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Abstract

In this paper, we derive fully implementable first order time-stepping schemes for McKean—Vlasov
stochastic differential equations (McKean—Vlasov SDEs), allowing for a drift term with super-linear
growth in the state component. We propose Milstein schemes for a time-discretised interacting
particle system associated with the McKean—Vlasov equation and prove strong convergence of order
1 and moment stability, taming the drift if only a one-sided Lipschitz condition holds. To derive
our main results on strong convergence rates, we make use of calculus on the space of probability
measures with finite second order moments. In addition, numerical examples are presented which
support our theoretical findings.

1 Introduction

A McKean—Vlasov equation (introduced by H. McKean [2I]) for a d-dimensional process X is an SDE
where the underlying coefficients depend on the current state X; and, additionally, on the law of X4, i.e.,

dX: = b( Xy, Zx,) dt + o( Xy, Lx,) AWy,  Xo =&, (1.1)

where W is an m-dimensional standard Brownian motion, .#%, denotes the marginal law of the process X
at time ¢t > 0 and ¢ is an R%valued random variable. We omit an explicit dependence of the coefficients
on t for brevity, but our results easily generalise to this case.

The existence and uniqueness theory for strong solutions of McKean—Vlasov SDEs with coefficients of
linear growth and Lipschitz type conditions (with respect to the state and the measure) is well-established
(see, e.g., [29]). For further existence and uniqueness results on weak and strong solutions of McKean—
Vlasov SDEs we refer the reader to [3][22] and the references cited therein. Also, in the case of super-linear
growth it is known that a McKean—Vlasov SDE admits a unique strong solution [25], assuming a so-called
one-sided Lipschitz condition for the drift term, see item (1) of assumption (A}) in Section

McKean—Vlasov SDEs have numerous applications, for instance, in the social and natural sciences.
These include fundamental models in neuroscience, such as the Hodgkin-Huxley model (see [2]) for
neuron activation, or in biology and chemistry, such as the Patlak-Keller-Segel equations describing, e.g.,
chemotactic interactions (see [I5]) and long-chain polymers (see [23]). The aforementioned examples all
have drift terms which do not exhibit the classical global Lipschitz conditions.

The simulation of McKean—Vlasov SDEs typically involves two steps: First, at each time ¢, the
true measure £, is approximated by the empirical measure uf("N(dx) =4 Zjvzl 5Xg,N (dzx), where 6,
denotes the Dirac measure at point  and (X®);_;  n (so-called interacting particles) is the solution
to the R4V-dimensional SDE

XN = b XYy dt 4+ o (XY, Xy g, XN = X,

Here, W' and X{, i = 1,..., N are independent Brownian motions (also independent of W) and i. i. d.
random initial values with .,?Xé = Zx,, respectively. In the second step, one needs to introduce a

reasonable time-stepping method to discretise the particle system (X )i=1,...,n over an interval [0, T].
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An Euler scheme for the particle system is introduced in [4], and the strong convergence to the solution
of the McKean—Vlasov equation, of order 1/2 in the time-step and also 1/2 in the number of particles, is
shown under global Lipschitz assumptions for the coefficients with respect to the state and measure (for
d=m =1). The convergence in N is often referred to as propagation of chaos.

The results in [4] have recently been extended to the case where only a one-sided Lipschitz condition
for the drift holds with respect to the state, while a global Lipschitz condition is still assumed for all
other dependencies, by using so-called tamed and implicit schemes (in [24]) or adaptive schemes (in [26]).

An approximation of order 1/2 in the timestep is also given in [4] for the density and cumulative
distribution function, and this is improved to order 1 in [I]. In this paper, in contrast, we are concerned
with the strong convergence of the approximations to the process itself.

We complement the work in [4] and [24] by introducing stable first order time-stepping schemes
(Milstein schemes) for a particle system associated with McKean—Vlasov SDEs, allowing for a drift
coefficient which grows super-linearly in the state component. Here, we will prove moment stability of
the time-discretised particle system and strong convergence of order 1.

Our new Milstein scheme reveals that a term involving the Lions derivative (abbreviated by L-
derivative) of the diffusion coefficient with respect to the (empirical) measure is necessary to obtain
the strong convergence result. The L-derivative of functions on #5(R%) was introduced by P. -L. Lions
in his lectures [0] at College de France. This is of theoretical interest and demonstrates the inherent
difference of McKean—Vlasov SDEs to classical SDEs with regard to higher order time-stepping schemes.

The main difficulty presented by the super-linearity is to prove the stability of the proposed scheme,
and we adopt here the taming approach given in [I3] for standard SDEs. In the present context, we
require pathwise estimates for each particle, which are challenging to obtain as the particles interact
through the appearance of the empirical distribution of the particle system in the coefficients.

The convergence results for the time-stepping scheme hold for a fixed dimension N, and are robust
in N. To obtain error bounds with respect to the solution of , these have to be supplemented by
propagation of chaos results from [24] to bound the error in N from the particle approximation. In
practice, many McKean—Vlasov equations are motivated by large but finite particle systems, and our
time-stepping schemes are directly applicable in that case.

We will demonstrate that the terms involving the measure derivative are only significant for fixed
finite IV, but vanish with the same order of N as the terms from the particle approximation. Omitting
these terms to obtain a simplified scheme for large N is practically useful as they require the simulation
of Lévy areas and are the computationally most expensive part of the scheme.

On a side note, in the special case N = 1 our work gives the first order convergence of tamed Milstein
schemes for standard SDEs with super-linear drift. It is observed in [14] that already in this setting of
classical SDEs (i.e., where the coefficients have no measure-dependence), the explicit Euler-Maruyama
scheme (see, e.g., [I6]) is not appropriate in the presence of drift terms with super-linear growth. To
overcome this problem, several stable time-discretisation methods, including a tamed explicit Euler and
Milstein scheme [13] 27, [11], an explicit adaptive Euler-Maruyama method [§], a truncated Euler method
[20] and an implicit Euler scheme [I2], have been introduced. In [II], a tamed Milstein scheme is
introduced and convergence is proven under a commutativity assumption for the diffusion matrix, such
that the Lévy area vanishes. Our technique of handling the Lévy area terms in a pathwise sense allows
the analysis of the general case without this assumption. While [I9] introduces a tamed Milstein scheme
for SDEs with super-linearly growing drift and diffusion without assuming a commutativity assumption,
the taming there is required to be stronger than the taming approach proposed in [I3], which makes the
stability analysis of the schemes easier, but can result in inferior numerical performance (see Remark
and Section [4] for details).

In summary, the main contributions of this paper are the following:

e derivation of a Milstein scheme for particle systems associated with McKean—Vlasov equations using
Lions calculus on measure space;

e proof of moment stability and first order uniform (in time) convergence in the time-step using a
tamed scheme if only a one-sided Lipschitz condition holds for the drift;

e estimates of the terms involving measure derivatives, showing that these are essential for small
particle systems but negligible to approximate the mean-field limit;

e detailed numerical tests supporting the theoretical findings.



e The main results extend those on tamed Milstein schemes (for certain taming approaches) for
standard SDEs by eliminating commutativity conditions.

A tamed Milstein scheme, with stronger taming than used in our work, was developed under a similar
set of assumptions independently and in parallel in [I7]. The authors only state a pointwise (in time)
strong Lo convergence rate of order 1, albeit under slightly weaker differentiability conditions. The
present work also goes beyond [I7] by analysing the asymptotic behaviour (in terms of the number of
particles) of the L-derivative terms in the schemes and by providing detailed numerical illustrations.

The remainder of this article is organised as follows: In Section 2] we formulate the problem set-up and
introduce two different tamed Milstein schemes, in which we use two different taming factors for the drift.
The proofs of the main convergence results are deferred to Section [3] Section [4] illustrates the numerical
performance of the proposed time-stepping schemes and reveals that the schemes can also successfully
be applied to equations which do not satisfy all imposed model assumptions. The electronic appendix
to this paper introduces a notion which allows to consider derivatives on the Wasserstein space. We end
this section by fixing the notation and by introducing several notions needed throughout this paper.

Notations. Let (RZ (-,-),|-|) represent the d-dimensional Euclidean space and R? @ R™ be the col-
lection of all d x m-matrices. The transpose of a matrix A will be denoted by A*. In addition, we use
Z(R?) to denote the family of all probability measures on (R, B(R?)), where B(R?) denotes the Borel
o-field over R, and define the subset of probability measures with finite second moment by

Po(BY) = {1 PR /R 2 () < oo ).

For all linear (e.g., matrices), and bilinear operators appearing in this article, we will use the standard
Hilbert-Schmidt norm denoted by || - ||.
For p,v € P5(R?), the Wasserstein distance between p and v in Z5(R?) is defined as

1/2
Wo(p,v) ;== inf / |z — y|?m(dz, dy) )
w€eC(p,v) Re xRd

where C(p,v) is the set of all couplings of u and v, i.e., 7 € C(u,v) if and only if 7(-,R%) = u(-) and
m(RY, ) = v(-). Let (Q, Z, (F)i>0,P) be a filtered probability space satisfying the usual assumptions. For
a given p > 1, Lg (R%) will denote the space of R%-valued, .#y-measurable random variables X satisfying
E|X|P < co. Further, SP([0, T]) refers to the space of R%-valued continuous, .#-adapted processes, defined
on the interval [0, 7], for T' > 0, with finite p-th moments (uniform in time).

2 Tamed Milstein schemes for non-Lipschitz McKean—Vlasov
SDEs

In this section, we define the model set-up with its assumptions (subsection , and define the Milstein
schemes (subsection. We focus in the analysis on the schemes with tamed drift coefficients, where the
super-linear drifts are approximated by functions which are bounded depending on the mesh size (similar
to the tamed Euler schemes in [24]). A simplified version of the proofs gives the corresponding results
for the Milstein scheme without drift approximation in the global Lipschitz case, and we only state the
assumptions required in subsection [2.3

2.1 Assumptions and interacting particle system
For a given T' > 0, we consider the following R%-valued McKean-Vlasov SDE on [0,T7,
dXt :b(Xt;ZXt) dt+O'(Xt,$Xt)th, XO :E, (21)

where we recall that Zx, denotes the marginal law of X at the time ¢t € [0,7], b : R? x Z2,(R%) — R4,
o : R x P5(RY) — R? @ R™ are measurable functions, ¢ € L9(R?), for all p > 1, and (W})¢>o is an
m-dimensional Brownian motion on the filtered, atomless probability space (€, .%, (#;)i>0,P), where
(Z1)i>0 is the natural filtration of (W;);>¢ augmented with an independent o-algebra .Zg.

We assume, for any z,y € R? and u,v € Z5(R?) the following:



(A}) There exist constants L}, > 0 such that

(x —y,b(z, p) — by, ) < Lylz —y|?, (1)
|b(x, 1) — b(y, )| < Ly(1+ [x]* + [y|**)|z -yl (2)
|b(x, 1) — b(x,v)| < LyWa(p,v). (3)

(Al) There exists a constant LL > 0 such that
lo(@, 1) = oy, v)|| < Lo (Jo =yl + Wa(p, v)).

The analysis presented below can be readily extended to the case where b and ¢ depend explicitly on
t in a Lipschitz continuous way.

We recall that under these assumptions [25, Theorem 3.3] guarantees that has a unique strong
solution with bounded p-th moments, i.e., we have E||X||%, - < oo, where || X%, ; := supg<,<, | X;[P, for
t>0andp>1.

For each i € Sy := {1,...,N}, let (W X{}) be independent copies of (W, Xy). Consider first the
following non-interacting particle system associated with ,

AX] = b(X], Lx;) dt + o(X{, Lx;) AW/,  Lx; = Lx,, i€Sn. (2.2)

One obviously has Zx, = Zx;, i € Sy. Compared to the simulation of classical SDEs, the key difference
is the need to approximate the measure Zx,, for each t > 0. To do so, we introduce the following
interacting particle system (see e.g., [4])

AxN = b(XPN, g dt+ o (XN T AW, XN = X§, i€ Sy, (2.3)

where ;% (d:r) =% Z;V=1 6X3,N(dx).
It is easy to deduce from (A}) and (Al) and the estimate

%N ~ 1
W (o, g N)? < Sl —y? %y e R, (2.4)

where N (dr) = %Zj\;l 0z, (dz) for x := (x1,x2,...,7N) that the stochastic interacting particle

system ([2.3)) is well-posed.

2.2 Time-stepping schemes and main results

Since the drift term b is not assumed to be Lipschitz with respect to the spatial argument, the standard
Euler scheme is, in general, not suitable for , due to the potential moment-unboundedness of the
time-discretised interacting particle system [14]. Here, we propose two novel stable time-stepping schemes
which achieve a first order strong convergence rate.

We partition a given time interval [0, 7] into M € N steps of equal length ¢ := T//M. In the sequel, we
set t,, := nd and for any ¢ € [0,T], we define t5 := max{t,| t, <t} = [t/§|. Now, forn € {0,..., M —1},

we introduce the following tamed Milstein schemes: For each i € Sy, Y;;H is computed by
N N N ;
Yt bl YZ +b5( ln aﬂf )5+U( tzn Mf )AW:z

tn+1 N v . N yoN s ) )
+ / Vo Vi ud Yo (viN ud ™) / AWidW;
t t

n n

ni1 ] v N
/ ZDL Vi YN (VN ) / AWidw (2.5)

where the driving Brownian motions W* and initial values Yl N = X b are assumed to be independent

and AW, := W}  —W{ . In addition, we used the notation uy “(da) = + Zjvzl 5Yth;N (dz). Above,

Vo denotes the first order gradient operator (applied to each column of o) with respect to the state
variable of o and D¥¢ is the Lions derivative operator (see electronic appendix for details). Note that



for z,y € RY, p € P5(RY), Vo(z,n) and DEo(z, p)(y) are tensors and can be viewed as linear operators
from R? to R? @ R™.

We define bs in two different ways yielding two schemes, which will subsequently be denoted by Scheme
1 and Scheme 2, respectively: For Scheme 1, we use

b(z, ) d d
b = R P5(R
and for Scheme 2, we define
b(xvu> d d
b = R P (R?).
5(503/“) 1—‘1-6‘1)(111‘,/1)‘2’ T € , b€ 2( )
Note that the following bounds hold for the two different choices of bs:
e ) M e, )| Sz
———— <} N — ———<1|b ANl —. 2.6
T3 oea, ] = M@ mIN T 15 ole(a, P = P@mIny 7 (2:6)

Remark 2.1. If the drift b is also globally Lipschitz in the state component, taming is not necessary and
we can instead introduce a standard Milstein scheme by simply replacing bs in with b; see subsection

[2.3 for details of this case.
The continuous time version of (2.5 reads

t
i i oN i oN i oN i
AP =l Yk (ol [ (o ) aw
ts
2.7
1 al ! L iN | YN 3,N 5N YN j i i,N iN 27
+ 2 | DRI e (VN T awd ) awi v = X,

rs
j=1"t

Remark 2.2. Compared to the classical Milstein scheme for standard SDFEs without measure dependence,
a term involving the L-derivative appears. Although this term is crucial for the theoretical analysis of the
scheme for fixed N, it can be dropped in practice for large N and when an approximation to the limiting
McKean—Vlasov equation is sought. We will provide a theoretical justification in the Lipschitz case at the
end of subsection and give a numerical illustration in Section[])

In what follows, we show that the fully discretised particle system converges, in a strong sense, to a
solution of the limit McKean—Vlasov SDE if N — co and § — 0 and establish the order of convergence.
To establish the following main result on moment stability and strong convergence of the above proposed
time-stepping schemes, we need further assumptions on the coefficients b and 0. We refer the reader to
the online appendix of this paper for the precise definitions of the function spaces used in the assumptions
listed below, in particular the class C%D(R? x 2, (R9)).

For any z,2’,y,y € R? and pu,v € 225(R?), we require the following:

(A2) Set b= (by,...,ba)*, let b; € C>ZD (R x P, (R?)) and assume that there exist constants L?, as > 0
such that for all ¢ € {1,...,d}
IV2bi (e, ) || VIV A{D by, ) (D} )V I(DE)?bi(a, 1) (y, )|
< Ly [0y 4+ (] - %)

1tag

2)7

where V2 is the second order gradient operator with respect to the first argument and (D%)? the
second order L-derivative operator.

(A}) There exist constants L}, az > 0 such that

IVb(x, 1) — Vb(y, v)|| < Li(|lz — y| + Wa(p,v))
(L4 [2]2 + [yl + p(] - )F +u(]-11)F),
1D b, 1) (y) — DPb(a',v) ()| < Li(lz — o' + |y — o' + Wa(p, v))
(1 |22 + [yl + 2] + i/ [0 + (| - ) F +v(] - [?)

)



(A}) There exists a constant L} > 0 such that |b(0, u)| < L.
Concerning the diffusion coefficient o, we further impose, for all z,2’,y,y’ € R and u,v € P(R?):

(A2) Let 0;; € C2ZD(R? x P5(R?)), where 0;; denotes the (i, 5)-th component of ¢, and assume that
there exists a constant L2 > 0 such that for all i € {1,...,m}, j € {1,...,d}

D% () )|V V4D 0, ) (V)| V(D520 (1) (9, 9) | < L.
(A2) There exists a constant L3 > 0 such that

Vo (z, 1) — Vo(y,v)| < Li(|lx — y| + Wa(p,v)), (1)
Do (z, 1) (y) — D o (2, v) ()| < Li(Jx — 2’| + |y — /| + Wa(p, v)). (2)

(A%) There exists a constant L% > 0 such that ||o(0, u)|| + [|[DEo(z, u)(y)o(y, u)|| < LE.

Remark 2.3. The first inequality in (A;) is the so called one-sided Lipschitz condition which is needed
to control the polynomial growth of the drift in the state variable (uniformly with respect to the measure
variable). The third inequality in (A}) and assumption (AL) express that both coefficients are globally
Lipschitz continuous in the measure component (uniformly in the state variable). In (A})-(A3) and
(A2 )-(A3), we require growth and Lipschitz conditions on the derivatives of b and o, which are necessary
for the strong convergence analysis. Further, we assume uniform boundedness of the coefficients in the
measure component in (A}) and (A1), which is essential to achieve moment boundedness of Scheme 1.

Now we are in a position to present our first main result (concerned with Scheme 1) and we remark that
in Section [3] we give more details on the generic constants used in the statement of the results.
Lemma 2.4. Let Yt’;N, n € {0,..., M}, be defined as in 1) with bs(z, p) = % and p > 1.
Then, under assumptions (A}), (A}), (Al), (A2) and (AZ2), there exists a constant C' > 0 independent
of M (0, respectively) such that

sup  sup E[YONP<C

i€SN ne{0,...,M}

Proof. The proof is deferred to Section [3] subsection [3.1 O
Theorem 2.5. Let p > 1. Assume (A})-(A}), and (AL)-(AZL). Let (Yf’N)te[oyT] be defined by ||
with bs(z, pu) = %. Then there exists a constant C' > 0 independent of M (§, respectively) and
N such that ‘ ‘

E[X"N —Y* NP <C8,  ieSy. (2.8)
Proof. The proof is deferred to Section O

The following corollary is an immediate consequence of the above theorem and the pathwise propa-
gation of chaos result in [24) Proposition 3.1].

Corollary 2.6. Let the assumptions of Theorem [2.5 hold for p = 2. Then there exists a constant C > 0
independent of M (5, respectively) and N such that

E|X* = Y"N|2, 1+ <C(® +¢(N)), i€Sn,

where
N2 ford < 4,
#(N)=<{ N~Y21og N, ford=4, (2.9)
N—2/d, for d > 4.



Remark 2.7. Let (Y;Z-’N)te[oﬁT] be defined by Scheme 2, i.e., with bs(z, ) = bz, 1)/ (1+68|b(x, 1)|?).
Assume, for somep > 1, (A;)f(Ag), (AL)-(A3) and X, € Lgp(1+a)(Rd), where & = aq V ag V ag. Then
the statement of Theorem still holds.

Due to the choice of taming, we have the stronger bound in (2.6) and the moment boundedness of
Scheme 2 follows immediately from [18, Lemma 4.3] (see also Rem below). The proof of the strong
convergence rate is then analogous to Scheme 1 and is therefore omitted.

The crucial difference between these two results is that for Scheme 2 we do not need to require (Ay)
and (A%), i.c., that the coefficients are uniformly bounded in the measure component. The reason is that
the taming for Scheme 2 is stronger than for Scheme 1. The numerical tests in Section[{] show, however,
that Scheme 1 is significantly more accurate in all cases studied, even when (A}) and (AL) are violated.

Remark 2.8. To prove moment boundedness for Scheme 1, a pathwise estimate of the time-discretised
particle system is required. In order to obtain such an estimate the mean-field terms need to be controlled.
Here, our main contribution is to show how the Lévy area terms in above schemes can be handled in a
pathwise sense (see Lemma . In [T1)], a commutativity assumption for the diffusion matriz is imposed,
such that the Lévy areas vanish. The techniques used to prove our result can also be employed to relax
the assumptions imposed in [I1]].

2.3 Milstein scheme for globally Lipschitz drift

For the sake of completeness, we give a set of model assumptions which allow to derive an analogous
convergence result for a standard Milstein scheme, i.e., without taming the drift. We assume (Al)-(A3)
for the diffusion coefficient, and for any x,z’,y,y’ € R? and p,v € P5(RY) we impose:

(AA}) There exists a constant L > 0 such that
Ib(, 1) = by, )|l < Ly (lz =yl + Wa(p, v)).

(AA?) Set b= (by,...,ba)*, let b; € C>2ZD(RY x P25 (R?)) and assume that there exists a constant L? > 0
such that for alli € {1,...,d}

IV{Dbi(, ) (D} ) V 1(DF)?bi(, 1) ()| < L.
(AA}) There exists a constant L7 > 0 such that

IVb(, 1) = Vb(y, v)|| < Ly(lx — y| + Wa(p, v)), (1)
1D b(z, 1) (y) = Db(a’, v) ()| < Li(Je — 2’| + |y — /| + Wa(p, v)). (2)

Under the assumptions listed above, the standard Milstein scheme defined as in , with bs replaced
by b, is stable (i.e., has bounded moments) and converges with strong order 1. As b and ¢ have linear
growth in both components and the particles are identically distributed, the claim concerning the stability
of the scheme follows by a standard Gronwall type argument. The proof for the strong convergence order
is a simplified version of the proof of Theorem and is therefore omitted.

We end by estimating the term involving the L-derivative in (2.5)),

tarr 1 N gt . N _ N S
LR Pt e aw, (210)
n i=
which is expected to be close to zero for large N, as explained by the following heuristic observation.
Instead of discretising the particle system, we can directly discretise in time using a Milstein
scheme without employing the particle approximation for the measure. It6’s formula applied to a function
from C*11D (R x P, (R%)), in our case to the components o;; of the diffusion coefficient, i € {1,...,m},
je{l,...,d}, gives

1
dO’ij(X&gXS) = l2tr(00*v20ij)(Xs,$XS) + <b, 8waij> (XS)XXS)



+/Rd [%tr{aa*(y,XXS)V{DLUij(Xs,fxs)(')}(y)}

+ <b(ya sz)a DLUij (Xsa D%Xg)(y)> i| D%XS (dy)] ds

+{(0"Voi)(Xs, Lx,),dWs) ,

where tr denotes the standard trace operator (see [6, Proposition 5.102]). Using this expansion, we can
introduce a Milstein scheme for (2.1))

Yios, = Yo, +b(Yi,, S, ) 6+0(Y

n? n?

n+1

trnt1 S
B JAW,+ / Vo(Ye,, %, )o(Ye,, L) / AW, dW,, (2.11)
t

tn

n

forn € {0,..., M — 1}, with Y5 = X,. Therefore, it is reasonable to expect that the term vanishes
as N — oo, since and (with bs replaced by b, as we restrict this discussion to a global Lipschitz
setting) should coincide for N — oo, i.e., a propagation of chaos result for the time-discrete system.

More precisely, we give the following proposition. We only prove this statement for globally Lipschitz
coefficients, but expect a similar result to hold in the general setting of this paper. To prove the claim
we additionally require the following for any z,2’,y,y’ € R? and u,v € Po(R?):

(AAL) Let o be continuously differentiable in both components and assume that there exists a constant
LL > 0 such that

1(Vo)o(z, u) = (Vo)o(z', )| < L (jo — | + Wa(p,v)), (1)
ID%o (2, 1) (y)o(y, u) = Dro(a’,v)(y)o(y . V)| < Lo(lw — | + |y — /| + Wa(p,v)).  (2)
Proposition 2.9. Assume (AA}), (Al), (AAL) and X, € LI(R%). Further, for i € Sy and n €

{0,..., M}, let Y be given by 1) with independent copies (W*, X}) of (W, Xp), and Y;ZWN be defined
by (2.5)), with bs replaced by b. Then, there exists a constant C' > 0 such that

< O¢(N).

i\N ;|2
sup sup E ‘Y;n -Y
i€SN ne{0,...,M}

Proof. The proof is provided in Section O

3 Proofs of results

Here, and throughout the remaining article, we write a < b to express that there exists a constant C' > 0
such that a < Cb, where a,b € R. The implied constant C' > 0 may depend on the parameters p, e, T, m, d,
the constants appearing in above assumptions and the moments of the initial data, but is independent
of M (and §, respectively) and N. Also implied constants may change their values from line to line in a
sequence of inequalities. To make the presentation clearer, we split the proof of Theorem into several
auxiliary lemmata.

For the sake of readability, we also set, for any i € Sy,

t
. L N N i i N i
Ti= o (VN 4, >+/w<-,u,§ YVEN o (VN ™) aw

Ts
ts
1t N N
+NZ t Dro (YN, py, Y YL (VN py ) AW, (3.1)
Jj=17v7%
t
The= oV N, ) =k M 1=/{U(Xé’N,uf”N)—Ti}dW; Z0N = XN Y

0

3.1 Proof of Lemma [2.4]

Proof. We utilise ideas developed in [I3] for tamed schemes for standard SDEs. We will point these out
and focus on the key differences to [13].



For i € Sy, we set

. m trnt1 ) ) N 1 N m tni1 . )
(Z— ,T 2,9 T, — 7,7 2,9
A=Y /t AW dW5a | | ABN = NE: > /t AW dWia| |

rq=1 " j=1r,q=1 "

where W/ denotes the p-th component of the Brownian motion W* and AW{ = W{ — W{ . Define

, , 1 N 1
Q=<wen ’ sup Al (w) < —, sup A7 (w) < —;,
{ k€{0,...,n—1} b(e) VM kefo,..n—1} b ) vM
L= wen ‘ sup ( E(w) + Dk’,\(w)) < MM eant sup AW (W) < 1p,
’ k€{0,...,n—1} ’ k€{0,...,n—1}

the set of events such that the processes wa\ : Q — [0, 00), given by

)

n—1
A+ sup ZA(\AW&|2+A§;+a2)

le = (/\2 + |YOi’N|2) exp
{o,..., n} k—u

and D, » : Q — [0,00) (precisely defined at the end of the proof), for i € Sy, n € {0,...,M}, are
small enough. Further, A > 1 is some sufficiently large constant and fl; : Q = [0,00), for i € Sy,
n € {0,..., M}, will be defined at a later stage of the proof.

Also, we introduce the quantity

. )
Oén = I{|Y’L,N

tn

Y o (N AW,
AR Yo ’
where ¢ > 1 and its role will become clearer at a later stage of the proof. Let YtzN be given by 1)

then we aim at showing that ‘ '
th:N|2 < D;,)\ + Dn,)n (32)

IQ;yAng‘l
for alli € Sy, n € {0,..., M} and M € N. Inequality (3.2) is a pathwise estimate of each particle on the
set of events Qil , N and is a version of [I3| Lemma 3.1] adapted to particle systems. This lemma is
the crucial result to obtain p-th moment bounds of tamed schemes.

Note that on €, ., N QL \ N {w]| YN (w)] < ¢} we have due to (A}), (A), (AL), (A2) and (A2)
that there exists some constant C' > 0 such that
iN iN i,N N LN yoN LN yoN
Yoo < Y oo™, I+ Cllo (Y™ mg, )+ Cl(Vo)a (Y™ ue, )
N
1 i,N N N N yoN
+C% YD e (VN wd Yo (VY il )
j=1
< e+ O3+ VNN 4 Cly N + 0 <

foralln € {0,...,M —1} and M € N, where A > 1 is chosen large enough and depends on the constants
appearing in the assumptions for b and ¢ and the terminal time 7" > 0.
Further, we obtain from standard inequalities,

) ) ) ) tnt1 ) 2
YN = [V e ba VNl 6+ [
t

n+1
tnt1 .
3 (2
/ i Aw!
t

n

L 20 <Yz',N b(yN MY'*N)>_|_2<Y1',N /t"Jr1 i dWi>
AN T

n

2
<N 202y TP+ 2

n

In the sequel, we will need the set of events, for ¢ chosen appropriately,

Dy 1= fw € Q) MYV2A2 > VIV ()] > o).



Using the global Lipschitz assumption (Al) for o and the growth condition on (Vo)o, see (A),
allows us to deduce that

N .. N N i, N N i N
lo (VN u, I S N Vo (v, o VN ul I S V. (3-3)

From the one-sided Lipschitz assumption and the polynomial growth in the state variable in (A}),
(NNl ) SIVENE N P S MIYEN R,

By virtue of (3.3), we obtain the estimate

bnpr
/ i AW
t

n

2
SIVENPRIAWE P 4 [V PAL 4+ (ARN) on QL N0,

Note that on €, 4

) tng1 ) ) .
(v, [ rsaws) (Vo AW + W P + A
t

n

Further, for » # ¢ we have the following decomposition of the Lévy area

tnt1 . , , ,
/ AWPTAWET = AW "AH? — AW IAH] + L9,
i

n

where L7 is a logistic random variable with zero mean and variance 7562 and AHZ (the space time
Lévy area) is normally distributed with zero mean and variance 1562 (see [10, 0] and references therein
for details). Using this, we may write

‘Y'LN‘QAZ < |YZN (Z ‘AWlTAHq‘—f— Z ’sz,qAHT’_’_ Z |Lr,q|>

r,q=1 r,q=1 r,qg=1

? (Z (AW + Y [(AHD [+ D (AW + ) [(AHD)? [+ Lfﬂl)
r=1 qg=1 qg=1 r=1

r,g=1
_ |vuN 2 i
Therefore, on 2, ,; N Q% we have, for some constant C' > 0,

VN2 < VNP 4 08T + 1) YN P

FONWENPG IAWR) + 2 (Vi o (VN ul ™ AW ) + O AL + Sy pagy,

where ¢ will be set to C. Hence, it can be shown that there is a sufficiently large A > 1 such that

tni1

A A , . ) .
i < (e (g 4 AGAWER 4+ ol ) + ) (3.4
on QN QL, . For a sufficiently large M and some positive real parameter a we have

2r+ab (H (—2) - H (-2 -

E (exp(a|LP9))) = 4 i —3)) <14 Cd <exp(C9), (3.5)

where C' > 0 is independent of 6 and H(-) is the harmonic number for real values.
For the additional summand A% in (3.4), which does not appear in [13, Lemma 3.1], defining

. by . - .
It = exp <M +AAWE? + AL + a;)>

10



and iterating (3.4) gives, for an integer ¢ < n,

n
VORI < YN PL N PARY << NPT AT,
l=q
It remains to analyse

n n n
H(IZ + Af’N) = HIZ’ + HAf’N + mixed terms,
l=q l=q l=q
where the first product can be estimated by D;H’)\, which can be treated as in [I3, Lemma 3.5]. The
second product and the mixed terms, in total at most 2™ terms, have the form

. . LN i N .
AGN LAY LAY ALY, (3.6)
Let now {ly, lo, ... ,l~u} =: L, for u € {1,...,n}, denote the set of indices indicating an appearance of I°

in (3.6). We can estimate

i,N i i,N 14 i,N i,N
AN AN AN A

< ()\2 + |YOi’N|2) exp | A+ sup Z A (|AW,§|2 + AL + a};) AN A;;N . Af;N AN (3.7)
Lelicl

This allows us to introduce Dy, 1 ) 1= H?:o A?’N + mixed terms, where the mixed terms are defined by
(3.7). Further, note that all factors of the form (3.7)) are in expectation of order O(5"), where r denotes

. N
the number of appearances of a factor of the form A;’N, due to Holder’s inequality and E (A;’N) < 09 for

g > 1. Hence, in total, we obtain a term of order Zﬁio (A]f) dM=k which tends to e (Euler’s constant),
as M — oo.

An inductive argument as in [I3] Lemma 3.1] allows us to deduce . Furthermore, due to
and (3.7)), analogous statements to [13, Lemmas 3.2-3.8] still hold true O

3.2 Some auxiliary lemmata

Lemma 3.1. Assume (A}) and (Al)-(A3). Then, for all p > 1, there is a constant C' > 0 such that
AP = / (Ello (X2, 1) = 11)2) 7 ds < {6% + / (B|ZENPP)F s}, =0, (3.8)
0 0

Proof. From (Al) and Minkowski’s inequality, we derive that
t

t
Ai”’ﬁf (lEllo(Xé’Nyuﬁ‘"N)—U(Ki’N,uf"N)IIQ”)%d”/ (E[|TE*)7 ds
0 0
< ‘ i,N[2p\ = 1 Y ‘ 3,N |2p\ = ! i12p\ =
S | @ZNPTas+ 537 | EIZEVP)Eds + | EITP)T ds
j=1

t

t
< / (E|Z0N[2)E ds + / (E|T )5 ds,
0 0

where in the last display we used the fact that Zti’N,i € Sn,t € [0,T], are identically distributed.
Consequently, to derive (3.8)), it is sufficient to show that

(E[TH)> < 6% (3.9)
In the sequel, we aim at verifying . According to [7, Proposition 3.1], we have
T g 2) = P ()5, 4 2D ) ),
8;;?(%7 Ny = {6201616(;?&")1‘1) (1) + ;3{DL0M(8-,£X)N)($¢)} (:El)}5“ (3.10)
+ g (DM Vo, %) (a,27) + 5 VD a5 ()} ), 5 € S

11



where oy; is a component of o, and k € {1,...,m}, 1 € {1,...,d}. Also, §;;, =1, for j =4 and §,,; =0,
for j # 4. It0’s formula in combination with (3.10) yields

i t N i i N 1 N t i N . . N
L= Votom DOE b ) ds 5 3 [ DR )b (N ) ds
j=17ts

/t (Pt ) + FDE o )
+ li( 1 (DE)2o (YN Y'»N)(Yk,N ykN)
2 S 7/’LS S I S

- %V{D%M’N,@"”)(»}(n’“”)) b (T, Yier) ds

(Dot ) = Vool Y, AW
/ Voloud )Y / (Vo (i, VYN (VN ™) awi aw?

1 ¢ N . . ) ,
+NZ / DE (YN, ) (v / Vol ul, YY) (VN ™) AW dw]
j=1"1s

N t
1 N . ) )
+ = / Vol ud " )YEN) / DEo (YN, 1Y Y (YN ) o (VEN, @Y ) aw awl

j=1""t
1 ad ! L i, N L N YN N N YN j i
tam > [ DreiN Y / DEG(VN, uX ™Y Mo (VN ™) awd aw?
j=1"t
N t
1 . N . . N . . N .
+5 {(Dro (YN, ul T )(YPN) = Dra(YON uly O YEN e (YEN  ul, ) AW
j=1"71s
9
ki
=Y ek,
k=1

where (e7)1<i<m is the standard orthogonal basis of R™. Note that Lemma implies that there is a
constant C' > 0 such that

sup sup E|Y,N|P < C. (3.11)
i€Sn 0<t<T

Due to (2) and (3) of (A}) and (A]), one has

bz, i) + [l (@, )l ST+ 2T + (|- )2, a,y € R pe Po(RY). (3.12)

Further, note that (AL) implies

IVyo(z,m Syl @,y €RY e Po(RY). (3.13)
Obviously, (3.11) and (3.12)) yield
i oN i WN
sup {Eb(Y;"™, u )P + Ello (¥, u )P} < C. (3.14)
0<t<T

By Holder’s inequality and Minkowski’s inequality, it follows from (3.11]), (3.13)), (3.14) and (A2) that

ki 1
(B[O |*7)>

M«

=~
Il

1

t
55/ (EIIVo (-, md )Y 2 ds(EIb(YN, )[4 2

ts

12



/(EHDLO(K’N,MX’N)(Y]N)||4”)2P ds(Ep(YVEN, ul, )| %

ts

2\%
uMz

EV2o(, 1 ) YEN|*P) 2 + (B|V{D o (1t )YV HYEN) |22

E‘H

N
5 Z E[[(D") 2o (YN, 1Y ) (YEN YN )2
=1

_(BIV{D (", JOIEEN ) E @) ds

Z\H
)—'MZ

<6 (3.15)
Taking (3.11))-(3.14), and (A2) into consideration yields

sup E[Y;"N — Y;i’N|q <63, ¢>1, ieSy.
0<t<T

Therefore, employing BDG’s inequality in combination with Holder’s inequality, gives that

(E|lOF|2P)»

M

>
Il

4
SNy i, N L
SEEIVa(pmy, YNV uy, )I*) 2

t
i SN 1 N . N i, 1
+ @I, [ EIVaC ")) = ol ) ds

ts
5% i, N Ny Nyj4
N E[Vo(,uml, VEEo (VN ul ™ )|P) 7
j=1
5 A L "N yoN 3N N YN\ 4py =
+ N (EHD 0-(1/1‘,5 7lut(s )(}/tg )U(Efté‘ 7/’1’755 )H )2p
j=1
52 N I ’LN Y"N j,N j,N Y"N 417 1
N 5 > (EBID (VN )V ) e (VN ) *) %
j=1
1oL [t . N . \
+ /(]EHDLU(Y!’NMK )(YIN) = DEa(y N wl ") (v N)||*) % ds
j=1"1
x Eo (YN, ud, )7 < 62, (3.16)
where we exploited (A2), (A3), and (3.11)-(3.13)) in the last display. Consequently, (3.9) follows from
[B.15) and (3.10). 0

Lemma 3.2. Assume (A}) and (Al)-(A2). Then, for all ¢ > 0, p > 1, there exists a constant C' > 0
such that

t . P
(] [z tias
0

N i i i %
T o= V(e w, NN (YN wl Y (Wi = W),

The same result can be shown if T7 is replaced by

1 t
)” < s(EHZ“NHiQt)E + C{/O (E|Z;?N|2p)% ds + 52}, t>0, (3.17)

where

N
z B B SN 1 1
Z NIV e (YN wl YW - W),

13



Proof. Since
i, 7, i, i, SN i, N i N SN
20N = 20N Y ) N 0 )+ Y ) — s (VEN e t)
t
. .YN 1/
UG N R C AT ST
ts
! N XN iN Yol ' " i
[ o ) = oYy awi+ [ riaw,
ts ts

where I'¥ was introduced in (3.1]), we deduce from Minkowski’s inequality that

1/p P\ 5

‘/ (ZiN, 1) ds| ‘/ (N Tiyd (/ / Ty AW, T ds|)

, N o N

5| [ / BN X ™) b X )y 1) )

0 s

)
! iWN YN N YN i P\

(B] [ iy ™) = sl 03 = 50 T as])

(8] [ o) = ot paws 1) asf ')

6

S =

(
i (B] [ 000 ) 0 s - ). T s

+

= Z[Xfl

k=1
In what follows, we will estimate f\i“, k=1,...,6, one-by-one. By It6’s formula, one has
A((t = tep) (W = W) = (W = W) At + (= typn) AW, E € [th, il
which implies that
/ (ZEN Tids

Lt/8) ntppant

—Z / (ZEN Vb 1YY (VN iy d((s — b ) (WE — Wi )))
Lt/éj try1 At . . N '
-y / (5 — tean(ZEN Ob( iYW Yo (VN ) awrdy
k=0 7t

= (t — (ts + O))N(ZEN V(- VYN e (VN (W — W)

)

t
- / (5 — (55 + ONZEN b, w2, ™ Y (YiN o (VEN | X ) a ),

Hence, we deduce from Young’s inequality and BDG’s inequality that

~1. 2¢e i 1 5(5 yoN i i
At < *(EHZ’NHiQt)P + 4o BV, N e (N )
562 N i, i N 1
+ [@Ivoe, “er al,  a (3.18)

2¢e i 1
<+ (E|Z N2 )P+ Cle)?

for some constant C'(g) > 0, where in the last display we utilised (3.11]), (3.14) and
IVO(, ) (@) S 1+ |2[*, (3.19)

14



due to (2) of (A}). Via Holder’s inequality, we find from and (3.12), together with (3.19) that
(B|Ti%)% < 542 (3.20)
Next, Hélder’s inequality followed by BDG’s inequality, gives
~ 9 t s .12p ﬁ A 1 t s . ﬁ
A¥ < / (]E‘/ ri AW ) (E|T%[27)35 ds < 51/2/ (51’*1/ E||T |2 dr) ds <%, (3.21)
0 S5 0 S5

where we used (3.20]) in the second step, and ( in the last step. Using Minkowski’s inequality and
Holder’s inequality, we derive from (2) and (3) of (A1 (2:4), and (3.20) that

t s
At [ Oy, ) —bOnsY i P @ ds
$a / [ {0+ @ e @B - E (g
Z (BIXN — XI5 Lards < 02,

where in the last estimate we utilised that E| X*N|? . < C and E| X} — X} N|q < 5972, for q > 1 and
i € Sy. Applying Hélder’s inequality and Young’s 1nequahty, we deduce from (3.11]) and (3.20)) that

A41<L (5/ |Z1N|(1+|X |a1 |Y1N|a1)|TZ|) ) » ds

Léé 3,N |13~ [\p 1
+N;/O<E<|Zsa ITi)? ds

2 ; L)% [t -, 2
< 2|z b+ 2 [ as 529
) ’ 4e 0
5(L})%ts? . .
# SERE [0 i vy o ™ o ) BT s
2 1
(EHZ’NH )7+ Ca(e)d?
for some constant C(g) > 0. Taking advantage of (3.14) and (3.20) gives
t
25,0 i ERANTEY L
AP S52/0 (E(b(YN, iy TP ds < 82 (3.24)

Finally, applying BDG’s, Minkowski’s, and Young’s inequalities, and taking (AL), ) and ( into
account, leads to

Iy tops , N ‘ N t5 .
A< oo [ ] @l ) = N Py drds + 52 BT ds
106t Jo Js, 2¢ Jo (3.25)
< Z(B|Z°N|2 )7 + C(e)s?
for some constant C(e) > 0. Consequently, (3.17) follows from (3.18) and (3.21)-(3.25). O

Lemma 3.3. Assume (A})-(A}) and (Al)-(A2). Then, for all € > 0, p > 1, there exists a constant
C > 0 such that

t
(i, i, i, o i, S 1
piv . = / ENZEN BN 1) b(VEN 1 ) ds

0 \ (3.26)
@2z} +of [@zprias ), iz
0
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Proof. Using (3.10)) with o therein replaced by b, we obtain from It6’s formula that

b(YZN,utY ) — bV

ts

Vb(-,ﬂsé’ YY) o (VSN ul, ) dW

S5
ts
1 N t . N . N . t N . . N
oy 2 | DO O e (VN ) AW | VRGN b (VY ) ds
j=1 ts ts
1 Y i L iN Yol 3,N N Yol
Ty 2 ), DR O bs (VY ) ds
j=1"ts
1L . N . o~ . ,
+NZ/{DL6(Y;’N,NSY’ YY) = DR (YN pu ) (YEN ) Yo (VI uk, ) AW
j=1""
1« ¢ 2 YN i, N 2 L yoN i, N i,N
t5 2 [ VIRl )+ S VADERC pd )(YHYY)
1=1"1%s
1L 1 1
520 (DNl )Y EN YEN) 4 SV{DE(YIY )()}(Y”))}(T%l,rlend
k=1

t
+/ Vb(v/”'ZN)(YSZ,N) - Vb('ﬂu’s; )(Yrsz(;N)}U(Y';gN7H§;',N)dW;
ts

t s
b [ o ) / (Vo ™ YV (VN 1™ ) aw aw?
ts

N st
1 yoN zN L iN YN N N yoN _ .
¥ [ e o /D VNl N o (VN ud ™) awd aw]
‘7:
1 N . N Y ~ N N Y 4 |
+NZ;/t5D YN /w VYN (VEN  u ) W dwd
j:
1 N I iN YN I iN YN iN ANy ; i
TNz 1 tsD b(Y™, g D (VN 1Y (VI o (VN 1) aW dw}
=
11
-3
=1

where T? was given in (3.1)). Therefore, we have

) 11 t ) .
B <y [ @ vnpy s
1=1"70
By virtue of Lemma [3.2] one has

t t
[ @z wiors s <@z zgr of [®zvmiasse). e
0 0

for some constant C' > 0 and € > 0. On the other hand, following the steps of the proof of Lemma
there exists a constant C' > 0 such that

t t
[ Bz wopas < @Iz vz v of [ @z e} e
0 0

Next, by Young’s inequality, it follows that

11

7, 7 1 € i, 1 1 ¢ 1 1
Z/ (ZEV PP ds < SEIZN I F + 52> [ @l as

=3
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Following analogous arguments to those for (3.15)) and (3.16)), we deduce from (A})-(A}) and (Al)-(A2)

Z/ (|WLi2r))7 ds < 62 (3.29)

As a consequence, ([3.26)) follows directly from (3.27)), (3.28) and (3.29). O

3.3 Proof of Theorem [2.5]
With Lemmas [3.1] and [3.3] at hand, we are in a position to complete the proof of Theorem
Proof. In the sequel, we fix i € Sy and recall ¢ € [0, T]. We aim at showing that

E| 25N 5 7 < 077, (3.30)

for p > 1. By Ito’s formula, along with YOZ"N = Xé’N, it follows that

‘ t
2N =2 / (2N B(XEN ) = b (VN k) ds + 2 / (2o, dMy)
0 0

t
+ / lo (XN XYY T2 ds,
0

where M and T? were defined in (3.1). Obviously, we have

t
. . N i N
/0 (ZN BN XY by (VN YY) ds

t t
= [ N ) oY ) ds [ 2N ) b ) ds
0 0

t . . N . N t i i N i LN
+ / (2N BN ) (YN YY) ds + / (ZN BN ) BN ) ds

= O+ 1+ 17 4 1

From the one-sided Lipschitz condition in (A}), one obviously has
t
T oo,e < Ll{/ | ZEN|? ds. (3.31)
0
Due to (3) of (A}) and Young’s inequality, we obtain from (2.4)

. 1/t L2 [t )
e < g | |Z;’N|2ds+—( 2 /szf s

(3.32)
<1 / \Zi / 123N 2 ds.
In terms of (2) of (A}), it follows immediately from Young’s inequality that
¢ ¢
M S [ 12 s 82 [ )P s
(3.33)

t t N
. . 1
S/ |Z;,N|2ds+52/ {1+|Y;§,N|2(1+m)+ NE: YgNz}
0 0 j=1

Thus, combining (3.31)), (3.32) with (3.33) and taking advantage of Lemmas and (with € small
enough), besides (3.11)) and (3.14)), we infer from Minkowski’s inequality that, for some constant C' > 0

. b AR
@Iz} <of [@z a3 [ @z as
0 =170
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N
+(52/ {1+(E\Y1N\2p(l+al )P+ Z E[Y7:N %) %}ds

0 —

)

1 : (O
< SEIZVILY + o+ @z} as), (3.31)

+ 17+ 407 + (E| / (ZiN, dM)
0

where we used that ZZ’N,Z' € Sy, are identically distributed and, for some constant C' > 0,

(6] [ v ] ) < f@izizat « Gair
0 oot 2 2¢

Thus, (3.30]) follows from (3.34]) and Gronwall’s inequality. O

3.4 Proof of 2.9
Proof. From the definitions of Y}  and v,

1 t, +1’ we obtain directly
2

tnt1 tnt1

‘Y _yi

= VN Y b T = b L )0+ (c (VN ) = oV S )) AW

bnt1 , , , bt _ _ s S
L R N AN / awiaw; ~ [ Vo, 2y o tvi 2 ) [ awiaw;
tn t . . tn

n

tnt1 q N . . . . s , 12
[ DR N ) [ awgaw:
tn — tn

Squaring out the right side of the previous equality and taking the expectation on both sides gives

2
E

ZN 7
Yo — Yo

trnt1

<E

. . 5 . 12
A s by )|+ aB] (oY )~ o(v B )) AW

n+l . ) ) ) tnt1 ) ) s ) 2
+4E\ / oVt el ) [ awiawi— [ e A v ) [ awiam:
t tn

tn n

tn

tnt1 q N . ) . . . s . 2
] [ LS Dl e ) [ awiaw;
S

+2B(Y N VBN NS b Sy )8) =B[N v

In the sequel, we estimate each of these expectations one-by-one.
First, using the imposed Lipschitz assumptions on b(-, ), o(-,-) and (Vo)o(-,-), we can readily esti-
mate, for some constant C' > 0,

I + 10y + 113 < C6 (E‘Yti;N—Yti

2 ~ . 2
+ EW, (gytb "azi,zv> ) ’

where [L}Z‘N is the empirical distribution of non-interacting particle system (Yti)ieSN- The term II4 can
be treated as follows: First, we compute

i1 1 & ; ; . , s , 02
B [ S e e e [ awgaw;
tn — \

n
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tnt1 1 N ) . . . . . . . s ) )
sm\ / NZ(DLa(Y;;N,uZL’”>(mN)o<nZ;N7uZ;N)—DLami,zyj YY) (Y, Ly )) / AW idw;
tn j:l tn tn tn

2

e 1 = j j ] s L .
* 2E‘/t N ZDLU(Y#”,fyg;l)(i’ti)o(iﬁ{”fm)/t AW dw?
o N E .
=: Iy + 4.

Also, due to assumption (AAL) (2), we obtain

, 2 o N\ 2
Iy, < C4° (E ‘YZ,;N —- Y. | +EW, (.,Sf’w ,g};'”) ) .
Further, for ease of notation, we restrict the analysis to d = 1 for the subsequent analysis:

2

tnt1 1 N . . . s . .
o< CE( [ 5 Y Dby 2, )00, 2, ) [ awjaw;
tn = " m St

tn41 . S . .
([ protr sy 000002, ) [ awgaw?)
tn tn tn tn

1 N
SCWZ]E

Jik=1

tnt1 s .
< ([ Dotk gy ek ) [ dwfdwz)]
6 tn tn

tn
N

1 tnt1 . ) ] s '
—o u| [ (0Pt et 2, ) [ aw)
J,k=1 n n

S 52
x (DLU(Ytivfytﬁ)(Kﬁ)a(ni,fyﬁz)/ de) ds| < C%
tn

where in the last display, we employed the independence and moment stability of the random variables
(Y} )iesy and the Brownian motions, respectively. Hence, using above estimates for Il4; and Il42, we get

5 . ,
H4<C§(N+IE vV -y

2 5N\ 2
+EW, (.,aﬁy; e ) )
Next, we compute, using the fact that b(-,-) is Lipschitz continuous in both components,
s = 2E(Y,Y = Y2 oYl )5 = bV s )9)

iN i
Y, Y

<Cs (E S EW, (.,sfm,ﬁi"’vf) .

Hence, putting everything together, we obtain

2
i,N i i,N i i.N i
E\Y, . —Y., | <E|Y, " Y. Y, =Y

ey 0 Ly i
+ (E +N+EW2< anvutn ))

. 12
<1+ COE|Y.N Y] | + Cog(N),

where ¢(N) is defined in the statement of Corollary 2.6. The constant C is independent of the present
time-step n € {0,...,M}. Consequently, recalling that Yf;’N = th), one can inductively prove that

) 12
E|Y;N Y| < C¢(N), for any n € {0,..., M}. O

4 Numerical results and implementation details

We now present a number of numerical tests to illustrate our theoretical results. For the following
Examples 1 to 5, we employ the particle method to approximate the law Zy, at each time-step ¢,
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n € {0,..., M}, by its empirical distribution. For our numerical experiments we used N = 10* (and
N =103 in Example 3), unless otherwise stated.

As we do not know the exact solution in the considered examples, the strong convergence with respect
to the number of time-steps is assessed by comparing two solutions computed on a fine and coarse time
grid, respectively, using the same samples of Brownian motion. Specifically, we compute the root-mean-
square error (RMSE) between the numerical solution Yf’N’l at a level [ of the time-discretisation with
2!T time steps and N particles, and the solution at level [ — 1, at the final time 7' = 1,

1 2
1 N yri,N -1
RMSE := | ;:1 (vt =y

where i refers to the i-th particle, i € Sy.

In Examples 1 to 5 below, we study the convergence order in §, the relevance of the L-derivative for a
small number of particles and the asymptotic behaviour of the L-derivative terms of the Milstein scheme,
and propagation of chaos.

4.1 Examples

In the examples presented below, we choose the parameter values o = 1.5, ¢ = 0.5 and set Xg = 1. These
non-globally Lipschitz SDEs satisfy all assumptions needed to guarantee a unique strong solution.

While Examples 1 to 3 have a linear measure dependence, i.e., o (or b) are of the form o(x,u) =
Jg 0(x,2") p(da’), for some function & : R x R — R, Examples 4 and 5 have coefficients with non-linear
measure dependence.

2

(%
(

Example 1: dX;

Xy — X3+ cEXt) dt + EX; dWW;.

2

Example 2:  dX, = (ZX, — X} + CEXt> dt + X, dW,.

Example 3: dX; = (%ZXt — X} + [psin (X —y) Zx, (dy)> dt+(X; + [ sin (X; —y) Lx, (dy)) dW,.

2

Example 4: dX, = (Z X — X7 + EXt> dt + [; [ sin(z + y)ZLx, (dy) Lx, (dz) dW,.

_y| =Xt
Example 5 dX, = (5X, - X +EX, ) dt +¢ = dw,.

Note that not all model assumptions needed to guarantee moment stability for Scheme 1 are satisfied in
the case of Examples 1, 2, 4 and 5, as (A7) and/or (A2) are violated. However, as illustrated numerically,
it seems reasonable that the established theory is also valid in a more general setting. Furthermore, we
remark that in Example 1 the diffusion coefficient only contains an expectation and does not explicitly
depend on the current state X; (i.e., the derivatives with respect to the state component vanishes). Simi-
larly, in Examples 4 and 5 we also do not have an explicit state dependence. Hence, we expect the tamed
Euler scheme to converge with order 1. This is confirmed numerically below as well. The drift bs of the
tamed Euler scheme is chosen as in Scheme 1 for the Milstein scheme.

4.2 Time-stepping schemes and L-derivative

We first use the two different tamed Milstein schemes (i.e., Scheme 1 and Scheme 2) without the L-
derivative terms for Examples 1 to 3. For all these examples, we observe in Fig. and Fig. strong
convergence of order 1.

From these numerical results, it is also apparent that Scheme 1 consistently outperforms Scheme
2 in terms of accuracy. We further note that the strong convergence order for Scheme 2 seems to be
observable for extremely fine time-grids (i.e., M > 2'2) only, which might be due to a large implied
constant appearing in the strong convergence analysis of Remark

Note that in the above examples the L-derivative of the diffusion term can be explicitly computed,
which allows us to compute the term . In Example 1, the L-derivative of the diffusion term is
simply D¥o(x, u)(y) = 1, for all y € R (see [6, Example 1 on page 385]). Similarly, the L-derivative of
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Figure 1: Numerical illustration for the strong convergence of Example 1, Example 2 (both left), and
Example 3 (right) using the tamed Euler scheme and both tamed Milstein schemes, Scheme 1 and Scheme
2 (without the L-derivative terms), respectively. In Example 1, the tamed Milstein scheme without the
L-derivative terms then coincides with the tamed Euler scheme.

the diffusion term appearing in Example 3 can be computed as Do (z, 1)(y) = 9, sin(z—y) = — cos(z—y),
for all y € R (see [6, Example 4 on page 389]), and for Example 4 as D o (z, p)(y) = 2 [; cos(z +y) u(dz),
for all y € R (see [6l Example 3 on page 387]). Finally, for Example 5, the chain rule shows that the

2
L-derivative of f : P5(R?) — R defined as follows: f(u) := exp ( Jz 9 + (fR g(x),u(dx)) ),
for some bounded and continuously differentiable function g : R — R (Wlth bounded derivative), is
gl@)u(da) ),

D) = e (- [ Plomtan + [

which is then applied with g(z) = 7%5.
We now state, for illustration purposes, the (full) tamed Milstein schemes for Examples 1 and 3. The
tamed Milstein scheme (Scheme 1) for Example 1 reads as

NZJ 1 tn
N
+ 5 2L Y|
N

Z lLN . Z/M/ dWidw?.
=1

The tamed Milstein scheme (Scheme 1) for Example 3 has the form

g(m)u(dw))z) ( —29(y)g' (y) +29'(y) /

R

L

— (VN3 4
— (VN3 +

YzN

tn+1

N
1 . .
J,N ()
o+ E YU AWL

2~ ,4,IN
TY, j=1

2
+46

o2 v i, N 0N\ N o (viN N
LN _yiN T, - (Ytn )3 + % Zj:l S1I (Ytn - Yt]n )
bt T o2 yiN _ (N N o (yiN _ i
Lo - @ S (v v )|
. N . .
B RCER ™ Z w (VoY - viN) ) aw;
N N .
1 iN N M | (AWE)2 — 6
o o) (1 o ) 0
J: :
1 o N N N oL N LN bntr g8
_NZICOS (v =) (v +N;Sm (v =) /t /t AWZdW!.
= = " n
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To illustrate the effect of the L-derivative, in Fig. we compare for Example 3 the strong convergence
rate of the tamed Milstein scheme (Scheme 1) without the terms involving the L-derivative, with a full-
tamed Milstein scheme, i.e., including the L-derivative terms, for N = 20. We employ the approximation
to the Lévy areas proposed in [3I]. The complexity for computing the Lévy areas for all time-steps is
O(N?M?3/?), where the additional factor M'/? comes from the choice for the truncation level of the
so-called Karhunen-Loeve expansion of certain Brownian Bridge processes.

-4 T T
S ——— Tamed Milstein scheme (1) (Example 3)
———— Tamed Milstein scheme (1) (Example 3) ~ ——+— Full-Tamed Milstein scheme (1) (Example 3)
-1 ——+— Full-Tamed Milstein scheme (1) (Example 3) N B slope -1
slope -1 B slope -0.5
2L
6 F e—
%\\
@ 3 _ ~
2 B 7 % N
g al z e
~ = ~
2 o -8F *
(=}
S 5l S
5 N
6L
> R
7t ] Ao )
8 -11 -
3 4 5 6 7 8 9 6 7 8 9 10 11 12
Level | Level |
(a) (b)

Figure 2: Numerical illustration of the strong convergence in Example 3 for the tamed Milstein scheme
(Scheme 1) with and without the L-derivative terms, with N = 20 particles (left) and N = 3 (right).

Both schemes converge strongly with order 1. Although the full-tamed Milstein scheme shows a
slightly better accuracy, we note that this additional gain is not significant taking the complexity of
computing the Lévy areas into accountﬂ In Fig. we show results for the same test with N = 3; also
performed for Examples 4 and 5 in Fig. [3a] This illustrates the necessity of implementing the L-derivative
terms to achieve the desired strong convergence order of 1 for fixed N, since the scheme without the L-
derivative terms only converges with order 1/2. Fig.[3b|explores this further by comparing, in the case of

211 H
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Figure 3: Tlustration of the effect of the L-derivative terms in the tamed Milstein scheme (Scheme 1) for
Examples 4 and 5 (left, for N = 3 particles) and Example 1 (right, for three different choices of N).

Example 1 (with ¢ = 1), the strong convergence rate of a tamed Euler scheme with a full-tamed Milstein
scheme including the L-derivative terms for different small N.

In Fig. we compute for a given step size 6 = 1/M the root-mean-square difference (for several
choices of N) between a numerical approximation of the particle system associated with the McKean—
Vlasov SDE in Example 5, obtained using a tamed Euler scheme (i.e., ignoring the L-derivative terms)

IDue to the high computational complexity, the time discretisation is coarser than the one chosen in Fig. below.
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and one obtained by the full-tamed Milstein scheme, at the final time 7" = 1. We choose M = 24,25, 26
for our tests. For a fixed choice of M, we then compute the RMSE for N; = 2!, for [ = 2,...,6, where

1 WNGM i N M 2
RMSE = [ = > (v — 7370,

L

where ?%’N’ M denotes the numerical approximation using a tamed Euler scheme of X at time 7" computed
with N; particles and M time steps, while Y}’N“M was computed using a full-tamed Milstein scheme.
We observe a strong convergence rate 1/2 with respect to the number of particles. For Examples 1

and 4 similar results were obtained and are therefore omitted.

4.3 Propagation of chaos

Fig. depicts the strong propagation of chaos convergence rate for Example 1. For a fixed number of
time steps M = 2% we compute for different sizes of the particle system, N; = 2!, for | = 3,...,7, a
RMSE between two particle systems,

1 GNGM i N M 2
RMSE = [ = > (v — 7770,

L i=1

where the particle system Y4N-M 1 < § < N, is obtained by splitting the set of Brownian motions driving
the particle system Y»NoM 1 < < Nj, in two sets and simulating two independent particle systems,
each of size N;/2: (?i’N“M’(l))lgiSNl/Q is a particle system obtained by using the Brownian motions
(Wi)lgigNl/Q and (?i’Nl7M’(2))Nl/2+1§i§Nl is obtained from the set (Wi)Nl/QHSiSNL. In particular, this
means that for these two smaller particle systems only N;/2 particles are used to approximate the mean-
field term. As a time discretisation scheme, we employ a tamed Euler scheme and the full-tamed Milstein
scheme, respectively. We observe a strong convergence order of 1/2 in terms of number of particles.
Corollary only proves a strong convergence order of 1/4 (see equation for d = 1). However,
recent results (see, e.g., [30, Theorem 2.4]) suggest that the optimal rate is 1/2. These results do not
apply to our problem description, as they rely on strong regularity assumptions on the coefficients of the
underlying McKean—Vlasov SDE (in particular, the drift needs to be globally Lipschitz continuous in the
state component).

-6.5 T T T T T T T —— POC (Tamed Euler Scheme)
——%— Convergence of the L-derivative terms (M=16) —+&— POC (Full-Tamed Milstein Scheme)
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75 - 1 A
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Figure 4: Convergence of the terms involving the L-derivatives with an increasing number of particles
for Example 5 (left). Hlustration of the propagation of chaos property (POC) for Example 1 (right).

All figures in this section were generated by the authors’ MATLAB code found here [32].
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