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Weak Error on the densities for the Euler scheme of
stable additive SDEs with Holder drift

Mathis Fitoussi Stéphane Menozzif
October 11, 2024

Abstract
We are interested in the Euler-Maruyama dicretization of the SDE
dX; = b(t, X;)dt + dZ,, Xo=x€RY,

where Z; is a symmetric isotropic d-dimensional a-stable process, a € (1,2] and
the drift b € L> ([0,7],C*(R?,R?)), B € (0,1), is bounded and Holder regular
in space. Using an Euler scheme with a randomization of the time variable, we
show that, denoting v := a 4+ 8 — 1, the weak error on densities related to this
discretization converges at the rate /.

1 Introduction
For a fixed finite time horizon T" > 0, we are interested in the Euler-Maruyama dicretization of the SDE
dXt = b(t, Xt) de + dZt, XO =, Vi S [O,T], (11)

where Z; is a symmetric isotropic d-dimensional a-stable process, o € (1,2] and b € L* ([0, T],C?(R4, R?)),
B € (0,1), i.e. it is bounded and Holder regular in space. In this setting, weak well-posedness holds for (1.1)
since the natural condition

yi=0+a—-1>0 <<= f+a>1, (1.2)

is always satisfied. The condition (1.2) actually ensures weak well-posedness for the SDE (1.1), even in the
super-critical case @ € (0,1], provided the drift is time homogeneous or bounded in time (see [TTW74],
[MP14], [CZZ21], see also [Pril2], [CZZ21] for strong well-posedness established under the more stringent
condition 8 + a/2 > 1).

The goal of this paper is to prove a convergence rate for the weak error on densities associated with an
appropriate Euler scheme for (1.1).

1.1 Definition of the scheme

We will use a discretization scheme with n time steps over [0, 7], with constant step size h := T/n. For the
rest of this paper, we denote, Vk € {0,...,n},t; := kh and Vs > 0,77 := hl7] € (s — h, s], which is the last
grid point before time s. Namely, if s € [ty, tpr1), 7 = tg.
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We define a step of the Euler scheme, starting from Xy = z, as

Xh

tr41

= X' +hb(U, X) + (Zipoy — Z1,), k€N, (1.3)

where the (Ug)ren are independent random variables, independent as well from the driving noise, s.t.

1.
U (aw) U([tk,tk+1]), i-e. Uy is uniform on the time interval [ty,txr+1]. We consider the corresponding

time interpolation defined as the solution to
AX{ = b(Uppjp, X20) At + dZ. (1.4)

As b is bounded, equation (1.4) is well-posed and X[* admits a density for t > 0. We can refer to this end to
[FJM24] for related estimates. We will denote by I'*(0,x,,-) this density at time ¢ € (0, 7] when starting
from z at time 0.

1.2 Euler scheme - state of the art

For all 0 < s <t < T, it is known that the unique weak solution to (1.1), starting in x at time s admits a
density, which we will denote I'(s, x,t,-). It has as well been established in [MZ22] that in the current setting
T enjoys two-sided stable heat kernel estimates for a € (1,2) whereas this property can already be derived
from Friedman [Fri64] (under some additional smoothness in time for b) or [MPZ21] in the Brownian case.
In this paper, we are interested in the weak error on densities, which is defined as the quantity

|F(S,I,t,y) —Fh(S,I,t,y)|. (15)

In particular we want to bound it, up to a multiplicative constant, by the product of an appropriate power
of the time step h and a density which provides an upper bound for the one of the driving noise. This
would then in particular allow to integrate against possibly irregular test functions having the corresponding
convergence rate.

The general definition of the weak error is

E(f.t,z,h) = Eou [f(X]) — F(X1)], (1.6)

for f belonging to a suitable class of test functions, and where the expectation subscript means that
Xél = XO = X.

Deriving convergence results for the weak error involves studying the PDE
(D5 +b(s,2) - Vo + L) u(s,z) = 0on [0,T) x R, u(t,”) = f on R%, (1.7)

where £ is the generator of the noise. When the coefficients of (1.1) and the test function f are smooth,
the seminal paper of Talay and Tubaro ([T'T90]) gives a convergence rate of order 1 in h in the Brownian
case. Similar results were obtained for the densities in [KM02] and [KM10] respectively in the Brownian and
pure-jump settings. With S-Holder coefficients and again a smooth f in (1.6), the work of Mikulevicius and
Platen ([MP91]) proves a convergence in h% in the Brownian case. This result was extended to densities in
[KM17]. In these works, when applying It6’s formula, authors use the regularity of the drift to treat terms
of the form b(r, X) — b(Urn/ns th,) but do not exploit the full parabolic bootstrap associated with the PDE

(1.7). Note that this approach intrinsically leads to a strong convergence order and that all the previously
quoted results are for an SDE with multiplicative noise which is as well S-Holder continuous in space. In
that setting, we believe that the rate is sharp. However, for an additive noise as in (1.1) (or a multiplicative
noise with smooth diffusion coefficient), the rate can be significantly improved.

In the Brownian setting, one way to proceed is to use the sewing lemma introduced in [Lé20], which
allows to quantify the discretization error along rough functionals of the Brownian path. In the specific
case of a B-Holder continuous drift and terminal condition f, in the work [Hol24], the author improves the



convergence rate from [MP91] to h%’s, e >0. We aim to extend this result to the pure-jump setting
a € (1,2] and to a more general class of test functions by working on densities achieving as well £ = 0. Let
us also mention the work [LL21], which proves a strong (i.e. on trajectories) rate of convergence of order 1,/2
(up to a logarithmic factor) in the Brownian setting for L — L? drifts under the Serrin-Krylov-Rockner type
condition d/p+2/q < 1. However, the use of sewing techniques still does not allow to take full advantage of
the parabolic bootstrap associated with the fundamental solution of (1.7) when the test function is rough,
e.g. Dirac masses leading to the weak error on densities.

In the current work, we precisely focus on these types of errors of the form £(d,, ¢, z, h) (where ¢, is the
Dirac mass at point y). From Itd’s formula, (1.6) and (1.7), this formally writes

t
£yt a,h) = Eon U (b(r, XMy - b(UTM,th))) VLD(r, 2,8 y) | axn dr | - (1.8)
; ) ;

To analyze the corresponding error, a new idea was introduced in [BJ22]. The drift was therein assumed to
be merely measurable and bounded so that no rate could be a priori derived from the difference in (1.8).
The point then consists in using the regularity of the solution to (1.7) instead of that of b. Namely, writing

Fo . [b(r, Xy - VT (r, XP 1, y) — b(r, XP) - VT (r, XP 8, )]

= /[Fh((),x,r, z) — Fh(O,x,TTh, 2)|b(r, z) - VI(r, z,t,y) dz (1.9)

one can exploit some additional (or-bootstrapped regularity) of I'* in its forward time variable. Namely,
it was proved in the Brownian setting of [BJ22] that for a bounded drift, this regularity was of order 1/2,
which actually formally corresponds to the exponent v/« (with v defined in (1.2)) when taking 8 = 0. This
result still holds in the current setting with 8 € (0, 1) and provides a significant improvement, corresponding
to the expected regularity deriving from the parabolic bootstrap in the forward variable, when compared to
the B-Holder regularity of b in space. To handle the error from (1.8) one would need as well to investigate
a space sensitivity of the gradient of the density I' in its backward variable. This could as well be done
exploiting the parabolic bootstrap.

On the other hand, we also have to account for terms involving b(r, X;) — b(Urn/p, Xr). One way to
achieve the expected convergence rate is to make strong assumptions on the time regularity of b: we would
need b(+, z) to be v/a-Holder. Importantly, without making any assumption on the time regularity of the
drift, those terms can be handled thanks to the randomization of the time argument introduced in (1.3),
which allows for a convenient use of the Fubini theorem in the error analysis (see (2.8) below). This averaging
procedure can somehow be seen as well as a regularization by noise phenomenon.

Let us mention that for the proofs below we will not rely on the previous expansion of the error, which
we presented here in order to give an idea of the main crucial steps and tools for the error analysis, but on
the Duhamel representations of the densities expanded using the density of the driving noise as proxy (see
Proposition 3 below).

From the above techniques (forward time regularity of I'" and time randomization), a rate of order

am1=(4+5)

= > 0 is derived in [JM24] and [FJM24], respectively in the Brownian and pure-jump settings, for
a Lebesgue drift in L] — L2 for the difference of the densities (1.5). Comparing this rate to that of [LL21],
although 1/« is lost due to the gradient in (1.9) (time singularity induced by the gradient of the density of
the noise), one sees that the convergence rate displays explicitly the “gap to singularity” a—1— (d/p+ «/q)
or Serrin condition in that setting (critical stable parabolic scaling in Lebesgue spaces).

In Theorem 1, we derive a weak error rate in ha, where v := 8 + a — 1 is the corresponding “gap

to singularity” in the Holder case. Importantly, if we interpret — (% + %) as the regularity in the former



works!, there is continuity of the rate of the convergence w.r.t. the regularity of the drift. Continuity w.r.t.
the stability index « also holds when comparing Theorem 1 to the results in [Hol24] (and getting rid of the
¢ in the rate therein), thus extending the former to a more general class of test functions and noises.

The restriction to the sub-critical case a € (1,2), for which the intensity of the driving noise somehow
dominates the drift in small time, is here required mainly for approximation purposes. Again, in the [CZZ21]
paper, weak well-posedness is obtained under (1.2) without the restriction o € (1,2). On the other hand,
as we are interested in heat kernel estimates, it is also well known, see e.g. Kulik et al. [KK18], [Kull9],
[MZ22], that in the super-critical regime « € (0, 1) for which the Holder regularity needs to be large enough
to compensate the lower regularizing effects of the noise, considerations on some flows related to the drift
in (1.1) are needed. These aspects become a rather difficult issue when considering associated discretization
schemes (see Konakov et al. [KM23] in connection with stochastic algorithms of Robbins Monro type).

The paper is organized as follows: in Section 1.3 we specify some properties of the driving noise in (1.1).
Section 1.4 is then dedicated to the statement of the main results (we give some controls on the densities
of the SDE and the Euler scheme in Proposition 1 and the convergence rate for the weak error in Theorem
1). Section 2 is devoted to the proof of the main theorem. The proof is achieved exploiting some additional
quantitative properties of the density of the driving noise, the Duhamel representation of the densities (see
Proposition 3) and the regularity results of Proposition 1 which are in turn proved in Section 3.

1.3 Driving noise and related density properties

Let us denote by £% the generator of the driving noise Z. In the case a = 2, L% is the usual normalized
Laplacian %A. The noise is a Brownian Motion and its gaussian marginal densities are explicit.

When a € (1,2), in whole generality, the generator of a symmetric stable process writes, ¥é € C5°(R%, R)
(smooth compactly supported functions),

£26(@) = pv. [ [0l +2) (@] v(d2)
o [ [ et o0) - ol nao) L

(see [Sat99] for the polar decomposition of the stable Lévy measure) where 4 is a symmetric measure on the
unit sphere 5=, We will here restrict to the case where jx = m the Lebesgue measure on the sphere but it is
very likely that the analysis below can be extended to the case where u is symmetric and 3k > 1: VA € RY,

C™'m(d€) < p(dg) < Cm(de),

i.e. it is equivalent to the Lebesgue measure on the sphere. Indeed, in that setting Watanabe (see [Wat07],
Theorem 1.5) and Kolokoltsov ([Kol00], Propositions 2.1-2.5) showed that if C~1m(d¢) < u(d¢) < Cm(df),
the following estimates hold: there exists a constant C' depending only on «,d, s.t. Vv € RY,z € RY,

—(d+a) —(d+a)
C o (1 + ﬁ) < palv,2) < Cv % <1 + |i1|> . (1.10)

Ve Ve

On the other hand let us mention that the sole non-degeneracy condition
S [ g < e
ga—

does not allow to derive global heat kernel estimates for the noise density. In [Wat07], Watanabe investigates
the behavior of the density of an a-stable process in terms of properties fulfilled by the support of its spectral

Lactually this exponent naturally appears as the negative regularity parameter when embedding the time-space Lebesgue
space in a Besov space with infinite integrability indexes (which can be identified with a usual Holder space when the regularity
index is positive), see e.g. [Sawl8].



measure p. From this work, we know that whenever the measure p is not equivalent to the Lebesgue measure
m on the unit sphere, accurate estimates on the density of the stable process are delicate to obtain.

From now on, and in particular in Section 3 which is dedicated to the proof of technical lemmas, we will
be using the prozy notation

_d z .
Palv, 2) = Cav "(HUI?I fae(?) v>0,z€R (1.11)
a\U, = 5 y ) ) .
(2#00)’% exp (—c’l%) ,e>1 ifa=2,

where, for a € (1,2), C, is chosen so that Yo > 0, [ pa(v,y) dy = 1, and ¢ := ¢(d) is a global given constant
for o = 2. We will explicitly rely on the global bounds provided by p,. Observe importantly that, keeping
in mind that (1.10), in the pure jump case, there exists C' > 1 s.t. for all (v,2) € R% x R4,

Cilﬁa(”a"“’) Spa(vvz) < Cﬁa(vvz)v (112)

and the results could be stated with either the proxy density p, or the density p, of the noise itself. However,
the equivalence in (1.12) fails in the Gaussian case, due to the exponential tails. This is why the results will
be stated in terms of p,. Observe as well that from the definition in (1.11) we readily have the following
important properties:

- (Approximate) convolution property: there exists a constant ¢ > 1 s.t. for all u,v € R}, z,y € RY,

[ palues = 0y = 2)dz < palut vy - ) (1.13)
|Rd

In particular, for « = 2 the convolution is ezact and ¢ = 1.

- Time-scale for the spatial moments: for all 0 < ¢ < o, € (1,2) and for all 6 > 0 if v = 2, there exists Cq s
s.t.

/ |2°Pa (v, 2) dz < Co 500 (1.14)
[Rd

Further properties related to the density of the driving noise, notably concerning its time-space deriva-
tives, are stated in Lemma 2 below.
1.4 Main results

We first give some important estimates concerning the densities of the SDE (1.1) and its associated Euler
scheme (1.4).

Proposition 1 (Density estimates for the diffusion and its Euler scheme). The unique weak solution to
FEquation (1.1) starting from x at time s € [0,T] admits for all t € (s,T] a density I'(s,x,t,-). Furthermore
there exists a constant C := C(d,b,a,T) s.t. for all y € R? the following upper-bound holds:

F(S,{E,t,y) SCﬁa(t—S,y—I), (115)

with P, defined in (1.11), as well as the following control for the Hélder regularity in the forward time
variable:

VO<s<t<t <T, [t—t|<(t—s), |T(s,z,t,y)—T(s,z,t',y)| < Cijﬁa(t' —s,y—x), (1.16)

Also, for e € (0,7 A1], there exists C. := C.(d,b,a,T) s.t. forall 0 < s < t < T, z,y,w € R? s.t.
|y —w| < (t—s)7,

— ’YE
Pz, t) =Pl )] < Co (5} gt —sw =), o= (AT e (11D



Similarly, for h = %, n € N*, the corresponding Euler scheme X" defined in (1.4) starting from x € R?
at time ty = kh,k € [0,n — 1] admits for t € (t;,T] a transition density T'"(ty,z,t,-), for which, for all
y € Re:

Fh(tkaxatuy) Scﬁa(t_tkuy_x) (118)
Also, for all 0 < t; <ty <T, z,y,w € R, |y —w| < (ty — tj)é,
|y — w|+he
(tk —t;)=

Existence of the densities and the related Aronson type bounds (1.15) and (1.18) readily follow from
[JM24] and [FJM24]. The sensitivity controls (1.16), (1.17) and (1.19) are proven in Section 3.

Remark 1 (About additional controls on the density of the SDE and the Euler scheme). Let us point out
that the densities I',T'" also satisfy additional controls. Namely, some gradient controls in the backward
spatial variable could be established. Anyhow, for the error analysis, these controls are not needed. They

could be derived following the approach of [FIM24).

’YE
|1"h(tj,x,tk,y)—I‘h(tj,:v,tk,wﬂ < C. < ) Dot — tj,w — ). (1.19)

The main result of the paper is then the following theorem.

Theorem 1 (Convergence Rate for the stable-driven Euler scheme with L$°C? drift). Denoting by T' and
I'" the respective densities of the SDE (1.1) and its Euler scheme defined in (1.3), there exists a constant
C:=C(d,b,a,T) < 00 s.t. for all h =T /n withn € N*, and all t € (0,T], z,y € R?,

[P0, 2, 1,9) = T(0..1,y)| < C(L+ %) h3pa(t.y — ). (1.20)
where v = 4+ a— 1> 0 is again the “gap to singularity” defined in (1.2).

Remark 2 (Weak error involving an additional test function). Let us mention that if one is interested in
the weak error for some test function f, E(f,x,t,h) = Eo.[f(X]) — f(X1)], as soon as f is & € [3,1]-Hélder
(not necessarily bounded) then, a rate can be derived as a consequence of the convergence of |I'(s,z,t,y) —
(s, x,t,y)| using a simple cancellation argument:

E(f,z,t,h) :/

R4

(T" — T)(0, 2. £,y) f(y) dy = / (Th = T)(0,2,1,9) (F(y) — £(2)) dy,

R4

E(f,2,t,h)] <Ch® (1+t5) / Palt,y — 2)|z — y|° dy 5 C(1 4+t )teha,
R 1.11

Precisely, the smoothness of f allows to absorb the time-singularity from (1.20) in small time.

2 Proof of the main results

We begin this section recalling some quantitative properties of the density of the driving noise as well as the
Duhamel representations of the densities which will be the starting point to analyze the corresponding error.

2.1 Representation and Estimates on the densities of the diffusion and its Euler
scheme

As in the papers [JM24], [FJM24] in which the weak error was investigated for Lebesgue drifts, we will
expand the densities of the SDE and its Euler scheme along the underlying heat equation. In particular,
since the drift we consider is here bounded, existence of the density and related Aronson type upper-bounds
readily follow from these works (see e.g. Propositions 2.1. and 2.3 in [JM24] for the Brownian case and
Theorem 1 and Proposition 1 in [FJM24] for the pure jump one).

In the current Holder setting in space, in order to explicitly take advantage of the additional spatial
regularity we will rely on appropriate cancellation techniques. We start recalling some useful controls for
the underlying heat kernel p,, density of the driving noise Z.



2.1.1 Controls on the density of the stable noise

Proposition 2 (Density estimates for the heat equation). There exists C > 1,¢ > 1 s.t. for all0<s <t < T,
z,w € R, and any muti-index ¢ € N, |¢| € {1,2}, 0 € {0,1},

. —d—a—|(¢|
|8§V§Cpa(t —s,w—2x)| <C(t— s)_(9+m%) (1 + %) , a€(1,2),

10/VSpa(t —s,w— )| < Ot — s)_(e"’WTM)g@(t —s,w—2x), a=2, (2.1)

2
where gz(u, z) := ( 1)d exp(—%) stands for the Gaussian density of the Gaussian vector with variance ¢lq.
2me) 2

In particular, under (1.2),

oL Bl
|w—y|’8|8tevgjpa(t—s,y—w)|gC(t—s) 0+ Dot — 8,y — w). (2.2)
and, fory e R sit. [y —y/| < (t— )=,
g B=lel
lw —ylP|0]Vpa (t — s,y —w+ (y — )| S C(t — )T palt — s,y — w). (2.3)

Proof. The estimates in (2.1) are plain to prove directly if @« = 2. Turning now to « € (1,2), since we have
assumed Z to be isotropic, it is well known that the spatial derivatives of the density of the driving noise
enjoy better concentration properties, see e.g. Lemma 2.8 in [MZ22] for § = 0. This is established through a
subordination argument, i.e. the isotropic stable process is viewed as a subordinated Brownian motion. An
additional time derivative, # = 1, can be taken therein yielding the corresponding additional time singularity
with the same concentration improvement. It thus follows that:

o\ el
0075t~ svw—) < C(e - ) () (14 %) |
—8)a

This gives (2.1) in that case.
An important consequence of the above estimates is precisely (2.2). Namely, for « € (1,2) we get

B —[<]
g Bolil —w —w B
0= Y1V pat — s,y — w)| < Ot — 5) =+ (—'y l) (H—'y l) Palt — 5,0 — )
t— 93 t— )3
SC’(t—5)79+B;‘<‘[}a(t—s,w—y).

Also, for a = 2,

B
g b=lel [ |w — 2]
lw —y|?|0 Vipalt — s,y —w)| < C(t —s) T2 (m) ge(t — s,y —w)
B-lel _
2 ot — s, w—y).

<C(t—s)70F

In that case the concentration constant is slightly deteriorated whereas in the pure jump case we took
advantage of the concentration improvement for the derivatives. In any case (2.2) is proven. Equation (2.3)
follows from the same proof as (2.2) noting that in the diagonal regime |y —y/| < (t — s)=,

ﬁa(t_suy_w—’—(y_y/)) SCﬁa(t—S,y—UJ), (OS] (172)7
ge(t = s,y —w+ (y —9y) < Cge(t — s,y —w),é< ¢, a=2.

Hence, |y — 9’| can be seen as a negligible perturbation. O



2.1.2 Duhamel representation for the densities

To compute the error rate, we will start from the following Duhamel representations, which are proved
respectively in [JM24] and [FJM24] for « = 2 and « € (1,2):

Proposition 3 (Duhamel representations for the densities of the SDE and the Euler scheme). The density
T(s,z,t,-) of the unique weak solution to Equation (1.1) starting from x at time s € [0,T) admits the
following Duhamel representation: for allt € (s,T], y € RY,

t
F(S,Ji,t, y) = pa(t —5Y—= JJ) - / [Etk,ac [b(?‘, Xr) : vypa(t Y Xr)] dr. (24)

Similarly, for k € [0,n — 1], t € (t,T], the density of X}' admits, conditionally to Xﬁc = x, a transition
density T"(ty,, x,t,-), which again enjoys a Duhamel type representation: for all y € R,

t
Fh(tk,x,t,y) :pa(t _tkuy_x) _/ [Etk,m {b(Uff/thq}}Th) : vypa(t_ruy _Xﬁ)} dr. (25)

tr

2.2 Proof of Theorem 1

In this section we will use for two quantities A and B the symbol A < B whenever there exists a constant
C:=C(d,b,a,T) s.t. A< CB. Namely,

A< B« 3C:=C(d,b,a,T), A< CB. (2.6)

Starting from Proposition 3 and comparing the Duhamel formula of the scheme, (2.5), to that of the
diffusion, (2.4), we get

Fh(ov Zz, ta y) - F(Oa xz, tv y)
t
= Eo. [/ (b(s, X)) Vypalt = 5,y = Xa) = b(Uyn s X20) - ypa(t — 5, - Xj)) ds} .
0
We will split the error in the following way:
Fh(oa xz, tv y) - F(Ov Zz, ta y)

h
:/ Eo,» [b(s,XS) - Vypa(t — s,y — Xs) — b(Up, x) - Vypa(t — s,y—Xf)] ds
0
h_

h
+ / Eo.e [b(s,XS) - Vypa(t — s,y — Xs) — b(s, Xon) - Vypa(t — s,y — XTS;L)} ds
h

[E0x|:b ’1 ypa(t_s Yy— X >_b(SaX-,}—lSh)'Vypa(t_svy_xfs’l)] ds

/ Eo.. {b (Urs s X -(Vypa(t—s,y—ng) —Vypa(t—s,y—Xg))} ds
/ Lo, [b h/ha : (Vypa(t_UT;L/h,y_XZh)_Vypa(t_s,y_X;i{z))} ds
t
+ / [EO,JC [b(S,XS) : vzpa(t —S5Y— Xs) - b(UTSh/haX;—Lhr) . vypoz(t -5y - Xsh)} ds
ben :
= A1+A2+A3+A4+A5+A6, (27)



where we exploited that:

Tth'fh
/ Eo,u {b(U[T;L/h]vag) “Vypalt = Urryn)sy — ng)} ds
. ! ]

h/h—1

i+1 41
Z / / Eo,. [b(r, Xh) Vypalt —ry — Xh)] dsdr
h

h

- / Eo.. [b(s, X5 Vypalt — s,y — th)} ds, (2.8)
h s s
for the correspondence between the last term in Azand the first one in As.

For Ay, we rely on the fact that we work on the first time step, and thus we do not even need the
smoothing effect in (¢ — s)? provided by the drift in (2.2). Let us first expand the expectation:

h
Ay = / / (F(O, x,8,2)b(s,2) - Vypa(t — s,y — 2) — Fh((),x, 5,2)b(Ug, x) - Vypalt — s,y — z)) dzds.
0

Assuming w.l.o.g. that ¢ > h, then using (1.18), (1.15), (2.1) and the boundedness of b, we have

|Al|</ / ; 1 Da(8,2 — T)Po(t — s,y — 2)dzds
—3)

1 _1
Sﬁa(tvy_x) ( )L dSSﬁa(tay_x)ht *
< 5 y,1-8 _1 _ xy,_ B
Npa(t,y—w)hah t7o Spalt,y —a)hot™ o, (2.9)
exploiting the convolution property (1.13) of the density p,? for the second inequality and recalling that
h <t for the last inequality.

Let us turn to Ay. Expanding the inner expectation and using the time regularity of I" in the forward
time variable (see (1.16))

h
T, —h

|Ag| = r0,z,s,2)— F(O,ZE,TSh, z)} b(s,2)  Vapa(t — s,y — z)dzds

)Z
/ / 1 " P (s z—a:)(t—s)féf)a(t—s,y—z)dzds,

using as well (2.1) for the last inequality. Again, from (1.13), along with the fact that s — 7% < h and that
for s > h, (th)~1 < 2571, we can write

t

A waa,y—mh%/ -
h

DIQ

(t—s) = ds < palt,y — z)h=. (2.10)

The term Ag, which is the one that will allow to apply a Gronwall type argument, will be treated at the
end of the current error analysis.

Let us turn to the term Ay in (2.7), which is by far the more delicate. Let us then introduce the following
lemma:

Lemma 1 (Smoothing effect of the drift). Let ¢ be a multi-index with length 1 < || < 2 and § € {0,1}.
Then, for all (z,9) € (R)2, 0<h<t/2<s<tP—h<T,r>0,

B—I<l

ow

/I‘h(O :C,Tsh,z) (r,z)@fvgpa(t—Tsh,l)—z)dz gﬁa(t,n—96)(t—TSh)_‘5'|r

2which is actually just an approzimate convolution property in the pure jump case.

(1 + (- ) . (211)




Proof. Let use the following cancellation argument:
Izz/Fh(O z, 7, 2)b (r,z)@fvc Wt =710y —2)dz

/[Fh(o €T, Ts ) )b(Ta Z) - Fh(ov xz, Tshv U)b(T5 U)]agvgpa (t - Tshv v — Z) dz.
Then, using the regularity of b and (1.19), taking therein e such that 7. > 3, we have
—z|+ha)P
M [pa(Tsh, z—x) —i—pa( Ty — )]lm,z‘azq.sh,] (2.12)
(r8)a
— 2B+ (t— Z
< palrt 2 =l — 21 (14 ()#) 4 P20 o me)
()%

where we used the fact that we consider times s > t/2 to write pu (7,9 — 2) < Pa(t,y — x) and the fact that
for s <7/ —h, h <t — 7! for the last inequality. Plugging this into I and using (2.2), we get (2.11). O

S Palrl 2 =)y — 217 + bl

ﬁa(ta U - .I),

Going back to the bound for Ay, let us write

t/2
Ay = / [EOJC |:b(U‘rsh/ha Xf’t) : (Vypa(t —5Y— qu-lh) - vypa(t —S5Y— X;I))] ds
h s s

Tth—h
+ / Eo.. [b(UT:,/h, Xh) - (Vypa(t — sy — XM) = Vypalt — s,y — (XD + Z, — ZT;L)))] ds
s ; ; .

Tt'fh
+/ Eo . {b(UT:,/h,th,) : (Vypa(t - (XTh +Zs = Zn))
t/2 :

—Vypalt = 5,y — (X2 + b(Usp i X2 ) (5 = 78) + Zy = Z2)) )| ds

t)2
_ / Eo.x [b(U wn X1 - (Vypa(t — 5,y = XD = Vypalt — 7'y — (XP + b(Upn iy X5) (5 — Tj))))} ds
. ;

Tth'fh
+ / [EO@ |:b(UT£/h7X7}—Ih) ’ (vypa(t —S5Y— th) - Vypa(t - Tshvy - X-,}—lh)):| ds
t/2 s s s

T —h
b [ o (60 X2 - (Tapalt = 7y = XIy)
t/2 ’ ) )
—Vypalt =7y = (XD + (U s XL ) (s = 7)) | ds
=: Ay + Ago + Ays, (2.13)

where we conditioned w.r.t. U(st ,Urnyp) and used the harmonicity of the (gradient of the) stable heat

kernel (or Itd’s formula between 7/ and s) to get rid of the noise increment, going back to a time argument
in t — 7/ for the latter.

For Ay, there is no need to compensate for singularities in (¢ — s) on the considered time interval:

t/2 T+h

/ / /FhOIET zb(r,z)[vypa(t—s,y—z)—Vypa(t—TSh,y—z)
+Vypa(t — S,y—z)—Vypa(t— S,y—z—b(r z)(s — 7, ))] dzdrds|

t/2 —7h —71b]| L

S [0 [patetis-e |b||Loo[((S U G D] L ]w—my—z)dzds

t—s)tta (t—rh)a

|Ag1] =

t/2 »

§]§a(t,y—x)h%/ [(t—s)_va —l—(t—TSh)l_vTH} ds
h

S Palt,y — o)Wt = po(ty — x)hat <. (2.14)

10



For Ay2, we will make the same time sensitivity appear and then expand it with a Taylor formula:

h_h hth
1
/ / /FhO:er zb(r,z)~[Vypa(t—s,y—z)—Vypa(t—TSh,y—zﬂ dzdrds
t/2

h—h Tr+h 1
1
/ / /I‘h (0,2, 7", 2) r,z)-/ OV ypalt — s+ (s — ),y — 2)(s — 1) dpdz dr ds.
t/2 0

Then, using the same cancellation techniques as in the proof of (2.11) with n = y, we get

h_h h

(s —

|Aga] < 1+t_7/ / ) - 175@1(1&4—7—5}1—s—f—u(s—Tsh),y—x)dudS
2 (t—s+p(s— 1)+

rh—h h
_ N (s —77)
< Palt,y —2)(1+t"a / — 5 ds
> Pall, Yy — X =
Gy-aa+eh [

h
T, —h

Sﬁa(t,y—x)(l—i—t*g)h/ (t—s)fH% ds
t)2

< Palt,y —2)(L+t )t — 1+ h) = < palt,y —2)(1+t %), (2.15)

Let us turn to Ays, let us write

P—h Thth
1
// / /Fh O y Ly Ts s b(T, Z) ’ [Vypa(t - Tshvy - Z) - va(l(t - 57 )|w:y—z—b(r,y)(s—‘rs’1)
2

+ prﬂt( - shv )|w:y—z—b(r,y)(s—‘rs’1) - vypa(t - Tgvy - (Z + b(Ta Z)(S — Ts )))} dzdrds
= Ayz1 + Auzo. (2.16)

We carefully mention that this additional pivot is needed in order to use cancellation arguments for the first
term (in order to have a drift which does not depend on the spatial integration variable) and to take full
force of the regularity of the drift for the second one. For Ay3;, we use a Taylor expansion and then (2.11):

—h 1 h+h
|Ays1] = (0, z, 7", 2)b(r, 2)

sy ls

’ / Vi;pa(t - Tshv w)|w:y—z—ub(r,y)(s—‘rsh) ! b(Tv y)(S —Ts )d:u dzdrds
0

T/ —h +h 1
_8 ¢ 1 [ _ -
sared [ /pau,y—ub(r,y)(s—i)—x>||b||Loo7( L dpards
t/2 Th 0 (t )=

< <1+f§>ﬁa<t,y—x>h/ (t— )5 ds.
/2

recalling that P, (t,y — ub(r,y)(s — 77) — x) < pa(t,y — x) for the second inequality (with a slight notational
abuse in the gaussian case since the variance is then modified). Now, if (2—8)/a <1 <= o+ > 2 (which
is e.g. always the case in the Brownian setting), the time integral is convergent and uniformly bounded in h.
The term Ay3; then has order h regarding the time step. If now (2 — 8)/a = 1, it has order h|In(h)| < ha.
We can thus assume w.l.o.g. that (2 — 8)/a > 1. Then,

|Assi] S (141 5)palt,y — 2)h(t — 7 + )= 55
S U+t paltoy —)ha 0% S paty —2)(1+175)h7, (2.17)

Let us turn to Aysa, which we first expand with a Taylor formula:

—h q ik
AVEDS —/ / /I‘h 0,2, 7, 2)b(r, 2)
t/2

’ /O v?upa (t - T.?a w) |w:y—z—[b(r,z)—u[b(r,y)—b(r,z)]](s—rsh') ! [b(T, y) - b(T, Z)](S — Ts )d,u dzdrds.

11



Since t — 7" > s — 77 using the boundedness and the Holder regularity of b and then (2.3), we have
‘vaa ( 7'57 U}) |w:y—z—[b(r,z)—u[b(r,y)—b(r,z)]](s—rf) ' [b(T, y) - b(Ta Z)”
S (=) T palt = 7loy — 2), (2.18)
thus yielding, with the same computations of the time integrals as for Aysy,

h
T —h

|A432|5<1+t-§>ﬁa<t,y—x>/ (s — ™)t — M) %2 ds
/2
S L+t )palt,y — 2)ha. (2.19)

Plugging (2.17) and (2.19) into (2.16) and from (2.14), (2.15) and (2.13) , we obtain
A4l £ (11 %)palty —2)h?. (2.20)

Observe now that the term Aj in (2.7) could be handled just as Ay; and Ay above. Indeed, the
time variable is there randomized, but once expanded through the density, the quantity is really similar.
Importantly, it makes a pure time sensitivity of the stable kernel appear. This therefore yields

A5 S (1 4+ %)palt,y —2)h=. (2.21)

It thus remains to handle the contribution Ag associated with the last time steps. The quantities involved
can actually again be estimated using cancellation arguments. Write:

|Ag] <

t
/ [EO,ac |:b(55 Xs) : vzpa(t —5Y— XS) - b(UTf‘/ha qu-lh) ' Vypot(t —5Y— Xsh):| ds
‘rthfh ° s

t
<\ [0 20052 = TO 5.2, 0)0(5.0)) Vot = 5.5~ 2) dds
‘rhfh

T, hih
/h . h/ / Fh 0, 7' , @, 2)b(r, 2) —Fh((),Tsh,x,y)b(r,y))vypa(t—s,y—z)dzdrds

=: Ag1 + Ag2.

Using (2.12) for Age and the corresponding inequality based on the Holder estimate (1.17) for the density
of the diffusion (still taking therein € s.t. 7. > ), and exploiting (2.2) as in the proof of Lemma (2.11), we
then get:

B

Al S / (=T (= )RS (1 ()T )palty — ) ds S (14475 )palty — )b (222)

t

Gathering estimates (2.9), (2.10), (2.20), (2.21), (2.22), we have
070, 2,t,) = D(0,2,£,9)| S Palt,y — 2)h& (1 +17%)

t
+ / Fo.x [b(s, Xon) - Vypalt — 7Ly — Xon) = b(s, X)) - Vypat — 71y — th,)] ds (2.23)
N ! !

Set

flu) = sup (0, 2, u, 2) — T(0, z, u, z)|
(,2)€(RY)? Pa(u, 2 — )

Observe from (1.18) and (1.15) that f is bounded uniformly in h and the time variable. We then have, using
(2.2), the boundedness of b and the convolution property of the stable kernel,

|Fh(0,$,t,y) _F(O €, t y)' g £ 1 ¢ f(Tsh)
palt,y — 1) She ”m(t,y—m/h T

(1+t§)+/ht(f(;‘f)ds.

(=)

(2.24)

/Pa(T 2 — 2)Palt — Ty — 2)dzds

o2

<h

12



The previous bound being uniform in z and y, we get

F) ShEL+14) +/t GNP

n(t—1h)

Q

Q=

Using a discrete Gronwall-Volterra lemma, we obtain Theorem 1.

3 Proof of the regularity results from Proposition 1

This section is devoted to the proof of the controls (1.17), (1.19) concerning the Holder continuity in space in
the forward variable for the density of the diffusion and the scheme respectively as well as to (1.16), Holder
regularity in time in the forward time variable. These estimates were crucial in order to prove the main
theorem in the previous section. Importantly, we achieve respectively the order 7. = (yA1l) —¢, € > 0 in
space and 7/« in time.

Note that the lower exponent attained in space is sufficient for the previous proof of the main result to
work. We actually used the spatial regularity of the densities of the diffusion and the scheme in a cancellation
argument involving a product with the drift (see former (2.12)). In this context, we just need in practice the
lower order S-regularity corresponding to the spatial smoothness of the drift. Indeed, for 8 € (0,1) one can
find € s.t. (yA1l) —e > 3. We mention as well that this first spatial estimate actually allows in a second
time to derive the expected exponent v when v < 1 for the Holder regularity in the forward variable. The
proof is provided for completeness (since we actually insisted on the parabolic bootstrap phenomenon) for
the diffusion in Appendix A.

We start this section recalling some usual yet important controls on the density of the driving noise that
we will profusely use in order to prove (1.16). The proof is somehow standard and can be e.g. found in
[FIM24] for v € (1,2) and [JM24] in the gaussian case

Lemma 2 (Stable sensitivities - Estimates on the a-stable kernel). For each multi-index { with length
I¢| <2, and for all0 <u <u' <T, z,2' € R,

o Time Holder regularity: for all 8 € (0,1],

u— '}’

9pa02) Vit L2

(Do (u, ) 4 pa (', 2)) . (3.1)

e Spatial Hélder regularity: for all 0 € (0,1], u > 0, (z,2') € (R%)?

10 1
V5pa(u2) = Vopa(ua)] 5 (E270 A1) i () + ). (32)
3.1 Proof of the spatial regularity

We start this section providing the estimate (1.17) for the diffusion. We could actually have established
(1.19) only and then derive (1.17) passing to the limit exploiting the convergence in law of the Euler scheme
to the diffusion, which would have allowed to transfer the estimates on densities. However, we provide a
complete proof on the diffusion first since it is actually simpler than the one for the scheme and already
emphasizes the key ideas, which will as well appear in the proof of (1.16) (time regularity).

3.1.1 Proof of (1.17): forward spatial Holder regularity for the diffusion

Define, for n > 0 meant to be small (viewed as a spatial viscosity parameter),

gy fo Mot Tent 0o )
) (ze®))z | (Da(t — 8,2 — ) + Palt — s,2" —2)) (|2 — 2’| V)

13



Since we already know from (1.15) that - g(ssit ;;ﬂl;(s(tz tszz)_‘m) < 00, we immediately have hS71(t) S0 <
400. W.lo.g., we take s = 0 for sunphcrcy and assume T is small, in particular T" < 1. Let us write for
0<t<T,z,vy,y €R?the following:

L0, 2,t,9') = T(0,2,t,y) = pa(t,y’ — @) = palt,y — x)

/2
/ / (0,2, 8,2)b(s,2) - (Vypa(t — s,y — 2) — Vypa(t — s,y' — 2)) dzds

Iy —ylvm)®
+/ /I‘(O z,8,2)b(s,2) - (Vypa(t — s,y — 2) — Vypa(t — s,y' — 2)) dzds
/2
t
+ / /I‘(O,x, $,2)b(s,2) - (Vypa(t — s,y — 2) — Vypa(t — s,y — 2)) dzds
t—(ly’—ylvn)

= A1—|—A2—|—A3—|—A4.
< t/2 since otherwise, i.e. in the off-diagonal case, the expected

We tacitly assume as well that (|y’ — y| V)
control [(T'(0, z,t,y) —T(0, z, t,y Nt = | /[(Ba(t,y — x) + Palt,y —:C))(|y —y'| Vn)re] < C readily follows from
the Aronson type bounds (1.15).

For Ay, we use the regularity of the stable kernel, (3.2) to write

A < |y B y/|’yE = = /
A1 S “—=—Pa(t,y — ) + Pa(t,y — 2)). (3-3)
For A,, using again (3.2), we write
y—y|"= _
Vupalt =5y =) = Fypalt =3/ =) S L alt =0y =) Bl =y 2)
which yields, along with (1.18) and the convolution property (1.13) of pq,
#/2 ly — ' _ ’
80] 5 / Btz = DMl I Bt =y =)+l sy ) =
(3.4)

vy ”
SO oty - )+l = ),
(ae+¢€) < B — ¢ and recalling that

where 3. := § —¢, noting that fory=a+8—-1€[1,2),7.+1—-a=2—
we have assumed T to be small.

For As, using a Taylor expansion and then a cancellation argument, we have

t—(ly—y'| vy 1
8= [ [ [ T8 205,2) - Tt = 5.y + A =) - 20— 9 dhdzas
/2

t=(ly=y'lvm* 1
= //2 /0 /[F(O,x,s,z)b(s,z) _F(O,IE,S,y—F)\(yl —y))b(s,y+,\(y’ —y))]

Vipa(t — s,y + Ay —y) — 2)(y —y)dzdAds. (3.5)
We then write
|F(Oa x,s, Z)b(S, Z) - F(Ov x,Ss,Y + A(y/ - y))b(S, Y + A(y/ - y))|
! _ _ o|7e
< /o _ B85 _ - €,n |y+)‘(y y) Z|
Sy + AW =) — 2 Bals, 2 — 2) + bl = (h2(5) — Ly sl <ot
ly+ My —y) — 2|° _ _ ,
+ = oAy aissd ) (Pa(5.2 = ) + Pals,y + AW —y) 7))
Sly+AW —y) —z° <1 5w (1 + sup hﬁ’,’l(?"))) (ﬁa(& z2—x)+ Pa(s,y + Ay —y) — x)) ,
re(0,T]
(3.6)

14



recalling that 8 < 4. for the last inequality. Plugging this into (3.5) and using (2.2), recalling that on the
considered time integration, (t — s) > |y’ — y|® (local diagonal regime), we get,

t—(ly—y'lvm)® 1 5
|Az] 5/ / /(ﬁa(s,z—w)—l—ﬁa(s,y—i—)\(y'—y)—:c)) I+s"a 1+ sup hgi(r)
t/2 0 re(0,T]

« =y Ay dzdd
WPQ -5,y + Ay —y)—2)dz S

t—(ly—y'lv)® 1 B8 ly — 3|
< / / Pat,y+ Ay —y)—2) [ 1+s = |1+ sup hE:Z(r) ——— —d\ds
t/2 0

r€(0,T] (t—s)=5"

— o |7e
L+ sup ho7(r) %ds,
re(,1] (t—s)" o

where, for the two last inequalities, we use the fact that for s > ¢/2, up to a modification of the underlying
variance in the Brownian case, po(s,y + Ay —y) — ) < Pty + Ay — y) — 2) and since |y — ¢/| < t=,
Pa(t,y + Ay —y) — ) < pa(t,y — ) + Pa(t,y’ — ) with the same previous abuse of notation if o = 2.
Finally, noting from the above definition of v.= (1 Av) — € that (1+v. — 8)/a < 1 <= 7 > ., this yields

ol

/ =y’ Ivm)* )
< (Paltry — 2) + Palt,y’ — ) //2 14 s
t

1As] S (Baltsy — ) + Palt,y — ) [y — o/t = (1 e <1 + sup hé:Z(r))) : (3.7)
re(0,T]

For A4, write:

¢
A< 100 25,20b(5,2) = P00, )] - Typalt = s, ~ 2)deds
t=(ly’—ylvn)
¢
+ / /[1"(07 z,8,2)b(s,2) —T(0,2,5,y)b(s,9')] - Vypa(t — s,y' — 2)dzds
t=(ly’ —ylvn)=
¢ 7oz t— - 7oz t— f—

5/ /ms,z - ) (1 +s7% (1 + sup hé:Z(r))) Pall =y =) ¥ Pall =89 = 2) g, g,

t—(ly’' —y|vn)« re(0,T) (t—s)o"a

where we used (3.6) (with respectively A = 0 and A = 1 therein) and (2.2) for the second inequality. We get:

1AL S(Pa(t,y — ) + Dalt,y — )y —y| vV n)? (Ht‘g <1+ sup hé:Z(r)))

re(0,T]

S(Paltsy )+ altyy’ 2l — y] Vet (1 o (1 + s hz:zm)) -
re(0,T]
where we also used the fact that (ly — ¢'| V) < t/2 as previously mentioned for the last inequality.
Gathering estimates (3.3), (3.4), (3.7) and (3.8) and considering the fact that |y — y'|7 < (|’ — y| vV ),
we obtain

_ _ y —ylvn)r-
(0, 2,8,) = D02, £,9)] < Gty — ) + puyf —27) WAV
) 1 +t" 2 1131+ 5+t sup hS(s)|
se(0,1]

Noting that all the exponents of ¢ appearing in brackets in the above equation are positive, we get, in turn
taking the supremum for ¢ € (0,T] on the Lh.s.
-8
hya(t) S |1+T75 sup hgi(r)
re(0,T]

Provided T' is small enough, we obtain the (uniform in 1) boundedness of hy. Taking the limit n — 0
concludes the proof of (1.17). O
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3.1.2 Proof of (1.19): forward spatial Holder regularity for the scheme
Let € such that 7. = (y A1) —e > 8 and set

(s, @, t,2) — (s, a,t, 2)|(t — s) &
95,71( ) = sup { | ( ) ( p )|( ) p T }
(z.2)e®D)? L(Palt — 8,2 — @) + pa(t — 5,2" — 2)) (|2 — 2/|[+ha )

We emphasize that the time shift in the Duhamel representation of the scheme (2.5), associated with the
term b(Uyn jp, X2 )Vypa(t — s,y — X'), induces the additional term in R/ in the normalization. Intuitively,
this can be explalned since if |y’ — y|* < h, then, close to the time-boundary, i.e. for s close to ¢, the local
drift transition of the scheme of order s — 7/ is not negligible w.r.t  —s. When looking at the diffusion, this
is usually dealt with by introducing a cut-off level at ¢ — |y’ — y|*. But on the remaining time interval, one

can still have s — 7" > |/ — y|* and the drift somehow prevails for the scheme.

Let us importantly point out that, from the Aronson type inequality (1.18) for the scheme, it readily
follows that gi};(t) < h~® < +o0. In particular, this means that this quantity can be used in a Gronwall
or circular type procedure as we actually do below.

Let us then introduce the following lemma:

Lemma 3 (Smoothing effect of the drift). Let ¢ be a multi-index with length 1 < |¢| < 2. Then, for all
(r,9) € (RY2,0<t/2<s<t < T, r>0,

‘/I‘h (0,2, 7", 2) (r,z)Vgpa(t—T;‘,U—z)dz

~icl 1 9055 (T8
hS t—Th = e t—rh Y (1 -+ =2 | palt,y — 7). 3.9
(G -y )( T >p< o). (39)

Proof of Lemma 3. To prove this, let us use the following cancellation argument
I ::/Fh(() x, Tsh, 2)b(r, 2)Vypa(t — Tsh, n—z)dz
= /[Fh(O,x,Tf,z)b(r,z) (O X, T, ,l)) (r,9)]Vypa(t —s,9 — z)dz. (3.10)

Then, we write similarly to (3.6),

40,78 2005, 2) = T 0,2, 72, b5, )
TRy
e )

< hi B 1 1 g(})l,i(Tsh) _ h 3.11
N(|U_Z|+ a) +(Tg)§+ (Tsh)g (p (Tst—x)"‘pa(st—I)) ( )

Plugging this into (3.10) and using (2.2), we get

S Iy = 2palrl,z = ) + bl (1+55(72))

’/l—‘h (0,z,7", 2 b(r,z)Vgpa(t—TSh,U—z)dz

B=l¢| 8 I¢ 1 gh’a(Th)
5(@—75) = +ha(t_78h)—7) (1+( e N é )[pa(t,g—x)era(Tsh,n—x)].

Using the fact that s > ¢/2, up to a modification of the underlying variance in the Brownian case, p, (77,9 —
x) < Polt,y — x), we obtain (3.9). -
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Let us first write

"0, 2,t,y") = T"(0,2,t,y) = pa(t,y’ — ) — palt,y — )

t/2 T, hih
/ / /FhOx,Ts,zb(r,z)

X Epn . [Vypalt — s,y = X) = Vypa(t — 5,9’ — X!)] dzdrds

"th
-|-/ / /FhOIE,TS, )b(r, 2)
t

X Ern sy [Vypalt — s,y — X)) = Vypa(t — s,y — X)) dzdrds

=: A1 + A + Ag, (3.12)
where we denoted E,n . ,.[-] := [E[-|sth, = 2,U;n, = 1]. For Ay, we use (3.2) to write
80l = Ity =) = pattoy = 2] S L ey = )+ paltsdf )
S M%W(pa(t,y—w) + Doty — ). (3.13)
For Ay, we use (3.2) to write
ly =y

|vypa(t -8y —w)— vypa(t - s,y’ - w)l S (ﬁa(t —5Y— w) + Palt — Svyl - w))

(t—s)* 5

which yields, similarly to (3.4),

/2
I&K/ /ms, )bl

’YE
x/ﬁa(s—rsh,w—z)%(pa(t—s Yy —w) + Polt — s,y —w))dwdzds
t—s) «

(ly =yl vm< ]
S = (Pa(t,y — ) + Palt,y’ — 7)), (3.14)
using the fact that the terms in (¢ — s) can be taken out from the integral on the considered time interval.

For Ags, let us develop the conditional expectation as follows:
Evnor [Vypalt = s,y = X2) = Vypa(t — s,/ — X))
=Erny [Vypa (t—s,y— (2 +b(r,2) (s — 7} "N+ zZo-Z )]

—Erny [Vypa (t =5,y = (24 b(r,2) (s = 7) + Zs — Z1n))]
= Vypa (t—TSh,y —z—=b(r,2)(s —Tsh)) — VyPa (t—TSh,y —z—=b(r,z)(s —Tsh))
= Vuoba (t — 70 w2) lws=y—z—b(r,2)(s—7) — Vo, Pa (t — ™
+ Vapa (6= 7 01) =y sy = VP (= 72505 lug =y -2 b))
+ Vi pa (=77

/ vwlpa wl /L[b(?‘, Z) - b(T, y)](S —Ts )) |w1 =y—z—b(r,y)(s—71l) * [b (Ta Z) —b (Ta y)] (S - Tsh) dM
+ lep(l ( - T.?vwl) |w1:y—z—b(r,y)(s—7’s") - vwipot (t - T.?a wi) |w£:y’—z—b(r,y’)(s—rs}")

+ /O vfuipa (t - T.?vwll - u[b(?", Z) - b(T, y/)](s —Ts )) |w1—y —z=b(r,y’)(s—7h) ° [b (Tv Z) —b (Tv y/)] (S —Ts )d,uv
(3.15)

s W1) oy =y 2—b(ry) (s—r1)

/ h o,/
wl) |w1:y’fsz(r,y’)(sf‘rsh) - vwépa (t —Ts 7w2) |w§:y’7z7b(r,z)(sf‘rsh)
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yielding the corresponding terms Asj, Ay and Asz once plugged into (3.12). For Asz; and Ags, since
t — 7l > s — 7P using the boundedness and the Holder regularity of b and then (2.3), for § € {y,v'},
Vapalt = 70w = p[b(r, 2) = b(r, §)] (s = 78 li=g— - b(rg) (s—rty - [0 (1 2) = b (1, §)]
St =) palt =75 - 2), (3.16)
This then yields, using again s — 7/ <t — 7/,

B—2

t
|A31|+|A33|5// /m(ﬂz—x)(s—ﬂ)(t—rsw(m(t—r,y 2) 4 Palt — 7y — 2)) dzds
t/2

t
S (ﬁa(hy—fv)+ﬁa(f,y’—$))h%/ (b= 7 s,
t/2
Note that, by definition, v. = ((a +B8-1)A 1) —e<a+f—1-—¢,so that
B=2—-7 a+B—-2-79 ~v—-7-1_—-1l+¢

« « o «

using as well that a > 1 for the last inequality. In turn, we obtain
_ _ e  Y—veta—1
|Az1] + Qs3] S (Palt,y — 2) +Pa(t,y’ —x) hat™ =
_ _ a e pq¥—veta—1
S (Palt,y —2) +palt,y’ — @) (ly —¢/|* VA) =T . (3.17)

Let us turn to Ass, which we split into two parts depending on whether the inner gradient is in diagonal
(and in that case using a Taylor expansion) or off-diagonal regime:

t—|y— u\o‘vhl hih
A32:/ / /I‘hOx,TS,z b(r, z)

/ Ve Pa (t=7lwi+py —y— (s =70 r,0) =00 0)]) hus—yzmbrg) (s

W —y— (=0 (ry) —b(ry)] dudzdrds

T hih
/ / /Fh (0,2, 7, 2)b(r, 2)
-
/

X [vwlpa (t - Tshv wl) |w1:y—z—b(r,y)(s—rsh') - ngpa (t - Tsha wl)w'lzyfsz(r,y)(sfrs’l) dzdrds
=:A321 + Azoa.

For Asg1, we use (3.9) with y =y —b(r,y)(s —7) + p [y —y — (b (r,y') = b(r,y))(s — 7I')]. Note that the
term in hA/® < (t — 71)#/* on the associated time regime for Ago;.
Using as well the fact that, in the regime |y — /| < t=,
Palt,y =z =b(ry) (s —70) +puly —y—(b(ry) = b(ry)(s = 71)]) < Palt,y — 2)
to obtain
t7|y7y/|o‘vh o _ B h,e/_h
_ y=yl+-—m)ly—y L 90.()
|A321| Spa(t,y—:zr)/ [l | ( 2—)[-}| | ]pa (t,y—x) 1+ 7 T % B ds.
/2 (t—7i)7= (t8)e  (rh)=

S
Recall that on the considered time interval t —s > |y — y|* V h and |y — /| < t=. From the fact that
s—71l <t— 1l we then get

t/2

= <1+t§ <1+ sup goo(r ))) (3.18)
re (0,7
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_ 2e B B=1=7e 90,2\Ts

|As21] S Pa (ty — ) (B t= + |y/—y|%)/ (t=m) (1 n 2 ((J 5 | ds
T @ @

_ Je J—
Sha (ty—z) (b + 1y —y[o)t



using as well % > —1 <= v > 7. for the last inequality.
For Asaz, denote, for w € {y,y'},

t 1 T:'-‘rh
632200) = / E /
t—|y—y’|*Vh Th

X /I‘h(O, z, 7, 2)b(r, 2) - Ern . [Vypa (t— i —z—b(r,w) (s — 7)) dz| drds

so that [Asga| < d320(y) +0322(y). Similarly to Azay, we now use (3.9) with ) = w—b (r, w) (s—71) observing
that on the considered time integration interval the term in A%/ of (3.9) remains:

t 51 5 . gg’E(Th)
Suzalt) S paltvo — o) [ (=)= +ni—r)) (14— + 2222 ) ds
t—|y—y'|*Vh (th)= (th)=
S Palt,o —2)(jy —o/|* V)= (1 +ta <1 + sup 93,’5(7‘))) : (3.19)
re(0,T]

Gathering (3.17), (3.18) and (3.19), we obtain
83| S (Palt,y — @) + Palt,y’ —2)) (ly — y/|* V) S

X <1 e <1 + sup g&’i(?‘))) [(Iy—y’la VRS e +t7”’“5"’1} . (3.20)

re (0,7

Along with (3.13) and (3.14), we eventually get

|Fh(07x7tuy) - Fh(ouxutay/)lt% < 1+ T%;BE
(Paltsy — @) +Pa(t,y’ — ) (ly = y/|* vV R)= ™

+ (1 +t 4 (1 + sup gg)’i(ﬂ)) {(|y —y|*Vh) T 4 ta 4
re(0,T]

14T 7% 4 sup gS(r) [t% +t7m2“ﬁ} ,
re(0,T]

using as well that |y' — y|* V h < ¢ for the last inequality. Since vy — 8 = a — 1 > 0, Equation (1.19) then
follows taking the supremum in time in the previous inequality provided T is small enough. ([l

3.2 Proof of (1.16): forward time Holder regularity for the diffusion

Proof of (1.16). We proceed here with the proof of the forward time sensitivity. Importantly, the proof will
use the previously proved claim (1.17) which actually also gives S-Holder sensitivity since 8 < v.. W.Lo.g. we
take s = 0 for notational simplicity. Starting from the Duhamel representation (2.4) and using cancellation
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arguments, we have for 0 <t <t/ < T, z,y € R?,
0(0,2,t,y) = (0,2, y) = palt,y — ) = pa(t',y — )

/ / (0,2, 8,2)b(r,2) - Vypa(t' — s,y — z)dzds
// (0,2, 8,2)b(r, 2) - [Vypa(t' — s,y — 2) = Vypa(t — s,y — z)] dzds

(ty—x —pa(t,y — )

/ / (0,2, 8,2)b(r,z) = T(0,z,s,9)b(r,y)] - Vypa(t' — s,y — z)dzds

+/0 /F(O,x,s,z)b(T,Z)

[Vypa(t' =5,y — 2) = Vypa(t — s,y — 2)]dzds
=: Hy + H» + Hj. (3.21)

For Hy, we directly use (3.1) to write

t—t)a
2] = Ipaty = 2) = palt'sy ~ )] £ D palty - ), (3.2

a

For Hs, let us use the regularity of b and the forward spatial regularity of T', (1.17) to write:

1 — |8
IT(0, z, 5, 2)b(s, 2) — T'(0, z, 5, 9)b(5,9)| < Pals,z —z)|y — 2|° (1 + —£> + Dals,y — ZC)% (3.23)
Sa S«

Plugging this into Hy and using the fact that for s > ¢, po(s,y — ) < Pa(t,y — x) along with (2.2), we have
8 1 /
|Hs| < Dal(s x|y — 2| +— [Vypa(t' — s,y — 2)|dzds
S«

/‘/potsy_‘r
s
1 B-1 o,
Pals,z—2) (14— | (t' =5) = Palt’ — s,y —2)dzds
Sa

—i—paty—:v/ / z - Dot — s,y —2)|dzds

S
S palt,y —2)(1+t 2 )t —t)=.

| | Vypa(t’ — s,y — 2)|dzds

DIQ

(3.24)

For Hj, let us split it into three parts again, using a cancellation argument on two of them:

t— (t’—t)

Hs = / / (0,2,8,2)b(r, 2) - [Vypa(t' — s,y — 2) — Vypa(t — s,y — 2)] dzds
(t’ t)

t—(t'—t)
/t / [0(0,z,s,2)b(r,z) — T(0,z,5,9)b(r,y)] - [Vypa(t' — s,y —2) — Vypa(t — s,y — 2)] dzds

4 / / [T(0, 2, 5, 2)b(r, 2) — T(0, 2, 5, y)b(r, )] - [Vypa(t' — 5,9 — 2) — Vypalt — 5,y — )] dzds
t/—t
=: H31 + H3s + H3s.

For Hsy, notice that for s < (¢t — (¢’ —t))/2 =t —¢/2,t' —s > 3t//2 —t and t — s > t'/2, there will be no
time singularities in (¢t — s) or (¢’ — s) to integrate. There is thus no need to use a cancellation argument to
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derive a smoothing effect. Using simply (3.1), we get

t— (r t—(t —t)

|H31 | </ /pa S,z —x |b||p<>%[pa(t’—s,y—z)—i—pa(t—s,y—z)]dzds

S =)t 4 [Palt,y — @) + Palt',y — )] (3.25)

For Hjso, notice that on the considered time interval, t' — s > 2(t' — t), so we are at the right time scale to
use a Taylor expansion in time:

(' —t) 1
/ / (0, z, s, 2)b(r, 2) — T'(0, x, s, 9)b(r, y)] - / OVypa(t — s+ At —t),y — 2)(t' — t)d\dzds.
t 0

(t' t)

Using (3.23) and then (2.2) along with the fact that for on the considered time interval, we have t — s +
At —1t) <t —sand po(s,y —x) < Palt,y — x), we get

P t—(t'—t) B - s B - s
[Hsz| < (¢ —1) Pals,z—x) (1457 ) +Pals,y —x)s™ =
t—(tz’—t)
1
></ ly — 2|°10:Vypa(t — s + Mt' — 1),y — 2)| dAdzds

t—(t'—t) ) -
(t' —t / / (s,z —x) (1+s a)—i—pa(t y—1x)s _5} (t—s) "o po(t — s,y —2)|dzds

@=t)
5 (t/ _t)g(1+t Q)ﬁa(tay_x)a (326)
observing that —1+ (8 — 1)/a < —1 for the last inequality.

For Hs3, we take advantage of the fact that we integrate on a time interval whose length is corresponds
to the time difference. This means we can use the smoothing in time effect for each term of the difference
(no need to expand in space the difference of the gradients). Namely,

|Hs3| <

/ / [0(0,x,s,2)b(r,z) — T(0,z,,9)b(r,y)] - Vypa(t' — s,y — 2)
t—(t'—t)

I'0,x,s,2)b(r, z) = T(0,2,s,9)b(r,y)] - Vypa(t — s,y — z)dzds

t—(t'—t)

K _ _B8 _ _B B=1
< {pa(s,z—:zr)(l—ks a)—|—pa(t,y—x)s a}(t—s) «

t—(t/ —t)

X ([)a(t -8,y —2)+ pa(t' — s,y — z)) dzds,
using again (3.23) for the last inequality. This eventually yields
2 _B,_ _

[Hzs| S (' = )5 (14t %) (Palt,y — @) + Pa(t ,y — 7). (3.27)

Gathering estimates (3.22), (3.24), (3.25), (3.26) and (3.27), we obtain

o2

|F(O,I,t,y>—r(0,$,t/,y)| S (t/t_t> [}’)a(t,y—x)—kﬁa(t’,y—x)], (328)

which precisely gives (1.16) since we have assumed s = 0. O
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A About the full parabolic bootstrap in the forward variable for
the diffusion

The point of this section is to provide a proof of the full parabolic bootstrap for the diffusion in its forward
variable in the case @« + 5 — 1 < 1. Indeed, when aa + 8 — 1 > 1, it cannot be expected to have an exponent
greater than 1 and (1.17) is already sharp.

Namely, we prove the following : there exists C := C(d, b, a, T) s.t. forall0 < s <t < T, (z,y,w) € (R%)3
st ly—w| < (t—s)a,
IT(s,z,t,y) — T(s,z,t,w)| < C (%) Dot — s,w — x). (A1)
—g)a
The approach is very similar to the previous one to show (1.17) and we present here the result for the

sake of completeness only as we do not make use of it. Equation (1.17) (taking e therein s.t. 7. = ) is
enough for the proof of Theorem 1.

Proof. Set, for n meant to be small,
hn (t) = sup { |F(va7tuz) —F(S,(E,t’Z/)Kt—S)% } )
. (ze®y2 L (Palt = 5,2 =) + pa(t —s,2" — x)) (]2 = 2| V)7
Since we already know from (1.15) that - ‘(I;(Sszzt ;§+£(Es(tx Zzz)lw) < 00, we immediately have A7 (1) S777 <

400. W.lo.g., we take s = 0 for sunphmty and assume T is small, in particular T' < 1. Let us write for
0<t<T,(r,y,y") € (RY)3 the following:

L0,z,t,y") = T(0,2,t,y) = pa(t,y’ — ) — palt,y — )

t/2
/ / (0,2, 8,2)b(s,2) - (Vypa(t — s,y — 2) — Vypa(t — s,y' — 2)) dzds

(y' —ylvm®
+/ /I‘(O z,8,2)b(s,2) - (Vypa(t — s,y — 2) — Vypa(t — s,y' — 2)) dzds
/2

t
+ / /I‘(O,x, $,2)b(s,2) - (Vypa(t — s,y — 2) = Vypa(t — s,y — 2)) dzds
t—(ly'—ylvn)«
= A1+A2+A3+A4.

We tacitly assume as well that (| — y| V n)® < t/2 since otherwise, i.e. in the off-diagonal case, the expected
control [(T'(0,z,t,y) — T(0,z,t,y'))t=]/[(Pa(t,y — ) + Pa(t, v — 2))(ly — ¥'| V1)) < C readily follows from
the Aronson type bounds (1.15).

For Ay, we use the regularity of the stable kernel, (3.2) to write
ly—y'[", _ _ ’
A1) S 2 oty = ) + paltsy’ — ). (A.2)

For A,, using again (3.2), we write

/—Z)| < |y_y/|V
~ (t—s)wT+1

which yields, along with (1.18) and the convolution property (1.13) of pq,

|Vypa(t —8,Yy—2z)— vypoz(t - 5Y (ﬁa(t =5,y —2)+ Dalt — Svyl - 2))

/2
|A2|</ JERCER P ('y ‘;’Ll<pa<t—s,y—z>+ﬁa<t—s,y'—z>>dzds

< |y B y |’Y — _ —= I
ST (Pa(t,y — ) + Palt, y' — ). (A.3)
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For Az, using a Taylor expansion and then a cancellation argument, we have
t=(ly—y'[vm)* 1
A = / // (0, z,s,2)b(s, z) - Vf!pa(t syt Ay —y) —2)(y —y)drdzds
t/2 0

t=(ly—y' V)™ 1
- /t/2 /0 /[P(vavsvz)b(saz) —F(O,x,s,y—i—)\(y' —y))b(&y_i_)\(y/ _y))]

Vipalt—s,y+ My —y) — 2)(y —y)dzdrds. (A.4)
We then write, using (1.17) with € > 0 s.t. 7. = 8 when |y + A(y/ —y) — 2| < s= and a triangular inequality
when |y + A(y —y) — 2| > 57,
(0, 2,5, 2)b(s, 2) = T(0,2, 5,y + Ay — 9)b(s,y + A(y" —v))|
Sy + Ay —y) = 2l pals, 2 — )

ly+ My —y) — 2|°
+ ||b||L°° B 1

Sa

Sly+ Ay —vy) — z|ﬁ (1 + s’g) (pa(s,z — )+ Pals,y + ANy —y) — :c)) (A.5)

(Pa(s, 2 = ) + Pals,y + Ay —y) — 7))

1
ly+A(y' —y)—z|<s@

Plugging this into (A.4) and using (2.2), recalling that on the considered time integration (¢t —s) > |y’ — y|®
(local diagonal regime), we get for v1 € (v, 1),

t=(ly=y'lvm* 1 , 5
e [ [ a2 =) 4 paloy+ My =9 - ) (14577)
t 0

/2
ly -y’ )
X ————5Da(t — 8,y + A(y' —y) — 2)dzdAds
(t— S) o
t=(ly=y'lvm* 1 ; ly — o'
5 / / ﬁa(tvy + )‘(y/ - y) - JI) (1 + Siz) 1+v1 -8 dAds
t/2 0 (t—s)" a
t—(ly—y'|vn)® s I m
_ _ _B y—y
5 (pa(t,y—x)—i-pa(t,y'—x))/ (1+S O<>|71+L1,5ds,
t/2 (t—s)" o

where, for the two last inequalities, we use the fact that for s > ¢/2, up to a modification of the underlying
variance in the Brownian case, o (s,y + Ay —y) — ) < Pa(t,y + My —y) — ) and since |y — /| < t=,
Palt,y + Ay —y) — ) < Pult,y — ) + Pa(t,y’ — ) with the same previous abuse of notation if a@ = 2.
Finally, noting from the above 71, that (1 4+ v, — 8)/a > 1 <= ~; > v, this yields

|As] S (Palt,y — )+ Palt,y —2) ly =" (ly =¥ 1 V0) ™ S Palt,y — )+ palt,y’ — ) (ly —y'| V).

(A.6)
For A4, write:
¢
|A4| S / /[F(vaa S, Z)b(S, Z) - F(vaa Say)b(‘s?y)] ) Vupa(t -5y - Z) dzds
t=(ly’ —ylvn)>
t
+ / /[F(O, z,8,2)b(s,2) — T(0, 2,5,y )b(s,y")] - Vypal(t — s,y — z)dzds
t=(ly’'—ylvm)>
¢ 7oz t— - 7oz t— f—
5/ /ﬁa(saz_x)(1+s_§)p Ll 2)—’—]19 (B >y Z)d8d27
t—(ly’—ylvn)> (t—s)o"@a
where we used (1.17), with . = 8 and (2.2) for the second inequality. We get:
_ _ _8
A4S @ty = 2) + Bty =)y — gl V) (14+75). (A7)
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Gathering estimates (A.2), (A.3), (A.6) and (A.7), we obtain

)) (ly/ - yll \ 77)V

|F(O,.’L‘,t, y) - F(vavtv y/)l 5 (ﬁa(tv Y- .’L‘) +ﬁ0t(t= y/ - t

[1+t”§ﬂ}.

Noting that v — f = a — 1 > 0, we get, in turn

hg . (t) S 1.

~

Taking the limit 7 — 0 concludes the proof of (A.1).
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