Transition kernel, Krylov’s

estimate.



1 Introduction

We consider the following R%-valued stochastic differential equation (SDE for short)

(1.1) Xi=a+ /tb(Xs)ds + /tf(Xs)dLs,

where b : R? — RY f : R — R¥? are measurable functions, and (L;);>o is a general
Re-valued Lévy process defined on a complete filtration probability space (Q, .7, (Z;)s>0, P).

If the coefficients b and f are Lipschitz continuous, the existence and uniqueness of strong
solutions to (1.1) are established by the Picard iteration. Moreover, the SDE (1.1) can also be
numerically solved with the Euler-Maruyama (EM for short) scheme, see [17] and references
therein.

When the coefficients b and f are irregular, there has been a great interest in investigating
pathwise uniqueness for SDE (1.1) in the past decades. A useful method in this direction
is Zvonkin’s transformation which was introduced in [34]. This method has been applied
to various SDEs, see e.g. [7, 9, 13, 18, 29, 30, 31, 32] and references therein. Furthermore,
Zvonkin’s transformation has also been applied to investigate the convergence rate of EM
scheme for SDEs, we refer to [1, 6, 8, 10, 21, 22, 23] for more details. There are also other
transformation methods applied to EM scheme, see [19, 21, 22, 23].

In the continuous case, Ly = as + oW, where (W,)s>0y is a Brownian motion. [21]
establishes the existence and uniqueness result and convergence of a numerical scheme for
(1.1) in the one-dimensional case, the drift therein is piecewise Lipschitz. Their proof is
based on a transformation, which globally transforms the piecewise Lipschitz drifts into
Lipschitz ones. [22, 23] present a transformation for the multidimensional case which allows
to prove an existence and uniqueness result for d-dimensional SDEs with discontinuous drift
and degenerate diffusion coefficients. Compared with the Zvonkin’s transformation, the
transformation in [22, 23] does not have to solve a system of parabolic partial differential
equations in each step. Recently, the strong convergence of EM scheme for SDEs with

integrable drift has been obtained by the first author with his co-authors in [2], and the
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proof is based on the “parametrix method”, which was introduced to obtain existence and
estimates on the fundamental solutions of PDEs, see [15, 20].

For a general Lévy process, [11] shows that the EM scheme converges strongly with
convergence rate % for (1.1) with additive noise and a one-sided Lipschitz continuous drift
b. [25] establishes the convergence rate for SDEs with Holder continuous coefficients driven
by Brownian motion and by truncated a-stable processes with index a > 1. Moreover,
[19] studies the strong convergence of the EM scheme for a large class of SDEs driven by
Lévy processes such as isotropic a-stable, relative stable, layered stable processes, whose
proofs rely on the so-called Ito-Tanaka trick which relates the time average fot b(X,)ds of
the solution (X;);>o to (1.1). Under the assumption that the drift is Holder continuous, the
EM scheme for stochastic functional differential equations with a-stable noise is shown to
converge in [12]. It is worth noting that the drifts of SDEs in these literature are assumed to
be Holder(-Dini) continuous or piecewise Lipschitz continuous. However, essential difficulty
comes up when the drifts only belong to some Sobolev space. More precisely, it is not easy

to obtain an estimate like

T q
B| [ o) - x| < o0
0

for some function ® : [0,00) — [0, 00) with lims_o®(5) = 0. Here, X\” stands for the
numerical solution to the SDE and b is the singular drift, ¢; := [¢/d]0, and |t/d] denotes
the integer part of /.

In this work, we consider the case where (L;);>¢ is a d-dimensional Brownian motion
subordinated by a subordinator. More precisely, let W := (W;);>0 and S := (S¢)i>0 be
independent stochastic processes, where W is the Brownian motion on R? with W, = 0 and S
is an a/2-stable (with « € (1,2)) subordinator independent of W, i.e., S is a one dimensional
non-negative increasing Lévy process with Sy = 0 and with Laplace transformation Ee=7% =

@
2

e ? ~,t > 0. By the scaling property, the process S; has the same law as t«S;. Then



(Ws, )0 is a Lévy process. We consider the following SDE:
(1.2) dX, = b(X,)dt +dWs,, t>0, Xo=u.

Herein, b : RY — R (Ws,)i>0 is a rotationally invariant d-dimensional a-stable process,
with the Lévy measure v(dz) = M’iﬁdz for some constant ¢, > 0.

Under assumptions (A1)-(A2) below, we will adopt the discrete parametrix method
used in [15] to obtain explicit upper bounds on the transition kernel of the discrete-time EM
scheme of (1.2) . As an application, we investigate the strong convergence rate of the EM
scheme.

To end this section, we outline the structure of the remaining contents as follows: In
Section 2 we state our assumptions and main results. Section 3 is devoted to the notation
and some preliminaries. In Section 4, we investigate the estimate of transition kernel of

(2.3). The convergence rate of (2.3) is discussed in Section 5.

2 Assumptions and Main results

To state our main result, we first introduce some notation and facts about Sobolev spaces,
which can be found in [26].

For (p,7) € [1,00] x [0,2] , let H) := (I — A)~2(LP(R%)) be the usual Bessel potential
space with the norm

1 o := I = D)2 fllp = 1 F 1l + 1 (=2)% £,

where || - ||, is the usual LP-norm in R? and (I — A)2f and (—A)zf are defined by the

Fourier transformation
(I=A)Ef=F N A+]-P)2F, (~A)2f:=F |- ["Ff).
For p = 00,7 = 1, we define H! as the space of Lipschitz functions with norm

[ 11100 := [1f lloe + IV floo-
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In the sequel, we introduce the Sobolev embedding and an important inequality on the

norm of elements in A, which will be used to construct the Zvonkin transformation and

obtain a priori estimate of solution to the associated elliptic equation.
For p € [1,00] and v € [0, 2],
dp
d—p
. -2 -4
H)CHx"CC, ", > d,

chL‘%qE{n } P < d;

(2.1)

where Cf is the usual Holder space. Moreover, for y € [0,1] and p € (1, 00|, there exists a

constant ¢ such that for all f € H),

(2.2) 1FC+2) = fOllp < cllz" AVl

Throughout the paper, we impose the following assumptions on the drift b.
(A1) [[blloc := sup,ega [b(x)] < oo.
(A2) There exist constants 8 € (1 —%,1) and p > (22 V 2) such that b € H/.

Under (A2), (1.2) has a unique strong solution (X;);>o, (see, for instance, [29, Theorem
2.4)).
The EM scheme corresponding to (1.2) is defined as follows: for any d € (0, 1),

(2.3) dX® = (Xt +dWs,, >0, X =X,

with t5 := [t/0|d, where |t/d] denotes the integer part of ¢/J. We emphasize that (X,ﬁ?)kzo
is a homogeneous Markov process. For t > s and z € R, p(5)(s, x;t,-) denotes the transition
density of Xt(é) with the starting point X9 = 4.

Let po(t, ) be the density of Wg,. Our first main result gives an explicit upper bound

of the transition kernel p®.

Theorem 2.1. Under (A1), there exists a constant C' > 0 such that

(2.4) PO (j6, 25t y) < Cpa(t — jo,y —z), x,y €RL t> 35, 6€(0,1).



Remark 2.2. [1/, Theorem 2.1] proved that the parametriz construction is feasible under
assumptions that the indensity coefficient a(x) = oo*(x) is strictly positive, bounded from
above and below and Hélder continuous, and the drift term b € CJ(R?), the Hélder index
satisfies three conditions. We also would like to point out that the authors in [5] established
the two sided estimate of the transition density function p. Moreover, they only assume that
b belongs to some Kato’s class when o € (1,2), which is a sharp result. However, in order to
establish the strong convergence for the EM scheme of SDFEs with irreqular drift, our method
is based on the Zvonkin transformation, which cannot deal with the singular noise term. So
we only consider the additive noise case in this work, and leave the multiplicative noise case

as our future work.

As an application of Theorem 2.1, the rate of strong convergence for the EM Scheme

(2.3) can be obtained as follows.

Theorem 2.3. Assume (A1)-(A2). Then, for n € (0,2), there exist constants Cy,Cy > 0

independent of 6 € (0,1), such that for any € € (0,1)

(2.5) ]E( sup | X, — ng”y") < €O I (5%1{%@} +]E(51%6)5361{252a}> .

0<t<T

Remark 2.4. (1) Under a certain balance condition, and when bis bounded and Hélder
continuous with respect to both the space, time variable, the rate of strong convergence
of EM scheme (2.3) (inhomogenous case) was established in [19, Corollary 2.6]. Since
Theorem 2.3 is also available for p = 0o, a close inspection of the Sobolev embedding
(2.1) reveals that the result in [19, Corollary 2.6] is only the special case of our setting
for p = oco. Moreover, the optimal balance condition 3 > % —1 fora e (1,2) in [19] is

stronger than 3 € (1 —5,1) in (A2).

(2) Compared with the result in [19, Corollary 2.6], the moment index n in Theorem 2.3 is

allowed to be greater than o, which is reasonable since X; — Xt(é) 1s a bounded process.



3 Notation and Preliminaries

Throughout the paper we use the following notation:

We write f(z) < g(z) to mean that there exist positive constants Cp,Cy such that
Cig(z) < f(z) < Cog(z), x Vy = max{z,y}, and A y = min{z, y}.

Let n; be the density of S; for ¢ > 0. It follows from [3, Lemma 2.1] that the density of

W, has the following expression

a _ =2

(3.1 palt,z) = / (2ms) S~ 5 (s)ds = (1Y + |2]) ", (t,2) € (0,00) x RY.
0
Moreover, according to [4, Lemma 2.2], it is clear that
(3.2) IVEpa(t, )| < CttY® + |z|)~ ok < Gt p,(t,x), k€N,

where V* stands for the kth-order gradient with respect to the spatial variable .

According to the Markov property of Wg,, we have

(3.3) /dpa(t —r 2 —y)pa(r — s,y — x)dy = pa(t — s,2" — x).
R

In addition, for any p > 1, (3.1) implies that there exists a constant C' > 0 such that

p
Iontt My < ([ C 4 o) 7o)
1
(34) = < / Ctrertlampalo(] 4 le/tl/“)‘pd—mdx> '
d
. 1
- ( Ctpfpd/afpa/atd/a(l + ‘y’)pdpady) ! < O~dla+d/(ap)
R4

Recall that 7, is the density of S;. Let

_E(@ms) teH)  pions)t
E(21S;) "% IS (2ms)™

which is well defined due to

_ C/Y 072(01—1)
vS;t
Ee7~t S exp =

+ - ]<oo, v,t >0,
ta-1
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for some constant ¢ > 0, see [28, Proof of Corollary 2.2]. It is not difficult to see that the
function © is increasing and continuous on [0, co) with ©(0) = 1.

Next, we state a lemma which will be used frequently in the forthcoming sections.

Lemma 3.1. There exists a constant C' > 0 such that for any v, M € R? and r > 0,

(3.5) Palr,z+ M) < CA%p, (r,z)O(| M|*r~=).

:)22 2
Proof. Note that the function e~ liv is increasing w.r.t s € [0,00) and the function e

is decreasing w.r.t s € [0,00). Applying the FKG inequality to the probability measure

_d |2 2
pr(ds) == ff(;rs) ;Z"(S()d;d , functions e i and e%, it yields that
0 ww) 2n-(u)du
00 oo _d _l= 0o _d M2
JACE R e e e UL e R UL
0 ' B fOOO(QWs)’%nr(s)ds

This, together with the elementary inequality [a—a|? > 1|a|?—[a]?, a,a € R? and the scaling
property of Sy, yields that

d _ |e+M?

pa(r,x—l—M):/ (2ws)"2e” 2 n.(s)ds
0

a _lz2 M2

S/ (2mws)"2e” s e 2 n,.(s)ds
0

fow(Qﬂs)‘%e_%nr(s)ds IS (2ms)"2e 2 n,(s)ds
fooo(Qws)_%nr(s)ds

2
. . () B 1 i
BERANRRYD) fom(Zws)_gnr(s)ds
27‘7%
fom(Qﬂs)’%e%nl(s)ds

d

J5 (2ms) i (s)ds

Noting that for all a > 1,[z| < 1(¢/* v |z|), we have

a—1
(" + |z + 2]) > |z — |2]) > T(tl/“ + |z]),



which yields that

(B + a4+ 2) 77 < (=) +a]) T >0
a—
This together with (3.1) and (3.6) for z = 1?}2/%, a=35and y=d+ o yields (3.5). O

4 Transition Kernel of EM scheme (2.3)

In this section, we first express the transition kernel of the approximate solution given by
the discrete-time EM scheme in terms of a sum of convolutional terms with iterated kernels
H®:*) and the density of the frozen homogeneous scheme defined in (4.1) below, and reveal
its explicit upper bounds. Following this result, we then finish the proof of Theorem 2.1.

For z € R? and j > 0, let us begin with the “frozen” homogeneous scheme ()N(i(f 13 ’I’xl)izj,

which is defined by

(6),5,z,2’ (6),5,z,2’ . . >(8),5,z,2"
(41) X = X L b(a)o 4 (W s — Way)r 024, X@™ =u

Note that, the drift b is frozen at 2’ in the above definition. In what follows, p‘® (56, x; 59, -)
and pl9®' (48, x;4'6,-) denote the transition densities between times jé and j'§ of the dis-
cretization scheme (2.3) and the above “frozen” scheme, respectively.

To derive the transition kernel of the EM scheme (2.3), we introduce discrete and homo-

geneous infinitesimal generators as follows:

For ¢ € C*(R%R) and j > 0, we define the family of operators ,;fj(;) and .,5%(;) by

(£50)(w) = 6B, IXS3 = 2) — ()}
(29 0)a) =5 {BUEDE) - via)}.

and the discrete kernel H©®) as:

(42)  HOo,x5,0) = (L5 = L (G +1)8, 50,2 (@), J' =G+ 1,



here we use the convention p®=' ((j +1)d,; (j 4+ 1)8,2") = 6z (), where dy,1y(+) is the Delta
function at the point z’.

Similar to to the parametrix method in [20, Proposition 4.1}, we obtain the expansion of
the transition kernel of the EM scheme (2.3) in terms of the transition kernel of the frozen

scheme (4.1) and (4.2), it is stated as the following lemma.

Lemma 4.1. For 0 < j < j' < |T/d], the following expansion holds.
J'=3
(4.3) PO (j6, x50, 2") = Z(ﬁ‘s)’m ®s HOEN (6, 2 58, 2),
k=0
whef,”e ﬁ(é)ﬂxl ®(5 H(6)7(0) — ]3'(6)’17/7 ]’5'(5),:&/ ®5 H(§),(k) — (ﬁ(é)?x/ ®(5 H(‘S)v(kfl)) ®(5 H(é) wzth ®(5 bezng
the convolution type binary operation defined by

j'-1

(f @5 9) (0,3 §'6,2") =6 [ f(§6, 2k, 2)g(kd, 2 j'6, 2 )dz.
k= /R
Proof. By the definition of (4.2), it yields that
HO (6, 2;56,2')y =67 [ (p° = 5) (46,25 (5 + 1)8, 2)P™* ((j + 1)8, 2; /3, 2")dz.
R4

This, together with the Markov property, yields the following identity:

p(é) (]57 €, j,(;) .ZU,) - ]A)‘(é)@l (]57 xT; j,57 .T,)

<
|
—

B / PO (56, z; (k + 1)8, 2 )PP ((k + 1), 2'; 56, y)d’
Rd
- / P9 (§0, ;3 k6, 2)pO") kS, z; §'5, y)d=
Rd
=) 6 / P (36, x; ko, 2)dz
Rd

dz

/ (P — PO (R0, 2 (k + 1)8, 2O ((k + 1)9, /3 576, a)
o
Rd

= 25/ P (56, k6, 2) HO (kS, 2; §'6, 2')dz
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= @5 H®(j8,2'5,2").
Then, the assertion (4.3) follows by by iterative application of this identity. O

The following lemma gives the smoothing properties of the discrete convolution kernel

and the estimate of p® (56, z; 56, 2').

Lemma 4.2. Assume (Al). Then there exists a constant Cr > 0 independent of § such

that for any 0 < j < j < |T/é],

(P @5 HOM)[(j6, 3 16, 2")

(44) Am | Ll (! N cym(1—+ F(l - l)
FIOIZ (G — 5)o)™ a)F(l—}-m(l—

))pa((J —j)é,a’ —x),  m=0,

where I'(x) := fooo t*~le~tdt is the gamma function. Consequently, it holds

i'=J 1-1 1
N CTHbH Ttra - "
45 ®)(j8, ;5’6 S

m=0

pa((G' — )0, 2" — ).

Proof. We divide the proof into two steps.

Step 1. We claim that

(4.6) |HO|(j6,2; 56, 2") < Crllblloo (5 — 7)) = pal((' — )6, 2" — 2), §' > j.

11



Firstly, we prove (4.6) for 7' = j + 1. It follows from (3.1), (3.2), (3.5) and (4.2) that

|H®|(58, x; (j + 1)8,2")

= |(£ = L (G + 185 (G + 18, ) @)

|
= [F{E (erKLIXD =) B (n (R IT> =) }

1 ’o ) )
= glp(‘” — PO (56,2 (5 + 1)8, )
1 / / /
5 |pa(0, 2" — 2 — b(x)d) — pa(d, 2" —x — b(z")d)|

< 2/16]|oo /0 Vpa(d, 2" —x —b(z")d + 0(b(z") — b(x))é)d@‘

< C||bl|losb ™= sup pa(d, 2’ —z — b(a') + 0(b(z') — b(x))6)
0€[0,1]

< Cllpllob ™ pald, 2" — 2)O(98° = [b]1%)
= Cpd apal6, 2’ — ).
Thus, (4.6) holds for j' = j + 1.
Next, we are going to show that (4.6) holds for j' > j+ 1. According to (3.1), (3.2), (3.3),
(3.5) and (4.2), it holds that
[HO|(j6, 2; 56, 2")
1
SH Pa(0,2) PO (G + 1), 2 + b(x)d + 2,56, 2")dz — pt ((j+1)5a:j’5:c)}
— { / Pa(8,2)00% ((5 + 1)6, x + b(2")6 + 2,56, 2")dz — PO ((j + 1)6, x; §'6, x')}‘
Rd
= 1’ / Pa(9, z){ﬁ(‘s)’x,((j +1)0,z + b(x)d + z; 50, 2")
(5 Rd
= PO (G + 13w+ b(a')o + 21'0,2') bz
1 ./ . / Nt .
=3l [ e {pa (@ = G+ 01507 2 = bla)s - 2 = )T - (G419
R
pa ('~ G+ D)0 — b — 2 b~ (G 1)6) bz
Pal(§" = 3)6, 2" = x = b(x)d — b(a) (' = ( + 1))0)

= pal(i = 3)0.3" =2 = b(@)0 = b(a)( = (G +1)9)]

1
m s
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< 2[[bllos Sup Vpa((7" = )8, 2" — 2z — b(a")d — b(z") (5" — (7 + 1)) + 0(b(z") — b(x))9)]

< Clblloo((F = 3)8) "= sup pal(j' = )8, =@ = b(a')(j' = j = 1)8 +6(b(a’) — b(x))d)

0€(0,1]
< Cblloo((G" = 3)0) = pal(§' = )3, 2" = 2)O([(5' = j — 1)< [b]%)

= Crllblloc (7" — 4)8) " pal(j — 5)d. 2" — 2).

Step 2. We are going to prove (4.4).

Due to (3.5) and the increasing property of function ©, it is not difficult to see that

PO (36,8, 2') = pa(( = )62 — 2 = b~ )9)
< CA OBl (G = 7)0)* )pal (7" = 5)8, 2" — )
< CAMOO([IBl|Z T % )pa((5' — 5)d, 2 — x)
=: Crpa((j' = j)6,2" — ).

Combining this with (4.6), we obtain from the definition of operator ®; that

PO @5 HO|(j6,2;5'6, 2)

i'—1

= 52/ 240, k6, ) HO (6, z; 76, 2')dz

<6Z / Crpal(h = )6, 2 — 2)Crlblloe (' = K)O) T pal (7 — k)6, 2" — 2)dz
j'—1

= 0Cr|bllwcpal (' — 3)0.2" —2) Y ((' — k)6)=
k=j

A Jl6 —1

< Calpllapa (' = 0"~ ) (75— )P

76

= Crllblol( = 3)9)HBL1 = D)pal( — 60"~ ).

In the above equation 5(m,n) := ft s™ (1 — s)" 1ds stands for the beta function.

0

Using this and (4.6), we get
P9 @5 HOD| (48, 58, 2")

13



Sdz P @5 HO (56, 3 k6, 2)|[|HO (K6, 2, 56, ') |dz

i’ =1

3 / CRIBIZ((k — )96 1~ D)pa((k — )5,z — o)

(A k>6>%pa<< — k)8,2' — 2)dz
= 6C2|b]|%.8 <1,1—1> (k= )9 — RO pal(f — 0.’ — )

« :
k=j

N 1 ' 11, -1 . .
%Ileioﬁ(l,l—a)/ (v—3jé) = (j'0 —v) = dopa((j' — j)d, 2" — )

46
. , o 1 11 ,
= GBI~ DO PB0,1— 8@~ 11— Dpu(( — )54 ).
By an induction argument, one has
P @5 HO™|(46, 56,z 2)
~m m(( N e\m(1—-L A . 1
FIOIZ(G = )™ @ pal(§ = 5)6,2" —2) [ [ Bl — ~)
=1
A L, 1 ST — 001 - 2)
— ™ pl|m I 5 m(l— ) .
PN (G = 5)0)™ @ pal(5" — 5)d ]1 N
LT L A k- P
e T(1+m(l—1n™ ’ '
Therefore, (4.4) is proved, and (4.5) follows from (4.3) and (4.4). O

We are now in the position to prove Theorem 2.1.

Proof of Theorem 2.1. For fixed t > 0, there is an integer k > 0 such that ¢ € [k, (k + 1)9).
It follows from Lemma 3.1 that

O ko, z;t,y) = palt — kb, y — x — b(z)(t — ko))
(4.8) < C4O((t — ko) = [|blfZ)palt — kd,y — )

= Cipa(t — ké,y — x).

14



Note that Lemma 4.2 implies

T Cr|blloTOST(1 = Ly
(4.9) ~  Tl+ml-73))

Pa((j" = j)d, 2" — x)
< Copol(j' — 5)6, 2" — ), § >3, v,2 € R%
Combining this with (4.8) and the Chapman-Kolmogrov equation, we obtain
PV (js, a3 t,y) = /Rd PO (8, a; [£/6)8,2)p ) (|t/6]6, 2 1, y)d=
<CiCa [ palt = L4/618.y = 2Ipal(14/0) = . = 2)d:

= COpa(t —jo,y — x).

The proof is therefore completed. [

5 Proof of Theorem 2.3

Before finishing the proof of Theorem 2.3, we prepare some auxiliary lemmas.

Lemma 5.1. Assume (A1l)-(A2), and let T > 0 be fixed. Then there exists a constant
Cr > 0 independent of § € (0,1), such that for any € € (0,1),
! (9) (6)y2 2 2€) 5e
G [ R~ o)< Cr (5% ) + BTN T i)
0
Proof. Observe that

T )
/ Eb(XD) — b(XD)Pdt = / Eb(X®) — b(X®)2dt
0

LT/8) rTA(k+1)5
#3 [ T EMX®) - )P
k=1 ko
It follows from (A1) that
§
(5.2 | BB - bt < el
0

15



For t € [kd, (k+1)d), noting the independence between XY Y. ) and Wg, — Ws,,. Similar to the
Gaussian bounds for the EM scheme in [24, Lemma 3.5], we use the explicit upper bound of
the transition kernel p(®, i.e. Theorem 2.1 and derive that
5 5
Efb(X,") - b(X,Ea’)P
5

= EIb(X}) + b(X5)(t = kd) + (W, = Wi,)) = b(XG5)P
>3 = b — b(y) P D(0, z; k6, y)p® (kd, y; dyd
- Rd Rd‘ (y—|—2') (y)‘p (vaa 7y>p ( 7y7taz+y) ydz
<C [ [ 1o+ 2) = b Ppalbiy = 2)palt - k6, 2)dyds.

Re JRd

By (A1), (A2), Holder’s inequality, (3.4) and (2.2), we obtain

/|by+z ) = b(y)[2pa(kd, y — 2)dy

< {( [0+ 2= sPan) ([ pulsiy—na) 7}

< C (k) 2V P |b||3 (|2 A 1),
We therefore infer from (5.3) that for any € € (0,1) and ¢ € [k, (k + 1)J),
EJb(X,”) — b(X3)I*
< C(k8) VP |[b|13, éd{IZIw A 1}pa(t = k0, 2){1(2p20) + Lizgcar Y2
(5.4) < C(ks)~ P )3, (E(|W35|26 AD1lapzay + 5%1{25@})
< C(k8) 2 ), (B W, ") sz + 0% 1psca)
= C(k6) /P b3, (EIWA*B(SE )0 sy + 0% Tpascar )

where the second inequality is due to the fact that for 25 < a,
[0 A Ut )z < [ (a7 A 10 4120
Rd
p2B+d—1
< C/ ——dr
ta —|— r d+a

1
te p2B+d—1

= (/ / T dr<ot®.

0 ta —|— 'r‘ d"ra
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Noting that fOT r~24/(eP)dr < 0o due to (A2), we arrive at

LT/6) rTA(k+1)5 s 5 . o
23!/' EJb(X(") = b3 At < Cr (5% Lppea + EIWAI"E(S? )0 Loy )
=1 Jks
This combined with (5.2) implies (5.1). O

Next, we use Theorem 2.1 to derive the Krylov estimate and the Khasminskii estimate of
(Xt(é))tzo, see [9, 18, 29, 30, 32] for more results about Krylov’s estimate and Khasminskii’s

estimate.

Lemma 5.2. Assume (Al). Then, for any ¢ > (d/a V 1), there exist constants C,c > 0

such that Krylov’s estimate
55 B [ IHXOar|7) <CUilu(e -0, fe L@ 0<s<t<T,
holds, which implies the Khasminskii estimate
T . d1
(5.6) E exp ()\ / | f(Xt“))\dt) < QHTEII) =D e LaRY) X > 0.
0

Proof. For 0 < s <t < T, note that

t

/ F(X) Idr y :JE(/:A(W)If(X@)\dr\%) HE(/t yf<X,£5>)ydr)g;)

/\(85+5)

=: I;(s,t) + I1(s, ).

For t € [s, s5 + 0],
X0 =X 4+ o(XD)(r — s5) + (Ws, = Ws,,) + (Ws, = Ws,), 1€ [s,s5+96),

in view of the independence between Wg — Ws, and %, we derive from (3.4) and Hélder’s

inequality that for any ¢ > d/a,

tA(s5+90) w=Ws—Wi;
hst) = [ b)) w o+ 2palr s, 2)dz|
s R4 -
(57) f / (ss+9) d/atd(g—1)/(aq) (t _ 8)1 d/(aq) f
< r— )" eTRETUAMqr <
< Il f (r—s) S T d(ag) Wl
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Using the Markov property and the tower property of conditional expectations, one has that

[Q(S,t)g/s:é ( FIX®) |) >dr_/s+a (E(|f(X1§5))]‘g585+5)]ﬁs)dr
= [ B (RO X0, ] )ar
5546

Applying Theorem 2.1, Hélder’s inequality and (3.4), we conclude that
5 5
BI(F(X)X )] = / @I (s + 8, X85 y)dy
_d
<C [ 15@)palr = ss = by = X\p)dy < € =55 =8) ],
R

Therefore, it holds that

(5.8) Ly(s,t) < C(t — s)' =YD £,

which, together with (5.7), implies (5.5).
The remaining procedure of deriving (5.6) from (5.5) is standard. For readers’ conve-

nience, we sketch it here. For each k > 1, applying inductively (5.5) gives

t k
E X©O)|d fs):k!ﬂa XON - f(XD )|
([ resomar)|z) =re( [ ol
(5.9) cedne B[RO0l

Tk—1

<E(C(t =)D fll)F, 0<s<t<T

where

Ng(s,t) :={(ry,- - ,Tk)ERk:sgrlg---Srkgt}.

Taking & = (QCAHqu)_l*d}(a@, and combining this with (5.9), we derive

YAVA oo 1

(5.10) E(exp (A /( o )| ) < Sy izt

11— :
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which further implies that

T T
Eexp <)\/0 yf(X§5>)|dt) :E{E(exp (/0 \f(Xf5’)\dt>\3"LT/aoJao}
|T/50]
—E(GXp( Z / ’dt)
(5.11) X E(exp (A /T |f(Xt(5))|dt) ‘%T/wo))
|T"/d0]d0

|T/d0]
<2Eexp( Z / |dt)

<. . < 21+T/50.

Therefore, (5.6) holds. O

The following lemma is concerned with Krylov’s and Khasminskii’s estimates for the
solution process (X;):>o to (1.2), which is more or less standard; see, for instance, [9, 18, 29,
30, 32]. Whereas, we herein state them and provide a sketch of its proof by using explicit

upper bound of heat kernel.

Lemma 5.3. Assume (Al). Then for any q > (d/a V1),

(5.12) / f(X \dr ) SO fllg(t =) "%, fe /R, 0<s<t<T,
and
’ =D
(513) Eexp ()\/ ‘f(Xt>|dt> < 21+T()‘CHqu) - /(aq)7 f c Lq(Rd>, A>0
0

hold for some constants C, ¢ > 0.

Proof. By [5, Theorem 1.5 and Remark 1.6}, we conclude that the solution X; to SDE (1.2)
at time ¢ has a probability density under condition (A1), and we denote it as p(0, z;t,y).

Moreover, it satisfies the upper bound as follows:

(5.14) p(0,2;t,y) < Cpao(t,y — ), 0<t<T,z,yeR

19



This, together with Holder’s inequality, Markov property and (3.4), yields that

dr

r=Xg

5 [ x| = [ sisoe)
(5.15 <o [ [ 1@lpatr—su—a]_ ar

S

< O(t = )~ VD| £,

By repeating the same procedure as in the proof of (5.6), we can derive (5.11). O

For a locally integrable function h : R? — R, the Hardy-Littlewood maximal operator

A h is defined as below

1
(A D) () = sup h(y)dy, = eRY
r>0 | Br(z)] B,(z)

where B, (x) is the ball with radius r centered at the point x and |B,(z)| denotes the volume

of B,(z). Then, we obtain the following estimates.

Lemma 5.4. There exists a constant C' > 0 such that for any continuous and weakly differ-

entiable function f:R? = R,

(5.16) [f(@) = f)| < Ol —y{(A |V fI) (@) + (A|IV D)}, ae z,y€R

Moreover, there exists a constant Cy, > 0 such that for any ¢ > 1 and f € L4(RY),
(5.17) 12 fllg < Collfllq-

The proof of (5.16) can be found in [33, Lemma 3.5]. (5.17) is a well-known inequality as
“Hardy-Littlewood maximal strong type estimate”, please refer to [27, Theorem 1] for more
proof details, we omit it here.

We cite the following lemma [31, Lemma 2.3] for future use.

Lemma 5.5. Let ¢ > 1 and v € [1,2]. There ezists a constant C' = C(q,~,d) such that for
any f € H,
1FC+2) = FOllig < 17 f e
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To overcome the difficulty caused by the possible discontinuity of the drift b, we give some
results on Zvonkin’s transformation. More precisely, for any A > 0, consider the following

elliptic equation for u* : R — R?

(5.18) Lu + b+ Vyut =

where b is given in (1.2), .2 is defined as

(5.19) ZLf(x) = /Rd_{o}{f(ﬂf +2) = fx) = (Vf(2), 2)Ljz<ny pr(d2).

According to [29, Theorem 4.11] and Sobolev’s embedding (2.1), we have the following

lemma.

Lemma 5.6. Assume (A2). Then, for any vy € (1+a/2—-08)V1V(d/p—F+1),a), there
exists a constant \g > 0 such that for any X > X\ (5.18) has a unique solution u* € Hg*ﬂ
satisfying

1
(5.20) IVurlloo < 5, 6 lssp < Cillbllss,

\)

for some constant Cy > 0.
Now we are in position to complete the proof of Theorem 2.3.

Proof of Theorem 2.3. Firstly, recall that the Lévy-It6 decomposition of W, is

t t
(5.21) Ws, = / / zN(ds, dz) —i—/ / zN(ds,dz), t>0,
0 J{lz|<1} 0 J{lz>1}

here, N is the Poisson random measure with compensator v(dz)dt. Set 6*(z) = = +
uMz),z € RY, and Zt(é) = X, - Xt((s). According to Itd’s formula in [29, Lemma 6.4],

we obtain from (5.18) that

dOMNX,) = MM X,)dt + dWs, + / [ (X + 2) — vN(X, )N (dt, d2)
R?—{0}

AN (X)) = MAN(Xp)dt + VONX ) (B(XD) — b(XV))de

+dWs, + / AN XD + 2) — N XD N (e, d2).
Ré—{0}
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Set 07 (X, Xt((s)) = 0MX;) — 9’\(X ) and g(x,2) := u*(x + 2) — u*(z). Then, it follows that
A0 (X, X)) = A(u(X) — uM X))t + VO X)) (X)) — (X))t
(5.22) + / [Q(Xt—7 2) = g(X{, Z)] N(dt,dz)
|z|>1
s ot - ol 2)] Nt o)
0<|z|<1
We obtain from (5.20) that

9

1 oy 5 5
(5.23) 71207 < [P0, X < S1Z20P,

By It6’s formula and (5.23), we arrive at
1Z0P < 4107 (X,, X))
t
<8\ / BN (X., XD), 0 (X,) — 1 (XD))ds
0

S [ B0, X, 9060 6069) — by

t 2
+4/ / ‘g(Xs_,z) —g(XS(i),z)‘ v(dz)ds
0 Jiz|>1
t 2
4 / [ Jotes) = g0 [ uras
0<|z|<1

(5.24) +af / [ 9L X0 ) - X, XD LR (s, d2)
|z|>1

/ / 0(Xe, X g — [P(X,, X)) N (ds,d2) )
0<\z|<1
4

where 0 (X;, X2, g) = 02 ( Xy, X))+ g(X,—, 2)— (X, 2)). By means of (5.20) and (5.23),

we obtain
t
(5.25) 19(#) < 6 / QI
0
Similarly, by virtue of (5.20), (5.23) and Young’s inequality, we arrive at

(5.26) / |Z5>|2ds+/ b(X)) — b(X )2 ds}



Thanks to [12, (2.9), (2.12)], there exists a constant C(¢,v) > 0 such that

(5.27) IV < C/t/l 9l

Let ye (1+a/2—08)V1V(d/p—pF+1),a). Define

-

) t
Xy ) — g(x9. ) duv(dz) < C(t,v) / 120 2du.
0

Uz, 2) = |7V (@ + ) — V()]
It follows that
(5.28) Vg(-, 2)(x)] = Uz, 2)| 2771

Noting that (Z(f))*(z) < .#(f*)(x) due to Jensen’s inequality. By (5.16), (5.28) and [29,
(3.3)] for B = L*({0 < |2| < 1},v), we get

](5) )

//o<|z|<1 X,_, )—g(Xé‘s),z)‘stu(dz)
<20 [1Z0{a( [ 19atoPua)
+//1(/0<|z<1 Vgl 2)Pr(dz) ) (x2) fas
—20, [ V2O L ([ 0C R ) o
+///(/0<|z§1 yU(-,z)\zyzyﬂﬁﬂ—l)y(dz))(X§‘i’)}ds.

As a result, plugging this with (5.25)-(5.27) into (5.24) gives that

t t
ZOP<Cy [ sup 205+ 40+ [ CxI) — b(XD) Pas + 1,
0

0 7€[0,s]

where M, is a local martingale, and

o= [ Lo [ o)
+//z(/0<2|<1 UG 2)PIPH () (X9) s
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By (5.17) and Minkowski’s inequality, we have

([ L DCAREP T )

<c / 1UC, )2 2P Du(dz).
0<z|<1

P
2
This together with Holder’s inequality and the fact f0<|zl<1 2|25+~ Dy(dz) < oo due to

2(+v—1) > «a, we derive that for any ¢ > 0,

Bop (e < (E P {QC /Ot ( /0<|Z|S1 U 2) P00 Du(dz) ) (XS_)ds}> v

) (Eexp {QC /Ot%</o<z|<1 s Z)|2|Z|2(5+7_1)V(dz)>(Xé(s))dS}y/2

ap
{14126 ey IV CRRIPE D)) 77 |

IN

2

ap
{1+t(2CC’Hb||§7p) ap—2d }

?

IN

2

where the second inequality is due to (5.6), (5.13) for taking parameters A = 2¢ and ¢ = £,

and in the last display we used the fact that
16— A A L/p
JUC, ) = 121727 (] 1V (@ +2) = Vi (@)Pde)
Rd
< | P TVl g1 < Nullprp < Cllbls s,

which is due to Lemma 5.6 and Lemma 5.5.
Consequently, we deduce by stochastic Gronwall’s inequality (see e.g. [29, Lemma 3.8])

that, for 0 < k' < Kk < 1,

, 1/K’
<]E< sup ’Zs(é)|2n>>
0<s<t
t

g( K )1/"'(Eemt/u—n))“_”)“x /0 {03E|b(xs<5>)—b(X,Sjj))\?}ds.

Kk — K
Taking «" = 7 and combining with Lemma 5.1 implies that (2.5) holds. O
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