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Abstract

In recent years, analysing the long-time behaviour of stochastic processes has received increasing
interest. Firstly, efficient sampling of a given probability measure is an important task that arises
in various fields such as Bayesian statistics or computational physics. Markov Chain Monte Carlo
(MCMC) algorithms form a powerful class of sampling methods for which guarantees for fast
mixing are of particular interest, especially for intractable target measures. Secondly, one would
like to better understand the convergence behaviour of stochastic processes which have their
origin in modelling phenomena in physics and are used in deep learning, among others.

In this thesis, we focus on specific high-dimensional problems. We are interested in sampling
target measures of mean-field particle type consisting of a unary potential that is in general not
strongly convex and of a pairwise interaction potential. Correspondingly, we consider a system
of many particles moving according to an external confining force and a pairwise interaction
force. Further, we address the connection between processes of mean-field particle type and
their corresponding McKean-Vlasov process, where only one particle is considered and whose
moves are determined by a nonlinear stochastic differential equation (SDE) with an external
force and a distribution-dependent interaction force. We are interested in quantitative estimates
between the laws of these two types of processes.

The thesis covers three projects. In the first part, we analyse the behaviour of the unadjusted
Hamiltonian Monte Carlo (uHMC) algorithm which forms an MCMC method that samples
approximately a given target measure. For a target measure of mean-field type, contraction in
Wasserstein distance with dimension-free rates is established under certain conditions on the
unary part and the interaction part of the mean-field potential. Furthermore, error estimates
between the target measure and the measure sampled by uHMC are provided.

In the second part, we investigate nonlinear stochastic differential equations without confine-
ment and their corresponding mean-field particle systems. To show contraction in Wasserstein
distance, the so-called sticky coupling is established for nonlinear SDEs and a novel class of
nonlinear one-dimensional SDEs with a sticky boundary behaviour at zero is introduced. For
these equations, existence and uniqueness of a weak solution are proven and a phase transition
from a unique to several invariant probability measures is analysed. Provided a unique invariant
probability measure exists and contraction towards this measure holds, we deduce contraction in
Wasserstein distance for the nonlinear SDE without confinement. Further, we establish uniform
in time propagation of chaos estimates for the corresponding particle system.

In the final part, we study the long-time behaviour of diffusions given by the second-order
Langevin dynamics with distribution-dependent forces. Global contraction in Wasserstein dis-
tance with dimension-free rates is shown via a coupling approach and a carefully constructed
distance function. In addition, we analyse the optimal order of the contraction rates for the
classical second-order Langevin dynamics with a strongly convex potential. Finally, we provide
uniform in time propagation of chaos bounds for the corresponding mean-field particle system.






Acknowledgement

I would like to take the opportunity to thank several persons and institutions that supported
me during my PhD and the development of the PhD thesis.

First of all, I want to thank my supervisor Andreas Eberle for his guidance and extensive
support during the last years. He introduced me to probability theory and in particular to
MCMC methods and drew my interest in this topic. I enjoyed the numerous instructive and
helpful discussions from which I learned a lot. I am thankful for his advice, his patience and the
effort he has put into me.

Many thanks go to my other co-authors: I want to thank Nawaf Bou-Rabee for his support
during his long stay in Bonn. Moreover, I am grateful to Alain Durmus and Arnaud Guillin for
their hospitality and support during my stays in Paris and Clermont-Ferrand.

Furthermore, I would like to thank Franca Hoffmann for willing to be the second referee of
my thesis, as well as Carsten Burstedde and Carsten Urbach for being part of the committee.

Moreover, I want to thank all current and previous members of the probability theory group,
including the secretary Mei-Ling Wang. I am very grateful to share an office with Saeda Marello
and Francis Lorler. I enjoyed working in this pleasant environment. Special thanks go to Francis
Lorler and Stefan Oberdorster for proofreading the thesis.

My PhD is financially supported by the DFG through the Bonner International Graduate
School (BIGS) and by the Institute for Applied Mathematics. I am thankful for this support.

Finally, I thank my family and Konstantin for their extensive support.






Contents

1 Introduction 1
1.1 Wasserstein distance and contraction . . . . . . . . . ... ... .. ... ..... 2
1.2 Markov Chain Monte Carlo methods . . . . . . . . ... ... ... ........ 6
1.3 Stochastic Differential Equations . . . . . . ... ... ... 0oL 11
1.4 Couplings and contraction results . . . . . . . . . ... Lo 13
1.5 Summary of existing contraction results . . . . ... ... ... ... ....... 20
1.6 Propagation of chaos . . . . . . . . .. 24
2 Outline of Projects 29
2.1 Outline of Project A . . . . . . . . . e 29
2.2 Outline of Project B . . . . . . . . 31
2.3 Outline of Project C . . . . . . . . . . 34
3 Conclusion 37
Bibliography 40
A Convergence of unadjusted HMC for mean-field models 55
Al Introduction . . . . . . . . . . .. e 55
A2 Preliminaries . . . . . . . . .. 59
A3 Mainresults . . . . . . . . e 64
A.4 Estimates for the Hamiltonian dynamics . . . . . . . . . .. ... ... .. .... 69
A.5 Proofs of results from Section A.4. . . . . . . . .. 71
A.6 Proofsof mainresults . . . . . . . . . . ... 79
A.7 Appendix: Perturbation of the product model . . . . . . . . .. ... ... .... 87
B Sticky nonlinear SDEs and convergence of McKean-Vlasov equations 91
B.1 Imtroduction . . . . . . . . . . . . e 92
B.2 Long-time behaviour of McKean-Vlasov diffusions . . . . .. .. ... ... ... 95
B.3 Nonlinear SDEs with sticky boundaries . . . . ... ... ... ... ....... 97
B.4 Uniform in time propagation of chaos . . . . . . . .. ... ... ... ... ... 100
B.5 System of N sticky SDEs. . . . . . . . .. . 101
B.6 Proofs . . . . . . . 102
B.7 Appendix . . ... 125



CONTENTS

C Global contractivity for Langevin dynamics 131
C.1 Imtroduction . . . . . . . . . . . e 132
C.2 Contraction for classical Langevin dynamics . . . . . . ... ... ... ... ... 136
C.3 Contraction for nonlinear Langevin dynamics of McKean-Vlasov type . . .. .. 142
C.4 Metric and coupling . . . . . . . ..o 143
C.5 Uniform in time propagation of chaos . . . . . . . . .. ... .. .. ....... 147
C.6 Proofs . . . . . . . e e 148
C.7 Appendix: Unconfined nonlinear Langevin dynamics . . . . . .. ... ... ... 162

vi



List of Figures

1.1
1.2
1.3
1.4

Al
A2
A3

A4

C.1
C.2

Synchronous coupling of two diffusions on R
Reflection coupling of two diffusions on R
Synchronous coupling of two Langevin diffusions on R? . . . . . .. .. ... ... 18

Synchronous coupling of HMC . . . . . . . . .. ... ... 21
Concave distance function . . . . . . . .. .. Lo L oL 62
Coupling of HMC applied to mean-field models . . . . . .. ... ... ... ... 63
Distance of the coupling of HMC for mean-field models with different numbers of

particles . . . . oL 63
Distance of the coupling of HMC for mean-field models with different interaction

SIZES . . . e e e e 64
Level sets of the metrics rpand 7. . . . . . . . . ... L 140

Sketch of the construction of the metric p. . . . . . . . ... ... ... ... ... 140






1

Introduction

Obtaining quantitative estimates for the long-time behaviour of stochastic processes is a relevant
issue occurring in many applications. Firstly, we are interested in getting guarantees for fast
mixing of Markov Chain Monte Carlo (MCMC) methods which form a powerful class of sampling
algorithms. In particular, efficient sampling of given intractable probability distribution is of
great interest. Secondly, we want to better understand the convergence behaviour of stochastic
processes that describe phenomena, for instance, in physics and are determined by stochastic
differential equations.

In this PhD thesis, we study the Hamiltonian Monte Carlo (HMC) algorithm for mean-field
models and two specific types of stochastic differential equations (SDEs) of McKean-Vlasov type
and investigate their long-time behaviour using coupling methods as an analytic tool. The thesis
covers three projects.

In the first project, we consider unadjusted HMC (uHMC) for mean-field models using the
velocity Verlet discretisation of the Hamiltonian dynamics given by

d i ] h

ardi = Plyy, — 2 Vil@u) i=1,...,n (1.1)
1 by T, .
bt = _%(viU(th) +ViUl(qra,));

where the mean-field potential U : R — R is given by U(z) = Y1 (V (z')+ £ S Wt —a7))
and [t]j, and [t]; denote the floor and ceiling function, respectively, with respect to the discreti-
sation parameter h > 0. Using a particlewise coupling and a complementary particlewise metric,
we establish dimension-free contraction bounds in L' Wasserstein distance. These bounds hold
for unary potentials V' including non-strongly convex functions provided the interaction param-
eter €, the discretisation parameter h and the duration time of each uHMC step are sufficiently
small. Moreover, we establish strong accuracy bounds for uHMC applied to mean-field models

and derive quantitative error bounds between the target measure and the measure sampled using
uHMC.

In the second project, we study nonlinear unconfined SDEs of McKean-Vlasov type on R?
given by

ax, = ( / B — aypy(de))dt + By, = Law(X)), (1.2)
R
where (By)>0 is a d-dimensional Brownian motion and the force b : R% — RY consists of a linear

function and a bounded, Lipschitz continuous perturbation. We introduce a sticky coupling
for nonlinear SDEs of McKean-Vlasov type and establish conditions under which contraction
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in Wasserstein distance holds. For this, we show that the distance process of the two copies of
the coupling is controlled by the solution to a one-dimensional nonlinear equation with a sticky
boundary at 0 given by

dry = (b(r) +/ y)P(dy) )t + 2L (g 0y (r)dWs, Py = Law(ry), (1.3)

where (W})>0 is a one-dimensional Brownian motion, bisa Lipschitz continuous function and ¢
is a bounded measurable function. For this novel class of SDEs, we prove existence and unique-
ness in law of a weak solution. Further, we exhibit a phase transition for its invariant probability
measures. In the case of a unique invariant probability measure, we establish conditions un-
der which convergence to the invariant measure holds. Eventually, we show uniform in time
propagation of chaos for the mean-field particle system corresponding to (1.2).

In the third project, we consider the Langevin dynamics with nonlinear interactions of
McKean-Vlasov type given by

dX, = Yidt
{ b (1.4)

dY; = (=Y + ub(Xy) + u [ga b(Xy, ) wi (da))dt + /2yud By, pi = Law(Xy),

where (B;);>0 is a d-dimensional Brownian motion, and where the confinement force b : R — R?
and the interaction force b : R2¢ — R? are Lipschitz continuous functions. We prove global
contraction in Wasserstein distance under certain assumptions on b, b, the friction coefficient
~v > 0 and the inverse mass u > 0 via a specifically designed distance function and a carefully
aligned coupling approach. This distance is equivalent to the Euclidean distance and combines
optimally two contraction results for large and small distances. In addition, we provide uniform
in time propagation of chaos bounds for the corresponding particle systems.

Before we step into the details of the three projects, we introduce some notations and recall
basic definitions and known facts. First, we define a distance between two probability measures
and the notion of contraction in Wasserstein distance. In Section 1.2, we introduce the basic idea
of Markov Chain Monte Carlo methods and define HMC. In Section 1.3, we present Langevin
diffusions, before we recall some coupling techniques in Section 1.4 and present known contrac-
tion results for MCMC methods and SDEs in Section 1.5. Finally, we introduce nonlinear SDEs
and establish the concept of propagation of chaos in Section 1.6. The references are directly
provided in the respective sections.

1.1 Wasserstein distance and contraction

1.1.1 Wasserstein distance

Let (X, d) be some Polish space endowed with the Borel o-algebra B(X). Often, we consider
X = R? and the Euclidean distance d(z,y) = |z — y| for all 2,y € R%. The set of all probability
measures on X is denoted by P(X). To define the distance between two probability distributions
w, v € P(X), we first introduce the notion of a coupling between two probability measures. We
call v € P(X x X) a coupling of the measures p and v if

V(A xX)=pu(A) and ~(Xx B)=v(B) for any A, B € B(X).
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The set of all couplings of p and v is denoted by II(u,r). We say that the coupling is realised
by random variables X,Y : Q@ — X defined on a common probability space (€2,.4, P) such that
(X,Y) ~ 7.

Let p: X x X — [0,00) be a metric on X that can differ from d. Fix p € [0,00). We define
the LP Wasserstein distance with respect to p on the set

PHX) = {,u e P(X): /d p(z,y)Pp(dz) < oo for some y € X} (1.5)
R
by
Wh(p,v) = inf ( / P(x,y)pv(dwdy)f/p = _inf  E[p(X,Y)]"/", (1.6)
P YEM(p,v) N JXxX Xop,Y~v

In the case p = d, we write WP and PP. It holds that (PP(X), WP) defines a Polish space, and
if a sequence of measures (p,)nen in PP(X) converges to a measure p € PP(X), then p, — p
weakly, see [192, Theorem 6.9]. Note that if p and d are equivalent, then P? = PP. For p = 1,
W; is called Kantorovich distance, and the exponent is often omitted for simplicity. We remark
that the Kantorovich distance is often defined for a more general function p which only forms a
semimetric, i.e. p satisfies p(z,y) = p(y,x) for all z,y € X and p(z,y) = 0 if and only if x = y.
In that case, W, defines a semimetric on the space P,(X).

The Wasserstein distance with respect to d can easily be modified by considering a function
f :]0,00) — [0,00) that is non-decreasing, concave and satisfies f(0) = 0 and f’(0) > 0.
Then, f o d defines again a metric and the corresponding Kantorovich distance is given by
Wf(:u'v V) = inf’yeﬂ(u,u) fXXX(f o d)(l.a y)y(dzdy).

The total variation distance (TV distance) forms a prominent example for the Kantorovich
distance, where the underlying distance is given by p(x,y) = Ty;z2y)- We denote the TV distance
of two probability measure p, v € P(X) by

I = vliry = Wyluv) = _inf  PIX # Y]
We refer to [131, Chapter 4.2] for a detailed study on the TV distance.

We note that (1.6) represents a special case of the optimal transport problem where a general
cost function ¢ : X x X — [0, 00) is considered instead of the metric p. In the Monge formulation,
amap T : X — X is searched that minimises [ c(z, T (z))u(dx) under the constraint v = poT !,
whereas in the less restrictive Kantorovich formulation, a coupling v € II(u, v) is searched that
minimises [ c(z,y)y(dzdy).

The presented definitions and statements on the Wasserstein distance are taken from [192,
Chapter 6].

1.1.2 Contraction in Wasserstein distance

Using the previously introduced distances for probability measures we are interested in the long-
time behaviour of a given process. Next, we define the Markov transition function and introduce
the concept of contraction in Wasserstein distance for a given transition function.

Let I = Nor I =Ry be an index set. We denote by (p;)ier a time-homogeneous transition
function on (X, B(X)), which is a collection of probability kernels p; : X x B(X) — [0, 1] satisfying
po(z,-) = 0y and pspy = psyy for all s,¢ € I, where (pspt) (v, A) = prS(xady>pt(yaA) for all
r € X and A € B(X). We write up;(dz) = [ pe(y,dz)pu(dy) for all probability measures

3



1. INTRODUCTION

pand (pef)(x) = Jxpe(z,dy)f(y) for all functions f : X — R. Given a transition function
(pt)ter and a filtration (Fy)ier on a probability space (£2,.4, P), a stochastic process (Xi)er
on (2, A, P) with values in X is called an (F;)-Markov process with transition function (pi)ier
if and only if (Xy)ier is Fi-adapted and it holds that P[X; € A|Fs] = pi—s(Xs, A) P-almost
surely for all s,¢ € I with s < ¢ and for all A € B(X). Given a transition function (p)ier and
a probability measure v € P(X), there exists a unique probability measure P, on the product
space (Qean, Acan) such that (Xy)ier, Xi(w) = w(t) is a Markov process on (Qean, Acan, Py)
with transition function (p;)ier and P, o XO_1 = v, where Quon = X! = {w : I — X} is the
product space and Agq, = 0(X; : t € I) is the product o-algebra on .4y,. This result holds as a
consequence of Kolmogorov’s extension theorem [123]. Moreover, we assume that the transition
function (p;)¢es is Feller, which means that for all functions f € Cp(X) it holds that p; f € Cp(X),
where Cp(X) denotes the set of continuous and bounded functions f : X — R. The Feller property
implies existence of a strong Markov process (X;)ier with cadlag paths (right continuous paths
with left limits), cf. [123, Theorem 21.27].

For 1 < p < oo, we say contraction in LP Wasserstein distance with respect to the metric
p: X x X — [0,00) holds if there exists a constant ¢ > 0 such that

WP (vpe, mpt) < e*Cth (v,m) for all probability measures v, € PH(X) and t € I.  (1.7)

The constant c is called contraction rate. Inequalities of this form, which were first studied by
Dobrushin in [66] and which are also known as Dobrushin uniqueness condition in statistical
mechanics, give results on the long-time behaviour of the Markov process corresponding to
(pt)ter- Motivated by the concept of Ricci curvature bounds on Riemannian manifolds (cf.
[9, 193]), the contraction rate is alternatively called Ricci—Wasserstein curvature or Wasserstein
curvature with respect to p [117, 162, 180].

The issue of showing contraction in Wasserstein distance (1.7) is addressed in Section 1.4.
Next, we present several consequences of (1.7). In the following, we assume that p is equivalent to
d, i.e. there exist C1,Cy > 0 such that C1p(z,y) < d(x,y) < Cop(z,y). As a direct consequence
of contraction in LP Wasserstein distance it holds:

Theorem 1.1 (Existence of a unique invariant measure and geometric ergodicity). There exists
a unique invariant measure p of (pt)ier in PP(X) and for every initial distribution v € PP(X),
vpy converges to p, i.e.

WE(vpt, ) < e Wh(v,p),  and  WP(upy, p) < Me™ WP (v, ),
where M = Cy/C}.

Proof. Since (PP(X), WP) defines a Polish space the result holds by Banach fixed point theorem,
[198, Chapter IV. 7]. O

To present another consequence, let us assume for a moment that I = N and let (X,,)nen be
a Markov chain with transition function (p,)nen, which admits a unique invariant probability
measure p. As we see in more detail in the next section on MCMC methods, one is often
interested in approximating quantities of the form [ fdu for some observable f : X — R and
some target measure p on X. Then, conversely, the Markov chain (X,),en is constructed such
that p is its unique invariant probability measure and the ergodic averages of the Markov chain
converge to the desired quantity, i.e,

_IZf H/fd,u for n — oo.
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If (1.7) holds, we deduce quantitative bounds on the bias of the ergodic averages. This analysis
is based on work by Joulin and Ollivier [118].

Corollary 1.2. Let g : X — R be a Lipschitz continuous function with respect to p with Lipschitz
constant ||g||Lip(p) given by

l9llLip(py = sup{lg(x) — g()|/p(x,y) : =,y € X}.

Then for any n € N and x € X

n

B, [0t (X)) —/ngu\ < c’ngHLip(p)/Xp(w,y)u(dy),

i=1
v 1
Var, [n 1;9(){1)] < M”g”iip(p)/X/X:O(yaZ)Qpn(x7dy)pn($>dz)a

where E, and Var, denote the expectation and the variance given the Markov chain (X;,)nen
started in x.

A proof is given in [118].

We note that more consequences result from (1.7) such as bounds on the L?(u) spectral gap,
see [48, 105], and concentration inequalities, see e.g. [118]. Furthermore, the results can be
transferred to similar statements if p only constitutes a semimetric, i.e. the triangle inequality
is not satisfied, see [201, Section 0.2].

1.1.3 Exponential decay in f-divergence and mixing time

Besides contraction in Wasserstein distance, there are further possibilities to control the long-
time behaviour of stochastic processes. For this reason, we introduce another quantity to measure
the difference between two probability measures p, v € P(X), which was first studied by Rényi
[171] and further developed by Csiszar [58] and Morimoto [154]. Assume that v is absolutely
continuous with respect to u, v < u, and denote by p = S—Z the Radon-Nikodym density. Let
f:(0,00) = R be a convex function with f(1) =0 and we extend f to 0 by f(0) = limy o f(?),
which is well-defined by convexity of f but can be infinite. The f-divergence of p with respect
to v is given by

D) = [ f(pl@)dut). (19)

For f(t) = (t — 1)%, D¢(v|p) = x*(v|u) denotes the x-divergence, whereas for f(t) = tlog(t),
D¢ (v|p) = H(v|p) denotes the relative entropy or Kullback-Leibler divergence (KL divergence).
For f(t) = |t — 1|/2, we recover the total variation distance, || — v||7y. The definition and the
notation of the f-divergence are based on [84].

The f-divergence can be used to analyse the long-time behaviour of stochastic processes. As
in the previous subsection, let I = Ry or I = N and let (p;)ier denote a transition function
of a time-homogeneous Markov process on (X, B(X)) with invariant probability measure p. For
any probability measures v € P(X), t — Dy(vp¢|p) is a non-increasing function [171]. For the
relative entropy this result is known as H-theorem in statistical physics.

We remark that the x2-divergence and the relative entropy control the TV distance, i.e.
e — vy < (1/2)x2(v|p)'/? by Jensen’s inequality and || — v||rv < (H(v|p)/2)'/? for any

5
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probability measure p,v € P(X). The latter bound is known as Pinsker’s inequality, see e.g.
[191, Section 22]. Therefore if contraction holds for the transition semigroup (p)ies in x2-
divergence or relative entropy with rate ¢ > 0, exponential decay can be deduced for the TV
distance with rate ¢/2, i.e

lvpe = ullry < (1/2)/x2(wpeli) < (1/2)e” /X3 (v|u) and

lvpe — ey < JH@pdu)/2 < e\ [Hwlp)/2, respectively.

We remark that common analytic tools to obtain exponential decay in x2-divergence and relative
entropy are given by functional inequalities such as the Logarithmic Sobolev inequality and the
Poincaré inequality, see e.g. [179]. The estimates are obtained by differentiating the f-divergence
in time and bound its derivative by the f-divergence itself by applying either the Poincaré
inequality or the Logarithmic Sobolev inequality which provide a bound on the x2-divergence and
the relative entropy, respectively. We note that in addition, if the Logarithmic Sobolev inequality
holds, then Talagrand’s inequality is satisfied, which bounds the L? Wasserstein distance by the
relative entropy and exponential decay in Wasserstein distance holds [163], i.e

W2(vpy, i) < \/2H (vpilp) < e %\ J2H (v]p).

Here, we do not focus on the techniques relying on functional inequalities and further references
can be found in Appendix B and Appendix C, where the results via analytic tools for the
respective framework are discussed.

Finally, we briefly turn our attention to the TV distance and introduce the mixing time. To
that end, we assume that the transition function (p;)ier has a unique invariant probability dis-
tribution p and we introduce the time it takes for the distance between the invariant probability
distribution p and the distribution d,p; of the process started in = € X to become smaller than
a given value. For a set K € B(X) and ¢ € I, we denote the maximal total variation distance to
equilibrium at time ¢ for the Markov process (p;)ics started in K by

d(taK) = sup ||pt(1', ) - MHTV'
zeK

Fix € > 0. The e-mixing time of the Markov process with starting point in K is defined by
tmiz(€, K) =inf{t € I : d(t, K) < €}.

We write tpz(€) for the global e-mixing time ¢,,:,(€e, X). A common choice is € = 1/4. Since
for all K € B(X), d(t, K) is non-increasing in ¢, it holds that d(t, K) < e for all t > t,,.(€, K).
The definition of the mixing time is stated, for instance, in [131, Chapter 4], where also a
comprehensive study on mixing times to analyse the long-time behaviour of Markov chains is
given.

1.2 Markov Chain Monte Carlo methods

In this section, we introduce the Markov Chain Monte Carlo (MCMC) methods which form a
class of sampling algorithms going back to [147, 107].

In many applications, one aims to generate samples from a probability distribution g on
some space (X, B(X)) and to approximately compute quantities of the form u(f) = [ fdu. For a

6
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probability measure y on R, a direct sampling method is given by the generalised inverse of the
cumulative distribution function F. This method is easy to implement if F~! is accessible. Then
for U ~ Unif(0, 1), the random variable X = F~1(U) is distributed according to p. However,
exact sampling is often not possible due to the complexity of u, the high-dimensionality of the
state space or since p is only known up to a multiplicative constant. This motivates us to
consider other sampling methods.

The MCMC method simulates a time-homogeneous Markov chain (X,,, P) with a transition
kernel 7 that leaves the target measure u invariant, i.e. um = u. More precisely, it holds that
1(B) = [ga p(dx)7(z, B) for all B € B(R?).

If the Markov chain is reversible, i.e. if its transition kernel 7 satisfies the detailed balance
condition

p(dz)m(z, dy) = p(dy)m(y, dz), (1.9)

it follows directly that 7 leaves the target measure p invariant since by Fubini’s theorem for all
B € B(RY),

wB) = [ @) = [ [ waoe@dy = [ [ pdpry.de) = [ @i ).

Under appropriate ergodic properties for the transition kernel mw, one can expect for large
n € N, that the law of X,, gives a good approximation for the target measure p and that the
integral p(f) can approximately be computed by ergodic averages, i.e.

1 b+m—1
p(f)~— > X,
i=b

where b denotes the burn-in time. In simulations, one is often interested in choosing b and m
sufficiently large so that the law of the Markov chain after b steps is sufficiently close to the
invariant measure p in an appropriate sense and that the ergodic average involving m steps of
the Markov chain builds a good approximation of the quantity of interest.

Before we introduce the Metropolis-Hastings method, which is probably the most well-known
MCMC method, let us note that in some MCMC methods the transition kernel leaves the target
measure only approximately invariant, i.e. u =~ pm in an appropriate sense. Hence, the law of
X,, does not directly approximate p and an additional error term occurs. In certain cases, this
bias can be uniformly controlled for all steps m € N, as for uHMC in Appendix A.3 and for
more general inexact MCMC methods in [73].

1.2.1 Metropolis-Hastings method

Next, we state the Metropolis-Hastings algorithm which forms the origin of the MCMC methods
and which was introduced by Metropolis and his co-authors in [147] and further developed by
Hastings in [107]. The basic idea of this method lies in adapting a given proposal transition
kernel p(z, dy) such that the detailed balance condition is satisfied for the new transition kernel 7.
This modification is implemented by rejecting the proposal with an appropriate probability. We
assume that the proposal kernel p(x, dy) is absolutely continuous with respect to the Lebesgue
measure on RY,

p(z,dy) = p(z,y)dy,
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where p(z,y) is a strictly positive density. A move from z to y that is proposed accordingly to
p(z,dy) is accepted with probability

w(y)p(y, x))
w(x)p(z,y)/

Otherwise the move is rejected and the Markov chain stays at x. This transition rule is encoded
in the transition kernel 7 given by

m(x,dy) = a(z, y)p(z, dy) + r(x)d(dy),
where the rejection probability from x to a new state is given by
r(@) = [ (1= ale.)pe dy).
For the transition kernel 7 the detailed balance condition holds, since

p(dx)m(z,dy) = p(dz)a(z, y)p(e, dy) + p(dz)r(z)d.(dy)
= min(u(dz)p(z, dy), p(dy)p(y, dz)) + p(dy)r(y)dy(dz) = p(dy)r(y, dz),

and hence pum = p. The crucial advantage of this method is that it is sufficient to know the target
measure only up to a multiplicative constant as this constant is cancelled out in the acceptance

a(r,y) = min (1,

probability «.

Algorithm 1.2.1 Metropolis-Hastings algorithm
Require: proposal transition kernel p(z,dy), initial probability measure v(dz), acceptance
probability a(x,y) corresponding to the desired target measure pu(dx)
1: n < 0, sample Xg ~ v;
2: while Markov chain has not terminated do
3:  sample Y11 ~ p(Xy,-);
sample U, 41 ~ Unif[0, 1];
if Un+1 < Oz(Xn, Yn+1) then
Xnt1 < Yoq1;
else
Xn+1 — Yn;
end if
10: n<+<n-+ 1;
11: end while
12: return Xg, Xy, ... Markov chain with initial law v and invariant measure p

If the proposal kernel p(x,dy) describes a random walk, the algorithm is called Random
Walk Metropolis (RWM). A common choice for the proposal transition kernel p(z,dy) is given
by the normal distribution centred at z with density p(z,y) = 1/(2m)%? exp(—|z — y|?/2). In
that case, states close to x are more likely to be chosen than states far away, and the acceptance
probability simplifies to a(x,y) = min(1, u(y)/wu(z)), since p(z,y) = p(y,x). As stated later in
Section 1.4, RWM exhibits a diffusive behaviour and displays slow convergence to the target
measure, especially in a high dimensional setting, see [173].

Therefore, it is reasonable to look for a more sophisticated proposal transition kernel that
exploits certain information of the target distribution if it is accessible. If, for instance, the
gradient of the potential is known, the Hamiltonian Monte Carlo algorithm which is the object
of the next section can be considered.
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1.2.2 Hamiltonian Monte Carlo

Hamiltonian Monte Carlo, which was first established as Hybrid Monte Carlo, is a sampling
method that relies on the Hamiltonian dynamics. It was originally developed to perform simu-
lations for Lattice Quantum Chromodynamics [69]. In the '90s, Neal exploited the method for
statistical computing [155].

Consider a twice differentiable function U : R? — R satisfying [pa exp(—U(z))dz < co. Let
1 be a probability measure on R? of the form

p(dz) = Z7  exp(~U(z))dz, (1.10)

where Z = [paexp(—U(x))dx is the normalising constant. The Hamiltonian is defined by
H(z,v) = U(x) + |v|?/2, where U corresponds to the potential energy and |v|?/2 to the kinetic
energy. Here, we omit an additional mass matrix M appearing often in the kinetic energy. To
sample ju, we construct a Markov chain on R? using the Hamiltonian dynamics given by

d  _ OH(gtpt) _
are = "o - =D (1.11)
%pt _ ((atgt,pt) = —VU(q)

with initial condition (go,po) = (z,v) € R??. The transition step of ezact HMC is given by
X(z) = qr(z,§), where & ~ N(0,1;) is a standard normally distributed random variable and
T > 0 is the duration time. The transition kernel 7 for the time-homogeneous Markov chain
corresponding to exact HMC is given by

m(xz, A) = Plgr(z,§) € A] for z € R%, A € B(RY). (1.12)

We note that the Hamiltonian dynamics given by (1.11) preserves the Hamiltonian, i.e. dH/dt =
0 and it is symplectic and volume preserving [156]. Moreover, the Hamiltonian flow ¢, = (q¢, pt)
forms a deterministic Markov process on R??® with transition function (pt)t>0, that satisfies the
generalised detailed balance condition (cf. [84, Section 9])

(1 © N(0,1a))(dzdv)pe((z, v), dydu) = (@ N(0,14))(dydu)pe (S~ (y, u), S~ (dadw)), (1.13)

where p((x,v),-) =6, and S : R?? — R?4 is a measurable transformation given by S(z,v) =

Pt (‘T:’U)
(z, —v) for (z,v) € R??. More precisely, generalised reversibility

p-t(z,v) = S(@e(S(z,v))) (1.14)

holds for the Hamiltonian flow and therefore (1.13) is satisfied. These properties of the Hamil-
tonian dynamics imply that the transition kernel of the Markov chain of exact HMC leaves the
target measure y invariant, i.e. p = pm, cf. [156].

Unfortunately, the Hamiltonian dynamics is numerically not exactly solvable. An imple-
mentable discretisation of the Hamiltonian dynamics is given by the velocity Verlet integrator,

{St@t = Ple), — 3VU(dy,)
b = —5(VU Gy, + VU(Gpa,))

with (go, Po) = (x,v) € R?, where h > 0 is the discretisation parameter and

|t]n =sup{s € hZ:s <t} and [t|p=inf{s€ hZ:s>t}. (1.15)
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This discretisation scheme which is also called Leapfrog method is volume preserving and satisfies
generalised reversibility (1.14), see [156, Section 5.2.3]. The transition step of unadjusted HMC
(uHMC) is given by z — Xp(z) = Gr(z,€) with £ ~ N(0,1;). Analogously to exact HMC, the
transition kernel for the time-homogeneous Markov chain induced by unadjusted HMC is given
by 7 (z, A) = Plgr(z,€) € A] for z € R4, A € B(RY). We note that in general umj, # ju, since
the velocity Verlet integrator does not preserve the Hamiltonian operator. Under appropriate
conditions on U, T and h, mp leaves p asymptotically invariant and the invariant measure
corresponding to 7y, is close to p in an appropriate sense, see Appendix A.

A numerically implementable HMC method that leaves the target measure p invariant is
attained by taking m, as a proposal kernel and adding a Metropolis adjustment step. The
acceptance probability is given by

exp(~U(gr(z,€) - PrGIL)  uin (1, SR (2,9, pr(,9)
exp(—U(z) — &L ’ exp(—H (z,§) ’

since § ~ N(Ovld) and since (xv _f) = (QNT(y’ _u)mﬁT(yv _u)) for (y7u) = (QT(x7§))ﬁT(x7€)) b
symmetry of the Hamiltonian dynamics and of the discretisation scheme. The transition step
of Metropolis adjusted HMC (MaHMC) is given by 2 — X (z) = Gr(w, &)L a(zy + 21 g(z)e for
& ~ N(0,1;), where the event A(z) is given by

A(.’L‘) = {Z/{ < eXp(H(.Z',f) - H(QT(x7§)7ﬁT(x7€))} with U ~ Unlf[()? 1]

a(z, gr(z,€&)) = min (1,

The transition kernel for the time-homogeneous Markov chain induced by MaHMC is defined
by 7n(x, A) = P[Xp(z) € A] = P[{qr(z,§) € A} N A(z)] + (1 — P[A(x)])0z(A).

The definitions and statements are based on the work [156] and on the lecture notes [27].
Results on the behaviour of uHMC and MaHMC are postponed to Section 1.5.

Algorithm 1.2.2 Unadjusted HMC/ Metropolis adjusted HMC
Require: initial probability measure v, duration time T' > 0, discretisation parameter o > 0
such that T'/h € N, VU corresponding to the desired target measure
1: n <+ 0, sample Xg ~ v, K + T/h;
2: while Markov chain has not terminated do
3:  sample & ~ N(0,1y), qo < Xy, po < &;

4. fork=1,...,K do

5: Qk < Qr—1 + hpp—1 — %ZVU(%—1);

6: Pr 4 Dr—1 — 3(VU(qe—1) + VU (qr));

7. end for

8 Xpt1 ¢ ¢K; {for uHMC}
Y41 ¢ gk, implement line 4-9 of Algorithm 1.2.1; {for MaHMC}

9 n+<n+l;
10: end while
11: return Xg, Xy, ... Markov chain with initial law v

To complete the description of HMC, let us mention further variants of HMC. Instead of
updating the full velocity component in each step, a partial velocity randomisation can be
considered [113]. In this case, the initial velocity for the Hamiltonian dynamics in each HMC
step is given by y = dy’ ++v/1 — 62¢ for some § € (0,1), where £ ~ N (0,1;) and ¢/ is the velocity of

10
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the previous step at time 7. If the duration time T is not a fixed constant but an exponentially
distributed random variable, we refer to the method as randomised HMC. The corresponding
Markov process leaves the measure p ® N(0,1;) invariant, see [34]. If additionally the velocity
is only updated partially, i.e. only a few randomly selected components are updated, we obtain
the so-called Andersen dynamics, see [8] and [30] for a recent analysis of this dynamics. We
remark that both the randomised HMC and the Andersen dynamics are part of the broader
class of Piecewise Deterministic Markov Processes (PDMPs). These processes are characterised
by a deterministic flow, a jump or event rate and a transition kernel, determining the transition
at the event, cf. [62]. They form a very interesting and promising class of processes and we
refer, for instance, to [19, 35, 76] for more details on various PDMPs.

1.3 Stochastic Differential Equations

In this section, we consider diffusions on R?. We introduce the Langevin dynamics and its
overdamped version and give the connection between them. We follow mainly the work of
Pavliotis [165, Chapter 4 and 6]. We remark that we are particularly interested in the long-time
behaviour of the Langevin diffusions, as the Langevin dynamics can be used to generate samples
for given probability measures on R? of the form (1.10).

Given € R? and a d-dimensional standard Brownian motion (B;);>0, we consider the
solution (X¢)s>o of the first-order stochastic differential equation given by

dX; = —VU(X,)dt +V2dB;, X, ==. (1.16)

A unique strong solution exists under mild conditions on the drift, e.g. if VU is Lipschitz
continuous, see e.g. [172, Chapter 9] and [161, Chapter 5.2]. That means that there exists a
stochastic process with continuous sample paths, Xy = x, and

t
X, = Xo— / VU(X,)ds +V2B;  for t > 0.
0

The solution (X¢)¢>¢ is called overdamped Langevin diffusion.

Let 19 be some probability measure on R? of the form vy(dz) = po(z)dz for some probability
density function pg. If Xq is distributed according to 1y, we remark that for each ¢t > 0 the
probability density function p¢(x) of X; solves the corresponding Fokker-Planck equation

Oppir(x) =V - (VU(2)pi(x)) + Api (), (1.17)

see e.g. [165, Section 4.5]. The corresponding generator of the diffusion process (X;);>o is given
by

L=-VU(z) -V +A. (1.18)

Under appropriate conditions on the potential U, the Markov process with generator L is ergodic
and the probability measure p, given in (1.10), is the invariant distribution. In particular, p
is the unique invariant measure if U is a smooth potential satisfying lim;| U(z) = +oo and
e~ V@) ¢ L1(R?), see [165, Proposition 4.2].

A common numerically realisable approximation of (1.23) is given by the unadjusted Langevin
algorithm (ULA) which uses the Euler discretisation with discretisation parameter h > 0 of
(1.16) given by

X = X1+ hVU(Xg_1) + V2h&,

11
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where (£)ken is a sequence of independent normally distributed random variables, cf. [164,
175, 59, 77]). This method with fixed step size h generates a Markov chain (Xj)g>o on R4
that leaves the target measure p only approximately invariant. Therefore, often an adaptive
sequence for the step size (hy)ren with hy — 0 as k — oo is considered [77, 78]. Alternatively,
the implementation of an additional Metropolis-Hastings step produces the Metropolis-adjusted
Langevin algorithm (MALA), whose corresponding transition kernel leaves the target measure
invariant [175, 81, 79, 177].

Next, we consider the classical Langevin dynamics, whose origin goes back to modelling the
evolution of a particle in statistical physics that is characterised by a position and a velocity
component and undergoes damping and external forces [88, 126]. As for the Hamiltonian dy-
namics, an extended state space R? x R is considered and the diffusion consists of a position
(X:) and a velocity (Y;) which are driven by the stochastic differential equation

Xo, Vo) = (2,7), 1.19
dY; = 4 Yidt — uVU(X,)dt + /2Z7ud B, (Xo, ¥0) = (2,9) (1.19)

{dXt = Y,dt
where the constant v € (0, 00) corresponds to friction, u € (0,00) to the inverse of the mass of
the particle and (z,y) € R?? is the initial condition. As for the overdamped Langevin diffusion,
a solution exists under appropriate mild assumptions on U, i.e. if VU is Lipschitz continuous,
see e.g. [172, Chapter 9.2]. The generator of the Markov process (X¢, Y:)¢>0 is given by

L=y -V;—uV,U-V,+~v(—yVy+uld,). (1.20)

Let po(x,y) be a probability density function on R2¢ and let v be the probability measure on
R2? of the form vo(dady) = po(z,y)dedy. If (Xo,Yp) is distributed according to v, then the
probability density function p;(z,y) corresponding to the diffusion process (X¢, ¥;)¢>0 solves the
kinetic Fokker-Planck equation given by

Ahpi(z,y) = —y - Vep(z,y) + uVeU(2) - Vypi(z,y) +7(Vy - (yoe(2,y)) + ulypi(z,y)).

We note that the overdamped Langevin dynamics (1.16) is obtained by taking the limit v — oo
in (1.19). Under appropriate assumptions on U, e.g., if U is a smooth potential satisfying
limy| 00 U(x) = +o00 and e U@ ¢ LY(RY), the diffusion (X, Y:)i>0 with generator given in
(1.20) is ergodic and the Boltzmann-Gibbs measure u ® N(0, ul;) with u given in (1.10) is the
unique invariant measure, see [165, Proposition 6.1].

As for the overdamped dynamics, this property is used to generate samples via discretised
versions of the dynamics, see e.g. [37, 55, 60, 128, 153]. Often, the dynamics is split into the
classical velocity Verlet integrator approximating the Hamiltonian dynamics and in the Ornstein-
Uhlenbeck process and the steps are successively implemented. The generator £ is decomposed
inL=Ls+ L+ Lo with

La=y Vg, Lp=-V,U-V, and Lo ==y -Vy+7Ay,

where u = 1 is assumed for simplicity. Let & > 0 be the discretisation step and define § = e="7/2,
Making use of the decomposition, the sampling scheme referred as OBABO algorithm is given

12
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o = 0yo + V1 — 6% (0)
Y172 = Yo — (h/2)VU (z) (B)
r1 = x0 + hy1 /2 (4)
o1 = Y12 — (R/2)VU(21) (B)
(0)

y1 = 61 + V1 —82¢, 0

where £, ~ N(0,1;) are two independent random variables. This second order scheme sat-
isfies generalised reversibility (1.14) and the generalised detailed balance condition (1.13) with
transformation map S(x,v) = (x, —v) for (z,v) € R??. If we consider the scheme O(BAB)*O
where the steps BAB are k-times repeated for some k € N, we directly recover uHMC for § = 0
with step size h and duration length T' = hk. For § > 0, we obtain uHMC with partial velocity
randomisation.

Finally, let us introduce a class of diffusions on R where the diffusion parameter of the
corresponding SDE is not constant and which exhibits a sticky behaviour at 0. Consider the
solution (X;);>0 of the stochastic differential equation with sticky boundary at 0 given by

dX; = b(Xt)dt + ]]'{Xt>0}th’ (1.21)

where b : R — R is a Lipschitz continuous function and (W;)¢>¢ is a one-dimensional standard
Brownian motion. Existence and uniqueness in law of weak solutions to (1.21) is investigated in
e.g. [196, 197]. Sticky diffusions play an important role in analysing sticky couplings, see [87].
A variant of these diffusions is of particular interest in the second work given in Appendix B.
An overview of the development of the sticky diffusions first studied by Feller [92] is given in
[166] and we refer to the references given in Appendix B.

1.4 Couplings and contraction results

In this section, we address the question of how contraction in Wasserstein distance (1.7) can be
established via couplings. Further, we describe direct coupling approaches for solutions to SDEs
and exact HMC and show how these approaches are exploited to prove (1.7).

A coupling of two stochastic processes ((X;), P) and ((Y¢), P’) both with state space X is
given by a process ((X¢, Y¢), P) with state space X x X such that the laws of (X;)e; and (Y¢)ser
under P coincide with laws of (X;);e; under P and (Yy)ser under P, respectively. We say that
the coupling is Markovian iff the process ((X¢,Yy),P) is a right-continuous strong Markov
process, cf. [84, Definition 3.23]. We note that a coupling of two strong Markov processes is
not Markovian in general. For time-discrete processes, the coupling is Markovian if the process
satisfies the Markov property. In the time-continuous case, the coupling is Markovian if the
transition semi-group is Feller and the process is right-continuous [176, Chapter 111.2.8].

Given two Markov chains (X,,)nen and (Y, )nen with transition kernels 7 and 7’ on (X, B(X)),
the transition kernel 7 on (X x X, B(X) ® B(X)) is called a coupling of # and 7’ if the measure
7((z,y),d2'dy’) is a coupling of the measures 7(z,dx’) and mw(y,dy’) for all z,y € X. If v is a
coupling of two probability measures v and 1 on X, the canonical Markov chain (X, Y,), Py)
with transition kernel 7 and initial distribution v is a Markovian coupling of the Markov chains
7 and 7’ and initial distributions v and 7, respectively.

13
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To give the strategy to prove (1.7) via couplings, we focus first on time-discrete Markov
processes with one-step transition kernel 7. The basic idea relies on finding a suitable coupling
and a distance function p : X x X — [0, 00) such that the generator £ = 7 — I associated to the
coupling transition kernel 7 of two copies of 7 satisfies

Lp(z,y) < —cp(z,y) for all z,y € X. (1.22)
Then,
Wp(Vﬂ', T]T(') < EXONV,Yomy[P(leYl)] < (1 — C)EXONV,YONW [p(XQ, Yo)] for all v,n € P(X)

Taking the infimum over all couplings v of v and 7 yields contraction in Wasserstein distance
(1.7). To show contraction for a time-continuous Markov process, one is interested in aligning
a Markovian coupling of two copies of the time-continuous Markov process with different initial
conditions and a distance function p such that a similar equation as (1.22) can be proven, where
L is replaced by the generator of the time-continuous coupling process.

The idea of combining coupling and distance function is explored by Mu-Fa Chen and Feng-
Yu Wang [49, 50] to obtain bounds for the spectral gap. Hairer, Mattingly and Scheutzow
[104, 103, 102] and Eberle [83] used this ansatz to get contraction in Wasserstein distance.
In particular, Harris type theorems are established in [104, 103, 102], which give contraction
in Wasserstein distance by combining a local minorisation condition and a global Lyapunov
condition. Eberle applied the interplay of coupling and distance to optimise the contraction rate
for diffusions. The coupling and the distance construction of [83] are presented for specific SDEs
in the next subsection.

1.4.1 Couplings and contraction results for first order SDEs

We consider the stochastic differential equation
dX; = b(X,)dt +v2dB;,  Xo ==, (1.23)

where b : R? — R? is a locally Lipschitz continuous function and (By)i>o is a d-dimensional
standard Brownian motion. We remark that there exists a unique strong solution (X)¢>o of
(1.23) for a given 2 € R? and a given standard Brownian motion (B;);>o.

In the first instance, we impose for the function b : R — R%:

Assumption 1.1. There exists k > 0 such that
(b(x) = b(y),x —y) < —rlz —y[>  for all z,y € R".

We note that Assumption 1.1 is satisfied for b = —VU where U € C?(R%) is some r-strongly
convex potential.

Let (z,y) € R?? and let (B;);>0 be a d-dimensional standard Brownian motion. We define
the synchronous coupling of two solutions of (1.23) as a diffusion process (X;,Y;);>0 on R??
solving the the stochastic differential equation given by

dX; = b(Xy)dt + v/2dB; X =,
dY; = b(Y;)dt + v2d By, Yo=vy

14
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AR

X

Y,

Figure 1.1: Synchronous coupling of two diffusions on R given by the SDE dX; = —X,dt + dB; with
different initial values.

Note that both copies (X¢):>0 and (Y3)¢>0 are solutions of (1.23) with different initial conditions
and are driven by the same noise, see Figure 1.1.

We note that the process (X; — Y3)¢>0 has a t-continuous sample path. By Assumption 1.1,
it holds that

d|X; — V3|2 = 2(X; — Y, b(X;) — b(Y2))dt < —2k|X; — Yi|dt,
and hence, | X; — Y;|? < e72%|x — y|? for all t > 0. Therefore, for all 1 < p < oo it holds that
WP (8:pt, ypt) < € WP (84, 6,) for all 2,y € R? and ¢ > 0.

We also obtain contraction for the purely deterministic dynamics when the Brownian motion
is absent since Assumption 1.1 yields a global contractivity condition. Further, the contraction
rate k is independent of the dimension d and is often understood as a lower curvature bound.

If Assumption 1.1 is not globally satisfied, it is still possible to prove global contraction in
Wasserstein distance by exploiting the noise and using a carefully constructed distance function.
Here, we consider the reflection coupling introduced by Lindvall and Rogers in [133]. The
reflection coupling or mirror coupling of two solutions of (1.23) is a diffusion process (X¢, ¥3)1>0
on R?? solving the stochastic differential equation given by

dX; = b(X;)dt + V2dBy, Xy =z,
[b(Y)dt +V2(1g — 2ee])dBy, ift <7 v (1.24)
"7\ b(vy)dt + V2dB, ifr>r 00

where z,y € R, (Bt)¢>0 is a d-dimensional standard Brownian motion (By);>o and 7 = inf{t >
0: X; = Y;} denotes the coupling time. For ¢ < 7, the process e, is given by ¢, = (X; —Y;)/| X —
Yi|. In particular, for each time ¢ < 7 the Brownian motion is reflected at the hyperplane with
normal vector e;. This coupling given by (1.24) defines indeed a coupling for (1.23), since
J3(1g — 2e5eT)dB; is a standard Brownian motion by Levy’s characterisation [172, Chapter 4,
Theorem 3.6]. The difference process satisfies for t < 7,

d(X; — Y;) = (b(Xy) — b(Y;))dt + V8eel dB;. (1.25)

Instead of Assumption 1.1, we impose the weaker condition:
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Assumption 1.2. There exist K > 0, L > 0 and R > 0 such that
(b(x) = b(y),x —y) < (—Klgu_y>ry + Ll{a_y<ry)|z —y[>  for allz,y € R

If there exists U € C?(R?) such that b = VU, this condition corresponds to U being strongly
convex outside a Euclidean ball. The assumption is satisfied for instance for a double-well
potential.

Then, under Assumption 1.2 the reflection coupling combined with a modified distance
function gives contraction in average. Consider a non-decreasing, concave function f : [0,00) —
[0, 00) which is C! and satisfies f(0) = 0. For r, = |X; —Y;|, we obtain by (1.25), Assumption 1.2
and by Ito’s formula,

df(rt) < f/(rt)(_ﬁ]l{rtZR} + L]l{rt<R})Ttdt + \/ﬁf/(rt)Qth + 4f,/(7"t)dt for t < T,

where W; = fg es dBy is a one-dimensional Brownian motion by Levy’s characterisation. If
there exists a non-decreasing, concave f satisfying

F ) (=rLpsry + Llg<pyr +4f7(r) < —cf(r) (1.26)

for some constant ¢ > 0, we can deduce contraction in L' Wasserstein distance with respect
to the distance function p : RY x R? — [0, 00) given by p(z,y) = f(|z — y|) for all z,y € R
Condition (1.26) is satisfied for

flr) = /OT g(s)p(s)ds, where

r rAR s R S
p(r) = exp(~Lr A RP/S), 00) = ["g(sds, g =13 | 35“/4 iJ“'

Then, by (1.26) for the above constructed function f,

d
SELf () < ~cElf(r)

with rate c = min(ﬁRgo(R)/2(f0R g(s)p(s)ds) ™, 2(fOR ®(s)p(s)tds)~!) and hence by Gronwall’s
inequality

Wp(dapr, 0ype) < E[f(| X — Yi])] < e E[f(| X0 — Yo)].

Taking the infimum over all couplings yields contraction in L' Wasserstein distance with respect
to p. Since f satisfies

ro(R)/2=1rf'(R) < f(r) < ®(r) <r for any r € Ry,
we obtain contraction in L' Wasserstein distance with respect to the Euclidean distance,
W (62pt, Oypr) < Me_CtW(éx,%) for all t > 0 and z,y € R?,

where M = 2¢(R)~! = 2exp(LR?/2).

Alternatively, there exist constants ¢, a, My, Ry € (0,00) and a concave function f:]0,00) —
[0, 00) such that f is C!, satisfies f(0) = 0, lim, o f(r) = a, lim,|o f'(r) = 1, f'(r) = 1/M; for
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AR
Xy

Y:

Figure 1.2: Reflection coupling of two diffusions on R given by the SDE dX; = —4X(X; — 1)dt + dB;
with different initial values.

all 7 > Ry and f solves (1.26). This function has the advantage that we can deduce additionally
bounds in TV distance of the form

102pt, Oype|lTv < e_ét(a +W(6z,0y))/a forall t >0 and z,y € RC.

The above calculations rely on [83, 84] where Eberle obtained contraction in Wasserstein
distance and TV distance using a reflection coupling and a distance involving a carefully con-
structed concave function. The technique using couplings and concave functions is captured in
different frameworks in subsequent works, see e.g. [31, 85].

1.4.2 Coupling and contraction for SDEs with degenerate noise

Next, we exhibit contraction for explicit SDEs with degenerate noise applying a synchronous
coupling. We consider the Langevin dynamics (1.19), where the potential U is k-strongly convex
and has a Lipschitz continuous gradient, i.e. VU satisfies Assumption 1.1 and there exists
L € (0,00) such that |VU(x) — VU(y)| < L|x — y| for all 2,y € R?. This framework is also
studied in detail in [181], see Appendix C. Since this case gives insight into the order of the
contraction rate, the main calculations and the contraction results are provided here.

Given z,vy,2’,y € R?, a d-dimensional standard Brownian motion (Bt)t>0 and v,u > 0, we
consider the synchronous coupling (X, Yz, X[, Y/)i>0 of (1.4) given by

dX; = Y.dt
{ e (Xo,Y0) = (z,9),

dY; = (=Y — uVU(Xy))dt + /2yud By,
dX] =Y/dt
! ! (thlv 1/0/) - (xlv y/)'
dY/ = (—Y! —uVU(X}))dt + /2yud By,
Under the above condition on U, there exists a unique strong solution (X, Y;):>0. We refer to
Figure 1.3 for an illustration of the coupling.
Since U is k-strongly convex with Lipschitz continuous gradients, there exists a positive
definite matrix K € R?? with smallest eigenvalue £ > 0 and a convex function G : R — R?
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& veloci ty

| . pawmn

Figure 1.3: Synchronous coupling of two Langevin diffusions on R2.

with a Lipschitz continuous gradient such that
U(z) = (z- (Kz))/2+ G(z). (1.27)

Note that this splitting is not unique and a natural choice is given by K = kl;. As we see in
later computations, we are particularly interested in a splitting, where the Lipschitz constant
Lg of the gradient of G is minimised.

The convexity and the Lipschitz continuous gradient of G, i.e.

(VG(z) = VG(2'),z —2') >0 and |VG(z) - VG(2')| < Lglx — 2| for all z, 2’ € R,
imply co-coercivity of G (see [157, Theorem 2.1.5]),
IVG(z) — VG(2))? < Lg(VG(z) — VG('),z — ') for all 2,2’ € R%

Let (Z, Wy)i>0 = (X — X[, Y; — Y/)i>0 denote the difference process and let A, B, C € R4*4
be positive definite matrices of the form

A=~"2uK +(1/2)1 =201y, B=(1/2)1-2\)y"'1; and C=~72
with A = min(1/8, kuy=2/2). We consider the function p : R?¢ x R2¢ — [0, 00) given by

p(z,y), (@ y) = ((x —a') - (Alz =) + (z —2') - (Bly =) + (y —¢) - (Cly —y)'?
= (v Pu(z —a') - (K(z =) + (1/2)|(1 = N)(@ = 2') + 77 (y = ¢
+(1/27 2y =)

for all (z,9), (z/,y') € R??, which defines a metric that is equivalent to the Euclidean distance
d((z,y), (',y") = |(z,y) — (2',9')], i.e. there exists Cy,Cs € (0,00) such that

Cd((z,y), (', 9)) < pl(x,y), (@', 9)) < Cadl(z,y), (2,y))  for all (z,y), (2,y) € R*.

18



1.4. COUPLINGS AND CONTRACTION RESULTS

Then by Ito’s formula, Young’s inequality and co-coercivity of G, it holds that for p? =
p((Xtv }/t)v (Xt{’ Y;/))Q
d
&p% <2Wy - (AZy) + 2Wy - (BWy) — 27, - (B(uK Zy — u(VG(Xy) — VG(X}))))
—2W; - (CWy) = Wy - (C(uK Zy — u(VG(Xy) — VG(X]))))
< —(L =2\ uZe - (KZ) = (1= 20y 'u+ Lau®y ™) Z; - (VG(Xy) — VG(X}))
—2MY(2Z; - (BZy) + Wy - (CWY)).

If Lguy=2 < 3/4, we obtain

/< 2},

where ¢ = My, since —(1 —4\)y 'z, - (KZ;) < —y~'u(k/2)|Z|* < —\vy|Z;|? by the definition
of A. Then by Grénwall’s inequality, p; < e~ “pg for all + > 0. Therefore, if Lguy™=2 < 3/4, it
holds that for all 1 < p < oo

WE (e, ve) < e_Cth(d(Ly), S ) for all (z,y), (z',y') €e R?® and t > 0,
where p; = Law(Xy, ;) and vy = Law (X}, Y/). By the equivalence of p and d, we obtain
WP (g, ve) < Me= WP (64, 80 7)) for all (z,v), («,y") € R* and ¢ > 0,

where M = Cy/C4.

A study of the contraction for Langevin dynamics in the above framework is also given in
[60, 152] using a synchronous coupling approach and a different distance function. If U is not
strongly convex, the analysis becomes more involved and we need to make use of the noise
which is only present in the velocity component. In [85], a new coupling is established yielding
local contraction for small distances in an appropriate distance. This approach combined with
a semimetric involving a Lyapunov function yields a contraction result for strongly convex
potentials outside a Euclidean ball. Another approach relying on a novel distance function is
presented in Appendix C.

1.4.3 Coupling and contraction for exact HMC

Next, we present the synchronous coupling construction for exact HMC and its impact on
obtaining contraction. The computations rely on [31, Lemma 3.4]. Given (z,y) € R?? and
& ~ N(0,1;), the synchronous coupling of two transition kernels m(z,-) and 7 (y, ) is given by
the transition step (X(z,v), Y(x,y)) satisfying

X(SC,y) = Qt(x7§) and Y(l’,y) = qt(yvf)'

The difference process (z;, wy)i>0 = (q:(2,§) — @ (y, &), pe(x, &) — pe(y, §))i>0 is given by

d
azt = Wt
{éitu% = —(VU(q(z,§)) — VU (q(y, €))
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We suppose that U is twice differentiable and VU satisfies Assumption 1.1 and is Lipschitz
continuous with Lipschitz constant L. Note that x < L. Then for (a(t),b(t)) = (|z¢|?, 22¢ - wy) it
holds that

{éa(t) = b(t) a(0) = |zo[? = |z — y?,
Lb(t) = —2ka(t) + B(t) b(0) =0,

where B(t) = —(VU(qi(z,€)) — VU(q:(y,€)) - 2 + 2ka(t) + 2|wy|? < 2|we|>. The initial value
problem is solved by

a(t) < cos(V2kt)a(0) + /Ot(2/~f)_1/2 sin(v2k(t — 1)) B(r)dr.

By Taylor expansion and if Lt? < 1, it holds that cos(v/2kt) < 1—kt?+(1/6)r*t* < 1—(5/6)kt?,
and (2k)~"/2sin(v2k(t — 7)) < (t — ). To bound B(r) < |w,|?, we note that

max |z — 2zo| < max/ / VU (¢r(x,€)) — VU (qr(y, &) |drdu
s<t s<t Jo Jo

2 2
< = g - )
< 5 max|z| < —-max(|z — 2] + |20])

For Lt? <1, maxg<t |25 — 20| < Lt?|20|, and hence, maxs<; |zs| < (1 + Lt?)|20|. Then,
S
max |ws| < max/ VU (qu(x,€)) — VU (qu(y, €)|du < Lrmax |z < Lr(1 + Lr?)|z|.
s<r s<r Jo s<r
Hence, if Lt?> < min(1,x/L) = /L, then

a(t) < (1 — (5/6)xt?)|zo|* + /Ot ((t —r)2(Lr(1 + Lr2)yzo|)2)dr
< (1= (5/6)Kt?)|20]* + (1/6)t*(L(1 + Lt*)?|20]* < (1 — (5/6)kt)|z0|*.
Therefore, we obtain for LT? < r/L
X(z,y) = Y(@,y)| < (1~ (1/12)sT?)|z - y.
and for all 1 <p <ooand m e N
WP (5™, 8,m™) < e “"WP(8,,6,)  with ¢ = (1/12)kT?,
see Figure 1.4 illustrating the synchronous coupling and the contraction.

If Assumption 1.1 is relaxed to a more general assumption, the analysis of the convergence
behaviour becomes more involved. If Assumption 1.2 is supposed, contraction in an L' Wasser-
stein distance is shown for exact HMC and local contraction is proven for MaHMC in [31] by
applying a new coupling approach. Contraction in an L' Wasserstein distance for the uHMC is
covered in Appendix A.

1.5 Summary of existing contraction results

In this section, we give an overview and comparison of existing contraction and complexity
results. We begin with summarising and comparing the results for overdamped Langevin dif-
fusions, classical Langevin diffusions and exact HMC before we state results for numerically
implementable sampling algorithms.
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A
2R T velocity

(Xm)

(z —y,0)

L (X1 -Y1) (= y)D

(Ym)

Figure 1.4: Two synchronously coupled HMC' chains (Xpm)m>0 and (Ym)m>o0 on R for a quadratic
potential. Left: Evolution in time of the two Markov chains. Right top: Difference of the two Hamiltonian
flows (qi(x,€) — qi(y, &), pe(x, &) — pi(y,€)) in R%. Right bottom: Difference of the two corresponding
Markov chains (X — Yo )m>o-

1.5.1 Analysis and comparison of results given in Section 1.4

By Section 1.4.1, contraction for the overdamped Langevin dynamics with b = «VU holds with
contraction rate k for k-strongly convex potentials U (i.e. VU satisfies Assumption 1.1). An
additional inverse mass u is considered in the SDE which is chosen to be of order O(L™!) to
guarantee that the drift is of order O(1). Hence, the contraction rate is of order O(K 1) where
K = L/k denotes the condition number. The contraction rate coincides with the contraction
rate obtained via functional inequalities, cf. [11, Theorem 9.7.2]. If the potential U is only
k-strongly convex outside a Euclidean ball with radius R and has an L-Lipschitz lower bounded
gradient (see Assumption 1.2), contraction holds with a rate that is upper bounded by x and a
quantity depending on L and R.

For the Langevin dynamics with quadratic potentials satisfying Assumption 1.1, we deduce
from Section 1.4.2 that contraction holds for any friction coefficient v > 0 with contraction rate
c = v/8 A kuy~!/2, which fits in with the spectral gap obtained in [165, Chapter 6.3] up to a
constant. Then, for v = 2y/ku the contraction rate is optimised and given by ¢ = /ku/4. If
an additional convex perturbation is considered as in Section 1.4.2, the additional constraint
Lguy~2 < 3/4 appears where L denotes the Lipschitz constant of gradient of the convex
perturbation. If Lg > 3k, the rate is optimised for v = \/3Lgu/4 and is of order O(k+v/u/+/Lg).
In particular if Lg is of the same order as the Lipschitz constant L of VU, the rate is of the same
order as in the work by Dalalyan and Riou-Durand [60]. If Ls < 3k, we obtain a contraction
rate of order O(y/ku) for v = 2y/ku as for the quadratic potentials. This rate corresponds with
the rate of the contraction result in L? norm obtained in [40]. To ensure that the drift is of order
O(1) as in the overdamped case, we suppose u € O(1/L). Then the rate is of order O(K~1/2)
for Lg < 3k and of order O(K~1) for Lg > 3k, respectively.

If Assumption 1.2 is supposed instead of Assumption 1.1, contraction is established in [85]
by aligning a coupling approach and a semimetric based on a Lyapunov function. The approach
is further developed in Appendix C observing a contraction rate that depends on k, L¢g, v and
R, but is independent of the dimension, see Section 2.3 for an outlook of the results.

By Section 1.4.3, we obtain a contraction rate of order O(K~2) for exact HMC if T is of
order O(y/k/L). In [27, Section 5], the constraint on 7' is improved to LT? < 1/4 leading to a
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Dynamics rate constraint for rate

overdamped LD O(ku) ue O(1/L) oK1

LD (f Lo <3%) | O((/A) A(sur D) | Lawy 2<3/4 || v = 2v/ma, | OK 1)
uwe O(/L)

LD (if Lg > 3k) O((v/4) A (kuy™h) | Leuy™ < 3/4 || v =2/Lgu/3, | O(K™)
ue O(1/L)

HMC [Section 1.4.3] || O(kT?) LT? < (k/L) || Te€OKk/L) | OK?)

HMC [27, Thm 5.4] || O(kT?) LT? <1/4 TcO(1/VL) | O(K™Y

Table 1.1: Contraction rates for contraction in Wasserstein distance of overdamped and classical
Langevin diffusions (LD) and of HMC for k-strongly convex potential with L-Lipschitz continuous gradi-
ents.

contraction rate of order O(K~1).

1.5.2 Results of numerically implementable sampling methods

Next, we focus on the contraction and complexity results for numerically implementable sampling
algorithms.

First, let us mention the optimal scaling limits which are an often considered technique to
accomplish a non-asymptotic analysis of MCMC methods in high dimensions. For this purpose,
a target measure of product form pu(dz) o [[7; exp(—U(z"))dz on R™ is considered where
U : R? — R satisfies sufficient regularity conditions, and the optimal choice of the free parameters
in the sampling algorithm is studied for n — oo to balance the computational cost and to make
acceptable moves. Although this approach is not further discussed in the thesis, we review some
known results for completeness. First introduced in [173], Gelman, Gilks and Roberts showed
that in the Random Walk Metropolis the step size should be chosen of order O(n~!) to obtain
an average acceptance probability of O(1). For MALA, the optimal order for the step size
improves to O(n~1/3), cf. [174, 168]. For Metropolis adjusted HMC, a discretisation step h of
order O(n~/*) leads to an average acceptance probability of O(1), cf. [17].

Furthermore, one is interested in non-asymptotic bounds of the error between the distribu-
tion obtained by running the sampling algorithm and the target measure u. In the following,
we assume that the potential U : R? — R of the target measure p(dz) o< exp(—U (z))dz is dif-
ferentiable, k-strongly convex and has an L-Lipschitz continuous gradient. As before, X = L/k
denotes the condition number. Given My € R, we say that an initial measure pg has a My-warm
start if

B
sup o ( ):MO

BeB(rRd) M(B)

and the constant My does not scale with the condition number I or the dimension d. Under
a warm start, RWM has an e-mixing in TV distance of order O(dk?) [81]. For MALA, [199)
proved that given € > 0 an e-mixing in TV distance occurs in O(ICdl/ 2) steps with step size
scaling with h oc (Lv/d)~!. These upper bounds improve previous results given in [56, 127] and
are of the same order in the condition number I and the dimension d as the lower bounds. For
Metropolis adjusted HMC, e-mixing occurs in O(d?/3K) steps, cf. [52]. In all three results, terms
of logarithmic order in K, d and ¢ are omitted and the proofs rely on conductance techniques
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Method e-mixing | #gradient evaluations | step size

RWM [81] dK? — h o (dLK)™1
MALA [199] || d'/2K d'’K h o< (Lv/d)~!
MaHMC [52] || d?/3K a2 h o (Ld7/6)~1/2
ULA [59] dK?/e? dK?/e? h o (LKd?e2)~1

Table 1.2:  Upper bounds on e-mixing in TV distance starting from a warm start. Here, logarithmic
factors are omitted.

which measure the bottleneck ratio of a Markov process in equilibrium and which give lower
and upper bounds on the mixing time, cf. [131, 47].

Focusing on unadjusted sampling algorithms, Dalalyan [59] proved that for a warm start
ULA achieves an e-approximation of the target measure in total variation distance in O(dk?/€?)
steps where the logarithmic dependences are omitted. By [78], the same order of steps lead to
an e-approximation in L? Wasserstein distance. In [65], an e-approximation in L? Wasserstein
distance is shown in O(VdK/e) steps for a discretisation scheme of Langevin diffusion. In
Appendix A, contraction in Wasserstein distance and complexity bounds for uHMC are provided
without assuming a warm start and further improved for the strongly convex case in [27, Section
5]. If the duration time satisfies LT? < 1/4, contraction is shown with rate 72 /4, which leads
in combination with the restriction on the duration time to a rate of order O(K~!) as in the
exact case. Then complexity bounds for uHMC are obtained by applying the following general
triangle trick, cf. [141]. If contraction in Wasserstein distance with respect to some distance p
is satisfied for uHMC, it holds for the target measure p and the invariant probability measures
pp of uHMC that

Wp(lu‘a //Jh) < WP(Mﬂ-v )L”Th) + WP(:U’TFFH :U’hﬂ-h) < Wp(lu’ﬂ-v ,L”Th) + (]‘ - C)Wp(lu’ Mh)v (128)
which implies

Wolps in) < ¢ Wy (um, pm).

Note that the unique existence of uj holds by the contraction result. Therefore, the distance
between p and pp, can be bounded from above by estimating the strong accuracy of the sampling
algorithm. In the case of strongly convex potentials with bounded third derivatives, W (ur, ump)
is of order O(h2d). Then given ¢ > 0 and h of order O(d~1/?), an e-approximation in Wasserstein
distance of the target measure can be achieved by O(d'/?log(d/e¢)) gradient evaluations if the
Wasserstein distance between the initial measure and the target measure is of order O(d). In
[28], for given € > 0, it is shown that an e-mixing of uHMC to its invariant measure is of order
O(log(d/e€)) by applying the bounds in Wasserstein distance and a one-shot coupling. Hence,
an e-approximation of the invariant measure of uHMC is obtained in O(h~!log(d/¢)) gradient
evaluations. An e-approximation of the target measure is achieved in O(d**e=1/2log(d/e))
gradient evaluations provided the discretisation step h is chosen of order O(d_g/ 4t/ 2). This
idea of estimating the complexity via the triangle trick is further developed for general inexact
sampling algorithms in [73]. For ULA, the Wasserstein distance between the target measure
and the invariant measure of ULA is of order O(hd). For h chosen of order O(d~!), an e-
approximation to the target measure can be achieved in O(dlog(d/e€)) gradient evaluations.
For frameworks satisfying Assumption 1.2 instead of Assumption 1.1, we refer for uHMC to
Section 2.1, where the results of Appendix A are summarised, and to [73, Example 15] for ULA.
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1.6 Propagation of chaos

1.6.1 Introduction to propagation of chaos

In this section, we introduce the phenomenon propagation of chaos and describe the connection
between solutions of nonlinear stochastic differential equations given by

X, = (b(X0) + fiua BN, 2)fue(d2) )t + V2ABy, i = Law(Xy), (1.29)
Xo=1=

with Z € R? and d-dimensional standard Brownian motion (Bt)t>0, and the mean-field particle

system ({XZ’N}f\;l)tzo with N € N particles determined by

ax; ™ = (bxy™) + NTEO N b N, XYY ) dt + V24 B

{ < (b0xi™) S BN, XPN) ) dt + v/2d B N ()
Xé’ — .Z'Z,

where {7}, € RV and {(Btgtzo}i]\il are N independent d-dimensional standard Brownian

motion. Here, b: R — R% and b : R?* — R? are two locally Lipschitz continuous functions.

The notion propagation of chaos was formed by Kac, who was originally interested in de-
scribing mathematical rigorously the connection between the Boltzmann equation modelling a
large system of interacting gas particles and the nonlinear Liouville equation [120]. Making
use of the idea of linking particle systems with nonlinear equations, McKean studied a class
of diffusions, which are unrelated to the Boltzmann theory, and observed that under specific
assumptions the law of the particle system can be approximated by the law of the nonlinear
equation in an appropriate sense [144].

Here, we concentrate on SDEs given by (1.29) and (1.30), where the drift consists of a con-
fining force b and of a pairwise interaction force b. We remark that (1.29) forms the probabilistic
description of the Fokker-Planck equation given by

Oupe(2) = V. - (b(@)pula) + /]R b ) (du)pn(@) + Agpr(x),

where p; denotes the time-dependent density function corresponding to the law fy(dx) of X;.
We note that given zg € R? and a d-dimensional standard Brownian motion (Bt)t>0 existence
of a unique strong solution to (1.29) holds by [146, Theorem 2.2].

There are several ways to characterise propagation of chaos rigorously, see [45, Section 2.3]
for an overview of different definitions. Here, we focus on describing the connection between
(1.29) and (1.30) via probabilistic techniques and we follow the definition of chaos given in [45,
Section 2.3.1], where a coupling between a solution to the mean-field model with N particles and
N ii.d. solutions to the nonlinear SDE (1.29) is considered and the trajectories of the coupling
are compared.

Definition 1.3 (Propagation of chaos). Let p denote a distance on R?, let p € [1,00) and
T € (0,00]. We say that propagation of chaos holds if for all N € N, there exist a coupling
(X I XY Do<t<r of a mean-field particle system ({XZ’]Y}ﬁil)OStST driven by (1.30)

with law ) = Law(iXt}i]\Ll) and of N independent processes ({ X} )o<i<r driven by (1.29)
with law iy = Law(X}) for all i = 1,...,N and a constant Cv) > 0 depending on N and T
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with C(n 7y — 0 as N — oo, such that

N
N1 Z E[sup p(XZ’N, X)) < C(n1) (pathwise formulation) (1.31)
i=1 =T
or
N o
Nt Z sup Elp(X;N, X})P] < Cn)- (pointwise formulation) (1.32)
i=1 t<T

We say uniform in time propagation of chaos holds if Cy 1) is independent of T' and (1.31),
respectively (1.32), holds for all T € (0, ).

We note that (1.31) implies (1.32), and (1.32) implies

sup Wy (ur' i) < Covry >0 as N — oo

1.6.2 Propagation of chaos results

Next, we present some known propagation of chaos results. The difference of the trajectories of
the particle system given by (1.30) with N copies of the process driven by the nonlinear SDE
(1.29) was first studied by McKean [144] and Sznitman [187] by applying coupling methods. We
adapt this propagation of chaos result with a fixed time-horizon presented in [45, Theorem 3.1]
to the mean-field particle system given in (1.30).

Theorem 1.4 (Finite time propagation of chaos - McKean). Let b : R — R? and b : R? —
R? be Lipschitz continuous functions and let b be bounded. Fiz N € N. Let {(B})i>0}, be
N independent d-dimensional standard Brownian motions. Let ({ X1} | {X VY )iso be the
synchronous coupling of the mean-field particle system and N copies of the nonlinear stochastic
differential equation, solving

{d)‘(g’ = (b(X]) + fpa B(X] — 2)u(dw) ) dt + V2A B}, iy = Law(X})

. . . . , (1.33)
ax; N = (b(xpN) + NN BN - xPN))dt + V24 B

fori=1,...N. Then for any T > 0, propagation of chaos holds in the pathwise sense, i.e.

there exists C(y ) > 0 such that

N
N='S" Efsup |X;Y - X[1) < Civry.
i=1 =T

The constant C(y ) is of order O(N~Y) and grows exponentially fast in T.

The original proof of this theorem by McKean is given in [144], see also [187] for an alternative
proof. Extensions of McKean’s finite propagation of chaos bounds are provided by Sznitman
[187] and Méléard [146]. Relaxations of the Lipschitz condition of the drift including more
singular drifts are addressed for instance in [23, 119, 159, 160]. In [108, 148, 149], uniform in
time propagation of chaos estimates are established via analytic techniques.

Using probabilistic tools, uniform in time propagation of chaos estimates are established by
Malrieu in [137] for the following framework:
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Theorem 1.5 (Uniform in time propagation of chaos). Fiz N € N. Let the confining force b be
of the form b = =NV for some potential V € C*(R?), locally Lipschitz continuous and satisfy
Assumption 1.1, i.e. 'V is a k-strongly conver confinement potential. Let the interaction force
b be of the form b(xz,y) = —VW (x —y) for some potential W € C*(R?) that is symmetric and
convez. Moreover, VW is locally Lipschitz continuous and there exists ¢ > 1 such that VW has
polynomial growth of order q. Let ({ X} 1,{X;N iL1)t>0 be the solution to the synchronous
coupling (1.33), where the initial law fig has bounded moments of order 2q. Then, there exists a
constant C > 0, depending on K, such that

sup N~ 1ZE\X —-X/P)<CcnNL
>0 P
A proof is given in [45, Section 3.1.3] and relies on a synchronous coupling, on applying the
strong convexity of V' and the convexity of W and on a uniform second moment bound for the
law ji;. Extensions to non-strongly convex confinement potentials are studied in [44]. In [75], a
coupling approach involving a reflection coupling is applied to prove uniform in time propagation
of chaos for non-strongly convex confinement potentials.

Let us generalise the idea of [75] how uniform in time propagation of chaos can be es-
tablished if uniform in time second moment bounds hold for the solution to the nonlinear
SDE (1.29) and if contraction in an L' Wasserstein distance holds for the mean-field parti-
cle system (1.30) with Llpschltz Contlnuous interaction force b. We assume that there ex-
ists a coupling ({XlN s, {Yt N Diso of two solutions to (1 30) and a distance function
pn : RV x RN4 [0, 00) of the form on ({2 Ay Y ) = NI SN £(Jaf — f|) for some
increasing, concave function f with f(0) =0 and f’(0) = 1 such that

de({X }z 17{}/15Z N}z 1) _cpN({X i= 17{Y;€Z N}z 1)dt+th7

where ¢ > 0 is a positive constant independent of N and (M;)¢>0 is some martingale. Following
the proof approach of Section 1.4.1, it holds that

Won (1 s 17) < €W (g™, v5™),
where Xd ~ pp and Y§ ~ vy for all i = 1,...,N and pl¥ = Law({X{}Y,) and ) =

Law({Y;}XY,). In this case, we can establish uniform in time propagation of chaos by con-

sidering the same coupling approach for a mean-field particle system ({XZ"N N )0 and N

i.i.d. copies of solutions ({X;}¥,)i>0 to (1.29). Then,

dpn (XM ML X)) < —eon ((XPVHL X dt + N ™ IZAZdt+thv (1.34)
i=1

where (M;)i>o is some martingale and (A%);>o (i = 1,...,N) are adapted stochastic processes
satisfying

N
Ap < | [ B w)da) - NS XD,
R? i=1
Given X/, we note that X7 (j # i) are i.i.d. random variables with law ji;. Then,
B[bC%, XDIX] = [ B a)in(da)
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and
B[] [ Wi a)iu(d) = N7 Y bR KDE[X]]
=1
N-1 70w 1 oo - T i i
= S Vara, (X ) + 5z B[] [ B a)in(da) — BOKE X)) X(]
2 I IO o T Y IO o T iy v
vz 2 B[l [ B ade) — bR XD | [ B @)iude) - BOKE XD
j=1,57

Hence, by Lipschitz continuity of b and Young’s inequality,

~ —_ N ~ — . —_
B[] [ WX w)u(da) = N7 YKL SDE]
=1

7112
_ 1B
- N

4l s1B112,
2- Lip 2- Lip 2-
[ laPiu(de) + = [ jalnda) + = [ Jafhdo)

Then by Jensen’s inequality and the uniform in time second moment bound of the solution to
(1.29), there exists C' > 0 such that

B < W ([ o) " <o,

Taking expectation in (1.34), inserting the upper bound and applying Gronwall’s inequality
yields

Elpx (X" AXIL)] < e Blo({Xg" Hly AXEHL)] + ON T2

If for some probability measure o on R? with finite second moment Xé’N,Xé ~ g for all
i=1,...,N,

N
NS sup BIf(1X;N — Xi[)] < ON~V2c7
i=1 120

and hence uniform in time propagation of chaos holds in the pointwise sense.

This approach to show propagation of chaos is based on the results of [75]. Note that
compared to the calculations in [75], the process A! is controlled differently and the assumption
b(z,y) = b(x — y) with b(0) = 0 for some Lipschitz continuous function b is not required here.
A modification of the stated calculations is applied in [181], see Appendix C. The statements
of this section up to and including the propagation of chaos result by Malrieu are based on the
recent reviews [45, 46], where a detailed summary of the historical development and statements
of propagation of chaos is given, see also the references therein.

1.6.3 Application to Deep Learning

The concept of propagation of chaos is applicable in the analysis of training a one-hidden layer
neural network. We are interested in finding a function f : R%~! — R such that for given input
data z = (z1,...,24-1) € R¥! and output data y € R, f(z) provides a good approximation of
y. In the case of a one-hidden layer neural network, we consider f to be of the form f(z) =
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% Zf\;l Bin¢(an,i-z), where N represents the number of neurons in the hidden layer, ¢ : R — R
is a bounded, continuous, non-constant activation function. A typical example for ¢ is the
sigmoid function ¢(r) = 1/(1+ e~") [178]. We are looking for optimal parameters ay,; € R4~!
and B; v € R, i =1,.., N. More precisely, we are intersted in solving the non-convex optimisation
problem

. 1 N 9
aIszHBnN { /]RXRdfl YN ;&,Ncb(ai,zv : 2)’ V(dydz)},

where v is the measure with compact support of the data (y,2) € R x R¥1. We denote
by p¥ = & >N, 0p; n,o;y the empirical law of the parameters and we rewrite f to f(z) =

Jra Bé(a - 2)u™ (dBder) = [pa p(z, 2)p™ (dz), where © = (a, B) and p(z,2) = S¢(a - z). Then,
instead of the non-convex minimisation problem on the finite dimensional parameter space, we
consider the minimisation problem over probability distributions on R?

o= argmin, { [ ly= [ e, 2)n(dn) Pridyds) + HEINO. 1)},

where an additional regulariser H (u|AN (0, I;)) is considered, which is given by the relative en-
tropy with respect the normal distribution N'(0,1;). By [114], this is a convex minimisation
problem and the minimiser is given by

p(dx) o< exp ( - %|3}|2 - /Rd 2¢(x, z)( —y+ /Rd o(z, z)ﬂ(dfi‘))u(dydz))dx.

We note that i is an invariant probability measure of the nonlinear SDE (1.29) with
b(x) = —x — 2/4 Vep(z, 2)yv(dydz)  and  b(z,Z) =2 /d Vaep(z, 2)Vip(z, 2)r(dydz).
R R

Further, we observe that given data points (y,2) = (y, (21,...24-1)) € R? distributed according
to v, the Euler discretisation of the mean-field particle system (1.30) given by

. . . A 1 X . )
X’]Lﬁ-f—l = X.%c - h( i: + ZVIQO(XZ? Z)y - N Z 2V$S0(X2‘? Z)VQ?SO(X‘]ZN Z)) + v 2h£k+1
7=1

with step size h > 0 and & ~ N(0, ;) provides a sampling algorithm of the distribution of
the parameters X; y = (Bi n,a; n). Therefore, if uniform in time propagation of chaos bounds,
quantitative bounds on the contraction behaviour of the nonlinear SDE and error bounds on the
disretisation scheme are given, we obtain quantitative estimates for the sampling behaviour.

The description of the application to deep learning relies on [114], see also [145, 178] for
further information.
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Outline of Projects

2.1 Outline of Project A

In the first project, we establish contraction with dimension-free rates for unadjusted HMC for
mean-field models using a particlewise coupling approach. The results were distributed as a
research article on the online-portal ArXiv:

N. Bou-Rabee and K. Schuh. Convergence of unadjusted Hamiltonian Monte Carlo
for mean-field models, ArXiv preprint 2009.08735, September 2020.

The article is a joint work with Nawaf Bou-Rabee (Rutgers University Camden). Appendix A
contains the article as stated on the online portal ArXiv. This subsection presents the main
subject and results of the article. The precise statements, proofs and the context of the existing
literature are given in Appendix A.

We consider the unadjusted Hamiltonian Monte Carlo method to sample the probability
distribution p(dz) o< exp(—U(z))dz on R™ where the twice differentiable potential U : R™* — R
is of mean-field particle type given by

n

U(z) = Z (V(mz) + % Z W(z' — xj))

i=1 j=1

The function V' denotes the unary potential, W the pairwise interaction potential and the
positive constant € > 0 the interaction parameter. The parameter n corresponds to the number
of particles and d to the dimension of one particle. Generating samples of the desired measure p
plays an essential role in understanding statistical properties of high-dimensional models which
have applications in many areas such as chemical physics, material science and deep learning.

Unadjusted HMC generates a Markov chain on R™ where the transition step of one uHMC
step is given by X'(z) = qr(x, &), where gr(z, &) denotes the position at duration time 7" > 0 of
the velocity Verlet discretisation scheme of the Hamiltonian dynamics,

d i _ i h

aqf =Py, — 7 VUi(qpy,)

&pi=—=3(ViU(qp,) + ViU (qr0,.))5
with initial value (z, &) € R?"?, where & ~ N(0,1,4) is a standard normally distributed random

variable. The functions |-|; and [-]j are given in (1.15). Its transition kernel 7, is given by
mh(x, A) = P[X/'(z) € A] for any € R™ and any A € B(R"?).
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We recall that compared to the Metropolis adjusted HMC introduced in Section 1.2.2, uHMC
omits the acceptance-rejection step leaving the target measure only approximately invariant.
Therefore, besides studying the long-time behaviour of uHMC and verifying the existence of a
unique invariant measure pp of uHMC, one is interested in controlling the difference between
the target measure and pj in an appropriate sense.

We impose the following conditions for the unary potential V : R — R and the interaction
potential W : R¢ — R:

Assumption 2.1. It holds V(0) = 0, V(x) > 0 for all z € RY, and V is strongly convex outside
a Euclidean ball, i.e. there exist K € (0,00) and R € [0,00) such that

(x—1vy) - (VV(z) = VV(y)) > K|z —y|? for all z,y € R? such that |z —y| > R.

Further, V. and W have bounded second and third derivatives, i.e. there exist L, I~/, LH,EH €
[0,00) such that

sup ||[V2V|| < L, sup||V2W| <L, sup|V3V| <Ly and sup||V3W| < Ly.

In Appendix A, we consider a particlewise coupling approach that adapts ideas of the cou-
pling approach of [31]. The coupling transition step (X(z,y),Y(z,y)) defined by X(z,y) =
qr(z,€&) and Y (z,y) = qr(y,n) is characterised by the pair of random variables (£, 7n) defined on
a common probability space satisfying Law(¢) = Law(n) = N(0,1,4). For the particlewise con-
struction we consider ¢ ~ N(0,1,4) and construct n® for each i = 1,...,n separately. Namely,
if the distance |z¢ — y’| is large, we consider a synchronous coupling 7’ = &, If the distance is
small, we set n° = & + v(z* — ') for some 0 < v < T~! with maximal probability. Otherwise,
we apply a reflection coupling, ° = &% — 2(e’ - £)e’ with ¢! = (2 — ) /|2 — o] if |2° — 3¢| > 0.
Indeed, this construction satisfies Law(£) = Law(n) = N(0,1,4) and defines a coupling of two
uHMC transition steps.

We remark that for a large distance |2 — 3| the strong convexity property of the unary po-
tential leads to contraction for the i-th component of the transition step provided the interaction
is sufficiently small. The definition of the coupling for small distances is motivated by the free
dynamics when U = 0. In this case, it holds that [X*(z,y) — Yi(z,y)| = |2° — y* + T(&' — n%)| =
|z* — y*||1 — Ty| with maximal probability. By the boundedness of the second derivatives of V/
and W, which corresponds to the Lipschitz continuity of the gradients of V' and W, the deviation
from the free dynamics can be bounded in terms of L and L and contraction is obtained for this
choice of £ and 7.

Corresponding to the coupling, a concave function f is aligned that puts more weight on a
decrease in distance than an increase. This function in combination with the contraction for
n' = &4~ (z' —y') compensates for the missing contraction in the case when a reflection coupling
occurs. Then, we establish contraction on average of one HMC transition step with respect to
the I'-distance p(z,y) = i, f(|z° — o), i-e.

n n

E[ Y f(X (z,y) = Y@yl < 1= X f(la' —¢'l)  forallz,y e R™,

i=1 =1

provided the duration time 7' and the discretisation step h are sufficiently small and the inter-
action parameter € is sufficiently small compared to the convexity parameter K of the unary
potential. From that we can deduce existence of a unique invariant measure pp of uHMC and
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exponential contraction to the measure yp, in L' Wasserstein distance with respect to p, i.e. for
all initial distributions v on R?,

Wy(vmp,™, pn) < e "W, (v, ) for any m € N.

We remark that the constraints on 7', h and € are independent of the number of particles and
depend only on L, K and R.

Via the synchronous coupling, we verify that the L' Wasserstein distance with respect to p
of the distribution after an exact and an unadjusted HMC step is of order O(h?). Applying this
strong accuracy bound of the velocity Verlet integrator, the contraction result and the triangle
trick (1.28), we establish bounds in an L! Wasserstein distance between the target measure p
and the invariant measure pj of the uHMC. This bound provides quantitative estimates for the
discretisation step and for the number of HMC steps needed to reach the target distribution in
L' Wasserstein distance up to a given error «.

Additionally, given an observable g € C{(R™), we are interested in quantitative bounds
between u(g) = [gna g(z)p(dz) and the estimator Ay, pg = + Sl g(Xy,), where b denotes
the burn-in time and m denotes the number of steps of the Markov chain considered for the
ergodic average. Using the contraction result and the strong accuracy bounds, we bound the
bias of the estimator by

—cb
1—e¢
where v is the initial distribution of the Markov chain and M is a constant relating the distance p
and the distance [ given by I*(z,y) = S.I; |[#* —v*|. The distance Wy (v, up,) between the initial
distribution and the invariant measure of uHMC is often of order n. Similarly, the constant C
is linear in n. Hence, if g is an intensive observable of the form g(z) = L ", §(z?) for some
G € CL(RY), the bias can be bounded from above in (2.1) by a given constant € > 0 by choosing
m, b sufficiently large and h sufficiently small. This choice is independent of the number of
particles n.

1
|Bu[Ampg] = 1(g)] < — max|[|Vigllo M Wt (v, i) + 1 max [|Vigl|oo C, (2.1)

Contribution by the author of the thesis: The idea of studying HMC applied to mean-
field models was given to me by my advisor Andreas Eberle. The theoretical contraction result
was established by me. Initially, I obtained error bounds for uHMC via an inductive argument
leading to similar bounds with the same dependence on the discretisation parameter as presented
in the paper. My co-author, Nawaf Bou-Rabee, brought up the idea of directly using the triangle
inequality trick given in (1.28) which shortens the proof and is presented in the current version
of the paper. The technical details, the numerical simulations and the writing were done by me
getting advice and assistance from Nawaf Bou-Rabee.

2.2 Outline of Project B

In the second project, we establish conditions under which contraction for solutions of non-
linear SDEs of McKean-Vlasov type using a sticky coupling holds, and we study nonlinear
one-dimensional sticky SDEs. The results have been distributed through a research article on
the online-portal ArXiv:

A. Durmus, A. Eberle, A. Guillin and K. Schuh. Sticky nonlinear SDEs and
convergence of McKean-Vlasov equations without confinement, ArXiv preprint
2201.07652, January 2022.
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The article is a joint work with Alain Durmus (Université Paris-Saclay), Andreas Eberle
(University of Bonn) and Arnaud Guillin (Université Blaise Pascal). The work is presented in
Appendix B as given on the online portal ArXiv. This subsection presents the main subject of
the article. The precise statements, proofs and a survey of the existing literature are given in
Appendix B.

We are interested in the long-time behaviour of the solution (Xt)tzo of the nonlinear stochas-
tic differential equation of McKean-Vlasov type without confinement given by

dx, = (/Rd b(X, — 2)u(dz))dt +dBy, = Law(Xy), (2.2)

where (B;);>0 is a d-dimensional standard Brownian motion and b : RY — RY is a Lipschitz
continuous drift function.

We establish a new coupling approach for nonlinear SDEs to prove contraction for the process
(X't)tzo- Before we introduce the coupling and state the main results, we specify the conditions
we impose on the nonlinear SDE:

Assumption 2.2. The function b : R* — R? is Lipschitz continuous and anti-symmetric.
Further, there exist a constant L € (0,00), a bounded function v : R* — R% and a Lipschitz
continuous function k : [0,00) — R such that

b(z) = Lo +7(z)
and the following three conditions are satisfied for x, %,y € R%:

(x —y,y(x—2) —v(y —2)) < &(lz —y|)|z —y|? ligsup(/{(r) - L) <0, and

[e.9]

||’7||OO < C(L,n)a

where the constant C(r, ) € (0,00) depends on L and k. Moreover, the initial distribution pg
has bounded fourth moments and is centred, i.e. [pa xp(dz) =0.

We note that the condition on the initial distribution combined with the anti-symmetric drift
implies that the solution of (2.2) is centred for all ¢ > 0. This is crucial to guarantee convergence
to equilibrium.

To analyse the long-time behaviour of the process (Xt)tZOa a sticky coupling of two solutions
of (2.2) with different initial conditions is constructed in the following way: If the two solutions
coincide, the noise is synchronised in the nonlinear SDE and otherwise, a reflection coupling
is considered. We note that compared to the SDE analysed in Section 1.4.1, the drifts of the
two copies of the SDEs do not coincide when the solutions coincide, since their laws differ in
general. Therefore, the solutions are driven apart again after they are coupled and this coupling
construction leads to a sticky behaviour of the two solutions. We observe that the distance
process of the two solutions is controlled by a process (r¢)¢>o solving the following nonlinear
SDE on R with a sticky boundary at zero

dr; = Z)(?"t)dt + aP[rt > O]dt + 2]1(0’00) (Tt)th,

where (W;)¢>0 is a one-dimensional standard Brownian motion, b(r) = (k(r) — L)r and a =
2||7||co- This SDE belongs to a new class of nonlinear SDEs with sticky boundary at zero, which
is analysed carefully. In particular, existence of a solution and uniqueness in law are shown
by considering a family of solutions {(r;"")¢>0}nmen of approximating SDEs and by taking
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the limit in two steps. More precisely, the nonlinear drift term aP[r; > 0] and the diffusion
term 21 (g o) () are approximated in two steps. Further, we detect that the SDE exhibits a
phase transition. More precisely, if a is sufficiently small compared to b and the nonlinear term
contributes only a little to the drift, the Dirac measure at zero is the unique invariant measure.
In this case, if we start outside equilibrium, we notice that if time evolves, more mass gets
stuck at zero and we establish exponential convergence to equilibrium for the one-dimensional
nonlinear sticky SDE. As in Section 1.4.1, the proof relies on a concave function f that is aligned
to the drift of the nonlinear sticky SDE and causes a decrease of the process to have a larger
impact than an increase. In particular, we prove

E[f(r)] < e f(ro),

where the rate ¢ depends on b and a. Then, using the contraction result for the solution of
the one-dimensional nonlinear sticky SDE which bounds the difference process of the sticky
coupling from above and using that the distance function p(x,y) = f(|x — y|) is equivalent to
the Euclidean distance, we can deduce contraction in L' Wasserstein distance for the nonlinear
unconfined SDE, i.e.

Wl(uh Vt) S Meictwl (MO? VO)?

where u; and vy are the laws of the two copies of the coupling and the contraction rate ¢ and
the constant M depend on L, v through a and b.

Additionally, we establish uniform in time propagation of chaos bounds for the corresponding
mean-field particle system given by

1 N . . .
dXZ:NZb(X;—Xg)deB;, i=1,..,N. (2:3)
i=1

with i.i.d. initial values X{,... X}¥ and N independent d-dimensional standard Brownian mo-
tions {(B})i>0}~.,;. We consider a componentwise sticky coupling of the mean-field system
(2.3) with N particles and of N copies of (2.2) and observe analogously that the component-
wise difference process is controlled by the process ({ri};)i>0 solving a system of N sticky
one-dimensional SDEs. For this system of sticky SDEs, we prove existence and uniqueness
analogously. Then in the same spirit as in the nonlinear case, the observation that the compo-
nentwise difference process is controlled by the process ({ri})i>0 is used to provide uniform
in time propagation of chaos estimates for the mean-field system.

Finally, we transfer the sticky coupling approach for nonlinear confined SDEs on R? to SDEs
on the one-dimensional torus T = R/(27) and establish bounds on the contraction rate for the
Kuramoto model, where the drift b is of the form b(z) = —ksin(z) for some k € R.

Contribution by the author of the thesis: My co-authors, Alain Durmus, Arnaud Guillin
and Andreas Eberle, conceived of the idea to study the long-time behaviour of unconfined
nonlinear SDEs of McKean-Vlasov type via a sticky coupling. We developed the main theory
together during several research visits. Afterwards, I worked out the technical details getting
advice and support from my co-authors. In particular, the details of the analysis of sticky
nonlinear SDEs were elaborated by myself getting assistance from my co-authors. The main
body of the paper and the proofs are written by me assisted by Alain Durmus and Andreas
Eberle.

33



2. OUTLINE OF PROJECTS

2.3 Outline of Project C

In the third project, we study the long-time behaviour of the classical Langevin dynamics and
the Langevin dynamics with distribution-dependent forces. The results are summarised in a
research article that is available on the online-portal ArXiv:

K. Schuh. Global contractivity for Langevin dynamics with distribution-dependent
forces and uniform in time propagation of chaos, ArXiv preprint arXiv:2206.03082,
June 2022.

The work is presented in Appendix C as it is stated on the online portal ArXiv. Here,
the main subject and the results of the article are summarised. Precise statements, proofs and
references to linked literature are given in Appendix C.

Given a probability measure jig on R24 and a d-dimensional Brownian motion (Bt)t>0, we
consider the diffusion (X, Y;)s>0, which is given as a solution to the Langevin dynamics with
nonlinear McKean-Vlasov interactions of the form

dX; = Ydt o
{ e (X0, Yo) ~ fio,  (2.4)

AY; = (=Y, + ub(Xy) + u [ga b(Xy, 2) i (d2))dt + /2yud By,

where [if is the marginal distribution in the first component of p; = Law(X,Y;), v,u > 0 are
positive constants and b : R¢ — R? and b : R2¢ — R? are two Lipschitz continuous functions. We
are interested in the long-time behaviour of solutions to (2.4) and of the classical Langevin diffu-
sion given by (2.4) with interaction force satisfying b = 0. We impose the following assumption
on the external force b : R* — R? and the interaction force b : R2¢ — R%:

Assumption 2.3. The function b : R — R? is Lipschitz continuous and there exist a positive
definite matriz K € R with smallest eigenvalue k > 0 and largest eigenvalue Ly, a positive
constant R > 0 and a Lipschitz continuous function g : R* — R% such that

b(x) = —Kz + g(x) for all x € R? and

2.5
(9(x) —g(y)) - (x —y) <0 for all z,y € R? such that |z —y| > R (25)

and the Lipschitz constant Ly of g satisfies

_ K
Lgury 2 < oL
g

The function b : R2? — R® s Lipschitz continuous with Lipschitz constant L satisfying

E S C(HvLK’R7L97u77)7
where C(x, Ly R Lyuy) 5 an explicit constant depending on k, Lk, R, Lg, u and 7.

Note that (2.5) is equivalent to Assumption 1.2. Hence, b is not restricted to gradients of
strongly convex potentials. But it includes gradients of potentials that are only strongly convex
outside a Euclidean ball with a radius depending on R. Moreover, the constraints on L, and L
in Assumption 2.3 are independent of the dimension d.

In this work, global contractivity is shown by combining two contraction results with respect
to two different metrics for large and small distances and by exploiting a carefully aligned
coupling approach. Let (Xy,Y;, X}, Y/);>0 be the coupling of (Xy,Y;)i>0 and (X/,Y/);>0 which
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are both driven by (2.4) with two Brownian motions such that the noise is either synchronised
or reflected at a certain hyperplane. On the one hand, we consider the process r;(t) = ((X; —
XD (AX; = X))+ (X; = XD - (B(Y; = Y)) + (Y: = Y!) - (C(Y; — Y/)))"/? which relies on a twisted
2-norm structure and where A, B, C' € R%? are positive definite matrices depending on v, u and
K. If r(t) is sufficiently large and hence either | X; — X/| or |Y; —Y/| is large, either the condition
Assumption 2.3 or the damping term in (2.4) leads to contraction for the process r;(¢). On the
other hand, the distance process r,(t) = a|X; — X/| + | X; — X/ + v~ 1(Y; = Y/)| is considered with
a > 0 depending on v, u, Lk and Ly. In that case, the coupling approach of [85] is used, where a
synchronous coupling is considered for X; — X| 4+~ 1(Y; —Y/) = 0 since in that case contraction
is observed for the first part of ry(¢t) and the second part vanishes. Otherwise a reflection
coupling is considered, which returns the process to the hyperplane X; — X +~~1(Y; — Y/) = 0.
Then, contraction is shown by exploiting this coupling and a concave function f that leads to
contraction for f(rs(t)) in a similar way as in Section 1.4.1 if the process rs(t) is sufficiently
small.

The two processes 7;(t) and rs(t) are glued together to p; = f(rs(t) A (Dg + ery(t))) where
Dy, € are positive constants such that one can make use of the contraction result for f(rs(t)) for
small distances and the contraction result for r;(¢) for large distances. We refer to Figure C.2 in
Appendix C sketching the construction of p. Since p finally defines a metric that is equivalent
to the Euclidean distance, we deduce contraction in Wasserstein distance, i.e.

Wl(lab Dt) < Me_CtWI([LO? DO)?

where fi; and 7; are the laws of (X, Yt)tzo and (X],Y/ )t>0, respectively, and the constant c is
a dimension-free contraction constant depending on &, Ly, v and R. The constant M is the
quotient of the constants determining the equivalence between p and the Euclidean distance.
This result holds provided Lyuy™2 < k/(2Ly) is satisfied and L is sufficiently small.

In particular for R = 0, the metric p reduces to r; and global contraction with rate ¢ =
min(y/16, kuy~!/4 — L2u2'y_3 /2) is established. If the external force is additionally of gradient
type and b = 0, we obtain the framework considered in Section 1.4.2. Then, the use of the
co-coercivity property relaxes the restriction on v to szyu < 3/4 and gives contraction in an LP
Wasserstein distance for 1 < p < oo with improved contraction rate ¢ = min(v/8, kuy=!/2).

Moreover, for fixed N € N, we consider the corresponding particle system with N particles
given by

1=1

dX} = Y/dt
o N, (2.6)

vy = (=Y +ub(X]) +uN T SN B(X, X))t + v 2yud B,

with (X3, Yg) ~ po for i = 1,..., N for some probability measure zo on R??. Applying a com-
ponentwise version of the coupling and an averaged I' distance of the form py((x,%), (Z,9)) =
NN o2, 9h), (2, 9Y)) for (x,y),(Z,75) € R*N4 we prove propagation of chaos for the
corresponding particle system, i.e. there exists a constant C' € [0, 00) such that for any N € N,

sup W ("™, ") < CNV2, (2.7)

where I} ((z,y), (2/,y/)) = N~* SN (Jz — 2|+ |y — ¢/|). Here, i denotes the product law of
N copies (X;,Y;) driven by (2.4) with initial distribution fig = po, and pf¥ denotes the law of
(X7, Y )N, driven by (2.6) with initial distribution u = u§”™. The constant C' depends on the
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contraction rate ¢, on properties of the drift and on the second moment of the initial distribution
Ho-

Eventually, we adapt the construction of the distance function to study certain unconfined
dynamics (b = 0), where the interaction force is of the form

b(z,y) = K(z —y) + §(v,y)  forall z,y € RY,

where K € R¥*? is a positive definite matrix with smallest eigenvalue % and §: R — R? is an
anti-symmetric Lipschitz continuous function with Lipschitz constant L satisfying Lz < &/8.
Then using a synchronous coupling, contraction in an L! and L? Wasserstein distance is shown
and uniform in time propagation of chaos bounds are provided for the corresponding recentred
mean-field particle system.
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Conclusion

The thesis addressed the long-time behaviour of specific types of stochastic differential equations
and Markov Chain Monte Carlo methods. Understanding especially the behaviour for high-
dimensional frameworks and for invariant probability measures that are not log-concave is of
wide interest since sampling of high-dimensional probability measures has many applications
in various areas. Therefore, finding a sampling algorithm that produces good samples in a
reasonable number of steps and that is additionally numerically implementable is an important
task. Furthermore, stochastic processes are used to describe dynamics appearing, for instance,
in physics and biology, and therefore, understanding their long-time behaviour is of relevance.

In this work, we concentrated on the mean-field particle model, where the potential of the
target measure consists of a unary potential for each particle, that is not necessarily strongly
convex, and of pairwise weak interaction potentials having Lipschitz continuous gradients. Cor-
respondingly, we considered the dynamics of many particles moving according to an external
force and a pairwise interaction force. We studied three stochastic processes in detail. First,
we looked at the unadjusted Hamiltonian Monte Carlo method applied to mean-field models,
which forms a numerically implementable sampling algorithm. Second, we studied first-order
unconfined SDEs with McKean-Vlasov interaction forces. Finally, we investigated the Langevin
dynamics forming a second-order SDE with McKean-Vlasov interactions. For the two latter pro-
cesses, we were particularly interested in the corresponding nonlinear SDE and the connection
between the nonlinear SDE and the mean-field particle system.

In all three projects, we established conditions under which we proved contraction in an L'
Wasserstein distance with dimension-free rates via a coupling approach. More precisely, if (p;)ter
denotes the transition functions corresponding either to the time-discrete HMC method (I = N)
or to the time-continuous nonlinear diffusions (I = R ), then for any two initial distributions p
and v satisfying the conditions imposed in the respective framework, we showed

W (upe, vpy) < Me W (u, v) forallt eI,

where the contraction rate ¢ is dimension-free and M is a constant measuring the distance
between the Euclidean distance and the distance function which is specifically aligned to the
coupling approach. If we consider uHMC applied to the mean-field particle model with n
particles, the {!-distance is taken instead of the Euclidean distance.

In the following, let us highlight the precise contributions of the three individual projects:

Contribution of Project A: As mentioned above, our first contribution is the global con-
traction result in an L' Wasserstein distance for unadjusted HMC to its invariant measure with
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dimension-free rates. Since we considered a particlewise distance and a complementary parti-
clewise coupling, the rate ¢ and the constant M are independent of the number of particles.
Furthermore, we established a bound on the distance between the invariant measure of uHMC
and the desired target measure by establishing strong accuracy bounds for each uHMC step
and using a triangle inequality trick. Combining the bound of the distance between the two
probability measures and the contraction result for uHMC, we deduced a quantitative estimate
of the number of uHMC steps needed to sample a probability measure whose difference in L*
Wasserstein distance to the target measure is smaller than a given constant. We observed that
the discretisation parameter of order O((dn)~'/?), where n denotes the number of particles and
d is the dimension of each particle, guarantees that this bound does not degenerate. For this
estimate, a warm start for the initial distribution is not required. Further, for the mean-field
particle models, we showed that given an intensive observable such as the energy per particle, we
can choose the discretisation parameter A and the number of steps independent of the number
of particles to prove that the bias of the ergodic average is smaller than a given value. We
supported the theoretical contraction result with numerical simulations.

Contribution of Project B: The contribution of the second work is threefold. Firstly,
we established a contraction result in Wasserstein distance for nonlinear unconfined SDEs of
McKean-Vlasov type, where the interaction force consists of a linear part and a bounded Lip-
schitz continuous function. The proof approach was based on introducing a sticky coupling for
the nonlinear unconfined SDEs.

Secondly, in the analysis of the sticky coupling, we dealt with a class of one-dimensional
nonlinear SDEs with a sticky boundary behaviour at 0. For this novel class of SDEs, we studied
existence of a weak solution and uniqueness in law and established a result that provides a
comparison between two solutions of one-dimensional nonlinear sticky SDEs with the same
initial conditions and different drift functions. Additionally, we exhibited a phase transition
for the appearance of multiple invariant probability measures and provided criteria for when a
unique invariant measure exists and when the process converges to it in Wasserstein distance.

Thirdly, using a particlewise adaptation of the sticky coupling we gave uniform in time
propagation of chaos bounds for the corresponding mean-field particle system.

Contribution of Project C: In the third project, we established a new approach to prove
contraction in L' Wasserstein distance for the second-order Langevin dynamics. The proof relied
on a novel construction of the underlying distance function that combines contraction results for
different areas with respect to different distances and on aligning the coupling corresponding to
the different areas. Via this construction, we improved existing contraction results by proving
global contraction with dimension-free rates for non-strongly convex potentials. The results are
further carried over to more general forces of non-gradient type. Additionally, this approach
is applicable to provide contraction also for Langevin dynamics with nonlinear McKean-Vlasov
interaction and to establish uniform in time propagation of chaos bounds for the corresponding
particle system using a particlewise adaptation of the coupling and the distance function. More-
over, using the considered distance function for large distances, we proved global contraction
in LP Wasserstein distance (1 < p < oo) with a contraction rate of order O(y/k) for k-strongly
convex potentials, for which the deviation of a quadratic potential is of order O(k). Finally, the
approach is used to provide contraction in Wasserstein distance for certain unconfined Langevin
dynamics with McKean-Vlasov interaction forces that form a small perturbation of a linear
function.
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Summarising the contributions of the individual project, on the one hand, this thesis gives
a clear picture under which conditions contraction in L' Wasserstein distance holds for certain
scenarios (i.e. for uHMC, the Langevin dynamics and nonlinear unconfined first-order SDEs).
On the other hand, it also provides a couple of tools and techniques that may be relevant for
the analysis of related problems.

First, the error bound analysis presented in the first project, where the difference between
the invariant measure of the unadjusted measure and the true target measure is compared to
the one-step error of the unadjusted method using a triangle trick and the contraction result,
does not require a warm start for the initial distribution. Further, it provides a tool to analyse
other unadjusted sampling methods (see also [73]).

The sticky coupling approach introduced in [87] and applied to nonlinear SDE in the second
project provides an important tool to analyse and compare the long-time behaviour of SDEs
with different drift and for which it is not guaranteed that the realisations stay together after
they are coupled.

Eventually, the idea of combining two metrics, for which only partial contraction results are
known, and constructing a new distance function as in the third project, can be transferred
to other scenarios to obtain global contractivity there. We stress that this distance function
benefits from avoiding a Lyapunov function in its construction and yields global contraction
with dimension-free rates.

Outlook and open questions: Let us conclude by stating and discussing several questions
and open problems that have arisen in the development of the thesis and which may be object
of future research work.

In the first project, we focused mainly on the dimension-dependence in the choice of the
discretisation parameter and the number of steps needed to obtain a good sample. Additionally,
we are interested in working out the precise dependence on the condition number for strongly
convex potentials. Particularly, we want to know how the optimal dependence on the condition
number of uHMC compares with the dependence on the condition number of other sampling
methods.

In addition, similarly to the nonlinear SDEs, one can ask whether we can make sense of a
nonlinear HMC method and state analogously contraction bounds for the nonlinear HMC and
uniform in time propagation of chaos results for HMC for mean-field models. In this case, target
measures that are invariant to the transition kernel of nonlinear HMC can be approximated by
uHMC applied to mean-field models. Indeed, we can prove propagation of chaos bounds which
will be studied in detail in a future work.

It is essential in our analysis of nonlinear unconfined first order SDEs via sticky couplings that
for the interaction forces the perturbation of the linear part is restricted to bounded Lipschitz
continuous functions. Since the bound on the perturbation function is quite restrictive, it is
of interest whether the contraction and propagation of chaos results can be extended to more
general interaction forces.

For the one-dimensional nonlinear sticky SDE, we observed a phase transition from the
existence of a unique invariant measure to the existence of multiple invariant measures. In the
case of multiple invariant measures, we are interested in understanding better the behaviour of
the nonlinear sticky SDE.

In the third project, for the classical Langevin dynamics, we established the contraction result
in Wasserstein distance with a rate of order O(y/k) for certain k-strongly convex potentials
that are not quadratic but form a small perturbation of a quadratic function. Since in [40)]
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the order O(y/k) for the optimal rate is proven for contraction in L? distance for all strongly
convex potential via a Poincaré-type inequality, the natural question of whether using a coupling
approach allows relaxing the assumption on the potential and obtaining a rate of the same order
for general strongly convex potentials arises. This does not seem possible with the construction
of the distance function considered here. Therefore, we wonder whether and how the distance
function must be modified to obtain the desired order for the contraction rate.

Additionally, in our approach for both the strongly convex case and the more general case,
there are restrictions on -, which do not allow to take v — 0. Since for the quadratic potential
the conditions disappear, we wonder whether it is possible to get rid of the constraint on v and
to obtain a contraction result in Wasserstein distance for the underdamped case via a coupling
approach.

Last but not least, all results in our projects are restricted to Lipschitz continuous inter-
action forces. This restriction is an essential condition for the coupling approaches considered
here. Since the interaction potentials in mean-field models are often singular in practice (as the
Coulomb potential and the Newtonian potential), the question arises whether the condition on
the Lipschitz condition of the interaction force can be removed, and whether and under which
conditions contraction and uniform in time propagation of chaos bounds can still be shown via
a coupling approach.
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Convergence of unadjusted HMC for
mean-field particle models

Nawaf Bou-Rabee and Katharina Schuh, Convergence of unadjusted Hamiltonian Monte Carlo
for mean-field models. ArXiv e-print 2009.08735, September 2020.*

Abstract

We present dimension-free convergence and discretization error bounds for the unadjusted
Hamiltonian Monte Carlo algorithm applied to high-dimensional probability distributions of
mean-field type. These bounds require the discretization step to be sufficiently small, but do
not require strong convexity of either the unary or pairwise potential terms present in the
mean-field model. To handle high dimensionality, our proof uses a particlewise coupling that is
contractive in a complementary particlewise metric.

Key words: Hamiltonian Monte Carlo, coupling, convergence to equilibrium, mean-field mod-
els.
Mathematics Subject Classification: Primary 60J05; secondary 65P10, 65C05.

A.1 Introduction

Markov Chain Monte Carlo (MCMC) methods are used to sample from a target probability
distribution of the form p(dz) o< exp(—U(x))dz. The simplest methods (e.g., Gibbs and random
walk Metropolis) display random walk behavior which slow their convergence to equilibrium.
This slow convergence motivates the Hamiltonian Monte Carlo (HMC) method, first established
in [69], which offers the potential to converge faster, particularly in high dimension [156, 96, 17,
54, 70].

The convergence properties of HMC have received increasing interest. Ergodicity was proven
in [182, 39, 185]. By drift/minorization conditions, geometric ergodicity was demonstrated in
[34, 135, 80]. In [31, 139, 53|, the convergence behavior is analyzed for a strongly convex po-
tential U and explicit bounds on convergence rates are obtained using a synchronous coupling

!The authors would like to thank Andreas Eberle for his insights and advice during the development of this
work. N. B.-R. was supported by the National Science Foundation under Grant No. DMS-1816378 and the
Alexander von Humboldt Foundation. K. S. was supported by Bonn International Graduate School of Mathemat-
ics. Gefordert durch die Deutsche Forschungsgemeinschaft (DFG) im Rahmen der Exzellenzstrategie des Bundes
und der Lander - GZ 2047/1, Projekt-ID 390685813.
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approach. In [31], contraction bounds were obtained for more general potentials U by developing
a coupling tailored to HMC. However, these convergence bounds deteriorate in high dimension
for mean-field models (see, in particular, (A.11) for the precise form of these contraction bounds
for high-dimensional mean-field models). Therefore, a new approach is needed to obtain con-
vergence bounds for non-strongly convex potentials of mean-field type that are dimension-free,
i.e., independent of the number of particles in the mean-field model.

Mean-field models play an important role in understanding statistical properties of high-di-
mensional systems. This connection was introduced by Kac in [120] as propagation of chaos and
has been investigated amongst others in [143, 187, 146], for very recent related work on second-
order mean-field Langevin dynamics see [98, 100]. A key component in Kac’s program was to
establish bounds on relaxation times of many-body dynamical systems that are dimension-free,
see Section 1.4 of [148] for a fuller discussion.

The behavior of HMC in high-dimensional mean-field models is also relevant, at least con-
ceptually, to molecular dynamics (MD), see [6] and [94], or [130] for a mathematical perspective.
MD involves the time integration of high-dimensional Hamiltonian dynamics often coupled to a
heat or pressure bath [6, 94]. The corresponding process typically admits a stationary distribu-
tion. Time discretization introduces an error in the numerically sampled stationary distribution.
In general, one might hope that this discretization error is dimension-free for ergodic averages
of measurable functions (“observables”) that are intensive (e.g., energy per particle) as opposed
to extensive (e.g., total energy). A key contribution of this paper is to demonstrate that this
is indeed the case for particles with weak mean-field interactions (see Theorem A.13 and Re-
mark A.14).

In this paper, we consider high-dimensional mean-field models, where the potential U :
R — R is a function of the form

n

U(a:):Z(V( + — ZW&:—x]))

i=1 o
J#i

Here, V : R — R and W : R — R are twice differentiable functions, € is a real constant
and z = (z!,...,2") where 2° € R? represents the position of the i-th particle. Usually, d is a
small fixed number that represents the dimension per particle, whereas the number n of particles
is large. We call the unary potential V' the confinement potential per particle and the pairwise
potential W the interaction potential. While we focus on mean-field U with pairwise interactions
in this paper, our results can be readily extended to potentials U with more general mean-field
interactions (see Remark A.1).

In its simplest form, every HMC step uses the Hamiltonian dynamics (g;(z, v), pi(z,v)) of the
mean-field particle system with unit masses defined as the solution to the ordinary differential
equations

dt Pt
i € — ; T (A.1)
&pt = _Vz‘U( ) = _VV Qt T n Zl ( - qi) - VW(Qi - Qt))a
jF#i

for i = 1,...,n with initial value (qo,pp) = (z,v). The transition step of the Markov chain in
R corresponding to HMC is given by

X(LE) = QT(:E’ f)a
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where the initial velocity & ~ N(0, I,) is sampled independently per HMC step, and the inte-
gration time 7" > 0 is a fixed constant, determining the duration of the Hamiltonian dynamics
per HMC step. The corresponding Markov chain is known as exact HMC because it uses the
exact Hamiltonian dynamics and therefore, leaves invariant the target measure p, cf. [33].

Generally, the choice of the duration 7" has a large impact on the performance per HMC
step. If T is too small, we obtain a highly correlated chain indicative of random walk behavior.
Whereas, if T is chosen too large, due to periodicities and near-periodicities, g7 (z,v) can realize
U-turns even as the computational cost of the algorithm increases. This issue was observed
by Mackenzie in [136], and motivated duration randomization [156, 39, 34] and the No-U-Turn
sampler [112]. In contraction bounds for HMC, this issue leads to conditions that limit the
duration T of the Hamiltonian dynamics, e.g., for U stronlgy convex LT? < constant where L
is the Lipschitz constant of VU [53]. As we discuss more below, non-convexity of U leads to
additional restrictions on the duration T

Since the Hamiltonian dynamics cannot be simulated exactly in general, a numerical version
of these dynamics comes into play to approximate the exact dynamics, and normally, the velocity
Verlet algorithm is used, cf. [134, 33]. The numerical version contains an additional parameter,
the discretization step h > 0 satisfying T" € hZ. Note that in the numerical version of HMC
without adjusting the algorithm by an additional acceptance-rejection step (see e.g. [156, 33]),
the corresponding Markov chain does not exactly preserve the target measure. This chain is
called unadjusted HMC. In this article we focus on unadjusted HMC because both from the
viewpoint of theory and practice the acceptance-rejection step in adjusted HMC may lead to
difficulties in high dimension. Indeed, in the product case (when € = 0), a dimension-dependent
time step size (h n=1/ 4) is needed to ensure that the acceptance rate in adjusted HMC is
bounded away from zero as n 1 oo, cf. [17, 101]. Further, as far as we know only a local
contraction result for adjusted HMC is known (see Remark A.5). We stress that both adjusted
and unadjusted HMC are implementable on a computer, whereas exact HMC is not.

The main result of this paper gives dimension-free convergence bounds for unadjusted HMC
applied to mean-field models, i.e., bounds that are independent of the number of particles in
the mean-field model. Our proof is motivated by the coupling approach in [31], but with a
new ‘particlewise’ coupling and a complementary particlewise metric. We now state a simplified
version of our main result, which holds in the special case of exact HMC where h = 0.

We assume that VV and VW are Lipschitz continuous with Lipschitz constants L and L,
respectively. Further, we assume that V is K-strongly convex outside a Euclidean ball of radius
R, but possibly non-convex inside this ball. Let 7(x, dy) be the transition kernel of exact HMC,
and let Wy denote the Kantorovich/L!-Wasserstein distance on R%" based on an ¢'-metric
M(x,y) = X", |2* — y¥|. Then for any two probability measures 7 and v on R, we show that

Wo (nm™, va™) < Me™ " Wp (n,v). (A.2)

Here, M = exp (% (1 + %\/ %)) and the contraction rate c is of the form

1, R [L+K

This bound holds provided the duration 7" and the interaction parameter € are sufficiently small,
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ie.,
5 1 3K 3K
ZLT? < min (- , d
3 < min (. 10L’256-5-26LR2(L+K))’ an

<o (53 ) (- 5 e (0 )

Note that both the contraction rate ¢ and the conditions above are dimension-free, i.e., inde-
pendent of the number n of particles. A restriction on the strength of interactions e cannot be
avoided because for large values of € multiple invariant measures and phase transition phenom-
ena can occur, which typically leads to an exponential deterioration in the rate of convergence
as the number of particles tends to infinity [158, 187, 189]. Roughly speaking, the factor LR?
appearing in the condition on 7" measures the degree of non-convexity of U and excludes the
possibility of high energy barriers. To obtain this result, we first show contraction for a modified
Wasserstein distance that is based on a specially designed particlewise metric p on R ie. ,
W,(nm™, vr™) < e~ “"W,(n, v), and by using that p is equivalent to ¢!, we obtain (A.2). From
this result we deduce a quantitative bound for the number m of steps required to approximate
the target measure p up to a given error €, i.e., Wi (nn", u) < €. This bound may depend log-
arithmically on the number n of particles through the distance between the initial distribution
and the target measure. Finally, we show quantitative dimension-free bounds on the bias for
ergodic averages of intensive observables of the form f(x) = %Zi f (x%).

For unadjusted HMC, we show the same contraction result provided the discretization step h
is chosen small enough and deduce that there exists a unique invariant measure p of unadjusted
HMC. Since unadjusted HMC does not exactly preserve the target measure p, we prove that
W (i, i) = O(h®n) provided enough regularity for U is assumed, i.e., V and W are three
times differentiable and have bounded third derivatives. If less regularity is assumed, i.e., V'
and W are only twice differentiable, an O(hn) bound is obtained. Invariant measure accuracy
of numerical approximations for related second-order measure preserving dynamics has been
extensively investigated in the literature [175, 140, 188, 141, 21, 32, 129, 1, 2], but according
to our knowledge, it is new to obtain bounds on W; with a precise dimension dependence
(see Corollary A.9). Durmus and Eberle [73], using partially the same approach, generalize
these results on invariant measure accuracy to a broader class of both models and inexact (or
unadjusted) MCMC methods.

Other work on HMC in high dimension

The study of the behavior of HMC as dimensionality increases is carried out in other settings,
too. For example, in Bayesian inference problems with a large number of observations where the
posterior itself is not necessarily high-dimensional. In this setting, sampling the posterior directly
using HMC is computationally intractable, which motivates stochastic gradient HMC [51], the
zig-zag process [19] and the bouncy particle sampler [65]. In [194], an ADMM-type splitting
of the posterior in conjunction with a split Gibbs sampler are proposed, and a dimension-free
convergence rate for the split Gibbs sampler is obtained.

Considering the truncation of infinite dimensional probability distributions having a density
with respect to a Gaussian reference measure leads to another class of high-dimensional target
measures, which arises for instance in path integral MD, cf. [124, 22, 169], and statistical inverse
problems, cf. [61]. Dimension-free convergence bounds are obtained for the Metropolis adjusted
Langevin Algorithm [82] and for preconditioned Crank Nicholson (pCN) [105]. Moreover, pre-
conditioned HMC was introduced in [16]. The convergence of pHMC was analyzed under strong
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convexity using a synchronous coupling [167], and by using a two-scale coupling, dimension-free
convergence bounds are obtained for semi-discrete pHMC applied to potential energies that are
not necessarily globally strongly convex [29].

Another standard approach to analyze convergence properties in high dimension is optimal
scaling of MCMC, see [173, 174, 18, 70]. This theory of optimal scaling provides a general way
to tune the time step size in HMC [101, 17].

While our object of study is the simplest version of HMC applied to mean-field models, there
are other variants of HMC available including one that uses a general reversible approximation
of the Hamiltonian dynamics [91], HMC with partial randomization of momentum [113, 5],
preconditioned HMC using a position dependent mass matrix [96], and adjusted HMC with
delayed rejection [38].

Outline

The rest of the paper is organized as follows. In Appendix A.2, we state the considered framework
before presenting our main results in Appendix A.3. In Appendix A.4, estimates used to prove
the main results are stated. Finally, Appendix A.5 and Appendix A.6 contain the proofs.

A.2 Preliminaries

We first give the definition of unadjusted HMC applied to mean-field models and state assump-
tions for the mean-field model before constructing the particlewise coupling used to obtain the
contraction result in the next section.

A.2.1 Hamiltonian Monte Carlo Method

Consider a function U € C2(R%) of the form

i € i j
U) = (V@) + =~ Y W' —a)) (A.3)
i=1 j=1
JF
such that [ exp(—U(x))dz < oo holds. Assuming all particles have unit masses, the correspond-
ing Hamiltonian is defined by H(z,v) = U(x) + 3[v|* for z,v € R¥. The HMC method is an
MCMC method for sampling from a ‘target’ probability distribution

p(dz) = Z7  exp(~U(z))dz, (A.4)

on R with normalizing constant Z = [ exp(—U(x))dz. In particular, the HMC method gen-
erates a Markov chain on R,

Since (A.1) is not exactly solvable, a discretized version is considered. Here, we consider
the velocity Verlet integrator with discretization step h > 0, cf. [33]. The numerical solution
produced by the velocity Verlet integrator is interpolated by the flow (gq:(z,v), pi(z,v)) of the
ODE

d, , h d, 1
2% =Pley, — §ViU(thJh), P = _i(viU(QLtJh) +ViUl(qr,)) (A.5)
with initial condition (go,po) = (z,v) where

|t]n = max{s € hZ :s <t}, [t], =min{s € hZ:s > t},
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and where V;U : R% — R? is the gradient in the x*-th direction, i.e., gg- The transition step
of unadjusted HMC' is given by z — Xj,(x) where Xy (z) = qr(z,€), T/h € Z for h > 0 and
& ~ N(0, I,) is a random variable, where N (0, Iz,) denotes the centered normal distribution on
R with covariance given by the dn x dn identity matrix. The transition kernel of the Markov
chain on R induced by the unadjusted HMC algorithm is denoted by 7, (z, B) = P[Xy(x) € B].

If h > 0 is fixed, we write the abbreviation |t] and [¢] instead of |¢];, and [t], and omit
the h dependence in X (z). For h = 0 we consider the solution (q:(z,£),p:(z,£)) of (A.1)
and obtain eract HMC with transition step X(z) := Xo(z) = ¢r(z,€) and transition kernel
m(x, B) := mo(x, B). As the Hamiltonian is not preserved by the numerical flow with A > 0,
unadjusted HMC does not preserve the target measure pu. Therefore, after we study conver-
gence of unadjusted HMC, we then bound the error between exact and unadjusted HMC in
Appendix A.3.

A.2.2 Mean-field particle model

Let U : R¥ — R be a potential function of the form (A.3) where V : R? — R and W : R? — R
are twice continuously differentiable functions such that [exp(—U(z))u(dz) < co. Without loss
of generality we assume that € is a non-negative constant. Otherwise we change the sign of the
interaction potential W. The following conditions are imposed on the functions V and W for
proving the contraction results for exact HMC.

Assumption A.1. V has a global minimum at 0, V(0) = 0 and V(x) > 0 for all x € R%.
Assumption A.2. V has bounded second derivatives, i.e., L := sup |[|[V2V]| < oo.

Assumption A.3. V is strongly convez outside a Fuclidean ball: There exists K € (0,00) and
R € [0,00) such that for all x,y € R? with |x —y| > R,

(x=y) - (VV(x) = VV(y)) > K|x - y*.
Assumption A.4. W has bounded second derivatives, i.e., L := sup || V2W|| < oo.

We note that Assumption A.1 is stated for simplicity, since Assumption A.3 implies that V'
has a local minimum and so Assumption A.1 can always be obtained by adjusting the coordinate
system appropriately and adding a constant to V. Since V is a unary confinement potential
per particle and W is a pairwise interaction potential, note that the strong convexity constant
K, the Lipschitz constants L, L and the radius R are dimension-free, i.e., independent of the
number of particles. By Assumption A.1, Assumption A.2 and Assumption A.4,

IVV(x)| =|VV(x) — VV(0)| < L|x|, and (A.6)
VW (x —y) = VW(y = x)| < 2LJx — y| < 2L(|x| + |y|) (A7)
for all x,y € R% From (A.6) and Assumption A.3, it follows that K is smaller than L,
K/L<1. (A.8)
Further, we deduce from Assumption A.2 and Assumption A.3 that for all x,y € R,
(x=y) - (VV(x) = VV(y) = Kx —y* = C (A.9)

with €' := R%(L + K) and so V is asymptotically strongly convex.
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Remark A.1. In this work, we focus on a pairwise mean-field interaction energy W. However,
the results can be readily extended to the situation where the Hessian of the mean-field potential
U satisfies:

82U ~ 82U
L= sup |>5(z) , L= su x A.10
1<i%dn 8x§( ) it n 81q8xj( )’ (A.10)
zERIn rceRIn

and the parameter L scales like 1 /m as n — oo which corresponds to the standard mean-field
limit [158, 187, 189, 75].

For proving discretization error bounds, we suppose additionally for the confinement poten-
tial V' and for the interaction potential W:

Assumption A.5. V is three times differentiable and has bounded third derivatives, i.e., Ly :=
sup |[V3V|| < oo.

Assumption A.6. W is three times differentiable and has bounded third derivatives, i.e., Ly =
sup ||V3W|| < oo.

This additional regularity gives a better order in the error bounds between exact HMC and
unadjusted HMC, see Theorem A.8.

Possible interaction potentials meeting Assumption A.4 and Assumption A.6 are the Morse
potential [195] and the harmonic (or linear) bonding potential [7, Section 7.4.1.1], which are
both used to model interactions between particles in molecular dynamics.

Remark A.2. Let us note that by (A.7) and (A.9) it holds for the potential U that

n

(z—y) - (VU(@@) = VU(y) =Y (@ =) - (VV () = VV(y)
=1
+ % S =y (VW (el —ad) = VW (y' — o) = VW (2! —2') + VW (3 —y'))
J#i
> Ko~y n(K + DR = 225 ot o — (@~ y)lle’ |
i g
> (K —4el)|z — y|*> — n(K + L)R%.

Hence, the potential U is strongly convex if R = 0 and K — 4eL > 0 holds. Moreover, a similar
calculation shows that VU is globally Lipschitz continuous with an effective Lipschitz constant of
L+4¢L. In this case, [31, Theorem 2.1] and [139, Theorem 1] have already shown contraction for
exact HMC with the dimension-free rate ¢ = (1/2)(K —4eL)T? if (L+4eL)T? < (K —4eL)/(L+
4€eL) holds. Recently, the latter condition on 7" has been improved to (L + 4eL)T? < (1/4), cf.
[53, Theorem 3]. Whereas, if R > 0, then the potential U is only asymptotically strongly convex
provided K — 4eL > 0, and in this case,

(z—y) - (VU(z) = VU(y) = (K — 4eL)/2)|x — yI?

for all |z —y| > R, = R\/2n(L + K)/(K — 4eL). Thus, by [31, Theorem 2.3] we obtain the
following contraction rate for exact HMC

¢n = (1/10) min(1, (1/4)(K — 4eL)T?*(1 + (R, /T))e ™/ (21))e=2En/T (A.11)
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f(r)

Figure A.1: Under an increasing concave distance function f, a decrease in r has a larger impact
on f(r) than an increase in r, i.e., f(r) — f(r — A) > f(r + A) — f(r) for r, A > 0.

provided (L+4eL)T? < min(1/4, (K —4eL)/(L+4¢L),1/(25(L+4¢L)R2)) holds. The condition
on T is dependent on the number n of particles and the rate ¢, decreases exponentially fast in
the number of particles. This dimension dependence motivates the particlewise coupling stated
next.

A.2.3 Construction of coupling

We establish a coupling between the transition probabilities 7y, (z, ) and 7 (y, ) of unadjusted
HMC with discretization step h for two states z,y € R%. The key idea for the coupling is to
locally couple the velocity randomizations, i.e., for the i-th particles in each component of the
coupling separately and independently of the other particles. A particlewise coupling approach
was used before in [83, 75] and enables us here to show a dimension-free contraction rate, i.e. a
rate that does not depend on the number n of particles. The idea for the construction for the
i-th particles in each component of the coupling is adapted from [31], see also [85]. The coupling
transition step for unadjusted HMC is given by

X(z,y) =qr(z,§) and Y(z,y)=qr(y,n) (A.12)

with ¢r defined in (A.5) and where £ and 7 are the corresponding velocity refreshments for the
position 2 and y given in the following way: Let & € R%™ be a normally distributed random
variable. Let U; ~ Unif]0, 1] be independent uniformly distributed random variables that are
independent of £. Let v be a constant that is specified later. If |z° — y*| > R, where R is a
positive constant specified later, we apply a synchronous coupling for the i-th particle by setting
n' =& If |2t — g < R, the i-th velocity refreshment of ¥ is given by
i {51 +72' if U4 < 2L (A.13)
& —2(e"-&"e"  otherwise,

where g1 denotes the density of the standard normal distribution, 2* = z' —y’, and e’ = 2*/|2{|
if |2¢| # 0. If |2'] = 0, €’ is some arbitrary unit vector. If we consider the free dynamics, i.e.,
U = 0, then the first case in (A.13) leads to a decrease in the difference of the positions in
the i-th component provided the duration T is sufficiently small, i.e., |X*(z,y) — Yi(z,y)| =
|z* — y*||1 — Ty|. When U does not vanish, we obtain contractivity of this coupling in a metric
equivalent to the standard ¢; metric that involves a concave distance function, see Figure A.1.
We note that each of the components ¢ are normally distributed random variables by [31,
Section 2.3] and that the components 7’ are independent by the independent particlewise con-
struction. This implies n ~ N (0, I4,), which is sufficient to verify that the constructed transition

step given by (A.12) is a coupling of the transition probabilities 7, (z, ) and 7, (y, ).
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Gaussian mixture confinement potential Banana-shaped confinement potential
10

50

‘° 0 20 40 60 80 100

Figure A.2: Coupling of HMC applied to mean-field models with n = 10 particles. The confinement
potential is the potential of a Gaussian mizture distribution in the left plot and of a banana-shaped
distribution in the right plot. The projection to one particle of the Markov chain is plotted on the contour
graph of the potentials and connected by a linear interpolation; the inset shows the mean distance between
the two components of the coupling on a log-scale.
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Figure A.3: Evolution of the mean distance = 37" | | X} =Y | between the two components of the coupling
for HMC after k steps with n € {1,10,100} particles.

A.2.4 Numerical simulations

We next present a numerical illustration of some properties of the particlewise coupling which
supports the main results for unadjusted HMC stated in the next section.

We simulate the coupling for mean-field potentials with non-strongly convex confinement
potential to illustrate the coupling and to support our theoretical results stated in the next
subsection.

We consider two mean-field models with two different confinement potentials. The first
potential is the negative logarithm of a Gaussian mixture distribution. Here, we take a mixture of
20 two-dimensional Gaussian distributions whose means are independent uniformly distributed
random variables on the rectangle [0, 10] x [0, 10] and whose covariance matrices are the identity
matrix, cf. [132, 125, 31]. The second confinement potential is the negative logarithm of a
banana-shaped distribution. In particular, V : R? — R is given by the Rosenbrock function
V(x) = (1 —x1)? + 10(xg — (x1)?)?, cf. [31].

For the interaction between particle i and j, we take the function W (z'—27) = (1/2)|2* —27|?
and € = 0.01 in Figure A.2 and Figure A.3. In Figure A.4, we vary ¢ and W, as indicated in the
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Gaussian mixture confinement potential Banana-shaped confinement potential
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Figure A.4: Evolution of the mean distance 711 S X =Yi| between the two components of the coupling
for HMC after k steps with n = 10 particles for various interaction parameters €. This figure suggests
that the particlewise coupling does not converge if the interaction is too large.

legend.

The plots in Figure A.2 show realizations of the coupling with T" = 1, v = 1 and n =
10. The evolution of a selected particle of the coupling is drawn on a contour plot of the
confinement potential. To visualize the order of the projected points they are connected by linear
interpolation. The evolution of the distance function % ? 1 IX% Y% is given in the inset. Here,

. and Y} are the positions of the i-th particles of the two realizations of the coupling after k&
HMUC steps of duration 1" = 1. The simulation terminates when the distance is smaller than é =
107°. Figure A.3 shows the sample average of the mean distance 2 Y| | X} — Y| for different
numbers n € {1,10,100} of particles. For n € {1,10} we sampled the mean distance a hundred
times and for n = 100 thirty times, since the statistical error is smaller for n large. We observe
that the mean distance decreases exponentially fast after a short time, which reflects a factor M
appearing in the bounds in Corollary A.7 given below, and that the rate is dimension-free, i.e.,
independent of the number of particles. In Figure A.4, the impact of the size of the interaction
parameter € is illustrated. We observe that for small attractive and repulsive interaction the
mean coupling distance appears to converge to zero, whereas for larger interaction, particularly
for large repulsive interaction (corresponding to W (% — %) = —(1/2)|2* — y*|?) this convergence
is not observed.

A.3 Main results

A.3.1 Dimension-free contraction rate for unadjusted HMC
To prove contraction for unadjusted HMC, we introduce a modified distance function. Define
R:=8R\/(L + K)/K, (A.14)
v :=min(T"', R™1/4), (A.15)
Ry := (5/4)(R +2T). (A.16)

Note that the constants are dimension-free, i.e. independent of the number of particles. Let
f Ry — R4 be given by

f(r):= /Or exp(—min(Ry,s)/T)ds. (A.17)
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This function is concave and strictly increasing with f(0) = 0 and f’(0) = 1. We define a metric
p: R x R — [0, 00) by

n

p(z.y) = flla" —y')). (A.18)

=1

This definition is motivated by [83] where it was introduced to obtain optimal contraction rates
for weakly interacting diffusions. This metric is equivalent to the ¢'-metric,

Mz, y) = Z lz" — o' (A.19)

More precisely, since rf/'(r) < f(r) <,

plx,y) < LH(z,y) < Mp(z,y), with (A.20)
M = f(Ry) ™ = exp(5/4) (R/T + 2). (A.21)

The following theorem gives a contraction result for unadjusted HMC with respect to the
metric p.

Theorem A.3 (Global contractivity for unadjusted HMC). Su~ppose that Assumption A.1,
Assumption A.2, Assumption A.3 and Assumption A.4 hold. Let R, v, Ry and f be given as in
(A.14), (A.15), (A.16) and (A.17). Let T € (0,00) and h;y € [0,00) satisfy

3 1 3K 3
L(T 2< Zmin (= _ A.22
( +h1) 75m1n<4,10L’2565LR2>7 ( )
KT
D A2
S 555l + 235K (A.23)
Let € € [0,00) satisfy
. /K 1/K(R+T)\2 R
Then for all z,y € R™ and for any h € [0, hy] such that h =0 or T/h € N,
E[p(X(x,), Y(x,))] < (1= c)p(z,y)
with contraction rate
1 ) 5R

A proof is given in Appendix A.6.1.

Remark A.4. The parameter c is dimension-free, i.e., independent of the number of particles,
which is an improvement compared to the contraction rate given in (A.11) obtained by applying
[31, Theorem 2.3]. However, it might depend implicitly on the number of degrees of freedom
per particle d through the parameter R.

Further, note that the contraction result holds only if the interaction parameter € is suffi-
ciently small. For larger ¢, contraction with a dimension-free contraction rate is not guaranteed,
as illustrated in Figure A.4.
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Remark A.5. For adjusted HMC one can show local contraction by precisely bounding the effect
of the accept-reject step. The case is considered for a general potential in [31]. In the mean-field
model for a large number n of particles, an analogous local contraction result for adjusted HMC
is only obtained for a restrictive choice of h. In particular, using the estimate for the rejection
probability of [31, Theorem 3.8] the discretization step h has to be chosen of order O(n=2).

Remark A.6. Theorem A.3 holds in particular for the product case with e = 0. As the interaction
terms vanish and some calculations simplify in that case, the condition in T'becomes L(T+h1)? <
min(1/4, K/L,1/(256 LR?)) as in [31], the condition in h; relaxes to hy < 4KT/(165L) and the
contraction rate improves to ¢?"°? = (1/39)KT? exp(—5R/(4T)). If V is a quadratic function,
the mean-field model can be treated as a perturbation of the product model and the difference
| XProd(g y) — YProd(z,y) — (X(z,y) — Y(z,y))| of a coupling between to copies of the product
model and two copies of the mean-field model can be bounded in terms of €L 7% |2* — y*|. This
term can be controlled for sufficiently small € by the obtained contraction for the product case.
See Appendix A.7 for the complete argument.

A.3.2 Quantitative bounds for distance to the target measure

We deduce from Theorem A.3 global contractivity of the transition kernel 7, (x, dy) with respect
to the Kantorovich distance based on p

Wo(v,n) = weigg " / p(@, y)w(dzdy)

on probability measures v,7 on R, where I'(v,7) denotes the set of all couplings of v and 1.
Since the metric p is equivalent to the ¢'-distance ¢! on (R?)" given in (A.19), contractivity with
respect to W, yields a quantitative bound on the Kantorovich distance based on ¢! on (}Rd)”,

wEF(l/T('hm“u,h)

Wolm™ )= it 370l — ylu(dady)
=1

between the law after m HMC steps with initial distribution v and invariant measure pup,.

Corollary A.7. Suppose that Assumption A.1, Assumption A.2, Assumption A.3 and Assump-
tion A.4 hold. Let T € (0,00) and hy € [0,00) satisfy (A.22) and (A.23). Let € € [0,00) satisfy
(A.24). Then, for any m € N, for any probability measures v,n on R™, and for any h € [0, hi]
such that h =0 or T/h € N,

Wp(Vﬁhmv 777Thm) < e_cme(Vv 77)7 (A26)
Wap (vrp,™, nmp™) < Me "Wy (v, 1) (A.27)

with ¢ given by (A.25) and M given by (A.21). Further, there exists a unique invariant probability
measure p, on R™ for the transition kernel m), of unadjusted HMC and

Wi (v, p) < Me™ W (v, pp,). (A.28)

Thus, for any constant € € (0,00) and for any initial probability distribution v the Kantorovich
distance A(m) = Wy (vmp™, up) satisfies A(m) < € provided

m > i(;%—i?—&—log(Ago))). (A.29)
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A proof is given in Appendix A.6.2. We note that we obtain the same bound as in (A.27) and
(A.28) for the Kantorovich distance with respect to the ¢!-distance averaged over all particles,
Nz, y) = L5 |z — y'|. Then, the term A(0)/€ in (A.29) differs by a factor 1/n. In this case,
if we consider for example a product measure as initial distribution, the bound in terms of this
metric does not depend logarthmically on the number of particles.

To give quantitative results of the accuracy of unadjusted HMC with respect to the target
measure p, we bound the strong accuracy of velocity Verlet. The exact dynamics started in
(x,&) with h = 0 is denoted by (gs(x,&),ps(x,&)) and the position of the dynamics started in
(x,€&) with h > 0 is denoted by (gs(z, &), ps(x, &)).

Theorem A.8 (Strong accuracy of velocity Verlet). Suppose that Assumption A.1, Assump-
tion A.2 and Assumption A.4 hold. Let T € (0,00) satisfy (L + 4eL)T? < (1/4). For x € R,
for any h € (0,00) with T/h € N and k € N with kh < T, it holds

Een(0.100) | 2 14k (2, €) = @@, ©)l] < hCa(d"/*n + 3 Ja]) (A.30)

with Cy depending on L, L, € and T. If additionally Assumption A.5 and Assumption A.6 are
supposed, then for x € R™, for any h > 0 with T/h € N and k € N with kh < T,

B (0.100) | 2 4k (2, ) = @@, O)l] < h*Ca(dn + 31’ + 3 |o'P) (A.31)

with Cs depending on L, L,e, Ly, Ly and T.

A proof is given in Appendix A.6.2.

We obtain a bound on the difference between the invariant measure p and the target measure
1, by using the contraction result of Theorem A.3 and by applying a triangle inequality trick,
which is mentioned in [141, Remark 6.3] and has been used in many other works. In particular,
it holds

Wo s pin) = Woum, punmn) < Wyum, pmn) + Wy (pmh, pnmh)
< Wp(um, prn) + (1 — )W, (1, pn).-

Hence, by (A.20)
We (i, 1) < M W (e, ) < M By, en(0.100) | D 10k (@, €) = @i, €)l]

with M given in (A.21). Inserting (A.30), respectively (A.31), yields the following result.

Corollary A.9 (Asymptotic Bias). Suppose that Assumption A.1, Assumption A.2, Assump-
tion A.3 and Assumption A.4 hold. Let T' and hy satisfy (A.22). Let € satisfy (A.24). Let Cs
and Co be as in Theorem A.8. Then for h € (0, hq] with T/h € N,
~1 1/2 i
Wor (@, in) < he MC’g(d n+ /Rnd ; |z \,u(da:))

with ¢ given by (A.25) and M given by (A.21). If additionally Assumption A.5 and Assump-
tion A.6 are assumed, then for h € (0, hy] with T/h € N,

W (o) < 12 MCo(dn+ [ Sl + [ 37 1o' Pu(da).
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Note that the bound in Corollary A.9 is linear in the number n of particles.

For unadjusted HMC, Corollary A.7 gives exponential convergence to the invariant measure
i In the next theorem, we give a bound on the number of steps to reach the target measure
@ up to a given error.

Theorem A.10 (Complexity Guarantee). Suppose that Assumption A.1, Assumption A.2, As-
sumption A.3 and Assumption A.4 hold. Let T € (0,00) and hy € (0,00) satisfy (A.22)
and (A.23) . Let e € [0,00) satisfy (A.24). Let v be a probability measure on R, and let
A(m) = Wp (vm,™, 1) denote the Kantorovich distance with respect to ' to the target probabil-
ity measure p after m steps with initial distribution v. For some € € (0,00), let m € N be such
that
1,5 bR 2Wo (pp, v)\ T
( og (1220 )

> (24 2
m_C 2+4T+og

with ¢ given by (A.25). Then, there exists ho such that for h € (0,min(hy, hy)] with T/h € Z,

(A.32)

A(m) < ¢ (A.33)

where for fived K, L, L, ¢, R and T, hy"' is of order O(E 1 (d"?n+ [Y; ]:Cﬂ,t{(da:))) If addi-

tionally Assumption A.5 and Assumption A.6 are assumed, then there exists hy such that for
h € (0,min(hy, ha)] with T/h € Z, (A.33) holds, where for fired K, L, L, Ly, Ly, €, R and T,

hy' is of order OF V2 ((nd)"/? + /[ 2 [wiln(dw) + /[ 3, |07 [2u(da))).

A proof is given in Appendix A.6.2. If we consider the averaged distance ¢! instead of ¢!,
the argument in the logarithmic term in (A.32) changes by a factor 1/n and the logarithmic
dependence on n in hy and he vanishes.

Remark A.11. We note that h~! is @(n'/?) in Theorem A.10 and hence it grows sublinear in n.
Further, the constant Cy obtained in the proof of Theorem A.8 is O(T~'). For the numerical
method ULA, which forms a special case of unadjusted HMC with h = T (see [156, Section 5.2]),
we obtain that h=t = T~! has to be chosen of order O(n), which corresponds to the results in
[73, Example 18].

Remark A.12. From Theorem A.10, note that the number of evaluations of the gradient VU (z)
in each step of duration T is O(n'/?) for fixed K, L, L, €, T, R, d and h. If we assume that

the computation of the gradient in one step is O(n), then the overall complexity of unadjusted
HMC is O(n?/?).

A.3.3 Dimension-free bounds for ergodic averages of intensive observables

Next, we define the ergodic averages Ay, g, which approximate u(g) = [ g(x)u(dzx), by

1 b+m—1
Ampg = — 3 9(X), (A.34)
1=b

for some function g : R — R and for b,m € N, where (X,,) is the Markov chain given by
unadjusted HMC. The parameter b corresponds to the burn-in time. Here, we consider bounded
and continuously differentiable observables, i.e., g € C{(R%"). Quantitative bounds on the bias
of the ergodic averages follow by the exponential convergence in the Kantorovich distance with
respect to the £! metric given in (A.19) and the bound on the accuracy of unadjusted HMC.
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Theorem A.13 (Bias of Ergodic Averages). Let g € C}(R™) with max; |Vig|ls < 0o. Suppose
that Assumption A.1, Assumption A.2, Assumption A.3 and Assumption A.4 hold. Let T €
(0,00) and hy € [0,00) satisfy (A.22) and (A.23). Let € € [0,00) satisfy (A.24). Let v be a
probability measure on RY. Let Co and Cy be given as in Theorem A.8, and let ¢ be given as in
(A.11). Then for h € [0, h1] such that h =0 or T/h € N,

—cb
— W (v, ) + hm?X [VigllooCs,

1
By [Ampg] = p(g)l < — max[|Viglloo

where C3 = exp(2(2 + R/T))c™1Cs (dl/Qn + /> \:Eﬂ,u(d:n)) If additionally Assumption A.5
and Assumption A.6 are supposed, then

—cb
—Wa (v, ) + h? max [[Vig[loCs,

1
By [Ampg] — p(g)] < — max [|Vigleo
m i 1

where Cs = exp(3(2 + R/T))e 1y (dn + [ 32 [af|pu(de) + [ 3, o Pu(da)).

A proof is given in Appendix A.6.3.
Remark A.14. We note that provided max; ||V;g||oo is O(1/n) the bound of the bias of the ergodic
averages is independent of the number n of particles. Hence for intensive observables of the form
g(z) = 137, 9(2%) where g € C}(R?) with [|[V§[|e < 00, Theorem A.13 gives quantitative bounds
on the bias of their ergodic averages which are dimension-free, i.e., independent of the number n
of particles. Whereas, for extensive observables, where max; || Vgl is O(1), the bound depends
on the number n of particles.

A.4 Estimates for the Hamiltonian dynamics

A.4.1 Deviation from free dynamics

Here we apply the Lipschitz conditions in Assumption A.2 and Assumption A.4 to obtain bounds
on how far the dynamics in (A.5) deviates from the free dynamics, U = 0. To obtain these
bounds, we assume in the following that ¢, h € [0, 00) are such that ¢/h € N for h > 0 and such
that

(L4 4eL)(t* +th) < 1. (A.35)

This condition essentially states that the duration of the Hamiltonian dynamics in (A.5) is small
with respect to the fastest characteristic time-scale of the mean-field particle system represented
by /sup [HessU|| < VL + 4eL (see Remark A.2). This bound follows from Assumption A.2
and Assumption A.4. The i-th component of the solution to (A.5) is denoted by (x%,v?).

S’ S
Lemma A.15. Let z,v € R, Then foric {1,...,n},

max 28| < (14 (L + 2¢L)(t? + th)) max(|z’], |z + tv']) (A.36)
2eL(t* + th)
o=t TR ( T maxz |27),
J#i
max 08| < 0| + (L 4 2eL)t(1 + (L + 2€L)(t* + th)) max(|z’], |2* + tv'])) (A.37)

2elit
+ 2200+ (L + 2eL) (12 + th)) ) max 3 [z].
JFi
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Moreover,

Iglggcz |zt] < (14 (L + 4eL)(t* + th)) Zmax(|xi|, 2% + tv']), (A.38)
7 (2

Iglggiz [vl| < (L + 4eL)t(1 + (L + 4eL)(t* 4 th)) Z max (|2, |2¢ + tv']) + Z [v'].  (A.39)
7 7 (2

A proof of Lemma A.15 is provided in Appendix A.5.

Let two processes (zs,vs), (ys,us) with initial values (z,v) and (y,u) be driven by the
Hamiltonian dynamics in (A.5). We set (zs, ws) := (x5 — ys, Vs — us). Since (xs,vs) and (ys, us)
depend on (z,v) and (y, u), respectively, (zs, ws) depends on (z,v,y,u). By (A.5), the dynamics
of the i-th component of (zs,ws) is given by

i =l — (/YU (1) — ViU (y0))

dt
d (A.40)

= /2 (=Vil(zy) = Vil(er) + ViU (y)) + ViU(ya)).

Next, we bound the distance between the process (2!, w!) and the process given by the free
dynamics, where U = 0. As the particlewise coupling in Appendix A.2.3 is designed with
respect to the free dynamics, this bound plays an important role in proving the contraction
results of Appendix A.3. It explains why the particlewise coupling works when the distance
between i-th particles is small, i.e., when |2 — | < R, and when the duration T and the time
step h are small, i.e., when (A.35) is assumed.

Lemma A.16. Let z,y,v,u € R™. Then for alli € {1,...,n},

max |28 — 2" — sw'| < (L + 2€L)(t? + th) max(|z" + tw'|, |2"]) (A.41)
s<
2eL(t? + th)
6(7+ Z ER
=t A
max |28 < (1+ (L + 2ei)(t2 + th)) max(|z* 4 tw'|, |2%]) (A.42)
s<
2eL(t? + th)
Lmaxz El
T g
max w' — w'| < (L + 2eL)t(1 + (L + 2¢L)(t* + th)) max(|2* + tw'|, |2%])) (A.43)
s<
2eLt
+ = (1 + (L 4 2¢L)(t* + th) maxz |27,
T g
max lwi| < Jw'| 4 (L 4 2eL)t(1 + (L + 2€L) (t* 4 th)) max(|2* + tw', |2])) (A.44)
s<
2¢Lt
+ 2014 (L + 2eL) (12 + th)) ) max > []].
T g
Moreover,
2
rglgicz:\zs\ < (14 (L +4€eL)(t* + th)) Zmax 2% + tw'|, |2"]), (A.45)

) L ,
r?g(zi:]ws\ < (L + 4elL)t (1+(L+46L)(t +th)) zi:max |2° + tw'],|2]) —|—zi:\w’]. (A.46)

A proof of Lemma A.16 is provided in Appendix A.5.
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A.4.2 Bounds in region of strong convexity

Next, we obtain a bound for the difference between the positions of the i-th particles provided
that |z* — y'| > R and v* = u’. We assume that

- K 1
L+ 4eL)(t> + th) < min (————, =), A7
(L 4eL) (¢ + th) < min (—=— 1) (A.47)
where k is given by

k=K — 3¢L. (A.48)

Further, we assume that

Kt

h<—m——. A .49
T 525L + 235K ( )

Lemma A.17. Suppose that Assumption A.1, Assumption A.2, Assumption A.3 and Assump-
tion A.4 hold. Let € € [0,00) be such that eL. < K/6 holds. Let R be given in (A.14). Let
t,h € [0,00) be such that h =0 ort/h € N, and such that (A.47) and (A.49) holds. Then, for
all z,y,v,u € R™ and i € {1,...,n} such that |z* — y’| > R and v' = u’,

(mimx Z 2] — ) . (A.50)

. . 1 .
i 02 42 i 7)2
jaf —il* < (1= 352’ — /|
A proof of Lemma A.17 is given in Appendix A.5.

A.5 Proofs of results from Section A.4
Before stating the proofs of Appendix A.4, note that by (A.6) and (A.7) for all z,y € R,
2¢L 2¢L

V.U ()] <L]a:l|+72]a: — 27| < (L + 2¢L)|z') + — Z\aﬂ (A.51)
J#i j#i

and by Assumption A.2 and Assumption A.4

ViU (2) = ViU(y)| < (L +2€eL)[a" — o] +7ZW -y (A.52)
J#i

Further by (A.9) and (A.7), it holds for all z,y € R,

i i FN(d i =g gl A
—(@' —y) - (ViU(2) = ViU (y)) < =(K = 2eL)[a’ = y'[* + 2¢Lfa’ = y'| - > |27 = ¢[ + C
J#

o 1 . 2 .
< —k|z* —y2]2+6L<EZ\x] —yjl) +C. (A.53)
i

It follows from the definition (A.14) of R and the condition el < K/6, which is assumed in
Lemma A.17, that for all x,y € R? with |x —y| > R,

. 1 1
C=RL+K)< 6—4](\x—y|2 < 3—2/§\x—y\2. (A.54)
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Proof of Lemma A.15. Fix z,v € R™. Let s <t. We have from (A.5)

L_at— i/S/m(—lv-U( ) - Lo ))du d —/shv-U( )d
Tg x SU = o Jo 5 i xLUJ 5 4 x[u] u ar 0 5 i xl_TJ r.
We apply (A.51) to obtain
I+ 2 (2 , . . . .
(L + 2 ;(t + th) max(\ycZ — ' —ro'| + |x* + rv'))
26L(t2+th

711130(2 |22

J#i

|zt — a' — sv'] <

Invoking condition (A.35), we get
2eL(t* + th)
max |zt — ' — sv’| < (L + 2¢L)(t* + th) max |x + sv'| + 6(7—1_ max E |27 |
S
=t A

- S . 2eL(t? +th)
— (L 4 26E)(£2 + th) max(|2], |2 + to']) + 6(7+m2txZ|x]|
S
J#i

By applying the triangle inequality, (A.36) is obtained. From (A.5) and (A.51), we have
2eLt

. . S ~ .
i — o] < / max [ V30 () dr < (I + 2eL)tmax |t + = max S || (A.55)
0 u<t u<t hS
J#i
We insert (A.36) in (A.55) to obtain
|vl — v?| < (L + 2eL)t(1 + (L + 2¢L)(t* + th)) max(|z|, |z* + to'|)

2elt
+

(1+ (L 4 2eL)(t* + th)) maxz EZAD
JF#i

By applying the triangle inequality, (A.37) is obtained. Equation (A.38) and (A.39) follow by
considering the sum over all particles, i.e., by (A.5) we have

i i i Sl hor¢
S lab - —suyg/o /0 izwiU(a:LuJ)+V,~U(az[u1)|dudr+§/0 S IViU ()l

< (L+4el~};(t2+th max <Z|$ )

and hence analogous to the estimate obtained for the i-th particle,
i i) < FN (42 i i
Hslgtle: |zt — x* — sv'| < (L + 4eL)(t* + th) nf%f; |x* + v’

< (L + 4€L)(t* + th) Zmax(|xi|, |zt + tv']).

7

By applying the triangle inequality, (A.38) is obtained. By (A.5) and (A.38),
Z vl —vf| < (L + 46L)tr£12§1§< (Z \J:H)
(2 (2
< (L + 4eL)t(1 + (L + 4€L)(t* + th)) Z max (|z°], |z° + tv']),
i
and (A.39) is obtained by the triangle inequality. O
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Proof of Lemma A.16. By (A.52) and (A.40),

|28 — 2" — sw'|

S h S
< / / max | — ViU () + Vil ()| du dr + f/ max | — VU (z,) + V.U (3, |dr
0

v<t
L+ 2¢L)(t? + th . 2eL(t? +th)
g( +2eD)(" + )max\zﬂ—i— eL(t" + maXZ|z]|
2 r<t 2n

J#i

Hence, we obtain similar to the previous proof

2¢L(? + th)
‘ ( + maxZ!z”

max |28 — 20 — sw!| < (L 4 2¢L)(t* + th) max(|2¢], |2* + tw']) +
S
- T g

which gives (A.41). Then (A.42) is obtained by applying triangle inequality. Next, we consider

i T
lwy —w'| < 5/0 (| = ViU(x)) + ViU (yp )| + | = ViU (z) + ViU (yp)])dr

<(L+ 26L)tmax |28] + —maxz EAR

where we again used (A.52) and (A.40). Hence, we obtain by (A.42),

max |w’ —w'| < (L +2eL)t(1 4 (L + 2¢L)(t* + th)) max(|2'], |2" + tw'|)
S

2elt

+ (1 + (L 4 2€L)(t* + th)) maxZ|z]|

B

which gives (A.43) and (A.44). Estimates (A.45) and (A.46) hold similarly by considering the
sum over all particles instead of considering only the i-th particle. O

Proof of Lemma A.17. As before, write (zs, ws) = (x5 — ys, Vs — us) whose dynamics is given by
(A.40). Then, 2o = x —y and w} = 0 since the velocities of the i-th component are synchronized.

Define a’(t) = |z{|? and bi(t) = 2z} - wi. We set up an initial value problem of the two
deterministic processes a’(t) and b‘(t) and solve it to obtain the required bound for a’(t). By
(A.40), we have

Cal(t) = V() + 25 - (wfyy — i) — hef - (Vill () — Vil ) = B(0) + 5°()

d ) )
0 0 =~z (ViU(zy)) = ViU(y)) + ViU (z) = ViU (y7)
+ 2wy - wiy — hwp - (ViU (214)) = ViU (ypy)))
= =2l - (ViU(z)) = ViU (yp))) — 2 - (ViU (207) = ViU (ype1))
+ 2lwi|? = 26|27 + k(|2 > + 214 7)) + €' ()
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where €'(t) = &4 (t) + &4(t) + §(t) + €4 (¢) and

8'(t) = 2 - (2(w}, — wp) = M(ViU (z4) = ViU (ypa))))
e(t) = —(2f — 2}y)) - (ViU (z(4)) = ViU (1))

ey(t) = —(2f — 21) - (ViU (zq) — ViU (yr))

e5(t) = wp - (2w —wp) — M(ViU(x14)) — ViU (y4))))
ey(t) = k(212> = 12{y I* = |2t *)-

By (A.53) the derivative of b*(t) is bounded by

d; 0|2 el i N2 el % P i A
V() < —2x]2]) +nz(j2#|zm|) +712(JZ#|ZM|) + 2Jwi|? 4+ i(t) + 20

The previous estimate leads to an initial value problem of the form

Cai(t) = V) + (1), ai(0) = |24,
%bi(t) — _okdi(t) + B1() +£(1), b (0) = 0,
where
Bi(t) < ;—L(Z Ef ) (Z EA ) + 2Jwi]? + 2C. (A.56)
J#i JF#i

Note that when h = 0, £%(t) = 6*(t) = 0. By variation of parameters, a’(t) can be written as

a'(t) = cos(V2rk t)|25* + /Ot cos(V2k(t —1))8%(r)dr ( |
A57

sin(v2k(t — r)) (B (r) + ' (r))dr-

0 V2K

cos(V2k 8)(2k)%ds <

Taylor’s integral formula, i.e., cos(v2x t) = 1 — kt? + (1/6) [3(t — s)*
4 < (L 4 2€eL)*t* < kt? yield

1 — xt? + k?t* /6, and the fact that by (A.47) and (A.8) k?t* <
cos(V2kt) <1 — (5/6)rt>. (A.58)

Further, we get by (A.47) and (A.8)
rt? < (L +2eL)t* <1< 7%/2, and so t < (7/V2k). (A.59)

Therefore, sin(v/2k(t —r)) > 0 for all r € [0,¢]. Further,

sin(v2k(t —r)) < (t — 7). (A.60)

1
V25
Inserting (A.58) and (A.60) in (A.57) yields

@0 < (1= 5O+ [ 50+ [e-nsw+E@n (Ao
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For 3'(t), we note that by (A.56), (A.44) with w’ = 0 and (A.47),

. - 5 . 2lth N2 2eL A
i ) e J 3
16°(t)] < 2<(L + 2€L)t4|zo| + p— nslgic]g ‘|zs|> + (max E |22 ) +2C
25 = 9.9 12 2 L2 2eL j A
< (L + 2L + (25 = )(max§j|z ) +20. (A.62)

Note that by (A.8), (A.47) and since by assumption e[ < K/6,
eL(t? + th) < (1/10)(K + 4eL)(t* + th) < (1/10)(L 4 4eL)(t* + th) < 40 L. (A.63)

Hence, by (A.62) we obtain for the integral containing 3%(¢) in (A.61)

[e=nigmiar
0

< [ aeh i+ (257 4 2E) (o S e+ 2 ar
T j#

25 , - o i 25 eLt? ; po
< gt (L +2eL)? 5| +(12.4o 1) = (max§|z ) + O, (A.64)

where the last step follows by (A.63).
Next, we bound §°(t) and €*(¢). To bound &°(t) and €4(¢), we note that by (A.40) and (A.52),

[wiy — wil < ’/Ltj @wsds‘ < 5IViU(zy)) + Vil(zr) = (ViU (y(e)) + ViU (yr))]

2¢L
< h{(L+2¢eL — A
((—l—e) +nmaxZ\z)
where 2™ = max,<; |2|. Hence, by (A.52), (A.42) with w’ = 0 and (A.47),

[2(wy) = w}) = (ViU (@) = ViU (y10)))| < 3h((L + 2¢L)2;" 4 2L maXZ 23])
J#i

<3h( (L+26L)|ZO\+f—maXZ|23) (A.65)

Hence by (A.65) and (A.42) with w’ = 0, and then by (A.63) and (A.47),

26L(t +th)

4 5 .
@2}‘51(3)’§3h(1‘%’ m?xZ]z])( (L + 2¢L)|z |+f;max2\zﬂ>

25 ; 15 - ;1
<3h( 6(L+2 eL)|24)? + 46L\zélnr£13§(§z] +—mﬁx(2|zj) ) (A.66)
j#

gh(@+15 L) 012+h“max(2\zﬂ)2, (A.67)

16 J#i
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Note that Young’s product inequality is used in (A.66) to bound the cross term. Similarly, by

(A.65), (A.42) with w’ = 0, (A.44) with w® = 0 and (A.63),

' t 5) 5 2eLt
) - J
max |¢(s)| 5 < By ( (L +26D)t]z] + 7 manyz )
5 =~ i 5€I/ j
(@ 26Dz + 5 glggcz 124)
25 2, 25 L
<snl ( 1oL+ 2eL) |z + 4(L+26L)|zo\—max2\zj\
- g#

2 (L5211
T J#

75(L + 2¢L) i, 15 eL j|

Note that Young’s product inequality is used to bound the cross term in (A.68).

To bound €t (t), €5(t) and &%(t), we note that by (A.40) and (A.52),

7 7 t d 7 7 h
|20y — 7l = | /m Joeads| < Blufy ~ f<vz-U<xw> — ViU (ye)]

. h? .
< hwy™ + ?(L +2eL)z;" +

where w;”" = max,<; |w'|. Similarly,

i i S h2 FN %
21 — 2] < hwy™ + ?(L +2eL)zy" +

b

(A.68)

(A.69)

(A.70)

(A.71)

Hence, by applying (A.70), (A.71) and (A.52) in the first step, and (A.42) and (A.44) with
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w® = 0 in the second step,

t
na; 5 S h((L + 2eL)z" + — maxz | 27| )

max(|e} (s) + £4(s)|)
Q% h 0%
(ol b3+ L 1)
<on(® <L+2eL>\zO|+fmaXZIZJ)

. ((L+ 2€[~/)(t+ g)§|zo| + %§(t+ 5) Hslgiiz |zg|>

h 71225 o 25 ;
< ht(t—i— 5) ((L+2¢L) el + (L+2eL)eL|z0|max§ 120
25 (cL

vy 4 n2 g (Z]zj) )

25(e

ght(t+g)(§5(L+2EE)21z3|2+ <Z|z]> )
J#i
< hgg (L +2¢0)|20 % + h = 1?25 (; |zg|)2. (A.72)

Note that Young’s product inequality is used to bound the cross term in the third step and
(A.47) and (A.63) are used in the last step. For %(t), we obtain by (A.70) and (A.71),

max |} (s)]

o 5 < grmax|(z+2y) - (2 — 2jy) + <Zs +2fq) - (25 — 210

. . h .
< 2thkz™ (wi’* + E(L + 2L)z" + — maX Z |27 )

s<t
< 2th< (L+26L)\ZO|—I——maXZ|ZJ) (A.73)

2€L5<

(L + 2¢eL) (£ + f)fy 2+

) maxz EA )
< 2ht<t + ﬁ) ((L + 26i)2§1zi 1> + 25 (L + 2eL)eL|Z)| max — Z |27
= 2 1670 O

25 (e

Y 4 n2 s<t <Z|ZJ) )

<omt(t+ 0) (2L + 26Dl +

25(eL)?

ax (S 121))
J#i

25 s .5 in?
< hg (L +2¢L)2| +hwmax<2|zs|> (A.74)

where (A.73) follows by (A.42) with w’ = 0 and (A.44) with w® = 0 and since by (A.8) k <
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(L 4 2¢L). Note that Young’s product inequality is used to bound the cross term in the third
step.

Therefore, by (A.67), (A.69), (A.72) and (A.74),

| (@=nE@) i+ 5 ml)ar

(max(Je}(s) + eh(s)]) + max |eh(s)| + max €} (5)]) + tmax 5 (s)

IN

75 - 25 - 75 N
(L + 2¢L) L+2eL)+ “S(L+2¢eL) + —L + 15¢L ) |24]?
+2eL) + (L + 26L) + Lo (L4 2eL) + L+ 15¢ JEY

( .
t( _{_74_ —1-6) ngtx(Z|zg|)2
(51

+
>

JFi

LK) + ht&imax(z:w) (A.75)
J#i

= ht

where we used €L < K/6 in (A.75). We note that by (A.49), (A.8) and since by assumption
el < K/6,

525 235 Kt &t
— L+ —K) < —< — A.
h(64 +64 >_64_3 (A.76)
and
237 237 Kt 1
— _— ) A.
h 32 ~ 32 525L + 235K — 2t (A7)

Therefore, by (A.75), (A.76) and (A.77)

(=PI + 1560 )ar < (55 20l + 5 ma (L ). @

Inserting (A.64) and (A.78) in (A.61) and applying (A.47) yields,

48 96 n?

+t2<—| 212+ 2n2<max2|zj) )

742
al(t) < (1 - %mt2)|zé|2 + §ﬁt2|zé\2 + ( > + 1) cLt (r?gic; |z§|)2 + Ct?
VES

y (A.54), we obtain for z,y € R™ with |z° — ¢| > R,

< (1= (3 2 - )i+ (1 5+ 3) T (mae 1)
- J#

as required.
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A.6 Proofs of main results

A.6.1 Proof of main contraction result

For the proof of Theorem A.3, we write R' and r¢ for r’(z,y) = |2° — 3| and R'(x,y) =
1 Xi(z,y) — Yi(x,y)| for fixed z,y € R, Further, we write i = |¢(x,&) — ¢'(y,n)| for the
distance between the two positions at time s satisfying (A.5) where £, n) are the velocities coupled
using the construction given in Appendix A.2.3. Further, we denote z =x —y and w =§ — 7.

Proof of Theorem A.3. Note that (A.22), (A.24) and (A.48) imply
k> (1/2)K and L+4eL <L+ (2K/3) < (5/3)L. (A.79)

Hence, we obtain by (A.22)

- 1 K 1
L +4eL)(T + hy)? < min ( -, =, . A.80
(L o+ 4eL)(T + h)? < min (5 L+4el 256(L—|—46L)R2> (4.80)

Moreover, the following inequalities are satisfied,

T <1, (A.81)
(L +4eL)(T + h) < ~/4, (A.82)
vR < 1/4, (A.83)
exp(T~'(R; — R)) > 12. (A.84)

Inequalities (A.81) and (A.83) follow by (A.15), (A.82) follows by (A.15) and (A.80), and the
inequality (A.84) follows by (A.16).

We first prove a bound on E[f(R?) — f(r%)] for each particle i similarly to the strategy to
bound E[f(R) — f(r)] in [31, Proof of Theorem 2.4]. We split the calculation of this expectation
in two cases depending on the applied coupling.

Case 1: r* = |2 — y’| > R. In this case, the initial velocities of the i-th particles are
synchronized, i.e., w® = 0. By concavity of the function f, by Lemma A.17 and since
vVi—a<1l—a/2 forae]0,1), (A.85)
we obtain

E[f(R') = f(r')] < f'(+)E[R" — 1]

. 1 . . _T .
re AN o © 2\,.t 1(,.0 - J
Sf(r)( 8I€T )7‘ +f(r)v2eLnE{r%a%<er}. (A.86)
JFi
Case 2: 7" = |z — ¢’| < R. In this case, since the distance between the i-th particles
is smaller than R, the initial velocities of the i-th particles satisfy w’ = —vz® with maximal

possible probability and otherwise a reflection is applied. These disjoint possibilities motivate
splitting the expectation E[f(R') — f(r?)] as follows

E[f(R') — f(r')] = E[f(R") = f(r"), {w' = —2}]
+E[f(Ri AR = f(r'), {w' # —yz"}]
+E[f(R") — f(Ry ARY), {w" # —2"}] =T+ +IIL
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First, we bound the probability P[w® # —~v2'], which equals the total variation distance
between a standard normal distribution with zero mean and a normal distribution with mean
vz* and unit variance, cf. Lemma 4.4 of [29]. Note using the coupling characterization of the
TV distance, this representation shows that the coupling & — n' = —v2* holds with maximal
probability. By (A.83),

P[wi ] —’Yzi] _ Iz 1 (exp ( — 1x2) — exp ( — %(X - ’Y|Zi’)2>)+dx

—00 \/271' 2
V=i/2 1 1, -l/2 1 1
= . — x%)d —/ — — =x%)d
. exp( 2x ) X . 5 exp( 2x ) X
2" |/2 1 2 4|2 1
< \/ﬂ/ exp — 7x2)d Jon ‘2 | <10 (A.87)

Next, we bound I, II and IIl. For I, we note that on the set {w! = —yz'}, by (A.41) and
(A.82)

: 2¢L
R < (1 = AT)|2%| + (L + 2¢L)(T? + Th)|2| + — (T2+Th manysz
T g

VT) 2;L (T% 4 Th) maXZr]

Hence by concavity of f and by (A.87),

I< —f’(ri)%yTriIP’[wi = 2"+ f(rE {%L (T? +Th) Iglgzrj}
J#i
<2 4 ) 2 1 T e Y] (A.89)

J#
To bound II, note that by (A.17) for r,s < Ry,
f(s)—=f(r)= / e Tt = T(e*r/T - e*s/T) <Te T = Tf'(r).

r

Therefore, by (A.87)

<770 )Blut % =21 < T7 09 T2 < S (r), (4.89)
where we used the bound 1/v/27 < 2/5. For III, we get by concavity of f
T < f'(R)E[(R' — R1) ™, {w' # —z"}]. (A.90)

If w® # —~vz%, then w' = 2(e’ - £%)e’ with e’ = 2'/|2!| and hence |2 + Tw!| = |r® + 2T - £*|. This
computation and (A.42) yield
. - . . i i 2eL(T%+Th)
R" < (14 (L + 2eL)(T? 4 Th)) max(|r’ + 2T¢" - £, r") + 2LT"+Th) maerj
n

s<T
J#i
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Hence by (A.80) and since (5/4)r" — Ry < (5/4)R — Ry <0,
E[(R' — R1)" {w' # —2'7}]

772
< E[( max(|r’ 4 2Te" - €], r") + 2eL(T” + Th) m<ax2r3 R1> Aw' # —fyzi}}
=T
2
< E[(ZW +2Te" - &' — R1>+, {w" # —’yzi}} + E[M/(Tn—kTh) I;l<a%<2r7} (A.91)

J#

For the first term, where only the i-th particle is involved, we follow the calculations in the proof
of [31, Theorem 2.4],

E[(Z\ri +2Tet - ¢ — R1)+, {w' £ —fyzi}}
= [ G- ) (e (- U = exp (- )
U2 .

i) (o) (- 5

= /7; (%r +2Tu| — 1)+ exp( u;)du
T2

+ Z(( & +2Tu|le)+ (Z’F +2(u — )T - )Jr)\/%exp(u;)du
io 5 2 )

§/ﬂ (ZZVT’T)FeXp( ) < 4’)/T’I“Z. (A.92)
2

Hence by (A.84), (A.90), (A.91) and (A.92),

[265(1’2 +Th)

m<yf (Rl)(sfyTT +E max rﬁD

s<T 3%
eL(T? +Th)

< f'(r )(4587Tr ™ E[max réD (A.93)

s<T “—~
- JF

We combine the bounds on I, Il and TIT in (A.88), (A.89) and (A.93) respectively, to obtain for
r <R,
i i 27 i iy i
E[f(R) = ()] < =f' () 57T + f(r )5’7T7“ + ) g T
26L(T2 +Th) €eL(T?+Th)

+ f’(ri)( - + - )E{r&a%(ng}
— JF
LAl o 13eL(T% 4+ Th) ;
<L TS B3] (Ao

Next, we combine (A.86) and (A.94) and sum over i to obtain

E{Z(f(RZ) — f(r’))} < —min (;Tl(]’yT’ éKTQ) Zrif/(ri)

7 7

bmax (BT ETH) 57 ir)t 5 7R 3

6
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To bound the expectation in the last term of (A.95) we note that when w/ # —vz7, then
wl = 2(el - ¢9)el with e/ = 27/|27|, and hence by (A.83),

E| [0 1y < fyorfus ey
2 1\ 2
1{N<R}/ \2/’;7 exp (— ) —ex (- W))dx

:1{r1§R}< W r2lx|exp( X;)dx—/:; \/%Z\X—'yr”exp(—xz)dx)

’Y7J 2 2
<lgich / 2’X‘ exp — )dx + - ——=2yrlexp [ — — )dx
1 . . 5 .
< 1{,&3}?} ((’W’]) + ’}’T’j) < l{erR} (Zyrj + ’yrj) < Zyr]. (A.96)

Then we obtain by (A.45), by (A.80), and since by (A.81) for w’/ = —yz7, |27 + Tw!| < |27,

E[r&a%(j# rg,} < Z [;maxﬂzj + Tw|, |zj|)}
5 : :
< 1 [Z 27| + ZT’wa{rkR}m{wj#,Wj}}
j J
5)
=72 |+ TZE[|w 11 s < Ry e} ] < 1627“ (A.97)
j

where last step holds by (A.96) and (A.81). Hence inserting (A.97) in (A.95),

B[S ((R) ~ f6)] < —min (SioT o ST A0
Z (136L( (A.98)

+Th) \/;T)145 ZT‘J

/(0
+ ; f(r") max 5
Since by (A.82) kT? < T+ /4, the minimum in (A.98) is attained at $x72. Since (A.8), (A.80)
and (A.24) imply (A.63) with t = T, it holds (13/6)eL(T? + Th) < 13/6\/6E(T2 + Th)/40.
Hence, the maximum in (A.98) is attained at V2eLT. The minimum of “2 &) is attained at

i)
R; defined in (A.16),
() Ryexp(—Ry/T) 5/R 5R 5
W T ek 2 alr ) e () ee (- 5) (4.99)
and it holds by (A.16) that
S0 < 8 < e (1) £09) = exp (1) exp (5) ) (A.100)
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where we used that f(r/) > 77 f/(r7) and exp(—R;/T) < f'(r") < 1. Hence,

B[S () — f67)] < —w7?2 (£ +2)exp (~ 2 exp (— 2) Y 509

% i

+ @T% exp (g) exp (E)R) ; £

< —nT e (~ 20) 50,

where the last step holds by (A.24). O

A.6.2 Proofs of results from Section A.3.2

Proof of Corollary A.7. This proof works analogously to the proof of [31, Corollary 2.6] and
uses essentially [31, Lemma 6.1]. By Theorem A.3, the contractivity condition

Elp(X(z,9), Y(2,9))] < e “p(z,y) (A.101)

is satisfied for the coupling (X(z,y),Y(x,3)). Let v, be probability measures on R and
let w be an arbitrary coupling of v and 7. By [31, Lemma 6.1], there exists a Markov chain
(X, Ym)m>0 on a probability space (Q, A, P) such that (Xo, Yo) ~ w, (X.n), (Y.) are Markov
chains each having transition kernel m;, and initial distributions v and 7, respectively, and
M, = e p(X,n, YY) is a non-negative supermartingale. Then, for all m € N,

Wy(wm™ n™) < Blp(Xon, Yon)] < e Elp(Xo, Yo) = e [ pds

Since w is chosen arbitrary, we take the infimum over all couplings w € I'(v, ) and obtain (A.26).
The bound (A.27) follows by (A.20). The existence of a unique probability measure p;, on R
holds by (A.27) and by Banach fixed-point theorem, cf. [84, Theorem 3.9]. Since ppmp™ = pp
for all m, A(m) < ef'/Te=“mA(0). Hence, for a given € > 0, A(m) < € holds for (A.29) by
(A.16). O

Proof of Theorem A.8. This proof uses essentially standard numerical analysis techniques and
a priori estimates given in Lemma A.15. Fix z,£ € R, Denote by (x4, vs) = (gs(z, £), ps(,£))
the Hamiltonian dynamics driven by (A.1). Set x = ¢&, (z, &), X% := ., (z,€), vi = p, (z,€)
and Vi, := pi, (z,€). By (A.1) and (A.5), it holds

(k+1

i

" /k: (Vill(2r) = ViU (%) ) drdu

X1 = K| < Ik = %i) + hivi = i+ | [

i <i i i (kDR 1 - 1 -
Vo =Vl S Wh =+ | [ (G906 = Vi (@) + 5V () )dal.

h
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y (A.52) and (A.5),

S|Vl (er) = ViU )| < 3| Vill(er) = Vil ()| + D [ Vill (i) = ViU (%)

< Z /]:]; Vg - VViU(a:S)ds‘ + (L + 4eL) Z Ix§ — %5

<y / (L + deLyvids| + (L + deL) Z\xk— i |
1V Jkh
< ;(L +4el) (h(l—(),\vol + Z(L + 4eL)T\x0]) + [xg = %4),
where (A.39) and (L + 4eL)T? < (1/4) is used in the last step. Analogously,

Z ( — ViU(zy) + 1ViU(fck) + 1ViU(fckH))

%

~ P ~i 1 7 X
< S0+ e (g lebl + 2 (5 + 4eE)Tla)) + 5k — %+ Sk — %hpal)- (A102)

Then for any initial position = € R,

[Z|Xk+l Xk-&-l} 5(1+M) [Z’Xk_ }

+hE[Z\v§€—{rﬂ +%M1,

i

and '
[Z Vi1 = Vil ] < E[Z Vi — {’k” +h*M,

Wi( [Z|Xk+1 %al] +E[ D Ik — %)

with My == Eeon0,1,,)[20(L + 46L)(E’€Z‘ +2(L+ 4eL)T|x%|)]. Set ay := E[X; |x§ — %&|] and
by == E[>; |v}, — V}|]. The goal is to bound aj, from above using the discrete Gronwall lemma
[89, Proposition 3.2]. Note that this sequence (ay, by) with ag = by = 0 satisfies

(A.103)

ape1 < (14 (L + 4eL)h?/2)ay, + hby, + (h3 M1 /2)
brp+1 < by + h2M1 + ((L + 4el~/)h/2)(ak+1 + ak).

We deduce for by

(L + 4eL)h

5 ak+1 + (]C + 1)h2M1.

k
bep1 < (L +4eL)h > ap +
=1

Inserting this estimate in a4 yields

k—1
a1 < (14 (L + 4eL)h?)ag, + (kB* My + h*M1/2) + (L + 4eL)h* ) ay. (A.104)
=1

84



A.6. PROOFS OF MAIN RESULTS

Note that the sequence (ay) satisfying

k-1
g1 = (1+ (L + 4eL)h®)ay, + (k + (1/2))R° My + (L + 4eL)h* > @y (A.105)

=1

is an upper bound of the sequence (ay), i.e. ar < ai. Moreover, it holds a; < ax,1. Hence,

are1 < (14 (L + 4eL)kh®)ay, + (k +1/2)h3My < (1 + (L + 4eL)Th)ay, + Th* M.
Applying the discrete Gronwall lemma to ay yields for all & < (T'/h),
1

<ar < ——((1+ (L +4eL)hT)* = 1)ThM
ak_ak_(L+4€L)T((+( +4eL)hT) ) 1
PNy _

< exp((L —|—4€L)~T ) 1]\41 < hexp(1/4) - 1M1, (A.106)
(L +4eL) (L +4el)

where we applied (L + 4eL)T? > 1/4 in the last step. )
Hence, there exists a constant Cy depending on L, L, € and T such that for all £k € N with
kh < T and for any initial value z € R,

E[Y Ixi — %4l] < h-Co(dn+ 3 127))
and so (A.30) holds. Note that the term d'/?n comes from E[Y [¢7] since & ~ N(0, I,).
If we assume additionally Assumption A.5 and Assumption A.6, then we can instead of

(A.102) bound using (A.51) and the trapezoidal rule,

(k+1)h 1 1
’/k = Vil (zu) + 5 ViU (Xk) + iviU(ikJrl))du‘

(k+1)h 1 1
‘ / — ViU(zy) + =ViU(x) + *ViU(XkH))dU’
kh 2 2
h - 5 N
+ 3 Z(L +4el)(|xp — Xg| + [Xpp1 — Xgr1])
< PSL 4 el (o — 5 + [y — K ]) + sy L V@) (a0

The last term is bounded using (A.5), (A.51), Assumption A.5 and Assumption A.6 by

d? - , _ .
sup —=ViU(xy)| <Y (Lg + 8eLy) max [vi]? + (L + 4eL)? max | 2.
5 u€[kh,(k+1)h] du? ! Zl: s<T  ° ; s<T ' ®

Since we can bound Y, maxs<r [vi|? and Y, maxs<r |2%| by Lemma A.15 and Young’s product
inequality in terms of 3, |€%], 3, |€°%, 32;12%| and 3, |2|?, we can bound the last term in
(A.107) after taking expectation over £ ~ N(0, Ig,) by a constant h3 My where M is a constant
depending on L, L, Ly, Ly, €, d, n, 3, |2*| and 3, |z*|>. More precisely, the dependence of Mo
is linear in nd, 3", |zf| and 3, |xl|2 Replacing h2M; in (A.103) by h3Mj; leads to the fact that
ar in (A.106) is bounded from above by a1 < h2(exp(1/(4k)) -1)/(L+ 4eL) (Mo + My /(2T)).
Hence, there exists a constant Cy of order O(T~1) depending on L, L, €, Ly and Ly such that
for all k € N with kh < T and for any initial value z € R (A.31) holds, which concludes the
proof. O
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Proof of Theorem A.10. Let v be an arbitrary probability measure on R Recall that by
Corollary A.7, it holds Wy (upms™, vmp™) < exp((5/4)(2 + (R/T))) exp(—ecm)Wp (pn, v). By
(A.20) and Corollary A.7,

A(m) == W (p,vmp™) < Wa (s pn) + W (pn, vmp™) < T+10 where
5 R
I=oxp (5 (24 5 ) )Wl i)

II =exp (Z (2 + g) - cm)ng (n, V).

For m chosen as in (A.32), Il < €/2. To obtain I < /2, we use the results of Corollary A.9. Then
there exists hy such that for A < min(hy, he), I < /2 holds. In particular, we choose hy' =
2Co(dY?*n+ [ 3, |2*|pu(dx)) /(cé). Hence, for fixed L, L, ¢, K, R, T, hy* is of order O(¢71(d"/?n+
3 |28 u(dz))). If additionally Assumption A.5 and Assumption A.6 are assumed, then for

h < min(hy, hy) where hy! = (2Co(dn + [, |2 |p(dz) + [ 3 |2%2p(dz))/(cé)/?, T < &/2
holds. Note that fz;l is for fixed L, L, Ly, Ly, €, K, R, T of order O(¢~/2((nd)*/? +
(S Il da)) V2 + (] 3, o Pu(da) /2)).

Let us finally remark that 3 |2¢|u(dz) = [|o'|u(dz) and [Y; |2?|*u(dz) are finite. This
holds, since by Assumption A.3 and Assumption A.4 exp(—U(z)) can be bounded from above by
a density function of a Gaussian product measure which has finite first and second moments. [

A.6.3 Proofs of results from Section A.3.3

Proof of Theorem A.13. The proof follows [84, Proof of Theorem 3.17]. It holds for m,b € N by
(A.34),

For all g € C}(R™) with maxjeqy, 1 [Vigl| < o0,

n
’g(x) - g(y)| = Z |g(x17 "'7xlﬂyz+17 ""yn) - g('r17 ""xl_17y27 "'7yn)|
i=1
n
< max Va9 Z [zt .2ty ™y = (@t Ty ™))
i=1
n
=max|[[Vig] > |2* — .

=1

Then for all £ € N and for all couplings w € F(mrﬁ, 1),
(vm)(g9) — m(g)] < max ||Vlg|!/z 2" — y'jw(dady).
i=1
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Hence by the triangle inequality, by (A.28) and by (A.20),

‘EV [Am,bg] - M(g)’

1 b+m—1 N 1 b+m—1 N
<— > em)9) — w9l < — Y max|[VigleoWn (vm*, 1)
m m 4
k=b k=b
b+m—1
1 k
< > max [[VigllooWer (vmn”, pin) + max [[Viglloo Wi (s 12)
k=b
1 b+m—1
< — > max||VigllwMe Wi (v, up) + max || VigllooWer (1, 1)
m b 4 4
1 6_Cb
< —max || Viglloo M ———Wa (v, pa) + max [|VigllooWe (n, 1)
with M = exp(%(2 + %)) Applying Corollary A.9 yields the result. O

A.7 Appendix: Perturbation of the product model

If the confinement potential is a quadratic potential, i.e., V(x) = K/2|x|? for all x € R?
the mean-field model can be treated as a perturbation of the product model. Given z,y €

R we consider the synchronous coupling of four transition kernels 7, (z, -), 74(y, -), Wzmd(x, )

and WZTOd(y, -), where 7, (z,-) and 7,(y, ) denote the two transition kernels with a mean-field

interaction, i.e., € > 0, and Wﬁmd(a:, -) and Wﬁmd(% -) are transition kernels of the product model,

i.e., € = 0. Then the coupling HMC step is given by

X(.’L‘,y) = QT(-%'7€)7 Y(.’L‘,y) = QT(y7§)7
XProd(z,y) = qr(w,€), YUz, y) = 4r(y, €),

where & ~ N(0, I4,) and ¢r denotes the position component of the Hamiltonian dynamics given
by (A.5) for the product model.

Theorem A.18. Suppose that V(x) = (K/2)|x|? for all x € R? and Assumption A.4 hold. Let
T € (0,00), hy € [0,00) and € € (0,00) satisfy

(K +4€)(T* + Thy) < 1. (A.108)

Then for any h € [0, hy] such that h =0 or T/h € N and any x,y € R,

DX (2,y) = Y (z,y) — (X (2, y) — YU 2, y))| < 8eL(T? +Th) Y _|2* —y].
i=1 i=1

Proof. Fix x,y,v € RL For t € [0,T], we write 2} = ¢i(z,v) and 3 = ¢i(y,v) for the i-th
position component of the solution to (A.5) with initial values (z,v) and (y,v), respectively,
and with potential U(z) = 31 | ((K/2)|z"| + en™? > i=1j2i W(x' —27)). Analogously, we write
2 = ¢(x,v) and 9! = §i(y,v) for the i-th position component, of the solution to (A5) with
initial values (z,v) and (y,v), respectively, and with potential U(z) = >°1"; (K/2)|z"|. We set
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Zi=al—yland 2l =3 — gl foralli=1,...,n and t € [0,T]. By (A.5) and Assumption A.4 it
holds for ¢ € [0, T,

maxZ]Z —
=1
1 ) ) .
- me [ (= 390 @) = Vi) + Vi aha) - VU (h)
(V U@w) Vi ﬁ(?fw) + Vzﬁ(fi(u}) - Viﬁ@i(u})))dUdT

h i A (i e
3/, (V Ul(zxl,)) = ViU(yl,)) — (ViU (3], — viU(yLuJ)))du‘

LR i g ) S
< E(t +th) rglgic; |ze — 2| + 2eL(t” + th) Iglgi(; |z2]. (A.109)

vy (A.108) and (A.45),

maxZ]z — 21 < 4eL(t? + th) maXZ|zl| < 8eL(t? + th) Z\x
- =1 =1

Thus, the result holds for t =T ]

We note that the step (A.109) uses crucially that the third derivative of V' vanishes.

As some calculations simplify in the product case with quadratic confinement potential,
(A.50) in Lemma A.17 holds for all i = 1,...,n provided K(t*> 4+ th) < 1/4 and h < (4/165)t is
satisfied. Hence by (A.85),

n n
3K (2, y) — YOz ) < (1 - (1/8)KTA) Y |2 — o]
= i=1

for K(T? +Th) < 1/4 and h < (4/165)T. Combining the contraction result for the product
model with the perturbation result yields the following consequence.

Corollary A.19. Suppose that V(x) = (K/2)|x|? for all x € R? and Assumption A.4 hold. Let
T € (0,00), hy € (0,00) and € € (0,00) satisfy

K(T?+Thy) <1/4,  h < (4/165)T, and
eL < K/256. (A.110)

Then, for any h € [0, h1] such that h =0 or T/h € N and for any z,y € R™

S [Xi(e,y) — Yi(og)| < (1 KT2/16)S [ — o
3 =1

and for any two probability measures v and n on R™ and any m € N,
Wa (v, gt < e KT8 (v, ).
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Proof. The result is a direct consequence of the contraction result and Theorem A.18; i.e.,

n n
DX (@ y) = Yiz,y)| < Y0 IX @, y) — YOz, y)|
i= i=1

+ Z |Xz(xa y) - Yz(xa y) - (Xi,pTOd(xa y) - Yi7pr0d(l’v y))’

n n
< (1 - KT?/8) Z|$z vl + 86L(T2+Th)2|$i*yi|
i=1 i=1

n
(1-KT?/16)> |z' —
i=1

where the last step follows by (A.110). The second bound in Corollary A.19 holds in the same
line as the proof of Corollary A.7. O

89






Appendix B

Sticky nonlinear SDEs and
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differential equations in the sense of McKean, as well as propagation of chaos for the correspond-
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tween two solutions to the equation. We show that the distance process between the two copies
is dominated by a solution to a one-dimensional nonlinear stochastic differential equation with
a sticky boundary at zero. This new class of equations is then analyzed carefully. In particular,
we show that the dominating equation has a phase transition. In the regime where the Dirac
measure at zero is the only invariant probability measure, we prove exponential convergence to
equilibrium both for the one-dimensional equation, and for the original nonlinear SDE. Simi-
larly, propagation of chaos is shown by a componentwise sticky coupling and comparison with a
system of one dimensional nonlinear SDEs with sticky boundaries at zero. The approach applies
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APPENDIX B. STICKY NONLINEAR SDES AND CONVERGENCE OF
MCKEAN-VLASOV EQUATIONS

B.1 Introduction

The main objective of this paper is to study and quantify convergence to equilibrium for McKean-
Vlasov type nonlinear stochastic differential equations of the form

dX; = [/Rd b(X; — x)dut(w)} dt + dB; , fir = Law(X;) , (B.1)

where (B;);>0 is a d-dimensional standard Brownian motion and b : RY — R? is a Lipschitz
continuous function. This nonlinear SDE is the probabilistic counterpart of the Fokker-Planck
equation

0

=V (1/2)Vus = (b w)u] (B.2)
which describes the time evolution of the density wu; of ji; with respect to the Lebesgue measure
on R?. Moreover, we also study uniform in time propagation of chaos for the approximating
mean-field interacting particle systems

N
4 1 . . .
dxpN = = SooxpN — x)N)dt +dB; ie{l,....,N}, (B.3)
j=1
with i.i.d. initial values Xé’N, .. .,Xév ’N, and driven by independent d-dimensional Brownian

motions {(BY)i>0},. Our results are based on a new probabilistic approach relying on sticky
couplings and comparison with solutions to a class of nonlinear stochastic differential equations
on the real interval [0,00) with a sticky boundary at 0. The study of this type of equations
carried out below might also be of independent interest.

The equations (B.1) and (B.2) have been studied in many works. Often a slightly different
setup is considered, where the interaction b is assumed to be of gradient type, i.e., b = —VW for
an interaction potential function W : R? — R, and an additional confinement potential function
V : R? — R satisfying lim, o V(2) = oo is included in the equations. The corresponding
Fokker-Planck equation

%ut = V- [(1/2)Vut +(VV + VIV ut)ut} , (B.4)
occurs for example in the modelling of granular media, see [190, 13] and the references therein.
Existence and uniqueness of solutions to (B.1), (B.2) and (B.4) have been studied intensively.
Introductions to this topic can be found for example in [95, 143, 146, 187], while recent results
have been established in [150, 106]. Under appropriate conditions, it can be shown that the
solutions converge to a unique stationary distribution at some given rate, see e.g. [42, 43, 25, 86,
75, 98]. In the case without confinement considered here, convergence to equilibrium of (fit)+>0
defined by (B.1) can only be expected for centered solutions, or after recentering around the
center of mass of ;. It has first been analyzed in [42, 43] by an analytic approach and under
the assumption that b = —VW for a convex function W. In particular, exponential convergence
to equilibrium has been established under the strong convexity assumption Hess(WW) > pld
for some p > 0, and polynomial convergence in the case where W is only degenerately strictly
convex. Similar results and some extensions have been derived in [138, 44] using a probabilistic
approach.
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Our first contribution aims at complementing these results, and extending them to non-
convex interaction potentials and interaction functions that are not of gradient type. More
precisely, suppose that

b(x) = —Lx + v(x) , zeR?, (B.5)

where L € (0,00) is a positive real constant, and v : R — R? is a bounded function. Then
we give conditions on v ensuring exponential convergence of centered solutions to (B.1) to a
unique stationary distribution in the standard L! Wasserstein metric. More generally, we show
in Theorem B.1 that under these conditions there exist constants M,c € (0,00) that depend
only on L and + such that if (ji;);>0 and (4)¢>0 are the marginal distributions of two solutions
of (B.1), then for all ¢ > 0,

Wi (i, ) < Me™ Wi (fio, o) -

Using a coupling approach, related results have been derived in the previous works [86, 75]
for the case where an additional confinement term is included in the equations. However, the
arguments in these works rely on treating the equation with confinement and interaction term as
a perturbation of the corresponding equation without interaction term, which has good ergodic
properties. In the unconfined case this approach does not work, since the equation without
interaction is transient and hence does not admit an invariant probability measure. Therefore,
we have to develop a new approach for analyzing the equation without confinement.

Our approach is based on sticky couplings, an idea first developed in [87] to control the total
variation distance between the marginal distributions of two non degenerate diffusion processes
with identical noise but different drift coefficients. Since two solutions of (B.1) differ only in
their drifts, we can indeed couple them using a sticky coupling in the sense of [87]. It can then be
shown that the coupling distance process can be controlled by the solution (7¢):>0 of a nonlinear
SDE on [0, 00) with a sticky boundary at 0 of the form

dry = [b(’l”t) + aIP’(rt > 0)]dt + 21[(0700) (Tt)th , (BG)

Here b is a real-valued function on [0,00) satisfying b(0) = 0, a is a positive constant, and
(Wi)e>0 is a one-dimensional standard Brownian motion. Solutions to SDEs with diffusion
coefficient r +— 1(g0)(r), as in (B.6), have a sticky boundary at 0, i.e., if the drift at 0 is
strictly positive, then the set of all time points ¢ € [0,00) such that 7, = 0 is a fractal set
with strictly positive Lebesgue measure that does not contain any open interval. Sticky SDEs
have attracted wide interest, starting from [92, 93] in the one-dimensional case. Multivariate
extensions have been considered in [115, 196, 197] building upon results obtained in [142, 183,
184], while corresponding martingale problems have been investigated in [186]. Note that in
general no strong solution for this class of SDEs exists as illustrated in [57]. We refer to [90, 12]
and the references therein for recent contributions on this topic. Note, however, that in contrast
to standard sticky SDEs, the equation (B.6) is nonlinear in the sense of McKean. We are not
aware of previous studies of such nonlinear sticky equations, which seems to be a very interesting
topic on its own.

Intuitively, one would expect that as time evolves, more mass gets stuck at 0, i.e., P(r, > 0)
decreases. As a consequence, the drift at 0 in Equation (B.6) decreases, which again forces even
more mass to get stuck at 0. Therefore, one could hope that P(r, = 0) converges to 1 as t — oo.
On the other hand, if a is too large then the drift at 0 might be too strong so that not all of
the mass gets stuck at 0 eventually. This indicates that there might be a phase transition for
the nonlinear sticky SDE depending on the size of the constant a compared to b. In Section
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B.3, we prove rigorously that this intuition is correct. Under appropriate conditions on b, we
show at first that existence and uniqueness in law holds for solutions of (B.6). Then we prove
that for a sufficiently small, the Dirac measure at 0 is the unique invariant probability measure,
and geometric ergodicity holds. As a consequence, under corresponding assumptions, the sticky
coupling approach yields exponential convergence to equilibrium for the original nonlinear SDE
(B.1). On the other hand, we prove the existence of multiple invariant probability measures for
(B.6) if the smallness condition on a is not satisfied. Our results for (B.1) can also be adapted
to deal with nonlinear SDEs over the torus T = R/(27Z), as considered in [64]. As an example,
we discuss the application to the Kuramoto model for which a more explicit analysis is available
[3, 14, 15, 41].

Finally, in addition to studying the long-time behaviour of the nonlinear SDE (B.1), we are
also interested in establishing propagation of chaos for the mean-field particle system approx-
imation (B.3). The propagation of chaos phenomenon first introduced by Kac [120] describes
the convergence of the empirical measure of the mean-field particle system (B.3) to the solution
(B.1). More precisely, in [187, 146] it has been shown under weak assumptions on W that for
i.i.d. initial laws, the random variables XZ’N, i € {1,...,N}, become asymptotically indepen-
dent as N — oo, and the common law u}’ of each of these random variables converges to jis.
However, the original results are only valid uniformly over a finite time horizon. Quantifying the
convergence uniformly for all times ¢ € R, is an important issue. The case with a confinement
potential has been studied for example in [75], see also the references therein. Again, the case
when there is only interaction is more difficult. Malrieu [138] seems the first to consider the case
without confinement. By applying a synchronous coupling, he proved uniform in time propaga-
tion of chaos for strongly convex interaction potentials. Later on, assuming that the interaction
potential is loosing strict convexity only in a finite number of points (e.g., W (z) = |z|?), Cat-
tiaux, Guillin and Malrieu [44] have shown uniform in time propagation of chaos with a rate
getting worse with the degeneracy in convexity. In a very recent work, Delarue and Tse [63]
prove uniform in time weak propagation of chaos (i.e., observable by observable) on the torus
via Lions derivative methods. Remarkably, their results are not limited to the unique invariant
measure case.

Our contribution is in the same vein using probabilistic tools in place of analytic ones. We

endow the space RN¢ consisting of N particle configurations =z = (:U’)Z]\Ll with the semi-metric
I' o7, where

1 N
1 -

is a normalized {!-distance between configurations z,y € RN? and

m(z,y) = ((xz - %Zj\le a:j>j71 ) <y7’ - %Z;\le yj>N1> ; (B.8)

z' —y (B.7)

1=

is a projection from RN? x RN to the subspace Hy x Hy, where
N .
Hy = {xERNd:Zizlxzzo}. (B.9)

Let W, denote the L' Wasserstein semimetric on probability measures on RV corresponding
to the cost function ' o 7. Then under assumptions stated below, we prove uniform in time
propagation of chaos for the mean-field particle system in the following sense: Suppose that
(xt N, XtN’N)tZO is a solution of (B.3) such that Xé’N, e ,X(]]V’N are i.i.d. with distribution
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fip having finite second moment. Let v}¥ denote the joint law of the random variables Xf’N,
i€{l,...N}, and let ji; denote the law of the solution of (B.1) with initial law ji9. Then there
exists a constant C' € [0, 00) such that for any N € N,

sup Wior (22N, V) < CN7YV2 (B.10)
t>0

The proof is based on a componentwise sticky coupling, and a comparison of the coupling
difference process with a system of one-dimensional sticky nonlinear SDEs.

The paper is organised as follows. In Appendix B.2, we state our main results regarding
the long-time behaviour of (B.1). The main results on one-dimensional nonlinear SDEs with a
sticky boundary at zero are stated in Section B.3. Sections B.4 and B.5 contain the corresponding
results on uniform (in time) propagation of chaos and mean-field systems of sticky SDEs. All
the proofs are given in Appendix B.6. In Appendix B.7, we carry the results over to nonlinear
sticky SDEs over T and consider the application to the Kuramoto model.

Notation The Euclidean norm on R? is denoted by | -|. For 2 € R, we write 2, = max(0, z).
For some space X, which here is either R?, RV or R, we denote its Borel o-algebra by B(X).
The space of all probability measures on (X, B(X)) is denoted by P(X). Let pu,v € P(X). A
coupling £ of p and v is a probability measure on (X x X, B(X) ® B(X)) with marginals p and
v. T'(u,v) denotes the set of all couplings of u and v. The L! Wasserstein distance with respect
to a distance function d : X x X — R is defined by

Wd(u» V) = inf d(l‘, y)ﬁ(dzdy) :
£€F(M,V) XxX

We write W if the underlying distance function is the Euclidean distance.

We denote by C(R, X) the set of continuous functions from R to X, and by C?(R,X) the
set of twice continuously differentiable functions.

Consider a probability space (€2,.4, P) and a measurable function r : @ — C(Ry,X). Then
P = P or~! denotes the law on C(R4,X), and P, = P or;~! the marginal law on X at time t.

B.2 Long-time behaviour of McKean-Vlasov diffusions

We establish our results regarding (B.1) and (B.3) under the following assumption on b.

Assumption B.1. The function b : R* — R? is Lipschitz continuous and anti-symmetric, i.e.,
b(z) = —b(—=2), and there exist L € (0,00), a function v : R — R? and a Lipschitz continuous
function k : [0,00) — R such that

b(z) = —Lz+~(2) for all z € RY (B.11)

and the following conditions are satisfied for all x,%,y € R%:

(€ —y,v(x = F) =y — 2)) < K(lz —yl)|z —yl?, (B.12)
and
limsup(k(r) — L) < 0. (B.13)
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Let b(r) = (k(r) — L)r. If (B.13) holds, then there exist Ry, Ry > 0 such that for

b(r) <0, for any r > Ry , (B.14)
b(r)/r < —4/[R1(Ry — Ry)] , for any r > Ry . (B.15)

In addition, we assume

Assumption B.2.

oo < (4 [ e (5 [ br)sar)as) ™

We consider the following condition on the initial distribution.

Assumption B.3. The initial distribution pg satisfies [ga |||* po(dz) < +oo and
e @ 0(dz) = 0.

Note that under conditions Assumption B.1 and Assumption B.3, unique strong solutions
(X1)iz0 and ({X}VIN )50 exist for (B.1) and (B.3), see e.g. [44, Theorem 2.6]. In addition,
note that since b is assumed to be anti-symmetric, by an easy localisation argument, we get
that dE[X,]/dt = E[b* us(X;)] = 0 and dE[N~1 SN, X}"N]/dt = 0. Thus, if Xo and {X;V}V,
have distribution pg and ,u%gN , respectively, with g satisfying Assumption B.3, then it holds
E[X,] =0and E[N"' SN, XN = 0 for all ¢ > 0.

Suppose f : Ry — R4 is an increasing, concave function vanishing at zero. Then d(z,y) =
f(Jz — y|) defines a distance. The corresponding L' Wasserstein distance is denoted by We.
Note that in the case f(t) =t for any t > 0, Wy is simply W;.

Theorem B.1 (Contraction for nonlinear SDE). Assume Assumption B.1. Let jg, vy be prob-
ability measures on (Rd B(Rd)_) satisfying Assumption B.3. For anyt >0, let jiy and vy denote

the laws of Xy and Y; where ( Xs)s>0 and (Ys)s>o are solutions of (B.1) with initial distribution
o and vy, respectively. Then, for all t > 0,

Wi (jie, ) < e Wy (fio, ) and Wi (jie, vt) < Mye W (jio, o) (B.16)

where the function f is defined by (B.37) and the constants ¢ and My are given by

Ry
¢l —2/ / exp / b(u du drds , (B.17)

Ry _
My —2exp(2/0

b(s )+ds) . (B.18)
Proof. The proof is postponed to Appendix B.6.2. O

The construction and definition of the underlying distance function f(|z — y|) mentioned in
Theorem B.1 is based on the one introduced by [83].

To prove Theorem B.1 we use a coupling (Xt, Yt)t>0 of two copies of solutions to the nonlinear
stochastic differential equation (B.1) with different initial conditions. The coupling (X¢, Y;)i>0
will be defined as the weak limit of a family of couplings (X7, Y;®);>0, parametrized by ¢ > 0.
Roughly, this family is mixture of synchronous and reflection couplings and can be described
as follows. For § > 0, (X?,Y?)i>0 behaves like a reflection coupling if | X — Y;?| > 4, and like
a synchronous coupling if |X? — Y| = 0. For |X) — Y| € (0,0) we take an interpolation of
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synchronous and reflection coupling. We argue that the family of couplings {(X?,Y;®);>0 : 6 > 0}
is tight and that a subsequence {(X2",Y?");>0 : n € N} converges to a limit (X;,Y;)s>0. This
limit is a coupling which we call the sticky coupling associated to (B.1).

To carry out the construction rigorously, we take two Lipschitz continuous functions rc
R4 — [0,1] for § > 0 such that

0 qno

,sc

rc®(0) =0, rc®(r) =1 for r > & ,rc®(r) > 0 for r > 0 and rc®(r)% +sc?(r)2 =1 for r > 0.
(B.19)
Further, we assume that there exists ey > 0 such that for any 6 < €, rc® satisfies

A(r) > H7||Lipr for any r € (0,4) , (B.20)
2[00

where ||7||rip < 0o denotes the Lipschitz norm of 4. This assumption is satisfied for example if

rcd () = sin((7/26)r)1 7,<5 + 1,>5 and sc®(r) = cos((7/20)r) 1«5 with § < eg = 2||V]loo/ V|| Lip-
Let (B})i>0 and (B?):>0 be two d-dimensional Brownian motions. We define the coupling
(Xt , Yt )t>0 as a process in R?¢ satisfying the following nonlinear stochastic differential equation

dX? = b gd(X?)dt 4 v (7)dB} + sc®(70)dB? | i = Law(X?) , (B.21)
AY? = b 2 (Y2)dt + rc® (7)) (1d =28 (€9)T)dB} +s¢® (7)dB2 | 70 = Law(Y;) '

with initial condition (X§,Y) = (w0, yo). Here we set Z) = X) — Y2, i = |Z}| and &) = Z) i)

if 70 # 0. For 70 = 0, & is some arbitrary unit vector, whose exact ch01ce is irrelevant since
0

rc?(0) = 0.

Theorem B.2. Assume Assumption B.1. Let jig and g be probability measures on (R, B(R?))
satisfying Assumption B.3. Then, (X;, Yt)t>0 is a subsequential limit in distribution as § — 0 of
{(X?,Y )0 : 6 >0} where (Xt)tz() and (Y;)i>0 are solutions of (B.1) with initial distribution
fo and vy. Further, there exists a process (r¢)i>0 defined on the same probability space as
(Xt, Yi)is0 satisfying for any t > 0, | X; — Yi| < ry almost surely and which is a weak solution of

dr; = (E(Tt) + 2”’}’”00}?(7“1} > 0))dt + 21[(0700) (T‘t)th , (B22)
where (Wt)tzo is a one-dimensional Brownian motion.
Proof. The proof is postponed to Appendix B.6.2. O

Therefore, next we study sticky nonlinear SDEs given by (B.6).

B.3 Nonlinear SDEs with sticky boundaries

Consider nonlinear SDEs with a sticky boundary at 0 of the form
d?"t = (i)(’l"t) + Pt(g))dt + 2]]_(0700) (T‘t)th s Pt = Law(rt) 5 (B23)

where b : [0,00) — R is some continuous function and P;(g j]R r)Pi(dr) for some measur-
able function g : [0,00) — R.

In this section we establish existence, uniqueness in law and comparison results for solutions
of (B.6). Consider a filtered probability space (£2,.A, (Ft)i>0, P) and a probability measure pu
on Ri. We call an (F;);>0 adapted process (r¢, Wi)i>0 a weak solution of (B.23) with initial
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distribution g if the following holds: p = P oy ! the process (Wi)e>0 is a one-dimensional
(Ft)t>0 Brownian motion w.r.t. P, the process (r:);>0 is non-negative and continuous, and
satisfies almost-surely

t t
re— o = /0 (5(rs) + Pa(9))ds +/0 2 Lo (re)dWs,  forteR, .

Note that the sticky nonlinear SDE given in (B.6) is a special case of (B.23) with g(r) =
al(g,00)(r) since P(r; > 0) = fR+ 1(0,00) (¥) Pr(dy) with P, = P o r;l.

B.3.1 Existence, uniqueness in law, and a comparison result

Let W = C(R4,R) be the space of continuous functions endowed with the topology of uniform
convergence on compact sets, and let B(W) be the corresponding Borel o-algebra. Suppose
(r¢, Wi)i>0 is a solution of (B.23) on (Q, 4, P), then we denote by P = P o r~! its law on
(W, B(W)). We say that uniqueness in law holds for (B.23) if for any two solutions (r});>o and
(r2)>0 of (B.23) with the same initial law, the distributions of (r}):>0 and (r?)¢>0 on (W, B(W))
are equal.

We impose the following assumptions on b, g and the initial condition W

Assumption B.4. b is a Lipschitz continuous function with Lipschitz constant L and B(O) =0.
Assumption B.5. g is a left-continuous, non-negative, non-decreasing and bounded function.
Assumption B.6. There exists p > 2 such that the p-th order moment of the law u is finite.

Note that for (B.6), the condition Assumption B.5 is satisfied if a is a positive constant. It
follows from Assumption B.4 and Assumption B.5 that there is a constant C' < oo such that for
all » € Ry, the following linear growth condition holds,

b(r)+ sup p(g) < CA+]r]) . (B.24)
pEP(R4)

In order to get a solution to (B.23) on R, we extend the function b to R by setting b(r) = 0 for
r < 0. Note that any solution (7);>¢ with initial distribution supported on Ry satisfies almost

surely r; > 0 for all £ > 0. This follows from Ito-Tanaka formula applied to F'(r) = 1(_ o) (7)7,
cf. [172, Chapter 6, Theorem 1.1]. Indeed

t 1
10,0y (re)Tt = /0 10,0y (rs)drs — 56?(7‘)
t ~ t 1
= /0 IL(foo,()) (Ts)(b(rs) + Ps(g))ds + A IL(700,0)21(0,00) (Ts)dWs - §£g(r)

t
= /0 IL(—<>o,0)Ps(g)dS >0,

where £{(r) is the local time at 0, which vanishes, since d[r]s = 1o o) (rs)ds.

Existence and uniqueness in law of (B.23) is a direct consequence of a stronger result that
we now introduce. To study existence and uniqueness and to compare two solutions of (B.23)
with different drifts, we establish existence of a synchronous coupling of two copies of (B.23),

th = (b(T‘t) + Pt(g))dt + 21(0’00) (Tt)th y

. R (B.25)
dsy = (b(st) + Pr(h))dt + 21 (g o0) (5:)dWy Law(rg, s0) =1,

where P, = P o rt_l, P,=Po st_l, (Wi)e>0 is a Brownian motion and where n € I'(u,v) for
MV € P(R"r)
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Theorem B.3. Suppose that (b, g) and (3, h) satisfy Assumption B.4 and Assumption B.5. Let
n € I'(u,v) where the probability measures p and v on Ry satisfy Assumption B.6. Then there
exists a weak solution (14, st)i>0 of the sticky stochastic differential equation (B.25) with initial
distribution n defined on a probability space (2, A, P) with values in (W x W, B(W) @ B(W)). If
additionally,

~

b(r) r) and g(r) < h(r) for any r € Ry, and

<
P[T’[) §

50] = 1,
then Plry < s; for allt > 0] = 1.

Proof. The proof is postponed to Appendix B.6.3. O

Remark B.4. We note that by the comparison result we can deduce uniqueness in law for the
solution of (B.23).

B.3.2 Invariant measures and phase transition

Under the following conditions on the drift function b we exhibit a phase transition phenomenon
for the model (B.6).

Theorem B.5. Suppose Assumption B.4 holds and limsup,_,._(r~—'b(r)) < 0. Then, the Dirac
measure at 0, &y, is an invariant probability measure for (B.6). If there exists p € (0,1) solving

(2/a) = (1 —p)I(a,p) (B.26)
with
I(a,p) = /OOO exp (%apa: + % /OI l;(r)dr)dzn , (B.27)

then the probability measure © on [0,00) given by

1,2 1 1 /7.
(dz) E(@&)(dx) +exp (gapr + /0 B(r)dr ) A(p.0) () (B.28)
is another invariant probability measure for (B.6).

Proof. The proof is postponed to Appendix B.6.3. O

In our next result we specify a necessary and sufficient condition for the existence of a solution

of (B.26).

Proposition B.6. Suppose that b(r) in (B.6) is of the form b(r) = —Lr with constant a L > 0.
If a/ﬁ > 2/\/7, then there exists a unique p solving (B.27). In particular, the Dirac measure
do and the measure m given in (B.28) with p are invariant measures for (B.6). On the other

hand, if a/VL < 2/\/7, then there exists no p solving (B.27).

Proof. The proof is postponed to Appendix B.6.3. O
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B.3.3 Convergence for sticky nonlinear SDEs

Under Assumption B.4 and the following additional assumption we establish geometric con-
vergence in Wasserstein distance for the marginal law of the solution 7; of (B.6) to the Dirac
measure at O:

Assumption B.7. [t holds limsup,_, o (r~'b(r)) < 0 and a < (2 fOR1 exp (& [ b(u)+du)ds) ™!
with Ry, R1 defined by

Ro=inf{s € Ry : b(r) <0 Vr>s} and (B.29)
Ry =inf{s > Ry : —;(s — Ro)b(r) > 4 Vr > s} . (B.30)

Theorem B.7. Suppose Assumption B.4 and Assumption B.7 holds. Then, the Dirac measure
at 0, do, is the unique invariant probability measure of (B.6). Moreover if (rs)s>0 is a solution
of (B.6) with o distributed with respect to an arbitrary probability measure p on (R4, B(Ry)),
it holds for all t > 0,

Elf(ro)] < e “E[f(ro)] , (B.31)

where f and c are given by (B.37) and (B.36) with a and b given in (B.6) and Ry and Ry given
in (B.29) and (B.30).

Proof. The proof is postponed to Appendix B.6.3. O

B.4 Uniform in time propagation of chaos

To prove uniform in time propagation of chaos, we consider the L' Wasserstein distance with
respect to the cost function fy om: RN x RV? 5 R, with 7 given in (B.8), and fy given by

xz_yz

N
Pl 6 = 3 30

). (B.32)

with f : R4 — R, defined in (B.37). This distance is denoted by Wy . Note that fn is
equivalent to [ defined in (B.7).

We note that since 7 defines a projection from RN? to the hyperplane Hy € RV? given in
(B.9), for fi and © on Hy, Wy n(f1, 7) coincides with the Wasserstein distance given by

Win(ino) = nf [ fy(wy)é(dady) (.33)
£el(P) JHy xHy

and Wy, (1, 0) = W (i, ?), where fy and I! are given in (B.32) and (B.7), respectively, and

where W1 (1, D) is defined as in (B.33) with respect to the distance .

Theorem B.8 (Uniform in time propagation of chaos). Let N € N and assume Assumption B.1.
Let jig and vo be probability measures on (Rd,‘B(Rd)) satisfying Assumption B.3. For t >
0, denote by ji; and v the law of X; and {X]" YN, where (X,)ss0 and {XEVIN g0 are
solutions of (B.1) and (B.3), respectively, with initial distributions po and V(?N. Then for all
t>0,

Wien (™, vy < e Wy n (g N, vfN) + Ce I N2

Wlloﬂ'(:ai@]\fa Vg\/) < Mle_étwlloﬂ'(ﬂf)@]v’ V(?N) + ]\41616_1]\7_1/2 )
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where f is defined by (B.37), My by (B.18), & by (B.17) and C is a finite constant depending on
17loos L and the second moment of py and given in (B.77).

Proof. The proof is postponed to Appendix B.6.4. O

Remark B.9. Denote by pN and v the distribution of {X;V}Y, and {V;""}¥ | where the
two processes ({XZ NN s and ({YEVIY ) s>0 are solutions of (B.3) with initial probability
distributions Mo ,VO € P(RN d), mspec‘clvely7 with finite forth moment. An easy inspection and
adaptation of the proof of Theorem B.8 show that if Assumption B.1 holds, then

Wf (:ut y Vi )<e Cth, ( g V(()gN)a Wllow(:ut y Vi )<2Mle CWllow( ®N (()gN)v

7

where f, ¢ and M; are defined as in Theorem B.8.

B.5 System of N sticky SDEs

Consider a systerm of N one-dimensional SDEs with sticky boundaries at 0 given by
drf = (b(r}) + Zg ))dt+ 2100y (F)AWS , i=1,.., N, (B.34)

The results on existence, uniqueness and the comparison theorem for solutions of sticky nonlinear
SDEs mostly carry directly over to a solution of (B.34) and are applied to prove propagation of
chaos in Theorem B.8.

Let 4 be a probability distribution on Ry. For N € N, ({rf, W/} ,);>¢ is a weak solution
on the filtered probability space (2, A, (F;)i>0, P) of (B.34) with initial distribution p®V if
the following hold: u®Y = Po ({ro}¥;)~t, ({Wi}X,)i>0 is a N-dimensional (F;);>o Brownian
motion w.r.t. P, the process (ri):>o is non-negative, continuous and satisfies almost surely for
any i € {1,...,N} and t € Ry,

o t,_ 1 XN . t . )
b= [ (D + 5 X oD)ds + [ 210w
7j=1

To show existence and uniqueness in law of a weak solution ({rf, W/} ,);>, we suppose
Assumption B.4 and Assumption B.5 for b and g.

It follows that there exists a constant C' < oo such that for all {r}¥, € RY, it holds

N b))+ |g(r))] < C(1+ X, |r*]), and a possible solution <{7’t}z:1)t20 is non—explosive. If

the initial distribution is supported on Rf , then in the same line as for the nonlinear SDE in
Appendix B.3.1, the solution ({ri}X,);>¢ satisfies i > 0 almost surely for any i = 1,..., N and
t > 0 by Assumption B.4 and Assumption B.5.

Existence and uniqueness in law of (B.34) is a direct consequence of a stronger result that
we now introduce. To study existence and uniqueness and to compare two solutions of (B.34)
with different drifts, we establish existence of a synchronous coupling of two copies of (B.34),

dri = ( rt + — Zg )dt—|—2]1(0 OO)(rt)th ,

, o . : , fori e {1,...,N} (B.35)
dsj = (Bsi) + Z h(st) ) dt + 21 g o0) (s1)AW]
j=1

Law(ré, 86) =7,
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where ({W;}X|)i>0 are N ii.d.l-dimensional Brownian motions and where n € T'(u,v) for
p,v e PRY).

Let WY = C(R,,RY) be the space of continuous functions from R, to R endowed with the
topology of uniform convergence on compact sets, and let B(W") denote its Borel o-Algebra.

Theorem B.10. Assume that (l~), g) and (3, h) satisfy Assumption B.4 and Assumption B.5. Let
n € I'(u,v) where u and v are the probability measure on Ry satisfying Assumption B.6. Then
there exists a weak solution ({ri,si}N.|)i>0 of the sticky stochastic differential equation (B.35)
with initial distribution n® defined on a probability space (2, A, P) with values in WY x WV,
If additionally,

b(r)
P[r

() and g(r) < h(r), for any r € Ry |

<
§0f0rallz—1 LN]l=1,
then Plri < st forallt >0 andi=1,...,N]=1.
Proof. The proof is postponed to Appendix B.6.5. O

Remark B.11. We note that by the comparison result we can deduce uniqueness in law for the
solution of (B.34).

B.6 Proofs

B.6.1 Definition of the metrics

In Theorem B.1, Theorem B.7 and Theorem B.8 we consider Wasserstein distances based on a
carefully designed concave function f : Ry — R4 that we now define. In addition we derive
useful properties of this function that will be used in our proofs of Theorem B.1, Theorem B.8
and Theorem B.7. Let a € Ry and b : R, — R be such that Assumption B.7 is satisfied with
Ro and R; defined in (B.29). We define

@(r) = exp (— /OT{E(8)+/2}dS> , O(r) = /T ©(s)ds , and
s =15 [ @) etonas & [ e,

where
-1

Ry
c= (2 / {<I>(S)/<p(8)}d8> , (B.36)
0

and Ry is given in (B.30). It holds ¢(r) = ©(Ry) for r > Ry with Ry given in (B.29), g(r) =
g(R1) € [1/2,3/4] for r > Ry and g(r) € [1/2,1] for all » € Ry by (B.36) and Assumption B.7.
We define the increasing function f : [0,00) — [0, 00) by

t
= /0 o(r)g(r)dr . (B.37)
Note that f is concave, since ¢ and g are decreasing. Since for all r € R

p(Ro)r/2 < @(r)/2 < f(r) <®(r) <7, (B.38)
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(z,y) — f(|z — y|) defines a distance on R? equivalent to the Euclidean distance on RY,
Moreover, f satisfies

21"(0) = —b(0)y —a = —a, (B.39)

and
2f"(r) < 2f"(0) — f/(r)b(r) —cf(r),  forallr € RL\{R}. (B.40)
Indeed by construction of f, f"(r) = —b(r)4f'(r)/2 — c¢®(r)/2 — a/2 for 0 < r < R; and so

(B.40) holds for 0 < 7 < Ry by (B.38). To show (B.40) for 7 > R; note that f”(r) = 0 and
f'(r) > ¢(Rp)/2 hold for r > R;. Hence, by the definition (B.30) of Ry, for r > Ry,

F(r) + f'(r)b(r) /2 < @(Ro)b(r) /4 < —(Ri(Ry — Ro)) ™ "o(Ro)r . (B.41)
Since p(r) = gp(:f%o) for r > Ry, it holds ®(r) = (ID(RO)jL (r — Ro)p(Ry) for r > Ry. Further, it
holds ®(Ry) > Rop(Rp) since ¢ is decreasing for » < Ry. Hence,
7 (r=Ri)(®(Ro) + (R1 — Ro)p(Ro)) (r— R)Rip(Ro) . ®(r)
Ry R ®(Ry) = Ry ®(Ry) e ®(Ry) (B42)
Furthermore, we have
[ o etnas = [ 2L eI,
Ro Ro (P(RO)
A m PR 1o~ - 1. . D(R)
= (R Ro)—pd + 5 — ol 2 5 (R - Ro) = (BAY)
We insert (B.42) and (B.43) in (B.41) and use (B.36) to obtain
F'(r) + f(r)b(r) /2 < =@ (r)@(R1) ™ (B1 — Ro) ™ o(Ro) (B.44)
®(r) cf(r) _ c®(r)
< —— < — — . (B.45)
2 [11{®(s)/p(s)}ds 2 2
By Assumption B.7 and (B.36), we get
_C(I)(T) < (I)(Rl) < __ 1 < 2 _ £7(0) .
20 AR/ e(s)ids 4 [ {1/p(s)}ds 2

Combining this estimate with (B.44) gives (B.40) for r > R;.

B.6.2 Proof of Appendix B.2
Proof of Theorem B.1

Proof of Theorem B.1. We consider the process (X, Y3, r¢)t>0 defined in Theorem B.2 and sat-
isfying | X: —Yi| <7y for any ¢ > 0, and (r¢)s>0 is a weak solution of (B.22). Set a = 2[|v|| and
b(r) = b(r). With this notation, Assumption B.1 and Assumption B.2 imply Assumption B.7
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and Ry = Ry and Ry = Ry by (B.14), (B.15), (B.29) and (B.30). By Ito-Tanaka formula, cf.
[172, Chapter 6, Theorem 1.1], using that f’ is absolutely continuous, we have,

df(re) < f'(re)(0(re) + 2|1v[lccP(re > 0))dt + 2f" (r4) 1 (0,00) (r)dt
+ f(rt)21 0,00) (1) AW .

Taking expectation we obtain by (B.39) and (B.40)

%E[f(rt)] < E[f (re)b(re) + +2(f"(re) = £7(0))] + El(a + 2f"(0)) Lr,>0] < —CE[f(r2)] ,

where ¢ is given by (B.17). Therefore by Gronwall’s lemma,
E[f(1X: = Yi)] < E[f(r)] < e E[f(r0)] = e"“E[f(|Xo — Yo|)]

Hence, it holds

Wy, ) SELS(X =Dl <e® [ f(la = yl)é(dody)

for an arbitrary coupling & € I'(uo, vp). Taking the infimum over all couplings € € I'(uo, 1), we
obtain the first inequality of (B.16). By (B.38), we get the second inequality of (B.16). O

Proof of Theorem B.2

Note that the nonlinear SDE (B.21) has Lipschitz continuous coefficients. The existence and the
uniqueness of the coupling (X7?,Y;?)¢>o follows from [146, Theorem 2.2]. By Levy’s characteri-
zation, (X7,Y,)i>0 is indeed a coupling of two copies of solutions of (B.1). Further, we remark
that W = [5(e2)TdB! is a one-dimensional Brownian motion. In the next step, we analyse

X7 - YY)

Lemma B.12. Suppose that the conditions Assumption B.1 and Assumption B.3 are satisfied.
Then, it holds for any € < eq, where €q is given by (B.20), setting 7 = | X — V7|

arf = (= 2o+ (&l [ [ A(X7 = @) =A% =y (da)if (dy)) )t + 2’ GPAW? (B.46)
< (6D + 2l [, [ xe (e =y (da)pf(dy)) e + 20 (7w (8.47)

almost surely for all t > 0, where ﬂ? and ﬁf are the laws of )_(f and 1_/;5, respectively.

Proof. Using (B.21), Assumption B.1 and Assumption B.3, the stochastic differential equation
of the process ((7?)?);>0 is given by

W) =220 ~12 + [ | [ AT =) =25 = )il )i (dy) e
+ 4rc® (7FO)2dt + 4rc® (P22, ed)dWY .
For £ > 0 we define as in [87, Lemma 8] a C? approximation of the square root by
S.r) = {(—1/8)5—3/%2 + (3/4)e=?r 4 (3/8)e!/? forr < e
_(r) =

N otherwise .
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Then, by Ito’s formula,
dSe((7)?) = SL((7))d(7?)? + 15"((ﬁ‘f)z)d[(f‘s)Q]t

= 28U (2 120+ | / = (T}~ y)l(da) 7 (dy) e
S (7t + L)) e <rt><zf,et>dwt+88"<<rt> ) (7))t

We take the limit € — 0. Then lim. 0 S.(r) = (1/2)r~%/? and lim. o S”(r) = —(1/4)r=3/2 for
r > 0. Since supg<,<. [SL(r)] < 712, supg<, <. |S2(r)| < &3/ and rcd is Lipschitz continuous
with rc (0) = 0, we apply Lebesgue’s dominated convergence theorem to show convergence for
the integrals with respect to time t. More precisely, we note that the integrand (4S.((7?)?) +
85;’((77?)2))rc5(F?))2(_ )? is dominated by 351/2Hrc‘5HLlp. For any £ < g¢ for fixed g9 > 0, the
integrand 2S5L((7))2)(Z, —LZ + Jga Jra(v(XP — x) — (Y —y)) i (dz)) (dy)) is dominated by
(3/2)(Lmax ("™, 7) + 2|1|oo)-

For the stochastic integral it holds |S%((7))? )4rc Gl
converges along a subsequence almost surely, to fo orcd (7
2.12]. Hence, we obtain (B.46). By Assumption B.1 and

| < 3. Hence, the stochastic integral
F)dW?, see [172, Chapter 4, Theorem
(B.20), we obtain for € < ¢

=0
T
=0

@ [, [0 = 2) (T~ (@)l (ay)
< (el [, ] G = 2) =917 = ) + 2% = 2) =1V — )u (dao (dy))
<nlif+ [ [ 2llleret(a — yhud(de)f (ay)
and hence (B.47) holds. O

We define a one-dimensional process (rf V>0 by

drdc = (l_)(rf’e) + 2H’y\|oo/ rce(u)Pta’E(du)>dt + 2rc (rP€)dW;) (B.48)
Ry

with initial condition rg = ro, Pfe = Law(rt ) and W) = [5(€%)TdB!. This process will allow
us to control the distance of X{ and Y.

By [146, Theorem 2.2], under Assumption B.1 and Assumption B.3,
(Um0 = (X3, Y2, 70,50 exists and is unique, where (X?,Y?);50 solves uniquely (B.21),
(#)¢>0 and (Tf’e)tz(] solve uniquely (B.46) and (B.48), respectively, with W) = fo( NTAdB}.

Lemma B.13. Assume Assumption B.1 and Assumption B.3. Then, |X) — Y?| = < 7‘ ;
almost surely for allt and € < €.

Proof. Note that (7)o and (rf “J1>0 have the same initial distribution and are driven by the
same noise. Since the drift of (79);>¢ is smaller than the drift of (rf’e)tzo for € < €, the result
follows by Lemma B.14.

O

Proof of Theorem B.2. We consider the nonlinear process (U)o = (X2, Y, 70)50 on R24H1
for each ¢,8 > 0. We denote by P%¢ the law of U%¢ on the space C(R,R?**1). We define by
X,Y : C(Ry,R¥H1) — C(Ry,RY) and r : C(R;,R¥*1) — C(R,,R) the canonical projections
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onto the first d components, onto the second d components and onto the last component, re-
spectively. By Assumption B.1 and Assumption B.3 following the same line as the proof of
Lemma B.15, see (B.56), it holds for each T' > 0

EUY = U < Clta — 1> for 1,85 € [0,T], (B.49)

for some constant C' depending on T, L, ||¥||Lip, [|7]|cc and on the fourth moment of o and vy.
As in Lemma B.15 the law P3 of (U)o<i<7 on C([0, T, R2*1) is tight for each T > 0 by [121,
Corollary 14.9] and for each € > 0 there exists a subsequence 6, — 0 such that (IP"ST”’G)%N on
C([0, T], R%¥+1) converge to a measure PS5 on C([0, 7], R*¥*1). By a diagonalization argument
and since {P5, : T > 0} is a consistent family, cf. [121, Theorem 5.16], there exists a probability
measure P on C(R,, R?4*1) such that for all e there exists a subsequence d,, such that (P%€), cx
converges along this subsequence to P¢. As in the proof of Lemma B.16 we repeat this argument
for the family of measures (P€).~o. Hence, there exists a subsequence €, — 0 such that (P ),,cn
converges to a measure P. Let (Xt, Y;, Tt)t>0 be some process on R24+1 with distribution P on
(Q, 7, P).

Since (X7)¢>0 and (Y®)¢>0 are solutions of (B.1) which are unique in law, we have that for
any €,0 >0, PP oX ' =PoX land PP oY ! =PoY~!. And therefore (Xt)tzo and (Yt)tzo
are solutions of (B.1) as well with the same initial condition. Hence P o (X,Y)~! is a coupling
of two copies of (B.1).

Similarly to the proof of Lemma B.15 and Lemma B.16 there exist an extended probability
space and a one-dimensional Brownian motion (W;):>o such that (r¢, Wi)¢>0 is a solution to

dr; = (b(?"t) + 2”’}/”00}?(7} > 0))dt + 21[(0700) (T‘t)th .

_ In addition, the statement of Lemma B.13 carries over to the limiting process (r¢):>0, i.e.,
| Xt — Y| <7 for all ¢t > 0, since by the wealf convergence along the subsequences (6n)n€N and
(ém)men and the Portmanteau theorem, P(|X; — Y;| < r;) > limsup,, .. limsup, ., P(| X" —
\/ 677, 6”7 m
Y <) =1

O

B.6.3 Proof of Appendix B.3

Proof of Theorem B.3

We show Theorem B.3 via a family of stochastic differential equations, indexed by n,m € N,
with Lipschitz continuous coeflicients,
dri™ = (b(r"™) + P (g"™))dt + 20™ (r;"™)dW,

dsg™™ = (b(s¢ ™) + By 7 (h™))dt + 26" (s,77)dW, - Law(rg™, 56™) = am

where P/""™ = Law(rj"™), P""™ = Law(s;"™), P/"™(g™) = Jz, 9" (r)P"™" (dx) and Pl (M) =
Jr, h™(r) P (dx) for some measurable functions (¢")men and (h™)men, and where 7,,,, €
T(tnm, Vnm) for pin m, vnm € P(Ry). We identify the weak limit for n — oo as solution of a
family of stochastic differential equations, indexed by m € N, given by

dr® = (b(r}") + P (g™))dt + 21 (g 00) (17" ) AW,
= (br") + P (g™)) (0,00) (1" ) AW (B.51)
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with P/* = Law(r}") and P/ = Law(s}"), and where 7, € T(stm, Vm) for pim,vm € P(RL).
Taking the limit m — oo, we show in the next step that the solution of (B.51) converges to a
solution of (B.25).

We assume for (¢")men, (A™)men, (6™ )nen and the initial distributions:

Assumption B.8. (¢")men and (R™)men are sequences of non-decreasing non-negative uni-
formly bounded Lipschitz continuous functions such that for all v > 0, ¢g™(r) < ¢™*(r) and
™ (r) < h™FH(r) and limy, 00 ¢™(r) = g(r) and lim,,_, oo K™ (r) = h(r) where g, h are left-
continuous non-negative non-decreasing bounded functions. In addition, there exists K,, < oo
for any m such that for all r;s € R

9" (r) = g™ ()| < Km|r —s[  and [P (r) = W™ (s)| < Kpn|r —s] .

Assumption B.9. (0"),cn is a sequence of Lipschitz continuous functions from R to [0,1]
with 0™(0) =0, 8"(r) =1 for all v > 1/n and 6™(r) > 0 for all r > 0.

Assumption B.10. (tnm)mneN: (Vnm)mmneN, (lm)meN, (Vm)men are families of probability
distributions on Ry and (Mnm)nmeN, (Mm)men families of probability distributions on R%— such
that for any n,m € N 0y m € I'(tn,ms Vnm) and N € I'(tm, vm) and for any m € N, (0y m)nen
converges weakly to 1y, and (Nm)men converges weakly to n. Further, the p-th order moments
of (tn,m)n.meNs (Unm)nmeNs (lm)men and (Vm)men are uniformly bounded for p > 2 given in
Assumption B.6.

Note that by Assumption B.8 for any non-decreasing sequence (u,)men, which converges
to u € Ry, g™ (up,) and h™(u,,) converge to g(u) and h(u), respectively. More precisely, it
holds for for all m € N, ¢™(up,) — g(u) < 0 and for m > n, ¢"™(um) > g™ (uyn) and therefore,
limy, 00 g™ (up) — g(u) > limy, o0 limy, 00 = limy o0 g(uy) — g(u) = 0 by left-continuity of
g. Hence, lim,, 00 g™ (um) — g(u) = 0 and analogously lim,, oo K™ (um) — h(u) = 0. By
Assumption B.8, I' = max(||h||co, [|¢]|cc) is & uniform upper bound of (¢™)men and (A™)men.

Consider a probability space (o, Ag, @) and a one-dimensional Brownian motion (W;)¢>o.
Under Assumption B.8, Assumption B.9 and Assumption B.10, for all m,n € N, there exists
random variables r"™™ s™™ : Q5 — W for each n,m such that (r;"™,s;"™)i>0 is a unique
strong solution to (B.50) associated to (W:)i>o by [146, Theorem 2.2]. We denote by P =
Qo (r™™, s™™)~1 the corresponding distribution on W x W.

Before studying the two limits n, m — oo and proving Theorem B.3, we state a modification
of the comparison theorem by Ikeda and Watanabe to compare two solutions of (B.50), cf. [116,
Section VI, Theorem 1.1].

Lemma B.14. Let (r,"™,5"™)i>0 be a solution of (B.50) for fired n,m € N. Assume As-
sumption B.J, Assumption B.8 and Assumption B.9. If Q[ry™ < sg™] =1, b(r) < b(r) and
g™ (r) < W™ (r) for any r € Ry, then

Qlry"™ < 5™ forallt >0]=1. (B.52)

Proof. For simplicity, we drop the dependence on n,m in (r;""™) and (s;"™). Denote by p the

Lipschitz constant of 0". Let (ag)ren be a decreasing sequence, 1 > a; > ag > ... >ap > ... > 0,
such that fall p 27 ldr =1, f;”; p 2 ldr =2,.. ., f(fkk* p~2x~1dx = k. We choose a sequence
Up(u), k = 1,2,..., of continuous functions such that its support is contained in (ay,ax_1),

Jokt W (u)du = 1 and 0 < Wy (u) < 2/k - p~2u~2. Such a function exists. We set

Vdy [Y UL (u)du  if x>0,
0 ifx<0.
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Note that for any k € N, ¢}, € C2(Ry), @) (x)| < 1, op(z) = x4 as k T 0o and ¢} () T 1,00 (2).
Applying Ito’s formula to ¢y (r; — s¢), we obtain

or(re — st) = wr(ro — so) + 11 (k) + I2(k) + I3(k) ,

where

1) = [ G = 52" (r) — (5B
B = [ e = su)blra) = o) + Pulg™) — Puli™du
B = 5 [ = s)l0"00) ~ 0" () du

with P, = Q or, ! and P, = Q o s;'. It holds by boundedness and Lipschitz continuity of 6"

E[L;(k)] =0, and E[I;(k)] < ;E[/Ot Pl — su)pPlru — sudu] <

> ~+

We note that by Assumption B.8 E[(¢"(rw) — h"™(Su))1r,—s,<0] < 0 and

E[(g™ (ru) — A" (su))1r,—s,>0] < E[(¢™ (ru) — 9" (su) + 9™ (5u) — B (5u)) Lr,—s,>0]
<E[(g"(ru) — 9" (5u)) Lr,—s,>0]
< KnE[|ry — sullr,—s,>0] (B.53)

by Lipschitz continuity of g, by ¢"*(r) < h™(r) and since ¢" and h™ are non-decreasing. Hence
for I, we obtain

A~ N ~

B = [ ehra = su)bra) = Blr) + ) — blsu)]du
4 [t = 50) (BIL™ (1) = 17 )Ly 0] + B (12) = W7 (50) o]l
< /Ot O (ry — ) L|ry — sy|du + /Ot Oi(ru — su) KnE[|ry — su|1y,—s,>0]du .

Taking the limit ¥ — oo and using that E[rg — s¢] = 0, we obtain

El(re — s:)+] < LE| /0 S — su) 4] + K| /0 100 (s — 52)El(ru — su)4ldu] . (B.54)

by the monotone convergence theorem and since (¢} )ren is a monotone increasing sequence
which converges pointwise to 1(p (7). Assume there exists t* = inf{t > 0 : E[(r; — s¢)+] >
0} < oco. Then, [ E[(ry, — sy)¢]du > 0 or [7 E[1(0,00)(Tu = 8u)E[(re — $u)+]du > 0. By
definition of t*, E[(ry — sy)+] = 0 for all v < ¢t* and hence both terms are zero. This contradicts
the definition of ¢*. Hence, (B.52) holds. O

Next, we show that the distribution of the solution of (B.50) converges as n — oo.

Lemma B.15. Assume that b, b, g and h satisfy Assumption B.4 and Assumption B.5. Let
n € I'(u,v) where the probability measures p and v on Ry satisfy Assumption B.6. Assume

that (gm)mEN, (hm)meN; (en)neN, (Hn,m)m,nEN; (me)m,nEN and (nn,m)m,neN Satisfy condition
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Assumption B.8, Assumption B.10 and Assumption B.9. Then for any m € N, there exists a
random variable (r'™, s™) defined on some probability space (2", A™, P™) with values in W x W,
such that (ri*,s{")i>0 is a weak solution of the stochastic differential equation (B.51). More
precisely, for allm € N the sequence of laws Qo(r™™, s™™)~! converges weakly to the distribution
P™o (r™, s™) "L If additionally,

b(r) < b(r) and g™ (r) < h™(r), for any r € Ry and

Qlry™ < sy =1 for any n,m € N,

then P™[r]* < si* for allt > 0] = 1.

Proof. Fix m € N. The proof is divided in three parts. First we show tightness of the sequences
of probability measures. Then we identify the limit of the sequence of stochastic processes.
Finally, we compare the two limiting processes.

Tightness: We show that the sequence of probability measures (P™™),cn on (W x W, B(W) ®
B(W)) is tight by applying Kolmogorov’s continuity theorem. Consider p > 2 such that the p-th
moment in Assumption B.6 and Assumption B.10 are uniformly bounded. Fix T' > 0. Then the
p-th moment of ;""" for t < T can be bounded using Ito’s formula,

dlry ™ P <l R (™) + B (™)) dE + 207 ()l PR AW
+p(p = 1)|r " PT220" () 2 dt
< p(Ir " PLA TP+ 20p = PR dt 4207 (P AW
< p(L+T +2(p = 1) " Pt + p(T +2(p — 1))t + 207 (¢ )p(r ™AW
where T' = max([|gl[co, [ 2| ). Taking expectation yields

d n,m T n,m
GEIr L < p(L+T +2(p = D)EF"P + p(T +2(p 1)
Then by Gronwall’s lemma
sup E[|rf"[7] < P20 DT (E[|rp™ 7] + Tp(D +2(p — 1)) < G < 00, (B.55)
te[0,T

where (), depends on T" and the p-th moment of the initial distribution, which is finite by
Assumption B.9. Similarly, it holds sup;co 7 E[|s;"™[P] < Cp for t < T. Using this moment
bound, it holds for all ¢1,ts € [0,T] by Assumption B.4, Assumption B.8 and Assumption B.9,

to _ to
Bl ") < Culp) (1] [ B0 + B aul) + B [ 20w, )

t1 1

I’/P to

[ta — t1] Ju,
Z’/P to

< 02(29)((7 Effry™[Pldu + Fp)\tz —t1]P + 272t — tl‘p/Q)
lta — t1] Jeu

< 03(p7T>I~/7F70p)|t2 - t1|p/2 5

< &) ((E] ] + Tt — P+ Y [ 20 aul)
1

where C;(+) are constants depending on the stated argument and which are independent of n, m.
Note that in the second step, we used Burkholder-Davis-Gundy inequality, see [170, Chapter
IV, Theorem 48]. It holds similarly, E[|s;,™ — s/ |P] < C3(p, T, L,T', Cp)|t2 — t1|P/2. Hence,

E[l(ry™ st™) = (™ st ™IP) < Ca(p, T, L, T, Gyt — 72 (B.56)
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for all ¢1,ty € [0,T]. Hence, by Kolmogorov’s continuity criterion, cf. [121, Corollary 14.9], there
exists a constant C' depending on p and v such that

E[[(rmm, s ] < € Cu(p, T, LT, Cy) (B.57)

x(t1)—x(t2 n,m _n,m . . .
lz(h)—=(t)] (|t1)_t2‘(7 I and (ry™, 8¢ Jnene>o is tight in

C([0,T],R?). Hence, for each T' > 0 there exists a subsequence n; — 0o and a probability
measure P on C([0,T],R?). Since {PF}r is a consistent family, there exists by [121, Theorem
5.16] a probability measure P on (W x W, B(W) ® B(W)) such that there is a subsequence
(nk)ken such that P™™ converges along this subsequence to P™. Note that here we can take
by a diagonalization argument the same subsequence (ny)ken for all m.

Characterization of the limit measure: In the following we drop for simplicity the
index k in the subsequence. Denote by (r¢,s;)(w) = w(t) the canonical process on W x W. Since
P™™o(rg,80) " = Nnm converges weakly to 1, by Assumption B.10, it holds P™o(rg,s0) " = ny.
We define the maps M™™ N™™ : W x W — W by

where []} is given by [z], = supy, 1,c[0,7]

t t .
M = vy == [ (Blr.) + PXg™))du and NP = sy =50~ [ (b(s.) + P2 (h™)du
0 0

where P = P"™ o (r,)"! and P* = P™" o (s,)"!. For each m,n € N, (M}""™, F;,P™™) and
(N, Fy, P™™) are martingales with respect to the canonical filtration F; = o((ry, Sy )o<u<t)
by Ito’s formula and the moment estimate (B.55). Further the family (M;"™ P™™),cni>0
and (N;"" P™™),cnt>0 are uniformly integrable by Lipschitz continuity of b and b and by
boundedness of ¢"" and h™. Further, the mappings M™™ and N™™ are continuous in W. We
show that P™™ o (r,s, M™™ N™™)~1 converges weakly to P™ o (r,s, M™,N™)~! as n — oo,
where

M™ =r;—rg— /t(l;(ru) + P,(¢g™))du and N/ =s; —sp— /t(i)(su) + Py (h™))du
0 0
(B.58)

with P, = P"or, ! and P, =pm os; 1. To show weak convergence to P™o (r,s, M™, N"™)~! we
note that (M™, N™) is continuous in W and we consider for a Lipschitz continuous and bounded
function G : W — R,

’/ )P o (Ammy -1 /G )AP™ o (M™) ™} (w)
’/ G(w)dP™™ o (M™™)" / Gl Pn’mo(Mm)l(w)‘
+‘/WG(w)dPn’mo(Mm)_ (w)/WG(w)dIP’mO(Mm)—l(w)‘ )

The second term converges to 0 as n — 0o, since (M™) is continuous. For the first term it holds
[ @m0 ) - [ Gldenm e am) i w)
\ W
= | [ (G oM w) ~ [ (6o M) dP )
\ w

< GllLip Sugvdw(M"’m(w),Mm(w)) :
we
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where dw(f,g9) = > 521 SUPse(o.) 27%|f(t) — g(t)|. This term converges to 0 for n — oo, since for
all T >0and w e W, for n — oo

T
sup (M} () = M"(@)| < [ @ ox g™ - @7 ox (g™ ds 5 0.
te€[0,7 0

by Lebesgue dominated convergence theorem, since g is bounded. Hence,
' / G(w)dP™™ o (M)~ (i) — / G(w)dP™ o (Mm)—l(w)‘ 0 forn — oo,
W W
and similarly for (N™™), and therefore by the Portmanteau theorem [123, Theorem 13.16], weak
convergence of P™™ o (r,s, M™™, N™»™)~1 to P™ o (r,s, M™, N™)~! holds.

Let G : W — Ry be a Fs-measurable, bounded, non-negative function. By uniformly
integrability of (M;"™,P™™),cN >0, for any s < t,

EPGOM = M) =BG (0ru) + Pulg™)dw)]

= lim E™™[G( / t(B(ru) + P(g™))du)] (B.59)
= Jim EMT[GM = M) =0,

and analogously for (N;"");>0 and hence, (M;™, F,P"™) and (N;", F;, P™) are continuous mar-
tingales. The quadratic variation ([(M™,N™)];) exists P™-almost surely. To complete the
identification of the limit, it suffices to note that the quadratic variation is given by

[M™] = 4/0- 1(0,00) (ru)du P™-almost surely,

[N™] = 4/. 10,00) (8u)du P™-almost surely, and (B.60)
0

[M™ N™| = 4/0 1(0,00) (ru) L (0,00) (8u)du  P™-almost surely,

which holds following the computations in the proof of [87, Theorem 22]. We show that ((M;™)%—
4 fé 1(0,00)Tudu) is a sub- and a supermartingale and hence a martingale using a monotone class
argument by noting first that for any bounded continuous and non-negative function G : W —
Ry,

E™[G(M™)?] = lim E™™[G(M]"™)?] (B.61)

n—oo

holds using uniform integrability of ((M,;"™)?, P™™),cn >0 which holds similarly as above. Note

that

t
Em[ / 10,00) (Tu) du} < hmhmlnfE”m{ / ﬂ(€7m)(ru)du} (B.62)

el0 nN—o0

holds by lower semicontinuity of w — [) 1 (¢ s0)(ws)ds for each e > 0, Fatou’s lemma and the
Portmanteau theorem. For any fixed € > 0,

t t
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Then by (B.61), (B.62) and (B.63)

E™ {G ((th) (M2 4/ 10,00 ( ru)du)]

> lim lim inf E™™ [G ((Mt"m) (M2 4/ 0™ (ry,) du)] =0

el0 n—oo
and by a monotone class argument, cf. [170, Chapter 1, Theorem 8],
(M, —4 fo (0,00) (T )du, P™) is a submartingale. To show that it is also a supermartingale
we note that ((M )2 — 4¢,P™) is a supermartingale by (B.61). By the uniqueness of the Doob-
Meyer decomposition, cf. [170, Chapter 3, Theorem 8], ¢ — [M™]; — 4t is P"-almost surely

decreasing. Note further, that (r;, 7, P™) is a continuous semimartingale with [r] = [M™].
Then by Ito-Tanaka formula, cf. [172, Chapter 6, Theorem 1.1],

t
/0 Loy (ru)d] u—/ Loy (ru)d u—/ Loy () (x

where ¢/ (r) is the local time of r in y. Therefore, for any 0 < s < t,

M= 7 = [ 1AM < 4 [ Ty (ru)d

and hence, for any Fs-measurable, bounded, non-negative function G : W — R,
E™ [G((th) (M) 4/ 10,00 ru)du)] <

As before, by a monotone class argument, ((M;")%—4 31 (0,00) (rw)du, P™) is a supermartingale,
and hence a martingale.

Hence, we obtain the quadratic variation [M™]; given in (B.60). The other characterizations
in (B.60) follow by analogous arguments. Then by a martingale representation theorem, see
[116, Chapter II, Theorem 7.1], we conclude, that there are a probability space (Q™, A™, P™)
and a Brownian motion motion W and random variables (r™,s") on this space such that
P™o (rm,s™)~t = P™o (r™,s™)~! and such that (7™, s™ W) is a weak solution of (B.51).
Finally, note that we have weak convergence of @) o (r™ m, s~ to P™o (1™, s™)~! not only
along a subsequence since the characterization of the limit holds for any subsequence (ng)ken.

Comparison of two solutions: To show P™[r{* < s for allt > 0] = 1 we note that
by Lemma B.14, Q[ry < s} for all ¢ > 0] = 1. The monotonicity carries over to the limit by
the Portmanteau theorem for closed sets, since we have weak convergence of P™™ o (r,s)~! to

P™ o (r,s)"L. O

We show in the next step that the distribution of the solution of (B.51) converges as m — oo.
For each m € Nlet (2, A™, P™) be a probability space and random variables r, s™ : Q™ — W
such that (r, s7*);>0 is a solution of (B.51). Let P™ = P™o(r™, s™)~! denote the law on WxW.

Lemma B.16. Assume that (b, g) and (B, h) satisfy Assumption B.4 and Assumption B.5. Let
n € I'(u,v) where the probability measures p and v on Ry satisfy Assumption B.6. Assume that
(9™ mens (B™)men, (m)meNs (Um)men and (Nm)men satisfy conditions Assumption B.8 and
Assumption B.10. Then there exists a random variable (r,s) defined on some probability space
(Q, A, P) with values in W x W, such that (r¢, st)i>0 is a weak solution of the sticky stochastic
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differential equation (B.25). Furthermore, the sequence of laws P™o (1™, s™)~1 converges weakly

to the law P o (r,s)~t. If additionally,

b(r) < l;(r) , g(r) < h(r) and g™ (r) < h™(r) for any r € Ry, and
P™rit <spt] =1 for any m € N

then Pry < s; for allt > 0] = 1.

Proof. The proof is structured as the proof of Lemma B.15. First analogously to the proof of
(B.55) we show under Assumption B.4, Assumption B.8 and Assumption B.10,

sup E[r{*|’] < oo . (B.64)
te[0,T]

Tightness of the sequence of probability measures (P™),,ey on (W x W, B(W) @ B(W)) holds
adapting the steps of the proof of Lemma B.15 to (B.51). Note that (B.55) and (B.56) hold
analogously for (r{", s}")men by Assumption B.4, Assumption B.8 and Assumption B.10. Hence
by Kolmogorov’s continuity criterion, cf. [121, Corollary 14.9], we can deduce that there exists
a probability measure P on (W x W, B(W) @ B(W)) such that there is a subsequence (my)ken
along which P™* converge towards P. To characterize the limit, we first note that by Skorokhod
representation theorem, cf. [20, Chapter 1, Theorem 6.7], without loss of generality we can
assume that (r™,s") are defined on a common probability space (2,.A4, P) with expectation
E and converge almost surely to (r,s) with distribution P. By Assumption B.8, P/"(¢") =
E[g"™(rf")] and the monotone convergence theorem, P;"(¢") converges to P;(g) for any t > 0.
Then, by Lebesgue convergence theorem it holds almost surely for all ¢ > 0

t t
Jim [ (b + P g™ )au = [ (bro) + Pulg) )au (5.65)

where P = Po (r™)~! and P, = Po (r,)~!. A similar statement holds for (s;):>o.
Consider the mappings M™ N™ : W x W — W given by (B.58). Then for all m €
N, (M, Fe, ™) and (N;™, F;,P™) are martingales with respect to the canonical filtration
Fi = o((ru,su)o<u<t). Further the family (M/",P™)pens>0 and (N, P")men>0 are uni-
formly integrable by (B.64). In the same line as in the proof of Lemma B.15 and by (B.65),

P™o (r,s, M™ , N™) converges weakly to P o (r,s, M, N) where

A

My=r;—ry— /Ot(i)(ru) + P,(g))du and Ny =s; —s0 — /Ot(l;(su) + P, (h))du .

Let G : W — R, be a Fs-measurable bounded, non-negative function. By uniform integrability,
for any s <'t,
t t
BIG(M; — M) = E[G( | (b(r) + Pulg))du)] = Tim E™(G( [ (B(ru) + Pulg™)du)]
S S
_1; m m m\l] _
— 1im E"GOM" ~ M) =0,
and analogously for (N;)¢>o. Hence, (My, F;,P) and (Ng, Fi,P) are martingales. Further, the
quadratic variation ([(M, N)];) exists P-almost surely and is given by (B.60) P-almost surely,
which holds following the computations in the proof of Lemma B.15. As in Lemma B.15, we
conclude by a martingale representation theorem that there are a probability space (2, A, P) and
a Brownian motion W and random variables (, s) on this space such that Po(r, s) ™} = Po(r,s) ™!
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and such that (r, s, W) is a weak solution of (B.25). Note that the limit identification holds for all

subsequences (my)ren and hence P™ o (7™, s™)~1 converges weakly to P o (r,s)™! for m — oc.
The monotonicity P™[r{* < si* for all ¢ > 0] = 1 carries over to the limit by Portmanteau
theorem, since P o (r,s) ! converges weakly to Po (r,s)™L. O

Proof of Theorem B.3. The proof is a direct consequence of Lemma B.15 and Lemma B.16. [

Proof of Theorem B.5

Proof of Theorem B.5. Note that the Dirac at 0, dg, is by definition an invariant measure of
(r¢)¢>0 solving (B.6). Assume that the process starts from an invariant probability measure ,
hence P(r; > 0) = p = 7((0,00)) for any ¢t > 0. Note that for p = 0 the drift vanishes. If the
initial measure is the Dirac measure in 0, dg, then the diffusion coefficient disappears. Hence,
Law(r;) = dp for any ¢ > 0. It remains to investigate the case p # 0. Here, we are in the regime
of [87, Lemma 24] where an invariant measure is of the form (B.28). Since p = P(r; > 0), the
invariant measure 7 satisfies additionally the necessary condition

I(a,p)

2/(ap) + 1(a.p) (B.66)

p=7((0,00)) =

with I(a,p) given in (B.27). For p # 0, this expression is equivalent to (B.26). O

Proof of Proposition B.6. By Theorem B.5, it suffices to study the solutions of (B.26). By
(B.27) and since b(r) = —Lr, it holds for I(a,p) = (1 — p)I(a,p),

\/7 /\/i exp(— 2/2)dx)\/jexp( g )(1 —p). (B.67)

In the case a/V'L < 2/y/7, I(a,0) = \/x/L by (B.67). Further, by 1+a < e* and a/VL < 2/\/7,

r _ a%p? T 2 [Var 22\ _, P2
/ 2d$ )e i< —(1+ - e Qdm)e Pe'x
2 T Jo
- )
<

for p € (0,1]. Hence, I(a,p) < I(a,0) by (B.67). Therefore, I(a,p) < I(a,0) < 2 forall p € (0, 1]
and so &y is the unique invariant probability measure for a/V'L < 2//7.

To show that for a/V'L > 2//, there exists a unique p solving (B.26), we note that I(a, p)
is continuous with I(a,0) > 2/a and I(a,1) = 0. By the mean value theorem, there exists at
least one p € (0,1) satisfying (B.26). In the following we drop the dependence on a in I(a,p)
and [ (a,p). We show uniqueness of the solution p by contradiction. Assume that p; < po are
the two smallest solutions of (B.26). Hence, it holds either I'(p;) < 0 or I'(p) = 0 for p;. Note
that the derivative is given by

2 a
T'(pi) = =1(0i) + (L= p)I' () = =T () + (1= p0) (pi 7 T00) + 7 )

(B.68)
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Then, for ps > p1, it holds

B
a(l—p2) L a(l —pl)

2

= I'(m) <0.

hz\ S

If I'(p1) < 0, it holds I’ (p2) < 0 which contradicts that p; and p, are the two smallest solutions.
In the second case, when I’(p1) = 0, we note that the second derivative of I(p) at p; is given by

I"(p1) = =2I'(p1) + (1 = p1)I" (p1)
2 2

= (— 24 @)Y (10 22+ 4 4 (1 )

J et s =<0
L1-p) L L(1—p1) '

L
(240 o

= —_ — D1 =
PUSE
Hence, in this case there is a maximum at p;, which contradicts that p; is the smallest solution.

Thus, there exists a unique solution p; of (B.26) for a/VL > 2/\/7.
O

Proof of Theorem B.7

Proof of Theorem B.7. To show (B.31) we extend the function f to a concave function on R
by setting f(x) = x for x < 0. Note that f is continuously differentiable and f’ is absolutely
continuous and bounded. Using Ito-Tanaka formula, c.f. [172, Chapter 6, Theorem 1.1] we
obtain

df(Tt) = f/(T‘t)(i)(Tt) + a]P’(rt > 0))dt + 2f//(1“t)]].(0700) (T‘t)dt + th s
where M; = 2f0t f’(rs)l(o,oo) (rs)dBs is a martingale. Taking expectation, we get

%E[f(rt)] E[f'(re)(b(r:) + aP(ry > 0))] + 2E[f” (re) 1 (9,00) (7¢)]
(

(
= [ "(ri)b(re) + 2(f"(re) = £7(0))] + Elaf’ (r) + 2" (0)[P(r, > 0)
cE[f(r)]

| A

where the last step holds by (B.39) and (B.40). By applying Gronwall’s lemma, we obtain
(B.31).
O

B.6.4 Proof of Appendix B.4

To show Theorem B.8, we first give a uniform in time bound for the second moment of the
process (X)¢>0 solving (B.1).

Lemma B.17. Let (X;);>0 be a solution of (B.1) with E[|X,|?] < occ. Assume Assumption B.1.
Then there exists C € (0,00) depending on d, W and the second moment of Xo such that

C =supE[|X;]?] < o0 . (B.69)
t>0
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Proof of Lemma B.17. By Ito’s formula, it holds
1 — _ _ - 1

Taking expectation and using symmetry, we get

B[R, = E[(X, — R0, b(Ky — X)] +d

= —E[(X; — X, L(Xs — X¢) = 7(Xe = X)) 15,35 o
—E[(X: — Xo, L(Xy = Xo) = v(Xs = X)) %, 5, 1<o) T4
<E[X*(—2L + £(1X: = X)L, 5,51,)) + [VllocRo +d .
Hence by definition (B.14) of Ry and by Gronwall’s lemma we obtain the result (B.69). O

Let N € N. We construct a sticky coupling of N i.i.d. realizations of solutions ({ X}V )i>0 to
(B.1) and of the solution ({¥;},);>0 to the mean field particle system (B.3). Then, we consider
a weak limit for § — 0 of Markowan couplings which are constructed similar as in Appendix B.2.
Let 1c?, sc satisfy (B.19) and (B.20). The coupling ({Xti,57yi,6}£\;1)t20 is defined as process in
R2N4 satisfying a system of SDEs given by

dX;’ = b= ‘5(XZ’5)dt + 1 (7°)d Byt + s (7)) d By

. , B.70
dy;’ = Zb Y — Y0 dt + v (7)) (1d —28,° (67°)T)d By + scd (7°)d By (B.70)
j 1
where Law({ X2, YO Y ) = 52N @ vV, and where ({BZ ! )t>0, ({B 2N Vim0 are iid. d-
dimensional standard Browman motions. We set X/ = Xt - +xr L XY = Yt“s

%Zj‘vﬂyij’é Z“S—XM*Y“s %6 ]ZZ6| and 46—Z“S/7’§5f0r ~“;750 The value et’ for

ff’é = 0 is irrelevant as rc»(0) = 0. By Levy’s characterization ({X," % Y, }1‘:1)t20 is indeed a
coupling of (B.1) and (B.3). Existence and uniqueness of the coupling given in (B.70) hold by

[146, Theorem 2.2]. In the next step we analyse 7 2,

Lemma B.18. Assume Assumption B.1 holds. Then, for € < €y, where €y is given in (B.20),
and for any i € {1,..., N}, it holds almost surely,

N
) . 1 N - Ny Ny
diy? = —Liy"dt + (&, 57 YUK = X0 =y (V) = V)t
Jj=1

]' 1 ~7 K]
+24/1 4 S (7 AW + <5@t5+—2655>dt (B.71)

k=1

I
< (b( +2||7Hoo §jrc )dt+2,/1+ﬁm (FOYdW;°
7,0 k.6
(A +N§ AR )dt

k=1
with O = bx @) (X}°) — £ XN, b(X)° — X7°) and
N
b+ i (X7°) — Z b(XP° - X7 (B.72)

AbS = \9“5
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and where ({W;" }Z >0 are N one-dimensional Brownian motions given by

00 _ L ~Z5T i,1 / T 3,1 .
Wi _\/Ni—i-l(/( dBy" + Z dBy* ) , i=1,....N. (B.73)

Proof. By (B.70) and since + is anti-symmetric, it holds by Ito’s formula for any i € {1,..., N},

N
) . . 1 . . Ny -
d(7y")? = —2L(° VAt + 220, 55 (X = X)0) = (7 = V7))t
Jj=1

1 i, 1 i i ~i i,
+4(1+N> (7Pt 4 41+ e (7 )27, &)

N
50,8 ) Si8 oo
2(Z, 7b*ﬂ?(Xt ) — *Zb(Xt _Xg ))dt

N 1 o
z_j (b= DL P - X7%)))dt.

where ({W{}Y.|)i>0 are N i.i.d.one-dimensional Brownian motions given by (B.73). Note that
the prefactor (N/(N41))"/? ensures that the quadratic variation satisﬁes (Wi, =tfort >0, and
hence ({W}}Y.,)i>0 are Brownian motions. This definition of ({W{}X,);>0 leads to (1+ 1/N)1/2
in the diffusion term of the SDE. Applying the C? approximation of the square root used in the
proof of Lemma B.12 and taking ¢ — 0 in the approximation yields the stochastic differential
equations of ({f;’a}i]il)tzo. We obtain its upper bound for € < ¢y by Assumption B.1 and (B.20)
similarly to the proof of Lemma B.12. O

Next, we state a bound for (B.72).

Lemma B.19. Under the same assumption as in Lemma B.20, it holds for anyt=1,...,N
E||47°F] < (1Nt and B[ A7) < N2,

where Ai’a is given in (B.72) and C1 and Cy are constants depending on ||7||co, L and C given
in Lemma B.17.

Proof. By Assumption B.3, it holds E[|Xé§|2] < oo fori=1,...,N. Note that given X'Z’g, th,a
are i.i.d.with law fz{ for all j # i. Hence,

Eb(X;" = XP)1X0°) = b i (X7)
Since v is anti-symmetric, b(0) = 0, and we have
N
[lb A (6) — s SR — X7 P| X
1 o

i TR N j i
[|N 1 jZIE[b(Xt’(S - Xg’é)‘Xt’(s] N1 -Zlb(Xtﬁ - Xg’6)|2‘Xt’6}

1 =5
= o Varg (b(X}0 — )
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By (B.11), Assumption B.1, Assumption B.3 and Lemma B.17, we obtain

Vargg (0% =) = [ (=L =)+ [ LG - )i (a)
+ (X ) = [ (0 wyatam) [ o)
-/ V(& — D) an)) | a0

Lz + (V(X,f’é —z) — /
< 2L’ /Rd g () + 8|7 )13 < 2L°C% + 8|05 -

R4

By the Cauchy-Schwarz inequality, we have

N . _ .
>ob(x;? - X0

=1

1

E[(A")?] < 2E[b* (X)) - 57—

+ 2(# _ i)ZEU %b()_(}‘s _ )_(,?"5)\2]
N—-1 N s
1 =5 1 ol 06 NP

A2 16kl 1
“N-1 N -1 N2

(8CL? + 4]h1%)

where C; depends on ||7||so, L and the second moment bound C'. Similarly, it holds

1 N

E[A}’] < E[|b G0 (X70) — " S b )_(g";)ﬂ
j=1
: by E||[b(X;° — X7°
o1~ ) ZEE -]

< V2L cY? 4 \/§”’YHoo
~ VN -1 vN -1

SN_1/202<OO,

+ (V2L + )

where Cy = 2LCY/2 + 4||v|loo + (\/501/2 + I7lloo)- O

To control ({fi";}i]il)tzo, we consider ({7",75;’6’6 N >0 given as solution of

N N
) . 1 A A 1
dry ™ = By ™)t + 5 3 2y llsore (P Ve + (47 + 5 D0 AP )dt
k=1

J=1 = (B.74)
1 . .
+24/1+ Nrcé(rZ’é’E)dWZ’a
with initial condition ré’a’e = fé’5 forall¢i =1,..., N, Ai’é given in (B.72) and Wtw given in

(B.73).
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By [146, Theorem 2.2], under Assumption B.1 and Assumption B.3, (U )iso =
(X520, y0 pioey Ny )i0 exists and is unique, where ({X}’ O YN 1)t>0 solves uniquely (B.70),
({rioA 1)t>0 and ({rl %},_1 N)i>0 solve uniquely (B.71) and (B.74), respectively, with

’L

({Wt }1 1)t>0 given by (B.73).

Lemma B.20. Assume Assumption B.1 and Assumption B.3. Then for any ¢ = 1,..., N,
]XZ’J -Yy" 0 _ + (XJ )0 Y%J’é)| = 7’;’6 < 7"2’5’6, almost surely for allt > 0 and € < €.

Proof. Note, that both processes ({7 Y iso and ({rioe fvl)t>0 have the same initial condi-
tion and are driven by the same noise. Since the drift for ({r ’ ’E}N )t>0 is larger than the drift

for ({F°1N )50 for € < o by (B.20), we can conclude 7#° < 7% almost surely for all ¢ > 0,
e<e and¢=1,... N by Lemma B.21. O

Proof of Theorem B.8. Consider the process ({U N )0 = ({ X7, V0, PN )20 on
RN D) for each €,d > 0. We denote by P%¢ the law of {U‘S IV, on C(Ry, RNZ4HD)) We define
the canonical projections X, Y, r onto the first Nd, second Nd and last N components.

By Assumption B.1 and Assumption B.3 it holds in the same line as in the proof of
Lemma B.22 for each T' > 0

E[{US —URPIN ) < Cltg — 11> for ¢y, 15 € [0, T, (B.75)

for some constant C' depending on T', L, ||v||Lip, ||V]loc, N and on the fourth moment of py and
V. Note that we used here that the additional drift terms (Ai’(s)po occurring in the SDE of
({r#*}N | );>0 are Lipschitz continuous in ({X;*}¥);>0. Then as in the proofs of Lemma B.22
and Lemma B.23, P%€ is tight and converges weakly along a subsequence to a measure P by
Kolmogorov’s continuity criterion cf. [121, Corollary 14.9].

As in Lemma B.22 the law IPT of ({Ug’é’6 N Do<t<r on C([0, T), RN2d+1)) is tight for each
T >0 by [121, Corollary 14.9] and for each e > 0 there exists a subsequence d,, — 0 such
that (P o) en on C([0,T], RN(AH1)) converge to a measure PS on C([0,T],RNC4HD). By a
diagonalization argument and since {P% : T' > 0} is a consistent family, cf. [121, Theorem
5.16], there exists a probability measure P¢ on C(R,, RN(24+1)) such that for all e there exists a
subsequence d,, such that (P%),cy converges along this subsequence to P¢. As in the proof of
Lemma B.23 we repeat this argument for the family of measures (P).~o. Hence, there exists a
subsequence €, — 0 such that (P"),,cn converges to a measure P. Let ({ X7, Y/, ri}¥ | )i>0 be
some process on RN+ with dlstr1but1on P on (Q, F, P).

Since ({X}*° N Diso and (v, b= N i>o are solutions that are unique in law, we have that
for any 6, > 0, P> o X! =PoX ' and P oY ~! = PoY~!. Hence, Po(X,Y) ! is a coupling
of (B.1) and (B.3).

Similarly to the proof of Lemma B.22 and Lemma B.23 there exist an extended under-
lying probability space and N i.i.d.one-dimensional Brownian motion ({W;}X,)i>0 such that
({rf, Wi )i>0 is a solution of

N
dri = b(ri)dt + — ZQnyHoo]l(Ooo)(rt)dt—i—(Al ZAf)dt
]1 k:

1 i 1
+ 214 S Lo,0) (i) AWy

where A% = |b* iy (X)) — WZ L b(X] _Xg”‘

119



APPENDIX B. STICKY NONLINEAR SDES AND CONVERGENCE OF
MCKEAN-VLASOV EQUATIONS

In addition, the statement of Lemma B.20 carries over to the limiting process ({ri}¥ ;)i>0,
since by the weak convergence along the subsequences (6, )nen and (€, )men and the Portmanteau
theorem, P(|X} — Y| < rifori = 1,... N) > hmsupm_>oo lim sup,, o F (]X’ RL, 5"[

piOmem for i =1,...,N) =1, where Xi = X (1/N)ZJ X! and Vi = X (1/N)Z] Y/
for alltEOandz— 1,...,N.

Using Ito-Tanaka formula, c.f. [172, Chapter 6, Theorem 1.1], and f’ is absolutely continuous,

we obtain for f defined in (B.37) with b(r) = (k(r) — L)r and a = 2||7]|co,

ESWIEE

L) (1) )t

Z\H
&MZ

(b f ) + £ ()2

=1
| NN
+ 1 2 2 D s oo ()
1Y, 1 i N - AP G A
+ sz (r$)24/1 + Nﬂ(o,oo)(rt)dwt + sz (Tt)(At + N ZAt>dt
i=1 = k=1
Taking expectation, we get using f/(r) < 1 for all r > 0,
d 1L, ., o N+1 :
—E|= )" f(r}) *Z 1) +2——=—(f"(r}) — 1"(0))
dt [N P } N & { [ N } (B.76)

E[@Mm+ﬁiiﬂ(0 L(0,00)(})| + E[241] } .

By (B.39) and (B.40), the first two terms are bounded by —é+ 3, f(rf) with ¢ given in (B.17).
By Lemma B.19 the last term in (B.76) is bounded by

E[A]] <CN™'2,
where
C =20, =4LC"? 4 8|7]00 + 2(V2C L + ||7]s0) - (B.77)

Hence, we obtain

{ Zfrt} C—ZE rt —I—CN 1/2
for t > 0 which leads by Gronwall’s lemma to

E[% > 5] < e_EtE[% > 1)) + %éz\f—m .

For an arbitrary coupling & € I'(ji N V(S@N ), we have
w ®N N —ct 1 al i 7 1 al J 7 dzd é
v (i) et@wN;fx—y—N;m—y>axw+@Ww
as E[f(r))] < [panva + SN f(at - -+ N (27 — y7)|)é(dzdy). Taking the infimum over all
couplings & € I'(f1 ON vy) gives the first bound By (B.38), the second bound follows. O
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B.6.5 Proof of Appendix B.5

As for the nonlinear case we show Theorem B.10 via a family of stochastic differential equations,
with Lipschitz continuous coefficients,

drp™ ™ = (b(r™ ™) + g (™™ )t + 207 ("™ )AW]

1
N
(B.78)

HMZ -

0 = () S a2

1
N ¢
Law(rg™"™, s¢™™) = om , i€ {l,...,N},

where 7,.m € I'(ftn,m; Vnm). Under Assumption B.4, Assumption B.5, Assumption B.8, As-

sumption B.9 and Assumption B.10 we identify the weak limit of ({ri™™, s-™™ L nmeN )20

’Lm

solving (B.78) for n — oo by ({ri™, s! }z]\;l,meN)tZO solving the family of SDEs given by

ari™ = (™) + zg P )t + 200 ()Y

| A B.79
dsi™ = (b(sy™) + th ) )t + 21 g 00 (5™ VAW .

Law(rém 50 ):nm, ie{l,...,N},

where 1, € T'(tm, Vm)-

Taking the limit m — oo, we obtain (B.35) as the weak limit of (B.79). In the case g(r) =
L(0,00)(7), we can choose g™ = 6™.

Consider a probability space (2,49, @) and N i.i.d.1-dimensional Brownian motions
({WiN )i>0. Note that under Assumption B.4-Assumption B.10, there are random variables
{pimmI N LgbnmIN s Qg — WY for each n,m such that ({r®™m, stmm N ) is a unique
solution to (B.78) by [146, Theorem 2.2]. We denote by P*»™ = @Q o ({rtmm sbnmiN =1 the
law on W& x W,

Before taking the two limits and proving Theorem B.10, we introduce a modification of Ikeda
and Watanabe’s comparison theorem, to compare two solutions of (B.78), cf. [116, Section VI,
Theorem 1.1].

Lemma B.21. Suppose a solution ({ri™"™, st™™ N )¢ of (B.78) is given for fized n,m € N.
Assume Assumption B.8 for g™ and h™, Assumptwn B.J for b and b, Assumption B.9 for ™.
If Qry™™ < s5™™ for alli = 1,...,N] =1, b(r) < b(r) and g™(r) < K"™(r) for any r € Ry,
then

QUri™™ < ™™ forallt >0 andi=1,...,N] =1

Proof. The proof is similar for each component ¢ = 1,..., N to the proof of Lemma B.14. It
holds for the interaction part similarly to (B.53) using the properties of g"* and h™,

N N
1 A .
Z ) = B (E) S Ko S0 1A = S o) (T = 52T
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Hence, we obtain analogously to (B.54),
. . - t .
E[(T;,n,m . Si,n,m)Jr] < LE{/O (r': imm znm) du} + K, E / Z 7Jnm ngn,m)eru}

for all i = 1,...,N. Assume ¢* = inf{t > 0 : E[(r P i ] > 0 for some i} < oc.
Then, there exists ¢ € {1,..., N} such that fo E[(ri™™ — simm) ]Jdu > 0. But, by definition
of t*, for all 7, u < t*, ]E[(r“”m — sbmm) ] = 0. This contradicts the definition of ¢*. Hence,
Q[mm<sf€”mforallz t>0]=1. O

In the next step, we prove that the distribution of the solution of (B.78) converges as n — oo.

Lemma B.22. Assume that Assumption B.4 and Assumption B.5 is satisfied for (l;,g) and

(b, ). Further, let (0™)nen, (9™ )menN, (M )men, (Hnm)nmeN, (Vnm)nmen and (Mam)nmen be
such that Assumption B.8, Assumption B.9 and Assumption B.10 hold. Let m € N. Then there
exists a random variable ({r*™, s*™}N ) defined on some probability space (™, A™, P™) with
values in WY x W such that ({ry™, sy }¥.1)i>0 is a weak solution of (B.79). Moreover, the
laws Q o ({rtmm, stmm N V=1 converge weakly to P™ o ({r®™ s#™}N V=1 If in addition,

b(r) <b(r) and g™(r) <h™(r) for any r € Ry,
Qlrg™™ < sg™™ =1 foranyneN;ji=1,... N,

then P™[ri™ < ™ for allt > 0 andi € {1,...,N}] = 1.

Proof. Fix m € N. The proof is divided in three parts and is similar to the proof of Lemma B.15.
First we show tightness of the sequences of probability measures. Then we identify the limit of
the sequence of stochastic processes. Finally, we compare the two limiting processes.

Tightness: We show analogously as in the proof of Lemma B.15 that the sequence of prob-
ability measures (P™™),cn on (WY x WV B(WY) @ B(WY)) is tight by applying Kolmogorov’s
continuity theorem. We consider p > 2 such that the p-th moment in Assumption B.10 are
uniformly bounded. Fix T' > 0. Then the p-th moment of ;™™ and s;™"™ for t < T is bounded
using Ito’s formula,

dlry™™ P < plry ™™ PR (™) + Zg r ™)) dt
+ 20" (ry ™ plr P A" AW + p(p — 1)Ir”””|p 220" (ry™ ™) dt
< p(|ri™ "L+ D™ ™ Pt 2(p = Dlr™ " P72 )dt 4 207 (" (e P AW
<p(L+T+2(p = 1) [r{™™ Pt + p(T + 2(p — 1))t + 20" (ry"™ ™ )p(r{™ P~ dW]

Taking expectation yields
d . )
GEIr P < p(L 4T +2(p = D)Er""P + p(T +2(p 1)

Then by Gronwall’s lemma

sup E[|r}™™P] < ePEATF2=DIT(R[|4™™P] 4 Tp(T 4 2(p — 1)) < Cp < o0, (B.80)
t€[0,T]
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where C), depends on T" and the p-th moment of the initial distribution, which is by assumption
finite. Similarly, it holds sup;jo 7 E[|s;™™P] < C, for t < T. Using these moment bounds, it
holds for all ¢1,ts € [0,T] by Assumption B.4, Assumptlon B.8 and Assumption B.9,

[|Tznm_ znm‘p]
N . 2 ) X
(B0 [ By + o Yo gmm e + B [ 20 rirmaw)
2 1
<cC (p)((E{in yrwm\pdu] +T7) |ty ¢ |p+E|/ 20" (ri;™ ™) duf?/?))
>~ L2 |t2*t1| " 2 1
Lp ,n,m
_Ca(p)((m 3 E[Ir’ !p]du+rp)!t2—t1|z>+2p/2|t2 t1|p/2)

S 03(]97 T7L7F7Cp)|t2 - tl’p/z ?

where Ci(-) are constants depending on the stated arguments, but independent of n,m. Note
that in the second step, we use Burkholder-Davis-Gundy inequality, see [170, Chapter IV, The-
orem 48]. It holds similarly, E[|s;)""™ — s™"™[P] < C3(p, T, L, T, Cp)|t2 — t1]P/?. Hence,

Bl ({re"™, s ™ ) — (g™, s H ) P)
N .
< Calp, N)Q(E[Jry™ = v 7] + Bl sip™™ — 7™ [P]))
i=1
S C5<p7 N7 T7E7F7 Cp)’tQ - tl‘p/2

for all t,ty € [0,T]. Hence, by Kolmogorov’s continuity criterion, cf. [121, Corollary 14.9], there
exists a constant C' depending on p and  such that

E[[({r*mm, stmmiN )] < C- Cs(p, N, T, LT, Cy) - (B.81)

where []g is defined by [z], = SUDt, 1,¢[0,7] % and ({rZ T ;Lfnm}f\;l)neN,tZO is tight in
C([0,T],R?N). Hence, for each T > 0 there exists a subsequence ni — oo and a probability
measure Py on C([0, 7], R?Y). Since {P%}r is a consistent family, there exists by [121, Theorem
5.16] a probability measure P™ on (WY x WV B(WY) @ B(W¥)) such that P™™ converges
weakly to P™. Note that we can take here the same subsequence (ny) for all m using a diago-
nalization argument.

Characterization of the limit measure: Denote by ({ri,s{}}¥ ) = w(#) the canonical process
on WV x WV, To characterize the measure P™ we first note that P™ o (v, s}) ™! = n,, for all
i € {1,...,N}, since P"™(r},si)~! = 1, converges weakly to 1, by assumption. We define
maps M No™ : WN x WN — W by

. . . t
L,m __ 1 7
M, —rt—ro—/o(

. s
N”m:uu/ -
t St So 0( N

Foreachn,m € Nandi=1,..., N, (]\JtZm Fi, P™™) is a martingale with respect to the filtration
Fir = O'((I'j 7):j=1,...,N,0 <u<t). Note that the families ({M;"™}N |, P™™), cx >0 and

u’ 'lL
({N}™AN | prom )nGN,tZO are uniformly integrable.

) and
(B.82)
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Since the mappings M*™ and N®™ are continuous in W, P o ({rf s?, M4m N&m}N =1
converges weakly to P™ o ({r?,s’, M*™ N i’m}i]il)_'l by the continuous mapping theorem. Then
applying the same argument as in (B.59), (M;™", F,P™) and (N;™*, F;,P™) are continuous
martingales for all i = 1,..., N and the quadratic variation ([{M®™ N*™}N 1,)~0 exists P™-
almost surely. To complete the identification of the limit, it suffices to identify the quadratic
variation. Similar to the computations in the proof of Lemma B.15, it holds

[Mzm] — 4/0 ﬂ(o,oo)@Z)dU P -almost surely,
[Nom] = 4/0 1(0,00) (s,)du P™-almost surely, and (B.83)
[Mi,m7 Niam] - 4/0 ]1(0700)(r2)]1(07oo)(52)du P -almost surely,

Further, [M*™, M7™], = [N®™ NJ™|, = [M®>™ N»™], = 0 P""-almost surely for i # j and
(M MP™ Py (NP NP™ Premy and (M N7™, P™) are martingales. For any bounded,
continuous non-negative functlon G:W R, it holds

E™[G(M™ MP™ = ME™MP™)] = N BV [GM™" MP™ — M ME™)] =0,

n—oo
respectively, E™[G(N/™ NJ™ — NimNI™)| = 0 and E™[G(M}™N™ — M= NJ#™)] = 0. Then
[MO™ M™M= [NO™ NI™) = [M5™ N?™] =0  P"-almost surely, for all i # j .  (B.84)

Then by a martingale representation theorem, cf. [116, Chapter II, Theorem 7.1}, there is a
probability space (2™, A™, P™) and a Brownian motion {W*}¥; and random variables

({rtm, s4m 1V ) on this space, such that it holds P™ o ({r®™, s’m N t=Pmo ({r,s'}¥ )7 !
and such that ({rtm, sbm WK ) is a weak solutlon of (B.79).
Comparison of two solutions: To show P"[ry™ < sy™ forallt > 0andi=1,...,N] =1

it suffices to note that P™™[ri™™ < ™™ forallt > Oandi = 1,...,N] = 1, Wthh holds
by Lemma B.21, carries over to the limit by the Portmanteau theorem, since we have weak
convergence of P o ({r?, s}V )=t to P™ o ({r!,s'}¥ )~ L. O

In the next step we show that the distribution of the solution of (B.79) converges as
m — oo. Consider a probability space (2™, A™, Pm) for each m € N and random variables
{ptmIN {stmIN oM — WY such that ({r,™ }ﬁil)tzo is a solution to (B.79). Denote
by P™ = Pm ({7"“” stmIN )~1 the law on WN X W .

Lemma B.23. Assume that Assumption B.4 and Assumption B.5 is satisfied for (l;,g) and
(13, h). Let n € T'(u,v) where the probability measures p and v on Ry satisfy Assumption B.6.
Further, let (¢™)men, (B™)men, (lm)meN, (Vm)men and (Mm)men be such that Assumption B.8
and Assumption B.10 hold. Then there exists a random variable ({r%,s'}.,) defined on some
probability space (0, A, P) with values in WY x WY such that ({ri, si}}¥ ) is a weak solution of
(B.35). Moreover, the laws P™ o ({r®™ s*m}N V=1 converge weakly to P o ({ri,s'}N.)~L. Ifin
addition,

b(r) <
o

b(r), g(r) <h(r), and g¢m(r) <Rh™(r) for any r € Ry, and
P™rg™

< lmforallt>0andz€{1 LN =1 for any m € N|

then P[ri < si for allt >0 andi € {1,...,N}] = 1.
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Proof. The proof is structured as the proof of Lemma B.22. Tightness of the sequence of proba-
bility measures (P™),en on (WY x WY, B(WY) ® B(WY)) holds adapting the steps of the proof
of Lemma B.22 to (B.79). Note that (B.80) and (B.81) hold analogously for ({r:™, s:™ M)
by Assumption B.4, Assumption B.8 and Assumption B.10. Hence by Kolmogorov’s contlnuity
criterion, cf. [121, Corollary 14.9], we can deduce that there exists a probability measure P
on (WY x WV B(WN) @ B(WY)) such that there is a subsequence (my)ren along which P
converge towards P.

To characterize the limit, we first note that by Skorokhod representation theorem, cf. [20,
Chapter 1, Theorem 6.7], without loss of generality we can assume that ({r®™, s*™}N ) are
defined on a common probability space (2, A, P) with expectation E and converge almost surely
to ({r?, s}V, with distribution P. Then, by Assumption B.8 and Lebesgue convergence theorem
it holds almost surely for all ¢ > 0,

1 J,m — J
nlbgnw/ b(r Z (rP™)du = / b(rt) g™ (r])du . (B.85)

1

Consider the mappings M®™, N*™ : WY x WV x P(WY x W) — W defined by (B.82) Then for
allme Nandi=1,...,N, (My", F,P™) and (N;™, F;,P™) are martingales with respect to
the canonical filtration 7 = o(({r, s}V, )o<u<t). Further the family ({M;"}NY 1, P™)men >0
and ({N}"}N P™)ment>0 are uniformly integrable. In the same line as weak convergence is
shown in the proof of Lemma B.15 and by (B.85), P o ({r?,s?, M*™ N*m1N =1 converges
weakly to P o ({r?,s’, M N'}¥ )~! where

A o t, 1 XN .
Mf:r;—ra—/o (b(rL)—I—NZ (ri))du, and
j=1

. 1 X
. —> h d
)+ 7 2 )

Ni=si—sh- [ (i )

Then ({M/YN.,, 7, P) and ({ N/}, 7, P) are continuous martingales using the same argument
as in (B.59). Further, the quadratic variation ([{M}, Nf}¥. ]i)i>0 exists P-almost surely and is
given by (B.83) and (B.84) P-almost surely, which holds following the computations in the
proof of Lemma B.15 and Lemma B.22. As in Lemma B.22, we conclude by a martingale
representation theorem that there are a probability space (€2, A, P) and a Brownian motion
{W’ *, and random variables ({7" s {5 ¥,) on this space such that Po({r?, s} )~1 = Po
({r*, s’ N )7t and such that ({rf, s, Wi}, ) is a weak solution of (B.25). By the Portmanteau
theorem the ‘monotonicity carries over to the limit, since P™ o ({r!,s"}¥ )1 converges weakly
to Po ({rf,s'}N )~L. O

Proof of Theorem B.10. The proof is a direct consequence of Lemma B.22 and Lemma B.23. [

B.7 Appendix

B.7.1 Kuramoto model

Lower bounds on the contraction rate can also be shown for nonlinear SDEs on the one-
dimensional torus using the same approach. Here, we consider the Kuramoto model given
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by
dX; = -k [/ sin(Xy — x)dp(z) | dt + dB; (B.86)
T

on the torus T = R/(27Z).

Theorem B.24. Let pi; and vy be laws of Xy and Yy where (Xs)s>0 and (Ys)s>o0 are two solutions
of (B.86) with initial distributions g and vy on (T,B(T)), respectively. If

n /0 " exp(2k — 2k cos(r/2))dr < 1 (B.87)
holds, then for allt > 0,
Wi, ve) < e*CTth(uo, ) and Wi (1, vt) < 2exp(2k)e "W (1o, 10)
where

er = 1/(2 /D i /0 " exp[2k(cos(r/2) — cos(s/2))]dsdr) (B.8%)

and f is a concave, increasing function given in (B.92).

In [64, Appendix A], a contraction result is stated for a general drift using a similar approach.

We prove Theorem B.24 via a sticky coupling approach. In the same line as in Appendix B.2
the coupling (X;, Y;)¢>0 is defined as the weak limit of Markovian couplings {(X?,Y,?);>0 : 6 > 0}
on T x T =R/(27Z) x R/(2nZ) given by

dX? = —k [/ sin(X? — x)duf(x)} dt 4 v (72)dB} + s¢ (70)d B?
T

(B.89)
dy? = —k { / sin(Yy — ;U)dyf(a:)] dt — rc®(7)d B} + s¢® (7)dB?
T
where 7 = dr(X{,Y}?) with dp(-,-) defined by
x — y| mod 27 if (| —y| mod 27) <,
dr (1) = (lz =yl ) (I .yl ) < (B.90)
(2m — |z — y| mod 27) otherwise .

The functions rc?,sc® are given by (B.19) and satisfy that there exists ¢y > 0 such that rc®(r) >
r/2 for any 0 < r < ¢§ < €.

Theorem B.25. Assume (B.87). Let py and vy be probability measures on (T,B(T)) having
finite forth moment. Then, (X¢,Y:)>0 is a subsequential limit in distribution as § — 0 of
{(X2,Y )0 = 6 > 0}, where (X;)i>0 and (Y;)i>0 are solutions of (B.86) with initial distribu-
tions po and vy, respectively. Further, there exists a process (r¢)t>o Satisfying for any t > 0,
dr(Xy,Y:) < ry almost surely, and which is a weak solution of

d’l“t = (2]43 sin(rt/2) + 2]{3P(Tt))dt + 2:[].(0’71.] (Tt)th - 2(15? s (Bgl)
where (Wy)i>0 is a one-dimensional Brownian motion on T and {™ is the local time at 7.
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Proof. The proof works analogously to the proof of Theorem B.2 stated in Appendix B.6.2. It
holds similarly to Lemma B.12 by Meyer-Tanaka’s formula, cf. [172, Chapter 6, Theorem 1.1},
and using (B.90),

7 -7 = /Ot sgn(X? — Y2)(—k)e, {/T sin(X? — 2)dp(z) — /Tsin(Yf —x)dy(z)| dt

t
+ / sen(X? — V)2 (79)e,dBY + / 20 (70)209(80 — 6,)(da) |
0 R

where sgn(z) = 1(gx)(2) — L(r27)(2), (6f)i>0 is the local time at a associated with (X? - Y0
and e; = (X? — Y)2)/dp(X?,Y?) for 70 # 0. For #0 = 0, e; is some arbitrary unit vector. For
any a the support of ¢§ as a function of ¢ is a subset of the set of ¢ such that r, = a [121,
Theorem 19.1], hence 1 g (r)€9 = 0 almost surely and so the term involving the local time
reduces to —2¢7. Further, we note that W; = fg sgn(X) — Y)e,dB} is a Brownian motion. As
in Lemma B.12, it holds for the process (7?);>o for € < ¢y with ¢ given by (B.20),

d < (2ksin(79/2) +2kE, 5. 0 (rc (dr(@, y))))dt + 2re’ (77)dW; — 2407
where we used the properties of rc¢? and
(z —y) - (sin(z — ) —sin(y — 7)) < 2sin(|jz —y|/2)|z - y|

for any z,y,7 € T. Consider (rf’e)tzo given by
drd€ = (2ksin(rP</2) + Qk/ v (w)d PP (w))dt + 2rcd (r&)dW; — 2407
0

where P is the law of 7. Then as in Lemma B.13, for the processes (7%);>0 and ()0
with the same initial condition and driven by the same noise it holds 7 < rf *“ almost surely for
every t and € < €.

Consider the process (Uf’e)tzo = (X2,Y2, r?’e)tzo on T? x [0, 7] for each €,§ > 0. We define
by X,Y : C(Ry,T? x [0,7]) = C(R4, T) and r : C(Ry,T? x [0,7]) — C(R, [0, 7]) the canonical
projections onto the first component, onto the second component and onto the last component,
respectively. Analogously to the proof of Theorem B.2, the law P%¢ of the process (Uf V>0
converges along a subsequence (J,€x)ren to a probability measure P. Let (X, Y:, 7¢)i>0 be
some process on T? x [0, 7] with distribution P on (Q, F, P). Since (X});>0 and (Y?)i>o are
solutions of (B.86) which are unique in law, we have that for any €, > 0, P> o X1 = Po X!
and P> oY~! = PoY~!. And therefore (X;);>0 and (Y;)¢>0 are solutions of (B.86) as well with
the same initial condition. Hence P o (X,Y)™! is a coupling of two copies of (B.86).

Further, the monotonicity 7 < rf7€ carries over to the limit by the Portmanteau theorem.
Finally, similarly to the proof of Lemma B.15 and Lemma B.16 there exist an extended proba-
bility space and a one-dimensional Brownian motion (W3):>o such that (¢, W):>0 is a solution
to (B.97).

O

Proof of Theorem B.24. Similarly to (B.37) we consider a function f on [0, 7] defined by
t
fo) = [ ematrar, (8.92)
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where
P(r) = exp{2k(eos(r/2) D}, ()= [ ps)ds.
i) = 1= 5 [{8()/3()3as — k [ {1/a(5)}s

er= (2 [[(@/50as)

Then for k satisfying (B.87), §(r) € [1/2,1] and f is a concave function satisfying similarly to
(B.38)

exp(—2k)/2r < f < ®(r) <7 (B.93)

and -
(0) = -
2(f"(r) — £7(0)) < —2ksin(r/2)f'(r) — er f(r) for all r € [0, 7] .
By Ito’s formula it holds
df(re) = f/(re)(2k sin(r/2) + 2kP(ry > 0))dt + 2 (1¢) L(o,m) (1) AW — 2f (ry)dey
+ 2" (re) L (g, (re)dt .
Taking expectation and using that the term involving the local time is negative, we obtain

SE[f(r)] < B2/ (1) = £7(0)) + F/(r)2k sin(r/2)] + (27(0) + 20)(r, > 0)

: (
< —crE[f(re)]
where the last step holds by (B.94). Then
E[f(dr(X:, Y0)] < E[f(re)] < e “E[f(r0)] = ™ E[f(dr(Xo, Y0))] , (B.95)
provided (B.87) holds. Thus

(B.94)

Wi, 1) < echth(umVo) ;
and by (B.93)
Wi (e, 1) < 2exp(2k)e” ™ Wi (o, vo) -
]

Remark B.26. Let us finally remark that we can relax the condition (B.87) and we can obtain
contraction with a modified contraction rate cr for all k < kg, where kg is given by

ko/ exp(2kg — 2kg cos(r/2))dr =1 . (B.96)
0

- -1
More precisely, set ¢ = 1—k [ exp(2k—2k cos(r/2))dr and cr = (f(f{q)( )/ p(s )}ds) . Then,
G(r) € [¢/2,1] and Cexp(—2k)/2r < f(r) < r. Following the previous computations, we obtain

Wi (e, 1) < 2exp(2k)/Ce” " Wi (o, v0)

where for k close to kg, the contraction rate becomes small and the prefactor 2exp(2k)/( ex-
plodes.
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B.7.2 Sticky nonlinear SDEs on bounded state space

In the same line as in Theorem B.3, existence, uniqueness in law and comparison results hold
for solutions to the sticky SDE on [0, 7] given by

dr; = (b(?‘t) + QkP(T’t > 0))dt + 2]1(0,7r) (T't)th - 2d€?, (B97)

where k£ € Ry and £™ is the local time at .
The analysis of invariant measures and phase transitions can be easily adapted to the case
of the sticky SDE on [0, 7] given by (B.97).

Theorem B.27. Let (r¢)i>0 be a solution of (B.97) with drift b satisfying Assumption B.4.
Then, the Dirac measure at zero, dy, is an invariant probability measure on [0, 7] for (B.97). If
there exists p € (0,1) solving (1/k) = (1 — p)I(k,p) where

T 1 (7.
I(k,p) = /O exp (k:px—|—§ /O b(r)dr)dz

then the probability measure w on [0, 7| given by
1

m(dx) T

So(dz) + exp (kpz + % /0 ’ b(r)dr) A (dz) (B.983)

is another invariant probability measure for (B.97).

Proof of Theorem B.27. The proof works analogously to the proof of Theorem B.5 for sticky
SDEs on Ry. Note that here the condition (B.66) transforms for p € (0,1] to

I(k,p)
kp) + I(k,p)

p=m((0,7)) = T & (1=p)I(k,p)=1/k .

O

Ezample B.28. Consider a solution (r¢);>o of (B.97) with drift b(r) = 2ksin(r/2). Consider a
solution p € (0, 1] solving 1/k = (1 — p)I(k,p) with

I(k,p) = / exp (k:px + / ksin(r/Q)dr)dx = / exp (k:px + 2k — 2k cos(:z/Q))dx .
0 0 0
Then by Theorem B.27, the Dirac measure at zero, dyp and the probability measure
1
m(dz) o %5O(dx) + exp(kpz + 2k — 2k cos(z/2)) A (o,r) (dz) (B.99)

are invariant probability measures for (B.97). We specify a necessary and sufficient condition for
the existence of a solution p satisfying 1/k = (1—p)I(k,p). We define I(k,p) = (1—p)I(k,p). We
first consider the case 1/k < I(k,0) = [T exp(2k — 2k cos(z/2))dx. Then since 1/k > I(k,1) =0
and by the mean value theorem there exists a p solving 1/k = I (k,p) and therefore there exist
multiple invariant distributions for (B.99). On the other hand, if 1/k > I(k,0) = Jo exp(2k —
2k cos(x/2))dz, since m < [ exp(2k — 2k cos(x/2))dx and for k < 1/7, it holds

d

d—pf(k,p) =—I(k,p)+ (1 —p) /0 kx exp(kpz + 2k — 2k cos(x/2))dx

= /;((1 — p)kx — 1) exp(kpx + 2k — 2k cos(z/2))dz <0,

there is no p satisfying (B.99).
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Remark B.29. The contraction result given in Theorem B.7 carries over to the sticky diffusion
(r¢) given by (B.97) on [0, 7] with b(r) = 2ksin(r/2). If (B.87) holds, then for ¢ > 0, (B.31) holds
with f defined in (B.92) and cp defined in (B.88) using (B.95). Moreover by Remark B.26, we
can deduce that if (B.96) holds, the Dirac measure at zero, Jy, is the unique invariant measure
and contraction towards dy holds.

130



Appendix C

Global contractivity for Langevin
dynamics with
distribution-dependent forces and
uniform in time propagation of chaos

Katharina Schuh, Global contractivity for Langevin dynamics with distribution-dependent forces
and uniform in time propagation of chaos. ArXiv e-print arXiv:2206.03082, June 2022.1

Abstract
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potential, a contraction rate of order O(y/k) is obtained in certain cases. But the contraction
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type external forces as well as non-gradient-type repulsive and attractive interaction forces. The
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C.1 Introduction

In this paper, we are interested in the long-time behaviour of the Langevin diffusion (X, Y;)t>0
of McKean-Vlasov type on R?¢ given by the stochastic differential equation

X; =Y,
{ dX, = Y;dt 1)

AY; = (ub(Xy) + u fpa b(Xe, 2)aF(dz) — 4Yy)dt + /2yud By, i = Law(X;),

where b : R — R? and b : R2¢ — R? are two Lipschitz continuous functions, u,y > 0 are two
positive constants and (Bi)i>o is a d-dimensional standard Brownian motion. The functions b
and b denote the ezternal force and the interaction force, respectively. If b = 0, (C.1) corresponds
to the classical Langevin dynamics, which is also of particular interest and whose long-time
behaviour will separately be studied in detail. Existence of a solution and uniqueness in law
hold provided the initial conditions have bounded second moments and b and b are Lipschitz
continuous [146, Theorem 2.2].

Equation (C.1) is the probabilistic description of the Viasov-Fokker-Planck equation given
by

0ufu(w.) = Yy (Y9l ) + bl ) +u(bla)+ [ B, )i (02) ) e, )| =uV- ol )
(C.2)
where f; is the time dependent density function on R?? and jif is the marginal distribution in
the first component of p;(dzdy) = fi(x,y)dedy. The solution (f;)i>o of (C.2) describes the
density function of the process (X¢, Y;);>0 which moves according to (C.1). Often, b and b are of
the form b(z) = —VV(z) and b(z,2') = =V, W(z,2’) for all z, 2’ € R% and for some functions
V € C'(R?) and W € C'(R??), which are called confinement potential and interaction potential,
respectively.
Besides the long-time behaviour of (C.1), we study the mean-field particle system corre-
sponding to (C.1) with NV € N particles which is given by

ax:N =y N ae
Ay = (ub(XPN) + N7V ab(XpN, XPN) — Ay Nydt + y2yud B, i=1,..,N.
(C.3)
We are interested in establish conditions on b and b such that for all ¢ > 0 for N — oo the
law of the particles converges to the law of (Xy,Y;). This phenomenon was stated under the
name propagation of chaos and was first introduced by Kac for the Boltzmann equation in [120].
For finite time horizon, bounds on the difference between the law of the particle system and
the law of N independent solutions to (C.1) are established by McKean [143] provided b and b
are Lipschitz continuous and bounded. This result is further developed in e.g. [187, 146], see
[45, 46] for a overview and the references therein.
The equations (C.1), (C.2), (C.3) and its variants have various applications in physics. If
b = 0, the solution of (C.1) can be interpreted as a particle having a position X; and a velocity Y;
and which moves according to the external force. The constant v > 0 corresponds to the friction
parameter and u > 0 denotes the inverse of the mass per particle. Equation (C.3) describes
many particles whose moves are additionally determined by pairwise interactions given by the
interaction force. Equation (C.2) describes the limit distribution as the number of particles
tends to infinity.
In the deep learning community, Langevin dynamics with a mean-field interaction provide
a tool to prove trainability of neural networks [145, 178]. Algorithms using Langevin dynamics
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have a better long-time behaviour compared to the overdamped Langevin dynamics [55, 60],
which forms a degenerated special case of the Langevin dynamics, where the limit for v to
infinity is taken [165, Section 6.5.1]. Therefore, nonlinear Langevin dynamics became recently
popular for training networks as the Generative Adversarial Network (GAN) [122].

If b= 0 and b = VV, then under some mild conditions on V the unique invariant measure is
given by the Boltzmann-Gibbs distribution

fioo(dz dy) o exp(—V(z) — |y[?/(2u)),

see e.g. [165, Proposition 6.1]. Otherwise, i.e., if b is not of gradient-type or b # 0, it is often
not clear if uniqueness of an invariant probability measure holds (see [71]) and how fast the
marginal law of a solution of (C.1) converges towards it.

Getting a clear picture of the long-time behaviour of processes given by stochastic differential
equations with and without nonlinear forces of McKean-Vlasov type is of wide interest and the
objective of many works. For the overdamped Langevin dynamics forming a first-order equa-
tion, the long-time behaviour is studied using both analytic approaches as functional inequalities
(e.g. [11, 24]) and probabilistic approaches as coupling techniques. Via a reflection coupling,
Eberle [83] established contraction in L! Wasserstein distance with respect to a carefully aligned
distance function with explicit rates for locally non-convex potentials. For the dynamics with
an additional nonlinear drift term, which appears to model for example granular media (see
[13]), exponential convergence rates have been investigated for uniformly convex potentials in
[42] using gradient flow structure, Logarithmic Sobolev inequalities and transportation cost in-
equalities (see [43, 137, 44] for relaxations to certain non-uniformly convex potentials). Further,
[137, 44] provide uniform in time propagation of chaos estimates for the corresponding particle
system. Based on a coupling approach consisting of a mixture of a synchronous and a reflec-
tion coupling, uniform in time propagation of chaos is shown in [75] for possibly non strongly
convex confinement potentials and possibly non-convex interaction potentials. For the uncon-
fined dynamics (i.e., b = 0) exponential convergence is studied in [44, 25] for convex interaction
potentials applying analytic tools. If the convexity assumption on the interaction potential is
removed, exponential convergence and propagation of chaos can still be established for uncon-
fined overdamped Langevin dynamics via a sticky coupling approach (see [74]) for a class of
interaction forces that split in a linear term and a perturbation part.

Proving contraction rates for second-order SDEs given by (C.1) is more delicate as addi-
tionally one has to deal with the hypoellipticity of the diffusion. In the case of the classical
Langevin dynamics with a gradient-type force, i.e., when b = VV and b = 0 hold, exponential
convergence is studied in e.g. [4, 67, 68, 109, 111, 110, 191] using analytic methods including
the Witten Laplacian, semigroups, functional inequalities and hypocoercivity. To our knowl-
edge, the best-known contraction rate is obtained for r-strongly convex potentials V in [40],
where contraction in L? distance is shown with a rate of order O(y/k) via a Poincaré type in-
equality. Harris type theorems, involving a Lyapunov drift condition, provide a probabilistic
technique to analyse the long-time behaviour of Langevin dynamics, see [10, 200, 140, 188].
An alternative powerful probabilistic approach, which provides quantitative rates, is based on
couplings. Via a synchronous coupling approach, Dalalyan and Riou-Durand [60] showed con-
traction in Wasserstein distance with rate of order O(k/v/L) for s-strongly convex potentials
with L-Lipschitz continuous gradients if Ly~2u < 1 holds. In [85], Eberle, Guillin and Zimmer
introduced a coupling for the Langevin dynamics including non-convex confinement potentials
and showed exponential convergence with explicit rates. There, contraction is shown in a spe-
cific L' Wasserstein distance with respect to a semimetric involving a Lyapunov function. More
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precisely, for large distances, a synchronous coupling is considered and the Lyapunov function in
the semimetric yields contraction. For small distances, the noise is synchronized on a line, where
contraction for the position is observed, and reflected otherwise to force the dynamics to return
to that line. Combining the results of the different areas, contraction in average is obtained
for a carefully aligned semimetric. Due to the Lyapunov function, the contraction rate depends
on the dimension and the semimetric is not applicable for nonlinear Langevin dynamics, which
suggests getting rid of the Lyapunov function and treating the area of large distances differently.

To get results on the long-time behaviour for nonlinear Langevin diffusions given by (C.1),
we have to handle both the difficulties coming from the nonlinearity and the hypoellipticity of
the equation. Beginning with the analytic approaches, let us mention the work by Villani [191],
where the hypocoercivity is extended to the framework on the torus with small interactions,
see also the work by Bouchut and Dolbeault [36]. Using a free energy approach, convergence
to equilibrium is studied in [72] for specific non-convex confining potentials and convex polyno-
mial interaction potentials. Applying functional inequalities for mean-field models, established
in [99] to prove convergence to equilibrium in weighted Sobolev norm, Monmarché and Guillin
proved propagation of chaos for (C.3) in [151, 100]. There, they considered both strongly con-
vex confinement potentials and more general confinement potentials and attractive interaction
potentials with at most quadratic growth.

Coupling techniques are also employed in the study of the nonlinear dynamics (C.1). In [26],
convergence to equilibrium is shown via a synchronous coupling for small Lipschitz interactions
and a quadratic-like friction term. The combination of the coupling approach of [85] and a
Lyapunov function is used in [122] to prove exponential contraction in the case of certain small
mean-field potentials of non-convolution-type. There, the results are applied to the numerical
discretized version of the dynamics corresponding to the Hamiltonian Stochastic Gradient De-
scent, and the connection to the analysis of deep neural networks is drawn, see [114] for further
references on the connection to deep learning. Very closely related to this work is the recent
preprint [97] by Guillin, Le Bris and Monmarché, which has been prepared independently in
parallel. They considered non-globally convex confinement potentials and Lipschitz continuous
even interaction potentials and extended the approach by [85]. More precisely, they modified
the semimetric by a sophisticated Lyapunov function to treat the nonlinear Langevin dynamics
and to obtain propagation of chaos bounds. The main differences between this work and [97] are
that here we include forces that are not necessarily of gradient type and that we establish global
contractivity with dimension-free rates by constructing a novel distance function and modifying
the coupling approach of [85] appropriately. In particular, we consider two separate metrics r;
and rs for large and small distances instead of a semimetric involving a Lyapunov function and
establish contraction for both metrics separately. For small distances we make use of the results
by [85], whereas for large distances we consider a twisted 2-norm structure for the metric r; of
the form (z - (Az) + 2 - (By) + vy - (Cy) with positive definite matrices A, B,C € R%*?. This
structure is similar to the structure appearing in the Lyapunov function in [140, 188] and to the
norm used in e.g. [4] to prove contraction for certain strongly convex potentials.

Then, our first main contribution is a global contraction result in Wasserstein distance with
respect to a distance p that is carefully glued of s and r; and that is equivalent to the Euclidean
distance. More precisely, we impose b to be a sum of a linear function —Kz, where K € R4*? ig
a positive definite matrix with smallest eigenvalue k, and a certain Lipschitz continuous function
g(x) with Lipschitz constant L, which is such that b includes gradients of asymptotically strongly
convex potentials. If the friction parameter v is sufficiently large, i.e., v2 > 2L§u /K, and if the
Lipschitz constant L of the interaction force b is sufficiently small, we prove for two probability
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measures fig and 7y on R?>¢ with finite second moment,
W, (fie, vt) < e~ W, (jio, 1), and Wi (fie, ) < Mye™““Wi (jig, o), (C.4)

where ji; and 7y are the laws of the solutions (X;, Y;) and (X}, Y/) to (C.1) with initial distribution
it and g, respectively. The dimension-free constants ¢ and My depend on k, 7, u, on the largest
eigenvalue of K and on properties of g. Note that the additional constant M; in the second
bound measures the difference between the distance p and the Euclidean distance.

These bounds are established using a modification of the coupling introduced in [85], which
is a synchronous coupling for large distances and mainly a reflection coupling for small dis-
tances except on one line the noise is synchronized. In this work, we adjust the transition from
synchronous coupling for large distances to reflection coupling for small distances to suit the
underlying distance function. Namely, the synchronous coupling is applied when r; is considered
and the coupling approach of [85] when rg is considered.

This approach which does not rely on a Lyapunov function has the advantage that the upper
bound in (C.4) depends only on the Wasserstein distance between the two initial distributions
and is independent of the two distributions themselves (cf. [85, 122, 97]). Further, the metric
r; is chosen such that the rate of the contraction result for large distances is optimized up to
a constant. We emphasize that these bounds give also global contractivity for the classical
Langevin dynamics and improve the result obtained in [85].

Moreover, using the ansatz for large distances, we contribute to the analysis of the optimal
contraction rate for strongly convex potentials and improve the results of [60]. If the drift
corresponds to a k-strongly convex potential, we can split V in a linear part x - (Kz), where K is
a positive definite matrix with smallest eigenvalue x, and a convex function G with Lg Lipschitz
continuous gradients. We prove contraction in Wasserstein distance with respect to a distance
function of the same form as 7; with rate ¢ = +/2min(1/4, kuy~?) provided Lguy~2 < 3/4
holds. If the perturbation G is sufficiently small, i.e., Lo < 3k, we obtain for optimized v a rate
of order O(/k), that coincides with the order given in the L? contraction result in [40], and
otherwise we obtain a rate of the same order as in [60].

Finally, applying a componentwise version of the preceding coupling we establish a uniform
in time propagation of chaos bound for the corresponding particle system (C.3), i.e., we show
for a probability measure o on R?? with finite second moment,

Wi (58N, p) < Cre ' NTU2,

where pl¥ is the law of the particles driven by (C.3) with initial distribution )’ = M?N and
N is the product law of N independent solutions to (C.1) with initial distribution jg. Here,
(1 is a constant depending on k, 7, u, d, on properties of g, and on the second moment of p.
The normalized ¢!-distance ¢} is given by

N
On((@,y) (2,9) = N Y (1" =2’ [+ |y' = g']),  forall 2,y,,5 € R, (C.5)
i=1
where | - | denotes the Euclidean metric.

Eventually, we note that the construction of the metric for large distance can be applied to
prove contraction to specific unconfined cases, where b = 0 and b is a small perturbation of a
linear force.
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Notation: For some space X, which is here either R?¢ or R?V¢_ we denote its Borel o-algebra by

B(X). The space of all probability measures on (X, B(X)) is denoted by P(X). Let p, v € P(X).
A coupling w of p and v is a probability measure on (X x X, B(X) ® B(X)) with marginals p and
v. The LP Wasserstein distance with respect to a distance function d : X x X — R is defined by

Wpa(uv) = inf ( / d(z,y)Pw(dzd ))l/p
p,d My - wEH(u,u) XXX Y Y )

where II(1x, v) denotes the set of all couplings of u and v. We write W, if the underlying distance
function is the Euclidean distance.

Outline of the paper: In Appendix C.2, we state the contraction results for the classi-
cal Langevin dynamics and give an informal construction of the coupling and the metric. In
Appendix C.3, we state the framework and the contraction results for Langevin dynamics of
McKean-Vlasov type before defining rigorously the metric and the coupling approach in Ap-
pendix C.4. Uniform in time propagation of chaos is established in Appendix C.5. The proofs
are postponed to Appendix C.6.

C.2 Contraction for classical Langevin dynamics

C.2.1 Contraction for Langevin dynamics with strongly convex confinement
potential

First, we consider the Langevin dynamics without a non-linear drift and with confinement
potential V given by the stochastic differential equation

(C.6)

dX; = Ydt,
dY; = (—Y; — uVV(Xy))dt + /2yud By,

with initial condition (Xo, Yp) = (z,y) € R?? and with d-dimensional standard Brownian motion
(Bt)t>0. We impose for V € C?(R%):

Assumption C.1. There exist a positive definite matriz K € R with smallest eigenvalue
k> 0 and a convez function G : R — R with Lg-Lipschitz continuous gradients, i.e.,

(VG(zx) = VG(z),z —x) >0 and (C.7)
IVG(z) — VG(Z)| < Lg|z — 7| for all z, & € RY,
such that
V(z) =z (Kx)/2+ G(x) for any x € R%.

We note that Assumption C.1 is satisfied for all k-strongly convex functions V with Ly -
Lipschitz continuous gradients, i.e.,

(VV(z) = VV(y),z —y) > &lz — y[? and
|VV(z) — VV(y)| < Ly|z — y| for all z,y € R%.

Note that the splitting of V in K and G is in general not unique. A natural choice is given by
K = kId and G(z) = V(z) — (x/2)|z|?, where Id is the d x d identity matrix. As we see later,
we often want a splitting of V such that the Lipschitz constant Lg is minimized.
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We establish a global contraction result for (C.6) in LP Wasserstein distance with respect to
the distance function r : R?¢ x R2? — [0, 00) given by

(@), (2,9)) =7 2ule = ) (K(e = 2) + 51020 = 2) +7 = 9 + 5372y — 37
(C.8)

for (x,y), (Z,9) € R?** with
A = min(1/8, kuy~?). (C.9)

Theorem C.1 (Contractivity for strongly convex potentials). Fort > 0, let u; and vy be the law
at time t of the processes (Xt,Y:) and (X{,Y/), respectively, where (Xs,Y5)s>0 and (X1, Y])s>0

S S
are solutions to (C.6) with initial distributions o and vy on R??, respectively. Suppose Assump-

tion C.1 holds and
Louy™2 < 3/4. (C.10)
Then, for any 1 < p < oo
Wi (12, 1) < €Wy (10, 10) and Wy (s, ve) < Me™ Wy (o, o),
where the contraction rate c is given by
¢ =\ =min(y/8, kuy~'/2). (C.11)

The constant M is given by

M = \Jmax(uL +12,3/2) max(1/(ur), 2), (C.12)
where Ly denotes the largest eigenvalue of K.
Proof. The proof is based on a synchronous coupling and is postponed to Appendix C.6.1. O

Remark C.2. If V is a quadratic function, then Ls = 0 and the restriction on = vanishes. In
this case, the L? spectral gap of the corresponding generator is given by

Cgap = (1 — /(1 — dkuy=2)")(7/2),

cf., [165, Section 6.3]. More precisely, cgap = /2 if dkuy™2 > 1, and kuy ™t < cgap < 2kuy L if
4kuy~2 < 1. Hence, the contraction rate is of the same order as the spectral gap. In particular
for v = 2y/ku the optimal contraction rate ¢ = y/ku/8 is obtained. If Lg < 3k, v = 2\/ku
satisfies condition (C.10) and yields the optimal contraction rate of order O(y/k). Otherwise,
for v = 1/(4/3)Lgu the contraction rate is optimized and of order O(k/v/L¢).

C.2.2 Framework for classical Langevin dynamics with general external forces
Next, we consider the classical Langevin dynamics (X, Y;);>0 with a general external drift given

by the stochastic differential equation

dX, = Ydt
{ Lo (C.13)

dY; = (—Y; + ub(Xy))dt + /2yud By,

with initial condition (X, Yp) = (z,y) € R?™
We impose the following assumption on the force b:
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Assumption C.2. The function b : R* — R? is Lipschitz continuous and there exist a positive
definite matrizv K € R with smallest eigenvalue k € (0,00) and largest eigenvalue Ly €
(0,00), a constant R € [0,00) and a function g : RT — R with Lipschitz constant Ly € (0,00)
such that

b(x) = —Kz+ g(x) for all z € RY, (C.14)

and
(9(x) —g(x),z—7) <0 for all z,& € R? such that |v — Z| > R. (C.15)
Remark C.3. Suppose that b = —VV where V is a potential function with a Ly -Lipschitz

continuous gradient and that is k-strongly convex outside a Euclidean ball of radius R, i.e.,
(VV(z) = VV(Z),z — Z) > k|lz — z|? for all z, z € R? such that |z, |Z| > R.

Note that VV can be split in VV(z) = kz-+h(z) where h : R? — R% is an Lj,-Lipschitz continuous
function with Ly, < Ly + k and (h(x) — h(Z),x — Z) > 0 for all x,Z € R? such that |z|,|z| > R.

Then for [ < %min(l,%), b = —VV satisfies Assumption C.2 with L, < Ly + (1 — )k,
k= (1 -1k >max(1k k- L) and R = 2R%:.

Ezample C.4 (Double-well potential). For 8 > 0, we consider the double-well potential V &

C!(R) defined by
4 2
5@—ﬂ for |z| <2,
V(z) = (3|4 . ) (C.16)
This potential has a Lipschitz continuous gradient and is strongly convex with convexity constant
k = 30 outside a Euclidean ball with radius R = 2. We consider the splitting —VV(z) =
—kx + g(x) with k = (2/3)k = 2 and
—B(x® —3z) for |z| < 2,
oy _ [ B —sw) for
—Bx for |z| > 2.

Then, the function g is Lipschitz continuous with Lipschitz constant L, = 94 and (C.15) is
satisfied for sufficiently large R.

C.2.3 Construction of the metric and the coupling

We provide an informal construction of the coupling and the complementary metric. Given
two Brownian motions (B;)i>0, (Bf)i>0 and (z,v), (z', ) € R?? let (X, Yy), (X}, Y/))i>0 be an
arbitrary coupling of two solutions to (C.13). It holds for the difference process (Z;, Wi)i>0 =
(Xt — X0, Y = Y)e>o0,

dZy =W,

th = (—")/Wt + Ub(Xt) — ub(Xt’))dt -+ \/2fyud(Bt — Bé)
Adapting the idea of the coupling construction from [85], the process (Z, Qt)i>0 = (Zt, Zy +
’y*IWt)tZO satisfies the stochastic differential equation

{ dZ, = —7Z,dt + yQdt

dQ =7 u(b(Xe) ~ B(XD)dt + 2y Tud(B, - B)). (C17)
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As in [85], we apply a synchronous coupling for @; = 0, since in this case the first equation
of (C.17) is contractive and the absence of the noise ensures that the dynamics is not driven
away from this area by random fluctuations. Apart from @Q; = 0, we want to apply a reflection
coupling, which guarantees that the dynamics returns to the line @y = 0. Note that this
construction leads to a coupling that is sticky on the hyperplane {((z,y), (z',7)) € R* : x —
7'+~ Yy — ') = 0}. However, since it is technically hard to construct this sticky coupling,
we consider approximations of the coupling, which are rigorously stated in Appendix C.4.2 and
which suffice for our purpose. Similarly as in [85], we show for rs(t) = a|Z:| + |Q¢| < Ry with
appropriately chosen constants «, R; that there exists a concave increasing function f depending
on a and R; such that f(rs(t)) is contractive on average. Note that the application of a concave
function has the effect that a decrease in rs has a larger impact than an increase in 7.

On the other hand, if the difference process (Z;, Wy)i>o is sufficiently far away from the
origin, we obtain under Assumption C.2 for the force b contractivity for the process r(t) =
(Y 2uZ; - (KZg) + (1/2)|(1 = 27) Zs + v "Wy 2 + (1/2) |y 'Wi|?)Y/2, where 7 > 0 is a constant
depending on k, v, u and L,. More precisely, we obtain local contractivity with contraction rate
y7 for ry(t)? > R for some R > 0 depending on R, , 7, u and L,. The process r;(t) is designed
such that the local contraction rate is optimized up to some constant, see Lemma C.19.

We construct a metric which is globally contractive on average using the previously estab-
lished coupling. The key idea lies in combining rs and r; in such a way, that the two local
contraction results imply global contractivity in the new metric. Note that for simplicity, we
write 7, and 7 both for the norm r;(z,w) (respectively rs(z,w)) of (z,w) € R and for the
distance 7((z,y), (2/,y')) (respectively rs((z,y), (z',y'))) of (x,%), (z',y') € R??.

As we see in Appendix C.6.2, the lower bound R in the contraction result for large distances is
fixed due to the dependence on the drift assumptions, whereas the upper bound R; in the result
for small distances is flexible with the drawback that the contraction rate gets smaller for larger
R;. To benefit from the local contraction results, we want for all (z,w) € R?? that r,(z,w) < Ry
or r;(z,w)? > R holds, which we achieve by choosing R; sufficiently large. We construct a,
continuous transition between rg and r; by considering r5 A (Dx + €r;), where the constant €
satisfies 2er; < rs and the constant Dy is given such that rs(z, w)A(Dx+ery(z,w)) = rs(z, w) for
(z,w) with ry(z,w)? < R. Then, we set Ry such that rs(z, w) A (D +er(z,w)) = Di +ery(z,w)
for (z,w) with r5(z,w) < Ry is guaranteed.

In particular, in this construction the level set r4(z,w) — ery(z,w) = D is optimally en-
compassed by the level set r4(z,w) = Ry and r(z,w)? = R, as illustrated in Figure C.1,
and 74(z,w) < Ry or r(z,w)? > R is ensured. We define the metric p((z,v),(z',y")) =
f(rs((z,v), (@, y) N{Dx + eri((z,y), (2',y))}). As illustrated in Figure C.2, we obtain f(r;)
for small distances and f(Dx + er;((z,y), (2',y'))) for large distances. A detailed rigorous con-
struction and a proof showing that p defines a metric are given in Appendix C.4.

C.2.4 A global contraction result for the classical Langevin dynamics with
general external force

We establish the main contraction result for the classical Langevin dynamics given by (C.13).

Theorem C.5. Fort > 0, let i, and vy be the law at time t of the processes (X, Y:) and (X7,YY),
respectively, where (Xs,Ys)s>0 and (X.,Y.)s>0 are solutions to (C.13) with initial distributions
po and vy on R2?, respectively. Suppose Assumption C.2 holds and
K
Louy™? < —. C.18
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*=r—F

Figure C.1: Level sets of the metrics r; and rs.
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Figure C.2: Sketch of the metric construction f((er; + Di) A rs). Here the metric is evaluated
for 2 = —y~!w (i.e., along the dashed line in Figure C.1).
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Then,
Wi (e, 1) < € Wi (o, o) and - Wi (e, 1) < Mie” “Wi(po, o),

where the distance p is defined precisely in (C.35) below and the contraction rate c is given by

-2
¢ = yexp(—A) min <(LK + LoJuy A2, 1/\1/2, E) with (C.19)
4 8 2
L L
A= %R%, and, (C.20)
7 1= min(1/8,7 2ur/2 — 7_4L3u2), and, (C.21)
L. VEY KU 4 -2
E=- 1,V (e + I . .22
g in (L 7 2+ Lo ™) (C.22)

The constants Ry satisfies

Sul + LyuR?
UL{r>0} . gl <R,
™
VB(Lk + Ly)u 1) \/8u]l{3>0} + LyuR?

We Y2 ’

and is explicitly stated in (C.38). The constant My is given by

2
3 min(1,2(Lg + Lg)wy_Q)\/

(C.23)

< 4max<

1 2
My = max(2(Lic + Lyur™ +7,1) 5 exp(A) ma (3, Q(LK?’ng)u) max(\/2/(ku),2). (C.24)
Proof. The proof is postponed to Appendix C.6.2. O

Remark C.6. Compared to the contraction result obtained in [85, Theorem 2.3], global contrac-
tivity in Wasserstein distance is obtained with rate ¢ given in (C.19) which is independent of
the dimension d.

2 2

Remark C.7 (Kinetic behaviour). If « is chosen such that xkuy™2, Lyuy™2 and Lxuy ? are
fixed and further Ly R? and L,R? are fixed, we obtain similarly to [85, Corollary 2.9] that the
contraction rate is of order Q(R™!).

Remark C.8. If R = 0, the metric p defined in (C.35) reduces to p((x,y), (z,7)) = (v %(x —
7)- (K(@— )+ (1/2)|(1 - 20)(@ — 2) + 77 (y - D2 + (1/2)ly (g — §)I2) /2 and the coupling
given in Appendix C.4.2 becomes the synchronous coupling. This metric differs from r defined
in (C.8) by the constant 7, since here the drift b is not necessarily of gradient-type and we can
not make use of the co-coercivity property as in the proof of Theorem C.1. Following the proof
given in Appendix C.6.2, we obtain contraction in L' Wasserstein distance, with contraction rate
¢ = min(y/16, ky~! /4 —8y 3 L2u?). We remark that the constant E vanishes in the contraction
rate, which measures the difference between the two metrics that are considered in general for
p. If L, < /2k, the contraction rate is maximized for v = u'/?(2x + (4x2 — 81)3)1/2)1/2 and
satisfies ¢ = u'/?(2k + (4K2 — 8L§)1/2)1/2/16, i.e., in this case the rate is of order O(y/k).

Ezample C.9 (Double-well potential). For the model given in Example C.4, we obtain contraction
with respect to the designed Wasserstein distance if v > 91/f is satisfied.
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C.3 Contraction for nonlinear Langevin dynamics of McKean-
Vlasov type

Consider the Langevin dynamics of McKean-Vlasov type given in (C.1). We require Assump-
tion C.2 for the function b : R? — R?. For the function b : R?¢ — R? we impose:

Assumption C.3. The function b: R2¢ — R% is [-Lipschitz continuous.

Ezample C.lq (Quadratic interaction potential). Consider E(x,y) = ky with £ € R. Then
L = |k| and b corresponds to the interaction potential W(x,y) = —kz - y. This potential is
attractive for k£ > 0 and repulsive for k£ < 0.

Ezample C.11 (Mollified Coulomb, Newtonian and logarithmic potentials). The gradients of the
Coulomb potential and of the Newtonian potential, which describe charged and self-gravitating
particles [36], are not Lipschitz continuous. However, the gradient of a mollified version (see
[97]) given by

K
(le = ylP +q)t/r

W(z,y) = forp>2geR and keR

satisfies Assumption C.3, since |[Hess W|| < oo, and therefore V, W is Lipschitz continuous. In
the same line, the gradient of the mollified version of the logarithmic potential given by

W(z,y) = —2log((jz — y[P +¢*)"/P)  forp>2, € Ry

satisfies Assumption C.3.

Under the above conditions, we establish contraction in an L' Wasserstein distance.

Theorem C.12 (Contraction for nonlinear Langevin dynamics). Let jig and vy be two probability
distributions on R*® with finite second moment. Fort > 0, let ji; and i; be the law at time t of the
processes (X, Y;) and (X],Y]), respectively, where (X, Ys)s>o and (X1, Y!)s>0 are solutions to
(C.1) with initial distribution jip and vy, respectively. Suppose Assumption C.2, Assumption C.3
and (C.18) hold. Let L satisfy

LK—i—Lg}

. (C.25)

L < exp(—A) min {W\/Emin(l, 2(Ly + Lg)uy™?),
12V u
where A and T are given in (C.20) and (C.21), respectively. Then
Wi p(jie, ) < e Wi p(jio, o) and Wi (jig, ) < Mye” W (jio, 1),

where the distance p is given in (C.35) and ¢ = ¢/2 with ¢ given in (C.19). The constant M
is giwen in (C.24). Moreover, there exists a unique invariant probability measure fioo for (C.1)
and convergence in L' Wasserstein distance to jis holds.

Proof. The proof is based on the coupling approach and the metric construction given in Ap-
pendix C.4.1 and Appendix C.4.2, respectively, and is postponed to Appendix C.6.2. O

Remark C.13. In comparison to [97, Theorem 3.1], global contractivity is established with a
contraction rate and a restriction on the Lipschitz constant L that are independent of the
dimension d.
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Remark C.14. Compared to the contraction result in Theorem C.5 for classical Langevin dynam-
ics, the contraction rate deteriorates by a factor of 2 to compensate for the nonlinear interaction
terms.

If R =0, (C.25) reduces to L < 7y+/k/u/8 and contraction holds with rate é = min(v/32,
Kuy /8 — L§u27_3/2) by Lemma C.19 and (C.67). If L, < +/2k, the contraction rate is
maximized for v = /u(2k + (4x% — 8L§)1/2)1/2 yielding ¢ = /u(2x + (4% — 8L§)1/2)1/2/32. If
the drift is additionally of gradient-type, we can adapt the proof of Theorem C.1 and use the
co-coercivity property to obtain a contraction rate of order O(y/k) for Ly < 3k and a rate of

order O(k/\/Lgy) for Ly > 3k.

Remark C.15. The contraction results can be extended to unconfined Langevin dynamics. Con-
sider b = 0 and b : R?¢ — R? given by b(z,y) = —K (z—y)+§(z—y) where K € R¥? is a positive
definite matrix with smallest eigenvalue % and where § : R* — R% is an anti-symmetric, Ls-
Lipschitz continuous function § : R — RY. If Ly < (v/2)+/&/umin(1/8, uy~2/2), contraction
in an L' Wasserstein distance can be shown via a synchronous coupling approach. The underly-
ing distance function in the Wasserstein distance is based on a similar twisted 2-norm structure
as the distance r; given in (C.26). We note that the conditions on L, and L are combined in
the restrictive condition on Lg, which implies L < £/8 and which gives only contraction for
small perturbations of linear interaction forces. A detailed analysis of the unconfined dynamics
is given in Appendix C.7.

C.4 Metric and coupling

C.4.1 Metric construction

For both the classical Langevin dynamics and the nonlinear Langevin dynamics, i.e., when
Assumption C.2 holds, we consider the metrics 77,75 : R?¢ x R2? — [0, 00) given by

= -2 U - - (1—27)° =12 -1 - =
ri((z,y), (2,9)) = ﬁ(w — @) (K —2) + ——le -z +77 (1 -27)(z - 2)(y - 9)
+9 2y — gl
_ _ _ 1 _ _ _ 1 _ _
=7 u(e = 2) - (K(z = 2)) + 5|(1 = 27) (@ = 2) + 97y = 9)[* + 57 Iy = 9%,
(C.26)
and
rs((x,9), (%,9) = alz = Z[ + |z =T+ (y = 9l (C.27)
for (z,y), (z,y) € R??, where the constants 7 and « are given by (C.21) and
o= 2(Lx + Ly)uy 2, (C.28)

respectively. Next, we state the rigorous construction of the metric p : R?? x R?? — [0, 00),
that is applied in Theorem C.5 and Theorem C.12, and that is glued together of r; and r;
in an appropriate way. Note that r; and rs are equivalent metrics. More precisely, for all
(z,v), (Z,9) € R* it holds 2er;((x,y), (Z,9)) < rs((x,y), (z,7)) with

e = (1/2)min(1, (2/3)a/(vVLruy™'), a). (C.29)
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Indeed, for (z,w) = (z — z,y — y)
1 1
i ((z,y), (%,9)) < Lry~2ulz” + lz+ 7wl + 272z + yw| + 2772 + ilvflw\z and

_ 1 _ . _
T?((ﬂzy), (x,y)) > 5(0{|Z| + |Z + Y lw‘)2 + 51’11111(&2, 1)’}/ 2|’UJ|2

2
« 1 1 . _
> ?]z\g + alz||z + v hw| + §|z + 7_1w\2 + 5 min(1, 042)7 2|w\2,

and
4€%2 < min ( o 1 a2> < min( o 1 @ a2>
- 2(Lguy=2+27Lguy=2/2)" - 2(Lguy=2+272) 727 )’

since a > k=2 and 7 < min(1/8, Ly 2u/2) by (C.28) and (C.21). Further, for all
(z,y), (z,5) € R*® it holds Ers((z,y), (,5)) < ri((z,y), (z,7)) with

£ = min(vrkuy 1/ (V8a),1/2), (C.30)
nlt) o (e VAR L 0B IR R
rs(t) T \2(a + 27)2|Z)2 + 2|/(1 — 27) Zy + W2 - V8a 2/
Define
A((z,y), (2,9)) = rs((z,9), (2,9)) — er((z,9), (2,9)) (C.31)
for (z,y), (z,7) € R?? and
Dy := sup A((z,y), (T, 1)), (C.32)

((=,9),(2,9))RY:(z—Z,y—y) €K
where the compact set K C R2? is given by
K:={(z,w) e R* : v 2uz - (Kz) + (1/2)|(1 = 27)z + v w|® + (1/2)|y w|? < R}. (C.33)
with
R = (1/7)(8ul (g0} + LyuR?*)y 2. (C.34)
We define the metric p : R?? x R?? — [0, 00) by
pl(z.), (2.9)) == F(A((,9), (7 5)) A D) + en((, 1), (#.5))) (C.35)

for (z,y), (z,7y) € R?, where A and Dy are given in (C.31) and (C.32). The function f is an
increasing concave function defined by

f(r) == [ o(s)p(s)ds, (C.36)

(C.37)
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and where R, is given by

Ry = sup rs(((z,y), (2,9)))- (C.38)
((wvy)7("27?})):A((x>y)7("zvg))SDiC

The construction of the function f is adapted from [83]. Since ¥ (s) € [1/2,1], it holds for r > 0

fl(Ra)r = (¢(R1)/2)r < @(r)/2 < f(r) < (r) <. (C.39)

Note that the constant R; is finite and Ry < SUpa((ay),z.9)<De 28((,9), (Z,9)) < 2Dk

h01d87 since A((xay)v (i‘,gj)) - 7'5(<1',y), ('i'?g)) - erl((x,y) ( )) (1/2)7'8((1.73/)7 ('f'7g)> fOI‘
any (z,y), (Z,7) € R?*? by (C.29). Hence, ¢ given in (C.37) and f are well-defined. Further,

Ry < 2D <2 sup (E = 20)m((z,y), (Z,9)) < 2(E7 = 20)VR.
((:c,y),(i,@))6R4d:(x—5:,y—g)eIC

The constant R; is also bounded from below by

Ry > sup 2er;(((2,y), (2,9))) > 26VR,
((z,9),(z,9)):A((z,y),(2,9)) <Dk
since A((z,y),(Z,9)) < Dy for all (z,y),(Z,7) € R* such that r/((z,v),(z,7))?> = R. By
(C.34), (C.29), (C.30), the two bounds on R; imply the relation (C.23) of R and R; given in
Theorem C.5.

By this construction for the metric p, it holds (A((x,y),(Z,y)) A Dx) + erl((a:, v), (z,9)) =
rs((x,y), (Z,7)) for A((z,y), (z,7)) < Dk, and in particular for r;((z,y), (z,7))? < R. Further,
(A((xa y)v (‘fag)) A DIC) + 67’[(($,y),( LY )) Dy + 67”1(('% y)v (‘i‘ g)) for A((xay)v ('@?D) > Dg
and in particular for r((x,y), (z,y)) > Ri.

If R =0, then £ = {(0,0)} and hence Dx = Ry = 0 and f(r) = r. In this case, we can omit
the factor € in (C.35) and (C.46) and set p((z,v), (z,9)) = r1((z,y), (z,y)) for simplicity.

Lemma C.16. The function p given in (C.35) defines a metric on R*¢ and is equivalent to the
Buclidean distance on R??.

Proof. Symmetry and positive definiteness holds directly. Hence, p is a semimetric. To prove
the triangle inequality, we note that for (z,v), (z, %), (Z,9) € R??,

(A((z,y), (2,9)) A Di) + eri((z, y), (Z, 7))

= rs((z,9), (2,9)) A (Di + en((z,y), (2, 9)))

< (rs((@,y), (2,9)) +7s((2,9), (2,9))) A (D + eri((2,y), (£,9)) + eri((2,9), (T, 9)))

< (rs((z,9), (&,9)) +7s((2,9), (2,9))) A (Dx + en((z,y), (£,9)) + Dx + eri((&,9), (z,9)))
A Dk +eri((x,9), (2,9)) + (1/2)rs((2,9), (2,9)))
A (Dx+ (1/2)rs((2,), (2,9)) + en((2,9), (2,9)))

< (A((z,9), (2, 9)) A Di) + en((2,y), (Z,9)) + (A((

since r; and 7, are metrics on R2? and er;((z,v), (Z,%)

given in (C.36) is a concave function, p((z,v), (Z,9))

(z,v), (Z,9), (#,9) € R, Hence, p defines a metric.
Further, it holds for all (z,y), (z,7) € R??,

A((Q?, y)? (fvg)) N DIC + 67’[((337 y)? (i‘,ﬂ)) < 7’8((.’13, y)? (jag))
< max(a + 1,77 (je — 2| + |y — 7]) (C.40)
< max(a+1,97)V2|(z,y) — (2.9)].
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and
A((.%',y), (ia g)) A Dy + ETl((way)7 ('/Z'7g)) = 67‘1((3?,:[/), ('i'737))
> (e — 2 + 3772y — 512
(C.41)
> ey min(vVku, 1/V2)|(z,y) - (z.9)]
> ey min(y/ku/2,1/2)(Je — 2 + |y — F)).
Then, by (C.39),
Cil(z,y) — (7,9)] < p((z,9), (T, 7)) < Col(z,y) — (7, 7)] (C.42)
with C; = f/(R1)ey ' min(y/ku, 1/v/2) and Cy = v2max(a + 1,77 1).
O

C.4.2 Coupling for Langevin dynamics

To prove Theorem C.5 and Theorem C.12 we construct a coupling of two solutions to (C.1).
The construction is partially adapted from the coupling approach introduced in [85]. Recall that
b= 0 in Theorem C.5.

Let ¢ be a positive constant, which we take finally to the limit £ — 0. Let (Bj®);>0 and
(Bi°)t>0 be two independent d-dimensional Brownian motions and let fig, 79 be two probability
measures on R??. The coupling ((X¢,Y;), (X/,Y/))i>0 of two copies of solutions to (C.1) is a
solution to the SDE on R?¢ x R?? given by

dX, =Ydt

AY; = (—Y; +ub(Xy) + u fga (X, 2) i (d2))dt + /2yusc(Zy, Wy)dB5°
+2vyurc(Zy, Wy)dBf©

dX; =Y/dt (C.43)

dY; = (=Y + ub(X}) + u fra b(X}, 2)F (d2))dt + /2yusc(Zy, Wy)d B
+/2yure(Zy, Wy) (Id —2erel )d BE,

(Xo,Yo) ~ fio,  (X0,Y5) ~ o,

where i = Law(X;) and 7 = Law(X}). Further, Z; = X; — X|, Wy = Y, =Y/, Q; = Zi+~y~'W,
and e; = Q;/|Qq| if Q¢ # 0 and e; = 0 otherwise. The functions rc,sc : R2? — [0, 1) are Lipschitz
continuous and satisfy rc? + sc? = 1 and

re(z,w) =0 if |z + 'y*lw\ =0or (rs(z,w)) — e(ry(z,w)) > D + & - L¢pe>0}

~1 (C.44)
re(z,w) =1 if |24+~ w| > & and (rs(z,w)) — €(ry(z,w)) < D and D > 0

for (z,w) € R, where € is given in (C.29). Analogously to (C.26) and (C.27), r(z,w)? =
v 2uz - (K2) + (1/2)|(1 — 27)2 + v 1wl + (1/2)y2|w|? and 74(z, w) = a|z| + |z + v 1w].
We note that by Levy’s characterization, for any solution to (C.74) the processes

t t
B; := / sc(Zs, Ws)d B3 + / re(Zs, Ws)dBy* and
0 0

- t t
B, ;:/ sc(ZS,WS)dB§C+/ rc(Zs, W) (Id —ege s’ )d B
0 0
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are d-dimensional Brownian motions. Therefore, (C.74) defines a coupling between two solutions
to (C.1). The constructed coupling denotes a reflection coupling for rc = 1 and sc = 0 and a
synchronous coupling for sc = 1 and r¢ = 0. Note that we obtain a synchronous coupling if
Dx =0.

The processes (Z;)i>0, (Wi)i>0 and (Q¢)r>0 satisfy the following SDEs:

AdZ, = Wydt = (Q, — vZ,)dt,
AW, = —yWidt + u(b(X,) — b(X]) + /R L 0(Xe, ) (dz) — /R B[, 2)p7 (d2) )t

+ /8yurc(Z, Wy)ere, T dBJC, (C.45)
4Qu = u(b(X0) —b(X) + [ DK () - [ B 27 ()

+ /8y Lurce(Z, Wt)etetTdB{C.

If Q; = 0, we note that Z; is contractive, which we exploit in the proof of Lemma C.20.

C.5 Uniform in time propagation of chaos

We provide uniform in time propagation of chaos bounds for the mean-field particle system
corresponding to the nonlinear Langevin dynamics of McKean-Vlasov type.
Fix N € N. We consider the metric py : R2V% x R2Nd — [0, 00) given by

N
pn((z.y), (2,9) =N p((a,y), (@,7)  for ((x,y),(z,79)) € R*V! xR, (C.46)
i=1

where p is given in (C.35). Since p is a metric on R?? x R?? by Lemma C.16, py defines a metric
on RZ2Vd x R2Nd By (C.40) and (C.41), py is equivalent to I}, given in (C.5), i.e.,

C1/V2Uy((2,y), (2,9)) < pn((2,9), (2.9)) < C2/V2Uy((2,9). (2,9)) (C.47)

with C; = exp(—A) min(1,2(Lx + Ly)uy~2)/3y ! min(y/rku, 1/v/2) and Cy = v2max(2(L +
LgJuy™? +1,971). o o

For t > 0, we denote by fi; the law of the process (X¢,Y:), where (X, Y5)s>0 is a solution
to (C.1) with initial distribution fip. We denote by N the law of {X/V VNIV = where
({XEN YENIN )50 is a solution to (C.3) with initial distribution pf = &

Theorem C.17 (Propagation of chaos for Langevin dynamics). Suppose Assumption C.2 and
Assumption C.8 hold. Let ig and g be_two probability distributions on R*® with finite second
moment. Suppose that (C.18) holds. If L satisfies (C.25), then

W]-:PN (ﬂ?Nv Hi\/) < 6_6tW17,0N ([L[S@N’ :U’(])V) + Clé_lN_1/2 and
Wi (57N, 1) < Miem®Wy o (BN, py) + MaCré ' N2,
where the distance py is defined in (C.46) and ¢ = ¢/2 with ¢ given in (C.19). The constant Cy

depends on v, d, u, R, k, Ly, L and on the second moment of fig. The constants My and is
given in (C.24) and (C.48) and My is given by
2

My = 3exp(A) max (1, Q(I/I;:_I/g)u)'ymax(\/Q/(mu), 2). (C.48)
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Proof. The proof is postponed to Appendix C.6.3. O

Remark C.18. For t > 0, let ¥ and v} be the law of {X/™, V"IN and {X/"V,v/"V}N,
where the processes ({ XN, YZNIN ) 0 and ({ X, /"IN ) 50 are solutions to (C.3) with
initial distributions uév and I/(J)V , respectively. An easy adaptation of the proof of Theorem C.17

shows that if Assumption C.2, Assumption C.3, (C.18) and (C.25) hold, then
Wiy (1) < e Wiy (g, v0)  and Wy (', vY) < Miem™Wy o (i’ 1),

where py and M; are given in (C.46), and (C.24), respectively, and ¢é = ¢/2 with ¢ given in
(C.19). To adapt the proof, a coupling between two copies of N particle systems is applied
which is constructed in the same line as (C.74).

C.6 Proofs

C.6.1 Proof of Section C.2.1

Proof of Theorem C.1. Given a d-dimensional standard Brownian motion on (Bi)¢>o and
(z,y), (2',y") € R* we consider the synchronous coupling ((X;,Y;), (X}, Y/))i>0 of two copies
of solutions to (C.6) on R?? x R?? given by

dX, =Ydt
{dYt = (=Y —uVV(Xy))dt + 2yudBi,  (Xo, Y0) = (2,y)
{dxg = Y/dt

Ay} = (=Y —uVV(X]))dt + /2yudB;,  (X(,Yy) = («/,¢).

(C.49)

Then, the difference process (Z;, Wy)i>0 = (Xt — X/, Yy — Y/ )i>0 satisfies

dZt — Wtdt

We note that since by Assumption C.1, G is continuously differentiable, convex and has Lg-
Lipschitz continuous gradients, G is co-coercive (see e.g. [157, Theorem 2.1.5]), i.e., it holds

VG (z) — VG(2)|? < Lg(VG(2z) — VG(2))) - (x — ) for all 2,2’ € R% (C.50)
Let A, B,C € R% be positive definite matrices given by
A=~vy"2uK +(1/2)1-2))?1d, B=(1-2\)y"'ld, C=+"71d,
where A is given in (C.9) and Id is the d x d identity matrix. Then by Ito’s formula and Young’s

inequality, we obtain

%(Zt (AZy) + Zy - (BW) + Wy - (CWY))

=2W; - (AZy) + Wy - (BWy) + Zy - (B(—YW; — uK Z; — u(VG(X;) — VG(X]))))
+ 2Wy - (C(—Wy —uK Zy — u(VG(Xy) — VG(XY))))
< —uy M1 =207 - (KZy) — (1= 20y 'uZy(VG(X,) - VG(X))

+7 WP VG(Xy) = VG(X) + Zi - (24 = vB = 2uKC)Wi) + (1 = 20y~ =y~ H)[Wi %
(C.51)
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By (C.50), (C.9) and (C.10), it holds

—(1— 20y "uZ; - (VG(X) — VG(X)) +7 32| VG(Xy) - VE(X))?

. PRI , (C.52)
< —((1 =2 )y"u—~"Lau*)Zy(VG(X;) — VG(X;)) < 0.

Further by (C.9), it holds

—uy N1 = 4N Ze - (KZy) < —u(y ™ /2) 2 - (K Zy) < —u(y™ 1 /2)6|Z|?

<
< —MIZi? < =M1 —20)?|Z)?

and hence, —uy ™ (1 — 2)\)Z; - (KZ;) < —29M\Z; - (AZy). Set r(t) = r((Xy, Y2), (X}, Y/)) with r
defined in (C.8). Then by (C.51) and (C.52), we obtain

d d
&'r(t)z = E(Zt (AZy) + Z; - (BWy) + Wy - (CWY))

< =2M(Zy - (AZy) + Zy - (BWy) 4+ Wy - (CWh)) = —2yr(t)°.
Taking the square root and applying Grénwall’s inequality yields
r(t) < e “r(0)
with ¢ given in (C.11). Then for all p > 1 it holds
Wi (s i) < E[r(1)P]'/7 < e E[r(0)7]'/7.

We take the infimum over all couplings v € II(ug, 1) and obtain the first bound. For the second
bound we note that for any (z,y), (2,y') € R*

Jmin(ur—2,772/2) (2 — o/ + ly — V2 < (), ()

< /max(uy 2L + 1,3/2y2)(|lz — /> + |y — /1) /2.

Hence, the second bound in Theorem C.1 holds with M given in (C.12). O

C.6.2 Proofs of Section C.2.4 and Section C.3

To show Theorem C.12, we prove two local contraction results using the coupling defined
in (C.43). We write ri(t) = ri(Xe, Y1), (X[, YY), rs(t) = rs((Xy, Y2), (X[, Y/)) and A(t) =
A((Xtv Yt)v (thv Yt/>)

Lemma C.19. Suppose Assumption C.2, Assumption C.3 and (C.18) hold.
Let ((Xs,Ys), (X1, Y))s>0 be a solution to (C.43). Then for t > 0 with A(t) > Dy, it holds

ERAC]

|(1—27)Z; + 2y~ Wy -

dri(t) < —cym(t)dt + Lu(E[| Z]] + | Z¢|)dt

1—27)Z 4+ 29~ 'W, '
+ /8y ture(Zy, Wt)( )27’2;(25) v t. ecer L dBy,

where ¢y = 7v/2 with T given in (C.21).
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Proof. Let A, B,C € R%? be positive definite matrices given by
A=~"2uK +(1/2)(1 — 27)%1d, B = (1-27)y'1Id, and C=~7%d, (C.54)

where 7 is given by (C.21) and Id is the d x d identity matrix. By (C.45) and Ito’s formula, it
holds

d(Zy - (AZy) + Zy - (BWy) + Wy - (CW))
< 2(AZ;) - Widt + (Wt (BWy) —~(BZt) - Wi — u(BZy) - (KZt))dt
+ (= 29We - (CWL) — 2u(CWy) - (K Z,) + 292 Lyul Wi | Z4] )t
+ Lgu(1 = 27)y Y Zy|? - 1z <rydt + | BZy + 2CWi| Lu(E[| Z¢|] + | Z¢|)dt
+ v 28yurc(Zy, Wy)2dt + \/8yurc(Zy, W) (BZ; + 2CW,) - ere, T dB,
< Z- ((—uBK + vy 'WL}C)Zy)dt + Z; - (2A — vB — 2uKC)W,dt
+((L=2r)y =7 Pdt
+ (1 =27y Ly Ze Lz« mydt + [(1 = 27)77 Ze + 292 Wi| Lu(E[| Z4]] + | Z4|)dt
+ 8y Lu(re(Zs, Wy))2dt + /Syurce(Zs, Wi) (1 — 27)y 1 Zs + 297 W3) - eres T A By
< =21y(Zy - (AZy) + Zy - (BW;) + Wy - (CW,))dt
+ (1 =277 Lyl Ze* Ly 2, < rydt + (1 = 27)y ™ 2y + 292 Wil Lu(E[| Z2 ] + | Z4|)dt
+ 8y tu(re(Zy, Wy))2dt + /8yurc(Zy, Wi) (1 — 27)y 1 Zy + 297 W3) - epes A By,

where we used (C.21) in the last step. More precisely, the definition of 7 implies for all z € R?,

z-((—(1— 4T)’y_luK + 7_3L§u21d)z) < (—(1/2)/<;u7_1 + 7_3L§u2)|z|2

C.55
< (=)l < (=7 (1 = 27)?) 22 (€59)
Note that r,(t)? = Z; - (AZ;) + Zy - (BWy) + Wy - (CWy). Then,

dry(t)? < —27yr(t)?dt +~v71(1 - 2T)Lgu\Zt|2]l{|Zt‘<R}dt
+ 971 = 27)Zy + 29 W | Lu(E[| Zo|] + | Ze])dt
+ 87_1urc(Zt, Wt)th + /8y ture(Zy, Wi)((1 — 27) 2 + 27_1Wt) - eresl dB;.

Since A(t) > Dx, it holds r4(t)> > R by (C.32) and (C.33). By (C.44), rc(Zy, Wy)* < Lip=oy,
and hence, by (C.34)

—ryr(t)? +y7H1 - 27’)Lgu|Zt]211{‘Zt|<R} + 8y ture(Z;, W)?
< —7mYR + LguR27_1 + 87_1u]1{R>0} <0.

We obtain by Ito’s formula and since the second derivative of the square root is negative,

dry(t) < (2r(2) " dri(t)?

<
< —err ()t + 47 (1 = 27) Zs + 2y W |(2r0(8) T Lu(R[| Z4|] + | Z:|)dt
+ /8y re(Zy, Wt)(27‘l(t))_1((1 —27) 7 + 27_1Wt) - ecer dBy,

which concludes the proof. O
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Lemma C.20. Suppose Assumption C.2 and Assumption C.3 hold. Fiz § > 0.
Let ((Xs,Ys), (XL, Y])))s>0 be a solution to (C.43). Let ry be given by (C.27) with o given in

R

(C.28). Then fort > 0 with A(t) < Dx, it holds
df(rs(t)) < —caf(rs(t)dt +~ 7 Lu(B[|Z[] + | Z])dt — %f’(RlﬂZt\dt + (14 a)§ydt + dM,

where f is given in (C.36), (Mi)i>o is a martingale and ca is given by

Yo @(s)g(s)"1ds' 8 (1)
Proof. The proof is an adaptation of the proof of [85, Lemma 3.1]. First, we note that, (Z;):>0
given in (C.45) is almost surely continuously differentiable with derivative dZ;/dt = —vyZ; +~vQ
and hence t — |Z;| is almost surely absolutely continuous with

d Zy

co 1= min

&]Zt\ = Tzl (—vZ¢ + Q1) for a.e. t such that Z; # 0 and
d
&]Zﬂ < v|Q4l for a.e. t such that Z; = 0.
and therefore
d
ath\ < —v|Z4| + v|Q¢| for a.e. t > 0. (C.57)

By Ito’s formula and by Assumption C.2 and Assumption C.3, we obtain for |Q/,
Q1| =7 uer - (b(X0) = b + [ B(X () = [ DKL D)) ar
+ /8y ture(Z, Wt)etTdBt
—1 T —17 -1 T rc
< U(LK—l-Lg —|—L)‘Zt’dt—|—’)/ LuEHZtHdt—i- \/ 8 urc(Zt,Wt)et dBt .

Note that there is no Ito correction term, since 83/‘q|\q| =0 for ¢ # 0 and rc = 0 for Q; = 0.
Combining this bound with (C.57) yields for rs(¢),

dry(t) < (L + Lo)uy™ = )1l Ze| + av|Qu| + 77 Lu(E[| Z2) + | Zu]) )t

+ /8y lure(Z, Wt)etTdB{C.
By Ito’s formula,

Af(rs(0) < £/ re®) (L + Loy = 3| Zel + 0 |Qul + v Lu(E]| Z4]) + | ) )t

+ f’(rs(t))\/Sfy*lurc(Zt,Wt)etTdB,fC + f"(rg()) 4y turc(Z,, Wy)?dt.

Case 1: Consider A(t) < Dx and |Q¢| > &, then rc(Zy, W;) = 1 and r4(t) < Ry. Hence, we
obtain

df(rs(t)) < f/(rs(t))ayrs(t)dt + 7 (rs(8) 4y~ udt + ' Lu(B[| Ze[] + | Z4|)dt
- %]Zt\f’(rs(t))dt +dM,

~ o
< ~20f(ry(0))dt + " Lu(E[| Zi]| + |Z)dt — S| Zi|f'(Ro)dt + dM,

< —eof (ro(#)dt + 5 Lu(BIZ[] + | Zi])dt — S| Z|f/(Ry)dt + dM,,
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where (My);>0 is a martingale and ¢ is given in (C.37). Note that the second step holds since
by (C.36) and (C.39),

f'(ryayr + f7(r) 4y tu < —2¢f(r) for all r € [0, Ry). (C.58)

Case 2: Consider A(t) < D and |Q;| < &, then o|Z;| = rs(t) — |Q¢] > rs(t) — . We note that
_ 1
(Lx + Lo)uy ™ — )| Ze| + a|@Qy| < —57s(t) + (1+ @)t
Since the second derivative of f is negative and ¥(s) € [1/2,1], it holds

df(rs(t)) < —%Ts(t) Frs@®)dt + (1 + a)yédt + v 'WL(E[| Ze]] + | Ze])dt + dM,
v . . ro(r)

= _g Tlﬁnlgl (I)('I“)

+ L Lw(B|| Z4)) + | Z))dt + dM, (C.59)

< Y Rio(Ry)

T8 P(I)
+ ' Lu(E[| Z4|] + | Zy])dt + d M.

Frs(t)dt — %f’(Rl)a\Zt]dt (14 a)yedt
Fro()dt — L2 f/(R)| Zi|dt + (1 + a)yedt

Combining the two cases, we obtain the result with ¢z given in (C.56). O

Proof of Theorem C.17. To prove contraction, we consider the coupling ((X;,Y;), (X}, Y{))i>0
given in (C.43) and combine the results of Lemma C.19 and Lemma C.20. We abbreviate
p(t) = f((A(t) A Dx) + eri(t)). We distinguish two cases:

Case 1: Consider A(t) < Dx. Then rs(t) < Ry and p(t) = f(rs(t)). By Lemma C.20, it holds
for € >0

dp(t) = df(rs(t))
< —caf (rs()dt + v Lu(E[| Z]] + | Zy])dt — %f’(RmZﬁdt + (1 + a)yédt + dM,

< —cof(rs(t))dt + v L LuE[| Z;|]dt — %f’(Rl)\Ztydt + (1 + a)védt + dM,, (C.60)
where ¢ is given by (C.56) and (M¢)¢>0 is a martingale. The second step holds by (C.25).
Case 2: Consider A(t) > Dx. We obtain by Lemma C.19,

|(1—27)Z; + 2y 1Wy| -

dry(t) < —crri(t)dt + Lu(B[|Z)] + | Z])dt

27yr(t)
1—27)Z; + 2y~ 'W,
+ /8y ture(Zy, Wt)( )27;(75) il L erer T dBy,

where c; is given in Lemma C.19. Note that %f(D;c + ex) = ef'(Dx + ex). Further, since
f(Dx + ex) is a concave function, (f—;f(D;c + ex) is negative. By Ito’s formula, we obtain

dp(t) = df(Dk + eri(t))

_ -1 -
< of (D + enft))( — ern(t) + L= 2D2 T W

el Lu(B[|Z[] + |Zi]))dt + dj\é,m)
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where M, is a martingale given by

- tef' (D
i = [ zﬁ«IsiTl(s))Wrdzs,ws)((l—2T>Zs+2fy1Ws>-esesTst. (C.62)

We split the first term of (C.61) and bound each part applying (C.39),

LD 0) ) < (g O oy cent)

2 20 f(q) J2(Dx + eni(t)) 2(Dc + en(t))
(C.63)
and
. 6f/(l)lc ;' 67’[@)) em(t) < —f,(Rl)%Tl(t)~ (C.64)
We note that since A(t) > Dy it holds,
rl(t) > rl(t) > 57 (065)

Dy +er(t) — r(t) —

where £ is given in (C.30). Hence, we obtain for the first term of (C.61), by (C.63), (C.64) and
(C.65)

Cl€

p(t) = f'(R1)—-mi(t). (C.66)

—ef'(Dx + ery(t))eiry(t)® < —f'(Ry) 5

For the second term of (C.61), we note

(1 —27)Z; + 2y~ W
2yr(t)
€ | (A =27)2|Z* +4(1 —27)y 1 Z - Wi + Ay 2 W < €
T2y (1/2) A =272 |22+ (L= 27)y 2 W+ R W2 Ty

ef' (D + eri(t))

(C.67)

Combining (C.66) and (C.67) yields,

p(t)dt — '(R) Ar(0)dt + ey Lu(Bl|Z4]) + | Z])dt + A,

Cl€ 1 - -
< ' (R)=5—p()dt — f'(R) -/ wuy 2| Zo|dt + o7 Lu(Bl|Zi)) + | Ze))dt + dDE,
(C.68)
where /() > /kuy=2|Z;| and 2¢ < 1 are applied and where (M;)¢>¢ is given in (C.62).
Combining (C.60) and (C.68), taking expectation and & — 0, yields

S Blo()] < —min (e, 7/ (R) 2O VELp(1)] — min (7/(R) %, /(1) A% 2 )E| )

2
+  LuE[|Z,]

< —min (CQ,f/(R1)Cl265)E[P(t)]a

where we used (C.25) and (C.28) in the second step. By applying Gronwall’s inequality, we
obtain

Wit ) < Elp(t)] < e"'E[p(0)]
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with

~ min 2 YR1O(RY) €€
=i s e BT ) (C.69)

The term €€ is bounded from below by E given in (C.22). For the first two arguments in the
minimum we note that

/oRl 05 exp (- Ojji)dr exp (ij)ds < \/Z((Zf>l/2 /oRl P (Ojji)ds

2 _1/2 2 1 2 2 2.1 2 R2, ~1/2 2 R2
<) (R e (L) <40 () e ()

(C.70)
since [y exp(r?/2)dr < 2z~ !exp(2?/2), and
ay? R?
o) RiowC55) _ 2 (ot Biyie, o et iy
- Tay2y—
®(Ry) \/;(%) 1/2 vV \du 2 du 2
2 p2 2 p2
ay® R7\1/2 oy’ Ry
Hence, W ,(jir, ) < E[p(t)] < e “E[p(0)] with ¢ given by
L L —2 1 E
¢ = ~exp(—A) min (( K+ 49)“7 A2 Zn2 T2 (C.72)

with A, 7 and E given in (C.20), (C.21) and (C.22). Taking the infimum over all couplings
w € II(fo, ) concludes the proof of the first result.
By (C.42), the second result holds with M; = C/C; given by (C.24). O

Proof of Theorem C.5. Theorem C.5 forms a special case of Theorem C.12. We obtain analo-
gously to Lemma C.19 for A(t) > D,

dry(t) < —eyr(t)dt + /8y~ Lurc(Z, Wy) (ry ()1 /2)((1 = 27) Z; + 2y W) - eres T d By,

where ¢; = 7v/2 with 7 given in (C.21). Similarly as in Lemma C.20, we get for A(t) < D
using L =0

df(rs(t)) < —caf (rs(t))dt + (1 + @)§ydt + dM;,

where M, is a martingale, « is defined in (C.28), f is defined in (C.36) and c3 is given in (C.56).
Combining the two local contraction results as in the proof of Theorem C.12 gives the desired
result with contraction rate

2 lRl(ZS(Rl) 65)

¢ = min <u17 T 0(s)0(s)1ds’ 8 B(Ry) f (Rl)’YT?

(C.73)

Note that the last two terms in the minimum differ by a factor of 2 from the last two terms in
(C.69), as the first terms in (C.61) and (C.59) are not split up to compensate for the interaction
term as in the nonlinear term. O

154



C.6. PROOFS

C.6.3 Proof of Section C.5

Fix N € N. To show propagation in chaos in Theorem C.17 we construct in the same line as in
Appendix C.4.2 a coupling between a solution to (C.3) and N copies of solutions to (C.1). We fix
a positive constant £, which we take in the end to the limit ¢ — 0. Let {(B“*);>0:i =1,..., N}
and {(B");>g:i=1,...,N} be 2N independent d-dimensional Brownian motions and let g
and fip be two probability measures on R??. The coupling ({(X},Y}), (X, Y)Y )is0 is a
solution to the SDE on R*V¢ x R2Nd given by

dX} =Yidt

dY/ = (=i + ub(X}) + u fpa B(X{, 2) i (d2))dt + v/2yusc(Z), Wi)d By™
+/2yure(Zi, Wi)dBP™

dX; =Y/dt (C.74)

dYy = (=Y 4+ ub(X]) + uN~ Z VL B(XE, X)) dt 4+ /2yusc(ZE, Wi)dBP™
+/2yure(ZE, Wi (Id —2¢kel )de e

(Xé, }702) ~ [0, (X[Z)’ Ybl) ~ Ho

for i = 1,...,N, where jif = Law(X}) for all i. Further, Z} = X} — X}, W} = Y — Y},
Qi = Z} + "W}, and el = Q/|Q%| if Qi # 0 and e} = 0 if Q% = 0. As in Appendix C.4.2, the
functions rc, sc : R?? — [0,1) are Lipschitz continuous and satisfy rc? +sc? = 1 and (C.44). We
note that by Levy’s characterization, for any solution of (C.74) the processes

) t . . . t . ) .
B; ::/ sc(Zs, W2)dBy™® / re(Zs, Wi)dBy*e
0
. t . .
Bl = / se(Z}, WHdBY™ + / re(ZE, WH(Id —eiel TaBire
0
are d-dimensional Brownian motions. Therefore, (C.74) defines a coupling between N copies

of solutions to (C.1) and a solution to (C.3). The processes ({Z:}¥)i>0, ({Wi}X )0 and
({QIYY)i>0 satisfy the stochastic differential equations given by

dZ; = Widt = (Q; — vZ;)dt

N
aW; = (=AW + u(b(XF) - +/ B(XI, 2)jif (dz) Z (x}, 1)) )
+ /Syurc(Z, Wf)ef;ef;TdBf’rc (C.75)
N
dQi =y~ (b(Xt)—bXt +/ b(X},2) it (dz) Z Xt,XJ)

+ /8y~ Lure(Z], Wti)ef;edeBz’rc,

foralli=1,...,N.
The proof of Theorem C.17 relies on three auxiliary lemmata. We abbreviate rj(t) =
ri((XE, YY), (X¢, Yi), ri(t) = rs((XE YY), (X3, YY) and A'(2) = A((XE, YY), (X{, YY)

Lemma C.21. Suppose Assumption C.2 and Assumption C.3 hold. Suppose that (C.18) holds.
Let T > 0 be given by (C.21). Let ({(X},Y), (X}, Y)Y )iso be a solution to (C.74). Then for
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i €{1,...,N} with A (t) > D, it holds
(1 —27)Z} + 29 ' W{|

N
dri(t) < —cyri(t)dt + u(lﬁNﬁlz(\Zﬂ +17ZY)) —|—A§)dt

29ri(t) = (C.76)
o a (L=27)Z) + 2y W]
2’}’_1TC(ZZ,WZ)( 7—) f"_ i Wt z z dBt,
ri(t)
where ¢y = 7v/2 and {AL}N | is given by
N
Al = ‘/ b(X!, 2)ia® (d2) Z (X, X7) ] with i = Law(X}). (C.77)

Proof. By Ito’s formula, it holds for ({Zg, W Diso = (X} — X3,V = YN Diso,
dz; = Widt
AW} = (=W} +u(b(X}) — b(Xt) + N7V (X, XT) - b(X, X)) + A7)t
+V/Eyure(Z, Wi)eiej' dB,
where

N
A= ( /R (X, )R (dz) — NTUSDB(XS X)) with i = Law(X;)
j=1

for all ¢ = 1,..., N. Hence, by Ito’s formula it holds for the positive matrices A, B, C given in
(C.54),

d(Z{ - (AZ}) + Z; - (BW}) + W{ - (CW}))
< 2AZ}) - Widt+ (Wi - (BW]) — (BZ)) - (W +uK Z]))dt
+ (= 29Wi - (CW]) = 20(CW)) - (K Z]) + 2Lgu CY2W{||CM2 2] ) dt
j=1
Ay 28yurce(ZE, WiVt + /Syure(Zi, Wi (BZE + CW}) - eiei” dB:
< Z} - (—uKB+~"'L2*C)Z})dt + Z] - (2A — B — 2uKC)W})dt
+ W ((B—O)W))dt

N
+|BZ} + 20W§|u(f,N—1 > (211 +127)) + A;)dt + (1 =270y 1Ly | Zi - L\ zi|<mydt
Jj=1

+ 8y Yu(re(ZI, WH)2dt + /Syurc(Zi, W) (BZi + 2CW}) - eieéTdBZ
with {A}NY | given by (C.77). By (C.21) and (C.55),
dri(t)* = d(Z; - (AZ]) + Z{ - (BW]) + W/ - (CW}))

< —2ryri(t)2dt + |(1 — 27)Z0 + 29 Wi Y (LN 12 (1Z]] + 7)) +AZ)d
+ 8y ture(Z;, Wi)2dt + 711 — 27) Lyu| Z{|* - Il{‘Z¢|<R}dt

+ \/87_1urc(Zti, WZ)((I — QT)ZE + 27_1Wt) et } dBl
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Since AY(t) > Dy, it holds 7{(t)> > R by (C.32) and (C.33). By (C.34) and (C.44),
—ri(t)* + 471 = 27) Lgul| 231 iy < gy + 87 Mure(Z, WE)?
< —1YR + LguR27_1 + 87_1u]l{R>0} <0.
By Ito’s formula and since the second derivative of the square root is negative,
drj(t) < (2rj(8))~ dri(t)?

(1 —27)Z¢ + 2y~ W}
27yri(t)

2y—Lre(ZE, Wiri(t) (1 — 27)Z} + 2y 'W}) - elei dB,

u(]iNljzl(yzﬂ +12i]) + A})dt

< —cyri(t)dt +

which concludes the proof. O

Lemma C.22. Suppose Assumption C.2 and Assumption C.3 hold. Let ({X}, Yy, X5, YN )i>o
be a solution to (C.74). Let 15 be given in (C.27) with o defined in (C.28). If A¥(t) < Dy with
Dy given in (C.32), it holds

df(ri(t)) < —c2f (ri(t))dt + 4~ LuN"" Z |Z]| + |Zi])dt — 7f (R1)|Zy|dt
7=1

N
+7_1“’/Rd b(X!, 2) s (dz) Z X},X§)]dt+(1+a)»y§dt+dM;,

where f is given in (C.36), (M])t>0 is a martingale and cq is given in (C.56).

Proof. The proof works similarly as the proof of Lemma C.20. First, note that for all 7, (Z});>0
is almost surely continuously differentiable with derivative dZ%/dt = —yZ* + vQ" and hence
t — |Z}] is almost surely absolutely continuous with

d . A , 4 ,
3%l = \Zi\ (=72 +1Q1) for a.e. ¢ such that Z; # 0 and
t
d. . . '
a|Ztl| < 7|Qi] for a.e. ¢ such that Z; = 0.
and therefore
d i i
E’Zt’ < —|Z{| + ~|Q}| for a.e. t > 0. (C.78)

By Ito’s formula and by Assumption C.2 and Assumption C.3, we obtain for |Q,
A1Qil =7 e+ (3(%) ~ b6 + [ B(X 2y (d) — N Y BOXS X)) e

j=1
+ /8y turc(Z;, Wf)edeBf
N

<~ tu(Lg + Ly)|Zf|dt + v tu( AL + Z (121 + | Z}]))dt

+ /8y ture( 2], W)e] dB}™,
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where A! is given by (C.77). Note that there is no Ito correction term, since 83 /|q|\q] = 0 for

q # 0 and rc = 0 for Q; = 0. Combining this bound and (C.78) yields for f(ri(t)) by Ito’s
formula,

df(ri(1) = F'0i0)) ((Li + Lo)ur™ = a)y|Z{| + av|Qi|
N
+y (Al + NTUYT L2 +121)) )at
j=1

+ f (ri(8) /8y ture(Z), W) () TdBE™ + [ (ri(8))4y Mure(Z7, W) .

Case 1: Consider A(t) < Dy and |Q}| > &, then re(Z}, W}) = 1 and ri(t) < R;. Hence, by
(C.58) we obtain

N
AF(ED) < £ EO)arri (Bt + F/ G 0) 4y udt + 7 (A + N iyl (12| + 12i]) )

f (R1)= ’704|Zt|dt + th

< —2ef (ri()dt + 7 u (A + N7V YT L2+ |Z]))dt — £ (Ro) 1 2]t + M

< —eaf (i)t + 4 (4] + N7V B+ 120Dt — 5 (R) Y| Zilde + .

N
N
Case 2: Consider A'(t) < Dx and |Q%| < &, then a\Z,ﬂ =ri(t) — Qi > ri(t) — £&. We note that
- i i L
(L + Lo)ur™ = )| Zj] + o] Qj] < —5ri(t) + (1 + )€

Since the second derivative of f is negative and ¥(s) € [1/2,1], it holds

N
AFA(0) < —5ri®f (s ()dt + (1 + @)ede +5~ (A + NV L2 + | 2]]) )t + df
j=1
v e To(r) i
< g 8], g JOHON — LA (R4 (14 et

N
+ oy u( AL+ NTUYD L2 +1Z0) ) dt + dM
j=1

7 Rig(Ry) 2O pi (1)) dt — %|Zf|f’(R1)dt + (1 +a)yéde

- 8 ®(Ry)
+y u( AL+ NTUYD L2+ 1 Z1) ) dt + dM.
j=1
Combining the two cases, we obtain the result by using the definition of ¢y given in (C.56). [

Lemma C.23. (Moment control for Langevin dynamics) Suppose that Assumption C.2 and
Assumption C.3 hold. Suppose that (C.18) and (C.25) hold. Let (Xi,Yi)i>0 be a solution to
(C.1) with E[| Xo|? + |Yo|?] < oo. Then there exists a finite constant Co > 0 such that

sup IEH)_Q|2] < (Cs.
t>0
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The constant Cy depends on vy, E[|Xo|? + |Yo|?], d, R, k, Ly, u and L.

Proof. We adapt the proof idea from [75, Lemma 8]. By Ito’s formula, by Assumption C.2 and
by Assumption C.3, it holds

A2y (KX) + 5](1 = 2m) K 4 Tl + Sy Tif?)

< (292X, (KV) + (127X, Vi 471 (1 = 20) Vi)t

7 1 = 20) (= uXy - (KX =X Vi)t + 2972 (= w(KY) - X + L Vil [ X] — 1|V [?)at
+ 2100 = 27) X 29 (RO + 1) + 150, 0) ) e
(1 = 27)y " u(Lgl Xe* + |9(0) | Xe) Ly 3, 1< gy At + 272wl Y] |9(0)[dt + 29 uddt

+ /2y ul(1 - 21) X, + 297 1V)dB,

< =y lu(l - 27Xy - (KXy) = 2ry(v 2 Y + (1= 27)y 1 X, - YY) + 2w L2 X P
*!(1 —27) X; + 29 YA | (L(E[|X¢]] + [ X¢]) + [b(0, 0)])dt

+ (1 —27)y (L | X * + |9 (0)|IXe) 1 g 5, <y At

+ 29 2ulY,|g(0) [t + 2y uddt + /2y Mu((1 - 27) X, + 2971 Vi)d B,

Taking expectation, we obtain

d 1 T

SED 2k (KX + 5|1 = 27) X + 97 Va2 + 5072
< =y u(l = 27)B[X; - (K X)) + 7w LIE]| X, ]
—2ry(y2E[Vi) + (1 - 20y E[X, - ¥i]) + (1 27)7 " u(LyR? + Rlg(0)]) + 27 ud

+uy T E[|(1 = 20) X, + 20V (LE]X4]] + [ Xel) + 50, 0)[) | + 27~ 2uE[|%4[]|9(0)).
We note that by (C.25) and by Young’s inequality,

7 UE[(1 - 27) X + 297 Ve u(L(E[| Xl + [ Xe]) + [5(0,0)])]

TV KU = 1o = = _ = o
< 3 E[|(1 = 27) X 4+ 2y 'Y (E[| Xe|] + | Xe])] + v uE[|(1 — 27) X + 277 ¥4[][6(0, 0)]
T _ — 1 — 15 7y 1 - 15
< %("GUV E[| X ] + ZEH(l —27)X; + 2y 1Yt|2]> + %ZEH(l —27)X; + 27 1Y
4
+ %w(o 0)

T —2m0 % |2 1 % —15712 1 —1v72 du? 2
< E(HU’Y E[[Xe"] + SE[(1 - 27)Xe + 47 Xl + SE[y ™ Y ]) + T,yg’b(ovo)’
and

_ 7v 1 — 4u
2N 2uE[|Y, < LR[NP + — 2,
v uE[Y:]]g(0)] < 5 3 (7Y ]+mglg(0)\
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Then by (C.55),

| I
SE[r X, (KX + 5|1 - 20) X, + 7 + 592N

_ _ 1 _ - 1 =
< —274E [7_2uXt (KX + 51— 20) X + Y2 + iy*mﬂ + (1 —27)y uL, R
_ oo 1 S e
+ 27 ud + 7y (ry EIX ] + EI(L - 200X, 57 T 4+ T EP)
+4r7 174 (16(0,0)[% + |g(0) )
_ _ 1 _ — 1 =

< B[y PuXe - (KXo + 5|1 =20) Xe 7 Wl + 5y P + (1= 2r)y Lgu R

+ 27 Yud + 4772y 73u2(1(0, 0)|2 + |g(0)[?).

By Gronwall’s inequality, there exists a constant C such that

supE[’y_Qu)_(t (KX +

1 — — 1 -
S0 =27) X, + 7 + Sy Y] < € < oo
£>0 2 2

Thus, we obtain the result for Co = C/(kuy™2). O

Proof of Theorem C.17. To prove uniform in time propagation of chaos, we consider the coupling
(X5 Y, (X1, Y)Y )0 given in (C.74) and combine the results of Lemma C.21 and
Lemma C.22. The second moment control given in Lemma C.23 will be essential to bound
the terms involving the non-linearity. We write here 7i(t) = 7i((X},Y}), (X}, Y})), ri(t) =
ri(X7, V), (X1, Y1), Al(t) = ri(t) —eri(t) and p'(t) = f((A¥(t) A Di) +eri(t)). We distinguish
two cases for all particles i =1, ..., N:

Case 1: Consider A(t) < Dx. Then pi(t) = f(ri(t)), and by Lemma C.22 it holds for £ > 0

dp'(t) = df (L (1) < —cof (ri(E)dt + 5 u( A} + N7 L(Z] |+ |Z0)) )t — S f (Ru) 2|t
j=1

+ (1 + a)yédt + dM;}

N

< e f(ri(®)dt + v u(Af + NTUT LIz )t — % "(Ry)|Zi|dt + (1 4 a)y&dt + dM;,
j=1

(C.79)

where A? is given in (C.77) and ¢y is given by (C.56). Note the last step holds by (C.25).
Case 2: Consider A(t) > Dx. We obtain by Lemma C.21,

(L=20)Z + 292 Wi| (i eSS (1 it i
: ul AL+ N L(|Z] |+ |Z}]) )dt
s (4i Z (121 +1Zi))

/2y ure(Z, Wi ()7 (L - 27)ZE + 2971 W) - eled” dB;

dri(t) < —cyri(t)dt +

with ¢; given in Lemma C.21. Note that L f(Dx+ex) = ef/(Dic+ex). Further, since f(Dx+ex)
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is a concave function, d—gz Dy + ex) is negative. By Ito’s formula, we obtain
dx g

dp’(t) = df(Dx + erf(t))

97 -1 N
Sef/(D;c+erf(t))(—cmi(t)z-l-|(1 2 )Qi:”l—(k)% Wi ( Z ’Z]’+|Zl ))d

/2y ture(Z, WH((1 = 27) ZE 4 2 W) - eiei dB;.

of (Dx + er(1))
50

By (C.66) and (C.67), which holds in the same line as in the proof of Theorem C.12, it holds

RUW 1 : C1€ .
A 6) < () min (VT D))t~ () g 2
N

+267_1u(A§ Z (12} + | Z}] )dt+thi,

+

(C.80)

where ({M}}Y,)i>0 is some martingale.
Combining (C.79) and (C.80), taking expectations and summing over i = 1,..., N yields

d -1 al i
—E[NT'Y (0]
1=1

< —min (CQ,f (Rl)C;6 min (@1 1, ;))E[N ! ipl(t)} + ’y_luE[N_l iAﬂ
= v (C.81)

—min (f(R2) " f <R1>°’“\/few2)E[N—1 > 12 + I B[N 3 1]
=1

=1

< —min (cs, f' (Rl) (\/371:; 1’ ;))E[N 1 iv:pi(t)} + B[N %Aﬂ,
=1 1=1

where we used 2e < 1 for the last term and (C.25).
To bound E[A{], we note that given X'ti, Xg , j # 1 are identically and independent distributed
with law if and

BB, XDIX] = [ DR )i (). (€82
Hence,
~ —_ N . —_ —_ .
B[ [, WX, 2)i(d2) Z (X}, X)) |
N -1 7 i o\ i iy 2] i
= TVarm(b(Xt, D)+ B[] [ PO 2 () - B0t X i)
2

S E| [ ] B2 (z) — B XD | [ B i ae) - bR D)
J 1,j#i

i)
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By Assumption C.3, Cauchy inequality and Young’s inequality

b(XE. 2)i® o i Y 2 AL 2=z AL? 2-x
E[\/Rdb(xt,z)ut(dz)—N;b(xt,xt)\ <5 LIl ut(dx)+W/Rd 22 (dx)
81~'2 2-T
TN e ||" i (da).
(C.83)
Then, by Jensen’s inequality

. 4L 1/2
7 2-x
ELA) < s ([ laPar (o)
By Lemma C.23, there exists a finite constant C; such that for N > 2 and alli=1,..., N,

sup E[A}] < yu~'C N~YV2. (C.84)
>0

Note that C; depends on v, E[|Xo|? +|Yo|%], d, u, R, k, Ly and L. Inserting the bound for E[A}]
in (C.81) yields

iE{N—lgpi(ﬂ] < —min (CQ,f’(RI)% min (%’ ;))E[N—lggpi(tﬂ n NC11/2

Applying Gronwall’s inequality and (C.70) and (C.71) yields
N N
Wi (17", ) SE[NTI Y5 (0] < e BN S o (0)] +aaN o
=1 i=1

with ¢ given in (C.72). Taking the infimum over all couplings w € TI(z§, i) concludes the
proof of the first result.

The second bound holds by (C.47) with M; given in (C.24) and M, = /2/C; given in
(C.48).

O
C.7 Appendix: Unconfined nonlinear Langevin dynamics
C.7.1 Contraction for unconfined nonlinear Langevin dynamics
Consider the unconfined nonlinear Langevin dynamics given by
{ AX, = vidt o o (C.85)
dYy = (=Y + u fga 0(Xy, 2)jif (d2))dt + /2yud By, (Xo, Yo) ~ fio,

where v,u > 0, fig is a probability measure on R??, i¥ = Law(X;) and (B;);>0 is a d-dimensional
standard Brownian motion. We impose for the function b and for the initial distribution:

Assumption C.4. The function b : R24 — R? is Lipschitz continuous, and there exist a function
G : R = R and a positive definite matriz K € R with smallest eigenvalue & € (0,00) and
largest eigenvalue Lz € (0,00) such that

b(x,y) = —K(z—y)+ gz —y) for all z,y € RY,
and g is Lipschitz continuous with Lipschitz constant Lz € (0,00) and anti-symmetric, i.e.,

g(—z) = —g(z) forall z € R4,
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Assumption C.5. Let jig € P(R??) satisfy [gea |(z,y)|*fio(dxdy) < 0o and [gea(, y)iio(dzdy) =
0.

By Assumption C.4, it holds $E[(X;,Y:)] = E[(Y;, —7Y;)] and hence by Assumption C.5
E[(X¢,Y:)] = 0 for all £ > 0. Note that this observation is crucial in our analysis, since in
general convergence to equilibrium can not be guaranteed for the unconfined dynamics unless
the solution is centered or a recentering of the center of mass is considered.

We establish contraction in Wasserstein distance with respect to the distance function 7 :
R24 x R24 — [0, 00) given by

((@,y),(,9)* =7 u(z — 1) - (K(z - 7)) + %!(1 =20)(z — )+ (y - P

. (C.86)
+ o7 2y =gl
2 )
for (x,y), (Z,7) € R?? where ¢ is given by
o = min(1/8, Ruy~2/2). (C.87)

Theorem C.24 (Contraction for nonlinear unconfined Langevin dynamics in L? and L! Wasser-
stein distance). Suppose Assumption C.4 holds. Let fig and vy be two probability distributions
on R satisfying Assumption C.5. Fort >0, let iy and vy be the law of the processes (X, Y;)
and (X},Y/), respectively, where (X, Ys)s>0 and (X!, Y!)s>0 are solutions to (C.85) with initial
distribution g and vy, respectively. If

Li < /&/u(vy/2) min(1/8, kuy~2/2), (C.88)
then
Wi (fig, ) < e “Wai(jio, )  and — Wa(jir, i) < Mse™ “Wa(jig, 1), (C.89)
where 7 is defined in (C.86) and where the contraction rate ¢ is given by
¢ = min(y/16, &y~ /4). (C.90)
The constant Mg is given by

Ms = max(y/Lzu +12,1/3/2) max(y/ (7)1, V2). (C.91)

Moreover, there exists a unique invariant probability measure fioo for (C.85) and convergence in
L? Wasserstein distance to Jiss holds.

If
Ly < \J&/u(v/4) min(1/8, 7y ?/2), (C.92)
then
Wi (i, ) < e Wy i (fio, 7o) and — Wi (fir, ) < Mze™ Wi (jio, %) (C.93)
and convergence in L' Wasserstein distance to jis holds.

Proof. The proof uses a synchronous coupling and is postponed to Appendix C.7.3. 0
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Remark C.25. Note that (C.89) implies directly a bound in LP Wasserstein distance for 1 < p <
2, i.e., by Jensen’s inequality it holds W, (f, vr) < Wa(jte, 1) < MoMge_éth(ﬂo,ﬂo), where
My = Wa(fw, 7o) /Wy(lo, 7). The additional constant My is finite by Assumption C.5, but
it might be very large. Here, contraction in L' Wasserstein distance is stated separately and
(C.93) is proven directly.

Remark C.26. By (C.88) and (C.92), it holds Ls < #/8 and L < %/16, respectively. Hence, con-
traction is proven for b being a small perturbation of a linear function. Further, the contraction
rate is maximized for v = 2v/&u.

Remark C.27. Note that the underlying distance 7 is defined similarly as 7; in (C.26) and
coincides with p defined in (C.35) if K = K, 0 = 7 and K = {(0,0)}. Moreover, 7 is equivalent
to the Euclidean distance on R2?, i.c.,

min(fu/2,1/4)y (| — & + |y — 9])* < min(Fu, 1/2)y72|(z,y) — (,9)]* < 7((z,y), (2,7))?
<max(Lguy >+ 1,(3/2)v72)|(z,y) — (z,9)|°
<max(Lzuy™? +1,(3/2)y ) (|o — 2| + |y — y])*.
(C.94)

C.7.2 Uniform in time propagation of chaos in the unconfined case

Next, we establish uniform in time propagation of chaos bounds for the unconfined Langevin
dynamics. Fix N € N. We consider the functions py, gy : R2V9 x R2N4 — [0, 00) given by

N
pAN((.T,y),(i',:lj))z = N_lzf(ﬂ(‘ray%ﬂ—(jvg))za and (C95)
=1
N
pn((2,y), (2,9)) = N~y _#(n(z,y),7(z,9)) for all z,y, 7,5 € R, (C.96)
=1

where 7 is given in (C.86) and 7 : R2V4 — R2Nd g given by
, N N N Nd
m(z,y) = (' = N1y ad oy = N71Y 97 ) for (z,y) € R?N9, (C.97)
( ]gl ]; )2:1

The function 7= defines a projection from R2V? to the hyperplane HN~: {(z,y) € R2Nd .
(>, 2%, Y y") = 0}. We note that distances pn and py are equivalent to ¢4, given by

O((2,9), (2,9)) = €y (n(2,y),7(7,5),  forall z,y,7,5 € RV, (C.98)
with p =1 and p = 2, respectively.

Theorem C.28 (Propagation of chaos for unconfined Langevin dynamics in L? and L' Wasser-
stein distance). Suppose Assumption C.4 holds. Let gy and po be two probability distribu-
tions on R2? satisfying Assumption C.5. Fort > 0, let fi; be the law of the process (X;,Y;),
where (X, Ys)s>0 is a solution to (C.85) with initial distribution fig. Let ul be the law of
{(XPN VNN where { XN YENIN Neso ds a solution to (C.3) with b = 0 and with initial
distribution p) = p$™. If Ly satisfies (C.88), then

WQﬁN (la?Nv Niv) < e_é/QtWQ p (/](()ng Hév) + é_I/ZC?)]V_I/Q and

PN

Wiz, (TANTAD RS \/§M3€_6/2twg,g§v (i, 1) + Mye™H2Cs N2,
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where &, 13 and Mz are given in (C.90), (C.98) and (C.91), respectively. The constant My is
given by

My = ymax(y/2/k, 2). (C.99)
and C3 1is a positive constant depending on vy, d, &, L, Lg, v and on the second moment of fig.
If L satisfies (C.92), then

Wi (15N 1) < e Wi (5™, 1) + &1 CaN T2 and

Wi a (5N, 1) < V2Mse™ W, o (5™, 1)) + Mae ™ CaN 12,
where Cy is a positive constant depending on v, d, k, Lz, Lg, u and on the second moment of
Ho-
Proof. The proof is postponed to Appendix C.7.3. O

Remark C.29. For t > 0, let ¥ and v}¥ denote the law of {XZ N yPNAN Cand {X[5N vRNAN
where the processes ({ XN, V2NN )0 and ({ XY, y/" VN )s>0 are solutions to (C.3) with
initial distributions u’ and v{¥, respectively, and for which Assumptlon C.4 is supposed. An
easy adaptation of the proof of Theorem C.17 shows that if (C.88) holds, then

Wa pN(Nt Vi ) <e Wy, PN (Mo ] ) and W2j2 (Nt Vi ) < V2Mge ™ ng?v (Néva’/(])v)a
and if (C.92) holds, then
leﬁN(/’Lt » Vi ) <e Cth PN(/'LO 7V(]]V) and lel (:u’t Ut ) < fM3e Cth él (IU’O 7Vév)7

where ¢ and M3 are given in (C.90) and (C.91), respectively. For the proof, a coupling of two
copies of N particle systems is constructed in the same line as (C.108). As it will clarify by an
inspection of the proof of Theorem C.17, we can obtain a slightly better contraction rate in L?
Wasserstein distance for the particle system compared to the rate in the propagation of chaos
result.

C.7.3 Proof of Section C.7.1 and Section C.7.2

Proof of Theorem C.24. Given two probability measures jig, 9 on ]_RQd_ and a d-dimensional
Brownian motion (By);>0, we consider the synchronous coupling ((X¢,Y;), (X{,Y/))i>0 of two
copies of solutions to (C.85) on R?? x R2? given by

dX; =Yidt

{dYt = (—7Y; + u [ga b(Xy, 2)jaf (d2))dt + 2yud By, (Xo,Yo) ~ fio, (C.100)
dX] =Y/t

{d}_/t/ = (—7Y/ + u fga b(X{, 2)57 (d2))dt + /2yud By, (X5, Yg) ~ o,

where i = Laiwv(g_(t), 77 = Law(X}). Weset Z; = X;— X} and W; = Y;—Y;. By Assumption C.4
the process (Z;, Wy)>0 satisfies
dZ;, = Wdt
AWy = (=AW + u fpa b(Xy, 2) a7 (dz) — u fpa b(X], 2)17F (d2))dt (C.101)
= (—yWi = uK Zy + u fpa §(X¢ — 2)[ie(dz) — u fpa G(X] — 2)i(d2))dt,
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where we used that E[Z;] = 0, which holds by Assumption C.4 and Assumption C.5. Let
A, B,C € R¥? be positive definite matrices given by

A=~y"2uK +(1/2)(1-20)1d, B=(1-20)y'Id, and C=+"21d, (C.102)
where o is given by (C.87). Then, by Ito’s formula,
d - .. . .
E(Zt (AZy) + Zi - (BWy) + Wy - (CW))
+ Lgu]BZt + QC’WJ(\Z[ + E[\Zt]])dt
S Zt . ((—uf(é)Zt) + Zt . (2121 — ’}/B — Quké)Wt + Wt . ((B — ’Yé)Wt)
+ Lgu|BZ; + 2CWi| (| Zi| + E[| Z4]])
< —207(Z; - (AZy) + Zy - (BWy) + Wy - (CWA)) + Lgu|BZy + 20W3|(|1 Z| + B[ Z4]]),
where we applied (C.87) in the last step More precisely, it holds for all z € R¢
z- ((~uK (1 —40)y™)2) < —(Ru/2)y 'z < —v02* < —yo(1 = 20)%|2[? (C.103)

and therefore z - ((—uK'(1 — 20)y")2) < —2’10(/?;1952 +(1/2)(1 - 20)2)~|z]2. o
Then for #(t) = #((Xy, Y1), (XL, Y))) = (Z; - (AZy) + Zy - (BWy) + Wy - (CW;))Y/2 given in
(C.86),
di(t)? < =207 (t)2dt + Lyuy (1 — 20) Zy + 29y " Wi (|1 Z4] + E[| Z4]])dt. (C.104)
By taking expectation, it holds
d_ B _ ~ o~ ~ ~
CRIF() < ~209E[F(0)°) + Lywy B{I(1— 20)Z + 2 Wil (Z] + EIZ]).  (C.105)
By (C.88), (C.87) and Young’s inequality, we obtain for the last term
Lyuy™'E[|(1 ~ 20)Z; + 2y Wil (1Ze] + E[| Z])]

oV Rku

< E[[(1 = 20)Z; + 27 'Wil(|Z| + E[| Z]]]

P 1 : o (C.106)
< a’y(/iu’y B[ Z) + ZEH(l —20)7Z; + 2y 1Wt\2]>
< oy (Rey B[ ZP) + SEI(1 —20)Z + 5 WiP) + SEIWiP]) < orELF (1))
By inserting this bound in (C.105), we obtain by Gronwall’s inequality,
Wi, 7)° < E[7(£)?] < e **E[7(0)?]

with ¢ given in (C.90). By taking the square root and the infimum over all couplings w €
(jig, 7), we obtain the first result in L? Wasserstein distance. The second bound holds by
(C.94) with M3 given by (C.91). To obtain contraction in L' Wasserstein distance, we take the
square root in (C.104),

(1 =20)Zy + 2971 W
27(t)
< —oyF(t)dt + Lyuy ™ (| Ze| + E[| Z:|])dt,

A7 (t) < —oyF(t)dt + Lyuy~ (|1Z¢] + B[ Z4|))dt
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where the last step holds by

(1 —20)Z; + 2y~ Wy|

27 (t)
- ;( (1—20)2|Z|? + 401 - 20y Z; - Wy +~47—~21Wt|2 ] )1/2
T 2MRuy T+ (1/2)(1 = 20)2)[ Z? + (1 = 20)y 1 2 - Wi + 2 [Waf?

(C.107)

Taking expectation and applying (C.92) we obtain

CEIF(1)] < ~o7BIF(1)] + 2Lguy B ZI) < ~orElR(0)] + VBl Rur-2| i) < ~ DV B{F(1).

Hence by Gronwall’s inequality,
Wi (i, ) < e “E[F(0)],

where ¢ is given in (C.90). Taking the infimum over all couplings w € II(fo, 7%), we obtain the
first bound in L' Wasserstein distance. The second bound follows by (C.94) with M3 given in
(C.91). O

To prove Theorem C.28, we establish a second moment bound of the solution to the nonlinear
unconfined Langevin equation.

Lemma C.30 (Moment control for unconfined Langevin dynamics). Suppose that Assump-
tion C.4 and (C.88) hold. Let (X¢,Y:)i>0 be a solution to (C.85) with initial distribution satis-
fying Assumption C.5. Then there exists a finite constant Cs > 0 such that

sup E[|X;[*] < Cs.
>0

The constant Cs depends on vy, d, k, Lg, w and on the second moment of the initial distribution.

Proof. As in the proof of Lemma C.23, we adapt the proof idea from [75, Lemma 8]. First, we
note that by Assumption C.4 and Assumption C.5, E[X;] = E[Y;] = 0 for all ¢ > 0, since by
anti-symmetry of g

d._ o o Ao %
GEX] =E[Yi],  E[¥)] = E[Y],

and I@[Xo] = I@[%} = 0. Hence, X;-E[X;] = Y;E[X;] = 0. Further, we bound |Eyz, [§(X¢, )]| <
L;(|X¢| + E[|X¢|]). By Ito’s formula and Assumption C.4, it holds for o € (0,1/2),

d(v2uXy - (KXe) + (1/2)[(1 = 20) X, + 97 Y2 + (1/2)7 2 |Y)

< (272X - (KY) + (1= 20)° X, - V) dt + (1 = 20)y H([Vif* = X¢ - (uK Xe) — 7 X, - Ve)dt
+ 2 (=29 Vi = 2(uKY), - Xp)dt + Lyul(1 — 20)7 7' X + 29 72X (|1 Xe| + E[| Xe[])dt

+ 2y tuddt + /2y u((1 — 20) Xy + 277 1Y;)d By

< —(1=20)y tuX, - (KX;)dt — 207((1 — 20)y 1 X} - Vi + v 2|V |2)dt 4 2y tuddt

+ Lyul(L = 20)77 % + 29721 + B[ Kl + /2y u((1 — 20) X, + 297 ¥i)dB.
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Then by (C.103) we obtain after taking expectation
B R, (RX) + 11— 20) % 4971 + 5y 2P
< —207E[y%uX, - (KX;) + %|(1 —20)X; + 7 V2 + %'y_QD_/t]Q] + 2y tud
+ Lauy "E[|(1 — 20) X, + 297 V3| (1 X, | + E[| X, ]])]-
y (C.88) and Young’s inequality, we bound the last term similarly as (C.106) by
Loy E[(1 - 20)%, + 29 Fi[(1Ki] + B[ X))
< oy (Ruy B K]+ SB[~ 20) %, + 77 T + SET[).
Hence,
L[y 20, (B2 + 2101 - 200X, + 97 T2 + 29727
a t t 5 tTY I 27 t
< —onE [V*QuXt (KXy) + %|(1 —20)X; + Y+ %fy*?mﬂ + 2y Lud.

Then by Gronwall’s inequality, there exists a constant C such that

N R
supEly*uX - (KXe)51(1 —20)Xe + 77 Ve + 5771 < € <00
t>

and we obtain the result for C5 = C/ (kv 2u). O

Proof of Theorem C.28. We consider a synchronous coupling approach of solutions to (C.85)
and (C.3) with b = 0. Fix N € N. Let {(Bf)i>0}/*; be N independent d-dimensional
Brownian motions and let po and jig be two probability measrues on R??. The coupling
(X3, Y9, (X}, Y)Y )is0 of N copies of a solution to (C.85) and a solution to (C.3) with
b =0 is given on R 2Nd x R2Nd by

{d)_(;' = Yidt
AV = (Y +u fpa b(X{, 2)iif (d2))dt + v/2yud By, (X6, Yg) ~ fio, (C.108)
dXi = Yjdt
{dyti = (=Y +uN"! Z Y b(XY, XT))dt + v2yud B, (X6, Yg) ~ po
for i = 1,..., N, where i = Law(X}) for all 4. For simplicity, we omltted the parameter N in
the 1ndex of (Xt,Yt) in the partlcle model. We set Zj = Xj — Xj — N1 2N (X} — X7) and
Wi = —N— Z (Y7 —Y/). By Assumption C.4, the process ({Zg, Wi }Z:I)tZO satisfies
dzj =Widt
AWy = —Widt + U(fRd (X{, 2)if (dz) — e f]Rd Xt , Z) g (d2)
~NTUL B XD+ N 1b<X£,Xt >)dt (C.109)

= —AWidt +u — KZj + NV, (3(X) - X)) — §(Xi - X{))
+A}+ NTUEN, Af)dt,

168



C.7. APPENDIX: UNCONFINED NONLINEAR LANGEVIN DYNAMICS

where Af = [pa b(XF, 2)iF (dz)— N~ Z;V:1 b(XF,X]) forall k = 1,..., N. Hence, for the positive

definite matrices A, B, C given in (C.102), we obtain for i =1, ..., N,
A (A7) + 7, (BW)) + Wi - @)

<27 - (AW})dt + (W} - (BW}) —vZ} - (BW}) — (BZ}) - (uKWY))dt

+ (CW}) - (=29W} — Quf(Z;')dt

+|BZ] + 2CW;|u(LsN~ 12 (1Z| +|Zi) + Al + N~ 1ZAJ)

Jj=1 i=j

< (= (uKZ)-(BZ}) + Z} - (24 = vB = 2uKCYW}) + Wi - (B = 2¢C)W;) )t

+|BZ] + 2CW;|u(LyN~ 12 (|Z|+|Zi]) + Al + N~ 12A”)dt
i=j
where Af = | [pa b(XF, 2)f (dz) — N~ SN b(XF, X])| for all k = 1,..., N. Then by (C.104)
for 7(t) = F((X{, YY), (X{, YY)
dr'(t)® = d(Z; - (AZ}) + Z; - (BWY) + Wy - (CW))

N N
< 2077 (t)2dt + (1 — 20) Z) + 27_1W;|(L5N_1 SUZ+1Z))+ Aj+ N! ZAg)dt

j=1 i=j
o (C.110)
and hence, for p; := pn((X, Vi), (X4, Y:)) given in (C.95),
u N ~ . ~ .
dpy < —207pdt + az\f*1 3 (1(1 —20)Z} + 2y~ W]
i=1
N B | N (C.111)
(LaNT2SD(ZE+1Z0) + A+ NHY A )t

J=1

For the last term, we obtain by (C.88) and Young’s inequality

J=1

1 N . I - .
Lyuy™ 55 20 (1 =20)Z; + 297 W1 2] + | Z]) < oy
inj=1

similarly as in (C.106) and

Z (1= 20)Z + 297 W/ |(A] + A])
5,j=1
< ﬂlz (1\(1 —20)Z} + 27*1VT/1'|2) + s’ 1 g:(Ai)2
T 2NZ 4 ! ! Vo N &=
N
oY . 8 1 i
< Sht

Inserting these estimates in (C.111) and taking expectation yields

d 7

B0 < - Elp +——ZE [(AD)?
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We bound E[Af] similar as in the proof of Theorem C.17. Note that by Assumption C.4, b is
Lipschitz continuous with a Lipschitz constant which is bounded from above by L + Lg. Hence,
(C.82) and (C.83) hold here with Lz + Lj instead of L. Then,

7)2 T _x 1 Yoo g 2 16L~+L~2 _
BlA7) < E[| [ K 2arae) - 5 Sb0eE X)) < PR g,
j=1

By Lemma C.30, there exists a constant Cs depending on v, E[|Xo|? + |Yo|?], d, &, Lz, Lg, u
such that for N >2andi=1,..., N,

sup E[Af] < CeNL
>0

Hence,

d_ . _
T El7] < —209E[pf] + CENT/2,

where C2 = %C@. By Gronwall’s inequality,
Wa o (Law(X{, s X3V), () *Y)? < E[p7] < e “Epg) + & 'CEN

with ¢ given in (C.90). By taking the infimum over all couplings w € T(ud, a5™), we obtain
the first result in L? Wasserstein distance. The second bound holds by (C.94) with M3 and M,
given by (C.91) and (C.99), respectively. To obtain the bound in L' Wasserstein distance, we
note that by (C.110)

1

di'(t) = 5 () dr(t)?

(1= 20)Z{ + 2y "Wi| (Lg~—, 501 1oin i 4i . L o=
sy DOAI 1A A DAl

< —ovy(t)dt +

i 1 (La 7J i i 1 N
< —oyP (Odt + (T SN2+ 12D + A+ 5 D A )dr,
J

Jj=1

where the last step holds by (C.lQ?). By summing over ¢ and taking expectation, we obtain by

(C.92) for p; := pn((Xt, V), (X¢, Y:)) given in (C.96),

d_ . 5 IR A
o] < —07/2E[p)] + 47 uN " Y JE[A]).
=1

By Assumption C.4 and Lemma C.30, there exists a constant C4 depending on v, E[| Xo|?+|Ys|?],
d, K, L, wand Lg such that

sup E[A]] < CyyN~1/2
t>0

similarly as in (C.84). Hence,

d_,. _ o - _
G Elpd < =T Elpd + QN
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By Gronwall’s inequality,
Win (BN, 1Y) < Elpe] < e ®Elo] + ¢ 'CaN 12

for ¢ given in (C.90). Taking the infimum over all couplings w € H(ﬂ?N ,1d)), we obtain the first
result in L' Wasserstein distance. The second bound holds by (C.94) with M3 and My given in

(C.91) and (C.99).
O
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