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Abstract

We study the exit-time from a domain of a self-interacting diffusion,
where the Brownian motion is replaced by o B; for a constant . The first
part of this work consists in showing that the rate of convergence (of the
occupation measure of the self-interacting process toward some explicit
Gibbs measure) previously obtained in [KK12| for a convex confinment
potential V' and a convex interaction potential can be bounded uniformly
with respect to 0. Then, we prove an Arrhenius-type law for the first exit-
time from a domain (satisfying classical hypotheses of Freidlin-Wentzell
theory).

Keywords : Self-interacting diffusion, exit-time, Kramers’ law, deter-
ministic flow.

Mathematics Subject Classification : 60K35, 60H10

1 Introduction

Path-interaction processes have been introduced by Norris, Rogers and Williams
during the late 80s in [NRWS87|. Since this period, they have been an in-
tensive research area. Under the name of Brownian Polymers, Durrett and
Rogers [DR92] studied a family of self-interacting diffusions, as a model for the
shape of a growing polymer. Denoting by X; the location of the end of the grow-
ing polymer at time ¢, the process X satisfies a stochastic differential equation



driven by a Brownian motion, with a drift term depending on its own occupa-
tion measure. One is then interested in finding the scale for which the process
converges to a non trivial limit. Later, another model of growing polymer has
been 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
dX, =Y Fi(X))odB; — / VoW ( Xy, y)ue(dy)dt,
M

=1

where W is a (smooth) interaction potential, (B!, -- , BY) is a standard Brown-
ian motion on RN, y1, = % fot dx.ds and the symbol o stands for the Stratonovich
stochastic integration. In the compact setting, they have shown that the asymp-
totic behaviour of the empirical measure of the process can be related to the anal-
ysis of some deterministic dynamical flow. Later, Benaim and Raimond [BRO5]
gave sufficient conditions for the almost sure convergence of the empirical mea-
sure (again in the compact setting). More recently, Raimond [Rai09] has gener-
alized the previous study and has proved that for the solution of the SDE living
on a compact manifold

t
dX, = dB, — @/ V. V(X X,)ds dt

0

unless g is constant, the approximation of the empirical measure by a determin-
istic flow is no longer valid.

Similar questions have also been answered in the non-compact setting, that is
R¢. Chambeu and Kurtzmann [CK11] have studied the ergodic behaviour of the
self-interacting diffusion depending on the empirical mean of the process. They
have proved, under some convexity assumptions (ensuring the non-explosion in
finite time of the process), a convergence criterion for the diffusion solution to
the SDE

t
dX, = dB, — g(t)VV <Xt - % / Xsds> dt
0

where ¢ is a positive function. This model could represent for instance the
behaviour of some social insects, as ants who are marking their paths with the
trails’ pheromones. This paper shows in particular how difficult is the study of
general self-interacting diffusions in non-compact spaces as in [Kurl0|, driven
by the generic equation

1 t
dXt = dBt - E/ V;CV(Xt,Xs)dS dt.
0

Nevertheless, if the interaction function V' is symmetric and uniformly convex,
then Kleptsyn and Kurtzmann [KK12] obtained the limit-quotient ergodic theo-
rem for the self-attracting diffusion. Moreover, they managed to obtain a speed



of convergence. As the results of this former paper are essential for the present
work, we will explain them more precisely in §2.1.

Another problem related to this paper is the diffusion corresponding to
McKean-Vlasov’s PDE. This corresponds to the Markov process governed by
the SDE

dX; =dB; — VW s 1 (Xy)dt (1.1)

where v = L(X;), W is a smooth convex potential and * stands for the con-
volution. The asymptotic behaviour of X has been studied by various authors
these last years, see for instance Cattiaux, Guillin and Malrieu [CGMO08]. It
turns out that under some assumptions, the law v, converges to the (unique if
W is strictly convex) probability measure solution to the equation v = %6’2”/*”
where Z = Z(v) is the normalisation constant. In the latter paper, the authors
use a particle system to prove both a convergence result (with convergence rate)
and a deviation inequality for solutions of granular media equation when the
interaction potential is uniformly convex at infinity. To this end, they use a
uniform propagation of chaos property and a control in Wasserstein distance of
solutions starting from different initial conditions.

A related question to this problem concerns the exit-times from domains of
attraction for the following motion

AX? = 0dB, — VV(X?)dt — VIV # (X7 )dt (1.2)

where V' is a potential, * stands for the convolution, v; = £(X7) and o > 0.
This was addressed by Herrmann, Imkeller and Peithmann [HIP08|, who ex-
hibited a Kramers’ type law for the particle’s exit from the potential’s do-
mains of attraction and a large deviations principle for the self-stabilizing (also
named McKean-Vlasov) diffusion. To get this, they reconstructed the Freidlin-
Wentzell theory for the self-stabilizing diffusion. More precisely, they estab-
lished a large deviations principle with a good rate function. The exit-problem
for the McKean-Vlasov diffusion has also been already studied recently, without
using the Freidlin-Wentzell method. In [Tugl2|, Tugaut has analysed the exit-
problem (time and location) in convex landscapes, showing the same result as
Herrmann, Imkeller and Peithmann, but without reconstructing the proofs of
Freidlin and Wentzell. He has then generalised very recently his results in the
case of double-wells landscape in [Tugl8]. In [Tugl6, Tugl9], Tugaut did not use
large deviations principle but a coupling method between the time-homogeneous
diffusion
dXt = O'dBt - VV<Xt)dt - VW(Xt — m)dt

(where m is the unique point at which the vector field VV equals 0) and the
McKean-Vlasov diffusion so that the results on the exit-time of X can be used
for the exit-time of the self-stabilizing diffusion (1.2).

The present paper also deals with the exit-time problem of a specific diffu-
sion, driven by the SDE

1 t
dX; = 0dB, — (VV(Xt) + g/ YW (X; — Xs)ds) dt, Xo=zecR? (1.3)
0



where V, W are two potentials and o > 0. We could adapt the techniques intro-
duced by Herrmann, Imkeller and Peithmann but only in the case of a convex
gradient 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 the
diffusion (1.3). Indeed, the exit-location will be easily obtained once we know
the exit-time. The motivation for the study of such a diffusion is twofold. First,
we wish to obtain the basin of attraction when the diffusion converges (if we
know the speed of convergence, or at least a nice upper bound of it). And more
challenging, our main aim consists in improving the simulated annealing method
(even if we need a concave interaction in that case). This paper is a first step
in this direction.

In the following, for readability issue, we will omit the sigma—exponent for
the process X as well as the empirical measure u;. Nevertheless, the reader has
to keep in mind that the process and p; depend on o.

1.1 Some useful notations

As usual, we denote by M(R?) the space of signed (bounded) Borel measures
on R? and by P(RY) its subspace of probability measures. We will need the
following measure space:

M(RY P) = {n € M(R?); /Rd P(ly]) pl(dy) < +oo}, (1.4)

where || is the variation of u (that is |u| := pu™ + p~ with (u*, 4~ ) the Hahn-
Jordan decomposition of p: g = u™—p~) and P is some polynomial. Belonging
to this space will enable us to always check the integrability of P (and therefore
of V,W and their derivatives thanks to the domination condition (2.1)) with
respect to the (random) measures to be considered. We endow this space with
the dual weighted supremum norm (or dual P-norm) defined for y € M(R; P)
by

P = sup
pEC(RY);|p|<P

[ea] = [ padiaan. )

where C(R?) is the set of continuous functions R? — R. Without any loss of
generality, we suppose that P(|z|) > 1, so that ||ulp > |#(R%)|. This norm
makes M(R%; P) a Banach space. Next, we consider P(R%; P) = M(R?; P) N
P(RY). In the sequel, (-,-) stands for the Euclidean scalar product.

Definition 1.1. Let d be any positive integer. Let G be a subset of R? and
let U : R* — R? be a vector field satisfying some “good assumptions”. For all
r € R4, we consider the dynamical system p;(z) = = + fot U (ps(z)) ds. We say
that the domain G is positively invariant for the flow generated by U if the orbit
{pe(x); t € Ry} is included in G for all z € G.

1.2 Main results

The precise assumptions on the potentials will be given later in Section 2.



The goal of this paper consists in finding some precise upper and lower
bounds for the exit-time of some positively invariant domain.

Theorem 1.2. Let D be a domain that is positively invariant for the flow

x+— —=VV(x) — VIW(x —m) and denote by T the first time the process X exits

the domain D. Let H := infycop (V(z) + W(x —m) — V(m)) be the exit cost
2

from D. Then P — linr%J % log(r) = H that is for any 6 > 0, we have
o—

lim P (exp{fz(H—(S)} <r< exp{;(H—&—(S)}) 1. (16)

From Theorem 1.2, we immediately obtain the classical statement on the
exit-location.

Corollary 1.3. Under the same assumptions as the ones of Theorem 1.2, if
N C 0D is such that inf.cpn (V(2) + W(z —m) — V(m)) > H, then

lim P (X, € A) = 0. (1.7)

1.3 Outline

Our paper is divided in two parts. First, Section 2 is devoted to the study of the
self-interacting diffusion and more specifically, we will explain the former results
of Kleptsyn and Kurtzmann [KK12] and, more precisely, how we adapt them in
our context. In particular, we will show that the empirical measure of the stud-
ied process converges almost surely with a rate upper bounded independently of
o. After that, we will prove our main result, that is Theorem 1.2, in Section 3.
To this aim, we will show that our process X is close to the solution of a given
deterministic flow in §3.1. We then prove in §3.2 that the probability of leaving
a positively invariant domain before the empirical mean remains stuck in the
ball of center m and radius x vanishes as o goes to zero. Finally, a coupling
permits to conclude the proof of the main theorem in §3.4 and we give the proof
of the corollary in §3.5.

2 The self-interacting diffusion
We assume that V' and W satisfy the following set of hypotheses denoted by (H):
i) (regularity and positivity) V € C2(R%), W € C?>(R?) and V >0, W > 0;

ii) (growth) V and W have at most a polynomial growth: for some polynomial
P, such that P(|z|) > 1 for any = € R%, we have Vo € R%:

W (@)| + [VW ()] + VW ()] + [V (2)] + [V (@)] + [ V*V (@) < P(|=])

(2.1)
and inf V2V > p > 0, inf V2W > a > 0,
V()P
AV (z) <aV(z) and lim —— = 0. 2.2
(@) < aV(e) and Jim ST (22)



iv) (curvature) V and W are uniformly strictly convex functions. V has a
unique minimum in m;

v) (spherical symmetry) W (z) = G(|z]) for some function G from Ry to R.
Remark 2.1. By the growth condition (2.2), |[VV|?— AV is bounded by below.

Remark 2.2. Note, that without loss of generality we can choose polynomials
P to be of the form P(|z|) = C(1 + |z|*). Then the following property holds:
there exists a constant v > 0 such that P(|z + y|) < ~(P(|z|) + P(|y])).

Let us first show existence and uniqueness of the solution to the latter equa-
tion.

Proposition 2.3. For any x € R?, there exists a unique global strong solution
(X, t>0).

Proof. Local existence and uniqueness of the solution to (1.3) is standard (see
for instance [DR92]). We only need to prove here that X does not explode in a
finite time. Let us introduce the increasing sequence of stopping times 79 = 0
and

t
st {2 7000 + [ IVER)E s> )
0

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

tATh

tATH
Etnr, (Xinr,) =V(z) + / (VEs(X,),dBy) — / IVE(X,)[Pds  (2.3)
0 0
2 tATy tATY s
+U—/ ASS(XS)ds—/ / WX, — X )duls.
2 Jo 0 0 s?

We note that | T

o (VE4(Xs),dBs) is a true martingale. We then get

t
E€on, (Xinn,) < V(2) +a / EE,pr, (Xonr, )ds.
0

So, Gronwall’s lemma leads to:
EV(Xinr,) < E&inr, (Xinr,) < V(z)e™,

As lim V(z) = oo, the process (X;,t > 0) does not explode in a finite time

|z]| =00
and there exists a global strong solution. O

Remark 2.4. A large family of path-dependent process has been studied by
Saporito, see for instance [JS17]. He proves, with his co-authors, existence
and uniqueness of such processes. The difference with our process is that we
normalize the occupation measure.



2.1 Speed of convergence

Our results are based on the paper of Kleptsyn and Kurtzmann [KK12]. More
precisely, they have proved the following

Theorem 2.5. [KK12, Theorem 1.6] Let X be the solution to the equation (1.3)
with o = /2.

Suppose, that V € C2(R?) and W € C%(R?), satisfy (H) and either V or W
is uniformly strictly convex that is there exists C' > 0 such that

v

d d—1
Vr e R, Yv €S " D02

>C  or VreRYVoesSit

>C.

PwW
Ov2

x x

Then there exists a unique density poo : RY — R, such that almost surely

1 t *—wea
e = 7/ dx.ds rweakly, Poo(T) dz.
0

t t——+o00

Moreover, if V' is symmetric with respect to some point ¢, then the corre-
sponding density ps is also symmetric with respect to the same point g. Re-
mark that the density poo is the same limit density as in the result of [CMVO03],
uniquely defined by the following property: po is a positive function, propor-
tional to e~ (V+W+poo)

And what is more important, Kleptsyn and Kurtzmann obtained a speed
of convergence in the following way. First, let us recall the definition of the
Wasserstein distance.

Definition 2.6. For py, s € P(Rd; P), the quadratic Wasserstein distance is
defined as

Wa (i1, pz) = (inf{E(|& — &[2)})"?,

where the infimum is taken over all the random variables such that {law of
&} = py and {law of &} = po. This corresponds to the minimal L2-distance
taken over all the couplings between p; and ps.

Similarly, the Wasserstein distance Wy, is defined as

W2k(ﬂ1,ﬂ2) = (1nf{]E(|§1 _ £2|2k)}) 1/(2k) '

More precisely, in [KK12, Theorem 1.12], it is proved the existence of a
constant a > 0 such that almost surely, for ¢ large enough one has

Wa(uf, poc) = O(exp{—a **V/logt}),

where 2k is the degree of the polynomial P, puf is the translation of the empirical

measure g such that E(uf) = 0 and Wy is the quadratic Wasserstein distance.
2

Of course, in the case W(x) = al%, the polynomial P corresponds to the

growth of V', and we have to replace the Brownian motion by the rescaled Brow-

nian motion oB;. So that the density p. is uniquely defined by the following



property: ps is a positive function, proportional to e 2(V4Wrpoe)/o® | et us
sketch the proof of these results and explain how o appears here.

First, note that the empirical measure pu; = % fot dx.ds evolves very slowly.
Indeed, choose a deterministic sequence of times 7;, — +oo, with T, > T, 1 —
T, > 1, and consider the behaviour of the measures ur, . As 1), > Typ1 — Th,
it is natural to expect that the empirical measures p; on the interval [T,,, T)41]
almost do not change and thus stay close to pur,. So we can approximate, on
this interval, the solution X; of (1.3) with o = v/2 by the solution of the same
equation with p; = pr,:

dY; =o0dBy — (VV + VW s pg, )(Yy) dt, ¢ € [Ty, Thi1],

in other words, by a Brownian motion in a potential V + W % 7, that does not
depend on time.

On the other hand, the series of general term 7}, — T;, increases. So, using
Birkhoff Ergodic Theorem, we see that the (normalized) distribution p7, 7, . ]
of values of X; on these intervals becomes (as n increases) close to the equilib-
rium measures II(pr,) for a Brownian motion in the potential V 4+ W * ur |
where

1 2 2
I de) = —— —2(V4+Wsp)(z)/o d VA — / —2(V4+Wxp)(x)/o da.
() = 5 —se v Z(no)= [ e v
As
Tn Tn+1 - Tn
KTy = Tn+1 K, + Tn+1 KT, Tyia]s
we then have
T, T, - T, T, - T,
T & 7 i, + =" (pr,) = pr, + ——"(W(pr,) = i, ),
Tot1 Tht Tt
and

T

Toi1 —Tn  Topr
This motivates Kleptsyn and Kurtzmann to approximate the behaviour of the
measures p; by trajectories of the flow (on the infinite-dimensional space of
measures)

(H(MT,L) - MTn)-

o1
fo= 2 (1w) = p), (2.4)
or after a logarithmic change of variable # = logt,
p=10(p) — p. (2.5)

Indeed, choose an appropriate interval [T,,,T,,+1). On this interval, fix the
empirical measure y; at g7, . Then construct a new process Y, coupled with X
(the coupling is such that X and Y are driven by the same Brownian motion),
such that for all ¢ € [T, T),4+1), we have

AY; = 0dB, — (VV(Y3) + VWV * pur, (Yy))dt.



This new process has two advantages. First, it is Markovian (and its invariant
probability measure is II(pur, )(dz) = %e*Q(VJFW*”Tn)(I)/"de), and so is easier
than X to study. Second, its evolution is very close to the evolution of the
desired X. Indeed, we will use Y to prove that the transport distance between
the empirical measure on [T5,, T;,41], denoted by j7, 1, ) in [KK12, Proposition

3.2], and the probability measure II(ur, ) (both measures being centered in ¢, )

—Lmi . . .
is controlled by T, * ™ nEOw1/5d) ond so, this distance vanishes as n — 4o00.

This has been done in [KK12, §3.1.1].
After that, remark that if a.s. the empirical measure p; converges weakly* to
oo, then for t large enough, the process X shall be very close to Z, defined by

AZ; = 0dBy — (VV + VW % p1o0)(Z4)dt.

The process Z is obviously Markovian and the ergodic theorem can be applied:

1 [t
z/o 0z.ds e M(peo) as.
for the weak™ convergence of measures. So when the limit p., exists, it satisfies

proo = T(pico) - (2.6)

This explains the idea of introducing the dynamical system g = II(u) — p
(after the time-shift ¢ — e’ in order to work with a time-homogeneous system)
defined on the set of probability measures that are integrable for the polyno-
mial P. Note that, instead of considering the latter dynamical system, Kleptsyn
and Kurtzmann work with its discretized version, with the knots chosen at the
moments 7T),,. They then prove, in [KK12, Proposition 3.5], that the transport
distance between the deterministic trajectory induced by the smoothened (dis-
crete) dynamical system and the (centered) random trajectory pr, is controlled
and decreases to 0. This has been done in [KK12, §3.1.2].

Next, it remains to show that the free energy between this (centered) determin-
istic trajectory and the set of translates of po, goes to 0. We recall that for the
dynamics in presence of an exterior potential V', the free energy function is

Foaw() = -G+ [ Veoww)des g [ uw W) dsdy

and consider Fy {yw., = —%ZH(M) + [aa(V () + Wk p(x)) p(z) da for the energy
of “small parts”, where the entropy of the measure u is

M) = | ) log (o) (2.7)

As the free energy is controlled by the quadratic Wasserstein distance W,
this implies that the transport distance between the two previous quantities
decreases, as asserted in [KK12, Proposition 3.6].



To conclude, it remains to put all the pieces together and use the triangle in-
equality: Wa(u§, poo) is upper bounded by the sum of three distances, involving
the flow ®,, induced by the discretization of the dynamical system i = II(u) — p
on the interval [T,, T}, +1), for n large enough. The first term of the summation
bound will be Wy (uf, TI(u7, ), the second one Wo(II(u7, ), @5 (p7, ) and the
third one Wy (@5 (117, ), Poc)-

Finally, the previous decrease estimates will allow Kleptsyn and Kurtzmann
to show /the convergence of the center, after having made the appropriate choice
T, = n?/2.

2.2 The speed of convergence for the solution of (1.3)
For this paper, the corresponding result of [KK12, Theorem 1.12] is the following

Theorem 2.7. Let X be the solution to the equation (1.3). There ezists a con-
stant a > 0 such that almost surely, we have for t large enough Woy (11, poo) =
O(exp{—a */logt}), where 2k is the degree of the polynomial P, p; is the
empirical measure and Wy, is the 2k-Wasserstein distance, that is the minimal
L2 _distance taken over all the couplings between p; and ps that is the unique
density proportional to e~ 57 (VHWxpoo)

To prove this result, we mimic the proof of [KK12, Theorem 1.12], and show
that the speed of convergence is less than the one of the case corresponding
to 0 = 1. We will not reproduce it here. We will only show how we handle
this inequality for the following particular result, as it is representative of the
difficulty and shows how ¢ appears in the calculation.

Let us prove for instance the exponential decrease for the centered measure
II(p) and show that, as 02 < 1, we can obtain a lower bound of the speed
of convergence that does not depend on o. We have seen previously that the
centered p¢ has the same asymptotic behaviour as IT(x)(- + ¢,), up to a time-
scale. An important step to prove the latter result consists in estimating the
behaviour of the centered measures pf. More precisely, one has to prove that
the tail of these measures are exponentially decreasing. This is why we have to
introduce the following sets:

Definition 2.8. Let o, C' > 0 be given. Define
K)o = {neP®RY); VR>0, u({y;lyl > R}) <Ce *F},  (28)
Koo = {pePRY); p®eK ) (2.9)
We can now prove the exponential decrease of II(1)(- + ¢,,).

Proposition 2.9. There exist Cy,Cp > 0, two constants independent of o,
such that for all p € P(R; P), we have I(p)(- + ¢,) € K&, o, where ¢, is
defined by the equation (VV + VW x u)(c,) = 0.

Proof. Let us fix R > 0. Note first that, imposing a condition Cry > €2V | we
can restrict ourselves only to R > 2: for R < 2, the estimate is obvious.

10



The measure I1(p) has the density Z(i ) e~ 2(VHWx)(2)/7*  To avoid working

with the normalization constant Z(u, o), we will prove a stronger inequality, that
is
() (|2 = el > R) < Cne™ % - TH(p)(|z = .| < 2), (2.10)

which is equivalent to
/ e 2VAW ) @)/0% g < Cne—CR/ o 2(VAW ) (@) /o”
lz—cu|>R le—c.|<2

We use the polar coordinates, centered at the center c,, and so we want to prove
that

+oo 5
/ / e—2(V+W*u)(cH+>\v)/o’ )\d_ld)\d’l)
Si-1 JR

2
< C’He’CR/ / 672(V+W*u)(cu+)\v)/02)\dfld)\dv'
sd-1 Jo

It suffices to prove such an inequality “directionwise™ for all v € S¢~!, for all
R>2

+o0 2
/ 672(V+W*/J)(cu+)\v)/c72)\dfld/\ < C’ne*CR/ 672(V+W*,u)(c“+)\v)/02)\dfld/\.
R 0

But from the uniform convexity of V and W and the definition of the center,
the function f(A) = 2(V + W * u)(c, + Av) satisfies f/(0) = 0 and Vr > 0,
f"(r) > C. Hence, f is monotone increasing on [0, +c0), and in particular,

2 2
/ e~ TN/ N1\ > e*f<2>/“2/ ATLAN = Cpe~ T/ (2.11)
0 0

On the other hand, for all A > 2, f/(\) > f/(2) > 2C, and thus f(\) >
2C(\ —2) + f(2). Hence, as 02 < 1, we have

+oo 2 2 Foo 2
/ eff()\)/a' >\d71d>\ eff(Z)/O' / Ad71672c()\72)/0 d\
R R

IN

IN
)

RO
T / N1 m200=2) ) (2.12)
R
So finally, using that o < 1

+oo
/ e TN/TNd1q) < CuRI-1e 20 . o~ < e CR =58 (2.13)
R

Comparing (2.11) and (2.13), we obtain the desired exponential decrease. In-
deed, as o only appears in the exponential under the form exp(—const/d?), we
can upper bound the previous quantity by e~°°"**, so that the constant Cyy is
upper bounded by a constant that is independent of o. By an abuse of notation,
we call again this constant Cyy . O

Remark 2.10. This result corresponds to [KK12, Proposition 2.9] for the case
o=1

11



2.3 Small-noise limit

In the following, we remind the reader that we don’t emphasize the dependence
on o, but it will appear everywhere in the computations.

As was mentioned above, the invariant probability measure of self-interacting
diffusion is the unique solution to the equation

Poo = H(Poo),

where TI(p)(z) = e 2(VHW*n)(@)/0® / [ o=2(VEWxn)(2)/o" 4z, 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 p., are uniformly bounded with respect to o,
then 0,, is the weak-* limit of po, with o — 0 a.s. Note, that indeed, moments
of p; are uniformly bounded, since y; € K, ¢ for any ¢t > 0 and some «, C that
do not depend on o.

Thus, consider the following deterministic time, representing the time of
stabilization of the occupation measure, if it occurs, around its supposed limit
Om:

T.(o) :==inf{tx >0 : Vt >tg, E(Way (t1; 0r)) < K} . (2.14)

First, let us discuss why expectation E (Way, (11¢; 0., )) exists in the first place.
To show that, we use the fact that j; € K, ¢ almost surely and get

1/(2k)
Work (pr; 0m) < (2%_1 / |22 2% g (da) + 22k_1|m|2k> < Const,

where the last constant depends only on «,C,m and k. Therefore, since the
random variable is bounded by a constant almost surely, expectation exists.
Second, let us show that the definition of the time 7}, (o) makes sense. Indeed,

EWap (k45 0m) < EWap (445 poo) + EWay, (pocs ) —=0

o—0
where the limit is not just iterated, but holds for the pair (¢,0), since the speed
of convergence of p; towards po, in time does not depend on o, which was shown
in Theorem 2.7. Therefore, for any x > 0 we can find oy small enough and ¢,
big enough such that T, (0) < T, < oo for any o < o9, which does not only
prove existence and finiteness of T, (¢), but also its uniformness with respect to
.

3 Proof of Theorem 1.2

In this section, we prove our main result. First, we show that the process X
solution to (1.3) is close to the solution of a deterministic flow (¢;);>0 in §3.1.

12



Using that, we prove in §3.2 that the probability of leaving a positively invariant
domain before the empirical mean remains stuck in the ball of center m and
radius x vanishes as o goes to zero. Then, we consider the coupling between the
studied diffusion and the one where the empirical measure is frozen to d,, and
we show that these diffusions are close in §3.3. We conclude the proof in §3.4.

3.1 Upper bound

We remind the reader that in this work, the noise vanishes. Consequently, it is
natural to introduce the deterministic flow (¢;); defined by the following

= VY@ -1 [ YW—vgds e G)

We will show that X; and 1, are uniformly close while the noise goes to zero.
Namely

Proposition 3.1. For any & > 0 and for any T > 0, we have:

lim [P < sup || X; — ¢ (o)|]” > f) =0. (3.2)
=0\ te[0;1]

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

t
|Xt - wt|2 = 2/ (Xs - 7/’37dXs - dws) + dUQt
0
t t
§d02t—QCv/ |X5—¢S|2ds+a/ (X, —1bs,dBy)
0 0
t 1 s
= [ [ = YW = X) - T, - ))dsds,
0 0

Let LipIV(/W be a Lipschitz constant of VIV inside the following compact

K' = {x: |z —¢|* <&, for some t > 0} (due to our assumptions, this set is
indeed a compact at least for small £, which we can decrease without loss of
generality), and Cy is the convexity constant of V. We thus have

| X: — 4 |?

IN

t t
dO’Qt—QOV/ |Xs—¢3|2d$+0'/ (Xs_wsvst)
0 0

. , t 1 S
+ Llng/ ;/ (|Xs_¢s|2+|Xs_'(/)s| : |Xz_¢z|)dz
0 0

IN

t ¢
da%—wv/ |Xs—ws|2ds+a/ (Xs —s,dBs)  (3.3)
0 0
Li K’ t 1 S
M %/ 7/ (31X — sl + X2 — 4. ) d.
o SJo
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Note then, that by the BDG inequality we get for some constant C' > 0:

tAT
E| sup < Co’R / | X — 1bg|2ds
[0,tAT] 0

t
< Co? /IE sup (| X, — %) | ds.
0 z€[0,sAT]

Let us consider the following random variable sup,¢jo. a7y [Xs — s|?. The
fact that we consider the supremum before time ¢ A T gives us that for any w
we consider only such s, that s < 7 (w), which in turn means that we can apply
estimation (3.3) for any s € [0,¢ A T]. We also remind that ¢ < T and derive:

o [0t

t
E < sup | X — ws|2> < do*T + Co? / E ( sup (| X, — w22)> dz
s€ 0 z€E

[0;tAT] [0,sAT]
, t
+ 2LipSyy / E( sup |X.—.*]ds
0 z€[0,sAT]
C 2
<do?T+ =2 |1+ TE[ sup (X, — vsf?)
2 SE0,EAT]

t
+ 2Lip§w/ E sup | X, —.|? | ds,
0 2€[0,sAT]
where in the last inequality we used /= < (1 + z)/2. Now, if we denote
u:=E (SuPse[o;tAﬂ | Xs — 1/)s|2), we have

1 2Td +C N
CTJ2/2< 5 +2L1pvw/0 usds | ,

for small enough o (such that 1 — CTo?/2 > 0). Thus, using Grénwall lemma,

we get
2 K
w < (2Td+ C)o exp Lipgyw T
2(1 - CTo2/2) 1—-CTo?%/2

ut§1,

= 0(c?). (3.4)

This in particular means, that E (SUPse[o;T/\T] | Xs — 1/13|2> < O(0?). Neverthe-

less, to show the necessary result, we have to get rid of the stopping time 7 in
the previous equation. It is sufficient to show, that P(7T < T)) — 0.
o—

Indeed, by its definition, 7 is the first time when the difference |X; — v;|?
reaches £. But under the assumption 7 < T and due to (3.4), by decreasing o
we can control | X; — 94| and make it small enough, such that | X7 —¢7|? < ¢
(in some sense), which contradicts the definition of 7. Rigorously,

T<T= sup |X;—vs|*=sup|Xs—1s* > ¢
[0, TAT)

)
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Thereby,
P(T <T)<P( sup |Xs— s> >¢€) <O0(c?),
[0,7AT)
by Markov inequality.
To conclude the proof of the Proposition, we consider

P ( sup [ Xy — ¢y (wo)|* > 5) <P ( sup [ X; — ¢y(o)|* > €T > T)

te[0;T] te[0;T)
+P(T<T)

<P ( sup | Xy — Py(x0)]? > 5) +0(c?)
te|

0;TNAT]
< 0(d?),

by Markov inequality and (3.4), which completes the proof. O

3.2 Probability of leaving before T} (o)

Remind that we denoted in (2.14) by T,;(o) the first time at which the expec-
tation of the 2k-Wasserstein distance between the occupation measure of the
process and d,, is smaller than x. By B(m; k), we denote the ball of center d,,
and radius k for Wo,,.

Proposition 3.2. We put 7 :=inf{t >0 : X; ¢ D} where D is a domain that

is positively invariant for the flow x — —VV(x) = VW (x —m). For any > 0,
i < =0. .

lim P (7 < Tyi(0)) = 0 (3.5)

Proof. First, we remind that if o is small enough, Ty (0) < T, where T, does

not depend on o. Moreover, T, and T,;(c) are deterministic. As a consequence,
we have

P(r <Tk(o)) <P(r<Ty) .

We now prove that for any T'> 0, P (7 < T) — 0 as o goes to 0. According
to the assumption {:(zo); 0 <t < T} C D, we know (since D is an open set)
that there exists € > 0 such that B (0;¢€) + {¢1(x0); 0 <t <T} C D.

Now, on the event {7 < T}, we deduce that sup,c(.7y || X: — Ye(zo)||® > €2.
As a consequence:

P(r<T)<P < sup || X; — ¥ (0)|]> > €2> ;
te[0;T)

which goes to 0 as o goes to 0, thanks to (3.2). This concludes the proof. [
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3.3 Coupling for t > Ty (o)

In [Tugl6, Tugl8|, 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 from 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 the time) control of the law.

Here, we have proved that the nonlinear quantity appearing in the equation
(that is 1 f(f dx.ds) remains stuck - with high probability - in a small ball (for
Wsy) of center 4, and radius « for any ¢t > T, (o). The idea is thus to replace
% fot 0x.ds by d,, and to compare the new diffusion with the self-interacting one.

In other words, we consider the diffusion

t t

Y, = X,y + 0 (Bi - Br, () —/ VV(YS)ds—/ VIV (Y, — m)ds,

T (o) Ty (o)
(3.6)
for any t > T,.(0) and V; = X, if t < T,.(0).
Proposition 3.3. For any £ > 0, if k is small enough, we have
lim sup P sup | X Y| >¢| <k (3.7)

c—0 TK(G)Stgexp[%]
Proof. For any t > T,;(c), we have

d|X; - v|?
= =2(X; = Y5 (VV(Xy) + VIV py(Xy)) — (VV (V) + VIV (Y; —m))) dt,

with the empirical measure p; := %fg 0x.ds. Let us define W, (z) := V(x) +
W(x —m) and Wy, (x) := V(x) + W * ps(x). We thus have

d
o X VP == 2(X; — Yi; VW, (Xy) — VW, (Y2))
+2(Xe =Yy VW (Y —m) — VW ok 114(V3))

However, V2W,,, = V2V +V2Wxu;, > p+a > 0. So, putting y(t) := | X; — V|7,
Cauchy-Schwarz inequality yields to

Y (1) < 2@+ p)A(t) + 2070 [VW (Vi — m) = VW # (¥:)] |

But by the growth assumption (2.1) on W, we have for any probability measures
i, v the following control

VW % ) = VIV« w(@)] < C (1 + o) W (3)
where 2k is the degree of the polynomial P. We introduce the set

A ={we : W2 (1145 0m) < Hk} .
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By Markov inequality, we have P (A,) > 1 — x*. This implies for any ¢ >
T..(0) and for any w € A,:

V() < =2 (a+p)2(t) + 20655 (0) (1+ 1) .
However, v(t) = 0 for any ¢t < T,;(c). This means that

2
22 (14 1)
(a+p)?

t>0 : ~(t) > c{t>0:4'(t) <0}.

We deduce that

)

i

025216 (1 + Suan(o)StSeXp[

2H+10
o2

sup (1) <
TK(U)StSGXP[W] (a + 10)2

if we A.. We now consider R > 0 such that the exit cost of the diffusion
Y from the ball of center m and radius R is at least H + 6, meaning that
inf{V(x) + W(x — m)—V(m):a2 € B(m,R)} > H+ 6.

Then, by Freidlin-Wentzell theory, we deduce that

lim,_o P (SupTN(G)StSexp[zingo] [Y; —m| > R) = 0. However, we have

P sup |X: =Y > ¢
Ty (o) <t<exp[2LH0]

<P sup Yi—m| >R
T (o) St<exp[ 2510

+P sup y(t) > &2, sup Y, =m| <R
T,Ja)ﬁtﬁcxp[%] TK(U)StSCXP[Mf,%IO]

P (AC) .

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

C k 1 22k71 R 2k
that & > - ( + a+£ sl )) . In other words, if  is small enough, the second
term is equal to 0 uniformly with respect to o. The third term is less than /k.
This concludes the proof. O

3.4 Proof of Theorem 1.2

Now we will prove the main Theorem 1.2. The idea of the proof is to use the
fact that diffusions Y and X are close to each other after the deterministic
stabilization time Ty (o) and until some fixed deterministic time exp Q(Z;'5),
which we chose to be sufficiently big for our line of reasoning. We can control
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the proximity of these two diffusions by parameter x, which represents how
close time-limit of our occupation measure and 9§, are. It was already shown
in Proposition 3.2, that with ¢ — 0 probability of exiting before time Ty (o)
tends to zero, which means that we can only focus on our dynamics after the
stabilization of occupation measure happens. After that, for the upper bound
we show, that the event 7 > exp{@} is not very likely due to the fact that,
for small o, diffusion Y can even leave some bigger domain in a smaller time,
which contradicts the closeness of X and Y. Same type of reasoning takes place
for the lower bound. Let us now provide the rigorous proof.

Fix some 9§, k > 0, decrease it if necessary to be § < 5. For the upper bound,
consider the following inequality:

2(H+6) 2(H+6) 2(H+6) 2(H46)
P(r>e = ) <P(r>e = ,The < e = )+ P(rpe > e = ),  (3.8)

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

D¢ ::{xeRd:V(x)—f—W(x—m)—V(m)<H+g};

and 7). is exit time of diffusion Y from this domain, i.e.:
The == inf{t : Y; ¢ D°}.

Note, that domain D¢ (since both V and W are continuous and convex) satisfies
the usual assumptions (see [DZ98]) and d,. := d(D, D°) > 0. By classical result
of Freidlin-Wentzell theory,
v 2((H+5/2)+8/2)
]P(TDe >e ) E) 0.
Let us decrease o if necessary, such that the quantity above will be less then
Vk for any o < o,,. Moreover, the first probability in (3.8) can be bounded by:

2(H+56)

P(rpe <e” o <7) <P(|X,y, = Yoy | >de) < 2%,

where we use Proposition 3.3 and decrease x and o, if necessary.
We approach the lower bound similarly and introduce the contraction of the
domain D:

D :=inf{x e R : V(z) + W(x —m) -V (m) < H — g}

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

The = inf{t : Y; ¢ D},
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and have the following estimate:

2(H—35)

2(H—6) v
P(r<e o= )<P(T.(o)<T<e 2 <T7h)
FB(r < T(0)) + B(rh. > e )
<P(X, — Y| > d.) + +P(r < T(0)) + 26

<3k +P(r < Ti(0)) < 457,

by Proposition 3.2 (3.5), with x and o, small enough. That leads to:

2(H—3) 2(H+6)
Ple - <7<e o2 )>1-T7x"

which proves the theorem if we consider Kk — 0, parameter that uniformly
controls the convergence of ¢ towards 0.

3.5 Proof of Corollary 1.3

We can apply Theorem 1.2 to the level sets of the potential V + W x d,,.

By definition of N in Corollary 1.3, there exists a constant £ > 0 such that
inj{/ (V(z) + W(z—m) —V(m)) = H + 3¢. We introduce the set
z€E

Kiioe ={z €R? : V(2)+W(z—m)—V(m) < H+2¢} .
If we denote by 7¢ the first exit time of X from Kgyo¢, then we obtain
lim P 2H+2— <Te < 2H—FZ =1 3.9
lim P yexp | — ( §=p)| <Te <exp| 5 E+p)| = (3.9)

for any p > 0. By construction of Kgqoe, N C K% 2¢» which implies

P{X, € N} <P{X, ¢ Kpy2¢}
<P{r <7}

o fre <o |2y p oy [206) )

Applying (3.9) with p := £ to the first term and Theorem 1.2 to the second one,
we obtain the result.
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