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Résumé

Dans cette these, le probleme du temps de sortie pour deux types de
processus de diffusion non linéaire est étudié. Le premier processus est
appelé diffusion auto-interagissante et est défini par I’équation différentielle
stochastique suivante, incluant 'interaction du processus avec son propre
passé :

1 t
dX, = o dW, — (VV(Xt) + 2/ VF(X, — X,) ds) dt.
0

La deuxieme équation a laquelle on s’intéresse est un cas particulier du
processus de McKean-Vlasov et nous 'appelons la diffusion auto-stabili-
sante. Elle est définie par 1’équation différentielle stochastique suivante,
incluant la convolution du processus avec sa loi au temps ¢, £(X}) :

AX, = o dW; — (VV(X,) + VF « L(X,)(X,)) dt

Le probleme du temps de sortie considéré ici est 1’étude du premier
instant auquel un processus de diffusion donné sort d’'un domaine fixé G,
dans un régime de faible bruit : 7:=inf{t >0 : X; ¢ G} . En particulier,
nous nous intéressons au comportement asymptotique du temps d’atteinte
7, lorsque le parametre de diffusion ¢ — 0, et nous recherchons la loi de
type Kramers, c¢’est-a-dire

o
m":c

TR eo?,

ol H > 0 est une constante qui controle la vitesse de croissance du temps
de sortie. De plus, nous décrivons ’emplacement des points ou la diffusion
peut quitter le domaine G (ce qui correspond au probleme de localisation
de sortie).

La these se compose de 4 chapitres. Le premier chapitre présente les pro-
cessus de diffusion auto-interagissants et auto-stabilisants, leurs propriétés
importantes et ’état de 'art du probleme de sortie.

Les chapitres 2 et 3 sont axés sur le probleme du temps de sortie pour
les diffusions auto-interagissantes. Dans le chapitre 2, on suppose que les
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fonctions V' et F' sont convexes, ce qui nous permet d’utiliser des techniques
de couplage standard pour établir la loi de type Kramers et le résultat
de localisation de sortie. Le chapitre 3 ne suppose aucune convexité sur
V ou F, ce qui rend le probleme nettement plus difficile et intéressant.
Dans ce chapitre, nous démontrons le principe des grandes déviations pour
la diffusion auto-interagissante et utilisons des techniques similaires a la
théorie de Freidlin-Wentzell, tout en tenant compte du fait que nous sommes
dans un cadre non markovien. Avec cette approche, nous établissons la loi
de type Kramers ainsi que le résultat de localisation de sortie.

Enfin, le chapitre 4 résout le probleme du temps de sortie pour les pro-
cessus de diffusion auto-stabilisants avec des potentiels généraux V et F.
Il s’agit d’un probleme ouvert depuis plus de 15 ans. Pour 1’étudier, nous
utilisons des techniques de couplage améliorées afin d’établir la loi de type
Kramers et les résultats de localisation de sortie.

Abstract

In this thesis, exit-time problem for two types of non-linear diffusion pro-
cesses is considered. The first process is called the Self-interacting diffusion
and is defined by the following SDE including interaction of the process
with its own path:

1 t
dX, = o dW, — <VV(Xt) n ;/ VF(X; — X.) ds) dt.
0

The second equation of interest is a special case of McKean-Vlasov pro-
cess that we call the Self-stabilizing diffusion. It is defined by the following
SDE including the convolution of the process with its law £(X}):

dX; = o dW; — (VV(Xt) +VF C(Xt)(Xt)> dt.

By the exit-time problem, we mean the study of the stopping time 7 :=
inf{t > 0: X; ¢ G}, the first time when a given diffusion process exits a
fixed domain of attraction GG, in the small noise regime. In particular, we are
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interested in the asymptotic behaviour of 7, when the diffusion parameter
o — 0 and we are looking for the so-called Kramers’ type law, that is

where H > 0 is a constant that controls the rate of growth of the exit-time.
Moreover, we are interested in describing the location of points where the
diffusion is likely to leave the domain G (exit-location problem).

The thesis consists of 4 chapters. The first chapter presents the Self-
interacting and the Self-stabilizing diffusion processes, their important pro-
perties and the state of the art of the exit-problem.

Chapters 2 and 3 are focused on the exit-time problem for the Self-
interacting diffusions. In Chapter 2 functions V and F' are assumed to
be convex, which allows us to use standard coupling method techniques
to establish the Kramers’ type law and the exit-location results. Chap-
ter 3 does not assume any convexity of V or F', which makes the problem
significantly more difficult. In this chapter, we prove the large deviations
principle for the Self-interacting diffusion and use techniques similar to the
Freidlin-Wentzell theory, but taking into account that we are in the non-
Markov case. Using this approach, we establish the Kramers’ type law and
the exit-location results.

Finally, Chapter 4 solves the exit-time problem for the Self-stabilizing
diffusion processes for general potentials V' and F', which was an open prob-
lem for more than 15 years. In this case, we use improved coupling tech-
niques to establish the Kramers’ type law and the exit-location results.

Keywords: Self-interacting diffusion, measure-dependent diffusions,
metastability, exit-time, Kramers’ law, Freidlin-Wentzell theory, large de-
viations.

AMS 2020 Subject Classification: 60K35, 60J60, 60F10, 60H10.
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Wo(p, v) The Wasserstein-2 distance between measures
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L(X) The law of a random variable X

# A push-forward symbol (see e.g. [Vil09, p.11])
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The following notation is specific for Chapter 3:
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ond moments, defined on the closure G C R,
where G is a fixed domain defined in Chap-
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sumption A-2, page 57
€ X : A closed ball of radius p around x in X
{y p

In this thesis we work on a filtered probability space (2, F, (F¢)i>0, P),
which we assume to be rich enough. Except where otherwise indicated, all
random variables and stochastic processes are defined on this probability
space and are, in the case of processes, F;—adapted. All the equations in
the manuscript are meant to hold a.s., unless stated otherwise.
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Note that, because of historical reasons and specifics of the proofs, the
notation is adapted to each chapter. Consequently, similar objects may
have different names in different chapters. For example, the domain, from
which exit-time is established, is called G in some chapters, but D in others.
Another example is the main processes of interest that sometimes appear
with or without superscripts: X7, X. Although being different in the entire
manuscript, the notation is consistent within each chapter.






Chapter 1

Introduction

This thesis is focused on the exit-problem for different non-linear diffusions.
In particular, so-called Self-interacting and Self-stabilizing diffusions were
considered. The first one is defined by a stochastic differential equation
including interaction of each trajectory with its own past. Non-linearity in
the second process arises from its dependency on its own law (a particular
case of McKean-Vlasov process, see e.g. [HIP08]). By exit-time problem,
we mean questions related to some properties of the stopping time defined
as the first time when a diffusion leaves the domain of attraction. Formal
definitions of the two processes as well as the exit-time problem are provided
in the following sections.

1.1 Self-interacting diffusion

Systems with path-interaction behaviour have long history of mathematical
study. Given the large number of applications for them in game theory,
social science, computer science and other related fields, a large number
of similar models have been developed during this period. That includes
various Pdélya urn type and reinforced random walk models in discrete time,
and self-interacting diffusion processes in continuous time. In the current
work, we are interested in continuous-time models, yet we provide discrete-
time case as well.

In 1987 ([Dia88]) the model of reinforced random walks on finite graphs
was introduced. Namely, given a graph G = (V, E), where V is the set of

1



2 CHAPTER 1. INTRODUCTION

vertices and F is the set of edges. On the first step of the algorithm all
edges of the graph have the same weight W (e,0) = 1 and, starting from
the vertex vy € V, the probability to go to another vertex w € V adjacent
to vy is equal to:

B B B W ({vo, w},0)
P(X; = w|Xo =) = > W({vo, 2},0)’

where summation is taken over all vertices z that are adjacent to vy. After
the first step, the weights are updated by adding one to the edge along which
the process ultimately went through, i.e. W({vg, w},1) = W ({vo,w},0) +
1{X; = w}. This process is repeated inductively. Namely, define F, :=
o(Xo, ..., X,) and for all adjacent vertices:

B _ W({ X, w},n)
P =wlB) = S (X 21 )

The random walk, defined on graphs the way described above, is called
edge-reinforced (ERRW — edge reinforced random walk). Reinforcement in
the system is introduced by increasing the probability of edges, through
which the process has already passed. In the same work, P. Diaconis proves
that for all edges e € E, the limit lim, ., W(e,n)/n exists a.s. Moreover,
the vector of all weights W (n) = (W (ey,n),...,W(eny,n))/n, where N :=
|E|, converges a.s. to a limit on an N-dimensional simplex, the distribution
of which is absolutely continuous with respect to the Lebesgue measure and
its density was explicitly obtained by the author in [Dia88]. The work on
ERRW on graphs and trees in particular was continued in [Pem88a, Col06a,
Col06b].

Another type of reinforced random walks on graphs can be introduced
by updating the weights of the vertices instead of the edges. Namely, for
all v € V define W(v,0) = 1. For each consecutive step let us define the
probability to go from vertex v to vertex w as:

P(Xp41 = w|F,) = %»

where the summation is taken over all adjacent v vertices. The process de-
fined this way is called vertex reinforced random walk (VRRW). It turned
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out, that behaviour of this process is drastically different from ERRW.
Moreover, the form of the graph also affects the outcome result. For ex-
ample, it was shown in [Pem88b], that if G is the complete graph on N
vertices, then W(n) — (1/N,...,1/N) a.s. At the same time, it follows
from [Pem88b] and [Pem90] that, in the case of G being a simple cycle of
N > 5 nodes, all the limit points of W have the form (0,...,0,a,1/2,1/2—
a,0,...,0) and some convex combinations of these points.

Systems with path-interaction behaviour in continuous time have al-
ready been studied by numerous researchers for more than 30 years. In
most of the papers the long-time behaviour of the process is considered.
One of the first mathematical descriptions of such a process in dimension
d = 1 is presented in [NRWS87] by J.R. Norris, L.C.G. Rogers, and D.
Williams under the name of Self-avoiding random walk:

t
X, =W, - / 9(X., L(s, X)) ds
0

where g : R x R — R is regular enough function and {L(¢,x),t > 0,2 € R}
is the local time process of X. Some stochastic properties of the process
along with some long-time behaviour results in a particular setting were
shown. The main difference between the system considered there and ours
is that in [NRW8T7] there is no renormalization of the interaction term with
time.

In [DR92] R.T. Durrett and L.C.G. Rogers introduce a similar (to the
previous paper) system that aims to model the shape of a growing polymer,
where “newly added units are repelled by existing ones”. Given the physical
interpretation of the process, the authors called this model “the Brownian
Polymer”:

dX, = dW, + (/tf(Xt —Xs)ds> dt .
0

In this paper asymptotic bounds in dimension d = 1 with some as-
sumptions on interaction function were presented, along with some con-
jectures on more precise long-time behaviour. Among those, the authors
conjectured that, in the symmetrical, repulsive case with limited interac-
tion (f(—z) = —f(z), zf(x) > 0, and f has compact support), one can



4 CHAPTER 1. INTRODUCTION

show that X;/t — 0 a.s. This repulsive case was later studied in the paper
[TTV12], where the conjecture was partially proved (with an additional
assumption on smoothness of f).

Later, another model of growing polymer was introduced by Benaim,
Ledoux and Raimond [BLR02], for which the drift term depends on its own
empirical measure. Namely, they have studied the following process living
in a compact smooth connected Riemannian manifold M without boundary:

N
dXt = Z G1<Xt) e} thZ - / VxF(Xt7 y):ut(dy)dt7
M

i=1

where F is a (smooth) interaction potential, (W1, --- W) is a standard
Brownian motion on RY, p, = 1 fot dx.ds and the symbol o stands for
the Stratonovich stochastic integration. In the compact setting, they have
shown that the asymptotic behaviour of the empirical measure of the pro-
cess can be related to the analysis of some deterministic dynamical flow.
Later, Benaim and Raimond [BR05] gave sufficient conditions for the almost
sure convergence of the empirical measure (again in the compact setting).
More recently, Raimond [Rai09] has generalized the previous study and has
proved that for the solution of the SDE living on a compact manifold

t t
dX, = dW, — @/ V. F(X;, X,)ds dt
0

the approximation of the empirical measure by a deterministic flow is no
longer valid, unless ¢ is constant.

First step towards studying this process in the non-compact setting,
which was R?, was done by A. Kurtzmann in [Kurl0]. The author con-
sidered the following model with interaction depending on the empirical
measure of the process.

1 t
dX, = dW, — (VV(Xt) - / VIF(Xt,XS)ds> dt,
0

where V' and F' are regular functions and V' is convex at infinity, which
means that there exist constants K > 0 and R > 0 such that for any
|z] > R and for any h € R?: |h| = 1 we have:

(h; V2V (2)h) > K.
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In [Kurl0] the ergodic properties of X were studied as well as certain
conditions on V and F' that guarantee almost sure convergence of y; in
x — weakly sense. This work generalizes the previous ones of Benaim and
co-authors.

In this thesis we consider SID of the form:
1 t
0

At each point of time the position of the process is driven by the general
geometry of the space (introduced by the potential V') the interaction with
its own path that is defined via the convolution of the empirical measure
= % fg dx, ds of the process with the interaction potential F' (see Figure
1.1).

In the paper of V. Kleptsyn and A. Kurtzmann [KK12] dynamic of
the form (1.1) with constant ¢ = /2 is considered. The authors proved
that, in the case of convex confinement V' with lim,,4 V(2) = +00, at-
tractive and symmetrical interaction (potential F' is uniformly convex and
spherically symmetrical, i.e. F(x) = F(|z|)), and some other regularity
assumptions, the occupation measure u; converges (in *-weakly sense) al-
most surely to a density ps. It means that there exists a unique density
Poo : RT — R, such that

1 [ x—wea
= ;/ dx, ds o weakly, Poo(z)dz  a.s.
0

t—-+o0

Figure 1.1: Different components of SID and their influence on dynamics
of the process.
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Moreover, p., is a function satisfying the following functional equation:

B - exp{—=V — F x py.}
Poo = H(poo) 1= Jaaexp{=V(y) — F % poo(y)} dy

In the same paper, the authors also considered the case where the con-
finement is absent, i.e. V = 0. It turned out that for this dynamics we
can not show that the empirical measure converges a.s. to the same de-
terministic limit. Yet, V. Kleptsyn and A. Kurtzmann showed that there
still exists a limit for almost every (u)¢>o and these limits are the same up
to translation of a deterministic measure. Namely, they proved that there
exists a unique (deterministic) symmetric density po, : R? — R, such that
almost surely there exists a random variable c,, such that

*—weakly
e ——— Poo(T + Coo) d.
t——+o00

1.2 Self-stabilizing diffusion

Self-stabilizing diffusion is a special case of McKean-Vlasov process, i.e. the
process defined by a stochastic differential equation with dependency of the
diffusion coefficients on the law of the solution:

dXt = G(Xt, /,l,t> th + b(Xt, ,ut) dt s
Lt = E(Xt)

Existence and uniqueness results for this process in the case of Lipschitz
continuous a and b could be found in the review [CD22a).

This type of processes is a natural generalization of the system of a
large number of interacting particles. Historically, these systems were intro-
duced as an attempt to resolve a long-standing theoretical problem, posed
by Boltzmann (see e.g. [Bol03]), aiming at studying the thermodynamic
limit of elastically colliding particles, when the number of particles tends
to infinity. Using physics considerations, Boltzmann formally derived an
equation for the probability density function of continuum of particles on
the state space of their positions and momenta f : (r,p,t) — R that takes
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the following form:

% (T,p, t) = _<vrf(r7p7 t);p> - <VV(T)7 vpf(r7p’ t)> + (%)coll’

where VV describes the force field acting on the particles, and (g—{)coll is a
term that aims to describe the change of distribution of the particles due
to their collision. It turned out that if we represent particles as balls with
fixed radius interacting by colliding with each other, then it is hard to derive

thermodynamic limit from only the microscopic behaviour of the system.

Instead, McKean introduced another class of models, in which parti-
cles are defined to be point-like and interaction between them is given
via the interaction potential. Consider N-particles system living in R%:
(th’N, . ,XtN’N). The dynamics of each particle depends on its posi-
tion and the position of all other particles at the same time. The lat-
ter is introduced in the system by the empirical measure of all particles:
ulN = % Zfil ) xiN- A simplified version of the interacting particle system
modeling this behaviour is defined as

dX7Y = a(XPN, ) AW+ b(XY, ) dt

It was noted that, heuristically, if the number of particles tends to infin-
ity, due to the big number of interacting forces that cancel each other, they
should become independent from each other and their empirical measure
should converge to the law of one representative particle. This phenomenon
is called in the literature the propagation of chaos. The following result is
due to McKean. Let diffusion coefficients be defined as

a(gjnu) :fa(:EvKa*:u(x))? b(x>l1’) :fb(x’ Kb*:u(x)):

where f,, fy : R¥xR™ — R? are Lipschitz continuous and K, K : R — R™
are two bounded kernels and let
~i,N —i,N _ i ~i,N _
dX," =a(X, 7)) AWy +b(Xy ) dt
where 11, = E(yz) and Yz are independent from each other. The result of
McKean then states that for any 7" > 0:
~—i,N

N

1 ‘ 2

v OE {sup ]Xi’N - X, \ } <&(N,T),
i=1

t<T
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where (N, T) ﬁ 0. This result was proved for more general drift and
—+00

diffusion coefficients (see [CD22a, CD22b] for more information).

In the case of Self-stabilizing diffusion that we describe here, the SDE
driving the system takes the following form:

dX? = odW, — VV(X?)dt — VF % pf (X?) dt ,
py = L(X7),

(1.2)

where V', called confinement potential, represents the environment in which
the particle defined by this SDE moves, I, called interaction potential,
controls the way it interacts with its own law that is denoted as u“.

In the form (1.2) the self-stabilizing diffusion appears in the paper
[HIP08]. In this work, the authors proved existence and uniqueness of
the process under more relaxed assumptions. In particular, VV and VF
are assumed to be locally Lipschitz continuous with at most polynomial
growth, VF' is assumed to be rotationally invariant and, most importantly,
V' is assumed to be uniformly convex at infinity. The last assumption guar-
antees non-explosiveness of the process, since, under it, V' strongly attracts
back to the origin the paths that drifted too far away.

Apart from the obvious parallels that can be drawn between equations
(1.1) and (1.2) that define SID and SSD respectively, the following fact
makes self-stabilizing case similar to the self-interacting one. As was shown
in [CGMO8], in the case of convex confinement and interaction and under
some other regularity assumptions, the law pf converges to the unique
probability measure that is solution of v = II(v), where

. exp{—V — F*v}
M) = o V() — Froly)) dy

which is the same behaviour that was established in [KK12].

1.3 Large Deviation Principle

The Large deviation techniques are widely used in this thesis and moreover
it was the main tool used to show the exit-time result for It6 diffusion in
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the seminal works by M. Freidlin and A. Wentzell (we come back to this
problem Section 1.4). In this section we present the definition of the Large
Deviation Principle and some results related to it that will be used in this
thesis.

Here, by the Large Deviation Principle (LDP) we mean the following
asymptotic behaviour of measures.

Definition 1.1. Family of measures (v7),~¢ defined on some Banach space
B equipped with Borel sigma-algebra B is said to satisfy the Large Deviation
Principle with a good rate function [ if for any measurable set I' € B:

2 2
—inf I(z) < liminf 7 log v?(I") < lim sup 7 logv?(I') < —inf I(x),
xef‘ o—0 2 o—0 2 CEGT

where [ : B — [0,00] is a lower-semicontinuous function (this property
defines rate function) whose level sets {x : I(x) < a} are compact subsets
of B for any 0 < a < oo (which means by definition that the rate function
is good).

Note that our definition of LDP by its appearance deviates from the
conventional one (see [DZ10]), but they are equivalent up to multiplication
of the “conventional” rate function by 1/2. The reason why we choose the
convergence rate of this form is to have the rate I to correspond to the
height of the domain in the case of Ito diffusion process (see Section 1.4).

As can be seen in the definition, the LDP corresponds to a property
of exponential decay of improbable events that is controlled by the rate
function I.

The first important notion of Large Deviations theory is exponential
equivalence of two families of measures. Consider the following definition.

Definition 1.2. Two families of probability measures {1, },>0 and {fi, }»>0
defined on the same Banach space B with a norm || - ||p are called expo-
nentially equivalent if there exist probability spaces {(Q), F,,P,)} and two
families of B-valued random variables {Z,} and {Z,} with joint laws {P,}
and marginals {y,} and {fi, }, respectively, s.t.:
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1. For any 6 > 0 the set {w : (ZU,ZJ) € I's} is F,-measurable where
I's:={(y,9) € BxB: |ly—gl|lp>d} - the set of points that are
apart of each other at a distance more than 9,

2. limsup,_y,0log P, (I's) = —oc.

As the name suggests, if two families of measures {1, }o~0 and {/i, }o>0
are exponentially equivalent, they should possess same properties related to
their exponential convergence to some limit. The following lemma expresses
the idea that if two families of measures are exponentially equivalent, LDP
for one of them implies LDP for the other (see [DZ10, Theorem 4.2.13] for
the proof).

Lemma 1.3. If an LDP with a good rate function I holds for the fam-
ily of probability measures {1, }o>0, which are exponentially equivalent to
{fis }o>0, then LDP with the same good rate function holds for {is}s>o-

The following lemma states that LDP is preserved under continuous
mappings (see [DZ10, Theorem 4.2.1] for the proof).

Lemma 1.4 (Contraction Principle). Let By and B be two Banach spaces
and f : By — By be a continuous mapping. Consider a good rate function
I: By — [0,00|. Then following two statements are true.

1. The function I'(y) :=inf{l(z) : x € By, y= f(x)} is a good rate
function on the space Bs.

2. If I controls the LDP associated with a family of probability measures
{1t o0 on By then I' controls the LDP associated with a family of
probability measures {ji, o [ }450 on Bs.

Since Brownian motion drives the stochastic behaviour in Ito diffusion
process as well as for (1.1) and (1.2), the natural first step is to establish
LDP for its path. Consider the process:

Wta = O'Wt

where W; as previously defined is a d-dimensional Brownian motion. Let
v, be the probability measure induced by W7 on Cy([0, T]; R?) the space of
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all continuous functions ¢ : [0,7] — R? s.t. ¢(0) = 0, equipped with usual
supremum norm. Consider the following

Lemma 1.5 (Schilder). A family of probability measures {v,}o~0 induced
on Co([0,1]; RY) by {W°} satisfies the LDP with good rate function

I(¢) = ifo o) dt, ¢ € H (1.3)

0, otherwise

where Hy := {fot f(s)ds : f € Ly([0,T);RY)} is the space of all absolutely
continuous functions that possess a square integmble derivative and f(0) =
0. This space is equipped with the norm ||g||x, = fo g(¢)]? dt]V/2.

This result means that on the time interval [0, 7], with high probability,
for small o, W/ stays in a small neighbourhood of 0, while the probability
of deviating from this region of space is exponentially small with the rate

defined by (1.3).

1.4 Exit-time problem

The main goal of this thesis is to obtain the first exit times of self-stabilizing
and self-interacting diffusion processes, from some bounded regular domain
G C RY ie., the following stopping time 7¢ := inf{t > 0 : X7 ¢ G}. In
particular, we are interested in exits driven by the Brownian motion with
small noise ¢ > 0. Similar problems have been present in physical and
chemical literature for a great while, at least since the works by Arrhenius
[Arr89b, Arr89a. The exit-time problem in the case of Ito diffusion was
mathematically solved by M. Freidlin and A. Wentzell. The techniques that
they used in number of papers, starting with [VE70] and presented in their
book [FW98], are known under the name of Freidlin-Wentzell theory (see
also [DZ10, §5.6]).

Consider an It6 diffusion in gradient form (also known as reversible
case):

The Freidlin-Wentzell theory considers a regular domain G C R¢ with only
one attraction point of marginal deterministic process (with o = 0) that we
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denote a € G. This property is called stability of G under —VV or simply
positive invariance. Mathematically, it means that if X° is the unique
solution of the following ODE

¢
X =g —/ VV(X?)ds,
0

then for any zy € G we have {X?},50 C G and X} —a
- —00
The Freidlin-Wentzell theory states that, under the stability and some

other regularity assumptions on G and V, the so-called Kramers’ type law
for exit-time 7& can be established. Namely, if we denote

H o= inf (V(z) = V(a)}

then for any starting point xo € G and for any § > 0

. 2(H—4) 2(H+96)
lim P, (e 2 < Tha<e 7 ) =1 (1.5)
o—0

It means that, with decreasing o > 0, the exit-time from the stable by
—VV domain GG grows exponentially with rate that depends on the height
H of potential V' inside the domain G (see fig. 1.2).

The exit-time problem takes central stage in describing metastable be-
haviour of the process. Namely, if V' is a multi-well potential, with small
o, we expect the process to spend long time around a local minimum, be-
fore leaving the domain of attraction around it. Kramers’ formula not only
allows us to estimate the exit time from the domain of attraction, but also
describe the behaviour of the process on the long time scale. If we consider
the time t(o) as a function of parameter o, increasing with the latter con-
verging to 0. The position Xy ) of the diffusion (1.4) can be estimated by
decomposition into cycles techniques that can be found in [FW9S|.

A similar question was posed by S. Herrmann, P. Imkeller, and D. Pei-
thmann for McKean-Vlasov type diffusion in [HIP08]. In particular, they



1.4. EXIT-TIME PROBLEM 13

V

~

Figure 1.2: A double well potential V' with a domain G that satisfies as-
sumptions of the Freidlin-Wentzell theory along with H: the height of V
inside G.

considered a self-stabilizing diffusion (SSD) of the form

dX7 = —VV(X?)dt — VF % v7(X7) dt + o dW,,
v = LX), (16)

Xg =uzpeRas,

where £ denotes the law of random variable X7. Following the Freidlin-
Wentzell theory techniques, in [HIPO8] the authors first establish a large
deviation principle for SSD with general assumptions on V' and F. After
that, they had to restrict themselves to the case of convex confinement
and convex interaction potentials in order to achieve, under some stability
and regularity assumptions on G, the Kramers’ type law (1.5). Assuming
F(0) =0, the rate H in this case has the form H = inf,coc{V (2) — V(a) +
F(z—a)}.

In [Tugl2] and [Tugl6], J. Tugaut studied the exit-time problem for SSD
in convex landscape with convex interaction as it was presented in [HIPOS].
In these papers he established the Kramers’ type law avoiding using the
large deviation principle. Instead, the author used various analytical and
coupling methods to deal with the problem, thus simplifying calculations.
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This work was continued in [Tugl8a] and [Tugl9] where the same techniques
were used to establish the Kramers’ type law in the case of confinement
potential V' that is of the double-well form. However, exit-time for the SSD
with general assumptions (as in Freidlin-Wentzell theory for Ito diffusion)
was an open problem, which we resolve in Chapter 4 of this thesis.

Exit-time problem was also studied for the case of self-interacting dif-
fusion. In [AAMKT23], A. Aleksian, P. Del Moral, A. Kurtzmann, and J.
Tugaut prove Kramers’ type law for SID in which both interaction and con-
finement potentials V' and F' are convex. This nice property of potentials
was used by the authors in order to prove that the occupation measure pf
is close to d, in some sense for o small enough and for big enough ¢, where
a is the unique point of attraction of the dynamical system (because of
the convexity assumption, not only inside G, but globally). The exit-time
result was obtained by applying analytical and coupling techniques similar
to those used in [Tugl6]. Chapter 2 is based on this paper.

For general confinement and interaction potentials, the exit-time prob-
lem was solved in [AKT23]. Without the convexity assumption neither
control of the occupation measure can be easily established, nor coupling
techniques of [Tugl6, AAMKT23] can be applied. The authors had to use
a different approach. In this case, it was proving the Large Deviation Prin-
ciple and restoring the logic of Freidlin-Wentzell theory for SID. Chapter 3
is based on this work.

1.5 Outline of the thesis

This thesis combines results done by the author in collaboration with Pierre
del Moral, Aline Kurtzmann and Julian Tugaut in [AdMKT23, AKT23,
AT?23]. Each following chapter contains results of corresponding paper.

Chapter 2 considers exit-problem for self-interacting diffusion in the case
of convex confinement in interaction potentials. This particular problem is
close to the one considered in [Tugl6] for self-stabilizing diffusion, thus
similar techniques were used in this chapter. First, we prove existence and
uniqueness for the system that we consider there. After that, we recall
results of [KK12] concerning convergence of the occupation measure p; to-
wards a Gibbs measure. We use this result in order to prove stabilization of
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the occupation measure around ¢, in finite time. This fact along with con-
vexity of potentials V' and F' is used to obtain the coupling result between
our system and associated It6 diffusion until exit time. This coupling is
used to prove Kramers’ type law for exit time for self-interacting diffusion
that corresponds to the one of the associated Ito process. We also prove
exit-location result for this diffusion. As a result, under assumptions of
Chapter 2, we prove the following theorem.

Theorem 1.6. Let 72 := inf {t >0 : X7 ¢ G} be the exit-time and let
exit-cost be defined as following:

H:= oclen&fG’ (V(z) + F(x —a) — V(a)) .

Then Pflign%z log(7&) = H that is for any § > 0, we have the Kramers’
g—
type law:

leiir(l)]l”(exp{%(H—(S)} STEexp{%(H—i—(S)}) _1.

Moreover, if N C 0G such that inj{/(V(z) +F(z—a)—V(a)) > H,
1S
then
lim P (X2 € N) = 0.

Chapter 3 significantly improves this result by assuming confinement
and interaction to be more general. In particular, we assume V and F' to
be regular enough with Lipschitz continuous gradients. This poses a lot
of complications to the problem, since, in this case, we can not obtain the
control of the occupation measure or even coupling with the associated 1to
diffusion the same way. Instead, we prove the exit-time result by adapting
the Freidlin-Wentzell theory for this system.

Our analysis starts with a “markovization” of the self-interacting diffu-
sion. Even though the SID is not a Markov process, knowing only the past
trajectory of the process, we can uniquely continue its subsequent path.
The past trajectory can be described by the following triple (o, f0, o),
where 1 is its time-length, pg is the occupation measure and z is the last
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point, while the subsequent path will be defined by the SDE:

dX? =—-VV(X?)dt — VF % puf(X?)dt + o dW;,
p =2+ £ [ xe ds, (1.7)
X§ =z as.

We approach this problem by first proving the large deviation principle
for the generalized system above. We use the LDP in order to control the
occupation measure until the exit time and restore the logic of Freidlin-
Wentzell principle to prove the exit-time result. Namely, we consider when
the diffusion comes close to the point of attraction a and when it deviates
significantly away. We prove that the time that the process spends around
the point a is significantly greater than the time spent far away from it,
which gives the control of the occupation measure. In order to get the
exit-time result, following the Freidlin-Wentzell approach, we once again
consider when the process comes close to a and when it deviates from it.
Given that we control the empirical measure of the process, every such
deviation can be viewed as an independent exit attempt of the processes of
the type (1.7) with pg close to d,. Just like in the case of 1t6 diffusion, since
we consider the limit ¢ — 0, the process will exit the domain G along the
least improbable path, that is the one that minimises the quasi-potential.
Since, as we pointed out above, uf — 0, for any t at least until the exit-

time, with 0 — 0, the quasi-potential will become closer to the one of the
following It6 process:

dX7 = — <VV(X,§’) +VE(X? - a)) dt + o dW,,

which helps us to establish the Kramers’ type law of the form

. 2 " 2
(IT%IP’ (exp{F(H—é)} <718 < exp{g(H—i—é)}) =1,

where H := inf,coc (V(z) + F(z — a) — V(a)). Moreover, the exit-location
result similar to the one of Theorem 1.6 was established.

Chapter 4 considers the exit-problem for the self-stabilizing diffusion
with general confinement and interaction potentials. This process is very
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similar to the self-interacting diffusion and, after controlling the law of
the process, we could use the same technique as in Chapter 3 to establish
the exit-time result. Instead, we succeeded in developing techniques to
generalize the coupling method presented in [Tugl6] and apply them to our
Nnon-convex case.

Similarly to the previous chapter, we first show the convergence in finite
time of the process X? towards the point of attraction a. After this con-
vergence, we introduce a synchronous coupling of X? with an Ito diffusion:

AY7 = o dW, — (VV(Y?) + VF(Y — a)) dt.

The idea of the method is based on the fact that, since the processes X7
and Y7 are coupled by the same Brownian motion, whenever both X7 and
Y7 are close to the stable point of attraction a (in the small neighbourhood
of which V + F(- — a) is assumed to be convex), the distance between them
decreases a.s. At the same time, whenever the two processes deviate from a
but still stay inside the domain G, their maximum scatter can be controlled
in terms of the time spent in the annulus confined between G and a small
neighbourhood around a. After that, we prove that the processes X and
Y7 spend long enough time close to a, compared to the total time spent far
from it, to the point that the attracting effect surpasses the scattering one.
We use these facts to prove that for any x > 0:

lim P(sup | X7 — Y)?| > k) =0,
o—0 t
where supremum is taken for ¢ in a sufficiently wide range to prove the

exit-time result.

This coupling allows us to control the law £(X7) at least until the exit-
time. Moreover, using the same logic as in [Tugl6], we prove the Kramers’
type law as well as the exit-location result for SSD.






Chapter 2

Exit-problem for
self-interacting diffusion:
Convex case

In this chapter, we are interested in a time-inhomogeneous diffusion. More
precisely, we study the following specific diffusion, driven by the Stochastic
Differential Equation (SDE):

1 t
dX, = odW,— <VV(Xt) + ¥/ VF(X; — Xs)ds) dt, Xo = w0 € R? (2.1)
0

where V, I are two potentials on R% and o > 0. The precise assumptions on
the potentials will be given later in Section 2.1. We can already notice that
the current position of the process X; depends on the whole past trajectory
of the process (Xs)o<s<: through the interaction potential F' appearing in
the drift term. We call this kind of process a path-interaction process.

The questions that we study here

A large family of path-dependent processes has been studied by Sapor-
ito, see for instance [JS17]. He proves, with his co-authors, existence and
uniqueness of such processes. The difference with the process studied here
is that we normalize the occupation measure. In the current chapter, we
also prove the existence and uniqueness result for general potentials V' and
F'; which are not necessarily convex.

19
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A second result that we are obtaining is related to the asymptotic be-
haviour. Indeed, after proving the existence and the uniqueness of the
solution to Diffusion (2.1), we are studying the convergence in long-time of
the probability measure ;. The idea is similar to the one in [KK12].

The main question of this chapter is the exit-time problem of (2.1). We
prove that the first exit-time 7 of the diffusion from some domain satisfies
a Kramers’ type law in the following sense:

52
lim —log(t) = H >0,

o—0

where the convergence holds in probability.

We could adapt the techniques introduced by Herrmann, Imkeller and
Peithmann but only in the case of a convex potential V. Our aim is to
generalize the study also to non-convex potentials. In the present work, we
will solve the exit-problem (time and location) for Diffusion (2.1). As will
be shown later, the exit-location can be easily obtained once we know the
asymptotics of the first exit-time.

Outline

This chapter is divided into three parts. First, Section 2.1 is devoted to the
explanation of the precise assumptions and the statement of the main re-
sults. After that, in Section 2.2, we prove Theorem 2.15 and Corollary 2.16,
that is we establish the Kramers’ type law and the exit-location result. To
do so, we first provide some intermediate results. Finally, some possible
extensions are discussed in the Appendix.

Notations

The parameters k, £, € and ¢ are arbitrarily small. Other generic constants
are denoted by C. As usual, we denote by M(R?) the space of signed
(bounded) Borel measures on R? and by P(R?) its subspace of probability
measures. In the following, (-;-) stands for the Euclidean scalar product
and | - | is the associated norm.

We first introduce the notion of positively invariant domain.
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Definition 2.1. Let G be a subset of R? and let U : R? — R? be a vector
field satisfying some “good assumptions”. For all # € R we consider the
dynamical system p;(x) = =+ f(f U (ps(z)) ds. We say that the domain G is
positively invariant for the flow generated by U if the orbit {p;(z); t € R, }
is included in G for all z € G.

Let us recall the definition of the Wasserstein distance.

Definition 2.2. For yuy, po € P(R?), the quadratic Wasserstein distance is
defined as

Wa(pr, i) = (inf{E(|Z1 — Zf")}) "
where the infimum is taken over all the random variables such that £(Z;) =

w1 and L£(Zy) = po. This corresponds to the minimal L?-distance taken over
all the couplings between p; and ps.

Similarly, the Wasserstein distance Wy is defined as

Wap (i, p12) = (inf{E(|Z, — Zo|)}) " .

In the following, for readability issue, we will omit the o in the super-
script for the process X as well as the occupation measure p;. Nevertheless,
the reader has to keep in mind that the process (X¢, ¢ > 0) and p; do depend
on o.

Definition 2.3. The minimizer of V is denoted as a.

We also introduce the following mapping on the probability measures:

o= 2 (V(@)+Feu())

2
Mo (p)(dz) := % (VW Feu(v) gy dr-

gn € 7

2.1 Assumptions and main results

In this section we introduce the assumptions considered in the chapter.

Assumption 2.4. We assume some regularity for the potentials V' and F'
V € C*(R%GR), F € C3(R4R). Also, without loss of generality, we consider
only potentials such that V' >0, F > 0.
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Assumption 2.4 is usual in SDE. Since we use It6 calculus techniques,
the differentiability assumption above is necessary.

Assumption 2.5. V and F' (and their first two derivatives) have at most
a polynomial growth. In other words, there exists a polynomial function P
of degree 2k such that P(|z|) > 1 for any z € R", and

V(@)| + [F(2)] < P(lal), (2.2)
YV (@)| + [VF(2)] < P(la]), (2.3)
and [|V?V(2)]| + [VF(2)]| < P(lal). (2.4)

This assumption is used in the paper [KK12] to establish the rate of
convergence towards the invariant probability measure. We come back to
this question on page 25.

Remark 2.6. Note, that without any loss of generality, we can choose
polynomial P to be such that P(|xz|) = C(1 + |z|*®). Then, the following
property holds: there exists a constant v > 0 such that P(|z + y|) <

1(P(lz]) + P(yl))-

We also need the following assumption to establish the exit-time result:

Assumption 2.7. There exist p,a > 0 such that for any x € R", we have
V2V (z) > pld and V2F(z) > ald. The unique minimizer of V' is denoted
as a and the unique minimizer of F' is 0. Moreover, F'(0) =0

To ensure the existence of the process, we will also use the following
assumption, that will help us to exhibit a Lyapunov function:

Assumption 2.8. lim V(z) = +oo, lim WV@FE _ | and there exists

m > 0 such that AV (z) < mV(z) and AF(z) < mF(x).

Remark 2.9. By the latter growth condition, |VV|?— AV is bounded from
below.

Finally, we will eventually assume the following, meaning that F' is
rotationally invariant:
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Assumption 2.10. There exists a function G from R, to R such that

F() = G(Jz).

The assumptions on the domain from which the diffusion X exits are
the following.

Assumption 2.11. The domain D is open and satisfies the following hy-
potheses:

1. Let ¢ be the solution to the following equation

O = Tg —/ VV (ps)ds —/ / VF(ps — p,)drds.

Then, for any ¢t € R, we have ¢; € D and lim; ., p; = a € D.

2. The domain D is positively invariant for the flow generated by the
vector field x — —VV(z) — VF % §,(x).

3. For any x € 0D, define the flow p(x) as the solution to the equation

—x—/VV,os ds—/VFps ) —a)ds.
Moreover, assume that for any € D the following limit holds:

lim p;(z) = a.
t—o0

The assumption 1) guarantees that, starting from fixed point ¢, the de-
terministic process defined by (2.1) with ¢ = 0 converges towards the point
of attraction a. Of course, we expect X; to follow this path with high prob-
ability for small enough o > 0. In fact, as will be shown later, its empirical
measure u; will also converge towards J, and, after some deterministic time,
with high probability, will stay inside a defined-in-advance neighbourhood
of §,. We call this effect: stabilisation of the empirical measure.

That leads to assumptions 2) and 3) above. After the “stabilisation
time” we expect our drift term V' + F'xu; to have a similar effect as V' + F'x4,.
Thus, the last two assumptions guarantee that the process X; will forever
tend to stay inside the domain D and be attracted towards the point a. This
is a necessary assumption when considering the exit from a stable domain
of attraction solely under the influence of small noise.
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Existence and uniqueness

The first results that we will provide are about the existence and the unique-
ness of the solution to the SDE (2.1).

Theorem 2.1. Under the Assumptions 2.4 and 2.8, for any xq € R", there
exists a unique global strong solution (X, t > 0) to Equation (2.1).

Proof. Local existence and uniqueness of the solution to (2.1) is standard
under the locally Lipschitz assumptions on the vector fields (see for in-
stance [RW00, Theorem 13.1]). We only need to prove here that X does
not explode in a finite time. Let us introduce the following increasing se-
quence of stopping times. Let 70 = 0 and

t
7, := inf {t > Too1; E(Xt) +/ IVE(X,)|* ds > ”} ;
0

where &(X,) = V(X,) + 1 [§ F(X, — X,)ds. In order to show that the
solution never explodes, we use the Lyapunov functional (z,t) — &(x). As
the process (t,z) — &(z) is of class C* (in the space variable) and is a
C'-semi-martingale (in the time variable), It6-Ventzell formula applied to
(x,t) = Eiar, () implies

tATh

tATn
Einr, (Xinm,) = V(zo) +/ (VES(Xs), dWs) —/ IVEL(X,)| ds
0

0
2 tATn tATh s
+Z / AE,(X,)ds — / / F(X, - X,)dus . (2.5)
2 Jo 0 0 s?

tATh

We note that [,""(VE,(X,),dW;) is a true martingale. By removing the
negative terms, using the fact that F'(0) = 0 (Assumption 2.7) and by
using Assumption 2.8, we get the following bound on the expectation of the

Lyapunov functional:

mo?
2

t
IEgt/\‘rn (Xt/\Tn) S V(-TO) + / ]Egs/\Tn (Xs/\‘rn)ds-
0

So, Gronwall’s Lemma leads to:
EV (Xinr,) < B€onr, (Xinr,) < V(wo)e™ "2,
Since, by Assumption 2.8, |1|im V(z) = oo, the process (X;,t > 0) can not
Tr|—0o0

explode in a finite time, or else it leads to a contradiction with the inequality
above. That proves existence of a unique global strong solution. O
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Convergence rate

In this section we show the long time behaviour for the empirical measure
of the self-interacting diffusion in the convex landscape. This framework
was considered in the paper of Kleptsyn and Kurtzmann [KK12]. More
precisely, they have proved the following

Theorem 2.12. [KK12, Theorem 1.6, Theorem 1.12, Proposition 2.5] Let
X be the solution to the equation (2.1) with o = /2. Suppose that V and
F satisfy Assumptions 2.4-2.8. Then:

1. There exist a,C > 0 such that for any t > 0 big enough: p; € K, ¢
a.s., where

Koo = {neP®Y; VR>0, u{ylyl > R}) < CeR}.

2. There exists a unique density ps : R? — R, such that almost surely

1 t *—wea
= —/ dx.ds weakly, Poo () dz.
0 o

t t—+

3. There exists a constant m > 0 such that almost surely, fort — 0, one
has the following asymptotic behaviour

Wo(pue, poc) = O(exp{—m *{/logt}),

where 2k 1s the degree of the polynomial P and Wy is the quadratic
Wasserstein distance.

Moreover, it was proved that, if V is symmetric with respect to some
point g, then the corresponding density po. is also symmetric with respect
to the same point q. The authors showed that the density p. is the same
limit density as in the result of [CMV03], uniquely defined by the following
property: ps is a positive function, proportional to e~ (V+F*re),

We note that the results of [KK12] were established for the case o = /2.
Nevertheless, one can check that each step of the proof can be reformulated
with . Moreover, all the asymptotic (with respect to time t) results for
small ¢ can be upper bounded without loss of generality by the case of
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a constant o, that one can take to be equal to v/2. That means that for
smaller o > 0 we have faster convergence towards the invariant probability
measure Py

We put together the observations above in the form of the following two
results.

Proposition 2.13. Under Assumptions 2.4-2.8, there exist o, C > 0, such
that for any t > 0 and for any o > 0 small enough 1, € K, o a.s.

Proposition 2.14. Under Assumptions 2.4-2.8, there exists a constant

m > 0 such that for any x € R™, almost surely, the following asymptotics
holds:

Wak(pe, poc) = O (exp{—m (logt)¥71} ) |

where ps s the unique probability measure such that ps = l,(poo)-

We stress that the convergence rate that we establish in Proposition 2.14
does not depend on o.

Main result on exit-problem

The main goal of this chapter is to find some precise upper and lower bounds
for the exit-time from some positively invariant domain.

Theorem 2.15. We assume that the potentials V', F' and an open domain
D satisfy the Assumptions 2.4-2.11. By 7 := inf{t >0 : X; ¢ D}, we
denote the first time the process X exits the domain D. We introduce the
so-called exit-cost:

H:= inf (V(z)+ F(z—a)—V(a)) . (2.6)

x€dD

Then P — lim,_ %2 log(7) = H that is for any § > 0, we have
lim P 2 H-9), <7< 2 H+9 =1 2.7
gli% exp ;( —§)p <7 <exp ;( +9) =1. (2.7)

This statement about the exit-time corresponds to what we denote as
the Kramers’ type law.
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From Theorem 2.15, we immediately obtain the classical statement on
the exit-location.

Corollary 2.16. Under the same assumptions as the ones of Theorem 2.15,
if V' is a subset of D such that injff (V(2)+ F(z —a) — V(a)) > H, then
ZE

limP (X, € V) =0. (2.8)

o—0

This means that the diffusion avoids to exit from a part of the boundary
where the cost of exiting exceeds the exit-cost of D.

2.2 Exit-problem

In this section, we prove our main result. First, we give the necessary
intermediate results on page 27. More precisely, we show that there exists
a time of stabilisation around ¢, for the occupation measure, in terms of
Wasserstein distance. Then, we show that the process X solution to (2.1)
is close to the solution of the deterministic flow (¢:)i>o. Using that, we
prove in Corollary 2.20 that the probability of leaving a positively invariant
domain before the occupation measure remains stuck in the ball of center
0, and radius k for W, vanishes as o goes to zero. Then, we consider the
coupling between the studied diffusion and the one where the occupation
measure is frozen to d, and we show that these diffusions are close.

After, we provide the proof of Theorem 2.15 then we give the proofs of
the intermediate results. Finally, we apply Theorem 2.15 to level sets so
that we are in position to prove the exit-location result on page 38.

Intermediate results

We first introduce a deterministic time, representing the time of stabili-
sation of the occupation measure, if it occurs, around its supposed limit

Og:

Definition 2.17. For any o > 0 and for any x > 0, we introduce:

T.(c) = inf {to >0 V> ty, B (Wap (1300)) < ,@} . (29)
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where 2k is the degree of the polynomial function P, introduced in Assump-
tion 2.5.

Proposition 2.18. For any o,k > 0, the time T, (o) is finite. Moreover,
for any x > 0, there exists T, > 0 such that

sup Ty(o) <T,.

0<o<1

The proof of Proposition 2.18 is postponed to page 32.

Next, we show that the probability for the process X to exit from D
before the time 7T (c) tends to 0 as o goes to 0.

We remind the reader that in this work, the noise vanishes. Conse-
quently, it is natural to introduce the deterministic flow (¢;);>¢ defined by
the following zero-noise process

. I
o =—=VV(py) — ?/ VEF(p; — @s)ds, Yo = Xg. (2.10)
0

We will state that for any 7> 0, (X;,0 < ¢ < T) and (¢;,0 <t <T)
are uniformly close while the noise goes to zero. Namely,

Proposition 2.19. We assume that the potentials V', F' and an open do-
main D satisfy the Assumptions 2.4-2.11. Then, for any & > 0 and for
any T > 0, we have:

LmP | sup |X; — @i(zo)]* > €] =0. (2.11)
o—0 te[0;T)

The proof of Proposition 2.19 is postponed to page 33. We deduce
immediately the following.

Corollary 2.20. We assume that the potentials V', F' and an open domain
D satisfy the Assumptions 2.4-2.11. Then:

lim P (r < T,(0)) = 0. (2.12)

o—0
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Proof. 1t is sufficient to consider T := T}, and & := 1[ng | d (5; gpt) > 0 in
tel0;Ty

Proposition 2.19. We thus have:

P(r < Tu(o)) = P (inf {d (D; X)) : te [O;Tn(o—)]} - 0)

te[O;Tm(U)}

S]P’< sup ’Xt—<,0t‘>§>,

which converges towards 0 as noise vanishes. O

In [Tugl6, Tugl8a], Tugaut has proved the Kramers’ type law for the
exit-time. He has used a coupling between the diffusion of interest (X
here) and another diffusion that is expected to be close to X if the time
is sufficiently large. The main difficulty with the considered self-stabilizing
diffusion is in fact that we do not have a uniform (with respect to time)
control of the law.

Here, we have proved that the nonlinear quantity appearing in (2.1)
(that is % fot dx.ds) remains stuck - with high probability - in a small ball
(for the Wy,-distance) of center 6, and radius x for any t > T, (o). The
idea is thus to substitute % fot 0x,ds by o, and to compare the new diffusion
with the initial one.

We introduce the diffusion (Y;)¢>o such that ¥; = X; if ¢t < T,,(0) and
for any t > T,(0)

dY; = odW, — VV(Y,)dt — VF(Y, — a)dt. (2.13)

Proposition 2.21. We assume that the potentials V', F' and an open do-
main D satisfy the Assumptions 2.4-2.11. Then, if k is small enough, we
have for any & > 0

lim sup P sup X, — Y| > ¢ <wF, (2.14)
o—0 TN(U)StSeXp[”{TEm]
where we remind that 2k is the degree of the polynomial function P intro-

duced in Assumption 2.5.

The proof of Proposition 2.21 is postponed to page 36.
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Idea of the proof concerning the exit-time

The idea of the proof is to use the fact that diffusions Y and X are close
to each other at least after the deterministic stabilisation time T} (o) and

until some fixed deterministic time exp {@} We choose this time to

be sufficiently big for our line of reasoning. We can control the proximity
of these two diffusions by parameter s, which represents how close the
empirical measure yu; and 0, are. It was already shown in Corollary 2.20,
that, with o — 0, the probability of exiting before time T, (o) tends to zero.
That means that we can focus on the dynamics after the stabilisation of the
occupation measure happens. For the upper bound, we show that the event

{7‘ > exp [@}} is unlikely due to the fact that, for small ¢ > 0, the
2(H+9)
0-2 9

diffusion Y leaves a bigger (than D) domain before the time exp [

which, given the closeness of X and Y, gives {7’ < exp [M] } Same

o2

type of reasoning is used to prove the lower bound exp {%}

The proof of the intermediate lemmas are given in the respective section
on page 32.

Proof for the exit-time result
Fix some 9, k > 0, decrease it if necessary to be < 5. For the upper bound,
consider the following inequality:

2(H+3) 2H+6) 2(H+6) 2(H+3)

(
P(r>e o2 )<P(r>e o ,7h.<e o2 )+ P(rh >e o2 ), (2.15)

where D¢ is some enlargement of domain D such that its exit-cost is equal
to H + g, ie.:

)
D¢ :={x € R : V() + F(z — a) — V(a) <H+§};
and 72 is the first exit-time of diffusion Y from this domain, i.e.:
o = inf{t : Y, ¢ D°}.

Note, that domain D¢ (since both V' and F are continuous and convex)
satisfies the usual assumptions (see [DZ10]) and d, := d(D,0D¢) > 0. By
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classical result of Freidlin-Wentzell theory,

’ (T}; - e [2((H+5/2) +5/2)D .

o2

Let us decrease o, if necessary, such that the quantity above will be less
then /k for any o < o,. Moreover, the first probability in (2.15) can be
bounded by:

2(H+9)

P(rpe <e @ <7) SP( Xy Yoy |>de) < 26",

where we use Proposition 2.21 and decrease x and o, if necessary.

We approach the lower bound similarly and introduce the contraction
of the domain D:

D¢ = {xeRd:V(x)—i-F(x—a)—V(a)<H—g}CD.

If D¢ turns out to be empty, decrease d. As previously, the domain D¢
satisfies usual properties and has positive distance with the boundary of
the initial domain, that is d. := d(D¢, D) > 0. We introduce the exit-time
from the contracted domain for diffusion Y:

Tgc =inf{t : Y; ¢ D},

and have the following estimate:

2(H—35) 2(H—35) v
P(r<e o2 )<P(Ti(o)<T<e o2 <7Tph)

2((H—6/2)—46/2)

+P(r < T(0)) +P(15. > e 2
<P(|X, = Y| >d.) ++P(1 < T(0)) + 2x"
< 37+ P(r < Th(o))
< 4k",

by Corollary 2.20, with x and o, small enough. This leads to:

2(H-35) 2(H+5)

Ple™ o <7<e o2 )21—7/€k,

which proves the theorem if we consider kK — 0, parameter that uniformly
controls the convergence of ¢ towards 0.
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Proof of the intermediate results

Several propositions are proven here.

Proof of Proposition 2.18

In the following, we remind the reader that we do not emphasize the de-
pendence on o, but it will appear everywhere in the computations.

1. As was mentioned above, the invariant probability measure of self-
interacting diffusion (and, at the same time, the weak-* limit of its empirical
measure a.s.) is the unique solution to the equation

Moo = Ha(ﬂoo),

where 11, is defined as:

I (1)) = o2V PN [ o ar oy,

The same invariant probability measure appears in the self-stabilizing
diffusion, small-noise limit of which was studied in [HT10]. There, authors
studied the case of double-wells potentials which is more general then our
diffusion. In this paper the result, that can be transformed in our context
as following, was proved. If the moments of invariant probability measures
liso are uniformly bounded with respect to o, then J, is the weak-* limit
of ps with o — 0 a.s. Note, that indeed, moments of p,; are uniformly
bounded for any ¢ > 0. Indeed, this is due to the fact that p, € K, ¢ for
any t > 0 and for some «, C' that do not depend on o (Proposition 2.13).
It proves that

weak-*
oo ——H—> 0q &.8.

o—
2. Let us consider the expectation E (Way (1145 9,)). First, let us show

its existence. To do that, we use the fact that for any t > 0, s € K¢
almost surely and get

1/(2k)
Wor (p456a) < (22’“1 / |x|2’“ut<dx)+22’“‘1|al2’“) < Const,
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where the last constant depends only on «, C, a and k. Therefore, since the
random variable is bounded by a constant almost surely, expectation exists.

3. Now, we can finish the proof by separating the expectation of the
distance between p; and ¢, into two parts and find the limit:

E (Wor (113 0a)) < B (W (1155 f100)) + B (War (o3 0a)) —— 0,

o—0

where the limit is not just iterated, but holds for the pair (¢, ), since the
rate of convergence of y; towards fio, in time does not depend on o, which
was shown in Proposition 2.14. Therefore, for any x > 0 we can find o
small enough and ¢y big enough such that T, (c) < T,, < oo for any o < oy,
which does not only prove existence and finiteness of T, (o), but also its
uniformness with respect to o.

Proof of Proposition 2.19

First of all, we fix some £ and introduce the following stopping time 7 :=
inf{t : | X7 — o> > £} We apply It6 formula and get the following result,
for w € {T >t} (the choice of this event will be clear further) :

t
|1 Xi — o] = 2/ (X5 — @5, dX, — dips) + do?t
0
t
< do’t — 2/ (Xs — 9s; VV(X,) = VV(py))ds
t2 g
- / ;/ <XS - ¢87VF(XS - Xz) - VF((PS - QOZ»dZdS
0 0
t
+ 20/ (Xs — s, dWy).
0

Let Lipé}; be a Lipschitz constant of VF' inside the following compact

K' = {z:|x —¢]* <&, for some t > 0} .

Due to our assumptions, this set is indeed compact at least for small &,
which we can decrease without any loss of generality. We remind that p is
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the convexity constant of V. We thus have
t t
X, — @] < do’t— 2p/ | X, — p,)?ds + 20/ (X5 — s, dWy)
0
o [2 ] 2
+ Lipvw/ _/ <|Xs —ps|” + | Xs — @d] - | X — 902’>dz

t

< daQt—Qp/ | Xs — os] ds+20/ (X5 — s, dWs) (2.16)

+ Lips / /3|X — o+ X, — ¢.*)dz

Note then that by the Burkholder-Davis-Gundy inequality, we get for some

constant C' > 0:
tAT
E( sup < Co’E / | Xs — ps|?ds
[0,tAT] 0

t
< 0o / E( sup (X -2 )ds
0 z€[0,sAT]

Let us consider the following random variable: supyc(o. a7 [Xs — @5/
The fact that we consider the supremum before time t AT gives us that for
any w we consider only such s, that s < 7 (w), which in turn means that
we can apply estimation (2.16) for any s € [0, A T]. We also recall that
t < T and derive:

t
E( sup |X,—pl*| <do’T+Co? / E| sup (|X.—¢.|?)|dz
SE€[0;¢NT] 0 2€[0,sAT]

¢
+ 4Lip§{/v/ E ( sup | X, — g02|2) ds,
0 z€[0,sAT)

20/ (X, — v, dW.,)
0

which is bounded by

C 2
E( sup |XS—905|2> §d02T+Ta

SE0;tAT]

1+TE sup (|XS—<,05|2)
sE[0,EAT]

t
+ 4L1p§{/[// E ( sup |Xz - 902|2) ds,
0 2€[0,sAT]
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where in the last inequality we used /x < (1 + z)/2. Now, if we denote
U = E (Supse[ﬂ;t/\ﬂ |XS - S08|2)7 we have

1 2Td + C |
up < 1—C’T02/2( 5 +4L1pvw/0 ugds |,

for small enough o (such that 1 — CT¢?/2 > 0). Thus, using Gronwall
lemma, we get

(2Td + C)o? ALipE,, )
< _ = . .
S S0 oTory2) P\ 1= ororal [~ O (2.17)

This in particular means, that E (sup,cjo.ram [Xs — ¢s]?) < O(0?). Never-
theless, to show the necessary result, we have to get rid of the stopping time
T in the previous equation. It is sufficient to show, that P(7T < T) — 0.
o—

Indeed, by its definition, T is the first time when the difference | X; —
©¢|* reaches €. But under the assumption 7 < T and due to (2.17), by
decreasing o we can control | X; — ¢;|* and make it small enough, such that
| X7 — p7[? < & (in some sense), which contradicts the definition of T.
Rigorously,

T <T= sup |X,—@s*=sup|X,— > >¢
[0,TAT] [0,7]
Thereby,
P(T <T)<P(sup |X,—p*>¢) <0(c?),
0,7AT]

by Markov inequality.

To conclude the proof of Proposition 2.19, we consider

P < sup |X; — pi(zo)* > 5) <P ( sup | X, — @i(z)]> > & T > T)

t€[0;T te[0;T

+P(T<T)

<P ( sup | Xy — @y(xo)|* > 5) +0(d?)

te[0;TAT]
< 0(0?),
by Markov inequality and (2.17), which completes the proof.
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Proof of Proposition 2.21

Let us define
We(z) =V (z)+ F(xr —a) and W, (z):=V(z)+ F* (),

with the occupation measure p; := % f(f dx.ds. For any t > T, (o), we have

d|X, = Y| = =2(X, = Y;; VW, (X,) — VW, (Y;)) dt.
We thus have
d
T X, —Yi)? == 2(X; = Yi; VIV, (X;) — VIV, (Y2))
+2(X; = Y; VEY, —a) = VF x 1, (V1)) .

However, V2W,, = V2V +V2Fxp; > (p+a)ld with p+a > 0. So, putting
~v(t) := | X; — Y;|?, Cauchy-Schwarz inequality leads to

Y (t) < =2(a+p)v(t) +2¢/7(t) [VF(Y; — a) = VE * 1, (Y1)] -

However, by the growth condition (2.2) on F, we have for any probability
measures 4, v the following control

IV # p(a) — VF 5 (@) < C (14 2*) W3 (1)

where 2k is the degree of the polynomial P introduced in Assumption 2.5.
We introduce the set

A, ={weQ : W5 (,0,) <K} .

By Markov inequality, we have P (AS) < 7x* then PP (A,) > 1—~x". This
implies for any ¢ > T,.(0) and for any w € A,:

(1) < =2(a+ ) (1) + 20540 (14 %)
However, v(t) = 0 for any ¢ < T,,(c). This means that

2
2 (1+[¥[*)

t>0 : ~(t) > CEE

c{tzo : 7’(t)<0}.
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By [BRTVO9S8, Lemma 3.7, we deduce that

2
C? K2 (1 + SUDE, (o)<t <exp [ 22410] |Yt|2k)
(a+p)?

sup (1) <

Tyo(o) <t<exp| 210

Y

if w € A,. We now consider R > 0 such that the exit-cost of the diffusion Y
from the ball of center a and radius R is at least H + 6, meaning that

inf{V(z)+ F(x —a)—V(a) :2 € B(a,R)} > H+6.
Then, by Freidlin-Wentzell theory, we deduce that

lim P sup Yi—a|>R| =0.

o0 TN(U)StSexp[Wii";m]
However, we have

P sup |1 X — Y| >¢

TN(U)StSexp[y%m]

<P sip Yi—a|>R

Ty (0)<t<exp [%]

+P sup V(t) > &, sup Y —a| <R

Ty (o)<t <exp| 21510 Tr(0)<t<exp[ 2L410]
+P(ASY) .

The first term tends to 0 as o goes to 0. The second term is equal to 0
provided that

C/ik(l + 22 1(R + ]a|2k))

>
¢ a—+p

In other words, if s is small enough, the second term is equal to 0
uniformly with respect to o. The third term is less than /. This concludes
the proof.
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Proof for the exit-location result

We can apply Theorem 2.15 to the level sets of the potential W, := V+ F'%d,.

By definition of N in Corollary 2.16, there exists a constant £ > 0 such
that
inf (V(2)+ F(z—a)—V(a))=H+ 3.

zeN
We introduce the set
Kiyoe ={z €R? : V(2)+ F(x —a) — V(a) < H+2¢} .

If we denote by 7¢ the first exit-time of X from Ky, then we obtain

(lfiE%]P){exp {% (H+2£—n)| <7 <exp l% (H+2§+7})]} =1,2.18)

for any n > 0. By construction of Kgoe, N C K 42¢, which implies

P{X, e N} <P{X, ¢ Kpo}
<P{r <7}

o fro <o [LE9] | fu [256] )

Applying (2.18) with n := & to the first term and Theorem 2.15 to the
second one, we obtain the result.

2.3 Discussions on extension

In this Section, we provide some ideas on how the results of the chapter can
be extended.

First, we can modify our equation by adding a reflection at the boundary
as it was done for McKean-Vlasov case, for example in [AdRR22]. Note,
that if the boundary of reflection contains the closure of the domain from
which we want to exit, the result for exit-time does not change and is
immediate, since, unlike in McKean-Vlasov case, there is no interaction
with the law of the process for self-interacting diffusion.
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Second, in this chapter we take a diffusion coefficient which is propor-
tional to the identity matrix. However, it could be relevant for some prob-
lems related to optimization to consider a more general diffusion coefficient.

Third, in the current work we do not derive an Arrhenius law, that is
to say the convergence of %2 log(E[7]) towards H. To obtain such a result,
it requires to use the large deviations techniques instead of the coupling
method that is used here.

Fourth, we point out that the potentials V' and F' are both assumed to
be uniformly convex. The techniques used in this chapter are not adapted
for a more general case. One shall use the techniques close to [DZ10, FW9§]
to relax the convexity assumptions.

Finally, we could also study SDEs where the nonlinear part of the drift
is more general. that is to say:

t ¢
Xi =x9+ oW, — / VV(X)ds — / b(Xs, ps)ds, (2.19)
0 0

where ji, := 1 fot dx.ds and x — b(z, p) is differentiable whereas p +— b(x, p)
is L-differentiable, see [RW19] and references therein. However, this will
require some adaptations of our methods.






Chapter 3

Exit-problem for
self-interacting diffusion:
General case

In this chapter we consider a stochastic process (X7, ¢ > 0) living in R?
defined by a stochastic differential equation that includes interaction of
the process with its own passed trajectory in the drift term. Consider the
following Self-interacting Diffusion (SID):

dX? = —VV(X?)dt — VF * ug(X?)dt + o dW,,
[L? = % f(f 5)(;: dS, (31>

X§ =5 €R?as.

V : R - R is called confinement potential and represents general
geometry of the space. F': RY — R is called interaction potential. Its con-
volution with pf, which is called empirical measure, represents interaction
term VF x pf = 1 [{VF(- — X7)ds. Note also that (W, ¢>0) denotes
the standard d-dimensional Brownian motion, d, is the Dirac measure on
R? concentrated at point z and o > 0 is a parameter controlling the noise
of the system.

In this work we establish the Kramers’ type law for the exit-time from an
open bounded domain of attraction G C R? of the Self-interacting diffusion

41
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(3.1) with general assumptions on confinement and interaction. Moreover,
we assume that inside the domain G there is a unique point of attraction
a. The precise assumptions on potentials V' and F', and domain G that we
need for the main theorem will be presented and discussed later (the baseline
assumptions are given on pages 46 and 57, whereas their generalised version
is presented in Section 3.3). The following theorem is the main result of
this chapter.

Theorem 3.1. Let Assumptions A-1 and A-2 be fulfilled. Let the process
X7 be the unique strong solution of the system (3.1) with initial condition
xo € G. Let 7% = inf{t : X7 ¢ G} denote the first time when X7 exits the
domain G. Let H = inf,coc{V (z)+ F(x —a) — V(a)} be the height of the
effective potential. Then, the following two results hold:

1. Kramers’ law: for any 6 > 0

2(H—5) 2(H+6)> _ 1; (3‘2>

lim P, (e T <l <o
2. Exit-location: for any closed set N C 0G such that inf,en{V(z) +
F(z—a)—V(a)} > H the following limit holds:

lim P,, (X% € N) = 0. (3.3)
o—0 G

Some remarks on dynamics and initial condition

Let us introduce some notation and notions that will be useful to describe
laconically later derivations in this chapter.

First, let us define the marginal deterministic system corresponding to
(3.1). By X° we will denote the solution of the following deterministic
system

4X0 = —VV(XD) - L [[VF(X? — X0)ds,

Xg =T € R,

(3.4)

Note that, moreover, we can generalize the initial conditions of diffusion
(3.1). This process is non-Markov, but, at the same time, knowing only the
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past trajectory of the process, we can construct its subsequent path. We
will describe the notion of previous path using three parameters. tq > 0
will represent its time-length, po € Pa(R?) will represent the occupation
measure of the past trajectory and z, € R? its end point starting from
which we continue the dynamic. We contract initial conditions into a vec-
tor x = (to, fto, o) € X = [0, 00] x Po(R?) xR¢, and, in order to be able to
operate with the three components of x separately, we introduce the fol-
lowing projection mappings. Let T : X — [0;00] be the projection to the
first coordinate returning initial time ¢y. For the initial empirical measure,
let M : X — P5(R?) be the mapping that returns the second coordinate of
x € X. Finally, for the the starting point of the process, respectively, define
the mapping P : X — RY that returns the third coordinate of x € X.

Following the classical notation for diffusions, we introduce the following
system of equations:

dX;7 = =VV(X7) dt = VF % 7 (X37) dt + o dW;

X,0 X t
My - T£+tMX + Tx1+t fo dxxods, (3.5)
X;° =Pxas.

As before, we define marginal deterministic system that corresponds to
the equation (3.5) as

AX0 = —VV(X[0) — 2 [ VE(X — s)Mx(ds)

- Tx+t
t X, x
— iy Jo VE(XF? = XX0)ds, (3.6)
Xy’ =Px

Hereafter, we will drop one part of the subscript or both (initial con-
ditions and o) if it is clear which one of the equations is meant. Though,
to avoid confusion we will always use the subscript 0 to emphasize that we
consider specifically the deterministic system. For x such that Tx = oo we
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naturally extend the definition of the processes (3.5) and (3.6) as

dX77 = =VV(XF7) dt = VE « Mx(X;*%) dt + o dW;, (3.7)

X7 =Pxas.

Despite that introduction of x aims to describe a notion of “previous
path” of the process, the set X is defined to be more general. Not only we
allow ty to be equal to infinity, but also py belongs to Py(R?), which, in
general, does not restrict it to be an empirical measure of any path.

Note that topology naturally defined on [0; oo] by open intervals in usual
sense and intervals of the form [0,z), (z;00] is metrizable. Let us de-
note dp,o) some metric on this space. We also equip the set Py (R?) with
Wasserstein-2 metric (see e.g. [Vil09, Definition 6.1]). Thus, the Cartesian
product X is a complete separable metric space with the following metric

dx(Xl, Xg) = max(d[om} (TXl, TXQ); Wg(MXl, MXQ); |PX1 — PX2|),
where W, is the Wasserstein distance.

Existence and uniqueness result for stochastic differential equations that
depend on their path is standard for the case of Lipschitz continuous drift
term (see e.g. [RWO00, Theorem 11.2]). It is worth noting that introducing
x € X does not complicate matters in any way, as long as VV and VF
remain Lipschitz continuous. Assumption A-1 ensures that we are working
in this framework.

Outline of the chapter

Section 3.1 is dedicated to the Large deviation principle. First, we define
what we mean by the large deviation principle (LDP), then we establish,
under the set of assumptions A-1, LDP for self-interacting diffusion in The-
orem 3.3. Next, some useful (for exit-time problem) results related to LDP
are presented.

Section 3.2 deals with the exit-time problem. First, we present the set of
assumptions A-2 that contains assumptions on domain G, its boundary and
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stability properties. We discuss the role that each of these assumptions play
in later proof and present some examples of confinement and interaction
potentials along with possible domains GG that one can choose. Then, we
present the main result of the chapter, that is Theorem 3.1. This result is
followed on page 59 by a section where we present auxiliary lemmas that
are later used to prove the main Theorem 3.1 (page 63). These lemmas are
later proved on page 68.

Section 3.3 is focused on the generalization of Assumptions A-1 and A-2.
In this section, we examine the scenario of a locally Lipschitz continuous
drift term (VV and VF') and an unbounded domain G from which we want
to exit.

3.1 Large Deviation Principle

In this chapter Large Deviations techniques are widely used. Recall that in
this thesis by the Large Deviation Principle (LDP) we mean the following
asymptotic behaviour of measures.

Definition 3.2. Family of measures (v7),~q defined on some Banach space
B equipped with Borel sigma-algebra B is said to satisfy the Large Deviation
Principle with a good rate function [ if for any measurable set I" € B:

2 2
—inf I(x) < liminf 7 log v7(I") < limsup 7 logv?(I') < — inf I(z),
xef c—0 2 c—0 2 zel

where I : B — [0,00] is a lower-semicontinuous function (this property
defines rate function) whose level sets {x : I(x) < a} are compact subsets
of B for any 0 < a < oo (which means by definition that the rate function
is good).

For more information about LDP and the results related to it that we
use in this chapter, see Chapter 1.

Establishing the LDP for the SID

In this section we prove LDP for Self-Interacting diffusions of the type (3.5).
First, we introduce the following group of main assumptions.
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Assumptions A-1.

1. (regularity) Potentials V and F belong to the space C?(R%; R).

2. (Lipschitz continuity) There exist Lipyy, Lipgy > 0 such that we have
|VV(2)=VV(y)| < Lipgy|z—y|and |[VF(2) =V F(y)| < Lipgp|z—y|
for any z, y € RY.

3. (boundedness of VF') There exists Cyr > 0 such that |[VF(z)| < Cyr
for any x € R%

Not only the first two assumptions above help to establish the global
existence and uniqueness result for (3.1) and (3.5) easily, but they also
play an important role in proving the Large Deviation Principle. The third
assumption A-1.3 is only used in Lemma 3.5 and can be substituted, for
example, with a condition that diffusion X*“ does not leave some bounded
domain in RY. Since it is indeed the case in Section 3.2, Assumption A-
1.3 is not as restrictive as it could seem. By the same logic, Assumption
A-1.2 can be relaxed to locally Lipschitz case whenever the existence and
uniqueness problem is resolved. We will stress again this observations in
Section 3.3.

Consider the following theorem that is the main result of the section.

Theorem 3.3. Under Assumptions A-1.1, A-1.2 for any x € X the proba-
bility measures (V%) g0 induced on C([0,T];RY) by the process (X;°7)i<r,
which is the unique solution of the system (3.5), satisfy LDP with the fol-
lowing good rate function:

Tx
Tx +t

B = g [0+ VYO + o V()

1 t 2 )
T Tx+t/0 VE(f(t) — f(s))ds| dt, for f € H'* (3.8)
and IF(f) = oo otherwise. Here, HY is the space of absolutely continu-

ous functions with square-integrable derivatives that start at point v = Px;
HP* .= {Px+ [, g(s)ds : g € Ly([0, T|;R%)}.
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Proof. Let us define function G : Cy([0, T]; RY) — C([0, T]; R?) that maps
every function g to the unique solution of the following equation:

f(t):Px—/O VV(f(s))ds—/O TX+SVF*MX(f(s))ds

t 1 S

Let us show that G is continuous. Fix some ¢ > 0 and two functions
gi, 392 - O()([O,T],Rd) SUCh that ||gl_92l|oo S (5 Let f1 = G(gl), fg = G(gg)
Then,

[f1(t)=fo(O)] < /t IVV(fi(s)) = VV (fa(s))] ds

+/Tx—l—s/ IVE(fi(s) —u) — VF(fa(s) — w)|Mx(du) ds

+/0 Tx + s /0 IVF(fi(s) = fi(w)) — VF(fa(s) — f2(u))| duds
+1g1(t) = g2(t)].

Use Lipschitz continuity of VV, VF (Assumption A-1.2) and get:

() — fa(8)] < (Lipgy + Lipey) / [Fu(s) — fals)| ds

Llva /
/ Tx+ s | fi(u) = fa(u)| duds + 6

(Llpvv + (1 + T—) LlpVF> / |f1(s) — fa(s)| ds + 6.

Therefore, by Gronwall’s inequality

. T )
||f1 - f2||oo S 56XP { (Llpvv + <1 + ﬁ) LlpVF) T} ;

it means the continuity of the map G for any possible x € X.

X,0 as

By the uniqueness of the solution to (3.5), we can express v
V9 = Gyn°, where 17 is the probability measure induced on Cy([0, T7]; R?)

by the path of Brownian motion W? = ¢W. LDP for the path of Brownian
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motion with vanishing noise is known under the name of Schilder theorem
([DZ10, Theorem 5.2.3]). Since G is continuous, we can apply the Contrac-
tion principle (see [DZ10, Theorem 4.2.1]) and conclude that the family of
measures (1°7),>¢ satisfies an LDP with the good rate function

1 T
IX(f) = inf —/ 7(1)|? dt
)= nf 2 le)

geG—1
LIV @) + VVED) + 125 fea VE(F() — u)Mx(du)
- i fy VE(F(t) = f(w)dul?dt, for f € HPX,

oo, otherwise.

]

Remark 3.4. For simplicity of the notation, we define the rate function
corresponding to the system (3.1) as I7°, i.e.

LIy 1@+ YV (@)
IP(f) = +L [CVE(f(t) — f(s))ds |2 dt, for f € H},

o0, otherwise.

Results related to the LDP

The following lemma generalizes the large deviation principle for the case
of converging initial conditions.

Lemma 3.5. Under assumptions A-1, for any sequence {x,}° such that

X, X the following inequalities hold:

n—o0

1. For any closed ® C C([0,T]; R?)

2
limsup = log Py, (X7 € @) < — inf I¥(6).
<

n—oo 2
o—0
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2. For any open ¥ C C([0,T]; R?)
2

.. O Y -
hgggjlf? log Py, (X° € U) > — inf I7(¢).

o—0 i

Proof. We will show that the families of measures (1*77),~0 and (7)o,
which are families of probability measures induced on C([0, T]; R?) by X*7@
and X*7 respectively, are exponentially equivalent (see for example [DZ10,

Definition 4.2.10]) for any {x,},~0 such that x, % X.
og—

Indeed, if we define Z7 = X7 — X;°%, where X7 and X7 are driven

by the same Brownian motion, then

t
27| < [Px, — Px| +/ YV (X57) — TV (X*7)| ds
0

boTx Tx
kd Fx Mx,(XX7%) — F+«Mx(X¥7)|d
[ I VM (X3 7) = 2V M(XE) s

t S 1 1
 UF(X¥7 - XX) - VE(X*7 — X*7)| dzds.
+/O/O|Txa+s (X3 ) - s VR *7)| dzds

In order to separate the effect of closeness of Tx, to Tx from Z7 in the last

two integrals, we add and subtract expressions szj»sVF * Mx(X*?) and

Tx}ﬁs VF(X¥” — X¥7) in the corresponding integrals. Since VV and VF

are Lipschitz continuous, we get

t
1271 < (14 Libor)ds(xo.%) + (Libgy + Lipor) [ 127]ds
0

/t/ ( Tx, Tx
+
0o Jrd

Txa—l—s_Tx—{—S
t 1 s
+ Li / / Z7|+1Z7]) dzds
pVFOTXU—{—S 0(| | + | |)

Mx(dz)ds

) VE(X% — 2)

T t
< (1 + Lipyp)dx(xo, x) + (Lipvv + 2Lipgp + ) / |1Z7 | ds
0

Tx,
t
0

where we get the last inequality by applying assumption A-1.3 to
Iy o | (7 = ) VF(X = 2) | Mx(d2) ds,

Txs+s Tx+s

Tx, Tx

— d
Tx,+s Tx+s 5
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Since the expression inside the integral is bounded, we have the following

equality: J‘szis - Tzis) ds = O(|Tx, — Tx|) = O(dx(x,,%)). Thus, by

Gronwall’s inequality,

|Z7| < (14 Lipyr + Cvr) O(dx(X,; %))
T
TXU) T}'

It means that P(|Z7| > 0) = 0 for any § if we choose ¢ to be small
enough. That proves exponential equivalence of (v*7),5¢ and (17),~o,
and, by contraction principle (see [DZ10, Theorem 4.2.13]), the lemma itself.

X exp{ (Lipvv + 2Lipyp +

]

The following lemma elaborates on the idea of the LDP and provides
a tool to study the asymptotic behaviour (o — 0) of the process X with
respect to its initial conditions.

Lemma 3.6. For any compact subset C C X the following inequalities hold:

1. For any closed ® C C([0,T]; R?)
2

o
limsup — log sup Py (X% € &) < — inf inf IF(9).
msp g logup (X7 € @) <~ lnf Jnf FH(9)

2. Similarly, for any open ¥ C C([0,T]; R?)

2
o

. . - S f TX ().

hgl_)l(l)lf 0] log )lclég Py(X7 € ¥) > ilég ;)Ielg IX(9)

Proof. For the first inequality, for each fixed € > 0 let us define

1
IF := min {inf inf I7(¢) — &; —} .

x€eC ped IS
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By Lemma 3.5 for any x € C there exists small enough o, > 0 such that

for any o < oy
2

O—log sup Py(X7 € @) < —I°

2 yeBax (X)

Since C is compact, we can cover it by finite amount of B,, (x;) for some
X1,...,Xn € C. Then, for any o < minj<;<,, 0x;
o2
— logsup Py (X7 € &) < —I°,
2 xeC
and that proves the first inequality. One can prove the second inequality
the same way. O

By definition, rate functions are lower semicontinuous, i.e. for any x €
X, liminfy s I5(¢) > I¥(¢o), or, equivalently, all level sets L, := {¢ €
C([0,T];RY) : IX(¢) < a} are closed for 0 < o < oo. An immediate
consequence of this property is that infima of I are achieved over compact
sets. The following lemma extends this lower semicontinuity property of
our rate functions to the case of converging initial conditions besides the
argument of Ir. In other words, I as a function of two arguments (x, ¢) €
X x C([0, T); RY) still possesses lower semicontinuity property.

Lemma 3.7. For any T >0, x € X, ¢ € C([0,T];RY), and any sequences
{x,}, {dn}, where x, € X, ¢, € C([0,T];R?), such that x, %5 x and

n—oo

On — ¢ the following inequality holds:
n—oo

lim inf 15 (6,) > X(6).

n—o0

Proof. Without loss of generality, let us assume that all ¢,, € HF* (those
¢n, for which it is not true do not influence the liminf since I7"(¢,) = 00).
Then

M?WJ=L;MA®+VW@ﬁ»

Tx,,
T, 17 e VE(¢(t) — u)Mx,,(du) (3.9)
1 ¢ 2
+ TX”H/O VE(¢u(t) — ¢n(u)) du | dt.
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Let us add and subtract two terms of the form A := Tz’_‘H Jra VF(on(t) —
u)Mx(du) and B := 1= [ VF($,(t) — ¢a(u)) du. Note that for any c €
(0,1) and for any a,b € R? the following inequality holds: |a + b]? >
(1 —c¢)lal*+ (1 — 1)b]>. Using two previous statements, let us split (3.9)
into two parts, one of which does not depend on x,, but depends on x
instead. We then have

AL (¢n) = (1 = )47 (dn)

1 T Tx,
+<1_E)/0 Tt | VFGu(0) = x, ) - 4
1

Tx, +1t

+

/Ot VE(n(t) — bn(u)) du — B| dt

= (1 - OAI¥(6,) + (1 - 1) L

Since I¥(¢,) is a good rate function, by taking liminf from both sides of
the inequality above we get

1 1
e S (1 X L T R
hggggf I (¢n) > (1 — o) IF (o) + 1 <1 c) h}f_l}glfI, (3.10)
for all ¢ € (0,1). Therefore, in order to prove the lemma, it is enough to
show that liminf,, ..o I = 0. Then we could take the limit ¢ — 0 from both
sides of (3.10) and obtain the necessary result.

Let us consider I. We use inequality of the form |a + b|> < 2|a|* + 2|b|?
for I and get an upper bound of the form:

1< | e G R,) — whxa(du)
- 0 TXn+t R4 " "

_ Tzi t /R VE(G(1) - u)Mx(cdu)|ds
o / ‘TXJH / VF(60(t) — ¢u(u)) du
B TX1+ t/o VF(pn(t) — ¢n(u)) du th

=: 211 + 2II,.
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Let us apply dominated convergence theorem to both II; and Il,. In
order to do so, we prove that integrands are uniformly bounded.

Txn, Tx

First, consider I;. Of course, fractions 722 and 125 are bounded by
1. As for [4. |[VF(¢n(t) — u)Mx,(du), we introduce the following decom-

position

L IVF .0 = wix
= [ IVE@u(0) =) = VE((0) = ) + VE(5(1) ) Mxco(du) - (3.11)

< Lipgrlon(t) = 00| + || IVF(0(6) = w]Mi,.

By Assumption A-1.2, the expression above is bounded by:

1/2
Lipypl|én — ¢l + Cor (max |p(t)] + </ |u|2Mxn) > ,
t€[0,77] RE

and since [ |u[*Mx,, —— [ |u|*Mx (see [Vil09, Theorem 6.9]), the inte-
n—oo

gral [oq [VF(¢n(t) — u)|Mx,(du) and, as a consequence, [p, |VF(¢,(t) —
u)|Mx(du) are uniformly (in ¢) bounded.

For II,, we also use lipschitzness of VF when needed, convergence of
¢, in uniform norm topology towards ¢, as well as bounds of the form
|6(t)| < maxyepor) |#(t)]. That easily gives us uniform (in ¢) boundedness
of the integrand of the integral Ils.

Thus, to calculate lim, .., I, we can use the dominated convergence
theorem and pass the limit inside both of the integrals II; and II,.

Since V F' is continuous and since the uniform boundedness in ¢ and in u
on finite time interval [0, T] of VF(¢,,(t) — ¢n(u)) can be easily established,
lim,, , 15 is clearly equal to 0. Limits of components of II; are also obvious,
except for [oq |[VF(¢,(t) — u)|Mx,(du) that needs some attention. Let us
show that expression [, [VF(¢(t) — u)|Mx(du) is actually its limit with
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n — oo. Similarly to computations in (3.11), we get

‘ VF(én(t) — u)Mxp(du) — VF((b(t)—u)Mx(du)’

<| /R VE(6(0) ~ )N, (du) -

+ Lipypllén — 0l

VE(o(t) u)Mx(du)’

R4

As was pointed out before, convergence of measures in Wasserstein dis-
tance gives convergence of respective integrals, since VF' is Lipschitz con-
tinuous [Vil09, Theorem 6.9].

This is the last remark needed to observe that lim,,_,,, I = 0. Thus, the
lemma is proved by (3.10). O

As was pointed out before, lower semicontinuity guarantees that infima
of a function are achieved over compact sets. We summarise this property
by the following corollary.

Corollary 3.8. For any T > 0, any compact set ® C C([0,T];R?), and
any compact set C C X there exist ¢* € ® and x* € C such that

inf inf I35(¢) = I5 (¢%).

xeC ped

Compactness results

In this chapter compact subsets of X x C([0,T]; R?) of particular form are
considered. Let us present two results about compactness of some sets that
will be used later in the proof.

Lemma 3.9. For any T > 0 and any compact subsets C,Cy C RY the
following set

C={xeX:T<Tx<oo, Pxe (), Mx € Py(Cs)}.

1s a compact subset of X.
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Proof. Projections of C on first two axes are obviously compact subsets in
[0,00] and R?. For compactness of the projection on the third axis, note
that by Prokhorov’s theorem this set is compact in weak topology which is
metrizable by Wasserstein-2 distance (see [Vil09, Theorem 6.9]). [

Lemma 3.10. Let ®* := {¢ € C([0,T]|;RY) : I¥(¢) < 1}, where x € C,
T >0, and C is a compact subset of X. Then

@:U@x

xeC

is a relatively compact subset of C([0,T]; RY).

Proof. In the case of complete metric spaces, the notion of relative com-
pactness is equivalent to totally boundedness. By definition, the set ® is
totally bounded if for any € > 0 there exists a finite cover of ® with open
balls of radius €. The strategy of the proof is the following. We prove that
for any ¢ > 0 and any x € C there exists 65 > 0 small enough such that
UyeBéi (x) &Y is covered by a finite number of balls of radius e. Since C

is itself a compact subset of X and {Bs: (x)}xec is its cover by open sets,
we can extract finite subcover {Bs (x;)}7 and thus prove the lemma, since

As a result, all we have to prove is that for any € > 0 and any x € C
there exists 0 > 0 small enough such that (J,cp__ (,) ¥ is a totally bounded

subset of C([0,T]; R?). In the following, we provide the calculations for the
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case where 0 < Tx < oo. These derivations can be easily adapted to cover
the general case.

First of all, for any function ¢ € U g, ( .

following integral is bounded by a posmve constant Cf:

T .
/ |¢(s)|2ds < (.
0

(x) O 1f 0% is small enough, the

Indeed by adding and subtracting VV (é(s)) + Ty+5 VF «My(¢(s)) +
oz Jo VE(o(s) — gb(z)) dz inside the absolute value, we get:

/ [D(s)[Pds <4 | |o(s) + VV(6(s)) + T+ VF*My(¢( )
Ty+5/0 VF(¢(8)—¢(Z))dz‘ ds—|—4/0 IVV(6(s))|ds
w4 [ | vE ey (o)

2
ds.

t
0

Let C > 0 be a generic positive constant. Since [%.(¢) < 1 for respective
y € Bs: (x) and using Lipschitz continuity of V" and VF (Assumption A-
1.2), we get

/0 CVF(6(s) — 0(2) dz

Ty +s

| 1oP ds < a4 sLivky [ [6(s)ds + STV (0
0 0

t
sativhy [ [ 1o(s) - 2PMy(dz) ds
0JR

4tLiper [T/[° )
2 [ [ o) - ol dzas

C t
C+C — 2 2 )
<C+ <1+ Ty2)/0 lo(s)] d8+C/Rd |z]*My (d=)

Since all y belong to a ball of radius 65 of x, then the following in-
equalities hold: [Ty — Tx| < 65, | [ [2[*My(dz) f |2[*Mx(dz)| < &5 and
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|Py — Px| < 0%. Moreover, without loss of generality, we can choose 5 to
be small enough such that Ty > Tx — 05 > 0.

In addition, since ¢ € H}* and by Hoélder’s inequality, we can bound
Jylo(s)Pds < 2T([Px|> + [} [ |¢(u)|?duds). As a result, there exist
constants Cy, C'3 > 0 such that

t, 2d<C C ts' 2dd
/0|¢(3)| 5§ < Cg + 3/0/0 |p(u)|” duds

So, by Gronwall’s inequality, we get

T
/ |6(s)? ds < Coe™ =: O (3.12)
0

Finally, we use the Arzela—Ascoli theorem to prove that the set

U @

yEBse (x)

is totally bounded. We use the bound (3.12) and get the following inequali-
ties showing uniform equicontinuity and pointwise boundedness of functions

that belong to Uyep,. ) ¥

6(t) — B < (t2— 1) / 2

t1

This completes the proof.

3.2 Exit-time

First, we present the following assumptions on domain G and geometry
of the potentials that drive the system inside the domain. We remind
that the point zo € R? is the (deterministic) initial condition of the main
process (3.1) and XV is its deterministic limit defined in (3.4). Consider:

Assumptions A-2.
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1. (domain G) G C R? is an open, bounded, connected set such that
J0G = 0G. The boundary 0G is a smooth (d — 1)-dimensional hyper-
surface. The point z¢ € G.

2. (point of attraction a) There exists a € G such that {X}}~0 C G and
X) ——a.
t—o0
3. (stability of G under the effective potential) Let ¢ be defined as ¢ =
T — fot VV(gs)ds — fot VF(¢s —a)ds. For any x € G, {¢*}=0 C G
and ¢f —— Moreover, VV (a) = VF(0) = 0.

4. (strong attraction around a) There exist A,, A, > 0 small enough
and a constant K > 0, such that for any p € Ba,(d.) and for any
z € Ba,(a), (VV(x) 4+ VF % p(z);x — a) > K|z — al*.

Assumption A-2.1 defines domain GG and its regularity properties. As-
sumption A-2.2 defines point a as a unique attractor of the deterministic
process X starting at fixed zo € G. Since, as was proved in Theorem 3.3,
the process X7 satisfies LDP for any finite time interval [0; 7], we expect
it to be close to its deterministic limit and also to converge towards a with
high probability. As a consequence, we also expect uf to converge towards
d, in a finite time (this is shown in Lemma 3.11). Assumption A-2.3 en-
sures that for x € X such that Mx is close to d,, starting from any Px € G,
deterministic process X*? will be still attracted to a. Assumption A-2.4
elaborates on this idea and suggests that the attracting forces around a will
be stronger than interaction forces. These facts combined produce Lemma
3.12. These effects also suggest that u” for small o should stay close to
0, with high probability at least until exit-time, since inside GG there will
always be a force that pushes X? towards a. That is shown in Lemma 3.15.

Now, let us recall the main theorem before proving it. Under the sets
of Assumptions A-1 and A-2 the following theorem holds:

Theorem 3.1. Let the process X? be the unique strong solution of the
system (3.1) with initial condition xy € G. Let 7& = inf{t : X7 ¢ G}
denote the first time when X7 exits the domain G. Let H := inf,coc{V (2)+
F(z—a)—V(a)} be the height of the effective potential. Then, the following
two results hold:
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Vi | | F |
| a /i R R
\\T/ x ! 0 ! x
G 1 1

Figure 3.1: Examples of possible V', F', and G in dimension d = 1. Despite
Assumptions A-1.2 and A-1.3 are not satisfied globally, they are satisfied
inside G and for R := sup{|z —y| : y, z € G}, which is enough for exit-time
result.

1. Kramers’ law: for any 6 > 0

) 2(H-$) - 2(H+9)
lim P, (6 2 < Ta<e o2 ) =1
o—0

(3.13)

2. Exit-location: for any closed set N C OG such that inf,cny{V(z) +
F(z—a)—V(a)} > H the following limit holds:

lim P,, (X% € N) = 0. (3.14)
o—0 G

Auxiliary results
Initial descent to the point of attraction

The first result that we will use for proving the main theorem describes
convergence of the solution to the system (3.1) with vanishing noise towards
point a in a constant time. Moreover, we show that its occupation measure
also converges towards d, at some constant time with high probability for
small 0. As a matter of fact, as will be shown in Lemma 3.15, with ¢ — 0,
not only u? converges towards d, in some constant time, but it also stays
in the neighbourhood of §, at least until exit-time of X from the domain
G. We call this “effect of stabilization of the occupation measure”.
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Consider the following lemma:

Lemma 3.11. For any p > 0 small enough there exists big enough time
T: > 0 such that

lim P,,, (X7, ¢ By(a)) =0 (3.15)
and
lim Py, (145 ¢ By(6)) = 0. (3.16)

Convergence of deterministic process towards a

The following lemma claims that the deterministic process X*° driven by
(3.6) with some suitable initial conditions converges towards point a at most
at some constant time (that depends on how close should the process get to
the point a). This result is shown for any starting point Px € G, any Mx
close enough to 0, (Mx € B(14.),(d,)), and any Tx big enough (Tx > T%).
We also show that the occupation measure p° will not move far from 4, in
the process of convergence.

Let X*? be the solution of (3.6) and define
Cii={xeX: T <Tx < oo, Mx € B(14),(d,), and Px € G}.

Lemma 3.12. For any p > 0 small enough there exists T{ > 0 such that
for any €,9 > 0 small enough and any x € Cy the following estimations

hold:

1. X¥0 e G and p*° € B(142:)5(0a) for any 0 < s < TY.

2. X*° € B_g),(a) and 0 € B(140),(8,) for any s > TY.

Attraction of stochastic process towards a

The following lemma claims that there exists time 77 > 0 such that at most
at that time with high probability the following event happens. Starting
at any point Px inside G with some suitable initial conditions Mx and Tx,
stochastic process X*? either comes sufficiently close to point a or leaves
domain G entirely.
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Define the first time when the process either comes close enough to
point a or leaves the domain G as the stopping time 77 := inf{t > 0 :
X7 € By(a) UOG}. Let C; = {x € X : T < Tx < oo; Mx €
B(142),(0a), and Px € G}. Then the following lemma holds.

Lemma 3.13. For any p,e > 0 small enough there exist time T{ > 0 big
enough such that
lim sup Py (79 > 17) = 0. (3.17)

o—0 x€Cy

Behaviour in the annulus between B,(a) and 0G

The following lemma claims that the probability that, with ¢ big enough,
the process X*7 stays in between B,(a) and R? \ G without touching any
of those sets, decays exponentially with ¢ — 0. Moreover, with ¢t — +oo
the rate of this decay tends to —oo.

Introduce the following stopping time:

= inf{t > TG 17 ¢ Baie)(da)},

where 17 is part of the solution to equation (3.1). In other words, 7 is a
random time that indicates when the occupation measure ;” moves signifi-
cantly far away from 0, after first descending to it by Lemma 3.11. We also
recall that 75 := inf{t > 0: X7 € B,(a) UOG}, and C; = {x € X : T} <
Tx < 0o; Mx € B(14.),(0q); and Px € G}.

Lemma 3.14. For any p,e > 0 small enough the following inequality holds

2
lim lim sup 7 log sup Px(t < 79 < 7y) = —o0. (3.18)

=00 540 xeCy

Stabilization of the occupation measure

Given that v = inf{t > T% : puf ¢ Buye,(ds)}, the following lemma
establishes control of the occupation measure ;7 until exit-time 75. We
recall that H = inf,coc{V (2) + F(2 —a) — V(a)} and present the following
lemma.

Lemma 3.15. For any p,e > 0 the following limit holds:

j L f2AH+ )
ili%Pm(v < 78N exp{—Q}) = 0.

o
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Exit before nearing a

We recall that H = inf.coc{V(2) + F(z — a) — V(a)} and state that the
following asymptotic upper bound for the probability of exiting the domain
G before approaching even smaller neighbourhood of a holds. Let Cy :=
{xeX: T} <Tx < oo, Mx € B(144),(da), and Px € Si14.),(a)}. Consider
the following lemma:

Lemma 3.16. For any € > 0 small enough

2
o
lim lim sup — log sup Px (79 = 78,70 < 7) < —H.
=0 50 x€Cy

Control of dynamics for small time intervals

The following result claims that for any € > 0 and ¢ > 0 there exists small
enough time 7T'(e,c) such that during this time the probability that the
diffusion (3.5) drifts farther away than e from any starting point Tx > T,
Px € G and Mx € B,(d,) decreases exponentially with the given rate c.

Lemma 3.17. For any ¢ > 0 and ¢ > 0 there exists time T'(e,c) > 0 such
that for any p,e > 0 small enough

2
limsupa—log sup Py ( sup | X7 —Px| > (—:) < —c¢,

oc—0 x€eCy te[0,T (e,c)]

where Cy = {x € X : T}, < Tx < 00, Mx € B(14),(d.), and Px € G}.

Uniform lower bound for probability of exit from G

The following lemma provides a uniform lower bound for the probability
of an exit from domain G starting from a position that is close to a, given
that the empirical measure of the process does not move far away from d,.

Lemma 3.18. For any n > 0 there exists time Ty > 0 such that for any
p > 0 small enough there exists T% > 0 big enough such that
2

o
Y L oo B
lim inf =~ log inf Px(7¢ < To, 76 <7) > —(H +n),

where Coy == {x € X : T, < Tx < oo, Mx € Bp4.),(d,), and Px €
Sa+ep(a)}-
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Proof of the main theorem
Kramers’ law

Given the results of Lemmas 3.12 and 3.15, we expect our process to spend
most of its time near a with o small enough. In order to have more infor-
mation about this behaviour, we introduce the following stopping times

m =1inf{t > T4 : X7 € B,(a) UOG},
O := inf{t > 7, : X7 € Sp4e)p(a)}, (3.19)
Tt = inf{t > 0, : X7 € B,(a) UJG};

for m € N with the convention that 6,41 = oo if 7, = 7&. We hereby
can consider separately the intervals where X is close to point a and those
where it is not the case, i.e. the intervals of the type [7y; 6x] and [6k; 741
Besides, parameter p controls the desired closeness of X to a. By 7§ and
0% we denote the corresponding stopping times regardless of the number of
exits that we had before, i.e.

70 =inf{t > 0: X;°7 € B,(a) UOG};
0 :=inf{t: X7 € Sayo,(a)}.

Lower bound. Take the time T := T'(ep, H), where T'(¢, ¢) is defined by
Lemma 3.17, i.e., it is small enough time such that the probability that the
process X7 moves further away than ep from its starting point within time
Ty decays exponentially with rate at least H.

Figure 3.2: Illustration of the definitions of 7, and 6, for d = 2.
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Consider the following event {72 < kTy}. We can split this event into
two parts accordingly to whether {y < 7&} holds or not. Define Cy = {x €
X :Th < Tx < 0o, Mx € Bi4.),(0a), and Px € S(144),(a)}. Note that
if the event {7Z < kTy,v > 78} takes place, then either first & of disjoint
events {r; = 7&,v > 72} occur, or at least one period ;1 —7; was less than
Ty, i.e.,

+ ]pxo( min {91 — 7'2;1} < To,’}/ > Tgv)

1<i<k—1

+ Py (v < 78 < KT).
That gives us:

]P)IO(T(CTJ S kTO) S ]P)ito(Tg? S Ts@) + k SUP ]P)X(Tg = 7-077 > Tg’)
x€Ca
+(k—1) sup  Px(by < Ty, v > 78)
TH <Tx<oo;
Mx€B(1 4¢)p(0a);
PxeB,(a)

+ P, (v < 72 < ETh).

By Lemmas 3.16 and 3.17, we can choose o small enough such that the
respective supyce, Px(7& = 70,7 > 7&) and sup, Px(6y < Tp,v > 7¢) are

2(H—5/2)
0.2

less or equal than exp{— } We also use Lemma 3.11 in order to

deal with the probability of exit before stabilization time T%. Therefore,
we establish the following upper bound:

—2(H-5/2) —2(H-5§/2)

P (78 < kTo) <o+ ke @ +(k—1)e” = +Py(y <G AKTY),

To o
where ¢ > 0 is small enough. By Lemma 3.15 and simple calculations we
establish the following result:

where o, is an infinitesimal w.r.t. o. Finally, choose k = Li exp{Q(H—;é)H ,

2(H-6)

lim Py, (rg < e o7 ) =0. (3.20)

Upper bound. Fix 6 > 0, let n = /2 and p > 0, Ty > 0 be defined
by Lemma 3.18. Let us define event A := {7 > 78N exp{Q(H—jl)}}. Since

[oa
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{7 > 718} C A, the result of the Lemma 3.18 takes the form:

2
limiglf%log inf Py (78 < T, A) > —(H +n).
o—

x€Co

By Lemma 3.13, there exists 7 > 0 such that

2 2
lim sup 7 log sup Py (79 > T¢, A) < lim sup 7z log sup Px(mo > 1Y) < 0,

o—0 x€Cq o—0 xeCy

where C; = {x € X : T < Tx < 00; Mx € B(14¢),(d,) and Px € G} and
i =inf{t >0: X;°7 € B,(a) UOG}. Let T := Ty +1Y. Then, for o small
enough we can provide the following bound.
= inf Py (72 <T,A)> inf P < TP A) inf Py(78 <Tp, A
¢:= inf Pu(rg < T, A4) 2 inf Pu(ro <T7, A) inf Pu(rg < To, 4) .
2(H 3.21
> exp{—<—2+n)}.
o
This lower bound will help us to calculate the probability of event {7& >
kT, A} for any k € N in the following way. Consider the following inequal-
ities:
Po(é > (k+ 1T, A) = (1 = Pe(7& < (k+ )T, A|l7g > kT, A))
X Py (18 > KT, A)
< (1 —q)Px(78 > kT, A).
Therefore, by induction in k, we get:
sup Py (78 > kT, A) < (1 — ¢)*. (3.22)
x€Cy
Note that 7814 < (T + > T]l{q—g;>kT)}>]lA- Therefore, by (3.22) and
(3.21), we can express the following expectation as:

- T
sup Boe (7814) < TY (1-¢)f == < Texp{
xecCy k=0 q

o2
By Markov’s inequality, we get:

2(H 2(H
sup Py (7‘5 > exp{<—j5>},A) = sup Py (Tg]lA > exp{(—;_d)})

x€Cy o x€eCy o
2(H+ 0
< exp{—(—:_)} sup Ex (Tg]lA)
o x€eCy

< Te 97" 0.
o—0
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We remark that by Lemmas 3.11, 3.15 and derivations above, we have

2(H+0
Pxo (Tg 2 eXp{(—:_)}> < ]P)QCO (7’5 < Tsen) + ]P)zo (AC)

o
2(H+9¢
+sup Py | 78 > exp{(—j)},A)

x€C1 ag
— 0.
o—0

This concludes the proof.

Exit-location

Before proving the exit-location result, we provide some observations about
the geometry of the domain G with respect to the effective potential. Let
Wa(xz) = V(z) + F(x — a) — V(a) be the effective potential. Note that
the level sets L, := {x € R? : W,(z) = a} are smooth hypersurfaces,
since both V and F belong to C%(R%; R). Here, solely for simpler notation,
we denote by L, only the parts of the level sets that intersect with G.
By Assumption A-2.3, for a« = H there is in fact only one “part” of the
hypersurface intersecting the set G. Namely, it can be shown that Ly is
the boundary of the set Ly := {x € R? : W,(z) < H} that itself belongs
to G and is a bounded connected set (otherwise the Assumption A-2.3 is
violated).

Note that there exists a constant C'y > 0 such that for any point on
the surface x € Ly: (n(x); —=VW,(z)) > Cy, where n(z) is the inner unit
normal vector to the surface Ly at the respective point. Indeed, if it is not
the case, then either by the continuity argument there exists z* € Ly such
that n(z*) = 0, which violets Assumption A-2.3, or all the vectors —VIW,(x)
pin outside of the set L, which also contradicts the assumption above. It
means that if we plug interior Int(L};) and the set Ly in Assumptions A-2
instead of G and 0G, all the conditions will be satisfied. Then, by the proof
of Kramers’ law above, for 727 _ :=inf{t > 0: X;*? ¢ Int(Ly)}, we have

Int(Ly)
for any 6 > 0:

2(H—6) 2(H+9)
- 2(H+6)
sup Py (6™ 72 < Tint(r=) < € 2,
x€Co H

where C; = {x € X : T{ < Tx < oo, Mx € B(4.),(d.), and Px €
St+epp(a)}.



3.2. EXIT-TIME 67

_ 7

Figure 3.3: Domain G with level sets of W, =V + F(- —a) — V(a). Ly =
{x € R?: W,(x) = H} is the smallest level set that touches the boundary
oG

Since W, is continuous, there exists a small enlargement of Ly such
that the property (n(x); —VW,(z)) > Const > 0 is still satisfied. Namely,
there exists 7 > 0 small enough such that for any n < 7 there exists a
constant Cpy, > 0 such that (n(z); —VW,(z)) > Cy4,y. By analogy with
the previous statement, it means that Assumptions A-2 are satisfied for
1 > 0 small enough and thus, for any 6 > 0,

( 2(H+n—94) 2(H+n+6) )
(& .

o2 <77 <e o2

sup Py Int(L

x€Ca HJ”])

Now we are ready to prove the exit-location result. Take the set N C 0G
described in the theorem. By definition, inf,cn{V(z) + F(z —a) —V(a)} >
H. That in particular means that we can choose n < 7 such that H + n is
smaller then inf,en{V(z) + F'(z —a) — V(a)}. It means that NNCI(Ly,,)
is an empty set.

The fact that ng € N means that, after converging first towards a, we

left the domain Ly, before time 7¢, which is the exit-time from G. The
following inequalities show that it is unlikely. Consider:

Poo(X7y € N) < Py (78 < TE) + sup P(7]. < 7).

xECo Hin
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Taking § = 1/3, it gives us:

2(H+5)
Pyy(XZ € N) < Py, (7 < T4) + sup Py <TG >e ot )

xECo

2(H+3)
—I—supIP( <715 <e 7 )
xECo H*"

2(H+9)
<Py (18 < TH) + sup Py (TG >e o2 )

x€Co
2(H+n—9)
+ sup Py (L, <e o2 )
x€Co H+n
— 0,
o—0

by Lemma 3.15 and Kramers’ law for G and Ly, proved above.

Proofs of auxiliary lemmas
Proof of Lemma 3.11: Initial descent to the point of attraction

Let us fix [ := infi~qco¢ | XP — 2], the distance between the deterministic
path starting at zy (X°) and the frontier of the domain G. Let us also
define as TY; the first time when i € B,/2(d,) as well as X} € B,/2(a), where

p? = % fot dxo ds is the empirical measure of the deterministic process. This
time obviously exists and is finite, since, by Assumption A-2.2, X} L
— 00

Let us decrease | = [, if necessary (it will now depend on p) such that
l, < 5. Define @ := {¢ € C([0; T%]) : || X° — ¢||oc > ,}. Then, by Theorem
3.3,

2
lim sup% log Py, (X7» ¢ By(a)) < — inf I75(¢)

oc—0 st peP Tt

and
o2

tim sup - log P, (17, ¢ By(8,)) < — inf I33(6).

o—0 dED st

Since ];fpt has only one minimum which is given by X°, I ;2 (X% =0, and

as the distance between X and the set ® is strictly positive, we conclude
that infyeq 175 (¢) > 0. That completes the proof.
st
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Proof of Lemma 3.12: Convergence of deterministic process
towards a

Let us recall the reader that A, > 0 is the positive constant introduced
in Assumption A-2.4. We separate the dynamics of the system into the
following three parts (see Figure 3.4). First, we show that in time T, >0
for any Px the process converges inside Ba,(a), whereas its occupation
measure 1 does not move far from J, and stays inside B(142:),(0q) for some
small € > 0, that we can decrease by increasing t,. Second, we show that
inside the set Ba,(a), the attraction force of the potential V' + F'xd, becomes
so strong that, in some time Ty > 0, it drags X° inside small ball B_9)p(a)
for some 0 < ¥ < 1, whereas its occupation measure, as before, does not
move far from 0, and still stays inside B y2.),(d,). Third, we show that
for small enough p > 0 and after hitting B(;_y),(a), X° stays inside this
ball for a long time Ty that is enough to attract the occupation measure p
back inside B(;),(dq). Thus, the required time is represented through the

following sum 77 := T+ Ty + Ts.

Convergence inside Ba,(a). By Assumption A-2.3, for any = € G, the
flow ¢, generated by the effective potential V' + F'(- —a), converges towards
a. Since, by Assumption A-1.2, both VV and VF' are Lipschitz continuous
and, by Assumption A-2.1, G is a compact set, there exists a uniform upper
bound T} for the time in which ¢* converges inside B, s2(a).

Figure 3.4: Dynamics of X*°
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Let us use this fact to establish the time of convergence of X inside.
Define 7, := | X — ¢P*|. Applying Assumption A-1.2, we get

t t
n < Lipoy / pyds + Lipop / (X0~ 2) — (6P — a)[i=0(d=) ds
0

t .
gLipvv/nsds—i—LipVF(/ nsd8+/W2 ,uXO(S)d)
0

Then, by Gronwall’s inequality:

m < / Wa(2%;6,) ds - exp{(Lipgy + Libgp)th.  (3.23)

Since x € C, Wy(u%6,) < (1 +¢)p. We can show, by (3.23), that
if we take p to be small enough, then W (127% 6,) < (1 4 1.5¢)p at least
for t < Tl. Indeed, if we introduce a generic time 7" := inf{t > 0 :
Wo (1?5 6,) > (14 1.5¢)p}, we can express, using (3.23), for t < T ATy

e < (14 1.5¢)pTyeVipwv +Liper)Th (3.24)

Since ¢, belongs to G for any ¢t > 0, by inequality above, there exists a
constant C' > 0 such that |th’0 —a| < C forany t <T" ATy. At the same
time, by the definition of p*?,

Wa (%5 6,) < Ix Wy (Mx:; 6,) + " w l/ta ds: o
2/’Lt7a_TX+t 2 y Ya TX+t 2 to X;(’O y Ya .

Therefore, for any ¢ < T' A T3,

~

T,
¢ +T)

W (% 60) < (L+e)p+

Note that without loss of generality, we can increase T if necessary such
that C < 0.5ep for any p > 0. Thus, for any t < T A Ty

Tspt+T
Wy (1% 04) < (14 1.5¢)p.

That includes the time ¢ = 7" A T}. At the same time, by the definition of
T', Wy (15": 0,) > (14 1.5¢)p that means that 7/ ATy = T3.
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Now we can conclude that equation (3.24) holds for any t < TlA . Thus,
we can choose p > 0 small enough such that n, < A, /2 for any t < T7. That
proves the uniform (in initial point Px € G) convergence inside Ba,(a).

Convergence inside B(1_g),(a). By Assumption A-2.4, in the set Ba,(a)
attraction forces towards the point a prevail over the interaction forces.
First of all, we decrease p to be small enough such that (1+2¢)p < A, where
A, is defined in A-2.4. As was shown before, Wg(,u;;o;(Sa) < (1+15¢)p
and thus u;;o € Ba,(4). We can show that moreover U;;OH € B142:),(da)
long enough such that in X*° converges inside B(_g),(a).

Let 7" := inf{t > 0 : Wg(u;ﬁt;&) > (1+2¢)p, or \XT’fl’OH —a|l > A}
and consider & := |XT)5£-t — al®. By Assumption A-2.4, for any ¢t < T”, its
derivative is bounded by:

& < —2K¢&,.

That guarantees exponentially fast convergence towards 0:

ft S A:v672Kt-

Thus, all we need to prove is that T} := inf{t > 0 : A, exp{—2Kt} <
(1 =4)p} is less or equal then T". We can prove that fact by contradiction.
For any ¢t < T" A'Ty:

t 1
Wa(ii5, 3 60) < Wa(hifs60) + ———Wa ( — | Gyxo ds;§
050580 < s+ e (7 oo dia)

T

TE+Ti+ 1y

A,

For any p > 0 we can choose, without loss of generality, T/ to be big
T . " 2
enough such that TR A, < 0.5ep. That gives, for any ¢t < T" A'Ty:
x,0 |
Wolpg i 0a) < (14 2¢)p.

Thus, as before, Ty < T" or else we get a contradiction between the defini-
tion of T and the inequality above along with the fact that § decreases for
any t <T" N'Ts.
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Return of the occupation measure back inside B 4.),(0q). The last time
period can be found easily. Note that since X*" belongs to B(1_g),(a) at

time 71 + TQ, as well as *° belongs to B(142:),(04), then by Assumption
A-2.4, th,o will not leave B_y),(a) for any t > T} + T5. Using this fact
and estimations that we had on ;*° for time intervals [0;7}] and [T1; T3],

we can provide the following bound for W, (M;;()Jrfg+t; 0q):

Tx Tl
— (I+e)p+ —
Tx+Ti+To+1 Tx+Ti+ T+t

(14 1.5¢)p

+ L
Tx+Ty + Ty +t
Txe + 1.5T15 + 2T25 —tu
Tx+ Ty + Ty +t
(Tx+T+To+t)+ T —t (1+2)
Tx+ 1)+ T+t
Ty + 05T —t (1+2)
T + T+ Ty +t

(14 2e)p+ (1—9)p

Tx+ Ty + T+t

<p+ ep

<(l+¢e)p+

ep.

We just need to choose T; big enough such that <T2 +0.5T, — Ty (1 + g) > <
0.

We complete the prove by choosing TY = Ty + Ty + T5.

Proof of Lemma 3.13: Attraction of stochastic process towards «a

According to Lemma 3.12, there exists an upper bound for time of conver-
gence of deterministic process X* inside B(1_g), for some 0 < ¢ < 1 and
for any Tx > TH, Mx € B(14.),(0,), and Px € G. Denote this time as 77 .

Let us define
v = {y € C([O,Tf];Rd),w(O) = 9,9 (s) € CI(G \ B,(a)) Vs < T{}.

The following inclusion of the events holds: {7¥ > Tf} C {X*° € ¥Px}
(the definition of 73° was presented on page 63). Let ¥ = J, ., V*. Note
that U is a closed set and the following enlargement of Cy: C] = {x €
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X:T/ <Tx < o0o,Px € G, and,Mx € B(14e),(da)} is a compact set by
Lemma 3.9. By Lemma 3.6 and the inclusion of the events, we get
o2
lim sup — log sup Py (79 > 17)
o—0 2 xeCq
2

g
<1 1 P (X% € U) < — inf inf I%(6).
< limsup - log 53(2 ( ) < Jnf, inf 70(9)

What is left to prove is that

inf inf I 0. 3.25
Juf, inf Iro () > (3.25)

We can not apply Corollary 3.8 directly since W is not necessarily compact.
Let U¥ := {¢p € ¥ : I;lp(w) < 1}. Of course, if all U¥ are empty, then
expression in (3.25) is indeed strictly greater than 0. If it is not the case,
then the sets {U}}xec; satisfy conditions of Lemma 3.10, and, therefore,
union ¥, := Uxec; U¥ is precompact, and Wy = W, is a compact set. Thus,
by Corollary 3.8, there exists some x* € C, ¢* € U, such that
inf inf 15,(0) = I3 (0).
By Lemma 3.12, for any x € C}, the corresponding deterministic trajectories
converge inside B(1_y),(a) in time T} for some ¥. Thus, for any ¢ € W: |[¢)—
X*9| > 9 for any x € C;. The same bound obviously holds for ¥, since
it is a closure of some subset of ¥. Since the deterministic trajectories are
the unique functions in C([0, Tf]; R?) for which L7 (X*9) =0, we conclude
that
inf inf 15:(0) > 5 (67) > 0.

And this concludes the proof of the lemma.

Proof of Lemma 3.14: Behaviour in the annulus betweenB,(a)
and 0G

The idea of the proof is to show that, since T¥ represents the time in which
the noiseless process converges inside B,(a), after each time interval of
length 77 it should be more and more unlikely that diffusion X did not
follow the deterministic path even once.
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We introduce the following set of functions whose path stay inside the
annulus CI(G \ B,(a)):

U, = {3y € O([0,t];R?) : b, € CI(G \ B,(a))

1 S
and g/ Oy, du € Bryo),(0a) Vs € [0, ]}
0

Obviously, the following inclusion of events takes place {7 > t,v > 7J} C
{X*? € ¥, }. By Lemma 3.6 for any ¢ < oc:

2

hn%)?log sup Py (X7 € U;) < — inf L(v),

x€Cy eV,

where I;(¢)) := infyee, IX(10). That means that it is enough to show that
limy_,o infyew, I;(1)) = co. Let us assume that it is not true and there exists
M < oo such that for any n there exists some function ¢™ € W, 7» such that
Lorr (¥") < M, where T? is defined by Lemma 3.13. Then, we can separate
the path of ¢ into n parts and establish the following lower bound:

M > Lyge (") > lek (k) > nmin I k(w’f) (3.26)

where x}! € X are such that:
Tx} = Txg + KTY,
Pxj =yt (kTY),

Tx, 1 kTY
Mx? — — 20 g - S ds -
Xk Txq + /CTlp Xot Txo + lep /; Ve 08

and ™% € C([0, Tf]; RY) are the corresponding peaces of " of length T7,
ie., vk(s) = Y (KT{ + s) for s € [0, T7].

For equation (3.26) to hold for any n it is required that there is a se-
quence of functions {1)™*}>° | such that I;’Z” (¢™Fn) — 0. Thus, after some
1
ng all of these functions belong to the set

=] ox

x€Cy
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where ®* := {f € C([0,7]) : I*(f) < 1}. It also means that we have
infgeq I7v (¢) = 0. We use the same logic as in the proof of Lemma 3.13 and
Lemma 3.19. If all the sets {®y }xec are empty, then we get the contradiction
with the fact that infimum of rate functions over this set should be equal
to 0. In the other case, we can apply Lemma 3.10 to conclude that & is
precompact set, which makes ®, := ® to be a compact set. By Corollary
3.8, there exist z* € C; and ¢* € ®; such that
ol nf I70(0) = 17 (97).

By Lemma 3.11, all deterministic processes X*° converge inside B(j_y),(a)
for some ¥ > 0 in time 7. Thus, for any ¢ € W (and as a consequence in
®): ||¢ — XV > 9. That means that I;ilp (¢*) is strictly positive, which
contradicts existence of M < oo in (3.26) and, thus, proves the lemma.

Proof of Lemma 3.15: Stabilization of the occupation measure

The proof of this result requires an additional Lemma 3.19. This lemma
claims that for any choice of constant 7, > 0 we can make o small enough
such that with high probability the stochastic process X*? spends inside
small neighbourhood of the point of attraction a at least time T5.

We remind that 65 := inf{t : X7 € S14.),(a)} is the time that the
process starting in some point inside B,(a) spends inside the ball B(i¢),(a).
Let C3 := {x € X : T < Tx < oo;Mx € B(14.),(0,); Px € B,(a)}. The
following lemma holds.

Lemma 3.19. For any p,e > 0 small enough and for any constant 15 > 0
the following limit holds

lim sup Px(6p < T3) = 0. (3.27)

o—0 x€Cs

Proof. The proof of the following lemma follow the same logic as the one
of Lemma 3.13.

By Lemma 3.12, the deterministic process X*? starting with any initial
conditions x € X: T < Tx < oo, Px € B,(a), and Mx € B(11.),(da) stays
inside B,(a) for any ¢ > 0.
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Fix Ty and define WY := {4y € C([0,To];R?) : (0) = y, [¢(s) — a| >
(1+¢)p, for some s < Ty}. Obviously, the following inclusion holds: {6% >
Ty} C {X*° € UP*}. Let ¥ := CU,ep, () ¥¥)- Note that, by Lemma 3.9,
the set C3 is compact. Then, by Lemma 3.6, we get

2

g
li —1 P (6 > T) < — inf inf IZ ().
im sup - log sup (00 > T3) < — inf inf I7,(¢)

We have to show now that

inf inf I3 (¢) > 0.

xECs3 peV

In order to apply Corollary 3.8, consider WY := {1 € ¥ : IF (¢) < 1}.
If all the sets are empty then the inequality above is trivially satisfied. If
not, the family of sets {U¥ }xec, satisfies conditions of Lemma 3.10. Thus,
the union (J,., VY is precompact and Wy := ¥, is a compact set. Thus,
by Corollary 3.8, there exist some x* € C3 and ¢* € W, such that

inf inf I3 (¢) = I}, (¢").

xeCsz pev

As was pointed out before, X*° starting with initial conditions x € Cs
stays inside B,(a) for any 0 < ¢t < T5. By definition of ¥, any function
X*0 has positive distance of at least ep to . Same holds for ¥,. Since
X0 are unique minimizers of IF, for corresponding initial conditions x and

I3, (X*0) =0,
IF, (¢7) > 0.

This completes the proof. n
Now we are ready to prove Lemma 3.15 itself.

Proof of Lemma 3.15. Dynamics of j1f. We separate the path of uf into
two parts: when it belongs to the ball of radius p and when big excursions
occur. Let x € 4 == {x € X : T < Tx < 00,Mx € B,(d,), and Px €
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B,(a)}. Let p1p = Mx and ¢, = Tx. Consider the following equations for
t € [0m; Tm11] (the definitions of 6, and 7, were presented on page 63).

t t 1 [
WQ(M?; 5a) < 0 WQ(,MO; 5(1) + WQ <¥/ 6Xs ds ; 5a)
0

= o+t to+t
= Wl 6o
et (e
+;9tk:0;71;k (Okim/ 5X3ds5>

t—40 1
"Wy | ——— Ox,ds;dq | .
Tt 2<t—9m/9m X0 )
That gives us:

Wa(u036,) < —2 p+ %Tk“_g’%t_e’” R
2/’Lt7a _t+tp " t0+t t0+t
mek_Tlc
1
(%57 aver

k=1

where R := sup,.y¢ |2 — a| is the maximal distance between the point

a and the frontier of G. Let us define Tou(m) := >, (Th1 — 6x) that is

the total amount of time spent significantly outside of the ball B,(a) after

m full exits, as well as Tp(m) := > 1, (0 — 7). Taking into account this
notation, for t € [0,,; Tini1] We express

7:)ut (m) t— 7:)ut(m B 1)

to
Wa(u?;d,) < R
2 (7 )_t0+tp+ o + Fa——

< out( )R< %Ut(m)R.
SPT ert CEPT Tm)

Here we emphasize that pf, 7, 0, and, as a consequence, Tou(m) de-
pend also on elementary event w. Now, in order to prove that v > 7& A
e:x;p{Q(Ii;r 1)} with high probability, it suffices to show that 7o, (m) consti-

tutes such a small part of ¢ that it will not be able to move the occupation
measure pf significantly away from d,.

(L+¢)p

(3.28)
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Control of Tin. By Lemma 3.14 if we choose o small enough, there exists
T{ > 0 big enough such that

8(H +1
sup P(ro > TY,v > 79) <exp{—(—+)}. (3.29)

2
x€Cy ag

Define T > 0 as a number that is big enough such that:

p

T
T_QPR < ep. (3.30)

We recall that Lemma 3.19 establishes the following asymptotic be-
haviour for small o:
sup Py (6y < TY) = 0,, (3.31)

x€Co

where o, is an infinitesimal w.r.t. o. Thus, we can get the following lower
bound for time spent inside the ball B(14.),(a). For any x € Cy,

m
PX(,ﬁn(m) < ETQPa'Y > 7'erl)

<P({i < mi b7 < TE0)} > 2,7 2 )

< Z Z ]P)X (ﬂ{elg — T < T2p(0)}’7 > Tm-i-l) 5

(3.32)

where the summation is taken with respect to all tuples of the form
(41, ...,i) for i < .-+ < dx. Note that we can roughly estimate the
number of such tuples to be less than 2™. We also emphasize that each
respective probability can be expressed as

k
Px (ﬂ{eh —Ti; < T2p}>7 > Tm-‘rl)

= HPX (Qi‘j — Ti; < 15,7 > Tm-l—l‘ ﬂ{ez‘m —Ti. < T2p}>

2<j

k
< (sup IP’X(QO < T{')) )
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By equation (3.31) we conclude the following bound for probability
(3.32). For any m € N and x € Cy,

m k

Bu(Talm) < 5T 2 ) < 3 2% (supPu(ta < 77))
xel2

[my, [m [m ] (3:33)

2 2 2

Szmag (0‘7 1)

0, — 1 ~1—o0,

Control of the number of excursion. Inequality (3.33) also provides us
with the following upper bound for 7,,. Let m* := [3] exp{w} and

Ty o2
consider
2(H +1 2(H +1
P, <7‘m* < exp{(—j)}) < Py (ﬁn(m*) < exp{(—:—)})
o o
- (3.34)
OUT]
< .
—1—o0,

Note that m* tends to infinity with ¢ — 0. It means that the probability in
(3.34) tends to zero, which provides us with an asymptotic upper bound for
Tm knowing that m is large enough. Inequality (3.34) in particular means
that the probability that there were more than m* (that grows exponentially

fast with o) excursions before time exp{%} is very small.

Control of Tou. For time spent significantly outside of B,(a) — Tou(m)
— we provide the following simple bound. For any x € Cy,

Px(%ut(m) >mif vy > Tm)
<P ({3 <m:7—0,>T},7y>7n)

Sur ),

o2

(3.35)

< m sup IP’X(TO > T{’) < mexp{—
x€eCy

where we obtain the last inequality by (3.29).

Control of 7. Note that, by definition of v, Wa(p11;60,) > (1 4+ €)p as.
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Consider the following inequalities. For any x € Cy,

Py (’y <78 A exp{@})

2(H +1
=P, <W2(uw;5a) = (I+e)p,y <TG A exp{—( 52 >})

si (Wgﬂm) (1+5)p,fm§7§exp{@})
sz (Wg,u’w) (1—|—8)p,7’m§fy§exp{%})

+ i P, (ngexp{@}> = A+ B.

Let us first deal with the term B. By (3.34), we have
fm 1
B < > 0.
Z 00—1 ~ (0, —1) o—0 0

m=m*

Consider now A. Separate each probability inside the sum the following
way

PX(WQUWH%)Z(l+€ﬂ%ﬂn§7@§@m{ggégll})

Z c(Walitr:80) = (1+ 2)p, Touelk) < KT,

k
Tulk) > 5T4,7 € i men])
m* m* ]{Z
+ ; Py (Touw (k) > kTP, y > 7,) + ; Pu(Tia(k) < T4, 7 > 7).

Note that all the probabilities of the following form Py (Wy(pty;6,) >
(L+€)p, Tous(k) < KT{, Ton(k) > 515,y € [0k; Ts1]) are equal to 0 by (3.28)
and . For the latter two sums we can use (3.33) and (3.35). Finally, we can
conclude that the twice summation of infinitesimals above gives us

A

A§0—0+(1—|—m*)3exp{— -
(o2

(1—o0,)3
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2(H+1)
0.2

We remind that, by definition, m* = [%} exp{ } It means that
2
A is also bounded by some function that tends to 0. Combining the bounds

above for A and B as well as Lemma 3.11 (decrease o if necessary such that

exp{%} > TH), we finally get
2(H +1
Py, (7 £ 78) <Py, (74 < Tsi) + sup Py (7 <78 A exp{—( ;_ )})
x€Cy g
— 0.
o—0

Proof of Lemma 3.16: Exit before nearing a

First, we show that it is possible to establish a lower bound for

1
) 0 D PO
BEY )= 5 e Ryre)
where x € Gy and C; = {x € X : T, < Tx < 00; Mx € B(114),(d,); Px € G},
and infimum is taken over functions ¢ € C([0,t]; R?) such that ¢; = z and
0= 1[5 04, dz € B(14),(ds) for any s < t. Moreover, we show that this

lower bound approaches H with p — 0. Indeed, for any f € C([0,T]; R?),
such that uf € B(14e),(0a) for any t < T, and fy € G, fr € 0G:

1 [T . 2
3| VeV + Y ea ) at

IR
=5 [ Vi VG + VE ()P
10 4
1 | VPRl =V <

T
+ %/0 (fe + VYV () + VF % 6a(f1); VF % i (fr) = VF x84 (f2)) dt

1 [T . s )
< 1/ o V() + VE # l (f) dt
0

.
+ %T(l +20)2p°

1 T
—0—5\//0 ‘ft—i_vv(ft)+VF*“f(ft)|2dt'LipVF(1_|_g)p_
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We can first take the infimum of both sides of the inequality above over
all f such that /L{ € B(14e),(00) and fo € G, fr € OG, then over all T' > 0.
Note that H will be less than the infimum in the left-hand side. Thus, we
conclude that

“ it op . —
H < inf Q%(a,z) + Lipyp(l +¢)p, / inf Q¢(a, 2)

“ o . ) . .
< Q(a,y) + inf @ (y,2) + Lipyp(1 +€)p, / inf, Qr(a, 2),

or, equivalently,

inf Q°(y,2) 2 H —Cl(p), (3.36)

where C'(p) > 0 is some function of p, that tends to 0, whenever p — 0.

By Lemma 3.14, there exists time 7" > 0 big enough such that,

2
lim sup %logsupr(To >Tv>1)<—H,

o—0

where supremum is taken over Px € Sq4.),(a). Consider the following set:

d:={pcC(0,T);RY) : 3t €[0,7T]: ¢, € OG,
and :u? S IBS(H—a)p(éa) Vs € [07 T]}

By the definition of Q”(x, z) and proved above facts,

inf inf I3(¢) > inf P(y,2) > H — C(p).
T <Tx<oco ¢E€® 7(9) = yeS(Hg)p(a)Q (y,2) > (p)
PXES(1+E)p(a) 2€0G
MXEIB<1+5)p(6a)

By Lemma 3.6,

2
o
lim sup — log sup sup P, (X7 € ®)
o—0 2 TH<Tx<oco ¢€P
PXGS(1+5)p(a)
MXGE(1+5)p(5a)

< — inf inf I%(¢) < —H 4+ C(p).
s- it o 7(¢) < —H + C(p)
Px€S(14e)p(a)
MXE]B(1+5)p(5a)
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And, since Py (19 = 78,70 < 7) < Py(10 < T, 70 < 7) +Px(X7 € ®), we get:

2
o
lim sup — log sup sup Py (19 = 78,70 < v) < —H + C(p),
o—0 2 Th<Tx<oco ¢€®
Px€S(14e)p(a)
MXEIB(1+E)p((§a)

which proves the lemma by taking p — 0.
Proof of Lemma 3.17: Control of dynamics for small time
intervals

Let us investigate the dynamics of | X7 — Px|. We plug in the expression
describing X7 from (3.5), use Lipschitzness of VV and VF (Assumption
A-1.2) as well as VV (a) =0, VF(0) = 0 (Assumption A-2.3), and express
for any t:

t
X7 — Px| < 0| W] + Lipw/ X7 — Px| ds + Lipoy [Px — alt
0

b
—|—/0 ijSLipVFOX;’—PX\+/|z—Px]Mx(dz)) ds

t 1 ) S Y Y
+/0 lepVF/O (|XS — Px|+ | X7 — Px|> duds

Use the Jensen’s inequality, integrate the second part of the last integral
over s, and get:

t
| X7 — Px|[ < o[W| + Lipw/ | X, — Px|ds + Lipyy |Px — aft
0
t
+ Lipvp/ | X7 — Px|ds + LipVFt(Wg(Mx; da) + |Px — a|>
0

) by ! Tx+1 -
+L1pvp(/0 | XS —Px|ds—|—/0 log(TX+8)]Xs —Px\ds)

Finally, introducing R := sup,cyq |2 — a| and using the fact that x is as-
sumed, in the lemma, to belong to C4, we get the bound:

| X7 — Px| < o|Wi| + ((Lipvv + Lipyp) R + Lipyp(1 + 5)P>t

Tx+1¢ !
+ (Lipvv + 2Lipyr + log( >;+ )) / | X7 — Px|ds.
0

X
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We apply Gronwall’s inequality and get:
X7 —Px| < <U|Wt| + <(Lipvv + Lipyp)R + LiPVFP)t>

Tx+t. [(Tx+t (3.37)
1i 2L T | —tp.
X exp{( ipyy + 2Lipyp)t + Tx T og( T ) t}

Thus, it follows that, for the absolute value of the Brownian motion itself,
U‘Wt’ 2 —Clt + Cg(t)‘Xf — PX’,

where, for simplicity of further derivations, we introduced a positive con-
stant C := (Lipyy + Lipyr)R + Lipypp and a function Cy(t) that is one
over the exponent that appears in the equation (3.37). For our purposes,
it is not the form of O itself that is important, but rather its following
properties: Cy(t) > 0 for any ¢t > 0 and Cy(t) v 1.

The infimum of Cy over any time interval [0, T, for T' < 1, is either equal
to Co(T), if Lipgy + 2Lipyp > 1, or can be bounded by Cy(T") exp{Lipyy +

2Lipy
— 1} otherwise. This observation can be expressed in the following form:

) i[%f;[] Cs(t) > min{Cy(T'); Co(T') exp{Lipyy + 2Lipyr — 1}}.
€10,

Moreover, it is easy to check that limp o C3(T)/T = oco.

Taking into account these remarks, we can now use the Schilder theorem
[DZ10, Lemma 5.2.1] that provides the LDP for the path of the Brownian
motion. Hence, for some fixed e and 0 < T < 1:

Po( sup | X7 — Px| > €) < Py(o sup [Wi| > —Cit + Ca(t)e)
te[0,T] t€[0,T]

< 4dexp{—

<—Clt + infte[o’T] Cg(t)E)Q ) 3
4dT o2 |’

where d is the dimension of the space.

Note that for any € > 0 the following limit holds:

( - ClT + inft€[07T] CQ (t)G)Q

T T—0
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Thus, for any given in advance ¢ and €, we can choose T' = T (e, ) to be small
enough, such that the rate —(—Cl (€, ¢) +inficpo, (e, Ca(t) ) /(4dT €, ¢ )
will be less or equal to —c¢, which completes the proof.

Proof of Lemma 3.18: Uniform lower bound for probability of
exit from G

In order to prove the lemma, we need to find for some § > 0 small enough,
for some Ty > 0 and for any x € Cy a function ¢* € C([0, Tp]; RY) such that
¥*(0) = Px, inf.eq [¢*(s) — 2| > § for some s < Ty and I3 (v*) < H + 1.
Moreover, this function should posses an empirical measure that is close
to 0, at any point of time, i.e. W, (% f(f Oypx ds;éa) < p. Given such a
function, by a simple inclusion of events, we can get the following bound
for probability of leaving domain G before time 7j:

Pu(rg < To,y > 78) = Po(X™7 € 0),

where U := [, .o, U* and U* := {¢ € C([0;To};R?) : [[¢ — ¢*||loc < 6}
Of course, we should take ¢ small enough such that any ¢ € ¥ has an
occupation measure that satisfies Wy (% fg 0g, ds; 5a). Note that ¥ is an

open subset of C([0, Ty]; R?), as a union of open sets. Therefore, we can use
Theorem 3.3 and get

2
limsup%logIP’x(Tg < To,y>718) > —¢i)1€1£ I (¢) > —IF (¥*) > —(H +n).

o—0

The same lower bound obviously holds for infimum infyxee, Px(7g <
To,y > 7&), which is what the lemma claims. Thus, we only need to find a
1* with the properties given above.

Construction of ¥*. The function ¢* will be represented as a consec-
utive gluing of four functions (see Figure 3.5): ¢¥ € C([0;1];RY), ¢, €
C([0; T,); RY), oy € C([0;T1];RY), and v, € C([0;1];R?), for some T,, T}
that will be defined below and will determine Ty as Ty := T, + T} + 2.
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e

(2

Lout

Figure 3.5: Construction of ¢*

1. The first function ¢ will bring us from point Px to point a in at
most time 1 with small rate function. Define

N Px + “=2Xs, for 0 < s < |a — Px|,
Up(s) = =P

a, for |a — Px| <s < 1.

We can establish the following bound for its rate function. Let x5 =

(00, 04, Px) and uffg = Tzj‘rSMX + ﬁ fos dyx(s) ds. We want to separate

the interaction . Then:

2

1 /! .
) <2005 + 5 [ TP+ W) - VP — ) ds.

Note that, since ¥ never leaves B,(a) and since Mx € B14.,(d,), then

WQ(M?‘))(; da) < (1 +¢)p for any 0 < s < 1. We use Lipschitz continuity of
VF (Assumption A-1.2) and get

X ()X X x Llp2 « x
Il (wO) §2[10(w0>+ 2VF OIEL?%)(IW%(M(ZJO,M;/JO)
X0/ 1% Lip2
< 2[10@00) + %(1 _|_€)2p2'
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As for To(6),

la—Px]|
AT — /
0

la—Px|
<20-Px+2Lipy [ 05GPS
0

< 2p + 4Lipyy (laf* + p*)p.

2

—-P
e x ds

+ VV(¢5(s))

la — Px|
(3.38)

Therefore, we can choose p > 0 small enough such that

IF(vy) <

o3

2. The second function 1), is defined to be constant and equal to a for
some time T;, which will be increased later if necessary:

UV, = a.

We need this segment in order to put enough “mass” in §, and balance
the later path. Of course, its occupation measure never exceeds (1 + ¢)p.
Moreover, if we denote a = (00, d,,a), x, := (Tx + 1,uqf0,a), and pf =
%Mfo + ﬁ fos 0y (s) ds, we can, as before, establish the following

bound for the rate function:

LiPZVF

20, Ya.
omax W (43 0a)

172 (Ya) < 217, (¥a) +

.2

<2< ]
2 5

for p small enough. Note that this bound is independent of the choice of

T,.

3. In order to construct the third function 1, we first remind that
H =inf,coc{V(2)+ F(z—a)—V(a)} is the height of the effective potential
V + F(- — a) within domain G. By the classical result, H can be also
expressed as an infimum

inf inf I7(¢) = H,

t>0 pe DY
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where a := (00,d,,a) and ®¢ := {¢ € C([0,t];R?) : ¢(0) = a,é(t) € IG}.
Hence, there exists Ty > 0 and ¥, € ®F, (which among other things implies
1(T) € 0G) such that I3 (¢1) < H 4 1/10. Define

1 Tx+1 s T,
Hs™ = M + 611
Tx+14+1T,+s Tx+1+1,+s

+ > 1/85 d
- = 5 ds.
Tx+1+T,+s sJ, 0

So, if we define R = sup, |z — a|, we can express:

—(1+e)pT,+ 1R
Tx+1+T,+s

Wa(ut;6,) < (1+e)p+

And we can increase without loss of generality T, to be big enough such
that —(1 4 ¢)pT, + T1 R < 0, which guarantees that

Wy(ul";0a) < (14€)p
for any s < Tj.

We can also achieve the following upper bound for the rate function of
11 with initial condition x; = (Tx + 1 + T, Mf", a). For any c € (0,1),

I3 (1) < (1 + )17, (¥1)

**ﬂAIWF*%%%@»—Vmeﬂ—@fm

4c
Li Ti(1+c¢
S (1—1—0)[%1(1/11)—!— Pvr 1( )

_|_

W3 (1t 04)

4c
a LipgpTi(1+c a
< (1+ QI () + —F 210( L1+ 22 — (L4 I3 ().

Since the limit above holds for any ¢ € (0,1), we can, without loss of
generality, make p small enough such that I7'(¢1) < I% (¢1) +7/10. That
leads to

IR () < H+ 1,

for any x € Cy (we remind that x; depends on x).
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4. For the last part, we choose a point ., ¢ G such that the line
segment starting from point 11 (7}) and finishing at x4y is included in R4\ G
(this point exists since OG is smooth by Assumption A-2.1). Define

(0 (T1) — Zout s
11 (Th) = Tow|
for 0 < s < § := |1(T1) — Touw|- After that, let this function follow a

path that does not contribute to the rate function for the rest of the time
0 < s < 1. Precisely, if we define the cumulative empirical measure of 1), as

oo IXFLEL AT 1 /85 ds
oo TX+1+Ta‘|‘T1+S'uT1 Tx+1+T,+Ti+5 Jg pale) T

Po(s) =1 (1) +

we can also construct a deterministic process X*3Y given by (3.6) with initial
conditions x3 := (7%, 3, x3), where T3 = Px + 1+ T, + 11 + 6, pg = ,ug”
and x3 = Zow. Lemma 3.12 provides the upper bound for the occupation
measure of X80 Wy(uXs9;4,) < (1 + ¢)p, for some € > 0 that is defined
in the lemma. Hence, similarly to previous computations, we can control
the cumulative empirical measure pf?. We can increase 7, if necessary such
that
Wi (p152;00) < (1+¢)p

for any s < T}

Define x5 := (Px + 1+ T, + Tl,p%l, Y1(T1)). We remind that 1, was
constructed in a way that the second part of it does not contribute to the
rate function I7?(1y). For the first part the computations are similar to
those of (3.38). As a result, without loss of generality, we can choose 6 > 0
to be small enough (x4 closer to 0G) and get:

I () < 2.
5
5. Finally, by letting

;

PF(s), for 0 < s <1,

W(s—1), for 1 <s<14+T,,
Vals = 1), for L<s <1+ (3.39)

(s—1-T,), for 1+T,<s<1+4+T,+1T,

\Q/JQ S—l—Ta—T1>, fOfl+Ta+T1<8§Ta+T1+2;
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we cam observe that I, (1) = IF(6F) + 152 () + L (1) + L2 (4) < H +
43’7 < H +n and sup,¢(y 7, inf.eq [¢*(s) — 2| > §. Moreover, by construction

of all the function, we have ensured that f[f dyx(s) ds € Biye),p(0,) for any
t < Ty, which is what is needed.

3.3 Generalization

In this section we present the possible generalisation of Assumptions A-1
and A-2 as well as the exit-time result for this more general process. In
this chapter we did not talk in details about the problem of existence and
uniqueness of the self-interacting diffusion. While in the Lipschitz case
(Assumption A-1) these questions are standard, locally Lipschitzness of the
potentials add some complication. In [AdMKT23], the authors provide a
proof for existence and uniqueness of self-interacting diffusion under the
following assumptions that we take as a baseline:

Assumptions A-1'.

1. (regularity) Potentials V and F belong to the space C?(R%; R).

2. (growth) There exist a constant Cy, and an order n > 0 such that for
any r,y € R |VV(z) = VV(y)| < Cylr —y|(1+|z[*" + |y|*") as well
as |VF(z) = VE(y)| < Cglz — y|(1+ [z + |y[*").

= 400 and

3. (confinement at infinity) lim V(z) = 400, lim ‘V“//(m)‘Q

there exists a > 0 such that AV (z) < aV(x) and AF(x) < aF(z).

It is worth noting that Assumption A-1'.2 is a combination of locally
Lipschitz and polynomial growth conditions. Assumption A-1’.3 has been
introduced in Chapter 2 (this chapter is based on [AdMKT23]) to control
the Lyapunov functional of the diffusion process and thus to ensure that
there is no explosion within a finite time. It is important to mention that,
if required, this assumption can be replaced by another one that ensures
the process’s global existence and uniqueness without any impact on the
exit-time result.
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We can also relax Assumptions A-2. Indeed, the domain GG does not nec-
essarily have to be bounded, but it is necessary to add another assumption
on the level sets instead. Consider:

Assumptions A-2’.

1. (domain G) G C R? is an open connected set such that G = 9G.
The boundary 0G is a smooth (d — 1)-dimensional hypersurface.

2. (bounded sublevel set) Let Ly := {x € V(x)+ F(x —a) < H} be the
sublevel set of height H := inf,coc{V (z) + F(x —a) — V(a)}. Then
Ly, NG is a bounded connected set.

3. (point of attraction a) There exists a € G such that {X7*},50 € G
and X0 — a.

t—o00

4. (stability of G under the effective potential) Let ¢ be - defined as ¢} =
x — fot VV(gs)ds — fot VF(¢s —a)ds. For any z € G, {¢f}=0 C G
and ¢f —— Moreover, VV (a) = VF(0) = 0.

— 00

5. (strong attraction around a) There exist A,, A, > 0 small enough
and a constant K > 0, such that for any p € Ba,(d.) and for any
x € Ba,(a), (VV(x) 4+ VF % p(z);x — a) > K|z — al*.

Under these assumptions we can obtain Kramers’ type law and the exit-
location result. Consider

Corollary 3.20. Let Assumptions A-1'" and A-2 be fulfilled. Let the process
X be the unique strong solution of the system (3.1) with initial condition
xo € G. Let & = inf{t : X7 ¢ G} denote the first time when X exits the
domain G. Let H := inf,coc{V (z)+ F(x —a) — V(a)} be the height of the
effective potential. Then, the following two results hold:

1. Kramers’ law: for any 6 > 0

2(H—5) 2(H+6))

lim P, (e R P (3.40)
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2. Ezit-location: for any closed set N C OG such that inf,en{V (2) +
F(z—a)—V(a)} > H the following limit holds:

lim B, (X7, € N) = 0. (3.41)

We do not prove this corollary rigorously but rather give an idea of the
proof. The main insight comes from the proof of the exit-location result—
Section 3.2. Namely, after the stabilization around ¢,, the exit from the
domain G happens around the level set that touches its boundary Ly (see
page 66). Despite G is not bounded, we assumed Ly N G to be bounded.
That means that we can introduce a diffusion

dYy? = —VV(Y7)dt — L [[VE(Y? - Y?)dsdt + o dW;,

Yy =uzp€Ras.

driven by the same Brownian motion as (3.1), where V and F are modifica-
tions of V and F respectively defined in the following way. Let Byoq C R?
be a big enough closed ball that contains the sets {X?};>0 and Ly;. First,
we let V(z) = V() and F(x) = F(x) for any o € Buoeq, Then, we extend
V and F on other points of R? such that in the end the potentials V and
F are Lipschitz continuous and belong to C?(R%;R).

It means that V, F and Bpoq NG satisfy Assumptions A-1 and A-2 and
we can establish the Kramers’ law for 77 := inf{t > 0 : Y} ¢ Buoa N G}
and exit-location result for Y?. Note also that for any ¢t > 0 we have:

o _ o
Xipzo = Y70 a.8.

The last observation that one needs to do in order to prove the corollary
is the following. By the exit-location result, the probability that Y7 exits
domain By,,q NG around OGN Ly tends to one as o tends to zero. It means
that the probability that 7& = 77 should also tend to one as o tends to zero,
since leaving domain By,,q N G on the boundary 0G also means leaving G
itself.



Chapter 4

Exit-problem for
self-stabilizing diffusion:
General case

Let us consider a measure-dependent stochastic process (X7, t > 0) (also
called McKean-Vlasov diffusion [McK66, McK67]), solution to the following
stochastic differential equation (SDE):

dX7 = odiW, = VV(X7) dt = VF % pf (X7)dt, X = oy € RY. (4.1)

Here uf = L(X7), (W;, t > 0) stands for a d-dimensional Brownian motion,
V represents the environment which is assumed to be a multi-well function
(also called confinement potential in this work) and F is the interaction
potential corresponding to the form and strength of interaction of the pro-
cess with its law. This specific form of the McKean-Vlasov diffusion is also
known in the literature under the name of self-stabilizing diffusion or SSD
(see [HIPOS]).

The aim of this study is to describe how long the stochastic process
stays in a domain D, which is a neighborhood of a local minimum of V/,
before its first exit from this neighborhood. Therefore, the main object of
interest in this chapter is the following stopping time:

5 :=inf{t > 0: X7 ¢ D}. (4.2)

The precise assumptions under consideration are given later on.

93
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Organization of the chapter

The current section is followed by presenting and discussing assumptions
on potentials V' and F' and domain D, exit-time from which is considered.
An existing result on existence and uniqueness of the process under almost
identical assumptions are provided on page 100 with a discussion on how
its proof can be adapted to our case.

Main results of this chapter are formulated in Section 4.1. Namely,
the large deviation principle for self-stabilizing diffusion with general initial
condition and Kramers’ type law for exit-time as well as exit-location result
for both cases of bounded and unbounded domain D. These theorems are
followed by a section comparing them to previously known results for exit-
time problem in the case of Self-stabilizing diffusion (page 104) and a section
discussing open questions and possible extensions of our findings (page 105).

Section 4.2 contains intermediate lemmas that are necessary for the
proof of the main theorems of the chapter. These lemmas are proved in
Section 4.4.

Section 4.3 contains the proof of the main theorems provided in Sec-
tion 4.1.

Assumptions
Here, we give the assumptions on the potentials and on the domain.

Assumptions A-1. Let us consider the following hypotheses concerning
the confinement potential:

(V —1) The confinement potential is a regular function V' € C?(R%; R).

(V' —2) V is uniformly convex at infinity. Namely, there exists #; > 0 and
R > 0 such that for all z € R? satisfying |z| > R we have

V2V (x) = 6,1d,
where Id is the identity matrix.
(V' —3) There exist r € Z, and a constant C' > 0 such that
IVV(2)| < C(1+ |z[*Y), forall zcR%
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(V —4) There exists a € R? such that VV(a) = 0 and V?V (a) = p;1d for
some p; > 0, where Id is the identity matrix.

(V' —5) The function VV is locally Lipschitz. More precisely, for any = €
R? and y € R?, we have:

[VV(2) = VV(y)| < Clo —y|(1+ |2~ + [y ), (4.3)

where 7 has been introduced in (V' — 3).

Assumption (V' — 1) is natural since we will use It calculus to obtain
some of our results. Thus, we require that V is of class C?. Assumption
(V —2) is taken to ensure that the confinement potential forces the diffu-
sion to stay in a compact set and thus that the process does not explode.
Assumptions (V' — 3) and (V' — 5) are required to comply with the theory
developed in [BRTV9S8] for ensuring the existence of the self-stabilizing dif-
fusion when the drift is superlinear. Assumption (V' — 4) means that there
is a local minimizer with a non-degenerate Hessian. We point out that V1V
is not assumed to be globally Lipschitz.

Assumption A-1 covers a wide range of possible multi-well potentials.
An analytical example of such a potential V' that satisfies Assumption A-1
in dimension d = 1 could be the classical double-well potential (see Fig. 4.1)

1‘4 1’2
5 .

V() = T

In dimension two, the following function

3 1 1
V(e m) =5 (1=af —23)" + 5 (e = 2)" + ¢ (01 4 22)* = 1)
1
+ 6 ((271 — 1'2)2 — 1)2

could be an example of a double-well potential satisfying these assumptions.
Fig. 4.2 shows its level sets.

We now give the assumptions on the interaction potential.
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Figure 4.1: Example of V' in dimen- Figure 4.2: Example of V' in dimen-
sion d = 1. sion d = 2.

Assumptions A-2. Let ; and r be the positive constants introduced in
(V —2) and (V — 3). Consider the following hypotheses concerning the
interaction:

(F — 1) The interaction potential is a regular function ' € C%*(R%; R).

(F'—2) F(0) = 0 and VF is rotationally invariant, that is there exists a
continuous function ¢ : [0;00) — R with ¢(0) = 0 such that

VF(z) = %wxn.

(F' — 3) There exists a constant C’ > 0 such that

IVF(z)| < C'(1+ |z, forall ze€R%.

(F — 4) The function VF is locally Lipschitz. More precisely, for any = €
R? and y € R?, we have:

VE(z) = VF(y)] < C'le —yl(1+ 2" + [y ). (4.4)
(F —5) There exists a constant 6, > 0 such that for any z € R? we have
V2F(z) = —f,1d,

where Id is the identity matix. Moreover, #; > 6s.
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Again, Assumption (F — 1) is natural since we will use It6 calculus. As-
sumption (F' —2) is taken to ensure existence and uniqueness of the process
following the work [HIP08], where a similar assumption was introduced.
We point out that the exact value of F'(0) does not have any effect on our
methods, however, taking it equal to 0 simplifies the writing. Note that we
do not use assumption (F —2) for proving the exit-time result. Assumption
(F' — 3) is required for using the method developed in [BRTV98, HIPO§]
about the existence of the self-stabilizing diffusion when the drift is super-
linear. We point out that VF' is not assumed to be globally Lipschitz.
Assumption (F' — 5) is taken in order to guarantee that the attractive be-
haviour at infinity of V' will not be overcome by F', which is essential for
existence and uniqueness results (we provide this result on page 100).

Assumption A-2 covers a wide range of possible interaction potentials
defining various behaviour with respect to the law of the process (attractive,
repulsive or the combination of two). A classical analytical example of the
interaction potential in general dimension d is

Fla) = £ |of,

with a > 0. In the case of F(z) = §|z|* (see Fig. 4.3 for its depiction
in d = 1), the interacting potential is globally convex and induces attract-
ing behaviour, whereas it is globally concave and thus repulsive with the

negative sign. Another possible example of a potential is
F(z) = Ceal? |

with § > 0 (for its graph in d = 1 see Fig. 4.4). In this case, the function
is neither convex nor concave, but, after a careful examination, we can see
that it still exhibits repulsive behaviour, though dissipating at infinity. Note
that here, despite assumption (F —2), F'(0) # 0. As was pointed out above,
the translations of F' do not influence the dynamic of (4.1).

In the following, we introduce the assumptions on the domain. First,
we define the effective (in the small-noise limit) potential.

Definition 4.1. Let a be the local minimizer of V' introduced in A-1. Then,
W, € C*(R%R) such that W, :=V + F x5, =V + F(- — a) is called the
effective potential.
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F(z) F(x)

Figure 4.3: Example of a convex F'. Figure 4.4: Example of a non-
convex F'.

The name “effective” comes from the fact that, as will be proved below,
before the exit-time from the stable domain D, for small o, the potential
V + F x p7, inducing the drift term of our process, is well approximated by
W,.

In order to ensure that, in the small-noise limit, our process behaves
well around the attractor a, we need to assume that a is also a stable local
minimizer of the effective potential. Consider the following assumption

Assumptions A-4. The matrix V*W,(a) = V?V(a) + V?F(0) is positive
definite.

Note that Assumption A-4, along with the continuity assumptions on
V2V and V2F (Assumptions A-1 and A-2), leads to the fact that we can
find an open neighborhood of the point a such that W, is convex inside it.
Consider:

Definition 4.2. Let p > 0 be a small enough positive number such that
W, is convex inside B,(a). Let Cy > 0 be a constant such that for any
x € By(a):

VW, (z) = V2V (z) + V*F(x — a) = Cyld,

where Id is the identity matrix.

Let us now introduce assumptions regarding the domain of interest D C
R?, exit-time from which will be considered in the future. First assumption
on domain D is the following:
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Assumptions A-5. D is a bounded connected open subset of R? containing
the point a.

Remark 4.3. Without loss of generality, we choose p > 0 from Defini-
tion 4.2 to be small enough such that we have the following strict inclusion
B,(a) C D.

The boundedness of the domain D will be relaxed later. However, the
fact that D is connected and open is mandatory and classical from [DZ10,
FWog.

The following assumptions on D are mandatory:

Assumptions A-6. The domain D contains the deterministic path (v, ¢t >
0) solution of the following dynamical system

= —VV(m), Y0 = Tinit- (4.5)

We assume furthermore that lim; ,, 7 = a.

This assumption is important for the type of exit-problem that we con-
sider here, which is exit created by the small noise from a domain of at-
traction. We will see further, using the large deviations principle (LDP),
that for any 7" > 0, the processes (X7,0 <t < T) and (7,0 <t <T) are
close in supremum norm with high probability when ¢ is small enough. In
the case where T} := inf{t > 0 : v, ¢ D} < oo, it is easy to show, using
LDP, that 73 ~ T} for small o. In other words, it is impossible to obtain
the Kramers’ type law without Assumption A-6.

Now, we present the definition of a stable domain.

Definition 4.4. We say that an open connected subset G of RY is stable
by the vector field —VW, if for any ¢ > 0, for any = € G, ¢,(z) € G where
the process 1(x) is the solution to the following dynamical system:

Yy(z) = — /0 VW, (¢s(x))ds.
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This leads to a classical assumptions on the domain D that is standard
for the Freidlin-Wentzell theory, see [DZ10, FW9S|.

Assumptions A-7. The open domain D is stable by the vector field
—VW,. Moreover, for any z € 9D, thT U (2) = a.
—r+00

Remark 4.5. Note that by continuity argument we can expand domain D
such that Assumptions A-6 and A-7 still hold in the enlargement. Namely,
for any x > 0 small enough there exists an open connected bounded set
D C {z € R%:inf,cp |2 — 2| < K} such that Assumptions A-6 and A-7 are
satisfied for Df. Obviously, the same holds for constrictions: for any x > 0
small enough there exists an open set DS C {x € D : inf,cop |2 — 2| > K}
satisfying Assumptions A-6 and A-7.

We can also define their exit-costs as Hy := inf {W,(z) — W,(a)} and

z€0DE,
HS = iglf) {Wa(z) — W,(a)} respectively.
z€0Dg,

Existence of the process

First, we consider the initial SDE with any initial condition.

t t
X7 = Xo+ oW, —/ VV(X?)ds —/ VF s« p2(X7)ds. (4.6)
0 0

Mutatis mutandis from [HIPO8, Theorem 2.13], we get the following
proposition:

Proposition 4.6. Let r be the positive constant introduced in (V' — 3) of
Assumptions A-1. For any random variable X, such that E[|X,[*"] < +oo0,
for any o > 0, under Assumptions A-1 and A-2, the SDE (4.6) has a unique
strong solution that we denote by (X7,t > 0). Moreover, there exists a
constant M > 0 which only depends on E[|X,|*] such that

sup supIE[|Xf|87"2} <M. (4.7)

0<o<1 >0

Note that the assumptions used in [HIP08, Theorem 2.13] are slightly
different from ours, particularly for the interaction term. Assumption (F' —
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2) of A-2 allows ¢ to be negative and thus to exhibit repulsive behaviour,
while in [HIPO8] ¢ is set to be a positive increasing function. To neutralise
possible problems that this relaxation could pose, we introduce assumption
(FF —5). The fact that ; > 6y guarantees that, regardless of u?, the
drift term of our process is always attractive outside of a compact set.
Namely, for any p € P(R?) and for any = € R¢ such that || > R, we have
V2V (x) + V2F % pu(z) = (01 — 62)Id and thus

(@ =VV(2) = VF x u()) < —(0 — 02) 2.

This guarantees non-explosiveness of the process in finite time. After this
observation, the proof in [HIP08| can be easily adapted for the case of
Assumptions A-1 and A-2.

Note that the process (4.1) that we study in this chapter corresponds
to (4.6) with for Xy = zy,; € R%

Basically, by Proposition 4.6, unique solutions to (4.6), obtained for dif-
ferent 0 < o < 1 and fixed random variables X, form a family of stochastic
processes to which the processes of our interest of the form (4.1) also be-
long. In the following, it is this process that we denote as X if not stated
otherwise.

Note, that the case 0 = 0 corresponds to the following ODE:
dX) = —VV(X?)dt — VF x pd(X) dt, (4.8)

where, as it was before, u = L(X}).

4.1 Main results

In this paragraph, we list the main results of the chapter.

Large deviations principle

For the case of random initial condition, define X;*° := E[X7|X, = z],
where processes (X7, t > 0), defined for different 0 < o < 1, are the unique
strong solutions to (4.6) with some fixed initial condition X and respective
noise level 0. We recall that pf = £(X}?) and state the following
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Theorem 4.1. For any T > 0 and for any x € R?, the measures induced
by (X;77,0<t<T) on C([0,T);RY) satisfy the LDP with convergence rate

%2 and with the following good rate function:

1
)= 1 [l V) £ VR a9

for any ¢ € Hy, the set of absolutely continuous functions ¢ from [0;T)]
to RY such that ©(0) = z. Otherwise, Ip(p) := +00.

Proof is provided in Section 4.3.

Remark 4.7. Most authors use the convergence rate o? and consequently,

the term in front of the integral in (4.9) is 3 instead of ;. However, we

choose to take as convergence rate the coefficient in front of the Laplacian
in the associated partial differential equation.

Note that, in the case of (4.1), the theorem above takes the form:

Corollary 4.8. Let v be the unique solution of the following ODE

d
&’Yt = —VV(%)> Yo = Zinit-

Then for any 7' > 0, the process (X7,0 <t < T') defined by the SDE (4.1)
satisfies a LDP with convergence rate %2 with the following good rate func-
tion:

4

for any ¢ € H;, the set of absolutely continuous functions ¢ from [0; 7T
to R? such that ¢(0) = xy,;. Otherwise, I7(y) := +o00.

1 [T
Ir(p) = —/ e + VV (o) + VF(pr — )2 dt, (4.10)
0

Exit-time and exit-location

We now give the main results concerning the exit-time, for the case when
D is a bounded domain.

Theorem 4.2. Let H be the exit-cost introduced in Assumption A-7. Under
Assumptions A-1-A-7, the following two results hold



4.1. MAIN RESULTS 103

1. Kramers’ law: for any 6 > 0, the following limit holds:

o2 o2

2 2
lim P [exp{ (H — 5)} < 7P < exp{ (H+5)}} =1 (4.11)
o—0
2. Ezit-location: for any closed set N € 0D such that inf,ey W, (2) > H
the following limit holds:
(lflir(l)P(XT% € N)=0. (4.12)

Proof of Theorem 4.2 is provided in Section 4.3.

Control of the law

We now present a result on the control of the law in the case where D is
bounded. The following theorem rigorously states that, starting from some
uniformly bounded in ¢ time, the law of the process u? stays close to d,
long enough to obtain the result of Theorem 4.2.

Theorem 4.3. Under Assumptions A-1-A-7, for any x > 0 small enough
there exist Ty (k) > 0 and o, > 0 such that

sup sup  Wo(u7;0,) < k.

O0<o<og o 2H
t€ | Tae(r)ie 0%

This theorem can be easily proven using Lemmas 4.11 and 4.16 provided
in Section 4.2. It is left for the reader

Unbounded case

We now present the generalisation of the results above to the case where D
is not bounded.

Corollary 4.9. If D is an open and connected subset of R, under Assump-
tions A-1-A-4 and Assumptions A-6, A-7, the statements of Theorem 4.2
hold.

The control of the law also holds immediately even if D is unbounded.
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Corollary 4.10. If D is an open and connected subset of R%, under As-
sumptions A-1-A-4 and Assumptions A-6, A-7, the statement of Theorem
4.3 holds.

Proofs of Corollary 4.9 and Corollary 4.10 are postponed to Section 4.3.

Comparison to previous results

In the seminal work [HIP08], S. Herrmann, P. Imkeller, and D. Peithmann
proved the existence of the self-stabilizing diffusion in the irreversible case.
The assumptions they used correspond to A-1 and A-2 if confinement and
interaction were gradients of some regular potentials, except for a slight dif-
ference in the interaction term (this difference was discussed on page 100).
In the same work, the authors show the exit-time result for SSD, but, in
order to do that, they had to assume convexity of confinement and inter-
action. Removal of this assumption, that we present in this thesis is a big
improvement of previous results. Note, that, unlike in [HIP08], we solve
the exit-time problem for the reversible case (confinement and interaction
are gradients of some regular functions). Nevertheless, we could treat the
general situation, see Section 4.1 on the possible extensions of our results.

Another difference between our approach and the one presented in the
paper [HIPO8] is that, after controlling the law of the process X7, we use
coupling techniques to prove the exit-time, while the approach used by
S. Herrmann, P. Imkeller, and D. Peithmann consists in reconstructing the
Freidlin-Wentzell techniques and taking advantage of the contractivity of
the drift.

In [Tugl2], J. Tugaut focused on reversible case of SSD with potentials V'
and F' being convex. He proved a similar to ours result by using another
method than in [HIP08]. The approach of [Tugl2] was to apply the Freidlin-
Wentzell theory without adapting it to the McKean-Vlasov diffusions. In
this work, the classical large deviations principle theory for processes is used
to the associated system of particles

N
. A 1 : :
X = gdw, — (VV(XZ’N) + 5 > VE(XPY - XZ’N)> dt, (4.13)
j=1
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after which a trajectorial uniform propagation of chaos is established. Using
the propagation of chaos, the author obtained the Kramers’ type law.

In [Tugl6] J. Tugaut employed a different method, applicable to the case
where the drifts are not necessarily assumed to be gradients of a regular
function, although they remain uniformly convex. This method primarily
revolves around controlling the law at time ¢ of X7, denoted as uf. No-
tably, J. Tugaut demonstrated that this law converges to 9, in Wasserstein
distance for t — +o00. Subsequently, a synchronous coupling with a diffu-
sion, where the drift is represented as z — —VV (z) — VF % §,(x) instead of
x = —=VV(x) = VF xpuf(x), is employed. Exploiting the contractivity, it is
straightforward to prove that the two diffusions remain close. Consequently,
the exit-time of X behaves similarly to that of the coupled diffusion.

This approach has been extended to non-convex scenarios with the re-
versible case, as described in [Tugl8a]. In this context, V' is not necessarily
convex, although F' exhibits sufficient convexity to ensure convexity of the
effective potential W, = V + F(- — a). As a result, coupling between the
two diffusions is straightforward, allowing us to infer the exit-time of X°?
from that of the coupled diffusion.

The convexity assumption on W, has been removed in [Tugl9], though
this result is limited to the one-dimensional case. Unfortunately, the method
used there cannot be directly extended to the general-dimensional case.
Thus, it becomes essential to find an alternative way to control the law.

In [Tugl8b], J. Tugaut demonstrated that u” does not always converge
to d,. This limitation arises when W, fails to reach its global minimum at a,
therefore, in order to control the law of the process (at least until exit-time)
other methods should be used.

Despite all these developments, the exit-time problem for SSD with
general (non-convex) coefficients was an open problem throughout all these
years. We solve it in this chapter by significantly improving the coupling
method introduced in [Tugl6].

Discussions on extension

In this section, we provide some possible extensions to our results.
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Non-identity matrix as the diffusion coefficient

In this work, we have simplified the study by assuming that the diffusion
coefficient takes the form old. However, for certain algorithmic applications
such as molecular dynamics, it could be beneficial to consider scenarios
where the diffusion coefficient is not directly proportional to the identity
matrix, as discussed for example in [{RDM*].

To make further progress, it would be a significant improvement to in-
clude the scenario where the diffusion coefficient is given by oM, with M
being a non-degenerate matrix. This particular situation has been studied
in, for instance, [DT16, DT18, Mon17].

The techniques developed in the present work can be readily adapted
for this non-identity diffusion coefficient case.

However, a more challenging extension would involve considering cases
where M is degenerate. This would allow us to address the Langevin kinetic
diffusion, where both position and velocity play crucial roles. Combining
techniques we have developed with those from [dRDM™], we firmly believe
that we can obtain valuable insights into the asymptotic behaviour of the
first exit-time.

Initial random variable

Another possible extension is related to the initial random variable. In the
current work, we establish the asymptotic behaviour of the exit-time for
Xo = zimir € RY. However, for studying the basins of attraction, as was
done in [Tug2l1], it is crucial to consider scenarios where pf := L£(XJ) is
not necessarily a Dirac measure. Specifically, we may be interested in cases
where pf := po, with the measure yp being compactly supported in D.

In this situation, we need to make a slight modification to Assump-
tions A-6. Instead of considering +'(t) = —VV(y), we would need to
consider the partial differential equation:

9140 = iy (W(VV 4 V)

with p) = po. This corresponds to the granular media equation with zero
noise. The associated dynamical system that approximates the diffusion
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X% on [0; 7] (with T' > 0) due to the large deviations principle is thus given
by:

t t
pr(Timit) = oo — / TV (po(i)) ds — / VE 5 1 (pu(m)) ds
0 0

for any i, € supp(po). In this case, Assumptions A-6 would be: for
any Tinis € D N supp(uo) and for any t > 0, we have py(Zinit) € D.

The techniques developed in the present work can be seamlessly adapted
to handle this situation.

Reflexion on the boundary

In this work, the diffusion process takes place in the entire phase space R®.
However, we can consider a subspace of R? instead. This could be achieved
by introducing a reflection on certain boundaries, as it was done, for ex-
ample, in [Tan79]. Such an extension would be a significant improvement
compared to [AdRR*22], where the uniform convexity of both confinement
and interaction potentials was assumed.

In the mentioned article, the domain G in which the diffusion takes
place satisfies d (5; 89) > 0, which simplifies the study. We believe that
techniques we have developed could treat this case. However, considering
scenarios where DNG® # () is more challenging. This could require extending
the large deviation techniques for processes with reflection, something that
is not done yet even for linear case.

More accurate estimates

In this chapter, our focus has been on establishing the Kramers’ law, that
is a limit in probability of %2 log(73) as o approaches 0, as well as the exit-
location result. However, in [HIP08], the authors have obtained a more
precise estimate, which could be of interest in our context. For example,
the so-called Arrhenius law was established, i.e. the convergence of

2

g g
5 log E(73) — H > 0.
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Unfortunately, since we do not provide the control of the law of the process
after the exit-time, we could not use the standard method to show the
Arrhenius law in the current work.

Additionally, it is well-known, as discussed in [NRS85], that the first
exit-time 72 for a linear (It6) diffusion satisfies the following limit:

— £(1
Efrg] 70 0
where the convergence is meant in law, and £(1) is the exponential law with
a parameter equal to 1. The same behaviour for self-stabilizing diffusions
is not established yet even in the case where both V' and F' are convex.

In [BEGKO04, BGKO05], A. Bovier, M. Eckhoff, V. Gayrard, and M. Klein
studied the exit-time problem for linear reversible diffusion process using
potential theory approach. Using these techniques, the authors could not
only establish the Arrhenius law for multi-well potential in R?, but also
prefactor of the convergence. Namely, the following equality was estab-
lished: .

Efrg] = e (14 O(o| log(0)])).

where the constant C* > 0 depends on the derivatives of the potential V' at
the point of attraction a as well as the saddle points surrounding the well
under consideration. For the explicit form of the prefactor see [BEGKO04].

Similar methods could be also used for the self-stabilizing diffusion.
However, that would imply studying the associated PDE for the law of
the process:

0 02 . o o
ot = 5 Auy +div (i (VV + VF* 7)),

which is considered to be a hard problem due to its non-linearity. These
questions could be the focus of future studies.

Non-reversible case

In this work, we have focused on the case where both the confinement and
the interaction terms are gradients of some potentials. However, it would
be valuable to consider non-reversible situations of the form:
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t t
X =Xo+oMB, +/ a(X;)ds + / bx pl(Xs)ds,
0 0

where a and b are general vector fields on R?. It is worth noting that in
previous works such as [{RDM™, HIP08, Tugl6], the authors have success-
fully addressed this problem, but in the contractive (convex confinement
and interaction) case.

The techniques developed in this chapter can readily be adapted to
handle the non-reversible case. However, the exit-cost is not explicit in this
situation, which is why we have described the reversible case here.

More general McKean-Vlasov diffusions

A broader class of nonlinear diffusion processes can be considered. For
example:

dX, = odB, — VV(X,) dt — b(X,, uf) dt

where the nonlinear drift b takes the form

b(x, ) = /Rd B(z, y)u(dy).

Here, the function B is required to be regular and maps from R¢ x R? to
R?. Such a generalization would have significant implications for theoretical
purposes (as shown in [GS20]) as well as applications (see e.g. [GGMT18]).
We firmly believe that the techniques developed in this work can be adapted
to handle a wide range of situations within this framework.

For algorithmic applications, it would be also interesting to include
jumps in the process, as discussed in [Gra92, GM89]. This could be a
subject of future research endeavors.
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Extension on the domain D and metastability

An important yet challenging extension concerns the domain D itself. In
this work, we have confined our study to cases where D is stable under the
effective potential W,. However, the most interesting scenario arises when
the saddle point lies on the boundary of D.

Moreover, it would be interesting to establish some metastable proper-
ties of X7, that is considering (o) as a function of o and investigating X0
in metastable confinement as it was done in [FW98]. Complexity of this
problem in the case of SSD is that the drift itself (the effective potential)
may change after the transition of the process from one metastable state to
another. These questions could be the focus of future studies.

System of Particles

For algorithmic applications, it is essential to consider the associated system
of particles described by equation (4.13). In this system, the measure ;%
: o 1 N

is replaced by L7 = § >, Ox;-

In [Tugl2], J. Tugaut has obtained the exit-time of the McKean-Vlasov
diffusion from the system of particles in the convex case. Consequently, it
appears feasible to do the opposite and establish the exit-time of the system
of particles based on the exit-time of the McKean-Vlasov diffusion. Similar
techniques like a trajectorial uniform propagation of chaos (see for example
[BRTV98, CGMO08, Szn91]) can be used. However, in [Tugl2], convexity
was essential for controlling the law, which is now also available in the
general situation due to the current work.

4.2 Intermediate results

In this preliminary section, we will give the key results which allow us to
prove the main results related to exit-time in Section 4.3. Their proofs are
given in Section 4.4.
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Stabilisation in finite time

Let us define the following two deterministic times for any x > 0 small
enough:

TZ(k) = inf {8 >0 Wa(u:6,) < ),

So (k) :=inf {t > Tg(k) : Wy(us;da) > Kk} ;

and we let the infima to be equal to +oo if respective sets are empty.

First key result consists in obtaining the existence of a time 7" such that
Wo(u7;0,) is small and such that X is concentrated around a.

Lemma 4.11. Under Assumptions A-1-A-7, for any £ > 0 there exist
Ts:(k) > 0 and o, > 0 such that:

TS(k) < Te(k)  for any 0 < o < 0,.

Moreover,
lim P(| Xz, — a| > &) = 0.

o—0

An important implication of this lemma is that, with high probability,
the exit from the domain D does not occur before time T (%) (see Section 4.4
for the proof). Consider the following corollary.

Corollary 4.12. Under Assumptions A-1-A-7, for any x > 0 the following
limit holds:
lim P(75 < Tw(k)) = 0.

o—0

The coupling method

We now introduce the diffusion Y7 := (Y7, ¢ > TJ(k)) solution to the
following linear SDE:

t
}/;U — X%sg(’f) + O(Wt - WT;{(K/)) - VV(Y;U) dS
T (x)

(4.14)

t
- VF (Y —a)ds,

15 ()
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where (W;,t > 0) is the same Brownian motion that drives the main
equation (4.1). Note, that this SDE has a unique solution (see for example
[SVT79, Theorem 10.2.2, p. 255]).

Note also that Y7 is a linear diffusion. As a consequence, we can apply
the classical Freidlin-Wentzell theory, see [DZ10, FW98], for estimating the
first exit-time as the diffusion coefficient tends to 0.

Apart from the processes (Y7)p<,<1 that is defined by SDE (4.14), we
also define the following family of processes that constitute It6 diffusions
and will help us to study stochastic properties of Y?. For any y € R? and
for any 0 < o0 < 1 define (Y7, ¢t > 0) as the unique solution to the following
SDE:

¢ ¢
Y/ =y+ oW, — / VV(Y¥7)ds — / VE(YY? —a)ds. (4.15)
0 0

Following the standard notation for diffusions, we will drop the initial
point y for Y¥?, as well as for all random variables that are functions of
Y¥9 and put it as a subscript under the probability measure. Namely,
for any y € R? we introduce a probability measure P, that is simply a
restriction of P to the measurable space (€, (Y;"? : ¢ > 0)).

The following proposition is a classical result of Freidlin—Wentzell theory
for the exit-time of linear diffusions of the type (4.15). Consider:

Proposition 4.13 ([DZ10], Theorem 5.7.11). Let Assumption A-1 be sat-

isfied and let G C R? be a domain such that Assumptions A-5-A-7 are

satisfied for it and its exit-cost Hg = i%fG{Wa(z) —Wa(a)}. Let K C G be
ze

a compact set. Define 757 := inf{t > 0 : Y}’ ¢ G}. Then, for any § > 0
we have

lim sup P, (exp{w} < Tg’a < exp{w}> =1.

U—)OyeK 0'2 02

Obviously, this theorem also holds when G is the domain D defined as
in Remark 4.5 and Hg = HY, = inf,cope {W,o(x) — We(a)} respectively.
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Let us now describe how both diffusion processes X (the targeted dif-
fusion) and Y (the auxiliary one) are coupled. We are especially interested
in describing the distance between them.

Proposition 4.14. Under Assumptions A-1-A-7 there exists 7 > 0 such
that for any x > 0 small enough, we have

leig(l)P(sup X7 —Y7| > k) =0,

where supremum is taken over t € [TS‘;(R); SZ(Kk) A exp{ 2H ) H .

o2

As it is shown below (Corollary 4.17), this result can be improved by
removing the time SZ(k), since, as it turns out, the destabilization of the
law of the process can not happen before its exit-time from the domain D.

The following lemma is an important result stating that, at each point
of time, the diffusion Y7 is close to a with high probability.

Lemma 4.15. Let p be a positive constant introduced in Definition 4.2.

Under Assumptions A-1-A-7 there exists n > 0 small enough such that for
any k > 0 small enough:

sup P(Y)" ¢ Bya(a)) = 0o(1),

where supremum is taken over t € [TS‘{(/{); exp{2(H+") H :

o2

Note that the position of supremum in Lemma 4.15 is important. In-
deed, according to Freidlin-Wentzell theory for Ito diffusions, the exit-time
of Y7 from B,/s(a) is, with high probability, of order eXp{QH o2/ 02}, where
H,p = infzeaBp/z(a){V(z) + F(z —a) — V(a)}, which means, among other
things, that we can not expect P (sup |Y,” — a| > £) to be equal to 0,(1).
Instead, what Lemma 4.15 states is that, with high probability, we find Y},”
around a for all time ¢ until the exit-time from a stable domain of attraction
Df. We come back to this description on page 137.
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Control of the law

In this section we present a result regarding the control of the law of the
process after the stabilisation time. Consider the following lemma.

Lemma 4.16. Under Assumptions A-1-A-7 there exists n > 0 such that
for any k > 0 small enough there exists o, such that for any 0 < o < o,

we have
2(H +n)
o2 ’

Se (k) > exp{

This lemma together with Proposition 4.14 immediately gives us the
following corollary:

Corollary 4.17. Under Assumptions A-1-A-7 there exists > 0 such that
for any x > 0 small enough, we have

(lTiL%IP(sup | X7 - Y| > k) =0,

where supremum is taken over ¢t € [Tg(%); exp{@}} :

4.3 Proofs of the main results

Here, we give the proofs of the main results.

Large Deviations Principle

Note that the system (4.6) has several non-classical parts in it. First of all,
initial condition is random. Second, the law of the process itself is a part
of the solution. In order to deal with this separately, we first introduce the
process

t t
Z; =Xo+ oW, — / VV(Z)ds — / VE*u2(Z%)ds. (4.16)
0 0

Since ©° does not depend on Z°, but is given by the unique solution to
(4.8), equation (4.16), being a classic SDE with at most polynomial drift,
admits a unique solution. In order to prove LDP for (4.6), we will first show
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it for equation (4.16) and then we will prove the exponential equivalence
between the two.

Consider the following lemma

Lemma 4.18. Under Assumptions A-1 and A-2, for any T > 0 and for
any x € R the family of laws induced by the process Z*° = E[Z°|Z] = x]
on C([0,T);R?) satisfies the LDP with the following good rate function:

1 /7
() ::?1/0 1+ VYV (00) + VF 5 1202t

for any ¢ € HY, the set of absolutely continuous functions ¢ from [0;T)]
to R such that p(0) = x. Otherwise, Ir(p) := +o00. This corresponds to
the good rate function in Equation (4.9).

Proof. Let us denote by GG the function that maps the trajectory of Brown-
ian motion g € C([0,T]; R?) to the unique solution f € C([0,T];R?) to the
following ODE:

f(t) = - / VV(f(s))ds — / VE % 10(f(s))ds + gt).

By existence and uniqueness result, non-explosiveness of f in finite time
is guaranteed. Moreover, it can be shown that the bound on f can be
controlled in terms of function g. Namely, for any g there exists R > 0
such that for any ¢ € C([0,T];R?) satisfying ||g — ¢']lcc < 1 we have
G(d')(s) € Bgr(0) for any s < T. Therefore, given ¢g and thus f, we can
restrict ourselves to the ball Bg(0). Note that both VV and VF x u?
are locally Lipschitz by A-1 and A-2 and the properties of convolution.
Moreover, the Lipschitz constant of the latter does not depend on time s,
since the integrals [ |z|*” u0(dx) are uniformly in time bounded. Therefore,
there exists a constant C' > 0 such that VV + VF x 2 is C-Lipschitz
continuous inside the set Bg(0).

Consider the following estimate for fixed § > 0, g, f € C([0; T]; R%) and
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g, f' == G(g') chosen such that ||g — ¢'||e < 6.
10 =01 < [ [PVU) + T« is)
= VV(f'(s)) = VF * 1i(f'(s))| ds + |g(t) — ¢'(1)]

<c / () = F$)ds + g — o'l

Thus, by the Gronwall inequality:
() = f'(t)] < 6e,

which establishes the continuity of the mapping G and the Large deviations
principle for diffusion (4.16) by the Contraction principle and the Schilder
theorem (see [DZ10, Theorem 4.2.1, Theorem 5.2.3]). O

Proof of Theorem 4.1. Let us show the exponential equivalence of processes
Z%% defined by equation (4.16) and X7, for which it is sufficient to prove
that for any ¢ > 0:

2
limsupa—logIP’(HZ"”"’ — X" 5 > 6) = —00.
o—0 2

Step 1.1. Let us first show that until both Z%? and X*7 leave the ball
of radius R > 0 their trajectories stay close to each other. In order to do
so, consider first only those w € Q such that ¢t < 7 := inf{s > 0: X7 ¢
Bgr(0) or Z*? ¢ Bgr(0)}. As was pointed out before, both VV and VF x uf
are Lipschitz continuous inside the set Br(0) with Lipschitz constant that
does not depend on either 0 or t aslongas 0 <o <land 0 <t <T. Let
us call this constant C'r. Consider the following equation for ¢ < 75:

t
1257 — XP7| < / VV(Z5%) — TV (X5°)| ds
0
t
T / IV 5 12(Z57) = VF % u2(X5)| ds
0

t
< CR/ 1257 — X0\ ds + I,
0
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where [; is the second term of the equation above that we consider sepa-
rately

Step 1.2. Let us consider the term [;. Let us introduce random variables
X9 and X7 that are defined on some auxiliary probability space (€2, F,P),
have distributions p? and ¢ respectively, and are coupled in the optimal

way in the sense that E| X0 — X2 = W2(10; 12). Then, I; can be expressed

as:
t
Il = /
0

t t
gcR/ 1227 — X%9|ds + CRE U \XB—X;’]ds]
0 0

E [VF(Z;”"’ ~ XY - V(X - 55;’)] ‘ ds

t
< CR/ 1250 — X%\ ds + TCr sup Wa(ul: 15).
0

0<u<T

Step 2. In order to finalise the first step, we have to show that the distance
sUPg<y<p Wa(1d; 119) tends to 0 with o — 0. To do so, we use the similar

approach as above and consider for coupled random variables X z0 Xz
the following representation of the processes X and X7:

t t
X) =Xy — / VV(X?)ds - E [/ VE(X? - X?) ds] :
0 0

t t
X7 = X, — / VV(X%)ds — E U VF(X? - X?) ds] + oW,
0 0

Let us define £(t) = E|X? — X7|?. By the Ito formula, we get:
t
X0 - X7 = 2 [ (X0 - XTIV - TV(X)) ds
0
t
—2E [/ (X0 - X7, VF(X? - X)) -~ VF(X? — X?)) ds]
0

t
+ 20/ (X0 — X7, dW,) + do?t.
0

After taking expectation, we can add and subtract expression of the
form VF(X? — X?) in the second integral above and get the following
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representation for £(t):
£(t) = dot — 2F / (X0 - X7V (XO) - YY) ds
0
—2E {IE /t<X£ — X% VF(X?— X%) - VF(X? — X?) ds}
0
—2E {IE /t<X£ — X7, VF(X? — X% — VF(X? — X?)) ds] .
0
Use (V — 2) of Assumption A-1 for the first expression and assumption
(F'—5) of A-2 for the second one as well as Cauchy-Schwarz inequality and

assumption (F' — 4) for the third expression. Then, we get the following
bound:

t t
§(t) < Co® +2(01 — 0) / §(s)ds + 2F / X0 - X7| B| X0 - Xz
0 0
x (141X = X014 g - XY | ds.
From now on, denote by C some generic constant that does not depend

on o. In the following step, we use once again Cauchy-Schwarz inequality,
but this time for E, bounds of the form |z +y|? < C(|z|?7+|y|?), and, finally,

~ |~ |49
Proposition 4.6 to bound uniformly expectations of the form E ’X;’ by a

constant. That gives us:
t
£(t) < Co? +C/ £(s)ds
0
t
+ CE/ X0 — x| /B X0 — Ko o/CF X0 ds.
0

We note that E|X? — X?|2 is also equal to &(s). We use once again
Cauchy-Schwarz inequality, this time in terms of E, and Proposition 4.6 to
bound E|X?|*~2 by a constant. Final bound for £ is of the form:

£(t) < Co? +C/0t§(s)ds.
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We finish the following step by using Gronwall’s inequality to bound & by:
§(t) < Co?e™,
for each ¢t € [0; 7], which also proves that:

sup Wy (pl; u?) < sup v/£(t) < Co — 0. (4.17)

0<t<T 0<t<T o—0

Step 3. Let us come back to Step 1. We can join the results of Steps 1.1
and 1.2, along with (4.17) and show for any w €  such that ¢ < 7g:

t
1257 — XP7| < C / 1770 — X27| ds + Cor
0

Therefore, by the Gronwall inequality, for any t < T' A Tg:
|ZF7 — XP7| < Coe®T

and thus for any § > 0:

2
lim sup % logIP’(HZ””"’ — X" ||o > 6,7r > T) = —00. (4.18)
o—0

Step 4. Note that for any 6 > 0 and for any R > 0 big enough, the
following inequality holds

2
limsup — log P(|| 277 — X®| o > §)
o—0 2

2
< lim sup J—log]P’(HZ“”” — X" = 6,7 >T)
o—0 2

, (4.19)

+ lim sup z logP(7p < T)
o—0 2
2

< lim sup 7 logP(7r < T),
o—0 2

by equation (4.18). In order to deal with the last probability, note that,

by (4.3), since both X*7 and Z*“ stay close enough to each other at least
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until 7, {7r < T} C {Tg/z < T}, where 75/2 =inf{t > 0: 27 ¢ Bgr/»(0)}.
Since Z%7, being a family of [to diffusion processes, satisfies LDP with a
good rate function I%, then for any R > 0 big enough we can say that

2 2
lim sup % logP(7r < T') < limsup % log ]P’(Tg/2 <T)<-— igf I7(9),

o—0 o—0

where infimum is taken over functions ¢ € C([0, T]; R?) such that ¢(0) = =
and ¢(T') ¢ Br/2(0). It can be easily shown that, since, by assumptions A-
1, liminf ;o V(2) = o0, infy I5(4) also tends to oo when R — oo. That
finishes the proof of the theorem, since upper bound in (4.19) holds for any
R > 0 big enough.

]

Exit-time and exit-location

Step 1. To prove the lower bound of Kramers’ law, consider the following
inequality. For any o > 0 and for fixed x > 0 small enough we have

P (r5 < en{ 20 <prg < 7300)

g

2(H -9
+P<Tg<exp{(—2)}, sup | X7 = Y/7| SH)
o 21
te[TG (k)e o2 ]

—l—IP’( sup | X7 =Y > H).
H

2H
te[Tg (k)se o ]

(4.20)

By the construction of the domain DS (see Remark 4.5), d(D¢,0D) > k.
Let us define 4, := H — HS. Note that H¢ — H due to the continuiuty of
K—

the effective potential W,. Therefore, we can choose k to be small enough
such that J, < 6. Then the following inequality holds:

20H — 6
P (o <en{ 220 iy -7 <)
g

<P(m¢ > exp {@} = o {2 ;6 sl

2(HE + 6, — 0)
< P(X%,  —al > P, (727 > K > 0,
< F(Xfy —al =)+ sup Py (7 > e HELEO)
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where the convergence to 0 is due to Lemma 4.11 and Proposition 4.13,
since 6, — 0 < 0.

The other probabilities in (4.20) converge to 0 by Corollaries 4.12 and
4.17.

Step 2. To prove the upper bound of Kramers’ law, consider the set DS
(see Remark 4.5): enlargement of D for small enough x > 0. Let n > 0 be
the positive constant defined in Corollary 4.17. Without loss of generality,
let us fix positive d < n. Consider the following inequalities.

P (Tg > exp{z(H—jd)}) < P(rp < Tg(k))

o

2(H +9)
B(rg > exp {229 X7 v <)
T\ > exp o2 Supz(H+5) X Clsnw (4.21)
te[T (ke % |
+IP’< sup | X7 — Y7 >/~@>.
2(H+5)
te[T(n)e % |
If 73 > exp{@} and sup{|X,§7 -Y7|:t e [Ts‘i(/{);e%i;&)]} < K,

2(H+6)
then at the point of time e > the process Y is still inside Df. Define

0, := HS — H, decrease k if necessary such that d,, < J, and consider

2(H +9

P r
(o 2(H+9)
te[Tg(k)e o2 |

SIP’(T%/’; >eXp{2(H+5)} :exp{Q(H,@—5,§+5)}>

o2 o2

P75 > exp{

2(H, — 0, +9)
< P(| X — al > P, (75 > L= » 0,
< BNz —al > 0+ s Py (7 > e M) —
where the convergence to 0 holds due to Lemma 4.11 and Proposition 4.13.
We finalise the proof of Kramers’ type law by observing that, as in Step 1,
all the others probabilities in (4.21) also tend to 0 by Corollaries 4.12 and
4.17. That proves Kramers’ type law.

Step 3. Let us now show the exit-location result. Fix a set N C 9D
such that in]g{Wa(z) — We(a)} > H. Let us choose & > 0 to be small
ze
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enough such that ¢ < ( 12£{Wa(z) — Wa(a)} — H)/2. Let us define the

sublevel set Ly, . = {z € R : W,(z) — W,(a) < H + &} (without loss
of generality by Ly, . we will denote the unique connected component of
the sublevel set that contains a). By geometric properties of the effective
potential (regularity and convergence at infinity for big |z[), Ly, satisfies
the Assumptions A-5-A-7. Thus, after the initial convergence of X7 to a
and its law pf to d,, the Kramers’ type law holds for the exit-time 77_ |

) H¢
that is, for any 6 > 0,
2(H+£—6) 2(H+E+6)
lim P <e 2 <71 <e o ) =0, (4.22)
o—0 H+¢

including for § = £/2. We could easily show geometrically that exiting D
in the set N means crossing the boundary Ly := 0L}, +¢ before leaving
the domain D. Therefore, we get the following inequality:

P(XZ, € N) < P(rf < T5(K) + P10 < 15).

H+¢

The first probability converges to 0 by Corollary 4.12. Let us look at
the second probability:

P(r7-. <73)<P (Tg > e2(Ho+2§/2)) +P (T", <75 < e2(Hcr+2§/2)> — 0,
Lygie — - - Lyye — oc—0

where th first probability tends to 0 by the Kramers’ type law (Step 2) and
the second probability tends to 0 by (4.22) if we take § = £/2.

Proof of Corollaries 4.9 and 4.10

We consider an unbounded domain D with finite exit-cost H > 0. Then, set
L= {z eR? : W,(z) — Wa(a) < H +£}. Let us assume without loss
of generality that iy € Ly e (otherwise, the uniform in ¢ convergence

in finite time inside Ly, . can be easily proven using LDP, similarly to
Lemma 4.11).

Let us define D' := D[ Ly .. Immediately, D’ is bounded. Indeed,
since W, (z) tends to infinity as [x| goes to infinity, the level set Ly, is
compact. The domain D’ is also stable by —VW,, since both the domains
D and Ly, are stable by definition. Thus, the domain D’ satisfies all the
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assumptions of Theorem 4.2 with the height of W, inside D’ being equal to
H. Therefore, for any £ > 0 we have:

lim P (eo%(H_g) <7'(0) < eTQQ(HJFO) =1,

o—0

were, 7'(0) is the first exit-time of X from D’. Indeed, the exit-cost is
H.

Note that, by construction of the domain D', and by continuity of W,
for any & > 0 we have

inf {W,(2) — Wu(a) : z € CI(0D"\ 9D)} > H,

where Cl stands for closure. It means that the exit-location result of the
main Theorem 4.2 holds for N = CI(0D’ \ 0D), namely

c—0

That essentially means that

lim P(7'(0) =73) =1,

o—0
which proves Corollary 4.9.
The second corollary can be proved the same way by choosing & > 0 to

be small enough such that the set under consideration N C D lies entirely
beyond the level set Ly .

4.4 Proofs of the intermediate results

Stabilisation in finite time: Proof of Lemma 4.11 and
Corollary 4.12
The proof is based on LDP ideas and the fact that, for small o, the process

X7 is attracted towards a. Fix some £ > 0. By Assumption A-6, the path
of the deterministic solution to the following equation

d :
= —VV(v), with 7 = Zin, (4.23)



124 CHAPTER 4. EXIT-PROBLEM FOR SSD: GENERAL CASE

is contained in D, i.e. {y,t > 0} C D, and tends to a. Let us decrease
k > 0 to be small enough such that the distance between the set (v;,¢ > 0)
and 0D is strictly greater than /3. Let us define T (k) as the first time
when 7, € B,3(a). The following inclusion of events takes place:

2K
(1550l > 5) <P (e -

where @ := {¢ € C([0; Tw(k)];RY) : [[o — 7v||sc > £/3}. By Corollary 4.8,

2

lim sup — log P(X7 € @) < —inf Iz () (o). (4.24)
a—0 ped St

K
) < o
>3)_IP’(X € ®),

Note that, by definition of the rate function Iy, and by uniqueness of
solution to equation (4.23), function « is its only minimizer such that
Iz, (7)) = 0. Since Ir is a good rate function, its infima are achieved
over closed sets. Note that v ¢ ®, thus A := Iz, (¢) > 0. That proves
the second result of the Lemma 4.11, since it guarantees that there exists
0. > 0 small enough such that for any 0 < 0 < o,:

" 2K _24
SR PR

For the first statement, consider the following equality:

8 110) =5 5o = [

+E [)X;st(ﬁ) N (l‘ 1{ %t(n)gBQK( )}:| '

Therefore, by Cauchy—Schwarz inequality, we can bound the difference be-
tween the two measures by:

4k? 2K
2 o .
W3 (15, 00700) < =g +\/ Xf =4 \/ ‘ RLIEE )

By Proposition 4.6, there exists M > 0 such that sup,_,.; sup,sq E| X7 —
al? < M?. This estimate along with equation (4.25) gives us:

4 )
2 s —A/o
W(uTt()5)<9+M .
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That expression can be bounded by x? if we choose o, > 0 to be small
enough, which proves Lemma 4.11.

Corollary 4.12 can be also easily proven by choosing x such that

inf inf |y — 2| > -
mi 1 —Z —.
t>0 z€9D e 3

In this case, the following estimate holds:

P (75 < Tu(r)) <P(X ¢ ) <e 22 — 0.

o—0

The coupling estimate: Proof of Proposition 4.14

In this section we prove Proposition 4.14. The idea of the proof is based
on the fact that, since the processes X7 and Y7 are coupled by the same
Brownian motion and by the properties of convex sets, whenever both X?
and Y7 belong to the set B,(a) (Definition 4.2), the distance between them
decreases a.s. (we show this in Lemma 4.19). At the same time, whenever
the two processes belong to the region D \ B,(a), their maximum scatter
can be controlled in terms of the time spent inside D \ B,(a) (Lemma
4.20 below). The proof is finished by observing that, before exiting D, the
processes X7 and Y7 spend inside B,(a) long enough time comparing to
the total time spent inside D\ B,(a), that the attracting effect surpasses
the scattering one.

Before proving the proposition rigorously, let us present the following
notions. Let us decrease without loss of generality x > 0 to be smaller
than p/4. Let us also fix some enlargement of the domain D of some radius
R > 0: DY, (see Remark 4.5 for the definition). Decrease &, if necessary, so
that k < R/2. Consider the following sequence of stopping times:

0, ;= nf{t > T3(r) : Y & Bya(a)},
T = Inf{t > 0, 1 Y,” € B,)4(a) UODG}, (4.26)
Opir i=inf{t > 7, : Y, & B,j5(a)}.

We also define the following stopping times that will allow us to study
the behaviour of 6;, 7; for different ¢ using the strong Markov property of
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diffusion Y?. For any y € R? consider:

90 = mf{t > 0: Y;y,a‘ ¢ Bp/Q(a)}a

4.27
7o :=inf{t > 0:Y"? € B,/4(a) UOD}}. ( )

Consider the following

Lemma 4.19. Define for some K > 0 the following family of mappings
or : x> ze KT 0, (1) for any T > 0, where 0,(1) — 0. Then, under
4>

Assumptions A-1-A-7, there exists a constant K > 0 such that for any
a < p/4, for any m > 1, and for any k > 0 small enough:

P < [sup |Xf - Y;to| > 909m+1—7'm(a)7A> =Y
te

Tm§9m+1}

where A := {041 < SE(K),sup,e,, | X7 = Y| < a}

Proof. Let us define random time 7 := inf{t > 7,,, : X7 ¢ B,(a)} — first
time when X7 leaves the convexity area B,(a). Obviously, for almost every
we A, we have T > 0.

Step 1. Let us define £(t) := | X7 — Y,?|?>. The way functions X and Y
are coupled provides us with the fact that £ is differentiable in the usual
sense. Its derivative is equal to:

€'(t) = —2(X7 = Y)7; VIV, (X7) — VIVa(YY))
— UXT — Y7 VF 1S (X7) — VF % 5,(X7)).

Since in this lemma we consider only outcomes such that Wy (uf;0,) < K
and [ X7 — VY7 | < a,ie w € A, after integrating over the time interval
(T3 Omi1 A T and applying Assumption A-4(see also Definition 4.2), we
get the following estimate. For any ¢ > 0 and for P-a.e. w € AN{t €
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[Tm; 9m+1 A ﬂ}
t
€(6) < 1XZ, ~YE P =2 [ (07 - Y7 VIV(XD) - VIV (7)) ds

t
+ 2/ | X7 = YZ|IVF % pu2(XZ2) — VF % 0,(X7)| ds
m . (4.28)
<a?-— 2C’W/ &(s)ds

—|—2/t VES)IVE % p2(X7) — VF % §,(X7)|ds.

Since the term ‘VF * u2(X7) — VF % §,(X7)| is hard to analyse, we

study it separately.

Step 2. Consider the following inequality. By Assumption (F —4) of A-2
Wwe can express:

J.

< C’/ |z — al (1 + X7 — 2]2T_1 + X7 — a]%_l )ug(dz)
Rd

VE(X] = z) = VE(X] — a)|p3(dz)

S O/ /d |Z . a| (1 4 22r—1 |X;7|2r—1 + 22r—2|z|2r—1 4 22T_2’CL|2T_1)/Lg(dZ).
R

In the following, we will denote by C the generic constant that may
depend on r, p and other parameters defined in assumptions. The bound
thus takes the form:

C [ |z—a|(C+CIXI "+ [z + |a[* ) p2(dz)
]Rd

< C\// |2 — al2u§(dz>\/0 +CIX7|"2 + |air-2 +/ |2[47=2pg (ds)
R4 R4

Since we only consider w € AN {t € [7,,; 01 A T}, X7 belongs to
B,(a) and is thus bounded by a constant. Moreover, Wy(u7;6,) < x and
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Y7 < sup.egpe |2 — al by the definition of the set A. At the same time,
by Proposition 4.6, we know that [ |z|*~?dug < M for any time ¢ > 0 and
for any 0 < o < 1. Therefore, for any ¢t > 0 and for any w € AN {t €
[Tin; Omi1 A T|} we have

I

Step 3. Let us come back to equation (4.28). Given the calculations in
Step 2, the final bound takes the following form:

&(t) §a2—2CW/ f(s)ds+2/~£C/\/§(s)ds.

VF(X? —2) = VF(X? —a)|pd(dz) < Ck.

It means that, if we introduce the deterministic function 1 that is the
unique solution of equation

Y(u) = o — 20w /Ouw(s) ds + 2kC /Ou V(s)ds,

then &, 1., < 1, for any positive u < ¢ and for P-a.e. point w € AN{t €
[Tm; 9m+1 A ﬂ}

If a > zg’:v , we can solve this equation explicitly and get:
C o0 C
= — Y4 ——k. 4.29
(u) (a QCW/-i)e —l—QCW/-i (4.29)
Otherwise, we can simply bound ¥ (u) by
C
V() < JEr i (4.30)
W

since ¢'(u) < 0 whenever 1(u) > Crk?/(4C%;). Thus, ¢ can be expressed in
the form:
Vi (u) < ae 7" 4o, (1).

In particular, it means that if there is some random time S defined for
w € A and such that for P-a.e. w € A we have 7, <& < 6,,,1 AT, then:

£(S) < ae2w(S=mm) 1o, (1)
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for P-a.e. w € A.

Step 4. To finalise the proof, let us show that for P-a.e. w € A, we have
T > 0,,411. Indeed, if it is not true, then there exists a set B C A with
P(B) > 0, such that for any w € B, X§ ¢ B,(a), but Y7 € B,/s(a). Yet,
by derivations of Step 3, for P-a.e. w € A:

C
‘Xg- — Y/;Z‘ S max (Oé, m/‘i) .

Therefore, without loss of generality, we can choose x > 0 to be small
enough to get the contradiction. That proves the lemma.

[]

For control outside of the set B,(a) consider the following lemma.

Lemma 4.20. Define for some constant L > 0 and for any T > 0 the
following mapping: V¥r : x +— xel™. Then, under Assumptions A-1-A-7,
there exists a constant L > 0 such that for o < p/4, for any m > 1, and
for any k > 0 small enough:

te [em ;Tvn}

P ( sup |X7 - ¥¢| > me@m),A) ~0,
where A := {1, < S%(k), sup;y, | X7 = Y| <}

Proof. As in the proof of Lemma 4.19, we first introduce () = | X7 — Y/7|?
and then differentiate this function with respect to time. The difference is
that now we can not use convexity properties of the set B,(a). Moreover,
we will not be able to provide a good upper bound for | X7 |, since Y7 and
X7 drift apart from each other.

Step 1. The following inequality holds for P-a.e. w € AA{t € [0,n; Tm|}:
t
£l0) < 1XG, ~ Y P -2 [ (X7 - YEwvn) - vV e ds
07’"

t
—2 [ (0 - YIVE g (X7) - VE(YY ) ds.
Om
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Using Cauchy—Schwarz inequality, we can obtain the following bound:
wgoﬁ+2At¢§5hmmﬁw—vvayﬂw

+2At¢§5hmwquQ—VF&f—@hmzmﬂ+h+5.

Let us consider I; and I, separately. In the following, C will denote a generic
constant that may depend on parameters defined in the assumptions.

Step 2. For the first expression I;, we use Assumption (V —5) of A-1 and
get:

2/9 VE(s) [VV(X)=VV(Y])|ds < C/ei(s)(l X[ Yol ds

By adding and subtracting Y7 in the expression above, we can upper
bound it by

C /0; £(s) (C + C§(8)2T2_1 + |Y;’|2T_1> ds.

Moreover, since we consider only those w for which ¢ < 7,,,, Y7 belongs to
D%, which is a bounded set. Therefore, the upper bound takes the final
form:

h<c/ C+§) )ds (4.31)

Step 3. For the second expression I, let us use assumption (F —4) of A-2
and get:

¢
L gc/ VEB) [ 1X7 =z ¥7

97”

(1+ X7 - AT Y —af ! Jug(dz) ds

<C / / E(s) (14 X7 — 2P 4 Y7 — a1 )l (dz) ds
Om

C/ VE(s)|z — al (1 + X7 — z]%*l +1Y7 — a|2r*1 ),u;'(dz) ds.
0, JRE
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Let us denote the two expressions above as A; and A,. For A, we add
and subtract Y7 inside | X7 — 2|*"~! and get:

A1<C/ /Rd C+C§()

As was pointed out above, since t € [0,,; ], |Y.? — al is bounded for P-a.e.
w € AN{t € [0m;Tm|}. Moreover, by Proposition 4.6, there exists M > 0
such that [ |z ~'dug < M. Thus:

27‘;1) ds .

—1 +C|}/scr‘2r—1

1P o) g (dz) ds.

t

A <C | €ls)(CHels)

Om

Similarly, for As:

Ay < C/ VE(s)|z —al
07’77/
X (c+cg(s) 2

By Cauchy-Schwarz inequality and since both [5, [2[dug and [p, 2| *dug
are bounded by a constant, we get:

TP P ) e (dz) ds.

t
Ay <C [ VE(S)VC+E(s) 1 ds,
9m
which gives the following bound for Is:

]QSC/; (C{(s) <C—I—§ >+\/§ \/C+§(s)2”_1> ds.

Since for any @ > 1 we have z* < /r + 2™ and since \/z < 14z, we can
roughly bound I, by the following expression:

L <C /9; (5(3)’"“ + \/@) ds (4.32)

Step 4. From (4.31) and (4.32) we get that for P-ae. w € AA{t €

O 7]}
f0 <’ +C [ (Celet 4 VER) ds
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Obviously, £(t) is bounded for respective w and ¢ by a function of the

form:
V() = o’ + C/O (czz;(s)”l + \/W> ds,

which in its term is bounded by the following expression. Note that for each
period of time when ¢ (u) < 1, it is simply bounded by a linear function:

Y(u) < o + Cu.

Otherwise, its upper bound take the form:

Y(u) < a?+C /uz/)(s)wr1 ds,
0

which is a polynomial. By choosing the right constant L > 0, we can easily
bound v by
w(u) S a262Lu’

which proves the Lemma by using the same approach as in Steps 3 and 4
of the proof of Lemma 4.19. O]

The following lemma establishes the maximum number of excursions of
the process Y7 from B,(a). Let us define the height of the effective potential
inside the sets of the form B, »(a) as Q° := inf.es, @) {Wa(2) —Wa(a)}. We
remind that Hy = inf.cope {Wa(2) — Wa(a)} is the height of the effective
potential inside the set D%. Consider the following lemma:

Lemma 4.21. Let N* := 2 (exp{a—%(H}ez —Q°+ /-i)ﬂ Let T+ be defined
as in (4.26). Then, for any k > 0 small enough:

1. ]P(T;%: > TN*) m O

2. There exists Ty > 0 such that P(3i < N*: 0, — 1,1 > T1) — 0.

o—0

Proof. We separate the proof into 2 steps.

Step 1. Let us prove the first part of the lemma. Note, that if 7n« is less
or equal then exp{a%(Hfz + g)}, then necessarily the number of intervals
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of the form [r;_1;60;] such that 0, — 7,_1 > exp{%(@c — g)} can not ex-
ceed N*/2 by definition of the latter. Based on this observation and using
Proposition 4.13, we have

P(r > ) S P(7we < 7 < et i)
+P (g > e i) (4.33)

*

ek N
SP(#{Z S N*: 6)1'—7'2'_1 <6722(Q _5)} > 5 >+Oa(1);

where 0,(1) is an infinitesimal with respect to 0. Consider
e N*
]P(#{Z < N*: 0, — 11 < efle(Q _5)} > —>

2
N* k
= Z Z . (ﬂ {9%' — Tij-1 < 6022(@—3)})
h=[ 2] (i) \i=1 (4.34)
N* )
< Z 2N*< sup Py (6’0 < ea%(Qc_g)) ) :
k:(NT*-I YyEB,/4(a)
where (i1, ... ,i) stands for all possible choices of k numbers i; < -+ < i
from the set {1, ... ,N*}. Note that the number of such combinations

can be roughly bounded by 2", The last inequality in (4.34) we get due to
the fact that Y7 is a strong Markov process and 6 is defined in (4.27). By
the exit-time result for diffusions of type Y7 (see Proposition 4.13), for any
K< pl4

sup P, <90 < ea%(Qc_%)) = 0,(1).

yeBp/4(a’)

After adding this bound to equations (4.34) and (4.33), we get:

1 L=o, (=]

o, oel) = o,(1),

P(Tg’g > 71y+) < 2V 0, (1)

Step 2. For the second part of the lemma, we use [DZ10, Lemma 5.7.19],
that is the fact that there exists 17 > 0 big enough such that
2
lim sup 7 log sup Py(mo>Ty) < —(Hp—Q +1). (4.35)

o—0 yE€B,/2(a)
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Consider the following equations:

NE

1
*

=2

< sup Py(ro >T1),

yeBp/2(a)

where the last inequality is due to the Markov property of the diffusion Y.
Finally, by (4.35), we get:
]P;(EIZ < N* - T — 9z > Tl) <2 <62(H%7QC+1{)/0-2 + 1) e—Z(H}e%chJrl)/gQ

— 0,
o—0

which proves the lemma if k is chosen to be small enough. O]
Now we are ready to prove Proposition 4.14.

Proof of Proposition 4.14. Since, by Lemma 4.21, each time spent outside
of B,»(a) is bounded by a constant 77 > 0 with high probability, we are
interested in the composition

Up, 0 dy(x) = 2T =KD Lo (1)elTr < 2eED=KD 4 o (1). (4.36)
Let us introduce the following mapping:

Uy (z) == we™ K 4o, (1).

Then the results of Lemmas 4.19 and 4.20 can be rewritten in the fol-
lowing form: for any x > 0 small enough, for any m > 1 and for any
o < K:

IP)( Sup |Xto- - }/t0—| > \Ijem+1_7—7n (O{),
te[7m§7'm+1]

(4.37)
Tm41 < Sgt(’f)atiup X7 Y7 < a) = 0.
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Let us now come back to the statement of the proposition. Fix some
0 <n < H% — H. Note that, if sup, | X7 — Y,?| > «, for t € [T3(k); SG(K) A

ea%(HJrn)]

, then it should happen for ¢ belonging to one of the periods of
2
time of the form [r,_i; 7] that are before S%(k) A ea ™ Moreover,

since we know, by Lemma 4.21, that 7y~ happens after S (k) A ooz (HH)
with high probability, the number of periods of the form [r;_1; 7], during
which | X7 — Y?| can surpass the level «, is bounded by N*. Given these
observations, consider the following line of equations:

P (Sup{!Xf —-Y7|:te [Ts‘i(/f);sé‘t(/f) /\exp{%(HﬂLn)}” > a)
<P (TN* < S%(K) A exp{%(H v n)}) Y PEm < N*: 1 — 0 > T0)

—|—]P’<E|k* <N*: sup |X7-Y7|>aand

EE[Thx _13Tpx]
2
T < SE(K) /\exp{ﬁ(H—i-n)},‘v’m <N*:7, =0, < T1,>

= ]1 + .[2 + 13.
(4.38)

For the first probability:
Y,o Y,o 2
I §IP’<TN* STD%) + P Tpe < TN < exp E(H—i—n)

Y,o _
<P (v < 7 ) + P Xrgen) — al > k)
2
P ( Yo ‘(" ) — 0,
R (<ol e ) o
by Lemmas 4.21, 4.11 and Proposition 4.13, and since H + 1 < Hf. At the

same time, by Lemma 4.21, the second expression:

[2 — 0.
oc—0

What is left is the third expression. Note that, by (4.37), I3 is bounded
by:

N*
Z P(\D@k**‘%*q 0---0oWy, 5 0 \Ilel—Tst(H) °0> ﬁ)'
k*=1
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We get that expression by observing that, if there exists £* such that in-
equality
sup | X7 = Y[ >k

tE[Thx sTx 41]
holds, then, given that this difference is smaller than  for times smaller
than 75+, we can control this difference in terms of Wy, | by (4.37).

Let us study the sum above. By definition of W7, we have:

N*
ZPOII@M*TMA 0---0Wg_r 0 \Ilel_Tst(R) 00> ’1)

SE; (}j em{EjuJy—wa—q1»}+v§a)>n>.

i=1 j=i

We can continue the calculations and get the following upper bound:

N* k* :
K=oy (1)
g P ( sup exp{ E (LT, — K(0; — Tj—1>>} > 1 )

oo \usiske—1 pa
N* o

< Z P < sup {Z(LTl - K(0; - Tj—l))} > —log(k* — 1))
b A e

Note that, if there are more than (k* — i + 1)/2 intervals of the size
(0; —1j-1) > exp{@}, then necessarily
= (k*—i+1) 2(Q°—r)
> (LT = K(0; — 7j1)) < (k" =i+ 1) LT — [—W Ke @@
j=i
K c
< (K —i+ 1)(LT1 . 562@0 >)
< i (i - Kot
2
(Q=r)
Since k* > log(k* — 1) for any k* > 1 and since (LT1 — %eQ = ) is
negative for small enough o, we get

sup {Z(LTl — K(0; - Tj—l))} < —log(k* — 1),

1<i<k*—1 -
A j=i
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which means that it is impossible to have more than (k* —i+1)/2 intervals
of the size §; — 7;_; > exp{@}. Therefore, we have:

( sup {kz LT — — T 1)}) > —log(k* — 1)>

1<i<k*—1

SIP’(WSk*—l:#{jiiéjﬁk*iej—ﬁ'1§eXP{_2(Q 2_l€>}}

g
>k;*—z’+1>
=7 9

< Juin > ZIP’(ﬂ{ m—ﬁexp{@}})

L’“* *’“J (150

Since the number of combinations of the form (ji,...,J,) can be roughly
bounded by 2", we can deduce

1;2'}5371 Z Z P <ﬂ{ i — Tio1 < exI{@}})

==
] "’[Z’fj : <y6189?£(a) i (00 = eXp{ 2(@;2_ k) }))”
<l

by Proposition 4.13.

Combining inequalities above, we can come back to (4.38) and conclude
that I3 also tends to 0 with ¢ — 0, for each x > 0 small enough, which
finalizes the proof.

O

Control of Y?: Proof of Lemma 4.15

We can show, using large deviations techniques, that there exists a uniform
upper bound on the time of convergence of Y inside B,4(a). Namely, for
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any r > 0 small enough, there exists 7 > 0 such that

sup P,(VE ¢ Byya(a)) — 0.

yeDs

The construction of such a T' can be found in [DZ10, Proof of Lemma
5.7.19].

Therefore, for small enough o > 0, given only r and p, we can choose a
continuous function (o) such that (o) — 0 and we have
o—

sup Py (Y7 ¢ B,4(a)) < o(0), (4.39)

y€eD;.
for all ¢ > 0 small enough.

Moreover, by Proposition 4.13, we know that for any § > 0 we have

]P’(Tgf < exp{ 2(H; 6)}) > 0. After fixing some positive » > 0 and

choosing 0 to be small enough such that H < Hf — 9, we can define n > 0
as a small enough number such that H +n < Hf — 4. In the following, we
can restrict ourselves only to those trajectories that do not leave domain D;

before time exp{w} < ex p{w}. Define the event A := {TY; >

exp{ (H+77) }}

Consider the following inequalities. By Lemma 4.11 and the definition
of Y7, for any k > 0, we can introduce o, (0 ), the modification of function
0(c0) such that 4.39 still holds and also we have

P(Y7q () & Bpjala), A) < 0x(0). (4.40)

At the same time, using the Markov property of diffusion Y7, for small
enough o > 0, we have

P(Y;”(n +T ¢ Bya(a), A)
< sup P,(YF & B,j(a), A)P(Yiz(n) € Byala), A)

yEBp/4(a)
+ sup P,(YZ ¢ B,a(a), A)P(Yrs(x) & Byja(a), A)
yEDE\B, /4(a)

< 0,(0) +02(0),
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by Equations (4.39) and (4.40), while P(Y/, ) € Bya(a), A) is bounded by
1. For the next step consider:

P(Yﬂg(nwﬁ ¢ Bya(a), A)
<  sup Py(YT" ¢ Bp/4(a),A)IP’(Y7?({(K)+T € B,j(a), A)
yEBp/4((l) s
+ sup Py(YTU gé Bp/4(a>7A)P(Y£g(,€)+T ¢ Bp/4(a>7A)
yEDE\B,,/4(a)
< 0,(0) [1 +04(0) +0.(0)],

similarly to the previous computations. For any fixed x > 0 and o > 0 small
enough, we can repeat this procedure N (o) := { ex p{ (H+77) H times, thus
while A still holds. We finally get the following upper bound.

N(o)

Sup P(Yig;{(m +nT ¢ Bp/4(a)> A) <0,(0) Z 52(0) < 5'{0)

4.41
n<N(o) i—0 ~1-0 0) ( )

This allows us to confine with high probability Y for points of time of the
form T (k) + n1" inside the ball B,/4(a).

The last steps that one has to make in order to prove the lemma is, first,
to control the probability P(Y,” ¢ B,/2(a)) in between points of time of the
form T (k) + kT and Tg(k) + (k+ 1)T and, second, remove event A. Note
that

supP(Y)” ¢ Byj2(a)) < P(A) +sup PV ¢ Byyala), A),

where the suprema are taken with respect to t € [TS‘{( ); exp{ (H+")H.

The first probability tends to zero by Lemma 4.11 and Proposition 4.13,
since

B 2(He — 6
() < P( Xz ol > 1)+ sup Py (7 <o ZEZ0L) o

2
yEBg(a) g

For the second probability, consider the following inequalities for any
k> 0 and for any ¢ > 0 small enough. Using the Markov property of Y7,
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we have

supP(Y? & B,a(a), A) < sup P(Y7,
t

n<N(o) st

€ B,ja(a), A)

(K)4+nT
x sup supP, (Y7 & Byja(a), A)
y€B,/4(a) t<T

+ sup P(Y7, .7 & Bpala), A)
n<N(o) st

x sup sup P, (Y,” & B,2(a), A).

yEDS <T

Let us use (4.41) and bound by 1 the probabilities that are not needed
for our derivations. Finally, we get for any x > 0 and o > 0 small enough:

Op 0
DBV ¢ Byaa) A) S suwp supP (V7 ¢ Byala) +

y€B,/4(a) t<T 1 —04(0) .

Note that {Y,” ¢ B,2(a)} C {Tg";(a) < t}. Therefore, we have

sup supPy(Y? ¢ B,x(a)) < sup Py(Tg";(a) <T)—0,
yeBp/4(a) tST yEBp/4(a) P o—0

by Proposition 4.13. This finally shows that we can find > 0 such that
for any x > 0 small enough, we have

sp (Y7 ¢ Bypla) — 0,

te [TS‘{ (k) ;exp{ 72(1:;") }]

which proves the lemma.

Control of the law: Proof of Lemma 4.16

In this section, we prove Lemma 4.16. In order to do that, we first pro-
vide and prove Lemma 4.22 below, that is a modification of a technique
introduced by J. Tugaut in [Tugl8a]. Let £(t) :== W3(u?;d,). Consider the
following lemma:

Lemma 4.22. Under Assumptions A-1-A-7, there exist K1, K5 > 0 such
that for any t > 0:

€(t) < ~K\E(t) + do® + Ko [B(X7 ¢ By(a)).
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Proof. The proof is similar to the one of [Tugl8a, Lemma 4.1] although it
is strongly different.

Step 1. First of all, by It6’s formula, we have

t t
X7 —al? = |X0—a|2+20/ (X7 — a;dWy) —2/ (X{ —a; VV(XY)) ds
0 0

¢
— 2/ (X7 —a;VF % p2(X%)) ds + dot.
0

For the next step, we take the expectation and derivative with respect
to t. We get:

€(t) =do® = 2E[(X7 — a; VV(XT) + VF  u (X7))] .

Step 2. Let us introduce F € C*(R%R) — a modification of the function
F such that F is ”"convex enough” around 0. Namely, if V2F(0) = CTWId,

where Cy is the positive constant from Definition 4.2, then we simply let
I = F. If not, we introduce a matrix M := —V2F(0) + <¢Id and define

F(z) = F(z) + § (x; Mux).

In the following, without loss of generality, we stick to the case VZF(0) <
CTWId. Moreover, without loss of generality, we assume that F is locally con-
vex inside the ball B,(0), where p is the radius of convexity of the effective
potential introduced in Definition 4.2. Indeed, since V?F is continuous,
we can always choose p in Definition 4.2 to be small enough such that
V2F(z) — V2F(0) = —9¥1d for any = € B,(0). Note, that, under these
assumptions, M is a positive definite matrix.

Step 3. By definition of F, we have:

E[(XT — a; VF x pf (X7))]
= E[(X} — a; VF * 1 (X7))] = E[(X} — a; M(X7 — E[X])))]
= E[(X} — a; VF * 1 (X7))] = E[(X] — a; M(X] — a))]
— E[(X7 — a; M(a — E[X7]))].
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Let Y,” be an independent copy of X/ . Since M is positive definite, this

gives us the following lower bound:
E[(XY — a; VF * g (X7))]
o n o o o o (442)
> E (X7 - a; V(X7 = ¥7)| — EUXT — 6 M(XT - a))]

Step 4. We now focus on the first term of the inequality above. Let us
consider separately the parts of the process X7 lying outside and inside
the ball B,/5(a). Using the polynomial growth (Assumption A-2), for some
generic constant C, we get:

E[(X7 - a; VP(X7 - Y7))]
> E[(X] — ; VE(X] = Y7 Wxzen, o Lyzen, @

—CE [(1 + !Xf\Qr)ﬂX,{’ezBp/z(a)] :

Since F is convex inside B,(0) and the moments are uniformly bounded
(Proposition 4.6), by using the Cauchy—Schwarz inequality, for any 0 < o <
1, we immediately obtain the existence of a positive constant K > 0 such
that:

E[(X7 — 0 VE(X7 = Y7)] > ~K\JP (X7 ¢ Byala)).

We plug this inequality in Equation 4.42 and get:
E[(X7 —a; VF s pf (X7))] > —E[(X] — a; M(X] —a))]
— K\[P (X7 ¢ By(a).

(4.43)

Step 5. We now focus on the term involving VV. According to Defini-
tion 4.2, for any = € B,(a), we have:

V2V (z) = Cwld — V?F(x — a).
At the same time, by the definition of M:

VZF(0) = —M + CTWId.



4.4. PROOFS OF THE INTERMEDIATE RESULTS 143

Since V2F is continuous, we can, without loss of generality, decrease p
if necessary so that —V2F(z) = —V2F(0) — ©¥Id for any z € B,(0).
Therefore, for any = € B,(a), we have:

V2V (z) = %%HM

Using the same logic as in Step 4, we get:

E[(X7 —a; VV(X?))]
= E[(X7 — a; VV(X7) xpen, @] + EL(XT — a; VV(XT)) Ixg¢n, (@)

>E {(Xg —a (%‘”M + M) (X7 — a)>1

~ K\[P (X7 ¢ Bpala)). (4.44)

Final step. As a consequence, putting 4.43 and 4.44 in the Step 1, we
get:

¢'t) < do”® — CTWg(t) + 2K\/IP> (X7 ¢ B,a(a)),

which concludes the proof.

Now we are ready to prove Lemma 4.16 itself.

proof of Lemma 4.16. In order to prove the lemma, we use Lemma 4.22
above, that is the inequality

€(1) < 20 €(1) + do” + K\JB(X7 ¢ By(a)).
After that, we use Lemma 4.15 along with Proposition 4.14 in order to
show that the term P(X7 ¢ B,(a)) tends to 0 with ¢ — 0 for any T3 (k) <
t < S%(k) A eXp{M}, which, in its term, means that we can choose

o to be small enough such that £(¢) < 2 for all such ¢. Final step is to
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show that S (k) can not be less or equal than exp{—z(zjn)

contradiction between the fact that £(S%(k)) < k* and definition of Sg (k).

} or else we get

Consider the following inequalities. For any T3(k) < t < S%(k) A
exp{ HH ) } :

PXY & Byla)) SP(Y ¢ Bya(a)) + P(Y = X7| > p/2) = 0,(1),

by Lemma 4.15 and Proposition 4.14. Thus, by Lemma 4.22, £(t) =
W2 (1145 64) is bounded for any ¢ considered above in the following way:

() < —20€(t) +do* + Koy (1).

Therefore, we can decrease k and then o to be small enough such that
£(t) < k% for any T3(k) <t < S%(k) A exp{z(h”n)}.

o2

The last step is to note that if S (k) < exp{@}, then we get a

contradiction between definition of S% (k) and the fact that £(S%(k)) < k2,
which proves the lemma.

]
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