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TO DIFFUSION PROCESSES WITH L% — L? DRIFT COEFFICIENT AND
ADDITIVE NOISE
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UMR CNRS 8071, 23 Boulevard de France, 91037 Evry, France and Laboratory of Stochastic Analysis, HSE University,
Moscow, Pokrovsky Boulevard, 11, Russian Federation, *stephane.menozzi @univ-evry.fr

We are interested in the time discretization of stochastic differential
equations with additive d-dimensional Brownian noise and LY — L” drift
coefficient when the condition % + % < 1, under which Krylov and Rock-

ner [26] proved existence of a unique strong solution, is met. We show weak

convergence with order %(1 — (‘l + %)) which corresponds to half the dis-

tance to the threshold for the Euler scheme with randomized time variable
and cutoffed drift coefficient so that its contribution on each time-step does
not dominate the Brownian contribution. More precisely, we prove that both
the diffusion and this Euler scheme admit transition densities and that the dif-
ference between these densities is bounded from above by the time-step to
this order multiplied by some centered Gaussian density.

1. Introduction. In the present paper, we are interested in the Euler-Maruyama dis-
cretization of the stochastic differential equation

t
(1.1) X}:x+WQ+/nM&XQd& telo,T),
0

where z € R, (Wi)¢>0 is a d-dimensional Brownian motion on some filtered proba-
bility space (2, F,(Ft)i>0,P), T € (0,+00) is a finite time horizon and the drift co-
efficient b : [0,7] x RY — R? is measurable and satisfies the integrability condition :
161l a (0,77, Lo (ReY) =1 [|bl| La—L» < 00 for some p, ¢ > 0 such that

d 2
(1.2) p>2and — + = <1,
pq

which clearly implies that p > d and ¢ > 2. When p and ¢ are both finite,

T 1/,0 q 1/q
s = [ ( / rb<t,y>\pdy) at
0 R4

and when p = +oo then ([, [b(t,y)| dy) Ve i replaced by the essential supremum of y —
|b(t, )| with respect to the Lebesgue measure on R? while, when ¢ = +o0, the power 1/q of
the integral of the g-th power of the function of the time variable over [0, 7] is replaced by
the essential supremum of this function with respect to the Lebesgue measure on [0, 7']. This
framework was introduced by Krylov and Rockner [26], who established strong existence and
uniqueness for the above equation under the integrability condition (1.2). The critical case
has recently been treated by Krylov [27] and Rockner and Zhao [42], [43] who respectively
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addressed the strong well-posedness of (1.1) in the time-homogeneous case (then ¢ = +00)
when p = d, and the weak and strong well-posedness when % + % =1 for a time dependent
drift coefficient.

Let us emphasize that dynamics of type (1.1) appear in many applicative fields. In [26],
the authors discussed the connection with some models arising from statistical mechanics or
interacting particle systems, see [1]. Singular kernels appear as well in several domains re-
lated to mathematical physics like fluid dynamics or electro-magnetism. We can for instance
mention the Biot-Savart kernel behaving in y/|y|¢ near the origin. A similar singularity also
appears in the parabolic elliptic Keller-Segel equation. Let us emphasize that for such singu-
larity, the integrability conditions (1.2) are not met. However, in dimension d = 2, a kernel
behaving around 0 as |y|**'~%, ¢ > 0 could be considered. In this last setting we can refer
e.g. to the work by Jabin and Wang [18] for related applications. We can eventually quote the
important work of Zhang and Zhao [50] who established existence of a stochastic Lagragian
path for a Leray solution of the 3d Navier-Stokes equation. In that case, d =3, p =2, ¢ = o0
so condition (1.2) is not met but the drift has some additional properties, namely its gradient
also belongs to L? — L?.

It is therefore important to address the question of the approximation of (1.1). To this end,
the easiest, and maybe the most natural at first sight, way consists in introducing the Euler-
Maruyama scheme with step & > 0. Anyhow, in the current singular context it needs to be
tailored appropriately. Namely, we consider a cutoff with order related to the singularity of
the drift. The coefficient with cutoff is defined by

1b(t, )| A (Bh~(F30))
b(t, )]

for some constant B € (0,400). When b € L>* — L*>°, we choose B = ||b||~_r~ so that
b, = b for each step h = T'/n, n € N*. Since, according to (1.2), % + % < %, the contribution
of the cutoffed drift on each time step does not dominate the Brownian contribution.

Furthermore, to get rid of any assumption stronger than mere measurability (and integra-
bility) concerning the regularity of the drift coefficient with respect to the time variable, we
choose to randomize the time variable.

The time randomization relies on independent random variables (Uk)ke[[o,nfl}]’ where
from now on we will denote by [-, -] the integer intervals, which are respectively distributed
according to the uniform law on [kh, (k + 1)h] and independent from (W;);>¢. Notice that
this sequence is of course not needed when the drift coefficient is time-homogeneous. The
resulting scheme is initialized by X2 = x and evolves inductively on the regular time-grid
(tk = kh)ke[[o,n]] with h = % by:

(1.3)  balt,y) = Lp(e) >0} b(t,y), (t,y) €[0,T) x R?

(1.4) Xp = XE A (Way, = W) + b (Uk, X2 ) D
We then consider the following continuous time interpolation of the scheme:
¢
(1.5)  XP=z+W, +/ bh (UH,XZ> ds, te€0,T] where 7" = |s/h|h.
0 h £l

The cutoff threshold in (1.3) permits to get rid of the drift in the Gaussian estimates that we
will derive for the transition densities of the scheme : for all s € (¢, tx41] and y € R4,

- 2 2, d
exp (C’bh<t7y)(8 tk)| > < eXp(cBth—(;-‘r;)) H 1.
s —tg h—0

For this sole purpose, the natural threshold would have been in A /2 rather than BT,
The interest of the stronger cutoff is that it also permits to control in the proof of Theorem
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1.1 the error on the first time-step when the drift coefficient is computed at the deterministic
initial position x, while it is computed at positions with densities satisfying some Gaussian
estimates at the subsequent steps. The error bound of Theorem 1.1 remains valid for the h
cutoff scale provided we set the drift to zero on the first time step. The alternative scheme
writes:

(1.6) Xh = X!+ (W, — W) +by (Uk,)‘({; ) h,

trit
with

- b(t,y)| A (Bh™>
(L.7) bh(tvy) = ]I{tzh,|b(t,y)|>0}| ( yﬁ)’(t ?(J)’ )b<t7y)7 (t7y) € [O7T] X Rd

It can be convenient to choose one scheme or the other. The first one writes as a usual dis-
cretization scheme, but needs the drift b(s,z) to be defined for all = € R< and almost any
s € [0, h]. This is not too restrictive if one has in mind some physical models for which the
singularities are precisely located at some points in space, where it would actually suffice to
assign the drift an arbitrary prescribed value. On the other hand, from the theoretical view-
point, the scheme (1.6) allows to simply consider a class of functions in ¢ — L”. Eventually,
let us stress that, apart from the contributions of the cutoff error and the first time step (see
in particular the analysis of the terms A? and A} in Section 2.2.2), the choice of the scheme
has a minimal impact on the proof of the error estimation since both dynamics (1.4) and (1.6)
satisfy the Gaussian estimates of Proposition 2.1.

While the convergence properties of the Euler-Maruyama scheme are well understood for

SDEs with smooth coefficients, the case of irregular coefficients is still an active field of
research. Concerning the strong error, the additive noise case is investigated in [17] where
Halidias and Kloeden only prove convergence and in [8, 38] where rates are derived. Darei-
otis and Gerencsér [8] obtain root mean square convergence with order 1/2— (meaning
1/2 — ¢ for arbitrarily small £ > 0) in the time-step for bounded and Dini-continuous time-
homogeneous drift coefficients and check that this order is preserved in dimension d = 1
when the Dini-continuity assumption is relaxed to mere measurability. In the scalar d = 1
case, Neuenkirch and Szolgyenyi [38] assume that the drift coefficient is the sum of a CE part
and a bounded integrable irregular part with a finite Sobolev-Slobodeckij semi-norm of index
k € (0,1). They prove root mean square convergence with order % A HT“— for the equidis-
tant Euler-Maruyama scheme, the cutoff of this order at % disappearing for a suitable non-
equidistant time-grid. Note that an exact simulation algorithm has been proposed by Etoré
and Martinez [9] for one-dimensional SDEs with additive noise and time-homogeneous and
smooth except at one discontinuity point drift coefficient.
More papers have been devoted to the strong error of the Euler scheme for SDEs with a non
constant diffusion coefficient : [14, 15, 51, 16, 39, 40, 4]. Recent attention has also been paid
to the Euler-Maruyama discretization of SDEs with a piecewise Lipschitz drift coefficient
and a globally Lipschitz diffusion coefficient which satisfies some non-degeneracy condition
on the discontinuity hypersurface of the drift coefficient : [29, 30, 31, 35, 37].

We will here focus on the so-called weak error between the diffusion and the Euler scheme
(1.4), namely the quantity

(@, T, p.h) = Eup(X})] — Eolp(Xr)],

for a suitable class of test functions ¢ which can even be a Dirac mass. In the additive noise
case considered in the present paper, Kohatsu-Higa, Lejay and Yasuda [20], prove that for
 thrice continuously differentiable with polynomially growing derivatives, the convergence
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holds with order 1/2— when d > 2 (resp. 1/3— when d = 1) and the drift coefficient is time
homogeneous, bounded and Lipschitz except on a set G such that e~¢ times the Lebesgue
measure of {z € R?: inf,cq |z — y| < e} is bounded. Suo, Yuan and Zhang [44] prove con-
vergence in total variation with order § for time-homogeneous drift coefficients with at most
linear growth and satisfying an integrated against some Gaussian measure «-Holder type
regularity condition.

In the much more general multiplicative noise setting, when the diffusion and drift coeffi-
cients are smooth, from the seminal work of Talay and Tubaro [45] to the extensions to the
hypoelliptic setting, see e.g. the works by Bally and Talay [2], [3], it has been established
that the above weak error (with b (¢, X/ ) replacing by, (Uy, X{') in the right-hand side of
(1.4)) has order one w.r.t. the discretization parameter h. When ¢ is a Dirac mass we can also
refer to [22] or to [24] where non-degenerate bounded Holder coefficients are considered
(see also [10] in the framework of skew diffusions). The common point in all these results is
the key role played by the Feynman Kac partial differential equation (PDE) associated with
(1.1) which permits to write the error as the expectation of a time integral of the sum of terms
with derivatives of the solution to this PDE multiplied by the difference between the drift and
squared diffusion coefficients at the current time and position of the Euler scheme and at the
last discretization time and corresponding position. This permits to exploit the regularity of
these coefficients to derive the order of convergence.

It is however clear that for rough coefficients, like in the current L? — LP framework,
another strategy is needed. For a bounded measurable drift (p = ¢ = o0), a new idea was
proposed in [5] consisting in comparing the expansions of the densities at time 7' of the
diffusion and its Euler scheme with randomized time variable along the solution of the heat
equation (in place of the Feynman-Kac PDE) with terminal condition ¢ equal to 6,(dz).
This solution is (s, z) — g1 (T — s,y — z) where g; (¢, .) denotes the Brownian density at time
t>0.

We will check in Propositions 2.3 and 2.1 that both the SDE (1.1) and the scheme (1.5)
admit transition densities which can be expanded around this Gaussian density as expected
from a formal application of It6’s formula. More precisely, for s € [0,7") and = € RY, the
solution to

started from x at time s admits at time ¢ € (s,7] a density with respect to the Lebesgue
measure on R? denoted by 3 + I'(s, x, ¢, ) and, as expected formally by computing dg; (T —
s,y — Xs) by 1td’s formula and taking expectations,

T
vy e R, T(0.2,T,y) = g1 (T,y — ) — / Eb(s, Xs) - Vygi(T = s,y — X)] ds.
0
In a similar way, for k& € [0,n — 1] and = € R?, the solution to
(1.9) dX}' = dW, + bp (U |, X ] )dt

(resp. the same dynamics with by, replaced by by,) started from z at time ¢, admits at time ¢ €
(tx,T] a density with respect to the Lebesgue measure on R? denoted by y — ' (¢, z,t,y)
(resp. y — T (ty, 2,t,7)) and

(1.10)
T

vy € Rda Fh(O,CL',T,y) :gl(Tay - .ZE) _/ E [bh(Ul_ijani—i’l) : vygl(T— S, Y — Xg)] ds
0 y
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(resp. the same equation holds with I'* and by, replaced by T'* and by,).
Taking the difference of the two expansions, we obtain

Fh(())x)Ta y) - F(O,ZL‘,T, y)

T
:/ ds[T(0,z,s,2) — T"(0,,5,2)]b(s, 2) - Vygi (T — s,y — 2)dz
0
T
—I-/ ds/ T7(0,2,8,2)(b(s, 2) — by(s,2)) - Vygi (T — s,y — 2)dz
0 R4
T
+/ ds/ [T"(0,,8,2) — TM(0, 2,70, 2)bn(s,2). Vg1 (T — s,y — 2)dz
0 R4
T
+E[/O dsbi(Usynp, X25) - (Vyg1(T = U,y — XI)

(1.11) — V(T — s,y — X))

This formula actually emphasizes that, in order to give a convergence rate for the Euler
approximation, two preliminary results are needed:

- estimations on the heat kernel I'” of the Euler scheme in order to deal with the second (cutoff
error) and fourth terms in the right-hand side,

- estimations of its Holder modulus w.r.t. to the forward time variable to deal with the third
term in the right-hand side.

These properties are established in Proposition 2.1 below using an approach inspired from
[32]. The first term in the right-hand side will be treated through a Gronwall type argument.

In [5], for ¢ = p = +o00, starting from a similar decomposition (actually the term involving
the modulus of the heat kernel with respect to the forward time variable is written with the
transition density of the diffusion instead of that of the Euler scheme), the authors derived a
convergence rate of order 1/2 w.r.t. h for the total variation distance between the law of the
diffusion and its Euler scheme for a bounded drift.

In our main result, we extend this estimation in a precised way to the case b € LY — L”
with % + % € (0,1) by showing that the difference between the densities is bounded from

1 da 2
above by Ch? (1_ <?+5)) multiplied by some centered Gaussian density. In fact, in the case
q = p = +oo for both discretization schemes and when (d, ¢) = (1, 00) for the scheme (1.5),
the estimation is perturbed by an extra logarithmic factor.

THEOREM 1.1 (Convergence Rate for the Euler-Maruyama approximation with LY — L”
drift). Assume that (1.2) holds. Set:

(¢+3)
a=1—-|-+-].
P q

Then, for all ¢ > 1 there exists a constant C. < 0o s.t. for all h =T /n with n € N*, and all
te(0,T), z,y € R?

|Fh(07$7tay) - F(()?xvtay)‘ < Cch‘% (1 + (]I{oczl} + H{(d,q):(l,oo)}) lnn) gc(t>y - ZC),
|fh(0,x,t,y) —TI(0,z,t,y)| < C.h% (1 + La=13 lnn) gc(t,y — ).

where g.(u,-) stands for the density of the centered Gaussian vector in dimension d with
covariance matrix culg, u > 0.



REMARK 1.2 (About the positive exponent for the time in the error). We point out that,
since we are handling rough drifts, and therefore cannot proceed with the expansions of the
heat-kernels beyond orders greater than 2, there is no time singularity appearing in the final
bound for the error. We can refer to [22], [13] or more recently [11] for a specific description
of the time-singularity for the error expansion when the coefficients are smooth. In that case,
the convergence rate is h and the best upper bound for the time singularity comes from [11]
and has order t /2.

REMARK 1.3 (About the convergence rate for smoother coefficients). Let us mention
that the proof suggests that for drifts Holder continuous with exponent 3 with respect to the
spatial variable and with exponent g with respect to the time variable, the convergence rate

of the Euler approximation for an additive noise should be in hits if € (0,1) and not in

hg as established in e.g. [34], [24] in which a multiplicative noise was anyhow also taken
into consideration. We plan to investigate this question in a future work. We can mention the
recent work by Dareiotis et al. [7], which investigates the strong error for the Euler scheme
with rough drifts, namely quantities of the form E[supse[oﬂ | X5 — X]P] i and in which are
also obtained error bounds of this order (see Theorem 1.5 therein which precisely gives this
convergence rate for a bounded drift in the homogeneous Sobolev-Slobodeckij space Wﬁ;
m > max(d,2), a € (0,1) and an additive Brownian noise).

REMARK 1.4 (About other driving noises). Another natural extension would concern
the class of noises considered. One might wonder e.g. if we could consider dynamics of the
form

(1.12) dX, =b(t, X,)dt + dZ,,

with Z being a rotationally invariant stable process of index «y € (1,2). We think that the
techniques used to prove Theorem 2.3 below, adapting somehow the strategy of [32], should

be sufficiently robust to obtain an error estimation with order h~ fora =1 — ﬁ — ﬁ

when b € LY — LP with ﬁ + ﬁ < 1. Let us mention that the well-posedness in a
strong sense and in a weak sense of (1.12) with singular drift coefficient has respectively been
addressed in [47] and [6] and that heat-kernel bounds for multiplicative stable noise and
unbounded drift have been obtained in [33] even in the super-critical case y € (0, 1) through
the approach of [32]. The indicated thresholds can be derived following the procedure below

adapting Lemma 2.4 to the pure jump stable case.

The article is organized as follows. We will first prove our main result in Section 2. To
this end, we also state therein two propositions giving Gaussian heat kernel estimates and
Duhamel representations for the transition densities of the Euler scheme and the SDE (1.1).
Section 3 is dedicated to the proof of the estimates for the approximation scheme. In section
4, we deduce the estimates for the diffusion by letting the time-step & — 0. Technical results
are gathered in the Appendix.

We denote from now on by C' a generic constant that may change from line to line and
might depend on b, q, p,d,T. Other possible dependencies will be explicitly specified. We
reserve the notation ¢ > 1 for the concentration constant, or variance, in the Gaussian kernels
ge. For amulti-index ¢ € N?, z € R?, we denote VS = 8& . -8%1. If || := Ele ¢Gi=0,V5
then simply means that there is no differentiation. Also, for a,b > 0, B(a,b) = fol u? (1 —
u)?~'du stands for the B-function.

Eventually, we will consider from now on that the condition (1.2) is met.
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2. Proof of the convergence rate for the error. We prove in this section our main re-
sult, Theorem 1.1. To this end, we first give two auxiliary results about density/heat kernel
estimates for both the scheme and the diffusion.

2.1. Key results for the proof of Theorem 1.1. Using an approach inspired from [32], we
obtain the following estimations for the scheme.

PROPOSITION 2.1 (Density estimates for the Euler scheme). Assume (1.2). Set h =

%, n € N*. Then the Euler scheme X" with dynamics (1.9) (resp. X" with dynamics

(1.6)) admits for all 0 < tj, ;== kh <t <T, k € [0,n], (x,y) € (R")? a transition density
T (ty, 2, t,y) (resp. T"(ty, x,t,y)) which enjoys the following Duhamel representation :

t
(21) Fh(tkvxatay):gl(t_tkay_l')_/ E[bh(Ul_%prf}-lyh)vygl(t_r7y_X7}’L):| dT,

tr
2.2)

t
resp. Fh(tk,l‘,t,y) :gl(t _tkay - .1‘)—/ E |:bh(U|_ij>X7I}7h) : vygl(t -ny _X:’L):| dr.

ti

Furthermore, for each ¢ > 1, there exists a finite constant C' not depending on h = % such
that for all k € [0,n —1],t € (t,T),z,y,y € RY,

(2.3) T (ty, @, t,y) < Cgelt —tr,y — )
and if a < 1,
Tty ty') = T (b, 2,1, )|
ly—y/[* A (t—tp)?
(t—tr)?
Also, forall 0 <k </l <n, t € [ty,tei1],x,y € R,

(2.4)

(9e(t = tiyy — ) + ge(t — e,y — 2)).

T (tg, x,t,y) — TRty x, te, )|

t—t)2 ty—t
(25) SCW <1+H{a:1}1n< ¢ h k)) gc(t—tk,y—ﬂf),

and the same estimations hold with T replacing T"".

REMARK 2.2.  Suppose that b € L> — L which corresponds to oo = 1. Then b also
belongs to LY — L for each q € (2,+00) and the corresponding cutoff does not play any
role if B > ||bHLoo7LooT§. As a consequence, (2.4) holds with « replaced by ¢ € (0,1) in
the right-hand side with a multiplicative constant C' possibly depending on &. The same is of
course true for T".

In the limit & — 0, we will deduce the following proposition.

PROPOSITION 2.3.  Assume (1.2). Let (Xt),c(o,1) denote the solution to the SDE (1.8).
Then for each t € (0,T), X; admits a density y — T'(0,x,t,y) with respect to the Lebesgue
measure such that for each ¢ > 1, there exists C < 400 such that for all t € (0,T], z,y,y €
R,
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and if a <1,

—y|*A(t—s)2
@7) [D0.2.) =00t/ < OIS
)

This density enjoys the following Duhamel representation : for all t € (0,T], (z,y) €
(Rd)2.‘

(gc(tvy — )+ gc(tay/ - x))

t
(2.8) 00,z,t,y) = g1(t,y — :c)—/ Eb(r,X,) - Vygi(t —r,y — X,)] dr.
0

Let us mention that similar Gaussian estimates were obtained for even rougher drifts in
Besov spaces with negative regularity index by Perkowski and Van Zuijlen in [41] using
Littlewood-Paley decompositions for the drift. For time-homogeneous drifts, heat kernel es-
timates of the same type were obtained by Zhang and Zhao [49], see Theorem 5.1 therein,
under the condition ||(I — A)™2b||, < +oo, a € (0,1), p € (7%, 400) through change of
probability techniques. However, it seems that the LY — L case had not been considered so
far. Hence, to the best of our knowledge, the above heat-kernel estimates are new and can be
of interest independently of the approximation procedure.

2.2. Proof of the main Theorem for the discretization error. From the results of the previ-
ous subsection we are almost in position to prove our main result: the error bound of Theorem
(1.1) for the densities. We state in the next paragraph the additional technical lemmas also
needed.

2.2.1. Preliminary results. We state here three technical lemmas that turn out to be useful
for the error analysis. The first one is related to integrability properties of Gaussian kernels
integrating a function in LY — L. Such kind of integrals appear from the decomposition of
the error (1.11). The second one gives standard quantitative bounds for Gaussian kernels. The
last one is a Gronwall-Volterra lemma. Before stating our Gaussian lemmas, we recall that
for ¢,u > 0, g.(u,-) denotes the centered Gaussian density with covariance matrix culy.

LEMMA 2.4 (Singularities induced by an L¢ — L drift in a Gaussian convolution). Let
p',q € [1,+00]. It holds that there exists C := C(p',q¢',d) s.t. for all 0 < s <t <T, all
B,7 >0, and all measurable functions ¢ : [0,t] x R =R and f : [s,1] — R,.

I 10(5,1)
::/ o _C?)Lg((:)_ w7 /Rd ge(u—s,2 —x)|e(u, 2)|gc(t —u,y — 2)dz

: t () "\
<C(t—8)2"g.(t — s,y — x) /du y d el pa—re s
s \(u—o)™ ot -yt e

and % + % = 1. When f is bounded, or in particular when f is constant, the time singularities

are integrable provided that (3 + 2‘2,) V(y+55) < % =1- %. In that case,

d
2p’

1= = (B+r+355
I, 1ip(5:8) < ClF el oo gt = s,y = @) (8 = 9)' 77 "5

2.9) X (B (1—q’(5+2dp,),1—q’(7+ 2‘;,)>>QI-
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PROOF. Set G/ (u) := [ga ge(u — 8,2 — 2)|p(u, 2)|ge(t — u,y — 2)dz. From the Holder
inequality, we get that there exists a finite constant Cy s.t.

gelu—s,x—2)ge(t—uy—2z) \7 1 1
G“;,C’yu < U, - p// L - ———dz , —+—==1
| ,t( ) P QD( )HL ( Re (u—s)(p 1) (t—u)(p 71)5 p/ p/
. , 12
cop et L0l
(u— )2 (t—u)2’  (t—s)3 2c(t — s)

d

<c, o, )l (¢ = 5)2
(u—s)2 (t —u)2’

(2.10) ge(t — s, —y),

up to a modification of C), from line to line. From the definition of I - r ., (s,t) we derive
the statement from (2.10) and the Holder inequality (in time). Namely,

Ig.1,0(8:)

t
o [l (u, )l e
<Cplt=5) ¥ gult = sz —y) [ duf(w : d
g s (u— )27 (1 — )t

<O(t—8)3 go(t — 5,y — ) /td /(W) ' ;HSOH
= — )2 ge(t — 8,y — U d d a' —Le
s (u— 3)’8+27 (t —u) ™tz et

The integrability conditions and the explicit control of (2.9) then readily follow when f is
bounded. The proof is complete. O

For the computations to be performed, we will also often need quantitative bounds for
sensitivities of Gaussian kernels. We state the following result the proof of which is standard
and postponed to Appendix A for the sake of completeness.

LEMMA 2.5 (Gaussian Sensitivities). For each ¢ > 1 there exists C' < 400 s.t. for each
multi-index ¢ with length |¢| < 2, and for all 0 <u </ <T, z,z’' € R? :

C c
(2.11) IVS.g1(u, )| < i ge(u, ) and |0, V591 (u, )| < R ge(u, ),
T — 2| Auz
@) |Viana) - Vigw )| < O I (g ) 4 ),
u- 2
¢ |u' —u| Au ,
@13) [V ) - Vigi ()| < O gelu,w) + g 2)).

1<
e

The next lemma, the proof of which is postponed to Appendix B roughly says that the
usual Gronwall inequality extends to integral inequalities involving integrable singularities.

LEMMA 2.6 (Gronwall-Volterra Lemma). (i) Ler 3 <1, 8> 3—1andn,5,T > 0. There
exists some finite constant C’ 5,50 SUCh that sup,c(o 1) ft) < 0575777757T for each mea-

surable and bounded function f :[0,T] — R satisfying

214) weo, ), g0 <nror [ L8
0 S
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(i1) Let B, B <1, B > B + ,5’ — 1 and a,b, T > 0. There exists some finite constant CB B AabT

such that sup,cpo ) f(t) < C5 4 p.apr for each measurable and bounded function f
[0,T] — R satisfying

t
j f(s)ds
(2.15) Vte[0,T], f(t) <a+bt ; 735(;5_3)6'

Sth+1— B

REMARK 2.7.  Under the assumptions of (i), Vt € [0, T, f(t) <n+ =5 SUWPselo.] f(s)

s0 that sup,c(o ) /() <0+ S sup,cpo g /() and when t < (152) 7,

2
n(1—7)
wel0 fe) =~ B otBi B

Slmllarly, under the assumptions of (ii), for t € [0,T] such that t < (bB(1 — 5,1 —

B)) At1- ﬁ E » SUPse[0,t] f( )— 1-bB(1— Bla B)th+1-5-5"

2.2.2. Final derivation of the error bounds. By (2.1) and (2.8), the discretization error
writes

I(0,z,t,y) — T(0,z,t,y)

t
=K |:/ (b(S,XS) . Vyg1(t —S5Y— XS) — bh(U\-%J’XﬁZ‘) . Vygl(t — 5,y — X?)>d5:| )
0

For s € (tl,T] \ {tk kc2,n—1]}, ¢:R9 x Rd x R — R measurable and bounded, we
have using X! Th + W = Won + bh(UL X )(s — 71} and the independence of X" s
W WTh and UL IE

E[ (XTn, ngLﬁj)}

hth
—/ / o(w, z,r) F (0,2, T, hw)gr (s—Tf,z—w—bh(r,w)(s—T )> dzdwdr.
h Th RdXRd

We deduce that the error decomposes as

(2.16)

T"(0,2,t,y) —T(0,2,t,y) = A} + A7 + A + A} + A} + A? where

¢
Al = / ds/ [T(0,2,5,2) — T"(0,,5,2)]b(s, 2) - Vygi(t — s,y — 2)dz,
0 R4
7' —h
A = Iie>3n) ds/ 70,2, 5,2)(b(s,2) — bn(s,2)).Vyg1(t — 8,y — 2)dz,
t R
T —h
A} = }I{t>3h}/ ds/ [T"(0,2,5,2) — (0,2, 7", 2)]bp (s, 2).Vyg1 (t — s,y — 2)dz,
t1 R4

Th—h
A} =Tz / dsE [bh(ULs/hyXZh) A(Vygu(t = Upgnpy — XI)
t1
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_Vygl(t_say_X;l)) )

tAt rh
/ / / g1(s,z—x—bp(r,x)s) (b(s, z) —bp(r,z)) .Vygi1(t—s,y—z)dzdrds,
s r=0 JR4

h+h
AY —H{t>h}h/ / / 0,2, 70, w)g <s—75h,z—w—bh(7",w)(s—7£‘))
S h\/tl R2d

X (b(s, z) — by (r,w)).Vygi(t — s,y — z)dzdwdrds.

Let us first deal with the cutoff error term A? when ¢ > 3h (the contribution A} will be
handled at the end of the proof by a Gronwall type argument). When p = ¢ = oo, we recall
that we choose B = ||b|| .- — .« so that bh =band A? = 0. Let us then suppose that 2 —l— >0,

choose & € [, v + 3) and set & = 757 We have

q P

C(ipant b |p|i+e
’b_bh’:(w'_Bh (th)) <Pl s gty < &

Combining this inequality with 7}* — h <t — h, (2 11) and (2 3) then applying Hélder’s

inequality in space like in Lemma 2.4 with p’ = 7 +
obtain
Al
t—h
< ge(t — s,y —2)
<Ch> ds )|b(s, 2 1Jr”‘gc(—’dzds
A O e
5 aavay [P |b(s, )| Vs
<Ch>g.(t,y —x)t 2 / a(ita) L,+d<1+a>
0 S 2p (t 8)2
s _o fo (s )lIprds T IbGs, )l Y ds
<Chzgc(t,y —z) (75 2/ — i + m
0 s 20 ;. (t—9)2

14+
& & -1 . ! “
<Ch% g(t,y — o) ||| L+7,, ( S asayh T + sy (1“ <2h>> ) '

For the application of the Holder inequality in space (resp. in time), we needed that HL& >1
(resp. Hid > 1) an inequality of course satisfied when p = oo (resp. ¢ = co) and otherwise

e

equivalent to — T4

2+d
> 1 (resp. %>1)andthu5toa<a+d 1+%p(resp.d<

a+1+ % Which always holds true). When d > 2 or ¢ < co, we may choose & € (o, o + %)
so that the first requirement is satisfied as well, while when d =1 and ¢ = co, & = « is the
only possible choice. With the inequality ¢ > 3h, we conclude that

o T
(2.17) |AZ| < Ch> (1 + {d=1,g=00,p<oc} I (h)) ge(t,y — ).

For the scheme (1.6), note that the first time step when b;, = 0 does not contribute to the term
A? analogous to A? in the error decomposmon (2.16). When p = g = o0, then the cutoff

error vanishes as soon has i < . When either p < co or ¢ < oo, we may reproduce

||b||Lo<> oo
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the above reasoning with & = & since |b — by,| < Hg’#. The requirement for the Holder
inequality in space writes & < p — 1 where, since p > 2 by (1.2), p — 1 > . Hence the
logarithmic term may be removed when d =1, ¢ = oo and p < o0 :

|AZ| < Ch%go(t,y — z).

Concerning the estimations of A%, i € {3,4,6}, the choice of the cutoff does not play any
role (we will only use that |by| < |b|). That is why we deal before with the estimation of
the contribution A} of the first time step where the arguments depend on this choice. The
inequality
’2

1 1
(2.18) Ve >1,Va,y,2€RY, |z —x—y[* > = —C,j\yP

_C,Iz—

applied with ¢/ = ¢ and y = sby,(r,x) such that |y| < ; ﬁl by the definition (1.3) of by,
implies that,
(2.19) [

4 B2p%

V(s,r,z,2) € (0,h] x [0,T] x R x RY, g1(s,2 —x — by (r,2)s) < cze21 g (s, 2 — x).

B2p™

When by, is replaced by by, the factor cse2-1 should be replaced by c%eﬁ.

Equation (2.19) is crucial since it precisely emphasizes that for small time transitions of
the scheme the chosen cutoffed drift is negligible with respect to the diffusive behavior of the
Brownian motion.

With (2.11) and the definition (1.3) of b, then Holder’s inequality in space, that ¢t — s > %
for s € [0,¢1] when ¢ > 2h, Holder’s inequality in time, we obtain that

A< [ [ s (o) + o) BAEE)
h s r=0 JR4

=0

" ge(t — s,y —2)
Vt—s

4 12WAV b . »d 1,4 t1 At d
< Cgc(t,y — ) tzp/ %Jﬂgh (q+2p)/ _as
0 82P(t—s)2+2p 0 Vi—s
<4 ¢ b S,y LpdS (1, d t ds
chc(t,y—x) <H{t<2h} t2p/ %_’_Bh (q+2p)/
0 SQp(t—S)Q 2p 0 t—s

1 t b 5. pd (i 4
0

520

dzdrds

< Cye(t,y — ) (|16l zo—rr + B) (Ijpcany[t? + 2] + Tjsonyh®)
(220) < COg.(t,y —x)h>.

For the scheme (1.6), we have removed the drift on the first time step to get rid of the con-
tribution of |b(r, )| A (BR™2) in the previous analysis which would have led to a bound in
(tAR)2(tVh) 2g.(t,y — x).

We next suppose that ¢ > 3h to estimate the error contribution A}, since this contribution
vanishes otherwise. Using (2.5), (2.11) and |by,| < |b], 7/ > 5 when s > t1, then applying

Lemma24 withp' =p, ¢ =q. o=, f=1,8=5.7= %, we obtain that
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A7)

h o (s—1h)s ge(t — s,y — 2)
<C(1+TIpepiIn| — / ds> " Ts)* / (s, 2 —x)|b(s, 2)| %5 4 dz
< to=t) ( >) t L)z Rdg( o2 Vi—s

(74
<C <1+]I{a:1}ln< )) h /0 /Rdgc 5,2 —2)|b(s, z)|wdz

, /t —
2.21)

o T
sChe (1 + H{a=1} In <h>> 6|l La—rrge(t,y — ).

We still suppose that ¢ > 3h to estimate the error contribution A#, since this contribution
vanishes otherwise. Using now |by| < |b| for the first inequality, (2.3), (2.13), (2.19) with
(c,s,x,z) replaced by (1<, s —t;,z,w) and (2.12) for the second inequality,

=S

[N

=4

2 _ (e—1)a?
) supa®e” 220+ (s —1;)2 go(s — tj,w — 2)

2
=l tw-2) <
2 a>0

1+c¢
d
and gi+c < <12—+CC) * g. combined with Gaussian convolution and |r — 5|V (s —t;) < h for the
2

third inequality, Holder’s inequality in space for the fourth inequality, we obtain for & € [, 1]
to be specified later on :

\A?!

_Z /t“ /ﬁldr/RdXRd M0, 5, 2)g1(s — tjw — 2 — by, 2)(s — £))[b(r, 2)|

x (IVygi1(t—r,y—2)—=Vygi(t—s,y—2)| + |Vyg1(t—s,y—2) = Vyg(t—s,y—w)|) dzdw
%]

C’E /J+1 /J+1 /
— ds dr t,z—:cglﬂ —t;,w—2)|b(r, z
<h 2 [ty 2= 2)guse (s b0 = Dlo(r, )

-

(Mgc(t—rvs,y—znw,(gc(t $,y—2) + gelt—s,y— w>>) dzdw

t—rVs) 2 (t—s) 2
o 1L2J3 /a+1d /a+1 / Je t] Z—x ‘b(?” Z)‘( ( )
<Ch5~ s ’ - (t—rVsy—=z
t; R: (t—1rVs) = g Y
+9c(t —s,y—2) +ge(t — b5,y — Z))dz

_ R t?pllb( Ilze
<C’h2 1 Z / / T (gc(t+tj—rvS,y—:c)

—rVs) 2 "2

k} N‘Q_

—|—gc(t—|—tj—s,y—x)—i—gc(t,y—x)).
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Sin;etZ?)h,forr,sE [tj,tjr1] with j < L%J—2,t2t+tj—32t+tj—r\/3zt—hz %
so that

d

32
ge(t+tj—rVs,y—a)+g.(t+t;—s,y—z)< Fgc(t,y—x).

2

Since for r, s < 7' — h in the same time-step, (t — 7V s) > 5" and t; > % for r € [tj,¢;41]

when j > 1, we deduce that

4 oy Th—h )
|At‘ )Schgtz/i/ ”b(r’)HL ‘d'l"
0

ge(t,y —x rac(t—r) s ta

& 14+& % o t—h B
<ont (8 / Hb(TWLd?“+/ e Jlzdr
oo So(t-r) e T

1—1
& e t q
SC%2<5'HthLJ§ +nmqup<Mwwﬂl2'+Maa}<m<2h>> ))’

where we used Holder’s inequality and q%l (ﬂ + i) > -4 (1+ch + 2%) =1lsincea >«

2 2p ) = q—1
for the last inequality. When v < 1 (i.e. either p < oo or ¢ < o0), we choose & € (a, 1], while
when o =1 (i.e. p = g = o0), the only possible choice is & = a = 1. Using that ¢ > 3h, we
conclude that

(2.22) A} < Ch> (1 +Ifpe1yIn G)) ge(t,y — ).

Let us now suppose that ¢ > h to estimate AY. Using (2.19) with (s, ) replaced by (s —
Th w) (2. 11) and |bh| < |b| then Gaussian convolutlon Holder’s inequality in space, last that
s>1h Z for s > (t}' —h)Vt, with t > h (7 > hZ when ¢ € [h, 3R] while when ¢ > 3h,

—h> %) t — 1" >t — s and Holder’s inequality in time, we obtain that

6 7! hth b
a8 <& / ‘/ /'  2)ge(s — 7P,z — w)
(T8 —h)Vity R4 de

c t— v T
X (|b(s,z)| + |b(r,w)]) wdzdwdrds

Vi—s
¢
ge(t — s,y — z)
<C/ / ge(s,z —x)|b(s, 2)| ——F——==dzds
A
TP +h h
: ge(t =75y —w)
— b(r, w)|ge(T!,w — x) dwdsdr
/ (P —h)Vis /7":7'_? R4 )‘ Vi—s
d t P
<Cylty—a) (¢35 [ Ledleds
(rh—h)Vty 52 (t — 5)2 T2

35 Th+h )
Lt / lotr, e, ds
W Js=(eh—nyvty Jr=ri (th)ae (t — 1h)2e  ViE—s

2 ot ds
SCHb”Lq*L’)gC(tvy*x) ((t(Tthh)\/tl) +h q/ +d>

(rh—h)Vt: (t — s)2
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(223) <Cgc(t,y —z)h%.

Let us conclude with the term A} which can be used in a Gronwall type argument. Namely,
set for u € (0,7T:

"0, z,u,z) —T(0,z,u,z
e s 02 O]
(,2)€(R4)? ge(u, o — 2)
We know from (2.3) and (2.6) that SUPse (0,7 f(s) < 400. Similarly to the proof of Lemma

1.

2.4, we write with % =1- 7

! t — ) |b(s, 2 gelt =5y —2) 2
Al g [ ooz ) o)l P02

d t q é
SCM( [ <f<>> ) bl ety — ).
0 s2(t—s)2" 2

With (2.16), (2.17), (2.20), (2.21), (2.22) and (2.23), we derive:
f(®)

. ™N e ([t s\

Thus, up to an additional convexity inequality if ¢ < 400 <= ¢ > 1, we get:

[F@&)
- q aq t q
s (h <1+ (Ta=1} + L g)=(00}) In (i))q“”/o Tl )

s2e (t — S)Q(%Jr%)

It eventually follows from Lemma 2.6 applied with § = 3 = g—z and 3 =q (% + %) (by

(1.2),since%+%<%©(j(%+%><1,onehasB<1andB+B—1<B)that

T

sup f(t) S Ch% <1 + (H{azl} + H{(d,q):(l,oo)}) In <h>> s
te(0,T]

which concludes the proof of Theorem 1.1 for the scheme (1.5). For the scheme (1.6), the
conclusion holds without Iy ¢)—(1,00)} 10 the right-hand side thanks to the improved estima-

tion of the cutoff error A?.

3. Density estimates for the Euler scheme. This Section is dedicated to the proof of
Proposition 2.1.

3.1. Existence of a transition density satisfying the Duhamel formula (2.1) and the Gaus-
sian estimation (2.3). For k € [0,n] and z € RY let

t
Xf::z:—l—(Wt—Wtk)—l—/ bh(ULs/hyX%)ds’ t€ [tg, T
t

denote the Euler scheme started from x at the discretization time ¢, = kh = % We em-
phasize that the cutoffed drift coefficient b, defined in (1.3) coincides with b as long as
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|b] < Bh~*%) and is bounded from above by the threshold Bhita) Forte (tg, tra1]s
X" admits the density

I (tg, 2, t,y) = Elgr (t — te,y — 2 — (t — t1)bn(Uk, )]

h ds
= / %gl(t —tg,y —x — (L —tg)bp(ty + 5,2))
0

with respect to the Lebesgue measure on R?. Since z ++ g1(t — ty,2) is continuous and
bounded by (27 (t — tk))_g, Lebesgue’s theorem implies that 3 +— I'" (¢, x, ¢, y) is continu-
ous. Moreover, (2.19) implies that

3.1 Vt € (tg,tgs1], Yo,y € R?, Fh(tk,x,t,y) < cgeﬁcfwgc(t —tg,y — ).

By the Markov structure of the Euler scheme, for ¢t € (¢4, 7],

I (tg,z,t,y)
[1-2
:/ ARE 1Fh(tk’$’tk+1’zl) H T"(t, 25 ks tj+1s 254 1-k)
(Rd)[ﬁ-\* - j:k+1

X DMty _1s 210y —pes b y)dzn -~ dzp iy gy

_d
2
9

where, since y — I‘h(t[ﬂ 12k 1o s y) is continuous and bounded by (27 (t — treg ~1)
Lebesgue’s theorem implies that the left-hand side is a continuous function of y. Moreover,
the last equality combined with (3.1) then Gaussian convolution imply that

Fh(tk7$7t7y)
q B2po [%"71{
< | cze2-» / gc(tk+1 —tg,21 — x)
(Rd)(%l%kfl
[£1-2
< JT geltivn =t zjs1—r — 2j—k)ge(t — treyon,y = 2reop-1)dar - dzpey g
j=k+1

d B2po [%—'_k
= (02(32(c1)> gc(t—tk,y—x)

The estimation
B2rpe—1

(3.2) Fh(tk’x)tvy) SC%G 2(e=1) gc(t—tk,y—l')
is therefore valid for all (z,y) € (R?)2, k € [0,n] and ¢ € (¢4, T]. Let us now check that the

B2rp—1

factor c2re 21 which goes to +oo when A — 0 can be replaced by some finite constant
not depending on the time-step h and study the regularity of I'*(t,x,t,y) in its forward
variables ¢ and y.

Let t € (t,T], ¢ : R — R? be a C? function with compact support and v(s,y) =
[senng1(t — s,.) x ¢(y) + Li—yp(y). The function v is bounded together with its spatial
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derivatives up to the order 2 and its first order time derivative on the domain [0, ] x RY where
it solves the heat equation

0sv(s,y) + %Av(s,y) =0, (s,y) €[0,t] x R?,
(t,y) = ¢ly), y R

By It6’s formula,
t t
o( X =v(ty, )+ [ Vols, X").dW,+ | Vou(s,X").by (ULS/hJ,X:_L}L) ds.
t)c tk :
Since Vv and by, are bounded and, by (2.11), (3.2) and Gaussian convolution, E[|Vg; (t —

s, Xh—y)|<C g“(t_tti\/%_i), taking the expectation and using Fubini’s theorem, we deduce
that

/Rd ()T (tr, . t,y)dy :/Rd oY)t —th,z —y)dy

+/Rdso(y) /ttE (o (Ugeyngs XI5 ) V(e — s, X1 — )| dsdy.

Since ¢ is arbitrary and g; is even in its spatial variable, we deduce that dy a.e.,
¢
I (ty, 2, t,y) = g1 (t —th,y — ) — / E [bh (ULs/thX:—ih) Vygi(t — s,y — X?)} ds.
ti

This equality even holds for each y € R? since the left-hand side and the first term in the right-
hand side are continuous functions of y and in the derivation of (2.4) below we will check
that the second term in the right-hand side satisfies the Holder estimate in this inequality and
is therefore also continuous in y.

The proof of Proposition 2.1 relies on this Duhamel formula where we expand I'* around
the Brownian semi-group. We could as well have considered the full parametrix expansion
of the density of the scheme, used for instance in [22] or [23], but the one-step Duhamel
formulation is more consistant with the approach we also used to estimate the error of the
Euler scheme. We have, using that for r € [t;,t;41], X = X,flj + W, =Wy, +b,,(Uj, X,flj )(r—
tj), the independence between X [3 , Wi — Wy, and U; and the Gaussian semi-group property
for the second equality,

Fh(tk,l‘,t,y)

t]+1/\t
=gt —try—z)— > / E {bh(UijZ) Vygi(t—ry —Xf)] dr
j=k

=g1(t —ty,y — )
[t i+1At 7+1
_ Z / / bh (s, X ) Vygi(t tj,y—Xthj —bh(s,Xthj)(r—tj))} dsdr

[ VA A T
=g1(t — tr,y — ) _h/ / bu(s,x) - Vygi(t —tg,y — — bp(s,z)(r — ty))dsdr
[£1-1

[ZESTAV J+1
- E / / / (tg,z,t5,2)
T R4

j=k+1
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(3.3)
X bp(s,2) - Vyg1(t —tj,y — 2z —bp(s,2)(r —t;))dzdsdr.
Since, by (2.11), Ve > 1 3C < o0, Yu € (0,T],Yx € RY, |Vgy(u,z)| < %gm(u,x) ap-

plying (2.18) with ¢/ = we obtain that

1+c’
3C < o0, Yu € (0,T], V' € [0,u AR, Vs € [0,T], ¥(z,y) € (RY)?,

gc(u7 Yy— ZL‘)
Vu )
T (ty,2,t5,2)

Set My j = SUD(5 2)e(R)2 57, —a—ay- 1t 18 clear from (3.2) that my, ; < +-oo. Using that

(3.4) Va1 (u,y — 2 —bp(s,z)u’)| < C

16|00 < Bh~ Gt %) Holder’s inequality in space for the second inequality (see also Equa-
tion (2.10) in the proof of Lemma 2.4), and then that t, — t;, > h and (¢; — t) > (s —tr)
for s € [tj,tj41] with j > k + 1 for the third one, and eventually Holder’s 1nequahty in time
for the fourth inequality, we deduce that for £ € [k + 1,n],

|Fh(tk,]),t5,y)|
ge(te —tg,y — )
s cBR'GE)
Vi —th

/-1 tiiy
mg ; /JJr / gc( ],y—Z)
+ ge(t; —tg,z —x)|bp(s, 2z dzds
X ol fuot lon(s.2)

o gelte—ti, Vie—1;
. CBh3*S —  multe— )% bt
<ch+ o 3 M / Ib(s. ) ods
[b(s, )|l L-ds

-1 o [
§C + C max mk’j(tg — tk)2ﬂ / 7 T
J=k+1 t (S—tk)%(tg—s)?i_ﬁ

l—1 o
<C+C max mk,ijHL‘I—LP (tg - tk) 2,
j=k+1

Taking the supremum over (x,y) € (R%)? and remarking that the right-hand side is non-
decreasing with ¢, we deduce that

l
max mg. ;.

¢
max my,j < C + Cllb] o—re (te — t) = max

j=kt+1
Hence when t; — t;, < 0 := (2C||b||po—z) =, then maxﬁ 1Mk < 2C. Let us now as-

Kt . . .
sume that < 6 so that max,,_; maxg_nil“ my,j < 2C. This gives the Gaussian estimate
for the density of the scheme, independently of A, provided the associated time interval is
small enough but at a macro scale. For an arbitrary macro time interval the idea is now to

chain the previous estimates. Assuming that ¢ — ¢; > 6 and setting J = [tj’ﬂ — 1, we have,
0

under the convention yy = «,
Fh(tku Z, ta y)

J
—/( : Hrh<tk+(j_l)Tehayj—latk+j79}Zayj)Fh(tk"‘JTehanytay)dyl---dyJ-
R7)
Jj=1
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Since ¢t — (ty + JTeh) < Toh, when ¢ does not belong to the discretization grid {t; = jh :
J € [0,n]}, combining the just derived bound and (3.1), we get

Fh(tk + JTghavat7y) :/ Fh(tk + JTghvvaTthvz)Fh(Tth’Z7t7y)d’z
R4

4 B2 h
<2Ccze20 go(t — (t + J719), ys — Y),

. . 4 B2 . .
and the same estimation holds without the factor cze2--1 when ¢ belongs to the discretiza-

tion grid. Hence, when h < 6 which implies Tgh > g, proceeding similarly to the proof of
(3.2) (Gaussian chaining argument) with A replaced by Teh, we derive:

oty B2h

V0 <k <n, V€ (1, T], T (tyz ) < (20) 7 | efeemn go(t — ty — o)

t—tp B2h™
< (20)F2 T e go(t — ty — ).
This gives the first estimation (2.3) in the proposition.

2}10‘ B2 B27p—1

Slmllar estimates with the factors e2(--1) replaced by e2(<-» and with e 2¢c-1  replaced

by e?<C*1>h in (3.2) can be derived for the scheme X" defined in (1.6) (and even for the
scheme with the same cutoff when the cutoffed drift is kept on the first time-step).

3.2. Holder regularity of the transition density in the forward time variable. We
now prove (2.5). Let 1 <k </ <n, z,y € R? and t € [ty t;,1]. We want to estimate
7 (ty, 2, te,y) — T (tg, 2, t,7), which, according to (3.3), is equal to A" + A% + A3 + A?
with

A= gi(te—te,y — ) — g1 (t — ti,y — ),
trit tk+1
/ / (s,2) - [Vgi(t — tg,w) — Vg1t — te, )] lwmy—z—by (s,2) (r—t, ) dSAT,

S /”“/Hﬂéd (15, (5:2) - [V (0 = 1, 0)

Jj=k+1

- Vg1 (té - tja w)]‘wzyfszh(57Z)(r7tj)d2d8d7’,
1 tota
_h/ / / Fh(tkwrytfpz)bh(sgz) -vygl(t_tg,y—Z—bh(S’Z)(fr_te))dzdsdr.
r= R4

From (2.3), (3.4), recalling that |by,| < |b|, applying then Holder’s inequality in space, then in
time and using lastly that ¢ — t, < 2(ty — tx) and t — t;, < h, we obtain that

—ty) [T+ (t—to,y
A% < < d / / tk,z—x)]b(s,z)lud ds

t—1y

C(t—ty t—tk% beta
< ( i)( )1+d/ 1b(s, )lLedsge(t — t,y — x)
h(t[—tk)2f’ (t—tg)2 2 Ji,
< C(t—tp)2 2
- h
<Ot —t0) 2 ||bl| La—roge(t — ti,y — ).

B4 10] Lo ge(t — e,y — )
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Reasoning like in the above derivation of (3.4) with (2.13) replacing (2.11), we obtain the
existence of a finite constant C' such that for all 0 < v < ' < T, all v” € [0,u A h], all
s€[0,T] and all (y, 2) € (R9)?,

Va1 (u,y — z = bp(s,2)u”") = Vi (u',y — 2 — bu(s, 2)u”)|

u —ulN\Nu
<ol gy = 2) + ey =)
—u| N\
(3.5) <ng (v, y —z)ifu' <2u.
U2

This inequality, together with |by,| < Bh~Gt3) and ty — tx > h, implies that for & € (0, 2],
(3.6)
et

22 <o by ) [ saids < 10 s by,

(te —ty) t (te —tx)2
The estimation of As is a bit more involved. We suppose that ¢ > k + 2 since A3 = 0 other-
wise. Let & € [a, 1]. Using (2.3), (3.5) and |b,| < |b|, Holder’s inequality in space then that
s—tp <2(t; —t) when s € [t;, tj41] with j > k+1and (t,—1 —t;) > % and last Holder’s
inequality in time, we obtain that

j+1 —f. —
INE( Z/ /gc R Gl 1 ) (Al DB
Rd

1+
J=k+1 (tf - t])

M=

S G eeds
SOt —t)% (¢ — tr) 0 gelt — tr,y — ) Z ez
j= (t —tk)2ﬁ (tg —t; ) 2 2

& o [l b(s,.)|| e
Sc(t_tf)ng(t_t/ﬂy_x) [(t_tk)ZP/ ”d(( )HL M_Fids
tr 2

(s—tr)2e(tg—s) 2
146, d te
+h<2+zp>/ |]b(s,.)||Lpds]

te_1

k+/

[bGs. llz-ds
(s = ta)

te—1 b(s ods — (a4 d tz
[0 Do dreds o) [ s, ) s
trttp ( ) +20

<C(t— tz)ggc(t — g,y — ) |:(tg - tk)*% /
tr

to—1

<Ot —1tg)5 ge(t — tryy — )||b]| La—rr

1—-1
t —t q a—a
X [(tg—tk) +H{a>a}h T +]I{a a} <ln< €2h k>> +h 2 ]

When o < 1, we may choose & € («, 1] while when oo =1 (i.e. p = ¢ = c0) the only possible
choice is @ = 1. We conclude that

a tp—1
8% <00 - 0Bl — =) (14 Ty 1 (52,

Using (2.13) to deal with A, we conclude that (2.5) holds. Similar estimates with h? re-
placed by 1 in the right-hand side of (3.6) can be derived for the scheme X" defined in (1.6)
(and even for the scheme with the same cutoff when the cutoffed drift is kept on the first
time-step).
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3.3. Holder regularity of the transition density in the forward spatial variable. Let us
now suppose that o < 1 and prove (2.4). First of all, by (2.3),

T (g, 2t y) — T (b, 2, t,0) | <T™ (b, 2,1, y) + T (b 2,9
SC(gc(t — g,y — ) + ge(t — th,y — 93)>,
so that (2.4) holds in the global off-diagonal regime |y — y'|> > (t — t3,)/4 where
\y—y’|"/\(t;tk)%
(t=tr)2
regime
3.7) ly—y/P <(t—tx)/4

where we set u =t — |y — ¢/|?. By the Duhamel formula (2.1), we have

> 47% . Therefore, it is enough to focus on the so-called global diagonal

Fh(tkvxvtay) - Fh(tkv‘rvt?y/) :gl(t - tkvy - .ZL‘) - gl(t - tkvy/ - .’IJ) + Tl + T2 + T3 where

ter1AE t
T = / Erdr + s,y / Ehdr,
(T =h)Virta

tr

Th

—h u
_ h h
IbES ]I{Tth—h>tk+1,u27—th—h} gr dr+ ]I{u<7-th—h} g'r dr,
tht1 tht1

Tth—h
T3 = H{u<7’#—h} / gfd’/",
o

h
Tt

with E,f” =K [bh(UL,%J’x) . (Vy/gl(t —ry — Xf) —Vygi(t—ry— Xf))} dr.

Note that when u < 7/* — h, then |y — ¢/|> > h so that, in view of (3.7), t > t;,4 and (7] —
h) ANu > tr13. By (2.12) and since o < 1, we first get
|91 (t =tk y — ) — g1(t =ty — )]
AT _ 5
(t—tg)=

(9e(t = tiyy — 2) + ge(t =ty — @)

1,4
Using (2.12), (2.3) and |by,| < Bh_<q+2p) , then Gaussian convolution, we then obtain that

1A Yo
y—y
S,f‘gC/ ge(r —tg,z — x) l+|i | T (gc(t—r,y’—z)+gc(t—r,y—z))dz
R ha™ 2 (t —r)™=
/ |y_y,‘a
<C (gt —thy — o) +ge(t — tr,y — 7)) 7 T
ha 2p(t—7‘)T

Therefore, when 3’ # v,
71|
(9e(t = o,y — @) + ge(t — ti,y' — @) [y —y/|*

< C /tk“/\t dr 4T /lt dr
“hits \ Ui, (t— r)l%a (>t} (th=h)Vitrs (t— T)HT@

. C (t—tk) =

=E (H{“kﬁ%} a2
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_((+h _ e
+le 4, >om) Ul (Ul DA/S3Y) ) <C.

()2 et (1-0)/2

For the scheme X" defined in (1.6) (and even for the scheme with the same cutoff when
the cutoffed drift is kept on the first time-step), the constant C' in the right-hand side should
be replaced by C(t — tk)fg, where the denominator does not prevent from deriving (2.4).
The forthcoming estimations of 75 and T3 rely on the bound |by| < |b| and are valid for the
two schemes.

Let & € (o, 1]. Using |b| < [0], (2.3), (2.19) and (2.12), then Gaussian convolution, we
obtain that
’Oé

C Th+h y—y
hgh/ / gC(T,},’—tk,z—x)gc(r—Tf,w—z)]b(s,z)]’iM
h R4 xRd ( —'r) 2

X (ge(t =7y —w) + ge(t —ry — w)) dzdwds
Tr+h &
=~ h / / gc T *tkvzix”b(s Z)| |y y1|+a
(t—r)=
X (gc(t —rhoy =)+ gt -7y — z)) dzds.
Let us assume that 7/ — h > {541 (so that 7" — h — ¢ > =) and set £ = H{uthh_h}(L%J -

D) +Truerr—ny 5] Using that £ —r >
we deduce that when Yy #y

| T3]
Iy—y’\‘”‘

j+1 j+1 b S,z
/ / / ge(t; —tg, 2 )%
=k+1 Re (t—t;)
X (ge(t —tj, 4 — 2) + ge(t — tj,y — 2)) dzdsdr

i+l t—tk 29 b Le
<C(ge(t —th,y' — ) + ge(t — th,y — @) 2/ ote, )+Ha+id5-
j=kt1 (t; —tr) 2”(t_3) o

h
t—T,

for r < 7/* — h then Holder’s inequality in space,

Since t; — ty, > =5t for s € [t;,t41] Withj >k + 1 and when j < ht Jtipr < t’"”t

2
1 h -
H ! tj—tkz%ht’“z%,the last sum is

so that ¢ —tj4q1 > t > while when j > >k
smaller than
e g1

; tit |b(s,.)|| oo
> H{'<k1+uﬁi}/ %db‘
t

(=t S U=y (=t

i+l b Le
+4.2/’ Z ]I k1+L j}/ || 1+ﬂ+dd8

j=k+1
WtTd ) =g
SCHbHL‘IfLPQ—M+CHb”L‘17Lf’(t_tZ) 2,
(t—t) 2

where we used Holder’s inequality in time for the last inequality. Since t —ty >t — u =
ly—y/|? and |y — y/'|> < ==, we deduce that

To| < Cly —y/|* (ge(t — ti,y/ — @) + ge(t — tiy —2)) .
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Using |by| < |b], (2.3), (2.19) and (2.11), then Gaussian convolution, we obtain that
C Th+h b
5f§— / ge(T) —th,z — )7‘ s )1| (g (t=7)y —2) + ge(t Tf,y—Z)) dzds.
h R (t—r)2

When u < Tth — h which implies that ¢t — u > h, using t — r > tif for r < Tth — h,
then Holder’s inequality in space and last that 7/* —t;, >u — h —t, >t —t — 2(t —u) =
t—tp—2y—y'|*> % and Holder’s inequality in time, we deduce that

I_}LJi 4
itt t — i

Tyl < C (gt — tiotf — ) + Gelt — tiy — ) Z/ )

j=(2) 7 (tj — )

< C (gelt —tr,y' = 2) + gelt — tr,y — ) bl a—ro (t = 7)) %,

where, by definition of u and since u < 7}* — h, (t—7)2 < (| —y|>+h)2z < 2ly—v/|*)=.

[b(s; )
s)2

Iz
T pd ds
2

“\l “\@

|
(-

4. Density estimates for the diffusion. The section is devoted to the proof of Proposi-
tion 2.3. We focus without loss of generality on the case o < 1, which in particular implies
that either p or ¢ is finite. Indeed, when b € L> — L*° i.e. « = 1, since we are considering
a compact time interval, b also belongs to L? — L for each ¢ € (2,00). Notice that, for a
time-space bounded drift, the estimates of the proposition are known, see e.g. [32].

Using |by| < Bh_(%r%) A [b], the independence between U= and X%, then (2.3),

(t, o = "7 (2met)" 7% that ¢y, > s
for s € [ty, tx+1] with k > 1 and last Holder’s inequality in time, we obtain

T 2
E / ‘bh U=, X" ( ds]
[ 0 ( il )

T 2

<B?h® +E [/ ‘b(s,sth)‘ ds]
tht1

<B2h0‘+2/ / b(s, ) 2ge(tr,y — x)dyds
tr

<Bzha+cz / 105G, M e, I e s

n—1

tk+1 T d
<B2ho‘+C’Ztk / Hb(s,-)II%pdssB?h“rC/ s~ ellb(s, lIzods
t 0

4.1  <B*T*+C|b|3 e, T

Since, by the Cauchy-Schwarz inequality,
VO<u<t<T,

< (t—w)'/? </OT on (ULZJ,X@)\Z@ 1/2,

with the Ascoli-Arzela theorem, we deduce the tightness of the laws of the continuous pro-

cesses
bp (U=, ds)
</ ( Z J ) t€[0,T]

o (U121, X2 ) ds
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indexed by h = -~ T \ith n € N*, when the space C of continuous functions from [0, 7] to R is
endowed with the supremum norm. With the continuity of the sum on this space, we deduce
that the laws P of X" are tight. We may extract a subsequence still denoted by (P") for
notational simplicity such that P" weakly converges to some limit P as h — 0. For fixed
t € (0,77, the weak convergence of P}*(dy) =T"(0,z,t,y)dy to P;(dy) together with (2.4),
(2.3) and the Ascoli-Arzela theorem, ensure that P;(dy) = I'(0,x,t,y)dy for some function
T satisfying (2.7) and (2.6) .

Let ¢ : R? — R be a O function with compact support, 7 : (R4)? — R be continuous and
bounded, 0 < s1 <59 <...<s, <u<t<T withu>0and F denote the functional on C
defined by

FO = (160~ 906~ | (GARE) + 85,6 Tol6)ds ) (6o )

We are going to check in the last step of the proof that limj,_,q E[F(X")] = 0. Unfortunately,
the lack of continuity of the functional F’ on C prevents from deducing immediately that
Jo F(£)P(d¢) = 0. That is why we introduce for ¢ € (0,1], a smooth and bounded function

be approx1mat1ng the original drift b in (1.1) such that, setting bX (¢, ) = [_ g k) (2)be (2, 2)
and b5 (t,x) = [_k k)2 (2)b(t, x) for K € N,

(4.2) VK e N*, |6 — o5 a_ps — 0
e—0

(p,q)if p <ooand g < o0,

with (p,q) = ¢ (p, 2pp+dl)1fp<ooandq:oo

(a;qgl,q) if p=o00 and ¢ < oc.

Note that % + % < 1. The functional F, defined like F' but with b, replacing b is continu-
ous and bounded and therefore, for fixed ¢ € (0,1], [, F-(£)P(d€) = limp,_,o E[Fo(X")] =
limy, o E[F.(X") — F(X")]. We deduce that

/F(g) (d¢ ‘ <hmsup/ |F(€) \P(dﬁ)—i—hmsuphmsupEHF (XM —F(XM)].

C e—0 e—0 h—

Let K € N* be such that ¢ vanishes outside [~ K, K]?. One has, using (2.3) then Holder’s
_ d(ﬁi 1)

inequality in space together with ||g. (s, )H 5 (/3 1 * (27rcs)_2%3 and last Holder’s

inequality in time,
t
E[|F=(X") = FX")|| < [l 2= IVl / E[|b* (s, X7) — 0™ (s, X{)[]ds

u

t
<l Vlin | [ 0 =¥ (sl = ) s

(s,.) = b¥(s,.)||psds

S25

(A
< COYll= Vel L~

1-(i+2
< Ol IVl e 05— 8 (¢ — )~ (355).

Since the same estimation holds for [, |F'(§) — F.(£)|P(d§), we conclude that [, F'(§)P(dE)
= 0. Taking ¢,%,u,s1,...,5p,t in countable dense subsets, we deduce that P solves the
martingale problem associated with the stochastic differential equation

t
Xt:x+Wt+/ b(s, Xs)dr, t €10,T].
0
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Since by [26], existence of a pathwise unique strong solution holds for this equation, P is the
distribution of the solution.

To check that limy, o E[F(X")] = 0, we compute ¢(X}') — ¢(X) by 1td’s formula and
take expectations to obtain that

O] = ([ (b0 (U131.X8) ~ b5, X0) 9o ) (o X))

:A1+A2+A3—|—A4W1th
r t
E ( / b (U121, X5 ) - (Vip(XE) = V(X >)ds>w( Xh)]

AQZE_</t (bh (UL%J,XfS,L)—bh(s,X%)) Ve( Th)ds> WYX Xh)]

Ay

Ba= [( [ (b x2) ~ s X0) Tt w68

Ay=E </ut <b(s,Xf:,).V<p(Xf:,) —b(s,Xg).vcp(Xm ds> p(xh . ,Xfp)} .

2 \:
ds)
t s 9 %
<Cll= IVl | [ B W= WarP ot =t [ ar| ds
< Chs.
Since E | /71, (bh (UL% J,ng) - bh(s,sth)> Vip(Xh)ds|o(XP, r e o, (%m)} —0and

E [/OT‘bh <5,X§L)‘2ds} —E [/()T‘bh (ULZJ,XQL)‘st} :

we have, using (4.1) and the Cauchy-Schwarz inequality for the second inequality

/ ‘bh<UH, )|+ fens X2)

bh(UL ' )

< B_1h5+ilb|2, we have, using (4.1) for the last in-

By the Cauchy-Schwarz inequality and (4.1),

t
Al <0l ([ E[vext) - viotxh)

<UL%J ’ Xf—lﬁ)

w\»—-

| Ao| <[[Y]|z< IVl L E ds

t
/
Th

goizn (4,

+ |bp (s, X )|ds] <Ch2
Since |by, — b| < |b|I
equality,
1, d T 9 )
Wh <, 80l < Bl VelnB | [ (s, 8| as| <ont
A !

Last, for h < u using (2.5) and that 7' > 5 for s > h for the second inequality, then
=1-

lge(s, )| 1> = p~ 3 (2mes) "1 77)2 with £
we obtain that

%, Holder’s inequality in space and in time,
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t
|A4\§|¢\|LwHV90IILw// (0,2, 7L, y) = T"(0,2,5,9)|[b(s, y)|dyds

<C// )2 ge(s,y — x)|b(s,y)|dyds < Ch> /WS
R4 2 o

SChE HbHLq_LP (t - ’U,)%

We conclude that limy, o E[F(X")] = 0.

Let us eventually check that the Duhamel representation (2.8) for the density of the diffu-
sion holds. This can be done by reasoning like in the above derivation of (2.1) in Subsection
3.1 and using that by (2.11), (2.6) and Lemma 2.4,

/’ [b(r. X,) - Vyga(t — vy — X)) dr

gc(t_ ) )
<C’/ /Rd ge(r x)|b(r, z)\wdzdr

<C|bllgrrogelt,y — 2)t5 < +oc.

APPENDIX A: PROOF OF LEMMA 2.5: USUAL GAUSSIAN ESTIMATES

PROOF. The bound (2.11) is standard. If |z — 2’| > u? then (2.12) precisely follows from
the first inequality in (2.11). Namely,

= Q

Va1 (u,z) — Vg1 (u,z') ‘ ’ngl u, )|+ ’ngl u,a’)| < (9e(u, @) + ge(u,a")).

u 2

Assume now |z — 2’| < u!/2. Write

1
Vg (u,z') — Vg1 (u,z) = / dAV Vg1 (u,z + Nz’ —x)) - (' — ).
0

Observe now that from the first inequality in (2.11) applied with ¢ and ¢ replaced by = !

and the sum of ¢ and a vector in the canonical basis of R? (note that (2.11) remains Vahd for
multi-indices with length bounded from above by 3) :

|x — 2| |z + M2’ — )|?
(A.1) \ngl(u x') — chl(t—s x)| <C’W d)\ — d+ou )

Recall now that since A € [0, 1] and that |z — 2/| < u2:

1+4+¢ c+1 14c¢ c+1
M — ) 2> 2 _C e, 2 202 _CT L
o M = )P 2 = S — a2 S - S )
14+c¢, o c+1
> —
T e

which plugged into (A.1) yields:
|x — 2| || 1
|ng1(u CU) vcgl(’u X )‘ < CW exp —@ exp ; s
which, up to a modification of the constant C, concludes the proof of (2.12). The bound

(2.13) is obtained the same way by bounding from above each term of the difference using
the first inequality in (2.11) when |u’ — u| > u and by integrating the second inequality in

(2.11) and using that for v € [u,u/], gc(j’é) <= zdgfl(flf) <23 gf( 4\) when |v/ —u| <wu. O
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APPENDIX B: PROOF OF LEMMA 2.6
PROOF. (i) Iterating (2.14) n > 1 times, we get that for all ¢ € [0, 7],

n—1 t ~ s ~ Sk—2 k-1 dSk
ft)<n 1+25kt5/ sfﬁ/ 555.../ sf,ff/ . ds
P 0 0 0 0 sg
t ~ S ~ s
_ 1 _ n—1 d
+5”t6/sf6/ sgﬂ.../ gf/ Jon)dsn 4
0 0 0 5

Sktk(1+B8-8)

_1(§(1+B-B)—B)
right-hand side is not greater than the finite constant not depending on f

5ka(1+,3*B) 5ka(1+ﬁ /3)
C, 3 =n-+n : = <n+n
B8,8m,6,T ZH§:1(3(1+5_5) Z ] 1J(I+BN0— B)

k>1 k>1

so that the first line in the

The term with index k in the sum is equal to P

sT1+B—B
=7)e1+6/0—F

On the other hand, the last term in the right-hand side is bounded from above by
sngn(+8-8)
r 1 (i(1+8—B)—B)
(if) If 3 < 0, then (2.14) holds with n = a, § = b and 8 = 3 — 3 which is larger than § — 1
so that the conclusion follows by (i). Let us suppose that 5 > 0 and check that by iterating
the inequality (2.15), we obtain (2.14) for some finite constants 7, and some 5 > B — 1.
Iterating (2.15) once, we obtain

B.1)

. t 3 t 1 s
vt €0,T], f(t)§a+abt5/ W+b2t6/ - A f(w)du_
0o sB(t—s)p 0 sBBt—s)8Jo uB(s—u)b

SUpgepo,¢ f(s) and converges to 0 as n — oo.

We now set y:=1+ B—B—B> 0 and distinguish two situations depending on the sign
of 3 — B. Let us first suppose that B—pB>0. Using Fubini’s theorem and the inequality

s86 > (s — u)ﬁ 8, we obtain

¢ t
- 2,83 f(u) ds
f@t)<a-+abT"B(1- 3,1 5)+bt/0 W L (S_U)B+B—B(t_5)3du
_ g [ __flu)du
=ay + byt /0 uﬁ(t—u)ﬁ gl

with a; = a4 abT7B(1— 3,1 — j3) and by = b2>B(v,1 — j3). In comparison with (2.15), after
this first step, the power of the last factor in the denominator has decreased from Btof— .
We may now at each step iterate the inequality obtained from the previous step and obtain
after n steps

d

where a,, = ay,—1+ap_1bp— 1T27H”’B( 57 1+(2”_1—1)7—B) and b, = b2 | B(2" 1y, 1+

(271 — 1)y — ). For i = [0/ 3 (27 — 1)y <0, so that (2.14) holds for 1 = aj,
and § = b, and

B:B—l—(Qﬁ—1)7—B:2ﬁ7—|—§—1>B—1sinceﬁ21asB>O.
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Let us now suppose that B—-p<0. Inserting the inequality s8—B < t8=5 in (B.1), we get

f(t)§a+abTWB(1_5,1_3)+bztzé—5/tf(gt) /t( )qs N
u (S—U

o uf B(t—s)P
uﬁ(tfu)% 1

with a; = a4 abT"B(1— 3,1 — B) and by = b*’B(1 — ,8, 1- 5) In comparison with (2.15),
after this first step, the power of ¢ has increased from 3 to 25 — /3 and the power in the last
factor of the denominator has decreased from /3 to 2B — 1. We may now at each step iterate
the inequality obtained from the previous step and obtain after n steps

. [! ds
Yt [0,T), f(t) <an+ bpt> @ 5>+ﬁ/ _ fls)ds
(0,71, f(t) < an + 0 sﬁ(t_s)2ﬂ(ﬂ—1)+1

where a, = an—1 + ap—1bn— 1T2n'717B(1 — B,2""Y(1 - j)) and b, = b2_, B(2" (1 —

8),27=1(1 — B)). For i = [~2U=5) 1n2 1 27(3 — 1) + 1 < 0, so that (2.14) holds for = aj;,
and § = b, and

B:2ﬁ(5—5)+3+2ﬁ(1—3)—1:2ﬁ’y+5~—1>/6~’—1sinceﬁ21as,5’>0.
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