Available online at www.sciencedirect.com _
stochastic

ScienceDirect processes
and their
applications

CrossMark

Stochastic Processes and their Applications 126 (2016) 1145-1183

www.elsevier.com/locate/spa

Weak error for Continuous Time Markov Chains related
to fractional in time P(I)DEs

M. Kelbert?, V. Konakov?, S. Menozzi®*

& National Research University Higher School of Economics, Shabolovka 31, Moscow, Russian Federation
bLaMME, UMR CNRS 8070, Université d’Evry Val d’Essonne, 23 Boulevard de France, 91037 Evry, France

Received 20 May 2015; received in revised form 8 October 2015; accepted 31 October 2015
Available online 17 November 2015

Abstract

We provide sharp error bounds for the difference between the transition densities of some multidimen-
sional Continuous Time Markov Chains (CTMC) and the fundamental solutions of some fractional in time
Partial (Integro) Differential Equations (P(I)DEs). Namely, we consider equations involving a time frac-
tional derivative of Caputo type and a spatial operator corresponding to the generator of a non degenerate
Brownian or stable driven Stochastic Differential Equation (SDE).
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

We are interested in the probabilistic approximation of P(I)DEs of the following type:
lu(t, x) = Lu(t,x), (1,x) e RE x RY, w1
u(0,x) = f(x), xeRY, '
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where 8}3 , B € (0, 1), stands for the Caputo—Dzherbashyan derivative and L is the generator
of a Brownian or stable driven non degenerate SDE (see Egs. (2.9), (2.10) for the respective
definitions of the Caputo—Dzherbashyan derivative and the spatial operators considered). Equa-
tions of the previous type appear in many applicative fields from natural sciences to finance, see,
e.g., Meerschaert et al., [28,29] and references therein.

Under suitable assumptions, the solution of (1.1) can be represented as u(t, x) := E[ f(X g;f )]

where (X? )s>0 solves the SDE with generator L and (Zf )r>0 is the inverse of a stable
subordinator of index 8 € (0, 1) independent from X 0¥ "This therefore extends the “usual”
Feynman—Kac representation, corresponding to 8 = 1, to the fractional case 8 € (0, 1).

Many probabilistic numerical approximations of u (¢, x) have been considered when 8 = 1.
We can for instance mention the works of Konakov et al. (see [19-21] in the non degenerate
diffusive case or [22] for SDEs driven by symmetric stable processes) that investigate the Euler
scheme or, more generally, the Markov Chain approximation of the spatial motions in terms of
Edgeworth expansions or Local Limit Theorems (LLTs). We can also refer to the works of Bally
and Talay for the Euler scheme of some hypoelliptic diffusions [2,3] or [23] for associated LLTs.

In the current (strictly) fractional framework two additional difficulties appear. Firstly, it is
known that the fundamental solutions to (1.1) exhibit, additionally to the usual time singularity
in short time, a diagonal spatial singularity, see e.g. Eldelman and Kochubef [11] for the current
case or Kochubei [16] for extensions to higher order fractional derivatives 8 € (1, 2). Secondly,
the inverse of the subordinator leads to consider random integration times that might be either
very small or very long. The analysis of the discretization error in the previously mentioned
works was always performed for a fixed final time horizon 7 and the constants controlling the
error estimates depend explosively on 7 for small and large times. We must therefore carefully
control these explosions. In short time we must handle the spatial singularity of the fractional
heat kernel whereas in long time, the explosion is compensated by the fast decay of the density
of the inverse subordinator. Let us mention that those difficulties may deteriorate the “usual”
convergence rate for the weak error even for the Euler approximation. We establish error bounds
for the Euler scheme and the Markov Chain approximation of a diffusive SDE, Theorem 3.1, and
for the Euler scheme of a stable driven SDE, Theorem 3.2. We emphasize that Kolokoltsov [18]
also considered probabilistic schemes to approximate equations of type (1.1) in a more general
setting, namely considering a fractional like time derivative that could depend on space as well.
He establishes convergence of the schemes towards the expected solution but since the approach
relies on semigroup techniques, no convergence rates are provided.

The article is organized as follows. We first recall in Section 2 which are the probabilistic
tools needed to give representations and approximations of the solution to Eq. (1.1). We then
state our main results in Section 3. The proofs are given in Section 4 which is the technical
core of the work. Some perspectives are considered in Section 5. Technical results concerning
the parametrix expansions, which are needed to establish the short and long time behavior of
the involved spatial densities, are collected in Appendix A. As a by-product of our analysis, we
obtain two-sided heat kernel estimates for the fundamental solution of (1.1) in Appendix B.

2. Probabilistic objects associated with Cauchy problems with time fractional derivatives
We first recall how a probabilistic representation for the solution of (1.1) can be derived

considering the special case of L being associated with a d-dimensional symmetric stable process
of index o € (0, 2], thus including the Brownian motion. We write for ¢ € Cg (Rd, R) (space of



M. Kelbert et al. / Stochastic Processes and their Applications 126 (2016) 1145-1183 1147

twice continuously differentiable functions with compact support), L¢ (x) = 1 A¢ (x) fora = 2
whereas for @ € (0, 2):

Lp(x) = /Rd{dﬁ(x + ) — o (x) = Vo (x) - yljyj<1}udy)

= /R o (PO F D) =90 = V@) - IyI5Ty=t}ly ™ dlylv(d), @)

where v is the spherical part of © and is assumed to be non degenerate, i.e. there exists

VESR S N /S (& mI“v(dn) < Alg|”. 22)

Observe that if (S),>0 is a stable process with generator L then

Vi z 0, Ve e R g (§) = Elexp(i(5. 57))] = exp (—rca fs e n>|“v(dn>) :
where the explicit value of C, can be found in Sato [36].

Let us now discuss heuristically how some suitable scaling limits of Continuous Time Random
Walks (CTRWs) actually give a probabilistic interpretation of the solution to (1.1). A rigorous
connection between CTRWs and the solution to (1.1) can be found in Section 5 of the work by
Meerschaert and Scheffler [27], when the spatial motion is «-stable. These objects thus provide
a natural approximation scheme to (1.1). Basically, CTRWs are random walks that wait a certain
amount of time between their jumps. In the i.i.d. case, the mechanism can be described as follows:
let (T}, Y;);en+ be a sequence of Rt x R¢-valued i.i.d pairs of random variables defined on some
probability space ({2, F, P). For all # > 0 one defines:

N m
F;:=ZY1', Ntzzmax{meN:ZTiSl}-

i=0 i=1
If the (7;);eN+ are exponentially distributed and independent of the (Y;);en+ the process (I});>0
is easily shown to be Markovian. This property clearly fails in the general case. Of particular
interest is the case when the (7;);en+ and the (Y;);en+ are independent and respectively belong
to the domain of attraction of a §-stable and «-stable law with 8 € (0, 1) and o € (0, 2]. This
property indeed yields that:

lnu] [nu]
(rr”f‘Z'n) = (SP)uz0, and (f”azyi) = (S)uz0, (2.3)
i=1 u>0 i=1 u>0

up to some possible additional multiplicative slowly varying function in the normalized constants
n~1/B n=1/* which we omit here for simplicity. Above, |-| stands for the integer part and we
use the convention that Z?:l = 0. Also, S%tisa B-stable subordinator, i.e. a Lévy process with
positive jumps and Laplace transform stﬁ()») = E[exp(—ASf’+)] = exp(—urf), A > 0.0On
the other hand, we will assume that S is a symmetric R?-valued stable process with generator
asin (2.1).

In the above equation, the symbol = stands for the usual convergence in law for processes,
in the respective Skorokhod spaces of cadlag functions D(R™, R™) and D(R™, R9), for the
Ji-topology. The second identity in (2.3) follows from Theorem 4.1 in Meerschaert and
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Scheffler [27]. On the other hand, equation (2.5) in [27] gives the convergence in distribution
over all finite dimensional marginals for the first identity. Convergence in D(R™, R™) can then
be established following the arguments of the proof of Corollary 3.4 of the same reference.

Now, the rescaled process associated with the number of jumps (N;);>0 also has a limit,
namely Corollary 3.4 in [27] yields (n# Ny;)i=0 = (Zf),zo in D(R*, R™) for the J;-topology,
where Zf} = inf{s > 0 : Sf T+ t} which is the inverse process of a -stable subordinator.
Since Sf s increasing in s, Z{s also corresponds to the first passage time of S#* above the
level ¢. Thus, one formally has:

Nt
((nﬁr”“ Zn-)
i=l1 >0

nP (=P Nuy)
(nﬂ)—l/a Z Y; = ( ;ﬂ> .
t/t>0

i=1 >0

(n_IB/Ol Fnl)tzo

The above convergence has been first rigorously established in D(R*, R?) for the M -topology
in Theorem 4.2 of [27] whereas the convergence in the Ji-topology follows from Theorem 3.6
of Straka and Henry [39]. From the independence of S* and Z#, the limit random variable S; P

t
has, for any ¢ > 0, an explicit density that writes:

+o00
q(t,x) = /0 pse(u, x)pzs(t, u)du, 2.4)

where pge (1, x) = (2;1;)!1 fRd exp(—i{x, A))psx (A)dA and pzs(f, u) stands for the density of ij
at point u. We refer to Corollary 4.2 in [27] for a proof of (2.4).

Observe also that, since IP[Z;S <ul]= IP’[Sf T+ t], we have the following relation between
the density of the inverse Z# and the density of the subordinator S#:

t
pas(t.u) = 8,P[Z] <ul=8,(1 —P[SPF <1]) = _8uf psp+(u, y)dy. (2.5)
0
We also have the following important property for this density.

Proposition 2.1 (PDE Associated with pzp). For fixed t > 0, the density pzp(t, u) satisfies in
the distributional sense the equation:

(Df +0,)pzst, u) = 8(u), (2.6)

t
ra-g
where & stands for the Dirac mass at 0 and ]D);g denotes the Riemann—Liouville derivative.
Namely, for a function h and B € (0, 1):

t
/ h(t —uw)uPdu

pron_ L d
D’h(”‘m—ﬁ)dr{o }

Proposition 2.1 is a special case of Theorem 3.1 in Baeumer and Meerschaert [1]. Additional
details can be found in Section 5.1 of [29].
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From (2.4) and (2.6) we therefore formally derive that for all # > 0:

8 +00 =B
Dy q(, x) =f pse (u, X){ dupze(t,u) + 5(14)}
0 ra-g
+00 1~
= /0 Oupse (U, x)pzp(t, u)du + 1"(1——ﬂ)8(x)
=B
=Lq(t,x)+ F(l——ﬂ)S(X)’ 2.7

where we used that 9, pse«(u, x) = Lpse(u,x) (the spatial density satisfies the Kolmogorov
backward equation) and the fact that S — 0. We have also denoted by §, with a slight abuse of

u—0
notation, the Dirac mass at 0 in R. A rigorous proof for Eq. (2.7) again follows from Theorem
3.1in[1].

In other words, the transition p.d.f. ¢ of (§¢ 2 )r>0 can be viewed as the fundamental solution of
(2.7) (see also Theorem 5.1 in [27]). Hence, for a given continuous initial data f, the associated
Cauchy problem solved by u(¢, x) = E[ f(x + S;g)] writes:

t

B _ ! * d
Dy u(t,x) = Lu(t,x)+ Ta—p) —f(x), (t,x)eRy xR, 2.8)

u,x) = f(x), xeR%

Alternatively, Eq. (2.8) can be rewritten in terms of the Caputo—Dzherbashyan fractional
derivative, denoted 8,’5 hereafter, recalling that for a smooth function 4 and g € (0, 1):

B 1 '
8, h(l) = [‘(1—_13)/0 h/(t - M)uiﬂdu,
-8
DPh(r) — F(i—_ﬁ)h(O) =’h@), t>o0.

Applying identity (2.9) to the function h(¢) = u(t, x) yields that (2.8) rewrites:

(2.9)

{atﬁu(t, x) = Lu(t,x), (t,x) € R} x RY,
u(0,x) = f(x),

which corresponds to the initial equation (1.1). The probabilistic representation of the solution
to Eq. (1.1) thus writes u(f, x) = E[ f (x + S;ﬁ)].

Let us mention that, in the special case L = A2 A, some explicit expansions of the density of
V2 XSZ have been obtained by Beghin and Orsingher [6].

We will now consider the problem of approximating solutions to the fractional Cauchy
problem (2.8) (or in its Caputo—Dzherbashyan formulation (1.1)) for generators of the following
form:

1
Lig(x) = (b(x), Vo (x)) + ETr(ao*(x)D)%(x)) or

Lag(x) = (b(x), Vo(x))
+ /Rd{cb(x +0(x)y) — ¢ () = Vo (x) - 0(xX)yliox)y<1}(dy), (2.10)
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for u(dy) = |y|”M*9d|y|v(d¥) as in (2.1), in Egs. (2.8), (1.1). We consider homogeneous
operators in time for notational simplicity. Let (X;)s>0 solve the SDE with generator given in
(2.10), i.e.

t t
X; =x+/ b(Xs)ds—i—/ o (X;-)dY; 2.11)
0 0

where Y is a Brownian motion in the diffusive case and a symmetric a-stable with « € (0, 2)
process with Lévy measure p otherwise. Under suitable assumptions, typically smoothness
and boundedness of b, o0 and non degeneracy of o, the transition probability function of X
is absolutely continuous and the density is itself smooth and must satisfy the Fokker—Planck
equation, see e.g. Nualart [33] in the diffusive case, Bichteler et al. [7] in the jump case under
some integrability constraints on the jumps, and Chakraborty [8] in the stable driven case.

In all those cases, for ¢ > 0, the density p(z, x, -) of X; in (2.11) is the fundamental solution
of (1.1) with B = 1,i.e. (3, + L)p(t,x,-) =0for L = Lyor L = Ly and p(t, x, ) =0 6x(-).
From this property, and provided some good integrability properties are available for p(z, x, -)
(see Lemma 4.10), the arguments of Theorem 3.1 in [1] and Corollary 3.1 in [27] can be
reproduced to derive that the density PX g of X 2" at time ¢ > 0, which writes through a

conditioning argument for all (x, y) € (R%)2:

+0o0
px 5 (x,y) = / p(u,x,y)pze(t, u)du, (2.12)
t 0
is the fundamental solution to (1.1) for 8 € (0, 1), i.e. for a continuous f in (1.1):
Vit e RT xRY u(t,x) =E[F(X)]. (2.13)

Let us also mention that modifying the laws of the waiting times of the initial CTRW including
a possible dependence on the previous jump time and spatial position, leads to consider at
the limit a modified fractional derivative in time. We refer to Kolokoltsov [18] for details
and results concerning the extension of the formula (2.13) and convergence of the associated
approximations. Let us emphasize that the semi-group approach (convergence of the generators)
used in [18] gives convergence of the one dimensional marginals for these models. The process
convergence in the Skorokhod space for an appropriate topology still seems to be an open
problem.

3. Assumptions and main results
3.1. Assumptions on the coefficients and approximation scheme

We assume that the coefficients in Eq. (2.11) satisfy the following conditions:

(S) The coefficients b : R? — R4, ¢ : R? — R? @ R? are assumed to be bounded as well as
their derivatives up to order 6.

(UE) There exists 4 > 1 s.t. for all (x, £) € (R%)%:
ATNE? < (oo (0)E, &) < AlEI%.
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Now, we consider for a given time step & > 0, setting for i € N, #; := ih, the following Markov
Chain approximation of Eq. (2.11):

VieN, Xp =Xp+bXDh+oXDh nig, X§=x, 3.1

for i.i.d. R?-valued random variables (mj)j=1and a € (0,2].

Also, since we are considering the fractional derivative, we can first explicitly and exactly
simulate the S-stable subordinator on the infinite time grid, i.e. (S,f ’+),<GN, using the scaling
properties and the independence of increments, from the procedure described in Chambers
et al. [9]. Precisely, we recall that if © is uniformly distributed on [0, 7] and W is an exponential
variable with mean 1 and independent from © then for all 8 € (0, 1):

sin(1 — B)0) sin(p0)#/(1=F)

1 _
P ag(0) W) PP Vo € (0,7), ap(®) = @ TP

(3.2)

From the exact simulation on the time grid, a natural choice to approximate the inverse process
Zf is to consider the discrete inverse process:

Vi =0, ZP"=infls; = ih: P > 1) (3.3)

Thus, for a given 7' > 0, we finally approximate X s appearing in (2.13) by XZM.
r T

Let us mention that the smoothness assumption (S) could be weakened in the case of the Euler
scheme. These smoothness conditions are actually those required to apply the results of [21] for
the Markov Chain approximation in the diffusive setting, i.e. for ¢ = 2.

We also indicate that schemes of the type (3.1)—(3.3) had already been proposed by Magdziarz
et al. [25], without convergence analysis, to approximate the solution density of X 5. Let us also

T
mention that “particle methods” had already been considered in Zhang et al. [40] to approximate
the underlying PIDE(s) for the case of a stable like spatial motion for the usual time derivative.
Again, no convergence rates are proved.

Remark 3.1 (About the Innovations in the Spatial Approximation Scheme (3.1)).

— In the diffusive case, corresponding to generators of the form L in (2.10), or equivalently to
a = 2, we will typically consider for the (17;) jen+ in (3.1) standard i.i.d Gaussian variables
or i.i.d. random variables with polynomial tails whose moments match those of the standard
Gaussian law up to a given order.

— In the strictly stable case, corresponding to generators of the form L, in (2.10) (or to
a € (0, 2)), the situation is more complicated. Considering the Euler approximation in (3.1)

amounts to say that n; (law) Y1, j € N* and would require to be able to exactly simulate
the driving process (Ys)s>0 in (2.11). Now, few symmetric stable processes can be exactly
simulated in R, d > 2. This is for instance the case if the spectral measure v in (2.1)
writes as a sum of n Dirac masses, n € N, on S9!, Then Y | can be realized as a sum of n
independent one-dimensional symmetric stable random variables that can be simulated using
directly identities (2.3) and (2.4) in [9] or from (3.2) and Gaussian subordination. This last
technique can be extended to the multidimensional case. Indeed, if N is a standard Gaussian
vectorinR?, d > 1, then fora given matrix A € RIQRY, 7 = (S‘lx/z’+)l/2AN, where S(]x/2,+
stands for the «/2 stable subordinator at time 1, has Fourier transform E[exp(iA - Z)] =
exp(—27%2|A*A|*), A € R?. The random variable Z is called elliptically symmetric.
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Observe that if AA* is non degenerate then the non-degeneracy condition (2.2) is fulfilled.
This condition guarantees the existence of the density of Z in RY. When, for d > 2,
the symmetric stable driving process cannot be simulated explicitly, we can under the non
degeneracy condition (2.2) approximate the spectral measure of Y7 by a discrete sum of Dirac
masses of the previous type for which the associated random variable can be simulated exactly.
We refer to Nolan and Rajput [32] for practical discussions on the choice of the points and
associated error bounds on the difference of densities of the two random variables. Another
approach might be to use random variables that can be explicitly simulated and converge, up
to a suitable normalization given by a limit theorem, to the random variable with the required
spectral measure. This scheme is proposed in Zhang et al. [40] to approximate a spatial Lévy
motion (see Section III in that reference). Again, the difficulty in this approach consists in
controlling the induced error.

3.2. Diffusive case

This case is associated with spatial motions with generators of the form L in (2.10). We then
specifically assume that @ = 2 in (3.1) and that the (n;) ;> are s.t. their moments coincide with
those of the standard Gaussian law in R? up to order 2. We consider two kinds of conditions:

(Ieu) The (n;)j>1 have standard Gaussian densities (so that the above scheme (3.1) is the usual
Euler discretization).
(In) For a given integer m > 2d + 1, the (n;)j>1 have a density Qs which is C* and has,
together with its derivatives up to order 4, polynomial decay of order M > d(2m + 1) 4 4.
Namely, for all z € R? and multi-index v, |v| < 4:

|D,Qu(2)| < Cy(1+|2D~M.

We say that assumption (Ap gu1) (resp. (Ap )) is in force as soon as (S), (UE), (Igy) (resp.
(I,)) hold. We write (Ap) whenever (Ap gul) or (Ap ;) holds.
It is well known that under (Ap) the random variables X, X ff have densities for all >

0,i € N* respectively, see e.g. [19]. This property then transfers to X s and X Z p.» thanks to the
T T

convolution equation (2.12) and its discrete analogue for the approximation (see Eq. (3.4)). We
will denote by p X, and p Xty the associated p.d.f. To distinguish precisely the approximations
T ZT’

under (Ap gul) or (Ap m) we will specifically denote, when needed, by X Eul.

, pEun the Euler
zhh ple;s,/:

T
approximation and its density.

We first have the following density bounds for the random variables X 5 and X Eulh yh b
T

B.h >
Zr T

Proposition 3.2 (Existence of the Density and Associated Estimates). Under (Ap), for a given
T > O, the laws of the random variables X , and X ?g;f' starting from x € R? have densities
T T

PX g (x, ), pyrun(x, ) in R4\ {x} for d > 2, and on R for d = 1. The expression of PX s (x,9)
T Zﬁvh T

T
is given by (2.12) whereas

h
Pyuan(x,) = O PIZE" = i1pPM i, x, ). (34)
77"

i>1
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Furthermore, there exists ¢ = c((A), B) > 1 s.t. forall (x,y) € R)2 and x #+ yif d > 2,
the following estimates hold:

(px 5 + PXEL;;,/h)(x, y) <c(pp+ pp)(T,x —y) (3.5
T zPh

T

where
pp(T.x —y) = Lz Laz3 exp(cTP/?)
a T \TPPx =yl T TP — a2

X exp (—cl —|x _ y|2>
TF )"

3 exp(cT /() Ly e
pg(T,x —y) = — g exp| —c ! 77 . 3.6)

For the Markov Chain approximation, under (Ap ), p Xy, expands as in (3.4) replacing p=*""
.

by p", and for all (x,y) € R)?, x # y,d > 2:

pxh (x, ) < cAG@um—1)—1d-2) 41421 + @2m—1).p}Y (T, x — y) (3.7
ZTy

where for all | € N*:

. ' Li<> Li=3 /2 =y~
q.p(T,x —y) = <T5/2|x—y|ﬂd=2 + Thlx — yji 2 exp(cT"’<) x l—l—w )

l5—3]
. _ exp(cT’s/(Hﬂ)) Ix — yl -8
Gp(T.x = y) = =1+ 73 . (3.8)

Proposition 3.2 is a direct corollary of our technical estimates (see Lemma 4.11 and its proof).
We also establish in Appendix B a similar lower bound for the density of X s, proving that the
T

estimate is sharp.
We now have the following convergence result:

Theorem 3.1 (Error Bounds for the Approximation Schemes).

— Euler scheme. Under (Ap gu1), there exists ¢ :== c((Ap)) s.t. for a given time step h € (0, 1),
a deterministic time horizon T > 0 s.t. T > h'/? (not necessarily a multiple of h), for every
X # y we have:

lpx ﬂ(x y) — pXEulh(x Y

’/ pzs(T ) pu, x, y)du — Y PIZE" = 11pP (1, . y)

i>1

<ch <5ﬂ,Time(T, x—=y)+ gﬁ,Space(Tv X = Y))s (3.9

where:

&g Time(T, x —y) = {(

Ti<2 Ii>3
TA2|x —y|  |x —y?

R 1
)pﬁ(T,x -y + ﬁpﬂ(T,x —y)},
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Ti=1 +1g>3  Dg=2\ . |
|x_y|2 +Tﬂ/z)pﬂ(T5x_y)+,Tﬁ/zpﬁ(T’x_y)}’

gﬁ,Space(T7 X — y) = {(

with pg, pg as in (3.6).

— Markov chain. Consider now assumption (Ap ;) (general Markov Chain). Then, there exists
¢ = c((Ap,n)) and for all ¢ € (0,1/5),¢c; = c:((Ap,m)) s.t. for all given time step
he©1), TP >n5 (x,y) e RY)2, x #y:

Ipx_s (X, 9) = pxn (X, )| < c{h&p Time(T, x — y)
ZT Z?h

+eeh P e i (T X = ) + Esrsce oL (1> X — ¥, MY}, (3.10)
where the contribution Eg Time(T, x — y) due to the time sensitivity, see Egs. (3.9) and (4.1),
is as above and.:
M
gﬂ,Space,LLT(T’ x—=y)

_J(la=1 +1a=s | La—
AN -y TER

. I
)qm[(dl)Jr]Idl],ﬂ(T, X =+ g dmp(T.x = y)},

with G, g and ém,[(d,1)+ﬂd:1]’ﬁ as in (3.8). Also:

(hl/S—E)%]Idsz

e (T,x —y,h) =

2
8,Space,NoLLT exp(cTP/?)

TA|x — y|t—2+li=
Ix — y|2 Ix — vyl —2(m—1)+(d-2)+li<2
X |:e"p <_C Bi/5—¢ +(1+ (h1/5—5)1/2 :

Comments on the results.

— Euler scheme. Observe that the term pg in (3.6) comes from the contribution of small times
in formula (2.12). This gives the additional (diagonal) spatial singularity in the fractional case.
The term pg in (3.6) comes from the integration over long times in (2.12). It induces a loss
of concentration in space w.r.t to the usual case 8 = 1, though preserving the usual parabolic
equilibrium: the spatial contribution remains comparable to the square root of time.

e In the diagonal region, i.e. for points s.t. |[x — y| < «TP/2 for some « > 1, if we restrict
to spatial points that are equivalent to the time contribution for the usual parabolic metric,
ie kITP2 < x —yl < «TP/2, the previous error bound reads in small time, i.e. for
T <1:

ok

=78

This means that we find tﬁe upper bound for the density of the processes involved, see (3.5),

multiplied by a factor corresponding to the singularity induced by a time derivative (or

equivalently second order derivatives in space) of the non degenerate diffusive heat kernel
at time T#. There is even here a difference w.r.t. to the usual analysis, see, e.g., [20], which
involves a singularity of order one in space, which in the current bound comes from the
contribution £g space(T', x —y) in (3.9) and is negligible if T < 1. This is due to the discrete
approximation of the inverse of the subordinator which yields to consider derivatives in
time for the densities of the spatial motion (see Eq. (4.1) and Lemma 4.1). If the error

bound (3.9) is now considered for T sufficiently large, the contribution &g space (T, X — y)

dominates and we are back to the usual error rate for the considered region.

lpx s (x,y) — Py (x, y)l (g + Pp)(T, x — y). (3.1
T zP
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Observe as well that the spatial diagonal singularity induced by the fractional time
derivative yields additional constraints. Namely, for the Euler approach, to get a conver-
gence rate of order 4° one needs to take: [x — y| > h179)/4 4 > 1.

e In the off-diagonal region, i.e. |x — y| > «T#/2, we do not have spatial singularities
anymore. Indeed, the error bound also reads as in (3.11). Anyhow, the specificity comes
from the loss of concentration due to the term pg coming from the long time integration in
(2.12) and appearing in the two-sided estimates of Appendix B. We refer to Lemmas 4.8 and
4.11 (see also Proposition 3.2 and Theorem B.1) for a detailed presentation of these aspects.

The previous facts make us feel that the previous bounds are sharp, up to constants.

— Markov chains. For the error bound (3.10) associated with the Markov Chain approximation,
the term &g Time is similar to the Euler case, since it does not depend on the chosen
discretization scheme but only on the time sensitivities of the spatial density, see again (4.1).
On the other hand two additional contributions appear. The first one, g;.{iV,ISpace,LLT enjoys

the same convergence rate K2 as in the usual LLT (see Petrov [34,19]) and the terms
Gm—(d—1)+14_,,8> Gm,p appearing in (3.10) are the Markov chain analogue of the contributions
pp and pg in (3.9)." Note first that we keep under (Ap.»,) the same index m as the one
appearing for the weak error at a given fixed time, see (4.28) and [21,19], for the contribution
dm,p associated with the large time integration and which also yields a loss of concentration.
Observe as well that the spatial diagonal singularities in small time also deteriorate the
concentration in this framework. We point out that, for the LLT to apply, the considered time
has to be sufficiently large, namely u > h'/57¢ in (2.12). The last term £ g” é‘;ace’NoLLT comes

precisely from those very small times u < h'/>~¢ for which the limit results do not apply.
Also, applying the LLT in (very) small time deteriorates the concentration, see the difference
between Theorem 1 in [21], which is used to prove Theorem 3.1, and Theorem 1.1. in [19]
which gives the LLT with the same concentration rate appearing in the density estimates (3.7)
of Proposition 3.2 if T > 0 is fixed and % is sufficiently small. Eventually, the constraint
m > 2d + 1 in (I;;) appears to keep an integrable bound in (3.10).

— Continuity of the estimates when § 1 1. In this case, the Caputo derivative in (2.9)
tends to the usual derivative. It is therefore natural to ask whether our results match the
ones previously obtained in that case (see [19,20,22]). Let us now emphasize that when
B 1 1 then 1//S5,+ (A) — exp(—Xu), A > 0. Thus, the subordinator SA-+ and its inverse

ZP both tend to the deterministic drift with slope 1. This means that for a given 7T >
0, IP’[Z? € du] /3—)187(du). Hence, the time integral in (2.12) disappears at the limit,
—

i.e. sz‘; (x,y) ﬂj: p(T, x,y). From (3.9) and (4.1), the same phenomenon occurs for the

scheme provided T = Kh, K € N* and the error associated with the time sensitivity, term
&1 in (4.1) yielding the contribution £g Time Would vanish in the previous error bounds. Since
the previous Dirac convergence would also kill the additional contributions in small and long
time, we finally derive that the error bounds obtained in (3.9) and (3.10) are coherent with
those of the previous works at the limit.

3.3. Strictly stable case

Additionally to assumptions (A), (UE) we will assume that :

1 We recall from Proposition 3.2 that (pg + pg)(T, x — y) serves as an upper bound for (pxzﬁ )(x,y).
T
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(ND) The spherical part v of the measure p in (2.10) satisfies the non-degeneracy condition
(2.2). Moreover, v has a C3 density w.r.t. the Lebesgue measure of the sphere.
(B) The driftb =0 ifo < 1.

This last condition is rather usual to have pointwise bounds on the density of the SDE, see [17].
We will consider similarly to the diffusive case the approximation (3.1) for @ € (0, 2) restricting
ourselves to the Euler scheme case, i.e. the (1) j>1 are i.i.d. symmetric stable random variables
with common law Y7 (driving process at time 1). Thus, from Remark 3.1, the only driving process
satisfying the previous assumptions that can be exactly simulated is the elliptically symmetric
one. It would be interesting to investigate how the error discussed in Nolan and Rajput [32], due
to the discrete approximation of the spectral measure, propagates through the scheme. This is
beyond the scope of the present work.

We say that (Ag) holds if (S), (UE), (ND), (B) are in force. Recall from Kolokoltsov [17,22]
that the random variables X/, XE“l’h have a density for all ¥ > 0, i € N* respectively. From
the controls of Lemma 4.11 we are able to establish that this property transfers to the random

variables X z* X E‘,lgl,lh from (2.12). We have the following result.

Proposition 3.3. Under (As), for a given T > 0, the laws of the random variables X 2 and

XEU1 h starting from x € R? have densities in RI\{x} ford > 2ord = 1,a < 1, and on R for

d = 1, o > 1. The expression of these densities is given by Egs. (2.12) and (3.4) respectively.
Furthermore, there exists ¢ .= c((A), ) > 1 s.t. for all (x,y) € (R? and x #*yifd>2or
d =1, a < 1, the following estimates hold:

(Px 5 + pXE‘;l’,’J)(x’ y) =c(pp+pp) (T, x —y), c:=c(B, (Ag),
T zb:

T

with
. ' b 1 Tk
pﬂ(T, X — y) = CXp(CT ){WLX*}’\STWO( + mﬂ|x*}'|>rﬁ/a ],
~ exp(cTPe/(1-w(=F)) 1 (3.12)
pg(T,x —y) = - p w::;/\l.
X
roe (14 52)

Theorem 3.2. Under (Ay), there exists a constant c s.t. for a given time step h € (0, 1) and a
fixed time horizon T > h'/B and any (x, y) € (RY)? s.t. |x — y| = h'/% we have the following
convergence result:

Ipxz,; (x,y) — pxiuglfﬁ (x, I

|x—y|<T#/ [x—y|>TAle\ A
< h{( + ) T, x + T,x — } 3.13
=c I — y|* T8 P/S( -y Pﬂ( y) ( )

where pg, pg are as in (3.12).
Remark 3.4. We observe a phenomenon which is similar to the diffusive case, i.e. the error

bound has the expected rate of order 4 up to additional singularities. In the strictly stable case,
ie.a € (0, 2), two contributions give additional singularities w.r.t. those already appearing in the
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sharp density bounds (see Theorem B.1). Those contributions write TP, |x — y|™ and come
from the time derivative of the density in (2.12).

On the other hand, since the spatial motion already has heavy tails, we do not observe here
a loss of concentration phenomenon as we did in the diffusive case. Eventually, we still have
diagonal spatial singularities, which are in the strictly stable case more direct to formulate. They
appear precisely when |x — y| < T#/% that is when the diagonal regime holds w.r.t. to the usual
stable parabolic scaling. This is again the effect of the fractional in time derivative analyzed in
small time, see (2.12). Let us mention that there is some continuity w.r.t. to the stability index
for the induced singularity (see (3.6) and (3.12)), at least when d > 3 since the diffusive case
provides a factor (TP|x — y|?=2)~! for that contribution in pa(T,x —y).

4. Proof of the main results

In the following we denote by ¢ a generic positive constant that may change from line to
line. Explicit dependences for those constants ¢, mainly on assumptions (Ap) or (Ag), B, are
specified as well.

4.1. Decomposition of the error

For given points (T, x, y) € R} x (Rd)z, we get from (2.12) and (3.3) that the error writes:

T = -
E(T,x,y) (png pxgg_h)(x,y)

= fR pzs(Touwyplu, x, y)du = Y PIZ7" = 111p" 1. x. ).

i>1

= /]RJr pZﬁ(Ts U)(P(M,x’ )’) - P(d’(u), X, )’))du

+ iZP[Z’;’h = t1(pti, X, y) — p”(tl-,x,y»},

i>1
=E1(T,x,y)+&E(T, x, y), 4.1)

denoting for all u € R* , ¢(u) := inf{t; := ih : t; > u}, where we have used (3.3) for the last
but one equality. Let us specify that £ is a term involving the time sensitivities of the density
of the SDE (2.11), which does not depend on the approximation scheme. The contribution &; is
associated with the spatial sensitivity involving the discretization error for the considered scheme.

The idea is then to use some known asymptotics of the density ST (see e.g. Zolotarev [41]
or Hahn et al. [14]) which provide those for ps. On the other hand, the quantities |p(#;, x, y) —
p"(t;, x, )| have been thoroughly investigated in the literature for the diffusive case, see [19,
13]. The results established therein give that for a general approximation scheme of type (3.1)
the difference is controlled at order 4/ which is the convergence rate in the Gaussian LLT, see,
e.g., Petrov [34]. If the scheme already involves Gaussian increments (usual Euler scheme of
the diffusion) the control is improved and the convergence rate is &, see also [20]. In the strictly
stable case, i.e. « < 2, the convergence rate of the Euler scheme, for which the exact stable
increments are considered in (3.1), has been investigated in [22]. The proof of Theorems 3.1 and
3.2 immediately follows from Eq. (4.1) and the following lemmas.
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Lemma 4.1 (Time Sensitivity in the Error). Under assumption (Ap) (Diffusive case) we have
that there exists ¢ := c(B, (Ap)) > 1, s.t. forall T > 0, (x, y) € (R9)2, x # y:

exp(cTP/%) cx—y?
Thx —yd P\ "2 " 75

exp(CTﬁ/(lJrﬂ)) i [x= y|2 1/2=p)
T rparapy - P ¢ Th
]Id<2 ]Id>3 ~ 1 ~
<ch = = T, x — — T, x— .
—C{<Tﬁ/2|x—y|+|x—y|2 pplox =)+ g ppox =)

Under Assumption (Ag) (Strictly stable case), there exists ¢ = c(B, (Ag)) s.t. for all
T>0,(x,y) e R x+#y:

IEW(T, x, y)| < ch{

A

]ﬂ o H —y Bl ﬁw/(lfa)(lfﬂ)))
E(T, x y Tﬂw |x—y|<T#/ [x—y|>TH/ eXp(CZ
Tzl Ch{exp(c )<2 lx — ¥l |x — y|e+e ]/3(1+d/01)\/|x—y|

]I — v o ]I — v o ]
|x—y|<TF/ |x—y|>Th/ ~ -

pa(T,x —y) + — pg(T, x —
h{( lx — y|* Tk > p(T.x =) Tk p(T.x )7)}’

IA

where w = é Al

Remark 4.2. Observe that in the stable case there is no loss of concentration as in the diffusive
one. The second term of the stable bound in Lemma 4.1 corresponds to the usual estimate for the
time derivative of the stable density, see Lemma 4.10 and [17]. The first one corresponds to the
additional spatial singularity induced by the fractional derivative in time in the diagonal regime
|x — y| < TP/ (stable parabolic scaling at time Th).

We now give two Lemmas concerning the spatial sensitivity that involve the analysis of the
discretization error and the time randomization.

Lemma 4.3 (Spatial Sensitivity: Diffusive Case). Under assumption (Ap) there exists ¢ =
c(B, (Ap)) s.t. forall T > 0, (x,y) € RY)?2, x #y:
— For the Euler scheme:

Eul
1E5(T, x, y)| = T Tﬁ/z}Pﬁ(T x—=y)+ Tﬂ/zpﬁ(T x = y)}

= Chgﬁ,Space(T’ X —y) 4.2)

where we write E2E“l, with a slight difference w.r.t. the definition in (4.1), to specifically make

the distinction with general Markov Chains.
— For a general Markov Chain, we have that for all ¢ € (0, 1/5) there exist cc == cc((Ap,m))

and ¢ = c((Ap.n)) s.t. forall T > 0, (x,y) € (Rd)2 X Fy:

Iy=1 +Tg>3 | lg=2
[Cahl/z” Ix—ylz + 78 Gm—d=+14=1, 8T, x = ¥)

- ch{{Ll:l + 1>z Iy=

1E2(T, x, y)I

IA

1 B r C(hl/ﬁfs)z]ldgz
+ _TB/ZQm,ﬂ( X =yt + Al [ im

P (). o —2(m=)+(d-D+l4=2
XN XP\ T (W1/5—)172

. 1/2
= {C'Sh 5/3 Space, LLT(T r = y) + 5/3 Space, NoLLT(T X=X h)} (4.3)

exp(cTP/?)




M. Kelbert et al. / Stochastic Processes and their Applications 126 (2016) 1145-1183 1159

Lemma 4.4 (Spatial Sensitivity: Strictly Stable Case). Under assumption (Ag), there exists
c:=c(B, (Ag)) > 1 s.t.forall T > 0, (x,y) € (R)?, x £ y:

1ERN(T, x, y)

I <TBla I,_, « Bo/(1-w(1-p))
< enfoperin Bz Guerie) | ogeriel ) )

TPlx —y|d ~ |x —yldte ) - TAUFd/@) v |x — y|dte

I,_ o« I, o 1
Px—y|<T#/ r—y|>TA \ _ _ s _
Sch{( PR + TP >p,3(T,x y) + Tﬂpﬁ(T,x y)}_

Remark 4.5. We emphasize that in the strictly stable case, both time and spatial sensitivities
yield the same error. This comes from the fact that the short time singularity for the error
expansion of the Euler scheme, exactly matches the time singularity of the derivative of the
stable heat kernel, see Eqs. (4.32) and (4.12).

4.2. Asymptotics of the PDF of the inverse subordinator

As a preliminary remark, let us mention that in the particular case 8 = 27", n € N*, for
all T > 0, the random variable ZfT}, inverse at the level T of the subordinator S#% can be
easily and explicitly simulated from the following Proposition. In particular, the auxiliary discrete
approximation Z g’h is not needed in those cases, and the time sensitivity error & (7, x, y) in (4.1)
would vanish (considering a straightforward extension of the discretization scheme for the last
time step).

Proposition 4.6 (Identity in Law for Z5, p =27, n e N*, T > 0).

VneN*, p=27" zE" 2BV (V2IBAWV2B (- (W2ABYT)) DD (44)

where the (Bi)ie{ 1,...,n) are independent Brownian motions.

.....

1
. . .. . 5.+ .
Proof. Let us start with n = 1. In this case, it is well known that, recalling that (S’ );>¢ is the
1
. . 5.t 1 .

standard subordinator with index %, one has (S,2 ) (aw) (rz) , where 7 := inf{s >
>0 V2 />0 V2

0: By = \sz}, stands for the hitting time of level L for the standard Brownian motion B.

/2
Indeed, considering for a given A > 0 the exponential martingale (exp(v 2ABg — As)) , the

5s>0
stopping theorem gives that, for all s > 0, E[exp(vV2ABsar ;, —A(S A t%f))] = 1 which implies,
ﬁ 2
as s — 400, E[exp(—)\t%)] = exp(—tkl/z). Write now for all + > 0:
2

1 1 t
P[Z2 <t]=P[S> " > T]=Plt. >T]=P| sup B, < — | =P|~2|Br| <1],
’ ! V2 se[O,pT] V) [ ’ ]

. , . . 1 .
using the well known Lévy identity SUpPsepo. 7] Bs Caw) |Br|, T > 0, for the last equality, see [35].

This proves (4.4) for n = 1. Introduce now a family of i.i.d. random processes ((Si (t)),zo)l.>1

1 _
with law (St2’+),zo. It is then easily seen that S, (¢) := S, (S,—1(... S1(¢))) is a standard stable
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subordinator of index § = 2—1,, An immediate induction indeed gives:

Vi >0, E[exp(—ASy(Sy—1(...S1())] = Elexp(=A2S,_1(...S1())] = - --
= exp(—kl/(zn)t).

Assume that identity (4.4) holds for a given n € N* and let B"*! be an additional independent
Brownian motion independent of the (B');¢[1,,y. Write:

PlSus1 (1) > T1 = PLSys1(Sa(t) > T1 = IE{ sup B (s) < w}
s€[0,T] \/z

= P[C’n (ﬁ sup B”“(s)) < t], (4.5)

5€[0,T]
where C, stands for the inverse of S,. Now, the induction hypothesis exactly gives that for all
u=>0

(law)

Co(u) =" V2|BY(V2IB*(V2IB3(--- (V2IB"w)]) - - D)D)

The proof then follows from the Lévy identity and (4.5) since S, is a subordinator of index
1271 O

Remark 4.7. It can be shown similarly that for given (8;)ici,,y € (0,1)", n € N* if
((Si (f))zzo)ie[“’n]] are independent subordinators s.t for i € [1, n]l, (Si(t))r=0 (lgv)(S,ﬂ"’“L), then
S‘n (t) == Sp(S,—1(... S81(2))) is a subordinator of index 8 := ]_[;’:1 Bi and
B Uaw) B,
Zy = Zzﬁnf 1
o
The delicate part is that this relation cannot be easily exploited from the practical viewpoint,
exceptif B; = %,Vi e 1, n].
In particular, it follows from Proposition 4.6 that, for a given spatial Markov process (X;);>0
with generator L of the form (2.10), the solution of Eq. (1.1) with § = 27" writes for a
continuous function f and for all (7, x) € Rt x R¢:

— 0,x o 0,x
u(T, x) = ELf X o)) i= B X G 1 212218 -vmisrap-on

generalizing Theorem 2.2 in Beghin and Orsingher [6].
We now state the Lemma concerning the required asymptotics for the laws of z’ , Z ?’h.

Lemma 4.8 (Bounds for the Density of the Inverse Subordinator and Its Discrete
Approximation). For all T > 0,

pzs(Tou) <O(T,u), VieN',  PIZB" =] < Cpho(T, 1), (4.6)
where:
c _ u 1/4-p)
(T, u) = T—/;exp <—cﬁl {ﬁ} ) , 4.7)

for some constants cg, Cg > 1.
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Remark 4.9. The above control is the generalization of the well known Gaussian bound for
B = 1/2 recalled in Proposition 4.6.

Proof. Let us first recall the following asymptotics for p55,+(1, ) from equation (2.2), (2.3)
in [14], see also [41]:

i (1,v) ~ K (B/v)1=B/2/0=B) exp (_[1 _ ﬁ](v/ﬂ)ﬂ/(ﬁq)) ’
v—> 0%, K =1/y/278(1 - p), “45)

B pm
ri—p)

pse+ (1, v) ~ , v — +00.

S‘f,+ (lgv) ul/B Sf}’+

Write now from (2.5) recalling the identity ,u>0:

T 1 y
pze(T,u) = —0, [/0 B Psh (1, m)} dy
1 T y T y
= ,BMI_H//S {/(; Psp+ (L ﬂ)dy +/ 3yl75ﬂ,+ <1» ul_/ﬁ) ydy}

= T 1 r 4.9
_Wpsﬁ.Jr ,m, “4.9)

integrating by parts and using (4.8).
Hence,
-8

(T, u) T — ot
pze(T,u) ~ ————, u )
‘ ra-p)

BIQU=B) 4 ip Ua—p)
pzs(T,u) ~ (g) Ku ¢ exp (_[1 — B1 (BP0 (Tﬁ) >

u — +00.

The above controls and elementary computations give the first bound in (4.6). Indeed, there exists
co =co(B) = 1s.t,

T-F T\?
T <¢c— < | —
Py ’u)_cl“(l—ﬂ)’ u_<CO> )
- —B 11 — _
py(T.u) < cK(T> u T exp (1= g1 {5

IA

cp _1 [ u Va=p = (co TP
ﬁexp —Cg {ﬁ] . u=(coT)".

For the last bound we observe that for § < 5 and u > (coT)/3 [u1 /[T2<1 Al <

N\—

B qp—L11—1
erplP—zlm2) _ ¢T~#, with a constant ¢ := &(B). For g > 2, we obtain similarly that
ﬁ

N\v—
N\—

T=B1/[TX E Hl< TP [ ] . The last contribution can be absorbed by the exponential so

that we are back to the previous case. For u € [(c, 1T)ﬂ, (coT)?], the statement follows from
(4.9) and the positivity of pgs+ (1, -) on compact sets.
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From the control pzs(T,u) < 6(T,u) and the relation (3.3), we indeed derive that for all
i e N, P[ZD" = 4] < Cpho(T, ;) forsome Cp > 1. O

For the rest of the analysis we will need some controls on the p.d.f. of X; and their time deriva-
tives in both the diffusive and strictly stable case. Such results can be found in Friedman [12] un-
der (Ap) or [17] under (As). The discrete counterpart for the Euler discretization schemes X ,Ij‘ul’h
are explicitly given in Theorem 2.1 of [24] under (A p gu1) and would follow from [22] under (S).
For the diffusive Markov Chain, the controls can be derived from Lemmas 3.6 and 3.11 in [19].

All those controls are derived from the parametrix expansion of the densities. Some points
about these technique are recalled in the Appendix A for the reader’s convenience. Let us
emphasize that, for our analysis, we need to specify explicitly the dependence of the constants in
time since we are led to integrate over arbitrarily large time intervals in (2.12).

Lemma 4.10 (Non Degenerate Heat Kernel Bounds).

— Diffusive case. Under Assumption (Ap) (diffusive case), there exists (c,C) =
(c, O)((Ap),d) > 1 s.t. introducing for all (u, x, y) € RY x (R%)2,

8ol x — ) = —————exp (= R
QQmcu)d/? 2cu

we have for y € {0, 1}:

C
Hﬂﬂmxyﬂf;;ﬂmCM”wdmx—yL (4.10)
PP, x, ) < Cexp(Ct ) ge(ti, x — y), i e N*.

Under (Ap ) there exists ¢ = c((Ap.m),d) > 1s.t. foralli € [1,ic], (x,y) € (R%)2:

cex (ctl/z) |x — y| —mmh
P x,y) < P (1+ y) . A.11)

tid/z til 2

— Strictly stable case.
Under Assumption (Ag) (strictly stable case), there exists C := C((As),d) > 1, o =
é A 1 s.t. setting for all (u, x,y) € R} x (R%)2,

—(d+a)
Cu |x — ¥
ps(u,x —y) = L (1 + i )

where the constant c, is chosen to have fRd ps(u, 2)dz = 1, we obtain for y € {0, 1}:

C
10) p(u, x, y)| < —~ exp(Cu®) ps(u, x — y), 4.12)
PP, x,y) < Cexp(Ct?)ps(ti, x —y), i €N~

Observe that the above controls are exponentially explosive in time.

We now give a fundamental lemma for the error analysis. The quantities below derive from
the time sensitivities or the previous error bounds from [19,20] used to control the terms &1, &
in (4.1) respectively.

Lemma 4.11 (Fundamental Bounds). Let T > 0 be given. The following controls hold:
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— Diffusive case: There exists ¢ = c((Ap)) s.t. for y € {0, %, 1} and for all (x,y) €
R, x # y:

+o00
/ u™ ps(T.w)ge(u, x — y) exp(Cu'?)du
0

Jh 1/2
+ Y 17V PIZY" = 1)t x — y) exp(Ct?)

i>1
, I3 ly=> Ta=1 .
< (—E+ + )po(Tx =)
{ e =y - y|ﬂy:1T§Hy>o Ix — y|ﬂy>oT§Hy:1 g
+ = TFr —pp(T, x — y)}. 4.13)

For the Markov Chain approximation, for a givenl € N*, 1 > 2d + 1 there exists ¢ = c(l, B)
s.t. denoting for all (x, y) € (R%)?,

-1
lx — yl
LIl(tvx_y) 1+ )
i td/2< t/2

i i
where c; is s.1. f]Rd qi(ti, z)dz = 1, we have for all y € {0, 1/2} and x # y:
1/2
Y @it x — y); exp(ct’
i>1

C{ { Ty=1 + Iy>3 Ta=>

PIZE" = 1]

}él—[d+2<y—1)+ﬂd=.+Hd=2,y=01,ﬂ(Ts X =)

lx — )’|2y TzHV>0
|
+qu,ﬂ(T,x —y)}. (414)
Note that, for | = m and y = 1/2, the above contribution corresponds to the term

5 8 Space, Lir(T, x — y) in Theorem 3.1.
- Strtctly stable case: There exists ¢ = c((Ag)) s.t. for y € {0,1} and for all (x,y) €
(RY)?, x # y:

+0o0
/ u "V pze(T,u)ps(u, x —y)exp(Cu®)du
0

+ Y TV PIZE" = i) ps(ti. x — y) exp(Ct)

i>1

SEKHIx—yISTﬁ/“ Le—y>rre

e T )BT =+

s Tx=n) @15

Remark 4.12. Observe that the controls (4.13), (4.14) remain valid if d = 1,y = 0 for all
(x,y) € R2. Also, (4.15) still holds in this case if & > 1.

Proof of Propositions 3.2 and 3.3. Now, from the independence of Zﬁ and (X;);>0, using a
simple conditioning argument, we obtain as a direct corollary of Lemmas 4.10, 4.11 and
Remark 4.12, taking y = 01in (4.13), (4.15), the existence of the density for the random variables

X, in both the diffusive and strictly stable case as well as the indicated associated controls. The
T
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arguments can be reproduced for X El;,l’h, since Z?’h and (Xg‘u}’h),-eN are still independent and

the Euler schemes enjoy for fixed times similar bounds than the initial process, see Egs. (4.10)
and (4.12). This completes the proof of Propositions 3.2 and 3.3 for the Euler schemes. For the
Markov Chain approximation, the control (3.7) is derived similarly from (4.11), (4.14) taking
I =2(m — 1),y =0and Remark 4.12. [

Remark 4.13. In the above bounds, from the definitions of ﬁﬁ, pp, we have in some sense the
usual scaling in time for the Gaussian and stable heat-kernels at time 7#. We indeed observe
that the dichotomy between the diagonal and off-diagonal regime is performed depending on
Ix —y| < K(TPYV* or |x — y| > K(TP)!/* for some positive constant K. In the diagonal
regime we also have, as indicated previously, an additional spatial singularity whereas in the
off-diagonal one, the concentration is modified in the diffusive case due to the integration of the
density pzs (T, u) for large u in (2.12) (resp. P[Zg’h = t;] for large i in (3.4)).

In the Gaussian case, these bounds are coherent with those of [11] and our approach can be
viewed as an alternative probabilistic strategy to derive estimates for the fundamental solution of
fractional in time diffusive PDEs. For the strictly stable case, to the best of our knowledge these
results seem to be new. Some lower bounds are derived in Appendix B.

Proof of Lemma 4.11. - Diffusive case. We focus on the first integral in the Lh.s. of (4.13)
since the other term can be handled similarly (Riemann sum approximation). Exploiting the
bounds from Lemma 4.8, we split the time integration domain at the characteristic time scale
T# and write:

+0o0
0, 4(T x —y) = f W pgs (T, w)ge(uts x — y) exp(Cu/2)du
0

_ ¢ exp(CTﬂ/z) el x —y)? L clx —y?
=T P\ s o w2 P\ T T

400 2 B
s _du 12 _etr e }l/ﬂ p
+ TF |y wrear exp(Cu'’") exp ( c . exp(—c5 |75
= 0Qyps(T.x =)+ Oy p(T, x —y), (4.16)

where the subscripts S, L respectively denote the contributions in short and long time. For

the contribution Qy g s(T, x — y), we have to analyze the integral I(TE, y, |x — y|,d) =
p e
fOT My‘i—’fi/z exp(—%%). Observe that except if d = 1,y = 0 there is a singularity in

small time in the integral which needs to be compensated by the spatial component |x —y| # 0
in the exponential. This yields the spatial (diagonal) singularity.

To equilibrate the time singularity we will thoroughly rely on the fact that the density of
the hitting time of level a > 0 for the scalar Brownian motion writes (see e.g. [35]):

Vi > 0 A @ 417
u>=u, fa(l/t) —WGXP<—Z) ( . )

—Ify +d/2 > 3/2 we write for all [x — y| # 0:
I(TF y, |x = yl.d)

™ dulx — y| |x — y|dtPr3 e x =P 1
~J B2 pary—an P\ T, Ix — y[d+2r=2

~ B ~
c r dulx — y| ~_1|x—y|2 c
= d2(—1) iz XP ¢ = d2G-0"
lx — ¥l 0o Qmu’) 2u [x — yl
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— If y +d/2 < 3/2 which actually happens ford = 1,y € {0, %} ord =2andy =0 we
write:
I(TF,0,|x = y|, 1) < TP,
K(TP,0,1x —yl,2) = 1(TF, 172, [x = y|, 1)
T2 7" quix — y| =y
Sy T wn 4
cTh/2
< .
lx =yl
The previous results can be summarized as follows. There exists ¢ := c¢((Ap), B) s.t. for all
(T, x,y) € R} x (R)?, |x — y| #0:

_u12
0, 55T, x —y) < cexp(cT??)exp (—6_1%>

(4.18)

y [I[dzl,yzo Ig=2,y=0 + la=1,y=1,2 Layoy>3 }
Th2 TAZ|x —y] Th|x — y|d+t2r=D )"

The restriction |x — y| # 0 is not necessary ifd =1, y = 0.
On the other hand, from Young’s inequality, there exists ¢g > 0 s.t. for all u, & > 0:

1/2 1/(1-B)
= () PR <y | (o) g |

We thus get from (4.16) that, for ¢ sufficiently small, there exists ¢ s.t.:

cc B
QV,,B‘L(T9 X — y) < ]"ﬂ(l-i-—)/ﬂ-f-d/z) eXp(cﬂT/S/(H‘ﬂ))

/+°° =y 5[ u }1/0—/8)
X duexp| —c  ———— |Jexp| —— 11— .
Th 2u 2 |18

Now two cases occur according to the dichotomy indicated in Remark 4.13. If [x — y| < Th/2

then setting ii = u/TP? we get OypL(T,x —y) < %exp(EﬁTﬂ/(Hﬂ)). If now

|x — y| > T#/2, we see that the two exponential contributions in the integral are equivalent if
=B 1=

ki{lx — yPTA/O=PN =8 < y < ipf|x — y2PTP/O=P) 228 | < ky < k» < +00, for which

gl w1/
exp _T{W}
~1 10— "
cﬁlKl/( B = y21V/B cﬂl u 11/1-p)
sexpl ——— T8 %P _T{ﬁ} '
B

1—
On the other hand, for u € [T#, k1{|x — y|?T#/(1=P)}77F | we have:

_ |2 _ v271V/ 2B
exp(—c_l%) < exp(—(2c;q)_l|:|xT—ﬂy|i| )

1-p
For u € [k2{|x — y|?TA/(1=P)}778 | +00), it suffices to bound

—1 -1 1/2—
g [ u /A=) 5 g (Ix =y
exp —T ﬁ < exp —TKz T .
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Thus, setting as in the diagonal case u = u/Tﬁ, we derive that there exists cg =
cs((Ap), k1, k2) > 1,s.t. forall (T, x, y) € R% x (RY)%:

Qy,ﬂ,L(T’ xX—=y)

c . |X _ y|2 1/(2—8)
< Wﬁdﬂ) exp(c,gTﬁ/(Hﬁ))exp( 1[ = ] . (4.19)

The statement (4.13) follows from (4.16), (4.18) and (4.19).
— Markov chain.
Setting i := [T#/h1, let us write from Lemma 4.8:

Qyp(T.x —y) =Y PIZE" =t exp(Ct} )t qu(ti, x — )

i>1

c i Ix—yl\ !
_ B/2 —(d/2+y)
< —zexp(CT )/h u 4 (1 + 7 > du

Cc
¢ B/(1+B)
+ Ty ST )

oo x — yl) L /=P
X 1+ exp (—c_ {—} ) du
/t’_ ( ul/2 B T8

=0y ps(Tx =)+ 0y (T, x —y), (4.20)

using as above Young’s inequality to get the upper bound and replacing, up to modifications
of the constants, the Riemann sums by integrals.
For O, g s we proceed as in the derivation of (4.18), depending on y + d/2 > 3/2 or
y +d/2 < 3/2. We derive, that for y +d /2 > 3/2,
1
|x—y|—d+2H

y /'t,' |x_y| - Ix—yl —l+(d+2y—3)du
h u3/? ul/2

¢ 1 e — oD
< oy L (=l
< gp XTI T aen (1 T ) '

Cc
QypsT.x =) < 75 exp(cT?/?)

Similarly, for y +d/2 < 3/2,
Qyps(T,x—y)
B/2 d=1,y=0 lx — yl
< cexp(cT )|: Th/2 ( Tﬂ/z
I,_ 1)/_,—1—]1(1 2,y=0
X — y|TP2

+

l+11|

Ta=1,y=0 [x — y] =l
_ B/2 ¥
Qy.ps(T,x —y) = cexp(cT ){ o 1+ 7

Hd:l,y:% +Ig=2,y=0 X — | Y
|x — y|TB/2 TB/2

1 I N _ —I4+d+2(y—1)
4 d+2y>3 _(1+ lx — yl . @21)
TH |x — y|d+2(r=D TB/2

Tﬁ/ 2
We finally obtain:
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On the other hand if |x — y| < T#/2 (diagonal regime) we readily get Qypr(T,x —y) <

: B/(+P) " 1=8
%. If now |x —y| > T#/2, splitting as above for u € [t;, k1 {|]x — y|>T#/(1=P)} =5 ]

1-8
and u > ki {|x — y|>?TA/A=P} 278 yields :

1/e-p\ !
T xev) < — 5 exnertOtey (1 4 [ 420
QVsﬁ,L( s X )’) = T,B(d/2+y) exp(c ) + Tﬁ/z . ( . )

Eq. (4.14) follows putting (4.22) and (4.21) in (4.20).

— Strictly stable case. We again focus on the first term in the Lh.s. of (4.15). The discrete sum
can be handled similarly. Analogously to (4.16), replacing g. by ps and the exponent 1/2 in
the exponential by w, we write from Lemmas 4.8 and 4.10:

CBCq exp(CTﬁ‘”) ™ du 1
T8 0 uv+dje (1 \x—y\)d—i_a'

ul/a

QV,ﬁ,S(T9 X — y) =

Two cases are to be distinguished.
—Ifd =1,y =0, > 1 then the above diagonal singularity is integrable and one gets:

P
cpcq exp(CTF?) 1 ™ du
Qops(T,x —y) < TF o o ulle
(1 57#)
ccq exp(cTP®) 1
o e (4.23)
1+ T

In particular, this estimate holds even for x = y. There is no spatial singularity.

— For all the other cases,i.e.d =1,y = l,a > lord = 1,0 < 1,d > 2fory € {0, 1},
we need to consider x # y in order to equilibrate the time singularity. In small time we still
distinguish the diagonal and off-diagonal regimes. Precisely,

—If |x — y| < TA/* then:

Qyps(T,x—y) < TP e

r# du
+ ‘x_yla uy+d/l)l

cge exp(cTﬂ“’){

B =y
cpca exp(CT ‘“){ 1 /X "
0

] 1
Thlx — y[d—al—71) | TG +d/a)

IA

}. (4.24)
—If|x —y| > TA/™
B
CBCqy exp(CTH?) 1 T 1=y
Qyps(T,x —y) < P o, duu
TBU=Y)

Let us mention that, in the diagonal regime, we get as in the diffusive case an additional spatial
singularity.

Let us now deal with Q, g (T, x — y). We first write from Young’s inequality that there
exists cg s.t. forall u, & > 0O:

o _ (M N\ —1pBye < = (L)”“’ﬂ) 1w/ (—w(1—B))
u _(sTﬁ) (e TP 50,3{ STﬁ + (™' TH) .

A

cge exp(cT’gw)
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Thus, taking & small enough yields:

exp(cTPe/(—w(=F))y  p+oo u g
Qy’ﬂyL(T,x_y) <c TF s du m/\u u

CEI { u }1/(1—/3)
x exp | —— | —
P\ 175

< cexp(eTPel1-00-5)) (

The result follows from (4.23)-(4.26). O

B A
e AT "‘)T Y. (4.26)

4.3. Time sensitivity: Proof of Lemma 4.1

The lemma, which gives the control on the time sensitivity term &;(7, x,y) in the
decomposition error (4.1), is proved using the bounds of Lemma 4.11. We simply write from
Lemma 4.10, and Lemma 4.8 for the first time step, that in the diffusive case, there exists
¢ =c((Ap)) s.t.:

hexp(Ch'/?) ( _1|x—y|2)
=y

1EW(T, x, y)l SC{WCXP i

+o00
—l—h/ pze(T, u)u_l eXp(Cul/z)gc(u, X — y)du},
h

whereas in the strictly stable case, there exists ¢ := c((Ag)) s.t.:

exp(Ch®)h?

E(T, x, <Cy——7—
|E1(T, x, )| < {Tﬁ|x_yld+a

400
+h/ Pz (T, wyu™" exp(Cu®) ps(u, x — y)du}.
h

Recalling that in the strictly stable case we assumed hY/B < T and hV* < |x — y|, the result
then follows from the above controls and equations (4.13), (4.15) in Lemma 4.11.

4.4. Sensitivity in space: Proof of Lemmas 4.3 and 4.4

4.4.1. The case of a diffusive spatial motion
The key control for the analysis of the term & (T, x, y) in (4.1) is provided by the following
Lemma.

Lemma 4.14 (Control for the Spatial Error). For our current approximation schemes in (3.1) we
have:

— Under (Ap gu), i.e. for the Euler scheme, there exists (C,c) = (C,c)((Ap),d) > 1 s.t. for
a given h > 0 and for all i € N*:

1 172
[(p — Péul)(ti,x, I =< Ch {tm VeXP(Ct,-/ )} gelti, x —y),

1

4.27)

(#; z)—;ex —ﬁ zeR?
Sellin 2) = (2mct;)d/? P 2ct; )’ ’

standing for the usual d-dimensional Gaussian density with variance ct,.
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— Under (Ap ), i.e. general Markov Chain approximation, for § < 1/5 there exists C =
C((Ap.m).d,8) > 1s.tif t; = h:

1
I(p = P") (@1, x, )| < Ch'/? { 5 v exp(Ct; )} m(ti. X — ),
l (4.28)

—m
—d)2 lx — ¥l
0=<gm(ti,x —y) = cmt / <1+ 7 )
t

1

Let us mention that g, enjoys the same parabolic scaling as g. but has polynomial decay.
We observe the usual convergence rates in & and h'/? respectively for the Euler scheme and the
Markov Chain approximation. For general Markov Chains, this is the rate of the Gaussian LLT
(see [34,19,21]). For the Euler scheme, the innovations are already Gaussian so that the first term
disappears in the previously mentioned LLT, yielding a contribution of order 4.

The important point of the previous Lemma is that it specifies the behavior of the constants
in short and long time. This allows us to balance, as for the time sensitivity, those constants with
the controls on the laws of Zg, Z?’h given in Lemma 4.8 thanks to Lemma 4.11.

Proof. For the Euler scheme, the short time behavior of the error has already been established
in [13, see Theorem 2.3 therein] whereas the exponential bounds can once again be derived from
the explicit form of the parametrix series used to investigate the error in [20]. For the sake of
completeness, we recall these aspects in Appendix A.1.

For a general Markov Chain approaching the diffusion, i.e. for which the innovations are not
necessarily Gaussian, to enter a Gaussian asymptotics specified by the Gaussian LLT, a certain
number of time steps is needed. This is why we impose the condition #; > h%, § < 1/5 which
is the one required in [21, see assumption (B2) therein] to establish the Gaussian LLT in short
time. The behavior of the constants in large time can also be derived from [19] (similarly to
the procedure presented in Appendix A.1). For the control in short time we refer to Remark 1
after Theorem 1 in [21]. Anyhow, for the reader’s convenience, we recall in Appendix A.l the
approach developed therein. [J

We thus directly get from (4.1) and (4.27) in Lemma 4.14 that there exists (¢, C) :=
c((Ap)) = 1st.forall T > 0, (x,y) € RY)?, x # y:

1E8N(T X )] < Ch Y PLZE" = nlexp(Cr D Pge(, x — ). (4.29)

i>1

The result (4.2) for the Euler scheme now follows from Eq. (4.13) in Lemma 4.11.
For the Markov Chain approximation, setting ic := [h~*37¢] we write using (4.28):

|E2(T. x, )] s{ 3 PLZE = 11i(p — PG x. )]
iel[l,ic]

1
+CVh Y PIZE" = ] exp(Ct! )1/2qm(ti,x—y)}

l>lc l

< {&1(T, %, y) + ceVhE spuce 11 (T ¥ = Y}, (4.30)

exploiting Eq. (4.14) in Lemma 4.11 for the last inequality in the previous r.h.s. It therefore
remains to control &1 (7, x, y).
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For this contribution, we do not have comparison results between the two densities. The
technique thus consists in controlling each of the terms. We thus derive from the definition in
(4.30) and Egs. (4.6), (4.10), (4.11) that:

Ei(T, x,y) < %h exp(cTP/?)

ic Cil |x y|2 |_x yl —2(m—1)
—d/2 — —
i=1

1 t.

l
From the arguments in the proof of Lemma 4.11, we can write for all d > 1:
1y

¢ .
B/2y____ ¢
E1(T,x,y) < 77 exp(cT )|x 2z

2
X — X —
X eXP<—C| ; il )—i—(l—}——' 1/2y|
1 t

ic ic

) 72(”17 1 )+(d72)+ﬂd§2

M,
= gﬁ,SZace,NoLLT(T’ x =y, h), 4.31)

recalling ¢, = hl/5—¢, Putting together estimates (4.31) into (4.30) for the Markov Chain
approximation concludes the proof of Lemma 4.3.

4.4.2. The case of strictly stable driven SDE
Similarly to the diffusive case, the crucial point is the following Lemma.

Lemma 4.15. Under (Ag) there exists C := C((Ag)), s.t. for a given t; := ih we have:

1
[(p = P (ti, x, )| < Ch {t— \ eXp(Ct,-“’)} ps(ti, x =),

i
c 1
pstin2) =

t d+a’
i (1+t%>

Proof. The exponential control is derived similarly to the diffusive case, and comes from the
specific form of the parametrix expansion used to analyze the error. The control in small time
can also be derived from this representation, similarly to what occurs in [22]. To make this last
point clear we give some details in Appendix A.

432
vz € RY, /dps(ti,z)dzzl. (4.32)
R

Lemma 4.4 now follows from Lemma 4.15 and Eq. (4.15) in Lemma 4.11.
5. Perspectives

We did not consider in this work the case of a general Markov Chain approximating stable
driven SDEs. To do so the first step would consist in establishing a LLT for sums of i.i.d random
variables belonging to the domain of attraction of a stable law. Such results have been thoroughly
studied in the scalar case, see e.g. Mitalauskas and Statuljavi¢jus [30] or the monograph by
Christoph and Wolf [10]. We also refer to the PhD. of Squartini [38] and to [31] (Cauchy case),
for recent developments. We believe those results can be extended to the multidimensional case
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and would also transmit to a Markov Chain approximation through a continuity technique like
the parametrix. Now such limit theorems could also allow to consider more general fractional like
time derivatives that would be associated with the inverse of inhomogeneous stable subordinators
(S,+ )¢>0 with generators

d
L) = [ @6+ = 6T
R u

Eventually, an analysis of generalized fractional like derivatives involving as well the spatial
variable like in Kolokoltsov’s work, see e.g. Proposition 4.4 in [18], would require to establish
LLT for approximations of the couple (S;r , Xt) with generator

du
Et(p(svx) 2/ (¢(S+M,x)_d)(s,x))g(t,u,x)m
R u

d
+f (@ (5. x+2) = $(s.0) f(1 3, D).
Re [T

|z
This case is much more delicate in the sense that the complete coupling breaks the
independence in (2.13) between the spatial motion and the process associated with the fractional
like time derivative. We anyhow believe that the arguments of [18] can be adapted provided the
LLT holds. This will concern further research. We eventually mention the work of Becker-Kern
et al. [5] concerning some limit theorems in this coupled case for marginals. Again, the process
convergence remains an open problem.
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Appendix A. Derivation of the error bounds in small and large time

We briefly explain in this section the bounds appearing in (4.27), (4.28) and (4.32) that are
crucial for our analysis in order to balance the indicated explosive behaviors with the decays
of the density of the inverse subordinator, see Lemma 4.8. Actually, the only control that
needs to be fully justified is (4.32) in small time. The other bounds in small time are already
established in the previously quoted papers. Also, the exponential bounds are in some sense
classical.

Let us consider the case of the Euler scheme associated with (2.11) first. The crucial point
is that the densities p(#;, x, -), pgul(ti, x, ), of respectively X;, in (2.11) and its Euler scheme
X ﬁ in (3.1) starting at x, enjoy a parametrix expansion, see again [12,26,19,20] for the diffusive
case and [17,22] for the stable one. We proceed with the simplest example of a non degenerate
diffusion, but the results for the other cases can be derived similarly. Consider the dynamics
(2.11) under (Ap). The p.d.f p(t, x, -) of X7 exists for every ¢ > 0 and writes:

Pt x,y) = pt,x, )+ Y pRHD 1, x, ), (A.1)

i>1
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where for all (7, x, y) € R} x R2d H(t,x,y)=(L - i)[)(l, x,y) where p(t, x, y) stands for
the p.d.f. at point y of the frozen Gaussian or stable process X, Y = x+o (y)Y;, with generator L.
We point out here that, since we are considering bounded drifts, it is better to take a zero drift in
the parametrix instead of the “usual approach” consisting in choosing X; > = x +b(y)t+0 (»)Y,
as frozen process. This choice gives the upper bounds of Lemma 4.10 improving the constants
in large time. Note that the frozen density is always considered at the freezing point. In
(A.1) for two integrable functions f,g : R% x (R9)? — R, we denote f ® g(t,x,y) =
fé du [ga f(u,x,2)g(t —u, z, y)dzandalsoforalli > 1, H? :=H"V®H, fHY = f.

A.1. Diffusion case

It is known (see [12,20]) that, under (A p), there exist (cy, ¢2) := (c1, c2)((Ap)) > 1 s.t. for
alli > 1,¢t >0,

- ; (c10)'/?
HO(t, x,9)| < —r
1p® H"( xy)"F(i—l/2)

From Egs. (A.2) and (A.1), it is easily seen that there exists (c1, ¢2) := (c1, ¢2)((Ap)) s.t.

g, (1, x — ). (A.2)

p(t,x,y) < crexp(cit/)ge, (1, x — y). (A.3)

This explains the exponential control. This approach is due to McKean and Singer [26]. It can
be easily transposed to the approximation schemes. The p.d.f. of Euler approximations enjoy
similar properties as the one of the initial SDE (see the quoted references).

The control in small time comes from the explicit form of the error decomposition which is
similar to (A.1). Namely, one has (see [20] in the considered case)

h
(P = Pha)tr.x.3) = 5 (P ® (L2 = LD)p) (1., 3) + W R, x. ), (A4)
where the remainder term satisfies as well |R(#, x,y)| < ¢ exp(cl1‘i1/2)tl.71/2gc2 (ti,x — ).
Also, we denote for i € {1,2}, Ligp(x) = (Léqb(x))lg:x, Lep(x) = (b(§),Vo(x)) +
%Tr(a(é)D%Mx)). Observe that Lp(x) = L.¢(x), but more generally the operators do not

coincide anymore when iterated. Precisely considering d = 1 to alleviate the notations, we get
forallt € (0, t;):

1
(L* = L) p@, x, y) = )b/ (x) + Ea(X)b”(X)}axp(t, X, y)

+ {%b(x)a’(x) +a()b (x) + %a(x)a”(x)} aZp(t, x,y)

+ %a(x)a/(x)agp(t, X, y). (A.5)

Now, the controls on the density and its derivatives imply under the smoothness assumptions in
(Ap) similarly to (A.3) that there exists ¢ := ¢((Ap)) s.t. for all multi-indexes «, B, |a|+]8] < 3
forall t > O:

c _
10200 9p(t, x, )| < —zrzr exp(@t/P)ge, (1, x — y). (A.6)

t
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We refer to Friedman [12] for details. Hence, the most singular term in (A.5) is the last one.
Precisely,

|wwwumﬁawdn<3ﬂwmammqax—w (A7)

Now, recalling from (A.4) that this control needs to be plugged in the time—space convolution
p®LL> = LYIp(ti, x,y) = [y ds [ga p(s,x,2)(L* — L2)p(t; — s, z, y)dz, two cases can
occur: if s € [0, t; /2] the control in (A.7) is not singular and gives the stated bound of ti_l/ 2 once
integrated in time. On the other hand when s € [#;/2, t;], some integration by parts need to be
performed for the singular term yielding a third order spatial derivative in z of p(s, x, z). Thanks

to (A.6), which gives |83 p(s,x,2)| < -5 exp(csl/ 2)gc2 (s, x — z), and the integration in time,

we get again a time singularity in ¢, / for the main contribution in (A.4). The remainder can
be handled similarly (see [20]). ThlS analysis can be performed as well for the Markov Chain
approximation, see [21].

A.2. Strictly stable case

The expansion (A.1) also holds under (Ag), see [17] from which we have

(c1t)'®
(i) )
lp®H (txy)lsp( )

This therefore gives the indicated exponential bound p(¢, x,y) < cexp(ct®)ps(t,x — y) for
¢ = c((Ag)). Now, let us denote by f the spherical density of the measure v (see assumption
(ND)). We can rewrite:

Lo(x) = Lyp(x) = (b(x), Vyp(x))
dz

+ /Rd{w(x+a(x)z)—go(x) (Vi (x), U(X)Z>H|a(x)z|<]}f<|z|> EGE

pst,x —y), w:= <$ A 1) e (1/2,1].

= (b(x), Vxp(x)) + /Rd{w(x +2) — o(x) — (Vap(x), 271} O(x, 2)dz,

where we denoted for all ¢ € R4,

o0z
f(|071(4)2‘> (A 8)
lo=1(¢)z|9F det(a (£)) '

With the notations of the previous section (considering o < 1 to avoid the cut-off and alleviate
the notations) we get:

L*p(t,x,y) = (b(x), Vib(x)Vyp(t, x, y)) + (b(x), D2 p(t, x, y)b(x))
+ <b(x), /d(pr(t,x +2z,¥) — Vip(t,x,y) 0, z)dz>
R

O, z) =

+ <b(X), /d(p(t, x+2z,y)—pt, x,y)ViO(x, z)dZ>
R
+ / {[/ {pt,x +7' +2z,y) — plt,x+2, »}Ox + 2, z)dz}
Rd Rd

—[éﬁﬂﬁx+aﬁ—P@xdn9@ﬂﬂﬁ}@%fﬂﬂ
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LIp(t.x.y) = [<b(x), DIp(t, x, y)b(&))
+ <b(x), fRd(pr(t, x+2z,y) = Vip(t,x, ) O, z)dz>
+ / {[f {pit,x+7 +z,y) —pt,x +7, O, z)dz}
R4 R4
- [/d{p(t, x+z,y) = pt,x, »}O(x, z)dz] } O(E, z/)dz/}
R

E=x

Thus, the difference writes:
(L* = LYHp(t, x, y) = (b(x), Veb(x)Vyp(t, X, ¥))

+ <b(x), /d(p(t, x+2z,y)— plt,x,y) Vi O(x, z)dz>
R

+/ {[/ {pt,x+7Z' +z,y)—pt,x+2,y)}
R4 R4
x{Ox +7,2) — O, z)}dz“ x O, 7)d7.

We mention that, even though we assumed b = 0 for ¢ < 1 we kept the explicit dependence on
b in the above computations for the sake of completeness. Let us now focus on the last term in
the above equation:

D(t,x,y) = /d{fd(p(t,x +z4+7,y)—pt,x+7,y) x{Ox+7,2) — O, z)}dz}
rd | JR
x O(x, 2)d7 ,

which is the only contribution if & < 1 and which would be the most singular for « > 1. The
smoothness and non-degeneracy assumptions (S), (UE), (ND) on the coefficients yield:

c
[ViO(x,2)| < |Z|T+°"

|D(t, x,y)| < cf f lpt,x +z+2,y)— pt,x+2,y)
R4 JRd

/!
H‘Z’|>£tl/a + |Z |]I|Z/|§%ll/a 1

’
|Z|a'+oz X |Z/|a'+a dzdz,

where we have truncated with respect to the characteristic time-scale 7'/ (up to a constant) in
the variable z’. Indeed, if |7/| < A—ILII/ % we perform a Taylor expansion and exploit the previous
bound on V, © whereas if || > %tl/ “ we simply use the uniform bound of @ deriving from its
definition in (A.8) and the non degeneracy assumptions. Write now:

|D(t,x,y)|] <c / Ipt,x +z+7,y)—pit,x +2,y)]
l2/| <t/ JRd
2] 1

/
x |Z/|d+a X |Z|a'+azdZ dz
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+C/ / lp(t,x + 242, y) = plt,x +2,y)|
|z’|>%t1/°‘ R4

1 1
X e Wdz/dz = (D1 + Dy)(t,x, ).

Let us treat those two terms separately. Recalling from [17] and the above bounds that
cexp(ct®)

IVip(t, x, )| < =7 ps(t, x — y) we derive:

cexp(ct®)

Dyt x.y) = —37

pst,x +7 + 0z —y)z|
|z’\§%tl/”,|z\§%tl/a
|2'| 1

/
x |Z/|a’+<x X |Z|d—&-ozdZ dz

+/ Ipt,x +z 47, y) = plt,x + 2/, y)
|z/\§%tl/a,|z\>%ll/a

|2’| 1
|Z/|d+<x X |Z|d+oc

dZ/dZ = (Dll + Dlz)(t’xv y)s

for some 0 := 0(x, z,z’, y) € [0, 1] in Dy;. In that contribution, since both z, 7’ are small w.r.t.
the characteristic time 71/%, we have:
c 1 c 1

=<

pst,x+7 +0z—y) < —— _—
td/a (1 n |x+z’+01—y\)d+a td/e <% R \x—y\>d+a

t1/a

IA

2 ps(r, x — y). (A.9)
Hence:

2
cexp(ct®) dr cexp(ct?)
D11(t,x,y)§p—ps(t,x—y) (f —) S%Ps(t,x—y).
r

tl/e <lpje r® 2%

For the contribution |p(f, x +z + 7/, y) — p(t, x + 2/, ¥)| in D12(¢, x, y), since |z| can be large,
we write directly, recalling as well that || is small and proceeding as in (A.9):

lpt.x+z+2,y)—pt,x+2Z, 9| < Iptt,x+z+2, I+ Ipt.x+7,y)l
<clpstt,x+z—y)+pst,x —y)). (A.10)

A

Observe that if |x — y| < #'/¢, i.e. the diagonal regime holds for pg(r, x — y), we can then use
the global upper bound (ps(t, x +z — y) + ps(t,x — y)) < .77, in the control (A.10) so that

d7'|Z/| dz
/1d+a d+a
|7/ |z]

Dia(t, x,y) < cexp(ct”)ps(t,x —y)

‘Z/‘S%tl/a |z\>%l]/"‘

< cexp(ct®) ps(t, x — y)fHé.

If now |x — y| > /%, we have for all givene € (0, 1), ps(t,x +z —y) < ceps(t,x — y)if

z ¢ B(x —y,elx — y|). Indeed, |x — y 4+ z| > |lx — y| — |z]| = &]x — y|. On the other hand,
if z € B(x — y,elx — y]), Izl = (I —&)lx — y| and [z|7“T®) < ((1 —g)]x — y)~“@+® <
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cst’lps (t, x — y), up to a possible modification of c,. Thus,

Dia(t, x,y) < CCXP(Clw){fH‘IYPS(t, x—y)

N ¢ ) dz f |’ |dZ’
ceps(t,x =y =
(BG—y,elx—yD)nflzl> §ei/ay 12194 Jiz< by [2/]4F

+ : / ps(t,x+z y)dz/ 1Zldz }
s(t, - —
{1 = &)x =y} [y elx—y) < bitfa |2]4F

< cexp(ct®) ps(t, x — y)i~ .

This proves that:

Di(t,x,y) < cexp(ct®) ps(t, x — y)t_z"%. (A.11)

Let us observe that we have some continuity for the singularity w.r.t. the stability index, w.r.t.
to the diffusive case, as far as the small jumps are concerned (see Eq. (A.7)). The large jumps
deteriorate the singularity. Precisely,

/ dZ

Z
|Da(t, x, y)] 5/ T X /Rd lp(t,x +2 +2z,y) — pt,x +z’,y)|—|z|d+a.

|Z’|>£tl/a

From the previous arguments, splitting again the small and large jumps in the z variable w.r.t. the
characteristic time scale t1/%, we get:

dz c
/Rd Ipt,x +7 +2,9) = pt,x +2, y)l e = - exp(et®) ps(t, x + 7= y).

This therefore gives following the dichotomy used for the term D1, (¢, x, y):
c
Dot x. )| = exp(ct®)ps(t, x — y),

which together with (A.11) indeed gives the bound | D(#, x, y)| < 5 exp(ct®) ps(t, x — y).

Let us emphasize from [22] that the expansion (A.4) also holds in the strictly stable case. The
previous control then gives the result, similarly to the discussion in the previous paragraph if
s € [0, t;/2]. For s € [t; /2, t;] we take the spatial adjoint and the associated contribution can be
analyzed similarly. Eventually, this analysis extends to the remainder terms in (A.4).

Appendix B. Two-sided heat kernel estimates

We derive in this section two-sided estimates for the density of X . Precisely we have the
T
following theorem.

Theorem B.1 (Tivo-Sided Heat Kernel Bounds).

— Diffusive case: Under (Ap), there exists ¢ := c(B, (Ap)) > 1s.t. for a given T > 0 and for
all (x, y) € (RY)?2, one has:



M. Kelbert et al. / Stochastic Processes and their Applications 126 (2016) 1145-1183 1177

e ford =1:
-1

—y? 2yl
¢ Mexp—eryexp (—e 20 fexp(—eyexp (—ef L2017
o T b P TP
= px 5 (x, )

ZT

=y
< Tﬂ/z{exp(cTZ)exp( TP

_u12, L
+exp(chfﬁ)exp<—c—1{|x Tﬂy| }”)}. (B.1)

e Ford =2and x # y:

-1 2
c lx — ¥l lx — ¥l
- _cTh _ 1/2

5 {exp( cT )exp( c 5 ) (‘10g<c 5 >

2
+ exp(—cT)exp (—c[ v Tﬁy| ]2_ﬁ> }

E pXZﬁ (-x7 Y)
T

2
1l =yl (‘ ( _1/2|x—y|)
< Tﬂ {exp(cTz)exp< —TF ) log(c AR

2, L
+ exp(cT ™) e p(—c_1{|xT5y| }”)}. (B.2)

Ly—yizc12rs2 + 1)

H|x7y|§c]/2Tﬂ/2 + 1)

e Ford >3 and x # y:
ot epeeth =y | exp(=eT) _C{ e =P }ﬁ
TBx — yjd—2 P TP 7ha;z XP TP

= px_z(x,y)
Zr

- exp(ch) . =2
el —/—  _exp| -
T | TAlx —yld2? P T8

B
exp(cT ) il =y
+ =g (P | ) (B.3)

— Strictly stable case: Under (As), there exists ¢ .= c(f, (As)) > 1s.t.ford > 2and a € (0, 2)
ord=1,a<1,agiven T > 0and forall (x,y) € (Rd)2,x #+ y, one has:

_ exp(—cTﬁ) 1 exp(—cTﬁ)
{Wﬂ|x—y|<ma + Thasa yta | S Pxp ()
(1+553)
Bo
exp(cTh®) 1 exp(cT T=0-h) 1
= C{Wﬂu AsThe R e [ = g A (B
(1+ 52
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Ifd=1,a > 1 we get forall (x, y) € R?:

cl{ 1 exp(—cT?) }
Bd/a d+a
r (1 I |x—y|)

TB/a
1 (cT =007 1
exp(cT el _1
prz,;(x,y)Sc{Tﬂd/a (1+x_y)d+a} = . (B.5)
TB/«

Proof. We first mention that the arguments in the proof of Lemma 4.8 also give that, a lower
bound homogeneous to (4.6) holds for p,s (T, u). Precisely:

C—l

3 wasmy e
TF &P —Cﬁ{ﬁ} < pzs(T,u). (B.6)

— Diffusive case. Let us concentrate on the lower bounds, since the upper bounds are already
derived in Proposition 3.2, and on the two-sided bounds for the two dimensional case. Note
that we obtain in Egs. (B.2), (B.3), for dimensions d > 2, the same singularities that we
observe for the Poisson kernel of the associated dimension.

We focus below on the lower bound for d > 3 and the two-sided bounds for d = 2. The
other controls can be derived from arguments similar to those developed below. One of the
key points for the proof is the lower bound for the density of the spatial motion. Namely
a lower bound homogeneous to the one in Lemma 4.10 holds for the density of the spatial
motion. It is classical, from chaining arguments, see e.g. Chapter 7 in Bass [4], to derive from
the parametrix expansions presented above that there exists ¢ := c((Ap)) > 1 s.t. for all
(x.y) € R

sexpe) (v —yP

pt,x,y)>c TGXP( 7) . B.7)
Lower bound for d > 3. We now start from (2.12), (B.6) and (B.7) to derive:

- ! . ™ du Ix — y?
szg(xd’)_ﬁ exp(—cT") A T d

N /+°<> du Ix —y|? e [ u ]1/(1—ﬁ)
—0= €X —C exXp(—cu) ex —C | —%
Tﬁ l/id/z p u p p Tﬂ

= (m +ma) (TP, x — y). (B.8)

To control m1(T#, x — y) we consider again the previous, diagonal/off-diagonal dichotomy:
— For |x — y|/TF? < 1 (diagonal regime) write:
c Lexp(—cT?) =P gy

m(TP,x —y) = —
T’ —yi2/2 u?/?

- c lexp(—cT#) -yl du - c Lexp(—cTP)
- Tk w—yi22 X = yl4 T Thlx —y|d=2 "
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— For |x — y|/TF/? > 1 (off-diagonal regime) write:
-1 T8 T8 d-2 12
T d —
my (T8, x —yy > & 277 ) exp(—cT") d (_lx yl) exp <—c|x i )

T TPlx— |92 Jrep o u ul/2 u

¢! exp(—cTﬂ) Ix — y|? /Tﬁ du
> ——————exp|—c —
Th|x — yld=2 Tk TH/2 U

¢! exp(—cT?) < |x—y|2>
> ———————— €X —C .

= TPlx —y|42 Th
‘We have thus established that:
¢! exp(—cT?) ( |x — y|2>
——— " exp| —c .

B _
mi (T, x —y) = Thlx — y[i2 P

(B.9)

On the other hand for the contribution m,(T#, x — y) in (B.8) we get:
— For |x — y|/TF? <1 (diagonal regime) write:

~lexp(—cTh) 21" 1/(1-p)
B ¢ exp(—cT?) _ [i]
may(TP, x —y) > —san ), duexp | —c TP

- c lexp(—cT#)
- T8d/2
— For |x — y|/T#/? > 1 (off-diagonal regime), write first from Young’s inequality,

u \L/(1-8)
u< cﬁ[(ﬁ) + (Tﬁ)‘/ﬂ].

Computations similar to those in Lemma 4.11 then yield:

-1
B ¢ exp(—cT)
ma(TV, x —y) > — 75
i 1-p
/‘2[x YETTRIEE gy Ix — y|? [ u ]1/(1*/3)
x ——exp| —c exp| —c|—
(= BT u P TF
e
- cLexp(— cT) exp | —c [x — y|2 7P 1
= T8 L T8 | [x — y|2 Lﬂ —g(d/2—1)
1
_ Lexp(— cT) . [x — y|> 777 1
- Th | TP ] (PO @21
1 o 29725
c lexp(—cT) lx —yl” |*
= 0\ | )

_1=8 _
recalling that Vz > 1, exp(—z!/@=#);7 2% @=1 5 -1 exp(—cz!/@=P)y for the last but
one inequality. We have thus proved in all cases:
1
c lexp(—cT) lx — y[27>P
Thd/2 N

my(TP x —y) >
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which together with (B.9) and (B.8) completes the proof of the lower bound for
d > 3.

Bounds for d = 2. The lower bound (B.8) and an homogeneous upper bound still hold, with
obvious modifications of the constants. We focus on the contribution m(T#, x — y) yielding
the additional spatial diagonal singularity. The term m(T#, x — y) can be analyzed as above.
Let us write:

-1 _eTBY (TP 4 2
(TP x — y) = S Pl _uexp<_ u)

¢
T#h 0o U u
Assume first that ¢!/2|x — y|/T#/? < 1. Setting v := exp (—c#) in the above integral

we derive:

li—y[?

clexp(—cTh) [PCcT57)  dy

mi (TP, x —y) >

T 0 —log(v)
¢ exp(—cT?) exp(—c=al) eXp(*Cu;iglz)
Z —vlog(—log(v))l, " —|—/ log(— log(v))dv
0
_ ¢ lexp(—cTF) {ex (_c x — y|2><_10 (clx - y|2>)
L P s

|x—.v\2)

exp(—c
+ / 1 v log(—log(v))dv}
e

> Cilexl;#[exp(—c X ;ﬂy|2><— log(c|x ;ﬂy|2>)

=P =3P\ _
—|—10g(c 7P )(exp(—c 7P )—e )]

¢! exp(—cT’S)e_1 1 ,|x — y|2
TP (_ Og(‘ TP ))

Hence:

m (TP, x —y) >

> -
sl Tﬂ

v
The upper bound could be derived similarly.
If now c'/2|x — y|/T#/? > 1, we write:

2
cle Vexp(—cTP)exp (—cle_—%l> x — P2
(52)

m(T?, x —y) >

cVexp(—cTP)exp (_Hx;_gﬁ) ™ g
z /

cVexp(—cTP)exp (—cp‘;—glz>
TP '

=

The previous bounds give the result.

— Strictly stable case. We focus here on the lower bound for d > 2. The other cases can be
handled similarly. From the lower bound in Kolokoltsov [17] for the density and a chaining
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argument one derives that there exists ¢ ;== c¢((Ag)) > 1 s.t. forallr > 0, (x,y) € (R%)2:

-1
c exp(—Cl) 1

pt,x,y) = rd]e =y )T
(l + P )

From (2.12), (B.6) and (B.10) we now get:

(B.10)

¢! r# 1
pPx ﬂ(-x )’) = _/3 exp( cT )/ d/ot d+a
(1 + \x—y\)

ul/a

+/+°° du 1 (—cu) < u 1/(1—/3))
exp(—cu)exp | —c¢ [—]
dja o\ d+a T8
A U <1+ lil/i')

= (mi +m) (TP, x = y). (B.11)
Let us first control m1(T#, x — y) exploiting again the diagonal/off-diagonal dichotomy.
—If |x — y| < TP/* then
cLexp(—cT#) be=yI* gy c Lexp(—cTP)

mi(T?,x —y) > > :
T# —ylejp ud/* T TP|x — yld=
—If|x —y| > TF/* we get:
_ p _
mi(T8, x — y) > :exp(—cTﬂ) P B e i exp(—cT?).
- Tk o X —yldte T |x — y|dte
We have thus established
m(TF, x - y)
. p 1 I Th ;
>c exp(—cT ){ Thlx — yd—o W—yIsTHe + Tx e oy T } (B.12)
Let us now turn to mo(T#, x — y). We get:
—If |x — y| < T/,
g ! o [ ! B
mo(T x—y)>—ﬁexp( cT) ud/a—Tdﬂ/ exp(—cTF).
—If|x —y| > TP/2,
;3 -1 5 2r1# T8 5
mo(T T dta X cT udu > ———exp(—cT?”).
2T 5 = 3) = g expl )/ﬂ > e e

Plugging the above estimates and (B.12) into (B.11) gives the result. [

Remark B.1. Let us emphasize that the bounds of Theorem B.1 would hold under the weaker
assumptions that the coefficients b, o are measurable and s.t. oo™ is Holder continuous and b is
bounded. Indeed, the two-sided heat kernel bounds for the spatial motion hold in that case. We
can for instance refer to Sheu [37] in the diffusive case or to Huang [15] in the strictly stable
case.

Let us point out as well that the two sided bounds hold in the diffusive case under those

assumptions for the density of X B, E ,l,]l associated with the Euler scheme approximation for the

spatial motion. Again, the key estlmate is a two-sided bound for the Euler scheme which can be
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found in Lemaire and Menozzi [24]. In the strictly stable case, the upper bound holds under the
indicated assumptions. This is a consequence of the parametrix expansion for the density of the
scheme, see [22]. The lower bound is more delicate to obtain since even in the diffusive case,
the localization arguments which are standard for the SDE need to be carefully adapted for the
scheme.

Remark B.2. We conclude saying that the results in Theorem 3.1 could be slightly improved in
light of the sharp estimates of Theorem B.1 for d = 2. We did not exploit those controls in the
presentation of the main results mainly for notational coherence and simplicity.
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