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Abstract

We prove the existence of a contraction rate for Vlasov-Fokker-Planck equation in
Wasserstein distance, provided the interaction potential is Lipschitz continuous and the
confining potential is both (locally) Lipschitz continuous and greater than a quadratic
function, thus requiring no convexity conditions. Our strategy relies on coupling
methods suggested by A. Eberle [22] adapted to the kinetic setting enabling also to
obtain uniform in time propagation of chaos in a non convex setting.
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1 Introduction

1.1 Framework

Let U and W be two functions in C' (R?). We consider the Vlasov-Fokker-Planck
equation:

Oy (,0) = =Vy - (v (2,0)) + Vi - (0 4+ VU (2) + VW x g (2)) v (2, 0) + Vour (z,0)),
(1.1)
where v;(z,v) is a probability density in the space of positions » € R? and velocities
v e RY,

i) = [ i)
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Vlasov-Fokker-Planck equation: convergence rates and propagation of chaos

is the space marginal of v; and

VW s ple) = [ VWG (),
R4

It has the following probabilistic counterpart, the non linear stochastic differential

equation of McKean-Vlasov type, i.e. 1, is the density of the law at time ¢ of the R??-

valued process (X, V;);>0 evolving as the mean field SDE (diffusive Newton’s equations)

dX, = V,dt
AV, = V2dB, — Vidt — VU (X,) dt — VW % g (X,) dt (1.2)
Mt = Law (Xt) .

Here, (X, V;) € R? x RY, (By),>, is a Brownian motion in dimension d on a probability
space (2, A,P), and p is the law of the position X;. The symbol V refers to the gradient
operator, and the symbol * to the operation of convolution.

Both in the probability and in the partial differential equation community, existence
and uniqueness of McKean-Vlasov processes have been well studied. See [36, 25, 44] for
some historical milestones. In the specific case of (1.1) and (1.2), under the assumptions
on U and W introduced in the next section, existence and uniqueness follow from [37]
for square integrable initial data.

A related process is the N particles system in R? in mean field interaction

dX} = Vidt,
) N
vi e[ NT, dVi = V2dBi - Vjdt— VU (X})dt - %va (X;’ - Xg) dt,
=1
’ (1.3)
where X! and V}' are respectively the position and the velocity of the i-th particle,
and (Bj,1 <i < N) are independent Brownian motions in dimension d. One can see
equation (1.3) as an approximation of equation (1.2), where the law y; is replaced by the
empirical measure p¥ = + Zfil Oxi-

It is well known, at least in a non kinetic setting [37, 44], that, under some weak
conditions on U and W, ¥ converges in some sense toward the law y; of X; solution
of (1.2). This phenomenon has been stated under the name propagation of chaos, an
idea motivated by M. Kac [32]), and greatly developed by A.S. Sznitman [44]. See the
recent reviews on propagation of chaos [16, 15] and references therein for an overview
on the subject.

In statistical physics, (1.3) is a Langevin equation that describes the motion of N
particles subject to damping, random collisions and a confining potential U and inter-
acting with one another through an interaction potential W, which can be polynomial
(granular media), Newtonian (interacting stellar) or Coulombian (charged matter). See
for instance [34] for an english translation of P. Langevin’s landmark paper on the physics
behind the standard underdamped Langevin dynamics. Therefore, Equation (1.1) has
the following natural interpretation: the solution v, is the density of the law at time ¢ of
the process (X;, V;);>0 evolving according to (1.2), and thus describes the limit dynamic
of a cloud of (charged) particles. In particular, it holds importance in plasma physics,
see [47].

More recently, mean-field processes such as (1.3) have drawn much interest in the
analysis of neuron networks in machine learning [18, 17]. In this context of stochas-
tic algorithms, it is known that the underdamped Langevin dynamics (not necessarily
with mean-field interactions) can converge faster than the overdamped (i.e non kinetic)
Langevin dynamics [18, 28] toward its invariant measure. For example, the results
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on (1.2) could be applied to study the convergence of the Hamiltonian gradient de-
scent algorithm for the overparametrized optimization as done in [33] for Generative
Adversarial Network training.

The goal of the present work is twofold. We are interested, first, in the long-time
convergence of the solution of (1.2) toward an equilibrium and, second, to a uniform in
time convergence as N — +oo of (1.3) toward (1.2). It is well known that such results
cannot hold in full generality, as the non-linear equation (1.1) may have several equilibria.
Here we will consider cases where the interaction is sufficiently small for the non-linear
equilibrium to be unique and globally attractive, and for the propagation of chaos to be
uniform in time.

There are various methods to study the long time behavior of kinetic type processes,
such as Lyapunov conditions or hypocoercivity, and we will discuss these approaches
and compare them with our results later on. We rely here on coupling methods following
the guidelines of A. Eberle et al. in [23] where the convergence to equilibrium is
established for (1.2) without interaction, and also extend the approach to handle only
locally Lipschitz coefficient. In a second part, we also use reflection couplings (see [21])
for the propagation of chaos property.

Let us briefly describe the coupling method. The basic idea is that an upper bound on
the Wasserstein distance between two probability distributions is given by the construc-
tion of any pair of random variables distributed respectively according to those. The
goal is thus to construct simultaneously two solutions of (1.2) that have a trend to get
closer with time. Have (X;, ;) be a solution of (1.2) driven by some Brownian motion
(By)t>0 and let (X[, V) solves

dX; = V/dt
AV} = V2dB, — V/dt — VU (X]) dt — VW % u; (X]) dt
py = Law (X]).

with (By),, a d-dimensional Brownian motion. A coupling of (X, V) and (X', V') then
follows from a coupling of the Brownian motions B and B’. Choosing B = B’ yields
the so-called synchronous coupling, for which the Brownian noise cancels out in the
infinitesimal evolution of the difference (Z;, W;) = (X; — X[, V; — V//). In that case the
contraction of a distance between the processes can only be induced by the deterministic
drift, as in [8]. Such a deterministic contraction only holds under very restrictive
conditions, in particular U should be strongly convex. Nevertheless, in more general
cases, the calculation of the evolution of Z; and W, (see Section 3.1 below) shows that
there is still some deterministic contraction when Z; + W; = 0. We can therefore use a
synchronous coupling in the vicinity of this subspace.

Outside of {(z,w) € R??, z + w = 0}, it is necessary to make use of the noise to get
the processes closer together, at least in the direction orthogonal to this space. In order
to maximize the variance of this noise, we then use a so-called reflection coupling, which
consists in B and B’ being antithetic (i.e B; = —B;) in the direction of space given by
the difference of the processes, and synchronous in the orthogonal direction. In other
words, writing

e = { Zorwy 2+ W #0
0 otherwise
we consider dB; = (I d— 2ete;f) dB;. Levy’s characterization then ensures that it is
indeed a Brownian motion.
Finally we construct a Lyapunov function H to take into account the trend of each
process to come back to some compact set of R?*?. We are then led to the study
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of a suitable distance between the two processes, which will be of the form p; :=
fre)(1 + eH(X¢, Vi) + eH (X, VY)), with 7, = «|Z| + |Z; + W¢|, where o, e > 0 and the
function f are some parameters to choose. More precisely, we have to choose these
parameters carefully in order for Ep; to decay exponentially fast. This leads to several
constraints on «, € and on the parameters involved in the definition of f, and we have to
prove that it is possible to meet all these conditions simultaneously. For the sake of clarity,
in fact, we present the proof in a different order, namely we start by introducing very
specific parameters and, throughout the proof, we check that our choice of parameters
implies the needed constraints.

The study of the limit NV — +o00 is based on a similar coupling, except that we couple
a system of N interacting particles (1.3) with /N independent non-linear processes (1.2).

The next subsections describe our main results and compare them to the few existing
ones in the literature. Section 2 presents the precise construction of the aforementioned
ad hoc Wasserstein distance. The proof of the long time behavior of the Vlasov-Fokker-
Planck equation when confinement and interaction coefficient are Lipschitz continuous
is done in Section 3, whereas the propagation of chaos property is proved in Section 4.
An appendix gathers technical lemmas and the modifications of the main proofs when
the confinement is only supposed locally Lipschitz continuous.

1.2 Main results

For 1 and v two probability measures on R??, denote by II (11, ) the set of couplings
of 1 and v, i.e. the set of probability measures I' on R?? x R2? with I'(A x R2%) = u(A)
and I'(R?? x A) = v(A) for all Borel set A of R??. We will define L' and L? Wasserstein
distances as

Wi (p,v) = Fegbf; ” / (|le — 2| + |v — 9|) T (dedvdzdv) ,

1/2
WQ(M,V):( inf /(a;—5c|2+|v—172)F(d:vdvd5:d17)> .

Tel(p,v)

Our main results will be stated in terms of these distances, even if we work and get
contraction in the Wasserstein distance defined with the aformentioned p. Let us detail
the assumptions on the potentials U and W.

Assumption 1.1. The potential U is non-negative and there exist A > 0 and A > 0 such
that

1 2
Vo € RY, QVU(a:)-xz)\(U(x)—i—'Z)—A. (1.4)
The condition (1.4) implies that the force —VU has a confining effect, bringing back
particles toward some compact set. It implies the following:
Lemma 1.2. If Assumption 1.1 holds, then there exists A > 0 such that for all z € R4,

U(z) > %W — A (1.5)

The proof is postponed to Appendix A.1. In particular, it implies that U goes to infinity
at infinity and is bounded below. Since only the gradient of U is involved in the dynamics,
the condition U > 0 is thus not restrictive as it can be enforced without loss of generality
by adding a sufficient large constant to U. This condition is added in order to simplify
some calculations.

We will also assume that the potential U satisfies one of the two following conditions:

Assumption 1.3. There is a constant Ly > 0 such that

v,y c R*x R,  |VU () — VU (y)| < Lu|z —y|.
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Assumption 1.4. There exist Ly > 0 and a function ¢ : R? — R such that
Vo,y e RTxRY, VU (2) = VU ()| < (Lu + 9 (2) + 9 () [« =y,

and
Ve e RY, 0 <ap(x) < Lyv/Nz|? + 24U (x),

where L,, > 0 is sufficiently small in the sense that
Ly < cy(Ly, A\ A, d, a),

where cy, is an explicit function given below in (5.9), Ly is given in Assumption 1.3, A by
Assumption 1.1, A by Lemma 1.2, d is the dimension and a is a parameter such that (5.1)
holds for some C°, namely is used to bound an initial moment.

Obviously, Assumption 1.4 implies Assumption 1.3. We distinguish it as it yields
simpler proofs. Actually, the proofs of our main results already rely on quite involved
computations under Assumption 1.3, and thus for the convenience of the reader we
present the proofs in this case with full details in a first step, and then in a second step
we explain how the more general situation of Assumption 1.4 is tackled.

Remark 1.5. In the literature, see for instance [40] or the recent [10], it is common to
find the assumption U twice continuously differentiable with an hessian matrix satisfying

IV2U ()| < CA+ V.U (), (1.6)

where ||V2U(z)|| denotes the matrix norm of the hessian. Here, Assumption 1.4 together
with Assumption 1.1 yield a stronger version of (1.6). Indeed, in dimension one for
instance, we have

U"(2)] = lim (L&) = U]

vor e -y
<Ly + 2L~/ Az|? + 24U (z).
Using Assumption 1.1, we obtain the existence of a constant A such that
A o
U ()| > S|z — A,
4
which implies, once again using Assumption 1.1, that
/ 4 / 4 . / / A 2
U @) { {10 @) + 54 ) 2 U (@)lle] 2 U'(z)z 2 20U (2) + 5|z|” - 24.
In particular, there are constants ci, cs, c3 and ¢4 such that
c1|U' (x)| + ca > v/ e3U(x) + cq|x|?,
and therefore we obtain, for some constants C' and 7,
U" (z)| < C(1L+|U' (2)]),

where 7 has to be sufficiently small. This is no surprise as, in our work, we consider the
“local Lipschitz condition” to be a perturbation of the global Lipschitz Assumption 1.3.

Example 1.6. Assume d=1. The double-well potential given by

21 iffzf <1
U@ =g 0D, ks
(J¢| = 1)°  otherwise.

satisfies Assumptions 1.1 and 1.3.
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Example 1.7. Likewise, we may consider U(z) = $2? 4 2 cos(z) in dimension 1, which is
neither strongly convex, nor strongly convex outside a ball, but satisfies Assumptions 1.1
and 1.3.

Example 1.8. Consider U(z) = $2? + 2z* in dimension 1. We have

2

2 2 2
x 4 x x b 4
. = — > J— J— —_ = _—
VU (z) -z 5 +bx* > <4 + 1 +4x> (U(x)+ ),

hence U satisfies Assumption 1.1. U is not Lipschitz continuous, however it satisfies
1
VU (z) = VU ()l =5 |z —yl +b 2% — |

1

=5 le =yl +ble—yl[a® + 2y + ¢’
1 3b 9 9

§§|x—y\+5|x—y| |2* + 47|

1
~ (5 + 9@ +v0) ) 12 -l

where,

U(x) = %b:cz < \/5\/244Tx4 < Vo Nal? + 24U (2).

We then require b to be sufficiently small for Assumption 1.4 to hold.
Let us now give the assumption on the interaction potential.

Assumption 1.9. The potential W is even, i.e. W (x) = W (—z) for all x € R¢, in partic-
ular VW (0) = 0. Moreover, there exists Ly, < A\/8 (where ) is given in Assumption 1.1)
such that

Vz,y e REx RY, VW (z) — VW (y) | < Lw |z — . (1.7)

In particular [VW (z) | < Ly |z| for all z € R4.

Here we consider an interaction force that is the gradient of a potential W, as we
stick to the formalism of other related works (for instance [21]). Nevertheless, all the
results and proofs still hold if VIV is replaced by some F : R? — R? satisfying the
same conditions. The confinement potential may also be non gradient, however the fact
that the confinement force VU is a gradient simplifies the construction of a Lyapunov
function.

The condition Ly < )\/8 is related to the fact the interaction is considered as a
perturbation of the non-interacting process studied in [23]. Therefore, VI¥ has to be
controlled by VU in some sense. Note that we immediately get the following bound on
the non-linear drift:

Lemma 1.10. Under Assumption 1.9, for all probability measures . and v on R? and
z, % € R,
VW s p(x) = VW v (2) | < Lwl|z — Z| + LwWi (i, v).
See Appendix A.2 for the proof.

Example 1.11. Assumption 1.9 is satisfied for an harmonic interaction W (z) =+ Ly, |z|?/2,
or a mollified Coulomb interaction for a,b > 0 and k € IN*
k—2
W(x) = i%, ie VW (x)= :F%.
(jal¥ + b5 (lafF + %)+
The first of our main results concern the long-time convergence of the non-linear
system (1.1).
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Theorem 1.12. Let U be continuously differentiable and satisfy Assumption 1.1 and
Assumption 1.4. There is an explicit ¢V > 0 such that, for all W continuously differ-
entiable satisfying Assumption 1.9 with Ly, < ¢V, there is an explicit 7 > 0 such that
for all probability measures v§ and v on R?? with either a finite second moment (if
Assumption 1.3 holds) or a finite Gaussian moment (if only Assumption 1.4 holds), there

are explicit constants C,C5 > 0 such that for allt > 0,
Wl (l/tl, l/tQ) < e_TtCl 5 WQ (Utl, Vt2) < e_Tth

where v} and v} are solutions of (1.1) with respective initial distributions v} and 1.
In particular, we have existence and uniqueness of, as well as convergence towards,
a stationary solution.

The second of our main results is a uniform in time convergence as N — +oo of (1.3)
toward (1.2).

Theorem 1.13. Let C° > 0 and @ > 0. Let U be continuously differentiable and satisfy
Assumptions 1.1 and 1.3. There is an explicit ¢V > 0 such that, for all W continuously
differentiable satisfying Assumption 1.9 with Ly, < ¢V, there exist explicit B~1, By >0,
such that for all probability measures v, on R*? satisfying E,, (e2(XI+IVD) < o,

kB kB
Wl (Vf’va;?k)S\/iﬁlv W22 <V57N>Dz§k>§\/7ﬁ27

for all k € N, where vV is the marginal distribution at time t of the first k particles
(X}, V), ..., (XF,V}F)) of an N particle system (1.3) with initial distribution (v9)®",
while v, is a solution of (1.1) with initial distribution vyg.

k,

The organization of the article is as follows: in Section 2 we define the various
tools involved in the construction of a good semimetrics. In Section 3 we study the
long-time behavior of the Vlasov-Fokker-Planck equation (i.e Theorem 1.12) under the
global Lipschitz Assumption 1.3 on U. Then, in Section 4, we prove propagation of chaos
(i.e Theorem 1.13). Finally, in Section 5, we show how one may obtain the result of
Theorem 1.12 under the local Lipschitz Assumption 1.4 on U.

We choose to present these proofs in this order, starting with the case in which the
computations are the least cumbersome, in order to describe the method and motivate
the construction of the semimetrics. Then, we add the tools to deal with the propagation
of chaos. Finally, by combining the tools developed in Section 4 and the method of
Section 3, we observe that it is possible to handle a small perturbation of the Lipschitz
condition on U. In this way, we hope to gradually bring the difficulties and keep a form
of clarity despite the sometimes involved calculations.

1.3 Comparison to existing works

Space homogeneous (i.e non kinetic) models of diffusive and interacting granular
media, usually named McKean-Vlasov diffusions (see [5]), have attracted a lot of attention
in the last twenty years. They have been treated by means of a stochastic interpretation
and synchronous couplings as in [13] or in the recent [21] by reflection couplings
enabling to get rid of convexity conditions, but limited to small interactions. Remark
however that small interactions are natural to get uniform in time propagation of chaos as
for large interactions the non linear limit equation may have several stationary measures
(see [31] for example). The granular media equations were interpreted as gradient flows
in the space of probability measures in [12], leading to explicit exponential (or algebraic
for non uniformly convex cases) rates of convergence to equilibrium of the non linear
equation. Another approach relying on the dissipation of the Wasserstein distance and
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W J inequalities was introduced in [7] handling small non convex cases. This approach
was implemented in [42] to get propagation of chaos, under roughly the same type of
assumptions. Mean-field limit using I'-convergence tools has also been obtained in [11]
for A-convex potentials in this non kinetic setting.

Results on the long time behavior of the non-linear equation (1.2), i.e. space inho-
mogeneous, are few, as they combine the difficulty of getting explicit contraction rates
for hypoelliptic diffusions as well as a non linear term. Recent works have tackled the
question of contraction rate for the underdamped Langevin diffusion when there are no
interaction (i.e W = 0). Results were obtained using hypocoercivity [19] and recently
functional inequalities [1, 10], all in an L? setting that is not well adapted to the inter-
acting particle system. For singular potential U, still without interaction, convergence
rate in H! were obtained in [4]. Concerning the uniform in time propagation of chaos,
there are no results except in the strictly convex case (with very small perturbation).
We however refer to [46] for a result on the torus with W bounded with continuous
derivative of all orders, see also [9]. Using functional inequalities (Poincaré or loga-
rithmic Sobolev inequalities) for mean field models obtained in [27], other results were
obtained provided the confining potential is a small perturbation of a quadratic function
as in [38, 26, 29] which combines the hypocoercivity approach with independent of the
number of particles constants appearing in the logarithmic Sobolev inequalities. The
convergence of the Vlasov-Fokker-Planck equation to equilibrium for specific non-convex
confining potentials and convex polynomial attractive interaction potentials using the
free-energy approach has also been obtained in [20]. Our results generalize [29]. Indeed,
we may consider non gradient interactions whereas it is crucial in their approach to know
explicitly the invariant measure of the particles system, and also we may handle only
locally Lipschitz confinement potential, whereas they impose at most quadratic growth
of the potentials, and non strictly convex at infinity potential. It is however difficult to
compare the smallness of the interaction potentials needed in both approaches. Note
however that they obtain convergence to equilibrium in entropy whereas we get it in
Wasserstein distance (controlled by entropy through a Talagrand inequality). Using
a coupling strategy, and more precisely synchronous couplings, results under strict
convexity assumption were obtained in [8] for contraction rates in Wasserstein distance,
see also [33] but only for the nonlinear system.

As we mentioned, we adapt a proof from [23], which tackles (1.2) without interaction
term. The article uses a Lyapunov condition that guarantees the recurrence of the
process on a compact set. This idea is common when proving similar results through a
probabilistic lens (see for instance [45] or [2]). Lyapunov conditions may also help to
implement hypocoercivity techniques a la Villani to handle entropic convergence for
non quadratic potentials, see [14]. Under the assumption U “greater than a quadratic
function” at infinity and VW Lipschitz continuous, we too consider a Lyapunov function
that allows us to construct a specific semimetric improving the convergence speed. But,
and this is to our knowledge something new, when proving propagation of chaos we add
a form of non linearity in the quantity we consider to tackle a part of the non linearity
appearing in the dynamic (see Section 4 below). Let us also mention the very recent
preprint by Schuh [43], posterior to our work, which also aims at proving long time
behavior for the second-order Langevin dynamics and its non linear limit as well as
uniform in time propagation of chaos, by constructing two separate metrics for small
and large distances and showing contraction for both these quantities.

2 Modified semimetrics

As mentioned in the introduction, the proofs rely on the construction of suitable
semimetrics on R?¢ and R??". They are introduced in this section, together with some
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useful properties. In all this section, A, A, A, Ly and Ly are given by Assumptions 1.1, 1.3
and 1.9 and Lemma 1.2.

Before going into the details, let us highlight the main points of the construction of
the semimetrics. It relies on the superposition of three ideas. The first idea is that, in
order to deal with the kinetic process (1.2), the standard Euclidean norm |x|? + |v|? is not
suitable and one should consider a linear change of variables, like (z,v) — (z,z + Bv) for
some [ € R. This is the case when using coupling methods as in [23, 8] but also when
using hypocoercive modified entropies involving mixed derivatives as in [46, 45, 3, 14],
the link being made in [39]. This motivates the definition of » below. The second idea is
a modification of this distance r by some concave function f, which is related to the fact
we are using, at least in some parts of the space, a reflection coupling. The concavity
is well adapted to It6’s formula enabling the diffusion to provide a contraction effect
(in a compact). This method has been considered for elliptic diffusions in [22], see also
[24]. Intuitively, the contraction is produced by the fact that a random decrease in r has
more effect on f(r) than a random increase of the same amount. Finally, the third idea
is the multiplication of a distance by a Lyapunov function GG, which has first been used
for Wasserstein distances in [30]. That way, on average, f(r)G tends to decay because,
when r is small, f(r) tends to decay and, when r is large, G tends to decay.

2.1 A Lyapunov function

Let
A

1= oD B=24(A+ (A=) A+d) 2.1)

and, for z,v € RY,
H (z,v) = 24U (z) + (6 (1 — ) + \) [2|* + 122 - v + 12[v]?.

For 4 a probability measure on R¢ with finite first moment, VIV being assumed Lipschitz
continuous, denote by £, the generator given by

L,¢(z,v) =v-Vup(z,0) — (v+ VU () + VW * p(2)) - Voo (2,0) + Ay (z,0) .

The main properties of H are the following.

Lemma 2.1. Under Assumptions 1.1, 1.3 and 1.9, for all z,v € R? and p,

2

H (x,v) >24U (x) 4+ Nz|? + 12 ‘v + g ) (2.2)

LoH (2,0) <B + L (6 + 83) (/ |y|d,u(y)>2 - (iA + )\2> o2 — 2 H (z,0),  (2.3)

L,H (z,v) <B + ((/ y|d,u(y)>2 - |;p|2> <i)\ + )\2) —H (z,v). (2.4)

In particular H is non-negative and goes to +oo at infinity.

The proof follows from elementary computations and is detailed in Appendix A.3.
Notice that the condition Ly < A/8 is used here.

In the case of particular interest where p = p is given by (1.2), taking the expectation
in (2.4) and using Gronwall’s lemma, we immediately get the following.
Lemma 2.2. Under Assumptions 1.1, 1.3 and 1.9, let (X, V:):>0 be a solution of (1.2)
with finite second moment at initial time. For allt > 0,

d

ZEH (X, V) < B—yBH (X, Vi), (2.5)
B B\ _.,
EH (X:,V;) — = < (EH (Xo,Vp) — — | e . (2.6)
v v
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2.2 Change of variable and concave modification

We start by fixing the values of some parameters. The somewhat intricate expressions
in this section are dictated by the computations arising in the proofs later on. Recall the
definition of v and B in (2.1). Set

A 24B 24 ((1 2 2
a=Ly+—-, Ro=|——r, 1= « +.a) —’:\a)B.
4 5y min (3, %) 5y min (3, g)

For z,%,v,7 € RY, set
r(z,Z,v,0) =alt —Z|+ |zt —Z+v—17|.

Lemma 2.3. Under Assumptions 1.1, 1.3 and 1.9, for all z, %, v, % € R¢,

1+ a)® +a?
(0,02 <2 T ) 1 (5,)) 2.7)
min (5)\,3)
so that, in particular,
12
r(z,Z,v,0) > Ry = ~H (z,v) + vH (Z,0) > —B.

5
We refer to Appendix A.4 for the proof. Let

. )y B 1 . (1 Ly+Lw , [Lu+Lw
c=min{ —, —, —min | = — ,2
36 37 2 2a 2ra
1/L L 1
woxp (== (25 L poemax [ —, 1) ) R2) Y. (28
8 «a 2a

3
€:§C’ C:C+QEB

Set

and, for s > 0,

¢ (s) = exp (é <; (Lu + Lw) + a + 96e max (22,1»32), @(s)/05¢)(u)du

C [ (u)

B p B min(s,R1) p
v =1-5 [Sma. 16 = [ swewan

Remark 2.4. The parameters above are far from being optimal. They are somewhat
roughly chosen as we only wish to convey the fact that every constant is explicit.

The next lemma, proved in Appendix B, gathers the intermediary bounds that will be
useful in the proofs of the main results.

Lemma 2.5. Under Assumptions 1.1, 1.3 and 1.9,

~y 5y
e<t|1-—8 , 2.9
~6 ( 2¢B + 5(;,) (2:9)
Ly + Ly <a, (2.10)
1 L L
c+2B <= (1-2utiw g oM (2.11)
2 a relo,R] P (r)
Ry -1
c+2eB <2 / D(s)p(s) tds| (2.12)
0
, 1 1
Vs > 0, 0 =4¢" (s) + a(LU+LW)+a+966max %’1 sé(s). (2.13)
EJP 27 (2022), paper 124. https://www.imstat.org/ejp
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The main properties of f are the following.

Lemma 2.6. The function f is twice continuously differentiable on (0, R,) with f/ (0) =1
and f’ (Ry) > 0, and constant on [Ry, ). Moreover, it is non-negative, non-decreasing
and concave, and for all s > 0,

min (s, Ry) f_ (R1) < f(s) < min (s, f(R1)) < min (s, Ry).

Proof. First, notice that (2.12) ensures that g(s) > % for all s > 0. Then, all the
points immediately follow from the fact the functions ¢ and g are twice continuously
differentiable, positive and decreasing, with ¢(0) = g(0) = 1. O

2.3 The modified semimetrics
For z,%,v,0 € RY, set
G (z,v,2,0) =1+ €eH (z,v) + eH (Z,0),

p(x,v,x,ﬁ) = f (T (I‘,U,i’,’[))) G(.I‘,U,QNZ‘,’LNJ) .
An immediate corollary of Lemmas 2.3 and 2.6 is that p is a semimetric on R2? which
controls the usual L1 and L2 distances:

Lemma 2.7. There are explicit constants Cy,Cs,C,,C, > 0 such that for all z,z',v,v’ €

Rd
& — '] + v — /| < Cip((,v), (',
|z —2'|> 4+ Jv —v'|? < Cap ((z,0), (z' v
r(z,v,2’',v") < Cpp ((x,v), (2',0)
(

|z — 2’| <C,f(r(z,v,2",0")) (1—|—e H(z,v) +6\/H(33/,1}/)> :

We also mention a technical lemma, see Appendix A.6 for proof.
Lemma 2.8. For all z,v, %, 7 € R?

\H (2,v) — H(%,3) | < Cagrar(z, &,v,8) + Capor(z, 7,0, ) (\/H (z,v) + VH (3, @)) ,
(2.14)
where

24‘VU(0)‘ 24 Ly 6(1 — 'y) +A-3 1
= = 2 1, — .
CdH,l o and CdH,Q oz\/X + a\/X + \/gmax ' 0

Finally, for 4 and v two probability measures on R?? and a measurable function
h:R2?? x R?? — R, we define

Wh (1, v) = inf /h(x,v,i,ﬁ)F(d(az,fu)d(:i,f;)) .

Tell(p,v)

3 Proof of Theorem 1.12

In this section, for the sake of clarity, we only assume the potential U satisfies
Assumption 1.1 and Assumption 1.3. We refer to Section 5 for the adjustment of the
proof in the case VU locally Lipschitz continuous.

Our goal is to prove the following result

Theorem 3.1. Let C° > 0. Let U be continuously differentiable and satisfy Assump-
tion 1.1 and Assumption 1.3. Let

2e B

- B
Cr :=C <1+ — +2eC°> + 2 (7 +C°) w.

A

EJP 27 (2022), paper 124. https://www.imstat.org/ejp
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For all W twice continuously differentiable satisfying Assumption 1.9 with Ly < c/éK,
for all probability measures v} and v2 on R?? satisfying E,H <C’andE,;H <C°

vi>0, W, (ut17 1/t2) < e_(C_LWéK)th (ué, 1/3) ,
where v} (resp. v?) is a solution of (1.1) with initial distribution v} (resp. v3).

3.1 Step one: coupling and evolution of the coupling semimetric

Let £ > 0, and let r¢, sc: R*? — [0, 1] be two Lipschitz continuous functions such that:

re® + sc? =1,

€

rc(z,w)inf|z—|—w|§§0ra\z|+\z+w|ZR1+£,

re(z,w) =11if |z +w| > € and a|z| + |z + w| < Ry.

These two functions translate into mathematical terms the regions in which we use a
reflection coupling (represented by rc = 1) and the ones where we use a synchronous
coupling (represented by sc = 1). Finally, £ is a parameter that will vanish to zero in the
end. We therefore consider the following coupling:

dX; = Vidt

dV, = —Vidt — VU (X;) dt — VW % py (X,) dt + /2re (Z, W) dBre
+V2sc(Z, Wy) dBge

pe = Law (X¢)

dX; = Vidt

AV = —Vydt — VU (Xy)dt — VW % ji,(Xe)dt + V2re (Zy, W) (Id — 2ecel ) dBJ*
+v/2sc(Z;, Wy) dB3¢

iy = Law(X}),

where B¢ and B*¢ are independent Brownian motions, and

% ~ Q¢ if 0
Zi=Xi = Xoy, We=Vi=Vi, Qi=2;+Ws, ep=4 @ th#"
0 otherwise,

and etT is the transpose of e;. Then

dZy

E:Wt:Qt_Zt' (31)

So d‘dZt“ = éZI (Q¢ — Zy) for every t such that Z; # 0, and % < |Q¢] for every t such

that Z; = 0. In particular

d|Z|
dt
We start by using It6’s formula to compute the evolution of |Q;|. The following lemma is

Lemma 7 of A. Durmus et al. [21] of which, for the sake of completeness, we give the
proof.

< Q| = [Z4].

Lemma 3.2. Under Assumption 1.1, Assumption 1.3 and Assumption 1.9, we have almost
surely for all t > 0.

Q| = — e, - (VU (X,) — VU(fQ)) dt — e; - (VW * 11y (X;) — VW % gt(f(t)) dt  (3.2)

+ 2V2rc (Zy, W) e, - dBL©

EJP 27 (2022), paper 124. https://www.imstat.org/ejp
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Proof. Lett > 0. We begin by considering the dynamics of Z;, W, and @,. We have
dZy = Wydt
AW, = —Wdt — (VU (X,) - VU()”Q)) dt — (VW s 10 (X)) — VW # ;jt(f(t)> dt
+2V2rc (Zy, Wy) erey - dBL©
4Q, = — (VU (X;) = VU(K) ) dt — (VW i (X0) = VW 5 fu(X0) )
+2v/2r¢ (Zy, Wh) erer - dB;°.
Therefore
AQUI? = ~2Q: - (VU (X,) = VU (X)) dt = 2Q0 - (VW 5 pu (X0) = VW ju(Ky) ) dt
+4V2rc (Zy, W) (Qy - €1) ey - ABL + 8rc? (Zy, W) dt.
We consider, for n > 0, the function ¢, (r) = (r + n)1/2 which is C* on |0, oo[ and satisfies
Vr >0, 71713%) Py (1) = 72, %13%) 2¢; (r) = P12, 71]13%) Ay (r) = —r3/2,
and thus 71}13}3 2riy (1) + 4, (r) = 0.
Then
iy (1Q:%) = =20}, (1Q:1%) Qi - (VU (X0) = VU(Ry)) di
— 20 (1Q¢]*) Q¢ - (VW e (Xp) — VIV # gt(f(t)) dt
+ 40 (|Qe]?) V2re (Ze, W) (Q: - er) er - dBy° + 8¢, (1Q:|?) rc® (Zy, Wy) dt
+ 160 (|Qe|*) rc? (Ze, W) Qe[ dt.

We make sure each individual term converges almost surely as n — 0. First, we notice
that
Q|

2|Qt|¢:7 (‘Qt|2) = W <

So
20/, (1Q?) Q- (VU (Xy) = VU(Xy)) < VU (X,) = VU(Xy)]| < LulZ.
Then, by dominated convergence, for all 7" > 0 almost surely

tim [ "o (@) @1 (VU () - V() ) de = / ) o (VU ) - VUR) de

T ~
:/ er+ (VU (X,) = VU (X)) dt.
0
Likewise forall 7" > 0
24y (1Qi*) Qi - (VW * iy (Xi) — VIV ﬂt(j(t)) < ‘VW * e (Xi) — VIV x ﬂt(j(t)‘
< Lw|Zi| + LwE| Zy],

hence
T ~
%lg})/ 2y (1Qif?) Q: - (VW # iy (Xy) = VIV % ﬂt(Xt)) dt
0
T ~
= / €t (VW * [t (Xt) — VW x ﬂt(Xt)> dt.
0
EJP 27 (2022), paper 124. https://www.imstat.org/ejp
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Then, since rc(Z;, W;) = 0 for |Q;| < § and

/ " 1 ‘Qt‘z
8 %) +16 2)1Qi* =4 -
¥y (1QF) 1607 (@) 124 <<|Qt|2 +0)'? Qi +77)3/2>

n dn

=1 S 5
Q2 +n)** ~ 1@

we have by dominated convergence
T
71]11}})/ (8dwy, (1Qe|*) ¢* (Ze, Wi) + 160y (1Q4]?) ¢ (Ze, Wi) |Qu]?) dt = 0.
0
Finally, by Theorem 2.12 chapter 4 of [41]

T T
hl’%/ 4\/51#;] (|Qt|2) rc (Zt7 Wt) (Qt . et) €t - dB;C = / 2\/57“6 (Zt7 Wt) (S dB"°.
n=9Jo 0

For any t, we obtain the desired result almost surely. The continuity of ¢ — |Q;| then

allows us to conclude that (3.2) is almost surely true for all ¢. O
We denote

T = oz\Xt—)N(t|+|Xt—)~(t+V;&—Vt‘:04|Zt‘+|Qt|7 (3.3)

Pt ‘= f (’I’t) Gt where Gt =1 + eH (Xt, W) + EH(Xh ‘715) (34)

Since H (x,v) > 0 we have G; > 1. We now state the main lemma of this section.
Lemma 3.3. Under Assumption 1.1, Assumption 1.3 and Assumption 1.9, let ¢ €]0, co].

Then almost surely for allt > 0
t
vt >0, e“p, < po +/ e’ Kqds + My, (3.5)
0

where (M,), is a continuous local martingale and

1
Kt = 4f” (’I“t) rc (Zt, Wt)Q Gt + Cf (’I“t) Gt + 966 max (1, 20[) th/ (’I"t) rc (Zt, Wt)2

d|Z
+ (Oé ‘dtt| + (LU +LW) |Zt| +LW]EZt|> f/ (Tt)Gt

+ e (2B —yH (X0 V) = vH(X0, ) ) £ ()
+ L (6+83) (B (X)) + E(Xi)?) £ (o).
Proof. Using (3.2)
Q¢| = Qo + AP + M with
dAQ = —e, - (VU (X;) — VU(X})) dt — e - (vw s p1p (Xp) — VIV gt(;m) dt
AMP = 2V2rc (Zy, Wy) e - dBI°.

Therefore 7, = |Qo| + a|Z| + A® + MZ. Let ¢ > 0. By Itd’s formula

d (e f (1)) = ce f (r) dt + e f' (ry) dry + %edf” (r¢) 8rc® (Zy, Wy) dt.
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Hence

e f (re) =f (ro) + Ay + M, with
ade=(cs ) +or ) D20 g (ny e, (VU (X))~ VU(R)

() es - (VW s 1 (X)) — VW * gt(f(t)) FAF (1) 72 (Zy, W) )ectdt

th :€Ct2\/§f/ (’I"t) rc (Zt, Wt) €t - dB{(‘
We now consider the evolution of G; = 1+ eH (X, Vi) + eH(X't, Vt)
4G, —e (ﬂmH (X0, Vo) + L, H(X,, Vt)) dt
+ eV2re (2, Wo) (Vo H (X0, Vi) = Vo H(X, Vi) ) - el B
eV2re (Z, W) (v,,H (X, Vi) + Vo H(Xs, f/t)) - (Id — egel) dBy®
+ ev/2s¢ (Zy, Wy) (VUH (X0, V) + Vo H(X,, f/t)) - dBs°.

Therefore e“'p; = et f (1) Gy = po + Ay + My, where

dA, :thz‘it + Gedf (1¢) ('cl"tH (Xe, Vi) + LﬁtH(Xh Vt)) dt

et [ (r) re? (Z, We) (Vo H (X0, V) = Vo H (X, Vi) ) - e,

and M, is a continuous local martingale. This last equality uses the fact that B" and B*¢
are independent Brownian motion and that e; - (I d— etef) = 0. Furthermore

|VoH (X, V}) — Vo H(X,, Vi) = 12| X, + 2V, — X, — 2V4| = 12]2Q; — Z4|

1
<24 <2Zt| + |Qt|>

1
< 24 max (1, ) Tty
2a

so that dA; < et K,dt, where

Ro=(ef (r) + ' (r) U2

() e (VW w1y (X,) — VIV % ;mfm) FAF () 2 (Z,f,wt))clt

() e (VU (X,) — VU(Xt))

+ e (LoH (X0 Vi) + LiH (1, V) £ (1) + 96e max (17 ;a) rof! (r) 1 (2, W),

And we conclude using Lemma 1.10, and Lemma 2.1. O

3.2 Step two : contractivity in various regions of space

At this point, we have

t
VE> 0, epy < po + / e K ds + M,
0
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where M; is a continuous local martingale and, by regrouping the terms according to
how we will use them

K; = <cf (re) + (addZt” +(Ly + LW)|Zt|) f (rt)> G (3.6)
+4 (f” (r) Gi + 24e max (1, 22) rof! (rt)) re(Ze, W2 (3.7)
e (2B —7H (X, Vi) = yH(X, V) £ () (3.8)
+ L f () B(1Zi)) Gy + el (6+83) (B (LX) + E(X)?) f(re) . (3.9)
Briefly,

¢ lines (3.6) and (3.7) will be non positive thanks to the construction of the function
f when using the reflection coupling,

* when only using the synchronous coupling, i.e when the deterministic drift is
contracting, line (3.6) alone will be sufficiently small,

* line (3.8) translates the effect the Lyapunov function has in bringing back processes
that would have ventured at infinity,

 finally, line (3.9) contains the non linearity and will be tackled by taking Ly
sufficiently small.

In this section, we thus prove the following lemma

Lemma 3.4. Assume the confining potential U satisfies Assumption 1.1 and Assump-
tion 1.3. Then there is a constant ¢"V > 0 such that for all interaction potential W
satisfying Assumption 1.9 with Ly < W, the following holds for K; defined in (3.6)-(3.9)

EK; < (14 a)¢EG; + Lw (Ck + Cxe ") Epy,

with B B

2 2

Cx =0 (1+6) + 226+ 8)), (3.10)
Y YA

6+ 8A
A

CY = (cl + ) (EH (Xo, Vo) + EH(Xy, f/o)) .

The constant "V is explicit, as it will be shown in Appendix B.
To this end, we divide the space into three regions

Reg, = {(Xt,V},Xt,f/t) s.t. |Q¢ > &and ry < Ry

)

Reg, = {(Xt,Vt,f(t,f/t) s.t. |Q¢] < and ry < Rl}
Reg3 = {(Xt,Vt,Xt,‘Zg) S.t. ¢ > Rl}’
and consider

EKt == E(Kt]IRegl) + E(Kt]IRegz) + E(Kt]IRegs)-

3.2.1 First region: |Q;| > and r; < R,

In this region of space, we use the Brownian motion through the reflection coupling and
the construction of the function f to bring the processes closer together. Here we have
rc (Zt,Wt) = 1. Recall Ct|Zt‘ + |Qt| =Tt and Gt > 1.
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We have
d|Z;|
dt

(%

+ (Lv + Lw) | Z4| < a|Q4| — | Zi| + (Lv + Lw ) | Z]
=ary — o?|Zs| — a|Zi| + (Ly + Lw) | Z4|

1
< (a (LU + Lw) —+ a) Tt.
Since Gy = 1+ eH (X4, V}) + eH (X, V;) > 1,
Gy + e (23 —NH (X, V;) — vH(X,, f/t)) < ¢Gy + 2¢BG, = CG,. (3.11)

We then have, by (2.13),

4¢' (ry) + (; (Lv + Lw) + a + 96e max (2104 1)) ri¢ (ry) = 0.
Hence
A" (r) + (; (Lt + L) + o + 96¢ max (;a 1)) rof (1)
=4¢" (r) g (1) +4¢ (re) g' (re)
4 (; (Lt + Lw) + o + 96¢ max (2104 1)) ri6 (1) g (r0)
—16(r) g’ (r1).
and

46 () f (re) + CF () < 45 (1) + OB (r)) = 0.
At this point, through this choice of function f, we are left with
Kilrog, < Lw [/ (r) E(1Z:]) G+ eLw (6 + %) (B (1X:])” + B(K))?) £ ().
Using Lemma 2.7, ' (r;) <1and G; > 1,
E (Kilreg,) < LwCiE (o) B (Gy) + L (6 +8)) (E(1X:])” + E(X:))?) E (o).
Recall (2.6)
E(Gy) =1+ €EH (X3, V;) + eEH (X, V),
<1+ 2B +e (EH (Xo, Vo) + EH(Xo, ‘70)) e,

v

and, since H(z,v) > \|x|?,

= 1 1 ~ o~
E(1X,))° + B(X,))* <EH (X,, Vi) + yEH (X, V2),
2B 1 o~
<— 4 — -t
<5ty (BH (X0, Vo) + BH(Xo, o) ) e
Hence

2¢B 2¢B
E (Kilpeg,) <Lw <Cl <1 + ;) + ;7)\ (6 + 8/\)) IE (pt)

6+ 8\

+ Lye (cl + ) (IEH (X0, Vo) + EH (X, f/o)) E(p;)e .

We thus obtain E (K;Ipeg,) < Lw (Cx +Che™ ") Ep,.
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3.2.2 Second region : |Q;| < { and r; < Ry

In this region of space, we use the naturally contracting deterministic drift thanks to a
synchronous coupling. Here Ry > r, > «|Z;| > r, — £ so that

Ky <Cf(r) Gy + (045—7% +§+é(LU +LW)7“t) f(re) Gy
+ (4f” (Tt) Gt + 96e¢ max (2104, 1) ’I“tf/ (T‘t)> rc (Zt, Wt)2

+ L £ (1) E(1Z4]) G+ eLw (6+83) (B (1X:)° + B(X)?) £ (r1).

where we use (3.11). First
1 1 !
4f" (ry) Gy + 96¢ max (20/ 1> rif' (re) <O0.

We use (2.10) to obtain, since f (r;) < @ (r¢) and 3¢ (1) < f'(re) = ¢ (1) g (re) < ¢ ()
by (2.12),

1/1
Kt Sf (1 —+ Oé) ¢ (’I”t) g (Tt) Gt + Gt <C(I) (Tt) —+ 5 (a (LU —+ LW) — 1) Tt¢ (T’t))
+ L f (r) E(|1Z:]) Gt + Ly (6 + 8)) (E(\ti? +]E(|Xt|)2> £ ().
Then, thanks to (2.11), like in the first region of space

Kilreg, <€(1+a) ¢ (1) g (re) Go + Lw f' (r) E(1Z4]) Gy
+eLw (6+83) (E(X:))° + B(X)?) £ (o).

Hence, since ¢ (r;) g (ry) < 1

EKlpeg, <& (14 ) E(Gy) + Lw (Ck + Ce ") Epy.

3.2.3 Third region : r; > R;

In this region, we use the Lyapunov function. Here f' (r;) = f” (r;) = 0 so that
Kilnog, = (¢Gi + ¢ (2B = yH (X0, Vi) = vH(X1,2)) ) £ (1) T,
+ L (6+83) (B(X)* + BIXKD?) £ () Treg,
—[e(c =) (H (X0, Vi) + H(X0, V7)) + 26B + ¢
+ ELW (6 + 8)\) (E (|Xf|)2 + E(‘Xf|)2> ]f (’I"t) ]lReg3

Since ¢ — v < 0 as a consequence of (2.9), and using Lemma 2.3

K < (=) g 2ot 2eB ) £ ) + ebaw (6+8) (BAX:D? + E(K) £ ()

< ( (ﬁf ; 1) - §B) 7 (re) + eLuw (6 -+ 83) (E (1) + B(XD?) £ ().

Then, using (2.9), EK¢1geg, < LwCxEp; + Ly CyEpe .
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3.3 Step three: convergence
Let T be a coupling of 1 and v such that Erp ((z,v),(Z,0))) < co. We consider
the coupling of (X;,V;) and (X;, V;), with initial distribution ((Xo, Vo), (X0, Vo)) ~ T,
previously introduced. Using Lemma 3.3 and Lemma 3.4, by taking the expectation
in (3.5) at stopping times 7,, increasingly converging to ¢, we have by Fatou’s lemma for
n — oo, V€ > 0,Vt >0,
t t t
e Ep; <Epg + (1 +a) 5/ e“E (Gs)ds + LWCK/ e“Epsds + LWC?(/ e(c_V)SEdes.
0 0 0
(3.12)

Moreover, using Lemma 2.2 and the fact v > ¢, forall ¢ > 0,

’ F(Ry) (1 +eCl + eC%)
(1 + EC% + EC%) , / e(ﬂ—v)sEpst < 7
0

T
t ct t
Cc e —1 LWCK
¢S s — o s g,
/oe i c—LwCk ¢ C_LWCK/Oe i

=
K
IA

¢ (1+a)¢
e t (El)t— m (1+6C?{+€C%)

F(Ry) (1 +eCY + ecg)
Y—C

(1+a)¢

<Epo —
SEpo c— LwCx

(1+€Cpr + €Ch) + LwCh

t
cs (1 a)f 0 0
°8 = 7> (1 ) .
+ LwCk /0 e (IEpS - C ( + eCH + eCH) ds

Gronwall’s lemma yields, for all t > 0

oct (E (pt) — % (14 eC + EC%)>

F(R1) (1 +eCY + eC%)
’}/ — C

< [ E(po) + Lwc?( elwCrt,

Since W, (i, vt) < E (p;), we have thus obtained for all t > 0

(1+a)¢

W, (v v2) <

(1 +eCY + EC%)
F(Ry) (1 +eCY + ecg)

v—c

e(Lch—C)t

+ [ E(po) + LwC

Taking the infimum over all couplings I" of the initial conditions and using the fact that
the left hand side does not depend on &, so that we may take £ = 0, we get finally that
forallt > 0,

F(Ry) (1 +eCY + ecg)
Y—C

elbwCk=)t = (313)

W, (th,yf) < W, (Vé,yg) + LWC%

and since, by Lemma 2.7, C/W, (v}, v2) > Wi (v}, v?) and CoW, (v}, vE) > W3 (v}, v}),

1 2 —(C—LWcK)t 1
Wi (v}, v7) <e Cl,é,ygy

2 1.2 —(c—=LwCk)t 2
Wy (v, v7) <e Cug,ug'
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Then, for all W such that Ly < ¢/Ck, there will be contraction at rate 7 := ¢— Ly Cx > 0.
So, it only remains for Ly to satisfy

c

2eB
)+

Ly < ; (3.14)

2¢B
¢ (1 + 2 (6+8X)
with

) 4 ((1+a)2 +a2) 1
€1 = max <ox 1) P enin GA6) (1) 6 (R g (R)

Remark 3.5. We draw the reader’s attention to the fact that Theorem 3.1 is then
a consequence of everything we have done so far: if we have an upper bound on
EH (Xo, Vo) + ]EH(f(O,f/O), the constant C% in Lemma 3.4 can be chosen equal to 0
provided we modify Cg.

Let us now show that there is existence and uniqueness of a stationary measure.
Let C° > % and s a solution of (1.1) such that E, H < C°. Using (2.6), for all ¢ > 0,
E, H< CY. Thanks to Theorem 3.1, for Ly sufficiently small, there is 7 > 0 such that
forallt >s>0

Wp (Mta/’cs) S e_Tst (Mt—saﬂO) S f(Rl) (1 + 2600) e—'rs’
and thus
Wi (,ut,,us) < le(Rl) (1 + 2660) e 78,

The space of probability measure with first moments, equipped with the W; distance,
being a complete metric space (see for instance [6]), and u; being a Cauchy sequence,
there exists 1, such that

Wh (1, hoo) — 0 @s t — oo,

and p~ stationary. Theorem 1.12 then ensures uniqueness and convergence towards
this stationary measure.

4 Proof of Theorem 1.13

In this section, we show how we obtain similar results for the convergence of the
particle system to the non-linear kinetic Langevin diffusion using the same tools. We start
by introducing the coupling, the new Lyapunov function, we give a new definition for the
various quantities we consider, and then prove contraction of the coupling semimetric.

4.1 Coupling
We consider the following coupling
dX} = Vidt
dVi = —Vidt — VU (X})dt — VW = iy (X]) dt
+V2 (re (Zi,W}) dB{** + sc (2, W) dB;")
fir = L (X{)
dxN =viNa
aviN = v Nae - vu(xiMyae— £ S v xpt - xPV)dt
+3 (re (20, W) (1d = 2¢je}™) dB]*" + se (2}, W) dB;*)
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with, similarly as before,

o N o Qi if Qi
Zi=Xi-XPY, Wi=Vi-VRN Qi=ziewy, = @itdizo
0 otherwise.
Let ul = % ZZIL 1) XN be the empirical distribution of the particle system, with i.i.d

initial conditions XS’N ~ 1. We first notice that the particles are exchangeable. The
generator of the process given by the particle system (1.3) is, for a function ¢ of
(Z1, ', TN, VT, oery UN)

N
= £,
i=1

with
1N
4’N — .. — PR — E— —
LoNG =0; -V, — ;- Vi, — VU (25) - Vo, — Nz_: ) - Vi + Ay, .
We define
ry =alZi| +Qy, 4.1)
B H(z,v)
H(z,v) :/ exp (av/u) du, (4.2)
0
e & e &
7 r7 vi T/t zN zN r7 vi YrJ r7 i, N i, N
(4.3)
1L,
=y 21 (1) Gi. (4.4)

There are two ideas when constructing this new G compared to the previous section.
First, we consider a modification of the Lyapunov function H , which we will describe in
the next subsection. Second, we add these empirical means of the form + - H. This
will allow us to deal with the non linearity appearing in the calculations. Recall the
expectation in (3.9): this term will become an empirical mean, see (4.23) and (4.24)
below. When taking the expectation of what we will denote K| (similar to K; given
in Lemma 3.3), we no longer have a product of expectations, which we were able to
deal with using the uniform in time bounds, but an expectation of the product. We will
therefore have to control a quantity on the particle : multiplied by a quantity on the
particle j, and we do not have independence within the particle system. Hence the
necessity, in the calculations, of adding this empirical mean of Lyapunov functions.

4.2 A modified Lyapunov function
Notice how in the expression of G above we did not consider the Lyapunov function
H, but instead H. Let us assume there exist Cy, a > 0 such that I, (fI(X, V)Q) < (Cy)?

(which is equivalent to the existence of C°,@ > 0 such that E,, (ewx‘*'v‘)) < (0, as it
was stated in Theorem 1.13). First, notice

H(x,v) = /OH(N)) exp (av/u) du 3exp (a\/m) (a\/m— 1) + a%'
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The idea of considering the exponential of the Lyapunov function is common when trying
to obtain a greater restoring force, see for instance [35].

Here, for technical reasons (more precisely when dealing with the last term of A!
given below in (4.18)) we have to ensure, when writing H = f(H), that f’ is of order eV?®
instead of e”.

Direct calculations yield the following technical lemma.

Lemma 4.1. We have, for all z,v € R?

H(z,v) exp (a\/m) > H(z,v) > exp (a\/W) - % <exp <a2> - 1> ,

2
(4.5)
%\/H(:c,v) exp (a\/H(x,v)) > H(z,v) Zé\/H(x,v)exp (a\/H(x,v)) - % (e —2),
(4.6)
H(x,v) >H(z,v) 4.7)

We may calculate, using (2.2) and (2.3)

L, (ﬁ) =exp (a\/ﬁ) L, H+ 2 exp (a\/ﬁ) |V, H|?

2vVH
—exp (a\/ﬁ) L,H+ 242253 - (a\/ﬁ) ‘% + v‘z
<exp (a\/ﬁ) (B + Ly (6+ 8\ B, (|z])* — (i)\ + )\2) |22 — 7H> 4.8)
+ 24aVH exp (ax/ﬁ )
<exp (aVH) <B + 28§a2 4 Ly (6+ 8\ E, (jz])? — gH> , (4.9)

where for this last inequality we used Young’s inequality 24avH < TH + 288“72.

Notice that (4.9) ensures that this new Lyapunov function also tends to bring back
particle which ventured at infinity, and at an even greater rate. This new rate H exp(\/ﬁ )
however comes at a cost: the initial condition must have a finite exponential moment,
and not just a finite second moment as in Section 3.

First, by (2.6) and (4.7),

_ 1 Si i 1 /B i i 1 /B
RO < 3B (0 (51 7) < 5 (ven (x7) < 5 (2 e0).

Furthermore, the function h — exp (a\/ﬁ) (B — %h) is bounded from above for h > 0
and B € R. We therefore obtain from (4.9) the existence of B such that

£ﬁ§wﬁ(mi,vi) <B-— % (H (24, v;) exp (avH(z,;,vﬁ)) (4.10)
Sei (x1.v)) <B - B (H (XE,V/) exp (a H (X, W))) @11)
and %EH (X}, Vi) <B — %EFI (X1, VY, (4.12)

where for this last inequality, we used (4.5). While (4.10) and (4.11) will be useful in
en§uring a sufficient restoring force, Equation (4.12) give us a uniform in time bound on
EH (X{,V;), provided we have an initial bound.
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Now, for the system of particle, we have, using (4.9), Vi € {1,..., N}, Va;,v; € R,

Ei’NI‘NI (l‘i, Ui)

N 2
28842 —1 15
< exp (a\/H (mi,vi)) B+ ’Ya + Ly (6 4+ 8)) <M> Ty (4,0;)

N 2

Summing over i € {1,.., N}, we may calculate

H (x;,v;) exp (a H (xl,vz))

N
Y is Vi
=3 Z N N _,Z N

<0. (4.13)

Here, we used (2.2), the fact that Vz,y > 0 ze®V¥ + ye“ﬁ — zeWT _ ye™VV = (e‘“/E -
eW¥)(y — x) <0 and assumed

Lw
6— ([1+ =X
v ()<
Likewise, there is a constant, which for the sake of clarity we will also denote B (as we
may take the maximum of the previous constants), such that we get

OO\Q

. YA
e Ly<-— 2%
HeIWIS 1603 1 4

N T\ 2
£i’NfI(xi,vi) <B+ Lw (6 +8)\) <ZJE_|$£|> exp (a\/H (aci,vi)>
- %H (zi,v;) exp (a\/H (xi7vi)) , (4.14)
N
LN (zlv Zﬁ(xi,vi)> <B- % <]1V > Hias,vo)exp (a\/H (x“vi))) , (4.15)

@
I
-

and

N N
ﬁN (;Zﬁ(xzﬂ]») g % ( ZH T, Vg > . (416)

Once again, (4.14) and (4.15) will be ensure a sufficient restoring~ for(_:e, an_d (4.16) en-

sures a uniform in time bound on the expectation of H(XZ’N, VtZ’N), since

E (% >N EXY, th’N)> —E (H(Xl Ny N)) by exchangeability of the particles.
More precisely, we obtain from (4.12) and (4.16) the direct corollary

Lemma 4.2. Provided the initial expectations E (G}) and E ((Gé)Q) are finite, there are

constants C¢ 1 and Cg 2, depending on initial conditions, such that for allt > 0, for all
N >0, and all ¢

E(G) <Co1 and E((Gi)") <Cop.

Finally, since H(z,v) > H(z,v), Lemma 2.7 still holds for our new semimetric.
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4.3 New parameters

For the sake of completeness, and since this is similar to Section 2.2, we quickly give
some explicit parameters that satisfy the various conditions arising from calculation. T
hese parameters are far from optimal, and are just given to show that every constant is
explicit. Let B be given by (4.10)-(4.12), and (4.14)-(4.16). Define

1608
a= Ly + y Ry = TSy and Rlzx/(l‘i‘a)Q—‘rOéQRo.

~ min (5,3)

| >

Recall the definition of Cyx ;1 and Cyp 2 in (2.8). Denoting

1 1 2
C1 =38 ((92 max (1, ) + 67\/:;0(11{ 1) <exp (a) — 1> + 16\/5(6 —2)Can 2)
’ a 2x a ’ 2 ’

1
Cia=38 (24 max (1, 2a> +4V3Cym 10 + 8\/§CdH72a2>

2B y 1 . Ly+ Ly 1 Ly + Ly
c=8 —,—,—min | 2y| ———, = [1 - ———
5 800" 12 2raR? 72 o

1 /Ly+ L

X exp (— (UVV+C¥+Cf71+Cf,2> R%)},
8 «

and € = 25]_% For s > 0,

we set

8 \a
g(s)=1— c+ 2B /s P (u) du f(s)= /min(S,Rl) ¢ (u) g (u) du.
2 o ¢(u) 7 0

This way we satisfy the following conditions

c< L (1 _ 7)
160 80eB +

a>Ly + Ly
e <1

2c + 4eB <2 (/Rl i((u))du>
0 U

1 <1 _ LU —|— Lw) lnf T¢(T>

2c+4eB <=
¢t de 2 ! relo,Ry] D(r)

¢ (s) = exp (1 <1 (LU+LW)+a+eCf,1+Cf,2> 52), @(5)/OS¢(u)du

1
Vs > 0,0 =4¢'(s) + <a (Lu + Lw) +a+eCypq + Cf)g) sé(s)
4.4 Convergence
The goal of the section is to prove the following result

Theorem 4.3. Let U € C' (R?) satisfy Assumption 1.1 and Assumption 1.3. For all
W e C' (RY) satisfying Assumption 1.9 with

: A c 7 va
Lw < o 417
W= (16(3 14N G 64, 256626> ’ (4.17)

EJP 27 (2022), paper 124. https://www.imstat.org/ejp
Page 24/44


https://doi.org/10.1214/22-EJP853
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Vlasov-Fokker-Planck equation: convergence rates and propagation of chaos

and for all probability measures 7, on R?? such that |, H*(X,V) < (C°)?, for all N,
£>0,andt >0,

t 01/2 t
+ C°Cqs |8
e“E (pt) <E(po) +£(1+ ) CG,l/ e®ds + Ly —= N/ e“ds.
0 0

4.4.1 Proof of Theorem 1.13 using Theorem 4.3

We first show how Theorem 1.13 is a consequence of Theorem 4.3. Let I" be a coupling
of nguv and D?N , such that Epy < co. We consider the coupling previously introduced.
For clarity, let us denote

0p1/2

A= LW /\G’Q \/g, B = (1 + Oé)CG’h

ie
t A t
e"E (py) <E(p )—|—£B/ e“ds + —/ e“ds.
' ’ 0 VN Jo

Let us consider

Then u(t) < u(0) i.e
Al
¢ /N

We thus obtain the desired result, by taking the limit as £ — 0 uniformly in time,
and by using the exchangeability of the particles to have E(p;) = E (% Ziil pi) =

E (450, p}) forall k € IV.

) B+ A ey eeB

4.4.2 Evolution of the coupling semimetric for the particle system

We thus need to start by considering the dynamic of p;. Like in Lemma 3.2, we have
almost surely forall ¢t > 0

dIQi| = —ei" (VU () = VUXPN) ) dt = e (YW e (K7) = VWV i (X)) dt
+2V2re (Z{, W) ey T B>
Hence e f (r}) = f (ro) + Al + M} with

ef (rf) +af (rf) D2 g (i) o (V0 (x7) - VU(XEY))

dA! =

N
o , 1 ; _
— P | VW (X)) = 5 YV - X
+4f" (r)) re® (2], W) 1 e“tdt,
dN} =22 )" (i) re (2, W{) e dBJ*".
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We now consider the evolution of

N N
A RS PILIC RS PO ]
j: =

Notice how we have added new terms in G¢. Those additional quantities will help us in
dealing with the non linearity, as will be shown later.

dG;@:e(ﬁ on I (X}, V1) + L',NI?(XZ’N,V?’NDdt

+ev2re (i, W) (VUFI( LV —Vvﬁ(XZ’N,VZ’N)) celei” dBre
+ eV2re (z{, W) (V f[( X1, Vi) + V. H(XN, V) N)) (Id — elel ) dB]*"
+ev/2sc (21, W) (v H (X, V) +VUI?(XZ’N7W’N)) -dB;*"
N
5 eyt (.7) - Y0
j=1

Zerc (Z-g',Wg') (vvﬁ (Xg,vg) - vvﬁ(xng,WvN)) el dBred

+

re (Zg', Wtj) (vvﬁ (Xg’, Vg’) FV HXIY, th’N)) (Id _ el ) dBI

+ +
=I5 =5 =S
] =

iv:sc (Zg,Wg> (v i (Xg,vﬂ) FV HXPY, VJN)) L dB

Therefore
e = e f (r)) Gi = po + A} + M, (4.18)
with
dA} =GidA} + ee' f (r}) (cﬂgwﬁf (X5, VH + N H(XN, VPN
1 & R
i (59 T NN (i N N
+ D Laen (Xt,Vt ) + L ;H(Xt Vi ))dt

Jj=1

+ 4e (1 + ;/.) et f! (ri) rc? (Zti, Wt’) (VUFI ()_(f, ‘7;) - VUFI(XZ’Na VtLN)) -eldt

and M, is a continuous local martingale. Let us deal with this last line. For the sake of
conciseness, from now on we denote for all ¢

H;:=H(X},V}), and HY :=H(X;"N, V)
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We have
Vo H (X}, V) = VL H(XPY, V)
‘VvHiexp (af) v, HN exp( >‘
‘12X’ 424V — 12X0N — oy N‘ (exp (aV:
(eXp (/) + exp (a\ﬁ ))
<24 max (1, 21(1) i (exp( ) +exp (Wﬁ))
daV3 |, - Y| (exp( )+exp< ﬁ))

Now, using Lemma 2.8, we get

v
_|_
D
o]
ko]
/—\
9%
N———
N———

+a[12X] + 24V | HY

IV H (Xi, V) =V, H(XN, VAN

v
<24max< 21) +4V3Cam1a (exp + exp (aﬁ))
ot (0 ) o )+exp( s

<Z4max (1 ) +4deH1a> i (exp( \/ﬁ) + exp (a\/HTV»
+ 8V/3Cap par (feXp( V) + \/ﬁexp( \/ﬁ»

Hence why, using (4.5) and (4.6), we get

Vol (X3, V) = Vo H (XN, Vi)
(24 max( 21) + 4V3Can, 1a) T (32 (eg - 1) +H (X}, V) + ﬁ(Xti’N,Vti’N))
+ 8V3C p 20%7" (;2(6 —2) + (Xt’, VZ) H(XMN Vi N)) )

and thus

4e (1 + ]1V>ectf’ (i) re® (22, W) (VUFI (Xi, Vi) = V H(XEN, Vf’N)> eldt

<8erlf’ (7“2) etre? (ZZ, Wf)

1 1 o?
X ((92 max (1, ) + 6\/§CdH,1> (67 — 1) + 16\/§(€ - 2)CdH.2>
a 2 a /

A . o 1
+8rif' (ry) etre® (Z;, W) (24 max <17 2a> +4V3Cam1a + 8\/§C’dH,2a2>

< (el (X1, V) + el (XN, V)
< (cCra+ Cra)if! (rf) re® (2. W{) G,
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Then we use

N
j=1
! NVW Xi— X/ NVWX’N bck
+N; (xi - t)—; ( )
_ 1 Y _
< VW g ( ;)—NZVW<X;—X§)
j=1
1Y I , ,
e oW (K- &) - vw Y - X)),

< P )~ 2 ()« B ()
- j=1 N j=1

Thus

N
Jj=1
N N j

> 1 Si o ; > =1 14|
2 ) J ) J

< |VW iy (X7) - N;vw (Xi - %) |+ LwlZi) Ly ==

And finally we use (4.10), (4.14) and (4.15) to have
LoonH (X] V) + ENI?(Xi*N VN
N

Z,c on I (Xg,w) bl Z XN, VPN

< 4B+ L (6 + 8)) (W) exp( \/ITN)
~ 2 Hiexp (V) — THY exp (a\/ﬁ)
_ & i (f[j exp (a\/f_?j) + HJN exp (a@)) )

j=1
We thus obtain
dA! < e Kidt (4.19)
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with
. o dl 7t ) . ) ) o
K; =f (r@) G; (a ‘dtt| + (Lu + Lw) | Z{| + (eCy a1 + Cy2) 7"27“02 (ZZ,W;)) + 2¢f (ré) G,
(4.20)
A" (rd) Gire® (2, W) + VW  fig ( Z w(Xi-X1)| () G
(4.21)
T 5 v Y
i D, 7 i r7 i, N zN i tri
+ef (1) (4B - o H (X[, V) - TGNV —NE:: (Xg,v;ﬂ)
N . .
1oy 3 AV @22
YN 1z | o .y
+ L = (1) G - ef (1) G

1) o () St ()
16NZH exp< \/>> 16NZHN6XP (a\/ﬁ)} (4.23)

2
) va
N
- L) [ HY e (a\/ﬁ) by Y e (a/HY) | @24
Jj=1

This formulation of Kti might seem cumbersome (and to some degree it is...) but we have
actually grouped the various terms based on how we will have them compensate one
another. Thus,

* lines (4.20) and (4.21) will be managed thanks to the construction of the function
f like before, with a special care given to the last term of line (4.21), on which we
will use a law of large number,

 line (4.22) will come into play when considering the “last region of space” intro-
duced previously,

¢ line (4.23) will, under some conditions on Ly, be nonpositive when summing up
all (K7)
J
* and finally, line (4.24) will be nonpositive thanks to Lemma 2.1, provided Lyy is
sufficiently small.

This highlights two important ideas in the construction of the function p: we both
added in G} the empirical mean of H(X;", V") + H (X}, V;) and constructed a Lya-
punov function with a greater restoring force. This is what allows us to tackle the

N
non linearity appearing in (4.23) and (4.24) respectively in the terms ZJ ‘GZ and
;'\7:1 | X7 ? N
=] exp (a\/Hi )
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4.4.3 Some calculations

Like previously, we now have to show contraction in all three regions of space. Recall
1! (r%) < 1. The same calculations as before will be used, we only detail here the
differences.

* First, since = (6 + 8)\) < {, by using Lemma 2.1 and since

H}Y exp (a\/ﬁ) < HY exp <a\/H>iN> +H exp (CH/H*JN)

we obtain

N 5.N |\ 2
L (6+8)\)f(7“§) <2J—1]\|th|> exp (a\/HTN)
N
7877];]0(7#) NHiNeXP (a\/H>ZN>+ZHjNeXP(a\/H>JZ-V) <0.

J=1

This takes care of (4.24).

* We have, since f' (r}) < 1: £+ SN Zi I‘Z ‘f’( )Gl < # Then, using
Lemma 2.7
1N
e Z 211G
S 2% LN
NZ\ZZH IZZ\H(X#VJ)+W |z (XN, V)
1]-1 3,j=1

<SS R 300 (8 (508) i)
= 1,j=

el S ( 1) (Vityew (o) + 1Y esp (a/7)).

i,j=1

First, using (4.5)

QC € Zf ) (7 (%2.77) + BNV )

i,j=1
N
< 2]%26 Z fird) (Hj exp (a\/f7j> —|—HJN exp (aw/HJN)> .
ij=1

Since

(\/Fﬁ ﬁ) <\/Ejexp (a\/Ej) + \/HT-VGXP (“\/HTV))
<2 [Hi exp (a\/ﬁz) + Hjexp (a\/EJ
+ HY exp (a\/ﬁ> + H} exp (a\/HTVH
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we have
e XN_j sy (Vi) (Voo (a/1) 7 oo (a/117)

SC e & i = = _ -
flry [Hi exp (a\/ﬁi) + Hjexp (a Hj>
+ HY exp <a\/H>iN> +HJNexp (a@)]

LWeSCZ < 2 35, and Ly C; < c, we get

This way, since 2C. Lw < 35,

NZ<LW Ll (1) Gy —ef () Gy

¢ Using Cauchy-Schwarz inequality

B | Gi VW (Xi _Zlvw(xz XJ)
=
cr(e) [ fow e () - L Soow (51— )| -
B N ) 1/2
<e(c?)"E|E vw*m(‘g)_]lv;vw(x x7)| |x

Moreover, we notice that given X/, the random variables X7 for j # i are i.i.d with
law fi;. Hence

2

E VW*ut — i (Xf*th> ’th

1 . AL,
:N_lvarﬂt (VW(Xt_))<N 1E t(|"2)7

SO

N
E VW*ﬂt(Xf)—%ZVW(XZ—Xf)
j=1
2

<E VW*pt(‘t’)—LZVW(Xz x7)
Jj=1
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HEi()

w(xi-x1)| |,
4L2

eI
< U (| |2)+<N1 )2 i:: 13,8 (1% - X2,

§4L%}V<N1_1+(Ni1)2>]E#t (|‘2)

We may then use Ej, (| - [2) < &.

Thus, by the same exact construction as before, we can obtain the existence of a function
f and a constant ¢ > 0 such that in all regions of space, for Ly, sufficiently small,

L - cocdy (4 4\
- il < ’ .
(2 sesman - S (e o )

By taking the expectation in the dynamic of p; given by (4.18) and (4.19) at stopping
times 7,, increasingly converging to ¢, we prove Theorem 4.3 by using Fatou’s lemma for
n — oo.

5 VU locally Lipschitz continuous

As previously mentioned, the new Lyapunov function H given in the previous section
allows for a greater restoring force, recall (4.9). Let us now see how using this function
allows for a perturbation of the global Lipschitz Assumption.

In this section we replace Assumption 1.3 with Assumption 1.4. We assume, for v}
and ¢ the initial conditions,

H(X,V) 2
vie{1,2}, B, (/ eaﬂdu> < (€%)? (5.1)
0

We show how the proof can be modified to still obtain contraction. As explained in
Assumption 1.4, the coefficient L,, will be considered sufficiently small with respect to
the parameters of the problem. For now, let us simply assume L, is smaller than an a
priori bound, for instance L, < 1. Some conditions on L, will appear in the calculations
below and we will deal with these later.

Like previously, we consider

G =1+ eH (X4, V) + eH (X, V).

Hence following the same method as previously we obtain

Ko <Gy (ef 0+ af 00 T 4 (1 4 L) ) 20+ L S 0O BAZD) 62)
+4f" (ry) rc? (Ze, W) ) + % (€Cra+Cra)rif (1) re(Zy, Wt)2 (5.3)
e (282 (0 (X0 + HELT)) £ 00) (5.4)

+ (8 (X0) + (%) |Z1F () G
Z;( (Xt,‘/})exp(a\/H(Xt,Vt))+H(Xt,\7,g)exp<a H(X’t,f/t)>) (5.5)
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+ eLTW (6 + 8))
x (exp (a\/H(Xt,Vt)) EH (X;, V;) + exp <a H(Xt,f/t)) EH(X,, f/t)> Fr).
(5.6)

We describe briefly how the terms will compensate each other before writing the calcula-
tions that are different.

» Like previously, lines (5.2) and (5.3) will be dealt with through the choice of function
f, with the non linearity appearing at the end of (5.2) giving us a remaining
expectation (cf bullet 1 below),

* line (5.4) will intervene like before in the last region of space (where we use that
forallzin R, H > H to come back to calculations we’ve made in Section 3.2.3,
cf bullet 2 below) and in the first two region of space to compensate line (5.5) (cf
bullet 3 below),

* and line (5.6) will give us a remaining expectation (cf bullet 4 below).

Notice how we use the Lyapunov function to compensate 1 appearing when considering
VU only locally Lipschitz continuous.

e 1. We can find a constant C; . such that for all z,v,%,? € RY,
|z — Z| + |v — 0| < Cqyep(z,v,Z,0),
and thus
E(E (|Z:]) Gef' (1)) < CreE(pr) E(Gy) .
e 2. In the last region of space, we use the fact that
Kilp, < ((c - %) Gy +2eB + %) F(re) (5.7)
We deal with (5.7) exactly like in Section 3.2.3.

e 3. Let us deal with the only locally Lipschitz continuous aspect. In the first two regions
of space we use f'(r¢)|Z:| < f'(r¢)ri/a < f(r:)/a and the upper bound in (4.6).
Gr (v (X0) +9(X0) f () 124
2 (%0 e (O T) + 1S sy (a/HE T ) )
< (v (X)+0(X) £ () |2
+ %f (74) (¢ (Xe) + w(Xt))
< (VECE T e (/T T) + /1T Vo exp (/10T )
e (06 Vs (o TRV + 1K, T e (/T ) £ 00,

On one hand, since ¢(z) < Ly+/H(x,v), we have
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and thus

((x) + () f'(re)| Z4]
Ly

< 20 (1. 0)exp (ay/He.)) + H(E5)exp (ay/H () ) L

[0
+ Ly f'(r4)| Z4]

On the other hand
(4( () ( H(z eXp( VH(zv ) + VHZ,7) exp (a\/m))
<Lw(\/H x,v)+\/H:v v)
x ( H(z,0) exp( VH(z,0 ) +VH(Z,7) exp (a\/m>)
<2L, (H(aj,v) exp (a\/m) + H(#,7) exp (a\/m» .

This way, assuming in a first step that

Ly . o 4Lye _ v
2 and <L 5.8
50 =16 M o S (5:8)

we get, since in the third region of space f’ (r;) =0,
Gy (¥ (X0) + (X)) £ (r) |24
- (%0 vy e (o FTRT) + HCK B sy (ay/HCR T ) )
< Ly|Zi| f' ()G

At this stage, lines (5.2), (5.3) and (5.5) (without the non linearity dealt with in
bullet 1), can be bounded by the quantity

d| Zy|
dt
fi(r

Ko =Gi(cf (r) +af () Do (L + 14 )7 00 124 + 47" (1) re? (20, W2))

1
5 (€Cra+ Cra)raf’ (re) ve (2, Wh)?,

where we used the a priori bounds 0 < Ly <1land 0 < Ly < %. The righthand
side is then dealt with through the choice of the concave function f like previously.

e 4. Likewise, we can bound

E (e <eXp (a\/m) EH (X, V;) + exp (a H(Xt,f/t)) EH (X, ﬂ;)) f (m)

<Cy gE(p) + C(ILJ;(E (pe) e,

with C; g, i @ constant independent of initial conditions and C?{ i another constant,
p0551b1y depending on initial conditions. Here, we used (2.6) and (4.5).

We can thus construct a function f and constants ¢ and ¢, through the same calculations
as before, such that there are C and C° constants (resp. independent and dependent on
initial conditions) such that

t
Vt, e“'E(pr) <E (po) + (1 4+ )E(Gy)e + LWC/ e (ps)ds
0
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¢
+ LWCO/ el (p,) ds.
0

Since EG, is bounded uniformly in time, we may now conclude using Gronwall’s lemma.

We have used in the proof the assumption (5.8) on L. Let us explain why it can
be enforced. Here, the parameter ¢ is independent of L, (as above we have bounded
it using the a priori bounds 0 < L,, < 1) and is similar to the expression of ¢ given in
Section 4.3. Using the fact that a > Ly, we assume

(5.9)

- L L
Ly < ¢y(Lu, A A d,a) = min( oe e )

64 = 8

: _ A

A Various results

A.1 Proof of lemma 1.2

The property only depends on the distance to the the origin, not the direction. We
therefore only need to prove it in dimension 1, making sure the constant A is independent
of the direction. There is g > 0 such that %m% = 2A. Therefore, for x > 0, using (1.4):

A A
U' (zo+ ) (o + 1) > 2)\U (20 + ) + B (zo + 2)° — 24 = 2\U (w0 + ) + 5:102 + Azxg.

Then, for z > 0:

1 1
U(zo+x)—U(xg) = / U' (xg + tx) zdt = / U' (xg + tx) (zo + tz) dt
0 0 To + tx
x ! Ao 9
20U t =t Atxxodt
_x0+x/0 (xo + x)—i—Q x® + Az
A A
xoj— - <6m2 + 2:1:950) since U > 0
A x3 A 22z
C 6xo4+x 2zt
We thus have for all x > z(:
Az —xp) Az —x0)" xo
U(x)-U > — -
(z) (x0) 2 6 T * 2 T
A A A Az A Az}
:E$2—§$$0+2 (2) g 0+§CE.’LQ )\%%"‘5;0
YR 7
B RCREE
However, —3a23 + %%g > — 223 = —2A for z > 7. We therefore have the desired result

for x > x¢. The same reasoning gives us the result for x < —zy.
Hence, if |2| > || = /22, U (z) — U (o) > %xQ —2A. We then use the fact that U ()

is continuous on the sphere of center 0 and radius ,/ %, hence bounded on this set, to

give a lower bound on U (z() independent of the direction. Finally, for |z| € [—z0, 0], the
A

function . — U (x) — 6952 is continuous, therefore bounded.
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A.2 Proof of lemma 1.10
We have

VW s p(x) = VW v (Z) = VW s p(x) = VIV x 0 (Z) + VW x pu (2) — VIV 5 v (Z)
Let (X, X) be a coupling of x and v. Then
VW g () — VW * fig () | = ‘E (VW(;Z: ~X) fVW(:Eff()N
<LwE (lo - X -3+ X))

<Lw (o -3 +|X - X])

This being true for all coupling, we obtain the desired result.

A.3 Proof of Lemma 2.1
Remark A.1. With v given by (2.1), we have v < 1.
We have

L, H (z,v) =v-V H (z,v) —v-V,H (z,v) = VU (z) - Vo, H (z,v)
— VW s p(z) - Vo H (z,0) + Ay H (x,0)
=v- (24VU () +12(1 —v) 2 + 2Az + 12v) — v - (122 4 24v)
— VU (2) - (122 + 24v) — VW x p () - (122 + 24v) + 24d
=24d — 12VU (z) -2 + 2 v (12 (1 — ) + 2\ — 12)
— VW * pu () - (122 + 24v) — 12|v|?,

with

—yH (2,v) = = 247U () = 67 (1 =) [2|* = yA[z]* = 1292 - v — 127[0[?
—12VU (z) - & < — 24\U () — 6)|z|? + 244,

—VW x p(x) - (122 + 24v)

(Lw | + LwE, (| - ) (12[x] + 24v])

12Ly |z|? + 24Lw |z ||v|

jz/? o]

B, (| 1) By (|- )

where this last inequality holds for any a,, a,, > 0. Therefore

<
<

+ LwB, (|- (6 +6a,B, (|-|) + 12 +120,8, (|- ]) ),

L,H (x,v) <24A+24d+ 6LwE, (|- N (ax + 2ay) — vH (z,0) + 249U () + 67 (1 — ) |z|?
+ AN z2 + 12y2 - v + 129|v|? — 24\U (2) — 6M|z|? + 12Lw || + 24Lw |z||v|
6L 12L

P+ Rz 0 (12(1 — ) 4 23 — 12) — 12[0)?,

x v

and then

L,H (x,v) <24A+24d+ 6LwE, (|- ? (ax + 2a,) — vH (z,v) + 24U (x) (v — A)
+ |zllv] (127 + 12(1 — v) + 2X\ — 12| + 24Lw)
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6LW)

Qg

+ |z|? (67(1 — ) + 9\ — 66X+ 12Ly +
12LW>

v

+ |v)? (127 12+
We now use |z|[v] < 3[2[2 + &|v|% and [129A+ 12 (1 —yA) +2X — 12 = 2).
We have (y —A) < 0. Hence 24U (x) (y — A) < 4X(y — A) |z|?> — 24 (y — \) A using
Lemma 1.2. Then

L, H (2,0) <244 — 24 (y — N) A+ 24d + 6 LwE,, (| - |)° (as + 2a,) — vH (z,v)

6L 2A2  24Ly A
+|:v|2<4)\(’y/\)+67(1’y)+7>\6)\+ aW+12LW+T+ 3W )
12Ly 3 3
+ |’U|2 (12’7 — 12+ W + 5 + 4)\24Lw> .

We now consider each term individually.

Coefficient of |z|?. We have, using 0 < v < 1 and Ly < %
202 24Lw A
AN (7 = X) 67 (1 =) +9A = 6A+ -+ 3W
272 A
<y (B5A+6) — <4>\2+6)\—3—)\2—32>.

+ 12Lw

Therefore, it is sufficient that

Ty 4 9
,/\_|_,
< 22,
T="53 %6
We check this holds for y = 525. Then
227 24Lw A 6L
AN (y = X) 67 (1 =) + 94 = 6A+ -+ 3W 1120w + aW

I+ 2N\ 3
< (52 +6) (7‘ 5)\+6> Ta,

We therefore choose
3\ XN+ 2N 7 9. B5A246)
< —(5\ — 3L 27 ) = " )\2 _
5 +6)<’Y 5/\+6> 37 T2 o2

da, ~

It is, for that, sufficient to take

3\ 3
10, 4>\, ie ag
Furthermore
222 24Ly A 6L
6A (7 = A) + 67 (1 =) +9A =60+ -+ 3W 120w + aW

2 2
5A2 + 6 7A2—2A+§A:5A —5—6/\_3)\2_%)\.

- 2242 3 4 2242 3

We then observe

6Ly 202 24LyA 3
LA L +12LWS—A2—Z/\.

6A(y = A) +67(1 —7) +9A —6A+ 3 3

T
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And finally, for all A > 0 and for all =

6Ly  2X2  48Lw A
|x2(6)\(7—)\)4—67(1—7)—&-7/\—6/\4— aW+T+ 3”’ +12LW>

3
S 7)\2|I'|2 — Z>\|l'|2
Coefficient of [v|>. We have, using 0 <y < 1 and Ly < \/8

3 3 3 18 A 3 9 9
12v — 12+ — + —24Lyw < — — L= — 4+ ==
o2t pw s 6o+ T g =0t = ]

We then choose
12)\—9 i.e a—gx\
8a, 4= v 3™

Therefore

24X

v

121
YA>0, Vo,  |v]? <127 1242 By ¢ W) <0.

We thus obtain
L, H (z,v)
i 2 4 2.2 3 2
<24 (Af (’yf)\)A+d) +6LwE,(]-1]) 1+§>\ — Az|” — 1/\|x\ —~vH (z,v),
i.e

LH (z,v) < 24 (A (=N A+ d) +E, () (iA + >\2> — Az — ZAW’ —~H (z,0).
(A.1)
A.4 Proof of Lemma 2.3
Using 1 —v > 1, we get

2
H (z,v) > 24U (z) + 3+ A) 2]? + 12 |v + g‘ — 3z,

which is (2.2). We then have

2
H (x,v) > min (3/\,6> (Jo]? + |z +v[?).
Thus

r(z, %0, < (1+a)|z—i+v—70|+afv—1|)?

2 <
<2(l4a) |z —7+v -9+ 2% v — o
<4 ((1 +a)+ a2> (Jz +v)* + [v]? + |2 + 0> + |5]%) .
Therefore we obtain the final point.

A.5 Proof of control of L1 and L2 Wasserstein distances

We prove Lemma 2.7. Using the definition of R; and (2.1), and since B > d > 1 and
v < i, we have R; > 1.
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e First for the L1-Wasserstein distance
2
|z — 2| + o= < |v—2v + 22|+ 2z — 2| <max <7 1) r((z,v), (@ 0").
o

Ifr((z,v), (@, v) <1< Ry

L ) pl) (@)
Pl @) S TR S T ) g ()

If r ((z,v),(2/,v")) > 1, we have shown (2.7)

(14 a)® + a?

r((z,v), (@) < ((z,v), (@) < 4——F——
((z,0), (2, 0)) ((z,0), (2, 0)) min (21,6)

(H (x,v) + H (z',0")) .

Thus

41(1+0)’ +0?

€ min (%)\,6)

4(1+ ) +a? p((z,v), (2',0))

~ € min (%)\,6) fr)
1(1+a) +a? p((z,v), (2',0))

~ € min (%)\,6) (@

r((2,0), (o) < (eH (2,v) + eH (o ,0'))

Therefore
|z — 2’| + v —0']
) 4 ((1 +a)?+ a2) )
max(a’l)max emin (31,6) £ (1) 6 (B) g (1)

p((z,v), (2,0)).

* Then for the L2-Wasserstein distance
v—v'P=lv—v+z—2 —(x—2)*<2v—v +z—2+ 2z -2
Hence
o — 2P+ o0 P <3(lv—v +2—2'P+ |z —2]).

But

r? ((z,v),(2,0v)) = (a|z —2'| + |z — 2’ +v — v'|)2

>z —2 Pz —a' +v—0

(14+a?) (Jz — 2 + |z — 2’ +v—2']?)

1+a?
3

| 2

AV

(Jz —2')* + Jv = 0')?).

Ifr((z,v),(@,v) <1< R

2 ro ’o f(r) p((z,v), (2 0v))
Pe), Gy S (G ) S TR S TR g ()

Ifr((z,v),(z',v")) > 1, we have shown (2.7)

(14 a)® + a?

- (%)\,6) (H (z,v) + H (z',0v)).

r? ((x,v), (2',0v)) < 4
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Thus
’o 4(1+a)2+a2 .,
r((z,v),(z,0")) < gm(éﬁ’(ﬂc,v)—&-eH(x ,0')
%(lJroz)2 +a? p((x,v), (2',0"))
~ ¢ min (3X,6) f(r)
401 + o)’ + a2 p((z,0), (@, v))
~ ¢ min(2X,6) f(1)
Therefore
2z — 2/ + v =0
3 4((1+a)2+a2) . .
S Tra ™| Cuin (Zn6) 7 1) 6@ g (By) | () (@)

A.6 Proof of Lemma 2.8
We have

H(z,v) — H(Z,0)
=24 (U(z) = U(&)) + (6(L =) + A) (|z* = |2]*) + 12(z - v — 3 - §) + 12 (Jo|* — |5]?)

)

e
P
2

=Mﬂﬂ@—lN@%Hﬂl—w+A—3Mu2—w2y+m<M+§r_

We first have

i 2P| < Jo - a1 ol + 1a1) < 220 (VA 0) + VAGD))

Then
‘wﬂ‘z— U Y P v+ 2]+ o+
2 2| |~ 2 2 2 2
\r|v—v+ x — ) <\/H:17v )+ VH (%, )
< max (1, 1) r(z,v,%,0) (\/H(x,v) + \/H(i",f))> :
V) 2
And finally
1
|U(x) —U(z)| = / VU(QZ"—%—t(a:—a?))-(x—i:)dt’
0

< sup |VU (& +t(x—2)) ||z — |
t€0,1]

< (VU(0) + Ly (lz] + [2])) |z — Z|

< <VU(O) + % (\/H(x,v) + \/H(i:,f;))> W

These three inequalities yield the desired result.

EJP 27 (2022), paper 124. https://www.imstat.org/ejp
Page 40/44


https://doi.org/10.1214/22-EJP853
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Vlasov-Fokker-Planck equation: convergence rates and propagation of chaos

B Proof of Lemma 2.5

We first rewrite the various conditions on the parameters.

« Since forallu > 0,0 < ¢ (u) <1, wehave 0 < ® (s) = [ ¢ (u)du < s,i.es/®(s) > 1.
Therefore

<

it P S e s = e (R,

rel0,R1] @ (r) T relo,R4]

It is thus sufficient for (2.11) that

1
c+2B< g (1 - —(Ly +Lw)> ¢ (Ry)
* We have
v+Lw ,
< i
¢ (r) exp( 3o T )
So
o Ly + Lw 2) 2T
P < . ds = —_—
(r) < /0 P ( 8a s Ly + Lw
Then
Ry
D (1) r < 2ra R, 1 .
o ¢(r) Ly +Lw ¢ (R1)

It is thus sufficient for (2.12) that

C+Q€B§21/M¢(Rl).
2T R1

At this point, we have now proven that under Assumption 1.1, Assumption 1.3 and
Assumption 1.9, for the parameters to satisfy Lemma 2.5 it is sufficient for them to
satisfy

a> Ly + Ly, (B.1)
5
c< X1 —81 ), (B.2)
6 2634‘6’7
1 1
c+2eB < 3 <1 - (Ly + LW)> ¢ (R1), (B.3)

c+2B< 2\/m¢(R1)7 (B.4)
2T Ry
with, again
Bo2i(asOmicd), B—fisar e — 25
5y min (3, %)\)

Let us show that there are positive parameters ¢, «, Ly and c satisfying those conditions.
For inequality (B.1) it is sufficient, as Ly < 3, to consider

A
:L —_
« U+4a
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while inequality (B.2) first invites us to consider 2¢B of a comparable order to ¢
2¢B = éc.
We have thus switched parameter ¢ for §. First we translate (B.2) into our new parameter:

5
Cgl 1,6775 dc
6 2€B+6’Y

de+ 2y

o
IA

D2 o2 oI

)
— (since ¢ > 0)
6

o —

IN
SO,
o

IN
|
len

oq ‘

The appearance of ¢ (R;) in (B.3) and (B.4) suggests we should try to minimize it. Let
us assume, for simplicity, that ¢ < 1, which is equivalent to having ¢ < %. We then have

¢ (r) =exp (—; (i (Ly + Lw) + a + 96e max (21(1, 1)) r2)

1 /L L 1
> exp (_8 (UZW + o + 96 max <2a’ 1)) r2> on [0, Ry]. (B.5)

Now, using (B.5), we have for (B.3) and (B.4) that it is sufficient that

1 1 1 (Ly+ Lw 1 2
< - - — - = —
c 6+ <1 (LUJrLW)> exp< 5 < . + a + 96 max (2@’1>) Rl) ,

and
2 Ly + Lw 1 (Ly+ Lw 1 2
< — | =/ —,1 .
c_6+1\/ o exp( 8< o + a + 96 max 50 Ry

We could now optimize parameter d, but for the sake of conciseness, we choose § = 6.

Recall 0 < Ly < %. This way, both in (2.8) and (3.14), ¢ and C; can be bounded
independently of L. Hence why Ly, in (3.14) and (4.17), can be chosen last, and every
other quantities can be chosen independently of Ly .
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