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Quasi-stationary distribution for the Langevin process
in cylindrical domains, part II: overdamped limit*
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Abstract

Consider the Langevin process, described by a vector (positions and momenta) in
R? x R%. Let O be a C? open bounded and connected set of R?. Recent works showed
the existence of a unique quasi-stationary distribution (QSD) of the Langevin process
on the domain D := O x R?. In this article, we study the overdamped limit of this
QSD, i.e. when the friction coefficient goes to infinity. In particular, we show that
the marginal law in position of the overdamped limit is the QSD of the overdamped
Langevin process on the domain O.
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1 Introduction

In statistical physics, the evolution of a molecular system at a given temperature is
typically modeled by the Langevin dynamics

dg; = M~ 'p,dt,
dp; = F(q)dt — yM " 'p,dt + /28~ 1d B,

where d = 3N for a number N of particles, (¢, p;) € R? x R? denotes the set of positions
and momenta of the particles, M € R4*¢ is the mass matrix, F' : R — R is the force
acting on the particles, v > 0 is the friction parameter, and f~! = kg7 with kg the
Boltzmann constant and 7" the temperature of the system. Alternatively, the overdamped
Langevin dynamics

(1.1)

dg, = F(q,)dt ++/2371dB,, (1.2)
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Overdamped limit of the Langevin quasi-stationary distribution

may also be employed. Notice that both processes are related by the fact that when
the force field F is conservative, that is to say when there exists V : R? — R such that
F = —VYV, then the stationary distribution of (g,):>o writes

1
Pldg) = e VO, 7= /de—ﬁvmd% (1.3)
R

while the stationary distribution of (g, p;):>0 has the product structure

v(dgdp) = ﬁ(dq)eiédp. (1.4)
(2mp=1)2

The dynamics presented above are used in particular to compute thermodynamic
and dynamic quantities, with numerous applications in biology, chemistry and materials
science. In many practical situations of interest, the system remains trapped for very
long times in subsets of the phase space, called metastable states, see for example [16,
Sections 6.3 and 6.4]. Typically, these states are defined in terms of positions only, and
are thus open sets O of R? for (1.2) or cylinders of the form D = O x R¢ for (1.1). In such
a case, it is expected that the process reaches a local equilibrium distribution within
the metastable state before leaving it. This distribution is called the quasi-stationary
distribution (QSD). The existence of this limiting behavior has been shown recently
in [18], using compactness arguments. Similar results can also be found in the recent
works: [20, Chapter 4] based on criterias developed in [2] by N. Champagnat and D.
Villemonais and in [9] using a Lyapunov and an Harnack inequality argument.

The motivation for this work comes from the well-known fact that, when v — oo,
for all T' > 0, the process (¢,¢)¢cjo,r] converges in distribution to (q;):c0,7), hence the
name overdamped Langevin dynamics for (1.2) (see [14, Proposition 2.15] and [12, 4]
for instance) on the space of continuous functions on [0, 7], endowed with the supremum
norm on [0, T]. Therefore, it is expected that the marginal law in position of the QSD on
D of (q:,pt)1>0 converges weakly to the QSD on O of the overdamped Langevin process.
We actually prove a more general result by perturbing the Langevin dynamics to obtain
an independent couple, which will allow us to consider the marginals separately, making
the proof much easier. To the best of our knowledge, this result is the first to provide an
overdamped limit of the couple (position,velocity) for the Langevin process. We are then
able to identify the weak limit of the QSD on D, from which we can easily deduce the
weak convergence of the marginal distributions.

More precisely, we study the limit of the QSD on D, of (¢;, p:):>0, when the friction
parameter v goes to infinity and show that it converges to the product measure

_ Blpl?
e 2

1) (dgdp) = 7i(dq) —dp, (1.5)

(2mB-1)2
where 1 is the QSD of the overdamped Langevin process (q;):>o in O. This result is
stated in Section 2 and it relies on recent results on the Langevin process which are
recalled in Section 3.

2 Main results

We first introduce in Section 2.1 the notion of quasi-stationary distribution (QSD) and
recall well-known results for the QSD of the overdamped Langevin process on a smooth
bounded domain . We also recall in Section 2.2 recent results from the companion
paper [18] related to the existence of a unique QSD of the Langevin process on the
domain D := O x R?. Finally, we state our main result regarding the overdamped limit
of the Langevin QSD on D in Section 2.3.
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2.1 Quasi-stationary distribution for the overdamped Langevin process
The notion of quasi-stationary distribution (QSD) is central in this text. We recall
here its definition in a general setting, and refer to [3, 19] for a complete introduction.
Let E be a Polish space endowed with its Borel o-algebra B(E), and let (X;);>o be a
time-homogeneous, strong Markov process in F with continuous sample-paths. For any
x € E, we denote by P, the probability measure under which Xy = « almost surely, and
for any probability measure 6§ on F, we define

Py() := / P,(-)0(dx).
E
Let D be an open subset of E and 79 be the stopping time defined by
Tp :=inf{t > 0: X, & D}.

Definition 2.1 (QSD). A probability measure p on D is said to be a QSD on D of the
process (X;);>o, if forall A€ B(D):={AND,A e B(E)}, forallt >0,

P,(X, € Ao > t) = p(A)P, (15 > 1). 2.1)

When PP, (15 > t) > 0, the identity (2.1) equivalently writes P, (X; € A|rg > t) = pu(A).
Now let 8 > 0 and F : R? — R satisfying the following assumption.

Hypothesis 2.2. F' € C*(R¢, RY).

Let (2, F, (Fi)i>0,P) be a filtered probability space and (B,);>o a d-dimensional
(Ft)+>0-Brownian motion. Under Hypothesis 2.2, the vector field F is locally Lipschitz
continuous and therefore the stochastic differential equation (1.2) possesses a unique
strong solution (G,)o<:<7., defined up to some explosion time 7, € (0, +cc]. Let O be an
open set of RY satisfying the following assumption.

Hypothesis 2.3. O is an open C?> bounded connected set of R?.

Let Ty := inf{t > 0: g, ¢ O} be the first exit time from O of the process (g, )o<i<7..-
Under Hypotheses 2.2 and 2.3, the vector field F' is Lipschitz continuous on O and
therefore 79 < To.

It has been shown in [1, 7, 13, 11] that the overdamped Langevin process admits a
unique QSD on O, which moreover satisfies the following properties.

Theorem 2.4 (QSD of the overdamped Langevin process). Under Hypotheses 2.2 and 2.3,
there exists a unique QSD [t on O of the process (q,):>o. Furthermore,

1. there exists ¢ € C2(O) N C*(O) such that fi(dq) = (q)dq, where dq is the Lebesgue
measure on RY,

2. there exists \o > 0 such that, if g, is distributed according to Ji, then 75 follows the
exponential law with parameter \g.

2.2 Quasi-stationary distribution for the Langevin process

In this section we recall some results from [18] that will be used henceforth. Let
v > 0 and 8 > 0 independent of «. Consider now the following Langevin process

af? =, -
dp{” = F(g)dt — yp{dt + /295~ TdB;,

Under Hypothesis 2.2, the stochastic differential equation (2.2) possesses a unique strong

solution (Xt(”) = (qﬁ),pg)))o<t<_’_(~,), defined up to some explosion time 70’ € (0, 400].
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Notice that, compared to (1.1), we consider here and henceforth the mass to be identity,
so that momentum is identified with velocity.
Let TgY) be the first exit time from D of the Langevin process (Xt(’Y))tZO in (2.2), i.e.

TgY) =inf{t >0: Xt(w ¢ D}.

Under Hypotheses 2.2 and 2.3, F' is Lipschitz continuous on O and therefore Ty) <.
Concerning the existence of a QSD on the domain D := O x R?, similar proofs, as in
the overdamped Langevin case, do not apply here. In fact, the infinitesimal generator
of the process (Xt(v))tzo is not elliptic but only hypoelliptic, and the natural domain
D = O x R? is not bounded, even if O is bounded. However, using a compactness
argument, analogous results to Theorem 2.4 for the Langevin process (2.2) are obtained
in [18]:

Theorem 2.5 (QSD of the Langevin process). Under Hypotheses 2.2 and 2.3, there exists
a unique QSD ;") on D of the process (Xtm)tzo. Furthermore,

1. there exists 1)) € C2(D)NC*(D) such that ;) (dgdp) = 1) (¢, p)dqdp, where dgdp
is the Lebesgue measure on R??,

2. there exists A"’ > 0 such that, if X\ is distributed according to ("), then 75"
follows the exponential law with parameter )\87).

2.3 Main result: overdamped limit of the Quasi-stationary distribution of the
Langevin process

To state the main results of this work, it is more convenient to keep track of the
initial value ¢ (resp. = = (¢,p)) of the solution to (1.2) (resp. to (2.2)) by denoting the
latter by (9)i>0 (resp. (X" = (¢, p{""));50). Moreover, we need the following
strengthening of Hypothesis 2.2.

Hypothesis 2.6. ' € C>(R% R?) and F is bounded and globally Lipschitz continuous
on R%.

The following theorem will be the key to obtain the overdamped limit of the QSD. It
is an extension of the well-known convergence of the position marginal (g¢)c[o,r] for
the Langevin to the couple ((gy¢)+e[o,7], Py7) Using a novel perturbative argument.
Theorem 2.7 (Generalization of the overdamped limit of the Langevin process). Assume
that Assumption 2.6 holds. Let T > 0 and x = (¢,p) € R??. Let Z ~ Ny(0,8711;)
be a Gaussian vector independent of the process (@g)te[o,T]- The law of the couple
((qu)’z)te[oj],p(jjz’m) converges weakly to the law of ((G})¢c(o,), Z) when v — oo.

Using this convergence, we are then able to obtain the overdamped limit of the QSD.
Theorem 2.8 (QSD overdamped limit). Let Hypotheses 2.2 and 2.3 hold. The QSD p(")
converges weakly, when v — 0o, to the probability measure 11(°>°) on D defined by:

_ Blpl?
e 2

(o) -
p'> (dgdp) := 7i(dg) (2np-1)3

dp. (2.3)

Furthermore, the eigenvalue )\(()7) associated with the QSD satisfies
o
Yoo 7y ’

)\(()’Y)

where )¢ is defined in Theorem 2.4.

Theorem 2.7 is proven in Section 3.1 and Theorem 2.8 is proven in Section 3.2.

EJP 27 (2022), paper 59. https://www.imstat.org/ejp
Page 4/18


https://doi.org/10.1214/22-EJP789
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Overdamped limit of the Langevin quasi-stationary distribution

3 Proofs

We are interested in the behavior of the QSD of the Langevin process defined in (2.2)
when v goes to infinity. We shall use the following notation: under Assumption 2.6, for any

z = (q,p) € R% we denote by (X" = (¢, p{""")),;>0 the solution to (2.2) with initial

condition z, and by (g\"*)

with initial condition ¢ and driven by the Brownian motion (Bt(v))tzo = (f%ﬁ )i>0. All these
processes are defined on the same probability space (2, F, (F;)i>0,P) and it is more
convenient to keep track of the initial condition of each process with the superscript
notation rather than in the probability measure. We also emphasize the fact that
under Assumption 2.6, uniqueness in distribution holds for the stochastic differential
equation (1.2) and therefore the law of the process (6&7)"1)20 does not depend on 7.

+>0 the solution to the stochastic differential equation (1.2)

3.1 Proof of Theorem 2.7

Let = (¢,p) € R*, T > 0. First, let us briefly show the scheme of proof for
the convergence of the marginal laws (Q»(Y’Z)x)tE[O,T] and p(JT)T which is standard in the
litterature. Second, we introduce a perturbed Langevin dynamics having the same
overdamped limit as the dynamics (2.2). The perturbed dynamics being an independent
couple, we shall retrieve its overdamped limit through the overdamped limit of the
marginals, from which we will conclude the proof of Theorem 2.7.

Let us start by considering the convergence of the marginal laws of ((qu)’I)te[o,Tp
p(ﬁ)’z). Considering (2.2), we have almost surely, for ¢ € [0, 7],

() t

z Py — P z _
O == T | P V257 B CRY
0

Using Gronwall’s lemma, we are able to deduce from this equality the inequalities (1)
and (2) in Lemma 3.2, which ensure that the difference (qu)’x)te[oj] - (gﬁ”)’q)te[w]
converges in probability to 0, in the space of the bounded continuous functions on [0, 7.
Furthermore, the process (5&7)’q)te[O7T] shares the same law as the process (}).c(o, 1),
which does not depend on . Therefore, the law of the process (qu)’m)te[o,T] converges
weakly to the law of (g{);cjo,r] when 7 goes to infinity.

Moreover, it follows from (2.2) that for all ¢ > 0,

t t
pg”)*”” =pe M et / e F () ds + /2y e ! / e’*dBs;. (3.2)
0 0

Fort > 0, let
. vt
v = \/27571&7”/ e dB,, (3.3)
0

then evaluating (3.2) att =T for T' > 0, we get
(1), 27 ap [T s , %)
pJT’ =pe T + e / e’ SF(ng)’J’)ds—i—YTW . (3.4)
0

Under Assumption 2.6, F is bounded. Besides, Y;\") ~ N;(0, 3-1(1 — e=27’T)1,). There-
fore, YT(V) £, Z where Z ~ Ny (0,57 11,) and pSYT)T £, Z by Slutsky’s theorem.
y—00

’Y*)OO
The arguments above give the limit in law of the marginals of the couple ((qu)’gc)te[QT]7

p,(:)’x). To prove Theorem 2.7, it remains to show that, in the limit v — oo, the two

random variables (qu)’z)te[O’T] and p(J’T)m are independent. This is done by introducing
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a perturbed Langevin process defined later. Let h(TV) : [0,T] — R and the process
(Z)iepo.r) be defined as follows:

9 =V T—t) _ =T
veel[0,7), hP(t) = =5 c

v 1-—e T (3-5)

20) = 3T TBY) - n (v,

Let (}}(V)’Z)te[oj] be the natural filtration of (Zt(:YT))te[o,T]- Under Assumption 2.6, It6’s
fixed point argument [10, Thm 2.9 p. 289] shows that the stochastic differential equation

(’Y)»q _ (36)

dw{"? = F(w")dt + dz.7,
wO - Q7

possesses a unique strong solution (wt(W)’q)te[oﬁT], which is thus adapted to (]-'t(V)’Z)tG[O’T].
The process ( (wt(v)’q)te[oﬂ , YTM) satisfies the following lemmata.

(7).q

Lemma 3.1 (Independence). Under Assumption 2.6, for all T >0, the process (w; ' )ee(o,1]

is independent of the random variable Yj(ﬂ).

Proof. Let T > 0. Since (w@’q)te[o,ﬂ is 7377 .measurable, it is sufficient to prove that
the process (Zt(}))te[o,T] is independent of YT(W). It is clear that for any ¢y, ...,t; € [0,7T],
the vector (Zt(j)T, ey Zt(Z’)T, v") is Gaussian, therefore the independence is satisfied if

and only if for all ¢ € [0, T, the covariance matrix of (Zt(}), YT(W)) is null, which is indeed
the case by an easy computation. O

Lemma 3.2 (Perturbed Langevin). Let Assumption 2.6 hold. There exists C' > 0 such
that forall T > 0, z = (¢,p) € R?%, v > 1,

1. E {SuptG[O,T] ’q,(yz)’(q’p) — w,E’Y)’qH < % (1 + |p| + /log(1 Jr’yQT)) eCT

2 K {SU-pte[O,T] ‘wgv)’q —ng)’qH < %eCT'

The proof of Lemma 3.2 is postponed to Section 3.3. These two lemmata now yield
the following proof of Theorem 2.7.

Proof of Theorem 2.7. Let T > 0, x = (¢q,p) € R*!. Let ® be a bounded kg-Lipschitz
continuous function on C([0, 7], R¢) equipped with the supremum norm on [0, 7] and let g
be a bounded k,4-Lipschitz continuous function on R¢. Our goal is to prove the following
convergence:

E [2((a5 )i ma @) — B[@(@)ienn)] Elo(2)], (3.7)

y—0o0

where, in the right-hand side, (g{);c|o,r) refers to the solution of (1.2) (which we recall

has the same law as all processes (aﬁ)’q)te[O,T] for v > 0).
By (1) in Lemma 3.2 and (3.4), there exists C’ > 0, depending on 7', such that for all
v>1,

B[P eoma )] ~ B |2 e

o4 . r
< k@HgHoo7 (1 + Ip| + /log(1 +72T)> k)| (|p|e T W) 7
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which converges to 0 when v — co. Furthermore, by Lemma 3.1,
E [@((wf e o (V)] = B[ ) cp.m)] B 9]

since, Y\ ~ Ny(0, 3 1(1 — e=2°T)1,) then V") 7_%0 Z with Z ~ Ng(0,87'14). As a

result, ]E[g(YT(W))] — E[g(Z)]. Besides, using (2) in Lemma 3.2, one obtains that
y—00

E [@((w{ ) efor)| — B [#(@" Ve 0.
Moreover, E[@((qp%q)te[&ﬂ)] = E[®((q{):c[0,))]. since (@gv)’q)te[o,:r] and (g )¢c[o,r] share
the same law, which concludes the proof of (3.7). O

3.2 Proof of Theorem 2.8

We consider in this section the weak limit, when v — oo, of the QSD u(?) of the
Langevin process on D. Furthermore, we only assume here that F' satisfies Hypothe-
sis 2.2. In fact, we consider here the QSD on D of the process (2.2) which only depends
on the values of the process inside D, hence on the values of F inside O by Friedman’s
uniqueness result [5, Theorem 5.2.1.]. As a result, one can extend F' arbitrarily outside
of O so that it satisfies Assumption 2.6. The notation for the overdamped Langevin
process and its QSD remains the same as in Theorem 2.4.

The idea of the proof of Theorem 2.8 is the following. We pick an arbitrary sequence
(Yn)n>1 of positive numbers going to infinity. We first prove that the sequence of
probability measures (u(%))nzl is tight. Then using Prokhorov’s theorem we obtain
a convergent subsequence (,u(%/l)>n21 to a probability measure p’ on D. It is then left
to prove that such a p’ is necessarily ,u(°°) (see (2.3)), whatever the sequence (vg)nzl.
As a result, u(“*) necessarily converges weakly, when v goes to infinity, to ,u(°°) defined
by (2.3).

This approach allows us to obtain the existence of a weak limit for the QSD and
to identify it. However, it does not provide a speed of convergence, which can be
interesting in applied contexts for instance. Nonetheless, in the simpler case of a
stationary distribution, we are able to obtain a speed of convergence in Wasserstein
distance for the overdamped limit of the stationary distribution, using estimates from
Lemma 3.2 and Theorem 2.7, see [15]. Obtaining a speed of convergence for the QSD
instead is still an open problem which is being looked at.

Now, let (y,)n>1 be an arbitrary sequence of positive numbers going to infinity. Let us
first prove that the sequence (ﬂ(%’))nZI is tight. This is the consequence of the following
lemma which is proven in Section 3.3.

Proposition 3.3 (Estimates on (")), Under Hypotheses 2.2 and 2.3, the density ") of
the QSD u(") of (2.2) satisfies the following properties:

1. limsup,_, Hz/)(’Y)HOO < 00,

2. limsup,, . SUPpco [ga P (g, p)dp < o,

3. lim SUD., 00 ffD |p|1/)(7)(q,p)dpdq < 00.
Corollary 3.4 (Tightness). Under Hypotheses 2.2 and 2.3, the sequence of probability

measures (u()),,> is tight.

Proof. Recall that for any n > 1, u’*) is supported in D. For k > 1, let K}, be the
compact subset of D defined by

1
K= { @) € D bl < k) > 1}
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where dp is the Euclidean distance to the boundary 00O. Let K} := D \ K}, = {(¢,p) € D :
lp| >k} U{(q,p) € D :da(q) < +}. Let us prove the following limit

hm lim sup ,u("’")(K°) =0, (3.8)

k—oo n—oo

which immediately yields the required tightness.
Let O :={q € O :dy(q) < $}. Foralln > 1,

P (Kg) < // w(”")(qm)dpqur// ) (g, p)dpdg
D{lp|>k} D{da(g)<1}

p
< // ¢(7")(q,p)%dpdq+/ ( w(%)(q,p)dp> dg
Dn{|p|>k} da(g)<% \/R4

) (q, p)|p|dpdg
HD : +|Oklsup/ ) (¢, p)dp
qeO JR4

The convergence (3.8) then follows from Proposition 3.3, which concludes the proof. O

Last, we state and prove here the following lemma which is used later in the proof of
Theorem 2.8.

Lemma 3.5 (Convergence in distribution). Let Assumptions 2.6 and 2.3 hold. Let f €
C*(0), g € C*(RY). For all (g,p) € D and t > 0,

B f(qg?’(q’p))g(p(ﬁt)’(q’p))ﬂﬁgmm>vt} — ]E{f(gg)]l?{qpt}E[g(Z)]. (3.9)

y—>0o0

Proof. Let (¢,p) € D and T' > 0. Since O is an open set, we have for any v > 0,

O L 1 (O IS e
where @ : C([0,7],R%) x R? — R is defined by

D ((g0)ecio,r) 2) = F(a)9(2) Lint, 0.1y do(ar) >0

and we take the convention that dg(¢’) = 0 if ¢’ € O. The functional ® is not continuous
on the space C([0,7], R?) x R?, which prevents us from applying Theorem 2.7 directly.
Indeed, take for example a continuous trajectory (q:):cjo,r] on [0,7] which hits the
boundary 0O and is reflected back into the domain O. One can construct a sequence
of functions ((Qt(n))te[o,T])nzl converging in the supremum norm to (q;);c[o,7) Such that
for all n > 1, infe(o 7 da(qt(")) > 0. As a result, (q¢)c[o,] is an example of a discontinuity
point of the function ®.

The discontinuity points of ® are contained in the set of discontinuity points of
Lint,c 0.y do(qr) >0 which can be characterized as follows. They correspond to the trajecto-
ries (q¢)¢ejo, ) Wwhich hit the boundary and remain on the boundary O or come back inside
O. In fact if (g)efo,) is such that infyeo 77 da(ge) > 0 or sup;ep 7 dist(gr, R* \ O) > 0,

then taking a sequence of functions (¢\™ );cfo.77 in C([0, 7], R%) such that [¢(™ — g« <

in dist(q¢,RI\O . . .
e o ftE[O’? do(ge) or Hq(") —qlloo < TPeefo.1) ;((“ \0) then it follows from the 1—Lipschitz

continuity of the Euclidean distances ds(-) and dist(-, R? \ O) that

infyep0,7) do(gi™)>0 oo ]]'inftE[O,T] do(ge)>0-

As a consequence, the set of discontinuities of ¢ is included in the set S of continuous
trajectories (g:):.c[0,r] such that there exists t5 € [0,T] for which ¢;, € 9O but for all
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t€0,T], ¢ € O. Let us now Justlfy that for all ¢ € O, P((q})¢cpo,r) € S) = 0. Using the
strong Markov property at 73, this is the case if for all ¢ € 90, P(7% > 0) = 0. This
=1,

q
is clearly the case since for all t > 0, ¢ € 90, P(7} g t) see [6, p. 347]. Thus,
)

the continuous mapping theorem ensures that <I>((q(t telo pgt) (ap )) converges in

distribution to
@ ((ag)tG[O,T]vz) =E [f(ag)-ﬂ?g>t:| E [g(Z)] )

which completes the proof. O

Proof of Theorem 2.8. Notice that since the QSD (7 does not depend on the values of
F outside of O, we can consider here, up to a modification of F' outside of O, that F'
satisfies Assumption 2.6. Therefore, the result of Theorem 2.7 still applies in the current
setting.

By Corollary 3.4, the sequence (/,L(V"))nzl is tight, and therefore it is sequentially
compact by Prokhorov’s theorem. Let us consider a subsequence (v,,),>1 such that the
sequence (u(%@))nzl converges weakly to a probability measure p’ on D when n goes to
infinity. Let us now prove that 1/ = x(°°) defined in (2.3) whatever the sequence (vh)n>1,
which will conclude the proof.

By Definition 2.1 of a QSD, one easily deduce that for all f € C*(0), g € C®(R?) and
allt >0,

@)y (o () (a)
// O (dgdp)E [f( i 9P e

=N / / F(@)g(p)u) (dqdp), (3.10)

— [ f(@)g(p)w’ (dgdp)

n—o0o

(¥5)+(a,p)

where 7, denotes the exit time from D for the process (X ™)(%?)), .

Let Z ~ Ny(0,87 1) be a Gaussian vector independent of the process (q7):c(o,1]
defined in (1.2). Let us prove that the term in the left-hand side of the equality (3.10)
converges to [[, E[f(q})1z:-,|E[g(Z)]x/(dgdp). Considering the difference between the

term in the left-hand side of the equality (3.10) and [/, E[f(q{)171,JE[g(Z)]u0) (dgdp)
and partitioning the set {p € R?} into {|p| < K} and {|p| > K} for K > 0, one obtains

‘// “")(dgdp) ( [f( g0 <q’p>>nw<q‘mw] ~ B [f@)17] E[g<Z>1>|
(vn)>(a:p) (vn)+(a:p)
- ‘/Dw(’yn)(q,p) (E {f(qjt ap )g(pvvt ap )]lré”;L)’(q’p)>%J

~E[1@)1rp | El(2)] )i

<fetel, f[ e

x E[ﬂqw g N ot }—E[ﬂqmg»}Ew(Zﬂ dpdg

>t

— 0 by Lemma 3.5
n— oo

120l loollglloc / / PO (¢, p)dpdg.
Ox{|p|>K}

EJP 27 (2022), paper 59. https://www.imstat.org/ejp
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Therefore, using Proposition 3.3 (i) and the dominated convergence theorem to get that
the limsup of the first term in the right-hand side is zero,

lim sup ’ // ,u(%)(dqdp) <1E {f(QEYZ'ZMq’p))Q(szl?)’(q’p))L%Mq,m
D 2]

n—00 >t

~E[1@ng (2] )
< 2011l ool oo lim sup / / P04 (g, p)dpdg
n—o0 Ox{|p|>K}
. ’ p
< 2011l ool oo lim sup / / v (g.p) Eapag
n—r00 Ox{|p|>K}

2 00 o0 7. , —
< M hmsup// w(’yn)(q7p)|p|dpdq 0’
D K—oo

- K n—oo

using Proposition 3.3 (4i).
Consequently,

() (v1)-(a:p) (v2):(a,p)
/ /D p (dqdp)(IE [f(qw )9(p17s )1T§W;>,<q,p>>7/t]

n

~E (1@ E(2) ) =2 0.

n—oo

In addition,
[ 1 aaapB 1@ty | Blo(2)) = B10(2)] | B [1(aE)0ng ] ( /. deqdp))

2 Bl [ Erates] ([ )

since ¢ € O — E [f(qg)]l?gﬁ] is a bounded and continuous function on O, see [5,
Theorem 6.5.2]. Consequently, taking n — oo in the left-hand side of the equation (3.10)

and choosing ¢t = 1, it follows that )\éﬁ)% converges to a value A’ € [0, 00). Hence, taking

n — oo again in Equation (3.10), it follows that for all ¢ > 0,

Ely(2) |

@]

b @] ([, wnn) = [[ oo aa). @

Let p(, be the probability measure on O defined by:
Hodn) = [ '(dadp).
pERY

Taking g = 1 and f = 1in (3.11), we obtain that P, (To > t) = exp(—\'t). Since the
equality can also be extended to all functions f € L°°(0), using the density of C*(0) in
L>(0), one gets forg =1 and f =14 in (3.11) with A € B(O),

IPM/(9 (@, € A, 79 > 1)
IPMb (To>1)

= 1o (A).

Therefore, j, is the unique QSD on O of (q,):>0 by Theorem 2.4, which admits the
density 1) with respect to the Lebesgue measure on O. In particular, one has that ' = ).
Finally, reinjecting this equality into (3.11), we obtain that y’ satisfies the equality (2.3)
since Z ~ Ny(0,3711,), which concludes the proof. O
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3.3 Proofs of the technical results

This section gathers the proofs of the technical results stated previously: Lemma 3.2
and Proposition 3.3.

3.3.1 Proof of Lemma 3.2

Proof of Lemma 3.2. Let T > 0, x = (¢,p) € R2?. Let us prove (1). We recall from (3.1)
that almost surely, for all ¢ € [0,7T], forall v > 1,

(7).x

t
p " —p . —
¢ =g = +/ F(¢{)*)ds + /26~ 1B{".
0

gl

Furthermore, by (3.6), almost surely, for all ¢ € [0, 7],
t
wgv),q — q—l—/ F(w09)ds + Zt(:YT)7
0

where we recall Zt(ﬂ’T V26~ B(W h(y) YT(W), with Y(’Y) defined by (3.3). It follows
from (3.5) that forall 7 >0,y >0and ¢ € [O,T],

—_~2T
() 21-e7

hT (t) < ; 1 — e,2,‘/27"

2

< -

~y

Therefore, by Gronwall’s Lemma, since F' is globally Lipschitz continuous with a Lipschitz
coefficient C; > 0,

(7),z
SUP¢elo,T] ‘p'yt - p‘ 2
sup qu)x wgv)q < L2 'YT(V)‘
t€[0,T) Y Y

Moreover, by (3.2) and (3.3), almost surely, for ¢ € [0, 7],

(v)x —~2¢ t
Pyt p _ _]. —e 7 p_*_ei’ft/ 6,723F(q’(yl),w)ds + Tt
v Y 0

Therefore, since v > 1,

’p(v)

o] el 1+ [supcio Y]

E | sup (3.12)

te[0,T Y Y

Let (H) = (HM),,. .., (Ht(”)d))te[oﬂ be the strong solution on R? of the following
Ornstein-Uhlenbeck SDE:

dHY) = —yHdt +aB,,  H{ =0,

then it is easy to see that, almost surely, for ¢ € [0, 7], Y(’Y) \/2v6~ H (7) . Therefore,
the Minkowski inequality applied to the Euclidean norm on R? of |Yt(7)| ensures that

sup |Y \<\/2fyﬁ Z sup tv )il (3.13)

tel0,T i—1 t€[0, 'yT

EJP 27 (2022), paper 59. https://www.imstat.org/ejp
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A sharp inequality on the expectation in the summand above is provided in [8] and
ensures the existence of a universal constant C'; > 0 such that for all ¢t € [0,77], v > 0 and
i€ [1,d],

E

™) & g
sup |(H;")il| £ —=+/log(1 +~2T).
() |] <

Reinjecting into (3.13), one gets E[sup,c( 1 |Yt(7)|] < dCy+/28-1,/log(1 +~2T). There-
fore, the inequality (3.12) ensures the existence of a constant C';5 > 0 such that for all
v>1,
p(Jt)’ —p’ Cs
E| sup —| <— (1 + |p| + /1og(1 +’yQT)) :

te[0,T) Y Y

Using the Cauchy-Schwarz inequality and the It6 isometry, one easily gets that ]E[|YT(’Y) | <
\/dB~1. Therefore, forally > 1, T > 0,t € [0,T] and = = (¢,p) € R??,

E
te[0,T)

. C
sup_ a7 — ﬁ”’q” < 74 (1+ Ipl + v/log(1 +77T) ) 7.

This concludes the proof of (1) and the proof of (2) also follows from the use of Gronwall’s
Lemma along with the previous estimates. O

3.3.2 Proof of Proposition 3.3
Let us now prove Proposition 3.3. In order to do so, we resort to the two following
results.

Proposition 3.6 (Principal eigenvalue). Under Hypotheses 2.2 and 2.3,

lim sup )\((JV)’y < 00. (3.14)

Y—00

The proof of Proposition 3.6 is postponed to the next section. In order to state the
next lemma, let us first recall some results obtained in [17] related to the transition
density of the Langevin process (2.2) absorbed at the boundary 0D.

The transition kernel PP of the process (X;);>o absorbed at the boundary 9D is
defined by:

Vt >0, VexeD, VAecB(D), PPz, A):=P. (X, €A 1H>t).
It has been shown in [17, Theorem 2.20] that P? admits a smooth transition density
(t,z,y) € R% x D x D+ py(z,y) € C*(R% x D x D)NC(R% x D x D),

which admits the following Gaussian upper-bound, see [17, Theorem 2.19].

Theorem 3.7 (Gaussian upper-bound). Under Hypotheses 2.2 and 2.3, the transition
density p” (z,y) is such that for all o € (0, 1), there exists c, > 0, depending only on a,
such that forallt > 0, forall z,y € D,

1 ”F”ooca\/» ~
py (z,y) < 72 (2951 )mr(%)p (z,y), (3.15)

EJP 27 (2022), paper 59. https://www.imstat.org/ejp
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where I" is the Gamma function and ﬁga) (z,y) is the transition density of the Gaussian

process (§§ ),]3§ ))tzo defined by

dqta —pta)dt
/9 31 (3.16)
d]/)\g @) — —’ypt dt+ TdBt

Remark 3.8. Notice that, in particular, for all « € (0, 1), there exists ¢, > 0, depending
only on «, such that forallt > 0, forall z,y € D,

1 |F||ooca\/>
phy(z,y) < 72 Y ]+)1)p (z,y),

where the prefactor is now independent of ~.

The purpose of the next lemma is to give some estimates satisfied by the transition
density §§“> introduced in Theorem 3.7, which will prove to be useful for the proof of
Proposition 3.3.

Let 4, ®» be the following positive continuous functions on R:

17670 .
fp+0,
By ipeRisd o UP7 (3.17)
1 ifp=0,
S5 [2p—3+4e P —e72°] ifp#0,
By:peR 7 (20— 3+ denr — W] il p £ (3.18)
1 if p= 0.

One can show, see [17, Section 5.1], that for all ¢ > 0 and « € (0, 1], the vector (g."),5\*))
admits the following law under P, ,,)

() -l(0) )

mg(t) :== q+tpP1(yt),  my(t) :=pe ",

where the mean vector is

and the matrix C(t) is defined by:

_ (caa®1a cqp(t)]a
o) = (qu(t)ld Cpp(t)ld> 7

where 1, is the identity matrix in R?*? and

2t3 2t2

Caq(t) == JT%W)’ Cqp(t) = Tcp L2 epp(t) = 02D (29t).  (3.20)

The determinant of the covariance matrix C(t) is det(%) =(Z ¢(fyt)) where ¢ is the

positive continuous function defined by

12

ga—e ") 9 2 7l ifp#£0
<z>:peRH@xp)@l(m—wl(p)‘*:{1 e A0 o
ifp=0.

Let us now prove the following lemma.
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Lemma 3.9 (Properties of the transition densities). For any t > 0, a € (0, 1), there exist
C; > 0 and ; > 1 such that for all v > ~; and (q,p), (¢,p') € R4,

ﬁ(ﬁ)((q,p), (¢'.p") < Cy, (3.22)
and
Sup/ ﬁ(ﬁ)((qm),(q’,p’))dp’SCt. (3.23)
q'€0 JR4

Proof of Lemma 3.9. Lett > 0 and « € (0, 1). The law of the Gaussian vector (Z]f/‘tx),ﬁfﬁ))

detailed above ensures that for all (¢, p), (¢,p’) € R%9,

1 1
p{3 ((a.p). (d',9)) < =

- d’
\/(27r)2ddet (@) \/(Qﬂ.)m ((%ﬁ 112; (yt)* ¢(,yzt))
Besides, since y°t*¢(y?t) — 6t, the estimate (3.22) easily follows.
'YA)OO

Let us now prove (3.23). Since ﬁ(a)

vt
vector ((if/?) , ;Bffz)) the expression of [, 5:((¢,p), (¢, p'))dp’ corresponds to the marginal

((¢,p),(¢’,p")) is the density of the Gaussian

density of (j,(y(f) under P, ). Besides, under P, ),

o Cao(t Coa(Vt 26713
80~ N (a4 ot ), 00, ) i) 2 g, o,

« 3a
so that
d/2 , 2,012
~() . / (30‘) — Tt |d —a—tp®i (v t)|
D¢ ((¢:p), (¢'sp"))dp" = e BT Ae,(70
/Rd " (4775—175374(1)2(7%))‘1/2
(3a)d/2

<

(4m 311371 @a(721)) "
Since t>y*®,(y?t) — 3t, the upper bound (3.23) immediately follows. O
y—00

Using the Gaussian upper-bound recalled in Remark 3.8, we are now able to prove
Proposition 3.3.

Proof of Proposition 3.3. For any « € (0,1) and any T' > 0, there exists C, v > 0 such
that for all v > 0, for all ¢ € (0, 7], forall z,y € D,

where ﬁga)(x, y) is the transition density of the Gaussian process (zf;*), ﬁ@)szo defined

in (3.16).
Let v > 0, by Definition 2.1 of a QSD, /Jm is such that for all A € B(D),

P (X{ € A, 750 > 4) = p) (A)e N,

since P ) (Téﬂ/) > ) = e because Tg)l) follows the exponential law of parameter

A" see [18, Theorem 2.13].
The equality above being satisfied for any A € B(D), and since () has the continuous
density ¢(?) with respect to the Lebesgue measure on D, one deduces that for all

(¢',p") € D,
VO (g, p) =N // (g, p)p? ((g,p), (¢, 1'))dpdq.
D
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Let @ € (0,1). Using Remark 3.8, there exists C > 0 such that for all v > 0 and
(¢.p') €D,

PO (g, p) < CX //D v (q,p)p (¢, p), (¢, 1'))dpdg, (3.25)

where p\® is the transition density of the process (., pi”))i=0 defined in (3.16). By
Proposition 3.6 and the upper-bounds (3.22) and (3.23) in Lemma 3.9, the first two
estimates in Proposition 3.3 follow from (3.25) and the fact that w(” is the density of a
probability measure on D. It remains now to prove the last estimate in Proposition 3.3.

It follows from Fubini-Tonelli’s theorem and the inequality (3.25) that

(v) ~(a
// PO (¢, p)|p'|dp'dg’ < Cero // ¥ (q,p) (// P (g, 1), (q',p'))lp'ldp’dq’> dpdg.
D D D
(3.26)
Let us now prove that

limsup sup // B (g, p), (¢, )P |dp/dg’ < oo,
Y= (¢,p)€EDJ JD

this will conclude the proof using (3.14) and (3.26).
Let us start by rewriting, for any (¢,p) € D and v > 0,

J [ 30 ) @00 = B (1500 057

2 2
< Egp) [|ZA)£YQ) —pe |} + [ple™" Pq,p) (fﬂf‘) € (9) )

) and p{*) have marginal distributions

o 281" o L2 2871979, (29
3\ ~ Ng <Q+vp@1(72), s P00 e ) P~ Na (e ”,%M :

As a consequence, we deduce from the Cauchy-Schwarz inequality that

o 2 2dB=1v2d4 (272
E(q,p) [m(w ) —pe? ‘] S\/ 1(27?)

(0%

and recall that under P, ), i~

)

the right-hand side of which is uniform in (¢, p) and is bounded when v — co. On the
other hand, let us define § := sup, ,co |¢ — ¢'| (which is finite since O is bounded) and
Pgp) (ZJ\E/&) € O) <Py (@ya) —q < 5)

note that
93— 14
:]P< By §6>,

3o
where Z ~ Ny(0, I;). By the triangle, Markov and Cauchy-Schwarz inequalities, if |p| # 0
then

“

p®1(7?) + Dy(v2)Z

214
3o

Dy(v?)Z

vp®1(?) +

28—1~4
sa) SIP( — <I>z(72)IZ|+527lp<I>1(72)>

Mo Pa(r?) + 6

Ypl®1(v?)
so that
2487 v g (~2 5
A2 .2 3 2(7?) +
ple™ Py, (?a)eo)ge” :
(a.p) \ Oy YP1(v?)
the right-hand side of which is uniform in (g, p) and vanishes when v — occ. O
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3.3.3 Proof of Proposition 3.6

Let us finally prove Proposition 3.6. We will need the following intermediate lemma.

Lemma 3.10 (Uniform velocity tightness). Let Assumption 2.6 hold. For every ¢ > 0,
there exists M > 0 such that for all v > 4,

sup P (p(v'y)’(q’p) ¢ B(0, M)) <, (3.27)
(¢,p)€OXB(0,M)

where B(0, M) := {p € R¢: |p| < M}.

Proof. Letc > 0. Letus take M > 2" 4| P, By (2.2), forall > = (q.p) € OxB(0, M)
and724(sothat%+% )

1
2 2 2 "
[p{7] = [pe™" e /0 e F(g{)")ds + v
M Flso
<M e  MWleo ’Yf”’
TV N——~— v
<1
M
< ? + ‘Y1(7)‘

since M > ||F'||« and v > 4. Besides,

LBV oy

P(‘Ylm’>M/2) M2 S M

by definition of M. Therefore, for all (¢,p) € O x B(0, M),
P (pﬁg%(m ¢ B(0, M)) <e O

Let us now prove Proposition 3.6.

Proof of Proposition 3.6. Let qo € O. Let r € (0,1) such that B(qg, 2r) C O. For q € R4,
we define the following stopping time:

7o = inf{t > 0: g ¢ B(qo, 3r/2)}.

Let also a := inf ep(go,n) P@ " € B(go,r/2),77% > 1). Notice that a > 0 since it is

well known that the function ¢ € B(go, r) — P(g\""? € B(qo,r/2), 7, > 1) is continuous

and positive on the compact set B(qo, ). Besides, a does not depend on ~ since the law

of the process (6%7)"1)&0 does not depend on ~. Let us take ¢ € (0, §) and M > 0 such
that (3.27) in Lemma 3.10 is satisfied.
Step 1: Let us prove that there exists v; > 1 such that

= inf inf P (XW(%P) € B(qo, r) x B(0, M), 7{0@p) & ) > 0. (3.28
v271 (¢,p)€B(g0,7) xB(0,M) K (90:7) ( ) o 7 )

For (q,p) € B(qo,r) x B(0, M),

P (X’(Y“/)’(q,p) € B(qo,7) x B(O’M)Jé()v)»(q,p) > ’Y)

>P <X§7)7(47P) € B(qo,r) x B(O,M),Tév)’(q’p) > 7, sup qg)’(q’p) —QEW)’Q < r/2> .
te(0,1]
(3.29)
EJP 27 (2022), paper 59. https://www.imstat.org/ejp
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By (1) and (2) in Lemma 3.2, there exists C'; > 0, depending on M, such that for all
v >4,

log(1 +~2)
S )

1
sup E <Ci +

(g,p)€B(qo,7)xB(0,M)

(),(a,p) 7(w),q’ (3.30)

sup ’q
te[0,1]

Moreover, by (3.27) in Lemma 3.10,

P (ng%(qm) € B(qo, ) x B(O,M),Tg”’(q’p) >, sup ‘q(vx(q,p) _qg'y),q‘ < 7,/2>

telo,1

ZIP( (),q € B(qgo,7/2),7 ('v)q > 1, sup ’q(w) .(g,p) —(W)Q‘ <r/2> —e,
te[0,1]

by definition of 7(7)"1 and since B(qo, 2r) C O. Using (3.30) and the Markov inequality, it

follows that for all (¢,p) € B(qo,r) x B(0, M),
< r/2>

> P (@ € Blao 7/, 75 > 1) -1+ VgL +77)
=21+ Vlog(1+42)).

As a result, by (3.29) and by definition of a and ¢, for all v > 4,

IP( (Ma ¢ B(qo,r/2), 7 (7)41 > 1, sup ‘q(v (a,p) q(v),q

inf P (X9 € B(go, 1) x B(O, M), 75707 > )
(a9)€B(a0,m) xBOM)  \" 7 (d0, ) > B0, M), 75 !

2 a
- 21+ log(1 +12)) — T
Hence, there exists 73 > 4 such that for all v > v,

P (X,(ﬂ)’(‘“’) € B(qo,r) x B(0, M), (’Y)( P) S ’y) >

RS

inf
(¢.p)€B(g0,7)xB(0,M)

Step 2: Now let us prove (3.14). By (3.28), for all v > 4,

A //( - )u)(v)(q,p)IP(X(w) (@r) € B(qo, 7) x B(0, M), 757" %P > 5)dqdp
40,7) X B(0,M

> e / / (g, p)dgdp.
B(qo,r)xB(0,M)

Since 1) is the density of the QSD of the Langevin process (X)), then
(v
A // B0 (g, p)P(XDE) € Bgo, r) x B(O, M), 7509 5 4)dgdyp
B(go,r)xB(0,M)

<N / ) (q,p)P(X@P) € B(go,r) x B0, M), 75" > )dgdp
D

= / / (g, p)dgdp.
B(qo,m)xB(0,M)

Consequently, for v > v,

v / / (g, p)dgdp < / / ¥ (g, p)dqdp
B(qo,r)xB(0,M) B(qo,7)xB(0,M)

which concludes the proof since ffB(qo.r)xB(o A (" (q, p)dgdp > 0. O

()
ceAO
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