ESAIM: PS 24 (2020) 399-407 ESAIM: Probability and Statistics
https://doi.org/10.1051/ps/2019028 WWW.esalm-ps.org

EXIT-TIME OF MEAN-FIELD PARTICLES SYSTEM

JuLiaN TucAuT”®

Abstract. The current article is devoted to the study of a mean-field system of particles. The question
that we are interested in is the behaviour of the exit-time of the first particle (and the one of any
particle) from a domain D on R? as the diffusion coefficient goes to 0. We establish a Kramers’ type
law. In other words, we show that the exit-time is exponentially equivalent to exp {%H N }, HY being
the exit-cost. We also show that this exit-cost converges to some quantity H.
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1. INTRODUCTION

The paper is devoted to the resolution of the exit-time for some mean-field interacting particles system.
Let us briefly present the model. For any i € N*, {Bi : t € R, } is a Brownian motion on R?. The Brownian
motions are assumed to be independent. Each particle evolves in a non-convex landscape V', that we call the
confining potential. Moreover, each particle interacts with any other one. We assume that the interaction does
only depend on the distance between the two particles. This interacting force is odd.

In fine, the system of equations that we are interested in is the following:

t t N
XN =20+ 0Bl — / VV (XEN)ds — / % S V(XN - XN ds, (1.1)
0 0 =1

N being arbitrarily large and ¢ being an arbitrarily small positive constant.

We can see the N particles in R? as one diffusion in R4V, Indeed, let us write X := (th’N, e ,XtN’N) and
BN = (Btl, e ,B{V). The process BY is a dN-dimensional Wiener process. Equation (1.1) can be rewritten
like so:

t
xN =x) +oBN - N/ vrY (xXN)ds. (1.2)
0
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Here, the potential on R is defined by TV (X1, ,Xy) := + Zivzl V(Xi)+ 53 Zfil Z;\;l F (X, - Xj)
for any (X3,---,Xn) € (Rd)N.
Consequently, the whole system of particles, { XY : t € R}, is just an homogeneous and reversible diffusion
in RV,
It is well-known (see [3, 5, 6]) that the understanding of the behaviour of the diffusion X" when N is large
is linked to its hydrodynamical limit diffusion that is to say
X0 =wg+0Bf — [{ VV (X0®)ds — [I VF % u® (X1) ds
ue = £ (x1)

We consider a domain D C R? and the associated exit-times:
75(o, N) := inf {t >0 : XN ¢ 'D}
which corresponds to the first exit-time of the particle number 7 and
(0, N) :=inf {75 (0, N) : i€ [1;N]} .

Let us point out that we can not directly tract the Kramers'law for 7p (o, N) from the Kramers’law satisfied
by the T%(O‘, N). Indeed, there is no independence since there is interaction between the particles.

We study these exit-times in the small-noise limit with N large (but we do not take the limit as N goes to
infinity).

Freidlin and Wentzell theory solves this question for time-homogeneous diffusion in finite dimension. See [1, 2]
for a complete review. The main result is the following:

Theorem 1.1. We consider a domain G C R, a potential U on R* and a diffusion
t
xf =x9 + 0By —/ VU (z7)ds.
0

We assume that G satisfies the following properties.

1. The unique critical point of the potential U in the domain G is ag. Furthermore, for any yo € G, for any

t € Ry, we have y; € G and moreover lim vy, = ag with
t—+oo

t
Yt = Yo —/ VU (ys)ds.
0

2. For any yo € 0G, y; converges toward ag.
3. The quantity H := irgfg (U(z) — Ulap)) is finite.
zE

By 1¢(0), we denote the first exit-time of the diffusion x° from the domain G. Then, for any § > 0, we have

lim ]P’{ea%(H_é) < 1g(0) < 6722(H+5)} =1.

o—0
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Furthermore, if N' C 8G is such that 15{[ U(z) > iergfg U(z), we know that the diffusion x° does not exit G by
z z
N with high probability:

lim P {27, ) €N} =0.

We do not provide the proof which can be found in [1].

In [7], we have obtained a similar result (already obtained in [4]) for the self-stabilizing diffusion (1.3). To do
so, we establish a Kramers’ type law for the first particle of the mean-field system of particles. In this previous
work, both the confining potential and the interacting potential are assumed to be convex.

In the current paper, we remove the hypothesis of global convexity for the confining potential.

We proceed similarly than in [7].

We now give a definition which is of crucial interest in large deviations for stochastic processes.

Definition 1.2. Let D be an open domain of R*¥ and U be a potential of R¥. In the following, we say that D
is stable by the potential U if for any &, € D, for any t > 0, we have & € D with

t
gtzgo—/o VU (&) ds.

We now give the assumptions of the paper. First, we give the hypotheses on the confining potential V.
Assumption 1.3. V is a C?-continuous function.
Assumption 1.4. For all A > 0, there exists Ry > 0 such that V2V (z) > X, for any ||z|| > R,.
Assumption 1.5. The gradient VV is slowly increasing: there exist m € N* and C' > 0 such that ||[VV (2)|| <
C (1+]zP"""), for all v € R

These three assumptions are used to prove the existence and the uniqueness of a solution.
Let us present now the assumptions on the interaction potential F:

Assumption 1.6. There exists a function G from R, to R such that F(z) = G (||z]]).
This assumption also is used to obtain the existence and the uniqueness of a solution.
Assumption 1.7. G is an even polynomial and convex function such that deg(G) =: 2n > 2 and G(0) = 0.

We could remove the assumption of convexity of F' but this would slightly modify the assumptions on the
domain. Also, we need G to be a polynomial function so that we can use a good norm (linked to the degree of
G in order to prove the stability of the domains).

We finish by giving the assumptions on the open domain D:

Assumption 1.8. The domain D contains only one critical point of V: a.
Assumption 1.9. The domain D is stable by the potential V' + F * ¢,.

Indeed, heuristically, the potential V + F % (Z;\Ll 5X5.N> is close to the potential V + F % J, in the small-noise

limit. So, we can link the study of the first particle (and of any particle) with the study of a classical diffusion
with potential V 4+ F x d,. In order to apply Freidlin-Wentzell theory, we thus assume this hypothesis.

Assumption 1.10. There exists p > 0 such that: (VV(z);z — a) > p||z — a||? for any x € D.

This assumption allows us to prove that the domains that we will consider on R4Y are stable by the potential
NTN.
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Assumption 1.11. There exists § > 0 such that for any z € D: V(z) — V(a) > ||z — a||?

This simple hypothesis yields that the exit-cost of a ball of center (a,---,a) with any radius x > 0 goes to
infinity as N goes to infinity. Let us point out that this assumption is not of convexity type.

Assumption 1.12. By putting p; := z¢ — fot VV (ps)ds, then for any t > 0, ¢ € D.
If Assumption 1.10 is not satisfied, we can easily prove that the exit-time is sub-exponential.
Assumption 1.13. There exists an open domain D’ which contains D and which satisfies Assumptions 1.6-1.10.
This last assumption allows us to isolate the first particle.
Example 1.14. We now give an example40f po;centials and domain satisfying Assumptions (A-1)—(A-11) in the
x z

one-dimensional case. We take V(z) := & — £ and F(x) := $2? with a > 0. Then, any domain of the form

2
1€; +o00[ with £ €]0; 1] satisfies the assumptions with p:=¢2 +¢ > 0 and 6 := (%) . Here, a = 1.

The paper is organized as follows. We finish the introduction by introducing the norms that we use. In a
second section, we give the material then we obtain the stability of the studied domains (on R*™) by NYN. In
Section 3, we compute the exit-costs of the domains. Finally, main results are stated in Section 4.

On R%, we use the Euclidean norm.

Definition 1.15. Let N be a positive integer. On RV, we use the norm || .|| defined by

2n 1 al 2n
IR = 5 SO
=1

with X := (X1, -+, Xy) € R, We remind the reader that 2n = deg(G).

2. PRELIMINARIES
We now add a last technical assumption on the domain and we will discuss how we can remove it.

Definition 2.1. 1. B®(@) denotes the set of all the probability measures p on R? satisfying
S ||z = al " p(da) < 52m.

2. For all the measures u, W, is equal to V' + F x pu.

3. For all v € (B (@)™ and for all 2 € R%, we also introduce the dynamical system:

Py (z) =z — /0 VW, (¢¥(x)) ds.

Assumption 2.2. If x is sufficiently small, for any v € (IB%Z")R+, for any x € D, ¢f(z) € D.

Thanks to [7], we know that if D satisfies Assumption (A-7) then, there exist two families of open domains
D¢ and (D¢ satisfying Assumption 2.2 and such that D C D C D¢ and
/>0 ¢/¢>0 : 2

lim sup d(z; D) = lim sup d(z;D)=0.
£0.cop; £-0 2e0D¢

Consequently, proving the Kramers’ type law for a domain satisfying Assumptions (A-6)—(A-11) and
Assumption 2.2 is sufficient to obtain it for a domain satisfying Assumptions (A-6)—(A-11).
Now, we give the two domains that we will study on RV,
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gl = (D X (D')N”) MNBY @) (2.1)
and
Gn =DV (B (@), (2.2)
where
N 1 N
BY (@) := {Xe (R N;lle—all% gﬁ"} :
Here, @ = (a,--- ,a).

3. STABILITY OF THE DOMAINS BY N1V

In the current work, we deal with the time-homogeneous diffusion X%,
t
xN =75+ 0B — N/ vrY (xN)ds.
0

with Zg := (w9, - ,m9) and TV is a potential of R4V,
In [7], we have used the fact that BY (@) is stable by NTV. Here, we are not able to prove this but we can
circumvent the difficulty.

Proposition 3.1. We assume Hypotheses (A-1)-(A-11) and Assumption 2.2. Then, the domains G5 and Gy
are stable by the potential NY™N providing that k is sufficiently small.

Proof. We will prove the proposition only for Gy := DY N BY (@). Indeed, the technics are similar for G%. Set
Xy € Gn. We consider the dynamical system

t
thxo—N/ vrN(x,)ds.
0

Let us assume that there exists ¢ > 0 such that X; ¢ Gn. We consider t the first time that X3, ¢ Gy. Then, we
have

to
Xy, = Xy — N/ vrN(Xx,)ds.
0

For any ¢t < to, X; € BY (@): we deduce that the empirical measure 4 27 1 0x; is in BEP(a). According to

Assumption 2.2, we deduce that X;, € DV
For any t < tg, X, € DV. We deduce that

d1
dt N 4
=1

)

o
N

15 = af "

<X1—a V(X)) || Xi —

‘ ‘2”—2

HMz HMz

N
Z (Xi =@ VF(X] = X)) ||X] = a7

2\:
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However, due to the convexity of F', we can show that
N N ‘ -
>0 (Xi - as VR - X)) |[X] ol
i=1 j=1

is nonnegative. Indeed, we remark that

N N _ , _ s
>3 (Xi- VX - X)) ||Xi
i=1 j=1
1 LN om—2 . . 2n—2 , .
2ZZ< (X} —a) ||X{ - q| —(Xg—a)ng—a ;VF(X;-X§)>.
i=1 j=1

It is then sufficient to show that <X IX|P" 2 =Y |V % VE(X — Y)> > 0 for any X,Y € R
This last term is equal to

G (I1X = Y1)

X[XIP"2 =Y Y25 X - v )
e

Due to the convexity of G, we have % > 0 for any X,Y in R The Cauchy-Schwarz inequality

implies
(XX =y )P 2 X =) = (X = Y1) Q= DD = 0

for all X, Y € R%.

We deduce:
N
d 1 i p i 2n
a2 xi- Z |Xi —
i=1
Consequently, X;, € BY (a). This is absurd. We deduce that Gy is stable by the potential NT. O

4. EXIT-COSTS OF THE DOMAINS

We now compute the exit-costs of the two domains:

H .= inf (NYN(Z)- NTN
~(r) Zéag;( (2) (a))
and

Hy (k) := Zie%fgn (NYN(Z) - NTN (@) .



EXIT-TIME OF MEAN-FIELD PARTICLES SYSTEM 405
Proposition 4.1. We assume Hypotheses (A-1)-(A-11) and Assumption 2.2. Then, the following limits hold:

lim Hy(k) = H' (k) and lir%Hl(/i) =H,
K—

N—o00
with H ;= inf,ep V(2) + F(z — a) — V(a). We also have:

lim Hy(k)=H(k) and lim H(k)=H.

N—o0 k—0

Proof. We will prove the result for HJ (k). First, we remark that A B = ((0A) N B) U ((6B) N A4).
It has already been proved, see [7], that

lim inf (NYY(Z) = NTN (@) = H' (k) .
N—=oo zea(Dx(D)N ') NBY (a)

It is a straightforward task to show that the following holds:

lim inf (NYN(Z) - NTN(@)) = H'(k).
N=0 zea(Dx(D)N 1) NBY (@)

So, it is sufficient to prove

lim inf (NYN(Z) —= NTN (@) = oo.
N—o0 Ze(DX(D’)N’1> N OBY (@)

It is immediate once we have remarked that for any
X = (X1, Xn) € (Dx (@)1 (N oBY @),

we have:

NYN(Xy, -, X§) =

o

@
Il
—

| XX
V(Xi)"'ﬁZZF(Xi_Xj)
i=1 j=1

(Xi)

Y]
'MZ
<

N
Il
-

e

@
I
-

(viay+ 1% - al?)

v

s
2

NV(a) + §Z||Xi —al|
i=1

1

1 N n
> NV(a) + 20 (Z IX; - a||2">
N=d

=1

> NV(a)+
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This achieves the proof since TV (@) = V (a).

5. MAIN RESULTS

We now are able to obtain the Kramers’ type law for the first particle or for any particle.

Theorem 5.1. We assume Hypotheses (A-1)-(A-11) and Assumption 2.2. By Té"N(O'), we denote the first
exit-time of the diffusion XN from the domain D. If N is large enough, for any & > 0, we have the following
limit as o goes to O :

)

P{eo%(H}V*a) < TIl)’N<O') < eo%(H}V“s)} —1
where

lim HY = H,

N—o0
with H := inf,ep V(2) + F(z — a) — V(a).
This method relies on the second part of the result of Freidlin-Wentzell theory (the one on the exit-location).

Proof. We do not give the detailed proof since it is similar to the ones in [7]. Indeed, Propositions 3.1 and 4.1
imply that we have a Kramers’ type law for the first exit-time from the domain G} that is for any & > 0:

P{ea%(H}V(“)*‘;) <7161(0) < e%(H}V(“)H)} —1,

where 7g1(0) is the first exit-time from G). But, we also have that for any N C 9G) such that
infxenx NYN(X) > Hi (), we obtain

lim P (X, ) € V) =0.
o—0 9n

Now, we have proved that the exit-cost from the ball of center @ and radius x was larger than the one from
Gl by taking N sufficiently large. In the same way, we can prove that the exit cost of the particles 2 to N from
the domain D’ is larger than the one from G}. Consequently, with a probability close to 1 as o goes to 0, we
have that Xi:lv(a) € JD.

Then, we have the following:

0RO < o)) < (ORI <y o)} 48 (X3, 290

. . N—-1 . .
which goes to zero as o goes to zero. In the same vein, as GL C D x (Rd) , we have immediately

n

P {eﬁ%(H%vw)*é) > Tlg’N(a)} <P {e%(HWH) > 751 (g)} —0.



EXIT-TIME OF MEAN-FIELD PARTICLES SYSTEM 407

This implies that for any x > 0, if N is large enough:

P{@%(H}V(n)fé) < TZI),N(J) < ea%(H}V(n)Jré)} 1,

Finally, the exit-cost Hx (x) does not depend on « if N is large enough. O

We have a similar result for the exit of any particle:

Theorem 5.2. We assume Hypotheses (A-1)-(A-11) and Assumption 2.2. By 75 (o), we denote the first exit-
time of the diffusion X from the domain DN . If N is large enough, for any § > 0, we have the following limit
as o goes to O :

]P’{eo%(HN_é) <718 (o) < eo%(HNM)} — 1,

where

lim Hy =H.

N—o00
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