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WEAK ERROR FOR CONTINUOUS TIME MARKOV CHAINS
RELATED TO FRACTIONAL IN TIME P(I)DES

M. KELBERT, V. KONAKOV, AND S. MENOZZI

ABSTRACT. We provide sharp error bounds for the difference between the tran-
sition densities of some multidimensional 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 fractional derivative of Caputo type and a spatial operator
corresponding to the generator of a non degenerate Brownian or stable driven
Stochastic Differential Equation (SDE).

1. INTRODUCTION

We are interested in the probabilistic approximation of P(I)DEs of the following
type:

dlu(t,x) = Lu(t,x), (t,z) € R* x R4,
(L.1) {u(O,x) = f(x), z € R4,

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 equations (2.10),
(2.11) below for the respective definitions of the Caputo-Dzherbashyan derivative
and the spatial operators considered). Equations of the previous type appear in
many applicative fields from natural sciences to finance, see e.g. Meerschaert et al.,
[MS12], [MS13] and references therein.

Under suitable assumptions, the solution of (1.1) can be represented as u(¢, z) :=
E[f(ng)] where (X97),5¢ solves the SDE with generator L and (Z)i>¢ is the

inverse of a stable subordinator of index 3 € (0,1) independent from X®®. This
therefore extends the “usual” Feynman-Kac representation, corresponding to 5 = 1,
to the fractional case 3 € (0, 1).

Many probabilistic numerical approximations of u(¢,z) have been considered
when 8 = 1. We can for instance mention the works of Konakov et al. (see [KMO00],
[KMO02], [KMO09] in the non degenerate diffusive case or [KM10] 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 [BT96a], [BT96b] or
[KMM10] for associated LLTs.
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2 M. KELBERT, V. KONAKOV, AND S. MENOZZI

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.
Eidelman and Kochubei [EK04] for the current case or Kochubei [Kocl4] for ex-
tensions 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 T and the
constants controlling the error estimates depend explosively on T 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 estab-
lish 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 [Kol09] 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 equation (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 behaviour 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 « € (0, 2], thus including the Brownian motion.
We write for ¢ € CZ(R% R) (space of twice continuously differentiable functions

with compact support), Lé(z) = 1A¢(z) for o = 2 whereas for o € (0, 2):

Lo(x)

[ {6t 9) = 6la) = Vola) -yl < ()

e = [ {6t o) = o) = Vo) -l <)o~ dulo )

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

(2.2) A>1, vEeRY Ao < / &, mv(dn) < AJel°.

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

Vt >0, VE € RY, psp (€) = Blexp(i(e, 5] = exp (—tca / |<€,77>|”‘V(d77)) ,

Sd—1

where the explicit value of C, can be found in Sato [Sat05].

Let us now discuss heuristically how some suitable scaling limits of Continuous
Time Random Walks (CTRWSs) actually give a probabilistic interpretation of the
solution to (1.1). 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:)ien- be a sequence of Rt x Ré-valued i.i.d pairs of random variables
defined on some probability space (£, F,P). For all ¢t > 0 one defines:

N, m
T, := ZYi, N; :=max{m € N : ZTi <t}
i=0 i=1

If the (T;)ien+ 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 S-stable
and a-stable law with 8 € (0,1) and a € (0,2]. This property indeed yields that :
(23) (V7Y T)uzo = (87 )uz0, and (07N Vi)uzo = (S5 )uzo,
i=1 i=1

where |-| stands for the integer part and = indicates the usual convergence in
law for processes. We also used the convention that 2?21 = 0. In (2.3), S5 is

a (-stable subordinator, i.e. a Lévy process with positive jumps and its Laplace
transform writes ¢ g5+ (A) = Elexp(—=AS5 )] = exp(—u)?®), A > 0. On the other

hand, we will assume that S® is a symmetric R%-valued stable process with gener-
ator as in (2.1).

Now, the rescaled process associated with the number of jumps (V¢):>0 also has
a limit, namely (n=°Ny;)i>0 — (Ztﬁ)tzo, where Ztﬁ :=inf{s > 0: 5%+ > ¢} which
is the inverse process of a f-stable subordinator. Since S#+ is increasing in s, Z/’
also corresponds to the first passage time of S%* above the level t. Thus, one
formally has:

NTI,
(1 Tue) g = (%) 357
- t>0

=1

n?(n"% Noi) B
= (nﬂ)—l/a > Y; :(Saﬂ) )
~ z7 ) >0
t>0

K2

From the independence of S and Z”, the limit random variable Sgﬂ has, for any
t

t > 0, an explicit density that writes:

+oo
(2.4) glt,z) = / pse (, )pyps (t, u)d,

where pga(u,z) = ﬁfn&d exp(—i(z, \))psa (\)d\ and pyzs(t,u) stands for the
density of Z at point u. Observe that since P[Z] < u] = P[SPT > ] we have
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the following relation between the density of the inverse Z? and the density of the
subordinator S$%+:

t

(25)  pze(t,u) = 0uP[Z] <u]=0,(1 —P[S[H <t]) = *au/ pso+(u, y)dy.
0

We also have the following important equation for this density.

Proposition 2.1 (PDE associated with pzs). For fixed ¢ > 0, the density pys (¢, u)
satisfies in the distributional sense the equation:

t=8
I -p)
where ¢ stands for the Dirac mass at 0 and ]D)f denotes the Riemann-Liouville
derivative. Namely, for a function h and 8 € (0, 1):

DPh(t) = ﬁ% {/Ot h(t — u)uﬁdu} .

Proof. Let us differentiate under the integral in (2.5) to get for u > 0:
(2.7)

t
pzs(t,u) / Oupge.+(u,y)d / L*Ppgas (u,y)dy = —L*’B/ pss.+(u,y)dy,

using the Kolmogorov forward equation for the density of the subordinator and
denoting by L*? the adjoint of its generator. Precisely,

1 teo ds

LPop(t) = ———— t—s) — o(t)——.

o) =5 [ elt—9) - o)

Recall now that for a smooth (say C1) function ¢ : RT™ — R that is extended by 0
on R, for all ¢ > 0,

(2.6) (DY + Du)pgs (t,u) = 8(u),

. B 1 k ds o(t)
Ll = | [ et - eyt - 201
_ 1 o(t) — ¢(0) . ‘ / s)s B@ . @
~ T { el R S }

o 1 K / _ s —B s (P(O) _ B
= T(B)(B) {/ON Js7ds tﬁ} Dio(t)-

Thus we get the result for v > 0 from (2.7) and (2.5) differentiating w.r.t. w.
The proof can be achieved observing that pgs.+ (u,y)dy e d(dy) which implies
u—r

lim,_yo+ pgzs(t,u) = ]D)f@(t) = F(tl;_ﬁﬁ), 0(t) = I;~o. This observation implies the

form of the singularity at the origin in Equation (2.6). O

We refer to [Pod99] for additional general references concerning fractional cal-
culus. From (2.4) and (2.6) we therefore derive that for all ¢ > 0:

+oo —B
Diq(t,a) = / psa<u,x>{—aupza<t,u>+ﬁ

t—B
ra-p°™

§(u)}du

+oo
= / aupsa‘ (uax)pZﬂ (tau)du+
0
t—B8

(28) = Lq(t, SC) + m

o(),
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where we used that Oypse(u,z) = Lpga(u,z) (the spatial density satisfies the
Kolmogorov backward equation) and the fact that S e 0. We have also denoted
uU—r

by 6, with a slight abuse of notation, the Dirac mass at 0 in R,
In other words, the transition p.d.f. ¢ of (S s)t>0 can be viewed as the funda-

mental solution of (2.8). Hence, for a given continuous initial data f, the associated
Cauchy problem solved by u(t,z) = E[f(z + 57,)] writes:
t

(2.9) {Df“(tv@ = Lu(t, )+t f(2), (t,7) € R+* xR,
u(0,7) = f(x), v € R,

Alternatively, equation (2.9) can be rewritten in terms of the Caputo-Dzherbashyan
fractional derivative, denoted 8,55 hereafter, recalling that for a smooth function h
and € (0,1):

1 t
OPh(t ::7/ B (t — v)u"Pdu,
Pht) = g [ H(E-

t=8
I -p)
The probabilistic representation of the solution to equation (1.1) is thus derived
from (2.9) applying identity (2.10) to the function h(t) = u(t, x).

Let us mention that, in the special case L = A2A, some explicit expansions of
the density of v/2 )\8’2 have been obtained by Beghin and Orsingher [BO09].

The correspondence between the previously described CTRWs and Equation
(2.8) suggested various extensions. The first one consists in introducing a Markov
Chain for the spatial motion, i.e. the i*’-spatial jump depends on the position Y;_.
This procedure can lead to consider at the limit differential operators of the more
general form

Li¢(z) = (b(z), Vo(x)) + lTr(aa* (z)Diqﬁ(x)) or
Lyp(xz) = Vo(z))
/ {6z + o(@)y) — 6(@) — Vo(x) - (@ )yllotapi<t ldy):

(2.10)

D h(t) — h(0) = AP h(t), t > 0.

(2.11)

for p(dy) := |y|~ 1+ d|y|v(dy) as in (2.1), in equations (2.9), (1.1). We consider
homogeneous operators in time for notational simplicity. Let (Xs)s>0 solve the
SDE with generator given in (2.11), i.e

t t
(2.12) X, = er/ b(XS)der/ o0(X,-)dYs,
0 0

where Y is a Brownian motion in the diffusive case and a symmetric a-stable
with a € (0,2) process with Lévy measure p otherwise. Then, under suitable
assumptions, needed to get smoothness of the p.d.f. for the spatial motion (X;)¢>o,
we can derive similarly to the previous computations that the solution to the Cauchy
problem (1.1) writes:

(2.13) V(t,z) € RY x RY, u(t,z) = E[f(xgg)].
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Observe that, similarly to equation (2.4), denoting by PX g the density of X s at
T T
time T > 0, one has for all (z,y) € (R%)2:

+oo
(2.14) b, @) = [ pls s (T
T 0

where p(u, x,.) stands for the density of X%%. Let us also mention that modifying
the laws of the waiting times including a possible dependence on the previous jump
time and spatial position, leads to consider at the limit a modified fractional deriv-
ative in time. We refer to Kolokoltsov [Kol09] for details and results concerning the
extension of the formula (2.13) and convergence of the associated approximations.

3. ASSUMPTIONS AND MAIN RESULTS
3.1. Assumptions on the Coefficients and Approximation Scheme. We as-
sume that the coefficients in equation (2.12) satisfy the following conditions:

(S) The coefficients b : R? = RY, o : R? — R? @ RY are assumed to be bounded as
well as their derivatives up to order 6.
(UE) There exists A > 1 s.t. for all (z,¢) € (R9)2:

ATHE? < (oo (2)€,€) < AJ&J*.

Now, we consider for a given time step h > 0, setting for ¢ € N, ¢; := ih, the
following Markov Chain approximation of equation (2.12):
(3.1) VieN, X' =X} +bX)h+o(X)h i, X =,

for i.i.d. Re-valued random variables (n;);>1 and a € (0,2].

Also, since we are considering the fractional derivative, we can explicitly and
exactly simulate (Sg’Jr)ieN, see, e.g., Weron and Weron [WR95]. From the exact
simulation on the time grid, a natural choice to approximate the inverse process
Ztﬂ is to consider the discrete inverse process:

(3.2) vt >0, 20" = inf{s; :=ih: SPF > t}.

Thus, for a given T > 0, we finally approximate X s appearing in (2.13) by
xh ’

zgn

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 [KMO09].

3.2. Diffusive case: This case is associated with spatial motions with generators
of the form L; in (2.11). We then specifically assume that o = 2 in (3.1) and that
the (n;);>1 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:

(Igw) The (n;);>1 have standard Gaussian densities (so that the above scheme is
the usual Euler discretization).

(I,,) For a given integer m > 2(d + 1), the (n;),;>1 have a density Qa which is
C* and has, together with its derivatives up to order 4, polynomial decay of order
M > d(2m + 1) + 4. Namely, for all z € R¢ and multi-index v, |v| < 4:

|D,Qur(2)] < Car(1+ |2))~M.
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We say that assumption (Ap gu) (resp. (Ap )) is in force as soon as (S), (UE),
(Igw) (resp. (I,,)) hold. We write (A p) whenever (Ap gu) or (Ap,,) holds.
It is well known that under (Ap) the random variables X¢, X have densities for
all t > 0,7 € N* respectively, see e.g. [KMO0]. This property then transfers to X s
T
and X Zg,h thanks to the convolution equation (2.14) and its discrete analogue for
T

the approximation (see equation (3.3) below). We will denote by PX g and Pxr
T Z

the associated p.d.f. To distinguish precisely the approximations under (Ap gul)
Eul,h

or (Ap ) we will specifically denote, when needed, by X o
T

Pyemn the Euler
zBh
approximation and its density.
We now have the following convergence result:

Theorem 3.1 (Error Bounds for the Approximation Schemes).

- Euler Scheme. There exists ¢ := ¢((Ap)) s.t. for a given time step h € (0,1),
a deterministic time horizon 7' > 0 s.t. T' > h'/? (not necessarily a multiple of h),
for every x # y we have under (Ap gu) (Euler scheme):

[P 5 (2:4) = Pyguin (@, )]

T

(33) = | /]R+ Pzs (T’ u)p(u, Z, y)du - ZP[ZYB“JL = ti]pEULh(tia x, y)'

i>1
<ch (5B,Time(T; T — y) + gB,Space(Ta €T — y)>a

where:

_7 La<o li>3 . 1

6ﬂ7Time(T7$*y) C {<Tﬁ/2|1'y| + |$_y|2 pﬂ(Taziy)+ﬁpﬁ(Taziy) 5
To=1 +Ta>3 | la=2 . 1

{( T +TB/Q)pB(T,w—yH—TB/Qpﬂ(T,w—y)},

gﬂ,Space(Ta xr — y) =

with

I I
PSP (TS

TOPz —ylle=> TPl —y|*=2

2
X exp (cl |xTBy| ),

1/(2-8)
" exp(cT7/0+5) 1 fle =yl
(34) pg(T,x—y) = —qpaz P | —¢ ! T8 .

The two auxiliary functions p, pg are s.t. their sum serves as an upper bound for
both PX 5, PxBulh. Precisely, there exists ¢ := ¢(83) s.t. for all T > 0, (z,y) €
T z8:h

(RY)?, « # y:

> exp(cT?/?)

(px 5 + pyean)(@,y) < c(ps + Ps)(Tia ~ y).
T ZT’

We refer to Corollary 4.1 for a proof of this last statement. We also establish in
Appendix B a similar lower bound, proving the estimate is sharp.
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- Markov Chain. Consider now assumption (Ap,,) (general Markov Chain).
Then, there exists ¢ := ¢((Ap,m)) and for all € € (0,1/5), ¢. := c.((Ap,m)) s.t.
for all given time step h € (0,1), T > h/5=¢ (z,y) € (R?)?, z # y:

px (2, y) —pxn, (2,9)] < {hEs Time(T, z — y)

(3.5) T 2

+CE{h1/25é\{Space,LLT(T’ T — y) + gév,js,iyace,NoLLT(T’ =y, h)}},
Y)

where the contribution £s rime(T, ¢ — y) due to the time sensitivity, see equations

(3.3) and (4.1), is as above and:

lag=1 +Tg>3 | Tg=2 .
S%Space,LLT(Tv T—y) = { ( |$ _ y|7 + T8/2 Qm—[(d—1)+ﬂd:1],B(T7 T —y)

1.
+mqm,B(Tax - y)}a

denoting as well for all [ € N*:

X _ La<o la>3 6/2
QI,ﬁ(Tv xr — y) T (Tﬂ/2|.’L' — y|Hd:2 + TB|.’L' — y|d_2 eXP(CT )

EEA
X (1 + TB/Q )
_ _ exp(cTA/OFA) Ll

Also:

1
M _ (R1/5=2)zla<>
gﬁ,SpaCe,NoLLT(Ta =Y, h) = Tﬁ|sc _ y|d72+]ld§2

—2(m—1)+(d—2)+li<2
|z —yP? oyl \7 =
X [GXP (—C e ) T\ ey :

Comments on the results.

exp(cTP/?)

- Euler Scheme. Observe that the term pg in (3.4) comes from the contribution of
small times in fomula (2.14). This gives the additional (diagonal) spatial singularity
in the fractional case. The term pg in (3.4) comes from the integration over long
times in (2.14). It induces a loss of concentration in space w.r.t to the usual case
B =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. |z —y| < kT?/? for some & > 1, if we
restrict to spatial points that are equivalent to the time contribution for the usual
parabolic metric, i.e. k= 'T7/2 < |z —y| < kT?/2, the previous error bound reads
in small time, i.e. for T'<1:

ch . ~
(3.7) Ipx 5 (2,y) = PxT (@,9)| < 75 (D5 + Ps)(To 2 — ).

This means that we find the upper-bound for the density of the processes involved,
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 anal-
ysis, see e.g. [KMO02], which involves a singularity of order one in space, which in
the current bound comes from the contribution £ gpace(T; = — y) in (3.3) and is
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negligible if 7' < 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 equation (4.1) and Lemma 4.1 below). If the error bound
(3.3) is now considered for T" sufficiently large, the contribution g space(T, = — V)
dominates and we are back to the usual error rate for the considered region.

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 convergence rate of order h° one needs to take: |z —y| > h(1=9)/4 4 > 1.

e In the off-diagonal region, i.e. |z —y| > xT%/2, we do not have spatial singularities
anymore. Indeed, the error bound also reads as in (3.7). Anyhow, the specificity
comes from the loss of concentration due to the term pg coming from the long
time integration in (2.14) and appearing in the two-sided estimates of Appendix B.
We refer to Lemmas 4.8 and 4.11 (see also Corollary 4.1 and Theorem B.1) for a
detailed presentation of these facts.

The previous facts make us feel that the previous bounds are sharp, up to con-
stants.

- Markov Chains. For the error bound (3.5) 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, gé\{Space,LLT enjoys the same convergence rate h'/? as in
the usual LLT (see Petrov [Pet05], [KMO00]) and the terms Gp,—(a—1)41,_,,8> Gm.,s
appearing in (3.5) are the Markov chain analogue of the contributions ps and pg
in (3.3)'. 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 (4.27) below and [KMO09],
[KMOO0], for the contribution ¢, g 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'/°~¢ in (2.14). The last term gé\?é;ace,NoLLT comes precisely
from those wvery small times u < h'/°=¢ for which the limit results do not apply.

Continuity of the Estimates when § 1 1. In this case, the Caputo derivative in

(2.10) tends to the usual derivative. It is therefore natural to ask whether our results

match the ones previously obtained in that case (see [KMO00], [KM02], [KM10]). Let

us now emphasize that when 5 1 1 then 1/155,+()\) — exp(—Au), A > 0. Thus, the

subordinator S#* and its inverse Z? both tend to the deterministic drift with slope
1. This means that for a given T' > 0,P[Z5 € du] B—>1 d7(du). Hence, the time
—

integral in (2.14) disappears at the limit, i.e. PX_g (x,y) ,6—; p(T,z,y). From (3.3)
T —

and (4.1), the same phenomenon occurs for the scheme provided T = Kh, K € N*
and the error associated with the time sensitivity, term &; 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 (3.3) and (3.5) are coherent
with those of the previous works at the limit.

1We recall that (Pg + D) (T, x — y) serves as an upper bound for (px ,)(z,y) (see Corollary
z
T
4.1).
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3.3. Strictly Stable case. Additionally to assumptions (A), (UE) we will assume
that :

(ND) The spherical part v of the measure p in (2.11) satisfies the non-degeneracy
condition of equation (2.2). Moreover, v has a C3 density w.r.t. the Lebesgue
measure of the sphere.

(B) The drift b=0if o < 1.

This last condition is rather usual to have pointwise bounds on the density of the
SDE, see [Kol00]. We will consider similarly to the diffusive case the approximation
(3.1) for o € (0,2) restricting ourselves to the Euler scheme case, i.e. the (7;);>1
are i.i.d. symmetric stable random variables with common law Y7 (driving process
at time 1). We say that (Ag) holds if (S), (UE), (ND), (B) are in force. Recall
from Kolokoltsov [Kol00] and [KM10] that the random variables X, Xthi Bl have
a density for all t > 0, ¢ € N* respectively. Thus, similarly to the diffusive case,
this property transfers to the random variables X 5, X ZBEE ! from (2.14). With the
T

previous notations, we have the following approximation result.

Vi

Theorem 3.2. Under (Ag), there exists a constant ¢ s.t. for a given time step h €
(0,1) and a fixed time horizon T' > h'/#, and any (z,y) € (R)? s.t. |z —y| > A1/
we have the following convergence result:

IPx 5 (2,y) = Pxrmy (z,y)]

(38) Loyj<rsra  Daoysmosey 1
SCh{( |1'7y|a + Tﬁ )pB(T,:E—y)-i-ﬁpﬂ(T,x—y)},
where
. » 1 T8
pp(T,x —y) = exp(cT” )){Wﬂm—mswm + Wﬂlz—ywﬁ/a}
Bw/(1—w(1-p))
5 exp(cT ) 1
pg(T,x—y) = ( - d+a,wzza/\1,
Thd/ e (1 + Ts—/li)

(png + pXE‘l;fvhh)(z’ y) < c(ps +0) (T, x —y), c:=c(B,(As)).

Remark 3.1. We observe a phenomenon which is similar to the diffusive case, i.e. the
error bound has the expected rate of order i up to additional singularities. In the
strictly stable case, i.e. « € (0,2), two contributions give additional singularities
w.r.t. those already appearing in the sharp density bounds (see Theorem B.1).
Those contributions write 77, |z —y|~* and come from the time derivative of the
density in (2.14).

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 |z — y| < T8/,
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 (2.14). Let us mention that there is some continuity w.r.t. to the stability index
for the induced singularity, at least when d > 3 since the diffusive case provides a
factor (T#|x — y|?=2)~! for that contribution in ps(T,x — y).
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4. PROOF OF THE MAIN RESULTS.

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

4.1. Decomposition of the Error. For given points (T, z,y) € R} x (R%)?, we
get from (2.14) and (3.2) that the error writes:

S(T,Z',y) = (szﬂ 7pX;ﬂ’h)(zay)

T

= /]R+ DPzs (Ta u)p(uaxay)du - ZP[Z’?’}I = ti]ph(tiaxay)a

- / pza (T, 0)(plus 2, y) — p((u), 2, y))du
+HD 2R =) (p(ti, 2 y) — " (ti 2 y)) )

1>1

(4.1) = &(T,x,y) + &(T,z,y),

denoting for all v € R, ¢(u) := inf{t; := ih : ¢; > u}, where we have used
(3.2) for the last but one equality. Let us specify that & is a term involving the
time sensitivities of the density of the SDE (2.12), 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 S%* (see e.g.
Zolotarev [Zol92] or Hahn et al. [HKU11]) which provide those for pzs. On the
other hand, the quantities |p(t;, x, y)—p"(t;, x, y)| have been thoroughly investigated
in the literature for the diffusive case, see [KMO00], [GLO08]. The results established
therein give that for a general approximation scheme of type (3.1) the difference
is controlled at order h'/? which is the convergence rate in the Gaussian LLT, see
e.g. Petrov [Pet05]. If the scheme already involves Gaussian increments (usual
Euler scheme of the diffusion) the control is improved and the convergence rate is
h, see also [KMO02]. In the strictly stable case, i.e. a < 2, the convergence rate
of the Euler scheme, for which the exact stable increments are considered in (3.1),
has been investigated in [KM10]. The proof of Theorems 3.1 and 3.2 immediately
follows from equation (4.1) and the following Lemmas.

Lemma 4.1 (Time Sensitivity in the Error). Under assumption (Ap) (Diffusive
case) we have that there exists ¢ := ¢(8,(Ap)) > 1, s.t. for all T > 0, (z,y) €

(RY)?, @ # y:

exp(cT8/2) (
SDAE " exp(—
ol =yt

exp(cTﬁ/(”ﬁ))
+ TB(1+d/2) eXp( {

_1 |$ - y|2)
2 T8

= ﬂ)>}

Tg<2 Ig>3
h = = T,
W (g + g JpoTa =)+ (T

(T 2, y)] < ch{

IN
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Under Assumption (Ag) (Strictly stable case), there exists ¢ := ¢(3, (Ag)) s.t.
for all T > 0, (x,y) € (RY)2, z # y:

Dayizrove  Dooyporore e/ (1-w(1-5)
1E1(T, 2, )| Sch{ exp(cTﬁ“’)( |z —y|<T5/ lz—y|>T8/ ) exp(c ) }

Tﬁ|1'*y|d |1.7y|d+a Tﬂ(l-i—d/oz)\/ |$_y|d+0t
lz—y|<T#/ lw—y|>TA/> ) 5 _
gm{( Ty T 17 >pﬁ(T,wy)+Tﬂpﬁ(T,z y)},

Wherew:é/\l.

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
below and [Kol00]. The first one corresponds to the additional spatial singularity
induced by the fractional derivative in time in the diagonal regime |z — y| < T8/
(stable parabolic scaling at time T7).

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 ¢ := ¢(B, (Ap)) s.t. for all T > 0, (z,y) € (RY)?, = #y:
- For the Euler scheme:

(4.2)
Ig=1+1 I4= 1
Eul d=1 d>3 d=2 ~ o ~ .
1= chép space(T 2 — ),

where we write £ with a slight difference w.r.t. the definition in (4.1), to specif-

ically make the distinction with general Markov Chains.
- For a general Markov Chain, we have that for all € € (0,1/5) there exists ¢c. :=
ce((Apm)) st. forall T > 0, (z,y) € (RY)?, o #£ y:

Ig—1 +1 To=2 | .
|62(T5 €L, y)| <ce |:h’1/2{{ : |; _ yd|23 + T‘dB/QQ }qm—(d—l)'f‘]ldl,B(Ta T — y)

1 (h1/575)%]1,1§2 5/2
+quﬁ(Ta T — y)} + TB|z — y|d-2Haze exp(cT?/?)

|z — y|2 E —2(m—=1)+(d—2)+li<2
x {exp <c Bl/5—< {1+ (h1/5-2)1/2

M,
= cé{hl/QE[IEV,[Space,LLT(Ta T —y)+ SB,S;ace,NoLLT(T’ r—y,h)}.

Lemma 4.4 (Spatial Sensitivity: Strictly Stable Case). Under assumption (Ag),
there exists ¢ := ¢(83, (Ag))> 1s.t. forall T > 0, (z,y) € (RY)?, x £ y:

I I TBw/(1—w(1-8))
Eul Bw le—y|<TB/ le—y|>T8/ exp(cT )
IE (T, z,y)| < Ch{ exp(cTP¥) ( TF|z—y|? [o—y[dTa TEOFd )|z _y|dTa

(4.3)

L. g/a L Bla \ A ~
< on (Lepusprs 4 B )T ) + Fria(T - ) |

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
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singularity for the error expansion of the Euler scheme, exactly matches the time
singularity of the derivative of the stable heat kernel, see equations (4.32) and
(4.11).

4.2. Asymptotics of the PDF of the Inverse Subordinator. As a preliminary
remark, let us mention that in the particular case 8 = 2", n € N*, for all T' > 0,
the random variable Zéi, 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 Zﬁ’h is not needed in those cases, and the time
sensitivity error & (T, z,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 Z?, B=2"" neN", T>0).

law
(44) e N, p=27" 27 "2 VIIB (VRIBX(VEIB (- (VEIBY(T))) - )
where the (B');cq1,... n} are independent Brownian motions.

Proof. Let us start with n = 1. In this case, it is well known that, recalling that

1 1 1¢
(S2 )i>0 is the standard subordinator with index 1, one has (Sf’Jr) ()
> t>0
V3
for the standard Brownian motion B. Indeed, considering for a given A > 0 the

(Ti)tzo, where T = inf{s >0: By = \/i}’ stands for the hitting time of level

1

V2
exponential martingale (exp(\/ 2\B — )\s)) , the stopping theorem gives that,
s>0

for all s > 0,

Elexp(V2ABsar , — A(s A T%))] =1 = Elexp(—Ar+ )] = exp(—tA'/?).
v

_t_
s—+00 V2

Write now for all ¢ > 0:

1 1 t
PZZ <t]=P[S" > T)=Plr >T] =P sup B, < —] =P[v2|Br| <1,
r ! V2 s€[0,T] \/5
using the well known Lévy identity sup e ) Bs (law) |Br|, T > 0, for the last

equality, see [RY99]. This proves (4.4) for n = 1. Introduce now a family of i.i.d.
1
random processes ((Si(t))i>0),5, with law (Sf’Jr)tZO. It is then easily seen that

Sp(t) := Sn(Sn-1(...51(t))) is a standard stable subordinator of index 8 = 5. An
immediate induction indeed gives:

YA >0, Elexp(—ASy(Sn_1(..S1(1))] = E[exp(—=A"Y28,_1(...51 ()] = - -
= exp(=AY@p),

Assume that identity (4.4) holds for a given n € N* and let B"*! be an additional
independent Brownian motion independent of the (Bi)ie[[l,nﬂ- Write:

qQ _ Q _ su n+1 s n(t)
y P02 71 HS ) > )= F s 0 < 8

=P[C,(V2 sup B"*l(s)) <t],
s€[0,T]

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

C(u) "2 V3B (V2IBX (V2B (- (V2IB"(@)]) - I

The proof then follows from the Lévy identity and (4.5) since S,, 11 is a subordinator
of index 1/27+1.
O

Remark 4.7. It can be shown similarly that for given (8;);cp,n] € (0,1)", n € N¥,
if ((S; (t))tZO)ie[[l ] are independent subordinators s.t for i € [1,n], (Si(t))i>o0 (faw)

(SP5 1), then Sp(t) := Sn(Sn_1(...S1(t)) is a subordinator of index 8 := [T, B
and

(law) n
Zp = 7%,

B
. ZT
The delicate part is that this relation cannot be easily exploited from the practical
viewpoint, except if 8; = 1,Vi € [1,n].

In particular, it follows from Proposition 4.6 that, for a given spatial Markov
process (X;)i>o0 with generator L of the form (2.11), the solution of equation (1.1)
with 8 = 27" writes for a continuous function f and for all (7,z) € Rt x R%:

R 0,z . 0,z

generalizing Theorem 2.2 in Beghin and Orsingher [BO09).
We now state the Lemma concerning the required asymptotics for the laws of
VA4

Lemma 4.8 (Bounds for the density of the inverse subordinator and its discrete
approximation). For all T' > 0,

(4.6) pzs(T,u) < O(T,u), Vi € N P[Z5" = t;] < Csh8(T, 1),

where:

c 4 [ u Y /A=58)
(4.7) (T, u) := T_Bﬁ exp (—cﬁl {ﬁ} ) :

for some constants cg, Cg > 1.

Remark 4.9. The above control is the generalization of the well known Gaussian
bound for 8 = 1/2 recalled in Proposition 4.6.

Proof. Let us first recall the following asymptotics for pgs,+ (1, ) from equation
(2.2), (2.3) in [HKU11], see also [Zol92]:

pso (1,0) ~ K (8/v)1=8/2/0=8) o, (,[1 _ m(v/ﬁ)ﬂ/(ﬁfl)) w0t

(4.8) K =1/\/27(1 - B),
B
r(1-p)

Pss.+ (1,1)) ~ viﬁ*l, v — +00.
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Write now from (2.5) recalling the identity S+ (faw) ulBSPT u > 0:

T
1 Yy
pzs(Tyu) = 3u[/0 /BPse (17 W)]dy
1 T y ’ y
= gt { [ v () s [ o (1. 45) v
T T
(4.9) = Guiripbst <1’W>’
integrating by parts and using (4.8).
Hence,
T8
T _ 0r
pZB( au) F(l*ﬂ>’u_> )
g\AICO-B) e/ u\L/(-B)
pge(Tyu) ~ (T Ku -5 exp | —[1 — 3] (6)5/(1 A) (ﬁ) .

u — 400

The above controls and elementary computations give the first bound in (4.6).
Indeed, there exists ¢o := co(8) > 1 s.t.,

78 7\"
T < ——  u< (=
pzp(Tow) < CF(lﬂ)’u_(CO) ’

B/CU-B) gy [ u Y M/(1-8)
pys(Tou) < cK (é) u TR exp (—[1—ﬁ] Gl ﬂ){ﬁ} )

e S u 1/(1-8) 3
< ﬁexp (—cﬁ {ﬁ} , u > (eoT)”.

peg
For the last bound we observe that for 3 < 1 and u > (¢oT)?, [uﬁ]/[TQU[iB)] <

5

errP-3l-2) = eI, with a constant ¢ := &(8). For 3 > %, we obtain similarly
-3 5 B—3%

that [uﬁ]/[Tm*ﬂ)] < T*ﬁ[%]ﬁ. The last contribution can be absorbed by

the exponential so that we are back to the previous case. For u € [(c; 'T)?, (coT)?],

the statement follows from (4.9) and the positivity of pgs+ (1,.) on compact sets.

From the control pzs(T,u) < 6(T,u) and the relation (3.2), we indeed derive
that for all i € N*, P[Zg’h =t;] < CghO(T,t;) for some Cg > 1. O

For the rest of the analysis we will need some controls on the p.d.f. of X; and
their time derivatives in both the diffusive and strictly stable case. Such results
can be found in Friedman [Fri64] under (Ap) or [Kol00] under (Ag). For the
reader’s convenience we also recall in Appendix A some points about the parametrix
expansion from which these controls are derived. Let us emphasize that, for our
analysis, we need to specificy explicitly the dependence of the constants in time
since we are led to integrate over arbitrarily large time intervals in (2.14).

Lemma 4.10 (Non degenerate heat kernel bounds). Under Assumption (Ap) (dif-
fusive case), there exists (¢,C) = (¢,C)((Ap),d) > 1 s.t. for all (u,z,y) €
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R x (RY)?2:
plu,z,y) < Cexp(Cul/Q)gc(u, x—y),
exp(Cul/?
oty < D00y,
1 |z =yl
4.1 — —_— — .
( 0) gC(u’ €T y) (27TCU)d/2 eXp( 20u )

Under Assumption (Ag) (strictly stable case), there exists C' := C((Ag),d) >
1, w:=21 Alst. forall (u,z,y) € R x (RY)?:
p(u,z,y) < Cexp(Cu®)ps(u,x —y),
exp(Cu®)

aup(uazay) S CTPS(%»’C*y),
411 _ G (2o S
( . ) ps(u,z—y) - wd/a + ul/e )

where the constant ¢, is chosen to have f]Rd ps(u, z)dz = 1.
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 [KMO00], [KMO02]
used to control the terms &1, & in (4.1) respectively.

Lemma 4.11 (Fundamental Bounds). Let T > 0 be given. The following controls
hold:

- Diffusive case: There exists ¢ := ¢((Ap)) s.t. for v € {0,3,1} and for all
(z,y) € RT)?, @ #y:

+oo
/ W pigs (T ) gty @ — ) exp(Cu?)du
0

+ 3 4PZE" = tge(ti, e — y) exp(C7)
i>1

_ Ta>3 Lo=2 Ta=1 .
<c ( = + + ) T,z —
{ R e ey e Y

(4.12) +%ﬁg(T,:L‘y)} .

1

For the Markov Chain approximation, for all ¢ € (0, ¢

ce((Ap,m)) s.t. denoting for all (z,y) € (R?)2,

Cm |$ _y| o
gm(ti,x —y) = —= |1+ ,
14/2 < 12

K2

), there exists ¢, :=

where ¢, is s.t. fRd gm (ti, z)dz = 1, we have for all x # y:

S amltnx — )t exp(CH P2 = 1)
i>[h=4/5-<]

Tim1 +1g>3  Ig=2 | . 1 .
< CE{{ = — | + 757 (dm-l@=0+1ami] 812 = 9) + 5 s (T 2 — y)

(4'13) = cagé\{Space,LLT(T’ T — y)
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- Strictly Stable case: There exists ¢ := ¢((Ag)) s.t. for v € {0,1} and for all
(w,y) € (RY)?, z # y:

+oo

(4.14) / u Tpye (T, u)ps (u’ x—1y) €Xp(Cu°")du

0

+ Zt P ZB " =t,]ps(ti,x — y) exp(CH2)

i>1
]I — o I[ _ o 1
= |z—y|<T8/ |z—y|>TB/\ . 1 B
SC{( |:L'—y|’yo¢ + T8~ )pﬁ(T,l'*y)‘i’Tﬂvpﬁ(T,SC y)}

As a direct corollary of equation (2.14) and Lemmas 4.10 and 4.11 taking v = 0
we obtain some controls on the density of X, s. Precisely, we have:

Corollary 4.1 (Some density estimates for the spatial motion along the inverse
subordinator). There exists ¢ := ¢((A),3,a) > 1 s.t. for any fixed T > 0 the
following estimates hold:

szﬂ (:C,y) S C(ﬁﬁ +]§ﬁ)(T,ZL' - y)a
T

in both the diffusive and strictly stable case with the associated definitions of pg, ps
in Theorems 3.1 and 3.2.

Remark 4.12. In the above bounds, from the definitions of pg, pg, we have in some
sense the usual scaling in time for the Gaussian and stable heat-kernels at time
T?. We indeed observe that the dichotomy between the diagonal and off-diagonal
regime is performed depending on |z — y| < K(T?%)Y* or |z — y| > K(T?)Y/«
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 (2.14).

In the Gaussian case, those bounds are coherent with those of [EK04] 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 (4.12) 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 7% and write:

—+o0
(4.15) Qaiz=v)i= [ (T u)gelu,n ) exp(Cut2)du
0
cs exp(CTP/?) e —yP\ 77 du 1|z—y|2
<= Lexp(—— ———exp
T8 4 TB 0 uY+d/2
+oo —yl? 1/(1 B)
< _du 1/2 _-1lr—yl® _ 1 U
+TB - uv+d/2eXp(CU )exp< c 5 exp [ —¢5

= Qrps(Thx —y) + Q%B z(T z —y),
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where the subscripts s,! respectively denote the contributions in short and long
time. For the contribution Q. s s(T,z—y), we have to analyze the integral I(T?,~, |z—
yl,d) = fOTﬁ ﬁ exp(—%@). Observe that except if d = 1,7 = 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. [RY99)):

9 2
(4.16) Vu >0, fa(u) = W exp (_;_u) _

- If v+ d/2 > 3/2 we write for all |x — y| # 0:
I(Tﬂv/ya |:C - y|7d)

B8 _ _
_ T dulr—yl ey oyl 1
A W32 gldrz—3)z KP |z — yld+2—2

~ 8 ~
< ¢ Ddup—yl eyl ¢
STy Grye O 2 ) = ey

- If v + d/2 < 3/2 which actually happens for d = 1,7 € {0,4} or d =2 and v = 0
we write:

I(T?,0,]z —y|,1) < TP

Tﬁ/? Th du|:c . y| Cil |:C o y|2
(TP 0. |z —y.2) = I(TP.1/2. |z —yl.1)< aujr — yi _c lz—ylt
@0yl = 1oy s po [0 R e (L)
cTB/2
|z —y|

The previous results can be summarized as follows. There exists ¢ := ¢((Ap),5)
s.t. for all (T, z,y) € R% x (RY)?, |z — y| # 0

2
Q85T x—y) < cexp(cTﬁ/Q) exp (cl |x2Tg| )

{Hd:m:o la=2~y=0 + lg=1=1/2 Ta42+>3 }
TB/2 Tﬁ/2|x7y| Tﬁ|1‘—y|d+2(’7*1) ’

(4.17)

The restriction |z — y| # 0 is not necessary if d =1, v = 0.
On the other hand, from Young’s inequality, there exists ¢g > 0 s.t. for all
u, € > 0O

= () ey <o { (o) 17 emmparien |

We thus get from (4.15) that, for e sufficiently small, there exists ¢g s.t.:

cC N
Qr (T, x—y) < Wfﬂl/% exp(EsTP/1+9)

+oo a2 —1 1/(1—
71|SC y| Cﬁ U /(1=8)
/T duexp < T) or (7 {77} |
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Now two cases occur according to the dichotomy indicated in Remark 4.12. If |z —
y| < TP/2 then setting @ := u/T" we get Qv p.1(T, x—y) < F5r 2073y exp(cgTP/HH).
If now |z —y| > TP/2, we see that the two exponential contributions in the integral

are equivalent if n1{|z—y|2Tﬁ/(17ﬁ)}% <u< n2{|xfy|2Tﬁ/(1’ﬁ)}%, 1<k <
Ko < +00, for which

(-5 )" )

1 1/(1— _ _
<o - cﬂllil/( A) |x — y|2 1/(2=8) exp (- i {i}l/(lfﬁ)
- 4 T8 4 \T18 '

On the other hand, for u € [T%, ki {|z — y|2Tﬁ/(1’ﬁ)}%] we have:

z — |2 z—y21Y/@=P)
exp<c1| 2uy| >§exp<(2cn1)l[| Tﬂy| } >

For u € [ko{|z — y|2Tﬁ/(175)}%,+oo), it suffices to bound

-1 _ -1 1/(2—-p5)
c 1/(1-8) c _ |z — y|?
_B [l < _ % 1/0-8) Yy
eXp( 4 {Tﬂ} )—eXp( 1" ( s '

Thus, setting as in the diagonal case @ = u/T#, we derive that there exists ¢g :=
cs((Ap),k1,K2) > 1, s.t. for all (T, z,y) € R% x (RY)%:
(4.18)

C 1/(2-8)
¢ 2 —i[le—yl?
Qa2 =) = sy exp(ea T ) exp <_Cﬁ1 [T} ) |

The statement (4.12) follows from (4.18) and (4.17).
- Markov Chain.
Setting i¢ := [h=%/57¢], i:= [T?/h], let us write from Lemma 4.8:

Qi (T z—y) = Z P[Zg’h = t;] eXP(Ct;/Q)t;l/qu(ti, x—y)

i>ic
t -m
¢ 8/2y [ =, —(d+1)/2 |z —yl

< ﬁexp(CT / )/tlc w4/ <1+ Y du

oo N 1/(1-)

¢ B/(1+8 |~y et

+ a7 Pl ) e exp(—e; {Tﬂ} Jdu
(419) = Q%,B,S(T"T—y)+Q%,B,Z(T’x_y)’

using as above Young’s inequality to get the upper bound and replacing, up to
modifications of the constants, the Riemann sums by integrals.
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We now derive setting # = u/|z — y|? and up to a modification of c:

Q1T —y)

c ti?]ldfl ti/le—y|® 1 \™™ _
< — eXp(cTﬂ/2)—/ f—(d+1+la=1)/2 (1 + ~_) dt
t

T8 |:E — y|d*1+ﬂd:1 By t1/2
3la=1 Ne—y|? —m+(d—2+T4-1)

c t ti/lz—y|” 1 +( a=1)

< —= eXp(CTB/Q)_— / i=3/2 <1 + ~—> dt
TB |.’L' _ y|d—1+]ld:1 tig/|lz—yl? t1/2

Tﬁ/Q]I B ]I - 7m+(d71)+]ld:1

< — exp(cT?/?) 4=l =2 x (1+ 2yl :

s =yl |z -yl T8/

(4.20)

On the other hand if |z —y| < T#/? (diagonal regime) we readily get Qi (T x—

8/(1+8)
y) < %. If now |z — y| > T#/2, splitting as above for u € [t;, k1{|z —

y|2TB/(1_B)}%] and u > K1{|x — y|2Tﬂ/(1_ﬂ)}% yields :

c 5/(145) |SC*’IJ| /e-p\ ™
Qi Tz —y) < WGXP(CT )| 1+ { Th/2 ] :

(4.21)

Equation (4.13) follows putting (4.21) and (4.20) in (4.19).
- Strictly Stable Case. We again focus on the first term in the Lh.s. of (4.14).
The discrete sum can be handled similarly. Analogously to (4.15), replacing g. by

ps and the exponent 1/2 in the exponential by w, we write from Lemmas 4.8 and
4.10:

s
QuasToz—y) < CBCanp(CTBW) /T du 1
7,854 S
0

7 — .
T8 wytd/o (1 Izl/zl)cpra
Two cases are to be distinguished.

-Ifd=1,7 = 0,a > 1 then the above diagonal singularity is integrable and one
gets:

s
cpco exp(CTPY) 1 ™ du
QOﬁ,S(Ta )
Tﬁ (1+ |;g/’!i|)1+a 0 ul/a
cco exp(cTP) 1

(4.22)

T T s e
In particular, this estimate holds even for x = y. There is no spatial singularity.
- For all the other cases,i.e. d=1,y=1,a>lord=1,a<1,d>2fory € {0,1},

we need to consider z # y in order to equilibrate the time singularity. In small time
we still distinguish the diagonal and off-diagonal regimes. Precisely,

- If |2 — y| < TP/, then:

w |z—y| T8
Qv psT,x—y) < cgca exp(CT?) { 1 / ! duu™7 + / du
o - 0 |

Tﬁ |1' - y|d+a x

1 1
Bw
(4.23) < cgeexp(cT ){Tﬂ|x =) + TEO+d/a) }

—y|e uYtd/e

j
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- If |z —y| > TP/

« exp(CTH 1 ¢
Qvps(Tix—y) < ¢aCa XD ) / duu* ™"
0

T8 |$ _ y|d+o¢
TB(1—7)
Bw
(424) S cge eXp(cT )W

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

Let us now deal with @, g:(T,z — y). We first write from Young’s inequality
that there exists ¢g s.t. for all u,e > 0:

- WY s wNVA-B)
u :(5—) (7175 §Cg{(€ﬁ) + (e7iTA)w/ (- ﬁ))}.

Thus, taking € small enough yields:

exp(cT P/ (1-w(1-5))) /+oo u e
T,z — du(——— A Nu~7
Quaalia—y) < SR [l A
¢zl u\M/(1-B)
<o | -5 {75}
T8
Bw/(1—w(1-p3 —Bd/a —B

The result follows from (4.22), (4.23), (4.24), and (4.25).
O

4.3. Time Sensitivity: Proof of Lemma 4.1. The lemma, which gives the
control on the time sensitivity term &;(T,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 ¢ :=

#((Ap)) s.t. -
|51 (Ta €, y)'

_ [ hexp(Ch'?) iz =yl
< {F e (s

+oo
[ b (T exp(Cut ) g — y)du} ,
h

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

exp(Ch*)h?

+oo
Thlz — y|dte + h/h pzs (T, u)u™" exp(Cu®)ps(u, x — y)du} _

() <o
Recalling that in the strictly stable case we assumed h'/# < T and h'/* < |z —y|,
the result then follows from the above controls and equations (4.12), (4.14) in

Lemma 4.11.

4.4. Sensitivity in Space: Proof of Lemmas 4.3 and 4.4.
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4.4.1. The case of a diffusive spatial motion. The key control for the analysis of
the term & (T, z,y) in (4.1) is provided by the following Lemma.

Lemma 4.13 (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,¢)((Ap),d) >
1 s.t. for a given h > 0 and for all ¢ € N*:

1
(0 = Pt 2] < Ch{=5 v exp(C ) }geltis =),

(4.26) L

1 d
gc(ti,Z) = WCXP (20@) , 2 S R s

standing for the usual d-dimensional Gaussian density with variance ct;.
- Under (Ap,m), i.e. general Markov Chain approximation, there exists C' :=
C((Apm),d) > 1s.t. ift; >h § < 1/5:

1
|(p = p")(ti,z,y)| < Chm{tﬁ V exp(Ct ) Yty — y),

%

—d/2 |$*y| -
OSQm(thx*y) ::cmti / <1+ t1/2 )

K2

(4.27)

Let us mention that g,, enjoys the same parabolic scaling as g. but has poly-
nomial decay. We observe the usual convergence rates in h 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 [Pet05], [KMO00],[KMO09]). 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 h.

The important point of the previous Lemma is that it specifies the behaviour
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 Zﬁ, Zéi’h given in
Lemma 4.8 thanks to Lemma 4.11.

Proof. For the Euler scheme, the short time behaviour of the error has already been
established in [GLO8] (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 [KMO02]. 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 inno-
vations 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 [KMO09] (see assumption
(B2) therein) to establish the Gaussian LLT in short time. The behaviour of the
constants in large time can also be derived from [KMO0O] (similarly to the procedure
presented in Appendix A.1). For the control in short time we refer to Remark 1
after Theorem 1 in [KM09]. Anyhow, for the reader’s convenience, we recall in
Appendix A.1 the approach developed therein. O
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We thus directly get from (4.1) and (4.26) in Lemma 4.13 that there exists
(c,C) == c((Ap))>1s.t. forall T > 0, (z,y) € (RY)2, z # y:

(28) €T, y)| < OB PZE" = ] exp(Cty ) P ge(ti,w — ).

i>1

The result (4.2) for the Euler scheme now follows from equation (4.12) in Lemma
4.11.

For the Markov Chain approximation, setting ic := [h~%/°7¢] we write using
(4.27):

Ea(T, 2,)| sc{ ST PIZE = (o - Pt )

ie[l,ic]

4.29 1

(4.29) VIS BIZE = e 1) ant )}
>0 [

< CE{ng(T’ €, y) + \/Egé\{Space,LLT(Ta T — y)}a

exploiting equation (4.13) in Lemma 4.11 for the last inequality in the previous
r.h.s. It therefore remains to control &1 (T, z,y).

For this contribution, we do not have comparison results between the two den-
sities. The technique thus consists in controlling each of the terms. Observe to
this end that a simple parametrix expansion for the scheme, similar to the one per-
formed in [KMO0O] using Lemmas 3.6 and 3.11 therein, (see also Appendix A), would
give that there exists ¢ := c((Ap,m),d) > 1 s.t. for all i € [1,ic], (z,y) € (R?)%:

—2(m—1)
h cexp(ct;’”) |z — o]
(4.30) Pty < —or— |1+ '

2

We thus derive from the definition in (4.29) and equations (4.6), (4.10), (4.30) that:

Cc
En(T,2,y) < mghexp(cT”?)

. —2(m—1)
e T W S ]
Eti exp 77 tl + + 1/2

t

3

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

c %Hd§2
En(T,z,y) < B eXP(CTﬁ/Q)Tw — yl|cd_2+]1d§2
5 —2(m—1)+(d—2)+li<2
X |ex —cL_y| + 1+|x—y|
P tic t1/2
Ze)
M,
(431) < gﬁ,Si)ace,NoLLT(T’ =Y, h)’

recalling t;, = h'/>~¢. Putting together estimates (4.31) into (4.29) for the Markov
Chain approximation concludes the proof of Lemma 4.3.
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4.4.2. The case of strictly stable driven SDE. Similarly to the diffusive case, the
crucial point is the following Lemma.

Lemma 4.14. Under (Ag) there exists C := C((Ag)), s.t. for a given t; := ih we
have:

1
[(p — Pl (i, 2,y)| < Ch{— V exp(Ct?)}ps(ti, v — ),

Coy 1

(4.32) polts )= L v RY, /dps(ti,z)dz —1.
: ; R
i (1 - tLL)

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 [KMO09]. To make this last point clear we give some details in Appendix
A. O

Lemma 4.4 now follows from Lemma 4.14 and equation (4.14) in Lemma 4.11.

5. PERSPECTIVES

We did not consider in this work the case of a general Markov Chain approxi-
mating 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 Statuljavicjus [MS76] or the monograph by Christoph and Wolf
[CW92]. We also refer to the PhD. of Squartini [Squ07] and to [MPS07] (Cauchy
case), for recent developments. We believe those results can be extended to the
multidimensional case 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; )i>0 with
generators

du

Lio(s) = [ (64 ) = o(s)g(t.0)
R%

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 [Ko0l09], would

require to establish LLT for approximations of the couple (S;", X;) with generator

Lid(s,a) = [ (9(s +u2) - ol 0)g(t,w.2) i

*

+

dz
+ /R (002 +2) = 0(s,20) £ (1, 2) e

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
[Kol09] can be adapted provided the LLT holds. This will concern further research.
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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 (4.26), (4.27) and
(4.32) that are crucial for our analysis in order to balance the indicated explosive
behaviours 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 (2.12) first. The
crucial point is that the densities p(¢;, x,.), p ,(ti, z, .), of respectively X, in (2.12)
and its Euler scheme X[z in (3.1) starting at x, enjoy a parametriz expansion, see
again [Fri64], [MS67], [KMO00], [KMO02] for the diffusive case and [Kol00] and [KM10]
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 (2.12) under (Ap). The p.d.f p(¢,z,.) of X[ exists for every ¢ > 0 and
writes:

(A1) p(t,x,y) =t v, y) + Y po HO(t,2,y),

i>1

where for all (t,z,y) € RY x R, H(t,z,y) = (L — L)p(t, x,y) where p(t,z,y)
stands for the p.d.f. at point y of the frozen Gaussian or stable process Xfy =+
b(y)t + o (y)Ys, with generator L. Note that the frozen density is always considered
at the freezing point. In (A.1) for two integrable functions f,g : R; x (R%)? — R,
we denote f ® g(t,z,y) = fot du [ga f(u, @, 2)g(t — u, z,y)dz and also for all i >
1, HD .=V o H, fo HO = f.

A.1. Diffusion Case. It is known (see [Fri64], [KMO02]) that, under (Ap), there
exist (c1,¢2) := (c1,¢2)((Ap))>1s.t. foralli > 1,¢ > 0,

_ cqt)i/2
(A2) 50 HO(0,)] < o gt )

From equations (A.2) and (A.l), it is easily seen that there exists (c¢1,c2) :=
(c1,¢2)((Ap)) sit.

(A.3) p(t,z,y) < crexp(ert’?)ge, (t,x —y).

This explains the exponential control. This approach is due to McKean and Singer
[MS67]. 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 [KMO02] in the considered case)

(A4) (p — pisa) (i, 2, y) = g (p® (L* — L2)p) (ti,2,y) + K*R(ti, 7, y),

where the remainder term satisfies as well |R(¢;, z, y)| < ¢1 exp(cﬂfim)t;lmgC2 (i, x—
y). Also, we denote for i € {1,2}, LL¢(z) := (Lip(x))|e=x, Legp(x) = (b(E), Vo (x))+
1Tr(a(€)D2¢(z)). Observe that Lo(x) = L.¢(z), but more generally the operators
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do not coincide anymore when iterated. Precisely considering d = 1 to alleviate the
notations, we get for all ¢ € (0,¢;):

(L2 - Li)p(t,x,y) =
[ (@) + 3a()b" (2)}0ep(t,7.9)
+{%b(x)a’(z) + a(z)b (z) + %a(x)a”(z)}&ip(t, x,y)

(A.5) Jr%a(x)a’(z)agp(t, z,y).

Now, the controls on the density and its derivatives imply under the smoothness
assumptions in (A p) similarly to (A.3) that there exists ¢ := ¢((Ap)) s.t. for all
multi-indexes «, S, |a| + 8] < 3 for all ¢t > 0:

C
(A.6) |8§‘858p(t, z,y)| < pEE) exp(et'/?)ge, (t,x — ).

We refer to Friedman [Fri64] for details. Hence, the most singular term in (A.5) is
the last one. Precisely,

c _
(A7) |a(m)a’(m)6§p(t,x,y)| < t?’? exp(Ctl/Q)gw (t,ZE - y)

Now, recalling from (A.4) that this control needs to be plugged in the time-space
convolution p® [(L? — L) |p(t;, x,y) = fg ds [pa p(s,2,2)(L* — L2)p(t; — s, 2, y)dz,
two cases can occur: if s € [0,;/2] the control in (A.7) is not singular and gives the
stated bound of t;1/2 once integrated in time. On the other hand when s € [t;/2, ],
some integration by parts need to be performed for the singular term yielding
a third order spatial derivative in z of p(s,z,z). Thanks to (A.6), which gives
|02p(s,z,2)| < i% exp(¢s'/?)ge, (s, — z), and the integration in time, we get again
S

a time singularity in t;l/ ? for the main contribution in (A.4). The remainder can
be handled similarly (see [KMO02]). This analysis can be performed as well for the
Markov Chain approximation, see [KM09].

A.2. Strictly Stable Case. The expansion (A.l) also holds under (Ag), see
[Kol00] from which we have
(Clt)iw 1

——ps(t,z — =1 —-A1 1/2,1].
st ) wi= (S A1) € (/21]

This therefore gives the indicated exponential bound p(¢, x,y) < cexp(ct*)ps(t, z —

y) for ¢ := ¢((As)). Now, let us denote by f the spherical density of the measure
v (see assumption (ND)). We can rewrite:

Lo(a) = Lupla) = (@), V(o)
+ [ (el + 01 = olo) — (Vaole) oMo}t () oo

E

p®HY(t,z,y)| <

= (b(z), Vaip()) + /Rd{w(fc +2) = (@) = (Vap(2), 2)[121<1 1O (2, 2)dz,

where we denoted for all ¢ € R?,

_ (F=rtd)
o= 1 (2|4t det(0(C))

(A.8) 0(¢, 2) :
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With the notations of the previous section (considering o < 1 to avoid the cut-off
and alleviate the notations) we get:

L*p(t,z,y) = (b(x), Vob(2)Vap(t, x,y)) + (b(x), D2p(t, z, y)b(x))
+(b(w), /Rd(Vmp(t, r+z,y) — Vep(t, z,y))0(z, 2)dz)

+0(a), [ (ot +2.9) = pt,0) VoO o, 2)d2)
[ U w42 ) <l 4 )0l + 20
([ tplt+ 210) =it} 00, 2] L
Eplt) = |(bo). Deplt.z.)0(E)
(@), [ (Vaplta+2.9) — Vuplt, 2, 0)O(E 2)d2)
Rd

+/d {[ d{p(t,x+z’+z,y)—p(t,w+z’,y)}®(§,2)d2’]

R
Rd E=x

:
1] ot 20) = pit s oo i bote, |
Thus, the difference writes:

(L2 = pltiy) = (b(a), Vab(a)Vap(t, )
o), [ 0(t. -+ 2,0) = plt. 2, 0) V0. 2)d2)

[ AU e s -tk )
x{O(z + 2, 2) — O(z, 2) }dz] x O(x,2")dz’".

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(tv'rvy) ::/ {/ (p(t,z+z+z’,y)fp(t,quz’,y)
Rd | JRd
x{O(z + 2, 2) — O(x, z)}dz} x O(z, 2")d7,
which is the only contribution if @ < 1 and which would be the most singular for

a > 1. The smoothness and non-degeneracy assumptions (S), (UE), (ND) on the
coefficients yield:

C

IVaO(z,2)] < FGEs

Doyl < o [ Iptatss )= plat )
R4 JR

!
Lgs /e + [2' L < 241/a 1

/
|Z|d+o¢ |Z/|d+ozdz dZ,
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where we have truncated with respect to the characteristic time-scale ¢!/ (up to a
constant) in the variable z’. Indeed, if |2/| < itl/ @ we perform a Taylor expansion
and exploit the previous bound on V,© whereas if |z/| > itl/ “ we simply use the
uniform bound of © deriving from its definition in (A.8) and the non degeneracy
assumptions. Write now:

Dty < cf

/| derve

i

/]Rd |p(t,x+z+z',y) _p(ta$+z/ay)|

|2 :
X Tdra X Tpdra 12 4z
+C/ / p(t,z+2+ 2 y) —p(t,z+ 2", y)l
[2/|>1¢1/« JRE

1 1,
* |2/ |d+e % |Z|d+ad'z dz := (D1 + D2)(t, @, y).

Let us treat those two terms separately. Recalling from [Kol00] and the above

bounds that |V,p(t,z,y)| < Ce’;ﬁ’i/(itw)pg(t, x — 1) we derive:

t(/.)
Di(tr,y) < M/ ps(ta+ 2 + 0z — )|z
tl/a 2| <Lt1/o 2| < L1/
|2'] )
[/ X —|Z|d+adz dz

+/ Ip(t,x + 24 2", y) — p(t, x4 2',y)|
|2/ |< gt/ 2] > ft1/a
|2']

|2/ [d+a x |Z|d+adz/dz := (D11 + Di2)(t, z,y),

for some 6 := 6(x, z,2',y) € [0,1] in Dy;. In that contribution, since both z, 2z’ are
small w.r.t. the characteristic time /%, we have:

1 1
pS(ta T+ ZI + 0z — y) S td% |z+2'+0z—y| d+a S ﬁ%m
1+ =) (3 + )
(A.9) < gtz —y).
Hence:
(ct) ar\’ (ct)
cexp(c r cexp(c

Dq1(t < —_— t,x — — < 2z t,x —vy).

11( axay) = tl/a pS( y L y) (/rgitl/a Ta> = tQ_% PS( » L y)

For the contribution |p(t,x + z + 2’,y) — p(t,z + 2',y)| in D1a(t, z,y), since |z| can
be large, we write directly, recalling as well that |2’| is small and proceeding as in
(A.9):

p(t,z+ 2+ 2"y + |p(t,z + 2, y)|
c(ps(t,z + 2z —y) +ps(t,x —y)).

|p(t,$ +z+ Z/ay) 7p(t51' + Z/ay)|

<
(A.10) <

Observe that if |z — y| < /%, i.e. the diagonal regime holds for ps(t,z — y), we
can then use the global upper-bound (ps(t,z + 2 —y) +ps(t,z — y)) < 7=, in the
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control (A.10) so that

dz'|2’| dz
/|d+o¢ |z|d+oz

Dus(ta,y) < cexplct)ps(t,z —y) /

[2/|<2t1/o |2 |z|>2t1/«

< cexp(ct?)ps(t,x — y)t 3.

29

If now |z —y| > t'/*, we have for all given € € (0,1), ps(t,z+2—vy) < ceps(t,z—7)
if 2 ¢ B(x —y,ele —y|). Indeed, |z —y + z| > ||z —y| — |z|| > ez —y|. On
the other hand, if z € B(z — y,elz — y|), |2| > (1 — )|z — y| and |z|~@F*) <
(1—¢)|lz—y|)~ @+ < ct~'pg(t,z —1y), up to a possible modification of c.. Thus,

Dys(t, x,y) < CGXP(th){f“%PS(E r—y)+

dz |2 |dz"
ceps(t,x —y) e |/|TFa +

B(e—y),clz—yl)en{|z|>11/a} |2 s<iie |2

T ] )
- ps(t,x + 2 —y)dz a
{A =)z =y} Jpaoy)clo—y) o) <2 er/e [27]0F

Ty

< cexp(ct?)ps(t,z —y)
This proves that:

(A.11) Dy(t.a,y) < cexp(ct®)ps(t,a —y)t 2T,

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

equation (A.7)). The large jumps deteriorate the singularity. Precisely,
dz’
[Da(t, 2, y)| S/ [[dra

|2/|> 141/ |Z

dz
X /d |p(t,z+z’+z,y) *p(t,$+z/,y>||z|m
R

From the previous arguments, splitting again the small and large jumps in the z

variable w.r.t. the characteristic time scale t'/%, we get:

dz
/ p(t,z+ 2" +2,y) = p(t,x + 2 y)l—gmm < - exp(ct?)ps(t, z + 2" — ).
R4 |Z| +a t
This therefore gives following the dichotomy used for the term D15(t, z, y):

(&
|D2(t,$,y>| S t_2 eXp(th)pS(tv'r - y)v

which together with (A.11) indeed gives the bound |D(t, z, y)| < % exp(ct*)ps(t, x—

Y).

Let us emphasize from [KM10] 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).
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APPENDIX B. TwoO-SIDED HEAT KERNEL ESTIMATES

We derive in this section two-sided estimates for the density of X ,s. Precisely
T

we have the following Theorem.

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

- Diffusive Case: Under (Ap), there exists ¢ := ¢(8,(Ap))> 1 s.t. for a given
T > 0 and for all (z,y) € (R%)2, one has:

e For d =1:

c_l x — y 2 v y 9 2%
TE/ { exp(—cT?) exp <C|T75|) + exp(—cT) exp (C{| — | } > }
<px ,(z,y) <

T
5 exp(cT'F) exp C_1|x—y|2 + exp(¢TT99)) exp —1{|x—y|2}2%
TB/2 TB —
(B.1)

e Ford =2 and = # y:

! 8 |z -yl 1217 =
W eXp(ch )exp *CT (| 10g(C Tﬁ/Q )|]I\m y\<c*1/2Tﬁ/2 + 1
+ exp(—cT') exp (c{ o = y| > }

<px_,(w,y) <

Zr
c 8 —1 |9U | _12lT =y
ﬁ{ eXp(cT2 ) exp ( T ) (| lOg(C / TB/Q )|H|x7y|§61/2T5/2 + 1)

— )2y 25
+exp(cT$))eXp (—c_l{leTyl}2 ﬁ) }

(B.2)

e Ford >3 and z # y:

1 f exp(=cT?) [z —yl*\ | exp(=cT) [z —yl\ 75
c { exp | —c¢ + B2 exp —c{ TP }
<

TPl — gl 75

exp(cT') Lle =yl | expl(eT i) Liflr—yPy T
e e A T S e T B

(B.3)

- Strictly Stable Case: Under (Ag), there exists ¢ := ¢(8,(Ag))> 1 s.t. for d > 2
and o € (0,2) or d = 1,a < 1, a given T > 0 and for all (z,y) € (R%)2, z # y, one
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has:
[ exp(=cT?) | 1 _exp(=cT?) | _ _
W |z—y|<TB/0 T TBd/e G szg (z,y) <

(1 + m)
exp(cT?) I 1 exp(cT%) 1 i
TPz — yli-o <7 F Td7a ja—y | T TalT
(1+57#)
(B.4)

If d=1,a>1 we get for all (z,y) € R*:

1 (—cT) 1 (T T ) 1
_ exp(—c exp(cd 1—«0-
c 1{T }Sszg(xay)Sc{T }a W= —.

Bd/a d+a Bd/o d+a
|z—yl |z—yl
(1+ 54) ’ (1+54)

(B.5)

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 pys (T, u). Precisely:

-1
c u Y 1/(1=8)
(B.6) % e <ca (=) ) < pzo(Tou).

- Diffusive case. Let us concentrate on the lower bounds, since the upper bounds
are already derived in Corollary 4.1, and on the two-sided bounds for the two
dimensional case. Note that we obtain in equations (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 [Bas97], to derive from the parametrix expansions presented
above that there exists ¢ := ¢((Ap)) > 1 s.t. for all (z,y) € (RY)2:

_pexp(—ct) _lr =yl
(B.7) p(t,z,y) > ¢ Lz P e .

Lower bound for d > 3. We now start from (2.14), (B.6) and (B.7) to derive:

¢! % |z — y|?
B
png (xa y) 2 T8 exp(—cT )/0 wd/2 exp(—c )

u
oo du |z — y|? w 11/(1=8)

+ /TB w2 exp(ch) exp(—cu) exp <c [ﬁ} ) }

(B8) = (m1 + mg)(TB,.T — y)

To control m(T?,z — y) we consider again the previous, diagonal/off-diagonal
dichotomy:
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- For |z —y|/T?/? < 1 (diagonal regime) write:

-1 _ T8 lz—yl?
(TP 2 —y) > ¢ texp(—cT )/ du
\

- T8 a—yl2/2 U2
S c~Lexp(—cT?) /lmy|2 du S c Lexp(—cT?)
N T8 lz—y|?/2 |:C - y|d N Tﬁ|1' - y|d72 .

- For |z — y|/T?/? > 1 (off-diagonal regime) write:
cLexp(—eT?) [T du (|z—y[\" o — y?
T8 2 — > - ey = ) - el I
mirtey 2 gty [ () e ()

c~Lexp(—cT?) ( |zy|2)/TB du
——————exp|—c —

TPz — yld=2 s T8/2 U
L e (oo y?)
Tz — y[i-2 7

We have thus established that:

(B.9) (T8, — ) > T (_C|x—y|2)_

Tz — y|i=2 T
On the other hand for the contribution mq(7T?,z — y) in (B.8) we get:

- For |z —y|/T?/? < 1 (diagonal regime) write:

c Lexp(—cT?) /QTB

TB(1+d/2)

-8\ e exp(—eT®
mo (TP, x —y) > u} )ZL(CT)

du exp (—c {ﬁ TBd/z

- For |z —y|/T?/? > 1 (off-diagonal regime), write first from Young’s inequality,

T8

u -
u < cg [(ﬁ)l/(l p) 4 (Tﬂ)l/ﬁ]_

Computations similar to those in Lemma 4.11 then yield:

c~texp(—cT)
T8

5 1-3
2o~y PTTE)TE o — y? w 11/(1-8)
>< [ — P — — R—
/[y2T1BB]§§ ud/Qexp( c " )exp( C[Tﬁ} )
cLexp(—cT) |z — y|? =7 1
> - N 7 — - <
=7 1 P { T8 ] ([ — y[2T ™25 |55 (/2D
L exp(=eT) 2 —y?] 77 !
———— €X —C
= T8 P T8 [P0+ ) /)

1
cLexp(—cT) |z —y|2]27
> e (e[ ).

mg(TB,x —y) >
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recalling that Vz > 1, exp(—zl/@_ﬁ))z*%(d/%l) > ¢ Lexp(—cz?/ =) for the
last but one inequality. We have thus proved in all cases:

-1 _ _ 217
s ctepeer) (el
mo(TF,x —y) > T5d/? exp | —¢ | =75 ,

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 contribu-
tion my (T?,x — y) yielding the additional spatial diagonal singularity. The term
ma(T?, 2 — y) can be analyzed as above. Let us write:

-1 —TB T8 d 2
iy (TP, — ) > %(ﬂc)/o W e @%)

Assume first that ¢'/2|z — y|/T#/? < 1. Setting v := exp <fc@) in the above

integral we derive:

o —y]?
ctexp(—cT?) [Py
T8 p— ) > 2\ 77 J =
it 2 S5 | “log(0)
c Lexp(—cT? exp(—clz=y2 exp(—clyl)
> OB L og-tog@)le ™ [T g og(enan
0
¢~ exp(—cT”) o — yf? |z —y|”
> T{GXP(*C T8 )(*10g(CT))
exp(—c‘z;g‘z)
+/ log(—log(v dv}
e—1
¢~ exp(—cT”) o —yP? yl2
> ST o A e
[z —yf® |z *yIQ -
—l—log(cT)(eXp(—c T8 )—e 1)}
Hence:
c texp(—cTP)e ! |z — y|?
my (TP, z—y) > T8 (—log(c TP )
T 2
c_le_lexp(—cTB)exp( | Tfjl ) lz — y[?
> log(e 220y,
T

T8
The upper-bound could be derived similarly.
If now c¢'/2|z —y|/TP/? > 1, we write:

ml(TB,x—y) >

2
c_lexp(—cTB)exp(—clzT_—gl) /TL3 du

Tﬁ TB/2 u
c’lexp(—cTﬁ)exp(—cW;—gF)

The previous bounds give the result.
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- 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 Kolkoltsov [Ko0l00] for the
density and a chaining argument one derives that there exists ¢ := ¢((Ag))> 1 s.t.
for all t > 0, (z,y) € (R%)%:

c~texp(—ct) 1
td/a _ d+a”
(1+ =72)

From (2.14), (B.6) and (B.10) we now get:

(B.10) p(t,z,y) >

c ! T° du 1
- _ T8
szg (-Tay) > T8 exp( T )/0 wd/e (1 N ‘m_y‘)dJra

wl/a
+/+°O du 1 ( ) [u }1/(1*13)
o udle = da P P ¢ | 75

T

(Bll) = (m1 + mg)(T’g,l‘ — y)

Let us first control m(7T%,z — y) exploiting again the diagonal/off-diagonal di-
chotomy.

- If |z — y| < TP/ then

ml(Tﬁaz 7y) 2

c~Lexp(—cT?) /1_3,“ du cLexp(—cT?)
s o—yloj2 ul/® T TPz —y|d=e

- If |z —y| > TP/ we get:

¢! r’ u ciT8
mi (TP, x —y) > —— exp(chﬁ)/ du > exp(—cT?).
T8 T80 T =yl T |z —yldte
We have thus established
(B.12)
1 T8
T8 p—y) >t —cT? {711 at———1 a}
mi(T7, 2—y) 2 ™" exp(—cI”) T8z — y|d—o le—y|<TF/ +|1.7y|d+a le—y|>T5/

Let us now turn to ma(T?,x — y). We get:

- If jo —y| < TP/,

8 Cil 8 21" du Cil 8
— > — _— > — - .
me (TP, z —y) > TP exp(—cT )/TB e 2 Tapja exp(—cT"?)

- If |z —y| > TP/,

-1

mo (TP, 2z — S — exp(—cTﬁ)/ udu >

QTB 71Tﬂ
> -
V)2 TPz — y|d+e T8 |z — y|dte

c exp(—cT?).

Plugging the above estimates and (B.12) into (B.11) gives the result.
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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
Hoélder 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 [She91] in
the diffusive case or to Huang [Hual5] 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;’E: " associated with the Euler scheme
T

approximation for the spatial motion. Again, the key estimate is a two-sided bound
for the Euler scheme which can be found in Lemaire and Menozzi [LM10]. 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
[KM10]. 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.

ACKNOWLEDGMENTS

The article was prepared within the framework of a subsidy granted to the HSE
by the Government of the Russian Federation for the implementation of the Global
Competitiveness Program.

REFERENCES

[Bas97]  R. F. Bass. Diffusions and Elliptic Operators. Springer, 1997.

[BO09] L. Beghin and E. Orsingher. Fractional diffusion equations and processes with randomly
varying time. Ann. Prob., 37-1:206-249, 2009.

[BT96a] V. Bally and D. Talay. The law of the Euler scheme for stochastic differential equations:
I. Convergence rate of the distribution function. Prob. Th. Rel. Fields, 104-1:43-60,
1996.

[BT96b] V. Bally and D. Talay. The law of the Euler scheme for stochastic differential equations,
II. Convergence rate of the density. Monte-Carlo methods and Appl., 2:93-128, 1996.

[CW92] G. Christoph and W. Wolf. Convergence theorems with a stable limit law, volume 70
of Mathematical Research. Akademie-Verlag, Berlin, 1992.

[EKO04] S. D. Eidelman and A. N. Kochubei. Cauchy problem for fractional diffusion equations.
Journal of Differential Equations, 199(2):211-255, 2004.

[Fri64] A. Friedman. Partial Differential Equations of Parabolic Type. Prentice-Hall, 1964.

[GLO0g] E. Gobet and C. Labart. Short time asymptotics of the density of the Euler scheme.
Electronic Communications in Probability, 23, 2008.

[HKU11] M. Hahn, K. Kobayashi, and S. Umarov. Fokker-Planck-Kolmogorov equations associ-
ated with time-changed fractional Brownian motion. Proc. Amer. Math. Soc., 139:691—
705, 2011.

[Hual5] L. Huang. Two-sided bounds for SDEs driven by tempered stable processes.
arXiv:1504.04183, 2015.

[KMO00] V. Konakov and E. Mammen. Local limit theorems for transition densities of Markov
chains converging to diffusions. Prob. Th. Rel. Fields, 117:551-587, 2000.

[KM02] V. Konakov and E. Mammen. Edgeworth type expansions for Euler schemes for sto-
chastic differential equations. Monte Carlo Methods Appl., 8-3:271-285, 2002.

[KMO09] V. Konakov and E. Mammen. Small time Edgeworth-type expansions for weakly con-
vergent nonhomogeneous Markov chains. Prob. Th. Rel. Fields, 143, 1-2:137-176, 2009.



36 M. KELBERT, V. KONAKOV, AND S. MENOZZI

[KM10] V. Konakov and S. Menozzi. Weak error for stable driven stochastic differential equa-
tions: Expansion of the densities. Journal of Theoretical Probability, 24-2:554-578,
2010.

[KMM10] V. Konakov, S. Menozzi, and S. Molchanov. Explicit parametrix and local limit the-
orems for some degenerate diffusion processes. Annales de ’Institut Henri Poincaré,
Série B, 46-4:908-923, 2010.

[Koc14]  A. N. Kochubei. Cauchy problem for fractional diffusion-wave equations with variable
coefficients. Appl. Anal., 93(10):2211-2242, 2014.

[Kol00] V. Kolokoltsov. Symmetric stable laws and stable-like jump diffusions. Proc. London
Math. Soc., 80:725-768, 2000.

[Kol09] V. Kolokoltsov. Generalized Continuous-Time Random Walks (CTRW). Th. Prob.
Appl., 53:4:594-609, 2009.

[LM10] V. Lemaire and S. Menozzi. On some non asymptotic bounds for the Euler scheme.
Electronic Journal of Probability, 15:1645-1681, 2010.

[MPS07] S. A. Molchanov, V. V. Petrov, and N. Squartini. Quasicumulants and limit theorems in
case of the Cauchy limiting law. Markov Process. Related Fields, 13(3):597-624, 2007.

[MS67] H. P. McKean and I. M. Singer. Curvature and the eigenvalues of the Laplacian. J.
Differential Geometry, 1:43-69, 1967.

[MS76] A. Mitalauskas and V. Statuljavi¢jus. An asymptotic expansion in the case of a stable
approximating law. Litovsk. Mat. Sb., 16(4):149-166, 255, 1976.

[MS12] M. M. Meerschaert and A. Sikorskii. Stochastic Models for Fractional Calculus, vol-
ume 43 of de Gruyter Studies in Mathematics. Walter de Gruyter & Co., Berlin, 2012.

[MS13] M. M. Meerschaert and P. Straka. Inverse Stable Subordinators. Math. Model. Nat.
Phenom., 8-2:1-16, 2013.

[Pet05] V Petrov. Sum of Independent Random Variables. Cambridge University Press, 2005.

[Pod99] 1. Podlubny. Fractional Differential Equations, volume 198 of Mathematics in Science
and Engineering. Academic Press, Inc., San Diego, CA, 1999.

[RY99] D. Revuz and M. Yor. Continuous Martingales and Brownian Motion. 3rd ed.
Grundlehren der Mathematischen Wissenschaften. 293. Berlin: Springer, 1999.

[Sat05] K. Sato. Lévy processes and Infinitely divisible Distributions. Cambridge University
Press, 2005.

[She9l]  S.J. Sheu. Some estimates of the transition density of a nondegenerate diffusion Markov
process. Ann. Probab., 19-2:538-561, 1991.

[Squ07]  N. Squartini. Global limit theorems for sums of independent identically distributed
random variables using quasicumulants. ProQuest LLC, Ann Arbor, MI, 2007. Thesis
(Ph.D.)-The University of North Carolina at Charlotte.

[WR95] A. Weron and R.Weron. Computer simulation of Lévy a—stable variables and processes.
Lecture Notes in Physics 457. Springer-Verlag:379-392, 1995.

[Zo192] V. M. Zolotarev. One dimensional Stable processes. Transl. A.M.S., 1992.

NATIONAL RESEARCH UNIVERSITY HIGHER SCHOOL OF ECONOMICS, SHABOLOVKA 31, MOscow,
RUSSIAN FEDERATION.
E-mail address: MKelbert@hse.ru

NATIONAL RESEARCH UNIVERSITY HIGHER SCHOOL OF ECONOMICS, SHABOLOVKA 31, Moscow,
RUSSIAN FEDERATION.
E-mail address: VKonakov@hse.ru

NATIONAL RESEARCH UNIVERSITY HIGHER SCHOOL OF ECONOMICS, SHABOLOVKA 31, Moscow,
RUSSIAN FEDERATION AND LAMME, UMR CNRS 8070, UNIVERSITE D’EVRY VAL D’ESSONNE, 23
BOULEVARD DE FRANCE, 91037 EVRY, FRANCE.

E-mail address: stephane.menozzi@univ-evry.fr



