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Abstract

In this paper we study a second-order mean-field stochastic differential systems describing the
movement of a particle under the influence of a time-dependent force, a friction, a mean-field
interaction and a space and time-dependent stochastic noise. Using techniques from Malliavin
calculus, we establish explicit rates of convergence in the zero-mass limit (Smoluchowski-
Kramers approximation) in the L?-distances and in the total variation distance for the position
process, the velocity process and a re-scaled velocity process to their corresponding limiting
processes.

Keywords Smoluchowski-Kramers approximation - Stochastic differential by mean-field -
Total variation distance - Malliavin calculus

Mathematics Subject Classiffication (2010) 60G22 - 60H07 - 91G30

1 Introduction

In this paper, we are interested in the following second-order mean-field stochastic differential
equations
dX¢ =Y/Xdt,
édY,‘” =[—kY* —gt, X)) —y XX —EX)]dt +o(t, X7)dW;, (1.1)
X§ = xo0, Y§ = yo.
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Here «, y and « are positive constants, g(¢, x) : [0, T] x R — R is a given function,
X0, Yo € R are given points in the real line, and (W;);>¢ is the standard one-dimensional
Wiener process. The notation [E denotes the expectation with respect to the probability mea-
sure of the underlying probability space in which the Wiener process is defined.

System (1.1) describes the movement of a particle at position (displacement) X € R
and with velocity Y/ € R, at time ¢, under the influence of four different forces: an external,
possibly time-dependent and non-potential, force —g(¢, X7); a friction —«Y*; a (McKean-
Vlasov type) mean-field interaction force —y (Y* — E(Y¥)) (noting that here the mean-field
term is acting on the velocity rather than the position) and a stochastic noise o (z, X f‘)W,.
Physically, « is the inverse of the mass, « is the friction coefficient and y is the strength of
the interaction. We use the superscript « in (1.1) to emphasize the dependence on « since in
the subsequent analysis we are concerned with the asymptotic behaviour of (1.1) as « tends
to +o00.

Under Assumptions 1.1 (see below) of this paper, system (1.1) can also be obtained as the
mean-field (hydrodynamic) limit of the following interacting particle system as N tends to
400

dx® = y™ dr,
Ay = [—ak VT —ag(t, X — LN (v — ¥ )d + a0 (1, X AW,
X§ = xo0, Yy = yo,

(1.2)
where {W"}IN= | are independent one-dimensional Wiener processes. In fact, under Assump-
tions 1.1 the above interacting system satisfies the property of propagation of chaos, that is
as N tends to infinity, it behaves more and more like a system of independent particles, in
which each particle evolves according to (1.1) where the interaction term in (1.2) is replaced
by the expectation one. For a detailed account on the propagation of chaos phenomenon, we
refer the reader to classical papers [12, 25] and more recent papers [1, 8, 11] and references
therein for degenerate diffusion systems like (1.1). The interacting particle system (1.2) and
its mean-field limit (1.1) and more broadly systems of these types have been used exten-
sively in biology, chemistry and statistical physics for the modelling of molecular dynamics,
chemical reactions, flockings, social interactions, just to name a few, see for instance, the
monographs [22, 23].

In this paper, we are interested in the zero-mass limit (as also known as the Smoluchowski-
Kramers approximation) of (1.1), that is its asymptotic behaviour as « tends to 4+o00. By
employing techniques from Malliavin calculus, we obtain explicitly rate of convergences, in
LP-distances and in total variation distances, for both the position and velocity processes.

1.1 Main Results

Before stating our main results, we make the following assumptions.

Assumption 1.1 (A) The coefficients g, o : [0, T] x R — R have linear growth, i.e. there
exists K > 0 such that

lgt, )|+ o, x)| < K(1+|x]) VxeR,rel0,T].
(B) The coefficients g, o : [0, T] x R — R are Lipschitz, i.e. there exists L > 0 such that

lg(t,x) —gt,y)|+lot,x)—o(t,y)| < Llx—y| Vx,yeR,tel[0,T].

@ Springer



Rate of Convergence for Mean-field SDEs

Assumption 1.2 g(z, x), o (¢, x) are twice differentiable in x and the derivatives are bounded
by some constant M > 0.

Let F, G be random variables, we denote by drv (pr, pg) the total variation distance
between the laws of F' and G, that is,

dry(pr,pc) = sup |P(F € A)— P(G € A)
AeB(R)

1
> sup{|¢p (F) — ¢(G)] : ¢ : R — R which is bounded by 1}.

Consider the following first-order stochastic differential equation, which will be the lim-
iting system for the displacement process

(k +y)dX, = [ — o, X)) — %E[g(t, Xt)]] dt + o, X)dW,, Xo=ux0c€R. (1.3)

Our first main result provides an explicit rates of convergence for the displacement process.

Theorem 1.1 (Quantitative rates of convergence of the displacement process) Under Assump-
tions 1.1 and 1.2, systems (1.1) and (1.3) have unique solutions and the following statements
hold.

1. (rate of convergence in LP-distances) Forall p > 2, « > 1 andt € [0, T],

B[ sup 1X¢ = X,7] = €[, ke + ) + (a0
0<s<t
where A(t,a) = (1/a)[1 —exp(—at)]fort,a > 0and C is a positive constant depending
on {xo, yo, «,y, K, L, p, T} but not on « and t.
2. (rate of convergence in the total variation distance). We further assume that |o (t, x)| >
o9 > 0 forall (t,x) € [0, T] x R. Then, for eacha > 1 andt € (0, T],

drv(pxe, px) = CY 10, ale + ) + O, @6))?),

where C > 0 is a constant depending only on {xo, yo, 00, k,y, K, L, M, T} but not on
o and t. As a corollary, if |o (t, x)| > o9 > 0 forall (t, x) € [0, T] x R then we have.

dry(pxe, px,) < Cmin{t~'2a~1/2 1/C}.
Furthermore, the above rate of convergence in terms of « is sharp.
dummy

Theorem 1.1 combines Theorem 1.2 (for the L?-distances) and Theorem 3.1 (for the total
variation distance) in Section 3.1.
We are also interested in the asymptotic behavior, when o — 00, of the velocity process
Y[ of (1.1) and of a re-scaled velocity process, Y;*, which is defined by
Y‘va o 1 o
t =

ﬁ t/a*

The re-scaled process 17;" satisfies the following stochastic differential equation

> Yo [ [ T t %
Y = ﬁ_(’(—ﬂ/)fo Ys"‘ds—\—@ Jo 8 X ds—y [ E(Yds+ [y o (G, X$)d W
X§ = xo,

(1.4)

@ Springer
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where W, := JaW, 4 is a rescaled Brownian process.
Now we consider the following stochastic differential equation, which will be the limiting
process of the rescaled velocity process

{dﬁ:—&+yﬂﬁ+omwwﬂﬁ, 0s)

Y(0) =0.

We now describe our result for the rescaled velocity process first since for this process we
also work with a general setting where both g and o can depend on both spatial and temporal
variables. We only assume additionally the following condition.

Assumption 1.3
lot,x) —o(s, V)| <L(t—s|+|x—y]) Vx,yeR,t,s €[0,T].

In the next theorem, we provide explicit rates of convergence, both in L”-distances and
in the total variation distance, for the rescaled velocity process.

Theorem 1.2 (Quantitative rates of convergence for the rescaled velocity processes) Under
Assumptions 1.1 and 1.3 the following hold.

1. (rate of convergence in LP-distance for the rescaled velocity process) For all p > 2 and
a>1,

~ ~ C

E| sup |Y¥ —Y|P | < —,

[0<th v =l } = ar/?
where C is a positive constant depending on p and other parameters but not on «.

2. (rate of convergence in the total variation distance for the rescaled velocity process)
Assume that Assumptions 1.1 and 1.3 hold and |o (0, xo)| > O forall (t, x) € [0, T] xR.
Then, for eacho > 1 andt € (0, T],

dry (pya, py,) < Cmin{(h(t, 20c + )~ /7a712,1/C),
where C > 0 is a constant depending only on {x¢, yo, «,y, K, L, p, T, o (0, xg)}.

Theorem 1.2 summarizes Theorem 3.3 (for the L”-distances) and Theorem 3.4 (for the
total variation distance) in Section 3.2.

When g(, x) = g(x) and o (¢, x) = §, [18, Theorem 2.3] shows that the velocity process
Y converges to the normal distribution as @« — oo. The third aim of this paper is to generalize
this result to a more general setting where g depends on both x and ¢ while o depends only
ont,i.e. o(t,x) = o(t), obtaining rates of convergence in the total variation distance. The
following theorem is the content of Theorem 3.5 in Section 3.2.

Theorem 1.3 (Quantitative rates of convergence for the velocity processes) Under Assump-
tions 1.1 the following hold. Assume additionally that o (t) is continuously differentiable on
[0, T] and that o (t) # 0 for each t € (0, T]. Let N(t) be a normal random variable with
2
t
mean 0 and variance 07(), Then, for each« > 1 andt € (0, T]
2(k +v)

drv (pye @ Pyw) < Cminl(u(r, 26 + )2 a7 12, 1/C),

where C > 0 is a constant not depending on o and t.
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Rate of Convergence for Mean-field SDEs

Theorem 1.3 is Theorem 3.5 in Section 3.2. We emphasize that in the main theorems, to
obtain the existence and uniqueness as well as the rate of convergence in L”-distances we
only use Assumptions 1.1. Assumptions 1.2 and 1.3 are needed to employ techniques from
Malliavin calculus, in particular to derive estimates for the Malliavin derivatives.

Corollary 1.1 (Rate of convergence in Wasserstein distance for the laws of the displacement
and velocity processes) Let (L and v be two probability measures with finite second moments,
then the p-Wasserstein distance, Wy (i1, v), between them can be defined by

W (i, v) = (inf{]E[|x Y X~ Y~ v})]/P.

Using this formulation, as a direct consequence of our main results, we also obtain explicit
rates of convergence in p-Wasserstein distances for the laws of the displacement and the
rescaled velocity processes to the corresponding limiting ones

sup W) (law(X%), law(X,)) < ——,
1€[0,T] b ! aPl/?

sup Wj (law(¥), law(Y)) < —
e0.r] ' I ab/?

1.2 Comparison with Existing Literature

The zero-mass limit of second order differential equations has been studied intensively in the
literature. In the seminal work [14], Kramers formally discusses this problem, in the context of
applications to chemical reactions, for the classical underdamped Langevin dynamics, which
corresponds to (1.1) with g = —V'V (a gradient potential force), y = 0 (no interaction force)
and a constant diffusion coefficient. Due to this seminal work, this limit has become known
in the literature as the Smoluchowski-Kramers approximation. Nelson rigorously shows that,
under suitable rescaling, the solution to the Langevin equation converges almost surely to the
solution of (3.14) with ¢y = 0 [19]. Since then various generalizations and related results have
been proved using different approaches such as stochastic methods, asymptotic expansions
and variational techniques, see for instance [3, 5, 6, 9, 10, 16—18, 20]. The most relevant
papers to the present one include [6, 16—18, 20]. The main novelty of the present paper lies in
the fact that we consider interacting (mean-field) systems allowing time-dependent external
forces and diffusion coefficients, and providing explicit rates of convergence in both L”-
distances and total variation distances for both displacement and velocity processes. Existing
papers lack at least one of these features. More specifically,

Papers that Consider Mean-Field (Interaction) Systems The papers [6, 16—18] consider sec-
ond order mean-field stochastic differential equations establishing the zero-mass limit, but
they require much more stringent conditions that g(¢, x) = g(x) (time-independent force)
and o (¢, x) = § (constant diffusivity). On top of that, they do not provide a rate of conver-
gence. Furthermore, our approach using Malliavin calculus is also different: Narita’s papers
use direct arguments while [6] employs variational methods based on Gamma-convergence
and large deviation principle.

Papers that Provide a Rate of Convergence The papers [5, 20] provide a rate of convergence
but only consider non-interacting systems (also using different measurements). Like our
paper, [20] also utilizes techniques from Malliavin calculus, but [5] uses a completely different
variational method. The recent paper [4], which studies the kinetic Vlasov-Fokker-Planck
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equation, is particularly interesting since it considers both interacting systems and provides
a rate of convergence, but this paper is different to ours in a couple of aspects. First, the
interaction force is acting on the position instead of the velocity; second, it works on the
Fokker Planck equations and obtains a rate of convergence in Wasserstein distance while
we work on the stochastic differential equations and obtain error quantifications in both
L?-distances and total variation distances; third, as mentioned, we use Malliavin calculus
while [4] applied variational techniques like in [5, 6]. We also mention the paper [26],
which provides similar rate of convergence to ours but it consider non mean-field stochastic
differential equations driven by fractional Brownian motions.

1.3 Outlook

We provide further discussions on possible extensions of our results in the present paper.

Multi-dimensional Systems The analysis of the present paper is carried out only for one-
dimensional processes. This is because in the proof of Lemma 2.1 below, we apply [26,
Lemma 2.1] which is only applicable to one-dimensional random variables. Generalizing
this lemma and our results to multi-dimensional processes would be an interesting problem.
We will come back to this issue in a future work.

Non-Lipschitz and Singular Interactions The Lipschitz boundedness and differentiability
Assumptions 1.1-1.2-1.3 are standard, but rather restricted since they do not cover some
physically interesting interacting singular, such as Coulomb or Newton, forces. It would be
interesting and challenging to extend our work to non-Lipschtizian and singular coefficients.
We note that initial attempts in this direction for related models exist in the literature, see [2]
for non-Lipschitzian coefficients and recent papers [4, 27] for singular forces.

Interacting Particle Systems Another interesting problem for future work is to study the
Kramers-Smoluchowski approximation at the level of the N-particle system (1.2), whichis a
linear equation, and its relation to the mean-field model (1.1), which is nonlinear and nonlocal.
In this context, one aims to obtain a rate of convergence that is independent or controllable
in term of the number of particles N that enables one to pass to the limit N — oo.

1.4 Overview of the Proofs

To prove the main theorems for the general setting, with time-dependent coefficients, and
obtain LP-distances and total variations distances for the position and velocity processes,
several technical improvements have been carried out.

On Existence and Uniqueness Under Assumptions 1.1, the existence and uniqueness, as well
as the boundedness of the moments, of the second-order system (1.1) and the limiting first-
order one (1.3) are standard results following Holder’s and the Burkholder-Davis-Gundy
inequalities.

On Rate of Convergence in L”-Distances Combining the mentioned inequalities

and known estimates from [17] we can directly estimate E[SUPossgz IX¢ — Xg|P ] and

E |supg< <7 |)~’,“ — Y7 ] and obtain the rate of convergences in L”-distances, proving parts
(1) of both theorems.

@ Springer



Rate of Convergence for Mean-field SDEs

On rate of Convergence in Total-Variation Distances The Malliavin differentiablity of the
processes is followed from similar arguments as in [21]. Obtaining the rate of convergence in
total variation distances is the most technically challenging. Lemma 2.1, which provides an
upper bound estimate for the total variation between two random variables in terms of their
Malliavin derivatives, is the key in our analysis. This lemma enables us to obtain the desired
rates of convergence by estimating the corresponding quantities appearing in the right-hand
side of Lemma 2.1.

1.5 Organization of the Paper

The rest of of the paper is organized as follows. In Section 2, we give an overview of some
elements of Malliavin calculus and mean-field stochastic differential equations. The proofs
of the main theorems are given in Section 3.

2 Preliminaries

In this section, we provide some basic and directly relevant knowledge on the Malliavin
calculus and mean-field stochastic differential equations.

2.1 Malliavin Calculus

Let us recall some elements of stochastic calculus of variations (for more details see [21]). We
suppose that (W;);¢[0,7] is defined on a complete probability space (2, F, F, P), where F =
(Ft)tero,1] 1s a natural filtration generated by the Brownian motion W. For h e L2[0,T] :=
‘H, we denote by W (k) the Wiener integral

T

W (h) :fh(t)dW;.
0

Let S denote the dense subset of L2(Q2, F, P) := L%(Q) consisting of smooth random
variables of the form
F=fW(h), ..., W(hy)), 2.1

wheren e N, f € CEO(R"), hi, ..., h, € H.If F has the form (2.1), we define its Malliavin
derivative as the process DF := {D;F,t € [0, T]} given by

"9
DF=Y" é(W(m), ooy W)V hi(0).
k=1

More generally, for each k > 1 we can define the iterated derivative operator on a cylin-
drical random variable by setting

k
Dt1
For any p, k > 1, we shall denote by D% 7 the closure of S with respect to the norm

T T T
||F||,1;p:=IE[|F|”]+IE[/() |D}1F|”dt1}+...+E[/0 /0 2 ,kF|”dt1...dtk].

A random variable F is said to be Malliavin differentiable if it belongs to D!2.
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An important operator in the Malliavin’s calculus theory is the divergence operator §,
which is the adjoint of the derivative operator D. The domain of § is the set of all functions
ue LZ(Q, ‘H) such that

E[(DF,u)nl] < Ca)lIF 12,

where C(u) is some positive constant depending on u. In particular, if ¥ € Dom(§), then
8(u) is characterized by the following duality relationship

E[(DF,u)y] =E[FSsu)].
The following lemma provides an upper bound on the total variation distance between two
random variables in terms of their Malliavin derivatives. This lemma will play an important

role in the analysis of the present paper.

Lemma2.1 Let Fy € D*2? be such that |DFi |1 > 0 a.s. Then, for any random variable
F> € D2 we have

1/4 o\ /4
drv(pr. pr) < IFy = Falli 2 [3 (EID*Fil}gs)  (BIDFII)

o\ 12
+2(EIDAI) ] , 2)
provided that the expectations exist.
Proof From [26, Lemma 2.1] we have
N 1/2
DF, N2
drv(pr.pr) < IF = Bl | B (——— ) |+ (RIDRIZ) 7| @3)
IDFill%

Now using [21, Proposition 1.3.1], we get

2 2 2
DF DF DF,
I DFill% IDFill5 |, | DFil% HRH
) (2.4)
) DF,
1D Fili% H®H
Moreover, observing that
DF, \  D*F  _(D’Fi.DFiQDF)ngn
IDFy 13, IDFy 3, IDFy 1%, ’
which implies that
DF, 3||D*F
HD< 12> L3 un;@u 0s)
| DFyl%, HRH I DFy %,
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Substituting the inequality (2.5) into (2.4) and using Holder’s inequality, one can derive

that
2 2 2
DF 1D Fil
Es (———tr | <EIDF;2 +9E | —— 8%
1D F1ll3, 1D F1lly,

3 1/2 122
<EIDFI2+9 (EID*Fil gy ) (EIDFIZ)
Finally, substituting the above estimate back into (2.3) and using the fundamental inequal-

ity (a + Y2 < g2 4+ p1/2 for all a, b > 0, we obtain (2.2), which completes the proof of
this lemma. O

2.2 Mean-field Stochastic Differential Equations

Let (2, F, IP) be a probability space with an increasing family {F;; ¢ > 0} of sub-o-algebras
of F and let {W;; t > 0} be a one-dimensional Brownian motion process adapted to F;.

The following lemma provides equivalent formulations of (1.1) and (1.3) as stochastic
integral equations.

Lemma 2.2 Equations (1.1) and (1.3) are, respectively, equivalent to the following equations

X% = xg— — /tg(s,X‘:)ds—L/tG“(s)ds—i—;/ta(s,X?)dWs
Kk+vJo ‘ k+v Jo Kk+vy Jo ’ (2.6)

+I§O) +IF () — () — I§ () + 15 (1),

1 t t 1 t
X, = xo — 7f ¢(s, X;) ds — L/ G(s)ds + 7/ o (s, X;)dW,, 2.7)
k+vyJo k+vyJo k+vy Jo
where G%(t) = E[g(t, X{)]/x, G(t) = Elg(t, X,)1/«, and

I§ (1) = yo(t; a(k + ),

1 t
') = 7/ exp[a(k + y)(u — 0)]g(u, X;)du,
k+vy Jo
t
(1) = L/ exp [a(k + y)(u — )]n®(u) du,
k+vy Jo
1 t
I = 7/ expla(c +y)(u —)lo(u, X;))dW,,
k+y Jo

I8(r) = # (yok(t; i) + /Otexp (ke (1 — t)]G"‘(u)du) :
where A(t; a) = (1/a)(1 —exp[—at]), n*(t) = E[Y[].
Proof Firstly, we can rewrite the second equation of (1.1) as follows
dY{ =[—akY —ag(t, X)) —ay (Y —n*())dt + ao(t, X;)dW; with Yg = yo.
Using It6 formula, we have the following expression

d(expla(k + p)t]YY) = —aexplalc + y)tlg(t, X)dt + ay exp [a(k + y)tIn® (t)dt
+aexplalk + y)tlo(t, XF)dW;,
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which implies
t
Y = yoexp[—alk + y)t] — a/ expla(k +y)(s —1)]g(s, X{)ds
0
t
+oty/ expa(k +y)(s —1)n%(s) ds
0
t
+oe/ exp [a(k + ) (s — )]o (s, X)d Ws. (2.8)
0
Secondly, substituting this equation into the first equation of (1.1) we get
t t N
Xy =x0+ yo/ exp [—a(k + y)slds — a/ / exp [a(k +y)(u — $)1g(u, X} )duds
0 0 JO
t s
+ozy/ / exp [a(k + y)(u — s)n*(u) duds
0 JO

t ps
+a/ / expla(k + ) —s)]o(u, X7)dW,ds.
o Jo

Now, we use integration by parts for the non-stochastic integral and Ito’s product rule for
the stochastic integral to get

X¢ = xo —

t

! o y ! o 1 ! o
K+y/0g(u,Xu)du+7K+y/0n(u)du—i—iK_’_y/Oo(s,X)dW(s)
+I§ () + I7 (1) — I3 (1) — I5 (1), (2.9)

where the terms I/*(t) (i = 0, 1, 2, 3) are defined in the statement of the lemma. On the other
hand, from the second equation of (1.1) we have

d
En"‘ (1) = —akn®(t) — axkG*(t) with n*(0) = yo.
This implies that

t
n%(t) = ypexp [—axt] — ouc/ exp [ak (u — 1)]G* (u)du. (2.10)
0

Integrating this equation over the interval [0, 7] and changing the order of integration in
the double integral, we get
t

t t
/ n*(s)ds = yoA(t, ak) — / G%(s)ds +/ explax(s — 1)]G*(s)ds. (2.11)
0 0 0
Substituting (2.11) back into (2.9) we obtain (2.6).
The proof for Eq. (2.7) is similar. O

The existence and uniqueness of solutions to (2.6) and (2.7) under Assumptions 1.1 is
stated in the [15].

3 Proof of the Main Results

In this section, we present the proofs of the main Theorems 1.1, 1.2 and 1.3. We start with
the displacement process (Theorems 3.1 and 3.2 give Theorem 1.1) in Section 3.1. Then in
Section 3.2 we deal with the rescaled velocity process and the velocity process (Theorems
3.3 and 3.4 give Theorems 1.2 and 1.3 is Theorem 3.5).
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3.1 Approximation of the Displacement Process

In this section, we give explicit bounds on LP”-distances and the total variation distance
between the solution X{* of (1.1) and the solution X, of (1.3). We will repeatedly use the
following fundamental inequalities.

(i) Minkowski’s inequality: for p > 1 and n real numbers ay, ..., a,, we have

n
Y
i=1
(i) Holder’s inequality: for p > 1, t > 0 and measurable functions f we have

t P t
([ 1ronas)” <ot [Cigras, (2)
0 0

(iii) The Burkholder-Davis-Gundy (BDG) inequality for Brownian stochastic integrals, see
for instance [24, Section 17.7]: for 0 < p < oo and f € L2([0, 1], ) we have

N t
E[sup [ saw. p}fcpﬁ[(f |fs|2ds)p/2], (33)
s€[0,7] 0 0

where C), is a positive constant depending only on p.
Applying the BDG inequality (3.3) to solutions of (2.6) and (2.7) we obtain

t /2
]E|: sup p} < Cp]E[(/ |a(s,x§')|2ds)p ] (3.4)
s€(0,¢] 0

p ! p/2
E| sup gcpE[(/ |U(s,Xg)—o(s,Xs)|2ds) ]
s5€[0,1] 0

(3.5)

The next lemma provides important estimates on the moments of the displacement process

{X7,t € [0, T]}, which will be helpful to prove the main results of this section. Hereafter,
we denote by C a generic constant which may vary at each appearance.

Lemma3.1 Let {X%(¢),t € [0, T} be the solution of (2.6) under Assumptions 1.1. Then,
forall p > 2,

n
p
<nP'Y il 3.1
i=1

s
/ o(r,X¥)dw,

0

/S(U(F,X‘rx)—d(r,xr))dWr
0

supE[ sup |X°‘(t)|”] <c, (3.6)
a>0 0<t<T
and forall 0 <t <T,
supIE[|X“(t) - x0|P] < crPl?, 3.7)
a>0

where C is a positive constant depending only on {xo, yo,«,y, K, p, T}.

Proof We first prove (3.6). We shall divide the proof into two steps.
Step 1: We evaluate the upper bound of the moments of each Ii‘" t,i=1,2,3,4.
From definition of /{*(¢) and Assumptions 1.1 we have

K s
sup |17 (s)] sup / exp [a(k + y)(u — s)](1 + | X}/ Ddu
0<s<t kK +Y o<s<t Jo

Kt K ! o
< + sup |X;|ds.
k+y k+y Jo o<uss

IA
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Now Minkowski’s inequality (3.1) with n = 2 and Holder’s inequality (3.2) yield

2p=lgpsp op=lgpp=1 pt
B sup [1{6)I") < + / B( sup [X¢I7)ds  (38)
0<s<t (k +y)P (k +y)P 0 0<u<s

For I3 (t), by substituting (2.10) into /5 (¢) and changing the order of integration in the
double integral, one can derive that

Yoy A(t, ay)

I3 = K+y

] t
exp[—a(k + y)t] — 7/‘ exp [ak (s — 1)]E[g(s, X{)1ds
ktv o (3.9)

t
/ expla(k +y)(s — )]E[g(s, X)1ds.
k+vy Jo

Using Assumptions 1.1, Minkowski’s inequality (3.1) with n = 2 and Holder’s inequality
(3.2) with noting that A(¢,a) <t forallt > 0,a > 0, we get

t 2K ! p
sup |15'(5)]” < ( O / a +JE|X;’I)ds>
0<s=<t k+y k+yJo »
201 (yoy +2K)P 1P 22p-1gpp=l gt (3.10)
: / E( sup |X|”)ds.
e+ y)? (ke +¥)P Jo  osuss

For I3, using the BDG inequality (3.4), Holder’s inequality (3.2) and Assumptions 1.1,
we get

Cp

E( sup |I§t(s)|p) =< m

¢ r/2
E (/ exp [2a(k + y)(s — D)]lo (s, X?)|2d5>
0<s<t 0
w-1gr’C
PR
(K + )P
_ j _ =2
LY letsz+2p 'krt =z C), /’E(
(k+y)P (k+y)?P 0

t
/ exp [pa(k +y)(s — )11 + E|XY|P)ds
0

sup |X3|P)ds. G.11)

0<u<s

Next, from Assumptions 1.1, Minkowski’s inequality (3.1) with n = 2 and Holder’s
inequality (3.2) with noting that A(¢, a) < t forallz > 0,a > 0, we get

y? K [ 3
sup |1%(s)|P < —L— t+—/ 1+]E( sup |X%|)ds | ds
Ogslét 4 (k +y)P Y0 K Jo 0§u2s| " |> (3.12)

2]771)/]) < K)P KPtP*I t
< 2 (g KV K sap i) |
(K+V)p|: Y0 K KP 0 0§u§s| ul
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Rate of Convergence for Mean-field SDEs

Step 2: We estimate the integrand in the integrals in the right hand side of the above expres-
sions. From (2.6), applying Minkowski’s inequality with n = 9, Holder’s inequality (3.2),
the BDG inequality (3.4) as well as Assumptions 1.1, we obtain

p—1
(k+y)P

5 p/2
o ([ o xporas)

+ sup [I5()1” +E( sup [17(5)I”)

0<s<t O=<s=<t

t ptp—l t
/E|g(s X“)|"ds+—/ 1G¥(s)[P ds

ap p—1 P
E( sup 1X217) <9 |:x0+ Y.

0<s<t

+ sup [18(s)]? +IE< sup |1§‘(s)|1’)+ sup |1;§(s)|1’}

0<s<t 0<s<t 0<s<t

< 9P| xl 4 or=lgp o + yrer”] I(I+E|X°‘|”)ds
- 0 (kK +y)P  KkP(k+y)P ’

w-krTC,
(k +y)P f

+E( sup 117 ()1”)

0<s<t

(I +E|X%|P)ds + sup |15 (s)]?

0<s<t

O<s=<t O<s<t O<s<t

+ sup [I8(s)IP + E( sup |1§(s)|l’) T sup |1;;‘(s)|1’} .
From this, together with (3.8), (3.10), (3.11) and (3.12), we deduce that

E( sup |xg|P) < C+C/OIIE< sup |Xg|p)ds, (3.13)

O<s<t 0<u<s

where C is a positive constant depending on {xo, yo, k, ¥, K, p, T'}. From (3.13), by applying
Gronwall’s lemma, we have

sup]E[ sup |X°‘(z)|”] <cC

a>0 “0<t<T

which completes the proof of (3.6).
Next we prove (3.7). From expression (2.6), applying Minkowski’s inequality (3.1) with

n = 8, Holder’s inequality (3.2), the BDG inequality (3.4) and Assumptions 1.1 again, we

get

p—1

(k +y)P

p/2
+—S&r g f 0 s, X“>|2ds) +osup [IE(s)IP
(k +y)P ( 0<s<t 0

—l—E( sup |1;*(s)|1’)

0<s<t

]ElXol |p < 8p—l |: /t El ( Xa)|Pd ')/P[P—l /l |Ga( )|P d
— X S, S+ — s N
’ o= 8 ' (r V)p 0
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+ sup |I§‘(s)|p+IE< sup |I§‘(s)|”)+ sup |Iff‘(s)|p:|

0<s<t 0<s<t 0<s<t

—1 -1 P! yPir~! ! o
< gr—1|or-lgp + (1 + E|X%|P)ds
k+y)P  kPk+yIP) Jo '

p—2
-lgri T C, [t
—P/ (1 +E|XP)ds + sup |I§(s)|”
(k +y)P 0 0<s<t
-HE( sup |If‘(s)|P)
0<s<t

+ sup [18(s)]? +IE< sup |I§‘(s)|p)+ sup |1;§‘(s)|1’]

O=s=t 0<s<t 0<s<t
This, together with (3.8), (3.10), (3.11), (3.12) and (3.6), we get (3.7). O

In the following theorem, we obtain a rate of convergence in L7”-distances in the
Smoluchowski-Kramers approximation for the displacement process.

Theorem 3.1 Let {X{,t € [0, T} and {X;,t € [0, T1} be respectively the solution of (2.6)
and of (2.7) under Assumptions 1.1. Then, forall p > 2, « > 1 andt € [0, T},

E[ sup |X% — XS|1’] <c [(A(z, alkc + )T + (@, aK))P] ,

0<s<t

where C is a positive constant depending on {xo, yo, &, y, K, L, p, T} but not on « and t.

Proof From (2.6) and (2.7), we have
1 t
X{ —-X, = 7/ (g(s, X§) — g(s, X)) ds
k+v Jo

14 ! o
_mfo Elg@, X1 — Elg(t, X))Dds

1 1
K+y/(;(U(S,Xf)—o(s,XS))dW(s)+I(‘)"(t)+lf’(t)—lg(t)

=I5 () + If ().

_|_

Similar to the proof of the previous lemma, by applying Minkowski’s inequality (3.1) with
n = §, Holder’s inequality (3.2), the BDG inequality (3.5) and Assumptions 1.1, we get

tp—l t
E| sup | XY — X,|? <8P*1[7/ E|g(s, X%) — g(s, X5)|Pds
[ o 1x¢ = x| =807 | o | Bl X0 — g6 X0
yp[p—l ! "

+m/o Elg(t, X{)] —Elg(, X/)]| ds

‘ p

C] t 5 p/2
+ D ]E / o S,Xg — O S,X‘ ds>
ey (O o (s, X% — (5. X,)]
+ sup |I(‘j‘(s)|”+IE( sup |11°‘(s)|!')

0<s<t 0<s<t

+ sup |Ig(s)|P+IE( sup |13“(s)|1’)+ sup |1;{(s)|1’}

0<s<t 0<s<t 0<s<t
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Lpp—1 t
m/ ]E|X<; —Xs|pdS
k+y)tJo

LPyPrp=]

< gr-! [

t
/ EIXY — X,|Pds
0

kP +y)P
CpLP1% /f
+——— | E|X% - X;|Pds + sup |IS(s)|?
(k +¥)P Jo | 4 d OS‘VI;['O |
+E( sup 117 (0)1")

0<s<t

+ sup |I§‘(s)|p+IE( sup |I§‘(s)|p)+ sup |If(s)|p:|.

0<s<t 0<s<t 0<s<t

Next we estimate the terms ]E( sup |17 (s)l”), i = 1,2,3,4. We start with
0<s<t
IE( sup I ()P ) From definition of /{* (t) and Assumptions 1.1 and Minkowski’s inequal-
0<s<t

ity (3.1) with n = 2 we obtain that

P

K? '
117 < wtp)? (/0 exp [a(k +y)(s =] + IX?I)dS)

2PKP
<= [14 sup [X47 ) ((t; (k + p)a))P.
(k +y)P 0<t<T

This, together with the fact that the function ¢ +— A(f, @) is increasing and Lemma 3.1,
implies

PEP
E( sup IIf‘(s)Ip) PRL S [1 +IE( sup |X‘,"|”):| Ot (i + y)a))?

0<s<t T (k+ )P 0<r<T
< C(A(t; (k +y)a)?,

(3.14)

where C is a positive constant depending on {xo, yo, , ¥, K, p, T'}. Next, using (3.9) and
Lemma 3.1, we get

K t
15 ()] < yor(t; alkc + y)) + —— / exp [ax(s — D[ +E(XZ)] ds
k+vJo

t
+ / exp la(k + y)(s — Ol + E(X{ )] ds
k+y Jo

t
<C [k(t; a(k +vy) +/ (exp [ax(s — )] +exp [a(c + y)(s — t)])ds]
0
< C[r(talk +y) + A, ak)],

where C is constant depending on {xo, yo, k, v, K, p}. Thus,

sup |15 ()] < C[(A(, i + )P + (1, ax)P] . (3.15)

0<s<t
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Applying the BDG inequality (3.3), Holder’s inequality (3.2) and Lemma 3.1, one can
derive that

] p Cf ! ay 2 P2
E(05§1£1|13 @) = TR (/0 exp 2k + ) (s — D]lo (s, X&) ds)

c, t » p/2-1
< m </0 exp |:p — lcx(lc +y)(s — t)]ds)

t
x/ exp[ Lt + )65 = [Elo (s, X017 ds
0 2

w-1c, ([ » p/2-1
<o (o[ ee s me )

t
x/ exp [ Zate + )65 = 0]+ EIXZ1P)ds
0 2

p/2—1
— a<x+y>)> e, Lot + ),
p—1 2

where C is constant depending on {xo, yo, k, ¥, K, p, T'}. On the other hand, for all r > 0
and a > 0, we have

or(t,a) (1 +at)e 4 — 1

5 < 0.

da a
Thus the function a — A(%, a) is decreasing. Hence we get
E( sup [156)I") = C Outr,ate + ).
0<s<t

Now we consider sup |I{(s)|”. Using Lemma 3.1 we can derive that
O<s<t

sup |1 (s)] < -

0<s<t

Thus,

t
v ) [yo?»(t; ak) + g/ expla(c +y)u— 0] [1+E(X;D] du] .
0

sup |I§())? < C [, alic + 1)) + (ht, a)?]

0<s<t

where C is constant depending on {xo, yo, «, ¥, K, L, p}. From the above estimates, together
with the fact that A(¢, a(k + y)) <t < T, one sees that

1 4
IE[ sup |X° —XS|P] <cC {,2p—1/0 E|X® —Xslpds-i—ZE( sup |1;'(s)|l’)}

0<s<t i—0 O<s<t

t
=¢ {/ E[ sup | Xy — Xu|p]ds + (el + 1))+ (e, aK))p} ,
0

0<u<s

where C is constant depending only on {xg, yo, «, ¥, K, L, p}. Using Gronwall’s inequality,
we obtain the claimed estimate and complete the proof. O

Remark 3.1 1. Since 1 —exp(—ta) < taforallt > 0,a > 0, we have

L —exp(-ate +y)) _

Mt alc + 7)) = e
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Therefore,
B[ sup 1X¢ = XI"] = € [, et + ) f + Gt a0 |
0<s<t
= c[ot at + )t + G ax)’]

<C@P* +1tP) > 0ast — 0.

2. In general, when the drift and diffusion coefficients depend on both space and time
variables, the constant C in Theorem 3.1 depends on the final time 7. However, we now
show that when g and o do not depend on x, i.e. g(t, x) = g(t), o (t,x) = o (¢), then C
does not depend on T'. In fact, by Assumptions 1.1 we have |g(¢)| < K and |0 (¢)| < K.
By virtue of proof of Theorem 3.1 we obtain

E[ sup X¢— X,I7] 55"—‘[ sup [1§)I” +E( sup [I£()I7) + sup [15(s)]”

0<s<t 0<s<t 0<s<t 0<s<t

-HE( sup |I§"(s)|p)+ sup |Iff‘(s)|p:|

0<s<t 0<s<t

= clot at + )t + G aen?],
where C is a positive constant depending on {xg, yo, x, ¥, K, p} butnoton o, t and T'.
In the following lemma, we show Malliavin differentiability of X" and X, .
Lemma 3.2 Under Assumptions 1.1, the solutions {X{,t € [0, T1} and {X;,t € [0, T} of

(2.6) and (2.7) respectively are Malliavin differentiable random variables. Moreover; the
derivatives D, X{, D, X, satisfy D, X} = D, X, =0forr > tandforO <r <t <T,

, X 1 t
Dy X} = M(exp [a(k +y)r —D)]— 1) — 7/ g%(s)D,X%ds
14 Kk+vy J:
! ' % o 1 ' —a o
+— oc“(s)D, X{ dWs + —— expla(k +y)(s —1)]g“(s)D, X{ds
k+y Jr k+y J,
1 t
+7/ exp [a(k +y)(s —)]o*(s)D, X dWy, (3.16)
K+y Jr
, X 1 ! 1 t
px, = 20X / 2(s)D, Xyds + 7/ (YD, Xy dWy,  (3.17)
K+y K+ Jr k+y Jr

where g(s), g%(s), o (s), a%(s) are adapted stochastic processes and are bounded by L,
where L is the constant from Assumption 1.1.

Proof From the second equation of (1.1) we have

t t

t t
Yy =y0—oc(/c+y)/ Ysads—oz/ g(s,X?‘)ds—ay/ E(Ysa)ds—l—a/ o(s, XY)dWs.
0 0 0 0
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Using Minkowski’s inequality (3.1) with n = 5, Holder’s inequality (3.2) with p = 2, the
BDG inequality (3.3), Assumptions 1.1 and Lemma 3.1 we get

t 12
E( sup [YY?) < 5<y5 + ta?(k + y)2/ E|Y*|*ds +ta2/ &2 (s, X%) ds
0 0

0<s<t

t t
— ta2y2/ E|Yf‘|2ds + 012/ o2 (s, Xﬁ‘)ds)
0 0

t t
5c(1+/ E( sup |Y;7|2)ds+/ (1+1E|Xg'|2)ds>
0 0

0<u<s

t
<C 1+/ E( sup |Y¥*)ds | .
0 0<u<s

Applying Gronwall’s lemma we obtain

E[ sup |Yt°‘|2] <C.
0<t<T
This, together with Lemma 3.1 we deduce that E[ sup |Y;|] and E[ sup |X{|] are
0<t<T 0=<t<T
bounded. Then, by Assumptions 1.1 and the dominated convergence theorem, the integrals
I§ (1), 15 (¢) and 1§ (¢) are continuous functions.
Let us define

y ! o o o o
)y =xo— —— | G"(w)du+Iyt) —1;(t)+ I ().
@) 0 K+y/0 (u) 0 (M) — Iy (1) + 14 (1)
Then f(¢) is continuous function in [0, 7] and Equation (2.6) becomes

] t
X4 = F() + —/ (explalic +7)(s — D] — 1) g(s, X7) ds
k+7v Jo

1
K+y

(3.18)

t
/ (expla(k +v)(s — )] — Do(s, Xs) dWs.
0
Now, we consider the Picard approximation sequence {X;"", t € [0, T]},>0 given by

X0 = f,
t
X;MH = f@)+ ;/ (expla(k +y)(s — D1 —1) g(s, X&) ds
k+vJo

t
+ L/ (expla(k +y)(s — )] — Do (s, X3") dWs, t € [0, T], n > 0.
k+vy Jo

From this, using the same method as in the proof of [21, Theorem 2.2.1], we conclude that
the solution {X¢, ¢ € [0, T'1} of (3.18) (thus, of (2.6)) is Malliavin’s differentable. Obviously,
the solution {X{, t € [0, T']} is F-adapted. Hence, we always have Dy X = 0 for 6 > ¢. For
0 < t, from [21, Proposition 1.2.4] and Lipschitz property of g and o, there exist adapted
processes g% (s), 0“(s) uniformly bounded by L such that Dyg(s, X¥) = g%(s) Dg X{ and
Doo (s, X¥) = 0%(s)DgX¢. Then we obtain (3.16) by applying the operator D to the
equation (3.18).

The proof for the solution X; of (2.7) is similar. O
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Remark 3.2 If g and o are continuously differentiable, then g(s) = gé(s, Xs), g%(s) =
8y (s, X¥),6(s) = a5(s, Xy) and 6% (s) = o5(s, X¥). Here, for a function A(t, x), we use

the convention h) (t, x) = %

In the next lemma, we show that the moments of the Malliavin’s derivative of solutions
of (2.7) are bounded.

Lemma3.3 Let {X;,t € [0, T]} be the solution of (2.7) with Assumptions 1.1. Then, for all
p > 2, we have
sup E(|D,X;|P) < oc.

0<t,r<T

Proof Using Minkowski’s inequality (3.1) with n = 3, Holder’s inequality (3.2), the BDG
inequality (3.3), Assumptions 1.1 and Lemma 3.1, and noting that |g(s)| < L, |o(s)| < L,
it follows from (3.17) that

B0, x, 7] < 30 (BHOC XL 1 p b xds)
= C+9P wrpr S BT

1 t _ ) r/2
+mE ([ |O'(S)DrXS| dS) )

3l (KP(I +E[X,|P) L@ —r)P!

t
f E[|D, X,|”]ds

(k +y)P (k +y)P
LP(t —ryp/>=1 ot )
= | ED, X"l
e / (1D, X, |P)ds

t
< c[1+/ |DrX“(s)|Pds]
r

where C is a positive constant depending only on {«, y, K, L, p, T}.
Taking the expectation and using Gronwall’s inequality, we obtain the claimed estimate.[]

The following lemma provides an upper bound for the difference between the derivatives
of the solutions of (2.6) and (2.7).

Lemma3.4 Let {X{,t € [0, T]} and {X;,t € [0, T1} be respectively the solution of (2.6)
and of (2.7) under Assumptions 1.1 and 1.2. Then, for alla > 1,

E[IDX] — DX, [3,] < COL(t, el + ¥)) + (A1, aK))?),
where C is a positive constant depending only on {xg, yo, k, vy, K, L, T}.

Proof Under Assumptions 1.2, g and o are twice differentiable, thus (see Remark 3.2) g(s) =
85(s, X5), 8%(s) = gh(s, X%), 5 (s) = a5(s, Xs) and 5% (s) = o5 (s, X). Furthermore,

g5 (s, X)) — g5(s. Xl < MIXY = Xyl,  og(s, X)) — o(s, Xs| < MIXT — Xl (3.19)
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From (3.16) and (3.17) we have

o, X

7;)(6)&13 la(k +y)(r =] =1) =

, X
DrX;x_DrXt:< M)

K+ K+y
1 t
Tty / (8205, XD X — g5(s, X,) D, X)) ds
-
t
Tty / (0305, XDy X — 03(s, Xs) Dy X) dW, (3.20)
-
t
+ Py / expla(c +v)(s — )]gy(s, X¢)D, X% ds
r

1 t
+ —/ expla(k + y)(s — D)oy (s, Xs)Dr XY dWs.
k+vyJr

Now, we shall estimate each term in the right hand side of (3.20). First, using Assumptions
1.1, Lemma 3.1 and Theorem 3.1 for p = 2, we can derive that

o 2
E (M@xp [a(c +y)(r =] = 1) — M)

k+y k+y

E[lo(r. X —o(r, X)I?]  E[lo(r, X9)?]
2 2 —

= [ *+ )2 *+7) exp [2a(x +y)(r —1)]
L*E[XY — X, > 2K*(1 +E[IX*])

< [ P * 172 exp [2a(k + y)(r — t)]}

< C At alk + ) + (1, ax))* +exp[2a(x +y)(r — D]],

where C is constant depending only on {xo, yo, k, ¥, K, L, T}. From Holder’s inequality,
Assumptions 1.1, Lemma 3.1, Lemma 3.3 and Theorem 3.1 for p = 4, together with (3.19)
we get

t 2
B (f (8205, XDy X{ — g5(s, X5) Dy X) ds)
f
t 2
<?2E (/ (g5(s, X¥) — g5(s. Xy)) Dy X ds)
r
t 2
+2E </ g5 (s, X¥) (DrX§ — Dy Xy) ds)
r
t
<2(t— r)[f E[ (g5(s, X{) — g5(s. Xy)) D, X,|*ds
f
! 2
—|—/ E |gé(s, X9 (Dng — DrXs)| ds]
p

172 ds

t
<o) [ (E[xe - %) @0, X1
t
+2L%(t — r)/ E[|D, X% — D, X,|*] ds

t
=C (k(t, alk +y)) + O, ak))? +/ E[ID XY — Dy X,|?] dS) :
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By Itd’s isometry formula, Holder’s inequality, Assumptions 1.1, Lemma 3.1, Lemma 3.3
and Theorem 3.1 for p = 4, together with (3.19), we have

t 2
E </ (05(s, XD, XS — 05(s, X;) Dy Xy) dWs)

t 2
<2E </ (03(s, X&) — 05 (s, Xy)) Dy X, dWS)
r

t 2
+2E </ 05(s, X2) (D X% — Dy Xy) dWS)
r

t t
< 2f E| (03(s,X$)—05(s. X)) D,XS|2ds+2/ Eloj(s,X?) (D, X* D, X,) |* ds
r

r

! t
<M’ / (EIXS = X,%)"* (BID, X,[%) " ds + 212 / E|D, X — D, X, ds
r r

1
<C [A(r, alk + 7)) + (Ot k) + f E[|D,X¥ — D,X‘Y|2]ds} .

Next, using Holder’s inequality, Assumptions 1.1 and Lemma 3.3 one sees that

2

t
E (f expla(c +)(s — 1)1gh(s. x;*w,x;%)

t
<(t- r)L2/ exp [2a(k + y)(s — OIE[|D, X¥|*]ds

t
< Cf exp[2a(k +y)(s —t)]ds
= CA(t,a(k +v)).

By the same estimate for the last term in the right hand side of (3.20), we can obtain

2

t
E (/ expla(k + y)(s — t)]o5 (s, Xs)D,deWS>

t
< L2/ exp [2a(k + y)(s — D1E[|D, X¥|*] ds

t
< C/ exp[2a(k + y)(s —t)lds
= CA(t,a(k + 7).

From the above estimates, together with the fact that the functiona — A(¢, a) is decreasing
one can derive that

t

E[|D,X¥ — D, X,*] dr

s—

IA

t t
Cc (A(t, a(i + ) + (h(t, ax))? + exp Ra(k + y)(r — 1)] +/ E[|D, X% — D, Xul*] du> dr
0 r

IA

t t
Cc {A(r, a(k 4+ 1)) + O, ak)? + A(t, 20 (c + ) +/ dr/ E[ID, X, — D:X21?] dui|
0 r

1 u
< C | A, alc + 7)) + (A, ak))? +/ du/ E[ID, X, — D X2 dr],
0 0
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where C is constant depending only on {xg, yo, «, ¥, K, L,M, T}.
t
Let ¢ (t) := / E [|DrX, — DrX;’|2] dr, then we have
0

t
(1)< C [Mr,a(x + ) + (A(t, @x))? +f ¢ (u) du} :
0

Thus, applying Gronwall’s inequality, we get
¢(1) < COt, @k +¥)) + (11, aK))?) exp (C1),

where C is constant depending only on {xo, Yo, &, ¥, K, L, M, T}. This completes the proof
of the lemma. O

Now, we give explicit bounds on the total variation distance between the solution X*(¢)
of (2.6) and the solution X; of (2.7).

Theorem 3.2 Let {X{,t € [0,T1} and {X;,t € [0, T1} be, respectively, the solution of
(2.6)and of (2.7) with Assumptions 1.1 and 1.2. We further assume that |o (t, x)| > o9 > 0
forall (t,x) € [0, T] x R. Then, for eacha > 1 andt € (0, T],

drv (pxs, px) = CYr 16t ale + 7)) + (e, k),

where C is a constant depending only on {x¢, yo, 09, x,y, K, L, M, T}.

Proof Lemma 2.1 gives

1/4 o\ 174 12
drv(pxg,px»snx;"—X,H],z[s(EuDzXAm@H) (EIDX:058) " +2 (BIDX1157) ]

Thanks to Theorem 3.1 and Lemma 3.4, we obtain

drv(pxs, px) < C\ Ot ol + ) + O, @x))?)
2 4 1/4 _g\ /4 \1/2
<3 (BID X}y ) - (ENDXAIE) " +2 (BIDXE) |,
(3.21)

where C is a constant depending only on {xo, yo, k, ¥, K, L, T}. To proceed we will estimate
the last two terms in (3.21). To this end, we will estimate E|| D X, ||H for y > 0 adopting the
techniques used in the proof of Proposition 2.1.3 in [21]. From (3.17) and the fundamental

inequality (a + b + ¢)? > ﬁ 2(b* + ¢*), we have

_ 00Xy 2 r
|D9Xl| - 2( + )/)2 (K + )/)2 <L gz(s, XS)DOXS ds)

t

2

2

For each z > 7 : 4(?;) the real number ¢ = 4('5 +7)* belongs to (0, 1]. Hence,
< 0
IDX, 13, = / DeXiPdo = —5" 1y =2 L
p— 0 p— ~, . 1 - - L 9
HH t(1—e) ' 2(k + )2 ‘
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where I,(¢) is given by

2

2 t t
L) =—— </ g5 (s, X~)D9X~ds> do
: (c + )2 e \Jp 2 ’ ’

2

2 /t </t / )
+ — 0, (s, X‘Y)DQXSdWY do.
k+1)? Jia—ey \Jo z

By Markov’s inequality, for all p > 2 we get

P (an,u% < 1) <p (3 L < 3) _p (ur) > 1) < PPE(1L()I1PP).
Z Z Z Z

(3.22)

By using Minkowski’s inequality (3.1) with n = 2, Holder’s inequality (3.2), the BDG
inequality (3.3) and Assumptions 1.1, it follows from Lemma 3.3 that

/2 2r-1 ! ! 2 P2
E|L, )" < 7<JE / (/ 5(s, X)Dg X ds) do
‘ (k +y)P 1(1—e) \Jo &2 ' '
t t 2 p/2
+E / (/ az/(s,Xs)DngdW5> d6 )
t(1—e) \Jo
=11 Pt B2 t t p/2
§¢ / ]E(/ |D9Xs|2ds> do
(k+y)?P 1(1—¢) 0

t t 4
+/ E(/ |D0Xs|de> d9>
t(1—¢) 0 (3.23)

2p—]Lp t pr2 t _ t
LA L > (/ (t — 9)”72/ E| Dy X, |"dsd6
(k +y)P t(1—g) 0

t t r/2
+/ (/ E|D9XS|2ds> do
t(1—e) \Jo

_ t t
p C(te)pTZ (f (t —6)2d6 +/ (t — 9)P/2d9>
t

(1—¢) t(1—¢)

4k +y)2>”

2

= Ce) T (te)i = C (
ZUO

Combining (3.22) and (3.23) we deduce that

1 4 2\”
P (antn%{ < —) <corr (BTN g a0 sy,
z 013
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‘We recall here that zg =

4 2
("%(%).Foranyy > land p =2y — 1, we have

o0
72 _ _
E(IIDXIIIH y) =/0 L (||DX,||H2 > z) dz

20 [0¢] ) 1
5/ vz’ ldz +/ yz 7P (||DX,||H < 7> dz
0 20 z

p
o 4(k + 2
§zg+ycf 1, p/2<(2?’)> dz
0

z o))
b 2 (3.24)
.y 4@k + y)? zg 2
=z, +yC 5 7
% Y=z

Y
<C (f’” + 7712 (%) ) =Ct77.

where C is a constant depending only on {xg, yo, 00, x, ¥, K, L, T}.
We continue to estimate the term E|| D2 X; ||;‘{®H appearing in the right-hand side of (3.21).
From (3.16), for y, 6 < t, under Assumptions 1.2, we get

D, DpX; =0, Xg)Dy Xo + o' (v, Xo) Do X,
t
+/ (8"(s, Xs)Do Xs Dy X5 + g'(s, Xs) Dy Dg X) ds
ovy

t
+/ (0" (s, Xs)DgXsDy X5 + o' (s, Xs) Dy DgXs) dWs,
ovy

Now, using Minkowski’s inequality (3.1) with n = 4, Holder’s inequality (3.2), the BDG
inequality (3.3), Assumptions 1.1 and 1.2, we can deduce

EID, Do X,|* < 64[L4E|DVX9|4 + L*E|Dg X, |*
t
+ 8(£+Caut) (M*(E|Do X419 (E|Dy X|*)?+L*E| D) Dy X, |*) ds:|.
ovy
This, with together Lemma 3.3, gives us

t
E[ID, Do X |*] < C+C/ E[ID, Do X,|*] ds,
ovy

where C is a positive constant. By Gronwall’s inequality, we can verify that
E[|DyDoX,*] < CeCU" <C VO <0,y <t <T.

Therefore,

t t t t
}E||D2X,||‘7‘{®H < 12/ / E[|D, Do X,|*]d6 dy 512/ / Cdody = Ct*, (3.25)
0 JO 0 JO

where C is a constant depending only on {xo, yo, «, ¥, K, L, T}.
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Combining (3.21), (3.24) and (3.25), we can conclude that

drv(pxe. px,) sc\/(w, alk +¥)) + (@, ak)?) x [C + Cr7'?]

< OOt etk + ) + G @),

where C is a constant depending only on {xo, yo, 00, k, ¥, K, L, M, T}. This completes the
proof. (]

Similar to Remark 3.1, in the following Remark, we show that the constant C in Theorem
3.2 does not depend on the final time 7 when g(t, x) = g(t), o(t, x) = o (¢).

Remark 3.3 In the case g(#, x) = g(¢), o (¢, x) = o (t) we see that

t
E[IDX?* — DX,|3/] = / o (r)exp [2a(k + y)(r —1)ldr
0

(K +y)?

< m)L(t, ok +y)).

Moreover, if we assume that o () > op, then we get

drv (pxs, px) < CYr1Ge, e + 7)) + (e, k),
where C is a positive constant depending on {xg, yo, x, ¥, K, p} butnoton o, t and T'.

From Theorem 3.2, together with the fact that forall # > O and a > 0, A(t,a) < L we

a’

obtain the following Corollary, which provides an explicit estimate for drv (pxe, px,) in
terms of o showing that it vanishes when « tends to +o0.

Corollary 3.1 Let {X{,t € [0, T1} and {X;, t € [0, T} be, respectively, the solution of (2.6)
and of (2.7) with Assumptions 1.1 and 1.2. We further assume that |o (t, x)| > o9 > 0 for all
(t,x) € [0, T] x R. Then, foreacha > 1 andt € (0, T1],

dry(pxe. px,) <min{Coa~ 2712 1},
where C is a constant depending only on {x¢, yo, 09, «,y, K, L, M, T}.

The following remark shows that the rate of convergence of X to X; as « tends to 4-00
obtained in Theorem 3.2 and Corollary 3.1 is optimal.

Remark 3.4 We consider the equations (1.1) and (1.3) withxg = yo = 0,b(t, x) = o (t, x) =
1. By Corollary 3.1 we have

1
dry(pxs, px,) < Ct™'a™ 1?2 = 0(—=), @ > o0.
o

7

On the other hand, by solving (1.1) and (1.3) explicitly, we obtain

t yt Wt
- - +
k+y (KE+yk k+vy

X =

t

1 ! 1
- / expla(c + y)(u — 0)]ldWy, + — (1, ak),
k+7v Jo K

t yt n W;
K+y (kK+yk  k+y’

t =
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It follows that both X7, X, are normal random variables with means and variances given

explicitly by
t t t
n=EX, =— — 4 , o2 ::VarX,zi2
kK+y (k4 (k+y)
t yt 1
=EX! =— - —A(t, ak),
Mo t K+y (K+)/)K+K (t, ax)

05 == Var(X}y) =

(kK +y)?

l t
/ (1 —expla(k +y)u— f)])zd“-
0

Then, applying Theorem 1.3 in [7], we get

r .
drv(pxe, px,) = 200 Mmin

> —— min
— 200

~ 200

> —— min

— 200

= —— min
200

) loZ — o2 pa — ul
, max . y T
min{o, 0,}?’ min{c, oy}
1 e — 1l }
Ou
| (K + YA, ak)

12
i (Jy (1 = explacte + ) — 1)])*du)

(k + y)A(t, ak)
’ . 172
K (fo (1 —explax +y)(u — t)])du)

(k + YA, ak) }
T (Mt ol + )2

1

1
=0(—=), a — oo.

Ja

Thus, in this simple example, we obtain an optimal rate of convergence of order = O(ﬁ)

fordrv(pxe, px,).

3.2 Approximation the Velocity and Rescaled Velocity Processes

In this section, we establish rates of convergence in L”-distances and in the total variation
distance for the velocity and rescaled velocity processes. We will discuss the re-scaled velocity
process first since in this case, our results are applicable to more general settings where both
external forces and diffusion coefficients can be dependent on both x and 7, i.e. g = g(z, x)

and o = o(t, x).

3.2.1 The Re-scaled Velocity Process

From the second equation of (1.1) we can see that the process Y{ satisfies

o

Y¢ =yo— (c+y) fo Yods — [y g(5, XO)ds — y [§E(YO)ds +a [y o (%, X9)dWs

Xg = Xq.

(3.26)
We recall the definition of the re-scaled velocity process introduced in the Introduction
- 1
Y =—Y%.
LV
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Then Y satisfies (1.4), that is

- y ) ]
7o = % —(k+y) [y Yeds — Ja Jo 8E. X%)ds —y [y E(Y®)ds

Ve fyo (5 XOdWs (3.27)
X*(0) = xo.

Now, we put Wt = JaW, Ja» then (WI)ZZO is a Brownian motion process and (3.27) can
be rewritten in the form

% 3 1. .
7o = \yf (e +y) Ji veds — = Jy 8(3. X)ds =y [y E(F)ds
+ Joo (5. XOHdW (3.28)

XS‘ = Xq.

Our goal in this section is to study the rate of convergence in LP-distance and in the
total variation distance between Y @ and Y;. Here, Y, is the solution of Ornstein-Uhlembeck
process (1.5), which is

(3.29)

dY, = —(k + y)dY, + o (0, x0)dW,,
Y(0) =0.

First, we obtain the rate of convergence in L?-distances between 17,“ and 17, in the following
lemma.

Theorem 3.3 Let {17;", t €10, T]}and {f’,, t € [0, T} be, respectively, the solution of (3.28)
and of (3.29) with Assumptions 1.1 and 1.3. Then, for all p > 2 and a > 1,

~ C
E| sup |7 =Fil” | <
0<t<T
where C is a positive constant depending on p but not on «.
Proof From (3.28) and (3.29), together with the fact that IE[f’t] = 0forallt € [0, T], we get
?t()l - j}[ =

t
%—(wy)/()(?f—?s)ds——/ 8 xtds

t t
- y/ E(Y* — Yy)ds +/ 02, X%) = 60, x0))dWs.
0 0 (o4 o

Using Minkowski’s inequality (3.1) with n = 5, Holder’s inequality, the BDG inequality
and Assumptions 1.1 and 1.3, one can derive that

t
E[sup |Y§‘—YS|P} <50 [ 20 otk 07 [ B[ - TP as
0

0<s<t

KP@r)p-!
aP/2

t
+ﬂ’“yf’/ E[|YY — Y,|P]ds
0

t ¢p
+21]71C[)tp/271/ (o TE[X¢ —x01")]ds .
0 o

t
/ (1+E[IXS 7] ds
0 3

@ Springer



T.C.Sonetal.

By Lemma 3.1, with noting that 0 < = <5 <t < T, we have

s

o
e o C t e o tgp P2

E OS;I;JYS — Y7 | < 7-|-C/ [|YS — Yy ]ds+C/O ((Tp"'rp/z)ds

C ! sy o
_vP
< p/2+C/ IE|:0;1;I;S|YM Y.l :| ds
where C is constant depending only on {xq, yo, &, ¥, K, L, p}. Using Growwall’s inequality,

we obtain the claimed inequality and complete the proof. g

From (3.27) and (3.29), under Assumptions 1.1 the Malliavin differentiability of the
solutions )7,"‘ and Y, can be proved by using the same method as in the proof of Lemma 3.2.
Moreover, the Malliavin derivatives Dy )7,“ and Dy ft satisfy D, f’,"‘ =D, )7, =0forr > t/a
and0 <ar <t <T,

t
& = Jao(r, X¥) — (k +y) DrY“ds - — g( )D,X“ ds

ar ar

t
+J&f (2D, X% dWs ,
ar o o «
~ t ~
D,7: = Jao (0, x0) — (c +7) / D, 7,ds, (330)
ar

where g(s), g%(s), o (s), a*(s) are adapted stochastic processes and bounded by L. Fur-
thermore, if g and o are continuously differentiable, then g(s) = gé(s, X5), g%(s) =
8, (s, X$),6(s) = a5(s, Xs) and 6%(s) = oy (s, X§).

Lemma3.5 Let {17["‘,1‘ e [0, T]} and {I?,,t € [0, T]} be defined as above. Assume that
Assumptions 1.1 and 1.3 hold. Then, for all @ > 1,

E [||D17,“ - DY,H%{] < Ca™l,
where C is constant depending only on {xg, yo, k, vy, K, L, T}.
Proof 1t follows from (3.30) that, for 0 < ar < f,

t
DY® — DY, = J&(o(r, X¥) —0(0,x0) — (k + y)/ D?;’ - Df’s] ds

—T mg( )D,X“d_w{—f/ U( )D,X“dWs.

Using Cauchy-Schwarz inequality, the 1td isometry formula, Assumptions 1.1 and 1.3,
Lemma 3.1, with noting that 0 < > <5 <t < T, we get

E [lDr?t“ - DrY,F] =4(2L% (P +E[1X] — xol])
t
+ k) - ozr)f IE[]D,Y;* - Drmz] ds
or

LT (! ' d
+7/ E[|D,X§|2]ds+L2a/ ]E[|D,X‘?§|2]—S)
(04 ar « ar o (%4
(t—ar)
o

< C(O{ (rz—l—r)—i-/ai E[|D,I?39—D,fv‘2] ds—+ +(t—otr)),
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where C is constant depending only on {xg, yo, , ¥, K, L, T}. From this, we have

t/a 5 5
/ E[|D, Y — D, Y|*] dr
0

2 t2

t3 t2 t/a t 5 <5 t
—_— R a_ [ [R—
C(« <3a3 +2a2>+/0 <farE[yD,YS D, Y| ]ds>dr+2a2+2a)

C t s/o 5 2
f—I—C/ </ E‘D,YS“—D,YS dr)ds.
o 0 0

Denote ¢(¢) = 0'/ “E | D, ?f‘ — D, 17,|2dr, using Gronwall’s inequality, one sees easily
that

IA

IA

- ~ C
E[IDVf — DY 1| = ¢(0) = —e < ca™,
o
where C is a constant depending only on {xo, yo, «, ¥, K, L, T'}. This completes our proof.[]

Bringing the above lemmas together, we can get the following result.

Theorem 3.4 Let{?f‘, tel0,T]} and{ft, t € [0, T1} be as before. Assume that Assumptions
1.1 and 1.3 hold and |0 (0, xo)| > O for all (¢, x) € [0, T] x R. Then, for each t € (0, T],

dry (pye. py) < C (.20 + )~ a2,
where C is a constant depending only on {xo, yo, k,y, K, L, T, (0, xo)}.

Proof Using Lemma 2.1 we have

S ~ 25 4 1/4 S g 1/4 5 5 1/2
drv(pye pg) = 197 = T2 |3 (BID il g 0) - (BIDTZE) T +2 (BIDTIZZ) .

Thanks to Theorem 3.3 and Lemma 3.5, we obtain

B . 1/4 L\ l/4 L N2
drv(pya, pg) <Ca 1/2[3(IE||DZY,||;‘{®H) (EIDTI)  +2 (EIDT12)

(3.31)
Moreover, we have D, Y, = Oforr > t/a and D, Y; = /ao (0, xo) — (K +¥) foi) D,Yds,
for 0 < ar < t. Solving this ODE directly yields

DV, — 0 ifra >t (3.32)
e Jao (0, xp)exp[(k + y)(ra —1)] ifra <t. '

Thus, one can easily show that
5 t/a
IDY; 17, = a0 (0, XO)/ exp [2(k + y)(ra — H]dr = 0(0, x0)A(t, 2(k + ).
0

This implies, for all p > 2,
E[IDY:117/] = 077(0, x0) (A(t, 2k + y))~P/2. (3.33)
Applying the Malliavin derivative to (3.32), we have
DyD,Y; = 0. (3.34)
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Combining (3.31), (3.33) and (3.34), we obtain
dry (pye. py) < C (1,20 + )~ a2,

where C is a constant depending only on {xo, yo, x, ¥, K, L, T, o (0, xo)}. This completes
our proof. O

3.2.2 The Velocity Process

As mentioned in the introduction, when g(¢, x) = g(x) and o (¢, x) = §, [18, Theorem 2.3]
shows that the velocity process Y;* converges to the normal distribution as « — oo. In the
rest of this section, we generalize this result to a much more general setting where g depends
on both x and ¢ while o depends only on 7, i.e. o (f, x) = o (¢).

From (2.8) we get

Y =yoexpl—alk + y)t] —alk + VI (@) + alc + ) I3 (@) + alc + y)I5 ). (3.35)

Since X¢ is Malliavin differentiable, Y;* is also Malliavin differentiable satisfying D, Y* =
Oforr >t,andforO<r <t <T

t
D, YY = ao(r)explalc + y)(r —1)] — O[/ exp[a(k + y)(t — )18 (s, X$)D, X{ ds.

(3.36)
Define

t
W) = Vale + )15 (1) = J&/O expla(c + ) — Do WdW,.

Then W¥(¢) is also Malliavin differentiable and D, W = O forr > t and for 0 < r <
t<T
D, W%(t) = Jao(r)expla(k +y)(r —1)]. (3.37)

Lemma3.6 Let Y be the solution of (3.26) with Assumptions 1.1. Then, for all p > 2 and
1€(0,T],

Y P
E||-L —wew|" | < car,
Ja
where C is constant depending only on {yo, k, y, K, L, p}.

Proof From (3.35), we get

Ya
L _W%() = AU

Ja ﬁexp[—a(K—H/)l]—x/&(K+J/)11“(t)+«/5(K+J/)I§’(t)-
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Then, by (3.14), (3.15) and Lemma 3.3, we have the following estimation

Y, P
B\ 22 - wew|] <3 [ 200 s ik p PR OF) + o+ 1501
1
=C | a2 (24B( sup 1X17) ) (0 (k) o (ulr, k)
of 0<t<T
C
<——>|14+E X7P
—am[ +B( sup, 1X;1 )}
- C
= Wﬂ

where C is a constant depending only on {yo, k, ¥, K, L}. This completes the proof of the
lemma.

Lemma3.7 Let Y/ be the solution of (3.26) with Assumptions 1.1. Assume that o(t) is
continuous on [0, T]. Then, for all o > 1,
D, Y"
L D,W*(1)

t
g/
0| Ve
where |0 |loo = sup |o(t)| and C is constant depending only on {x,y, K, L, p, T}.
t€(0,T]

Proof From (3.36) and (3.37) we have

EAI dr =E /

t
< Cap/Z/ E
0

P
dr < Clo||5e™""?,

p
dr

(3.38)

D,Y?

Ja —DW(t)

exp [a(k +y) —$)]g' (s, XD, X%ds

P
dr.

/ exp [a(k + y)(t — )| D, X¥|ds

r

On the other hand, from (3.16), together with Assumptions 1.1 and the fact that6* (s) = 0,
we have

o (r)]
|D X7 < 1y

(1 —explac +y)F — 1] + 7/. 1% ()| Dy X |ds

+7/ exp [a(K+)/)(s—t)]ll;“(s)IIDrXflds
kK+v Jr

2L [
< ol | / D, X¥|ds.
Kty kv )

Thus, by Gronwall’s inequality one sees that

_ llolloo 226=n

| D, X7 e 7 < Clo]loo,

where C is constant depending only on {«, y, K, L, T'}. Substituting this into (3.38) yields

Dyot t
E/ r msawﬁwﬂf
0o | Vo 0

‘ p
/ expla(k +y)(t —s)lds| dr

r

— D, W%(1)

t
ECMMQWH/‘VU—HaW+vDW
0

P _—p/2
< Clo||5e™""?,
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which is the desired conclusion. O

Now we are ready to prove the rate of convergence in total variation distance for the
velocity process Y,* as ¢ — 0.

Theorem 3.5 Let Y be the solution of (3.26) with Assumptions 1.1. Assume that o (t) is a
continuously differentiable function on [0, T] and that o (t) # O for each t € (0, T]. Then,
foreacha > 1andt € (0, T]

drv (Presva Puo) = € G 20 + )P a 12,

2
o“(t
where N is a normal random variable with mean 0 and variance 2(7_5_)), and C is a
KTy
constant depending only on {xo, yo,x,y,K,L, T, o}.

Proof Using Lemma 2.1, we have:

Y 1/4 o\ 1/4
dry (py,a/ﬁ, PWa(;)) < Hﬁ — W) [3 <E||D2W“(t)||‘7‘1®ﬁ) (IE||DW°‘(:)||H8)

1,2

w2 (ziowe) ]

By Lemmas 3.6 and 3.7, one can derive that

3 1/4 o\ 174
drv (pysyya pwew) < Ca™ V2 [3 (BID*W Ol g0)  (BIDWOI7)
(3.39)
\12
+2(EIDWe ) |,
where C is a constant depending only on {xo, yo, k, ¥, K, L, T}.
Now we calculate the derivatives of W (¢). One can easily show that
D, W*(t) = Jao(r)expla(k +y)(r —t)] and DgD, W*(t) = 0. (3.40)
Therefore,
1
IDW® ()%, = / o2 (raexp Ralk + y)(r —1))dr
0
> ai(r; 2 i N>
> ar(t; 2a(k + J/))tg[lol’r;] lo (1)
> At 2 i N2
> At 2(k + V))ten[l(;% lo ()]
Thus, for all p > 2,
. 1
E[IDY:13/] (3.41)

<
I min I
;2 + )’))te[oﬂ lo ()]

From (3.39), (3.40), (3.41), we obtain

/2 2
(A (t; 2(k + y))Y/? min_|o(1)]
te[0,T]

dry (Py,a/ﬁ» PWW(:)) < Ca™!

@ Springer



Rate of Convergence for Mean-field SDEs

where C is a constant depending only on {xo, yo, k, ¥, K, L, T, o}. Thus,

drv (Presva pwen) < € G20 +y) ™o,

where C is a constant depending only on {xo, yo, k, ¥, K, L, T,0}.
Note that by Itd’s isometry and using integration by parts for the non-stochastic integral,
we have

t
E[[W )]’ ] = /0 a6 (r) exp ek + y)(r — D)ldr

o) o*(0)exp[—2a(k +y)1]
2 +v) 2(k +y)

1
—/ o(r)o’'(r)exp [2a(k + y)(r —t)]dr.
0

Thus, we can deduce that W* (¢) is random variable with normal distribution with mean
0 and variance
o2(t) a2(0) exp [—2a(k + y)t]
2(k +y) 2(k +y)

1
/ o(r)o’'(r)exp [2a(k + y)(r —t)]dr.
0

Now, applying Lemma 4.9, [13], we derive that

a2(0) exp [—2a(x + p)1]
2k +y)

-c (02(0) exp [—2a(x + p)i]

- 2k + )

—1
= Clolloslioloce ™",

t
drv(pwe()s PN@r) < C( +/(; lo(r)o’(r)|exp 2a(k + y)(r — t)]dr)

+llolloollo” oo (t, 20 (k + V)))

where |0 ]loo = sup |o(®)], |6'lcc = sup |o’/(¢)| and C is an universal constant. Thus,
1€[0.T] 1€[0.7]

dry <th”/ﬁv pN(t)) <drv(pwew, PN@) +drv (PY,“/ﬁv pW“O))
< COMt.20c + ) a2,
where C is a constant depending on {xo, yo, k, ¥, K, L, T, o}. This completes the proof. [J
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