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Abstract

We introduce an explicit Milstein-type scheme for McKean-Vlasov stochastic differ-
ential equations using the notion of a measure derivative given by P-L. Lions in his
lectures at the Collége de France and presented in [9]. We show that the proposed
Milstein-type scheme converges to the true solution in strong sense with a rate equal
to 1.0. The drift coefficient is allowed to grow super-linearly in the state variable and
both the drift and the diffusion coefficients are assumed to be only once differentiable
in variables corresponding to state and measure. Furthermore, derivatives of drift and
diffusion coefficients with respect to the measure component are uniformly bounded.
The challenges arising due to the dependence of coefficients on measures are tackled
and our findings are consistent with the analogous results for stochastic differential
equations.
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1 Introduction

Let (22, F,{F:}1+>0y, ) be a filtered probability space satisfying the usual conditions,
i.e., the filtration is right continuous and complete. Assume that {Wt}{tgo} is an m-
dimensional Brownian motion adapted to the filtration {¥;}{;>0}. For a fixed T" > 0,
consider the following d-dimensional McKean-Vlasov stochastic differential equation
(MV-SDE) on (2, F,{F:}{¢>0}, P),

t t
Xt:X0+/ b(Xs,uf)der/ o (X, uX)dW, (1.1)
0 0
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almost surely for any ¢ € [0,7], where p;X denotes the law of the random variable
X;. If the law y;¥ is known, then the coefficients b and o are functions of time and
space variables and hence the MV-SDE reduces to an SDE. The work on MV-SDEs
was originated in [30] and since then such equations have found wide applications in
physics, biology and neural activities, see for example, [3], [6], [7], [10], [11], [16],
[19], and references therein. The existence and uniqueness of the solution of MV-SDE
(1.1) in strong and weak sense has been thoroughly investigated in the literature, see
for example, [10], [11], [13], [21], [31], [32], [35], [39] and references therein. In
particular, authors in [35] have established the existence and uniqueness of the strong
solution of MV-SDE (1.1) where drift grows super-linearly and diffusion satisfies global
Lipschitz condition in the state component. In [31], authors prove the result under
the monotonicity and coercivity conditions on the coefficients and thus both drift and
diffusion coefficients can grow super-linearly in the state component. In [10], [11], [31]
and [35], the drift and diffusion coefficients are assumed to satisfy global Lipschitz
condition in the variable corresponding to the measure component.

Many researchers have shown their interest in the strong approximation of SDEs
since it is needed in the Multilevel Monte Carlo path simulations for SDEs, see [18]. The
numerical approximation of SDEs in strong sense is well understood in the literature
for global and non-global Lipschitz coefficients, see for example [5], [15], [22], [24],
[26], [27], [28], [371, [38], [41], [43] and references therein. The earliest work on the
numerical approximation for the one-dimensional particle system can be found in [8]
where the rate of strong convergence is shown to be equal to 1/2, both for the time-step
and for the number of particles under the global Lipschitz conditions on the coefficients
in both state and measure components. The convergence in particles is popularly known
as the Propagation of Chaos in the literature.

It is well known that the classical Euler scheme for SDEs with super-linear coefficients
diverges in finite time, see for example [23] and hence such divergence can also be
observed in the case of MV-SDEs. Further, in the case of MV-SDEs, a single particle
may become influential over all other particles which can destroy the setting of the
weakly interacting particle system connected with the MV-SDE. This phenomenon is
called as the particle corruption in [34] and is tackled by proposing an explicit tamed
Euler scheme and an implicit Euler scheme. The strong rate of convergence of the
interacting particle system connected with the MV-SDE is shown to be equal to 1/2 when
the drift coefficient satisfies one-sided global Lipschitz condition (and hence is allowed
to grow super-linearly) in the state variable while the diffusion coefficient satisfies
global Lipschitz condition. Furthermore, both the coefficients are assumed to be global
Lipschitz continuous in the measure component.

The main purpose of this article is to develop an explicit Milstein-type numerical
scheme for the interacting particle system associated with the MV-SDE (1.1) and in-
vestigate its rate of convergence in strong sense. For this, we require more regularity
assumptions on the coefficients as compared to [34] while the drift coefficient is still
allowed to grow super-linearly in the state variable, the diffusion coefficient satisfies
global Lipschitz continuity condition in the state variable and both the coefficients are
assumed to be global Lipschitz continuous in the measure component. Mainly, the drift
and diffusion coefficients are assumed to be once differentiable in variables correspond-
ing to the state and measure components. Moreover, their derivatives with respect
to the measure component are uniformly bounded. For differentiability with respect
to measure, we use the concept of Lions’ derivative, see [9] and [10] for details. The
precise assumptions on the coefficients are listed in Section 2. Under these assumptions,
we establish that the rate of strong convergence in £2-sense of the proposed tamed
Milstein-type scheme for the interacting particle system connected with the MV-SDE
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(1.1) is equal to 1.0 (see Theorem 2.7), which is consistent with the analogous result
available in the literature for SDEs. Novel techniques have been developed to tackle
challenges arising due to the presence of the law p; in the coefficients.

An independent work [4] on tamed Milstein scheme for MV-SDEs with drift having
super-linear growth in the state variable appeared concurrently, but under stronger
regularity assumptions on the coefficients. Authors in [4] use the It6’s formula in the
proof of their main result and thus require the coefficients to be twice differentiable
in both state and measure components. This manuscript, on the other hand, uses
mean-value type results (see Lemma 4.2 and Lemma 4.3 below) which only require once
differentiability of the coefficients in the state and measure components. Thus, our
results are obtained under more relaxed conditions on the coefficients than those made
in [4]. Furthermore, we use b"(x, 1) = b(x, ) (1 +n~1|xz|?T2)~! (see equation (2.3) below)
whereas authors in [4] use b"(x, 1) = b(x, ) (1 +n~1b(z)|) ! to tame the drift coefficient
b(x, i), however either way, the tamed coefficient ™ (x, 1) converges to b(z, 1) point-wise
with the same rate equal to 1. Though, our taming seems stronger, but authors in [4]
require the existence of all moments of the initial random variable X, whereas we only
require moments up to order p for some fixed p > 4.

Some recent developments on MV-SDEs with non-global Lipschitz coefficients can
be found in [25], [29], [33] and references therein. In [25], well-posedness, propagation
of chaos, tamed Euler scheme and tamed Milstein scheme for MV-SDE with common
noise have been investigated when drift and diffusion coefficients grow super-linearly in
the state variable. In [33], well-posedness, propagation of chaos and the tamed Euler
scheme for MV-SDE driven by Lévy noise have been studied when the drift, diffusion and
jump coefficients can grow super-linearly in the state variable. In [29], well-posedness
and Euler scheme for one-dimensional MV-SDE with discontinuous drift coefficients
have been discussed. Further, some more recent works on the numerical approximation
of the MV-SDE are [14] and [36].

We now list some examples, by adding a mean-field term to the well-known SDEs,
which fit in our framework.

1. Mean-field stochastic Ginzburg-Landau equation:

t

t
X, =X, +/ (aX, — BX2 + cE[X,])ds +/ VX dW
0 0

almost surely for any ¢ € [0, 7], where «, 3,7 € (0,00) and ¢ € R are fixed constants.
This equation has been investigated in [34] and its variant (without the mean-field
term) in [22], [40] and references therein.

2. Mean-field stochastic Verhulst equation:

t

t
Xy = Xo+ / (aX, — BXZ 4+ 1 E[X,])ds + / (VX5 + 2 E[X,]) 0 dW,
0 0

almost surely for any ¢ € [0, 7], where «, 5 € (0,00) and ¢,y € R are fixed constants.
The integral in the diffusion term should be understood in the Stratonovich sense.
Without the mean-field term, the above equation is studied in [22] and references
therein.

Further applications include the following two popular models:

1. Kuramoto Model: The phase XZ N of the i-th Kuramoto oscillator at time ¢ is given
by the following SDE,

V2 ) .
XZN—XzN—I—/ Zbln (XEN_ XlN d—|—7a/ Zsin(Xf’N—Xs”N)dW;

0 g=1
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almost surely for any ¢ € [0,7] and i € {1,..., N} for some N € IN, where v, x
and o are constants. This type of model has been investigated in [1], [20] and
references therein.

2. Cucker-Smale Model: The position Xti N and the velocity Vf’N of the i-th agent in
the Cucker-Smale model is given by the following SDE

t
xpN = XN + / Vi Nds,
0

, . A _ .
Vit =vet & Z (VBN — — VI yaw?
0 k=1 0 k=1
almost surely for any ¢ € [0,7] and i € {1,..., N} for some N € N, where parame-

ters A > 0 and ¢V € R are coupling and noise strength respectively. This type of
model has been studied in [17] and reference therein.

We finish this section by introducing the notations and the notion of Lion’s derivative
used in this article.

1.1 Notations

The notation (-, -) stands for the inner product in R?. We use the same notation | - |
for both Euclidean and Hilbert-Schmidt norms and its meaning should be clear from
the context. Also, oz denotes the usual matrix multiplication of o € R**™ and z € R®.
With a slight abuse of notation, b) and ¢(*) are used to denote the /-th element of b € R
and the I-th column vector of ¢ € R%*™ respectively which is clear from the context
and should not cause any confusion in the reader’s mind. Further, o(*!) stands for the
(k,1)-th element of ¢ € R™™. For a function f : R — R, we use J,f to denote the
gradient of f. The symbol |-| stands for the floor function and 4,(-) denotes the Dirac
measure at point z € R?. We use B(R¢) to denote the Borel o-field on R?. Moreover,
P,(RY) denotes the space of probability measures . on the measurable space (R¢, B(R?))
satisfying [, [#[?p(dz) < oo. It is well-known that P2(R¢) is a Polish space under the
L%-Wasserstein metric given by

W. inf 2z, dy))
2(H1,s pi2) = et (/Rd /}Rd |z — y|*m(dx, y))

where II(j1, i12) is the set of all couplings of 1, s € Po(R?). Further, EX is used for
the expectation of a random variable X. Throughout this article, K stands for a generic
constant which may vary from place to place.

1.2 Differentiability of functions of measures

There are many different notions for differentiating functions of measures and we
refer the reader to [2], [10] and [42] for a nice exposition on this topic. In this article,
we use the notion of differentiability introduced by Lions in his lectures at the College
de France which has been reproduced in [9]. We give a brief description of the concept
of measure derivative for functions defined on the Wasserstein space P»(R?). A function
f: Po(R%) — R is said to be differentiable at 1y € Po(R?) if there exists an atomless,
Polish probability space (Q, F, P) and a random variable Y, € £2(€; R%) such that its
law Ly, := P oYy ! = 1 and the function F : £2(; R?) — R defined by F(Z) := f(Lyz)
has Fréchet derivative at Y, € £2(Q; R%), which we denote by F'[Y;]. The function F is
called the “lift” of f. Further, f is said to be of class C' if its “lift” F is of class C'. Since
F'[Yp] : £%(Q;R%) — R is a bounded linear operator, by Riesz representation theorem,
there exists an element DF(Y;) € £2(Q; R%) such that F'[Yy](Z) = E(DF[Yy], Z) for all
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Z € 62(Q;Rd). By Theorem 6.5 (structure of the gradient) in [9], if f is of class C!,
then there exists a function 8, f(1y) : R — R? satisfying [;. 0,.f(v0)(x)[*ro(dz) < oo
such that DF(Yy) = 0,f(v0)(Yy). Also, d,f(vo) is independent of the choice of the
probability space (Q, F, P) and the random variable Y. The function Ouf(v) is called
the Lions’ derivative of f at vy = Ly,. Moreover, 9,,f : P2(R%) x R? — R? is defined as
Ouf(v,z) = 8,f(v)(z) for any v € Po(R?) and z € R™.

2 Assumptions and main results

Let (Q, {F:}{+>0}, F, P) be a filtered probability space satisfying the usual conditions,
i.e., the probability space (92, F, P) is complete, Fy contains all P — null sets of F and
filtration is right continuous. Let {W;}>0; be an m-dimensional Brownian motion
adapted to the filtration {F;}{;>0;. Assume that b : RY x Po(R?) — R% and o : R? x
Py(RY) — R4*™ are measurable functions. We consider the following McKean-Vlasov
Stochastic Differential Equation (MV-SDE) defined on (£, {F; } (>0, F, P),

t m t
X, = X +/ b(Xs, 1N )ds + Z/ oD (X, pX)aw® (2.1)
0 — Jo
almost surely for any ¢ € [0, 7] where X denotes the law of X, i.e. uX = Po X! for

every s € [0,7] and X, stands for an R?-valued and Fy-measurable random variable.
We make the following assumptions on the coefficients and the initial value.

Assumption 2.1. E|X;|P? < oo for a fixed constant p > 2.
Assumption 2.2. There exist constants L. > 0 and p > 0 such that,

(& — 2,b(, 1) — b(@, 1)) < Llz — 2,
[b(w, 1) = (@, )] < L{(L + || + |2])**H |& — 2] + Wa(u, 1)},
b0, p)| < L,
for all z,z € R? and p, ji € P2(RY).
Assumption 2.3. There exists a constant L. > 0 such that,

(z,0)| < L{lz — z[ + Wa(u, ) },
)

lo(a, p) - o(
(0,0 < L,

g
|o
forall z,z € R? and p, i € P2(RY).

Assumption 2.4. There exists a constant L > 0 such that for every k € {1,...,d}, the
derivatives 0,b(%) : R¢ x Py(R?) — R? satisfy,

1069 (2, 1) — 0,60z, 1)] < L{(L+ [l + 2?2l — 7] + Wil 1)},
026 (0, )| < L,
and the measure derivatives 9,b®) : R? x Py(R%) x R? — R? satisfy,
10,6 (@ p1,y) = 0™ (2, 7, 7)| < L{(L+ |l + 2> — 2] + W ) + Iy — 91}
10,6™(0, 1,0) < L,
forall z,y,7,5 € R? and p, i € Po(RY).

Assumption 2.5. There exists a constant L > 0 such that for every k € {1,...,d} and
1€ {1,...,m}, the derivatives 0,0V : R? x Py(R%) — R satisfy,

10:0%1 (@, 1) — 0,0V (2, 1) < L{|zx — Z| + Wa(u, 1) },

EJP 26 (2021), paper 111. https://www.imstat.org/ejp
Page 5/32


https://doi.org/10.1214/21-EJP676
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Milstein-type scheme for McKean-Vlasov SDEs

10,050 (0, )| < L,
and the measure derivatives 9,00 : R x Py(RY) x RY — R? satisfy,

10,00 (@, 11, y) — 8,0 %D (z, i1, 9)| < L{|z — 2| + Wa(u, i) + |y — 3},
10,0500, 1,0) < L,

forall z,y,z,5 € R? and p, i € Po(RY).

2.1 Wellposedness, propagation of chaos and interacting particle system

For a fixed N € N, let {W};c¢1,. n} be N independent Brownian motions that are
also independent of W. Consider the N-dimensional system of interacting particles given
by,

m

t
xpN =Xé+/ b(X PN, N dHZ/ (XN, N dw D (2.2)

0

almost surely for any ¢ € [0,7] and ¢ € {1,..., N}, where

1N
NZ X7V

for any s € [0,7]. For the propagation of chaos result, consider the system of non-
interacting particles given by,

XZ:X{H—/b( Ly ds+Z/ O (X7, pX ) aw D

almost surely for any ¢ € [0,7] and i € {1,...,N}, where pX = uX for every i €
{1,...,N} because X"’s are independent.
The proof of the following proposition can be found in [31], [34] and [35].

Proposition 2.1. Let Assumptions 2.1, 2.2 and 2.3 hold for some p > 4. Then, there
exists a unique solution to MV-SDE (2.1) and the following holds,

E sup ‘Xt| <K,
te[0,T]

where K := K(m,d,L,p, T, F|Xy|’) > 0 is a constant. Also, the interacting particle
system (2.2) has a unique solution and

N-1/2 ifd < 4,
sup E sup |XiI— XNP<K{N-12 In(N) ifd=4,
i€{1,..N} te[0,T] N2/ ifd> 4

where the constant K > 0 does not depend on .

2.2 Explicit Milstein-type scheme

For introducing Milstein-type scheme for MV-SDE (2.1), we partition the interval
[0,T] into n sub-intervals each of length h = T'/n and define k,(s) := |[ns|/n for any
s €[0,T). For any € R? and u € P2(RY), define

b(w /1,)

1+ n=tz|rt? (2.3)

b, (x u)
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for every n € IN. We propose the following explicit Milstein-type scheme for MV-SDE
(2.1),

m

t
X = X [ b (X ) d8+2/ 7O (5, X s VWD 24

kn(s)’

almost surely for any ¢ € [0,7] and n, N € N, where

Kn(s :*NZ5 SN

X (s

for any s € [0,7] and n, N € N. Also, for every [ € {1,...,m}, ¥ is given by,
~(1) iwN,n  X,Nn\ . _ _(I) iN,n X ,N,n 1) iwNn X,Nmn
g ( X (5) P (s ) =0 ( n(8) Picn () ) A ( X, (s) nn(s))
) wN,n X ,Nn
+A2 ( Xn (s)? 'u’mn(s) ) (2.5)

where A\ (s X;j\és X](\g)”) and A (s X;ﬁﬁ,uﬁﬁ’)") are the [-th column of d x m-

matrices whose (k,[)-th elements are respectively given by,

(k,1) i,N,n X ,N,n
Al ( X, 71(s) Fin (8) )

(k- l) ,N,n XNn (ll i, N,n X,N,n (ll)Z
= (2o MO (TS Z/ﬂu (X5 sy yaw )

_ i/s 8 U(kl (XZNn MX,N,n) (11)(X1Nn ,LLXNn)>dW(l1 ,

Kn (8)? FEn(s) Fon (1) F R (1)
=17 #rn(s)

Agk,l) (S Xi,N,n X, Nn)

’ H() Fisn(s)

k;l) i,N,n X,N,n an (l 7,N,n XNn (l ,
NZ<a D (KN S X, 3 [ e aw
li=1 Kn
m
k,l) N X,N, i, N, l i,N.-n X,Nmn 11),j
N Z Z/ a oD e (8 X ) o (XL i 0 )>dWT( 0
J=1lh=

forany s € [0,7] and n, N € N and for every k € {1,...,d} and ! € {1,...,m}.

Remark 2.6. It is easy to observe that the term A, may be ignored for sufficiently large
values of N. Indeed, due to Remark 2.10 and Lemma 3.4 (mentioned below),
E|As (s, X0 ot [P < K(n ™' /N) — 0as N — oo

and hence
As(s, X LN MX’N’") =0a.s. as N = oo.

Kin (8)? Fkp(s)
This observation can be used in implementing the scheme on the computer, see Subsec-
tion 2.3.

The following proposition and theorem are the main results of this article.
Proposition 2.2. Let Assumptions 2.1 to 2.5 hold for some p > 8(p/2 + 2). Then, the
Milstein-type scheme (2.4) converges to the interacting particle system (2.2) with the
rate of convergence given by,

. .
sup  sup E‘XZ’N — XN < Kn7?
i€{1,...,N} t€[0,T]

)

for any n, N € IN where the constant K > 0 does not depend on n, N € IN.
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By combining Propositions 2.1 and 2.2, we obtain the following theorem.

Theorem 2.7. Let Assumptions 2.1 to 2.5 hold for some p > 8(p/2 + 2). Then, the
Milstein-type scheme (2.4) converges to the true solution of MV-SDE (2.1) with the rate
of convergence given by,

N2 42 ifd < 4,
sup  sup E|X; — XN P<K{N-12 In(N)+n=2 ifd=4,
ietl N} teln.T] N-2/d 4 =2 ifd >4

for any n, N € IN where constant K > 0 does not depend on n, N € IN.

We conclude this section by listing following remarks which are consequences of the
assumptions mentioned above.

Remark 2.8. From Assumptions 2.2 and 2.4,

(,b(z, p)) < K(1+ |z])?,
|b(z, )] < K (1 + |2)P/*2,
10:0™) (2, )| < K(1+ |z|)?/2H,
10,6 (2, 11, y)| < K,

for any x,y € R?, € Po(R?Y) and k € {1,...,d}.
Remark 2.9. From Remark 2.8 and equation (2.3),

b, )] < K min {n!/2(1+ [a]), (1+ [2])/+2},

for all » € RY, p € Po(R?) and n € IN where the constant K > 0 does not depend on
n € IN.

Remark 2.10. From Assumptions 2.3 and 2.5,
|lo(z, p)| < K(1+ [z]),
|a”1/'a'(k’l)(xnu’)| S K7
10,0 %0 (2, 1, y)| < K,

forany z,y € RY, € Po(R?Y), k€ {1,...,d} and [ € {1,...,m}.

2.3 Example

We now present some examples of the Milstein-type scheme (2.4). Let 0 < h < 2h <
. < nh be a partition of the interval [0,T] where h = T'/n. Consider the case when
o(x, 1) = o(x) for all x € R? and u € Po(R?) which implies A, = 0. Also notice that,

m_ @+
S A X aw o
J

mom o e(+Dh s . |
= Z Z / / <81:O'(k,l) (XZJ\EJ)‘)’o-(ll) (X’L,]\E7T;)>dW7£ll)7idWS(l)’i
1=11,=1 jh Fin (8) n "
m DR ps .
= Z/ / <8mg(k:l) (AXthN,n)7 (1 )(X’L}N n)>dW,,£l)des(l)’7’
1=1 Y ih jh J jh
mom o eG+Dh s N N | |
+ Z Z / / {<8xa'(k,l) (X]th -,n))g(ll) (ngh ’n)>dW£ll)’ldW§l)”
1=11,>177h jh
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i <awo_(k,ll) (X;;lN’"), O'(l)( X Nn)>dW 0, iy (l), z}
and if the commutative condition,

<8$o(k’l) (z), o) (x)> = <8$o(k’l1) (z), oW (x)>

isassumed forall k =1,...,dand [,l; = 1,...,m, then the k-th component is given by,
m  a(j+1)h
k,l i, N,n K
Z/ AP (5, X 5N dw (D
1=1 77l
m ) (G+1)h  ps
Z<‘9 ok XIN”) U(z)(X;}ZN,7z)>/ / dWT(l),idWS(l),i
= ’ i Jin
n ZZ <8 o (k) Xz Nn) (ll)(XJz:;lN,n>>
1=11;>1
(G+D)h ) ] (G+1)h  ps ] ]
% {/ / dW£l1),de§l),z +/ / dW”El)JdWS(ll)fl}
Jjh j jh jh
_ - k.l i“wN,n l i,N,n 1),
—Z<8ﬂc‘7( )(th )70()(th )> {(AW(J+1)h _At}

=1

m

k,l i,N, I i, N, (l1),i (1)yi
D (a0 ™0 QOGN o (X)) AW AW,
11>

) <8 oD (X5, (ll)(X;%{V’n)>{AW;211)hAW(JZ+1 ~ M-y }
15=1

NE

+
l

—

1

Ms

l

almost surely for any j = 0,...,n —1,i € {1,...,N}, n,N € IN, where I;;;,, is the
indicator function of the set {I = [;}. Thus, the Milstein-type scheme (2.4) becomes

i“wNn _ yi,N,n an XNn l) 1Nn (1),i
X(H—l)h Xjn b”( ' Hjh )+ Z g AW(J-H)h

m

1 - l i,N,n 1 i, N, (1)t D)3
+ § Z Z <8 U( ) X ) ( 1)(th n)>{AW(j-li-1)hAW(]+1)h hl{l:h}}
1=11=1
almost surely forany j =0,...,n—1,i€{1,...,N}, n,N € IN.
Notice that when o is a function of both z € R? and p € P2(R?), then a commutative
condition similar to the one mentioned above is needed when N is small. However, such
commutative condition is not required when N is sufficiently large due to Remark 2.6.

Remark 2.11. The results of this manuscript can also be extended to the case when b
and o additionally depend on the time parameter, i.e when b : [0, 7] x R? x Py(R?) > R?
and o : [0,7] x R? x Py(R%) — R¥*™, However, the proofs become rather cumbersome.
In this case, we require the following additional regularity conditions,

lb(t, = u)—b(fﬂc W+ otz p) —o(t,z, M)| < L|t —1],

forallt,7 € [0,7], € R? and i € Po(R?). The explicit Milstein-type scheme is given by,

t
i“wNn __ i i,N,n XNn iwN,n X,Nn 1),i
i _Xé+/o br (i (5), X5 e o ds+z/ (5, X0 ) i) )W
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where b,, and k-th element of 5(!) are given by,
iwNmn X ,Nmn
b(ﬁn(s)aX,.@' (g)vﬂﬁ ( ) )
1+n-1X" N"\p+2

oD (s X T) = 00 ) X225

b ( ( )’Xan NX7N,n) —

Fin (8)? Fkn(s)

)

m

! Z/ < ><8w“('“’”<’fn< ), XN 1), 00 (), XN ) aw
I1=1 nls

S [ (o (o) X XD

J 11,=17"rn(s)

o0 (). X305 v

almost surely for any s € [0,7], n, N € N, k € {1,...,d} and l € {1,...,m}.

3 Moment bounds

Before establishing the moment bound of the Milstein-type scheme (2.4) in Lemma 3.4,
we first establish following lemmas and corollaries.
Lemma 3.1. Let Assumptions 2.3 and 2.5 be satisfied. Then,

E|Agu,v) (S7Xi,N,n IuX,N,n)|p < K?’ligE(l + |Xi,N,n|)P’

kin(8)? Prn(s) Kn(s)
for any s € [0,7],7 € {1,--- ,N}, n, N € N, u € {1,...,d} and v € {1,...,m}, where

constant K > 0 does not depend onn and N.

Proof. By Burkholder-Gundy-Davis inequality, Cauchy-Schwarz inequality and Holder’s
inequality,

E|A(u,1))( Xz ,N,n NX Nn)|p

Fin (8)? Fkn(s)

- E‘ / . )<‘9 o (XN i), o (XN M)>qu1)
li=1""n

< Kn- +1Ez/ Bacr ) (N XN 7] ) (N XNy g,

/{n(s)7 Fon (8)
=1

and then the application of Remark 2.10 completes the proof. O

Lemma 3.2. Let Assumptions 2.3 and 2.5 be satisfied. Then,

ElAéu,v)( Xan XNn)‘p<Kn—§7ZE1+|XJNn|) ,

n(s)’ ’in(s K (8)
j=1
for any s € [0,T],7 € {1,--- ,N}, n, N € N, u € {1,...,d} and v € {1,...,m}, where
constant K > 0 does not depend on n and N.

Proof. On using Burkholder-Gundy-Davis inequality, Cauchy-Schwarz inequality and
Holder’s inequality,

BIAS™ (5, X000 1 ()P

(u,v) iwNmn X Nmn 7,N,n (l) 3,N,n  X,N.,n (l)»'p
_E‘NZZ/ (00 ) O XL o (XL ) )W)

j=11;=1 n (8)
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N m
1 S
241, - (u,v) i wN,n X,Nn JNn (1) 7,N.n X N,n\|P
< Kn™3 ENZZ/ [0 (X0t (8 X o ™ (XG0 e o3 ) [
j=1l;=1 tin(s)
and then the proof is completed by using Remark 2.10. O

As a consequence of Remark 2.10, Lemma 3.1 and Lemma 3.2, one obtains the
following corollary.

Corollary 3.1. Let Assumptions 2.3 and 2.5 be satisfied. Then,

E‘O’(S XLNH MXNn)’P<KE(1+|Xan|) +Kn~ 2E<1+|X1Nn|)

Kn( )’ Mn(s K (S

N

1 ni\p

+ Kn‘%N ZEE(I + X7 J\(’é;|) ,
j:

for any s € [0,7], i € {1,---,N} and n, N € IN, where the constant X > 0 does not
depend on n and N.

Lemma 3.3. Let Assumptions 2.2 to 2.5 be satisfied. Then,
BIXPNm — XN P < Knm P E(1+ X0 + Kn-5L ZE (1+ X207,
j=1

for any s € [0,T], i € {1,--- ,N} and n, N € IN where the constant K > 0 does not
depend onn and N.

Proof. From equation (2.4), one can get the following estimate,

E|XbNm X7 N"

N, X,N

" Xinw?’“nn(r)n)dr‘

S

L) / o0 X
—1 Jrn(s) "

and then the application of Holder’s inequality and Burkholder-Gundy-Davis inequality
gives,

S

BIXN XN < KB [ b (XIS S par

. (S) K (T) M

+ Kn~ 2+1EZ/ |O_(l) Xan XN7L)|pdT

o (5) Fon (1) Hn(T)
which on using Remark 2.9 and Corollary 3.1 completes the proof. O
Lemma 3.4. Let Assumptions 2.1 to 2.5 be satisfied. Then,

sup  E sup (1+ XN
i€{l,..,N} t€[0,T]

2)17/2 <K,

for anyn, N € IN where the constant K > 0 does not depend on n and N.

Proof. By the application of It6’s formula,

t
7, N,n /2 /2 i,N,n /2—1 1, N,n 2 n ,IV,m
(XN = (14 1 Xx1)” +p/0 (L (XN )P XN b (X0 () ) s
t
+p/ (
0
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~*( X;]\ésgb MHX](\;)TL)XanFdS

—9) rt )
+p(p2 )/ (1+|X;,N,n| )P/2 2
0

t
p i,N,n /2—1) . i,N,n n
+§/0 (L4 XN 25 G (s, X0 1 ) [2ds

almost surely, which on the application of Burkholder-Gundy-Davis inequality and
Cauchy-Schwarz inequality yields the following estimate,

E sup (1+|XZ,N,7L|2)P/2 SE(1+|X(§\2)M2

t€[0,u]
K8 s [ [ (0 B O b O )
+ KEt:[%%] /t (14 [XNm )PP (i X7 b (XN J(Y;)")>d5‘
wr{ [ (o X )

“ i,N,n2\P/2=1) ~ i,N,n ny |2
+KE/0 (14 |x5Nm2)P |U(S,Xﬁj\ég), fjf(v) )|7ds

foranyi € {1,...,N}, n,N € N, and v € [0,T]. Also, one uses Remark 2.8, Cauchy-
Schwarz inequality and Young’s inequality to obtain the following estimate,

E sup (1+|XZ’N’”|2)I)/2 SE(1+|X8|2)M2+K E sup <1+|Xi’N’n|2)p/2ds
te0,ul 0 refo,s]

+KE/ (14 XN 2)P/2 Y+ 1XER)ds
0

K (8) Kn(8)?

+KE{/O | (s, X0 )| d} +KE/O 6:(s, XN X0 P

+KE/unp/4|X;',N,n_ an|;D/2 7p/4|b ( zN,n HXN71)|P/2
0

and then due to Young’s inequality and Holder’s inequality, one gets

. : b
E sup (1 + \XZ’N’n|2)p/2 < E<1 + |X6|2)p/2 + K E sup ( 2)p/2d8
t€[0,u] 0 r€(0,s]
i,N,n an “wNn X ,Nn
+KE/ RN - XL s +KE/ b (X0, ) )P
e N

foranyie€ {1,...,N}, n,N € N and u € [0,T]. The application of Remark 2.9, Lemma
3.3 and Corollary 3.1 yields,

sup B sup (1+|XPV" P2 < B(L+ |X2)P/?

ie{l,...,N} t€[0,u]

+ K sup FE sup (1+ |X,Z;’N’"|2)p/2ds
0 ie{l1,...,.N} re0,s]

for any n, N € IN and v € [0,7]. Finally, the proof is completed by using Gronwall’s
inequality. O
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4 Rate of convergence

In this section, we shall prove Proposition 2.2. For this, we require some lemmas and
corollaries which are proved below.

Notice that as a consequence of Lemmas 3.1, 3.2 and 3.4, we obtain the following
corollary.

Corollary 4.1. Let ¢ > 2 and Assumptions 2.1 to 2.5 hold for some p > (p/2 + 2)q. Then,

E\Al(s Xan MXNTI)|Q<KTL 5’

Fn (8)? Pk (s)

E‘Az( X;AEST; ”fnj\;)nﬂq < Kn~ 5,
“wNn  X,Nn

Bl (s, XG5 Mty N S K

2
)

and E|X}Nm— xTn

for any s € [0,7],7 € {1,---,N} and n, N € N, where K is a constant that does not
depend on n and N.

The following lemma is very useful in this article.

Lemma 4.1. Let f : R x Py(RY) — R be a continuous function such that its derivative
Ouf : R x P2(RY) — R? and its measure derivative d,,f : R x Py(R?) x R — R? exists.
Then, there exists a § € (0,1) such that,

Sy, n) — ( i) = (Ouf G+ 0y —0), 1)y — )
< y,LZ+9(Z_Z),Z+9(Z—Z)),Z—Z>,

for any y,y € R?, u, i € Po(R?), and random variables Z, Z defined on an atomless,
Polish probability space (Q F, P) such that Ly =y and L

Proof. Define ¢ : [0,1] — R by,
o(t) = fG+tly—9),m) + FG Z+4Z - Z))
where F(7,-) is an “extension” of f(7,-) on (Q, F, P). For any t, € (0,1), we have,

¢(to+h) — ¢(to) _ im f@G+ (to+h)(y —9), 1) — (G +toly —7), 1)

}ILIL% h h—0 h
+ lim F(ij,Z + (to+ h)(Z — Z}i) ~F@.Z2+t(Z-2) _
m

ie., ¢'(tp) exists. Notice that the second term on the right hand side of the above
expression is the Gateaux derivative of F' at Z +to(Z — Z) in the direction of Z — Z. Also,
¢ is continuous on [0, 1]. Hence, by the mean value theorem, there exists a 6 € [0, 1] such
that ¢(1) — ¢(0) = ¢/(6). Thus,

F, ) = f(@.1) = fly,p) + F(5.Z2) = f(§:1) — F(, 2) = ¢'(0)
completes the proof. O

As a special case of the above lemma, we obtain the following corollary.
Corollary 4.2. Let f : R x Po(RY) — R be a function such that its derivative 0, f :
R? x P2(RY) — R? and its measure derivative 9, f : R? x P2(R%) x R? — R exists. Then,
there exists a # € (0,1) such that,

1 & 1 & 1 <
(o5 2o02) = (7 g o0 ) = (00 (7400 =) 5 2 02) v —7)
j=1 j=1 j=1
EJP 26 (2021), paper 111. https://www.imstat.org/ejp
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N N
1 1 » N
37 Al (5. 57 D oot B+ 0T — 7)) = ),
for all y, g, 27,27 € RY.

Proof. For the measures Hh=x5 Zj 10. and i = ZJ 10z, consider an atomless,

Polish probability space ({2, F, P) and define random variables Z : @ — R? and Z : Q —
R4 by,

] =

N
- Jq -~ A I ~
Z.—zzlz lej’ Z = z]le
j=

Jj=1

where {Qy,...,Qx} is a partition of ) satisfying P(£);) = + forany j =1,...,N. Clearly,
laws of Z and Z satisfy L; = p and L; = ji. Also,

LZ-‘:—@(Z—Z) = N Z 621+9(zj7§j)~
j=1

By Lemma 4.1,
N

00~ 1(5 2 5700) = (0. (5 + 000 - ﬁ:ﬂ)y—@

i=1 '

j=1
TR TS YRIG y SRV SIS RR

Jj=1 j=1

5,31),1/ - 37>
i (001 (7 S sescsen 7+ 83 =) =)

(0.1

oy

g+9(y7g)a

<
Il
—

2|~

z

which completes the proof. O

Lemma 4.2. Let f : R? x Po(R?) — R be a function such that its derivative 0, f :
R? x P2(R%) — R? and measure derivative 9, f : R% x Po(R?) x R — R satisfy Lipschitz
conditions i.e., there exists a constant L > 0 such that,

00 f (2, 18) = 0uf (2, )| < L2 = & + Wa(p, 1) },

forall z,y,%,5 € R? and p, i € P2(R?). Then,

N N N
‘f($l7]bzléxj) - f<xz’]1]21517> - <axf($z,ile§l,)7xl - fi>
J= Jj= j=
- ;é<auf(fi,i[é5y,fj>,zj ffj>’ < Kl —ii\Q +K;§|xj ,jj|2’

forall 2%, ' € R%, i € {1,..., N}, where the constant K > 0 does not depend on N € N.
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Proof. By Corollary 4.2, Cauchy-Schwarz inequality, assumptions on f and Young’s
inequality, one obtains,

X X X ' _
(0] ~ (5 2 0m) (oS (7 2o ) o' =)

j=1 J=1
1 Y 1 o
{0 (3 e a?) - )|
j=1 j=1
_ i i iy L 3 i) — i 1 3 -
1 N N 1 N
(O (530 satar @ 407 =) = 0,7 (a8, D 00,7 ) a7 — )|
j=1 J=1 =t
- 1on, 1A, y?
§K|a:’—£Z|2+KWQ(N25IJ7NZ5EJ')

j=1 j=1
N 2 1 N ) 4
+EWs Z(SMW B SL ) S S Sl
J=1 Jj=1

The proof is completed by the following estimate on Wasserstein metric,
N N
1 1 2
Wy X000 20w
Jj=1 j=1
f — y[2x(de, dy) 5. and — 3 4, Is of }
1n /]Rd / |z — y|*7(dx, dy) Z an Z are marginals of 7

71
N
1 »
/d/d\xfy|2 Zd’”’ (dz)ozi (dy) = NZ — 7|2 O
R¢ JR =1

Lemma 4.3. Let f : R? x P,(R?) — R be a function such that its derivative 0,f :
R? x P2(RY) — R? and measure derivative 9,,f : R x Po(R?) x RY — R? satisfy
polynomial Lipschitz condition i.e., there exists a constant L > 0 such that,

100 f (2, 1) = 0 f (@, )] < L{(L + || + |2])*? | — 2] + Wa(u, 1)},
10 f (2, 1 y) = 0uf (@, A, 7)| < L{(L+ |l + |2)P* o — 2]+ Walp, 1) + |y — 31},

forall z,y,z,y € R? and p, i € Po(RY). Then,

i 2p00) 1 S ) s ) )
,szl xJ ’szl zJ x 7NA x|

1Y 1 Y . B
S SOVCR S S

) ) , . 1 ) )
K+ [ + [2) Pl = &'+ K5 Y la? =27,

j=1

Z

forall 2%, #* € R, i € {1,..., N}, where the constant K > 0 does not depend on N € .

Proof. The proof follows by adapting the arguments of Lemma 4.2. O
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Lemma 4.4. Let Assumptions 2.1 to 2.5 hold for some p > 4(p/2 + 2). Then, for each
ie{l,...,N},
Blo(XEN", 1N (s, XNB XN 2 < K2,

”n(s) Rn (5)
for any s € [0,T] and n, N € IN where the constant K > 0 does not depend on n, N.

Proof. From equation (2.5),
u,v i,N,n n w,v iwNn X ,Nn
U( ’ )(Xs’N hu‘g(N ) - ( )(S X,{ﬂ( ) Fepn () )

_(u,v) “wN,n , X,Nn\ __ _(u,v) i,N,n X N,n
=0 (Xs y Mg ) g (Xnn(s Fn (8) )

(u,v) i,N,n XNn 1Nn_ i,N,n
= (a0 XN ) XN = XN

N
1 . _ .
(u,v) i,N,n X ,N,n 7,N,n 7 Nn _ yJi,N.n
- <‘9 o (X X)X Xnn<s>>
Jj=1
u,v z N,n X,Nn i,N,n i,N,n
* <8’"“’( XL G XN = X0

(uy) i wN,n  X,Nn 7,N,n 7,N,n J,N,n
T Z<a o) (XD i XN XN — X

A XL ) A o X2 ) (1

almost surely for any s € [0, 7] and n, N € N. Further, from equation (2.4),

s
i, N,n an_ i,N,n X,N,n (1 ’LN’I’L XNn 1
XpNm — X A o bn (X0 10 ) dr+z / . oD (XL oy ) AW

Fon (1) Fkp (1) Kon ()

+Z/ AP (r, X000, oty a1 +Z/ AL (r, X000, oty a4
which gives the following expression,
(u,v) iwNn X,Nn i,N,n N\ _ 4 (u,v) iwNn X,Nn
<8 g (Xnn(s) H“Kn(s) )7Xs X,.; (s)> A ( Xnn(s) MKW,(S) )

u,v N,n X,N,r * N,n X,N,n
+ (@0t X, [ O )

( ) i,N,n XNn (l iwN,n X,Nn 1),s
+ (Dao XN S ZL<S>A P X ) AW

<3 ol (XN ) Z/ ()A(l Xy ) AW > (4.2)
and similarly,

1
N

i Eﬂ\z

(u,v) i,N,n X ,N,n 3,N,n N i N\ A () iwNn X,Nn
31‘0 (X/-c (s )’ K (8) ’Xnn(s))’XS X/-c (s)> A ( ’Xﬁn(s)“u“nn(s) )

+
2=

kn(8)? Frn(s) 2 rn(s) /2 K (1) Phn (1)

<a U(uv)(X'LNn MX,N,n Xj,N,n) / ()b (Xan /.LXNn)dT>
1

J

+
2| =

(0 O 3 [ A Xy

j=1
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N
Z <a U(u 1;) n(;r)L’MNX;](\;,)n’ iNn Z/ . )A(l r, Xg]\gr’r)L,ui(;lJ(\Q)n)dWy)J>
4.3)

almost surely for any s € [0,7] and n, N € IN. We now use equations (4.2) and (4.3) in
equation (4.1) which on taking expectation on both the sides and then using Lemma 4.2
along with Cauchy-Schwarz inequality yields,

) ) - ,N,n X ,N,n
Blo ) (XN, M) — g (s, X0 (P

i,N,n i, N,n 4 N, 7,N,n k,N,n k, Nn 2
< KE|X{ - XM(S)| + K N2 E BIXP" - X0 (5)| | X = X () |
J,k=1

K,L(S) Nn(T) VPl (1)

2
+KE{|8 o-(u u)(Xan XNn |‘/ zN,n /LX’N’n>d’I"’}
n(s)

b
b

2
oo (KL X RG]

Kn ()’ nn s)

u,v) i,N,n n 1) i, N,n n
+ KE{|9,000) (XN XN, |Z‘/ ()A( (r, X3 XN gy 0

+KE |3 o) Xan XNn |Z’/ A(l) X;Aér’;, X’Nn)dw(l

l{,, (s)

+
Mz

<.
Il
—_

1 i,N,n n n
| (uv)(XN ,uXN ]N |Z

Fin (8) Fkp(s) ? /{n s)
1 j—

Mz

+ KE

l) iNn  X,Nmn 0,5 2
/n (s) (r X e ) W j’}

J
m

1|8 Lot (XN ui‘n%",XiﬁY;?)llZ
=1

1

{
{
Kp{ L
v
v

Mz

s 2
/ ()A(l)(r Xl sy ) AW ’}

J

for any s € [0,7] and n, N € IN. Moreover, the application of Corollary 4.1, Young’s
inequality, Remarks 2.8 and 2.10 yields
Blot(XPNm, pfoNm) — 50 (s, X0t (0P < K% 4 Kn 72 B(1+ (X0 )Pt
1 N
-2 = 7,N,n
+Kn NZE(l X250

Kn (7‘ Kn ("')

+ KEZ/ ’A l) Xz ,N,n MX,N,n) ’2d7"

—&-KEE:/'€ . )|A(l X;i\é;; NXNn)|2dT+KE Z/ |A(l) r XJ]\(;T,)I’ ,{Xn](\;)n)’ i

(l) 7,N,n X ,N,n\ |2
+ KEN ZL |A T ch (r)’ KH(T) )| dr
for any s € [0, 7] and n, N € IN. The proof is completed by the application of Lemma 3.4
and Corollary 4.1. O

Lemma 4.5. Let Assumptions 2.1 to 2.5 hold for some p > 4(p/2 + 2). Then, for each
ie{l,...,N},

E|b(X;l,N,7L7M§,N,n) b (Xan MX7N,71)|2 < I(n—l7

Kn (5) Kn (S) -

for any s € [0,T] and n, N € IN where the constant K > 0 does not depend on n, N.
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Proof. By Assumption 2.2,
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which on using Holder’s inequality and Corollary 4.1 completes the proof. O

Lemma 4.6. Let Assumptions 2.1 to 2.5 hold for some p > 8(p/2 + 2). Then, for each
ie{l,...,N},
i i,N,n i, N,n n i,N,n X ,N,n
BXPN — XN p(X PN p N = b(X T )
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for any s € [0, T] and n, N € N, where the constant K > 0 does not depend on n, N.

Proof. Note that,
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for any s € [0, 7] and n, N € IN. By using Young’s inequality, 7} is estimated as,
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which on using Lemma 4.3, Corollary 4.1, Lemma 3.4 and Hoélder’s inequality yields,
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for any s € [0, 7] and n, N € IN. Further, using equation (2.4),
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for any s € [0,7] and n, N € IN. Notice that the second term on the right hand side of the
above expression is zero. Thus, from Young’s inequality, Remark 2.9 and equations (2.2)

and (2.4), one obtains
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for any s € [0,T] and n, N € IN.

Using Cauchy-Schwarz inequality, Young’s inequality, Assumption 2.2 and Remark 2.8,
T; can be estimated by,
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which on using Young’s inequality and Hoélder’s inequality gives,
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for any s € [0,7] and n, N € IN. Further use of Lemma 3.4, Corollary 4.1 and Hélder’s
inequality yields,

s s 2
B i 2 i,N,n n 2
T <K K (s)n 1{E(/n (s) (1+|XnN |)p+ | ( X J\E) 2(n]\:“))} dr ) }er
+K sup E‘X’LN Xi,N,n|2
ref0,s]
s i,N,n 20+4 - i, N,n n 3
< K/ Kn(s) (1+ |ij\és) ) ot |U(T’Xﬁj\(f7“)’ fnj(\:" )| dr}2

+ K sup E‘X‘N Xf;’N’”|2
r€(0,s]

m\»—A

. s n_l{n_l/s {E(1+‘X1Nn)4p+8}%{E’O_( xiNn XNn)‘}dr}

() n(5) () wn ) Hin(r)

+ K sup E‘Xﬁ’N —Xf,’N’”|2 <K sup sup E|Xf;’N —Xﬁ’N’”‘Q +Kn™? (4.7)
r€(0,s] i€{1,...,N} re|0,s]

for any s € [0,T] and n, N € IN.
Using Cauchy-Schwarz inequality, Assumption 2.2 and Remark 2.8, T can be
estimated as,
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which on the application of Young’s inequality, Lemma 3.4, Holder’s inequality and
Corollary 4.1 yields,
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for any s € [0,T] and n, N € IN.
Further, using Cauchy-Schwarz inequality, Holder’s inequality, Lemma 4.5, Re-
mark 2.8, Corollary 4.1 and Lemma 3.4, T>3 can be estimated by,
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for any s € [0,7] and n, N € IN.
For estimating 754, one applies Cauchy-Schwarz inequality, Young’s inequality and
Remark 2.8 to get,
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which on using Holder’s inequality, Corollary 4.1 and Lemma 3.4 yields,
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which by applying Cauchy-Schwarz inequality, Assumption 2.3, Remark 2.8, Young’s
inequality, Holder’s inequality, Lemma 3.4 and Corollary 4.1 gives,
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for any s € [0,7] and n, N € IN.

Proceeding as before, by Cauchy-Schwarz inequality and Remark 2.8,
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which on using Holder’s inequality, Lemma 4.4, Lemma 3.4 and Corollary 4.1 gives,
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for any s € [0, 7] and n, N € IN. Substituting values from (4.7) to (4.12) in (4.6) gives,
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Finally, we proceed with estimation of 75 of equation (4.4). By Young’s inequality and
Cauchy-Schwarz inequality,
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for any s € [0,7] and n, N € IN. Notice that third term on the right hand side of the above
expression is zero. Further, by Remark 2.8, Remark 2.9 and Lemma 3.4, one obtains
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for any s € [0,7] and n, N € IN.
By Cauchy-Schwarz inequality, Assumption 2.2, Remark 2.8 and Young’s inequality,

T = BY [ 00N ) < b (N, N

N
1 . s .
- (k) 1,N,n XN”ﬂ 3,N,n ~ iwN,n  X,Nmn i
¥ 2 {0 (X ’Xnn<s>)’/ﬁ 5 XL W)

j=1 n(s)
4 2+1
N ) , ) ,
< KEZ/ 0 (14 [XEN] 4 [ x0Nm )P/ XN i
k=1 KT:(‘;)
1 (k) i,N,n XNn ]Nn i\N,n XNn 7
noz N Z |6 b X n(s)’ ,A-cn(s ’ n,, (s) |‘/ XI{ (r)’ )dW
S
<KE [ n|XN - x5V dr+KEZ/ (L XN X
Kn (8) K (8)
al 4
i,N,n\ P+ N “wN,n  X,N,n i
NZ (L+ X0 + 1+ X0 ‘/ & (r, X0 oy AW “ar
which on using Holder’s inequality, Corollary 4.1 and Lemma 3.4 gives,
Ts1 < K sup E|X2N — X“V"y +Kn3 (4.15)

relo,s]

for any s € [0,T] and n, N € IN.
Moreover, by using Assumption 2.2 and Cauchy-Schwarz inequality, Holder’s inequal-
ity and Remark 2.8, one obtains,

Ty _EZ/ {b(k) Xl Nn X N) _ b(k) (Xi’N’n,/,Li(’N’n)}dT‘

N
1 , s ,
(k) i,N,n XN,n 7,N,n ~ i,N,n XNn 7
v 2 (0 (X ’Xnn(s))’/ 5r, X2 0 VAW )

i= Kn (8)

Q. =

s
<KEZ/ n2W2 XN"ui(Nn)
k=1 Fn (8)

7l k iwNn  X,Nmn an an XNn
QNZ|5 o (X 0 X0 ”/ r Xy Hae ) AW |dr
S
<KFE nWQ( XN,ui(N") dr
tin (8)
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—1 i,N,n n i,N,n\ |2
szﬁsl wwunyﬁ;a%»

N
S 1 . .
‘ / ,X;N(;;,MXN")dWZ *dr < KE/ N > IXPN = XPNmPdr + Ko
Fon (8) Kon (8) j=1

< sup sup E|XPN - XJINn2 L K3
{ ., N} r€[0,5]

for any s € [0,7] and n, N € IN.

To estimate 733, we use Cauchy-Schwarz inequality, Holder’s inequality, Lemma 4.5
Remark 2.8 and Corollary 4.1 to obtain

Tss *EZ/ {b(k) Xan XNn)ib(k)

XS o) e
1 s
(k) (y©:Nmn XNm J,N,n ~ i\Nyqn X ,N,n i
7 2 (0t (XL 0 X)) [ X
J= n
L1 [ (k) (yvi,Non , X,Nmn (k) (x=Nn  X.Nn 3
SZNZ/ {Bp® (XN, N — b (X0 i) [}
k=1"" j=1"rn(s)
1
i,N,n n , n xbNn n 2 _
(Pl (2 sy X [ ot X ami] Y i < s

for any s € [0,7] and n, N € N.
Notice that,

ru=ry S [

k=1 1=1 " fn(s)

N s
LS (e [ s

{O_(k 1) XN X N) O_(k,l)(Xi,N,n7ui(,N)}dWT(l),i

XNn

i) () RANTASOLILEY

{U(k,l)(Xi,N,Mi(,N) _ U(k,z)(Xi,N,n’ui(,N)}dWT(z),i

Nk m s
NZZ/ <aub(k (Xv,Nn X,Non xj,Non
j tin (s)

l iwNn X ,Nn 11),i
N XN X S )

{O_(k,l) (Xi,N,Mi(,N) _ kD (X?N,n’ NiQN)}

k
L

k “wNn XN Ny ~(1 i,N, X,Nn
TNZ@MZ’( J(XEN i Ny 5O, X )>dr

() e ()

which on the application of Cauchy-Schwarz inequality, Young’s inequality, Remark 2.8
and Corollary 4.1 gives,

T34<EZZ/ oD (XN XN

oD (X;',N,n“ui(,N”
k=11=1

fzra b (02 X O X
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<KEZZ/ nE | XN —

k=11=1 " fn(s)

N
-1 k N X,N, i, N7 1 N,n XNT
N Z 10,6 (X2 pe (X0 16O o X0 i 6
]:

< KE n| XPN — XN 2dy
K»,,(?)

ey S zw O G XD X S
k=11=1 (s
<K sup sup E|Xﬁ’N —XfJN’"|2 + Kn™2 (4.16)

i€{1,...,N} re[0,s]

for any s € [0,7] and n, N € IN.
Also notice that,

Ty = EZZ/ [ (XENR XN gD (xiNm XNy g0

k=11=1

(k) i ,N,n X,Nmn 7,N,n ° i,N,n XNn i
(0 (X5 nn(s),X,{n@)y/K() o X0 e ay )

I
oy =
-
3

M= 1=
T

~
Il
—
~
=
I
—

/S {O'(k’l) (X:;,N,n7 H§7N) _ o_(k,l) (X:",N,n’ Iui(,N,n) }de),z
Kn(8)

NE

(0 (i X, [ T XL ) )

==

|
=

M= M-
IM:

s
/ . {U(k7l)(XZ7N77L7N7)~(7N) _ O’(k’l)(Xj"N’n,ui(’N’n)}
Fn (8

2|~

(k) i,N,n XN,n 7,N,n ® ~(1) i,N,n XNn
<aﬂb ( Fn (9)’ Kn (8) ’XRW,(S))7/H (S)G (T X n(r)? K (r) )>d

.
Il
-

and then one uses Assumption 2.3, Remark 2.8, Cauchy-Schwarz inequality, Young’s
inequality, Holder’s inequality, Corollary 4.1 and Lemma 3.4 to obtain,

T35<KEZZ/( n?Wz XN,,ui(N”)

k=11=1

N‘H

N
Z a b(k) XzNS) ﬂﬁxji)na JNn ”/ TXZ]\E’:)L XNn) dr
j=1 "l ()

Kn (8) n . (1)

S 1 . .
< KE n X*Z,N o X*Z,N,n 2d7’
s /H”(S) N ]Eil | r T |

+KZZ/ NZ{EW WO (X s XY

k=11=1 (s)

) i€{l,---,N} r€[0,s]
4.17)
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for any s € [0,7] and n, N € IN.
Similarly,

TSG _EZZ/ kl) Xan 'ui(,N,n) _&(k,l)(
k=11=1

X0 ) YWD

R (s) Pien(s) > N rn(s) )
=1

N s
Nz<aub(k)(Xi,N,n X,Nn j,N,n)/

5 (r, X2 XN )”)dWl>
_ Ezd:f: ® {O_(k,l) (X’i,N,n X,N,n) _ &(k,l)(
- ,{n(s) T 7:“’7*

S

k

N m
1 7 n n i, N,n ~ i,N,n ,N,n 7
S [ (0 i KN 6 XN

n(é)

N X,N 1)
X; (TT)L’ n (r)n)}dW(

(o0 (X0 ) = 500 (X0 )

k
1 N
- (k) iwNn X ,Nmn 7,N,n ~(l) i,N,n X N,n
N zl <8/Lb (chﬂ(s) ) 'u’/-cn(s) ) Xnﬂ( )) (T’ Xnn(r) (r) )>d1"
J:

and then using Holder’s inequality, Cauchy-Schwarz inequality, Remark 2.8, Lemma 4.4
and Corollary 4.1, one obtains

Ts6 <EZZ/

‘O'(kl) Xan MXNn)_
k=1 1=1 * fn(s)

D (r X0 )|

=
Djz

= Db (X0 1 0 XL O X e
J:

d m s
< ZZ/ . {E|o,(k,l) (X;,N,nvﬂ;),(,N,n) o ~(k l)(
k=1 fn(s

1
XIS Py
=1
1 & N  X,N N N X,N,
NZ{E’8 b(k) (X;n(s) Mnn( )n’ in 5n)‘ } {E‘a(l) T X;n(7n nn(7 " ’ } dr
=1
< Kn~2

(4.18)
for any s € [0,7] and n, N € IN. Substituting values from (4.15) to (4.18) in equation
(4.14), we get

T3s<K sup sup B|IXHN - X0Nm12 4 Kn=? (4.19)
ie{l,-,N} re0,s]

for any s € [0,7] and n, N € IN. Substituting estimates from (4.5), (4.13) and (4.19) in
equation (4.4) completes the proof.

O
Proof of Proposition 2.2

Recall equations (2.2) and (2.4) and use It6’s formula to obtain
t
X = XN =2 [ = X B ) = b (X 5 s
0 n n

b X (0 ) — o XN )
EJP 26 (2021), paper 111.

https://www.imstat.org/ejp
Page 29/32


https://doi.org/10.1214/21-EJP676
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Milstein-type scheme for McKean-Vlasov SDEs

t .
+/0 o (XN, 15N —a—(s,X;ijV(;’;’uii;ﬁg")fds

almost surely for any ¢ € [0,7] and n, N € IN. Hence,
t
E|xN - xpNm? < 2E/ (XPN — XPNm (XN XN (XN XN g
0
t
+ 2E/ (XON = XPNm p(XIN p B N) — (XN, pl5N) s
0

t
+2EA <X;,N _ Xé,N,n’b(X;,N,7L,M§(,N,n> _ bn(X::\é;n,,U/X7N’n)>dS

Kin(s)
t
FE [ o (XN 2N) o (XN ) s
0
t
KB [ o (XN ) = o (VN P
0
t
i,N,n n ~ i,N,n N,y |2
KB [ o0 i) - (s X0 ) s
which on using Assumption 2.2, Assumption 2.3, Young’s inequality, Lemma 4.4 and
Lemma 4.6 yields,

S

EIXN - XN P < Kn? 4 E/ | XN - XEN P s 4 KE/ W (2N, N2 ds
0 0

which further implies,

sup  sup E|Xﬁ’N — Xf;’N’"|2 < Kn™?
i€{l,...,N} re(0,t]

¢
-l-/ sup  sup E|XEN — xPNm %ds
0 i€{1,...,N} ref0,s]

for any ¢ € [0, 7] and n, N € N. Thus, Grénwall’s inequality completes the proof.
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