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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.

May 9, 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 countable set of 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 =t [ bt X dut [ olo(. X )W (1.2

where we set ¢(u) = inf{(t;)icjo,n—17 : ts < 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’I, 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] corresponding to i.i.d. sequences (§;);>1 in (1.2) that are not necessarily Gaussian. In the framework
of Lipschitz coeflicients we can also mention, in the scalar case, the recent work of Alfonsi et al. [AJKH14], 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
Mikulevicius and Platen [MP91] who obtained bounds for the weak error in (1.3) at rate h7/2 where v € (0,1) is
the Hélder exponent of the coefficients b, o in (1.1) provided f € C**7. 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 d-function. We also mention the recent work of Mikulevi¢ius 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 the densities, again up to
an additional slowly varying factor in the exponent which is due to our smoothing approach.

Indeed our strategy is the following. Under the previous assumptions (stated after (1.1)), both processes
(Xt)te(o,r) in (1.1) and (X[ );eqi,np in (1.2) have densities, see e.g. Sheu [She91] for the continuous process
and Lemaire and Menozzi [LM10] for the scheme. Let us denote them respectively for z € R4, 0 <i < j < N,
p(ti,t;, z,.) and ph(ti, tj,x,.) for the processes starting at time ¢; from point x and considered at time ¢;. To
study the error (p—p")(t;,t;,x,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 two additional processes with dynamics:

t t
X0 =t [ b(s, X s+ [ on(s xaw,
; : (1.4)

Xg =z, X = X2 fo (4, XV A+ oo (i, XYWy, — W),

tit1
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where b., 0. are mollified versions of b, o. It is clear that both (Xt(a))te(O,T] and (XZ’(E))Z-E[[LN]] have densities.
The mollified coefficients indeed satisfy uniformly in the mollification parameter the previous assumptions. Let
us denote those densities for x € R?,0 < < j < T by pe(ti,t;,7,.), pl(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. [KKM15]. The results of that work allow to control the
differences p — pe, pf; —pl. On the other hand, since the coefficients b., . of (X{)iepo,115 (XF)ie[o, N7 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 will 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(¢,z) and the
matrix-valued function o(t,z) are bounded measurable. Specifically, there exist constants K1, Ko > 0 s.t.

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

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

ATHEP < {a(t,2)€,€) < AJEP.

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
Hélder continuous in the following sense: for some v € (0,1] , k < 400, for all (s,t) € RZ, (z,y) € (R)?,

jo(s,2) = a(t,y)| + [b(s,2) = b(t,y)| < wf{ls — /> + |z —y|"}.

Observe that the last condition also readily gives, thanks to the boundedness of o that the diffusion matrix
a = oo™ is also uniformly ~-Hoélder continuous.

(PS) (Piecewise smooth drift and Smooth diffusion coefficient). The drift b is piecewise smooth, say
C%4(0,T) x (RN\Z),R?) where the set of possible discontinuities Z writes as a finite union of smooth, i.e. at
least C*, closed bounded hypersurfaces with non empty interior that do not interesect. On the other hand we
assume that the diffusion coefficient o is globally C%4([0,T] x RY,R? @ RY).
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From now on, we always assume conditions (A1)-(A2) to be in force. We say that assumption (A ) (resp.
(Aps)) holds if additionally the coefficients satisfy (H) (resp. (PS)). We will write that (A) holds whenever
(Ap) or (Apg) is satisfied.

We will denote, from now on, by C a constant depending on the parameters appearing in (A) and T. 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 fized 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 all 0 <t; <t; <T s.t. (t; —t;) > h?CHNand (z,y) € (RY)?:

_ c a_
pc(tj - tivy - ZL') 1|(p7ph)(tiatjazay)| S (t_] — ti)(l_,y/Q),y/th Cw(h)v (16)

where p, p" respectively stand for the densities of the diffusion X and its Euler approzimation X" with time step
.4/2 2|2

h, for all (t,z) € R} x R%, p.(t,z) = m exp(—c'5y) and (h) = izgzg% 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), if a function f satisfies the growth condition:
Jeo < ¢/(2T),Co > 0,Vx € RY, | f(x)] < Co(1 + exp(co|z[?)), (1.7)
and additionally f € C#(R? R), 8 € (0,1), then:

h,ti, i
E[f(Xe," )] = E[f(Xg )] < Cph?/2, (1.8)
using again the usual Markovian notations, i.e. XZ’ti’z,Xtt;’w respectively stand for the Euler scheme and the
diffusion at time t; which start at point x at t;.

Eventually, if we consider a connected Borel set A with (piecewise) smooth boundary and non empty interior

when A is bounded, we also get that for all x € R? s.t. d(z,0A) > (t; — t;)"/2h/? and n > 0 s.t. nd(z,0A)" >
wa(h)'.

1
t;,x - t;, < — ’7/2 .
Ell i g ]~ Ellys = o]l < O{ T oa 1}h , (1.9)

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 h7/? the weak error d(f,z, T, h) = B, [f (X2 —E[f(X%)] for a smooth function f € C2+7.
The above theorem establishes that |d(f,z,T,h)] < CRO=Y)/2 a5 soon as f is measurable and satisfies the
growth condition (1.7). This control can be useful for specific and relevant applications, like for instance quantile
estimation (that would involve functions of the form f(x) = lj;<x or f(x) = ljz<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 € C?(R%, R), B € (0,1]. 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.

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

E[ sup [|b(u, X}}) = b(t;, X7\)[| + E[ sup |0(u,Xﬁ)—0(tiaXZ)|]Sfi{h”/QﬂLE[ sup |X3—Xfil”]}

uE[ts,tiy1] wE[ts,tit1] wE[ts,tit1]

K {h7/2 + E[{ sSup |0(tZaX7f}7;)(Wu - Wtz)l + th}2]7/2} S ChV/Q'

WE [t tiy1]

(1.10)

These terms typically appear in the error analysis when there is low reqularity of the coefficients or of the
value function v(t,x) = E[f(X5")]. Under the previous assumptions, if the function f is bounded and is
C* V(R4 R), v € (0,1) it is then well known, see e.g. Friedman [Fri64] or Ladyzhenskaya et al. [LSUGS] that
v e C/2247([0, T] x R, R). Also v satisfies the parabolic PDE (dyv + Lv)(t,z) = 0, (t,z) € [0,T) x RY,
where Ly stands for the generator of (1.1) at time t, i.e. for all ¢ € C2(RY,R),x € RY,

Lg(e) = b{t, ) Veiplw) + 5 Te(alt, ) D2 ().

Recalling that to = 0,tx =T, we decompose the error as:

N-1

d(f,SC,T, h) = Em[f(X'%)] ]EI 1+17 t; +1) - v(t’i’ XZ)]
1=0

2

;MTEMI

1

tit1 1
E. [/t {asu(s,xj) + V(s XY bt XP) + §Tr(Div(s,Xf)a(ti,XZ))}ds}

E, {/%Hl {8 v +L5v}(s,X:)ds}

/ttm {9 20(s, X2) - (b1, XL — b(s, X2) + S Tx(Du(s, X2)(alts, X1) — a(s, X)) }s]

+

Ey

—

2

-1

EZ[/ttwl {va(SaXf) (b(ti, X[ — b(s, X)) + 2%(1) (s, XM (alts, XI) _a(S,X;z)))}ds}’

7

Il
=]

%

(1.11)

exploiting the PDE satisfied by v for the last equality. For a bounded f in C**7(R% R), the derivatives up to order
two are globally bounded. 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 C°(R%, R), B €
(0,1). In that case the second derivatives yield an integrable singularity in time for the second order partial
derivatives (see Proposition 4 which holds under the sole assumption (Ap) for multi-indices o, |a| < 2 and the
proof of Theorem 1 in Section 3.3).

Remark 3. Even though we have considered v € (0,1], our analysis should be extendable in the framework of
Holder 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 (Ag) is fulfilled. Indeed, for functions which
are just locally Hélder continuous, like the mapping x — 1+ |z|* AN K, o € (0,1], we think that it would be
more appropriate to study some local reqularizations, close to the neighborhoods of real Hélder continuity (0
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and KY* 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?)?:

. h 1/(d+1)—C(h)
pelts — tiyy — )Mo — 9t 15,2, 9)] SC(t—t-) | (1.12)
J i
In the special case o(t,x) = o, i.e. constant diffusion coefficient*, the previous bound improves to:
. . h 1/d—Cy(h)
Pelty =ty — )" |(p = p")(ti, t, 2, y)| SC(W) : (1.13)

Remark 5. This result emphasizes that as soon as the drift is irreqular a true diffusion coefficient deteriorates
the convergence rate. This is clear since, in that case, the difference of the densities p — p" involves higher
derivatives of densities of processes with mollified coefficients which are more explosive (see Section 3.2). 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. However, our regularization approach clearly feels the dimension, when
doing e.g. Hélder inequalities on neighborhoods of the hypersurfaces of discontinuity, 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(Xt};t”)] - E[f(Xf;m)] 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
kernel, see the estimates of Proposition 4 that could be refined when considering an additional integration w.r.t.
to the final variable.

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,|/2dW;, (1.14)
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 (1.14) 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 + (n + o| X:|Y2 A K)dW;. (1.15)

The diffusion coefficient & () = (74 o|z|*/? AK) is then uniformly elliptic, 1/2 Holder 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

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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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 (1.15) 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 (1.15) and the original one in (1.14)
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:

dth = b(t,Xt)dt+U(t,Xt)th, (1 16)
dX2 = X}dt, '
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,

(1.17)

dx}® = x;ay,
has been performed by Kozhina [Koz16] following [KKM15]. The key point is that under (A), the required
parametrix expansions of the densities associated with the solutions of equation (1.16), (1.17) 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. [KKM15] how the error of the mollifying
procedure is then reflected on the densities. We then give in Section 3 some pointwise controls 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 Konakov and Mammen [KMO02] we establish our main estimates.
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

In order to apply the strategy described in the introduction for the error analysis 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) (Holder 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, ) = 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?,

pe(x) := E_dp(ac/zs), pE COO(Rd,RJF),/Rd p(y)dy = 1, |supp(p)| C K,
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for some compact set K C R%. The subscript S in b. g, 0. 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,z) € [0, T] x R%, b(—t,x) = b(t,x), o(—t,x) =
o(t, ) 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/€?), ¢ 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 (Ayp) is in force. Then, there exists
C>1s.t foralle >0,

Ay = sup |b(t, ) — be(t,x)| < Ce7,
(t,z)€[0,T] xR
v €(0,7), Acoy = sup lo(t,z) —o-(t, )| + sup |(o —o)(t,.)|y (2.3)
(t,@)€[0,T]xR4 te(0,7)

<Ce"+e77),

@) -f @)l

|z—y["

where for a given function f:R? — R, we denote for n € (0,1), |f|, := SUD (4, y)cR24 0 £y

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

b(t,x) —bes(t,z) = / {b(t,x) = b(t,y)}pe(x — y)dy —/ {b(t,x) — b(t,x — ze) } p(z)dz

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.x)€[0,T] xRe K

The same analysis can be performed for o. g, so that o. g satisfies (H) and [0(¢,.) — 0c,5(F, )]0 < Cre™.
In particular, b. g,0. s are both «/2-Holder continuous in time uniformly in ¢ > 0. Repeating the previous
arguments replacing p. by (.2, we therefore deduce |b. 5 — be|oo + 02,5 — 0|00 < Cce?, which eventually yields:

|b—beloo + |0 — 0|00 < CET.

This gives the controls concerning the sup norms in (2.3).
Let us now turn to the Hélder norm. Observe first that, for all t € RT, (z,y) € (R9)%:

y)}

{o(t,z) — oc5(t, )} — {o(t,y) — oes(t,
:/Rd{[U(t,x)fo(t,zfzs)]f[a(t,y) o(t,y — ze) }p(z
{o-(t,x) —0es5(t,2)} — {o(t,y) — oc 5(t,y)}

:/R{[O'E,S(f—EQ’U/,.T)—O'E,S(f,ZE)] [ags(t—s u,y) — oe,5(t,y)] p¢(u)du
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It readily follows from the y-Hélder continuity in space (resp. /2-Holder continuity in time) of o (resp. oc g)
that one has the following controls:

Cllz —y[" ne”) < Cla —y|"e" ™7,
Ce?™", m € (0,7). (2.5)

lo(t, ) — oc(t,2)] — [o(t,y) — o=(t,y)]|
|(o —o:)(t, )|n

This completes the proof. O
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-indezx o, |o| € [1,4]:

|ngs|w + |Dgaa|oo < C{;‘*‘G‘H'y,tes[l(l)pﬂ |Dg05(t, )lv < Celol. (2-6)

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

010 |00 < Ce™2M7, sup [dhoc(t, )], < Ce™?F777, Ve (0,9]. (2.7)
t€[0,T]

Proof. For all multi-index o, |a| € [1,4] and (t,z) € [0,7] x R? and all & > 0:

Dioe s(t,z) = / o(t,z) Dy pe(x — z)dz = / [o(t,z) — o(t,x)| DS pe(x — 2)dz.
R4 Rd
Indeed, setting for all € R?, g.(z) := [gu pe(® — z)dz = 1 we have D2g.(z) := [0 D& pe(x — z)dz = 0. Thus,

since | DS pe(z — 2)| < eI+ DDA p(w)|| sy, we derive:

I,

Droesto) < [ lolt2) - oltle DG o), _oond
R £

IN

oty [ (=2 —ape &y < ce—lolty
KE 9 . e 9 wp(w)|w:@ z < ce ,

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 (R?)? and all € > 0:

|Dzoe,s(t, ) — Dyoes(t,y)| < /d lo(t,z = 2) = o(t,y — )|~ 1D D p(w) |-z d2
R

IN

Cre™ 1|z —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.

Proceeding similarly for the time convolution, exploiting the v/2-Holder continuity in time of o, g, the bounds
in (2.7) can be derived similarly. This completes the proof. O

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 discontinuity points in Z. Let us
denote by m € N*, the finite number of hypersurfaces of discontinuities and write Z := U2 S;, where each S;
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is a bounded hypersurface. For a given parameter ¢ > 0, define its neighborhood V.(Z) := U™, V.(S;), where
for i € [1,m], V.(S;) := {z € R : d(2,S;) < e}. The fact is now that we set b.(t,x) = b(t, ) on RI\V.(T)
and perform a smooth mollification on the neighborhood V. (Z) of the discontinuities. Of course we have that
|(b — be)(t,z)| < Clyey, () which is not necessarily small. Anyhow, for all ¢ > 1, recalling the (S;)icz are
bounded, we derive as well:

T T
b= belsoren = (e [ @b ayranyto <o [Ca [ anpe < oo @erte. o
0 0 (L

Observe as well that the following control holds for the derivatives of the mollified coefficient. For all multi-index
a,|al <4, there exists C' := C((A)) s.t. for all (¢,2z) € [0,T] x R%:

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

Under the considered assumptions it is not necessary to mollify the diffusion coefficients. Under the current
assumption we thus set for all (t,z) € [0,7] x R%, o.(t,z) = o(t,x), 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]), i.e. for all 0 <
s<t<T, xcRYBecBRYPX, € BIXy, =2a] = [z p(s,t,z,y)dy. The same holds for the Euler scheme
in (1.2) (see e.g. [LM10]), for all 0 < i < j < N,z € RLP[X] € BIX] = ] = [;p"(ti tj,2,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 (Ag) or (Aps)
is in force. Let us denote the densities associated with the perturbed diffusion and discretization scheme by p.
and p” respectively.

We readily get from Theorems 1 and 2 in [KKM15] the following sensitivity results.

Lemma 1 (Sensitivity under (Ag)). Under Assumption (Ap), forn € (0,7) there exist C,, > 1,¢ <1 s.t. for
all0<i<j<N,(z,y) € (RY2:

|(p _pa)(tiatjaxay” + |(ph _p?)(ti’tjaxay” < CU€77an(tj —ti,y — x) (2'10)

Lemma 2 (Sensitivity under (Apg)). Under Assumption (Aps), for ¢ > d there exist Cy > 1,¢ <1 s.t. for
all0<i<j<N,(z,y)e R

Let us mention that the constants C,), C; in equations (2.10) and (2.11) respectively explode when 1 goes to
0 and ¢ goes to d. On the other hand it is very important to specify the explosion rates in order to equilibrate
the global errors. This is the purpose of the next proposition.

Proposition 3 (Explosion of the constants in the Sensitivity analysis). Under (Ap), there exists C' :=
C((Ap ), T)>1 s.t. forne (0,v) we have in equation (2.10):

C, < Cexp(C(2n71 1)1+, (2.12)
Under (Aps), there exists C := C((Aps),T) > 1 s.t. for ¢ > d we have in equation (2.11):

€y < Coxp(Clala)™ + 1)@ ), alg) = 51 - %) (2.13)
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Proof. Under (Ag). To obtain equation (2.10) with exponent €7~ we explicitly chose to exploit the controls
from Theorem 1 and 2 in [KKM15] with a control on the difference |0 — o.|,,. This possibly small Holder index
induces some explosions in the constants appearing in the sensitivity analysis. Those explosive contributions are
quantified, for each term of the parametrix series giving the difference of the densities, in Lemma 3 of [KKM15].
The constant C,, can then, under (Af), be bounded as follows:

for a constant C' := C((A),T) which does not depend on 7.
Similarly, under (A pg), the controls of Lemma 3 in [KKM15] give:

CTJrl ( (q))]T ro(q AN
c, <; r+1) Ta(q))T @ C.=C((Aps),T).

Introducing for 6 > 0 the quantity:

~r+1 T
I(T,0):=> (r+ 1)%?9,

one actually gets that there exists constants C, C, independent of 6 s.t.:
I(T,0) < Cexp(C(0~ + 1) ' +1). (2.14)

Hence, equations (2.12) and (2.13) follow taking 6 = 2 and 6 = a(q) respectively.
Let us now prove (2.14). One easily gets that for a given T there exists C independent of # as well such that:

I(T,0) <Z +1) CTH[ O .

r>1 1+T )

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

CT(9)}"
I(T,0) < CY (k+1)rg > {( (+)lj)
k>0 kro<r<(k+1)ro
(k+1) ~

< cz U S O (1)

k>0 )kT0<T<(k+1)r0
< 02> LD (Gt 1 exp(- 1)) F < Coxp(COT +1)77 ),
- >0 T(k+1) -

This gives (2.14) and completes the proof. O
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3. ERROR ANALYSIS AND DERIVATION OF THE MAIN RESULTS

3.1. Error Decomposition and Parametrix Representation of Densities.

This Section is devoted to the proof of Theorems 1 and 2. Let 0 < t; < t; < T and (z,y) € (R?)? be given.
One writes for € > 0:

Now one derives from Lemma 1 that under (A g), for all n € (0,~):

|p(t“tj,1',’y) *ph(t“t],.f,y” S Cnsv_npc(tj - tzvy - ZL') + |(p€ 7pg)|(t’wtjazay) (32)

Similarly, Lemma 2 yields that under (A pg), 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 quantify the difference p. — p? in (3.1). Let us now recall that since the densities ps,pg are now
respectively associated with a diffusion process and its Euler scheme with smooth coeflicients, they can be
compared thanks to the results in [KMO02] adapted to the current inhomogeneous setting. The only delicate,
but crucial, point is that we must here specify the dependence on the derivatives of the coefficients, which
explode when e goes to 0. A key ingredient, to proceed is the parametriz series representation for the densities
of the diffusion and its Euler scheme.

From Section 2 in [KKM15], we derive that under (A) (i.e. the expansions below hold under both (Ap)
and (Apg)), for all € > 0 (the expansion below even holds for the initial coefficients taking ¢ =0), 0 < s <t <
T, (z,y) € (R)%:

pe(s,t,,y) =Y p- ® H (s, t,2,y), (3.4)
reN

where for 0 <u <t <T,(z,y) € (RY)?:
HE(’U,,t,Z,y) = (L'LE}, 7E21y)]§€(uatvzvy)a (35)

and L, Eiy respectively stand for the generators at time u of the processes
t t ~ t
Xt(g) =z +/ be (v, ng))dv +/ o (v, ng))dWUa Xt(s)yy =z +/ o= (v, y)dWy, (3.6)
i.e. for all ¢ € C?(R4 R), z € RY,

L) = (b, 2), Vasp(@)) + 5T (0002w, 0) D2p(a) ), Eple) = 50wt () Dip(a) ).

Also pe(u,t, z,y) = pY(u,t, z,w)| =y where p¥(u,t, z,.) stands for the density at time ¢ of the process Xy
starting from z at time u. We denote in (3.4), p- ® Héo)(s,t,x,y) = pe(s,t,z,y) and for all r > 1, p. ®
HE(T)(S, t,x,y) = fst du fRd De(s,u,x, z)HE(T)(u,t, z,y)dz where for r > 2, Hg(T) (u,t,z,y) := HE®H5(T_1)(’LL, t,z,y) =
fj dv fRd Hg(u,v,z,w)Hg(T_l)(U,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]> x (RY)2, 0 < s <t < T,f ® g(s,t,2,y) :=

f; du [ga f(s,u, 2, 2)g(u,t, z,y)dz. We also recall that under (A pg), since the diffusion coefficient is smooth we
do not regularize it and denote in this case 0. = 0.
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To investigate the contribution p. —p? in (3.1) we will also use for 0 <i < j < N, (z,y) € (R%)? the function:
pe(titj, z,y) Zp @n H (ti,t5,2,y), (3.7)
reN

where the quantities at hand are the same as above and the symbol ®j, replacing the ® in (3.4) denotes the
discrete convolution, i.e. for all » > 1,

Jj—i—1

pa ®hH )(tlat]ax y =h Z / p& tlatl-i-k;w Z)H( )(ti-‘rkatjazay)dz‘

Even though pd(t;,t;,x,.) 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;:

(LT I2)e)+ 0(3)]
T(1+r3)

[ @n HL (s,t,2,y)| + [P © H (s,t,2,y)| < pelt —s,y—a)(t =), (3.8)

taking v = 1 under (Apg). We emphasize that those bounds are uniform w.r.t. € > 0 and refer to [KM02] or
Section 2 in [KKM15] 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. Introducing for 0 <i < k < N, (z,y) € (R%)2, the schemes:

Xt}:(é‘) = 4 Z h(é‘) h+0'g(tl, h (8))(th+1 th)),
Xt}:(s)qy = z+4+ ZO‘E ti,y th+1 th), (3.9)

viewed as Markov Chains, their generators write for all ¢ € C?(R? R), z € R%:

L p(a) == B Ep(X %) — (@), LY o(a) = B Ep(X P H7) — o).

t1+1 tz+1

Define now for 0 < k < j < N, (z,y) € (RY)? the Markov chain analogue of the parametrix kernel H in (3.5)
by:
H (tzvtjv 7y> (LZﬁiLhey) (t +ht]7$y>
One gets the following parametrix representation for the density of the Euler scheme:
j—i
pg(tla t]a x, y) = Zﬁ& ®h HE}L(T)(tia t]a x, y) (310)
r=0

Again, the subscript ¢ is meant to explicitly express the dependence on the mollified coefficients. Also, the
terms in the above series satisfy the controls of equation (3.8) uniformly in & > 0.

3.2. 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?)(tlat]away) = (pa_pg)(tlat]ax’y)+h/ (1_7){1)? ®h (Lé:* - L )2pzh(tzat]axay)}d7-a (311)
0
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where we denote for 0 <t¢; <t; <T,7 € [0,1]:

p;h(t’iatjazay) = Z O, Hh (tivtjv'rvy)a

V(k, z) € (i, 4] x R, pLti,ty,x,2) = / pL(ti, ti + Th, x,w)pZ (ti + Th, ty, w, 2)dw.
Rd
Also, for k € {1,2},t € (t;,1), (i/i*)kqﬁ(x,y) = (Li,g)kqﬁ(xay))lﬁ:% (E:7E)k¢($ay) = (I_’i,g)kqﬁ(xay))lf:y for

Lie(e,y) = (00,6, Dable,y)) + 5 Trlaclt, ) D20(x,0))
Licoey) = 3Tr(a(tD20(,y))

Observe that Li¢(z,y) = Li .¢(x,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 (3.6) and (3.9). Another difference is the fact that we deal with inhomogeneous
coefficients, and the notations Ei*, L.*¢ in (3.11) are used to emphasize the time dependence of the operators
in the discrete convolution ®;. Anyhow, reproducing the proof of [KMO02] taking into account the indicated
differences leads to the expression in (3.11).

We mention carefully that in order to analyze the contribution of the last two terms in the r.h.s. of (3.11)
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 fo (1 — ) {pd @n (L8 — L.5%)2pT" (t;,t, 2, y) }dr involves derivatives of the coefficients and heat
kernels up to order 4. The point is again that the derivatives of the coeflicients and kernels explode with e
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 (3.4), (3.7). The second one controls the difference between the
discrete and continuous convolutions in (3.11).

Proposition 4 (Controls for the derivatives of the densities). Let o, |a| < 4 be a multi-derivation index.
Under (A ), there exist constants C,c s.t. for all0 < s <t <T, (z,y) € (R%)%:

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

C — |
|D§‘p5(s,t,x,y)| < wpc(t — S,y — .T)(l +e€ | H‘Q(t _ S)V/Q)’ |a| c [[3’4]], (312>

(t
P CE_‘O‘H"Y
|Dype(s,t, @,y)| < mpc(t —s,y—x).
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Under (Aps), for all ¢ > d, n € (0,a(q)), a(q) = %(1 — §>’ there exist constants C,c s.t. for all 0 < s <
t<T, (z,y) € (R

_ C
|Dape(s,t,z,y)| < mpc(t -8,y — 1),

- c —|a|+2— 2
| DS pe(s,t, 2, y)| < ml)c(t — s,y — 2)(1 + Oy ge 12 dlaiza (1 5)1/2) Ja € [2, 4],

3.13)
) C ) (
|Dyp€(sa t,.fC,y)| S m(l +e€ ncﬁ(t - S)n/2)pc(t —5Y— SC),
o C(1+ C, ge oIt 1=n(t — 5)n/2
|Dyps(57t,1';y)| S ( nvtz(ts)la/2( ) )pc(th,y*SC)v |05| 6 |I274]];

where Cy 4 = Cy x Cy and Cy,Cy are as in Proposition 3.
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 6. We point out that, under (Ap), the previous controls for p. = p. improve in some sense those
of [IKO62], since we do not exploit any smoothness in time of the coefficients and we get the same pointwise
controls for the derivatives of the mon degenerate heat-kernel with Holder coefficients in space up to order 2,
uniformly in e € [0, 1].

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

g2t hr=m)/2
(t; — t;)1=/2 + n Ipe(t; — ti,y — ). (3.14)

|(ps *pg)(ti’tjvxvy” < C[

Under (Aps), there exist C,c s.t. for all 0 <t; <t; <T, (x,y) € (R)?, ¢>d, n€(0,a(q)):

he—(1+n) hi—n/2

(t; —t;)1=n/2 N n }pc(tj —t,y — ), (3.15)

(b= — st t,,m)| < C{Cy g
with Cy, 4, a(q) as in Propositions 3.12, 3 respectively. If now o(t,x) = o, i.e. constant diffusion term, the

previous bound improves to:

1 he—(+m)+1/q hp1—n/2
d

- tiat’a ) < C{

|(p8 ps)( jr T y)| = a(q) (tj _ ti)1/2+oz(q) + n

}pc(tj —ti,y—x). (316)

We postpone the proof of Propositions 4 and 5 to Section 4 for clarity. It now remains to exploit Propositions
4, 5 and (3.11) to specifically control how the weak error for the densities depends on the explosive norms of
the mollified coefficients.

3.3. Proof of The Main Results for Holder Coefficients (Theorem 1 under (Apy))
Observe from Proposition 4 that, for all k € [1,j — 1], (z,y) € (RY)?,7 € [0, 1]:

- ~ . C
|(L§k,* - Lt;f)p?h(tkatjazay” < (t — tk)l—v/Qpc(tj —te Y — Z)
J
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We analyze the contribution [p? ®j, (L — L*%)2pT")(ts,t4, 2, y) in (3.11) thanks to Proposition 4 as follows:

I[pg ®n (LS, — L%)*pl (L, ty, 2, y)| < Ch

e 1+ 1+e ' (t; — tk)v/2
/Rd W?c(tk—ti,Z—@[ « _;k)3/2 Ipe(t; —ti,y — 2)dz
(4 J

keli+1,[(i45)/21]

o antd 1
i) p(ti — ty,y — 2)dz b, 3.17
+kem<+>/z1+1 1}1/% (tr — t;) (t : x)(trtk)lfv/?p(ﬂ By = 2) Z} (3.17)
T J—

where we perform one integration by part w.r.t. z for the first integral and two for the second one (taking once
the adjoints). We thus get:

e~ 14
(tj —ti)

We thus finally derive from (3.11), (3.14), (3.18):

IIpf @5 (L5, — L) 20" (1, £, 2,y)| < C {147t =t} pelty — tisy — @), (3.18)

|(p€ *p‘?)(tivtjvxvy”

1+t —ti)v/Q)}pc(tj iy — ). (3.19)

he2+7 hr=m)/2 he 1+
<A )%
(t; —t) = U tj—ti

We can assume for the rest of the proof that 0 < ¢; —¢; < T < 1, which is the only case leading to include

the possibly explosive contributions ((t]— - ti)*(l’ﬁ’”?))ﬁ o) in (3.19) for the optimization over e. For T' > 1
e{o,1
those contributions can indeed be bounded by 1.
Equation (3.19) together with (3.1), (3.2) now yields for & < (t; — t;)7/2, recalling as well from Proposition

3 that n~! <y

h y=n (y=m)/2 he >
l(p = p") (i, 15, 2,9)| SC{Cn(E +h )+W}p6(tj_tiay_$)a n € (0,7).

—2+4
: y—n _ he .
Taking now C)e = Gt leads to:

J—n

_ _ _ h 2=n
< CnE’Y M= 07(72 ")/ (2=n) {W} . (320)

h

2N =
(t; — t:)' /20,y

Observe now that, since (¢; —¢;) < T < I:

e < (t; — ti)V/Q < h<(t;— ti)(v/Q-‘rl)_

Hence, the condition (t; — t;) > h?/(2*7) indeed guarantees that e < (t; — t;)7/? as we assumed above. Thus,
for this choice of €, we derive:

y—n

_ =2 h 2=
[(p— p")(ti, 5, 2, y)] gc{cnhﬁ M2y <m) }pc(tj—tz-,y*z)

L —v/2

W)**n o }pc(tj —ti,y — ), (3.21)

< Cexp(Cn" +1)2 ) {pni2 ((t» —,
g 7
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using the bounds of Proposition 3 for the last inequality. The point is now to carefully choose 7 := n(h). Let
_ ologz(h™h)
= 2logy ()
Eth iterated logarithm of x. Setting B, := h~" and oy, := exp (0(277_1 + 1)27771"’1), we get that:

us consider the specific sequence n = n(h) : , where we recall that for k& € N, log;.(z) stands for the

logy(Br) = log(nlog(h™')) =1log(2) +logy(h™") — logg(h™") +logy(h™1),
logy(an) = log(C(2n 1 + 1) 1) = log(C) + (27" + 1) log(2n ™1 + 1)
log, (h~!
= log(C) + (1222(11—1 + 1) log(2n (1 + g))

+ 1){log(2n) + log(1 + 1)}

hil + 1){logs(h™") —logy(h™") + log(1 + g)}

)
)
loga(h”)
logz(h~1)
loga(h™")
logg(h~1)

— tog( ™)~ BB gy (h) — logy (1) +
R, = log(C) +log(l+ }Zzzgz_li) {izizgz_li + 1} .

It is easily seen that there exists a finite constant C' > 0 s.t. for all A small enough, R, < C and that

logy(Br) > logy () — C. By monotonicity of the exponential, recalling as well that n € (0, ), we thus derive:

1—~/2

(B + 8,7 " Jan = (h™F + h 70 ) exp(C(2y" + 1)27 +1) < 2pn(1/24exe(@)), (3.22)

Plugging (3.22) into (3.21) we complete the proof of equation (1.6) in Theorem 1.

To prove the other statements concerning the weak error let us first point out that we do not need to
regularize the coefficients as above. Let t; = jh € [0, T] be fixed. Observe that setting for all (¢,z) € [0, ;] x R4,
v(t,x) = E[f(Xwa)], as soon as f satisfies the integrability condition (1.7) and from Proposition 4, which is
valid for € = 0 (no regularization), we have that for all (t,x) € [0,¢;) x R

C

(3.23)
On the other hand, we get that for f € C#(R% R), 3 € (0,1], we have for a multi-index o, |a| = 2, (t,z) €
[0, tj) X Rdi

oro(t.) = [ ompltutia) fo)dy = [ 2ty ) (7 0) — Fla))d
recalling that 0% fRd p(t,tj,xz,y)dy = 0 for the last identity. Then, under (Ag) we derive from the above
equation, (3.12) (for ¢ = 0) and the Hélder continuity of f, that there exists C' > 1s.t. for all (¢,z) € [0,¢;) x R%:

o C
|07 v(t, )| < e

(3.24)
yielding an integrable singularity in time.

We can now also suppose, without loss of generality that v > 3. Indeed, if f € C#(R% R) for B > 7, it is
locally C7(R?% R). Observe in that case that we have h?/# < h < 1. Plugging (3.24) and (3.23) in an expansion
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similar to (1.11), recalling from Proposition 4 that v € C#/22([0,¢;] x R, R) N CH2([0,1;) x R4, R), gives:

[ELFOX") = £ < LX) = ko1, X140

t] 1
S hit
€3 [ A V(s X 4 [ D20l XPU) s - a2 b - XY
k=i 7tk

hti,x h,t;, h,t;, h.ti,
E[f(X5"7) = FX00 6+ Bllo(ty, X005 ) —u(ty — b8 X000 )

tk+1 1
ht“ htz, 2
+[E[v(t; —h/7, Xy hs) —olti-1, Xy N +cn/ Z/t (t; —s)'— W —syrpr )
k

h, iy h i h iy L h (2]
B[ F(XE0) = FX00 )+ Ello(ty, X250 ) = oty — h77, X050 )
tj_h’Y/ﬂ
+/ E[IVzv(s,Xf’“’””llb(s,X?’“’“”)—b(tj—l,XZ’fi’m)I+IDiv(s,X?’“’“”Ila(s,Xﬁ““’””)— a(t;— 1,X'” “))ds
tj71
/o tk+1 1
Yy
+Ch Z/t G g )ds
k
j_h’v/ﬂ
h,t;,x htl,
< CE[X,"" = X0 5 1°] + ChV/Q{l - /t (1+ m) } < Ch/2,
(3.25)

expanding as in (1.11) the term |E[v(t; — RY/B, Xh ti hgf,/ﬂ) v(tj—1, Xth ti ©)]| with Itd’s formula and using (1.10)
for the last two inequalities. This gives the requ1red control in (1.8).

Let us now prove (1.9). We write for 0 <i < j < N, z € R%:
- E[thi,z

eal

E[Hxh.,ti,meA]

= {E[L hweA] E(f5 (X7 )]} + {E[f5(X0 )] = ELf (X)) + {E[fs(X0)] - Ele ceeall = ZT5
(3 26)

where 6 > 0 is such that A satisfies the interior ball condition with radius 24, f5 stands for a smooth approxi-
mation of the mapping « + I, which is equal to 1 on As := {y € A: d(y,0A) > 0} where d(-,0A) stands for
the distance to the boundary and to 0 outside of AU Vs(A), Vs(A) := {y € R?: d(y,0A) < &} (neighborhood
of size § of the boundary). In particular |V fs|oo = sup,cy,(a) [Vfs(z)| < Co"

The terms 7} and T;f can be handled similarly thanks to the Gaussian upper bound that is satisfied, under
(A ), by the density of both the diffusion and its Euler scheme, see Proposition 4 or again [She91], [LM10].
Precisely, with the notations of (3.26) and provided that & < (t; — t;)'/%:

(3.27)

cs d(z,0A)?
xien ).

T + T3 < Bllygeos gy ) + Bl IeV(A)]<WeXp(—C —
Indeed, we have that locally, up to a change of coordinate, only one variable is orthogonal to 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; — ti)l/ 2p7/2 which specifies the
admissible magnitude for the parameter 5. On the other hand, to analyze 7Y we have that setting for all
(t,x) € [0,t;) x RY, vs(t,z) == E[f5(X, )] the terminal function fs is 7-Hélder continuous, for all n € (0,1],
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with Holder modulus of continuity bounded by 677 on Vas5(A). We will now establish, similarly to (3.24), that
for all multi-index a, |a| <2, (t,2) € [0,t;) x R%:

c 1

Dot 0| < G ate oy (6, — i

(3.28)

Recall indeed that

Dzt =| [ DSty (o) — foeis| < = [ oelts =ty =allistn) - Sl 3:29)

exploiting Proposition 4 for the last inequality. Thus

- 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(x) = f5(y) yielding a trivial contribution in (3.29).

- if 2,y € V5(A), then the control of the Holder modulus gives: |fs(z) — fs(y)] < Co o — y|" = C(6 V
d(z,0A))"x —y|".

-ifx e Vs(A),y & Vs(A) (resp. y € V5(A),x € Vs(A)) we can exploit the Holder continuity for y € Vas(A) (resp.
x € Va5(A)) and the fact that | —y| > 0 Vd(x,0A) for y & Vas(A) (resp. x & Vas(A)).

In all cases, we have established that | fs(z) — f5(y)| < C(6Vd(x,0A)) "z —y|", which plugged into (3.29) yields
the control (3.28). 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 fs. We can as well assume w.l.o.g. that v/n > 1
so that h7/7 < h < 1.

Exploiting now (3.28) in an expansion similar to (1.11) and (3.25), we get:

h T h,t;,x h,ti,x h,t;,x
T3] < E[fs(X0"") = f(X0050 01+ [Blus(t, X,0050 ) —vs(ty — 077, X000 ]|+
+|]E[Ué(tg — XY — st X))

tv_h’v/n tj—1
J=2 g b
+OX [ dsB{ Vv, X2 4 Dus(o, XL} (s 72 4 XD XL
k=1
tj,hw/n 1
2 hiti,x —on11/2 hoti,@ —2n11/2
< con/ {E[(&\/d(th ,0A))~2mY/ +1+/ti (14 e BUO v X, 04)) "]/)ds},

(3.30)

where the term [E[vs(t; — R/, Xh tl;ﬂ/n) vs(tj—1, Xt}; )] is again expanded with Ito’s formula which yields
bounds similar to those appearing for the contributions associated with the indexes k € [¢,j — 2].

Recalling as well that the Euler scheme satisfies the Aronson Gaussian bounds (see Proposition 4 and [LM10)]
for details) we obtain:

lz—y|”
; exp(—c=—2-) dy
E[{§ v d(XMt7 04)} 21 < C{ (6 v d(z,0A —2ﬂ+/ s—ti
o e {( o) Ld(2,04)2d(y,04) (0 V d(y,JA))*" (s — ti)d/2}
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Since on {3d(z,04) > d(y,0A)} we have |z —y| > |z — moa(y)| — |Toaly) — y| > w > d(y,0A), where
7oA (y) denotes the projection of y on the boundary 0A, we get:

E[{(S vV d(X;z,ti,z’ aA)}72n] < C{((S vV d(l‘, aA))72n + / eXp(_C_d(—"Z;a:)Q) d - }
Ld(e,04)>d(y,04) (0V d(y,0A))* (s —t;)Y/
<

c{(5 Vd(z, 0A)) "2 + 1}.

Hence, since d(z,0A) > (t; — t;)*/?h7/? > §, we get from (3.30)

1

e < cmﬂ{r(x S +1},

which together with (3.27) gives (1.9). We conclude emphasizing that the condition nd(x,dA)" > hC¥(),

% < h/2=C¥(M) | This means that the bound in (1.9) is then better than the

more general one appearing in (1.6).

indeed guarantees that

3.4. Proof of The Main Results for piecewise smooth coefficients (Theorem 2 under (A pg))

The idea is to proceed as in the previous section from equation (3.11) and (3.17). To emphasize the specificity
of Assumptions (A pg), due to the approximation of the piecewise smooth drift, we begin with the special case
o(t,z) = 0. In that framework, a global integration by part, associated with the controls of (2.9) and Proposition
4, yields:

|[pg n (LE,* - L%’E)ngh](tivtjvxvy”

S Ch Z ’/ leZ (pg(tivtkvxvz)be(tkvz)) <b€(tkaz)avngh(tk;tjvzvy»dz
ke[itt,j—1] “R?

<Ch ), /Rd(f-f*w(Hsflﬂzeu@)))pc(tkfti,zfmx

)1/2p6(tj - tk} y— Z)dz
keli+1,5—1]

(tj —tw

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 On (ié‘* - L%’E)ngh](tivtjvxvy”

1 i o
<Ch yTo———Y (6_"pc(tj —tiy—x)+ 5‘1“/‘1(/ Pe(te — ti,z — x)"pe(t; — tr,y — Z)qu)l/q},
pepirry—y (17— ) Rd

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

YCDp(t; —ti,y — o).

q G 5 t. ft-) d/2(1-1/q)

(b —ti, 2z — 2)Ipa(ty — te,y — 2)9d2)YT = et —ti .

(/de (tk = ti, 2 — @) Tpe(t; — tr,y — 2)d2) <(27T)(tk_ti)(tj—tk)) q
This yields:

09 0 (£, — B0ty s)] € o (4~ by — ) (3:31)
e Wh e . De iyl Ty Y)| = a(q) (tj_ti)1/2+a(q)pc 7 iy Z). .

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 (3.17) and using the Holder inequality as above for the terms involving
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derivatives of b., we derive from Proposition 4 that for all ¢ > d, n € (0, «(q)):

|[pg Sn (LE* - L?kﬁg)Qp;h](tiatjazayN S

., 7@‘ 0 {1 + Cmqsf(un) (t; — ti)n/Z}pc(t]— —ti,y — ). (3.32)
73— U

We thus get, from (3.3), (3.11) and Proposition 5:

he—(1+m)
hip 4. 1/q 4+ \n/2 e

- tiyt;,x, < C<C + 914 (t t; C
Ip —p"( s L )| { q€ { (] ) } 1,9 (t]‘ t)

he—(14mn) p1—n/2
+{C’7’q G )2 T }}pc(tj —thy - o),

using equations (3.15), (3.32) in the general case and

he—1+1/q { 1 he—(+m+1/q h1=n/2
«

— it +. 1/q Sty —
ti,tj,z,y)| < CqC e(t; — ti, ;
Ip — p"( j» L Yl { g€ 7+ a(q) (tj _ ti)1/2+o¢(q) + (q) (tj _ ti)1/2+a(q) + n }}P ( J y—x)

from (3.16), (3.31), if o(t,r) = 0. We then set C,e’/? = C he— 07

.9 (tj_ti)lfnﬂ
ﬁ % if o(t,x) = 0. The results can be derived as in the previous section choosing n := n(h) = ¥(h),
i—ti

q:=q(h) s.t. a(q) = ¢(h).

in the general case and C,e'/? =

4. PROOF OF THE TECHNICAL RESULTS FROM SECTION 3.

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

Let us establish the result for p.. We start from the parametrix representation of p. obtained in (3.4). In all
cases, we can readily derive from (3.6) (recall that X=¥ is a non degenerate Gaussian process) and (2.6) that
for the main term in the expansion:

o C o Ce—lel+y
|DgDpe(s,t, 2,y)| < mpc(t = s,y — ), |Dype(s,t,2,y)| < mpc(t =8,y —x). (4.1)
Let us now concentrate on the remainder term:
RE(Svtazay) = ZﬁE®H§Z)(S,t,I,y) :]36®@E(Sat7x7y)a@€(svtazay) :ZHéz)(S,t,Z',y)
i>1 i>1

We focus on the first two inequalities in (3.12), 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
(3.8), one readily gets the statement if |a] = 1. The case |a| > 2 is much more subtle and needs to be discussed
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thoroughly. Write indeed:

(t+5)/2
DSR.(s,t,x,y) = lim du DS pe(s,u,x, 2)P.(u, t, z,y)dz +
70 s+T Rd
t
/ du DSpe(s,u,z,2)P.(u,t, z,y)dz
(t+s)/2  JRd
= Thg%DgRg(s,t,x,y)+D§;Rg(s,t,x,y). (4.2)

The contribution D“Rf (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 [KKM15] There exist ¢, ¢ s.t. forall 0 <u <t < T,(2,9) € (RY)%:

cr(1vTO-7/2)

[He(u,t,2,y)| < U=

pe(t —u,z —y). (4.3)

Equation (4.3) for H. then yields for all 0 < s < t < T, (z,y) € (R?)%:
r—1
[HO (st 2,y)| < (L T 2)en) [ B(— 1+ (i — 1)%) ot —s,y—a)(t—s)7' 7, (4.4)

i=1

with the convention H _, = 1. We thus derive that for all 0 < s <t < T, (z,y) € (R%)%:
P t < ¢ t 4.5
|®c (s, ,$,y)|_mpc( — 8,y —1) (4.5)

|Pe(u, t,2,y)| < m}%(t —u,y —z) and [Pc(u, t,2,y)| < (t_u)%wpcg_uay_x)'
Thus, from equations (4.1) and (4.5):

o c
|D2RL(s,t,2,y)| < mpc(t -5,y — ). (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, X (s,u,w) := fag (v, w)dv,

» 1 1 .
e (s, u,x, z) )2t (5o (5, w4, )] 2 exp ( - 5(28(5, u,w) (z—x),z — z}) ,
Diﬂjﬁgj(s, u,x,z) = {(Z;l(s, u,w)(z — x))i(Egl(s, u,w)(z — x))j
=855 (B (s, w))i B2 (5,0, ,2), V(6 ) € [1,d]?, (4.7)

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

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

(s+t)/2
DeRIstny) = [ du [ (D)o )0uut )
s+ Rd
(s+1)/2
+/ du/ cZ(s,u,z, 2)(Pe(u, t, 2,y) — Pe(u, t, 2, y))dz
s+ Rd
= (RD'+ 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',2)| 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 / /
< | du [ m(pc(u —u,w — ) + pe(u — u,w — 2))
w c
|‘/I"_Z|V/2 C / |.’L'—Z|V/2 |:L-_Z|7/2
* (W —u)/4 (¢t — u/)l*’}/pc(t —uhy —w)dw < Cmpc(t —uy—2) < Cmpc(t —u,y — z2),
exploiting that z € A, t —u > %(t — ), and the usual convexity inequality |yt_:i|2 > |2?ét—j1|f) _ \Zt—jf > \szt—j\j) e

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, ' w,w)) — Tr((ae(u, 2) — ac(u, w))DiﬁE(u,u/, zZ,w))
= Tr((ac(u,z) — ac(u, z))DgﬁE(u,u/, x,w)) — Tr((ac(u, z) — as(u,w))(Dgﬁg(u, w2z, w) — Dgﬁs(u,u/, x,w)))
= I+1II. (4.14)

Then, from (4.1),

Cla — z[1/?

Clx — z|"/?
(u — w)i—/ale

|z — 2|7
— (uiu/)lf’y/4pc

ﬁpc(u/ —u,w—2x) <

(u (v —u,w—z), (4.15)

(u —u,w—z) <

|| <cC

o—wl? o Jz—wl® _
w—u = 2(u'—u)

using that z € A for the second inequality, again combined with the convexity inequality

2 2
‘i,_fi > Jf;ift) — ¢ for the last one. Now, from the explicit expression of the second order derivatives in (4.7),

(A2) and usual computations we also derive:

Clz — z|"/?

Clz —w|" |z — z|"/?
(u' _u)1—~y/4pC

(’U/ 7U) (Ul _u)’)’/4pc(ul _U,w_z) S

[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 o € N, denote by I a multi-index s.t. |/| = 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
Dgil/ du/Rd gl’e(s,u,z,z)@s(u,t,z,y)dz, (417)
s+T
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l.

where g'¢(s,u,z,2) := DL p.(s,u, x,z). Let us write introducing the cancellation term ct:

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

(s+t)/2
+D§fl/ du/ e,y @, 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 20) — @)
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, 2,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 Hg" = ) (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)| <

ie—18) =
@CZWU — )T B(v/2,57/2)pe(t — 5,y — ), (4.20)

j=1

with the convention that H?Zl = 1. Observe first that for || = 0 (no derivation), estimate (4.20) readily
follows from (4.3). Let us now suppose |G| > 0. Observe from the definition of H. that (4.20) is satisfied for
t = 1. Let us assume it holds for a given ¢ and let us prove it for ¢ + 1. Write again:

t

Dﬁw“@mmw:/

) du/Rd DgHE(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)H (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 (3.12) 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 (3.8). 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 [KKM15]):

C1

P
|H€(u7t5’z5y)| — (tiu)1/2pc

(t—u,z—y). (4.23)
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Equation (4.23) for H. then yields

r—1

1 . 1 14z
|H£T)(s,t,x,y)| gc{HB(§,1+(z—1)§)pc(t—s,y—x)(t—s) 1+2’ (424)
i=1

again with the convention H?Zl = 1. We thus derive |®.(u,t, z,y)| < Wpc(tfu, y—=z)and | P (u,t,x,y)| <
Wpc (t — u,y — ). We finally get on the considered time set:

(s+1t)/2 1 1

2 1/2 -
|RT2(s,t,2,y)| < C((t — )'/? Ne) pe(t — s,y — x) /SH du (u— )72 (t — )3/

C((t—s)2 Ne)™n
S = sz Pelt =5y - o)

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| < ¢[(v’ — u)/? Ae]}:

|z — 2|
/

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

(' — )2 A 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) comes precisely from those terms.
Recalling that under (A pg) the driftless proxy does not depend on ¢ (since the diffusion is smooth, see (3.9) in
which one has 0. = o under (A pg)), we denote its density by p and write:

(b= (u, ), Dap(u, v, w)) — (be(u, 2), Dap(u, u', 2, w))
= (be(u, ) — be(u, 2), Dopu, v, 2, w)) + (be(u, 2), Dpp(u, v, x,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 — z| n _
1l < m{2|b|m((w—) Ly o> (uw—u)y/2pe + €T — Z|H|z—z|§(u’—u)1/2/\a}pc(u/ —u,w — )

_ u)l/? Ag
— m — m
< O —u)? A 5)"%])0(1/ —u,w—2) < C((u —u)2A E)U(Qlfg_iuz)tmpc(u’ —u,w — z),

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|"
(u! fu)"/Qpc

(u’ 7u)1/2pc

(' —u,w—2z) < (' —u,w — 2).

7C|x—z| 1 u —u,w—{z Tr—z
1] < (u,_u)/o pe( ;w—{z+ X YHdA <

The above estimates give (4.25) and concludes the proof for |af = 2.



28 WEAK ERROR FOR THE EULER SCHEME WITH NON-SMOOTH COEFFICIENTS

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

i(-—18l —18l+1/q il
CE et 0 [ Blala) al@ilpelt— sy =), alo) = 50—, (420

2

with H?Zl = 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 |G| > 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

DEHI (s,t,2,y) = /

du/ DgHE(s, U, T, z)HE(Z) (u,t, z,y)dz
(s+t)/2 R4

(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,z,y).
s R4

The term Ri”g is easily controlled by (4.26) that holds from the induction hypothesis for j = 0 (direct differen-

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

Cle Pl ey gy +1)

B
|DJH.(s,u,z, 3+ 2)| < (u—s)1/2

pe(u —s,2). (4.27)

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

(s+t)/2 du(t o u)fl#»i(l(q)
; (u — 8)1/2(t — w)(BI-1B)/2

1—1 3
75" (s.t.0.)] < O [ Blataa@i{ 30
i=1 B,181<18]

« /Rd pe( = 3, 2)(e Py, iy + V(e I, ey, 7y + e BBV (¢~ — o — 2)dz}

(s+t)/2 du(t . u)flJria(q)

i—1 -
< Ci+1 B . Clﬂl/ _
e [[Be@awn{ X < | o eGP
j=1 B,1BI<IB]
X[pc(t —5Y—= x)(g_wl]lze\/a(l) + 5—\B|+1/q) + E_lﬂH_l/q(/ pc(u -5, Z)qpc(t — U,y —T = z)qd'z)l/q}a (428)
Rd

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

g YCDp(t — s,y — )

(/Rd pe(u — 8, 2)Tpe(t —u,y —x — 2)2dz)/T = ((QW)(Z@;)S& —u) )d/2(1*1/¢7>

< Cu-— s)_d/@q)pc(t — s,y —x),
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for w € [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

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

cl 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+1)/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—1 1
DT < =) /(S+t)/2 du /Rd |z — y|{ /0 pe(u— 8,2 =2+ ANy — 2))dN|,_y < t—sy1/2

1
+(pe(u— s,z — ) + pe(u— s,y — x))]l‘z,yb(t,s)l/z}mpc(t —u,y — 2)dz < Cp.(t — s,y — x).

On the other hand:

t—1 o — m 1
T zZ—Y Z—Y
D3N )| < Cpelt —sy—o) [ ey 2 g B Ly )
(s+1)/2 Rd € " (t —u)
C
< Ef"(t = 8)"?pe(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

DY (s, t,2,y) = fo*l/

du [ (ss0.,2) = Blssu, )0 2) g1 . 2,) ) d
(s+1)/2 RY

t—r1
e [ [ plo s ) 0u(02) = bt 2.9
s+t

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

t—T1

D57 (st = D5 [
(s+1)

t—r
e [ [ et )0tz ) = el 2 )
s+t)/2 R

) = Bl ) b2 ) ) )
2 R

t—7

DS CANCANE )

B1, B2, B3, (s+t)/
Bl =181

dU/d 1Dy (s, u, x, 2+ y) — Dy (s, u, ,9)|[Dy2be (u, 2 + y) || Dy i(u, t, 2 + y, y) |dz
2 R

t—T1
[ [ Dp s ) Db+ 9) — D)D)z,
(s+1)/2 R

where (|S1], |52], |B3])! = (1_1233:1(‘|§f‘|!))! stands for the multinomial coefficients with entries ([3]i)ic1,37. Recall as

well from (2.9) that we have the following control:

, K
Db (u, 2+ y) — Db (u,y)| < C((l +e P ev. ) + Lyev. o) mﬂ|z|>(t—s)1/2

_ _ z
(1 + e P yeva, )2z <e + (L eI ev ) + Hyevgcr))(g)"H\z\>s)ﬂwz\s<tfs>l/2)

_ ]
< ((1 +e ‘B|+1(]Iy+Z€Vs(I) + ]IyEVs(I)) (t — 5)1/2 H|z|>(t—s)1/2

— _ z
(14 e e, @)lzj<e + (147 0y pev ) +]Iyevg<z>)]1\z\>a)(g)nﬂizm—s)”z)'

Thus,

t—T1

D ta)| <C 3Bl Bl Bl |
B1, B2, B3, (s+t)/2
S 1Bl =18l -1

|2
o /R {Wpc(u =58 =Y+ M) <2

z _ 1
+(t_|$(l?c(u =8,y +2z2—2) +pe(u—38,y— )5 —s1/2 }(1 +e ‘B|+1Hy+z€V€(I))t — upc(t —u,z)dz
T 1 —18]+1 |2
+ itz du » mpc(t — Sy — z){(l +e Lyt zev.(z) + Hy-i—zEVE(Z)))m]I\Z‘>(t_5)1/2
_ _ ||
A+ e P ey ) aj<e + (L4 e P Lev o) + Hy-i—zEVg(I)))]I\z\>8}]l\z\§(t—s)1/2(?)n}
1 C\B| e el/a
— pu(t — dz < —2_po(t — —2)(1 —Bl+1 =
t_up( u, z)|dz < (t—s)\ﬂlp( s,y —x)(1+e ( ., +a(q)))’
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recalling that the contribution in % comes from the terms involving Hy(t*ji% 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]:

(pé‘ _pg)(tlat]away) = (pé‘ & HE — Pe ®h HE)(tlat]axay) + (pé‘ _Pg) ®h Ha(tiatjaxay)

= Z(p&‘@Ha — De ®h Ha) ®h Hér)(tiatjaxay)a (433)
r>0

where we apply iteratively the first equality to get the second one. From (4.4), that holds for v = 1 under
(Aps), the key point is thus to control p. ® H. — p. ®p H.. Write:

(ps & HE — Pe Qhn HE)(tzatjv'rvy)

J=i=1 .t (k+1)h
= Z / du/ dz{pe(tisu, , 2)He(u, tj, 2,y) — De(tis tivk, €, 2) He (tivr, t5, 2,9) }
k=0 t;+kh Rd
Jj—i—1 ti+(k+1)h
= {/ du/ dZ{[ E(tivuazaz) 7p€(ti;ti+k;zaz)]HE(uatjaZay)}
k—0 ti+kh R4
it (k+1)h
Jr/ du/d dz{pe(ti, tivr, , 2)[He (u, t5, 2,y) — Hg(tiJrk,tj,z,y)]}} = (D&Y + DE2)(ty,t5,2,y). (4.34)
ti+kh R

For the term D%! we first write:
1
pa(ti; u,x, Z) - pé‘(tia ti-‘rka x, Z) = (’LL - tl-‘rk) / (a’upa(tia v, T, z))U:ti+k+)\(u—ti+k)d)\
0

1
= (’LL - tiJrk) /0 (Lf}’*pg(ti, v, T, Z>)v:ti+k+k(u_ti+k)d/\.

Under (Apg), reproducing the integration by parts strategy that led to (3.18), we then derive:

d,1 he 2+
|DE | (tis by, 2, y) < Cmpc(tj —ti,y — ). (4.35)

Similarly, under (A pg), from the computations described in Section 3.4, we derive in the general case that for
all ¢ > d,n € (0,a(q)):

he=1=n
D&M (tist,2,y) < Cn,qmpc(tj —ti,y — ). (4.36)

On the other hand introduce:
(D?,Ql + Dg722)(ti7 tiJrka U, tja €, y) =

C/ Pe(tive —ti, 2 — x)|ac(u, 2) — ac(u,y) — (ac(tivw, 2) — ac(tivr, v))| Pe(ty —tivr,y — 2)dz
Rd

tj — tivk

+| /dp&‘(tiati+ka$az)(aé‘(uaz) - a&(uay))[DiﬁE(u)tj’zay) - Dgﬁ&‘(ti"rk)tj)Z)y)”a
R
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that correspond to the most singular contributions in D%? as far as the time singularity is concerned. For D422
we can again perform Taylor expansion in time, use the Kolmogorov equations and integrate by parts as above
to derive under (Ag):

J=i=1 i (k+1)h B he—2+7
du| D& (b, gk, usty, o, y) < Cr——g—7pe(tj —ti,y — x). (4.37)
=y Jtitkh (t; — )=/

On the other hand, using the /2-Holder continuity in time of a we get:
|D€d’21(ti7 ti+k7 u, tjv xZ, y>|

< C/ Peltivh — tiyz — 2)|u — tiyy]"? pelty — titk,y — 2)dz
Rd tj —titk

< CRO™M2po(t; — tiyy — ) (t; — tig) T2,

for n € (0,7). Plugging now the above control, (4.37), (4.35) in (4.34) we derive the result under (Ay) from
(4.4) and (4.33).
Now under (A pg), the previous strategy yields:

J=i=1 ;4 (k+1)h B he—1-n
/ du| DE?2|(ty, tigp, u, by, 2, y) < Cn,qmpc(tj —ti,y — ). (4.38)
o Jtitkh (tj —t:)

Also, the smoothness in time (Lipschitz continuity) of the diffusion coefficients gives for n € (0, 1],
IDE2 (45, ik, us ty, @, y)| < CRI2po(t; — tiy — @) (85 — tigw) T2,

for n € (0,1]. Again, the results under (A pg) follows from (4.4) and (4.33) plugging the above control, (4.38),
(4.36) in (4.34). In the particular case o(t, ) = o, the bound of the proposition is derived similarly, using again
Proposition 4, equation (3.13), since in that case at most one integration by part is needed.
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