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Large deviation principle for
invariant distributions of memory gradient diffusions
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Abstract

In this paper, we consider a class of diffusions based on a memory gradient descent,
i.e. whose drift term is built as the average all along the past of the trajectory of
the gradient of a coercive function U. Under some classical assumptions on U, this
type of diffusion is ergodic and admits a unique invariant distribution. With the view
to optimization applications, we want to understand the behaviour of the invariant
distribution when the diffusion coefficient goes to 0. In the non-memory case, the
invariant distribution is explicit and the so-called Laplace method shows that a Large
Deviation Principle (LDP) holds with an explicit rate function. In particular, such a
result leads to a concentration of the invariant distribution around the global minima
of U. Here, except in the linear case, we have no closed formula for the invariant dis-
tribution but we prove that a LDP can still be obtained. Then, in the one-dimensional
case and under some assumptions on the second derivative of U, we get some bounds
for the rate function that lead to the concentration around the global minima.
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1 Introduction

The aim of this paper is to study some small noise asymptotic properties of a diffu-
sive stochastic model with memory gradient. The evolution is given by the following
stochastic differential equation (SDE) on R4

t
Xt = edB, — (k(lt) / k’(s)VU(Xi)ds) dt, (1.1)
0

where ¢ > 0 and (B) is a standard d-dimensional Brownian motion. A special feature
of such an equation is the integration over the past of the trajectory depending on a
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LDP for invariant distributions of memory gradient diffusions

function k£ which quantifies the amount of memory. Our work is mainly motivated by
optimization applications. Indeed, in a recent work [8] have shown that the solution of
the deterministic dynamical system (¢ = 0) converges to the minima of the potential U.
Without memory, that is without integration over the past of the trajectory, the model
(1.1) reduces to the classical gradient descent model and such convergence results are
well-known. Even in the deterministic framework, a potential interest of the gradient
with memory is the capacity of the solution to avoid some local traps of U. Indeed,
the solution of (1.1) (when € = 0) may keep some inertia even when it reaches a local
minimum of U. This implies a larger exploration of the space than a classical gradient
descent which cannot escape from local minima (see [1] and [7]). Usually such a prop-
erty is obtained by introducing a small noise term. In the classical case, this leads to
the usual following SDE

dX{ = edB, — VU(XE)dt. (1.2)

As mentioned above, the behaviour of the invariant distribution of this model when ¢
goes to 0 is well-known. Using the so-called Laplace method, it can be proved that a
Large Deviation Principle (LDP) holds and that the invariant distribution of (1.2) con-
centrates on the global minima of U when the parameter ¢ — 0 (see e.g. [14]).

It is then natural to investigate the study of the stochastic memory gradient (1.1)
in order to obtain similar results. A major difference with the usual gradient diffusion
is that the integration over the past of the trajectory makes the process (X;);>¢ non
Markov. This can be overcome with the introduction of an auxiliary process (Y;?) defined
by

e = <k(1t) /Ot k’(s)VU(Xj)ds) . (1.3)

In general, the couple Z7 = (X§,Y)?) gives rise to a non-homogeneous Markov process
(see [15]). In order to consider the notion of invariant measure, we concentrate on the

case where k(t) = e* which turns (Z) into a homogeneous Markov process. In this
context, [15] have shown the existence and uniqueness of the invariant measure v, for
(Z5).

In the present work, our objective is to obtain some sharp estimations of the asymp-
totic behaviour of (v.) as € — 0. More precisely, we shall first show that (v.).0 satisfies
a Large Deviation Principle. Then, we shall try to obtain some sharp bounds for the
associated rate function in order to understand how the invariant probability is dis-
tributed as ¢ — 0. In particular, we shall establish the concentration around the global
minima of U up to technical hypotheses. In the classical setting of (1.2), this is an es-
sential step towards the implementation of the so-called simulated annealing strategy.
The development of such an optimization procedure for the memory gradient diffusion
is certainly a motivation of the study of (1.1). This will be addressed in a forthcoming
work.

The paper is also motivated by extending some results of Large Deviations for in-
variant distributions to a difficult context where the process is not elliptic and the drift
vector field is not the gradient of a potential. These two points and especially the sec-
ond one strongly complicate the problem since explicit computations of the invariant
measure are generally impossible. This implies that the works on elliptic Kolmogorov
equations by [10], [21] or [18] for instance, cannot be extended to our context. For
similar considerations in other non-Markov models, one should also mention the recent
works on Mac-Kean Vlasov diffusions by [17] and on self-interacting diffusions with
attractive potential by [25].

Here, in order to obtain a LDP for (v.).>o we adapt the strategy of [23] and [14]
to our degenerated context. We shall first show a finite-time LDP for the underlying
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stochastic process. Second, we prove the exponential tightness of (v.).>¢ by using Lya-
punov type arguments. Finally, we show that the associated rate function, denoted as
W in the paper, can be expressed as the solution of a control problem (in an equivalent
way to the solution of a Hamilton-Jacobi equation). However, at first sight the solution
of the control problem is not unique. This uniqueness property follows from an adapta-
tion of the results of [14] to our framework. In particular, we obtain a formulation of the
rate function in terms of the costs to join stable critical points of our dynamical system.
Next, the second step of the paper (sharp estimates of W) is investigated by the study
of the cost to join stable critical points.

The paper is organized as follows. In Section 2, we recall some results about the
long-time behaviour of the diffusion when ¢ is fixed. Moreover, we provide the main
assumptions needed for obtaining the LDP for (v.). In Section 3, we prove the exponen-
tial tightness of (v.) and show that any rate function W associated with a convergent
subsequence is a solution of a finite or infinite time control problem. In Section 4, we
prove the uniqueness of W by adapting the Freidlin and Wentzell approach to our con-
text (see also the works of [6] and [9] for other adaptations of this theory). Since the
study of the cost function is quite hard in a general setting, we focus in Section 5 on
the case of a double-well potential U. In this context, we obtain some upper and lower
bounds for the associated quasi-potential function. Then, we provide some conditions
on U and on the memory parameter A which allow us to prove the concentration of the
invariant distribution around the global minima. Note that, even if our assumptions in
this part seem a little restrictive, the proofs of the bounds (especially the lower bound)
are obtained by an original (and almost optimal) use of some Lyapunov functions asso-
ciated with the dynamical system.

Acknowledgments: The authors would like to thank Guy Barles for his hospitality, and
are grateful to Guy Barles, Laurent Miclo and Christophe Prieur for helpful discussions
and comments. We also thank an anonymous referee for his careful reading and con-
structive suggestions. Authors wish to thank Marine Feron and Mathilde Rogez for
helpful corrections of the text.

2 Setting and Main Results

2.1 Notations and background on Large Deviation theory

We respectively denote the scalar product and the Euclidean norm on R? by (, ) and
|.|. The space of d x d real-valued matrices is referred as My(RR) and we use the notation
|| || for the Frobenius norm on M4 (R).

We denote H(R,, R?) the Cameron-Martin space, i.e. the set of absolutely continu-
ous functions ¢ : Ry — R? such that ¢(0) = 0 and ¢ € L>!°°(R, ,R%).

For a C2-function f : R — R, Vf and D?f stand respectively for the gradient
of f and the Hessian matrix of f. For a function f € C?(R? x R% R), we denote
V.f : REx R — R? and D2f : RY x R? — My(R) the functions respectively de-
fined by (V, f(x,y))i = 0s, f(z,y) and (D2 f(x,y)):; = O,0x, f(2,y). These notations are
naturally extended to V, f, Dg’y f and Dg f. Finally, for any vector v € R?, v* will refer
to the transpose of v.

For a measure y and a y-measurable function f, we set u(f) = [ fdp.

Let us now recall some basic definitions Large Deviation Theory (see [12] for further
references). Let (F,d) denote a metric space. A family of probability measures (¢ )e>0
on F satisfies a Large Deviation Principle (shortened as LDP) with speed r. and rate
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function I if for any open set O and any closed set F,

liminf r.log(v.(O)) > — inf I(z) and limsupr:log(v.(F)) < — inf I(x).
e—0 €O =0 el
The function I is referred to be good if for any ¢ € R, {z € E,I(x) < ¢} is compact. In
this paper, we will use classical compactness results of Large Deviation theory. A family
of probability measures (v:).>o is said to be exponentially tight of order r. if for any
a > 0, there exists a compact subset K, of F such that
limsup re log(v:(K¢)) < —a.

e—0

We recall the following consequence of exponential tightness (see [13]).

Proposition 2.1. Let (S,d) be a Polish space. Suppose that (v.).>0 is a sequence of
exponentially tight probability measures on the Borel o-algebra of S with speed r.. Then
there exists a subsequence (¢i),>o such that ¢, — 0 and (v, )r>0 satisfies a LDP with
good rate function I and speed r., .

Definition 2.2. Such a subsequence (v, );>1 will be called a (LD)-convergent subse-
quence.

2.2 Averaged gradient diffusions

At

As announced in Introduction with k(¢) = e, we are interested in the stochastic

evolution of

t
dX{ = edB; — ()\e/\t / e*SVU(Xg)ds> dt,
0

where A > 0, (By)¢>0 is a standard d-dimensional Brownian motion and U : RY — R is a
smooth, positive and coercive function (see Subsection 2.3 for detailed assumptions).

As announced in the Introduction, since (X;):>o is not Markov, we introduce the
auxiliary process (Y;%):>0

t
Vi = Ae-*t/ MVU(XE)ds.
0

Then, the process (Z5);>0 := ((X§,Y))i>0 is Markov and satisfies:

{ dX: = edB, — Ygdt, 21

dYg = NVU(X§) — YF)dt.
When necessary, we will denote by (Z;*);>o the solution starting from = € R? and by
IP¢ the distribution of this process on C(R, IRd). In the sequel, we will also intensively

use the deterministic system obtained when ¢ = 0 in (2.1). This deterministic system
(2(t))e>0 := (x(t), y(t))e>0 is described as follows

2(t) = b(z(t)) with b(x,y)=<wg(x) j;,) (2.2)

2.3 Assumptions

Throughout this paper, we assume that U : R? — R is a smooth (at least C?)-function
on R? such that

inf U(z) >0, lim U(z)=+oco and liminf(z,VU(z)) > 0. (2.3)

zeR |z|—+o00 || —+o00

Note that we do not suppose that VU is a sublinear function. In particular, DU is not
necessarily bounded. However, in order to ensure the non-explosion (in finite horizon)
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of (Zf)tzo (see Proposition 2.1 of [15]), we assume that there exists C' > 0 such that
for all x € RY, |D2U(x)|| < CU(x). Then, since the function VU is locally Lipschitz
continuous, strong existence and uniqueness hold for the solution of (2.1). In this case,
(Z5)i>0 is a Markov process and we denote (Ff):>o its semi-group. Its infinitesimal
generator A° is defined by

.Mf@w>=—@ﬁﬂ»+MVU@»—%@Jw+§TMDyU, feC(R!xRY). (2.4)

We first recall some results obtained by [15] on the existence and uniqueness of
the invariant distribution of (2.1). To this end, we need to introduce a mean-reverting
assumption denoted by (H,») and a hypoellipticity assumption (Hgypo). The mean re-
verting assumption is expressed as follows:

2 xT
(Hpme) : im0 (2, VU (2)) = 400 and  limjy o % =0.

Regarding the second assumption, let us define £y by
£ = {w € RY, det (D*U(x)) # 0}, (2.5)
and denote My := R?\ ;. Assumption (Hhypo) is expressed as follows:

(Hizypo) : U € C®(R%R), limpy s o0 2% = oo and dim(My) < d— 1.

||

In particular, the smoothness of U and the fact that dim(My) < d — 1 ensure that
the Hérmander condition is satisfied on a sufficiently large subspace of R??. The fact
that lim |z|'U(z) = 400 as |z| — +oo is needed for the topological irreducibility of
the semi-group (see [15] for details). These assumptions imply the uniqueness of the
invariant distribution. We deduce the following proposition from Theorems 2.3 and 3.2
of [15]:

Proposition 2.3. If U satisfies (Hy,,), then for any ¢ > 0, the solution of (2.1) admits
an invariant distribution. Furthermore, if (Huypo) holds, the invariant distribution is
unique and admits a Ao4-a.S. positive density. We denote by v, this invariant distribution.

Note that (H,y,,) implies Assumption (H;) of [15] in the particular case o = I; and
Too = A

Our goal is now to obtain a Large Deviation Principle for (v.).~o when ¢ — 0. To this
end, we need a more constraining mean-reverting assumption:

(Hq+) : There exists p € (0,1), C >0, f € R and « > 0 such that
(i) —(x,VU(x)) < B—al(z),Vz € R

DU ()|
. 2 (1 2(1—p) I [
(i7) VU <C(1+4+U ) and \m\inioo 0
(Hq-) : There exists a € (1/2,1], C >0, § € R and « > 0 such that

() —(z,VU()) < — alaf?*, Yo € RY

(ii) |VU|? <C(1+U) and sup ||D?*U(z)| < 4o0.
z€R?

=0.

Remark 1. Assumptions (Hq, ) and (Hq_) correspond respectively to super-quadratic
and subquadratic potentials. For instance, suppose that U(x) = (1 + |z|?)P. In the case
p > 1, a moment’s thought shows that (Hq.y) holds with p € (0, %) Ifp € (1/2,1],
(Hq-) holds with a = p. These assumptions are adapted to a large class of potentials
U with polynomial growth (more than linear). However, they do not cover the case of

potentials with exponential growth ((Hq.)(i?) is no longer fulfilled).
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2.4 Main results

2.4.1 Exponential tightness and Hamilton Jacobi equation

In this section, we provide our first Large Deviation results for (v.).~o: the exponential
tightness and a first characterization of the rate functions related to the L D-convergent
subsequences (that we will sometimes call LD-limits in the sequel). To this end, we need
to introduce some notations for the controlled trajectories related to the dynamical
system (and to their time-reversed counterparts): for any function ¢ € H, we denote by
z, := (z,(t))t>0 and by Z, := (Z,(t))s>0, the solutions of

Z, = b(z,) + (‘g) and Z, = —b(z,) + (‘6’) . (2.6)

For each z € R?, we denote by z,(z,.) and Z,(z,.) the solutions starting from z. Note
that (Hq+) and (Hqg-) ensure the finite-time non-explosion of z, and z,, for all ¢ € H
(see e.g. Equation (3.4)). Hence, since VU is locally Lipschitz continuous, these solu-
tions exist and are uniquely determined.

Finally, with the view to the characterization of the L D-limits, we introduce the follow-
ing assumption:

(Hp) : The set of critical points (2});—1. ¢ of U is finite and each D?U(x}) is invertible.

We can now state our first main result.

Theorem 1. Suppose that (Huypo) holds and that either (Hqy) or (Hq_) is satisfied.
Then,

(i)The family (v.).c(0,1) is exponentially tight on R?*? with speed 2.

(ii) Let (v, )n>1 be a (LD)-convergent subsequence and denote by W the associated
(good) rate function. Then, W satisfies for any z € R?* x R%:

i
vt >0, W(z) :;rellg{ [;/0 ¢(s)|2ds+W(i¢(z7t))] (2.7)

(iii) Furthermore, assume that (Hp) is fulfilled. Then,

1 oo
W(z) = min inf {/ |<,b(s)|2ds+W(zi*)} : (2.8)
1<i<¢ 2 Jo
peH
Zy(2,+00) = 27
where z,(z, +00) := limy_, { o Z,(2,t) (When exists) and z} = (x},0) foralli =1,...,1.

Equation (2.7) satisfied by W may be seen as an Hamilton-Jacobi equation (see e.g.
[3] for further details on such equations).

2.4.2 Freidlin and Wentzell estimates

Let us stress that the main problem in the expression (2.8) is that the uniqueness of W
is only available conditionally to the values of W(z}), i = 1,...¢. Thus, in order to obtain
a LDP, we must establish that the values of W (z}) are in fact uniquely determined. Such
a result is obtained following the [14] approach. We first give some useful elements of
Freidlin and Wentzell theory.
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{i}-Graphs Following the notations of Theorem 1, we denote the finite set of equilibria
by {#},...,2;}. We recall that for any i € {1,...,¢}, an oriented graph on {7, ..., 2} is
called an {i}-Graph if it satisfies the three following properties.

(i) Each state z7 # z; is the initial point of exactly one oriented edge in the graph.
(#4) The graph does not have any cycle.

(#i7) For any 27 # z;, there exists a (unique) path composed of oriented edges starting
at state 2 and leading to the state z;.

L? control cost between equilibria For any (£1,&) € (R? x R%)?, the minimal L?
cost to join & from &; in a finite time ¢ is

t
I(&1,8) = inf %/ |o(s)|%ds.
p€eH 0
Zw(gla t) = £2

Then, we denote by I the function given by:
I(§1,8) = gg Ii(&1,62).

The function I is usually called the quasipotential and yields the following representa-
tion of W(z}),i=1,...,¢:

Theorem 2. Assume that (Huypo) and (Hp) hold, and that either (Hqg+) or (Hq_) is
satisfied. For any (LD)-convergent subsequence (v, ),>1, the associated rate function
W satisfies:

Vie{l...0}  W(z)=W(z})— min W(z))

je{1,...0} J
where
Vie{l...0y  W():= mi I(25,,22). 2.9
{1...0} (1) i= min S Iz, ) (2.9)
(2}, —2}4)€IG

The next corollary follows immediately from Theorem 1 and Theorem 2.

Corollary 1. Assume that (Hyypo) and (Hp) hold and that either (Hq4) or (Hq-) is
satisfied. Then, (v.) satisfies a large deviation principle with speed =2 and good rate
function W such that

1 o0
W(z) = min inf [/ lo(s)[2ds + W(zF)| — min  W(z}),
1<i<e sl 2 Jo ‘ je{l,....0} J
Z, (2, +00) = 27

where W(z}) is given by (2.9).

Case of a double-well potential In the sequel, we are interested by the location of
the global minima of W. More precisely, we expect the first coordinate of this minimum
to be located on the set of global minima of U. Using Equation (2.8), this point is clear
when U is a strictly convex potential. Regarding now the non-convex case, the situation
is more involved. Thus, we only focus on the double-well one-dimensional case. Without
loss of generality, we assume that U has two local minima denoted by =] and x5 with

2] <z* <azy and U(ay) < U(x}), (2.10)

where z* is the unique local maximum between z] and z5. We obtain the following
result:
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Theorem 3. Suppose the hypothesis of Corollary 1 hold and that U satisfies (2.10),
then,
(1) W satisfies

W(z1) = 1(25, 27) < 2[U(a") — U(a3)].

(#4) For any « € [0, 2], there exists an explicit constant my(«) such that

1T oo < ma(e) = W(23) = I(2],25) = a[U(z") = U(a])].

(i4i) As a consequence, if U satisfies ||[U" ||co < m <2%), then
1

In particular, (v:).>0 weakly converges towards d.; ase — 0.

In the next sections, we prove the above statements. Note that throughout the rest
of the paper, C will stand for any non-explicit constant. Note also that except in Section
5, we will prove these results with A = 1 for sake of convenience (one can deduce similar
convergences with small modifications for any A > 0).

3 Large Deviation Principle for invariant measures (v.).c(,

This section is devoted to the proof of Theorem 1. In Subsection (3.2), we focus on
the exponential tightness of the invariant measures (VE)EE(OJ]. The proof of this prop-
erty is based on two main ingredients: the finite-time LDP for (Z¢).~( stated below and
a uniform control of the return times to compact sets obtained with some Lyapunov-type
arguments. Then, in Subsections (3.3) and (3.4), we obtain successively the represen-

tations of the LD-limits of (v.).c(0,1] given by (2.7) and (2.8).

3.1 Large Deviation Principle for (Z°).
In the next lemma, we provide a LDP for ((Zf);>0)e>0 on C(R, R??) (space of con-

tinuous functions from R, to R?9). In the sequel, when we refer to this property, we
will call it the "finite-time interval LDP for (Z¢).s¢".

Lemma 3.1. Assume that (Hqy) or (Hq_) is satisfied. Let z € R?? and (z.).~o be a
net of R* such that z. <= . Then, (Z*).> satisfies a LDP on C(R,,R?%) (endowed
with the topology of uniform convergence on compact sets) with speed ¢~2. The cor-
responding (good) rate function Z, is defined for all absolutely continuous (z(t));>0 =

(x(t), y(t))e>0 by

L) = wf 3 [P =5 [T k) +yRd
2\ \Z = m = S S = — X(S S S,

120 pEM,z,(2,.)=2(.) 2 J 4 2 Jo Y
where z,(z,.) = z(.) means that z,(z,t) = z(t), for allt > 0,. In particular, for allt > 0,
(Pf(2c,.))es0 satisfies a LDP with speed ¢~2. The corresponding rate function I,(z,.) is
defined for all z, 2’ € R*? by:

L(z, ) = LA CO)) (3.1)

where Z(z, 2') denotes the set of absolutely continuous functions z(.) such thatz(0) = z,
z(t) = 2’. Consequently, the function I; can be written as

I
Li(z,2) = inf 7/ lo(s)|?ds.
):Z’ 2 0

pEH,z,(2,t
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Remark 2. Note that such a result is quite classical when z. = z and when the coeffi-
cients are Lipschitz continuous functions (see e.g. [2] for instance). Here, we have to
handle the possibly super-linear growth of the drift vector field b (and also the degen-
eracy of the diffusion).

Proof. We wish to apply Theorem 5.2.12 of [22]. For this purpose, we need to prove the
following four points:

e Uniqueness for the maxingale problem: This step is an identification of the (potential)
LD-limits of (Z¢).~0. More precisely, we need to prove that the idempotent probability
7.(.) := exp(—Z,(.)) is the unique solution to the maxingale problem (z,G) where G :
R? x C(Ry,R??) — C(R4,R*) is given by:

t
1
VA= (A1, 00) € R xR Vz € C(Ry, R, Vt >0, Gi(\z)= / b(z(s))ds + 5)\%
0

The fact that 7, solves the maxingale problem follows from Theorem 3.1 and Lemma

2
3.2 of [24]. Setting &(z,y) = U(x) + % note that Lemma 3.2 can be applied since

(VE(z,y),b(x,y)) < 0 (see condition (3.6a) of [24]). Furthermore, since b is locally
Lipschitz continuous, for any ¢ € H, the ordinary differential equation

5= blz) + (“g)

has a unique solution. Thus, uniqueness for the maxingale problem is a consequence of
the second point of Lemma 2.6.17 of [22] and of Theorem 3.1 of [24].

e Continuity condition for the characteristics of the diffusion: Since the diffusive com-
ponent is constant, we only have to focus on the drift component. We need to show that
for all ¢ > 0 the function ¢; from C(R,,R??) to R?? defined by ¢;(z) = fg b(z(s))ds is a
continuous function of z. Since b is Lipschitz continuous on every compact set of R??,
this point is obvious.

e Local majoration condition: In this step, we have to check that for all M > 0, there
exists an increasing continuous map F* : R, — R such that

Vs € [0,1] sup (6e(2) — ¢s(2)) < FM(t) = FM(s),
ZEC(R+7R2{1)7”ZHOOSM

with [|z]|o = sup;>( |z(t)|. Since b is locally bounded, the previous inequality holds with

FM(t) .= sup  [b(2)]t.
z€R24 |z|<M

e Non-Explosion condition (NE): The Non-Explosion condition holds if the following two
points are satisfied

(i) The function 7, defined by =, : z — exp(—Z.(z)) is upper-compact,
(i7) For all t > 0 and for all a € (0,1], the set U {sup |z(w)|, 7s.5(2z) > a} is bounded

s<t uss
where

1t
VzeR* Vt>0, 7 .(z)=ex (— inf f/ H(s 2ds>.
lz)=exp (= b 3 ) PG
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Point (¢): The property that =, is upper-compact means that for all a € (0,1], the set
K, := {z,7.(z) > a} is a compact set (for the topology of uniform convergence on
compact sets). In order to show that, we use the Ascoli Theorem. We first show the
boundedness property for the paths of K,. From the definition of 7., we observe that
for any z of K, there exists a control ¢ € H such that z = z, and

/ lo(s)|?ds < —2loga + 1. (3.2)
0

Using the previously defined function &, one checks that for every p > 0,

€)= pE () (IyOF + (VU (1), 9(0)
< C (E@(t)” + E@W)* VU@ + 9 -

Under (Hq ) or (Hq-), we have respectively |[VU|? < C(1+U?%") or [VU|?> < C(1+U).
Thus, applying the inequalities with p = p (resp. p = 1) under (Hq, ) (resp. (Hq-))
yields:

d, . ; .

o (E7(a) < C (E7(a0) + [2(0)P) (3.3)

By the Gronwall Lemma, it follows that
vt >0, 3C, >0, Vs € [0,1], Sﬁ(z(s)) < C; (Ep(z) + C’/ |<p(u)|2du) . (3.4)
0

Finally, Equation (3.2) combined with (3.4) and the fact that lim|;|_, ; o £(2) = +oo yields

sup sup |z(s)| < +oo. (3.5)
zEK, s€(0,t]

Now, let us prove that K, is equicontinuous: for all ¢ > 0, u,v € [0,¢] with v < v and
z € K,, we know that for a suitable constant C“t,w, the controlled trajectories of K, are
a priori bounded: sup,cg|z(s)| < Ct.a... Since b is continuous, the Cauchy-Schwarz
Inequality yields:

o) — 2wl < [ Ba)ds+ [ 1plds < s )0 -0+ /T 2ogayi =

|Z|§Ct,a,z

The two conditions of the Ascoli Theorem being satisfied, the compactness of K, fol-
lows.

Point (i7): We do not detail this item which easily follows from the controls established
in the proof of (i) (see (3.4)). Finally, the other conditions of Theorem 5.2.12 of [22]
being trivially satisfied, the lemma follows.

O

3.2 Exponential tightness (Proof of i) of Theorem 1)

In the next proposition, we investigate the exponential tightness of (v.).¢(,1). Our
approach consists in providing sufficiently sharp estimates for hitting times of the pro-
cess (Z5)t>o-

Proposition 3.2. Suppose that (Hqy) or (Hq_) holds. Then, there exists a compact
set B of R??, such that the first hitting time 7. of B 7. = inf{t > 0, Z; € B} satisfies the
three properties:
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(i) For any compact set K of R?,

lim sup sup IE,[(7.)?] < oc. (3.6)
e—=0 zeK

(i) There exists § > 0 such that for any compact set K of R*?,

2
€
limsup sup sup I, [|me \s%} < 4o00. (3.7)
e—=0  z€K t>0 N

(iii) For any compact set K of R?>? such that K N B = (),

llgglf Zléllf( E.[r] > 0. (3.8)

Proposition 3.2 and Lemma 7 of [23] then imply the following corollary.
Corollary 2. The family of invariant distributions (v°).c(o,1] is exponentially tight.

A fundamental step of the proof of Proposition 3.2 is the next lemma in which we
establish some mean-reverting properties for the process (with some constants that do
not depend on ¢). Its technical proof is postponed in the appendix. Note that such a
lemma uses a key Lyapunov function V' which is rather not standard due to the kinetic
form of the coupled process.

Lemma 3.3. Assume that (Hq.) or (Hq_) is satisfied and let V : R*¢ — R be defined

by
2 2
Vo) = U@+ 5 m (5 - ).
with m € (0,1). For anyp >0, 6 > 0 and ¢ > 0, we set

VP
veto) =exo (TG ) @) €

Ifp € (0,1) (resp. p € (1—a,a)) under (Hq+) (resp. (Hq-)) and § a positive real number,
there exist «, 3,’, B’ positive such that for all (x,y) € R?*? and ¢ € (0, 1]

AVP(z,y) < B —aVP(z,y) and, (3.9)
) _
AYe(z,y) < ve(w,9) (8" = VP (z,y)), (3.10)
where A° is the infinitesimal generator of (X{,Y;?) defined in (2.4) and where

_p under (Hq)
P p+a—1 under (Hq_).
Proof of Proposition 3.2. For sake of simplicity, we omit the e-dependence and write

(X4, Y;) instead of (X7, Yy).

e Proof of (i): We use a Lyapunov method to bound the second moment of the hitting
time 7.. Let p € (0,1). By the It6 formula, we have
VP (X4, Yh)
1+t

bVP(xy)  AVP(z,y)
= p — ’ ?
VP(x,y) +/0 0+ + T s ds + e My, (3.11)

where (M) is the local martingale defined by

Lvrl(X,,Y,
M, = p%(VU(XS) +m(X, —Y,),dB,). (3.12)
0
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Since V is a positive function, we have

AVIX,Y,) M, M, M, M, M,
— <Ly e . (3.13
52/ 1+s 2<5’€> V(Iy)Jre 2<€’5> (3-13)

Note that in the previous expression, the martingale (Mt )t>0 has been compensated by
its stochastic bracket in order to use further exponential martingale properties. The
1.h.s. of (3.13) satisfies

LAV L M My
e2 J, 1+s 2' e’ €
1 (1 VLX) Y,

= — (—AEVP(XS,YS) M

1+s

X, —Y)?|d
2 T1s IVU(X5) +m( )I) s

" Hp (X, Y)

— ds.
52 0 1+S 5

with H, . (z,y) = —AVP(z,y) — p*V?P~2(z,y)|VU(z) + m(z — y)|*>. Then, a localization
of (M,;) combined with the Fatou Lemma yields for all stopping time 7,

1 (" H, (XY, 1
E|exp (52 pE(’)ds) ] < exp (€2Vp(x,y)> .
0

1+s
The final step relies on the fact that there exists p € (0,1) and M; > 0 such that:
V(z,y) € B(0,M;)" and Ve € (0,1], Hp.(z,y) > 2. (3.14)

Let us prove the above inequality under condition (Hqy) or (Hq-). First, since m €
(0,1), one can check that there exists C' > 0 such that

Y(z,y) € R*, |z]? + |y|> < CV(z,y). (3.15)

As a consequence, we have

lim V(z,y) = +o0. (3.16)
|(z,y)|—=+o0

Now, owing to the assumptions on VU, it follows that,

O(V2P=r)(z,y)) + O(V*~!(z,y)) under (Hq4)

VA (,) VU (z) + m(z — y)|* = {O(VQP—l(x’y)) under (Hq_).

From now on, assume that

{0 <p<2pA1l under (Hqy) (3.17)

l-a<p<a under (Hq-).
By Lemma 3.3, we then obtain that for all (z,y) € R?*? and ¢ € (0, 1]
H, (2,y) > =B+ aVP(z,y) — O(V*~1),

where p is defined in Lemma 3.3. Under (3.17), one checks that 2p — 1 < p. Thus,
uniformly in ¢,
lim H,.(z,y) =400,
(XD ne(®y)

and (3.14) follows.
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Now, let M be such that (3.14) holds and define 7. by 7. = inf{t > 0, Z¢ € B(0, M;)}.

We then have:
1 [ H, (X, Ys) VP(z,y)
]E - D, sy 4s d < 9 )
exp (62 /O 71 Ts ) S| S exp (62 >

<E

1 tATe 92
— d
SACTA D)

Computing the integral and using the Fatou Lemma, we get

2

2 1
E(z,y) [(1 + 75)62} < exp (EQV”(L@/)) :
The Jensen Inequality applied to z — 2 yields that
Y(z,y) € R*, Ve € (0,1], Ezy[(1+ 7.)%] < exp (VP(z,v)).
The first statement follows using that V? is locally bounded.

e Proof of (i7): Thanks to (3.15), we have for all p > 0 and for large enough |(z,y)],

In(CV(z,y)) < VP(z,y). (3.18)

N =

In(|(z, y)]) <

Multiplying by §/¢2, this inequality suggests the computation of

)
]E {BXP ((C:va(Xt/\'r»Y;t/\'r)>:| )

for appropriate p and 7. Applying the Ité formula to 1. (x,y) := exp(6VP(x,y)/e?), we
get:

t
Vt 2 07 ws(Xta}/t) = %(1772/) +/ A%(Xs,Ys)dS + Mt7 (319)
0

where (M;);>o is a local martingale that we do not need to make explicit. Let us choose
p € (0,1) such that inequality (3.10) of Lemma 3.3 holds. Since V(z,y) — +oo as
|(z,y)| — 400 and since p > 0, we deduce that

|(z,y)|=>+o0
% J—

B —a'VP(z,y)
As a consequence, for any real positive number J, there exists M> > 0 such that
Ve € (Oa 1]7 V(l‘,y) € B(O7M2)Cv A% S 0.

Let 7. = inf{t > 0,(X:,Y;) € B(0,M>,)}. A standard localization argument in (3.19)
yields
v (.’,E, y) € R2da E(m'q) [7/18 (Xt/\TEa }/t/\TE)] S 1/)6 (1’, y)

Without loss of generality, we can assume that M5 is such that (3.18) is valid for all
(x,y) € B(0, My)°. It follows that for all ¢ € (0,1], ¢t > 0 and (z,y) € B(0, M>)¢,

62 »
(E(zvy) [‘Xt/\’f'g ) }/t/\‘ri |€%:| ) S 65V (z,y)

From the above inequality, we finally deduce (3.7).

e Proof of (ii7): With the notations of the two previous parts of the proof, the properties
(3.6) and (3.7) hold with 7. := inf{¢t > 0,(X;,Y;) € B} for each compact set B such
that B(0, M; V M) C B. In this last part of the proof, we then set B = B(0, M) where
M > M; VvV M.
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Second, remark that it is enough to show that the result holds with 7. A 1 instead
of 7.. Now, let K be a compact set of R?? such that BN K = () and let (g, 2,,)n>1 be a
sequence such thate,, — 0, 2z, € K foralln > 1 and

E. [r., Al 22525 liminf inf B.[r A 1].
e—=0 zeK
Up to an extraction, we can assume that (Zn)nZI is a convergent sequence. Let Z de-
note its limit. Lemma 3.1 implies that (£((Z°"*");c[0,1])n>1 is exponentially tight, and
then tight on C([0, 1], R%). Using a second extraction, we can assume that (Z¢"*),>;
converges in distribution to Z(>). Furthermore, since ¢, — 0, the limit process Z(>)
is a.s. a solution of the o.d.e. z = b(z) starting at 2.  Since the function b is locally
Lipschitz continuous, the uniqueness holds for the solutions of this o.d.e. and we can
conclude that (Z¢»*"), >, converges in distribution to z(Z,.) (here z(Z,.) denotes the
unique solution of z = b(z) starting from 2). Since the function z(Z,.) is deterministic,
the convergence holds in fact in probability and at the price of a last extraction, we can
assume without loss of generality that (Z°»*"),,>; converges a.s. to z(Z, .). In particular,
setting 0 := d(K, B) (§ > 0), there exists ny € IN such that for every n > ny,
)

sup |Z;m*" —z(z,t)] <

- a.s.
t€(0,1] 4

Setting now,

T s = inf{t > 0,d(z(%,t), B) < g} AL,

22

we deduce that for every n > ny,

]
inf d(Z;"*,B) > 1= Ten >T

. a.s
tG[O,TZ. é] z’g
’2
Using the Fatou Lemma, we can conclude that
lim E, [, Al > E, [liminfr. A1]>7;5.
n——4oo n—-+o0o ’2

Finally, since t + z(Z,t) is a continuous function and since d(K, B(0, M + £)) > 0, the
stopping time 7 s is clearly positive. The result follows.
O

3.3 Hamilton-Jacobi equation (Proof of ii) of Theorem 1)

This point is a consequence of the finite time large deviation principle for (Z¢).>
(Lemma 3.1) and of the exponential tightness of (v;).>¢ (Proposition 3.2). This is the
purpose of the next proposition which is an adaptation of Corollary 1 of [23].

Proposition 3.4. For all ¢ > 0, let (Pf(2,.));>0,.cr2¢ be the semi-group associated to
(2.1) whose unique invariant distribution is denoted by v.. Suppose that the following
assumptions hold:

(i) (v.)e>0 is exponentially tight of order e =2 on R4,

(ii) For allt > 0 and z € R??, there exists a function I;(z,.) : R** — R, such that for
all (z:)e=0 2e — 2z as ¢ — 0 and Pf(z.,.) satisfy a LDP with speed =2 and rate function
Ii(z,.).

Then, (v:)->0 admits a (LD)-convergent subsequence. For such a subsequence (v, )r>0
(with e, — 0 as k — +00), the associated rate function W satisfies for all z, € R2¢, -

Vit > 0, W(z) = iI]}l{f (It(z,20) + W(2)). (3.20)
zeR24
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With the terminology of [23], Equation (3.20) means that W defined for all T €
B(R24) by W(T') = sup, cr exp(—W(y)) is an invariant deviability for (P7(z,.))¢>0,.cr24-
In Corollary 1 of [23], this result is stated with a uniqueness assumption on the invari-
ant deviabilities. The above proposition is in fact an extension of this corollary to the
case where uniqueness is not fulfilled. We refer to Appendix A for details.

Owing to Proposition 3.2 and to Lemma 3.1, Proposition 3.4 can be applied with I;(z,.)
defined by (3.1). Thus, in order to prove ii) of Theorem 1, it remains to check that a
solution W of (3.20) (with I;(z,.) defined by (3.1)) also satisfies Equation (2.7). This is
the purpose of the next proposition.

Proposition 3.5. Assume that either (Hq4) or (Hq-) is fulfilled. Then, for any (LD)-
convergent subsequence (€n)n21 and (good) rate function W' :

VE>0, Vz € R, W(z) = inf L lo(5)2ds + W (2,(t))] -
0 0 {SD cH {2 /O 12 ]
z,(0) = 2o

Proof. We know that W satisfies (3.20). Thus, for any zo € R

i = in 1 gy s)|%ds Z
W)= L, G W)= 5 [ 1R W0
{%(m = v.2p(0) =

Using that g : [0, ] — R?? defined by g(s) = z,(t—s) is a controlled trajectory associated
to —b and —¢, we deduce that forallt > 0

20) = in L o(s) [P ds z
W (z0) {UGRM’%% 5 [ ks W)

7p(0) = 20,7 (t) = v
The result follows from the change of variable ¢ = —¢. O

3.4 Infinite horizon Hamilton-Jacobi equation

The aim of this part is to show that when there is a finite number of critical points,
we can "replace t by +o00" in (2.7). This proof is an adaptation of Theorem 4 of [5]. The
main novelty of our proof is the second step. Indeed, using arguments based on asymp-
totic pseudo-trajectories and Lyapunov functions, we prove that the optimal controlled
trajectory is attracted by a critical point of the drift vector field.

Proof of (iii) of Theorem 1. The proof is divided in three parts. We first build an optimal
path ¢ — Z,(z,t) for the Hamilton Jacobi equation of interest. Then, we focus in the
second step on its long time behaviour and obtain that Z,(z,t) converges to z* which
belongs to {z,b(z) = 0}. In order to conclude, we need to prove the continuity of W at
each point of {z,b(z) = 0}. This is the purpose of the third step.

e Step 1: We show that we can build a function ¢ € H such that for all z € R?? the

couple (zy(z,1),9(t))i>0 on C(Ry, R??) x L¥l¢(R, , R?) satisfies for all t > 0,
IV
W) =5 [ [6(6)Pds + Wiau(at), (3.21)
0
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First, let T > 0 and let (z &),go(“))nzl be a minimizing sequence of C([0,7],R??) x H
such that

1 /T N 00 1T 5
f/\¢Ww%&Hwﬂ$@w»éiﬁnﬁf/|wﬂ%www%@j»
2 0 LPG]H 2 0

Since W is non negative, it is clear that (fOT | (5)|2ds),>0 is bounded. It follows

that (gb("))nzl is relatively compact on L2 ([0, 7], R??) which denotes the set of square-

integrable functions on [0, 7] endowed with the weak topology. This also implies that
M :=sup sup |z W( )| < +o0. (3.22)

n>1t€[0,T)

Actually, under (Hq_), b is Lipschitz continuous and this point is classical. Now, under

(Hq4), we have [VU| = O(U'~") with p € (0,1). Since sup,,>, fOT (™) (5)|?ds < o0,

Inequality (3.4) implies that

sup sup &° (Z( (,)q (t )) < +o0.
n>1t€[0,T]

Since lim|.|, 1 £(2) = +00, Equation (3.22) also follows in this case.

Now, since b is locally Lipschitz, b is then Lipschitz continuous on B(0, M) and a clas-
sical argument based on the Ascoli Theorem shows that (ii’fl))nzl is relatively compact
on C([0,T],R??). It follows that (z(ﬁ) 1, ¢(™),,>1 is relatively compact on C([0, 7], R??) x

L2(]0,T],R*%) and then there exists a convergent subsequence to (27,1, ) which be-
longs to C([0, T], R24) x L2 ([0, T], R2¢). Using that b is a continuous function, one checks
that 27 (t) = z,_(2,t), for all ¢t € [0,7] and (27, ¢,.) satisfies (3.21) (for a fixed 7). Fur-
thermore, for all ¢ € [0, 7], we have

1T
Wiy, (20) = 5 [ 1 (o) s+ Wia, (7)) (3.23)

so that (3.21) holds for all t € [0,7]. As a consequence, we can build (z(z, ),0) €
C(R4,R%) x L*!°¢(R,,R??) (by concatenation) which satisfies (3.21) (for all ¢ > 0).

e Step 2: Dropping the initial condition z, we show that (z (¢t + .));>o converges as

t — 400 to a stationary solution of z = —b(z). First, as in (3.23),
1 t+s .
W(ag(t+9) - Waslt) = —5 [ wPdu (3.2
t

It follows that (W (Z,(t))):>0 is a non-increasing and thus bounded function. Since W is
a good rate function, the quantity W~1([0, M]) is a compact subset of R?¢, for all M > 0.
This means that (2 (t)):>o0 is bounded. From (3.24), we deduce that ( , s |4h(5)]2ds) >0
is also bounded. The argument described in Step 1 can be used again since b is locally
Lipschitz continuous. We deduce from the Ascoli Theorem that (z, (¢ + .)) is relatively
compact (for the topology of uniform convergence on compact sets).

We denote now by Zf;() the limit of a convergent subsequence. Let us show that

(237 (t))t>0 is a solution of z = —b(z). First, since (W (2zy(t))):>o0 is non-increasing (and
non negative as a rate function), we deduce from (3.24) that f f+T ( | du ﬂ 0.
As a consequence, using that for any s > 0, the map z — z( 0)+ fo ))du (from

C(R.,R2%) to R?9) is continuous and that forall ¢t > 0, T > O and s €0, T}

1
2

t+T .
g@(l W@WQ,
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we obtain that (27} (t)):>o is a solution of Z = —b(z). It remains to show that (27} (t)):>o is
stationary, i.e. that every limit point of (z,(t));>o belongs to {z € R??,b(z) = 0}. Denote
by (®;(z2)):,. the flow associated to the o.d.e. z = —b(z). Again, owing to the fact that

forall T > 0, ftt+T b ()| du 1272, 0, we can deduce that for all T > 0,

t——+oo
E—

sup |Zy(t +5) — s(Zy (1)) 0.

s€[0,T]

This means that (z,(¢)):>0 is an asymptotic pseudo-trajectory for ® (see [4]). As a
consequence, by Proposition 5.3 and Theorem 5.7 of [4], the set K of limit points of
(zy(t))i>0 is a (compact) invariant set for ® such that ®|x has no proper attractor.
This means that there is no strict invariant subset A of K such that for all z € K,
d(®y(2), A) 2125 0,

Thus, in order to conclude that K is included in {z,b(z) = 0}, it is now enough to show
that A = {z,b(z) = 0} N K is an attractor for ®|z. For that, let p be a positive real
number and consider L : R?*? — R defined by

v

L(z) =U(2) + (1 -p)=

p(VU(z),y) with z = (z,y).

If z is solution of z = —b(z), we have :

C () =y (1~ p)a — pDU (1)) ¥ () + I VU (x(1))

Since K is a bounded invariant set and D?U is locally bounded, we can find a small
enough p and a positive «, such that for all (z(t)) solution of z = —b(z) with z(0) € K,
d

L) = aply @) + VU (x()) . (3.25)
For all starting point z € K, the function ¢ — L(z(t)) is then non-decreasing and thus
convergent to ., € R. Since (z(t));>o is bounded, an argument similar to the one
developed in Step 1 combined with the Ascoli Theorem yields that (z(¢ + .)) is relatively
compact. If (z(t,+.))n>0 denotes a subsequence of (z(t+.)), we can assume (at the price
of a potential extraction) that (z(t, + .))»>0 converges to z°°(.). We have necessarily
L(z*(t)) = foo, for all ¢ > 0 and thus

d
—L(z*(t)) = 0.

SL((1)
By (3.25), we deduce that y>°(¢) = VU (x*°(t)) = 0. This means that z°°(.) is a stationary
solution and that every limit point of (z(¢));>¢ is an equilibrium point of the o.d.e.

Thus, we can conclude that every limit point of (z,(t));>0 belongs to {z,b(z) = 0}.
Finally, since the set of limit points of (z,(t)):>0 is a compact connected set and since
the set {z, VU (x) = 0} is finite, it follows that z,(t) — 2* = (z*,0) when ¢t — +oc0. Note
that here z* € {x,VU(x) = 0}. Then, by (3.21) if we prove that W is continuous at z*,
we shall deduce the announced result. This is the purpose of the next step.

e Step 3: We prove that for each z* € {z,b0(z) = 0}, i.e. for each z* = (z*,0) with
z* € {x,VU(x) = 0}, W is continuous at z*. Since D?U(z*) is invertible, we deduce
from Lemma 4.3 that the dynamical system is locally controllable around z*, i.e. that
for all T > 0 and ¢ > 0, there exists > 0 such that for every z € B(z*,7), It(z,2*) < ¢
and Ir(z*,z) < e. Now, the definition of W implies that W (z*) < W(z) + ¢ and W(z) <
W (z*) + €. The continuity of W follows. Letting ¢ go to +oo in (3.21) ends the proof of
(iif). O
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4 Freidlin and Wentzell theory

In this section, we derive some sharp estimations of the behaviour of (v.) when
¢ — 0. To this end, we adapt the strategy of [14] to our setting. Our goal is twofold:
first, we aim at establishing some uniqueness property for the rate function W defined
in Theorem 1. This will then lead to a large deviation principle for (v.). Second, we
want to obtain a more explicit formulation of W in order to characterize, at least in
some particular cases, the limit behaviour of (v.) for some non-convex potential U. In
the paper, we assume that the potential U satisfies Assumption (Hp) defined in Section
2.4.1, that is, the set of critical points of U is finite. We can then set {z € R¢, VU (z) =
0} ={z7,...,2}}

First, we classify the critical points, i.e., we connect the critical points of the vector
field b to those of U and we determine their stability. Then, with respect to these criti-
cal points, we construct the so-called skeleton Markov chain associated to the process
(X$,Yy). Using this, we finally derive the LDP for (v.).

4.1 Classification of critical points.

We first need to classify the equilibria of the dynamical system Z = b(z). We recall
that {z € R?¢,b(2) = 0} = {27,...,2;} where for every i € {1,...,0}, z& = (z},0). The
following proposition characterizes the nature of z; with respect to that of .

Proposition 4.1. Assume that D?U(z}) is invertible for all i € {1,...,¢}. Ifz} is a

K3
minimum of U, then z} is a stable equilibrium of the deterministic dynamical system.

Otherwise, z} is an unstable equilibrium.

Proof. We first define I = {i € {1...¢}|z} is a local minimum} and J = {1...¢}\ I. Let
us compute the Jacobian matrix of the vector field b: and for each ¢ € {1,...¢}

o) = (ot ).

Now, simple linear algebra yields the characterization of the spectrum of the linearized
vector field near each equilibrium z;:

Sp(Db(z7)) = {X=A(\+1) € Sp(D*U(a7))}

= {124 V=, e SpDPUGD) }

where y/1/4 — p denotes i4/|1/4 — p| if 1/4 — 4 < 0. When ¢ € I, one can note that
D?U (x}) is a positive definite matrix. It follows that x € Sp(D?U (z})) is positive and

Viel R(Sp(Db(z))) C (~1,0),

so that 2} is a stable equilibrium in this case.

When z} is another equilibrium point, D?U(z}) has some negative eigenvalues p. Then,
Db(z}) has some positive eigenvalues (since y/1/4 — p < 1/2 in this case). Thus, z} is
an unstable equilibrium of the deterministic dynamical system. O

4.2 Skeleton representation

The [14] description of the invariant measure v. of the continuous time Markov pro-
cess is based on its representation through the invariant measure of a specific skeleton
Markov chain. This formula, due to Khas’'minskii (see [20], chapter 4) in the uniformly
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elliptic case, will remain true in our framework even if the original process is hypoel-
liptic and defined on a non compact manifold. This is the purpose of Proposition 4.2
below but before a precise statement, we first need to define the skeleton Markov chain
associated to our process.

Let po be the half of the minimum distance between two critical points:

1
=73 rzri?d(z:,z;) (4.1)
Now, let 0 < p1 < po and set g; = B(z}, p1). Each boundary dg; is smooth as well as the
one of the set g defined by

g =U;g;. (4.2)

Note that by construction, g;Ng; = 0 if i # j. Finally, we denote by I' the complementary
set of the pp-neighbourhood of the set of the critical points z;:

I'= (R% x RY) \ U; B(z], po). (4.3)

We provide in Figure 1 a short summary of the construction of the sets (g;):,g,I" as well
as the positions of the critical points z}. An example of a path (Z;);>¢ is also depicted
(K will be defined in the sequel).

Figure 1: Graphical representation of the neighbourhood g;, the process (Z;*);>o, the
skeleton chain and the compact sets K and K.

Now, let us define the skeletonNMarkov chain (Z,),en. We consider a path of Z°©
starting from z € O0g and we set Zy; = 2. Then, the sequel of the skeleton chain is
defined through the hitting and exit times of the neighbourhoods defined above: we set
70(dg) =0,

m(0)=inf{t >0, Z;* €T}, 71(dg) = inf{t > 7{(T'), Z;* € dg}. (4.4)
Then, for every n, 7/, and 7, are defined inductively by:

7/ (T) = inf{t > 7,_1(0g), Z;* €T}, 71,(9g) = inf{t > 7,(T), Z;* € dg}.

n

We will show in Proposition 4.2 that for all n > 0, 7,(dg) < +00 a.s. The skeleton is then

defined for all n € IN by, Z, = Zi’z(ag)- Note that (Z,),>0 belongs to dg and that (Z,,)n>0
is a Markov chain (this is actually a consequence of the strong Markov property). The
set dg being compact, existence holds for the invariant distribution (Z,,),cn. We denote

such a distribution by i29. The proposition states that v, may be related to ji%9.
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Proposition 4.2. (i) Following the notations introduced before, we have

Ve >0 sup E5[m1(dg)] < oco.
z€0g

(i) For every set A € B(R? x R?) and for any p; € (0, py) the measure

71(99)
p0(A) = [ B, [ dgecads 4.5)
dg 0

is invariant for the process (Z;),>o. Hence, u?Q is a finite measure proportional to v,.

Proof. Proof of (¢). Using Proposition 3.2, one first check that one can find two compact
sets K, K7 such that ¢ C K and ¢ C K; and such that the first hitting time 7(X) of K
satisfies

sup EI[7(K)] < +o0. (4.6)
z€0K,

Then, the idea of the proof is to extend to our hypoelliptic setting the proofs of Lemma
4.1 and 4.3 of [20] given under some elliptic assumptions. Let z € Jg and set 7y =
inf{t >0, Z;* € 0K},

7 =inf{t > 7, Z;° € 0gUIK }, 71 =inf{t > 7, Z;* € OK},
and recursively for all n > 2,
7 =inf{t > 7,1, Z;* € 0gUOK 1} T, =inf{t >7, Z;* € OK}.
By construction, we have a.s.:
71(0g) < inf{7, Z;: € dg}.

Then, by the strong Markov property and (4.6), a careful adaptation of the proofs of
Lemma 4.1 and 4.3 of [20] shows that sup, ¢, IE;[71(9g)] < oo as soon as the two follow-
ing points hold for all € > 0:

* sup,ex B [7(0K1)] < +o00.
* SUD,¢ o\ g Pe(2) < 1 where p.(z) := ]P(Zf’(zagUaKl) € 0Ky).
Let us focus on the first point. By Remark 5.2 of [27], it is enough to check that there
exists 7' > 0 and a control (¢(t)).c[o,7] such that
Vze K, inf{t>0,z,(t2) € K{} <T. 4.7)

Indeed, in this case, using the support theorem of [26], we obtain that sup, ; P(7(0K1) <
T) < 1. The first point follows from the strong Markov property (see Remark 5.2 of [27]
for details). Now, we build (¢(t)):>0 as follows. Let us consider the system:

{xa
y=VU(x) -y

Setting ¢ = y + I;, we obtain a controlled trajectory z,(z,.) and it is clear from its
definition that for all M > 0, there exists 7' > 0, such that for all z € K, |x,(T)| > M.
The first point easily follows.

It is well-known (see for instance [27]) that for all € > 0, p. is a solution of

Ap. = 0 with p.|sy = 0 and p.|ox, = 1. (4.8)

EJP 18 (2013), paper 81. ejp.ejpecp.org
Page 20/34


http://dx.doi.org/10.1214/EJP.v18-2031
http://ejp.ejpecp.org/

LDP for invariant distributions of memory gradient diffusions

Thus, since sup,ck,\, E[7(6g UJK1)] < +oo and since & is defined by i(z) = 1 on 9K,
and h(z) = 0 on 9g is obviously continuous on dg U K7, we can apply Theorem 9.1 of
[27] with k = f = 0 to obtain that z — p.(z) is a continuous map. Furthermore, for any
starting point z € K\ g, we can build a controlled trajectory starting at any z € 9K which
hits dg before 0K;. Taking for instance ¢ = 0, we check that (£(x¢(t),yo(t)))t>0 is non-
increasing (with &(z,y) = U(z)+|y|?/2) and that the accumulation points of (x(t), yo(t))
lie in {z,b(z) = 0}. Thus, taking K large enough in order that sup(, ,)cx £(z,y) <
inf ;. )ere £(z,y), leads to an available control for all z € K. Finally, using again the
support theorem of [26], w deduce that for each z € 9K, p.(z) < 1. The second point
then follows from the continuity of z — p.(z). This ends the proof of 7).

Proof of (i7). As argued in the paragraph before the statement of this proposition,
(Zn)nen admits a unique invariant measure ji?9. The fact that ;29 is invariant for (Z§)>o
is classical and relies on the strong Markov property of the process (see e.g. in [19]).

O

Remark 3. One could also have used a uniqueness argument for viscosity solutions to
obtain the continuity of z — p.(z) using the maximum principle on A® (as it is already
used by [27]). One may refer to [3] for further details.

4.3 Transitions of the skeleton Markov chain

This paragraph is devoted to the description of estimations obtained through the
Freidlin and Wentzell theory for the Markov skeleton chain defined above. These esti-
mations as well as Proposition 4.2 are then used to obtain the asymptotic behaviour of
(ve). By Theorem 1, we know that there exists a subsequence (&,,)nen such that (v, )
satisfies a large deviation principle with speed 2 and good rate function . For the
sake of simplicity, we keep the notation . Hence, ¢ -+ 0 means ¢,, - 0 as n — +o0
(where (&,),, is a suitable (LD) convergent subsequence).

4.3.1 Controllability and exit times estimates

In order to obtain some estimates related to the transition of the skeleton Markov chain,
the first step is to control the exit times of some balls B(z},d) where 2z} denotes a
critical point of z = b(z) (similarly to Section 1, Chapter 6 of [14]). In our hypoelliptic
framework, such a bound of the exit times is strongly based on the controllability around
the equilibria. We have the following property:

Lemma 4.3. Leti € {1,...,(} such that D?U(z}) is invertible. Let T > 0. Then, for all
0 > 0, there exists p(§) > 0 such that

T
VY (a,b) € B(z},p(0)), Jp € H such that z,(a,T) = b and / |p(s)|?ds < 6.
0

. 0 —1y _(1q O
A‘(D2U<xz> —Id) and B‘(o 0)’

the linearized system (at z}) associated with the controlled system

Proof. Setting

2= b(z) + <‘g> (4.9)

can be written z = Az + Bu where u = (¢,%)" with ¢ € H(RY). Since D?U(x}) is
invertible, one easily checks that Span(Bu, ABu,u € R?*?) = R??. As a consequence, the
Kalman condition (see e.g. [11]) is satisfied and it follows from Theorems 1.16 and 3.8
of [11] that (4.9) is locally exactly controllable at z;. The lemma is then proved. O
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We are now able to obtain the following estimation.

Lemma 4.4. Suppose that (Hp) holds and that either (Hq+) or (Hq_) is satisfied.
Then, for all v > 0, there exists § > 0 and ¢y small enough such that if we define
G = B(z},0), the first exit time of G denoted 7¢- satisfies

Ve € (0,e0], supES [1ge] < e’
zeG
Proof. Leti € {1...¢} and fix v > 0. By Lemma 4.3 applied with 7" = 1, one can find
p > 0 such that

1 1
V(a,b) € B(z;,2p), Jp € H such that z,(a,1) = b and 5/ |p(s)|?ds < %
0

Now, we set 6 = p/2, G = B(z},0) and we fix a = z and take b such that |z} —b| = p. This
implies that for every z € B(z},9), |z — b| < 30 < 3p/2. Thus, we can find ¢, € H such
that z,_(z,1) =band % fo |02 (s)]2ds < /2.

It is now possible to follow the proof of Lemma 1.7, chapter 6 of [14]: first, remark
that

sup |Z;* =z, (2,1)] < 8] . (4.10)
te(0,1]

Second, since G is a compact set, there exists a convergent sequence (z;) of G and a
sequence (¢;) such that ¢, — 0 and

llgglf erelf 2InPslrge < 1] = Erf-loo In(Pgk[rge < 1]).

Now, owing to Lemma 3.1 and Inequality (4.10), we deduce that

e—0 zeG

liminf inf &% InP<[rg. < 1] > —*/ |p2 (5)[Pds > —

where z,, := limp_ 1. 2x. As a consequence, there exists ¢y > 0 such that for all
€ € (0,e9), forall z € G,
Pefrge <1] > e

Then, the strong Markov property implies that
VneN Pilrge>n]<[1—e ]

so that for every z € G and ¢ € (0, £¢)

= €2n —e~2
TGcggl—GV <e ¢

O

Following the same kind of argument based on Lemma 4.3 and on the finite time large
deviation principle, we also obtain that Lemma 1.8, chapter 6 of [14] still holds. In our
context, this leads to the following lemma.

Lemma 4.5. Suppose that (Hp) holds and that either (Hq) or (Hq-) is satisfied. For
any p > 0 and any equilibrium z} of (2.2), we define G := B(z},p). Then, for any small
enough ¢ and any v > 0, there exists 6 € (0, p] such that the exit time of G satisfies:

TGe
inf I (757 dt -’
2€B(:16) [/0 Xoepo(Ze7)dE| > €
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4.3.2 Transitions of the Markov chain skeleton

By Proposition 4.2, the idea is now to deduce the behaviour of (ve) from the control of
the transitions of the skeleton chain (Z,,),cn . We recall that for any (&1, &) € (RYxR9)2,
I;(&1, &) denotes the L?-minimal cost to join ¢, from ¢ in a finite time ¢:

1 t
I (&, = inf - 5(s)|?ds,
wene) = o [
and I(&;,&) = infi>q I1(€1,&2). We also introduce I(z}, zy) defined for all (i, j) € {1.../}?
by:

* * : 1 k . * * *
I(Zivzj) - %gg {2/0 |90(5)‘2ds750 € ]Haztp(zi at) - Zj7vs € [O7t]a Z<F(Zi75) ¢ Uk#@jgk} .

The quantity I(z}, z7) is the minimal cost to join 2} from z; avoiding other equilibria of
*

(2.2). In the following proposition, we prove that I(z}, z7) is always finite.

Proposition 4.6. For all (i,j) € {1...4}2, IN(zi*,z]*») < +o00.

Proof. In the proof, we assume that i # j and we build a controlled trajectory starting
at 27, ending at zj* (in a finite time) and which avoids the other equilibria neighbour-
hoods Uy(; )9k

We first assume that d > 1. In this case, for any fixed ¢y > 0, for any p;-neighbourhood
gk, of 2, one can find a smooth trajectory (xo(t)):>o satisfying xo(0) = z}, xo(to) = 7}
and

Vs € [0;to] inf |xo(s) —xx| > p1.
k#i,j
Then, denote by (yo(t)):>0 a solution of yo(t) = VU(x0(t)) — yo(t) with the initial con-
dition yo(0) = 0 and let ¢y € H satisfying ¢o(t) = %o(t) + yo(t). We obtain a controlled
trajectory z,,(z;,.) which satisfies z,, (z},t) = (xo(t),yo(t)) for all t € [0,%]. This way,
we have
X (Zz*, to) = I’; and Vs € [0, to] Z,, (ZZ*, 5) ¢ Uk£4,j 9k -

It remains now to join (z7,0) from (7%, yo(to)) without hitting Ui jgx- Let (x1(2), ¥1(?))i>t,
be defined for all t > to by x;(t) = 2% and yi(t) = yo(to)e' " (so that y; is a solution
of y1 = —y1 with yi(t9) = yo(to)). Once again, (x:1(t),y1(t))i>1, can be viewed as a
controlled trajectory z,, (3, yo(to),.) by setting 1 (t) = y1(t).

Furthermore, z,, ((z},yo(t0)),t) tooo, (z5,0). As a consequence, there exists 7'

such that z,, ((z},yo(t0)),T) € g;. Hence, one can find a controlled trajectory starting
from z; and ending into any sufficiently small neighbourhood of z; in a finite time. More-
over, this trajectory avoids the other p; —neighbourhood of Uy(; ;) gr. It remains to use
Lemma 4.3 to obtain a controlled trajectory starting at z,, ((z7,yo(t0)),7) and ending
at point z; within a finite time. The global controlled trajectory is initialized at z; ends
at z; with a finite L? control cost. The result then follows when d > 1.

Consider now the case d = 1 and consider z7, 7 any two critical points of U. Without
loss of generality, one may suppose that 7 < zj. From (Hp), the number of critical
points which belong to [z}, z7] is finite (denoted by p):

* * * * %
Ty <Xy <0 <Ty, <Xy =T

Now, we consider a path which joins z7 to z} parametrised as

Xa(t) =z + a(t)[z] — =7,
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with «(0) = 0 and «(7T) = 1 for T large enough which will be given later. Of course,
Ya(t) is then defined as

¢
Vie [0;T] yolt) = / e’ ~'U" (27 + a(s)[z} — x7]) ds. (4.11)
0

For the sake of simplicity, we consider only increasing maps «. If p = 0, we know
that (xa(t),ya(t))tcjo;1) avoids U+ ;) (), 0) and then I(z2, z7) < 4oo which proves the
proposition. If p > 0, there exists ¢4, ...t, such that x,(tx) = =}, and we shall prove that
one can find « such that y,(t;) # 0. Since « is increasing, we first show that one can
find a monotone « satisfying y,(t1) # 0. Let o be any C! increasing parametrisation
defined on [0;;]. We know that U’ does not vanish on |z}, z [ and from equation (4.11),
Va(t1) # 0. Suppose without loss of generality that y,(¢1) < 0, which means that U’ < 0
on |z}, z} [. Since we know that U”(z} ) # 0, one can find § > 0 small enough such that
U'" > 0on |z ;25 +0[. Let & €|af ;2] + J[, we continue the parametrisation « from ¢,
to £ such that x(f;) = £; and a remains constant on [f1;#; + 6¢;]. Expanding the integral
given in Equation (4.11) between [0,t],[t1,f1] and [f1,f; + 6t1], a simple computation
yields

_ t1 _
Yalhy +81) = yalt)e B0 4 [ RNY a  ofo)fe; s + V(e —e )
t1

Hence, it is obvious to see that we can find a sufficiently large 6, such that y, (t; +6t;) >
0 since U’(§;) > 0. We continue the parametrisation o until ¢, time at which zj, is
reached. By construction, y,(t2) > 0. Now, one can repeat the same argument by
induction to find a such that y,(tx) # 0 for all £ < p + 1 such that x,(tx) = =7, .

Thus, at time ¢, 11, Xo(tp+1) = 25 and ya(tp+1) # 0. It remains now to join 27 = (27,0)
without hitting Uix; ;9. This concluding step can be achieved exactly as in dimension
d>1. O

It is now possible to obtain the estimation of the invariant measure /]?9 of the skele-
ton chain. This point follows from the estimation of the transition probability of (Zn)nG]N
(denoted ]55(2, .)). From Lemmas 4.3, 4.4, 4.5 and Proposition 4.6, we deduce the fol-
lowing result from a simple adaptation of the proof of Lemmas 2.1 and 2.2, chapter 6 of

[14].

Proposition 4.7. For any v > 0, there exist some sufficiently small py, and p, satisfying
0 < p1 < po such that we have for any small enough ¢

V(i,j) €{1.. .6}2 Vz € dg; e~ U+ < ]35(2, Jg;) < e~ UG,

4.4 {i}-Graphs and invariant measure estimation

We recall that {i}-Graphs for Markov chains are defined in paragraph 2.4.2, and that
the set of all possible {i}-Graphs is referred as G(i) . Recall that
W)= min Y I(z},2).

16€6() (m—n)eZG

As pointed in Lemma 4.1 of [14], one can check that

W)= min Y I(z,20).
16€6(9) (m—n)€eZG

We are now able to obtain the main result of this paragraph. From the skeleton rep-
resentation (Proposition 4.2) and the estimations given by Lemma 4.5 and Proposition
4.7, we obtain the asymptotic behaviour of (v.) as ¢ — 0. The result is as follows.
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Theorem 4. For any v > 0, there exist some real numbers py and p; satisfying 0 <
p1 < po such that if g; = B(Z;,pl):

2 [W(m — min W() + 7}

e Ve <v.(g) <e ! ’

foralli e {1...¢}. As well, in terms of W, we get that

—e72 [W(z;) + 7} —e7? [W(Zi*) - 7}

e <ve(gj)<e , Vie{l...}.

The proof of this theorem is straightforward according to the previous results: the
invariant measure v, only weights small neighbourhoods of global minima of W, when
e — 0. Such global minima are appropriately described using the quasipotential I and
the function W obtained through the {i}-graph structures.

5 Lower and upper bound of the rate function with a double-well
landscape in R

This last part is devoted to the proof of Theorem 3. Here, we focus on a one dimen-
sional potential U with a double-well profile and on the memory gradient system with
fixed memory parameter \. In this case we push further our study of (v.) when € — 0.
From Freidlin and Wentzell estimates, v. concentrates on the minima of W (this set is
also the minima of W). Here we derive that (v.) concentrates on the global minimum of
U. For this purpose, we consider of a double-well potential U whose the two minima are
denoted by z} and z%. One needs to compare the costs I(z7, z5) and I(z3, z}) for the two
stable equilibria 2 = (z%,0) or z5 = (x3,0). Without loss of generality, we fix 27 < z}
and we assume that there exists a unique local maximum x* of U such that 27 < 2* < z3
and U'(z*) = 0,U” (z*) < 0. We assume without loss of generality that U(z}) < U(x3).

We first describe how one can provide a lower bound of the cost I(z}, z5). We propose
two approaches using sharp estimates of some particular Lyapunov functions. In the
next subsection, we adopt a non-degenerate approach where the main idea is to project
the drift vector field onto the gradient of a Lyapunov function. However, even if the
idea seems to be original, the bounds are not very satisfactory (see Proposition 5.1).
In Subsection 5.2 we propose a second approach which provides better bounds (see
Proposition (5.2)).

5.1 Lower-Bound using a non-degenerate approach

In this section, we consider the following Lyapunov function defined by
Ls(2) = Loy(a,y) =Ulx) + By* /2 — U (2)y,

when (3,7) € R2. For the sake of simplicity, we omit the dependence on 3 and ~ and
denote by L this function. Here, the main idea relies on the fact that V£ corresponds
to a favoured direction of the drift b. This will allow us to control the L? cost to move
from 27 to z3. First let us remark that the cost I is necessarily bounded from below by
the L? cost for an elliptic system. In the elliptic context, the L? cost is defined by

1 (T
Ig 7(27,23) = inf f/ > —b(p)|? 0) =z7,0(T) =25 5,
e,r(27,23) o= (o pm) CHXH { 2 /s | (@I* | «(0) 1, 0(T) 2

which can also been written as

. . 1T ) U
Ie 7(27,23) = (u,v)el]£l2f([0;T]) {2/0 |(u,v)(s)|?ds | z = b(z) + (v) ,2(0) = 21,2(T) = 23

(5.1)
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As a consequence, since the set of admissible control for the degenerate cost I is
included in the set of admissible controls for I¢ 7 (v is forced to be 0 in Equation (5.1)),
we deduce that Iy is greater than I¢ 7. This way, a lower bound for I¢ v will yield a
lower bound for Ir.

Now, let u and v be admissible controls for I¢ 7, we have

u? + % = |z — b(z)|?. (5.2)

Adapting the approach of [10], we shall use the Lyapunov function £ to bound from be-
low the term above (somehow the Lyapunov function £ will play the role of U). Indeed,
if VL # 0, one can decompose b as follows

b(2) = byr(z) +bviin) . (5.3)

where by, (5 is the orthogonal projection of b on the line generated by VL. In the
special case VL = 0, we fix by . (,) = 0 so that Equation (5.3) makes sense for any z. Let
us now remark that

2—b(z)]> = |2—byrm) —byr@l’
2 = byrm:|® + bveem > — 2(2 by o)

W@ VE®)
> 2 VL)

If one can find 8 and v such that there exists a > 0 satisfying

Vz € R? _ ) VL)) «, (5.4)

VL2~

then, it would be possible to conclude that for all T > 0

1T u
I = 1 f —_ 2 2 7 = = T =
121, 22) (uw)ellILl?([o;T]) {2 /0 u*(s) +v°(s)ds, z =b(z) + (v) ,2(0) = 21, 2(T) 22} ,

and so

g ), VL(z(s))) ,. _ _
Ie r(21,22) > mf{/o \Vﬁ B (z(s), VL(z(s)))ds, p(0) = z1,¢(T) Zz}v
> olL(z(t) - L(z])], VL0, T].

Now, remark that for admissible controls, (z(t));>o moves continuously from z; to z;
and there exists t* such that x(¢*) = z*. We then obtain

Ie r(27, 23) > alL(z(t")) — L(27)].
In the definition of £, if 5 > 0, one obtains a lower bound of the cost of the form
Ie r(2],23) 2 a[U(z") — U(a)].

In the case g < 0, the only available minoration is obtained taking ¢ = 7" and we then
get the weaker bound
Ie 1 (21, 22) 2 a[U(x3) — U(a])].

The next proposition provides a lower bound of the cost in the (restrictive) case of
subquadratic potential U (that is under Hg_).
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Proposition 5.1. Let U : R? — R be a C? one-dimensional double-well potential such
that U" is bounded and set M = ||U”||«. Then,

Ie(21, 25) = ax(M)[U(z%) — U(z7)],
where «a) (M) satisfies the asymptotic properties

. 1 A
lim a)(M) = ax(M) ~a—oo .
M [1+ﬁ+ 1+&]

M=0 1+ o3z +4/1+

At last, we have

VM >0 lim a)(M) = 2.

A——+o00

Proof. The idea is to optimize the ratio given in Equation (5.4) for the largest possible
a. Such a ratio can be written as a quadratic form on y and U’ (z). This way, an algebraic
argument based on a simultaneous reduction of these quadratic forms yields a suitable
calibration for M and a. We refer to [16] for the missing technical details. O

Let us remark that this bound strongly depends on the second derivative of U. In
particular, when M = ||U”||» is large, the lower bound vanishes as M — +oo and
becomes useless.

5.2 Lower bound using a degenerate approach (Proof of (ii) of Theorem 3)

Our original dynamical system is indeed degenerated on the first coordinate. In
order to take into account the degeneracy, we derive a lower bound of Iy(z1,22) by
a gradient of a suitable Lyapunov function. This approach will lead to some better
estimates than those of the previous paragraph obtained with an elliptic argument.

For this purpose, we consider the Lyapunov function defined by

Lapn(2) = Lapa(,y) = al(z) + By*/2 — U’ (2)

where «, § and v are real numbers such that a > 0. We are looking for a suitable choice
of (o, 3,7). Consider ¢ € H(R;,R%) and denote by (z,(t)):>o the associated controlled
trajectory. Our objective is to obtain the following kind of lower bound:

dl, t
Vo € HRy,RY), Vt>0  @(t) > QW. (5.5)
Such a lower bound is useful especially if « is positive, largest as possible and 3 is non-
negative. Indeed, denote by t* the first time at which a controlled trajectory (z(t)):>0
reaches z* = (z*,0) where x* denotes the (unique) local maximum of U. Then, if In-
equality (5.5) holds, we have forall T > 0

In(z4,2) = uemi;(l[%;ﬂ){;/o W (s)ds, % = b(z) + (g) ,2(0) = 27, 2(T) :z;}
. 1" . U * *
> ue]LIJ(I[%;T]) {2/0 u?(s)ds, z = b(z) + (0> ,2(0) = 27,2(T) = 22}
> lU) ~ Ulad)] + Dy(t')?
> a[U(z*) - Uz?). (5.6)

The next proposition shows that indeed, Inequality (5.5) holds for a suitable choice of g3
and ~. In some case, the lower bound is almost optimal.
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Proposition 5.2. Forany « € [0; 2], there exist some explicit constants m(«), 5*(a),v* (@)
such that (5.5) is true for 8 = f*(«),y = v*(«) and for all one-dimensional double well
potential U satisfying ||U” || = M < mx (). In this case, we get

I1e1.55) 2 o|Ue) - U

Proof. Again, we only give the sketch of the proof. Dropping the time parameter, we
write u? — dL, s, (z)/dt as a quadratic form that depends on %,y and U’(x). We know
that this quadratic form is positive if and only if all its principal minors are positive.
Then, a careful calibration of the several parameters yields the desired results. We
refer to [16] for a detailed proof of this result.

O

When M is large, the admissible values of « vanish and our lower bound becomes
useless. When M — 0, we obtain I(z1,22) > 2[U(2*) — U(z1)] which is optimal in view
of the upper bound constructed in the next paragraph (it is obviously better than the
bound obtained in Proposition 5.1). A comparison of the two methods is depicted in
Figure 2 through the size of admissible « for several values of .
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Figure 2: Maximum size of « with ||U”||. when A =1 (left) and A = 10 (right) for both
approaches (Proposition 5.1 and 5.2).

5.3 Upper-Bound for the cost function (Proof of i) of Theorem 3)

Remind that we assume that there are two local minima for U denoted by z] and
a3 with U(x%) < U(z3%) and a local maximum denoted by z*. Again, we set 2} = (7, 0),
23 = (25,0) and z* = (2*,0). We are looking for a upper-bound of I(z3, zJ) and then for
W. This is the purpose of the next proposition.

Proposition 5.3. Assume that U is a one-dimensional double well potential defined as
above such that U(z3) < U(x3). Then, for all X\ > 0,

Wi(z) = (23, 27) < 2(U(z") = U(3)).
where 2} = (z7,0), 25 = (23,0) and «* denotes the unique local maximum of U.

This proposition is a consequence of the following Lemma 5.4 and Lemma 5.5 com-
bined with the fact that I(z3, 27) < I(z3,2*) + I(2*,27). Let us stress that the proofs of
Lemma 5.4 and Lemma 5.5 rely both on Lemma 5.6.
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Lemma 5.4. Under the assumptions of Proposition 5.3, I(z*,z) =0 fori=1,2.

Proof. We establish the result for + = 1. We first show that for all starting points z. =
(z.,y.) such that U(z.) + |y-|*/(2)) < U(z*) and z. € [z%,2*], we have I(z.,2}) = 0.
Second, applying Lemma 5.6, we will find (z.)c~¢ such that for all e > 0, I(2*,2.) < ¢
and the result will follow when ¢ — 0.

Let (z(t))i>0 = (x(t),¥(t))t>0 be a solution of z = b(z) starting from z. and let F be
the function defined by F(t) = £(x(t),y(t)) = U(x(t)) + |y(¢)|?/(2)). One can check that
F'(t) = —y(t)?. In particular, F is a positive non-increasing function and thus conver-
gent,when ¢ goes to infinity. As a consequence, F' is bounded on R, . Then, using that £
is coercive, it follows that (z(¢)):>o is bounded. Since U” is continuous, we deduce that
U’ is Lipschitz continuous on the set where (x,y) is living. Using standard arguments,
this implies that the family of shifted trajectories (z(¢ + .));>o is relatively compact for
the topology of uniform convergence on compact sets. If z*° stands for the limit of a
convergent subsequence (z(t, +.))n>0, then z* is a solution of z = b(z). Since F is con-
tinuous and converges as t — +oc to some limit /, we deduce that £(x>(s),y>(s)) =1
for all s > 0. Thus we get

d

> -
vt >0, dtg

(x>(t),y>(t)) = 0.

Using that F’(t) = —y(t)?, we then obtain y>°(¢) = 0 for all t > 0. Thus, x> is constant
and z* is a stationary solution of z = b(z). We can deduce that every accumulation
point of (x(t),y(t)):>0 belongs to {z € R?¢,b(z) = 0}. Under the assumption U(z.) +
lye|?/(2X) < U(z*), and since F is non increasing, the only possible limit is z}. Then,

(x(t),y(t) oo, 2} and I(z., 27) = 0. As a consequence, we have
I(z%, 27) < I(z*, zc).

Now, by Lemma 5.6, we get that for any ¢ > 0, one can find 2. = (z.,y.) such that we
both have U(z.) + |y-|*/(2\) < U(z*), z- € [z}, 2*] and I(z*, 2.) < ¢ (taking for instance
z. on the segment [z], z*] sufficiently close to z*). The result follows. O

Lemma 5.5. Assume the assumptions of Proposition 5.3. Then,
I(z3,2") < 2(U(z") — U(z3)).

Proof. The idea of the proof is to use the "reverse" differential flow (see (5.7) below).
Since z3 is an equilibrium point of z = b(z), it follows from Lemma 5.6 that for all ¢ > 0,
there exists Z. such that Z. = 2 + 0.(2* — 23) = (a3 + d.(x* — 23),0) with . € (0,1),
U(ze) > U(x}) and I(23, 2.) < e. It is now enough to prove that

Ve>0, I(Z,z") <2(U(z*) —U(Z:)).

Let us consider z. = (x.,y.) defined as the solution of

(5.7)

{5{5 (t) =Y (t) = —Ye (t) + 2y, (t)
Ve(t) = MU' (xc(1)) — ye(1))

starting from Z.. Note that setting ¢(t) = QfOt ve(s)ds, z. = z,. Let us study its

asymptotic behavior. To this end, we now introduce the function F defined by F(t) =
2 ~ ~

% — U(x<(t)). We observe that F’(t) = —y.(t)? and thus that F is non-increasing.
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We first show that (x.(¢),y<(¢t)) starting from Z. satisfies 27 < x.(t) < x5 for all ¢ > 0.
On the one hand, let 71 := inf{¢t > 0,x.(t) = «7}. Then, if 1, < 400, remark that . = 0
and one should have

Ye (7—1)2

o U(xy) = -U(Ze) 7/0 ye(s)%ds. (5.8)

It would imply that U(Z.) — U(z7) < 0, which is impossible under our assumptions.
Thus, 71 = +o00. On the other hand, the fact that U(z.) > U(z}) implies similarly that
Ty := inf{t > 0,x.(t) = 23} satisfies 7, = +00. Thus, we obtain that (x.(t));>0 belongs to
the interval (z7}, 23).

This point combined with the decreasing property of F implies that

sup |y (t)[* < 2\ (F(O) + sup U(x)) < +o00.
>0

z€[x1,22]

As a consequence, (x.(t),y<(t));>o0 is bounded and an argument closed to the one used
in the proof of Lemma 5.4 yields that the limit (x2°, y2°) of any convergent subsequence
(xc(tn +.),¥e(tn + .))n>1 lies in the set of stationary solutions of (5.7). Thus, we deduce
that x° € {z}, z*, 25}

Now, Equation (5.8) and the fact that U(Z.) > max(U(z7), U(x3)) imply that x2° can
not be z7 or z3. Thus,

(xe(t), y=(t) =12 2.

Finally, since z. = z, with ¢ = 2y., we deduce that

-« 1ot +oo * -
I <5 [ ePds =2 [ Iyu(s)Pds = 20(") - U@,
0 0
The announced result follows. O

Lemma 5.6. Let ©g be an equilibrium point for U such that, in the neighbourhood of
xo, U is strictly convex (resp. strictly concave) if x( is a local maximum (resp. a local
minimum). Let v € R? with |v| = 1 and set zy = (z0,0). Then, for any positive ¢ and p,
there exist p > 0 and 7 > 0 such that z. := zy + pv satisfies I (29, z:) < e.

This result is a particular case of Lemma 4.3 if U"(z() # 0. In the degenerate case,
i.e. when U"”(xg) = 0, this result can be proved using the fact that there exists an infinite
number of oscillations of the dynamical system around the stable points of z = b(z) (see
[16] for a detailed proof).

Appendix A: Proof of Proposition 3.4

Proof. Let ¢ > 0 and h be a bounded continuous function. Since v, is an invariant
distribution, we have for all ¢ > 0,

/hf?cluE = /hg,tdug where h.(z) = ]E[ha%(Zf’z)}.

Since h is bounded continuous, it follows from Assumption (i¢) and Lemma 3.1.12 of
[22] that for all z € R2?, for all (z.).-o such that z. — z,

lim(h&t)sz(zg) = sup h(v)exp(—I(z,v)). (A1)

e—0 veER2d
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Now, since (v )e>0 is exponentially tight, (v:)c>~¢ admits some (LD)-convergent sub-
sequence. Let (v.,),>1 denote such a subsequence. Then, (v, ),>1 satisfies a large
deviation principle with speed ¢~2 and rate function denoted by W. Then, by Lemma
3.1.12 of [22], we have

, e
(/ he dusn> D2EC sup h(z) exp(—W(2))
z€R24
and by (A.1) and Lemma 3.1.13 of [22], we obtain that

( / hwdugnyi 22EC, sup (sup h(v)exp(—[t(z,v))exp(—W(z))).

z€R24d \veR2d

It follows that for all bounded continuous function A,

sup h(z)exp(—W(z)) = sup h(z) ( sup exp(—Ii(v,2)) exp(—W(v))> .

z€R24 z€R?24 veR24

By Theorem 1.7.27 of [22], the above equality holds in fact for all bounded measurable
function h. Applying this equality with h = 1.,

exp(—W(z)) = i‘ﬁgd exp(—1I:(v, z0)) exp(=W (v)),

and the result follows. O

Appendix B: Proof of Lemma 3.3

Proof. The explicit computation of A°V? gives for all (z,y),

AVP(z,y) = pVP7(z,y) ( —m(z, VU(z)) — (1 - m)yl2>

2
+%ﬁ[p(p— 1)VP—2v$V®VIV+pVP—1D§V}, (B.1)

where for u,v € R%, u ® v is the d x d matrix defined by (u ® v); ; = w;v;.
Then, let us prove (3.9) under Assumption (Hgq4). Since m € (0,1), we have

—m(z, VU(2)) = y*(1 = m) <mpB —mal(x) = (1 —=m)|y|* < B — a1V (2,y),

for some constants 3; € R and a; > 0. Moreover, since D2V (z,y) = D*U(x) + mly,
p € (0,1) and lim|(; )|+ V (7, y) = +00 (see (3.16)), we have

Tr[p(p — YVP2V,V @ V.V 4+ pV? = D2V |
Ve(z,y)

— 0 as|(z,y)] — +oo.
It follows that there exists 5> > 0 such that for all € € (0, 1],

e? 2 12 bay

5 Ir [p(p — DHVPEVLV @ VoV + pVP™ DmV] < B2+ =~ VP(z,y).
Therefore, we get for all € € (0, 1]

AVP(z,y) < pB VP Nz, y) + B2 — Z%Vp(x, Y).
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Using again that lim)(;, )40 V (2, ) = +o0, we deduce that pf3; VPl < B3+ BEVP and
we deduce there exist some positive 5 and & such that

Ve € (0,1], Y(z,y) € R*, AVP(z,y) < B —aVP(z,y).

Let us now consider (3.9) under assumption (Hq_). Here, we fix p € (a — 1,a). Since
m € (0,1), we have that

—m(z, VU (2))=|y[*(1-m) < mp—ma(|z*)*~(1-m)|y|* < -1 V*(z,y) (B’ € R,a’ >0)

where in the second inequality, we used the elementary inequalities u2* < 1 + 2 for
u > 0and (u+v)* < u®+v? for u,v > 0, and the fact that V(z,y) < C(1 + |z|?) + |y|?)
(|[VU|? < C(1 + U) implies that v/U is sublinear).

Under (Hg-) we also have

sup [|D2V (z,y)|| < +oo,
z€R4

and since p € 0,1 we have
Te[p(p — DV 2VLV @ W,V 4+ pVP T D2V] < OVl (ayy).

This way, there exist & > 0, 3 such that for all € € [0,1] and all (z,y), we have

AVP(z,y) < B —aVPToH(z,y).

Now we prove inequality (3.10). One can check that
€ g p—1 2
Aot =S50 | = VP! (mle, VU @) + (1= m)lyP) (B.2)

1
+ 5 Tr [€? (p(p — HVP2 4+ 6p° VP 2) V,V @ V,V + *pVP ' D2V] > . (B.3)

We recall that V,V = VU +m(z —y) and that D2V = DU +ml,. Thus, using (Hq)(ii)
and (Hq_)(i¢), we obtain that when |(z, y)| — +o0,

(B.3) Fi + F, under (Hqgy)
Fy under (Hqg_),

where F; < C(1 + V?P~1) for a suitable constant C and F»/V? — 0 as |(x,y)| — +oo.
Then, since 2p — 1 < pif p € (0,1) and that 2p — 1 < p+ a — 1 if p < a, we obtain easily
(3.10) by following the lines of the part of the proof. O
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