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Weak approximation of stochastic differential delay equations for
bounded measurable function

Hua Zhang

ABSTRACT

In this paper we study the weak approximation problem of E[¢(z(T))] by E[¢(y(T))], where z(T')
is the solution of a stochastic differential delay equation and y(7T') is defined by the Euler scheme.
For ¢ € C}, Buckwar, Kuske, Mohammed and Shardlow (‘Weak convergence of the Euler scheme
for stochastic differential delay equations’, LMS J. Comput. Math. 11 (2008) 60-69) have shown
that the Euler scheme has weak order of convergence 1. Here we prove that the same results
hold when ¢ is only assumed to be measurable and bounded under an additional non-degeneracy
condition.

1. Introduction

In recent years, numerical solutions of stochastic differential equations have drawn increasing
attention since they help not only to simulate the solutions of stochastic differential equations,
but also have theoretical value. The Euler scheme is the simplest method among all methods of
approximate numerical solutions of stochastic differential equations. There are two kinds
of numerical analysis of some class of stochastic differential equations that we are interested
in. The first concerns the strong convergence of the Euler scheme for some class of stochastic
differential equations. The second deals with the weak approximation of some class of stochastic
differential equations. More precisely, let T'> 0 be a fixed time horizon, z(T') is the solution of
some class of stochastic differential equations and y(T") is the Euler scheme of z(T") associated
with a partition w, we study the following quantity

Elp(x(T))] = Elo(y(T))],

where ¢ is a suitable class of test function.

In this paper, we focus on the weak approximation of some class of differential equations due
to the fact that analysis of this quantity turns out to be more important for applications, for
instance, in finance, biology, and so on. Weak approximation of stochastic ordinary differential
equations (SODEs) (without memory) are well developed. we refer the reader to, for example,
Bally and Talay [3, 4], Kloeden and Platen [8] and Kohatsu-Higa [9] for a discussion of various
aspects of this topic.

However, many physical phenomena can be modeled by stochastic dynamic systems whose
evolution in time is governed by random forces as well as intrinsic dependence of the state
on a finite part of its past history. Such a model may be identified as a stochastic functional
differential equation (SFDE). The simplest SFDEs are stochastic delay differential equations
(SDDEs) which can serve as a model of noisy physical processes whose time evolution depends
on their past history. For some progress on weak approximation of the Euler scheme for SDDEs,
the reader can consult [1] for a recent survey and references.
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Recent results on weak approximation of numerical methods for SDDEs are obtained by
Clément, Kohatsu-Higa and Lamberton [6] and Buckwar, Kuske, Mohammed and Shardlow [1].
In [6], the authors give convergence with respect to bounded measurable test functions under
sufficient non-degeneracy of the diffusion coefficient, where the drift and diffusion terms of
SFDEs have the following forms

b(JO x(u+8)dv(s)> and U(Jim(u—i-s)dv(s))

.
with v a finite measure on [—7, 0] and b, 0 : R — R sufficiently smooth real-valued functions.
The result in [1] concerns the weak convergence of order 1 of the Euler scheme for fully non-
linear stochastic delay equations in R? with multiple discrete (and continuous) delays and
multidimensional Brownian noise. However, the test function ¢ in [1] is assumed to be C}. In
the present paper, our object is to show the existence of the expansion under a much weaker
hypothesis on ¢. We will suppose the test function ¢ is measurable and bounded. The price to
pay is that we should assume that the solutions of SDDEs satisfy non-degeneracy conditions.
In addition to the Malliavin integration by parts formula and the tame It6 formula mentioned
in [1], our approach also depends on a localization technique which was first introduced in
[3, 4], and successfully applied in the proof of [6, Theorem 13].

In order to make the paper more clear, we now describe the main result of the paper and
give the ideas and steps of its proof. Let x(t; o, ) be the solution of a one-dimensional SDDE
and let y(t; o, n) be the continuous Euler approximations with a partition m:={—7=1t_p; <
s <... <ty <tir=0<t1<to<...<tn_1 <tN:T} Of[—T,T],WheI‘eO’G[O,T] is the
initial instant and n € H>*°([—7, 0], R) is the initial path. Here the meaning of the symbol
HY*°([-7,0],R) can be found in §2. The main result in our paper is that for a bounded
measurable function ¢ : R — R, we have

|E¢(x(t; 0,m)) — E¢(y(t; o,n™))| < Cln|
for all t€[o,T], 0 €[0,T] and all n€ H-*°([-7,0],R), where n™ € HL*°([—7, 0], R) is the
piecewise-linear approximation of n € H%°°([—7, 0], R). Similarly to the proof in [1], we only
need to prove that for a bounded measurable function ¢ : R — R, the following estimate holds

|E¢(x(t; 0,m)) — Ed(y(t; o,m))| < Cln|

for all t € [0, T], 0 € [0, T] and all n € H>>°([—7, 0], R).

The general ideas and the main obstacles to overcome in the proof of the above estimate
are as follows. Because ¢ is bounded measurable, so we can not make direct use of the method
developed by Buckwar, Kuske, Mohammed and Shardlow in [1]. However, using the integration
by parts formula, the test function ¢ can be lifted up to a test function in C. In order to ensure
the effectiveness of the use of the integration by parts formula, we must introduce a smooth
functional such that outside a set where the smooth functional vanishes, the non-degeneracy
condition is satisfied. After that, using a similar procedure in [1], we can complete the proof
of the estimate. More precisely, we give a brief outline of the proof of the estimate.

Step 1. Without loss of generality, we assume that 0 =0 and ¢t =t¢,, € 7 for some 0 <n < N.
Using the Markov property of z(t,; 0, 7n) and y(t,; 0,7n), we have

Elp(x(tn; 0,n))] — Elp(y(ta; 0,m))]

= Z E[¢(y(tnv tiy J?t,i('; ti—17 Tt; (? 05 77)))) - ¢)(y(tn7 ti) ytz(v ti—h Tt;_4 (1 0’ 77))))]

We consider a truncation function ¢ € C°([0, 00), R) such that

https://doi.org/10.1112/51461157013000120 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157013000120

WEAK APPROXIMATION OF SDDES 321

We construct rf, by

o O (tn;0,m) = Ly(tnsts e, (50,0) = 2y(tnitio, e, (50,m)) V Oy (tustiae, (50,m) =y (tnitio1,ze,  (50,m))
titn — .
o Oz (tn;0,m)

Now we have

Z E[¢(y(tn; li, xti('; ti—1, xti—l('; 0, 77)))) - ¢(y(tn; Lis Y, ('; ti—1, T,y ('; 0, 77))))}
i=1

= Z El(p(y(tn; ti, e, (5 tim1, 2,,(550,m))))
= Ay (tns tis ye, (s timrs 2,y (50,m)) (1 = ¥(rf,)]

n

+ ZE[(d)(y(tn;ti7xti(';ti—17xti—1(';07 m)))
- (y(tna ti, yti('; ti—1, xtifl('; 07 77)))))1/)(7’2%)]

Step 2. For the first part, using the definition of ¢, the boundedness of ¢ and the results of
the strong convergence, we obtain

n

D Elb(y(tn; tiy @, (5 timr, 2, (50,))))

i=1
= (Y (tni tis Yo, (5 tirs 2,4 (50,m))) (1 = (e, )]

< C|r|P~L.

We deal with the second part as follows. For all 0 < A < 1, we obtain

{0(r70,) # 0} CH{ONy(bnsti0, (500 + (1= Nytnits 1,00, (:0m)) Z 16T (tn:0m) )

and this gives that Ay(tn;t;, x4, (50,m) + (1 = Ny(tn; tic1, 2¢,_,(;0,m)) is non-
degenerate on the set {y(rf, )# 0}. In particular, we have det(ay(t";ti,%(.;Om))) >0 and
det(o—y(tn;ti—lyxti_l(';0,77))) >0 on the set {1/](7”17&1;26") 7& 0} Then y(tn; ti, yti('; ti—1, xti_l('; 0, 77)))
and y(tn; ti, o, (45 tiz1, e, _, (-5 0,m))) have absolutely continuous law conditioned by the set
{o(rf,, ) #0}. Let {¢n}7, be a sequence of C' functions such that |[¢p e < [|¢]lcc and
{¢n}72 | converges almost every dz to ¢ as h tends to infinity. Therefore, we have

Elon(y(tn; tis oo, (5 tim1, we,_, (550,m)))Y(rey, )]
= Bl(y(tn; ti, 2, (5 tim1, e,y (50,0))0 (1, )]

and

E[¢h(y(tn7 ti7 yti(.; tiflﬂ Tty ('; Oa 77))))1/’(7”Ztn)]
— Elo(y(tn; ta, ye, (5 ticr, 2, (50,m)0 (e, )]

as h tends to infinity. Thus, now it suffices to prove that

n

Z E[((bh(y(tn? tiv xti('; ti*h xtz‘—1('; 07 77))))

i=1

— dn(y(tns ti, ye, (5 tim1, e, (50,m))))b(rEy )]
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is of order |r|. Let

F; = y(tn) li, /\xtq(v ti—1, Lty _y (7 0, 77)) + (1 - /\)ytz(v ti—1, Lt; (’ 0, 77)))
Gim = 8mF(t, W(t), W(tl), RN W(tk), S1y vy Smy vy )\J)(tl + Mm)
+ (L= Ny(ti + pm), -+ ) (@, (5 tier, 2, (50, 1)
=y, (s timr, e, (50,m)0(r e, )-
Since Ay(tn;ti, 1, (;0,m)) + (1 = N)y(tn; ti—1, ¢, ,(-;0,m)) is non-degenerate on the set
{¥(rf;, ) # 0}, we use the mean value theorem, the tame character of Vy(t;0,7) in the initial
path 7, and the local integration by parts formula to obtain

E[(d)h(y(tna Liy xt7(7 tio1, Tty (’ 0, 77)))) - ¢h(y(tn7 ti, yt1(7 Lic1, T,y ('; 0, n)))))T/)(Tgtﬂ)]
l

1 1 1
= L > E[Vén(Fi)Gim] dA :J > E[U(F:)Hs(F;, Gim)] dA,

=1 0 =1

where U(z) = [ [§ ¢n(2) dz dy and Hz(F;, Gin) has the following representation:
3
H3(Fy, Gi) =Y @k, D"Giy),
k=0

with

dp DX (H®Y), k=0,1,2,3,
which are obtained as polynomials in vg,, F; and their derivatives. Thus, our problem is
reformulated to prove

1
EKU(FZ)(I)ka DkGim>] dX
)

WM

k=0 i=1 m=1""

is of order |7|. Now we can apply the method in [1] to obtain the desired estimate, because U
is in C? and U" = ¢,.

Our paper is organized as follows. In §2, we recall some results of the Malliavin calculus
that we will use in the following and introduce the Euler scheme for SDDEs. Our main result
is given in §3 for one-dimensional SDDEs with a single delay and driven by a single Wiener
process, and we put its proof in §4. In the last section, we provide a multidimensional version
of our main result.

2. Preliminary

Now let us recall and fix some notation and notions. Let (B, H, u) be an abstract Wiener
space. We refer to [14] (see also [7] and [11]) for the background in the Malliavin calculus.
The Malliavin calculus has been developed as a differential-integral calculus or a Schwartz
distribution theory on B. The main ingredients are notions of differential operators like
the gradient operator (or Shigekawa’s H-derivative) D, its dual divergence operator (or the
Skorohod operator) 4, the Ornstein—Uhlenbeck operator L = —§ D and notions of Sobolev space
DP.1<p<oo, a€R, of real Wiener and generalized Wiener functionals. Roughly,

B = (1 - L)L)
with the norm
| Fllap = lI(1 = L)*/*F||Ls,

where P is the usual LP-space. In particular,

Dj =17, DZ/ CD? ifp<p and a<d.
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So, roughly, F'e€ D? if and only if the derivatives of F' up to the ath order belong to L?
and, therefore, p and a are called the integrability index and the differentiability index
of the Sobolev space, respectively. Also, let L>°~ = ﬂ1<p<oo Lr, D~ = ﬂ1<p<oo D? and
D™ =M <pcoo Naso Di- If we consider, more generally, E-valued functionals, E being a
real separable Hilbert space, the corresponding spaces are denoted by LP(E), D2 (E), etc.

In the present paper we will suppose that the separable Hilbert space H is an L2 space of the
form H =1L2([0, T], R¢). In order to avoid confusion we will use D for the Malliavin derivatives
and V for the classical derivatives or Fréchet derivatives of functions. We denote by Cgo(Rd)
be the set of all infinitely continuously differential function f:R? — R such that f and all of
its partial derivatives have polynomial growth.

In the Malliavin calculus, a key role is played by the Malliavin covariance matrix which is
defined as follows.

DEFINITION 2.1. Suppose that F' = (Fy,...,Fy) is a random vector whose components
belong to the space D{°~. We associate with F' the following random symmetric non-negative
definite matrix:

Sr(w) = (0 (W)i<ij<d = ((DF;, DFj)u)1<i j<a-

In one dimension setting,

T
Yr(w) :J (D, F)* dr.

0
The matrix ¥ (w) will be called the Malliavin covariance matrix of the random vector F. We will
say that a random vector F' = (F}, ..., Fy) whose components are in DX~ is non-degenerate

if the Malliavin covariance matrix ¥(w) is invertible almost surely and
Tr(w) = (V¢ (@)hsijca = (Ew) 7 €L (R @ RY).

An important component in the study of the density of F' is the integration by parts
formula. Here we give a local version of the integration by parts formula which can be seen in
[4, Proposition 4.7].

PROPOSITION 2.2. Suppose that:
(i) FeDg™(RY);
(ii) G € DL, and for some multi-index o, X is invertible almost surely on the set

{G#0} (DG #0},

B<a

and that, for any p # 1,
Elldet(Xr)[ 10} U, {DPG0}] < 00
Then for all ¢ € C3°(RY), we have

glel
E K ayj o F) G} = E[(¢ 0 F)Ho(F, G)l{gr0y U, (prG0})s (1)

where the elements H, are recursively given by
H)(F,G) = Hi(F,G)
d
= Z{%’J’LFJ‘G + (D%‘j, DFj)HG + %j(DG, DFJ»)},

Jj=1

= Hak (F, Hozl,...,ock71(F7 G))
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Moreover, for any p>1 and any multi-index «, there exists a C(p,a) >0 and integer
K(p, ), M(p, ), M'(p, ), N(p, ), N'(p, a), such that, for any measurable set A C {G # 0}
Uﬁga{DﬁG #0} and any F, G as above, we have

E[|Ho(F, G)P14]Y7 < C(p, a) | det(Er) " L all K (p.a)
NG N (pa), M) * 1F 187 (p,0), 007 (p,0) - (2)
The following notation is taken from [1]. Let C([—7, 0], R) denote the Banach space of
continuous paths 7 : [—7, 0] — R, furnished with the supremum norm

Inllc:= sup |n(s)l.

—T<S<

The symbol H*°([—7, 0], R) denotes the Banach space of all continuous paths 7 : [-7, 0] — R,
which are almost everywhere differentiable on [—7, 0] and such that

esssup, e[ i (5)] < oc.

The space H»*°([—, 0], R) is furnished with the H*°-norm
100 := sup [n(s)] + esssup_,ocoln’ ()]

—7<s<0

The corresponding Banach space C([—7, 0], R?) and H>°([—, 0], R?) of R%valued mapping
are defined analogously.

Let us end this section by introducing the Euler scheme for SDDEs. For simplicity of
exposition, we will focus on one-dimensional SDDEs with a single delay and driven by a
single Wiener process. The appropriate extensions of our analysis to higher dimension are
straightforward. They are indicated in § 5 of this paper. To further simplify the presentation, we
deal with the SDDEs without drift, and we can easily extent our results to the general SDDEs
under some appropriate conditions. More precisely, consider the one-dimensional SDDE for
o<tLT

t

(t) =n(0) + J 9(x(u—7), x(u) dW (u), 3)

o

with initial condition
nt—o), o—71<t<o,
where T > 0 is fixed, the initial instant o € [0, T], the coefficient g : R? — R satisfies suitable
regularity and linear growth hypotheses, and the initial path n € H1°°([-7, 0], R).
Let
mi={—T=t_py <t_pyp1<...<t1<tp=0<t;1<ta<...<ty_1<tn=T}

be a partition of [—7, T], with equal size denoted by |rx|:= (T 4+ 7)/(N + M). Let o € [0, T],
and for any u € [0, T], define [u] :=t;_1 V 0 whenever u € [t;_1, t;] N [0, T]. For each initial path
n € H»>([-7, 0], R), define its piecewise-linear approximation n™ € H%>°([—7, 0], R) by

n(t;) — 77(151'71)(

0" (s) = s —ti1) +7(ti-1)
ti —ti—1
for s € [ti—1,t;), —M +1<i<0, and 5™ (0) := n(0). Define the continuous Euler approxima-
tions y:[o— 7, T x Q—R of the solution z: [0 — 7, T]x — R of (3) to be solutions of the
SDDEs:
)+ g | —72), y([u]) dW (u), t=>o,
y(t) (4)
n(t — cr)7 c—T<t<o.

Denote the solutions of (3) and (4) by z(¢; 0,n) and y(¢;0,n), 0 —7 <t < T.
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3. Main result

We shall make use of the following assumptions.
(A.I) The function g:R? — R is a C™ function, whose derivatives of any order are bounded
(but it is not assumed to be bounded itself).
(A.II) For any t € [0, T], (t; 0, n) is non-degenerate, that is, the inverse Malliavin covariance
matrix g (40, = (jg(DTx(t; 0,7))? dr)~?! satisfies

Ya(t:0,) € L7 (5)

REMARK 3.1. The condition (5) is satisfied in the uniformly elliptic case, that is g(z) > ¢ >0
for all x € R (see [10]), or under some weaker assumptions (see [2]).

THEOREM 3.2. Let x(-;0,m) be the unique solution of (3) with initial path n€
HY>([—7,0],R). Suppose that the coefficient g satisfies the assumption (A.I) and z(t; 0, n)
satisfies the assumption (A.Il). Let m be a partition of [—7, T] with equal size ||, and n™ €
HY%°([—7,0],R) be the piecewise-linear approximation of 1 along the partition 7. Denote by
y(+; 0,m) the Euler approximation to z(-; o,n) associated with the partition m and defined
by (4). Then for a bounded measurable function ¢ : R — R, there exists a positive constant K
and a positive integer q such that

|E¢(x(t; 0,m)) — E(y(t; 0, n™))| < K1+ [Inll] o) I (6)

for all t € [0 — 7, T), 0 € [0,T] and all n € H-*°([—-7, 0], R). The constant K may depend on
T, q and the test function ¢, but is independent of 7, n, t € [0, T| and o € [0, T1.

REMARK 3.3. The boundedness hypothesis on ¢ can be relaxed: the preceding technique can
be improved to deal with the case of functions ¢ which are measurable and have polynomial
growth. The extension is verified along the same lines as in [3, Section 6].

REMARK 3.4. The above theorem can be easily extended to higher dimensions, and we put
the detailed extension in §5.

4. Proof of Theorem 3.2

We first state a technical lemma which will paly an important role in the proof of Theorem 3.2.

LEMMA 4.1. Suppose that the coefficient g satisfies the assumption (A.I). Let z(-;0,n) be
the unique solution of (3) with initial path n € L>°~ (£, C([—, 0], R); %) which are Malliavin
smooth and such that

sup E||Ds,Ds, ... Dg,n|% <0
O0—T<S81,...,85k <0
for every integer k>1 and any p>1. Let m be a partition of [—7,T] with equal size |x|.
Denote by y(-; 0,n) the Euler approximation to z(-; o, n) associated with the partition = and
defined by (4). Then for any p > 1 and k > 1, there exists a positive constant C' such that

Qk k
lx(t; 0,m) = y(t; 0, )|k < C(1L+ Ellnlle” + sup_ E|Dgn|%.”
O—TLS<O
+o+ sup E||Dy, D, ... Dyn| %) |x[V/2. (1)

O—T<KS1,..-,8k <0

Proof. This result actually follows from a general theorem of He, Ren and Zhang
[16, Proposition 4.8], only now one has to do a little bookkeeping along the way. |

https://doi.org/10.1112/51461157013000120 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157013000120

326 HUA ZHANG

The next lemma states the Markov property for the segment x; and ;.
LEMMA 4.2. Let z(-; 0,n) and y(-; o,n) be as in the statement of Theorem 3.2. Let t € [0, T
and
Ti=t_y <ty <...<t_1 <ts=0<ti<ta<...<tn_1<tn=T

be a partition of [—7,T] with equal size |x|= (T + 7)/(N + M). Without loss of generality
assume that o =0 and t =t,, € m for some 0 < n < N. Then we have

y(tn; ti, )‘xti('; ti—1, xti—l(.; 07 77)) + (1 - )\)ytz(7 ti—1, $ti—1(.; 07 77)))

= Ay(tn; ti, o0, (50,m) + (1 = Ny(tns tio1, 2, (50, m)). (8)

In particular, we have
y(tn, tlv zh(? ti—lv T, 4 (5 Oa 77))) = y(tm t’ia Ih(v 07 77))7 (9)
Y(tns tis Y, (5 tim1, 2, (550,m))) = y(tns tizr, T, (550, m)). (10)

Proof. Using the Markov property for the segments z; and y; (cf. [12, 13]), we have
y(tny tia )\l‘t,(7 ti—la z/I"ti,1 (a 07 77)) + (1 - )\)ytL(? ti—17 -/I:ti71 (7 07 77)))
= Az, (05 ti—1, 2,1 (50,m) + (1 = Ay, (05 851, 24, _, (5 0,7))

4 j " (] — ), y([u])) AW ()

=X (050.0) 4 (1= ) e, 00, + [ alutios = ). vt )
+ | "ot = ). v
= Ao 00, + [ g0l = ). (@) 1= 010,
[ sttt = ) v w)
= )‘y(tn; Ly, xti(.; 0, 77)) + (1 - A)y(tn; tio1, @y, ('; 0, 77))
The proof is now completed. O

The proof of Theorem 3.2 also requires the following sequence of lemmas. The following
lemma establishes the tame character of the Euler approximation y(¢; o,7) and its Fréchet

derivative Vy(t;0,7n7) in the initial path. The detailed proof is essentially contained
in [1, Lemma 3.2].

LEMMA 4.3. Let g, 2(-;0,7n) and y(-; 0,1) be as in the statement of Theorem 3.2. Fix a
partition point t; € m for some i €0,1,..., N. Then for almost every w € €2, the function

[tiv T] X C([fTv 0]7 R) - R7
(t,m) = y(t, witi, )

is a tame function. That is to say, there exists a deterministic function F : RT x RFF1 x RP x
R! — R which is piecewise continuous in the first variable (the time variable) and of class

Cy° in all other variables (space variables), and there exist fixed numbers t1,ts, ..., t, <1,
81,892, -« ., Sp <, fi1, 2, - . ., iy € [—7, 0] such that almost everywhere
y(ta ti, 77) = F(t7 W(t)7 W(tl)a ceey W(tk)7 51,825 - -+, Sh, 77(#1)7 s 777(/-1‘1)) (11)

https://doi.org/10.1112/51461157013000120 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157013000120

WEAK APPROXIMATION OF SDDES 327

for all ne C([-7,0],R) and all t € [t;, T]. In particular, for almost every w € and each
t € [t;, T, the map

C([-7,0,R) 2 n—y(t,w;t;,n) €R

is C*° in the Fréchet sense, and for alln € C([—, 0], R) and every bounded measurable function
£:[-1,0] =R,

l
Vy(ta w; i, 77)(6) = Z amF(tv W(ta w)» W(tlv W), R W(tkaw)v 815+ -+ Shy

m=1

1)y s n(tm)s - 0())E(tm), (12)

where 0,, F' denotes the partial derivative of F' with respect to the variable 1n(tm,).

The following lemma is key to the proof of Theorem 3.2.

LEMMA 4.4. Let g, z(-;0,n) and y(-;0,n) be as in the statement of Theorem 3.2. Fix
n € C([—, 0], R) of bounded variation. For each 1 < i < N, define the process A* : [—T, 0] x  —
R by

Ai = ‘fL‘tL(; ti717 mti71 <.; 07 77)) - yt;(; tifl’ mtifl(.; O’ 77))7 s E [_T’ O]
For brevity of notation, set z(u) :=xz(u;0,n) and y(u) :=y(u;0,n) for uw € [—7,T]. Then we
have

) (ti+s)Vti—1
A'(s) = J l9(z(u—7), 2(uw)) — g(z([u] — 7), z([u]))] dW (u)

ti—1
5

= Z A;(s), s€[-,0], (13)
j=1

(ti+s)Vti—1 pu
| 99 (16— 7), 2(0)) L oom) (v) di(w — ) dW (w),

Ajs) = |

ti—1

(ti+s)Vti—1 pu
J @(x(v —7),2(v))g(x(v —27), (v — 7)) 17 50y (v) AW (v — T) dW (u)

A = |

ti—1

(ti+s)Vti—1 pu
+J j 99 (40— 7), 2())glx(v — 7). £(v)) AW (v) AW (),

ti—1

Aj(s) o= j(“ I )
< gla(w = 20). 20~ 7))Ly () Do) d WV (),
=g J.| 5ot =) 2Datato = 20) ol =)y 1) o A ),
s g [ St ottt ).t do

https://doi.org/10.1112/51461157013000120 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157013000120

328 HUA ZHANG

and

19
DpA'(s):=> Ei(s,r), se€[-7,0,,re(0,T], (14)
j=1

where

) (t,;—‘rS)Vti_l U 829
=) = | J[ 523 (0 =) 20Dy (0)Dew) o — ) W (),
ti—1 u 1

) (ti+s)Vti—1 ru 2
(s, r) = J. J A (x(v—7),2(v))g(x(v—27),z(v — 7))

ti—1 [u] Tx%

X 17,00y (V) Dy (u) dW (v — 1) dW (u)

(ti4s)Vti—1 ru agg
* Jti_l J[u] a.’lilamg (JZ(U o T)’ x(v))g(a:(v - T)’ .T(U))DTI(U) dW(U) C”/V(u)7

(ti+s)Vti—1 ru 3
j J DI (ofw 1), 2(w))glalo - 27), 2(v — 7))

x
ti1 [u] 83’3%81’2

X 117,00y (V) Dy—72(v) Dy () dv dW (u),

) 1 (ti+s)Vti—1 ru 839 )
S =5 | J., gt =7 2getw =27, a0 =)

X 1i7.00) (V) Dy (u) dv dW (u),

i 1 (ti+s)Vti—1 ru aSg )
Sen=g), | aram D@ —).aw)
X 1i7.00) (V) Dy (u) dv dW (u),
) (ti+s)Vti—1 pu 829
Z5(s, 1) = J‘ti1 J[u] 9210, z(v —7), 2(v)) 10,7 (v) Drx(u — T) dn(v — 12) dW (u),

) (ti+s)Vti—1 ru 2
=isr) = | || ot ato = 7). al0)gla(w — 20), a0 = )

x
ti1 [u] 8%18.%2

X 1700y (V) Dp(u —7) dW (v — 7) dW (u)

e u@ —T7), 2V x(v—T),x(v x(u—T v U
+L1_1 JM axg(f”(” ); 2(v))g(x(v — 7), 2(v)) Drx(u — ) dW (v) AW (u),

Ei(s,r) = J.(ti%)vm1 Ju g (x(v —7), 2(v))

X

x g(x(v —27), (v — 7))L {r,00) (V) Dy—rz(v) dv dW (u),
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(ti+3)\/ti71 Ju agg

—27),z(v —1))?
[u]m(x(v—r),x(v))g(z(v 27), a( )

=i 1
Ey(s, 1) = 5 J

ti—1

X 1700y (V) Dpe(u — 7) dv dW (u),

. - 1 (ti+s)Vti—1 pu 839
Elo(s, 1) = 3 J J[u] 8—365)(17(1) —71),2(v))g(x(v — 1), x(v))ZDrx(u —7) dv dW (u),

T ag
:‘11(57 T) = J[ | Oz, (m(v - T)7 m(v))l[oﬂ-)(’l}) d77(’U - T)l(ti—lv(ti‘f’s)\/ti—l](r)7
T ag
Sialerr) = || SE0(a(0 = 27) 0= ) (0) AW = )1 e

"0
+ J 99 oo — 1), 2(0)) AW (@)L, (trssyvis ) ()

Eia(s, 1) == Jr] TI_ (o0 - 7), 2(0))g(a(v - 27), a(v — 7))

X 1[7',00) (U)DU*T:E(U) dv]‘(ti—h(ti‘.’s)vti—l] (T)a

—i (" 629 2
Eals,r) =5 | @ —7)z()g(ev —27),2(v-T))
[r] OF1
X Lry,00) (V) d0L (1, (tivsyves 1) (T),s
=i 1" & 2
Eis(s,7) =5 | goa@v—7)z()g(@v —7), 2(v)” vl ttove ) (1),
[r] OT2

' (tits)Vti_1 9
Ellﬁ(sv T) = J g(x(r - T)7 x(r))l([u]f‘r,uf'r] (T)l'r<[u]87xlg(x([u] - T)? ‘T([u])) dW(U’)

(ti+s)Vti—1 o
+ L 9(@(r —7), 2(r)10,u-7] (T)l[u}smua?lg(x([li] —7), %([u])) AW (u)

(ti+s)Vti—1 o
+ J 9(@(r —7), 2(r)1((u),u (7)8729(%([“] —7), z([u])) dW (u),

ti—1

. (ti-‘rs)\/t¢71 uU—T a
Sirlsr) = | || gt =) ae) Do - D1y
ti71 [u]—T xl

X gpy 9wl = ), 2([ul)) dW (v) dW (u)

(ti+s)Vti—1 pu—T P

+J' J ——g(x(v—7),2(v))Drx(v)l oy
ti1 [w—r 0T2
0

x 5 9@((ul = 1), 2([u])) dW (v) dW (u),
1
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(ti+s)\/ti71 uU—T 8
J (x(v —7), 2(0)Drz(v — 7)1 y)<r<u

o 0z’

Sis(s,7) :J

ti—1

X gy 9@ ([ul = ), 2([ul)) AW (v) dW (u)

(ti+s)Vti—1 pu—1 0
+| | gostato = 0@ Dao)1rc
0 2

ti—1

0

x 5 9(@([u] = 7), 2([u])) AW (v) dW (u),
3}

(ti+s)\/ti71 J'u a

[u] aixlg(x(v —7),z(v))Dyx(v—T)

Zho(s.) = |

ti—1

X g-g(a(lu] = ), ([u)) AW () dIV (0
(ti+s)Vti—1 pu

8 R B CCE R DLETD
0

X gpg 9wl = ), a([u])) dW (v) dW (u).

Proof. Fix 1 <i < N. Suppose that t;_1 <u <t;. Then [u]=t;_1 and [u] —7=t,_1 — 7 <
t;—1. For the proof of the first assertion (13) of the lemma, the reader can see [1, Lemma 3.3].
Next we prove the second assertion (14) of the lemma. Taking the Malliavin derivative of A%(s),
we have

DA (s) = [g(a(r = 1), 2(r) = g(@([r] = ), 2([F))] Ly ity vee) (1)

(ti+s)Vti—1
+ J' [;xlg(x(u —7),z(u)Drx(u—7)+ %g(x(u —7),z(u))Drx(u)

ti—1

— oeg(alfu] = 7). (@) Dra((u] = ) — —gla(lu] — 1), x([u]))Dw([uD} dw (u)

= lg(a(r —7), 2(r)) — g((r] =), ()Lt (b4 s)vei] ()

r(ti+s)Vti—1

o et = ra)  gatelle] = ). | Dot — ) aw )
r(tits)Vti1 b

[ st ) - Dl = 7)) gt = 7)) WV (w
r(ti+s)Vti—1

ST pstetu = () = 5 gta(u] = 7)) Do) W
r(tits)VEi—1 b

[ D) - D) gt ]~ 7)) W ) (19

https://doi.org/10.1112/51461157013000120 Published online by Cambridge University Press


https://doi.org/10.1112/S1461157013000120

WEAK APPROXIMATION OF SDDES 331

Applying the tame It formula which can been found in [1, Theorem 2.1], we obtain

gla(r —7), z(r)) = g(z([r] = ), z([r]))

= JT @(x(v —7),2(v)) 1o, (v) dn(v —7)

[r] 8:01
‘s 89
+ 879(33(11 —27),2(v — 7)) 1[r,00) (V) AW (v — T)
[r] 1
T 89
[ 29 et —7),2(w)) aw )
[r] 2
rr 829
+ ) 910, (v —7),2())g(x(v — 27), 2(v — 7)) L[r,00) (V) Dy—r (V) dv
1 (" 0%
+3 Jm 87%(33(0 7), z(v))g(@(v — 27), 2(v — 7)) 1{r, 00) (V) dv
3], 5= ) awa(a(w ) 2t0) o (16)
Similarly, it follows that
8%19(56(“—7),96(”)) - 3%19@([14 = 7), z([u])) (17)
and
8%29(%(”—7)7%(“)) - 8%29(%([“] =), z([u])) (18)

have the same forms as in (16). Taking the Malliavin derivatives of (v — 7) — x([u] — 7), we
have

Dyx(u—7) — Dypx([u] — 1)

_D, (JuT g(x(v —7), 2(v)) dW(v)) 1y <)

[u]—7

+ Dr(n(0) + L g(z(v = 7),2(v)) AW (v) = n([u] = 7))l u)<r<u

+Dr(n(u —7) = n([u] = 7)) 1>y

= |otelr = 7). e a1+ [ gtoto = 1), 5(0) Dyato = 1) a0
ful -7 071
# ] Gstato =) ) Do) W) 1
+ Jotelr = )M g ()4 | Galalw = 7). a() Dyt~ 1) W ()
0 1
. J,:—T aing(x(v 7), 2(v)) Dy (v) dW(u)]l[uKT<u. (19)
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Similarly we have

Dra(w) = D) = 0, ([ talo =), 0 W ()

+ J 9 g(x(v — 1), 2(v))Dpz(v — ) dW (v)
fu] 021
“ 0
+ J —g(z(v—71),2(v))Drx(v) dW (v). (20)
[u] 8952
Now substituting from (16)—(20) into (15), we complete the proof. ]

LEMMA 4.5. Let g, 2(-; 0,1) and y(-; 0,n) be as in the statement of Theorem 3.2. Then for
every integer k > 0 and any p > 1,

sup sup E|Dy, ... Dy, x(t;o,n)*

0<o<T o—7<u,...,up,t<T

Qkp 2kp
SEKE(1+E[nlc"+ suwp  E[DslS" + ...

o—T<Ls<o

R
+ sup E||Ds, Ds, .. .D5k77|gop)7 (21)
0—T<S1,...,8k <0
sup sup E|Dy, ... Dyy(t; o,m)|*"

0<o<T o—7<u,...,up, t<T

k .
<K<1 +E|nl|Z? +  sup E||Ds77||g:p+ e

o—T<s<0o

k
+ sup E||D,, D, .. .Dskn|§op) (22)
O—T<KS81,..,8k <0
and
sup sup sup E|Dy, .. Dy Vy(t; o, 0)(€)[*
l€lloo<l,  0<OST o—T<ur,..,up t<T

£eL> ([-r,0],R)
gK(”Elm?“M sup  E|[Dypl|% "7

o—T<s<o

k+1
+..+ sup E||D, D, ...Dgn|% P), (23)

O—T<S81,..,8k <O
where n € L~ (9, C([-7, 0], R); .%,) are Malliavin smooth and such that
sup E||Ds,Ds, ... Dg, ||, < o0

O—TKS1,...,8, <0

for every integer k > 1 and any p > 1. The positive constant K is independent of t € [0 — 7, T,
o €[0,T] and 7.

Proof. This can be proved by following the same route as in the proofs of Lemmas 3.4 and
3.5 in [1]. O
Proof of Theorem 3.2. Let t € [0, T] and

Ti=t_p<t_pyp1<...<t1<tg=0<t1<te<...<ty_1<tny=T

be a partition of [—7, T| with equal size |7| = (T + 7)/(N + M). Without loss of generality, we
assume that 0 =0 and t = t,, € 7 for some 0 < n < N. Suppose that n € H1°([-7, 0], R).
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Step 1. Using Lemma 4.2, we have

Elp(z(tn; 0,n))] — El(y(tn; 0,1))]
= E[p(y(tn; tn, ¢, (-5 0,1)))] — E[(y(tn: 0,7))]

= Eld(y(tn; iy 21,55 0,m) = ¢y (tn; ti1, 21,(5;0,m)))]
i=1
= Z E[¢(y(tn7 L, xti('; Lim1, Ty, ('; 0, 77)))) - ¢(y(tn; ti, ytz‘('; Lie1; T,y ('; 0, 77))))]

Step 2. Let ¢ : [0, 00) — R be a Cp° function (¢ and all of its partial derivatives are bounded)
such that

Let us introduce
O (tn;0,m) = Ly(tnits, e, (50,0) = 2y(tnitio1, e, (50,m)) Vv Oy(tn;ti e, (50,m) =y (tnstiz1,@e, 1 (-50,m))

rr, =
e Ta(tni0.0)
Now we split
Z E[¢(y(tn, ti7 xn('? ti*la Tt;_y ('; 07 77)))) - (b(y(tn; tiv yn('? tifh Tt;_y ('; 07 77))))]
=1

into two parts:

Z Elp(y(tn; ti, 2o, (5 tim1, 2, (50,m)))) — @y (tn; iy g, (5 tio1, 7,1 (50,m))))]

= El(¢y(tn; ti, w1, (5 tir, 1., (50,m))))
=1
= d(y(tns tis ye, (s timrs 2,y (50,m)))) (1 = 9 (rfy,,)]

+ Z E[(¢(y(tn7 Li, T, ('; Lie1, Tty ('; 0, 77))))

= O(y(tns tis ye, (5 tir, e,y (5. 0,m)) P (rE,, )] (24)
Step 3. First of all, we deal with the first part. Using the definition of 1, for p > 2, we have

P((riy,) #1) < P(Uw_(ltn;o,n)aw(fwﬁoﬂ])_%y(tnﬁi@ti(';0777))_%y(tn§tifl;Iti,l('§0>77))

V Oy (tniti@e; (0m)—y(tnitio1,ae_ (50,m) 2 %)
S8 B0, 0.0 (Ta(tni0)— 3y (tnitioe, (:0,1) = 3yltnitir,00,_, (:01)
v O—y(t'rﬁtivzti('?07n))_y(tn§ti—lvzti,1('?07"7)))1)]'

Using Lemma 4.1, we obtain

2p 1/2
Elo P
[ x(tn;O,n)f%y(tn;ti,wti(~;0717))*%y(tn;ti71,mt,v,,l(-;0,77))]
1/2 1/2 4p11/2
< El(o +o p]/p
< E[( 32(tn;0,n)— 5y (tn;ti,@e, (0,m)) %w(tn?O;"])*%y(tn;tifhwti,l('?0777))) ]
2p 1/4 2p 1/4p\2
<{FEo P+ Elo
<{E %r(tn;O,n)—%y(tn;ti,mti(-:Om))] +E] %r(tn,;O,n)—%y(tn,;t¢_1mi,l(-;Om))] t
< Ol
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and

2p 1/2p
E[Oy(tn;tuwti (50,m) —y(tnsti—1,Te;_y (~;0777))]

1/2 1/2 4p11/2p
S E[(Uy(tn;ti,wti(-;O,W))*m(tn;om) + Uw(t'rﬁovn)*y(tnﬁi—l;(Et,;,l('?O)n))) ]

2 1/4 2
g {E[nytn§tivxti(';Ovn))_x(tn§077])] /e + E[le()tn§07n)_y(tn;ti—laxti—l('§Oa"7))]

l/4p}2
< Cml.
Therefore, we have
P((ry,,) #1) < Clx[P.
Consequently, from the boundedness of ¢, we obtain
|E[(@(y(tn: tis 2, (5 tim1, me,, (50,m))))
= Oyt tis ye, (5 tima, e, (5.0,m)))) (1 =0 (r )]
< ClmP.

Since || = (T + 7)/(N + M) and 0 < n < N, then we obtain

Z Elp(y(tn; ti, xe, (1 tic1, 2, (10,1))))

= Gyt ti ye, (5 tima, @, (5.0,m)))) (1 =0 (rf )]
< ClrfP,
and, hence, we complete the proof of the first part.

Step 4. It remains to prove that the second part of (24) is of order |r|. Let {¢n}72, be a
sequence of C'! functions such that ||¢p (oo < ||@]lce and {¢n}52; converges almost every dz to
¢ as h tends to infinity. Now on the set {1 (r], )# 0}, we have

Aet(Oy (b, (stimr,e,_, (0m)) >0 and deb(oy st ye, (itimrae,, 0m) > 0-
To prove this result, we proceed as follows. From Lemma 4.2, it suffices to show
det(Ty(t,;tsa0, (0.m))) > 0 and det(oy(t,:t, 1.z, (0.7))) > 0 on the set {1p(rf}, ) # 0}. Since

Oy (tniti,ae, (50,0)+(1=N)y(Enitiz1,@e; _ (-:0,m))
2 30y (buitssoe; O+ Fylbnitio 0, (0.0)
— (A= 32Ty (tnstae, (0.0 —y(tnitios,r,_y (0.0)
> 1%a(t,0) %ar(tn;Om)*%y(tn;timi(-;0,77))*%y(tn;ti—l,rti,l(-;Om))
- (A= %)2ay(tn,;ti»1ti(‘;O,W))—y(tn;ti—l@ti,l(';0777))
and
{07, ) # 03 C{0uui0.m)— Suyttastome, (10.m) Syltutiorae,_, (:0.m)
V Oy (tnsti e, (0.0)~y(tnstior,ze,_, (50.7) S 10a(tni0.) s
then for all 0 < A < 1, we obtain
{0(rfie,) # 0F C{ONy(tnstiee, (0m)+H(1=Ny(tustvwe,_ (:0m) Z 16T 2(tn:0,m) } (25)

and this gives det(oy(1,,;t;. 2., (:0.n))) > 0 and det(0yt,,:6, 1,20, , (0.m))) > 0 on the set {i(r7, ) #
0}. Then from [14, Theorem 2.13] (see [5] in higher dimension), y(t,; ti, y, (-; ti—1, Tt,_, (-; 0, 1))
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and y(tn; ti, ©e, (45 tiz1, ¢, (-;0,m))) have absolutely continuous law conditioned by the set
{¥(rf;. ) #0}. Thus, we have

Elon(y(tn; tis oo, (5 timr, me,_, (50,m))0(re, )]
- E[¢(y(tn7 Li, T, (1 Li—1, Tty (7 0, 77))))1/’(7"2%)]

and

E[¢h(y(tn7 ti, ytl(’ ti-1, Tty (7 Oa 77))))77[’(7"215”)]
= Elp(y(tn; ti, ye, (5 tio1, 2, (50,m) Y (re )]

as h tends to infinity. Therefore, it now suffices to prove that
n
Z E[(¢h(y(tn7 ti, th(v ti—1, mti—l(.; 0, 77))))
i=1

= On(Y(tns tis ye, (3 timrs e, (50,m))Y (g, )]

is of order |m|.
Step 5. Applying the mean value theorem and Lemma 4.3, we have

El(on(y(tn; ti, we, (5 tim1, me,, (50,m)))) — Gn(y(Eni iy ye, (5 timr, @, (50,m)) P (r7e,)]
N Jl E[V(¢n 0 y)(tn; tiy Ave, (5 tioy, me, o (50,m) + (L= Ay, (5 tior, @, (5.0, m)))

0
X (@, (5 timn, me,_y (50,m) = e, (s tima, 2,y (50,m) (g, )] dA

1 1
= Jo Z EVon(y(tn; ti, Awe, (5 tio1, me,_, (50,m) + (1= A)ye, (5 tie1, ¢, (50, 7))
m=1

X O F (&, W (&), W(t1), ..., W(tk), 815« Sn, -, Ax(t; + ) + (1 = Ny(ts + tom )y - - -)
X (-Tti (/’Lmv ti—17 Tt; (7 07 77)) — Y, (/”'my ti—lv Tt (7 07 U)))¢(Tgtn)] .

Let
Fi =y(tniti, Aoy, (5 tim1, e, (0,m) + (L= Ny, (3 timr, 2, (50,m)))
and
Gim = O F(t, W), W(t1), ..., W(tk), S15- -+ Sny s AZ(t; + pom) + (L= Ny(t; + i), - - )

X (e, (5 timt, @,y (50,m) =y, (i tions e, (5.0,m)))e(rEy, ) (26)
By Lemma 4.2, we know that
Fy = Xy(tns ti, 24, (50,m) + (1 = Ay(tns tiza, me,_, (50, ).

Therefore from (25), we obtain that F; is non-degenerate on the set {y(r; )# 0}. Thus,
applying the local integration by parts formula which is stated in Proposition 2.2, we obtain
E[V(bh(Fi)Gim] = E[U(Fz)HB(Fu Gim)]a
where U(z fo f o Pn(2) dz dy and Hs3 is defined in Proposition 2.2. It is obvious that U is in

C? and U”

Step 6. Observe that Hs(F;, Gi,) can be rewritten as follows:
3
Hy(Fy, Gim) = »_(®k, D¥Gim),

k=0
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where
dp e DX (H®Y), k=0,1,2,3,

which are obtained as polynomials in yg,, F; and their derivatives (cf. [7]). Thus, our problem
can be reformulated to prove

3 n l 1
S35 [ B, 06 i (o)

is of order |r|. To prove this result, we just have to show each of term

n l 1

> ZJ E[U(F){(®r, D*Gin)] dX, k=0,1,2,3

1 m=170

is of order |r|. For the case k=0, using a similar argument as in [1, Theorem 3.1] we can
obtain the desired result. For the remaining cases, we only consider the case k=1, and the
other cases can be estimated through the very similar procedure. Since H = L?([0, T, R), then
we have

i=1 m=1"0
n l 1 T
=y > J E{U(E)J B (r) Dy Gy dr | dA
i=1 m=1 0 0
n l 1 T
=Y J J E[U(F;)®,(r)D,Gip) dr dX.
i=1 m=1"0J0

Substituting Gy, in (26) into U(F;)®1(r)D; Gy, we have

U(F)®1(r)D,Giy = U(F)®1(r) Dy (0 F(t, W(t), W(t1), ..., W(tg),

SlyeeeySny oy A(t + fim) + (1= Nyt + tm), - - +)
X (@, (s tim1, ey 1 (550,1)) = Ye, (ams tim1, e, (550,m)))0(rE, )
U(F;)®1(r) Dy (0 F(t, W(t), W(t1), ..., W(tg), 81, Sn, - - -
Xe(t: + o) + (1= Ny(ti + pim), )
X (e, (poms tim1, 2,y (550,m)) = Y, (ams tie1, e, (550, ) (rEy, )
S U(F)®1 ()0 F (W), W(t), - o W) 815 -+ S -
Nt + i) + (1= N)y(t: + i), )
X (@4, (s tim1s T,y (55.0,m)) = ye; (ams tim1, T,y (50,1))) Db (ry )
S U(F)®1 ()0 F (W), W(t), - o s W), $1s -+ s - -
Az (ti + pim) + (1= Ny(ti + pim), - - )
X Dy (e, (s tim1, @1 (50,0)) = Yo, (ans ti1, @,y (50,m))U (1L,
= Bim1 + Bim2 + Bims.

)

A

Thus, our main objection is to show

> El: Jl JT BBy dr d\

i=1 m=1"0 70

. k=1,2,3

is of order |r|.
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Step 7. For the first two terms, we have the following estimate:

EZEZJ [ mﬂdﬂﬂ‘<00++MH“MwL Fo1,2.

1=1 m=1

This is done using the same arguments as in the proof of [1, Theorem 3.1]. Note that we must
use Lemma 4.5 in the proof of the above estimates.

Step 8. Next we mainly deal with the third term. Using Lemma 4.4, we obtain

n l 1 T
ZZ ZJ J E[U(F)®1(r)0nF(t, W(t), W(t1), ..., W(ty),

0
S1, .- Sna“'a)‘x(ti'i_,ufm)+(1_)‘)y(ti+,ufm)a"')
><Dr(( sty 2 (50,m) = yey (s tie1, e,y (55.0,m)))0 (g, )] dr dX

19 n 1 1 T
Z ZJ J F)Oy (1) F (8, W (E), W)« o, W (t)s 1,y
=1 i=1 m=1
Az (t; + ) + (1 — ) (ti + tm), -~-)Ej(ﬂm)w(7’?itn)] dr dA
19
IL;.

For the cases j =1, 2,3,4,5,6,7,8,9, 10, we obtain |IL;| is of order |x|. This result can be found
using the same technique as in the proof of [1, Theorem 3.1]. For the case j = 11, 12,13, 14, 15, it
suffices to consider the case j = 13, and the other cases can be estimated similarly. Substituting
513 in (14) into ng, we have

n l 1 T
My =Y ZJ J E[U(E)®1(r)0n F(t, W), W(t1)s - ., W(tk), S1, -+ $ns e s

0 JoO
Aot )+ (1= N ) s IV )] dr

T
= Z Z J J U(F)®1(r)0m F(t, W), W(t1), .o, W), 815w Sy e s

i=1 m=1

Ax(ti + NWQL) (1 =Nyt + pm)s - )
X J el (x(v=71),z(v))glx(v—27), z(v — 7))

1 J(timn)vm E[U(F)®1 (10 F(t, W(t), W(t1), . . ., W(ts),

ti—1
SlyeeeySmyeeos A2(t + pim) + (1= Nyt + tim), - - +)

T 829
X J[r] 01075 (z(v—7),2(v)g(z(v —271), 2(v — 7))

X 1700y (V) Dy—rz(v) dop(rf, )] dr dX.

Therefore, we observe that the term I3 has a similar form to Il;, s =1, ..., 10. Thus, applying
the same procedure as used in [1, Theorem 3.1], we obtain |II3| is of order |7|. It remains to
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estimate the last four terms II;, j = 16, 17, 18, 19. For the case j = 16, we proceed as follows:

n l 1 T
:ZZJJ F)B1 (1) F (£, W), W)y o W(E), $1s e s

2t + i) + (L= Ny(ts + 1) - - VZ16(fim, 7)) dr N

n l
:ZZJJ ) ()a F(tW()W(tl)a"'aw(tk)asla'"asna"'a
A (t; + pm) + (1= Nyt + pom), - - -)

(tit+pm)Vti—1
x J g — ), 2(r)g(z(r — 7), 2(r))

ti—1

n 1 1 T
+Y ZJ J BUEND) 0 F(E, W), Wtr)s o+ s W (s $1s ey Sms -

Az (t; + pm) + (L= Ny(ti + pm), - - -)
(t +1u'7n)\/ti—1
g(z(r — 1), 2(r)L0,u—r) (N ju<r<u

X

n 1 0T
+Z ZJ J E[U(F)®(F)0m F(t, W), W(t1), ..., W(tk), 815+« s Sny - - -5

(titpm)Vti—1
Ax(t; 4 ) + (1= Nyt + pom), - - ) J g(x(r —7), 2(r)) 1 ([u], ()

ti—1

x 8729(33([14 —7), 2([u])) dW (u)] dr dA

= R1 + Ry + Rs.
We only deal with the term Rs, and the estimate of the other two terms Ry and Rj3 is similar

and we omit it. Using the definition of the Skorohod integral as an adjoint of the Malliavin
derivative, we can rewrite the term R, into the following forms:

E[U(F»@l(r)amF(t, W W (t)s s W), S1s s e

Az (ti + pim) + (1= Ny (ts + pim), - - )
(t +,an)Vtifl JT

g(x(r—r1), JL'(”))l(O,uf'r] (T)l[u]<'r<u

ti—1 0

g(a(fu] — 7, 2((u])) dr dW(uﬂ 0

(titpm)Vtioa
L J E[Du(U(FZ-)cbl(r))amF(t, W), W(th), ..., Wk,
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U—T

S1y-++38ny--+ )‘x(tz + Mm) + (1 - )‘)y(tz + Mm)v .. ) J' g(l‘(’l“ - 7)7 x(r))l[u}<'r<u
0

X ig(ac([u] —7), z([u])) dr} du d\

! 1 p(titum)Vti—1
+ ZJJ + E[U(H)@l(r)DuamF(t,W(t),W(tl),...,W(tk),

ti—1

517~-anv-Hv)‘x(ti'i_/im)"_(l_A)y(ti'i'/im)v'“)
<[ gl = 7)) gercu g oal(al = ), () dr| du dx
0 1

Since under the condition [u] <7 <wu, we have u— 7 <wu — [u], then applying a similar
procedure to that used in [1], we can obtain that |Rs| is of order |7|. Similarly, for the remaining
terms Il 7, II1g and 19, we proceed in the same way. Through the above steps, we have shown
there is a positive constant K and a positive integer ¢ such that

|Elp(2(t; 0, )] = Elb(y(t; o, m)]| < K1+ [Inll] o) ||
forallt €0 —7,T], 0 €[0,T) and all n € H-*°([-7, 0], R)
Step 9. Using [12, Theorem 3.1], we have

|Elp(x(t; 0, )] = Elo(x(t; o, ") < Klln —n"[lc-

Also we have that the following two elementary estimates hold

I =n"llo <2IVnlsolnl, 17" l100 < llmll100

for all n € H»*°([—7, 0], R). Combined with the above estimates, the proof of Theorem 3.2 is
now complete. O

5. Higher dimension version of Theorem 3.2

In this section, we extend Theorem 3.2 to higher dimension. More precisely, we study the case
of R%-valued SFDEs driven by multidimensional Brownian motion and having several discrete
delays in the drift and diffusion coefficients, as well as (smooth) quasi-tame dependence on the
history of the solution in all coefficients.

The following notation is taken from [1]. Let W(¢t) := (Wy(t), Wa(t), ..., W (1)), t 20, be
m-dimensional standard Brownian motion on a filtered probability space (2, #, (Z)i=0, P).
Consider a finite number of delays {r{:1<i<ki}, {71 1< <koy,1<I<m}, with
maximum delay 7 := max{7}, Tg’l 1<i<ky,1<j<kay, 1 <I<m}. We define the memory
in our SFDE by a collection of tame projections as follows

m':C:=C(-1,0),RY) - RE, T2 C — RN,
I () := (n(rd) (). (™)), T () = (n(ry ), (7). (™)

for all n € C', and quasi-tame projections
Il:C—R4, 10— R%:
where dy = kid, df = kid, da; = ko ,d, dg,l = ko,d are integer multiples of d, for 1 <1< m. The

quasi-tame projections have the following forms:

o= ([ otmnuto) s | ahondsras. ... [ ol o, () as)

12 () = (jO:a%<n<s>>u%<s> s [ oo s [ ok, o, ) 5)

for all n € C. The functions o}, 07, i, 5 are smooth.
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Consider the SFDE

x(t) =n(0) + L Slu, I (@), T (2)) du + ZJ gi(u, T (z,,), Hg’l(xu)) dWi(u), (28)

for o <t < T, with initial path
=ne Hl’oo([iTa O]a Rd)

Let mi={—7=t_py<t_pyi1<...<t_1<tp=0<t1<ta<...<tny_1<ty=T} be a
partition of [—7,T], with equal size denoted by |r|:=(T+7)/(N+ M). The Euler
approximations y of the solution x of (28) satisfy the following SFDE:

t

y(t) = n(0) + j F([u], T (). T (y1)

t
+> L gu([u], T (yp), 1 (1)) AW (), (29)
=1

for o <t < T, with initial path

=ne H"([-7,0],RY).

Now we give the extension of Theorem 3.2. First we should adopt the following assumptions.
(A.III) The functions

fiRT xRY x RY R g i RY x R%2! x R%: »RY, 1<I<m,

are C* functions, whose derivatives of any order are bounded (but it is not assumed
to be bounded itself).

(A.IV) For all ¢t € [0, T], z(t; 0, ) is non-degenerate, that is, the inverse Malliavin covariance
matrix [y (0,,) which is defined in Definition 2.1 satisfies

”F:c(t;(),n) ” elL>".

THEOREM 5.1. Let x(-;0,m) be the unique solution of (28) with initial path n€
HY>([~7,0],R?). Suppose that the coefficients f, g satisfy the assumption (A.III) and
x(t; 0,n) satisfies the assumption (A.IV). Let w be a partition of [—7,T| with equal size |r|,
and n™ € HY*°([—7, 0], R?) be the piecewise-linear approximation of 1 along the partition .
Denote by y(+; 0,1n) the Euler approximation to x(-; o,n) associated with the partition = and
defined by (29). Then for bounded measurable function ¢ :R? — R, there exists a positive
constant K and a positive integer q such that

[E¢(x(t; 0,m)) — E¢(y(t; o,n™))| < K(1+[Inll{ oo)I7| (30)

forallt € o —7,T), 0 €[0,T] and all n € H->°([—, 0], R?). The constant K may depend on
T, q and the test function ¢, but is independent of w, 1, t € [0, T| and o € [0, T).

The proof of Theorem 5.1 is essentially the same as the proof of Theorem 3.2, only now we
should extend the local argument to the higher dimension. More precisely, we want to define
a smooth functional 9 (rf, ) such that outside a set where all of the Malliavin derivatives
DF(y(r7, ) vanish, we have a uniform control of the determinant of the Malliavin covariance
matrix EAy(tvﬁtinti('?017]))+(17)\)y(tn§ti—11mti71('?0177))7 0 < A< 1. The last part of this section is
just to sate this argument.

Let 9 : [0, 00) — R be a Cp° function (¢ and all of its partial derivatives are bounded) such
that
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Let us introduce
e ID(2(tn; 0,m) — $y(tn; ti, o, (50,m) — 2y(tns tiz 1, @,y (50, M) 2L+ (S0 (2,0, 13) @172
titn det(Sy4,,50,m))
1Dt 21, (0, m) =yt i ey (5 0 D) P+ (B0, 15D/
det(Sx(t,,:0,1))

)

where

|D( tnvo 77 Z'D x] tn; 0, 7]))| and Hzm(tn;O,n)HQ

is the Hilbert-Schmidt norm of the matrix ¥, .0, Observe that ¢ (rf, ) € DX~ and that

2

P(E,) #1) < P(|Dlattn: 01) = Gt t,20(30.1) = Gt 1.1, (30)

\ lD(y(tnv tia l‘tl(v 07 77)) - y(tn; ti—la T, 4 (7 Oa 77)))|2

1
8(1+ IIExan;o,n)II%)(d1)/2)

Applying the same procedure used in §4, we obtain that there exists a constant C > 0 such
that

P((tf,,) #1) < Clrl?,

for all p € [2, 00). Now we show that Ay(t,; ti, 2, (5 0,m)) + (1 = Ny(tn; tiz1, x, . (50,m)) is
non-degenerate on the set {¢(rf, ) # 0}. First for any positive-definite d-dimensional matrix

A, we have
1Al < 1A]l2 < Vd|| Al (31)
and
A (A) < det(A) <A (A) A4, (32)
where || - | is operator norm, A1(A) = infj¢=; &' A¢ and [¢] is the Euclidean norm of £ in R%.
Thus, we have
det(zfl)(tn;Ovn)) < )\1(21(%;0777))
A1+ D0 13)@-D/2 4 '

Consequently, applying (32), we obtain

oo

U{D @ (rT,,)) #0)

k=1

c{|D< (1 0.71) — By(tns o, (0, )) — Syt v, 0y, (20, m))) 2

VID(y(tns tis 22, (50,1)) — y(tn; tizy, 2o, (50, 1)))?
det(zz(tn§07n)) }
41+ | Ba (0. |13) @172

- {ID(x(tn;O,n)—%y(tn;tuxtl( 0,1m)) = 5y(tns tim1s e, (0,m))) [

Dt 1,3 00) = yltas s, (0, € 22000
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Observe that for any ¢ € [0, 1], we have the following uniform lower bound

VM Oyttt (00 =Nttt (0)

= inf \/ﬁ/zxy(tn;ti,xti<~;o,n))+(1—x>y(tn;tH,xti_l ¢0m)€

1€1=
Z&'L ( nytht ( ;Oa 77))

1 1
+ §y(tn; ti—1, @y, (50,m)) + </\ - 2) (Y(tns ti, 26,(50,m) — y(tn; tio1, x4, (5 0, 77)))) ‘

\&\ 1

3 !
> inf \/5 Z%y(tn;thxp(';07n))+%y(tn§t1717$ti_1(';0777))5

\E\*l
- 9 Sup Zf’t nv t?nxtl( ; 07 77)) - yl(tna ti—17l‘ti71('; 07 77)))

2 |gl=1

> \/)‘1 Ly(tnsti,@e, (0,m) —%y(tn;ti_l,zti,l(~;0ﬂ7)))
1
= SIDtn; tiy 24,(50,m)) — y(tns tiz1, 2, (50,m)))]

2
1 1
2\ A1 (Zatn0m) — D(l‘(tn;O, 1) = 5t by @, (5.0,m)) = 5y(ta; timy, @, (50, n)))‘

1
= 1D tn; i 24,(5.0,m)) = y(tns tiz1, 2o,y (5.0,m)))]-
Thus, if
|D( ( n3 0 77) (tn’ tlv T, ( 5 0; 77)) - %y(tna ti*l? xti—l('; O, 77)))|2
\ |D( ( ns w ti<'a 07 77)) - y(tna tiflv $ti71('§ 07 77)))‘2 < )\I(Ez(tn;o,n)>/47

then we obtain

\//\1(ny(tn;ti,xti<~;o,n))+(1—A>y(tn;t¢71,xti_l<~;o,n))) > 11/ M Cait0.m);

and, consequently, applying (31) and (32), we have

det(Eny (st e, (20 + =Ny (tnste 1,20, (0m)) = 16(M1( 2(tni0m)”

det(zz(tn ;O,W))d

> . 34
T gy, g [T (34

Combining with (33) and (34), we obtain
U{D’“ )) #0} C {det(EAyum,wt,.(-;o,n>>+<1—x> (bt 1,y (50,m))
det(zx(tn;o,n))d }

~ 164 sz(tn;o,n) ”d(dil)

Therefore, we obtain that the determinant of the inverse of the Malliavin covariance matrix
EAy(tvﬁti’wti('§0a7]))+(17)\) (tniti 1,20, (50,1)) is dominated by the random variable

det(Zo(r,.0,m)"
lﬁdHZw(t";O,n) ”d(d_l)

on the set [y~ {D*(¢(r],, ) #0}.
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