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Weak approximation errors for stochastic differential
equations with non-regular drift

Arturo Kohatsu-Higa* Antoine Lejay' Kazuhiro Yasuda!
July 1, 2013

Abstract

We consider an Euler-Maruyama type approximation methods for a Stochastic
Differential Equation (SDE) with a discontinuous drift and regular diffusion coeffi-
cient. The method regularizes the drift coefficient within a certain class of functions
and then the Euler-Maruyama scheme for the regularized scheme is used as an
approximation. This methodology gives two errors, the first is the error of regu-
larization of the drift coefficient within a given class of functions and the second is
the error of the regularized Euler-Maruyama scheme. This second error rate will be
determined by the method of proof which takes into account that the regularized
stochastic differential equation have coefficients in a given class of functions. After
an optimization procedure with respect to this parameter we obtain various rates,
which improve other known results but all of them of order less than one, which
depend on the approximation class used.

Finally, we consider a particular example of a diffusion with an explicit discon-
tinuous drift and we show that the weak rate of convergence of the Euler-Maruyama
scheme is the same as in the classical Euler-Maruyama scheme with smooth coeffi-
cients.

Keywords. Stochastic Differential Equation, Euler-Maruyama scheme, discontinuous
drift, weak rate of convergence, Malliavin calculus.

1 Introduction

The Euler-Maruyama scheme is a simple and efficient numerical scheme to simulate solu-
tions of the multi-dimensional Stochastic Differential Equations (SDEs) defined by

t t
X, =x+/ U(S,Xs)st+/ b(s, X,) ds, (1)
0 0

where B is a multi-dimensional Brownian motion. In many situations, one is interested
in computing quantities of the type E[f(X7)] for some 7" > 0 and f € § where § is a class
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of functions. For a fixed number n of steps, consider n independent Gaussian random

vectors &1,...,&, with zero mean and identity variance matrix. The Euler-Maruyama
scheme consists in computing iteratively for £k =0,...,n — 1 with ¢, = %,

_ — — — T — T

X(]:QT, th+1 :th+0'(tk,th)£k E—Fb(tk,th)g (2)

Then E[f(X7)] is approximated by E[f(X7)]. This latter quantity is also approximated
by an empirical mean over N samples of X .

Notwithstanding the Monte Carlo error, the error induced by the use of this scheme
may be assessed by two ways: the strong error and the weak error. The strong error
consists in computing E[| X7 —X7[?]"/? or E[sup;epo.ry [ X: —X;|?]"/2. This is used when one
intends to analyze some path properties of X. With enough regularity on the coefficients
b and o, this error decreases to zero with the step n at rate n=/2 [22].

The weak error is defined as

dy(X, X) := [E[f(X7)] = E[f(X7)]|

for f in a given class of functions §. If the class § is included in the class of Lipschitz
functions then the weak error should be at least n='/2. At the price of higher complexity,
using results on partial differential equations or Malliavin calculus, this rate of convergence
could be however improved. With enough regularity on the coefficients ¢ and b and
assuming that o is uniformly elliptic, d¢(X, X) converges to 0 at a rate n=', even if § is
the class of bounded measurable functions or Dirac distribution functions [5,6,29]. This
fact is a non-trivial consequence of the regularity of the density of Xy.

This difference in convergence rate has many practical consequences in the design of
various simulation methods.

Weakening the conditions on the coefficients b or ¢ naturally imply slower convergence
rates. For example, for a-Holder continuous coefficients, the strong error converges at a
rate that decreases to zero as a decreases [17]. A similar property is known for weak rate
of convergence (see [29] and section 8.2), which is summarized by the following theorem
(For exact definitions, we refer to Section 2).

Theorem 1 (R. Mikulevicius and E. Platen [29]). If for « € (0,1) U (1,2) U (2,3),
a,b € H¥22(H) and f € H***(RY), then there exists a constant K such that

[BLf(X7)] = B[f(X7)]| < ngar

Here E(a) = $1(a € (0,1)) + s=1(a € (1,2)) + 1( € (2,3)). Besides, the constant K

is linear in ||b||gasz.o and ||a||ga/z.a.

In fact, we will prove that the above result is sub-optimal in many respects. Even more,
few articles have been devoted to the convergence of the Euler-Maruyama scheme when
the drift coefficient b presents some discontinuities [2,4,9,18-20,32,36]. In these articles,
a method of approximation is proposed, and then the convergence in strong or weak sense
is studied but no rate of convergence is provided. In [11], P. Etoré and M. Martinez have
constructed an exact simulation scheme for a SDE with a piecewise constant drift. But
this approach is restricted to dimension one.

F. Bernardin et al. in [8] provides estimates on the mean passage time at small balls
of a process which is observed discretely. As shown in the Appendix of [8], this result
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combined with the computations of [28] may lead to a weak rate of convergence for a
particular type of SDE.

On the other hand, in Theorem 1, the order of Hélderianity of a, b and f have been
carefully chosen so as to generate an “optimal” rate. In fact, as we will see later there is
a strong interplay between the regularity of f and the regularity of the coefficients which
then generates the rate of convergence beyond the statement of the above theorem.

Therefore the goal of this article is to provide bounds on the weak rate of convergence
for the Euler-Maruyama scheme of the corresponding SDE when one regularizes the drift
coefficient within a certain class, say 91 (See Figure 1). We will then analyze the possible
interplay of the class of test functions § and of the class 9t of regularized coefficients with
respect to the rate of convergence.

Let us present our framework. The distance between the drift coefficient and its
approximation b, in the class 91 is measured by a parameter v. When one uses the Euler
scheme with a regularized drift in 9t and a time step T//n, the weak rate of convergence
is expressed by a parameter §, to say that the rate of convergence is C./n°. However, the
constant C. depends itself of § and of the drift in 9. It explodes as ¢ — 0 as b & IN.
The rate of explosion is characterized by a parameter f3.

Let X (b) be the process with a regularized drift b, and X (b.) is its Euler scheme (i.e.
the process defined in (2) with b, instead of b).

Introducing a new constant ¢ which depends on the regularity of f € § and some
constants K,(f) and K (f), we then write (See Figure 1)

Ap(X (), X (b)) = O(K,()e") and dy(X(b). X (b)) = O(K (f)e n~?).

Finally, carrying an optimization on the value of € one obtains the best possible rate in
this framework.

The parameters 0, § and 7 express the interplay between the rate of convergence, the
regularity of the coefficient and the regularity of test functions.

We provide several situations where 9§, § and v may be computed for several classes
M of drift coefficients and § of test functions, therefore achieving several weak rates of
convergence.

- - - O(K (f)ePn~")
dX; = o((t), X)) dBs + be((1), X)) dt e AX§ = o(t, X£) dBy + be(t, X7) dt
Tt €\ 0] O(Ky(f)e”)
O(n**347) T
with e = O(n=%/0*+8)) as n " oo T dX; =o(t, Xy) dBy + b(t, Xy) dt

Figure 1: Computation of the weak rate of convergence.

The key point of our analysis in order to measure 7 is to compute the asymptotic
distance between b and the class 91. For this, using an equivalent of the perturbation
formula for semi-groups in stochastic terms, we will get an inequality of type

dp(X(b), X (b)) < C(p, q) Ky(f)dp(D, be) (3)
1/p

with d,(b,b.) := E [/OT 1b(s, Xs(c)) — be(s, Xs(c)) [P ds



where ¢ = b or ¢ = 0 (no drift) depending on the context. Here p and ¢ are two positive
real numbers such that they are almost conjugate in the sense that p~' + ¢~ < 1.

When p is fixed, d,(b,b.) does not depend on f. However, the choice of p depends
strongly on the choice of ¢ and then of §. The smaller the value of p, the smaller the
class of functions f that can be considered. For example, if f has a bounded derivative,
then one may take p > 1 and ¢ = b in (3). If f is only continuous, one may only take
p > 2 but ¢ = 0 in (3). Using Gaussian or Krylov estimates when possible, one may
compare d,(b, b.) with the norm b — b, in some L™-space for a right choice of r and g¢.
This distance is naturally related with a vast literature on approximations of functions.
The rate of convergence of b, to b in the appropriate norm is a delicate issue with no
unique answer as we explain in Section 6.

A similar situation appears when proving the rate of convergence of the Euler-Maruyama
scheme with a regular enough drift. There is a strong interplay between the constant K (f)
and the parameters $ and ¢ which is difficult to quantify as this depends strongly on the
method of proof. That is, to find arguments where K (f) is finite within a class § and
B is as small as possible and ¢ is as big as possible. There is no unique answer to this
problem but we give some possible proofs here.

Putting these problems together we finally get results as in the table in Section 10.
As we can already observe some of these results improve the ones in Theorem 1. Still one
may wonder about the optimality of our results.

In trying to give a hint on this problem and the complex interplay of the parameters
in the figure above, we also consider the particular case when o is constant. Then we
perform an analysis to study the distance between the Euler-Maruyama scheme X and the
Euler-Maruyama scheme X . This gives a bound on the weak rate of convergence of the
Euler-Maruyama scheme even with a discontinuous coefficient. This is possible because
X, X%, X and X¢ can be reduced to a Wiener process using a Girsanov transformation.
Still, the facts the change of measure involves a non-smooth integrand has to be dealt
within the proofs. In many of these studies we find rates that improve the ones given in
Table 1. Therefore pointing to a lack of optimality in our results. Indeed, in Section 9.4,
we show a special situation with an SDE with an alternating drift where the weak rate of
convergence is equal to n~!. This result is backed by numerical experiments.

As we use an approximation of the drift to establish the rate of convergence, one cannot
say that the rate we give is optimal. Still the results presented here give estimates of rates
of convergence that may help to design simulation methods for particular problems.

It also points towards the need of new techniques to deal with these problems.

Outline. Notations, hypotheses and our main results are given in Sections 2, 3 and 4.
The perturbation formulae are proved in Section 5. Sections 6 and 7 provide us with
estimates on d,(b,b.) and K,(f). Section 8 provides a weak rates of convergence when
the drift coefficient is smooth. Section 9 is devoted to extending our results when the
diffusivity o is constant. In Section 9.4, we show that the weak rate of convergence could
be n~! in a special situation. Finally, comments on numerical simulations are given in
Section 9.5.

2 Notations, spaces and norms

Vectors in R? are usually considered as column vectors. For a vector or matrix A, A*
denotes the transpose of A.



For k, d € N, we denote by CF(A) the space of real valued, bounded, continuous
functions on an open set A C R? with continuous derivatives up to order k which are
also bounded. We denote the high order derivatives of f € CF(A) for any multi-index
a=(aq,...,a;) €{1,...,d} of length j < k as follows

oI

0z, -+ 0T g,

Ouf(z) f(x).

Let f = (f', ..., f%) € CE(A), and we define the following semi-norm

k — i
100 flloos=_ ~ max ~ sup |Oaf(2)]

As it usual the norm for f € Cf(A) is defined as || fllor = 35— |02 f|lo. The extension
of the above spaces to non-open sets A is taken as usual by extending the definition of
continuity and differentiability to the boundary points through appropriate limits using
elements of A.

We say that a function f has at most polynomial growth in R? is there exists an
integer k and a constant C' > 0 such that |f(z)] < C(1 + |z|*) for any # € RY. The space
of continuous functions with at most polynomial growth is denoted by C,(R?).

The space of real valued continuous functions that are slowly increasing is denoted
by Csi(RY). That is, f € Cq(R?) if and only if for every ¢ > 0,

lim |f(z)]e " = 0.
|z|—o00

We say that a function f has at most exponential growth if for some constants ¢; and
ca, | f(z)] < cre?ll for all x € RY. The corresponding space of continuous functions with
at most exponential growth is denoted by C.(R?).

We denote by CF(R?) with a = e, p or Sl the space of continuous functions f with
continuous derivatives up to order k such that f and its derivatives of order up to k belong
to the space C,(RY).

Two particular domains will appear frequently. Let H = [0, T)xR% and H = [0, T]x R4
for T'> 0. The set C,(H) for a = e, p, SI denotes the set of functions u : H — R which
are continuous on H and such that u(s,-) € C,(R?) uniformly for s € [0, 7). For example,
in the case that a = SI, we have that lim|,| e SUpseo 1) [u(s, z)|e~** = 0 for every ¢ > 0
and s € [0, 7). The extension of the norms from the spaces CF(R?) to the spaces CF(H) is
done by taking supremums with respect to time. That is, || f||sx = sup,cor) | f(£, )

bk
Now, we define in a similar way, Holder type spaces of order o > 0. Denote by H*(R?)
the space of continuous, bounded functions with continuous, bounded derivatives up to
order | and such that 9l*) f is (o — |])-Hélder continuous.
Let H*/2%(H) be the set of continuous functions with continuous derivatives 97 93u for
all 2r + s < « and such that its corresponding norm

|0, 03ult, x) — 57 Ozu(t, )|

[ul| sz = Hqu,LaJ + Z sup —t=
24| (ba), (ty)EH, vy |z — y|o—Lo
|05 O3u(t, x) — O Osu(v, x))|
> g [t — o]@—2r—s)/2

O<a—2r—s<2 (t,z), (v,2)H, t#v

is finite.



The space W)*(H) is the space of functions in LP(H) whose weak derivatives (first

in time, first and second in space) are also in LP(H). The space W;fOC(H ) is the space
of functions in W)*(K) for any compact K C H. Embedding theorems for these spaces
may be found in [25, IL.§ 3].
T 1/r
We will also use the following norms || f||Lram) = (fOT (f |f(s,x)|qu) fa ds) " for
0<r, g<+ooand ||fllLecam) = supepr II.f (¢ )llLaray. In particular, we simplify the

notation using || f||veacery = || fllLem)-
In general, we will not write the domains over which space integrals are evaluated
unless there is the possibility of confusion. For a d x k-matrix m, we define the matrix

ik 1/2
norm as ||m|| = gZle m%j) :
The density of a d-dimensional Gaussian random vector with mean zero and covariance
- - | |z
matrix tId is denoted by g;(z) := 757 OXD ( o7 )

Constants maybe denoted by the same symbol C' or K and unless stated explicitly
they may change values from one line to the next.

3 Hypotheses and estimates on an associated PDE

Let 0 : H — R%? be a measurable function with values in the space of symmetric
d x d-matrices. We define a = o0* and we assume that

A > A > 0.t AEP < Ealt,2) < AJEPP, V(t,z) € H, VE R, (H1)

o is uniformly continuous on H. (H2)

Remark 1. Hypothesis (H1) gives a lower and upper bound on the eigenvalues of a.

Therefore as ¢ is symmetric, the eigenvalues of ¢ are the square root of the corresponding
eigenvalues of a and then (H1) holds with A and A replaced by VA and VA.

Let us also consider a measurable function b : H — R such that
b(t, z)] < A for all (¢t,x) € H. (H3)

These conditions (H1)-(H3) are sufficient to ensure the existence of a unique weak
solution in some probability space (2, (F;)i>0, P) to the SDE

t t
Xt:“/ (s, X,) dBS+/ b(s, X,) ds. (4)
0 0

Here B is a d-dimensional Wiener process defined in the probability space (2, (Ft)i>o0, P).

Remark 2. As shown in [35], if (4) has a strong solution for b = 0, then (4) also admits a
strong solution.

Let L be the differential operator

1Y 0? i 9
L=— 3 S bzi
2 i,jzzl @ 7 8:1:183:] + ; 8:131

The following results give properties of the PDE associated to (1) under weak condi-
tions on the coefficients.



Theorem 2 (Theorem 3’ and Corollary p. 401, [35]). Let L be as above with o and b
satisfying (H1)-(H3). Fiz T > 0 and assume that f € Cs;(R?). The Cauchy problem

Ju(t, x) B
5 + Lu(t,z) =0,

Lu
u(T,z) = f(z)

(5)

has a solution u in Ny W (H)NCsi(H). This solution, satisfying u(s, ) = E[f(X7)| X, =

P,

x), is unique in Wi, (H) N Csy(H) for p > d+ 1. Besides,

f(Xr) =u(s, Xs) + /ST Vu(r, X,)o(r, X,) dB,
and
B | 1905, Xo)oto, X ds | =BG — ELFXR = Var(F (X)) 9

Hypotheses (H1)-(H3) are assumed throughout the rest of the article without any
further mentioning.
Similarly, in the particular case that b = 0 in (5), we will denote by v, the unique

solution in W;ZIQOC(H) NCg(H) for p>d+1to

Let X be the solution to (4) with general b. Then using It6’s formula,
T T
F(Xr) = v(0,2)+ [ Vols, X.)o(s, X)) dB, + [ 55, X,)Vu(s, X,) ds.
0 0

Similarly, (6) is also valid where X is the process defined by (4) with b = 0. In order to
avoid further confusions we denote by Y the weak solution of the equation

t
Y = +/ o(s,Ys)dBs.
0

Therefore v(s, z) = E[f(Yr)|Ys = x].

4 The framework to obtain the weak rate of conver-
gence

Before starting a general discussion with specific cases of regularity spaces for test func-
tions and coefficients of stochastic differential equations, we prefer to discuss the general
framework that will appear in the different cases so that the reader may easily follow the
line of discussion. That is, we give a specific discussion of Figure 1.

Let X = X(b) be the random variable which we want to approximate. This random
variable depends on a generally irregular function b. A first approximation is obtained by
replacing the irregular function b by a “regularized” function b, € 99t where 91 is a class

7



of functions with b ¢ 9 and lim_,¢ d, (b, b) = 0 where d, is some distance function in a
space bigger than 9. Using b we construct a first approximation X := X (b,).

Furthermore X (b.) = X(b.,n) denotes an approximation of X (b.) where n is the
parameter used in the construction of X. In the particular case of the Euler scheme n
denotes the number of steps.

The approximation quality of X (b.) and X (b.) are measured through the class of test
functions §. For this, we use a seminorm denoted by dy(-, ) for fixed f € §F. Then the dis-
tances that measure the quality of the approximations X (b.) and X (b.) are d; (X (b), X (b))
and d; (X (b.), X (b)) respectively.

The general situation which will appear repeatedly is as follows.

Theorem 3. Assume that there exist strictly positive constants q, v, f and 0 such that

for every f € § and for every sequence {b., e € (0,1)} C M the following inequalities are
satisfied:

dy(X(b)

and d (X (b.)

< K,(f)d(b,be) with d(b,b) = O(c)
< K(f)e’n”,

where p > q/(q — 1) and K, (f) and f(\(f) are positive constants depending on f. Then
the choice € = O(n=%0*P)) gives the optimal rate which is

X(be))
X(be))

?
?

dp(X(0), X (b)) = O(n=2/0*),

The proof of the above statement is straightforward. Now we give more details of the
precise framework of stochastic differential equations that we will be using from now on.

Let us fix T > 0, the time horizon. Let b, € 91 be a family of measurable coefficients
on H with |b.(t,z)| < A for (t,x) € H. Let us suppose that for any b. € 9 there is a
unique weak solution X€ on (2, (F;)i>0, P) to

t t
X :x+/ o (s, X°) dBS+/ be(s, X) ds. (8)
0 0

Since b, and b are bounded, the distribution of X may be deduced from the distribu-
tion of X through a Girsanov transform.

In fact, this idea will appear recurrently throughout the paper. Let T' : Qx [0, T] — R<,
be a bounded, predictable function. Then Z = Z(I") denotes the exponential martingale
in the direction I' as

Z, = Zy(T) = exp </Ot (s, X,)dB, — ;/Ot (s, X,)'T(s, X,) ds) . 9)

This martingale is the unique strong solution to the SDE Z; =1 + fg Z (s, Xs) dBs.
The martingale Z can be used to define a new measure Q = Q' which is absolutely
continuous with respect to P, with a Radon-Nikodym derivative process given by d%

F
Zy; t > 0. Various moment properties of Z are given in Appendix 11.1. t

We let dW}! = dB; — T'(t, X;) dt denote the Wiener process on the probability space
(2, (Fi)e=0, Q). Asit is well known, choosing the right definition for I and using Girsanov
theorem, the equations (8) and (4) have under the respective probability measures Q'
the same law as the solution of (further details will be given later)

t
vE =2+ [Cals, Y)W,
0

8



As YT £ Y where the previous equality means that the law of both processes are the
same and therefore we will not make any distinction between them as we will only be
considering their expectations.

Similarly, expectations under different probability measures are denoted by E or E?
as the underlying probability measure is well understood from the context. Many times
we use the equality in law mentioned above and therefore we only use E[f(Y7)].

With this introduction, we now give the values of the random variables to be used in
Theorem 3.

We consider d¢(X(b), X (b)), where X (b) := X7 and X (b)) = X§. As we will show

below in Section 5, under rather general hypotheses,

dp(X(b), X (b)) == [E[f (X1)] = E[f(XT)]] < C(p, ¢) Kq(f)dp(D; bc) (10)

for almost conjugate values of p and ¢, a constant C(p, ¢) which explodes as p~'1+¢7 ! — 1
and a suitable choice of d,(b,b.) that does not depend on f once p is fixed (the choice
of p depends on ¢ which depends on the class § of test functions). Assume that d,(b, b.)
decreases to 0 at the rate O(¢€7).

Let X* be the continuous solution of the Euler-Maruyama scheme of step size T/n.
That is, define for fixed n € N, ¢(s) = ¢,(s) = sup{t < s|t = k/n for k € N}, then

*—x+/ 5), X)) dB, +/ 5), Xoy) ds.

When ¢ and b, belong to a “good” class of functions 9t (for example 9 = H*/2(H)
for some o > 0 or M = C; 3(7)) and when f belongs to a proper class of functions § (for
example, § = H>T*(R?) or § = C3(Rd) NCsi1(RY) respectively), a weak rate of convergence
of the Euler-Maruyama scheme X is known. This means that there exist § > 0 and some
constant C such that

dp(X(5), X (b)) = [ELF(X5)] - E[f(Xp)]| < —=.

Assume that C. = O(¢=?). This is in general the case when one choose a regularization b,
of b by using mollifiers. Clearly the parameters 8 and ¢ depend on the classes 9t and §.

Optimizing over the choice of € leads to the following corollary of Theorem 3, which
we summarized in Figure 1.

Corollary 1. Assume that for f € §, b. € M, there exists positive constants v, f and 0
which only depend on the definition of the classes § and 9N such that

[B[f(X1)] = E[f(X5)]| = O(7Ky(f)) and [E[f(X§)] - E[f(X7)]] = O (¢ nK(f)) .

Then for € = O(n=%0*A)) both errors above are of the same order O(n™") with k =

_ 98
oy and therefore

[ELf(X1)] = E[f (X))l = O(n™").

In the above result one clearly sees that, given (10), v measures the irregularity of b
with respect to the class 9 and the law of Y. The parameter ¢ measures the weak error
within the class 9, for f € § and § measures how the weak error degenerates as we exit
the class 9 when the weak rate of convergence is n=°. The constants K,(f) and K(f)
will determine the method of proof to be used in order to obtain the respective rates.

9



5 A perturbation formula for d(X, X°)

Our aim is now to give some general conditions for which the key inequality (10) holds.

5.1 An upper bound for two different drifts

For p > 0 and a measurable function g : H — R* we say that g € LP(X) if its associated
norm

T 1/p
oy = | [ lo(s. X as

is finite. The above norm is always considered for X defined as the weak solution of (4) on
(Q, (Ft)t>0,P). We somewhat abuse the notation, using the convention ||g||x.co := ||¢]]oo-
In a similar fashion, we can define ||g||y,.

In this section, we give a perturbation formula which compares the laws of two diffu-
sions with different drifts. This formula involves the gradient of the solution to (5) with
b=0.

In what follows, b, is a function approximating b such that it also satisfies hypothe-
sis (H3).

Proposition 1. Let us assume that f € Cgi(R?) such that for some q¢ > 1, || Vol|y,y < +00,
where v is the solution to (7) with terminal condition f. Then there exists a constant
Cy(p, q) depending only on T', A, \, p and q such that for any p,q with

2<p<+4o0, l<qg<ooandp4+q <1,

it holds that
E[f(X7)] — E[f(X5)]] < Ca(p, Q)||b = bellypl|VV]lviq

with Co(p, q) —————— +00.
p g =1

As mentioned in Section 4, recall that dy(X (b), X(b.)) := |E[f(Xr)] — E[f(X$)]| and
dy(b,be) := ||b = be|ly,p with K, (f) := [|[Vv]ly,-

Proof. Let us define Z = Z(T'y) with T'y(s,x) := (b(s,x) — b(s,x))*0 (s, z). Note that
[y = sup (s pyepo ryxre |T1(s,2)] < 2AN"1. Using Girsanov’s theorem and then Itd’s formula
together with the estimates of Theorem 2 and Lemma 7 in Appendix,

E[f(X7)] = E[f (Xr)] = E[(Zr — 1) f(X7)]

=E VOT Zy(be — b)*(s, X5)Vo(s, X;) ds] +E [(ZT —1) /OT b (s, X,)Vu(s, X,) ds] ,

For the first term, we use the Holder inequality for some p > p, ¢ >gand p ' +q7 ' < 1
that

T -~ 1/q
< ol -0l | [ 19065, X7

S C(TD) 6)%(f17p7p)||b - b€||YaP%(f1767 Q)HVUHY#Z

‘E VOT Z4(be — b)*(s, Xs)Vu(s, X,) ds

10



where Lemma 7(II) has been used for the final step. Similarly, for the second term,
Holder’s inequality yields using Lemma 8 that

‘E [(ZT— 1)/O b*(s,Xs)Vv(s,Xs)ds] < B[|Zr—1[P|/PAT VIR Vo |w(s,xs)|qu]

< C%(f‘bﬁa p)Hb - bEHY,p%(f‘1767 Q) HVUHY,m
where C'is some positive constant which depends on p, ¢, T', A and A. Hence the result. [J

Although Proposition 1 seems to be the most natural as any consideration of the
irregular drift has been taken away in the norm ||Vv||y,, the restriction p > 2 is a
determinant problem in fixing the weak rate of convergence. This restriction appears due
to the use of the BDG inequality in Lemma 8 in Appendix 11.1. In the next proposition,
we take another option which retains the irregular drift and therefore the estimates on
| Vul|x,, will be more difficult to obtain but we can use the resulting inequality for any
p > 1.

Proposition 2. Let us assume that f € Cs(R%) is such that for some 1 < q < oo,
|Vul|lx, < 400, where u is the solution to (5) with terminal condition f. Then there
exists a constant Cy(p,q) depending only on T, A, X\, p and q such that for any p,q with

l<p<+4oo, 1<g<ooandp'+q¢*' <1,
it satisfies that
[E[f (X7)] = E[f(XD)]] < Cr(p, )16 = bellvpl Vx4

with Cy(p,q) ———— +00.

p g 11
Proof. Set Ty(s,z) = —b(s,x)*0 (s, ) and [y := SUD (5 1)efo,7]xre [L2(8, 7)[. From Gir-
sanov’s theorem,
T
A = E[(Zr—1)f(Xp)] =E [/ Zs(be — b)*(s, Xs)Vu(s, Xy) ds]
0

_ E [ZT /OT(be — b)Y (s, X ) Vu(s, X,) ds] .

As in the proof of Proposition 1, we have, for oy, ay and ¢ with o' + a5 + ¢~ =1,

q

1 1 T 0%2 T
Al T ER (e | [0 s X0 as] T B | [ 9uts xopras

Finally the result follows from using Lemma 7(I) and Lemma 7(II) with I'y(s, z) in order
to obtain that ||be — b||x.a, < 2(Ia, a2, p)||be — ||y, With p > ao. O

6 Rate of convergence of smooth approximations. Con-
siderations for d(b,b,)

In the previous section we have analyzed the distance d(X (b), X (b)) and we have found
in Propositions 1 and 2, that these distances depend on two factors. The first is the

11



distance between b and b, in the LP-norm. The second is a measure on the regularity
of f. In this brief section we discuss the former. We note in this section that due to
our results in Propositions 1 and 2 the smaller p, the better is our inequality, since the
distance between b and b, will in general be smaller. Furthermore, the problem is reduced
to a general problem of function approximation as the following reduction shows.

Lemma 1. Let us assume that an upper Gaussian estimate holds for the transition density
function p(t,z,y) of Y, that is, there exists some positive constants C and Cy such that

p(t,x,y) < Olg02t<'r - y)7 V(t,x,y) S RJr X Rd X Rd' (11)
Then using the above inequality and Holder’s inequality repeatedly, for any q,r € [p, 0]
with & 41 < 1
a 't Tgq
1/r

T r/q
Hb—bJKPSC%<A ([, s = bls )l dy) <h) = Csllb = bellragm. (12)

Remark 3. The estimate (11) holds for example if the diffusion coefficient a belongs to
the Holder space H*/2%(H) for some a > 0 (see e.g. [25, § IV.13, p. 377)]).

Even in absence of a Gaussian upper bounds, the Krylov estimate ([24] or [7, Theorem
7.6.2, p. 114]) could also be used with Hypothesis (H1) in order to get an estimate on
|6—0be|ly,p- In this case of a homogeneous coefficient b, from the Krylov estimate, we have

16— belly,y < COL AT llb— bellancan.
In case of a time-inhomogeneous coefficient, a similar estimate could be obtained but on
bounded domain and one should then estimate the exit time from such domains.
We now provide a standard example of convergence of regularized coefficients.

Ezxample 1. Here we provide an example of order of € in the case of the indicator function
b(t,z) = 1j¢, ) (z) for z € R and ¢; < (o. If we use the following b, for an approximation
of b, b, has the Lipschitz continuity property. In fact, let for € > 0,

07 LS (—OO, Cl - 26) U (CZ + 267 OO),
1 -2
5 L= Cl 67 YIS [(1 - 267C1)7
be(z) = 2e 2€
1 CQ + 2¢
—o T+ ) S (C27§2+26]a
2¢ 2¢
17 VS [Cl?CQ}-

Then we have the following orders: for p > 1,

([ i oo = (1)

Similarly, if we use a mollifier with the Gaussian kernel, that is b.(z) := [T b(u)g.(z—
u) du, then we have the same order of the convergence as the above (13) with b. € C;°(R)
and [|be||pem) < Ce™.

The above example is part of a large literature of function approximation. From the
above, one can also guess that the rate of d,(b,b.) will vary greatly depending on the
dimension, the irregularity of the function b and the particular norm considered. For this
reason we will make the following assumption for the rest of the article.

There exists v > 0 such that ||b — b||y, < Ce". (H4)

S =

=0(er). (13)

For more references on this matter, see [1, Eq. (84)], [12], [13] or [34] for the relation
of this problem with Besov spaces.
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7 Finiteness of K,(f)

We treat here with two general situations, where ¢ = 2 and ¢ = 4+o00. Using the notion of
fractional smoothness introduced in [14-16] it is possible to consider several classes § of
functions for which K,(f) is finite for various values of ¢g. These classes may include even
discontinuous functions. This will be subject to future works.

We recall that hypotheses (H1), (H2) and (H3) are assumed. The next corollary
immediately follows from Proposition 2, Theorem 2, Hypothesis (H2), with (H1) together
with (6) applied to ||Vv]|x -

Corollary 2. For f € Ci(R?), K,(f) = ||Vvl|ly, < A7V2\/Var f(Yr). Thus, for p > 2,

[E[f(Xr)] = E[f(X7)]] < A72C1(p, 2)]|b — bellypy/ Var f(Y7).

There is a trade-off between the value of p and the constants in Propositions 1 and 2.
When considering only the order, it is suitable to take p as small as possible. In Proposi-
tion 1, we have that p > 2V qfql. For ¢ > 2, this gives that anyway p > 2. However, with
Proposition 2, the only constraint is that p > q%l. We now give a condition for which one
may take ¢ = 400 so that p may be taken as close to 1 as possible.

Proposition 3. Assume that d = 1 and that f € Cq;(R)NCY(R) with a bounded derivative.
Then we have
IVullxeo < CIIV flloo, (14)

where C depends only on T, A\ and A.
When d > 1 and o = 1d, (14) also holds for f € Cg(R?) N CYHR?) with bounded
derivatives.

Proof. The proof is similar to the one of Proposition 2 but we use the fact that for u
solution to (5), Vu is globally bounded to get the result. We now focus on this last point.
Let us consider a smooth family of approximations a”, 0™ and f™ of a, b and f,
where a™ and b" satisfy Hypotheses (H1), (H2) and (H3) and |f"(0)| < |f(0)| as well as
IV f™|lse < ||V f]lso- In fact, first define an approximation f, of f constructed by smooth
convolution. Then, define f, = fn— f» (0)+ £(0). This will satisfy the required properties.
The solution u™ to (5) with (a, b, f) replaced by (a™,b", f™) is a classical solution to
(5) on H and is smooth on H.
o Case d = 1. The function v"(t,x) = Vu™(t, z) is then solution to

o(t,z) 10 ([, o\ , 9 (in n _
B + 5 9m <a (t,x)ax> v"(t,x) + B (b (t, z)v (75>$)) =0,

v (T, z) =V (z).

With the Aronson estimates, the fundamental solution q"(s,t,z,y) of 8, + 30,(a"0,) +
0, (b"-) satisfies a Gaussian inequality of type

(15)

qn(87t7$ay) S ClgCQ(th)(:E - y) on [07T)2 X R27 (16)

where C} and Cy depend only on the constants A and A [3,33]. In addition,
vt (t, ) = Aq”(t,T,x,y)Vf”(y) dy.
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In particular, (16) implies that by
0"t 2)] < O3]V "o, (17)

where C5 depends only on A and A.

Let v be the weak solution to (15) with (a”, 0", V f™) replaced by (a, b, V f), for which
a locally Hélder continuous version exists on [0,7) x R (See e.g. [33, Theorem I11.2.12,
p. 340]) It is standard that v™(t, ) converges locally uniformly to v(t,z) on H (See e.g.
[33, Theorem I1.3.8, p. 344]).

It remains to identify v with Vu.

From Theorem 2, u(t,z) = E,; ,[f(X7)], where P, , is the distribution of (X;)s>; with
X; = x almost surely. It is easily established that

Ei.[| X7)?] < C(1 + 2?), (18)

where C' depends only on A and T'. Hence,

u(t, )] < |FO)] + [V Fllooy/ Call + 22). (19)

Let X™ be the process generated by L" = 13, . al'; 02 s, T 22i 070z, Using the results
in [31], X™ converges in distribution to X in the space of continuous functions. As (18)
is also valid for X", it is easily obtained that u"(t,z) = E, .[f™(X})] is solution to (0; +
LMu™ = 0 with v™(T,x) = f"(x). Moreover, u"(t,x) converges to u(t,x) = E;.[f(X7)]
for any (t,z) € H.

Let D and D’ be two open domains such that D € D" and D’ C H. Set L" = 0, + L™

and ¢ be a smooth function equal to 1 on D and 0 outside D’. Then
LM(u"C) =L +u" L+ (aVu", V() = u" L7 + (a"Vu", V().

Since (19) is valid for u™ and Vu™ also satisfies (17), the function v L"(+ (a"Vu™, V()
with support in D is uniformly bounded in n. It follows from Theorem IV.9.1 in [25,
p. 341], v"( is uniformly bounded in W;’Z(D’ ) for any p > 1. With the Corollary of
Theorem IV.9.1, p. 341, we also recover the fact that Vu™ is uniformly locally Holder
continuous.

For a smooth function ¢ on H with a compact support,

/OT/Rng(t,$)un(t,x) dedt = _/OT/RCb(t,a:)Vu”(t,x) dz dt.

Passing to the limit, as u™ converges to u and Vu" converges to v, this shows that
Vu(t,x) = v(t,z) on H and then that |v(t,z)| < Cs]|V f|| for any (¢,x) € H.
o Cased > 1, 0 = Id. Let 0" and f™ as above and let us assume moreover that f" is
bounded with bounded derivatives up to order 4. From Theorem IV.5.1 in [25, p. 320],
u™ and its first (in space and time) and second derivatives (in space) are bounded and
Holder continuous. In particular, Vu™ is globally bounded.

We now show that ||Vu"||o < C||Vf|| for a constant C' that depends only on A, T
and d.

Set v' = 0, u". For j=1,...,d,

81} (t,x) 1d82”(tx

22 o7

22188 (O} (t, x)vl(t,x)) =0 (20)
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with v(T,z) = 0., f"(x). Using the results in [3, Theorem 5, p. 656], for a Brownian
motion B,

d T
oj(t.2) = B0y, e + B + 3 [ [ Gls =ty (s, )o (s.9) dyds (1)

: —(z; — y)) —|z -yl
with Gj (tv T, y) = 8a:jgt<y - 1’) = (2W)d;2t(d+]2)/2 exp ot .
Hence,
sup sup s [0 (s, )] < [Vl + CVTT sup supsup_[17(5, ).
s€[t,T] zeRd j=1,..., s€[t,T) xeR4 j=1,...,d

where C is a constant that depends only on A and d. For T —t < 6§ with Cv0 < 1/2,

sup sup sup [v}(s,z)] < 2|V e
s€[t,T] zeRd j=1,....d

Since v} is solution to (20) on [T'— 26, T — 0] with v}(T — 0, x) which is continuous and
bounded 2||V f||~, one deduces iteratively that

sup[[v7flee < IV S e (22)

for some constant C’ that depends only on d, T" and A.

Using the representation (21), it is easily seen that v} is locally Holder continuous
with a modulus of continuity which is uniform in n. The Ascoli theorem asserts that
(V7 )nen has a convergent subsequence. Using the integrability of I';, the derivative of the
Gaussian kernel, one gets easily that any possible limit of (v] )neN satlsﬁes (21) with o™
replaced by b and 0, f" replaced by 0,,f. Hence, for j = 1 -5 d, (V7 )nen is globally
convergent to a single limit v; which satisfies (22).

The remainder of the proof is as above and allows one to identify d,,u with v;. O

8 Consideration for d(X¢, X'): Rates of convergence
of the Euler-Maruyama scheme with regular coef-
ficients

We now exhibit some situations where the assumptions of Corollary 1 hold. We will there-
fore assume hypothesis (H4) and we try to obtain an estimate of weak rate of convergence
under different spaces § and 9. In particular, we always have that for f € § and that
for the function b there exists a sequence in b, € 9 so that K,(f) < oo and d(b,b.) < Ce?
for some v > 0.

8.1 Case of smooth coefficients

Theorem 1 requires the coefficients to be Holder continuous. Of course, the convergence
rate is better for smooth coefficients. But in order to achieve a rate equal to 1, it requires
a to be in H¥2*(H) with & > 2 and a terminal conditions in H?"*(R?) and then with a
better regularity than C,.

15



With a bit more regularity on a and b (if we use mollifiers for the approximation, b,
has enough regularity), we will see that we may achieve a convergence rate equal to 1
with a less stringent condition on f.

Assume that o € HY2!(H) satisfies (H1). Let B be a Wiener process and denote
by Y the Euler-Maruyama scheme associated to Y with step size T'/n. That is, Y; =
2+ J o(6(s), Vo)) .. B

It follows from the results of [26] that Y has a density p,(T, z,y) for which Gaussian
estimates holds. Hence, there exists some constants ¢; and ¢y such that for all n € N,

pu(T, x,y) < c18e,r(z — Y). (23)

The process Y has also a density p(¢,x,y) satisfying (23) (which follows from (23) after
passing to the limit or from [25, (13.1), p. 376]).

Lemma 2. Let [ be a function in Cy(R?) with |f(x)| < C(1 + |z|P). Then for any
integer k, there exists a function B,(f,x) such that

ELFT MY + [BLF )Y < By(f, o) with sup 2202

< x < 400,
z€R4 1 %_laﬂp

where s depends on C, T, k, p, d and ||o||(1/2,1)-
Let f be a function in Co(R) with |f(z)| < C1e“®l. Then for any integer k, there
exists a function Bo(f,x) depending on Cy and Cy such that

ELf(Y)"][Y* + B[ (Y2)*][V* < Bo(f, @) with sup Be(f,z)e” = < 3¢ < 400

z€R4
where » depends only Cy, Ca, T, k, d and ||o||1/2,1)-

Proof. These inequalities follows immediately from (23) applied to the densities p, (¢, z, y)
and to p(t,x,y). ]

Theorem 4. Assume that f in C3(RY), b, € C,°(H) and o € Cy°(H). Then there exist
some positive constants C and C', which do not depend on the function b, and depend on
d, T, f and o, such that

. C ,
ELFX5)-ELF (K| <~ exb (Clbllo) Pr (10llos 10l 19l 1020 cs 025 )

Here Py(xo, ..., z4) s a polynomial of degree 4 such that if any term of the polynomial is
denoted by [T}, x}* then the powers satisfy the restriction 2ng +ny + -+ +ny < 4.

Remark 4. This approach, namely using the Malliavin calculus, has a possibility to be
extended to non Markovian processes like delayed stochastic differential equations. It
also clarifies the need of certain regularity of f, b and o and that these conditions may be
interchanged requiring less regularity of f at the expense of demanding more regularity
of b and 0. Readers can find more details in [10].

Proof. As we need to put both the solution process and the approximation process in the
same probability space we re-define the processes as follows: Let I'(s,z) := b*o~1(s, 1),
I(s,x) == bio (s, z) and I'*(s) := bio *(¢(s), Y 4(s)). Accordingly, we define the mea-
sures QF, Q™ and QT as in (9). Then under Q' have that Y £ X. Similarly, under the
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change of measure Q'°, Y £ X¢ and under QT°, we have that ¥ = X*. Therefore we
consider the following decomposition:

E[f(X5)] - E [f(X7)] = E[Z0(T) f(Yr)] - E [Zo(T) f (V)]
Therefore we can consider the above problem as follows. For y € R? and z € R, define

9(y, z) = exp(2) f(y)

and let the system to approximate be (Y,log(Z(I'))). This system is approximated using
(Y,log(Zr(T€))). The theory developed in [10] allows us to write the error in general.
As this methodology has been also applied in other problems, we only briefly sketch the
proof here. In the present case we have to be careful with the term involving b, as its
derivatives may blow up as e — 0. Therefore for [0, 1]-uniform random variables 6, 6/, 6,

VR

t=1,---,d, which are independent of W and also independent between themselves,
E[g(Yr, 2r(1%) — g (Y1, Z0(T9))] = E[F"Er + Fupa (A + Ap + A5 + Ay)] - (24)

with
d T . — * .
A, ;zz/o (V00 (5,00 + (1 — 0)Y,)) " & aW,
=1

Troe . v * =1 Y
A, ;:/0 (bea (5,Y5) = blo (¢(s), ch(S))) dW;
1 /T

Agi=— 5 (V(bra™ b) (s, 0Y, + (1 = )Y ))& ds
0
I x —1 vd * —1 A
Avim =5 [ (B 05,70 = Ba b (0(5), Vo)) s,
0

where for a vector x, ¢ is the ith-component of the vector z, & = Y; — Y, is the error
process, and

F = Vg (0 (Yr,log(Zr(I))) + (1 = 0) (Yr,log(Zr(1)))) ,
Fusr = aag (0 (Yr,log(Zr(T))) + (1 = 0) (Yo, log(Zr(T))) )
=9 (9 (Yr,log(Z7(I))) + (1 — 0) (?T710g(ZT(f6))>> ,

where 0y, = % denotes the partial derivative with respect to the component z.
The error process may be written as follows:

d ) t
&=Y / y(s)Es AW + / G, dw,, (25)
=170 0
where B B
Gs - J<S7 Ys) - U(gb(s)a Yqb(s))a (26)
and for i = 1,--- ,d, a;(s) is a d X d-matrix whose (7, k)th-component is

ikpy [ v
odF (s) = /0 000;4(5,0Y, + (1 — 0)Y,) do.
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Then we can rewrite
t d t
& —U, / UZLGL AW, — S U / U tay(s)(Gy).ads,
0 P 0

where for a matrix A, A.; denotes the ith-column of the matrix A and U and U~! are the
d x d matrices which are solutions of the stochastic differential equation

d t ) d t )
U, = 1d + Z/ (), dW? and U = 1d — Z/ U u(s) AW,
=170 =170

where Id is the d x d-unit matrix. Note that U is stable in the sense that all LP(£2)-sup
norms are bounded. In the sense of expectations, we have £ ~ O(n™!) using duality two
times. This will also require two derivatives of all terms multiplying it. In this sense we
can compute the orders of derivatives of b.. That is,

E [F*ST] ~ HbGHQ,oo n717

and similarly for all the other terms in (24). As the calculations are long we just show
how to deal with the term above:

E[F*&] = E [p {UT /OT UGy dw, — Edj Uy /OT Us—lm(s)(Gs).,idsH .27

The above leads to two terms, we show how to bound the first, as the second is similar.
For random variables §;; uniform on [0,1], 4,7 = 1,--- ,d, we can replace the difference
Gy =0(s,Y,) —0(d(s),Ygs) in the above expression by

s . 1 . . % _ s
/¢> o (u,Y) du"‘{/o (VUi,j(ﬂins +(1 - ﬂij)yd)(s))) o(d(s), Y g(s)) /¢>(s) dw, dﬂij}

(s) ij=1,.d

The first term in brackets leads to a term of order n=t. We only need to analyze what
happens when the second term is replaced in (27), that is for

T ( d 1 L L * o s
E F*UT/O {Z(Us_lai(s))j,l (/0 Vo r(BwY s + (1 = Bin)Y o)) dﬁlk) 0(¢(5),Y¢(s))/¢%u)/vu} dWs] :
=1 s gk=1,-.d
To analyze this term, we will repeatedly use the following duality formula of Malliavin
Calculus
b d b
E [H* / uSdWS] - Y E [ / DIH' - uy(s) ds]
a ij=1 a
where a d-dimensional random vector H € D'? and a d x d-matrix adapted process
u € L2 (for notations, see Nualart [30]). Applying this formula two times, the first term
in (27) can be rewritten as
d d T L L " L s
> S| [ DU, (U0 o)) (Vors T+ (1= 500 ) 0(606)- Vo) [ aiit]
g k=1 1=1 $

333 (| [0 (DA U - U7 0l (VorsteT s+ (1= )T ) . (005): V)
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The last part of the calculation corresponds to find a uniform bound for the integrand
above. Note that all stochastic derivatives (up to order 3) of Y and Y are bounded.
Similarly for U (up to order 2). Every derivative of log(Z7(I')) and log(Zp(I'¢)) will
introduce a derivative of b..

To get the required bound, we use the chain rule for stochastic derivatives on F,
together with the Cauchy-Schwarz inequality and apply Lemma 9 in Appendix in order
to separate the terms.

To show this, using the chain rule for the Malliavin derivative we get that

Bl [ D (DU U7 () (VoraBuT o (=) Vo)) . (606): Vi) ) du]
<E| sup |[V*f(OYr+(1-0)Y )| exp(flog(Zp(T))+(1—0) log(Zp(T€)) / / (u,s,T) duds]

k=1,2,3

where h(u, s, T) depends on products of the three processes U, Y, Y, o and their deriva-
tives up to order 2. As all these three processes belong to the space of processes A such
that E[sup;ep | As|*] < +o0o for any k > 0, applying the polynomial growth property of
of f and its derivatives together with Lemma 9 leads to a bound of type

< Oy exp(Calbe]|%) // duds

Note that the terms ||0.0]|%,, [|0ube||% |020c]l00s [|02b|% and ||0ube || oo || 02000, Whose

terms give the first divergence order 1/e* as € — 0, appear due to the term
T . — *
Fir / (Vo )i(s, 0, + (1 - 0)Y,)) &AW,
0

n (24).
We have deliberately avoided writing all the arguments as they are long. One can do it
using Malliavin derivatives or just [t6 formula. Either way is a series of long calculations.
O

Now we can reach a first global conclusion. There are many ways of combining the
results of previous sections and therefore we only one of those combinations. We will use
the same setting in future conclusions.

Conclusion 1. Let o € CL°(H), M = Cy*(H), § = C3(R?) then 3 =4 and 6 = 1. Under

(H4) then the weak rate is at least n “45H i general. In the particular case that d =1
and b(t,z) = 1y, ¢,)(«) then according Proposition 2, we need to consider a bound for
dy(b,b) = ||[b — b|ly,p for p > 1. Furthermore, assume that the Aronson estimates (11)
are satisfied and then (12) can be used as an upper bound for ||b — b¢||y,, with ¢ > p > 1.
We therefore obtain v = % with ¢ > 1. With these considerations we find an upper bound

of the weak rate and therefore our arguments give a rate of at least n=st" for any small
r > 0. Note in particular that this result improves the result in Theorem 1 in the case
that a < %

Similar calculations can be used using Proposition 1 which will lead to somewhat worse
rates. On the other hand, the values of ¢ appearing in K,(f) will be lower. In the next
conclusions, we will also use similar arguments and therefore where we will not give as
much detail as in the case above.
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Now we weaken the conditions on the coefficients and the rate of approximation of b,
at the price of a lower rate of convergence.

Proposition 4. Let us assume that o € HY/?'(H) satisfying (H1), b. € HY*'(H) and f

in C(R?) or CL(R?). Then

CT [oelloo: llollason) @ + [[bellason)
Vn

with B = By, if f € C}(R?) and B = B, if f € C}(R?). Besides, if o(t,x) = Id for any

(t,z) € H, then C(T,||be|so: llo]l(1/21)) = C(T, ||belloo) < 00.

E[f(X7)]-E[f(X7)]| < (B(f,2)+B(V f, 1)) (28)

Remark 5. Inequality (28) shall be compared with Theorem 1, where the Holder exponent
is not an integer. Our hypotheses correspond then to the “limit case” o = 1. Yet our
conditions on f are less stringent.

Proof. Since E[|Ws — Wy |?] = s — ¢(s), we obtain that for g € HY>(H),

T _ CT?
_ < _ —
[ Ell(s, V)~ 9(0(). Vo)1 ds < C [ (s = (s ds = -
where C' depends on ||g|1/2,1) and |0 .
From (26), and o € HY>'(H),
E[IG,[I”] < Ci(s — ¢(s)), (29)

where C} depends only on ||o||/2,1)-
Note that £ is a square integrable martingale. With the It6 formula applied to &£?
where £ has been defined in (25),

Bl < [ GE[EL)ds + [ BlIG.IP)

were Cy depends on [|Vo |« and d. With the Gronwall Lemma and (29),

T2
E[|Er?] < CLe®?T—
n

Applying the Burkholder-Davies-Gundy inequality to (25) and using this expression, one

gets that

C(T,|lolla/2n)
" .

[,

t€[0,T]

(30)
Using the Cauchy-Schwarz inequality, Lemma 7 with o = 4, and Lemma 2 with k = 4,
E[[F[P]Y? + E[(Fi1)*]? < C([[blloos A TY(B(f, @) + B(V f, ).

Using the Cauchy-Schwarz inequality on (24) to separate F' from &r and Fjyyq from
the terms Ay, ..., Ay, Lemma 10 and (30), (28) is easily obtained.
If o is constant, then Y =Y and £ = 0. Hence the simplification. O]

Conclusion 2. Let o € HY*'(H), M = HY>'(H), § = CL(R?). Then § = 1 §=1/2

and under (H4), the weak rate of convergence is at least of the order n “3tGE0 . As in
Conclusion 1, in the particular case that d = 1 and b(t, z) = 1j¢, ¢,)(), we achieve a rate

of n=1*" for any small r > 0.
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8.2 Case of Holder continuous coefficients

The weak rate of convergence of the Euler-Maruyama scheme when the coefficients of
the PDE are Holder continuous has been given in Theorem 1. As mentioned before this
result seems to be non-optimal. Still putting all the previous results together we obtain
the following conclusion.

Conclusion 3. Let ¢ € H*/?2(H), M = HY/>*(H), § = H***(R?). Then 3 = o, § = E(a)

aE(a)
and under (H4), the weak rate of convergence is at least of the order n~ ?“* 5% . As in

Conclusion 1, in the particular case that d =1 and b(t, ) = 1, ¢,](x), we achieve a rate

_E(o)
of n~ T+a " for any small r > 0.

9 Rate of convergence of the Euler-Maruyama scheme
with a constant diffusion coefficient

In this section, we use Proposition 1, so that we have p > 2. We have then always used
q=2.

In order to test our results in particular cases and make the different terms as explicit
as possible, we will deal in this section with two cases. First, the simple case of a constant
diffusion coefficient and homogeneous drift coefficient. Later we will further give an
explicit example of discontinuous drift coefficient b. To keep it simple, we assume that o
is the identity matrix Id and therefore X is solution to

t
X,=a+ B+ / b(X,)ds (31)
0

and Y; = x+ B;. Let b, € 9 be a family of approximations of b satisfying (H3) and (H4).
Similarly, let X and X* be the continuous Euler-Maruyama schemes

=y t v S-€ t X-€
X, =+ B, +/0 b(Xy(e) ds and X: = z + B, +/O b (X ) ds.
In order to make the calculations as explicit as possible we center our error estimates

on v, the solution to the PDE

0 1
a—:(t, 2)+ 3 80(t x) = 0 with v(T,2) = f(2)
where the terminal condition f belongs to Cg;(R?) which is our most general case. From

Theorem 2 and the isometry property of stochastic integrals,

Ka(f) = |[Vollys < /Var(f(z + Br)) < +oo.

As we make use of Proposition 1, there is no restriction to consider only the case ¢ = 2
as in this proposition, p > q%l V2and q/(¢g—1) <2 as soon as q > 2.

Proposition 1 may be applied even for a non-anticipative drift. Under the above
conditions, for r > 2,

1/r

E[f(ZM)] = E[f(ZP)]| < Cy(r)E [/OT 180 (s) = B@(s)|"ds|  Ky(f) (32)
where (Z@, 3@) for i = 1,2 is one of the following;
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(i) 29 = Xp and B9 (s) = b(z + B,)
(ii) Z@ = Xr and B(f)(s) = b(x + By(s))
(iii) Z® = X and B9 (s) = b.(x + By)
(iv) Z9 = X7 and B9 (s) = b.(z + Bys))

9.1 Rate of convergence of smooth approximations of the drift

The next lemma is a direct consequence of Proposition 1 and the Holder inequality of the
Gaussian density.

Lemma 3. For p > 2V d, there exists a constant C' such that

[E[f(Xr)] = E[f(XD)]] < CE(F)Ib = bellLoay,
where C' depends only on p, T and the constants Cy and Cs in Lemma 1.

Proof. This follows from (32) with Z;l) = Xr and Zg) = X5 and Lemma 1 to compare
|6 = bellyr < Cs|b— be||oer when d/2p < 1/r, p > r. O

9.2 Rate of convergence of the Euler scheme with smooth ap-
proximations of the drift

The weak rate of convergence of the Euler-Maruyama scheme to the solution to (31) has
been studied by V. Mackevicius in [27] for a drift coefficient which is Lipschitz continuous.

Theorem 5 (R. Mackevicius, [27, Theorem 1]). If b. is bounded Lipschitz continuous with
constant Lip(be) and f € C3(R?), then there exists a constant C(T, A, f) such that

[ELf (X)) - E[f(X7)]| < Lip(be).

C(T, A, f)
n
Remark 6. The proof is given for the dimension d = 1, but it is remarked in the article
that it is suitable whatever the dimension (See Remark below Theorem 1 in [27]). The
statement of Theorem 1 in [27] is slightly different since b is not assumed to be bounded.
Yet it is clear from the proof that the rate of convergence is linear in Lip(b,) if b, is also

bounded.

Conclusion 4. Let M = Lip(R?), § = C3(R?). Then 8 =1, 0 = 1 and under (H4), the

. J DU . . .
weak rate of convergence is at least of the order n~""5+1. As in Conclusion 1, in the

particular case that d = 1 and b(t,x) = 1, ¢,)(z), we achieve a rate of n=zt" for any
small r > 0.

Using Proposition 1 between X¢ and X we may also give a result with a lower rate
of convergence but which is valid under a broader class of functions f.

Proposition 5. For p > 2 and for f € Cs(RY), there exists a constant C(p,T) such that

C(p,T)

\/ﬁ Lip(be)Kz(f)

[E[f(X7)] - ELf(X7)]] <
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Proof. Using (32) with Z) = X¢ and Z®®) = X, and r = p, this follows from

1/p

< Lip(be) K (p)*/” ( /0 ! |s — ¢(s)|P/? ds) v

1/pT'l/ZJrl/p (p N 1)—1/p
Jn

where E[|Y; — Y,|P] < K(p)|t — s|P/2. u

| [ 00 - bV pas

= Lip(bE)K(p)

A generalization of the above result may be given as follows.

Proposition 6. For f € Cs(R?), p > 2 and for b. € CE(R?), there exists a constant
C7(p, A, T) such that

—e C(p,\,T 1 9
L7 (%)) — EL () <SP (b 12 V020 Kl ).

Proof. The proof is similar to the one of Proposition 5 but where the It6 formula is used
on g(y, By) = |be(y + B;) — be(y)|P. Note that

18g(Y, )lloe < 2P 2p(p — AP VD||Z, + 207 pAP | Abe o
Hence the result. O

Conclusion 5. Let M = C}(RY), § = Cs1(R%). Then B =2/p, § = 1/p for p > 2 and under

(H4), the weak rate of convergence is at least of the order n~# 5. As in Conclusion
1, in the particular case that d = 1 and b(t,x) = 1y, ¢,)(«) (with the further assumption

that |[Vv||y, < oo for any ¢ big enough), we achieve a rate of n=3%" for any small r > 0.

9.3 The weak error of the Euler scheme for X

In this particular case, one can also study the distance d(X (b.), X).

Lemma 4. For p > d V 2, there exists a constant C depending on p, A, A\ and T such
that

E[f(X7)] = E[f(X7)]| < CK2(f)IIb — bl

Proof. Fix p > 2 and choose ' € (1Vd/2,p/2). We apply (32) with Z1) = X, Z?) = X7,
and r = p/y > 2, so that

v /p

B[/ (Xr)] ~ E[f (X3 < Calp, 2)Kal /) [ [ 18(6) = 8P as

with ((s) = b(x + By(s)) and Bc(s) = be(x + Bg(s)). The proof is now a variation of the
one of Lemma 1. Note that for v > 1,

, 1/~ 1 1
( /Rd AC) dy) = ~d/@) | oD/
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Let v = +'/(7/ — 1). Then there exists some constants C(v) = 7_% and C'(T,~) =

2/'C
W—z)% such that

. UOT B(s) = ()" ds] -2 i [ 8l = wlbw) - b )P dy

Cly) 1 d/” "
éTd/;/l- > e ([ 10) = b wrdy) < T b

The last inequality follows from the identity

1 d/2v 1 1 2,7/
w2y S ) sy 98 < 5
n = k4> 0 s42v 29 —d

for any n > 1. Hence the result. O

In order to be even more explicit we make a hypothesis on the irregularity of the
function b. In order to introduce our main condition, we start with the following definition.
For a set G C RY, we define G(¢) = {z € RYd(z, Q) < €}, where d(x,G) = inf,cq |z — y|
is the distance between = and G.

Theorem 6. Let b be a bounded function on R? which is Lipschitz except on a set G such
that the Lebesgue meas(G(€)) = O(e") for some k > 1.
(I) For any f € C3(RY),

E[f(Xr)] = E[f(X7)]| = O (n”"*5%) forp>dv2. (33)
(I1) For any f € Cs(RY),
[E[f(Xr)] - E[f(X1)]| = O (n%<-1+piz>) forp>dve.

Proof. (I) Combining Theorem 5 with Lemmas 3 and 4, then for a choice of p > d V 2,
there exists constant C(p, A, T) and C'(A, T, f) such that

ELf(X7)] = E[f (X7)]| < Clp, A, T) ()b = bellur i +

C'(A
CALI) i h).

Hence for any € > 0, we consider a family of smooth approximations b. of b such that
b = b, outside the set G(¢) = {z € R¥d(z,G) < €}.

Hence, Lip(b.) = O(e™!) and b(z) = b.(x) outside the set G(e) of Lebesgue measure
|G (€)] = O(e"). If follows that ||b — b |» = O(¢"/?). Hence, the weak error of the Euler-
Maruyama scheme is bounded by -+ C'e %/P for some constants C' and C’ that depend
only on A, T, pand f. Optimizing over the choice of ¢, this leads to (33) using Corollary 1.

The proof of (II) is similar when one uses Proposition 5. O]

Conclusion 6. In (I), letting p — d V 2, the weak rate is at least of order n~ @ " (resp.

n~z= ") when d > 2 (resp. d = 1) Wlth r arbitrary small. However, the constant hidden
in the O(n=*/(**P)) explodes as p — dV2. With our estimates, a better rate of convergence
is obtained at the cost of a bigger constant in front of the rate. In (II), the rate is at least

of the order n~2@ar=1" for any small r > 0 with a constant exploding as r | 0.
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9.4 A particular case with a weak approximation rate of n~!

In this section, we show that a rate of convergence of order 1 could be achieved. For this,
we consider the following family of SDE

dXt(ZL') = b(Xt<I>> dt + th, Xo =,

where for 6 > 0,

—0, x>0,
b(z) =40, =0,
0, x < 0.

As before X (z) denotes the Euler-Maruyama scheme associated to X (z).

This process is called a Brownian motion with two-valued, state-dependent drift, which
is related to a stochastic control problem. From Karatzas and Shreve [21, Section 6.5,
(5.14), p. 441}, the transition density function of a Brownian motion of X;(z), x > 0 is

1 (z — x4 6t)? gy [ (v — 0t)?
——)+4 Z/ ———)dv| f 0
) Nz exp( 57 )+ e " exp( 57 Jdv| for z >0,
B . eX (_29$ G 9t)2) + 0% /oo ex (—M)dv for 2 <0
V21t P 2t T—2 P 2t -

(34)
Theorem 7. For f € C3(R), we have the following weak error:

C

)
n

[ELf (X7(0))] - E[f(Xr(0))]| <
where C' is a positive constant.

Although in this particular case, one may feel that there is no need to study the weak
rate as there are other more direct simulation methods, we perform this study in order
to show that in general the optimal rate is probably % Also we remark that from the
analytic point of view the fact that the starting point for the diffusion is zero is strongly
used through the symmetry of the density of the associated Euler-Maruyama scheme.

In order to prove this result we need the following lemma.

Lemma 5. Assume that f € C3(R;R). Define u(t,z) = E[f(Xp_(z))], 0 <t < T and
x €R. Then for k=0,...,3,

sup sup |0Fu(t, z)| < C. (35)
t€[0,T] z€R

Furthermore, u satisfies the following PDE

ou 190%u ou

E(tw) + 5@(15, x) + b(a:)%(t,x) =0, u(T,z) = f(z). (36)

Proof. The proof is just the application of the integration by parts formula as the density
of the process X is known explicitly. In fact,

u(t, x) :/f(z)pT_t(:L‘,z) dz.
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Here p;(z, z) denotes the density associated with the process X;(z) at the point z whose

formula was given in (34). From this formula, one can verify the various needed proper-
. . . X 2

ties. In particular, we define the functions hy(x,t) = exp(—%)/\/ 27t and g4 (z) =

exp(£26z). It holds that

—0,h_(x — z,t) — 0gy (v)hy(x + 2, 1), x>0,2>0,

Dopr(z. ) = —0.hy (v — z,t)g4 () + 09 (x)hy(x — 2,t), x>0,2<0,
’ —8h+(x—zt)+99() (x4 z,1), r<0,z2<0,
—0g_(z)h_(x — 2z,t) — O,h_(x — z,t)g_(z), = <0,z2>0.

From this formula one can verify that the density p;(x, z) is continuously differentiable
in z (even for z = 0) and as the above formula states, one can interchange derivatives
with respect to z for derivatives with respect to z. Therefore for a function f which is
three times differentiable with polynomial growth, w is differentiable three times for all
x due to the successive application of the integration by parts formula. In particular, u
satisfies the PDE (36). O

Remark 7. In [21, Exercise 5.3, p. 441], it is verified the above theorem for a particular
function f. In fact, without regularity conditions on f one may prove existence and
uniqueness of u and that it satisfies (36) if f is an even function. In order for the PDE to
be satisfied at = 0 one needs to have the symmetry of f. In fact, by a direct calculation
one finds that

Ou(t,04) — Ou(t,0—) = \/;%t /Ooozexp (_(z—{—%et)) (f(2) = f(=2))d=.

In what follows we need that the derivatives are uniformly bounded as stated in (35) and
therefore stronger hypotheses on f are needed.

Let us denote by p,(z,y) the density transition function of the Euler scheme of step n.
Lemma 6. Denote Py (7) = Py (0, ), then we have that Py (x) = Py (—x). Further-

more for any n € N and any t > % there exists a positive constant independent of n and
x such that

C
Py () < —7—=—. (37)
Vo)
Proof. The density pr,, (7, y) of X1/ (x) is given by
_ ( (y— o+ sen(@)T/n)’
pT/n(l‘7 y) = exp ( QT/TZ .
Hence,
Prr/n(T,y) = //qu Pryn(T;21) - Prjn(2-1,y) d21 - - dzgq. (38)

AS Prjn(2,y) = Pry(—2, —y) and Py, (0,2) = Pry,(0, —2), the symmetry of pr,,(0, )
follows from (38).

Finally, (37) follows from the results in [26], where a Gaussian upper bound is given
for the density p, (z,y) of the Euler-Maruyama scheme. O]
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Proof of Theorem 7. From the definition of u, Itd’s formula, Equation (36) and the defi-
nition of X;(0), we have

E[f(X7(0))] = E[f(X7(0))] = u(0,0) — E[u(T, X7(0))

_/ [ (£, X1(0)) {B(X1(0)) = b(X (0 }] dt
T 6’m+b (= o)+ T
x{b(a:—l—b(x)( —6(1) + 1/ — ot )z)—b(x)} \/12_7Te_z2dzp¢(t)(x)dxdt. (39)

The underlined-part of equation (39) equals

21 (z < —z 460 - ¢(t))) for >0
t—o(t)
—z —0(t — ¢(t))
t—o(t)

Then we perform the change of variables y =

21|z > for z <0.

t=(t)
is done for ¢ # ¢(t) which is a set of measure zero. The integrability follows from the
argument we give here. We rewrite

9 =20 [ \i=ot0 (/ y [ O o - 0y o) + )

22

Here, we assume that this change

— /_OOO dy /_O:_e\/m dzgz(t, t—o(t)(y+ 0yt — (1) + z))) i/%pqa(t)( t—¢(t)y)dt.
(40)

We apply Taylor’s expansion with integral residue to 2%(t, /t — ¢(t)y F 0(t — (1)) +
t— ¢(t)z):

O 1, T By 0yt~ of1) + 2) = 2ty i— 000) T 01t 0(1))
Ty r= o) 7 0t — (1)1 = 010
t [ Uy = o) T 01t 0(8) + oyt — o0)2)(1 — a)dalt — (1), (41

Due to Lemma 5, u is smooth enough and therefore 2% has a uniform upper estimation.

The third term is already of order 1/n.
With this expansion, we consider the first order terms generated in (40) using the first
order terms in (41).

29/0Tm</oody@(—y+9\/t—i)az1fyt— ) — 6t — (1))
_/_Ooody{l— (— t—¢ )} \/7+6t— ) ()(y\/f—W)dta

(42)

83
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where ®(x) is the distribution function of the standard normal distribution. Using the
symmetric property of the standard normal density function, changing variables as z = —y
and using the symmetry (see Lemma 6) Py () = Py (—1), the second term of (42) is

—20 /oT m/ooo ® (—y + Om) gz(t’ _ym+9(t—¢(t)))5¢(t) (yM) dy dt.

And then we can write (42) as

) =20 [ ol [ Gt o0 - 00 - 1) - Gt i o0 + o0 - 1)
® (—y+0VE— 1) B, (yy/t — 6(t)) dydt. (43)

We use again Taylor’s expansion to %(t, +(yv/t — t;—0(t—t;))) around zero, obtaining

g:Z(t, YVt — ti—O(t—ti))—gZ(t, —(yvt —t;—0(t—t;))) = 222(75 0)yv/t — ti—2922;;(t, 0)(t—t;)

+2/01 B;;(t,a(y\/—t—ti — 0t — 1)) — g (t—a(y T =T — e(t—t)))]
x (1 —a)da(yvt —t; — 0(t —t;))*. (44)
We consider (43) with the first term of (44).

tiy1 foo a2u
‘2 /t /0 @(ﬂ 0)y(t —t;)® (—y + 0t — ti) P, (vt —t;) dy dt‘

21 [tiva
<5
n Ji

Therefore the above integral is uniformly bounded due to Lemma 6. The second order
terms in (41) are treated in a similar fashion with a Taylor expansion of order one for

azg S(t,y\Jt — () F 0(t — ¢(t))) around 0 which will give the needed estimates. In fact,
one obtains for the first term in (40) corresponding to this case

82 tO‘/ y® (—y +0vE—1) b, (yv/t — £:) dydt. (45)

(=0t (1))?

=20 [ (0= 00 [ 500 — 6 — 00D (i — 6O dy
T 0 52 e*(we@P
=20 [ (1= o) [ 55000+ 0Vt —6(0) P (1 — (0 dy .

(46)

We remark that for the residues the explicit bound found in Lemma 6 is not needed
as the only property used is then that the density integrates to one.

Also, as it can be seen from the signs in (46), the two applications of Taylor’s ex-
pansions can not be achieved at once as the symmetries and evaluations carried in the
previous steps only apply to the first term of the expansion in (41). H
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9.5 Numerical Results

In this section, we report on some simulations done in various situations. In order to save
space, we will not give any graphs of actual simulations. Simulations where carried out

for the SDE , .
X, :x+/ b(XS)ds+/ o(X,) AW,
0 0

where

. 91, .TSO,
b($)_{ 90, x > 0.

The expectation E[f(X})] is computed for various definitions of 6y, ¢; and = = 0,1,
o(z) =1, z, sin(z) and f(z) = 2%, k = 1,2,3 and f(x) = cos(x). Simulations for various
values of n ranging from 10 to 3000 where carried out. The number of Monte Carlo
simulations is n?. Then n = 3000 was used as the “correct” answer and then regression
lines were computed. In almost all cases the confidence interval corresponding to the
simulations experiments included the rate n~!. Therefore these simulation experiments
support the impression that the result proved in Section 9.4 is much more general.

A part of the simulation experiments can be found in [23]. Other simulation experi-

ments will appear elsewhere.

10 Conclusions

We have given several weak orders with respect to |E[f(Xr)] — E[f(X7)]| with discontin-
uous drift coefficients by analyzing the errors of |[E[f(Xr)] — E[f(X%)]| (Propositions 1
and 2 as well as Corollary 2), and |E[f(X%)] —E[f(X5)]| (Theorem 1, 4, and Proposition
4) under various assumptions to b, b., 0 and f. By combining those theorems, proposi-
tions and lemmas, we can derive a short table. In the table, we assume that the error
||b— be||y,, has an order O(€”) for v > 0. Note that v depends on the dimension d and the
moment p. In the last two columns we consider the particular case treated in Example 1.
That is,

Case 1(Cl): d =1, v < 1/2, Prop. 1

Case 2(C2): d =1, v < 1, Prop. 2.

The value given within parenthesis is the best rate possible. Then the values for « for
which our result is better than Theorem 1 is given. Clearly C2 requires less integrability

condition on f if one uses Corollary 2.

o [ W | § [F[ 7 [ e [ O | @ ]
CO(H) | ¢P(H) | GB®Y) |4 1 1+ | (gha<i|(=fa<3
HEY(H) | HETH) | @) [1] 3 | T+t |[(Cha<i|(-D,a<i
HE~(H) | HE°(H) | B2°RY) | o | B(a) | —B(a) + B | (G | (- E@)

const. CZ(RY) Csi1(RY) % % —% + m (=3), a <z

Table 1: Weak orders of |E[f(Xr)] — E[f(X7)]| using the results in Conclusions 1-4.

This table does not fully characterize all the cases treated in this article. In fact, we
have also obtained some additional results where some of the conditions for 9t or § are
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weakened but they do not lead to a final change in the rate. For reasons of space, some
of these results are not quoted here.

This article should be considered as a first attempt at understanding the approximation
quality of the Euler scheme for stochastic differential equations with irregular coefficients.
We have not obtained their optimal rates and there are clearly various questions that
remain open and that should be treated in the near future.

11 Appendix

11.1 Estimates on stochastic exponentials

In order to give the proof of Proposition 2, we need to give some preliminary results on
the Girsanov change of measure process. Let us establish basic results about the moments
of exponential martingales.

Lemma 7. (I) For any a > 1,
1 N
E[Z3]Y* < exp ((a - 2) TF2> : (47)

with ' := sup (s ) epo.rxre [ (5, 7)].
(IT) Let g € LP(Y') for some p < +0o. Then there exists some constant %(f,p, q) such
that for any q < p, A
l9llxq < 2T, p, @)lgllvp

with »(L, q,p) = +00.

Proof. (I) Set M, = [ T(s, X,)dB,. Note that (M), < TT'?. Using the Cauchy-Schwarz
inequality,

4a?

1/2
E[28] < E |exp (QaMT - 2<M>T)] Bfexp (207 — a) (M) )] /2

Since I' is bounded, then Novikov’s condition is satisfied and therefore (exp(2aM; —
20 (M),))sepo,r] is an exponential martingale with mean 1. This leads to (47).

(IT) Let Q" be such that T'(t,z) := b(s,x)*0 (s, x). Fora =p/qg>1and o/ = a/(a—1),
Holder’s inequality and (47) with («, o) yields

1/q

T 1/q T
lgllxq =E [ / rg<s,Xs>\qu] ~E [ZT / |g<s,Ys>|qu]
_ o +4q
< TP=0)/(P0) oxp) <TI‘2p> qllyp-
— 2(])_ q)q ” HY,P

]

Lemma 8. Let Z be defined by (9). Then for any p > 2 and any p > p, there exists some
constant C(p,p) depending only on p and D such that

B vP 1 R T B p/P
E[|Zr — 1|P] < C(p,p)T?* /P exp <p ( — 2) TF2> E V IT(s, X,)[P ds] .
p—p 0
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Proof. Since T' is bounded, we have already noted that Z is a martingale. With the
Burkholder-Davies-Gundy inequality (with constant C'(p)) and the Hélder inequality ap-
plied twice,

ElZr - 1] < COIE (/OTZE\HS,Xs)Pds)p/Q

1/a’ T
< crr g | s (2| ][I s
0

s€[0,T]

T
< cor g | [ 2 xor )
0

1/

for « = p/p > 1. The conclusion stems from Doob’s inequality on Z and then Lemma 7(I).
[

Lemma 9. Let 6 be a random variable with the uniform distribution on (0,1), which is
independent of Wy. Then for any a > 1, we have
b 2
< exp (ozTH)\H;O> .

1/«

T 6 T @
E [exp (0/ b'o~t(s,Y,) AW, — 5/ b*a b (s,Ys) ds)

0 0

And also the inequality holds for b..

We can prove this lemma using similar arguments to Lemma 7.

11.2 A lemma on Holder functions

Lemma 10. The product of two functions in HY/?>'(H) remains in H/>'(H). Besides, if
o € HY?Y(H) satisfies (H1), then a = oo™ and a~" belongs to H/>'(H).

Proof. The first part of the lemma is immediate since for two bounded functions f and g,

[F(£)g(t) — f(s)g(s)| < |f(&) = F()] - lglloc 4 19(E) — g(s)] - [ lox-
For the second part, note that a™'(¢,x) is written by the normally convergent series
(the Neumann series)

a Mt,x) =N (Id— A a(t, z)".

k>0

The required continuity follows easily since ||[Id — A7 ta(t,2)||¥ < (1 — A=Ak for any
(t,7) € H and k > 0. O
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