N

N

Weak Error for the Euler Scheme Approximation of
Diffusions with Non-Smooth Coefficients *
V Konakov, S Menozzi

» To cite this version:

V Konakov, S Menozzi. Weak Error for the Euler Scheme Approximation of Diffusions with Non-
Smooth Coefficients *. Electronic Journal of Probability, 2017, 22 (46), 47p. hal-01297066v3

HAL Id: hal-01297066
https://hal.science/hal-01297066v3
Submitted on 22 Dec 2016

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01297066v3
https://hal.archives-ouvertes.fr

WEAK ERROR FOR THE EULER SCHEME APPROXIMATION OF
DIFFUSIONS WITH NON-SMOOTH COEFFICIENTS*

V. KoNnakov! AND S. MENOZZ1?

Abstract. We study the weak error associated with the Euler scheme of non degenerate diffusion
processes with non smooth bounded coefficients. Namely, we consider the cases of Hélder continuous
coefficients as well as piecewise smooth drifts with smooth diffusion matrices.

1991 Mathematics Subject Classification. Primary 60H10; Secondary 65C30.

December 22, 2016.

1. INTRODUCTION

1.1. Setting.

Let T > 0 be a fixed given deterministic final horizon and 2 € R? be an initial starting point. We consider
the following multidimensional SDE:

t t
Xi=uw —|—/ b(s, X¢)ds —|—/ o(s, Xs)dWs, t € [0,T], (1.1)
0 0

where the coefficients b : [0,7] x R? — R, o : [0,7] x R — R? ® R? are bounded measurable in time and
space and W is a Brownian motion on some filtered probability space (€2, F, (F;)i>0,P). We assume that the
diffusion matrix a(t, z) := oo*(t, ) is uniformly elliptic and at least Holder continuous in time and space. We
will consider two kinds of assumptions for the drift coefficient b: either Holder continuous in time and space (as
for the diffusion matrix), or piecewise smooth and having at most a finite set of spatial discontinuities. These
assumptions guarantee that (1.1) admits a unique weak solution, see e.g. Bass and Perkins [BP09], [Menl11]
from which the uniqueness to the martingale problem for the associated generator can be derived under the
current assumptions.

Define now for a given N € N* the time step h := T/N and set for all ¢ € [1, N], t; := ih where from now
on the notation [-, -] is used to denote an interval of integers. Consider the continuous Euler scheme associated
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with (1.1) whose dynamics writes X = x and for all ¢ € [0, T):

t t
Xt =+ [ o). Xhdu+ [ (o), X)W (1.2)

where we set ¢(u) = inf{(t;)icjo,n—17 : t: < u <tiy1}.
A useful quantity to study, arising in many applicative fields from physics to finance, is the so-called weak
error which for a suitable real valued test function f writes:

d(f,z,T,h) := E[f(X7*")] = E[f(X7")], (1.3)

using the usual Markovian notations, i.e. X;’O’m, X%Z respectively stand for the Euler scheme and the diffusion
at time 7" which start at point x at 0.

There is a huge literature concerning the weak error for smooth and/or non-degenerate coefficients, from the
seminal paper of Talay and Tubaro [TT90], to the extensions to the hypoelliptic framework [BT96a]. Under
those conditions, the quantity d(f,z, T, h) is of order h corresponding to the magnitude of the time step. In the
non degenerate framework (under some uniform ellipticity or hypoellipticity conditions) it is even possible to
take f to be a Dirac mass in the above expression (1.3). The associated convergence rate remains of order h for
the Euler scheme, see [KM02] [BT96b] and h'/? in the more general case of Markov Chain approximations, see
e.g [KMOO] in which the Brownian increments appearing in (1.2) are replaced by i.i.d. sequences (§;);>1 that are
not necessarily Gaussian. In the framework of Lipschitz coefficients we can also mention, in the scalar case, the
recent work of Alfonsi et al. [AJKHI14], who obtained bounds on the Wasserstein distances between the laws of
the paths of the diffusion and its Euler scheme. Anyhow, the case of non smooth coefficients, Holder continuous
or less, has rarely been considered. Such cases might anyhow appear very naturally in many applications, when
the drifts have for instance discontinuities at some given interfaces or when the diffusion coefficients are very
irregular (random media).

In the framework of bounded non degenerate and Holder continuous coefficients, let us mention the work of
Mikulevi¢ius and Platen [MP91] who obtained bounds for the weak error in (1.3) at rate h?/2 where v € (0,1) is
the Holder exponent of the coefficients b, o in (1.1) provided f € Cl? *TY(R%,R) (space of bounded functions with
bounded derivatives up to order two and ~-Holder continuous second derivatives). This regularity is essential
in that work to apply Ito’s formula. Our approach permits to establish that this bound holds true, up to an
additional slowly varying factor in the exponent, for the difference of the densities itself, which again corresponds
to the weak error (1.3) for a §-function. We also mention the recent work of Mikulevicius et al. [Mik12], [MZ15],
concerning some extensions of [MP91] to jump-driven SDEs with Holder coefficients.

Finally, concerning numerical schemes for diffusions with non-regular coeflicients, we refer to the recent work
of Kohatsu-Higa et al. [KHLY15] who investigate the weak error for possibly discontinuous drifts and diffusion
coefficients that are just continuous. We are able to extend some of their controls to densities. Indeed, in
the quoted work, the authors investigate (1.3) for functions f that are at least continuous. We again have an
additional slowly varying factor in the exponent which is due to our smoothing approach.

Our strategy is the following. Under the previous assumptions (stated after (1.1)), both processes (X¢):e(0,7]
in (1.1) and (X}");eq1,n7 in (1.2) have densities, see e.g. [KKM16] for the continuous process and Lemaire and
Menozzi [LM10] for the scheme. Let us denote them respectively for # € R%, 0 < i < j < N, by p(t;,tj,z,.) and
Pl (t;, tj,x,.) for the processes starting at time ¢; from point « and considered at time t;. To study the error
(p — p")(ti, tj, z,y) we introduce perturbed dynamics associated with (1.1) and (1.2) respectively. Namely, for
a small parameter £, we mollify suitably the coefficients, the mollification procedure is described in its whole
generality in Section 2 and depends on the two considered sets of assumptions indicated above, and consider
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two additional processes with dynamics:

t t
X0 =t [ b xPds+ [ o XOaw,
; ; (1.4)

X3 =, X[ = X[ b, XD+ o (b, X)Wy

tit1

i1 Wti)?
where b., 0. are mollified versions of b,o. It is clear that both (Xt(g))te(O,T] and (XZV(E))ie[[l,N]] have densities.
The mollified coefficients indeed satisfy uniformly in the mollification parameter the previous assumptions. Let
us denote those densities for x € R%,0 < t; < t; <T by p:(ti,tj, x,.), pt(ti,t;,x,.) respectively.

The idea is now to decompose the global error as:

The key point is that the stability of the densities with respect to a perturbation has been thoroughly investigated
for diffusions and Markov Chains in Konakov et al. [KKM16]. The results of that work allow to control the

differences p — p, p! — p". On the other hand, since the coefficients b., 0. of (Xt(a))te[O,T]v (XZ’(E))ie[[o,N]] are
smooth the central term p. —p? in (1.5) can be investigated thanks to the work of Konakov and Mammen [KM02]
giving the error expansion at order h on the densities for the weak error. The key point is that the coefficients
in the expansion depend on the derivatives of b., 0. which explode when e goes to zero. This last condition is
natural in order to control p — p.,p? — p". Thus, two contributions need to be equilibrated to derive the global
error bounds. This will be done through a careful analysis of the densities (heat kernel) of the processes with
dynamics described in (1.1), (1.2), (1.4). The estimates required for the error analysis will lead us to refine
some bounds previously established by Il'in et al [IKO62]. Let us indicate that this perturbative approach
had also been considered by Kohatsu-Higa et al. [KHLY15] but for the weak error (1.3) involving at least a
continuous function. Our approach, based on parametrix techniques, allows to handle directly the difference of
the densities, and gives, up to an additional factor going to zero with the time step, the expected convergence
rates.

1.2. Assumptions and Main Results.

Let us introduce the following assumptions.

(A1) (Boundedness of the coefficients). The components of the vector-valued function b(¢,x) and the
matrix-valued function o(t,x) are bounded measurable. Specifically, there exist constants K7, Ko > 0 s.t.

sup [b(t, z)| < K1, sup lo(t,z)| < K.
(t,2)€[0,T] xR4 (t,)€[0,T] xR4

(A2) (Uniform Ellipticity). The diffusion matrix a := oo* is uniformly elliptic, i.e. there exists A >

ATYER < (alt,2)€,€) < AJE~

We consider two types of smoothness assumptions for the coefficients b, o in (1.1).

(H) (Holder drift and diffusion coefficient). The drift b and the diffusion coefficient o are time-space
Holder continuous in the following sense: for some v € (0,1] , £ < 400, for all (s,t) € [0,T)?, (z,y) € (R?)?,

jo(s,2) = o t,y)| + [b(s,2) = bt,y)| < wf{ls — t]/* + |z —y|"}.

Observe that the last condition also readily gives, thanks to the boundedness of o, that the diffusion matrix
a = oo™ enjoys the same Hélder property.
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(PS) (Piecewise smooth drift and Smooth diffusion coefficient). The drift b is piecewise smooth with
bounded derivatives outside of the discontinuity sets. Precisely, b € C’g 410, 7] x (RN\Z),R?) where the set
of possible discontinuities Z writes as Z := U, S;, m € N. Here, for all i € [1,m], S; is a smooth bounded
submanifold of RY (at least C*) of dimension lower or equal to d — 1, i.e. S; := {x € R% : g;(z) = 0} for a
corresponding smooth function g;. We also assume that the (S;)ie[1,m) do not intersect: for all 1 < i < j <
m, Sj N Sz = @

On the other hand we assume that the diffusion coefficient o is globally 05’4([0, T] x R%, R @ RY).

We emphasize that, with the above definition, the discontinuity set of b only depends on the spatial variable.
A time-dependent discontinuity set could a priori also be considered provided each of it components is the
boundary of a smooth time-space domain. Namely, considering for i € [1,m],t € [0,7],8;(t) := {x € R? :
gi(t,x) = 0}, the smooth spatial submanifolds S;(¢) should as well evolve smoothly in time. We consider the
case introduced in (A pg) for simplicity.

From now on, we always assume conditions (A1)-(A2) to be in force. We say that assumption (Ap) (resp.
(Aps)) holds if additionally the coefficients satisfy (H) (resp. (PS)). We will write that (A) holds whenever
(Apg) or (Apg) is satisfied.

We will denote, from now on, by C' a constant depending on the parameters appearing in (A) and 7. We
reserve the notation ¢ for constants that only depend on (A) but not on 7. The values of C, ¢ may change from
line to line. Other possible dependencies will be explicitly specified.

Theorem 1 (Error for the Euler scheme of a diffusion with Holder coefficients). Let T > 0 be fixed and consider
a given time step h := T /N, for N € N*. Set for i € N, t; :=th. Under (Ag), there exist C > 1,c € (0,1] s.t.
for all0 <t; <t; <T s.t. (t; —t;) > h"CMand (z,y) € (RY)?:

_ C a_
Pelty —tisy —2) 7 (p = p")(tis ty, 2,9)| < W’lg v, (1.6)

where p, p" respectively stand for the densities of the diffusion X and its Euler approzimation X" with time step
d/2 2 -1
h, for all (t,z) € R} x R%, p.(t, z) = W exp(—c%) and Y(h) = igggg%lg where log;, denotes for k € N*

the k™ iterated logarithm. Let us observe that ¥(h) h—>0 0. If we are now interested in the weak error in the
—

sense of (1.3), for a function f € C?(R*,R) (uniformly B-Hélder continuous functions), 5 € (0,1]:

[ELF (X)) = ELF (X D)) < Cph?72, (1.7)
using again the usual Markovian notations, i.e. XZ’ti’m,Xf;’z respectively stand for the Euler scheme and the

diffusion at time t; which start at point x at t;.
Eventually, if we consider a smooth domain A C R? (i.e. a connected open set at least C2) with bounded
boundary and non zero Lebesque measure, we also get that for all x € RY s.t. d(z,0A) > (t; — t;)V/ 2/

1

2
|E[]IXZ;’”’I€A] - E[]Ixf;'“eAH < C{Wﬂd(z,afx)zexp(%) + In(d(z, 0A)) | ly(s,0.4)<exp(- 1) + 1}’17/ ; (1.8)

where d(.,0A) stands for the distance to the boundary of A.

Remark 1. We point out that this result is to be compared with the one obtained by Mikulevicius and Platen
[MP91] for the weak error. The framework they considered is similar to ours, and their main results consists
in controlling at rate h/% the weak error d(f,z,T,h) = E[f(X2"")] — E[f(X>™)] for a smooth function f €
C§+7(Rd,R) (space of bounded functions, with bounded derivatives up to order two and ~y-Hélder continuous
second derivatives). The above theorem establishes that |d(f,xz, T, h)| < ChY/2=C¥(") a5 soon as f is measurable
and satisfies the growth condition

Jeg < ¢/(2T),Cy > 0,Vz € R, |f(x)] < Coexp(co|z|?). (1.9)
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This control can be useful for specific and relevant applications, like for instance quantile estimation (that would
involve functions of the form f(x) = ly<x or f(z) = lj;<x exp(c|z])) that appear in many applications:
default probabilities in mathematical finance, fatigue of structures in random mechanics. We are able to find
the expected convergence rate up to a vanishing contribution. The rate h/? again holds, without the additional
term, as soon as f € CP(RYLR), B € (0,1]. Some extensions to unbounded functions f satisfying the growth
condition (1.9) are described in Remark 7 of Section 3.3.

The contribution in 1 (h) appearing in (1.6), which slightly deteriorates the convergence, seems to be, with
our approach, the price to pay to get rid of any smoothness on f. Observe anyhow that for indicator functions
of smooth Borel sets, equation (1.8) provides a better result than (1.6) as soon as the initial distance to the
boundary satisfies d(x,0A) > (t; —t;)*/2h7/? (see Section 3.3.2 for details). Observe that this control improves
in that case what could be derived from [KHLY15] in which continuous test functions are considered.

Remark 2 (About the Convergence Rate). We also emphasize that the convergence rate in hY/? is closer to a
rate associated with a strong error. It indeed corresponds to the typical magnitude of the quantity E[|[W|7] <
cvh'V/Q, which reflects the variations, on one time-step of length h, of the Euler scheme with Holder coefficients.
Indeed, under (Ag), for alli e [0,N —1] :

E[ sup [|b(u, X)) = b(t;, X)[| +E[ sup |0(u,Xﬁ)—0’(ti,XZ)|]Sﬁ{h”/QﬂLE[ sup IXZ—XZIV]}

WE [t tiy1] wE[ti,tiq1] wE[ti,tiq1]

SH{WH@H sup |o<tz-,X£:><WuWti>|+K1h}2W/2}SCW'

WE [t tiy1]

(1.10)

These terms typically appear in the error analysis when there is low regqularity of the coefficients or of the value
function v(t,z) == E[f(X5")]. Under the previous assumptions, if the function f belongs to CZ?JW(Rd,R), v e
(0, 1) it is then well known, see e.g. Friedman [Fri64] or Ladyzhenskaya et al. [LSUGS8] that v € C;JF’Y/Q’QJF’Y([O, T]x
R R). Also v satisfies the parabolic PDE (O;v + Lyv)(t,z) = 0, (t,z) € [0,T) x R, where L; stands for the
generator of (1.1) at time t, i.e. for all p € C2(R%,R),z € RY,

Ligp(x) = b(t,2) - Vaip(a) + 3Tr(alt, 1) Diip(a)).

Recalling that tg = 0,ty = T, we decompose the error as:

N—

d(f,x,T,h) = E[f(X7"")] = E[f(Xg")] = Y Elo(tisr, Xp") = olts, X7"7)]

=

—

2

tit1 1
E[/ {Bo0(s, X20) 4 V(s X1O%) - bt X[0) + STr(Do(s, X10)alts, X[27)) fds|

ti

I
I8\

2

E| / - {0+ Lov (s, X10)ds| +E| / a {Tavls, XL0) - (bt X107) — b5, X 2O7))

t; ti

[}

1=

1
STr(D2u(s, X0 (alts, X1%) = als, X200) hds]

+

N-1 tisn -
= E[/ {Vzv(s,X;%O,x) - (b(t, X0 — b(s, X10:0))
=0 ti
1
+ QT‘I'(Di'U(S,X;L,O,I)(a(ti’Xz,O,z) - a(s’X:ﬂO@)))}ds},
(1.11)
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exploiting the PDFE satisfied by v for the last equality. For a function f in Cng'Y (R, R), the spatial derivatives
of v up to order two are globally bounded on [0,T]. Indeed, the classical Schauder estimates hold (see e.q.
Theorem 5.2, p. 361 in [LSUGS]). We are thus led to control in (1.11) quantities similar to those appearing
in (1.10). The associated bound then precisely gives the convergence rate. The analysis extends if f is simply
cP (R4, R), B € (0,1] and therefore possibly unbounded. In that case the second derivatives yield an integrable
singularity in time for the second order partial derivatives. We refer to Proposition 4, which holds under the
sole assumption (Ag) for multi-indices v, |a| < 2, and to the proof of Theorem 1 in Section 3.4.1. Extensions
to locally B-Holder functions f satisfying the growth condition (1.9) are discussed in Remark 7.

Remark 3. FEven though we have considered vy € (0, 1], our analysis should extend to the framework of Hélder
spaces to vy € (1,2]. On the other hand, Theorem 1 specifies the time-singularity in small time.

Remark 4. We feel that the bounds of Theorem 1 are relevant for functions which are truly Holder continuous,
that is for coefficients that would involve some simple transformations of the Weierstrass functions, see e.g.
[Zyg36], or of an independent Brownian sample path in order that (Ayg) is fulfilled. Indeed, for functions which
are just locally Holder continuous, like the mapping © — 1+ |z|* AN K, a € (0,1], we think that it would be
more appropriate to study some local reqularizations, close to the neighborhoods of real Hélder continuity (0
and K'Y for the indicated example) and to exploit that, outside of these neighborhoods, the usual sufficient
smoothness is available. For such coefficients we think that the convergence rates might be definitely better.

Theorem 2 (Error for the Euler Scheme with Smooth Diffusion Coefficients and Piecewise Smooth Drift). Let
T > 0 be fivred and (Aps) be in force. With the notations of Theorem 1 we have that:

there exist C > 1,c € (0,1] s.t. for all0<t; <t; <T s.t. (t; —t;) > h'/? and (z,y) € (R?)?:

pe(ty —tisy — )7 |(p — p")(ti, tj, 2,y)| < CHY/ CH=CVR), (1.12)
If d(y,T) (distance of the final point y to the spatial discontinuity set T) satisfies d(y,T) > h'/?>=¢ for a fized
given € € (0,1/2], then:

hi=C(h)
pc(t] - tia y— $)71|(p - ph)(tlv t]v €, y)| S C |:h1/(d+1)70’¢)(h) + 7:| (113>
d(y,T)
In the special case o(t,x) = o, i.e. constant diffusion coefficient*, the previous bound improves to:
hi=C(h)
pe(ty —tiy — :c)fl|(p - ph)(ti,t]—,x,yﬂ < C{hl/dfcwh) + W} (1.14)
Y,

Remark 5. This result emphasizes that, as soon as the drift is irregular, a true diffusion coefficient deteriorates
the convergence rate. This is clear since, in that case, the difference of the densities p. — pP in (1.5) involves
higher derivatives of densities of processes with mollified coefficients which are more explosive (see Section 3.4).

We also mention that the distance of the final point to the discontinuity set plays an important role. The
global control (1.12) improves to (1.13) as soon as h' =Y/ < d(y,T).

Eventually, if the diffusion coefficient does not depend on space, we find, up to the additional term in (h),
the usual convergence rate for the weak error if d =1 as soon as co < d(y,I) for any given cy > 0.

However, our reqularization approach clearly feels the dimension, when doing e.g. Holder inequalities on
neighborhoods of the discontinuity sets, and the convergence rates decrease with the dimension.

Let us carefully mention that considering the weak error d(f,x,t;,t;,h) = E[f(XZtlI)] — E[f(Xtt;z)] for
smooth functions f and not Dirac masses as we do, should improve the convergence rates and in particular allow
to get rid of the terms in ¢ (h) through a careful investigation of the derivatives of the associated heat kernels.
We refer to the estimates of Proposition 4 that could be refined when considering an additional integration w.r.t.
to the final variable.

Lthe case of an inhomogeneous diffusion coefficient independent of z, i.e. o(t,z) = o(t) could also be handled provided the
Gaussian part is simulated exactly in a modified Euler scheme.
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1.3. On Some Related Applications.

1.3.1. Some Approzimating Dynamics for Interest Rates.

A very popular model for interest rates in the financial literature is the Cox-Ingersoll-Ross process with
dynamics:

dX; = (a — kXy)dt + 0| X,|V/2dW;, (1.15)

for given parameters o,k,a > 0. From the numerical viewpoint, the behavior of the Euler scheme is not
standard. For a given time-step h, the strong error was indeed proved to be, as in the usual Lipschitz case, of
order h'/? in Berkaoui et al. [BBDO0S] provided a is not too small. On the other hand, numerical experiments in
Alfonsi [Alf05] emphasized very slow convergence, of order (—Inh)~!, for small values of a. This convergence
order has been established by Gyongy and Résonyi [GR11].

Of course the dynamics in (1.15) does not enter our framework, since it is closer to the dynamics of a
Bessel-like process whose density does not satisfy Gaussian bounds. However, we could introduce for positive
parameters n, K, which are respectively meant to be small and large enough, the dynamics:

dX; = (a — kX,)dt + (1 + o] X¢|/? A K)dW,. (1.16)

The diffusion coefficient & () = (n+0o|z|'/? AK) is then uniformly elliptic, 1/2 Hélder continuous and bounded.
On the other hand the drift is not bounded but the analysis of Theorem 1 would still hold true thanks to the
work of Konakov and Markova [KM15] that allows to get rid of the linear drift through a suitable transforma-
tion. We would then derive a convergence of order h'/4=C%(") at least for the associated Euler scheme on the
densities (see also Remark 4). Even though the marginals in (1.16) enjoy Gaussian bounds, see e.g. [DM10],
the expected properties for an interest rate dynamics, mean reverting and positivity, should hold with some
high probability. Also, the difference between the approximate dynamics in (1.16) and the original one in (1.15)
might be investigated through stochastic analysis tools (occupation times).

1.3.2. Extension to some Kinetic Models

The results of Theorems 1 and 2 should extend without additional difficulties to the case of degenerate
diffusions of the form:

dX} = b(t, X;)dt + o(t, X;)dWs,

1.17
dX? = X}dt, (L17)
denoting X; = (X}, X?), under the same previous assumptions (A ) or (Apg) on b,o. The sensitivity analysis
when we consider perturbations of the non-degenerate components, i.e. for a given £ > 0:

dX; = bo(t, X[7)dt + 0. (¢, X)W,

(1.18)

dx}® = x;©ay,
has been performed by Kozhina [Koz16] following [KKM16]. The key point is that under (A), the required
parametrix expansions of the densities associated with the solutions of equation (1.17), (1.18) were established
in [KMM10]. The analysis of the derivatives of the heat kernel, that would require to extend the results of
Section 3 to the considered degenerate setting will concern further research.

The paper is organized as follows. We first introduce a suitable mollification procedure of the coefficients
in Section 2 and derive from the stability results of Konakov et al. [KKM16] how the error of the mollifying
procedure is then reflected on the densities. This allows to control the terms p — p. and p? — p" in (1.5). We
then give in Section 3 some pointwise bounds on the derivatives of the heat-kernels with mollified coefficients.
From these controls and the previous error expansion obtained for the Euler scheme with smooth coefficients by
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Konakov and Mammen [KMO02], we are able to control the remaining term p. — p? in (1.5). We then establish
our main estimates equilibrating the two errors. Eventually, Section 4 is dedicated to the proof of the controls
stated in Section 3. These proofs are based on the parametrix expansions of the underlying densities following
the Mc-Kean and Singer approach [MS67].

2. MOLLIFICATION OF THE COEFFICIENTS AND STABILITY RESULTS

For the error analysis, in order to apply the strategy described in the introduction, we first need to regularize
in an appropriate manner the coefficients. The mollifying procedures differ under our two sets of assumptions.

2.1. Mollification under (Ay) (H6lder continuous coefficients)

In this case both coefficients b, o need to be globally regularized in time and space. We introduce the mollified
coefficients defined for all (t,x) € [0,7] x R? and ¢ > 0 by

be s(t,z) :=b(t,-) * pe(x), 0c,5(t, ) 1= 0 (t,-) * pe(x), (2.1)

where * stands for the spatial convolution and for € > 0, p. is a spatial mollifier, i.e. for all z € R,

pela) = plafe), pe CRRLRY), [ o)y = 1lsupp(p)| € K,

for some compact set K C R The subscript S in be.s,0c,5 appears to emphasize that the spatial convolution
is considered. We will also need a mollification in time when the coefficients are inhomogeneous. Up to a
symmetrization in time of the coefficients b, o, i.e. we set for all (t,2) € [0, T] x R%, b(—t,x) = b(t, ), o(—t,z) =
o(t,z) we can define:

be(t, x) = be,s(., @) * (2(t), 02 (t, ) = 0o 5(., ) * (2(t), (2.2)

where % stands for the time convolution and for s € R, (.2(s) := e72((s/e?), ¢ being a scalar mollifier with com-
pact support in [T, T]. The complete regularization in the spatial and time variable reflects the usual parabolic
scaling. This feature will be crucial to balance the singularities appearing in our analysis (see Propositions 4, 5
and their proofs below). We have the following controls.

Proposition 1 (First Controls on the Mollified Coefficients). Assume that (A ) is in force. Then, there exists
C>1s.t foralle>D0,

Ay = sup |b(t, ) — be(t, )| < CeY, ALy = sup lo(t,x) —o-(t,z)| < Ce7,
(t,2)€[0,T] x R4 (t,)€[0,T] xRd 23)
V€ (0,7), Acon =200+ sup [(0—o0:)(t,.)], <CET+777), '
t€[0,T]
where for a given function f:R? — R, we denote for n € (0,1), |f|,:= SUP (1) € (R4) 2,04y %

Proof. Write first for all (¢,7) € [0,T] x R%:

btoo) ~bes(t) = [ {bla) b)) —u)dy = [ {blta) = bta — ))ol)d

From the Hélder continuity of b assumed in (H) and the above equation, we deduce that b, g satisfies (H) as
well and that:

sup [(b—bes)(t,x)| < Che?, Cp = m/ |27 p(2)dz. (2.4)
(t,2)€[0,T]xR? K
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The same analysis can be performed for oc g, so that oc s satisfies (H) and sup(, ,)e0,71xre [(0 — 0¢,5)(t, 2)| <
C,e7. From (H), we also have that b. g,0. 5 are both /2-Hélder continuous in time uniformly in e >
0. Repeating the previous arguments replacing pe by (.2, we deduce sup( ,)epo,7)xra [(be,s — be)(t, )| +
SUDP (4 2)e[0,7]xR? | (Te,5 — 02)(t, )| < Cce?, which eventually yields:

sip |b—b)(ta)+ s |0 — o)) < Ce.
(t,2)€[0,T] x R4 (t,2)€]0,T] x R4

This gives the controls concerning the sup norms in (2.3).
Let us now turn to the Holder norm. Observe first that, for all t € RT, (z,y) € (R%)?2:

{o(t.) — oe5(t2)} — {0 (1) — 02.5(t,0))
= [ {iot0) ~ ot~ 20~ [o(t.0) - ott.y ~ ) (o)
R4
{oult,2) — 0e5(t,2)) ~ {0:(0,9) — 0250, 0))

:/R{[ag,s(t—EQU,x)—Ug,s(t,x)] [ags(t—s u,y) — oe,5(t,y)] p¢(u)du

S

It readily follows from the v-Holder continuity in space of o (resp. the v-Holder continuity in space and the
~/2-Holder continuity in time of o, g) that the following controls hold:

[o(t, ) —oe(t,2)] = [o(t:y) —oe(t,y)]] < Cz—yl"Ae?) < Clo—y[7e",
(0 — o)t )y < C7 ne(0,7). (2.5)

This completes the proof. 0
We will need as well some controls on the derivatives of the mollified coefficients.

Proposition 2 (Controls on the Derivatives of the Mollified Coefficients). Under the assumptions of Proposition
1, we have that there exists C > 1 s.t. for all € € (0,1) and for all multi-indez o, |a| € [1,4]:

sup  |Db(t,x)|+  sup  |D%o.(t,x)| < CeTlF sup |Do.(t,.)], < CeTlol. (2.6)
(t,z)€[0,T]xR4 (t,2)€[0,T]xR4 te[0,T]

Also, there exists a constant C s.t.:

sup |00 (t, )| < Ce T sup |9hoc(t,.)], < Ce ?T771 Wn € (0,7]. (2.7)
(t,x)€[0,TTxR* t€[0,T]

Proof. For all multi-index o, |a| € [1,4] and (t,z) € [0,T] x R? and all ¢ > 0:

Dfo. s(t,z) = / o(t,z2) DS pe(x — z)dz = / [o(t,2) — o(t, )| DS p-(x — 2)dz.
R R4
Indeed, setting for all z € R?, g.(z) := [g4 pe(x — 2)dz = 1 we have D g.(x) := [gu DS pe(x — z)dz = 0. Thus,

since |Dgpe(x — 2)[ < ¢ “”"*d)lDfE ( )N e e=21, We derive:
€

D20, s(ta)] < / olt ) = alt )1 D p(w)],_wndz
R £

~lal+ 2=2\" __4pa ~lal+
€ e Y Dgp(w)|,_@-xdz < ce ,
Rd 19 I

IN
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exploiting the Holder continuity assumption (H) for ¢ in the last but one inequality and the assumptions on p
for the last one. Similarly, we derive for all (¢,z,y) € [0,7] x (R4)? and all € > 0:

|Dzoe,s(t, ) — Dyoes(ty)| < /d lo(t,x —2) —o(t,y — 2)|e” 1| DE p(w) ]z dz
R

N

< Cre 1z —y|.
The same bounds hold for b, g as well. The previous controls readily imply (2.6) since the additional time
convolution does not have any impact here.

Equation (2.7) is derived proceeding similarly for the time convolution, exploiting as well the ~/2-Holder
continuity in time of o, g. This completes the proof. ]

2.2. Mollification Under (Apg) (Piecewise smooth drift and Smooth Diffusion Coeffi-
cient).

In this case we only need to regularize the drift in a neighborhood of the discontinuities. Let us denote by
m € N*, the finite number of spatial discontinuity sets and write Z := U, S;, where we recall from (Aps)
that each S; := {z € R% : g;(z) = 0} is a smooth (at least C*) bounded submanifold of R? of dimension d;
lower or equal to d — 1. For a given parameter € > 0, define its neighborhood V.(Z) := U™ V.(S;), where for
i € [1,m], Ve(Si) :={z € R : —e < ds(2,S;) < €}. Here, ds(-,S;) stands for the signed distance to S;. This
function has the same smoothness as the boundary S; (see e.g. Lemma 14.16 and its proof p. 355 in [GT98]).
By convention, for d; > 1, we choose dg(x,S;) to be positive for points x being in the bounded region with
bounded boundary ;.

The fact is now that we set b.(t,7) = b(t,z) on R\V.(Z) and perform a smooth mollification on the
neighborhood V. (Z) of the discontinuity sets. A possible way to proceed is the following. Introduce for all i €
[1,m], OVl == {x € R? : dg(z,S;) = —¢}, OV>? := {x € R : dg(z,S;) = ¢}. Denoting by (Hav;"j (ac)) )

jeft,
the projection of x on the corresponding boundary (9V7) ;e 11,23 of Ve(S;), which is again well defined on V. (S;),
we set for all (¢,z) € [0,T] x V(S)):

1 1 1 1
bg(t, ZL') = b(t, Havg,l (ZL')) exp (Z) exp (W) =+ b(t, HBV;’Z (ZL')) exp (Z) exp (W) y
€2 &2

where dg(z,0V57), j € {1,2} stands for the signed distance of x to the corresponding boundary V% and is
again a smooth function. Observing that for x € V! (resp. = € OVE?) we indeed have dg(z,0V?)? = 4¢?
(resp. ds(z,0V51)? = 4e?) we indeed have that for (t,z) € [0,7] x OV-(S;) = [0, T] x (8V§’1 U@VZ_"Q), be(t,x) =
b(t,x) and b, is smooth (as S; on V.(S;)). Thus b, is at least C* in the space variable.

Of course we have that [(b — b.)(t,2)| < Cl,ey_(z) which is not necessarily small. Anyhow, for all ¢ > 1,
since the (Si)ie[[l,m]] are bounded, we derive as well:

T T
= bellusgoraeey = { |t [ 16=b)tarazyr <o [ ar [ L s et g

Recall indeed that since the (Si)ie[[l,m]] have zero Lebesgue measure and smooth boundary, for the thickened
neighborhoods (VE(Si))ie[[l mpr Ve have for all ¢ € [1,m],|V:(S;)| = fvg(si)dz < Ce. This is clear for a

bounded portion of hyperplane. The smoothness of the boundary allows to locally map V.(S;) with a bounded
neighborhood of a hyperplane if S; has dimension d — 1. For submanifolds of smaller dimension d — i, ¢ > 1,
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the straightening of the boundary can be done in the corresponding dimension d — ¢ + 1 and the associated
neighborhood would be smaller, namely |V.(S;)| < Ce~(4=9) < Ce’. We take the worst bound for simplicity.

Observe as well that the following control holds for the derivatives of the mollified coefficient. For all multi-
index a, |a| < 4, there exists C' > 1 s.t. for all (¢,z) € [0,T] x R%:

09D (t, 2)| < C{e™ ey () + Logv. (1) }- (2.9)

Under the considered assumptions it is not necessary to mollify the diffusion coefficients. We thus set for
all (t,z) € [0,T] x RY, o.(t,x) = o(t,z), in order to keep homogeneous notations under our two running
assumptions for the drift.

2.3. Stability Results

Recall now that under (Ag) or (Aps) equation (1.1) admits a density (see e.g. [She91] under (Ag) or
Proposition 1 in [KKM16] under (Apg)), i.e. forall 0 < s <t < T, z € R4 B € B(R?Y),P[X; € B|Xs =
x) = [p(s,t,x,y)dy. The same holds for the Euler scheme in (1.2) (see e.g. Theorem 2.1 in [LM10]), for
all 0 <t < t; <T,x € Rd,]P’[XZ; € B|XZ_ =z = prh(ti,tj,x,y)dy. These properties remain valid for
the respective perturbed diffusion and Euler scheme whose coefficients correspond to the procedures described
in Section 2.1 and Section 2.2 depending on whether assumption (Ap) or (Apg) is in force. We denote the
densities associated with the perturbed diffusion and discretization scheme by p. and p” respectively.

Let us now state the sensitivity result following from Theorems 1 and 2 in [KKM16].

Theorem 3 (Main Sensitivity Result). Define for q € (d,+o0] and n € (0,1] the quantities:

Acpq = sup [(b—b:)(t, ~)||Lq(Rd), Aconi= sup |o(t,-)—oe(t, ')HLoo(]Rd) + sup |o(t,.) —o:(t, )]y
te[0,T te[0,T te[0,T]

Set Ac g = Dep g+ Dcpn. It holds under (A) that there exists Cyq > 1 s.t. for all 0 < t; < t; <T and
(z,y) € (RY)?:

pelty — tiy = 2) {10 = po) tisty, 2 9) | + 10" = )t 5,2, 9) < CrigBeg (2.10)

Also, there exists C > 1 s.t.:
_ 2 a(q)) 1
Oy < Coxpl(C((L Aa(@) ™ +D)ED ) a(g) = 10— ) (2.11)

Remark 6 (Constraint on q). The constraint g > d in the above result is due to the fact that to establish (2.10)
in the case ¢ < 400, we are led to control quantities of the type

ti—t; 1
Q= /0 dt /Rd pe(t, z —w)[b — bs|(t,w)mpc((tj —t;) — t,y — w)dw,

through Holder’s inequality. The constraint ¢ > d naturally appears in order to derive @ < C’%TO‘(‘?)M—

bellLa(ray for a finite C:=C((A),T) > 1. We refer to the proof of Lemma 2 in [KKM16] for additional details.
Proof. Equation (2.10) readily follows from Theorems 1 and 2 in [KKM16]. The point is here to specify the
control (2.11) on the constant appearing in (2.10). Lemma 3 in [KKM16], quantifies the explosive contributions
for each term of the parametrix series giving the difference of the densities. It holds for both the diffusion and
the Euler scheme, see Section 3.2 of [KKM16] for details, and yields:

crtt [F(% Aa(‘l))r r(2Aa(g
Crg <3 (r+1) I'(1+7(2 Aalg)) T,

r>1
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for a constant C':= C((A),T) which does not depend on 7 or gq.
Introduce for 6 € (0, 3] the quantity:

~r+1 T
Hnow}ju+U9ﬁTg%¥Tm_

One easily gets that for a given T > 0, there exists C' := C'((A),T) > 1 independent of # as well such that:

@)

HTﬁ)§C§:u+1)Fu+rw

r>1

Set now ro := [4] and write by monotonicity of the I' function (see e.g. formula 8.363 (8) in Gradstein and
Ryzhik [GR14]):

{Cro)}”
nr < 1 Ao
k>0 kro<r<(k+1)rg
(k Jr )r ~
< CZ ) > {C(O7 +exp(-1)}"
k>0 kro<r<(k+1)ro
< S EHD (Ept y exp(—1)) O < Cexp(@(E- 1 1)0 ),
= LT ) -
k>0
This gives (2.11) taking 0 = 4 A a(q) and completes the proof. O

From Theorem 3, we get the following key sensitivity results.
Lemma 1 (Sensitivity under (Ag)). Under Assumption (Ag), for n € (0,7) there exists ¢ < 1 s.t. for all
0<t; <t; <T,(z,y) € (RY)*
|(p = pe)(tisty, 2, )| + (0" = pE) (i, 1, 2 y)| < Coe? ety — tiyy — @), (2.12)

where Cy := Cy o0 < Cexp(C((3)71 + 1)) 7 for Cpoo as in (2.11).
Proof. The lemma derives from Theorem 3 and Proposition 1. The bound on C), follows observing as well that
for n € (0,7), 2 <% <4 =a(c0) so that £ A a(cc) = 1. O

Lemma 2 (Sensitivity under (Apg)). Under Assumption (Aps), for ¢ > d there exists ¢ < 1 s.t. for all
0<t; <t; <T,(z,y) € (RY)?:

|(p _pé‘)(tl)t]away)' + |(ph _p?)(tzat]axay” S ngl/qu(tj - tiay - :C)) (213)

where Cy == C1,4 < Cexp(C(a(q)~! + 1)@ +1Y for Ch,q4 as in (2.11).

Proof. Recall that under (A pg), since the diffusion coefficient is smooth, there is no need to regularize it and
o = o.. Thus, A, ,1 = 0. From this observation and equation (2.8), Theorem 3 then yields (2.13). The bound
on C follows observing as well that for ¢ € (d, +00), 1 A a(q) = a(q). O

Let us mention that the constants C,,, Cy in equations (2.12) and (2.13) respectively explode when 7 goes to
0 and ¢ goes to d, which is precisely what we want in order to have the fastest convergence rate w.r.t. €. On
the other hand, the explosion rates that we have emphasized in (2.11) are crucial in order to equilibrate the
global errors. This step is performed in Section 3.4 below.
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3. ERROR ANALYSIS AND DERIVATION OF THE MAIN RESULTS

3.1. Stream Line to the Proofs of the Main Results.

This Section is devoted to the proof of Theorems 1 and 2.

Our main results are those controlling the difference of the densities, i.e. the estimates given in equations
(1.6) under (Ag) and (1.13), (1.14) under (Apg).

To obtain these bounds, the strategy is the following. Let 0 < ¢; <t; < T and (z,y) € (R%)? be given. One
writes for € > 0:

Ip(tistys 2, y) — p" (s ty, 2,y)| < |p — el (tisty, 2,y) + |pe — PEI(tisty, 2y) + |8 — D" |(ti L5, 2, y). (3.1)

Now, one derives from the sensitivity Lemma 1 that, under (Ag), for all n € (0,~):

|p(tiatja$ay) _ph(tiatjaxay)l S Cngw_npc(tj - tuy - :C) + |(p8 _p?)|(tiatja$ay)- (32)

Similarly, Lemma 2 yields that, under (Apg), for all ¢ > d:

|p(t17t]7x7y) *ph(t“tj,l',y” S qul/qpc(tj - t'uy - SC) + |(p€ 7pg)|(tzvt]7x7y) (33)

To investigate and minimize the contributions in the error it thus remains from equations (3.2) and (3.3)
to precisely control the difference |p. — p/*| in (3.1). Let us now recall that, since the densities p.,p” are now
respectively associated with a diffusion process and its Euler scheme with smooth coefficients, they can be
compared thanks to the results in [KMO02] adapted to the current inhomogeneous setting. We thus have that:

|(p8 _pg)(tlat]7x7y)| S Cbs,aghpc(tj - tuy - :C)a (34)

where Cj_ . depends on the derivatives of b., 0. and therefore explodes when ¢ goes to 0.

The delicate and crucial point is that we must here precisely quantify this explosion. A key ingredient, to
proceed is the parametriz series representation for the densities of the diffusion and its Euler scheme. These
aspects are recalled in Section 3.2 below.

Importantly, the parametrix expansion of the density of Xf;’m in (1.1), i.e. for the equation without molli-
fied coefficients, also directly allows to derive, without any sensitivity analysis, exploiting the controls on the
derivatives of the density p(t;,t;,z,-) of Xttjm w.r.t. z up to order 2 under (A ), the bounds in (1.7) and (1.8).
The arguments follow from cancellation techniques that are also crucial to derive our main estimates. We first
illustrate this approach in Section 3.3 which is dedicated to the proof of (1.7) and (1.8) (integrated weak error).

The main results corresponding to the controls of the difference of the densities are established in Section 3.4.
As emphasized above, these results do rely on the sensitivity analysis. They also require a careful analysis of the
explosions of the higher order derivatives of the involved heat kernels which need to be quantitatively controlled
in terms of the corresponding regularization procedure. The main result in that direction is Proposition 4 below
whose proof, which heavily exploits cancellation techniques, is postponed to Section 4. It yields a precise control
of the constant Cj_,. in (3.4). The main results of Theorems 1 and 2 are then derived in Section 3.4.1 and
3.4.2 respectively, balancing the errors appearing in (3.4), and (3.2) under (Ag) or (3.3) under (Apg).

3.2. Parametrix Representation of Densities.

From Section 2 in [KKM16], we derive that under (A) (i.e. the expansions below hold under both (Apf)
and (Apg)), for all € > 0 (the expansion below even holds for the initial coefficients taking e = 0), 0 < s < ¢ <
T, (z,y) € (RY)*

pe(s,t,,y) =Y p- ® H (s, t,2,y), (3.5)
reN
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where for 0 <u <t <T,(z,y) € (RY)?:
He(u,t, 2,y) := (L = Lg")pe(u,t, 2, ), (3.6)

and LS, Ei*y respectively stand for the generators at time u of the processes

t

t t
Xt(s) =~ +/ bg‘(’U,X,L(}E))d’U +/ O'g(U,Xi()E))dWU,Xt(E)W =z +/ ae(v,y)qu, (3.7)

u

i.e. for all ¢ € C2(R%,R), z € RY,

L) = (bo(u,2), Veiplw) + 5T (000 (u2) Dp() ), L5¥p(a) = 3T (02072 () Dip(a)).

Also pe(u,t, z,y) = pY(u,t, z,w)|y=y where p¥(u,t, z,.) stands for the density at time ¢ of the process X©wy
starting from z at time u. We denote in (3.5), p. ® Héo)(s,t,x,y) = pe(s,t,z,y) and for all r > 1, p. ®

E(T)(s t,x ft du [ga Pe(s,u, @, z) E(T)(u,t, z,y)dz where for r > 2, mr (u,t,z,y) := HE®HE(T_1)(U, t,z,y) =
f dv fRd (u,v, 2 w)H(T 1)(1) t,w,y)dw. More generally, the symbol ® stands for the time-space convolu-
tion, i.e. for two real valued functions f,g defined on [0,7]2 x (R})? 0 < s <t < T,f ® g(s,t,z,y) :=
f: du [ga f(s,u, 2, 2)g(u,t, z,y)dz. We also recall that under (Apg), since the diffusion coefficient is smooth we
do not regularize it and denote in this case 0. = 7.

To investigate the contribution p. — p in (3.1) we will also use for 0 < t; < t; < T, (x,y) € (R?)? the
function:

b (t’batjvx Y) Zps ®hH t’batjazay)v (3-8)
reN
where the quantities at hand are the same as above and the symbol ®j, replacing the ® in (3.5) denotes the
discrete convolution, i.e. for all r > 1,

j—i—1

®h H( )(t“t],fl] y =h Z / p& tlatl-i-kaw Z)H( )(ti-‘rkatjazay)dz'

Even though pd(t;,t;,,.) is not a priori a density, we will call it so with a slight abuse of terminology. An
important control, under (A), for the terms in the parametrix series is the following;:

((Lv 002+ [D(F)]"
r1+r3)

(L T 2)en) 2 [0(3)])"

r+r%)

"7‘4

VO<s<t<T, |p®H(s,t,2,y)| <

pe(t — s,y —x)(t — s) ,

VO <t; <t; <T, |pe@n H (i, ty, 2, 9)] < pe(ty —ti,y —2)(t; —t:) =, (3.9)

taking v = 1 under (Apg). We emphasize that those bounds are uniform w.r.t. € > 0 and refer to [KM02] or
Section 2 in [KKM16] for a proof.

From the same references (see also Lemma 3.6 in [KM00]), we have that the density of the Euler scheme also
admits a similar parametriz representation. Introduce for 0 < t; < tx < T, (2,9) € (R%)2, the schemes:

xME = z—i—z (b, X0+ oo (1, XYWy, — W),

PO Z+Zae t1y) Weyyy — Way). (3.10)
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Viewed as Markov Chains, their generators write for all ¢ € C?(R%, R), z € R%:

LIeo(z) = h EBlp(X %) — o)), L=V o(z) = h EBp(X OV 17) — o).

tit1 tit1

Define now for 0 < t; < t; < T,(z,y) € (R?)? the Markov chain analogue of the parametrix kernel H in (3.6)
by:

H?(tz, tj, z, y) = (LZ’E — iz’a’y)ﬁg(tz =+ h, tj, x, y)
One gets the following parametrix representation for the density of the Euler scheme:

j—i
pg(tlat]axay) = Zﬁ& ®h H£7(T)(tiatja$ay)' (311)
r=0

Again, the subscript e is meant to explicitly express the dependence on the mollified coefficients. Also, the
terms in the above series satisfy the controls of equation (3.9) uniformly in & > 0.

3.3. Integrated Weak Error under (Ap).

We first prove the statements concerning the integrated weak error in (1.7) and (1.8). We insist that, in that
case, no regularization of the coeflicients is needed. We have the following result:

Proposition 3 (Controls of the Derivatives.). Let T > 0 be fized. Under (Am), there exist constants C >
1, c€(0,1] s.t. forall0 < s <t <T,(x,y) € (RY)? and all multi-index o, |a| < 2:

L (t,
(t—S)lO‘VQpC S)
As a consequence we also derive that for t; = jh € [0,T] being fized and setting for all (t,z) € [0,t;] x R,
v(t,x) = E[f(ijz)], as soon as f is bounded, we have that for all (t,z) € [0,t;) x R%:

C

[Veu(t, z)| < @ 02

(3.13)

and for f € CP(R4,R), B € (0,1] (space of globally, and possibly unbounded, Hélder continuous functions), we
have for a multi-index «, || <2 and all (t,z) € [0,t;) x R9:

DSo(t,a)| < ——C

S @ — e (8.14)

Proof. Equation (3.12) is a direct consequence of Proposition 4 below. This estimate readily gives (3.13). On the
other hand, we get that for f € C#(R%,R), 8 € (0, 1], we have for a multi-index «, |a| <2, (t,x) € [0,t;) x R%:

Diottn) = [ DEoittye s = [ DEp(t by ) (1) - Fla))ds

recalling that D¢ fRd p(t,tj,xz,y)dy = 0 for the last identity. This is precisely what we call a cancellation
technique. It allows here to exploit the spatial Holder continuity of f to get rid of the time singularity appearing
in (3.12) when |a| = 2, or to decrease the time singularity appearing in (3.13). Hence, from (3.12):

o Clfls lz —y| \#
«_ Clfls oy (2 Y
|DZu(t,z)] < (t; — 1)(al=A)/2 /Rd pelty =ty x)((tj —t)l/?) d

Equation (3.14) readily follows. Similar operations will be recurrent in the proof of Proposition 4. O
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3.3.1. Proof of (1.7): Hoélder final test function.

Set tgﬁ i= sup{ (tr)rego,q : te < tj — RY/B <ty 1} and IZ},V = tgﬁ,y/h. In particular, if v > S, tgﬁ =t;_1
and if 8 > v, tgﬁ <tj_1.

Let v be the function defined in Proposition 3. It follows from Proposition 4 that v € C#/28([0,¢,;] x R, R)N
CH2([0,t;) x R4, R). An expansion similar to (1.11) yields:

[ELF (") = F(X)) < [BLFXG) — v(t’é,wX,f;;:t:””)]l

Igy’Y tk+1
+C ) / ASE[{|Vav(s, X[00) 4 [ D2u(s, XP0) }{]s — [7/2 4 | XDter — x[otor )
k=i VP

=: (Ty, + Tar) (hy tis £, ), (3.15)

where T, stands for the contribution associated with the last step(s) and Ty, for the other main steps.
From equation (3.14) in Proposition 3, one readily gets:

Ig’v_l thy
, 1 1
TM(h,ti, tj, ZL') S Ch’Y/Q Z / (1 + m)ds S Ch’Y/Q. (316)
k—i t J

The contribution T7, requires a more careful treatment. Let us write:

h7 iy h, iy L h, iy L h7 iy L
Ty(htistyx) < BIFOST) = FOQE )+ Ello(t, X[052 0) = o(t; — B8, XM1E )]

hits, h hoti,
HBI( — W72 XE ) — ol X

< E[F(XE"T) = FXPEE 01+ Ello(ty, X055 ,5) — o(ty = 17/5, X000 )]
t,—h/P
Jr/th {EHVzU(S,X:’ti’I)Hb(S’ngti,z) - b(fb(s),X(Z(z)zﬂ
8.
31D, X1 als, X24) = (o) X5 b
< CE[X[ter — xhter 1614 opd/? /tj—h”/ﬂ(l . ;)ds o
< t tj—hv/8 . (t; —s)Lpr2/% = )

(3.17)

expanding as in (1.11) the term |E[v(t; — h?/5, Xthihf/ﬂ) —o(th ., Xthhtz)“ with It6’s formula and using (1.10)
i ’ 8

for the last two inequalities. Plugging (3.17) and (3.16) into (3.15) yields the required control in (1.7).

Remark 7 (Extensions to functions f with subquadratic exponential growth). We stated (1.7) for [ €
CP(R,R) for simplicity. Observe anyhow that the above arguments can be adapted to derive the expected
convergence rate as soon as f is locally f-Hélder and satisfies the growth condition:

3Cy > 0,z € R, |f(x)| < Coexpleo|z]?), ¢ §i,
: £(@)] < Coexpleolal?), co < o -

V(z,y) € (RY)?, |z —yl < 1L |f(2) — f(y)| < Colz — y|? exp(co|z|?),
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where ¢ is as in equation (3.12). In that case, the controls of equations (3.13) and (3.14) would write in the
following way. There exists a constant C > 1 s.t. for all (t,x) € [0,t;) x R¢:

[Vo(t, )] ¢

IN

)iz /Rd pe(tj — t,y — ) exp(coly|*)dy,

(t; —t
Cexp(2co|z|?) 2 Cexp(2co|z|?)
= W dec(t] —t,y —x) exp(2coly — z[")dy < W,
a Cexp(2co?)
Va, |CY| = 2, |D1’U(t,.’1])| m (319)
J

Plugging (3.19) into (3.15) and (3.17) still yields, thanks to the condition on co in (3.18) and (1.9), an integrable
contribution.

3.3.2. Proof of (1.8): Indicator of a Domain as Test Function.

We have assumed A to be C? domain and A bounded. Let us denote by ds(-,dA) the signed distance to
the boundary, i.e. d(z,0A) > 0 for z € A and d(z,0A) <0 for = ¢ A.

It is known (see e.g. Lemma 14.16 and its proof p. 355 in [GT98]) that for é > 0 small enough, on Vs(A) :=
{y € R : |ds(y,0A)| < 4}, the function dg(-,dA) is C? and both the exterior and interior sphere conditions
hold. The interior sphere condition writes that for y € As := Vs(A)N A := {y € R? : 0 < dg(y,04) < 4§}
(interior points of A whose distance to the boundary is lower or equal than §), its orthogonal projection on
the boundary Ip4(y) is also the unique point s.t. defining B(y, ds(y,0A)) := {z € R%: ||z — y| < ds(y,04)},
B(y,ds(y,0A)) N 0A = Tlga(y). The exterior sphere condition writes snmlarly for the points y € V5(A)\A :=
{y e R: —§ < dg(y,0A) < 0} (strictly exterior points of A whose distance to the boundary is lower or equal
than 0).

For such a 4, let us now write for 0 <t¢; <t; <T, = € R4

E[L,, X toreal = Ellyteeg |
3
= {E[I mlreA] E[fs (X0 )} + {Bf5(X0 )] = BLA(XD)]) + {E[fs(X)] - ElLye weA]}*:ZTf,
(320
where
1, ifx € A,
fs(@) = { exp(1) exp(—1/(1 — LLIA7y) if 4 ¢ V5(A)\ A, (3.21)

0if & AUVs(A).

Namely, fs stands for a smooth approximation (at least C?) of the mapping z + Ica.
Recalling again from the proof of Lemma 14.16 in [GT98] that for = € V5(A), Vads(z,04) = n(Ilpa(x)),
where n(Ilpa(x)) stands for the inner unit normal associated with the projection on the boundary, we get for

x € Vs(A)\A:
V(@) = 228004 (w) <1 - ds“”"“)Q) i), (322)

92 02

This yields in particular that |V fs|eo = sup,cy;a) [V fs(z)| < C6~'. This last bound in particular yields that
there exists C' > 1 s.t. for all € (0,7],

sp L@ = IW 5, (3.23)
syeVas(a) 1T =yl
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Indeed, from the control on |V fs|~ and the smoothness of fs, we get for all x,y € Vaos(A), either |2 —y| <
and |f3(z) — f3(y)| < C3a — y| < Coa — y|7, or [z —y| > & and |f5(x) — fs(y)| < C < Co~ " — yl1.
Now, the terms 77 and Tg‘f in (3.20) can be handled similarly thanks to the Gaussian upper bound that
is satisfied, under (Ap), by the density of both the diffusion and its Euler scheme, see Proposition 4 or
again [She91], Theorem 2.1 in [LM10]. Precisely, with the notations of (3.20) and provided that ¢ < (t; —t;)/?:

[ 1 )
|T1 +T3| < E[]Ith Iev(q)] +E[]I hf Tev(q)] (t L )1/2 eXp( c tj tz )’ (324)

where d(z,0A) = |ds(z,0A)| stands for the nonnegative distance to the boundary. Indeed, we have that
locally, up to a change of coordinate, only one variable is orthogonal to the straightened image of the hypersurface
0A. We can thus integrate the Gaussian bounds w.r.t. the other ones. This yields the above control.

Observe that to find the indicated convergence rate this imposes § < (t; — t;)'/2h7/? which specifies the
admissible magnitude for the parameter §. On the other hand, to analyze T9 we recall from (3.23) that setting
for all (t,z) € [0,t;) x RY, vs(t,x) = E[f(;(Xf]z)] the terminal function fs is n-Holder continuous, for all
n € (0,~], with Holder modulus of continuity bounded by 6~" on Va5(A). We will now establish, similarly to
(3.14), that for all multi-index «, |a| <2, (t,z) € [0,¢;) x R%:

c 1

|D U6(t $)| (5\/d(1‘ aA)) (tj _t)(|04\—77)/2-

(3.25)
Recall indeed that
Dus(t.a)l =| [ Dotetsm ) Us(0) = Soey| < =Sz [ melts =ty so) oo, (320

exploiting Proposition 4 for the last inequality. Thus, from (3.21):

- if both z,y & V5(A), then f5(z) = Lica, f5(y) = Lyea. If 2 € (AUV5(A))C,y € A\Vs(A), or by symmetry
y € (AUV5(A), x € A\Vs(A), then |z —y| > 5V d(x,dA). If now z,y € (AUVs(A))C or x,y € A\Vs(A) then
fs(xz) = f5(y) yielding a trivial contribution in (3.26).

- if z,y € V5(A), then the control of the Holder modulus gives: |fs(z) — fs(y)] < Co7 "o — y|" = C(6 V
d(z,0A))"x — y|".

-ifz e Vs(A),y & Vs(A) (resp. y € Vs(A),x & Vs(A)) we can exploit the Holder continuity for y € Vas(A) (resp.
x € Va5(A)) and the fact that | —y| > 0 V d(x,0A) for y & Vas(A) (resp. x & Vas(A)).

In all cases, we have established that | fs(z) — f5(v)| < C(dVvd(z,0A)) "z —y|", which plugged into (3.26) yields
the control (3.25). Recall now that, again from Proposition 4, we have vs € C"/27([0,t;]x RY)NCH2([0, ;) x RY).
In particular, vs has the same Holder continuity modulus as fs5. We can as well assume w.l.o.g. that v/n > 1
so that K7/7 < h < 1.

Exploiting now (3.25) in an expansion similar to (1.11) and (3.15), we get:

hiti,x h,t;,x hiti,x h,ti,x
T3] < [E[fs(X0"7) = fs(X000 01+ [Blus(t, X,0050 ) — sty — 0077 X000 ]|+

+[Efvs (t; — 1/, X“ %) = vs(ti-1, Xl

hw/n i—1
=2 g
+C / dsE[{|V,vs(s, Xht )+ |D2v5(s Xht z)|}{|sftk|7/2+ |Xht T —Xthk’ti’ﬂ”}]
k=1
tj,hw/n 1
< ChV/Q{]E[((S\/d( X[tor 9A))~2m2 4 4 1+ 7E[{5vd(XhM,aA)}*%]l/?)ds},
DRI :

(3.27)
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where the term |[E[vs(t; — h?/", Xthihf/n) —vs(tj_1, XZflz)H is again expanded with 1t6’s formula which yields
J

bounds similar to those appearing for the contributions associated with the indexes k € [i,j — 2].
Recalling as well that the Euler scheme satisfies the Aronson Gaussian bounds (see Proposition 4 and Theorem
2.1 in [LM10] for details) we obtain for all s € (¢;,¢,]:

lz—y|*
v exp(—c=—2-) dy
E[{6 v d(X"t 94)}~21 < c{ (6 V d(z, 04 —2"+/ o=t :
Hovdl s {( (,04)) Ld(z,04)>d(y,04) (0 V d(y,0A))*" (s — ti)d/Q}

2

Since on {3d(x,0A) > d(y,0A)} we have |z —y| > v — pa(y)| — [Hoaly) — y| > w > d(y,0A), where
II54(y) again denotes the projection of y on the boundary 0A, we get:

d(y,04)°
. _ ~ exp(—c=15-)  dy
E[{§ v d(XMtr 9A) 2] < C{(0Vd(z,0A 2’7+/ —
Hovdl A {( (,04)) Ld(e,04)>d(y,04) (0V d(y, 0A))>1 (s —t;)%/2 }
< c{(5 v d(z, 04))"2 + 1}.

Hence, since d(z,0A) > (t; — t;)Y/2h7/2 > §, we get from (3.27)

1
9] < ChW{WH}. (3.28)

The point is now to find the n € (0,7] maximizing J, 4 : 7 € (0,7] — nd(z,0A)" in order to minimize the
associated contribution in m for T9. Two cases occur:

- d(z,04) > exp(f%). In that case for n € (0,7], J; 4(n) = d(z,0A4)"(1 + nln(d(x,0A)) > 0 and the maximum
over the constraint set is attained for n = v and J; 4(n) = vd(x, 0A)7.

- 0<d(z,04) < exp(—%). The optimum is then attained for n = —m € (0,7). This choice then yields:
Jo.4(0) = e ey xP(11n(d(z,04))) = manaaye

This gives from (3.28) the global bound:
) v/2 1
75| < Ch (1 + Wﬂd(namzexp(ﬁ) + [ In(d(z, 0A))[Ta(z,0.4) <exp(— 2 ) (3.29)

It is of course the last term above that becomes significant when the distance of the starting point comes
closer to the boundary. The global error estimate deriving from (3.24), the previous computations on .J, 4 and
(3.29) is then better, up to a multiplicative constant, than the one deriving from (1.6) as soon as:

= |In(d(z, dA))|e < eh MW — |In(d(x,dA))| < h~ VM — d(z,dA) > exp(—h~¥P).

(3.30)
Since to apply the Aronson’s estimates for 77,79 (see again eq. (3.20)) we had already assumed d(z,dA) >
(t; — t;)/2h7/2 > h0+7)/2 we derive that the condition in (3.30) is always fulfilled. Tt can indeed be easily
checked that h(147)/2 > exp(—h~=C¥(M) for h small enough. Equation (1.8) now follows from (3.24) and (3.29).

Jm,A(n)

Remark 8 (Extension to piecewise smooth domains.). Let us mention that results similar to (1.8) could also be
derived for domains A := NP_; A; that write as finite intersections of smooth domains (A;)ieq,n) with bounded
boundaries, and therefore have piecewise smooth boundary. In that case, d(x,0A) := infic ... ) d(z,04;) is
well defined, but the corresponding signed distance can fail to be smooth, precisely close to the resulting corners.
Hence, fs cannot be directly defined as above. Namely, some additional mollification of the corresponding
distance would be necessary as well.
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3.4. Error Expansion for The Euler Scheme: Controls on the Densities.

From Theorem 1.1, Theorem 2.1 and their proofs in [KM02] we have with the notations of the previous
paragraph:

1
(pé‘ _p?)(tzat]away) = (pé‘ _pg)(tlat]ax’y) + h/ (1 - T){pg ®h (Lé:* - L )2pzh(ti,tj,$,y)}d7', (331)
0

where we denote for 0 <¢; <t; <T,7 € [0,1]:

p;h(t’iatjazay) = Z O, Hh (tivtjv'rvy)a
V(k,2) € (i, 4] x RY, pL(ti,t,x,2) = / PL(ti, ti + Th,x,w)pZ (ti + Th, ty, w, z)dw.
R4

Also, for k € {12}t = tiww, k € [0,5 —i — 1], (LF.)*0(z,y) = (Lfe)*o(z.9))le=s, (L) (x,y) =
(L5 )* (2, y))|e=y for

Lied(ey) = (B:(0.6). Vas(e,y)) + 5 Telac(t, ) D20(x.9))
Licony) = 5Tr(a.t,€)D2(r,))

Observe that Li¢p(x,y) = Lj*qb(ac, y), but more generally the operators do not coincide anymore when iterated.
Also, we indicate that the operators involved slightly differ from [KMO02] since we chose to use a Gaussian process
without drift as proxy, see (3.7) and (3.10). Another difference is the fact that we deal with inhomogeneous
coefficients, and the notations L‘_E L*¢in (3.31) are used to emphasize the time dependence of the operators
in the discrete convolution ®;. Anyhow, reproducing the proof of [KM02] taking into account the indicated
differences leads to the expression in (3.31).

We mention carefully that in order to analyze the contribution of the last term in the r.h.s. of (3.31) no
smoothness in time of the coefficients is needed. On the other hand, such smoothness is clearly required to derive
some convergence rates, since to control p. — p? we need to investigate the difference between time integrals and
Riemann sums (see Proposition 5 and its proof below).

The term fol(l —7){p? @n (L7, — L°)2pI"(t;, 5, 2,y) dr involves derivatives of the coefficients and heat
kernels up to order 4. The point is again that the derivatives of the coefficients and kernels explode with ¢
going to 0 (see equation (2.6)). It is precisely this aspect that deteriorates the convergence rate w.r.t. the usual
smooth case. We carefully mention that if o(¢,2) = o, the previous contributions involve lower derivatives of
the heat kernel (up to order 2).

The key elements are now the following Propositions. The first one gives bounds for the derivatives of the
densities involved in the parametrix series (3.5), (3.8). The second one controls the difference between the
discrete and continuous convolutions in (3.31).

Proposition 4 (Controls for the derivatives of the densities). Let o, |a| < 4 be a multi-derivation index.
Under (Ap ), there exist constants C > 1,c € (0,1] s.t. for all 0 <s <t <T, (z,y) € (RY)2:

o C
|DSpe(s,t,z,y)| < ml’c(t -5,y —x),|al <2,

_ c o
|Dgp5(8,t,$,y)| < wpc(t — S,y — .T)(l +e€ | H‘Q(t _ S)V/Q)’ |a| c [[3’4]], (332>

(t
P CE_‘O‘H"Y
|Dyp€(8,t,$,y>| < mpc(t - S5Y— ZL'), |Oé| > L.
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Under (Apg), for all ¢ > d, n € (0,a(q)), a(q) = 3(1 — g), there exist constants C > 1,c € (0,1] s.t. for
al0<s<t<T, (z,y) € (RY)2:

_ C
|Dape(s,t,z,y)| < mpc(t — 8,y — ),

_ c 5 _—lal+2— ‘
| DS pe(s,t, 2, y)| < EDEE s)\a|/2pc(t — 5,y — 2)(1 + Cp ge o2t/ Dhiaza (4 gy1/2) 10| € [2, 4],
(3.33)

|Dyﬁa(5a t,x,y)| < (1 + E_WCn(t - S)U/Q)pC(t —S5Y— 'T)’

¢

(t —s)1/2

C(1+ @nng—la\ﬂ—n(t — 5)1/2)
(t — s)lel/2

|Dype(s,t,2,y)] < pe(t — s,y — ), |af € [2,4],

where Cy, 4 = Cy, x Cy with Cy as in Lemma 2 and C, as in Lemma 1.

In the above expressions p. can be any of the densities pe,pd, pT'" uniformly in 7 € [0,1]. For pd,pT", the
time variables s,t are taken on the time grid.

Remark 9 (Spatial Holder continuity and heat-kernel bounds). We point out that the previous controls (3.32)
for pe = p. would also hold under the sole spatial Holder continuity of the coefficients b,o. This improves
in some sense those of [IKOG2] which require smoothness in time of the coefficients. We get here the same
pointwise controls for the derivatives of the non degenerate heat-kernel with spatial Holder coefficients up to
order 2, uniformly in e € [0, 1].

Remark 10 (Constants in (3.33)). Even though we are currently considering (Apg), the associated small
smoothing effect deriving from the reqularization of the drift is the same as for the sensitivities of densities under
(A g), for which it was induced by the small Hélder parameter for the difference of the diffusion coefficient and
its reqularization. In both cases the constant C,, appears through the control of the corresponding parametriz
series, see the proofs of Theorem 3, Lemma 1 and Proposition 4 below.

Proposition 5 (Bounds for the difference between continuous and discrete time convolutions). Under (Ap),
there exist C > 1,c € (0,1] s.t. for all0 <t; <t; <T, (x,y) € (RY)?, n € (0,7):

|(pe = p2)(tis ty, 2, y)| < Coh ™D Ppo(t; — ti,y — ). (3.34)
Under (Aps), there exist C > 1,c € (0,1] s.t. for all0<t; <t; <T, (z,y) € (RY)?, ¢ >d, n € (0,a(q)):
[(pe = D) (tis b3, 2,9)] < Copq (B (R) ™4 4 p1=1/2e= (00 o =200 )p (15— by, — ). (3.35)

with a(q), Cyy.q as in Proposition /.
If now d(y,V-(Z)) > 2¢ the previous bound improves to

hl—n/2
d(y, Ve(Z))

If d(y, V-(Z)) > 2¢ and additionally o(t,x) = o, i.e. constant diffusion term, then

|pe — pg|(ti, ti,x,y) < C'W (h| ln(h)|€_(1+") + pion/2g= () )pc(tj —ti,y —x). (3.36)

hlfn/2

di(t. ¢. o - —(1+n)+1/q ) .
ti,ti,x,y) < Cpqlh|In(h T+ h + e(t; —t;, .
lpe — pE|(ti tj, 2, y) n,q( | In(h)le € d(y,Vg(I)))p (t) y—x)

(3.37)

We postpone the proof of Propositions 4 and 5 to Section 4 for clarity. It now remains to exploit Propositions
4, 5 and (3.31) to specifically control how the weak error for the densities depends on the explosive norms of
the mollified coefficients.
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3.4.1. Proof of The Main Results for Hélder Coefficients (Theorem 1 under (Am))
Observe from Proposition 4 that, for all k € [i,j — 1], (z,y) € (Rd)2 ,7 €10,1],

’(Lik,* - L:,;E) p?h(tkatjvzvy)’ = |<b€(tkvz)7sz?h(tkatjazay)> +

1 i c
§TI‘ ((ae(tkaz>as(tkvy»Dﬁpa’h(tkatjazay))‘ < (t . )1_V/2pc(tj 7tkay7'z)'
73— Yk

~ ~ N2
Iterating the frozen operator, we obtain that (Lfk* — Lf,f) pIh(ty, t;, 2,y) is a fourth order differential
operator which is the sum of the following typical terms:

bé(tkaz)b?(tkvz)D2 ,p?h(tk;tjazay) \I]i’;{h(tk7t]—7z7y),

21 Zm
bls(tk’ Z) ((a?q(tka Z) - a?q(tka y))Dglzmzq p;’h(tka tj’ Z, y)) = W?,1;Z(tk’ tj’ Z, y)a
Tk
(aém (tk’ Z) - aelsm(tka y))(agT (tk’ Z) —al (tka y))DﬁlZmzqzrp;’h(tk, ty, 2, y) =: \I]?,;,q,r (tka ty, 2, y)’ (3'38)

for I,m,q,r € [1,d]. Tt is easy to see that the terms with fourth derivatives are the most singular. Hence, to
~ ~ N2
evaluate pg ®Rn (Li* — L.*’E) pg’h(ti, t;,x,y), it is enough to concentrate on:

pg Qn \11577'7]74 (tzv t]v &€, y)

Lym,q,r

= h(a(l—:m (tiv :C) - ai‘m (tiv y)) (agr (tiv :C) - a’gT (tia y))Dglzmzqzrp;h(th tj7 T, y)

+h g / pL(tisthyw, 2) (0" (th, 2) — al™ (t, y)) (0" (t, 2) — a2 (th, 9)) D32, oo P2 (s 15, 2, y) d2
L d
Reli1 [ 1277 °

+h E / pg(ti;tkaza'z)(aém(tkvz) - a,lgm(tkay)) (agr(tkvz) - agr(tkay))Dilzmzqzrp;h(tkatjazay)dz
S d
kel[ 2] +1,5-11" "

= (T + T2 + T5)(ti, tj, 2, y). (3.39)

The tools to control the above terms are (3.32) in Proposition 4 and the Holder continuity of the mollified
coefficients under (A ). We readily derive:

Ch(1 +e2(t; — t;)7/?)

Ty (ti, t), z,y)| < 6 — 1)

pe(ty —ti,y —x). (3.40)

For the term T% in (3.39), integrating once by parts, we obtain from (3.32) and (2.6) that:

Ce= 117 _
et —tiy—a) (14271t - 0)72). (3.41)

To(t;,t; <
| 2( 79 ],$,y>|_ (t_]_tz _

The term T3 in (3.39) can be handled using the same arguments and two integrations by parts in order to get
rid of the time singularities. After integrations by parts, the most singular terms w.r.t. ¢ have the following
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form:
TBl(ti;tjazay) = h Z / pg(ti;tka1'5Z)Dzlalgm(tk;Z)DzmagT(tkvZ)ngzrpg’h(tkvtjvZvy)dza
L d
ke[ 2] +1,5-1] *
T32(ti;tja$ay) = h Z dD,glzmpg(tiatkaxaz) [(aém(tk,Z) _aém(tkay))(agr(tkaz) _agr(tkay)):l
ke[[ 52 |+1,5-1]
XDiqupgh(tka tja z, y)dz (342)

For T3, we obtain from inequality (3.32) in Proposition 4 and (2.6) that:

_ h
T (ti, by, 0,9)| < Ce™ 2 .ty —ti,y — ) Z =t
kel[$4]+1,5-11 7

tj—h
I d
< Ce ™ p.(t; —ti,y — ) ﬁvﬂj ; uu < Ce™ M p(t; —ti,y —x) [Inh|. (3.43)
i j =

2

For T35, Proposition 4 and the spatial Hélder continuity of a. yield:

Ce™2+7
@ =t i Pelti oy — @), (3.44)

An upper-bound for T3 then follows summing (3.44) and (3.43). We then derive from (3.40), (3.41) and
(3.39) that:

|Ts2(ti, ty, 2, y)| <

-~ ~ 2
pg Rn (L&:* - Lik’a) pgh(tivtjv'rvy)‘

g2t n h(l + E_Q(tj - ti)V/Q)
(t; — i)' (tj —t:)*=

< c( e Iy )pc(tj —— (3.45)

We thus eventually get from (3.31), (3.34) and (3.45):

h S
h) 4+ 277 |In h|) pe(t; — ti,y — x)3.46)

G-t (G-t

577
(t; —ti)1 /2

< C{C’nh(V”)/Q +h ( (1+

Without loss of generality we assume now that 0 <¢; —t; < 7T < 1. We also suppose that:

<(tj - t}z—l)”/ 2)1/7 =e 47

We will check that (3.47) holds for the specific choice of the parameters e, which is performed below.
We derive from equations (3.46), (3.47), together with (3.1), (3.2) that:

he 2+

Gty * he™t2 Ilnhl}pc(t]- —ti,y—x). (3.48)

|(p 7ph) (ti, t5, x, y)‘ < {C’n (EV—U + h(v—n)/2) i

Take now

h. —2+y h 1/(2—n)
CUE’Y*W — (tsﬁ = c = (m) 0771/(27,’7)'
3 — Ui g — b
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For such a choice of a mollifying parameter we have for (¢; — t;) > h'/(2=7);

h v/ (2=n)
&' |lnh| = (—m—— C/ =) iy p| < R/ (@=NC=) G/ @) 1y
(6 — ) " "

Assume for a while that 1 can be taken so that:

-1
B (@) =) =1/ @) | 1 | < /(=) o 22 =) () _n (3.49)
K 5 In(h=t) — 2
recalling as well that C, > 1 for the last assertion. Then, for (t; —¢;) > h'/=7) if (3.49) holds:
€7 [Inh| < B2 < (1; —1;)7/2,
Hence, from (3.48), if (3.49) holds:
h (v=m)/2 | (3=n h =
0= )01t 2,)| < C{OAT™2 4O (s ) ety — oy =)
j i
-1 241y [ 1 (v=n)/2 h ERLE =T
< Cexp(C(2n ' +1)*" + ){h Y=m/2 (m) }pc(tj — b,y —x), (3.50)
j i

using the bounds of Lemma 1 for the last inequality. The point is now to carefully choose 7 := n(h). Let us
-1

consider the specific sequence n = n(h) := Qizizgz,lg, where we recall that for & € N, log, (x) stands for the

k™™ iterated logarithm of x. Observe that this 7(h) satisfies the condition (3.49) for h small enough. Setting

Bp:=h""and aj, :==exp (C(2n~1 +1)21 " +1), we get that:
n g

logy(Bn) = log(nlog(h™")) =log(2) + log,(h™") — logz(h™") + logy (h ™),
logy(an) = log(C(2n~ 1 + 1) 1) = log(C) + (2" + 1) log(2y ™ + 1)
— 10g(C) + (2 + Dlog(2r (1 + D)
= log(C) + (ﬁizgz_l; + 1)f{log(2n™") + log(1 + g)}
= log(C) + (EEZEZQ + 1){logz(h™") — log,(h™ ") + log(1 + g)}

=+ IOgs(h_l) —logy(h™") + Ry,

{1},

It is easily seen that there exists a finite constant C > 0 s.t. for all h small enough, R, < C and that
log,(Br) > logy(ap) — C'. By monotonicity of the exponential, recalling as well that € (0,~), we thus derive:

1—~/2

(5,% + 8,7 Jap = (h7% + h*"%) exp(C(2np~ 1 + 1)27 ' +1) < o1/ 2exp(O)) (3.51)

The previous choice of 7 yields that, since C,, = Cayp,, (3.47) is satisfied as well. Plugging (3.51) into (3.50) we
complete the proof of equation (1.6) in Theorem 1.
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3.4.2. Proof of The Main Results for piecewise smooth coefficients (Theorem 2 under (Apg))

Keeping the definitions of (3.38), the idea is to proceed as in the previous section from equations (3.31),
and (3.39). To emphasize the specificity of Assumptions (Apg), due to the approximation of the piecewise
smooth drift, we begin with the special case o(t,z) = o. In that framework, the only terms appearing in
(L¢, — L*4)?pT" are the Wy 7" introduced in (3.38). From equation (3.33) in Proposition 4, using a direct
control for the index k = i and a global integration by part for k > i, associated with the bound of (2.9), we
derive:

i g @n (LS, — L)l (ti b, 2, 9)

Chq€ , -
< O(TE Sttty — )+ h 3| v (6t 200 2)) (1 2), Vng%k, {2 y))dz|)
(t; —ti) o~ R?
kei+1,5—1]
< C(Cpae™pelty — tisy — )

£ — ety —tp,y — 2
the ) f G (1 & e, () el — 2~ ) P ),
keli+1,5-1] Rd (b — )"/ (t; —tr)Y/

The point is now to use the Holder inequality to exploit that the set on which V,b. gives an explosive bound
is small. We get:

|[pg Qpn (L L* 8)2 o h](t’batjaz y)| < C(Cn qsinpt:(tj - thy - ZL')
1
(t; —tr)!/?

+h
keli+1,j—1]

. o \l/a
+5_1+1/‘1(/d Pe(te —ti, 2 — x)Ipe(ty —tr,y — Z)qdz) })’
R

Cpqe™ "
{( A )1/2p0( 7t17y71">

denoting by g > 1 the conjugate of ¢, ¢! + g~ ! = 1. Recall now that:

~ A\ Va c(tj —t;) d/(2e) .
o(te —ti,2 oty — thyy — 2)7d _ g~ b YD, (bt .
(/]de(k y % )p( kY Z) Z) ((QF)(tk—fz)(tJ—tk)) q p(] Y :C)

This yields:

= 1
I @n (£, = L2pr ")ty p)| < C(Coas™ T T ) D) pelty — tiny — )
< CCy e pe(t; —ti,y — ), (3.52)

as soon as £' "¢~ < 1 which holds true for n small enough (remember ¢ > d).

Performing now in the general case, involving derivatives of the heat kernel up to order 4, an integration by
part similar to the one described for (3.39) and using the Holder inequality as above for the terms involving
derivatives of b., we derive from (3.33) in Proposition 4, that for all ¢ > d, n € (0, a(q)):

|lpd @n (L€, — L) pI ") (ks 15, 2, 9)| < c{1+c _(1+77)(1+€"/2|1n(h)|)}pc(tj —ti,y—x).  (3.53)
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We thus get in whole generality, from (3.3), (3.31), (3.53) and (3.35) in Proposition 5:
D=0 bt < O[O+ Cyghe= 4D (14 /2 ()
+Chq (h| In(h)|e=Fm 4 pt=n/2g=04n) 4 h572+1/q)}pc(tj —ti,y — ).
If now d(y, V-(Z)) > 2e, then, from (3.36) in Proposition 5:

p 0"ty ay)| < O[Oyt 4 Cyghe™ D (L4272 In(h)))
hl=n

d(y, V:(Z))

Eventually, if we additionally have that o(t,2) = o, (3.37) in Proposition 5 and (3.52) yield:

+Copq (Rl In(R)|™ ) 4 plon/2e= 0 Vpetts = tiy = ).

p=p'titi oyl < C[Co e+ Cyghem 1
+Copq (B (R) e~ + he=(HDH1/1 ﬁ)}p (t; —ti,y — ).
" d(y, V(1)) Lo

We then set qul/q = C'mth*QH/q in the general case, i.e. for b,o depending both on the spatial variable
and without any distance condition for the final point y. If d(y, V-(Z)) > 2¢, we take Cye'/? = C,, jhe=(1F)
for a general o and Cye/? = O, ;he=(FMFYa if o(¢,x) = . The results can be derived as in the previous
section choosing 7 := n(h) = ¥(h), ¢ := q(h) s.t. alq) = (h). For (1.12) and (1.13), we recall as well that
if d(y,T) > h'/?=¢ for a fixed given € > 0 for a general ¢ and d(y,Z) > h'~¢ for o(t,z) = o, the condition
d(y,Ve(T)) > 2¢ is met.

4. PROOF OF THE TECHNICAL RESULTS FROM SECTION 3.

4.1. Proof of Proposition 4.
4.1.1. Proof under (A ).

Let us establish the result for p.. We start from the parametrix representation of p. obtained in (3.5). In
all cases, we can readily derive from (3.7) (recall that X=¥ is a non degenerate Gaussian process) and (2.6) in
Proposition 2 that for the main term in the expansion for all multi-index «, || € [1,4]:

Do c Do C€_|O“+’Y A
D < p(t— — D < —mF— — —x). .
IDzpe(s, e )l < —opabelt = sy = ), IDype(s, Loyl < G—mpelt = s,y = ) (4.1)
Let us now concentrate on the remainder term:
Re(s,t,m,y) = Y pe @ HO(s,t,2,y) = e ® Be(s,t,2,y), Be(s, t,3,y) = »_ H (s,t,2,7).
i>1 i>1

We focus on the first two inequalities in (3.32), the last one can be proved similarly. The ideas are close to
those in [IKO62], but we need to adapt them since they considered the “forward” version of the parametrix
expansions. The key point is that, for Holder coefficients we have bounded controls for the derivatives of the
remainder in the backward variable up to order two. It is first easily seen for the first derivatives, since the
first order derivation gives an integrable singularity in time in the previous expansions. Indeed, from (4.1) and
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(3.9), one readily gets the statement if |a] = 1. The case |a| > 2 is much more subtle and needs to be discussed
thoroughly. Write indeed:

(t+s)/2
DSR.(s,t,x,y) = lim du DS pe(s,u,x, 2)P.(u, t, z,y)dz +
70 s+T R4
t
/ du DSpe(s,u,z,2)P.(u, t, z,y)dz
(t+s)/2 R4
=: lir% DeRI(s,t,z,y) + DYRI (s, t,2,y). (4.2)
T—

The contribution D%Rg (s,t,x,y) does not exhibit time singularities in the integral, since on the considered
integration set u — s > 1(t — s). Let us now recall the usual control on the parametrix kernel under (Ay), see
e.g. Section 2 in [KKM16]. There exist ¢,c; s.t. forall 0 <u <t < T,(z,y) € (RY)%:

cr(1vT-7/2)
|He(u,t, 2, )] < Wpc(f—u,z—y)- (4.3)

Inequality (4.3) for H. then yields for all r € N*,0 < s <t < T, (z,y) € (R%)2:
r—1
[HO (s, t,2,9)| < (L TU2)e) T B(— L+ (i— 1)%) c(t—s,y—a)(t—s)"""7, (4.4)

i=1

with the convention H?:l = 1. We thus derive that for all 0 < s <t < T, (z,y) € (R%)2:

C
(s, 8,2, y)| < mpc(t*&y*x)- (4.5)
Thus, from inequalities (4.1) and (4.5):
o c
|DIRL (s, t.2,y)| < mpc(t—&y—x)- (4.6)

The delicate contribution is indeed DRI (s,t,x,y) for which we need to be more careful. If |a| = 2 we exploit
some cancellation properties of the derivatives of the Gaussian kernels. Recall now that for an arbitrary w € R,
setting for 0 < s <u < T, ¥ (s,u,w) := fO'E (v, w)dv,

~w 1 1 —1
o (s, u,x,2) = o) 2det(S. (5,0, w)) 1 /2 exp ( - 5(28(5, u,w) (z—x),z — z}) ,
wacjpE (s,u,x,2z) = {(E;l(s,u, w)(z — z))i(Zgl(s, u,w)(z — x))j
—6:;(S7 (s, u, )i }ﬁg(s,u,x,z), V(i) € [L,d]?, (4.7)

where for ¢ € R%, we denote for i € [1,d] by ¢; its i" entry. Hence, for all multi-index a, |a| = 2:

/ DSpY(s,u,x, z)dz = 0. (4.8)
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Introducing the centering function ¢ (s, u, z, z) := (DXp¥ (s, u, @, 2)) |w=z, We rewrite:

(s+t)/2
DeRIstny) = [ du [ (D2 (s 0wt )
s+ Rd
(s+1)/2
+/ du/ cZ(s,u,z, 2)(Pe(u, t, 2,y) — Pe(u, t, 2, y))dz
s+ Rd
= (RI'+ RI?)(s,t,2,y), (4.9)

exploiting the centering condition (4.8) to introduce the last term of the first equality. On the one hand,
the terms D%p.(s,u,x, z), (s, u, x, z) only differ in their frozen coefficients (respectively at point z and x).
Exploiting the Holder property in space of the mollified coefficients, it is then easily seen that:

Clz — 2|7 C

|(Daﬁ8—cg)(8,’u,,l'72)| S (u—g) pC(U—S,Z—.’I]) S mpc(u_s,

hu z—x),

yielding an integrable singularity in time so that, from (4.5):

C
|RD (s, t,2,y)| < ﬁpc(t—s,y—x). (4.10)

(t

Let us now control the other contribution. The key idea is now to exploit the smoothing property of the kernel
®.. Assume indeed that for A = {z € R?: [z — 2| < c(t — 5)'/2} (recall as well that u € [s, **]) one has:

|x _Z|v/2

Wl’c(t*%y*d- (4.11)

|q)€(u,t,:c,y) - (I)E(uvtazay)| S C
(t—u

Then, we can derive from (4.1), (4.9) and (4.11):

|RT,2(5 t,x,y)| <C2/(S+t)/2du M (u—s Z_x); (t —u,y — 2)dz
€ Yy )y —_ ot A ('LL*S) p(} b (t_u)l_,y/4pc )y
C (s+t)/2 = Z|'v/2
T d ————pc(u — 5,2 — 2){|Pc(u, 1, 2, O (u,t,x,y)|}dz. 4.12
e [ [ B e st bl @12

From (4.5), we finally get on the considered time set:

(s+1)/2 1 1

7,2 _ _
Rty € Cpelt = sy =) [ e e
c

< mpc(t — 8,y — 1),

which together with (4.10), (4.9), (4.6) and (4.2) gives the statement. It remains to establish (4.11). From
the definition of ®. and the smoothing effect of the kernel H. in (4.4), it suffices to prove that on the set
A:={zeR?: |z — 2| < c(u/ —u)'/?}:

|xfz|v/2

! I
|H5(’LL,’U, ,SC,’LU) — HE(’U,,’LL ,Z,’U_)>| S Cmpc

(v —u,w — 2), (4.13)
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for v’ € (u,t], u € [s, (s+t)/2]. Observe that A C A. Indeed, recalling that we want to establish (4.11) on A if
z & A, we get from (4.4):

¢
/ du’/ﬁ |H8(u,u',ac,w)—Hg(u,u’,z,w)||(ZH€(i))(u’,t,w,y)|dw

i>2

t
C
S/ du’/cm(%(u'—an—x)‘FPc(Ul—U,w—Z))

|z — z[7/?

mpc(t —u,y — z2),

|z — z[7/? C |z — z[7/?

X A Gy et~ Wy~ wlde < O pe(t - wy = 2) < ©

2 2 2 2
exploiting that z € A, t—u > £(t—s), and the usual convexity inequality ‘yt_jj > ‘;zt_j‘l) — ‘zt_jj > ‘21&:1) —2¢?

for the last but one inequality. On the other hand, on A we get (4.11) from (4.13) and (4.4).
Let us turn to the proof of (4.13). We concentrate on the second derivatives in H. which yield the most
singular contributions:

Tr((ae(u,z) — as(u,w))Dgﬁg(u, o w,w)) — Tr((ae(u, 2) — ac(u, w))DiﬁE(u,u/, zZ,w))
= Tr((ac(u,z) — ac(u, z))DgﬁE(u,u/, z,w)) — Tr((ac(u, z) — as(u,w))(Dgﬁg(u, 'z, w) — Dgﬁs(u,u/, x,w)))
= I+1II. (4.14)

Then, from (4.1),

Clx — z|"/?
(u _ u/)17»y/4pC

Cla — z[1/?

|z — 2|7
_ (u _ u/)177/4pc

1] < C(u u/)pc(u/ —u,w—2x) < (v —u,w—z), (4.15)

(u —u,w—z) <

o—wl? o Jz—wl® _
w—u = 2(u'—u)

using that z € A for the second inequality, again combined with the convexity inequality
|lz—=|? |z—w|®
uw—u = 2(u'—u)
(A2) and usual computations we also derive:

— ¢? for the last one. Now, from the explicit expression of the second order derivatives in (4.7),

Clz —w|" |z — z|"/?

(W —u,w—z) < Olz — 2|
(W —u) (o —wp/aet T =

(v — u)1—7/4pc

[71] < (u —u,w — 2). (4.16)

This gives (4.13) and completes the proof for |a| < 2.

Let us now turn to || > 3. In those cases, the singularities induced by the derivatives are not integrable in
short time, even if we exploit cancellations. We are thus led to perform integration by parts, deteriorating the
bounds since these operations make the derivatives of the mollified coefficients appear.

Recalling a € N, denote by I a multi-index s.t. |I| = 2 and a—1 > 0 (where the inequality is to be understood
componentwise). From equations (4.2), (4.6), we only have to consider the contribution DX R (s, t, x,y). Write:

(t+s)/2
DY RI(s,t,x,y) = D;‘fl/ du D' p.(s,u,x,2)®.(u,t, z,y)dz
s+T R4

(t+s)/2
N T S O N (4.17)
s+T
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where g€ (s, u, x, z) := D\ p.(s,u,, 2). Let us write introducing the cancellation term ¢ introduced after (4.8):

(s+t)/2
DzR;@¢¢ay>:1ﬁf{/ du/‘@wwféxauﬂa@¢4uxwaymZ
S+T R4

(s+t)/2
+D§Zil/ du/ e, 2) (Pe(ust, 2,y) — Pe(ust, @,y))dz
s+T R4

(s+t)/2
:D$4/ du/(dﬁ—éxamnz+zm4muz+aymZ
s+T Rd

(s+t)/2
D5 [ [ s+ 2) @t o+ 20) — @ty
s+ R

(4.18)

The purpose of that change of variable, already performed in [KM02], is that we get integrable time singularities
in the contributions DY~!(gh¢ — cL)(s,u,x,z + z). Anyhow, the mollified coefficients b.,o. have explosive

g
derivatives. From the definition of ¢g''* and (2.6) one easily gets that there exists ¢, C s.t. for all o, |a| < 4:

C€—|oz—l|

DS g" = ) (s, u, 0+ 2)| < mpc(u —8,2),

4.19

w1 Ce—la=l+y ( )

| DS cs(s,u,x,x—l—zﬂgi( ] pelu — s, 2).
uU—Ss

From (4.18) and (4.19) it thus remains to control the terms DS~'®_(u,t,z + z,y), D2~H(®.(u, t,x + 2,y) —
O, (u,t,z,y)) which are the most singular ones in DY R (s, ¢, z,y). To this end, we will establish by induction
that the following control holds:

3e,0, V0 < s <t <T, (z,y) € (RY?, V8, |8 <3, [DEHD (s,t,2,y)| <

Cie 2 TT ) N
m(t —5) N/ H B(g, 1+ - 1)§>pc(t -8,y —x), (4.20)
j=1

with the convention that H?Zl = 1. Observe first that for || = 0 (no derivation), estimate (4.20) readily
follows from (4.4). Let us now suppose |G| > 0. Observe from the definition of H. that (4.20) is satisfied for
© = 1. Let us assume it holds for a given ¢ and let us prove it for 7 + 1. Write again:

t

Dﬁw“@mmw:/

) du/Rd DfHE(s,u,z,z)HE(i)(u,t,z,y)dz
s+t)/2

(s+t)/2 ) ) .
+D? / du | H.(s,u,x,z+ 2)HD (u,t, 2 + z,y)dz =: (RY + RLP)(s,t,z,y).
s R4

The term Ri’ﬁ is easily controlled by (4.20) for 5 = 0 and the induction hypothesis. Observe also that, from
Proposition 2 one derives similarly to (4.19) that:

CE_‘Bl

8 ___
|DIHE(S,’LL,:L',:L'+Z)| (u75>177/2p0

IN

(u—s,2z2).
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Together with the induction hypothesis and the Leibniz rule for differentiation, this allows to control Ré’ﬁ . The
controls on {R;’B}je{lﬁg} give (4.20) for i + 1. We eventually derive (reminding that || = 2):

C €7|a\+2

|Dgil@€(u7taz+zay)| S (tfu)(lo“72)/2 (t,u)1—7/2p‘3(t7u’y7 (SC+Z))

(4.21)

The spatial Holder continuity of the derivatives of the kernel ®. could be checked following the previous steps
performed respectively to get the spatial Holder continuity of the kernel and the controls on its derivatives. One
gets, on |z| < ¢t —u)'/?:

Clz"/? g~ lal+2
(t — u)(|04\—2)/2 (t . u)l_v/4pc

|Dgil@8(uata$+zay) - Dgil@a(uataxay” < (t_uay_ (‘T+Z))a

which together with (4.21), (4.19), (4.18) gives (proceeding as above for |z| > c(t — u)/?):

Ce~lal42(t — 5)7/2
TEBIEE

|DSRI(s,t,2,y)| < pelt — s,y — ).

The second equation of (3.32) follows for p. = p. from the above control and (4.6), (4.2). Observe that the
control for the derivative w.r.t. y has additional singularity in €. This is clear since we directly differentiate
the frozen mollified coefficients. Now the statements readily hold for p?, since the integration in time played
no role in the previous computations. For p”, the only point that should be totally justified is the smoothing
property and Holder continuity of the discrete Kernel ®” (¢;,¢;,z,y) :== > 7_} Hsh’(r)(ti, tj,x,y). The smoothing
property, equivalent of (4.20), has been investigated in [LM10]. The spatial Holder continuity can be derived
as above.

4.1.2. Proof under (Apg)

Let us now turn to the proof of the heat kernel bounds for p. under (A pg), which almost follows the same
lines. Observe first that the result for |o| = 1 still follows from (4.1) and (3.9). The key point is again that the
derivative of the Gaussian kernel yields an integrable singularity. For |a| = 2, we still separate the contribution
R.(s,t,z,y) as in (4.2) and again focus on lim,_,o D¢ R7(s,t,x,y) which is the only term yielding a potential
singularity. With then notations of (4.9), it is sufficient to investigate RT%(s,t,z,y). Indeed, under (Apg),
equation (4.10) actually holds with v = 1. We recall that to control R7?(s,t, x,y), the key estimate was (4.11).
We aim at proving the different control, for all v € [s, t), for all n € (0, 1]:

o e —=z|"
|<I>€(u,t,x,y) 7q)€(u7tazay)| S Ce nmpa(tuvyz)v (422)

on A:={z€R?: |z —z| < (t—s5)"/2 Ae}. Then, we can derive from (4.1), (4.9) and (4.22):

(s+t)/2 |z — 2|" 1

R™2(s,t < Qe d (= 8,2 — &) ———po(t —u,y — 2)d
Rzt < e [ [ T s ) et w2

+C((t — )2 Ne)™n (Ht)/Qdu lz =" (u—s8,z—2){|P:(u,t, 2,y)| + |Pe (u, t,2,y)|}dz
S+T AC (U—S)pc ) € Y ’y € Y ’y *

Since the drift b, is uniformly bounded, uniformly in e € [0, 1], we have under (A pg) the following usual control
on the parametrix kernel (see e.g. Section 2 in [KKM16]):
|He(u,t,2,y)| <

) =
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Equation (4.23) for H. then yields
r—1 1 1
HO (s, t29)] < o [] B+ G- Dopelt — s,y - 2)(t - )75, (.29
i=1
again with the convention H?:l = 1. We thus derive | (u,t, z,y)| < Wpc(t—u, y—=z)and | P (u,t,x,y)| <
mpc (t — u,y — x). We finally get on the considered time set:

(s+t)/2 1 1

) 1/2 -
Rt £ O =2 ne) Tt —sy=2) [ e

C((t—s)2 Ne)™n
= n(t — s)3/4-n/2 pe(t =5,y — ).

It remains to establish (4.22). From the definition of ®. and the smoothing effect of the kernel H. in (4.24), it
suffices to prove that on A := {z € R?: [z — 2| < ¢[(u/ — u)/? Ag]}:

|z — 2|
/

|He(u,u', 2, w) — He(u, 0/, 2, w)| < C{m

(' — )2 N e) ™ pe(u — u,w — 2), (4.25)

for u' € (u,t], u € [s,(s+t)/2]. The contributions associated with z € A® can be handled as above. To
establish the above control we focus on the first order terms involving the regularized coefficient with initial
discontinuities. Indeed the second order contribution can be analyzed as in (4.14), (4.15), (4.16), taking v =1
in those expressions. In particular, the time singularity in (u—u')%/* in (4.25) precisely comes from those terms.
Recalling that under (A pg) the driftless proxy does not depend on ¢ (since the diffusion is smooth, see (3.10)
in which one has 0. = o under (A pg)), we denote its density by p and write:

(be(u, ), Dep(u, v, x,w)) — (be(u, 2), Dpp(u, v, 2, w))
= (be(u, ) — be(u, 2), Dop(u, v, 2, w)) + (be(u, 2), Dpp(u, v, 2, w) — Dpp(u,u’, z,w)) == I+ I1.

On the one hand, from the mean value theorem and recalling that |D,b.|s < Ce™! < C((u' —u)'/2 Ae)™! we
get:

c |z — 2| K -1 /
1] < m{2|b|m(m) Lo zj>u—uyrzae +€7 T — Z|H|mfz|§(u’7u)1/2/\s}pc(u —u,w— )

|z —2|"

|z — =]
(u’ 7u)1/2pc

< C’((u'—u)lm/\é‘)_n mpc

(W —u,w—x) < O((u —u) /2 ne)™" (' —u,w— 2),

using again a convexity inequality for the last control, recalling that z € A. On the other hand still from the
mean value Theorem and usual controls on the derivatives of the Gaussian density:

Clz —z| ! Clx — z|"
m ) pc(ulfu,w—{er)\(zfz)})d)\gm

Clz — z|"
(' — W) 2((w —w) 2 Ae)n’e

11|

IN

pe(u’ —u,w — 2)

(v —u,w — 2).

The above estimates give (4.25) and concludes the proof for |a] = 2.
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Let us turn to |a| > 3. The idea is again to proceed as under (A ), up to a suitable modification of the key
estimate (4.20) which can now be localized and becomes for all ¢ > d:

3e,C, V0 < s <t <T, (z,y) € (RY?, VB, |B| <3, [DEHD (s,t,2,y)| <

Cz‘(s—lﬂ\ﬂ evon) + 5*|ﬁ\+1/q) . i—1 1 d
zeVe _ g)~1+ial) Voo (t — 5.1 — _-n-¢
(t— )12 (t—s) EB(Q(Q)va(Q)J>pc(t sy—e), alg)=5(1—-2)  (4.26)

with H?:1 = 1. We again proceed by induction. Observe first that for |3| = 0 (no derivation), estimate (4.26)
readily follows from (4.23). Let us now suppose |3| > 0. Observe as well from the definition of H, that (4.26)
is satisfied for ¢ = 1. Let us assume it holds for a given 7 and let us prove it for i + 1. Write again:

t
DPHY (st 2, y) = / du [ DPH.(s,u,z,2)HD (u,t, z,y)dz
(s+t)/2 Rd

(s+t)/2 _ . .
+D5 / du H.(s,u,z,z+ z)HE(Z) (u,t,x + z,y)dz =: (Ri’ﬁ + R%’ﬁ)(s, t,xz,y).
s R4

The term Ri’ﬁ is easily controlled by (4.26) that holds from the induction hypothesis for ig = 1 (direct differen-

tiation of H.) and 8 = 0 for the considered ¢ (no differentiation of Hg(z)) Observe also that, similarly to (4.19),
one has:

|DPH_(s5,u,z,x + 2)| < De(u — 8, 2). (4.27)

Now, from the Leibniz rule for differentiation, (4.27) and the induction hypothesis, we have:

| im1 (s)/2 w(t — )~ 1)
m eyl < o [ oe@amn{ ¥ (15) [

ay —8)2(t — u)(BI-1BD/2
BBI<Il

. /]Rd pc(u -5 Z)(Ei‘m]lme‘/s(z) + 1)(57(m|7|ﬁ|)ﬂz+zeVg(I) + 5*(‘ﬁ|*|ﬁ‘)+1/Q)pc(t — Uy —x— Z)dz}
. i—1 (s+t)/2 du(t _ u)—l—i—ia(q)
< Cz-‘rl B . |6~| / =
< ]:1_[1 (a(Q),a(Q)J){Blm;lﬂ ( A (u— 8)/2(t — w)(BI-1BD/2

X[pe(t = s,y — 2) (e ey, () + €7 PIT9) + 6"5‘“/‘1(/
Rd

pe(u —5,2)"pe(t —u,y —x — z)qdz)l/q}, (4.28)

denoting by g > 1 the conjugate of ¢, g1 + g1 = 1 (see also Section 3.4.2 for similar arguments). Recall now
that:

([ petu= sttt =y o=zt = (= )"

C(u— s)_d/@q)pc(t — s,y —x),

g YCDp(t — s,y — )

IN
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for u € [s, (s +t)/2]. Hence,

, i+l i—1 (s+t)/2 du(t — u)—1+ia(q)
2 ____ I I j

|R2 (S)t’x?y” S (t*S)‘ﬁ|/2 . lB(a(q)’a(q)J){/ (U*S)1/2(1+d/q) }

Jj=

S

Xpe(t — s,y — SC)(E_lm]Imevg(z) + 5—\B|+1/q)

c! T 14(i4+1 1/2 144 1
< =y L1 Be@,a@i)(e - )7+ |ty
j=1

Xpe(t — s, — z)(f_wlﬂzevs(z) + 5—|ﬂ\+1/q),

The controls on {Rj—"ﬁ}je{u} give (4.26) for i + 1.
Estimate (4.26) yields for every multi-index [, |I| = 2:
Cy Lot ey, @ye |2 4 eIl +2+1/a

a—l1 <
|Dz ®€(uat7x+zay)| — (t—u)(‘o‘|_2)/2 (t—u)l_o‘(‘J)

pe(t —u,y — (z + 2)). (4.29)

The spatial Holder continuity of the derivatives of the kernel ®. could be checked following the previous steps
performed respectively to get the spatial Holder continuity of the kernel and the controls on its derivatives. One
gets, on |z| < c{(t —u)/? A} for all n € (0,1]:

D3P (u, t 2 + 2,y) — DF ™' Pe(u, t, 2, y))|

Cye™"|2|" e 120, 4 ey (z) + e llF2H /g (4.30)
= (t—u)(lel=2)/2 (t — u)i—ala)+n/2 Pe(t —u,y = (z +2)).

Now, equation (4.18) still holds under (A pg), with g~ = ¢!, ¢l = ¢!, i.e. the driftless proxy does not depend
on . Also, the smoothness assumption on o allows to improve (4.19). Precisely, there exist ¢,C s.t. for all
a, o < 4:

C C
D2 gt — (s, u,z, 2+ 2)| < Wpc(u —s,2), D27 (s, u, 0 4 2)| < ————pe(u — s, 2),

(u—s (u—s)
which together with (4.29), (4.30), (4.18) and choosing a(g) > n gives (proceeding as above for |z| > ¢{(t —
u)'/? Ae}):

c, qg—(n+\a|)+2+1/q(t — 5)1/?

|DRL(s,t,2,y)| < TP pe(t — s,y — ).

The controls on the derivatives w.r.t. to the forward variables are derived similarly. We here simply illustrate
on the first term p. ® H(s,t,x,y) of the parametrix series how the derivatives must be handled. The stated
controls would follow from inductions similar to the previous ones. Write for a given multi-index 3:

D (5. @ Hels,t,2.y)

(s+1)/2 1
= [ du [ o Db, Dt 5 0)) + 5 Te{ (s 2) — o)) D250t 2 )} s +
s Rd
t—7

lim du/ Dg(ﬁ(s,u,x,z)[(bg(u,z),DZﬁ(u,t,z,y)>
0 J(s+t)/2 Rd

+5Tr{(a(u,2) — a(u, 1) D2(u 1, ,9)}])dz = (Df + D§)(s.t.2,).
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We readily get from the controls of (4.1) that:

c
B _ —
|D1 (S,t,.’I],y)l S (t75>(|ﬁ‘71)/2p0(t S’y ‘r)) (431)

which is the expected control. Since a is smooth the terms involving the second derivatives w.r.t. z in Dg can be
handled performing the change of variables z’ = z + y as above (see also [KMO02] under the current smoothness
assumption on the diffusion coefficient). Let us thus focus on the contribution:

t—T1

740 J(s+t)/2 Rd U

Consider first the case |§| = 1. Write:

t—T
Dgif(s,t,x,y) = / du/ Dg(ﬁ(s,u,:I:,z)(be(u,z),DZﬁ(u,t,z,y)))dzz
(s+t)/2  JRd

t—T1
= / du/ ﬁ(s,u,:I:,z)(be(u,z),DgDzﬁ(u,t,z,y))dz
(s41)/2 R

t—T1
= / du [ [p(s,u,z,z) —ﬁ(s,u,:I:,y)](bg(u,z),DgDzﬁ(u,t,z,y))dz
(s+1)/2 R

t—7
+/ du/ ﬁ(s,u,x,y)(be(u,z)—bg(u,y),DgDzﬁ(u,t,z,y»dz
(s41)/2 R

= D3]+ D3i5)(s,t,2,y), (4.32)

recalling that for all y € R, f]R'i D.p(u,t,z,y)dz = 0, so that Df f]R'i D.p(u,t,z,y)dz = 0, for the last but one
equality. Still from the controls of (4.1), we readily get:

C

t—7 1
|D§1’I| < m /(S+t)/2 du /]Rd |z — y|{ /0 pe(u— s,y —x+ Az — y))d)\ﬂ|z_y|§(t_s)1/2

1
+(pe(u— s,z — ) + pe(u— s,y — x))]l‘z,yb(t,s)l/z}mpc(t —u,y — z)dz < COp.(t — s,y — x).

On the other hand:

t—T _ _ n 1
. z—y z—y
D3N )| < Cpelt —sy—o) [ ey 2 g B Ly )
(s+t)/2 Rd € en (t—u)
c
< Ef"(t — )" 2p.(t — s,y —x), n € (0,1].

We therefore eventually derive from the above controls, (4.32) and (4.31) that for |8] =1
DY (p@ H(s,t < Cpelt 1+ Cemnge — sy
y p® (Sa ,SC,y) = pC( 757y71'){ +77€ ( 75) }
Take now || > 2, and let | be a multi-index s.t. |I| =1 and 8 —1 > 0. Set forall 0 < u <t < T,(z,y) €

R gi(u,t,z,y) :== DéDzﬁ(u, t,z,y). Observe that there exists C > 1, |g;(u,t,z,y)| < C(t —u) 1p.(t —u,y — 2)
and also, similarly to (4.27), for all multi-index B, |ﬁ~| <4, |D5gl(u, t,z+y,y)| < Ct—u)"tp.(t—u, z). Rewrite
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now from (4.32):

t—7

Dgl’f(s,t,z,y) = Dgil/
(s+t)/2

du [ (3o 0.,2) = Do) 00, ), 10 2,0) )

t—7
D[ B ) 0e0,2) )2 )
R

s+t)/2

recalling that fRd g1(u,t, z,y)dz = 0 for the last equality. Now,

DS (s,t, 2, y)| =
t—1
‘Dg_l/ du/ (p(s,u,, 2z +y) — p(s,u,z,y)){be (u, 2 + ), gi(u, t, 2 + y,y) )
(s4t)/2 R
t—1
+D5_l/ dU/ p(s,u, ,y)(be (u, 2 + y) —ba(u,y),gz(u,t,z+y,y)>d2‘
(s4t)/2 Rd
<C D> BBl 18s]) Z/ y ( DS (s, u,x, 2 +y) — DY (s, u, z,y)|
B1, B2, B3, (s+t)/2

P18l =18l -1

x| Db (u, z + y)|| D gi (u, t, 2 + y,y)|dz

t7
+/( , dU/dIfolﬁ(s,u,:c,y)llDf%é(u,z+y)szbé(u,y)llng'gZ(u,t,z+y,y)|d2>,
s+t)/2 R

where (|S1], |B2], |83])! (Zl ?‘lg"l,)) stands for the multinomial coefficients with entries (|3];);cp1,37. Recall as
well from (2.9) that we have the following control:

2 2 - 2|
Db,z + y) = Dpbe(u,y)| < O((1L4+ e Iy pev. ) tlyev.@) G gyiza el -o/2

+(A+ e P yev,, @)z <e + (1+ e 1y pev o) +Her5(I))(| |) Ma>e) sy e— 5)1/2)

- k1
< C((l t+e 'mﬂ(ﬂwzeva(l) + ]Iyeva(l)) (t — )12 L21> (t—s)1/2

_ _ z
H((1+ e P ey, ) zj<e + (L7 P Iy pev o +]Iyevg<z>)ﬂ|z|>e))(g)"ﬂwz\sa—sw)'



WEAK ERROR FOR THE EULER SCHEME WITH NON-SMOOTH COEFFICIENTS 37
Thus,

D57 (s,t, 2, )|

|2]
=¢ 5 Z(|ﬂ1| 1821, 162]) /s+t) 2du/Rd/ d)\ (u—s) (|ﬁ1|+1)/2pc( 7z+)‘z)]1\2\ﬁ(t—s)1/2
1, B2, B3,
Sy 1Bl =181 -1
—l—L(p (u—s,y+z—x)+pc(u—s,y—x))l 1/2}(1—1—57‘[3'“]1 )Lp (t —u,z)dz
(t —s)1/2 ¢ ) c ) |z]>(t—s) yteeVe(D)) 7y, Pe )

t—1 1 B |Z|
! /< o T e B I s v RN

_ _ V4
1+ e P ey, o) a<e + (L+ e P Iy ev o) +HyEVE(I)))]I\z\>€}]l\z\§(tfs)1/2(g)n}
O 5‘_77 El/q

—  p.(t— —2)(1 —Bl+1s
Gyt = sy — o)L+ (= + T ),

1
mpc(t —u,z)|dz <

recalling that the contribution in % comes from the terms involving fL‘ﬁ}f) that can be handled using

Holder inequalities similarly to (4.28). This gives the stated control.

4.2. Proof of Proposition 5
Write similarly to the proof of Theorem 2.1 in [KMO02]:

(pE _pg)(tlat]axay) = (pE & HE — Pe ®h HE)(tlat]axay) + (pE —Pg) ®h Ha(ti,tj,%y)
- Z(ps & HE — Pe ®hn HE) Qhn HE(T)(tivtjvxvy>a (433)

>0

where we apply iteratively the first equality to get the second one. From (4.4) under (Ag) and (4.24) under
(A pg), the key point is thus to control p. ® H. — p. ®, H.. Write:

(p€®H 7p€®hH€>(tiatjazay)
j—i—1

i+k+1
Z / du/ {pe(ti,u, z, 2)He(u, by, 2,y) — pe(tiy tith, @, 2) He (titr, tj, 2, y) }dz
'L+k:

j—i—1

= Z {/ti+k+1 du/d{[ps(ti,u,z,2>*ps(ti,tiJrk,:E,z)]H( tj, z,y)tdz

k=0 Vtitk R

tith+1
+/ du/d{p&‘(tiati-‘rkaxaz)[HE(uatjaZay)_Ha(ti-‘rkatjaz’y)]}dz} = (Dg’1+Dg’2)(tlat]a$)y) (434)
ticr R
e Bounds for the term D!,

- Under (Ag), for k = 0, one readily gets from (4.3):

t1+1 t1+1 du
/ti du‘/Rd{[pg(tz,u,z,z)fpg(tz,tl,:c,z)]Hg(u,tj,z,y)}dz SCpC(tjitlayiz) /tl m
Ch

< m?c(% —ti,y — ) < CHPpe(t; —ti,y — x). (4.35)
j i
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On the other hand, from the parametrix expansion of the density in (3.5), one gets that for all € (0,7) and
k>1:
C (u—tiyp)=m/2

T et pe(u—t;,z — x). (4.36)

|p8(tia u,x, Z) - p&(tia ti-‘rka x, Z)| S
Write indeed, recalling that u € [t;1k, titrt1]:
p&(tia u,x, Z) - pe(tia ti-‘rka x, Z) = ﬁe(tia u,x, Z) - ﬁ&‘(tia ti-i-ka x, Z)

titk
+ Z/ ds/ De ® Hg(l_l)(ti, s, T, w)(HE(s,u, w,z) — Ho (8, titk, w, z))dw
ti R4

1>1

+Z/ ds/ ﬁg(ti,s,x,w)HE(l)(s,u,w,z)dw = (The+Toe+T5:)(ti, tivk,u,x,2), (4.37)
1>1 /tive IR

with the convention p. ® HE(O) = pe. Since pe is a Gaussian non-degenerate kernel, and that for k¥ > 1 we readily
get from the mean value theorem:

Cu— tiyy) /2
(u—t;)7/2

Clu—tivk)

(u—t;) pelu —ti, 2 — ). (4.38)

Pe(u—t;,z —x) <

|T1,E(tiati+kaua z, Z)l <

Also, from the definition of ®. following (4.1) and the associated control (4.5), we get:

ds

|T3,€(ti;ti+k;u7xvz)| S / dS/ ﬁs(ti; Sazaw)|@€(57uawaz)|dw S Cpc(u - tiaz - ZL')/ 71_/2
v Rd (u—8)t=7

tz+k‘ ti+k
<C(u~— ti-i-k)’Y/Qpc(u —ti,z — ).
(4.39)

For T5 ., we again use some splitting in time. Write T1 o (t;, titr, , @, 2) = (To1,c + Too.e)(tis titk, u, , z) where:

tivk
Toclttinun) = [ ds [ pltiss o, w)(@clo, 0, 2) — (s, i, w,2))d
tipr—(u—titr) R4

/t”k dS(Pc(U—ti,Z—iE) Pe(tivk —ti,z—iﬁ))
t

i —(u—tipr) (u—s5)t=/2 (tizr — 8)t=7/2

< Cu—tigr)"?pelu —t, 2 — ), (4.40)

|T21,a(ti;ti+kauaxaz)| <

recalling that, since k > 1, (u —t;) >ty — t; > %(u —t;) for the last inequality. For

tigr—(u—titr)
T2275(ti,ti+k,u,$,2) = Z/ dS/ ﬁg®Hg(l_l)(ti,S,ZC,’U})(HE(S,U,’U],Z) _HE(Sati+kaw’z))dwa
51/t R

we focus on the second order terms in the difference (Hs(s, u,w, z) — He (s, tiyr, w, z)) They are indeed the
most singular. Note that on the considered time set & (u—s) < (t;4x — s). We thus get (with similar arguments
than those used to handle T .):

|2 — w"(u — tivk)
(u— )
(u — tigp)=M/2
(u — s)t=n/2

pe(u— 8,z —w)

‘Tr((a(s,w) —a(s,2)) (D2 pe(s,u,w, 2) — D2 pe(s, tivk, w, z)))‘ <C

pe(u— 8,2 —w)

_ — i) YmM/2
|Z ’LU| )V(u Jrk) pC(U78,27’w)S

SC((ufs)l/2 (u — s)t=n/2
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The small loss on the time Holder regularity index is here due to the fact we consider the forward time
component and the 7 is needed to integrate. We obtain:

Clu — tiyp,)—M/2
Tao s tisn w2, 2)] < S0 Z;) polu—ti, 2 — @),

Plugging this last bound and the controls of (4.40), (4.39), (4.38) into (4.37) yields (4.36).
Now, from (4.35) and using (4.3) and (4.36) in (4.34), we get:

DY (ti, 1,2, ) < Cgh ™" Ppe(t; — tiyy — ). (4.41)

- Under (Apg), since we want to get higher convergence rates, we need to use the the forward Kolmogorov
equation in D%'. Write for k € [1,j —i — 2], u € [tx, ths1]:

1
pa(ti; u, T, Z) - pE(tiati-‘rkaxa Z) = (’LL - tl-i—k)/ (a’upe(tiavaxa z))U:ti+k+)\(u—ti+k)d)\
0

1
SR R R ) N

o If now o(t,z) = o, the term H, in (4.34) only involves a first order derivative. We obtain:

—i—2 _
DI (ti, t5,2,y) < ch(Jk_1 /Old/\ /t:kﬁ du /]Rd “divz(bs(v,Z)ps(ti,v,:c,z))|mpc(tj —uy— )
+% [(aVape(ti, v, 2, 2), Va(be (u, 2), Vape (u, 1, 2,9))) d U:ti+k+)\(U—ti+k)dz)
+C/[tj17tj] du /Rd |pe (ti,u, x, 2) _pf(ti’tj—l’w’zﬂmpc(tj oy — 2)dz
+Cﬁpc(” ~ty o) (4.42)

From the parametrix representation (3.5) of p., it is again easily deduced similarly to (4.36) that for any
ne (0, 1/2), (S [tjfl,tj]i

Clu— t].71|(1—77)/2

o TETALE pe(u—t;,z — x).

|p€(ti7ua €, Z) 7p€(ti; tjflv'rv Z)| S
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Plugging this estimate in (4.42) and using as well (2.9) and (3.33) yields for all n € (0,1/2):

|Dd71|(tiatjaz y)
Jj—1—2

titk+1 -n j —
. T Nplo -ty — gy Pelli Z Wy —2)
Cy h Z / d)\/tHk du/]Rd {(E Lev.z + (vfti)l/Q)pC(U ti, 2 — ) (t; —u)l/?

_ pc(v*ti,z - ) et 1
! (v —t;)1/2 ((t _ u)1/2HzeV5(I) + m)pc(tj —Uy—=z

Chl—n/2
+Wpc(tj —ti,y — )

IN

+e

)} dz)
v=t; 4+ A u—t;4r)

he—(+m)+1/q h|In(h)|e™" pl-n/2
n( - )Pc(tj —ti,y — )
(@)(t; — t:) 270 (= )2 oty — )2
_ he—(1+m+1/q h|In(h)|e=" pl—n/2
((tj — )12l (= 1)V (G — )2

)pc(tj —ti,y — ), (4.43)

recalling as well for the previous computations that u — v = (1 — X\)(u — t4) < h.
o For a general o, an additional term appears in (4.42), which corresponds to the second order terms in H. for
the indexes k € [1,7 — ¢ — 2]. The other contributions are controlled similarly. We have to bound:

Jj—i—2 [ZERA d
Ch Z / d)\/ du/ U Z D2, (aum(ti, 2)pe(ti, v, 3, 2))
titk Rd I,m=1
Tr((aec(u, 2) — ac(u, DgN u,ti, 2, } dz
(( s( ) s( y)) ps( j y))} wmtis bt A(u—tisr)

- ikt g—(1+m) 1 . h|ln(h)|e=(+m
Z R T B L T

This yields in the considered case:

_ (h| In(h)]e=+m) p1—n/2

d1\(4+. 1. o
| Dz |(t17t]7x7y) < Cnyq (tj _ti)1/2 + (tj _ti)1/2)p0(ty ti,y — ). (4.44)

e To control the term D%? appearing in (4.34), let us first introduce:
(Dg:gl + Dg:(?)(ti’ itk U, tja €, y) =

1
C/ Pe(tivk — tiy 2 — x)|ac(u, 2) — ac(u,y) — (ac(tizr, 2) — ac(tivr, y)) | ———pc(t; — tivn,y — 2)dz
R tj — litk

+’/dps(tivti+kazaz)Tr((aé(uaz) 7a€(uay))[D§ﬁ€(uatjazay)7D§ﬁ€(tz+katjazay)]) dz
R

3

that correspond to the most singular contributions in D%? as far as the time singularity is concerned when the
diffusion coefficient varies, i.e. o(t,z) # o.

- Under (Apy). For Dg:gQ we can exploit the Holder continuity in time of the Gaussian kernel p. to derive,
similarly to the computations performed above to investigate Ths ., that for all n € (0,7), k € [0,j —i—2], u €

[tivks tigry1] :

~ B (u — tipp,)=M/2
|D§p6(ua t]a Z,y) - Dgp&‘(ti-‘rka t]a z, y)' S C(t] — u)1+(’)’—77)/2pc(tj - ti-‘rkay - Z)
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From the spatial Holder continuity of a.(u, ), we get:
j—i—2

titht1 B C

Z / du|Dg’32|(ti;ti+k;u7tjazay) S _h(V_U)/QpC(t]. - thy - 1') (445>
) ’ n

k=0

titk

On the other hand, for k = j —i — 1, (4.3) readily yields:

tj _ t b — _ b —ti _
/ du| D22t tir, u, by, 2, y) < C’/ du/ Pe(tj—1 —ti,z — z)(pc( iy —2) + pelly ~tim1y Z))dz
tj—1 R4

ty1 (tj — u)t=/2 (tj —tj—1)1=7/2
< ChPp.(t; — tiyy — ).
(4.46)

Also, using the uniform ~y/2-Holder continuity in time of a we get:

|Dg:gl(ti7ti+kvuatjv'rvy)|
< C/ Pe(tivr —ti, 2 — x)|u — tz‘+k|7/2 Pe(ty — tigr,y — 2)dz
R4 tj —bitk

< ChOMPpu(ty — tiyy — )(t; — tigr) 72,

for n € (0,7), recalling u € [t;1, ti+r41] for the last inequality. The difference of the first order terms appearing
in D%2 in (4.34) yields similar controls. From the above bound, (4.45) and (4.46), we derive that under (Ay):

|D?2(ti7 t]v SC, y)| S Cnh’(’Yin)/QpC(tj - t'h y - 1') (447)
- Under (Apg), write:
Il et B
Z / dU|Dg:g2|(ti,ti+k,’u,t]‘7$,y>
k=0 “litk
l—jil] o .
§C(h / du/ Pe(tivk — tiyz — ) ———=pe(t; —u,y — 2)dz
k=0 titk R4 (tj - ti)3/2 !
J_itl titk+1 d
Y [ [ [P (el b 2l 0 2) ()|
k=[ami=t gy ik BTy m=1
h hi—1/2—(14n)

X|]35(’U,,tj,2,y) 7ﬁ€(tz+k7t]727y)|d'z) S C’n,q((tj — ti)1/2 + (tj — ti)1/2777/2)pc(tj - tzvy - ZL'), (448>

where to derive the last inequality, we exploit (3.33), the time Holder continuity of the Gaussian density p. for
ke [[f%] + 1,5 —i— 2] and direct computations for k = j —i — 1. Also, the smoothness in time (Lipschitz
continuity) of the diffusion coefficients gives for n € (0, 1],

IDE2 (43, tigk, u,ty, @, y)| < CR'™"2p.(ty — ti,y — @) (t; — tigw) T2 (4.49)
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Let us now carefully mention that, under (A pg), because of the irregularity of the drift, it is very important
as well to establish cautiously the bounds for the difference of the first order terms. Introduce:

d, d,
(Da 131 + Ds 52)(ti7ti+k7uatj7x7y> =

1
C/Rd Peltivk = ti, 2 — )|be (U, 2) — be(tivr, Z)|Wpc(tj —tivk,y — 2)dz
J i

+‘ /d pa(tia ti-‘rka xZ, Z)<b8(u; Z)a Dzﬁé‘(ua t]a 2 y) - Dzﬁa(ti-i-ka t]a z, y)> dz. (450)
R
From the Lipschitz property in time of b.(-, z) we readily get:

_ Ch
d,
Ds,fl(tiati+kauatjaxay) S )1/2p0(tj _tiay_‘r)' (451)

(tj —tizr
Also, recalling that 0,p:(u,t;,2,y) + %Tr(a(u, y)D2p(u, t;, 2, y)) = 0, one readily gets:

Ch
Di’gz(ti, tivk, Uy b, 2, y) < T)gmpc(tj —ti,y — ), (4.52)

(t;

which once integrated in time gives the expected control for k € [0, (%]]] The indexes k € [[f%] +
1,7 — i — 1] require a more careful treatment. Now, for such indexes and u € [t;1,ti1x+1], using again the
Kolmogorov equation satisfied by p. and two spatial integration by parts in z, one obtains from (3.33) the
following global control:

Dd’22 (ti, tiJrk, u tj, €T y)

< Clu—tiyk) / d\ Z / ‘DZZZ De(tistivk, x, z)bls(u,z))||quﬁ€(v,t]—,z,y)|} dz
. v=t;yp+A(u—t;4r)
,m,q€[1,d]
—(1+n) - _
E _ pc(tj v,y Z)
< Ch [ dX —|—5 7, e(tivk —tiyz —x)—— T 2——= dz
>~ / /Rd »L+k; €V, (I))p ( +k ) (t] _ U)1/2 U:ti+k+)\(u—ti+k)
5*(1+n) e—2+1/q
< Chpe(ty =ty = x)((t T — ) (G —w) e ) 4> d. (4.53)

J
Plugging (4.53), (4.52) and (4.51) into (4.50) one derives:

e d, ~d,22
Z / du(Dsb (ti’ti-‘rkauatjax’y)—i_DE:b (tiati-i-kauatjaxay)) < Ch(
t

k=0 vtitk

—(14mn)

€ _

e 2+1/q)pc(tj—ti,y—w)-
j i

(4.54)

We carefully, point out that, since ¢ > d, this term will dominate the error associated with the time dis-
cretization when compared to (4.48).

We will now improve this bound using the (unsigned) distance of the final point to the neighborhood of the

discontinuity sets d(y, V-(Z)). We cannot hope to improve the control (4.52) for k € [0, [Z=5=]] and therefore

focus on the indexes k € [H] i==17 41,5 — i — 1]. For those indexes, performing one spatial integration by part
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in z from (4.50) yields:

j—i—1

e
Z / duD&’b (tistivn,u,tj, z,y)

i St A
it+k+1 67’!] 1 B _
<C Z / du(/Rd (@71)1/2 +e HzEVE(I))pC(tiJrk — i,z — 2)|Pe(u, 15, 2, y) *ps(twk,tj,z’yﬂ)dz

C o hlnEemn pd,22

< Fl (mpc(t]‘ —ti,y —x) + RS (tivtjv'rvy))a
using the Holder continuity in time of p. for k € [H%] +1,7—4—2] and direct computations for k = j—i—1

in the second inequality and where

Bd,22 1—-n/2 = frkan du 1
RE7 (tz,t],:c,y) = h -n/ Z / m&'_ / pc(uitiaziz)IzEVE(I)pC(tj fu,yfz)dz
pmpimpy e Ve =

tj
+€_1/ du /]Rd pe(u—ti, 2 — 2)Ley, 1) (pe(t; — u,y — 2) + pe(t; —tj—1,y — 2))dz.
tj 1

Since |y — 2| + |z — 2| > |y — | and (u —t;) > &(t; — t;) we get that up to a modification of ¢ that for

. 2
ke[ + 1,5 —i— 1] and w € [tign, tishs1),8 =uor w € [tj_1,t;], s = tj 1
Ie(tivti+k7uasatj7x7y) = E_1/ pC(u7tivzi'r)]IZEV5(I)pC(tj 7S,y*2)d2
Rd
< Ce'pelty —tiy — w)/ Lev.@pe(ti — s,y — 2)dz. (4.55)
Rd

Indeed, either |z — x| > 1|y — 2| and in that case p.(u —t;, 2 — 2) < Cpe(t; — t;,y — ), or |y — z| > |y — z|. In
that case we use that p.(u — t;,z — x) < C/(t; — t;)¥? and write as well:

exp (~ S <o (- LW gy (WAL oy (- Sty o (- el
2 tj—s - 16 (tjfs) 4(%‘78) - 16(t]7t1) 4(tj75) ’

which also gives (4.55) modifying c.
Up to a change of coordinate, in order to straighten the boundary, we can write (following the arguments of
Section 3.3.2 that led to (3.24)):

€ > 2 =
1 |Z — ds(yvvé(z)” dz
IE(tivti+k7uasatj7x7y) S Ce pC(tjitlayi'r)/ exp(i 2(tj—8) )(t_] —3)1/2

—E€

€ dz
< Celp(ty —ti, —x/ - :
pelly =ty =) | TG @]

where ds(y, V-(Z)) stands for the signed distance? of y to the boundary of V.(Z). Since we have assumed that
for this part of the Proposition that |dg(y, V-(Z))| > 2¢ we get
s VD) dly,vo(2)

12— ds(y, Ve(D))| = |ds(y, V=(T)| = |2] = |ds(y, V=(T)| -

2 ' 2 ’

2Since the discontinuity sets are bounded, we can for instance choose the distance to be positive for the points inside the bounded
domain associated with the boundary. Anyhow, this choice plays no role here.
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where d(y, V-(Z)) is the unsigned distance of y to the boundary of V.(Z). We finally derive from the above
computations (4.51) and (4.52):

TE e =421 | =d,22
Z / du(Dsjb +D5:b )(tiati-‘rkauatjaxay) < Cnhlin/2(
k=0 7titk

e " n 1
(t; —t)V/2  d(y, V(T

)))pc(tj —ti,y — ).

(4.56)
e [inal derivation of the bounds.
Recall first that:

|p€7pg|(t’wtjazay) S Z|(p€®H87p€ ®h H€)|®h |H5(T)|(t’wtjazay)
r>0

- Under (Ap), we first plug (4.47), (4.41) into (4.34). The bound (3.34) of the proposition then follows from
the above inequality using (4.4).

- Under (Apg).

o For a general o(¢, ) (which varies), we derive from (4.44), (4.48), (4.49), (4.54) and (4.33), (4.4):

|p8_pg|(tl’t]axay) S Z'(pe?@HE_pa ®h HE)|®h|H§T)|(tut]axay)
r>0

Ch.q (h| In(h)[e=(0Fm 4 plon/2e=(m h5_2+1/q) pe(t; —ti,y — ).

IN

Using (4.56) instead of (4.54) when d(y, V-(Z)) > 2¢ yields:

hlfn/Q
d(y, V(1))

o For o(t,x) = o (fixed diffusion coefficient), when d(y, V-(Z)) > 2¢, we derive from (4.43), (4.56) that:

|pe — pg|(ti, ti,z,y) < C’nyq (h| ln(h)|€7(1+") + prn/2g= () 4 )pc(tj —ti,y — ).

hlfn/2

di(t. 4. ~ - —QA4m)+1/q . " oty
— Y, t5,y) < C (hlnhs’7+hs< K + )Ct i,y — ).
|p€ p6|( J y) 1,9 | ( )| d(y,Vg(I)) p (] Y )
Observe that in this case the contribution (D%27);c(; 2y vanish. The upper bound of (4.48) thus does not
appear. This completes the proof.
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